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CraTtuncrtnyeckas oueHka pa3mMepoB HacTuL, KOCMUYECKOro Mycopa
no pe3y/ibTaTaM PaANOJIOKALMOHHbIX HAbAOaEeHN A

Pycakos A.I., Jlaryrkun B.H.

ITAO «MAK «Buwiwmneas, Mocksa, Poccus
Mocxkosckutl gusuro-mernuveckuti uncmumym, Mocksa, Poccus

IIpu opburajsbHOM JIBHKEHHH YACTHUI[HI KOCMUYECKOTO MYyCOPa HEYIIPABJISIEMO BPAIIAIOTCs, BCIEICTBHE YEro PaJINOJIOKa-
[IMOHHBIE 3aMePBI UX (PPEKTUBHBIX ILIOMIAIEH PACCESHUs SIBISIOTCS CJIydailHbIMU 3HaYeHusiMu. 110 JJaHHBIM MHOXKECTBa
MOMOOHBIX 3aMEPOB MOYKHO OIEHUTH XaPAKTEPHBIN pa3Mep KaxKIO0i OT/e/IbHOM dacTuilbl. B crarbe paccMOTpeHa 3amada
CTATUCTUYIECKON OIEHKU Pa3MepOB YaCTHI] KOCMHUYECKOIO MyCOpa IO pe3ysbTaTaM WX PaJuoJIOKAIMOHHBIX HabGJIFOIeHMi
B T€YEHUE JJINTEJTHHOTO BpeMeHn. B xoje paboThl pacCMOTPEHBI U BHIOPAHBI ITapaMeTPhl PEXKUMa PAINOIOKAITMOHHOTO Ha-
OJTIO/IEHUsT, HEOOXOUMBIE JIJIsl ONTUMAJIBHOTO HAOJIIOIEHUsT YACTHUI] KOCMUYIECKOr0 Mycopa. Pa3zpaboTaH M onmcaH ajJropuTM
OIIEHKU XapaKTEPHOro pa3Mepa HabJII0aeMbIX YacTHUIl M0 HabpaHHOM craTucTuke. J[J1si MpoBeIeHNsT YUCIEHHBIX SKCIEPH-
MEHTOB Pa3paboTaH KOMILIEKC MMUTAIMOHHBIX MOJEJEH, C MCIOJb30BAHUEM KOTOPOI'O MOJETUPYETCH PaINOJIOKAIMOHHOE
HabJIIO/IEHNe YACTHUI] KOCMUYECKOI0 MyCOpa U OIEHKa UX XapaKTEPHBIX pa3MepoB. [IpuBeieHbI pe3yIbTaThl YMCJIEHHOIO MO-
JeJINPOBAaHUA NIPEJIOZKEHHOIO aJITOPUTMAa C UCIIOJIb30BaHUEM JAHHBIX, II0JIyY€HHBIX C IIOMOIIBIO KOMIIJIEKCa NMUTAITMOHHBIX
mozeseit. Onpe/iesieHbl U UCCIIEIOBaHbI XapaKTEPUCTUKHU TOYHOCTH OIEHKH Pa3MEPOB YaCTUI] KOCMUYIECKOI'O0 MyCOpa.

Ilocrymuna B pemakmuio 28.01.2026 r. [Ipuusara B nevars 29.04.2026 r.

Karoueswie ca08a: KOCMUMECKUT MYCOP, PAOUOAOKAUUOHHbBIE Habatoderus, aPdermueras naousads PACCesHUs, OUEHKA PA3-
MepPos

Statistical estimation of sizes of space debris particles based on the results of radar
observations

Rusakov A.lL., Lagutkin V.N.

PJSC “Vympel”, Moscow, Russia
Moscow Institute of Physics and Technology, Moscow, Russia

During orbital motion, space debris particles rotate uncontrollably, as a result of which radar measurements of their
effective scattering areas are random values. Based on the data of many similar measurements, it is possible to estimate
the characteristic size of each individual particle. The article considers the problem of statistical estimation of the size of
space debris particles based on the results of their observations by radars during long time. In the course of the work, the
parameters of the radar observation mode necessary for optimal observation of space debris were considered and selected.
An algorithm for estimating the characteristic size of the observed particles based on the collected statistics is developed
and described. To provide numerical experiments, a complex of simulation models has been developed, which is used
to simulate radar observation of space debris particles and estimate their characteristic sizes. The results of testing the
proposed algorithm using data obtained using complex of simulation models are presented. The characteristics of the
accuracy of estimating the size of space debris particles have been determined and investigated.
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1. BBeaenue

B nacrosiiiee BpeMsi MOHUTOPUHT KOCMUYECKHX OOBEKTOB OCYNIECTBJIAETCS IO PE3YIbTATaM PaIHOJIOKAITHOHHBIX
7 ONTHIECKUX M3MEPEHUit. Y TBEPKIACTCS, UTO YBEPEHHO OTCIEKUBAIOTCS TOJIHLKO CaMble KPYIHbIE 00bHEKThI KOC-
MUYECKOro Mycopa pasmepoM boJiee 10 cMm Ha Hu3kux u 60see 30-50 cM Ha BbIcOKHX opbuTax. OleHKa KOJIMIecTBa
00bekTOB paszmepom bosee 10 cm — 34 ThIc., Ay 06bekToB pazmepom 1-10 e — 900 ThIC., & [y 0O BEKTOB pa3Me-
pom 0.1-1 em — 130 mutr [1]. Ha moBecTKy JHsi BcTaeT TeMa 9KOJOIMYECKONH ONACHOCTHU, BBI3BAHHON KOCMUYECKUM
mycopoM. [losiBiisiercst HEOOXOMUMOCTD CO3MaHUsT HHMOPMAIMOHHOTO DAHKA, COIEPKAIIEr0 JAHHBIE O KOJIUIECTBE,
napaMeTpax opouT u pasMepax dacTul kocmuueckoro mycopa (YKM), KoTopslii MOXKHO 6BLTIO GBI UCIIOJIB30BATD
[PY TUIAHUPOBAHNY KOCMUYECKOH aesrenbHoCTH [1, 2].

Samaqeit maHHON PAOOTHI SIBJISETCS UCCIEIOBAHNIE BO3MOYXKHOCTEl OIEHKN PACIIPEIEICHIS TI0 Pa3MepaM IaCTHIL
IMOTOKA KOCMHUYIECKOT'O MyCOPa IO PE3Y/IbTaTaM PaIUOJIOKAIIMOHHBIX HAOJIIOAEHU. YCJIOBHO €€ MOXKHO Pa3eInuTh
Ha OATb JacTei:

1) aHanM3 u BHIGOP APAMETPOB PEXKIMMA, PA/IMOJIOKAIIMOHHOTO HABIIOIEHNS],

2) pa3paboTKa aJrOpUTMa OIEHKH XaPAKTEPHOrO pasMepa HaBII0AaeMbIX JaCTHIL 110 HabpaHHON CTATHCTHKE,

3) pa3paboTKa KOMIIJIEKCA NMUTAIIMOHHBIX MOJIENIEH, ¢ NCIOIb30BAHNEM KOTOPOTO MOJIEIMPYETCs PAIMOIOKAIH-
OHHOE HaDJIIO/IEHNE JACTUI] KOCMIIECKOTO MYyCOpPa,

4) onenka o6'beMa U BPEMEHHU [OJIYYEHUS HEOOXOIUMOI CTATUCTHKY,
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5) pacuer omubOK OIEHUBAHUS PA3MEPOB YACTUIL IIPU PA3JIUYHBIX 00beMe U BPEMEHH II0JIy9eHUsT CTATUCTHKHY.
Bamaua onpenenenns opour YKM He paccMaTpuBaeTcs, MPEIIIOJIaraeTcs, YT0 OHa PENIaeTCsl U3BECTHBIMU METO-
Jamn [3].

2. OcHOBHBIE COOTHOIIIEHNSsI, HEOOXOIMMbIE JIJIsT MOAEJIUPOBAHUS PAOOTHI
Pa/IM0JIOKATOPOB

U BBI [mapaMeTpoB, OINCHIB 110 T MOJIOKATOPOB IO HAOJIIOAEHN HEOOXOIIM MOT-
II Oope mapaMeTpoOB, OIMUCHIBAIO abo aam0I0KaTOpOB 1o Habmomgernio YKM, meobxo 0 paccMo
peTh OCHOBHBIE COOTHOIIIEHUsI U OIPAHIMYEHHsT (PUBNIECKOIO XapaKTepa.
Paguosiokanmonnas 3amerHoctb UKM onpeeisiercss OTHOIIEHUEM CHTHAJ/IIyM, (hOpMysa Jyisi KOTOPOTO
IpeJICTaBIsIeT co0ON ypaBHeHne pauoiokanyn [4]:
P.G*)\207,
SNR = ————=—1, (1)
kBTS(47T) R
riae P, — uMIIysibCHasi MOITHOCTH pajuoJiokaTopa, G — Ko3(hUIMEHT HAIPABIEHHOIO JIEHCTBUSI AHTEHHBI, A\ —
JUIMHa BOJIHBI, 0 — 3dderTupHast miomaab paccestaus (DIIP) wacrurpl, 7, — JIUTEIBHOCTH UMIYJIbCA, kg —
koHcTanTa bombimana, Ty — myMmoBas Temnepatypa, R — paccrosuaune Mexk iy YKM u pagnosokaTopom.
WnymysibcHast MOIIHOCTD CBsi3aHA CO CPeHel MOIMHOCTHIO P COOTHOINEHUEeM:

Pty = PTy = E,, (2)

rae 1}, — mepuoji IOBTOPEHUs UMITYIbCOB, Fy — 9Heprusi 30HIUPYIONEro UMITYIbCA.

B cooTBercTBHM ¢ ypaBHEHHEM PaJIMOJIOKAIMH JIJIsi ODeCIieueHns] HeOOXOMMBIX YCJIOBUI HabJIt0IeHusT Tpeby-
IOTCsl JIOCTATOYHO BBICOKAsl SHEPreTHKa 30HJMPYIONINX CUTHAJIOB, & TaKyKe MUHUMAaJIbHO BO3MOXKHAsI JIAJIbHOCTD
Habsironennst. OTcroa ciie/lyer, YTo Hanbojiee BBITOIHBIM SIBJISIETCSI HADJIIOIEHNE B 3€HMUT.

EcrecrBenno npemmnomoxkuts, uro 60sabmmacTBO YKM B 6/M2KHEM OKOJIO36MHOM KOCMOCE HAXOMATCS Ha OKO-
JIOKPYTOBBIX opbuTax. B 3ToM ciaydae mpu HAOIIOAEHNN B 3€HUT JAJbHOCTH IIPUMEPHO PAaBHA BHICOTE OPOUTHI.
ITosToMy Tpm mCCIeOBAHUU BO3MOYKHOCTEH HabO/IIOAeHUsT HU3KoopouTabubix KM 1enecoobpa3no pa3douts 06-
JIaCTh HU3KUX OPOUT HA BBICOTHBIE CJIOU.

JIJ1st BBICOTHOTO CJIOSI C HUXKHUM ypOBHEM Hpin, 1 BepxHUM ypoBHEM H.x JJIMTEILHOCTD UMITYJIBCA OTPAHU-
YeHA yCJIOBUEM:

Ty < Smin (3)

a IIepUOoJI, N3IYyIeHNd UMIIYJIHCOB — yCJTOBUEM:
Ty > ——— + T (4)

B kagectBe pasmosiokaropa [jisi HAOIIOAEHNsT KOCMAIECKOTO MyCOPa PACCMATPUBAETCS JIOKATOP C aHTEHHOH,
COCTOSINElH U3 JIMHENKN BUOPATOPOB, PA3MEIIEeHHBIX Ha (POKYCHOM OCH MapabonIecKOro UINHIPUIECKOTO 3ePKa-
aa [5]. B kadecTBe puMepa paccMaTPUBAJIICH TIAPAMETPHI PAJIMOJIOKATOPA KOHTPOJIS KOCMIYecKoro Mycopa Kiwi
Space Radar u3 paorst [6]. B Takom JlokaTope ceKTop 0630pa HpencTasisieT coboil yraoBoii 6apbep B BEPTUKAIb-
HO¥ IJIOCKOCTHU, IPOXOJIsINeil Yyepe3 (pOKYCHYIO OCh 3epKaJjia, B HAIIPaBJIEHUsX, OJM3KUX K 3eHuTYy. CKaHUpOBaHUE
JIOJIZKHO OCYTIECTBJISITHCA TaK, 9TO0BI 3a mepuoj ob63opa UKM, mposerarormume depe3 ceKTop BOJIM3U 3€HUTA, HE
OBLIN TTPOILYIIEHBI.

[Tycts Ap — yriioBoii pazmep cekTopa CKaHUpOBaHuUsl, A&y 5 — MIUPUHA JUATPAMMbBI HAITPABJIECHHOCTH AHTEH-
HBI 1I0 YPOBHIO IIOJIOBUHHOM MOIITHOCTH B BEPTUKAJIBHON IIJIOCKOCTH, IIEPIIEHIUKYJISIPHOM (DOKyCHOU ocu, Ay 5 —
IIUPUHA JIMarpaMMbl HAIIPABJIEHHOCTH aHTEHHBI 110 YPOBHIO ITOJIOBUHHON MOIIHOCTUA B BEPTHKAJBHOI ILJIOCKOCTH,
npoxogiei uepes bokycuyio ochb. g uckmodenus npomnycka TKM neobxoaumo, urobsl Bpems t(H) mpoxox-
JIeHUsT YaCTUIEH YIJIOBOTO Oapbepa OBbLI0 OOJIbIIe EPUOa ero 0b630pa:

AegsH -7 Ay

tHH) 2 = 2 Toxge s

(5)

rae ’U(H) — CKOPOCTDL ABH2KCHUA YaCTHUIbI Ha BBLICOTE H. YuaurnbiBag U3BeCTHOE COOTHOIIIECHUE A¢0,5A€0_5 ~ %,
IIoJIyd9aeM OI'paHUYICHUE Ha yFJ’IOBOfI pa3Mep CeKTopa 0630pa:
A’l/)0_5A60_5H 47 H
Ap < =

ST TaH) G TalH) “

MunuMaJIbHBIN pa3Mep CeKTOpa CKaHMpOBaHus nosydaercsa npu H = Hpyiy:

~ 4_7T Hmin - 2_7T c 1+ Hmax -t
" G Tww(Humin) G v(Hmin) '

ASﬁ(lqmin)

min
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MoxKHO BUIETH, 9TO pa3Mep CEKTOpa CKAHHPOBAHUS 3aBUCHAT OT OTHOIIEHHS MAKCHUMAJJIHLHON M MUHHIMAJIb-
HOIl BBICOT PacCMaTPUBAEMOr0 OPOUTAJILHOIO ¢J1os. IIpu 3ToM, geM 60JIbINe TOIIUHA OpouTaIbHOro cjiod AH =
Hppax Hmin (TO ectb uem Gosbiie orHOmEHUE Hiax/Hmin), TEM MEHBINE pasMep CeKTOpa CKaHWpoBaHWsl. Jljist
y3KOTO 10t Hipax & Hpin:

T

C
Ap < ——,
P =G o(Hum)

(8)
Hanpumep, 1j1si napamMeTpos, yKasaHHBIX B [6]:
Ap ~ 3.2°. 9)

Onerku 111 TOMMUHBL BeicoTHOTO ¢iost AH ~ 100 kM u yrioBoro 6apbepa pasmepom Ap = 3.2° nokasbiBa-
10T, 9TO pu u3MeneHnu BbICOTHI opouTHl UKM ot 400 1m0 2000 KM COOTBETCTBEHHO BAapbUPYIOTCS JITUTETHHOCTH
nMIyabca 7, oT 0.0025 1o 0.0125 ¢ u nmepuoja nmosropenus: 1;; ot 0.0055 1o 0.0275 c.

3. AaropuTtm oneHKHN XapakTepHoro pazmepa UYKM

[Tepeiimem k anropurMy OreHKE XapakTepHoro pasmepa YKM mo n3mepeHnsM HHTEHCUBHOCTEH IPUHSTHIX CATHA-
JI0B. B anropmrmMe MCHOIB3YIOTCH CJIeIyIONTHe 0003HAYEHUA:

e J — uucyo nabmogaembix YKM, j — mHomep mabmomaemoit UKM, j =1,...,J;
e Njc — UHCIIO MOJOXKATEIBHBIX TPOBOJIOK j-oit Habmomaemoit YKM, To ecTh MpoBOIOK, B KOTOPHIX 3Ta TKM
Ob1Ta obHapyrKeHa U OBLIH BHINOJIHEHSI 3aMepnl ee curuaryp (DIIP) Cy;, k=1,..., Njc;

e Njo — ofrmee 9nCI0 MPOXOXKIAeHMH j-0if Habmonaemoit YKM B cekTopax 0630pa paJnoIoKaTOPOB.
IIpu opbuTaAIBLHOM JBUKEHUH YACTHUIIHI KOCMIYECKOTO MyCcOpa HEeYIIpaBjseMo BpaliaioTcs. B katecTBe Mmosen
VCJIOBHOM TIJIOTHOCTUA BEPOSITHOCTU CUTHATYP, B NPHUHITUIE, MOTYT PACCMATPUBATLCS PA3JIUIHBIC PACIIPE/ICJICHUST
f(C/d), rme d — xapakrepusiit pasmep YKM [4]. B manHo# paboTe HCIOIBb3YeTCsl SKCIOHEHIAIbHAs (DYHKIHSL:

F(C/d) = e, (10)

2
roe Sq — cpexnnee 3uadenne JIIP UKM, onpenensemoe coorHomennem Sy = %.

Ve/I0BHY 10 IUIOTHOCTD BEPOATHOCTU SMIMPUYIecKoii curaaTypsl C), ¢ yaerom tuyma f(C,/C) mosyuum u3 pac-

upenesnenus Paiica [7]:
100/0) = g {50 (Y29, (1)

20, 20, On

rie Io(x) — mopudunuposannas dyakuus Beccesst:
1 ™
Iy(x) = — e” Y qd 12
@)= 5 [ ey (12)
a 0, — CUTHATYpa, SKBUBAJECHTHAS MOITHOCTH ITyMa, TO €CTh:

1 r 4
n — ) 13
7 VM4 Gmax (103 kM, 00 = 1M2) (103 KM) (13)

rjie My — KOJMYECTBO TIOJIOXKUTEIBHBIX 3aMePOB MHTEHCHBHOCTH 3a OJIHY HMPOBOJIKY, ¢max(10% kM, o0 = 1m%) —
OTHOTIEHNe CUrHAJ/IyM Juis obbekta ¢ DIIP ¢ = 1M? ma paccrogmmu 103 KM oT JOKaTOpa, 7 — pacCTOAHUE
mexx ity YKM u jgokaropom.

