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Buzz word or reality?

PRESENTED BY

TIME2030

< BACK TO HOME

Quantum Computers Could Solve Countless
Problems—And Create a Lot of New Ones

Feb. 2023 wepane |

CANSOLVE -4 et
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; ‘ https://time.com/6249784/quantum-computing-revolution
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IONQ Products Company Resources Careers Blog SignIn -

HEWS IonQ’s Most Powerful Quantum System, IonQ Forte, Now Available through the Amazon Braket Direct Program »

The future is quantum.

Quantum computing has the potential to change the
world, and lonQ is leading the way.

Build the future

Better battery materials

With ~25@ algorithmic qubits, 2’ we could help extend the
range and usefulness of electric vehicles.
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O IONQ Products Company Resources Careers Blog Sign In -

NEWS IonQ’s Most Powerful Quantum System, IonQ Forte, Now Available through the Amazon Braket Direct Program »

The future is quantum.

Quantum computing has the potential to change the
world, and lonQ is leading the way.

Build the future

Improved drug discovery
With ~1, 080 algorithmic qubits, "2’ we could help
revolutionize the pharmaceutical industry.
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003 prﬂgram DOE Announces $30M to Use Quantum Computing

for Chemistry and Materials Science Simulations
October 24, 2024

WASHINGTON, Oct. 24, 2024 — The U.S. Department of Energy Advanced
Research Projects Agency-Energy (ARPA-E) today announced funding to
pioneer a new approach to studying chemistry and maternals. The Quantum
Computing for Computational Chemistry (QC?) program aims to develop
quantum algorithms to advance diverse areas of energy research, such as
designing new and sustainable industnal catalysts, discovering new
superconductors for more efficient electricity transmission, and developing
improved battery chemistries.

“‘Computer simulations of
chemistry and materials drive
energy R&D, but classical
computing has limits on the
complexity it can replicate,” said
ARPA-E Director Evelyn N.

Wang. “QC? projects will harness
QUANTUM COMPUTING FOR COMPUTATIONAL CHEMISTRY (QC?) the power of quantum computing
NOTICE OF FUNDING OPPORTUNITY

tD exﬂee‘j thﬂse |Im|t5 and QUANTUM COMPUTING FOR COMPUTATIONAL CHEMISTRY (QC")
p [{}Vide resea [{:h E'[S w |t h the WOTICE OF FUMDIMG OPPORTUNITY

tools to solve high-impact

problems in energy.”

https://www.hpcwire.com/off-the-wire/doe-announces-30m-to-use-quantum-computing-for-chemistry-and-materials-science-simulations/
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Here’s how Taylor Swift may use cutting-edge quantum technology to plan

BUZZ WOI'd Or I'Bahty? her concerts.

Taylor Swift Concert goes Quantum §

Quantum computers aren’t solely intended for tackling Nature’s most £
intricate challenges.

When people hear the words "quantum computer”
they imagine some sci-fi tech used by scientists to
tackle Nature’s most complex mysteries. While that’s
true, a guantum computer can also be used to solve
real-world problems.

https://medium.com/@gquinta/taylor-swift-concert-goes-
quantum-43ec07438208

(John Shearer / Getty Images for TAS Rights Management)
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OPINION

Buzz word or reality? Guanium computinghas a hype problem [ 7 & Microsoft

. " . , Quantum Computer =
Quantum computing startups are all the rage, but it's unclear if they'll be able to .

produce anything of use in the near future.

THEMA Les EChOS By Sankar Das Sarma March 28, 2022

Science

NEWS = PHYSICS Al

¢ Ordinary computers can beat Google's quantum

y computer after all i

1 Superfast algorithm put crimp in 2019 claim that Google’s machine had achieved “quantum ;
. supremacy’

CoT
oni

pér
2 AUG 2022 * 5:05PM - BY ADRIAN CHO

A UNIVERSITEpe Y
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https://www.bbc.com/news/technology-60144498
https://www.zdnet.fr/actualites/informatique-quantique-l-otan-termine-les-essais-d-un-reseau-a-l-epreuve-des-quanta-39938225.htm
https://www.zdnet.fr/actualites/informatique-quantique-l-otan-termine-les-essais-d-un-reseau-a-l-epreuve-des-quanta-39938225.htm
https://www.technologyreview.com/2022/03/28/1048355/quantum-computing-has-a-hype-problem/
https://www.technologyreview.com/2022/03/28/1048355/quantum-computing-has-a-hype-problem/

CHRONIQUE - - e
Microsoft!

Ordinateur quantique, Godot de la Cuon G
Tech ?

Alors que le personnage de Samuel Beckett reste un héros fantomatique, le « quantum »
commence a se matérialiser, souligne Sylvain Duranton.

