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1. Inceprariio NpUCBSIYEHO TEOPETUYHOMY OIKCY BUMIPIOBaHb 6araTOMOJ0BOrO KBAHTOBOTO CBiTJIa 3 YpPaXyBaHHIM
CX€M JEeTEKTyBaHHS Ta HeileaJIbHOCTEN peasbHuX POTOLETEKTOPIB. AKTyaslbHICTh pOOOTH 3yMOBJIEHA TUM, 10
CIIOCTEPEXYBaHa CTAaTUCTVKA BU3HAYAETLCS HE JIMIIE KBAHTOBUM CTaHOM, a 1 BJIACTUBOCTSIMU BUMIiPIOBAJIbHOTO
npucTtpolo. lle 0co611MBO BasKIMBO 17151 AOCiIPKEHHS HEKJIACMYHUX KOpeJIsLii i rayciBcbKoi 6030HHOI BUGipKY, A€
CKiHY€HHA 3[IaTHICTb JE€TEKTOPIB PO3Pi3HATU yKcia (OTOHIB, MEPTBUI Yac i peslakcaliliHi e(peKTU MOXKYTb iCTOTHO
3MiHIOBaTH BUXIiJJHY CTaTUCTUKY Ta Pe3yJbTaTH ii Basmiganii. MeTowo po60TH € pO3BUTOK TEOPETUYHOTO OIUCY
BMMIipIOBaHb 6araTOMOJ0BOT'O KBAHTOBOT'O CBiTJIa Ta M1Or0 3aCTOCYBaHHS JO [BOX 3a7a4: aHai3y ribpugHux
BMMIipIOBAJIbHUX CXEM [1JI BUSBJIEHHS HEKJIACMYHUX KOPEJISLi i onucy rayciBcbKoi 6030HHOI BUOIpKU 3
peasnicTUYHUM PO3Pi3HEHHSIM unces POTOHIB. BUKOpHUCTaHO OniepaTOPHUI ONKC 6araTOMOIOBYX KBAHTOBUX CTaHIB,

dhopmaizm 0AATHUX ONEPAaTOPHO3HAYHUX Mip, XapaKTepUCTUYHI QYHKIIi] rayCiBCbKUX CTaHiB, pa30BO-TIPOCTOPOBI