Torma BeposiTHOCTD MOTydeHns 3amepa curHaTypbl UKM pazmepa d B 01HO# TPOBOIKE MIPU 38JAHHOM [TOPOTe
1o curHatype S:

D(d,S) = /OOO D(C,S)f(C/d)dC, (14)

e D(C,S) — yciioBHAsE BEPOSITHOCTD TIOJLyY€HHsI 3aMEPa CUIHATYPbI, AaCUMIITOTHYeCKast (hOpMyJIa JJisi KOTOPOit
uMeeT BHUL:

e B Cot O\, (VOO dCw 1 [* s,
D(C’,S)f/s f(Cn/C)dC’n72/S exp( 2~ )10< = ) - *\/%/Z eV ldy (15)

Z:\/E—\/E—n, (16)
L Vs-Ve
2/C (2\/5)2,

(17)
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~ S
a-< (19)
On

BeposaTrocrs nosydenust Njc(Sy) 3aMepoB curHaryp npu 3aJaHHOM Hopore Sy (k — HOMep CHIHATYDHI B Ba-
PHAIMOHHOM Dsijly 3aMepOB) OIPEJIeJISIeTCsl GMHOMUAIBHBIM PaCIpeIeIeHIeM

P(Nje/dj, 8) = Cy’c DNoe(1 — D)Noo=Noe, (20)

N NjO!
G _ 21
Nio = (Nje!(Njo — Nje)!)’ 21)

U3 KOTOPOTO MOJIyvIaeM HanboJiee MPaBIono00HyI0 OIEHKY

o N;c(Sk
Bd;, i) ~ ieE). (22)
N;
st BeI9mC/IeHnsT HanboJiee BepoATHOrO XapakrepHoro pasmepa d YKM ucmosb3yercs MeTos HANMEHBIITIX
KBa/JIpATOB:

K 2
B =3 (M52 - pas) (23)
k=1 J

d; = mdin fi(d). (24)

Torna no cepuu oenok D(d;, Sk) st pasnudaabix S, UCHOJIb3Ys BhIpaXKeHue 1 BepostaocTH D(d, S), mo Me-
TOJ[y HAMMEHBIITNX KBaJIPATOB IOIyInM HanboJlee IIPaBIoNoA00HY 0 OlleHKY d;. TakuM 06pa3oM, 3Hast KOJIHIECTBA
mposieroB YKM 1 mOJI0KUATETHHBIX TPOBOAOK, MOXKHO JIaTh OIEHKY €€ XapaKTEPHOTO pa3Mepa.

4. Pe3yabTaTbl UMUATAIIMOHHOTO MO/1€JINPOBAHUS

lJ1st IpOBEIeHNsT YUCJEHHBIX YKCIIEPUMEHTOB Pa3paboTaH KOMILJIEKC UMHUTAIMOHHBIX MOJIEJIell, BKIIFOYAIOIII MO-
nesib opburanbaoro npmkenns KM mHa Hu3kumx opburax, mMmuraTop ciaydaitaeix Beamdaund I[P UKM, momens
PAIMOIOKAIIMOHHBIX U3MepeHnit, Momesib 00paborku cobpanuoit craructuku mo TP HKM. C ero momormisio mo-
Jgenupyercs pagnosokannonuoe nHabogerne YKM u orenka nx xapakTepHBIX Pa3MEpOB.

B xoj1e MosieTupoBaHus paccMaTPUBAINCH PA3IMIHBIE BADUAHTHI PACIIOIOKEHUS U KOJTUIECTBA PAJIHOIOKATO-
POB, B TOM YHCJIe BAPUAHT PA3MEIIeHUs BYX PAIUO0IOKATOPOB Ha Tepputopun Poccuiickoit @eneparun: na Kaska-
3e u Ha lanpaem Bocroke. Hmke npuBoagaTcs Hanaydinme pe3yabTaThl, IOy YeHHBIE I KOH(MUTY DAY U3 TIECTH
PAIMOIOKATOPOB, PACIIOIOXKEHHBIX B 9KBATOPUAIBHON 30HE U IPUMEPHO PABHOMEDPHO PACCTABJIEHHBIX I10 JIOJITOTE.

KomMmriuteke mporpaMm mo3BoJisieT BapbUPOBATH PA3IUYHBIE ITapaMeTphbl paboThl PAINOIOKATOPA, TAKHE KAK
CpeJHsisl MOIITHOCTh, TIEPUOJL, TIOBTOPEHNUs] UMITYJIbCOB U WX JUIATEIHHOCTh, Pa3Mep CeKTOPa CKAHUPOBaHUsI (B TOM
qucsie BapuaHT 6e3 CKAaHUPOBaHUsl) ¢ yaeToM orpannyennii (5)—(8), paccMOTpPEeHHBIX B 1I. 2.

[TapameTrpsr paboThI paaMOIOKATOPA I UUCACHHOTO WCCJIEIOBAHUS OBLIN ONPE/IESEeHb Ha OCHOBE OIEHOK,
noaydenubix B 1. 2. [lpu yBemudgenuu BoicoTel opoutbl YKM or 400 g0 2000 KM JAyIMTeIbHOCTD UMILYIILCA (Ty)
usmensierca or 0.0025 go 0.0125 ¢, nepuoy, nosropenus (1) — or 0.0055 o 0.0275 ¢ upu HEeM3MEHHOM pa3Mepe
cekTopa cKannpoBaHus Ap &2 3.2°.

YuceHHbIe 3KCIIEPUMEHTHI TTpoBoIuInCch MeTogoM MouTe-Kapito st BeicoT kpyroseix opout 400, 800, 1200,
1600 u 2000 kM. [Ij1s1 KarK 1081 BBICOTHI 33]aBAJIUCh COOTBETCTBYIOIINE 3HAUECHUS TTapaAMETPOB 30HIUPOBAHNUSI, YKa-
3anable Bhime. MomeaupoBanucs 100 peammsarmit mosera YKM co caydaitHbiMu OpONTAIBHBIMA TAPAMETPAMEI
(HAKJIOHEHUEM U JOJITOTON BOCXOJIAIIEr0 y3JIa) 3aaHHOI0 XapaKTepHOro pa3Mepa. 110 3aBeplieHnn MoJeIMpoBa-
HUsl BBIMIOJIHSJIACH CTATHCTHYECKAs 00PabOTKa PE3y/IbTATOB: BHIYUC/ISAINCH CPEIHIE 3HAUCHUSI:

a(H) = 23" (25)

CMellleHnd OT MCTUHHOI'O 3HaYCHUA:

u CpeJHeKBaJpaTNnYeCKrue OTKJIOHEHUd:
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rie d; — oleHKa XxapakTepHoro padmepa UKM, dy.. — ee ICTUHHBIN pa3dMep, N — pa3Mep CTaTUCTUuKU, H — BbIcoTa
OpOUTHI YACTHI[ B JIAHHOM SKCIIEPUMEHTE.

[Tpumepsr 06paboOTaHHBIX JAHHBIX IPU d = 2 CM NpUBEIEeHBI B Tabil. 1, 2 u 3: KaXKJI0if CTPOKE COOTBETCTBYET
BBICOTa OPOUT, B CTOJIOIAX IIPEJ/ICTABJIEHbI PACYETHBIE 3HAYEHUs] CMEIEHNs, CPEIHEKBAPATHIECKOTO OTKJIOHEHMS
(CKO), cymmapHoil ommOKu, pAaBHON KBaJIpaTHOMY KOPHIO M3 CyMMbI KBRJPATOB CMENICHUS U CPEIHEKBAIDa-
TUYIECKOrO OTKJIOHEHMsI (B IIPOIEHTAX K MCTUHHOMY XapaKTePHOMY pa3Mepy), cpeaHero ducia mposero TKM
B CEKTOpPaX CKAHUPOBAHMS, CPEIHErO JHCJIa YCIENTHBIX MTPOBOIOK, Korma KM ObLia oOHapyzKeHa, U OTHOIIEHUS
KOJIMIECTBA, YCIENIHBIX IPOBOJIOK K KOJIMIECTBY MPOJIETOB (HEKOTOPBIE TIPOJIETHI OKA3BIBAIOTCS Ge3YCIEITHBIMU 13-
3a YPOBHsI CUTHAJIA, MEHBIIE TIOPOTOBOTO).

Tabmuma 1: Pe3yabraTsl OMEHOK TIPU JITUTEILHOCTH Hab oaenusa 30 JHeit.

OTHormenue
C Cpennee
Cwmermenne PEIHES qHUCJIO e
Bricora, km ot ’ CKO, ecm Ommubka, % TUCIIO S IIPOBOJIOK
IPOJIETOB yene K TIPOJIETaM,
TIPOBOIOK %
400 1.08 0.86 70 2.57 2.54 99
800 0.58 0.76 48 4.29 4.24 99
1200 0.38 0.61 36 5.91 5.82 98
1600 0.36 0.52 32 5.95 5.80 97
2000 0.48 0.63 39 6.81 6.60 97
Tabmurma 2: Pe3yabTraThl OMEHOK TIPU JITUTEILHOCTH Hab oaenusa 60 aHeit.
OTHormenue
C Cpennee
Cwmermenne PEIHEe qHUCJIO e
Beicora, kM oat ’ CKO, cm Onmb6ka, % 9HCII0 - TIPOBOIOK
IPOJIETOB JEHCHIIBIX TIpoJIeTaM,
TIPOBOIOK %
400 0.43 0.67 40 4.75 4.68 99
800 0.22 0.46 25 8.21 8.09 99
1200 0.23 0.38 22 11.75 11.58 99
1600 0.26 0.43 25 12.16 11.86 98
2000 0.28 0.36 23 14.75 14.28 97
Tabmuma 3: Pe3yabTaTsl OMEHOK TIPU JITUTEILHOCTH Hab oaenunsa 90 aHeit.
OTHoImenune
Cpennee
Cwmemenne Cpezee THCJIO0 e
Beicora, kM at ’ CKO, cm Onmb6ka, % 9HCII0 et TIPOBOIOK
IPOJIETOB R IpoJIeTaM,
[IPOBOJIOK %
0
400 0.23 0.55 30 7.09 7.02 99
800 0.20 0.39 22 12.11 11.92 98
1200 0.13 0.38 20 16.01 15.79 99
1600 0.13 0.32 17 18.54 18.17 98
2000 0.20 0.36 21 22.18 21.48 97

Ha ocHoBanuu aHajm3a Pe3ysIbTATOB MOJIEJIMPOBAHUST OJJHOZHAYHO MOXKHO CKa3aTh O TOM, U4TO IIPU YBEINYEHIH
BbICOTHI 0pOuTHl UKM, 06beM CTATUCTUKH BO3PACTAET, TAK KAK YBEJMYUBAETCs [IPOJIOJIBLHBIN JIMHENHBIH pasMep
CEKTOPa CKAHUPOBAHWS B CUJLy COXPAHEHUs ero yrjioBoro pasmepa. C JIpyroil CTOPOHBI, IIPA POCTE BHICOTHI OPOUTHI
IPOUCXOMUT €CTECTBEHHOE YMEHbINEHUE OTHOIIEHNsI CUI'HAJ /Il M Ha, BXOJIE IPUEMHUKA. B pe3ysbrare 9Toro curuagt
perke MPEBBIIAET OPOTOBOEe 3HAYECHHUE, UYTO MPUBOIUT K 3aKOHOMEDHOMY COKPAIIEHUIO 0N 3a(DUKCHPOBAHHBIX
poBo/IoK. Tem He MeHee, OIMOKaA C POCTOM BBICOTBHI OPOMUTHI BILIOTH j10 1600 KM yMeHBINAETCs, YTO I'OBOPUT
0 BasKHOCTH HapalluBaHusi 00'beMa CTATHUCTUKHY.

OTMeTuM OTJIeJIBHO, 9TO B JAHHBIX TaOJIMIAX OTHOIIEHKE YHUC/a IIPOBOJOK K IIpoJieTaM OJIM3KO K €JIMHHUIIE,
9TO TOBOPUT O BO3MOXKHOCTHU OCJIa0JIeHUsS TPeOOBAHMIT K SHEPTETUKE PaanooKaTopoB. [losToMy ObLI0 TTPOBEIEHO
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MOJIeTTMPOBaHre Tpu yMeHbIeHHON B 10 pa3 mMMITyJILCHON MOITHOCTH W JIJTUTELHOCTH WMITYJIbCa, PABHOU 2 MC
JIJIST BCeX BBICOT. B pe3ysibTaTe OTHOIIEHNWE YHUCIA TPOBOJOK K IpOJIeTaM HA MAJBIX BBICOTAX HE HU3MEHUJIOCH,
a Ha OOJBIIUX — 3HAYUTENHHO YMEHDLIITUJIOCh. Pe3yJbTaThl OINEHOK JJIsi 9TOTO CJIydasl MPUBOJATCA B TaOJ. 4,
AHAJIOTUIHON ITPEJIbITYITIM.

Tabsuna 4: Pe3ysbTaTsl OIIEHOK IPU YMEHBIIEHHOM MOTEeHIuAase (JJINTeabHOCTh Haboaernst 30 JaHeil).

OTHormenue
Cpennee
Cwmermmenne Cpesee JUCJIO e
Bricora, kM ’ CKO, cm Onmbka, % 9HCII0 TIPOBOJIOK
cM YCIEIIHBIX
IIPOJIETOB K IIPOJIETAM,
IIPOBOJIOK %
400 1.17 0.77 70 2.42 2.37 98
800 0.65 0.74 49 4.33 4.14 96
1200 0.70 0.64 47 5.93 5.04 85
1600 0.73 0.59 47 6.24 3.90 63
2000 1.07 0.64 62 7.21 3.58 50

Isist cpaBHEHUS TOCTPOEHBI IPAMUKN 3aBUCUMOCTH BEJTMINHBI OMMAOKU OT BBICOTHI U JJIMTETLHOCTH HAOJIIOIE-
Hus gy pazmepa UKM d = 2 ¢Mm 1pu BBICOKOM TOTEHIMAJE U [P YMEHBITEHHOM MOTEHINAJE, COOTBETCTBEHHO
Ha puc. 1 u 2. HebosibIllie oCHMJLIAIIAA B OKPECTHOCTSIX MUHUMYMOB OOYCJIOBJIEHBI CTATUCTUYECKON IIPUPOION
[IPOBEJIEHHOI'0 MO/IEJIMPOBAHMS, TAK KaK KaxKJas TOYKa I0JIydeHa IyTeM ycpeatnenus mo 100 peasusariusim.

[Ipemyioxkennbrit B paboTe aJropuT™M OCYIIECTBIISIET OIEHKY XapaKTEPHOTO pa3Mepa JacTHUIIbI, HAOII0IaeMOit
B Te€YeHHE HEKOTOPOTO JJIUTEJbHOIO BPEMEHHU CHUCTEMOI pammoaokaTopoB. OO0beM MOIyIaeMbIX PaInOIOKAIMOH-
HOM cucTeMOii ¢ 3aTaHHO KOH(MUTrypalueil JaHHBIX 3aBUCAT OT MAapaMeTPOB OPOUTHI YACTHUIILI: BHICOTHI OPOUTHI
B OOJIBIIEl CTElleHN, HAKJIOHEHUSI M JIOJITOTHI BOCXOJISIIIIEr0 y3Jia — B MeHbIeil crernenu. [ IpuBeieHHbIE TOYHOCTHBIE
XapaKTEPUCTUKU OIEHKH XapakKTePHOTO Pa3Mepa JacTUIBI (¢ HCTUHHBIM XapaKTEPHBIM PA3MEPOM 2 CM) B 3aBHUCH-
MOCTHU OT BBICOTHI OPOUTHI OIIPEJIEJIEHBI IIyTEM YCPEIHEHNs 110 HAKJIOHEHUsIM U JIOJIPOTAM BOCXOJIAIIETO Y3JIa, 9TO
mocrturaercs: Oimaromaps npumenenuio mMeroma Momre-Kapio. s gacTurr ¢ 60gbmmM XapaKTEPHBIM PA3MEPOM
YBEJIMYIUBAETCsT KOJMIECTBO U YIIYUIIAETCs KAIECTBO IMOJIydaeMoil nH(MOPMAINT, U, KAK CJIEICTBUE, YIIyIIIaloTCs
TOYHOCTHBIE XapaKTEPUCTUKH OIEHOK UX XapaKTEPHBIX pa3mepoB. IIpu Hajwmdwmu JaHHBIX 00 OIEHKAX XapaKTep-
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Puc. 1: Tpacduk 3aBUCHMOCTH BEJMIMHBI OMUOKKA OT BBICOTHI M JJINTENLHOCTH HabmoaeHust (d = 2 ¢m).



Crarucruieckast OlleHKa Pa3MepPOB YaCTHI[] KOCMHYECKOIO MyCopPa, 151

Ownbka, %
80
70
60
——30 gHelt
50 A
60 gHel
40 N
90 oHer
30 120 gHel
20
10
0 H, km
0 400 800 1200 1600 2000 2400

Puc. 2: T'paduk 3aBUCHMOCTH BEJIMUUHBI ONMUOKH OT BBICOTHI M JJINTEIHLHOCTH HAOJIIOJEHUS [IPU yMEHBIIEHHOM
norernuase (d =2 cm).

HBIX pa3MepOB HAOJIIOIAEMBIX PATUOJOKAITMOHHON cucTeMoil pas3iaudubix UKM Ha pa3/iuaHbIX BBHICOTAX MOYKET
ObITh cHOPMUPOBAHO IMIMPHUYECKOE (IUCKPETHOE) PacupesieieHue MOTOKa YaCTHIL IO PA3MEPAM M BBICOTAM.

5. 3akJiroueHue

Pazpaboran nMuTaImOHHbIN KOMIIJIEKC MOJIEJIEH, TO3BOJISIONINIA MPOBOANTD YNCICHHBIE SKCIIEPUMEHTBI 110 PaIHo-
JIOKAITMOHHOMY HaOJIIOIEHUIO TaCTHI] KOCMIIECKOT0 Mycopa 1 00paboTKe MoIyIaeMbIX JaHHbIX. [IporpamMmMuo pea-
JIN30BaH aJIFOPUTM OIEHKH Pa3MEPOB YaCTHI] KOCMUYECKOTO MyCOP II0 pPe3yJibTaTaM PaInOJIOKAIIMOHHBIX HabJIr0 1e-
unii. OnpegeaeHbl U UCCIEI0BAHbl XapaKTEPUCTUKU COOPAHHON B XOJ€ MOJICJIUPOBAHUS CTATUCTUKU IO TOYHOCTH
OIIEHKM XapaKTEePHBIX Pa3MEPOB YACTHI[ KOCMUYIECKOI'O MYCOPa. DBIJIO BBISBJIEHO, YTO IIPU HCIIOJb30BAHHBIX IIPU
MOJIETMPOBAHNHT TTapaMeTpax paaIroIOKATOPOB C YBEJIUIEHNEM BpeMeHn ¢O0pa CTATUCTUKU OTHOCUTEILHBIE OITMOKN
oueHMBaHAA yMeHbImaorca ¢ 32-70 % npu 30 muax mabmonennsa mo 13-24 % npu 90 mmax.

Anams moxasaJi, 9TO €CTh BO3MOXKHOCTH YMEHDIIEHNs IIOTEHIMAJIOB PalrOJIOKATOPOB OTHOCUTEIHHO W3HA-
JaJIbHO BBIOPAHHBIX [TAPAMETPOB C COXPaHEHMEM YPOBHSI BEJINUYNH OINOOK OIEHUBAHUSI.
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MoTeHumnan manbix obcepBaTopuii B pelleHnn 3agayvm obHapy>xeHus
n moHntopuHra MHT Ha npumepe obcepsatopun KybaHckoro
rocyHmsepcuTeTa

Neanos B.A., Usanos A.JI., Kypbaros I'.A.

Kybanckuti eocydapcmeennnti ynusepcumem, Kpacrnodap, Poccus

Acrpodusnueckas obcepsaropust Ky6anckoro rocynapcrsenaoro yausepeutera (Ky6I'V) B 2020-2025 rr. ak THBHO IIPOBO-
Jnsa HAOJIIO/IEHnsT ACTEPOUIOB, OnacHo commkaomumxca ¢ 3emueit (AC3), a ¢ 2022 r. crana aKTUBHO IPUMEHATH B pabore
METOJIUKY CUHTETUYECKOTO ciexkeHusi. OGHapyKeHNe U MOIXBAT TAKUX O0bEKTOB sIBJISIFOTCSI OCHOBHBIME 33J1a9aMU OOJIBIIO-
ro dmciia obcepBaTOpUil, BeLyIUX UccjegoBanne Maibix Tei ConHedHoil cucreMbl. B HacTosiiee BpeMsi OCOGEHHO BasKHBI
HabJIIO/IeHNsT OObEKTOB, OTKPBIBAEMBIX Ha OpOMTaxX COJIMKEHUsI ¢ Halllel mjaHeroi. Eime Tpu roga Hazas GOJIBITUHCTBO
OTKPBIBAEMBIX OOBEKTOB COIVIACHO pa3invHbiM 0030pam (mampumep, Catalina Sky Survey, LINEAR, Spacewatch, NEAT,
LONEOS) Haxoamu/1och B Ipejiesiax 3HaYeHnil aGCooTHON 3Be3/1HOM Beamaunbl 19-20.5™ ) a 910 Tesia ¢ pasMepaMu OT COTEH
MEeTPOB JI0 Kuyiomerpa. [IpoBesieH aHAIU3 BO3MOXKHOCTEH MAaJjIbIX 0OCEPBATOPUI IPHU PEIIEHUU 33Jia9 [OUCKA U IOJIXBATA
AC3 na mpumepe acrpodusmdeckoit obcepparopun KyoIl'y.

