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Macroscopic thermodynamics

S. Carnot
1796-1832
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W. Thompson M. Planck
1824-1907 1858-1947 7O Il _




Onset of information thermodynamics
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J. C. Maxwell
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Stochastic thermodynamics

Extends the concepts and laws of thermodynamics at the level of single trajectories

PPPPPPPPPPPPP REPORTS ON PROGRESS IN PHYSICS

og. Phys. 75 (2012) 126001 (58pp)

Stochastic thermodynamics, fluctuation

P ‘ | ” l - theorems and molecular machines
1 A‘ \’ , N' w} w ﬂ N A “M )d m - Udo Seifert
o o0 no 100 ' 120 140 100 1h0 SO0 ) ‘ . A -7_' v t i\ 4‘ '\ > : : ;

.0 Received 18 May 2012, in final form 6 August 2012
Published 20 November 2012
0.4 Online at stacks.iop.org/RoPP/75/126001
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* New meanings for work,

A\ heat, engines, irreversibility

 Allyou need is energy and
randomness




Towards quantum thermodynamics |

Quantum information

&3
> -

QTD

Thermodynamics

Published: 01 June 2011
The thermodynamic meaning of negative entropy

Quantum advanta ges in engi nes? I —
Lidia del Rio &, Johan Aberg, Renato Renner, Oscar Dahlsten & Vlatko Vedral [E‘I‘S"E‘ggrerza’ !
* Quantum coherence as a SitnGante
JanetAnd g
; ; ; anetAnders ,
resou rce Nature 474, 61-63 (2011) | Cite this article Gerardo Adess_Ediors
Thermodynamics
[ J .
Work COSt Of q ua ntu m RESEARCH ARTICLE | PHYSICAL SCIENCES | @ f¥YinBd 2 N the Quantum
coherence Observing a quantum Maxwell demon at Regime
) Fundamental Aspects and
* Quantum Maxwell’'s demons work g o
[ ] Nathanaél Cottet, Sébastien Jezouin, Landry Bretheau, Philippe Campagne-lbarcg, Quentin Ficheux, Janet Anders, Alexia
Auffeves, Rémi Azouit, Pierre Rouchon, and Benjamin Huard & . | Authors Info & Affiliations 43
7) Springef
Edited by Steven M. Girvin, Yale University, New Haven, CT, and approved June 5, 2017 (received for review March 23, 2017) e 716gx1080

July 3,2017 114 (29) 7561-7564 = https://doi.org/10.1073/pnas.1704827114




Towards quantum thermodynamics |

Quantum

irreversibility?

* Quantum
fundamental
bounds

* Quantum
fluctuation
theorems

Stochastic thermodynamics

QTD

Quantum physics

REVIEWS OF MODERN PHYSICS

Recent Accepted Authors REEEES Search Press About Editorial Team N

Colloquium: Quantum fluctuation relations: Foundations and

. . Quantum Stochastic
appllcatlons Thermodynamics

Michele Campisi, Peter Hanggi, and Peter Talkner
Rev. Mod. Phys. 83, 771 — Published 6 July 2011; Erratum Rev. Mod. Phys. 83, 1653 (2011)




Towards quantum energetics

« Quantum
Heat »

Quantum measurement:
Article | Open Access | Published: 10 March 2017 A source Of randomness,
entropy and energy

The role of quantum measurement in stochastic
thermodynamics

Propose to « rebuild quantum
thermodynamics on quantum
measurement »

Cyril Elouard, David A. Herrera-Marti, Maxime Clusel & Alexia Auffeves

npj Quantum Information 3, Article number: 9 (2017) \ Cite this article




Emergence of quantum energetics

» Study of energy, entropy, information flows and their relations in the quantum
world
» Cousin of quantum thermodynamics, but not necessary to have a temperature




Motivations

» Quantum noise as a resource (Can we » Quantum irreversibility
turn heat into work?) » Quantum fluctuation theorems
» Quantum batteries (Can | store and » Minimal work costs, bounds and
retrieve work at will?) efficiencies

|
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Scenery and definitions

Projective measurements

H(t) 7 y:={m(ty)}
<:| Stochastic quantum trajectory [, (t) >

.

* Work: exchanged during the continuous
(unitary) evolutions. o _
« « Quantum heat »: exchanged during the _~ Hamiltonian evolution
guantum jumps.

