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IBM Defines the The Ultility Scale

Jay Gambetta p7/ h

IBM Fellow & VP

December 2023, IBM Summit
Evidence for the utility of quantum computing before fault nﬂtlfrc !
With quantum systems composed of 100+ qubits, foorance
. : 127 qubits / 2880 CX gates Nature, 618, 500 (2023)
researchers are beginning to explore algorithms and
applications at scales beyond brute-force classical o , o R
: : Simulating large-size quantum spin chains on cloud-based it 1
Computatlon using IBM Quantum systems. superconducting quantum computers | e
102 qubits / 3186 CX gates arXiv:2207.09994 LI
_— Estimated mean number of qubits used on hardware
O AllQPU vendors Uncovering Local Integrability in Quantum Many-Body Dynamics iomiee
A External Eagle users | i b
120 1 124 qubits / 2641 CX gates arXiv:2307.07552 e i
v Internal Eagle users
N QO Utility-scale experiments
100 Utility scale Realizing the Nishimori transition across the error threshold for
1% constant-depth quantum circuits
o 125 qubits / 429 gates + meas. arXiv:2309.02863
-
o 801
S e .
o Scalable Circuits for Preparing Ground States on Digital Quantum éfé} ﬁ QUANTUM
L 60 ORNL S i+ (all Computers: The Schwinger Model Vacuum on 100 Qubits ?‘Eg{f ,.7’“; %S ‘ SCIENCE
:E, SORNL G iE (4l oy o, S 100 qubits / 788 CX gates arXiv:2308.04481 S CENTER
it
401 Nvidia DGX H100_____ .
Efficient Long-Range Entanglement using Dynamic Circuits | :
20 --_IBM_ PC(1981) _ 101 qubits / 504 gates + meas. arXiv:2308.13065 X i
Oocoooo
; ; : : : Quantum reservoir computing with repeated measurements on = |
2016 2021 2026 2031 2036 2041 superconducting devices ° = 1
Year 120 qubits / 49470 gates + meas. arXiv:2310.06706 T

IBM Quantum
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Select Recent Advances in Quantum Computing

Cold-Atom arrays with
Optical Tweezers

4 Logical Qubits
32-qubit H2-1 trapped ions
(Quantinuum-Microsoft)

X X

1/

Mid-circuit

measurements

Al

\J/

June 2018 - International Journal of Theoretical ... 57(4)



IQuS InQubator for Quantum Simulation

IQuS - The InQubator For Quantum Simulation
@IQuS-ct2ru - 96 subscribers - 17 videos

The InQubator for Quantum Simulation at the University of Washington aims to improve un.. >

IQuS
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Quantum Simulations of Standard Model physics
Entanglement in many-body systems, neutrinos,

and strong interactions
Lattice Gauge Theory
Effective Field Theory
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Dorota Grabowska
Research Assistant Professor (2022-)

Quantum Simulations of Quantum Field
Theories
Elementary Particle Physics
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Niklas Mueller
Research Assistant Professor (2022-)
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Quantum Simulation and algorithms
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Open quantum systems
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Eigenstate thermalization

FULL PROFILE »

ARTS &
SCIENCES
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Entanglement in Few-Body Systems
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Lattice Gauge Theory for Nuclear Physics
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High Performance Computing
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Quantum many-body simulations

FULL PROFILE »

UW COLLEGE OF ARTS & SCIENCES

Marc Illa Subina
QSC Postdoctoral Fellow (2021-)
marcilla@uw.edu

Quantum Simulations of the Standard Model
Physics

Lattice Gauge Theories

Low-energy nuclear physics with lattice QCD
Simulation of entanglement in dense systems of
neutrinos
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Francesco Turro

Postdoctoral Fellow (2022-)

Quantum Simulation of few-nucleon systems
SRF-cavity quantum simulations

Classical preparation of time-evolution
operators
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PhD student

Simulation of Quantum Spin Systems and Field
Theories

Roland Farrell
PhD Student

Entanglement in QFT
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PhD student

Quantum Information
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Quantum simulation of quantum field theories
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PhD student
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Pulses, Qudits and Quantum
Simulations

At the Interface of Quantum Sensors
and Quantum Simulations (22-3b)
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Thermalization, from Cold Atoms to
Hot Quantum Chromodynamics
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IQuS - Research Directions

Access to Quantum Computers through OLCF+QSC essential
Access to HPC through NERSC+DOE+OSG+AWS+UW essential

Generally, software relies on Technology company stacks, plus NP " "on top”’
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Encoding Systems in Multi-Hilbert Space, Hybrid Devices, 5y
Embedded in Large-Scale HPC

Optical lattice
laser beams

g L1111}
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irror nm &
Cvﬁindov&gggnm "
okt Map scalar, fermion Optimize for target
and vector systems observables - Physics Aware

