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General aspects of guantum
computers and quantum advantage




Why quantum computing is becoming mature now ?

Quantum technologies/devices

Simulating physics with computers-1982 128 qubits
Richard P. Feynman (Nobel Prize in Physics 1965) Rigetti
72 qubits
"Nature isn't classical, dammit, ~ Google
and if you want to make a RS quba
. Y . DWave
simulation of nature, you'd better
make it quantum mechanical, and 2°‘: “‘,1“""5
by golly it's a wonderful problem, s12qubits
because it doesn't look so easy.” DWave
12 qubits 50 qubits
MIT ' IBM |
| |
Quantum Quantun 7 qubits 128 qubits | 17 qubits Qu an t um
Theory ompute Los Alamos DWave IBM .
| Computing
OO-00  Cloud
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2013
General Quantum mechanics
—H | [T
1940 1985 1992
Turing Deutsch Deutsch-Josza, Simon, Shor, Bernstein-Varizani, Kitaev ...

General Quantum algorithmic

Quantum computing
is democratizing



What means quantum devices today

There are many types of quantum computers: analog versus digital quantum computers

There are now many quantum objects one can manipulate

Cold atoms Trapped ions

Cold atomic gas

B

Analog quantum simulator

Analog
Systems
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Physical

problem
1

Complex problem
that cannot or hardly
be simulated on
classical computers

Analog problem to 1
that could be tested
in laboratory

B Non-universal
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single pillar
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Quantum analogue simulation

d There are many types of quantum computers: analog versus digital quantum computers

A few examples

Analog systems on lattice (fFermi-Hubbard, Schwinger model|, ...)

Analog quantum simulator v @ ¢
S

Analog simulation of astrophysics/cosmology

Analog
Systems

Physical
problem “

Ultracold Fermi gas Neutron stars

1

Nature

Complex problem
that cannot or hardly
be simulated on
classical computers

Analog problem to 1
that could be tested
in laboratory

An expanding universe is simulated in a quantum droplet

22 Mar 2023 Campbell McLauchlan (7€

The mapping from one physical problem to
another physical problem is a delicate issue

Dark Ultracold atoms

matter

» It strongly depends on the problem itself
(non-universality)

Viermann et al.



Digital quantum simulation with qubits

Digital quantum devices are supposed to be universal

Classical computers
Works with bits

BitsareonlyOor 1

Quantum computers with
Quantum bits

Qubits can be seen
As two-level systems

qubit

2 level system

Qubit

0 =lo)

=

B =C|0)+C|1)



Where do we expect quantum advantage?
A few examples

Bit Qubit
' ; ) Quantum RAM
D 1) = advantage

Storing with

0 [2) 10) = * -1 bit: 2 integers 0,1
W, -2 bits: 4 integers 0,1,2,3

Bloch sphere picture

Storing with one qubit

@) = f1(0)[0) + f2(0, ©)[1)
Two-qubits

|®) = f1(61,02)|00) + - - -

1 )

Direct multi-parameter function encoding
Continuous function programming

10) + 1)

7] , (7}
ly) = cos-i |0) + e""sinill)




Bit Qubit

~ Quantum Algorithm
1 |1) 1) = ' advantage

y

Where do we expect quantum advantage?
A few examples

>. A fundamental question is how much “computational

- time” it takes to solve a problem — this is linked
0 |0) 10) = * to the complexity of the problem
, (Church-Turing thesis, Problem complexity classification, ...)

we are interested in accelerating

Execution time

to perform a calculation

Speedup can be:
linear

t t — ¢/1000

Quadratic
speedup

Exponential
speedup

2t 5 ¢

System dimension

Church-Turing thesis says that the
speedup could not be exponential!

Quantum computers contradict this thesis- some algorithms
Promises exponential speedup for specific calculations

(linear algebra, factorization, unsupervised learning, ...)

1 || I ¢ime
1940 1985 1992
Turing Deutsch Deutsch-Josza, Simon, Shor, Bernstein-Varizani, Kitaev ...