Ilocrymuna B pemakmuio 09.01.2026 r. [Ipuusara B nevars 29.04.2026 r.

Karoueswie caosa: manvie obcepsamopuu, acmepoud, cunmemuueckoe caescenue, AC3, caenot nouck

Potential of small observatories in solving the problem of detection and monitoring
of MNT on the example of the observatory of the Kuban State University

Ivanov V.A., Ivanov A.L., Kurbatov G.A.

Kuban State University, Krasnodar, Russia

In 20202025, the Astrophysical Observatory of the Kuban State University (KubSU) has actively observed asteroids ap-
proaching Earth (NEOs) and since 2022 it has been actively using the synthetic addition technique in its work. Detection
and capture of such objects is the main task of a large number of observatories studying small bodies of the Solar System.
Currently, observations of objects discovered in orbits approaching our planet with certain parameters are especially im-
portant. Three years ago, most of the discovered objects, according to various surveys (for example, Catalina Sky Survey,
LINEAR, Spacewatch, NEAT, LONEOS) were within the absolute magnitude of 19-20.5™, and these are bodies with sizes
from hundreds of meters to 1 km. An analysis of the capabilities of small observatories in solving the problems of searching
for and capturing objects approaching Earth is carried out using an example of the KubSU Astrophysical Observatory.
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1. BBenenune

Komnrmenmusa coBMeriennst n300pazkeHuit, Oy IeHHBIX THTEPBAJIBHON CheMKO, HCIOJIB3YETCS B ACTPOHOMUN JABHO.
Eciiz n3BecTHO ABUKEHNE aCTEPOUIA — €r0 YIJIOBasi CKOPOCTh U BEKTOP, — TO OOJIBITUHCTBO CIIEIINATH3NPOBAHHBIX
ACTPOHOMUIECKHUX IMPOIPAMM MOXKET CYMMUPOBATH KCIIO3UINNA B COOTBETCTBUU C ITUM IBUKEHUEM. B pesysibrare
aCTEPOU/T BBITISIUT Ha N300pakKeHN KaK HEIIOIBUKHBI 00'bEKT, a 3Be3/bl — Kak 10Jiockl. OTpaHndeHue 9Toil Tex-
HUKHU COCTOMT B TOM, 9TO OTHOIIeHUs curaas/urym (SN R) s BoigsieHus o6beKTa Ha (hoHe Heba JOKHO ObITH
BeicoKuM (SNR> 30) u (nnm) «mocrynHo riasy» Habmomaresns Ha MoruTope. Ilpn Habmonennsix AC3 B uepre
ropoJia BO3HMKAIOT HPOGJIEMBI ¢ BbleaeHreM obbekTa Ha (dboue Heba 18.7™ /kB. cek. DToT (HaKTOp 3HAUUTEIHLHO
CHIYKAJT HAOJTIOATEIHHBIN TOPOT 71 TOpoicKoit obcepBaTopun Kyol'Y 10 06beKTOB, IepeMenmaromuXcs ¢ yIriIoBOii
CKOPOCTBIO He GoJiee 2—3 YIJIOBBIX CEKYHJ| B MUHYTY 1 He cyiabee 16.5 3Be3qHol Besmunubl [1]. BosbmuaCTBO 2XKe
AC3 umeror yryiossie ckopoctu 10—15 yryioBBIX CEeKyHJ B MUHYTY 1 0OJjieck He cjiabee 15.5 3Be3/HOI BeJIMYMHBI.
HezaBucumo oT Tuma mporpaMMHOTO 00€CIIeIeHnsT, UCTIOIB3yEeMOTO JIJIst O0JIETIeHNsT TAKOTO OOHAPY2KEeHUs, TTPUMe-
HAEMBIIl METOJT OOBITHO OJIMH W TOT Ke: TOJIYIEeHUE TPEX-IeThIPEeX IKCIO3UINN C PETryIgPHBIM HHTEPBAJIOM. Takoit
TIO/IXO/T HA3BIBAETCSH «KJIACCHIECKUM» WJIM «TPAIUIUOHHBIM». OIHAKO €CTh OTPAHMYEHUS ITOTO METO/IA, 3aKJII09a-
IOIUECs B TOM, UTO JJIs HOJIyIeHUs M300pakKeHuil, 0COOEHHO OY€HBb OBICTPO JIBUKYIIUXCS OOBEKTOB, TAKAX KaK
AC3, BpeMst 3KCIIO3UIMK OOBITHO JIOJIZKHO HE ITPEBBINIATH HECKOJIBKUX CEKYH]I, HHAUe N300parkeHrne 00 beKTa HAUHET
BBITATUBATHCSI B BHJIE TI0JIOCHI 6€3 mocieayomero yiaydinenus: SN R. Ipyrumu cioBamu, orHonierne SN R o0brd-
HOT'O MeTOJia orpanmieno orHomreHneM SN R 0JHOKpATHO 9KCmo3unun. 3a TPU MOCIETHUX TOJa HAMU ITPOBEIECHBI
ncceoBannst 3pOEKTUBHOCTH UCIIOTH30BAHNS KJIACCUIECKUX TEJIECKOIIOB B CPDABHEHUN CO CBETOCUILHBIMU CHCTE-
Mamu tuna «Arkepman-ITIvuras, cepuitHO TPOM3BOAUMBIX U JIOCTYIHBIX Ha POCCUICKOM PBIHKE B COBOKYITHOCTH
CO CIIeNHAJIBLHBIM IIpOrpaMMHBIM obecredenueM Tycho Tracker!.

Ihttps://www.tycho-tracker.com/ (nara obpamerus 01 mions 2025 r.)
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2. ObopynoBaHue

Acrpodusnaeckas obceparopus Kyol'Y, mexaynaponubiit kog MPC C40, uctionb3yer B HADIIOIECHUSIX TEIECKOIT
«Acrpocu6»? cucremsr Puan-Kpernen, 510/4000 My ra sxBaTopuaabaoM mratuse PARAMOUNT ME?. Teneckon
YIIPABJIAETCH CIEINAII3IPOBAHHBIM IIporpaMMubIM obecrederneM MaxIm DL v5.24% u The Sky X uepes crenuaiib-
uyto mwiargopmy ASCOM. [Insa ysennderus: pabodero moJisi 3peHusl TeJIECKOIa ObLI YCTaHOBJIEH PelyKTOp (hoKyca
F/6.5; dokycHoe paccrosHue, KOTOpPOe peajusyercda npu oM, cocrasisger 3320 mm. C 2022 1. Ha Tesieckor ObLia
ycranossiena kamepa QHY-168M° (mmmeitnoe moste 16.1x24.2 mv; nndposoe paspertenue 3346 x 5040 mukcesnei;
pasmep omHoro mmkcesaa 4.8x4.8 MUKPOH; ¢ peayKTopoM Gokyca pabodee moJie 3peHusi cocraBisger 17.2x25.9
YIJIOBBIX MUHYT.

3. MeTtomuka HaOJII0/IeHUIT U IIPEITOChIIIKI

OcHoBHOI Teseckon o6cepBaTopun [2] HaleseH Ha MOAXBAT HOBBIX OO'bEKTOB, OTKDPBITHIX B PEAJHHOM BDEMEHH,
nHMOPMAINSI O KOTOPBIX OMEPATUBHO TOCTYIAET Ha COTOBBIN Temedon ¢ oprannsoBannoit UIIM mm. Kemmpima
ropsueit guaEelr telegram «asteroidkiam» mis mabmromareseit cetun, a TakKe orpakeHuble B ordetax MPC
U [OJIy4YaeMble POCCUIACKUMU HABJIIONATE MY, PADOTAIONIMME Ha YAAJIEHHBIX 00cepBaTOpusX Kojuiabopalmn (Ha-
upumep, B Erunre MPC 088, Mourosmmu MPC O75 u ap.). Takoe B3anmMozeiicTsre noBbimaer 3bGeKTUBHOCTH
HaOJIIO/IeHN B TIOIXBAaTe.

Db PeKTUBHOCTD TOIXBATA 3aBUCUT OT YIJIOBOM CKOPOCTH O0bEKTa, €ro 3Be3/IHOM BEJIMYMHBI, & TAKXKE COCTO-
sauanst arMocdepbl. O6sI3aTeIbHO HYKHO YIUTHIBATH JAHHBIE O JIBUKEHNN 00bEeKTa, KOTOPBIN HY?KHO OOHADYXKUTh.
Ecisiz 370 09enb OBICTPO ABMKYIINICST O0BEKT, HCIOJIB3YIOTCA KOPOTKIeE BbimepKKu 10 cekyH u kopode. B ciydae,
ecu O0ODbEKT JIBI2KETCsT ME/IJIEHHO, IIPUMeHsIieM OoJiee IIuTeIbHbIe Bhlaepkku, nHanpumep, 20-30 cexyua. [masmoe,
9TOOBI 00IIee BPEMsI BBIJIEPKKU OBLJIO JOCTATOTHO BEJIMKO, YTOOBI OOBEKT MPOJEMOHCTPUPOBAJI JOCTATOTHOE JTBU-
2KeHUe, JIJIsT YBEPEHHOTO O0HAPYKEeHUs OH JIOJIZKEH CMECTUThCA Ha H nukceseit. [Ipeanoarurensro nmomydats 30—60
uzobpazkenwuii (B oraenbabix ciaydaax 120-180). C kamepoit CMOS QHY-168M ¢ HU3KMM yPOBHEM IIyMa CUUTHI-
BaHUsT OOBIYHO MOYXKHO 0DOHTHCH OOJiee KOPDOTKMME BBIIEPKKAMU U IPOCTO CAEIATH UX OOJIbINe, YTOOBI JTOCTUID
2KEJIAEMOT'0 KOJIMIeCTBa dKCrmo3uiuii. st ompenesienusi, Kakoe BpeMs IKCHO3UIUU UCIOJIB30BATH JJIs JTAHHOTO
obbekTa, B mporpamme Tycho Tracker mocrarouno nepeiitn B «Kajabkyssitopbly — «OnTuMabHOE BpeMsi 9KCITO-
3UIUU» B IJIABHOM MeHIo. Kpome 3Toro HyKHO TOMHUTE O Pa3dMepax IMoJjisd 3PeHUs], ITOObI OObEKT 38 BPEMS ChEeMKH
He BBIIIET 3a IPAHUIIBI.

[Tocse mostyaenune aepra 00 OTKPBITHN OOBEKTA, TETECKOI B ABTOMATHIECKOM PEXKIME HABOJIUTCS HA OOBEKT
110 KOOPJAWHATAM, IIOJIyYeHHBIM OT PODOTA, U HAYMHAET CHUMATH 38 HECKOJIBKO MUHYT JI0 IPOXOXK/IEHUsT OOBEKTOM
IeHTpa Kajapa. Bece Kapbl aBTOMATUYIECKNA COXPAHSIIOTCS B MAIKY, KOTOPas TPAHCIUPYETCS Ha, CIIEIUATHHBIN KOM-
ubtorep st o6paborku. [ocse nomyuenne oxHolt nposoaxu (ot 100 mo 180 KapoB) U306paKeHNsT KAJTMOPYIOTCS C
YYeTOM TEMHOBOT'O KaJIpa, TIJIOCKOTO TIOJIs U TIyMOB cunTbiBanus. /lanee B mporpamme Tycho Tracker mpoBomuTcs
00paboTKa Cepuy CHUMKOB, [P 9TOM BBIDABHHMBAA UX U Jejasi MOKAJIPOBBIA pacdeT ¢ IPUBI3KON MEHTPA KaIpa.
YuaurbiBast, 9TO HAM M3BECTHBI MIPEIBAPUTEIbHBIE 3HAYCHNS CKOPOCTU JIBUYKEHUS OOBEKTA M €r0 MO3UIIMOHHOTO
yria, Mbl 00braHO mcmosbdyeM «Track From Current Positions, 3agaBast HeOosbIline rpaHUIBl JAHHBIX, ITOOBI
COKpaTUTh BpeMsi 00paboTKu. B KauecTBe ommopHOro karaJjora oobraHo npumMensiercss Gaia EDR3.

Kak ormeueno B padore «An Early Warning System for Asteroid Impact»> John L. Tonry [3], nponunasue
TEJIECKOIIOB MAaJIOTO JInaMeTpa, He 6osiee 50 CAHTUMETPOB, JIa€T OPUEHTUPOBOYHbBIE 3HAYEHUS BPEMEHU IIPE/IyIIpe-
kzaenus (cM. puc. 1). HyBCTBATENHLHOCTh CHCTEMBI [IO3BOJIET OOHAPYKUBATH acTeporIsl pasmepom 140 M 3a Tpu

HeJIeJIH JI0 CTOJKHOBEHMS M aCTEPOMJIBI pa3MepoM 50 M 3a HeIeo J0 TpuobITHAC.

4. SKCHepI/IMEHT I10 ITPOHUITAHUIO

Pupwma Celestron ocsomta imHeiiKy Tesieckonos cucreMbl Moudurmposanuoro [muara Poy-Akkepman RASA 8,
11 u 14 moiimos”. JIj1s SKCIEPUMEHTa B KadecTBe TejecKona cpasHenus ObL1 Bbiopan Celestron RASA 118 kax
CEepUitHO POU3BOIUMBIN 1 UMEIOIUICS B ¢cBOOOHOM jlocTyIe Ha pbiHKe P®. Tejieckor 6B yCTaAHOBJIEH Ha 9KBa-
ropuasbaoM mraruse EQ-8 PRO. Kamepa SBIG STF 8300M (3326x2504 pix, 17.96x13.52 MM, pa3smep nukceis
5.4x 5.4 MKM), pabodee moJie 3penus cucreMbl 97’ X 72'. Bo BpeMs sKkcIliepuMeHTa BBIOUPAJINCH HOUU ¢ MUHUMAJIbHBIM
3nadenueM ona Heba, He apue 20.7™ / KB. cek. jyru. YriaoBas cKopocTh Habonaembix AC3 Oblia 3aKI09eHa
B muanasone or 10”7 go 80" B mmuyry. B Tabn. 1 ykazamel 3nauennsi ckopoctu AC3 u npejenbHasi 3Be3aHAS

2http://wuw.astrosib.ru/rc_500_rus.html (mara obpamenus 01 mioms 2025 r.)

3https://www.bisque.com/product-category/mounts/ (mara obparmenus 01 moms 2025 T.)

‘https://diffractionlimited.com/maxim-dl/ (mara obpamenus 01 mions 2025 r.)

Shttps://www.ghyccd.com (mara obparmenus 01 moms 2025 T.)

Shttps://ui.adsabs.harvard.edu/abs/2011PASP..123...58T/abstract (nara obpamtenus 01 miois 2025 r.)

"https://www.celestron.com (maTa obpamerus 01 uroms 2025 r.)

8https ://wuw.celestron.com/products/11-rowe-ackermann-schmidt-astrograph-rasa-11-v2-optical-tube-assembly-cge-
dovetail (mara obpamenusi 01 uonsa 2025 r.)
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Puc. 1: JInanason BpeMEHHU INPEyNPeXKICHAs U1 ACTEPOUIOB PA3HOIO PasMepa, JOCTUZKUMOIO C TeJIECKOIOM
50 cM F'/2 («An Early Warning System for Asteroid Impact» John L. Tonry) [3].

Tabmuma 1: IlpenenpHast 3Be31Has BeJIUINHA 00HEKTa B 3aBUCUMOCTHU OT €r0 YIJIOBON CKOPOCTH.

YrioBas IIpenenbuas
CKOPOCTD 3Be3/IHA
00bEeKTa, BEJIMYINHA,

12.8"” /mumn. 20.2m
13.5" /mumn. 19.9™
15.8"” /mumn. 19.1m™
21.3" /vum. 20.9™
79.3" /Mum. 18.4™
79.1" /vuH. 18.8™

BeJIMYMHa CUHTETHUYCCKOI'O CJIC2KeHUA (CI/IHTQTI/I‘{GCKOQ OTCJIE2KUBaHUE HCIIOJIb3YyeT CEPUIo SKCHOSI/IL[Hﬁ), KOTOpad
JAOCTUTHYTa IIPpU 3TOM CKOPOCTHU JIJId 00bEKTa BO BpeMd IIo/IXBaTa.

5. Pe3ysbTaThl uccjeag0BaHUin

PesynbraThl 1101XBaTOB aCTEPOUIOB, CONUKAIOMNUXC ¢ 3eMJIeil, TOJyIEHHBIX B acTPOMU3NIECKOH 00CepBATOPUH
Ky6I'Y B 20242025 na teneckore «Acrpocud 510», BLIIOJIHEHDI 110 METOAUKE CUHTETHIECKOrO CJIEXKEHUs M IIOKa-
3aHbl B TabJI. 2.

Tabauna 2: Cuncok acTepouzoB, COTMKAIONIIXCS ¢ 3eMeil, HaOIIOAABIINXCSA B aCTPOMOU3UIECKON 00CEePBATOPUH

KyoIl'Y B 2024-2025 rr.

