Pimenns
pPa30Boi crieniaaizoBaHOT BYEHOT paau
PO NPHUCY/IKEHHS CTYIeHs J0KTopa pinocodii

3n00yBay ctymnens aokropa ¢inocodii, Knen Mukuta JImurposudu, 1997 poky
HapOKEHHS, TPOMa/ISHUH YKpaiHu, ocBiTa BUIA: 3akiHuuB y 2022 poui KuiBchkuit
HaIllOHaJbHUN yHiBepcuTeT iMeHi Tapaca IlleBuenka 3a cremianpHicTiO “®i3uKa Ta
acTPOHOMisl”, HAaBYAETHCS B acmipanTypi [HCTUTYTY TeopetuuHoi ¢izuku iM. M. M.
boromo6oBa HAH Vkpaiuu, micto KuiB, BUKOHaB akpeAMTOBaHY OCBITHbO-HayKOBY
nporpamy "Teopetnuna ¢izuka".

Pa3oBa cmemianizoBaHa BYeHa paja, YTBOpPeHa Haka3oM JaupekTropa IHcTUTyTy
teopeTryHoi ¢i3uku iM. M.M. boromotosa HAH Vkpainu Bix «11» TpaBus 2026 poky
Ne 08/01-02, y cknani:

I"onoBu pa3oBoi crierianizoBaHO! BYEHOL paay -

[lapanos Cepriii I'ennagiitoBny, 1okTop ¢i3.-MaT. HayK. 3aBigyBad jgadopaTopii
CUJIbHOKOPEIbOBAHUX HM3BKOBUMIPHUX CUCTeM IHCTHUTYTY TeOpeTH4HOI (i3uKu
HarnionansHoi akagemii HayK YKpaiHu.

Penen3zeHTis -

3oaorapiok Spocaae OnexcanapoBuy, J0KTop (i3.-MaT. HayK, 3aBilyBay BIILTY
cunepretuky lacturyty Teopernunoi ¢gizuku iMm. M.M. Boromo6osa Harionanshoi
akazeMii Hayk YKpaiHu.

OdinifHUX OTIOHEHTIB -

Sluenxo Jleonin [lerposuu, akagemik HAH Ykpainu, 10KT0p Bi3HMKO-MaTeMaTHYHUX
Hayk, npodecop, 3aBiayBay BiUTTy KOTEPEHTHOI 1 KBAHTOBOI ONTHUKHM IHCTUTYTY
¢izuku HanionansHoi akajgemii Hayk YKpaiHu.

Bimtopeci Iaoao (Paolo Villoresi), 1oktop dimocodii (PhD), mpodecop, aupexrop
ITagyanceskoro neHtpy kBaHToBHx Texnosoriit (Padua Quantum Technologies
Research Center) Yuisepcurery Ilaxyi (Universita degli Studi di Padova). Itamis.

Copeani xkakomo (Giacomo Sorelli), 1oxtop dinocodii (PhD), kepisuux rpynu
KBAaHTOBOI CyIeppo3iabHoi 31aTHOCTi (Quantum Superresolution Group Leader)
IHCTUTYTY ONTPOHIKM, CHCTEMHHX TEXHOJIOTil Ta BHMKOPHCTaHHS 300paxeHb
ToBapucTBa ®paynrodepa (Fraunhofer Institute of Optronics, System Technologies
and Image Exploitation, Fraunhofer IOSB). Ertiinren, Himeuuuna.

Ha 3aciganHi «13» munHsg 2026 poky NMpHIHSIA PIIEHHS PO MPUCYDKEHHS CTyTeHs
nokTopa ¢inocodii 3 ramysi smams 10 «IIpupoanmui nHaykw»  Kieny Mukuri



JIMUTpOBHUY Ha MIICTaBl MYOTIYHOrO 3aXHUCTy AucepTanii « CTaTHCTHUHI MoJesi Ta
qacoBa KOTEPEHTHICTH KBAaHTOBOTO CBiTIa B TypOyJeHTHI  atMocdepi»
3a crnemianpHICTIO 104 «®Di3uka Ta aCTPOHOMIS.

JlucepTanito BUkoHaHo B [HCTHTYTI TeopeTudHoi ¢izuku iM. M. M. Boromo6osa HAH
Vkpainu. Haykosuii kepiBHMk CemeHoB Anapiii OsiekcaHIpOBHY, JOKTOP Hayk 3
ramy3i “Tlpupoauuui Hayku™, cTapimii HayKOBHH criBpoOiTHMK, uieH-kop. HAH
VkpaiHu, TPOBIJHUI HAYKOBHIl CIIBPOOITHMK BLIIUTY CHHEPreTHKH Ta KEpIBHMK
rpyIH KBAHTOBOT ONITHKY Ta KBaHTOBOT iH(opMalii [HCTUTY Ty TEOPETHYHOT (Di3UKH iM.
M. M. Boromo6osa HAH Vkpaiuu.

JlucepTaniro 1MojJaHo y BUIJISAI CTELiaJbHO IMirOTOBJICHOro pykonucy. Jlucepranis
HOBHICTIO Bifmosigae BuMoram "TTopsiKy NpHCYDKEHHS CTYNeHs JoKTopa dinocodii
Ta CKaCyBaHHS PillIeHHs Pa30BOI CIIENiaTi30BaHOT BUEHOI pajiy 3aKJIa/ly BUIIOT OCBITH,
HAyKOBOI YCTAHOBH PO TIPUCY/DKEHHS CTYIEHs J0KTopa ¢inocodii”. 3aTBEpIKEHOTO
noctaHoBoto KadineTy MinicTpiB Vipainu Bix 12 ciuns 2022 poky Ne 44 (31 3MiHaMn).
ITopyens akajaeMiuHOi J0OPOYECHOCTI B TUCEpTallil Ta B HAYKOBHUX IpaIIX, Y SKUX
OyJI0 MpeCTaBIeHO pe3yJIbTaTH JUCepTallii, HE BUSBIEHO.

3100yBay Mae 4 HaykoBi myGuikalli 3a TeMO0 jaucepralii, 3 HUX 3 omy0iikoBaHi B
xypHam Ql:

1. M. Klen, A. A. Semenov. Numerical simulations of atmospheric quantum
channels. Physical Review A, 108(3), 033718 (2023).
https://doi.org/10.1103/physreva.108.033718 (Q1)

2. M. Klen, D. Vasylyev, W. Vogel, A. A. Semenov. Time correlations in
atmospheric quantum channels. Physical Review A, 109(3), 033712 (2024).
https://doi.org/10.1103/physreva.109.033712 (Q1)

3. 1. Pechonkin, M. Klen, A. A. Semenov. Circular-beam approximation for
quantum channels in a turbulent atmosphere. Physical Review A, 112(6),
063716 (2025). https://doi.org/10.1103/pv7j-4zpf (Q1)

4. A. Semenov, M. Klen, I. Pechonkin (2025, October 29). Quantum optics in the
turbulent atmosphere: fundamental issues and applications. In V. Fernandez, G.
Sorelli. & S. Schwartz (Eds), Quantum Technologies for Defence and Security
II (p. 38). Proceedings of SPIE 13676, 136760H-13 (2025).
https://doi.org/10.1117/12.3069599

V auckycii B3s/M yuacTh (rojoBa, pelieH3eHTH, O(illiifiHi OMOHEHTH, iHIII IPUCYTHI).

