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For eword

Quantum techtnhpdrogni s® dl dnaj or di sruptions in
sensing. But scientific andctéehde psbtgiylala hitnopacarkt
and it is quite difficult for public decision
| arge to anticipate when these wil!/l happen. TI
competitive, f otri grovtelreninte nctosu rttor ypoisn t his techi
deci sions about their career. While some quant
e.g. sophisticated microscopes takipgi benegéf ec
i n di amonds, ot her technol ogies wil/ take year
But the situati on i-fso ucnhdaendg itnhge i friausetstt lhadini dla nao
most of the fundos phes @mtoant isers wds qamwmnt um, a
wi 2lkseed investments made in startups in Europ
radically changed since, for the most matur e,
leest, proofs of concepts. Consulting firms are
i ng and the horizon is getting closer with sic
the road. | 6m oft en as kiiehdy pwehoe tihne rt hteh efriee lids. nlot
l arly when | am comparing quantum technol ogi es
recognition, for a sector which impact is sl ow
But to do that, nmakenpgr apep @aonesodme of the qu
experts who have a proper understanding of all
of the science to its applications, i nevl Wi ng
teach them, and mor e I't i s necessary to be at
on the science at the base of the innovation,
be able to I magine ttshedalrorue earcea srest, eaqui ppcd ke ntt
a multidisciplinary <coll aboration involving s
wafldboking posture. And here enters my friend
bok AUnderstanding Quantum Technol ogieso, who
ability to |Iisten, question, gather facts, and
in the whole world, as far as | Kknow.

Ifimet @©d i wh esnturatnetdolmhad k oinn F2®@MM8 t he start | wa
extremely methodic approach that he had appl i e
i ntelligence, and hi sk veay fuinnisnu epriscantiogig, h oh . E Mg

andgrieew with the field he was fAdecodingo to us

Boutooin quant um Ttheec hmomd ko gha&s .gone onl ywgheupenmt &t

and new chapterseaf@uwantewn i Md tntge rt coQiliicvsit @i sh ae w

been among the veryforirptoHwpumdhede raln do dc htah & erdq

tiqgqukee LaQu®Quastproud to promote AUnderstandin
I

that will benefit its ecosystem building missi
I am convinced that this book wildl become a p
technicians,| sion vfeosrt otresa c haenrds ,a student s, and th

l ucky to see the second quantum revolution haj
progressing at an amazing pace and isthairs ngss e
coll aboration. Olivier Ezrattyds book is an in

Christophe Plaurtcnzeacek at PQucadsd wmalen onLe Lab Quant.i
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Wh y

Thbedk 5Stteiti on of a book originally compiling
French bet weeepnt eJnbned t &@m0dit8wo Aenr i chead0ledianddnx0 2
I swidtochEngl i shimnnSemtee mbeair t h0 2 lama redv emerlearwe rar

bsedl a kaleidoscope wWioawrh Jaula t puewr s psaidrtrgovihed gestsos
al , scientific, technol ogi calh, | os@ipitie smicn ¢t
mensitoms. not a ( ubaanbtiouens yfoourri -bineomnhbegnetk Nl y t ar g
ree audiences: ( hdpeaadbiogi Hd ewashtowtoag ivensder st
antum physics and technologies ané @plalrtalto pte
antum ecosystem from resear chearmnd tat ilhasutst gc
udents who would |ike to investigate quantun
okl swe | argesthegeviewl ¢pgaipe@@i e bwii tolgr apdn ca|l

nderstandi nggQeamna bmatffschnope®ci fi ci guast aomp
erature. While being rather technical i n ma
guantum lingua in othed c¢cempoOopedti agsidac pla
at the histbodytpraiybsice emcekandpedelas, fro
stigates rarely covered aspect sl iode gwarnit al
Il ng technol eedieecst r(omriycesg e mieows ,macdreyrad al s de
asers), their thermodynamic and energetic
y colmecdvem.qguantum matter aardeathesati s eldow
|l ain how research works in general and in t
0
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Iltal s e x t esqsuiavnetluym csoevnesri ng, tel ecommains amad io@htse
of precisely documented custom il lustrations.
possible anttscahdi wmipem emesled &s a appaurntdiachtédnaedli ya ,

anal ysts andf ucedtnhseugl g laagnplsmnaa lpwazyzsl reaw btyhey s omet
coweerndewmws t hout having a raeet i il ot abhowi v avthead
the first place back in 120 1&| waayssutaamtduem ntweshtniod
arneorceoe mmonplaarseei butl argely misunderstood by ge
I T prof &ssi emhal & ing exampf elexpdws nupg hahen haoik
cryptography, guantum comput erustewi | | hel p make

Lar ge vaenndd otrhse quant um dtaarret led se vfau redli g anrt auzane t
rank of strategic sectors for devel omped i i onwant
guantum pl ans, sthaded t UK g UG ibee S malppmomsEr and e

Rus,silasr BailWwaamdhae Net.heTTHe nwesr | dwi de quantum t e
Countries are embattled to acquire or preser Ve
chance to achieve it, partikosartihefdrgtthakebt
USA and Asia (mostdmnyd Cha.invgalns®outl h kkomaay deep
nol ogi esmmsar enesal with both civilian gaincd snialkietse

While it has not yet reached the volume and fu
the digital cloudsmahé BudBBHmemesnt aonup Huaersdt o
I'n oo lsl menadbtd b nsammarci es i n many di fsefé¢émwtareat
telecommunications, cryptogr aspehiywn cseesasi angseena
are in the deep techs realm if not iIinhhatdgee
with a rather | ow technology readiness | evel

open to opportunities for scientists and creat
ductors and | arge dengumer | lolloeksess.a@pkeep li dy @ rss, t
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Quantum technol ogies are also surrounded by a

communi cation department, startups and | arge v
Many conipsaoniienst eagr at e fAiquantumo into their posi
Either in a totally artificial way, or based o
Transistors, |l asers and Iimageod®ms @ss came cd @am
tum. As a consequence, we must | earn to distir
the new (second quant umewen odbdust o owe Ired valt eerdg ,. W
f al se -bsacsieedncgeuant um medi ci ne and obhhgeethanl| déec¢
i cated to quant,uns thaoralxfeis§ apnadg es c a ms

This book has another fl avor. 't is the result
guantum ecosystem. I started the journey back
guantum computingsétoeamymnuwisuiaés t ecamgi ng from
and training to writing educati onalFaenbnoyo kBso uftoorn
to run a popularization conference oh duamtgem,
di fferent perspective, including some science
Le quantique, ocn elsuth ef2a@nitBaesth Nnque o numer ous subs
tions. On top of that, we | aunched twoewsadies

with interviewesntwidpa rertheesadrasrotVBuesicesr so wor ked on

and coertribBuearly as possible to tHhHiFansigct ook
an interesting turnOVIiHc 2662 @s,t asrttaurpt imag kteoca me @ riSkh e
embark this European cl oud vendtohri 9 Welitédhel ngtu a n t
from a role of observer to a very different on
I n this journey ¢bhae hasd stheél ogmo migu roirst, yawtdo m

entrepfeneuFrmamnceée hen i nter naAliainm|Alsy @ttt | isp et
GrangileOGCEBgni edv ( EFGA at ri ce( CBEeAMa ed ViIiOGQEA)Y i st an
Meun({ ENRAsti ),BEEt e N®ReD{i @MR3 ), LbP@ani s (KeNrReSn),il dril sk
Pascal e (SCeNReS & rlih3 QAUNEA dhalma )K(aGMRS iL1 P6 and Ver
Al exi a AGCGNRSvEBstni tGrta nNi@ehlew iVa jSiiLigBbapbr ppe Dul
an@y rAlll o(Addipesavi er WAERPAETrt WICINRSe yPIMMEZau Pe -
roniiiAh i c pGBombQleisvi er aRminmon cheey 8Papagnad many ot h
afterwards. We al so dtoairiedp sand ano.s t A nra@ hl ro if gs U Goopud hruesy
Jur cfzrakm Quaandonhbheé¢i bab ®Wbankigdkey wrote this b

Our out reexapcahn dehde nil yt pantt cohattlhye ithd ACiashtardiaa an
The Net.herl Badsthe oppoArtmirt,F&deet dReimgnhs o wi t
Cal aarcdb many st ar tPusp QuoalhnmQdvBma 6 | t B rQdGtne i, Q@ Qur man -
jamdl,day GambetmanRMi nerf rBdmiAQTi s not enough.

I n short, during these years, we have been e m
We also applied one of Heisenhmeas srdpanemmacg pl e s
influence utheat megsulredwgs and remains a beauti
convictions, ups and downs, and in the end, a
entrepreneurship in gqguantum technoleagitehsant haatf
years ago. And the adventure is just beginning

Wi t h -chay nterai ning session with Roland Berger and Axell e Lemai
September 2019, with young people and parents at the iSthartup4
Al exi a ,AuBlfh avmnmsKd sthaed d alh @s tSed ey aBadnypr Bant apdewvwemfIiechbmhnpaatnot h
f emal e audi enncteheofTeaclhl4d AddeBev42et amad gRingizteall blyadi es i n March 2(
with the Qued guieast Femme!lg SdmeNDN@i it @ e Wo me n)
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https://www.youtube.com/watch?v=jodfhQOvwww

You may wonbheeolswhyeehiasd what i1s its business
|l i ke this since 2006 and fared wel/l shoe rf atre c(ho-r
nol ogy and science related topics).

I favor distribution breadth over revenue. It
particularl gl ssot hbsitmug edt st rbbak aeadei easly gt bak
update. qui te practical when you mention hundr
complicated scientific matters. Afterwards, I
traiamidngconsul tTiheg bmiss snieess .modeleriyg diomml es:ertsh
t h(et edv)ort versions are charged. Since the peop
the ot her wayquawtodilnen iift iwtorrhkasy be counterintu
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Figure2: how the topics covered in Understandi@gantum Technologies are related with each other. (cc) Olivier Ezratty.
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Figure4: first and second quantum revolution definition and related use cé&s®Olivier Ezraty20202022.
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memory management, with making sure memo+y s
memory p¥ateesi BG06, transi stiorcy echessresi ty still
However, the end of Dennarcd'asrkscspﬂhlea’najommamtheh(
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USee on tMimsi mwimjErér gy of Comput i rbgVi cFuonrd aznheinrtnaol v , C oRasl i pdne rCaat vii
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2Another phenomenon is the tunnel effect happeqnirergeat rilecbohis
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BTher mal di ssipation power.

“Seenergy Efficient Computing Systems: ArchitecbyapRemmv Abstract
dheat al, July 2020 (35 pages) which makes a good inventory o
Proceistkée magry: Adwbv&hophdspeét sal®esleaMch, 2019 (19 pages).
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Figurel0: some of the key CM@8nsity technical challenges to overcome by the semiconductor indOsteysourceReversible Circuits:
Recent Accomplishments and Future &hales for an Emerging TechnoldyyRolf Drechsler and Robert Wille, 2012 (8 pages).
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Figurell: current CMOScaling solutions adopted by the semiconductor indugti). Olivier Ezratty with uncredited ineagources.
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Systems: Architectures, Abstracti drys RaMud aMoeddehlaifn g AWS Taencdh nMeglu
University, July 2020 (35 pages).
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Figurel2: the various CMOtgansistor technologies used as density increlase
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Figurel3: reticle used in photolithography and its related optics, explaining the size limitation of diesdnrsducior manufacturing.
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Figurel5: various unconventional computing approaches besides quaotumputing.(cc) Olivier Ezratty with uncredited images.
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The history of technology is about exploring
each other. Al so, some can suddéEhéygawm&ei spopé

Why.ey alkeaways

AAI'l existing digital technologies are already ¢
tors, | aser d eavnedr atghien g imkuers ecro nitnrtoelr aocft il d mshtwi t h
(electrons,. aTloenssepbomd ogsant um revolution is a
gl ement and individswad&lolgwanbhs mgoadnptaemstemhmpabdbmm
guantum cryptography and quantum sensing.
AQuantum technologies are at the crossroads of n
puting, social sciences and the | iehges ltthadr enat
i nnovative ways and customi zeddoalkecgetdsndrbadva
technical background, including computer scienc
AQuant um cpornopmuitsben giosl avlel esb i ntractable probl ems w
nentially with their diamse.i cTaH e e mpant dtn gh e wshalt we
wedbre not there yet since there are many chall ¢
In the interi m, some marginal i mpr oveunteerrt s, wii nd
and more precise solutions in various domai ns.
AOther new technologies may compete with quantutl
tingo category. Only a very few ofng hceaspa ciotuyl .d
ot her benefits compared with classical computir
ogies |ike superconducting electronics and adi
qguamt computing scalability.

