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Quantum Error Mitigation for Non-Equilibrium Quantum Dynamics
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Simulating transverse-field Ising model time evolution with PEC

| G | RN | B Rl s

H=-JY ZjZja+h) X;
J J

J: exchange coupling between neighbouring spins
h: transverse magnetic field

Average magnetization M = Z (X)), (Y) ,(Z) )/N

density? n

Top image: Samuel Velasco/Quanta Magazine Zlatko Minev, IBM Quantum (3)



Step 1: Map to quantum circuit

H=-JY ZjZj1+h)Y X,
J J

Time evolution — exp(—iﬁt) —

See lecture by
— — Frank Pollmann

Zlatko Minev, IBM Quantum (4)



Step 1: Map to quantum circuit

exp(—iﬁt)

Decompose into native gates that
we can actually implement on the QPU

——
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Rx(9) I

Zlatko Minev, IBM Quantum (5)



mmmmmmmrEeE - Step 1: Trotter circuit (30 sec)

The product formula describing the time evolution of a quantum system over time t is
See lecture by Frank

| L D N
T . : —iH; At

-~ exp (—th) = | | Ui (At) Ui (At) = | | e IS

: eXP(-th) : 1 le

I B U: Unitary time evolution over a finite Trotter time-step First order expansion

delta t for k-th order Trotter-Suzuki product formula

A

HZ—JZZij+1+hZXj = —JHz; + hHy ﬁZZ:ZZijH

J J ) 2
Hx =) X
A 2 - d /
exp (—iH t) R [eXp (U Hyzzt/ d) exp (—@'hHX t/ d)} First order Trotter

ot = t/d For error bounds, see arxiv:2302.14592




Step 1: Map to quantum circuit

H=-J)Y ZiZja+h) X;
J J

([ Y BN [ K K

e

exp(—iﬁt) — exp (—I—’iJﬁzz(St) exp(—ihﬁxét)
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ftep 1: Trotter circuit (30 s)

exp (—i—iJﬁZZ{St)

n—1

3=0

.0
EXP (’Lz Z Zij_|_1

0 .= —2J0t
® ®
S Rz(0) —D

) = (use [Z;Zj 1,25 Zj111] = 0)

Ryzz (0) = exp (—i%ZZ)

= c¢XRz (0) cX
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Step 1: Decompose into native gates

exp (-f—ijﬁzz(%)

0 —
Rzz(0)
1 —
Rz7(0)
9 —|
Rz7(0)
3 —
Rz7(0)
4

1

)
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1 Step 1: Decompose into native gates

B Qo — Rx () —
B Q1 — Rx(¢) —
exp(—th:IX(St) = Qs — Rx(¢) —
B Qs —| Rx(¢) |—
N Q1 — Rx () —




Step 1: Quantum Hamiltonian time evolution

exp (—iI:[t)

2

Qo
Q1
Q2
Qs
Q4

\Ld

Rx(¢) /L

Rx(¢) Hbq Rz(0) /L
Rx(¢) /L Rz (0) D
Rx (¢) Hbq Rz(0) /L
Rx (o) O Rz (0) \u/

Decomposed into quantum computer

native gates

Zlatko Minev, IBM Quantum (11)



Make things even simpler

Qo
Q1
Q2
Qs

Rx (o) o o
Rx(¢) Hb-H Rz(0) -D— *
Rx(¢) -9 —D- 12(0) D
Rx(¢) b Rz(0) €D
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Step 2: Decompose into layers

exp (—iI:[t)

2

Qo
Q1
Q2
Qs
Q4

Layer 1

Layer

Layer 2

-
|

Layeﬁ\d

o—

D—e
D——e

]

o

C—

—

o

U/
U/
S

—

Decomposed into 2Q gate layers
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Layer 1

Qo
Q1
Q2
Q3

Step 2: Learn the noise on each layer

Let’s make even simpler, and make it 4 qubits (instead of 5 for our first example)

i.

