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Streszczenie

Zrozumienie zarowno praktycznych, jak i fundamentalnych ograniczen dotyczacych powsta-
wania oraz obserwacji $cisle kwantowych efektow stanowi jedno z kluczowych zagadnien
wspotczesne]j fizyki oraz rozwijajacych sie technologii kwantowych. Korelacje pomiedzy wy-
nikami pomiaréw wykonywanych na poszczegdlnych uktadach kwantowych moga ujawniaé
obecnosé tych efektow i umozliwiaé charakteryzacje ich wtasciwosci. Liczne badania pro-
wadzone od drugiej potowy dwudziestego wieku dostarczyty wielu rezultatéw dotyczacych
wykrywania splatania kwantowego oraz mozliwosci tamania nieréwnosci Bella. Wraz z rozwo-
jem technologii kwantowych i ugruntowaniem kwantowej teorii informacji badania te zaczety
koncentrowaé¢ sie miedzy innymi na fizycznych ograniczeniach zwigzanych z generowaniem i
obserwacja korelacji kwantowych.

Niniejsza rozprawa poswiecona jest analizie tych zagadnien z kilku perspektyw. Pierw-
sza 7 nich dotyczy ograniczen wynikajacych ze skonczonej liczby kopii stanu dostepnych w
eksperymencie. Problem ten jest szczegoélnie istotny w przypadku stanéw wielofotonowych
generowanych za pomoca spontanicznej parametrycznej konwersji, gdzie niskie prawdopodo-
bienstwa koincydencji uniemozliwiaja uzyskanie duzej statystyki pomiarowej w krotkim cza-
sie. Zblizony charakter ma problem tamania nieréwnosci Bella z uwzglednieniem wszystkich
mozliwych wynikéw pomiaréw, w tym przypadkéw, gdy nie zarejestrowano zadnego sygnatu.
Potaczenie tego podejécia z ograniczeniami wynikajacymi z braku kalibracji odseparowanych
uktadéw odniesienia pozwala na analize bardziej przyjaznych eksperymentalnie scenariuszy
tamania nieréwnosci Bella opartych na losowych pomiarach. Pojecie uktadu odniesienia w
mechanice kwantowej mozna rozszerzyé¢ poprzez utozsamienie go z wybrana czastka kwan-
towa, tworzac tzw. kwantowy uktad odniesienia. Ze wzgledu na mozliwos¢ jego skorelowania
z innymi czastkami wchodzacymi w sktad badanego uktadu, istotnym problemem staje sie
analiza zmiany splatania i superpozycji przy transformacjach pomiedzy takimi uktadami
odniesienia. Kolejnym zagadnieniem badanym w pracy jest mozliwos¢ obserwacji tamania
nierownosci Bella na kilku przekrywajacych sie poduktadach jednoczesnie. Podczas gdy zja-
wisko to jest niemozliwe dla uktadow trzech czastek z dwoma ustawieniami pomiarowymi
na obserwatora, w przypadku uktadow wieloczastkowych staje sie ono mozliwe. Wszystkie
wymienione scenariusze dotycza ograniczen na obserwacje Scisle kwantowych korelacji. Na-
lezy jednak pamietaé, ze zanim mozliwa stanie sie ich analiza, konieczne jest wygenerowanie
odpowiedniego stanu kwantowego. Interesujacym zagadnieniem, omawianym w tej rozpra-
wie, jest szybkos¢ generowania silnie splatanych stanéw kwantowych przy oddziatywaniach
o strukturze dwuciatlowej. Naturalnym rozszerzeniem tego problemu jest analiza mozliwosci
detekcji oddziatywan wyzszego rzedu, ktére moga przyspieszy¢ ten proces. Kazde z opisa-
nych zagadnien stanowi odrebny wktad do niniejszej rozprawy sktadajacej sie cyklu szesciu
publikacji.



Abstract

Understanding both the practical and fundamental limitations on the generation and obse-
rvation of strictly quantum effects constitutes a key challenge in modern physics and in the
development of modern quantum technologies. Correlations between the outcomes of measu-
rements performed on individual quantum systems can reveal the presence of such effects and
enable the characterisation of their properties. Numerous studies conducted since the second
half of the twentieth century have produced significant results concerning the detection of
quantum entanglement and the violation of Bell inequalities. With the advancement of qu-
antum technologies and the consolidation of quantum information theory, researchers have
increasingly focused on the physical constraints governing the generation and observation of
quantum correlations.

This dissertation is devoted to the analysis of these issues from several complementary
perspectives. The first one concerns the limitations imposed by the finite number of state co-
pies available in an experiment. This problem is particularly relevant for multiphoton states
generated via spontaneous parametric down conversion, where low coincidence rates make
it difficult to obtain large measurement statistics within a short time. A similar issue ari-
ses when testing Bell inequalities while accounting for all possible measurement outcomes,
including cases in which no detection event occurs. Combining this approach with the con-
straints resulting from the lack of calibration between separated reference frames enables
the analysis of more experimentally friendly scenarios of Bell inequalities violation based
on random measurements. The notion of a reference frame in quantum mechanics can be
extended by associating it with a specific quantum particle, forming a so-called quantum
reference frame. Since such a frame can be correlated with other particles in the composite
system, analysing changes in entanglement and superposition under transformations between
the quantum reference frames becomes an important problem. Another topic explored in this
work concerns the possibility of observing Bell inequalities violations simultaneously across
several overlapping subsystems. While this phenomenon is impossible for three-particle sys-
tems with two measurement settings per party, it becomes feasible in multi-particle systems.
All of the aforementioned scenarios address the limitations in observing strictly quantum
correlations. However, it should be emphasised that before such correlations can be analysed,
the appropriate quantum states must first be generated. An additional issue discussed in this
dissertation concerns the speed at which strongly entangled quantum states can be produ-
ced through two-body interactions. A natural extension of this idea is the investigation of
higher-order interactions verification that may accelerate this process. Each of the described
problems contributes to this dissertation, which consists of a series of six publications.



Rozdzial 1

Wstep

Niniejsza rozprawa doktorska zostata przygotowana w formie cyklu sze$ciu publikacji na-
ukowych, ktore sktadaja sie na spdjng catosé¢ tematyczna. W jej sktad wchodza nastepujace
prace, oznaczone kolejnymi wielkimi literami alfabetu:
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Pawet Cieslinski, Jan Dziewior, Lukas Knips, Waldemar Ktobus, Jasmin Meinecke, To-
masz Paterek, Harald Weinfurter, Wiestaw Laskowski, Valid and efficient entanglement

verification with finite copies of a quantum state, npj Quantum Information 10 (1), 14
(2024).

Pawel Cieslinski, Mateusz Kowalczyk, Wiestaw Laskowski, Taméas Vértesi, How likely

are you to observe non-locality with imperfect detection efficiency and random measu-
rement settings? New Journal of Physics, 27 074504 (2025).

Carlo Cepollaro, Ali Akil, Pawel Cieslinski, Anne-Catherine de la Hamette, Caslav
Brukner, Sum of Entanglement and Subsystem Coherence Is Invariant under Quantum
Reference Frame Transformations, Physical Review Letters 135, 010201 (2025).

Pawel Cieslinski, Lukas Knips, Mateusz Kowalczyk, Wiestaw Laskowski, Tomasz Pate-
rek, Tamas Vértesi, Harald Weinfurter, Unmasking the Polygamous Nature of Quantum
Nonlocality, Proceedings of the National Academy of Sciences of the United States of
America, 121 (44) 2404455121 (2024).

Pawel Cieslinski, Waldemar Ktobus, Pawet Kurzynski, Tomasz Paterek, Wiestaw La-

skowski, The fastest generation of multipartite entanglement with natural interactions,
New Journal of Physics 25 093040 (2023).

Pawet Cieslinski, Pawet Kurzynski, Tomasz Sowiriski, Waldemar Ktobus, Wiestaw La-

skowski, Fxploring many-body interactions through quantum Fisher information, Phy-
sical Review A 110, 012407 (2024).



W trakcie realizacji doktoratu uzyskano réwniez dodatkowe wyniki, ktére nie zostaly wta-
czone do rozprawy. Do tej grupy nalezy:

[1] Pawel Cieslinski, Marcin Markiewicz, Konrad Schlichtholz, Jan-Ake Larsson, Marek
Zukowski, Unquestionable Bell theorem for interwoven frustrated down conversion pro-
cesses, arXiv:2508.19207 [quant-ph| (2025), przyjete do druku w Physical Review Let-
ters.

Wspottworzytem takze artykut przegladowy dotyczacy analizy stanéw kwantowych z wyko-
rzystaniem losowych pomiarow:

[2] Pawel Cieslinski, Satoya Imai, Jan Dziewior, Otfried Giihne, Lukas Knips, Wiestaw La-
skowski, Jasmin Meinecke, Tomasz Paterek, Tamas Vértesi, Analysing quantum systems
with randomised measurements, Phys. Rep. 1095 (1), 1-48 (2024).

Motywacja i rezultaty zawarte w rozprawie

Korelacje kwantowe, ktorych nie sposob wyjasni¢ w ramach klasycznego opisu rzeczywistosci,
stanowia jedng z najbardziej fundamentalnych i zarazem intrygujacych cech teorii kwantowej.
Cho¢ odgrywaja one kluczowa role w badaniach podstawowych, ich znaczenie wykracza da-
leko poza ten obszar. Korelacje te leza bowiem u podstaw licznych zastosowan praktycznych,
w szczegolnosci komunikacji kwantowej [3] 4, 5] oraz obliczen kwantowych [6], [7, 8]. Wraz z
dynamicznym rozwojem teorii informacji kwantowej oraz technologii wykorzystujacych scisle
kwantowe zjawiska, takie jak nielokalno$é¢ Bella czy splatanie, coraz wyrazniej zarysowuje
sie potrzeba systematycznego badania fizycznych ograniczen wptywajacych na mozliwosé ich
wytwarzania i obserwacji.

Istnieje wiele potencjalnych ograniczen wplywajacych na nasze zdolnosci do wytwarza-
nia i obserwacji korelacji kwantowych. Z perspektywy eksperymentalnej jednym z podstawo-
wych czynnikéw sg ograniczone zasoby czasowe niezbedne do przeprowadzenia eksperymentu.
Problem ten jest szczegdlnie istotny w przypadku stanéow wielofotonowych wytwarzanych
za pomoca spontanicznej parametrycznej konwersji. Czestosé zliczen koincydencyjnych jest
wowcezas na tyle niska, Ze uzyskanie statystycznie istotnej liczby wynikow, rzedu 10* dla po-
jedynczej obserwabli, w zaawansowanych eksperymentach (zob. na przyktad [9]) dla stanow
dziesieciofotonowych moze zaja¢ nawet 35 dni. W pracy Valid and efficient entanglement
verification with finite copies of a quantum state |A] zaproponowano rozwiazanie tego pro-
blemu poprzez wprowadzenie modelu pomiaru korelacji na skoriczonej liczbie kopii stanow
kwantowych oraz Scista analize statystyczna obserwowanych danych.

Pozostajac w obszarze probleméw o charakterze eksperymentalnym, jednym z najistot-
niejszych czynnikéw ograniczajacych mozliwosé obserwacji nieklasycznych korelacji jest wy-
dajnos¢ detekcji. Gdy prawdopodobienistwo detekcji danej czastki n jest mniejsze od wartosci
krytycznej 7., mozliwe staje sie wyjasnienie obserwowanych korelacji za pomocag modeli
lokalnych zmiennych ukrytych [3]. W sytuacji, gdy poszczegdlne stacje pomiarowe sg nie-
zalezne 1 przestrzennie rozdzielone, w standardowym scenariuszu Bella konieczna jest row-
niez kalibracja lokalnych uktadéw odniesienia. Przyktadowo, w przypadku nieréwnosci Clau-
sera—Horna—Shimony’ego—Holta (CHSH) [10] optymalne pomiary dla dowolnego maksymal-
nie splatanego stanu dwoch kubitéw zadane sa poprzez precyzyjnie okreslone kierunki. Jesli



jednak o$ z lokalnego uktadu odniesienia Boba jest obrocona o 45° wokot osi y, wspolnej z
osia Alicji, wowczas ich kierunki pomiarowe staja sie identyczne, a warto$¢ wyrazenia CHSH
wynosi zero. Problem kalibracji uktadéw odniesienia moze zosta¢ rozwigzany poprzez za-
stosowanie jednorodnie losowych kierunkéw pomiarowych [2]. Okazuje sie, ze podejscie to
pozwala calkowicie wyeliminowaé koniecznosé kalibracji kosztem skonczonego prawdopodo-
bienistwa ztamania nieréwnosci Bella w danym scenariuszu. Dla dwéch stacji pomiarowych,
dwoch ustawien oraz dwoch wynikéw na strone prawdopodobieristwo to, dla dowolnego stanu
maksymalnie splatanego dwoch kubitow, wynosi Py =~ 28%. Zwickszajac liczbe ustawien
pomiarowych, mozna je podnies¢ do wartosci bliskiej 100% [11I, 12]. W pracy How likely
are you to observe non-locality with imperfect detection efficiency and random measurement
settings? |B| przeanalizowano wplyw ograniczonej wydajnosci detekcji na powyzsze prawdo-
podobienistwo taczac obydwa ograniczenia eksperymentalne, uzyskujac jednoczesnie gtebszy
weglad w zalezno$¢ pomiedzy splataniem kwantowym a mozliwymi kierunkami pomiarowymi
w testach Bella wykorzystujacych petna statystyke pomiarows.

Koncepcja uktadu odniesienia jako abstrakcyjnego narzedzia umozliwiajacego definiowa-
nie kierunkéw pomiarowych moze zostac¢ rozszerzona na uktady o charakterze scisle kwanto-
wym [13]. W standardowym podejsciu uktad odniesienia utozsamiany jest z makroskopowym
obiektem, punktem lub kierunkiem. Dla czastki o spinie 1/2 pomiar obserwabli odpowiada-
jace] macierzy Pauliego Z realizowany jest poprzez makroskopowa orientacje magnesu w
do$wiadczeniu Sterna—Gerlacha. Mozliwe jest jednak utozsamienie uktadu odniesienia z inng
czastka o spinie 1/2, definiujac w ten sposob kwantowy uklad odniesienia. W takiej sytu-
acji opis pozostatych czastek dokonywany jest z jej perspektywy. Ze wzgledu na kwantowy
charakter uktadu odniesienia moze on znajdowac si¢ w superpozycji lub stanowi¢ czesé wiek-
szego stanu splatanego. Zmieniajac perspektywe pomiedzy pozostalymi czastkami poprzez
transformacje kwantowych ukladéw odniesienia wtasnosci te moga ulec zmianie. Sciste re-
lacje pomiedzy iloécia splatania w stanie czystym dwoch czastek a iloscig superpozycji w
jednym z poduktadow zostaly wyprowadzone w pracy Sum of Entanglement and Subsystem
Coherence Is Invariant under Quantum Reference Frame Transformations |C].

Standardowe sformutowanie mechaniki kwantowej wprowadza réwniez ograniczenia na
mozliwos¢ obserwacji zjawisk kwantowych z réznych perspektyw. W kontekscie tamania nie-
rownoéci Bella jednym z takich ograniczen jest monogamia nielokalnosci. Rozwazajac uktad
trzech kubitow A, B i C, wyniki Scaraniego i Gisina [14], rozwiniete po6zniej przez Tonera
i Verstraete [15], pokazuja, ze niemozliwe jest jednoczesne ztamanie dwoch dwuustawienio-
wych nieréwnosci Bella dla par AB oraz AC. Ztamanie jednej z tych nieréwnosci oznacza
natychmiastowo brak mozliwosci ztamania jej przez pozostata pare obserwatoréw. Wyniki
przedstawione w pracy Unmasking the Polygamous Nature of Quantum Nonlocality [D] po-
kazuja, ze niemozno$¢ ztamania wielu przekrywajacych sie dwuustawieniowych nieréwnosci
Bella jest zarezerwowana wytacznie dla uktadu trzech kubitéw i nieréwnosci mierzonych pa-
rami. Wykazano tam, ze dla liczby kubitow N > 3 istnieje zawsze taka nieréwnos¢ Bella
oraz stan kwantowy, ze wszystkie odpowiednie N — 1 nieréwno$ci tamane sg jednoczesnie.
Przyktadowo, dla N = 4 istnieje dwuustawieniowa nieréwnosé Bella I, mierzona pomiedzy
trzema obserwatorami, oraz stan czterech kubitéw, dla ktorego wszystkie mozliwe nieréwnosci
trojciatowe (Iape, Lagp, Lacp, Ipcp) sa tamane jednoczesnie.

Mozliwo$é obserwacji korelacji kwantowych jest nierozerwalnie zwigzana z procesem przy-
gotowania odpowiedniego stanu kwantowego. Najbardziej powszechng techniks ich genero-



wania jest stosowanie odpowiednich jedno- i dwukubitowych operacji unitarnych w sekwen-
cji poprzez kwantowe bramki logiczne, na przyktad w uktadach nadprzewodzacych kubito-
wych lub przy uzyciu elementéw optycznych w przypadku standéw fotonowych. Metoda ta
ma charakter uniwersalny, gdyz pozwala na wytworzenie dowolnego stanu kwantowego. Jed-
noczesnie nie umozliwia ona bezposredniego badania fizycznych ograniczen na przetwarzanie
informacji kwantowej i generowanie silnie splatanych stanéw wynikajacych ze struktury od-
dziatywan. Uktady wielu czastek moga znajdowac sie w nich naturalnie, a techniki inzynierii
stanow kwantowych pozwalajg na manipulacje i projektowanie oddziatywan w taki sposob,
aby oczekiwany stan byl stanem podstawowym zadanego Hamiltonianu. Podstawowe oddzia-
tywania wykorzystywane w przetwarzaniu informacji kwantowej maja najczesciej charakter
fundamentalnie dwuciatowy — odpowiadajace im Hamiltoniany sprzegaja czastki co najwy-
zej parami. Abstrahujac od struktury oddziatywan, fundamentalne ograniczenia na szybkosé¢
generowania dowolnego stanu kwantowego, znane jako kwantowe granice szybkosci (QSL,
ang. quantum speed limits), zostaly wyprowadzone przez Mandelstama i Tamma [16]| oraz
Margolusa i Levitina [17]. Okazuje sie, ze Hamiltoniany prowadzace do nasycenia tych ogra-
niczen zawieraja zazwyczaj oddzialywania wielocialowe. Naturalnym problemem staje sie
zatem zbadanie wplywu struktury oddzialywan na mozliwo$¢ wytwarzania silnie splatanych
stanéow kwantowych. Problem szybkosci generowania wieloczastkowego splatania przy ewo-
lucjach generowanych przez oddzialywania dwuciatlowe zostal zbadany w pracy The fastest
generation of multipartite entanglement with natural interactions [E].

Poza optymalna ewolucja prowadzaca do przygotowania dowolnego stanu kwantowego,
oddziatywania wielocialowe stanowia rowniez naturalny mechanizm umozliwiajacy realizacje
silnie splatanych stanow kwantowych jako stanow podstawowych uktadow wielu czastek [I§].
Hamiltoniany o takich wtasnosciach nie wystepuja jednak bezposrednio w zadnym z obec-
nie kontrolowanych uktadéw kwantowych dostepnych w laboratoriach. Cho¢ oddzialywania
wielocialowe moga by¢ symulowane i szczegolowo projektowane (zob. np. [19])), techniki te
sa bardzo kosztowne, co wskazuje na uzytecznos¢ metod umozliwiajacych ich weryfikacje.
Problem ten zostal podjety w pracy Exploring many-body interactions through quantum Fi-
sher information |E|, w ktoérej zaproponowano technike weryfikacji obecnosci oddziatywan
wielocialowych za pomocg kwantowej informacji Fishera. Przedstawiona metoda znajduje
zastosowanie dla uogoélnionych Hamiltonianéw typu Isinga oraz w sytuacjach, w ktorych
struktura oddziatywan jedno- i dwuciatowych jest juz znana.



Rozdzial 2

Weryfikacja splatania przy ograniczone]j
liczbie kopii stanéw [A]

Generowanie wielu kopii stanéw splatanych ztozonych z N kubitéw stanowi wymagajace
zadanie eksperymentalne. Nowoczesne techniki wykorzystywane na platformach opartych o
fotony korzystaja najczesciej ze zjawiska spontanicznej parametrycznej konwersji, gdzie pro-
blem ten jest niezwykle istotny. Przykladowo, w eksperymencie [20] rejestrowano koincy-
dencje dziesieciofotonowe ze srednig czestoscia jednego zdarzenia co okoto pie¢ minut. Takie
ograniczenia, zarowno w czasie trwania eksperymentu, jak i w liczbie dostepnych kopii stanu,
doprowadzity do opracowania nowych metod detekcji splatania opartych na skonczonej sta-
tystyce [21), 22, 23], 24) 25], 26], 27, 28]. Zagadnienie to zostalo podjete rowniez w pracy [Al,
w ktorej zaproponowano model pomiaru korelacji na skoriczonej liczbie kopii stanu kwan-
towego oraz wykorzystano go do formutowania wnioskéw na temat splatania w oparciu o
rygorystyczna analize czestosciows i bayesowska, uwzgledniajaca zaréwno wiarygodnosé, jak
i efektywnos¢ testu. Wprowadzona technika jest tatwa do zastosowania, gdyz nie wymaga
modyfikacji istniejacej aparatury eksperymentalnej i umozliwia weryfikacje splatania bez-
posrednio na podstawie surowych danych pomiarowych, przy jednoczesnej kontroli btedow
statystycznych pierwszego i drugiego rodzaju.

2.1 Model pomiaru korelacji

Dowolny stan kwantowy N kubitéw mozna przedstawi¢ jako

3
1
pP= 2_N Z TNI“'HNO-IM ®"'®Uu1\m (2.1)

M1,y =0
gdzie 0, to macierze Pauliego, natomiast T),, ... ,,, € [—1, 1] to elementy tensora korelacji, be-
dace wartoscia oczekiwang (o, ® --- ® 0, ) W stanie p. Formalizm tensora korelacji stanowi
uzyteczny opis korelacji pomiedzy poszczegélnymi kubitami i pozwala na sformutowanie licz-
nych kryteriow splatania kwantowego. Dowolny liniowy $wiadek splatania [29] mozna zapisa¢

W postaci
3

Bw= Y uypuyTyopy <0. (2.2)

B,y uN=0



W powyzszym o, ... ., sa liczbami rzeczywistymi dobranymi w taki sposob, aby (Ew) w do-
wolnym stanie separowalnym (wyznaczone przy nieskoriczenie wielu pomiarach) byta mniej-
sza lub réwna zeru. Innym przyktadem kryterium splatania, okreslanym tutaj jako kwadra-
towy $wiadek splatania, jest [30, BT, 32]

3
S = Z Til ux > 1= p jest splatany (2.3)

“17”' 7/“LN:1

Warunek ten jest konieczny i wystarczajacy dla stanow czystych [32]. Wygodnie jest row-
niez wprowadzi¢ pojecie $wiadka Sy, definiowanego poprzez sume kwadratéw M wybranych
cztonow korelacyjnych. Ograniczenie sie do dowolnej liczby korelacji M > 1 jest uzasadnione,
poniewaz kazda z tych wielkosci jest nieujemna, a juz skonczona liczba elementéw sumy moze
prowadzié¢ do przekroczenia granicy separowalnosci.

W pojedynczym eksperymencie, tj. przy pomiarze pojedynczej kopii stanu, mozliwe wy-
niki pomiaru 7}, .., = 71; przyjmuja wartosci 1. Dla uproszczenia notacji wprowadzono
globalny indeks i. Kazda z takich koincydencji stanowi zatem probe Bernoulliego. Poniewaz
T; = p, —p_, gdzie p1 oznaczaja prawdopodobienistwa zaobserwowania odpowiednio korelacji
i antykorelacji, rozktad prawdopodobienstwa wynikéw pomiaru obserwabli zwiazanej z dang
korelacja, przy liczbie prob n;, mozna zapisa¢ jako

P(7;) = Binom <%(1 + TZ)) ; (2.4)

gdzie Binom(-) oznacza rozktad dwumianowy, a 7; reprezentuje estymowana wartos¢ elementu
tensora korelacji T; na podstawie n; pomiaréw. Dodatkowo spelnione sa zaleznosci

() =T,  Var(n) = -, (2.5)

n;

gdzie wariancja o; = 1 — T? odpowiada wariancji kwantowej danej obserwabli. Zgodnie z
oczekiwaniem, wariancja estymowanej wielkosci maleje proporcjonalnie do 1/n;.
Dowolna wielkos¢ oparta o M korelacji, stuzaca do wykrywania splatania, Q = f(T1,...,Ty),

posiada rozktad prawdopodobienstwa dany przez

P = > HP (7)- (2.6)

TiroTinmg
(T117 7T]]u) Q

W przypadku swiadkéw liniowych oraz kwadratowego swiadka splatania, przy zatozeniu row-
nej liczby kopii stanu uzytych do kazdego pomiaru (n; = n), otrzymujemy zaleznosci

(Bw) = EX,  Var(Ey) = Za Var(r;), (2.7)
 (n-1)Sy+M
(Su) = " : Var(Sy,) = Z\/ar (2.8)

gdzie gorny indeks co oznacza wartosé oczekiwana w granicy nieskoniczonej liczby kopii stanu.
W dalszej czesci rozdziatu wielkosci pozbawione indeksu beda odnosi¢ sie do przypadku
ograniczonej statystyki.
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2.2 Analiza swiadkéw splatania

Przy niskiej statystyce pomiarowej nalezy zachowaé¢ wysoka ostrozno$é¢ we wnioskach doty-
czacych obserwowanych danych. W tym przypadku bowiem rozklady prawdopodobienstwa
przyjmuja bardzo nieintuicyjny ksztalt, a prawdopodobienstwo przekroczenia granicy separo-
walnosci wyznaczonej dla nieskoriczonej statystyki moze pozostaé istotne dla niemal kazdego
mozliwego wyniku pomiaru. Nawet w skrajnych przypadkach, w ktérych obserwuje sie ekstre-
malne wartosci §wiadka, prawdopodobieristwa uzyskania tego wyniku dla stanu splatanego i
separowalnego moga by¢ porownywalne. Zatem przy niewielkiej liczbie kopii stanu nie wystar-
czy jedynie przeskalowaé¢ granicy separowalnosci odpowiadajacej nieskorniczonej statystyce.
Nie wystarczy takze rozwaza¢ wylacznie bltedéow pierwszego rodzaju, tj. prawdopodobien-
stwa, ze zaobserwowany sygnal pochodzi od stanu separowalnego. Nalezy réowniez uwzgled-
ni¢ bledy drugiego rodzaju, okreslajace prawdopodobienistwo, ze dany wynik pojawi sie takze
dla stanu splagtanego. Mozliwe sa bowiem sytuacje, w ktoérych oba te prawdopodobienstwa sa
porownywalne, a w skrajnym przypadku niemal identyczne.
W podejsciu czestosciowym wiarygodnosé testu okresla poziom ufnosci g = 1 — o, gdzie
« jest poziomem istotnos$ci. Aby zapewni¢ okreslony poziom ufnosci gr, zbiér akceptacji
wynikow pomiaru O, (nazywany takze przedzialem ufnosci) nalezy dobra¢ tak, aby praw-
dopodobienstwo uzyskania wyniku z tego zbioru dla stanu separowalnego nie przekraczato
1 —qp:
> P(Qlsep) < gr. (2.9)

Q€e0q

Warto zauwazy¢, ze rozktad P(Q|ent) nie wpltywa bezposrednio na poziom istotnosci testu,
lecz ma kluczowe znaczenie dla tzw. mocy testu r, czyli zdolnosci procedury do prawidtowe;]
identyfikacji stanow splatanych (efektywnosci detekeji). Moc testu definiuje sie jako:

r=1—e = Z (Qlent), (2.10)

Qe0,

gdzie €5 oznacza btad drugiego rodzaju. Zatem skuteczny test weryfikacji splatania powinien
nie tylko minimalizowaé¢ prawdopodobienistwo btedu pierwszego rodzaju, lecz takze maksy-
malizowa¢ moc, co nabiera szczegdlnego znaczenia w warunkach ograniczonej statystyki.

W podejsciu bayesowskim prawdopodobieristwa obu hipotez — o separowalnosci lub spla-
taniu stanu — obliczane sa dla konkretnego wyniku () z wykorzystaniem P(ent|()) oraz
P(sep|@) = 1 — P(ent|Q). Wiarygodnos¢ testu okresla tzw. bayesowski poziom akceptacyi
4B, czyli minimalng warto$¢ prawdopodobienstwa a posteriori, dla ktorej hipoteza o splata-
niu zostaje przyjeta. Splatanie jest zatem potwierdzane, gdy:

P(ent|Q) > gp, (2.11)

co oznacza, ze zbior akceptacji O, musi by¢ tak dobrany, aby powyzszy warunek byt spetniony
dla kazdego @ € O,. Zgodnie z twierdzeniem Bayesa, prawdopodobienstwo P(ent|Q) zalezy
od rozkltadow P(Q|sep) i P(Qlent), a takze od stosunku prawdopodobienstw poczatkowych
P(ent)/P(sep). Aby sformutowaé test bayesowski w kategoriach wiarygodnosci i efektywnosci,
wprowadza si¢ funkcje straty L¢, opisujaca koszt bledu dla danego wyniku ). Dla wag 3
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oraz (1 — ) przypisanych odpowiednio bledom pierwszego i drugiego rodzaju, funkcja ta
przyjmuje postac:

Lo {5 P(sep|Q), dla Q € O, (21

(1 —p) P(ent|Q), dla@ € O,,

gdzie O, oznacza zbiér wynikow prowadzacych do odrzucenia hipotezy o splataniu. Mozna
wykazac, ze strata L¢ jest minimalna, gdy g = 3, co pozwala utozsami¢ ten parametr
ze wrzgledna waga bledu falszywie pozytywnego. Srednia oczekiwana strata, niezalezna od
konkretnego wyniku pomiaru, ma postac:

L= LoP(Q) = qsP(Q € Osep)P(sep) + (1 — ¢5)P(Q € O,lent)Plent),  (2.13)
Q

co odpowiada $redniemu kosztowi btedéw obu typéw. Podobnie jak moc testu w podejsciu
czestosciowym, Srednia strata L umozliwia poréwnanie réznych strategii bayesowskich dla
danego poziomu akceptacji. Maksymalna efektywnosé testu odpowiada zatem minimalnej
wartosci L.

W granicy duzej liczby kopii stanu (n > 1) wplyw prawdopodobieristw a priori za-
nika. Zbiory akceptacji mozna wowczas dobraé tak, by P(Q € O,lsep) ~ 0, co prowadzi do
P(ent|@) ~ 1. W takim przypadku oba podejscia, czestosciowe i bayesowskie, prowadza do
rownowaznych wynikow (qr & ¢ ~ 1), a ich rozréznienie traci praktyczne znaczenie.

2.2.1 Strategia optymalizacyjna

Model pomiaru korelacji kwantowych przy ograniczonej statystyce, wraz ze Scista analiza
statystyczng, umozliwia badanie niewielkich zbioréw danych pomiarowych 7 oraz ich opty-
malizacje pod wzgledem zadanej wiarygodnosci i maksymalnej efektywnosci wnioskowania o
splataniu. Problem mozna sformutowaé¢ nastepujaco [A]:

Dla ustalonego minimalnego poziomu wiarygodnosci ¢, oraz catkowitej liczby
kopii stanu 7, nalezy znalez¢ taki zbiér M obserwabli, z ktorych kazda jest esty-
mowana na podstawie n; kopii stanu, oraz odpowiedni zbior akceptacji O,, aby
obserwacja @ € O, umozliwiala weryfikacje splatania z wiarygodnoscia ¢ > qumin
przy maksymalnej mozliwej efektywnosci testu.

Prawdopodobienstwa P(Q|sep) potrzebne do realizacji tej procedury obliczane sa dla naj-
gorszego mozliwego przypadku korelacji zgodnych z separowalnosciag stanu, tj. takich, ktore
maksymalizujg prawdopodobienstwo znalezienia sie w zbiorze akceptacji, nie przekraczajac
jednoczesnie granicy separowalnosci okreslonej dla nieskoriczonej statystyki.

W pracy [A] jako przyktad zastosowania wprowadzonej metody rozwazono stan N kubitow
posiadajacy M perfekecyjnych (41) korelacji, ktory zostal poddany szumowi

p=pl¥) W]+ (1 - p)pw, (2.14)

gdzie py opisuje szum eksperymentalny. Model ten jest ogolny, jednak w pracy [A] wykazano,
ze dla jednorodnego i nieobciazonego (ang. unbiased) szumu prawdopodobieristwa istotne
dla testowania hipotez zaleza wyltacznie od parametru p. Dlatego w typowych przypadkach
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mozna ograniczy¢ sie do bialego szumu py = 1/2V, gdzie 1 oznacza macierz jednostkows.
W ponizszych przykladach przyjeto qr = qp = 97.5% oraz P(ent) = P(sep) = 1/2. Dla
uproszczenia zatozono takze, ze kazda korelacja jest estymowana na tej samej liczbie kopii
stanu n, a catkowita liczba kopii wynosi n = 20.

2.2.2 Liniowy $wiadek splatania

Niech zbior akceptacji okreslony bedzie przez gorne ograniczenie C (tj. O, = {Ew : Ew < C}),
a liniowy swiadek splatania oparty na M korelacjach ma posta¢ Fy =T, —To—--- =T+ 1.
Dla dostatecznie matego progu C stan separowalny, ktory maksymalizuje prawdopodobien-
stwo znalezienia sie w zbiorze akceptacji (tzw. najgorszy przypadek), charakteryzuje sie ko-
relacjami 7y = —1/M oraz T; = 1/M dla i = 2,..., M. Okazuje sie¢, ze optymalizacja
P(Ew < Clsep) oraz P(Ey > Clent), odpowiadajaca odpowiednio wiarygodnosci i efek-
tywnosdci testu polegajaca na jednoczesnym minimalizowaniu obu tych prawdopodobienstw,
uzyskuje najlepsze rezultaty dla M =5 oraz n = 4.

Osoba preferujaca czestosciowe wnioskowanie uzna ze, konieczne do osiggniecia mini-
malnej wiarygodnosci 97.5%, jest przyjecie progu Cp = —2.5, co prowadzi do efektywnosci
r =~ 76.5%. Najwyzszy mozliwy poziom wiarygodnosci, jaki mozna uzyskaé¢ przy 20 kopiach
stanu, wynosi 99.996% i odpowiada progowi Cr = —4, jednak odbywa sie to kosztem znacz-
nego spadku efektywnosci do r ~ 6.9%.

W podejsciu bayesowskim wymaga sie, aby dla wszystkich wartosci w zbiorze akceptacji
zachodzito P(ent|Ey ) > 97.5%. Warunek ten spelniony jest przy progu Cp = —3, dla ktoérego
odpowiadajaca strata, opisana funkcja kosztu, wynosi L = 0.007.

2.2.3 Nieliniowy $§wiadek splatania

Dla swiadka kwadratowego wprowadzono prog B definiujacy zbior akceptacji O, = {S : S >
B}. Ponownie, z rozwazan P(S > Blsep) oraz P(S < Blent), wynika, ze optymalny rozktad
kopii stanu zachodzi dla n = 4 oraz M = 5. Dla minimalnie wymaganej wiarygodnosci 97.5%
otrzymujemy w podejsciu czestoSciowym prog Br = 4, natomiast w analizie bayesowskiej
Bp = 5. Odpowiadaja im efektywnos¢ r &~ 31.4% oraz strata L =~ 0.013.

W ogdélnosci badany stan uznaje sie za splatany, jesli p > 1/(2¥~1 4 1). Dlatego bardziej
realistyczne podejécie uwzglednia licznosé stanéw separowalnych w obrebie badanej rodziny
w rozkladzie poczatkowym. Przyktadowo, dla N = 4, naturalne prawdopodobienstwa po-
czatkowe wynosza P(ent) = 8/9 i P(sep) = 1/9, co prowadzi do zmiany progu na Bp = 4 i
efektywnosci L ~ 0.018. Dla N = 5 otrzymujemy P(ent) = 16/17 oraz P(sep) = 1/17, przy
czym prog bayesowski wynosi Bg = 3.5, a odpowiadajaca mu efektywnosé L ~ 0.015.

Dla rownych prawdopodobienistw poczatkowych, podejscie czestosciowe daje szerszy zbior
akceptacji. Jednak przy fizycznie uzasadnionych prawdopodobienstwach poczatkowych sy-
tuacja moze by¢ odwrotna i prog Cp moze byé¢ nizszy niz Cr. Dla rozwazanych przy-
padkow, tj., réwnych prawdopodobienstw a priori oraz tych wynikajacych z uwzglednia-
nia licznosci stanéw separowalnych dla stanéw cztero- i pieciokubitowych, uzyskano od-
powiednio: (B = 5, ¢gr = 99.8%, r = 6.9%), (B = 4, qr = 97.6%, r = 31.4%) oraz
(B = 3.5, qr = 92.5%, r = 54.9%). Nalezy jednak zauwazy¢, ze w ostatnim przypadku
poziom ufnosci nie spetlnia wymaganego progu wiarygodnosci.
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2.3 Podsumowanie rezultatow

W pracy [A] zaproponowano model pomiaru korelacji kwantowych przy niskiej statystyce
pomiarowej. Wykorzystujac $cista analize statystyczna oparta na wnioskowaniu czestoscio-
wym oraz bayesowskim, przeformulowano standardowy formalizm $wiadkow splatania tak,
aby uwzglednial on skonczong liczbe kopii stanu, okreslony poziom wiarygodnosci oraz moc
testu. Dla skrajnie niskiej statystyki, obejmujacej jedynie 20 kopii stanu, wykazano mozli-
wos¢ przeprowadzenia wiarygodnej i efektywnej weryfikacji splatania kwantowego, ktora w
sposob jawny uwzglednia ograniczenia wynikajace ze skonczonej liczby danych pomiarowych.
Zaproponowana technika wyréznia sie prostota implementacji i moze byé¢ zastosowana do
surowych danych eksperymentalnych.
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Rozdzial 3

Prawdopodobienistwo tamania
nieré6wnosci Bella dla losowych
kierunkéw pomiarowych oraz
ograniczonej wydajnosci detekcji |B]

Pozostajac w tematyce ograniczen na obserwacje scisle kwantowych korelacji motywowanych
problemami eksperymentalnymi, jednym z najwickszych wyzwan pozostaje ograniczona wy-
dajnosé detekeji. Kazdy poprawny test Bella powinien ja uwzglednia¢ na etapie wyprowa-
dzania nieréwno$ci oraz ograniczenia wynikajacego z mozliwych strategii modeli zmiennych
ukrytych. Scenariusze Bella z losowymi pomiarami nie zawieraly dotychczas takiej analizy.
Praca [B| zamyka te luke w literaturze. Wyprowadzono w niej dolne ograniczenie na prawdo-
podobienstwo tamania nieréwnosci Bella z dwoma losowymi kierunkami pomiarowymi oraz
dwoma wynikami na stanowisko dla stanu maksymalnie splatanego dwoch kubitow uwzgled-
niajace wydajno$¢ detekcji. Przeanalizowano takze bardziej ztozone scenariusze zawierajace
wiecej ustawien i czastek, oraz wykazano, ze tzw. typowos¢ nielokalnosci jest zachowana jesli
wydajnos¢ detekcji przekracza jej krytyczng wartosé.

