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Focusing on execution of quantum algorithms at scale
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June 2023), with a focus on observational cosmology
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Educational background

A PhD in Theoretical Physics, Cornell University (August
2016 - June 2022)
With a focus on the interface of theoretical gravitational
and high energy physics
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Quantum computers:
game changers In the
field of computing

Quantum computing is not
just a faster or better version
of classical systemsi it is

an entirely new branch of
computing.

Quantum computing follows

the laws of nature to represent
data in ways that mimic the
randomness and unpredictability
of the natural world.

Ultimately, GPUs and classical
hardware are not built for this.

© 2025 IBM Corporation

Simulating quantum
mechanics

z

Hard problems
(NP hard)

Easy problems
(polynomial)

Quantum
easy

Factoring



Quantum-centric Supercomputing for

Sl mUIatmg nature Materials Science: A Perspective on
(I Batteries Challenges and Future Directions
§ https://arxiv.org/abs/2312.09733
U Solar cells
U Cata|y3t3 Quantum Computing for High Energy
.. : Physics: State of the Art and
U Drug discovery ShellnmEs
Ap p I I C a.tl O n u S e 0 H |gh_ energy physics https://arxiv.org/abs/2307.03236

cases for quantum

C()mputmg OMNA I\/I_athematlcs and processing data
A O[] Withcomplex structure
B JAN U Factorization Towards quantum-enabled cell-
U Unstructured search centric therapeutics
0 Classification problems https://arxiv.org/abs/2307.05734

U Logistics

000 i . .
23 U Electronic design

. ?J Search and optimization
X
X

Quantum optimization: Potential,
_ challenges, and the path forward
U Finance https://arxiv.org/abs/2312.02279
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Quantum Algorithms:

within reach

D529&5v6 P&! 5%+
General search algorithm with
polynomial speed-up.

Caveats: requires quantum
oracle construction

Quantum Phase Estimation

QPE can be used for general eigenvalue
problems such as finding energy states.

IBM Quantum

HHL

Useful for solving problems
described by a linear system of
equations, such as in machine
learning and engineering.

Caveats: only sparse systems

Quantum Fourier Transform

General subroutine used In
other quantum algorithms (e.g.
Schor) for Fourier analysis and
period-finding.



Quantum

Algorithms:

Implementable

today

Sample-based Quantum
Diagonalization (SQD)

Solve eigenvalue problems by
using guantum computer to
sample from a quantum state,
then using classical HPC to
recover valid configurations
and diagonalize in reduced
subspace.

Krylov Subspace Methods

Solve many-body eigenvalue
problems using combination of
guantum computer and
classical computer with
subspace methods.

Variational Quantum
Eigensolver (VQE)

Useful for eigenvalue problems
described by or mapped to a
Hamiltonian operator

Caveat: poor scaling for large
Hamiltonians. Consider SQD.

IBM Quantum

Time evolution (Trotterization)

Dynamics simulation over time
of a quantum mechanical
system described by a
Hamiltonian operator. Includes
real-time and imaginary time
(QITE) algorithm variants.

Quantum Kernel Estimation

Leverage quantum-enhanced
feature space for machine
learning methods such as
support vector machines and
clustering

Quantum Approximate
Optimization Algorithm (QAOA)

Useful for solving
combinatorial quadratic
optimization problems that can
be mapped to the Ising
Hamiltonian



The era of
guantum utility

Y . e
= Theinternational journal of science/ 15 e 2023 ¥ I
nature '. Utility

We are here

CUTTING .
THRUUGH T
I.l

-« Classical computer

Computational resources

Error mitigation empowers quantum
processor to probe physics that classical
methods can’treach "

Problem complexity

© 2025 IBM Corporation



A noisy guantum computer
produces accurate
expectation values

on 127 qubits and 2880
gates, outside of brute force
classical computation.