Huamerp, m
O6osuauenne AC3 mo xknaccudukanuu | AbGcomoTHas Annbeno 0.5 Annbeno 0.25 | Annbeno 0.05
MPC 3BE3/IHAs
BestmunHa, H

2024 BD 25.38 16 22 50
2024 CZ3 24.91 20 28 62
2024 EB3 24.54 23 33 73
2024 EH3 25.51 15 21 47
2024 EQ1 25.12 18 25 56
2024 EZ 24.32 26 36 81
2024 FO3 27.77 5.2 7.4 17
2024 GL 24.91 20 28 62
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Huamerp, m

O6osuauenne AC3 mo xknaccudukanuu | AbGcomoTHas Annbeno 0.5 Annbeno 0.25 | Annbeno 0.05
MPC 3Be3/IHAasT

BesmaunHa, H
2024 GP1 22.83 32 46 100
2024 JH2 24.68 22 31 69
2024 JL3 26.42 9.8 14 31
2024 JO10 25.08 18 26 57
2024 KC1 20.24 170 240 530
2024 LJ1 25.7 14 19 43
2024 LS4 25.98 12 17 38
2024 NE 23.89 31 44 99
2024 NO5 20.81 130 180 410
2024 OF 23.69 34 49 110
2024 OS1 24.44 24 34 77
2024 PN1 25.54 15 21 46
2024 PX3 25.98 12 17 38
2024 QA 25.7 14 19 43
2024 QA2 25.04 18 26 58
2024 QG 24.75 21 30 67
2024 QS 24.64 22 31 70
2024 RA14 24.96 19 27 61
2024 RB22 24.55 23 33 73
2024 RE 23.38 40 56 130
2024 RG10 23.8 33 46 100
2024 RH32 27.43 6.1 8.7 19
2024 RH45 24.95 19 27 61
2024 RJ29 25.87 13 18 40
2024 RM16 26.16 11 16 35
2024 RR1 25.66 14 20 44
2024 RT12 25.97 12 17 38
2024 RW12 22.9 49 70 160
2024 RW8 26.4 9.9 14 31
2024 SA 22.88 50 71 160
2024 SA1 23.1 45 64 140
2024 SE 24.46 24 34 76
2024 SH 24.73 21 30 67
2024 SN1 27.42 6.2 8.7 20
2024 SU3 26.1 11 16 36
2024 SV3 26.56 9.2 13 29
2024 SW4 21.93 7 110 240
2024 SY6 25.02 19 26 59
2024 TK1 25.81 13 18 41
2024 TN1 19.41 250 350 780
2024 TR4 26.88 7.9 11 25
2024 TS2 26.97 7.6 11 24
2024 TV8 26.34 10 14 32
2024 TZ11 23.54 37 52 120
2024 UO4 30.22 1.7 2.4 5.4
2024 US 27.96 4.8 6.8 15
2024 UX9 22.85 51 72 160
2024 UY3 20.18 170 240 550
2024 VA4 25.17 17 25 55
2024 VB2 25.87 13 18 40
2024 VC1 22.81 52 73 160
2024 VC2 25.69 14 19 43
2024 VX3 28.26 4.2 5.9 13
2024 VY3 27.79 5.2 7.4 16
2024 WB 21.12 110 160 350
2024 WC 27.37 6.3 8.9 20
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2024 WG 26.67 8.7 12 28
2024 WJ 29.75 2.1 3.0 6.7
2024 WL 25.82 13 18 41
2024 WV51 25.14 18 25 56
2024 YA 26.67 8.7 12 28
2024 YC 27.26 6.6 9.4 21
2024 YR 21.67 87 120 280
2025 AN 24.91 20 28 62
2025 AX1 26.85 8 11 25
2025 AU3 25.43 15 22 49

B Taba. 3 mpexncrasiena BeIOOpKa mmOKa3aTeseil pOCCUUCKUX 1 3apy0OeKHbIX oOcepBaTopmit u3 1858 cranmumii,
3apEruCTPHPOBAHHLIX B 1leHTpe MaJbIX mtaHeT”, paGOTAIONNX B KOJIJIAOOPAINHY, TaHHBIE OT KOTOPOM IIOJIyYaioT
poccuiickue Hay4dHble opranusaiuu. ObcepBaTOPUN PACCTABJIEHBI II0 PaHry oT obbeMa usaMepenuit AC3.

9https://mpec.jostjahn.de/MPECS- STAT-CODES-0BS.html (nara obpamenus 01 urosns 2025 r.)

Tabnuna 3: Utoru pabors o nojxsary u nabmogenusym AC3 B obcepsaropun MPC C40 Kpacuonap B cpaBHeHUN

¢ apyrumu obcepBaTopusvu P® o cocrosamio Ha 11 nronsa 2025 1.

Yuc1o mosry9eHHbIX HAOTIOEHU 38 TOT
Nr. Station | All MPECs Discovery Observations 2020 2021 2022 2023 2024 2025
32 C40 1258 236 41130 10539 4909 9458 5378 4176 2931
47 84 89 1 25705 0 0 0 41 7 0
110 C20 21 1 9109 0 0 0 1512 0 0
118 A98 261 10 8590 264 725 721 912 517 288
124 168 270 0 8001 101 218 106 280 604 216
179 B18 401 155 5306 11 584 128 11 66 0
279 L76 240 74 2804 114 99 338 903 487 863
282 N42 74 2 2797 0 1766 306 377 273 15
296 B42 258 32 2541 5 0 112 61 48 15
313 C32 122 13 2346 0 7 0 0 0 0
320 C41 391 6 2267 0 0 4 6 33 15
331 Do4 69 4 2153 0 0 0 0 161 1992
355 L51 271 191 1801 31 37 124 617 593 117
362 95 96 15 1753 0 107 6 84 188 100
373 94 129 25 1622 48 152 40 0 19 8
440 B17 36 0 1159 0 0 0 0 0 0
570 114 124 25 609 0 0 0 0 0 0
573 075 160 113 602 0 0 26 26 26 0
575 C48 51 3 594 0 0 0 0 0 0
606 M75 173 158 506 0 0 0 0 354 152
625 D54 98 2 457 61 2 0 19 45 0
661 L52 87 6 410 106 15 3 3 33 0
740 C00 60 0 292 0 0 0 0 0 0
750 N82 79 68 280 0 185 92 0 3 0
793 C46 9 0 235 0 0 0 0 0 0
823 183 5 0 214 0 0 0 0 0 0
925 C15 26 1 131 0 0 0 0 0 0
932 N27 6 0 126 0 0 0 0 0 0
1020 C30 2 0 91 0 0 0 0 0 0
1098 X19 14 4 67 0 0 0 0 14 53
1119 C06 12 0 61 0 0 0 0 0 0
1142 B05 3 0 57 0 0 0 0 0 0
1154 236 1 0 55 0 0 0 0 0 55
1192 MT77 2 0 48 0 0 0 0 48 0
1261 D05 6 1 39 0 17 0 0 0 0
1389 102 3 0 22 0 0 0 0 0 0
1430 C80 3 0 18 6 0 3 0 0 0
1449 255 3 0 18 0 0 0 0 0 0
1730 072 1 0 4 0 0 4 0 0 0
1767 135 1 1 3 0 0 0 0 3 0
1768 M90 1 0 3 0 3 0 0 0 0
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CronbIrs1 TabIUIIBI TAKOBBI:

Nr — mecro obcepBaropun B obmem crucke MPC;

Station — MexKIyHapOHBIN KO 06cepBaTOPuUH;

MPEC — komm4ecTBO IUPKYJISIPOB C y4acTHeM 00CEepBaTOPUH;

Discovery — konudectBo nupkysisipoB MPC ¢ orkpertuem win mojgxsarom AC3;

Observations — kosimaecTBo mamepennii AC3 BBITOJIHEHHBIX B 00CepBaTOPHUN 32 BCe BpeMsi paboThI;
9HCJIO TIOJTyYeHHBIX HAOJIIONEHUi 3a rof 3a noceauaue 6 Jer.

6. BeiBoabI

Pesynbrarer nameit paboThl IOKA3a/IM, YTO C IEPEXOJOM HA CBETOCIJIbHBIE CHCTEMBI 3(p(HEKTUBHOCTD HADJIIOACHUIA
AC3 3aMeTHO TOBBIIIAETCH.

1. TIpeamouTUTeIbHBIM CIUTAEM [IEPEXO]] OT KJIACCUIECKON CHCTEMBI TEJIECKONOB (AMEIIUXCs B 06CepBaTOPU-
six) cucrembl Kaccerpen minu Puun-Kperben Ha npsiMoii (hoKyc ¢ KOPPEKTOPOM, HAIIPUMED, TEJIECKOIT « ACTpo-
cub6», KOTOPBIi ObLI MOJEPHU3UPOBAH Jjisi pabOThl B IVIAaBHOM (QOKYCe ¢ OTHOCUTEIbHBIM oTBepcTueM F'/2.7.

2. Kak ynaqablii 1 HeIOPOroii BapraHT MOXKHO HCIIOJIb30BaTh cepuiinbie Tejeckonbl RASA11 ROWE-ACKER-
MANN SCHMIDT (279/630 mm).

3. B kauecTBe mporpammMHoro obecrevenus: yoeanteabHo cebsa mokasasaa Tycho Tracker. B macrosimee Bpems
BbINLIA Bepcusi 12.6.2 obJiagatomnast mMeJibiM aKeTOM BO3MOXKHOCTEH B UCCje0BaHuu MaJjibiX Tesi CotHedHOM
CUCTEMBI: CJIETON MMOUCK 00bEKTOB, aCTpOMeTpus, (HPOTOMETPHs, (DOTOMETPHUS KOMET, IIOUCK IEPUOIOB OJIecka
¥ MHOTHE JPyrue HeoOXOoauMble (DYHKIUH, IIPU 9TOM ABTOP MPOrPAMMBI ITOCTOSHHO PACIIAPSET U YJIydIIAeT
BO3MOXKHOCTH JIAHHOW TIPOTPAMMBI.

4. MaJible 0b6cepBaTOpUM MOI'YT BHOCUTH BECOMBIN BKJIAJ| B IIpOrpaMMbl oOHapyzKeHusi u MoHuropunra AC3
u apyrux MaJibix Teji COJTHEYHON CUCTEMBI.

Criucok smrepaTtypbl

1. A. L. Ivanov, V. A. Ivanov, V. Y. Lysenko, I. V. Litvinov, and N. Y. Bogachev, Issledovaniye asteroidov i komet
v observatorii KubGU (2015).

2. A. L. Ivanov, V. A. Ivanov, et al., Fkologicheskiy vestnik mauchnykh tsentrov Chernomorskogo ekonomicheskogo
sotrudnichestva, 66-69, 2013.

3. J. L. Tonry, Publications of the Astronomical Society of the Pacific, 123, 58, 2011.
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AHanun3 poTomMeTpuYecKUx namMmepeHunii CNyTHUKOB U3 KJ1aCTEpPOoB
SpaceX c 2019 no 2025 roabl

JIykpanos A.IL.Y2, TIpyrao A.B.Y, Papmun C.C.12, I'ynaposa E.J1.

LITAO «MAK «Buwimnens, Mocksa, Poccus
2 Mockosckut usuro-mexnuveckuti uncmumym, Mockea, Poccus

B crarbe nmpoanasmsupoBan 60bIol 06beM (DOTOMETPUYIECKUX JIAHHBIX, HoJrydeHHbIX Tejeckonamu [TAO «MAK «Bbim-
mmeJji» 1O CIOyTHUKAM u3 KjaacTepoB kommaxmn SpaceX c¢ 2019 mo 2025 rr. Ilposeneno comocrtaBierne hOTOMETPUIECKIX
XapaKTEPUCTUK PA3JIMIHBIX BEPCUN CILyTHHKOB 3TON KoMuanuu. [Ipn 9ToM ncrosib30Banch JiBe Mojean (poTOMeTpUn: Mo-
nensb quddys3Ho paccenBaromieit mo JlambepTy cdepbl U perpeccHoHHbIE MOJUMHOMUAIbHBIE MOJIENH, AIIPOKCUMHUPYIOIINe
3aBUCHMOCTD OJIECKA CIIyTHHKOB OT (ha30BOI0 yIJIa METOJ0M HAaMMEHbINNX KBaJapaToB. llocieHue Mozmesnn rmokasasu JIyd-
IIIe Pe3yJIbTaThl, B YACTHOCTH, IIO3BOJIMJIM OIIMCATh HECTAHIAPTHOE IIOBEJEHVE B BHIE AaHOMAJILHOIO pocTa OjiecKa IIPH
GostbIrX Pa30BbIX yriax. Pe3ysbraThl aHaau3a [MOKa3ajd, 9TO OKPACKa CIIyTHHKOB B TEMHBIH I[BET J[aJIa HE3HAYUTEIbHBII
addekrt, meree 0.5 3Be3mHOI BesmauHbI. [[prMenenne sKkpaHUpYOMEro KO3bIpbKa — 10 1.5 3BE3MHBIX BEJIUYUNH, HO HE IIPHU
Bcex Ga30BbIX yriiax paccesnusi. Haunbosbimmit addekr 6bu1 ormeder st ¢pazoBbix yriaos Bosmsu 90 rpasycos. st cryT-
unkoB Starlink Bepcum v2.0mini n cepun Starshield Bospocno umciao spkux BcmaeckoB Ha 2 u 0ojiee 3BE3IHBIX BEJIUYUMH.
Opnako st cnytHukoB Starshield onn nposiBiisitorcst npu asoBeix yrurax 6osbie 90 rpajycoB B OTJHYNE OT CILyTHUKOB
cepun v2.0mini. IIpemmoxkeno fs pasiMIHBIX KOCMHUYECKUX OOBEKTOB HCIIOJIH30BATH PETPECCHOHHYIO MOJMHOMUAIBHYIO
MO/I€JIb Hapsiy ¢ OOIIeNprUHATON Mosebio Juddy3HO cdepsl.

Ilocrymuna B pemakmuio 29.01.2026 r. [Ipuusara B nevars 23.05.2026 r.

Kmouesvie crosa: pomomempus KOCMUBECKUT 006eKmMO8, Kiacmepv, Komnaruy SpaceX, modeav duddystoti chepol, peepec-
CUOHHBLE NOAUHOMDBL

Analysis of photometric measurements of SpaceX satellites from 2019 to 2025
Lukyanov A.P.1'2, Pruglo A.V.!, Ravdin S.S."2, Gundrova E.I.!

LpJSC “IJSC “Vympel”, Moscow, Russia
2 Moscow Institute of Physics and Technology, Moscow, Russia

This article analyzes a large volume of photometric data obtained by PJSC IJSC “Vympel” telescopes on satellites in SpaceX
clusters from 2019 to 2025. The photometric characteristics of various versions of satellites are compared. Two photometric
models were used: a Lambertian diffuse-scattering sphere model and polynomial regression models approximating the
dependence of satellite brightness on phase angle using the least-squares method. The latter models demonstrated better
results, including the description of unusual behavior, such as anomalous brightness increases at large phase angles. The
analysis showed that painting the satellites dark had a negligible effect, less than 0.5 stellar magnitudes. Using a shielding
visor resulted in an effect of up to 1.5 stellar magnitudes, but not at all scattering phase angles. The greatest effect was
observed for phase angles near 90 degrees. For the v2.0mini and Starshield series satellites, the number of bright bursts of
2 or more magnitudes has increased. However, for Starshield satellites, these bursts appear at phase angles greater than 90
degrees, unlike for the v2.0mini series satellites. Use of a regression polynomial model for various space objects, along with
the generally accepted diffuse sphere model is proposed.
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1. BBenenue

KocMuueckoe TpocTpaHCTBO CTPEMHUTEILHO 3aIl0JIHAETCsI HOBBIMU CITyTHUKAME, IIPUYEM UX 3HAYNUTEJIbHAS JacThb
3aIlyCKaeTCsl ¢ IIOMOINBIO pakeT-HocuTe el kommanun SpaceX. B 2022 1., Haupumep, KOMIAHHUS CTAJIa JIXJIEPOM
110 3aIlyCKy pakeT-HocuTesell, npoussens 61 3amyck. 9o cocraBuio 6oJiee TPeTr BCex 3allyCKOB B Mupe 3a rog [1].
Hawubosee MaccoBbIME SIBIASIOTCS MPUHAIJIEXKAIINE STOM KOMIAHUN CIIyTHUKHU, OOIIee IUCI0 KOTOPBIX COCTABJISAET
B Hacrositee BpeMs 06oJiee 9000 u mocTostHHO yBemmuuBaercsi. Cpenn Hux ciyTHUKE Starlink pasubix Mogudukarimii
u cuyTHuKN Starshield [1, 2] npegcraBistor HanbGoIEe MACCOBBIE IPYIIIMPOBKU. BOJIBINOE YNCIIO JTOCTATOUHO SIPKUX
KOCMUYIECKUX OOBEKTOB CTAJIO MEIaTh ACTPOHOMUYECKUM HAOJIIOJEeHNsIM [3], 4TO NpuBesIo K HeOOXOMAUMOCTH MPHU-
MEHSATh IKPAHUPYIOIIHME JIEMEHTDI, yMEHbIIAIONME UX CBeTUMOCTD [4, 5|. 3Mepenust Girecka anmapaToB pa3HbIX
mopudukanuii komuanuu SpaceX, nosydenubie Ha Tejeckonax [TAO «MAK «Boivmesns [6], nmossosmau cieaursb
3a WX IBOJIIONWEN, BBIIBIISIT YCIOBUS, KOTIa OJIECK 9TUX allapaToOB 3HAYUTEILHO BO3PACTAJ IO CPABHEHUIO C €r0
cpemHUM (M MeJMAHHBIM) 3HAUEHHEM. B cTaThe Ipe/CcTaBieH aHAIN3 CTATUCTUKH (POTOMETPUIECKAX M3MEPEHU
0J1ecKa CIlyTHUKOB U3 KJjiacTepoB Komuanuu SpaceX c¢ 2019 mo 2025 rr.

Hayunsie Tpyast UHACAH, 2026, Tom 11, Beimyck 3
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2. MopaesmmpoBauue ¢poroMmeTpuu B IIpearosiokeHnu nudpy3Ho pacceuBaronieii
cdepsbl
Paccemorpum muddysuyo chepy ¢ 9KCIepuMeHTAIbHO U3MEPSIEMbIMH [TapAMEeTPAMHA TI0 HAOJIIOMEHUSIM C PA3HBIMA

ycaoBusAME paccesnus csera (dbazoBbivu yryiamu). [IpuHumaeMplii TOTOK usirydeHns oT Ha30BOrO yIyia 3aBUCAT
caeytonM obpasoM [7]:

_ IZ;“ ?)Q?Ap (7 — $)cose + sing), (1)
rie Ga30BbIil yroa ¢ — 9T0 yros Mexjay HabuogareseMm, cuyTaukoMm u CosaieM, A U p 0603HAYEHBI COOTBET-
cTBeHHO 3dPeKTUBHAS IIOMALh 1 3P HEKTUBHOE aabdeo CIyTHUKA, d — JAJTBHOCTH Habomenus, Iy, — ITOTOK
[IAIATOIIET0 Ha, CIIyTHUK COJTHEYTHOrO u3sydenusi. OJuH cBOOOIHBIN, 3apaHee HEM3BECTHBINM apaMeTp — IPOU3Be-
JleHue aJp0es10 Ha IO Ap — OIEHUBAETCs [0 pe3ysIbTaraM HaOJIOAEHNN TaK, 9TOOBl HAMIYUNIAM 00pa3oM
COOTBETCTBOBATH U3MEPEHUIM SIPKOCTHU CITy THUKA.

Hab6umonenus mpu pa3abix (Has3oBbIX yIiIaX U JAJbHOCTIX [MEPECIUTHIBAIOTCS MO 3TOH (hopMysie B YCIOBHBII
pasmep quddysHo paccenBaiomeii chepbl B IPEIIOIOKEHUN eJIuHTIHOr0 Koadbdurmenra paccesaus (anabpbeo).
DTOT pazMep MOXKHO CUATATDH rpyboil OIEHKOM pa3dmMepa 00beKTa, KOTOPAs MOXKET OTJINYATHCS OT PEAJTHHOTO pas-
Mepa B HECKOJIBKO Pa3.

Daz0BBIit YToJI HE OIIPEIeJIsieT TOTHOCTHIO YCJIOBUSI OCBENIEHNS CIIy THIUKA U PACCESTHUST M3JTy IeHNUs], TOCKOJIBKY
paccesiHue CBeTa 3aBUCUT OT JBYX YIJIOB OPUEHTAIINN 00bEKTA JJIs MAIAIONIET0 U PACCESTHHOTO U3JTYy 9€HUsT, KOTOPBIE
OH HE YyUHUTBIBAET. Beyre/IcTBIE 3TOr0 MPU OJHOM U TOM K€ (ha30BOM yIJIe PE3YJIbTAThl M3MEPEHUs TPUXO/ISIIErO
[IOTOKA M3JIyIeHNUs], IePECIUTAHHBIE K OJHON U TOM YKe OIOPHOI JaIbHOCTH, Oy Ial0TCsI pa3HbIME. Pa3opoc mosty-
YEHHBIX U3MEPEHNUH OTOKA U3JIyIeHUs] IPUHSITO OIUCHIBATH JIOTHOPMAJIBHBIM 3aKOHOM (HOPMAJIbHBIM B TEPMUHAX

3BE3JIHBIX BEJIMYNH, KOTOPBIE JIJIsT KDATKOCTHU Oy7IeM HA3bIBATh 6,1eCKOM ). 3Be3/IHbIE BEJTMUUHBI CBSI3aHbBI C TIOTOKOM
1A TATONIET0 U3JIyIeHnsT KakK
m=—14.18 —2.51g F, (2)
€CJIM IOTOK M3JIyYeHNUsI B [0JIOCE TyBCTBUTEILHOCTHI Y€JI0BEIeCKOT0 rasa F namepsiercs B mokcax (1 }3—;“ = 680 JIK).
OO6paTHBIil TIEpecueT BBIMOJIHSIETCS 110 (hOpMyJIe
—14.18—m

E=10""35", (3)

Brorauciienne napaMerpoB 3aKOHA PacIpeiesieHusl TPOU3BOINTCS IIPUBEIEHUEM U3MEPEHM K OIOPHON TaJIbHOCTH
dy n HyseBomy ha30BOMYy Iy o dhopMysie
Ed’r

Fo —
7 @ ((r— ¢)cosp +sing).

