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CydacHa KBaHTOBa ONITHKA Je/alll YaCTIIIe MPaIfoe 3 6ararToMOJOBUMHU CTaHa-
MU CBITJIa, Y SKMX KBAHTOBI BIACTUBOCTI MPOSIBISIIOTHCS HE JIUIIIE B OKPEMUX MOJIAX,
a ¥y CKJIaTHUX KOPEISAIifAX MK HUMU. Taki CTaHU € OCHOBOIO JJ11 KBAHTOBUX KOMY-
HiKaIliil, KBAHTOBUX OOYMCIIEHb, 3a/1a4 BUOIPKU 3 ONTUYHHUX PO3IMO/ALIIB Ta EKCIIEPHU-
MEHTaJIbHOI MEPEBIPKU HEKJIACUYHOI OBEAIHKHU CBiT/Ia. BogHowac iHGopmaris mpo
KBAHTOBUM CTaH CTa€ JOCTYMHOIO JIUIIE Yepe3 KOHKPETHY cXxeMy BUMiproBaHHS. To-
MY TOCIIJOBHUHN OMKUC BUMIPIOBAJILHOTO MPOLIECY € HE MEHII BaXJIMBUM, HI)K OIHC
CaMOro CTaHy.

VY nuceptartii po3mISHYTO JiBa PiBHI TaKOTo OMHUCY. Y 3ajadi TiOpUIHUX BUMI-
pIOBaHb OCHOBHY POJIb BIJITpa€ sIBHE BpaxyBaHHsI KOHKPETHUX BUMIPIOBAIbHUX MTPHU-
naniB: 30a7aHCOBAHOTO TOMOAMHHOIO JETEKTYBAHHS B OJJHOMY KaHalll Ta MOPOroBO-
ro (OTOAETEKTYBaHHS MicHS (Pa30BO-TIPOCTOPOBOTO 3MIIICHHS B 1HIIOMY. Y 3ajadi
rayCciBCbKoi 0030HHOI BUOIPKH LEHTPAJIBLHUM € BXKE JETAIbHUIM OMUC HE1/1€aIbHOTO
(hOTOHHOTO TIAPaXyHKY, 30KpeMa CKIHUCHHOI 37JaTHOCTI IETEKTOPIB 0 PO3PI3HCHHS
gyucesn GOTOHIB, MEPTBOTO Yacy Ta pejiakcamiiiHux edekriB. Came B 1[bOMY BUMNA-
Ky OOMEXeHHS peajbHuX (OTOINETEKTOPIB MOKYTh 1ICTOTHO 3MIHIOBATH CTATHUCTHUKY
BUX1IHMX MOJI1{ 1 BIUTMBATH HA MPOLIEAYPH BaIiAaIlii.

MerToro nuceprainiifHoi poOOTH € PO3BUTOK TEOPETHUHOTO OMUCY BUMIPIOBAHb
0araTtoMo0BOr0 KBAHTOBOTO CBITJIA Ta 3aCTOCYBAHHS I[LOTO OIMUCY JO JBOX 3a/1a4:
aHami3y TiOpUAHUX BUMIPIOBAJIBHUX CXEM JJIsl BUSIBICHHS HEKJIACUYHUX KOPEISLin
CBITJIA Ta OIUCY rayCiBCbKOi 0030HHOT BUOIPKHU 3 PEaiCTUYHUM PO3PI3HEHHIM YK CEll
dboToHiIB. /{1 TOCATHEHHS 111€1 METH BUKOPUCTAHO ONEPATOPHUMN OMUC OAraroMoio-
BUX KBAaHTOBUX CTaHIB, (OpMasi3M JOJATHUX ONEPATOPHO3ZHAUHUX MIp, XapaKTepu-
CTUYHI (PYHKIII rayCiBCBKUX CTaHIB, (Da30BO-MIPOCTOPOBI IpeAcTaBieHHs Keximma—
[mayGepa Ta cTaTUCTUYHI METOAM aHAJI3y BUMIPIOBAJILHUX PE3YJIbTaTIB.

