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OCOBJIMBOCTI B3AEMO/III CTPUBKIB YIIIUIbHEHHA

3 KOJIMBAHHAMMU AEPOJIMHAMIYHUX ITOBEPXOHb KEPYBAHHA
TP BUHUKHEHHI TPAHC3BYKOBOTI'O ®JIATEPA

HAZI3BYKOBUX JIITAKIB TA AEPOKOCMIYHUX CUCTEM

Teopemuuni ma excnepumeHmanvi memoou 00CAiONCeHb KAACUYHO20 (080cmynene6oeo) ramepa aepoOUHAMIYHUX NOBEPXOHb
Y CMayioHapHomy i HecmayioHapHoMy nomouyi po3po6aeHo 00cmamubo NOBHO. J0CAiddHceHHAM YUX KOAUBAHb NPUCBIUEHO BEAUK)
Kinvbkicmo HayKogux npaysp, aie 00 menepiuiHb020 4acy 3aauulacmocs HegupiuleHoo npobaema meopemu4Ho2o 00T pyHMY8anHts npu-
YUH GUHUKHEHHS IHMEeHCUBHUX KOAUBAHb AEPOOUHAMIYHUX NOBEPXOHb KePYBAHHS HA038YK0BUX NIMAKIE HA MPAHC38YKOBUX WBUOKO-
cmsax noavomy. Jloci Hemae 3a2anbHONPULIHAMOT MameMamu4Hoi Mooeai mpanc38yKo802o hramepa.

AxmyanvHicmy piweHHs yiei npodaemu noscHIOEMbCs HeoOXIOHICmI0 nonepedHboi OUIHKU PiBHA KOAUBAHYL eAeMeHMi68 KOHCMPYK -
yii aimanvHux anapamie 00 8UKOHAHHS AbOMHUX 8UNPOOY8albs ma HeoOXionicmio 3abe3neuenHs HAOIlIHOI AbOMHOI eKcnayamauyii
HA038YKOBUX NIMAKIE MA AePOKOCMIUHUX CUCTEM.

Y emammi na 6a3i ananizy 3akonomiprocmeii adiabamuunoeo po3uupeHts Micyeeoeo Had38yK08020 NOMOKY HA NOBEPXHI aepo-
OJuHamiuHo20 npoQinto ma mamemamu4roi Mooeni OyiHKU 30y0XCeHUX WAPHIPHUX MOMEHMIE aepOOUHAMIYHUX NOBEPXOHb KepY8aAHHS
BU3HAYEHO YMOBU, NPU AKUX MOJICAUGE GUHUKHEHHS MPAHC38YK08020 Garamepa aepoOuHAMIYHUX NOBEPXOHb KepyB8aHHA HA038YK0BUX
aimakie ma aepokocmivnux cucmem. Ilpoananizoeano ocobnusocmi 63a€mooii cmpubKie yulinbHeHHsA 3 KOAUBAHHAMU AepOOUHAMIY-
HUX NOBEPXOHb KePYBAHHS HA YUX PeNCUMAX NOAbOMY, K GU3HAUAIOMb MEXAHI3M GUHUKHEHHs MPAHC38YK08020 Gramepa aepoou-
HAMIYHUX NOBEPXOHb KePYBAHHA.

Jlosedeno, w0 0CHOBHOI0O NPUHUHOI IHMEHCUBHUX KOAUBAHb AePOOUHAMIYHUX NOBEPXOHb KepPYB8aAHHS NPU GUHUKHEHHI MPaHc38y-
K06020 hnamepa € gpazose sunepeddicenHs nepemiujenb CmpubKie yujinbHeHHs no npoginto aepoouHamiuHoi nogepxHi KepyeanHs Hao
KYMOoMm ii 6i0XuneHHs, CNpUuYUHeHe 8eAUK 00 KYMOBOH WEUOKICIMIO KOAUBAHb AepOOUHAMIYHOI NOBEPXHI Kepy8aHHS.

Lutysanus: Cabponos O. B., Cemon b. V., Heninbko O. M. Oco61uBocTi B3a€MOAil CTPUOKIB YIITbHEHHS 3 KOJTUBAHHSI-
MU aepOAMHAMIYHMX IIOBEPXOHD KEPYBaHHsI IIPY BAHUKHEHHI TPAHC3BYKOBOTO (hy1aTepa HaA3ByKOBMX JITAKIB Ta 46pOKOCMIU-
Hux cucteM. Kocmiyna nayka i mexronoeis. 2025. 31, No 1 (152). C. 3—16. https://doi.org/10.15407 /knit2025.01.003
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0. B. Cagpponos, 5. H. Cemon, O. M. Hedinvko

OcHOBHOI0O NPUYUHOIO HeAIHILIH020 XapaKmepy KOAUBAHb AepOOUHAMIYHUX NOBEPXOHb KePY8aHHs NPU 8UHUKHEHHI MPAHC38YK080-
20 paamepa € 0OMediceHHs nepemiujerb CmpuoKie yuiinbHeHHs no nPoQIinio aepoouHamiyHOi NOBepXHi Kepy8aHHs K 3a0HbO, MAK i
nepeoHbo KPOMKAMU NPOQInto aepoOuHaMiuHOi NO8epXHI KepyeaHHs.

Ompumani pe3ynbmamu Modicymov 8UKOPUCHIOBYBAMUCS O NPOCHO3YB8AHHS O€3NeUHUX PedcUMie NoAbOmY HA038YKO8UX NiMAKie
ma aepoKoCMIMHUX CUCMeEM K Ha emani AbOMHUX 6UNPO0Y8ans, MAax i Ha emani eKcnayamauyii.

Karouogi caosa: naozeykosuii noaim, KoauganHs, Mpanc38ykoea uleUoKicms, mpanc3gyKoguii gpramep, napamempu HOMoKy, aepo-
OJuHaMiuHa no8epxHs Kepy8anHs, uucao M noavomy, mamemamuuna mooens.

ITOCTAHOBKA IMTPOBJIEMU

3abe3neyeHHs Oe3IeKu IOJIbOTIB HaA3BYKOBUX JIi-
TaKiB Ta a6pOKOCMIYHUX CUCTEM Y TPAHC3BYKOBOMY
Jiama3oHi yncen M monaboTy IOCi 3aIMIIAEThCs aK-
TyaJIbHOI0 HAyKOBOIO i MPUKIAIHOIO MPOOJIEMOIO.
Ile moB’s13aHO 3 BUHUKHEHHSIM Ha LIMX pexkumax
MOJIbOTY Pi3HOMAHITHUX HEOE3MEYHUX SIBUIIL aepo-
MPY>KHOCTI.

Jlo Takux SIBUII MOXHa BiZHECTM i BUHUKHEH-
HsI TPaHC3BYKOBOIO (hjlarepa HaA3BYKOBUX JIiTaKiB,
TOOTO BUHUKHEHHSI IHTEHCUBHUX KOJMBaHb e€je-
MEHTIB KOHCTPYKIIil HaI3BYKOBUX JIiTaKiB Ha TpaH-
C3BYKOBUX IIBUJKOCTSIX MOJIbOTY, SIKi 3yMOBJIIOIOTh-
csl 0OCOOJIMBOCTSIMU B3a€EMO/Iii KOJIMBaHb CTPUOKIB
VIIIbHEHHS 3 KOJIMBAHHSIMU aepoJAMHAMiYHMX T10-
BEpPXOHb KepyBaHHs. ToMy aHasi3 OCOOJIMBOCTEN
B3a€EMO/Iil KOJIMBaHb CTPUOKIB YIIIIbHEHHS 3 KOJIH-
BaHHSIMU a€pOIMHAMIYHUX MOBEPXOHb KEPYBAHHS
MpY BUHUKHEHHI TPaHC3BYKOBOTO (hjlaTepa 3 METOIO
BU3HAUEHHS TPUYMH BUHMKHEHHS 1IbOTO SIBUIIA
TaKOX 3aJIUIIAETHCS aKTyaJIbHOIO TEOPETUYHOIO Ta
MPUKIAIHOIO TTPOOJIEMOIO.

AHAJII3 OCHOBHMX JTOCIIIZKEHD I ITYBJITKAIIII

TeopeTHYHUM Ta eKCTIEPUMEHTATLHUM TOCITiIKEH -
HSIM 1[bOT'O SIBUILIA IIPUCBSYEHO OaraTo ITyOJriKallii,
JIe 3alIpOIIOHOBAHO Pi3HOMAHITHI MiAXoau AJIsl 00-
IPYHTYBaHHS TIPUYMH BUHUKHEHHS iHTCHCUBHUX
KOJIMBaHb acpOIMHAMIYHUX TTOBEPXOHDb KePYBAHHSI
CyyaCHHMX HaJ3BYKOBHMX JIiTaKiB Ha LMX pekumax
MOJIbOTY, YMOBU IXHbOI'O BUHWKHEHHS, BIUIUB Pi3-
HOMaHITHUX (baKTOPiB Ha PiBeHb KOJUBaHb [2, 3,
6—8, 10, 12—17, 19, 20, 24].

Y pob6ori [3], sgka npucBsiueHa JOCTiIKEHHIM
KOJIMBaHb a€pOJMHAMIYHUX TTOBEPXOHb KEPYBaHHSI
JIiTaKiB Ha TPAHC3BYKOBMX IIBUIKOCTSIX IOJIBOTY,
BiIMiYeHO, 1110 piBeHb KOJIMBAaHb 3aJIEXKUThH Bill Be-
JIMKOI KUJIBKOCTI MapaMeTpiB, OCHOBHI 3 SIKMX: YMC-
JIo M ojibOTy; TeOMETPUUHI XapaKTepUCTUKU aepo-

4

IUHAMIYHUX TOBEPXOHb KePyBaHHS, 4acTOTa IXHiX
BJIACHUX MPYKHUX KOJIMBAaHb Ta MACOBO-iHEpIiiiHi
XapaKTepUCTUKU, ajie «...CIIPaBXHIill MeXaHi3M KO-
JIMBaHb TOBEPXOHb KEePYyBaHHS 3aJMIIAETHCS 10
KiHIISI HE BUSICHCHUM».

AHaJIoTiYH1I BUCHOBOK 3p00JieHo iy mpaui [23].

BigmiuyeHo TakoX, 110 JOCi HEMa€e HadiliHUX Te-
OpPETUYHMUX METOJiB OLIiHIOBAaHHS HeCTaliOHApHUX
CUJ aepoIMHAMiUHUX MOBEPXOHb KepyBaHHS, SKi
KOJIMBAIOTHCS Y TPAHC3BYKOBOMY ITOTOLIi, TOMY BU-
KOPUCTAaHHS JIHIMHUX MaTeMaTUYHUX MOICICH
MOmiOHOCTI HE 3aBXAU MO3BOJISIIOTH IIEPEHOCUTU
pe3yabTaTi MpOayBOK MOJejiell B aepoIMHaAMIUYHUX
Tpybax Ha HaTypHi KOHCTPYKIIii JIiTaKiB.

V nmesgxkux npansx [8, 10, 12, 19] ueit Tun Koau-
BaHb acpOJMHAMIUHUX MOBEPXOHb KEPYBaHHSI Ma€
Ha3By «TPaHC3BYKOBHUil» (OIHOCTyINeHeBMit) (a-
Tep, OCKIJIbKM BUHUMKHEHHS 1ILOTO TUITY KOJIMBaHb
MOXJIMBE IIpM HAsSIBHOCTI JIMIIE OJHOTO CTYHEHS
CcBOOOMM, HAMpPUKJIAL IIPU HASIBHOCTI JIMILE KpY-
TWIBHUX KOJMBaHb aepOIMHAMIUYHOI MOBEPXHi Ke-
pyBaHHsI HABKOJIO BJIACHOI OCi.

Cepen 0coOJMBOCTE KOJMBaHb aepoIMHaMiu-
HUX TTOBEPXOHb KEPYBaHHS, SIKi BiAMiY€HI y JIbOT-
HUX JOCJIIKEHHSIX TpaHC3BYKOBOro cJiarepa, Ha-
3BeMo Taki [19]:

* HalBUILMI PiBEHb CIIOCTEPIra€TbCs HA TOHKUX
aepoJMHaAMIYHUX MMOBEPXHSX, PO3TAIIOBAHUX Y IO~
TOLIi TTOBITPSI ITiT HYJIbOBUM KYTOM aTaKM;

* XapakTep KOJMBaHb Haraaye TapMOHIYHI KO-
JIMBaHHS, 4acTOTa SIKUX MPU 3MiHi BUCOTH TOJbOTY
a0o0 MIBUAKICHOTO HAMOPY 3aJIUIIAETHCS TPAKTUYHO
HE3MiHHOIO i JOPIiBHIOE BJIACHUM 4YacTOTaM KOJIM-
BaHb a€pOJMHAMIYHMX ITOBEPXOHb KEPYBAHHS Y Ha-
3EMHMX YMOBAax;

* KOJIMBaHHsI BMHUKAIOTh y BY3bKOMY Jiara3o-
Hi ynucen M He30yIKEeHOro IOTOKY MOBiTpst M =
= 0.91...0.95, gxuit He 3MIiHIOETBCS 31 3MIiHOIO BHU-
COTH MOJIBOTY;
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* piBeHb KOJMBaHb JIIHIMHO 30LIBIIYETHCS 3i
301IbIIEHHSIM IIBUAKICHOTO HAIIOPY;

* piBeHb KOJIMBaHb 30iJbIIYETHCS 3i 3MEHIIEH-
HSIM BUCOTH TIOJIbOTY;

* piBeHb KOJIMBAaHb 3MEHIIYETHCS 3i 30iTbIICH-
HSIM BEJIMUMHU KOHCTPYKLiMHOTO AeMIT(hyBaHHS.

Ili xonmuBaHHS BiZHECEHO JO Kjacy HeJiHiiHUX
aBTOKOJIMBaHb, aMILIiTyda SKMX 3aJIeXKUTh BiJ Xa-
PaKTEPUCTUK HECIBHUX aepoAMHAMiYHUX TMOBEp-
XOHb, XapaKTEPUCTUK aePOJMHAMIUYHUX MOBEPXOHb
KEpYBaHHS T4 YMOB TIOJbOTY.

V neskux npausx [5, 8] BiamiueHO BIUIUMB CTpUO-
KiB YUIIJIbHEHHSI HA BUHUMKHEHHSI KOJMBaHb aepo-
JUHAMIYHUX TTOBEPXOHb Y TPAaHC3BYKOBOMY MOTOLIi
MOBITPSI.

Tak, y npaui [8] BigMideHO, IO 3TiTHO 3 Pe3yJib-
TaTaMM E€KCIIEPUMEHTIB Y HaBKOJIO3BYKOBOMY Jia-
a3oHi yncea M criocTepira€Tbcsl 3HauHe 3MEHIIEH-
HS KPUTUYHOTO IIBUIKICHOTO HAmopy, 3yMOBJIEHE
PYXOM CTpHOKIB YIIUIbHEHHSI IO ITOBEPXHi Kpua.
Tomy mociimkeHHs 1IbOro TUITY (hjiaTepa 3a J0IOMO-
rOl0 METO/IiB KJIAaCUYHOTIO JIIHITHOTO aHasi3y Mmpyx-
HUX KOJIMBaHb HeMoxJuBe. Kpim Toro, y po6oTi [22]
BigMiueHo, 110 y miana3oHi ymcen M = 0.95...1.1 uyn-
ceJIbHi METOJU PillIeHHSI BTpayaloTh CTiMKiCTb, TOMY
JIO pe3yJbTaTiB AOCTiIKEeHb, OTPMMaHUX LIUMU METO-
JlaMU, HEOOXiTHO CTaBUTHUCS 3 00E€PEKHICTIO.

V npaui [2], IpUCBsIYEHIN eKCIIEpPUMEHTATIbHUM
JOCTIIXKEHHSIM KOJIMBaHb aepoJMHaAMiYHUX TTOBep-
XOHb KEPYBaHHSI Y HABKOJO3BYKOBOMY MOTOLIi TO-
BIiTpSI, OTPMMAHO, IO MPU MEpPeMillleHHi cTpuOKa
VIIUIbHEHHS yIepea 10 OCi 00epTaHHS aepoJvHa-
MiYHOI MOBEpPXHi KepyBaHHSI MOro iHTEHCHUBHICTh
30inbIyeTbesl. Ha mymMKy aBTOpiB Mpalii, UuM ¢ak-
TOM MOXHa IMOSICHUTHA MPUYMHU BUHUKHEHHS KO-
JINBaHb a€POJIMHAMIYHUX MMOBEPXOHb KEPYBAHHS Ha
LIX peKMMax MOJIbOTY HaI3BYKOBUX JIiTaKiB.

V TeopeTHyHUX Mpalsix BAHUKHEHHS 1IbOTO SIBU -
11a MOB’3YETHCS 1 3 (PAKTOPOM CTUCIMBOCTI TOBi-
Tps [6] i 3 popMyBaHHSIM CTPUOKIB YIIUTBHEHHS Ha
MoBepxHi rpodio [7].

Cepen MOXJIMBUX MPUUYMH BUHUKHEHHSI KOJU-
BaHb TaKOX CJIiJ, Ha3BaTW CKJaJHy B3aEMOJIil0
CTPMOKIB YIIiIJIbHEHHS 3 KOJIMBAHHSIMU ITOBEPXOHb
kepyBaHH: [13]. I xoua 11e siBullle CIIOCTepirajocs
1Ie Ha MeplIuX HaA3BYKOBUX JiiTaKaX, CTaBJIEHHS
BUEHUX JI0 aHaJTi3y MPUYMH MOTO BUHUKHEHHS 0YJ10

ISSN 1561-8889. Kocmiuna nayxa i mexnonoeis. 2025. T. 31. No 1

He HaATO yBaxKHUM. Tak, aBTopH npalli [4] mUIIyTh:
«BinplIicTh BUMAAKIB Tak 3BaHOTO (hiaTepa 3 OMHUM
CTYIEHEM CBOOOJM CTAHOBJISTH MEPEBAXHO aKaje-
MIYHUH iHTEepecC».

ITizHie 3 mMosIBOI0 HOBUX MOJIE/Iei Ha3BYKOBUX
JIITaKiB 3i 301IbILIEHOI0 IIBUAKICTIO ITOJILOTY PiBE€Hb
KOJIMBaHb CTaB yxXe BeJukuM. Ha aesakux jitakax
BUHUKHEHHSI 1IMX KOJMBaHb 3aKiHUyBajocs TIO-
LIKOIXKEHHSIM €JeMEeHTIB KOHCTPYKIIiii, i y Tmepliry
yepry — pylHalli€lo aepoArHaMiuHUX MOBEPXOHb.
[Tpu 1IbOMY IIBUAKICTH BUHUKHEHHST iIHTEHCUBHUX
KOJIMBaHb a€PONMHAMIYHUX MOBEPXOHb KEPYBAHHS
OyJia 3HAaYHO MEHIIIOI0, HixK IIBUIKICTb BUHUKHEH -
HsI KJIaCUYHOTO (ABOCTyIIeHeBOoro) ¢arepa [12].

V poGori [13] Ha OCHOBI CHiILHOTO aHAaJIi3y piB-
HaHb bepHymni misg ctuciauBoro raszy [1], 3MiHm
napaMeTpiB HaI3BYKOBOTO IIOTOKY Y Teuii [1panar-
Js1 — Maiiepa [1] i rimore3n AMHAMIYHOTO CKPUB-
JICHHsI aepoauHaMiuyHoro mpodimo [9, 11] Oyno
BU3HAYE€HO YMOBHU (hOPMYyBaHHsSI CTPUOKIB YIIIilb-
HEHHS Ha MOBEPXHi aepoJMHAMIYHOro Mpodiato Ta
BCTAaHOBJICHO 3aKOHOMIiPHOCTI B3aEMO/ii KOJUBaHb
CTpUOKIB YIIIbHEHHS 3 KOJMBAaHHSIMM aepoAvHa-
MIYHMX ITIOBEpPXOHb KepyBaHHs. OTpuMaHi 3aKOHO-
MipHOCTi OyJIO BUKOPHMCTAHO [JII OOI'PYHTYBaHHS
MaTeMaTUYHUX MOJiesielt OLiHKY 30YIKeHUX CUIT Ta
30Y/I>KEHUX IapHiPpHUX MOMEHTIB aepoMHAMIUHUX
MOBEPXOHb KEPYBAHHSI.

Ha 0a3i umx pe3ysibraTiB po3po0JieHO JiHiIiHY Ta
HeJIiHiliHYy MaTeMaTU4YHi MOJeJli BAHUKHEHHS TpaHC-
3BYKOBOro (Jjarepa aepoadHaMiuHUX ITOBEPXOHb
KepyBaHHSI HaI3ByKOBUX JIiTaKiB [24].

Mema cmammi. Po3rissHyT 0COOJIMBOCTI B3a€-
MOil CTpUOKIB YIIUIbHEHHS 3 KOJIMBAaHHSIMU aepo-
JUHAMIYHMX TIOBEPXOHb KEepyBaHHSI MpPU BUHUK-
HEHHi TpaHC3BYKOBOro ¢arepa 3 MeTO BHU3Ha-
YEHHsI MPUYMH Ta YMOB BUHMKHEHHSI 1IbOTO SIBUILIA.

BUKJIAI OCHOBHOI'O MATEPIATTY

VY nanHiil cTaTTi 419 BU3HAYEHHSI MPUYMH Ta YMOB
BUHMKHEHHSI TPaHC3BYKOBOTO hjaTepa aepoarHa-
MIYHUX ITOBEPXOHb K€pYyBaHHS MPOIIOHYEThCS Iifd-
Xim, sIKuii 0a3yeThCsl Ha aHalli3i 3aKOHOMIPHOCTEM
B3a€EMOJIii KOJIMBaHb CTPUOKIB YIIIJIbHEHHS 3 KO-
JIMBAHHSIMM a€pOJIMHAMIYHUX TTOBEPXOHb KEepYyBaH-
HSI caMe MPU YMOBax, KOJIU MOXJIMBE BUHUKHEHHS
TPaHC3BYKOBOTO (hyiarepa.
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¥V po6ori [13] oTpuMaHO piBHSIHHS, SIKE BU3HAYAE
3B’430K 4ncia Maxa M| MicLeBOro Haa3ByKOBOTO
MOTOKY Ha IIOBEPXHi aepOAMHAMIYHOTO IIPOdiIIo,
yucaa Maxa M He30y1KEHOro MOTOKY TOBITPS Ta
KpUTUYHOTO ymciaa Maxa MKp AepOMHAMIYHOTO
npodino:
Ml—lzZ(Mw—MKP). (1

3 piBHsAHHA (1) BUILIMBAE, 110 YUCI0 M| Micie-
BOTO HAI3BYKOBOTO ITOTOKY Ha MTOBEPXHi aepoanHa-
MiYyHOro mpodijto He MOXe TepeBUIILYBaTU BEJIU-
YUHY

M, £1+2(M00—MKP). 2)

BonHouac, Sk BUTJIMBAE 3 aHaNi3y 0COOJIMBOCTEM
tedii [Ipanaris — Maiiepa, ynucio M, BU3BHAYa€Th-
csl uile KyToM Ioro BimxwiaeHHs [1]. Lo HaGam-
JKEeHY 3aJIeXKHICTb, K i y mpaui [13], MmoxHa rmogaTtu

Y BUTJISAII
M, = J1+11.5¢(x) , 3)

ne ¢(x) — xapakTep 3MiHM KyTa BiIXWJIEHHS Mic-
LIEBOT'0 HAJ3BYKOBOIO MOTOKY Ha XOpAi Au(dy30pHOL
YaCTUHU MPOod i aepoaruHaMiuHOT MOBEPXHi.
Amnani3 3anexxHocteit (2) i (3) 1o3BoJisie 0OrpyH-
TYBaTU 3aKOHOMiIpPHOCTI B3a€EMO/ii CTPUOKIB YIIIiJTb-
HEHHSI 3 KOJIMBAaHHSIMU ITIOBEPXOHb KEpyBaHHS,
30KpeMa Mpu YMOBaX, KOJW MOXJIMBE BUHUKHEH-
HsI TpaHC3BYKoBoro ¢arepa. Tak, 3aiaexHicTb (3)
rokasye, 1o npu ¢p(x) = 0 yucno Maxa miciieBo-
ro HaA3BYKOBOTO ITOTOKY Ha ITOBEPXHI Npodiaio He
MOXe MNepeBullyBatyu 3HauyeHHs M, =1.0, HaBiTh
npu ymosi M, >M . Ilpu ¢(x) >0 3HaueHHa M,
301IBLIYIOTHCSI, OJHOYACHO 30iIbLIYETHCS i IHTEH-
CMBHICTb CTPUOKIB YIIUIbHEHHS, ajie BeJnanHa M,
HE MOXe TepeBUIIYBaTU 3HAUCHHSI, sSIKe BU3HaAYa-
€TbCSl HEPiBHICTIO (2), HABiITh MPU BEJIMKUX KyTax
BiIXWJIEHHST MiC1IEBOTO HAaJ3ByKOBOI'O MOTOKY.
Konn uncno M, =const iuncio M, ~const,
TO, SIK BUILIMBAE 3 YMOBHU (2), 3aJIUIIAETHCS HE3MiH-
HUM i yurciao Maxa Micl1eBOro Hai3ByKOBOT'O [TOTOKY
Ha roBepxHi podimo. [Mpu oMy yncio I | 3au-
LIAETHCSI HE3MIHHUM i MPU KOJIMBAaHHSIX aepoarHa-
MiYHOI MOBEPXHi KEpyBaHHSI, TOOTO TIPU YMOBI

d(x) =d(x,) £, , 4)
ae ¢(x;) — KyT HaxuiI1y JOTUYHOI 10 nipodinio y me-
PeTUHi «i» XOpau, 8, — aMILITy1a KOJIMBaHb I10-
BEepXHi KepyBaHHSI.

6

Ile 3ayBakeHHST MOXKHa OOI'PYHTYBAaTU TUM, 1110 B
eKCrnepuMeHTaIbHUX JOCTiIKeHHsIX [ 18] noBeneHo,
1110 KpUTUYHE Yuciio M aepoarHaMiuHOTO Mpodiito
NpU BiAXWICHHI acpoaMHaMiYHOI MOBEPXHi Kepy-
BaHHS Ha KyT 70 2° 3MeHInyeTbesd Ha 1 %. BpaxoBy-
[0YM, 1110 BUITAJAKM pyiHallil TiTaKiB Ip¥ BUHMKHEH-
Hi TpaHC3BYKOBOTO (iaTepa cIiocTepirajucs mnpu
aMIUITy1aX KOJIMBaHb aepOAMHAMIYHUX [IOBEPXOHb
KepyBaHHSI, sKi He ImepeBuinyioTh 1.5...2.0°, kpu-
TUYHE YyMucio Maxa aepoauHaMmiuHOro rnpodinwo y
piBHsiHHI (1) MOXXHA BBaXKaTl HE3MiHHUM i MPU KO-
JIMBAaHHSIX a€POAMHAMIYHOI MTOBEPXHI KEPYBAHHS.

3 HaBeleHOTo BHILEC BUILIMBAE, IO MPU BiIxu-
JIEHHI MTOBEpXHi KEpyBaHHS Ha KYT, BEJIMYMHA SKOTO
00MEXYEThCSI YMOBOIO (4), CTpUOKM YIIUIBHEHHS
MEPEMIIIYIOThCS Bil MTOYATKOBOIO pO3TalllyBaHHS
BIIepel i Ha3ad y Ti IepeTUHU XOpAu IPpodiIo Mo-
BEpXHi KepyBaHHS, B SIKMX KYT BiIXUJIEHHS Miclie-
BOrO HaJ3BYKOBOTO IOTOKY IOPiBHIOE KYTy HOTO
BiIXWJIEHHSI y TIEPETUHI MTOYaTKOBOTO pO3TalllyBaH-
Hs1. ToOTO, CTPpUOKM YITITBHEHHS TIEPEMIIIYIOThCS Y
Ti MEPEeTUHU XOpAr Mpodia aepoaMHaAMIYHOI TO-
BEpXHi KepyBaHHS, B SIKMX, 3riIHO 3 BUpa3oMm (3),
yuciao Maxa MiclieBOro Haa3BYKOBOTO ITOTOKY 3a-
JIMIIAETHCS HE3MIHHUM.

3 ananizy 3ajexHoctel (3) i (4) 6auumo, 110 st
OLIIHKM XapaKTepy B3a€EMOZii CTPUOKIB YIIUIBHEHHS
3 KOJIMBaHHSIMU a€pOIMHAMIUHUX TOBEPXOHb KEPy-
BaHHSI MOTPiOHO 3HATU FEOMETPUYHI XapaKTepucC-
TUKU aepoAuMHaMiyHuX MpodiliB, a, came Xapak-
Tep 3MiHM KyTa Haxwjly JOTUYHOI 10 AUdY30pHOI
YacTUHU NpoQino, SIKMii BU3HAYAE KYT BiIXMJIEH-
HsI MICIIEBOTO HaA3BYKOBOTO ITOTOKY Ha MOBEPXHi
aepoJAMHaMiYHOro Mpodiiio.

3rigHo 3 ganumu [18] miIst TUMOBUX aepoauHa-
MIYHMX CHUMETPUYHMX IIpOo(iJliB HaA3BYKOBMX JIi-
TakiB 3MiHY KyTa Haxujy IOTHYHOI J0 MOBEPXHi
NU(PY30pHOI YaCTUHM MPOdiIo MOXHA MOJaTH Ha-
OJIMZKEHOIO 3aJIEKHICTIO

9, (5)

Mﬂzh

1€ X; — BIICTaHb MEPETHHY «i» XOPOM aepoiuHa-
MiYyHOTO MPOMIIIO Bijl JiHiT MAaKCMMaIbHOI TOBIIUHU
npodisio, b, — BiACTaHb JTiHii MAKCUMaIbHOI TOBIIM-
HU NIPpOdLTIO 10 0ro 3a1HbOI KPOMKH, ¢, — MaKCH-
MaJIbHUI KyT HaXWUJIy JOTUYHOI 10 MPOo(iio aepoam-
HaMi4HOI ITOBepXHi (IT00I13Y 3aHbOI KPOMKIN).
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Ha ocHoBi BKa3zaHUX 3aKOHOMipHOCTEI B3aEMO-
Jii CTpUOKIB YIIJIbHEHHSI 3 KOJIMBAHHSIMU aepOIy-
HaMiYHOI ITOBepXHi KepyBaHHS y npalii [24] noBene-
HO, 110 MPY BiIXWUJIECHHI aepoaAMHAMIYHOI MOBEPXHi
KepyBaHHSI TIepEeMIllleHHsI CTPUOKIB YIIiIJIbHEHHS
Bill MOYATKOBOIO poO3TalllyBaHHS BU3HAYAEThCS 3a-
JIEXKHICTIO

Ax,(8) =Ax,(8) = b, i , (6)
P,
ne Ax,(3) — BeIMYMHA TepeMillleHHsS CTPHUOKiB

VILIiJIbHEHHS BIIEpe]l BiJl TOYaTKOBOTO pO3TalllyBaH-
H$1 Ha TIOBEpXHi Mpodinto, sika 3yMOBJIeHa KyTOBUM
BiIXWJICHHSIM aepoAMHaMidyHOI MOBEPXHi KepyBaH-
Hf, Ax,(0) — BeJMYMHA MEpeMillleHHsI CTPUOKIB
VIIIUIBHEHHS Ha3aJ BiJ MOYAaTKOBOIO pO3TalllyBaH-
Hs1 Ha TTOBEPXHi mpodiiio, 3yMoBIeHAa KYyTOBUM Bijl-
XUJIEHHSIM aepoJMHaMIiYHOI MOBEpPXHi KepyBaHHS,
8, — KYT BiIXWJIEHHS aepoJMHAMIUYHOI TMOBEPXHi
KepyBaHHSI.

ITpu KoIMBaHHSIX TOBEPXHi KepyBaHHS 3ajlex-
HicTh (6) MOXHa ITOAATH y BUTJISII

A&@JﬁdﬁJ&OzE@U% (7)
b,
e o(t) — xapakTep KOJMBaHb aepOAMHAMIYHOI TO-
BEpXHi KepyBaHHS.

ITepeminieHHsT CTpUOKIB YIIUIBHEHHS, sSIKi BU-
3HAYAIOThCS 3ayieskHOCTIMU (6) i (7), BUKIIMKAIOTh
TaKUil pO3MOJiJA TUCKY MiCLIEBOTO MOTOKY Ha IO-
BEPXHi KepyBaHHS, P IKOMY BUHUKAE JAeCcTa0imi-
3alliAHUI IapHiIpHUI MOMEHT, TOOTO MOMEHT, Ha-
MpsIMJIEHUH Y OiK BiIXMJIEHHS TOBEPXHi KEPYBaHHSI.

BunukHeHHsT mecTaliii3aliiiHOrO IIApHIpHOTO
MOMEHTY TMOBEPXHi KepyBaHHSI Ha TPaHC3BYKOBUX
LIBUAKOCTSIX TOJbOTY HEOJHOPA30BO CIIOCTEpira-
Jocs y JabopaTopHUX nocaimkeHHsX [5]. Lle siBuiie
Ma€ Ha3By «iHBEpCisl KepMa», ajie BOHO BUKJIUKAE
JINLIE BiIXWUJIEHHS, a HE KOJIMBAHHS MMOBEPXOHb Ke-
pyBaHHS.

KonmmBaHHST TTOBEpXOHb KepyBaHHS BUKIMKAE
30yMKEeHUI MIapHipHUI MOMEHT, IUIsI OOTpYHTYBaH-
H$I IKOTO HEOOXiIHO CKOPUCTATUCS TilOTE3010 ITU-
HaMidyHoro ckpuBiieHHs [9, 11]. 3rigHo 3 1i€to rino-
TE3010 aepOAMHAMIUYHI XapaKTepUCTUKMU MPOoQiio,
SIKMI KOJMMUBA€EThCS, HE Bilpi3HSIOThCS BiJl aepoIu-
HaMIiYHUX XapaKTEepUCTUK HEPyXOMOro Mnpodiio,
CKPMBJICHOIO TaKWM YMHOM, IIIO MiCILIeBi MUTTEBL
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KyTH OOTiKaHHS IMPOQilio MOTOKOM a3y BU3Haya-
IOThCS 3JIEXKHICTIO

x.3(t)

Ad(x,,8) = (8)

ze A¢(xc,8) — MiCLIEBUII MUTTEBUI KYT OOTiKAHHS
npo(dTIo TTOTOKOM Trasy, X, — BiICTaHb MEPETUHY
npodijo aepoIuHaAMiYHOI TOBEPXHi KepyBaHHS, Jie
po3TallloBaHUI CTPUOOK YIIUILHEHHS, BiJl 0Ci 00ep-
TaHHSI, V — LMIBUIKICTh MOTOKY ITOBITPSI.

V upboMmy BUIIAAKy B3a€EMOJisl CTPUOKIB VIIiIb-
HEHHSI 3 KOJIMBaHHSIMU IIOBEPXOHb KEpPYBaHHS y
npati [24] ormucy€eThes 3aIeXXHOCTSIMUI

. xbd(t)
MOy b 50 ®
: x.b,3(t)
Ax (§)=——21—~——. 10
© 0oV —b, [3(t)| 1o

Y zanexnoctsix (9) i (10) Ax, ®) i AxH(S) —
MepeMillleHHs CTPUOKIB YIIIJIbHEHHS, 3YMOBJIECHI
IIBUIKICTIO BiIXUJIECHHS ITOBEPXOHb KEPYBaHHS Bif
MOYaTKOBOTO PO3TalllyBaHHS, BIepe i Ha3al Bilmo-
BimTHO.

IlepemillieHHsT CTpUOKIB YIIiJIbHEHHS, SIKi BU-
3HauaThes 3aiexkHocTsIMu (9) i (10), BUKJIMKAIOTh
TaKUi poO3MO/iJ TUCKY MiCLIEBOrO MOTOKY Ha aepo-
JTMHAMIYHOI MOBEPXHi KEpyBaHHS, MPU SIKOMY BU-
HUKAaE 30yIKEeHU N apHipHUit MoOMeHT. TobTo, MO-
MEHT, SIKMIA 30ira€Tbcsl 3i IIBUAKICTIO BiIXMICHHS
aepoaMHaMIYHOI MOBEPXHi KEpyBaHHS, BHACIIIOK
SIKOTO BUHMKAE TPAHC3BYKOBMIA (piaTep.

B3aemomiss cTpuOKiB yIIiIbHEHHS 3 KOJIUBaHHSI-
MU aepoJIMHAMiYHUX TTOBEPXOHb KEPYBaHHS, 3 ypa-
XYBaHHSIM SIK iXHbOT'O BIAXWUJEHHS, TaK i IIBUAKOCTI
IXHBOT'O BiIXWJIEHHSI, BUBHAYAETHCSI CYMOIO 3aJIeK-
Hocreit (7), (9) 1 (10):

Ax(8;8) = Lty + 50D

d, ¢,V +b,5(t)

OCKiJIbKM, SIK BKa3aHO BUIlE, TTPU BUHUKHEHHI

TPaHC3BYKOBOIO (haTepa KOJMBAHHS aepoiauHa-

MIYHUX TTOBEPXOHb KEPYBaHHS HOCSITh TapMOHIY-

HUI XxapakTep, TOMY iX MOXHa IIpeICTaBUTU pPiB-
HSIHHSIM

an

d(t) =9, sinwt . (12)
e ® — KyToBa IIBUAKICTh KPYTUIIBHUX KOJTMBAaHb
aepoaMHaMIYHOI IOBEPXHi KepyBaHHSI.
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3 ypaxyBaHHSIM 3ayiexHocTi (12) Ta BpaxoBylo-
YU, 1110 MPY BUHUKHEHHI TPaHC3BYKOBOTO (aTepa
aMIUTITYIM KOJIMBaHb aepoOJAUHAMIYHUX MMOBEPXOHb
KepyBaHHS He IEPEBUILYIOTH 1.5...2°, i KOJMBaHHS
MO>Ha BBaxkaTy MaJIMMMU, i piBHsIHHS (11) 3anucaTtu

SIK
x. wb,

Ax, (8,8) ~ ESO sinmt +
0 0

PiBHssHHs (13) MoXHaA momaTu TaKoX Y BUIJISIAL
[21]

d,cosmt . (13)

.. b PR
Ax (8,0) =3, /1+——sin(ot+a), (14)
P, 4

Jle o, — KYT BUIIEpEIXKEeHHS NepeMillleHb CTPUOKiB

VIIIJIbHEHHS, 3YMOBJICHMX IIBUOKICTIO BiIXWJICH-

Hs aepoAMHAMIYHOI IIOBEpPXHi KepyBaHHS, IMEpen

KyTOM TepeMillleHb CTPUOKIB YILiITbHEHHS, 3yMOB-

JICHUX KyTOBUM BIIXWJICHHSIM a€pOAWHAMIYHOI TTO-
BEpXHi KEpyBaHHSI.

BenuuuHa 1poro Kyrta, Ik MoxKHa 0a4uTH 3 piB-

Hs1HHS (13), 1opiBHIOE

(15)

3 aHanizy piBHsAHb (14) i (15) BumIMBae, 110
CKJIaJloBa TIEPEMIllleHHSI CTPMOKIB VIIUIbHEHHS,
3yMOBJIEHa KYTOBOIO IIBMUJKICTIO KOJMBaHb aepo-
JMHaMiYHOT MTOBEPXHi KEPYBaHHS, BUTIEPEIKYE KYT
il BimxunenHs1. CaMme L1 CKJIagoBa MPU3BOIUTHL 10
TAaKOTo PO3IMOAily TUCKY MiCIIEBOIO HaA3BYKOBOTO
MOTOKY Ha Tpogini aepoarHaMiuHOI TTOBEPXHi Ke-
pyBaHHSI, BHACJIiIOK SIKOTO BMHUKAa€E 30YyIKEHUM
LIapHipHUIT MOMEHT.

3anexHocri (6), (7), (9) Ta (10) 103BOISIIOTH OLLi-
HUTHU 0COOJIMBOCTI B3aEMO/Iil CTPUOKIB YILIIJIBHEHHS
3 KOJIMBaHHSIMU aepoAMHAMiYHUX MOBEPXOHb Ke-
pPYBaHHSI Ha Pi3HOMaHITHUX Yuciaax M moaboTy, 30-
KpeMa i Mpy BUHMKHEHHI TpaHC3BYKOBOIO (hyiatepa.
AJie 3 11i€10 METOI0 HEOOXiTHO JOIaTKOBO BU3HAUM -
TU PEXUMU TTOJBOTY JliTaKa, Ha SKUX MOXJIMBE BU-
HUKHEHHS TPaHC3BYKOBOTIO (p1aTepa aepoJuHaMiy-
HUX ITOBEPXOHb KEPYBAHHS

V npani [13] 3amponoHOBaHO OIHY 3 MOXJIMBHUX
MaTeMaTUYHUX MojieJiell OLIHKW BEJIMYMHU PO3IO-
JliJIeHOTO 30yIKEHOTO 1IapHIPHOTO MOMEHTY aepo-
JMHAMiYHOT MOBEPXHi KepyBaHHsI HaA3BYKOBUX Jii-
TaKiB, sIKa JO3BOJISIE BUSHAYUTU PEXKUMU TIOIHOTY,
MpU SIKUX MOXJIMBE BUHUKHEHHSI TPaHC3BYKOBOTO

8

A
o =arctg——.
Vv

¢aaTepa aepoarHaAMIYHUX [IOBEPXOHb KePYBaHHSI:

_ b . bib,5(t
M(3) = AP, -1 % |5(t) | 550) T
26V, b,
O, V| 1+ |8(1)|
oV
(16)
ne AP, — MakcuMalibHa BEJIMYMHA 3MIiHU THUCKY

MiCLIEBOr0 HaA3BYKOBOTO CTPyMy Ha IIpodijii aepo-
IMHAMIYHOI ITOBEPXHi KEpYyBaHHS IIPU YMOBI po3Ta-
LIyBaHHsI CTPUOKIB YIIIIbHEHHSI HA 3aHilA KPOMIIi
npodijIio Ta MpU BiACYTHOCTI KOJIMBaHb, b, — Xop-
na rpoginato aepoarHaMiuHOT MOBEPXHi KEPYBaHHSI.