I1ix gac 06roBOpeHHs a¥cepTalii OyIM BHCJIOBIEHI Taki 3ayBaKeHHS i MOCTaBJIEHI
Taki 3alMTaHH

Penensent 5. O. 3o0Tapiok:
JlMcepTaris He 1030aBieHa OKpeMHX HEJIOJIKiB, fKi HaBeleHO Huwk4e. Boanouac mi
3ayBaXeHHs HE € [11/ICTABOIO IS HEraTHBHOI OIlIHKM JHMCepTaLlii, a paJiue CIyryioTh



PEKOMEHIAIIIAMHU, TII0 MOXKYTH OYTH BUKOPUCTAHI U YTOYHEHHS 200 BIOCKOHAICHHS
OKPEMHX 11 ITOJIOKEHB.

(1) ABTOp BUKOPUCTOBY€ TmapameTp PutoBa 118 XapakTEpUCTHKH  CHIIH
TypOyJeHTHOCTI atMochepHux kaHamiB. [IpoTe aucepranis Burpana 6 BiJ BCTYIIHOTO
0OrOBOPEHHS pealbHIX METEOPOJIOriYHIX BEIMUMH, TAKUX K TEMIIepaTypa abo THCK,
SKi BiIMIOBIZIAIOTE PO3TIISHYTHM 3HAYEHHSIM mapaMerpa Purosa. OcoGimBo 3 ormsay
Ha Te, IO aBTOP NPHIIIMB 3HAYHY yBary OOTOBOPEHHIO (I3UYHO peayiCTHYHUX
napaMeTpis.

(i) PoGoTa 3HAYHOIO MIpOIO IPYHTYEThCS HA TINOTE3l  «3aMOPOXKEHOI»
TypOyaentHocTi Teinopa. Xoda 1 rinore3a € 3araJlbHONPUMHATOIO s CJ1A0KOT
TypOyJI€HTHOCTI, CYYacHi A0CIiIKEeHHS CHJIbHOI TypOyJIeHTHOCTI B IPH3EMHOMY Iapi
arMocdepu (1o 100—-150 M Hax moBepxHeO 3eMIli) CBiIYaTh, 1[0 BOHA HE 3aBKIU
BukoHyeThes  (quB.  Physics  of  Fluids 34, 076602 (2022), DOL
https://doi.org/10.1063/5.0097729). Tomy o0OMeXeHHS 3aCTOCOBHOCTI TIillOTe3H
«3aMOpOKEeHO» TypOyIeHTHOCTI Teitiopa 10 KBaHTOBUX KOMYHIKAIIH y IPU3EMHOMY
mapi aTMochepu TOIITBHO PO3TIISHYTH OUIBII JETATBHO.

Hactymui 3ayBaskeHHS CTOCYIOTBCS TEpPEBAXKHO CIOCOOY TIOJaHHS OKPEMHX
pe3yJIbTaTiB.

(iii) IIpusnauenns pucynka 1.1 e He3posyMmimmuM. Un € BiH IMIIE LIFOCTPATUBHUM
IIPUKJIAIOM BHIIAIKOBOT (DYHKIII? SIKIIO TaK, TO HE MOSCHEHO, SKMM YHHOM HOTO0 OyIo
OTPHUMAaHO.

(iv) e 3ayBaxenns crocyerbcst pucyHki 3.1-3.3. (a) Ha pucynkax 3.1 1 3.2
HEeoOXiHO Jo1aTy mo3HadeHHs Ha kmranT (a) Ta (b) abo merenay. mo6 yurad Mir
JIETKO BiJIpI3HUTH BHIIA KK KOJiMOBaHOTO Ta chokycoBaHoro myukis. (b) Ha pucynkax
3.1-3.2 3a1e)KHOCTI /15 KOJIMOBAHOTO Ta C(hOKYCOBAHOTO IMy4KiB Maiike 301raroTbCs,
a BIIXWIEHHS BiJ TaycOBOrO 3aKOHY HEJIOCTATHBO TMOMITHI. JlonmigkHime Oyno 6
HAKJIACTH OOMIBI 3aJIeKHOCTI Ha OHOMY rpadiky Ta HoAaTH 30UIbIIeHuH GparMent,
KM migxpecmoBas 61 HaWGLIBII 1ikaBi o6nacTi. Ile came crocyeThes i pucyHka 3.3.
(c) SIKicTh MOJAHHS JIaHUX € HeJ0CTaTHBO. Hampukiaa, pucyHOK 3.3, OYEBHIHO,
Biamosinae pucynky 9 3i crarri [1]. ITpoTe KO y CTATTi e# pUCYHOK YiTKO BHIIISA€
SK TicTorpama, TO B JdcepTallii OKpeMi CTOBMUYHUKM TIPAKTUYHO HEMOXKIIMBO
PO3PI3HUTH, Yepe3 IO FiCTOTPaMHHI XapaKTep 300paeHHs BTPaYa€ThCs.

OcTaHHi /1Ba 3ayBaXKEHHS MAIOTh pa/lllle TEXHIYHUM XapaKTep.

(v) Ha cropimmi 53, HeB'STHii pSIOK 3HH3Y MICTHTh TOMHIKY B IOCHIAHHI.
He3posyMino, mo o3nayae no3naveHHs «[“@bachmann2025]».

(vi) V nauceprauii kinbka pasiB (ctopinku 38, 51) BHKOPHCTOBYETHCH TEepMiH
«mpocTopoBa uactota» (spatial frequency) 3amicTe OimbII yCTaneHOro TepMiHa
«XBHJIBOBE YMCJIO» (Wave number).



Odimisinmii onounent JL. I1. Huenko:

HI/ICCpTaLIiSI CIIpaBJId€ YK€ IIO3UTUBHE 3arajbHE BpPaAXXCHHSA Ta MICTHUTE HU3KY
OpUTiHAIBHUX HAYKOBUX pe3ysbTaTiB. HaBeneHi HUKUE 3ayBakeHHS HE 3MEHIIYIOTh
HAyKOBOi IIHHOCTI poOOTH ¥ Hacammepe] MarOTh PO3IJIAAATHCS SK MUTAHHS IS
JMCKYCIi Ta MOKITUBI HAIIPSIMH T10aTBIINX JOCITIDKEHb.

1. ®i3uuHa iHTEprIpeTais Mojei OeTa-po3noaiTy

OnHUM i3 IIeHTpaIEHUX BUCHOBKIB JUCEPTALlii € Te, 110 eMITipUYHa Mo1elb OeTa-
po3nojiny 4dacto nepeBepurye (izuuHo BMOoTMBOBaHI moneni PDT y mmpokomy
Iiana3oHi atMocdepHuX yMOB. Xoua 11eif BUCHOBOK MEPEKOHJIMBO MiATBEPIKYETHCS
YUCENIBHUM MOJICIIOBAHHAM, (i3UuHEe MOXOJKEHHsS YCHIMIHOCTI OeTa-po3noairy
PO3KPUTO HEJ0CTaTHLO. MoJeIb Mae nepeBaKHO eMIIPUYHHIA XapakTep, a ii 3B'S30k
13 G1I3UYHIUMHU MeXaHi3MaMH aTMOC(hepHOi TypOYJICHTHOCTI 3aJIMIIAETHCS HE TIOBHICTIO
3PO3YMIITHM.

