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GWs from inflation
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Quantum-to-classical
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Quantum decoherence

Environment
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Quantum decoherence

Tensor perturbations

during inflation

Environment

Scalar sector
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Two point correlation function

Two point correlation function:
(Ok, Ok, ) = Poor (k1)(2m)*6 (k1 + k2)
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Operators observable

Two point correlation function:
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Lindblad equation

Use the Lindblad equation which models the time evolution of the observable

Jerome Martin, Vincent Vennin
1801.09949 (JCAP, 2018)
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Time dependence

Use the Lindblad equation which models the time evolution of the observable

10 () 0.1

System Hamiltonian

Jerome Martin, Vincent Vennin
1801.09949 (JCAP, 2018)

Information about the
environment

dP*zd®yCr(z,y)([0, A(z)], A(y)]).

Information about
the system

a\Pp
° p time dependence of the interaction Y = Vx <—>\
A x

Cosmic scale factor,
dependent on time
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Interaction strength

Use the Lindblad equation which models the time evolution of the observable

10(9)- 0.1

System Hamiltonian

Jerome Martin, Vincent Vennin
1801.09949 (JCAP, 2018)

Information about the
environment

dP*zd®yCr(z,y)([0, A(z)], A(y)]).
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the system

a\Pp
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A x

Cosmic scale factor,
dependent on time
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Differential equation

d(hie, hiey )

dn > P +4w’P), + 4ww' Py, = S(k,n)
AP, k) /

Dispersion relation
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Source function

k2

e Compute source function S(kﬂ?) X —
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Decoherence power spectrum

k2

e Compute source function S(kﬂ?) X —
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Decoherence power spectrum

2
e Compute source function S(k 77) X k_
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Power spectrum
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Power spectrum
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Power spectrum
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Interaction strength
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Interaction strength
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Interaction strength
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Cut-off mechanism

The mode needs to have crossed out of the
environment correlation length in order to
be affected by the environment

In addition, we require: (H,l.) < 1
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Cut-off mechanism
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Observational constraints

Giacomo Galloni et al.

Use observational data from PLANCK, BICEP/Keck array and LIGO-Virgo-KAGRA: 2208.00188 (JCAP, 2023)
Tensorial spectral index: k nr
—1.37 < nr < 0.42 at 95% CL PT(k) = iy k_*

Tensor-to-scalar perturbation ratio:

rv < 0.028
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Observational constraints

Giacomo Galloni et al.

Use observational data from PLANCK, BICEP/Keck array and LIGO-Virgo-KAGRA: 2208.00188 (JCAP, 2023)
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Decoherence criterion

Successful decoherence of scale k at the end of inflation requires: O (520'7, p) >> ] Suppressionof

off-diagonal
terms of the
system density
matrix
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Decoherence criterion

Successful decoherence of scale k at the end of inflation requires: Ok (5207, p) > 1
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Quantum signatures
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Future CMB detectors

Simons observatory
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Bartolo et al.
1610.06481 (JCAP 12, 2016)
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Einstein Telescope

Branchesi et al.
2303.15923 (JCAPR, 2023)
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Conclusions and future work

e The decoherence of gravitational waves can have a huge impact on their
power spectrum, depending on it's parameters.

e Use data from current and future observations to constrain the parameter
space.
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Conclusions and future work

e The decoherence of gravitational waves can have a huge impact on their
power spectrum, depending on it's parameters.

e Use data from current and future observations to constrain the parameter
space.

e Explore different kinds of environments to reach decoherence
e Compute higher-order correlation functions (to study primordial
non-Gaussianity of inflationary GWs induced by decoherence effects)
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Conclusions and future work

e The decoherence of gravitational waves can have a huge impact on their
power spectrum, depending on it's parameters.

e Use data from current and future observations to constrain the parameter
space.

e Explore different kinds of environments to reach decoherence
e Compute higher-order correlation functions (to study primordial
non-Gaussianity of inflationary GWs induced by decoherence effects)

Thank you for your attention
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Appendix



Quantum decoherence

e Topic is extensively researched, both from a particle physics and a cosmology point of view

e The main focus has been on scalar (i.e. density) perturbations

Observational constraints on quantum Compute the effect decoherence of scalar
decoherence during inflation. Authors: Jerome —®  perturbations has on their power spectrum
Martin, Vincent Vennin (JCAP, 2018) and how to constrain this

