Kvantni racunari - teorija 1 eksperimenti

S E

111
Ljubavna prica izmedu teorije 1 eksperimenta
(Pragma (mpdyua): dugotrajna 1 postojana ljubav koja se razvija dugo vremena)

NQSTI INFN

Nfl al Quantum Sclen - HAFULI
chno Igylsﬁt 5| arional:

UT\'IVFRSITA cran STUDI
or Narou [ torrico

) Eksperiment
Teorija

Jovan Odavic 28/04/2026 - Novi Sad
arXiv: 2511.15576


https://www.google.com/search?client=safari&cs=0&sca_esv=602bc0460517bd79&sxsrf=AE3TifNlVneUfXfHwUy4_4iYmgTqvRDMbQ%3A1760730921199&q=Pragma+%28%CF%80%CF%81%E1%BE%B6%CE%B3%CE%BC%CE%B1%29&sa=X&ved=2ahUKEwjP6LDogayQAxWr_rsIHYdSBKQQxccNegQIFRAB&mstk=AUtExfCq7ONGY_SO-auzvXRxchKjWB9SoKKhqJZUKygWw0aNhHFjz2E-S8XcpzSCZAMTlAGJmwmv761eDGgK2xQcM0z7TNo6XlChBzGI0WMh2SGC8jQMvZcyzQUIV1LmqOu71v63xhj8x0Of0zM2qZX3Yz8rPUgQLXfdRIu27HBD1fTmRBPhgxPVD20Kp3WSE4hnNavn-UoNwKkS4dWHnVOOHMk0rur5E4O7AK6n2CaOBWzhXKCSqbW8vqfl2IyPSgbrAEVHz7MVqCgCuU4zItCQrOEqwqWMwwip4Z41TenIoIjN84MDIkulrC3h2JydoVQDANo7zsv9Rz5pt91RaZJyHB1goOJf18VmlaSwlPy7czqCuIxOzDSfZb1TufkMg14FHQ&csui=3

Nesto ukratko o meni

StatistiCka fizika i fizika visecesticnin korelisanih sistema
Teorija haosa i nelinearna dinamikao

Kvantna informatiko
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Prvi kvantni racunar u Italiji
Imali smo privilegiju da radimo prve eksperimente + benchmarking AU .
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Inayguratlnn Df - 10.00 am Sala Azzurra,
Unlna Superconductlng Centri Comun

Ouantum cnmpLIting 8.30 am Aula Calaniello,
ce nter 24 qubits and more Dipartimento Fisica

E. Pancini

() Napoli )
/ Complesso Universitario Monte Sant’Angelo

(ICSC
Sl o M LIS
A
o N \
g del sersith o domani
» dells Rewrca
[ I

-------
- e

prof. Tafuri na inauguraciji racunara



<olapboracija zapoceta pre vise od godinu dana

¢ B O B8 ! Sofe < m -
towards the experimantal realization of novel quantum algorithms =+ inbex « S U
n Alioscia Hamma <sliosziz nammad@nina.it- sun, 7 Sept 2024, 6126 w ‘:-_:-:. “,

k——

EER
rmml

I8 URA R g

LY

\ " ]
UL T U T [T P T
Aanunl AN < YT

L A

—_———

gua or

‘. i
A ‘lm ll]-‘ll““i”h—“' Jmiml bimw
o

- R

l'n‘- £ s !

Teorijska grupa prof. Hamma Eksperimentalna grupa prof. Tafuri



Proslogodisnja Nopelova nagrada

... za otkrice makroskopskog kvantno mehanickog efekta tunelovanja i kvantizaciju u elektricnim kolima

John Clarke Michel H. Devoret John M. Martinis
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Klj ucni detaljl superprovodnin qupit-a

1 In a norma conducter, the aler
wit= r')hrhr \hlh-rr- rrl

wher materlulte aMmes = st.perc nductar, tos ela ctrm

airs, Cocger pairs, and form a currznt wn
trere no rasistance. Theu yin the illustratio 'narln
the Josephson junction

3 Cooper pairs can behave & ftln WErS & lld> gle particle that
fills the aatire slectriczl :in. ')l antum mechanics describes this
collective state Using & shz ed wave funcian. Tha properties ot this
‘wave function play the leading rale in the laursates &xperlmer‘:.
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(a) LC-circuit without Josephson junction (b) LC-circuit with Josephson junction

https://doi.ora/10.53829/ntr200801sp6

Kvantni efekti -> potrebna niska
temperatura!l

Normalni metal—> kontinualni spektar

kvazicestica

Superprovodnik—> otvori ‘orocep’ (gap) U

spektru i mogucnost diskretnih nivoa

Poznati luster (CHANDELIER)