AThbedlk unique in its shape and form. It covers
than most publications, outside research revilee
matter whatever the angl e.

UnderstandiTegh@oh@pWheyWhy gmaao mpult7 ng?



Hi story and scienti:

After sheavitrhge stage, weol | make an history det
As any scienti feindepmnwbtrbecaboVegalkchla great hun
the many scientists who, sStapebgtsti épwomadagalo
are stildl I n this worl d.

mfangiuams physi cs eadalnms cwiltehv edt qomird ian
bet ween el ectromagnetic wnsessand
tably governs the dynamics of macr
pl anets and stars. Classical physi
ctromagnees camndebyssuoadi asisoal apley
a such as gases and fluids and fro
e
I
h
e

Nanoscopic Q
I nteraction
which predi
the size of
|l aws for el
tinuous med

s p d of objects becomes close to the

r ativity comes -tiinme eaxmd amamd enlgl it mg
gravity. |t el ps describing extreme phenomena
i nterpret th Hi st ory otf rteleatUinvivetrise ,elbadt mon
bodyés atoms and in many el ements on earth as
i stic quantum chemistry.

s e Speed
/6, newtonian relativistic

physics physics

When t he
t heotrly of

quantum quantum fields
physics theory

theories of everything

Figurel6: highlevel classification of thieranches of physics. (cc) Olivier Ezr&2820.

The fourth domain of physics in this quadrant
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frmous Hi ggsRibcohsaonds Feyemah t he founders of quar
of quantum field theory.
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2This is the case of the Wolfram Physi ¢s aP panjoghdue rli acuamnc hpehdy sii nc i
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the worl d, p hwdiad £,v etrell d wil tainv earusteo,madg .a, T lgg awdrsl canwdo flrcackheldi scr
including time. His Physics Projectsét onfd Seheomchtebd padgés cpt é o
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net wor k aPplpeg oMmwthgdii chd ¢Sttiemp hwmi \Ad rexxminddeg , Sedmlréaolm, L2a021 (79 pages)

2Max Pdésancknically explained in 1950 gbeeeruabl ahiAomesvtisadtemat &
truth does not triumph by convincing its opponents dinagd amaki ng
a new generation groWws up that is familiar with it
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Figurel?: the famous Solvay 1927 conference photo with its 17 Nobel prizes (6 back then, and 11 after the cor?éiance).
credit: Benjamin Quprie, Institut International de Physique de Solvay.
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Figurel8: precursor scientists who laid theogind particularly in the electromagnetic fields and mathematics domains.
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Hi s experiment used red filtered sunl i guhste goi |
coherent |l aser |l ight sources. This experiment
creation of the electromagnetism theory by Jan
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. . atoms- 1991 1 closed
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it y and surf ac Figurel9: the doubleslit experiment principle (cc) Olivierdtty, sources compilation.
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William Rowdrnld88O&&b)] tbni sh) was a me
He invented around 1827 a set of ne
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iltonians or Hamiltonian functions.
ate the tot al energy of a system o
potential energies. This energy i s

Schr°dinger's 1926 wave equation describes th
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di mensions rotations and have some application
twoubit entdngfemiemgl anqubit gates from the Pa
puting. This is an exotic domain that we wonot
Niels Hefpt 816&82A%,eINor wegi an) is a pr
ot hec aslol ed Abelian groups.-colnee wpeit
meri cal series, sequences and seri.
alized integrals, the notion of el
andrtls®|l uti on of algebraic equatio
solving gener al guintic equations.

He died way too early at the age of 26 from tu
Al ong with Wil i anthRaoweaasn dHeBimnyt,eNloet her one of

Osuppliersd of the mathematical foundations wus
The adjectives -Abklddalaindn"awsn ¢a s'smegmw mg edt he quas:
the basis of topological gquantum computing.
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cian? Mainly because the dAbeltimbedsndtbebaereernca
mat hemati cal representation. A sysntoemn mmutthatA vae
and -Aboenl i an when A*B is not eqguarmhmutoatBi*\Ae dmpmer a
nosqumatri ces mul mulpti glait c@anmnison The a matrix (p
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here numbers of rows and/or col umns.

Noomommut asiuwantgl y found in quantum physics and
ment. The order in which quantum objects prope
the used measur e geomtmudpaeri avteo r sl na rseo nmeo ccoansneus-, t |
tative, l'i ke wBdaded hQu Metalsm r @mmmtmaid h migg Y eMBtQICa t

the opportunity to descr-bhdbered ageantwhrens detaed man.g

Charles (Hes@2@0tle French) w8%eamathe

cian. He worked on numbers theory,
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on th486848er ioove. hWm t he notion of
ces, which are widely used i nAgHaenh
matrix i s composed of real number s
and is equal to its transconjugate.
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Namely, their transpose matri x whose val wmendof
vi-eer sa) .

Quantum mea:¢ 2 i =2t 2 —i 2 o
erations in A=|-i 1 3 A=]1i 1 3 6 ©

i cs and com 2t 3 -1 -2 3 -1 Hermitian matrix

fined b y He transposed matrix matrix equals its transconjugat

ces. Figure20: how a Hemitian matrix is constructed.
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mati cal analysis in the theory of differential
error correction codes) and we also find him i
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wayves and fields. components.
I n Maxwell's equations, the electromagnetic fi
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l rreversibilityriesata sosno cobBf@ ltetend maonphyht t hed hi s ha
defending the existence of atoms. Depressed, h
B Henri POl1&B9%1r2& French) was a madthre
of the theory of relativity and gr i
tion thatamegdr whhth is the optical
tion that we will see | ater, whikeh
al so t he do&tORtolre mat hemati cal conj e
was demonstrated in 2003 by the Ru:
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War , aknloewnsefri gure than Georges Cl ®menceau who
war efforts against GermanwSa&And with allies fr
Davi d Hillsis®4 8, German) i s yet anot
the end!odnttithrey,19was the creator of
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measure | engths, ang/l elsh eayn dardee fuisreed
offuantumamod|epuliht vectors amwdtdbommpml ¢
uct, di stances andFag2petShondr, mehli s

to do wi phygquwhtaom was not yet fori

Hi s wor k v
Paul i rladc
John Von ik

: inner product
1932 t o allows the Sa;]c?:g ?Ilg(e:g[s +distance function
groun dwor k computation of P P  EHNEETIE] oS
m h i vector length
tu . P y s and distance
m?. tical f between vectors
l i ke t heKel vector spaces

notati on F
Neumann 1

_m egasur emen Figure28: a Hilbert space is a vector space with an inner product. It enables the measurement of vec
I S m. distances, angles and lengtt®ource: compilation Olivier Ezratty, 2022.

Pi et er (Zle8doba 138 , Dutch) was a phyisn cl
t

with Hendri k Lorentz, for h e deitswce

1896 and 1897. The Zeeman effect oc
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The decomposition depends on the intensity of
There islabhsoZaeman effect explained by the sp
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SourceLecture Note on Zeeman effect in Na, Cd, and Hg t he Mi ll Tkhye WB-WC l ear Zeen
by Masatsugu Sei Suzuki and Itsuko S. S2AKI,. magne ti1 c resonance Spec

Hendri k Ant ¢ @8 85828 ,e)nDwbglsacpbt who
nature of | ight andanmadecomet it mtki
Maxwel |l ' s elequatoinagsoemei saimm t he Lo
explain the rdsul ey’ ' af eipebemebd@ &1
showed that the speed of | iga&ameni $ h
Poincar® and George-160an,civmalEdy zGen
to the theory olfatred aly vAbtebtewfete mindros(

Let s Aabsephd@a8&lhdod?2, l rish/British) who, amon
was one of the first to associate electric cha
notion of Lar mcre prodcaeds smiomonmiit thhfe ammagolejtect whe
an external magnetic field, discovered with pr

Founder s

The foundations of quantum pihypsiycexpl amaaedowi v
guant atécdhredh t ook shape over threbtandval haldft e

sive contributions from Einstein, Bohr, De Bro
ti on onlkkyn otwine cloenstri but ors who were al/l t heor €
ti meflridghiegd® et he gol d coins. represent a Nobel p
= - 1935
2 - 1924 @ 1929 Einstein,
5 S Louis de Broglie Podolski. Rosen
bl S waveparticule duality EPR par:adox
1900 @) 1918 1913 @) 1922
Max Planck Niels Bohr 192§ L% 19.:.33. 1935
black body radiation hydrogen atom Erwin Schrodinger - Erwin Schrodinge
energy quanta model wave function entanglement cat
Planck constant P 20 =y
1900 1905 1910 1915 1920 1925 1930 1935 1940
1927 &% 1932
N 7£~" L
S 1905 @ 1921 lgtzezrr*:ée:biii Werner Heisenberg 1937
§ Albert Einstein experiment indetermination Etore
Z photoelectric effect P 1926 @ 1954 Majorana
N shoon  slecton atoms angular o fermion
P o momentum Max Born -
2 - o quantum probablities
3 1924 @ 1945 1925
= Wolfgang Pauli< » UhlenbeckGoudsmit
exclusion principe electron spin

Figure30: quantum physics foundational years timeline. (cc) Olivier Ezratty ;2021
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Thge were relatively quiet during World War |1
atomic bomlunidrert hdheUSMbrell a of t hewhihleen Bruerroyp
was not the best place i n the world for travel
entists who initially I ed quantum physics beca
they were Jews,orl i Meex ABdremrt Einstein

3

d )

Max Albert Einstein Niels Bohr Emmy Arthus Jacques Salomon Satyendranath Louiswave Wolfgang Pauli
Planck photoelectric atom Noether Compton Hadamard BoseEinstein  particleduality exclusion
constant effect model theorem effect matrices condensat de Broglie principle

Erwin Max Born Werner Paul Dirac Linus Pauling James John von BorisEPR NathanEPR

Schrodinger probability Heisenberg equation computational neutrons Neumann Podolsky Rosen
equation® cat density indetermination chemistry Chadwick density matrices

i i

Ettore Majorana  Alonzolambda Léondiffraction
fermion calculusChurch Brillouin

Figure31: the key founders of quantum physics in the first part of tHechtury. (cc) Olivier Ezratty, 2020.

s a broader tour of st whogrlemdatd pghyesifoiuntdsa
S They are al/l Europeans who, some of
Worl d War ||

Ma x P Il(aln8d5kB4 7 German) was a physic
dymacs. I n 1900, he devel oped the
t hat energy exchanges between 1|igh
radiation is not continuous but va
ener goye thlkeem term "quantum" and "qua
Hi s theory allowed him to roughly
of black bodies, that absorbs alll [

Exampl es of bcllaocske d BT =2 1 panckiaw

|l i ke an oven, a he e —1

10 Fultraviolet] visible

red, orange, t hen i L

temperature, or a sk _ RayleighJeandaw

spectrum of electr z} et oot

b Yy a b I Cha:ﬂ(e nbdosd yo n | Yy £°r classical theory

atureotandt nall on =3 By(1) = 20T

higher the tempera :

tromagnetic spectr |

bodyy i des towards |

the I eft, therefor 04— : e =

viol et The t laevo roy Waveleneth 1 )

tastrop he. Figure32: blackbody spectrum and the ultraiolet catastrophe.

UnderstandiTegh@oh0@yHiesst or y afFd usncdPe& st i st s



Thi xxcadded ultravioletPaal ag&h(r b§d8s3tAairsctrea g@amed s
l ater ,imappPehed wiltetantshd aawll sioghproposed i n
predict the shape of the I ight spectrum with t
values as the temperawusel wad ghewpngbl Pmanold
catastrophe. He found his spectrum equation er

on harmonic oscillators and ener gyl purxkitwaldes c h
Fori st wor k, whasx aPwaarndcekd t he Nobedal91Bri ze in Phys

We al so owe him the c¢dohasntdanwh iwhh cihs buesaerds ihn sh ins
equatiTone Pl aféke6Z28my0avats then used in the eq
atomic state energy shifts efpyalPs anckt Becoadi a
stant appears in most quantum phyet)cs equation

When an electron changes its orbit in a hydrog
whose energy i s a&mtuarhulttoi Pll iaend kb ys tMoe sd gietntee d |
a system can evolve only \Detslpi mel ttihpl ensu mefr oR s
validations carried ouetx par efseswe dy leuanatsill b &htiesf , ddebbat k
the very principles of quantum physics!