3rinHo 3 i€ MOACIUIIO 30yIKEHUI IapHipHUIA
MOMEHT BUHMKAE 3aBASIKU OCOOJIMBOCTIM B3a€EMO-
IIil KOJIMBaHb CTPUOKIB YIIiIbHEHHS 3 KOJMBaHHSI-
MU aepoAMHaMIYHOI MOBEPXHi KepyBaHHSI.

3amoBiibHA 301KHICTh PE3yIbTaTiB TEOPETUIHUX
OLIIHOK PiBHSI KOJMBaHb aepoJWHaAMiYHUX MOBEP-
XOHb KEpyBaHHSI, OTpMMaHMUX 3a JOTMOMOIOK0 1Ii€l
MaTeMaTUYHOI MOJeNdi, 3 pe3yJbTaTaMU JIbOTHOTO
ekcrepuMeHTy [ 15, 20] mo3BoJisie BBaXKaTH ii OMHiE0
3 MOXXJIMBUX MOJIEJIEN, SIKA TO3BOJISIE KIJIbKICHO OLLi-
HUTU BEJIMYMHU 30YIKEHUX IIAPHIPHUX MOMEHTIB
aepoJIMHAMIYHUX MOBEPXOHb KEPYBaHHSI MPU BU-
HUKHEHHi TpaHC3BYKOBOro Jjarepa Haa3BYKOBUX
JITaKiB.

SK BummMBaEe 3 aHajily MaTeMaTUYHOI MOJEIi
(16), BoHa Ma€ HENHIMHUI XapakTep, a caMe, Ipu
MaJIMX aMILTiTy1aX KOJIMBaHb aepoAMHAMiYHUX TO-
BEPXOHb KEPYyBaHHS BEJIMYMHA PO3MOAIIIEHOTO 30y-
JIXKEHOTO IIApHIpHOTO MOMEHTY 30iJIbIIYEThCS, a
MOTIM MOYMHAE 3MEHInyBaTucs. s BU3HAYECHHS
MaKCUMaJIbHO MOXJIMBOI BEJWYUHU 30yIKEHOTO
IIAPHIPHOIO MOMEHTY aepoIMHAMIiUYHOI MOBEpPXHi
KepyBaHHSI Ta 3 METOIO CHPOILEHHS aHali3y mMaTe-
MaTtuyHoi Momeni (16) mportoHyeMo 6e3po3MipHe

BiTHOIIEHHS
bl

z(t) = v 5(t) ,

(17)
0
ne z(t) — rpynoBuii 6e3po3MipHUIi MapaMeTp, SKUi
BpaxoOBYE reOMETPUYHI AaHi aepOAMHaMIYHOTO MPO-
¢biT10, yYMOBH MOJIBOTY JliTaKa Ta XapaKTep KOJMBaHb
aepoJMHaMIYHOI ITOBEPXHi KepyBaHHSI.
Kpim Toro, ananis piBasgHHS (16) mouHEeMO 3 BU-
3HAUEHHSI BEJIMYMHU 0e3po3MipHOTO KoedillieHTa
30yIKEHOTO LIAPHiIPHOIO MOMEHTY aepoJvHaMiy-
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HOI TIOBEPXHi KepyBaHHS, il IKUM, Y JaHOMY BU-
MaaKy, pO3yMI€ThCSI BiTHOILIEHHS

._M®~ 1 b,
m@_Mﬁ~ 24)Olé(t)l
b,S(t) y (1)
o,V

0
3 ypaxyBaHHsM 3ajiexkHocTi (17) BenmuunHy 6e3-
po3MipHOro koedilieHTa 30yIKeHOro LIapHipHO-
r0O MOMEHTY aepOJMHAMIYHOI MMOBEPXHI KepyBaHHS
(18) MoxxHa TIogaTu y Bl/lrn;mi

152120 | )
M 1+] 2(t) |1
3 piBHsIHHS (19) BU3HAYMMO BEJIWYMHY TpyMHo-

BOro 6e3po3MipHoro mapamerpa z(t), Impu sIKOMY

BeJIMUYMHA KoedillieHTa 30yIKEHOro IIapHipHOIo

MOMEHTY aepoAMHaMiYHOI TOBEpPXHi KepyBaHH:

Oyne MakKCHMMaJbHO MOXKJIMBOIO, TOOTO BUMKOHYBa-

Jlach yMOBa .
dm(d) _

dz(t)

[Ticns nudepeHuitoBanHs piBHsiHHA (19) 3 ypa-
XyBaHHSIM YMOBH (20) OTpMMaEMO BEIWYUHY TpYy-
MMOBOTO Oe3pO3MipHOTO MapamMeTpa z(t) , Ipu IKOMY
BeJIMYMHA KoedilieHTa 30yIKeHOro IIapHipHOIO
MOMEHTY aepoAMHAMIYHOI TOBEpPXHi KepyBaHHS
Oyme MaKCMMaJTbHO MOXKJTMBOIO:

Zw_bb

ae z,(t) — BeIMYMHa IpyNnoBOro 0e3po3MipHOro
nmapameTpa, MpHu sIKiil BeJndrHa KoedilieHTa 30y-
JIDKEHOTO IIMapHipHOTO MOMEHTY aepoarHaMidyHOI
MOBEPXHiI KepyBaHHS Oyle MaKCUMaJIbHO MOX-
JIMBOIO, TOOTO TIpU SKili MOXKJIMBO BUHUKHEHHS
TPaHC3BYKOBOTO (iaTepa.

3a goromoroi ymMoBH (21) BUBHAUMMO pEeXUMU
MOJIbOTY JIiTaKiB, Ha SIKMX MOXJMBE BUHUKHEHHS
TPaHC3BYKOBOIO (hyiaTepa. 3 1i€l0 METOIO Haraiae-
MO, 110 Y ITpalli [24] Oyj10 1oBeaeHO YMOBY, IIpH SIKiii
MOXJIMBE BUHUKHEHHSI TPAaHC3BYKOBOTO hjiatepa, a
came

m(8) ~ (19)

(20)

1)

o =b, —Ax, (), (22)
Ie X. — BiICTaHb NepeTUHY Npodiao aepoarHa-
MiYHOI TOBEpXHi KepyBaHHS, 1€ pPO3TalllOBaHMIA
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CTpUOOK YIIIJIbHEHHSI, Bill 0Cci 00epTaHHS MpU BU-
HUKHEHHI TPaHC3BYKOBOTO (h1aTepa.

3 ypaxyBaHHSM To3HauyeHb (17) ta (22) 3anex-
HicTb (10) MOXXHa MOAaTH Yy BUTJISII

C(D (l)(t)
Ax, (5) =—2er
1-z, (t)
ITincraBasitoun 3anexHictb (23) B ymoBy (22),
OTPUMAEMO

(23)

o =b[1-2,()]. (24)

Po3zTtaiityBaHHSI CTpUOKIB YIIITbHEHHST Ha Mpodi-

JIi aepoIMHAMIYHOI MTOBEPXHi KePYBaHHS, P SIKO-

My MOXJIMBE BUHUKHEHHS TPaHC3BYKOBOTO haTe-
pa, oTpUMaeMo 3 piBHSIHHS (24) i 3anexxHocTi (21):

b;
Xy b+b, (25)
Pexxumu moJiboTy JiTaKiB, HA IKMX MOXJIMBE B -
HUKHEHHSI TPaHC3BYKOBOTO (hjaTepa, MOXHa BU-
3HAYMTHU 32 JOIIOMOTOI0 PiBHSIHHS (3), SIKEe Y JaHOMY
BUITAKY TTOAAMO Y BUTJISIII

M, ~31+11.5¢(x,,) . (26)

ae M, — MakcuMmajbHe Yuciio M| MiClieBOro Haj-
3BYKOBOT'O IIOTOKY Ha ITOBEPXHi Ipodiaio IIpU BU-
HUKHEHHI TPaHC3BYKOBOro duarepa, x,, — Bil-
CTaHb TEPETUHY XOPAU i aepoAMHAMIYHOrO MpPo-
(into, B IKOMy po3TallloBaHi CTPUOKU YILIJIBHEHHS,
Bif JIiHil MakKCUMaJbHOI TOBIIMHU aepoJuHaMiy-
Horo npo@ijo Npu BUHUKHEHHI TPaHC3BYKOBOI'O
dbnarepa. Benmmuuny x,, y piBHAHHI (26) MOXHa BU-
3HAUUTH TaK:

o =b —b +x_, 27)
IMincraBnsiroun Bupas (25) y piBHsHHS (27),
OTPUMAEMO B2
X, =—. (28)
b +b,
A BpaxoByrouu 3ajiexkHicTb (5) Ta yMoBy (28),
3 piBHSHHS (26) oTprMaeMo 4nciio M MiclieBOTo
HaJ3BYKOBOTO IMOTOKY Ha TMOBEPXHi aepomuHaMiy-
HOTO IpodiJiio, IIPU IKOMY MOXJIMBE BUHUKHEHHS
TpaHC3BYKOBOTO (iaTepa:

b
~ 1
M, =3[1+11.5 5 d, - (29)
1 k
Yucno Maxa He30yMXKEHOTO IMOTOKY IOBITPS,
TIPpY IKOMY MOXJIMBO BUHUKHEHHS TPaHC3BYKOBOTO

¢aTepa, MoxkHa OTpUMATH 3 piBHSIHHS (1).
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OLiHMMO piBeHb KOJMBaHb a€pOIMHAMIYHOI I10-
BEPXHi KepyBaHHsI, IIPU SIKOMY 30yIKEHUI IIapHip-
HUIT MOMEHT JOCSITa€ MaKCUMaJIbHOI BEJTMIMHU. 3
1LIi€10 METOIO 3aJIexKHICTh (17) mpencTaBUMO Y BUTJISII
bo

z,(t)=—=38(t),

(30)
kYo

Je ® — 0e3po3MipHa yacToTa KOJIMBaHb aepoiu-

HaMiYHOI moBepxHi KepyBaHHs (unciao Crpyxaiis).

Yucno Crpyxans y 3anexxHocTi (30) BU3HaYa€eThCs

BiTHOIIEHHSIM
_ bo
o=——.
\%
anexHictb (30) mpu YMOBi, Koy 30yIKeHUI

IIapHiIpHUA MOMEHT aepoJMHAMIYHUX TTOBEPXOHb

(31

KEpyBaHHA Jocdrae MaKCUMaJIbHOI BCJIIMYNHU,
MO2KHa TaKOX ITPEACTaBUTU Y BI/IF.TIHI[i
b
k ¢0 ( 3 2)

3(t)=——z,(t).

bo °
[Tincrasnsitoun ymoBy (21) y Bupa3s (32), orpuma-
€MO aMIUTITYIy KOJMBaHb acpOAMHAMIUHOI TTOBEPX-
Hi KepyBaHHs, IpU SKiil 30yIKeHUI IHapHipHUIA
MOMEHT JI0CSITAa€ MaKCUMaJIbHOI BEJIMYUHU, TOOTO
MNPy SIKiii MOXJIMBE BUHUKHEHHSI TPAHC3BYKOBOTO

(bnatepa:
__ b,

“ (b +b)®

3 aHautizy piBHSIHHS (33) BUIUIMBAE, 1110 aMILTi-
Tyda KOJMBaHb aepoAMHaAMiUHOI MOBEPXHi Kepy-
BaHHS, NPU SIKiil 30yIKeHUI IapHipHUIA MOMEHT
JOCSITa€ MaKCUMAaJIbHOI BEJIMUYMHU, 3aJIEXKUTh BiI
TEOMETPUYHUX XapaKTEPUCTUK HECIBHOI aepoau-
HaMiYHOI MOBEPXHi i aepoaAMHAMIYHOI ITOBEPXHi Ke-
pyBaHHsI, BijJl KyTOBOI YaCTOTM BJIACHUX KOJMBaHb
aepoJMHAMIYHOI TTOBEPXHI KEPYBAHHS Ta PEXUMIiB
MOJIbOTY JIiTaka.

3 HaBeJeHOro TaKOX BUILIMBAE, IO ISl Kilb-
KiCHOTO aHaJli3y 0coOJIMBOCTE! B3a€EMOIil CTPUOKIB
VIIUIbHEHHS 3 KOJMBaHHSIMU aepOAMHAMIYHUX M0~
BEPXOHb KePYBaHHsI, TOOTO [UIsl aHAII3y 3aJ1eKHOC-
teit Ax(3,8) = f(8) Ta Ax(3,8)= f(t) HeobOXinHO
BU3HAYUTU TEOMETPUYHI XapaKTePUCTUKU HEeCiB-
HOI aepoAWHaMIYHOI TTOBEPXHi i aepoaWHaMidHOL
MoBepXHi KepyBaHHsSI Ta uuciao Crpyxans. Yucio
Crpyxassi Haa3BYKOBMX JIITaKiB JIEXKUTb Yy MeXax
o =0.4...0.6.

10

(33)

AHati3z 0co0JIMBOCTEN B3aEMO/Iil CTPUOKIB YILIiIb-
HEeHHS 3 KOJIMBAHHSIMHU aepOAMHAMIYHIX ITOBEPXOHB
KepyBaHHA 31ifichumo npu © = 0.5, ¢, =0.04 npu
b, /b, = 3.0 Ha Takux yucnax Maxa MojboTy JiTa-
KiB, KOJIM MOXJMBE BUHUKHEHHSI TPaHC3BYKOBOTO
drnarepa.

KinpkicHolo owiHkoio y mpaui [14] Oyyio goBe-
JIEHO, 110 MPU MaJIUX aMILTiTyIaX KOJWBaHb aepo-
JUHAMIYHUX TIOBEPXOHb KEpyBaHHS, TOOTO IIpU
8(t) > 0, ixHiil 36YLKEHMIl IIAPHIPHUIA MOMEHT
3aBXAW OibIINMI, HiXX IIApHIPHUI MOMEHT BiJ CUJI
aepoJIMHAMIYHOrO JeMI(pyBaHHS, 110 MiATBEPIXKYE
TEOPETUYHY MOXKJIMBICTH BAHUKHEHHS TPAHC3BYKO-
Boro ¢Jartepa sIK HaJ3BYKOBHUX, TaK i Tinmep3BYKO-
BUX JliTakiB. ToMy OLIIHKY OCOOJIMBOCTEI B3aEMO/Iil
CTPUOKIB YIIITbHEHHS 3 KOJMBAHHSIMM aepoauHa-
MiYHMX TOBEPXOHb KEPYBaHHS PO3IJSTHEMO TIPU
HEBEJIMKUX aMIUTITyJaX KOJTMBAaHb aepOIMHAMITHUX
ITOBEPXOHb KEPYBaHHSI, a caMe, KOJIH TePEeMillleHHs
CTPUOKIB YILIIJIbHEHHSI MPU KOJUBAHHSIX aepoju-
HaMiyHOI MOBEpPXHi KepyBaHHsI HE OOMEXYIOThCS
3aJHbOI0 KPOMKOIO mpodinio, Ta mpu ymoBi (33),
KOJIM 30yIKEHU IIapHipHUII MOMEHT aepoiuHa-
MIYHOI TOBEPXHi KepyBaHHS JOCSTa€ MaKCUMalb-
HOI BEJIMYMHMU.

Jng BU3HAYEHHS — XapakTepy —3ajieXHOCTel
Ax(8,8) = f(8) ta Ax(8,8)= f(t) y mepuiomy BU-
MMaaKy CKOPUCTAEMOCS 3aJIesKHOCTSIMH (6), (8), (17),
(21), (23), (25) Ta (31). Ase HeOOXiTHO 3ayBaxKUTH,
10 1Ie¥f BUIaJ0K MOXe cIiocTepirarucs abo Ha Be-
JIMKMX BUCOTaX MOJIbOTY JIiTaKiB, 200 MpU HaAsIBHOCTI
JemndepiB KoJUBaHb aepOJUHAMIYHUX MTOBEPXOHbD
KepyBaHHSI.

Tak, amIuliTyna KoJuBaHb aepOAMHAMIYHUX MO-
BEPXOHb KEPYBaHHS BM3HAYAETHCH 3 PiBHSAHHS (6),
sIKe TI0IaMO Y BUTJISII

5 - Ax, (3)

) = ——

b

INepemiieHHsT cTpUOKIB YIIIIBHEHHST Ha3al Bif

MOYaTKOBOTO PO3TAalllyBaHHSI, 3YMOBJIEHUX KYTOM

BIIXWJIEHHST a€pOIMHAMIYHOI MTOBEPXHi KEPYBAHHS,
MOXHa BU3HAUUTH 3aJIEKHICTIO

Ax,(8)=b —x_, . (35)
3 ypaxyBaHHSM 3ajiexkHocTeit (25) Ta (35) i3 3a-

JexXHocTi (34) BU3HAUMMO aMIUTITylly KOJMBaHb
aepoOJMHAMIUHUX MOBEPXOHb KEPYBaHHS, MPU SKil

B, - (34)

1
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nepemMilleHHs CTpUOKIB YILJIbHEHHS Ha3al He 00-
MEXYIOThCSI 3aTHBOIO KpOMKOIO mpodio:

%75, +b PR G0

[1py BUHUKHEHHI (bnaTepa nepeMilleHHsI CTpuo-
KiB YIIUJIBHEHHSI Ha3ajJ BiJ MOYaTKOBOTO pO3Ta-
LIYBaHHSI, SIKi 3YMOBJICHI IIBUIKICTIO BiZXWJICHHS
aepoJMHaMIYHOI IIOBEpPXHi KepyBaHHSI, BM3Haya-
IOTBhCS 3aJIEXKHICTIO (23). AHAIOTIYHOIO 3a/IEXKHICTIO
MOKHA BU3HAYMUTH i IepeMillieHHSI CTPUOKIB YILIiJIb-
HEHHSI BIepe. BiJi IOYaTKOBOTO pO3TalllyBaHHS:

AxB(S) 1:> z,(t)
z,(t)

Tob6to, 3 piBHgIHB (23) Ta (37) 3 ypaxyBaHHSIM
yMoBHU (21) MOXHa OTpUMaTHM MaKCHUMaJibHi BeJu-
YUHU TIepeMillleHb CTPUOKIB YIIiJIbHEHHSI BIEpe
Ta Ha3aJ Bi/l TOYAaTKOBOI'O PO3TalllyBaHHsI MIPU YMO-
Bi, KOJIM 30y/MKEHUU MIapHIipHUI MOMEHT JOCSTaE
MaKCUMAaJIbHOI BEJIMYMHU, a aMIUITyJa KOJIMBAaHb
aepoaMHaMiuyHOI TOBEPXHi KepyBaHHS BU3HAYAETh-
¢ 3anexHicTio (33).

V maHomy BUManky, KOJIW aMILITyIa KOJMBaHb
aepoJMHAMIYHOI ITOBEPXHi KepyBaHHS BU3HAYAETh-
¢ 3aJ7IeXHICTIO (36), BeTMIMHY TIePEMIIIIeHb CTPUO-
KiB VIIIJTBHEHHS BMEPE Ta Ha3all Bill TTOYaTKOBOTO
po3TalllyBaHHSI TAKOX MOXHa BU3HAYMTH 3a JIOIO-
Moroto 3ajexHocteir (23) Ta (37), ane BeIUYUHY
rpynoBoro napaMerpa z(t) y UMX 3aJIeXKHOCTSIX Ta-
KOX HEOOXiZHO BM3HAYaTHU 3 ypaXyBaHHSIM 3aJIeXK-
Hocti (36). MakcuMmaabHa BeJIMYMHA LILOTO Tapa-
MeTpa, SIK 11e MOXKHa 0a4WTH 3 aHAJTi3y 3aIeXKHOCTEN
(17) ta (31), nopiBHIOE

(37)

s0-ba,
e B

ae z,(t) — MakcuMasbHa BeJIMYMHA TPYIoBOro 6es-
pO3MipHOro TapaMmeTpa, TMpu SIKiii TepeMillleHHS
CTPMOKIB YIIITBHEHHST Ha3a/ BiJl IOYaTKOBOTO PO3-
TalllyBaHHS HE OOMEXYIOThCS 3aJHbOIO KPOMKOIO
npodio.

3 ypaxyBaHHSAM 3ajiexXHOCTi (36), 3aJeXHICTh
(38) zanuiemo y BI/IF)IH,Hi

z, ()=

(38)

ﬁ (39)

A migcraBngioun 3ajexkHicTh (39) y piBHSIHHS
(23) Ta piBHstHHA (37), OTpUMAEMO PIBHSIHHS IJIST
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Y
——
-1.-\-=-_:-_-__—__-—"T—-----:-—-—-—-—- —_—

+35 (t)
+8,7

Ax, (8, 3)

L .
Ax,(3)

_60

— BepxHiii cTpUOOK YILiIIbHEHHS
——# HukHili cTpuOOK ylliIbHEHHS
Puc. 1. 3anexuocti Ax,(8,8)=f(8) ta Ax,(8,8)=f(3)
mpn x, =x,, §,=0.25¢,

OLIIHKM BEJMYMHU TepeMillleHb CTPUOKIB YIIiIb-
HEHHSI BIIepe Ta Ha3a BiJl TOYaTKOBOTO PO3Tallly-
BaHHS CTPUOKIB YIIUJIbHEHHS IIPY YMOBaX, KOJIM I1e-
peMilleHHsI CTpUOKIB YIIiIbHEHHS Ha3a BiJl moJaT-
KOBOTO pO3TalllyBaHHSI HE OOMEXYETbCS 3alIHBOIO
KPOMKOIO aepOANMHAMIYHOTO IIPOQiITIO:

— TiepeMillleHHsI CTpUOKIB YIIiIbHEHHSI BIepen
BiJl TOYaTKOBOTO pO3TalllyBaHHS

X ,b,®
b, +b(1+®)

— MepeMilleHHs CTPUOKIB YIIITbHEHHS Ha3al Bifl
MOYaTKOBOTO PO3TalllyBaHHS

X.,b®
b, +b(1-o)

da3oBHii KyT BUTIEPELKEHHS TIepeMillieHb CTPHO-
KiB YIIJIBHEHHSI, 3yMOBJIGHUI IIBUIKICTIO BigXu-
JIEHHSI aepoIMHaMiYyHOI TOBEPXHi KepyBaHHSI, Ha
KYTOM BiIXWJICHHSI aepoavMHaMiuHOI MOBEPXHi Ke-
pYBaHHS, OTpMaeMo 3 piBHsIHHS (8). Moro Makcu-
MaJIbHa BEJIMYMHA CITOCTEPIra€Tbcd Mpu X, =X, 1
JIOPIBHIOE

Ax,(8) = (40)

Ax, (8) = (41)

Ad(x,,,8) =205
bk
3anexHocrti (36) ta (40)—(42) pu TIPUITHSATAX
BHIIIE BXiTHUX JaHUX JO3BOJISIIOTH BUSHAYUTH OCO-
OJMBOCTI B3aEMOil CTPUOKIB YILIIJIBHEHHS 3 KOJIU-
BaHHSIMU aepOJAMHAMIYHUX MOBEPXOHb KePYBaHHSI,

TOOTO BM3HAUUTH 3anexHocTi Ax,(3,0)= f(d) Ta

11

(42)
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Puc. 2. 3anexuocti Ax,(8,8)= f(t) Ta Ax, (5,8)= f(t)
npyu x, = x_,, §,=0.25¢,. LLITp1XOBi JIiHil — yMOBHe rnepe-
MillleHHSI CTPUOKA YUIiIIbHEHHS

SEee, |
A3 (1) €0
Beg X ~ A
ch ) o -~
| Ax,(8) P
055 ! Ko
. ch " - A
o 5 -~ = AXH(S)
e - Ax,(3, 3)
> = —————f=
p=a=
Y
—0.538,,
—8 y

— BepxHiii cTpuOOK yIlliTbHEHHS
- — * HuxHill cTpubOK ylIiJIbHEHHS

Puc. 3. 3anexHocti AxB(6,8)=f(5) Ta AxH(S,S):f(S)

NpU BUHUKHEHHI TpaHC3BYKOBOro (iatepa (5, =0.5¢, )

AxH(S,S) = f(8) mpu yMoBax, KOJU MepeMillleHHs
CTPUOKIiB YIIITbHEHHS Ha3al Bill IOYaTKOBOTO PO3-
TalllyBaHHSI HEe OOMEXYEThCS 3aIHBOIO KPOMKOIO
aepoaMHaMiuHOro Mpodiro.

Ha puc. 1 moxHa 06ayuTu, 110 IEepeMillleHHS
CTPUOKIB yIIIIbHEHHSI BUMNEPEIXKAIOTh BiIXUIESHHS
aepoaMHaMIYHOI OBEPXHi KepyBaHHS Ha KYT, SIKUIA
BU3HAUYa€eThcsl 3ayiexxHicTio (42). s ocobnuBicTh
B3a€EMOJIil CTPUOKIB YIIUIbHEHHSI 3 KOJMBAHHSIMU
aepoIMHAMIYHUX MOBEPXOHb KEPYBaHHSI € OCHOB-

12

HOIO MMPUYMHOIO BUHMKHEHHS 30YIKEHOTO aepOIy-
HaMiYHOTO IIapHiPpHOTO MOMEHTY, BHACIIIOK SIKOTO
i BUHMKA€E TpaHC3BYKOBMI dhiiartep.

Xapaktep  3anexHoctert  Ax, (3, 5) = f(t) Ta
Ax,(8,0) = f(t) npencrasieHo Ha puc. 2. BuaHo,
110 i MPU HEBEJMKMX aMIUTITy/laX KOJMBaHb aepo-
NVMHAMIYHOI TIOBEpPXHi KepyBaHHSI IIepeMillleHHS
CTPUOKIB VIIUIBHEHHSI BIIEPEd Bil I10YaTKOBOIO
pO3TalTyBaHHS OOMEXYIOThCS TIEPETHBOI0 KPOM-
KOI0 aepoauHaMiuHOI ITOBepxHi KepyBaHHS. Ll
0COOJIMBICTh B3aEMO/Ii1l CTPMOKIB YIIIIbHEHHS 3 KO-
JIMBAaHHSIMU a€pOJIMHAMIUHUX TTOBEPXOHb KEpPYBaH-
H$I € OCHOBHOIO IPUYMHOIO HEJIiHITHOTO XapakTepy
KOJIMBaHb aepOJMHAMIYHUX MOBEPXOHb KEPYBAHHS
Ha TPaHC3BYKOBUX IIBUJIKOCTSIX IMOJbOTY HaA3BY-
KOBUX JiiTaKiB. [lepion 7 11X KOJIMBaHb OPIBHIOE
Tepiony BJIACHUX KOJWBAaHb aepOAMHAMIUHUX TI0-
BEpXOHb KepyBaHHS Y HA3¢eMHUX YMOBaX.

Xapakrep 3anexHocteir  Ax, (5, 8) =f(8) Ta
Ax, (8, 5) = f(8) npm ymMOBi, KoM 30yKeHMIA 11ap-
HipHUII MOMEHT aepoAMHAMiYHUX MOBEPXOHb Ke-
pPYBaHHSI AOCSITAa€ MaKCUMaJIbHOI1 BEJIMYMHU, TOOTO
pu ymMoBi (33), peAcTaBiIeHO Ha puc. 3.

Y naHoMy BuUManKy OCOOJIMBOCTI B3aEMOMIl
CTpUOKIB YIIUIBHEHHS 3 KOJIMBAHHSIMM aepoarHa-
MIYHMX ITOBEPXOHb KePYBaHHsI BU3HAYAIOThCS Bif-
MoBigHO 1o 3anexHocteit (23) ta (37), ane 3 ypaxy-
BaHHSIM ymoBHU (21).

[TincraBnsitoun ymoBy (21) y piBHsIHHS (23) Ta
piBHsIHHSA (37), OTpMMAaEMO MaKCUMaJbHi BeJIUYU-
HU MepeMillleHb CTPUOKIB YIIUIbHEHHS BIEpena Ta
Has3aJl Bi IXHbOr0 MOYaTKOBOTO pO3TalllyBaHHS TPU
YMOBI, KOJIM 30y/I>KeHUI IIapHipHUIT MOMEHT aepo-
MUHAMIYHUX TIOBEPXOHb KepyBaHHS MOCSITaE MaK-
CUMAaJIbHOT BEJIMUUHMU:

— TiepeMillleHHs1 CTpUOKIB YIIiIbHEHHSI Brepen
BiJl TOYATKOBOTO pO3TalllyBaHHSI

xczbbl
2b,+b,

— IepeMillleHHST CTpUOKIB YIIIJIBHEHHST Ha3al Bifl
IMOYaTKOBOI'O PO3TalllyBaHHSI

Ax, (8) = (43)

b
o7
bk
MakcumanbHuii (a3oBUil KyT BUMEpeIKEHHS

MepeMillleHb CTPUOKIB YIIITbHEHHS, 3YMOBJICHUIA
MEBHOIO IIBUAKICTIO BiIXWJIECHHS acpOAWHaAMidHOL

Ax, (8) =x, (44)
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MOBEPXHi KEpyBaHHsS, Hald KyTOM il BiIXWJICHHS,
CHocTepiraeTbCsl NpU X,= b, i, IK BUILIMBAE 3 PiB-
HsHHS (8), TOpiBHIOE

A, (b,,8) =5, - (45)

Ha puc. 3, gk i Ha puc. 1, MoXXHa 6a4yuTH, 110 T1e-
peMillleHHsI CTPUOKIB YIIUIBHEHHSI BUIIEPEIXKAIOTh
BiIXWJIEHHST aepOoAMHAaMIYHOI ITIOBEPXHI KepyBaHHS
Ha KyT, MakCcuMaJibHa BeJWYMHA SKOTO Y IaHOMY
BUMAAKY BU3HAYAETHCS 3alIeXHICcTIO (45). K Oyno
BiIMiueHO BUIIIE, 1IsI OCOOIMBICTh B3aEMO/IIi CTpUO-
KiB YIIiJIbHEHHS 3 KOJMBaHHSIMU aepoJuHaMiuHUX
MOBEPXOHb KEPYBaHHSI € OCHOBHOIO TPUYMHOIO
BUHUKHEHHSI 30YyIXKEHOro aepoaMHaMiuHOTO MO-
MEHTY, BHACJIIIOK SIKOTO i BAHUKA€E TPAHC3BYKOBUIA
daarep.

Xapakrtep 3ajieXHOCTel  Ax, (8,8) = f(t) Ta
Ax, (9, )= f(t) mpu yMoBi, KoM 30yIXKEHMIA I1ap-
HipHUII MOMEHT aepoJMHaMiYHUX TMOBEPXOHb Ke-
pPYBaHHS JOCSITa€ MaKCUMAaJIbHOT BEJIMMMHU, TPeI-
cTaBlieHO Ha puc. 4. BuaHo, 1110 mpu yMOBi, KOJIu
30yIKEHUI LIapHipHUI MOMEHT aepOIMHaMiYHUX
MOBEPXOHb KEPYBaHHS [1OCITa€E MAKCUMAJIbHOI Be-
JIMYMHU, TIEPEMillleHHSI CTPUOKIB YIIiIJIbHEHHS 00-
MEXYIOThCS K MEePEeHbOI0, TaK i 33JHbOI0 KPOMKa-
MU aepOaMHAMIYHOI MOBEPXHI KepyBaHHSI.

CamMe 1po 1110 0COOJIMBICTh B3a€EMOIii CTPUOKIB
VIIiIbHEHHS 3 KOJIMBAHHSIMU aepoIMHAMIYHMX T10-
BEPXOHB KEPYBAHHS Y TIpalli [ 5] BKazaHo, 110 «Yaap-
Hi XBWJII HE BUHUKAIOTH B SIKifiCh BU3HAYCHIN TOYILI]
Mpodiao, BOHU KOJMBAKOTHCS 3 BEJIMKOIO YaCTOTOIO
MiX IBOMAa MOXKJIMBUMU MOJ0KEHHSIMM PiBHOBArM i
BUKJIMKAIOTh KOJIMBAHHS BChOTO JIiTAKa».

3 HaBeIeHOI0 BUILIE BUILJIMBAE, 1110 11i TOJOXEHHS
piBHOBarv BM3HAYAIOTbCS TEPEAHBOIO Ta 3aJHbBOIO
KpOMKaMu aepoJiMHaMiuHO1 MOBEPXHi KEPYBaHHSI.

Ak BXe OyJs10 BigMiueHO, 1isl 0COOJIMBICTh B3aEMO-
Iii CTpUOKIB YIIITbHEHHS 3 KOJMBAHHSIMM aepo-
JUHAMIYHUX TOBEPXOHb KEepyBaHHSI € OCHOBHOIO
MPUYMHOIO HEJIIHIHHOrO XapakTepy KOJUBaHb a€po-
JUHAMIYHUX MOBEPXOHb KEPYBaHHS Ha TPAaHC3BY-
KOBUX IIBUIKOCTSIX MOJIBOTY.

BICHOBOK

Ha 6a3i anasizy oco0mMBOCTElN B3aEMO/Iii KOJTMBAaHb
CTpUOKIB YIIILHEHHST 3 KOJMBAHHSIMU aepoAvHa-
MIYHMX TTOBEPXOHb KepyBaHHSI Ta MaTeMaTHM4YHOL
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ol

Ax,(3)

Puc. 4. 3anexuicts Ax,(8,8)= f(t) Ta Ax,(8,8)=f(t),
Npy BUHMKHEHHi TpaHc3BykoBoro ¢narepa (8, =0.5¢, ).
IItpuxoBi JiHii — yMOBHE NepeMillleHHsI CTpUOKa YIiib-
HEHHSI

MoOJesli OLiHKM 30y/KeHUX ILIapHipHUX MOMEHTIB
aepoIMHAMIYHUX MOBEPXOHb KEPYBaHHSI BU3HaAUe-
HO MPUYMHU Ta MeXaHi3M (OpMyBaHHSI 30yIKEHUX
CWJI Ta 30yIKeHUX IIapHIpHUX MOMEHTIB aepoau-
HaMIYHUX MOBEPXOHb KEPYBAHHS MPU BUHUKHEHHI
TpaHC3BYKOBOTO (iaTepa.

JloBeaeHO, 110 OCHOBHOIO MPUYMHOIO (hOpMy-
BaHHS 30YMKEHUX CUJI Ta 30yIKEHUX IIapHIpHUX
MOMEHTIB aepoJAUHAMIYHUX MOBEPXOHb KEpyBaH-
HsI, BHACJIIIOK SIKUX MOXJIMBE BUHUKHEHHSI TpaH-
C3BYKOBOro ¢iarepa, — € (a30Be BUIICPEIKECHHS
nepeMillleHb CTPUOKIB YILJIbHEHHS IO Mpodiato
aepoJMHaMIYHOI MOBEPXHi KepyBaHHS, 3yMOBJICHE
KyTOBOIO IIBHUIKICTIO KOJMBaHb acpoAMHaMiUHOI
[OBEPXHIi KEPYBaHHS, HaJ KyTOM 11 BiAXWJIEHHS.

OCHOBHO10 TIPUYMHOIO HEJIiHIAHOIO XapakTepy
KOJIMBaHb a€pOJMHAMIUHUX MOBEPXOHb KEPYBAHHS
Ipy BUHMKHEHHI TPaHC3BYKOBOTO (jiaTepa € 00-
MEXEHHS TepeMillleHb CTPUOKiB YIUIIJIbHEHHS 10
npodiao aepoarHaAMiuHOT IMTOBEPXHi KepyBaHHS SIK
3aJHbOIO, TaK i IepeIHbOI0 KPOMKaMM IpodiIio
aepoarMHaMiyHOI MOBEPXHi KepyBaHHSI.

OTpuMaHi pe3yJbTaTd MOXYTh BUKOPUCTOBY-
BaTUCS [JIs TIPOTHO3YyBaHHSI O€3MEYHUX PEeXUMiB
MOJILOTY HAJ3BYKOBHMX JITaKiB Ta a€pOKOCMIUYHUX
CHCTEM $IK Ha eTalli TbOTHUX BUIIPOOYBaHb, TaK i Ha
eTari eKCIUTyaTaLlil.

IMopanpir gocmimKeHHs i€l MpPoOJIeMU AOLITb-
HO TIPUCBSITUTH aHaJTi3y METO/IiB 3MEHILICHHS PiBHS
KOJIMBaHb a€pOAMHAMIYHUX MOBEPXOHb KEPYBaHHS
MpY BUHWKHEHHI TPaHC3BYKOBOTO (huaTepa.
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PECULIARITIES OF THE INTERACTION OF COMPRESSION JUMPS WITH FLUCTUATIONS
OF AERODYNAMIC CONTROL SURFACES DURING THE OCCURRENCE OF TRANSONIC
FLUTTER OF SUPERSONIC AIRCRAFT AND AEROSPACE SYSTEMS

The theoretical and experimental methods of classical (two-stage) flutter of aerodynamic surfaces in both stationary and
non-stationary flows have been sufficiently developed.A large number of scientific works are devoted to the study of these os-
cillations. However, the problem of theoretical substantiation of the causes of intense oscillations of the aerodynamic control
surfaces of supersonic aircraft at transonic flight speeds remains unsolved. There is still no universally accepted mathematical
model of transonic flutter.

The relevance of the solution to this problem is justified by the need for a preliminary assessment of the level of oscillations of
aircraft structural elements before flight tests and the need to ensure reliable flight operation of supersonic aircraft and acrospace
systems.

In the article, based on the analysis of the regularities of the adiabatic expansion of the local supersonic flow on the surface
of the aecrodynamic profile and the mathematical model for estimating the excited hinge moments of the acrodynamic control
surfaces, the conditions under which the occurrence of transonic flutter of the aerodynamic control surfaces of supersonic
aircraft and aerospace systems is possible are determined. The analysis examined the characteristics of how sealing jumps interact
with the oscillations of acrodynamic control surfaces in these flight modes, which determine the mechanism of transonic flutter
of the aerodynamic control surfaces.

It has been proved that the main reason for the intense oscillations of the acrodynamic control surfaces during the occurrence
of transonic flutter is the phase advance of the movements of the sealing jumps along the profile of the aerodynamic control
surface above the angle of its deviation, which is due to the angular velocity of the oscillations of the aerodynamic control surface.

The main reason for the non-linear nature of the oscillations of the aerodynamic control surfaces during the occurrence of
transonic flutter is the restriction of the movements of the sealing jumps along the profile of the aerodynamic control surface by
both the rear and the front edges of the profile of the acrodynamic control surface.

The obtained results can be used to predict the safe flight modes of supersonic aircraft and aerospace systems both at the stage
of flight tests and the stage of operation.

Keywords: supersonic flight, oscillations, transonic speed, transonic flutter, flow parameters, aerodynamic control surface, flight
number M, mathematical model
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MODELING THE STABILITY OF A THROTTLE
HYDRAULIC DRIVE OF ROCKET AND SPACE SYSTEMS
UNDER RANDOM LOAD AND STOCHASTIC PARAMETERS

The use of a throttle hydraulic drive in rocket and space technology is promising due to its simplicity, reliability in operation, and low
metal consumption. It has been determined that vibrations occur in the hydraulic system of rocket and space equipment under external
influence. They cause unstable movement of working units, and, as a result, additional vibrations occur on the actuator. Determin-
ing the stability of the throttle hydraulic drive is relevant. This will ensure that the rocket and technical system maintains specified
equilibrium states or types of motion. The article solves an important scientific and technical problem of increasing the accuracy of
identifying the state of a hydraulic drive with throttle control under the action of a stochastic load in rocket and technical systems.
A mathematical model of the operation of a hydraulic drive with throttle control is developed based on its calculation scheme. A gen-
eralized method for mathematical modeling of the probability of system stability for the mathematical expectation under a random
load and in the presence of one random parameter, namely, the modulus of elasticity of the working fluid, is developed. Linearization
of viscous friction forces was performed, and the schedule of the standard deviation of the random modulus of elasticity of the working
fluid in the Taylor series was used. A solution to the mathematical model in the form of differential equations using a technique based
on statistical linearization and expansion in the Taylor series was proposed. In this case, the stability condition of the hydraulic system
is determined by the mathematical expectation in the form of the Hurwitz criterion. The stability condition of the hydraulic drive with
throttle control is determined based on the probability of system stability, where the value of the random external load is specified in
the form of mathematical expectation and variance.

Keywords: hydraulic drive; stochastic parameters; pressure; elastic modulus; stability; rocket and space technology.
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INTRODUCTION

Hydraulic automation equipment is widely applied
in the rocket and space industry [12]. In particular,
hydraulic lifting mechanisms are exclusively used in
the lifting and installation units of space launch com-
plexes to transfer a space rocket from a horizontal to a
vertical position [3]. The use of hydraulic systems for
controlling various machines and devices in space-
craft testing facilities allows for creating external
working load forces with a wide range of dynamic pa-
rameter adjustmentsat the experimental facility [18].
In modern rocket and technical systems with a high
degree of cycle automation, it is necessary to imple-
ment many different types of motion. A compact hy-
draulic cylinder is easily built into mechanisms and
connected by pipelines to a pump unit. The use of a
hydraulic drive opens up wide opportunities for cycle
automation, control, and optimization of work pro-
cesses and is also easily upgraded. Throttle control
based on the use of elements with variable flow sec-
tions in control circuits is promising for the hydrau-
lic drive of rocket and space technology [9]. These
elements regulate the flow rate of the working me-
dium and, if necessary, change the direction of flows.
In hydraulic systems with throttle control, the power
source provides control circuits for the working envi-
ronment with a small change in pressure in the pres-
sure line at virtually unlimited costs [16].