3.1 Nier6éwnosci Bella z losowymi pomiarami

Standardowe testy Bella zaktadaja perfekcyjna znajomosé lokalnych ukladéw odniesienia
zwigzanych z kierunkami pomiarowymi oraz ich wzajemna kalibracje. Dla dwoéch obserwato-
row oznacza to, ze zarowno Alicja, jak i Bob, maja pewnosé co do wykonywanych pomiarow
oraz stosunkéw wzajemnych ustawien. Zalozenie kalibracji uktadéw odniesienia moze by¢
jednak zniesione i stoja za tym dwie gtéwne motywacje. Pierwsza odnosi sie do praktycznych
aspektow kalibracji uktadéw odniesienia. Jesli dystans pomiedzy obserwatorami jest duzy,
wymaga to zasobow komunikacyjnych i jest tym bardziej uciazliwe gdy stacje pomiarowe nie
znajduja sie w spoczynku. Druga pozwala na zbadanie fundamentalnego powiazania pomie-
dzy splataniem zawartym w stanie, a mozliwymi kierunkami pomiarowymi, ktére ujawniaja
nielokalnos¢ Bella. Technicznym narzedziem pozwalajacym na relaksacje kalibracji uktadow
odniesienia sa losowe pomiary.
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3.2 Prawdopodobienistwo lamania nier6wnosci Bella z ogra-
niczong wydajnoscia detekcji

Scenariusz Bella zdefiniowany jest poprzez liczbe obserwatorow N, pomiardéw my i wynikow
na stanowisko pomiarowe oj. Rezultaty zawarte w rozprawie ograniczaja sie do stanéow ku-
bitowych i eksperymentéw z dwoma wynikami pomiarowymi na strone oraz réwng liczba
pomiarow m. Losowy k-ty pomiar w dowolnym stanowisku definiujemy poprzez pomiar pro-
jekeyjny zadany przez wektor |i) obrocony macierza unitarna losowana zgodnie z miara Haara,
tj. |h,) = Upgli). Wybor bazy poczatkowej |z) jest dowolny tak dtugo jak pozostaje on spojny.
W naszych rozwazaniach wybrano baze obliczeniowa sktadajaca sie z wektoréw wtasnych ma-
cierzy Pauliego o,. Wielkoscia, na ktorej skupiono si¢ w pracy |B] jest prawdopodobietistwo
tamania nieréwnosci Bella zdefiniowane jako

Py = /de(Q), (3.1)

gdzie caltka obliczana jest po wszystkich parametrach wchodzacych w sktad danego scena-
riusza, a f jest binarng funkcja przyjmujaca wartosé 1 gdy istnieje nieréwnosé¢ Bella tamana
przez zadany stan i ustawienia oraz 0 w pozostalym przypadku. Wielko$¢ ta opisuje tamanie
wszystkich mozliwych nieréwnosci Bella w zadanym scenariuszu. W wiekszosci praktycznych
obliczeni catka ta jest estymowana poprzez probkowanie przestrzeni mozliwych parametrow.
Problem wydajnosci detekcji moze by¢ wprowadzony do formalizmu losowych pomiaréw po-
przez odpowiednie definicje mozliwych wynikéw pomiaréw. Dla prostoty, zal6zmy sytuacje w
ktorej mamy do czynienia z Alicja i Bobem wykonujacymi po dwa pomiary na stanie dwoch
kubitow. Kazdy z obserwatoréw losuje pare kierunkéw pomiarowych i zapisuje +1 w sytuacji,
gdy detektor zadziatal oraz 0 gdy nie miato to miejsca. Zdarzenia te zachodza z prawdopodo-
bienstwem zadanym poprzez wydajno$¢ detekcji n4,p. Rownolegly strategia przypisywania
wynikéw pomiaru jest uznanie braku detekcji za wynik —1. Jedli jednak nie zostanie to wy-
raznie podkreslone, przedstawione rezultaty odnosi¢ sie beda do sytuacji z trzema wynikami
pomiaru, nie z grupowaniem wynikéw. Po uzbieraniu dostatecznej statystyki pomiarowej,
poréwnuja oni swoje dane i pytaja: czy ztamaliSmy jakas nierownosé Bella? Na pytanie to
mozna odpowiedzie¢ szukajac odpowiedniego tacznego rozktadu prawdopodobienstwa. Sred-
nia liczba pozytywnych odpowiedzi na to pytanie odpisuje wielkos¢ Py (14, np) - tym razem
zalezna juz od wydajnosci detekcji.

3.2.1 Dwukubitowy stan maksymalnie splatany i dwa ustawienia na
stanowisko

Dla przypadku stanu maksymalnie splatanego dwoch kubitéow i dwoéch pomiaréw na strone
wykazano nastepujace dolne ograniczenia na prawdopodobieristwo tamania nieréwnosci Bella.
W uktadach charakteryzujacych sie asymetryczng wydajnoscia detekcji na = 1,np = n praw-
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dopodobienistwo tamania nieréwnosci Bella Py jest ograniczone z dotu przez
Py (1) = gl |7+ 207 — 1w = ' (32)
+4+/2 (M + K2+ R) — QUQ\/W)
2k
+8 (n* — 1) arccot {\/5 /n%lﬂ + \/%}]; n > %,

gdzie k = \/2n? — 1. W przypadku symetrycznym 14 = ng = 1, ograniczenie to ma postac

o) = 2 {27 oy — 2 + 2] (3.3)

+n(n —2) [2\/5(\/7772 +2y(1—n) + 7

—V=? = 2y(L =) + 1) +7} +2y

—4n?[(n — 2)n + 2] arctan {4\/(”‘”2(("_”"“)2 } } :

Y((n—=2)n+2)+n*
n>V5+4v2-v2-1,

gdzie v = /8(n — n?) + 4 + n* — 4. Powyzsze wyniki zgadzaja sie z wyczerpujacymi ob-
liczeniami numerycznymi w ramach co najwyzej =~ 3.5% bledu wzglednego dla zadanych
przedzialow 7. Zatem ograniczenia te stanowia bardzo dobre przyblizenie badanej wielkosci.
Dolne ograniczenia na 7 stanowiag gérne ograniczenie na krytyczng wydajnosé detekeji nei¢,
tj. taka wydajnos¢ ponizej ktorej niemozliwym jest ztamanie ktorejkolwiek nieréwnosci Bella
na zadanym stanie w ustalonym scenariuszu.

3.2.2 Wiele ustawien, typowosé nielokalno$ci Bella i kompensacja
wydajnosci detekcji

W przypadku wielu ustawien m oraz symetrycznej wydajnosci detekcji n przeprowadzono
obliczenia numeryczne oparte na programowaniu liniowym, wykorzystujac technike zapre-
zentowana po raz pierwszy w [33]. Uzyskane rezultaty dla stanu maksymalnie splatanego
przedstawiono na Rysunku [3.1]

Przy zatozeniu braku strat w liczbie wykrytych czastek, prace [I1], [12] wykazaly, ze nielo-
kalnos¢ Bella jest zjawiskiem typowym. Oznacza to, ze dla dostatecznie duzej liczby czastek
lub ustawien zaprzeczenie lokalnie realistycznego opisu eksperymentu staje sie niemal pewne,
tj. Py ~ 100%. W pracy |B| pokazano, ze zjawisko to utrzymuje si¢ rowniez w sytuacji, gdy
wydajnos¢ detekcji jest ograniczona. Wyniki te obrazuja takze mozliwosé kompensacji ogra-
niczonej efektywnosci ) poprzez zwiekszenie liczby ustawieri pomiarowych (zob. Rys. [3.1)).
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Rysunek 3.1: Prawdopodobienistwo tamania nieréwnosci Bella dla stanu maksymalnie spla-
tanego dwoch kubitow, m ustawien na stanowisko pomiarowe oraz symetrycznej wydajnosci
detekeji n. Rysunek zaczerpniety z pracy [B].

3.2.3 Stany trojkubitowe

Istnieja dwie klasy czystych stanéw splatanych trzech kubitéw, ktére nie sa réwnowazne
wzgledem stochastycznych lokalnych operacji i klasycznej komunikacji (SLOCC) — stan GHZ
oraz stan W. Ze wzgledu na fakt, ze formalizm losowych pomiaréw nie rozréznia stanéw lokal-
nie rownowaznych, obie te klasy stanowiag naturalny obiekt analizy w omawianym kontekscie.
Ponownie wykonano dla nich wyczerpujace obliczenia numeryczne oparte na programowaniu
liniowym. W tym przypadku zbadano dodatkowo strategie grupowania wynikéw. Uzyskane
rezultaty przedstawiono na Rysunku |3.2]

Analiza danych numerycznych wykazala, ze dla m = 2 przyblizona warto$é¢ n..; jest
nizsza od najlepszego znanego wezesniej rezultatu 7., = 0.75 [34]. Korzystajac z odpowied-
nich katoéow pomiarowych, wyprowadzono nowa nieréwnosé Bella dla obréconego stanu GHZ,
charakteryzujaca sie nizsza krytyczna wydajnoscia detekcji nese = (V10 — 1)/3 ~ 0.7208.
Dla trzech ustawienn odtworzono nieréwnos¢ CHSH z pomiarem projekcyjnym na jednym ze
stanowisk, uzyskujac neie = 2/3.

3.3 Podsumowanie rezultatow

W pracy |B] zbadano wplyw ograniczonej wydajnosci detekeji na prawdopodobienstwo la-
mania nieréwnosci Bella dla losowych kierunkéw pomiarowych. Wyprowadzono dolne ograni-
czenie tej wielkosci w przypadku stanu maksymalnie splatanego dwoch kubitow oraz dwoch
ustawien na stanowisko. Nastepnie rozszerzono analize na wieksza liczbe ustawien i czastek,
wykorzystujac metody programowania liniowego. Wykazano, ze typowosé nielokalnosci — ro-
zumiana jako niemal pewne tamanie nieréwnosci Bella przy dostatecznie duzej liczbie usta-
wien pomiarowych — pozostaje zachowana tak dtugo, jak dtugo efektywnosé detekeji nie spada
ponizej progu krytycznego. Oznacza to, ze spadek prawdopodobienistwa tamania nieréwnosci
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Rysunek 3.2: Prawdopodobieristwo tamania nieréwnosci Bella dla stanow GHZ (kolor niebie-
ski) oraz W (kolor czerwony) dla m = 2 (rysunek gltowny) i m = 3 (rysunek a) ustawien.
Wymniki zaktadaja symetryczna wydajnosé detekcji oraz dwa modele przetwarzania zdarzer,
w ktorych nie nastapita detekcja czastki. Linie ciagle odpowiadaja modelowi, w ktérym brak
detekcji utozsamiany jest z wynikiem 0, natomiast linie przerywane przedstawiaja przypadek,
gdy brakowi detekeji przypisywany jest wynik —1. Rysunek zaczerpniety z pracy [B].

Bella moze byé¢ kompensowany przez zwiekszenie liczby ustawienn pomiarowych na strone. Na
podstawie obserwowanych spadkow prawdopodobienistwa tamania w przypadku trojkubito-
wego stanu GHZ wyprowadzono nowa nieréwnosé Bella dla dwoch ustawien, charakteryzujaca
sie krytyczna wydajnoscia detekeji nizsza niz najlepszy znany wcze$niej rezultat.
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Rozdzial 4

Relacja pomiedzy splataniem a
superpozycja w kwantowych ukladach
odniesienia [C]

Uktad odniesienia rozumiany jest najczesciej jako pewien abstrakcyjny punkt w przestrzeni,
wyposazony w zbior kierunkéw, ktory nie posiada zadnych kwantowych cech. W ramach
mechaniki kwantowej mozliwa jest bardziej ogélna konstrukcja, w ktorej uktad odniesienia
utozsamiony jest z wybrang fizyczna czgstkyg kwantowa. Formalizm ten okresla sie mianem
kwantowych uktadéw odniesienia, natomiast operacje umozliwiajace ich zmiane nazywane sa
transformacjami kwantowych uktadéw odniesienia [13].

Okazuje sie, ze w takim opisie Scisle kwantowe efekty, takie jak superpozycja czy splatanie,
zaleza od tego, w jakim kwantowym uktadzie odniesienia sa one opisywane. W pracy |C| scha-
rakteryzowano dowolne transformacje kwantowych uktadéw odniesienia w kontekscie tych
zasobow oraz wyprowadzono relacje zachodzace pomiedzy nimi dla czystych stanéow dwucze-
Sciowych. Gtéwnym rezultatem pracy jest twierdzenie wykazujace, ze suma ilogci superpozycji
na poduktadzie dwuczedciowego stanu czystego oraz jego splatania — mierzonych za pomoca
miar opartych na entropii von Neumanna — jest niezmiennikiem rozwazanych transformacji.

4.1 Kwantowe uklady odniesienia

Rozwazmy uktad trzech czastek: A, B i C'. Niech kwantowy uktad odniesienia bedzie stowa-
rzyszony z czastka C. Dla zadanej zwartej grupy G oraz przestrzeni Hilberta L?(G) ® L*(G),
operacja opisujaca transformacje kwantowego uktadu odniesienia C' — A dana jest wyraze-
niem [35]

SE=4) / dg 19~ ealel ® U'B(g), (4.1)
G

gdzie |g)g € G stanowi baze lokalnej przestrzeni Hilberta, a U(g) jest lewa regularna repre-
zentacja grupy G. Dla grup dyskretnych nalezy przyja¢ C(G) zamiast L*(G), a calke zastapic
suma. W najprostszym przypadku grupy dwuelementowej Z,, stowarzyszonej z pojedynczym
kubitem, mamy C(Z,) = C?, a transformacja przyjmuje postaé

SO = 10)0a(0] @ 15 + [1)eall] @ 0. (42)
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Operacja ta ma zatem postaé¢ kwantowej kontrolowanej bramki NOT. W pracy [C] wykazano,
ze dowolne transformacje kwantowych uktadéw odniesienia sa operacjami niekoherentnymi
zachowujacymi ilo§¢ superpozycji globalnego stanu.

4.2 Tlosé splatania i superpozycji podukladu jako nie-
zmiennik transformacji

Jednymi z miar splatania i superpozycji (nazywana w kontekscie teorii zasobéw koherencja)
badanych w pracy [C| sa miary oparte o wzgledna entropie von Neumanna. Dla dwuczescio-
wych stanow czystych AB entropia splatania zdefiniowana jest jako [36], 37]

ge[|77b>AB] = S[ﬂA]? (43)

gdzie pa = Trp(|Y)ap(?¥|) to stan zredukowany poduktadu A, a S[p] = —Tr[plogp] to
entropia von Neumanna. Wzgledna entropia koherencji stanu p przyjmuje postac [38|

Celp] = Slpa] — Slpl, (4.4)

gdzie py to czesé¢ diagonalna stanu p.

Zgodnie z Twierdzeniem 1 z pracy [C|, dla dowolnego stanu czystego |w§5§> opisywa-
nego z perspektywy kwantowego uktadu odniesienia stowarzyszonego z czastka C', oraz stanu
|¢BA(;) =S (C)*(A)]wf& otrzymanego po dowolnej transformacji S(©)~) zachodzi

EMV ) ap] + C[p)] = E[[W W) po] + Co[pi")]. (4.5)

Powyzsze rownanie pokazuje, ze suma miar splatania czystego stanu dwuczesciowego oraz ko-
herencji jego poduktadu stanowi niezmiennik transformacji kwantowych uktadéw odniesienia.
Roéwnowazna postaé tego wyniku mozna zapisa¢ jako

A&, = —AC,, (4.6)

gdzie symbol A oznacza zmiane danej wielkosci przed i po transformacji. Dla miar opartych o
wzgledng entropie zachodzi wiec AE, AC, < 0. Zgodnie z Twierdzeniem 2 z pracy |C|, zalez-
nos$¢ ta jest uniwersalna dla dowolnych miar splatania i koherencji, jezeli istnieje taki kwan-
towy uktad odniesienia, dla ktérego czysty stan dwuczesciowy przed transformacja jest pro-
duktowy lub jego stan zredukowany jest niekoherentny. Zastosowanie powyzszego rezultatu
do innych kwantyfikator6w omawianych zasobow zostato szczeg6towo oméwione w pracy [C].

4.3 Wzglednos¢ splatania a nielokalno$é Bella

Splatanie kwantowe powiazane jest Scisle z nielokalno$cia Bella, omawiang w poprzednich
rozdziatach. Poniewaz zmiana kwantowego uktadu odniesienia moze prowadzié¢ do catkowitej
utraty splatania przy jednoczesnym wzroscie koherencji poduktadu, mozliwa jest sytuacja,
w ktorej w jednym uktadzie odniesienia stan wykazuje nielokalnosé Bella, a w innym juz
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nie. Na pierwszy rzut oka mogltoby sie wiec wydawaé, ze tamanie nieréwnosci Bella wy-
roznia pewng klase uktadéw odniesienia i nie pozwala traktowac¢ ich jako réwnowaznych.
Jednakze transformacje kwantowych uktadéw odniesienia sg operacjami unitarnymi dzia-
tajacymi na caly stan dwoch czastek, a ich faktoryzacja nie jest mozliwa. W konsekwen-
cji pomiar lokalnej wielkosci na stanie splatanym [(“)) 45 odpowiada pomiarowi niefak-
toryzowalnej wielkosci na produktowym stanie [¢)1))go z perspektywy A. Mamy bowiem
Tr(Op(p) = Tr(OSW @RS = Ty([SW=ODTOSA>EO ) = Te(0'pL). Dla
dwoch kubitéw, przyktadowo, operator o, ® (0, +0.)/v/2 przechodzi w (0, ®1—0,®0,). Nie-
faktoryzowalnos¢ prawdopodobieristw, ktora w jednym uktadzie odniesienia stoi w sprzecz-
nosci z modelami lokalnych zmiennych ukrytych, w innym uktadzie wynika z nielokalnosci
obserwabli. Zjawisko tamania nieréwnosci Bella zachodzi wiec w kazdym uktadzie odniesie-
nia, jednak jego Zrédlo i interpretacja maja rézny charakter. Nalezy przy tym podkresli¢,
ze powyzsze rozwazania dotycza perspektyw czastek kwantowych, a nie rzeczywistej zmiany
aparatury pomiarowe;.

4.4 Podsumowanie rezultatow

W pracy [C] wyprowadzono ilosciowe zwiazki pomiedzy splataniem czystych stanéw dwu-
czesciowych a koherencja ich poduktadow, zachodzace przy transformacjach kwantowych
uktadéw odniesienia. Dla wybranych kwantyfikatorow splatania i koherencji wykazano, ze
zmiana splatania przy przejsciu do nowego kwantowego uktadu odniesienia jest w petni kom-
pensowana przez zmiane ilosci superpozycji na poduktadzie badanego stanu. Ponadto udo-
wodniono, ze dla dowolnych miar omawianych zasobéw spadek miary splatania zawsze wiaze
sie ze wzrostem koherencji, jesli jeden z poczatkowych zasobéw jest rowny zero. Prawdziwe
jest tez odwrotne stwierdzenie. Wykazano réwniez, ze dowolna operacja zmiany kwantowego
uktadu odniesienia zachowuje koherencje globalnego stanu, a uzyskane rezultaty maja istotne
konsekwencje dla interpretacji nielokalnosci Bella z perspektywy uktadéow kwantowych.
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Rozdzial 5

Poligamia lamania nier6wnosci Bella w
ukladach wielu czastek |D]

Korelacje kwantowe prowadzace do tamania nieréwnosci Bella podlegaja wielu ograniczeniom
dotyczacym ich struktury oraz mozliwych wartosci. Jednym z najwazniejszych rezultatow
stojacych u podstaw kwantowej kryptografii niezaleznej od urzadzen jest monogamia nielo-
kalnosci |14} 139, 140, 41]. Zgodnie z nia w ukladzie trzech czastek (N = 3) niemozliwe jest
ztamanie wiecej niz jednej dwuczesciowej nierownosci Bella opartej na dwoéch ustawieniach
pomiarowych na stanowisko. W scenariuszu wieloczastkowym ztamanie wiecej niz jednej
dwuustawieniowej nieréwnosci Bella pomiedzy co najmniej trzema obserwatorami staje sie
mozliwe [42], 143] [44), [45], [46], 147, [48]. Nie zaproponowano jednak dotad zadnej nieréwnosci oraz
stanu, ktore pozwalalyby na tamanie wszystkich mozliwych nieréwnosci, tj. nieréwnosci na
kazdym mozliwym zbiorze obserwatoréw o ustalonej licznosci.

W pracy [D] przedstawiono systematyczna metode identyfikacji stanéw kwantowych N
kubitow oraz generowania dwuustawieniowych nieréwnosci Bella dla N — 1 obserwatorow,
ktore pozwalaja osiagnac to zadanie dla N > 3. Innymi stowy wykazano, ze jezeli liczba kubi-
tow w uktadzie jest wieksza niz trzy, to mozliwe jest ztamanie wszystkich dwuustawieniowych,
(N —1)-czastkowych nieréwnosci Bella jednoczesnie, wykazujac tym samym poligamiczna na-
ture wieloczastkowej nielokalnosci. Uzyskane wyniki zostaly potwierdzone eksperymentalnie
dla N = 6 przy pomocy wielofotonowych stanéw splatanych w bazie polaryzacyjne;j.

5.1 Monogamia nielokalnosci Bella

Rozwazmy nieré6wno$¢ CHSH, dla ktorej obowiazuje Scista monogamia
CHSHAB = AlBl + A2B2 + AQBl — AIBQ < 2, (51)

gdzie A;5 i By, to odpowiednio ustawienia pomiarowe obserwatoréw A i B. Okazuje sig, ze
w uktadzie trzech obserwatorow: A, B i C, ktoérzy cheg ztamaé powyzsza nieréwnosé parami
zachodzi [14], 39, 140, [41]

(CHSH )? + (CHSH¢)? < 8, (5.2)

gdzie poprzez (CHSH p/ac) oznaczono wartos¢ wyrazenia CHSH mierzonego pomiedzy A i
B oraz A i C na dowolnym stanie trzech kubitéw. Nierownosé (5.2]) stanowi rownanie dysku
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0 promieniu 2\/5, co oznacza, ze niemozliwym jest ztamanie obu z rozwazanych nieréwnosci
jednoczesnie, tj. gdy (CHSH,p) > 2, to (CHSH¢) < 2. Powyzszy rezultat pozostaje praw-
dziwy dla dowolnego lokalnego wymiaru uktadu kwantowego d [39, 40, 41]. Ze wzgledu na
pelng charakteryzacje nielokalnosci przez zbior nieréwnosci CHSH w scenariuszach o dwoch
ustawieniach i dwoch wynikach pomiarowych, wynik ten ma duze znaczenie fundamentalne,
a monogamia tamania nieréwnosci Bella jest jedng z najwazniejszych zasad fundamentow
mechaniki kwantowej.

5.2 Poligamia nielokalnosci Bella

W pracy |[D] wykazano, ze w przypadku nieréwnosci wielokubitowych mozliwe jest ztama-
nie dwuustawieniowych nieréwnosci Bella pomiedzy wszystkimi zbiorami N —1 obserwatorow
jednoczesnie dla N > 3. Ze wzgledu na naturalng sprzecznos$é tego wyniku z monogamia nie-
rownosci Bella zachodzaca dla przypadku nieréwnosci dwuczesciowych, zjawisko to nazwano
poligamia tamania nieréwnosci Bella, lub poligamia nielokalnosci. Podobne zachowania zaob-
serwowano w przesztosci dla nieréwnosci wieloustawieniowych [49] oraz dla wybranych, choé¢
nie wszystkich, podzbioréw uktadu N-kubitowego [42, [43] 44], 145, 46| 47, [48]. Wyniki zapre-
zentowane w artykule [D] dostarczaja systematycznej metodologii pozwalajacej na identyfika-
cje odpowiednich stanoéw kwantowych oraz sposobu generowania poligamicznych nieréwnosci
Bella. Stanowia one takze pierwszy dowdd poligamicznego charakteru nielokalnosci Bella dla
uktadéw o dowolnej liczbie czastek N > 3.

5.2.1 Nieré6wnosci Mermina—Ardehaliego—Belinskiego—Klyshki

Jednym z uogolnien nieréwnos$ci CHSH na uklady wieloczastkowe sa nieréwnosci Mermina—
Ardehaliego-Belinskiego-Klyshki (MABK) w postaci (My) < 2(N=1/2 50, 51}, 52]. Natural-
nym pierwszym krokiem w scenariuszu wieloczastkowym jest wiec zbadanie ich wlasnosci pod
katem wspoldzielenia nielokalnosci. Dla ustawien prowadzacych do maksymalnego tamania
nierownosci MABK przez N — 1 kubitowy stan GHZ operator Bella ma posta¢ [52} 53], 54]

My—y = 271Dy (Dy i + 1Dy 20Dy ), (5:3)

gdzie |D§_,) oznaczaja stany Dickego (N — 1) kubitow. Wazna obserwacja jest to, ze dla
takich samych ustawien na kazda ze stron badana nieréwnos¢ prowadzi do operatora per-
mutacyjnie nieimienniczego. Oznacza, to ze jego wartosci oczekiwane na dowolnych stanach
zredukowanych N-kubitowego stanu permutacyjnie niezmienniczego sa réwne. Jesli istnieje
zatem taki globalny stan symetryczny, dla ktéorego wybrany stan zredukowany prowadzi do
ztamania lokalnie realistycznego ograniczenia dla N — 1 kubitow, wszystkie podzbiory N —1
kubitow prowadza do ztamania nieréwnosci MABK. W rezultacie dzicki symetrii nieréwnosci,
pomiaréw i stanu problem wykazania istnienia poligamii Bella znacznie si¢ upraszcza.
Dowolny permutacyjnie niezmienniczy stan czysty N kubitéow mozna zapisa¢ w bazie

stanéw Dickego poprzez
N

[on) = il Dy) (5.4)

=0
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Wartosé oczekiwana My _1, rozszerzonego trywialnie o macierz identycznosciowa przy dowol-
nym kubicie, na powyzszym stanie wynosi

N-1

Mpy_1 = Wn| My @ 1Y) = 2\/N (cocn—1 + c1cn) (5.5)

Optymalizujac to wyrazenie po amplitudach ¢; otrzymamy M5 = 28¥=2/\/N. Przyktadowy
stan osiggajacy te warto$é¢ dany jest poprzez

1

V2

gdzie [Wy) = | DY) to stan W dla N kubitow. Okazuje sig, ze Ma™, jest wicksze od lokalnego
ograniczenia na My_q poczawszy od N = 5. Zatem wszystkie N nierownosci MABK mierzone
na (N — 1)-kubitowych stanach zredukowanych tamane sg jednoczesnie dla kazdego
N > 4, tym samym wykazujac poligamie nielokalnosci Bella.

[ (W) +11)%%), (5.6)

5.2.2 Program liniowy dla nieré6wno$ci poligamicznych

Wymniki przedstawione w poprzedniej sekcji wykazujg istnienie poligamii tamania nieréwnosci
Bella dla N > 4. Wiedzac, ze zjawisko to jest niemozliwe dla przypadku trzech czastek,
otwartym problemem pozostaje wiec pytanie dotyczace istnienia takiego zachowania dla N =
4. Ponownie ze wzgledu na wlasnosci symetrii permutacyjnej zatozono takie same ustawienia
pomiarowe na kazda ze stron oraz stany w postaci . Wykorzystujac autorska metode
opartg o programowanie liniowe znaleziono (I4pc) < 6, gdzie

Iapc = 2sym|A;] — sym[A; By| — sym[A; By (5.7)
+ sym[Ang] + 2A13101 + sym[AgBlc'l]
- 2 Sym[Angol] - AQBQOQ.

Poprzez sym[-] oznaczono symetryzacje wyrazenia po wszystkich permutacjach dolnych in-
deksow sym[AB,C,,| = Zﬂ(k7l7m) ApB,C,,, zakladajac Ay = By = Cy = 1. Otrzymana
nieréwnosé nalezy do zbioru Sliwy [55]. Zmiana oznaczeri obserwatoréow z ABC na dowolny
trojelementowy podzbiér ABC'D definiuje pozostate nieréwnosci wchodzace w sktad przed-
stawianych rozwazan. Dla stanu ) = cos6|D}) + sin6[1111) z 6 = 0.144 kazda z czterech
nieré6wnosci jest tamana o 0.154, co rozwigzuje problem istnienia poligamii Bella dla N = 4.
Inne interesujace przyktady nieréwnosci poligamicznych otrzymanych za pomoca wykorzysta-
nej metody opisano szczegotowo w pracy [D]. Przyktadowa implementacja programu dostepna
jest w repozytorium Zenodo (https://zenodo.org/records/13893953).

5.2.3 Realizacja eksperymentalna

Zjawisko poligamii tamania wieloczastkowych nieréwnosci Bella przetestowano eksperymen-
talnie wykorzystujac wielofotonowe stany splatane w polaryzacyjnych stopniach swobody. W
celu zmniejszenia wymagan eksperymentalnych dotyczacych krytycznej widzialnosci stanu
kwantowego wzgledem nieréwnosci oraz nieréwnosci MABK wykorzystano ponownie
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Rysunek 5.1: Warto$é¢ kwantowa wyrazenia Iapcopg definiujacego poligamiczng nieréwnosé
Bella dla N = 6 usredniona po wszystkich zredukowanych stanach pieciu kubitow. Panel a)
przestawia przewidziane teoretycznie wartosci dla stanu | D) w funkcji katéw pomiarowych ¢,
i ¢y dla obserwabli cos ¢;0, +sin ¢;0,. Panel b) zawiera wyniki oparte o dane eksperymentalne
wraz z regionem wyszczegolnionym poprzez czarng krzywa (zblizenie ¢) ), w ktérym kazda z
szeSciu nieréwnosci jest tamana. Rysunek zaczerpniety z pracy [D].
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metode oparta o programowanie liniowe. Dla dostepnego w eksperymencie stanu |D3) zna-
leziono nieréwnos¢ (Iapcpe) < 6 o krytycznej widzialnosci 76.71%. Szczegotowy opis eks-
perymentu dostepny jest w pracach [56, 57]. Wartos¢ wyrazenia [4pcpp usrednionego po
wszystkich zbiorach pieciofotonowych w funkcji katéw pomiarowych, oparta o dane ekspe-
rymentalne, zostala poréwnana z przewidywaniami teoretycznymi na Rysunku [5.1 Ogolny
charakter wynikow jest zgodny z przewidywaniami. Ze wzgledu na problemy zwiazane ze
skoriczong statystyka oraz niedoskonatosci eksperymentalne srednia wartos¢ wyrazenia Bella
nie jest jednak réwnowazna wartosci kazdego z wyrazeri. Obszar ustawieni, dla ktorych kazda
z nieréwnosci tamana jest jednoczesnie, zakreslony zostal czarng krzywa na panelu C. Dla
optymalnych ustawieri pomiarowych kazda z nieréwnosci lamana jest o co najmniej jedno od-
chylenie standardowe. Uzyskane w oparciu o dane eksperymentalne tamania sa zatem istotne,
a poligamia nieréwnosci Bella zostata potwierdzona do$wiadczeniem.

5.2.4 Podsumowanie rezultatow

W pracy [D] wykazano mozliwosé réwnoczesnego tamania nieréwnosci Bella na wszystkich
(N —1)-kubitowych poduktadach stanu N czastkowego dla N > 3. W ukladach zawierajacych
wiecej niz cztery czastki zjawisko to okazalo sie mozliwe dla nieréwnosci MABK. W przy-
padku N = 4 problem zostal rozwigzany poprzez wykorzystanie autorskiej metody opartej o
programowanie liniowe, pozwalajacej na znajdowanie nieréwnosci poligamicznych w oparciu
o symetrie permutacyjna. Przewidywania teoretyczne zostaly potwierdzone w eksperymencie
optycznym dla N = 6. Pomiary na splatanym w polaryzacyjnych stopniach swobody szescio-
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fotonowym stanie Dickego wykazaly mozliwos¢ jednoczesnego tamania szesciu nieréwnosci
Bella na raz. Uzyskane wyniki wykazuja poligamiczna nature nielokalnosci Bella w uktadach
wielu kubitow oraz wskazuja na o wiele mniejsze niz dotychczas uwazano ograniczenia na
mozliwos¢ wspoldzielenia tych korelacji.
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Rozdzial 6

Szybkos¢ wytwarzania silnie splatanych
stan6w kwantowych z oddzialywaniami
dwucialowymi [E]

Wytwarzanie stanéw kwantowych o $cisle kwantowych wlasnosciach stanowi jedno z klu-
czowych zagadnien teorii informacji kwantowej oraz nieodzowny element eksperymentow
kwantowych. Najczesciej stosowanym podejsciem do realizacji tego zadania jest sekwencyjne
stosowanie bramek kwantowych dzialajacych co najwyzej na parach kubitéow. W takim mo-
delu wystarczajace jest rozwazanie oddzialywan o co najwyzej strukturze dwuciatowej. Mi-
nimalny czas wymagany do otrzymania zadanego stanu kwantowego z ustalonego stanu po-
czatkowego okreslany jest mianem kwantowego ograniczenia predkosci (ang. quantum speed
limits) |16} [I7, 58]. Dla optymalnych operacji dwukubitowych ograniczenia te moga by¢
nasycane na poziomie pojedynczych bramek, a ich realizacja jest mozliwa przy wykorzysta-
niu powszechnie wystepujacych oddziatywan fizycznych. Odmienny charakter ma sytuacja w
przypadku uktadow fizycznych, w ktérych ewolucja zachodzi w sposoéb samoistny. Hamilto-
nian opisujacy dynamike uktadu wielu czastek nie prowadzi w og6lnosci do obrazu skonczonej
sekwencji, kolejno realizowanych oddzialywarn. Co wiecej, Hamiltoniany umozliwiajace naj-
szybsze osiagniecie zadanego stanu splatanego, poczawszy od stanu produktowego, zawieraja
zazwyczaj oddzialtywania wyzszych rzedow, tj. oddzialywania wielociatowe [59, 60]. W pracy
[E] przeanalizowano szybko$é wytwarzania N-kubitowych stanow GHZ, W, Dickego oraz
AME dla N < 7 w przypadku ewolucji generowanych przez Hamiltoniany o strukturze co
najwyzej dwuciatowej. Zastosowanie heurystycznych metod optymalizacji nieliniowej, uzu-
pelionych rachunkami analitycznymi, pozwolito wykaza¢ istotny wptyw struktury oddziaty-
wan na mozliwos¢ realizacji rozwazanego zadania. W szczegdlnoéci zaobserwowano, ze narzu-
cone ograniczenia moga prowadzi¢ do szybszego, w poréwnaniu ze standardowym obwodem
kwantowym o tej samej catkowitej energii, generowania stanu GHZ. Ponadto zaobserwowano
interesujace zjawisko, w ktorym wytworzenie stanu o wiekszej liczbie czastek nie wymaga
wiekszej ilodci czasu. Ze wzgledu na powszechnosé¢ oddziatywan dwucialowych w uktadach
fizycznych analizowany problem umozliwia glebsze zrozumienie fundamentalnych ograniczen
dotyczacych wytwarzania splatania kwantowego w uktadach wieloczastkowych. Jednoczesnie
pozwala on na identyfikacje klas Hamiltonianéw posiadajacych wlasnosci szczegodlnie istotne
z punktu widzenia efektywnego generowania silnie splatanych stanéw kwantowych.
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6.1 Oddzialywania dwucialowe i kwantowe ograniczenia
szybkoSci generowania stanéw kwantowych

Dowolny Hamiltonian opisujacy uktad N kubitéw z oddzialywaniami dwucialowymi mozna

zapisa¢ w postaci
H=>"" > hyyoled +> o), (6.1)

6,5 E€ELg Wi ki =,Y,% (75

gdzie wspolczynniki h,,,,, opisuja sil¢ oddziatywan pomiedzy parami kubitéw, natomiast by,
odpowiadaja lokalnym cztonom jednocialowym, zwykle interpretowanym jako zewnetrzne
pole magnetyczne lub stany energetyczne atomoéw dwupoziomowych. Struktura pierwszej
sumy w okreslona jest przez graf oddzialywan Z,, opisujacy geometri¢ sprzezen w ukla-
dzie. W pracy [E] przeanalizowano grafy oddzialywari o ustalonym zasiegu geometrycznym
T. Przyktadowo, Z = 1 odpowiada oddzialywaniom najblizszych sasiadéw, Z = 2 kolejnym
najblizszym sasiadom, natomiast Z = N — 1 opisuje oddziatywania typu ,kazdy z kazdym”.
Rozwazana klasa Hamiltonianéw obejmuje m.in. modele Heisenberga, dalekozasiegowe mo-
dele Isinga, oddziatywania wystepujace w uktadach nadprzewodzacych kubitow czy oddziaty-
wanie Kaplana-Shekhtmana-FEntina-Wohlmana-Aharoniego. W celu zwiekszenia efektywnosci
obliczent, Hamiltonian w kazdym przypadku dostosowywano do symetrii badanego stanu.

Zaniedbujac strukture oddzialywan, minimalny czas potrzebny do przeksztalcenia stanu
poczatkowego [(0)) w stan [i(t)) ograniczony jest przez tzw. kwantowe ograniczenia pred-
kosci. Jednym z fundamentalnych rezultatow w tym zakresie jest nier6wnosé¢ Mandelstama—

Tamma [16]
h

b = arceos (| (O (1)) 57 (62)
gdzie AH oznacza odchylenie standardowe Hamiltonianu w stanie poczatkowym, a dalej
przyjeto h = 1. Poniewaz ewolucja czasowa U = exp(—iHt) jest liniowa wzgledem energii i
czasu, mozliwe jest przeskalowanie energii uktadu w celu skrocenia czasu ewolucji. W rela-
cji efekt ten uwidacznia sie poprzez czynnik AH. W obliczeniach przeprowadzonych w
pracy |[E| uwzgledniono to poprzez odpowiednia normalizacje Hamiltonianu,

H—-1F;,

"= Emax - Emin’ (63)
gdzie E;, oraz E... sa odpowiednio najmniejsza i najwicksza wartoscia wtasnag Hamilto-
nianu H. Taka procedura umozliwia analize wplywu struktury oddziatywan niezaleznie od
catkowitej szerokosci widma energetycznego.

6.2 Ograniczenia na szybko$¢ wytwarzania splatania przy
oddzialywaniach dwucialowych
Analiza minimalnej liczby pozioméw energetycznych Hamiltonianu (6.1]) oraz odpowiadajace;

im wariancji energii w stanie poczatkowym pozwala na analityczne oszacowanie minimalnego
czasu ewolucji ty;, dla trzech kubitow z wykorzystaniem relacji Mandelstama—Tamma. W
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pracy |E| pokazano, ze przyblizony minimalny czas potrzebny do wytworzenia trojkubitowych
stanow GHZ oraz W ze stanu |000) wynosi

GHZ w

b2 = 2, o = T, (6.4)
jesli dozwolone sg jedynie oddziatywania dwucialowe. W przypadku Hamiltonianéw zawie-
rajacych oddzialywania trojcialowe otrzymano natomiast

oz T i

min 27 min

o (6.5)

Oznacza to, ze dla stanu W mozliwa jest saturacja ograniczenia Mandelstama—Tamma, na-
tomiast w przypadku stanu GHZ czas generacji przy uzyciu oddziatywan dwuciatowych jest
czterokrotnie dtuzszy. Poréwnanie tych estymacji z wynikami numerycznymi przedstawiono
w kolejnej sekcji rozdziatu.