Napuljska laboratorija

If one could use the quantum levels in
this superconducting gap, these states
would be expected to be similar to the
electronic state of a free atom, i.e,, itis
characterized by the long-lived
discrete energy spectrum.


https://doi.org/10.53829/ntr200801sp6

Kvantni procesor - Noisy Intermediate Scale Quantum (NISQ) Cip John Preskill, Quantum 2, 79 (2018)
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1
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, 4 C Isolated qubit . .
¢ 60+ qubit procesor uskoro dostupan, ali
0 Low frequency takode rade na novom tipu qubit-o

C Intermediate frequency

High frequency

D2 JIllifi D4 ji

Coupling resonator

"""" Feedlines

energy
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R,(O)gates Nl FIG. 1. Quantum vs classical transmon array. (a) A chain of four
Drive lines _ . .
w ransmons initialized in the quantum state |1203) of the correspond-

MW-based ““lmq

Rey (6) gates ing cos potentials, where the integers, i = 1, 2, 0, 3 correspond to

_ the bound state energies E;. (b) The corresponding classical rotors,
e s ©F initialized at angular deflections corresponding to the energies E; as
oo e ~—__ discussed in the main text, and the springs connecting the suspension
points representing the angular momentum coupling.
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Qubiti (D3-C4) sa kojima smo radili
Klasicni limit kvantnih racunara



/Zasto kvantniracunari? —> simulacije mnogocesticnih kvantnin sistemi

Simulacije veoma izazovne klasicno —> Mali broj konstituenata ili aproksimacije za termodinamicki relevantne i velike sisteme

- Uvid iz polja kondenzovane materije: efikasne simulacije koristec¢i tenzorke metode —> Matrix Product States and Density Matrix
Renormalization Group: David Péerez-Garcia , Norbert Schuch, and Frank Verstraete, Rev. Mod. Phys. 93, 045003 (2021)

Density matrix renormalization group (DMRG):

widely used and pcwerful method for the study of quantum systems on D=1 dimensional attices

and small-width D=2 dimensicnal lattices. Qur code mplements DMRG for finite systems with b
cpen boundary conditions, following closely the original implementation of White. Two versions

are presented: one “or matrix product cperator (MPO) Hamiltonians and the other Tor local

lamiltonians written as a sum of two-bady terms.

Classical computer
- Large system

Small system
- — — Maximum exactly

: o
- _ y - - N % simulable level
Al ol Su ]

Time evolving block decimation (TEBD) for matrix product states (MPS):

method for implementing ~eal or imaginzry tme evolution of matrix product states (M=S), based
on a suzuki-trotter decomposition of  local Hamiltonian. Our code, which follows closely the
original proposal of Vidal, ceamcnstrates the use of imaginary tme evolution te find the ground
state of an infinite (rranslarinn-invariant) quantum system in D=1 dimansions.

Entanglement

48 \\ o // \\l LN, \
o o) o o (e Time
' I %

T 1
— pe— Shaw, A.L., Chen, Z., Choi, J. et al. Benchmarking highly entangled states on a
60-atom analogue quantum simulator. Nature 628, 71-77 (2024). https://doi.org/

tensors.net 10.1038/s41586-024-0/7173-x

Zapravo, kvantni racunari bi trebalo da pomognu bas pri efikasnoj simulaciji kvantnih sistemal


https://journals.aps.org/search/field/author/David%20P%C3%A9rez-Garc%C3%ADa
https://journals.aps.org/search/field/author/Norbert%20Schuch
https://journals.aps.org/search/field/author/Frank%20Verstraete
https://doi.org/10.1038/s41586-024-07173-x
https://doi.org/10.1038/s41586-024-07173-x
http://tensors.net

Jiskretna kvantna mehnhanika

Svaka validna formulacija/representacija kvantne
mehanike sacinjena je od 3 osnovna elementa

Kvantno-informaticki uvid

* Specificni tip kvantnih kolQ #sssamnmmmipiamenm | Pribrema stanic

2. Unitarna evolucija —> Kvante kapije

|S|<|JUCI\/VO kvantho kola sa Clifford elementima gde (quantur gates)
SuU zavrsna stanja veoma kvantno spregnuta =
(zapletenostili ‘entanglement’) stabilizujuca kola 3. Merenje
E [ I ' , \
111 1 E 4> - ————— H [H X
Hadamard H = B E Protokol za | RS jLscal oy
\/§ 1 1 kvantnu . . . !
. o>+ H o l ’7<I
teleportaciju JELY T : 2
. | 0 kvantnog stanja 10> ' & :' :' E Xz |- w»>
' p— : : ‘ ' ' .‘ |I
Fazni element {0 e—m/z} 5 0> W W My 1)

