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(First part)
General aspects of quantum 

computers and quantum advantage
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What means quantum devices today 

There are many types of quantum computers: analog versus digital quantum computers  

There are now many quantum objects one can manipulate 

Digital quantum simulator Analog quantum simulator 

Physical 
problem 

1 

Physical 
problem 

2

Complex problem 
that cannot or hardly 
be simulated on 
classical computers    

Analog
Systems 

Analog problem to 1
that could be tested 
in laboratory

Non-universal Universal Quantum simulation



Quantum analogue simulation

There are many types of quantum computers: analog versus digital quantum computers  

Analog quantum simulator 

Physical 
problem 

1 

Physical 
problem 

2

Complex problem 
that cannot or hardly 
be simulated on 
classical computers    

Analog
Systems 

Analog problem to 1
that could be tested 
in laboratory

A few examples

Analog systems on lattice (Fermi-Hubbard, Schwinger model, …) 

Analog simulation of astrophysics/cosmology

Ultracold Fermi gas Neutron stars

The mapping from one physical problem to 
another physical problem is a delicate issue

It strongly depends on the problem itself 
(non-universality)

Viermann et al.
Nature
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Digital quantum simulation with 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 

Obvious advantage

And with many 
Qubits

New aspects can be used like quantum interference and entanglement 

A single Qubit can be any superposition of 0 and 1

Digital quantum devices are supposed to be universal 



Where do we expect quantum advantage?
A few examples

Bloch sphere picture 

Quantum RAM 
advantage 

Storing with
-1 bit:   2 integers 0,1          
-2 bits: 4 integers 0,1,2,3
… 

Storing with one qubit
<latexit sha1_base64="pEvfhYkyP89n9mPlgQ5tRXV+sWk="></latexit>

|�i = f1(✓)|0i+ f2(✓,')|1i
Two-qubits

<latexit sha1_base64="0/SkGOEMJ6QjyCJ5NwafkUCwjzs="></latexit>

|�i = f1(✓1, ✓2)|00i+ · · ·
…

Direct multi-parameters function encoding
Continuous function programming  

(+quantum speedup of runtime – see later)



IBM 
Cloud

RIGETTI superconducting 
19 Qubit

Nature focus

Quantum computational
advantage using photons, Science 370 (2020)

IonQ Gemini desk computer

?
(2021)(2020)

Why now?

Zuchongzhi (66 qubits)
(PRL October 2021)

Eagle3D
127 qubits

IBM



More on quantum computers
and quantum hardwares



Quantum technologies – where do we stand ? 

Quantum computing today is firstly a technological challenge

|0i
|1i

Simplified view of a general quantum system

Be able to manipulate accurately a qubit
(fidelity)

Be able to isolate and manipulate accurately a qubit

Challenges

Be able to increase the number of “connected” qubits
(scalability, connectivity)



Many technologies are explored

©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) 



Example 1: Superconducting qubits

<latexit sha1_base64="SwvMaATJrub8fOmNeL0pmE3ad2s="></latexit>
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<latexit sha1_base64="zBPg37YutLN0p8u6V0fKJKCHyLU="></latexit>

�: flux in the inductor 
: charge in the capacitor

<latexit sha1_base64="2M8/kr234gggBNWNJxipO7cDy/o="></latexit>n

Quantum 
HO

<latexit sha1_base64="SbP83Eig7Ra9RZU1Pt8KOO2FLlc="></latexit>

!01 =
p
LC

Simple oscillator by LC circuit

Methodology

We consider the limit where quantum effects 
are important

<latexit sha1_base64="Hi8xHVFP0xaGqCtD8WebUTVMLn8="></latexit>

kBT ⌧ ~!01
<latexit sha1_base64="KD5pZCMPPAzNWU2/fwWlevdZjRo="></latexit>

n,� becomes equivalent to canonical conjugated 
variables like (x,p) for the harmonic oscillator (HO) 



Example : Superconducting qubits

<latexit sha1_base64="SwvMaATJrub8fOmNeL0pmE3ad2s="></latexit>
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<latexit sha1_base64="zBPg37YutLN0p8u6V0fKJKCHyLU="></latexit>

�: flux in the inductor 
: charge in the capacitor

<latexit sha1_base64="2M8/kr234gggBNWNJxipO7cDy/o="></latexit>n

Qubit identification 
and manipulation

Quantum 
HO

<latexit sha1_base64="SbP83Eig7Ra9RZU1Pt8KOO2FLlc="></latexit>

!01 =
p
LC

We should prepare the system in any combination
of them 

<latexit sha1_base64="Sq2NRttTuVvUQKdK98sbpwksQ8E="></latexit>

|0i
<latexit sha1_base64="aMZI+pikzPHFO3ci25DbT0zuZhs="></latexit>

|1iWe are interested in isolating        and   

Example: induce Rabi-like oscillation

External
perturbation

Simple oscillator by LC circuit

Two difficulties

Unwanted transitions
<latexit sha1_base64="UkvqAEylMIcF+KyqBVH96FLE9GI="></latexit>

|1i �! |2i

Approximate operations
<latexit sha1_base64="FR3LxjlBQK8MT3VvYDap0h7EfU8="></latexit>

|0i �! |1i



Example: Superconducting qubits

<latexit sha1_base64="zBPg37YutLN0p8u6V0fKJKCHyLU="></latexit>

�: relative phase of the two superconductors
: number of cooper pairs 

<latexit sha1_base64="2M8/kr234gggBNWNJxipO7cDy/o="></latexit>n

The Josephson junction technology

<latexit sha1_base64="M/YuS2AU0dk7B2sXQBCPJ2PD6E8="></latexit>
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Equivalent to LC but anharmonic with external current 

<latexit sha1_base64="M/YuS2AU0dk7B2sXQBCPJ2PD6E8="></latexit>
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Transmon With an external current:

<latexit sha1_base64="Sq2NRttTuVvUQKdK98sbpwksQ8E="></latexit>

|0i

<latexit sha1_base64="aMZI+pikzPHFO3ci25DbT0zuZhs="></latexit>

|1i

Anharmonicity and gaps helps to reduce
unwanted transitions



Example: Superconducting qubits
The Josephson junction technology

O. Ezratty book, website, blog, “Understand quantum computing” (in French) 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwjK7uXulN_5AhXH0oUKHcJWCH0QFnoECCwQAQ&url=https%3A%2F%2Fwww.quantonation.com%2Fwp-content%2Fuploads%2F2019%2F08%2FComprendre-Informatique-Quantique-Olivier-Ezratty.pdf&usg=AOvVaw1vVD-XHcOCntkpY0zHY8Ot


Example: Superconducting qubits
The Josephson junction technology

What it looks like 



Example: Superconducting qubits
The Josephson junction technology

superconducting
resonator

Rabi

State read-out



Example: Superconducting qubits
Next step: putting several qubits together 

2 qubits can be coupled through electrostatic interactions

With this one can manipulate/entangle qubits

Some specific 
Operations 

(see next lecture) When Fidelity



Where we are now ?