Pl anck is also at the ori@s nshéFwgeRePlandchfii
whi cdr1fo&s and Pl awmlcikcdd Lis® a6 2.5 *Pl0anck' s ti me i s

take for a photon to travel the Planck distanc
shortest time measurement that is
Planck flG ‘fp possible due to the indeterminacy Kk ?
. tP = |——= = — principle
time cS 10 n8 A\
shortest distance measurement possible
Planck hG due to the indeterminacy principle
. {)p = |—= 10> #fimes the diameter of a proton
distance c3
1.6 x16°m
Planck
maximal mass of an elementary particle 'ength
10?%the mass of smallest elementary
Planck flC particle like muon
mp = — mass of a Planck particle with a }
mass G dimension of Planck distance = black hole / ePrI1aerr1ck \ E
2.176434 x 16 %kg Plack orss
i : Planck reduced constant
G: gravitatiohal constant =>ultimate processing speed limit: one gate per Planck time per Planck
c: speed of light mass, so 1€ ops/sec for one gram, processing speed of a black hole!

Figure33: Planck timedistance and mass constants (cc) Olivier Ezratty, 2021.

These are the dimensions of the infinitely sme
The | ength sofsoPlsamaclki It hat a photoma bsgth foeqls:s
and energy that it would generate a black hol e
At | ast, iPsl atnhcek maaxsismum mass of an el ementary
the size otfalPd@anwkwlsddbe a bl ack hole. These a
sical cosmol ogy, Pl anck's wall corresponds in
moment Wheaftlér the big bang3m,i twh rseibzpee swad wled y
Mk anc\ke eddil setsassncteo say that the experi me
t

Pl ancandi
di fficult o reproduce. It doesndot ?prevent son

2’Sefe new algorithm that simulates the intebgyalhddetiitautme dieumdsarfr
de Canari as, May 2022.
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(E1l 818A565i,n Ger man t hen America
terpretation of the photoel e
of quantum mechanics after
ngerr. miEnends tteh et dRIt@nck' s que
Planckttmerstdadmequency) 1 warde
were named Gphdbteo n(sld3&ikd 6 1 9 AH6
ically, 1905 is also the year

-0

Symmetrically to what Louis De Broglie would I
behaves both as a wave and as a particle.

s was comnegoaut obf hjesfoar 1905 Aannus mi I

[
and June to Annalen der Physik, the others bei
energy equivalence, pUhbl sxniwde pwlhodn hh e tobvens j284s tj
on a theoretical met hod to calcul ate mol ecul ar
With the photoelectric paper ,Rehne® rDeedsacriaddtibedsd t h
French, ilnga @ 6 B8l GhZL 6 , Bhn gll7i0s4h), witbtabls etdh & hveaw a
Christiaand6B®YHensDuitch, in 1678) to describe |

This was f ol | owed ghiyltetiame Ridersi8B2I7T r oEB®emc ko ucaul
(18136 8, French, who measHIirpepo Ify trel t8RliOHaeg uspre e c
who-descovered theabhdpghea€EseWMixewdl |

. = h
The photoelectdsct oo Ephoton X Voo = 6.22X10F M/

capacit of a hot
frgm a éener al Fy i LT Ve =2.98A0m/s
to create sofle ele 400nm

PY 3leV o
l't is exploited-bas %/%\/
photovoltaic solar e e
photosynthesiissimnh RS —
bol i c starting poi Figure34: the photoelectric effect.
I n addition st owoMakx oPnlaadnicaktc k obhod¥i nstein'"s inte
ear |l i emHewoanrk chl 81%8f9t4z, Ger man) who discovered i
an el ectron Phitl iof p(nMetlt@24r/d a ®eér man) who, in 190
electric effect and determineduéehay forishenpsrs
The | atter was awar ddd t1e 5No Bexlc oRmiinzge ai i eR hvyes
Einstein by scientifi eSermivalsrmy, anred nmohsea d ayb tdu esxapp
physics hall of f ame.
Einstein'"s photoelectric effect eoberonsdnwdeeoe
Mill i k(aln816B53, Ameri can) bet ween 1909 and 19114.
carge of a single electron, whinch 9&&r.ned hi m t

2%l On a Heuristic Viewpoint Concerrofpnpgitlgh®. Production and Tran

ron | ayers of the atoms are numbered from ¥Yeto N, t
he nucl eus with a maximum of 2 electrons) abheael (8
The photoelectric effect mainly concerns ekéerawneéers
i ch

8) etc.

orbit wh i genermatyss oa newfphotresceinmeX accoTHiingt hen tdani tes
X-ray photon due to the energy differential between etecThionic
phenomenon was discovered around 1923 by téalketatiterefahedcthyi &i
ef feawthen the high energy of an incident photon in ganmma rays
photon. Finally, when the erergy hef ithnheriarcdiidentt aklest @ aice au
generates an electron and a positron.
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Of cour se, Einstein is also at the origin of
obtain a Nobel Priivziet yf ode shpist evoirtks oo mseil caetr a b |

This 1s due, among other things, HentiAsmdibomeor i
Lor eannkie nr i Paowealclar®s t he contri bbHer manofwMhnkof
sk 1816AH09, Ger man) wthiomen & ia ¢teidmhet dneatéieounr i n 1908

On top of many other contributions nishisqquiat &d

emi seffoemctl1917, that would | ater | ead to the <c
particul ar behav-Eiomstooéi madtc whked e h $ égeaesiBioss eawhee nc o 0
very | ow temperatures. Atoms are then in a min
i cal properties.

This is the cas e dofs csoupeerrefdl uind 1e3l8i,umvhi ch i s s

i ,iett. can move without di ssiSmaatyiekegtrhanBir8jep7 4Bos e
Il ndi with whom Einstein had worked during the I
veri fy the fc hBlBsamecstteeriins'tsi ccsonodensat es.

Bosons include el ementary particles without ma
such as deuterium or Hphrtumcheasswehl| aastber sa
pairs thatpaarme . CoMep avr'ld see a little I ater th
particles that determines the fact that they a
Al bert aBisms tceoint ri but e-dcit ent hskiopnh dogeuoasamoteuhm cpahly s i
confronting HWw efloscuBoehdr on the fact that quantL
describe the physical Bdvonrslitde iwi twa nttesd ptroo bfaibnd ie
offjuanghuynsi cs. He could not be satisfied with a
and other quantum objects. He could not find s
ing to which the obser vhea raenadl twvhoer Inte.a sHieg etnheonu g |
exists independently of measurements and obser
The debate bet waenedn Milablew ¢B oEeret saeowmnd various t
deter mi nsesdn dlursicug the 1927 Solvay Congress.
MAY 15, 1935 PHYSICAL REVIEW VOLUME 47

Can Quantum-Mechanical Description of Physical Reality Be Considered Complete?

A. EINsTEIN, B. PopoLsky AND N. RosEN, Iustitute for Advanced Study, Princeton, New Jersey
(Received March 25, 1935)

In a complete theory there is an element corresponding quantum mechanics is not complete or (2) these two
to each element of reality. A sufficient condition for the quantities cannot have simultaneous reality. Consideration
reality of a physical quantity is the possibility of predicting  of the problem of making predictions concerning a system
it with certainty, without disturbing the system. In  on the basis of measureménts made on another system that
quantum mechanics in the case of two physical quantities had previously interacted with it leads to the result that if
described by non-commuting operators, the knowledge of (1) is false then (2) is also false. One is thus led to conclude
one precludes the knowledge of the other. Then either (1)  that the description of reality as given by a wave function
the description of reality given by the wave function in is not complete.

Figure35: the famous EPR paper from Albert EinstBioris Podolskgnd Nathan Rosepublished in 1935.

It cul mi,naitnedl 93a5t,eraPRhpapagée&mmonesd after its
Ei nst 8Biomi saPodNaskgnl hRospeamer rai sed the quest
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¥Se@an Qu-Methani cal Description of PhysibogalRAil e kBiProyd eBhes HGonsi d
Nat Reaseh35 (4 pages) .
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Figure36: New York Times coverage of the EPR paper.
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Figure37: the Bohr atomic model. Source: Wikipedia and other open sources.
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Extant
Ontologically real _ Unique Hidden Collapsing Observer Local Counterfactually
* * universal .

® Year publi . Author(s) + Deterministic? ¢ . . . . .
wavefunction? history? ~ variables? ~ wavefunctions? role? dynamics? definite?

wavefunction?

1926 Max Born Agnostic Ne Yes Agnostic No No No No No

1927 No No' Yes No Yes? Causal Yes No No
1927- c 1 )
1o Yos Yas® Yas! Yas Phenomenological No No Yes Yes
952
1936 Agnostic Agnostic Yes® No No Interpretational® Agnostic No No
1955 Yes No Yes Yas No No Nol5] No Yes
1857 Yes Yes No No No No Yes li-posed Yes
1961- -
1905 ohn lenry Stapp No Yes Yes No Yes Causal No No Yes
1966 Na No Yes ves' Mo No No es' No
1970 Yes Yes Na No No Interpretational” Yes lil-posed Yes
ent histories 1984 No No No No No No Yes No Yes
Transactional interpretation 1986 No Yes Yes No Yes? No No'? Yes No
1986-
Object No Yes Ye No Yes No No No No
1989
1994 Nol®! No Agnostic? No Yes'? Intrinsic’’ Yes!®7] No No
2010 Christopher Na No'™® Agnostic” No Yes'? Intrinsic 19 Yes No No

Figure38: the various interpretation of quantum physics. Source: Wikipedia.
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Figure44: electron waveparticle diffractionexperiment SourceWave Properties of Matter anQuantum Mechanics(#8 slides).
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only three times in all and for allreéememhewrd ohei sngueidbé ahobm
much | ess easy to apprehend!
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https://en.wikipedia.org/wiki/Fine-structure_constant
https://arxiv.org/abs/1812.04130
https://arxiv.org/abs/1812.04130
https://homepages.dias.ie/dorlas/Papers/QMSTATUS.pdf

Thi s t horuignhente xwaes | nttevodddithdg ahli d¢&hlppeadgdptoesittainagn
meminl|l y applied to th infinitely small and not
of superposition andthh@tcrtoicampdrcbienedeacombode,l e
that tared esatwialsilnciestain | imit between the quant
thought experiment also dealt with the entangl
entang!l emenma cwwolwjkK® oWl 1t éhc pa p etrhniisn gt hought exper i
ent angdd mertt ombgsont Al so, this paper s publicati ol
cation of the EPR par adox rpeimecreb éocyh tr Bear sstgew anv ee
function and the notion ofatat ot esos dpepliG@owsae bl ¢
t hat @oomecatn! his dr eams

Max B@OX&O®70, German) i s a physicis

t heat hemati cal representation of qu

the statistical explanation of the

state from its wave function, el abc

i slapmp to qubits, where the sum of

of the qubit is equal to 1, given t
I n 1925, he-comeat eaditalid pmomf t wo conjugate gqua
transform of the otheéerX=(tkhe ovdhremwet &t ors [aX,pR]sF X
and |, the identity). It Il ed to the i niden easfmi n
the adiabatic theomerh9W®i8t h HEl adinmitprin gFsd\bo®s5edl. pFru
fact, the

t
Briti slhohsni ngsedra u@pbhigveiaan dNe wt o n
e

r He( %®00b/ebr,g Ger man) i s a phyist
to whom we owe in 1927 the <c
ther indetehmichaoynwe zaownndi Ag
ion and the velocity of an el
atedHequantattit&de. oraingdi nP,a swiutalH 1
e

guantum matrix formalism de:
The indeterminacy principle i o o .90
described mathematicall ybyEmr Yoypo -
Hesse Keh&@aB6ABmer i can) in thei Figure46: Heisenbergkennard

gu Aéwher e t he pro duct of t he inequality,as formulatedby Earle
velocity is gredoerredacedalPf Hesse Kennard

This principle can be used to i mprove the accu
accuracy of ahataeremiuadlinngihgsgeuamutammmi ti es can
energy | evewavea epmnogsa hts ppeng d .a

One consequence of Heisenberg's prpecmpmoents t
tion. I f they weaw tsheibrl eposmet iwonul (df ikxed) and
i ndeterminacy principle.

“You can apply this thoughtceapedi mehtsokt@nhd¢ has byukiu nggom'ft tthaekd

t hnea n d abt @kriy®g mo nut es, bwitt hwi & rh plamlemguvermou don't know uard it i s

through the middle before you take it out. I't is innatikeéate

other hand, if it is overcooked, i-tewd!| tabei dirtdesekihreg tlaose dwe IR
the death of the cat are irreversible.Butt hesre,helr efaowve motclau
oven and atkkleel kalofcol ate are entangled. | toésoabguansumtpbtyscalk.
the oven is a black body! Cheers!

0Se@l i vi a-Jdéawmt an gr andWwas heorfi &dcb eBliy Mant sttheeiwn Al i c e, 1995.