Either polynomial or exponential acceleration

Trick: use quantum entanglement and measurement rules.

A calculation that takes 1 yearin a “linear” Measuring one qubit can give information on the whole system.

takes 24 seconds with exp. speedups!



Quantum computing with more than one qubit

Some terminology — general aspects

Quantum circuits with more than one qubit

Unary gates

7\
u

circuit length

0) .

v n

Binary gates

/

o
J B BB

| Quantum

I measurement

Quantum register:

Define the qubit computational

basis: 0,0,---,0,0)
10,0,---,1,1)
10,0,---,0,1)

Hilbert space size 2"

> of qubits — leads
Quantum circuits: circuit depth to a set of events
In the form of

Constraint: the circuit makes bitstring

Unitary transformation, i.e. no
loss of information Z iy iyl i

i, =0,1

Gives the |a|?
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Quantum computing with more than one qubit
Some terminology — general aspects

Quantum circuits with more than one qubit

Binary gates

Unary gates /
0) ./ \

W
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Quantum circuits: cireuit O asetorevents
In the form of
Today’s status: Constraint: the circuit makes bitstring
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One example : Superconducting qubits

Simple oscillator by LC circuit

L

1
H=—¢>+ —
L TRl
& Ig)‘x-a..._'..u.ﬁa_'uctor
R.(-7/2)  Jcapacitor

bsted in isolating |0) and | 1)

Qubit identification

///
and manipulation (é
|+

repare the system in any combination

5 T Real operati
\ ¥ Exact 0} + e1[1)
'S :
Y ¥
23 /‘\ i B lice Rabi-like oscillation
V=i .rre .
/g/z | ¢ | | Do ® Difficulties
Quantum < ‘J\/\N\I . Lo =0 Each operation takes some
HO 1 ,(' J Times/ has a certain error
0 | External System is not fully isolated
-m -m2 0 /2 T perturbation ) mmm) Decoherence
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Google

Some specific

Next step: putting several qubits together

rigetti

Example: Superconducting qubits

2 qubits can be coupled through electrostatic interactions

& ==t \\/ith this one can manipulate/entangle qubits

| QM

Operations When Fidelity
Acronym” Layout®© First demonstration [Year] Highest fidelity [Year] Gate time
CZ (ad.) T DiCarlo et al. (72) [2009] gy Bt wlis
99.7%¢ Kjaergaard et al. (73) [2020] 60 ns
ViSWAP TEAT Neeley et al. (81)4 [2010] 90%¢ Dewes et al. (74) [2014] 31 ns
CR F-F Chow et al. (75)" [2011] 99.1%°¢ Sheldon et al. (5) [2016] 160 ns
bSWAP F-F Poletto et al. (76) [2012] 86%¢ Poletto et al. (76) [2012] 800 ns
MAP F-F Chow et al. (77) [2013] 87.2%8 Chow etal. (75) [2011] 510 ns
CZ (ad.) T(1)-T Chen etal. (55) [2014] 99.0%¢ Chen et al. (55) [2014] 30 ns
RIP 3DF Paik et al. (78) [2016] 98.5%¢ Paik et al. (78) [2016] 413 ns
iSWAP F«(T)-F McKay et al. (79) [2016] 98.2%¢ McKay et al. (79) [2016] 183 ns
CZ (ad.) T-F Caldwell et al. (80) [2018] 99.2%¢ Hong et al. (6) [2019] 176 ns
CNOTy, BEQ-BEQ Rosenblum et al. (13) [2018] ~99%T Rosenblum et al. (13) [2018] 190 ns
CNOT, BEQ-BEQ Chou etal. (82) [2018] 79%8 Chou et al. (82) [2018] 4.6 ps

