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Scope of the lecture:

-Some highlights on analog and digital quantum computing.
-What is a qubit, how to manipulate it
-Quantum gates, circuits, measurements , … 
-Noisy gates, NISQ versus FTQC 

Part I : General aspects of quantum computing

-The historial deuteron problem.
-Superfluid systems 
-The nuclear shell-model approach on quantum computers
-Pionless Effective Field Theory on lattice
-Neutrino oscillations

Part II : Applications to nuclear physics

Hands-on session
First quantum circuits 
with one and two qubits 

Finding the ground state 
of the deuteron



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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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



Digital Quantum computing
(basic aspects)  



Arrow of time 
|Ψ(t0)�

What can be done on a perfect digital quantum computer?
We can essentially solve the Schroedinger equation

In a basis 

i�Ḟ(t) = H× F(t)

<latexit sha1_base64="apZWaLlokKDLtmRfU9oAyu0pOkM="></latexit>

{|ji}j=0,···

<latexit sha1_base64="cTn/wioG3rkHcCaxleT33P5wrHU="></latexit>

Fj(t) = hj| (t)i
<latexit sha1_base64="dxu6tFHPcpp+kJfoRLxdWghyA60="></latexit>

i~Ḟj(t) =
X

i

hj|H|iiFi(t)

Schroedinger Eq. is a Linear algebra problems 

<latexit sha1_base64="W26Wg9Xz8rNHEsvyhjaUkxbKl74="></latexit>

i~ d

dt
| i = H| i

Practical solution on a classical computer

time

|Ψ(tf )�

|Ψ(t0)�
|Ψ(t)� = e

1
i� (t−t0)H |Ψ(t0)�

Formal solution

<latexit sha1_base64="+my6xYQzb0p9YG1aQZCLAHgMMls="></latexit>

= U(t� t0)| (t0)i

|Ψ(tf )�
<latexit sha1_base64="+my6xYQzb0p9YG1aQZCLAHgMMls="></latexit>

= U(t� t0)| (t0)i

Having information on the w.f. means measuring it. 

Preparation Manipulation Measurement

Quantum Circuit

Digital 
Quantum Circuit



Some terminologyQubit basis/quantum register

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

|0i

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

|1i

1 qubit
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|10i
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|01i
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|11i

2 qubit

0

1

0

1
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|110i

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

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

Computational Basis
= 

qubit register 

q qubit

<latexit sha1_base64="MtWGf2W5Oa3VUMYk/Qq8+CT9LG4="></latexit>

|s1, · · · , sqi
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|0, 0, · · · , 1, 1i
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|0, 0, · · · , 0, 0i

Hilbert space size scales as  
<latexit sha1_base64="Ff1rCZQM0CMvE9+FrIWnnOs/TWo="></latexit>

2q
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|ji
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|101000 · · · i = |1i ⌦ |0i ⌦ |1i ⌦ · · ·

first
qubit

second
qubit

third
qubit
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Manipulating Bits versus Qubits 

Bits and classical logical gates Single bit gate Two bits gate

Qubits

Pauli matrices

Two Qubits gate

Controller

Target

<latexit sha1_base64="xuvZZIi/x4/F6xNVlqD9zpFQ/C8="></latexit>
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|01i
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Input

Control

Output

<latexit sha1_base64="ZTe3c6UUfsyJ3R1e7mM6cZNHg00="></latexit>

|BAi
<latexit sha1_base64="GHctUN43lvhUBAnC9X9zpCQzr8I="></latexit>

|B0Ai

Single Qubit gate
<latexit sha1_base64="L6UaUJKeQmBqAWHjUbBUTbmV5UM="></latexit>

|Ai <latexit sha1_base64="KszyAiqZMLldQkPc9/2YrR0dQGI="></latexit>

|Āi

Input Output
<latexit sha1_base64="nqneV7qefPwfM5+XZoTTphYZuUM="></latexit>

|0i
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X =

✓
0 1
1 0

◆ <latexit sha1_base64="ThKEqC750bhu8zGUukqfdmmHKbY="></latexit>

CNOT =

0

BB@

1 0 0 0
0 0 0 1
0 0 1 0
0 1 0 0

1

CCA



One qubit and Bloch sphere

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 operations can be represented 
as a path in the Bloch sphere

Rotations corresponds to gates

All 1-qubit operations can be decomposed 
into  a set of X, Y, and/or Z rotations   

coordinates
<latexit sha1_base64="NbW+yTttnlQqVPAmcZ8KeWOsIU0="></latexit>

(hXi, hY i, hZi)



One qubit- some operations and measurement

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



Two qubits

General discussion on two qubits operations

In total, this gives a priori
<latexit sha1_base64="riL0Lm8yV4zvyb6j5p5DlN1W/uU="></latexit>

4 + 6⇥ 2� 1 = 15 Independent parameters

<latexit sha1_base64="gttQmjOhb3ZLfbtTSAu5g9DDUHE="></latexit>

↵0|00i
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+�0|01i
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↵|00i
<latexit sha1_base64="h0suFdOFAxtfHu822iRESTXidPg="></latexit>
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+�|10i
<latexit sha1_base64="GOEOcwUBc1bbiqpucrp/tNKujHA="></latexit>

+�|11i

Bin Int

General and efficient decomposition of any U matrix

Vatan et al,  Phys. Rev. A69 (2004)Binary CNOT (control-not) gate
(see also later: decomposition of a general circuit)

<latexit sha1_base64="YnnvfK5+wXj58ZLdz1exjtdU3VU="></latexit>

|00i = |0i
<latexit sha1_base64="/gfO9hPnNCpEz0UwEqowlynbCMI="></latexit>

|01i = |1i
<latexit sha1_base64="SCsS9P24Pjt+LLSft+PDtbOSJ7M="></latexit>

|10i = |2i
<latexit sha1_base64="EvNmruYKTQ8gkh+MbzIUu5oh+90="></latexit>

|11i = |3i



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

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

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

Rotation Control-X 
CNOT

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

cos(✓/2)|00i+ sin(✓/2)|01i ! cos(✓/2)|00i+ sin(✓/2)|11i
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|10i

Input

Control

Output

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

Only one qubit needs to be measured to know the second qubit state 



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

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

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

Rotation Control-X 
CNOT

Step 2
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Input

Control

Output

General Controlled gates (IF-THEN-ELSE) 

If b=0
If b=1

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

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

Why entangling gates 
are so important ? 



