
Disappearing and delocalized properties: 

Weak measurements and the Quantum 

Cheshire Cat effect

Alex Matzkin
Lab de physique théorique et modélisation

CNRS Unit 8089 @ Université de Cergy-Pontoise

4 Oct 2019

ECT Trento



‘Well! I’ve often seen a cat without a 

grin,’ thought Alice; ‘but a grin 

without a cat! It’s the most curious 

thing I ever saw in my life!’

Vanishing of the Cheshire cat (illustrations by J. Tenniel for 

the original 1865 edition)



Quantum Cheshire cat in interferometric setups

particle

Property
(angular 
momentumFig. Denkmayr et al, 

Nature Comm. 2014

How can this be measured ?
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Disappearing and delocalized properties:

Weak measurements and 

the Quantum Cheshire Cat effect



1. Measurements in Quantum Mechanics

The question we will be interested in throughout : 

what is the value of a physical property between two 

measurements?

t

System properties ↔ measurements



1. Measurements in Quantum Mechanics

Measurements are special in quantum mechanics



1. Measurements in Quantum Mechanics

Simple case: Qubit (spin ½)

spin component along z

Initial state



1. Measurements in Quantum Mechanics

Eigenstate-eigenvalue link

System property defined ↔ Eigenstate of observable (Dirac)

 Initial state of the system disturbed

• by the interaction with the “pointer”

• by the projection (effective collapse)



D1

 interferometer (without BS2)

which path took a 

particle detected at D2?

D2

PS



D1

1. Measurements in Quantum Mechanics

 interferometer (without BS2)

which path took a 

particle detected at D2?

D2

PS



1. Measurements in Quantum Mechanics

2.3  Quantum pointers: Von Neumann model



1. Measurements in Quantum Mechanics

Von Neumann model



 interferometer (without BS2)

D1

1. Measurements in Quantum Mechanics

which path took a 

particle detected at D1 

or D2 ?
D2

PS



1. Measurements in Quantum Mechanics

 interferometer (with BS2)

D1

D2

BS2

which path took a 

particle detected at D2?



1. Measurements in Quantum Mechanics

Delayed choice (Wheeler 1983)

 “paradox”: delay insertion of BS2 after the particle 

has passed the path detectors

D1

D2

wave or particle aspect 

depend on our choice 

just before the final 

detection



Delayed choice – Context dependence (Wheeler 1983)

• With pointers: particle aspect

• Without pointers : with BS2 wave aspect is inferred but 

cannot be detected



1. Measurements in Quantum Mechanics

The question we will be interested in throughout : 

what is the value of a physical property between two 

measurements?

Standard answer from standard quantum mechanics: 

the question is meaningless, since a measurement would 

be needed, and that measurement would break the 

original system evolution (state projection). 

Counterfactual reasoning leads to paradoxes (Bohr, 

Wheeler…) 

t



particle in box B

Three Box Paradox (Aharonov and Vaidman JPA 1991)

 1 particle and 3 boxes

particle in box A particle in box C

General quantum state:



Three Box Paradox

 Open a box : projectors 



Three Box Paradox

 Where can we find the particle between t=ti and t=tf ?

t

Initial state: Final state (eigenstate of some

observable):

pre-selection post-selection



Three Box Paradox

 At some intermediate t, is the particle in box A ?

t

Initial state:

eigenvalue 1     eigenvalue 0



Three Box Paradox

 At some intermediate t, is the particle in box A ?

t

Initial state:

Constraint: final state

eigenvalue 1     eigenvalue 0

┴The particle MUST have been in box A



The particle MUST have been in box B

Three Box Paradox

 At some intermediate t, is the particle in box B ?

Initial state:

Constraint: final state

eigenvalue 1     eigenvalue 0

┴



The paradox
• At some intermediate t, we are sure to find the particle 

in box A but also in box B (though there is only one 

particle)

• Paradox  projective measurements and 

counterfactual reasoning

• But this is forbidden: the experimental setting is 

modified, postselection may not happen… The paradox is 

dissolved… but what happens at an intermediate time ?



The question we will be interested in throughout : 

what is the value of a physical property between two 

measurements?

Non-standard answer from standard quantum 

mechanics: weak measurements

t



2. Weak Measurements

t

2. weak coupling

1. preselection 3. postselection

4. weak pointer readout

Non-standard answer from standard quantum mechanics: 

Weak Measurements
• at some intermediate time t a weak unitary interaction couples the 

system to a weak pointer

• the system largely unperturbed reaches the same final state (as in 

the case of no weak interaction)

• the projective measurement on the system at tf also projects the 

weak meter wavefunction to a final state, revealing information on 

the weakly measured observable



2. Weak Measurements

Weak Measurements
• Introduced by Aharonov et al over a number of years (ABL Phys Rev 

1964 – time symmetric quantum mechanics, Aharonov Albert & Vaidman PRL 

1988 weak values, Phys Today 2011 quantum properties)