3D integration ~100 qubits 
demonstrated

Example: Superconducting qubits

Zuchongzhi (66 qubits)
(PRL October 2021)



Quantum advantage
Example: Superconducting qubits

Proofs of fidelity

Task

Compute output probabilities of a “random” 
circuit, i.e. a set of random operation.  

Usefulness of the task ?



Quantum advantage
Example: Superconducting qubits

Proofs of fidelity

Task

Compute output probabilities of a “random” 
circuit, i.e. a set of random operation.  

Usefulness of the task ?

Some controversial aspects



Quantum advantage
Example: photonic systems

Boson sampling problem

Goal : predict the final distribution

Example of operations: beam splitter, beam shifter

Science, 2020



(I) Quantum Hardware and 
the NISQ (Noisy Intermediate Scale 

quantum) period 



Boston Consulting Group – Nov 2018

Platforms comparison



NISQ (Noisy intermediate Scale Quantum) period 

Ideal Qubits

Many things tends to destroy the ideal qubits 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) 

NISQ period: Working with quantum computers now means working in a noisy environment 
and “NISQ friendly” programs, i.e. only selected algorithm can be applied and error corrections 

should be made to get reasonable results. 



The Google illustration

Quantum supremacy

Most applications are still tested here



Where ”quantum computing” is 
expected to be disruptive?



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



23

22

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

1 qubit

<latexit sha1_base64="lzRJmB0tScOLjqpo/qJfBVvqjV4="></latexit>

|10i

<latexit sha1_base64="D+tMufJ4JhWF3sRVEPpxXpTveJQ="></latexit>

|00i

<latexit sha1_base64="0jQ+oBxVgqSm6XogUNgyZWrOKuk="></latexit>

|01i

<latexit sha1_base64="Y092bvq8pg3KC/0jxIKXgpq51Mc="></latexit>

|11i

2 qubit

0

1

0

1

<latexit sha1_base64="uZJjgQkaz/yNLrZYf1Cul2D+iF4="></latexit>

|000i

<latexit sha1_base64="6Ao3ghG6L9ME/0B198jkARERCbw="></latexit>

|001i

<latexit sha1_base64="DZCQBZ+wFHrgeALjk1Z7RfSTRKU="></latexit>

|010i

<latexit sha1_base64="qbKxa0OR25n+c4pyFeUvNI3Y54g="></latexit>

|011i

<latexit sha1_base64="GFuxXVVO+AgRjsx1df2qZIvJsC8="></latexit>

|100i

<latexit sha1_base64="enkuG/wm1qtiV+uXhXPVcCAoD1A="></latexit>

|101i

<latexit sha1_base64="3znEu/6IHfK+qoSjYuyPKC2x2GI="></latexit>

|111i

<latexit sha1_base64="rGoR/2eKxAYtpNuh0qzbMeizp/M="></latexit>

|110i

3 qubit <latexit sha1_base64="GkArLMOIAHSVT218zWObZmQWZKU="></latexit>· · ·

<latexit sha1_base64="GkArLMOIAHSVT218zWObZmQWZKU="></latexit>· · ·
2

<latexit sha1_base64="GkArLMOIAHSVT218zWObZmQWZKU="></latexit>· · ·

<latexit sha1_base64="GkArLMOIAHSVT218zWObZmQWZKU="></latexit>

···

Quantum supremacy ~250

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



A more precise view of problem complexity and quantum advantage

Complexity of a problem

A fundamental question is how much “computational time” it takes to solve problem – this is linked 
to the complexity of the problem (Church-Turing thesis, Problem complexity classification, …)

M.A. Nielsen and I. L. Chuang, “Quantum computation and 
quantum information”, Cambridge university press.   

What could be computed is independent on computers – only speed will change with hardware, 
resources progresses     

Quantitatively, we are interested in the “speedup” to perform a calculation

Speedup can be:
linear

<latexit sha1_base64="RdPHqVjIXFMks8skCuyodTGnd+o="></latexit>

t ! t/1000
<latexit sha1_base64="9tYYx2yJsyHCUlcztK8DHMg638Y="></latexit>

t !
p
tquadratic 

<latexit sha1_base64="phrQrXxCjle7BqqFBP8wt5kYoG0="></latexit>

t2 ! t

polynomial
<latexit sha1_base64="dEsOHg9hPQCTku9ki//aJ8XjyQc="></latexit>

tx ! t

Quantum computers contradict this thesis- some algorithms 
Promises exponential speedup for specific calculations   

Ex
ec

ut
io

n 
tim

e

System dimension

linear

Quadratic
speedup

But the speed up could not be exponential ! 
<latexit sha1_base64="KKwLEk1xuDLqTUZ/qygMyIQ2diE="></latexit>

2t ! t Exponential
speedup

A calculation that’s takes 1 year in “linear” case would takes 24 seconds with exponential speedups



Problem complexity and quantum advantageAlgorithmic – Some history

1985
DeutschTuring

1940

Church Turing problem: analysis of a computational problem, complexity…   

The “simple” Deutsch problem: (Oracle)

case 1 case 2

Q: determine if  
Classically requires to have 2 answers

Quantum: one can directly ask   

1992
Deutsch-Josza, Simon, Shor, Bernstein-Varizani, …

time 

Deutsch-Josza problem (92)

Q: Is f constant or an equal mixing of 0 and 1 ?
Example n=4 

…

Classically requires 1+2n-1 questions

Quantum: requires only 1 question but n qubits

These problems are rather specific – usefulness?  



Problem complexity and quantum advantageAlgorithmic – Some history

Turing
1940 1985

Deutsch
1992
Deutsch-Josza, Simon, Shor, Bernstein-Varizani, Kitaev …

time 

Tracking applications 
and progress

Simon (1994): find the period of a function

Ingredient: Quantum Fourier transform (QFT) in qubit representation

Classically requires exponential number of questions.
Quantum: linear number of questions

Shor (1994): find the period of a function
Ingredient: QFT, quantum phase estimation (QPE), no Oracle

Applications:  factorization, discrete log (quantum algo can potentially break the RSA 
public key encryption technique)

Birth of the post-quantum cryptography

Kitaev 95: Circuits for QPE: eigenvalue problems, linear algebra, …

Grover search algorithm (1997): unsupervised search algorithm, data mining, …



Why quantum computing is becoming mature now ? 

General Quantum mechanics

General Quantum algorithmic

Quantum technologies/devices

Quantum 
Computing

Cloud

Quantum computing
is democratizing



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. 



to atomic nuclei phenomena

A short highlight of today’s nuclear physics challenges

Some phenomenology
Strongly interacting fermions Quantum self-bound 

Fermi droplets 

(courtesy JP. Ebran)



Why quantum computing can help to describe nuclear physics ? 