Quantum advantage and entanglement 

Speedup up the solution 
of a problem:

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

case 1 case 2

How ?

<latexit sha1_base64="m473ThCaI62sXVBOC5rtfophl6o="></latexit>

| i = 1

2
(

<latexit sha1_base64="4nIlJMC4gWf1wLCK10d2tRGWXiA="></latexit>

1p
2
(| i+ | i)

Quantum computers promise to solve certain problem 
exponentially faster than classical computers

Deutsch-Josza problem (92)

Q: Is f constant or an equal mixing of 0 and 1 ?

Classically requires 1+2n-1 questions

Quantum: requires only 1 question but n entangled qubits



A few more example of binary gates 

All binary circuits can be written in terms of 1 qubit operations + CNOTs

Examples SWAPControlled by 0

This property turns out to remain valid for any number of qubits 



Given rotation strategy

More than 2 qubits: general decomposition of a unitary matrix

Decomposition of a general matrix into gates 

<latexit sha1_base64="Uf+RZTJXdQkS2bMZmB0An8S8xyo="></latexit>

U=?

All unitary matrix can be decomposed into 1-qubit operations 
and CNOT with arbitrary precision

Barenco et al Phys. Rev. A 52 (1995)

Some simple explanation why/how (from Nielsen & Chuang book)

All methods works iteratively and decomposes the matrix as a set of 2-level operations
<latexit sha1_base64="cpikHwS332gvcZDvnJf/T38Cryg="></latexit>

U = U⌦ · · ·U1

I

Step 1 Decompose U as a product of 2 level matrices 

U of dimension d decompose into d 2-level matrices



More than 2 qubits

Step 2 Decompose each 2 level matrix as a sequence of CNOT and 1 qubit gate 

This is done by the following scheme (Using Gray-code encoding)
<latexit sha1_base64="fesAKyvVPqPmiCJT63qWh54VGao="></latexit>

|000i <latexit sha1_base64="aHjbA5k19GWbdXcGlhv6J9UVqqY="></latexit>

|111i
<latexit sha1_base64="fesAKyvVPqPmiCJT63qWh54VGao="></latexit>

|000i

<latexit sha1_base64="aHjbA5k19GWbdXcGlhv6J9UVqqY="></latexit>

|111i

Each multiple control 
can be decomposed 
with only 1-qubit
operations and CNOTs.

Ultimately any n-qubit unitary matrix requires less than                - 1 qubit gate and CNOTs
<latexit sha1_base64="8tkv/6eGGz5Y8F1MW5LTGAjjxhQ="></latexit>

(n24n)



A bit more on measurement

<latexit sha1_base64="CwQ/6E2eyZIK/xu5ar2nEtgoAoc="></latexit>

G

Measurement firstly gives probabilities 

Two simple but important properties  

Projector on channels

Measurement leads to collapse of the wave-function

Measuring 0 

Measuring 1 

Measurement can also be used to estimate observables

It is also one source of error 
(statistical one)

But this only works for Z or operators O such that 



Using measurement as a tool  

To measure an observable, one should first go in its eigenstate basis prior to the measurement:

For a general one-qubit operator O such that
with

=

<latexit sha1_base64="U/3rojB5kJNHQkxr1lumBvT+q80="></latexit>

O

An important example: X, Y, Z estimates 

It is also a tool to control the 
wave-function by 
projection/measurement

<latexit sha1_base64="lx5uMkI1lGfthTNUHEik3qORKEk="></latexit>
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|↵i
<latexit sha1_base64="DQ+zHk3a0F0F7gKG6YxXung/mM0="></latexit>

|�i
0

1



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>

eitH

ci
rc

ui
t l

en
gt

h

circuit depth

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

Gives the |a|2



Why quantum computing is becoming mature now ? 

General Quantum mechanics

General Quantum algorithmic

Quantum technologies/devices

Quantum 
Computing

Cloud

Quantum computing
is democratizing



Today’s and Tomorrow’s strategies  
For quantum computing many-body problems

(credit: Y. Saad)
Ideal circuit Reality circuit

Ayral, Beserve, Lacroix, Ruiz Guzman, EPJA 2023

Why?



What are hybrid variational methods?