(4)

C mocJieyonmM IepeBoIoM B IIPUBEIEHHYIO 3BE€3HYI0 BEJIMYMHY 1M(:

d
mo =—14.18 — 2.51g By = m — 51g (d_) —2.51g (((m — ) cosp +sing) /m), (5)
0

JIJIsT KOTOPBIX OIIPEIEIISIIOTCs cpeinee 3uadenne M u ero cpegHekBagpaTudeckuii pa3dbpoc o:

M:%, (6)
o Z(mo;M)Q_ (7)

SILGCB T — HOMED Uu3MepeHud, 1 — YUCJI0 I/IBMepeHI/Iﬁ. CyMI\H/IpOBaHI/Ie IIPOBOJUTCA II0 BCEM U3MEPEHUAM.

3. A.TII)TepHaTI/IBHI)Ie MoOdeJin pacCedHNsd CBe€Ta M Hallle IIpeaJio>KeHue

Yr06bI y4ecTh reOMETPUIO PaCCesiHUsI CBeTa, HeOOXOMMO 3HATh KaK MUHUMYM 4 ImapaMeTpa: eJIMHUYHbIE BEKTOPBI
HaIPABJICHUI MAJCHUS W PACCESTHUS U3JIyIeHns], KaXKIbIIl U3 KOTOPBIX 33/Ia€TCS IBYMs HE3ABUCHUMBIMU IIaPAMET-
pamu.

B siureparype sTa MOjEeNb OnmMcaHa Kak JBysiydeBas (yHKiusa orpaxkarenbHoi crocobnocru (JDPOC, miu
Bidirectional reflectance distribution function — BRDF) — uernipexmepHast DyHKIWMsI, OIPeIesONasl, Kak CBET
oTpaxaercsi OT HempospadHoit nosepxaocTu [8]. Yerbipe mapamerpa 5T0i (byHKINM 3aJaf0T HAIPABJIEHHE BXO-
JIAIIETO CBETa M HAIpaBJIeHnEe BhIXOmAmero csera. OgHako 3Ta QYHKIMS YKECTKO MPUBSI3aHA K PACCENBAIONIEMY
00BHEKTY.
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J1J1s1 TOTHOTHI OMUCAHUSA €1lle TOTPEOYETCs 3HATH apaMeTPhI, 33 A0NINe OPUEHTAIN0 00bekTa. VIMeHnHo oHnI,
BepHee OTCYTCTBUE JAHHBIX O HUX, He [T03BOJISIOT CO3/aTh MOAPOOHYI0 (DOTOMETPUYECKYIO MOJIe)b. Eciin ObI OpueH-
Tarust 00beKTa ObLJIa M3BECTHA, TO YETHIPEXMEPHYIO MOJIE/Ib MOXKHO OBLIO ObI IIOCTPOUTD [P HAJMYANA MHOMXKECTBA
U3MepeHnil ¥ 3HAHUU OpHEHTAIN 00beKTa. IIpuMep pe3yIbTaTHBHOTO MOJAXO0/a K ITOH 3ajade JaH B crarbe [7).
B meii aBTOPBI BOCIIOIB30BAIACH Te€M, 4To ciryTHuKE Starlink mmeror oraocuTesbHO npoctyio dhopmy (bakrude-
CKH, JIBE OTPazKAIONIe IOBEPXHOCTH ), UX OPUEHTAIUS B IIPOCTPAHCTBE U3BECTHA, U, KPOME TOIO, UMEETCS MHOTO
OJIMHAKOBBIX CITyTHUKOB, YTO IIO3BOJISIET HAOPATH JIOCTATOYHO OOJIBIIYIO CTATUCTUKY.

Iist GoJiee CJIOKHBIX OOBEKTOB, 00 OPMEHTAIUU KOTOPBIX MOXKHO TOJIBKO JIOT&JIBIBATHCSI, [IOCTPOEHME TaKO
10/ IpOOHOI MOJIeJIM B HACTOSIIEEe BPEMsI IIPEJICTABIISIETCS] HEBO3MOYKHBIM.

Mp#r1 nipe iitaraemM uCIoJIb30BaTh MOX0T, DA3UPYIONIUIIC Ha OMHOM TapaMeTpe — (pa30BOM yTIJIie, HO HE B pPAMKaX
Mozen Juddy3HON cdephl, a ¢ UCHOJb30BAHUEM AIMMTPOKCAMAIMI PeabHO M3MEPEHHBIX 3aBUCUMOCTEH OjecKa
oT (Ha30BOro yria, mapamMeTpbl KOTOPHIX OIEHUBAIOTCS IO MTOJIYIaeMbIM SKCIEPUMEHTAIHHO M3MEPEHUSIM.

ArnmnpokcuMarimonHbie (POPMYJIBI MOT'YT OBITH PA3HBIMU. 3J1€Ch Mbl OTPAHUYUJIUCH PACCMOTPEHNEM IIOJIMHOMU-
AJBHBIX 3aBUCHMOCTEN PA3IMIHBbIX cTeneHelt (0T 2 1o 5). BeawauHbl NPUHAMAEMBIX HOTOKOB PACCESHHOTO O0b-
ektamu um3snydennss CoHIA 3a7aeM B 3BE3IHBIX BEJIMYIMHAX, TO €CTh B JIOTAPUMPMUIECKOM MacirTabe, TPUBOIA
WX K OFHOU m Toit ke omopuoil magpaocT 1000 KM. DTa JATBHOCTH MPUOIU3UTETHHO COOTBETCTBYET THIIOBBIM
JAJIBHOCTAM JIJIsI CIIy THUKOB, JIETAIONMNX Ha BBICOTaX OKOJIO 560 KM.

Yr006bI ITOJIyYUTh TapaMETPhl PErpeccur, HeoOX0MMO MUHUMI3UPOBATh CJIEJyIOIlee BhIPaXKEeHUE:

n k

S = Z(Z bjx) —y;)? — min, (8)

i=1 j=0

rae b; — mapaMeTphl HOIMHOMA, Y; — DA, HaOIIOIeHMIt.
JJ1s1 5TOrO0, HA OCHOBAHUHU HEOOXOMMOTO yCyI0Bust 9KcTpeMyMa (yukiwmn (k+1) nepemennsix S = S(bg, b1, ..., b),
IIPUPABHUBAEM K HYJIIO YaCTHBIE IIPOU3BOJIHBIE

Periennie 1mojiy4eHHO#l cucTeMbl JIMHEHHBIX YPaBHEHUI JTae€T MCKOMbIE IapaMeTpbl mojimHoMa. OHO IIPOrpaMMHO
peasin30BaHo 9] 1 GbLIO UCIIOIB30BAHO ABTOPAMHU JIJIs IIOCTPOEHUS TOJUHOMUAJBHBIX 3aBUCUMOCTEIA.

4. Pe3ysnbTaThl UCHOJH30BAHUS MPEAJIOKEHHOI Mojiean (poToMeTpuu HaA HpHUMepax
CILyTHUKOB KoMMNaHuu SpaceX

Braromapst 6osbmuromy umcsty 3amymnieHHBIX KoMmmaHueidl SpaceX CIyTHHKOB YIAJIOCh HAOPATh OOJBINON 00BbeM
JMAHHBIX U [OJIYYATh YCTONYIUBBIE CTATUCTUIECKHE PE3YyabTAThl. [l onTmdecknx HAOJIIOIEHUN CIIyTHUKOB OBLIH
UCIOJIb30BaHbl UX opbuTasnbHble napaMerpsl B dopmare TLE [10]. Mcrounnkamu nHGOpMAIN SIBIISIFOTCST Cali-
tel [11, 12]. DT maHHBIE COBMECTHUMBI ¢ aHAJIMTHUECKHM TporHosoM SGP4 [13], obecneunBaromumM mpoBejieHne
HaOJTIOEHU CIIy THUKOB TEJIECKOIIAMU.

Wsmepenns mosydensl Ha onTudeckoil ceru TejeckonosB ITAO «MAK «BoiMmen». Ananus pe3yibTaToB IIPO-

BEJIEH JJIs KaXKJI0f BEPCUU I'PYIINPOBOK CIIyTHHKOB KOMITAHUH SpaceX:

® TIePBOHAYAJILHO 3aIYIIEHHBIX CIyTHUKOB Bepcnn v1.0,

® TAKNX K€ CIIyTHUKOB, MOKPHITHIX Y€PHON KPACKO# JJIsi yMEHBIEHUs TOMeX ONTUYECKON acTpoHoMun [4],

® TAaKUX K€ CIIyTHUKOB, CHAO?KEHHBIX 3AIATHBIM KO3BIPHKOM TaKKe JIIsI YMEHBITIEHUsT TIOMEX ONTUYIECKON acT-
poromun [5],

® CJIeIyIONIEeN BEPCUN CIIyTHUKOB V1.5, He3HAUNTEIHHO oTandalorieiics oT v1.0, B KOTOpoit Ha CIIyTHUKAaX ycTa-
HOBJIEHBI CPEJICTBA JIA3€PHOI CBsA3M,

e CIyTHUKOB Bepcuu v2.0mini, Bec KOTOPBIX YBEIUIHUJICSA TIOUYTH BTPOE JJisd 0DecIedeHust OOJIbITIEH TPOITyCKHOM
CITOCOOHOCTU KaHAJIOB HMHTEPHETA,

e cryTHUKOB Starshield Ha 6aze Bepcun v2.0mini [2], ¢ npuGAM3UTENBEHO TAKON YK€ MACCOM, IPEIIOIOKUTETHHO
OTJIMYAIONIASICS OT MCXOAHOM Bepcunu v2.0mini ycTaHOBJIEHHBIME HA HUX ITPUOOPAMI.

ITo sTuMm cyTHEKAM yIaI0Ch MPOBECTH HADIOAEHN OJIeCKa B MMPOKOM JUAITA30HE YIJIOB MAIAIOIIEr0 U PAcce-
STHHOT'O COJTHEYTHOTO U3JIYUEeHUsI. Y TUIBI T IAIONIET0 Ha, CIIY THUK U3JIYICHUS B CBA3aHHON C HUMU CUCTEMe KOOP/IMHAT
asumyT (ock X) — yros mecta (och Y) JiIsl IEpBOHAYAJBHON Bepenn ciiy THUKOB v1.0 mpescrasiensr Ha puc. 1. Ko-
OP/IUHATHI UCTOYHUKA U3JIYyIE€HUST W IMPUHUMAIONINX €0 TEJIECKOTIOB MPEJICTaBJICHBI B TOIOIEHTPUIECKON crucTeMe
KOODJWHAT, IPUBA3AHHON K CIIyTHUKY.

Vriibl pacCesiHHOTO W3JIyIeHUs, IPUHUMAEMOTO TeJIECKOIIaMU, IPEICTABIEHbI Ha, PUC. 2.
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Puc. 1: ﬂHaHaSOH YIJIOB COJTHETHOTI'O OCBEHIICHU s CIIyTHUKOB B KOOpJAWHaTaX a3uMyT (OCI) X) — YToJI MeCTa (OCB Y)
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Puc. 2: lnana3on yrioB paccessHusS COJTHEYHOT'O M3JIy9eHUs CIIyTHUKOB B KOODAMHATAX: OCh X — a3UMYT OTHOCH-
TEJIFHO a3UMyTa MAA0IIEr0 COTHETHOrO U3/IyIeHusl, OCh Y — YTOJI MeCTa.

Od4eBHUIHO, YTO YIVIBI MECTA COJIHETHOTO M3JIyU€HUs] MPUHUMAIOT TOJBKO OTPUIATE/bHBIE 3HAUEHUS, TAK KaK
B IIPOTUBHOM CJIy9ae ITPOBEIEHNE ONMITUIECKNX HAOIIOJEHNI ¢ TOBEPXHOCTH 3eMJIM HEBO3MOXKHO M3-3a 3aCBETKN Ha-
GJTIOJTAIONIETO TEJIeCKONA. Y IJIBI MECTa PACCESTHHOTO M3JIyIeHUs TAKXKe BCErJia OTPUIATEIbHBI, TAK KAK TEJIECKOIIBI,
Ha KOTOPBIX ITPOUCXOJIUT U3MEPEHNE PACCESTHHOIO U3JIyUYeHUs], HAXOSITCsI HUYKE CIIyTHUKA.

ITo coBoOKymHOCTH TOJIyYEHHBIX JAHHBIX HA PUC. 3 MPEICTABJICHA 3aBUCAMOCTD MPUBEIEHHOTO K JAJIHHOCTH
1000 kM Gutecka oT ha30BOrO yriia i BepCUu CIryTHUKOB v1.0.

ITo ocu Y Besmmanna 6j1ecKa OTJIOKEHA B MOPSJIKE YOBIBAHNS, COOTBETCTBYIONIEM €r0 (hU3NIeCKOMY BO3PAaCTa-
Huto. Takum 06pa3oM, IMOBBIIIEHNE KOOPIMHAT TOYEK COOTBETCTBYET UX OoJibiieMy OJiecky. UepHoil imHMel 1ToKa-
3aHa 3aBUCHUMOCTBH Osiecka 0T hazoBoOro yria mo Mojenn paccestaust quddysnoit cdepoit (1), mapamMeTpsl KOTOPOi
HOOGPAHBL [0 CTATUCTHKE TI0JyYeHHBIX u3Mepernit M (6):
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Puc. 3: 3aBucumocts 6s1ecka ot dhazoBoro yria mis mepsbix Starlink v1.0 6e3 cpecTB, yMeHbITAIONIX UX OJIECK.
Vsmepenus Ha uHTEpBaje 0T MOMeHTa ux 3amycka (Hoa6pb 2019 1.) mo konma 2020 1.

Mo(p) =M —2.51g (((m — ¢) cosp + siny) /7). (10)

OcraJbHBIE JIMHAU TPEJICTABISIIOT ANIPOKCUMUPYIONME METO/I0M HAMMEHBIINX KBagpaToB [14] mojamHOMBI:
MaJIMHOBBIIT — BTOPO# cTemneHn, OUPIO30BbIit — 3-#, KpacHbI — 4-i, KeJaThIi — 5-if.

AmnajlornaHble 3aBUCHUMOCTH IpUBEJeHHOTO K majbHocTr 1000 KM 6JiecKa MpeICcTaBIeHbl Ha CJIEIYIONUX PU-
CYHKaXx:

e Puc. 4 — 3aBucumocts 6iecka or daszosoro yria miag Starlink v1.0, okpameHHbIX B TeMHbIH IBeT (Tak
HasbiBaeMble darksat). VI3amepeHust Ha MHTepBaJje OT MOMeHTa UX 3amycka (saBapb 2020 1.) o korma 2020 r. —
JIst cIry THUKOB V1.0, TIOKPBITHIX YePHOI KPAaCKOI,

Puc. 5 — ans criyTHUKOB, CHAOXKEHHBIX 3aITUTHBIM KO3BIPHKOM,

Puc. 6 — ma coyraukos v1.5,

Puc. 7 — mia coyraunkos v2.0mini ¢ makmonennem 70 rpaaycos,

Puc. 8 — st mopmdukaruu ciiyrHukos Starshield na 6a3e Bepcun v2.0mini.
3 nipe/icTaBI€HHBIX PUCYHKOB BHUTHO, ITO TOYHOCTD AIMTPOKCUMHUPYIONINX TTOJJMHOMOB BBIIIE TOYHOCTH MOJIE-
s muddysnoit cepsr B mesoMm. Kpome TOro, moJMHOMBI OTPAXKAIOT yBeJIudeHue OJjiecka mpu 60bIIX (Hha30BbIX
yIJIax, 9TO HE YIUTBHIBAETCHA B UCIOJIb3yeMOil Mojean paccesans cdepoit. OcobeHHo 6oJbIoe yBeandeHne OJecKa
it (ba3oBeIx yriioB Oostee 90 TpaIycoB 3aMETHO JJIsd KJIACTEPOB, CIIy THUKU KOTOPBIX CHAOXKEHDBI COTHIIEOTPAKAIO-
UM KO3BIPHKOM. BeposiTHO, reoMeTpus OTPaXKAIOIIEro KO3bIPhKa 00/IaJaeT TAKIUM CBOMCTBOM. JlOTOTHIUTETBHBIM
bu3nTIeCKUM MEXaHU3MOM YBeJIuUeHus Ojiecka Ha OOJbIMIX (PA30BBIX YIVIAX SBJISETCI U3JIYUE€HUE MTOBEPXHOCTH
Semuin, HaJ[ KOTOPOW B 3TOT MOMEHT IIPOJIETAET CIyTHUK. DTOT 3(PGEKT OTMedasicss IPU aHam3e (hpOTOMETPUN
JlazKe HA BBICOKHMX opburax [15], yJajeHHBIX OT IOBEPXHOCTH 3eMJId ropasio 0oJiblie, 4eM HU3KOOPOUTAJbHbIE
CIIlyTHUKN KOMITAHUH SpaceX.

XapaKTepUCTUKHU aIlllIPOKCUMAITNI OTparKeHbl B Ta0. 1.

W3 nannbix Tabur. 1 BUIHO, 9TO yMEHBIIIEHIE MENIAIOIIEro BIUSHUS /IS aCTPOHOMUYECKUX HaOJII0/IeHN, KOTO-
POTO IIBITAINCH JOOUTHCS OKPACKOM CIIyTHIKOB B TEMHBIN I[BET, /IAJI0 HE3HAYUTEIbHBIN 3ddekT, MeHee (.5 3Be3HON
BesimunHbl (0K0s10 1.6 pa3 B snHeHHBIX euHNUNAX). [IpuMeHeHne SKpaHUPYIOIIEro Ko3bpbka maao abdexr mo 1.5
3BEe3JHBIX BenduH (0KOJIO 4 pa3 B JIMHEHHBIX €JMHUNAX ), HO He HA BeeX (ha3oBbIX yriax paccesuus. Hanbosbumii
s dekT ObLT OTMedeH y1d (Ha30BBIX YIJIOB B paitore 90 rpaycos.

Obpammaer na cebs BHUMaHHE TO, 9TO Ojieck 6ojiee KPYIHBIX CIIyTHUKOB Bepcuu v2.0mini He yBeJIHUHIICS,
a Jlarke B CPeJIHEM CTaJl HEMHOTO MeHblne, YeM y Bepcuu v1.0. OjiHaKo 3aMeTHO BO3POCIIO YHCIIO sIPKUX BCILIECKOB,
IPEBBIIAIONINX CPeJTHIe 3HAUEHNs Ha 2 1 GoJiee 3Be3/IHBIX BeqndanH (6osiee 6 pas B AMHEHHBIX €IMHUIAX). DTOT
addekT 3ameTeH TakKe B poTomeTpun ciryTHUKOB cepun Starshield, omrako on nposiBisieTcs mpu (pa30BbIX yrirax
6osbire 90 rpajycoB, B OTJIMYHE OT CIyTHUKOB cepuu v2.0mini, y KOTOPBIX SPKUE BCILIECKU PErMCTPUPYIOTCS
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Tabmuma 1: XapaKTepuCTUKH aIPOKCHMAITAIA.