* AU, = W]y] + Q,lv]

1
Article | Open Access | Published: 10 March 2017 I .\ T
The role of quantum measurement in stochastic
thermodynamics

Stochastic quantum jumps

Cyril Elouard, David A. Herrera-Marti, Maxime Clusel & Alexia Auffeves

npj_Quantum Information 3, Article number: 9 (2017) | Cite this article

[ Internal energy U, (t) := <y, (O)|H(®)|YP, (t) >



Example 1
System: a Qubit, H = [hv,/2] 0,
Transformation: ’

P(1
11 >, % (1) (i) Preparationin|+>= \%UO > +[1>)
(ii) Measurement of o,
s i

/ 2 « stochastic trajectories »:
| +>,0 7L

Oor1? Y. = [|+>,]10 >]
\&ﬁ Y2 = [l +>,]1>]

Energetic balance

Initial energy U; = 0

Final energy Uy = &+ hv, /2
AUTy] =+ hvo/2 = Q]

0 >,—% P(0)

Energetic footprint of quantum measurement: « Quantum heat »
A purely quantum term due to measurement back-action



Example 2
System: a Qubit, H = [hv,/2] 0,
Transformation:
(i) Preparationin |0 >

1> (ii) Measurement of o,
2 stochastic trajectories:
- > © vy = 110>, +>]

* v = [|0>,]|=>]

>
\

|0 > Energetic balance
P(+) Initial energy U; = — hv,/2
Finalenergy Uy = 0
P(=) < AUly] >= hvy/2 =<Q,ly] >
Dkt
+or—? * [0, H] # 0 =>« Quantum heat » is transferred on average

* Let us use this property to build quantum engines!



Measurement-powered engines (MPE)
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« Quantum « Quantum
work » heat »




A simple measurement-powered engine

: 1
Coherent and reversible energy Resonant >
exchange between qubit and light drive -
10 >
Pp(t) R b. .“ i week endin,
, abl oscillation PRL 118, 260603 (2017) PHYSICAL REVIEW LETTERS 30 JUNE 2017

Extracting Work from Quantum Measurement in Maxwell’s Demon Engines

Cyril Elouard,1 David Herrera—Martl’,1 Benjamin Huard,z’3 and Alexia Auffeves"”
'CNRS and Université Grenoble Alpes, Institut Néel, F-38042 Grenoble, France
Laboratoire de Physique, Ecole Normale Supérieure de Lyon, 46 allée d’Italie, 69364 Lyon Cedex 7, France
3Laboratoire Pierre Aigrain, Ecole Normale Supérieure-PSL Research University, CNRS,
5 Université Pierre et Marie Curie-Sorbonne Universités, Université Paris Diderot-Sorbonne Paris Cité,
AY . i 1 . 24 rue Lhomond, 75231 Paris Cedex 05, France
lntcractul\l time (Rabi periods)

< | +> = good for work extraction ©
| —> = bad for work extraction ®



Experiment done @ ENS Lyon

Stabilize the qubitin |+, >
Measurement of g,
Feedback in |+, >

New quantum Maxwell’s
demon experiment

« Quantum heat » to work
conversion

11>
e < —— S [
w

|0 > Q, 0,

« Demonstration of a quantum engine fueled by qubit state
measurement », writing in progress

( <A |
,—q

Benjamin Audrey Re Dassonneville Jemy Stevens
Huard Bienfait Daniel Szombati  Réouven Assouly —_—
LB | -

ENS DE LYON  ajice & Bob

Guillaume
Cauquil
Romain : ‘ ‘
Cazali - - RN \ 7%
Stefan Nathanaél Quentin Alexi
Elouard Zeppetzauer Cottet Ficheux Jordan Aufféves Maffei

FOUNDATIONAL QUESTIONS INSTITUTE



An idea that blossomed...

ot 10.100740309-019-00217-2 B GO A RSTAE s PHYSICAL REVIEW LETTERS 120, 260601 (2018)
REGULAR PAPER 4')

ey
Quantum measurement engines and their relevance for Efficient Quantum Measurement Engines

quantum interpretations

Ciyril Elouard"” and Andrew N. Jordan'*”
Andrew N. Jordan® - Cyril Elouard - 'Department of Physics and Astronomy, University of Rochester, Rochester, New York 14627, USA
Alexia Aufféves 2Center for Coherence and Quantum Optics, University of Rochester, Rochester, New York 14627, USA
3Institute for Quantum Studies, Chapman University, Orange, California 92866, USA