"This measurement technique is used in "quant unmrs g¢lhee znriemag"u rveh
of gartawinta NI ff@&vaers :Supersizes ' Quant uSma3du evBRiDrog' to Measure Ul
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https://www.sandiegoreader.com/news/1995/sep/28/straight-olivia-newton-john-and-albert-einstein/
https://www.nist.gov/news-events/news/2019/06/nist-team-supersizes-quantum-squeezing-measure-ultrasmall-motion

Anot her consequence is that a perfect vacuum c
magnetic and gravitationalstfabelled,s Wihoalta tpiansgs otnt
berg's indeterminacy. This explains theliatsttloen
furshart i nlg3 & hne-cphaagreihnreggr em of a qubit state al s
of i ndeterminacy.

For some, this indeterminatyoprohcipéecospassiu
ter. 1t | eads to the question of the position
According to the Copenhagen interpretation of
where thbhe eketbcated. Try to apply the concept
(I practice, quantum pa observing
particles and therefore microscope

be measured. They can hat

di nger) wawmea fpuwrsdttiioam M reflected

generally, in the infini photon

i nfl uemeasu it é&eOmgaxaanmp It ey new electron incident photon

this p henomenon at the ' p\?(terlloiirzyc/j‘ _____ original electron

nate an insect with sunl expected path path

ter observe it, you may

photbatsed to detect an .

mi srcmpe @ )h[]D&II’gIh mentFi @48 Tl €  Figure47: Heisenberg microscope tihght experiment.

will change the speed ar Source

Finally, [ many of tHei sovwdengruteesr eodt ehd si nt |

t ween scien
Bolbret ween 1
a professor!

k e
ce, guantum mechanics and philosopt
924 and 1927, befor.e Hee avlisnog d&afaodr Mah

During World War 11, he was asked with other G
preogt . Later revelations did show that he was
was an achievable goal

Paul ©O1%1@&®84, English) is a mat hema
ers of 20th cedrmctsur \Hegu asntcumdp htysd wi
tion, which is one of the f ouwrd)tw

equation is a kind of wvariant of S
fermions (el ecttrromss,, @uartksn,s , Aiamutergi
particles. Relativistic particles ¢
which contains electrons if | ower ¢

I n Dirac's equation,

el meytimcl udes four OY(z,t)
numgyer s that int eDgrra (ﬁmc +Czanp"> xt)_lhT
equation enabled him
a particle that was Figure48Y 5 A NI} OQa MBdidn dquadidnz i A O
opposite of the el ez

2Positrons were discover ed neXl@er2i. medret avalsy abwa r Catral t1ANSd6eNrosbaerl Pr
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https://sibor.physics.tamu.edu/wp-content/uploads/sites/15/2021/03/lecture_09-chapter5PropertiesofMatter.pdf

Dirac formalized the quantization of the free
1939 tklemotbatai on, known asibipriad'isdndthaet inon,atwlho
of gQquantum states and opedgartTohres Dinr alail neecanrs aaal age
reduced PlasckheoPRPsbhaioki cdoakbwane@add edf dh i ts i
strikethrough h symbol: . This Dirac constant
Paul waisr aacwar ded t he Nobdl93Bri a¢ itmePlygei o 31
early 20th century were frequently awarded to
since then! The youngest Nobel Prize in Physic
age bh 2915 for hriasy driesfcroavcetriypb.nofatwhi o a@a@eeofo
to deal with relativistic particles, in partic
tron becomes relativistinetwbeenehgytotsaltotl eiat
This rati o cloarrermstpzo nfdascritearrtelsent s a speed of at
Butel ativistic phenomena may occur before that
speed of an el ectron around the Wiudl eds cdfr oan sh
atoms inner shells, this velocity can exceed ¢
This is the case 10 A N

| ayer of the gol Lorentzfactorz9

85% o f the speed electron relativistic

the position of mass ) ©

the |low orbits o  Vvsrestmassif) 7/ relativistic

l ant hani des, wh i 6 electron
earths.rdthieuB8othh: 5

average orbital ro——P 4

creases inversel Ve (0Tes) 3

apparent mass of g 2

the electron's a Oios —F——— 1

his Bohr radius CCEC : >

stic electrons. gy . T 9% 0 c/2 86%°

erof the electr | ygius Ao electron speed

ms and the trar (¢ =speed of light)

et we e orbitals Figure49: relativistic electrons and Lorentz factor.

hot on

pl ains the corlelratoifvigotlidc amad isfiil oveetri, o rd u
which transitions occur due to the abs
ing its yellow color. Wi thobtsthetraeael &
tions in the chemistry of t‘heSki snaggeant
i stic effectisallsquéxplada®ddolownh iempgae e B |
f chemastwiystatlPgdantum chemistry

x
©
QO
O<® 535 X W3S

paul wasracki stinguished by his shyness and parsi monious oral
Cambridge coll eagues had defined t hse h'idmsreacf" iunnia nmnaese ttihneg , monsat
single word per hour. His behavior was equivalent att thtaeereSol v
broken a sBpeacédptiinnghilsi s Nobel Prize at the end of 1933. It i

t he peech of ,Eawiso ¢ mmh®dirmdgeitthhe t Rdylpeaines anecdot e: Dirac wa:
t he i sters ,ofNobwege nperhiVwsed ®6r3 and f aneomnud dalosro hhiss. fiufnrciteemodnd par

“See more Rebdmpiegsstinc Effects in Chemipsetkrkya MPoyryek ko, mn2o0n1T2h a(n2 4Y
%Sewhy i s Imeq@iud3why do relativistic eflbyecltar 10ol. ghdr imy,0 Zhlsn

%SeRel ativistic hbWamndmSauemi L0 (11 0 oslluicdé 9N damwmd Rebgti vi sti
Lucas Visscher (107 slides). The mat hemati cal f orvnod luinsim oaufs r
Introduction to Rel abtWerrmsdtiic Dwualnlt uamm ChkmMmitstFaegri, 2007 (545
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https://fr.wikipedia.org/wiki/Facteur_de_Lorentz
https://www.nobelprize.org/uploads/2018/06/dirac-lecture.pdf
https://www.researchgate.net/publication/221690646_Relativistic_Effects_in_Chemistry_More_Common_Than_You_Thought
https://www.physics.rutgers.edu/grad/601/CM2019/ed068p110.pdf
http://www.esqc.org/lectures/saue_relativity.pdf
http://www.esqc.org/lectures/ESQC17_Relativity.pdf
https://www.mobt3ath.com/uplode/book/book-19985.pdf

It also explains why the size of atoms ?s not

Particles al so pbaerctointel er ealuoacthilhve ss@ttHbEBNsn e ar Genev a
|l argest in the wor(lBEuUr,opeaen ESYRFc hrno tGrem ofbd ki at
the generati on -forfe q'uheamacgys ) X oarertyhdéi §OLEI Li hi ght
SatArutbi n near Sacl ay alussot, inoerxFtr ateoc etghuei vCaEHAe.nt f r

The SOLEI L ussyensc herloetcrtornons accel erated éowmematel :

beams of |ight 10, 00%. tEqeisv allearste r i t sitamu seumtl s
vanced Photon Source at the Argonne National L
Chi cago.

Free EI ectREDN eLxapsl
ativistic electrol

generating cohere

temporally, t he e

same frequency, p

al so polarization

el ectron s ourroctergohn (V’v?‘;;ljg’tfjx:a‘;n

int eract | on b et W e | Permanent Magnetic Material

strong alternatini =S

possible to gener:

tromagnetic frequ:

red-rtaoysX, through

traviolet. ThelPE

sorts of matter, | &

resear ch-rlaiykse cwiytsl

Finally, relativi: e o

i Aastr opahnyds,i cfsor e x & creybeam

mi c ray Ssour ces a Figure50: free-electron laser. Sourc¥:ray diffraction the basicdy Alan

p|a$mas produced Goldman (31 slides).

axies amfd quasars
VIiadi mi(rl89®BZki, nRusvaisa a t heoreticie
guantum physics, the theory of gra
Fock ,spaecper esent ati on and state, us
of bosomesdyyta®yys having the s aomee aqtu
Kl eGonr don equation in 1926, the rel
zero spin massive particlesjntheée28
Har tFhoecek muanmul ati on method in 193
trodynamics and quantum foundati on:¢

5See ptelriisodi ¢t awil eeh oifn ckil cearteinas of the sizes of the atoms.

See the Elbadteremser el athyMa sEmmaansu € lilgeh t C sswopurriced, 4 1S y(nichh2r50)t.r obnl eSce

circulate in the synchrotron at a speed close to tehastpeocft rluingh:
from infmrayse,d wiot K numerous applications Yy nuspirnegciviemarn ewd |dmatsocl
polarized white | ight. These #idnismernusmeonntasl csatnr ubcet uursee do ft oo ragmaanli yc
proteins, such as the glycoproteins dwathease rpuaitdehvntshuasseenba fiT d
attacked boelolme,s, which are used to produce the proteins in th
®Dirac's equat iKbreGinsdon n&k®@26j)oowhiech apwpdh ess t el drmoepodnest iyc lgd s

pi ogmer thaviessgoir nzegerspin. Relativistic quantum mechanics is a

par tphiyleessl hyaevte fnound oafn yt huisse bcraasnecsh of tphgylsnalsoginesur3eatt lme am
of relativisticR@luamnitwims tmec h@ma@R&swincthM&c hBinl cesr,, 2WMOi8v g risli6t ys | d fd
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http://canfield.physics.iastate.edu/course/Canfield_phys_590_2018_1.pdf
https://sciencenotes.org/wp-content/uploads/2014/11/PeriodicTable_AtomicRadius.pdf
http://culturesciencesphysique.ens-lyon.fr/video-html5/pcp2011/couprie/electrons-relativistes-comme-sources-de-lumiere
http://web.archive.org/web/20201219112349/http:/www.physics.gla.ac.uk/~dmiller/lectures/RQM_2008.pdf

Pascual (1 910%80n, German) was a physi

Boramd Wernerare®e i csemtbreirlgut ed to | ayi
of quantum mechanics, especially, i
was somewhat forgottenirmetche sNaoDif
1930s, although he was rehabilitat:

of Wol f gamge PMaewlaime i nterested in t

inus RdAdBION94, American) was a -fbawn

he scientific fields of quantum cl

unity to meet in Europe the f ounanr

i el si BolhBRE7 . He described chemical

nd 1932 and in particular the hybi

f mol ecul es. He publmischaeld B oTnhde" N ant
He was awarded the Nobel Prize in Chemistry i
political activism in favor of nuclear di sar me
tional chemi stry, twhincuhmemdlkead | iyt spoug ialblee t he
which we discuss in the sectiof98n gqguantum app

James Ch(ald8#®agkd) i s an English phys
di scovery of neutrons in 1932, iwhil
This discovery was | ateoadcompadedctocs

Nucl ear physics has indeed progres:
mainly concerned with the interact
di scovery of neutrons, satemstisbnat't

and el ectrons.

John Von NEYOSESN/n, Hungarian, then Al

extremely prolific mathematician. t
foundati ons mdniqasa,ntmuot artelcy i n t he
Quantum Mechanics" published in 19:
tum mechanics into models and equat
emati cal principl eserbte hmadelgu.ant um
This deals, for example, with the representat:i
observables which are projections into Hilbert
expl ained-cbymuatha®tf inwietays ur e ment operators. Thes
Bi r khomrfi fNegmannhum ilmgédaennection with theé%r semi
Von Neumann also affirmed thaitnecbeponareddet e
a |l ost cause because it would contradict other
before Einstein/ Podol sky/ Rosen's EPR paper!
We owe him the creati(dry o/font INenumadEini2g,n wohfi cehn tir s

with the notions of operators and density matr
of a-pmulttite quantum system. He participated 1ir

0Selehe Logic of QbgsGmatrummtNMa ddahkihogofn, N& a2 6macRe s ) .
UnderstandiTegh@ob®@pHiesst ory ahFd usncdegr st i st s



http://www.fulviofrisone.com/attachments/article/451/the%20logic%20of%20quantum%20mechanics%201936.pdf

PRINCETON (VON NEUMAN) ARCHITECTL PRINCETON LANOMARKS

IN MATHEMATICS

Memory
CONTROL
DATA  INSTRUCTION ADDRESSE
IN Artithmeric Ma[hema“cal
Logic Unit Control Unit 1
. o | controd Foundations of
L

luantum Mechanics

STATUS Clock

Figure51: the Von Neuman Princetamchitecture which still defines classical computing.

odell ed explosions and I-komlkes. fleeg ICcOMPIr 6
the basime tbeoept andncgassical computers
uters use a Von Neumann architecture with
ts and outputs. What a contribution!

Boris POH&89%B6kty Russian then Americ
wi t h Al berntd Hian shtami tR03% non quant um
tions-lofcahony of the propertisepecot
el ectrodynamics which deals with ¢ttt
He emigrat eadnd,o atchceorWlSAMg to Rwasi &
spy and i nforomern hef Atmee i CRBIR @t o eit ek
His code name was. .. " Quantum".

