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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.  

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

<latexit sha1_base64="14L1wK4HA3hRXFCDcP566x3rOko="></latexit>

|�i = ↵| i+ �| i😀😀 😫😫

A B A B Suppose I measure Bob 😀 😀

😫 😫
I can measure partial info and get the full info
The info is destroyed after measurement



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



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 

Ternary operations

Standard examples
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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)



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 article O. Ezratty

Building quantum computers: companies

https://www.oezratty.net/wordpress/2020/developpement-competences-technologies-quantiques/


Building quantum computers: companies



IBM 
Cloud

RIGETTI superconducting 
19 Qubit

Nature focus

Quantum computational advantage using photons, 
Science 370 (2020)

IonQ Gemini desk computer

?
(2021)(2020)



The Google illustration

Quantum supremacy

Applications I will show are still tested here



What are the anticipated applications ?

Quantum European Flagship



Coming back to the IN2P3 
physics case



Personal motivations 

Explore the possibility to use quantum technology
in our field. 

Understand the key concepts 
and problems in a very new domain.

Prepare the arrival of a new disruptive technology that might give a 
significant boost in our domain. 

Try  to contribute to this enthusiastic adventure.

QC2I



One example:
Simulation of complex 
quantum (interacting) 

systems 

two-body interaction

three-body interaction

one-body

If you have N one-body degrees of freedoms
The Hilbert space has an exponential 
Scaling (~N!) 

Even today, only a limited area (small systems- few %) 
of the nuclear Chart can be calculated with most 
powerful Supercomputers. 



Solution of simple many-body problem with QC: a brief history

Spin systems

Jordan-Wigner (1928)
Fermions on [1D] lattice 

Quantum chemistry
Condensed matter

1997- Abrams and Loyds
A quantum algorithm 
For eigenvalue problems

2001- Bravyi-Kitaev
Mapping fermions-Qubits

-2011-2012-Whitfield et al
-Seeley et al

The H2 Hamiltonian

-2014 – Peruzzo et al,  
The VQE algorithm
For classical-quantum calc. 

-2016 - O’Malley et al
First “real” calculations H2

-2017 - Kandala et al
Calculations for H2, LiH, HBeH

-2018  - Hempel et al
…

-2018  - Dimitrescu et al
First “real” calculations 
For deuteron 
-2019  - Lu et al

3H, 3He, a

Nuclear Physics

Creation of a US coll. To
Prepare QC



General strategy

Take a simple version of 
your favorite many-body problem 

Map/formulate  it as a problem 
with Qubit

Use standard QC algorithms
or 

Propose new QC algorithms

Test on a 
QC emulator It works !

Test on a real 
Quantum 
platforms 

It works sometimes !



The recent applications we made 
(in many-body systems)

Application to the counting of particle number
(for superfluid systems)

Replacing bosons by pairs of fermions to probe 
quantum supremacy

Prediction of long time evolution from short-time 
Propagation

<latexit sha1_base64="SU5xpcD0AGF6xRVDti2NhRoFJfo="></latexit>
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| (tf )iNISQ era

can we extrapolate to long-time? 

Breaking symmetries and restoration of symmetries 
in many-body systems on quantum computers 

BreakingNo breaking

deformation

En
er

gy



Broken symmetry/restoration
The counting statistic problem

I want to count people 

A more specific example 

Denis
Andrea

Bogdan
Guillaume

4 persons

Andrea

Bogdan
Guillaume

3 persons

Andrea
Bogdan

2 persons
With many events we can do 
Probabilities, statistical analysis 



The counting statistic problem
In quantum systems

I assign a qubit to each person
<latexit sha1_base64="bNLaRs+XuHlOI3QcDMo+d9TJwk0="></latexit>
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Demystifying QC Illustration with qiskit

Creation of the circuit

Running the circuit



The counting statistic problem
In quantum systems

<latexit sha1_base64="bNLaRs+XuHlOI3QcDMo+d9TJwk0="></latexit>
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With more people

People can be entangled 
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Here I created a Bell state 



The counting statistic problem
without destroying the wave-function

<latexit sha1_base64="THHK2xpyLVE71oY580tA8p/OvjA="></latexit>
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Initial wave-function

Event 1
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Event 3
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Event 4
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…

After the measurement the wave-function collapse to one of the state

A more difficult problem I want to select the component with 3 persons
without completely destroying it 