Comptine d’un autre été

p— 1
. [Claivert’s Piano]
Yann Tiersen

1 0 0 O —
. O 1 O 0 Arrangement
kontrolisano+NOT CNOT =10 ¢ o 1 -
00 1 0 : Muzicke note/ sa g
. leva na desno. -
i Pocetak, note i kraj. (R e e e

* Ne moze svako kvantno kolo da se predstavi .
Clifford elementimal " *aproksimacija kontinuirane dinamike —->Troterizacija




Opovrgavanje Guglove tvrdnje o kvantnoj nadmoc iz 2019

Jedan od pristupa je koristio blago perturbovana Clifford kola

Article Published: 23 October 2019

Quantum supremacy using a programmable
superconducting processor

Frank Arute, Kunal Arya, Ryan Babbush, Dave Bacon, Joseph C. Bardin, Rami Barends, Rupak Biswas,

Sergio Boixo, Fernando G. S. L. Brandao, David A. Buell, Brian Burkett, Yu Chen, Zijun Chen, Ben Chiaro,

Roberto Collins, William Courtney, Andrew Dunsworth, Edward Farhi, Brooks Foxen, Austin Fowler, Craig

Gidney, Marissa Giustina, Rob Graff, Keith Guerin, ... John M. Martinis Show authors

Nature 574, 505-510 (2019) | Cite this article

Dobitnik Nobelove nagrade

SCienceAdVanceS Current Issue  First release papers  Archive  About Vv

HOME » SCIENCE ADVANCES » VOL.10,NO.3 > FAST AND CONVERGED CLASSICAL SIMULATIONS OF EVIDENCE FOR THEUTILITY OF QUANTUM COMPUTING...

RESEARCH ARTICLE ~ PHYSICS f X Min & & O =

Fast and converged classical simulations of evidence
for the utility of quantum computing before fault toler-
ance

[OMISLAY BEGUSIC  JOHNNIE GRAY CAND GARNET KIN-LIC CHAN Authors Info & Affiliations

SCIENCE ADVANCES - 17 Jan 2024 « Voll10,lssue 3 « DOI:10.1126/sciadv.adkd321

N.B. Preskocicu celokupno polje ‘kvatne korekcije gresaka’ (quantum error correction) gde Clifford
operacije igraju veoma bitnu ulogu —> sledeca Nobelova nagradal!



Stapilizatori stanja

na primeru jednog qupit-a

ogranicen Hilbertov prostor —> 6 Cistih kvantnih stanjo Ne-Clifford kvantne kapije omogucavaju istrazivanje celokupnog Hilbertovog prostora

II.
'

1 0
Oktaedar na Blohovoj steri—-> S = [() e—z‘wﬂ]
Koristeci samo 1-qubit kvantne
kapije ( https://pennylane.ai/gml
demos
tutorial clifford circuit_simulations).

Sve van ovih 6 stanja —>ne-stabilizatornost ili “magija”


https://pennylane.ai/qml/demos/tutorial_clifford_circuit_simulations
https://pennylane.ai/qml/demos/tutorial_clifford_circuit_simulations
https://pennylane.ai/qml/demos/tutorial_clifford_circuit_simulations

Magija u matematici 1 fizici?

nature

Explore content v  About the journal~v Publish with us Subscribe

nature » news feature2 > article
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- Magicni kvadrati, magicni brojevi

NEWS FEATURE (2 January 2019
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How ‘magic angle’ grapheneis

- Magicni broj nukleona u jezgru koji stirring up physics

Misaligned stacks of the wonder material exhibitsuperconductivity and other curious
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Paradigma Clifford+T kvantnin kola

.
(10

* Clifford metod za simulaciju kvantnih kola ne funkcionige ukoliko se dodaju T elementi (1-qubit) 0 62’7r/4

* Eksponencijalno teza simulacija ukoliko je magija prisutna —> Aaronson, S. and Gottesman, D. ‘Improved Simulation of Stabilizer Circuits’, Physical
Review A, 70(5) (2004)

cena simulacije kvantnih kola
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(https://pennylane.qi/aml/demos
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https://pennylane.ai/qml/demos/tutorial_clifford_circuit_simulations
https://pennylane.ai/qml/demos/tutorial_clifford_circuit_simulations
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SciPost Phys. 9, 087 (2020)

