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Quantum Mechanics

Linearity =» Superposition Principle = Schrodinger's cat =» Measurement Problem
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How to modify the Schrodinger
equation?

The no-faster-than-light condition heavily constraints the
possible ways to modify the Schrodinger equation.

In particular, it requires that nonlinear terms must always be
accompanied by appropriate stochastic terms.
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The continuous dynamics (simplified)

? A
di), = —%Hdt + VAA = (A))dW; — 5(14 - <A>t)2dt] )¢
\ ) | /
| |
guantum collapse

<A>t = <¢t|A\¢t> —> nonlinear

The wave function is dynamically and stochastically driven by the noise W, towards
one of the eigenstates of the operator A

This equation describes microscopic physics, macroscopic physics, and what happens
in quantum experiments (Born rule, collapse ...)



(Mass-proportional) CSL model
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The operators are function of the space coordinate. The collapse occurs in space.

Two parameters

~v = collapse strength rc = localization resolution

. A =n~/(4nr2)?/? = collapse rate



The collapse rate
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Experimental tests

The obvious way to test collapse models is with matter-
wave interferometry

Prediction of quantum mechanics Prediction of collapse models
(no environmental noise) (no environmental noise)



Interferometric Experiments
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To improve interferometric tests, it will be necessary to go to micro-gravity environment in
outer space. COST Action QTSpace. hitp://www.cost.eu/COST_Actions/ca/CA15220



Non interferometric tests
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The collapse induces a Brownian motion on the system
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Non-Interferometric Experiments
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Beyond CSL

The collapse is driven by a random noise. In the CSL model, the noise is white and no
dissipative effects are included.

This makes the model relatively easy to work with, but not physically realistic.

Progress has been made in generalizing CSL, both with a colored spectrum, as well as
with dissipation.



Collapse models in space
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Interferometric experiments and the
new models
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The new experimental bounds are robust against changes in the noise. It comes not as a
surprise, as these are direct tests of the superposition principle



Non-Interferometric Experiments and
the new models
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Collapse and gravity

Fundamental properties of the collapse
It occurs in space.

It scales with the mass of the system.

The possible role of gravity

The “natural” way to describe it mathematically, is to couple the noise field to the energy
density (the stress-energy tensor, in a relativistic framework).

Gravity provides such a coupling.

Problem

The coupling is not the standard one prescribed by quantum theory (which would be
linear). No one knows why gravity should couple as prescribed by collapse models



Diosi — Penrose model
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Same equation as that of the CSL model. The only difference is in the noise:

G(x)=— 1 —_—> Gravity. And no other free parameter.

The localization time is:

" — h _ 3.3 ,M(I‘)M(r/)
T(X’X)_U(X—X’)—U(O) U(X)——G/d I'dr,x_i_r_r/'

Penrose’s idea: quantum superposition = spacetime superposition = energy
uncertainty =» decay in time

(R. Penrose, Gen. Rel. Grav. 28, 581 - 1996)



Criticisms

1. The model is not derived following some guideline. It does not explain why
gravity enters the game (expect for G).

2. Gand 1/r do not appear in the coupling between matter and gravity, but in
the correlation function of the noise. There is no reason for that to be the
case. (Gravity induced vs. gravity related collapse model.)

3. The model diverges for point-like particles. One needs to introduce a cut off.
Then the model depends on a parameter, the cut-off R,,.

Diosi’s original proposal: R, = 101> m = Compton wavelength of a nucleon.
This is justified by the requirement that the model is non-relativistic.

However, this model pumps energy at a very high rate, contradicting
experimental data. To avoid this, one has to introduce a large cut off, which at
present has no justification.



The Schrc’jdinger-Newton equation
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quantum spread gravitational collapse

It comes from semi-classical gravity if taken as a fundamental theory = matter is
fundamentally guantum and gravity is fundamentally classical, and they couple as follows

G

G = <¢’TMV 1)) The term on the right is nonlinear in the

wave function



Wrong collapse

It collapses the wave function, but not as prescribed by the Born rule
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Double slit experiment according to Double slit experiment according to the
standard QM Schrédinger-Newton equation

But there are smarter ways of testing the equation
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It does faster-than-light

Consider the usual “Alice & Bob sharing an entangled spin state” scenario.

Alice first measure along the z direction:
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