Buzz w

La feuille de

Quantum
Learning Machine

Lancé en 2016, le programme
futures. Le groupe préfére
d' Quantum

Ajouter a mes articles () Commenter ~> Partager Allemagne Hedge Funds

What is the Quantum Al
should we 1ros pour
e onden lantique

®@z7Janvary  https://www.b

e

termine les St
I'épreuve de m.;g ,@ A fmmd N
Sécurité : Les tentatives y \\ Al e s (0\)'\/\",4'\“‘

communications résistant Y . : ) snrmms
ont débuté en mars 2021. - \ | —'““'. peoditd et | )
période cruciale. 4 . o . g

Informatiq | ~- [T TN LT e

https://www.zdnet.fr/actualites,
reseau-a-l-epreuve-des-quanta-

u"fm/ e = Uz - Sant
https://www.lesechos.fr/idees-debats/editos-analyses/ordinateur-quantique-godot-de-la-tech-2101791

Les Echos - Sylvain Duranton (directeur monde de BCG X) - Publié

: ) UNIVER\H 1L UL
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https://www.bbc.com/news/technology-60144498
https://www.zdnet.fr/actualites/informatique-quantique-l-otan-termine-les-essais-d-un-reseau-a-l-epreuve-des-quanta-39938225.htm
https://www.zdnet.fr/actualites/informatique-quantique-l-otan-termine-les-essais-d-un-reseau-a-l-epreuve-des-quanta-39938225.htm
https://www.technologyreview.com/2022/03/28/1048355/quantum-computing-has-a-hype-problem/
https://www.technologyreview.com/2022/03/28/1048355/quantum-computing-has-a-hype-problem/
https://www.lesechos.fr/idees-debats/editos-analyses/ordinateur-quantique-godot-de-la-tech-2101791

Why such an interest?
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End of Moore’s law

Moore’s Law — The number of transistors on integrated circuit chips (1971-2018)

Moore's law describes the empirical regularity that the number of transistors on integrated circuits doubles approximately every two years.

OurWorld
in Data

This advancement is important as other aspects of technological progress — such as processing speed or the price of electronic products — are
linked to Moore's law.
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End of Moore’s law

I Stuttering

® Transistors per chip, ‘000 ® Clock speed (max), MHz @ Thermal design power*, w

| Chipintroduction

dates, selected

Transistors bought per $, m Pentium 4 | Xeon | | Core 2 Duo
20
. _ Log scale
15 Pentium III 107
10 Pentium II
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Sources: Intel; press reports; Bob Colwell; Linley Group; IB Consulting; The Economist
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End of Moore’s law

I Faith no Moore Post-silicon area ?
Selected predictions for the end of Moore’s law 1c°
predi - neuromorphic;
1995 2000 2005 2010 2015 2020 2025 2030 - new materials (carbon based,...);
G. Moore, Intel ®-----mmeremmaann = . . .
Prediction  Predicted - biotech (data storage, computing);
D. Hutcheson, o ___ - issued end date
VLSI Research - quantum ????
I. Chuang, IBM Research @====meecbcccccm e c e e cc e e e e e -a
P. Gargani, Intel @---—===—————ccmmmmm et -H
L. Krauss, Case Western, approx. 2600
& G.Starkman, CERN = T T TTTTTTTTTTTT T
G. Moore, Intel @========smmmaaaa- I 2(015-25
C‘|ted reason: M' Kakur CWW COUEge OF NY @=—m—mm e e e e -W2021-22

I Economic limits R. Colwell, DARPA; (formerly Intel) @=========== - 2020-22
[ Technical limits

G. Moore, Intel ®===-smcesannaannan [

Sources: Intel; press reports; The Economist
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loward a guantum market?
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Knowmg where we come from to know where we are going...

% La Pascaline (1652)

1945

5,000 cycles/s for operations
on 10 digits numbers.

1 cycle:
W register,
e : - R register,
ENI o : - add/substract numbers.
(Electronic Numerical 30 tons
Integrator And Computer) 72m? ground surface
Ballistic Research Laborato 140 kW
| : . $500,000 ($6,300,000 in todays’ dollars)
: Y UNIVERSITE o
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Knowmg where we come from to know where we are going...

% | La Pascaline (1652)

First transistor !
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Knowing where we come from to know where we are going..

= La Pascaline (1652)

First transistor ! "I think there is a world market

for about five computers. “

Thomas J. Watson, IBM’s president
(early 1940s)

https://www.theguardian.com/technology/2008/feb/21/computing.supercomputers

MONTPELLIER ‘@ @ @ \ K. MAUSSANG - Quantum Computing landscape 18



Knowmg where we come from to know where we are going...

¥ La Pascaline (1652) 1.2M-1.6M transistors (100 MHz)
Intel 4004 Intel 1486
Qualcomm
QSD8250
1GHz
2018

1945 1947

N
o e
T A TR rn -.gn ‘ITnnn's

QUALCON\N\‘”

QSD8250

SCX8180

IBM 305 RAMAC Apollo Guidance Computer and its DSKEY Transistors de 7nm
Magnetic memories Integrated circuits # 8,500,000,000
112m?

K. MAUSSANG - Quantum Computing landscape 19
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Knowmg where we come from to know where we are going...

% La Pascaline (1652)

Intel 4004 Intel 1486

1966

I
T
i1 rn -.gn ‘ITnnn's

QUALCON\N\‘”
QSD8250

L [eal=Nye
o ool 1 !!J!’f‘v-

e L
T Hi b

ENIAC Transistor g\ 305 RAMAC Apollo Guidance Computer and its DSKEY
Integrated circuits

ﬁ Magnetic memories
NIVERSITE e
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Knowing where we come from to know where we are going...