M. Kjaergaard, Annual Review of
Cond. Matt (2020)



Example: Superconducting qubits

2 qubits can be coupled through electrostatic interactions

IX ==t \\/ith this one can manipulate/entangle qubits

o As a result
——— — » »
iEsx  Google rigetti | QM
Some specific
Operations
(see next lecture) When Fidelity
AcronymP Layout®© First demonstration [Year] Highest fidelity [Year]
CZ (ad.) e DiCarlo et al. (72) [2009] Zuis Basbety )T
99.7%¢ Kjaergaard et al. (73) [2020]
ViSWAP T-T Neeley et al. (81)4 [2010] 90%8 Dewes et al. (74) [2014]
CR F_F Chow et al. (75)" [2011] 99.1%¢ Sheldon et al. (5) [2016]
bSWAP | F-F Poletto et al. (76) [2012] 86%¢ Poletto et al. (76) [2012]
MAP F_F Chow et al. (77) [2013] 87.2%8 Chow et al. (75) [2011]
CZ (ad.) T—(D)-T Chen etal. (55) [2014] 99.0%¢ Chen et al. (55) [2014]
RIP 3DF Paik et al. (78) [2016] 98.5%¢ Paik et al. (78) [2016]
iISWAP F(T)-F McKay et al. (79) [2016] 98.2%¢ McKay et al. (79) [2016] D
CZ (ad.) T-F Caldwell et al. (80) [2018] 99.2%¢ Hong et al. (6) [2019] &
CNOTq BEQ-BEQ Rosenblum et al. (13) [2018] ~99%" Rosenblum et al. (13) [2018] ( {92 [ e I ] F(Z)
CNOT-, BEQ-BEQ Chou etal. (82) [2018] 79%¢# Chou et al. (82) [2018] 2 T2 0

M. Kjaergaard, Annual Review of
Cond. Matt (2020)
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Quantum advantage

Quantumsupremacy using a programmable

superconducting processor

The promise of quantum computers is that certain computational tasks might be
executed exponentially faster on a quantum processor thanon aclassical processor’. A
fundamental challenge is to build a high-fidelity processor capable of running quantum
algorithms inan exponentially large computational space. Here we report the use of a
processor with programmable superconducting qubits®” to create quantum states on
53 qubits, corresponding to a computational state-space of dimension 2% (about 10%).
Measurements from repeated experiments sample the resulting probability
distribution, which we verify using classical simulations. Our Sycamore processor takes
about 200 seconds to sample one instance of aquantum circuit a million times—our
benchmarks currently indicate that the equivalent task for a state-of-the-art classical
supercomputer would take approximately 10,000 years. This dramaticincrease in
speed compared to all known classical algorithms is an experimental realization of
quantum supremacy®for this specific computational task, heralding amuch-
anticipated computing paradigm.

Proofs of fidelity

107

1072

Cross-entropy benchmarking fidelity, 7o

Classically verifiable

| 000066

Sycamore sampling (N, =

m =14 cycles

— Prediction from gate and measurement errors
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Some proofs of principle

Photonic Devices

N single photons M detectors

e

é

o
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M layers of coupling gates

QUANTUM COMPUTING
Quantum computational advantage using photons

Han-Sen Zhong“2*, Hui Wang"?*, Yu-Hao Deng"?*, Ming-Cheng Chen“?*, Li-Chao Peng'?,

Yi-Han Luo®?, Jian Qin'?, Dian Wu'?, Xing Ding"?, Yi Hu'?, Peng Hu®, Xiao-Yan Yang®, Wei-Jun Zhang®,
Hao Li®, Yuxuan Li#, Xiao Jiang'?, Lin Gan® Guangwen Yang?, Lixing You®, Zhen Wang?, Li Li'?,
Nai-Le Liu*?, Chao-Yang Lu®?t, Jian-Wei Pan'21