[Iuranns 1. Un moxe aBTOp Hajaté (i3UYHY IHTEPIpETALIlO, SKa MOSCHIOE,
yoMy OeTa-po3Mo/iil HACTUIBKH YCHIIIHO BiATBOPIOE CTATUCTHKY aTMOCGEpHOTO
IIPOITYCKaHHS B TAKOMY IIUPOKOMY Jliara3oHi mapameTpis?

[Muranng 2. Yu posrisaanucs i NOpiBHIOBAIMCS 3 MOJEIUIIO OeTa-po3noaiiry
IHII OOMEXEeHI PO3IOJIIIH, HAIIPUKJIA]I JIOTICTUHYHO-HOPMAIBHUN po3noalt adbo iHIIi
MePETBOPEHHS rayCOBUX BHITAKOBUX BEJIMUUH

2. OOMexeHHs MoJIelIel, 3aCHOBaHUX Ha (opMi Imyuka

V  nmucepranii TEpeKOHJIMBO MPOJEMOHCTPOBAHO HASBHICTh  3MIIIEHHS,
3yMOBJIEHOTO HETpaBUIBHOW crenudikamiero mozeni (misspecification bias), y
MOJENAX OJyKaHHS IydyKa Ta EJINTUYHOIO ITy4yka. 3alpoIlOHOBAHE IIOSCHEHHS
TIOB'SI3y€ 11€ 3MIIEeHHs HacamIiepe T i3 gedopMarisMu GOpMH ITydKa BUIIUX MOPSIKIB,
SKi He BPaXOBYIOTHCSI HU3bKOMOPSIKOBUMH TTapaMeTpaMu Imydka. OJHaK 3a/MIIaeThCs
HE 30BCIM 3pO3YMIIMM, SKOKO MipOI0 BHSBIEHI pO301XHOCTI 3yMOBJIEHI TJIaJKUMU
nedopMarlissMu BUILMX TOPSIKIB, & SKOI0 — YTBOPEHHSAM CTIEKJIOBUX CTPYKTYP ITiJ{ 4ac
NOIIUPEHHS BUIIPOMIHIOBAHHS B TYPOYJICHTHOMY CEpEJOBHII.

[Turanns 3. SIk0Or0 Miporo aBTOp MOB'A3y€ 0OMEXEHHs MOJIEJIEH, 3aCHOBAHUX Ha
dopmi mydka, 3 GOpPMYBAHHAM CIEKIIB, iHIYKOBaHHX TypOYJIEHTHICTIO, a HE 3
riagkuMu gedopmanisMu GopMu rmyqxa?

[Mutanus 4. Yu mnpoBoauB aBTOp OesmocepesiHii aHami3 NPOCTOPOBUX
pO3MOMIIIB IHTEHCHBHOCTI JUIS KIJBKICHOI OLIHKM pOJi CHEKIIB y BHSBJICHUX
PO3ODKHOCTAX MK MOJEIAMH?

3. disuuHa inTeprpeTallis npoueaypu Transmittance-Moment Matching
3anpononosana Meroauka Transmittance-Moment Matching € oxnum i3
Ha#O1IBIT OpHUTiHATBLHUX PE3yIbTATIB AucepTarii. Bogqrodac g npoueaypa GpakTiaHO
TIEpeHOCHTh BIUIMB aedopMaliii IMydka BHINMX TOPSAAKIB 10 MOAM(IKOBaHOI
CTAaTUCTUKY e()eKTUBHOTO pO3Mipy Mydka. YHACIiIOK I[bOT0 NapaMeTp e(heKTUBHOTO



PO3MIPY MyUKa YACTKOBO BTPAYAE CBOE OE3mocepeIHe TeOMETPUUHE TPAKTYBAHHS.
ITuranns 5. Hackinbku napameTp e)eKTUBHOTO po3Mipy ITyuka 30epira€e giTkuii
(i3udHuMi 3MICT micas 3acTocyBaHHS npoueaypu Transmittance-Moment Matching?
ITutanus 6. Yu MOXKIMBO y3araJlsHUTH MIIX 1 Y3roXKEHHS MOMEHTIB Ha MOJIEJb
EJINTHYHOTO TTyuKa, YU 301IBIIEHHS KUTBKOCTI TTapaMeTpiB TPHHIMIIOBO OOMEXY€
TaKe y3araJbHeHHs?

4. Yacosi kopesiii Ta HaOIMKEHHS «3aMOPOKEHO» TYpOYJIEHTHOCTI

AHaJli3 4acOBUX KOpEJsllii € OJHIEI0 3 HaMIIKaBIIMX YacTUH JMCepTallil.
IIpoTe Bech aHami3 IPYHTYEThCS Ha HAOIMIKEHHI «3aMOPOXKEHO» TypOYJIEHTHOCTI
Teiinopa, y skoMy 4acoBi 3MiHM BHUHMKAIOTh BUKJIOYHO BHACIIJOK IEpeHECEHHS
HEPYXOMOi TypOyJIeHTHOI CTPYKTYpH BITpoM. Xoua Ii¢ HaOMMKEHHS IIHPOKO
3aCTOCOBYETHCS B aTMOC(EpHil onTHIll, peaibHa aTMocdepHa TypOyJIEHTHICTh TaKOXK
3a3Ha€ BJAcHOI wacoBoi eBomouii («boiling»), sfKka MOXKe [10JaTKOBO CIIPUSATH
JeKOpeIsILii.

[Tutanus 7. HackigbKM YYTJIMBHMH € OTPUMAaHI YacH 4acoBOI KOpesmii Ta
BBEJICHUH pajiyc KOTEPEeHTHOCTI [0 BIIXHWJICHb BiJl HAOMMKEHHS «3aMOPOKEHOI»
TypOyJIeHTHOCTI?

[Turanns 8. V rinmoteTMyHOMY BHMAJIKY BIACYTHOCTI BITPY SIKMM (i3UYHMIA
MEXaHi3M BH3Ha4aB OU XapaKTEepHUH yac JeKOpeii aTMOC()EepHOTO ponycKaHHs?

5. Ycepeanenwuii 3a anepTyporo MPOCTOPOBUH pajIlyC KOT€pEeHTHOCTI

3anpoBa/DKEeHUI y qUcepTallii ycepe THeHUH 3a alepTypoIo IPOCTOPOBHIL pajiyc
KOTE€PEHTHOCTI € KOPUCHOIO KIJTBbKICHOIO XapaKTEPUCTHUKOIO YaCOBUX KOPEISILii.
BojaHovac cam TepMiH «pajilyc KOT€peHTHOCTI» MOTEHIIIHO MOoXe OyTH CIUTyTaHHH 13
TPAJUIIIHHIMU XapaKTePUCTHKAMU KOT€PEHTHOCTI OITUYHOTO T0JIS.