VY nuceprariii MociaiIOBHO BUKJIAJCHO TEOPETUYHUHN arapar, HEOOXiTHUHN ISt



onucy 0araToMoJ0OBHMX ONTHUYHUX CTaHIB 1 BUMiptoBaHb. CHopMynboBaHO Oa30BUM
OTIEPAaTOPHUM OMKC ONTHYHUX MOJI, 6araToOMOJIOBUX CTaHIB, TayCiBCHBKUX CTaHIB Ta
iXHIX KOBapilaliiHux marpuilb. OKpeMy yBary OpHIUIEHO ONUCY KBAaHTOBUX BUMI-
PIOBaHb Yepe3 JI0/IaTHI ONepaTOpHO3HAYHI MipH, OCKIJIBKM caMe IeH Miaxij] 103BO-
JIsi€ OJIHAKOBO OIMCYBATH SIK HEMEPEPBHI, TaK 1 JUCKPETHI BUMIPIOBAIbHI PE3yiib-
TaTH, a TAKOXX YPaxOBYBaTH HElJEalbHOCTI (POTOACTEKTOPIB Yy 3ama4ax (POTOHHOTO
nigpaxyHky. ¥ ($a3zoBo-mpocTopoBOMY MpeECTaBICHHI MpaBmwiio bopHa 3amucaHo B
1HTEerpaibHii GopMi, 110 BCTAHOBIIIOE 3B’ 130K MIXK KBa31MMOBIPHICHUM OIMCOM CTa-
HY Ta ()a30BO-IIPOCTOPOBUMHU CUMBOJIAMH €JIEMEHTIB JI0/IaTHUX ONEePaTOPHO3ZHAYHUX
Mip. Takuit miaxig € CIUTbHOK TEOPETUYHOI OCHOBOIO JIJIS IMOJAJIBIIOT0 aHalli3y Ti-
OpuIHMX BUMIPIOBAaHb 1 TayCIBChKOI 0030HHOI BUOIpKH. Lle m103BOIs€ po3rsaaTy He
JIMILIE CTaH caM Mo co01, a il BUMIPIOBaJIbHY MOBEAIHKY, TOOTO CTaTUCTUKY pe3yJbTa-
TiB JUIS 3a/1aHOTO HA0OPY JIOKaJbHUX HajamTyBaHb. CaMe Ha piBHI TaKOl MOBEIIHKH
MOPIBHIOIOTHCSA JIOKAJIBLHO-PEATICTUYHUHN OnUC 1 (ha30BO-IIPOCTOPOBO KJIACUYHE Biji-
TBOPEHHSI CTaTUCTHUKHU.

VY nepiiii yacTuH1 pOOOTH PO3ITISTHYTO T1IOPUIHY CXeMYy BUMIPIOBAHHS, y SIK1i
OJTHA MOJIa CBITJIAa aHATI3Y€ThCA 3a IOMIOMOT010 30aJ1aHCOBAHOTO TOMOJAMHHOTIO JIETE-
KTYBaHHSI, a pyra — 3a JOMOMOT0I0 IOPOTOBOTO (POTONETEKTYBaHHS Micis Ga3zoBo-
IPOCTOPOBOTO 3MillleHHs. Taka cxema MO€HY€E HeTlepepBHY 3MiHHY, IPEICTABICHY
KBa/IpaTypolo MOJsl, 1 AUCKPETHY 3MiHHY, 1[0 BIANOBIJAa€ HECHPAlbOBYBAaHHIO a00
CITPallbOBYBAHHIO TTOPOTOBOTO AeTekTopa. s miel cxemu chopMynbL0BaHO MPOCTIP
JIOKAJIbHUX HaJNAIITyBaHb 1 pe3y/bTaTiB, 3aMCAHO CIJIbHI HUMOBIPHOCT1 BUMIPIOBAHb
Ta MOKa3aHo, 5K 11 HMOBIPHOCTI MOXKYTh OyTH MpeCTaBIeHI y (Pa30BO-IIPOCTOPOBIii
dbopMi uepe3 CUMBOJIM BIAMOBIAHUX €JIEMEHTIB JOJATHUX OMEPATOPHOZHAYHUX MIp.

Sk moka3oBUil MpUKIIAJ y TUCEpTallii pO3MIIHYTO TBOMOJ/IOBUM CTUCHEHH Ba-
KyyMHHI cTaH. Horo okpemi MoIy MaiOTh TEIUIOBHH, TOOTO JOKAIBHO KIACHYHHMIA,
BUTJIAJI, TOMI SIK TIOBHUN TBOMOJIOBUM CTaH MICTHTh HEKJIIACHYHI MI)KMOJIOB1 KOpe-
asii. Jyig mhoro mpukiagy MpoaHalli3oBaHO CTATUCTHKY TiOPUIHOTO BUMipIOBaH-
Hs Ta 11 3aJIeXKHICTh BiJl MapaMeTpa CTUCHEHHSI 1 JJOKAJIbHUX HajamTyBaHb. [Tokaza-
HO, 110 BIJIIOBIIHA TTOBEIIHKA HE JIEMOHCTPYE MOPYIICHHS JIOKAIHHOTO PeaTi3My Y
CEeHC1 HeJlIoKaJabHOCT1 benna, ane nopyurye 0i1b1 c1abKy MoJeb KIaCUYHOTO (ha3o-
npocTopoBoro onucy. OTxe, riOpUIHE BUMIPIOBAHHS JT03BOJISIE€ BUSBIISATH HEKIIACH-
YH1 KOpEJIALIi CBITJIa Ha PIBHI KOHKPETHOI BUMIPIOBAIbHOI CTATUCTHUKHU.