Y. Kim, A.Eddins, et al, Nature. 618, 500h505 (2023)
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Quantum Utility

Gates = 3K 5K
PRE-UTILITY ERROR MITIGATION
Year =
2023 2024

All circuits can Only approximate classical

be brute force solutions exists and Is the

run on classical ! regime for exploring quantum
hardware advantage

© 2025 IBM Corporation

100M

ERROR CORRECTION

2029

Era of fault tolerance
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Examples of other utility-scale results (1/2)

FIICEE  Evidence for the utility of quantum
computing before fault tolerance
Nature, 618, 500 (2023)

127 qubits

simulation

CUTTING
THROUGH

Characterizing quantum processors using o
discrete time crystals
arxiv:2301.07625

80 qubits

simulation

Simulating largesize quantum spin chains

on cloudbased superconducting quantum  Ed=g-
computers i
Phys. Rev. Researclb, 013183 (2023)
102 qubits

simulation

Best practices for quantum error
mitigation with digital zerenoise
extrapolation
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Vacuum on 100 Qubits

IsingSpin Glass Models on Headgx Graphs L 4
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Quantum reservoir computing with repeated
Measurements on superconducting devices
arXiv:2310.06706

120 qubits

QML

Realizing théNishimoritransition across the
error threshold for constantiepth quantum
circuits

Nature Physics, 21, 161-167 (2025)

125 qubits

simulation

Scalable Circuits for Preparing Ground States on ...
Digital Quantum Computers: The Schwinger Model ;= ...

PRX Quantumb, 020315 (2024)
100 qubits

simulation

3., Scaling Whol€hip QAOA for Highédrder

0006000 000000

Quantum Simulations of Hadron Dynamics in the
Schwinger Model using 112 Qubits

Phys. Rev. D109, 114510 (2024)

112 qubits

simulation

Unvelling clean twedimensional discrete time
guasicrystals on a digital guantum computer
arxiv:2403.16718

133 qubits

simulation

-~ | Benchmarking digital quantum simulations and
” optimization above hundreds of qubits

using guantum critical dynamics
arxiv:2404.08053
133 qubits

simulation

Chemistry Beyond Exact Solutions on a Quanturr
Centric Supercomputer

arXiv:2307.05203 197 q'ubits ", o arxivi2405.05068

104 qubits te.nt 77 qubits

simulation
S ' Uncovering Local Integrability in Quantum - =.—— Efficient LongRange Entanglement using Towards a universal -QAOA.protocoI:- Evidgnce of
,..@,..".",.. Many-Body Dynamics | Dynamic Circuits quantum advantage in solving combinatorial
oo arXivi2307.07552 ~ PRX Quantum5, 030339 (2024) g Optmization problems

124 qubits =" 101 qubits 4. arXiv:2405.09169

109 qubits

simulation

@ 2025 IBM Corporation

tools



Examples of other utility-scale results (2/2)

Biasfield digitizedcounteradiabatiajuantum Scalable Quantum Simulations of Scatteringin . ¢  Efficient Online Quantum Circuit Learning wi

o == optimization Scalar Field Theory on 120 Qubits 7+ & No Upfront Training
o -7 arXiv:2405.13898 arXiv:2411.02486 Gl arXiv:2501.04636
e 100 qubits 120 qubits = 127 qubits

umt:ﬁtly::szlzoggggt/usrgL(I:(;t;rsupt)é?g|ct|on HsIng String Breaking in the Heavy Quark Limit i o REAlIZatIon of Twalimensional Discrete

7 with Scalable Circuits - o] ez | T1ME Crystals with Anisotropic Heisenberg
e 80 qubits arAlV.c4 L2, oupling
......... 104 qubits i arxiv:2501.18036

simulation

Quantum optimization using a 1zjubit
gatemodel IBM quantum computer can .

simulation

Dynamical simulations of ma#ipody quantum

outperform quantum annealers for chaos on a quantum computer Digitizedcounterdiabatioquantum critical
L . iv: dynamics

nontrivial binary optimization problems — arX|v.2_411.00765 -

A8 0aoan P 91 qubits 47 arXivi2502.15100

127 qubits - T 1o agubis

Conserved charges in the quantum simulation ~f

== integrable spin chains QuantumCentric Algorithm for Sample
ef = Based Krylov Diagonalization