The growing requirements for automatic control
systems in rocket and space technology have led to an
in-depth study of the properties of hydraulic devices
and the development of calculation methods for sys-
tems built using these devices. It has been determined
that vibrations occur in the hydraulic system of rocket
and space equipment under external influence. This
causes unstable movement of the working units, and,
as a consequence, additional vibrations occur on the
actuator [10]. In particular, when random vibrations
occur, the change in the pressure drop in the cavities
of the hydraulic cylinder can be so large that it sig-
nificantly affects the instantaneous values of the flow
rate of the working fluid flowing through the distribu-
tor. All this leads to a general decrease in the reliabil-
ity of rocket and technical systems and, consequent-
ly, can result in emergency situations, both on the
launch pad and in outer space [10, 22]. Therefore,
when designing hydraulic systems, it is necessary to

18

solve the synthesis problem. It consists of choosing
the system structure, its parameters, and the design
of the elements in such a way that both resistance to
random stochastic loads (vibrations, impacts from
space debris) and the necessary quality indicators of
the control processes are ensured [7, 18].

The aim of the work is to increase the accuracy of
identifying the state of a hydraulic drive with throt-
tle control under the action of a stochastic load in
rocket-technical systems by developing and imple-
menting new, more effective methods of mathemati-
cal modeling. This will allow for achieving a number
of high-quality practical results: increasing the reli-
ability of determining the operating characteristics
when designing a hydraulic drive; the possibility of
developing rocket-technical systems with improved
operational characteristics; and reducing the time for
testing rocket and space technologies, etc.

To achieve the set goals, it is necessary to solve the
following tasks:

e develop a mathematical model of the operation
of a hydraulic drive with throttle control under the
action of a stochastic load;

e develop a method for solving a mathematical
model of the dynamics of a hydraulic drive with throt-
tle control, which will allow determining the stability
of the system under the action of a stochastic load;

¢ using the developed method, determine the sta-
bility of a given motion mode under the action of an
external stochastic load.

LITERATURE REVIEW

The work of [22] presents a graph-analytical method
for determining the stability region of pressure pulse
generators. In this method, unlike existing ones, the
Hurwitz stability criterion is used for a linear, non-
homogeneous differential equation of the third order
to represent the mathematical model of the motion
of the shut-off element in the pulsator valve. This al-
lows us to determine the energy relationships of the
drive for the occurrence of different types of oscilla-
tory processes.

The practical implementation of such an ap-
proach is possible only for mathematical models of
mainly low dimensionality and describes the proper-
ties of objects under the action of deterministic loads.
This restricts the applicability of mathematical mod-
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eling results, which do not consider the effects of all
transient processes in the hydraulic link [26]. All this
results in the accumulation of redundant, unrealized
systems of technological movements [6].

In the works of [1, 23], a statistical linearization
method was proposed that, unlike the existing ones,
uses complex amplitudes and the probability inte-
gral. This allows for solving linear non-homogeneous
differential equations of the second order of oscilla-
tory systems in stochastic mathematical models of
hydraulic systems using the spectral form of ampli-
tude-frequency characteristics. In these models, the
functions of the force interaction of the working el-
ements of the pulse drive are a stationary, ordinary,
random process. The method used does not take into
account the stochastic change in the properties of the
working fluid as an element of the energy carrier of
the hydraulic system. The consequence of this is the
numerical instability (fluctuations) of the solution of
the mathematical model in the transient modes of
operation of the hydraulic drive.

The physical parameters of the energy carrier
(working fluid) and the design characteristics of the
hydraulic drive have a significant impact on increas-
ing the speed, energy saturation, and compactness of
the hydraulic system. This necessitates the creation
of mathematical models as systems of differential
equations based on an artificial dynamic model with
reduced coefficients [4, 27]. The reduced coefficients
reflect the elastic-viscous properties of the hydraulic
circuit with subsequent linearization of its dynamic
characteristics. This, in turn, leads to the ignoring
of wave processes [7] in the hydraulic drive. This ap-
proach to modeling does not allow for determining
the stability of specified equilibrium states or move-
ments of the hydraulic system.

The state of a hydraulic system can be stable or un-
stable depending on the characteristics and param-
eters of the elements that comprise it [21]. Since sta-
bility is the ability of a system to maintain specified
equilibrium states or ensure specified types of move-
ment, determining stability is, therefore, an urgent
task when designing hydraulic systems.

MATERIALS AND METHODS

Figure 1 shows the hydraulic diagram of the hydrau-
lic drive with throttle adjustment [5] for the move-
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Figure 1. Hydraulic drive with throttle control: a — general
look, b — calculation scheme

ment of the executive body of hydraulic cylinder /.
The hydraulic cylinder rod [ is connected to the re-
duced mass m of the external load via a spring 3 with
a stiffness of ¢;. The reduced mass 2 contacts the
guide 9. A damping piston /0 is placed on the upper
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end of hydraulic cylinder rod /. The hydraulic cylin-
der [/ is attached to the base via springs 4 with a stiff-
ness of ¢, . In hydraulic cylinder 7, the working fluid
is pumped through hydraulic line 7 by the hydraulic
pump via pressure hydraulic line 6 and throttle dis-
tributor 5. The working fluid from hydraulic cylinder
[ is drained into the tank via hydraulic line & through
throttle distributor 5 and drain hydraulic line /1.

The mathematical model of the hydraulic drive
with throttle control (see Fig. 1, b) is represented by
a system of equations:

d Vv dp
Sy —(y, — y.)+——LE
Pdt(yp ye) E dt
2

3 Y
dt’?

:Ql —1Pe,

’ Vd
= (yp—yp)tn E(yp—yﬂ)—

dy,

d .
A _kuH_FH_FﬁSIgngs (1)

dt

-

! ’d
pFSP :Ck(yp —)’H)+ﬂ E(yP_yH) >

14 ”d
_pFSP =G (yP —)’H)—ﬂ ;C >
t
where

1 . .
Q= xHub\/g | Py — pysignx signAp
Ap=pp—Pp> Pg= Py —Ps> Pr=DP— D>

{ x |x|<x,,,
X, = ‘
x,signx |x|>x,,

1’ is the coefficient of viscous friction between the
rod of hydraulic cylinder / and the reduced mass 2,
n" is the coefficient of viscous friction between the
piston and the walls of hydraulic cylinder 7, n is the
coefficient of viscous damping of the piston of hy-
draulic cylinder /0 of the reduced mass 2, V' is the
volume of the pressure cavity of the hydraulic drive,
Sp is the area of the piston of hydraulic cylinder 1,
r is the loss coefficient of the hydraulic drive, kp is
the coefficient of positional load on the initial link
2 of the hydraulic drive, Pp is the difference between
the supply pressure Py, from the hydraulic pump and
the drain pressure p ., p-is the difference in pressure
on the piston of hydraulic cylinder 7, y,; is the dis-
placement of the reduced mass 2, y is the displace-
ment of the piston of hydraulic cylinder /, E is the
reduced modulus of elasticity (random variable), F,
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is the external load on reduced mass 2 (random sta-
tionary function), }}r is the dry friction force between
the reduced mass 2 and guide 9, b is the width of the
throttle opening of hydraulic distributor 5, x is the
displacement of the piston of throt tle hydraulic dis-
tributor 5, x,, is the maximum displacement of the
piston of throttle hydraulic distributor 5, p, is the dis-
charge pressure of hydraulic pump 1, p, is the drain
pressure of hydraulic pump /, p is the flow coeffi-
cient of throttle hydraulic distributor 5.

Taking the external disturbance as x = 0, the sys-
tem of equations (1) can be written in the following
form [17]:

X:Ax+anr(c)+BFH,s=x2, 2)
where
0 1 0 0
-a, —a, a, 0 a
A=|-y -6, B 6 7|
0 0 -a -b 0
c e 0 —c
xl
1
i X,
B= (;n’ X =X,
0 %

0 s
a=S—};, b:C’:,a _C_I,c,’e:S_l,Y’
n n n
al:ck—cn a _g—en'+k, ’
m m

F !
ol g e
m m
2E
o=—o, PB=ar+ole+a)s,,
\%
0,=aS,, y=0,c, 6=0c,
dy
x1=yH,x2=d—f,x3=pF,

Xy =Ver X5 = )p-
It is necessary to determine the probability of sys-

tem stability by the mathematical expectation under
random load and in the presence of one random pa-
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rameter. Let us assume that the load F(7) is a ran-
dom stationary function with a known mathemati-
cal expectation mpy, variance D P, and correlation
function Kp(1).

The reduced modulus of elasticity of the system F
is considered a random parameter. To justify this as-
sumption, it is necessary to note that the modulus of
elasticity £ depends on a number of factors: pressure
and rate of pressure change [15], gas-air phase con-
tent [22], temperature of the air working fluid, etc.
Considering that these factors are independent of
each other and some of them are random variables,
the value of the modulus of elasticity of the working
fluid £ is taken as a random variable with a normal
probability density distribution and a given math-
ematical expectation m and variance D.

To solve the problem, it is necessary to apply an
approach based on the statistical linearization meth-
od [2]. When m ,; = const, the mathematical expec-
tation m (#) in the established mode is determined
from a system of nonlinear algebraic equations [20]:

m, =0,
—a,m, —(a, +k,/m)m,_+a,m, +
m
+am, =—,
;
oom
—ym, —Om_—Bm_—6m_+ym_=0, 3)
—am, — bmx4 =0,
cm, +m, +em, —cm, =0,
where
k, (0,0, )=k (0,0, )=

21 €
=N, +——-2(n, +Nn,)0| — |,
AP A

and parameters /;, n, =tgn’,n, =tgn" are known
values determined from the nonlinear characteristic
diagram Figure 2.

The solution of system (3) is

mx =a= _mPH )0’0)0)_mPH .
m m
Taking into account:
ok,
B =gradk,(m ,c )|, =0, —— ,0,0,0
* om

X
2
mx
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Figure 2. Diagram of the characteristics of a nonlinear element

and B, ¢’, o, B*= 0, we have the Hurwitz stability
condition [24] for the following polynomial [4, 7]:

A= pE—A-Bk,(0,0, )c*|=
=p +d,p'+d,p’+d,p* +d,p+d., (4)
where
d=u,+a,,
d,=p,+an,+a,+a,0 —a,
d, =p,+a,u, +(a,—a)u, +a,0 (b+c)+a,bc,
d, =a,p, +(a, —a)u, +06ba,c+age),
d, =(a,—a)u,,
1, =bPc—abc—vyeb,
W, =b+B+c,
p, =bB+cb+cf—ab—ve,
ay=ay+ky/m.

The stability condition according to Hurwitz [7,
24] for A:

d,>0,8,>0,8,>0,8,>0,ds>0, (5

where
S,=dd,—d,, 8, =d,5,-d3,,

5,=d,5,-d,ds,—dd,, 5, =dd,—d..

In addition to condition (5), the equation is used:
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IA()

spemal density of a stationary ran-

L(io) }SPH 0)do . ©6)

where S, () —
dom function,
L(p) = =p(p’ +p,p* +p,p+p,)/ m.
To solve equation (6) after integration, it is neces-
sary to write it in implicit form:
®,(k 0.5, )0, (E) =0, )
where from
D (k, (O,ze ), o, (m,))=0. (8)
Then, in the region of the point, m is determined
by Taylor’s formula [11]:

o, (E)= o, (mg)+

oG, (my)
—» PE- +
OF (E=m)

1 0°c, (m,)
+_ 2
OE’
where c, (m;) is determined from equation (8) and
do, (m;)  o®,/0E |
OE o, /oo,

(E-my)+R,, )

E=my
O, (m;) o[ o® /0E
OE’ OE| 0®, /0o,

E=my
R, — remainder term of the equation.
After determination o, = B(E)

z, =M[c, ]= j B(E)f(E)E (10)

8" =Dlo, |= [ B*(E)f(E)AE-3,,

and the stability region D based on inequalities (5),
the probability of system stability is determined as:

pP= j f(E)E,

1 E-m,)
f(E)= exp| - HZE) -
\/EGE 20
RESULTS AND DISCUSSION

To implement the developed method of mathemati-
cal modeling of the stability of a throttle hydraulic
drive (see Fig. 1, b), the following is adopted: 1" =
= 1" =0 Ns¥/m, ¢, =00 N/m, kp, = 0 N/m,
c;=51.8-10° N/m, m = 5103 kg, n = 2.34x

22

where

x 10*N-s2/m, V'=7.05-103 m3, Sp= 78.54:10"% m2,
r=2-10"11 m3/(N-s).

Also, for the random modulus of elasticity, the
value [2] is specified in the form of the mathematical
expectation m = 0.8:10° N/m?, the standard devia-
tion o= 0.07-10° N/m?, and the probability density
function is determined by the following formula:

1 (E-m,)’

E)= exp| ————
f( ) \/%c £ P( 20 ;

For a random external load, the value [11] is also
specified as a mathematical expectation m, =
=3.0-10° N, a variance D, =45.0- 10 N2, and the fol-
lowing formula determmes the correlation function:

K, (’C) D, ep(| |j

0.62
The diagram of the characteristics of the external
nonlinear load of viscous friction forces acting on
hydraulic cylinder piston / (see Fig. 1) is shown in
Figure 3.
For the given input data based on equations (2):

-b ¢
A= ,
—a P

—1/m

n _ 2.34-10° 5
b=—=""""""=468 Ns/(mk
- 510 /(mrkg),
S S
Cc

Sp. 78.54-10*
d b

o= =————=15.708 10-7 m%/kg,
5-10° /ke

“p
m
,
P=4
Taking m, =0, we obtain the conditional resis-
tance according to Hurwitz in the form of [7, 20]:
d=k+b+B>0,
d, =k,B+bB+ac,
k,(0,c, )/m= k (0,0, )/m
Calculating the spectral den51ty S, (03) through

the correlation function K, (r) from equatlon (6),
we obtain the followmg

(1n

where k, =

2
I o+ | do
%5 = 0 62mm - |Gy +iod, +d,| (1L6+i0)
_ ZG;H s
0.62m’
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where

gs(z(o)
h, (i) h, (—io)

’

gs(Z)=l32 -z,
h(z)=2"+(d, +1.6)z" +(d+1.6d,)z +1.6d,.

Finally, we get:

@, (k,,0, ,E)= ciz (k, +b+B)(k,p+bp+oc)x
x[0.62(k,B+bB+oc)+k, +b+B+1.6]—

~1.8[k,B+bB+oc+0.62B° (k, +b+P+1.6)] =

where
k (0,5,.) 0.191 2
k,=—2 OB 40| 02
m c, c,

From the equation @, (k,,c, ,m,) =0, we deter-
mine o (m,) = 1.37-10~2 N/m?. Based on expres-
sion (9), we determine:

o, (E) = 1.37-1072 — 1.8: 10~ (E—m, ) -

—%0.355~10’2°(E—mE)2. (12)

Using equations (10) and (12), we can obtain that:
X = 1.369:1072, &% =1.894-1072,

Then, based on Chebyshev’s inequality [8, 26], we

can obtain:
0.8439-1072=% -33<c, <I, +33 =

=1.894-102. (13)

The stability region D of the system is determined

based on equation (11). To do this, it is necessary to

approximate the function k, (0, ze) by a linear func-
tion in the region of the point M[ze] =1.369-10~2:

k0,5, )~-1019+27.75 (14)

Substituting equation (14) into (11) and taking
into account (12), we obtain:

D{0<E<-29-10°}.
Then the probability of stability of the system is:
P= j f(E)E =
D

1 0
\ 21D E —2.9.[08 exp|:

=1—®(0.47) =

(E—mE)Z} B
2D,

0.82.

:1—
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Figure 3. Diagram of the characteristics of the nonlinear
element of the piston’s viscous friction forces

Thus, a solution was obtained that provides a
quantitative assessment of the probability of stability
of the hydraulic system in Figure 1. The possibility
of meeting the stability conditions of the hydraulic
drive depends on the requirements for its speed. It
also depends on the degree of damping created by
friction forces both in the hydraulic cylinder and the
load and on the permissible flow rate of fluid from
the power supply system at the equilibrium state of
the hydraulic drive [14]. If it is necessary to obtain a
high-quality factor of the hydraulic drive in the pres-
ence of a large reduced mass m of the external load to
the hydraulic cylinder rod and at small values of the
viscous damping coefficient n, then additional mea-
sures are used to ensure stability. They are as follows:
an overflow of working fluid is introduced between
the cavities of hydraulic cylinder /, an elastic ele-
ment 4 of hydraulic cylinder support 1 with a rigidity
of ¢, is used, and a damper is installed on the spool
of the throttle distributor [19, 25].

CONCLUSIONS

Based on the theoretical studies performed, an im-
portant scientific and technical problem of increas-
ing the accuracy of identifying the state of a hydrau-
lic drive with throttle control under the action of a
stochastic load in rocket and spacecraft systems was
solved. This was achieved by developing a generalized

23



Y. V. Ivanchuk, A. A. Yarovyi, V. V. Liman, V. S. Ozeranskyi, O. A. Kozlovskyi

method for mathematical modeling of the probabil-
ity of system stability according to the mathematical
expectation under random load and in the presence
of one stochastic parameter.

A solution to the mathematical model in the
form of differential equations is proposed using a
technique based on statistical linearization through
expansion in a Taylor series. In this case, the stabil-
ity condition of the hydraulic system is determined

by the mathematical expectation in the form of the
Hurwitz criterion.

Using the developed method, the stability condi-
tion of a hydraulic drive with throttle control is de-
termined. In this case, for a random external load,
the value of which is specified as a mathemati-
cal expectation m, = 3.0-10° N and dispersion
D, =45.010° N2, the probability of system stability
is equal to P =0.82.
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MOJEJTIOBAHHS CTIMKOCTI APOCEJBHOI'O I'APOIPUBOAY PAKETHO-KOCMIYHUX
CUCTEM I1PU BUTTAIKOBOMY HABAHTAXKEHHI TA CTOXACTUYHUX [TAPAMETPAX

IlepcnieKTUBHUM € 3aCTOCYBaHHSI B PaKETHO-KOCMiYHiil TEXHilli IPOCEJbHOrO TiAPONPUBOLY 3aBASKU CBOIMl MPOCTOTI,
HalliliHOCTI B €KCILUTyaTallii Ta HEBUCOKiil MeTamoMicTKOCTi. [1pu 30BHilLIHBOMY BIUIMBI B TiIPOCUCTEMi PAKETHO-KOCMIYHOTO
o0sanHaHHS BUHUKAIOTh BiOpallii, sIKi MPU3BOJATH 10 HECTAOIILHOTO PyXy poOOYMX BY3JIiB, BHACIIIOK YOTO BUHMKAIOTh
JIOIATKOBi KOJMBaHHS Ha BHMKOHABYOMY OpraHi. AKTyaJIbHUM € BM3HAUEHHSI YMOB CTiMKOCTi pOOOTH ApOCEIbHOTO
riponpuBoay, 110 AO3BOJUTh PAKETHO-TEXHIUHill cucTeMi 30epiraTv 3agaHi piBHOBaXKHi cTaHU ab0 BUAM Pyxy. Y poOOTi
BUPIILIEHO BaXKJIMBY HAYKOBO-TEXHIUHY MTPOOJIeMY MiABUILIEHHS TOYHOCTI ileHTUdiKallii CTaHy TriApONpUBO/Y i3 APOCETbHUM
PeryJIloBaHHSIM IMPU Jil CTOXaCTUYHOTO HABAHTAXEHHS Y PAKETHO-TEXHIUHUX cucTeMax. Po3po0ieHo MaTeMaTUYHY MOJIEb
poOOTH TiAPOMPUBOILY i3 JPOCESbHUM PEryJIOBaHHSIM Ha OCHOBI 11 po3paxyHKOBOi cxemu. Po3pobyieHo y3arajibHeHUit
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METOJ MaTeMaTUYHOTO MOJIETIOBAaHHS TMOBIPHOCTI CTIKOCTi CUCTEMH IO MAaTEMAaTUYHOMY CITO/IiBAHHIO MTPU BUIIATKOBOMY
HaBaHTaXXE€HHi 1 MpPU HasIBHOCTI OJHOIO BUIIAJKOBOrO IapaMeTpa, a caMe MOJAYJs IPYXKHOCTI po0Ooyoi pimuHu. Bbyno
MPOBEJEHO JliHeapu3allilo CUJ B’SI3KOTO TEPTsI i BUKOPUCTAHO PO3Kiaj B psij Teilyiopa 3HaYeHb CTAaHAAPTHOTO BiAXUJIEHHS
napamMeTpa BUMAAKOBOTO MOAYJISI TIPYKHOCTI poO0OYOI pifvHU. 3arnpornoHOBaHO PO3B’SI30K MaTeMaTUUYHOI MOJIETi Y BULJISIII
nudepeHLiaIbHUX PiBHSAHD i3 BUKOPUCTAHHSIM METOAMKU Ha OCHOBI CTAaTUCTUYHOI JliHeapu3allii Ha OCHOBI pO3KJiany B psil
Teitnopa, ne yMoBa CTIMKOCTI TiIpOCUCTEMM BU3HAYAETHCS 32 MAaTEMaTUYHWM CIIOJAIBaHHSIM Yy BUIJISAL KpuTepito [ypaiua.
Bu3zHaueHO yMOBY CTilIKOCTi TiIpompuBOLy i3 ApOCEIbHUM PETryJI0BaHHSIM Ha OCHOBI MMOBIPHOCTI CTIMKOCTi cUCTeMU, ae
3HAYE€HHSI BUITaJIKOBOI'O 30BHIIlIHHOIO HaBaHTAXKEHHSI 3aaHO Y BUIJISIAI MAaTEMaTUYHOTO CITOAIiBaHHS i AUCTIepCii.

Karouogi caoea: rinporpuBoj, CTOXaCTUYHI mapaMeTpu, TUCK, MOAYJIb MPYXKHOCTI, CTIMKICTh, paKETHO-KOCMiYHA TEXHiKa.
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SPECTRAL PROBLEM FOR THE JONES MATRIX IN REMOTE SCATTERING

The paper addresses the study of anisotropy in remote scattering basing on the spectral problem. The spectral problem is formulated
as the determination of eigenpolarizations and eigenvalues for the Jones matrix, which describe the optical anisotropy of the medium.
Jones matrices of media with complex anisotropy (media characterized by several types of anisotropy) are considered in terms of a
homogeneous (differential) approach. The essence of this approach is that the anisotropy of the class of media under consideration does
not depend on the thickness of this medium. An analysis of the Jones matrices for arbitrary homogeneous media (media characterized
by all four main types of optical anisotropy: linear, circular, phase and amplitude anisotropy) and media characterized by two types
of anisotropy as a special case has been peformed. The main tool for such an analysis was the inhomogeneity parameter of the
medium, which allows characterizing the latter as a medium with orthogonal or non-orthogonal eigenpolarizations. The study reveals
the peculiarities of complex anisotropy types (elliptical birefringence and Hermitian dichroism, improper dichroism, non-Hermitian
dichroism, and degenerate anisotropy) based on the inhomogeneity parameter. A geometric interpretation of eigenpolarizations using
the inhomogeneity parameter is demonstrated. The conditions for the anisotropy parameters under which the above-mentioned complex
types of anisotropy are realized in the studied classes of medium were calculated. The research was motivated by the fundamental
results of van de Hulst and Hovenier formed the basis of the analysis of the Jones and Mueller matrices inner structure. The results
obtained contribute to a deeper understanding of polarization phenomena in electromagnetic scattering and provide a basis for future
research in polarization diagnostics and remote sensing.

Keywords: Mueller matrix, Jones matrix, phase linear and circular anisotropy, amplitude linear and circular anisotropy, spectral
problems.
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INTRODUCTION

Natural scattering scenes include, but are not limited
to, various types of vegetation [4, 16], water surfaces
[3, 18], buildings [26, 27], snow [24, 25, 28], clouds,
fog, and aerosols [5, 6, 10, 17], which can be consid-
ered as natural polarization converters and/or depo-
larizers. Reflection, transmission, and scattering of
electromagnetic radiation by natural scattering scenes
create polarization patterns determined by the nature
of these scenes. Therefore, measuring the polarization
patterns is an important concept of modern remote
sensing. Thus, polarization represents a new quality in
understanding the properties of scattering scenes.

In many cases, Mueller polarimetry is a powerful
modality to characterize completely the anisotropy
and depolarization properties of the studied scatter-
ing scenes. This assumes, on the one hand, the mea-
surement of the Mueller matrices in the given ge-
ometry of the experiment and the wavelength of the
electromagnetic radiation. On the other hand, the
measured Mueller matrices are further analyzed us-
ing a wide range of decomposition methods that exist
today to get anisotropy and depolarization character-
ization of studied scenes.

Anisotropic properties are described by non-de-
polarizing or pure Mueller matrices. The latter have
a one-to-one correspondence with the Jones ones or,
as they are called in [12], scattering matrices. Based
on a number of so-called equivalence theorems [13,
15, 20], the Jones matrices allow one to obtain the
values of the anisotropy parameters (i.e., the values
and azimuths of the linear and the values of the cir-
cular phase and amplitude anisotropy) characteriz-
ing the scattering scene under study.

The goal of this paper is to analyze the Jones ma-
trix, which contains information on the anisotropy
of the scattering scene, based on the solution of the
spectral problem [1, 23]. The spectral problem is to
determine the eigenpolarizations and eigenvalues for
the Jones matrix. Despite the fact that the eigenpo-
larizations and eigenvalues carry very extensive and
important information about the anisotropic proper-
ties of the object under study, in our opinion, insuf-
ficient attention is paid to the solution of the spectral
problem in modern polarimetric bibliography. This
study was largely motivated by seminal results ob-
tained by van de Hulst and Hovenier et al. in their
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analysis of the structure of the Jones matrix and the
pure Mueller matrix [2, 8,9, 11, 12].

JONES MATRIX METHOD

There are four main anisotropic mechanisms char-
acterizing a homogeneous medium for a given wave-
length: linear and circular phase and amplitude an-
isotropy [24]. In the case of phase anisotropy two
orthogonal linearly or circularly polarized eigenpo-
larizations propagate with different phase velocities.
In the case of amplitude anisotropy, two orthogonal
linearly or circularly polarized eigenpolarizations are
absorbed differently, propagating through the ap-
propriate medium. To quantify these four anisotro-
pic mechanisms, one uses the following parameters:
d=@2n/\)(n,—n,)z=0,z and o — the value and
azimuth of the linear phase anisotropy, respectively;
¢=(n/N)(n,—n,)z=¢d,z — the value of the circu-
lar phase anisotropy; &= (2n/A)(k, -k, )z =&,z and
0 — the value and azimuth of the linear amplitude
anisotropy, respectively; r =(Q2n/A)(k, —k,)z =1z —
the value of the circular amplitude anisotropy;
nesn,,n,n, and ky,k,, k,k — linear and circu-
lar refractive indices and absorption coefficients of
the phase and amplitude anisotropy, respectively;
8,,%,,&,,1, — values of relative phase shift and ab-
sorptions per unit length in the light propagation di-
rection.

The essence of the Jones matrix formalism is
that the polarization properties of an infinitely thin
layer of anisotropic medium can be represented by
the differential Jones matrix N [25]. In the case
of a homogeneous medium, such a matrix does
not depend on the coordinate z in the direction
of light propagation. Jones matrix for an arbitrary
homogeneous anisotropic medium (i. e., the case
when the medium is simultaneously characterized by
all four mechanisms of anisotropy) is as follows:

2i(—i60 —&, +id, cos2a+& cos 29)

N =
%(—2¢0 +i(r, +8, sin20) + &, sin 20

% (—ir0 +2¢, +i6, sin2a.+ &, sin29)
)
—%i(SO —i&, +9, cos2a —i&, cosZG)
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To calculate the Jones matrix for a medium Eq.
(1) of thickness d , we use the Jones vector transfer
equation:

dE
dz

Solving this equation with initial conditions
E(0)=E, , E,(0)=E,, one can get a system of lin-
ear equations of the form:

{ElzTE +T,E

NE. )

117701 127702 (3)
E,=T,E, +T,E

217701 227702
Then elements of the differential Jones matrix can

be found using the equation [18]:

El El
T, = s T, = >
E
OLlE;,=0 021E, =0 (4)
r =t _E
21 E 4 22
0LlE,=0 02 1Ey, =0

Applying this method to the differential matrix
Eq.(1), we obtain the following form of the integral
Jones matrix describing an arbitrary homogeneous
anisotropic medium:

T

TzK[T“ ;rjz} (5)
a 1a
K =exp(—z(id, +&,+A)/2)/24A,
T, =A+Aexp(zA)+
+H-1+ exp(zA)](iSo cos2a.+§&, c0529),
T, =[-1+exp(zA)]x

where

><(—ir0 +20, +i8, cos2a.+&, cos20),
T, =[-1+exp(zA)]x
><(ir0 —2¢, +id, cos2a.+& cos 26) ,
T,, =A+Aexp(zA) -
—[-1+ exp(ZA)](iS0 cos2a.+ & cos 26) ,
A= =82 +E+(r, +2i, ) +2i8,&, cos 2(c—0) .

EIGENANALYSIS OF THE MEDIUM
POLARIZATION PROPERTIES

To analyze the anisotropy of the medium described
by the Jones matrix T, the polarimetry spectral
problem is solved [18,19]. The first step is to calcu-
late eigenpolarizations E , and eigenvalues V, ,
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describing the eigenpolarizations propagation pecu-
liarities in the medium.

The second step is the calculation of the inhomo-
geneity value n [16]:

nz‘EIEZ‘, 0<n<1, (6)

1 1
N tr(T'T) = [orT|—|(nT)" ~ et

- s (7)
tr(TTT)—%|trT| +%‘(trT)2 ~4detT]

where ' stands for Hermitian conjugation.

The case n = 0 corresponds to the orthogonal E,
and E, ; n =l is the case of E, and E, coincidence
(i.e., degenerate anisotropy). Main concern is to show
for what types of anisotropy the eigenpolarizations
E , are orthogonal with n = 0 (birefringence and
Hermitian dichroism [1,7,23]), non-orthogonal with
0 <n <1 (non-Hermitian and improper dichroisms
[19, 21, 22]) and coincident with n = 1 (degenerate
anisotropy [19, 21, 22]).

For the medium with an elliptical phase anisot-
ropy (a combination of linear and circular phase an-
isotropy) and the medium with an elliptical ampli-
tude anisotropy (a combination of linear and circular
amplitude anisotropy), from Eq. (1), we get:

( izd, j
exp| —
TEP 2

= X

A

1

S,zA1/2 (180 s2(1+2(I)0)
A, ,—i8,c,.$ ’

Al CzA1/2+ ISOCZQSZAI/Z
1 7zA /2 207zA, /2

S (160 S20 ™ 2¢o )
_ exp(-z¢&, /2) y
A2

A, cosh(zA, /2)+&, cos(20)sinh(zA, /2)

XLinh(zAz /2)(E, sin(20) +ir,)

sinh(zA, /2)(§, sin(20) —ir, )} ®

Acosh(zA, /2)—&, cos(20)sinh(zA, /2) |’

where

TEA

141 _ (602 +4¢02)1/2 , A2 _ (gOZ +r02)1/2 ,
C, =cCosx, s =sinx.
Substituting the elements of the Jones matrices
Eq. (8) into Eq. (7) we can obtain n = 0, since these
classes of media are unitary and Hermitian and,
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Degenerate
anisotropy

Improper dichroism

Non-Hermitian
dichroism a
Non-Hermitian
dichroism

Improper dichroism

Degenerate \
anisotropy \

Degenerate
anisotropy

Non-Hermitian ()
dichroism

b

Orthogonal eigenpolarizations
d

Figure 1. Dependence of inhomogeneity h on the anisotropy parameters: a —&and ¢; b —dand 7;c— dand &;d — aand 0

therefore, are described by orthogonal eigenpolar-
izations.

The same value of inhomogeneity, i. e., n =0, can
be obtained for the class of media with a combination
of circular phase and amplitude anisotropy described

by the following Jones matrix:
T CACP —

cosh(z(r, +2i¢,)/2) —isinh(z(r, +2id,)/2)
isinh(z(r, +2i¢,)/2)  cosh(z(r, +2i¢,)/2) |

)

The polarization properties of other media char-

acterized by two anisotropy types are more complex.
Consider these cases.

Medium with linear amplitude and circular phase

anisotropy. The Jones matrix for this medium is as

30

follows:
TLACP _ exp(-z§,/2) y
A3
y A, cosh(zA, /2)+ &, cos(20)sinh(zA, /2)
(&,sin(20) —2¢,)sinh(zA, /2)
(&,8in(20) +2¢,)sinh(zA, /2)
A, cosh(zA/2)—&, cos(20)sinh(zA, /2)
where A, = (& —4¢;)".
Substituting the elements of the matrix Eq. (10)
into Eq. (7) for the case 6 = 12°, z = 1, we obtain
the geometric interpretation of the inhomogeneity n

presented in Fig. 1, a. Figure 1, a shows that this class
of media is characterized by:

, (10)
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Degenerate
anisotropy g

Improper dichroism

0, deg

Non-Hermitian
dichroism

a

Orthogonal eigenpolarizations

Figure 2. Dependence of inhomogeneity h on the anisotropy parameters: a — ¢ and &; b — o and 6

* improper dichroism (&) < 2¢;) — eigenpo-
larizations of the medium are absorbed equally and
propagate with different phase velocities, while other
input polarizations are absorbed differently but prop-
agate with equal phase velocities,

* non-Hermitian dichroism (&, > 2¢; ) — eigen-
polarizations are nonorthogonal and are absorbed
differently. The Jones matrix describing this class of
media is neither Hermitian nor unitary, unlike the
corresponding matrices for linear, circular, or ellipti-
cal amplitude (Hermitian dichroism) or phase (bire-
fringence) anisotropy,

* degenerate case (& = 2¢; and n = 1) — in this
case, the eigenpolarizations coincide.

Thus, from Fig. 1, a, we can see that this class of
media is always characterized by nonorthogonal ei-
genpolarizations (n = 0).

Medium with linear phase and circular amplitude
anisotropy. The Jones matrix for this class of media
corresponds to the first partial Jones equivalence
theorem [15]. From Eq.(1), we get:

LPCA _ exp(—zid, /2) y
A

4

A, cosh(zA, /2)+id, cos(2a)sinh(zA, /2)
X

(8, sin(2a) + 1, )sinh(zA, /2)
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(8, sin(2a) —r,)sinh(zA, /2) D
A, cosh(zA, /2)—i8, cos(2a)sinh(zA, /2) |’

where A, =(r7 -82)".

After the substitution of elements of the matrix
Eq. (11) into Eq. (7) for the case 6 = 12°, z =1, the
graphical interpretation of the inhomogeneity n is
presented in Fig. 1, b. Figure 1, b shows that this class
of media is characterized by:

* improper dichroism (. < §)),

* nonhermitian dichroism (. > &),

* degenerate aisotropy (1’02 = 83 andn=1).

Thus, from Fig. 1, b we can see that this class of
media is always characterized by nonorthogonal
eigenpolarizations as well.

Medium with linear phase and amplitude anisotropy.
From Eq. (1) for the Jones matrix of this class of
media, we get:

TLPLA exp(—z(id, +§,)/2) %
AS
X{AS cosh(zA, /2)+ Bsinh(zA, /2)

Bsinh(zA, /2)
Bsinh(zA, /2)

12
A, cosh(zA, /2)— Bsinh(zA, /2) | (12)
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where
A, =(r; =8})", B=i§,cos(2a) +E&, cos(20) .

Substituting the elements of the matrix Eq. (12) in
Eq. (7) for the case oo = 55°, 6 = 10°, z =1, we obtain
the graphical interpretation of the inhomogeneity m
presented in Fig. 1, c—d. Figure 1, c—d shows that
this class of media is characterized by:

* improper dichroism (&, < §)),

* nonhermitian dichroism (& > &),

e degenerate case (& = §; andn = 1).

Thus, from Fig. 1, c—d we can see that this class of
media is characterized by nonorthogonal eigenpolar-
izations, excluding the case of a = 0 when eigenpo-
larizations are orthogonal [18].

Arbitrary homogeneous anisotropic medium. This
section summarizes the results obtained above.

Substituting the elements of the Jones matrix
Eq.(5) in Eq.(7) for the case a =12°, 0 =23°, r=0.8,
z=1,and 6 =2rdcsc(2a)sin(20)/& gives the graphi-
cal interpretation of the inhomogeneity n, presented
in Fig. 2. Figure 2 shows that this class of media is
characterized by:

* improper dichroism (8,> <& +1.),

* nonhermitian dichroism (8,> > & +7,),

e degenerate case (8, =&, +r’ andn = 1).

REFERENCES

From Fig. 2, we can see that this class of media is
characterized by orthogonal eigenpolarizations (n =
= () in the case of 6 =2&¢/r and/or a =6.

SUMMARY AND CONCLUSIONS

In this paper, we systematically analyzed the prop-
erties of complex anisotropy types (elliptical bire-
fringence and Hermitian dichroism, improper di-
chroism, non-Hermitian dichroism, and degenerate
anisotropy) by solving the spectral problem for the
corresponding Jones matrices and the inhomogene-
ity parameter that arise from remote scattering. Such
a comprehensive analysis, to our knowledge, has not
been performed before. For a more detailed interpre-
tation and clarity of the results, their geometric inter-
pretation is presented.

The results enhance understanding of the polar-
ization phenomena in electromagnetic scattering and
form the basis for future studies in polarization diag-
nostics and remote sensing. An important and inter-
esting consequence is that the results obtained in this
paper will contribute to the development of more ac-
curate, compact, and fast methods for measuring the
polarization characteristics of natural objects (such
as various types of vegetation, water surfaces, build-
ings, snow, ice, clouds, fogs, and aerosols, etc.).

1. Azzam R. M. A., Bashara N. M. (1988). Ellipsometry and Polarized Light. North Holland: Elsevier, 558 p.
2. Bohren C. E, Huffman D. R. (1983). Absorption and Scattering of Light by Small Particles. New York: Wiley, 530 p.

doi:10.1002/9783527618156

3. Chowdhary J., Cairns B., Waquet F., Knobelspiesse K., Ottaviani M., Redemann J., Travis L., Mishchenko M. (2012).

32

Sensitivity of multiangle, multispectral polarimetric remote sensing over open oceans to water-leaving radiance: Analyses of
RSP data acquired during the Milagro campaign. Remote Sens. Environ., 118, 284—308. doi:10.1016/j.rse.2011.11.003
Cloude S. R., Pottier E. (1997). An entropy based classification scheme for land applications of polarimetric SAR. /EEE
Trans. Geosci. Remote Sens., 35, No. 1, 68—78. doi:10.1109/36.551935

Dubovik O., Li Z., Mishchenko M. 1., Tanre D., Karol Y., Bojkov B., et al. (2019). Polarimetric remote sensing of at-
mospheric aerosols: Instruments, methodologies, results, and perspectives. J. Quant. Spectrosc. and Radiat. Transfer, 224,
474—511. doi:10.1016/j.jqsrt.2018.11.024

Gastellu-Etchegorry J.-P., Lauret N., Yin T., Landier L., Kallel A., Malenovsky Z. (2017). Dart: Recent advances in remote
sensing data modeling with atmosphere, polarization, and chlorophyll fluorescence. IEEE J. Selected Topics Appl. Earth
Observ. and Remote Sens., 10, No. 6, 2640—2649. doi:%2010.1109/JSTARS.2017.2685528

. GilJ. J., Ossikovski R. (2022). Polarized Light and the Mueller Matrix Approach. New York: CRC Press, 516 p. doi:10.1201/

b19711

Hovenier J.W. (1994) Structure of a general pure Mueller matrix. Appl. Opt.., 33, No. 36, 8318—8324. doi:%2010.1364/
AO.33.008318

Hovenier J. W., Mackowski D. W. (1998). Symmetry relations for forward and backward scattering by randomly oriented
particles. J. Quant. Spectrosc. Radiat. Transfer, 60, No. 3, 483—492. doi:10.1016/S0022-4073(98)00022-3

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2025. T. 31. No 1



Spectral Problem for the Jones Matrix in Remote Scattering

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

Hovenier J. W., Mee C., Domke H. (2004). Transfer of Polarized Light in Planetary Atmospheres. Dordrecht, Netherlands:
Kluwer Academic Publsihers, 258 p.

Hu Ch.-R., Kattawar G. W., Parkin M. E., Herb P. (1987). Symmetry theorems on the forward and backward scattering
Mueller matrices for light scattering from a nonspherical dielectric scatterer. Appl. Opt., 26, No. 19,4159—4173. doi:10.1364/
A0.26.004159

Hulst H. C. (1981). Light Scattering by Small Particles. New York: Dover Publications, 470 p.

Hurwitz H., Jones R.C. (1941). A new calculus for the treatment of optical systems. 1. Proof of three general equivalence
theorems. J. Opt. Soc. Amer., 31, 493—499. doi:10.1364/JOSA.31.000493

Jones R.C. (1948). A new calculus for the treatment of optical systems. VII. Properties of the N-matrices. J. Opt. Soc. Amer.,
38, 671—685. doi:10.1364/JOSA.38.000671

Lu S.-Y., Chipman R.A. (1994). Homogeneous and inhomogeneous Jones matrices. J. Opt. Soc. Amer. A, 11, No. 2, 766—
773. doi:10.1364/JOSAA.11.000766

Maghsoudi Y., Collins M., Leckie D. G. (2012). Polarimetric classification of Boreal forest using nonparametric feature
selection and multiple classifiers. Int. J. Appl. Earth Observ. Geoinf., 19, 139—150. do0i:%2010.1016/j.jag.2012.04.015
Munoz A.G. (2018). On mapping exoplanet atmospheres with high dispersion spectro-polarimetry: Some model predic-
tions. Astrophys. J., 854, No. 2, 108. doi:10.3847/1538-4357 /aaaalf

Ottaviani M., Chowdhary J., Cairns B. (2019). Remote sensing of the ocean surface refractive index via short wave infrared
polarimetry. Remote Sensing Environ., 221, 14—23. doi:10.1016/j.rse.2018.10.016

Savenkov S. (2010). Eigenview on Jones matrix models of homogeneous anisotropic media. EPJ Web of Conf., 5, 04007.
doi:10.1051/epjconf/20100504007

Savenkov S. N., Marienko V. V., Oberemok E. A., Sydoruk O. (2006). Generalized matrix equivalence theorem for polariza-
tion theory. Phys. Rev. E, 74, No. 5, 056607. doi:10.1103/PhysRevE.74.056607

Savenkov S. N., Sydoruk O. I., Muttiah R. S. (2005). Conditions for polarization elements to be dichroic and birefringent.
J. Opt. Soc. Amer. A, 22, No. 7, 1447—1452. doi: 10.1364/JOSAA.22.001447

Savenkov S. N., Sydoruk O. I., Muttiah R. S. (2007). Eigenanalysis of dichroic, birefringent, and degenerate polarization
elements: a Jones-calculus study. Appl. Opt., 46, No. 27, 6700—6709. doi:10.1364/A0.46.006700

Shurclift W. A. (1962). Polarized light-production and use. Harvard: Harvard University Press, 218 p.