6.2.1 Optymalizacja wiernosci stanu

W przypadku wiekszej liczby kubitéw zastosowano heurystyczne metody nieliniowej optyma-
lizacji w celu maksymalizacji wiernosci stanu |1 (¢)) = e *#0)*Y wzgledem zadanego stanu
docelowego [¢). Mianowicie rozwazano

F(t) = max |l [0---0)]" (6.6)
prs Ou
Wyboér stanu poczatkowego motywowany jest standardowa konwencja stosowang w algoryt-
mach kwantowych. Obliczenia numeryczne przeprowadzono w srodowisku Python z wykorzy-
staniem lokalnych metod BFGS dostepnych w bibliotece SciPy oraz algorytmoéw genetycz-
nych z pakietu PyGAD. Réwnolegle wykonano obliczenia stosujac Wolfram Mathematica 13.0
i dostepne w nim metody Differential Evolution oraz Random Search dla 10* iteracji.
Maksymalizacje wiernosci przeprowadzano dla kolejnych punktéw czasowych ¢ z krokiem
At rzedu 10711074, zaleznie od dynamiki zmian F(t). Przy zastosowaniu metod analitycz-
nych warunek F(t') = 1 wyznacza minimalny czas t' potrzebny do uzyskania stanu docelo-
wego. Uwzgledniajac ograniczona precyzje metod numerycznych, za spelnienie tego warunku
przyjeto F(t') > 1 — 1075, co pozwalalo utozsamié¢ t' z ¢,
Dla N = 3 wyniki numeryczne, zaréwno dla ogbélnego Hamiltonianu dwuciatowego, jak
i dla Hamiltonianu dostosowanego do symetrii stanu, okazaly sie zgodne z wcze$niejszymi
oszacowaniami analitycznymi. Minimalna wierno$é pomiedzy ewoluowanym w czasie stanem
|000), a stanem GHZ dla oddzialywan najblizszych sasiadow (Z = 1), oddziatywan typu kazdy
z kazdym (Z = 2) oraz oddzialywan trojcialowych przedstawiona zostala na Rysunku [6.1]
Dla wiekszych N konfiguracja oddzialywania Z = N — 1 takze okazala sie by¢ najbardziej
optymalng pod wzgledem poszukiwanego t,,;,. Uzyskane wyniki dla zaadoptowanych do sy-
metrii stanu Hamiltonianéw oraz powyzszego Z podsumowano w Tabeli [6.1. Podany dla
pieciokubitowego stanu AME minimalny czas ewolucji wyznaczony zostal z mniejsza, wyno-
szaca 1%, dokladnoscia. W przypadku stanow GHZ zaobserwowano interesujgce zjawisko,
w ktorym wytworzenie stanu o wiekszej liczbie czastek niekoniecznie wymaga wiekszej ilosci
czasu. Ekstrapolacja uzyskanych rezultatow wykazata
S22 — [N /2]2/2. (6.7)

min
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Rysunek 6.1: Zalezno$¢ czasowa minimalnej wiernosci pomiedzy tréjkubitowym stanem GHZ
a stanem |000) ewoluowanym za pomoca oddzialywan dwukubitowych (kolory czerwony i
niebieski) oraz trojkubitowych (kolor czarny), uzyskana metoda optymalizacji numerycznej.
Punkty konicowe poszczegolnych krzywych wyznaczaja odpowiadajace im kwantowe ograni-
czenia predkosci. Krzywymi przerywanymi przedstawiono wiernos$¢ stanu, ktorego dynamika
opisywana jest przez optymalny Hamiltonian. Dla oddzialtywan najblizszych sasiadow (Z = 1,
kolor czerwony) minimalny czas potrzebny na realizacje postawionego problemu jest wiekszy
niz w przypadku oddziatywan typu kazdy z kazdym (Z = 2, kolor niebieski), ktory pozostaje
w zgodzie z analitycznie oszacowanym czasem t.;,. W przypadku oddziatywan tréjkubito-
wych relacja Mandelstama—Tamma jest nasycana. Rysunek zaczerpniety z pracy [E].

Co istotne, standardowy obwdd kwantowy oparty o bramki Hadamarda i CNOT, przy tej
. .. . . - L. 2 GHZ,2
samej energii catkowitej, spetnia nieréwnos¢ N<m > ¢ ““. Zatem uzyskana optymalna ewo-
lucja prowadzi do szybszej, w porownaniu ze standardowym obwodem kwantowym, generacji
wieloczastkowego stanu GHZ.
Wykonane obliczenia numeryczne pozwolity réwniez na wyznaczenie jawnych postaci Ha-

miltonianéw prowadzacych do osiggniecia stanu docelowego w minimalnym czasie ;. Dla
GHZ,2

nieparzystej liczby kubitéw przykladowy Hamiltonian dwucialowy osiagajacy t,;."" ma po-
stac
N N N
H = Z Z (e — ag(/’)ag(jj) +0Do) +2 ZULZ). (6.8)
i=1 j=it+1 i=1

Hamiltonian ten, przedstawiony w nieunormowanej postaci, odpowiada modelowi XXY z
jednorodnym polem magnetycznym skierowanym wzdtuz osi y oraz topologia oddziatywan
typu ,kazdy z kazdym”. Dla N = 3 redukuje sie on do modelu najblizszych sasiadoéw z
periodycznymi warunkami brzegowymi.
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Stan | N =3 N =4 N=5 N = N=7 MT
IGHZ) |[2n ~ 628 | 21~ 628 | L ~ 1414 | &~ 14.14 | 81~ 25.13 | 5 ~ 1.57
W) | 7314 | Y737 | 2~ 1264 | ~1876 | ~2560 | 7a 314
|D2) L~ 23.56
|AME) | 27 ~ 6.28 — ~ 10.72 — ~ 2.42

Tabela 6.1: Podsumowanie wynikéw dotyczacych minimalnych czasow ewolucji prowadzacych
do wytworzenia rozwazanych stanéw kwantowych przy uzyciu dwucialowych Hamiltonianéw
zaadaptowanych do symetrii stanu oraz topologii oddziatywan typu ,kazdy z kazdym”. Dla
poréwnania w ostatniej kolumnie zestawiono odpowiadajace im kwantowe ograniczenia pred-
kosci wynikajace z relacji Mandelstama—Tamma. W przypadku stanéw AME podano odpo-
wiednie ograniczenie dla N = 5.

6.3 Podsumowanie rezultatow

W pracy [E] przeanalizowano mozliwie najszybsze czasy wytwarzania N-kubitowych stanow
GHZ, W, Dickego oraz AME dla N < 7 z wykorzystaniem Hamiltonianéw dwucialowych za-
adaptowanych do symetrii rozwazanych stanéw. Wykorzystujac relacje Mandelstama—Tama
uzyskano przyblizone t,,;, dla stanéow GHZ i W trzech kubitéw poprzez estymacje mak-
symalnego odchylenia standardowego umozliwiajacego ewolucje do pozadanego stanu. Dla
N > 3 przeprowadzono wyczerpujace obliczenia numeryczne polegajace na maksymalizacji
wiernosci pomiedzy stanem ewoluowanym a stanem docelowym wzgledem wszystkich pa-
rametréow Hamiltonianu. W przypadku N = 3 otrzymane wyniki numeryczne okazaly sie
by¢ zgodne z oszacowaniami analitycznymi. Dla wszystkich analizowanych stanéw, z wyjat-
kiem trojkubitowego stanu W, uzyskane t,,;, okazaly sie¢ byé¢ znacznie dtuzsze niz, osiagane
przez Hamiltoniany zawierajace oddzialywania wielociatowe, ¢,,;,, wynikajace z ograniczenia
Mandelstama-Tama. Praca [E] podaje takze jawne postacie optymalnych Hamiltonianow
dwucialowych realizujacych uzyskane minimalne czasy ewolucji. Szczegdlnie interesujaca ob-
serwacja jest fakt, ze w przypadku stanow GHZ minimalny czas ewolucji generowanej przez
oddziatywania dwuciatowe nie musi rosnaé¢ wraz ze wzrostem liczby czastek. Przeprowadzona
analiza ujawnia wyrazny, ilosciowy zwiazek pomiedzy szybkoscia wytwarzania nieklasycznych
korelacji a charakterem oddziatywan odpowiedzialnych za dynamike uktadu.
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Rozdzial 7

Weryfikacja oddzialywan wielocialowych
poprzez kwantowa informacje Fishera [F]

Wickszos¢ oddziatywan analizowanych w mechanice kwantowej, a w szczegdlnosci w teorii
informacji kwantowej, ma charakter fundamentalnie dwuciatowy. Poza czysta ciekawoscig
badawcza okazuje sie, ze mozliwie najszybsza ewolucja pomiedzy dwoma stanami kwanto-
wymi [59] 60], generowanie silnie splatanych stanéw podstawowych [18] czy bezposrednia
implementacja wybranych kodéow kwantowej korekcji btedow [61], wymagaja Hamiltonianow
zawierajacych hipotetyczne oddzialywania wielociatowe. Pierwsze z wymienionych zagadnieri
zostalo omowione w poprzednim rozdziale. Potencjalne zastosowania oddziatywan wielocia-
towych, a takze potrzeba pogtebionego zrozumienia ich roli w uktadach wielu ciat, doprowa-
dzity do rozwoju zaawansowanych technik ich inzynierii oraz symulacji [62], [63], 64, [19]. Row-
noczesnie, trudnosci zwigzane z ich eksperymentalna realizacja oraz identyfikacja uktadow
wykazujacych istotne oddziatywania wyzszych rzedéw wskazuja na koniecznosé opracowania
metod ich wykrywania i weryfikacji [65]. W pracy [F] zaproponowano metode weryfikacji od-
dzialywan k-cialowych oparta na analizie kwantowej informacji Fishera mierzonej na stanie
produktowym. Przekroczenie maksymalnej wartosci tej wielkosci, dozwolonej dla ustalonego
rzedu sprzezen k, pozwala wnioskowa¢ o obecnosci oddzialywan wyzszych niz k-ciatowe. Za-
proponowana technika znajduje zastosowanie w modelach typu Isinga oraz w sytuacjach, w
ktorych struktura oddziatywan jedno- i dwucialowych jest znana.

7.1 Oddzialywania wyzszych rzedéw i kwantowa informa-
cja Fishera
Hamiltoniany opisujace oddziatywania k-cialowe w uktadach wielu kubitéw mozna konstru-

owacé poprzez uogblnienie wyrazenia (|6.1)) o iloczyny tensorowe co najwyzej k macierzy Pau-
liego. W ogoélnosci operator
k
H=> h (7.1)
J

nazywamy k-lokalnym lub k-cialowym (tj. zawierajacym oddzialywania k-tego rzedu) wtedy
i tylko wtedy, gdy kazdy z operatoréw hg.k) dziata nietrywialnie na co najwyzej k czastek.
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W dalszej czesci pracy przez Hj oznaczono Hamiltoniany zawierajace wytacznie oddziatywa-
nia k-cialowe, natomiast poprzez H%) Hamiltoniany obejmujace oddziatywania co najwyzej
rzedu K.

Kwantowa informacja Fishera stanowi jeden z kluczowych wyznacznikéw efektéw o Sci-
sle kwantowym charakterze. Pozwala ona m.in. na wyznaczanie fundamentalnych ograniczen
doktadnosci pomiarowej, ktore przekraczaja mozliwosci klasyczne [66]. Dla operatora hermi-
towskiego A oraz stanu kwantowego p definiuje sie ja jako

Flp. A1 =230 B2 72

gdzie |k) oraz A\, oznaczaja odpowiednio wektory i wartosci wlasne macierzy gestosci p. Suma
przebiega wylacznie po parach indekséow spelniajacych warunek Ay + \; # 0. Dla dowolnego
stanu mieszanego p istnieje zawsze stan czysty [¢) taki, ze

Flp, A] < 4(AA), = Fll¥), A, (7.3)

co oznacza, ze maksymalizacja kwantowej informacji Fishera po wszystkich stanach moze zo-
sta¢ ograniczona do optymalizacji wariancji operatora A po stanach czystych. W standardo-
wym podejsciu metrologicznym, przy kodowaniu unitarnym, rozwazane Hamiltoniany sg naj-
czeseiej jednocialowe i prowadza do tzw. skalowania Heisenberga, dla ktorego F' ~ N2 [67, [68].
Kwantowa informacja Fishera byta jednak badana réowniez w kontekscie uktadéw wielociato-
wych, gdzie zaobserwowano jakoSciowe zmiany w jej zachowaniu, zob. [69, [70, [71} [72] [73].

7.2 Wielocialowe oddzialywania typu Isinga

W pracy |[F| w pierwszej kolejnosci rozwazono szczegolny przypadek uktadow wielu kubitow,
ktory formalnie przypomina standardowe podejscie metrologiczne. Wielociatlowy Hamiltonian
typu Isinga o ustalonym rzedzie oddziatywan zdefiniowano jako

z z z

H.=N Z oM glia) .. gliK) (7.4)

gdzie N jest stalg normalizacyjng, natomiast G} oznacza graf oddzialywan typu ,kazdy
z kazdym”. Sumowanie przebiega po wszystkich k-elementowych podzbiorach czastek, co
zapewnia permutacyjna niezmienniczos¢ operatora. Dla przypadku k = 1, przy odpowiednim
wyborze normalizacji, otrzymujemy standardowy Hamiltonian metrologiczny

1
H, — — E (i)
1= 5 - g, . (75)
Istotnym przykladem jest rowniez przypadek k = 2 oraz N/ = .J, prowadzacy do postaci

N
Hy=J)Y ool (7.6)

1<j
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Powyzszy Hamiltonian opisuje dalekozasiegowy model Isinga na pelnym grafie oddziatywan
i stanowi szczegolny przypadek modelu Lipkina-Meshkova-Glicka.

Ogo6lny Hamiltonian typu Isinga zawierajacy co najwyzej oddziatywania K-ciatlowe mozna
zapisa¢ jako

k<K

gdzie a4, sa rzeczywistymi wspotczynnikami okreslajacymi wagi poszczegdlnych cztonow. W
pracy |F| skupiono sie gtownie na przypadku a; = 1 dla wszystkich k. Stata normalizacyjna
N zostala dobrana w taki sposob, aby nie naruszy¢ ani klasycznego, ani heisenbergowskiego
skalowania, tj. [|[H5)|| = max |H' |¢) || = &. Taki wybér sprawia, ze Hamiltonian ,wy-
glada” tak, jakby nie zawieral oddzialywan wielociatlowych. W konsekwencji otrzymujemy
gorne ograniczenie na wariancje oraz kwantowa informacje Fishera, ktore dla dowolnego k
oraz dowolnego stanu kwantowego |¢), splatanego badZ nie, nie moga przekroczy¢ warto-
$ci N?. Warunek ten zrealizowano poprzez wybor N = N/(2max; |E;|), gdzie E; oznaczaja
wartosci wlasne operatora H5). Warto podkresli¢, ze wszystkie prezentowane wyniki po-
zostaja prawdziwe réwniez dla Hamiltonianéw réwnowaznych wzgledem lokalnych operacji
unitarnych.

7.3 Procedura weryfikacji oddzialywan wielocialowych

Proponowana metoda weryfikacji oddziatywan wielocialowych opiera sie na obserwacji do-
tyczacej mozliwych wartosci kwantowej informacji Fishera na stanach produktowych. Dla
Hamiltonianu o ustalonym rzedzie oddzialywan k oraz liczbie kubitéw N zachodzi¢ moze

B, = max Fprrod>> Hk] < Bk+1. (78)
[Yproa
W konsekwencji, majac dostep do oddziatywan wielociatowych, pomiar kwantowej informacji
Fishera na stanach separowalnych pse, umozliwia ich weryfikacje w sytuacji, gdy F'|psep, H| >
Bj. Dla Hamiltonianéw typu Isinga wartosci By sa $cisle uporzadkowane wzgledem rzedu
oddzialtywania k.
Pierwszym interesujacym przypadkiem badanego problemu jest mozliwosé wykrywania
oddzialywan wykraczajacych poza rezim dwuciatowy. Dla Hamiltonianu typu Isinga o k = 2
bezposrednie obliczenia analityczne oraz numeryczne dla N < 13 prowadza do

2N(N —1)

By= ———. 7.9

PT2AN-2)+1 (7.9)

Dla ukladéw zawierajacych oddziatywania jedno- i dwuciatlowe H? = H; 4+ H, otrzymano
ograniczenie

16Np(p — 1) 2
By — ——[N—2 2N — 1)p((2N — 3)p— (2N — 5 } (710
s = (PSR- 224 2V - (N = 3 - 8 - 5)] ). (10

co pozwala na weryfikacje obecnosci oddziatywar co najmniej trojciatowych poprzez warunek

Flp, H¥] > By = K > 3. (7.11)
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Rysunek 7.1: Zaleznos¢ maksymalnej wartosci kwantowe]j informacji Fishera na stanie pro-
duktowym od parametru sprzezenia oddzialywan tréjciatowych dodanych do odpowiednich
Hamiltonianéw jedno- i dwucialowych. Panel a) przedstawia przypadek N = 3,4,5 kubitow,
w ktorym Hamiltonian bazowy dany jest dwucialowym Hamiltonianem typu Isinga z po-
dhuznym polem magnetycznym, natomiast wktad oddziatywan wyzszego rzedu opisany jest
przez czton y3Hs. Panel b) ilustruje analogiczng zaleznosé dla trojkubitowego modelu XY
z parametrami 0 oraz b dobranymi tak, aby maksymalizowaé warto$¢ F|psep, Hxy]. W tym

przypadku oddzialywanie tréjcialowe ma postaé s o} Rysunek zaczerpnicty z pracy
[ET.

x:ca:

Maksymalizacja Bjyo moze zostaé przeprowadzona analitycznie, gdyz rozwazana funkcja jest
wielomianem czwartego stopnia w parametrze p. Ze wzgledu na obszerna postaé¢ rozwia-
zania jawnego nie zostalo ono przytoczone wprost. Przyklad zastosowania proponowanej
metody przedstawiono dla dwuciatlowego Hamiltonianu typu Isinga z podtuznym polem ma-
gnetycznym oraz kontrolowanym czlonem trojciatowym ~3Hs, oznaczonego jako H®). Prze-
kroczenie ograniczenia B 5 jednoznacznie sygnalizowalo obecno$é niezerowego sprzezenia 3

(zob. Rys. dla N =3,4,5).

7.3.1 Przypadek znanej struktury oddzialywan dwucialowych

Przedstawiona konstrukcja moze zostaé¢ zastosowana do dowolnego Hamiltonianu o znanej
strukturze oddziatywan jedno- i dwucialowych. Taki scenariusz umozliwia identyfikacje ukry-
tych oddzialywan wyzszych rzedow, ktore mogtyby zostaé nastepnie wzmocnione za pomoca
technik symulacji kwantowych. W pracy [E] przeanalizowano w tym kontekscie model XY na
pelnym grafie oddziatywan z poprzecznym polem magnetycznym

Hxy = {JZ [(1+8)okal + (1 — 0'0'] —|—b20}

1<)

gdzie N jest stala normalizacyjng, J stalg oddzialywania, § parametrem anizotropii, na-
tomiast b okresla site zewnetrznego pola magnetycznego. Optymalizacja kwantowej infor-
macji Fishera po stanach produktowych oraz parametrach Hamiltonianu Hxy dla N = 3
kubitow, przy zachowaniu ustalonej normy, prowadzi do wartosci granicznej Byxy ~ 5.97.
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Dodanie czlonu trojciatowego olo?o? umozliwia przekroczenie tej wartoéci, ujawniajac tym

x x x
samym obecnos¢ oddzialywan wyzszego rzedu. Zaleznos¢ maksymalnej kwantowej informacji
Fishera na stanie produktowym od parametru sprzezenia 3 dla Hamiltonianu XY z doda-
nym czlonem 73 olo203 przedstawiono na Rysunku nb Dla losowych sprzezen trojciato-
wych 7, € [—0.5,0.5] oraz dodanego cztonu Z”k L Yijk OF 2 o} estymowana, na podstawie
10° probek, czesto$é lamania ograniczenia Byy dla optymalnego, z gory ustalonego stanu
produktowego wynosi 1.4%. Przez stan optymalny rozumie sie tutaj trojkubitowy stan pro-
duktowy osiggajacy maksymalng warto$¢ kwantowej informacji Fishera dla Hamiltonianu
Hxy. Nie przeprowadzano optymalizacji po stanach produktowych dla pelnego Hamilto-
nianu, aby uwzgledni¢ mozliwie najwiekszy brak informacji na temat struktury oddziatywan
wyzszego rzedu. Cho¢ wykrycie generycznych oddzialywan o nieustalonej strukturze przy wy-
korzystaniu przedstawionej metody jest zasadniczo mozliwe, prawdopodobienstwo uzyskania

jednoznacznie pozytywnej konkluzji testu pozostaje niewielkie.

7.4 Podsumowanie rezultatow

W pracy |F| zaproponowano nowa metode weryfikacji obecnosci oddziatywan wielocialowych
w uktadach N kubitow, oparta na analizie kwantowej informacji Fishera. Wykorzystujac
bezposrednie obliczenia analityczne i numeryczne wykazano uporzadkowanie maksymalnej
kwantowej informacji Fishera na stanach produktowych wzgledem rzedu oddziatywan k dla
Hamiltonianéw typu Isinga o ustalonym £ i liczbie kubitow N. Wyznaczono dla nich rowniez
jedno- i dwucialowe ograniczenia, ktorych przekroczenie jednoznacznie wskazuje na obecnosé
oddzialywan co najmniej trojciatowych. Proponowana technika nie ogranicza si¢ wylacznie do
modeli typu Isinga. Weryfikacja oddzialywan wyzszych rzedéw jest mozliwa takze w sytuacji,
w ktorej znana jest struktura oddzialywan jedno- i dwuciatowych. Zastosowanie tej procedury
zilustrowano na przykladzie trojkubitowego modelu XY. Dodanie do niego kontrolowanego
cztonu trojciatowego lub Hamiltonianu z losowymi sprzezeniami tréjciatlowymi prowadzito
do przekroczenia odpowiedniego ograniczenia na kwantowa informacje Fishera, ponownie
wskazujac na obecno$é oddzialywan wyzszego rzedu.
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Rozdzial 8

Dyskusja 1 podsumowanie uzyskanych
wynikow

Celem niniejszej rozprawy byto zbadanie fizycznych ograniczen zwiazanych z wytwarzaniem
oraz obserwacja korelacji o charakterze $cisle kwantowym. Przedstawione wyniki obejmuja
zaréwno zagadnienia o charakterze fundamentalnym, jak i problemy istotne z punktu wi-
dzenia praktycznych zastosowan w technologiach kwantowych. Do pierwszej z tych kategorii
naleza prace po$wiecone analizie ograniczen wynikajacych z wyboru kwantowego uktadu od-
niesienia, mozliwosci wspoéldzielenia nielokalnosci Bella w ukltadach wieloczastkowych oraz
struktury oddziatywan dwu- i wielocialowych. Druga grupa zagadnien dotyczy realistycz-
nych uwarunkowan eksperymentalnych, takich jak silnie ograniczona statystyka pomiarowa,
skoniczona wydajnos$¢ detekcji oraz brak wspotdzielonego uktadu odniesienia. Uzyskane re-
zultaty jednoznacznie wskazujg na istotny wplyw tych czynnikéw na mozliwosci generowania
i obserwacji nieklasycznych korelacji. Badane ograniczenia moga dostarcza¢ potencjalnych
korzysci lub ostabiaé, lecz nie catkowicie eliminowaé, analizowane nieklasyczne efekty. W
tych przypadkach zaproponowano takze strategie rozwiazywania potencjalnie wystepujacych
problemow.

Do gléwnych rezultatow rozprawy naleza: (1) wprowadzenie modelu pomiaru korelacji
kwantowych opartego na skonczonej statystyce, (2) przeprowadzenie $cistej analizy staty-
stycznej indykatorow splatania wyznaczanych na skrajnie matych zbiorach danych, (3) wy-
prowadzenie analitycznych ograniczen na prawdopodobienistwo tamania nieréwnosci Bella dla
dwukubitowych stanéw maksymalnie splatanych w eksperymentach z dwoma ustawieniami
na stanowisko pomiarowe, (4) przeprowadzenie obliczen numerycznych dotyczacych praw-
dopodobienstwa tamania nieréwnosci Bella w zaleznosci od wydajnosci detekcji dla stanéw
dwukubitowych i liczby ustawien m < 7 oraz stanéw trojkubitowych dla dwoch i trzech
ustawieri (5) wykazanie istnienia typowosci nielokalnosci dla wydajnosci detekeji powyzej
progu krytycznego, (6) zaproponowanie dwuustawieniowej nieréwnosci Bella, o nizszej niz
dotychczas najlepszej wydajnosci krytycznej, dla stanu GHZ trzech kubitow, (7) charakte-
ryzacja transformacji kwantowych uktadéw odniesienia jako operacji niekoherentnych zacho-
wujacych globalng ilos¢ superpozycji, (8) wykazanie ilosciowej relacji pomiedzy splataniem a
superpozycja poduktadu dla dwuczeSciowych stanow czystych powiazanych operacja zmiany
kwantowego ukladu odniesienia, (9) wykazanie poligamii nielokalnosci Bella dla dwuusta-
wieniowych nieréwnosci (N — 1)-kubitowych mierzonych w ukladzie N obserwatorow dla
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kazdego N > 3, (10) wprowadzenie metodologii powzalajacej na identyfikacje stanéw oraz
generowanie nierownosci Bella o wlasnosciach poligamicznych, (11) wyznaczenie minimal-
nych czaséow potrzebnych do wytworzenia wybranych silnie splatanych stanéw kwantowych
przez ewolucje generowane zaadoptowanymi do symetrii Hamiltonianami o strukturze dwu-
cialowej oraz podanie jawnej postaci optymalnych generatoréw, (12) zaproponowanie metody
weryfikacji oddziatywan wielocialowych opartej na analizie kwantowej informacji Fishera dla
Hamiltonianéw typu Isinga oraz sytuacji, w ktorej struktura oddziatywan dwuciatowych jest
znana.

Przedstawione w niniejszej rozprawie wyniki pogtebiaja zrozumienie fizycznych ograni-
czen zwiazanych z wytwarzaniem i obserwacja korelacji kwantowych oraz dostarczaja narze-
dzi umozliwiajacych ich badanie — réwniez w realistycznych warunkach eksperymentalnych.
Uzyskane rezultaty maja znaczenie zaréwno fundamentalne, jak i aplikacyjne, wskazujac na
potencjalne zastosowania w obecnych oraz przysztych eksperymentach i technologiach kwan-
towych, w szczegblnosci w kontekscie certyfikacji zasobéw kwantowych, testow nielokalnosci
oraz charakteryzacji ztozonych oddziatywan w uktadach wielu czastek.
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Detecting entanglement in multipartite quantum states is an inherently probabilistic process, typically with a few measured
samples. The level of confidence in entanglement detection quantifies the scheme’s validity via the probability that the signal
comes from a separable state, offering a meaningful figure of merit for big datasets. Yet, with limited samples, avoiding
experimental data misinterpretations requires considering not only the probabilities concerning separable states but also the
probability that the signal came from an entangled state, i.e. the detection scheme’s efficiency. We demonstrate this explicitly and
apply a general method to optimize both the validity and the efficiency in small data sets providing examples using at most 20
state copies. The method is based on an analytical model of finite statistics effects on correlation functions which takes into account
both a Frequentist as well as a Bayesian approach and is applicable to arbitrary entanglement witnesses.
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INTRODUCTION

Quantum entanglement has long been recognized as an
important prerequisite of modern quantum technologies. Its
detection is accordingly a well-studied topic with a plethora of
different methods available. The field has evolved towards
strategies directly applicable to experimental data which inevi-
tably is limited to a finite number of detection events. If this
number is large, various forms of entanglement witnesses'™>
provide reliable entanglement verification®. Interestingly, also the
analysis of smaller data sets allows to detect entanglement®, most
recently with quantum state verification methods®® and tailored
game-like protocols in which particles are measured one by
one’ "2, These methods are of high practical relevance in all cases
where only a limited amount or only partial data is accessible, e.g.
when an inefficient source has to be characterized quickly or one
is interested in entanglement detection in large-scale quantum
systems.

The finiteness of data sets used to derive a conclusion about
whether the state is entangled or not inevitably leads to a
probabilistic nature of this conclusion. Common certification
schemes aim to ensure a small error if the outcome of the
method speaks in favour of entanglement, i.e. a small error of a
false positive. Yet, in the case of low statistics, this might come at
the price of a large probability of rejecting an actually entangled
state, i.e. a false negative. This tradeoff is illustrated in Fig. 1, which
shows that for smaller statistics one is required to go to more and
more strict criteria to reliably distinguish between results
compatible with entangled states and results compatible with
separable states. In consequence, due to the increased strictness,
it becomes also more and more improbable that an entangled
state will pass the test. It thus becomes crucial to properly apply
the apparatus of statistical hypothesis testing’~"° to the scenario
of entanglement certification in order to avoid significant

misinterpretations of conclusions based on small sample sizes
and to properly optimize the usage of these scarce resources.

Here, we analyse the consequences of limited datasets for the
application of entanglement witnesses based on correlation
functions. As mentioned above, there are competing interests in
choosing a certification strategy. The first is achieving a certain
level of validity, i.e. trust in a positive result of the entanglement
certification. The second interest is to ensure that the test can
correctly assess as many input states as possible, which we call its
efficiency. In general, different certification strategies will exhibit
different efficiencies even if they achieve the same validity and
vice versa. Thus, both quantifiers should be taken into account
when choosing an optimal test strategy. We develop an algorithm
for the optimization of experimental entanglement tests which
simultaneously ensures high validity with optimal efficiency while
being independent of the system'’s size.

Although the general framework of statistical analysis which is
employed here is well-known to statisticians, it has not yet been
comprehensively applied in the field of entanglement certifica-
tion, where it becomes especially relevant in the context of limited
datasets. The present work contributes to closing this interdisci-
plinary gap. The results are illustrated with various examples
where different entanglement witnesses are applied to general
classes of quantum states. While our examples all consider
systems of qubits (the most commonly encountered systems in
quantum information), our general analysis is by no means limited
to two-dimensional systems and can be applied to any witness
which is a function of generalized correlation tensor elements.

RESULTS
Entanglement certification as hypothesis testing

There are two main approaches to statistical hypothesis testing,
the Frequentist and the Bayesian one (see e.g. ref. > for a
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Fig. 1 lllustration of finite statistics effects on entanglement

verification. The plot shows the probability distributions to obtain a
specific value of a certain nonlinear entanglement witness S
discussed in the “Methods” subsection “Certifying entanglement’”.
The witness uses only two correlation measurements, each
estimated either with n= 10 (squares) or n =100 (circles) copies of
the states. The probability distribution given an entangled state is
marked in blue. The probability in orange is computed for a
separable state that saturates the value of the witness in the case of
infinite data sets, i.e. a separable state that tends to yield large
values of S. For larger statistics (see circles), the two distributions
have small overlap making it easy to verify that an entangled state
was prepared. For smaller statistics (see squares) the overlap is very
significant and care has to be taken even if big values of the witness
are observed. More detailed discussion on this issue is provided in
the “Results” subsection “Limited significance of entanglement
certification” Here we develop universal tools, applicable to any
entanglement witness, that extend it to the domain of finite
statistics and can be employed to efficiently use every single copy of
a state. For examples see the subsection “Optimizing entanglement
certification strategies” in the “Results” section.

Frequentist and refs. %> for a Bayesian perspective). These
approaches employ different quantifiers to capture different
figures of merit. In general, both are useful to statistically evaluate
an entanglement certification scheme, but dependent on the
context, such as e.g. the availability of prior information or the
practical goal of certification, one of these frameworks might be
more suited than the other. In the following, we will first express
entanglement detection as a hypothesis test and subsequently
show how it is statistically analysed from the Frequentist or
Bayesian viewpoints.

Entanglement certification can be reduced to a so-called simple
hypothesis test, where the parameter space contains just two
elements corresponding to the two disjoint hypotheses ‘the state
is separable’ and ‘the state is entangled’. We denote the two
parameters as ‘sep’ and ‘ent’, respectively. The outcome space O is
given by the set of all possible outcomes generated by a particular
entanglement detection function under consideration. Depending
on the chosen approach to statistical inference, the theory of
hypothesis testing now allows to construct the optimal test to
choose between the two hypotheses for any given outcome
QeO.

In non-randomized tests the outcome space is divided into two
disjoint sets O, (acceptance set) and Orj = O \ Oacc (rejection
set) such that entanglement is certified whenever Q € O,. Note,
that sometimes it can be optimal to perform a (partially)
randomized test, where there exists a subset of outcomes for
which the decision between the hypotheses is made randomly.
For simplicity, we present our analysis in terms of non-randomized
tests and note that randomized test can be treated equivalently.
Furthermore, the usefulness of a randomized test is illustrated in
the generalized scenario part of the Optimizing Entanglement
Certification Strategies section.

npj Quantum Information (2024) 14

In typical entanglement certification schemes the outcomes Q
approximate theoretical quantities Q> which are functions of the
states that would be observed when the number of measure-
ments tends to infinity. From this point on we use the superscript
oo to indicate such ideal values. The inference of entanglement is
usually justified by the fact that values in the acceptance set O,
cannot be attained by any separable state, i.e.

P(Q® € Oycsep) = 0. (1

If the experiment is performed with sufficient statistical data the
experimental result Q approximates the theoretical Q™ very well
and thus a result in O, entanglement can be certified essentially
with certainty. Crucially, however, if the amount of empirical data
is sufficiently small, the statistical fluctuations of the outcomes
lead to a manifestly statistical nature of the conclusion and a
proper analysis of the validity of the statistical inference becomes
necessary.

Frequentist approach

In the Frequentist approach, the validity of the test is given by the
level of confidence g = 1—a, that one or the other hypothesis is
correct, with a being the level of significance. In our simple
certification scenario, the significance a is the upper bound on the
probability gr with which the experiment will wrongly certify
entanglement if the state is separable. As this is a statement about
the average performance of the test, it does not allow any
probabilistic assertions about the correctness of a particular single
run of the procedure. For example, if we perform certification of
entanglement with the values typically used for hypothesis
testing, i.e. g = 95%(a = 5%), but are given separable states only,
we would certify the state to be entangled on average in roughly
5% of the runs.

In a certification scenario, the level of significance only depends
on the likelihood of type | errors (false positives). Thus, to achieve
a certain validity g, the acceptance set has to be chosen such that
the likelihood of yielding a value in the acceptance set given a
separable state is at most 1—g, i.e,,

> P(Qlsep) > g;. 2

Q€0

The likelihood function for the opposite hypothesis P(Q|ent) is
irrelevant as far as the level of significance is concerned.

Although the distinction between types of errors in Frequentist
inference is well known, particularly in the field of entanglement
certification with small data sets, often the focus lies exclusively on
the level of significance®®~'"'%'7_ We want to argue, that in most
practical applications, one is not only interested in a valid method
but also in its ability to positively certify at least some entangled
states. This tradeoff becomes particularly crucial in the case of very
low statistics. Thus, hypothesis tests should also be optimized
based on a second quantifier, the power of the test, which
characterizes exactly this ability to provide a positive certification
corresponding to minimizing e,, the error of type Il (probability of
false negatives). The power r is given by

r=1-—e= Z P(Qlent). 3)
Q€05

The concept of statistical power is essential for finding optimal

tests and properly assessing the usefulness of statistical conclu-

sions. See Fig. 2 for an illustration. Thus, in our terminology, the

maximization of power corresponds to a maximization of the

efficiency of the test.

Bayesian approach

In a Bayesian approach to certification, probabilities for both
hypotheses can be calculated given a certain outcome, Q, i.e.
P(ent|Q) and P(sep|Q) = 1—P(ent|Q). Validity in this context is

Published in partnership with The University of New South Wales
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Fig. 2 Validity and power in the Frequentist approach applied to the nonlinear witness S. Given a required minimal, e.g.,, gr =0.9, an
appropriate outcome space over the values of S (for definition see “Entanglement certification” in the Methods section) is chosen by
specifying a bound B such that the separable correlations have at least g¢ mass of its probability distribution below 5, i.e., the cumulative
probability distribution of the worst case separable correlations (orange data) reaches g (arrows marked with encircled 1 and 2). For this
bound, one then evaluates the cumulative probability of the entangled state (blue data). The power, r, is defined as one minus this probability
and is plotted in green. The power at the determined bound is marked by an arrow with encircled 3. The higher the power, the better the
entanglement detection works, i.e., the higher the probability to actually detect the entangled state as such (see Fig. 1). Reducing the statistics
from n =100 (left panel) to n =10 (right panel) lowers the power of the detection from about 75% to about only 12% if the same validity

gr = 0.9 (level of significance 10%) is required.

readily identified with the Bayesian level of acceptance gg, which
is the minimal value of the posterior probability for which the
hypothesis ent is accepted. Entanglement is thus certified
whenever P(ent|Q) = gg. This means that the acceptance set Oy
has to be chosen such that

P(ent|Q) 2 qBv Q € Oaco (4)

i.e., whenever a value of Q € O, is observed, the certification of
entanglement is credible at least with degree gg. Note, that as
given by Bayes theorem, the posterior P(ent|Q) is a function of
both P(Q|sep) and P(Qlent), as well as of the quotient of priors
P(ent)/P(sep).

To arrive at a formulation of Bayesian hypothesis testing in
terms of validity and efficiency, one has to consider the
connection between the level of acceptance and so-called loss
functions. For a given outcome Q and weights 8 and (1—f) for
false positive and false negative respectively, the (posterior) loss
function Lq is given by

_ {B P(sep|Q) if Q € Oacc (5)
Tl (1-B)PentQ)  ifQ e O,

i.e. the respective probability of error multiplied by the
corresponding weight. It can be shown that for each Q this loss
is optimized if the rejection and acceptance sets are chosen
simply based on an acceptance level of gz = 8'*. Thus for optimal
tests, we can simply identify the acceptance level gg with the
(relative) weight B given to the error of false positive.

A priori, i.e, without the knowledge of the outcome Q, an
expected loss L can be defined as

L =3 LoP(Q) = ggP(Q € Oacc[sep)P(sep)
Q

+ (1 — gg)P(Q € Orjlent)P(ent),

which corresponds to a weighted sum of the probabilities for the
errors of both types. This is also equivalent to the average loss if
the procedure is applied multiple times. In analogy to the power
for Frequentist tests, the average loss L allows to compare
different Bayesian test strategies with equal acceptance levels.
From a Bayesian perspective maximal efficiency of a test thus
corresponds to minimal loss L.

Finally, let us also briefly mention why the relevant priors are
not discussed in the usual detection of quantum entanglement,
via witnesses, in the limit of many measurement results”. In such a
case, when the number of state copies is large: n > 1, it is possible
to choose acceptance sets O, for which it is practically

forall

(6)
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impossible for a separable state to exceed the bound of the
witness, i.e., P(Q € Oacc|sep) = 0, as discussed above. Therefore,
Bayes rule simplifies and the posterior becomes P(ent|Q)=1
independently of the priors. In consequence, for any outcome in
the acceptance set entanglement is certified with validities
gr=gg=1 both from the Frequentist and the Bayesian perspec-
tive and the distinction between the two approaches becomes
superfluous.

Effects of finite statistics

The standard experimental scheme for entanglement certification
in qubit systems is based on the measurement of correlation
functions or simply correlations T, .., defined by

TUI-HUN = <RH1"' RHN) :Tr(po_lﬁ ®...®O-UN)7 (7)

where o, is the pth local Pauli matrix of the kth party with
ux €10, x, y, zZ} and o, being the identity. The correlation is thus the
average of the product of local measurement outcomes R, = +1
when suitable local Pauli measurements are executed. Note that
definition (7) does not only include the full correlations, for which
all parties perform measurements but also marginal correlations,
i.e. values of T to which only a subset of parties contributes, which
formally correspond to setting the remaining indices u,=0. To
simplify the notation in the following we write the correlations as
T, where the index je€ [1,4"] indicates the set of chosen
measurement settings over all parties.

Consider a broad class of procedures for entanglement
certification, in which a quantity Q>, e.g., an entanglement
witness, is calculated as a function of the correlations T;. Note that
by choosing Q> tailored to witness various types of entangle-
ment, e.g. genuine multipartite entanglement, one can employ
the further discussed method for testing the statements about,
e.g., genuine multipartite entanglement or biseparability. For the
usual application of the conditions imposed by Q, the actual
correlation functions are estimated with a finite number of
experimental trials. We denote the actually measured correlations
resulting from finite statistics by 1;.

Thus, instead of the ideal quantum mechanically predicted
value Q> based on T; obtained in the limit of infinite statistics,
experimentally we have only access to the modified value Q,
calculated from 1;. We therefore begin with modelling T;.

Let {n} denote the number of state copies measured for each
setting j, which can vary from setting to setting. For the jth

npj Quantum Information (2024) 14
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measurement setting, we have

nt —n-
T = A (8)

n;

where nji are the numbers of trials in which the product of local
results equals Ry, - --Ry, = =1, with n +n; =n;.

For large n; we obtain 7;= T, but for small n; the measured T;
take potentially different values which are furthermore restricted
to the discrete set 7, € {—1,—1+2,...,1—2 1}. Given an
N-qubit state, expressed by its correlations T it is possible to
explicitly calculate the ideal probability distribution P(t) over
these discrete values by employing the binomial distribution as
demonstrated in Methods (Witnesses in finite statistics). The mean
and variance of this distribution are given as

() =T;,  Var(yy) =0}/, 9)

where oj2 is a function of the ideal quantum prediction equal to
o?=1-= sz, see also'®. Note that the variance depends on the
correlation value itself, e.g. a perfect correlation has no variance.
This already hints that the method is most useful for states with
high values of T7.