Human-intensive and HPC-intensive



Scalable Circuits for Preparing Ground States on Digital Quantum Computers: The Schwinger Model Vacuum on - V
Roland C. Farrell, Marc llla, Anthony N. Ciavarella, Martin J. Savage. e-Print: 2308.04481 [quant-ph] IQu

Quantum Simulations of Hadron Dynamics in the Schwinger Model using 112 Qubits
Roland C. Farrell, Marc llla, Anthony N. Ciavarella, Martin J. Savage. e-Print: 2401.08044 [quant-ph]

Scalable Quantum Circuits for Confining Theories -
Simulating the Schwinger Model using more than 100 qubits and One Trillion CNOT Gates

Roland Farrell, Marc llla, Anthony Ciavarella, MJS
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https://inspirehep.net/authors/1789348
https://inspirehep.net/authors/1991920
https://inspirehep.net/authors/990160
https://arxiv.org/abs/2308.04481
https://inspirehep.net/authors/1789348
https://inspirehep.net/authors/1991920
https://inspirehep.net/authors/990160
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Confinement and Scalable Circuits
Physics Awareness
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Local Nearest Neighbor  Non-local
Symmetries and Confinement Classical Extrapolations
Operator Pool
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Classical Optimization Quantum Implementation

ADAPT-VQE - Sophia Economou et al.
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2-step SC-Adapt-VQE

Exact evolution
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Decoherence Renormalization (DR) and Operator DR o)

- a disruptive algorithm advance

The device is approaching a classical,
Workflow depolarized set of qubits as time goes by.

Mitigation methods are essential and effective
“Physics circuit”
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Production using IBM’s Heron Processor Torino
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Production highlights

« 14K CNOTs for 14 Trotter steps
* 1.05 Trillion total CNOTs applied
154 Million shots

e 112 qubits x 370 depth

e 1 full week of dedicated running

Raw

ODR

Classical IBM’s Torino N g
10 _ é_‘;
0.5 ;;; %
0.0 g

0 12 24 36 48 63 75 87 99 111

: o 1 0 12 24 36 48 63 75 87 99 111
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Neutrino Flavor Dynamics

A few groups are focused on this topic. Stimulating new ideas about neutrino entanglement

Quantinuum, OLCF, QSC N W 1 N
Hyg = — E : kak | 2 :j 5, « 5, Fntanglement
— 11V
— 2 2N . . Magic
o 1<J Trotter, (by-hand) circuit optimization...
qiskit, Mathematica, python, .
- —e— 1, ~ N - -@-- 1, ~ NP2
= 08 Trotter n: 2 4 6 8
e V
© 2 T
-§ 0.6 ;/r
S b 5
- a v
O =
g) |deal
=
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Time

Complex systems with hierarchy of length scales, dynamics simulations challenging,
All-to-all connectivity



Transport Properties %)
Shear Viscosity in 2+1D SU(2)

QITE, Trotter, Twirling, ODR, SPAM, ...

IBM, Quantinuum, OLCF, Local
0

“Tree-level” Kubo formula n = llm —Gwy( )
—0 Ow

Baier, Romatschke, Son,
Starinets, Stephanov, 0712.2451

G (w) = /dt et GEY (t) = /dt dz ' G®Y (¢, x)
G¥(t,x) = 0()Te([T*Y (¢, x), T*Y(0,0)]pr)
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2307.00045 12402.04221
Berndt Mueller and Xiajun Yao

Future : Source/Sink optimizations

Francesco Turro, Anthony Ciavarella and Xiajun Yao

qiskit, Mathematica, python, ...

Quantum algorithm for G

0) — L

0 — — A
o % b T e—iHt

0) — A

0) — A

On 4 X 4 lattice W/ .., = 0.5

0.8f — ((1(/ )min=0.50, (ag* ) nax=0.65

~ | |eeene (aG*) min=0.40, (ag*)mnax=0.65

0.0[ - (ag?) min=0.40, (ag? _,)m\—”-‘”
By = 0.20

0.0 0.2 0.4 0.6
a92

At the Quantum Limit, same as liquid created in heavy-ion collisions



ey
Quantities and Numerical Techniques In Use

Time evolution | <24 qubits: exact exponentiation of (sparse) matrices via matrix-vector
multiplication (EXPOKIT via Krylov methods,...)

> 24 qubits: tensor-network approximation (TDVP....)

Circuit simulation/ | < 40 qubits: (noiseless) state-vector simulators (multi-node)

verification | _ 39 qubits: (noisy) density-matrix simulators (multi-node)

> 30-40 qubits: (noiseless) tensor-network approximation (TEBD,...)