[H111a yacTMHA qUCepTalli MpUCBAYEHA rayCiBChbKIM 0030HH1M BUOIpIII 32 YMOB



peaiICTUYHOTO PO3pi3HEHHsI 4ucen (OTOHIB IiJ Yac JETEeKTyBaHHS. [ayciBcbka
0030HHA BHOIpKA € CTEI1aI30BaHOI0 MOJIEIUTIO HEYHIBEPCAIBHUX KBAHTOBUX 00YH-
CJICHb: BOHa HE NpPH3HAu€HAa JJI1 BHUKOHAHHS JOBUIBHOTO KBAHTOBOTO aJITOPHUTMY,
a peaiizye KOHKPETHY 3ajady BHOIpKH 3 po3MoAuUTy (DOTOHHHX MO Ha BHUXOII
JiHIAHOTO 1HTEepdepomerpa. Y Wi cXeMl Ha BXOAM 1HTEpPPEpOMETpa MOAAIOTHCS
rayCiBCbKi CTaHU CBITJIa, & Ha BUXO[l peecTpytoTbes (ortonHi moxii. [loxii 3 kpa-
THOIO peecTpalli€ro, To0To moii 3 OUIbII HIXK OMHUM (POTOHOM Yy TEBHINA BHXIJIHIN
MO/Ii, € BIIHOCHO PiIKICHUMHU, ajie caMe BOHU MOXXYTh HECTH BaXJIUBY 1H(HOpMAIIito
JUTS BaJTifallii ekcriepuMenTy. ToMmy oOMexXeHa 3/1aTHICTh PEaTICTHYHHUX JIETEKTOPIB
PO3PI3HATH CYCIJHI 4ucia (POTOHIB Ma€ MPUHIMUIIOBE 3HAYEHHS JJISI MPABWIHHOT
IHTepIpeTallli BUXiJHOT CTaTUCTHKH.

VY po60Ti noOynoBaHO 3arajbHUN OMKUC (POTOTTUMIBHOT CTATUCTUKHN HA BUXO/I
rayciBCbkoi 0030HHOT BUOIPKH /ISl TOBUIBHUX JIETEKTOPIB, K1 OMUCYIOTHCS €JIeMEH-
TaMU JI0IaTHOT ONEPaTOPHO3HAYHOT Mipr. OTpUMaHO KOMITAaKTHY (GOpMYITy JJiI HMO-
BIPHOCTI PEECTpallii 3aJJaHOTO MAaTEepHY, Y SKIM pe3ysibTaT BUPAXKAEThCs uepe3 PyH-
KITIOHAJI MaTPHIIi, TTOB’A3aHO1 3 KOBapiaIliiHOIO MaTPHUICIO ()-TIpeCTaBICHHS BHXIi-
JTHOTO TayciBChKOro cTany. Llel miaxi y3arajibHIO€ BiIOMi pe3yJIbTaTH Il I€TEeKTO-
piB 3 11€aJIbHUM PO3PI3HEHHSM YHUCeN (POTOHIB 1 TOPOTOBUX JIETEKTOPIB. Y BIAMNO-
BITHUX TPAaHWYHUX BUMAJKAX 3arajlbHUN MaTpUYHUN (PyHKIIIOHAT 3BOAUTHCS JIO Bi-
JTOMUX CTPYKTYp, 30KpeMa J10 XadhHiaHa JyIsl JETEKTOPIB 3 1JI€aIbHUM PO3PI3HEHHSIM
yucel ()OTOHIB Ta TOPOHTOHIAHA JIJISI TOPOTOBUX JIETEKTOPIB. [Ipu mbomMy npuUHITUTIO-
BO PO3PI3HAIOTHCS (POTOHHUM MaTEpH Mepesa NEeTEKTYBaHHIM 1 3apeecTpOBaHUI Ma-
TEPH Pe3y/bTaTiB, OCKUIbKU PealliCTUYHUI (HOTOAECTEKTOP MOBEPTAE pe3yNbTaT Bia-
CHO1 BUMIPIOBAJIbHOI MPOIEAYPH, @ HE 000B’SI3KOBO ICTUHHE YHUCIIO (DOTOHIB y MO/IL.
Lle po3pi3HEHHS € BaKJIMBUM JIJIsl IHTEpPIIPETAllli eKCIIEpUMEHTAIBHO TOCTYITHOI CTa-
TUCTHKH, OCKIJIBKH MOJICNb JIETEKTOpa BU3HAYAE, K1 BIIACTUBOCTI MOYATKOBOTO Oa-
raro()OTOHHOTO PO3MOLITY 3aTHILAIOTHCS CHOCTEPEKYBAHUMHU, A SIKI BTPAYaIOThCS
Ha eTtari peectpaiii. ToMy peanicTUyHe 1eTeKTyBaHHS BXOJIUTh y TEOPiI0 HE AK JIPY-
TOpsiIHA TIOTIPaBKa, a K HEB1JI'€MHA YaCTHHA MEPEXOAY BiJl BUX1THOTO KBAHTOBOTO
CTaHy 10 BUMIPIOBAHOi CTATUCTHUKHU.