Classical computer
48 years ago...
(almost 50 years)

https://x.com/historyinmemes/status/1851933885971497081

K. MAUSSANG - Quantum Computing landscape 21




Knowing where we come from to know where we are going...

Card Feed Circuit
Breaker Unit ~ '

IBM 405

http://www.righto.com/2017/11/identifying-early-ibm-computer-in.html

% UNIVERSITEoe ¥
> MONTPELLIER @ @ @ K. MAUSSANG - Quantum Computing landscape 22
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http://www.righto.com/2017/11/identifying-early-ibm-computer-in.html

Knowing where we come from to know where We are gmng

IBM 405 Maika Takita, a Japanese IBMer and Research Staff

_— Member based in Yorktown Heights, New York
/’http //www.righto.com/2017/11/identifying-early-ibm-computer-in.html
| https://twitter.com/IBM/status/1526195925449842689

‘@ @ @ \ K. MAUSSANG - Quantum Computing landscape 23
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Knowing where we come from to know where we are going...

CPU
1945 1947 1956 1966 1971 t>
Transistor Magnetic memories Integrated circuiti IT P 1995 2018
1980 1994-1997 2000 2010 2022
+ Quantum timeline % + ‘ + |:>
NISQ

First idea of a Shor’s algorithm First experiments 50 - 100 qubits
quantum computer Error Correction < 10 qubits
(Feynman, Deutsch) Codes (ECC)

K. MAUSSANG - Quantum Computing landscape 24




Knowing where we come from to know where we are going...

CPU
1945 1947 1956 1966 1971

t ot t

Transistor Integrated circuits&' : { Ll

—

agnetic memories

20357
1980 1994- 2000 2010 2022
+ Quantum timeline % + ‘ + |:>
NISQ
First idea of a Shor’s algorithm First experiments 50 - 100 qubits
quantum computer Error Correction < 10 qubits
(Feynman, Deutsch) Codes (ECC)
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Knowing where we come from to know where we are going...

CPU

1945 1947 1956 1966 1971

Miniaturisation

[+

Transistor

t

agnetic memories

anas
T e

Integrated circuits*‘(’:rf

1980 1994- 2000 2010

—

19599 2018

2035?
2022

+ Quantum timeline %

First idea of a
quantum computer
(Feynman, Deutsch)

t |

First experiments
< 10 qubits

Shor’s algorithm

Error Correction
Codes (ECC)

Scalability
Performances

p

A
y
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Always Look on the Bright Side of Life

The Long-Term Forecast
for Quantum Computing
Still Looks Bright

JULY 18, 2024 § in X ©

By Jean-Francois Bobier, Matt Langione, Cassia Naudet-Baulieu, Zheng Cui,
and Eitoku Watanabe

READING TIME: 15 MIN

https://www.bcg.com/publications/2024/long-term-forecast-for-quantum-computing-still-looks-bright

‘@ @ @ \ K. MAUSSANG - Quantum Computing landscape 2]



https://www.bcg.com/publications/2024/long-term-forecast-for-quantum-computing-still-looks-bright

Always Look on the Bright Side of Life

Use case development : Use case commercialization algorithms
: Classical I
- i
: COmpULIng }: Nuclear plant
Capability Quantum ,, .
: computing e ‘ /i Sifantem
energy I energy .
advantage” ''|  supremacy”

Opportunity

Energy consumption

Classical

computing
T Time :
Today Problem size (N)
https://www.ibm.com/thought-leadership/institute-business- inage by Nela Ausves and OIS EZaThy 06 2022,

value/public/static/images/Quantum-Report/Figure3.svg

https://www.pasgal.com/news/quantum-computing-rethinking-energy-consumption/
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Always Look on the Bright Side of Life

Exhibit 5 - Developers’ Focus Will Broaden to Include Factors in Addition
to Qubit Count

Noise ': ; Clock speed ': | Data loading : Connectivity ! From return
X I and computer : to ROI
: : performance
W Initi al l : AL,
YT B ; o
——{H— Sr—p—p— From near $3,000-%$5,000
1 23 % I [H] fT l ; neighbors... X per hour for QC usage
E o f
Circuit depth/ WFinal | ; ;7
Number of | ' ¢ ...to br?ad 50—*05
operations ¥ ' ! Encoding N connectivity | | )

per hour for classical
computational usage

Source: BCG analysis.

Note: QC = qubit count.

https://www.bcg.com/publications/2024/long-term-forecast-for-quantum-computing-still-looks-bright

'wonteeiR (@ OIEN

i UNIVERSITE o
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What promises? Which end-users?
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What promises? Which end-users?

