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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 1

And with many 
Qubits

New aspects can be used like quantum interference and entanglement 

Obvious advantage

The coefficients can take any values  that verifies 
<latexit sha1_base64="lPBJCly+ly31cneK7ImZt5I8mJk="></latexit>
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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
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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



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

<latexit sha1_base64="66y5hMlX29kJATHJcFZNaO+jIY0="></latexit>

|00i
<latexit sha1_base64="uPhQxPvGyggfi6T5dvTKR7yafRw="></latexit>

|01i
<latexit sha1_base64="Zff/PxP9GPsiO+2vcb6JqBb2OEA="></latexit>

|11i

<latexit sha1_base64="+9Pof4yVvnkmwXl2NG6VekLOeVY="></latexit>

|10i

<latexit sha1_base64="J7eceVZcd0SudQSF2JHY08oxbhw="></latexit>

|11i $ |10i

<latexit sha1_base64="sjQi7selhTMNcvhM3Bo/SgpHs0Y="></latexit>

|11i $ �|11i

<latexit sha1_base64="S8whRVliihW0UQ9FQuOFrbZVgb8="></latexit>

|01i $ |10i
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FROM DREAM TO REALITY

©Google

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)



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



IBM 
Cloud

RIGETTI superconducting 
19 Qubit

Nature focus

Quantum computational
advantage using photons, Science 370 (2020)

IonQ Gemini desk computer

?
(2021)(2020)

Where we are now



Coming back to the Nuclear 
physics case



Few initiated applications in the world in IN2P3 fields 

©Google

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



Some advertising 
https://qc.pages.in2p3.fr/web/



https://qc.pages.in2p3.fr/web/



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. 



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
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can we extrapolate to long-time? 

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

BreakingNo breaking

deformation
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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
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Demystifying QC Illustration with qiskit

Creation of the circuit

Running the circuit



The counting statistic problem
In quantum systems
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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
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Initial wave-function

Event 1

<latexit sha1_base64="I57BqJU/WiKH1ebuKymfjT4Q0iA="></latexit>

| i

Event 2
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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 
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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
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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>
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P (A) = CA
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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).



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

nr
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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 
HFB state with 

varying number 
Of particles 

h�A(�) |H|�A(�)i

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).



Projection on total spin

Wave-function on qubits

Sequential method to create a total spin

P. Siwach and DL, arXiv:2106.10867 



Projection on total spin

Wave-function on qubits

Sequential method to create a total spin

P. Siwach and DL, arXiv:2106.10867 

Illustration
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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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can we extrapolate to long-time? 

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

BreakingNo breaking

deformation
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Original motivation : probe quantum supremacy with Fermi Cooper pairs

Bosons Pair sampling problem 

Mainly in photonic quantum
computers

Bosons

Idea:
2 fermions
are similar to 
1 boson 

Advantage : can be made on any device 

But for this we need to solve 
Efficiently the evolution
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Solution of Schroedinger Equation on classical and quantum devices

i~ d

dt
| i = H| i

Schrödinger equation
Formal 
solution

time

| (tf )i

| (t0)i

| (t)i = e
1
i~ (t�t0)H | (t0)i

H is usually a big matrix

Integrating the Schroedinger Eq. on a classical computer 

time: time-step:{ti} �t

i~Ḟ(t) = H⇥ F(t)

F(t + �t) = exp
✓

�t

i~ H

◆
⇥ F(t)

Time discretization



Solution of Schroedinger Equation on classical and quantum devices

| (t)i = e
1
i~ (t�t0)H | (t0)i

Integrating the Schroedinger Eq. on a quantum computer 

1. Time discretization

Quantum computers can only perform unitary transformations

2. Decomposition of H into elementary blocks
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3. Use a transformation (Trotter-Suzuki)
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4. Transforms to circuit

| (t0)i
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Illustration with our cooper pair problem

Pairing Hamiltonian

HP =
X

i>0

"i(a
†
iai + a

†
ī
aī)� g

X

i,j>0

a
†
ia

†
ī
aj̄aj
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The problem is that we can nowadays perform only few operations and with a limited fidelity



Predicting long time dynamics from short-time evolution 

Prediction of long time evolution from short-time 
Propagation
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can we extrapolate to long-time? 

Full space

Important space
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But they cannot be computed easily on a quantum computer

What is the physical content of short-time evolution ?  
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Are the so-called Krylov states  

We propose instead to compute 
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Hamiltonian moments calculation on a quantum computer
With minimal qubits number 

Generating function concept
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Practical method to get F(t)
Circuit for the Real part

Circuit for the Imaginary part



Hamiltonian moments calculation on a quantum computer
With minimal qubits number 

Generating function concept
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Illustration for the cooper pair problem
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finite difference 
made on a classical 
computer

E. A. Ruiz-Guzman and DL, in preparation



Next use the moments for post-processing
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Ground state property 
(imaginary time evolution)

E. A. Ruiz-Guzman and DL, arXiv:2104.08181 

Evolution: Krylov without 
Krylov states
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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 



From B. Vulpescu


