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Setting the stage




Quantum mechanics

Second ingredient: measurement

The measurement returns a real number
After the measurement, the system is in
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Measurements

After the measurement the state is
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Photodetection
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Generalized measures
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The environment
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Environment :

Continuum of the EM field,
thermal bath, measurement apparatus ...
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[Trapped ion chip @IonQ] [Sycamore chip@Google] [Osprey chip@IBM]

The environment induces:

Interaction: * Loss and gain of particles ¢ Loss of information

Exchange of enegy/particles
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System :
Atomic, condensed matter,

[ GOAL: Control, manipulate, an preserve many-body quantum states ]
photonic, superconducting, ...




Environment effect (1)

Let us consider a simple system

How can we describe the field
in the cavity?




Environment effect (2)

What about quantum ) 0) + [1) (0| + (1]
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Open quantum systems
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Trajectories vs master equation
n(t)y

& Quantum trajectory

Master equation
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Driven-dissipative Hubbard model
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The ambiguity of dissipative chaos
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Classical systems

Classical picture of chaos: extreme sensitivity to initial conditions
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Quantum systems
Integrable: independent eigenvalues |:> Behavior of uncorrelated random variables
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We look to the spacings: s; = L1 — Ej

Main signature of quantum
integrability:

level clustering

[Berry and Tabor, Proceedings RS, 356, 375 (1977)]

S

Chaotic system: correlated eigenvalues |:> Energy levels are rigid
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——  Wigner-Dyson

Main signature of
quantum chaos:

level repulsion

4 [Bohigas et al., Phys. Rev. Lett., 52, 1 (1984)]



The Liouvillian
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Dissipative quantum systems

Dissipative quantum chaos: correlated Liouvillian eigenvalues |:> Spacings between complex eigenvalues s; = |\

—+ 17

We can also look to the Complex Spacing Ratios
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Chaos as a transient (?)
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Chaos depends on the initial
condition

Chaos is a transient phenomenon

Q: Can dissipative chaos be
defined in the steady state?




Testing the waters

Can we detect steady-state and transient chaos with current well-established criteria?

1. Statistics of Liouvillian

eigenvalues
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2. Steady-state density 3. Out-of-time order
matrix analysis correlators
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Spectral statistics of quantum trajectories
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One step back...

Averaging makes it
ambiguous to define
chaos
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Chaos via unraveling
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Applying the criterion
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BGS conjecture

Correspondence between classical and quantum chaos
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° Lyapunov exponent Amax
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Treat fields as C-numbers

No chaos in the classical system




Measurement

Q: Why the lack of correspondence?

Amax 577,1




Measurement
(Q: Why the lack of correspondence?
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Experimental
verifications




Frequency (MHz)

Experiment 1 (vs theory)

Objective: measure signature
of chaos in the Bose-Hubbard
dimer
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Drive strength (MHz)
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Experiment 2: Floquet dynamics
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Photon Number

Semiclassical simulation for increasing
drive strengths F
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Experiment 2: Synthetic dimensions
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Experiment 2: Chaos

521
0.92 0.96 1 = Complex level spacing ratio

= Level spacing distribution

Theory — Poisson
—90F(a) [¢/2m =41 MHz|| ot —~ [ — Ginibre
—~~ ] - r E
= S 1
m ‘ z == Full spectrum e
) S 0.12 z
~ —100 [ - e [ -+ Floquet steady state 8
A 0.06F o £
c i _ =
2 i - (a 5
g8 —110 0;} - —————— G—B-/-z------—- -8
5 I T 125 —120 115 —110  —105 -
£ I Input power P, (dBm) 0
—120 0 1 2
C Level spacing s
—100 0 100
Detuning A/2m (MHz) =>» Quantum Chaos signatures coincide with merging of Floquet states

ar (iv > quant-ph > arXiv:2404.10051

Quantum Physics

[Submitted on 15 Apr 2024]
Landau-Zener without a Qubit: Unveiling Multiphoton Interference, Synthetic Floquet Dimensions, and Dissipative Quantum Chaos

Leo Peyruchat, Fabrizio Minganti, Marco Scigliuzzo, Filippo Ferrari, Vincent Jouanny, Franco Nori, Vincenzo Savona, Pasquale Scarlino



(Spatial pre-)

Thermalization
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What did we learn?

Models Methods Phenomenology

* Chaos can emerge in the steady state;
* Chaotic features present in quantum
trajectories; bath 1
* Combination of Hamiltonian and
dissipative effects.

N -

currents? fluctuations? NESS?

v & J J J J
= < - * Hamiltonian bulk vs dissipative edge;
o, oU . ° © °O © °O  Effect of drive [no U(1) symmetry];
B=—— B B BB B .« Bosons vs spin.
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* Exponentially large Hilbert space;

+ Quantum + Open + Transport ‘ Truncated Wigner Approximation



The TWA

Stochastic trajectory calculations based on the truncated Wigner approximation
[K. Vogel and H. Risken, PRA 39, 4675 (1989)]

p— W(@) =W, ... /Hd% €% =% Ty [ﬂef”a h ]
Fokker Planck La b — OW () = 95 A W(d) + 02 gvv(&) + OW))
l
iy = [0 = Ulloy P = 1) = 7/2)] jmi 2 0 Va2 Langevin
ig:(iw ~ iy Dy o(t, ) :=1— <COS { {a )(t +7) — ( )(t + 7’)}>
77 !
Qz: . - tlgglo Dy o(t,7) = Dy o(T)

0 500 1000 1500 2000
Jt



ny ony
5 25 45 -20 =10 O 100 200
: TS T T T




Thermalization

Unitary & U(1)
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Thermalization?

How can we capture
these phenomena?

Non-linear model with gain

and saturation




Temperature along the chain
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Spatial pre-thermalization
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* interacting bulk and conserved charge

* local nonequilibrium drive that “breaking” the
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Summing
up
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Summing
up
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Chaos open quantum system as a
persistent phenomenon;
Experimental signatures in SC
devices;

Thermalization phenomena in
extended lattice systems.