Pharmaceutical E
industry =N
% [ Chemistry

Quantum
{: 8 :8 Cryptography} computing [ Energy }

|||||) S0
-

; Manufacturing
et i :
) [@ e industry
AR UNIVERSITE e N
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I_O S A I dMosS N at | ona I I_a b 0 rat 0 ry E.g.: Computational catalysis for artificial photosynthesis

Select the reaction mechanism of artificial photosynthesis

Potential App]jcations of Quaﬂtum Select catalyst from pool of candidates {K, K, ... K }

Computing at LOS Alamos National Select Reactant (R) and Product (P) based on chemical reaction

L b t Select reaction pathway: Transition states {TS TS,... TS }
ao 1(){];81 Ory Structures of Orbitals and Hamiltonian
VU. 1.

R.P and TS, T Active Space 7 Construction

Ground State Energy Estimation for Structures

Initial State Selecting
Preparation Ansatz
’ classical suhroutine
Andreas Bartschi, Francesco Caravelli, Carleton Coffrin!, Jonhas , :
) L . Ground State Block
- ~ - .. : -— - .S
Colina, Stephan Eidenbenz, Abhijith Jayakumar, Scott Lawrence, Estimation Encoding .
Minseong Lee, Andrey Y. Lokhov, Avanish Mishra, Sidhant \ 2 E,
Misra, Zachary Morrell, Zain Mughal, Duff Neill, Andrei v Ground State Energy 4} Racom® \_
Piryatinski, Allen Scheie, Marc Vuffray, Yu Zhang | Activation Fncrgy(fulw|ulim”—._a]' — i
caclion patiway
LA_UR.24.24966 v Evaluation of the energetics for the chemical reaction pathway
May 2024 v Down selected catalyst candidates for desired reaction
Selected catalysts for reactions mechanism of artificial photosynthesis
Arxiv.2406 06625 Figure 6-1: Flowchart of selecting catalysts for different reaction mechanisms of artificial photosynthesis using computational

modeling.
‘@ @ @ \ K. MAUSSANG - Quantum Computing landscape 32




What promises? Which end-users?

EXHIBIT 9 | The Determinants of a Quantum Play for Business

L4l Followers Illustrative Racing Team

P HOW TO PLAY
Chemistry
. Pharma Compound selection @

I Racing Team
Build superior QC network

Launch new offerings

High-tech and cross-industry
Machine learning and Al

Finance

A Pricing & risk Riders
optimization

Engage with QC ecosystem
Lead own effort

Industrial goods and energy
Material science

BUSINESS VALUE
(of applications)

Followers
Participate in QC networks
Gain experience

Cross-industry
Highly Al-efficient processes

Observers
Monitor QC ecosystem

Observers Analyze business potential
Low

beitlzz EXPECTED TIMING OF QUANTUM ADVANTAGE Shorter

(for applications)

Sources: BCG analysis. BCG 2018

@ 0 3 K. MAUSSANG - Quantum Computing landscape
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Quantum computing is net a quantum version of a computer

& | » Hybrid approach CPU/QPU
Client Libraries JSON/HTTPS WARHLA Solver API (SAP) .
Web Ul s » SaaS economic model
| =
Quantum Machine » No quantum OS

Instructions

Cryostat :

i |
D-Wave QPU “{j" ‘

]
| https://www.dwavesys.com/

‘@ @ @ \ K. MAUSSANG - Quantum Computing landscape 34
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(by « quantum thinking »)




Dell Technologies Continues To Make Progress With

Hyb”d CUmIJUtmg Quantum Computing Initiatives

Quantum Computing Business  Mati Swayne = J

* Dell Technologies has recently | S St P T e &l R ./ € D"" —
. 4 f : ) . y Y SR, A - ] %/ > 1
announced initiatives that involved ' A 1 4 g, W=,

guantum computing. Ll %
wy mpmb

\

wwis

*The company has developed a
strategic collaboration with Aramco to
explore the use of advanced
computing in the energy sector.

g it 7 7
{ N
5 4
. ) " v S
L . y 4 -
'aw‘ (o ] -
: u!.:::.‘ﬂl Pridsed ¢
Ll B I S T R e
e ol
- 3 vkl
S— T - “
- ~— .}'t.
. — - -

* Dell also released information about
its hybrid classical/quantum platform
with lonQ.

‘\

.. ‘

https://thequantuminsider.com/2024/06/17/dell-technologies-
MONTPELLIER ‘@ @ @ \ continues-to-make-progress-with-quantum-computing-initiatives/ K. MAUSSANG - Quantum Computing landscape 35
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https://thequantuminsider.com/2024/06/17/dell-technologies-continues-to-make-progress-with-quantum-computing-initiatives/
https://thequantuminsider.com/2024/06/17/dell-technologies-continues-to-make-progress-with-quantum-computing-initiatives/

Germany Launches First Hybrid Quantum Computer At

Hybrld computin g Leibniz Supercomputing Centre

Quantum Computing Business

*A 20-qubit quantum computer has been
integrated into a supercomputer, SuperMUC-
NG in Germany.

.
§
i""

@ @ @ https://thequantuminsider.com/2024/06/19/germany-Iaunches-K. MAUSSANG - Quantum Computing landscape 36
first-hybrid-quantum-computer-at-leibniz-supercomputing-centre/

*The installation was part of a collaboration
with the Leibniz Supercomputing Centre (LRZ)
of the Bavarian Academy of Sciences and
Humanities, the Q-Exa consortium, led by
IQM Quantum Computers (IQM).