PHYSICAL REVIEW LETTERS 122, 070603 (2019)

Quantum Measurement Cooling

Lorenzo Buffoni,l’2 Andrea Solfanelli,2 Paola Verrucchi,3’2’4 Alessandro Cuc:coli,z’4 and Michele Campisiz’4’5
lDepartment of Information Engineering, University of Florence, via S. Marta 3, I-50139 Florence, Italy
2Department of Physics and Astronomy, University of Florence, via G. Sansone 1, I-50019 Sesto Fiorentino (FI), Italy
3Istituto dei Sistemi Complessi, Consiglio Nazionale delle Ricerche, via Madonna del Piano 10, I-50019 Sesto Fiorentino (FI), Italy
*INFN Sezione di Firenze, via G.Sansone 1, I-50019 Sesto Fiorentino (FI), Italy
SKavli Institute for Theoretical Physics, University of California, Santa Barbara, California 93106, USA



Measurement-powered engine, season 2

1
1,0 > — (10,1 > +]1,0 >)
— V2
o M
T A or B?
A B
e=0 SN AT
P(A) .-
|1 0> ® Average energy gain!

Input of « quantum heat » — 10,1 >




Measurement-powered engine, season 2

Hyoy = Hy + Hg +V A
2qgb \A Y ? th | { H] ¢ ) .- R -
« Hyjgp » A ] s
(Hqu>
_ hwpg oB O_ \] Emeas
B — 2 z
(V)
V =hQ(cfo8 + 6B54)
—ha)A I I > t
0 1T /()

IV = correlation energy

E™€%5= « measurement fuel » to erase correlations between qubits



Measurement-powered engine, season 2

PHYSICAL REVIEW LETTERS 126, 120605 (2021)

Editors' Suggestion

Two-Qubit Engine Fueled by Entanglement and Local Measurements

Léa Bresque ,! Patrice A. Camati®,' Spencer Rogers .~ Kater Murch,’ Andrew N. Jordan,* and Alexia Auffeves'”
, 'Université Grenoble Alpes, CNRS, Grenoble INP, Institut Néel, 38000 Grenoble, France
“Department of Physics and Astronomy, University of Rochester, Rochester, New York 14627, USA
*Department of Physics, Washington University, St. Louis, Missouri 63130, USA
*Institute for Quantum Studies, Chapman University, Orange, California 92866, USA

@ Actualités Agenda Appels a candidature Librairie Annuaires Intranet W la fondation
INP Recherche Innovation International Talents

Extraire de I'énergie de la

mesure quantique

PHYS @AOR(
Nl le) .
| + % 02 juillet 2021 RESULTAT SCIENTIFIQUE
Is

A two-qubit engine powered by
entanglement and local measurements

26 April 2021, by Ingrid Fadelli

A. Jordan, Chapman
University, 1QS

S. Rogers, .
& K. Murch, Saint
Chapman . . :
. . Louis University
University

P. Camati,
[. Néel &
Oxford

L. Bresque,
l. Néel



Characterizing the measurement fuel

Work or heat? Link with information Wanted: theory of quantum measurgment

: , _ -- e o
extraction? Irreversible or Cours.C. Cohen. T:?\nngudjl, Coherence 22y fif)ulﬁul;\lf\-((::{
guantique et dissipation, 1989-1990

1530

controllable? Resource or cost?
=> One should model the 31.10-89
measuring apparatus....

V.1

1
| +> [0, >— ﬁ(|0,0m > +|1,1,, >)

ForS:«0+4+1»—- 0Oorl
For S+M: |00, > + |11, >= |+ +,> +| ——pn>
No preferred basis

Pre-measurement

J. von Neumann
1903-1957



Characterizing the measurement fuel

Work or heat? Link with information Wanted: theory of quantum measu.rg‘ment

extraction? Irreversible or Cours.C. Cohen. T:?\nngudjl, Coherence £ fif’u'ﬁul;\'.‘\((::{
guantique et dissipation, 1989-1990

1530

controllable? Resource or cost?
=> One should model the 31.10-89
measuring apparatus....

