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Analog quantum simulator

M~ o Trapped lons
Rydberg Tweezer Arrays
_ _ Nat. Phys. 16, 132 (2020)
The standard scenario of analog quantum simulator
Nature 567, 61-65 (2019)

. A broad class of many-body Hamiltonians H

spin Can be designed

 Correlation functions are inferred from (destructive) site-resolved readout of spins
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. A broad class of many-body Hamiltonians H

The standard scenario of analog quantum simulator

spin

cross-correlation
between
probabilities

randomized measurement toolbox

Trapped lons

Rydberg Tweezer Arrays

Nat. Phys. 16, 132 (2020)
Nature 567, 61-65 (2019)

can be designed

 Correlation functions are inferred from (destructive) site-resolved readout of spins
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No build-in ‘energy’ meter
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A. Elben, et. al., Sci. Adv. 6, (2020)
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Why QND energy measurement?

* In general, a many-body system has only one QND observable —
the system Hamiltonian itself

- Energy is a fundamental physical quantity

- Quantum thermodynamics assumes the projective energy measurement for quantum

fluctuations relations (Jarzynsky equality)

 Eigenstate thermalisation hypothesis

 Study of quantum chaos to MBL transition




Hybrid quantum device e
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simulator &
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We are interested in a hybrid device: Quantum Computer (meter) + Quantum Simulator
- The many-body system is entangled with an auxiliary quantum system

- The auxiliary system (meter) is measured
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Hybrid quantum device e
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simulator &

quantum computer
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meter A

We are interested in a hybrid device: Quantum Computer (meter) + Quantum Simulator
- The many-body system is entangled with an auxiliary quantum system

« More generally the auxiliary system can be a small scale quantum computer (e.g. QFT)

analog _ : : .
quantum simulator 1 quantum [ Prepare, manipulate, observe a quantum simulator
N~spins — logic — with (small scale) qguantum memory / computer

—{ ) possibly running simple quantum algorithms
M qubits _ = -
meter : QF1 D

Rydberg Tweezer arrays
@V et.al., PRX Quantum 1, 020302 (2020)
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Hybrid quantum device: Simulator + Continuous Variable Mode

analog quantum
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simulator & ions ~ spins
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This talk: Trapped lons
Yang et.al., Nat Commun 11, 775 (2020)




Hybrid quantum device: Simulator + Continuous Variable Mode

analog quantum

) - L U U NN U U R N O U U U R U U U U . i ~ i
simulator & IoNns ~ sSpins
(/ ~— — phonons ~ meter ./
entangle . . % D _
J COM mode as continuous variable [XM’ P M] =1
meter variable
~quadratures

Many-Body System coupled to a Continuous Meter

Challenge is to

Building block: QND-quantum gate generated by QND-Hamiltonian implement the
e N three body
— — interaction
) 4 AN N analog 3 — 90 . p <_;_J
-1 € QD IS\ QND-gate HQND?M—ISPm ® M§
N y, engineered meter
meter A . spin-Hamiltonian & ‘/’ - e a——

This talk: Trapped lons
Yang et.al., Nat Commun 11, 775 (2020)




QND-Measurement of H
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QND-Measurement of H

spin

— Step 1: Entangle System & Meter

Many-Body System coupled to a Meter I‘AIQND = ﬁspin K P -
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= Z c, ) ® |xy) with PAISpin 1) =E,|C) (energy eigenbasis)
4

I@I uibk 12




QND-Measurement of H__. — Step 2: QND-Measurement

state

spin
Many-Body System coupled to a Meter Honp & P \
° v QND-Measurement of HSpln
- N\ :
— — - measuring the meter x, ~ JE, reveals
— — energy eigenvalue E, of H ,
) _ U= e “Haonpt [ 1) gy €9 4 spin
— — - prepares system in energy eigenstate |£)
\_ J » . * which remains unchanged under repeated
squeezed | x0> l @ \QND—measurements J

evolve .
) ® |xp) » Worn) = Z co |€)e ™ @ | xy + IE )
¢

measure X, “x, ~ E,” with probability:
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QND-Measurement of H

spin

— Step 2: QND-Measurement
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QND-Measurement of HSpln \

- measuring the meter x, ~ JE, reveals

energy eigenvalue E, of Hspm,

- prepares system in energy eigenstate | )
* which remains unchanged under repeated

\QND—measurements J




QND-Measurement of I-Alspin

e quantum N-body system dim ~ 2V

resolve single vs. band of eigenstates

(A=Y S S )
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— Step 2: QND-Measurement
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Challenge

energy eigenvalue E, of

\QND—measurements

QND-Measurement of ﬁspin \

- measuring the meter x, ~ JE, reveals

- prepares system in energy eigenstate |£)
* which remains unchanged under repeated

H
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Trapped-lon Implementation
of the QND gate




Trapped-lon Implementation of QND measurement
read-out ion

€) [n) a —A'

T system ion
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Full system Hamiltonian of Double Malmer-Sgrensen configuration:

A Q 5 o ... o .., .
Hint — 326;<e—zm+zkzn+ [1 _l_E]ezAt—szn_l_ e—zA t—lan_I_ [1 +E]61A l‘+lan> +h.c.