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

The optimization task is left to a classical computer

Main Idea of VQE

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

<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

(Frank Zickert | Quantum Machine Learning)



Quantum computing for the description 
of static and dynamical properties of atomic nuclei

Problematic and challenges 

Nuclei are self-bound quantum 
mesoscopic systems 
Nb of particles 

<latexit sha1_base64="cgftVU8A+MDftNG6tWX7mDjKjIw="></latexit>

2  A  300

Number of single-particle states

M
at

rix
 d

im
en

si
on

 to
 d

ia
go

na
liz

e

Finding eigenstates

The problem is highly 
non-perturbative

Interaction

Symmetries /Entanglement
Global symmetries induce
All-to-all entanglement

<latexit sha1_base64="OwafnU9Ig0NZI8BMrJyIPPikZNY="></latexit>

S, T, J, ⇡

Nuclei are subject to entanglement volume law 
(bad candidate for Tensor Network)

Spontaneous 
Broken 

symmetries (SB)

Small superfluid

(particle number SB)

Deformation can happen

(rotational invariance SB)
…



Some Introductory 
Illustrations of QC applications

(Useful Quantum primitives will be 
introduced during the illustrations) 



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, pennylane, …

…



First Example:
The deuteron problem in a schematic 
model solved on a quantum computer



Solving the deuteron problem on a quantum computer

First step : 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

On 2 levels:
<latexit sha1_base64="TgJW1FtGJ9xwK+6TelDm6MeQhFs="></latexit>

H2 = "0a
†
0a0 + "1a

†
1a0 + v01(a

†
1a0 + a

†
0a1)

<latexit sha1_base64="lJy3oYGvhiQD5Cff69DYW2x2QRo="></latexit>

|'0i

<latexit sha1_base64="AC6FnxGZQtrqYmOmU2CXIwhXVrE="></latexit>

|'1i
<latexit sha1_base64="uj7s0UX0uqOQIHNbqqRqG8qqR6Y="></latexit>"0

<latexit sha1_base64="hZ5d5pC32ffGS+r96MjOrkjqdqQ="></latexit>"1
<latexit sha1_base64="xH4yyBPQT4hFMmWrHJqZZq14fHs="></latexit>v01 Adding one level:

<latexit sha1_base64="QiV6w/HIBtEytjboo+NyISSPKcM="></latexit>

|'2i<latexit sha1_base64="UT7dRBPwxHLMvPQB5OiS34KLC50="></latexit>"2
<latexit sha1_base64="KW4TVeoMFB3ozRee5gz7VrQRVB4="></latexit>v12

<latexit sha1_base64="8LKbg81/OYPcxF2xnGhVHtOpyvI="></latexit>

H3 = H2 + "2a
†
2a2 + v12(a

†
2a1 + a

†
1a2)

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



Simple approach to many-problem on a quantum computer 

We can assign one  to each single-particle state, one qubit
<latexit sha1_base64="lJy3oYGvhiQD5Cff69DYW2x2QRo="></latexit>

|'0i <latexit sha1_base64="5/LJ+Se9Y5AdW4bDhQloICwUlXM="></latexit>q0

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

|0i ! |1iIf the state is unoccupied, the qubit is in the zero state
<latexit sha1_base64="lJy3oYGvhiQD5Cff69DYW2x2QRo="></latexit>

|'0i

<latexit sha1_base64="lJy3oYGvhiQD5Cff69DYW2x2QRo="></latexit>

|'0i If the state is occupied, the qubit is in the zero state
<latexit sha1_base64="KRsvraIJtiULMF/GxmIwvltFT2s="></latexit>

|0i ! |1i

Two states = two qubits

<latexit sha1_base64="lJy3oYGvhiQD5Cff69DYW2x2QRo="></latexit>

|'0i

<latexit sha1_base64="AC6FnxGZQtrqYmOmU2CXIwhXVrE="></latexit>

|'1i
<latexit sha1_base64="5/LJ+Se9Y5AdW4bDhQloICwUlXM="></latexit>q0

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

<latexit sha1_base64="V9KSZ6Y8UMbstW/cX5ALgCYus/c="></latexit>

|00i
<latexit sha1_base64="bEAWdQ8+1YIRn8jFpfmdZi7TF7Y="></latexit>

|01i

<latexit sha1_base64="rA/DhYFyHO2ols8ieyzjrHpH2G0="></latexit>

|10i
<latexit sha1_base64="vQXntiK8a49JdTi846VKLBcvBPc="></latexit>

|11i



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

Shell model on a quantum computer
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>

···
Quantum 

register

One-difficulty – the antisymmetric nature of fermions

<latexit sha1_base64="saFNTL8ephQeK93xE8QbYOmPynQ="></latexit>

U(✓1, ✓2, · · · )



The Jordan-Wigner Transformation (JWT) solution
Mapping observable from Fock to qubit space

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 encoding is not unique:
-Bravyi-Kitaev encoding - Ann. Phys. 298 (2002).
-Parity encoding – Seeley et al, J. Chem. Phys. 137, 224109 (2012) 
Encoding might lead to highly non-local multi-qubit operators!  

One possible solution (Jordan-Wigner transformation -1928)

1 Order the index like in a lattice
…

k=0 1 2 3 … j2 Define new mapping

<latexit sha1_base64="o9rCrw8Ztzk2FEOzwnox3jDCgu0="></latexit>

a†k !

0

@
Y

j<k

�Zk

1

AQ+
k



Back to the deuteron 

The Jordan-Wigner method is simple and systematic, how this works: 

n=0,1

<latexit sha1_base64="TgJW1FtGJ9xwK+6TelDm6MeQhFs="></latexit>

H2 = "0a
†
0a0 + "1a

†
1a0 + v01(a

†
1a0 + a

†
0a1)

Jordan-Wigner mapping
<latexit sha1_base64="vf6871iM3iHY5jkpegrl1OWYAck="></latexit>

a†0 ! Q+
0

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

a†1 ! �Z0Q
+
1

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

(Q+
k Zk = �Q+

k )

<latexit sha1_base64="EUX3NS1eZ+71deKuw2P+KKP410w="></latexit>

H2 =
"0

2
(I � Z0) +

"1

2
(I � Z1) + v01(X0X1 + Y0Y1)