_ V.1
D%Ou% d wme HWionce gantlige

Jéhmw

Gigantic
" entangled
\_Y_) state

Pre-measurement

J. von Neumann
1903-1957



Characterizing the measurement fuel

Work or heat? Link with information Wanted: theory of qguantum measurement

extraction? Irreversible or Cours C. Cohen-Tannoudji, Coherence “5 COLLEGE
guantique et dissipation, 1989-1990 '

1530

controllable? Resource or cost?
=> One should model the 31.10-89
measuring apparatus....

_ V.1
D%W d wme HWionce gantlige

Jéhmw

Collapse is

Pre-measurement necessary!

J. von Neumann
1903-1957



Energetics of the pre-measurement

Switchon @ ¢,
Switch off @ t,,

11,0,0,, > — |1,0,0,, >
0,1,0,, >— [0,1, 1, >

1 1
\/—7(|0,1 > +|1,0 >)|0,, >— ﬁ(|0,1,1m > +11,0,0,, >)

AetB—->AouB
Erasure of correlations between A and B
From the qubits’ viewpoint: good measurement model



Energetics of pre-measurement

Dynamics of energy exchanges
Complete energy balance including
the quantum meter and the agent

Pre-measurement =
Relocalisation of the
correlation energy

E™€A% = Work paid

< by the agent during

the switch-off



Measurement fuel: Work or heat?

M Projective measurement of AB
v' Measurement postulate
v Irreversible transfer of energy
and entropy
v' « Heat »

Pre-measurement of AB with quantum

meter m

v' for ABm: Unitary operation - Reversible,
entropy preserving energy input =>
« Work » payed by the agent

v' for AB: Transfer of energy and entropy
=> « Heat »




Is qguantum heat fundamental?
It depends on your favourite interpretation...

@.}0@0«”@04—}“

A B M M M M

Everett, churches of unitarity...

Measurement = creation of massive entanglement by
unitary transformations

Reversible, entropy preserving

Measurement fuel=Work




Is qguantum heat fundamental?
It depends on your favourite interpretation...

@»N—Mﬁ 4—7M

A B M M

- -
~=

s e

'

/

of

Von Neumann'’s legacy , Copenhagen, CSM...
Always a classical measurement to break the channel
Irreversible, not entropy preserving

Measurement fuel = heat




First conclusions on quantum energetics

e Study of energy and entropy flows in the quantum realm
 No temperature, but a source of randomness
* Two typical situations:

o
PO R
- “Ne @
: \e @ a
Measurement backaction Coupling with a non-equilibrium
Measurement-powered engines reservoir, driven-dissipative systems

* These are open systems
* Big debates about heat and work definitions, and how to measure them



A safer situation: bipartite quantum energetics

Bipartite isolated quantum system
Autonomous => Global energy conservation
Characterization of energy exchanges

between A and B P. Camati
l. Néel &
Oxford

Work-like and heat-like energy flows, measurable quantities

Experimental analysis of energy transfers between a quantum emitter and light fields

I. Maillette de Buy Wenniger!, S. E. Thomas®, M. Maffei?, S. C. Wein??3,
M. Pont', N. Belabas', S. Prasad?, A. Harouri!, A. Lemaitre!, I. Sagnes!, N. Somaschi?,
A. Auffeves*>9, P. Senellart*!

L Centre for Nanosciences and Nanotechnology, CNRS, Université Paris-Saclay,
UMR 9001, 10 Boulevard Thomas Gobert, 91120 Palaiseau, France

2 Université Grenoble Alpes, CNRS, Grenoble INP, Institut Néel, 38000 Grenoble, France
3 Institute for Quantum Science and Technology and Department of Physics and Astronomy,
: _ University of Calgary, Calgary, Alberta, Canada T2N 1Nj

) ] 4 Quandela SAS, 10 Boulevard Thomas Gobert, 91120 Palaiseau, France

P Sene”art ® MajuLab, CNRS-UCA-SU-NUS-NTU International Joint Research Laboratory

* 8 Centre for Quantum Technologies, National University of Singapore, 1175483 Singapore, Singapore

l. Maillette de
Buy Wenniger, C2N
Imperial College




Application of BQE: Energetics of qubit-light
Interactions

of linear

of quantum light quantum gates?