Some evident sources of 
complexity in nuclei

-There are many nuclei (>3000). Nuclear 
phenomena evolve along the nuclear chart.  A 

unified description of all facets  would be desirable.    

-Ideally, one should get all phenomena from the bare interaction
BUT nuclei are mesoscopic systems (A~1-500) with bad numerical scaling.    

(from T. Otsuka)

-Each nucleus is a complex problem per se.   

(Energy landscape of a molecule)
This motivates the search of disruptive techniques 
(high risk/high potential benefits )



Ongoing projects that are starting now



(Second part)
“PLAYING” WITH QUBITS



Introduction to digital quantum computing

Initial state
|0i

Manipulate the Qubits (Make rotations) 

c0|0i+ c1|1i
Final state

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

(“destroy” the state)

Example of simple unary operations (gates)

Elementary operations

<latexit sha1_base64="OF0O6khjG5xKApr3XYfagrcmKvc="></latexit>

|1i

<latexit sha1_base64="+st++fFtU1p23aF2XgS1ACpnKoE="></latexit>

|0i

Pauli matrices
<latexit sha1_base64="OF0O6khjG5xKApr3XYfagrcmKvc="></latexit>

|1i

<latexit sha1_base64="+st++fFtU1p23aF2XgS1ACpnKoE="></latexit>

|0i
<latexit sha1_base64="OF0O6khjG5xKApr3XYfagrcmKvc="></latexit>

|1i
<latexit sha1_base64="+st++fFtU1p23aF2XgS1ACpnKoE="></latexit>

|0i

NOT operation

Other useful unary operations

Measure
Here all events gives 1

<latexit sha1_base64="NGRUHCZqnywi5w3/4F0Ccw1uHCM="></latexit>

H

<latexit sha1_base64="OF0O6khjG5xKApr3XYfagrcmKvc="></latexit>

|1i
<latexit sha1_base64="+st++fFtU1p23aF2XgS1ACpnKoE="></latexit>

|0i

Hadamard

‘
<latexit sha1_base64="OF0O6khjG5xKApr3XYfagrcmKvc="></latexit>

|1i‘

Measure: 0,0, 1, 0, 1, 1, …



Another useful representation of operation (more familiar to physicists)
The Bloch sphere 

From qubits to spins

Obey standard spin algebra 

Rotations corresponds to gates

Any state can be written as
<latexit sha1_base64="K7L7xkhYZi1LRHlaUuvnps3ft+E="></latexit>

| i = cos(✓)|0i+ ei' sin(✓)|1i
Such state can always be obtained from 3 rotations

<latexit sha1_base64="H7Gx/GHCk4v0AKaldXTOAc7hU/E="></latexit>

| i = RY (✓1)RZ(✓2)RY (✓3)|0i

Unary operation can be represented as a path in 
the Bloch sphere



Quantum computing with more than one qubit
Some terminology – general aspects

Quantum circuits with more than one qubit 

Quantum register: 
Define the qubit computational 
basis: 

<latexit sha1_base64="6pAL51BUPUup0LGzqbXsSRUpQZ8="></latexit>· · ·

<latexit sha1_base64="WzuHIlMl6ZPzVDyNVyMna8gTgf8="></latexit>

|0, 0, · · · , 1, 1i
<latexit sha1_base64="Grlc/vo+EA8m6ws43+/0EP2Mva8="></latexit>

|0, 0, · · · , 0, 1i

<latexit sha1_base64="I5T27jaLYqJEaQJcR3iVuiTmhn0="></latexit>

|0, 0, · · · , 0, 0i

Hilbert space size 
<latexit sha1_base64="Z77LiXO1EBEqBEv9b5e/xJERE2U="></latexit>

2n

Unary gates
Binary gates

NB: all operations with more that two qubits 
can be made by combination of unary and binary gates 

Quantum circuits:

Constraint: the circuit  makes 
Unitary transformation, i.e. no 
loss of information

Advantage: one can imagine 
to do

<latexit sha1_base64="bADqT8Wxq7oRObX/8heAvsZYwxU="></latexit>
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circuit depth

Quantum 
measurement 
of qubits – leads 
to a set of events
In the form of 
bitstring 

Gives the |a|2



Quantum computing with more than one qubit
Some terminology – general aspects

Binary gates Binary gates are operations acting simultaneously on two qubits 
and induced entanglement

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

|�i = ↵| i+ �| i😀😀 😫😫

Remember the example:

[equivalent to Bell states]

Quantum circuit
<latexit sha1_base64="s8x0CCitJ64J5F7mW5JcthfcivY="></latexit>

|00i ! cos(✓/2)|00i+ sin(✓/2)|01i
Step 1

Rotation Control-X gate 
Also known as CNOT

Step 2
<latexit sha1_base64="ATLWC+F/JG9D5lQAiSfTVZHdf5s="></latexit>

cos(✓/2)|00i+ sin(✓/2)|01i ! cos(✓/2)|00i+ sin(✓/2)|11i

Indirect measurement and Born rule for measurement

If I measure 0 in first qubit After the measurement the state collapse to 
<latexit sha1_base64="V9KSZ6Y8UMbstW/cX5ALgCYus/c="></latexit>

|00i

If I measure 1 in first qubit After the measurement the state collapse to 
<latexit sha1_base64="vQXntiK8a49JdTi846VKLBcvBPc="></latexit>

|11i



Quantum computing with more than one qubit
Some terminology – general aspects

Binary gates Binary gates are operations acting simultaneously on two qubits 
and induced entanglement

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

|�i = ↵| i+ �| i😀😀 😫😫

Remember the example:

[equivalent to Bell states]

Quantum circuit
<latexit sha1_base64="s8x0CCitJ64J5F7mW5JcthfcivY="></latexit>

|00i ! cos(✓/2)|00i+ sin(✓/2)|01i
Step 1

Rotation Control-X gate 
Also known as CNOT

Controlled gates (IF-THEN-ELSE) 

If b=0
If b=1

Step 2
<latexit sha1_base64="ATLWC+F/JG9D5lQAiSfTVZHdf5s="></latexit>

cos(✓/2)|00i+ sin(✓/2)|01i ! cos(✓/2)|00i+ sin(✓/2)|11i



Quantum computing with more than one qubit
Some terminology – general aspects

A more complete view of quantum computing circuits

System 
register

Ancillary 
qubit 

Transfer
of 

information

Indirect 
measure

Post 
processing



The quantum computing toolkit 

Unary operations

Rotations

Standard examples
<latexit sha1_base64="OF0O6khjG5xKApr3XYfagrcmKvc="></latexit>

|1i

<latexit sha1_base64="+st++fFtU1p23aF2XgS1ACpnKoE="></latexit>

|0i
<latexit sha1_base64="OF0O6khjG5xKApr3XYfagrcmKvc="></latexit>

|1i
<latexit sha1_base64="+st++fFtU1p23aF2XgS1ACpnKoE="></latexit>

|0i

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

Ternary operations
Standard example

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

|110i $ |111i



If you want to play with qubits
Try the “IBM Quantum experience” online



Some advertisement – for some ressources 

If you want to start QC programming
https://qc.pages.in2p3.fr/web/



Some illustrations of applications



General strategy for quantum computing

Take a problem
(classical or quantum) 

Encode the problem 
Onto a set of qubits

Make Quantum Computing 
Program to solve the problem

Test on a true 
QC

Test on a 
QC emulator

There are many ways to encode a 
classical problem (phase, amplitude, 
time, … )   

Schuld and Petruccione, 
Supervised learning with
quantum computers (2018)

For instance
Qiskit, cirq, 
myQLM, …

…



First Example:
Solution of a 1D 

Time-Dependent Schroedinger Eq. 