Niroula, P, White, CD., Wang, Q. et al. Phase transition in magic with
random quantum circuits. Nat. Phys. 20, 1786-1792 (2024)

Entropija stabilizacije kao observable kola kvantifikuje ‘udaljenost” od stabilizatora (nula za ta stanja)

L. Leone, S.F.E. Oliviero, A. Hamma PRL 128, 050402(2022)
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~ntropija stapilizacije u eksperimentu

... uzorkovanje (sampling) - Nasumicna Merenja (Randomized Measurements)

T /
Sclence Curent lssue  First release papers  Archive  About (| Submit man
p.

HOME » SCIENCE )» VOL.364, NO.6437 > PROBING RENYI ENTANGLEMENT ENTROPY VIA RANDOMIZED MEASUREMENTS

& | REPORT f X ¥ in @« & O X

Probing Rényi entanglement entropy via randomized
measurements

[IFF BRYDGES CANDREAS ELBEN PETAR JURCEVIC , BENOGIT VERMERSCI , CHRISTINE MAIER ,BEN P LANYCN ,PETER ZOLLER CRAINER BLAT 1
CAND CHRISTIAN E RODS Authors Info & Affiliations
SCIENCE - 19 Apr 2079 « Wal 364, lssue 642/ « pp. 260-263 « DO 10.7126/science.azudd963

A

Fig. 1. Measuring second-order Rényi entropies through randomized
measurements. (A) Single-qubit Bloch sphere. The purity is directly reeted
1 to the width of the distribution of measurement outccmes after applying
1.0 In ]J random rotations ;. Initial pure state (blue) and mixed state (rad) cases are
I J - U shown. See text. (B) Generalization to multiple qubits: Measuring Na-qubit
. i I
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Nasumicna Clifford Merenja - Randomized Clifford Measurement (RCM)

Oliviero, S.F.E. et al. 'Measuring magic on a guantum processor’, Nnpj Quantum Information, 8(1) (2022)

State Preparation

|O><11

Unitaries

G
2!

Ma (1))

Randomized Clifford

Measurements
f/
C-‘] /7<
Z
& 2 /7<
Z
C N /"7<

\

\

— log, W + log, P — log, d,

24 Clifford 1-qubit operatora

P(s;|C)
A/P ! X Y Z
0 1
I I X Y VA
H H XH YH A H
HS HS XHS YHS ZHS
S S XS YS ZS
- 1 SH SH XSH YSH ZSH
INT IISII XIS YIISII ZIsi
Table I: Single-qubit Clifford gates (modulo global phase U/ (1)) used in Egs. (2) and (3), where the
0 1 columns are Pauli operators {? = {/, X, Y. Z} and rows are coset representatives

A={1,H HS,5 5H. H5H}. H is the Hadamard gate, and 5 is the 7/2 phase gate.

RCM protocol—> uzorkovanje stanja sa identicnom kolic¢inom magije

P — Z(_Q)_H§”2

Lo [P(s1|C)P(s2|C)], W= =) (=2) It Eq[P(s1]C) P(s2|C) P(s5]C) P(s4]C)].

—

S

arXiv: 2511.15576



Sta je nelokalna magija?

* Nelokalna magija postoji u stanju koje je kvantno spregnuto (entangled): arXiv:2403.07/056

* Protokol: pripremiti stanja sa nelokalnom magijom i zatim pokusati izbrisati lokalni deo

——

fﬂf;_i- o
r’/:—:" — AN "~
~quantum

MM([)) = min Ma(Us @ Up|t)

N i

Vizuelizacija kvantne spletenosti i
nelokalne magije u slucaju dva qubit-a ili
kvantna spina-1/2. (llustracija: prof. dr.
Slobodan Radosevic )

arXiv: 2911.1557/6



Nelokalna magija jos nije eksperimentalno detektovana

Stoga smo je po prvi put izmerili na kvantnom procesoru!

Notation Local Magic(LM) Local+Non-Local Magic(M) Non-Local Magic(INLM)

Local & v x
Non-Local x : 4 4

Local Erasure Complete Partial Null

arXiv: 2511.15576



Referentni rezultati (lbenchmark) 1 identitikacija izvora suma (noise
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reported an estimation of the drive and ZZ crosstalk on the investigated pair [55-58]. A discussion on
(a) Single-qubit state initially in the |0) state. (b) Single-qubit state initially in the |1) state. the error estimation is reported in App. B.
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(c) Separable two-qubit states. (d) Bell state.

arXiv: 2011.15576



1.2 Strategies to counter errors |

1. Do nothing and hope for the Leg¥ "%
our computation is overwhelug®y the nos®WeThis regime is called the ANvisy
La T NIS(Q) regime [16]. “Sg

a0 teoretiCara e =

Nas posao .