Trapped- Ion Implementation of QND measurement

— + 1
'|n 3
!nL21>
) i o
) Hamiltonian for system + meter
com % H + 90 H, ®P H =H QND!
read-out ) R S COM = !
Uik 5']@}55'25?}5@ P Spin fine tuning
AL Q
A Q . . -
— | transverse Ising model ~ here: weak coupling
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N
homodyne e A7
‘double’ Hpin = Z j0i0; +h Z j

Molmer-Sgrensen interaction 1<J

D. Porras and J. I. Cirac
Phys. Rev. Lett. 92, 207901 (2004)

we tune: A/ — A — UCOM —> PCOM meter

trap frequency
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Stochastic Density Matrix Equation

Simulating single run of homodyne measurement

Pcowm dp.(t) = — i[H', p.(O)dt + yDIHIT1p (t) dt
read-out
l A Q +\/ve Z[HIJp (1) dW(?)
S A, Q

© 0000 O©

% . —A,Q

—A,Q

homodyne The homodyne current provides a continuous readout
of the energy of the quantum many-body system

dX(r) = I@)dr = 2, [ye(HIT)dt + dW(1)

D(81p. = 5p.5T — (§78p. +H.c.)/2
ZS1p. =G —(8)Jp.+H.c.



QND Measurement of ﬁspin- a Single Run CRE R

Homodyne current from scattered light reveals energy' N =5 spins, a = 1.5, h/J = 1.5.

filtered / integrated

/ homodyne current

s 7 onp
E, 1 14 ¢ - homodyne current reads energy
spectrum of S (1) ~ <Hspin>c + noise

Hamiltonian H _ _ _
- we illustrate single runs of an experiment

by simulating a stochastic density matrix
eqg. for homodyne measurement

single run prepares energy eigenstate




QND Measurement of A spin~ @ Single Run Yo o ¢

Homodyne current from scattered light reveals energy' N =5 spins, a = 1.5, h/J = 1.5.

4 QND approx. QND

spectrum of
Hamiltonian H

A P
H' =H+6h) 6%
EO T | ~e—— 2| w Vi tl \ ~ 7 J
Oh/]=-0.2
(/ vet 0 vet 20
; —
. , 0.0 0.5 P 1.0 _ .
single run prepares energy eigenstate quantum jumps between eigenstates



QND Measurement of Many-Body Hamiltonian - Single Run

N=8 spins microcanonical ensemble ~ single eigenstate: 7 ~ 1,
: energy width
] v E
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energy (~temperature)

Eigenstate Thermalization Hypothesis (for mesoscopic systems)

Excited-state phase transition in the Ising model with J;; ~ JIi—]]
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* ETH Keith R. Fratus, Mark Srednicki, arXiv:1611.03992
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- ferro-paramagnetic transition for for
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Measuring Work Distribution in Quantum Thermodynamics

Protocol 7. I:I(t) I:If H&% — ngin + &(t) I{spin® PCOM
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Work distribution function and quantum fluctuation relations (QFRSs)

Verification of Jarzynski equality <e‘ﬂw> = ¢ PAF with 5 spins
KProtocol \ r increasing quench time \
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Quantum fluctuation relations: Foundations and applications, M Campisi, P Hanggi, and P Talkner, RMP 2011




Conclusions




QND gate — Applications

QND gate CZZQND Is a building block of quantum algorithms like

quantum phase estimation (QPE) which enables

- Measurement of many-body Hamiltonian Flspin:

- Test of Eigenstate Thermalisation Hypothesis

| his talk « Work distribution function and Quantum Fluctuation Relations

« Study of energy level statistics of quantum many-body systems
via Spectral Form Factor (SFF)

/4
A N4 >
- Sampling many-body spectral functions  H,;, = A
N—=
* [ H_O/ \

HQND — Hspin® P,

D. Yang, et. al.
Nat. Commun. 11,775 (2020)

A

HQND — Hspin ® 0,

DV et.al.
PRX Quantum 1, 020302 (2020)

D. Sels, E. Demler
arXiv:1910.14213 [quant-ph]
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Thank you