Considering a particular entanglement certification procedure
with the outcome Q =f(1;,...,T;,) (M being the number of
correlation measurements), it becomes possible to calculate
explicitly the probability distribution over the outcomes

M
r/z:rl/w gp(rjk) (10

F(Tjy e

P(Q =
Tim)=Q

In the “Methods”, subsection “Witnesses in finite statistics” section,
we illustrate this procedure for both linear' and non-linear
entanglement witnesses'”"'9-2* The linear witness W = 3,a,0;, with

expectation value Tr(Wp) = ;T denoted as Ey, extension to
finite statistics has the following properties:

(Ew) =Ey, and Var(Ey) =Y  aVar(r)). amn
J

For nonlinear witnesses, further work is required as one needs to
calculate the effect of finite statistics on nonlinear functions of T;.
We describe a general procedure in the “Methods” section and
here briefly illustrate the case when the witness depends on the
square of correlations. Its mean and variance read

2(n = 1) (1 =TH)[(2m = 3)T? + 1]
nj3 '

(T) =T +Var(r),  Var(t)) =

(12)

Note that the mean value of the square has a consistent shift by
exactly the variance of the estimation from the finite data. This is a
consequence of taking the square—the negative values in the
distribution are transformed into positive values leading to a
systematic deviation. This fact is important in the experimental
analysis of finite data sets and has already been addressed in ref, 2°.
As a final illustration assume the quadratic witness S = ZJM sz
that sums up M squared correlations (see the subsection “Certyfing
entanglement” in the “Methods” section), each measured with the
same number of copies n, i.e. n;=n. We obtain

(n—1)S2+M
n

M
(s) = . with Var(S) = "Var(t}), (13)
i=1
where now apart from the statistical uncertainty also a shift of the

mean value is present.

Limited significance of entanglement certification

The modelling of probability distributions for the outcomes of
single correlation measurements now allows us to calculate
explicitly the probability distribution over outcomes of the

npj Quantum Information (2024) 14

entanglement witnesses Q. This calculation is always based on
particular state spaces corresponding to the hypotheses ent and
sep. Initially, for simplicity, we consider a simple scenario, where
the test is supposed to distinguish between having a particular
entangled state of the form

pz%\GHZ}(GHZH—% 172V, (14)

or an arbitrary separable state. Here, |GHZ) is an N-qubit GHZ
state, for any N, and ]l/ZN corresponds to the so-called white noise
with no correlations at all. Note that in realistic scenarios the
expected distribution of input states might be more complicated
as we also demonstrate below. The probability distributions
corresponding to the sep hypothesis are modelled based on a
worst-case estimation of correlations compatible with separability
as discussed in detail in the “Methods” section (see the
subsections “Estimating probability distributions” and “Correla-
tions compatible with separability”).

Now consider the linear witness W=0,80,®0,® - ®
0,—0x ® - ® 0, + 1 with only n =10 clicks per single correlation
measurement, i.e., 20 state copies in total. Due to this very small
number of data points, separable states can now give rise to
outcomes in the acceptance set, i.e.,, P(Ew < 0|sep) >0, where we
follow the convention that separable states admit Ejy > 0 in the
case of infinite statistics. In fact, in this example, the probability
that the witness is negative on a suitable separable state is as
large as 41.5%. The straightforward solution seems to be to make
the boundary more strict, i.e. require sufficiently negative values to
certify entanglement. However, even with the strictest nontrivial
bound of —4/5 we find that the violation by a separable state is
still equal to 2.5%, i.e. P(Ey < — 4/5|sep) = 2.5%. At the same time,
the state p gives rise to values Ey < —4/5 with probability of
26.7%. While it is clearly more probable for the entangled state to
violate the bound than for any separable state, still, given the
finite values of both probabilities, the question remains what the
appropriate probabilistic conclusion about the quality of such
certification should be.

The nonlinear criterion S=(0,®0,®0,® - ® 0X>2 +
(0 ® -+ ® 0X>2 has been illustrated in Fig. 1. Again we consider
the sum of only two squared correlations, each estimated in 10
experimental trials. Our analytical tools return the plotted P(S|ent)
based on the above-mentioned entangled state p. Figure 1 clearly
illustrates that finite statistics leads to the violation of the bound
of 1 by a separable state. Again the immediate solution seems to
be making the bound more strict. We find that P(S=2|sep)
=4.2%, but at the same time P(S = 2|p) = 6.9%. With this bound,
the procedure would wrongly certify entanglement (false positive)
in at most only 4.2% of the cases, but at the same time, it would
fail to correctly certify it (false negative) in roughly 93% of the
cases where the state was entangled. Furthermore, for any single
experiment yielding value S=2, we are clearly not justified to
conclude that the state is entangled, as a separable state might
have given rise to the same value of S with a comparable
probability.

This type of explicit calculation can be applied to any witness
based on correlation values to evaluate whether it can be applied
efficiently in the case of finite statistics. In particular, it becomes
necessary to put P(Q € O,|sep) in relation to the probability
P(Q € O,cc|ent) via a proper statistical analysis, either Frequentist
or Bayesian.

Resource optimization

Based on the possibility of quantitatively evaluating any
entanglement certification procedure in terms of validity and
efficiency, we now tackle the question of how to best use a small
number n of available copies of a multi-qubit quantum state. The
experimental choice to be made is about the amount of settings M
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Fig. 3 Optimal use of 20 copies. Plot for p in Eq. (15) with p = 3/4, e.g. a GHZ state mixed with white noise. Panel (a) is for the linear witness,
panel (b) for the quadratic witness. The discreteness of the outcome space for just 20 copies is clearly visible in the plot. To maximize validity
and efficiency both probabilities need to be simultaneously minimized. This is best realized by dividing the 20 copies into 5 correlation

measurements, each correlation estimated in 4 experimental runs.

and the distribution of the copies among those {n}, where 3;n;=n.
Furthermore, a suitable outcome space O, has to be chosen. By
explicitly calculating the distributions P(Q|sep) and P(Ql|ent), and
assuming a certain prior the validity and efficiency of the
procedure can be characterized, no matter if a Frequentist or
Bayesian approach is chosen. In practice, a reasonable scenario
could be to require a certain minimal validity and then choose a
combination of experimental parameters with a suitable accep-
tance space, such as to maximize efficiency. This yields the
following optimization problem:

Given a certain minimal validity g, and a total number n
of state copies, what set of M observables, each estimated
on {n}} copies of the state, and what acceptance set O, are
to be chosen such that an observation of Q € O, certifies
entanglement with a validity g > g,,;,, while keeping the
efficiency as high as possible.

Note that when Q is a function of marginal correlations
corresponding to commuting operators it can be possible to
measure them simultaneously from a single global measurement
setting. This is the approach chosen in ref. °, where a single state
copy is used to obtain values for several marginal correlations
providing the outcome for a linear witness. Thus, in general, given
a function Q also of marginal correlations it is of high interest to
group these into as few measurement settings as possible. Since
our example witnesses S and W are solely based on full
correlations this particular layer of optimization is not relevant
for them.

Optimizing entanglement certification strategies

Scenario: First of all, let us emphasise that the proper statistical
analysis is especially crucial in the case of a very limited data set
composed of at most a few tens of data points. In the examples
below we assume that no more than 20 copies of multi-particle
state from a possibly entangled source have been successfully
measured. The small amount of data makes it practically
impossible to distinguish entangled states which are close to
separable ones. Thus, the best candidates are states which are
strongly non-classically correlated. Generalizing Eq. (14), here, we
therefore consider mixed states of the form

p = plY) ¥l + (1 = P)pn, (15)

where a dominant admixture comes from a pure state |¢),
assumed to admit perfect correlations, and the remaining part,
pn, describes experimental noise. Since our theoretical analysis
just depends on the number of correlations (measurement
settings) it is thus independent of the number of involved
particles. See ref. 2% for fidelity estimation with the same feature.
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Accordingly, we will not specify the state |) exactly as the only
parameters that enter the witnesses are correlations. We would
like to emphasise this point, the methods work for any GHZ
states, graph states, cluster states, absolutely maximally
entangled states etc. Although in practice the perfect correla-
tions of |@) will be reduced by various types of noise, which we
consider via the addition of p, we show in the “Methods”
subsection “Effects of different types of noise” that the
probability to observe a certain measurement outcome depends
almost entirely on the parameter p, and not a type of noise as
long as it is uniform and unbiased. Clearly, it is possible to
introduce a specific noise that results in different success
probability characteristics. In such a case one can still apply
our methods, but here we focus on random noises as they are
the usual models of experimental imperfections. Thus, we
restrict our examples to the case of white noise, i.e. p, = 1/2N.
In effect, the model (15) encompasses a plethora of experimental
situations that are of interest in quantum information.

Consider a certification scenario where we expect that the
tested state is either from the family (15) or a separable state
modelled according to the worst-case correlations compatible
with separability (see Estimating Probability Distributions and
Correlations Compatible with Separability in the Methods), with
P(sep) = P(ent) = 1/2. We assume 20 available state copies and
require a target validity of gr =g =97.5%. This will help us to
compare and highlight the differences in reasoning that occur
from Frequentist and Bayesian perspectives on statistical infer-
ence. According to our optimization scheme, we want to
determine the set of measurements, i.e., their amount M and in
general also the measurement directions, together with an
optimal distribution of clicks per setting {n}. For simplicity here,
we restrict the presentation to cases where we assume that all nj’s
are the same and equal to n, and hence we constrain the product
Mn =20. Let us first set p=3/4 and specify the Bayesian loss
function as Eq. (31).

Linear witness. To illustrate how to optimally distribute the 20
copies for the linear witness W, as an example we choose a
procedure where the acceptance set is chosen via an upper bound
C. We extend the linear witness to M different settings as
Ey =T1—T,—---—Ty+1. It turns out that the worst case
separable state, i.e. the state which maximizes the probabilities in
the acceptance set, for a sufficiently low bound C has the
correlations T, = —1/M and T;=1/M for i=2, ..., M. In Fig. 3a we
plot P(Ew < C|sep) and P(Ew>C|ent), which are directly related to
validity and efficiency. As the simultaneous optimization of the
two quantifiers is based on keeping both probabilities as small as
possible, clearly the optimal procedure is realized for M=5 and
n=4.
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From the Frequentist perspective to achieve the minimally
required validity of 97.5%, a bound of C = —2.5 has to be chosen,
which leads to an efficiency of r=76.5%. The highest validity
achievable with 20 state copies is 99.996% with a bound of
Cr = —4. However, it comes at the cost of efficiency of just
r=6.9%.

The Bayesian framework requires P(ent|Ey)=97.5% for all
values in the acceptance set. This is satisfied if the bound Cg is
chosen as —3. The associated efficiency, in this case, is given by
the loss function of L =0.007.

From the above results, one can see a clear difference in the
choice of the acceptance sets for each reasoning. Namely, the
Frequentist bound is less strict than the Bayesian counterpart,
implying instances in which experimenters would disagree on the
conclusions about the entanglement certification. For comparison,
from the Frequentist perspective, the adjusted bound of Cg = —3
that is optimal for the Bayesian approach results in the level of
confidence given by 99.64% and the corresponding power of
r=53.5%. As expected, for the lower bound confidence is
increased and power reduced, however, we emphasise that in
general the Bayesian approach does not always vyield stricter
acceptance sets.

Quadratic witness. Just as for the case of the linear witness, we
introduce a bound B to define the acceptance set also in the
example of the quadratic witness. Figure 3b presents the two
relevant quantities P(S > B|sep) and P(5<5|ent). Again, the best
use of copies is given by n=4 and M =5.

Based on the minimally required validity of 97.5%, we calculate
the bound B for the Frequentist approach to be B¢ = 4 and in the
Bayesian approach we get Bg = 5. This leads to an efficiency of
r=31.4% and L = 0.013 respectively. Recall that the chosen priors
for the Bayesian inference are P(ent) = P(sep) = 0.5. In general, the
examined state is entangled iff p > 1/2V~" + 1)?”. Thus, given our
state model, a more realistic scenario would take into account the
cardinality of the separable states within the family (15) in the
prior probabilities. For example, with a uniform distribution over
p and N = 4, the natural prior is P(ent) = 8/9 and P(sep) = 1/9. This
leads to the change of the acceptance set with Bg =4 and
efficiency L=0.018. With increasing N the efficiency in the
Bayesian approach is changing. As the last example, for N=5
the prior is P(ent) = 16/17 and P(sep) = 1/17, the Bayesian bound
is given by Bg =3.5 and the corresponding efficiency reads
L=0.015.

Again, for equal priors Frequentist reasoning yields a greater
acceptance set. However, here one can explicitly see that for more
physically motivated priors this is no longer true and Cg can be
smaller than Cr. For all of the discussed cases, confidence and
power are (B=5,g- =99.8%,r =6.9%), (B=4,q;=
97.6%,r = 31.4%) and (B =3.5,g; = 92.5%,r = 54.9%) respec-
tively. Note that the last level of confidence does not meet the
required validity condition.

Generalized scenario: Finally, in a more general example, we
relax the condition of an equal amount of copies per setting and
apply our optimization algorithm to determine the optimal
amount of settings and distribution of state copies over these
settings, such as to achieve optimal efficiency for certification with
the quadratic witness S. It turns out that different certification
strategies are found to be optimal, depending on whether a
Frequentist or Bayesian approach is chosen. We calculate the
distribution P(pjlent) based on the model of a family of noisy
three-qubit GHZ states (14), with a mean p = 0.8 and a standard
deviation Ap = 0.1, such that for the entangled states

7(075)2

Ne 202 p e [pmim 1] (16)
0 else,

P(p) =
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with proper normalization A" and the lower bound p,,, = 1/5
given by the requirement that the states have to be entangled,
see the quadratic witness example in the previous subsection. We
set the maximal number of settings to M =3, allow at most
13 state copies and require a minimal validity of 70%.
Furthermore, we again choose not to model the separable state
space and instead estimate P(S|sep) via the worst-case optimiza-
tion used above. In this example for the prior, we assume that it is
twice as likely to encounter an entangled state from our family
than any separable state.

If the optimization is based on a Frequentist understanding of
validity, i.e., achieving at least 70% confidence, it is optimal to use
12 of the 13 possible measurement runs and distribute them
equally among the three settings as ny=4, n,=4 and n;=4
(denoted as [444] for brevity). Figure 4a illustrates the resulting
probability distribution P(S|ent) and the worst case distribution
P(S|sep) obtained via the discussed optimization, where the best
acceptance set turns out to be O, = {0,1,2.25,3}. The
probability P(S € O,cc|sep) is only 29.8% and thus the confidence
remains above 70% while at the same time the power r = P(S €
Oacclent) is maximized to 66.4%. Estimating also the Bayesian loss
for this acceptance interval yields a value of 0.137. For comparison,
Fig. 4b illustrates the estimated posterior distribution. From the
Bayesian perspective, the acceptance set has to be chosen as
{2.25, 3} which leads to a minimal level of acceptance of 76.8% and
a loss of 0.149. The corresponding power would be 65.6%.

This example illustrates two seemingly peculiar consequences of
the need to use a worst-case estimation. The first concerns the
benefit of using a randomized test. To maximize the power of the
test, the outcomes 0 and 1 are included in the acceptance set. As
seen in Fig. 4 these are not valuable points since they have a
significantly higher likelihood given a separable state than an
entangled state. In principle, it would be much more beneficial to
add a point with a better likelihood ratio, but as the optimization
shows in this case the confidence would drop below 70%. This
problem is resolved by the Neymark-Pearson lemma'3, which
proves that the optimal strategy consists of simply choosing the
points with the best likelihood ratios (after corresponding
optimization) and make a probabilistic conclusion whenever
results with the lowest ratio are obtained. In this manner, the
confidence level of 70% could be reached exactly while maximiz-
ing the power of the test even further. Second, the loss of the
interval {0, 1, 2.25, 3} is estimated to be smaller than the loss of the
interval {2.25, 3.0}, while still the latter is chosen as the Bayesian
optimum. This discrepancy is a consequence of the fact that
different worst-case estimates are chosen to find the acceptance
sets and to calculate the loss, as explained further in the “Methods”
subsection “Estimating the probability distributions”. These loss
values are only used to compare the Bayesian performance given
different distributions of measurement settings.

Figure 4d shows the posterior distribution for the optimal case
according to the Bayesian approach, i.e. achieving at least 70%
level of acceptance with as little expected loss as possible. It turns
out that in this case, it is better to use only 11 of the 13 possible
measurements and distribute them as [533] among the three
settings. The requirement of gg=>70% leads to the choice of
acceptance set O, = {2.36,3} leading to a loss of 0.146, which is
smaller than the value of 0.149 obtained with the distribution
[444]. The corresponding power would be 50.4%. Conversely, as
illustrated in Fig. 4c, with [444] only a power of 53.5% with a level
of confidence of 71.1% (and a loss of 0.1603) can be reached from
the point of view of the Frequentist approach making that choice
suboptimal as compared with the best choice presented above.
Note, that also here a randomized test would yield better results.

It might seem strange that in both cases a smaller than maximal
number of copies is deemed optimal, but this is mainly a
consequence of the strong discreteness of the outcome space.
Indeed the maximal number of 13 measurements might provide
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Fig. 4 Optimal choices of distributions of states for Bayesian and Frequentist figures of merit. Panel a shows the estimated distributions
P(S|ent) (blue bars) and P(S|sep) (orange bars) for the choice [444] which is optimal from the Frequentist point of view. Note that the shown
P(S|sep) is actually the worst-case estimate G,.(Q), optimized for one particular acceptance set. The acceptance set O, = {0,1,2.25,3}
(marked by the grey background) is chosen by maximizing P(S € O,.c|ent), i.e,, includes as much as possible of blue bar length while not
allowing P(S € Oac|sep) (estimated by Gucc(S € O,cc|sep)) to exceed 1—-70% = 30% (dashed black line), i.e., not getting too much orange bar
length into the acceptance set. A power of 66.4% is reached. Panel b shows the posterior probability P(ent|S) for that choice of experiment.
The acceptance set (marked by the black boxes) is given by all values of S for which P(ent|S) = 1—P(sep|S) = 70% (dashed horizontal line)
leading to O, = {2.25,3}. Note, that the posterior is based on the point-wise worst-case optimization Gs which is different from the one
employed in panel a), see Estimating Probability Distributions in the Methods. Panels c and d show the respective distributions for the choice
[533] optimal from the Bayesian point of view. With the acceptance set O, = {2.36,3} for the Bayesian analysis, it leads to a smaller
estimated loss. On the other hand, the optimal Frequentist power of 53.5% with the interval {0.58, 2.36, 3} is significantly lower than for the
first testing strategy. Note, for example in panel (c) it might appear that choosing, say the point 1.22 instead of 0.58 might be more beneficial
for the Frequentist. However, it needs to be taken into account that the shown distribution is obtained from a worst-case optimization for

Oacc = {0.58,2.36,3} and that with appropriate parameters G,.(S € {1.22, 2.36, 3}|sep) = 30% can be achieved.

maximal information about the state. However, the ability to
harness this information within the given bounds on the levels of
confidence and acceptance is restricted by the need to choose the
acceptance and rejection sets from a small number of outcomes. It
can thus happen that for a smaller number of measurements, the
probabilities distribute more favourably such that the relevant
quantifiers can reach better values.

Finally, it is important to keep in mind that although we
subsume the level of confidence and level of acceptance by the
term validity, they quantify different figures of merit which
correspond to different practical interests. While the Frequentist
is only interested in the average correctness of the conclusion of
the certification method, the Bayesian wants to quantify the
correctness of the conclusion on a case-by-case basis (and
becomes dependent on the prior). Note, for example, that with
the distribution [444] although it is much more probable for a
separable state to yield a value 1 than for an entangled state (see
Fig. 4a, given that result, the Frequentist would still certify
entanglement as this decision increases the overall power without
violating the significance level. On the other hand, if, as done here,
a worst-case optimization of correlations compatible with separ-
ability is used, the Frequentist approach requires prior assumptions
only to estimate the power (by modelling the space of entangled
states) and can provide an assertion of the confidence which is
completely independent of all priors.

Published in partnership with The University of New South Wales

DISCUSSION

In entanglement certification, it is usually of interest to achieve a
sufficiently high validity, i.e. be sufficiently convinced that the
certification does not falsely conclude entanglement. Here we
showed explicitly that for small data sets it is necessary to consider
not only P(Q|sep), i.e. the probability of a separable state to yield
particular values of the witness Q, but also P(QJent) of entangled
states. Such proper design of an experiment is necessary if we are
to make robust conclusions in the presence of finite statistics and
allows us to define and evaluate the validity and efficiency of the
method. Only with these two quantifiers, it becomes possible to
optimize the usage of the available experimental resources.

We have introduced a universal procedure that allows the
extension of any entanglement witness to the domain of finite
statistics. It is based on an analytical calculation of probability
distributions over possible outcomes when estimating correlation
functions experimentally with finite resources. Based on these
probability distributions we recalled the measures of validity and
efficiency, applicable to any entanglement detection scheme,
from the points of view of both Frequentist and Bayesian
interpretation. lllustrative examples were provided based on
linear as well as nonlinear witnesses and broad families of states.

The methods introduced here are directly applicable to raw
data and should be especially helpful for a resource-efficient
estimation of the performance of a known apparatus subject to
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variations of external parameters or in multipartite experiments
with rare detection events, e.g., multi-photon setups based on
coincidence clicks. For example, our scheme could be employed

to quickly certify the quality of a large quantum processor before a
time-consuming computation task.

METHODS
Certifying entanglement

Linear witnesses W admit the following expansion in terms of the
Pauli basis

J

The expectation value Ey = (W) given a particular state p, is then a
linear function of the correlations T; given by

Ew =Tr(Wp) = > aT;. (18)
j

Measuring each correlation and computing the expectation value
of the witness function provides information about the separ-
ability of the state. Constructions of such functions are tailored to
a specific entangled state for which Ey <0, whereas the
expectation value on separable states is never negative. For
example, a linear witness detecting entanglement of a three-qubit
GHZ state could be chosen as

W=0,®0, ®0x —0x ®0x ®0x + 1, (19)

where the constant ensures that the witness is non-negative on
separable states and negative on the GHZ state
(J000) + |111))/+/2, written in the standard o, basis.

Entanglement in state p can also be revealed via nonlinear
witnesses. As an example we consider the scheme introduced in
ref. '°. Consider the so-called correlation length S defined by

3N
S= Z sz, (20)
=

which is the sum of all full correlations squared. Accordingly, the
sum goes only up to 3V (the marginal correlations are not
included). It has been proven'”2°-24 that a value of S> 1 certifies
entanglement. Since S sums up only non-negative terms,
entanglement is verified as soon as a subset of M correlations
violates the bound, i.e., Sy > 1. We omit the subscript whenever
the number of measured settings is clear.

Witnesses in finite statistics

Since the product of qubit measurement results is either equal
to 41 or —1, the probability that in n trials we obtain n, products
equal to +1 is given by the binomial distribution:

- (D (Y

where (1xT)/2 is the probability to obtain the product equal
to+1 in a single trial, estimated from the ideal quantum
mechanical prediction. All random variables are assumed to be
independent and identically distributed. Using Eq. (8) the
correlation T1; is also binomially distributed as

P(r) =pi(3(1+T)). 22

Note that due to the finiteness of n also T; can take on a finite set
of values {—1,—-1+2, ... 1 -2 1},

In the case of nonlinear witnesses, these correlations have to be
further processed. We illustrate this process using the quadratic
witness S since it can be easily generalized to any power. In order
to write the probability distribution of different values of S we first
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note that
P(t}) =P(1) + P(-7;) for 7,20, (23)

because both values + 7; give the same square. In the special case
of 1,=0, the probability P(t?) is just given by P(t;=0). Since S is
defined as the sum of squares, a particular value of S can be
realized in many ways, e.g. the value S=1 can be achieved if any
one 2 =1 and all the other squared correlations are zero, or
when all 72 = 1/M, etc. The same reasoning applies to the linear
case. Assuming that all the squared correlations 17 are indepen-
dently distributed, the values of S satisfy:

PS)= D PPty

2 2 _
Tt Ty =S

(24)

These distributions were used in the “Results” section to derive
mean values and variances of the introduced quantities.

Estimating the probability distributions

For a simple hypothesis test, determining validity and efficiency
requires the calculation of the two likelihoods P(Q|sep) and
P(Qlent). In practice, however, the parameter space is more
complicated and one has to consider the full subspaces Hse, and
Hent Of separable and entangled states. These spaces would be
modelled via distributions P(o;|sep) and P(pjlent) of separable and
entangled states p; and each of those states would give rise to
certain likelihood of outcomes P(Q|p;). Although one option would
be to expand the discussion towards so-called composite
hypothesis tests, the simple scenario can be recovered by
reducing these state spaces to single parameters (‘sep’ and
‘ent’). This is done by considering the average distributions of
outcomes given a separable or entangled state with

P(Qlsep) = >  P(Qlp;)P(pjlsep), (25)

J
P(Qlent) = > " P(Qlo;)P(p;lent). (26)
J

Unfortunately,
daunting?®.

In some cases, it is possible to avoid the modelling of the state
space and instead consider a worst-case distribution of values Q.
For P(Q|sep) this distribution can either be calculated point-wise
for each Q, denoted as G, or for the whole acceptance interval
Oace, denoted as G,¢.. These distributions have to satisfy

Go(Q) > P(Qlp) and 27)

evaluating such expressions is notoriously

vpe}tsep VQE Oace

Gacc(Q € Oacc) 2 P(Q S Oacc|p)7 (28)

where Gq is stronger in the sense that it satisfies the condition for
Gace @s Well, ie. Goec(Q € Oyec) < ZQGOMGQ(Q). The strategy to
find the upper bounds is based on finding a set of M correlations
T; corresponding to p such that P(Q|p) satisfies the criterion in
question. Note that p might not even be a proper density matrix
which is why we refer to such correlations as compatible with
separability. Furthermore, in the case of Gq the value at each Q
can correspond to a different p.

Gace Can be used straightforwardly to choose Frequentist
acceptance sets by modifying condition (2) to

Z P(Q‘Sep) < Z Gacc(Q‘Sep) <1—g. (29)

Q€05 Q€05

vaHsep

If the criterion is satisfied for G, it will also be satisfied for the
actual distribution P(Q|sep). Thus, the estimation can only lead to a
stricter choice of the acceptance set and ensures that the minimal
level of significance is attained.

In the Bayesian case for each outcome Q the minimal validity gg
is assured as in Eq. (4), by providing a lower bound on P(ent|Q)
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using Gq as

P(Qlent)P(ent) S P(Qlent)P(ent)
(QJsep)P(sep) + P(Qlent)P(ent) ~ Go(Q)P(sep) + P(Qlent)P(ent

PlentlQ) = 5 12

(30)

To estimate the expected loss, however, it is sufficient to employ
the weaker worst-case estimate G, since the scenario is
considered a priori, i.e. before a particular outcome Q is known.
It is thus sufficient to only maximize the probability in the whole
interval Oy, independently of how G,..(Q) is related to P(Q|sep)
point-wise. The loss (6) is thus estimated as

L =ggP(Q € Oaclsep)P(sep) + (1 — g5)P(Q € Orjlent)P(ent)
< @3Gacc (Q € Oacc)P(sep) + (1 — gg)P(Q € Ofjlent)P(ent).
(31

Since different worst-case estimates are employed, i.e. Gg to find
the acceptance interval and G, to estimate the loss, it is no
longer the case that the optimal choice of acceptance intervals
minimizes the loss. However, the worst-case estimate of the loss
with G, is still useful to compare scenarios with different
numbers of copies and distributions of copies over settings, for
each of which Gq has been used as a rule to find the
acceptance sets.

In analogy to P(Q|sep) in principle, both the Frequentist and the
Bayesian approach could proceed given a lower bound on
P(Qlent). However, this is completely unfeasible for several
reasons. For example, for the non-linear witness S: (i) entangled
states can easily yield very small values of S due to statistical
fluctuations, (ii) some entangled states have small (or even
vanishing) $°°2°-32, (jii) there are bad choices of measurement
settings, e.g. ones that give $°° close to 1. Thus, P(Slent) is
obtained by modelling a certain state distribution P(g;lent), which
fits the currently employed apparatus for state generation, as
illustrated in Results (Optimizing Entanglement Certification
Strategies). Similar problems appear for linear witnesses. Note,
that the probability distributions P(o;sep) and P(pjent) do not
describe a statistical uncertainty of the form encountered in mixed
states. Instead, they capture prior expectations as to what
separable or entangled states are to be submitted to the
certification procedure. In other words, due to nonlinearity of
the function P(Q|p) it does not hold that P(Q|sep) = P(Q|psep)
with a mean separable state s, = > ;0;P(p;|sep) and similarly for
P(Qlent).

Correlations compatible with separability

We have written an optimization algorithm in order to find the set
of correlation functions that maximize the probabilities in the
acceptance sets while being compatible with separability, i.e. the
correlations do not violate the witness in the limit of infinite
sample size. It verifies that for equal distribution of copies over the
settings, i.e. each n;=n for each i=1, ..., M, and sufficiently high
bound on the linear witness C (B for the non-linear witness) all of
the correlations can be taken as T,=1/M (sz =1/M). The
algorithm can be also applied to a model probability distribution
over Q for separable states and arbitrary distributions of copies as
well as more complicated disjoint acceptance sets (see the
“Results” subsection “Optimizing entanglement certification
strategies”).

The basic algorithm works as follows. We compute P(Q) and the
cumulative probability function. They are parameterized with to-
be-determined correlations {T;, T5,..., Ty as well as the bound
defining the acceptance set. The heart of the computation is the
numerical maximization of 3, P(Q)(P(Q)Vqeo,. ), for the fixed
value of bound, with respect to {T;, T, ..., Ty}. We constrain the set
of possible correlations to those that yield W> >0 for the linear
and $*° < 1 for the non-linear witness, with each T;€ [ — 1, 1]. Two
widely available out-of-the-box methods were used for finding the
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Fig. 5 The efficiency of entanglement detection for different
noises p, and their admixtures p in Eq. (15). The plot shows the
probability of measuring S =5 given p (vertical axis) as a function of
5° (horizontal axis). The plotted curve assumes white noise and is
given analytically as [(1 + 6p2 + p*)/8]’. The data for the other types
of noise, i.e.,, pure and mixed noises according to Egs. (33) and (34),

overlap with the presented one. Thus, different types of unbiased
noises are not relevant to the considered criteria.

maximum: simulated annealing and Nelder-Mead algorithm?3334,

Both gave similar results with the Nelder-Mead method being
more precise in the considered problem. The output of the
algorithm is a list of {7, T,...,Ty} that maximizes
> 0c0...P(Q)(P(Q)¥qeo,.) for the given bound, or any other
acceptance set, under the stated constraints.

Effects of different types of noise

We analyse here the effects due to different forms of noise in Eq.
(15) on the efficiency of the entanglement certification. In
particular, we consider the following unbiased noises

Pwn = 172V, white noise (32)
Prp = |¥){W,], Haar random pure state noise (33)
Pwn = Py, random mixed states, (34)

where Haar randomness refers to the sampling of states according
to the rotationally invariant measure. Data for the random states
was computed numerically by scanning p in the range [0.5, 1] with
steps of 0.01, sampling 1000 random four-qubit states for each p,
choosing the five biggest correlations, computing S¢° and finally
the probability of S =5 in finite statistics. In this way, practically all
the values of 52° were scanned. These calculations have shown
that the probability of success does not depend on the kind of
noise and it is described solely by the value of p. The probability of
success P(S = 5|p) for a continuous choice of p is presented in Fig.
5.
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Abstract

Imperfect detection efficiency remains one of the major obstacles in achieving loophole-free Bell
tests over long distances. At the same time, the challenge of establishing a common reference frame
for measurements becomes more pronounced as the separation between parties increases. In this
work, we tackle both of these issues by examining the impact of limited detection efficiency on the
probability of Bell inequality violation with Haar random measurement settings. We derive
analytical lower bounds on the violation probability for a two-qubit maximally entangled state,
which is tight for correlation inequalities and perfect detection efficiencies. We further investigate it
numerically for more qubits and settings using two detection efficiency models and an original
method based on the linear programming. Beyond that, we show that the so-called typicality of
Bell inequality violation, i.e. almost certain violation of local realism with sufficiently many
particles or random measurement directions, holds even if the detection efficiency is limited. Our
findings reveal that increasing the number of measurement settings can compensate for efficiency
losses above the critical threshold. Additionally, we determine critical detection efficiencies for
both two-party and three-party scenarios. For two parties, we recover previously established
results, while for three parties, we derive a symmetric critical efficiency of 7)¢; = 2/3 for the W and
GHZ states within the binning model. In cases involving the no-detection outcome, we present a
modified inequality using a pair of orthogonal observables for each party with 7 =~ 0.7208,
which is notably less than 0.75 for the GHZ state. These results offer deeper insights into the
limitations and possibilities for certifying non-locality in the presence of limited detection
efficiency, shedding light on its robustness in practical Bell tests.

1. Introduction

Bell non-locality [1] is a well-established resource in quantum cryptography [2—6], randomness

generation [7-10] and communication [11-14]. One of the main problems in taking full advantage of its
capabilities is the imperfect detection efficiency [15-21], which becomes especially daunting in the case of
long-distance Bell experiments. On the other hand, a large separation between distinct parties complicates
calibration and establishing a common reference frame for the measurement settings. Both of these problems
are the key issues in performing quantum information protocols using satellites in space, see e.g. [22-24].
Randomised measurements have proven themselves useful in many areas of quantum information [25, 26],
among which is the possibility of certifying non-locality without the need for a shared reference frame [25].
Thus, incorporating detection efficiency into the random measurements Bell test can address both of the
mentioned problems.

© 2025 The Author(s). Published by IOP Publishing Ltd on behalf of the Institute of Physics and Deutsche Physikalische Gesellschaft
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Figure 1. Probability of violation in a random measurements Bell test. A quantum state is distributed between Alice and Bob. Using
their imperfect apparatus with detection efficiencies 14 and np respectively they perform two randomly chosen measurements
each. Once they gather the statistics, they send it to an external referee and ask if there exists a local realistic explanation for the
experimental data. The probability of Bell inequality violation encompasses the average number of negative answers to this
question. In this work, we want to explore its dependence on detection efficiencies in the above as well as in the multisetting and
multipartite scenario.

In this paper, we explore the dependence of the detection efficiency on the probability of local realism
violation when the measurement directions are chosen at random. For simplicity, imagine a two-party
scenario where Alice and Bob perform two Haar randomly chosen measurements (i.e. measurement
directions chosen uniformly and randomly from a Bloch sphere) on a shared two-qubit state with imperfect
detectors, see figure 1. Whenever the detectors click, they record -1 and 0 otherwise. Later we will also
consider a different model for the imperfect detection efficiency based on the outcome binning strategy (also
referred to as assignment strategy), however, for now, if not stated differently, we treat the no-detection event
as 0. Then, they gather their statistics and send it to an external referee who checks whether there exists a
local realistic model, i.e. a joint probability distribution compatible with the obtained information. How
often will he be unable to do so? This is exactly the question of our interest. Formall,y one can define the
probability of Bell inequality violation as [27, 28]

Py = / dOf(©). 1)

where the integral goes over all the parameters within a Bell scenario, and f is a binary function that outputs
1 whenever the given settings allow one to violate some Bell inequality and 0 otherwise. This distribution was
already studied in the past in several ways and contexts, see e.g. [27-37]. In practical calculations, the above
integral is estimated by a large sampling (= 10?) over the parameter space. Such a sample size ensures high
significance of the numerical calculations. Moreover, this quantity can be treated as an equivalent description
of non-locality for a full set of tight Bell inequalities in a given scenario [38].

Here, we derive an analytical detection efficiency dependent lower bound on the probability of Bell
inequality violation for a two-qubit maximally entangled state, which is exact for correlation inequalities and
perfect efficiencies. We further explore this dependence numerically for more parties and settings using an
original method based on linear programming first used in [33]. Our findings extend the previous results on
the random measurements Bell tests by including the inevitable limitations of experimental devices and
contain quantitative predictions for direct practical use. Since our approach does not refer to a specific
inequality but encompasses an entire Bell scenario, we were able to determine the symmetric critical
efficiencies 7; for the three-qubit GHZ as well as the W state and improve the best-known results for the
two- and three-setting inequalities. In the case of perfect detectors, this problem was already studied in
references [27, 29, 33, 34]. One of the conclusions made in [33, 34] was that with a growing number of
particles or measurement settings, violation of local realism is almost certain—the so-called typicality of Bell
violation. Our findings extend this conclusion to the case of imperfect detectors and furthermore show that
any drop in efficiency above the critical one can be compensated with additional settings. This shows that the
misalignment of the measurement directions and a drop in detection efficiency can be overcome with a
higher number of measurements.
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2. Lower bound on the probability of violation for a two-qubit maximally entangled
state

Consider a probability-based CHSH inequality

1

I= ZP(a@b:xy|x,y)<3, (2)

x,y=0

violated maximally by [¢)~) = (|01) — |10))/+/2 with suitably chosen measurement directions. By including
detection efficiencies 74 and 7p as well as the optimal local strategies, it can be expressed as

I(na,m5) = 1a (1 — 1) Ma + 15 (1 — na) Mg
+nansQ~+ (1 —na) (1 —np) X
=2na (1 —ng) +2n5(1 —na)
+nampQ+3(1—na) (1 —mp) <3 3)

where M; and X denote the CHSH value when either one or both detectors did not click respectively, and Q
corresponds to I [21]. The main premise of this work is to determine the probability of observing

I(na,ms) > L = 3 when the measurements are chosen randomly according to the Haar measure [25].
Examining a single CHSH variant is sufficient to determine the probability of interest as the two-setting
two-output scenario is fully characterised by a set of four CHSH inequalities with each of them having an
equal contribution to Py [29]. Note that, whenever Q = 7413Q 4 3(1 — 14)(1 — 1) > L, the inequality has
to be violated. Thus, determining the probability of Q violation denoted as PS would yield a lower bound on
Py as a function of the detection efficiencies. Note that such an approach will be exact for perfect  and
correlation-based inequalities. We also expect that it should approximate the exact probability up to a small
percentage error in some range of large 7. Following this idea, we derive the considered bound Py by
extending the proof presented in [29] to our scenario. All details are included in appendix A and lead to the
following:

Proposition 1. For the asymmetric detection efficiency ny = 1,mp = n the probability of violation Py is lower
bounded by

C _; T 2 _ K —1r 4

+aV2 (VP F R+ VRO R) —2n2\/n2+n)
+8(n47 1) arccot{\/z _Ii} (4)

=1\ s

where k = \/2n* — 1.

Proposition 2. For the symmetric detection efficiency ns = np = n the probability of violation Py is lower
bounded by

2

Py (n) == |2y +n’w[(n—2)n+2]

3

+n(n—2) {2\/5(\/7772+27(1—77)+n4

—\/—vnz—Zv(l—n)Jrn“) +7} +2y

4\/ —1)*((n—1)n+1)
v ((n— )n+2)+n

54+4vV2—-vV2-1, (5)

—4n*[(n —2)n + 2] arctan

where v = \/8(77 —n?)+4n> +nt —4
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Constraints on the allowed values of 7 reflect the upper bounds on the critical efficiencies. The above
bounds agree well with the linear programming results and can recover Py with good accuracy in an entire
range of 7). For a direct comparison with numerics, see section 3.