npexcrasneHHs Kexinna-T'naybepa Ta CTaTUCTUYHI METOIM aHAJi3y BUMIPIOBAJIbHUX PE3YJbTaTiB. Y MepIIiil
YaCTHHI pO3IJISIHYTO ri6pUAHY CXeMy, B SIKili OHY MOAY CBiTJIa aHAJi3yIOTh 3a JOIIOMOTrOI0 30aJ1aHCOBAaHOTO
TOMOJVHHOTO JIeTEKTYBaHHS, a IPyry — 3a JOIIOMOT0I0 [IOPOroBoro (poToAeTeKTyBaHHS Micst GasoBo-
IIPOCTOPOBOTO 3MillleHHsI. [17151 Hel cOPMYIIbOBAHO MPOCTIP JIOKAJIbHUX HAJIAIITYBaHb i pe3ysbTaTiB, 3alIMCAHO
CHibHI IMOBIPHOCTI Ta NOOYI0BAaHO iX (Pa30BO-IIPOCTOPOBE MOJAHHS Yepe3 CUMBOJIM €JIEMEHTIB JOLATHUX
OIepaTOpHO3HAYHUX Mip. Ha npukiazi IBOMOJOBOrO CTUCHEHOTO BaKyyMHOT'O CTaHy ITIOKa3aHOo, 10 BiJl[IOBiTHA
BMMIipIOBaJIbHA NIOBEJiHKA HE IEMOHCTPYE NOPYLIEHHS JIOKaJIbHOTIO peaslisaMy B CEHCi HeJloKanbHOCTI besua, ane He
IOIyCKA€e KJIACMYHOro (pa30BO-IIPOCTOPOBOrO BiATBOPEHHS CTATUCTUKU. OTXKe, TibprHe BUMiPIOBAaHHS A€ 3MOTY
BUSIBJISITU HEKJIACUYHI MiXKMOZI0BI KOpeJsiLiii Ha piBHI BUMipIOBaJbHOI CTAaTUCTUKU. Y [PYTiil YacTHHI 106YyA0BaHO
3arajibHui onuc GOTONIYUIbHOI CTATUCTUKY HA BUXO/i CXEMU rayCiBCbKoi 6030HHOI BUGIPKM 117151 JOBIIBHUX
peasicTuyHuX QOTONETEKTOPIB, 33JaHMX €JIEMEHTAMU JOJATHOI OIIepaTOPHO3HAYHOI Mipu. IMOBIpHiCTb peecTpauii
naTepHy BUpaXeHo yepe3 QyHKIiOHaJ MaTPULi, IIOB'I3aH01 3 KOBapialiliHOI0 MaTpuleio Q-TpeiCTaBIeHHS
BUXiJJHOTO rayCiBCbKOIO CTaHy. Y TpaHMYHUX BUIIAAKaX 3arajbHUI MaTpUYHUII PyHKLIIOHAT 3BOAUTHCS 10 XadHiaHa
1711 IEeTEKTOPIB 3 ieanbHUM po3pisHEHHSIM uncesl (POTOHIB i 4O TOPOHTOHIaHAa JJ1sl TOPOTOBUX NIETEKTOPIB.
[IprnHIMIIOBO PO3Pi3HEHO (POTOHHUI NIATEPH 0 AETEKTYBAHHS Ta 3aPEECTPOBAHUI NIATEPH PE3YJIbTATIB, OCKIJIbKI
peasicTUYHUI IeTEeKTOp [I0BEpPTa€ Pe3ysbTaT BJIACHOI BUMipIOBasIbHOI NIPOLielypH, a He 000B’SI3KOBO iCTUHHE YK CJIO
$oToHIB y Mogi. OKpEMO PO3IJISIHYTO MaCHBU ITIOPOrOBUX JIE€TEKTOPIB 3i CKIHUEHHOIO KiJIbKICTIO €JIEMEHTIB i
(OTOLETEKTYBaHHS HA OCHOBI MiIPaxyHKY iMIyJbCiB POTOCTPYMy. [lJIs1 OCTAHHBOTO BPaXOBaHO MEPTBUI 4ac,
XapaKTepHUH /171 JJaBUHHUX POTOLIOIB, i pesakcaliiiHuii 9ac, BXXJINBUH 1171 HAJIIPOBiIHUKOBUX HAHOPOTOBUX
O0IHOQOTOHHUX JI€TEKTOPIB. [I7151 OKPEeMUX PeKMMIB OTPUMAHO aHAJIITUYHI CIIPOLIEHHS, IPUAATHI /151 3ACTOCYBAHHSI
y 3a/1auax rayciBcbkoi 6030HHOI BUOIpKU. [I71s1 Basijallii BAKOPUCTAHO 3TPYNOBaHi CTaTUCTUKU — OpOITU
3apeeCTPOBAHMX NATEPHIB, 5IKi MEPEeXOIATh OAUH B OAUH I€PECTAHOBKAMU MOJI, & TAKOXK CTATUCTUKU MOAIHN i3
KpaTHOIo peecTpaliieto. Op6iTanbHi HMOBIPHOCTI OLIiHEHO IIPSIMUM CYMyBaHHSIM 3a [aTepHaMu Ta Ha3oBo-
IIPOCTOPOBUM MOJEJIIOBAHHSM Ha OCHOBI logaTHoro P-npencrasieHHs. COOpMYJIbOBAHO NPOLEypY IIOPiBHSIHHS
CTaTUCTUKU LiJIbOBUX TEPMAJi30BaHMX CTUCHEHUX CTaHIB 3i CTaTUCTUKAaMU KJIACUYHUX €TAJIOHHUX MOJeJel 3a
kputepiem Ilipcona o 2 i 6aeciBcbkum TecToM. Taka npouenypa He € OBHOW cepTudikalliero KBaHTOBOI I1epeBaru,
OJIHaK Jla€ MPaKTUYHUH CIIOCiO IepeBipKY Y3TroI’KEHOCTi eKCIIEPUMEHTAabHO OCTYIIHUX 3TPYIIOBAHMX CTAaTUCTUK i3
11i/IbOBOIO MOJIEJIJIIO Ta KJIACMYHUMU aJIbTepHATUBaMU. YMCeJIbHI Pe3ysbTaTy IOKa3yloTh, O pealicCTuYHa
3ATHICTb AETEKTOPIB PO3Pi3HATH Yncia GOTOHIB iCTOTHO BIIJIMBAE HA OPOiTalbHi IMOBIPHOCTI Ta €(pEKTUBHICTD
BaJimaniiitHux TectiB. HaBiTh MiHiManbHe po3pisHeHHS yuces GOTOHIB MOXKe MiIBUIIYBAaTH BIIEBHEHICTD Y
BiZJOKpEeMJIEHHI KBAHTOBOI CTaTUCTUKU rayCiBCbKOi 6030HHOI BUGIPKHU BiJ KJIAaCUYHUX aJIbTEPHATUB, TOJ SIK
HEXTYyBaHHSI MEPTBAM 4aCOM i pejiakcallielo MOXKe IPU3BOAUTU IO HEKOPEKTHOI OL[iHKY BUXiHOI CTaTUCTUKMU.
HaykoBa HOBM3Ha I0JISITa€ y JEMOHCTPALLil HEKJIACUYHUX KOPEJISLii CBiT/Ia B ribpruHill cxemi BUMIPIOBaHHS; y
BUBEJI€HHi 3araJlbHOr0 MaTpUYHO-QYHKIIOHATILHOTO BUPa3y 1151 GOTONIYUIIBHOI CTATUCTUKHY rayCiBCbKoi G030HHOI
BUOIpKU 3 OBiIIBHUMU PeasiCTUMHUMU POTONETEKTOPaMH; Y KOHKPETHU3allii 11bOro BUpasy M1k OCHOBHUX MoOZesen
IEeTEeKTYBaHHS 3 PO3Pi3HEHHSIM yucesl (OTOHIB; @ TAKOXK Yy (POPMYJIIOBAHHI BalifalliiHUX TPOLLEAYP, SIKi
6e3rocepeiHbO BPAaXOBYIOTh HeiealbHy 34aTHICTb AETEeKTOPIiB po3pi3HsTH unciia GoToHiB. OTprMaHi pe3yabTaTu
MOXYTb OyTH BUKOPUCTAHI [7151 KOPEKTHIiIO] iHTeprpeTalii 6araToMoi0BUX (POTOHHUX €KCIIEPUMEHTIB i