*The IQM quantum processor unit, based on
superconducting circuits, has been combined
with conventional computer technology to
create the new system.

i
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https://thequantuminsider.com/2024/06/19/germany-launches-first-hybrid-quantum-computer-at-leibniz-supercomputing-centre/
https://thequantuminsider.com/2024/06/19/germany-launches-first-hybrid-quantum-computer-at-leibniz-supercomputing-centre/

How many qubits?
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Qubit(s)

Is a single qubit useful?

How many qubits are required?
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1.0E+09

Qubit(s)

1.0E+07

Comparison of Quantum Chemistry Circuits |

-
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-
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-
-
-
-
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- -
-——— -
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- -

Is a single qubit useful?

_______

-
-~ -
P "" ’ﬂ’
1.0E+06 T ~- e
Pl -

Trotter Step Gate Depth

- -&=-- Whitfield: HalfUp,No Duplicates
—&— Ancilla: HalfUp
1.0E+05 --B-- Ancilla: HalfUp,No Duplicates

Ancilla: HalfUp,No Duplicates,Nested

How many qubits are required?

Molecule Formula Bits needed | Qubits needed ArXiv:1403.1539

Water H-0 104 14

Ethanol CoHgO 10%° 47 T ‘

. few hundreds of qubits

Caffeine CgH10N4O5 1048 160 YP f f 1

Sucrose C12H22011 1082 274

Penicillin | C16H1gN2NaO4S 1030 286 > Number ()f qubz’tg
Number of classical bits and qllbitS in order %« Depl'h » Of quantum Cl'ifcul'l'
to represent energy states of molecules.

% UNIVERSITE oe '
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Qubit(s)

Is a single qubit useful?

How many qubits are required?

RSA encryption algorithm — 2048 bits key.

» Better known algorithm: 1 billions of years.

» Shor’s algorithm (4096 perfect qubits) :
<1 second (QC @ 1 GHz)
120 seconds (QC @ 1 MHz)
15 days (QC @ 1 kHz)

10 years (QC w1 Hz)

AA- UNIVERSITE oe

ONTPELLIER () DS

INFORMATION
ASSURANCE

@
DIRECTORATE

Commercial National Security Algorithm Suite

and Quantum Computing FAQ

NSA (2016)

A compare between Shor’s quantum
factoring algorithm and general Number
Field Sieve, Hamdi et al. (2014)
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Qubit(s)

Is a single qubit useful?

20 million noisy qubits

Craig Gidney! and Martin Eker3®

'Google Inc., Santa Barbara, California 93117, USA
?KTH Royal Institute of Technology, SE-100 44 Stockholm, Sweden
Swedish MCSA, Swedish Armed Forces, SE-107 85 Stockholm, Sweden

"How to factor 2048 bit RSA integers in 8 hours usin

g

How many qubits are required?\ https://arxivorg/abs/1905.09749

-

Physical qubits

" Simulating FeMoco
104 SNo —— GOSC, Measurement depth = Teount, CC=235ps
\\“ =+=  GOoSC, Measurement depth = Tount /10, CC=235us
(X s, ’\\ === GOSC, Measurement depth = T.ount /100, CC=235us
103 é ~ Yo \\,\ e+ AutoCCZ factories - Tick limited, CC=235us
3 2 Sed s SN = - AutoCCZ factories - Tick limited, CC=1us
‘ s g e ¢ T factories - Beat limited, CC=235ps
LB ) e SRR m T factories - Beat limited, CC=1ps
- ~ ~

102 ". .'\., s 7 >
2] . .
>
©
e
- 1 an
10 : -
€ - :
(= 2, L

10° W gl eount e

- \
~.,
~.,
107t ount 110 i
T count /100 ~
T count /100
10° 1010 101t 1012 1013

~

Breaking encryption has received a lot of attention in the quan-
tum computing community since Shor’s breakthrough algorithm,
which provides a near exponential speedup for prime factoring that
has direct implications for breaking RSA encryption. Gidney and
Ekerd provide algorithmic improvements in addition to the surface
code strategies for breaking RSA encryption, and they estimate that 20
x 10° qubits running for 8 h could break it with a code cycle time of 1
ps.”' In a blueprint for a shuttling-based trapped ion device, which

B. Breaking Bitcoin’s EC encryption

The impact of hardware specifications on reaching
quantum advantage in the fault tolerant regime 0

Cite as: AVS Quantum Sci. &, 013801 (2022); doi: 10.1116/5.0073075 sy 1. @
Submitted: 27 September 2021 - Accepted: 7 December 2021 - @ .

Mark Webber, “* Vincent Elfving,” (1) Sebastian Weidt,' (7} and Winfried K. Hensinger'*

Published Online: 25 January 2022 w Online Export Citaion

(ool
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What is a « good » qubit?

Quantum state preservation (coherence)
- weak coupling with environment, cryogenic temperatures

Individual qubit manipulation

Individual qubit detection [T he number of qubits is not, j

intrinsically, a relevant metric !