Mones . CKO noJymHoMuaJILHBIX Junana3zoH nameHeHus 6J1ecKa
Bepcua muddy3HOM .. .. ..
MOJIeJIell cTereHe [TOJTMHOMUAJIBHBIX MOJIeJIei
KJIacTepa cdepsbr
CITy THUKOB Cpemmee | CKO 9 3 4 5 Munnmanpubiii | MakcumaabHBINT
671ecK 6s1eck
v1.0 3.99 2.15 | 1.69 | 1.65 | 1.64 | 1.63 6.0 4.0
v1.0 TemubBIE 4.13 1.37 | 1.15 | 1.14 | 1.14 | 1.14 6.0 4.5
v1.0 ¢ KO3BIPbKOM 3.94 1.65 | 1.04 | 0.96 | 0.94 | 0.90 7.6 4.0
v1.5 4.64 1.68 | 0.90 | 0.81 | 0.81 | 0.81 7.2 5.0
v2.0mini 5.55 1.57 | 1.08 | 1.06 | 1.05 | 1.04 7.5 5.5
Starshield 4.22 1.93 | 1.00 | 1.00 | 0.98 | 0.98 6.6 5.2
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Puc. 4: 3aBucumocts Giecka ot dbazosoro yria juist Starlink v1.0, oKpalieHHbIX B TeMHBII 1[BET (TaK HA3bIBAEMBIE
darksat). VIsmepennst Ha nHTEpBaJe OT MOMEHTa UX 3amycka (saBapb 2020 1.) mo xonma 2020 r.

npu ¢da30Bbix yrimax menee 90 rpajycos. Ilomobubie Bemaeckn 0Jiecka MOXKHO MHTEPIPETUPOBATH 3€PKAIbHBIMU
OTPaXKEHUSIMU OT IJIOCKUX KOHCTPYKIINI JIMOO KOHCTPYKITUI ¢ GOJIBIITIM PaIIyCOM KPUBU3HBI, KOTOPBIE HE BCETJIA
3aKPBIBAIOTCH KO3BIPHKOM.

CpaBHeHE TOYHOCTEN PACCMOTPEHHBIX MOJIeIel (DOTOMETPUH MTOKA3AJI0, ITO 110 KpaifHeil Mepe st pacCMOT-
PEHHBIX KJIACTEPOB CIIyTHUKOB SpaceX IMOJIMHOMUAJIbHbBIE AIlITPOKCUMAIUH AT 3aMETHO 00JIe€ BHICOKYIO TOYHOCTD
ommcanusi 0Jilecka 00bEKTOB IIPU Pa3HbIX (pa30BbIX yriax. st 00beKTOB, He PACCMOTPEHHBIX B 9TO#l CTaThe, BbI-
UTPBIII MOXKET OKa3aThCsl JIDYIUM — KakK 0OJIbIlle, TAK U MEHbIIe, HO aIllllPOKCUMAIIUH, [TOJIy YeHHbIE METOJIOM HAM-
MEHBINNUX KBAJIPATOB, BCETIa OYIyT TOUHEE, XOTsI MOCTPOEHNE TOJUHOMHUAIHHON alIPOKCUMAINY TPEOyeT HAJTAInsT
JMIAHHBIX B IMUPOKOM Juarna3one Gpa30Bbix yriioB. st pa30BbIX yIIOB, IPU KOTOPBIX HE OBLIO HAOJIIOIEHNTIT, MOIEID
muddysHoit cepsl, onuparomascs Ha (GU3NIECKNAEe IPEANOCHIIKI, MOXKET J1aTh 00Jiee HAIEXKHbIE OIEHKU OJIeCKa.

CpaBHeHMEe TOYHOCTEI TOJIMHOMUAIBHBIX alllIPOKCUMAIIMI PA3HON CTEIeHN, IIPUBEJIEHHBIX B TabJI. 1, IpuBOIUT
K BBIBOJLY, YTO KMCIIOJIb30BAHKE IIOJUHOMOB BBIIE 2-i CTEIeHN He UMeeT IPAKTUIECKOI'O CMbBIC/IA.

Taxum oOpazom, mpeaaraeTcs MUCIOJIb30BATH MOETh Auddy3HOI cdepbl Tpu y3KOM Iuamna3one (Hha3soBBIX
YIJIOB HAOJIIOIEHUI MIIN [JTs PEJIKO HAOJII0IaeMbIX OOBEKTOB, & B OCTAJIbHBIX CIIyIasX — MOJIHHOMUAIHHYIO MOJIEIb
BTOPOro mopsizka. [lapameTpsl Moeseil HeOOXOIUMO YTOUYHSTH IOCJE TOJyUeHUs HOBBIX H3MEpeHUil. XPaHUTh
60JibIIe OO'BEMBI PaHee MOJIYYeHHBIX JAHHBIX JIJIsl IPUMEHEHUs] MeTO/[a HAUMEHbIINX KBaJIPATOB IIPU 9TOM HeoObsI-
3aTeJIbHO, €C/IU IIPUMEHUTh PEKYPPEHTHBIN BAPUAHT aJI'OPUTMA.




164 A.Il. JlykbstHOB U JIp.

0 20 40 &0 80 100 120 140 160 180

Puc. 5: 3aBucumocts 6utecka ot dazosoro yria mis Starlink v1.0, ¢ cosHIEOTpaXKarommuM KO3bIpbKOM. 3Mepenns
Ha MHTepBaJje OT MOMeHTa X 3aiycka (asryct 2020 r.) mo asrycra 2022 r.
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Puc. 6: 3aBucumocts Oistecka or dazosoro yria must Starlink v1.5. V3mepenust Ha wHTEpBajie OT MOMEHTA WX
nepBoro 3amycka (cerrsiops 2021 r.) 10 asrycra 2023 r.

5. BeiBoabI

1. Cobpan u nmpoaHaIu3uPOBaH HOJIBIIOH 06beM (HOTOMETPUYECKUX JIAHHBIX, ITOJIyYeHHBIX Teseckoramu [TAO
«MAK «Bbimmesn» 1o ciryTHUKaM 13 KJjactepos koMmmanuu SpaceX ¢ 2019 o 2025 rr. [ljist aHau3a uciosb30-
BAJIKCH JIBE MOJIeIn (DOTOMETPHUN: MO b Muddy3HO paccenBaomieit mo JlamMbepTy cdepbl 1 perpecCuoHHbIe
TIOJIMTHOMMAJIHLHBIE MOJEH, AIIITPOKCUMHUPYIOIINE 3aBUCUMOCTD OJIeCKa CITYTHUKOB OT (Pa30BOr0 YIJIa METOIOM
HAUMEHBIMNX KBaJapaTos. Ilocmennne Momean Mokasaan JIydlline pe3yabTaThl KaK M0 CTATHCTUKE OTKJIOHEe-
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Puc. 8: 3aBucumocts Oitecka ot dpazoBoro yriia mys StarShield na opourax ¢ Haknoneruem 70 rparycoB, 3aIryIeH-
HBIX OjfHOBpeMeHHO co Starlink v2.0 mini 30 Hosiopst 2024 1.

HWIf, TAK U MO3BOJIUJIN ONMCATH HECTAHIAPTHOE IOBEIEHNE B BUJE AHOMAJIBHOTO POCTa OJIeCKa IPU OOJIBITIX
da30BBIX yIJIax.
2. IIposejseno comocraBiaenne hOTOMETPHIECKIX XAPAKTEPUCTUK PA3JINIHBIX BEPCHIl KJIACTEPOB CIIyTHUKOB
KoMmIaHuu SpaceX:
® IIePBOHAYAJILHO 3aIYINEHHBIX CIyTHUKOB Bepcun v1.0,
® TAKWX K€ CIIyTHUKOB, MMOKPBITHIX YEPHON KPACKON IJIs YMEHBIIIEHUs TIOMEX ONTUIEeCKONH aCTPOHOMMUM,
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® TAKWX K€ CIIyTHUKOB, CHAOKEHHBIX 3AIIUTHBIM KO3BIPHKOM TAKKe JIJIsi YMEHbIIIEHUs TOMeX OINTUIeCKON
aCTPOHOMUM,

e CJIeIyIONIel BEPCUU CIIyTHUKOB V1.5, He3HAUUTEIbHO oTutvatornieiics oT v1.0, B KOTOpoit Ha CIyTHUKAX
YCTaHOBJIEHBI CPEJICTBA JIA3EPHOI CBA3M,

e cruyTHUKOB Bepcuu v2.0mini, BeC KOTOPBIX YBEJIUIHUICH IMOYTH BTPOE JJIsi obecredeHnst OObIeil mpo-
IYCKHOMN CIIOCOOHOCTH KAHAJIOB MHTEPHETA,

e cruyTHukoB Starshield Ha 6a3e Bepcuu v2.0mini, ¢ TpuOJIU3UTEIBHO TAKON 2Ke MACCOi, IPE/IITOJI0KUTE b~
HO OTJIMYAOIIASICS OT MCXOHOM Bepcuu v2.0mini ycTaHOBJIEHHBIME Ha HUX [IPUOOPAMHU.

3. I—[OKaS&HO7 Y9TO YMEHbIIICHUE MEHIalonIero BJANAHUA 1151 aCTPOHOMUYIECKUX Ha6.J'IIO):LeHI/II‘/'I7 KOTOPOI'O IIbITaJINCH

JOOUTHCS OKPACKOW CIIyTHUKOB B TE€MHBIN I[BET, JAJI0 HE3HAYUTE bHBIN 3ddekT, meree (.5 3Be3mHOIN Be-
Jsmannbl. [IpuMeneHne 9KpaHUPYIOMEro KO3bIphbKa maao 3ddekT no 1.5 3Be3aHBIX BEIUYNH, HO HE HA BCEX
dazoBbix yriax paccesaus. Hanbompimuit addekT Ob11 oTMedeH i Ha30Bbx yriioB Bom3u 90 rpaycos.

. SaMequo, 4qT0 OJieck OoJiee KPYIHBIX CIIyTHUKOB BEpCHUN v2.0mini me YBEJIMYIUJICA, a JazKe B CpeJHEM CTaJl

HEMHOTO MeHbIe, yeM y Bepcuu v1.0. OgHAaKO 3aMETHO BO3POCJIO YUCJIO SIPDKUX BCILIECKOB, IIPEBBIIIAIOIIIX
cpejiHue 3HaYeHUs Ha 2 U Gosiee 3Be3HBbIX Beauduun (6osee 6 pa3 B JuHEHHBIX exuHHIaX). DTOT dhdexT
3aMeTeH Takke B doromerpun cuyTHUKOB cepun Starshield, ompako ou mposiBisiercst npu (Hha30BBIX yrirax
6osbire 90 rpaycoB B OTIIMYHE OT CIyTHAKOB cepuu v2.0mini, y KOTOPBIX SpKHe BCIJIECKH PErUCTPUPYIOTCS
npu $Ha30BbIX yriax mexnee 90 rpaycos.

[Tpeyio2KeHO 115t pa3JIMIHBIX KOCMUYECKUX 00'bEKTOB, & He TOJILKO JIJIsI CIIy THUKOB KOMIIAHUK SpaceX, Hapsi-
JIy € OOIIEnPUHSATON MOJIEIBI0 UM Y3HOI chephl UCIIOIb30BATH PEMPECCHOHHYO TOJMHOMUAJIBHY IO MOJIEb.
Mopennb auddy3Hoit chepsl mpeIaraeTcst NCIIOIb30BATD IIPU Y3KOM JuaIta30He (Da30BbIX YTJIOB HAOIOAEHUA
WIN JJI8 PEIKO HADIIOMAEMBIX 00bEKTOB. B OCTANBHBIX CITydasix MPEJIAraeTCs UCIOIb30BATD TOJTMHOMUA b
HYIO MOJIEJIb BTOPOTO IOPSIJIKA, KAK OJHY U3 CAMBIX IIPOCTBIX U JOCTATOYHO TOYHBIX.
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Cuncrtema aBTOMaTH4eckoii 00paboTku nsobpa>keHuii Anst noncka
ONTNYECKNUX TPaH3NEHTOB

[Tankos H.C.%2, Tlozamenko A.C.12, Munaes I1.JO.!, Ilekoruxun E.A.', Benkun C.0.3,
Mazaesa E.JI.!, Boibnosa A.A.1

! Hnemumym xocmuveckux uccredosarnuti PAH, Mockea, Poccus
2 Hayuonasvruitl uccaedosamenverutl yrusepcumem «Buicuwias wrora sxonomukus, Mockea, Poccus
3 Vnusepcumem Mowawa, Meavbypn, Aecmpasus

BricTpo pasBuBamonmecs: MHOrOBOJHOBBIE (B raMMa-, PEHTT€HOBCKOM, OITHYIECKOM, PA/IMO-TUAIIA30HAX) ¥ MHOTOKAHAJIbHBIE
(COBMECTHO B 3JIEKTPOMAIHUTHOM M I'DABUTAIMOHHOM KaHaJax) HabJro/ieHusi TpeOyroT 06paboTKU 3HAYMTEIHHOrO o0beMa
n300parkeHuil 1151 TIOMCKa OBICTPOIIEPEMEHHBIX ONTHYECKUX TPAH3UEHTOB B PEXKMME BPEMEHH, OJIN3KOMY K peasibHOMY. JlaH-
HOe TpeDOBaHME $IBJISETCS KPUTHUYECKN BarXHBIM IIPU IIOMCKE ONTHYECKUX KOMIIOHEHTOB KOCMHUYECKHX I'aMMa-BCILJIECKOB,
0CODEHHO B KOHTEKCTE MX BO3MOXKHOI ACCOIMAIMK C IPABATAIMOHHO-BOJTHOBBIMU COOBITHSIMHU, PETUCTPHUPYEMBIMH JETEK-
ropamu LIGO, Virgo u KAGRA. B nannoit pabore npexncrasien nporpamvubsiii kommieke STARFALL, paspaboraHHbIit
JUUIsi aBTOMATH3NPOBAHHOW 0OPAbOTKM aCTPOHOMHYECKHUX M300parKeHMil W HOUCKA KAH/UIATOB B OINTHYECKHE TPAH3UEHTHI.
B kauecrBe sijipa cucrembl 06paborkn BbicTynaeT nporpaMMubiii naker APEX. Ilpuseensr ocHOBHBIE (DYHKIIMOHAJIBHBIE
Bosmoxkaoctu STARFALL, npogeMoHCcTprpoBana ero NpruMEHUMOCTh K PEaIbHBIM JIAHHBIM U MPEJCTABJIEHbI HAYIHbIE Pe-
3yJIBTaThI, IOJIyYeHHbIE ¢ TIoMoIIbIo pa3pabarsiBaemoro I10. Kpome Toro, Kparko 06CyKIal0Tcs IepCIIeKTUBbL JTaIbHeIeit
MOJUMDUKAIIMY CUCTEMBI.

Ilocrynuna B pemakiuio 27.01.2026 r. Ilpunsara B nmeuars 03.05.2026 1.

Karoueswie caosa: a8momamudayus, npoepammnoili KoHeetlep, OnMuieckue mpaH3ueHmyt, obpabomra udobpasicerud

The Automatic Image Processing Software for Optical Transient Detection
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Volnova A.A.!
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The rapidly evolving era of multi-wavelength (gamma, X-ray, optical, and radio bands) and multi-messenger observations
requires extensive processing of image arrays to detect fast optical transients in the near-real time regime. This requirement is
crucial when searching for optical components of cosmic gamma-ray bursts (GRBs), especially in the context of their possible
association with gravitational-wave events detected by LIGO, Virgo and KAGRA. In this work, we present STARFALL, a
software specifically developed for the automatic processing of astronomical images to identify optical transient candidates.
The core of the image processing is built upon the APEX package. The main functionalities of STARFALL are described.
The application to real data is demonstrated and the scientific results obtained using the developed program are showcased.
Furthermore, the prospects for future software development are briefly discussed.
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1. Introduction

The modern era of multi-messenger astrophysics requires development of software designed to perform automatic
image processing. The ROTSE telescope was a pioneer in terms of hardware and software, that has allowed
detecting the earliest stage of a GRB optical emission (seconds after gamma-ray detection, see e.g. [1]). Nowadays
there are many optical surveys containing both narrow and widefield telescopes installed to monitor the night sky
for transient sources. In particular the ZTF [2, 3], or GOTO [4] tend to equip their infrastructure with an automatic
image processing software. For instance, the ZTF image processing pipeline ZUDS! [3] is deployed at the IPAC and
contains several pipelines, including image calibration, source extraction, astrometric and photometric calibrations,
image subtraction, and candidate transient classification. However, these pipelines were designed specifically for
the usage in the ZTF project, although ZUDS code could be used in pipelines for other telescopes. We have
been developing (since 2019) a general ready-to-use approach with a flexible configuration for the automatic image
processing in the application to images taken by a heterogeneous network of telescopes. Typically, there are
several software serving for certain purposes: e.g. SExtractor [5] for source extraction, Astrometry.net [6] for
astronomical image calibration, cosmic_conn [7, 8| for cosmic ray detection, and so on. Many of them are de-facto
standards in their respective tasks.

Thttps://github.com/zuds-survey/zuds-pipeline

Hayunsie Tpyast UHACAH, 2026, Tom 11, Beimyck 3
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The primary objective of this work is to integrate the respective software components into a unified system
designed for the automated processing of survey images and the subsequent candidate transients detection and
reporting. An important aspect is to have user-friendly interface to the system components via web for a convenient
visual analysis. Another aspect is usage of modern Al-instruments helping benefits in tasks, where classical
instruments struggle (e.g. bogus and anomaly detection, image generation, source classification, etc.). STDWeb [9]
is a first open source transient detection system, which was designed taking into account these aspects. There are
limitations of STDWeb usage as pointed out in [9]: e.g. no calibration support and image series processing.

STARFALL is an automatic system, which in near-real time performs the complete processing cycle for a series of
astronomical images from calibration to candidate transient detection. We rely on experience of leading transient
survey ZTF and GOTO and incorporate open source solutions such as Astro-SCRAPPY [10], Cosmic-Conn [7, §],
skylib?, HOTPANTS [11], SEP [12|, Astrometry.net [6], SExtractor |5|, SWarp [13], PSFEx [14], STDWeb [9]. Most
of the image processing utilities used by STARFALL are based on the APEX package [15]. Next sections will cover
workflow of the STARFALL automatic astronomical image processing, and the processes involved in it. Further
sections will display scientific results obtained with STARFALL components. In the final section the conclusion
and future plans are presented.

2. Workflow

STARFALL is being designed in the microservice architecture paradigm. The principle of the current STARFALL
prototype operation is best described by the diagram shown in Fig. 1.

According to the flow chart in Fig. 1, STARFALL initially scans for a new survey image using a Python
service image-scanner, based on watchdog® package. We assume that this service is installed in-place with image
warehouse. The open source file server deployed there allows for a manual image upload via web UI or via SFTP
client. watchdog service parses and processes image metadata and stores it inside the SQL database.

Then, depending on the image type, a specific pipeline is started. In the case of a science image, the automatic
image processing pipeline is run by the process_image Airflow DAG. The flow chart of the processing pipeline
is displayed in Fig. 2.

’https://github.com/SkynetRTN/skylib
Shttps://github.com/gorakhargosh/watchdog

Observation
Celery Executor Frames

PostgresSQL A4

Airflow DB

Calibration images

Image Scanner

Yes
Execute jobs

Super Calibration
Pipeline

Log super

Submit job calibration metadatal
)4 Run on schedule
o T (default each night)
Job Site < < >
Super
@ Apache Image Metadata | PostgresSQL Calibrations
<hostname>/submit/<job_id> A':'LOIW g rE

Process images

4

P'r:t,)lces:smg Fetch calibrations Update the job status
ipeline €

Telegram Bot

Dﬁo

Candidate transients
Cutout images Processed Scientific
Other products Images Products

Mail Server

Dﬁo

Figure 1: The flow chart of the Starfall automatic image processing system. The description is provided in
Section 2.



The automatic image processing software for optical transient detection

169
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Figure 2: The flow chart of the image processing pipeline. Sections 3—10 describe the pipeline operation.