Example 1: solving a 1D Schrödinger Equation on a quantum computer 

I want to solve

<latexit sha1_base64="HTTGdLPlW4uc1/KcwFvCaCWtVas="></latexit>

i~ d

dt
 (x) =

⇢
�~2
2m

�+ V (x)

�
 (x) Discretization on a mesh

<latexit sha1_base64="jM06C2qFbvxocyeYnCQoIYiz2lY="></latexit>

x ! i�x

Practical solution

time: time-step:{ti} �t

i~Ḟ(t) = H⇥ F(t)

F(t + �t) = exp
✓

�t

i~ H

◆
⇥ F(t)

Time discretization

time

| (tf )i

| (t0)i
| (t)i = e

1
i~ (t�t0)H | (t0)i

H is usually a big matrix

Formal solution Formal 
solution

Non unitary

Requires to inverse a matrix

Might be used



Solving a 1D Schrödinger Equation on a quantum computer

I want to solve

<latexit sha1_base64="HTTGdLPlW4uc1/KcwFvCaCWtVas="></latexit>

i~ d

dt
 (x) =

⇢
�~2
2m

�+ V (x)

�
 (x) Discretization on a mesh

<latexit sha1_base64="jM06C2qFbvxocyeYnCQoIYiz2lY="></latexit>

x ! i�x

Jing Zhang
PhD IJCLab



Solving a 1D Schrödinger Equation on a quantum computer

Encoding into qubits

We have a discrete basis 
<latexit sha1_base64="vDzlSVPnd8H1rAud1r7qmZPzB4I="></latexit>

|i = 0 · · ·N � 1i

Natural encoding – Use the binary representation
<latexit sha1_base64="B8wKgDk17fTocFm71EZcL2wYybY="></latexit>

|ii = |�nq · · · �0i with
<latexit sha1_base64="3yzllpCsYpLq2gN04/iw2Jsa1QY="></latexit>

i =
X

k

�k2
k

<latexit sha1_base64="RnkAErh7ktCkpvTNTE0IWH/VqRA="></latexit>

···

<latexit sha1_base64="QrbAITQp8KhHGnenUKLYK0L1ASs="></latexit>

|�0i

<latexit sha1_base64="VD8NrJHizshSztCLy2ajZjSVCh0="></latexit>

|�nq i

Constraint 
<latexit sha1_base64="MmcG0z4iSMGfj4OclI5e1nizagc="></latexit>

N  2nq

<latexit sha1_base64="1ckGuu51fNrfJyF9LNanAMw1JdY="></latexit>

nq =
lnN

ln 2

1000

<latexit sha1_base64="1ckGuu51fNrfJyF9LNanAMw1JdY="></latexit>

nq =
lnN

ln 2

<latexit sha1_base64="1ckGuu51fNrfJyF9LNanAMw1JdY="></latexit>

nq =
lnN

ln 2

10

<latexit sha1_base64="3N0Jmc7E7tFqgX2bWRntOFqE0Wg="></latexit>

nq = 1
<latexit sha1_base64="HJ5x5vQxsouWTvSstVKrMCkTwaA="></latexit>

nq = 2
<latexit sha1_base64="Aewi0UiJ9/uR0XDon758lr9RIes="></latexit>

nq = 3
<latexit sha1_base64="TQIQtTqOr/shdu93i07dhBfREfI="></latexit>· · ·

<latexit sha1_base64="B8wKgDk17fTocFm71EZcL2wYybY="></latexit>

|ii = |�nq · · · �0i
Standard
Binary (SB)
Encoding

Gray code(GC)
Encoding



Solving a 1D Schrödinger Equation on a quantum computer

Encoding into qubits with 
Gray code

Goal : transform the Hamiltonian into gates products of (X,Y,Z)   

How this works: 
<latexit sha1_base64="nz319t6Lrb2O5h0OicE7Rc8DnM4="></latexit>

I = |0ih0|+ |1ih1|We add the identity

This can be made systematically
<latexit sha1_base64="8TkwG2ALglzfW5/5Md2TXWZ6q58="></latexit>

H = fct(X↵, Y↵, Z↵)



time

| (tf )i

| (t0)i
| (t)i = e

1
i~ (t�t0)H | (t0)i

Time-evolution Formal 
solution

Solving a 1D Schrödinger Equation on a quantum computer

This can be a priori computed 
Directly on a QC

1. Decomposition of H into elementary blocks
<latexit sha1_base64="MBEuehAcs05Bcw6FSK1KVNvTtNo="></latexit>

H =
X

l

Hl

2. Use a transformation (Trotter-Suzuki)
<latexit sha1_base64="7jPaYhBUX08CKpHTxnt8z6YafxA="></latexit>

ei�tH1/~ = e�i�tH1/~e�i�tH2/~Example : 

3. Transforms to circuit

| (t0)i

<latexit sha1_base64="/B40sRm7IrgzJi9RiSLxnHwmyf0="></latexit>

�t

<latexit sha1_base64="ceV6YyXeTy8gUzqTo9GkLi8/cK0="></latexit> { <latexit sha1_base64="/B40sRm7IrgzJi9RiSLxnHwmyf0="></latexit>

�t

<latexit sha1_base64="ceV6YyXeTy8gUzqTo9GkLi8/cK0="></latexit> { <latexit sha1_base64="/B40sRm7IrgzJi9RiSLxnHwmyf0="></latexit>

�t
<latexit sha1_base64="ceV6YyXeTy8gUzqTo9GkLi8/cK0="></latexit> { …



Solving a 1D Schrödinger Equation on a quantum computer
Deeper in technical details

The case of free propagation:

<latexit sha1_base64="PBPY92Ran4pHJJ2rIZx8vyt/3/c="></latexit>

H =
p
2

2m position momentumFourier 
tranform

Hamiltonian 
decomposition 

Staircase circuits

Digital or Quantum Fourier transformation

QFT circuit



Solving a 1D Schrödinger Equation on a quantum computer

Simulation on classical 
computer

Simulation on quantum 
computer (emulator)

Some shortcomings:
- The number of qubits to get sufficient accuracy is already quite large
- Absorbing waves at the boundary?