[Tutanus 9. Uu He Oyyo O AOLIIBHINIE TPAaKTyBaTH BBEJEHY BEIUYUHY SK
JOBXHUHY KOpessiil (IyKTyaliii MpoIycKaHHs, a He SK paliyc KOTEepPEeHTHOCTI B
TPaIUIIIHHOMY ONITHYHOMY PO3YyMiHHI?

6. 3aCTOCOBHICTE OTPUMAHUX PE3YIIBTATIB 0 aTMOC(HEPHOTO KBAHTOBOTO 3B'S3KY

B ocranHROMY pO3aiMi TPOJEMOHCTPOBAHO KiIbKAa BAXKJIMBUX 3aCTOCYBaHb
OTPUMaHMX pEe3yJIbTATiB A0 IPOTOKOJIB KBAaHTOBOTO 3B'A3KY 31 3MIHHHMH Ta
JMCKPETHUMH 3MIiHHMMH. BoJaHOYac 3HauHa dYacTHHA JUCEpTallii IpHUCBAYEHA
CTATHCTHYHOMY OTTUCY CaMOTO IPOLIecy MOIIHPEHHS BUIIPOMIHIOBaHHS B aT™Mocdepi i
3QJIMIIAETHCS AKTYaIbHOKO HaBITh /IS CYTO KJIACHYHUX CHCTEM OIITUYHOIO 3B'S3KY.

IMuranns 10. SIki 3 pe3yisTariB, OTPUMaHMX Y AMCEpTallii, aBTOp BBaXKae
TaKUMH, 10 € CrpasJi crerudiyHAMU came IS KBAaHTOBOTO 3B'S3KY, a SKi CIIJ
pO3IJIAaTH SIK O1JIBII 3araJbHUI BHECOK Y CTATUCTUYHY aTMOCHEPHY ONTHKY?

Odiuiitanii ononent I1. Biaaopeci (Paolo Villoresi):
1. Cuig 3a3Ha4uTH, 110 TIepeJliK BAKOPUCTAHUX JIITepaTypPHUX UKEPEIT He OXOILIIOE



Pe3YIBTATIB, OMYOTIKOBAHUX OCTAHHIMH POKAMHM, YHACIIIOK YOT0 1033 YBATOI0
3aJIMIIAIIACS 3HAYHA KUIBKICTh KOPUCHUX JOCIIKEHb, 3BXKAIOUU HA CTPIMKHIA
PO3BUTOK L€l ramy3i. BkIrodeHHs JesKkuX i3 IMX mpaip 0710 O JOLiTEHUM.
3BepTaEMo yBary, IO IijJ 4ac MoOyJ0BH YHUCETBHOTO MOJEIIOBAHHS BHOIp
napamMeTpiB 1 KiIbkocTi (ha30BHX €KpaHIB TIOB'S3aHUH i3 BHYTPIIIHIMU
MacmTadamu armocdepu. BoaHouac icHye iHIIMH MiAXiJA, y SKOMY 3a OCHOBY
OepeThest 001aCTh IHTEPECY B IUIONIMHI CIIOCTEPEKEHHS, a IS BU3HAYCHHS MEK
IIPOCTOPOBUX HACTOT — MacmTal aerekropa. Llel miaxin, 30kpema, po3risHyTo
B nociOHuky IlIMiaTa Ta AeTanbHO OnUcaHo B Horo po3aini 7. Byno 6 kopucHo
0OTOBOPHUTH CITIBBIIHOIIEHHS MiX UM OLIBII JEHOMEHOJIOTIYHUM ITiAXOI0M i
BUKOPHCTAaHUM y aucepranii. ¥ 11bOMY KOHTEKCTI TAKOX Ba)UIMBUM € aHali3
KyTa npuxoay xBwii (angle-of-arrival), OCKIIBKM BIH BIUIMBA€ Ha OINTHYHE
IIPOEKTYBAHHS TpUiiMada Ta MOXKIIMBUX CHCTEM KOMIEHcalil TypOyIeHTHOCTI.
. Cmix TakoX BIA3HAYUTH, 10 NEPEBIPKY aHAJIITHYHUX MOjeJie BUKOHAHO 3a
JOIIOMOT 00 YHCEIFHOTO MOJICTIOBAHHS Ul TPhOX 3HaUeHb aucrnepcii Purosa.
Boanodac po3nozin imosipHocTi npormyckanHs (PDT) ta po3ku 1mosioxkeHHs
IIEHTpO1/1a MTyYKa Bxke OyIM J0CTiKeHi 11 0aratboX peasbHUX aTMOChEepHUX
KaHaJIiB 1 MOIIM O CJIyryBaTH LIHHUM OPIEHTHUPOM JUIS OLIHKM OTPUMaHHUX
nporHo3iB. Lle cTocyeThes K BHMAIKY YUCTOTO OJIYKaHHS ITydKa HAa KOPOTKUX
Tpacax, TaK 1 eKCTpeMaIbHUX BHUIA/KIB KaHary MK KaHapchkuMu octpoBamu,
a Takoxk cynyTHUKOBUX kaHaliB JAXA, ESA 1 CAS. SIkio 3ragati auine Haiui
BJIACHI pPe3yJIbTATH, y JIiTEepaTypi HAaBeJCHO JaHi I KaHAJiB Pi3HOI JOBKUHHU.?
OOroBopeHHs UX poOIT Takok OyJ10 O KOPUCHUM.

3a3HauMMoO, IO cepel BUOpAHUX AN aHai3y JOBXKHH KaHaliB He Oyiu
PO3TJISIHYTI KaHAIM JQyXke Maloi JanbHOCTi (Mix OyaiBisamu, 100-500 m) ta
Michki kaHamm (3—10 kM). OcKiJIBKH BOHH BiIITOB1IalOTh OaraTboM MPaKTHYHUM
3aCTOCYBaHHSIM, iX 00rOBOpeHHS 0YyJ10 O JOLIITBHUM.

. Bubip noBkwHM XBWIII /IS KBAHTOBHX CTAHIB TaKOX MAa€ iCTOTHE 3HAYEHHS.
YucneHHi JOCHIDKEHHS TPOJEMOHCTPYBaIM TepeBard mnepexoxy npo C-
aiana3oHy, MOB's3aHi 31 3MEHIICHHSAM (OHOBOTO OCBITJIEHHS Ta 301IbIIEHHAM
nmapametpa ®piga. Maibke iHiliHe MacmTadyBaHHS I[OTO BAXJIMBOTO
napaMeTpa JI0JaTKOBO OOIPYHTOBYE BHKOPHCTaHHS BMIIPOMIHIOBaHHS 3
posxkuHoo xBwil 1550 mm. Kpim Toro, me gae 3Mory BHKOPHCTOBYBATH
TeJNEKOMYHIKAIliifHI TeXHOJIOT1, SIKi € O17TbII PO3BUHEHUMH Ta JICIIEBITUMH, HIXK
TEXHOJIOTIT /U1 GJIMXKHBOTO iH(padepBOHOTO Hiama3oHy. Tomy Oyso 6 KOpHCHO
TAKOX OOrOBOPHUTH 3aJI€XKHICTH OTPUMAHUX PE3YJIbTATIB BiJ JOBKHHHU XBHUIIL.