OxpeMo po3ITISTHYTO pealiCTUYHI MOEI IETEKTYBaHHS 3 PO3PI3HEHHSIM YHCEIT
¢dotoHiB. J{ns MacuBiB MOPOrOBUX JIETEKTOPIB OTPUMAHO BIAMOBIAHUN MaTpUUHUN
(YHKI10HAJ, 110 BPaXOBY€ CKIHYEHHY KIIbKICTh €IEMEHTAPHUX OPOTOBUX JIE€TEKTO-

piB y MacuBi. yist hoTOAETEKTYBaHHS HA OCHOBI MIJIPaXyHKY IMITYJIbCIB (POTOCTPYyMY



PO3IISIHYTO MOJIENl 3 MEPTBUM 4acOM, XapaKTepHi JJis JJaBUHHUX (POTOMI0AIB, a Ta-
KO’K MOJEII 3 pellakCalliiHuM 9acoM, BaXXJIMBI1 JIJIs HAJAMPOBITHUKOBUX HAHOAPOTO-
BUX OIHO(OTOHHUX JAETEKTOPIB. J[J151 OKpeMUX BaXKIMBUX PEXKUMIB OTPUMAHO aHAJII-
TUYHI CIIPOILEHHS, PUJATHI JJIs TOAATBIIOT0 BUKOPUCTAHHA y 3a/1a4aX I'ayCiBChKO1
0030HHOI BUOIpKH.

Ha ocnHoBi po3po6iieHoro dbopmaiizMy MpoaHaTi30BaHO 3ajaqy Baiigallli ra-
yCIBCbKOi 0030HHOT BHOIPKHU 32 HAsSBHOCTI PEATICTUYHOTO PO3Pi3HEHHS ducen ¢o-
TOHIB. OCKIIbKY TMOBHUI PO3MOJIIT BUXIIHUX MATEPHIB y BEIMKHUX 0AraToMoI0BUX
CUCTEeMax € HaJITO CKJIAIHUM JIJIsl MPSMOTO BiHOBJICHHS i MOPIBHSHHSA, Y POOOTI BU-
KOPUCTAHO 3TPYIOBaHI CTAaTUCTHKHU. 30KpeMa, PO3IISTHYTO OpOITH — KJIacH 3apee-
CTPOBaHUX IATEPHIB, AKI MEPEXOJATh OJUH B OJIMH NEPECTAHOBKAMHU MO/, a TaKOX
CTaTHCTUKH MO/ 13 KpaTHOIO peecTpallieto. Taki BEIMUYUHUA MOXKYTh OyTH OLIIHEHI 3
EKCMEPUMEHTAIBHUX JaHUX 1 BOAHOYAC 3AJIMIIAIOTHCS Yy TJIMBUMHU JI0 BIIMIHHOCTEH
M1 KBaHTOBOIO CTaTUCTUKOIO Ta KIIACHYHUMU MOJICTISIMHU.