Nat han (RB®O®A5, American then | srael
when working as an asisiPgtiaktet ®man Aol
in 1953, he created the I nsitmtidaief ¢
mainly working on astrophysics and

wor mhot esor e@at i cal l'ink between dif~
thought neutrons were built out of
Ettore Malj9akiama 1938, l'talian) i ma

1937 bdmaskbidrac' & edeapeanrotmiscyl ea t hat w
par tTihcel eMaj or amraani fngr misoml so abusi ve
physi cspdrotiqulasss havi ng eximd theadric €croc
in 2012 and veriifa@d8, nevdrl 6i fanidt t
physiamidstwo related 2018 papers ha:

These Maj@raanacdeassi(or AMaj onakra i Eempcsaddss gn
ver sal copugruttiems call ed topol ogical computers t
codes requiring a smalhi snuinsb etrh eo fe xpphlyosriactail o nq upt
after the work @amd MAlcdxdenl thKhredeadlebmaen 19D8ssaEdt oD
have committed suicide after a depruasesiodn, hilsea
But his di sappearance remains enigmatic becaus
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Al onzo Chal®BOOS5, American) was a mat
tributor to the foundat iaonnds oonf tthhee c
putability. Among other things, he
abstract programming | anguage whi clt
t hec aslol ed-T€hiumght hesi s. Fomatilki €al ¢
be carried out with a Turing machir
bet weewpcbmpwigabl e and Turing comput

Many wvariati olhwr ionfg tthhee sChsurwehr e el aborated aft
compl exity theories. Feolrurdaxampglhe,sitshe teaxtteesn d endhb
of a problem is equivalent at worst to a poly
demonstrabl e.

What about the ot hleersss, fkannoowns, furnoknm otwhne olr9 27 Sol
i pants deserve to be mentioned who had some <co

B r(ill8l18@6 9 n -Amearnicocoan )e sveh ckmiosvne o a
i's expat divatiingn Woo | dh&aUSAI col
physics between the two World V
closer toHer estpekkbaddyphlg sghen:
waves traversing crystals, call ¢

And t herHenfdirn &l IAn,t h ¢ & $OKT 2Za,meD st ch) whoi mstshet e
creation of Mawyntod mtthree@ray.ti ci pants were not g
i nvited becaoursgea ntihzee rBse Itgriiuemd t o have a stable p

and English partici pammisl.e Wdaedlait dte rvehia if eerr ee xfaor
cused on rPadil odaftngwivhinwwhom Mari e Curie had had
accident al deat h of her husband Pierre Curie i
What swas king during this prolific period were
without smartphones and the I|-Uniev aeredniutryelsey mread
|l etter exchanges and conf ersnrcefser dncensa,s bsutow
stil |l astounding.
At | ast, h
chart rem
how young
ers of g ui
i cs wer e — —_ : _ )
. Albert Einstein Niels Bohr Johnvon Louis de Broglie Erwin
p u b | |1 S h e d photoelectric atom Neumann wave-particle duality Schrédinger
| Wor k effect model density matrices wave equation
y e / !
years fro o e \/o o e o e
1935 Back 24 25 26 28 29 30 32 34 35 39 40
entr ' '
wor k h I
They 0 ow o
quen a t"r‘]’eri
bel prize | €y
4 O ! N oOwa d ! Werner Wolfgang Paul Dirac  Linus Pauling Max Born
Of the tin aomism edeon oon chemesibonds pebsly
t o Wai t un principle /
| 0 . Figure52: how old were quantum scientists whitrey were awarded the Nobel prizephysic8
east 5 ' (cc) Olivier Ezratty, 2021.
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Poswar

As mentioned before, quantum physics devel opme
Physicists wwetrhe ntuhcelne abruspyhy si mebi TheeMaanhatamani
number of physicistaEhi keo (b ®ondbvi,al Nawmmahm®b e Ic a
prine physil®88) whose contributions were center
| eadi ng tDa rtahce iFdeeramhi gas statistics.

Quantum physics stildl eed bl &2f wera | Wdr lod Weerc hinlo,l
ized the world. We can mention three i mportant
guant um rtervaonlsuitsitoommesnt ed i n 1947 JbWpn\VEBar idde i
Br atftraoirm t h €%, Beed ehmidlaashestTvsent ed bet ween 1953 and
Theodor e NMNaiknod na yA | Braxssmubek h©hm arvl e s ahbhadr dAr Tt ohwire sL e ¢
Schawl owly a few of whom received thepNhNobel P
vol taitdhadelclomvert | ighGPS$Intamselse otr si aintdy ,| asred
much of today's di al t ercehandoyl ogguya.n tAulnh! oTuhre dfii

gi t
optics started in the early 19&G6s wwirtkh twhe hl ds
work in 1963 on light classification whska he
Gl auber states
The warstperiod was al so dominated in quantum p

with the iBhCS 9t5hfecarnyd t he Josephson juncfOobn in
St ewarntn B&I6I4 .

1964 1980
John Stewart Bell P> Yuri Manin
- r Bell inequalities and test quantum computing
V 1957
. John Bardeen s} 1970 1981
1946 @ 1952 Leon Cooper&) Dieter Zeh Richard Feynman
Felix Bloch John Robert Schrieffels, quantum decoherence quantum simulator
sphere superconductivity
I
1945 1955 1960 1965 1970 1975 1980 1985 1990
Lo @ 1056 L19_62 $ 1973 1980J 1982
L Brian Josephson TommasaToffoli William Wooters
JWO':::?E‘;(;‘:;?'W Josephson effect Toffoli gate > WojciechZurek
S e 19531960 no cloningtheorem
transistors Gordon Gould 1973 1982
Theodore Mamggn JohnClauser) 2022  Alain Aspectf) 2022
> Nikolay Basov, 196?/ etal - JeanDalibard
Alexander Prokhorovis) 1964 CHSHnequalities Gérard Roger
Charles Hard Towne«}, 1964 Philippe Grangier
Arthur Leonard Schawlow) 1981 entanglement

maser and laser
Figure53: timeline of key events in quantum physics after Waviar L (cc) Olivier Ezratty, 2@2

8Transi stors are based on many gquantum phenomena, parati cul ar |
was discovered during the 1930s and creafSies Albami Hd e K @ nieWig ly s
191), the impact of defects in crystals -plaeratdiicniagd tded aloitptiymms .a nlid
uses the field eftéeetcttriwbathcomodutappbtygbabiom bt anlitakwadynalkh
inventiedi bg Edg(@lr8BR6I13i, efumsdtaroi an and Amer i camg) awhne digdo2t6 au sri enlg
coppaledceconductor material s. I t icedrdr eEsfpfoencads Ttraa nwh att owe t & &
invented in 1947 wasomasEhefdmaenm Sewati am, an Emer i nSgy sltrevresn tlindre
Rather Than a béHlowmrsicamf Ddttamnglberd 2020 (57 pages) which shows t
creation of the first transistor by the BERADI @bRhampuOael&g.c TI
that wams 54t
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https://papers.ssrn.com/sol3/papers.cfm?abstract_id=3678081
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=3678081

We then have the verificatisomx@pferemeangli emdm®t8 2
are other key dates which mark the symbolic b
Manfiogétassed quantum computi(mag)ndmudo nRii.enudrad i Feyr

The s$econd quantoamveesoadvaonoes from the 1990s

properties of individual particles could be cc
trons (spin) and atoms or ions, as wekkFgascsup
ntum cryptography and quantum tel ecommunr
ing. The original definition of this se
Feli x (BO1OB®3, Swiss then Ameri can)
metrical representation of a qubit
1946 in a paper on nuclear magnetfid
time, he contributed to the Manhatt
t he Nobel Prnzéoba Pbywyshts work am

magnoosceptual i zation. He was al so
physics | abionr alt954y. CERN

Chi-8hi ungl®ma®97, Chinese then Amer.i

ut ed develhrepment of nucl ear physics
gaseous diffusion process used for
al so contributed to the devel opment
peri ment rghahednitbatihen sof photon

before Al aiaexpspelnent in 1982

This experiment was different and was based on

ray phot ons -f(rvengtuke & eednyenrhggyg)h gener ated by t he e
positrons.

Hugh EYéeBBD&2, American) is a physi
relative states and a gl obal w avvaet i
observers and tools for observiwnghgqg
physicists in Copenhagen in 1959 ¢t
but his interlocutors saudntbeat phgs

Everett was also a contributor to t
guantum physics, especially around
pothesis of multiple -waorImdd tiinvteerspr
gantum entangl oemandnti tgndl hom Briymef &
(192®04, American) who interpreted
formul ation of quantum gravity theo

2Theecond quantum rvwacorleuatiiieodn teaxmpecewsssliyonand i ndepamdemy | Jonat 28
Dowlamdy Ger arTdh eMillabtutrenr i s al so known t o bmo dele mbfa géhdet g uha neteu np

computing, created in 20@l1l Raygimonhldy Lwif i a mBman u el Kni ||
63Selehe Angul ar Correlation qgf WaShtatden oledd4 A.nni hi |l ati on Radi ati or
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boratory i n, Slaacumncyhe driam clk9 84n dwiCrhi
binaand part of the | RAMIS | aborato
mon superconkda cdri emgt eqadi ba tfsi.r st oper
nium, foll owed by another controll e
continues to work on improving the
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>oC O o ™35S

()
h
t

e

2See his presentation that pr oqwiadd sump nQuanngtr wrn eGw mod u tt ihmed sft cart eB
PreskDkecember 2017 (41 slides).
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Mi chel OrY®D3 etFrench) i1 s a tel-£foomd
t he Qucasnabrmmat ory wiatth tDhaemiGHaACE |atye \
and 1995, which is one of the worlc
fessor at Yalne eUrRiOWerfsadeydwas od ¢ b e
QCI with his Yale c¢cqlll9éag,ueudRobh S
2019/ 2020. He preferred to be entir

He worked several tiwkeenwidhnIJwdsn adakPadDnwisedeh
was adopcosat nCBaclay in the early 2DGO00sa,ntan Baatl
(UCSB)where they wrotd nt 20etdh eorn & urp&wiceom dpuecpt @ rn

Steven (G95W)lniUSAa professor of pmhmec
in condensed matter phHesigsn, cemd ebi
vant age havwaen BUmEdkeaes i 2¢20. He 1 s a
circuit lguaodymami cand cQEPer conduct
works with Robert Schorl|l kloefvamido Ms
| ensssocaci ated with superconducting q

Rob Schoé6¢ebBdpf@&JSAhysicist and direc
Al ong withaBteWMecBplth®amadetkey adyv
ing qubits. He par+tilecltanhny deei ked
the RaciguwenecEl eXitmplneHEr aoirsacstteod .t h e
guantum el e(c QE®vd Y ma Ainds eaand \Wd lelxraenfdi
wer e respectdiowe lay dY aPeheDo psodatd2e0ont

I n 007, with Steven Girvcommbhaei eagi neebad &o0s
fer information between distant qubits on a ch
and Jay , Gambmetntsa r ated the quantumopgmpaudcass om,r
t wo §wubits

F ay Gamh®tr9h) IUSAthe scientist beade

eam working on superconducting qut
eamctbeated and | aunched | BaM dQ u a®@atau
ugly st em One in 2019. He joined | BN

i ons -Maardk mwinan open quantuimns¥ 8 &ym:

n developing supercondact i a@gulgeibvad

nd then at the I nstitute for Quan
uantum validation techniques, quan

exand(€aBlhafRsod essor in the Depar
t he Univer sit ®udaentS hgeureb. r dHek @ &s olr
the devel opment of cirqQuitthadquamt
n of sgpqubohdacddfienu rsdearl sof , Nar @
rtrup devel oping boson,i chec oddiled cqavab
US epicenter of the earl ysdevel

|
f
o]
i o
t a
he

8| hmpl ementing Qubits with Shuyp eMiccohnedhtnod e ¥moch nl na&@eQgdripagtigseds )Ci rcui t

84Selemonstr atQudn tofAl Gwa i t hms with a SbypetcobdDdCatl ngt Qalan BZMNDE |
(9 pages) .
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https://web.physics.ucsb.edu/~martinisgroup/papers/Devoret2004.pdf
https://arxiv.org/pdf/0903.2030.pdf

l rfan SleYddé6 gi-Rm&riscami ) i s one key
superconducting qubi-dsc &dte Yalde ,hiwvso
mi nhmwe|l ectron bol ometers for microw
measurement techniques for supercon
furcation Ampli{fdiesrsitplat vensaesudtemeorfi
son junction to create high gain an

This |l ed to the creation of superconducting pa
ametric amplifiers. He tahnedn tniioevwelde Ead e BRea rkled leg/y
Laboratory. He works on quantum el-pattodgnamia
ment generation and single photon detection. H

gr atedearch platform on superconducting qubits

Ar t ur (ELkOebr1t, Polish and English) 1is
the founders of quantum cr yipnt 0lgx %l
him about this inspiration after di
ampl e -mytepepnventions, one researc
tor of tiCea®i hgapQuantum Technol ogy
teacher at Oxrdra rMmemlv&earisarttyiAftios 060

Nicol a6lBb28) nSwitzerl and)n igsuan tpuhny s
tion He demonsltacaleidt yg uvaintt u ma m oenx p
di stance, extending the performani:u
1982. fHande@idn | DO s, sd a$wiup i nitial
random number generators u n phot

S i g
acquired by SK Telecom in 2018.

