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(I) WHY QUANTUM COMPUTING?
(and WHY NOW?) 



Short introduction to bit versus Qubits

Classical computers 
Works with bits

Bits are only 0 or 1 

Quantum computers with 
Quantum bits

Qubits can be seen 
As two-level systems 

A single Qubit can be any superposition of 0 and 1Obvious advantage

Imagine you want to simulate  where 0 appears with a probability p0 and 1 appears with a 
probability p1. On a classical computer, you do many events and average over events. 
On a quantum computer 1 single simulation is necessary (but many measurements).  

And with many 
Qubits

New aspects can be used like quantum interference and entanglement 



Short introduction to bit versus Qubits
Illustration of quantum advantagesQuantum Tunneling and 

quantum annealing

Classical “Thermal” annealing

Quantum annealing (tunneling)

Quantum entanglement

Assume two persons (Alice and Bob)

The humor of A&B are encoded in the wave-function
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A B A B Suppose I measure Bob 😀 😀

😫 😫
I can measure partial info and get the full info
The info is destroyed after measurement
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Hilbert Space dimention with qubits  
Illustration of quantum advantages

Systems described on qubits

<latexit sha1_base64="304f5WarwXobKziYn+1XhBB+93c="></latexit>

| i =
X

si=0,1

 s1,··· ,sN |s1, · · · , sni

<latexit sha1_base64="MKnVV9vLmWaluWfeSMAzV01P6DU="></latexit>

|0i

<latexit sha1_base64="Zvn7wicllmGVuBgxcLhM3R2COFM="></latexit>

|1i
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Quantum supremacy ~250

With 2300 (i.e. 300 qubits) the size is more than the number of particles 
In the universe. J. Preskill



What are the anticipated applications ?

Simulation of 
Quantum complex 

systems 

Ex: systems on lattices

On classical computers
Can be solved exactly 
For max 20 particles. 

On quantum computers: 
N sites means only N qubits

Credit: The Fabric of The Cosmos: Quantum Leap

Quantum versus classical search

Classical

vs

Quantum

Exploring complex landscape: 
molecules, 
customers preferences (amazon), …

Quantum secrets (cryptography, quantum key, …)

A B

A B
Alice

Bob

Evesdropper



IBM 
Cloud

RIGETTI superconducting 
19 Qubit

Nature focus

Quantum computational advantage using photons, 
Science 370 (2020)

IonQ Gemini desk computer

?
(2021)(2020)



Personal motivations 



Few initiated applications in the world in IJCLab fields 
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The Quantum Information Processor 
with Trapped Ca+ Ions  

P. Schindler et al., New. J. Phys. 15, 123012 (2013) 

Lattice gauge theories

N-body nuclear systems

Applications to data mining (event 
classification)

Crédit: JLab

Dynamics: e, n scattering Dumitrescu, Hagen, Carlson, Papenbrock…  

Zohar, Kolck, Savage, …

Roggero, Carlson, …  

CMS-detector (with LLR)

N-body problem
Dark matter

Mocz, Szasz



(II) PLAYING WITH QUBITS
(from texbooks)



Minimal - Practical aspects of quantum computers 

Initial state
|0i

Manipulate the Qubits (Make rotations) 

c0|0i+ c1|1i
Final state

Measure the state
|c0|2, |c1|2

(“destroy” the state)

With many Qubits
Initial 
state

Elementary 
operations

Quantum circuits

Gives the |a|2



Minimal - Practical aspects of quantum computers
The quantum computing toolkit 

Unary operations

Rotations

Standard examples
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Binary operations 

Standard examples
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Ternary operations
Standard example

<latexit sha1_base64="9XFX133qxsMaM37wwc0eYOxy9Hg="></latexit>

|110i $ |111i



Schematic view of the quantum computing programming
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List of events
011…001, 
100…011, …

Born Rule:
Wave collapse

<latexit sha1_base64="QuXU5bjtUkKLqKRXxZwZfdFhVsA="></latexit>

|011 . . . 001i
<latexit sha1_base64="q9wBMq9JUdpmjsecVCD5g7TBF8k="></latexit>

|100 . . . 011i
<latexit sha1_base64="GkArLMOIAHSVT218zWObZmQWZKU="></latexit>· · ·



Some flash of what is happening now: many-body systems

The many ways to prepare a system

Independent particles

Superfluid systems 

Requires symmetry breaking
and restauration tools

D. Lacroix, PRL 125, 230502 (2020).

Parametrizing general states: 
Tensor network
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(now tested with A. Ruiz Guzman [PhD])



Some flash of what is happening now: many-body systems

State manipulation/evolution

Exact evolution Example Trotter-Suzuki

Approximate  evolutions

Variational methods Long time evolution from short time simulation 

A. ruiz-Guzman and DL, arXiv:2104.08181

https://arxiv.org/abs/2104.08181


(III) FROM DREAM TO REALITY
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Quantum programming is “easy” but working 
really with quantum computers is difficult

-adapt to the technology. 
-search of efficient algorithms on this technology.
-try to correct for nasty noise as much as possible.

This looks more like an experimental program than 
informatic or quantum theory. 

Digital QC

QC is not unique 

Qubit, Qutrit, qudits Analog computing



Quantum computing today is firstly an experimental challenge

Ideal Qubits

REALITY
Everything around want to destroy the ideal 
picture and the quantum coherence. 

|0i
|1i

External Exp. Setup

Leads to loss of information
And decoherence

For multi-Qubits, also cross-talk
(making operations on one qubit 
Impacts other qubits) 

Working with quantum computers now means working in a noise environment short programs
(before decoherence occurs)

Noise correction is a business by itself 



Building quantum computers: companies

©UNSW Sydney 

Silicon qubits

Neutral atoms
©U. of Bristol

Photons
©Innsbruck University

Trapped ions
©Google

Superconducting
qubits

The Quantum Information Processor 
with Trapped Ca+ Ions  

P. Schindler et al., New. J. Phys. 15, 123012 (2013) 



Boston Consulting Group – Nov 2018

Platforms comparison



From B. Vulpescu



Projets sur l’informatique quantique à IJCLab

Denis Lacroix (IJCLab)  

Description of quantum 
complex systems



Summary

©C2N - CNRS

©UNSW Sydney 

©Innsbruck University

©U. of Bristol

©Google

Quantum computing is a high risk/high benefit
interdisciplinary field  
It might lead to unprecedented boost in theory
(or more generally in complex problems)

It leads to natural link between public research and 
private companies (IBM, Google, …)

Emerging QC programs in France 