Quantum gates
- coupling strength controlable with other qubits

Noisy Intermediate-Scale Quantum - NISQ (John Preskill)
- physical qubit / logical qubit
characterized by T, T, T,*, C-not error rate, single gate error rate, ...

K. MAUSSANG - Quantum Computing landscape 42




T, 1,222

Density matrix: [ &

I+7-6
5 , 7] <1

—BHA

Tr( H)

A A L0 pio
(P pthermftl) 2 ( p01 0 )

pure state vs thermal state p = |w)(y/

'O>

Basic model of decoherence
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Oubits and QPU experimental achieviment

\ PR E L /1
NERKD? UNIVERSITE DE /
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QUbIt VS transistor KA qubit 1s a single atom or a single meta—\

atom (individual quantum system)
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The quantum race

) UNIVERSITE o '
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https://www.economist.com/science-and-technology/2015/06/20/a-little-bit-better

The quantum race

Current Microwaves Elloons

- ” ' Vacancy—e l

= :

é Capacitors o 3

o= .

£ | | N

Laser
~——Microwaves C
Electron

Superconducting loops  Trapped ions Silicon quantum dots Topological qubits Diamond vacancies
A resistance-free current Electrically charged atoms, or These “artificial atoms” are Quasiparticles can be seen in A nitrogen atom and a vacancy
osqllates back and fortharound  jons, have quantum energies made by adding an electron to the behavior of electrons add an electron to a diamond
a circuit loop. An injected that depend on the location of a small piece of pure silicon. channeled through semi- lattice. Its quantum spin state,
microwave signal excites the electrons. Tuned lasers cool Microwaves control the conductor structures.Their along with those of nearby
curr ept into super- and trap the ions, and put them electron’s quantum state. braided paths can encode carbon nuclei, can be
position states. in superposition states. quantum information. controlled with light.
Longevity (seconds)
0.00005 >1000 0.03 N/A 10

Science (2012)
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I — Supraconductor qubits
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Supraconductor qubits

A UNIVERSITE oe
- MONTPELLIER K. MAUSSANG - Quantum Computing landscape 49




Supraconductor qublts

Google

UNIVERSITE o

MONTPELLIER

Intel
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Supraconductor qubits

“natur

THE INTERNATIONAL WEEKLY JOURNAL OF SCIEHBE

(o

- CHEMICAL

POTENTIAL

Quantum computers
extend their reach
to solve electronic
structures of
smallmolecules
PAGE 242

NATURE.COM/NATURE
16 Septarnbur 2017 £10
Vel 549,40 7671

(ool

Energy (hartree)

0.4 -12.0
0.2 -125¢}
or 130}
-0.2 135
1
-0.4 i
-14.0
-0.6 ? '
-1451 ¢
-0.8 i
-150 %\
-1.0t 3
-155}
-1.2

Interatomic distance (A)

2 3 4 ()
Interatomic distance (A)

......

1 2 3 4
Interatomic distance (A)
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Development Roadmap IBM Quantum

2016-2019 e 2020 @ 2021e 2022e 2023 e 2024 2025 2026 2027 2028 2029 2033+

Run quantum circuits Release multi- Enhancing quantum Bring dynamic Enhancing quantum Improving quantum Enhancing quantum Improving quantum Improving quantum Improving quantum Improving quantum Beyond 2033, quantum-

on the IBM Quantum Platform dimensional execution speed by circuits to unlock execution speed by circuit quality and execution speed and  circuit quality to circuit quality to circuit quality to circuit quality to centric supercomputers
roadmap publicly 100x with Qiskit more computations Sx with quantum speed to allow 5K parallelization with allow 7.5K gates allow 10K gates allow 15K gates allow 100M gates willinclude 1000’s of
with initial aim Runtime serverless and gates with partitioning and logical qubits unlocking
focused on scaling Execution modes parametric circuits quantum modularity the full power of

quantum computing

Data Scientist o
Code assi ©  Functh Mapping Collection Specific Libraries Getieral pitaoss
QC ibraries

Researchers Middleware

Quantum Transpiler Service

Serverless
Quantum Qiskit Runtime
Physicist

QASM3 @ o 87 & Flamingo (5K) Flamingo (10K) Flamingo (15K) Starling (100M) Blue Jay (1B)

Error Mitigation ror 3 Error Mitigation Error Mitigation Error correction Error correction

10k ga 15k gat 100M gates 18 gates
156 qubi 156 qut 200 qubits 2000 qubits
Benchmark i
27 qubits it o 2 tum modular Quantum modular nt L Quantum modular Error cor.roc(ed Error corrected
s modularity modularity

Canary Albatross Penguin Prototype
5 qubits 16 qubits 20 qubits 53 qubits

33x3 = 399 qubits S6x7 » 1092 qub 156x7 = 1092 qubits X7 » 2 qubits 156x7 = 1092 qubits

2016-19 : 5 — 53 qubits 2020-21 : 27 qubits 2022-23 : 127 qubit
d quons quons 2024-2029 : No more than 1092 qubits

Innovation Roadmap end 2023 : 133 qubits (Heron)