Cosmic decoherence: primordial power spectra and
e Toy model for tensor perturbations: non-Gaussianities. Authors: Aoumeur Daddi Hammou,
Nicola Bartolo (JCAP, 2023)

e With the advances in the detection of gravitational waves, it is time to extensively look into the
effect quantum decoherence has on the inflationary GW power spectrum
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Cut-off mechanism

B RCR . :
P =Y vi(n)vi*(n) + TVPVECR 13 o No=3(—ke) T (ke ),

= 9a3 sin (v7)?

where we use
JI(=kn,v) = J? (—kn)L(v) — 2J_,(—kn)J,(—kn)I2(v) + J2(—kn)I1(v),

and the integrals I; and I» are defined by
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Cut-off mechanism

The mode needs to have crossed out of the environment correlation length in order to be affected
by the environment

Cr(T 7n| !anhl (n|R(T)R(0) | |m)
= an 0)|n)

= ZP" (n|e'MeT R(0)e BT R(0)|n)
n

. ~ . ~ (A.26)
= 3 palnle™=Tm) (m|R(0)Ip) (ple =] q) (gl R(0) In)

n,m,p,q

=" pue B0 (0| R(0) p) (p| R(0) )

n.,p

= Zl)nei(E”_E")T

n,p

s 2
(n|R(0)|p)

In particular, one has Cr(—7) = Cj(7). More specifically, one can see that Cg(7) is a
sum of exponentials oscillating at the Bohr frequencies of the environment. In the limit
where the environment is large and contains an almost continuous set of energy levels,
destructive interference occurs that quickly drives Cr(7) to zero with a characteristic
time te, Cr(7) >~ Cr(0)e~ I/t
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Environmental correlation length

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

Cr(z,y) = Trg(peR(z)R(y)). (2.12)

Assuming that the environment is statistically homogeneous and isotropic, and that a single
physical length scale Iy is involved, we take this to be a top-hat function, giving

Cr(z,y) = CR@(“"CZ—;”'). (2.13)

where O(z) is 1 if 2 < 1 and 0 otherwise, and CF is a constant. In Fourier space this can be

written as -
- 2:C kl klg kl
Cr(k) = \/—2 sin [ —= ) - L cos (= )|, (2.14)
m k3 a a a

which can again be approximated by a top-hat function

; 2 Crld (ki
Cr(k) ~ \/; 3’(?1':;*3@(7’5). (2.15)

where the amplitude at the origin has been matched.
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Comoving Hubble horizon
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Computation power spectrum

To obtain the GW power spectrum from Eq. (2.11), we insert two-point correlators of the
form (()) (()k,()kz) with ()k = U, Or Py, where s refers to the polarization, finding:

L
SR = (0}, R,) + (PR, PR)

dn
ORI _ (5, ) - wka) )
Mﬁ%};ﬂ;‘ig) — (LA — (k1) (0, 38,) (3.1)
‘”p';_j%) = w2 (ka) (B, 01) — (Kt ) (05, )
+ B2 (27&% 7 / dPkk (k + k1)ikS (k2 — k)aCr(IE|) (05 4k, Okp—k) -

The system is solved through a perturbative expansion in 7, and the environment cor-
relator preserves statistical isotropy and homogeneity (see Eq. (2.7)). This means we have a
statistically homogeneous and isotropic solution of the form

(O, O%,) = (2m)*Poor (k1)d (k1 + k2). (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

kb (k + k1)ikS (k2 — k)a = (k1 - k)2 + K} + 2K3(k; - k). (3.3)
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Computation power spectrum

dP,,(k) _ :
dnp Pop(k) + Ppo(K)

dP,,(k) dPy(k)
- = Ppp
dn dn

(k) — w?(k) Py (k)

(3:4)
dP,,(k ;
W) — (5 (Pt + P
, 4y ; ; :
+ 82— /d3k:’((k k') + K + 282 (K - k'))CR(lk’|)PL.L.(|k + K&')).
(27.‘.)3/2 '
These equations can be combined into a single third-order equation for P,,
P! + 4w*(k)P., + 4ww'P,,, = S(k,n), (3.5)

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

8y

. a2
S(k,n) =7 —(27r):‘/2 |

/d“k’((k k)2 + kY 4 2k (K- k))C‘,,>(|k’|)P,,,,(|k +E)).  (36)
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Power spectrum