David DiyviaéeenzAamerican) waansd a hree sce
criteria that define the minimum re
gates. He is now a researcheriantGe.r
He i s a nmembAgcoisernt itfi c Council , &k
Har oc e t wrn dE KDearnti, e la mBbatge we her s.

Dani el( 19®$ss )Swir o pdwsietdh i ha viiodx @ iaMsenc
spins in quantum dots to createDiar e
and founding member of NationdalhaCen
t hUeni versi EPFafd BlaBMadohi ni ttaei Bwi 65
Cent eHe $K& Director of the Getnttehre fl
of BhAfstedr. a PhDphiynsitchse oarteafihcZauon it & 8 £
a pdbesd in the group of Aamntdh canty 1JB.M LF
a stint in Vancouver, he went back

He worckosndeemsed matt @repehydeind-c almad eophtaispeh e nome n
conducting nanostructures and mol ecul ar magnet

Bruce (Kanel958, American) is a rese
t hUeni ver si ty( afJWawiytl avhNill ISeT he was d-
he presented in 1998 thaesdadoqwbist s
using individualpyprhe spihloiroars lad totmsc
m Ciple oMncweidtkewdsi kiootaltls UNSW and .her
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The juryobs stildl out to demonstrate t haptrot-hi s
posal s.

Menno Ve(l dh®4 styutouepprdes atH&OQudgeftc hhi
on superconducting and topol og.i clae
worked on silicon wlhuearnet uhme ddoetnso nastt r
two qubit operations in silicon. Al
ni Ui Ge) qubistcaltadb !l lruiqgluant uims courpru
neering work on Si Ge/ Ge qubits winth
do.t sHe proposed a crossbar array ar

Lieven VanNndewvgyp®&8el gian) started as
St anf otrhden wedml mbdehBMEZlaénd ohai heca
MEMS. He demonstrated t hce ousiengoft hSeh
NMRQubits, and then beclmiev ar gietsy airt
i istpso hi@uwireicchh he . cuer estlay pi pim

I n this capacahnigs thiees eéwonr dgFsisi
chipwetdhtatvh Qwikesd e dv £20H c2h0 1 5

uwdnllwBBeoh) i s a quantum phys
2 and became a professor the
i al "signatugeasi pdr tMag loer samiah
itiveo existence in 2018. The
experi mental data mismanagen
ar chearesatdeMdihcerfas oMitcarnddacf tr eit m
bas ®dmhedc t he Kavl i Il nstitut.e o

Christophél88Bombnench) is a physic
atoms, resethehLHBr gNoomalaé Sup in
ested in gqguantum gkisnesst esiunp eadn dua nds a
ur ement wattohmiceescluocmks. He did a th
a pbesa aobinhedl LA | aboarad otrtye bler inmee!
He i s also a member of the Academy

John Mgrlt9i5mi, s Ameri can), Wwboafpmpast
Goodlee ween 2014 and 2020 where he
conducting qubits up to creating t
supr eemagegr i menthéte,d pwmbINature i n Oct
Berkeley on supercondloct i mg Da ush i€liusaf
| aboratorynatathayCEA

I n September t20 2vl,r kh evi 4 tha rdite dbeIClAeu.sS Hemmhas o cr
Quantala in 2020, a quantum computing company

— Mi khai I( USUAii % a Russian born quanti
; a prolific scientiimdexwidfh 1a6 3,k ywamrck
Z- guantum contr ol of -atamecspatiemanang
photonics and quantum informati on
physics as wel |l as I n the NV cente

‘/
AJL magnetometry.

He cofounde( QbhBtadeMBRrapwmadequant um computer,
gubits as of 2021. He is also a cofounder and
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Andreas WMaédmard) i s a Professor fafrt
havi ngedbtdapgr eefsr oirmn tphhey sliocrsdon | mp e
Aachen Geamdnwor ked at the J¢lich R
Uni vernsitthgend StAhe LKBHieni Br apeei al i :
action of single photonanwi gbhaguamt
as on hybrid quantum systems combi
cuits and semiconductor quantum dot

J¢rgen MI19mEK German) i s a physicis
etrfe was the coordinator of the
e European Flagship project on q
nnection with Louis De Br oglaire, ctl
atoms carried A4a990uswi b patOeti hvau m f

Jidvei PHB70,) Cliemdleng quantum physi
a professor and HxXeaduwteirwsa tYyP odt SU$
Chi)naand a member of CAS (Chhinsa FArc ¢
under the supervi.sitben aonfd Amitso nt eZaem |
experiments on photons quantum ent

over a satellite (2017)nh,d wiutpler oo ®(
(2021) .

Mar-Aene Bo(ul9h3dat French) i sawompepgh
their control by optical pumpi ng. ~
puters based on cbB®H aéeoRdAdWOSHE atFd &1
physicist, specialized i n ¢ ondennsvee
ParfrSlaxbag member of the Acad®mie de

who has been there since 1988.

Eli sabeth(Go4a6obFnench) i s aoB ) keogpeta
guantum optics and superfluidity, p
e wor ked ian tthhee EMRSL KB (BlLraobsosrea t)«
mber of the scitea¢i dfi ctlsel Eotopaa
so for the ANR (Agence National e

cquel i(nte96B7l,ocFhr ench) i s a( Prle)s eianr ct
nosciences et de) NaanbmtecomoCNBE e:
clay, workingpasetit polasi touanpling |
r, mai nl yabseBaden (Thalslei hmve pot ¢
eation of quantum simul ators base

ol ogy.

ami chel (GC®IE2,d French) i s laRIpG ylsa bc
enabtdedirector of the joint PHELI
antum Engineeringpff GomnbBAe] Unn:t
rticular on the creati owmamtfumidagtl
single photon detector s baansde dOPO Isau
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Pascal e (Sledn7e2,| afkrtench) r1esaampdhlysdici

| aboratory. She designed and invent
and indistinguishable photons wused
Thesd&adssdmi conductor qumanadmyldiiedt
tur e, powered by a | aser and -fdiurnelce

startupi Quavidvehlla®r i a(nCEX0D)eNdaanado | o (SO
and Chairman) who werckcoa iPmhDhesrt utdeean

Quandséehling thesasendphesabonngo-pasesdanqagabi am comp
i's their s cPiassnSalfa &l saodtvliiasuonrcched t he Quantum hu
SaciayNovember 2019, which brings together pub
hi gher education instituStiilovnesr. Mehdea |lwa sn a2walr4dd e d

p Maud Miln9e7t5, sKraernehl) as physics engi
/;} phy diroam GlUenwovleBEle ttyhen spent 20 ye
D nol ogies development and tr&8hefledf
e 4 gubit pr oljetcnt Grté&SnGHN6e 2GERAt i was sfida
‘ spinsquéeveragirmd att h @ nsthri rsg bet ween

nol oGy eno bl e .lecoNywdmbmer 2022, SMgue

along with Tristan Meunier -LENRPB) a

The silicon qubit ecosystem in Greno-bhkeeiliRlv®l v
(al so fromd<LEIANst ICINRBMB®d | viatriieosu sofenUGA (Uni ver
Al pes). Maud is hesoEudropeanyg QUL&Sht unsiHIsagegosnhsi p
gubits, awarded i n Mailfchs2ag @vemdh,i erC NSt M, inrs=ttn g
tut NGell)vaamnod de(l&7 @anckGBEAIlaRI,G)atan ERC funding
for ©ChkeeiQu con qubit project. Before hevi gwalrwyn
contributed to the-SiOld usetcwin®iidzgaynido B TMi ©r bel E
Gl obal foundries and | BM

Al exia ALOT7ByYyeBr enrcég e arsc lan dCiNtRESe t SJir |
gapor ebds CNiRmst evran aatbiadnaat |d a § u2adi2yPc ea f t
S conducted her research for over. 138h
‘ {;;/) specialized in gquamndalml abhoerrantoedsy nwaim
-5 Fra@€CBNENS) Lymoch around the world (C
'\‘\. / Singap€hapmanatddi f@ausist WYnhnvehsi QkHEFA
\"/‘Exeter Universities in S@BECODK, Madr
Al exia fAudfteedsas an experimentalist, doi ng he
Serge HaBbehéehen became a theoreticiandealetlhouc
oped themtOGEWMgy of quantum mechanics (Contexts
Grangmnaeérthe philosopmer weayxloy eFadadlir in this
tum found®t87o0 nSsh,e pleamgeen ch®@@UWE MGAt E@Q@uant um Engi ne
bl)e the Grenobl ewhjiucahttauhe eQuoasnytsAlephsm ufa2z0@Rieat i on

recent work focuses on the energetic aspects
fudtlack perspectives, whi chueemnxtpunn i Ehnse rwghyyg Usshtet ice

2022 Rwibter t \Vhiphyesyi CNREP MM©OmM Gr)ekhaorbilree Spett st
(Chal mers UniamrdwiDt iy, KFeSave bBed 3t he wr i t.er of t hi .
SERSOI FurtDeyp | et ed Si | iTcheen teerc hinrod wilgayt aurs.es on the one hand a | a
ot her dmmmal,s chf undoped silicon between the drain and the soul

8%Se@ontexts, Systems and Modal it i eébsAl eax inae v mainftPdvliedsg yp pf2®@ IG5 @i te
pages) . Sess oaxli ad ephhgddi. k iTfheé i avor k has beempadrtlischdedvessadne dn0 1a5 t aon
2019.
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Ant oine Brcowdéys9g, Frreemsdgr als di rCaNdRt:

t um oapttoint st eam in the Charles Fabry
ized in the control of cold at oms.
Pas,gad startupatdemsgoaompgutercotdat w
simul ator, and then, as a universa
CNRS silver medal in 2021.

H®lI ne (Rerrlicn75, F rreensceha)r cihs dCNRS t o
boratoire de Physigue des Lasers (L
ing oid&£i Besein condensates and col d
mo,n she driveSi muheatQuwalntSunmi hracjeac tq

simulator. She also gives |l essons o
Christophat SahleonbEoNhS LKB-Tanmn &€t agm.e A
Saclay, she also worked .®innde az@22r

rector of QuanTIlP, the Paris region

El eni Di BImaht-GEekhcbs a | eading spe
devel opment esfouplt@®tsoriioe quantum cr
tum communication complaxicthy Di Skedg
| aborator-ofbomn®aUmisv erdcgiirtegct &rh eo fi
for Quantum Computing since April

projects around gquantum key distan
OpenQKDB®he is a recipient of a Eur o]

At |l ast, sheasciaercbif wiud e d wibfsadmn tlLhaeu rsQta rctr lem t Wedl
in 2vd22h Tom Dagr rwehd cdsodCdelettsessd quant um memor i e
computer interconnects and quantum repeaters.
Jason (Mmereiacan) i s a ProfessoWniover
|l QI M (I nstitute for Quantum I nfor ma
matter physics and topol ogi cal p ha

Abel i an anyons anda M@y airtahtgy fee primio o e

Mi chell e (SI98mMoABsi talsihan) is a phy
New Wales (UN3Ws woaKii lmggpiom qubits.
of CQCelntre of Excellence for Qu a
Technology) from UNB8WnNdS®h(eSiflsiSEWCs 0Q!
put)i,nbteleedi ng quantum computi ng-oAust
her university and from QQC2T.

n 2019, her t egaunb ibtuiglatt et hbee tfweresnt pthwos phor ous &
n onl yt0.b& cmbnlee cag & du Irlo0c egsushoir® hign i X0 2uss cnagn nS TnMy
unnel i ng tno cproossictoipcers )pihro stpthe r aisl ido@randsbstrat e

] Andrew S.(ADmurakian) is the Direct

Unit at sUNGS®tralian National F ar bersi ec
‘center. This facilityds white room
drew Dzurak is a pioneer of silicao
CQC2T on silicon qubit control sonads
silicon double qubits in 20LBunHedyv
Si mmonlsut seemingly | eft the compan
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He created Diraq in 2022, a start ugpmpduetde rcsa t wesdi
guantum dot silicon spin qubits.