<latexit sha1_base64="07KYpl+JU72LgdZftkZKFfnIxkg="></latexit>

H2 = 5.906709I + 0.218291Z0 � 6.125Z1 � 2.143304(X0X1 + Y0Y1)

n=0,1,2

Adding a qubit:
<latexit sha1_base64="kTX2/VP+tr0OKIaikK1lLKEb1ag="></latexit>

a†2 ! Z0Z1Q
+
2

<latexit sha1_base64="INhebjpSvoGD+r7EkhQhnXS/TkM="></latexit>

H3 = H2 + 9.625(I � Z2)� 3.913119(X1X2 + Y1Y2)
<latexit sha1_base64="GkArLMOIAHSVT218zWObZmQWZKU="></latexit>· · ·



A few simple but important remarks

<latexit sha1_base64="07KYpl+JU72LgdZftkZKFfnIxkg="></latexit>

H2 = 5.906709I + 0.218291Z0 � 6.125Z1 � 2.143304(X0X1 + Y0Y1)

<latexit sha1_base64="fd+GTquegdtF6Nz5hGs0jbFlUsk="></latexit>

H =
X

i2G
ciPi0 · · ·Pinq

<latexit sha1_base64="Svo7XecxlvU+CIaXuGNoxO2cdtw="></latexit>

P 2 {I,X, Y, Z}

The group G has ~4n elements Pauli String 
Unitary operator

hermitian
But not unitary

Pauli-string decomposition is universal

This is the essence of quantum tomography
For one qubit

But tomography has an exponential cost with the number of qubits.

<latexit sha1_base64="fd+GTquegdtF6Nz5hGs0jbFlUsk="></latexit>

H =
X

i2G
ciPi0 · · ·Pinq

<latexit sha1_base64="mvVdLhYyjE0Zo5R2uaW3khZQ7vk="></latexit>

e�itH

<latexit sha1_base64="fd+GTquegdtF6Nz5hGs0jbFlUsk="></latexit>

H =
X

i2G
ciPi0 · · ·Pinq

<latexit sha1_base64="FkhIS5OZW5417TqUqagc4cJHg5k="></latexit>

e�i✓Pi0 ···Pinq

Given H, which operation can be a priori implemented on a quantum computer?



Practical solution on a quantum computer

What problem exactly are we trying to solve?
<latexit sha1_base64="iBITW3HCuS8zIvaSspVC/7agmpk="></latexit>

H2 = a0I + a1Z0 + a2Z1 + a3(X0X1 + Y0Y1)

<latexit sha1_base64="AbzhBhifyvZV5IcgktTQTIF6ufc="></latexit>

H =

0

BB@

a0 + a1 + a2 0 0 0
0 a0 + a1 � a2 2a3 0
0 2a3 a0 � a1 + a2 0
0 0 0 a0 � a1 � a2

1

CCA

<latexit sha1_base64="V9KSZ6Y8UMbstW/cX5ALgCYus/c="></latexit>

|00i
<latexit sha1_base64="bEAWdQ8+1YIRn8jFpfmdZi7TF7Y="></latexit>

|01i

<latexit sha1_base64="vQXntiK8a49JdTi846VKLBcvBPc="></latexit>

|11i

<latexit sha1_base64="rA/DhYFyHO2ols8ieyzjrHpH2G0="></latexit>

|10i

On a classical computer We diagonalize 
<latexit sha1_base64="7H4sKHEXhXC1G4AKTdk+G2SwPnw="></latexit>

|GSi = ↵|10i+ �|10i

The ground state can be found by minimizing the energy:
<latexit sha1_base64="QumxKC63i1R8ivOH0JV4nUNA/pk="></latexit>

E(✓) = h (✓)|H2| (✓)i

In qubit spaceIn Fock space

<latexit sha1_base64="WiEHDzid20x6b62Q/LYm7Ps94Uw="></latexit>

| (✓)i = ei✓(a
†
1a0�a†

0a1)a†0|00i
<latexit sha1_base64="VzhW+noS/FWDimYbdGLMgVp1juA="></latexit>

| (✓)i = ei(✓/2)(X0Y1�Y0X1)X0|00i



A few simple but important remarks

What problem exactly are we trying to solve?
<latexit sha1_base64="iBITW3HCuS8zIvaSspVC/7agmpk="></latexit>

H2 = a0I + a1Z0 + a2Z1 + a3(X0X1 + Y0Y1)

<latexit sha1_base64="5/LJ+Se9Y5AdW4bDhQloICwUlXM="></latexit>q0
<latexit sha1_base64="rd0cAV7VGTEvVwjYl9IUz5wW2XU="></latexit>q1

<latexit sha1_base64="p5qgahc+EiIDOd7pf5HzCPhSKcU="></latexit>

|0i
<latexit sha1_base64="p5qgahc+EiIDOd7pf5HzCPhSKcU="></latexit>

|0i

<latexit sha1_base64="qsqTDxHCRnJemfkgompl/3oe+Rc="></latexit>

X
<latexit sha1_base64="c804WtJZQ13t3UrxZh80l3ZCmao="></latexit>

| (✓)i = ei(✓/2)(X0Y1�Y1X0)X0|00i

<latexit sha1_base64="X2kOPvwBMCJQWy/AHwEq+wYczgI="></latexit>

|01i <latexit sha1_base64="yGiPNk8Un31Qo/HX+eJSb9sLE+g="></latexit>

| (✓)i?

