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Why quantum computing is becoming mature now ? 

General Quantum mechanics

General Quantum algorithmic

Quantum technologies/devices

Quantum 
Computing

Cloud

Quantum computing
is democratizing



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 (fFermi-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 

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-parameter function encoding
Continuous function programming  



Where do we expect quantum advantage?
A few examples

Quantum Algorithm 
advantage 

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

we are interested in accelerating
to perform a calculation

Speedup can be:
<latexit sha1_base64="RdPHqVjIXFMks8skCuyodTGnd+o="></latexit>
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System dimension

linear

Quadratic
speedup

<latexit sha1_base64="KKwLEk1xuDLqTUZ/qygMyIQ2diE="></latexit>

2t ! t

Exponential
speedup

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

Church-Turing thesis says that the 
speedup could not be exponential! 

A calculation that takes 1 year in a “linear” 
takes 24 seconds with exp. speedups!

Either polynomial or exponential acceleration 

Trick: use quantum entanglement and measurement rules. 
Measuring one qubit can give information on the whole system.    

(linear algebra, factorization, unsupervised learning, …) 



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>· · ·
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|0, 0, · · · , 0, 1i
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|0, 0, · · · , 0, 0i

Hilbert space size 
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Unary gates
Binary gates

Quantum circuits:

Constraint: the circuit  makes 
Unitary transformation, i.e. no 
loss of information
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to a set of events
In the form of 
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Gives the |a|2



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: 
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Hilbert space size 
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Quantum circuits:
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Unitary transformation, i.e. no 
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Quantum 
measurement 
of qubits – leads 
to a set of events
In the form of 
bitstring 

Gives the |a|2

Given a problem, design an 
appropriate qubit encoding, and

propose new algorithm that lead to
quantum advantage

As the length increases 
Find ways to deal with 

The classical information 
flow. 

Hybrid Quantum-Classical 
problem

Today’s status:
Quantum Computers are imperfect
(Noisy, limited in depth and length)



One example : Superconducting qubits

<latexit sha1_base64="SwvMaATJrub8fOmNeL0pmE3ad2s="></latexit>
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�: 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
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|1iWe are interested in isolating        and   

Example: induce Rabi-like oscillation

External
perturbation

Simple oscillator by LC circuit

Difficulties
Each operation takes some 
Times/ has a certain error
System is not fully isolated 

Decoherence

Constraint
<latexit sha1_base64="249bS2tjRYmWSDgjvuBxe4MuLPU="></latexit>

Trun  Tdec

Exact operation
Real operation



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 When Fidelity



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

As a result



Quantum advantage
Some proofs of principle

Proofs of fidelity

Science, 2020

Photonic Devices



Quantum computing with more than one qubit
Some challenges

Quantum circuits with more than one qubit 

Quantum register: 
Define the qubit computational 
basis: 
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Unary gates
Binary gates

Quantum circuits:

Constraint: the circuit  makes 
Unitary transformation, i.e. no 
loss of information
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Quantum 
measurement 
of qubits – leads 
to a set of events
In the form of 
bitstring 

Gives the |a|2

Given a problem, design an 
appropriate qubit encoding, and

propose new algorithm that lead to
quantum advantage

As the length increases 
Find ways to deal with 

The classical information 
flow. 

Hybrid Quantum-Classical 
problem

Today’s status:
Quantum Computers are imperfect
(Noisy, limited in depth and length)

Develop methods to 
correct for these 

imperfections

One major 
activity/challenge today
Find in our fields pilot 

applications



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>

H = H1�body +H2�body + · · ·



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

Current status 

<latexit sha1_base64="CPZK5EzI2jIrCiafpGZ2uzjX1ro="></latexit>

H = H1�body +H2�body + · · ·

New algorithms

Systematic strategy



Neutrino oscillations

…
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Natural treatment as 

Qutrits

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 
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   



Some current initiatives
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Some recent examples of initiatives in Europe 
for promoting quantum computing 

Increasing the number of workshops/Lectures in Schools/Event



Topical issue on: 
“Quantum computing in low-energy nuclear theory”

Guests Editors:
Thomas Ayral, Thomas Duguet, Denis Lacroix, Vittorio Somà

Tentative Date - November 2022

The community working on quantum computers is growing up 
and starts to organize around this emerging activity.  



Coming challenges

Hybrid Quantum-Classical High-Performance Computing

Large data flow
Error correction
Post-processing data mining

Parallel Quantum Computing

HPC on classical devices



Summary

©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

Thank you!