Software IBM Qiskit Ll | Application ¥ eI “ll  Serverless ¥ | Alenhanced ¥ | Resource  ®  Scalable circuit Error correction
Innovation \gu SISD) Chrcuft and Oerator modules Runtime D als quantum management knitting decoder
XPOEENSe API with compilation Modules for domain Performance and conceptsof Prototype System pastitioningto | Circuit partitioning Demonstration ofa
fomultiple targets specific application abstract through SO d ions of Al enable parallel with classical quantum systeen with
and algorithm Primitives supercomputing enhanced circuit oxecution reconstruction at HPC real-time error
workflows transpilation scale correction decoder

Kookaburra Cockatoo Starling

trate scali L stra h Demonstrate path to
h improved quality

Hardware Early Falcon Hummingbird “agle 2 S Condor
Innovation Canary

5 qubits

with logical gates

Albatross  Prototype
16 qubits 53 qubits

Heron ¢ Crossbill )
Architecture m- coupler
base tunable-

@ Executed by 1BM s

-:‘_') On target

@ @ https://research.ibm.com/blog/quantum-roadmap-2033

IBM Quantum / © 2023 IBM Corporation
O\ e


https://research.ibm.com/blog/quantum-roadmap-2033
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https://time.com/6249784/quantum-computing-revolution
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2 — Photonic qubits
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Photonic qubits

Encoding a qubit on single photons
Quantum light

» Particule of light: single photons
» Continuous variables and squeezed light.

Encoding in: polarisation, spatial modes, wavelength, temporal modes (« time-bin », suited for
propagation over long distances).

Technological challenge: single photon sources

Ideal source

» High purity (multi-pheten)
» High emission rate
» Telecom wavelength

ﬁ > Deterministic
NIVERSITE ot
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Photonic qubits

Basic elements for quantum calculation with photons : beam splitter and phase-shifter.

Article | Open access | Published: 23 July 2014

A variational eigenvalue solver on a photonic quantum
processor

Alberto Peruzzo E, Jarrod McClean, Peter Shadbolt, Man-Hong_Yung, Xiao-Qi Zhou, Peter J. Love, Alan

Aspuru-Guzik Ma Jeremy L. O'Brien &

Nature Communications 5, Article number: 4213 (2014) | Cite this article

https://www.nature.com/articles/ncomms5213

UNIVERSITE o '
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Photonic qub!ts

|00) Wlo; ® ol

CPU
Optimization
algorithm

(H)
)
{u/}
.

(o]}

https://www.nature.com/articles/ncomms5213

UNIVERSITEoe Y
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Photonic qubits

X /\ N /\ D U HARDWARE SOFTWARE ABOUT

BUILDING ASUPER
COMPUTER ON A SINGLE CHIP

(:_)_! lantum complt ITIH with lig H can solve In hours ol 'fli,{-i"j.,w"% what

would otherwise take billions of years with existing chips.

////(\\

\

UNIVERSITE o '
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Photonic qubits

La start-up frangaise Quandela leve
50 millions d’euros pour fabriquer des
ordinateurs quantiques

Ce financement, qui a lieu moins d’'un an aprés les 100 millions levés par son concurrent
Pasqal, illustre les avancées de cette technologie.

Publié le 07 novembre 2023 4 08h05, medifié le 07 novembre 2023 410h31 - @ Lecture 3 min. - Read in English

<) UNIVERSITE ;e
N montPeLLIER | N MOIE!
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Photonic qubits

Exemple: computation of the fundamental state of a He-H* molecule.

Q _05 1
] *0 ——Energy levels
-1 ¥ + Theoretical (H)
— ‘ e Experimental (H)
S 15 o ¥
g -1.5+ b
- ¢ Q@ 1 o0 @ S A N AU
- 1 %_ [e)) °.$‘oo
< 14 S OBEL 1 %0 °
> ) __ﬁ‘ = o . ., o ®
— WL i [ ]
e ] 3 f . o 0.6 - ® ™
- . S |+ '_?_. 3 1e ° '
' ’a L 0.4+ ¢ &
-2.5 —_' e *++ I % 11 o ° ..
:+ [} °® 0.2 - %® -’
‘ ve 1.% ®o
—3 —r+rr v+ | v+~ | ¢ ¢ v [ r 1 11t 1 T 17 O 0?TII]I’IIIIIII'IIIIIIIITI'IEI
0 20 40 60 80 100 0 20 40 60 80 100
Optimization step | Optimization step j

]

| https://www.nature.com/articles/ncomms5213
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3 — Spin qubits

K. MAUSSANG - Quantum Computing landscape 62




Spin qubits O\ e

nature electronics

-3

\ \ | 8
A - o
-‘FJ_P-’

o —
&= Charge sensors
ik =

AL

‘"‘. \ ——

\ U

I -
e

| Gate routing |8
\\V;

l\*:ﬁM@HMH—F

Industrially manufactured qubits

https://www.nature.com/articles/s4192 i

—

——
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https://www.nature.com/articles/s41928-022-00727-9

4 — Ultracold (neutral) atoms qubits
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Ultracold (neutral) atoms qubits