Andrea Ma®&gRlLoltalian) is oneiofAuo.d
He i s Program Manager of the aARCI @
Fundamental Quantum Technol ogies La
tended the Laboratoire National det
GrenobTeeday he is onesi-baswtheqapetsa
tum engtiemaeemhemgat UNSW.

Hi s team was the first to demonstrate oh
el ectron and nucl ear syigpeamns sulhecoecamtdi
memory time of 35t&te gQunbatsingle solid

Andrew Gc.wWho7e, Australian) is a |
is the DirectoQueen®bantdomvéeshhygl o

erent
1h|id

is most known for his work in quant
an optical CNOT entangling Katiddflea
anMi | b(uklpir ot oc ol and | inear optics

worked on nuclear pHgésca saoadembarifn

James ClkarkROe&71,) aAmerhiesdadiinaretlum ¢ o mg
forts and the Director of Quantum
Il ntel s partnenshhp Wethe QUieddr r &mn
team of about 100 researchers and e
with silicon and Si Ge qubits. He st
after having studied and wor k&nd ednm
atTHZur)i.ch

Christine(%9Fder ®erman) 1 s a resear
t ocnased quantum computing at the Un
mund Hamadver. She | eads there the I
atory designs and manufactures int:

sources and guantum array systems.
gubits betarecenviinifbblae eWlavel engt hs.
memori es. She was awarded the Leibn

She cofounded 1t6sQ icrompz 2, ,nagadsdims nounpen @th ot @ |
researcherwho ncrGeatmamcdhya quantum .computing hard

Stephani é 19WedifnerGer man) i s a physici
tion protocolwer diatsyedofat Ddlhfet LVma ¢t

the "Quantum "lI,ntoereneaf AtlHe amrcej ect s
ship, which plans to depl)yl mat guratt
ning in mesh mode. She started her
fl aws. She is also producing many (¢
Perola (M. mah75, French) i gquang mencic
and in particular with trapped phot
the entangl ement capaci-tgsedr mbéeeca
of Quantum Materials and Phenom8ha
fessor of quantum theory of |l ight a
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Sara QObLeg¢l, Fr enc h)r eisse aarncohtehre ra tt etahc
t ®r i aux et Ph®nom nes Qbaonhdgdesn (]I

chargenbbpéeacal devices. She is wol
phaotso sour c esV bsaesneidc oonnd ulcltlor s . She i
terization (state measurement. . .)

guantum physics at Ecole Polytechni

Jacquil i nlec.RBalnteBrhoi | i ppi nes) i's a qu
search iat Atutsd rlaniivaer,siafyt eorf oQumepelnet
gow, UK. She is working on oopnt idceanl s
ing of information in photons usi ng
usual pol ari zati on.

io S¢nLavBiné&drench I talian) is t
&ta pti reen z a oUn iRwemes iathyd s peci al i ze
origin of many advasae®limgtha
the pabased ghantoumm chboonrpautteesr swi i
am andoft hPealG2iINseau )(Pascale Senel

Fab
Lab
t he
i
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Patricg cBerlt9er}6,i sFrpanrcte 65 D& & rBHEE:
did his thesion aRy dSbeerngge aHwuad otchheen we
He participated in the early days o
TU Del fde then worked on QED (quan
cavities and thenHeni 4 rworskniomg qaim i t
ducting qubits and the measur ement
on NV centers, which can also be us

Audrey BicenflL890,i sFraanfcoer mer PhDast &
SPEC who is now doi ngi thlee trBemjaaritihn
(1979, . FSaepeclwas awarded ©Bé&a8Bfokemh
paramagnetic r-Esenobanoa 8pi hEBBsonanrn
the Michel son Postdoctor al Prize 2¢C
ment of superconducting qubits via

S®bastienFrTamaese | t he di r epchhyosri cosf Itahbe
and al sonaheof€&d8RSquantum program di
tography wist orc antsicQie@ a dkQ@xys) ,( AW\ f

guantum optics as wel |l as in hybric
guantum communi cawaagbsonehwopkesesli@FeA
community ofcguaesemr phgss in Fran

tigue, FondemerMtroom& i Apmlcitidatiilomms0)2 1

Virgiohunr(il®& ali y a researcher workisyg
tems wusing continuous and discrete
worked at the ENS LKB in Pari s, S h«
she is part of 't he apnhdo twonrikcss ognr odups
variabl e quantum communications cor
tors.

UnderstandiTegh@ob®@pHiesst or y ahQu asmdiuemttiexcthsmob8gi es physicists



Jelena (WMocokDes, Serbian) i s ,a woersk
guantum phot onilNasn o sShael ed iarnedc t Gu atnhteu
QFARM (Quantum Fundamentals, ARchi't
di sciplinary quantum | aboratory. Sh
devel opment of opticalhequ&mtDummanc Ef

Francescd 1PRe/r7l,ailnal i an) is a t [
i n many | aboratories from diff e
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a specialist inbacld-EBnesmsei andoadbkn
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antum science.

Noa .t hluP7)5,i sAuas trrd sae & rr atpere dwa rok
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faces Group | abor at,orwhiacth tihse
e in thesfialmajpodr tAaptpreidan op

uut a7 GAmeraipaare)sei s a physi «
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4. 8hecaeassether Asn i n t he
ubits quantum computers, w
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Al ex ei Grivb&A,uRMksanan) i s a-Saestagrc

Kl ein'"s LARSIM | aboratory. idaeaswamnkl
physics % hiHeos®spmytably the author
bots and evil) published in 2018. F
its acceptance by society and respo

Fr ®a ®rGir o s(s1h9a7n6s, Frencas3earsc fafe r@NRISU L
PafSiogs bonne, S peciraelpiezaetde risn aQkdD qu ar
creator with defhitthepeorGtriamwgo s Vv ar-i
director wit{hrNmcobKB) ofephbhe Quantu
of the AIlSoirabnocnen eParaiusnc hed i n Segptaer

research and training of several P a
Jedgman-o0i(sl196odc,h French) i s a quant
SacHeyis a pioneer of the watigeno/f
in guantum sensing, i ncluding fopre
sure, which could be h¢lembelr ataret|
materials. He conducts thesand ewietalr
He also | ed the founding Wheel er de
Ronal d Wglcswolr9t7h2, Ameri can) i s a p
guantum sensing in various fields,

for the detection of dark matter.
Maryhbaddi s the founding director of
eral startups emerged from OMRI ) aé
he both cofounded).

He al s o hl€uuanncthuend GQGat al yzer qua«€tAlijn shattaopeate:t
startups from scratftchomHKiangwa9 3%l .PhD in physics

Quantum i nformation science and al

Let' si &@nldond " hall of fame" with some of the
i nformati on sciletncies aandr all gtoirviéglhynsnew di sci pl i

Al exander 1BdBev ®Runsastihaenmatiiscian wor k
mati on science and who davciceedi nhe
cannot retrieve more than N bits %1
This Iis the caveepuerked ofedtulte i wn
i ts bagmasngaa fatteers measur ement . He al
basis of quantum communications.

f7Sedarratives of Quantum Thebngdywigé edie BogRaObau@2@Gnp aagnes ) .

8This theorem indirectly validates the fact that itnigsaadidffi c
analyzgegvdlaumes of information. On the other hand, Grover's ¢
as we will see | ater.

UnderstandiTegh@aoxl@pHiesst or yt asusasndiuem i nf or mati on sc-6ébnce and al go


https://arxiv.org/pdf/1702.03001.pdf

Davi d Deludtb5s3c,h | sr ael and tEmg |l Quaint 1

[
ting Laboratoryiat t@ef &Kd Uri dewsist
ating a universal guantum computer
to create iHagda89 ct heunigtagneopdred g, r aana
Mandsn and Paul1B8&nhilddas al so the ai
with two variants, a first one -trete

wi t h Rlioczhsaar. d

Umesh V4dad9ddn-Amerrdii@aaan) i s a profess
l ey. He i s one of the foundersuothoi
1993 with his stQdemtumt Gamp. BeMetsiys
creator of the Quantum Fourier Tran
a year leat éfnoolcyr eRadte hi s famous i nt.
as a spur to funding resear cThhei nQFdlu
ing algorithm used in many other qu

Peter( 599, American) is a mat hemat
rithm of the same name in 1994 whic
numbers, based on quanBemoFeeu tcireeta,tte
guant um-l @igs al @dlearghrart édre, f ampwisi tni fnle
phase error correction al gdtesh dom?®da
indirectly owe t o hporg ttahnet wnn ocl rey pntoov

AN

PQC i s about creating cryptography codes resis
and other quantum algorithms. .. withcgeanéeédmhrct

fraous factorization al goriHemhavhibeemwotrka milgi ragd
ilcs at MIT since 2003.

Dani el R.AmMirmaeman) is the creator of another s
Prca sel vy, his quantum algorithm solves the hid
model , providing an exponenti al dccebDanatl 0B

wor ked atReMiecarracsho fwth en diwes calegareidt hm.s Heanl at er
rity resear ch ungwiilt hhiMd crreotsiorf e meRrets,e aa lcvha y

Lov G dwWeérl -Armerrdii@aan) i s a computer

guantum algorithm in 1996 that is ¢
many more use cases as weodl |l see i1
577 He currently works in the Depar
University, .i liBuhpab, nbmei as Lovl €

¥Se@uanteor v.h t-fier Chgrphinciple and thhy DavsdrRBRaABSq@aht peges ng

(

a foundational paper describing a | ot of conceptscoimpal udigng
complexity, etc. Qutanwasn alosng uft @iDiacwweald Begepttwsecnhbkesti e 1 ® 8®et wor ks ¢
spond to series of gate operations. Back thiem,19%®. very name

VSetehe e xXTchesl IEcanrtl y Days of b@u Prett,.e mA uSpuogrtu t 20w2h2e (el OP epteegre sHPh ot h e
hi story of the early years of quantum computing and how he di :

“Se@n the power of myabDdmimelclo®¥pma(altli opnages) al so updated in 19

UnderstandiTegh@aoxl@pHiesst or y afQd asmdiuemtiinftosr mati on sc-6éénce and al go


http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.655.1186&rep=rep1&type=pdf
https://www.cs.princeton.edu/courses/archive/fall04/cos576/papers/deutsch85.pdf
https://royalsocietypublishing.org/doi/epdf/10.1098/rspa.1989.0099
https://arxiv.org/abs/2208.09964
https://courses.cs.washington.edu/courses/cse599/01wi/papers/simon_qc.pdf

hael KriéOeédimamMmer i can) 1 s a math
résa@aftt on Q | aboratory in Sant a
topol ogi cal guant um &ao mpHetviwags aa
Fields Medal in 1986 for his wc
2006 by Grigori Perel man.

xei (KPBH68&8ev Russian and Amereichanaen)o
hers of the topol ogical guantum
SoHéeé was a researcher at Mi cros
king Bhi Cealnsdetwi t.h Ko olmde al so d
or correction codey, csmoliid@déemd or
adtiesst i (IWwiStelr gaey ) Baadyit he Quantum P
ed in Shor's integer factorizatic

= =0 O

m HarArmew i can) is a prolific spe

h quantum phcyosmpcust ianngd aqtu aMltTu.m At
eransdhoGhar |l edHeBeémmeithteer coof t he HH
d to solve I|Iinear equations whi
hdydd He is also interested in th
h ms
Dani el GouLd&EOdmaAmeri can) i's a phys
Waterl oa, Heahdad®hD t heusnidseratt hCa | stuep
PreskHll is known for his work on (
caut hor of the-Kinamdus Gdtetoesxemamccc

algorithm using only Clifford gates
ally) on a classical computer.

gdagtompgates are basedronhahabhsafdf guar
, gdlad aarhldddt cend@i ti onal gate. This theor
ate set is insufficient.tWegeeedate add
it possible to approximate any arbitreze
ch sphere for single qubit operations.

i Kdlo&®i5 , |l sraedn )ofi smat pemdtei cs |
erusal emUmminderma#i §gmain ambition is
hat it will be I mpossi bbmptbe ctsce atdl
at e even with error correction c¢
hys
er f

@ O

ical qubits. He also questsoprd
orimarsceces er anlg so fa nhdi sc ownrfietrience t a

ndrew GSite@amhe Engl i sh) I's a Profesid
reat edaltlhed st eane quantum error ¢
i p and phase errors on a single ¢
the inner workings of quantemlar
I probably not be used when wedl
hi sticat eidn vQESCt icpalteesd laaref a oadreds oHI
e

)

g

e
0
G
J
t

r

p
p
A
c
f

0
w
s
c s

|
n
i
op
od

2Se@uantum algorithm f or, 12i0n0Qa r( 2s4y sptaegness J)o.f equati ons

UnderstandiTegh@aoxl@pHiesst or y afQd asmdiuemtiinftosr mati on sc-6ence and al go


http://www2.lns.mit.edu/~avinatan/research/matrix.pdf

ScotAar ¢1981, American) teaches inf

Austin in Texas. He is a |l eading e»
ries. He i s notably at the orsgmpli
way to demonstrat e fsoaogme boguandti tlerx paedrvi
are integer spin particles such as

and prot oomss ,arwei tfheramispin 1/ 2.