Second Example:
The deuteron problem in a schematic 

model



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



Solving the deuteron problem on a quantum computer

Goal : map the deuteron problem into a simple Hamiltonian
Usable in current quantum devices

Schematic Hamiltonian in a truncated HO basis

The parameters are adjusted to reproduce the ground state and excited deuteron energy

n=0,1

n=0,1,2

n=0,1,2,3

This problem is a simple tri-diagonal problem easy to solve on a classical 
computer with a direct matrix diagonalization  

Still it addresses the problem of a system of fermions and applications on real QC 
but can be considered as a proof of principle 



“Nuclear” Many-Body problem: initial state state preparation

The nuclear “toy” shell in 
configuration interaction

Energy

radius

<latexit sha1_base64="5/LJ+Se9Y5AdW4bDhQloICwUlXM="></latexit>q0

<latexit sha1_base64="rd0cAV7VGTEvVwjYl9IUz5wW2XU="></latexit>q1

<latexit sha1_base64="JQ/Lal0IOekb50t3FNxp9ZJQcHw="></latexit>q7

<latexit sha1_base64="RnkAErh7ktCkpvTNTE0IWH/VqRA="></latexit>

···

Initially all set to zero

<latexit sha1_base64="5/LJ+Se9Y5AdW4bDhQloICwUlXM="></latexit>q0

<latexit sha1_base64="rd0cAV7VGTEvVwjYl9IUz5wW2XU="></latexit>q1

<latexit sha1_base64="JQ/Lal0IOekb50t3FNxp9ZJQcHw="></latexit>q7

<latexit sha1_base64="RnkAErh7ktCkpvTNTE0IWH/VqRA="></latexit>

···
Remember X 

<latexit sha1_base64="KRsvraIJtiULMF/GxmIwvltFT2s="></latexit>

|0i ! |1i
Quantum 

register

One-difficulty – the antisymmetric nature of fermions

Assign one qubit to each single-particle state

Direct mapping  from Fock to qubit space:

<latexit sha1_base64="KRsvraIJtiULMF/GxmIwvltFT2s="></latexit>

|0i ! |1i
<latexit sha1_base64="KRsvraIJtiULMF/GxmIwvltFT2s="></latexit>

|0i ! |1i
State is occupied
State is unoccupied



The Jordan-Wigner transformation solution

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

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

a†k|�i = |0 · · · 0 1k 0 · · · 0i

For fermions

<latexit sha1_base64="uubYqOcZKYRq23u1f2RRixEkDvw="></latexit>

{ak, a†k} = 1

<latexit sha1_base64="NfcHTbnL5vgBE9gbEnOqgGBTsN4="></latexit>

Q+
k =

1

2
(Xk � iYk) =


0 0
1 0

�

For qubits

|0ki

|1ki
<latexit sha1_base64="XHQgOZpdGEgVAxLt6glgBeib+PA="></latexit>

Q+
k

<latexit sha1_base64="VpVTUO6odz9L+AMoBT/1Kr36ZYM="></latexit>

Q�
k

<latexit sha1_base64="uGbFviUa7nz448tyTkxgA0rVb7Y="></latexit>

{Q�
k , Q

+
k } = 1

Problem while
<latexit sha1_base64="R/HL6STXY71E8B8u0g0L98fZIPQ="></latexit>

{ak, a†l } = 0
<latexit sha1_base64="Clds1TS1bjd6zdDCv7BI8U0M67c="></latexit>

[Q�
k , Q

+
l ] = 0



The JWT method 

The JWT method is systematic, how this works: 

n=0,1 <latexit sha1_base64="v3U+J2IzcEMhI2jZNCwpe+y7vQc="></latexit>

H1 = "0a
†
0a0 + "1a

†
1a1 + v01(a

†
1a0 + a

†
0a1)

JWT mapping
<latexit sha1_base64="vf6871iM3iHY5jkpegrl1OWYAck="></latexit>

a†0 ! Q+
0

<latexit sha1_base64="tAcY6FEusEjxofd850FzpfLyE9c="></latexit>

a†1 ! �Z0Q
+
1

<latexit sha1_base64="clU9sRCTxHKpRy0085/1VrPzEyU="></latexit>

H1 =
"0

2
(I � Z0) + "1(I � Z1) + v01(X0X1 + Y0Y1)

<latexit sha1_base64="w8x6KyVkVXxbzt4JvMON2aObNSU="></latexit>

(Q+
k Zk = �Q+

k )



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

Working
qubits

1p
2
(|0i+ e2⇡i'|1i)

1p
2
(|0i+ e2⇡i2'|1i)

1p
2
(|0i+ e2⇡i4'|1i)

<latexit sha1_base64="91h+i6qanBotOPEm2Q67aYMEp88="></latexit>

|2nr'i ⌦ | i

<latexit sha1_base64="Ly4r4ULLDcqF/51BQqwgWRZoPrM="></latexit>

0  ' < 1

The Quantum-killer application for eigenvalue problem 
the quantum-Phase estimation (QPE) algorithm 



The quantum-Phase estimation (QPE) algorithm 
For known 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

Working
qubits

1p
2
(|0i+ e2⇡i'|1i)

1p
2
(|0i+ e2⇡i2'|1i)

1p
2
(|0i+ e2⇡i4'|1i)

<latexit sha1_base64="91h+i6qanBotOPEm2Q67aYMEp88="></latexit>

|2nr'i ⌦ | i

<latexit sha1_base64="Ly4r4ULLDcqF/51BQqwgWRZoPrM="></latexit>

0  ' < 1

What is the meaning of 
<latexit sha1_base64="91h+i6qanBotOPEm2Q67aYMEp88="></latexit>

|2nr'i ⌦ | i?
<latexit sha1_base64="NVkkB4h4uXXboUoRvk6IwrlLYhw="></latexit>

' < 1 Can be written as a binary fraction

0.j1 · · · jn =
j1
2

+
j2
22

+ · · ·+ jn
2n

<latexit sha1_base64="EZmRZ7i2k+373RHBZ2p6pJP+Z4o="></latexit>' = <latexit sha1_base64="GkArLMOIAHSVT218zWObZmQWZKU="></latexit>· · ·
Example