Layer 2

See lecture 2 for learning the noise
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Step 3: Cancel the noise

Will need to
P | T T I e
and Zj
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|[deal Ising model evolution

--- |deal

—1 4
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Relative Euclidean error

—1
4Q, 15 steps, depth 60
h=1J=-0.15,6t=1/4
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Without PEC: but with DD & twirl readout mitigation

—e— without PEC

HM - Mideal”Q/”Mideal”Q
1.00 -

0.75 1

Relative Euclidean error
o
(@)
o
1

0.00 1

1 0 9 10 15

15 steps, depth 60 (Y) Trotter steps
h=1,7 = —0.15,6t = 1/4
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With PEC
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With vs. without PEC
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With vs without PEC: 10 qubit high-weight observables

----- Ideal —o— without PEC —o— with PEC

Weight 10 without PEC

N SN e 277777727777

0 9 4 6

Trotter steps

h=1,J=-0.5236,6t =1/4 Zlatko Minev, IBM Quantum (20)



With vs without PEC: 10 qubit high-weight observables

----- |deal —o— without PEC —o— with PEC

. Weight 10 without PEC Weight 9 without PEC
- oo e 77777777777 : 12227277777
‘5!’ O LI777777777
' L7177777777
1
L7777777771
0 2 4 6 0 2 4 6
Trotter steps Trotter steps

h=1,J =-0.5236,6t = 1/4 Zlatko Minev, IBM Quantum (21)



With vs without PEC: 10 qubit high-weight observables

----- Ideal —o— without PEC —o— with PEC

Weight 10 without PEC Weight 10 with PEC Weight 9 without PEC Weight 9 with PEC
1
g 01
8
o
-1
1

0 2 4 6 0 2 4 6 0 2 1 6 0 2 4 6
Trotter steps

D)
h=1,J =-0.5236,6t = 1/4 455 Zlatko Minev, IBM Quantum (22)



Scaling and error budget



3 PEC on 50 qubit observables

Z stabilizers of increasing weight

Without PEC
WithPEC & , L
% ' 2 layers of 1 2 4 3 16 24 32 50
...} cNOT gates Weight of mitigated observable

See research.ibm.com/blog/gammabar-for-quantum-advantage Zlatko Minev, IBM Quantum (25)



Path to 100+ qubits?

1012
Depth 400
=== Depth 4000
1010 -
BSEImETng s 1 day of runtime
PEC overhead 3 107 i e
for Trotter o
circuits £ 0P -
comprising ©
100 qubits = 10t 4
=
102
100 — —
10-5 104 10-3

Error (1— f)

See also on speed: A. Wack, et al., Quality, speed, and scale: three key attributes to measure the
performance of near-term quantum computers (2021). Zlatko Minev, IBM Quantum (26)



Path to quantum computing

Noise-free estimators can be obtained from noisy quantum computers
TODAY, at a runtime cost that is exponential in number of qubits n and
circuit depth d

Run‘“me = ﬁ d ( y—) nd Seconds You can further reduce runtime using light

cones and other strategies.

d is the depth of the quantum circuit

Improvements Y
£ 1s a measure of the time per circuit layer clumimingbicdr2 -
operation (CLOPS) (increase by pushing speed) (Brooklyn, 65Q)
v is a measure of the collective quantum noise HUmpinghid s 28k colierence 1.024
(Ithaca, 65Q) improvements over r2

(increasing quality brings it closer to 1)
Falcon rl0 (Prague,  State-of-the-art two-qubit 1.012

n is the number of operational qubits 32Q) gates, reduced crosstalk

(increase by pushing scale)

https://research.ibm.com/blog/gammabar-for-quantum-advantage Zlatko Minev, IBM Quantum (27)



Path to utility of quantum computers before error correction

Classical computer

Quantum error
correction

We want tqg

Runtime

Quantum error
mitigation

We need improvements in
scale, quality, and speed.

Quantum circuit complexity

https://qiskit.org/documentation/partners/qiskit ibm runtime/tutorials/Error-Suppression-and-Error-Mitigation.html Zlatko Minev, IBM Quantum (28)



https://qiskit.org/documentation/partners/qiskit_ibm_runtime/tutorials/Error-Suppression-and-Error-Mitigation.html

PEC + ZNE for 127 qubits

Article

Evidence for the utility of quantum
computing beforefault tolerance
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Kim, Eddins, Anand, et al. Nature (2023)

1.0

0.8

0.6

0.4

0.2

0.0

Youngseok Kim"®*, Andrew Eddins*®*%, Sajant Anand®, Ken Xuan Wei', Ewout van den Berg',
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How to think about experiments from
the point of view of error mitigation?