Jlis oliHIOBaHHS OpOiTaTbHUX HUMOBIPHOCTEH PO3MIISIHYTO MPSIME CyMyBaHHS
3a maTepHaMu Ta (a30BO-MPOCTOPOBI METOIM MOJEIIOBAHHS Ha OCHOBI JIOAATHOTO
P-npencrasnenns. [lokazano, mo ¢ha30BO-MIPOCTOPOBUN MIAXIJ € MPUIATHUM IS
OLIIHIOBAHHS 3rPYNOBAHUX CTAaTUCTUK y PEXKUMax 13 BETUKOIO KUIbKICTIO BUXITHUX
Mo 1 GOTOHHUX MOJIH, 1€ IPSMI1 METOJU CTalOTh OOUMCIIOBAILHO CKiagHUMU. Ha
1A OCHOBI C(hOPMYIHLOBAHO MPOLEAYPHU Bajijalli rayCciBCbKoi 0030HHOT BUOIPKU 3
BHKOpHCTaHHSAM Kputepiro ITipcoHa x? Ta 6aeciBcbkoro Tecty. [TopiBHAHHS IPOBOJIH-
ThCS MK CTAaTUCTUKOIO LINTbOBUX TEPMaJli30BaHUX CTUCHEHUX CTaHIB 1 CTaTHCTHUKA-
MU KJIACHYHUX €TAIIOHHUX MOJIEJICH, 30KpeMa TeTUIOBUX Ta CIUTIOIICHUX rayCiBChbKUX
ctaniB. Taka Bajijailisi HE € MMOBHOIO cepTU(iKalliel0 KBAHTOBOI IIepeBaru, aje Jae
MPaKTUYHUHN CTIOCIO MEPEBIPATH Y3TOKEHICTh TOCTYITHUX 3TPYNOBAHUX CTATUCTHK
13 LIJTLOBOIO MOJIEJUIIO Ta KIIACHYHUMU €TaJOHHUMHU ajbTepHAaTUBaAMU. 30KpemMa, BO-
Ha JI03BOJISIE aHAJII3yBaTH, K CEKTOPHU 3rPYHOBAHOTO PO3MOALTY 3aJIMILIAIOTHCS 1H-
dbopMaTUBHUMU I 33JaHOI MOJIENl JETEKTOpa 1 K YaCTKOBE PO3PI3HEHHS YHCEl
(OTOHIB 3MIHIOE PO3PI3HIOBANIbHY 3[JaTHICTh CTATUCTUYHUX TeCTiB. Lle ocobnuBo Ba-
KJIMBO B PeKHUMax, /e OKpeMi BUXIJIHI MATEPHU € HAATO PIAKICHUMH JJIS HaJIHHO-
'O OLIIHIOBaHHS, TO/I1 SIK 3TPYNOBaH1 OpOiTaIbHI CTATUCTUKH 3JIUIIAIOTHCS €KCIIEPH-
MEHTAJIbHO JOCTYITHUMHU.

VY yucenbHUX NPUKIIAIAX TOKA3aHO, IO pealiCTUYHA 3JaTHICTh AETEKTOPIB 110

PO3pi3HEHHS uKcel (OTOHIB ICTOTHO BIIMBA€E Ha OpOiTaIbHI KIMOBIPHOCTI Ta Ha ede-



KTUBHICTh BadijamiiHux TectiB. HaBiTh MiHIMalbHE pO3pi3HEHHS 4ucen (HOTOHIB,
JTOCTYITHE JJIsl MACUBIB MIOPOTOBUX JAETEKTOPIB a00 JJIs ACTEKTOPIB 13 MiAPaXyHKOM
IMITYJICIB (POTOCTPYMY, MOXKE I1JBUIITYBATH BIEBHEHICTh Y PO3PI3HEHHI KBAHTOBOI
CTaTHCTUKH T'ayCiBChKOI 0030HHOT BUOIPKHU BiJ KJIACUYHMUX alibTepHAaTHB. BogHouac
MOJIENTl 3 MEPTBUM YacOM 1 pPeJIaKCalli€l0 MOXKYTh CYTTEBO 3MIHIOBATU PE3yJIbTATH,
TOMY BHUKOPHCTAHHS 17€ali30BaHUX MOJENIEH JIETEKTOPIB MOXKE MPU3BOIUTH JI0 HE-
KOPEKTHO{ OIIHKK BUX1JTHOT CTATUCTUKH Ta PE3yJIbTaTIB BaiAallii.