. PosrnsHemo TpMKIA; 3amucy «JIeTIOHOro» KyOiTa O KBAaHTOBOI TaM'dTi,
HaBeJeHW y po3aim 6.2. YV aucepranii 3arajJoM pO3TISIAEThCS cXema 3
JeTEKTYBaHHAM y BUIBHOMY MpOCTOpi. X04a cepeOBHINE KBAaHTOBOI MaM'sTi
MOe€ B3a€MOJIISTH 3 6araToMOJIOBHM ITyYKOM, HACTYTTHUM IMITYJIbC 3UUTYBAHHS
He 3/1aTHUIl BiATBOPUTH TIPOCTOPOBHIA CTIEKTpP, copMOBaHUiA TypOyIEHTHICTIO
IiJ Yac 3arucy, Mo NPU3BO/IUTE 10 CYTTEBOTO 3HWKEHHS TOYHOCTI BIATBOPEHHS



(fidelity). Came 3 1iei mpuuMEM, a TakOX yepe3 TEXHiUHi BUMOTH, 30KpeMa
HEOOXIIHICTh HaJBY3bKOI CHEKTpaJbHOI (inbTpamii, KBaHTOBY TaM'sTh
3a3BMYall peanizyloTh JJIs B3aEMOJII 3 OJHIEI0 MPOCTOPOBOIO MOJIOK — SK Y
XBHJIEBO/I1, TaK 1 Y BUIBHOMY IIPOCTOPI.

7. Kpim Toro, BukopuctanHs cBiTia C-giama3oHy 3a3Buuail rnepeabauae
3MIHCHEHHS KBAaHTOBUX BHUMIPIOBaHb 1 JETEKTyBaHHA 3a JOIMOMOIOIO
OJTHOMOJIOBHX BOJIOKOHHO-ONITHYHMX cucTeM. lle Hakmagae Ginbmn >xopcTki
BHUMOTH /0 OL[IHIOBAHHS NPOITYCKAHHSA KaHaIy. Y TaKOMY pa3i CIiBBiIHOIIEHHS
3MIHIOETBCS BiJl piBHSHHSA (5.3) 10 BUpasy, B SIKOMY MiJiHTerpajibHa QyHKILis
MICTHTB OHOMOJOBY QOYHKIIIO u,(r,z)y"(r), a He jumme |u.(r,z)|*. Lleil acnekr
TaKOXK IMOB'S3aHUN 13 KOMIICHCAII€I0 BIUIMBY TypOYJIEHTHOCTI aKTUBHUMH a0o
aJanTUBHUMKM METOJaMM, IO NIMPOKO BHKOPUCTOBYIOThCS, HAINPUKIAL, Y
KJIAaCUYHHMX CHCTEMaX KOTEPEHTHOTO CYMYTHMKOBOTO 3B's3Ky. [l KBaHTOBHX
KaHaJliB 1€ OCOOJIMBO BaXXJHMBO, OCKUIBKM BTpaTH HE MOXYTh OyTH
KOMIICHCOBaHI MPOCTUM 301JIBLIEHHSIM IOTYXHOCTI NEpeaBaHOro CUTHAIY.
Vike ICHYIOTH BIANOBIAHI JOCITIIKEHHS, 30KpeMa M Hamll BJIACHI, TOMY
0OrOBOpEHHS IIHOTO MUTaHHS OYJI0 O JyKe KOPUCHUM.

8. Hacamkinenp 3a3HayMMoO, 110 OTPUMAHUWM y JMcepTalii pe3yasTar IoJ0
30epexeHHsT KBAHTOBOI 3aITyTAHOCTI Ta HEKJIACHYHOCTI 3arajoM IPOTITOM
YaCOBUX IHTEPBAIB BiJ] MUJIICEKYH JI0 JECATKIB MUIICEKYH] Y TypOYJeHTHUX
aTMOcepHUX KaHalax € HaJ3BUYaWHO IIIHHUM JUIS  po3poOJIeHHS
MepPCIIEKTHBHUX eKCIepUMEHTaIbHUX cxeM. JlouinsHo Oyno © JOMOBHUTH
po6OTY aHAI30M MOXKIIMBHX 3aCTOCYBaHb IILOTO pe3yiabTaTy. Hanpukian, oro
MOXKHA BHMKOPHCTaTH TiJ 4Yac JOCIDKEHHS MOXJIMBOCTI — peamizawii
excriepumenty Konemm—OBgBeprayzepa—Beprepa (COW) y KocMIYHHX
yMOBax s 11epeBipku epeKTiB 3araibHOI Teopii BIIHOCHOCTI Ha ()OTOHHUX
KBAaHTOBMX CTaHax, J€ HeOoOXiJHa BIJIHOCHA TOYHICTh OI[IHIOBaHHA (a3u
CTAHOBUTE TOPSIKY 108, IK OIIMCAHO Y BiAMOBIIHUX JIITEpaTypHUX Keperax.

Odiniiinnii ononent /I. Copeani (Giacomo Sorelli):

1. UYn moxHa HagaTH (i3WuHy IHTYIIIO IIOA0 IUIATO YHUCEIBHO OTPUMAHOTO
posmoxiny #moBipHocTi mpomyckanHs (PDT), ske cmocrtepiraetbes Ui
chOKyCcOBAaHOIO My4YKa 38 YMOB IIPOMDKHOI TypOyIeHTHOCTI Ha puc. 3.8?

2. 3 orsiay Ha cwieHy 3anexkHicts PDT Bixg po3mipy ameprypu, audpakiiiine
PO3IIMPEHHS ITyYKa, OYEBHIHO, Bifirpae BaxJMBY posb. Kanamu, nociikeni B
aucepralii, kiaacudikyroThes 3a aucnepciero PuroBa, ska mOe€Hye BIUIMB
audpakiii (depes JOBKUHY KaHATY Zap) Ta TypOYJIEHTHOCTI (4epe3 CTPYKTYpHY
KOHCTaHTy TypOyneHTHOCTI Cn?). Y 3B'A3KY 3 UM OyJ10 O IiKaBO NOPIBHATH J(Ba
KaHaJIM 3 0JIHAKOBOIO AucTiepciero Putosa, ane pisHUMH 3Ha4eHHAMH Zap Ta Cn?,
Yu cuig ouikysartd, mo BianoBigHi PDT OyxyTe mpakTH4HO OJHAKOBHMH, IO
CBIIYUTHME TPO JOMiHyIOUYy poib aucrnepcii PuroBa, 4m BCe K MOXKYTh
BUHMKATH CyTT€BI BIAMIHHOCTI, 3yMOBJICHI OKPEMUMHM BHECKaMH U paxiii Ta



TypOynentHocTi? IHmmMMM clIOoBaMM, UM BM3HAYAeThCS moBegiHKa PDT
nepeBakHo AU paxifiero, TypOyICHTHICTIO YU IX B3a€MOJI€0?

. Sk MoHa (i3UYHO IHTEprpeTyBaTH NPUTHIYEHHS TOYOK Y3JO0BX JIiaroHaji Ha
puc. 4.4?