• Recent increase in the number of works dealing with weak 

measurements, incl notable experiments

• Useful as a tool to amplify small signals and estimate unknown 

parameters

t

weakly coupled meter (ancilla

dynamical variable) whose

quantum state acts as a pointer



2. Weak Measurements

Weak Measurements
1. Preselection (state preparation)

2. Weak coupling (between A and a dynamical variable of the weak 

pointer)

3. Postselection (projective measurement of a different system 

observable B, selecting a given outcome)

4. Weak pointer readout: weak value of A, given the preselected and 

postselected states.

t

2. weak coupling

1. preselection 3. postselection

4. weak pointer readout



3. Weak values

Weak Values
• Operationally, value indicated by the weak pointer 

readout 

• It is different from the eigenvalues and can lie outside 

the eigenvalue range



3. Weak measurement protocol

Weak Values
• Operationally, value indicated by the weak pointer 

readout (complex number)

• It is different from the eigenvalues and can lie outside 

the eigenvalue range

• Universal in the weak coupling limit: the derivation in 

the asymptotic limit gives the expression

weak value

preselected state

(evolved forward in time)

postselected state

(evolved backward in time)



3. Weak measurement protocol

Weak Values: properties











3. Weak values



3. Weak values



3. Weak values



5. Boxes and Cats

Example : Three Box Paradox

 Where can we find the particle between t=ti and t=tf ?

t

Initial state: Final state (eigenstate of some

observable):

pre-selection post-selection



4. The Three-Box Paradox

Weak values



Weak values of spatial projectors

Stern Gerlach

3 box paradox

for spin-1 atoms

No weak trace here ?



Discontinuous weak trajectories

Nested Mach-Zehnder interferometers: couple several weak

meters along the paths (Vaidman et al PRA 87, 052104 2013; PRL 111, 240402 2013)

Duprey & Matzkin PRA 95, 032110 2017

Weakly coupled pointers measure the particle’s presence at their location (weak

value of spatial projectors)

Initial state of each meter: 



Discontinuous weak trajectories
Weak Trace criterion (Vaidman): the particle was not present in 

regions where the projector weak values vanish (the particle’s

spatial presence cannot be detected)  paradox



Weak trajectories

t = 0

t = tf

TDLO



Weak measurements of trajectories

Weakly coupled pointers on a grid, Postselection at t = tf



Weak measurements of trajectories

Sum over paths

Weakly coupled pointers on a grid, Postselection at t = tf

Matzkin PRL 2012, JPA 2015, Mori & Tsutsui, PTEP 2015 

Sokolovski PLA 2016, Georgiev & Cohen PRA 2018



Weak measurement of momentum field

Momentum weak value

Steinberg et al, Science, 2011.

“Bohmian” trajectories Double slit experiment



Weak measurements of different observables

Quantum Cheshire Cat effectS

• The spin left a trace where the spatial wavefunction didn’t 

spatial separation between the particle and one of its properties

Aharonov et al (NJP 2013, book Quantum Paradoxes 2005)



Neutron Mach-Zehnder interferometric experiment

spin 
projection 
along z

neutron Denkmayr et al, 

Nat. Comm. 2014

Inference of weak values without making weak measurements – fit weak 

values from observed intensities 

 not a demonstration of the quantum Cheshire cat effect

Similar single photon expmt Ashby & al, PRA 2016

Experiments are hard to do!

Correa et al NJP 2015, Atherton et al Opt. Lett. 2015, Stuckey et al IJQF 2016, Duprey

et al Ann Phys 2018



The quantum Cheshire cat: neutron interferometric

experiment



The quantum Cheshire cat: neutron interferometric

experiment



preselection postselection

Where is the neutron located? Absorber-Path coupling



Weak values and quantum properties

Weak measurements controversial (on the significance)

• Eigenstate-eigenvalue link  measurement, property

• Pointer motion, consistent with standard measurements

• Ensemble average or single shot ?

• “Generalized form of eigenvalue (AAV)”?

• No corresponding “element of reality” for the system 

(some eigenstate of B)

• Retrodictive effect on the pointer state

Svensson, Found Phys 2013, Alonso & Jordan, Quant Stud Math Found 2015; Griffiths PRA 

2016; Duprey & Matzkin PRA 2017; Cohen, Found Phys 2017; Sokolovski Phys Lett A 2017, 

Matzkin Found Phys 2019, Vaidman et al PNAS 2019



Weak values and quantum properties

tw



Conclusion

• Weak measurements: protocol for non-destructive and non-

disturbing measurements

• Weak value (as read from pointers): value related to a partial, local, 

conditioned property of a system. 

• Property ascription: 

eigenvalue  weak value

global prop./local Measurmt delocalized prop./local value

“particle-like” aspect  “wave-like” aspect

• Interesting for quantum foundations (experimentally play with the 

formalism), and also applications (quantum state measurement, 

particle tagging, weak signal amplification for parameter 

estimation)
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