<latexit sha1_base64="rJoJqT5fdyn5uzsTZGcFmVywn9Q="></latexit>

nr = 1
<latexit sha1_base64="Z6BkuznUCl5M89w2sDYiD6k8oLA="></latexit>

|2nr'i = |1i
<latexit sha1_base64="eTpi/T/eWRnsJpQ013qUZxSCd/w="></latexit>

' ' 0.5
<latexit sha1_base64="jhHKaP7KgE1o7g7+MrngKHq5sc4="></latexit>

nr = 2
<latexit sha1_base64="UEOfWgwItbICFOHgndnTbGudTFI="></latexit>

|2nr'i = |10i
<latexit sha1_base64="eTpi/T/eWRnsJpQ013qUZxSCd/w="></latexit>

' ' 0.5
<latexit sha1_base64="jD5RKM955t+1eUNcFW2LmI9IClc="></latexit>

nr = 3
<latexit sha1_base64="ZOxWRcMgEQJMXFM9EH9zYVX0aNE="></latexit>

|2nr'i = |101i
<latexit sha1_base64="ZqIWOlnu3MYgPywepa7dGsHDBps="></latexit>

' ' 0.625
<latexit sha1_base64="pgX2aLQqqKnz3O3kAc8IVe3hp/Q="></latexit>

nr = 4
<latexit sha1_base64="Y+i6K3ohmL4xWdS93+Duh3bIn4w="></latexit>

|2nr'i = |1011i
<latexit sha1_base64="97rV3iVfzNk1aPfWqqzXVxoiI3Y="></latexit>

' ' 0.6875 <latexit sha1_base64="1eAdc0IGKpoY4SKvdprU9Tn2IKU="></latexit>nr

<latexit sha1_base64="IcbFMu3s4/0e3iwyW15xwvnxmjQ="></latexit>'

1 2 3 4

<latexit sha1_base64="97rV3iVfzNk1aPfWqqzXVxoiI3Y="></latexit>

' ' 0.6875

<latexit sha1_base64="eTpi/T/eWRnsJpQ013qUZxSCd/w="></latexit>

' ' 0.5



The quantum-Phase estimation (QPE) algorithm 
For known 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

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)

For an Hamiltonian problem

<latexit sha1_base64="91h+i6qanBotOPEm2Q67aYMEp88="></latexit>

|2nr'i ⌦ | i

<latexit sha1_base64="Ly4r4ULLDcqF/51BQqwgWRZoPrM="></latexit>

0  ' < 1

One can simply use 
<latexit sha1_base64="0htU0lCgBIhyx7OUxJTOHDEs5fY="></latexit>

U = ei↵(H�E0)

and get any eigenvalues with arbitrary 
precisions 



The quantum-Phase estimation (QPE) algorithm 
For known 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

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)

For an Hamiltonian problem

<latexit sha1_base64="91h+i6qanBotOPEm2Q67aYMEp88="></latexit>

|2nr'i ⌦ | i

<latexit sha1_base64="Ly4r4ULLDcqF/51BQqwgWRZoPrM="></latexit>

0  ' < 1

One can simply use 
<latexit sha1_base64="0htU0lCgBIhyx7OUxJTOHDEs5fY="></latexit>

U = ei↵(H�E0)

and get any eigenvalues with arbitrary 
precisions 

6 ancillary qubits 4 ancillary qubits 8 ancillary qubits 
And this works

Unfortunately this is beyond the NISQ period



The NISQ friendly method 
The Variational Quantum Eigensolver (VQE) method

Main Idea of VQE

Wave-functions can be better controlled by parametrizing them
One can reduce the QC effort by computing expectation values of 
simpler operators

<latexit sha1_base64="qwELLkIKKQyTy7CXvc7uMhJi3hg="></latexit>

H =
X

↵lHl

Adapted from S. Endo et al, arxiv:2011.01382
(see also K. Bharti et al., Rev. Mod. Phys. 94, 015004 (2022).

The optimization task is left to a classical computer

<latexit sha1_base64="h9lOL2lkoO9VDQV8oeTxBGD9GUs="></latexit>

E(~✓) =
X

↵lhHli

<latexit sha1_base64="4hSaGl2sjuzmmdezq+D4E3dEh84="></latexit>

hH1i

<latexit sha1_base64="+dLLY1c4292AxTNpzVLebP73+oQ="></latexit>

hH2i

<latexit sha1_base64="on/Wh055eacxNVqUohYoJ7NHvhc="></latexit>

hHM i



Energy minimization

Note that this is a Unitary Coupled Cluster (UCC)

Wave-function as parametric ansatz
<latexit sha1_base64="TrffGR2GRWZKJhAKztmaCx0r2jU="></latexit>

| (✓)i = U(✓)X0 · · ·Xk|0 · · · 0i
Hartree-Fock state with k occupied levels 

n=0,1

n=0,1

n=0,1,2 n=0,1,2

<latexit sha1_base64="clU9sRCTxHKpRy0085/1VrPzEyU="></latexit>

H1 =
"0

2
(I � Z0) + "1(I � Z1) + v01(X0X1 + Y0Y1)

<latexit sha1_base64="clU9sRCTxHKpRy0085/1VrPzEyU="></latexit>

H1 =
"0

2
(I � Z0) + "1(I � Z1) + v01(X0X1 + Y0Y1)

Dumitrescu et al, Phys. Rev. Lett. 120 (2018)



Third Example:
Treatment of superconductivity



“Nuclear” Many-Body problem: initial state preparation

<latexit sha1_base64="5/LJ+Se9Y5AdW4bDhQloICwUlXM="></latexit>q0

<latexit sha1_base64="rd0cAV7VGTEvVwjYl9IUz5wW2XU="></latexit>q1

<latexit sha1_base64="JQ/Lal0IOekb50t3FNxp9ZJQcHw="></latexit>q7

<latexit sha1_base64="RnkAErh7ktCkpvTNTE0IWH/VqRA="></latexit>

··· Demystifying QC Illustration with qiskit-IBM 
Running the circuit

Creation of the circuit

Starting point : Slater determinants



Preparing superfluid  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 assign a qubit to each qubit
<latexit sha1_base64="V+OCCs7XGpQGCynsX/JUE4n4umM="></latexit>

=
p
p0|0i+

p
1� p0|1i

Measuring the qubit gives the probability pr
ob

ab
ili

ty

<latexit sha1_base64="rlQuDB9A995w52ZyQwC5ZrEapIw="></latexit>p0

<latexit sha1_base64="3FmeNmFG7xeXMMZsG/qMhpTIo2k="></latexit>

q0 = 1� p0

<latexit sha1_base64="XcrYBHlCeV5oufOUIbvmotlnvKo="></latexit>

0
<latexit sha1_base64="mSk5zh+PByprLgdp6FCA1Xt2rw4="></latexit>

1

On the Qiskit toolkit

Creation of the circuit

Running the circuit

Preparing state that mixes particle number

<latexit sha1_base64="mWN47aPFfkkocpjOlqnMPmRoyTI="></latexit>

|0i
<latexit sha1_base64="phh1Nn/nW/u1fRArkmWoldBY+KY="></latexit>

|�i

<latexit sha1_base64="phh1Nn/nW/u1fRArkmWoldBY+KY="></latexit>

|�i



Preparing state that mixes particle number

<latexit sha1_base64="bNLaRs+XuHlOI3QcDMo+d9TJwk0="></latexit>

| i
<latexit sha1_base64="bNLaRs+XuHlOI3QcDMo+d9TJwk0="></latexit>

| i

With more people

Qubit can be entangled 

<latexit sha1_base64="M5gmm+TiPRc/thR++S8zPm4prJY="></latexit>

�1
<latexit sha1_base64="AonM9Bhd/Ufn9JAZ4flrIPUkuGg="></latexit>

�2
<latexit sha1_base64="TxiLRzzQgMt4M0frjfcGfTV7avY="></latexit>

|�ii = ↵i|0i+ �i|1i

Here I created a Bell state 

<latexit sha1_base64="SHtnR51JBq1+J4GrVzod3bWn044="></latexit>

|�12i = ↵|00i+ �i|11i



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

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)
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Fourth Example:
restoration of broken symmetries



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 ! 