Zlatko Minev, IBM Quantum (30)



Uncovering Local Integrability

. . arXiv:2307.07552
in Quantum Many-Body Dynamics

A detailed portrait

Oles Shtanko*!,! Derek S. Wang*,? Haimeng Zhang,? Nikhil Harle,? 3
Alireza Seif,? Ramis Movassagh,? and Zlatko Minev®?

IBM Quantum

Acknowledgements: IBM Quantum team



Uncovering the dynamics of many-body systems

conservation laws, and

’

ility
e can unravel intricacies of these complex systems

Symmetries
integrab

Many-body quantum systems and their

dynamics

* fundamental and technological

but generically difficult to discover

but generically difficult to simulate and

understand

Zlatko Minev, IBM Quantum (32)


https://www.chalmers.se/en/current/news/mc2-breakthrough-in-magnetic-quantum-material-paves-way-for-ultra-fast-sustainable-computers/
https://supersimple.com/article/butterfly-symmetry/

Integrals of motion

Integral of motion L

U,L| =0
(L) = const

(H,L] =0

4™ —1
L = Z,uzl

a, b,

Zlatko Minev, IBM Quantum (33)



Integrals of motion (IOM): toy example

Integral of motion L

U,L| =0
(L) = const

H,L] =0

I, — 24”’—1

n integrals of motion (IOM)

can label eigenstates”

H= ZCZZ +Z%ZZ

IV
H, Zo] =0 H, Z_2] =0
H, 7] =0 " [H,Zp_1] =0

Lo =42y, L1 =24,
ol -+ ln—1) =lo) 1o @ l1) 11 ® B [ln—1),,_1

For this trivial toy model easy, but generically very hard!

* Say if we construct n orthogonal
IOMs with eigenvalues +-1.

Energy is the only constant of motion in a non-integrable system (time independent).
In general, an integrable system has constants of motion other than the energy. Zlatko Minev, IBM Quantum (34)



Local integral of motion (LIOM)

Integral of motion L

U,L| =0 H,L| =0
(L) = const

Local integral of motion (LIOM) L k—2 k-1 k E+1 k+2
Ly= Y a.P,
HEN (k)

Tricky

local neighborhood
ocal neighborhoo * Beyond finding ground states

 We will be interested in dynamics and the full
Hilbert space and spectrum

 Harder, can’t use most methods like
subspaces

Zlatko Minev, IBM Quantum (35)



Connection to pre-thermalization and many-body localization

- i (MBL)  Ankesen 1158, Althdes G KL 1T
Mang-GOJé_ (OCG '{Za‘bm( Baskb c&‘lzws') m‘”a more
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1 A nder e lc-aal\uhm % A
M B L :“\Mnﬁlgwm‘ca\\a ot MM @W J""‘*'é

Ido”cb'fva Je;wn o‘{ Mm LI

Stmio that
! > &

b= 2l wins Andinnon 1152, let’s
- -

See earlier lectures by David Huse, Vedika, ...

Zlatko Minev, IBM Quantum (36)



Many-body localization, thermalization, and entanglement

REVIEWS OF MODERN PHYSICS

Recent Accepted Authors Referees Search Press About Editorial Team

Colloguium: Many-body localization, thermalization, and
entanglement

Dmitry A. Abanin, Ehud Altman, Immanuel Bloch, and Maksym Serbyn
Rev. Mod. Phys. 91, 021001 — Published 22 May 2019

Zlatko Minev, IBM Quantum (37)



Connection to pre-thermalization and many-body localization

N\

ergodic W MBL

>

k—2 k—1 k k+1 k+2

Hypothesis: In the MBL regime, the original Hamiltonian

2 3
H Z EkLk ZJ( )LkL] + Z ]l(jlzL L Lk + Basko, Aleiner, Altshuler, Ann Phys

. . Pal and Huse, RRB
k<j I<j<k Serbyn, Papic, Abanin, PRL

Huse, Nandkishore, Oganesyan PRB

2006)
2010)
2013)
2014)

—~ e~~~

See earlier lectures by David Huse, Vedika, ...
Zlatko Minev, IBM Quantum (38)



Local integrals of motion (LIOM):

Ergodicity breaking and many-body localization

Prototypical phenomenon:
prethermalization and many-body localization (MBL)

Goes back to Anderson and disordered systems,
but this was single non-interacting particles

"for their fundamental theoretical J
investigations of the electronic structure k‘ . 2 k‘ . 1
of magnetic and disordered systems"

Existence of MBL phase is under debate.
Most of community agree that MBL exists in 1D.