BiasField DigitizedCounterdiabatic ZLX'V:E.ZOS'OOS?(S arxXiv:2501.09702
: Quantum Algorithm for Highe®rder Binary B qubits 85 qubits
“ Optimization

arXiv:2409.04477
156 qubits

optimization

- Achieving computational gains with quantum error
J P correction primitives: Generation of lorgnge
Robust Error Accumulation Suppression for . -5~ -7~ entanglement enhanced by error detection
Quantum Circuits T s arXivi2411.14638

arxiv:2401.16884 75 qubits

S8 PRLTT 100 qubits tools
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Quantum state of play

IBM Quantum Systems
+ QIsKIt =

nature

. e

CUTTING . .
THROUGH

Lrror mitigation empowers quantum
Processor to probe physacs that classical

methods can't reach * B

Estimated mean number of qubits used on hardware

190.- b O AllQPU vendors
External Eagle users
O Utility-scale experiments
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Roadmap tor scientific

breakthroughs with today's

guantum computers

0. Keep scaling in mind.

Scale: necessary to go to a
regime where classical
computers cannot compete

1. Problem choice

Select the right problems

When to use a quantum computer

Sweet spot

o
for QC fault-tolerant QC

Arithmetic Shor’s Algorithm
video games Grovers Algorithm

IBM Quantum

2. Requirements for
useful QC

To get the best out of
performant software and
hardware, pick efficient
mappings to quantum
hardware.

3. Practice makes
perfect

To learn execution on quantum
hardware: start early and use it
extensively.

4. Scaling towards
breakthroughs

Going to ~100+ qubits takes us
to a regime that is ripe for
scientific breakthroughs.

15



Error mitigation with Qiskit

Noise In quantum systems

Error suppression techniques

Error mitigation techniques

Combining technigues

IBM Quantum



Noise In guantum systems
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Noise In guantum systems
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Noise In guantum systems
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Fighting noise in guantum systems

Before fault
tolerance...

Fault
tolerance

IBM Quantum

Error suppression technigues minimize the
Impact of noise by either preventing errors
from happening or modifying the noise

structure.
A Dynamical decoupling (DD)

A Pauli Twirling (PT)

Error mitigation techniques allow errors to
occur and reduce their effect by modeling the
device noise that was present at the time of
execution.

A Twirled Readout Error eXtinction (TREX)
A Zero Noise Extrapolation (ZNE)

Error correction builds up redundancies that
allow us to detect and correct errors when they
occur, leading to essentially error-free logical
qubits!

P

Before or during execution (typically)
Additional classical resources dominate

¥

_—

After or during execution (typically)
Additional guantum resources dominate

\

“Well, your quantum computer is broken in
every way possible simultaneously.”

https.//www.ibm.com/quantum/blog/quantu

M-error-suppression-mitigation -correction
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Fighting noise in guantum systems

IBM Quantum

qL®]
q[1]
qL2]
qL3]

c3

Dynamical decoupling (DD)

Environmental noise

|

Readout errors

H
°,

OEEOmOnOmOR

Gate errors

Pauli Twirling (PT) Zero Noise Extrapolation (ZNE)

Twirled Readout
Error eXtinction
(TREX)




Dyn am I Cal d e CO U p I I n g ( D D) (see also https://youtu.be/67jRWQUW3Fk?si=ejmSCg 01NNCXTFk)

Jo

Crosstalk can be
suppressed by applying
gates which add up 0z

to the identity.