Master

1
1
1 Cali
E. 1 Frames
Q
2
[ |
2
s 1
M
x
o
g1
® Raw Light
1 Frames
1
-
)
o
L
x
o
2 1
©

o

|

——>| Calibrate frames

Astrometry

L_W

Quality control

Extract all sources

Select Bright Sources

Calibrated
Frames

I —

Instr. photometry

Differential

Photometry

|

Frame
Catalog

Processed
Frame

Source DS9

Cross-Matching

region file

Ref. star DS9
region file

JSON
image_info file

PostgresSQL
App DB

A

apex_transient.py
i

<hostname>/jobs/<job_id>

[ —

&

Candidate
.png cutouts

apex_make_reports.py

£

r===n

Find candidate
g S Candidate
Candidate P
transients
tables (.xlsx, DS9 region
txt)
file

- - ---
1
Make text reports 1

__i___.

zip products

«—/

Jobs

PK

job_id

FK

job_id as VARCHAR(256)
status as VARCHAR(256)
filename as VARCHAR(1024)
owner_id as INTEGER
createdate as TIMESTAMP
modifydate as TIMESTAMP

errors as VARCHAR(4096)

ProcessedFrames

PK

filename

FK

filename as VARCHAR(1024)

status as INTEGER

processeddate as TIMESTAMP

job_id as VARCHAR(256)

Transients

PK

name

L A

name as VARCHAR(256)
ra_deg as REAL
dec_deg as REAL
ra_err_arcsec as REAL
dec_err_arcsec as REAL
mag as REAL

mag_err as REAL
midtime as REAL

filter as VARCHAR(64)
class as VARCHAR(256)
galaxy_prob as REAL

point_source_prob as REAL

Terminate

]

<&



170 N.S. Pankov et al.
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Figure 3: The flow chart of the supercalibration pipeline. Raw calibration images are stacked with a respective
script (apex_superflat in the case of flat images, otherwise, for dark images, apex_superdark is used). The meta-
data of the supercalibration images are then stored in the SQL database.

Alternatively, for a calibration image, the super calibration image pipeline is executed (the flow chart is in
Fig. 3). These pipelines are orchestrated with the Airflow? instance, which allows to manage the jobs using unified
REST API over the web requests. Here, we recommend that Airflow is connected with the image server with
fast internet connection, since images will be downloaded via the SFTP client from the Airflow DAG. Another
option is to deploy the Airflow on the same machine as the image server.

The job-viewer Flask service provides regular users with a convenient web Ul for monitoring and managing
processing jobs (Fig. 4), thus abstracting low-level Airflow administrative controls. The jobs status, user logins,
and image information are stored in the SQL database.

After the image processing finished, the lightweight results (lists of candidate transients, image cutouts, etc.)
are sent via the email server and/or the Telegram bot to subscribed persons and displayed on dedicated web-pages.
We also allow a user to upload images to the server manually. This will create a processing job in the same way
as described earlier.

The processing is executed inside the process_image Airflow DAG in the same way as triggered automatically
on new survey images. The processing routines are run independently and the maximum number of running jobs
is limited by Airflow admins.

3. Image Calibration

The software checks special image header boolean keywords in order to assume the image has been calibrated
or not. These keywords are: DARKCORR — indicates dark correction, FLATCORR — indicates flat-field
correction, CRCORR — indicates cosmic ray masking or removal, BACKCORR — indicates sky background
subtraction. In the case of a raw uncalibrated image, the Airflow triggers apex_calibrate pipeline to run on
the image using already prepared stacked calibration images. Supercalibrations are prepared by the Airflow DAG
create_supercals, which creates stacked dark and flat-field images grouping them by several attributes (resolu-
tion, exposure, filter, observation date, etc). This DAG is run on each night. When no suitable supercalibrations
available, create_supercals is triggered automatically.

3.1. Bias/Dark Subtraction

The bias/dark subtraction implemented in the apex_calibrate pipeline. It automatically select bias/dark images
according to image exposure and temperature, creates a superdark image, then subtracts it from the raw science
image. If there is no suitable dark images available, apex_calibrate tries to scale existing dark image exposures
and temperatures to match the light frame. Note that there is either bias or dark image calibration is performed,
not both. The reason is that a dark image already includes bias.

3.2. Flat-Field Correction

This calibration step is provided by the apex_calibrate pipeline. The flat images are automatically selected
based on the science image filter. Then the series of the flat images combined into a superflat image. During the

4https://airflow.apache.org/
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combination process, bad pixels are iteratively rejected using sigma clipping. The science image is then divided
by the resulted superflat image.

3.3. Sky Background Subtraction

The sky background estimation is based on several algorithms. There are ones that were originally implemented
for APEX [15, 16, 17], including the clean estimator. Another widely used option is a mesh-grid estimator as
implemented in SExtractor and SEP. The estimated sky background map is subtracted from the science image.
The sky background subtraction is included in the apex_calibrate pipeline.

3.4. Cosmic Ray Remowval

The cosmic ray removal is made around two algorithms. The first one is implemented in the Astro-SCRAPPY
package and based on principle of identifying sources with sharp edges as cosmic ray tracks. Another option is
Cosmic-Conn neural network, which is best suited for images with plate scale of around 0.2-0.3 arcsec per pixel.

4. Image Quality Control

A series of calibrated images is undergo quality control process prior to image stacking. For each image there is
a score assigned, which is an average from four metrics:

number of sources in the image,
median image FWHM,

average sky background level,
median source ellipticity.

Images with score that deviate significantly from the average do not pass quality control. As the result,
a list of quality images is generated. Quality control is implemented as the apex_qc pipeline. In practice, quality
control allows to obtain list of images that being stacked reaches deeper magnitudes as ~ v/N, where N is the
count of stacked images. We estimated that the image quality control improves a limiting magnitude by 0.3 mag
on average, which results in the detection of faint sources.

5. Image Stacking

Images passed quality control are stacked to a single deep image. We use the apex_stack pipeline for this, which
performs alignment of images using common sources, and then stacking. As was pointed out in the previous
section, stacking allows to increase limiting magnitude as ~ v/N. To speed up the stacking process we limit the
number of common sources up to ~ 30 (for DIST-ORIENT algorithm) and up to ~ 150 sources in the case of triangle
matching algorithms depending on the image angular size.

6. Source Extraction

We have relied on the APEX conn source extractor in combination with the source deblender mt_conn, and additional
source measuring function. All of these were written in Python with usage of Numpy arrays. However, we have
decided to implement an additional APEX source extraction plugin conn_sep, which wraps SEP routines, for better
performance. The plugin allows to extract, deblend, and measure sources in one step. Among measured parameters
there are X,Y coordinates, rotation angle and their respective 1o errors.

7. Aperture Photometry

The implementation of the aperture photometry written for APEX and implemented in Python with usage of Numpy
arrays, had several disadvantages and limitations, therefore we completely rewritten it using the SEP framework.
Our first and an obvious reason was to optimize the aperture creation and measurement of the source aperture
flux. Although, this process is performed in parallel on CPU threads (with help of dask), the potential for a faster
performance is visible. Another reason is to add support for sub-pixel aperture rasterization, which can be useful
for images with large pixel size leading to small apertures. In third, the aperture growth curve to find best possible
aperture size has requested. Finally, the pixel masking was requested to reduce contamination from nearby sources
and artifact pixels, when doing photometry of the given source. The SEP meets all our requirements and have
chosen for the aperture photometry implementation. Thus, the flow chart of the aperture photometry in its latest
version is displayed in Fig. 5.

As an input, the aperture photometry takes an image with extracted sources list. The flux measuring is
performed in apertures of radii R, Rj,, and Ry, corresponding to the central aperture, and the annuli ring
(optional). The arrays of source rotation angles 6 and ellipticity Ell are also passed to SEP. By default R =
FWHM is used for an automatic photometry of sources.
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Figure 5: The flow chart of the aperture photometry. See details in the text.

8. Photometric Calibration

Using APEX we provide two photometric regimes: an automatic photometry and a forced photometry. The first
one performs photometric calibration for all sources in the image, while the second one performs it for selected

sources.

8.1. Automatic Photometry

To calibrate all sources in the image, we fetch list of calibration stars from the USNO-B1.0 catalog [18]. We filter the
list by criteria presented in [15]. Among them are magnitude variability, colors, star/galaxy separation, saturation
and blending, etc. Variability, colors and star/galaxy separation constraint are defined in the configuration file
and can be tuned to match given images. After list of calibrators obtained and filtered, the fit of the polynomial

model is performed. The model expression is given below:

2
Mealib = €0 + C1Minst + CaMihg + -« + enmiv + Z + kX (2)

(1)
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where ¢; are the polynomial coefficients, mi,s; are the instrumental magnitudes of calibration stars obtained after
aperture or PSF-photometry, Z is the photometric zero-point, x is the extinction term and X (z) is the airmass.
The total photometric error o,, includes error on the Z, mj,s of calibration stars and measured sources. The
fitting process is iterative to provide outlier rejection for o, minimization. The error threshold is specified in the
configuration file. By default it is set to 0.05 mag, which is acceptable error for most cases.

8.2. Forced Photometry

Specially for the needs of a fast photometric calibration of a set of sources we developed the apex_forced_phot
pipeline. It is useful to measure, e.g. already known positions of GRB afterglows. As input the pipeline takes the
astrometrically calibrated image and a list of positions to measure, including the list of calibration stars with their
catalog magnitudes, specified in a JSON-file, which template is provided in the Lis. 1.

Listing 1: A JSON input file template.

L

{
"ra": <RA in degrees>,
"dec": <Dec in degrees>,
"name": "Source_name",
"refstar": false,
"img_type": "science(or difference)"
"aperture_radius": <aperture radius in arcsec>

3,

{
"ra": <RA in degrees>,
"dec": <Dec in degrees>,
"name": "Referencestar #1",
"mag": <magnitude >,
"mag_err": <magnitude error>,
"refstar": true

3,

{
"ra": <RA in degrees>,
"dec": <Dec in degrees>,
"name": "Reference star_ #2",
"mag": <magnitude >,
"mag_err": <magnitude error>,
"refstar": true

},

]

Optionally, science and difference images can be provided on input to measure residual sources on difference
image, which will be calibrated against stars on the science image. Here, we assume that the difference image is
normalized on the science image, e.g. after apex_subtract (see Section 10.2). To enable this mode, one should
use "img_type": "difference" in the JSON-file.

In addition, to have consistent measurements of diffuse sources, a fixed aperture angular radius can be specified
for the sources of interest. For this to be enabled, the JSON attribute "aperture_radius" must be filled with
a positive float number.

9. Astrometric Calibration

Images with absent astrometric information in their FITS headers are undergo process of astrometric calibration.
The procedure is consist of two steps. At the first step a preliminary solution is constructed using prior information
about the observed field: approximate center coordinates, focal length and detector pixel sizes (or pixel scale in
units of arcsec per pixel). At the next step, the plate solving is initiated using, e.g. USNO-B1.0 catalog (by
default) as reference with already implemented APEX algorithms [15, 16, 17].

10. Transient Detection

As of version v2023.11, we provide two APEX pipelines for the transient detection: apex_transient and apex_sub-
tract. The first one is made upon matching extracted sources list with known catalogs, e.g. USNO-B1.0, while
the second one uses optimal image subtraction to find variable sources in difference images.
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10.1. Catalog Matching

The apex_transient pipeline performs the cross-matching with catalogs to find candidates according to the
algorithm, which can be expressed in several steps as shown in the Appendix 1.

At the first step, we exclude sources that are known close stars or variable stars in CNS5 [19] and NSVS [20]
catalogs. Also, we exclude moving transients (e.g. asteroids) using the MPC service [21]. Then, we select as
candidates those sources that are not identified with USNO-B1.0, PS1 [22] or GLADE+ [23] catalogs. In addition,
as candidates we select red catalog sources (i.e. source satisfying color constraints g —r > 0, B2 — R2 > 0.5) with
a significant brightness excess (> 2.50) in the image. The candidate transients are scored using their coordinate-
based probability inside the localization contour, the brightness excess, and the deviation from the specified LVK
distance bounds (only valid for GLADE+ galaxies).

10.2. Optimal Image Subtraction

In contrast, apex_subtract detects transients using optimal image subtraction algorithm, described in [24]. First,
both template and science images are background subtracted. Next, the template image is per-pixel aligned
with the science image using common sources from both images. The cross-matching of common sources is
achieved with algorithms implemented by APEX, and further alignment is performed using scikit-image [25]
affine transformation. It worth mentioning, that the template image could be either specified or automatically
downloaded from the HIPS2PIX portal (DSS2, PS1, SDSS-DR12 [26], LS DR9 [27], UKIDSS [28], and 2MASS [28§]
images are used). Further, the template image is blurred (i.e. convolved with a PSF kernel) to match the PSF
of the science image. apex_subtract has two modes of PSF matching: a) global kernel and b) spatially variable

PSF kernel. The global kernel is just a Gaussian filter with FWHM = \/FWHMmer —~ FWHM?

charp where
FW H My is the median FWHM of the blurriest image, and FW H Mgharp is the FWHM of the sharpest
one. The blurred image would be computed as I(z,y)piured = 1(2,y) * G(FWHM), where G is the Gaussian
kernel. Then, the template image is normalized to the science image to have an ability for photometry of the
residual image by using measurements of comparison stars in the science image. The normalization factor is
computed from brightest common sources present on both images as Spright = Med{s; s2, ..., Sn—1, Sn}, Where
8i = fisci/fiomp is the scale factor of an individual source based on the aperture flux f, n is the number of
sources. Finally, the template brightness is scaled as T(:c, Y)scaled = Sbright X T(z, y), and the difference image is
simply D(z,y) = I1(x,y) — Tseatea(x,y). For this mode we wrote the legacy code in Python. The global kernel
mode is suitable for narrow field telescopes having small PSF variations across the image field. However, for larger
fields (typically around 0.5 degrees in diameter and larger) the spatially-variable kernel is preferred. This mode is
achieved using the HOTPANTS® software. We adopted the ZTF priors [3] for the HOTPANTS parameters as defaults.
The residual point-like sources on the difference image are extracted as candidate transients by apex_subtract.
The examples of the pipeline usage is displayed in Fig. 6 (description is included).

10.3. Human Vetting

Each transient detection pipeline may be triggered on artifact sources, that is why visual analysis (human vetting)
is necessary to neglect them. To help with vetting, the pipelines generate visual region markup for the SAOImage
DS9 image visualization application. After removing spurious detections we typically left with <10 final candidates
(for regular fields of ~ 15 arcmin in diameter).

11. Results

In addition to the examples provided above, the results obtained with apex_transient and apex_subtract
pipelines were already used in the published papers. The obtained results are briefly presented here; a detailed
review lies beyond the scope of this work.

11.1. GRB 200829A

APEX pipelines were utilized to construct the well detailed optical light curve of GRB 200829A by processing
relatively large series of images. Particularly, apex_forced_phot was used to obtain apparent magnitudes of the
source. A comprehensive analysis of GRB 200829A is presented in [29].

Shttps://github.com/acbecker/hotpants
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Template Science (convolved) Difference = Science - Template
UT,: 2023-12-0320:13:12 [ UT,;: 2023-11-1920:42:55  |R=21.50%0.17 mag

Exposure: 24x300 sec Exposure: 18x300 sec ; ;

Filter:R  ® Filter: R L

Figure 6: The GRB 231117A optical afterglow detection using optimal image subtraction pipeline apex_subtract.
The left image is the template, taken on 2023-12-03 20:13 UT (midtime), the middle one is the convolved science
image, taken on 2023-11-19 20:42 UT (midtime). A total exposure was 24x300 sec for the template, and 18 x300
sec for the science image. Both images were taken in the R-filter with AZT-22 1.5-meter telescope of Maidanak
observatory. The optical afterglow (indicated by a red crosshair) stands out clearly out its host galaxy SDSS
J220933.344+133119.5 (located at the redshift of z = 0.257) in the difference image. The brightness of the optical
afterglow was R = 21.50 + 0.17 mag.

11.2. GRB 201015A

We used APEX to obtain astrometric calibration of GRB 201015A images. It helped to distinguish the source from
its host galaxy located at a separation of only 1.5 arcsec. A comprehensive analysis of GRB 201015A is presented
in [30].

11.3. GRB 230506C

The APEX pipelines were used to process images and find candidate counterparts to GRB 230506C (see Table 1).
The actual counterpart was found by us with the apex_transient pipeline after comparison with USNO-B1.0
and PS1 catalogs (see the 3-rd row of Table 1).

11.4. GRB 231115A

In [31] dedicated to the comprehensive analysis of giant SGR flare GRB 231115A, the apex_subtract pipeline
was used to remove the bright halo of the M82 host galaxy of the SGR, therefore made it possible to obtain upper
limits on optical candidate transients.

11.5. GRB 240225B

We utilized APEX pipelines to perform image processing of the observations of GRB 240225B taken by AZT-33IK
telescope of Sayan Solar Observatory (Mondy) [32] and obtained its light curve in the R-filter. For instance, we
used apex_subtract to subtract PS1 DRI r-filter template image to make sure the underlying host galaxy does
not affect the afterglow measurements.

Table 1: The candidate optical counterparts to GRB 230506C after human vetting. The observation epoch is
tobs = 1o + 0.02914 days, where Ty is the GRB detection time.

1 R.A. Dec R magnitude
Image PS1* USNO-B1.0
hr deg mag mag mag
3 08:57:17.7 +45:06:53.0  21.81£0.05 20.29 + 0.05 19.71
[§ 08:57:21.4 +45:08:47.8  20.70 &+ 0.05 19.71 +£0.04 n/d
8  08:57:28.13  +45:07:59.48 20.05 &+ 0.05 n/d n/d
16 08:57:34.9 +45:10:09.8  19.46 + 0.10 19.45 £ 0.02 n/d
*

— Magnitudes were calculated by converting PS1 r,i magnitudes using Lupton 2005 equations.
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11.6. GW190425

The APEX pipelines were used to process extensive set of survey images of the fields located in the 90% probability
contour of a gravitational-wave event GW190425. It helped to obtain lists of candidates for each field, which was
unable to perform only with manual inspection of fields (Mazaeva et. al, unpublished).

11.7. Other results

We also use APEX pipelines, including one for forced photometry apex_forced_phot to obtain lists of candidate
transients and photometry of already discovered transients, and publish results to the GCN service. For instance,
since 2024-01-01 we have posted >100 GCN circulars.

12. Conclusions

STARFALL is an image processing system that manages jobs in near-time mode. It was designed to detect candidate
transients to gamma-ray burst afterglows, including ones that connected with gravitational wave events detected
by LVK. STARFALL accepts jobs from the local image watchdog client installed at the image server connected with
a telescope. Also, a user can submit processing jobs via the convenient web Ul. In comparison with alternative
solutions such as STDWeb, STARFALL integrates comprehensive functionality — calibration of image series images,
quality control, image co-adding, source extraction, astrometric and photometric calibration, transient detection
largely by leveraging the APEX pipelines. Pipeline orchestration is handled with the industry-standard Airflow,
enabling concurrent pipeline execution and offering administrators convenient job management via a web Ul or a
REST API. Building on the functionality described in [15], we have developed new and revised legacy APEX com-
ponents: notably, a new source-extraction plugin, conn_sep, which substantially improves extraction performance,
and a migration of aperture photometry to the SEP framework, which enhances throughput and adds features
such as source masking and aperture-growth curves. The recently implemented pipelines apex_forced_phot,
apex_transient, and apex_subtract enable forced photometry on image data and facilitate candidate transient
detection using catalog-matching or image-subtraction techniques. To demonstrate practical utility, these pipelines
were deployed and tested on observed transient events. For instance, by utilizing apex_transient we discovered
the GRB 230506C’s optical counterpart.