( MBL systems have extensive set of local integrals of motio\n

(LIOMs).
* Prethermal systems (non-MBL) can have approximate

LIOMs
le™ L] = 0
 We uncover LIOMs in 1D and approximate LIOMs in 2D in
K 104 and 124 qubit lattices using a digital quantum computj

ktrl k42

Basko, Aleiner, Altshuler, Ann Phys (2006
Pal and Huse, RRB (2010

Serbyn, Papic, Abanin, PRL (2013

Huse, Nandkishore, Oganesyan PRB (2014

. —~— N N

Zlatko Minev, IBM Quantum (39)



Experiments related to MBL

M. Schreiber, S. S. Hodgman, P. Bordia, H. P. Lu'schen, M. H. Fischer, R. Vosk, E. Altman, U. Schneider, and I. Bloch,
Observation of many-body localization of inter- acting fermions in a quasirandom optical lattice, Science 349, 842 (2015).

J.-y. Choi, S. Hild, J. Zeiher, P. SchauR, A. Rubio- Abadal, T. Yefsah, V. Khemani, D. A. Huse, |. Bloch, and C. Gross,
Exploring the many-body localization transition in two dimensions, Science 352, 1547 (2016).

J. Smith, A. Lee, P. Richerme, B. Neyenhuis, P. W. Hess, P. Hauke, M. Heyl, D. A. Huse, and C. Monroe,
Many-body localization in a quantum simulator with pro- grammable random disorder, Nat. Phys. 12, 907 (2016).

P. Roushan, C. Neill, J. Tangpanitanon, V. M. Bastidas, A. Megrant, R. Barends, Y. Chen, Z. Chen, B. Chiaro, A. Dunsworth, et al.,
Spectroscopic signatures of localiza- tion with interacting photons in superconducting qubits, Science 358, 1175 (2017).

P. Bordia, H. Lu'schen, U. Schneider, M. Knap, and I. Bloch,
Periodically driving a many-body localized quantum system, Nat. Phys. 13, 460 (2017).

P.Bordia,H.Lu’schen,S.Scherg,S.Gopalakrishnan, M. Knap, U. Schneider, and I. Bloch,
Probing slow relaxation and many-body localization in two-dimensional quasiperiodic systems, Phys. Rev. X 7, 041047 (2017).

M. Rispoli, A. Lukin, R. Schittko, S. Kim, M. E. Tai, J. L eonard, and M. Greiner,
Quantum critical behaviour at the many-body localization transition, Nature 573, 385 (2019).

A. Lukin, M. Rispoli, R. Schittko, M. E. Tai, A. M. Kauf- man, S. Choi, V. Khemani, J. L eonard, and M. Greiner,
Probing entanglement in a many-body—localized system, Science 364, 256 (2019).

Q. Guo, C. Cheng, Z.-H. Sun, Z. Song, H. Li, Z. Wang, W. Ren, H. Dong, D. Zheng, Y.-R. Zhang, R. Mondaini, H. Fan, and H. Wang,
Observation of energy-resolved many-body localization, Nat. Phys. 17, 234 (2021).

X. Mi, M. lppoliti, C. Quintana, A. Greene, Z. Chen, J. Gross, F. Arute, K. Arya, J. Atalaya, R. Babbush, et al.,
Time-crystalline eigenstate order on a quantum processor, Nature 601, 531 (2022).

J. Leonard, S. Kim, M. Rispoli, A. Lukin, R. Schittko, J. Kwan, E. Demler, D. Sels, and M. Greiner,
Probing the onset of quantum avalanches in a many-body localized system, Nat. Phys. 19, 481 (2023).