Standard strategy

<latexit sha1_base64="fJBshVtMyyUChQwycBjiH7q8Vqc="></latexit>���eit(A+B) �
h
ei�tA/nei�tB/n

in���  �t2

2n
k [A,B] k  ✏

The (first order) Trotter-Suzuki formula

<latexit sha1_base64="ceV6YyXeTy8gUzqTo9GkLi8/cK0="></latexit> { <latexit sha1_base64="ceV6YyXeTy8gUzqTo9GkLi8/cK0="></latexit> { <latexit sha1_base64="ceV6YyXeTy8gUzqTo9GkLi8/cK0="></latexit> {
<latexit sha1_base64="Iu3LkQZj+rD1GGVQ8FcAu4iZpZ8="></latexit>

�✓
<latexit sha1_base64="Iu3LkQZj+rD1GGVQ8FcAu4iZpZ8="></latexit>

�✓
<latexit sha1_base64="Iu3LkQZj+rD1GGVQ8FcAu4iZpZ8="></latexit>

�✓

<latexit sha1_base64="zYUMX4PQseGx6O9IFH9gLM2omm8="></latexit>

ei�✓A <latexit sha1_base64="8TjrU3sx1Oqz5IeY9vKkYMAV7nQ="></latexit>

ei�✓B
<latexit sha1_base64="zYUMX4PQseGx6O9IFH9gLM2omm8="></latexit>

ei�✓A
<latexit sha1_base64="zYUMX4PQseGx6O9IFH9gLM2omm8="></latexit>

ei�✓A
<latexit sha1_base64="8TjrU3sx1Oqz5IeY9vKkYMAV7nQ="></latexit>

ei�✓B
<latexit sha1_base64="8TjrU3sx1Oqz5IeY9vKkYMAV7nQ="></latexit>

ei�✓B

<latexit sha1_base64="p5qgahc+EiIDOd7pf5HzCPhSKcU="></latexit>

|0i
<latexit sha1_base64="p5qgahc+EiIDOd7pf5HzCPhSKcU="></latexit>

|0i

<latexit sha1_base64="qsqTDxHCRnJemfkgompl/3oe+Rc="></latexit>

X

State preparation

<latexit sha1_base64="VzhW+noS/FWDimYbdGLMgVp1juA="></latexit>

| (✓)i = ei(✓/2)(X0Y1�Y0X1)X0|00i



General method to obtain a circuit

<latexit sha1_base64="32mRVuk4s/OG3GLNTu7lyRHtO2E="></latexit>

ei✓Z0Z1

Other circuits can be obtained using
<latexit sha1_base64="6vKZEKegpLnVX8iRCwsbmZqTLgo="></latexit>

HXH = Z
<latexit sha1_base64="1rV08D0W1ZlugxzYLT/mGkM1Nho="></latexit>

(HS
†)Y (SH) = Z

<latexit sha1_base64="jGnNZYx8C1wVYqp6f9FlZss6gZs="></latexit>

ei✓X0X1

Z-basis X-basis Z-basis 

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

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

H

<latexit sha1_base64="8C4fAqm3iaEQQIlrB0EfBpImQmo="></latexit>

ei✓X0Y1

<latexit sha1_base64="ind0En0sa49xniN05GiNibOoA1E="></latexit>

S
†
H

<latexit sha1_base64="Tf9FlYeHvf+laOBlkW9JLYXP81A="></latexit>

HS

Z-basis X-basis Z-basis 

(courtesy to R. Bocquet)

General staircase circuit



General method to obtain a circuit

<latexit sha1_base64="p5qgahc+EiIDOd7pf5HzCPhSKcU="></latexit>

|0i
<latexit sha1_base64="p5qgahc+EiIDOd7pf5HzCPhSKcU="></latexit>

|0i

<latexit sha1_base64="qsqTDxHCRnJemfkgompl/3oe+Rc="></latexit>

X

Circuit length

<latexit sha1_base64="avhBbwzmB3YP5MqisJN8zj0cgwU="></latexit>

ei�✓X0Y1
<latexit sha1_base64="5tJWTSa31wUV1JSQvBnee6WvBG4="></latexit>

ei�✓X1Y0
<latexit sha1_base64="avhBbwzmB3YP5MqisJN8zj0cgwU="></latexit>

ei�✓X0Y1
<latexit sha1_base64="5tJWTSa31wUV1JSQvBnee6WvBG4="></latexit>

ei�✓X1Y0

1 qubit gate
CNOT gates

+1 +7
+2

+7
+2

+7
+2

+7
+2

<latexit sha1_base64="GkArLMOIAHSVT218zWObZmQWZKU="></latexit>· · ·
Circuits are not unique ! Can be made with three control gates 

and one rotation only 

The circuit has been further reduced to 

Dumitrescu et al, PRL 120 (2018) 2 gates
1 CNOT



A few simple but important remarks

<latexit sha1_base64="iBITW3HCuS8zIvaSspVC/7agmpk="></latexit>

H2 = a0I + a1Z0 + a2Z1 + a3(X0X1 + Y0Y1)