Sun Z., Wu D., Lv Y. (2022). Optical properties of snow surfaces: Multiangular photometric and polarimetric hyperspectral
measurements. IEEE Trans. Geosci. and Remote Sens., 60, 1—16. doi:%2010.1109/TGRS.2021.3078170

Sun Z., Zhao Y. (2011). The effects of grain size on Bidirectional polarized reflectance factor measurements of snow. J.
Quant. Spectrosc. Radiat. Transfer, 112, No. 14, 2372—2383. doi:10.1016/j.jgsrt.2011.05.011

Wang H., Wang M., Zhao M., Yang L. (2021). Shadow Has Little Effect on the Spectral Response of Urban Surface Polar-
ized Reflectance. IEEFE Geosci. and Remote Sens. Lett., 18, No. 9, 1535—1539. doi:%2010.1109/LGRS.2020.3005805

Xie D., Cheng T., Wu Y., Fu H., Zhong R., Yu J. (2017). Polarized reflectances of urban areas: Analysis and models. Remote
Sens. Environ., 193, 29—37. doi:10.1016/j.rs¢.2017.02.026

Yang B., Zhao H., Chen W. (2019). Modeling polarized reflectance of snow and ice surface using polder measurements. J.
Quant. Spectrosc. Radiat. Transfer, 236, 106578, 248. doi:10.1016/j.jqsrt.2019.106578

Cmamms nadiiiwna oo pedakuii 14.03.2025 Received 14.03.2025
Iicas doonpauyrosanusn 17.03.2025 Revised 17.03.2025
Ipuiinsamo do dpyky 18.03.2025 Accepted 18.03.2025

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2025. T. 31. Ne 1 33



S. Savenkov, 1. Kolomiets, Y. Oberemok, R. Kurylenko

C. M. Cagenkoes, mpod., 3aB. Kadeapu
ORCID: 0000-0002-6346-6989

E-mail: sns@univ.kiev.ua

1. C. Konomieynb, kaHa. (i3.-MaT. HayK, TOLEHT
ORCID: 0000-0002-0370-3911

E-mail: kolomiets55@gmail.com

€. A. Obepemox, Kaua. pi3.-mMaT. HayK, TOLEHT
ORCID: 0000-0001-6439-721X

E-mail: oya@univ.kiev.ua

P. O. Kypunenko, actiipaHt

ORCID: 0000-0001-7329-3148

E-mail: romanyson@gmail.com

daxkynpreT pagiodizuKu, eTEKTPOHIKY Ta KOMIT IOTEPHUX CUCTEM
KwuiBcbkoro HallioHasibHOTO yHiBepcuTeTy iMeHi Tapaca IlleBueHka
ByJ1. Bononumupcbka 64/13, Kuis, Ykpaina, 01601

CIMEKTPAJIbHA 3AZIAYA /1 MATPULLI I)KOHCA Y AUCTAHLIIMHOMY PO3CISAHHI

CTaTTioO IPUCBIYEHO BUBYEHHIO aHi30TPOIIii BilIAIEHOTO PO3CisIHHSI HA OCHOBI CMIeKTpasibHOI 3afadi. CriekTpajibHa 3a1a4ya
(GopMYITIOEThCS SIK BU3HAUYEHHST BIACHUX MOJSIPU3aLlill i BIaCHUX 3HAY€Hb JJIsT MaTpuili J>KoHca, 110 OMUCYIOTh ONTUIHY
aHizoTpoIio cepenonuia. Marpuii JIXKoHca cepeaoBuIIl i3 CKIaIHOI aHi30TPOTIIEID (CepeloBUILIa, 10 XapaKTepU3yIOThCS
NIEeKiJIbKOMa TUIIaMU aHi30TPOITiT) pO3MISIIaI0ThCs B paMKax OAHOPiAHOTO (AudepeHLianbHoro) miaxoay. CyTh TaKOro Miaxomy
MOJISITa€E B TOMY, 1110 aHi30TPOMisl KJacy CepeJoBUIL, KU PO3MISIIAETbCS, HE 3JIEKUTh Bijl TOBIIMHU LIbOTO CEPEIOBHUIIA.
BukoHaHo aHaiiz Marpuub JIXKoHca JUisl BUTIAIKY JOBITBHUX OZHOPIIHUX CEPEeNOBUIL (CEpeaOBUILL, 10 XapaKTeprU3ylOTh-
csl yciMa 4oTMpMa OCHOBHUMM TUIIaMU OTNITUYHOI aHi30TPOTIii: JIiHiliHa, IMPKYJIsIpHA, (ha30Ba Ta aMIUTITYTHA aHi30TPOITis)
i cepenoBMIIL, 1110 XapaKTepu3yIOThCs IBOMA TUTIAMU aHi30TPOTil SIK OKpeMoro BUMaaKy. OCHOBHUM iHCTPYMEHTOM IS Ta-
KOro aHaJi3y OyB mapaMeTp HEOTHOPIIHOCTI CepeloBMIIIa, 110 JO3BOJISIE OXapaKTepr3yBaTU OCTAHHE SIK CEPEIOBUIIE 3 OP-
TOTOHAJILHUMU a00 XK HEOPTOrOHAJLHUMU BJIACHUMMU TOJsipu3altisiMu. BusiBieHo 0co0JMBOCTI CKJIaHUX TUIIB aHi30TPOMil
(einTUYHE MOJBIliHE MPOMEHE3AIOMJICHHS Ta €PMITiB AUXPOi3M, HEBJIACHUM OUXPOI3M, HEEPMITiB NMXPOi3M, BUPOIKEHA
aHI30TPOIIis1) HA OCHOBI MapameTpa HeoMHOPiAHOCTI. [IpoAeMOHCTPOBAHO FEOMETPUYHY iHTEPIIPETALLil0 BJIACHUX MOJISIpU3a-
11ii1 3a 1OTIOMOTOI0 TTapaMeTpa HeoaHOPinHOCTI. Po3paxoBaHo yMOBHM Ha TapaMeTpu aHi30TpOIlii, TPY SIKUX 3a3HAYEHi BUIIIE
CKJIaJIHi TUIY aHi30TPOIIii peasti3yroThCs B TOCTIIKYBaHUX KJlacax cepenoBuill. JlocimkeHHs OyJIo MOTMBOBaHe (PyHIaMEH-
TaJIbHUMU pe3y/ibTaTaMu BaH e X1oJicTa i XOBeHipa, sIKi JIIIM B OCHOBY aHaJli3y BHYTPILIHBOI CTPYKTYpH MaTpuilb JI>)KoHca
i Miomiepa. OTpuMaHi pe3yabTaTv CIPUSIIOTh IIUOILIOMY pO3YMiHHIO SIBULL MTOJIsSIpU3allii B €JISKTPOMarHiTHOMY pO3CitoBaHHi
Ta CTBOPIOIOTH OCHOBY JUISI MAMOYTHIX JOCIiIKEHb IMOJISIPU3aLiiiHOl 1iarHOCTUKHY Ta AUCTAHLIiIHHOTO 30HIyBaHHSI.

Karouosi caosa: matpuiist Miosiepa, matpuuis [I>koHca, pa3oBa JiHiliHA Ta LUMPKYJIsIpHA aHI30TPOITisl, aMIUTITY/IHA JIiHiiiHA Ta
LMPKYJISIPHA aHi30TPOTIisl, CIIeKTpalibHa 3a/1a4a.
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tegrated spectrum of 3C461 (Cassiopeia A) measured at low frequencies. The form and peak of this spectrum depend on the magnitudes
of the emission measure, the electron temperature, and the average number of charges of the ions for the internal and external absorbing
ionized gas toward the supernova remnant (SNR). The most interesting information concerns the evolution of unshocked ejecta inside the
SNR. Its emission measure, average number of charges of the ions, and temperature can change with time, and the absorption on the two
halves of the shell indicates how the ejecta are heating up. The study of the unshocked ejecta is a requisite step toward a better understand-
ing of radio absorption evolution in Cassiopeia A. The trends from the GURT radio data were analyzed using the Mann— Kendall test and
Sen’s method. This analysis is the first attempt to detect changes in the absorption parameters inside and outside this evolving SNR using
continuous, broadband, and highly sensitive observations. We took into account the possible influence of radio interference on the trend
detection results. Our study shows no trend in the absorption parameters. A possible reason for this result could be either the relatively
short observation interval, together with the very slow change in absorption parameters, or the uneven nature of the changes in the evolu-
tion of absorption. Further measurements of the absolute flux-density spectrum obtained from Cassiopeia A with the help of low-frequency
correlation interferometers (implemented on GURT, URAN-2, NenuFAR, and other appropriate radio telescopes) may contribute to the

elucidation of the astrophysical processes responsible for thermal absorption in the SNR.

Keywords: radio astronomy observations, thermal absorption, supernova remnant, interstellar medium, Mann—Kendall test

INTRODUCTION

The evolution of supernova remnants (SNRs), from
the explosion to the end of the expansion, consists
of several different stages [26]: the ejecta-dominat-
ed phase, the Sedov-Taylor phase, the snow-plough
phase, and the merging phase. Investigations in the
radio domain allow us to observe the properties of
SNRs, the physical processes within them, and their
evolutionary characteristics as well. The features of
SNR radio spectra (peak, spectral index, form) differ
across the various stages of SNR evolution. Ukrai-
nian researcher Shklovskii [20, 21] was the first to
notice a fundamental feature in the evolutionary pic-
ture between the flux and radius of an SNR, known
as the X—D relation. In this regard, the forms of radio
spectra are used to determine the evolutionary status
of SNRs [24].

Cassiopeia A (3C461, Cas A) is one of the youngest
Galactic SNRs, about 330 years old. It is unique for
many reasons. Being very bright, Cas A is often used
as a calibration source in radio astronomy [3, 14]. On
the other hand, its flux decline is rather strong, de-
termined by the age of the object. This has made it
possible to study the flux evolution of Cas A for more
than 70 years, and the accuracy of radio measure-
ments is constantly growing. Kassim et al. [13] were
the first to prove that the radio spectrum of Cas A
(<100 MHz) is determined by the thermal absorp-
tion of radio emission in unshocked ejecta inside the
shell of Cas A, as well as by external ionized gas in the
interstellar medium (ISM). To study the various ef-
fects that may shape the morphology and spectrum of
Cas A at low frequencies, Arias et al. [2] analyzed ob-
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servations with the Low Frequency Array (LOFAR,
see [25]). This method is based on low-frequency
maps of Cas A and permits obtaining the emission
measure of unshocked ejecta in the SNR. This value
can also be found by an alternative method suggested
by Stanislavsky et al. [23]. This approach allows mea-
suring the thermal absorption parameters both inside
and outside Cas A. These parameters are determined
from the integrated radio continuum spectrum of
this radio source, recorded by the GURT correlation
interferometer with high accuracy and sensitivity. As
applied to the spectrum, the absorption parameters
are essentially fitting values responsible for its form.
The purpose of this paper is to develop the GURT
method for probing the unshocked ejecta of CasA
evolving over time. It uses relative measurements
of the flux density of Cas A with respect to a refer-
ence radio source, which is the radio galaxy Cyg-
nus A (Cyg A). At low frequencies, the radio source
(3C405) is close in flux density to the Cas A source.
Moreover, the radio spectrum of Cyg A is almost un-
changed over time.

This paper is structured as follows. We start with a
brief description of the experimental facilities, which
permit measuring the radio spectrum of Cas A at low
frequencies. By comparing this obtained spectrum
over several months with its model — which takes
into account the absorption of radio emission from
the synchrotron source inside Cas A through a large
amount of ionized material in Cas A — we find the
absorption parameters typical for each day of obser-
vations. Their evolution over time is investigated with
the help of statistical trend estimators. Finally, we
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summarize our results and discuss possible explana-
tions for them.

Method. In this study, we use a comprehensive
analysis of the radio spectral emission from Cas A.
It includes several procedures considered below. The
aim is to detect trends in the radio absorption param-
eters characteristic of the integrated radio spectrum
of Cas A.

INTERFEROMETRIC MEASUREMENTS

The GURT radio telescope can be configured as a
two-element interferometer [16]. Its geographical
location (49.6  N) is very convenient, which ensures
our observations of the sources Cas A and Cyg A at
almost the same zenith angle at the time of their up-
per culminations. Using the two GURT sub-arrays
with 5 x 5 active cross-dipoles each, the interferom-
eter has a baseline of about 60 meters. To provide a
correlation mode, the sub-arrays were connected to
a standard backend for the GURT observations [28].
This advanced digital receiver (ADR) has a frequen-
cy resolution of 19.073 kHz with a time averaging
of about 1 sec. It can measure and record the cross-
spectra from both sub-arrays in the frequency range
of 8—80 MHz. Thus, the interferometer with a small
baseline was implemented and used for the radio ob-
servations of Cas A. The advantages of this approach
are considered in detail [23] while minimizing its dis-
advantages.

Each session of radio observations lasted about
7 hours, using the transit of both radio sources. The
observation time of each session was divided roughly
equally between Cyg A and Cas A. First, the mini-
arrays were pointed to the point of Cyg A’s culmina-
tion, observing Cyg A for about 100 minutes before
and after its culmination time. Then, the mini-arrays
changed the direction of signal reception to the point
of Cas A’s culmination in the sky for the next radio
observations, lasting approximately 100 minutes be-
fore and after its culmination. Although the interfer-
ometric observations of Cyg A and Cas A were made
from May to October, the largest number of success-
ful sessions were completed from July 13 to October
13. Their schedule is visualized in Fig. 1 and con-
sists of 51 different days of observations. The choice
of these days was influenced by the fact that, during
the research process, the observation technique was

Oct

~l 1
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July

1 5 10 15 20 25 30
Days, 2019

Figure 1. Schedule for the radio observations of Cas A and
Cyg A from July 13 to October 13, 2019. The grey bars indi-
cate the available days in the specified period

S, 10" Iy
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Figure 2. The radio spectrum of Cas A measured at the fre-
quency range 16...72 MHz with the GURT two-array interfer-
ometer on July 25, 2019, as an example of observations listed
in Fig. 1. The fitting line corresponds to the theoretical model
accounting for radio absorption in this SNR with the follow-
ing parameters: EM;,,~ 37.36 pc cm®, EM ,,~0.16 pc cm™®,
f,=082, T, ~100.02K, Z, ~2.56, T, ~20.03K, Z,, =
~0.53

simultaneously refined, and the performance of the
mini-arrays was tested, which were not always favor-
able due to various technical reasons. Nevertheless,
their total number was sufficient for our subsequent
analysis. Using the records of radio emission from
Cyg A and Cas A, we can find the ratio of flux densi-
ties of the radio sources for each day of observations.
It should be recalled that the Cyg A radio emission
serves as a reference source with a well-known flux
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density at low frequencies. This allows us to obtain
integrated spectra for Cas A from 16 MHz to 72 MHz
in 1 MHz steps from day to day. An example of such
a radio spectrum is shown in Fig. 2.

FROM THE SPECTRAL DATA
TO ABSORPTION PARAMETERS

With the radio spectra of Cas A, we can determine
the free-free absorption parameters by fitting the ex-
perimental results to a theoretical model. It is these
values that we are going to analyze for the presence
of changes over time. The model accounts for the
absorption inside and outside Cas A, making it pos-
sible to align theoretical concepts with experimental
results [6]. Now let us discuss it in more detail below.
The synchrotron source inside Cas A generates
radio waves characterized by the flux density S, =
=AJ (v/v,) depending on three parameters: y, v, and
A. As a model of the synchrotron source, we use a ho-
mogeneous cylindrical representation [18] written as

J,(2)~ 2" (1—exp(-z ")),

where z = v/v, is the normalized frequency, and
y relates to a power-law distribution of electrons
N(E) = N,E™. Based on the experimental measure-
ments of the Cas A flux density at the frequency
of 1 GHz, as well as the magnetic field strength B
equal to 0.78 mG [2], we determine y = 2.52, v, =
=6.15 MHz, and 4 = 140500 Jy.

The synchrotron emission propagates to observ-
ers through the SNR and the ISM, where it is ab-
sorbed by intervening thermal gas. The absorption
includes two components. One of them is internal,
conditioned by the unshocked ejecta inside the SNR.
The other is external, caused by the ISM around the
SNR. Consequently, the full flux density of Cas A
takes the following form

S, =G, front +8, € e

where Ty int and T, ssm Are the optical depths for the
unshocked ejecta and the ISM, respectively [2]. Due
to the clumpy character of the radio source Cas A,
the relative synchrotron brightness contributed from
the front and back halves of the SNR, as viewed from
Earth, differs. Taking S, front "S,» and SV, pack— (1 =
-f,)S,, we consider the absorption on the two halves
of the shell. Then the optical depth 1, is found from
the Rayleigh — Jeans approximation [27], namely
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-3/2 -2
rv=3.014><1042(1) x( \ j = = |85
K MHz pcxcm

where EM is the emission measure, Z is the average
number of ion charges, T'is the electron temperature
of the absorbing medium, and gy denotes the Gaunt
factor given by

-1
1n[49.552“( M ) J+1.51n£,
_ MHz K

v [ T )3/2
> — .
MHz K

Assuming that the flux-density evolution of the
synchrotron source in Cas A occurs noticeably
slower than the absorption parameters of an ionized
gas inside and outside the SNR, the fitting of an ex-
perimental radio spectrum to the theoretical curve S,
under absorption is defined by seven parameters. To
find their values, the nonlinear curve fitting in least-
squares sense is used. Consequently, we determine a
set of values: EM, , EM;s., /o T Zipp Trgpp and
Z,) for each observation day. Finally, the ultimate
goal of our analysis is to identify the presence and
determine features of any trend in these values over
time. We will achieve it with the help of statistical
tests, as these changes are very small over such a rela-
tively short time interval.

8y

1 for

TREND ANALYSIS

Trend detection is one of the most important tools in
studying time series data. There are both parametric
and non-parametric tests for the trend analysis [9].
Parametric tests are more powerful, but they require
more specific conditions regarding the data proper-
ties. The time series must be independent and nor-
mally distributed. In turn, non-parametric trend tests
are applicable for data with any probabilistic distri-
bution. Moreover, they are less sensitive to outliers,
although the data under consideration must remain
independent. Our measured datasets are not normal-
ly distributed, as they can only be positive. Therefore,
we prefer non-parametric trend tests.

The Mann — Kendall (MK) trend test [15, 17] is
widely used as a non-parametric test to detect signifi-
cant trends in time series, say x. Its test score does not
depend on the presence of missing data (no measure-
ments) or irregularly spaced measurement periods.

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2025. T. 31. No 1



Evolution of low-frequency radio absorption in 3C461

EM,,
38
L v \v4
& vj “‘W A v v
WV W v v
37 1 1 1 1 1 1
T,
100.5 |
I:I.“.L_| Mo o [m] oo
100.0 PO e m oA
995 1 1 1 1 1 1
Jul13 Jul27 Augl0 Aug24 Sep07 Sep2l OctO05

Days,

Ja
L5

0.5 1 1 1 1 1 1
Zim‘
5_
X
4 r X X % X
X X X
X X ><x X X
3)( X X X %
“X% X%w XX &(
x © 7
2T X
XX
17 « %
ox XXy XX
0 1 1 1 1 1 1

Jul13 Jul27 Augl0 Aug24 Sep07 Sep2l OctO05
2019

Figure 3. Evolution of thermal absorption parameters in the unshocked ejecta of Cas A, according to the GURT observations
from July 13 to October 13, 2019. Lines indicate the rate of change in these values, obtained from the Sen slope estimator

Also, note that for the MK trend test, it doesn’t mat-
ter if the trend is linear or non-linear. That is why it
is very popular in hydro-meteorology [10] and other
natural sciences. Among the wide variety of such ap-
plications, we recall only cases related to astrophysics.
For instance, this test is applied to the examination
of the pulsation dynamics of Betelgeuse by studying
the characteristics of the light curve prior to a critical
transition [8]. Additionally, the MK test was useful for
the study of maxima extreme events related to the so-
lar activity cycle [1]. This test examines the sign of all
pairwise differences of observed values. It begins with
the calculation of the following sign statistic

S= Z:Z;kﬂsgn(xj -x,.),
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where #n is the number of data points, and the function
sgn(x) assigns the integer value of 1, 0, or -1 to positive
differences, no differences, and negative differences,
respectively. If the value S is very high positive, this in-
dicates an upward trend, whereas a very low negative
value S corresponds to a downward trend. Throughout
the time series, each value is compared with its pre-
ceding value, giving n(n — 1)/2 pairs of sign values. In
the case of absorption parameters, the value # is equal
to 51, and the number of pairwise comparisons reach-
es 1275. The variance of statistics .S reads

VAR(S) = %(n(n _1)(2n+5)—
—Z:;Iwk (w, =1)(2w, +5)),
39
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where m represents the number of tie groups of the
time series x, and w,, is the number of data of k™ tie
groups. In a tied group, a set of sample data has the
same value. Next, the standardized test statistic Z)
is computed as

ST ifsso,
VAR(S)

Z,.=1 0 ifS=0,
St ies<o.
VAR(S)

Positive values of Z, . indicate increasing trends,
while negative Z,,, values show opposite trends. For
the results of this analysis to be statistically signifi-
cant, the original MK test considers two hypotheses:
null and alternative. For a given time series, the null
hypothesis H assumes it is independently distributed
(no trend), while the alternative hypothesis H is that
a monotonic trend exists. The trend can be positive,
negative, or non-null. The null hypothesis is rejected
if the absolute value of Z; is larger than the theoret-
ical value Z,_ , obtained from the standard normal
distribution, where o is the statistical significance
level concerned. Usually, the value a. = 0.05 is taken.
At the 5 % significance level, if |Z,, | > 1.96, the null
hypothesis of no trend is rejected.

If a significant trend is found, the rate of change
can be calculated using the Sen slope estimator [11]

X =X,
B =median| -
t,—t,
forallk<jandk=1,2,...,n-landj=2,3, ..., n.

Note that the median of those slopes is determined for
all pairs of data used to compute the variance value S.

RESULTS

Stationary and non-stationary states coexist in most
astrophysical systems [7]. Statistical tests such as the
MK test recognize the non-stationary components,
which are deterministic, apart from random station-
ary components. Non-stationarity often arises from
the evolution of systems and can have many different
sources [22]. Cas A is one such example. It expands
in space, but it also interacts with the circumstellar
medium (CSM) and eventually with the ISM, gene-
rating particle-accelerating shocks. The capability of
the MK test to recognize a significant trend lies in
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how much the non-stationary (trend) components
are stronger than the stationary (random) compo-
nents. Thus, accepting the null hypothesis (no trend)
may also indicate changes that are still too small to be
detected as a trend.

Thermal absorption parameters, according to the
interferometric data recorded from July 13 to Octo-
ber 13, 2019, exhibit fluctuations. This trend analysis
shows no trend in the changes in absorption param-
eters. The evolution of unshocked ejecta inside Cas
A happens very slowly so that the emission measure
EM,,,, the average number of charges of the ions Z;, ,
and the temperature 7;,, do not show any trend dur-
ing three months. Their horizontal slopes are pre-
sented in Fig. 3. Such a level of evolution for the
thermal absorption parameters permits finding their
average values, which were established by Stanislav-
sky et al. [23].

Although the MK test is quite robust and effective,
it still requires that the data be independent. Any
fairly strong serial correlation acts against the test’s
robustness. In particular, its presence can lead to an
incorrect interpretation of the null hypothesis of no
trend [5]. There is some reason to expect autocor-
relation in the obtained data for Cas A. One of them
is connected with radio frequency interference (RFI)
in spectral data. When RFI is removed from radio re-
cords, the missing data points are smoothed by the
median or otherwise, which causes a correlation to
appear. From the autocorrelation plot of absorption
parameters, it follows that there is a slight autocor-
relation in the first lag that we can ignore. Neverthe-
less, even if this effect is not too large, it would be
useful to eliminate it. To overcome this issue, two
main methods were suggested to eliminate serial cor-
relation [10]. One method uses pretreatment of the
data, and the second involves modifying the MK test
to improve trend analysis. Using the Python package
of different modified MK trend tests [12], the time
series of each absorption parameter was examined.
After this analysis, the main conclusion (no trend)
remains true. This indicates that the serial correla-
tion was rather weak, as expected.

Following Arias et al. [2], the term for internal ab-
sorption f, + (1 —f,)e ™" can vary with time. If the
cold ejecta were continuously encountering the re-
verse shock, the ejecta would be heating up. The free
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expansion leads to a decrease in the density of the gas
over time as well as the optical depth t,,. However,
from our GURT observations, the evolution of in-
ternal absorption shows no trend. This analysis does
not discard the assumption of Arias et al. [2]. Prob-
ably, this detection is typical for the unshocked ejecta
in the 2019 epoch, and subsequent longer measure-
ments will bring clarity to this issue.

The temporal interval of observations in this work
may be too short to detect trends in external absorp-
tion parameters using the MK trend test. This effect
could serve as a tracer of the interaction of Cas A with
its surrounding medium, namely the ISM, along the
line of sight. Recently, the importance of such inter-
actions between SNRs and their environs has been
highlighted by Castelletti et al. [4]. However, more
robust results for the evolution of ionized material
properties outside Cas A require long-term observa-
tions of its integrated spectrum.

CONCLUSIONS

We have shown that the GURT method can be used
for probing unshocked ejecta in Cas A. Moreover,
the highly accurate and sensitive observations with
the GURT correlation interferometer allow for the
absolute flux-density measurements of radio sources
at low frequencies. Emission measure, electron tem-
perature, and the average number of charges of the
ions for both internal and external absorbing ionized
gas toward Cas A become observational characteris-
tics. This provides a direct link between radio obser-
vations and theoretical models. From a wider astro-
physical perspective, this method can be applied to
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EBOJIIOLIA HU3bKOYACTOTHOI'O MMOIMUMHAHHA Y 3ATUILIKY HAAJHOBOI 3C461

BuxopucToBylouM BUCOKOTOUHI Ta YyTJIMBi criocTepekeHHs 3 13 numHs mo 13 xxoBTHs 2019 poky Ha iraHTcbkoMy YKpaiH-
cbkomy pagioreneckorni (I'YPT) y pexxumi kopensiiifiHoro iHTepdepomMeTpa, MU JOCTiAWIN HAsSIBHICTb MOHOTOHHOTO TPEHLY
rapameTpiB BiJIbHO-BUIBHOIO ITOIJIMHAHHS 3 aOCOJIIOTHOTO iHTEerpajabHOro crekrpy o6’exry 3C461 (Kacciores A) 3a goro-
MOTO0 BUMiploBaHb Ha HU3bKMX YacToTaXx. @opMa Ta miK 1bOTro CHEeKTPY 3ajiexkaTh Bill BEIWYMH MipHu eMicii, TemIepaTypu
€JIEKTPOHIB i CEpeIHbOI KiIbKOCTI 3apsiiiB i0HIB JJ1s1 BHYTPILIHBOTO Ta 30BHILIIHBOTO MOTJIMHAHHS i0HI30BaHOTO rasy y liboMy
sanmiKy HagHoBoi (3HH). Haiinikagima iHdopMaliist crocyeTbest eBomtonii Bukuay Bcepennti 3HH, sikuii yrBopuBcs He
BHACJIIOK yaapHoro npouecy. Moro Mipa emicii, cepeaHe Yncio 3apsiaiB ioHiB i TeMmepaTypa MOXyYTb 3MiHIOBATHCS 3 4ACOM,
a TTOTJIMHAHHS Ha JIBOX ITOJIOBUHAX 000JIOHKHY BKA3y€ Ha Te, sIK HarpiBa€ThCsl BUKUI. BUBYSHHS 3MiH BUKHY, SIKUI YTBOPUBCS
HE BHACJIIJIOK yJapHOTO MPOLECY, € HEOOXiTHUM KPOKOM J0 KPallOro po3yMiHHS €BOJIIOLII TEMJI0BOro norjanHaHHs B Kac-
ciomei A. Tenmenuii 3miH pagionannx I'YPT anamizyBanucs 3a normomoroto tecty Manna — Kenpania ta metony Cena. Lleit
aHaJli3 € MepuIolo CIpoOOoI0 BUSBUTU 3MiHU MTapaMeTpPiB MOTIMHAHHS BcepeanHi Ta no3a uM 3HH 3a monmomororo TpuBanmnx
BHCOKOYYTJIMBHUX IIMPOKOCMYTOBUX CITOCTEPEXEHb. MU BpaxyBajii MOXJIMBUI BIIMB palioneperiko Ha pe3yJIbTaTi BU3Ha-
yeHHs TpeHay. Haille nociinkeHHsT He MoKasye TeHIEHILi1l 10 3MiH MapaMeTpiB MOraMHaHHs. MOXIMBOIO MPUYUHOIO TAKOTO
pe3yabTaTy Moxe OyTu a00 BiITHOCHO KOPOTKHUIA iHTEpBaJl CIIOCTEPEXKEHb Pa3oM i3 Iy>Ke MOBiIbHOI0 3MiHOIO TTapaMeTpiB T10-
[JIMHAHHS, a00 HEPiBHOMIpHUI XapaKTep 3MiH B €BOJIIOLIT MOrTMHaHHS. [lonanbiuii BUMiptoBaHHS CIIEKTPY aOCOJIIOTHOI T~
OMHM TTOTOKY, oTpuMaHoro 3 Kaccionei A, 3a JOIOMOTror HU3bKOYACTOTHUX KOPEIALiiHNX iHTephepoMeTpiB (BITpOBaIKe-
Hux Ha ['YPT, YPAH-2, NenuFAR Ta iHIIMX BiAMoBiTHUX panioTesiecKomnax) MOXYTh CIIPUSITU 3’ sICYBaHHIO acTPODi3MIHUX
MPOLIECiB, BiAMOBiAaIbHUX 3a TeIJIoBe roruHaHHs B 3HH.

Karouosi caoea: panioacTpOHOMIUHI CITOCTEpPEKEHHSI, TETIJIOBE MOMJIMHAHHS, 3aJIMIIOK HaJHOBOI, MiX30psiHE CEepeloBUILIE,
TecT ManHa — Kenpanna
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CONSTRAINTS ON THE INTERACTION STRENGTH
IN THE MODEL OF INTERACTING DYNAMICAL DARK ENERGY
WITH LINEAR AND NON-LINEAR INTERACTING TERMS

In this work, the observational constraints on the coupling parameter of the interaction between dynamical dark energy and cold dark
matter were obtained using cosmic microwave background data, baryon acoustic oscillations, and type la supernova data. The dark
energy in considered models is dynamic, and the evolution of its equation of state parameter depends on dark coupling and internal
properties of the dark energy itself. Such a model is believed to be more physically consistent than models of interacting dark energy
considered in previous works. Constraints were made for three types of interaction. The first two are the types often considered in other
works on interacting dark energy and are linearly dependent on the energy densities of dark components. The third type has a non-
linear dependence on these densities and is studied for the first time. Observational constraints on the Hubble constant H, for the first
two models strongly disagree with so-called local measurements of H,. The third model aligns more closely with local measurements
than the ACDM model. Also, for the first two types of interaction models, only the existence of small upper bounds of the interaction
parameter was found, as for the last non-linear model, the existence of non-zero interaction was found at greater than Ic significance
level.

Keywords: interacting dark energy, dark matter, cosmological perturbations.

1. INTRODUCTION lows from their gravitational impact on visible matter
and radiation, as they do not interact via the other
Interacting dark energy (IDE) is an extension of a | three fundamental forces. As a result, the presence
cosmological model whose aim is to explain the ac- | of such DE-DM interaction can be concluded if it
celerated expansion of the Universe [25, 26]. In this | makes a significant impact through gravitational
model, there is some form of new interaction between | interaction, leaving an imprint in the cosmic mi-
dark energy (DE), which causes this acceleration, | crowave background and other astrophysical data.
and another component, the dark matter (DM), in | This fact will be a possible indication that DE and
addition to the four known fundamental interactions | DM have a quantum-field nature. In the most well-
[4, 31]. The existence of these dark components fol- | studied IDE model, the DE equation of state (EoS)

LHutyBanus: Neomenko R. G. Constraints on the interaction strength in the model of interacting dynamical dark ener-
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parameter does not vary in time, and the DE-DM
interaction is proportional to the energy densities of
DE, DM, or the sum of both and is generated by the
expansion rate of the Universe [5, 8, 10, 12, 13]. The
constraints on parameters of such models using data
on cosmic microwave background, baryon acoustic
oscillations, and type Ia supernova give the non-zero
energy transfer between DE and DM with a low con-
fidence level or interaction is absent at all. [11, 24].
Furthermore, the constraints on the DE-DM inter-
action parameter proportional to the density of DM
or the densities’ sum of dark components were im-
posed only for the phantom DE model [6, 9]. For the
quintessence model, such analysis is impossible due
to non-adiabatic instabilities of cosmological per-
turbations in the radiation-dominated epoch of the
Universe for these IDE models [30]. However, ob-
servational constraints for such models are possible
when the DE EoS parameter varies in time, and its
evolution can be tuned in such a way that non-adia-
batic instabilities will not arise. Hence, in this work,
the Markov Chain Monte-Carlo constraints on pa-
rameters of dynamical quintessence IDE with these
interaction forms were done for the first time. The
model of quintessence IDE EoS parameter evolution
proposed in works [20, 22] and used here is more
physically consistent than the well-known linear
model for EoS evolution w(a)=w,+w,(1-a) [19].
The second part of this work presents the analysis of
another type of DE-DM interaction (also for the first
time), which does not depend on the expansion rate
of the Universe and has the form of a Coulomb-type
interaction function (e.g., the energy-momentum
exchange rate between dark components is propor-
tional to the product of densities of this components).
Such interaction form is physically well justified as it
does not vanish when the Universe does not expand,
and its form is also often found among other interac-
tions in nature.

Chapter 2 of this work provides a brief introduction
to the analyzed models of dynamical IDE. In Chapter
3, the observational data and method of statistical
constraints used are described. In Chapter 4, the
impact of DE-DM interaction on the formation
of the high-scale structure of the Universe and the
results of parameters’ observational constraints of
considered models are shown and discussed.
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2. MODELS OF DYNAMICAL IDE

The description of each component of the Universe
is done in the perfect fluid approximation with the
following stress-energy tensor:
TF = (p+ p)uu* + pd; .

The Universe is considered to be homogeneous and
isotropic, which is described by the Friedman-Le-
maitre-Robertson-Walker (FLRW) metric with zero
spatial curvature in relation to which the small per-
turbations of metric (perturbations are given in syn-
chronous gauge):

ds* =a’(m)[—dn’ + (8Otﬁ +haB)dx“de],
where a denotes a scale factor, n is conformal time,
and A op is the perturbation of metric tensor. For each
component, the general-covariant equation of stress-
energy tensor conservation is true except for DE and
DM, which, as a result of non-gravitational interac-
tion between them, take the following form:

k
’T(de)i;k = ](de)i ’ (1)
koo_
Téc)i;k - ](c)i . (2)
Here, ”;” denotes the general-covariant derivative

and J; is the 4-vector of energy-momentum exchange
between DE and DM, or, in other words, it describes
the DE-DM interaction. The demand of conserva-
tion of energy and momentum of total DE and DM
fluid implies that J ., =—J ., = ;-

To solve the system of equations (1)-(2) along with
Einstein’s gravitational field equations, the 4-vector
J; must be given as a function of variables, which de-
scribes the state of DE and DM. In most works on
IDE, this interaction is taken in the form, which in
FLRW Universe is proportional to Hubble parameter
H and some function of dark components’ densities
P> P.. In the cases considered in this work, J, is
taken in the following forms [5, 8]:

], =3BaHp, , (3)

J, =3BaH(p,, +P,) - 4)
Here, B is the interaction parameter, and when it
goes to zero, the DE-DM interaction disappears.
When the consideration of these interaction forms is
extended to the small linear cosmological perturba-
tions in the relation to FLRW Universe, then, as was
mentioned above, the problem of instabilities of these
perturbations in the radiation-dominated epoch oc-
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curs [30]. To avoid this problem, the DE EoS param-
eter must be allowed to evolve with the Universe’s
expansion. In this study, the model of IDE is consid-
ered, which in the evolution of this EoS parameter
is given by the DE-DM interaction parameter and
DE adiabatic sound speed. Consequently equations
(1) and (2) with the additional equation for DE EoS
parameter evolution in the FLRW Universe take the
following form:

P, +3aH1+w)p, =—T,, (5)

6C+3aHp£ zj_'o, (6)

w=3aH(1+w)(w—cj)+_]—°(w—c:). 7
de
Here, dot over quantity is the derivative on conformal

time n, w is the DE EoS parameter, and ¢ = fde / 5de
is the square of DE adiabatic sound speed ( p,, is the
DE pressure). The solutions of these equations were
obtained in works [20, 22]. To extend our models to
the case of small perturbations relative to the back-
ground Universe, we first need to specify the general-
covariant form of DE-DM interactions. In this study,
we use the form proposed in [18, 21]:

J, =Bputu, (8)

Ji =Bpy, +puu” Q)
where 1 is a four-vector of DM velocity and ¥ is
a velocity four-vector of all components’ center of
mass.

In addition to the two forms of DE-DM interac-
tions (8) and (9), this study considers another form
of J;, which is not generated by the expansion rate of
the Universe. In other words, it is not proportional
to the Hubble parameter H in the FLRW Universe
as the previous two types. Also, such interaction is
proportional to the product of DE and DM densities.
So its general-covariant form is as follows:

J, =3pH, 2Py,

Ps TP,

The presence of the Hubble constant H, in this
interaction form is only necessary to normalize the
interaction parameter . The interaction (10) is mo-
tivated by those interactions that are frequently en-
countered in various fields of physics, such as the
Coulomb electrostatic interaction, the Newtonian
gravitational interaction, etc. Such interaction is be-
ing studied for the first time.
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(10)

The resulting equations for the evolution of cos-
mological perturbations for DE and DM with inter-
action (8) in synchronous gauge comoving to DM
are as follows:

5, =—3aH(c? —w)3,, —(1+w)g—

—(1+w)[k’ +9azH2(cS2 —cﬁ)]%—
L

pde

{3aH(66—6de)+g+6+

+9q*H? (CS2 —ci)%} s (1)

212

+Ck o
w

0, =-aH(1-3c))0,,

aH-P_ P4y
1+wp,

h o (h
=——+B| —+0],
2 B(Z j
= i(Za kOLV0~ ) 5
tive DE sound speed, which in this work is taken as

¢ =1land
Z (Py +Py)0y
PIMCRES

where NV is an index of Universe’s each component.
For the interaction (9), we have such equations:

de ?

where 0 cf is a comoving effec-

5, =—3aH(cf—w)6de—(1+w)g—
2 21720 .2 2 ed
—(1+w)[k” +9a"H" (c; —ca)]k—;—

_B pde_+ pc X
pde

><3aH( P 3, + Pe 3, 8)
pde+pc pde+pc

+E+9+9a *H?(c? —cj)—d;} ,
2 k

. k2
Odez—aH(1—3csz)6de+S—6de+ (12)
1+w
+3aH — B Pat (1+c )0, »
1+w p,
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8: h dee pc

. o, +
2 P,

3 H[ pde
pde + p
+——=—0_-0 ]+E + 9} .
pdg +p, 2
And for the interaction (10):

3, =—3aH(c’ -w)3,, —(1+w)§—

—(1+w)[k* +9a’H*(c? —cj)]%—

-3BaH, — P — {85 +3aH(c? —cj)%—
P

pde+pc

pde Sde_— — 6c:|’
Pae TP,

2 2

Pa +P,
9 , =—aH(1— 3¢? )ede+1 S, +

(13)

J3aHp P
3aHp _P. —Pe_q+co,
w Pac TP

5 =—g+3[3aH Py

x(sde—_ Pae 5 —_Pe acj.
Pae 1P, Pge + P,

To make numerical integration of this system of
equations, the initial conditions for the background
system (5)—(7) and for the perturbed system (11)—
(13) must be set up. The background initial condi-
tions are given for the present epoch at a, = 1, and
the perturbation initial conditions are given for the
early epoch of electromagnetic radiation dominance.

Initial conditions for perturbation equations are
taken as their solutions for the radiation-dominated
epoch when the perturbations have not yet entered
the Hubble horizon. These solutions satisfy the fol-
lowing condition for the arbitrary two components x

and y
5, )
S, =aH -—2|=0,
p./P, P,/P,

and as a result, the fluids are adiabatic. When DE
does not interact with DM, the small deviations
from adiabatic perturbations are damped, and as a
result, these perturbations stay stable until they en-

ter the Hubble horizon. But when DE-DM interac-
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tion of form (8) or (9) is present, and DE is quintes-
sential, this adiabatic mode could become unstable
if DE EoS parameter w is close to —1 [30]. To avoid
this problem, the stability analysis of adiabatic solu-
tions of perturbation equations (11)—(13) was made.
From this, the ranges of values for the interaction pa-
rameter and DE adiabatic sound speed ca2 , for which
adiabatic mode is stable, were derived in [18, 21] for
each of the interactions (8), (9). It should be noted
that, for the interaction of type (10), the adiabatic
mode, based on the early epoch analysis, is always
stable. Hence, for all three types of DE-DM interac-
tion, the standard adiabatic initial conditions can be
used without interaction even if they differ by a small
value from the true initial conditions with non-zero
interaction because, as was mentioned above, small
deviations in the true initial conditions disappear.