<latexit sha1_base64="uVhgTtcIl+mwXu5HVS369/AbwI4="></latexit>
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If I open the box

or



Non-destructive counting on a quantum computer 

Initial state

Starting point

|�i = |0, · · · , 0i Send the information 
To additional qubits
That are destroyed 
after measurement

Post Processing



The quantum-Phase estimate (QPE) algorithm 
For eigenvalue problems 

Assume an eigenstate

Assume a unitary operator U
| i U | i = e2⇡i'| iSuch that

⇥e2⇡i'

⇥e4⇡i'

⇥e8⇡i'

nr Register
qubits

QFT -1 |2nr'i

⌦
| i

Working
qubits

General Case

| i =
X

k

↵k|�ki
QPE X

k

↵k|✓k2nr i ⌦ |�ki

register eigenstate

1p
2
(|0i+ e2⇡i'|1i)

1p
2
(|0i+ e2⇡i2'|1i)

1p
2
(|0i+ e2⇡i4'|1i)

Example

Energy

|↵k|2
Ovrum, Hjorth-Jensen 
arxiv:0705.1928

Simple Idea: take the phase proportional to the number of persons!



QPE applied to the number of persons
Practical details

UN =
Y

j

Uj

Ui = |0iih0i|+ exp(i⇡/2n0�1)|1iih1i|

Ui =


1 0

0 ei⇡/2
n0�1

�

nq
<latexit sha1_base64="/Fisu6zUz1IG5mWRQaWXdOe9IrM="></latexit>
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Example: Qubit counting statistics

Initial state
nq
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[cos('/2)|0ji

+sin('/2)|1ji]

P (A) = CA
nq
pA(1� p)nq�A

p = sin2('/2)

6/24 = 1/2 + 1/4 + 0/8 ⌘ [110]Calculation made with the IBM Qiskit python package 

' =
⇡

4
' =

⇡

2
' =

3⇡

4
nq = 6
nr = 3



Working with real quantum devices ?

Example: Qubit counting statistics

Initial state
nq

<latexit sha1_base64="/Fisu6zUz1IG5mWRQaWXdOe9IrM="></latexit>

RY (')
O

|0ji
O

[cos('/2)|0ji

+sin('/2)|1ji]

P (A) = CA
nq
pA(1� p)nq�A

p = sin2('/2)

3 qubits and 2 register qubits

Result on
IBMq_vigo
5 qubits

device



But what is the connection with 
interacting systems ???

Cooper pairs and 
superfluidity are 
rather universal 
phenomena:
(condensed matter,
Atomic physics, 
Nuclear physics, …  ) 

This problem is an archetype of spontaneous symmetry breaking. 
A “easy” way to describe it is to break the particle number symmetry, i.e. 
consider wave-function that mixes different particle number

Example

Mixes states with 0, 2, 4, … particles

We say that a symmetry (particle number) is broken

| i
But ultimately number of 
Particle should be restored ! 



An even more schematic view

Then I can use this 
Wave-function for 
post-processing 

Making projection on particle numberA schematic view

Information 
Transfer on the mixing

of particle number

X

k

↵k|01001 · · · 1i ⌦ |'ki

written as a binary number
=

We can measure the register qubit

This is equivalent to project on 
X

k

↵k|01001 · · · 1i ⌦ |'ki

Particle number

⌦nr |0i

| i =
X

k

↵k|'ki

D. Lacroix,  “Symmetry-Assisted Preparation of Entangled Many-Body States on a Quantum Computer”, PRL 125, 230502 (2020).



Project goal: make symmetry breaking/restoration on Quantum Computers 

Prepare a state with 
“controlled”

symmetry breaking

Starting point

|�i = |0, · · · , 0i quantum
algorithm

to make projection

Check it works by 
computing something



Mapping the Many-Body problem on quantum computers 
The Jordan-Wigner transformation

For qubits

|0ki

|1ki
�k
+ �k

�{�k
+,�

k
�} = 1

Mapping the Fock space into Qubits |�i = |0 · · · 0i

a†k|�i = |0 · · · 0 1k 0 · · · 0i

For fermions

{a†k, ak} = 1

Problem [�k
+,�

l
�] = 0{a†k, al} = 1 while

One possible solution (Jordan-Wigner transformation -1928)

1 Order the index like in a lattice
…

k=0 1 2 3 … j2 Define new mapping

a†k !
Y

k<j

(��j
z)�

+
j



Application to the N-body pairing problem
Hamiltonian and initial statePairing Hamiltonian

HP =
X

i>0

"i(a
†
iai + a

†
ī
aī)� g

X

i,j>0

a
†
ia

†
ī
aj̄aj

Jordan-Wigner trans: 1

2
(Ii � Zi) State ordering 

is important ! 