Energy evaluation

<latexit sha1_base64="p5qgahc+EiIDOd7pf5HzCPhSKcU="></latexit>

|0i
<latexit sha1_base64="p5qgahc+EiIDOd7pf5HzCPhSKcU="></latexit>

|0i

<latexit sha1_base64="qsqTDxHCRnJemfkgompl/3oe+Rc="></latexit>

X
<latexit sha1_base64="fXUsOAeNJMHm8XS/tErwVaD3MMU="></latexit>

ei✓Y

<latexit sha1_base64="lF4fuyiQBFI0VK9UszTnK7Fy9NU="></latexit>

hZ0i✓ = p0 � p1
<latexit sha1_base64="GDjdA1oDP7qIhj9ZkU7R+5Vg5xU="></latexit>

hZ1i✓ = p0 � p1
Circuit 1

<latexit sha1_base64="p5qgahc+EiIDOd7pf5HzCPhSKcU="></latexit>

|0i
<latexit sha1_base64="p5qgahc+EiIDOd7pf5HzCPhSKcU="></latexit>

|0i

<latexit sha1_base64="qsqTDxHCRnJemfkgompl/3oe+Rc="></latexit>

X
<latexit sha1_base64="fXUsOAeNJMHm8XS/tErwVaD3MMU="></latexit>

ei✓Y

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

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

H

<latexit sha1_base64="681aW+mkdllM/TyiOCLrwqeLamk="></latexit>

hX0X1iCircuit 2

Circuit 3
<latexit sha1_base64="p5qgahc+EiIDOd7pf5HzCPhSKcU="></latexit>

|0i
<latexit sha1_base64="p5qgahc+EiIDOd7pf5HzCPhSKcU="></latexit>

|0i

<latexit sha1_base64="qsqTDxHCRnJemfkgompl/3oe+Rc="></latexit>

X
<latexit sha1_base64="fXUsOAeNJMHm8XS/tErwVaD3MMU="></latexit>

ei✓Y

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

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

H

<latexit sha1_base64="yWOlDxfxiQKP2m7eghsgl2HEyQU="></latexit>

S
<latexit sha1_base64="yWOlDxfxiQKP2m7eghsgl2HEyQU="></latexit>

S

<latexit sha1_base64="5F0DFy3W26GdkdMMMdUscK+UC98="></latexit>

hY0Y1i



Dumitrescu et al, Phys. Rev. Lett. 120 (2018)
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Energy can be reconstructed
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Second Example:
Treating superfluid systems 

This problem is an archetype of spontaneous  symmetry breaking/symmetry 
restoration in nuclear physics.  



Illustration with the pairing Hamiltonian

Example

Mixes states with 0, 2, 4, … particles

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

HP =
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Illustration with the Richardson Hamiltonian
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How to encode the Hamiltonian and 
prepare this state on a quantum computer ? 



Illustration with the pairing Hamiltonian

HP =
X
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ī
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Again qubit ordering, 
is crucial!First step Fermion to qubit mapping

Jordan-Wigner trans:

…

0 1 2 … n n+1

i īStates labels

Qubits labels

a†ia
†
ī

Q+
nQ

+
n+1
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(Xn � iYn)withSecond step: prepare the wave-function with a circuit

Consider one pair 
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Equivalent to a generalized Bell state)



Preparing a Bell (Pairing state)

Independent particle

Entangled/correlated state

<latexit sha1_base64="J7gfgSB2F/fYu5/g+VxIONoKw80="></latexit>

(↵1|0i+ �1|1i)⌦ (↵2|0i+ �2|1i)

<latexit sha1_base64="9KpQzsNf6ILrJFSxxD9164B2DRU="></latexit>

(↵|0i+ �|1i)⌦ |0i

Here I created a Bell state 

<latexit sha1_base64="2TaNBRc515g8fmBg+hN8zuEGn3o="></latexit>

(↵|00i+ �|11i)

Again the circuit is not unique 



Restoring symmetries on a 
quantum computer? 

Quantum computing for atomic nuclei
Illustration for small superfluids

0 2 4 6 8 10 12

Example of mixing for 12 qubits
BCS circuit

Symmetry 
Preserving HF state 

Symmetry Breaking 
(SB) state Symmetry Restored 

(SR) state (multi-reference) D. Lacroix, A. Ruiz Guzman and P. Siwach, 
Symmetry breaking/symmetry preserving circuits 
and symmetry restoration on quantum computers
EPJA 59 (2023) 

after J. YangPairing Deformation

…



A brief overview of the symmetry restoration problem 
and its solution

For 2 qubits
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D. Lacroix,  “Symmetry-Assisted Preparation of Entangled Many-Body States on a Quantum Computer”, PRL 125, 230502 (2020).
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Use it for evolution, 
Energy minimization, …

Difficulty – wave-function collapse
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Systematic of Symmetry filtering methods
Standard Quantum Phase estimation

Iterative Quantum Phase estimation

16 qubits, N= 8

D. Lacroix, Phys. Rev. Lett. 125 (2020).
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Standard nuclear physics strategy based on symmetries
Where we are, where we go

1 Preparing symmetry-breaking state (BCS, …) 

Relatively easy, uses standard toolkit 

0 2 4 6 8 10 12

Example of mixing for 12 qubits (with qiskit)
BCS circuit

2 Restoring symmetries 

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

-With phase-estimation 

Various methods

-Using classical 
post-processing
(shadows)

Ruiz Guzman, Lacroix, Eur. J. Phys. A 60 (2024)

-Using quantum Oracles
Ruiz Guzman, Lacroix, PRC 107 (2023)



Standard nuclear physics strategy based on symmetries
Where we are, where we go

3 Using Symmetry-breaking / restoration

8 particles on 8 equidistant levels 
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dSym. 

Breaking

Sym. 
Restoration

Q-HFB

Q-PAV

Q-VAP

Q-GCM
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Beaujeault-Taudière, Lacroix, PRC 109 (2024)  

Quantum Generator 
Coordinate Method 
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Lipkin model



Most tests up to know were made on 
Particles with spins (s).

But nuclei have both spin (s) and isospin (t) (neutron/proton)

This increases the number of qubits

This increases the number of symmetries that could be broken
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Sz, S2, Tz, T 2, ⇡ Symmetry-breaking states become extremely hard to control
Symmetry restoration becomes very demanding

J. Zhang, PhD thesis Paris-Saclay Univ.  (2025).  

Getting closer to realistic problems 
Is the breaking of symmetries always a good idea? 



