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Quantum Computing

Advance Begins
New Era, IBM Says

A quantum computer came up with better answers to a

physics problem than a conventional supercomputer.
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The incredible chance to
witness a major scientific
and technological revolution

The second quantum
revolution




1.

What is the first quantum revolution?
When was that?

and by the way what means “quantum”?
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Quantum is a Latin word meaning “elementary quantity”
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Quantum is a Latin word meaning “elementary quantity”
Used by physicists in the early 20th century

When they discovered the revolutionary laws explaining
matter, atoms, electrons, light, and their interactions, ...



Quantum is a Latin word meaning “elementary quantity”
Used by physicists in the early 20th century

When they discovered the revolutionary laws explaining
matter, atoms, electrons, light, and their interactions, ...

Because in these laws quantities like energy and objects like
light are quantized into elementary grains, called quanta.
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At the end of the 19th century, physics was beautiful and seemed complete!

Everything was understood.!...
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Electromagnetism




Thermodynamics




At the end of the 19th century, physics was beautiful and seemed complete!

Everything was understood.!...

Electromagnetism Thermodynamics




At the end of the 19th century, physics was beautiful and seemed complete!

Everything was understood.!...

Or almost...



At the end of the 19th century, physics was beautiful and seemed complete!

Everything was understood.!...

Or almost...

Only, minor issues between light and matter



Light from hot bodies




Electric current
from light




Light from discharge tubes




Radioactivity
Light from radioactive matter




Light from hot bodies

Light from discharge tubes

Radioactivit
Light from radioactive matter

R —

At the end of the 19th century, physics was beautiful and seemed complete!
Everything was understood.!...

Except, minor issues between light and matter



Except, minor issues between light and matter

that led to the discovery of an entirely new physics

by the best physicist of the early 20t century
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Light from hot bodies - i = Light from discharge tubes Radioactivit
< Light from radioactive matter

e ——

Light, ie electromagnetic wave, is Matter, ie particles, behave like
quantized into elementary grains waves

an entirely new physics

Planck N Schrodinger

Feynman




The first quantum scientific revolution

"Wave-particle duality”

Matter, light, and their interactions
are made up of particles

described as superposition's of states
governed by wave mechanics
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The first quantum sScientific revolution lead to
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= Physics, Atomic and Molecular Physics, Solid-State Physics, Nuclear Physics,
Statistical Physics, Quantum Optics,

= Chemistry, Spectroscopy, new materials, Photochemistry, Catalysis, simulation

= Biology, molecular Biology, photosynthesis, enzyme functions, protein folding

= Medicine and Health, Medical Imaging (MRI, PET), Radiotherapy, drug modeling

= Electronics and Computing, Transistors and Semiconductors, Information
Technology, Logic Circuits

= Energy Applications, Nuclear Fission, Nuclear Fusion, Photovoltaic, batteries

= Cryogenics technologies, Superconductivity, Superfluidity

= Telecommunications and Timing, Lasers, Atomic Clocks,

= Sensing and Imaging, Magnetometers, LIDAR, Microscopy, Photonics, Radar
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Quantum revolution of information treatment &

N 1947 First transistor @Bell-Lab
The first quantum switch controlling electrical signals
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Quantum revolution of information treatment &

/ / : 1947 First transistor @Bell-Lab
’ The first quantum switch controlling electrical signals

1959, First integrated circuit
@Texas Instruments
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Quantum revolution of information treatment &

1947 First transistor @Bell-Lab
The first quantum switch controlling electrical signals

1959, First integrated circuit
@Texas Instruments
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2021 Flrst 2 nm Chlp Wlth 50 billion tranS|stors @IBM
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NN
Quantum revolution of information treatment &

2

Transistors as quantum switch controlling electrical signals

1947 First transistor
@Bell-Lab

1959, First chip
@Texas Instruments

2021 First 2 nm chip with

g 50 billion transistors @IBM
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Quantum revolution of information treatment &

Classical computers

Elementary information:

/
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1947 First transistor Bit: -