3. OBSERVATIONAL DATA AND STATISTICAL METHOD

To impose the constraints on parameters of IDE
models (8) (it will be called Model I), (9) (Model I1),
and (10) (Model III), the following observational
data were used:

Cosmic Microwave Background (CMB) anisotro-
pies: the dataset consisting of high-1TT, EE, TE pow-
er spectra and low-1 TT, EE power spectra of Planck
collaboration (2018 data release) [1]; this dataset is
complemented by additional CM B weak gravitation-
al lensing data of the same collaboration (2018 data
release) [2];

Baryon Acoustic Oscillations (BAO): the 6dF Gal-
axy Survey [7] consisting of one data point at effec-
tive redshift z,, = 0.106, SDSS DR7 Main Galaxy
Sample [28] of data point at Lo = 0.15, and SDSS-
IIT Baryon Oscillation Spectroscopic Survey, DR12
[3] consisting of three data points at L= 0.38,0.51,
0.61;

Type Ia supernova (SN Ia): Pantheon dataset con-
sisting of data on 1048 type Ia supernovae [29].

To confront Models I, 11, and I1I with these obser-
vational data, the corresponding observable quanti-
ties should be calculated. For this purpose, the code
IDECAMB [17] was modified. This code is the mod-
ification of the program package CAMB [15] and
is specially designed for considering IDE models.
In this program, the Parameterized Post Friedman
(PPF) method adapted for IDE models was used
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[16] to calculate the evolution of cosmological per-
turbations. To be suitable for Models I and II, it must
consider the local Hubble parameter perturbations,
described by the perturbing part of u;’; in expressions
(8) and (9). It was done by modifying the expressions
(3.14) and (3.15) given in the work [17]:

_ KV &
AQ—C18d6+C286+Q(3aH+aH gj, (14)
fi =Q(6.-6),

where 70 =-aQ and (' is given by expression (4.9)
in [17]. For Model I, Q=-3BHp,_, C;= 0, C,= 0,
and for Model 11, Q=-38H(p,, +p.),
C1 :_IDL_Q’ C2:_ pE_ Q
pde + pc pde + pc
For Model I1I, the expression (14) takes the fol-
lowing form:

AQ=Cd,+C3o_,
where _ _
Q = _3BH0 % )

Pae TP,
%Q , G, = _p%Q .
P tP. P tP.

Constraints on interaction parameters and other
parameters of IDE models were obtained using the
Markov Chain Monte-Carlo method realized in the
CosmoMC program package [14] modified for this
purpose. There, 12 Monte-Carlo chains were run for
each of the studied IDE models with a convergence
condition (using the Gelman-Rubin parameter) of

C =

1

Table 1. Priors of independent parameters for each IDE model

R — 1 < 0.01. The priors for independent parame-
ters, which describe the pressure of DE, w, and cj,
were taken in the quintessence range of values, and
for interaction parameter 3 — in the positive range of
values (the case when energy flows from DE to DM)
for Model I and Model I1. Also, the additional priors
for these models were derived from the conditions of
the positivity of energy density of dark components
[18, 20] and conditions of stability of early cosmo-
logical perturbations [18, 21]. For Model I1I, priors
for cj were taken in the phantom range, for w, — in
quintessence and phantom ranges, and f is bounded
by negative lower value and positive upper value. For
Models I and 11, the H|, — parametrization was used,
and for Model III, the 1000,,, — parametrization
was used. Besides, 12 Monte-Carlo chains were run
for the ACDM model with the same observational
data to compare its constraints with the results for
IDE models. Priors for the ACDM and all three in-
teraction models are given in Table 1.

4. RESULTS

At first, the dependence of the scale structure of the
Universe on DE-DM interaction coupling was stud-
ied for Model I, Model II, and Model III. In Fig. 1
and Fig. 2, the modification of the matter power
spectrum at redshift z = 0 by the value of interaction
parameter 3 is shown for all three models. For Mod-
els I and II, the modifications are similar with the
suppression of structure formation on small scales
and with some larger inhomogeneities on very high

Parameter ACDM Model I Model IT Model 1T
Q,n’ [0.005, 0.1] [0.005, 0.1] [0.005, 0.1] [0.005, 0.1]
Qn [0.001, 0.99] [0.001, 0.99] [0.001, 0.99] [0.001, 0.99]

1000, [0.5, 10] — — [0.5, 10]
H, — [40, 100] [40, 100] —
T [0.01, 0.8] [0.01, 0.8] [0.01, 0.8] [0.01, 0.8]
log(10” A)) [1.61,3.91] [1.61,3.91] [1.61,3.91] [1.61,3.91]
ng [0.8,1.2] [0.8,1.2] [0.8,1.2] [0.8,1.2]
Wy — [-1,-0.333] [-1,-0.333] [-3,-0.333]
— [-1,0] [-0.533890, 0] [-3,-1]
B — [0, 0.08] [0,0.5] [-1.5, 1.5]
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Figure 1. Dependence of the matter power spectrum at redshift
z=0on the interaction parameter 3 for Model I (panel @) and
for Model II (panel b). The independent model parameters
that were used are as follows: Qbh2 =0.0226, Qch2= 0.112,
Hy=682,Q,=0,4= 2.1x1079, n,=0.96, t=10.09, cf =1,
wy=-0.9, c; =-0.5

scales compared to non-interacting cases (in these
figures, for Models I and II, the interaction param-
eter B is bounded to positive values only, the same
as in priors in MCMC simulations). For Model III,
the distribution of matter in the Universe is more in-
homogeneous on high scales and sufficiently more
homogeneous on small scales when [3 is positive.
When we have negatively-valued B (it corresponds
to the case when energy flows from DM to DE), the
impact of DE-DM interaction is exactly opposite —
on high scales, the matter is distributed slightly less
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Figure 2. Dependence of the matter power spectrum at redshift
z= 0 on the interaction parameter § for Model 111 with ¢, =
= —0.5 (panel a) and CZ = —1.2 (panel b). The independent
model parameters used are the same as those in Fig. 1

homogeneous, while on small scales, the matter
structure growth is larger.

The observational constraints on parameters of
Model I, Model II, and Model III obtained from
MCMC simulation at 68 % CL are given in Table 2.

As we can see for the quintessence IDE of Model
I and Model II, due to the presence of DE-DM in-
teraction, the relative part of the DE component is
much lower and DM much higher compared to the
ACDM model. As a result, the Hubble constant H,,
is much lower than the value obtained in work [27].
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Table 2. Constraints on model parameters at 68 % CL

Parameter ACDM Model I Model 11 Model 111
Q,n’ 0.02242 + 0.00014 0.02282 +0.00015 0.02282 +0.00015 0.02239 £ 0.00014
0.11932 + 0.00092 0.1142 £ 0.0010 0.1142 +0.0011 w0
oW ? ’ 0.151°3;7
T 0.0573 £0.0074 0.083 £0.010 0.083 £0.010 0.0539 + 0.0074
— . <-0.994 :
o —0.99424 770’ —0.83"03
e - ~0.24553"00075 —~0.24557 5 00.¢’ ~1.130%;
p — <9.43107 <9.71-1073 0.2770%
log(10"° A,) 3.049 +£0.014 3.092 % 0.020 3.092 £0.020 3.042£0.014
ng 0.9664 = 0.0037 0.9805 £ 0.0041 0.9804 £ 0.0041 0.9658 + 0.0040
H, 67.66 % 0.42 56.51 +0.25 56.51 £0.25 68.37 +0.83
Qy, 0.6889 + 0.0056 0.5690 % 0.0066 0.5688 + 0.0066 0.627 0
Q, 0.3111 0.0056 0.4310 % 0.0066 0.4312 £ 0.0066 0.373%00
oy 0.8110 + 0.0060 0.6843 + 0.0067 0.6843 +0.0067 0.756 0
Sq 0.826 £0.011 0.820 +0.011 0.820 £0.011 0.839"0,1

So, such models only worsen the so-called Hubble
tension, which is one of the major problems in mod-
ern cosmology. Also, for both of these models, only
the upper positive bounds on interaction parameter
B were obtained. The constraints on the DE EoS pa-
rameter at the present time w, and EoS parameter
evolution, which are mainly determined by DE’s
squared adiabatic sound speed cj , strongly prefer the
dynamical nature of the quintessence DE. In gener-
al, the constraints on 3 using CMB, BAO, and SN la
data described in Chapter III do not allow us to de-
termine whether the DE-DM interaction of Model |
and Model II exists.

The constraints for Model 111 on interaction pa-
rameter 3 give the existence of its non-zero positive
value on > 1o significance level. Also, constraints on
the EoS parameter prefer that DE has the quintes-
sential nature in epochs closer to modern time and
behaves as the phantom in the early epochs of the
Universe. It means that DE energy density p,, be-
gins to increase from some constant value after the
Universe’s expansion starts and, after approaching
some maximum, follows the gradual decrease of DE
density till the present epoch at @ = 1. Such a model
(but in a non-interacting case) was studied in the
work [23]. In this model, there is a higher proportion
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of DM and a lower of DE components compared to
the ACDM model as in the previous two IDE models.
The Hubble constant H,, in the constraints of Model
[T is slightly higher than in the ACDM model. This
difference suggests that Model 111 might help resolve
the Hubble tension, particularly if future measure-
ments from the next generation of BAO and SN Ia
data are used to constrain its parameters.

5. CONCLUSIONS

In this work, we studied the cosmological models
of interacting dynamical dark energy: These models
have a non-gravitational interaction between dynam-
ical dark energy and dark matter and are described
by three different functions. The first two functions,
well known in the literature, are proportional to the
Hubble parameter, one of which is also proportion-
al to the dark matter energy density (Model I) and
the other to the sum of the energy densities of both
dark components (Model II). The third one does not
depend on the expansion rate of the Universe and
is proportional to the product of energy densities of
interacting components (Model III). Such interac-
tion is studied for the first time and is expected to be
more physically realistic in comparison to the previ-
ous two types of interaction and other types, which
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are proportional to the Hubble parameter. By impos-
ing Markov Chain Monte-Carlo constraints on the
parameters of these three models using the CMB,
BAO, and SN Ia data, it was found that Models I
and II significantly disagree in their estimates of the
Hubble constant H, compared to the so-called local
measurement of H,,. Also, it was determined only the
upper bounds of the interaction parameter for these
models. In contrast, Model I1I provides better agree-

ment in estimating H, with local measurements than
the ACDM model using the same observational data.
Also, the constraints give the non-zero positive value
of the interaction parameter (which corresponds to
the energy flow from dark energy to dark matter) at
>1o significance level for Model I11. The use of next-
generation data on BAO and SN Ia, along with cur-
rent CMB data, is expected to impose tighter con-
straints on the interaction in the dark sector.
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AcTtpoHOMiuHa o6cepBaTopis JIbBIBCHKOIo HalliOHaJILHOIO YHiBepcuTeTy iMeHi IBana ®@panka
ByJ. Kupuna i Medonis 8, M. JIbBiB, Ykpaina, 79005

OBMEXEHHS HA CUJTY B3AEMO/II Y MOJIENI B3AEMOAIIOYOI JUHAMIYHOI
TEMHOTI EHEPTI{ 3 JIHINHUMU TA HEJITHIMHUMU YITEHAMU

V uiit po6oTi criocTepexxyBaHi 0OMeXeHHsT Ha TlapaMeTp B3aEMOJIii MixK TMHAMIYHOIO TEMHOIO €HEPTIi€I0 Ta XOJIOAHOIO TEM-
HOI0 MaTepi€to OyJIM OTpUMaHi 3 BUKOPUCTAHHSIM JaHUX T10 PEJIIKTOBOMY BUIIPOMiHIOBAaHHIO, 0apiOHHUX aKYCTUYHUX OCLIU-
JI1il i HagHoBO1 TUIly la. TemHa eHeprist B po3IJIsSIHYTUX MOJIEJISIX € AMHAMIYHOIO, i €BOJIIOLLIS 1 mapamMeTpa piBHSIHHS CTaHy
3aJIEXKUTD Bil B3AEMOIiT MixK TPUXOBAaHUMU KOMITOHEHTaAMU Ta BHYTPILIIHIX BIACTMBOCTEM caMOi TeMHOI eHeprii. BBaxkaeThcsi,
1110 TaKa MOAEJb € OUIbII (hi3UYHO MOCTiITIOBHOIO, Hi3K MOZAEJIi B3aEMOAII0YO0T TEMHOI eHEeprii, PO3MJITHYTUX B MOTNEPEAHIX PO-
O0otax. OOMexeHHs Oy 3po0JieHi 1 TPbOX TUITB B3aemofii. [lepiii ABi € TUIIaMu B3aeMO/Ii, SIKi 4acTO PO3IJISAAIOTHCS B
iHLIKMX pOoOOTaX MO B3a€EMO/Iit0Yili TEMHIl €Heprii Ta JIiHiiiHO 3a1eXaTh Bijl TYCTUHU €HEPTil IPUXOBAHMUX KOMITOHEHTIB. TpeTiii
THT Mae HEJTiHIAHY 3aI€XHICTh Bil IMX TYCTHH i TOCTiIKyeThest Briepuie. CrioctepexyBaHi 0OMEXEHHs Ha cTany Xadona H,
TS IEPIIMX JIBOX MOJIENEH € B CUJIBHOMY NPOTHMPiuYi 3 TaK 3BaHUMH JIOKAIbHUMY BUMipIOBaHHAMM H(). A TpETsl MOIIENb Kpa-
11I¢ Y3TOKYEThCS 3 IOKAIBHUMM BUMipoBaHHAMU, Hixk ACDM-Mmonenb. Takoxk [U1st IepIrx IBOX TUTIB MOJeIeit B3a€MOil
OyJ10 3HaIIEHO JIKIIIE ICHYBaHHSI MaJIMX BEPXHiX MEX Ha IapaMeTp B3a€MO/Iii, a IJIs1 OCTAHHbOI HEJIiHIHHOT MOJeIi iCHYBaHHST
HEHYJIbOBOI B3a€EMO/Ii1 OYJI0 BCTAHOBJIEHO Ha PiBHi 3HAUYIIOCTI, 1110 MepeBuIlye 1o.

Karouoei caosa: B3aemojiitoua TeMHa €HEprisi, TEeMHa MaTepisi, KOCMOJIOTiUHi 30ypeHH4.
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BUTOKU I TPAHCO®OPMALIA
HAYKOBUX ACTPOMETPUYHUX TOCJIIIKEHD:
TOJIOBHA ACTPOHOMIYHA OBCEPBATOPISI HAH YKPATHU

Y cmammi eucsimaeno cmanoseaenns ma mpauncgopmayiro acmpomempuunux wiin lonognoi acmponomiunoi oocepsamopii Ha-
YioHaNbHOI akademii HayK YKpainu — HaAyKo80i wiKoau 3 hyHOaMeHMAAbHOI ACMPOHOMIT, no3uyiiiHoi acmpomempii ma en06anrbHoi
eeodunamixu axademika Onexcanopa Hxosuna Opaosa, HAyKoeoi wiKoau 3 (pyHOameHmanvHoi acmpoHomii ma ceneHodesii urena-
Kopecnondenma, npogecopa Asenipa Onexcandposuua Axoexina ma nHaykoeoeo Hanpsamy 1. I. Koauuncokoeo, A. b. Oueeinoi ma
A. C. Xapina 3 pomoepapiunoi ma nosuyiiinoi acmpomempii.

OcHOGHUMU HANPAMAMU 00CAIONCEHb HAYKOBOT WKOAU 3 (hyHOAMEHMANbHOT acmpoHoMii, no3UuyiiiHoi acmpomempii ma e106anbHOT
2e00UHAMIKU €: CMBOPEeHHA Kamanoeie cAabKux 3ip, 3ip wupomHoi npoepamu, padiodicepen, mamemamu4ni memoou 00caioxncer-
HS 3MIHU WUpom ma pyxy noarocié 3emai, Qpynoamenmanvia acmporHomis (00CAI0HCeHHS aCMPOHOMIMHUX CIAAUX), 3ACMOCY8AHHS
DpYyXy noaiocie ma nepienomipnocmi obepmanns 3emai (nazepna aokayis LIC3, PH/b-cnocmepexcenns, GNSS-cnocmepescenns).
Bnposaodicents Hosux memodie cnocmepesicerv, IHCMPYMeHMie CNpUusiio NOOANbULOMY PO3BUMKY WKOAU [ 30epediceHHI0 ii HayKoeux
mpaouuyiil.

Jocaidxcenns npedcmasHukie Hayko8oi wikoau 3 QyHOAMeHmanbHoi acmpoHomii ma ceaeHooesii cmocyganucs nepuiux acmpo-
MempuyHuX Kapmoepagyeans demaneii nogepxui Micays 3 6uKOpUCMAHHAM OAHUX OPOIMANbHUX CYNYMHUKIB, 8UGUEHHIO 30PAHOI
OJunamiku, Kinemamuxu ma cmpykmypu larakmuku.

Po3zeasuymo pesyasvmamu docaiodicenv 3 ghomoepagiurnoi ma nosuyitinoi acmpomempii. Bxazaro Ha poav Ykpaincokoi Bipmy-
anvroi oocepsamopii (YxpBO), 6 pamkax sxoi 6ya0 iHiyillosano oyuppyeants acmpoHOMIMHUX HOMOSPaADIYHUX CROCMEPEICHUX
apxieie nonepednix pokie psady ykpaincokux oocepsamopiil, 30kpema npoepamu POH, ma cmeopenns 06’eonanoeo yugposoeo
apxiea YkpBO. Ha 6asi pedykuii ouugposanux danux okpemux npoekmie 6 cyuacHi onopui cucmemu 0y0 30ilCHEHO NOWYK HOBUX
acmepoidie, panHix no3uyill 8idomux acmepoioie, nepeonpaubo8ani OinbUL PAHHI CNOCMEPENCeHHS 8eAUKUX NAAHem | MAAux min
Consaunoi cucmemu.
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T. I. Apmemenko

1. BCTVYII

Bin yacy 3acHyBaHHs1 [0J10BHOI acTpOHOMIUHOI 00-
cepBaTtopii HamionanbHoi akagemii HayK YKpaiHu
(TAO) B 1944 poui nepiili HanpsiMU AOCIITXEHb B
o0cepBaTOpii CTOCYBaMCSl TEOPETUYHOI i CIOCTe-
pexHoi actpomeTpii. TAO Oyna 3acHOBaHa 3a aHa-
JoroM lonoBHOI acTpoHOMiuHOI oOcepBaTopii AH
CPCP (IlynakoBcbka), TOMY ii TOJIOBHUMU Hampsi-
MaMU AOCJiIKeHb OyIu yHIaMeHTaJlbHa aCTPOHO-
Misl (aCTPOHOMIUHI CMCTeMH KOOpPJAUHAT, aCTPOHO-
MiYHi CTaJli TOIIO), MO3MIIiiiHA aCTpOMETPis (BU3HA-
YeHHSI KOOpAMHAT HeOeCHUX 00’ EKTIB Ta peajli3allis
HeOecHOI CHUCTeMU KOOpAMHAT, BU3HAUEHHSI 3MiH
IIMPOTU HA3eMHUMU CTAHLIiSIMU CIIOCTEPEXEHb Ta
CTBOPEHHSI 3¢MHO1 CUCTEMU KOOPJAMUHAT), TJ100a/Ib-
Ha reoJuvHaMika (BU3HAYE€HHSI MapaMeTpiB obep-
TaHHS 3eMJIi — pyXy ITOJIIOCIB Ta HEPIBHOMIPHOCTI il
o0epTaHHSI, BUBYECHHS TJIO0ATBbHUX TeOAMHAMIYHUX
MpOLIECiB Ta 3yMOBJEHUX HUMHU 3MiH TapaMeTpiB
obepranHs 3emi) [8].

IMepmmMu iHCTpyMeHTaMu B oOcepBaTopii Oy
aCTPOMETPUYHI TeJIeCKOMU — BEPTUKAJIbHUI KpPYyT
Banmadda (D = 19 cm, F = 252 cm) i moaBiiiHMit
noBrogokycHuii actporpad Tendepa—ILlTeiiHrens
(ITOA, D = 40 cM, F = 550 cm!). I3 3amyckom nep-
IIMX IITYYHUX CYIIYTHUKIB 3emili, mociaiaxeHb Mi-
csus i HebecHUX TiJ COHAYHOT CUCTEMU KOCMIUHU-
mu anapatamu B 1960—1970-x pokax po3mupunacs
TeMaTuKa HayKOBUX aCTPOMETPUUYHUX TOCTiIKEHb,
110 TOKJIWUKAJIO MPpUIOAHHS i BUTOTOBJEHHSI HO-
BUX TEJIECKOITiB Ta PO30yIOBY HOBMX CIOCTEpPEXK-
Hux koMruiekciB TAO: moaBiiiHUI IUPOKOKYTHUA
actporpad dipmu «Kapa Leiice» (ITHIA, D= 40 cMm,
F=2mM)y 1975 p. 2; MepuaiaHHUii aKCiabHUIA KPYT
3 [133-npuitmaueMm (MAK, BBeaeHMi1 B eKCILTyaTa-
1ito B 1986 p.3); cTaHwis 1a3epHOI JOKALT IITYYHUX
cynyTHUKIB 3emiti «1824 Tonocii», ocHallleHa Jia-
3epHUM BigganemipoM — Tteneckorom TIII-1M4;

https://www. mao. kiev. ua/index. php/ua/instrumenty/
2014-04-03-09-53-49

https://www. mao. kiev. ua/index. php/ua/instrumenty/
2014-04-03-09-53-49

https://www. mao. kiev. ua/index. php/ua/instrumenty/
2014-04-03-10-01-29?showall=

https://mao. kiev. ua/index. php/ua/instrumenty/stlazsposter-
item
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cranuis GNSS «Kuis/Tonociis» y 1997 p.5; uene-
ctpor® («Temioc-40», D = 56 MM).

3a crioctepekeHHsSIMU Ha LIMX TeJiecKomnax CTBO-
peHO AecsATKM KaTajoriB 3ip Ta iHIIMX HeOeCHUX
00’exTiB BcecBiTy; onndpoBaHo apxiB acTpoHera-
TUBIB, 30Kpema 3a mnporpamoro PortorpadiyHoro
orysiny niBHiYHOro Heba (POH), sikuii mpeacTaBie-
HO Ha BeOCTOpiHILI YKpaiHChKOI BipTyaJbHOI 00cep-
Bartopii’. Cranuis GNSS «Kuis/TomnociiB» € vac-
TUHOIO YKpaiHcbkoi nepmaneHTHOI [[HCC-Mmepexi
CTaHIIiMf KOCMIYHOI reoje3ii Ta reonmHamikm, a TAO
BUKOHYE TOJIOBHi (DYHKIIil aAMiHiCTpyBaHHS i 110-
neHHoro aHanizy [HCC-ganux. CraHilis 1a3epHUX
cnoctepexeHb LIIC3 BXoauTh 10 CBITOBOI Mepexi
cTaHLii MixXHapomHoi CiIy:kK0M obepTaHHS 3eMti
i BeJle aKTUBHI CITOCTEpeXKeHHS 3a MiXKHApOAHUMU
MporpamMaMu, BOHa BXOAUTH J0 TMepesiKy HayKOBUX
00’€KTiB, IO CTAHOBIATH HaIliOHAJIbHE HagOAaHHS
Vkpainu.

Bukonani y 1944—2024 poxax HOCHiIXKEHHS,
sIKi 3HAMIIUIM CBOE BTUJICHHS B IMCEPTALisIX CITiBPO-
OiTHUKIB [AO abo iHIIUX YCTaHOB, BAKOHAHUX il
KepiBHULTBOM CITiBpoOiTHUKIB [AO, 103BOJIsIE BU-
NiTWTU OBi HAyKOBi IIKOJIM 3 acTPOMETpil Ta OAUH
HampsiM, SIKi OXOIUTIOIOTh (PYHIAMEHTAJIbHY acTpo-
HOMilo, MO3uLiliHy i ¢oTorpadiuyHy acTpoMeTpiio,
ceJIeHOe3il0 i r1obanbHy reoguHamiky [5, 35, 55,
57]. ®opMyBaHHS i TpaHchOpPMALil0 TeMaTUKU
actpoMeTpuuHux pociimkeHb B TAO HAH VYkpai-
HU Oy/leMO pO3IJIsJaTh B paMKaxX BUILJIEHUX HaMU
acCTPOMETPUYHUX HAYKOBUX IIIKiJI.

2. HAYKOBA ITIKOJIA 3 ®YHJIAMEHTAJIbHOT
ACTPOHOMII, TO3UIIIIAHOI ACTPOMETPI{
TA TJIOBAJIbHOI TEOJJMHAMIKHA

HaykoBa mikoisia 3 pyHIamMeHTaJbHOI acTPOHOMil,
MO3ULIIAHOI acTpOMETpil Ta IJIO0AJbHOI reoarHa-
Miki — IIKoJia akamemika OmexkcaHapa fxoBudua
Opnosa (1880—1954), 3acHOBHUKA i MEPILIOro Au-
pekropa [AO (1944—1948, 1950—1951).
Hacammepen O. 4. OpnoB nponosxkus y TAO no-
CIIJKEHHST pyxy IoJiroca 3emii Ta 3MiHIOBaHOCTI
IIMPOT, SIKUMU BiH 3alimMaBcs 1o nepeizny B KuiB B
JOpIIBCBKU, ONEChKU, TTOJTaBCHKMIA MEPioIn CBO-

> https://gnss. mao. kiev. ua/?q=node/2
6 http://mao. uran. ua/umos/index. php?slab=slabid-9
7 http://ukr-vo. org/home/index. php?1
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ro >kutTs [32]. CtabinbHMI1 PO3BUTOK L€ IIIKOJIMU B
1960—1970-x pokax 3yMOBWIM JOCJIIKEHHS aKa-
nemika €BreHa [1aBmosuya ®demopona (1909—1986)
Ta Moro y4yHiB, Hacammepes 3 Teopii HyTawii [11].
[Mopanpuiiii TpaHchopMallii KI1aCUYHUX i BIpoBa-
JDKEHHIO HOBHUX HAMpsIMiB JOCTiIKEeHb, 30Kpema
3 II00aJbHOI T€OAMHAMiKM, «B HOTY» 3 HayKOBO-
TEXHOJOTIYHMM MpOrpecoM KiHIg XX CTONITTA i
JI0 ChOTOJHI IIKOJIa 3aBIsS4yye€ poOOTaM akKaaeMika
SApocnaBa CrenanoBuya f1ikiBa i iforo y4HiB [27, 28].

OCHOBHUMU HampsIMKaMM JOCTiIKeHb HAayKOBOI
LIKOJIU 3 (pyHAaMEHTaIbHOT aCTPOHOMIT, MO3UIIIHOI
acTpOMETpil Ta TJ100aJIbHOI TeOAMHAMIKM € CTBOPEH-
H$I KaTaJIOTiB CJTA0KMX 3ip, 3ip IIUPOTHOI ITPOrpaMu,
pamiomkepes, JOCTIIKEHHS pyxy IIomociB 3emti
Ta 3MiHIOBAHOCTI IIMPOT, MaTEMATUYHI METOIU J10-
CJIPKEHHST 3MiHM IIMPOT Ta PyXy IOJIOCIB 3eMi,
PYX TOJIIOCIB Ta HEPIBHOMIPHICTh 00epTaHHS 3eMli
(mazepna nokauisi IHIC3, PHJIB-criocrepexkeHHs,
GNSS-cnocTepexxeHH:), Teopis HyTallii It MOIeJTi
a0COJTIOTHO MPY>KHOI 3eMJli Ta BUBHAUEHHSI TTapaMeT-
piB BiJIbHOI 0;1M3bKOA000BOI HyTallil 3eMJii, Teopis
HyTallil 1J1 peaibHOT MojesIi 3eMJTi.

2.1. Cmeopenns kamaaoeieé caabkux 3ip, 3ip wu-
pomHoi npoepamu, padiodxcepea. Cepell CTBOPSHUX
KatanoriB — «Katanor cxuiieHb 588 dyHmameH-
TanbHUX cabkux 3ip @K C3», «Karamor 67 monartas-
cbKux mmpoTtHux 3ip» (B. B. Kownin, O. K. Kopo:nb)
[18—20]. Ha ocHoBi cnioctepexenb 3ip @PKC3, Bu-
KOHaHUX B acTpoHOMiuHMX obOcepBartopisix CPCP
(TonoBHa actpoHomiuHa oOcepBatopist B Ilyn-
koBi (ITynkoBchka obGcepBartopist), JlepkaBHUii
actpoHoMiuHui iHCTUTYT iMeHi I1. K. IIItepHbep-
ra (JAIIL), ActpoHoMmiuyHa oOcepBaTOpisi iMeHi
B. I1. Exrensrapara (AOE), IonoBHa acTpoHOMiUHA
oocepBatopiss HAH Ykpainu (TAO HAH VYkpainu)
Ta nBox 3akopaoHHux (byxapect, Bpoias) Oyno
ctBopeHo «[lomepenHiii (pyHOaMEHTaJIbHUI KaTa-
Jor cnabkux 3ip» (ITOKC3), saxkuit BUKOPHUCTOBY-
BaBCsl SIK OMOPHMIA KaTajoT MpU MepUaiaHHUX CMO-
crepexxeHasix KC3 [36]. dpyry Bepcito [TOKC3 B
cuctemi FK4 (ITOKC3-2) 6y10 CTBOPEHO B Pe3yJib-
Tati KoornepatuBHoi poootu TAO AH CPCP (ITyn-
koBo) i TAO AH YPCP (1980 p.). Karanor micTuth
587 3ip, mpu 1Oro CTBOPEeHHI BUKOPUCTOBYBAIMCS
katajorn ®KC3 (14 — 3a npsIMUM ITiTHECEHHSIM,
13 — 3a CXWJIEHHSIM), KaTaJor OMNOPHMX 3ip MiB-
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HiyHoro Heba AGK3R i mricts katasnoriB 3ip KC3
(A. M. Kyp’snosa, /. . Ilonoxenues, A. C. fu-
kiB) [21]. Karamoru pamiomkepen (KaTajaoru cepii
RSC (GAOUA)) O0yn0 BUKOPUCTAHO IIPU CTBOPEHHI
HOBOI peanizauii MixxHapomHOi HeOEeCHOI cucTeMu
koopauHaT ICRF2, sxa npuitngara MAC 3a craH-
gapt nounHarouu 3 1 ciunst 2010 poxy (A. C. Aukis,
A. M. Kyp’siHoBa, C. JI. bosorin) [1, 2].

2.2. Mamemamuuni memoou 00caioxiceHHs 3MiHU
wupom ma pyxy noarocie 3emai. Po3po0iaeHO MeTo-
JUKY OLIHKM TOYHOCTI IIMPOTHUX CIIOCTEPEXKEHb
Ha OCHOBI BUKOPUCTAaHHS TEOPii BUITAAKOBUX IIPO-
neciB (€. I1. ®enopos, 4. C. Adukis, 1. 1. aro-
neBa, M. B. JIxyHb). JLOCTIKEHO METOIM BHU3HA-
YeHHSI KOOpAMHAT IOJI0Ca Ta BUKOHAHO OOpPOOKY
pannx MCII B ogHOpigHIN cUCTEMiI — OTPUMaHO
TaK 3BaHy «KUIBCbKY» CHUCTEMY KOOPAMHAT MOJIIO-
ca 3emui 3 1890.0 mo 1969.0 (1972 p.) (€. I1. de-
nopos, A. C. fukis, A. O. Kopcyns, C. I1. Maiiop,
B. K. Tapagmiit) [37]. Lleit HayKoBUi1 pe3yabIar yBili-
1IOB 10 LIMKIIY poOIT, ynocToeHuX Jlep:kaBHOI mpe-
mii YPCP B ranysi Hayku i TexHiku 3a 1983 pik [11].

Ha nmouatky 1980-x pokis B. K. Tapaniii pazom
3 KoJjeramu OOIpyHTYBaB, pPO3pOOMB Ta BIpOBa-
JUB MaTeMaTUYHUI METOHA aHalidy JaHuX Jasep-
HOI JaJIbHOMETPil IITYYHUX CYITyTHUKIB 3eMJIi, 110
ctajio ocHoBolo i ctBopeHHs y TAO HAH VYkpa-
1HM LIEHTPY aHaJli3y JaHUX CYITyTHUKOBOI Jla3epHOL
JajleKoMeTpii mig erimoro MiXHapoaHOI CiIyxKOu
o6epranHs 3emi (1988 p.). B. K. Tapaniit OyB ox-
HUM i3 iHiI[iaTOpiB CTBOpEHHS HAMNpUKiHIi 1992
poky MixXHapoJHOro LIEHTPY aCTPOHOMIYHMX Ta
MeauKo-eKooriyHnx gociimkenb HAH Ykpainwu,
1110 JaJ10 3MOTY YKPaiHChbKUM BYEHUM aKTUBHO TPO-
JIOBXXMTU TIPOBEICHHS AOCiaxXeHb y [Ipuensopycci
nicist po3nany CPCP.

¥V 2003 poui konektuB aBTOpiB (E. A. IypTOBEeH-
ko, M. B. Kapnos, P. P. KongpaTiok, P. I. Koctuk,
O. B. Mopoxenko, O. B. Ceprees, B. K. Tapagmiii,
E. I AHoBuubkuii, 4. C. AdukiB) Oyjio Haropomxe-
Ho JlepxxaBHOMO TipeMi€eto YKpaiHu B rajly3i HayKHu i
TEXHIKH 3a LUK TocTimKeHb «Po3podKka TeopeTny-
HUX OCHOB Ta YHiKaJbHOI criocTepekHoi 6a3u B [o-
JiocieBi Ta Ha niky Tepckoit st gocaimkeHb CoHILS
i Tin CoHsTuHOI cucTeMu» [8].

2.3. Dynoamenmaavna acmponomis (docaioxncen-
HA acmpoHomivHux cmaaux). Briepiie B cBiTi Oyno
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T. I. Apmemenko

pO3p0o0JIEHO TEOPilo HyTallil IJ1s MOJIeIi a0COJIIOTHO
MpY:KHOI 3eMJIi Ta BU3HAYEHO ITapaMeTpu HyTallii 3a
JaHUMM aCTPOHOMIYHHUX CIIOCTePEXKEHb 3MiH IIIH-
potu (€. I1. ®egopos). Pesynsratu €. I1. degopoBa
CTOCOBHO BU3HAYEHHS KOe(IlliEHTIB rOJIOBHUX 4JIe-
HiB HyTallil 0yJIO yTOYHEHO, a TAKOX BU3HAYEHO KO-
ediuienTu niBMicsiuHoro uneHa Hytauii (B. K. Ta-
paniit). M. A. Tlonos (ITontaBchbka rpaBiMeTpuyHa
obcepsartopist) pazom 3 A. C. AukiBUM BU3HAYUIU
1Ii TIONpaBKM 3a TAHUMU CITOCTEPEKEHb SICKPaBUX
3ip y IloaTaBi. byno npoBeneHo neTajbHe BUBUEHHS
YaHAJIEPiBChKOI CKJIaI0BOI pyXy moioca 3eMili, 110
a0 MOXJIMBICTH 3pOOUTH DPSIT BaXKIMBUX BUCHO-
BKiB 111010 MOJieJli 30y/IKeHHS Ta 3aTyXaHHS LIbOTO
pyxy (4. C. dukis). Bnepiiie Ha ocHOBi 6araTopiu-
HUX IIMPOTHUX CIIOCTepEKEeHb BU3HAYEHO Mapa-
METPH BiJIbHOI 0/1M3bK01000B0O1 HyTaLii 3emi [29].

VY 1980—1990 pokax, y 3B’I3Ky i3 BIIPOBaIXKeH-
HSIM HOBHX METO/IiB CIIOCTEPEXEHb 32 00epTaHHIM
3eMJTi, TTOCTaJl HOBI BUMOTH JIO TOYHOCTI BU3HA-
yeHHs1 HyTalii (Ha piBHi 0.1 mc myrm). IIpoTtsirom
1990—2000 pokiB poboua rpyna MixHapoaHOTO
acTpoHoMiuHoOTO corody (MAC) po3po0Jsijia HOBY
Teopiro HyTauii. 3HaYeHHS 1Ii€l acTPOHOMIYHOL
KOHCTaHTU, mpuitHaTe y 2000 poii, € cydyacHUM
CTaHIAPTOM, SIKUIi BUKOPMCTOBYEThCS y CBiTi. 3a
aKTUBHY y4acTb y CTBOPEHHI HOBOI Teopii HyTalil
s peajnbHoi moaeni 3emni fA. C. AukiB y ckiani
aABTOPCHKOTO KOJIEKTUBY €BPOTIEHCHKUX BUSHNX OYB
ynoctoeHuii mpemii im. Pene [lekapra €Bporieii-
cbKoro coro3y 2003 p. [8].

2.4. Pyx noarocie ma HepigHOMipHicmb 06epman-
Ha 3emai (aazepuna aoxauia IIIC3, PHJIb-cnocme-
pexcennsa, GNSS-cnocmepexcenns). llepexin Bin
€pu BUKOPHCTAHHSI HA3eMHMX aCTPOMETPUUYHUX
CIIOCTepeKeHb IS BUBHAUEHHS IMapaMeTpiB obdep-
TaHHSI 3eMJIi 1O HOBUX METO/IB i 3ac00iB 00pOOKU
JaHUX 3yMOBWJIM TpaHc(opMallilo HayKOBOI IIKO-
mu O. . Opnosa — €. I1. ®enoposa. 3 moyaTKOM
KOCMIYHOI epy BUHMKJIM HOBI MOXKJIMBOCTI HOCIIi-
JKEHHsI o0epTaHHs 3emili 3a I0MOMOTOI0 AOTIILIe-
piBCbKUX Ta JlazepHUX cniocTepexxeHb HIC3, PHJB,
a 3rOJIOM i CITOCTepeXeHb CYNMyTHUKIB ITOOATBHUX
HapirauiitHux cuctem (GNSS).

byB 3anponoHoBaHUit HOBUI ITiIXiT 1O BCTAHOB-
JICHHSI TJI00a/JIbHOI 3€MHOI CMCTEMM KOOpPAMHAT, Y
BiIMOBIAHOCTI 10 SIKOI HA TOBEPXHi 3eMJli HE0OXiTHO
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CTBOPUTU MEpeXY OIMOPHUX TeOAMHAMIYHUX CTaH-
Iilf, 10 TIPOBOISATH ACTPOHOMIUHI CIOCTEPEKEH-
Hs 3ip, JJa3epHi BUMiploBaHHs Bincraneit 1o HHIC3 i
Micsaus, panioiHTepdepOMETpUUHI CIIOCTEPEKEHHS
BiiaieHux paniomxepes. s yyacti y MixkHapo-
HUX IIporpamax Ta JUIsi KOOPAMHATHO-4YaCOBOTO 3a-
Oe3mnedyeHHsT YKpaiHM CTBOPEHO MepexXy CTaHIIil
nazepHux (JIJIC) i pagiorexniunux (GPS) crioctepe-
JKeHb CYIyTHUKIB, a TAaKOX pafioiHTepdepoMeTprud-
Hux cnoctepexeHb KBazapiB (PHIB) (4. C. fukis,
M. M. Mensencekuii, O. O. Xopga ta iH.) [2]. Ha na-
3epHiii cTaHiii «IotociiB- KuiB» 3aBasiky mpoBeaeHi
MOJEpHi3alii TigBUILIEHO TOYHICTb BUMipIOBaHHS
Bincraneii o IIC3 3 10...15 cm no 3...4 cMm (2024 p.,
M. M. MeaBeachbkuii 3 KoJIeraMu).

Bukonano maremaTnuHe, METOIOJIOTIUHE i ama-
paTtypHe 3a0e3leyeHHsI CTaHLiil Jia3epHUX CIIo-
crepexenr HHIC3 (4. C. fukis, B. K. Tapamiii,
I. T. AnoBuubka, M. JI. Lecic, M. T. MupoHOB,
0. M. Inymienko, K. X. HypytainoB). CTBopeHO
OpUTiHaJIbHI TPOTpaMHi KOMILJIEKCU OOpoOKM na-
3epHux crnoctepexeHb IIIC3 «KwuiB-reogmHami-
ka» (B. K. Tapaniit, I. T. AnoBunpka, M. JI. Lecic,
K. X. HypyTtaiHoB Ta iH. ) Ta mporpamMHi KOMILIEK-
cu oopooku PHJIB-cmoctepexens (. C. fukis,
A. M. Kyp’sanoBa, M. M. Measeacekuii, C. JI. bo-
notin) [32]. CtBopeHO i MOonM}iKOBaHO MpOrpamMHe
3abe3rneueHHs Juliette, mpu3HayeHe IJisl OIIpallo-
BaHHSI JJa3epHUX CIIOCTEpeXXeHb CYMyTHUKIB. lona-
HO HOBY MOJIe/Ib aTMOcGhepy Ta eMIiPpUYHY MOJE/b
BiTHOBJICHHsI 3€MHOI MOBEPXHi ITiCJISI 3€MJIETPYCIiB.
OOuaBI MOAEIi MPOTECTOBAHO i BKJIIOUEHO 10 Ila-
kery. IIpoBeneHo TeopeTWUYHUII aHali3, B LIJIOMY
po3po0IeHO MaTeMaTUYHUI amapaT IJIs IIepeTBO-
peHHs Juliette y maker, 1110 MaTUMe 3AaTHICTh OIpa-
LILOBYBATW TaKOX i JOMIUIEPiBChbKi CIIOCTEPEXKEHHS
CYITYTHHUKIB, a y TIEPCIIEKTUBI — i CHIJIbHO AOTITIE-
piBcbKi mutroc a3epHi (B. A. Youniit).