01

s
0 459 918 1377 1836 2295
Such gates will also
Introduce errors, so there Is
a balance to be found. do
J1
9z
No need to apply gates/
to qubits which are not 4
initialized. | | | | | |
0 459 918 1377 1836 2295

IBM Quantum



Dynamical decoupling (DD)

Options Sub-options Sub-sub-options Choices Default

dynamical_decoupling | enable True/False False
sequence_type XX/ T XpXm' [ P XY4! 'XX!
extra_slack_distribution ‘middle’ / "edges’ ‘'middle’
scheduling_method ‘asap’' / 'alap’ ‘alap’

from qiskit_ibm_runtime import SamplerOptions, EstimatorOptions

SamplerOptions(default_shots=1024) # or...
EstimatorOptions(default_shots=1024, optimization_level=0, resilience_level=0)

options
options

## Configure Dynamical Decoupling
options.dynamical_decoupling.enable = True

options.dynamical_decoupling.sequence_type = 'XX'
options.dynamical_decoupling.extra_slack_distribution = 'middle’
options.dynamical_decoupling.scheduling_method = 'alap'

https://docs.quantum.ibm.com/api/qiskit  -ibm-runtime/

IBM Quantum giskit_ibm_runtime.options.DynamicalDecouplingOptions
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Paull Twirling (PT)

can be converted Into

Paull noise.

—
B
=
B

Average over
Instances

with equal =
probability

Pauli noise accumulates
linearly, in contrast to coherent

noise, which accumulates
guadratically!

NN
===
NN

IBM Quantum



Paull Twirling (PT)

Options Sub-options Sub-sub-options Choices Default

twirling enable_gates True/False False
enable_measure True/False True
num_randomizations ‘auto’
shots_per_randomization ‘auto’

strategy

‘active'/
‘active-circuit
‘active—-accum'/
‘all’

"/

~

'active-accum'

options
options

IBM Quantum

options.
options.

twirling.
twirling.
twirling.
twirling.
twirling.

## Configure Twirling
options.
options.
options.

enable_gates = True

enable_measure = False

from qiskit_ibm_runtime import SamplerOptions, EstimatorOptions

SamplerOptions(default_shots=1024) # or...
EstimatorOptions(default_shots=1024, optimization_level=0, resilience_level=0)

num_randomizations = 'auto'

shots_per_randomization

= 'auto'

strategy = 'active—accum’

https://docs.quantum.ibm.com/api/qiskit -ibm -
runtime/qiskit ibm runtime.options. TwirlingOptions
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Twirled Readout Error eXtinction (TREX)

A — 1|

Prepared State

Measured State

0.200

0.175

0.150

0.125

- 0.100

- 0.075

- 0.030

- 0.025

0.000

cause the
wrong states to be measured.

This Is depicted in the readout-
error transfer matrix.

IBM Quantum

In scenarios when the noise I1s not correlated between
gubits, measurement errors can be measured per qubit
and the full transfer matrix is then reconstructed as a

tensor product.
Virtual qubit #0 Virtual qubit #1 Virtual qubit #2 Virtual qubit #3

2N x 2N

|

The Inverse of the transfer matrix
can be used for error mitigation,
but It cannot be obtained
efficiently in general!



Twirled Readout Error eXtinction (TREX)

Viameasurement twirling
we can diagonalize the
readout-error transfer
matrix.

Arbitrary transfer matrix

Diagonal transfer matrix

IBM Quantum

sn iy

o =R =

Then, we need to run
calibration circuits to
get the inverse of the
(diagonal) readout
error transfer matrix.

Average over random
bitflips that are undone
In classical
postprocessing.

< 0; > = 62 >
i — E,
Only valid for

expectation values!



Twirled Readout Error eXtinction (TREX)

Options Sub-options Sub-sub-options Choices Default
resilience measure_mitigation True/False True
measure_noise_learning num_randomizations 32
shots_per_randomization ‘auto’

from giskit_ibm_runtime import EstimatorOptions

options = EstimatorOptions(default_shots=1024, optimization_level=0, resilience_level=0)

## Configure TREX

options.resilience.measure_mitigation = True
options.resilience.measure_noise_learning.num_randomizations = 32
options.resilience.measure_noise_learning.shots_per_randomization = 'auto'

[uptinns.twirling.enable_measure True ]# Automatically set by TREX

https://docs.quantum.ibm.com/api/qiskit -ibm -
IBM Quantum runtime/giskit ibm runtime.options.ResilienceOptionsV2
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Zero Noise Extrapolation (ZNE)

Measures the effects of
amplified noise to infer what
the results would look like In
the absence of noise.

