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Quantum mechanics

9
Hip = ih—
Y =i 1)

x,p| = ih

no proper Hermitian
operator for time




Time in scattering

tw) = ol P (w)

\ /‘
%) / \ ‘

.<— Scattering phase ¢(w)




Multi-channel scattering problems

Wigner-Smith time-delay matrix

0=_i§ N Hermitian operator for
oW unitary S-matrix

- real eigenvalues (proper delay times)

- orthogonal eigenstates

- no information on scattering potential required
- connection to density of states



Wave generation




Particle-like states
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Particle-like states

Physical Review

Rotter, Ambichl, Libisch, PRL 106, 120602 (2011). |2l FOCUS




Experiment in acoustics
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Branched flow
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Branched flow in optics
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Branched flow in optics
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Mode mixing in a multimode fiber
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Optical micromanipulation

* Challenges:
— Complex shaped target

— Disordered environment

— Optimality

e Solution:
Wignher-Smith operator

Ashkin, Dziedzic,
Bjorkholm, Chu,

Opt. Lett. 11, 5, 288 (1986).



Generalized Wigner-Smith operator

o dS(w) Well-defined
Q . 1 S
= 5 (W) dw delay times g;
o dS (o) Well- defined
. 1 > :

e.g. (¥ = position— conj(« )= momentum

Ambichl, Brandstotter, Bohm, Kiihmayer, Kuhl & Rotter
PRL 119, 033903 (2017).



Microwave setup

Teflon scatterers

Target scatterer

Mode profiles
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Optimal angular momentum transfer

e (x=angle —> Eigenstate with largest eigenvalue
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Particle manipulation with sound
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A “loud” experiment

Orazbayev, Malléjac, Bachelard, Rotter & Fleury
Nature Physics 20, 1441 (2024)



Moving a ping-pong ball




Rotating an object




Traps with optimized trapping stiffness

dS(x) dQ,
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The Quantum Wigner Smith Operator

Dirk Polder



Geometric phase
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Transverse beam shifts
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Ar 4. Goos-Hanchen shift
IS purely dynamical

Ar 4. Imbert-Fedorov shift
IS purely geometric

Bliokh, Kuang, Rotter, arXiv:2506.07144 -



Levitation

Levitated nanosphere
(R. Diehl/R. Reimann/ETH Zurich)




Optimal cooling

Wigner-Smith “energy shift” operator

dS(t)  d Egin

. a—1
Q = —1S™ (1) o X
Fast rotation Fast translation
\
- _
o= = S " .‘ = +—____ Shaped
o wavefronts
S 3 |Umin ()
& e e—————
F4 e o®
o -

Slow motion










The Matrix(1999)




Precision measurements

Levitated nanosphere
(R. Diehl/R. Reimann/ETH Zurich)

SRR e e (=il Cellular secretion of proteins

(Nano Lett. 18, 513-519, 2018)




Fisher information
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Parameter estimation

Scattering
- medium
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Fisher information

J(0) =E ([0 Inp(X; 9)]2) Fisher information

Fout _ G pin J(0) = <Ein|F9|Ein>
Fisher information operator
Fy = (0p5)709S

Fy =4Q; Qg =

Maximum information state
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Experimental data

Intensity Fisher information Single-pixel sensitivity
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Few photon

measurement
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Continuity equation for information flow
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Energy vs. information

Energy density
Fl density

Hupfl, Russo, Rachbauer, Bouchet, Lu, Kuhl & Rotter
Nature Physics 20, 1294 (2024) 44



Information radiation patterns

o

Symmetry plane S
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See also:

Maurer, Gonzalez-Ballestero
& Romero-lIsart,

PRA 108, 033714 (2024)



Ultimate limit of particle localization

Goal: estimate the position of an object
behind a dynamic scattering layer
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* Wigner-Smith time-delay operator

* Toolbox for particle manipulation

* Optimal cooling of particle ensemble

* Quantum light fields: Casimir-Polder forces

e Fisher information

nature

REVIEW ARTICLE | INSIGHT physics

https://doi.org/10.1038/541567-022-01677-x

‘ '.) Check for updates

Shaping the propagation of light in complex media

Hui Cao @™, Allard Pieter Mosk©®?2 and Stefan Rotter®3



People involved — Elastic wave scattering
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People involved — Microwave scattering
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People involved — Principal modes
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People involved - Sound experiment
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Collaborators: Fisher Information
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Collaborators: Fisher Information Flow
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Collaborations: Quantum Wigner Smith

L. Rachbauer : D. Bouchet
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Collaborations: Geometric phase
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Collaborations: Parameter Estimation
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Thank you

for your Contact: stefan.rotter@tuwien.ac.at
attention!
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