3. HAYKOBA IIKOJIA 3 ®YHJIAMEHTAJIbHOT
ACTPOHOMII TA CEJIEHOJIE3IT

HaykoBa 1ikoJa 3 pyHIaMeHTaIbHOI acCTPOHOMII Ta
celieHoe3il wieH-Kop., Ipodecopa ABeHipa Onek-
canapopnya SxoBkiHa (1887—1974), mupexkTopa
TAO y 1952—1959 pp.

3.1. Hanpsam odocaidxucenv — ceaenodesis. AcTpo-
meTpist Micsist B TAO Oyna posnovata A. O. AKoB-
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KiHuM y 1950-x pokax i 3rogom HaOyJsia pO3BUTKY B
pobotax leops Boaodumuposuua laspunosa (1928—
1982), Bimania Cmenanosuua Kucaroxa (1940—2014)
Ta iXHiX yuHiB [56]. ¥ 1934 pomi, mipalrforoun ipode-
copoMm KazaHcbkoro yHiBepcutety, A. O. JKoBKiH
BU3HAYUB 3aJIEKHICTh PO3MIipiB BUAUMOIO pajiyca
Micsug Bif 3HaY€HHSI ONTUYHOI Ji0pallii 3a IHUpo-
To10 («edext AxkoBKiHa»). ¥ TAO HumMm Oyniu opra-
HizoBaHi (ororpadiuHi crocrepexxeHHss Micsis 3
METOIO IOOYIOBM KapT KpalioBOi 30HU, BUBYEHHS
Jiopatii ¢irypu i penbedy aidpauiiinux 30H. I1i3Hi-
11Ie 1Ii poOOTH JOITOBHWINCS BUBYECHHSIM JUHAMIKU
Micsiiist Ta cTpyKTypH oro moBepxHi [25].

HocnimxkeHHs 3 BUBUEHHSI irypu KpaiioBoi 30HU
Micsisa npoBaguincsg B TAO MeTogoM TpUBaIMX
€KCIO3UIlil 3a JOMOMOTrOI0 PyXOMOI KaceTu II0 Te-
neckomna JIJIA, BurorosieHoi 3a ineero O. 4. fAkoB-
kiHa (I. B. TaBpunos, C. I1. Maiiop) [7]. 3 meToI10
CTBOPEHHSI HOBOI KapTW pejibe(y KpalioBOI 30HU
Micsug 3mpificHeHo ¢otorpadyBanHs Micsus Ha
¢oHi «HaBKOIUIIHIX» 3ip 3a momomorowo ITJIA
(A. O. fdxoskin, I. B. TaBpunos, JI. M. Ki3sioH,
C. I1. Maiiop).

Briepuie B8 CPCP Oynu BuU3HaueHi MPOCTOPOBI
koopauHatu 160 xparepiB Ha BugUMOMY Oo1li Mi-
caug (1. B. Taspuiios, A. C. Iyma, B. C. Kuciok,
A. M. Kyp’saHoBa). byB cTBOopeHMIi KaTajor ceje-
HOJE3WYHUX mnoJjiokeHb 500 6a3rCHUX TOYOK Ha
Micsui (1. B. IaBpunos, A. C. dyma, B. C. Kuc-
oK) [14]. CTBopeHO mepliy 3BeIeHy CUCTEMY ce-
JICHOLICHTPUYHMX MOJIOXKEHb 1J11 2580 00’€KTiB Ha
noBepxHi Micsig (1. B. TaBpunos, B. C. Kuciok).
3aBepllIeHHSIM LUKy CeJeHOAEe3UYHUX AOCITi-
mkeHb B TAO cTajo cTBOPEHHS 3BENEHOI CUCTEMU
cejieHoAe3nyHUX KoopauHat 4900 TOYOK BUIMMOIL
noBepxHi Micsug (1. B. Iaspunos, B. C. Kuciok,
A. C. lyma) [1, 135].

CniBpobitHuku I'AO 6panu yyacts y Beecoros-
Hili mporpaMi CTBOpeHHsI ATjiacy 3BOPOTHOTO OOKY
Micsug 3a taHnMu KocMigHoI 3itomku Micsang KA
«30H1-3» (1966), a TaKOX y Mporpami JTOCTiIKeHb
Micsisl aBTOMaTUYHUMU artapataMu cepii «JIyHa» i
MPOEKTI MOCaAKU JIIOAUHU Ha Mics1b, 3a0e3reueH-
Hi TIMICOMETPUYHUMU NAHUMU 3OiACHEHHS M’ SIKOI
rmocagku Ha moBepxHi0O Micsaus KA «JlyHa-9»,
«JlyHa-16», «Jlyna-20» (1964—1974 pp.) (1. K. Ko-
Baib, 1. B. IaBpunos, JI. P. Jlicina, M. M. Mupo-

HoBa, B. B. borBiHoBa Ta iH.). ¥ cepenuni 1980-x
POKiB aKTUBi3yBaJIMCh POOOTH 3 PO3POOKM MPOEKTIB
nodynoBu 6a3 Ha Micsilii, 30KkpemMa po3po0JIeHO Me-
TOAWKY aCTPOHOMIUHUX CIOCTEPEKEHb 3 MOBEPXHi
Micsug, crnoco6iB BU3HAYEHHST cejieHorpadiuHuX
KOOPJMHAT MyHKTiB CITIOCTEPEXKEHbD.

CTBOpEHO y3arajbHeHy CUCTeMY aCTPOHOMO-Ce-
JIeHOJIe3WYHUX TapaMeTpiB Micsiis, 30Kpema, Ta-
paMeTpiB HOro ysarajJibHEeHOTo eJirncoifa iHeplii.
Ha ocHOBi HOBUX Mojefeil rpaBiTallifHOTO OIS
Micsisl 3 ypaxyBaHHSIM JaHWX BUMiptoBaHb KA
«KnemeHTuHa», «JIynap IlpocrnekTop» i nasepHoi
JIoKallii, OTpMMaHO Ta YTOYHEHO 3HAYE€HHs CTaIuX
yjieHiB diznyHoi Jibpaiii Micsausg 3a TOBroTolo i
LIMPOTOIO, SIKi XapaKTepU3ylOTh Opi€HTALIil0 €ill-
coina iHepuii Micsust (1999 p.). (B. C. Kucniok).

VKpaiHCbKMMU HayKOBLSIMU OYJIO IMiATOTOBJIEHO
HallioHaJIbHU I MPOEKT «YKpCeneHa» KOCMiYHOI Mi-
cii 3 ocBoeHHST Micsiid — opOiTATbHUA KOCMIYHUIA
amapart i MocagKoBMIA MOIYJIb B 30Hi KpaTepa bpay-
Jie Ha 3BOpoTHOMY Oo1li Micsiist [54]. ITpoekT 3a 6a-
raTboX NMPUYMH He BAAJIOCs 3OiMCHUTU. 3apa3 po3-
[JISIIAI0THCS. OKPeMi IMPOTMO3MIIil ydacTi B MPOEKTI
HACA «Aptemina», Tak i y4acTi B CIIUIbHi 00poO11i
Ta aHaIi3i JaHWX €KCIIEPUMEHTIB, IPOBEICHUX iH-
UMY KpaiHamu [53].

3.2. Hanpam oOocaioncennss — pyndamenmanvha
acmponomiaa — HaykoBoi mkonu A. O. fKoBkiHa
HaMOIIbIIOr0 PO3BUTKY OTPUMAB y poboTax Jmum-
pa Ilasrosuua /[ymu Ta Oro y4HiB, yacTMHA poOIT
OyJ1a BUKOHAHa pa3oM i3 IpeacTaBHUKaAMM HayKOBO1
mkoau akagemikiB O. 4. Opnopai €. I1. denoposa.

JocmimkeHHsT 3 Y3roKeHHS peajli3aliii Koop-
JIUHATHUX CUCTEM, 30KpeMa 30PSIHOI i AMHAMIYHOI,
oy 3amouyaTkoBaHi A. O. AkoBkiHuMm B 1960 porri
[26]. ¥ 1970-x pokax M. T. MupoHOB 3aIpoTIOHY-
BaB BU3HAYaTU Y3TOJKEHICTh B3aEMHOI Opi€HTALil
JIBOX KaTaJOXHUX peajizalliii CHCTeM KOOpAWHAT 3a
JIOTIOMOTOIO TPbhOX Majiux KyTiB, a €. I1. @enopon
PO3IJISIHYB BUPIlLIEHHS 3a/a4i 1IOA0 Y3TOIXKEeHOCTI
opieHTallii (pyHIaMEHTaIbHOI i AMHAMIYHOI CUCTEM
KOOPIMHAT 3 BpaXyBaHHSIM B3aEMHOTO HaxXWJly eKBa-
TOpiB. Imes Takoro minxomy HaOyna OiLIbII JeTaIbHOL
PO3pOOKHY Yy MOJABIINX JAOCTIIKEHHSIX HAyKOBIIiB
obcepsatopii[11, 26, 30]. bazyrounch Ha BACHOBKAX
MoTepeIHIX eTarniB gociimkeHb, B TAO Oynu orpa-
1IbOBaHI pe3yJbTaTu croctepexkeHb Mepkypis, Be-
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Hepu, Mapca i manux manet — Lepepu, [Mannanu,
IOHoHu i Bectu 3a 1928—1971 pp. 3 MeTol0 BU3HA-
YeHHSI ITapaMeTpiB opieHTallil KOOpAMHATHUX OCEM
i BU3HAUYEHHSI CUCTEMaTUYHUX MTOXMOOK TOJOXEHb
3ip (pyHmameHTanbHoro Katanory FK4 (. I1. Iyma,
JI. M. KistoH, P. M. Kosansb, 1O. 1. CadppoHoB Ta
iH.). Pe3ynpratu BHMKOHaHHSI HaBEJCHOIO eTaIy
CTaJiM HanOaHHSIM CBiTOBOI HaykKM i OyJM BHKO-
pUCTaHi pa3oM 3 pe3yabraTaMM iHIIUX AOCTiTHUKIB
MijJ yac MiArOTOBKU Y€ProBoro pyHaaMeHTaJIbHOIO
katanory — FKS (Bumanwmit B 1986 porri), skuit 3a
pimmenHsM MAC OyB peKOMEHIOBaHWUIl SIK CTaH-
JapT JUIsl aCTPOHOMO-T€O0JE3UMYHMUX JOCHTITXKEHb i
JUTST BABYEHHSI OiTbII JOCKOHAIUX TEOPill pyxy Til
Constunoi cuctemu [9]. F0. M. IBamieHKo crijbHO
3 1. I1. ymoro 3anmporioHyBajiyd METOH Y3rOomKeH-
HsT PyHIaMeHTaIbHOI (30psIHOI) 1 pamioiHTepdepo-
METPUYHOI (IT03arajakTUYHOI) CUCTeM KOOpAMHAT
3a crnoctepexxeHHsamu IIC3 B pamio- i onTuyHOMY
CIeKTpaJibHUX jdianazoHax. lleii MeTton He moTpe-
Oye CHUHXpOHHHUX pamio- i ONTHUYHMX CIIOCTEpe-
JKeHb, a TOMY IPOCTillle peai3yeThCsl Ha MPaKTHLIi.
Ha ocHOBi aHanizy criocTepexXHux i echeMepuaHuxX
pannx JI. M. Cauiii giiiniuia BUCHOBKY PO HE00-
XiTHICTh BpaxyBaHHS eeKTy a3y mpu BU3HAUYCH-
Hi MONOXEHb BEJMKUX 3a pO3MipaMu acTepoiliB,
1110 JI03BOJIMJIO YCYHYTU YAaCTUHY MOXUMOOK CHUCTeE-
MaTUYHOI'O XapakKTepy IIpM BUPIIIEHHI 3amadi IIpo
Y3TOMXKEHICTh CUCTeM KOOPAMHAT i IpU CTBOPEHHI
Teopiit pyxy actepoiniB. Iloganbuii mochimKeHHs
1UX e(heKTiB CIpUSIM CTBOPEHHIO OiIbII TOUHUX
aJITOPUTMIB 111 epeMepUIHUX OOYMCIICHb 1 IS
BU3HAYEHHS II0JIOKEHb acTepoiliB. 3a criocrepe-
KeHHsaMu CoHlg y BalmmmHrroHchbKii, [pruHBILIBKI
obcepsaTopisx O. B. bonoriHa BusiBMIa 3aJIeXKHICTh
BEJIMUMHMU OLIIHOK HeMpeleciiHOro pyxy piBHOIEH-
HsI BiI TeIiOLEHTPUYHOI BiICTaHi 0 IJIaHET, TOOTO
BilI IXHIX cepeaHbOMO00BUX pyXiB. Lleit pe3yibrarT €
BaXJIMBUM JJIs1 3’ SICyBaHHSI IPUUMH e(PeKTy Herpe-
LIECIITHOTO PYyXy PiBHOJEHHS. 3a pe3yJbTaTaMu J0-
CITIIKEHb 3 MPOOJIEeMM OpieHTAIlil KOOPAMHATHUX
cucTeMm OyJio BUIaHO MOHorpagito «OpieHTyBaHHS
cuctemu kKoopauHat FK4 3a MepuaiaHHUMM CITO-
crepexxeHHsIMHU tutaHeT» (. I1. dyma, JI. M. KizioH,
10. I. Cadponos) [9, 43].

3.3. Busuenns 30panoi ounamiku, Kinemamuxu ma
cmpykmypu laraxkmuku. 3 BUBUCHHSIM 30pSIHOI TH-
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HaMik1, KiHEMaTUKKU Ta CTPYKTypu [asakTuku mo-
B’s13aHi HayKoBi iHTepecu Hinu Bacuaisnu Xapuenko.
Y criBmpalli 3 KojieraMu Ha OCHOBI JaHUX CTBOPEHUX
y T'AO cepiii crieniaIbHUX 30pSTHUX KATaJIOTiB, BOHA
MpoBaausa J0CIiIKeHHs KiHeMaTuku [anakTuku Ta
11 OKpeMHUX CKIaa0BuUX. JJoCIiIKeHO 30psIHII CKIIal,
CTPYKTypa i IMHAMiYHa €BOJIIOLIiS TTOABIMTHOTO pO3-
cisHoro ckymueHHs1 Collinder 135 i UBC 7 binary
star cluster, BU3Ha4eHO 1Or0 OCHOBHI acTpodi3nyHi
i KiHeMaTuuHi napameTpu. 3a jaHumu orisiay Milky
Way Star Clusters (MWSC) BHU3HauU€HO MPUILIMBHI
MacHu OUTBII HiXXK TPhOX THUCSY TAJJAKTUYHUX PO3Cis-
HUX CKYITYeHb, ITOOYI0BAaHO iXHIO ITOYaTKOBY (DYHK-
1Iif0 Mac i BU3Ha4eHo 11 mapameTpu [38].

H. B. XapueHko Oyna iHimiaropoMm BcecorosHoi
mporpamMyd KOMIUIEKCHOTO AOCHimKeHHsI [o10BHO-
ro MepUIioOHAJBHOTO nepepi3y lamakTuku (mmporpa-
ma META) [24]. ¥ pamkax mporpaMu rpoBaanioch
BUBUYEHHSI TIPOCTOPOBO-KiHEMATUYHOI  CTPYKTY-
pH, CTBOPEHO OUIBII JeTaTbHY MOJEb [amakTuKu.
CtBopeHi B pamkax nporpamu META katanoru mic-
TSTh aCTPOMETPUYHI i aCTpoi3MUHI XapaKTepUCTH-
Kku 3ip [39].

4. HAITPAM JOCIIIKEHD —
®OTOT'PAGTYHA TA TIO3UIIIAHA ACTPOMETPIA

4.1. Domoepaghiuna acmpomempisa y ITAO Oyna 3amno-
yatkoBaHa . I. KomunHcbkuM, siKuii miepeixaB 10
Kuesa na 3anpomenns C. K. BecexcBsitcbkoro, aje
3a psigoM oOCTaBUMH IlepeiimoB mpaioBatu y TAO
(1948 p.). [1epen Tvm BiH HaBuaBcs y [1yaKoOBChbKii
o0cepBaTopii B acIipaHTypi il KEPiBHULITBOM MPO-
decopa I. A. TuxoBa i mpaiftoBaB Haj AVCEpPTALIi€I0
3a TeMOIO 3 BHUBYEHHSI aTMOC(hEpHOI acCTPOHOMiY-
HoIi pedpaxiiii, 30KkpeMa i1 3aJ1eXKHOCTI BiJl JOBXWHU
XxBUJIi cBiTia [17]. 3HauHMIT BIUTUB HA BUOIp TeMaTH-
KM JOCJIIKEHb Hampsmy 3 hoTtorpadidyHoi Ta IMo3u-
LiAHOI aCTPOMETPil CripaBUIIM CITiBpoOiTHUKM [1y-
KOBCBKOI o0cepBatopii, 3okpema M. C. 3BepeB Ta
O. M. [leiiu. 3aBAsIKM LIbOMY TePIili CITOCTePEXKEH-
Hs1 B [AO Oyiu crnpsiMOBaHi Ha BUpillleHHs 3aAadi
crBopeHHs Karaory cinaokux 3ip (KC3), 3anpormno-
HOBAHOTO MYJKOBCBKMMU acTpoHoMamu B 1930-Ti
poku. [36]. Ha BepruxkampHoMy Kpy3i Banmadpda
crnocTepiraaucs 3o0pi crucky MOyHIaMeHTaJIbHOTO
Karajory ciabkux 3ip (PKC3) Ta iHIIMX TIporpam
(0. K. Koposb, B. B. Konin, A. C. Xapin) [18—20].
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AKTMBHUM CIIOCTepirayemM, a 3 4acoM iHilliaTopoM
i KepiBHUKOM psIay poOitT 3 (poTorpadiuHoi acTpo-
Metpii ctasia A. b. OHeriHa, sika micisi 3aKiHYeHHS
acnipaHTypu mia KepiBHuutBoMm O. M. Jleitua i 3a-
XHCTY KaHAMOAATCHKOI aucepTalii nepeixaia no Ku-
eBa. Y 1952—1964 pokax 3a ii yuacti Ha [1J1A Gynu
BUKOHaHi ¢oTtorpadiyHi cnocTepeskeHHs raJlakKTUK
i 3ip dyHImaMeHTaJbHOIO KaTajJory clabKux 3ip 3a
nporpamolo Kartanory cinabkux 3ip, dotorpady-
BaHHS MaJIMX i BEJIMKUX IIJIAHET Ta IXHIiX CymyTHU-
KiB (I. I Komuuncekmii, A. b. Onerina, 1. B. IaBpu-
nos, C. I1. Maiiop, B. C. Kucmok, I. M. JlemeHKo,
A. C. Jlyma Ta iH.) [22, 40]. bynu orpumaHi oto-
rpadii «mepimx enox» IUIONIAN0K 3 rajJlaKTUKamMu
i 3ip, micas moBTOpHOrO hoTorpadpyBaHHS LIUX Mdi-
JITHOK HebOa Ha 0a3si 1Iboro Martepiajay Oyjau CTBO-
peHi Katajoru BiaacHux pyxiB 3ip (C. Il. Pubxa,
H. B. XapueHnko), a pe3yabratoM o0’€qHaHHS Ka-
TaJIOTiB, CTBOPEHUX Y Pi3HUX 00CepBaTOPIsIX, CTAIN
3BeeHi Katanoru (C. 1. Pubka) [23, 49, 50].

Hogsoro nocryny po6oTu 3 Katajioramy ciadKux
3ip HaOy/IM Mic/isl ONPUIIIOAHEHHSI Pe3yJbTaTiB 00-
POOKU JaHUX, OTPUMAHUX KOCMiYHUM TEJIECKOIOM
HIPPARCOS (High Precision Parallax Collecting
Satellite, 1989—1992), nmpusHaueHUM [OJis acTpoO-
METPUYHUX JTOCHTIIKEHb, a came JJI BU3HAUYEHHS
KOOpAMHAT, MapajakciB, BJIaCHUX PYXiB 3ip Ta iH-
XX HEOECHMX TiJ i BiACTaHEe 10 HUX. AOCOJIIOTHI
BJIACHI pyx¥ 3ip BITHOCHO TrajlaKTMK, OTPUMaHi B
pamkax niporpam KC3, BUKOpUCTOBYBajIuCS Tpu
BU3HAYEHHi TMapaMeTpiB OOepTaHHsI CUCTEMM Ka-
tagory HIPPARCOS BigHOCHO iHepliiiiHOi cuc-
TeMM BilJIiKy, TOOTO Is1 KajdiOpyBaHHSI KaTajory
HIPPARCOS [59]. ¥ TAO 0yno oTpuMaHo 3Ha4YeH-
H$1 KOMITOHEHTIB IBUAKOCTI 00epTaHHs (®,, o , (’)z)
koopauHatHoi cuctemu Karajnory HIPPARCOS 3a
MOPIiBHSIHHSAM 3 JaHUMU KaTaJory BJIACHUX DPYXiB
3ip (GPM1), a came o, = —0.27 £ 0.80 mcz1/pik (mi-
JIiCeKyH/ AyTH 3a PiK), o, = +0.15 = 0.60 mcno/pik,
o0, = —1.07 £ 0.80 mca/pik (B. C. Kucniok Ta iH.
[41]). i mani po3risgaanvcs SIK HaiOUIbII JOCTO-
BipHIi i peKOMeHI0BaHi IJIs1 KOPEKIIil CUCTeMHU KaTa-
sory HIPPARCOS.

BusnaueHHs1 koopauHat Tii COHSIYHOI cUcTeMU
€ OJTHI€I0 3 aKTyaJIbHUX 3a7a4 acTpoMeTpii. JlaHi mux
CIOCTEpPEXXeHb HEOOXiAHI I MOAANBIIOr0 yTO4Y-
HEHHS TpaBiTalliiHuX Teopiii pyxy Tin CoHsSYHOI
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CHCTEeMU, BOHU € OCHOBOIO UIS1 pO3B’sI3KY OaraTbox
IHIIMX aCTPOHOMIYHUX 3aga4y. CrucTeMaTU4Hi 031~
LiliHI CITIOCTEePEXXEHHs IUIAHEeT i JeSIKUX acTepOiliB
BUKOPUCTOBYIOThCS /11 BABHAUEHHSI HYJIb-TTyHKTiB
(byHImameHTalIbHOI CUCTEMM KOOPAMHAT 3ip, 3 aHa-
JIi3y psifiiB criocTepekeHb HEOECHMX TiJl BUBOISITHCS
aCTPOHOMIiYHI KOHCTaHTH. JlaHi MO3UILIIAHUX CITO-
crepexeHb TiJ COHSIYHOI CUCTEMU € HEOOXiTHUMU
JJIs1 TUIAaHYBaHHS 1 3MiACHEHHSI KOCMIYHMX €KCIe-
PUMEHTIB.

IMoyaTok mo3uuiiHuM (poTorpadiyHUM cIiocTe-
pexxerHsaM 11 ConstuHoi cuctemu B TAO Oyro mo-
KJIageHo B 1952 poui — came ToAdi 3a JOIIOMOIOIO
ITJIA GyJ10 po3moyaTo cucTeMaTU4Hi CIIOCTEPEXKEeH-
HSI BUOpAHUX MajuX IUIAHET JIJIS BU3HAUCHHS Opi-
eHTalii (pyHIamMeHTaabHOI cUCcTeMU KoopauHat. Ha
moyatky 1960-x pokiB Oyyu IIpoBeacHI epIi psau
cnocrepexxeHb Benepu, Mapca, FOmitepa CatypHa,
a HanpukiHii 1960-x pokiB ixHi CroCTepesKeHHs
CTaJIM PETyJISIpHUMU. 3 BBEICHHSIM Y €KCILIyaTallilo
MOABIMHOrO IMPOKOKYTHOTO actporpada (ITIHA,
1976 p.) MOXIMBOCTI MO3UIIIHUX CITOCTEPEKEHD
CcyTTeBO posiupuincs. Crajso MOXIMBUM CHO-
crepiraTv cJiabKi CymyTHUKM IJIaHET, acTepoiam i
KomeTu. Jlekilibka KOpPOTKUX Cepiil crmocTepekeHb
OyJIO OTpUMaHO B eKCIeAWLiMHUX YMOBaxX Ha I10-
nBiliHoMmy actporpadi Ileiicca (D = 40 cm, F =
= 3 M) Kurabcbkoi obcepBaTopii TalkeHTCHKOTo
yHiBepcurety (1986 p.), i B 1987, 1989, 1990, 1991
pokax — Ha peduekropi Leiicca (2600, D = 60 cwm,
F=15.5M) Ha ropi MaiinaHak (¥30ekucraH).

Hagenemo nesiki pe3yibraTi CIIoCTepPEXHUX TTPO-
rpaM Ti1 COHSIUHOT CUCTEMM, 1110 MPOBOAMUIIUCS B
T'AO . IMpotsrom 1976—1980 pokiB Oyi10 OTpUMaHO
psiIM criocTepekeHb pi3HUX Tijl COHSIYHOI CUCTeMU
3 METOIO0 BU3HAYEHHS 1XHiX TOUHUX MOJIOKEHb. Bu-
KOHAHO OOpOOKYy AEKIJIbKOX pSIiB CIOCTEPEKEHb
Benepu, Mapca, [leiiMoca, 4OTUPbOX KOMET i ABa-
JLISTU aCTePOIidiB, 10 criocTepiranucs y 1967—1980
pokax. BusHadeHOo GinbIn HiXX 650 TOYHMX TTOJIO-
XKeHb ux 00’exTiB (O. M. Cepena, A. b. OHeriHa,
E. A. Tepu, O. B. Bunnukosa, O. M. IxakeBuu,
M. A. Bacuiienko, I. M. [lemenko, 0. K. ®ininos,
C. I1. Maiiop, I. B. Mopo3).

Y pamkax poO0TH 3a HayKOBO-IOC/iTHOIO TEMOIO
«BuzHaueHHs TOYHUX I0JI0KeHb Mapca i fioro cy-
MyTHUKIB y Tiepio mpoTucTostib 1967, 1969, 1971,
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1973 pokis» (1975 p.) Oyau po3pobJieHi MeToAnY-
Hi peKOMeHJaLil IJIs IIPOBEACHHS CIIOCTEPEXEHD,
BUMIipIOBaHb, 0OOpOOKM, BpaxyBaHHsI aTMOC(pepHOi
mucrepcii. HaBeneno koopnuaat Mapca, Benepu,
IOmitepa, deitMoca, rajijieiioBux cynmyTHuUKiB FOrmi-
Tepa 3 BpaxyBaHHSIM 1IUX pekoMeHaaiii (A. b. OHe-
rina, O. M. Cepena, E. A. Tepu, O. M. IxxakeBuy)
[22]. 3a pe3yabraTaMu BUKOHAHHS MO3ULIIHHUX (Po-
tTorpadiyHux croctepexkeHb Ti1 COHSIUHOI CUCTEMU
(1985 p.) orpumano 907 doTonnaTiBok 3 TijlaMu
Constunoi cuctemu (TCC). BusHaueHo Oibln HiX
1350 Tounux nmoynoxeHb Benepu, Mapca, Jleiimoca,
CartypHa i 1ioro cynyTHUKIB, BUOpaHUX acTepOifdiB i
KoMmeT. [JocimkeHo atMocepHy JUCIIEPCiio, KOMY,
PIBHSTHHSI SICKpaBOCTI ToI10. BUKOHaHO cTaTUCTUY-
HUI aHaJli3 CIOCTepekeHb Maux raHet, CatypHa
i tioro cymytHukiB (C. IT Maiiop, O. M. Cepena,
B. B. Tonosns, O. M. Ixxakesuu, C. B. Kanturina,
1. B. Kynuk, C. B. IllaTtoxiHa).

VYV 1990-1i poku croctepexxeHHs BUOPaHUX Tijl
Consiunoi cucremu B TAO npoBaauiucs B pamkax
TeMu <«BHMCOKOTOUYHI TO3ULIIHI crocTepexXeHHs
paniomkepea Ta BUOpaHux Tin COHSIYHOI CUCTEMU
3 METOIO 3B’3KYy pajio- i ONTUYHOI CUCTEM KOOP-
nuHat» (1995 p.). Byno BuzHaueHo 827 MOJOXEHb
(Mapc, Heiimoc, ®oboc, CaTypH i3 cymyTHUKaMH,
maji raHetu) ta 20 pamiomxepesn. IToBropHo 00-
pobieHo crioctepexkeHHss Mapca, [leiimoca, ®o-
0oca, BukoHaHux B QOOcepBatopii CaHrTa-AHHA
(Tapixa, bosiBisi) 3 BU3HAUEHHSIM €KBaTOPialbHUX
KOOpIWHAT, B pe3yJIbTaTi IKOI OTPMMAaHO IXHi TOYHi
MOJIOXKEHHS (paHille BU3HAYaIUCS BiTHOCHI KOOP-
JUHATU TUMIB «CYMYTHUK — TUIaHETa» Ta «CYIyT-
HUK — CYIIYTHUK»). OmpalboBaHO PsiI 3HIMKIB 3
panmiomxepesaMu, OTPUMAaHUX 3a JOIOMOIOI0 2-M
teseckomna IlIminra B TayreHOyp3i. CTBopeHO 6aHK
JaHux nonoxeHb Manux mwiaHeT B TAO (C. I1. Ma-
itop, O. M. Ixxakesuu, C. B. Kanrurina, 1. B. Ky-
muk, C. B. llaToxina, B. B. TonoBus, JI. B. Maiiga-
Hiok) [10].

3a pesyabTaTaMu CIOCTepeXeHb mpoTsirom 40
pokiB Ha Tejieckomnax [AQ, cnocTepexxHUX 6a3ax Ha
r. Maiinanak, B O6cepBatopii CanTta-AHHa (Tapixa,
bouisis) i Ha 1. Tepckon Oyno cTBopeHO 0a3y Io-
Hax 4500 1oJioKeHb IJIaHET i IXHiX CYIyTHMKIB, a
TaKOXX BUOpPaHMX MaJIMX IUIAHET i IXHIiX CYITyTHUMKIB
(. I1. dyma, C. I1. Maiiop, JI. M. Kizton, O. B. bo-
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notina, P. M. Kosainb, JI. M. Csauiii, O. M. Ixake-
Buy, I. B. Kynuk, C. B. lllatoxina, B. B. TonoBHs,
M. P. Hectepyk, O. B. [eHuciook). Psig moigoxeHb
OyJM OTpMMaHi BHepllle 3a pe3yJibraTaMu BigOopy
i BUMIipIOBaHHsI acTpoHeraTuBiB i3 ckjioreku TAO.
baza noyioxkeHb CyTTEBO JOMOBHUIJIA HAKOMMUYEHU I
B CBiTi MacuB crioctepexeHb Tl COHSYHOI CUCTe-
MU, SIKU cTaB (hyHIAAMEHTOM JUIsl TTOAATIbIINX Ha-
YKOBUX JTOCTiI)KeHb TEOPETUYHOIO i MPUKIIATHOTO
xapakrepy [10, 12].

CyyacHuii piBeHb KOCMIYHMX JOCJIIKEHb BH-
Mara€ Cy4yaCHMX METO/iB BUSBJIEHHS 1 onpalloBaH-
Hs iHpopMalii. ¥ Mexax HallioHaJIbHOIO TPOEKTY
«YKpaiHchbKa BipTyajbHa oOcepBaTOpisl» 3ampoBa-
JIDKEHO POO0OTY 31 CTBOPEHHSI KaTaJOTiB IOJOXEHb
1 30psSIHUX BEJIMYMH IUIAHET Ta iXHiX CyIyTHUKIB Ha
0a3i (poTorpaiuHMx crocTepexeHb, BAKOHAHUX B
TAO y 1961—1990 pokax [58]. 3aBasiku mporpam-
HOMY KOMITJIEKCY, po3pobieHomy B TAO miis penyk-
il onrpoBaHux acTpoHeratusiB (B. M. AHIpyK),
BUKOHAHO 00pOOKY cIiocTepeskeHb cynmyTHUKIB Ca-
TypHa (S2—S9), a Takox YpaHa, HenTyHa Ta ixHix
cynytHUKiB U1—U4, N1 B cucteMi 30psIHOro Karta-
nory Tycho2. B pe3ynbraTi mepeodpoOKu BCix paHi-
111e BUKOHaHUX cnocTepexkeHb B TAO oTpumaHo Ka-
TaJIOT TOYHMX TT0JI0XKeHb Mapca, Doboca i [eitmo-
ca B aBox cucreMax Bimiiky — FK5/J2000.0 i ICRS/
J2000.0. IMTpu uboMy JOCATHYTO MOKpAILEHHS TOY-
HOCTI 32 paXyHOK 3aJTy4eHHsI YTOUHEHUX KOOPAMHAT
i BTacHUX pyxiB onopHux 3ip 3 PPM i ACT.

CrnocTtepekeHHs MaJluX IaHeT Oyau posroyari
B [AO y 1950 poui i BUKOHYBaJIMCS Y BiAIOBiIHOC-
Ti 1o mporpamu ctBopeHHs1 Katanory cimabkux 3ip.
3 1976 poky ui poGOTH MPOBAAWIKMCS Il €rigoo
MixHaponHoro actpoHoMmiuHoro coiody (MAC) B
paMKax IporpaMu CIiocTepexkeHb ABAALSTH MauX
mwiaHeT. [Iporpamy 6yso mpomosxkeHo 10 2000 poky.
CriocTtepekeHHsI MajiiX TUIaHeT € BaXKJIMBUMU TSI
PO3B’SI3KY TaKMX 3aJay SIK BU3HAUEHHS CUCTeMa-
TUYHUX TTOXMOOK 30pSIHUX KaTaJIoTiB i YTOUHEHHS
MOJIOKEHb HYJIb-IIYHKTIB (pyHAAMEHTAJIbHOI CHUCTE-
MU KoopauHart [22].

VY nepion 3 1982 mo 2000 poku Oy;0 CTBOPEHO
6a3y 3 Oimbmr HixXK 5600 BUCOKOTOYHUX ITOJIOKEHD
aKTUBHUX i MAaCUBHUX reocTallioHApHUX OO’EKTIB,
SIKI XapaKTepU3YyIOTbCS HAWOIIbII BUCOKOIO TOUHIC-
TIO BU3HAYEHUX KOOPIMHAT Cepell BiIOMUX B CBITi
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nomioHMX MacuBiB maHuX. Ll 6asza 1oJioXKeHb BU-
KOPHMCTOBYBaJIacs HEOTHOPA30BO TIPU BUPIIICHHI
3ama4y 3 KOHTPOJIIO 3aCMiYeHOCTi HaBKOJIO3€MHOTO
MPOCTOPY, JIsl TPOTHO3YBAHHSI MOXKJIMBUX 3iTKHEHb
LITYYHUX TiJI, @ TAKOX 1T yTouHeHHs pyxy IIC3.

BusHaueHHsSI TOYHUX TIOJOXEHb pagiomxepes
(PI) B TAO Oynu posmnouati y 1984 poiii B pamkax
Bcecoroznoi mporpamu ROAS (mizHinie CONFOR).
OCHOBHOI0 METOIO IporpamMu OyJIO BCTAaHOBJICHHS
3B’SI3KYy MiXX ONTHUYHOIO 1 pamioiHTepdepomMeTpuy-
HOIO cucTeMaMu KoopauHat. bynu mpoBeneHi ¢o-
TorpacdiuHi crioctepexkeHHs pajaioKepest, I0CTi-
JIKEHHSI TEJIECKOTIiB 3 METOIO TMOLIYKY ONTUMaTbHUX
Mojeael peayKilii BUMipiB, BU3HAUYEHi KOOpAUHATU
MPOMIXHHUX OMOPHUX 3ip i KOOPAWHATHU PaTioIXKe-
pen. Ilporsirom 1984—1990 pokiB 3a I1OMOMOTOIO
ITIIA, pedaexrTopiB Ha I. MaiinaHak, (¥Y30ekucTaH)
i O6cepBatopii Canta-AnHa (Tapixa, bomiBist), a Ta-
kox 50-cm IIminra BropakaHChKOI acTpogiznyHOL
obcepBatopii AH Bipmenii Oynu omepxkaHni oTo-
rpadiuHi 3HIMKU paiioaxKepes, MpoBeaeHa ixHs 00-
pobka (C. I1. Maitop, O. M. Ixakesuu, C. B. Kan-
turina, I. B. Kynuk, C. B. I[llaroxiHa, B. B. Tonos-
H4, JI. B. MaiinaHiok).

IMounnaroun 3 1980-x pokiB TAO Gpana y4yacTb
y MiKHApOIHMX i BCECOIO3HMX ITporpamax i mpo-
exTax. Tak, y 1982 poui Oynu 3aKkiHUeHi poOOTH 3a
Bcecorosnorwo mnporpamoro CETb, 3ampomoHoBa-
HOIO BiIHiIOM KOCMIUYHOI T€OOMHAMIKM, IIPOBO-
JWJIUCH NOCTiIKeHHs B paMkax npoekty MEPIT 3
BUBUYEHHSI o0epTaHHs 3eMJli pi3HUMU MeTOodaMH i
3acobamu (1986—1988 pp.), KBA3AP-KBO 3 ko-
OpPAMHATHO-YaCOBOrO 3a0e3IeUYeHHsI HayKOBHUX i
npukiagHux cuctem (1986—1995 pp.). 3a iHiria-
TMBOIO Biily (pi3MKu raHeT Oyja opraHizoBaHa
Bcecoroszna cnoctepexkHa mporpama «IlmaHeTHuit
narpyib CPCP» (1985—2000 pp.). Bingin doto-
rpapiyHOI acTpoMmeTpii BUCTYNMB iHILIIaTOPOM
KOMITIEKCHUX TIporpaM croctepexxenb @OH, 3a-
npornoHoBaHoi B 1975 poui I. I KomunHcbkum i
A. b. Omnerinoro (1975—2000 pp., dororpadiu-
HUII omisiA Heba Ha IIMPOKOKYTHMX acTporpadax
JUISI CTBOPEHHST OMOPHUX KOOPIMHATHUX CHUCTEM)
i META (1986—1993 pp., Bcecoiosna mporpama
KOMIUIEKCHOTO BUBYE€HHsI [OJIOBHOrO Mepuiio-
HajbHOro mepepisy lamaktuku) [24]. PesynabraToM
MixHapomHoi iporpamu ®OH [12, 38, 40, 44, 48—
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51] cranu Tpu Bepcili KaTajaory MOJIOXKEHb, Bac-
HUX pyxiB i B-BenuuuH 3ip (FONAKVI.0, 02°...90°
(B. C. Kucntok); FONAKYV 2.0, 02°...90° (2012 p.);
FONAKYV 2.0, 56°...63° (2012 p.) (A. 1. SluenHko);
FONAKYV3.0, Circumpolarzone 58°...90° (2015 p.);
FONAKV3.0(2016) (B. M. Auapyk) [16, 33, 34,
42, 44, 47, 48]. Ilouyatok oum@pyBaHHS IJIACTH-
HoK 3a miporpamoio @OH B I'AO 06yB iHiLilioBaHWIA
T. IT. CepreeBoto. OundpoBaHi gaHi criocTepeXeHb
Oynu orpumani y Kuesi, Kurtabi (Y30ekucran), Jy-
man6e (TamkuWKuUCTaH), a TaKoX OTPUMaHO OaHi
M(POBOTO apXiBy CIIOCTEpEeXeHb 3 1.2-M TeecKo-
noMm IlIminra obcepBartopii bangone JlarBiifickkoro
YHIBepCcUTETY Ta jJaHi ouurdpoBaHux B TayrepOyp3i
(HimeyunHa) IJIaCTUHOK 3a CIOCTEPEKEHHSIMU 3
2-m teneckornom Imiara. 3a pe3yabsraTamMu 00po0-
k1 ckaHiB 500 rjacTMHOK, OTpUMaHuX y TayTeH-
Oyp3i, CTBOPEHO KaTaJIOT €KBaTOpPiaIbHUX KOOPIU-
HaT Ta V-BenmuuuH 11g 2 673 686 3ip Ta rajJakTHK 10
V< 20™ na cepennio eroxy 1974.5 p. Katanor € ¢o-
TOMETPUYHUM AOTMOBHEHHSIM MiXXHapOJIHOIO IpO-
exty ®OH (B. M. AHapyK)

Binginu dyngameHTanpHoi 1 ¢oTtorpadiuyHoi
acTpOMETPii TaKOX OpaJiv y4acTh Y BUKOHAHHI i KO-
opauHaliii po0iT 3a Bcecolo3Hoo mporpamoro Io-
3ULINHUX cIocTepexkeHb Til COHSYHOI CHUCTeMU
«Opbuta» (1981—1990 pp.), Ha3eMHOMY acCTPOHO-
MiyHOMY 3a0e3mnedyeHHi KocMiuHo1 Micii 1o Mapca
®OBOC (1987—1989 pp.). [Ipu BUKOHAHHI TIPO-
rpamun POBOC, kpiM cynyTHUKIB Mapca, Oynu
OTpUMaHi 300paXkeHHsI 30BHIlIHIX CYIyTHUKIB
IOmirtepa, sickpaBicTh SIKMX MeH111a 3a 17", Ta cymyT-
HUKIB YpaHa [1, 2].