Quantum computers promise to perform certain tasks that are believed to be intractable to classical
computers. Boson sampling is such a task and is considered a strong candidate to demonstrate

the quantum computational advantage. We performed Gaussian boson sampling by sending 50
indistinguishable single-mode squeezed states into a 100-mode ultralow-loss interferometer with full
connectivity and random matrix—the whole optical setup is phase-locked—and sampling the output
using 100 high-efficiency single-photon detectors. The obtained samples were validated against plausible
hypotheses exploiting thermal states, distinguishable photons, and uniform distribution. The photonic

quantum computer, Jiuzhang, generates up to 76 output photon clicks, which yields an output state-
space dimension of 10%° and a sampling rate that is faster than using the state-of-the-art simulation

strategy and supercomputers by a factor of ~10™.
Science, 2020




Quantum computing with more than one qubit
Some challenges

Quantum circuits with more than one qubit

Binary gates

Unary gates /
0) ./ \

circuit length

One major
activity/challenge today )
Find in our fields pilot

Today’s status: Develop methods to
Quantum Computers are imperfect correct for these

(Noisy, limited in depth and length) imperfections -
applications




Quantum computers are often themselves many-body interacting systems
Quantum computing for the infinities
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to atomic nuclei

to pions
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processes
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Degrees of Freedom Engraq
0 °%° 0O
quarks, gluons
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from quark




Quarks and Gluons — Effective Field theories

Particles & Simulation Phases & Dynamics of Matter
Interactions
—— /
[
& Quarks Leptons 3. B l = , 7
Gauge nggs 0100 > G e \\ . \ S R
Bosons Boson 0011
Classic Early Universie ‘ | )
‘ ‘ Computing

0
’7 @ VA _— —_ JHigh-energy Particle Collisions
T

'Ll, VN Quantum Quantum
= 112 Computing Entanglement
) Neutron
Standard Model Star Core

.

Courtesy M. Savage



Quarks and Gluons — Effective Field theories

Digital Quantum Chromodynamics

~
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®» Map quarks and gluons on
quantum register

®» Develop unitary operators for
their evolution

®» Obtain relevant observables
from measurements

Courtesy M. Savage



Quarks and Gluons — Effective Field theories

Digital Quantum Chromodynamics
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Nuclear Physics

Actual tendency : Towards Full configuration-Interaction description ?

H = Hi_voay + Ha—pody + - -

Current status




Nuclear Physics

Actual tendency : Towards

H = Hi_voay + Ha—

Current s’

: Systematic strategy
28| © This work NEREERE
g |opshel 8 n
gzo e =i Nuclear shell-model simulation in digital quantum computers
=1
=
= A. Pérez-Obiol*
. 8 Barcelona Supercomputing Center, 08034 Barcelona, Spain
N
A. M. Romero,’ J. Menéndez,* and A. Rios?

2 8 20 28 Departament de Fisica Qudntica 1 Astrofisica (FQA),
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Neutrino oscillations

2-flavor approx.

directly treated as

inverted hierarchy (IH)

m2 4 A m?
SO.
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e

5 S I

Neutrino oscillations in beams
Natural treatment as

Qutrits | 2
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Neutrino oscillations

2-flavor approx.
directly treated as

Nowadays: Increasing

number of applications
PHYSICAL REVIEW D 104, 063009 (2021)
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Simulation of collective neutrino oscillations on a quantum computer

START 1 2 3 4 END

Benjamin Hall," Alessandro Roggero,z’3 Alessandro Baroni,* and Joseph Carlson*
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Quantum Machine Learning

and event classification

Some quantum historical algorithms are very fast for pattern recognition.

Deutsch (1985), Simon (1994), ...

case 1l case 2
The “simple” Deutsch problem: f: {0,1} — {0,1} (Oracle) c—@
Q: determine if f(0)=f(l) > ﬁ
@ Classically requires to have 2 answers f(0) 2 f(1) ? ﬁ-’
@ Quantum: one can directly ask f(0)=f(l) 001 . [0)
o) -] [5]- [E] [esme] - =

ROyl | 1)



Quantum Machine Learning

and event classification

Some quantum historical algorithms are very fast for pattern recognition.

Quantum Science and Technology
case 2

Maria Schuld
Francesco Petruccione




Some current initiatives




Some recent examples of initiatives in Europe
for promoting quantum computing

Increasing the number of workshops/Lectures in Schools/Event

International Conference on Quantum SUANTUM
Technologies for High-Energy Physics ‘ IQ) Uit
(QT4HEP22)

1-4 nov. 2022
CERN

There is a for this event.

