
2408.02563

Constraining the quantum decoherence 
of inflationary gravitational waves

Jessie de Kruijf 
University of Padova

In collaboration with N. Bartolo



Jessie de Kruijf 2408.02563
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Inflationary solution



Jessie de Kruijf 2408.02563

Inflationary solution

CMB

Planck 2018 

LSS

Sloan Digital Sky Survey 
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GWs from inflation

Renzini et al. 
2202.00178  (Galaxies, 2020)
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Quantum-to-classical
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Quantum-to-classical

CMB

Planck 2018 

LSS

Sloan Digital Sky Survey 
Quantum Classical?
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Quantum decoherence

Environment System
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Quantum decoherence

Environment System

Tensor perturbations 
during inflation

Scalar sector
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Two point correlation function

Two point correlation function:

Power spectrumor
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Operators observable

Two point correlation function:

Power spectrumor

=
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Lindblad equation

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

System Hamiltonian

Information about the 
environment

Jerome Martin, Vincent Vennin 
1801.09949 (JCAP, 2018)

Information about 
the system
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Time dependence

System Hamiltonian

Information about the 
environment

Information about 
the system

Cosmic scale factor, 
dependent on time 

●             time dependence of the interaction 

Use the Lindblad equation which models the time evolution of the observable
Jerome Martin, Vincent Vennin 
1801.09949 (JCAP, 2018)
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Interaction strength

System Hamiltonian

Information about the 
environment

Information about 
the system

Cosmic scale factor, 
dependent on time 

●             time dependence of the interaction 

●             interaction strength

Use the Lindblad equation which models the time evolution of the observable
Jerome Martin, Vincent Vennin 
1801.09949 (JCAP, 2018)
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Differential equation

Dispersion relation
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Source function

● Compute source function 
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Decoherence power spectrum

● Compute source function 

● Plug into known solution 

Sum over polarizations

Jerome Martin, Vincent Vennin 
1801.09949 (JCAP, 2018)
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Decoherence power spectrum

● Compute source function 

● Plug into known solution 

Sum over polarizations

Jerome Martin, Vincent Vennin 
1801.09949 (JCAP, 2018)
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Power spectrum

Three cases:
● p<-1
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Power spectrum
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Power spectrum

Three cases:
● p<-1
● p=-1 
● p>-1
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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:
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Observational constraints

Use observational data from PLANCK, BICEP/Keck array and LIGO-Virgo-KAGRA:

Tensor-to-scalar perturbation ratio:

Tensorial spectral index:

Giacomo Galloni et al. 
2208.00188 (JCAP, 2023)
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Decoherence criterion

Successful decoherence of scale k at the end of inflation requires: Suppression of 
off-diagonal 
terms of the 
system density 
matrix
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Quantum signatures
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Future CMB detectors

LiteBIRD

Simons observatory
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Future detectors

Rishav Roshan, Graham White 
(2401.04388)
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LISA
Bartolo et al.
1610.06481 (JCAP 12, 2016)
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Einstein Telescope
Branchesi et al. 
2303.15923 (JCAP, 2023)
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Conclusions and future work

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

● Use data from current and future observations to constrain the parameter 
space.
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● Explore different kinds of environments to reach decoherence
● 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

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

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

● Explore different kinds of environments to reach decoherence
● 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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Quantum decoherence

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

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

● Toy model for tensor perturbations: 

● 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

Observational constraints on quantum 
decoherence during inflation. Authors: Jerome 
Martin, Vincent Vennin (JCAP, 2018)

Cosmic decoherence: primordial power spectra and 
non-Gaussianities. Authors: Aoumeur Daddi Hammou, 
Nicola Bartolo (JCAP, 2023)

Compute the effect decoherence of scalar 
perturbations has on their power spectrum 
and how to constrain this
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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
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Cut-off mechanism
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Environmental correlation length
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Comoving Hubble horizon
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Computation power spectrum
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Computation power spectrum
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Power spectrum

Defined such that our computation 
is analogue to the computation 
done by Jerome Martin and 
Vincent Vennin
https://arxiv.org/pdf/1801.09949.pdf

https://arxiv.org/pdf/1801.09949.pdf
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Future detectors
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Future detectors
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Assumptions
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Derivation Lindblad equation

https://arxiv.org/pdf/
1801.09949.pdf

https://arxiv.org/pdf/1801.09949.pdf
https://arxiv.org/pdf/1801.09949.pdf
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Derivation Lindblad equation

https://arxiv.org/pdf/
1801.09949.pdf

https://arxiv.org/pdf/1801.09949.pdf
https://arxiv.org/pdf/1801.09949.pdf
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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 
us to calculate the required interaction strength that 
leads to decoherence at the end of inflation. 

characterizes the additional decrease of the 
off-diagonal elements produced by the 
environment. Successful decoherence is 
characterized by the condition 
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Aoumeur Daddi Hammou et al.

Cosmic decoherence: primordial power 
spectra and non-Gaussianities. Authors: 
Aoumeur Daddi Hammou, Nicola Bartolo
(JCAP, 2023)


