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— Use well-controlled quantum system to simulate (an idealized version of) another quantum system
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Full-state tomography scales badly What is the best
Often limited to global observables in large systems we can do with
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— Verifiable implementations
Choose Hamiltonians that can be benchmarked
Develop measures that are experimentally and theoretically viable
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Overview

* Trapped ion quantum simulator of Ising dynamics

Fidelity measurement
— Multiple quantum coherences

— Loschmidt echo

— Quantum Fisher information
* Magnetization measurement
— Buildup of correlations

* Adding complexity: Dicke model




System

Our system: 2P3/2
Triangular crystal of Be+ ions
Stabilized due to the Coulomb repulsion between the ions and
external trapping
Use two hyperfine states of the ion to form the spin 281/2
Couple the spin to the transverse modes of the crystal (phonons) I | T>
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Entanglement Entropy

Global
Unitary
dynamics
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Sa = —In [Tr(p3)]



Entanglement Entropy
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All-to-All Ising Model: One-body Observables
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All-to-All Ising Model: One-body Observables
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All-to-All Ising Model: Entanglement

i Entanglement entropy for the half-chain: features
| instead of the plateau

| Caveats:

| - Single site resolution (quantum gas microscope)

‘ Limited to ~10 ions

Intractable for large systems

_______——-gq—';i—-

ENERNEEE

ldnall

f ~ /‘\

o m

Experiments: A. Kaufman et al Science 353, 794 (2016)
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i Entanglement entropy for the half-chain: features
| instead of the plateau

| Caveats:

| - Single site resolution (quantum gas microscope)

‘ Limited to ~10 ions

Intractable for large systems
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Experiments: A. Kaufman et al Science 353, 794 (2016)

Large system + absence of single site
resolution?



Multiple Quantum Coherence (MQC) Spectrum

Multi-Quantum coherence spectrum (NMR)
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Multiple Quantum Coherence (MQC) Spectrum
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Multi-quantum Coherences

How do we generalize coherences from one particle to many?
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Reversing Time with lons
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MQC in All-to-all Ising Model

Information stored in the initial (local) state is distributed , through the interactions, over
many-body degrees of freedom of the system.
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MQC in All-to-all Ising Model

Information stored in the initial (local) state is distributed , through the interactions, over
many-body degrees of freedom of the system.
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Fidelity Measurement
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Fidelity Measurement: Experimental Result
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— OTOC witnesses multi-
particle entanglement!

— Experimentally measured
the OTOC

— Fully benchmarked
experimental system: spins +
phonons + decoherence

I, °(t) = (1+J%**) 1

Not a fast scrambler
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— OTOC witnesses multi-
particle entanglement!

— Experimentally measured
the OTOC

— Fully benchmarked
experimental system: spins +
phonons + decoherence

I, °(t) = (1+J%**) 1
Not a fast scrambler

Obstacle:
Light scattering

Io(r) = e TNe [P

limited to 6.5% cat time



Magnetization
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Magnetization
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Magnetization OTOC: Experimental Results
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Global measurements + Time reversal
« OTOC
« Benchmark the simulator
* Decoherence and Hamiltonian
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state
« Dynamics of correlations



Transverse Magnetic Field

The most straight-forward next step experimentally:
Add a transverse field: non-commuting term

H=-da"a—gla+a"sS, + B(t)S,
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Transverse Magnetic Field

- The most straight-forward next step experimentally:
- Add a transverse field: non-commuting term

H=—é¢i'a—gla+a")sS, + B(t)S, Dicke model
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Conclusions and Outlook

Benchmarking of a trapped-
ion simulator of Ising and
Dicke models of ~100 ions

But what about our relatively simple model?

Observation of the
dynamics of quantum
coherences and
correlations
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* Fine grain information about the state only from global measurements
e Characterize spread of coherences (Fidelity) and correlations (Magnetization)
e Connection to entanglement witnesses (Fidelity)

Future Directions:

- Scrambling in the Dicke model

- States outside of the symmetric manifold

- Dynamical phase transition in the Dicke model
- Preparation of the spin-phonon cat state
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Stroboscopic Spin Dynamics

Dynamics generated by: U(t) = Ugp (t)USS (t) E
P =
HSP — D(OéSz) spin-dependent displacement of phonons ™ L=~
/
e Spin and motion decouple at —@— \ Re(a)
specific times ¢t = 27n /¢ t, = 2mn/s | '
Usp (tn) =/
Stroboscopically measure the same dynamics as the Ising model:
J -~
Hqe = ng J ~ 1/5 Uniform couplings when coupled only to the COM
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