Q:A’”t“’tﬁe’d sources?
Output field
o e)
AVAVAVA, <
Energy cost of a quantum

gate? —_— |g>

. i ?
BQE provides an excellent framework to analyze: of’_qy\antum mterfq_css.

* Fundamental mechanisms and devices of S AN

guantum optics 4’\/\/\/\/\/\/ )
* Energy cost of quantum technologies I L



Energetics of quantum primitives

Experiment —
P PHYSICAL REVIEW LETTERS 129, 110601 (2022) @ ‘ N A
D
. L4 _
Energetics of a Single Qubit Gate @ A
Qlip D
J. Stevens ,1 D. Szombati,1 M. Maffei,2 C. Elouard ,3 R. Assouly ,1 N. Cottet ,1 R. Dassonneville ,1 T > C ]
Q. Ficheux,' S. Zeppetzauer ,' A. Bienfait," A.N. Jordan," A. Auffeves,” and B. Huard®' 0 ta tRO t

Experiment
PHYSICAL REVIEW LETTERS 128, 220506 (2022)

Energetic Cost of Measurements Using Quantum, Coherent, and Thermal Light - ;
Benjamin Huard Kater Murch Andrew Jordan

Xiayu Linpeng,1 Léa Bresque ;> Maria Maffei®,” Andrew N. Jordan,™ Alexia Aufféves,” and Kater W. Murch®"’ . .
ENS Lyon  Saint Louis, USA Chapman, USA

Theory

Search...

AT X1V > quant-ph > ankiv:2205.09623

Quantum Physics

[Submitted on 19 May 2022 (v1), last revised 12 May 2023 (this version, v2)]

Energy-efficient quantum non-demolition measurement with a spin-photon interface .
Maria Maffei, Bruno O. Goes, Stephen C. Wein, Andrew N. Jordan, Loic Lanco, Alexia Aufféves S, Wein M. Maffei

Quandela Bari University




Outline

* From classical thermodynamics to quantum energetics
* Energetics of quantum measurement
* Energy-efficient qguantum technologies

Centre for

Quantum ‘ QET>

Technologies

juab, »




A very schematic view on human activities

Materials

Machine

Target result

,72

Efficiency n Performance
n=M/R metric M

Resources R

Purpose of science and technology: increase efficiencies



Classical computing energy efficiency

R = Power
consumption

Koomey’s law

n doubles every 18
months

Saturation since
2010

=» B

n = Performance per Watt (FLOPs/W)

Supercomputers

103 /

MFlops per Watt

< x #500

M = Number of
/71 FLoating-point
Operations Per

second (FLOPs)

ICT global electricity
consumption in 2020: 11%
(Puebla et al, 2020)

No expected gain in efficiency
due to end of Koomey’s law



The promise of quantum computing

Performance = Computing
Classical power = “Problem size” /Time

computing 13,8 billion years, for instance

“Quantum
computational
supremacy”’

Computing time

“Quantum
computational
advantage”

Quantum computing

Problem size (N)



Quantum computing current challenges

Classical I Optimized classical Quantum computing
computing I algorithms??? _
______________ I community challenges
1
)] ll
= I . .
b 7! => Noise resilience of
= II | Pt quantum supremacy
Qo I ) p 4 p)
£ 1 FTACLSQ (0% 7 Noisy ac & advantage:
O : CO(( 7, .
| w7 ‘ —> Usecases of various
FT : :
| ch, -~ computing regimes
- Noiseless quantum

computing

Problem size (N)



Boosting energy efficiency with quantum?

Classical
computing
“Quantum
energy
advantage”

Energy consumption

Optimized classical
algorithms

|
I Nuclear plant

11 “Quantum
Il : energy y
! : supremacy N

Problem size (N)

Efficiency = Problem
size/Energy

“Quantum energy advantage”:
=> when a quantum computer
solves a problem with less
energy than best in-class classical
computers and algorithms.

=> when a qc solves larger
problems with the same energy

Fellous-Asiani et al, Optimizing
Resource Efficiencies for Scalable
Full-Stack Quantum Computers,
arXiv 2209.05469



Energy hog or energy advantage?

