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Introduction

Quantum advantage for 3y antym dynamics? Fault-tolerant QC
artificial tasks (RCS) (what else?)  Prime factoring
Google 19; * QFT simulation

Zuchongzhi 21;
Quantinuum ‘24

 Many more...

time

|

Need to cope with significant noise!!
(What can we do with 50-100 qubits and gate fidelity 99.9%,99.99%, ...?)
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Digital guantum simulation on noisy hardware

Setup
« Measure a local observable

« Circuit has geometrically local connectivity
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Digital guantum simulation on noisy hardware

Setup
« Measure a local observable

« Circuit has geometrically local connectivity

Crude estimate of error _

[ [ ] ] A

- Dominant source of error is 2-qubit gates L UL U

— — \ I —_—

* Model the noisy circuit by the reduced density matrix — — — —

y y ty g g u g //,r;{ A |IN
i : 1Al N — — — = —
pa = o+ (=g [=(1-pyg) ™ b i L

« Expectation value of traceless operator A is T

— — — — v

Tra[Aps™™] = f Tra[Apifed!]
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Digital guantum simulation on noisy hardware

Hamiltonian simulation by Trotterization
H - H]_ + HZ

p—iHt (e—iHlTe—inT )t/T

Crude estimate of error —

S A
e Parameters:t = 5, T=0.1, N =20 — — S —
— — L — i ~ =y N
 2Q gate error: p,q = 2 x 1073 - - - — |+
— S— S— T —
* Expectation value of traceless operator A is — — T =
_ _ N — i et — —
Tra[Ap, Y] = f Tra[Api®l], f=(1-psy) *° =0.135 - = = 1 = 1 |
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Floquet dynamics

Floquet dynamics:
« Periodically driven dynamics described by Hamiltonian H(t + T) = H(t)
« Floguet systems eventually heat up to infinite temperature by acquiring energy from the driving force

(Floquet heating) Lanzarides, Das & Moessner ‘14;
D’Alessio & Rigol ’'14;
Abanin, Roeck & Huveneers '15;

(1/)(t)|14|1/)(t)> ~ Tr[A(IN/ZN)] for |l/)(t)) = Te_i fOt derH(tr) |l/)(0)) Mori, Kuwahara & Saito '16

(4)

A

prethermalization

\-'t

heating
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Floquet dynamics

Floquet dynamics:
« Periodically driven dynamics described by Hamiltonian H(t + T) = H(t)
« Floguet systems eventually heat up to infinite temperature by acquiring energy from the driving force

(Floq uet heating) Lanzarides, Das & Moessner ‘14;
D’Alessio & Rigol '14;

Abanin, Roeck & Huveneers '15;

(1/)(t)|14|1/)(t)> ~ Tr[A(IN/ZN)] for |l/)(t)) = Te_i fOt derH(tr) |l/)(0)) Mori, Kuwahara & Saito '16

Trotterization (A)

A

. . . : 2 . .
«  Trotter dynamics for time mT, (e"1H17/2¢=1H2T/2)"" is a Floquet dynamics

prethermalization
of m cycles

* Qualitative change happens as the period T is increased
1
— Floquet heating happens during Trotter dynamics —eT-
\
Heyl, Hauke & Zoller ‘18; \_’
Varnier, Bertini, Giudici & Piroli 23 t

heating
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Information scrambling by Floquet circuits

Kicked-Ising model prosen 02, 07

(1]
T T (1 ]
-+ Up=e M7ze7xg, —{—{ ]
* Hy=—J%iZiZis1+Bz 2 Z;, Hx=Bx)2X; —O— -]
« Maximally chaotic point at |JT| = |BxT]| =§ T
({1 ||
—| I—: e %X —| |— = e_i%Z
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Information scrambling by Floquet circuits

Kicked-Ising model prosen 02, 07 T
T ... T ED DD — ]
.+ Up=e M7ze X, —{ I
* Hy;=—]X;iZiZis1+Bz%;Z;, Hx =BxX;X; S T T
« Maximally chaotic point at |JT| = |BxT| :% e
[ 1 [
| . | . [

Information scrambling:
« A process of the lost information spreading across the system
« Scrambling dynamics makes it hard to recover the initial information

— Diagnose the complexity of dynamics
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Experiments on trapped-ion
guantum computers

GOAL.:

Access the feasibility of scrambling
simulation on the current hardware

Seki, YK, Hayata, Yunoki ‘24

O Interferometric protocol for OTOCs

D

e, s/

System Model H1

Available on various platforms

g

99.91% Two-qubit gate fidelity (arbitrary angle)
20 qubits

99.998% Single-qubit gate fidelity
Measurement cross talk error < 0.01%
All-to-all-connectivity

SPAM fidelity > 99.7%

© 2024 Quantinuum. All rights reserved. System Models H1 and H2 are powered by Honeywell.