HaykoBa HOBU3HA nucepTallii noisrae y J1eMOHCTpallii HEKJIaCUYHUX KOpesi-
i} CBiTJIa B TIOPUAHIM cXeMi BUMIPIOBaHHS, 110 MOEHYE 30aJlaHCOBaHE TOMOIMHHE
JETEKTYBaHHS Ta OPOTroBe (POTO/IETEKTYBaHHS Micis (Ha30BO-MPOCTOPOBOTO 3Millie-
HHS; Y BUBEICHH1 3araJIbHOTO MaTpUYHO-(DYHKI[IOHAJIBHOTO BUPa3y JJis (DOTOIIYHIIb-
HO1 CTaTUCTUKU I'ayCiBChbKOi 0030HHOI BUOIPKHU 3 JOBUIBHUMH pEaTiCTUYHUMHU (POTO-
JETEKTOpaMu; Y KOHKPETHU3allii [bOTO BUPA3y JJIsl OCHOBHUX MOJIEJICH JETEKTYBaHHS
3 pO3pI3HEHHSAM Yucea POTOHIB; a TAKOXK Y (POpMyITIOBaHH1 BadlAalliiHUX IPOLIETYP
ISl Tay CIBChbKO1 0030HHOT BUOIPKH, sIK1 O€3M0CepeIHbO BPAaXOBYIOTh HElieabHY 3/1a-
THICTb JETEKTOPIB PO3PI3HATH Yucia (HOTOHIB.

TeopeTryuHe 3HAUEHHSI OTPUMAHUX PE3YJIbTATIB MOJISATAE Yy MOOY0B1 MOCI1OB-
HOTO OMHUCY B3a€MOJIIi 0araTOMOJOBUX KBAHTOBUX CTaHIB 13 pealiCTUYHUMHU BUMI-
PIOBAILHUMU TIPUCTPOSIMU. 3aPONOHOBAHUMN T1AX1]T MOXKE OyTH BUKOPUCTAHUN TSI
aHaiizy (OTOHHUX €KCIIEPUMEHTIB, Y SIKUX BAXKIIMBY POJIb BiAIrpalOTh BTPATH, CKIH-
YeHHA 37IaTHICTh 0 PO3PI3HEHHS Yucels (POTOHIB, MEPTBHUM Yac 1 penakcalliiai ede-
KTU JIeTeKTopiB. [IpakTuuHe 3HaYeHHS pe3ysIbTaTiB MOB’sI3aHE 3 MOXKIIUBICTIO KOpe-
KTHIIIOT iHTEpIpeTalii eKCIepUMEHTIB 13 TayCiBChKOi 0030HHOT BUOIpKH Ta 3 00Y-
JIOBOIO METO/IIB ii BaJlilallii, IKi BpaXOBYIOTh (PaKTHUHI XapaKTEPUCTUKH BUKOPUCTO-
BYBaHUX (POTONETEKTOPIB.

VY miacymMKy B aucepTallii moka3zaHo, 10 peasiCTUYHUN OMUC BUMIPIOBAHHS €
HEOOX1JTHOIO CKJIAJIOBOIO aHaji3y 0araroMoi0BOTO KBAaHTOBOTO CBiTia. s riOpu-
JTHUX BUMIPIOBaHb BiH JI03BOJISIE BUSBIISITH HEKJIACHUHI KOPETSAIii, IKi HE 3BOAATHCS
10 HesokanbHoCTi bera. [{s rayciBchkoi 0030HHOT BUOIPKH BIH IMIPUBOJUTH JI0 y3a-
raJbHEHOTO OMUCY (DOTOMYMIBHOT CTATUCTUKU Ta JIEMOHCTPYE, 110 HaBITh YaCTKOBA
3MIaTHICTh 10 PO3PI3HEHHS yucen (POTOHIB MOXE CYyTTEBO BILJIMBATH Ha BaiAalliio
KBAaHTOBUX ONTUYHUX MPHUCTPOIB.

Kui104oBi ci10Ba: kBaHTOBa ONTHKA, OaraToMOI0BE KBAaHTOBE CBITIIO, (ha30BO-

IPOCTOPOBUM (opMalli3M, JOJAaTHI ONEPATOPHO3HAYHI MIpH, TayCiBCbKI CTaHU, PO3-



pi3HEeHHs yucen (OTOHIB, peanicTU4HI (HOTOAETEKTOPHU, TOMOJANHHE ACTEKTYBaHHS,
MTOPOTOBE JIETEKTYyBaHHS, HEKJIaCHYHI KOpEJIAIlii, rayciBcbka 0030HHa BUOIpKa, Bai-
Jarisi KBAaHTOBUX MPUCTPOIB, MATPUUH1 (DYHKI[IOHAIIH.
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Abstract

Yeremenko I. S. Realistic measurements of multimode quantum light. — Qualifying
scientific work in manuscript form. Thesis submitted for the degree of Doctor of
Philosophy in specialty 104 — Physics and Astronomy. — Bogolyubov Institute for
Theoretical Physics of the National Academy of Sciences of Ukraine, Kyiv, 2026.