BJIOCKOHAJIEHHS] METO/IiB Baslifallii KBAHTOBUX ONTUYHUX IIPUCTPOIB.

2. The thesis is devoted to the theoretical description of measurements of multimode quantum light, taking into
account detection schemes and imperfections of realistic photodetectors. The relevance of the work is determined
by the fact that the observed statistics depend not only on the quantum state but also on the measurement device.
This is particularly important for nonclassical correlations and Gaussian boson sampling, where finite photon-
number resolution, detector dead time, and relaxation effects can substantially modify the output statistics and
their validation. The aim of the work is to develop a theoretical description of measurements of multimode
quantum light and apply it to two problems: the analysis of hybrid measurement schemes for detecting
nonclassical correlations and the description of Gaussian boson sampling with realistic photon-number resolution.
The operator description of multimode quantum states, positive operator-valued measures, characteristic



functions of Gaussian states, Cahill-Glauber phase-space representations, and statistical methods for analyzing
measurement outcomes are used. The first part considers a hybrid scheme in which one mode of light is analyzed
by balanced homodyne detection and the other by displaced threshold photodetection. For this scheme, the space
of local settings and outcomes is formulated, joint probabilities are written, and their phase-space representation
in terms of the symbols of positive operator-valued measure elements is constructed. Using a two-mode squeezed
vacuum state as an example, it is shown that the corresponding measurement behavior does not violate local
realism in the sense of Bell nonlocality, but does not admit a classical phase-space reconstruction of the statistics.
Thus, the hybrid measurement reveals nonclassical intermode correlations at the level of measurement statistics.
In the second part, a general description of photocounting statistics at the output of a Gaussian boson sampling
scheme is constructed for arbitrary realistic photodetectors specified by positive operator-valued measure
elements. The probability of registering a pattern is expressed through a functional of a matrix associated with the
covariance matrix of the Q-representation of the output Gaussian state. In the limiting cases, the functional
reduces to the hafnian for detectors with ideal photon-number resolution and to the Torontonian for threshold
detectors. A distinction is made between the photon pattern before detection and the registered outcome pattern,
since a realistic detector returns the result of its own measurement procedure rather than necessarily the true
photon number in a mode. Arrays of threshold detectors with a finite number of elements and photodetection
based on counting photocurrent pulses are considered separately. For the latter, dead time, characteristic of
avalanche photodiodes, and relaxation time, important for superconducting nanowire single-photon detectors, are
taken into account. Analytical simplifications suitable for Gaussian boson sampling are obtained for several
regimes. Grouped statistics are used for validation, namely orbits of registered patterns transformed into one
another by permutations of modes, as well as statistics of collision events. Orbit probabilities are estimated by
direct summation over patterns and by phase-space simulations based on the positive-P representation.
Procedures are formulated for comparing the statistics of target thermalized squeezed states with classical
reference models using Pearson’s 0 2 test and a Bayesian test. Such a procedure is not a full certification of quantum
advantage, but provides a practical method for testing the consistency of experimentally accessible grouped
statistics with the target model and classical alternatives. The numerical results show that realistic photon-
number resolution substantially affects orbit probabilities and the efficiency of validation tests. Even minimal
photon-number resolution can increase confidence in distinguishing the quantum statistics of Gaussian boson
sampling from classical alternatives, whereas neglecting detector dead time and relaxation can lead to an incorrect
assessment of the output statistics. The scientific novelty lies in demonstrating nonclassical correlations of light in
a hybrid measurement scheme; deriving a general matrix-functional expression for the photocounting statistics of
Gaussian boson sampling with arbitrary realistic photodetectors; specifying this expression for the main models of
detection with photon-number resolution; and formulating validation procedures that directly account for the
imperfect ability of detectors to distinguish photon numbers.
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