.Y nuceprauii 1 oTpuManHs asBodacoBoro PDT BukopucTaHO mpHITyIIeHHS
IIpO OJIHAKOBY IMIBUJAKICTH BITPY U1 BCIX (ha3oBuX ekpaHiB. Take crpoieHHs
OOTPYHTOBYETECS HEOOXIZHICTIO 30€perTd MoIenb «iIeHTH(]IKOBAHOK Ta
npuaaTHOX s aHamizy» (identifiable and tractable). Inmmum mommpenum
I1IXO0I0M, IKMH TaKOX Ja€ 3MOTY BpaXyBaTH HEOIHOPIIHOCTI, 30epirarouu npu
IIbOMY MOJEIb «1AeHTH(IKOBAHOK Ta TMPUIATHOIO VIS aHAm3y», € BHOIp
IIBUAKOCTEH (a30BUX €KPaHIB 13 rayCOBOIO PO3NOALLY 13 3aJJlaHUMU CepeIHIM
3HA4YEHHSM 1 Aucrepciero. Yn MokHa OUIKyBaTH ICTOTHUX 3MiH pe3y/IbTaTiB IpU
MEpexXo/Ii 10 TaKOI MEHIN OTHOPiIHOT MoaeNi?

. Y po3xigi 6 YacoBi BIACTHBOCTI KaHAly IOJAaHO uepe3 abCONMIOTHI 3CYBH,
3yMOBJIEHI  BITpoM (cM). OCKIJZbKM XapaKTe€pHi MacmTadu 3pemTolo
BU3HAYAIOTHCS TYPOYJIEHTHICTIO Ta MOIIUPEHHSM Iy4yKa, 4i He OyJo 6 Oimbim
IHGOPMATUBHUM BHPAXKATH IIi pe3yJIbTaTH Yepe3 XapakTepHi JOBXKUHH,
3yMOBJIEHI TYpOYJIEHTHICTIO, Taki sk nmapameTp ®pina ro abo JOBroTpuBaIMii
pamiyc myuka WLT? Yu wMorino © Take HOPMYBAHHS BHSBUTH OiIBII
YHIBEpCaJIbHY ITOBEAIHKY IS PI3HUX aTMOC(EpHUX KaHaIB?

. XapakTepHa 4acTOTa MOBTOPEHHS IMITYJIBCIB JUIS aJalTUBHOIO KBAHTOBOTO
3B'SI3Ky Y BUIBHOMY HPOCTOPI BH3HAYAETHCS BIAHOLIEHHSAM V/po, 1€ po —
IIPOCTOPOBUH pajiyc KOTEpEeHTHOCTI, a V — TONEepeyHa MBHIKICTh BiTpy. Lld
BEJIMYMHA KOHIIENTYyalbHO Harajaye yacToTy ['piHByJa, sika MacmTaOyeTbes K
V/r0 1 BU3Haua€ HeOOXIJHY CMYTY IPOITYCKAaHHS KOHTYPY KOPEKIlii B aJalTUBHIN
onTuili. B 000X BUMajkax OCHOBHOK BMMOTOIO € Te, OO KaHaJl 3aJUIIaBCs
JIOCTaTHBO KOPEJbOBAaHMUM MK MOMEHTOM HOro XapaKTepUCTHKH Ta
NOJAJBIIOID €0 — YW TO T[epeJaBaHHSIM KBAaHTOBOIO CTaHy, YH
3aCTOCYBAHHSIM  KOpPEKIi  XBHILOBOTO (poHTy. UYm Mir OM aBTOp
IIPOKOMEHTYBATH B3aEMO3B'I30K MIXK IIMMHU JIBOMa BeJIMUUHAMU?

. SIxkuM yuHOM OYI10 0OpaHO TOPOTOBE 3HAUEHHS, BAKOPHCTAHE IIPH J10CTiKEHHI
aJalITUBHOTO TPOTOKONY B po3aimi 7.3? MoxHa O04YiKyBaTH HasBHOCTI
KOMITPOMICY MDK BHKOPHUCTAHHAM JIMIIE peali3aliifi KaHaly 3 HaHBHIIHM
MIPOITYCKAHHSM 1 30epeIKEHHSM JIOCTaTHBO BEJTUKOI KIJTBKOCTI MOMXJIMBOCTEH ISt
nepeaaBants. Yu Mir OU aBTOp IPOKOMEHTYBATH Iiel KoMnpoMmic? 30KkpemMa, uu
iCHy€e omnTHUMalbHE MMOPOroBe 3HAYCHHS, ske 3abesmeuye GasaHC MK SKICTIO
nepelaBaHiX KBAHTOBUX CTaHIB 1 MIBUAKICTIO Mepeaadi iHpopmartii?
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Decision
of the one-time specialized academic council
on the award of the degree of Doctor of Philosophy

Candidate for the degree of Doctor of Philosophy, Mykyta Dmytrovych Klen, born in
1997, a citizen of Ukraine, higher education: in 2022 graduated from Taras Shevchenko
National University of Kyiv with a specialization in “Physics and Astronomy”; is a
postgraduate (PhD) student at the Bogolyubov Institute for Theoretical Physics of the
NAS of Ukraine, city of Kyiv: completed the accredited educational and scientific
program “Theoretical Physics™.

The one-time specialized academic council, established by Order of the Director of the
Bogolyubov Institute for Theoretical Physics of the NAS of Ukraine No. 08/01-02 of
«11» May 2026, composed of:

Chair of the one-time specialized academic council —

Sergei Hennadiiovych Sharapov, Doctor of Physical and Mathematical Sciences, Head
of the Laboratory of Strongly Correlated Low-Dimensional Systems, Bogolyubov
Institute for Theoretical Physics of the NAS of Ukraine

Reviewers —

Yaroslav Oleksandrovych Zolotaryuk, Doctor of Physical and Mathematical Sciences,
Head of the Department of Synergetics, Bogolyubov Institute for Theoretical Physics
of the NAS of Ukraine

Official opponents —

Leonid Petrovych Yatsenko, Academician of National Academy of Sciences of
Ukraine, Doctor of Physical and Mathematical Sciences, Professor. Head of the
department of coherent and quantum optics, Institute of Physics of the National
Academy of Sciences of Ukraine.

Paolo Villoresi, Doctor of Philosophy, Professor, Director of the Padua Quantum
Technologies Research Center, University of Padua (Universita degli Studi di Padova),
Italy.

Giacomo Sorelli, Doctor of Philosophy (PhD), Group Leader of the Quantum
Superresolution Group, Fraunhofer Institute of Optronics, System Technologies and
Image Exploitation (Fraunhofer IOSB), Ettlingen, Germany.

at its meeting of «13» July 2026 decided to award the degree of Doctor of Philosophy
in the field of knowledge 10 «Natural Sciences» to Mykyta Dmytrovych Klen on the
basis of the public defense of the dissertation «Statistical models and temporal



coherence of quantum light in the turbulent atmospherey in specialty 104 «Physics and
Astronomy».

The dissertation was carried out at the Bogolyubov Institute for Theoretical Physics of
the NAS of Ukraine. Scientific supervisor: Andrii Oleksandrovych Semenov,
Habilitated Doctor of Natural Sciences, Senior Researcher, Corresponding Member of
the NAS of Ukraine, Leading Researcher of the Department of Synergetics and Leader

of the Quantum Optics and Quantum Information Group, Bogolyubov Institute for
Theoretical Physics of the NAS of Ukraine.