@Bell-Lab

Processed with logic gates
(transistors)

1959, First chip -
@Texas Instruments -
NOT and a single 2 bit gate

(as XOR) are enough :
Universal set

7

2021 First 2 nm chip with
g 50 billion transistors @IBM
39
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Quantum revolution of information treatment &

Classical computers

Elementary information:

1947 First transistor Bit: -

@Bell-Lab

Processed with logic gates
(transistors)

1959, First chip -
@Texas Instruments -
NOT and a single 2 bit gate
(as XOR) are enough :

Universal set ‘ b HSS) bt °5@/ /m

Sm JL7AS

2021 First 2 nm chip with
g 50 billion transistors @IBM
40
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Quantum revolution of information treatment &

Classical computers Are reaching the limit of one atom per bit

year 1960 1970 1980 1990 2000 2010 2020

2 Elementary information: 10 e
- ® e Moore’s law
1947 First transistor Bit: - e
@Bell-Lab o) 2020
Q' B g
) B
P — g 68 NG
g Processed with logic gates = S fuite.
. S s R K of . Y 2 t i t
: e 0. (tran5|5tors) S S o N nm transistor
o Pentium 4 Q
Q ~ O
e - g 108 + T at oit 22 nm transistor ~ o
1959, First chip - c 1 atom per ol > -
@Texas Instruments -

NOT and a single 2 bit gate
(as XOR) are enough :
Universal set

2021 First 2 nm chip with
g 50 billion transistors @IBM
41



Take home message

Quantum revolution 1.0




A century ago, minor issues between light and matter

Forced the best physicist to invent quantum mechanic
matter and light are particles described as superposition's of states governed by wave dynamics

B [ e

Planck ' 1 . | Feynman

!

But reaching now the limits of miniaturization
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2.

Is it the end of the quantum revolution?

A second quantum revolution is about to
reshape our world!




eSS

ble ?

ion possi

d
e
0
0
0
/)
)
0
0

X
(S
£

\
(S

2

revolut




The same reason why the first one is ending &



The same reason why the first one is ending

Technology reaching the limit of individual quantum
object / degree of freedom

» Individual electron pair /
individual quantum of

superconductor current
- In quantronium - transmon

» Individual ions
- Intraps

» Individual atoms or
Molécules
- Inlaser trapping and
cooling systems

» Individual photon
- Detection
- Emission

» Individual novel quantum
degree of freedom in new
guantum materials
Flying qubits, levitons,
pseudospin, Skyrmions, spin-
orbit coupling, 2D systems,
topological materials, Majorana
fermions, anti/multi-
ferroelectric materials...

» Individual spin
- Electrons or holes in
semiconductors (AsGa,
Si, Ge, ...)
- Individual NV centers NV
in diamond (Nitrogen
vacancy)




From quantum 1.0 to quantum 2.0

» Quantique 2.0: Opens a new world
Mastering individual quantum “objects”
ie individual quantum degrees of freedom

» Quantique 1.0: Reaching its end
Manipulating macroscopic quantum systems
ie with many quantum “objects”/ degrees of freedom

» Same quantum degrees of freedom

but
going from a macroscopic ensemble

to individual states

» Huge paradigm shift
for the accessible space of possibilities
=> access to the huge space of quantum states

(Hilbert/Fock space)

=> access the "strangest" quantum phenomena
- Superposition

- - Non-locality

Germanium laser - Entanglement

e e ES——— -
s o—

Single photon source




Accessing

strangest” quantum phenomena
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What means

Non-locality?

Entanglement?






Superposition since waves overlap

-

- oo

Matter and light are particles described as
superposition's of states governed by wave dynamics
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Non-locality since waves are extended
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Entanglement




Entanglement




Entanglement

Bohr-Einstein

Debate

Riddle of

Entanglement




Entanglement

Alain John'F.
Aspect Clauser Zeilinger

“for experiments with entangled photons,
establishing the violation of Bell inequalities
and pioneering quantum information science”

THE ROYAL SWEDISH ACADEMY OF SCIENCES










Entanglement







Entanglement




Entanglement

Superposition
& :
\0\0\ 2 or more quantum objects/degrees of freedom



Entanglement

Superposition
2 or more quantum objects

N
EINSTEIN ATTACKS

MAY 15, 1935 PHYSICAL REVIEW VOLUME 47

Can Quantum-Mechanical Description of Physical Reality Be Considered Complete?