What we have started to do

Symmetry 
Breaking (SB) 
state 

1

Symmetry Restored 
(SR) state (multi-reference)

2

3

Further 
Quantum 
or hybrid
Quantum-Classical 
Post-processing

Preparation of SB states on QC1

Symmetry restoration on QC2

Va
ria

tio
na

l o
pt

im
iza

tio
n

Post-processing for 
Improved ground state or excited 
States (QPE, Quantum Krylov, …)

3



Illustration with small superconductors

This problem is an archetype of spontaneous symmetry breaking. 
An “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

The particle number - U(1) symmetry) 
is broken

HP =
X

i>0

"i(a
†
iai + a

†
ī
aī)� g

X

i,j>0

a
†
ia

†
ī
aj̄aj

Illustration with the Richardson Hamiltonian

E
/∆

ε

g/∆ε

Pert. Theory

Exact

BCS
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n 

en
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gy

| i
But ultimately number of 
Particle should be restored ! 



Restoration of particle number symmetry
The counting statistics problem

0 2 4 6 8 10 12

Example of mixing for 12 qubits (with qiskit)

BCS circuit

For 2 qubits
<latexit sha1_base64="uUBxzcnhenFN0i3w6MHRXrCpdVw="></latexit>
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|N = 0i
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/ |N = 1i
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|N = 2i

A possible way to perform the projection is to use 
The Quantum-Phase-Estimation method with N itself

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

Direct estimate of Counting statistics
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| i =
X

N

cN |Ni
Projection on particle number



Broken symmetry/restoration
The counting statistic problem

The schroedinger cat revisited

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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Measuring the qubit gives the probability
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1

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
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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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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 estimation (QPE) algorithm 
For known 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

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)

For the particle number projection
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Assume eigenvalues 
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Constraint:
<latexit sha1_base64="AE/pWCZeuwb24Fmd33jdR71xkyg="></latexit>

0  A

2nr
< 1 then

<latexit sha1_base64="AZ6vG5hjqId9BSs/ZoY+89laDLM="></latexit>

A

2nr
= 0.a1 · · · anr�1

If I measure  given binary number in the ancillary 
qubit. After measurement, I have the projection on 
the associated particle number component
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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 
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
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(A� ⌫)(2nq �A� ⌫ � 2).
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aī)� g

X

i,j>0

a
†
ia

†
ī
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Degenerate case



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

6 pairs

Exact solution
E/g = �1
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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).



Combining restoration of broken 
symmetries and variational method:

The Quantum Variation After rojection
(Q-VAP)



Coming back to our superconducting problem
Combining projection with variational methodPossible optimization schemes

Variational 
Symmetry-Breaking ansatz

Pair occupation are now encoded

Quantum-Classical optimizers
Symmetry 
Preserving 
(HF)

The optimization is made on the 
Symmetry restored state. 
Q-VAP: Quantum Variation 
After Projection 

<latexit sha1_base64="LcTNg2LQxXIyg4XFXaAP9afkCwk="></latexit>

E
SB+projection

By QPE

Q-VAP

Standard BCS theory

BCS
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ESB state

Q-PAV

Project after optimization
Q-PAV: Quantum Projection 
After Variation

projection
By QPE
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Post-processing of projected states

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

Symmetry	restoration	
through	measurement Post-processing

Complete strategy

Initial state preparation
(HF, BCS, P-VAP, Q-VAP)

Symmetry 
Breaking (SB) 
state 

1

Symmetry Restored 
(SR) state (multi-reference)

2

3

Post-processing to get excited states: 
Quantum Phase Estimation 

E. A. Ruiz Guzman 



Illustration of the QPE method with projected state

QPE[US ]
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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

Initial state preparation

Some technical details
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For the propagator, we 
used the Trotter-Suzuki method
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Illustration of the QPE method with projected state

6 ancillary qubits 4 ancillary qubits 8 ancillary qubits HF

Q-PAV
Q-VAP

E. A. Ruiz Guzman and DL, Phys. Rev. C 105, 024324 (2022) 



Approximate method : Krylov Based methods
Hilbert space

Important space
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Diagonalize in the non-orthogonal subspace
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Generalized eigenvalue problem

Compute overlap and 
Hamiltonian matrix 

elements
on the quantum computer

Our strategy

Solve the eigenvalue 
problem on the classical 

computer

Our first attempt: use the generating function of H
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E. A. Ruiz-Guzman and DL, arXiv:2104.08181

https://arxiv.org/abs/2104.08181


Highly Truncated Hilbert space

Important space
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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

Initial state preparation

Hadamard test for the real part of O and H

Modified Hadamard test for the imaginary part

Diagonalization on a classical computer

Approximate method : Krylov Based methods



Comparison QPE vs Quantum Kr
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A possible solution
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The combination of Q-VAP + Quantum Krylov
Is very good for the Ground state

But Q-VAP + Quantum Krylov
is worth than others for excited states 



Comparison QPE vs Quantum Krylov after Q-VAP

QPE Quantum Krylov
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More on many-body ansatz
in quantum computing



Some flash of what is happening now: nuclear and other 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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Examples:

(now tested with A. Ruiz Guzman [PhD-IJCLab])

| i



Many-Body problem
Other ways to prepare correlated systems

What is the most general way for 2 qubits ?

In total, this gives a priori
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An example of structure that do not mixes particle number

Gard et al, Quant Inf (2020)

with



Many-Body problem
Other ways to prepare correlated systems

From Two to many qubits
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We might use a “product like” form

Ran, Phys. Rev. A 101 (2020)

…



Many-Body problem
Other ways to prepare correlated systems

A few words on tensor network 
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Many-Body problem
Other ways to prepare correlated systems

A few words on tensor network 
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Matrix Product State



Many-Body problem
Other ways to prepare correlated systems

A few words on tensor network 
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Summary 



Quantum computers are often themselves many-body interacting systems
Quantum computing for the infinities

from quark

to pions
and
nucleons

to atomic nuclei

Courtesy J.P. Ebran

to stellar 
processes



Quarks and Gluons – Effective Field theories

Courtesy M. Savage



Digital Quantum Chromodynamics

Map quarks and gluons on 
quantum register

Develop unitary operators for 
their evolution 

Obtain relevant observables 
from measurements 

Courtesy M. Savage

Quarks and Gluons – Effective Field theories



Digital Quantum Chromodynamics

Map quarks and gluons on 
quantum register

Develop unitary operators for 
their evolution 

Obtain relevant observables 
from measurements 

Courtesy M. Savage

Quarks and Gluons – Effective Field theories



Nuclear Physics
Actual tendency : Towards Full configuration-Interaction description ? 