The dissertation is submitted in the form of a specially prepared manuscript. It fully
complies with the requirements of the “Procedure for the Award of the Degree of
Doctor of Philosophy and the Cancellation of the Decision of a One-Time Specialized
Academic Council of a Higher Education Institution or Scientific Institution on the
Award of the Degree of Doctor of Philosophy”, approved by Resolution of the Cabinet
of Ministers of Ukraine No. 44 of January 12, 2022 (as amended). No violations of

academic integrity were found in the dissertation or in the scientific works presenting
its results.

The applicant has 4 scientific publications on the topic of the dissertation, including 3
published in a Q1 journal:

1. M. Klen, A. A. Semenov. Numerical simulations of atmospheric quantum
channels. Physical Review A, 108(3), 033718 (2023).
https://doi.org/10.1103/physreva.108.033718 (Q1)

2. M. Klen, D. Vasylyev, W. Vogel, A. A. Semenov. Time correlations in
atmospheric quantum channels. Physical Review A, 109(3), 033712 (2024).
https://doi.org/10.1103/physreva.109.033712 (Q1)

3. I. Pechonkin, M. Klen, A. A. Semenov. Circular-beam approximation for
quantum channels in a turbulent atmosphere. Physical Review A, 112(6),
063716 (2025). https://doi.org/10.1103/pv7j-4zpf (Q1)

4. A. Semenov, M. Klen, I. Pechonkin (2025, October 29). Quantum optics in the
turbulent atmosphere: fundamental issues and applications. In V. Fernandez, G.
Sorelli, & S. Schwartz (Eds), Quantum Technologies for Defence and Security
I (p. 38). Proceedings of SPIE 13676, 136760H-13 (2025).
https://doi.org/10.1117/12.3069599

The following took part in the discussion (the chair, the reviewers, the official
opponents, and others present) and made the following remarks:



Reviewer Yaroslav Zolotaryuk:

The thesis is not free from drawbacks, and I list them below. However, these points of
critique are not raised to serve as a basis for a rejection of this thesis, but rather as
suggestions that can be used to refine or nuance certain points in it.

(i) The Author uses the Rytov parameter to characterise the strength of
turbulence of the atmospheric channels. However, the thesis would benefit from an
introductory discussion about the real meteorological quantities, such as temperature
or pressure, that correspond to the values of the Rytov parameter being discussed.
Especially because the Authors devoted a lot of effort towards discussing the physically
realistic parameters.

(ii) This work relies extensively on the Taylor frozen hypothesis. While it is
widely accepted for the weak turbulence, recent research on the strong turbulence in
the atmospheric surface layer (which is up to 100-150 meters above the ground), this
hypothesis does not always work [see Physics of Fluids 34, 076602 (2022), DOI:
https://doi.org/10.1063/5.0097729 |. Therefore, the limitations of the Taylor frozen
hypothesis for quantum communications within the atmospheric surface layer should
be addressed more carefully.

The next comments are more about how certain results are presented.

(iii) The purpose of Figure 1.1 is not clear. Is it an illustrative example of a
random function? Even if it is so, it was not explained how it was calculated.

(iv) This comment concerns Figures 3.1-3.3. (a) Figures 3.1 and 3.2 need labels
like (a) and (b) or legends so that the reader can easily distinguish between the
collimated and focused beam cases. (b) In Figures 3.1-3.2, the dependencies for the
collimated and focused beams are almost identical, and the deviations from the
Gaussian law are not clearly seen. It would be more beneficial to superimpose two
dependencies and to provide a zoomed area to highlight the most interesting areas. The
latter is also true for Figure 3.3. (c) The quality of the data presentation is low. For
example, Figure 3.3 seems to correspond to Figure 9 of the paper [I]. While in the paper
the figure looks clearly as a histogram, ine the one in the thesis, the separate columns
cannot be distinguished, and the histogram-like nature of the figure is lost. The last two
comments are rather technical.

(v) On page 53. line 9 from the bottom, there is a typo in the reference. I do not
understand what “[“@bachmann2025]" stands for.

(vi) The term “spatial frequency” is used several times throughout the thesis
(pages 38.51) instead of the more conventional term “wave number™.

Official opponent Leonid Yatsenko:

The dissertation makes a very positive overall impression and contains a number of
original scientific results. The remarks listed below do not reduce the scientific value
of the work and should primarily be regarded as points for discussion and possible
directions for future research.



1. Physical interpretation of the Beta-distribution model

One of the central conclusions of the dissertation is that the empirical Beta-
distribution model frequently outperforms physically motivated PDT models over a
broad range of atmospheric conditions. While this conclusion is convincingly
supported by numerical simulations, the physical origin of the success of the Beta-
distribution remains insufficiently discussed. The model appears primarily empirical,
and its connection to the underlying physical mechanisms of atmospheric turbulence is
not entirely clear.

Question 1. Can the author provide a physical interpretation explaining why the
Beta-distribution reproduces atmospheric transmittance statistics so successfully over
such a broad parameter range?

Question 2. Have alternative bounded distributions, such as logistic-normal
distributions or other transformations of Gaussian random variables, been considered
and compared with the Betadistribution model?

2. Limitations of beam-shape-based models

The dissertation convincingly demonstrates the existence of misspecification
bias in beamwandering and elliptical-beam models. The proposed explanation
attributes this bias primarily to higher-order beam-shape deformations that are not
captured by low-order beam parameters. However, it remains somewhat unclear to
what extent the observed discrepancies originate from smooth higher-order
deformations and to what extent they are associated with the formation of speckle
structures under turbulent propagation.

Question 3. To what extent does the author attribute the limitations of beam-
shape-based models to turbulence-induced speckle formation rather than to smooth
beam-shape distortions?

Question 4. Has the author performed a direct analysis of spatial intensity
distributions to quantify the role of speckles in the observed model discrepancies?

3. Physical interpretation of the Transmittance-Moment Matching procedure

The proposed Transmittance-Moment Matching technique represents one of the
most original results of the dissertation. At the same time, the procedure effectively
transfers the influence of higher-order beam deformations into modified effective
beam-size statistics. As a consequence, the effective beam-size parameter loses part of
its direct geometrical interpretation.

Question 5. To what extent does the effective beam-size parameter retain a clear
physical meaning after the Transmittance-Moment Matching procedure is applied?

Question 6. Is it possible to generalize the moment-matching approach to the
elliptical-beam model, or does the increased number of parameters fundamentally limit
such a generalization?



4. Temporal correlations and the frozen-turbulence approximation

The analysis of temporal correlations constitutes one of the most interesting parts
of the dissertation. However, the entire treatment is based on Taylor’s frozen-
turbulence approximation, in which temporal evolution arises solely from wind-driven
translation of a static turbulence pattern. Although this approximation is widely used
in atmospheric optics, real atmospheric turbulence also exhibits intrinsic temporal
evolution ("boiling"). which may contribute to decorrelation.

Question 7. How sensitive are the obtained temporal correlation times and the
introduced coherence radius to deviations from the frozen-turbulence approximation?

Question 8. In the hypothetical absence of wind, what physical mechanism
would determine the characteristic decorrelation time of atmospheric transmittance?