A. EINsTEIN, B. PopoLskY AND N. ROSEN, Institute for Advanced Study, Princeton, New Jersey
(Received March 25, 1935)

..I.

Coupled quantum objects cannot be considered separately => they are intertwined: entangled

65




Entanglement

Superposition

2 or more quantum objects

+

L9

THE NOBEL PRIZE

Coupled quantum objects cannot be considered separately => they are intertwined: entangled

66



Entanglement

Superposition
2 or more quantum objects

+

Coupled quantum objects cannot be considered separately => they are intertwined: entangled

Non locality

If the blue in Paris is observed pointing left, then the red in New York points left

Conversely,
If the blue in Paris is observed pointing right, the red in New York points right

67



Entanglement and computing

Superposition
2 or more quantum objects

+

Coupled quantum objects cannot be considered separately => they are intertwined: entangled

Entanglement and the exponential groth of the space of states

N quantum objects with 2 states each (N quantum bits / Qubits) => 2N possible entangled states

— Access to the enormous space with 2N dimensions for entangled states
= Evolutions of 2N solutions “simultaneously”







Sissa's Chessboard

The Grand Vizier Sissa ben Dahir presents his new game, chess, to the Indian king
Shirham and requests his reward: "Just 1 grain of wheat on the first square, 2 on the
second, 4 on the third, 8 on the fourth, ... and so on, doubling the number of grains on
each square up to the sixty-fourth."

The king agreed, not realizing that it would require a cube 10 km wide and 10 km h|gh

to contain the 2% grains of wheat for the sixty-fourth square... and 1,000 years of
global wheat production to fill it!




Sissa's Chessboard

The Grand Vizier Sissa ben Dahir presents his new game, chess, to the Indian king
Shirham and requests his reward: "Just 1 grain of wheat on the first square, 2 on the
second, 4 on the third, 8 on the fourth, ... and so on, doubling the number of grains on
each square up to the sixty-fourth."

The king agreed, not realizing that it would require a cube 10 km wide and 10 km

high to contain the 2% grains of wheat for the 64" square... and 1,000 years of
global wheat production to fill it!




Sissa's Computer

Adding a single quantum object/qubit doubles the size of the space of entangled states
To manipulate this space on classical computers we must double their size




Sissa's Computer

Adding 64 quantum object/qubit multiplies by 24 the size of the space of entangled states
To manipulate this space on classical computers we must multiply by 254 their size




2.0 quantum revolution disrupting information and
communication society

@ Mastering individual quantum objects: ultimate sensitivity QUAN TUM
Sensing
metrology

B, ~Z° OUANTUM

//< Entangling distant quantum objects: unbreakable communications T o

OUANTUM

Massive entanglement: unprecedented computational power Computing
o

OUANTUM

Simulation




2.0 quantum revolution disrupting information
communication society

@ Mastering individual quantum objects: ultimate sensitivity

and

OQUANTUM

Sensing
trolog
me gy

OQUANTUM

Communication

OUANTUM

Computing

OUANTUM

Simulation




NN
Quantum computing: Disruptive potential

Changing the World

TIME

“Quantum
Will Change

Everything”

Travel and Logistics Image Processing Pharmacology

Improved Forecasting Improved Stock ROI Cryptography




Take home message

Quantum revolution 2.0




Technology mastermg mdlwdual quantum object / degree of freedom

Is giving access to powerful quantum phenomena
Superposition of quantum states, Non-locality of quantum states, Entanglement of quantum states

= + - +

With a huge disruption potential
ultimate sensitivity, unbreakable communications, unprecedented computatlonal power
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3.