Y& Y5 Quantum Computing for Many-Body problems (QCMB): atomic
===t nuclei, neutrinos, and other strongly correlated Fermi systems

®Cuo

Laboratoire de Physique
des 2 Infinis

05 June 2023 — 09 June 2023

NUCLEAR AND PARTICLE PHYSICS ON A QUANTUM COMPUTER: WHERE DO WE STAND NOW?

It is now a great time for the community to share the recent progress in this emerging field and

establish a coherent vision of the outstanding questions to be addressed in the near future in order

EN—
EUROPEAN CENTRE
FOR THEORETICAL STUDIES
IN NUCLEAR PHYSICS AND RELATED AREAS

to fully capitalize on the rapid growth in quantum computing platforms.

02 May 2023 — 05 May 2023
QUANTUM SCIENCE GENERATION | QSG

¢ Quantum science and technology are playing an ever growing role in contemporary scientific
developments in a wide range of areas, from physics (where they originated) to computer science
and engineering. One of their specificity is the interdisciplinarity nature, which calls for researchers

with a wide expertise. This requires a specific training and, in particular, the ability of crossing

traditional boundaries between disciplines.
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@ Recognized by European Physical Society

Hadrons and Nuclei

Table of contents (tentative)

1. General aspects
(a) Introduction to quantum computing with a focus on
many-body systems

(b) Simulating quantum computers with classical computers

(c) Analog computation

(d) Survey of quantum platforms
- Superconducting qubits

-~ Rydberg atoms and atomic traps
- Photonic systems

- Silicium

Topical issue on:

“Quantum computing in low-energy nuclear theory”

Guests Editors:

Thomas Ayral, Thomas Duguet, Denis Lacroix, Vittorio Soma

Tentative Date - November 2022

. Low-energy nuclear theory

(a) Preparing correlated fermionic states on a quantum
computer

(b) Matrix Product State and quantum computing

(c) Symmetry breaking, symmetry preserving circuits and
symmetry restoration

(d) CI methods and Hamiltonian encoding
(e) Spectral methods
(f) Variational method applied to nuclear physics

(g) Quantum techniques for eigenvalues problems

(h) Recent applications of quantum computing in light nu-

clei

(i) Collective excitations with quantum computers

3. Related topics

(a) Quantum information for nuclei

(b) Quantum information and quantum simulation of neu-
trino physics

(c) Quantum search and Quantum Machine Learning for
classification

# The community working on quantum computers is growing up
and starts to organize around this emerging activity.



Coming challenges

Hybrid Quantum-Classical High-Performance Computing

HPC on classical devices

Large data flow
Parallel Quantum Computing ‘ Error correction

Post-processing data mining

|0(6))
. / Classical computer \
e e 1 2N .
> J Cost function
Quantu 5
pocesn | A @ =13 56) = 1. 2
. : S a
Quantum } g J
processor ﬁ l ;'\ (P N p) .

Update parameters

\[ on classical optimiser L




Summary

Dark matter

Lattice gauge theories

oo

N-body problem

N-body nuclear systems

10.1126/sciadv. 1701207

Zohar, Kolck, Savage, ...

E. Zohar, J. I. Cirac, B. Reznik, Phys. Rev. Lett. 110, 125304 (2013)

E. Zohar, J. I. Cirac, B. Reznik, Phys. Rev. A 88 023617 (2013)

E. Zohar, J. I. Cirac, B. Reznik, Rep. Prog. Phys. 79, 014401 (2016)

D. Gonzélez Cuadra, E. Zohar, J. I. Cirac, New J. Phys. 19 063038 (2017)

E. Zohar, A. Farace, B. Reznik, J. I. Cirac, Phys. Rev. Lett. 118 070501 (2017) Carbon

Roggero, Carlson, ...

eeeeeeeeeeeeeee

Applications to data mining (event

. \ classification)
R ot ! o7 CMS-detector

Thank you!