Going beyond traditional nuclear physics methods: Use of adaptative methods

Iterative construction of the ansatz 

Start from a state 
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Grimsley, et al, Nat. Commun. 10 (2019)

ADAPT-VQE applied to the 
Superfluid problems: only spins
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J. Zhang, D. Lacroix, and Y. Beaujeault-Taudière, 
PRC 110 (2024)

Extension to 
spin and isospin



Pérez-Obiol, et al
Scientific Reports 13, 12291 (2023)

Today’s applications
The nuclear shell model on quantum computers

Number of single-particle states
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Finding eigenstates

(courtesy F. Nowacki [2021])
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' 38 qubits
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' 30 qubits



Today’s applications
The nuclear shell model on quantum computers

Valence space quantum computing

Select the model space

Fermion-to-qubit mapping

Use your favorite variational technique

6 or less qubits

12 or less qubits

20 or less qubits

Carrasco-Codina et al,
2507.13819 
…

Sarma et al, 2306.06432 

Sarma et al, 2510.02124
…

Yang et al, 2306.08885 

Obiol et al, 2302.03641

Bhoy et al, 2402.15577
Costa et al, 2411.06954 
Yoshida et al, 2404.01694
Yoshida et al, 2509.20642
…

https://arxiv.org/abs/2507.13819
https://arxiv.org/abs/2306.06432
https://arxiv.org/abs/2510.02124
https://arxiv.org/abs/2306.08885
https://arxiv.org/abs/2302.03641
https://arxiv.org/abs/2402.15577
https://arxiv.org/abs/2411.06954
https://arxiv.org/abs/2404.01694
https://arxiv.org/abs/2509.20642
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Building a state

Qubits provide an efficient representation of a many-body wavefunction

(courtesy S. Aychet-Claisse [PhD IJCLab/CEA Saclay])
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Building a state

Qubits provide an efficient representation of a many-body wavefunction

(courtesy S. Aychet-Claisse [PhD IJCLab/CEA Saclay])



X

X +
Ry
α

= cos(α)

+ sin(α)

+

Building a state

Qubits provide an efficient representation of a many-body wavefunction

(courtesy S. Aychet-Claisse [PhD IJCLab/CEA Saclay])



X +
Ry
α

= cos(α)

+ sin(α)

+

Building a state

Qubits provide an efficient representation of a many-body wavefunction

(courtesy S. Aychet-Claisse [PhD IJCLab/CEA Saclay])

X

Creates entanglement 
between qubits
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Building a state

Qubits provide an efficient representation of a many-body wavefunction

(courtesy S. Aychet-Claisse [PhD IJCLab/CEA Saclay])
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(courtesy S. Aychet-Claisse [PhD IJCLab/CEA Saclay])

n qubits are sufficient to represent a n-level many-body state!
The Hilbert space has 2n states 

Building a state

Qubits provide an efficient representation of a many-body wavefunction

Today’s advanced shell model calculations are able to treat 
matrices of the order of 100 million states.  
30 qubits allow for treating matrices of 1 billion states!  



Preparing quantum ansatz and Variational Quantum Eigensolver methods

Anselme-Martin, PhD Thesis, Univ. Paris-Saclay

The state is prepared on the 
quantum computer

1

2 The energy of the state is built 
from the measurements 

made on the system 

3
The parameters are optimized 

in classical computers
to minimize the energy 



Today’s applications
Illustration of Shell Model applications

0 1 2 3 4 5 6
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Pérez-Obiol, et al, Scientific Reports 13, 12291 (2023)



Today’s applications
Simplified Shell Model applications on real quantum computers

Hard-core Boson mapping 
Wave preparation

+ Observable 
Energy gradients

Optimization

After optimal 
solution
Is found

Build the 
Approximate GS

Compute observable

RIKEN-Quantinuum’s
Reimei device 
(trapped Ion)

Sota Yoshida, Takeshi Sato, Takumi Ogata, Masaaki Kimura, Phys. Rev. Res. (2026)



Dean Lee, Prog. Part. Nucl. Phys. (2009) 
Lähde, Meißner, Nuclear Lattice Effective Field Theory (2019), Springer

Today’s applications
Quantum simulation of nuclei on lattices 

(courtesy T. Papenbrock)



Today’s applications
Quantum simulation of nuclei on lattices 
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neutron Kinetic-non local

Two-body local

Three-body local

Pionless EFT Hamiltonian [Bedaque, van Kolck 2002]

Fermion to qubit mapping
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Number of single-particle states:   
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Application of 2H and 3He on a 2×2×2 lattice

Gu, Heinz, Kiss, Papenbrock, Phys. Rev. C 113 (2026) 



Application of 2H and 3He on a 2×2×2 lattice
Gu, Heinz, Kiss, Papenbrock, Phys. Rev. C 113 (2026) 

Approximate limits from todays’ 
CNOT fidelity

𝑇 =
1 0
0 𝑒!

!
"

.

(courtesy T. Papenbrock)

Circuit complexity



Other ongoing developments

Sharma et al (2023); Wang et al (2024)

Phase-shift on quantum computers Extraction of resonances (complex energy)

Singh et al (2025)

Response function

Weiss, et al (2025); Roggero et al (2019) 

Nuclear reactions

Rule et al (2025)



Other today’s applications 

Oscillations of neutrinos emitted 
from Stellar objects  



A focus on neutrino oscillation physics simulated on quantum computers

interaction
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interaction

Where is the complexity?

The problem is mapped to a 
many-body open quantum system 
problem equivalent
to interacting qubits or qutrits. 



Beam 1
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Beam 2 Beam 3

A focus on neutrino oscillation physics simulated 
on quantum computers

Illustration of the Hamiltonian (2 flavor approx)
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i<j

Gi,j [XiXj + YiYj + ZiZj ].