Is it the end of the story?

This only the beginning and success is not
guaranteed!




Quantique 2.0: Major difficulties

» Fabrication challenges:
- Even more difficult then the 1t quantum revolution

AO0A
“Q's\s%‘ﬁ A

P—

1971, 2 300 transistors.

1947, 1%t Transistor 220, 54 r trsistrs
» Quantum is probabilistic: the measure destroys the superposition Measure
do:lli)tle- . N =50 000 ?
Electrons I 1 > 0 1
o — 10>

interfe{;me State | i > with
pattern . P

Example. Electron waves and probabilistic measure on screen Tl UEsa = probability losl

» Coupling to environment is destroying coherence:

Superposition & entanglement
- Error correction codes needed . - |0 > 11>

- 11> Loosing coherence

v
A

T, : ener
=>thousands of physical g Decoherence | ji 10> l relaxation
gubits to protect a single é S . T |o>:exp(,?n|11>
logical qubit é decoherence e )

- Or new robust qubits ) V= = ==
protected from decoherence ey === == =—| Coupling to environnement




N

Reduction of quantum errors needed before any applications
of quantum computing

50+
40~

30

All technologies
are only at the
10+ beginning

Google
arXiv:2408.13687v1l

20

Log(# operations x # logical qubits)
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2022 International competition and collaboration
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National Quantum Strategy
2021-2028
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¥
2022 International competition and collaboration

Quantum Investment Worldwide
(not exhaustive)

" Canada Europe lementsix C 2\ Zurict
Dxwave * Inst. for Quantum Computing (2002) QM * Netherlands: QuTech (2014) ?) TN IDQ Z N\ Instrument
* Inst. Quantique (2015) * United Kingdom: National Quantum Technologies Program, $0.5B (2014)
lQBit o * EU: Quantum Flagship, $1B (2016) BlueFors
IBM qlb) guentvm  NIOIKKIA Bell Labs * Sweden: Wallenberg Center for Quantum Technology, $0.2B (2017) R
B® Microsoft
]

* Germany: Fraunhofer — IBM alliance, $0.8B (2019

@ 8% ° b@C O NTT HITACHI

. Japan &l
Labber : N T RQuan Techireyi Y
G() 8IC QUANTUM LS * JST, RIKEN, AIST, NICT - ‘ '
D)
IONQ ‘
M, KEYSIGHT O N Ec
o United States "
ot . * Joint Quantum Institute (2007) ~ Juanterr & 4 }
rige tt * Joint Center for Quantum Info & Computer Science (2014) ..,. HUAWE! A
* National Quantum Initiative (2019) ;-

Booz | Allen | Hamilton

China
* Key Lab, Quantum Information, CAS (2001) X
Camen A W * Satellite quantum communication (2016) H
‘AO ESEE Twinleaf _ C@— * Alibaba - CAS cloud computer - $15B (2018) Ba'®
BBN Technologies

) concuonc HARRIS (IDO

Australia
* ARC Centers of Excellence STRANGEWORKS
Singapore ~ Center for Quantum Computing Technology (2000) -
4 * Research Center on Quantum Information
LOCKNERD MARTIN I

- Engineered Quantum Systems (2011)
Science and Technology (2007)

* CommBank - Telstra — UNSW (2015) @ Q-CTRL
Honeywell -w W x AT Y ; _
Ll BTQ ble AIRBUS (InfiniQuant) @ kpn A Quanpera 'ahko ol

accenture = arar At®S . W trasqaL B ocwarcll | X O g~
[ € ZAPATA =

— QuX
I e Superconducting qubits » lon trap qubits » Semiconducting qubits * Quantum optics e NV centers

* European Commission




Conclusion: a revolution to come
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Many possible technologies/degrees of freedom

Quantum “objects” /degrees of freedom

» Electrons pairs / » lons
superconducting curent
- Quantronium - transmon
» Photons » Atoms
» Molecules
» Spin » New quantum degrees of

freedom / quantum
materials

Flying qubits, surface states,
leviton, pseudospin, Skyrmions,
spin-orbite, 2D systems,
topological materials, Majorana
fermions, anti/multi-ferroic ...