1. Noise amplification: R
the original circuit unitary u% =
IS executed at different >
levels of noise.

2. Extrapolation:
the zero-noise Iimit Is
inferred from the noisy
expectation-value
results.

Noise level

IBM Quantum



Zero Noise Extrapolation (ZNE)

Options Sub-options Sub-sub-options Choices Default
resilience zne_mitigation True/False False
(1, 1.5, 2) for
zne noise_factors PEA, and (1, 3, 5)
otherwise

'gate_folding'/
'gate_folding_front'/
'gate_folding_back'/
Ipeal

amplifier gate_folding

'‘exponential'/
'linear’/

extrapolator 'double_exponential'/
'polynomial_degree_ (1
<= k <= 7)'

( 'exponential',
'linear')

from giskit_ibm_runtime import EstimatorOptions

options = EstimatorOptions(default_shots=1024, optimization_level=0, resilience_level=0)

Choosing the

## Configure ZNE right noise factors
options.resilience.zne_mitigation = True and extrapola’[or
options.resilience.zne.noise_factors = (1, 3, 5) [Can have fractional noise factors, e.g. (1, 1.5, 2)] S triCky!
options.resilience.zne.amplifier = "gate_folding’

options.resilience.zne.extrapolator = ('exponential', 'linear')

https://docs.quantum.ibm.com/api/qiskit -ibm -

IBM Quantum . . . . . .
Q runtime/qiskit ibm runtime.options.ResilienceOptionsV?2
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Combining techniques

from giskit_ibm_runtime import QiskitRuntimeService, EstimatorV2, EstimatorOptions
options = EstimatorOptions(default_shots=1024, optimization_level=0, resilience_level=0)

## Configure Dynamical Decoupling
options.dynamical_decoupling.enable = True

options.dynamical_decoupling.sequence_type = 'XX'
options.dynamical_decoupling.extra_slack_distribution = 'middle’
options.dynamical_decoupling.scheduling_method = 'alap’

## Configure Twirling

options.twirling.enable_gates = True
options.twirling.enable_measure = True # Needed for TREX
options.twirling.num_randomizations = 'auto'
options.twirling.shots_per_randomization = 'auto’
options.twirling.strategy = 'active-accum’

## Configure TREX

options.resilience.measure_mitigation = True
options.resilience.measure_noise_learning.num_randomizations = 32
options.resilience.measure_noise_learning.shots_per_randomization = 'auto’

## Configure ZNE

options.resilience.zne_mitigation = True
options.resilience.zne.noise_factors = (1, 3, 5)
options.resilience.zne.extrapolator = 'exponential’

service = QiskitRuntimeServicel()
backend = service.least_busy()
IBM Quantum estimator = EstimatorV2(backend, options=options)



. " Useful summary of all techniques:
CO m b I n I n g te C h n I q u eS https://docs.quantum.ibm.com/guides/erremitigation-anc-

suppressiorechniques

from qiskit_ibm_runtime import EstimatorV2

estimator = EstimatorV2(backend=backend)

estimator.options.resilience_level = 2 ]

job = estimator.run([(transpiled_circuit, transpiled_observable)], precision=0.01)
print(f">>> Job ID: {job.job_id()}")

print(f">>> Job Status: {job.status()}")

v, 2.1s Python

)

resilience level Is

Resilience

Definition Technique -
Level | only available for
Estimator!
0 No mitigation None
1 [Default] Minimal mitigation costs: Mitigate error Twirled Readout Error eXtinction
associated with readout errors (TREX) measurement twirling
2 Medium mitigation costs. Typically reduces biasin  Level 1 + Zero Noise Extrapolation

estimators, but is not guaranteed to be zero-bias. (ZNE) and gate twirling

IBM Quantum
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Heron-R2: the latest
processor on our QEC
directed roadmap

Tunable coupler architecture with improved
calibrations

Integrated two -level system mitigation
controls

156 high quality qubits allow true utility scale
experiments and explorations of guantum
advantage