Can we uncover the integrals of motion {L}
of a large, disordered many-body system

using a digital guantum computer?
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QSim on 100Q+: 2D interacting many-body Floguet system

Experimental setting

Number of qubits 124Q
Connectivity 2D h-hex
Depth in cX gates 60
Floquet steps 20

Total number of cXs 2,641

Circuits
Shots
QPU runtime

Environment

Spin image cartoon based on: Samuel Velasco/Quanta Magazine



Interaction map and device layers

Experimental setting

Number of qubits 124Q
Connectivity 2D h-hex
Depth in cNOTs 60

Total number of cNOTS 2,641

Floguet steps 20

qubit

I

Color represent charge/spin polarization

interaction

..000.0..000.
0.0.0.0.0.0.0.0.0,0.0,.0.0.0,.0
9.0.0,.0.0.0.0.0.0,0.0,.0.0.0,.0
Bl .0t 8. 8. 0. 8656 5 8 8
(O O O O O O O O O O O O O O
9,0.0.0,.0.0.0.0.0.0.0,.0,.0.0.0

9,0.0,.0.0.0,.0.0,.0.0.0.0.0

IBM Quantum (45)



Initialize lattice in fun states

Experimental setting

Number of qubits 124Q
Connectivity 2D h-hex
Depth in cNOTs 60

Total number of cNOTS 2,641

Floguet steps 20

Color represent spin polarization

interaction

excitation
initialized here

IBM Quantum (46)



Quantum dynamics in different regimes

Experimental setting

Number of qubits
Connectivity

Depth in cNOTs

Total number of cNOTS

Floquet steps

124Q

2D h-hex
60

2,641

20

stepEO T T
H = B EEE B
BN BN B B B B

N EE B B NN
HE NN N N NEE N
H  H N EER N

AENREENNEEEE

Thermalizing regime

stepE9 T
B = &N EEE B
B BE B B B B

N BN B B NN
N NN N N _BEN N
H _H B EER B

AENREEEEEEEE

Prethermal regime



Spin lattice system over some potential

disorder Zlatko Minev, IBM Quantum (48)



Floquet circuit evolution
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disorder Zlatko Minev, IBM Quantum (49)



Circuit model

IIIIIIIIIIIIIIIIIIII)

TH T e
- - T
Ur [| Up [ 7] Up |7
g 7 X
— —

disorder

{1 o
I .
i d @ I 6 :@j_;_
P(¢r) = (é ez%a-.) dr if([;lj‘;;ﬂe
vo=(dfs Somp)

Zlatko Minev, IBM Quantum (50)



time

disorder

Ergodic

Kinetic term
+ Interactions  Spatial disorder

*r——o
S
©-
\V]

> (a)
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s (&)
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— G,
(a)

Depends on parameters
Zlatko Minev, IBM Quantum (51)
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A composite error mitigation strategy

XA

Initial Circuits

w= Error Mitigation Factory =i

Prototype ZNE
Digital Zero-Noise Extrapolation: Folding

R

B

Custom sequence/pass
Dynamical Decoupling

Custom M3 Runtime program

Readout Error Mitigation Circuits

ey ;

_________________

Counts
{000000’: 20,
‘000001’: 480,

111111": 3}

Post-processing
Readout error mitigation
Averaging of twirled results
Extract commuting Pauli’s
Digital zero noise extrapolation

Eokiar Cyciey

Zlatko Minev, IBM Quantum (53)



Benchmark quantum hardware
and model

Start with 1D

Zlatko Minev, IBM Quantu m (54)



1D spin chain

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

25

46 47 48 49 50 51 52 53 54 55 56

5ok

68 67 66 65 64 63 62 61 60 59 58

78 79 80 81 82 83 84 85 86 ¥ 88

89

101 __100__ 99 98 97 96 95 94 93 92 91 90

Zlatko Minev, IBM Quantum (55)



Initial antiferromagnetic state with spin imbalance

o) = [1)]0)[1)[0)]1)]0) ... [1)]0)|1}|0)[1)

Kinetic term Spatial disorder

RIS e ) % v 3
eTTs g NN E

6 < 0.16m 6 > 0.16m

_________________________

@-00 O=I1)

Zlatko Minev, IBM Quantum (56)



Time evolution of the antiferromagnetic state

. —
S 54
3
46 o . |9
: ! & \\§
% 54 & 0 < 0.16m 6 > 0.16m
46 ®-0 O=1I1)

0 4 8 12 16
Floquet cycle Zlatko Minev, IBM Quantum (57)
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Zlatko Minev, IBM Quantum (58)



| ocal integrals of motion
(LIOMSs)



Consider some spin chain

Expectation value

Zlatko Minev, IBM Quantum (60)