Modern quantum optics is increasingly concerned with multimode states of
light, in which quantum properties are manifested not only in individual modes
but also in complex correlations between them. Such states form the basis for
quantum communication, quantum computation, sampling from optical probability
distributions, and experimental tests of the nonclassical behavior of light. At the same
time, information about a quantum state becomes accessible only through a specific
measurement scheme. Therefore, a consistent description of the measurement
process is no less important than the description of the state itself.

This thesis considers two aspects of such a description. In the problem of
hybrid measurements, the central role is played by the explicit treatment of specific
measurement devices: balanced homodyne detection in one channel and displaced
threshold photodetection, i.e. unbalanced homodyne detection, in the other. In the
problem of Gaussian boson sampling, the central issue is a detailed description
of realistic photocounting, in particular the finite photon-number resolution of
detectors, dead time, and relaxation effects. In this case, the limitations of realistic
photodetectors can substantially modify the statistics of output events and affect
validation procedures.

The aim of the thesis is to develop a theoretical description of measurements of
multimode quantum light and to apply this description to two problems: the analysis
of hybrid measurement schemes for detecting nonclassical correlations of light, and
the description of Gaussian boson sampling with realistic photon-number resolution.
To achieve this aim, the thesis uses the operator description of multimode quantum
states, the formalism of positive operator-valued measures, characteristic functions of
Gaussian states, Cahill-Glauber phase-space representations, and statistical methods
for analyzing measurement outcomes.

The thesis consistently presents the theoretical framework necessary for
describing multimode optical states and measurements. The basic operator description
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of optical modes, multimode states, Gaussian states, and their covariance matrices is
formulated. Special attention is paid to the description of quantum measurements in
terms of positive operator-valued measures, since this approach makes it possible to
describe both continuous and discrete measurement outcomes in the same framework
and to account for imperfections of photodetectors in photon-counting problems. In
the phase-space representation, the Born rule is written in an integral form, which
establishes a connection between the quasiprobability description of a state and the
phase-space symbols of the elements of positive operator-valued measures. This
approach provides a common theoretical basis for the subsequent analysis of hybrid
measurements and Gaussian boson sampling. It makes it possible to consider not
only the state itself but also the measurement behavior, that is, the statistics of
outcomes for a given set of local settings. It is at the level of such behavior that the
local-realistic description and the phase-space classical reconstruction of statistics
are compared.

The first part of the thesis considers a hybrid measurement scheme in which
one mode of light is analyzed by balanced homodyne detection, while the other is
analyzed by displaced threshold photodetection. This scheme combines a continuous
variable, represented by a field quadrature, and a discrete variable corresponding to
the no-click or click event of a threshold detector. For this scheme, the space of local
settings and outcomes is formulated, joint measurement probabilities are written, and
it is shown how these probabilities can be represented in phase-space form through
the symbols of the corresponding elements of positive operator-valued measures.

As an illustrative example, the thesis considers a two-mode squeezed vacuum
state. Its individual modes are thermal, and therefore locally classical, whereas the full
two-mode state contains nonclassical intermode correlations. For this example, the
statistics of the hybrid measurement and its dependence on the squeezing parameter
and local settings are analyzed. It is shown that the corresponding behavior remains
compatible with local realism in the sense of Bell nonlocality, while nevertheless
violating an inequality associated with a weaker model of a classical phase-space
description. Thus, hybrid measurement makes it possible to reveal nonclassical
correlations of light at the level of specific measurement statistics.

The other part of the thesis is devoted to Gaussian boson sampling under
conditions of realistic photon-number resolution in detection. Gaussian boson

sampling is a specialized model of non-universal quantum computation: it is



not intended to perform an arbitrary quantum algorithm but realizes a specific
sampling task from the distribution of photocounting events at the output of a linear
interferometer. In this scheme, Gaussian states of light are injected into the inputs of
the interferometer, and photon events are registered at the output. Collision events,
that is, events with more than one photon in a certain output mode, are relatively rare,
but they can carry important information for experimental validation. Therefore, the
limited ability of realistic detectors to distinguish adjacent photon numbers is of
fundamental importance for the correct interpretation of the output statistics.