I'AO Oyna akTMUBHUM OpraHi3aTOpOM i BUKOHaB-
neM niporpamu IHW (International Halley Watch) ta
ii perionanbHO1 yactuau PAITPOT (1986—1987 pp.,
PanssHcbKa mporpama crioctepexkeHb KomeTu lai-
Jiest), rojmoBHo yctaHoBoio B CPCP i3 actpono-
MiYHOTO 3abe3nedyeHHs KocMiyHol Micii BETA 1o
kometu lamnes [31]. Metoro mporpamu «HazemHi
aCTPOHOMIUHI CITOCTepexXeHHs1 KoMeTu lamies» B
1983—1986 pp.) Oyna opraHizauist i MpoBeACHHS
CUCTEMATUYHUX i MO3ULIIHHUX CITOCTEPEXKEHD KOME-
tu lannes Ha actpoHoMiuHuX obcepBaTopisix CPCP,
30ip JaHuX, iXHili MEpBUHHMI aHaJli3 i mepenaya B
orepaTUBHOMY pexxnMi y LleHTpr 06pooKu wist mmo-
JAJIBIIIOrO BUKOPUCTAHHS 3a MpoekToM BETA. IH-
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(opmMmalris, 110 OTpUMYyBaIacs 00cepBaTOPIIMHU, TIe-
penasajacs 1o neHTpy 30opy nanux IAO. Y npoueci
BUKOHAHHS poOOTH BUPIIIEHO TaKi OCHOBHI 3a1ayi:
chopMOBaHO aCTPOMETPUUYHY MePexXy, pO3pOo0IeHO
i peai3oBaHO Mporpamy poOIT 3 aCTPOHOMIYHOTO
cyrpoBomkeHHST KoMeTH Tamest (1986 p.); ckimane-
HO IHCTPYKIIitO IJIs1 MO3ULIHHUX CIIOCTEPEKEHb KO-
metu (IAO AH YPCP i TAO AH CPCP); ctBopeHo
KaTajor J0AaTKOBUX OIIOPHUX 3ip 3a TPAaEKTOPI€IO
koMetu lamnes nius nepiomy 3 BepecHs 1983 p. mo
>KOBTeHb 1985 p.

®ororpadivHi orsiau Heba CTaIM OCHOBOIO IS
noiryky manux Til COHSYHOI CUCTEMM, 30KpeMa
acrepoimiB. Ha 0a3i mporpamu ¢ororpadiyHoro
orsay Heba (POH) B TAO HAHY Oynu orpumani
Karajor 2292 acrepoiniB nporpamu «®OH-Kuis»,
Karayior 2728 actepoiniB «®OH-Kurtabd», kataaor
2269 acrepoinis «®OH-/lyuran6e», karangor 1848
nonoxeHs acrepoinis B banmone (0. M. Ixxaxesuy,
C. B. Illaroxinay criBmpaii) [51, 52]. CtBopeHo Ka-
tajior 1385 rnoJjioxeHb roJIOBHUX CYIyTHUKIB CaTyp-
Ha (S2—S9) 3a j7aHUMM OoLM(MPOBAHUX aCTPOILIATI-
BoK O0’enqHaHOro M(MPOBOro apxiBy YKpaiHCbKOi
BipTyanibHOI oOcepBaropii. BUKOHaHO TTOPiBHSTHHS
O0YMCIEHUX TIOJIOXKEHb CYITYyTHUKIB 3 edemepu-
HUMU OaHUMH, DPE3yJIbTaTU SIKOTO IiATBEPAVIN
HEOOXigHICTh oLM(pPYBaHHS apXiBHUX acTpOILIa-
TiBOK i3 CyIyTHUKAMM [IJISI YTOYHEHHS IXHiX I10JI0-
xeHb (B. M. Aanpyk, JI. K. ITakynsk, B. B. Tonos-
v, I. O. Isanos, A. 1. duenko, C. B. IllaToxiHa,
O. M. IxxakeBnu).

Cepen TeM, 110 yCITiIHO po3pooJsuiucs B TAO B
1950-T1i poku — «JlocainkeHHsI IIBUAKUX 3MiH ped-
pakiiii B 3eMHiit atMmocdepi» (1. I KomunHCbKMit).
VY 1956 poui B TAO Brepiie 6yj0 BUKOHAHO JI0-
CJIiIDKeHHS ApuXaHb 300paxeHs 3ip. I. I. KoauuH-
CBHKWI OMHUM 3 TIEPIINX CTaB BU3HAYATH XapaKTe-
puctuku uykTyamiii pedpakiii K BHAIAagKOBOTO
MpOIIeCy, BAKOPHUCTOBYIOUN MPH IIbOMY METOIH aB-
TOKOpeJisiliiiHoro aHafidy. Lluki poOiT 3 BUBUEHHS
JIpVXXKaHb i MEpEXTiHb 300paXkeHb 3ip B TeIECKOMax,
BUKOHaHUi1 B 1955—1975 pokax min KepiBHULITBOM
I. I. KomynHChKOro Ha OCHOBI BUMipIOBaHb «CJTiIiB»
3ip Ha (oToIIaTiBKax, CTaB MiOHEPCHKUM B acTpoO-
METpii i oTpuMaB IIMpoKe BU3HAHHSA. OTpuMaHi
pe3yJbTaTh 3 BUBYCHHSI aHOMAJIili acTPOHOMIYHOL
pedpaxuii I. I KomunHcbkuil y3araaibHUB B CBOIN
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MoHorpadii «OnTuyHa HecTabiIbHICTh 36MHOI aT-
MocdepH 3a criocTepexkeHHsIMU 3ip» [17].

4.2. Ilosuuiiina acmpomempis. PobGotu 3 10-
3UlifiHOI acTpomeTpii, 3amoyatkoBaHi B TAO
K. O. Koponewm i B. B. Koninum, 0yau npomgoBxke-
Hi A. C. XapinuMm. Hum Oynu cTBOpeHi KaTajioru 3a
MIPOTPaMOI0 3eHIT-TEeJIECKOIIB, OTpuMaHoO Oisg 850
BU3HaueHb cxwieHb COHIS i BeJUKUX TUIAHET. Y
1995 polii 3 BUKOpUCTaHHSIM 0a31 JaHUX 00’ EKTIB B
[Y-niama3oHi i makety nporpam 'AO cTBopeHO Ka-
tajior nojoxeHb [Y-mxepen IRKF-5. 3nauna yBara
Opuainsiacs neTaJlbHOMY JOCHIIXKEHHIO MEpUIi-
aHHMX IHCTPYMEHTiB — BM3HAYCHHIO HEMpaBUJIb-
HOCTi warnd, mporuHam («THYTTS»), 11O OCOOJIMBO
BIUIMBAIOTh HA BU3HAYEHHS CXWJIEHb, YCYHEHHIO
HETOYHOCTI HaHEeCEHHs IMOIUIOK Ha BimIiKaxX KpyTiB
Ta iH. [TpoBaaunacs mMonepHizallisi BEpTUKaJIbHOTO
kpyra BaHiadda i nociaizmkeHHs ToXMO0K MOIiIOK
iioro niMba (M. ®@. Miugiino). CrisbHO 3 ACTPOHO-
MiyHOIO oOcepBaTopielo KMiBCHKOro yHiBepCUTETY
im. T. I. IlleBueHKka OyB BUTOTOBJICHUIA Ta pO3Millie-
Huii Ha Teputopii TAO MepuaiaHHMI akciaJbHUMN
kpyr (1986 p., koHnctpykTop K. 0. Ckopuk). Ha
TEJIECKOIIi, OCHaIIeHOMY cydacHoo [133-kamepoio,
y 2001—2015 pp. Oyn1m BUKOHAHI IIpOTrpaMu 3i CIo-
CcTepeXeHHs 3ipoK y IiIsTHKaXx 3 pajioixepesaMu —
00’extamu ICRF Ta ekBaTopianbHuUii acTpoMeTpuy-
Huit orisig HeOa. Tak, y 2001—2003 pokax Ha MAK
(I133-kamepa 3 matpuuew ISD0O17AP) npoBaau-
JIMCS CTIOCTEePEKEHHS 3ip y IJIoIaaKax 3 pagioaxke-
penamu — o0’ektamu ICRF 3 MeTol0 CTBOpEeHHS
OIIOPHOTO aCTPOMETPUYHOIO KaTaylory 3ipok a0 V=
= 7™y HanpsIMKY Ha Mo3arajJakTU4Hi pagioakepeia
(IT. JTazopenko, B. Kap6iBchkuii, JI. Cauiii Ta iH.)
[45]. TIporpama Bkiovasa 192 noszarajakTUYHUX
paniomxepena, piBHOMipHO PO3MIlLIEHUX Y 30Hi CXU-
sieHs 0°...+30°. OTpumMaHMii acCTpOMETPpUUHUIA KaTa-
Jior mae aBi Bepcii: nepiia Bepcist KMACI1 micTtuth
104796 3ipok y 159 monsix, apyra Bepcist KMAC2
mictuth 115032 3ipku y 192 nonsix. BctaHoBiIeHHS
HoBoi I133-kamepu, BIPOBAIKEHHSI HOBOIO IIPO-
rPaMHOTO0 3a0e3MeUYeHHsT 1aJI0 MOXJIMBICTh IIPOIOB-
SKUTU TOBTOTEPMIiHOBY TIPOTpaMy CITOCTEPeKeHb 3i-
pok Ha MAK. B pesysnbrati crioctepekeHb eKBaTOpi-
aJIbHOI 30HU Heba 3 4-KpaTHUM MEePEKPUTTSIM CKaHiB
Oyno oTpMMaHO acTpoMeTpuuHmuii Katajor KMAC3
MOJIOXEHb Ta V-BeanuuH 3ip 10 17" B 30Hi CXWJIEHb
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6 = +2°..+5.5° [13]. CtBOpeHHsI BKa3aHUX KaTalo-
TiB € BaXJIMBOIO 3aa4Yel0, aKTyaIbHICTb SIKO1 30epi-
rajiacsi o OTpMMaHHSI HOBMX KaTaJloTiB 3a I0MOMO-
ror KOCMiYHUX Miciii, 30kpema GAIA.

Enoxa kocMiuHOT acTpoMeTpii KapJMHAIbHO 3Mi-
HUJa THAXOAM [0 acTPOMETPUUYHMX MOCTiIXKEeHb.
TouHicTh CydacHUX aCTPOMETPUYHUX CITOCTEPEXKEHD
CTPiMKO 3pocia 3aBAsIKi MOACPHi3allii iHCTpyMeH-
TiB, BAOCKOHAJIEHHIO METOJIMKU CIIOCTEPEXEHb Ta
iIXHBOI1 00pOOKHU. PO3p00IEHO METOAUKY HANTOUYHUX
ACTPOMETPUUYHUX CIIOCTEPEXEHb Ha TEJecKOorax 3
BeJIMKOO aneptypoto. [TpoBaasiTbesi acTpoMeTpud-
Hi crocTepeKeHHs Ta MOIIYK eK30IJIaHET HaBKOJIO
XOJIOMHUX KapJuKiB. Tak, i3 BUKOPUCTaHHSIM Kame-
pu FORS2, BcraHoBneHoi Ha 8-m Teneckoni VLT
(Very Large Telescope) €BpormeiichbKoi MiBAEHHOI
obcepBaTopii, OyJ10 OOCATHYTO TOYHOCTI BU3HA-
YEHHS MOJIOXEHb, BJACHUX PYXiB i MapajlakciB 3ip
17...20™. BukoHaHO acCTpOMETPUYHY OOpPOOKY ap-
XiBHUX CIIOCTepeXXeHb OiHApHOI CUCTEeMU KOpUY-
HeBux KapiaukiB WISE J104915.57 — 531906.1AB
(LUH 16), orppuMaHUX 3a JOIIOMOTOO BEJIMKHUX Ha-
3emHux TeaeckoniB FORS2/VLT i Gemini/GeMS,
KocmiuHoro Tteneckorna iMeHi [a006sia Ta 3Haiine-
HUX y 0a3i hoToriacTHHOK €BponeiichbKol MiBaeH-
Hoi obcepsaropii (I1. @. Jlazopenko). [ToeqHaHHSs
LIUX CIIocTepexeHb i BukopucrtanHsa Gaia DR2 sk
aCTPOMETPUYHOTO OMOPHOTO TOJIS 1aJI0 3MOTY BU-
3HAYUTU a0COIOTHUI Mapajakc Ha3BaHOI CUCTEMU,
eJIeMEHTHU OpOiTH Ta Macy KOMITOHEHTIB CUCTEMHU.
Ile BU3HAYEHHSI TMHAMIYHUX Mac € HAUTOYHIIIIUM
JIJISI KOPUYHEBUX KapJIUKIiB i HE TTOCTYITAETHCS BiTO-
MHM Y CBITi pe3yJbTaTaM IJisl TIOABIMHUX 3ip iHILKX
TUIIIB [46].

5. BUCHOBKHI

PosrisaHyTo ctranoBieHHs i TpaHC(OpPMAaIlilo aCTPO-
MetpuuHux pociaimkeHb B TAO HAH VYkpainu B
KOHTEKCTI BUAUICHUX HAMUW HayKOBUX IIIKiJ.
Tpaguuii Haykoeoi wkoau 3 @yHoamermanvHoOi
acmpoHomii, no3uyitiHoi acmpomempii ma 2100a1bHOI
eeodunamixu axademika Onexcanopa Hdxosuua Opao-
6a TIPOJOBXYIOTbCSl 3aBISIKA BIPOBAIKEHHIO HO-
BUX TIJXO/iB, MOXJMBOCTSIM IyOJiYHOIO JOCTYIY
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JI0 NaHWUX, OTPUMAHUX KOCMIYHUMM TejiecKonaMu
(HIPPARCOS, GAIA Ta iH.) Ta y4yacTi y crmocre-
pPeXHUX MporpamMax Ha HOBUX MOTY>XKHUX Ha3eMHUX
TeJIeCKOIIaX, po30yI0BaHUX IHITUMHU KpaiHAMM CBi-
Ty. CTpiMKHI1 TEXHOJOTIYHUI PO3BUTOK aCTPOHO-
MIYHOTO TIpWIaAo0yayBaHHSI, MPUUMaIbHOI IN-
POKOCMYTOBOi arapaTypu Ta 3aCTOCYBaHHSI HOBHUX
TEOPETUYHUX METOJIB I MPOTrpaMHUX 3a0e3IeUYeHb
00po0OKM TaHMX 3a0€3MeYnId BUCOKY TOUHICTh BU-
3HAYEHHS acCTPOMETPUUYHUX TMapaMeTpiB HEOECHUX
00’€KTiB, 30KpeMa I10JIOKEHbD i BJIACHUX PYXIB 3ip y
Hamrii TanakTuii, 6e3mpeneaeHTHOrO 3a TOYHICTIO
BU3HAYEHHS ITapaMeTpiB 00epTaHHs 3eMJIi TOIIIO.

Hayxkosi nanpsamu I. I. Koauuncekoeo, A. b. One-
einoi, A. C. Xapina 3 ghomoepaghiunoi ma nosuyitinoi
acmpomempii HaOyJIN TTOJAJIBIIIOTO PO3BUTKY 3aBHSI-
KW BIPOBAIKEHHIO HOBUX iH(pOpMaLlifHUX TEXHO-
JIOTiii. 3HaYHa poJjib B LIbOMY HaJIEXKWUTh CTBOPEHI
y 2011 poui YkpaiHchKili BipTyaibHili 00cepBaTO-
pii (YkpBO). MoxuBicTh oLu(ppyBaHHSI acTpoO-
TUIaTiBOK J1ajia MOIITOBX 0 MPOJOBXKEHHS poOOTH
Ham psmoM TporpamM, 3okpema, PDotorpadidHum
ornsimoM Heba (porpama @OH), cTBopeHHS psiLy
KaTaJIoriB IOJIOXKEHb IUIAHET, IXHiX CYMYTHUKIB, ac-
TEpOIiB.

Hayxosa wxona 3 ¢hynoamenmanvoi acmporHomii
ma cenenodesii uneHa-KopechoHdeHma, npogecopa
Asenipa Onexcanoposuya Hdxkoekina B 4aCTUHI cele-
HOJ€3MYHMUX aCTPOMETPUUYHUX JOCTIIKEHDb MPUTTH-
HUJA CBOE iCHYBaHHS, aje TMOAJIbIINNA PO3BUTOK
IIKOJIM II0B’s13aHUil 3 (poTorpadivHOI0 acCTpPOMET-
pieo. [6] .

AkajzieMiuHi AepeBa HayKOBMX IIIKiJI 3 aCTpOMET-
pii mpeacTasiaeHo Ha caiiti TAO (https://www.mao.
kiev.ua/index.php/ua/sci-sch-astrometry-geodin).
3a KpuUTepiil BUAiICHHS IIKOJU MPUNHSITO 3aXUILIE-
Hi nucepTauii cniBpodiTHUKamu TAO abo mia ixHiM
KEpiBHULITBOM.

Asmop sucnosaroe nhoosiky akademiky HAH Yxpainu
A. C. Auyxkiey 3a nocmanosky 3adaui, npog. 1. b. Ba-
8UN06II, KaHOudamy @i3uKo-mamemamuvyHux HayK
C. B. llamoxiniii 3a kopuchi nopadu i 062080peHHs
Mamepianie cmammi.
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ORIGINS AND TRANSFORMATION OF SCIENTIFIC ASTROMETRIC RESEARCH:
MAIN ASTRONOMICAL OBSERVATORY OF THE NAS OF UKRAINE

The paper aims to highlight the formation and progress of the astrometric schools of the National Academy of Sciences of
Ukraine — the scientific school of fundamental astronomy, positional astrometry, and global geodynamics of Academician
Oleksandr Yakovych Orlov, the Scientific School of fundamental astronomy and selenodesy of the Corresponding member of the
Academy of Science professor Avenir Oleksandrovych Yakovkin and the scientific direction of I. G. Kolchinsky, A. B. Onegina,
and A. S. Kharin on photographic and positional astrometry.

The main directions of research of the scientific school in fundamental astronomy, positional astrometry, and global geody-
namics are the next: the creation of catalogs of faint stars, stars of the latitudinal program, radio sources, mathematical methods
of researching the change of latitudes, and the movement of the Earth’s poles, fundamental astronomy (study of astronomical
constants), application of the movement of the poles and irregularities of the Earth’s rotation (laser ranging of the artificial sat-
ellites of the Earth, VLBI-observations, GNSS-observations). Introducing new observational methods and tools contributes to
the further development of the school and the preservation of its scientific traditions.

The purview of the scientific school of fundamental astronomy and selenodesy concerns the first astrometric mapping of the
Moon'’s surfacedetails using data from orbital satellites, as well asthe study of stellar dynamics, kinematics and structure of the
Galaxy.

The researchfindings in photographic and positional astrometry are analyzed. The role of the Ukrainian Virtual Observatory
(UkrVO) in the current development of the scientific directionis indicatedbasedon the possibility of digitizing astronomical pho-
tographic negativesobtained in the frameworks of vast photographic surveys of the sky, in particular,the FON/FONAK project.
Re-reduction of past observational data in up-to-date reference frames allowed the initiatingof the search for asteroids, their
earlier positions and precoveries, as well as thereworking of earlier observations of large planets and small bodies of the Solar
System.

Keywords: astrometry, scientific school, selenodesy, space research.
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NOAP PLANNER 0.6.5 — FEATURES
OF NEO OBSERVATIONS PLANNING WITH ONE BUTTON

Last year, a package of Python scripts NOAP (NEO Observation Analyzer and Planner) was presented in this journal. It is designed
to plan NEO observations and analyze existing observations automatically. Over the past year, this package has undergone signifi-
cant changes, in particular, the planning pipeline has been updated. The main goal of the update was to simplify and automate the
observation planning process as much as possible, as well as to increase the quality of the object selection for observation. This article
highlights the main changes made to the Planner pipeline and discusses the features of automated planning of NEO observations for
small-aperture telescopes. An algorithm has been developed for the automated processing of data from the NEOCP Minor Planet
Center website, which allows for detecting new objects that require confirmation much faster. Additionally, an adaptive NEO filtering
algorithm has been developed, considering the speed of NEO’s apparent motion and its expected brightness. This makes it possible to
improve the magnitude limit for slower NEOs and to discard objects that cannot be observed with a given telescope due to the “velo-
city — brightness” correlation.

The article also discusses a new feature of automated ephemeris calculation for fast objects, which allows us to avoid the loss of
observations due to the object moving too fast across the telescope’s field of view. Thanks to this approach, the possibility of error
occurring during planning was minimized, and this procedure became available for simultaneous observation planning for several
observatories.

The implementation of new algorithms allowed for a significant increase in the efficiency of observations, especially for objects
with low brightness. The study provides examples of the new planner application for the L 18 station and demonstrates statistical data
confirming the improvement in the accuracy and quality of observations.

Keywords: NEO, optical observations.

INTRODUCTION

The first version of the NOAP (NEO Observations
Analyzer and Planner) package of Python scripts was
described in detail in [3].

Structurallyy, NOAP consists of two script
pipelines: Planner and Analyzer. The first of them
is intended for planning observations of near-Earth

objects (NEQO) at various observatories, and the
second is for analyzing the received observations
based on the NEODyS-2 database [6]. According to
the results of using NOAP [3], several directions for
its improvement were highlighted.

For Planner pipeline:

e batch calculation of ephemeris and observation
plans for several observatories;

LlutyBanHs: Kozhukhov O. M., Medina M. S. NOAP planner 0.6.5 — features of NEO observations planning with one but-
ton. Space Science and Technology. 2024. 31, No 1 (152). P. 70—76. https://doi.org/10.15407 /knit2025.01.070
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license (https://creativecommons.org/licenses/by-nc-nd/4.0/)
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* change of the algorithm for obtaining data from
the NEOCP [9] webpage for more prompt detection
of the appearance of new objects that require confir-
mation;

e an adaptive algorithm for filtering NEOs that
can be observed with the given telescope, taking into
account both the velocity of their visible movement
and the predicted brightness. This will increase the
limiting magnitude for slower NEOs, increase the
time of NEOs in sight, and reject NEOs that cannot
be observed with the given telescope according to the
“brightness — velocity” ratio;

e the introduction of a graphical user interface;

e integration of the “Planner” pipeline with the
“Analyzer” pipeline for priority calculation.

For the “Analyzer” pipeline:

¢ compatible statistics calculation for several ob-
servatories;

e quality assessment of NEOCP object observa-
tions;

e validation of the observations before they are
sent to the MPC;

* the optimization of additional calculations, es-
pecially those associated with data modification.

In this paper, we will show how exactly the changes
were made to the Planner pipeline alone, bringing it
to version 0.6.5.

1. CHANGES MADE TO THE PLANNER PIPELINE

Unfortunately, only the first and third points of
improvement have been implemented, so far, but we

objects.txt

Station list

main.py

Flow control

—p{ confirmation —

get_neocp.py get_ephems.py

New objects selection for
confirmation

Calculation of ephemerides
Ephemeris filtering

Known objects selection
Calculation of ephemerides
Ephemeris filtering

plan_picture.py

Merge source files
Formation of the
observation plan

v

Output data

= Ephemeris file
= Schedule of observation plan
= Observation plan

A

Figure 1. Structure of the previous version of the Planner pipe-
line [3]

consider them to be among the most important ones.
Below we will dwell on each of them in detail.

1.1 Batch Calculation. The first versions of the
pipeline required the sequential launch of three of
its scripts (Fig. 1) to obtain the observation plan and
ephemerides. The disadvantages of such a solution are
insignificant when working with one observatory, but
they can become a serious obstacle if it is necessary to
plan observations for several observatories at once.

Therefore, changes were made to the pipeline op-
eration scheme (Fig. 2). Now, all three “calculation”
scripts are launched by an additional control script
main.py, and calculations are performed for all ob-

get_neocp.py
New objects selection for

Calculation of ephemerides

Ephemeris filtering Output data

get_ephems.py

Known objects selection * Ephemeris file

config.xls

Specific parameters
for each station

-

»! Calculation of ephemerides » ® Schedule of observation
Ephemeris filtering plan
e Observation plan
plan_picture.py

Merge source files
Formation of the
observation plan

Figure 2. Structure of the current Planner pipeline’s version. The ovals show new elements that provide “one-button” planning.
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servatories specified in the objects.txt list. Thus, from
now on, planning observations, even for several ob-
servatories, is done virtually “with one button”.

1.2. Adaptive Algorithm for Filtering NEOs. The
algorithm for selecting NEO for observation is as in
[3], regardless of the influence of NEQ’s apparent
motion speed on the ability of their observation. This
influence is determined by the fact that the greater
the speed of a NEO, the less “effective” its exposure
is. Here, effective exposure is the maximum exposure
value at which photons from the observed NEO fall
on the same pixel of the optical sensor camera. It
depends on the image scale and the velocity of the
NEO’s apparent motion. The calculation of effective
exposure is shown in [3] as the calculation of expo-
sure for observations. Thus, the fainter and faster the
NEO is, the higher the probability that in sidereal
tracking observing mode, during the effective expo-
sure, the pixel will receive such a small amount of
light from a given object that this may not occur when
using the “shift-and-stack” technique (or “synthetic
tracking”), see the example, [1, 7, 10—12]. In addi-
tion, faint and fast NEO may also require a number
of frames that can’t be obtained while the NEO is in
the field of view of the observing telescope.

Thus, it can be stated that the limiting magnitude
for a relatively slow NEO is significantly lower than
for a fast one. An increase in the limiting magnitude
will lead to the fact that a great number of faint ob-
jects that cannot be observed due to their high speed
will be included in the NEO list for observation. So,
there was a need for a highly advanced algorithm to
assign NEOs that will be planned for observations.
This algorithm has to reject objects considering the
mutual influence of their apparent brightness and ap-
parent motion speed on their visibility.

In order to balance the mutual influence of NEO
speed and brightness on the ability of their observa-
tion, it is necessary to go to NEO filtering for approx-
imate values of the “signal-to-noise” ratio (SNR) of
their images that the given telescope can form during
the effective exposure time.

To calculate SNR, we use the so-called “CCD
Equation” [5]:

SNR = S , (1)
\/S+”p,~x (Nyy + N +N?)

72

where §= f(my,t,,,.tel) — signal from the NEO of
interest, n, — the number of pixels that the NEO
image takes up, N, = f(m,t, .tel) — noise from
the sky background, N, , = f (texp,cam) — camera’s
dark current noise, N f = f(cam)— camera’s readout
noise, my,, — NEO’s magnitude, ¢, — effective ex-
posure calculated by [3], fel — telescope parameters
(aperture size, obstruction, number of optical surfac-
es, scale), m, — sky background level considering the
influence of the atmosphere and the Moon, cam —
camera parameters (dark current level, temperature,
readout noise level, ADC bit depth, pixel full well).

The obtained SNR value is compared with the
threshold, and if it appears to be less than the thresh-
old, the NEO is removed from observations. More
detailed information on the calculation of each com-
ponent can be found in [5, 8]. The influence of the
atmosphere and the Moon on the sky background
level was determined according to [4].

1.3. A New Alternative to Calculate the Required
Number of Frames. Since there is an estimation of the
SNR predicted value of the NEO image in one frame
(1), it is possible to calculate the number of frames
that need to be obtained N :

frames

2
SNR
N =N . obx_est] , 2
frames obs _est ( SNR ( )

Where N, ., — minimum number of observations
planned to obtain (usually 3or4), SNR, ., — need-
ed SNR of NEO image for one observation.

1.4. «Adaptive» Ephemeris for the Observations of
Fast NEOs. By default, the ephemeris is calculated so
that the predicted position of the observed NEO is
in the center of the frame. There is nothing special
about this if the object is slow or the telescope field
of view is large enough. But there exists a possibil-
ity when the field of view is relatively small, and the
NEO has such a speed that will allow it to pass half
of the field of view that remains to be covered faster
than the camera takes a given number of frames. In
this case, the shooting may turn out to be incon-
clusive because the number of frames in which the
NEO is in the field of view may not be sufficient to
obtain at least three required observations using the
“shift-and-stack” technique. In order to consider
such cases, it is suggested to calculate the “adaptive”
ephemerides as follows.
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1. For each line of the ephemeris, the path L
that the given NEO will pass during the shooting is
determined:

L= (5K, 160) Ly N
where Sk, . — NEO’s apparent motion speed,
arcsec/min; N, — the total number of frames
need to be shoot.

2. The obtained value is compared with the mini-
mum size of the field of view along one of the coordi-
nates min (Lg,, Lp,.)-

2.1 If L <0.4'min (Lg,, Lp,.), then nothing hap-
pens.

22 1f 0.4'min (Lg, Lp,) < L <0.8min (Lg,
L,,.), then the telescope aiming point is shifted for
0.5L forward along the trajectory of NEO’s motion.

2.31f0.8- min (Lgy, Lp,)<L,then N, . isre-
ducedby l and N are recalculated according to
expression (2). After the reduction, L is calculated
again. If condition 2.3 continues to be fulfilled, then
the reduction of N, ., is repeated until the value
reaches 3. If condition 2.3 continues to be satisfied,
then this row is removed from the ephemerides’ list.

1.5. Changes in the File Configuration. Due to the
modifications made to the program, the configuration
file has also been changed. Previously, it was a simple
text file with separate subsections, but now it is a file in
.xIsx format, consisting of three separate sheets.

The Stations sheet stores all the data on observato-
ries for which observations can be planned, includ-
ing the telescope’s specifications required for the al-
gorithm operation described in subsections 1.2—1.4.
The obs sheet contains the constants required for the
pipeline operation, including the ability to switch to
manual mode for determining the interval to calculate
the ephemeris. The system sheet contains the paths re-
quired for the correct operation of the pipeline.

2. RESULTS

First of all, we should mention increasing the pipe-
line’s usability. This concerns the “one-button plan-
ning” approach itself. Now, with a correctly formed
configuration file and no failures in the pipeline, the
possibility of incorrect planning of observations due
to the operator’s fault is practically excluded, more-
over, for any reasonable number of facilities (for the
time being, the pipeline is successfully coping with
the automatic planning of observations for five facili-
ties at once: three real facilities with MPC codes L18,
L99, M32 included in the National Space Facilities
Control and Test Center of State Space Agency of
Ukraine and two “experimental/virtual” facilities
created for tests).

Secondly, there is an effect of reducing the depen-
dence of the obtained observations’ accuracy on the

Table 1. Statistics of NEO observed by L18. The initial data from the NEODyS-2 site
were obtained and processed with the Analyzer pipeline from the NOAP

Observations o LI8 St
(2019 — 2021) (2022 — Apr-2023) (May-2023 — Jun- 2024)

Observations 5669 1703 1007
Sessions 939 398 304
Obs./Ses. ratio 6.04 4.3 3.31
Objects 505 254 191
Nights 235 88 108
Mean AM_calc* 17.41" 17.55" 17.93"
Median AM_calc 17.61" 17.85" 18.26
Percentile by level 0.9 for AM_calc 18.59" 18.60" 19.06"
Mean V_HOR**_ arcsec/min 17.45 16.94 16.84
Median V_HOR, arcsec/min 8.18 8.36 10.29
Percentile by level 0.9 for V_HOR,
arcsec/min 39.90 38.27 35.12

* — calculated apparent magnitude of observed NEOs; ** — velocity of apparent NEO’s motion according to NASA Jet Propul-

sion Laboratory ephemerides [2].
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Figure 3. Dependence of the observation accuracy for the L18 facility in 2023—2024 on the apparent brightness of the observed
NEOs: a — RA, Dec; b — along (dL) and cross (dN) track. The raw data from the NEODys-2 website were obtained and pro-

cessed by the Analyzer pipeline from NOAP

apparent magnitude of the observed NEOs. Fig. 3
shows the dependence of the accuracy of observa-
tions on the apparent magnitude for the L18 facility
in 2023—2024. The dots show the average error val-
ues for each session (the set of observations for one
NEO per night) with error limits at the level of one
root mean square.

For the majority of objects, there is a noticeable
absence of a significant correlation between the
brightness and the accuracy of positional observa-
tions. This is explained by the fact that the SNR for
these observations, due to the use of the “shift-and-
stack” technique and the peculiarities of the observa-
tion planning algorithms, remains almost at the same
level.

74

The changes introduced had an even greater effect
on the qualitative set of the observed NEOs. Table 1
shows the main statistics for the L18 facility, where
the new observation planning algorithms were tested.
The first column shows the statistics of observations
before the introduction of automatic planning, the
second — with the use of automatic planning, and
the third — with the use of automatic planning and
the new algorithms for selecting observed NEOs. It is
clearly seen that a significant decrease in the bright-
ness of the observed objects (highlighted in bold)
leads to a decrease in the number of observed NEOs
per night and the number of observations per session.
The effect of brightness weakening itself is associated
with the introduction of new planning algorithms al-
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lowing a more correct selection of visible NEOs with
low brightness and also with the fact that such objects
usually have a higher priority.

CONCLUSION AND PLANS FOR THE FUTURE

The ability to plan NEO observations for several ob-
servatories (facilities) at once has significantly in-
creased the speed of this process without reducing its
quality. A new algorithm for selecting NEOs for ob-
servation has made it possible to increase the limiting
magnitude of observed objects significantly.

Further work should be focused on the following:
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NOAP PLANNER 0.6.5 — OCOBJIMBOCTI INTAHYBAHH CITOCTEPEXXEHDb
HABKOJIO3BEMHUMX OB’€KTIB OJHIE KHOITKOIO

MuHynoro poky y gaHoMmy XXypHali Oyio npeactasieHo naket Python-ckpuntiB NOAP (NEO Observation Analyzer and
Planner), npu3HaueHuii 1J1s1 aBTOMaTU30BaHOTO TJIAHYBAHHSI Ta aHaJIi3y criocTepexkeHb HaBKo103eMHUX 00’ekTiB (NEO). 3a
OCTaHHiH piK 11e#l makeT 3a3HaB iCTOTHUX 3MiH, 30KpeMa 0yJI0 OHOBJIEHO KOHBEED MIaHyBaHHSI. OCHOBHOIO METOIO OHOBJIEH-
HsT OyJIO MaKCUMaJIbHE CIIPOIICHHS Ta aBTOMATH3alIisl TTPOIIeCy TUTaHYBaHHS CTIOCTEPEXEHbB, a TAKOXK MiIBUIIICHHS TOYHOCTI
BUOOpPY 00’ €KTIB JJIsSI CIIOCTEPEXEHHSI. Y aHiil CTaTTi BUCBIT/IIOIOTHCS FOJIOBHI 3MiHM, BHECEHI B KOHBeep Planner, i o06roso-
PIOIOTHCSI OCOOJIMBOCTI ABTOMATU30BaHOTIO IJIaHyBaHHS crioctepeskeHb NEO /11s1 TeJIeCKOITiB 3 HEBEJIMKOIO arepTypolo.

Byno po3pobiaeHo airopuT™ Jjisi aBTOMaTU30BaHO1 00pOOKHU TaHUX 3 BeO-cTopiHKM caitTy LleHTpy Manux riaHetr NEOCP,
1110 T03BOJISIE BUSIBJISITU HOBi 00’€KTH, 5IKi MOTPEOYIOTh MiATBEPIXKEHHS, 3HAUHO 1iBualie. KpiM Toro, 0yjio cTBOpeHO anamn-
tuBHUM anroput™ binsrpauii NEO 3 ypaxyBaHHSM IIBUIKOCTI IXHBOTO BUAMMOTO PyXy Ta repeadadyBaHoi sickpaBocTi. Lle
A€ MOXJIMBICTh IMOKPAIIUTU MEXY 3ipKOBOI BeIMUMHU 1151 Oibi TToBiIbHMX NEO Ta BimxwissTy 00’€KTH, AKi He MOXKHa
CIOCTEpiraT Ha JaHOMY TEJIECKOITi Uepe3 CITiBBiIHOIIEHHS «IIBUIKICTh — SICKPaBiCTh».

Y cTaTTi TaKOX 00roBOPIOETHCS HOBA (PYHKILisI aBTOMAaTU30BaHOIO PO3paxyHKy edeMepu s IBUAKUX 00 €KTIB, 1110 10-
3BOJISIE YHUKATU BTPATH CITOCTEPEXXeHb Yepe3 3aHaaTO IIBUAKUI pyX 00’€KTa Yepe3 MmoJie 30py Tejleckona. 3aBasKu TaKOMY
MiIX0My, MOXKJIMBICTb TTOMMJIKM TTifl Yac ryiaHyBaHHs OyJjia MiHiMi30BaHa, a cama Ipolielypa cTaja JJOCTYITHOIO JJIs OHOYaC-
HOTO IIJIaHyBaHHS CITOCTepEXKeHb IS KiJTbKOX 00cepBaTopiii.

BripoBakeHHS HOBUX aJITOPUTMIB JO3BOJIMIIO 3HAUHO IMiABUIIUTHA €(PEKTUBHICTh CITOCTEPEKEHb, OCOOIUBO I 00 €KTIB
i3 HU3bKOIO SICKPaBicTIO. Y JOCTiIKeHHI HaBeAeHI MPUKIIaIM 3aCTOCYBaHHSI HOBOTO IJIaHyBaJIbHUKA i ctaHLii L18 ta rpo-
JIEMOHCTPOBAHO CTATUCTUYHI JaHi, 1110 MiATBEPIKYIOTh 3pOCTaAHHSI TOUHOCTI Ta SIKOCTi CIIOCTEPEXKEHb.

Karouoei caosa: HaBKO103eMHi 00’ €KTU, ONTUYHI CIIOCTEPEXKEHHSI.
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METO/I 3AXUCTY KOCMIYHUX CUCTEM 3B’AA3KY TA KEPYBAHHA
HA OCHOBI JUHAMIYHOI 3MIHU ®OPM CKJIATHUX CUTHAJIIB

Jloceio excnayamayii KOCMIMHUX cUCMEM NOKA3ZYE, W0 IXHA eheKMUBHICIb CYMMEBO 3aNelcUmb 8I0 AKOCMI (DYHKYIOHYEAHHSA CUC-
memu 363Ky ma KepyeanHs KOCMIYHUM anapamom. Bpaxosyrouu, wo Kocmiuni cucmemu 36’13Ky ma KepyeanHs 0OCMYnHI 04s
3108MUCHUKIG, Y MAKUX CUCIEMAX peanizo8ano 3axXucm nepedanux KOMano ma nogioomaeHs 3 GUKOPUCMAHHAM KPUNmozpagiynux
nepemeopeHs ingopmayii ma cneyiarvHoi anapamypu. Peanizosani 6 makux cucmemax areopummu 3a0e3neuyoms nacU8HUll 3a-
Xucm cucmemu Kepyeanhs KOCMIMHUM anapamom, npu KoMy anapamypa Kepy8anhs 8ioMoease 6 00pobuyi KomMaHo npu Hasg8Hocmi
nomyacHux nepeuikod. Bnposadcenns epexmusnux 3axodie cmae KA0408010 CKAA0080I0 CMpameziil 3axXucmy KOCMIiYHUX cucme-
Max 36’93Ky ma Kepy8aHHs, OCKIAbKU MEXHOAOIMHI MONCAUBOCMI 045 aMaK HA KOCMIYHULL anapam uepe3 padiokanani noCMiiHo
PO36UBAIOMBCS MA CIMAIOMb 8Ce CKAAOHIUUMU. 3axucm 8i0 NOMYICHUX HABMUCHUX NEPeUIK00 8 MAKUX CUCMeMax 30iiCHIOEMbCA 3
BUKOPUCIMAHHAM CUCHAAI 3 YACMOMHOI0 HaOMipHicmto. Y cmammi po3ensoaemvcs Memoo OuHaminHol 3Minu popm cueHanie, aKuii
00360a5€ 3a0e3neuumu b6e3nexy iHgopmauii Ha @izuuHoMy pieHi. Bukonyemovcs anaaiz nepewkodozaxucmy ma imimocmitikocmi
KOCMIMHUX cucmeM 36’13Ky ma Kepy8aHHs Npu 8UKOPUCMAHHI PI3HUX cucmeM cKAaoHux cuenanie. [Ipoananizoeano ancambiresi
Xapakmepucmuku cucmem ckaaonux cuexanie. Hasedeno pesyrvmamu docaiodicensv iMimocmitikocmi npu UKOPUCMAHHI PI3HUX
cucmem cuenanie. Busnauerno, wo npu peanizauii OuHamiuHo20 pexcumy (DYHKUIOHYEAHHS 00CA2AEMbCS GUSPAUL Y NOPIGHSAHHI 3
MpaouyitiHUMU aneo0pummamu 3axXucmy KOCMIMHUX cucmem 36’13Ky ma kepyeéaris. Copmyab08ano ymosu npakmu4noi peaaizauii
OQUHAMIUH020 pedcumy PYHKUIOHYBAHHS KOCMIYHUX cUCmeM 36 3Ky ma Kepy8anHs. 3anponoHogami cucmemu cueHanie, ki 003gons-
romb eupiwiumu npobaemy besnexu nepedati iIHpopmayii @ KOCMIYHUX cUCMeMax 368 93Ky ma KepyeaHHs Ha QI3UUHOMY Di6Hi.

Karouosi caosa: kocmiuni cucmemu 36’13Ky ma Kepy8amHs, NepeutKo0o3axucm, iMimocmiikicms, CUeHaIu 3 4acmomHo Haomip-
Hicmio.