Measure time observables over time

Expectation value

Zlatko Minev, IBM Quantum (61)



Measure many of them

an|eA uoljejdadxy

Time

Zlatko Minev, IBM Quantum (62)



Find a constant of motion over the observation timescale

R B e SRR S

1.0
Repeat for
3 05 diff initial
: ifferent initia
5 /\_ /| statesand find
2 0.0
g /\t// ——7" | constant of
v
X _05 motion over
entire data set
—-1.0
0 1 2 3 4 5
Time
a(Z,)+ b + c(Y,X5) + d(X,Z,X3) = const

Zlatko Minev, IBM Quantum (63)



Basis of protocol for measuring LIOMs

Given: Unitary operator Uy Pauli decomposition of LIOM:

4n—1
Goal: Find an operator that commutes with the L= z a, b,
unitary [Ur L] =0 u=1
Coefficients are
D

Solution. Follow the steps: 1 1
1.Start with a suitable local operator Ly a, = D ¥ 1 2 Tr(LOUdJrPMUd)
2. Evaluate the operator d=0

L o Ly+UgLoUN + UZ Lo UET + -+ UR Loy URT

Inthe limitD > 1, )
[Ug, L] ~0(D™Y) | Up || Ur | ¢ | Up

Chandran, Kim, Vidal, Abanin, PRB (2015).
Zlatko Minev, IBM Quantum (64)



Conserved quantity: LIOM

Integral of motion L

U,L| =0 H,L| =0
(L) = const

Local integral of motion (LIOM) L

local neighborhood

Expectation

(00 20, 200 00 200 0 20 20
é—’-@*—‘-y—@;’;-@-v-‘-@'@-:)-@:v
\-Q-V-O-VM*rO-rQ-‘
é—’-u-.-u&u-o e=0) O=Iy

Centered around qubit 50

1.0

0.5-

0.0

=().5

=140~

(X48Z51Ys53)

(Z50)

(Z51)
(Ya0Y50)

Pauli operators

2 4 6 8
Floquet cycle

Zlatko Minev, IBM Quantum (65)


https://www.flaticon.com/free-icon/construction_2827348?term=mechanical%20gears&page=1&position=6&page=1&position=6&related_id=2827348&origin=search

Conserved quantity: LIOM

Centered around qubit 50

Integral of motion L 1.0-
U,L| =0 H,L| =0
(L) = const 0.5
S
Local integral of motion (LIOM) L o
*8 0.0
Lk — E a,uP,u §<)'
pneN (k) = 05 - |
local neighborhood . Pauli operators
--- LIOM (ideal)
goceseoncecesed ~1.0- @= LIOM (measured)
srcesecevecevel 0 2 4 6 8

CHIECHIECIES LIl Zlatko Minev, IBM Quantum (66)



Conserved quantity: LIOM

For qubit 50

1.0-

c

O

afani

8

o 0.0

@

Q.

>

LL
~0.57 Pauli operators

-== LIOM (ideal)

1.0 —O— LIOM (measured)

0 2 4 6 8
Floquet cycle

Zlatko Minev, IBM Quantum (67)



Operator density for LIOMs [k in the 1D lattice

PEORCCDOHCOHCDOCD
P @O

" 0
Total de.nsit-y over / LIOM on qubit Z aM
all Pauli weights j k=50 LEN (k)
0 T T ‘ T T .
1 -
Density over W(x) = Z 2w . 1
weight 1 - HXH / Pauli ~ 1077107°1
Far &
Density over .’. . :
weight 2 .®® l‘
0 T T T T
1 OO 1
Density over @@@ l
weight 3 . @" .
D ' ' - QO |
Density over ‘.‘ I
weight 4 @.’ I
° 2IO 410 610 8l0 1(I)O
Lattice site

Zlatko Minev, IBM Quantum (68)



Operator density for LIOMs [k in the 1D lattice

1 -
Total density /
over all weights j
O 1 | 1 ‘ 1 1 I
1 -
Density over
weight 1 /
0 1 — 1 1 1 1 1
1 -
Density over
weight 2
0 I/\/\ T /\ T /\ — T T T
1 -
Density over
weight 3
0 l/\/\ T > T ' T T T
1 -
Density over Ly = E : ap by
weight 4 neN (k)
e T T T T T
0 20 40 60 80 100
Lattice site