.Je blo darazumemo 1 razlozimo 1zvore gresaka koje nas procesor iIma na osnovu preliminarnih 1 benchmark eksperimenata
¢ |0}
el

Nasumicni bit-flip
O > 1 or 1 — () .
° DR e
_7-5' f‘. .-"‘ 4 - ;
- O‘ e y X953 at
— - -,> “ » ’:‘ ' ._ »- -.I. ‘.." . : §—;ﬁ ﬁ.-
| N 1?"‘-"'.'?-.:;. o . 5)
A

—-15.0
-17.5
-20.0
i . . -2.5 0.0 2.5 5.0 7.5
1. Greske pri samom merenju (i)

E(p) = pZI + (1 — p)p. (8.100)

The effect of the depclarizing channel on the Bloch sphere is illustrated in Figure 8.11.

. . . . /7 o Vv
2. CNOT kvantni elementi (depolarizujuci sum) - 1 1
Y 0.5 Yy 057
0o~ 0o~
el ’} 3;.»/") | /]
,' |
{l ; \ ."
\ ~ f ' |
:"' r” = v l f
CNOT, .z = = = B : ‘L "
HHzHHE H H|— S o |,
Figure 8.11. The effect of the depolarizing channel on the Bloch spaere, for p = (.5, Note how the entire sphere
contracts uniformly as a function of p.

ar Xiv: 2011.15576



prica o sjedinjavanju teorije 1 eksperimenta

/ Randomized Clifford \
State Preparation

Measurements
/ P(s:|C)
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Prep.+Erasure ] 0.92 1.05 £+ 0.06 0.11 0.08 + 0.08 0.1176 = 0.0007

Table 2: Local Magic (LM) state results. Comparison of Purity and Magic for states 1, (before) and
vy (after) the erasure , as well as the value of non-local magic obtained from subsystem purity. The
thearetical predictions for purity and magic are calculated by considering the CZ depolarizing error and
compared with the experimental results after readout error mitigation. Details on the errors are reported
in Methods.
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Table 3: Local + Non-Local (M) magic quantum state results. Comparison of Purity and Magic for states
12 (before) and 0, (after) the erasure protocol, as well as the value of non-local magic obtained from
subsystem purity. The theoretical predictions for purity and magic are calculated by considering the CZ
depolarizing error and compared with the experimental results after readout error mitigation. Details on
the errors are reported in Methods.
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Ono sto ostane je nelokalna magijal



Klasa 3: Nelokalna magija (NLM)
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Perspektiva 1 buduci rad

Neki aspekti nelokalne magije imaju interpretaciju u AdS/CFT dualnosti? (Gravitational back-
reaction is magical, arXiv:2403.07/056)

Simulacija strogo korelisanih sistema poput Sachdev-Ye-Kitaev (SYK) modela na kvantnim
racunarima. SYK kvantno haoticni model koji opisuje neke aspekte crnih rupa.

SYK model ima slicno ponasanje niskodimenzionim teorijoma gravitacije (Jackiw-Teitelboim
(JT) theory i nearly-AdS2 spaces)
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Observation of constructive interference at
the edge of quantum ergodicity
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Accepted: 13 August 2025 Thedynamics of quantum many-body systems is characterized by quantum 0 T O C 2%k
Published online: 22 October 2025 observables thatarereconstructed from correlation functions at separate points in
spaceand time' . Indynamics withfast entanglement generation, however, quantum

Cpen access

I
observables generallybecome insensitiveto the cetails of the underlying dynamics at :
® Check forupdates long times dueto the effects of scrambling, To circumvent this limitation and enable
access to relevant dynamicsin experimentalsystems, repeated time-reverszl protocols
have been successfullvimplemanted*. Here we experimentally measure the second- O T O C 8
orderout-of-time-order correlators (OTOC™)” ® onasuperconducting quantum
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Fig.1| OTOCsasinterferometers. a, When dynamical protocolsinvolve echoing,
the Heisenberg picture ofthe operator evolutionis the natural framework for
studying dynamics. b, 0TOC and OTOC"™ can beviewed as timeinterferometers,
which highlights their capability of refocusing on desired detailsand echoing
outunwanted dynamics. See text for thedefinitionof parameters.
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