…

0 1 2 … n n+1

i īStates labels

Qubits labels

a†ia
†
ī Q+

nQ
+
n+1

I considered the degenerate case "i = " = 0

Initial (symmetry breaking) state preparation

| i = exp

(
�
X

i>0

'i

⇣
a†ia

†
ī
� aīai

⌘)
|0i

'i = '
| i =

Y

n>0

ei'(XnYn+1+YnXn+1)/2|�i

Equivalent universal gate on pairs

Zhang Jiang et al, Phys. Rev. Applied 9, 044036 (2018).

Simplified circuit (generalized Bell state)

| i =
Y

n

h
cos

⇣'
2

⌘
In ⌦ In+1 + sin

⇣'
2

⌘
Q+

nQ
+
n+1

i
|�i

RY (')
<latexit sha1_base64="vBQJu5diHprd0gbtxWDqok+1I8Q="></latexit>



Qiskit circuit for a single pair
1 

pa
ir

2 
re

g

Applying the strategy to the pairing problem

QPE[US ]
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Initial	state	for	quantum	
or	hybdrid quantum-classical

processing	
Initial	configuration	with
symmetry	breaking	state
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Symmetry	operator	eigenvalues	encoding	
In	the	register	qubits

Symmetry	restoration	
through	measurement Post-processing

Symmetry-
breaking 

state

O
|0ji

QPE+QFT-1

Register Qubit
Measurement

Compute the 
Energy on a 

classical   comp.



Applying the strategy to the pairing problem

QPE[US ]
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Symmetry	operator	eigenvalues	encoding	
In	the	register	qubits

Symmetry	restoration	
through	measurement Post-processing

Symmetry-
breaking 

state

O
|0ji

QPE+QFT-1

Register Qubit
Measurement

Compute the 
Energy on a 

classical   comp.

3 pairs, 4 register  



Applying the strategy to the pairing problem

QPE[US ]
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Initial	state	for	quantum	
or	hybdrid quantum-classical

processing	
Initial	configuration	with
symmetry	breaking	state
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Symmetry	operator	eigenvalues	encoding	
In	the	register	qubits

Symmetry	restoration	
through	measurement Post-processing

Symmetry-
breaking 

state

O
|0ji

QPE+QFT-1

Register Qubit
Measurement

Compute the 
Energy on a 

classical   comp.

| i =
Y

n

h
cos

⇣'
2

⌘
In ⌦ In+1 + sin

⇣'
2

⌘
Q+

nQ
+
n+1

i
|�iInitial state

Example: 3 pairs, 3 registers

' =
⇡

2
' =

⇡

4

0

8

2

8

4

8

6

8

Qubit counting statistics 



Eigenvalues-Ground state and excited states

QPE[US ]
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Initial	state	for	quantum	
or	hybdrid quantum-classical

processing	
Initial	configuration	with
symmetry	breaking	state
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Symmetry	operator	eigenvalues	encoding	
In	the	register	qubits

Symmetry	restoration	
through	measurement Post-processing

Example of an event:

|011 · · · 010i(�) ⌦ |�A(�)i

= A(�)

| i =
Y

n

h
cos

⇣'
2

⌘
In ⌦ In+1 + sin

⇣'
2

⌘
Q+

nQ
+
n+1

i
|�i

BCS/HFB state

Measurement

Measurement

Projected BCS or 
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H was encoded on the full Fock space withA < nq

For the degenerate case, this should give the exact solution

6 pairs

Exact solution
E/g = �1

4
(A� ⌫)(2nq �A� ⌫ � 2).



Exploring the possibilities of QC
Using the Broken pair approximation 
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Exploring the possibilities of QC
Some additional remarks
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Some additional remarks
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Altogether

Exact solution (lines)
E/g = �1

4
(A� ⌫)(2nq �A� ⌫ � 2).



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 



Summary 

Thank you…

Someone willing to devote some time to Quantum Computing?
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