Current status 

<latexit sha1_base64="CPZK5EzI2jIrCiafpGZ2uzjX1ro="></latexit>
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Nuclear Physics
Actual tendency : Towards Full configuration-Interaction description ? 

Current status 
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New algorithms

Systematic strategy



Neutrino oscillations

…
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Natural treatment as 
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2-flavor approx. 
directly treated as 

Qubit
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Neutrino oscillations in beams



Neutrino oscillations

…
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Neutrino oscillations in beams

…

Nowadays: Increasing 
number of applications

Quantum Information

And entanglement



Quantum Machine Learning 
and event classification

Some quantum historical algorithms are very fast for pattern recognition. 

Deutsch (1985), Simon (1994), … 
case 1 case 2

The “simple” Deutsch problem: (Oracle)

Q: determine if  
Classically requires to have 2 answers

Quantum: one can directly ask   



Quantum Machine Learning 
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Some quantum historical algorithms are very fast for pattern recognition. 
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The “simple” Deutsch problem: (Oracle)

Q: determine if  
Classically requires to have 2 answers

Quantum: one can directly ask   



Few initiated applications

©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

N-body problem

Dark matter

Mocz, Szasz



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 





Thank you





Additional material 



Predicting long time dynamics from short-time evolution 

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? 

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, in preparation

Evolution: Krylov without 
Krylov states
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Illustration of the specific effort to make with qubits
Playing with binary numbers  

Integer representation 

j

Binary representation 

j = j12
n�1 + j2j

n�2 · · · jn20 {j1, · · · , jn}

j

2n
0.j1 · · · jn =

j1
2

+
j2
22

+ · · ·+ jn
2n

Binary fraction

Example

Note that this is just the equivalent to our base 10 writing 

Approximation of 0.6875 can be obtained by removing some terms



Illustration of the specific effort to make with qubits
A seminal example: the Quantum Fourier Transform (QFT)

Reminder: classical FT

Quantum FT

Qubit  FT



Quantum circuits for Qubit FT

|ji ! 1

2n

nO

l=1

h
|0i+ e2⇡ij2

�l

|1i
i

Quantum circuits

H-gate (unary gate)

|0i

|1i
⇡

4

Controlled –U gate (binary gate)

|00i |01i |10i |11i
|00i |01i |10i |11i

|00i |01i |10i |11i
|00i |01i |10i |11i



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

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

Full protocol here give access
to the generating function 
of the moments  

Here give access to the probability 
Distribution P(S)

After measurement 
The state is projected
on eigenstates or a set of 
Eigenstates if degenerated 

Important remarks

In practice, for each measurement we obtain a binary string

{0110 · · · }nr ✓k |2nr✓ki ⌦ |�ki |�ki for post-processing



The Main idea of the paper arxiv:2006.06491 

Use the QPE approach for operators with known eigenvalues to obtain entangled states 

Hypothesis: 

Assume a hermitian operator S acting on nq qubits

Assume that S has discrete eigenvalues  {�0  · · ·  �M} with �k = amk

a = cst
Define the operator 

US = exp

⇢
2⇡i


S � �0
a2n0

��

Eigenvalues of US are given by  e2⇡i✓k with ✓k = (mk �m0)/2
n0

If (mk �m0) < 2n0 ✓k < 1

and ✓k < 1is exactly written as a binary fraction

It is then optimal for the QPE use.
An optimal choice for the number of register qubits is 

nr � 1  ln(mk �m0)/ ln 2 < nr.

nr = n0

and

Examples

Jz = ~m

J2 = ~2j(j + 1)

parity

Part. number



The Main idea of the paper arxiv:2006.06491 

Use the QPE approach for operators with known eigenvalues to obtain entangled states 

Hypothesis: 

Assume a hermitian operator S acting on nq qubits

Assume that S has discrete eigenvalues  {�0  · · ·  �M} with �k = amk

a = cst
Define the operator 

US = exp

⇢
2⇡i


S � �0
a2n0

��

Eigenvalues of US are given by  e2⇡i✓k with ✓k = (mk �m0)/2
n0

If (mk �m0) < 2n0 ✓k < 1

and ✓k < 1is exactly written as a binary fraction

It is then optimal for the QPE use.
An optimal choice for the number of register qubits is 

nr � 1  ln(mk �m0)/ ln 2 < nr.

nr = n0

and

Examples

Jz = ~m

J2 = ~2j(j + 1)

parity

Part. number



Illustration of the Jordan-Wigner use
Quantum Computing notations

{X,Y, Z}{�x,�y,�z} Reminder

Convention:

Q+
j =

1

2
(Xj � iYj) Q+

j |0ji = |1ji

N̂ =
X

j

a†jaj
Z2
j

a†k !
Y

k<j

(�Zk)Q
+
j

N =
X

j

Q+
j Qj =

1

2

X

j

(Ij � Zj)

Example: particle number

Q+
j Qj |0ji = 0

Q+
j Qj |1ji = |1ji

N counts the number n of 1 in qubitsParticle number projection with the QPE 

For nq qubits, n = 0, · · · , nq

UN = exp {2⇡iN/2nr} With the Condition nq <⇠ 2nr



QPE applied to particle number projection
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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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



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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Applying the strategy to the pairing problem
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Applying the strategy to the pairing problem
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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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Exploring the possibilities of QC
Some additional remarks
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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 true 
QC

Test on a 
QC emulator

Strategy

Illustration II

Use the Suzuki-Trotter method for the propagator
+ specific QC circuits for each contribbutions

N.B: works only on QC emulator(from M. constantinou, Santa Fe)

Start with the discretized s model

Map it to a Spin algebra (fuzzy sphere)

Jk are generators of the SU(2) algebra

“only” j=1/2 was considered

This gives the link with Pauli matrices



Illustration with the cooper pair problem

Pairing Hamiltonian
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ī
aj̄aj

<latexit sha1_base64="/B40sRm7IrgzJi9RiSLxnHwmyf0="></latexit>

�t

<latexit sha1_base64="ceV6YyXeTy8gUzqTo9GkLi8/cK0="></latexit> {| (t0)i

<latexit sha1_base64="/B40sRm7IrgzJi9RiSLxnHwmyf0="></latexit>

�t

<latexit sha1_base64="ceV6YyXeTy8gUzqTo9GkLi8/cK0="></latexit> { <latexit sha1_base64="/B40sRm7IrgzJi9RiSLxnHwmyf0="></latexit>

�t
<latexit sha1_base64="ceV6YyXeTy8gUzqTo9GkLi8/cK0="></latexit> { …

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



Illustration with our cooper pair problem

Results for 4 qubits 

(From E. A. Ruiz Guzman, in PhD@IJCLab)



From article O. Ezratty

Building quantum computers: companies

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


Building quantum computers: companies