26%, < k )P“ 2, (—kn) L1 (v) = 20 (—kn) Ty (—kn) Iy (v) + J3<—kn>h<u>)

+ 9sin2(vr) \ K [J2(—kn) + Y2(—kn)]

PT(k) - PT|standard (1 k

Defined such that our computation
[3 C_vR,y k452 is analogue to the computation
L L done by Jerome Martin and

CL‘:’ Vincent Vennin
https://arxiv.org/pdf/1801.09949.pdf
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https://arxiv.org/pdf/1801.09949.pdf

Future detectors
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Future detectors
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Assumptions

The Lindblad equation is based on the Born and Markov approximations which can be summarized
as follows:

1. The environment evolves on a time scale that is much smaller than that of the system.
2. The back reaction of the system on the environment is negligible.

3. The influence of the environment on the system, which is clearly crucial here, can be treated
perturbatively.
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Derivation Lindblad equation

Let a system “S” be in interaction with some environment “E”. The Hilbert space
£ of the full system can be written as the tensorial product of the Hilbert space of the
system, &, with the Hilbert space of the environment, &g, namely £ = £ ® €. Then,
the corresponding Hamiltonian reads’

H = Hy+ Hyy = Hs Q [g + Is ® Hg + gHy - (A.1)

Here, Hg is the Hamiltonian of the system and acts in £g, while I is the identity operator
acting in £€g. In the same manner, Hg is the Hamiltonian of the environment and acts in
&k, while [g is the identity operator acting in £s. They represent the free Hamiltonian
Hj acting in the full space £, while Hjy is an interaction term. It carries a (supposedly
small) dimensionless coupling parameter g characterising the strength of the interactions
between the system and the environment.

The density matrix p of the full system (acting in the Hilbert space £) obeys the
unitary Liouville-von Neumann equation

https://arxiv.org/pdf/
dp

il =[H,p (). (A.2) 1801.09949.pdf
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Derivation Lindblad equation

Let us now restrict the analysis to the reduced density matrix of the system, ps.
It is obtained from the full density matrix by tracing out the environment degrees of
freedom, i.e.
ps (1) = Teg [5(1)] (A.9)
Let us recall that p is an operator acting in & ® Eg and, therefore, pg is an operator
acting in & only. From Eq. (A.8), it obeys the equation

t+At B
ps (t+ At) — ps (t) = —ig/ dt' Trg [Hint. (t’) P (t)]
t
_ [tA t . :
— g2 / dt’ / dt"Trg [Him (t). [Him (¢):5 (t”)” :
t t
Similarly to Eq. (A.9), we can define the reduced density operator of the environment,

acting in &g, by pe(t) = Trs[p(t)]. It is important to stress that, in general, p(t) #
Trg [p(t)] @ Trs[p(t)], namely p(t) # ps(t) ® pe(t), and one has instead

(A.10)

f} (t) — /}5 (f) X ,5E (f) - gp/;corrcl (f) . (A.ll)

https://arxiv.org/pdf/

This relation defines the quantity peorrel, which describes the correlations between the 1801.09949.pdf
system and the environment at time t. It satisfies® Trg(peorrel) = 0 and Trs(peorrel) = 0. - -
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Decoherence criterion

The addition of a nonunitary term in the evolution
equation of the 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
1 [ us to calculate the required interaction strength that
ok = 5 S(k,n") Py (k,n")dn’ leads to decoherence at the end of inflation.
— OO0
0 characterizes the additional decrease of the
ott-diagonal elements produced by the
environment. Successful decoherence is
* characterized by the condition §,, >> 1

2 9sin?(vr) [ k\ P
B4, > ———= o [II(V- k,n) + Ii(—=v, k,n) — 215(v, A-ﬁy))(:()s(uw)]

: 2
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Aoumeur Daddi Hammou et al.

- p=1 — p=5
1094 - — p=2 S— p=6
=3 p=7 Cosmic decoherence: primordial power
107° 1 — p=4 — p=8 spectra and non-Gaussianities. Authors:
Aoumeur Daddi Hammou, Nicola Bartolo
e 1054 - (JCAP, 2023)
B =t Beee (kK k)
18~ P2(k) o 107
§ 1034 =2
1019 .
104 -
10—11 -

104 1072 10° 102 10*
kiks

k2
Figure 1. Bispectrum parameter fyz absolute value rescaled by 8 = = - as function of - for
the various values of parameter p. We choose Hlr = 1073, and N — N, = 50.
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