Dorit AhLhAaOTGOQVIisramaelguantum al gorit|
PhD in Computer Science in 1999 at
QuanComputation"” aqwdct maen daiddoBet ba
credited with the ""gudaenmounns ttrharteesdh ow
Or which states that bel®ow @orcreegdtai

recursively applied to obtain an ar
This is a very theoretical mat hemati cal appr oa
scaling as we imubeadase tDhdesi muunvisilesr ra obyalrOBMRgyv | s -
raeli), a physicist whoamahgwot hed swi th David
Seth (Legd, American) is a professc
guantum information antdheuiamittuima tadr
chine Learning, of the concept ofot
ti nuous gwaébeassaebdl egsuant um computing (
Heds also the L in the famous HHL

wor ked on quantum error correction

I n his 2006 bohoek ,UnRrvoegrsaeemmilnl go ytc

verse itself is one big quantum

and ourselves, as it runs a CcOS|
derstand the | aws of physicslsca
guantum computing to understand PROGRAMMING
6 O O y ear s. ..- THE UNIVERSE
Seth wdoyldaid off from MIT in 2 H.Mf:,s
plinary actions for a peri odh aodf R
i nformed his management of some it

n 2016, he crea)t ewi tThurMinagh 126) 1RBegi IUISYA, a sof t w:
| asMli &s@If t ware solutions using Al and quantum

Al 8n AGpnf &i-rx728, American) i s a re
of Taqr dmtraner |,y wahto ,Haamoanrgd ot her t hi
chemistry algorithms, a topic we wi
gorithms. Hd oiusrdalrsoft hd ec daa psatt aar tQ
guantum computing software framewor

Robert Ra(esehddo%f German) i s welMa’
guantum computinbasad qeasuum®mmen hapl
wi Hans Bfle@®2,)] iGertmaen)early 200006s.
at the Department of Physics and Ac
He ditchelsiiss at the Ludwi g Maxi miiln a2
on MBQC.

UnderstandiTegh@ox@pHiesst or y afQd asndiuem tiindtos malt g omi tslcabs8Bnecree anar s



El ham K@ash23,l Bantash i s a reseaafgcih
t he ILAWP®r atory from Sor bonnfeodmderer
Kaplodn Ver,i G osuslcure quantum telecot

guantum information scdé¢inbucghat Or h @i
tician and computer scientist, she
tocols and quantum algorithms, ar ot

tum computing.

She did her PhDAn&leysiss iComdmpfemantyi cs f or Quan
peri al Coll ege of Lemudoenr viisi d200DdDfurPekdrert KKemi gt
blind computing protocobhndnJ@éO0Pi wzsibmhdnmeoae( Bb
Quantum Ciomp8ithwagpbrber teameat sLkP6the origirtr
site on the zoo of qu&ntAmd casnntuhiischaet a sosnn apkrsoet nog
i n Quantum Physical Uncl onabl e Functions (QPUF
jecta topic we briefl8dd4cover in this book in p
I n November 2022, El ham Kashefi was appointed
Quantum Computing Ceedlteni,calndAdnildorcyhaGroug s
Anne Br & ke aan) mat he maldniicviearns iftryor
cialized in quantum computing, gquan
was a studenandofGiAllaadn Biiagpdand er si
created thepBtFiKndgl|lpmadt ¢ ool in 2G04

Fitzsi mons.

Maria $chulld89, sCenrmmasre)aarncd esaof t waa
Xanadwmnmce dDa@k®ed in 8oUnhhvAfsi tNsatafl

bamhere she got her PhD in quandom |
a short i nt erRiessheiapr caht .i MB btehoes elf S8A k e
devel opment of quantum machine | ear

tern recognition.

Mazyar Mi(rcriahciamil 980, | ranian) i s a
physics. He is curren@Quagntihe Idabercd
in error correction codes and quan
podbc with Miach&ai Pev dBiascctk i n 2618,
nall papeubiotns .cat

These are physical gubits wusi ng -cao rcraevcittsy saonnie ¢
starting with -Gubpteraoesusétdebgstowel stasthbhyp A2
as announced in December 2020.

. Zaki Lédbrascp/ Fsamcer esearchbMazypars
rahitneiamd i s al so speacweicaliiome & oidre se re
tably one of -qtuhbe tcsr emreetnotri so noefd caabto v e
the creation of | ogi cal gubits wit

Mi chel 'BeJ@arbeyta Wmo v ebresfiotrye j 'os nQuan tl
201Hbe. i s al so aff Mi nRareids Wwecchh ENS a

BSetehPer ot ocowi ki brary

UnderstandiTegh@aoxl@pHiesst or y afQd asmdiuemtiindftosr mati on sc-6@nce and al go


https://wiki.veriqloud.fr/index.php?title=Protocol_Library

hi Y dyurs , Chinese) i's a profasdo
eading QoeanAluimb adambiocmtdewel ops | L
ing qubit Hempuéatred various record
ers that we wikl.l Hlee secarrinbeed ian ctohmpsu
or ddHe al so worked on quantum crypt

Kristel Mcchd6d seBel gi an) is a phys
Aachen Ger many and at the J¢glich Su
the Quantum I nformati on Frhoec ehsassi naggo
numerous works in quantamd calngpartiitnh
t h@T RL schbe Quantum Technol ogy Rea
the |l evel of maturity of quantum te
dedi careadith cressearch

Joh Wq tCrammwmasgdi an) i s a researcher, wb
ada specialized in quantemrgl gbei déar
complexity classes equivalencies |
wor ked cellul ar automat a. He ha

on
He i s the aut hodrheofl htelbe yv olf u @iurma@®d 41
pages) .

Ryan Ba(bchidr&d89, A me
simulation algorit
I n a Febpueaesgh?f@e&D0
Sycamore 53 qubits
error rate.

ricaeeay)eascheGowgl
hms. His goal i s
oind show that che
processor could

Matthiag¢ 1D6By erAustri@amputsatbirof &IssP
i chHe joinResdMarcceclosiomtRedmond at th

the creators of the Q# | anguaogpee nf o
framewor k Phreod eicnt @Q 0Ol1la6unbcy ETH Zuri c
chemical simulation with quantum co
in 1994.

Krysta(&S&vb9e8, American) is curr asmff
ware at . MiSbheodafst a Ph. D. in Comput
Her contribution in quantum inform
MBQC quantum machine | ear nafngt he olnlt
tum programming | anétaalger, amsaue fawan tc
|l ordani s (kKer eln9i8d0i,s Gr eek) i's a dtr ¢
(Astitut de Recherche en I nformati:
guantum communication, quantum comg
i ng, his | atest specialty. He did F
and worked in the same ffice as S

o]
Umesh MazHer ainsi part of the founding

ds the R&D i nl eqaudadha tuime aQ waomnrti urh miEc
with ElIHeniwdsd aacmaentaf t he members of the
|l ed by MP Paula Forteza between A

UnderstandiTegh@aonxl@pHiesst or y afQd asmdiuemtiinftosr mati on sc-7&dnce and al go


http://www.fz-juelich.de/ias/jsc/EN/Research/ModellingSimulation/QIP/QTRL/_node.html
https://cs.uwaterloo.ca/~watrous/TQI/TQI.pdf
https://simons.berkeley.edu/sites/default/files/docs/15416/ryanbabbushslidesqw20-1.pdf

Fr®d®ric(Magmcley i s t he | Rilfeootroart oaf
above. dHedumal aoChair ati nCo$gdr igreg dz0 .
focuses on the design and anadyisng

taset s, as well as the devel opment
cryptography and its interactions \
tional working group for gquantumups

Beno  t (MadBiOranrcies a resealklcRelralmor at
versi iS&cParyi and teaching quantum pr
Central eSupelec. This quantawn hporro poe
souguewantum progr ammi,n gwhlieacnegounatgrei bQuti ¢
being at the University of Pennsyl v

BettindcHeidl®m80) desveal dMer ospddci al i z
She is responsible for the develop
compiler, promoted by Microsoft sin
vel opment Kit, currentloyn rturnandintgi ocom
now supported on third party haraw
Honeytweddped i on based quantum proc

Cristian(l@a&l2udeRomahiaand/ke K w anheal Rlown
nian/ New Zeal ander) are researchers
versity of Al bany in Auckl and, New
brid quantumcampgloexithynst fedr i es.

ila E€onom®&Mmerdrceaenk) i s an Asso
ment of Phy<€iotsegt UYifr gicnieamcEe
US Naval aResgar ShelLabom physic
ntum dot semi condpuhcottoorn sipnitnesr faancd
of advanced mol ecul ar simulatioao

Ewin T200, )Ameublcia:mhed in July 201¢
recommendation algorithm as -&\Vhidgewadre
computers by lamrdd aAmiup akne rP&@ikBisehy r e

finding a flaw in the reasoning. 0]
scale better in some extreme condit
is now a computer scientist at the

AlHroeuncchhne) has R&R ne fl feardti ;1 gi Mt (
its beginning in 2015. Cyril
ft oTnh,i eOBFQy oBfr eéAt os unt i | 201"
M (Atos Quantum Assembly L.
my QLM quantum programming ¢
nd

servers.

“Sefk quainhumi red classical al gor i tElvinnd udRaPnlg8e c(o3n@mdgraad grodrs YAru anyt wtme
Computing A®Obsotctet MabgweVe exn ddgquelri§d 8t ,

UnderstandiTegh@aoxl@pHiesst or y afQd asmdiuemtiinftosr mati on sc-7elknce and al go


https://arxiv.org/abs/1807.04271
https://www.quantamagazine.org/teenager-finds-classical-alternative-to-quantum-recommendation-algorithm-20180731/
https://www.quantamagazine.org/teenager-finds-classical-alternative-to-quantum-recommendation-algorithm-20180731/

Here we are.a Welolee clovterefd peopl e and probably

hall of fame | ist! I 61 1 update it whenever reo
book
a simple
guantum computing —
genealogy
Yuri Manin1980 Richard Feyr'1mar1981 Richard Feyﬁman985
gatebased quantum guantum simulator quantum mechanical
computers computers

{ B “’
A ‘
Rolf Landaued 961 Charles Benne1973 Paul Benioff1980 David Deutsch985 David Deutsct989
[ 'Y RI dzSNIa reve?siddy Ruring machine reversible quantum quantum Turing Quantum computational
Turing machine machine networks

Figure58: quantum computing genealogy to remind us that other scientists than Richard Feyrawveuto be remembered for
their contribution.(cc) compilation Olivier Ezratty, 2022.
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Generative modeling is a flavor of machine learning with applications ranging from computer vision to chemical Cor:rlbuted o
design. Itis expected to be one of the techniques most suited to take advantage of the additional resources provided i e _paper
by near-term quantum computers. Here, we implement a data-driven quantum circuit training algorithm on the writing or

canonical Bars-and-Stripes dataset using a quantum-classical hybrid machine. The training proceeds by running reviewing
parameterized circuits on a trapped ion quantum computer and feeding the results to a classical optimizer. We apply

two separate strategies, Particle Swarm and Bayesian optimization to this task. We show that the convergence of the

quantum circuit to the target distribution depends critically on both the quantum hardware and classical optimiza-

tion strategy. Our study represents the first successful training of a high-dimensional universal quantum circuit and

highlights the promise and challenges associated with hybrid learning schemes.
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computerby D. Zhu, Christopher Monreeal, 2019 (7 pages).
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Figure61: typical credits at the end of a scientific paper. SouCodterencepowered work exchanges between a sgalidte qubit
and light fieldsy llse Maillette De Buy Wenniger, Maria Maffdiccolo Somaschilexia AufféevesPascale Senellagt al, April
2022 (17 pages)his is the typical requirement for some pesriewed publications like Nature.

100 fownd this eStaeme Taseai magsdtrsbechyr BEPhlolt o8olilhabe8 ati on,
pages) with 573 authors ChiomaFndbs jesealBclpagrgdni zati ons, in
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https://www.science.org/doi/10.1126/sciadv.aaw9918
https://www.science.org/doi/10.1126/sciadv.aaw9918
https://arxiv.org/abs/2202.01109
https://arxiv.org/abs/2202.01109
https://arxiv.org/abs/2208.04496














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