5. Aperture-averaged spatial coherence radius

The aperture-averaged spatial coherence radius introduced in the dissertation
provides a useful quantitative characterization of temporal correlations. Nevertheless,
the term "coherence radius" may potentially be confused with traditional measures of
optical-field coherence.

Question 9. Would it be more appropriate to interpret the introduced quantity as
a correlation length of transmittance fluctuations rather than as a coherence radius in
the traditional optical sense?

6. Applicability of the obtained results to atmospheric quantum communication

The final chapter demonstrates several important applications to continuous-
variable and discrete-variable quantum communication protocols. At the same time. a
significant part of the dissertation is devoted to the statistical description of
atmospheric propagation itself and would remain relevant even in purely classical
optical communication systems.

Question 10. Which of the results obtained in the dissertation does the author
consider to be genuinely specific to quantum communication, and which results should
be regarded as more general contributions to statistical atmospheric optics?

Official opponent Paolo Villoresi:

1. We can see that the choice of references does not include results from very recent
years, thus losing a fair amount of useful results, given the great progress of the
sector. Including some of the latter ones would be helpful.

2. We note that on the development of the numerical analysis, the setting and
numerosity of the phase screens are related to the intrinsic atmospheric scale. In
this context, a different approaches uses instead the reference to the observation-
plane region of interest, and for the spatial frequency limits, the detector scale.
This is discussed for example in the manual by Schmidt and detailed in its Chap.
7. A discussion on the relation of this more phenomenological viewpoint would
be useful. In this regards. also the analysis of the angle-of-arrival is relevant, as



it conditions the optical design of the receiver and of potential turbulence
correctors.

. We note that the validation of the analytical models are realized by means of
numerical simulations, with three different Rytov variances. Now, the
probability distribution of transmittance (PDT) and the beam-centroid spread
have been assessed for many real channels and may provide a valuable reference
for the predictions. This from the pure wandering case of short tracks to the
extreme cases of the Canary link, beside the satellite cases (JAXA, ESA and then
CAS). Only to cite our own results, results on the different lengths are reported
in literature2 . A discussion on these references may be useful too.

. We note that in the selection of the channel lengths to be analysed, the very short
range (interbuilding 100-500 m) and the metropolitan on (3-10 km) were not
considered. As they correspond to several applications, a discussion would be
useful.

. The selection of the wavelength for the quantum states is also relevant. Many
results have shown advantages in reduced background light and larger Fried
parameter moving toward C-band. Indeed the almost linear scaling of this latter
crucial parameter supports the adoption of 1550 nm light. This also allows the
use of the telecom technology. that is both very advanced and cheaper than for
NIR. Also on the wavelength dependence of the results, a discussion would be
useful.

. By taking the case of the example of the writing of a flying qubit on a quantum
memory in sec. 6.2, the scheme generally considered in the Thesis is of free-
space detection. While it’s possible to interact with the memory active medium
with a multimode beam, the subsequent reading pulse cannot reproduce the
turbulence-induced spatial spectrum of the writing, causing a significant drop in
fidelity. For this reason as well as for more technical ones as the necessary
ultranarrow spectral filtering, the memory is usually made to interact with a
single spatial mode, either guided or free space. In addition, C-band light usually
foresees the quantum measurement and the detection to be realised with single-
mode fiber systems. This aspect is imposing a more advanced criteria for the
entire transmissivity assessment. Indeed the relation changes from Eq. 5.3 to one
in which the integrand function contains the single mode function as u,(r, 2y’ (r)
and not just |u.(r,z)|*.This aspect also relates on the mitigation of turbulence
with active/adaptive means, very common for example in the classical coherent
detection in satellite communications. This is very relevant in the situation of
quantum channels, in which the losses cannot be mitigated by increasing the
transmitted power. Some analysis are available, including from ours, and a
discussion on this aspect would be very useful.

. Finally we note that the result about the persistence of quantum entanglement
and nonclassicality in general over millisecond to tens-of-milliseconds
timescales in turbulent atmospheric channels is a very useful notion for advanced



experimental scheme. An analysis of potentialities may be included. As
example, it may be used in the study of bringing the Colella-Overhauser-Werner
(COW) interference test is the space context for assessing general relativity
effect on photonic quantum states with a required relative precision in the phase
estimate of the order of 10® as described in the references.

Official opponent Giacomo Sorelli:

1. Can we have some physical intuition on the plateau of the numerical PDT
observed for a focused beam in intermediate turbulence in Fig. 3.8?

2. Given the strong dependence of the PDT on the aperture size, diffraction-
induced beam broadening appears to play an important role. The channels
investigated in the thesis are classified through their Rytov variance, which
combines diffraction effects (through the propagation distance zap) and
turbulence effects (through the turbulence structure constant Cn?). It would
therefore be interesting to compare two channels with the same Rytov variance
but different values of zap and Cn2. Would one expect the resulting PDTs to be
essentially identical, suggesting that the Rytov variance is the dominant
parameter, or could significant differences arise from the separate contributions
of diffraction and turbulence? In other words, is the behavior of the PDT
primarily diffraction-dominated, turbulencedominated, or determined by the
interplay between the two effects?

3. How can I physically interpret the supperssion of diagonal points in Fig. 4.4?

4. In the thesis, a constant wind velocity for all phase screens is used to derive the
two-time PDT. This simplification is justified by the need to maintain the model
"identifiable and tractable". Another common approach to account for
imogenities, while keeping the model "identifiable and tractable" is to draw the
screens velocities from a Gaussian distribution with given mean and variance.
Could one expect significant changes in the results from moving to a less
homogeneous model?

5. In Chapter 6, the temporal properties of the channel are presented in terms of
absolute wind-induced shifts (cm). Since the relevant scales are ultimately
determined by turbulence and beam propagation, would it be more informative
to express these results in terms of characteristic turbulence-induced length
scales, such as the Fried parameter ro or the long-term beam radius Wrr? Would
such a normalization reveal a more universal behavior across different channel
conditions?

6. The characteristic pulse rate for adaptive free-space quantum communication is
determined by the ratio v/po, where po is the spatial coherence radius and v is the
transverse wind speed. This quantity appears conceptually similar to the
Greenwood frequency, which scales as v/ro and sets the required correction-loop
bandwidth in adaptive optics. In both cases, the underlying requirement is that
the channel remains sufficiently correlated between its characterization and the



subsequent action, whether transmitting a quantum state or applying a wavefront
correction. Could the author comment on the relationship between these two
quantities?

7. How was the threshold used in the study of the adaptive protocol in Section 7.3
chosen? 1 would expect a trade-off between exploiting only the highest-
transmittance channel realizations and maintaining a sufficiently large number
of transmission opportunities. Can the author comment on this interplay? More
specifically, is there an optimal threshold that balances the quality of the
transmitted quantum states against the resulting communication rate?

Results of the open vote:
«For» 5 council members,
«Againsty 0 council members.

On the basis of the results of the open vote, the one-time specialized academic council
awards Mykyta Dmytrovych Klen the degree of Doctor of Philosophy in the field of

knowledge «Natural Sciencesy» in specialty 104 «Physics and Astronomy».

A video recording of the broadcast of the dissertation defense is attached.
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