>

Optical lattice
laser beams

Mirror 1,064 nm
Window 780 nm

High-resolution
objective
(NA = 0.68)

—

Quantum Computing landscape 65
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Ultracold (neutral) atoms qubits

A UNIVERSITE e Y -
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5 — Trapped ions qubits
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Trapped ions qubits

0 QOUPIFRIVOOCOO0OEHSSSOO0VD V000 3R O0U0 0 OUIUEOLOOOONS e SESOOOO000EUSIP 999 © ©

Chain of individual ions (R. Blatt, Innsbruck)

compensation . ‘
blades - radial electrodes electrodes Side view
e ® Bidiiit i (cut through diagonally
LS ' o) 7 opposite blades) %
1 ‘\
[ | ’ \ Y
i 4 J (@) /// ____________________ 7.
2 D o s e s s s R it
‘\\: OO ....................
\‘\s -y
Y 7 7
Y, ./,
....................
30.0 mm

tips - axial electrodes
68

https://en.wikipedia.org/wiki/Trapped-ion gquantum computer
K. MAUSSANG - Quantum Computing landscape
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Trapped ions qubits

0 00U IR YLOO0OLHS5SSO00 0000 AR R0O0 00K

Chain of individual ions (R. Blatt, Innsbruck)

I. Pogorelov, et al.
https://journals.aps.org/prxquantum/abstract/10.1103/PRXQuantum.2.020343
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https://journals.aps.org/prxquantum/abstract/10.1103/PRXQuantum.2.020343

Trapped ions qubits

Magnetic Magnetic
shielding shielding
Helical
resonator
Tuning
cois
Permanent
Permanent magnes
magnets
Cooling
fan

Drawer
rails

Vibrational
isolation
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Trapped ions qubits

(a) Waveguides

Stabilization module Switching PGC 2
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|. Pogorelov, et al.
https://journals.aps.org/prxquantum/abstract/10.1103/PRXQuantum.2.020343
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https://journals.aps.org/prxquantum/abstract/10.1103/PRXQuantum.2.020343
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Trapped ions qubits
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I. Pogorelov, et al.
journals.aps.org/prxguantum/abstract/10.1103/PRXQuantum.2.020343
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5 — Topological qubits
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Topological quitS PHYSICAL REVIEW B 107, 245423 (2023)

Editors’ Suggestion

InAs-Al hybrid devices passing the topological gap protocol

Morteza Aghace et al.*
(Microsoft Quantum)

M (Received 12 October 2022; revised 9 March 2023; accepted 10 May 2023; published 21 June 2023)

We present measurements and simulations of semiconductor-superconductor heterostructure devices that
are consistent with the observation of topological superconductivity and Majorana zero modes. The devices
are fabricated from high-mobility two-dimensional electron gases in which quasi-one-dimensional wires are
defined by electrostatic gates. These devices enable measurements of local and nonlocal transport properties
and have been optimized via extensive simulations to ensure robustness against nonuniformity and disorder.
Our main result is that several devices, fabricated according to the design’s engineering specifications, have
passed the topological gap protocol defined in Pikulin ef al. (arXiv:2103.12217). This protocol is a stringent
test composed of a sequence of three-terminal local and nonlocal transport measurements performed while
varying the magnetic field, semiconductor electron density, and junction transparencies. Passing the protocol
indicates a high probability of detection of a topological phase hosting Majorana zero modes as determined by
large-scale disorder simulations. Our experimental results are consistent with a quantum phase transition into
a topological superconducting phase that extends over several hundred millitesla in magnetic field and several
millivolts in gate voltage, corresponding to approximately one hundred microelectronvolts in Zeeman energy and
chemical potential in the semiconducting wire. These regions feature a closing and reopening of the bulk gap,
with simultaneous zero-bias conductance peaks at both ends of the devices that withstand changes in the junction
transparencies. The extracted maximum topological gaps in our devices are 20-60 peV. This demonstration is a
prerequisite for experiments involving fusion and braiding of Majorana zero modes.

DOI: 10.1103/PhysRevB.107.245423
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Topological qubits

INAS-AL HYBRID DEVICES PASSING THE ...

PHYSICAL REVIEW B 107, 245423 (2023)
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Quantum race

Technology Pros Cons Entreprises
# qubits ~100, T1~.1 OOHS, gate fidelity Requires sub-K ¥BM., Google,
Supraconductors | >99%, Gate operation time ~10-50ns, fempberatures Rigetti, D-waves,
TRLS5, silicon technology P Alice et Bob, Intel,...
. T,~50s, gate fidelity >99%, room 1D geometry, Gate
Trapped ions temperature, TRL4, # qubits ~32 operation time ~3-50us, lonQ
Ultracold atoms Room temperature Quantum simulators Pasqal
Electronic spin Electrical read-out of qubit state # qubits ~2, TRL 2-3 CI12
Topological Relies on Majorana zero
inI;ulatgors Topological protection mode, not observed yet... Microsoft
Initially expected in 2018
Fly1gg qubit, room temperature, fast . Ouandela, QuiX
gating, modular design, quantum Connectivity
: . quantum, Xanadu,...
internet compatible
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