RESEARCH-ARTICLE

Energy Cost of Quantum Circuit
Optimisation: Predicting That Optimising
Shor’s Algorithm Circuit Uses 1 GWh Is quantum computing green? An estimate for an energy-efficiency quantum advantage

¥Yinw f =

Daniel Jaschke!*>? and Simone Montangero' %3

'Institute for Complex Quantum Systems, Ulm University, Albert-Einstein-Allee 11, 89069 Ulm, Germany
Dipartimento di Fisica e Astronomia "G. Galilei" & Padua Quantum Technologies

ACM Transactions on Quantum Computing, Volume 3, Issue 1 e March 2022 e Article No.: & Resear%ch Center, Universita degli Studi di Padova, Italy 1-35131, Padova, Italy
o "INFN, Sezione di Padova, via Marzolo 8, 1-35131, Padova, Italy

1-14 o https://doi.org/10.1145/3490172 (Dated: Mav 25 2007)

Authors: Alexandru Paler, Robert Basmadjian Authors Info & Claims

: PRX QUANTUM 3, 020101 (2022
The question must J (2022)

be tackled now

> Quantum Technologies Need a Quantum Energy Initiative

Alexia Auffeves”
Université Grenoble Alpes, CNRS, Grenoble INP, Institut Néel, Grenoble 38000, France

M (Received 18 November 2021; revised 11 April 2022; published 1 June 2022)




Need for interdisciplinarity

Few errors . Many errors
Large M Control Control = ofd Noise Noise SmallM

e =

wins E ~‘,‘?’f wins
/% — v llllllllll > /%

Performance emerges at the quantum level




Need for interdisciplinarity

Reso\urce ‘ n = M/ R ‘
Few errors | . Many errors
Large M Control Contro .:'%::‘..“‘ Noise Noise SmallM

wins : Wy wins
/% — v llllllllll > /%

Resource-efficiency optimizations at the quantum level
Skills from gquantum energetics / quantum information




Need for interdisciplinarity

Classical

Quantum Control

Creating a quantum/classical boundary = a non-
equilibrium situation
Resource cost of trapping a Schrodinger cat?



Need for interdisciplinarity

Macro- Macro-
ﬁ
resources control

e

Classical
context

« Enabling
technologies »

Control

Resource efficiency = a hybrid figure of merit
Need to articulate different levels of description in a
crossed-disciplinary research lines => the QEl

| n=M/R]




Governance

T ° I ]
I | I l e I n e The governance of the Quantum Energy Initiative is built around the QEI board. It is representative of the diversity of the QEI topics, skills and countries. It was

created in January 2023 and contains also the co-founders who launched the QEI in August 2022.

Jun 2022 : PRXQ QEIl Vision paper
Aug 2022 : QEl website & Manifesto
Jan 2023 : QEl board creation

Olivier Ezratty
QEl cofounder, author
Quantum Energy Initiative

May 2023 : QEl WG@IEEE kickoff
July 2023 : 325 participants, 49

countries, 29 partners | > . ,,
July 2023 : YouTube channel e et o o |l s

Oct 2023 : COST network deadline
Nov 2023 : First QEl workshop,
Singapore

< IEEE #QEIl

Advancing Technology Ny
for Humanity [

the quantum energy initiative

www.quantum-energy-initiative.org
https://qei2023.sciencesconf.org/



http://www.quantum-energy-initiative.org/
https://qei2023.sciencesconf.org/

#QE' Key scientific questions and missions

the quantum energy initiative

A worldwide, crossed-disciplinary community

Classical ’ Optimized classical

computing algorithms

nuclear
plant

“Quantum
energy advantage”

“Quantum energy .
supremacy” ';3:‘;3\,
FTQC-LSQ P b

FTQC
ec"\o“ > 4 a
?«“d‘ﬁ -~

et
Noisy quantum

computing
=

Problem size (N)

Energy/power consumption

Conditions of a quantum energy
advantage

Fundamental bounds and relation to
macroscopic energy costs...

Resource optimizations
Impact on industrial roadmaps

Standard of energy efficiency for
guantum computing...

Extension to other
guantum technologies

Quantum communications,
sensors, machine learning...



workshop

2023

nov 20-24
Singapore

#QEI

the quantum energy initiative

Scientific & Organizing committee Topics:
A.Auffeves (CNRS Majulab CQT)

Ye Jun (A*Star)  Quantum hardware

https://qei2023.sciencesconf.org/

Fundamental quantum devices
Y. Gao (NUS Majulab CQT) * Algorithmic resources

EX
AMBASSADE N

DE FRANCE
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