3. Numerical results

An alternative approach to this problem, in general, is to search for the joint probability distributions of the
form

Pra (rhrd oo i e ) = P (7 7Y), (6)
describing the statistics of measurement outcomes r obtained for the party O measuring the setting k. For
example, in the two-party, two-setting scenario for qubits, we have Pig(r}, 73,73, 13) = Prp(rd, i, 78, 15),
where A and B stand for Alice and Bob, respectively, and r{ = 1. For the sake of generality, we will
introduce all of the concepts using number labelling of the parties. Later, however, we will constrain
ourselves to at most three parties and use alphabetical labels for clarity. In general, quantum mechanics allow
one to measure probability distributions that do not adhere to the above. Let M{ = >" . _ | ri|ri)(ri| be the
kth observable measured by O. For the given state p quantum mechanical probabilities yield

PQ (rllq'/"' 7rII<\L|MIIcl"" >MkNV) =Tr [p|1’,£l><1’,1(1|®-~® |rllc\i><rllc\i|] . (7)

If the local realistic model for this distribution exists, then the above probabilities can be explained by the
following marginal distributions

d—1
1 1 N\ LR 21 =N 1
PQ(rkla"'a’{c\j\,‘Mkla"'aMkN): Z PLR(rW":r )ZPLR(rkla"';rﬁ,); (8)
A =0
[ARaE
where k] # ki (i = 1,--- ,N). The above represents the probability of obtaining measurement outcomes
ril, e rl\il when measuring observables Mil, e ,Mﬁl . Again, in the two-party two-setting scenario for

qubits we have, e.g. P(r}, 1) = P(r}, = 1,72, —1) + P(r}, = 1,73, 1) 4+ P(r}, 1,73, —1) + P(r}, 1,72, 1). To
include the imperfect detection efficiencies we treat the local events where no particle was detected as an
additional measurement outcome 0. As a result, more probabilities Prg, with r,? =0, %1, that need to be
taken into account [39]. Finally, if the measurement statistics is incompatible with the joint probability
distribution description, then no local realistic model exists, and thus, there is a Bell inequality that is
violated with the given state and settings [40, 41]. It is worth noting that such inequality can be violated in a
very weak manner [36]. This strongly points out the relevance of including the detection efficiency in such a
Bell scenario. For completeness we will also consider a model in which the outcomes are grouped in just two
categories. There, we will consider a single imperfect detector per party that records the 41 events. If no +1
was detected, we treat it as —1. However, if not stated differently, we will work with the first scenario.

Before we proceed to the numerical results, we will specify the notion of random measurements in the
studied context. Randomised settings are performed by applying a unitary transformation from the Haar
ensemble U on the projection operators associated with the Pauli matrix o, i.e. U i) (i| = |h}) (h}|,i =0, 1.
The explicit form of Uy as a function of measurement angles can be found in [33]. Using such
parametrisation, Haar sampling reduces to drawing angles from a uniform distribution. Generating m®
unitaries will produce m© random settings, enumerated by k, for party O. For each sample of tensor product
of Haar unitaries Up1) ® --- @ Up and a given state, we generate the measurement statistics and look for a
local realistic model as presented above using the linear programming method first used in [33]. If the joint
probability distribution does not exist for the produced statistics we put f =1 (f = 0 otherwise), and by
having a large enough sample, estimate Py (1) which is the quantity of our interest. For all of our
calculations, the number of random unitaries varies between 10> — 10!° depending on the number of studied
settings and parties.

3.1. Two-qubit maximally entangled states

Results for a two-qubit maximally entangled state and two settings per party obtained through the discussed
techniques are shown in figure 2. The general behaviour of the probability of violation agrees with a basic
intuition as it decreases monotonously with each of the efficiencies 7. However, here the important
information lies not only in the general behaviour of the probability of interest but in our ability to make
quantitative predictions on Py. The range of the studied efficiencies goes from the approximate ficyi to 1.
Note that it covers p which allow for the device independent quantum key distribution, see e.g. [42] that

4
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Figure 2. Probability of Bell inequality violation Py as a function of detection efficiencies 74 and 7p for a two-qubit maximally
entangled state and two settings per party. Each point on the plot was computed with a sample of 10® — 10'° linear programming
evaluations and a step of An = 10~>. The solid red line on the (a) panel represents the critical efficiency 7t and separates the
region of Py being /= 0 up to statistical significance and numerical error. The additional coloured lines correspond to the two
significant cases of symmetric (n4 = np = 1) and asymmetric (na = 1,13 = 1) detection efficiency scenarios marked in blue
and green respectively. For clarity, they are plotted separately on panel b). There, an additional case of pa = 0.9 and pp = p was
plotted (blue dashed curve) to illustrate a more nuanced asymmetric scenario. As expected, the maximal Py occurs for the perfect
detection case and reproduces the known result derived in [29]. As the efficiencies drop down, the probability of violation
decreases monotonously, and here we provide the exact predictions for its value at any given (74, 75). The above numerical results
obtained through the linear programming are in good agreement with the derived lower bounds (5) and (6). For more details, see
the main text.

tolerates efficiencies above /= 0.685, and its experimental demonstration [43]. For the perfect detection case,
we recover Py = 28.32% [29, 33]. On the other hand, we can localise the critical efficiencies yielding Py ~ 0,
up to statistical significance and numerical error, for any pair of (14, 75) denoted by the red line. Their values
in the symmetric (blue line) and asymmetric case (green line) coincide with the known results [44, 45]. Note
that in many important situations where the entangled states are distributed between long-range separated
parties, the detection efficiency is drastically reduced due to the transmission losses. In a direct scenario,
loophole free violation of any standard Bell inequality is impossible. However, modern quantum repeaters or
memories promise the solution to this problem and can effectively pass most of the detection efficiency to
the measuring devices [23]. Assuming that, take an example of space-to-ground links where the asymmetric
detection efficiency scenario can be better described when ps < 1[46, 47], e.g. pa = 0.9 and pp = p. In this
case, the probability of violation drops as compared to the standard asymmetric scenario and is plotted
explicitly with a dashed line in figure 2.
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Figure 3. Probability of violation for the three-qubit GHZ (blue) and W (red) state with symmetric detection efficiencies

na = 1 = 1c = n and an extra no-detection outcome (solid line) and binning (dashed line for) models. For small efficiencies, in
the three-outcome model, the probability of violation is higher for the W state in both 7 = 2 and m = 3, see inset a), cases. Then,
both curves cross. For the m = 2 case, it happens at 7 = 0.89 and for m = 3 it can be localised between 7 = 0.86 and 1 = 0.87.
Afterwards, the GHZ state probability grows faster and reaches its maximal value at 7 = 1, which differs from the W state maxima
significantly for m = 2. The highest Py is observed for the GHZ state and m = 3 scenario, where it reaches almost 100%. Note that
for the extra no-detection outcome model and both states, the probability of Bell inequality violation for m = 3 as compared to

m =2 is greater for all 7). This shows that introducing more settings can increase the probability of violation in the imperfect
detection randomised scenarios. In general, both states give similar predictions for the overall behaviour of Py, and this also
holds for the binning model. Nevertheless, in a quantitative sense, the binning model performs worse and the violation
probability is always smaller.

We further observe that in the asymmetric case the lower bound Py (5) agreee with Py up to ~ 3.5%
relative error within the whole range of 7), i.e. 7jagym € [115, 1], where 7, = 1/ V2. In the symmetric case (6),
the same holds up to = 2.2% error.

3.1.1. Binning results for N=2

The problem of Py computation can also be approached with the binning model for imperfect detection
efficiency. In such a scenario, there only exist two distinct outcomes associated with a two-element positive
operator valued measure (POVM)

P9 =nolh}) (k|
PO =1-p¢, 9)

where again |h))(h?| is a random projective measurement associated with the +1 outcome. Results for the
symmetric and asymmetric scenarios obtained within that framework are practically indistinguishable from
the ones presented in the previous section. This is due to the fact that within the limited detection efficiency
two-setting two-party scenario, the three-outcome approach does not provide any extra inequalities [48].
However, this will no longer be the case for the three-qubit states in the subsequent section.

3.2. Three-qubits W and GHZ states
For three qubits, we focus on two entangled states which are inequivalent under local unitaries and can yield
different probabilities in the randomised scenario, i.e. the GHZ and W states defined as

1
ﬁ

W) = — (1100) + 010) + [001)). (11)

V3
Here, we will examine two- and three-setting Bell inequalities in the same context. By performing analogous
calculations, we evaluate the probability of violation in the case of symmetric efficiencies ny =g =nc =17

and a step of 1072, see figure 3. We observe that for small efficiencies, the probability of violation is higher in
the case of the W state for both m = 2 and m = 3 measurement settings. Then, both curves cross. It is

|GHZ) = —=(|000) + |111)), (10)
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interesting from the non-local resources point of view due to the mentioned inequivalence of the studied
states. From a practical perspective, if we know our efficiencies, it turns out that it might be as beneficial to
prepare the W state as the GHZ one depending on their generation feasibility. After this point, the GHZ state
probability exceeds the one for the W states and reaches its maximum value for either choice of m.
Interestingly, the probability of Bell inequality violation for m = 3 is greater for all 7 as compared with the
two-setting case and the maximum Py for both states is close to 1 (see inset a) in figure 3). This points to the
fact that introducing more settings increases the probability of violation, thus expanding the previous

results [33, 34] to the imperfect detection scenarios. This observation will be explored in more detail in the
subsequent section.

For the three-qubit case, we can also approximate the critical detection efficiencies 7. without referring
to a specific inequality. However, due to its statistical nature, it has an intrinsic statistical and numerical
uncertainty. Up to our knowledge, the best previous results for 7. and the studied states are
Nerit(GHZ3) = 0.75 [16] for m = 2 and can be reduced only by introducing many (m = 17) additional
settings [17]. For the W state they are given as 7;;(W3) = 0.83747 for m = 2 and 7cis(W3) = 0.6 for
m=3/[18].

From our data, we observe that the approximated 7).;; are smaller than the previously known best results.
In order to determine them in a reliable manner, one would have to find the corresponding inequalities and
prove that the violation vanishes for a given 7. Unfortunately, this is a very daunting task in such a model.
Nevertheless, we have found an inequality that improves the Mermin inequality efficiency threshold in such
an approach. See appendix B for details. By taking into account the non-signalling constraints and rewriting
the original problem in the Collins—Gisin format, we arrived at the inequality with
Nerit = (V10 — 1) /3 ~ 0.7208. The quantum value was evaluated on the rotated GHZ state, but since it is
equivalent to the original state under local unitaries they are indistinguishable in the random measurement
setting, and our reasoning is consistent.

Despite finding an inequality that allowed us to lower the 7, we found that this more complex
approach is not necessary. By turning off one of the detectors, here the one measuring the —1 events, for each
of the observers and moving onto the binning model, we observe that even smaller 7,;; can be found. Now,
we will follow this path.

3.2.1. Binning results for N= 3 and critical detection efficiencies

Again, we shift our focus to the binning model. As above, we will limit ourselves to the symmetric detection
efficiency scenario parametrised by a single 7. The numerical results for the Py are presented in figure 3.
Here we see strong quantitative differences, especially for the W state. The probabilities in both approaches
to the detection efficiency are, as expected, equal for 7 =1, but then drop down faster than before. The
general behaviour stays the same.

The advantage of such a formulation of the detection efficiency model is that the observables are
standard qubit POVMs, and it becomes feasible to find the exact inequalities violated for small 77 and derive
the critical detection efficiencies. From the numerical calculations, we find the measurement settings for
which only few joint probability distributions were found and Py = 0. Then we use the linear programming
method introduced in [49] to find the corresponding inequalities. For both of the studied states and m =2
we arrive at (Ic) < 1 with

1
ICZ—A1+E(1 + A1) [B1Cy + B,Ci + B, C; — B, G| (12)

where X; for i = 1,2 and X = A, B, C are the observables for each party. Note that there is only one
non-trivial setting on Alice’s side. The term 1/2(1 + A;) can be interpreted as a projection and is known to
improve the detection efficiency, see e.g. [50]. Note that the remaining part of I is the CHSH expression,
which immediately points to the previous work on a similar subject, e.g. [44, 51-53]. Moreover, this
inequality is tight as it is a facet of the Bell-Pitowsky polytope [54]. Now, solving I¢ for 1 and maximizing the
violation we get 7y = 2/3. This is exactly the minimal detection efficiency for two-qubit states obtained in
[44]. Moreover, after a suitable projection, the state on which the CHSH expression is measured is the
Eberhard state

(100) + «[11)), (13)

1
e = e

for some o < 1. From the experimental perspective, the observed violations have a clear filtering
interpretation. Performing analogous optimisation for 7 = 3 we again arrive at (12) and 7)c.; = 2/3.
All of the obtained symmetric critical detection efficiencies are summarised and presented in table 1.

7
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Table 1. Summary of the symmetric critical detection efficiencies for the studied states. The first column of the table refers to the state
under consideration, and is followed by the imperfect detection model and the number of settings m in the Bell scenario. The subscripts
in the state’s name refer to the number of parties. Note that beyond recovering the previously known results for two-qubits, we also
present new critical detection efficiencies in the tripartite scenario. For more details, see the main text.

State Detection model m Nerit

™) Both 2 2/(14v/2) ~0.8284
|GHZ3) Three-outcome 2 (v/10—1)/3 ~ 0.7208
|GHZ3) Binning 2,3 2/3

[W3) Binning 2,3 2/3

4. Typicality of local realism violation and efficiency compensation

In reference (33, 34] the authors showed that with perfect detectors, non-locality is typical, meaning that by
extending the number of particles or randomly chosen settings the local realism violation becomes almost
certain, i.e. Py & 100%. Here, we investigate this problem in a more practical scenario. We determined the
probability of Bell inequality violation for the maximally entangled two-qubit state and the whole range of
symmetric detection efficiencies with a step of 1072 and different number of measurement settings for Alice
and Bob. For clarity, we chose m* = m® = m and performed the analysis for m < 7. The results are depicted
in figure 4. The differences in predictions for the extra no-detection outcome and the binning models for

m < 5 are shown and discussed in figure 5. The obtained results show that increasing the number of settings
significantly enhances the probability of violation. For instance, with m = 2 settings, the probability grows
slowly and reaches the previously discussed maxima, whereas for more than two settings a rapidly growing
sigmoid-type curve appears from the data. The breakpoint moves toward lower 7’s, and the slope increases
with the number of added settings, causing the Py to grow exponentially past the critical efficiency for higher
m’s. For m > 4 the probability of violation saturates to ~ 100% and this process occurs faster the greater the
m. In the limit of m — oo, the expected behaviour follows a step function past the critical efficiency that
immediately reaches a certain violation [34]. This is intuitively due to the certainty of sampling the optimal
CHSH measurement angles. We thus conclude that typicality is preserved even when our detection efficiency
is limited. Adding new measurement settings causes Py to eventually reach ~ 100%. Such asymptotic
behaviour can be analysed in terms of statistical significance through, for example, the Wilson

technique [55]. Given the confidence level of 95% and the observed Py = 100%, the lower bound on the
estimated probability is 99% with ~ 270 events and 99.9% with ~ 2700 events. For a confidence level of 99%
it changes to ~ 460 and = 4600 respectively. Clearly, a few thousand samples are enough to infer the

Py > 99%.

An interesting observation from this data is that our detection capabilities can be compensated by
performing more measurements. Naturally, this holds as long as we are past the critical efficiency below
which the probability is always 0. This observation is consistent with the previous results on Bell non-locality
showing the advantage of multi-setting Bell inequalities, see e.g. [17, 56—61]. It is worth noting that the
observed behaviour of the probability of interest is similar to the one describing Py as a function of visibility
for a two-qubit Werner state [30], which should follow the symmetric Py (5) in the m = 2 case. Moreover,
our results corresponding to the perfect detection efficiency are in agreement with the perfect visibility case.
At last, note that for m = 4 there exists a tight Bell inequality that allows for a slightly lower detection
efficiency of 74 = 0.8214 for the two-qubit maximally entangled state, compared to the CHSH critical
efficiency of 7¢i = 0.8284 [62].

We further investigate the observation of efficiency compensation by calculating the minimal number of
settings needed for a given detection efficiency to increase Py up to the maximal value of & 28.32% from the
two-setting perfect detection case. When increasing them from 2 to 3, the first value of 7 that allows one to
achieve such a task is 7 = 0.91, at which Py = 31.31%. For m = 4, the required efficiency decreases to
71 = 0.88 with the corresponding probability of 38.71%. Similarly, for m =5 we have n = 0.86 with the
probability of 38.78%. Finally, for m = 6, the efficiency needed to outperform the perfect detection scenario
with two settings is 77 = 0.85 with the probability of violation of 40.55%. The next question we ask is, when
does the Py increase the most while increasing the number of settings. For this, we calculate the relative
increase in the probability of violation for different choices of the number of settings as
(Pv,, = Pv,,)/(Pv,,) = AP, m,, where Py, and Py, are the violation probabilities for the fixed
number of settings m;. The acquired results are presented in table C1 in appendix C. The greatest relative
jump appears when one changes the number of settings from 2 — 3 with a probability growth factor of up to
1404.25% for = 0.83. Similarly, the transition from 3 — 4 shows initial growth of 429.41% at n =10.83,
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Figure 4. Probability of Bell inequality violation Py as a function of symmetric detection efficiency 7 for a two-qubit maximally
entangled state and various number of settings m. Each colour represents a different m € [2,7]. For m = 2 settings, the probability
grows slowly with 7. For m > 3 its behaviour can be described through a sigmoid-type curve. Its break point moves toward lower
efficiencies, and the slope increases with m, causing the Py to grow exponentially past the critical efficiency and then saturate to
almost 100% for m > 4. The above results confirm the typicality of non-locality in the imperfect detection scenario and show how
a drop in detection efficiency can be compensated with an additional setting.
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Figure 5. Probability of Bell inequality violation Py for a two-qubit maximally entangled state and different models of imperfect
detection efficiency in the symmetric scenario with m settings per party. Coloured points connected by solid lines correspond to
the scenario where the no-detection event is treated as an extra outcome. Predictions of the binning model are plotted with
dashed lines. In spite of the number of settings 7, both models give similar results for efficiencies close to 1. Then, for smaller n
they start to diverge and differ stronger the greater the m. In the scenario with m = 2, they overlap as the three-outcome approach
does not provide any extra inequalities in this case [48]. In all the cases, the no-detection extra outcome model yields a greater (or
equal) probability of violation.

which then drops to 22.95% at 1) = 1. These results highlight the benefit of adding more settings to our test
when the detection efficiency available drops down.

5. Conclusions

The probability of Bell inequality violation can be heavily influenced by the detection efficiency of our
set-up. In this paper, we have exploited this dependence in two detection efficiency models thoroughly by
determining its values for several states and varying number of measurement settings. Our results contain
analytical lower bounds as well as extensive numerical calculations based on linear programming. We have
confirmed the basic intuition behind its behaviour and made new interesting observations. Any drop in
detection efficiency for the two-qubit maximally entangled state above the critical one can be compensated
by adding new random measurement settings to our Bell test. Preliminary data for the three-qubit GHZ and
W states suggest that this behaviour extends to a multipartite scenario. Based on the same calculations, we
confirmed the existence of typicality of non-locality in the case of imperfect detection efficiency by reporting
that introducing additional random settings to the set-up causes the probability of violation to eventually

9
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reach ~ 100%. Furthermore, we took advantage of the generality of random measurements scenarios and
determined the critical efficiencies )i for the three-qubit GHZ and W state, improving the previously
best-known results.

These findings represent a significant step forward in understanding the practical limitations and
possibilities of certifying non-locality, particularly in the context of long-distance Bell tests, such as those
conducted via satellite-based communication. The obtained results and observations contain quantitative
predictions that can help to improve current days and forthcoming experiments. Future work in this subject
could focus on the higher number of particles, different states (including higher dimensions) for which the
critical efficiency is unknown and genuine or network scenarios.
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Appendix A. Derivation of the lower bound on the probability of violation

Here, we will derive the lower bound on the probability of local-realism violation Py (14, 75) presented in the
main text. Since all maximally entangled states of two qubits are equivalent under local unitary
transformations and give rise to the same statistics in the randomised scenario, we choose to work with the
singlet state 1)~ ). The presented proof follows the lines of [29] and extends it to our setting. As noted in the
main text we want to find Py for the correlation part of (4) as it would provide us with a lower bound on the
violation probability of an entire inequality. For convenience, we rewrite the inequality (2) with correlation
functions. Now, the local bound is L = 2, and we are interested in observing

I’ = nans|E (al,l?l) +E(a‘1752) +E(a’2,171) —E(a‘z,l?z) 2(1—n)(1—m)>2, (A1)

as it is equivalent to Q > 3 in (4). Note that the 2(1 — 74 )(1 — 7)3) term vanishes in the asymmetric case but
can significantly improve the symmetric scenario results.
For a given random measurement directions 4; and b; the correlation function of the examined state is

given as E(d;, l_a;) =—q; - E] Defining ¥ = l_;l + l_;z and7| = l_;l — by, expression I’ becomes

Il:\/EnAnB|\/1+x‘_il TA”+ \/1*Xt_l’z'?l|+2(1*7’],4)(177’]3), (AZ)

where “ denotes a unit vector and x = I;l . l_;z. The violation we are interested in now is

VT +xd, - f+ 1 —xd- 71| >[2—2(1—n4)(1— 773)]/\/577“773. As argued in [29], from the rotational
symmetry of the problem, directions of the unit vectors are irrelevant and to determine the probability of
violation it is enough to sample a = @, - 7, 8 = 4 - 7, and x uniformly from [—1,1]. Geometrically the
variables o, 3, x span a cube with vertices at -1 and a volume of 23. Now, we ask what fraction of this cube
leads to a violation of I’ < 2. In the positive (I) and negative (II) domain of the expression within the
modulus of I, the violation condition defines two linear inequalities

Lo s 2=200=m0) (L=mp)] /V2nams — BT +x -

V1—x

[2—2(1—n4) (1= n8)] /V20am8 + BT+ x
V1—x '

H:a< —

(A4)
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Figure Al. A visual proof help for calculating the lower bound on the probability of Bell inequality violation Pg. It shows a
three-dimensional cube containing the possible value of the correlation part of the CHSH expression. The red and blue lines for
each slice represent the local bound and separate the classically allowed region from the quantum one (red and blue). Calculating
the area of each coloured triangle and integrating over x yields a single correlation part of the CHSH inequality violation
probability.

Fixing x we can consider slices of a cube and examine the area of triangles defined by the above equations, see
figure A1. Since they contribute in an equal manner, we will focus on the region I. The points defining the
base and height of the triangle are given as p;,/, = ([2 — 2(1 — n4)(1 = 15)]/V2nam5 — V1 F x) /1 £x.
From that, the base length and its height are given as 1 — p;/, respectively and yield the triangle area

(V2 (5 +ma) =y (VI— 2+ VAT 1+V2))’
2 23V 1= %2 '

The total area of two regions for which the violation occurs is equal to 2Sa. Due to the detection efficiency
dependence, we need to include some additional constraints on the possible values of x, i.e. the range of x for
which the triangle has a non-zero area. This condition is equivalent to p;;, € (0,%£1). From now on, we will
focus on two especially relevant cases, but a general reasoning is still possible to perform. These two cases are
N4 = 1,718 = Nasym and 14 = 1 = 7y, referred to as asymmetric and symmetric detection efficiencies in the

main text. In the asymmetric case, x has to be contained within £, /7%, — 1/ T]azsym which leads to an upper

SA = (A.5)

bound on the critical efficiency of 15, = 1/ V/2 % 0.7071. In the latter the possible values of x are

+ (nszym - 277$ym + 2) \/néym + 4ns3ym - 8,'7szym + 8775}’"1 - 4:| /n;lym and nscym =V5+ 4\/5 - \/5 —1~0.8503.

To obtain the minimal probability of a single CHSH inequality violation one has to integrate the
expression for 25 over x respecting the above bounds and divide it by the cube’s volume. Before we do that,
note that the two-setting two-outcome scenario is fully characterised by the set of four CHSH inequalities,
and thus we can obtain the Py by multiplying a single inequality violation probability by four. Performing
the last two steps, we finally get the lower bounds presented in the main text.

Appendix B. Critical detection efficiency for the GHZ state in a two-setting three-party
scenario

We present a symmetric Bell inequality for a three-party scenario with m = 2 and the critical efficiency of
Nerit = (\/E —1)/3 7~ 0.7208. This threshold is lower than that of the Mermin setup [63], which requires
Nerit = 0.75 (provided here for comparison). In both cases, the no-detection events are addressed by
introducing an additional third outcome.

B.1. Inequality

We consider a Bell scenario with three observers, where each observer can choose between two
measurements that yield three possible outcomes. In this case, the probability distribution is given by the set
{P(a,b,c|x,y,2)}, where the measurement settings (inputs) take x,y,z € {0,1} and the outcomes are

a,b,c € {+1,—1,0}. A general three-party three-outcome Bell inequality can then be written as follows

IABC = Z Z Babcxyzp (ﬂ7b,C|x7}’>Z) g Oa (Bl)

a,b,cx,y,z=0,1

with a local bound of zero and with the indices a, b, ¢ running over {+1, —1,0}. However, by imposing the
non-signaling conditions and the normalisation (i.e. the probabilities sum up to one for each triple of inputs
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(x,y,2)), one may write a generic three-outcome Bell inequality in a form without explicitly including the
third outcome (0). This is known as the Collins—Gisin format [64]:

Iipc = Z aubcxsz(ayb7C|xvy>Z)

a,b,c,x,y,z

+ Z /Bubxyp(a7b|xv)’)+ Z BaczP (a, c|x,2)
a,b,x,y a,c,X,2

+ Z /3bcyz b C‘% +Z:Wax
bycy,z

+> P (bly) + Z%:P(C\Z) <0, (B2)
b,y c,z

where the outcomes are restricted to a,b,c € {£1} and the inputs are x,y,z € {0,1}.
For each triple of measurement settings (x, y, z), we define a three-party correlation function and the sum
of probabilities as

Ey, = Z abcP(a,b,c|x,y,z),
a,b,c==+1

Oyy, = Z P(a,b,c|x,y,z2). (B.3)

a,b,c==+1

Similarly, the two-party quantities are defined by

Oup = Z Z (a,blx,y),

a,b=+1x,y=0,1

Ouc = Z Z (a,clx,z),
a,c=+1x,y=0,1

Osc= Y > P(bdyz). (B.4)
b,c=+1y,z=0,1

Using a linear programming approach, we found a new tight facet-defining three-party Bell inequality,
<I,(413)C> < 0, in the three-outcome probability space. This inequality, as we show below, provides a critical
detection efficiency of 7 = 0.7208 using a rotated version of the GHZ state and orthogonal qubit
observables. In particular, we have the expression

I,(L‘lB)c = DLy + Ja22 — K. (B.5)

This Bell inequality <ISB)C) < 0 is a special class of inequalities (B.2) with zero single-party marginal
coefficients. The three separate terms that build up the expression are defined by

Iy = 3Eqo0 — sym [Ego1] — 3sym [Eo11] + Enn1,
Ja22 = —Oogpo + 2sym [Ogg1] — sym [Op11] + 20111,
K3, = Oap + Oac + Ogc, (B.6)

where we use here a compact notation

sym [Egn] = Z Elim, (B.7)
7 (k,l,m)

for symmetrizing over different observers, with the sum taken over all permutations 7 (k,I,m) of the indices
(k,1,m). For example, sym[Ep11] = Eo11 + Eio01 + E110, which corresponds to the permutations of
k=0,l=1,m=1.

We also provide a Mermin-type Bell expression, <I/(aZB)C> < 0, which leads to a critical detection efficiency
of Nerit = 0.75. The Bell expression is given by
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I,(fgc =Dy + Jooo — Koo, (B.8)

where

Ly, = Egpo — sym [Egu1] ,
Jo22 = Oy +sym [Ogo1] ,
K2 = (Oap + Oac + Opc) /2. (B.9)

Notice that I, is a Mermin-type term [63], now defined in the space of three-outcome probability
distributions.

B.2. Critical detection efficiency

Now, we compute 7)¢ir corresponding to a quantum distribution generated using a rotated GHZ state and
orthogonal observables in the Bell inequality (B.5). Note that the state below is equivalent to the original

GHZ state under local unitaries and they are indistinguishable in the random measurements setting. The
state under consideration is given by

~1000) +€#[111))

GHZ , (B.10)
[GHZ(¢)) 7
where we fix ¢ = arctan (1/3), and every observer measures the same set of two observables:
A0:BO:C0:JxandA1:B1:C1:ay. (Bll)
The three-party quantum correlations E,?yz are then given by
3 3
00 = A5 011 101 110 V10
1 1
EQ =—, EQ =EQ =E% =———. (B.12)
111 \/E 100 010 001 m
For perfect detectors (1= 1) the third outcome never occurs, so that
Ogm =1 forallx,y,ze {0,1}. (B.13)
Furthermore, from the properties of the rotated GHZ state (B.10) and the fact that our observables are
41-valued, one finds
1
0% =0%. = 0%. =16 x =% (B.14)
By inserting these values into equations (B.12), (B.13), and (B.14), we obtain
13,=v160, J3, =4, and K3 =12. (B.15)
Next, let us consider the case of finite efficiency of the detectors. In the symmetric scenario, i.e.
Na = N = Nc = 1, the n-dependent quantities become
Q — 3R
Exyz (77) =n Exyﬂ
0f. (m) =n’03, (B.16)
forall x,y,z € {0,1} and
OgB (n) = 77201?37
0% (m) =n*0%,
Ofc (1) = m* O (B.17)
Plugging these values into equation (B.5) yields the quantum value as a function of 7:
1
Ig,)ABC (n) = 773[2Q22 + 773]2Q22 + TIZKzoz- (B.18)

13
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For a non-zero quantum violation, this expression should exceed the local bound of zero. Hence, the
critical detection efficiency 7)., is given by the condition 18,)ABc(77) = 0. This leads to

KS VI0—1
O " ~0.7208 (B.19)

I3, + 75, 3

for the Bell expression (B.5).
Concerning the Mermin-type expression (B.8), if we use the state (B.10) with ¢ = 0 and the observables
given by equation (B.11), we have

I3,=4, J$,=4, K}=6. (B.20)
Thus, the corresponding critical detection efficiency is
K3
1 = 52 =0.75, (B.21)
) + 7%

This result has been proved to be optimal for the Mermin setup [16].
Appendix C. Probability of violation data tables

In table C1, we provide the data concerning the relative growth in the probability of violation for the
maximally entangled two-qubit state and symmetric detection efficiency when increasing the number of

random measurements from m”* = m® = m, to m,. For a more detailed discussion, see section 4.

Table C1. Relative growth in the probability of violation for the maximally entangled two-qubit state and symmetric detection efficiency
7 when increasing the number of random measurements from m? = mP = m, to ms.

A,Pm,amz [%]

n 23 34 45 56
0.83 1404.25 429.41 159.26 542.86
0.84 775.00 309.15 178.23 142.75
0.85 742.06 290.52 161.59 99.66
0.86 695.78 256.83 129.67 62.76
0.87 652.37 219.14 96.83 41.46
0.88 602.53 187.41 73.31 28.22
0.89 555.17 158.45 54,57 20.87
0.90 507.93 133.35 43.33 13.49
0.91 46327 111.80 32.94 9.71
0.92 421.10 93.18 25.85 7.21
0.93 381.43 78.88 19.86 4.95
0.94 346.40 65.41 15.65 351
0.95 31113 55.49 12.06 234
0.96 280.05 46.27 9.25 1.93
0.97 250.78 38.85 7.14 1.38
0.98 224.10 32.12 6.00 0.88
0.99 199.02 27.32 4.41 0.59
1.00 176.23 22.95 3.47 0.45
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Recent work on quantum reference frames (QRFs) has demonstrated that superposition and entangle-
ment are properties that change under QRF transformations. Given their utility in quantum information
processing, it is important to understand how a mere change of perspective can produce or reduce these
resources. Here we prove the existence of a QRF invariant which can be decomposed such that it captures
the trade-off between entanglement and subsystem coherence: we demonstrate the invariance of the sum of
entanglement and subsystem coherence for two pairs of resource quantifiers. Moreover, we find a weaker
trade-off that holds for any possible pair of measures. Finally, we discuss the implications of this interplay
for violations of Bell’s inequalities, clarifying that for any choice of QREF, there is a quantum resource
responsible for the violation. These findings contribute to a better understanding of the quantum
information theoretic aspects of QRFs, offering a foundation for future exploration in both quantum

theory and quantum gravity.

DOI: 10.1103/h6b3-y4vt

Introduction—The principle of covariance, which states
that physical laws remain unchanged under a reference
frame transformation, forms our fundamental understand-
ing of the physical world. However, a variety of measurable
physical quantities, such as energy, or magnetic and electric
fields, are frame dependent. Similar considerations arise
when investigating the behavior of quantum systems
relative to a quantum reference frame (QRF). For example,
a system that is well localized in space in one QRF may
be in a superposition of different locations in a different
QRF [1]. The same applies to quantum entanglement,
making it a frame-dependent notion in quantum theory.
Since both coherence and entanglement are recognized
as useful resources in quantum information science, the
question naturally arises, how can a mere change of
perspective from one frame of reference to another create
a useful resource?
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In this Letter we give a natural answer to this question by
showing that, under QRF transformations, there exists an
invariant which can be decomposed such that it captures a
trade-off between the entanglement and subsystem coher-
ence, in the basis associated with the symmetry group of the
transformation. We show that, for certain entanglement and
coherence quantifiers, their sum is preserved under QRF
changes, for any pure bipartite state. Thus, any entangle-
ment increase under a QRF transformation comes at the
expense of a decrease in coherence, and vice versa.
Furthermore, we show that this property does not hold
for all quantifier pairs: fixing an entanglement (or coher-
ence) quantifier, there is at most one coherence (or
entanglement) quantifier that yields an invariant sum.

The apparent ‘“creation” of coherence or entanglement
under a QRF change can then be explained by there
existing either one of these resources in the original frame,
and the change of frame transforming one into the other.
This is analogous to the case of electrodynamics, where a
magnetic field can appear when applying a Lorentz boost,
as a consequence of an electric field being present in the
rest frame. As Maxwell demonstrated, they are two sides of
the same coin, just described in different frames: they are
different components of the electromagnetic tensor. Here
we show that coherence and entanglement exhibit a similar
behavior under QRF transformations. Moreover, just like in

Published by the American Physical Society
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electromagnetism, where there is a quantity combining
both magnetic and electric fields that is left invariant under
Lorentz boosts (the free-field Lagrangian density), here we
identify meaningful quantities that are left invariant under
QRF changes.

To demonstrate the significance of the trade-off between
coherence and entanglement in the field of quantum
information, we discuss violations of Bell’s inequalities
and clarify the potential misunderstandings regarding
“production” or ‘“destruction” of resources through QRF
transformations. Different QRFs induce different factor-
izations of the Hilbert space, both for the states and for the
observables [2-6], such that, for example, entangled states
measured by local operations (as in the Bell experiment)
transform into product states and nonseparable operations.
Thus the resource of entanglement is transferred from the
state to the observables.

The study of various notions of reference frames in
quantum theory has been pursued through different
approaches within the contexts of superselection rules
and quantum information protocols [7-10], quantum grav-
ity [11-13], and symmetries [14,15]. During a more recent
wave of research, several approaches to QRFs have been
formulated [1,3-5,16-19] and applied at the interface of
quantum physics and gravity [6,20-28].

One particular question we address in this Letter is
relevant to most of these approaches. If both superposition
and entanglement are each frame-dependent notions on
their own, is there any physical quantity involving the two
that is invariant under quantum frame changes? A first
step to answering this question was taken by Savi and
Angelo [29], who found that the so-called “total quantum-
ness” of the system is conserved under QRF changes.
However, the conservation of “total quantumness” was
shown using only the unitarity of QRF transformations, and
not their specific form; the same result thus holds for any
possible unitary transformation. In the present Letter, we
show that the specific form of (ideal) QRF transformations
[1,16] leaves the sum of entanglement and subsystem
coherence invariant. Despite different motivations, at the
technical level our result is closely related to quantum
resource theory findings in Refs. [30,31]. These results can
be recovered by restricting to finite cyclic QRF trans-
formations and vanishing initial entanglement, suggesting
that the coherence-entanglement link identified in
Refs. [30,31] admits an interpretation in terms of invariance
under QRF transformations. See also Refs. [32,33] for
related studies on trade-offs between single-system and
bipartite properties in multiqubits systems.

The Letter is structured as follows. Sec. I introduces the
essential features of QRFs with a simple qubit example.
Sec. II presents the general definition of QRF transforma-
tions, and states our main results: a conservation theorem
for two quantifier pairs, along with a weaker trade-off
for any pair. Proof ideas are outlined, with details in

Supplemental Material [34]. Sec. III discusses Bell inequal-
ity violations in QRFs, and Sec. IV concludes with open
questions.

A simple example—Let us start with a simple example to
build some intuition for changes of classical and quantum
reference frame (cf. [ [16], Ex. 1]). Consider three systems
A, B, and C, which can, for now, be in two states, 1 or |.
We can conventionally choose that each system considers
themselves to be in the state 1, similarly to how an
astronaut freely floating in space would consider the
direction “up” to be aligned from their toes to their head.
Take the classical systems to be in the state TiA)TgA)ig )
relative to A. Then, the corresponding state relative to B is
T%B) TZBQ(CB ), while that relative to C is T(CC) Lgc)%(_,gc). Note
how the relative configurations between the systems are left
invariant under these classical changes of frame.

Let us now extend this to the case of quantum reference
frames (cf. [ [16], Ex. 2]). For this, take A, B, and C to be
quantum systems with Hilbert space C?, and basis states
|1) and || ). Correspondingly, if the state relative to A is

|‘//>/(4/gc = |T>/(4A)|T)%A>\¢>(CA), then the state relative to B is
|1//>££9>C = |T>%B>|T>EXB)|¢><CB) and that relative to C is

|‘//>£Se)c = |T>EC>|¢>2C>|¢>§3C). Thus, A, B, and C can be
understood as qubits described relative to one another,
meaning that |l//>gc encodes the relative degrees of free-
dom of A and B with respect to C [1].

Take now the state

M+ 1HE

) = 11)e 7 i (1)

We can infer the corresponding state |‘//>/(:gc by applying
the principle of coherent change of reference frame,
namely in each branch we apply the classical reference
frame transformation described above. The result is that the
state relative to A is

(A) 144 (4) (A)) 1y(4)
e = B0

(2)

The transformation between Egs. (1) and (2) is a QRF
transformation and is illustrated in Fig. 1.

Note, furthermore, that the conventional state of the
reference frame with respect to itself can be omitted, as it
does not contain any information, being always |1). We can
then represent states of two systems relative to the third in
the Hilbert space H = C?> ® C2. Furthermore, for future
convenience, we identify the basis {|1),]|])} with the
computational basis {|0), |1)}, since they are isomorphic.
In this simplified and more abstract notation, we can write,

010201-2
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C A

® 0-0 O
4 ,

FIG. 1. Three qubits A, B, and C are described relative to one
another. On the left, systems A and B are described relative to
system C. While C is in the state |1) relative to itself, A is in a
coherent superposition of |1) and |}) and B is in the state |1).
Coherently changing reference frame to that of A, we find that B
and C are in an entangled state. In general, superposition and
entanglement depend on the QRF.

) = P, 3)

and correspondingly

|W>59Ac) _ |O>B|O>c\‘/“§|1>3|1>c_ 4)

The transformation between the two states can be imple-
mented with the unitary

SO~ =10)c, (0] ® Tp + [1)ca(ll @ 03, (5)

meaning that the QRF transformation for these systems
amounts to a quantum controlled flip, or CNOT, and can thus
be seen as a refactorization of the Hilbert space. Note,
however, that while it maps to a specific perspective relative
to a single qubit, all measurements and operations are still
performed in the laboratory frame.

While the state of A relative to C in Eq. (3) has some
coherence (in the computational basis), the total state is
factorized, that is, there is no entanglement between A and
B relative to C. On the contrary, the state in the perspective
of A in Eq. (4) is maximally entangled, and as such each
subsystem is maximally mixed, meaning it has no coher-
ence. Thus, the QRF transformation maps a factorized state
with subsystem coherence to an entangled state with zero
subsystem coherence. This is an instance of a generic
feature of QRF transformations, which we prove as our
main result: We show that the sum of entanglement and
subsystem coherence is invariant under QRF transforma-
tions, for specific choices of entanglement and coherence
quantifiers. Additionally, if there exists a frame in which
either the coherence or the entanglement vanishes, a trade-
off holds for any possible pair of measures.

Main results—Let us consider the most general ideal
QREF transformation: Given a locally compact group G and
a Hilbert space H = L*(G) ® L*(G), the most general
QRF transformation can be written as [16]

SO=) — / dglg™ealdl ® Ujlg).  (6)

with {[g)},cc being the basis of L*(G), ie., (glg) =
5(g7'og'), and U(g) the left regular representation of G,
such that U(g)|¢’) = |god). In the case of discrete groups
the integrals can be replaced by sums and the Hilbert space
L*(G) with C[G]. For instance, in the illustrative example
above, the group is G = Z, and H = C[Z,] = C.

Given a generic bipartite pure state in the perspective
of C, namely,

)G = / dgdg v (0. N ald s (T)

we can calculate what the state in the perspective of A is,
namely,

A N C
e = SO~y

_ / dgdgd v (g Ddald)s.  ®)

with ye(9.9) = wis (g7 g7"og).