LuryBanus: Craces 0. B., Hemokpuros /1. M., I[lapxomenko M. B., Illuwio C. I. MeTon 3aXucTy KOCMiUHUX CHCTEM
3B’513KYy Ta KEpYBaHHSI HAa OCHOBI IMHAMIYHOI 3MiHU (hOPM CKIAAHUX cUTHaNiB. Kocmiuna nayka i mexunonoeis. 2025. 31, No 1
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BCTYII

Ilocmanoexa npooaemu. CTBOPEHHSI Ta 3aCTOCYBaH-
HsI Pi3HOMaHITHMX KOCMiIUHUX CUCTEM € MepCreK-
TUBHUM HaMpPSIMKOM TMPAKTUYHOTO BUKOPUCTAHHS
KocMiuyHOTO IpocTopy. Ha choromui crBopeHi Ta
YCINIIITHO eKCIUIyaTYIOThCS COTHI Pi3HOMaHITHMX
KOCMIYHUX CHUCTEM BIMCHKOBOTO Ta UMBUIBHOTO
npuzHayeHHs [1—3, 12, 13, 15, 21—23, 25—-27].
PimienHst npobaemu 0e3nexku iHgopmallii, siKka 1e-
pelaEThCs B KOCMIUHMX CHCTEeMax 3B’SI3KYy Ta Ke-
pPYBaHHS MOB’SI3YIOTh 3 PillIEHHSIM IpOOJIeMU Ie-
PeLIKOI03axUCTy Ta imiTocTiiikocTi [4—6, 12—15,
19]. YucneHHi DOCTiIXKeHHS MOKAa3yIOTh, 110 B Te-
MepilHii yac 1i nmpoodyieMu BUPILIYIOTBCS OKPEMO.
[IpoGnema TIepelIKomo3axXucTy pO3B’SI3YETHCS 3a
pPaxyHOK €HEpPreTMYHUX pecypciB KOCMiUYHMX CUC-
TeM 3B’SI3KYy Ta KepyBaHHs ab0 3a paXyHOK 3aCTOCY-
BaHHS Ha (Pi3MYHOMY PiBHI CUTHAJIIB 3 YaCTOTHOIO
HaaMipHicTio [13, 15, 19]. IToTpiOHa iMITOCTilKICTh
3a0€3MeUyeThCS 3a JOIMTOMOTOI0 IEPETBOPEHHS AUC-
KpeTHOI iH(popmallii 3 BAKOPUCTAHHSIM KPUIITOrpa-
(iyHMX TIepeTBOpPeHb iH(oOpMallil Ta CIeliaJlbHOL
armapatypu [4—6, 8, 11].

o TenepilltHbOro 4Yacy CTBOPEHO i YCHillIHO
(byHKIIIOHYE PSIT KOCMIYHUX CUCTEM 3B’SI3KY Ta Ke-
pPYBaHHS 31 CKJIIaAHUMU curHajamu [2, 12—15, 21].
VY mux cucremax Ui po3UIMPEHHS CIIEKTPY 3acTO-
COBYIOTbCS CUTHAJIU 3 TICEBIOBUIIAIKOBOIO TIEPEDY-
noBoio pobdouoi yactotu (ITITPY) [14], niHiiini pe-
KYPEHTHI ITOCIiIOBHOCTI MaKCHMMaJIbHOI TOBXWHU
(JIPTIM) [14], niHiliHI peKypeHTHi MOCIiZOBHOCTI
3 TpupiBHEBOIO (pyHKIIieo Kopensuii (JIPTIT) [14]
abo cerMeHTM LMX mociimoBHoctei [10, 16, 24].
OpHak 1i TOC/iIOBHOCTI MalOTh HE3a0BUIbHI aH-
caMm0OJieBi Ta CTPYKTYPHi XapakTepucTuku [14], 110
He J03BOJISIE€ BUPILIMTHU IIpo0JIeMy Oe3reku iHdop-
Mallii Ha (pi3MYHOMY piBHi.

AHAJII3 OCTAHHIX TOCJIIZKEHD 1 ITYBJIIKALIIIA

B poborax [6, 8, 18] po3rnsmaloThcss METOOU 3a-
XUCTY iHdopmalii Ha OCHOBi KpumnTorpadiuyHux
nepeTBOpeHb iHpopMallil Ta BiIMOBM BiJ IIpUIOMY
i 00po0OKM TaKkeTy iH(popMallii y BUMTaAKy BUSIBJICH-
HS TIOMUJIOK Y ToBimoMieHHi. Takuii migximx He €
MOXJIMBUM JIJII HALliOHAJIbHUX CUCTEM KepyBaHHS
KOCMIUHMMMU artapaTtamu, sIKi MpaiiolTh B YMOBaX
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JKOPCTKOTO JIIMiTy Yacy Ha Iiepeaady Ta IpuiioM iH-
¢dopmaliii.

VY po6ori [4] 3armponoHOBaHO METOA AUHAMIYHOL
3MiHU (POPM CHUTHAJIiB Ta BU3HAUYEHO YMOBHU ITpaK-
TUYHOI peaizallii 1IbOT0 METOAY, MPOTe METOAUKU
OIIIHKM TTePEeIIKOI03aXUCTy Ta iIMITOCTIKOCTI KOC-
MiUHHUX CHUCTEM 3B’I3Ky Ta KepyBaHHSI Ha (Di3MUHO-
MYy PiBHi HEe HaBeJCHO.

¥V po6orax [5, 20] po3pobiieHO peKoMeHaallil 3
noOyI0BU CUCTEM KepyBaHHS JIiTAJIbHUMMU allaparta-
mu. B po6ori [14] npoBeaeHO aHai3 BIaCTUBOCTEM
NUCKPETHUX CUTHAJIIB IJI TEPEelIKOA03aXUIIEHUX
CHUCTEM 3B’SI3KY Ta KEpyBaHHSI.

Po3po0neni B [4, 5, 20] pekoMeHalLlii JO3BOJISI-
[OTh OLIIHWUTU TPaHWYHiI 3HAYEHHS TEepenIKoa03a-
XHUCTY, iMITOCTIAKOCTi Ta CKPUTHOCTI B KOCMiYHHUX
cucTeMax 3B’SI3Ky Ta KepyBaHHSI 0e3 ypaxyBaHHS
€HepreTUYHUX XapaKTepUCTUK paTioiHilA.

AHaJi3 IIpoBeIeHUX JOCIiIKeHb IT0Ka3aB, 1110 Ha
TeTEepIlIHUI Yac BiACyTHI METOOU OLIIHKM Oe3MeKu
iH(opMallii KOCMIYHIX CUCTeMaXx 3B’SI3KY Ta Kepy-
BaHHS Ha (pi3MIHOMY PiBHI.

Mema cmammi. OGTpyHTYBaHHSI METOIY 3aXUCTY
iHdopMmallii B KOCMiYHUX CUCTEMAX 3B’SI3KY Ta KEpy-
BaHHSI Ha (bi3UYHOMY PiBHi.

BUKJIALI OCHOBHOI'O MATEPIATTY

Pimrenns mnpoOiemu Oe3meku Imepegadi iH(op-
Mallii B KOCMiYHMX CUCTEM 3B’SI3KY Ta KepyBaHHSI
MOB’SI3YIOTh 3 pillIeHHSIM TpobjeMu 3abe3reueH-
HsI TIePEeIIKOI03aXUIIEHHOCTI Ta iMIiTOCTIKOCTI. Y
po6oTi [5] chopmysIbOBAaHO OCHOBHI 3amadi cUCTe-
MU Ta arapaTypy 3aXUCTy iH(popMallii B KOCMIiYHUX
CUCTEM 3B’SI3KY Ta KEpYBaHHS:

* 330e3Me4YeHHsI JOCTOBIPHOCTI Ta LIUIICHOCTI me-
pelaHoi KOMaHIHO-IIPOrpaMHoOI iH(opMalii,

* 330e3neYeHHs KOH(DIiAeHIINHOCTI JTaHNX Ta KO-
MaHJHO-TIpOrpaMHoi iH¢opMalliii,

* 3a0e3nevyeHHs ifeHTUdiKalii Ta aBTeHTUdiKa-
11i1 00’€KTiB Ta Cy0’€KTiB MpOLIeCy KEpYBaHHS B CUC-
TeMax KepyBaHHsI KOCMiUHMMU arapaTtamu,

® 3aXMCT BiJI HECAHKLiOHOBAHOTO JOCTYNy 10
CUCTEMU KEPYBAHHS KOCMIYHUMM arnapaTamMu,

* 330e3Me4YeHHs] IOPUANMYHOI BilMOBiIaJIbLHOCTI
KOpUCTYBayviB 3a c(hOpMOBaHi, IepeaaHi, IpUnHATI
Ta BUKOHaHi KOMaH/Iu,

* KepyBaHHS crielialbHUMU JaHUMMU.
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EdexTuBHiCT  (DYHKIIOHYBaHHSI ~ KOCMIYHUX
CHUCTEM 3B’SI3Ky Ta KepyBaHHS, SIK TTOKa3aIy JOCITi-
IKeHHsI, 0araTo B YOMY 3aJIEXXUTh BifI il 3aBago- Ta
MepelIKoa03aXuIleHOCTi, CKPUTHOCTI Ta CITPOMOXK-
HOCTI MPOTUCTOSITH BiJl HECAHKI[IOHOBAHOTO TOCTY-
My 10 CUCTEMU KepyBaHHS. AK MpaBUI0, KOCMidHi
CUCTEMHU 3B’SI3KY Ta KepyBaHHSI (DYHKIIIOHYIOTb B
yMOBaX BIUIMBY $SIK IPUPOJAHMX, TaK i MMOTY>KHUX Ha-
BMUCHUX niepetkon [3, 7, 17].

st 3a0e31eUeHHsT CTIMKOCTI pOOOTH KOCMIYHUX
CHCTEM 3B’sI3KY Ta K€pyBaHHS B LIMX YMOBax HE00-
XiTHO TIPUWHATUA LI KOMIUIEKC 3aXOMiB, CIIpSi-
MOBaHUX Ha JIOCATHEHHS HEOOXiTHMX 3HAYEeHb iMi-
TOCTIMKOCTI KaHay 3B’sI3Ky, a TaKOX 3a0e3MeYnTH
HEeOOXigHWI JocTyn iHpopMmallii Ta KOMaHz Kepy-
BaHHS 00’€KTaMM, IKi IepeaaHi o KaHaly 3B’ SI3KY,
1110 3aro0irae BUTOKY iH¢opMallii i 00MeKye TOCTyI
JI0 €HepreTUYHUX pecypciB pamioniHii. EdexTtun-
HiCcTh (DYHKIIIOHYBAaHHSI KOCMIYHUX CUCTEM 3B’SI3KY
Ta KepyBaHHS BU3HAYA€ThCS OararbMa (pakTopamu,
30kpeMa [12, 20]:

* 3JATHICTIO IIPOTUCTOSTU MPUPOIHIM i HABMMUC-
HUM TepelKoaaM,

* 37IaTHICTIO 3a0€3IMEeYUTH BUCOKY CTPYKTYPHY
CKPUTHICTb CUTHAJIIB,

® 3a0€3MeYeHHSIM BHCOKOI IPOMNYCKHOI 31aT-
HOCTI,

* 330e3MeYeHHSIM CKPUTHOCTI pamioliiHii Kepy-
BaHHS KOCMIYHMM aIrtapaToM,

* 330e3ne4eHHSIM e(heKTUBHOIO MEPEKPUTTS Ka-
HaJliB BUTOKY iH(opMaliii.

3acToCyBaHHSM IIUX 3aXOMiB B KOMIUIEKCI MOXK-
JINBO JOCSITTU CTiliKOi poOOTH CHUCTEMU 3B’SI3KY Ta
KepyBaHHSI KOCMiuHUM amapaToM. OmHaK B Takilii
KOHIEMNIIii 3axucTy iHgopmallii, IK MoKa3ajlu H0-
caimkenns [4—6, 18, 20], He peani3yloThcs MTOTEH-
LiaJIbHI MOXJIMBOCTI 3aXUCTy KOCMIYHUX CUCTEM
3B’SI3KYy Ta KEPYBaHHSI, SIKi TOCITAIOThCS 32 PaXyHOK
IVMHAMIYHOI Ilepenadi CUTHaJIiB, MPU SIKW BiAIlo-
BiIHiCTb «iH(OpMaLiiHWII CUMBOJ CUTHaJ-Mepe-
HOCHMK» 3MiHIOETBCSI B Yaci MO MCeBIOBUIAIKOBO-
MY 3aKOHY.

Peanizaliisg pexxumy IuHaMigyHoO1 nepenadi CUrHa-
JIiB 103BOJISIE Ha (Di3MYHOMY PiBHI BUPIILIATU IIPO-
0JieMy 3aXMCTY Bill HECAHKIIIOHOBAHOIO AOCTYITY 10
KaHaJly, a TaKOX 3a0e3Ieuy€e MPUXOBYBAaHHS 3MiCTy
nepegaHux MOBiTOMJICHbD.
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Y Hamiii po6ori [4] Oy710 po3po0JIeHO TeOpeTUI-
Hi OCHOBM TOOYIOBM Ta peaiidallii pexKuMy AWHA-
MiYHOI mepefadi CUTHaJIiB y KOCMIYHUX CUCTEMax
3B’s13Ky Ta KepyBaHHs. Ha ocHOBI c(hopMysIbOBaHUX
TEOPETUYHUX MOJOXEHb Oy pO3pO0JIeHI TEXHIYHI
pillleHHsI 110A0 3a0e3rneyeHHs 0e3reku iHpopMallii
B KOCMIYHMX CHCTeMax 3B’S3Ky Ta KepyBaHHS |5,
14]. B ocHOBY p03p0o0JIeHNX TEXHIYHUX PillIeHb I10-
KJ1aJieHO OOTPYHTOBaHi BUMOTH 10 amapaTypu iMi-
TO3aXUCTY i 3aIIPONTIOHOBAHO CTPYKTYPY KOMaH/ [6].

AHaJi3 ocobiauBocTeil (PYHKIIIOHYBaHHSI KOC-
MIUHUX CUCTEM 3B’SI3Ky Ta KepyBaHHA [4, 5, 14], a
TaKOXX BpaxyBaHHSI MepepaxoBaHUX BUIE (HaKTOPiB
MoKa3ye, 10 HaWMoBHillle 3a0e3reuye e(peKTUB-
HIiCTh (DYHKIIIOHYBaHHSI TaKWil IIPOTOKOJ OOMiHY
JaHUMM:

P={S,,B.K,}, (1)
ae S, — mpouec CMHXPOHi3alil KOPECIIOHAEHTIB 3a
4acToOTOIO Ta 3aTPMMKOI0, B, — TIPOLEC BCTaHOB-
JIEHHSI aBTEHTUYHOCTi Ta TIOBHOBaXXeHb KOPECTIOH-
AeHTIB, K, — Tpolec nepeadi KOMaH i criettianb-
HUX pajliogaHuX.

3ynuHUMOCS JeTajbHillle Ha HeCcaHKIiOHOBa-
HOMY JIOCTYIIi 10 paiojiiHii KepyBaHHS KOCMiUYHUM
amapaToM. AHai3 0co0JaMBOCTe (byHKIIIOHYBaH-
HsI pamiojliHil KepyBaHHS KOCMIYHUM amapatoM [5]
MoKasye, 1110 MOXJIMBICTh HECAaHKIIIOHOBAHOTO J10-
CTYIy 3aJIeXKUTh, 3 OJHOTO OOKY, BiJl 3MaTHOCTI 3J10-
BMUCHMKA HaB’s13aTU 3aXUIIEHY KOMaH1Yy, a 3 iHIO-
ro 0OKy — HaB’s13aTU CKJIaIHI CUTHAJIM.

KibKiCHO CTIfiKiCTh CUCTEMM KEpyBaHHS IOAO0
HECaHKIIIOHOBAHOTO JOCTYIly OO pamiofiHii Kepy-
BaHHS KOCMIUYHUM arfapaToM MOXHa OOYMCIUTHU 3
BUKOPUCTaHHSIM BUpa3y [14]

1= PHaB.KOM PHaB.CI/IFH’ (2)
ne P, oy — WMOBIDHICTb HaB’s3yBaHHs XUOHOI
KoMaHmu, P . — AMOBIDHICTH HaB A3yBaHHs
MMOMUJIKOBOTO CUTHAITY.

Binsnauumo, o P, . BA3HAYAE HECAHKIIIO-
HOBaHUIA IOCTYN A0 PaliofliHil KEpYBaHHS KOCMiu-
HYM arnapaToM Ha JIMCKPETHOMY pPiBHI 1 3aJIeXKUTh
Bil aJirOpUTMiB (DOPMYBaHHS TUCKPETHUX 3aXU-
HIEHUX KOMaHa. P, . BU3HAYA€ HECAHKLIOHO-
BaHUI NOCTYN [0 PaliofiiHii KepyBaHHS i 3B’SI3KY
Ha (bi3MYHOMY PiBHi i 3aJIEKUTh Bill OCOOJIMBOCTEN
(byHKIIOHYBaHHS padioiHii, CHCTEMU BUKOPUCTO-
BYBaHUX CUTHAJIIB, EHEPTETUYHUX XapaKTePUCTUK.
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3ynuHUMOCS JeTalibHillle Ha HeCaHKIiOHOBa-
HOMY JIOCTYII 10 pafioiHil KepyBaHHS Ha (Pi3uyd-
HoMy piBHi. HaBeneHuii aHai3 mokasye, 110 iMo-
BipHICTb HaB’sI3yBaHHS KOMaHIW BU3HAYAETHCS
BUpa3oM [14]

P

HAB.KOM HaB.iH(}.0 PHaB.HZl’ (3)

e PHaB.iHCI).Gﬂ — IMOBIpHICTh HaB’sS3yBaHHSI CTaH-
JapTHOro iH(OpPMaLiifHOTO OJOKY IOBXUHOIO M
0iT, PHaB_Hﬂ — IMOBIpHICTh MOXJIWBOCTI 3[iICHIOBA-
TU HaB’sI3yBaHHSI XUOHUX KOMaH]I 3TIOBMUCHUKOM.

IMoBipHicT, HaB’g3yBaHHS  iH(oOpMaliiiHOro
0JI0KY 3aJIe3KMTh BiJl HOr0 TOBXUWHU i BU3HAYAETHCS
BHUpa3oMm [6]:

P

HaB.iH}.0n =2 ’ (4)
Je m — JOBXHWHA CTaHAapTHOTO iH(opMaliitHOro
0JI0KY, IKMIi BUKOPUCTOBYETHCSI B palioiHii Kepy-
BaHHSI.

OuiHMMO HECaHKIIIOHOBAHUI OOCTYII IO paiio-
JIiHII KepyBaHHSI KOCMIYHMM allapaToM B yMOBax
BIUUIMBY 3JJOBMUCHUMKA Ha cuctemy. CriouaTky po3-
JISTHEMO BUIAOK, KOJM iH(pOpMaliliHUM CUMBO-
JlaM BiJI[TOBiIat0OTh O/IHi i Ti XK (DOPMU CKITATHUX CUT-
HajiB. Toai HeCaHKIIIOHOBAaHUM JOCTYN pamioJIiHil
KepyBaHHSI OE3MIJIOTHUM JiTaIbHUM arnapaToM 3a-
JIEXKUTB BiJi eHEPreTUUHUX CITiBBiIHOIIIEHb CUTHAJIiB
1 mepelIKo; Bil B3AEMHOIO PO3TalllyBaHHsI paaio-
nepefaBaIbHUX 1 pamionpuiiMaibHUX TMPUCTPOIB;
Bill XapaKTepUCTUK aHTEHHUX CUCTEM; UYTJIMBOCTI
MPUHOMHUX TPUCTPOIB; Bijl yMOB IMOLIMPEHHS €JIEK-
TPOMArHiTHUX XBUJIb; Bill BUAiB BUITIPOMiHIOBaHHS i
CIoco0iB 0OpOOKM CUTHAJIIB; Bif poOOYOi 4acTOTH
i 0a3u curHamiB. fAKicTh (PYHKIIOHYBaHHSI TaKUX
CHUCTEM 3JIEXUTh BiJl MOXJIMBOCTEN 3TOBMUCHUKA
¢opMyBaTH CTPYKTYPHI Ta iMiTalLlifiHi TEePELIKOAH.

3 omisiay Ha Toi (bakT, 10 (POPMM CKIIATHUX
CUTHAJIiB, $IKi BUKOPMUCTOBYIOTBCSI JUISI Ilepeaadi
iH(opMaLliiiHMX CUMBOJIIB, HE 3MiHIOIOTbCS B Yaci,
3JIOBMUCHMK MAa€ peajibHy MOXJIUBICTh chopMyBa-
TU CTPYKTYPHY MEpelIKoay, MaKCUMalbHO KOpe-
JIbOBaHy 3 KOPUCHUM curHajioMm. lle mpusBoauTh
JIO 3HVXKEHHS BiIHOILEHHSI €HEePril CUTHaIY E. no
CIEKTPaIbHOI LIIIbHOCTI nepemkoau N, 110 BU-

3HA4Ya€THCH CHIBBITHOMIEHHSIM
E P
—<=—<.T.AF(1-R , 5
N P C C ( 'O max ) ( )

0 n
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ae T. — TpuBaicTh curHany, AF. — IIMpUHA CIeK-
Tpa curHamy, R =~ — piBeHb OiYHMX IEIIOCTOK
(yHKILIiI B3a€EMHOI KOpeEJllil KOPUCHOIO i Iepe-
LIKOIXKAYMX CUTHAJIB.

ITpu ouiHLi MepenKoa03axuIlleHOCTI padioiHii
KepyBaHHSI KOCMIYHMM arapaToM HEOOXigHO po3-
MISIAATU IBA PEXUMU POOOTU: PEXUM BUSIBICHHS
(cMHXpOHi3allii) i pexXruM PO3PiZHEHHST CKJIaJTHMUX
CUTHAJIB.

PexxuM BUSIBIEHHS CKJIaJIHUX CUTHAJIIB XapakTe-
PU3YETbCA MMOBIPHICTIO XUOHOI TpUBOTH Py 1 1 iMO-
BipPHICTIO IPOITYCKY CUTHaNY Pp;p. Yncrno intepaiis
HEBU3HAUYEHOCTI MpH TIOIIYKY JOPiBHIOE N, 3amm-
LIEMO BUpa3, 1O 3B’A3ye WMOBIpHOCTI Py i Ppp 3
€HepreTUYHUMMU XapaKTepucTUKaMu curHany [15]:

po—o| [Fe_ | ©6)
N, P.

ne ®(x) — inrerpan iMoBipHocTi, E, / Ny — BiaHO-
IIEHHST eHeprii CUTHAIY M0 CIEKTPaTbHOI MOTYXK-
HOCTI TIEPEIITKO/IN.

Bupas3 (6) BpaxoBye BUMaIoK, Ko pha3a CUTHAITY
TOYHO BimoMa. O4eBUIHO, 1110 MPU HASIBHOCTi HEBU -
3HAYEHOCTI Mo (pasi KMOBIPHICTb BUSIBJIEHHSI MOTip-
IIYETHC, 1 1LIe MOXKHA pO3IJIaaaTH SIK BTpaTU eHepril
curHainy. Y po6orti [14] moka3zaHo, 1110 JJIs1 CUTHAJy 3
BUIAIKOBOIO (pa3010 HEOOXinHe BitHOIEHHS £, / N,

IIpY 3a0aHUX Py i Pp BUSHAYAETHCSI BUPA30M
2

E N 1
c=| [In—+ [In—-14 |, 7)
NO XT e
Y pexuMi po3pi3HEHHSI CKJIaJHUX CUTHaJIiB

SIKICThb PO3Pi3HEHHSI CUTHAiB XapaKTepU3YEThCS
MAMOBIPHICTIO IOMUJIKK P 1 BU3BHAYAETHCS CITiB-
BinHoO1IEeHHsM [9, 14]
2E
P . =1-® s (8)
N

0

MpU KOTePEeHTHilt 00poO11i curHay Ta
P, =0.5exp[-E_/(2N,)] )

MPU HEKOTePEeHTHii1 00poOIli cUrHamy.

Bupasu (6)—(9) [03BOJSIOTH OLIHWUTU TMepe-
IIKOA03aXUIIEHICTh KOCMIYHUX CUCTEM 3B’SI3KY Ta
KepyBaHHSI MPU BILUIMBI 3arOpoIKyBaJIbHUX i 30Ce-
pemXeHUX TI0 CHeKTpy Tepelikon. BogHouac aHa-
JIi3 0COOJMBOCTEM (DYHKIIIOHYBAaHHS KOCMIUYHUX
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CUCTEM 3B’SI3KY Ta KepyBaHHS MOKAa3ye, 110 MOopsi
i3 3arOpOJIXKYyBaIbHUMU 1 30CepeI’KEHUMM T10 CTEK-
Tpi IIepeIIKogaMy Ha PamioIiHiI0 MOXYTh BIUIUBAaTA
MOTYXHi CTPYKTYPHI Mepelkoaun. Y 1ibOMY BUITaIKy
MepelKoI03aXUIeHICTh CUCTEMU 3B’SI3KYy U Kepy-
BaHHSI 3aJIEXKUTh Bil B3a€EMHOI KOpeEslil KOpUC-
HOTO CUTHAaJly Ta 3aBaju, a iMOBIPHICTb MpUIiOMY
XUOHOTO CUTHAJIy 3 ypaxyBaHHSIM Jii B pagiokaHali
LIYMY i CUTHaJIiB-MIEePEIIKO/ 3alUIIEThCS Y BUTJISIIL
[14, 20]

P =P (P, +P)+(1-P)P,.,, (10)
ne P, — anpiopHa WMOBIPHICTb MOTPATUISTHHS CHT-
HaJly-MepelkKoad B pO3pi3HEHUN Y JaHUI MOMEHT
Jacy YacTOTHMM [ianmasoH, P, — yMoOBHa iMo-
BipHICTh MpUIiOMY XMOHOrO CUTHAJly MpU Aii Ha-
BMMCHOI MEPEIIKOAU B KaHaJji, A¢ CUTHaJ BiICyT-
Hiil, P — ymMOBHa MMOBIpHICTb NepeiiMeHyBaHHA
CUTHAJIy IIpM [ii Ha HBOIO CUTHAJy IEPEIIKOIU
Ta mymy, P — IMOBIPHICTb TIOMUIIKK Y€pe3 [i0
Lrymy.

OLiHUMO iMITOCTIHKIiCTh i CKPUTHICTbh CUCTEMU
3B’SI3KY I KepyBaHHSI TMPU BUKOPUCTAHHI KBasi-
ONTUMAJIbHUX, CKJIAIHUX 1 TOXIAHUX KBa3iOpTOro-
HaJIbHUX CUCTEM CUTHAJIIB, BBAXKAIOUU, 1110 B CUCTE-
Mi 3B’SI3KY I KepyBaHHSI peasli3ye€ThCsl AMHAMIYHUI
PEXUM <«IBUAKUI KOI», MPUYOMY 3MiHa (opm
CKJIaIOBUX CUTHAJIIB 3[iMCHIOETHCS Yepe3 iHTepBa-
JIM 4acy, sIKi JOPiBHIOIOTb TPUBAJIOCTI CUTHAJTY.

V 1abn. 1 HaBedeHi pe3yabTaTu JOCIiIXKEHb M0~
PiBHSUIBHOTO aHaJli3y MMOBIpHOCTI iMiTallii curHa-
JIy B CUCTeMi 3B’SI3Ky ¥ KepyBaHHS IIpU BUKOPUC-
tanHi Tpaguuiiinux JIPIIM, JIPIIT, xBa3ioproro-
HanmpHUX [10, 16, 24] Ta CMHTE30BaHUX aBTOpPaMU
MOXiTHUX KBa3iOPTOTOHAJIBHUX i CKJIQJOBUX CUC-
TeM curHafiB [14]. AHani3 Taba. 1 mokasye, 1110
CUHTE30BaHI CUCTEMM CHUTHAaJIiB JO3BOJISIIOTH 3a-
0e3NeYnTH IMITOCTIMKICTh CUCTEMM 3B’SI3KYy i Ke-
pyBaHHS Ha ¢izuyHOMY piBHi. He MeHII Baxkiu-
BOIO XapaKTEPUCTUKOIO CUCTEMU 3B’SI3KYy U Kepy-
BaHHSI € IMOBIpPHICTh HaB’sS3yBaHHS OIEpXKyBaudy
XrOHOI iH(opMaIii.

VY 1abi1. 2 HaBeneHi 3HAYEHHS iIMOBIpPHOCTI HaB sI-
3yBaHHS i-0iT xnOHOI iHpopMartii mpu L = 256.

AHati3 Ta6s. 1 ta Taba. 2 103BOJISIE 3pOOUTH BU-
CHOBOK, 110 peajii3allisi B CUCTEMI 3B’I3KY i Kepy-
BaHHSI JUHAMIYHOTO PEXUMY i BAKOPUCTAHHS CUH-
T€30BaHUX CUCTEM CHUTHAaJiB J03BOJISIE Ha (Di3ny-
HOMY piBHI po3B’s3yBaTu 3amadyy iMITOCTIMKOCTI i
MEePEIIKOA03aXUIIEHOCTI.

IIpu mpakTU4Hii peanizallii IMHAMIYHOTO PEeXI-
My (DYHKIIOHYBaHHS 3a0e3MeYUTU HaBeleHi B Ta-
OWIISX 3HAYEHHSI MOXKJIMBO TUIBKW TIPU BUKOHAHI
yMoOB [4]:

* JIMOBIpHICTb ITepeadi CUTHaIy He TOBMHHA 3a-
JIeXaTy Bin nepemaBaJibHMX iHQOpMaLiiHUX CUM-
BOJIIB i MepeJaHuX paHillle CUTHAIB;

Tabauys 1. IopiBHAIbHMIA aHATI3 iIMOBIPHOCTI iMiTAIiT CKJIa/I0BOT0 CHMTHAJTY NIPH peasi3aiii JHHAMIYHOTO peKuMy

CucremMu cUrHajiB 127 255 511 1023
JIPTIM 43104 2.5-1074 4-103 1.6:1075
JIPTIT 6.2:1075 251074 3.8:10°¢ 9.6:10~7
KBasiopToroHanbHi CUCTEMM CUTHANIB 9.2:10-° 1.3-107° 3.5:1077 7108
IMoxinHi KBa3iopTOroHaIbHI CUTHAIH 2.5-10° 4.6:10~7 1.6:10~7 1.6:10~°
CKJIaiHi CHCTeMM CUTHATIB 2.6:10°6 4.3-1077 3.9-10-8 1.4-1079
Tabauys 2. ImoBipHicTh HAB A3yBaHHS i-0iT XHOHOT iH(OpMAamii
CucreMu CUTHANIB 1 2 3 4 5 6

JPIIM 2.5-10~* 6.2:10°8 1.6-10—11 3.910°15 | 9.810719 | 24102
JPOT 2.5:10~* 6:10-8 1.6:10-11 3.910°15 | 9.810719 | 24102
KBa3iopToroHaibHi CUCTEMY CUTHAIB 9.2:10° 9.2:10~11 8.8:10-16 8.6:102! 8.2:10726 | 7.8-1073!
[MoxinHi KBa3iopTOroHAIbHI CUTHAIH 2.5:10° 6.2:10712 1.6:10717 3.9-10723 9.8:10°% | 2410734
CJlagHi CCTEMU CUTHAJIIB 2.5-10-6 6.7-10712 1.8-10717 4.6:10~23 1.2:10728 3.1-10-34
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* po3Mip aHcaMOJII0 BUKOPUCTOBYBAaHMX CHUTHa-
JIiB TTOBMHEH 3aI0BOJIBHITHA BUMOTY 3 iMiTO- i mepe-
IIKOTO3aXUIIIEHOCTI;

* CTIMKICTh KE€piBHOI MHOXWHM, SIKa 3aJa€ IH-
HaMiuyHUI pexXuM (PYHKIIOHYBaHHSI, HE TMOBUHHA
3HUXXYBATUCS Y BUTIaAKaX, KOJIU 3TOBMUCHUKAM Bi-
JIOMUI 3aci0 peatizallii JMHAMi4YHOTO PEXUMY;

® HAUIMIIKOBICTh, 11O MICTUTbCI B iHMoOpMa-
il MPO MHOXMWHY, sIKa 3ala€ AUHAMIYHUNA PEXUM
(byHKI1IiOHYBaHHS, TTOBMHHA OyTU MiHiMaJIbHOIO.

BIUCHOBKHM

AHaJli3 BJIACTUBOCTEN CKJIaJIOBUX CUCTEM CUTHAJIiB
rokasaB, 1110 BMIIi 3HAUYEHHS TEpelIKOA03axUIIe-
HOCTI, iMITOCTiKOCTI Ta CKPUTHOCTI KOCMIYHUX
CHUCTEM 3B’SI3KY Ta KEpYBaHHSI 10CSITalOThCs ITPU BU-
KOPHMCTaHHI CerMEHTIB MOXiIHUX CUCTEM CUTHAJIIB.

JIITEPATYPA

IMoBipHicTh HaB’sI3yBaHHSI XUOHOIO CUTHAJY 3a-
JIEXUTD Bill EHEPreTUYHUX CITiBBiIHOILIEHb CUTHALY
Ta 3aBafu i CTyIeHs iXHbo1 Kopesii. OTxe, mepe-
IIKOIO3aXUIIEHICTh Ta IMITOCTIMKICTh KOCMIYHUX
CHUCTEM 3B’SI3Ky Ta KepyBaHHS IOCSTaEThCsl 3a pa-
XYHOK BUKOPUCTAHHSI CJIa00KOPEJbOBAaHUX CUCTEM
CUTHAJIiB, SIKi MalOTh PO3IIMPEHUI aHCAaMOJIb CUT-
HaJliB Ta HEBU3HAYEHOCTI /I 3JIOBMUCHUKA KOH-
KpeTHOI (DOpPMHU CUTHAITY.

Takum yrHOM, pO3B’sI3aHHS 3ajayi MiABUILIEHHS
MEePELIKOA03aXUIIEHOCTI Ta iMITOCTIMKOCTI KOC-
MIYHMX CHCTeM 3B’SI3Ky Ta KepyBaHHS Ha (Pi3MIHO-
MY PiBHi JOCSITA€ETHCSI BUKOPUCTAHHSIM CUTHAJIB 3
NOJIMIIeHUMHA aHcaMOJIeBUMU, KOPEISLUiiHUMMU,
CTPYKTYPHUMM XapaKTEPUCTUKAMU i 3aCTOCYBaH-
HSIM aJITOPUTMIB OMHAMIYHOI 3MiHW CUTHAJIbHUX
KOHCTPYKIIi.
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A METHOD FOR PROTECTING SPACE COMMUNICATION AND CONTROL SYSTEMS
BASED ON DYNAMIC CHANGE OF COMPLEX SIGNAL SHAPES

The experience of operating space systems shows that the effectiveness of such systems significantly depends on the quality of
the spacecraft communication and control system. Given that space communication and control systems are accessible to in-
truders, such systems protect transmitted commands and messages using cryptographic information transformations and special
equipment. The algorithms implemented in such systems provide passive protection of the spacecraft control system, where the
control equipment refuses to process commands in the presence of powerful interference. Implementation of effective measures
is becoming a key component of strategies to protect space communication and control systems, as technological capabilities
for attacks on a spacecraft via a radio channel are constantly evolving and becoming more complex. Protection against powerful
intentional interference in such systems is carried out using signals with frequency redundancy. The article discusses the method
of dynamic change of signal shapes, which enhances the security of information at the physical level. The analysis of interference
protection and imitation resistance of space communication and control systems using various systems of complex signals is
carried out. The ensemble characteristics of complex signal systems are analyzed. The results of studies of imitation resistance
when using different signal systemsare presented. It is determined that the implementation of the dynamic mode of operation
achieves a gain in comparison with traditional algorithms for protecting space communication and control systems. The con-
ditions for the practical implementation of the dynamic mode of operation of space communication and control systems are
formulated. Signal systems are proposed that can provide the solution to the problem of security of information transmission in
space communication and control systems at the physical level.

Keywords: space communication and control systems, interference protection, imitation resistance, signals with frequency
redundancy.
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ITAM’ATKA U1 ABTOPIB

KYPHAJI «<KOCMIYHA HAYKA I TEXHOJIOI'IS» € BU3HaHUM HayKOBO-TIPaKTUYHUM 3arajibHoaKaaeMiuyHUM BUIAHHSIM
B YKpaiHi, 1110 BUCBITJIIOE€ HARLIMPIII aCIeKTH KOCMIYHOI AisJIbHOCTI Y IepKaBi Ta 3a KopaoHoM. 2KypHas po3paxoBaHUil Ha
¢axiBLiB y Tajy3i KOCMiYHOI HAyKU i TEXHIKU, Ha TUX, XTO 3aliMA€ThCSI BAKOPUCTAHHSIM KOCMIUHUX TEXHOJIOTIiH B pi3HUX ra-
JTy3sTX HAPOIHOTO TOCTIOIaPCTBA, a TAKOX HA 3aKOPIOHHUX YUTAUIB, sIKi 6aXal0Th 03HAWOMUTHUCS 3 TOCATHEHHSIMHU KOCMITHOL
ramy3i Ykpainu. Y XypHaii myOIiKyloThCsl OTJISIIOBI Ta OPUTiHAIBHI CTATTi 3 Pi3HUX PO3/iJiB KOCMiYHOI HAyKM, TEXHIKM Ta
TEXHOJIOTIi: iCTOPUYHI, COlliaJIbHi Ta OpraHisalliiiHi acrekTy MpoOJeMM MOCTiIKEeHHSI KOCMOCY; KOCMiuHi HOCil Ta amapa-
THU; CUCTEMU KepyBaHHsI KOCMIYHMMMU HOCISIMU Ta arnapaTaMu; KOCMiYHUI 3B’5130K Ta iH(opMalLliiiHi cucTeMu; J0CTiIKEHHSI
3emJi 3 KocMocy; KocMivHa (i3uka (HAaBKOJIO3eMHUI KOCMIYHUI MTPOCTip); KOCMiuHa acTpOHOMIs Ta acTpodizuka; XiMiuHi,
(i3nuHi Ta GioJOTiIYHI MPOLECH B KOCMOCi; KOCMiUHi KOHCTPYKIIii, CIOPYAX Ta MaTepiajiv, a TaKOX Pi3Hi MOBIAOMJICHHS,
3BiTU Ta PeKJIaMHi MaTepiaJiu.

ABTOpaMU Ta YMTaYaMU XypHaIy € BUIHI istui Ta CIelialicTh KOCMIYHOT TPOMUCIOBOCTI, BUCHi-TEOPETUKHU Ta MpaK-
TUKH, 110 TMPaLIOTh Y rajay3sx KocMiuHoi (i3uKu, XiMii, acCTpOHOMII, MaTepiaJlo3HAaBCTBA, MAllMHOOYAyBaHHs, HaBirauii,
GioJtorii To1o. 2KypHasl KOpUCHUI AJ11 HAyKOBILiB, iHXXEHEpPiB, acMipaHTiB Ta CTYIEHTiB BUILIiB, IOr0 BKIOUYEHO 0 MepesiKy
HayKOBUX (DaXOBUX BUAAHb, Y SKUX MOXYTb ITyOJIiKyBaTUCS OCHOBHI pe3yJbTaTu IUCepTalliiiHUX poOiT 3 pizuko-maTemaTny-
HMX Ta TEXHIYHUX HayK. Penkosierisi cipsiIMOBY€E 3yCWLISI HA MiABUILIEHHS PiBHS BUCBITJIEHHS PE3YJIBTATiB POOIT YKPATHCHKUX
BUEHUX i KOHCTPYKTOPIB PAKETHO-KOCMIYHOI TEXHIKM Y CBITOBUX HAYKOMETPUUYHUX Oa3ax.

KypHai Buxonuts 6 pasiB Ha pik. 3 TOTOYHMM HOMEPOM YU apXiBOM 32 MUHYJIi pOKH, a TAKOX ITpaBUIaMu 0OPMIEHHS
PYKOIMKCiB MOXHA 03HAMOMUTUCH Ha caiiTi space-scitechjournal.org.ua

KoxkeH pykonuc pelrieH3yeThesl BitoMuMu daxiBUsiMuy BinoBinHOi raiay3i. Ha ocHOBi BUCHOBKIB pelieH3eHTiB peKoJie-
rist poOUTh BUCHOBOK MPO MOXJIUBICTb MyOJTiKallii.

IIpu nmomaui pykonucy aBTop HalCWIa€ y pelakiilo ABi TBEp/i KOIii OpuriHaly, eJeKTPOHHI KOIlii, HampaBJIeHHs Ha
Os1aHKy yctaHoBH Ta JlilleH3iliHy yroay (0J1aHK yroJy € Ha caiiTi) Ha axpecy:

ByJ1. Akanemika 3abosiotHoro 27, KuiB, Ykpaina, 03143

TosoBHa actpoHoMiuHa obcepBaTopist HalioHabHOT akafaeMii HayK YKpaiHu

Penakiist KHIT

Pykomnucu monaroThcsl yKpaiHChbKOI0 ab0 aHTJiChKOI MOBOIO, KOXXEH PYKOIMC CYMPOBOIKYEThCS pe3ioMe (yKpaiH-
ChKOIO Ta aHIJIiiCbKOI0 MOBaMU, He MeHIlI K 1800 3HakiB KoxHe). [TocaigoBHICTh momavi MaTepiaay Taka:

* Homep YJIK

* I[niuiasu Ta npi3BuIlla aBTOPiB, CKOPOUEHO IXHi HAYKOBi 3BaHHS Ta MOCAAU

* YcTaHOBH, Jie TIPAIIOIOTH aBTOPU

* EnekTpoHHI aipecH BCiX aBTOPIB, SKIIO €

» HasBa pykonucy

* Pe3iome MOBOIO PYKOITUCY

» Ki1o4oBi c10Ba MOBOIO PYKOIUCY

 Tekct pykonucy

» Crmcox Jiitepatypu, YIOpSIIKOBAHUI Y alhaBiTHOMY TTOPSIIKY

» References (nuB. caiit)

* PesioMme aHMIiICbKOIO MOBOIO. Pe3ioMe MOBMHHE MiCTMTU: CITMCOK aBTOPIB, CITMCOK YCTAHOB 3 aJpecaMu, ¢ BOHU
MPaLIOIOTh, HA3BY PYKOIKCY, TEKCT PE3IOMe, KJIIOUOBI CIIOBA.

Bumoru mo HaGopy Tecty, hopmyI1, TabJMIlb, PUCYHKIB Ta iHIIIOTO iTIOCTPAaTUBHOIO MaTepialy € 3araJbHONMPUUHSATUMU Ta
TUTIOBUMM JUTSI HAYKOBUX XypHaJTiB. Binbl netanbHo 3 npuHumnamMu ohopMIIEHHS PyKOITUCY MOXHA MO3HAMOMUTUCH Ha
caiiTi XXypHaity space-scitechjournal.org.ua
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