- Electrons or holes in
semiconductors (AsGa,
Si, Ge, ...)

- NV centers in diamond
(Nitrogen vacancy)




Different quantum computing strategies

» Quantum digital computing
[W(NAD> = Oy(AY) ... 03(A0) [y(0)>
Gate based evolution

» Quantum simulation , )
v (> = 0(0,t) 1y(0)> e ® ER L
. - /] 1 ]
> Quantum annealing Quantum evolution i o & I cnor E
= ! cNOT
ly> ] > [wo> - analogue computing 1 10) & @
Looking for ground states P e |
- adiabatic optimization o) &) !

- exploring many paths
- using tunnel effects



Main classes of quantum algorithms

» Search

based on Deutsch-Jozsa, Simon and Grover's algorithms
- Polynomial acceleration

» Quantum Fourier transforms (QFT)

such as Shor's algorithm for factorization (&Bitcoin)
- Exponential acceleration

» Optimization
searching equilibrium point of a complex system
such as neural network and optimal path (PCA)
- Exponential acceleration

Image Market evolution
processing

» Quantum simulation and variational approach
Quantum many body problems
Resolution of linear differential equations (HHL)
- Exponential acceleration

=~ [

Weather broédcast Molecules



Computing in the 2N dimensions’ space of quantum states

(Hilbert/Fock)
Classical computers Quantum computers
Classical bit: i| =[0]ou |1 a 10>+ BI1> :QuBit, Quantum bit

(2 possibilities) ( R® possibilities, 3D)

ligige.., iy > ¢ Quantum register
(C Possibilities, 2N D)

Classical Fegister: ‘ X ‘ 4i1 | iz | | in ‘ IX>= z“O"i i

112700es IN

(2N possibilities)

N

Classical computing: m > m =T m IX>>IX>=2Q, . U ligige.., iy >

11/1240¢¢; IN
: Quantum Computing
(Turing machine) | € completely different computing paradigm = |(Unitary transformation

+ measuring, statistical projection)

Evolution of 2N states simultaneously

— Computing power and memory beating all
classical computers as soon as N ~ 50 qubits
(since 2N soon larger then any classical memory)




Similar “gate” vocabulary but very different paradigms: Turing versus Unitary

Classical computers

Quantum computers

Logic gates in classical computing

Single bit Double bit

> P

NOT XOR

Algorithm: Turing machine

Unitary gates and measurement in quantun

Single Qubit Double Qubit Measurement
Hr 2

Pauli matrices CNOT Z measurement
Hadamar  (Quantum XOR)

Algorithm: Unitary evolutions + projections

=]

ilw(0)> Hy(t)y>
! |O>T@_‘ BEN ;
CNOT
0; CNOT \X/
CNOT

D

N

T

; 9




Similar “gate” vocabulary but very different paradigms: Turing versus Unitary

Logical gate in classical computing Unitary gates and measurement in quantum computing
Single Qubit Double Qubit Qubit Measurment
. control .
Single bit  Double bit - (2» i> P>
‘»O’ } @ @ |J > target |J’ >
Pauli matrices CNOT Z measurement
NOT XOR Hadamar (Quantum XOR)
i>=> Uli> = ij>2> Ulij>= 0o|0>+0,|1> D>
0=>1 00=>0 Ug|0>+Uq 1> Uooj|00>+Uqq;|01> either
130 01> 1 +U 10| 10>+U4454]11> |0> with p=|ot|2
10 = 1 or
I
1120 Ex: Hadamard gate =~ EX CNOT: 1> with p=|ou|
when measuring
0> > 10> +|1> |00> =>» |00> :
|0> —\/7 |01> = [01> either O or 1.
0> 1> 10> 2> [11>
11> > 10> -[1> 111> D |10>
V2
Superposition Entanglement Projection

Function in the space ofbits {0,1} Unitary transformation Probabilistic
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