Upon direct application of the definition, QRF trans-
formations can be shown to be incoherent operations (see
Supplemental Material A [34]); i.e., they cannot increase
the coherence of a bipartite state—and in particular they
preserve it. Nevertheless, when studying a subsystem only,
QRF transformations can increase or decrease its coher-
ence, as pointed out in the previous example. Hence, it is
meaningful to characterize the amount of subsystem
coherence before and after the QRF change, as well as
the entanglement of the bipartite state, which can change
as well.

To begin, we study entanglement entropy and relative
entropy of coherence as our resource measures. The
entanglement entropy is defined as &,[jy)5] = S[pal
where p, = Trp[ly) 45 (y|] is the reduced density matrix
of the subsystem A and S[p] = —Tr[plogp] is the von
Neumann entropy. The relative entropy of coherence is
C.lp] = Slpa] — Slp], where p, is the state obtained from p
by keeping only the diagonal terms in the group element
basis {|g) },e¢- Intuitively, C quantifies how large the off-
diagonal elements of p are in the given basis.

Given the entanglement in the perspective of C, i.e.,
9 = ge[|y/>§f3)], the coherence of subsystem A in the
perspective of C, i.e., cﬁc) =C, M&C)], where pﬁf) =
TrB[pEQ], and analogous definitions for the perspective
of A, namely EW = Ee[|y/)gAC>] and CV :CeLcJ(CA)], the
following holds:

clO 4 g0 — oW | gl (9)

010201-3
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The proof relies on showing that pgc)

elements as /)(CA ) up to a permutation (see Supplemental
Material B [34]), and hence the entropy of the diagonal
states is the same before and after the transformation.
Another consequence of the above is an additional con-
servation law, with a different pair of coherence and
entanglement quantifiers: given the />-norm of coherence
[46] Cplp] = >z lpgn|* and the linear entropy of the

subsystem &[|y4z)] = 1 — Trlp,?], it holds that

has the same diagonal

CO 4O =cP 4 e®. (10)

The proofs of Egs. (9) and (10) are detailed in
Supplemental Material C1 and C2 [34]. We formulate
our main result in the form of a theorem.

Theorem 1—The sum of entanglement and subsystem
coherence £ + C is invariant under QRF transformations of
pure bipartite states, for (£,C) = (&€,,C,) or (£,,Cp).

Our theorem demonstrates the invariance of the sum
of entanglement and subsystem coherence under QRF
changes, for any pure bipartite state. Moreover, in
Supplemental Material C3 [34], we prove that the pairs
of quantifiers in Theorem 1 cannot be chosen arbitrarily: for
each entanglement (or coherence) quantifier, there is at
most one coherence (or entanglement) quantifier such that
their sum is conserved. This provides insight into which
quantifiers can form a QRF invariant.

Theorem 1 entails a trade-off between the two quantities:
a QRF transformation that increases entanglement only
does so by consuming the existing coherence, and vice
versa. In other words, it follows from Egs. (9) and (10) that
for both choices of quantifiers, when coherence increases
under a change of frame, entanglement decreases, and
vice Versa ie, AC,AE, <0 and ACpAE, <0, with

AC, = C Cec) , and similarly for the others. Note,
however, that even this weaker trade-off does not hold
for any pair of coherence and entanglement quantifiers;
a numerical example where ACpAE, >0 is given in
Supplemental Material C4 [34]. This means that there is
a pair of measures such that coherence and entanglement
can both increase under a QRF change. This is connected to
the property of different entanglement and coherence
measures not being monotones with respect to each other
(see Refs. [52,53]): they do not order states such that, given
two different measures C; and C,, for any two pairs of states
such that AC; < 0, it is also true that AC, < 0.

Nevertheless, it is still possible to find a trade-off for any
possible pair of measures, for some specific set of states.
This can be formulated as follows.

Theorem 2—TFor any choice of entanglement measure £
and coherence measure C, if there is a QRF where a pure
bipartite state has £ =0 or C =0, under a QRF trans-
formation it holds that AEAC < 0.

The proof is analogous to that of Theorem 1 and is
detailed in Supplemental Material C4 [34].

In the more general case of imperfect QRFs, where
different frame orientations are assigned nonorthogonal
states, both theorems fail, as detailed in Supplemental
Material D [34].

Bell tests in QRFs—Nonlocal quantum states violating
Bell’s inequalities are a key quantum information resource
[54], including applications in quantum cryptography
[55-59], randomness generation [60—63], and communi-
cation [64—67]. As discussed above, a change of QRF can
lead to a decrease in entanglement and hence in the degree
of nonlocality of quantum states, at the expense of a
corresponding increase in coherence. However, since non-
locality is independent of single-particle coherence, it may
appear lost or gained under QRF changes. If this hypothesis
is indeed correct, it would suggest that those QRFs in
which states manifest nonlocality are “preferred,” which
would challenge the view that all QRFs are equally
legitimate perspectives.

In the following we will show that the aforementioned
hypothesis is incorrect. A set of probabilities that violates
Bell’s inequalities in one QRF will violate them in any
other QRF, since probabilities are invariant under QRF
changes. While the resource for this violation may be
entanglement of states in one QRF, it can be the non-
separability of operations in another QRF. In this sense the
QREF change can transfer the “nonlocality of states” in one
QRF into the “nonlocality of operations” in another QRF.

Bell’s local causality is a condition on joint probabilities

Zp

where p(4) >0,%, p(1) = 1 is a probability distribution
of the “hidden variable” and a and b are outcomes in
Alice’s and Bob’s laboratories when they choose settings x
and y, respectively. The probabilities that satisfy Bell’s
local causality satisfy Bell’s inequalities.

In quantum mechanics, Bell’s inequalities can be vio-
lated, which demonstrates the incompatibility of Bell’s
local causality and quantum mechanics. To demonstrate the
violation, Alice and Bob may share a pair of particles in an
entangled quantum state and perform local operations on
them. We refer to this as the “nonlocality of states”.

We now proceed to an analysis of how the resources
required for a violation of Bell’s inequalities change under
QRF transformations. We begin our analysis in QRF C.

plalx, )p(bly.4), (1)

Suppose that in this frame the quantum state pg%) of the
composite system A and B is nonlocal in the sense that

there are local POVM elements Aglx), g‘cy) such that
C)
Tr |:px<43 ( alx ®Bb\y):| ;EZP

plalx,A)p(b|y,2). (12)
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The change of QRF results in a refactorization of the
Hilbert space from H,p to Hcp, encompassing both the
states and the observables. In general, the initial entangled
state in QRF C can be mapped to a separable one in QRF A
while products of POVMs are in general mapped into
nonseparable POVMs,

SO0 (sO=A)t = i @ ) (13)
. (©) (€) —(4) _ n)
(S(c) (A))T (Au\x ® Bb‘y)s(C) (4) — Da|x’h|y, (14)

where, in general, sz/rx),bbv #> ; qjCﬁ)‘x ® Bﬁ.';)‘y, with
g;j=20and ) . q;=1.

We note that as the change of QRF is a unitary trans-
formation, the probabilities for measurement outcomes
remain the same before and after the change. Hence,
although the state in QRF A is a local one, the probabilities
still display nonlocality since

Te| (o @7 ) Dl | # S pptalx. p(bly. ).

(15)

This is because the operations in QRF A are in general not
in a separable form. In fact, if a state in QRF C violates a
Bell’s inequality for some local POVMs, then the whole set
of transformed POVMs in QRF A cannot be separable,
because otherwise one would not violate Bell’s inequalities
in that frame. We refer to this violation as resulting from
“nonlocality of operations”. We conclude that the change
from one to another QRF results in a change from “non-
locality of states” to “nonlocality of operations”.

We illustrate our analysis with an example. Consider
the test of Clauser-Horne-Shimony-Holt (CHSH) inequal-
ity [54,68]:

1
> pla®b=xylx,y) <3, (16)

x,y=0

where p(a @ b = xy|x,y) is the probability to obtain
outcomes a @ b to be equal to the product xy, if the
choice of the settings is the pair x, y. It is known that if
Alice and Bob share an entangled state of qubits A and B,
as described by a reference qubit C,

© _10)410)g + [1)al1)p
|W>AB = NG )

and measure eigenprojectors of a product of spins ¢;; ® o;
along directions m and 7, they can maximally violate the
CHSH inequality by 2 + v/2.

Let us now analyze the CHSH test from the perspective
of QRF A. Note that performing a QRF change to the frame

(17)

of A, the state of B and C becomes

_ 10)c +11)¢
W) pe = |O>B—\/§ . (18)

As we can expect from our results, the entanglement in the
perspective of C has been transformed into coherence in
the perspective of A, and now Alice and Bob share a
separable state. However, the observables also change. As

an example, the observable o, ® [(o, + 0,)/v/2], which is
factorized in the perspective of C, here becomes non-
separable, ie., (S©~")6 & [(6, +6,)/V/2]SC)=W) =
1/ \/E(ax ®1T-0,® O'y), in agreement with the general
analysis given above.

Conclusion—Quantum coherence and entanglement are
fundamentally intertwined. In this Letter, we explored this
connection in the framework of QRFs, focusing on bipartite
pure states. We proved the existence of a QRF invariant and
showed that it can be decomposed in a way that captures the
connection between coherence and entanglement. This was
explicitly demonstrated for two pairs of quantifiers, show-
ing that the sum of entanglement and subsystem coherence
is conserved under QRF changes, implying that an increase
of coherence under QRF change must come at the expense
of a decrease in entanglement, and vice versa. Furthermore,
we showed that a weaker trade-off holds for any possible
pair of measures when there exists a QRF in which either
the coherence or the entanglement vanishes.

Finally, we discussed violations of Bell’s inequalities
in different QRFs and highlighted the role of different
quantum resources for the violation in different QRFs.
As an example, we show that the entangled states and
separable observables that violate the CHSH inequality are
mapped to factorized states and nonseparable observables
that violate the same inequality.

In Supplementary Material [34], we prove all statements
and theorems from the main text and investigate imper-
fect QRFs.

Future work could extend the present results to multi-
partite entanglement involving any number of parties.
Moreover, generalizing our results beyond the case of
locally compact groups to the group of diffeomorphisms
holds significant potential for insights into scenarios
involving quantum gravity. Our findings suggest that
while entanglement and subsystem coherence individually
remain invariant under a classical diffeomorphism, their
combined sum is preserved under quantum diffeomor-
phisms. This extension would imply that C+ £ is an
observable within the framework of general relativity,
opening up exciting avenues for exploring the implications
of this insight in the realm of quantum gravity.
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Appendix A: QRF transformations are incoherent operations

In this Supplemental Material we show that QRF transformations, defined in Eq. (6), are incoherent operations. We
focus on the case of finite Hilbert spaces, to avoid possible divergences in the coherence quantifiers. Note, however, that
the result also holds in the infinite dimensional case. Given a Hilbert space and an orthonormal basis {|i)}i=o,... .a—1,
a state is called incoherent in that basis if it can be written as o = Y, 0;]2)(i| (see Ref. [1] for an overview). We refer
to the set of incoherent states as Z. In turn, a CPTP map A is called incoherent if, given its Kraus decomposition,
ie. Afp] = >, KipK;r, each Kraus operator maps incoherent states to incoherent states, i.e. Vi KZ-ZK;r CZ Asa
simpler case, a unitary transformation is called incoherent if it maps incoherent states to incoherent states. We now
show that this is the case for QRF transformations.

Let us consider a generic incoherent state in the perspective of C, i.e.

%—Z ol9Xgl @ 1g')g']. (A1)

The QRF transformation of Eq. (6) can be written in the discrete case as S = 37/ lg~¥g| ® U(g~1). By direct
application, and remembering that U(g)|h) = |g o h), we find

Spans’ = Z g @lgTtogg T o] (A2)
—ZP o-10g7l9Xg] © 9'X9|. (A3)

where the second line has been obtained after two changes of variables. It is then clear that the resulting state is still
incoherent, since the effect of the QRF transformation has only been the permutation of the diagonal elements.

This means that QRF transformations are indeed incoherent. By unitarity, they also have to preserve the coherence
of the bipartite state [2]. This characterization provides a deep insight into the structure of the studied transformations.
Within the QRF formalism, no additional coherence of the bipartite state can be created - the total coherence is
preserved for any coherence measure. Furthermore, new possibilities for studying quantum resources associated with
QRF transformations arise by using results from resource theory. One example could be the application of Strelstov’s
theorem [3], which concerns a wide family of coherence and entanglement measures based on distances, and allows
one to upper bound the amount of entanglement present in the system by its coherence.

Note, however, that the coherence of each subsystem can change through a QRF transformation, and this is what
is studied in the main text.

Appendix B: Conservation of diagonal elements up to permutation
1. Continuous case

We present here a lemma that leads to the main results of our work (Theorem 1 and Theorem 2). Given a group G,
a QRF transformation S associated to the group, an initial and final state |1/)>E405, \1&)59‘4& =S |1/})S4C’B, and the respective

reduced density matrices ,0( ) = TrB[|zZ)>(C)( ¥|], p (A) TrB[|1/))(A)( ||, we show that the diagonal elements of the
two reduced density matrices are the same up to permutation. We can express this statement as a set equality:

{6l |9 € &} = {tglo 19} |9 € G} (B1)

This can be proven as follows. Let us start with the state in the perspective of C' defined in Eq. (7). Tracing out
subsystem B we get

o = [dg [ g [ aneGeneiS e mloks'| (B2

The set of its diagonal elements is thus given by

@ ol = [ eGP |gec}. (53)



(A)

Similarly, for ps’ we obtain

DA = {<9\p(A>\g> = / dhgele. mI? Jg e G}' v

From the definition of a QRF transformation in Eq. (6) we have
A A c - c), - 1) (C) —
olg) = [ an o, n = [ anl Qe onP = [anlulBe P =l ()

Since for each element of the group G there exists a unique inverse in G, then D(©) = D) and Eq. (B1) is proven.

The above observation can be used to derive the conservation laws in the main text, and the derivation is discussed
in detail in Supplemental Material C. Note that this result holds in the case of ideal reference frames, but there are
also more general types of quantum reference frames for which this result does not hold, as discussed in Supplemental
Material D.

2. Discrete case

We provide here an alternative proof for discrete groups, which highlights the role of permutations in QRF trans-
formations. Let us again consider three parties, A, B and C, and the most general discrete pure state with respect
to C:

)7 —ZO, 19 411) (B6)

Here, Cy 5, is such that the state is normalized, namely Zg(C’CT)gyg = 1. Applying the QRF transformation, we get
the state with respect to A,

) e = ZC wlgelgT o) g =Y Coi gionlg)clh)p =Y Dynlg)clh) p- (B7)

g,h g,h

Tracing out the second subsystem from the perspective of C, we get

= Trp[[) 4wl =Y (CCgnlg)hl, (BS)

g:h

and the diagonal part pa,q = ZQ(CCT)g,g|g><g\. Analogously, starting from the state with respect to A, performing
a QRF change to C, and applying a partial trace, we get

poa =Y _(DD)g4lg)gl. (B9)

g

Here, we want to show that
(DDM)y,q = (C’Cﬂr)ﬂ(g)ﬂ(g)7 Vg, (B10)
where 7(+) is a permutation of the elements of G. Note that, by the definition of QRF transformations, we have
Dg7h = Cg—l,g—loh. (Bll)

A QRF change thus consists of applying a permutation P() on the columns of the density matrix, such that each
element ¢ gets mapped to its inverse g~!, and a controlled permutation on the rows, such that each row undergoes a
different permutation (this is the effect of the controlled unitary on the second system). That is,

G|
D=PO (3 AUCPYD |, (B12)
j=1



where P() and PU) are permutations matrices, AU = diag({djk}r=1,...,|g|) are the control elements, i.e. diagonal
matrices with only one element equal to 1 and the other elements being zero. The permutation matrices are orthogonal,
i.e. PPT =1, and the control matrices are symmetric, that is, A = AT. Overall, this yields

DD = p® ZA(J')CP(J')p(l)Tc’(A(l) pOT, (B13)
jl

Note that given matrices M and N, if N = PMPT, then Ny.g = My(g).n(g), that is, the permutation acts in such a
way that the diagonal elements are permuted between each other. Hence we obtain

(DDY)y4= (> AVCPOPOTCTAD , (B14)

gt (9):m(g)

where the permutation P(*) is the one that sends each element to its inverse, namely, 7(g) is the inverse of g.

Furthermore, we use the property that when AW) and AW are applied to the left and right of a matrix, they select
one element, namely ADMAG = M;,S (D), where SU is the matrix that has a 1 in position j, I, and zero otherwise:

S[(zjle> =6;4015. As a result,

l
(DDT)gg = Z(CP(J)P(Z)TCT) Sf(:(g)) n(g) (CC )x(g).m(9)» (B15)
3.l

which proves our statement.

Appendix C: Proofs of theorems
1. Proof of Theorem 1: Entanglement entropy and coherence entropy

To formulate the first conservation relation we use the entanglement entropy and the relative entropy of coherence.
Given a pure bipartite state |¢) , 5 and a density matrix p of arbitrary dimension, the measures are defined as [1, 4]

Eell)apl = Spal, (C1)
Ce [/0] =S [pd} -S [/0] ) (02)
where S[p] = —Tr[plogp| is the von Neumann entropy, pa = Trp [[¢)) 45(¢|] is the reduced density matrix of

subsystem A, and the subscript d denotes the diagonal part of the state in the group basis, that is, {(g|pq|g’) =
(9=t og') {glplg)-
If we calculate the coherence of the reduced density matrix p(AC) =Trp Dw)EfB) <wq, and of p(CA), we find

ce [o] + & [lIB] = s[5 (C3)
Ce [pE] + & [[0)52] = o] (ca)

We now want to show that these two quantities are equal, as in Eq. (9) in the main text. This happens when

S [pgc()i} =S [p(CA;}, which can be proved as follows. By construction, pf‘h)i has the same dlagonal elements as p( )

while all the other elements are zero, hence the diagonal elements of p A are the eigenvalues of pc 4 (and analogously
(4 )) Furthermore, the lemma of Eq. (B1) states that p( ) and P(c ) have the same diagonal elements up
to a permutatlon and hence ,0( ) and pc C)l have the same eigenvalues up to a permutation. Since the von Neumann
entropy of a state depends only on the set of eigenvalues of the state, it follows that the two von Neumann entropies
are the same, proving Eq. (9) in the main text.

for p( and pg;



2. Proof of Theorem 1: Linear entropy and /*> coherence

As for the second conservation relation, we consider as coherence and entanglement quantifiers the I2-norm of
coherence C;2 and the linear entropy of the subsystem &, respectively. Note that the latter can be treated as a
rescaled square of the entanglement concurrence. Once again, we focus here on discrete groups and finite Hilbert
spaces. These quantifiers are given by [1, 5]

& llY)asl =1-"Tr [p4], (C5)
Ceelo) =Y |pijl*. (C6)
i

The above [? coherence can be easily decomposed into two terms: Cpz2[p] = Y, ; Ipij|? — >, |pii|*. The first term is

actually the state’s purity Tr [pQ] and the latter is sometimes referred to as the “classical purity”. By the lemma of
Eq. (B1), the second quantity is conserved under QRF transformations. In other words, the quantity

e [p] =1 (A7) ] = = S 16570 ()

geG

is invariant under QRF transformations. Finally, adding 1 to both sides of the above equation and writing the same
equation in the reference frame of A, one finds

Ce o] +& [[)53] = ci 6] + & [0)52] (C8)

which is Eq. (10) in the main text.

We have thus found two conservation relations, using two different pairs of measures for coherence and entanglement.
Note, however, that it is not possible to find the same conservation law for any possible pair of measures: an example
is given in the next section, where C;2 + &, is not conserved, and not even the weaker condition AC;2 A€, < 0 holds.

Nevertheless, the lemma of Eq. (B1) can be used to prove other entanglement-coherence trade-offs, possibly in a
more convoluted form. To give an example, it is possible to find another conservation relation for two qubits. Let

us consider the geometric measure of entanglement [6] & [|ap)] =1 — § (1 ++/1-— 4det(pA)) and the geometric

coherence [3] C4 [p] =1/2 (1 —/1- 4|p01\2). We can write

1— % <1 n \/1 +2¢, [pff)} (1 —2¢, [pff)}) - 4p00p11> (C9)

1—% <1+\/1+26g [ (1=2¢, [ —1>, (C10)

where I is a QRF invariant, due to the lemma of Eq. (B1). Solving the above equation for I, one could arrive at yet
another entanglement-coherence trade-off relation.

& [14)3]

3. Uniqueness proof

We prove here that once an entanglement (or coherence) quantifier is chosen, there cannot be more than one
coherence (or entanglement) quantifier such that their sum is QRF invariant. We focus on the proof with a fixed
entanglement quantifier, but a completely analogous proof holds for the case with a fixed coherence quantifier.

Specifically, we prove that given £4 and C4 such that their sum is invariant under QRF changes, i.e.

Ea+Ca=kua, (Cll)

where k4 is a QRF invariant, then there cannot exist another Cg # Ca, such that £4 + Cp = kp, with kg a QRF
invariant.
Let us prove this by contradiction: assuming that Cp exists such that £4 + Cp = kp entails that

Cp=Ca+ K, (012)



where K = kg — k4 is a QRF invariant.

From this relation, it follows that Cp is a coherence quantifier if and only if K is. But K is by assumption a QRF
invariant, and since coherence changes under QRF transformations, K cannot be a coherence quantifier (for example,
it can be non-zero for incoherent states). As a result, there cannot exist Cp # C4 such that £4 +Cp = kp, and this
concludes the proof.

4. Counterexample for a generic inequality

We have shown that there are two conserved quantities under QRF transformations, namely Eqgs. (9) and (10) in
the main text. They imply that the following two inequalities hold: AC.AE. < 0 and AC;zAE; < 0. This, however,
does not mean that for any possible pair of measures, one can obtain an analogous inequality. For example, it does not
hold true that for any state AC;2AE, < 0. Here we provide a counterexample of a state and a QRF transformation
for which the inequality is violated.

Let us consider the cyclic group G = Z3, a basis associated to the group elements {|0),]1),]2)}, and a unitary
representation of the group U(g), acting as U(g)|g’) = [(g + ¢g') mod 3). A counter example is an initial state in the

perspective of C, i.e. \zb)ff]; = E?j:o 1/)1-? |ij) 45, Where the coefficients are (approximately) given by

[4+0.20 — 0.05i —0.22 + 0.30i —0.28 + 0.12 |
»(©) = | -0.36 +0.21i —0.15 — 0.24i +0.25 + 0.12i| .
| —0.41+ 0.31i +0.04 — 0.09 —0.08 — 0.34|
After the QRF change, one finds the state
[+0.20 — 0.05¢ —0.22 + 0.30; —0.28 + 0.12i]
) = [ 4025 +0.12i —0.36+0.21i —0.15 — 0.24i ] .
| +0.04 — 0.09 —0.08 — 0.34i —0.41 + 0.31|

By explicit computation of the measures, one finds 56(0) = 0.76, Cl(zc) = 0.23, EéA) = 0.69, Cl<§4) = 0.17, hence
AE.AC2 = 0.004 > 0.

5. Proof of Theorem 2

We provide here a proof of Theorem 2, which states that, given a bipartite pure state |¢>£‘CEE in the frame of C' and its
transformed version \1/))5;0) = S~ \z/))ffg in the frame of A, for any possible choice of coherence and entanglement
measures C and &, if there exists a frame in which C [pff)} =0oré& [\1/})&853} = 0, with p(AC) =Trp [|1/))E40§<w|} and

similarly for p(CA), then

(c[p] = [o7]) (e[rse] - [2]) <. (C13)
(@)

From now on, we will adopt the same convention of the main text, and call C(¢) = C [pff)}, EC) = ¢ [W)AB} for

short, and equivalently for A.
Let us start from the C(©) = 0 case. Since for any coherence measure it holds C(*) > 0, then we have to prove that

£© > £ We will do so by proving that \1/1)585){ can be converted to |1/))53Ag by a LOCC transformation. Let us
consider the reduced density matrix p(AC). Since C(©) = 0, it is diagonal and hence its vector of diagonal elements dl©

coincides with its vector of eigenvalues X(©), which are the Schmidt coefficients of W)fg. In an equation: d\©) = X(©),
Moreover, by the Schur-Horn Theorem [7], for any Hermitian matrix, and in particular for p(cﬁq ) , it holds a4 = X(A)7
where < stands for weak majorization. Moreover, due to the lemma of Eq. (B1), we know that di©) = J(A), hence it
must be that X(©) < X4 where these vectors are the Schmidt coefficients of |1/))E4(’B and \zﬁ)SBAC), respectively.
Finally, by Nielsen’s theorem [8], since the Schmidt coefficients of |1/))53AC)V majorize the ones of \¢>(AC;3), this means

that |1/J)(fB> can be transformed into |1/J)§3Ag by a LOCC, and hence £(©) > £(4). This concludes the first part of the
proof.

Let us investigate now the case where £(¢) = 0. We want to show that coherence can only decrease, i.e. that
CA) < €O, To prove this, we show that the map between the initial subsystem and the final one is incoherent, when
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the initial state is factorized. Given the reduced density matrices in the two perspectives, namely p(AC) and p(CA), these

two states are related through a CPTP map ¢ [pf)} = p(CA) that corresponds to the QRF change. Explicitly the map

is given by
¢ [pff)} =Trp [Spff) ® ) Wl ST} ; (C14)

since the initial state is factorized by assumption, and the form of S is given in Eq. (6). This map can be decomposed
in terms of Kraus operators E(g), satisfying ¢ [p] = [ dg E(g)pE(g)', where one can choose E(g) = <g|S|w)530).
Such an operation is incoherent iff, given any diagonal state pp = [ dh pp|h)(h|, it remains diagonal after the action

of each Kraus operator, i.e. E(g)ppE(g)' is diagonal Vg. This can indeed be proven explicitly: From the expression
of the Kraus operators and the definition of the QRF transformation, one can find

) | -
B(o) = [ dg' (5o d10)§ lg e’ (C15)
and replacing it in the incoherent operation condition, one gets
B(@)pnE() = [ o tgo blu) 5 (Wlgon) b0, (c16)

which is clearly diagonal, as the proof requires. Hence, since ¢ is an incoherent operation, it cannot increase coherence,
and it must be that C(4) < C(©). As a consequence, it holds ACAE < 0, when £(4) = 0.

Appendix D: Imperfect quantum reference frames

In the main text, we have restricted our analysis to L?(G) quantum reference frames, i.e. QRFs that carry the
regular representation of the symmetry group. These are referred to in the literature as perfect [9] or ideal [10]
quantum reference frames. In the following, we show that Theorem 1 that we derived for ideal frames no longer
holds for non-ideal QRFs, i.e. C. + &, and Cj2 + & are not conserved under an imperfect QRF change. This happens
because the type of imperfect QRFs we discuss here is characterized by an overcomplete basis of group elements, and
consequently the QRF transformation between any two perspectives is more involved.

To see why, let us first give a brief introduction to the perspective-neutral approach to QRFs [10-16], which
represents an alternative formalism for internal QRFs. Consider a system of interest S and a QRF R, both trans-
forming under a given symmetry group G. The group is taken to be an arbitrary unimodular Lie group, that is,
the left- and right-invariant Haar measures of the Lie group coincide. Given a kinematical description of both sys-
tems, one can assign a quantum state to S and R in the kinematical Hilbert space, which takes the product form
Hyin = Hr ® Hg. Hiin is assumed to carry a unitary tensor product representation of G, i.e. for all g € G and |¢)yn),
we have Urs(9)|¥xin) = Ur(9) ® Us(9)|t¥xin), where g — Ug(g) and g — Ugs(g) are strongly continuous unitary
representations. We shall require the existence of a system of coherent states {Ug, |¢(g))z} such that G acts transi-
tively on the coherent state system. That is, for all g,¢’ € G, we have |¢(¢'g)) r = Ur(9’)|#(9)) g, and, in particular,
|#(9)) r = Ur(9)|¢(€))p. The coherent states |¢(g))p are interpreted as the different possible orientation states of
the G-frame, where g is called the quantum frame orientation. In order for the frame orientation states to admit a
consistent probabilistic interpretation, the representation Ugr(g) and the seed coherent state |¢(e)) are required to
give rise to a resolution of the identity

/G dg|6(@))b(9)| 5 = n 15, (D1)

for n > 0 a constant.

An ideal reference frame is characterized by carrying the regular representation of G, in which case Hr ~ L2(G, dg).
In this case, G acts regularly on itself, and the frame orientation states are orthogonal and thus perfectly distinguish-
able, i.e. (glg’) = 6(g7* o g’). A reference frame that does not carry the regular representation is referred to as
non-ideal.

The physical Hilbert space contains all physical states, that is, all states invariant under the gauge group action
Urs. They are of the form Urg(g) [tphys) = |¥phys),Vg € G. They can be constructed by applying the coherent
group averaging “projector” Iynys == [, dgUrs(g). Then, with a slight abuse of notation (see Ref. [10] for a detailed
discussion), we have |tphys) := Iphys |kin)-



In order to reduce from a physical “perspective-neutral” state to an internal QRF perspective, one can apply the
Schréodinger reduction map Rg r(9) © Hphys — Hgﬁgs, which maps states from the physical Hilbert space to the
description of the system S relative to the frame R being in orientation g € G:

Rs.r(9) = (#(9)|r @ 1. (D2)

The image of this map is the physical system Hilbert space théy ®, which contains all relative states of R that result
from conditioning a gauge-invariant, physical state on the frame R being in orientation g. Thus, we can define

relative physical states as |2 (g)) := Rs r(9) [pnys). The latter satisfy the covariance property Us(g’)[4/%™%(g)) =

Wghys(g’ g)) and allow to rewrite physical states as

otys) = /G dg'|6(a"))  ® [EEY(g')). (D3)

Finally, let us see how to change perspective from one frame to another. Consider two frame systems R; and Ro,
and the system of interest S. The kinematical Hilbert space is given by Hyin = Hr, ®Hr, ®Hs and the physical space
is the image of the kinematical space under the coherent group averaging projector. To reduce to the perspective of
the internal frame R; being in orientation g;,7 = 1,2, we apply the Schrédinger reduction map Rs g, (g;). Since this
map is invertible when its domain is restricted to Hpnys, it is now possible to change perspectives by passing via the
perspective-neutral structure. The QRF change that maps the physical states of S relative to R; being in orientation
g1 to the states of S relative to Rg being in orientation gs is given by

VR, =R, (91,92) == Rs r,(92) - R i, (91), (D4)

. phys phys
mapping from Hpy5.9, 0 HRls go-

Having reviewed the perspective-neutral approach to QRFs, let us, for simplicity, choose a concrete example for
the symmetry group G, namely the smallest finite non-Abelian group S3. Take three systems A, B, and C, such
that each has a Hilbert space C3 and carries the representation that maps S3 onto the triangle. That is, Sg acts as
permutations on the three basis vectors |i), i = 0,...,2, which form an orthonormal basis of C3. The coherent state
system can be constructed from a general seed state |¢(e)) = «|0) + B|1) ++|2), where «, 3,7 € C. The conditions on
the seed state are summarized as follows:

a, B, are pairwise different,
laf* + 181 + 1y* =1, (D5)

The physical Hilbert space for N = 3 systems for G = S3 is five-dimensional. We can reduce into the perspec-
tives of systems A and C by applying the respective Schrodinger reduction map Rs a(e) = (¢(e)|a ® 1pc or
Rs,c(e) = (¢(e)lc ® 1ap.

Let us now give a concrete example in the case of imperfect frames for S5 in which the conservation of C, + &, and
Ciz + & under changes of frame does not hold. Take the kinematical state of A, B, and C in Hy;, = (C3)®3 to be

W) onp = 00 © %mom = 1200 ® 12 (D6)

Applying the group averaging projector ppnys = \/ﬁ > gess Ucan (g9), we get the corresponding physical state
3

11
[Ybphys) cap = %%(ﬂoom +(012) — [022) + i[110) + [120) — |100) 4 i[221) + [201) — [211)

+i001) + [021) — |011) + §[220) + [210) — [200) + i[112) + [102) — [122)) ., ,- (D7)
Let us now reduce to the perspectives of systems C' and A, respectively. We choose the following seed state:
1 .
[¢(e)) = —=(10) +i[1)). (D8)

Sl

2



It is easy to check that this state satisfies conditions (D5). We apply the Schrédinger reduction map

Rs.c(e) = V3—=((0] =i(l)c @ Las (DY)

to the physical state. Note that we added here a multiplicative factor of v/3 in order to render the relative physical
states normalized. We obtain the relative physical state of A and B, given C' in orientation e:

Rs,c(€)[dphys)cap = ?(ﬂoo} +[01) + [10) — [11) + 2[12) — i[20) + [21) + (i — 1)|22)) 4. (D10)

Similarly, we obtain the relative physical state of B and C, given A in orientation e:

Rs,A(€)|¥phys) cap = ?(2i|01) + (=1 —14)|20) + (1 +¢)|21) + 2[12))cB. (D11)

We are now in the position to compare the diagonal elements of the reduced density matrices:

p(AC) =Trp [p(fjg] 2 (2 [0XO0| + 6 1)1| +4|2)2|) + off-diagonals, (D12)
P = Trp[pi)] = 2(4 0] + 4 [1)1] + 4 [2)(2]) + off-diagonals. (D13)

We can then see that after an imperfect QRF change the diagonal elements of p; and p( ) are not equal up to a
permutation. This shows that the lemma of Eq. (B1) does not hold anymore for imperfect QRFs. As a consequence,
one can check by direct computation that the conservation laws of Theorem 1 do not hold. In fact:

log2 log3 log6
Ac. + & =5 o)) - 5 [o1)] = ( Og + °§ n °§ )—10g3%—0.09750, (D14)

ACp2 + A& = Z (‘ (P(C‘A))mr o ‘(pff))i,i 2

Let us now briefly consider the inequalities AC.AE, < 0 and AC;2zAE < 0. While one can show that these
inequalities are satisfied for ideal QRFs, as is done in the main text, this is generally not the case for imperfect QRFs
that carry a coherent state system. Let us provide a counterexample here.

The general form of a reduced physical state is given by

1
> = -5 #0. (D15)

[) 2 =a - (@*]00) o + B*[11) + 7*[22))

+(1/V2)[b- (@ (|11) +122)) + B*(100) + |22)) + 7 (/00) + [11)))
+c- (a*([10) +120)) + 57(/00) + [21)) +~7(|11) +[12)))
+d - (7 (|01) +102)) + 57(]10) + [12)) +~7(]20) + |21)))
+e- (@"(112) +[21)) 4 £7(/02) + [20)) +7*(|01) +[10)))]. (D16)

One counterexample for Theorem 1 and the above-mentioned inequalities is generated by the following parameters:

1
a,B,v7) = —(i,1,—1) and D17
(0,8:7) = (i1, 1) (D17)
39 29 77 37t 39 i 39 81 3 7
(“»b’@d"f)—(%‘@"ﬁ*ﬁ@*@ﬁ‘@‘ﬁ‘ﬁ) (D18)
for which
AC. + AE, = —0.138 and AC,AE. = 0.005, (D19)
ACp2 + A& = —0.453 and AC;z A& = 0.005. (D20)

Regarding Theorem 2, let us briefly explain why the assumptions do not hold in the case of imperfect QRFs that
carry a coherent state system. Note that the change of QRF in Eq. (D4) is a map from one physical system Hilbert
space to another. Any state relative to one QRF is obtained from applying Il,nys to a kinematical state, which



strongly entangles the state, and conditioning on a frame state |¢(g)). Using Eqgs. (D2) and (D3), this gives rise to
states of the form

9o = Rs,4(9) © Mpnys|tin) = / dg' (6(9)6(9)) W2 (g)) (D21)

for states relative to A, and analogously for C. For any imperfect frame with overcomplete basis {|¢(g))}4ec, that
is, (¢(9)|o(g")) # 0(g'~1 o g), the relative state will still contain a certain degree of entanglement. We can thus not
find separable states in H%hgfq or H}Xg? . For the same reason, one can also not find any relative states with zero
coherence. Thus, the statement of Theorem 2 does not apply to the case of such imperfect QRF's.
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Quantum mechanics imposes limits on the statistics of certain observables. Perhaps
the most famous example is the uncertainty principle. Similar trade-offs also exist
for the simultaneous violation of multiple Bell inequalities. In the simplest case of
three observers, it has been shown that if two observers violate a Bell inequality, then
none of them can violate any Bell inequality with the third observer, a property called
monogamy of Bell violations. Forms of Bell monogamy have been linked to the no-
signaling principle, and the inability of simultaneous violations of all inequalities is
regarded as their fundamental property. Here, we show that the Bell monogamy does
not hold universally and that in fact the only monogamous situation exists for only
three observers. Consequently, the nature of quantum nonlocality is truly polygamous.
‘We present a systematic methodology for identifying quantum states, measurements,
and tight Bell inequalities that do not obey the monogamy principle for any number of
more than three observers. The identified polygamous inequalities enable any subset
of (N — 1) observers to reveal nonlocality, which is also shown experimentally by
measuring Bell-type correlations of six-photon Dicke states. Our findings may be
exploited for multiparty quantum key distribution as well as simultaneous self-testing
of multiple nodes in quantum networks.

foundations of quantum mechanics | Bell inequalities | monogamy of Bell violations |
quantum entanglement

Quantum nonlocality is one of the most intriguing features of quantum theory. Starting
from its beginnings and the famous Einstein-Podolsky-Rosen (EPR) argument (1),
through the first works of John Bell (2) to various experiments (3—12), it reveals the
impossibility of a local-realistic description of quantum phenomena. Violation of a
Bell inequality serves now not only as a fundamental test for the statements about
the nature of reality but also finds applications in many areas of modern quantum
technologies (13-19). One crucial concept in the study of quantum nonlocality is the
monogamy principle, which states that it is impossible to simultaneously violate all 4-
partite (k¢ < V) two-setting Bell inequalities among /V different parties. The early findings
by Scarani and Gisin (20), and later by Toner and Verstraete (21-23), reveal that a strict
monogamy exists between violations of bipartite Bell inequalities, i.e., if two observers
violate a Bell inequality, then none of them can violate any Bell inequality with the third
observer [note that inequalities with more settings can be violated (24)]. A number of
generalizations where quantum entanglement is shared in a multipartite scenario showed
that more than one subset of parties can violate a multipartite inequality, but never
all subsets of observers (25-31). Monogamy is a crucial aspect in the foundations of
quantum mechanics and thus became the subject of many extensive studies linking it to
no-signaling principle, secure communication, and randomness amplification (32-39).
However, as shown here, the monogamy principle is not fundamental. Rather, it is a
mere consequence of the specific mathematical structure of certain inequalities, which are
not universal. To support our claim, we develop a systematic method to construct Bell
inequalities among /N — 1 observers that do not adhere to the monogamy principle
for all N > 3. Furthermore, we provide an interesting minimalistic polygamous
scenario based only on bipartite correlations between all pairs of observers. We show
that the simultaneous violation of all inequalities is possible if the number of parties is
N = 18. Recognizing the practical challenges associated with generating high-fidelity
quantum states in experimental setups, we could still identify inequalities that are violated
experimentally by six-qubit Dicke states. The polygamous nature of quantum nonlocality
is therefore proven theoretically and confirmed in experiments.

Results

Three Parties and Strict Monogamy. We begin by recalling the standard results on
Bell monogamy between three observers. Consider a scenario in which party A tries
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to simultaneously violate the Clauser-Horne-Shimony-Holt
(CHSH) inequalities (40) with parties B and C using a three-
qubit quantum state. We denote the value of the CHSH-Bell
parameters by B4p and Byc, respectively. Quantum mechanics
predicts that these parameters obey the relation (20, 21)

Bip+ Bi <. [1]

Note that if one of the inequalities is violated, e.g., B4p > 2, then
the other one cannot be violated, B4 < 2. This is the statement
of monogamy of Bell inequality violations. In the considered
scenario, this relation is tight, in the sense that all the values
of B4p and B4 that reach the bound are realized by quantum
theory (21, 25). To see this, consider a pure state given by

ly) = %(cosemo) +5in0101) + [011)),  [2]

with @ € [0,7/2] and the following measurement settings
described by the local Bloch vectors

le X, Zl :Zl = %(Zf JF;)’ 3]
ay 25/, bz 2?22\%(;6—5/).