Spectrum analysis | < 16 qubits: full spectrum for thermalization studies (exact diagonalization)

< 24 qubits: exact low-energy spectrum (ARPACK,...)
> 24 qubits: approximate low-energy spectrum (DMRG,...)




Cold-Atom Systems

AWS-Quera-IQuS collaboration:
Led to a classical method to solve a sign problem

1 ] A

J ZS T,y a:+1,y _l'J ZS T,y :c,y+1

= 2+1D 1+1D

SU(2), WZW Asymptotically tree . e T T T T

IR fixed point UV fixed point, z-« 1 30 1 i
2.00 -OU 7
: - — Coupling — Trad. MC -
) Months of 4K core HPC jobs for sf 8 /ﬁ?ﬂy E
% 1.75 j /\//’ //3;;/ & oh tu n i n aram eters S I + /‘ﬁ - Pertu rbatIVe:
’3‘ /," ,,“ i <+ yL,=0.01 N 120 g )
L?"I’, 1.50 / ’;/ ./,{.'r-?‘ /"',7"; : -- :::ESS g p \5 1 155 AQT{ ® Ly=2
e d 4| g = —— yl,=0.25 < 1o '
z 1.25 / ? ,/‘,/}'7 T e . . . L :E.L ' 4 Ly=t
P Blogade - extensive tunings using ' %" o 1,6
el Alternati ; .o 05" !
Rl b i — | — ™ device parameters/uncertainties ; + Ly
0.0 0.2 0.4 0.6 0.8 1.0 -
100 |||||||||||||||||||

z=E&(L)/L 0.0 0.2 0.4 0.6 0.8 1.0



102" \ Test ETH IN non-Abelian theories ALL eigenstates of Hamiltonian~ 10* x 10*
S0 and compute matrix elements
S FalAlEs) = Usi hp ipy el dule (1 node)
= B sing python scipy eigen module (1 node)
i . . . (A)me(E)dap + € S(E)/QfA(E» w)Ragp it takes 20 hours
g @ri=0 fori=tn t/At ~
SR p(t)) =T H et AL H(j At) (0)) For matrix ex_pqnentiation, use Expokit
rali algorithm, efficient for sparse matrices

)
<0.15 1
S

0.10 1

(available only with single-node execution
dim(ﬁ[) — 924 924 107 % 107 therefore limited by memory on the node)

0.05 1

0.00

A single NVIDIA RTX A5000, total of 88

=i Verification: Circuits composed of 112 qubits . . .

| = | P . GPU hours (via Open Science Grid
= W = 15 Maximum depth: 574 C|uster)
| 2 = i Maximum CNOT depth: 370 Used NVIDIA cuQuantum tensor-network

| T Maximum # gates: 32,016 simulator for comparison with results

O O O T Maximum # CNOT gates: 13,858 fr_om quantum computer.(avallable with

single/multi-GPU execution)
N =109 =%, |w(o)>B: T [4)°” ® u)ik

No large-scale qudit circuit simulators

- 3 0.6
dim(H) < ol b
100 = 0
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General Comments

While the algorithms and error mitigation strategies are being integrated (by tech companies)

algorithms and optimizations.

Frror mitigation is largely tech-compa
with a handful of examples in gauge t

h

h

v enabled, e.g. |
eories (Gauss's
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into their software stacks in a timely way, NP problems have attributes that require specialized

rection Is nascent in NP,

s etc)

Digital systems now >30 qgubits (all-to-all), and 112 qubits (nearest-neighbor) is state-of-the-art

Cold-atom systems >1K atoms, 2D arrangement, two-atom entangling operations (all-to-all)

Need <Pauli strings> , exponentially large number - requires MCMC, ...

Current situation is * patchwork™ and now requires increased organization for the future
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Simulators Required

Digital qubit, qudit simulators at scale - 44-qubit simulation cost $$$%
Associated HPC resource allocations - synchronize with guantum device access
Quantum data analysis, error mitigation, etc - moving to larger data
Requires flexible connectivity and noise models

Developed a single-node qudit simulator
- tested performance of another that sits on top of gubit simulator at scale.

Cold-atom simulators - currently limited to about 20 atoms, target >1K but >10K better
Requires flexibility for rapidly changing device attributes/capabilities, help design
next-gen.




IQuS InQubator for Quantum Simulation

1QuS workshops have proven to be effective in QIST-NP integration ... leverages INT spacetime
Making progress in developing quantum simulations of important problems.
- techniques have utility in other areas.

Expected future impacts for non-equilibrium dynamics in nuclei and reactions, lattice QCD,
neutrinos, hot-dense matter - looking toward QAs

Specidalized algorithms are enabling progress, broad interest
Progress requires enhanced flexible simulation capabilities - for available hardware
— pboth code and algorithm development, and significant HPC resources : organization/structure

Require enhanced access to quantum computers - all architectures. Progress has been spurred
by access.