Oscillation

Coupling

Amitrano,et al, PRD 107, (2023) 

Illa et al, PRL 130 (2023) Turro et al, 
PRD D 111 (2025) 

Hall et al, PRD 104 (2021)

4 neutrinos 
IBM-Vigo QPU

4 & 8 neutrinos 
HQD-H1 

Trapped Ion device

12 neutrinos
Quantinuum’s H1-1 
20 qubit trapped-ion

12 neutrinos / qutrits
H1-1 & ibm_torino



Turro, PRD 111 (2025)

12 neutrinos / qutrits
H1-1 & ibm_torino

Example 2: Neutrino oscillation physics

Hall, PRD 104 (2021)

4 neutrinos 
IBM-Vigo QPU

4 qubits

Amitrano, PRD 107 (2023) 

4 & 8 neutrinos 
HQD-H1 

Trapped Ion device
4 & 8 qubits

Illa, PRL 130 (2023) 

12 neutrinos
Quantinuum’s H1-1 
20 qubit trapped-ion

Mangin Brinet, Lacroix, PRD 13 (2026)

Two directions: - Simulation of neutrinos on qubits and qutrits
- Classical simulation on large qubits sets  

Lacroix et al, Phys Rev. D106 (2022), Phys Rev D110 (2024) 

>100 neutrinos
IBM machines

Kiss, Tavernelli, Tacchino, Lacroix, 
Roggero, arxiv:2510.24841

(IBM hardware)
Neutrino thermalization time



Real Quantum Machine access 

IBM Q5
(5 qubits)

ibm fez, 
ibm aachen
(156 qubits) 

IBM santiago, 
manila, and bogota Photonic machine

Rydberg atoms

…
Thank you !



Quantum Hardware with noise
Noise description and 

Noise mitigation

More on noisy devices
(if times allows)



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
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�: flux in the inductor 
: charge in the capacitor
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Quantum 
HO
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Simple oscillator by LC circuit

Methodology

We consider the limit where quantum effects 
are important
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n,� becomes equivalent to canonical conjugated 
variables like (x,p) for the harmonic oscillator (HO) 



Example : Superconducting qubits
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Qubit identification 
and manipulation

Quantum 
HO
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We should prepare the system in any combination
of them 
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|1iWe are interested in isolating        and   

Example: induce Rabi-like oscillation

External
perturbation

Simple oscillator by LC circuit

Two difficulties

Unwanted transitions
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Approximate operations
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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)

…



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 mitigation 

should be made to get reasonable results. 



Minimal notions on open quantum systems

System

Coupling

Approximate system evolution
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D(t)
Reduced system
evolution
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Assumptions:
-Weak coupling
-Env. More complex than system
-Markovian limit

Lindblad equation

Gardiner and Zoller, Quantum noise (2000) 
Breuer and Petruccione, The Theory of OQS, (2004)
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How to correct from the imperfect quantum computers
Readout error mitigation 

Circuit efficiency

Prepared 
state
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Ideal meas. Reality
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Perform many events to get the probability to 
mesure one and zero for specific states

One difficulty is that the dimension of M scales exponentially 
with the number of qubits 



How to correct from the imperfect quantum computers
Purification techniques 
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-Number of particles
-N-representability
-Testing the purity of states  

Test specific 
properties
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Example 1-RDM purification



How to correct from the imperfect quantum computers
Zero noise interpolation
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Assumes that noise scales linearly with the 
circuit length (number of gates)
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Zero Noise extrapolation (ZNE)

The main idea: add artificially “useless gates”
And make linear interpolation   

Kandala et al, Nature 567, 491 (2019)



How to correct from the imperfect quantum computers
Probabilistic corrections to the noise

The Kraus operator decomposition 
can be seen as an alternative to Lindblad 

(see Ayral et al, EPJA 59 (2023))

Kraus operator  

Kraus operators connect noisy and 
noiseless channels 



How to correct from the imperfect quantum computers
Probabilistic corrections to the noise

Imagine the noise is perfectly known (i.e. it is associated to a set of operations)  

<latexit sha1_base64="MoylFmKFirbmQF37g+VTLYmu6WU="></latexit>

{⇤i} =Noise channels operations 

https://open.hpi.de/courses/qc-nature2023/

Ideally we would like to compensate for the noise

Problem Usually noise channels cannot be described by physical/unitary operations 
The dimension of matrices growth exponentially.



How to correct from the imperfect quantum computers
Probabilistic corrections to the noise

The idea is to correct it statistically

Sampling circuit technique

Should gives always 1
but gives 1 with 
probability p1

The idea is that spin flip can be corrected by adding sometimes 
an extra gate X or not 

Temme et al, PRL 119 (2017)

Random circuit will be 
added statistically

(and many more techniques …)



See also the recent review:  Cai et al, Rev. Mod. Phys. 95 (2023))

(slide from Nathan Shammah talk - SQMS Summer School, 26th July 2022 Galileo Galilei Institute, Florence, Italy)

https://mitiq.readthedocs.io/en/stable/



Some challenges to face when working with larger number of qubits

Working with more and more qubits allows to work with exponentially growing matrix sizes   

This also might lead to an 
exponential number of 

operations to do

<latexit sha1_base64="pwVzMeGJ9hEZ/WAtBg9fZUdi7G0="></latexit>

4n

This also lead to an exponentially 
growing number of 

measurements to be made. 
Leading to large data flow to 

treat classically

For instance full quantum 
tomography would require 
to estimate       operators  

Even a very small error for each 
gate will propagate exponentially 

with the number of operators 
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High-level summary

We are gaining expertise in 
quantum algorithms.   

We now explore (ab-initio)  
non-equilibrium phenomena, 
entanglement properties, … 

Applications are mainly on 
pilot applications 

The domain is at the 
Crossroad between 
physics, math, 
informatics  

and experimental
aspects
(signal processing, 
error corrections, 
real-time data analysis, 
crosstalk …)

Experimental platforms 
are improving fast worldwide. 
Access to them might rapidly 
be an issue  

… 
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