Using them, one can evaluate the corresponding two-party Bell
parameters as

Buap = Ei1o + Erz0 + Exio — Eano = 2v/25sin 6,
Bac = Eio1 + Ei02 + Exo1 — Exop = 2v/2 cos 6,

where Ej, stands for the correlation function (average of the
product of local results) and index 0 indicates the party whose
measurement outcomes are not included in computation of the
correlations. This clearly realizes all the values in Eq. 1 that
saturate the bound and gives rise to the circle depicted in Fig 1.
The whole circumference is obtained without any permutation
of observers and measurement outcomes.

However, this is the only scenario where all of the involved
inequalities cannot be violated (see ref. 28 for the case of three

“BAB

A B

Fig. 1. Visual representation of monogamy between CHSH inequality vi-
olations for three parties. (A) Schematic of the arrangement where three
observers (A, B, and C) try to violate two inequalities (red and orange edges).
(B) Accessible values of Bell parameters Bag and Bac for parties AB and AC.
According to local realistic models, the bound on each inequality is given by
2, and hence, its predictions are confined to the square with a side length
of 4. From Eq. 1, quantum predictions lie within a circle of a radius 2+/2. The
angle ¢ in Eq. 2 for which both inequalities are simultaneously maximized has
been explicitly denoted. The principle of monogamy is clearly satisfied since
such a state saturates both local realistic bounds and any attempt to violate
one of the CHSH inequalities leads to classically achievable correlations on
the other one.
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Fig. 2. Exemplary configurations showing Bell polygamy. Each color cor-
responds to a different choice of N — 1 observers taking part in the Bell
test. Panels (A and B) picture the possible configurations of all three and
four-qubit inequalities, respectively. According to our findings, in all such
configurations with N > 3, one can simultaneously violate all N suitably
designed Bell inequalities, each involving k = N — 1 observers.

inequalities). To demonstrate the polygamous nature of Bell
nonlocality, we generalize the Toner-Verstraete scenario (21)
to the case of N observers where each of them can perform
measurements of two dichotomic observables AEZ),AgZ) G =
I,...,N). Then, we analyze the simultaneous violation of
Bell inequalities between N — 1 observers in all possible N
configurations (Fig. 2). Later, we provide an inequality where
each of the Bell tests includes measurements between pairs of
observers only. Following these results, we present an inequality
for N = 6 qubits and demonstrate that using an experimentally
observed six-photon Dicke state one indeed can violate such an
inequality for all six five-party subsystems simultaneously.

Polygamy of Mermin Inequalities. Our strategy to find Bell
inequalities that do not satisfy the monogamy principle is by
imposing permutation symmetry. Let N observers share an V-
qubit quantum state that is permutationally invariant. They

perform measurements of the same observables, i.e., A](l) =
A](I)(j = 1,2i=2,..
a Bell inequality that is violated by a subset of (/N — 1) observers,
it immediately implies that the same inequality is violated by all
other subsets with the same number of observers. This does not
necessarily exclude correlation trade-offs, but it clearly rules out
monogamy.

Let us now use this framework to show that the violation of
multiparticle Mermin inequalities is polygamous. To demon-
strate this, we consider a general permutationally invariant pure
N-qubit state shared by all NV observers

.»N). In such a situation, if we find

N
) =Y d|D), [4]
e=0

where | DY) is the NV-qubit Dicke state with ¢ excitations. Now,
we form N subsets involving (N — 1) parties, and for each
of them evaluate the Mermin operator (41-43). For simplicity,
justified by symmetry, all further calculations can be performed
for observers labeled as 1,2,...,N — 1 only. The Mermin
operator can be written as (43—45):

My = 2V"2(IGHZ )y -1 (GHZ ]

—\GHZ") N_1<GHZ*|), 5]
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where |GHZE) y_1 = %“0...0)1\,_1 +|1---1)y_1). Forall
local realistic models, the expectation value satisfies My_; =
(My_1) < 2(N=2)/2 (43). Rewriting [5] in terms of the Dicke
states ([0... 0 y—1 = |D%_ ), [1... 1)y—1 = [DN"1)), we get

My—y =2V72(1D%,_ (DN "]
+ DN TIDS D). [6]

In order to calculate the expectation value of the Mermin
operator, it is convenient to express the state [4] in the following
way

ly) = do|DY,_,)10)

d N—-1 4
+_N|DN_1>|1>+dl T|DN—1>IO>
+ ...
dn - IDN DN 2
\/_| D10) + dy— 1\/ |Dy—1)1)

+dy DY), [7]

where the dots signify the terms that do not contribute to the
expectation value. Finally, we obtain

Mpy—1 = (wIMy_1 ® 1y)
2N—1
= i (dodn—1 + dvdp). (8]

This value is maximal if dy = dy_1 =0 and &) = dy = 1//2
or vice versa. Both solutions are locally unitarily equivalent, thus,
we choose only the one stated explicitly above. The corresponding
state is given as

1
[Winax) = E(l%) +]1...1)). [9]

It leads to the maximal quantum value for the Mermin operator
equal to MY = 2V72/{/N and a violation factor of

2(N—2)/2/\/ﬁ. Note that for N = 3 and N = 4 our result
is consistent with (21) and (25), and the respective Mermin
inequalities are not violated. However, already from N = 5
onward such a violation is possible and it increases exponentially
with the number of qubits. Remarkably, in the limit of many
particles, not only there is no monogamy of violations, but in
fact every inequality is violated maximally.

Furthermore, the polygamous property extends to complete
sets of tight Bell inequalities, i.e., necessary and sufficient
conditions for local realistic models of observed correlations. We
show this for the Werner-Wolf-Weinfurter-Zukowski-Brukner
(WWWZB) inequalities (46—48), which are complete for N-
qubit two-setting correlation functions. For the proof, consider
(N —1)-qubit marginal of the state [yay). Surprisingly, it admits
nonvanishing correlations in the xy plane for exactly the same
observables as the Greenberger-Horne-Zeilinger (GHZ) state.
However, while the GHZ correlations are all perfect, i.e., equal
to %1, the correlations of the marginals are reduced to £1/ VN.
It was shown in ref. 48 that such states admit a local realistic
model if and only if their squared correlations, measured for
local observables in a plane of the Bloch sphere, are larger than
1. For the marginal state, this sum is equal to 2Y=2/N and is
greater than 1 for N > 4. Note that for N < 4 the correlations
do not violate any Bell inequality as they are compatible with the
local hidden variable model constructed in ref. 48.

PNAS 2024 Vol. 121 No. 44 e2404455121

Polygamy for Four Parties. As shown in the previous section, it is
not possible to violate all four three-qubit Mermin inequalities for

observers (ABC, ABD, ACD, and BCD) in a four-party system
(A, B, C, and D), where for simplicity A = A,A(z) = B, etc.
However, it is possible to find another set of two-setting Bell
inequalities that have this feature.

Using an original method based on linear programming
(Methods) we found a tight three-qubit inequality (I4pc) < 6,
where

Lypc = 2sym[A;] — sym[A; B1] — sym[A; B;]
+ sym[Asz] + 2A41B1Cy + Sym[AzBl Cl]
-2 sym[A282 Cl} — Asz Cz. [10]

We use here a compact notation for symmetrizing over different
observers

sym[4;B;Cy) Z ApB;C,, [11]
7 (k)

where the sum is over all permutations of (% / m), de-
noted as 7w(k L m), assuming Ay = By = Gy = 1, eg,
Sym[AlBl]Z sym[A131 C()] =A1B1Cy + A1ByCy + ApB1Ci =
A1By + A1Cy + B1Cy being the permutations of # = 1,/ =
1,m = 0. Analogous expressions can be formulated for Zypp,
Liacp, Ipcp inequalities. This inequality belongs to the Sliwa’s
set (49). It can be directly verified that all four subsets of parties
can simultaneously violate their inequalities using the four-qubit
state of the form |y) = cos€|Di) + sin#|1111). Note that
this state lies in the same subspace as |Wmax) in Eq. 9. The
maximal violation of 6.154 > 6 is observed for 8 = 0.144,
and observables lying in the xz plane, 4; = B; = C; = D; =
cos ;0. + sin ¢;0, with ¢; = 2.739, ¢p, = 0.847. It is worth
noting that these inequalities can also be simultaneously violated
(6.064 > 6) by the Dicke |Di) state ( = 0) if the angles
were chosen as ¢p; = 2.640, ¢, = 0.986. We emphasize the
relative simplicity, as every observer measures the same set of
two observables. The above example shows that, already for a
system of four particles, one can define inequalities involving
three observers such that all of them are simultaneously violated.

Polygamy with Two-Body Correlators. The violation of
monogamy is by no means limited to the case of higher-order
correlations. Here, we focus on a minimalist scenario based on the
measurements of all pairs of observers. Again, we approach this
problem through the linear programming technique described in
Methods. As a result, the (IV — 1)-partite two-body Bell inequality
was found to be (/y—1) > 0. The corresponding Bell operator is
given as

In—1 = L+ a (sym[A;] + sym[A43])
=+ Sym[AlBl] +2 sym[Ale] + sym[Asz}, [12]

where L and a are defined by L = 3((N — 4)> + N — 2) and
a = —3(N — 4), respectively. Note that Eq. 12 fits into the
permutationally invariant form of the two-body Bell expressions
introduced in ref. 50. However, Iy _; differs from the two classes
of Bell parameters defined in that paper.

Notably, it is easy to verify the validity of the local realistic
bound of zero for Eq. 12 up to large N (e.g., up to 10%). To do
this, first note that we can restrict the parties to use deterministic
strategies. For a given classical deterministic strategy, let a4,

https://doi.org/10.1073/pnas.2404455121
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a4—,a_,and a__ denote the number of parties whose classical

expectation values (A/(;)) (for £ = 1,2) are {1,1}, {1,—1},
{—1,1}, and {—1, —1}, respectively. By definition, we have
dy+ +ay— +a_4 +a__ = N. Due to the symmetry of
Eq. 12, every classical deterministic strategy can be mapped to
the four-tuple (@44, a4 —, a_4, a__). In this way, we reduce the
2V _dimensional correlation space to the dimension of 3, and the
number of classical deterministic strategies is reduced from 22N
to 2(N? + 1), which is a significant reduction in the complexity
of the problem (for more details, see ref. 50).

To determine the violation of Eq. 12 one has to minimize the
Bell expression in Eq. 12 for the (V — 1)-partite reduced state of
some N-partite symmetric state, e.g., | D)), using observables in
the xz plane,

Ap = cos ppoy + sin g0, [13]

where we assume that all observers measure the same pair of

observables, i.e., A/Ef) = Ay for all i.

Since Iy—1 in Eq. 12 is permutationally invariant,
symmetric, and A/(:) = Ap, the problem of computing the
quantum violation is greatly simplified. In fact, we only need
to consider the following two-qubit reduced Bell operator

D11V> is

Lga, = L1y +(I(N— 1) (A] QI +A® ]lz)

N -1
+< ) >(A1 QA1 +441 ® Ay + A, ® Aa),
[14]

along with the reduced two-qubit state of |D]1\,):
_ 2 lwi ) (we |+ (1 2 100) (00 [15]
P2 = N Y+ ) \W+ N ’

where [y1.) = (1/+/2)(101) +[10)).
Now, by substituting V = 18 and plugging in the observables
defined by the angles

¢1 = m — arcsin(21/22),

¢ = arcsin(21/22). [16]
we obtain 4
4,450 0, = —@ < 0. [17]

Therefore, the two-body Bell inequality defined by [12] is
clearly violated. This implies that the 18-qubit state |D{ 8) can
simultaneously violate all 17-qubit two-body Bell inequalities
and thus the monogamy principle does not hold. Note that here
any exchange of information happens only between the pairs of
observers.

Experimental Demonstration of Bell Polygamy. Although the
polygamous character of Bell inequality violations is already
present in four-qubit systems, an experimental demonstration
of such phenomena would require an experiment with very low
experimental errors. The critical visibility, i.e., the minimal occur-
rence probability of an entangled three-qubit state when mixed
with white noise equals 6/6.154 = 0.975. For this reason, we
construct five-party inequalities for NV = 6 observers with far less
demanding visibility requirement to demonstrate experimentally
that they are violated in all six five-party subsystems. Again, by
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Table 1. Experimental polygamy of Bell nonlocality

Partition ABCDE ABCDF ABCEF ABDEF ACDEF BCDEF
Violation 6.315 6.204 6.479 6.307 6.146 6.128
SD 0.133 0.131 0.137 0.137 0.125 0.128

Simultaneous violation of all six five-party Bell inequalities [18], with the local realistic
bound of 6, where each observer measures the same settings in the xz plane parameter-
ized by ¢1 = 1.29244 and ¢, = 2.79605. All inequalities are violated by at least one SD.

the linear programming method used before we arrive at the tight
five-qubit inequality (Z4pcpr) < 6 with

Lupcpe = — sym[A1B1] — sym([A,B,]
+ sym[A131 C1D1] + Sym[A131 ClDz]
— Sym[A132C2D2] + sym[Asz CzDz]. [18]

It is worth noting that although these inequalities are defined
for five qubits (they constitute the facet of a five-party Bell-
Pitovsky polytope), they do not involve five-qubit correlations.

Interestingly, the reduced five-qubit state of the Dicke state |D2),

pnc = Trr (1D aBcpEF (DR )

1
=3 (ID3)ABcDE(D?| + | D2) ABCDE(D?)) [19]

does not contain any five-qubit correlations (51, 52). It can be
verified that the inequality Z4pcpr, as well as all of the other
inequalities obtained by exchanging the indices, are theoretically
violated by the state [19] with a value of 7.8215 > 6 for the
settings A; = B; = C; = D; = E; = F; = cos ¢;o, + sin ¢;o,,
with ¢; = 1.26042, ¢p; = 2.77953. The maximal possible
violation of Eq. 18 by any six-qubit state is comparable with
the violation for the Dicke state and is equal to 7.8771. The
critical visibility required to observe the violation of inequality
[18] with the state p,c in Eq. 19 is 76.71%.

We experimentally demonstrate the existence of polygamous
Bell-type correlations using five-party subsystems of a six-qubit
Dicke state |D2) prepared with polarization entangled photons.
For this purpose, we use a pulsed laser (A = 390nm) in an
enhancement cavity to exploit the third order of spontaneous
parametric down-conversion (SPDC) in a f-barium-borate crys-
tal. By postselecting on six-fold detection events of this collinear
type-1II SPDC process, we obtain the desired polarization-
encoded six-qubit Dicke state with three excitations. Due to the
stochastic nature of SPDC the observed events are contaminated
by even higher-order emissions resulting in a mixture of |D2)

with states of 6 photons traced from |D§).

A detailed description of the experimental setup can be found
in refs. 53 and 54. To obtain the density matrices of five-
qubit marginals, we evaluate five-fold coincidence events for
all subsets of five observers. This provides better measurement
statistics compared with tracing out one qubit. All matrices
were obtained using permutation-invariant tomography (55).
Due to the different number of detection events and different
efficiencies of individual detectors, the five-qubit reduced states
are not identical but show small variations. The average fidelity
(averaged over different five-party subsystems) to the ideal pyc
state in Eq. 19 is measured to be 91.2% =+ 0.6% (between
90.4% =% 0.2% and 91.9% = 0.2%). The five-qubit experimental
states also show 4.9% == 0.6% average fidelity (between 4.6% =+

0.2% and 5.1% = 0.2%) to an even mixture of |D;) and |D§)

pnas.org
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Fig. 3. The average violation of inequalities [18] plotted as a function of measurement angles ¢4 and ¢>. Panel (4) shows the theoretical predictions arising
from calculating the violation of inequalities using ideal state pnc in Eq. 19. Due to the symmetry of the six-qubit Dicke state, the average violation is equivalent
to the violation obtained by any set of five parties. The average violation of all inequalities based on the experimental data is presented in panel (B). Despite
the apparent symmetry, due to the imperfections and statistics, not all inequalities are simultaneously violated in the colored region. It is the area inside the
bold line in the inset (C) of panel (B) where all six inequalities are violated simultaneously.

states, originating in the higher-order SPDC emissions. This
noise contributes negative values of the Bell parameter in Eq. 18
reducing the violations. Still, all six five-party Bell inequalities are
simultaneously violated (Table 1) by at least one SD using the
same settings parameterized by ¢y = 1.29244, ¢, = 2.79605.
The observed average violation is 37.5787/6 > 6.

Fig. 3 shows how the violation depends on the choice of
measurement settings (the same for every observer) both for the
theoretical prediction as well as for the experimentally prepared
and measured state. A small, yet clearly visible, region of settings
indicates where the simultaneous violation of all inequalities is

indeed possible.

Discussion

We showed that quantum nonlocality can be shared among
arbitrarily many parties if the number of observers is N > 3.
Using an original linear programming method we found several
interesting tight inequalities that do not satisfy the monogamy
principle. These include polygamous inequalities for V = 4,
inequalities based on two-body correlators for N = 18, and
experimentally verified inequalities for N = 6, where all
six five-party subsets of observers violated the Bell inequality
simultaneously.

Our findings demonstrate that Bell inequality violation is
an inherently polygamous phenomenon. In fact, only the
scenario with three particles obeys monogamy relations. For more
observers, any trade-offs between the values of Bell parameters
result from a specific mathematical formulation of a given
inequality. This conclusion has implications on all practical
applications linked to Bell inequalities. First of all, security of
quantum cryptography can be derived from Bell monogamy (35)
and it is now evident that the safety becomes inequality-
dependent. Simultaneous violation of all involved inequalities
can be exploited for self-testing. To give a concrete example
consider the Mermin inequality. One can verify that the violation

PNAS 2024 Vol. 121 No. 44 e2404455121

of a single inequality obtained by the (V' — 1)-qubit marginal
of state |Wmax) derived here can also be obtained by a noisy
(VN — 1)-qubit GHZ state. Therefore, the violation of a single
inequality cannot be used for self-testing. However, it is easy to
check that the noisy GHZ state cannot violate all inequalities.
Adding the requirement of simultaneous violation we find that
there is only a two-dimensional subspace spanned by the states
discussed below [8] which achieves the maximum. This subspace
can therefore be self-tested based on the polygamy of violations.
Our final example is communication complexity problems. It is
well known that violation of a Bell inequality can be exploited
to save on communication of particular distributed-computing
problems (17). The possibility of simultaneous violation by any
subset of observers translates to the savings in communication for
problems where part of the data will be obtained by a subset of
computing stations but it is not known in advance which subset
will be given the inputs. We hope these instances will stimulate
further work on using the lack of monogamy, especially to test
complex quantum networks.

Methods

Linear Programming Method for Constructing Bell Inequalities That
Reveal Polygamy. We give a brief description of our method, which is based
on linear programming. We illustrate it with permutationally invariant (PI) Bell
inequalities with two dichotomic settings per party, and we focus here on three-
party inequalities. However, this method can be easily generalized to arbitrary
Bell inequalities (with any number of settings, parties, and outcomes).

We choose a Pl four-qubit pure state p4 = |w) (y|. Letus denote its three-
qubit reduced density matrix by p3. We focus on measurements in the xz plane
of the Bloch sphere,

Ay = cos pyox + sin o, [20]
fork = 1,2. Itis also assumed that all three parties perform the same two

measurements, that is, Ay = By, = Cy. Let us define 4y = By = (p = 1.

https://doi.org/10.1073/pnas.2404455121
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Then we can write a generic two-setting Pl Bell operator for three parties as

follows:
> g m symiABICal, [21]

O<k<l<m<2

lagc =

where as before sym[X] means the symmetrization of the expression X, and
ay | are the Bell coefficients. We identify —aq g = L with the local bound,
and then the Bell inequality is given by (/45¢c) < 0.

Our goal is to find the Bell coefficients ay |, of the Bell inequality that
give rise to the largest quantum per local bound Q/L, where the symmetrized
quantum expectation values

Eq(k [, m) =Tr (p3 symAy ® B; ® Cm]) [22]

are completely determined by the state p3 and the observables A, By, and
Cy (k = 1,2). On the other hand, a local deterministic strategy 4 is given by
a particular choice of A4y = £1, By = +1,and (4, = 1,k = 1,2 (and
Ay = By = Cp = 1). We compute the symmetrized products

Ey(k |, m) = sym[A,B,Cr] [23]

for0 < k </ < m < 2, which amount to 10 components. There are 64

different A strategies, however, due to the symmetry in Eq. 23 only ((3’) =20
give distinct values in the set of polynomials [23].

Without loss of generality, we set agg9 = —L = —1 and solve the
following linear programming task to obtain the maximum quantum per local
ratio (Q/L) = q + 1along with the Bell coefficients ay ; ;-

g=maximize Y ag okl m), [24]

O<k<l<m<2

such that
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Y ambalklm) <0V [25]

O<k<l<m<2

where maximization takes place over ey, 0 < k </ < m < 2 with the
exception of ag g9 = —1.

Asolutiong > 0inthe above optimization problem givesa Pl Bell inequality
with coefficients &y ; ,, which can be violated with the reduced three-qubit state
p3 and observables [20] specified by the angles ¢»1 and ¢.

Data, Materials, and Software Availability. An exemplary code implement-
ing the technique described in Methods and used to find the Bell inequalities
presented in the article and data supporting Fig. 3B is available at Zenodo (56).
The experimental data that support the findings of this study are available at
Zenodo (57). All study data are included in the main text.
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Abstract

Natural interactions among multiple quantum objects are fundamentally composed of two-body
terms only. In contradistinction, single global unitaries that generate highly entangled states
typically arise from Hamiltonians that couple multiple individual subsystems simultaneously.
Here, we study the time to produce strongly nonclassical multipartite correlations with a single
unitary generated by the natural interactions. We restrict the symmetry of two-body interactions to
match the symmetry of the target states and focus on the fastest generation of multipartite
entangled Greenberger—Horne—Zeilinger, W, Dicke and absolutely maximally entangled states for
up to seven qubits. These results are obtained by constraining the energy in the system and
accordingly can be seen as state-dependent quantum speed limits for symmetry-adjusted natural
interactions. They give rise to a counter-intuitive effect where the creation of particular entangled
states with an increasing number of particles does not require more time. The methods used rely
on extensive numerical simulations and analytical estimations.

1. Introduction

Entanglement is one of the central aspects of quantum mechanics. Its importance lies in the potential to
revolutionise computing and communication as known today. Useful strongly entangled states are difficult
to create and are usually obtained through a variety of at most two-qubit quantum gates [1-3]. However,
using sequences of noisy gates decreases the fidelity with the target state exponentially with the depth of the
circuit. One could solve this issue by preparing certain useful states with a single unitary acting on N qubits at
the same time. Many-qubit gates have indeed been studied in various contexts including, e.g. quantum
circuits construction [4], entanglement generation [5—7] and error correction [8, 9]. In a simple example, the
three-qubit Greenberger—Horne—Zeilinger (GHZ) state could be created from |000) by applying a unitary

U = |GHZ)(000| 4 - - -. Unfortunately, this approach can lead to non-zero 3-body interaction terms in the
Hamiltonian generating the evolution, i.e. Tr[ifi/flog(U)o; ® 0; ® o] # 0, where o; (I = x,y, 2) is the Pauli
matrix. While such interactions could be engineered in some systems [10—12], fundamentally physical
couplings are pairwise. The question, therefore, arises whether quantum states with multipartite nonclassical
correlations can be created through a single unitary evolution given by Hamiltonians with at most two-body
terms. And further, how does this physically motivated constraint limit the speed of evolution?

We answer these questions here and structure the paper as follows. In section 2 we define the physical
setting and symmetries of the problem. Next, in section 3 quantum speed limit (QSL) and normalisation of
energy in the system are introduced. In section 4 we propose an intuitive estimation of energy standard
deviation and use it to establish the minimal time for the creation of three-qubit GHZ and W states via

© 2023 The Author(s). Published by IOP Publishing Ltd on behalf of the Institute of Physics and Deutsche Physikalische Gesellschaft
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two-body interactions. Section 5 presents numerical results for the optimisation of fidelity between the target
and evolved state that provides the minimal time and exact analytical form of the generating two-body
Hamiltonians for N = 3,...,7 qubits in GHZ and W states. We also apply these methods to produce
absolutely maximally entangled state (AME) of 5 qubits and give the minimal time for which the fidelity
maximisation exceeds 99%.

2. Physical setting

Consider a general time-independent Hamiltonian with at most two-body interaction terms

H= Z Z hl‘fﬂ] o-l(ji) O—l(lj) + bﬂi Ufj?, (1)

L] il

where the first sum includes the two-body interactions with strengths h,,, .., Uff ) stand for Pauli matrices
corresponding to the ith site (1 = x,y,2), and b,,, is the strength of the on-site external field. The sums are
over the particles coupled according to the interaction graphs presented in figure 1. We distinguish different
ranges of interactions, Z. Interactions of range Z = 1 couple only nearest neighbours, of range Z = 2 couple
more distant particles, or correspond to a more complex topology. The interactions of the highest rank
Z = N — 1 are represented by the complete interaction graph. This is a very broad class of models.
Hamiltonians that are diagonal in the Pauli decomposition can be found, e.g. in the Heisenberg-like models
[13] and the charge or flux superconducting qubit models [14]. Non-diagonal symmetric elements can
exist in the transverse exchange [15] as well as in the Kaplan—Shekhtman—Entin—-Wohlman—Aharony
interaction [16].

Throughout most of the paper, we consider Hamiltonians that are isotropic and symmetric (full
permutation symmetry), i.e.

Ppivy = My = huyy  and by, = by, (2)

We will provide time bounds on entangled state generation that are optimal within this broad family and
note that this symmetry matches the symmetry of the target states.

Our focus is on the GHZ, W, Dicke and AME states for up to seven qubits, but it is clear that the methods
can be used for arbitrary states. In this study, only the five-qubit AME state was considered explicitly due to
the fact that for N = 3 it coincides with the GHZ state and in the case of N =4 as well as N =7 it was proven
that such states do not exist [17—19]. The states under consideration are therefore written as follows:

(GHZ) = = (10-+-0) +[1-+-1), )
1
W) = = (1100} + 010+ [00---1)), @)
—1/2
|D§\I> = (JZ) Z|51 "'5N>7 si € {071}a (5)

where the last sum is over all permutations of placing ‘1’ on k positions. The AME(5,2) state examined in
our work is given as

1
V8
—|00000) — |00110) — |01001) — |11010)), (6)

|AME (5,2)) = —= (|01111) + |[10011) + |10101) + [11100)

and was first constructed in [20]. It should be noted that we have chosen the common initial state |0---0) in
all of the analysed cases, regardless of different fidelities with the target states.

Since we limit ourselves to the Hamiltonians with a certain symmetry, it is only possible to reach the
states with the same invariance property. This fact can be easily seen using the symmetry operators P, acting
on pairs of particles, that leave H invariant, i.e. PHP~! = H. If state |¢) is invariant under P then
Ulgp) =|¢') has the same symmetry (the symmetry is preserved at all times). This comes from the fact that
if H is invariant under P then by the series expansion U has the same property. Then clearly
[UP]=PU—-UP =0and Pl¢p') =PU|p) = UP|¢) = U|¢p) = |¢'). The Hamiltonian corresponding to
the complete interaction graph is invariant under all pairwise swaps of particles and imposes the restriction
on unitarily available states to permutationally symmetric ones. Notice that such states are very common in
quantum information [21-25].



I0P Publishing New J. Phys. 25 (2023) 093040 P Ciesliriski et al

Figure 1. Interaction graphs. Various scenarios for interaction range in the case of 3 and 4 qubits studied in the article. Each edge
represents two-body interaction between the particles. Z = 1 corresponds to nearest-neighbour coupling, etc

3. Time-energy trade off—speed of evolution

Since H and ¢ are linear in the exponent of the unitary evolution, one can always shorten or extend its
duration by scaling the energy. It is the structure of energy levels, i.e. the variance or mean energy, that
describes the ‘speed’ of evolution [26-28]. The result of Mandelstam and Tamm allows the calculation of the
QSL for a given initial and final state based on the fidelity [26]

h

£ tmin = arceos (| (¥ (0)[¢ (0) ) 5 @)

where AH is the standard deviation of the energy operator in the initial state. The natural question arises, is
the lower bound on this QSL tight for Hamiltonians with just one- and two-body terms? To study this
problem we normalise the Hamiltonian in the following way
. H - 1Enin

H , (8)

Emax
where Ep, is the minimal eigenvalue of H and Emax = Emax — Emin is the maximal eigenvalue of H — 1 E .
Note that this constraint does not fix the variance but the energy range available in the system. Thus, it can
be seen as an energy bandwidth normalisation. A similar approach was recently pursued by Ness et al [29].
Normalisation endows us with operators H with eigenvalues E; € [0, 1] in the natural units, which will be
used throughout the rest of this paper.

4. Two-body interaction speed limits for three qubits

The key to our investigation of the effects of at most two-body interactions is hidden in the standard
deviation of H. Indeed, the general speed limit (7) shows that in order to minimise the time required to
produce a particular state, we should maximise the energy standard deviation. Intuitively, this quantity is
maximised by the degenerate Hamiltonians because the energy levels can differ most in such cases and the
eigenstates can be chosen such that the initial |0- - - 0) state admits the mean energy right in the middle
between the energy levels.

This path is followed rigorously in appendix A.1 where we show that the Hamiltonian generating the W
state can be chosen without any on-site terms and admits only two eigenvalues. According to our
normalisation, the two energy levels are Ey = 0 and E; = 1. This immediately leads to AH = /p; (1 — p1),
where p; is the probability that the initial state has energy E;. The maximal energy standard deviation is
therefore AH = 1/2 and the corresponding minimal time is given by

W,2 T 1
min Em =, (9)

where 2 in the superscript refers to isotropic and symmetric two-body Hamiltonians.

According to our analysis, there is no Hamiltonian with only two eigenvalues, within the considered class,
that produces the GHZ state, see appendix A.2. The required energy spectrum has to involve at least five
eigenvalues and the on-site terms turn out to be necessary. An exemplary Hamiltonian achieving the goal
admits AH = 1/8. This translates to

GHz2 _ T 1

min 2 1/_8 = 2. (10)
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This is similar to the geometrical approach in which the geodesics on two-dimensional subspace yield the
fastest evolution [30, 31] while engaging more eigenstates leads to a slowdown [32]. Both of these times
match our numerical results presented in section 5. An explicit form of the generating Hamiltonians is
provided in appendix B. But before we get there let us compare these new two-body speed limits with the
three-body ones emerging from equation (7).

4.1. Comparison with three-body interaction speed limit ~ R
A special case of three-body Hamiltonians are operators of the form H= 3", hjo; ® 0; ® oj, where h; give the
strength of three-body interaction. Their spectrum consists of the minimal number of possible eigenvalues

E=4y\/h2+h+h, (11)

and therefore they lead to the evolution times

W,3 T 1

tmin = 51/—2 =T, (12)
cuzjs _ T 1 7T
T == — 13
min 41/2 2’ (13)

which saturate the QSL. This is hardly a surprise since the optimal Hamiltonian contains N-body terms in
general [30]. The GHZ Hamiltonian is purely a three-body operator, whereas the W Hamiltonian is the same
as in the two-body interaction case. Accordingly, there is no speed increment due to tripartite coupling for
the W state, but the GHZ state is produced four times faster.

The above predictions are consistent with the numerical calculations presented in the next section. For
N > 3 we will proceed with numerics only due to the order of the characteristic polynomials found in higher
dimensions. Note that even for N = 3 the polynomial is in general of the 8th order. The above estimations
were possible due to the symmetry of H and focus on the number of its distinct eigenvalues.

5. Fastest entanglement generation for multipartite systems

We study unitary evolutions generated by Hamiltonians with at most two-body interaction terms through
numerical computations. In order to answer our questions we maximise the fidelity between the target state
|1} and the state produced at time ¢ by different Hamiltonians:

F (1) = max | (1] exp(~iHr) [0-+-0) . (14)

pvsOu

This procedure yields t,;, for each target state and allows us to look into the ‘fastest’ Hamiltonians more
closely. For the numerical optimisation, we performed parallel calculations using Wolfram Mathematica 13.0
and a random search-like algorithm written in Python. In both environments, the time variable was
discretised into steps At ranging between 10—, when the fidelity grows rapidly, to 10~! where higher
temporal precision is not required. For each time # numerical maximisation of | (1| exp(—iH#)|0---0)|* is
performed, with Hamiltonian re-normalisation after each choice of the parameters. In Mathematica, we used
build-in numerical optimisation methods that included an evolutionary computation method called
differential evolution and random search with 10* iterations. For the Python code, we sampled 100-1000
random initial parameters from a flat distribution and used the maximisation SciPy BFGS algorithm [33] to
find the local maximum of fidelity for each sampling. Other optimisers from SciPy as well as genetic
algorithms from PyGad library [34] were studied and the aforementioned one exhibited the best
performance. All data sets acquired from both environments were then compared in order to find the
maximal fidelity. According to the applied numerical methods, we consider fidelity approximation up to the
sixth decimal place. Each point on the obtained plots in figures 2, 4 and 5, represents a different Hamiltonian
that is optimal for a given time t. The final results on the two-body QSLs for the GHZ, W and AME (5,2)
states obtained in this section are gathered in table 1. For comparison, we also present there the
Mandelstam—Tamm QSLs.

5.1. Three and four qubits

The two-body GHZ QSLs resulting from the optimisation are depicted in figure 2 and are consistent with the
results obtained in the previous section. The three-body Hamiltonians for the GHZ state are, as expected,
optimal and saturate the QSL. The complete interaction graph is leading to the smallest #,,,;;, in the two-body
regime as it contains more interaction terms. The linear chain interaction graph (Z = 1) Hamiltonian

4
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Table 1. Summary of two-body quantum speed limits for complete interaction graphs obtained in section 5. All the times except for the
AME state (marked with a star) refer to fidelity equal to 1, up to the sixth decimal place. For the AME state we report the time
corresponding to fidelity 0.99 due to an extremely long plateau afterwards, see the discussion is section 5.4. For comparison, the last
column gives the Mandelstam—Tamm (MT) quantum speed limits. This bound is independent of the number of particles for the GHZ
and W states. In the case of AME states, the MT quantum speed limit was given for N = 5.

State N=3 N=4 N=5 N=6 N=7 MT
GHZ 2w ~628  2m ~6.28 I~ 14.14 T ~14.14  8ma2513 I a1.57
~ r o o ~ ~ ~
w T ~3.14 A N737 ZEx12.64 ~18.76  ~25.60 T 3.14
AME 27 ~628  — ~10.72" — ~2.42
1.0r 2-body

complete

0.8

0.6

fidelity

=
- -
=z~ -
04 Teszll_

0.2 302 2n 512

t

Figure 2. The fastest production of three-qubit GHZ state. The plot shows maximal fidelity F to the three-qubit GHZ state. The
solid black line is for three-body interactions, the solid blue line for two-body interactions described by the complete interaction
graph (Z = 2) and the solid red line is for the linear chain (Z = 1) scenario. All solid lines were obtained by optimising over
Hamiltonians at every time instance. Exemplary optimal evolutions generated by a single Hamiltonian are plotted in dashed lines.

0 71:|/2 T
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Figure 3. Change of fidelities during the optimal unitary evolution generated by Hamiltonians with at most two-body
interactions for three-qubit (a) GHZ and (b) W state. Each curve is associated with a contribution from the corresponding state.
For the GHZ, natural interactions incorporate additional W state components and thus lead to a slowdown. The saturation of
QSL for the W state is a consequence of two-dimensional evolution.

performance is slower by the factor of 4/5 (¢, = 57/2). Based on this we proceed with the complete
interaction graph setting only in the next subsections.

The optimal unitaries generated by two-body Hamiltonians can incorporate more states than just the
initial and target in the evolution and thus result in the slowdown. In the case of the three-qubit GHZ and W
state, the change of fidelities associated with the corresponding states in time has been depicted in figure 3.
As noted before, the optimal Hamiltonians, featuring a two-dimensional flow of fidelities between the initial
and an appropriate orthogonal state, cannot be always realised without many-body terms. This statement is
true for the GHZ state [30]. The time evolution of fidelities generated by at most two-body Hamiltonians for
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Figure 4. Fidelity optimisation for the four-qubit states. More excitations and elements in the superposition lead to the slower
evolution to the Dicke |D?) state in the two-body regime. As opposed to the three-qubit case, it is here possible to obtain the GHZ
state faster than the W state. Note that the minimal time for the GHZ state has not changed despite adding an additional qubit,
see figure 2.
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Figure 5. Maximal fidelity F as a function of time. The left panel presents results for N = 3,4,5,6,7 qubits in GHZ states. The
minimal time needed to obtain the unit fidelity with two-body interactions is the same for the pairs of neighbouring curves,

i.e. the ones associated with 3 and 4 or 5 and 6 particles. For the smaller number of parties, its behaviour is clearly described by a
single trend while for the 5,6 and 7 qubits case, it has to be some composition of different functions. The right panel describes
N =3,4,5,6,7 qubits in the W state obtained with two-body interactions only. All the curves have a similar character. Fidelity
grows rapidly and smoothly until time 7, where the three-qubit state reaches 7 = 1. Then the qualitative transition occurs and
each curve approaches the desired value in time iy that is strictly growing with the number of particles.

this state leads to the emergence of non-zero contributions from the W state, see figure 3(a). Before fidelity
with the target state reaches 1, the fidelities associated with the additional state have to be damped. This
clearly needs some resources and is the reason for the slowdown. The low dimensional behaviour of fidelities
in the two-body interactions regime for the W state can be observed in figure 3(b). As before, this confirms
the analytical predictions and is the reason for the saturation of the general QSL in equation (7).

In the four-qubit scenario, there is a clear difference in the dynamics of fidelity optimisation for GHZ, W
and two-excited Dicke state, see figure 4. While the QSL for the three-qubit W state was saturated with the
two-body interaction in the four-qubit case it is not and the GHZ state can be achieved in a shorter time, see
figure 4. The minimal time difference between one- and two-excited Dicke states is significant and results
from the greater amount of flips in each of the basis states and the number of elements in the superposition.
The computational difficulty of optimising the fidelity to the Dicke state was considerably greater than that
of the W and GHZ states. It should be noted that, in the standard QSL, the minimum time required to obtain
a perfect fidelity between the |D3) and |0000) states is 7, as they are orthogonal. However, we have observed
that the minimal time required to achieve a perfect fidelity using two-body interactions is approximately 7.5
times greater.

5.2. GHZ states
The optimisation results obtained for N = 3,4,5,6,7 qubits in the GHZ state are shown in figure 5. An
interesting effect associated with #,,;, for the neighbouring pairs of curves can be observed. The minimal time

6
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needed to obtain the GHZ state with two-body interactions only is the same for 3 and 4 as well as 5 and 6
particles. This means that the amount of time (energy) needed for the creation of strong multipartite
correlations is not strictly rising with the number of qubits. The observed pattern for the two-body GHZ
QSL is extrapolated as follows:

o~ =T [N/21%/2, (15)
where [N/2] gives the least integer that is not smaller than N/2. This agrees with the performed calculations
and gives the expected behaviour of the time being grouped by pairs. This result can be easily comprehended
in the sequential framework. For comparison, note that a product state of N qubits on which one applies
[N/2] two-qubit and one-qubit gates is never genuinely N-party entangled, for N > 3. The time it takes to
apply all these gates under the constraint that the total energy range (of the entire sequence) is |E| = 1 can be
estimated as follows. Since there are [N/2] gates, the energy per gate is E; = 1/[N/2]. The corresponding
maximal energy standard deviation is AH = E; /2. The total time is therefore

teq = [N/2] 2[N/2]7/4, (16)

where [N/2]7/2 is the QSL bound for a single gate assuming the fidelity between the input and the output
of the gate is equal to 1/2, as one would have to create a global GHZ state. The shortest sequential time is,
therefore, the same as tiiz’z but we emphasise again that the sequence is not capable of producing genuine
N-party entanglement.