The thesis constructs a general description of the photocounting statistics
at the output of Gaussian boson sampling for arbitrary detectors described by the
elements of a positive operator-valued measure. A compact formula is obtained for
the probability of registering a given pattern, in which the result is expressed through
a functional of a matrix associated with the ()-function covariance matrix of the
output Gaussian state. This approach generalizes known results for ideal photon-
number-resolving detectors and threshold detectors. In the corresponding limiting
cases, the general matrix functional reduces to known structures, in particular to
the hafnian for ideal photon-number-resolving detectors and to the Torontonian for
threshold detectors. At the same time, photon patterns before detection and registered
outcome patterns are distinguished in this formalism, since a realistic photodetector
returns the result of its own measurement procedure and not necessarily the true
photon number in a mode. This distinction is essential for the interpretation of
experimentally accessible statistics, because the detector model determines which
features of the underlying multiphoton distribution remain observable and which
are lost at the registration stage. Therefore, realistic detection enters the theory not
as a secondary correction, but as an intrinsic part of the mapping from the output
quantum state to the measured statistics.

Realistic models of detection with photon-number resolution are considered
separately. For multiplexed arrays of threshold detectors, the corresponding matrix
functional is obtained, taking into account the finite number of elementary threshold
detectors in the array. For photodetection based on counting photocurrent pulses,
models with dead time, typical for avalanche photodiodes, as well as models with
relaxation time, important for superconducting nanowire single-photon detectors,
are considered. For several important regimes, analytical simplifications suitable for

further use in Gaussian boson sampling problems are obtained.



On the basis of the developed formalism, the problem of validating Gaussian
boson sampling in the presence of realistic photon-number resolution is analyzed.
Since the full distribution of output patterns in large multimode systems is too
complex for direct reconstruction and comparison, grouped statistics are used in the
thesis. In particular, orbits are considered, that is, classes of registered patterns that
are transformed into one another by permutations of modes, as well as statistics of
collision events. Such quantities can be estimated from experimental data and at the
same time remain sensitive to differences between quantum statistics and classical
models.

To estimate orbital probabilities, direct summation over patterns and phase-
space simulation methods based on the positive- P representation are considered. It
is shown that the phase-space approach is suitable for estimating grouped statistics
in regimes with a large number of output modes and photon events, where direct
methods become computationally complicated. On this basis, validation procedures
for Gaussian boson sampling are formulated using Pearson’s x? test and a Bayesian
test. The comparison is performed between the statistics of target thermalized
squeezed states and the statistics of classical reference models, in particular thermal
and squashed Gaussian states. Such validation is not a full certification of quantum
advantage, but it provides a practical way to test the consistency of accessible
grouped statistics with the target model and with classical reference alternatives. In
particular, it makes it possible to analyze which sectors of the grouped distribution
remain informative under a given detector model and how partial photon-number
resolution changes the discrimination power of the statistical tests. This is especially
relevant in regimes where individual output patterns are too rare to be estimated
reliably, while grouped orbital statistics remain experimentally accessible.

Numerical examples show that realistic photon-number resolution of detectors
substantially affects orbital probabilities and the efficiency of validation tests. Even
minimal photon-number resolution, available for arrays of threshold detectors
or for detectors based on counting photocurrent pulses, can increase confidence
in distinguishing the quantum statistics of Gaussian boson sampling from classical
alternatives. At the same time, models with dead time and relaxation can substantially
change the results; therefore, the use of overly idealized detector models can lead to
an incorrect assessment of the output statistics and validation results.

The scientific novelty of the thesis lies in demonstrating nonclassical
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correlations of light in a hybrid measurement scheme combining balanced homodyne
detection and displaced threshold photodetection; in deriving a general matrix-
functional expression for the photocounting statistics of Gaussian boson sampling
with arbitrary realistic photodetectors; in specifying this expression for the main
models of detection with photon-number resolution; and in formulating validation
procedures for Gaussian boson sampling that directly account for the imperfect
ability of detectors to distinguish photon numbers.

The theoretical significance of the obtained results lies in constructing a
consistent description of the interaction between multimode quantum states and
realistic measurement devices. The proposed approach can be used to analyze
photonic experiments in which losses, finite photon-number resolution, dead time,
and detector relaxation effects play an important role. The practical significance of
the results lies in enabling a more accurate interpretation of Gaussian boson sampling
experiments and in developing validation methods that take into account the actual
characteristics of the photodetectors used.

In summary, the thesis shows that a realistic description of measurement is
a necessary component in the analysis of multimode quantum light. For hybrid
measurements, it enables the detection of nonclassical correlations that are not
reducible to Bell nonlocality. For Gaussian boson sampling, it leads to a generalized
description of photocounting statistics and demonstrates that even partial photon-
number resolution can substantially affect the validation of quantum optical devices.

Keywords: quantum optics, multimode quantum light, phase-space formalism,
positive operator-valued measures, Gaussian states, photon-number resolution,
realistic photodetectors, homodyne detection, threshold detection, nonclassical
correlations, Gaussian boson sampling, validation of quantum devices, matrix
functionals.
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