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• There is no doubt that Quantum Mechanics is a very successful theory

• There is still, however, a debate about how the theory should be understood

• This has given rise to a large variety of interpretations … 

• Copenhagen

• MWI

• Bohm

• etc …



Motivations

The problem originates from quantum superpositions

+  Experimentally seen

 Macroscopic superpositions
but … never seen

Quantum mechanics is linear
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• First motivation: since collapse models are falsifiable, can Cosmology 
help contraining them?
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Origin of the fluctuations

• According to inflation, the perturbations originate from quantum fluctuations 
then amplified by gravitational instability and stretched by cosmic expansion

• As any other application of QM, this suffers from the superposition issue; this
is maybe exacerbated in a cosmological setting 

• For instance

But, is the opposite true as well?

Homogeneous  Inhomogeneous

Why and how in the early Universe??



Motivations

• First motivation: since collapse models are falsifiable, can Cosmology 
help contraining them?

• Second motivation: can collapse models help improving our 
understanding of the behavior of quantum perturbations in the 
early Universe?
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Quantum collapse models

A first approach: the GRW model

Main idea: The wave-function undergoes random “flashes” in time and space, with
frequency λ, that localizes the state vector on a spatial scale rc

with probability

Ghirardi, Rimini, Weber, Phys. Rev. D 34 (1986), 470

Bassi, Ghirardi, Phys. Rept. 379 (2003), 257, quant-ph/0302164

Bassi, Lochan, Satin, Singh, Ulbricht, Rev. Mod. Phys. 85 (2013), 471, arXiv: 1204.4325
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A first approach: the GRW model

Main idea: The wave-function undergoes random “flashes” in time and space, with
frequency λ, that localizes the state vector on a spatial scale rc

with probability

d

rc
Micro superpositions

unaffected

Quantum collapse models



A first approach: the GRW model
There is an amplification mechanism: the destruction of big superposition 
proceeds with a much larger rate

+

+

rate:

rate:

Quantum collapse models



• {Ci}: set of collapse operators

• γ: new parameter, sets the strength 
of the collapse

• Non-linear evolution:

• Stochastic evolution:

Stochastic evolution in Hilbert space

Schrödinger term New terms

The wave function
evolves stochastically 
in Hilbert space

Quantum collapse models
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• Collapse operator

• Stochastic equation for 

• Solution

Illustration: collapse of the state vector

Quantum collapse models



• Collapse operator is the “smeared” mass density operator

• m0 is a reference mass (usually taken as the nucleon mass)

• Two parameters model:

• [λ] = time-1, gives the frequency/collapse and [rc] = length,  gives localization 
scale

Continuous Spontaneous Localization (CSL) models

and

Quantum collapse models



Balance sheet

Pros Cons

Quantum collapse models
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• Solves the measurement problem

• Structure of the modified 
Schrödinger equation unique

• Born rule derived

• It is falsifiable

• Leads to the Lindblad equation

Balance sheet

Pros Cons

• Interpretation of the noise?

• Energy not conserved

• No easy relativistic generalization

Quantum collapse models
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CSL is falsifiable

“big objects”

• 1999: Fullerene, 60 atoms, 720 amu

• 2019: large molecules, 2000 atoms,
26 777 amu

• Transition expected around 
106-109 amu

Quantum collapse models
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• According to inflation, the perturbations originate from quantum fluctuations 
of the gravitational and scalar fields, then amplified by gravitational instability 
and stretched by cosmic expansion

• The evolution of the perturbations is controlled by the Schrödinger equation 

 Mukhanov-Sasaki variable

 Hamiltonian

 Parametric oscillator

 Gaussian squeezed state

CSL and cosmology
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Squeezing parameter

time

Two mode vacuum squeezed state

Initially:Two mode vacuum coherent state

CSL and cosmology



- Universe spatially flat

- Phase coherence                                             

- Adiabatic perturbations

- Gaussian perturbations

- Almost scale invariant power spectrum

- Background of quantum gravitational waves    

Planck data

Single field slow-roll models, with minimal kinetic terms, are preferred 
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• No (fully satisfactory) relativistic version of CSL: application to cosmology 
is  necessarily phenomenological …

• Which collapse operator? Energy density: 

-

-

CSL and cosmology



CSL: application to Cosmology & inflation

• In Fourier space, this leads to 

CSL and cosmology

- Cosmological amplification mechanism: 
the collapse operator is effective only if 

- Btw: no problem with the initial conditions!
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CSL: application to Cosmology & inflation

• Which energy density contrast??

CSL and cosmology

- p=0, Newtonian density contrast

- p=2, Flat threading, density contrast

with 0<p<2



Stochastic evolution of the cosmological wavefunction:

• Gaussian state:

•

• Mean value

• Variance 

Random variables

CSL and cosmology
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Stochastic evolution of the cosmological wavefunction:
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Initial state

Stochastic trajectory

Two requirements

 The CSL power spectrum is scale-invariant

 The wavefunction collapses

Stochastic evolution of the cosmological wavefunction:
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Initial state

Stochastic trajectory

FAPP, one measures 
the mean values

Stochastic evolution of the cosmological wavefunction:

 The CSL power spectrum is scale-invariant

rc crossed during inflation

rc crossed during 
radiation epoch

CSL and cosmology



Initial state

Stochastic trajectory

 The wavefunction collapses 

Single outcome problem 
solved if dispersion of the 
mean >> variance

Stochastic evolution of the cosmological wavefunction:
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Initial state

Stochastic trajectory

Single outcome problem 
solved if dispersion of the 
mean >> variance

Stochastic evolution of the cosmological wavefunction:

 The wavefunction collapses 

rc crossed during inflation

rc crossed during 
radiation epoch

CSL and cosmology



The wavefunction
does not collapse

Power spectrum
is not scale-invariant

CSL and cosmology



CSL and cosmology

Additional results

• Particular case: if the flat threading density contrast is used then 
the contraints become compatible with those of lab experiments

• One can show that       exactly follows a Gaussian statistics

• Other collapse operators related to stress energy tensor lead to 
(almost) the same result

• Non linear collapse operators do not collapse the wave function and/or 
do not lead to Gaussian statistics: flat threading density contrast seems 
to be the “good” collapse operator for cosmology



 Quantum collapse models (e.g. CSL) are falsfiable alternatives to QM

 Cosmology can help QM because these models can be constrained by 
inflation

 Collapse models can help Cosmology because they can be used in order to
understand puzzling issues of inflation

 CSL with a flat threading density contrast as collapse operator seems to 
be a good model. Any other choice faces severe difficulties.

Recap

Conclusions

 Take away message: inflation is not only a successful scenario of the early
Universe, it is also a very interesting playground for foundational issues of
quantum mechanics