To create a GHZ state of N-qubits in a sequential approach, a Hadamard gate followed by N — 1 CNOT

gates are typically used. The Hamiltonian associated with the Hadamard gate at the time ¢ =1 is given by

1 1
H=r 4(\/? 2) ) 2v2 , (17)
G ~i(2+Vv2)
which can be normalised by adding and dividing by 7. This results in the desired superposition of two basis
states at t = . Similarly, the CNOT gate also has a normalised time of t = 7. Hence, the minimal time
required to generate the N-partite GHZ state after normalising the energy of the entire sequence is
1 = N’mr. Recall that the minimum time obtained in the two-body regime, see equation (15), is less than or
equal to £, .
The natural effect of energy normalisation is the delay in a significant change of the initial state under
unitary evolution. In a sense, it resembles the concept of static friction in classical mechanics, see figure 5.
Due to the high fidelity between the initial and final state, this effect is clearly much more visible in the

evolution to the GHZ states.

5.3. W states

The maximisation results for the W states of N = 3,4, 5,6,7 qubits are presented in the right panel of

figure 5. Analogous to the GHZ case the minimal times are growing with the number of particles but do not
join in pairs. The character of the optimised functions is similar for each curve.

The findings presented here can also be interpreted as optimal in the sense that they enable the
production of the desired states in a shorter time compared to the conventional sequential approach. This
has been already discussed in section 5.2 for the GHZ states. In the case of the W states, even for three qubits,
the standard circuit consists of five gates, including one Hadamard and two CNOT gates discussed in the
previous subsection. Recall that using our approach we have shown that for N = 3 the QSL can be saturated
for the W state. This makes our argument even stronger.

Another interesting question, in terms of resources, concerns the achievable rate of producing a
multipartite entangled state with the natural interaction, given an energy range |E| that is either greater or
smaller than 1. Our normalisation method allows us to extend or tighten the energy range of H by simply
multiplying it by |E|. This results in eigenvalues E; € [0, |E|], with |E| being inversely proportional to time.
The time-energy trade-off resulting from the presented QSLs for GHZ and W states has been presented in
figure 6.

5.4. Five qubit AME state

A somewhat different example is provided by the AME state defined in equation (6). The isotropic and
symmetric Hamiltonian evolution yields F = 0.1 even for times ¢ > 1. This poor fidelity is a consequence of
the symmetry of that state. Although it is not completely symmetric, it remains invariant under P4 Pss,
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Figure 6. Required energy range for the generation of the GHZ and W state in the time ¢ with two-body interactions only. The
blue curve corresponds to the standard quantum speed limit with no constraints on the nature of interactions. Note that for the
W state, it coincides with N = 3. This figure answers the following question: having the energy range |E| available, what is the
minimal time in which one can generate the desired state with two-body interactions?

where P;; denotes a swap between the i-th and j-th particle. To achieve the AME state we, therefore,
introduce a new symmetry of the Hamiltonian that aligns with the desired state’s symmetry, i.e. the
Hamilton operator should remain invariant under P,4Ps5. This leads to 29 parameters that require
optimisation, in contrast to the nine parameters involved in the previous case.

Our analysis of the speed of unitary evolution for the AME state shows that there exists a long-range
plateau after achieving F = 0.99. This implies that it takes considerably less time to evolve the state from
0%-99% fidelity than to enhance it by only 1%. Based on this observation and the number of parameters
that require optimisation, we calculated the time for the fidelity to surpass 99%. The final result is
tog, = 10.72, as presented in table 1.

5.5. Generating Hamiltonians

The numerical optimisation has allowed us to derive the analytical expressions for the Hamiltonians that
generate the fastest evolution to the W and GHZ states. The explicit formulas, including normalisation
factors, can be found in appendix B. We shall use the conventional periodic boundary conditions

afLNH) = U,(Ll). Based on our results, the optimal (unnormalised) Hamiltonian for the W states takes on a
simple form

N N
H=Y 3 ool 4 o0ol) —(N-3)00). (1)
i=1j=i+1

For the GHZ state with an odd number of qubits, the general expression for the fastest two-body
Hamiltonian is:

N N
H= Z Z oWel) — ay(i)a}gj) +o0el) 4 20}@. (19)
i=1j=it1

Surprisingly, this Hamiltonian is realised by a spin-1/2 chain beyond the nearest-neighbour XXY coupling
and magnetic field in the y direction.

Results for the GHZ state with an even number of qubits are presented in appendix B. As an example, the
Hamiltonian for N =4 is

4 4

1/ o o o o 11 o
_ By ()P Q)) (D) (1) (D) 5 (1) I [P () Q)
H_Z Z 2 (Jx’ o, + 0,00, ) +oy00," + <2 \/E) oo (20)

i=1j=i+1
6. Conclusion

We considered the QSL for the generation of multipartite entangled states in the presence of physically
motivated constraints. In particular, a natural constraint in multipartite systems is that the Hamiltonian
contains at most two-body interaction terms. We showed that such Hamiltonians allow one to generate
genuinely multipartite entangled states, such as W, GHZ, Dicke (up to fidelity 1) and AME(5,2)
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(up to fidelity 0.99), from an initial product state. Moreover, we have established the fastest times to generate
them, taking into account the limitations imposed by the energy and type of interaction. The optimal
Hamiltonians were also derived. We have found that the amount of time (energy) required for the creation of
strong multipartite correlations does not have to rise strictly with the number of qubits. This phenomenon
has been observed in the context of GHZ states, which are generated in the same minimal time for N = 2,3
and also for N = 4, 5. We conjecture that this trend continues and we extrapolated the shortest time in a
closed formula for any N. Our results demonstrate that in terms of time resources, our approach
outperforms the sequential model. This sets the direction for fast entanglement generation with a lower
noise level in specific tasks. Future research concerning this problem could concentrate on the analytical
derivation of the suggested QSLs and a more detailed study of the generating Hamiltonian implementation.
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Appendix A. Eigenvalues of 3-qubit system with 2-body interactions

A.1. Optimal creation of W state
Let us start with the Hamiltonian without one-body terms

H= Z Z Z My 0 U 1)7 My, =y, = huyp- (A.1)

i= 1] H‘IH::H;

The eigenvalues of the unnormalised isotropic and symmetric complete interaction graph Hamiltonian are

Xx hyy 2z

o — Hyy
—hy — h
hxx + hyy + hzz 2F ’
hxx + hyy + hzz —2F
B + hyy + oy + 2F
B + hyy + oy + 2F

zz

—h h

e =y —

—h —h
—h,,

(A.2)

where F= [h}, + hy + hZ, + 3(h, + b3, + h2,) — huchyy — hochz, — hyy b 1/2, Such Hamiltonian has at least
two energy levels. Two unnormalised eigenvalues occur for

—hyyh,, + hfcy + hﬁz + k2,
hyy + hZZ

xXx = )
and are given by E = {—n,—n,—n, —n,—n,—n,3n,3n,3n}, where

= (hﬁy +h B+, R+ hyyhzz) / (hyy+he2) .

This choice of h,,, preserves the hermiticity of H and allows the creation of the W state via the unitary
evolution in the optimal time. One verifies that in this case AH = 1/2 as reported in the main text.

9
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A.2. Optimal creation of GHZ state

A general Hamiltonian (A.1) cannot produce the GHZ state via the unitary evolution due to vanishing
overlap (111| U|000). Accordingly, we need at least one non-zero b,, coefficient. Without loss of generality,
we assume by, # 0. The modified eigenvalues are

[ —hge—hyy — he+ by !
I — hyy — o + by
Iy — hyy — o — by,
e — By — hae — b,

E=1 hythy+h— WWV-1VT | (A.3)
hxx+hyy+hzz—%\/‘7+%\/‘_7
hxx+hyy+hzz+%\/‘7_%ﬁ
A AT

where V and V are complicated functions of all the parameters. The only possibility for an additional
degeneracy, other than the one occurring for the first two pairs of energies, is when /V = V'V. This gives at
least five different energy levels which can be arranged for the energy standard deviation in the initial state
equal to AH=1/8.

Appendix B. Explicit formulas for the generating Hamiltonians

B.1. Optimal Hamiltonians for W state
The following Hamiltonians Hy lead to the fastest evolution to the N-qubit W state in the complete graph

configuration:
] 3.3 -
H, — S 0060 10060 +2v31 (B.1)
4/3 i=1j=it1
4 4
1 N N .
Hi= 1o |30 32 ool 000l —of) +2/201 (B2)
vz =S
55
1 N T ;
Hi= 5 |30 3 ool 4ol — 200 + 181 (B3)
i=1j=i+1
1 6 6 . ; . . ;
Hi=—oo— Z Z cWol) 4 60e) —3500 —2,/3 (41 +V 921) 1 (B.4)

4/3 (414 V921) |i=1j=i1

7 7

1 N N .

H=——>"> U)E’)Uz(])—|—UZ(1)J§J)—40,((1)—2(164—\/31)]1 : (B.5)
32(16+V31) |57,

B.2. Optimal Hamiltonians for GHZ state

Below are the explicit formulas for the Hamiltonians Hy generating the fastest evolution to the N-qubit GHZ
states in the two-body interaction regime. All formulas, except the first one, pertain to the complete
interaction graph:

_ 1 N N .
H= = m > (x/i (o,ﬂ’)afj“) +a§1)a§'+”) +a§’)) +51 (B.6)

i=1,2

10
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3003
H; = T E E (UJ(CI)(T;gJ) — U}(,’)O'JE]) +oel) 4 Zay(’)) +91 (B.7)
i=1j=it1

4 4
1 1 . . N . . 1 1 . .
- (o@D 50 (i) 5 (1) (D) (1) N [ () P Q) _
H4_8\/E d D (z(gx’UyJ+0ylax1)+0y’ay1+<2 ﬁ)azrng>+1t<3 5\/5)

i=1j=itl
(B.8)
1 ERE N N N .
Hs = 32 SN (a§’>a§1> — o)+ +2a§’>) +201 (B.9)
_xflj7i+l
1 [ 6 6 . . . . . .
Hg = T3 Z Z (— (cr)(c’)a}g]) —I—U}(,’)a,(j)) — ag’)agj)) +211 (B.10)
Li=1j=i+1
1 (7.2 N N N .
Hy = >N (Uff)a,ﬁ]) —oal) +oWali) +20y(’)) 4351 . (B.11)
[ i=1j=it1
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The investigation of many-body interactions holds significant importance for both quantum foundations and
information. Hamiltonians coupling multiple particles at once, beyond other applications, can lead to faster
entanglement generation, multiqubit gate implementation, and improved error correction. As an increasing
number of quantum platforms can enable the realization of such physical settings, it has become interesting to
study the verification of many-body-interaction resources. In this work, we explore the possibility of higher-order
coupling detection through the quantum Fisher information. For a family of normalized symmetric k-body Ising-
like Hamiltonians, we derive bounds on the quantum Fisher information in product states. Due to its ordering
with respect to the order of interaction, we demonstrate the possibility of detecting many-body couplings for
a given Hamiltonian from the discussed family by observing violations of an appropriate bound. As a possible
extension to these observations, we further analyze an example concerning three-body-interaction detection in

the XY model.

DOI: 10.1103/PhysRevA.110.012407

I. INTRODUCTION

Among many fascinating phenomena in physics, in recent
years studying the nature of interactions has become not only
a subject of fundamental research but also part of the current
pursuit towards modern quantum technologies. Most current
controllable quantum systems rely solely on the two-body in-
teractions between particles [1-3]. Nevertheless, many-body
interactions are often discussed in the context of effective
models in low-energy physics [4-6]. These include studies
of spin systems [7-11], extended Hubbard models describ-
ing ultracold atoms or molecules in optical lattices [12-24],
quantum chemistry [25-28], and nuclear and particle physics
[29-32]. Further applications of higher-order interactions can
be found in entanglement generation [33-36] and error cor-
rection [37-39], among others [40—43]. Thus, the search for
many-body interactions plays a significant role for both quan-
tum foundations and future quantum technologies [44-49].
With rising demand for the implementation of many-body-
interaction Hamiltonians, it has become interesting to study
their verification [43]. A universal method solving this task
could probe new physical effects and give insights into how
to engineer the desired Hamiltonians. Furthermore, it would
be useful for Hamiltonian-learning protocols because they
often require prior knowledge of the maximal degree of an
interaction graph (see, e.g., [50]). On the other hand, it would
answer the question of whether the Hamiltonian is even worth
learning if we are interested in its many-body-interaction
properties. In this work, we demonstrate that the existence
of genuine many-body interactions can be verified through

“Contact author: pawel.cieslinski @phdstud.ug.edu.pl
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quantum Fisher information (QFI), thus possibly paving the
way for a new area of nonlocal-interaction research.

QFI has been studied in various contexts [51-61], includ-
ing quantum phase transitions [62—-67] and, most notably,
quantum metrology [68,69]. For a given Hamiltonian it al-
lows one to find states that guarantee measurement precision
beyond the classical limit [68,69]. An experimental measure-
ment, or estimation, of QFI can be performed via several
techniques. The proposed theoretical protocols take advan-
tage of the dynamical susceptibility [70], projections onto the
initial state (Loschmidt-echo protocol) [71], overlap detec-
tion [72], randomized measurements [73-75], and adiabatic
perturbation theory [76]. A direct QFI (or its lower bound)
measurement was performed in, e.g., [74,77,78].

In the standard metrological scenario, Hamiltonians under
consideration are strictly local. However, many-body interact-
ing systems were also examined in terms of improved scaling
[69]. Here, to make our presentation as simple as possible, we
study the family of k-local permutationally invariant Ising-like
Hamiltonians of N particles. For them, we illustrate the main
premise behind this paper, which is that QFI can be used
to detect the interaction order. Based on this observation,
we derive bounds on the Hamiltonians with at most two-
body-interaction terms, showing the possibility of witnessing
the presence of k-body interactions with product states (see
Fig. 1). As a possible extension, we also discuss an example
of a similar study for the XY model.

II. MOTIVATING EXAMPLE

First, we start with a simple example that motivates our
work. Consider a system of three qubits on a triangle that
interact in the o, direction. Fixing the order of interaction at

©2024 American Physical Society
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FIG. 1. Motivation. In this work, we explore the order of interac-
tions, i.e., the maximal number of simultaneously coupled qubits in
a Hamiltonian, through the use of quantum Fisher information. For
symmetric Ising-like Hamiltonians H; (7), we show that quantum
Fisher information calculated in a product state is bounded with a
bound dependent on k. This allows one to detect whether H; mani-
fests interactions beyond the k’-body case, where k > k’. The basic
idea is as follows. Starting from an arbitrary separable state, we let
the particles interact via Hy, and then we measure its quantum Fisher
information. Based on our findings, we check whether the result is
greater than the maximally allowed value for the chosen k'. If the
answer is positive, we can claim that H; contains terms of at least
(k' 4+ 1)th order.

2, the two-body-interaction Hamiltonian is given as
=1(0:90.91+1®0.®0.+0. 01 ®0),

where, in order to keep the correspondence with standard
metrological notation, the prefactor was chosen such that the
maximal eigenvalue does not exceed N/2 = 3/2. On the other
hand, focusing on only the three-body couplings, we get

H; = %(crz ® o, ®0oy).

Now, let us consider the maximization of quantum mechanical
variance (AH)? = (H?) — (H)? over the set of pure prod-
uct states. For H, the optimal product state, i.e., the state
that maximizes the variance, is given as [Vp0a) = (/P|0) +
mu))@ﬁ, where |0) and [1) are eigenstates of o, and

= (3 ++/3)/6. See the Appendix for direct calculations.
The exact value of the maximal variance is (AH, )max =1.1t
is straightforward to show that for trivial Hamiltonians with
one-body terms the variance is given as (AH1 Vax = N/4.
Consequently, for three qubits we get (AH, )max = 3/4, which
is smaller than in the two-body case. Moving on to the higher-
order-interaction Hamiltonian, the optimal state is no longer
a tensor product of identical local states |1/)®3. It might seem
that the form of the state that maximizes the variance for the
two-body interaction is trivially obtained from the symmetry,
but it is not. In fact, the only condition arising from it is that
(V1| H Yy rs) = (Yo s |H Yoy ys), with similar
conditions for all other permutations of indices. This can be
seen clearly in the three-body-interaction case. Examining the
spectrum of Hiz, we can construct a product state which is
a superposition of eigenstates associated with the maximal
and minimal eigenvalues (see the Appendix). Namely, we
have |¢pmd) =100) ® l/ﬁ(lO) + |1)) and the correspond-
ing (AH3)2,, = 9/4. Limiting ourselves to the product states
being a tensor product of identical one-qubit states, we would
arrive at the value accessible for k = 2. From these results, it

is apparent that
Ls = (AH));
< (AH3);

max < (AH, )mdx

max < Ly,

where we denote the values of variances coinciding with the
standard limit and the Heisenberg limit for one-body Hamil-
tonians and entangled states as Lg and Ly, respectively. Here,
it is also worth noting that the ordering of maximal variance
is not due to the possibility of obtaining higher eigenvalues
by changing the interaction type or the number of terms in the
Hamiltonian since they are all normalized in the same manner.
This simple example shows that variance of a Hamiltonian
calculated in a product state may be exploited as a tool for
detecting many-body-interaction terms.

III. PHYSICAL MODEL AND PRELIMINARIES

In the following, to make our considerations more general,
instead of the variance of a Hamiltonian, we will focus on
the quantum Fisher information. For any Hermitian operator
A and state p it is defined as

_ (e — )2 ’
Flp, Al ZZ Gy AP, M

with |k) and A; being the eigenvectors and eigenvalues of
a density matrix p, respectively, and the sum being evalu-
ated only when the denominator is different from zero. Most
commonly, it is used in quantum metrology because it al-
lows one to find a suitable state that one can use to boost
phase-measurement sensitivity. It was shown that for local
Hamiltonians QFI in product states is bounded by N [79].
Introducing entangled states moves this bound to N2, leading
to the so-called Heisenberg limit [79,80]. Moreover, for any
quantum state p a pure state |y) exists for which [68]

Flo, Al < 4(AAY,, = FI[y), Al @

Hence, any maximization of QFI can be performed only
among the pure states. This justifies the choice of variance
and calculations presented in the previous section.

Our task is to construct a model and derive a bound on
the quantum Fisher information in a product state that is an
increasing function of an interaction order. Now, let us pre-
cisely define the notion of higher-order interactions. A given
Hamiltonian

He =Y "h 3)
J

is considered to be k-local if each A%’

; acts nontrivially on
at most k particles. Hamiltonians which act exactly on k
or at most on K particles will be denoted as H; and HE,
respectively. By this definition, we will use the k-locality
and kth order of interactions interchangeably. Measurements
enhanced with Hamiltonians that are nonlinear in operators
have been studied in terms of sensing and scaling in the past
[69]. They include, for example, products of photon creation
and annihilation operators [81-84], angular momentum and
its components [85—-88], many-body models [59,60,89-92],
and, more generally, powers of the sum of local operators

012407-2
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[93], as well as the general k-body [94] and symmetric k-
body-interaction Hamiltonians [93,95], with no comparison
between entangled and separable states in the latter cases.
However, in this work, we study a specific scenario which
resembles the standard metrological approach but will be
used in a far different context. For such means, we will
consider only the symmetric Ising-like Hamiltonians. First,
we define the auxiliary Hamiltonians that contain only the
k-body-interaction terms as

H =N Z o;‘o;2~~~0;”’, 4)

(i1, ix )EGk

where N is a normalization constant and Gy is a fully
connected interaction graph for k-body interactions; the sum-
mation is performed over all k-partite subsets of particles,
making it permutationally invariant. In the case of k = 1 we
retrieve the standard metrological Hamiltonians

1 N
=3 ZU; (5)
i=1

if proper normalization is chosen. Another example can be
given for k = 2 and N = J, namely,

N
Hy=J Z olo]. (6)

i<j

Note that the above Hamiltonian represents a long-range-
interaction Ising model on a complete interaction graph. For
more examples see Secs. II and V. Now, a general symmetric
Ising-like Hamiltonian containing at most k-body interactions
can be constructed as

HEO =N orHy, )

k<K

where, again, N is a normalization constant and «; are real
numbers. Throughout most of this paper, we will focus on
Vi o = 1 and discuss its modifications in the examples. It
is worth noting that all of the results presented here hold
for any Hamiltonian equivalent under local unitary opera-
tions. This follows from the property of QFI which states
that F[p, UTAU] = F[U pU", A] and local unitary invariance
of entanglement. Hamiltonians from a different class will be
discussed in Sec. VI.

Before we move on to our results, we need to specify a
proper normalization for H®, Our motivation is to test the or-
der of interactions present in the system. Moreover, we would
like to compare our results with the metrological approach
and stay consistent with its results. In order not to break the
classical and Heisenberg scaling we choose to set the operator
norm [|H®)|| = max, ||H&|p)|| = N/2. Note that we want
the Hamiltonian to appear as if no k-body interactions were
present in it. If we dropped this assumption, we would obtain
the nonlinear Hamiltonians scalings N ~k (see, e.g., [81-93]).
Our approach leads to an upper bound on variance and QFI
which cannot exceed N? for any k and quantum state |v/),
entangled or not. We implement this norm by setting N to
N/(2max; |E;|), where E; is an eigenvalue of HX). As this
normalisation is multiplication by a constant, there still is an

overlap between the previous research and our results. This
will be commented on in Sec. V.

IV. INTERACTION-DEPENDENT BOUNDS
ON QFI FOR PRODUCT STATES

For the considered model it is possible to derive the explicit
formulas for the eigenvalues based on its symmetry. For the
k-local Hamiltonian defined in (7) and included normalization
we get

e e\ (N—e
Dot ot =Z;V(’)((15)")<—1>f', ®)
k

k<K j=0

QNK

where e is the number of excitations, i.e., the number of
|1) elements in the N-qubit state. Here, wN k represents the
eigenvalues of a Hamiltonian with only k- body terms.

As a first step, we will limit ourselves to a scenario with
a fixed k, i.e., Hy. In such a case, the maximization of vari-
ance and hence the QFI (2) over pure product states can be
performed as follows. Since variance is the function of the
square modulus of amplitudes and Hamiltonian eigenvalues,

we can consider only product states of the following form:

N
Wproa) = Q)(V/Pi10) + /T = pill))

Using this parametrization and calculating the variance, we
get

2
(AH) = ) ]"[p,(l P (@) )
by, In=0,1 i=1
2
N
- X TIAwa-p'ei,
Iy,....Iy=0,1 i=1

A necessary condition for the existence of a multivariable
function extremum is the disappearance of its first derivatives.
Taking derivatives of (AH)? over p;, we arrive at the system
of N equations linear in py,

0 I(AH,)?

B 9pk

1- 1-; 2
= Z (=D ‘Hl’z(l—l’) (wll+ +1N)

I, ly=0,1 ik
1-1;
S0 ol | IV
Lo dy=0,1 i=1

x Yy (=D ’*]‘[p,a—p,)‘ "ot e )

Iyely=0,1 i#k

where the dependence on py is only in the term in the paren-
theses. Since we know all w’s, this can be solved directly,
and the resulting set of (py, ..., py) satisfying 0 < p; < 1
is the solution to our optimization problem. We present a
step-by-step solution for N = 3 in the Appendix.
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V. TESTING k-BODY INTERACTIONS

The most interesting case for higher k-body-interaction
terms would be to find an explicit bound on QFI for k = 2.
For fixed k = 1 we once again refer to the fundamental result
obtained for local Hamiltonians [79]. One of its many conse-
quences is the classical scaling with maxy, ) 4(AH, > =N.
It is straightforward to see that our approach is consistent
with that. With direct solutions of (9) and numerical calcu-
lations, for k = 2 we notice that up to N = 13, the solution
to the given optimization problem is obtained with [pr04) =
(V/pl0) + /1 — pI1)®N. For more discussion see the Ap-
pendix. This result is known to hold asymptotically when
the number of particles is much greater than the interaction
order, here n > 2 [93]. It is valid in our approach because
a nonlinear Hamiltonian (), H; )? for which this result was
derived is equal to N1---1+4 NH, and thus holds in our
case. Furthermore, it is consistent with the results obtained
for the Lipkin-Meshkov-Glick (LMG) model and the nearest-
neighbor (as well as fully connected) Ising model with an
interaction parameter smaller than its critical value (general
parameter range) [91,92]. This will also be elaborated on later.
For the given state, the variance reduces to

4
N-—1
— N(5N —T)p* + N(N — 1)p]. (10

(AH,)* = [-2N(2N —3)p* +4N(2N —3)p’

By finding zeros of its derivative we get three unique roots,
from which the one that maximizes the variance is given as

2N — 3+ +/2N? —7N + 6
4N — 6 '
The resulting maximal QFI in a product state, i.e., the solution
to (9) obtained with the above pp.x, for k = 2 is
2N(N — 1
Fmax[ll”prod)» H] = ﬁ (12)
The results presented here coincide with the ones obtained
for the LMG model in the limit of large coupling constant
y and the context of statistical speed (see the Supporting
Information of [91]). This is due to the fact that once the
coupling constant is large, the single-qubit terms in the LMG
model can be neglected. Then, up to a constant, the LMG
Hamiltonian is equivalent to H, studied here. Note that (12)
is an increasing function of N which bounds, from the above,
the one-body scaling. Explicit results for k < Sand N < 10
are presented in Fig. 2. As expected, for k = 1 the maximal
QFI scales as N [79]. For k > 1, the results clearly show
that the maximal Fisher information in a product state is
ordered with respect to the fixed interaction order k. This
observation motivates our goal of testing the presence of k-
body interactions with QFI and product states. We should also
mention that for k = N the QFI in a product state is maxi-
mal, as in [89], and a constant trend for N < 2k is observed
(see Fig. 2).

A natural extension of the above considerations is to fix
the number of qubits N and study bounds on maximal QFI
with Hamiltonians H; containing at most k-body couplings.
Technically, knowing the eigenvalues of such Hamiltonians
[see (8)], we can once again maximize the variance and hence

an

Pmax =

k=5 .-
25 ———— *------ *----- ®------ ®------ o
.e
— ..
T e .
-~ l6f ——-—----2 * - @----== L
ES
SNG e N e EC 3
9 3: -
PEEEL
k=2 $tr
4f == e
=1 .o- e
1 2 3 4 5 6 7 8 9 10
N

FIG. 2. Maximal quantum Fisher information of k-local Hamil-
tonian Hy in a product state as a function of the number of particles
N. Numerical solutions of (9) for different choices of k are plotted
in different colors, and dashed lines are guides to the eye. Values as-
sociated with k = 1 scale linearly with N [79], while for k = 2 their
behavior is described by (12). From the plot, one can see that a clear
ordering of the maximal QFI with respect to the fixed interaction
order exists. This observation allows one to formulate criteria which
would distinguish the minimal order of k-body interactions present
in the Hamiltonian using separable states. According to our choice
of normalization when N = k, Heisenberg scaling of N2 is achieved
as expected. Note that for N < 2k the trend is constant. Then, once
the number of particles is equal to 2k the QFI grows. This change in
the behavior of QFI is necessary because it would be impossible for
it to remain constant since it would eventually yield values smaller
than the ones obtained with local Hamiltonians and would lead to a
contradiction.

QFI directly. Here, however, we do not want to examine a sum
of k-local Hamiltonians, but its behavior when the many-body
couplings are varied. To detect interactions of order k > 2 it
is always sufficient to violate the bound for H® = H, + H,.
Again, by solving (9) we can calculate the desired limits on
QFI. As before, the optimal solution is found to be realized
by p; = p for all i. For our problem, the exact calculations
and numerical optimization for up to N = 13 give rise to the
extrapolated pattern
By = ll;?ax)F[lwprod)v H(z)]

prod

_ _16Np(p—1) I
_max< TR {(N —2)

+2(N — Dpl2N = 3)p — 2N — 5)]}) 13)

and allow us to formulate the following criterion:
if Flp, H¥] > By = K > 3. (14)

The polynomial to be maximized is fourth order, and a closed
formula for the maxima can be found explicitly. However, due
to its extensive structure, we chose to present the result in the
above form. Explicit values of B, for chosen N are shown
in Table. I. It is worth noting that B;., never exceeds the
maximal QFI for only two-body interactions, and if needed,
a stricter bound can be chosen. Furthermore, the presented
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TABLE 1. Explicit values of the maximal quantum Fisher in-
formation Bj,, (13) attainable in product states for a two-body
Hamiltonian from the studied family. For each N, violation of this
bound with any separable state yields the presence of at least three-
body terms in the Hamiltonian.

N
2 3 4 5 6 7 8 9 10

By, 178 268 3.61 457 553 651 749 847 9.46

approach, in principle, can be performed for any k. Neverthe-
less, we will focus on the first physically interesting scenario
presented above.

A. Example

As an example, consider an Ising chain on a complete in-
teraction graph with a uniform external field in the z direction
(k < 2). Tuning the field according to the coupling strength,
as well as normalizing an entire Hamiltonian, we get

N N
My =NI|DY olol+> ol (15)

i<j i

where AV = 1/J(N + 1). Suppose now that this system con-
tains some amount of three-body interactions of the same
symmetry and the actual Hamiltonian is, up to normalization,
H® = H; + y3Hs. In Fig. 3 we plot the maximal QFI in
product states for different N and varying y3. Clearly, even
for small y3, higher-order interaction is detected. Moreover,
let us examine a case in which we set different values of
y3 ={0.1, 0.5, 0.7, 1} and, for each choice, compute the QFI
in a random pure three-qubit product state. In this scenario, it
is also possible to violate B;,,. Namely, for 10° samples the

5.5t
st N=5
S 4st
= 4 N=4
Lr,g 3.5¢F
3
1 i 3 ;
0 3 2 z !
Vs

FIG. 3. Maximal quantum Fisher information in a product state
for Hamiltonian H; (15) with three-body contribution y;H; for N =
3,4, 5 and varying y; (solid line). Bounds B} ,,, which allow one to
verify the presence of higher-order interactions, are plotted by dashed
lines. One can see that it is possible to make statements about the
order of interactions based on the presented results. If the bound of
By, is violated, then within the studied family of Hamiltonians, the
interaction is at least 3-local.

estimated frequency of violation is {0.23%, 4.3%, 6.1%, 8%}
for the respective choices of y3. Although, as ex-
pected, this frequency is small, it is still significant, and
one can make conclusions about the present interaction
type.

An interesting thing to comment on is the change in eigen-
levels structure. In general, the state that maximizes variance
is given as 1 /\/§(|Emin) + |Emax)). This, however, does not
need to be a product state, and indeed, it is not in most
cases. Nevertheless, if the order of interaction increases, the
structure of eigenlevels changes, and Heisenberg scaling is
available with product states. In fact, increasing y3 causes an
attraction of the lowest energy levels, resulting in stronger
degeneracy when all couplings are equal. The resulting system
is effectively a two-level structure, and it is possible to form
many product states which are a uniform superposition of two
levels; hence, the maximal value of variance and QFI can be
achieved.

The discussed protocol could be especially useful for
verifying whether the many-body couplings have been en-
gineered in a quantum simulator or another setup without
direct comparison of evolution with a specific k-local Hamil-
tonian. The importance of such tasks was discussed in the
Introduction.

VI. POSSIBLE EXTENSIONS

Here, we will briefly discuss the problem of k-body-
interaction verification outside of the discussed class of
Hamiltonians. Let us consider the long-range-interaction
transverse-field XY model

Hxy =N JZ[(l +8)ala! + (1 —S)O';Oyj] —I—bZaZi ,

i<j

where N is a normalization constant, J is an exchange con-
stant, § is an anisotropy parameter, and b stands for an external
magnetic field. For a similar discussion on the transverse-field
Ising model on a complete interaction graph see [92]. The
above Hamiltonian differs significantly from the ones studied
before, and in principle, the conclusions drawn in the previous
sections may not hold.

While working with the XY model we need to specify
the free parameters. We choose to set J = 1 and scan over
different 6 and b. The choice of J is arbitrary due to the
normalization and scanning over different field and anisotropy
values. The physical range of § is [—1, 1]. For large val-
ues of the external transverse field, the interaction terms’
contribution decreases, and the results should converge to
the case of local Hamiltonians. Thus, we choose to restrict
b to a significant region of +,/J2 +382,., i.e., b € [-2,2].
Performing a numerical optimization over the set of pure
product states for the case of N =3, we obtain the data
plotted in Fig. 4(a), where the step of the parameter change
is chosen to be 1/5. Note that for N = 3 particles, the long-
range-interaction term is equivalent to the periodic boundary
condition and makes it more feasible experimentally. In gen-
eral, we observe that the maximal QFI in a product state,
i.e., Bxy, is given as 5.97. This corresponds to § = 0.6 and
b = =%1.6. For the § = 0 cut (the XX model) the maximal
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FIG. 4. (a) Maximal quantum Fisher information in a three-qubit
product state for the normalized transverse-field XY Hamiltonian and
different values of the external field b and anisotropy parameter §.
The free parameters were scanned within the region of £1 for §
and £2 for b with a step of 1/5. The maximal QFI in a product
state was found to be Byy = 5.97. For § =0, the XX model, it
yields a maximal value of 5.51. Since the QFI values plotted here
do not saturate the upper bound of N> =9, our reasoning can be
used for higher-order-interaction verification. (b) Maximal quantum
Fisher information in a product state for the normalized Hamiltonian
H® = Hyy + 3H; with a varying 7; and the optimal XY model
parameters § = 0.6 and b = —1.6 (solid line). The value of Byy is
plotted by a dashed line. Its violation allows one to verify that a
three-body-interaction term is present in a system where one- and
two-body terms are described with the XY model. Here, this is
clearly possible.

QFI in a product state is found to be 5.51. Both of these
numbers are essentially smaller than N 2 = 9, which is needed
to verify the higher-order interactions. Later in this section we
will consider Hyy with the optimal parameters § = 0.6
and b = —1.6.

First, we will examine a specific example of the many-
body-interaction verification problem within the studied
model. Then, a more general approach will be presented.
Consider a three-body Hamiltonian H; which yields a QFI
in a product state for the normalized H® = Hxy + H; that
violates Bxy = 5.97. One possible choice is simply H;y =

O’JI o203, as it leads to the maximal QFI in a product state for
H® equal to 6.74. Similar to what we did in the previous
section, we vary the amount of the H; contribution as a func-
tion of the coupling strength §;. Once again, we conclude that
the presence of higher-order interaction terms can be verified
through QF]I, as illustrated in Fig. 4(b).

Choosing the three-body Hamiltonian in the XY model is
far more arbitrary. Hence, an additional interesting question
arises. What if the underlying many-body-interaction Hamil-
tonian could contain any three-body terms? For this reason,
let us consider a three-body Hamiltonian of the general form
Hy, = Z? k=1 Yijk0i ® 0 @ 0. Now, we introduce small ran-
dom couplings by sampling y;;; from a uniform distribution
OoN (—Ymax, Ymax) and choose Ym.x = 0.5. This leads to multi-
ple violations of Byy for N'(Hyy + H3) in the fixed optimal
XY-model product state with a frequency of 1.4%, estimated
on 10° runs. Consequently, it shows the ability of a more gen-
eral three-body-interaction verification within the XY model
using the QFL.

VII. CONCLUSIONS

We examined the possibility of detecting higher-order in-
teractions with the use of quantum Fisher information. For
normalized symmetric Ising-like Hamiltonians, we showed
that the maximal QFI in product states is ordered with respect
to the fixed interaction order. Moreover, we calculated the
maximal QFI obtained in the product states for the most nat-
ural scenario in which one- and two-body terms are present.
This allowed us to verify the presence of at least three-body
interactions in the chosen family of Hamiltonians through the
violation of this bound. As a possible extension, we analyzed
an example concerning the three-body-interaction verification
in the XY model.

The considered problem has a strong foundational mean-
ing because it paves the way for a better understanding of
the nature of interactions. Furthermore, it encompasses some
practical applications for Hamiltonian learning and could pro-
vide new perspectives for many-body-interaction engineering.
As argued before, we emphasize that QFI can be measured
experimentally via multiple techniques.

Future research on this problem could focus on general-
izing this observation to an arbitrary Hamiltonian class. We
note that a different approach that contains no assumptions
on the symmetry and interaction strength is possible. How-
ever, it would require the possibility of the mean energy
measurement in an arbitrary state and a presumably unknown
Hamiltonian.

Note added. Very recently, we became aware that a similar
problem is being examined independently in a different man-
ner by Bluhm ez al. (see [96] for their proposed solution to this
task).
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APPENDIX: MAXIMAL QFI IN PRODUCT STATES

To perform an exact maximization of QFI for N = 3 and
k = 2 let us consider the extremum conditions (9) explicitly:
Go3[1 4+ 2pa(p3s — 1) = 2p3 + 2p1(p2 + p3 — 1)1 =0,
Gi3[1+2p2(p3 — 1) = 2p3 + 2p1(p2 + p3 — )] =0,
Gio[l 4+ 2p2(p3 — 1) = 2p3 + 2pi(p2 + p3 — )] =0,
where G; ; = 4(1 — p; — p;). Discarding the minimum solu-

tions generated by eigenstates and limiting ourselves to p; €
[0, 1], from G; ; we get

pIL=pr=p3=3, (AD)

which is a local minimum with QFI equal to 3. Assuming that
the first term is nonzero, we obtain

14+2pr(1 — 2
o= +2p2(1 — p3) + ps (A2)
2(1 = p2 — p3)

This leads to QFI of 4 and can also be satisfied if all p; are
taken to be equal. Indeed, taking p; = p for all i, we get

FI[Y)®, Hy] = 2(~18p* 4 36p" — 24p” + 3p).

(A3)

with a maximum of 4 for p = 1/6(3 + V/3). For the three-
body-interaction Hamiltonian H3 the calculations can be
performed in an alternative manner. The spectrum of Hj
consists of only two levels. The energy of —1/3 is as-
sociated with the eigenstates |[111), |100), |010), [001) and
|000), |110), |101), |011) for the corresponding eigenvalue of
1/3. The maximal algebraically allowed variance is given
as the square of the energy bandwidth (Ey.x — Emin)?. Most
often, it is associated with highly entangled states; for the
studied family of Hamiltonians it is a Greenberger-Horne-
Zeilinger state. Here, however, due to additional degeneracies
arising from the three-body couplings (see the discussion at
the end of Sec. V), a product state that saturates the variance
can be constructed. Taking a uniform superposition of |000)
and |001), we obtain |0) ® |0) ® 1/\/5(|O) + [1)). From the
symmetry of the Hamiltonian any permutation of 1/+/2 (|0) +
|1)) among |0) is an equally valid solution.

Now, we give another example for N = 4 and k = 2. Here,
we want to solve the set of four equations arising from (9).
We do not report their explicit forms here, but one can easily
generate them by calculating the variance in a parameterized
product state. We find the following families of solutions to
the given problem:

1 1 1 1 1 1
- - ’ Pi; = 2a Piy, = 27

(Ada)

1 1 1 1 1 1

Piy =§+77 Pi2=§+77 Piy =75, Pi=73,
(A4b)

1 1 1 1

Piy = DPi, = 5 72» Py = Piy, = ﬁ’ (Adc)
Pi =P2=P3=P4=%, (Add)

1 1 1 5 1 1
PER T g TTa Ny Ty My
(Ade)

1 1 1 5 1 1

Pilzi—j’ pizzi_ 2 piazi’ pi4_§
(A4D)

1 1 1 5 1 1
pi = 5 + TO’ Pi, = 5 + 3 Pin = bR Piy bX
(Adg)

1 1

Pl=p2=p3=ps=-+*—— (Adh)

where the trivial (eigenstate) solutions were discarded. These
families are indexed with (i, i», i3, i4), which take distinct
values from [1,4]. This resembles the symmetric structure
of the studied Hamiltonians. One can check directly that
the last solution with V;p; = p gives rise to the high-
est QFI, as reported in the main text, i.e., Fupax[|¥prod),
H,] =24/5=428.

For N > 3, solutions of the form (A2) do not guarantee
the vanishing derivatives for all parameters, as shown for
N = 4. Nevertheless, the more complicated solutions also
contain the one for which the optimal state is a tensor product
of single-qubit states (see the main text). To further check
our results and examine N > 5, we found the upper bound
on the QFI with standard numerical and symbolical opti-
mization techniques built in Wolfram Mathematica (version
13.3). All of the results obtained by solving the extremum
conditions are in agreement with the numerical calculations.
It is worth noting that the problem under consideration is
exactly solvable. One can express the variance of a Hamil-
tonian on two state copies, i.e., Tr[(I1 ® H?>—H®H)p'],
with p’ = p ® p, which reduces it to a linear form. Con-
straints on the reduced states can ensure that the maximization
is performed over the separable states p and hence solves
the problem.
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