OTOCs

Larkin & Ovchinikov 1969;
Shenker & Stanford 2014

Operator growth

0p(t) = UTOpU

|-

—1 . [04,0p(t)] =0

D

[04, Op()] # O
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OTOCs

Larkin & Ovchinikov 1969;
Shenker & Stanford 2014

Operator growth 1.0

0p(t) = UTOpU
[OA' OD(t)] =0

|-

[04, Op()] # O

0.0

D

(0.5 1

(0.6 1

(0.4

(0.2 1

OTOC = (0,0,(1) 0} 0,(D))

N=8Ny=1Np=2dif =01

Haar
Classical lsing
Critical |sing
Chaotic Ising

bl

0 2 4 6 8 10
Hayata, Hidaka, YK ‘21

i
H = _]ZZiZi+1 +BZZZi +BXZXi
i i i
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OTOCs

Interferometric protocol

OTOC = (0,0,(0)0F 0p(t))

X
|+) W I A
i T
OA OA
) - u Ut
Swingle, Bentsen, Schleier-Smith & Hayden ‘16
OD S\_/vingle & Halpern ‘18
Mi et.al. ‘21
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OTOCs

Interferometric protocol
OTOC = (Z; Xy (£)Z1 X5 (8))

<Zl Xn(t)Zl Xn(t)>
(Zl In(t)Zl In(t)>

(Z, I,(t)Z, I,(t)) = 1 w/o noise

OTOC' = . mitigates incoherent errors

X
|+) I I A
— Zl Zl
m T\m
0N | (UF) (Ur)
Swingle, Bentsen, Schleier-Smith & Hayden ‘16
Xn Swingle & Halpern ‘18
Mi et.al. 21

I

Replaced by I,, for mitigation
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OTOCs

Interferometric protocol

OTOC = (Z; Xn()Z1 X5 (1))

OTOC' =

<Zl Xn(t)Zl Xn(t)>

(Zl In(t)Zl In(t)>

(Z, I,(t)Z, I,(t)) = 1 w/o noise

. mitigates incoherent errors

Setup

19-qubit spin chain + 1 ancilla qubit

.. T .. T
_IHZE e_lHXE

UF=e

367 two-qubit gates inside the causal cone at maximum

0Y) ;

D

(Up)™

Xn

I

uhHm

Swingle, Bentsen, Schleier-Smith & Hayden ‘16

Swingle & Halpern ‘18
Mi et.al. 21

Replaced by I,, for mitigation
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OTOCs [Experiment]
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—0.50 -

—1.00 -

—0:257 0.998Nzzrsee
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_ —— H1-2 0TOCyx
—0.75 1 —+— H1-2 0TOC;
| —+— H1-2 normalized

0 2 4 6 8 10

D

number of Trotter steps

Seki, YK, Hayata, Yunoki ‘24

OTOCx = (Z1 Xn(t)Z1 Xn(£))

OTOC; =(Z, I,(t)Z, I,(t)) = (1 _ pZQ)NzQ ~ 0.998N2q

Observations

* OTOC; decays due to hardware noise

- (1- sz)NZQ approximates 0TOC; very well
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OTOCs [Experiment]

Seki, YK, Hayata, Yunoki ‘24
Dashed: exact

Left: OTOC = (Zl Xn(t)Z1 Xn(t)) Observations
(Z1 X () Z1 X (£) « OTOC' suffers less from noise at early times
Right: OTOC' = 1°n 1on « Statistical error of OTOC' is amplified at late times
(Zy 1, (0)Z4 I(D)) P

OTOC
OTOC

0 2 4 6 8 10 12 14 16
m m
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OTOCs [Experiment]

Seki, YK, Hayata, Yunoki ‘24
Observations
<Zl Xn(t)zl Xn(t»

0T0C = (D7, 1n(®)

Ballistic growth of entanglement

Statistical error of OTOC' is amplified at late times
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Discussion

1
|
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Circuit fidelity is crudely (sometimes accurately) estimated by

f= (1 - pZQ)NZQ

[T1T ]

- | - - L v

Geometrically local models requires poly(N) gates to scramble information O(N)
« 1D geometrically circuit requires t =~ O(N) for the entire system to get involved: Ngate~0(N2)

« E.g. we used 400 2Q gates for the 20-qubit 1D system
= a 40-qubit system requires 4 times larger gate counts ~ 1600 2Q gates : f = 0.9991%%0 ~ 0.2

D
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Circuit fidelity is crudely (sometimes accurately) estimated by

f= (1 - pZQ)NZQ

[T1T ]

- | - - L v

Geometrically local models requires poly(N) gates to scramble O(N)
« 1D geometrically circuit requires t =~ O(N) for the entire system to get involved: Ngate~0(N2)

« E.g. we used 400 2Q gates for the 20-qubit 1D system
= a 40-qubit system requires 4 times larger gate counts ~ 1600 2Q gates : f = 0.9991%%0 ~ 0.2

What if hardware result deviates from the estimate?
« Memory error (on idling qubits, during ion shuttling)

 SPAM error (bias between 0 - 1 and 1 — 0)

' I i Schiffer, Rubio Trivedi & Cirac ‘24
- Gate counting analysis overestimates the error oot & E;Jre';’errgj & Lirac

Chertkov, Chen, Lubasch, Hayes, Foss-Feig 24
Q © 2024 Quantinuum. All rights reserved.



	How To Use This Template
	Slide 1: Simulating Floquet scrambling circuits on trapped-ion quantum computers
	Slide 2: Introduction
	Slide 3: Digital quantum simulation on noisy hardware
	Slide 4: Digital quantum simulation on noisy hardware
	Slide 5: Digital quantum simulation on noisy hardware
	Slide 6: Floquet dynamics
	Slide 7: Floquet dynamics
	Slide 8: Information scrambling by Floquet circuits
	Slide 9: Information scrambling by Floquet circuits
	Slide 10: Experiments on trapped-ion quantum computers
	Slide 11: OTOCs
	Slide 12: OTOCs
	Slide 13: OTOCs
	Slide 14: OTOCs
	Slide 15: OTOCs
	Slide 16
	Slide 17
	Slide 18
	Slide 19: Discussion
	Slide 20: Discussion