Zlatko Minev, IBM Quantum (69)



Lattice site

Operator density for LIOMs 1:k in the 1D lattice A" the |.|O|V|S
PEED OO
QQ, . Q103
0.5 -
00 - T
1.0 q
0.5 -
OO = T
197 4n+2 X
S
f , \ ‘. l
OO - T
B4 4n+3 | :."-.‘[ A
‘ ‘ / e \,\ Pt [
0.0 - ‘ . X o A A XA \ Y .'
20 100
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Operator density for LIOMs [k in the 1D lattice

Operator density for LIOMs Lk in the 1D lattice for weight=1

~;-: ve rs u s We ig ht

| AU Y Y T TR TR A AN AN SO N Y N U SO
Operator density for LIOMs Ly in the 1D lattice for weight=2 Lk — E a,u P/«L

| — | —|

Operator density for LIOMs Ek in the 1D lattice for weight=3

1

Operator density for LIOMs [k in the 1D lattice for weight=4
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o
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Average LIOM decomposed by weight: experiment vs. theory

100'5 L = Z a, P,
. - peN (k)
=
=t 10_1 o
e weight 1
o
E weight 2
@) -2
+= 1077 -
(T "
o / — O total
8- L weight 4
- Q k=2 E
10—3 g

3 2 1 0 1 2 3

POSItiOﬂ Z T ZO Zlatko Minev, IBM Quantum (73)



LIOMs error due to noise in device

Bad x>0.14 Bad
. U, LllF > 0.05 e
- 2||L|| F e <0.05 " =
o Y A A e
: “Q‘ ® o 'g ‘5 Ho“- o0 o.. .~ ® o 0® Q:. ‘.’
0 20 40 60 30 100
Initial qubit

For the initial guess L,, we have €5 = 0.23 IBM Quantum (74)



2D

We study

* Spin imbalance

* OPDMs

* Scaling with system size
* LIOMs

IBM Quantum (75)



Interaction map and device layers

Experimental setting

Number of qubits 124Q
Connectivity 2D h-hex
Depth in cNOTs 60

Total number of cNOTS 2,641

Floguet steps 20

Shtanko, Wang, ..., Minev in-prep (2023)

qubit interaction

. Y
(O O OO OO OO O=O=O=O=C) 3 cNOTs / step
S-S0
9,0.0.0,0.0.0.0.0,0,0.0.0.0.0
.‘

Color represent charge/spin polarization

IBM Quantum (76)



Spin imbalance for antiterromagnetic ordering

Spin imbalance

. | | | Thermalizing regime Prethermal regime
0 5 10 15 0 = 0.3 0 = 011

Floguet cycle

Shtanko, Wang, ..., Minev in-prep (2023) Color represent charge/spin polarization IBM Quantum (77)
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LIOM reconstruction in 2D

Prethermal LIOMS

[e_th’ Lk] ~ O 2-vertex

Lk: Z auP,u
neN (k)

local neighborhood

e

Amplitude

@ LIOM center (position of
the initial guess)

3-vertex

IBM Quantum (79)



Discussion and

Used 124Q, depth 60 circuits with error mitigation for many-body dynamics

Operationally restored a detailed portrait of a system’s localized/prethermal
dynamics in a new experimental regime

Explored a new model for MBL/ergodic phase transition

Use LIOMs for proper calibration of quantum hardware
Use these systems as playground for competition guantum vs. classical
Deciding the fate of MBL in two dimensions?

Study other initial states, such as thermal

Improved error mitigation, further explore existing data, ... system size & precision

IBM Quantum (80)



Scale and quality



.
E

1BM Quantum | : IBM Quantum I B M Q u a ntu m

2019 2020 2021 2022
Falcon Hummingbird Eagle Osprey

27 Qubits 65 Qubits 127 Qubits 433 Qubits






Quantum simulation

Zlatko Minev, IBM Quantum (84)



The important thing is not to stop questioning.
Curiosity has its own reason for existence.

One cannot help but be in awe when they

contemplate the mysteries of eternity, of life, of the
marvelous structure of reality.

It is enough if one tries merely to comprehend a
little of this mystery each day.

Albert Einstein

YW @zIatko minev zlatko-minev.com IBM Quantum