13. Future Development

The development of STARFALL and APEX is in active stage. We aim at performance boosting of existing processing
tasks using GPU calculations (we consider CuPy and PyTorchDIA frameworks) or even replacing existing Python
functionality with calls to more optimized external programs. Additionally, we target at incorporating Al-solutions
such as described in [33].

14. Availability

The source code is available upon reasonable request to the main author of the manuscript.
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Appendix A. Algorithms

In this section, we describe the catalogs matching algorithm. The following notations are used below. Psgay =
L == exp —(FWHM-S5) (FWHM and opw g is the image FWHM and its 66.7% standard error, and S

2
OFWHM

SFWHM

is the source FW H M) is the probability of the source to be point-like; Pya) = 1 — Pygay if FWHM > S, Py =0,
otherwise, is the probability of the source to be diffuse-like (i.e. a galaxy, see Fig. 7 for the explanation); magimage
and Opqg,image are the magnitude of the source in the image and its standard error; mageas and omag,cat is the
same but for catalog entries; D is the distance to a GLADE+ galaxy, Dgw and ogw are the estimation on
distance to the gravitational wave event and its standard error (as given by LVK); P(ra;, dec;) is the probability
density at the coordinates ra;,dec; as specified in a HEALPix skymap (e.g. skymap of an LVK event); ¥ =

(|magimage - ma’gcad)/(\/o—?nag,image + U'rQnag,cat)'

1.0 4 —— star
Galaxy

0.8 4

0.6 4

Probability

0.4 4

0.2 4

0.0+
0.0 1.0 2.0 3.0 4.0 5.0
FWHM (arcsec)

Figure 7: The source classification probability functions: the blue curve (left) is a probability to be a star Puar,
and the orange curve (right) is a probability to be a galaxy demonstrated for a sample image with seeing of 2.0
arcsec. The classification is based on an image seeing (average FW H M of stars). It is designed is such a way that
star probability rapidly decreases to the left (area of cosmic rays) and to the right (area of galaxies). At the same
time, the probability to classify a source as a galaxy Pya1 rapidly decreases towards left bound, and plummets after
FWHM = seeing. Towards large FFW HMs P, saturates at near 1.0.

Note, that and P(ra;,dec;) o eXp((Ta"fra“)z(TdfcﬁdeC“)Z) for the case of a circular skymap (e.g. given by

Swift, Fermi, EP), here r is the uncertainty radius in degrees, and (rag, decg) are coordinates of the circle center
(in degrees).
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Algorithm 1 A catalog search for candidate transients

R N

R + 3.0 arcsec

: Catalogs +— CNS5, NSVS, MPC, USNO-BL1.0, PS1, GLADE-+

if (is a cosmic ray) or (Pstar + Pga1 > 0.8) or (a/b > 1.8) then
Reject
end if

: Catalog cross-match with radius R
: if source € {CNS5, NSVS, MPC} then

Reject

: end if

: Transform catalog magnitudes according to the image filter

: Classify catalog sources

: if (is point-like) and (g —r > 0 or B2 — R2 > 0.5) and (2 > 2.5) then

class = RSF

: else if (is point-like) and (¢ —r > 0 or B2 — R2 > 0.5) and (X < 2.5) then

class = RS

: else if (is point-like) and (g — 7 < 0 or B2 — R2 < 0.5) and (X > 2.5) then

class = BSF

: else if (is point-like) and (g — 7 < 0 or B2 — R2 < 0.5) and (X < 2.5) then

class = BS

: else if (is diffuse) and (g — r > 0 or B2 — R2 > 0.5) and (2 > 2.5) then

class = RGB

. else if (is diffuse) and (g —r > 0 or B2 — R2 > 0.5) and (¥ < 2.5) then
class = RG

. else if (is diffuse) and (g —r < 0 or B2 — R2 < 0.5) and (X > 2.5) then
class = BGB

. else if (is diffuse) and (g —r < 0 or B2 — R2 < 0.5) and (¥ < 2.5) then
class = BG

: else
class = 7

: end if

: Select candidates
: candidates <+ ||
: if source ¢ {USNO-B1.0, PS1, GLADE+}. then

candidates.append (source)

: end if

> Reject sources by following criteria

> Red stellar flare

> Red star

> Blue stellar flare

> Blue star

> red galactic burst
> red galaxy

> blue galactic burst
> blue galaxy

> unknown class

> Unidentified source

: if source € {USNO-B1.0, PS1, GLADE+} and (g —r > 0 or B2 — R2 > 0.5) and (X > 2.5) then

candidates.append(source) > Source that has brightness excess in comparison with catalog

: end if

: Remove candidates outside localization region (e.g. 90% contour)
: if source ¢ localization contour then

candidates.remove(source)

: end if

: Apply scoring
: scores + [0, 0, ..., 0]
: for ¢ =1, ..., candidates.lenght do

if source ¢ {USNO-B1.0, PS1, GLADE+} then
scores[i] +=1

end if

if source € {USNO-B1.0, PS1, GLADE+} then
scores[i] += X

end if

if source € GLADE+ then
scores|i] += oaw/(|D — Dawl)

end if

scores[i] += p(rasourcm decsource)

: end for

: Sort sources by score in descending order

: candidates.sort(reverse=True)

: Save cross-matched sources table in .txt format
: Save cross-matched sources table in .xlsx format
: Save candidates table in .txt format

: Save candidates table in .xlsx format

: Save candidates DS9 region file in .reg format
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KaTtanntnyeckass akTuBHOCTb acTpopu3snyeckn pesieBaHTHbIX
MaTepuasioB B CUHTE3€e apoMaTUYeCKUX yriesog0poaoB:
3KCNepuUMeHTaJIbHOE uccnegoBaHue

Maxcnmos B.B.12, Mypra M.C.?

L Mnemumym opeanuneckot zumuu um. H. /I Beaurckozo, Mockea, Poccus
2
Hremumym acmpornomuu PAH, Mockea, Poccus

DKCIEPUMEHTATIBHO UCCIIEOBAHA KATATUTUIECKAs! AKTUBHOCTD ACTPOMUINIECKU PEJIEBAHTHBIX MATEPUATIOB (KapOuaa Kpem-
nust SiC, rpacdura n amopdHOro yriepoga) B 06pasoBaHUU apOMaTHIeCKUX yriieBogopoaos (AY) usz anerunsena. dkcuepu-
MEHTBI MTPOBOJIMJINCH B MAPOJUTHYIECKOM peakTope mpu Temmeparypax 750, 850 u 950°C n armocdeprom masnennn. Are-
THUJIEH ITOJIABAJICS B CMecH C rejieM B o0beMHOM coorHomreHnn 1:100. MeTogoM rpaBHMETpPUYECKOro aHaIu3a OlPEJIeIeHb
BbIXObI AY u caxku. [Tokazano, 4To npuCyTCTBHE BCEX MCCIEIOBAHHBIX MATEPUAJIOB IIPUBOJIUAT K TOJABJIEHUIO 00PA30BaHUS
caxxu B 1.5-2 pasa u yBeaudenuto cesekrusHocT 110 AY ¢ 1-2% (B orcyrcrsue karanmsaropa) no 20-35%. HauGosnbmas
cesrekTuBHOCTD (710 35%) MocTurayTa Ha AMOPMOHOM YIJIEPOJIE, U9TO CBA3AHO C €r0 PA3BUTON MOBEPXHOCTBHIO U BHICOKOH KOH-
neHTpanyeil 1edeKTHBIX IeHTPOB. lloBbiIeHe TeMIepaTypbl 0XKHU/1aeMO yBeJININBaeT abCOJIIOTHBIN BBIXOJ] CaXK1, OJTHAKO
HE BJIMSET Ha CeJIeKTUBHOCTD 10 AY. ITocKoJIbKY Bce mMcciieloBaHHbIE MaTEePUAJIbI IIPUCYTCTBYIOT B 000JI0UKAX YIJIEPOHBIX
3Be3J aCUMITOTHYeCKO BerBr ruranToB (ABI'), To mosy4eHHBbIE PE3y/IbTATHl YKA3BIBAIOT HA BO3MOXKHOCTD CyII[ECTBEHHOI'O
BKJI&JIa T€TE€POre€HHBIX KATAJUTUIECKAX PEAKINI B CHHTE3 apOMATHUIECKUX MOJIEKYJI B 9THX O0DbEKTaxX.
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We experimentally studied the catalytic activity of astrophysically relevant materials (silicon carbide (SiC), graphite, and
amorphous carbon) in the formation of aromatic hydrocarbons (AHs) from acetylene. The experiments were performed in
a pyrolytic reactor at temperatures of 750, 850, and 950° C under atmospheric pressure. Acetylene was supplied in a mixture
with helium at a volume ratio of 1:100. The yields of AHs and soot were determined by gravimetric analysis. The presence
of all studied materials was found to suppress soot formation by a factor of 1.5-2 and increase AH selectivity from 1-2%
(in the absence of a catalyst) to 20-35%. The highest selectivity (up to 35%) was achieved on amorphous carbon, which is
attributed to its developed surface area and high density of defect sites. Increasing the temperature expectedly increases
the absolute soot yield but does not affect AH selectivity. Since all the studied materials are present in the envelopes of
carbon asymptotic giant branch (AGB) stars, our results suggest that heterogeneous catalytic reactions can significantly
contribute to the synthesis of aromatic molecules in these objects.
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1. BBenenune

CaMbIMU KPYIHBIME MOJIEKYJIaMU, OOHADYKEeHHBIME B Mexk3Be3auoit cpege (M3C), aBIgiOTCs NOJUIUKIAIECKAE
apomMaTuieckue yrieBogopoabl (AY). DTu MOIEKYJIbI IOBCEMECTHO HPUCYTCTBYIOT B o0bekTtax M3C u urpator
KJIIOYEBYIO POJIb B €€ HOHU3AIMOHHOM, TEIIOBOM M XUMUYeCKOM cocToguuu [1]. CorsacHo acTpoXuMUIECKUM KUHe-
THYIECKUM MOJIEJISIM, OOJIbIIast 9aCcTh MEXK3BE3/IHBIX IMOJIUIUKInYecKX AY dhopMupyercs B 060J09KaX yIIePOIHBIX
3Be3J1 acuMIToTuIeckoit Bersu rurantos (ABT), rie yenoBust (TeMiiepaTypa u 1aBiieHue) GJIaronpusTCTBYIOT IPO-
TeKaHUIO ra3o(asHbIX peakiuil 06pa30BaHusl IEPBOrO APOMATHYIECKOrO KOJbIA (GEH30/1a) U TOCIEYIOIIETO €ro
pocra 10 KpyuHbix nosmimkiandeckux AY [2; 3]. Tlomobuble peakimu, Kak HPaBHIO, OOJIANAIOT CYIIECTBEHHBIM
aKTUBAIMOHHBIM 6aPHEPOM, KOTOPBIN HEIPEOH0IuM B ycaoBusx paspexkenuoit M3C.

B pa6orax [4, 5] pacCMOTpeH aJbTepHATUBHBIN CIIEHAPUil, COTTIACHO KOTOPOMY O€H3071 MOXKeT 3(hdEeKTUBHO
dbopmuposarbest B peakiuu 1ukiaorpuMepusanun (IITM) anernieHa Ha MOBEPXHOCTH HBUIMHOK. DTa DeaKIUs
ObLIa IpeIIozKeHa 0KoJI0 cra Jiet Hazas H.Jl. Senunckum [6], KOTOPBIH 06HAPY KW, YTO AKTUBUPOBAHHBIN yrOJIb
BBICTYIIAET B POJIU KaTam3aTopa obpa3soBanus ben3osa. HeqaBHo MexaHm3M TaHHON PEaKITuu ObLT TIOITAITHO UCCTIe-
JIOBAH C IIOMOIIBIO COBPEMEHHBIX KBAHTOBO-XUMUUecKux MeTozoB [7]. Brinouenue IITM B kuneTudueckue Mojenn
ACTPOXUMUIECKUX ITPOIECCOB MOXKET IPUBOJUTH K YBEJMYEHUIO PACIETHOIO BBIXOHA OEH30J1a M, KAK CJIeICTBUE,
Bcex AY Ha mopsiziok u Godee [5].
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Baxno momaepkuyTh, uro peakinus [ITM arermrena Ha pasindHbIX KATAJIM3ATOPAX AKTUBHO M3yYIAETCs KAK
B (byHIAMEHTAJbHBIX, TAK U B IIPUKJIAIHBIX UCCJIEJI0BaHUsIX. B HacTosiilee BpeMsi B KAUeCTBe KATAJIU3aTOPOB HC-
HOJIb3YIOTCS, TJIABHBIM O0DPA30M, MepexojiHble MeTasulbl (HampuMep, nasuiaauii (8], cepebpo [9] u 1p.), a Takxke
cyioxHbIe (opraHo )MeTasmndeckue kKoMmirekest [10, 11]. CeseKTHBHOCTS 110 GeH3041y (TO €CTh, KOHEUHBIH BBIXO/] GeH-
30J18 OTHOCHUTEJIBHO BCEX IPOJYKTOB) HA TAKMX KATAJU3ATOPAX JOCTUrAET BHICOKUX 3HaYeHuil — BIioTh 10 100%.
O iHaKO yKazaHHbIE MATEPUAJIBI OTCYTCTBYIOT B obosoukax 38e3n ABI u, B nesom, 8 M3C. B kadecTBe marepua-
Jia TIOBEPXHOCTH B 000J109Kax yriepoiaubix 38e31 ABI' MoryT BeicTymIaTh: aMOpdHBIi yriepo, rpadur u Kapou
kpemaust (SiC). Karamutudeckast ak THBHOCTH TIOCTIEIHETO B OTHONIeHNN cuHTe3a AY Gblia oTMedeHa B padore [12].

[esib HACTOsITIE pAOOTHI — IKCIEPUMEHTAJIBHO OIEHUTH KATAJIUTHIECKY IO aKTUBHOCTD aCTPOPU3NIECKH PeJie-
BanTHbIX MaTepuasnos (SiC, rpadura u amopduoro yriepoja) B cunrede AY B yCJIOBUSAX, XAPAKTEPHBIX J1JIsl 30HBI
obpazoBanus nbln B 0060a049kax 38e37 ABI. [lis pemtenus aroit 3amaun Ha 6a3e MHcTHTYTA OpraHmdeckoil XuMun
um. H.JT. Bemunckoro PAH (B IlenTpe nepcreKTUBHBIX KATAIUTHIECKUX TEXHOJIOrHH) Oblia pazpaboTaHa U co-
OpaHa CIeIUAJIM3UPOBAHHAST SKCIIEPUMEHTAIbHAS YCTAHOBKA, BKJIIOYAIONIAs THPOJUTHIECKU peakTop. lanHas
YCTAHOBKA IMO3BOJISET II0JIy4YaTh OCHOBHBIE ITPOJYKTHI MUPOJIK3a alerTuiiena — AY u caxy. AHau3 M0y YeHHbIX
00pa3I0B TPOBOIMIICS TPABUMETPUIECKIM MeTomoM. Huzke mpesicTaBIeHo onncanme SKCIePUMEHTAJIbHON yCTAHOB-
KW, U3JI07KEHBI TIOJIyY€HHbIE PE3YIbTATH U C(hOPMYINPOBAHBI OCHOBHBIE BHIBOBI PAOOTHI.

2. Onucanue 3KCIIepuMeEHTAa

Buyi, sxcriepuMenTa bHON yCTAaHOBKY IOKa3aH Ha puc. 1 (cieBa). CxeMa ycraHOBKY IOKa3aHa Ha puc. 1 (cupasa).
B ee cocTaB BXOmUT HECKOIBKUX OCHOBHBIX OJIOKOB:

1. BJIOK HCTOUHUKOB CBIPHEBOTO Ta3a. BIIOK cOCTONT u3 nBYX 40-TUTPOBBIX GAJITIOHOB BBICOKOTO ABJIeHNUsI (C arle-
TUJIEHOM ¥ TeJIMeM), HAXOJIAIUXCS 38 MPEeJIeIaMu JabopaTOPHONH KOMHATHL. BaJIOHBI TOCPEJICTBOM MeTaJl-
JITYEeCKUX KAMLISIPOB IOJIKJIIOYEHBI B ODIIYIO CEeTh IMOJa4dd ra3a K JaOOPATOPHBIM TSraM W YCTAHOBKAM
JIO3UPOBAHUS Ta3a.

2. Buok mosupoBanus u cmerienus razoB. OcHOBoOI 6J0Ka sBJgeTcst aBa perysiaropa pacxoia raza (PPTY)
Bronkhorst ¢ BbIicOKOIT cTenenbio TounocTu. Yipasjienue PPI' ocyimecTBiseTcs Ha OT/IETBHOM KOMITHIOTE-
pe. Ilocse mo3upoBaHust ra3bl MONAJAIOT B KaMEPy CMENIeHUs U JaJjiee 10 IOJIUIPOIMIIEHOBOMY KAIUJLISPY
[IOJIAIOTCS B TPYOUYATHIN peakTop.

3. Biok peakropa. Biok Britogaer B cebst reub u TpyOUaThIil peakTop. [leus npemcrasisier coboil KBapIEBYIO
TpyOKy ¢ muameTpom OK0Jio 20 MM, 0OMOTAHHYIO HUXPOMOBOI CIHUPAJIBIO. ¥ IPABJIEHNE HATPEBOM II€YU OCY-
IIECTBJISATIOCH TPONIOPIUOHAIBHO-MHTErpaibHO-tuddbeperimanbabM (IIV) peryasropom dbupmsr TEPMO-
JIAT. B kauecTBe peakTopa HUCIIO/Ib30BAJIACh KBapIleBas TPyOKa ¢ BHEITHUM JUAaMeTPOM 8 MM U BHYTPEHHUM
muaMerpoM 5 MM. Jljisi yMeHbIIeHusI IIPOCKOKA alleTUJIeHa U JJIsi (DUKCAIIUU CJIOsI KATAJIN3aTOPa B CEPeIIHe
KBapIieBoil TPyOKM B Ka94eCTBE HAIIOJHEHUs B €N UCIOJIB30BaJICs KBapIl ¢ dpakimeit 0.2-0.5 M.

4. Bjok BbIIeneHUs MPOILYyKTa. BIIOK COCTONT U3 CTEKJIAHHON KPYTJIOMOHHON KOIOBI DpJirenmeitepa. Komba mpe-
BapuTesibHO HanosHsack auxsaopmeranoM (JIXM) mapkun BO2KX (XM addekTuno pacrBopser apoMa-
TUYECKHE COeIMHEHNs] ). BhIX0/| KBAPIEBOro PeakTopa GBI OTPY2KEH B CJION PACTBOPHUTEJIS JJIsl 00eCIIedeH s]
bapboTarka CMEeCH ChIPHEBOI'O I'a3a U MPOJIYKTOB. B mporiecce 6apboTarka cMeCh OCTHIBAJIA U IeJIEBble KOMITO-
HeHThl (T. e. AY) ocTaBaiuch B pacTBOpUTEJIE, a ra30Basd 4acThb yJerasa noj tary. Kosiba ¢ pacrBopuresem
HaXOIWIaCh B OaHe ¢ CHJIMKOHOBBIM MACJIOM, KOTOpas oxjaxkaaaach 10 —10°C mocpeacTBOM MUPKYJISAITNOH-
Horo uacoca. OxJrakeHne TPOBOIUIOCH C IEJIBI0 YMEHbBIIEHNsT UCIAPEHUS] PACTBOPUTEIIA.
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Puc. 1: CreBa — ¢doro skcrnepumenTaabuoii ycranoBku. CrnpaBa — cxeMa IKCIIEPUMEHTAJIbHON yCTAHOBKU. 1 —
0JIOK MCTOYHWKOB CBHIPHEBOTO ra3a. 2 — OJIOK JO3WPOBAHUS W CMEIIeHUs ra30B. 3 — OJIOK peakTopa. 4 — OJIOK
BBIJIeJIEHUsI TIPOIYKTA. 5 — GJIOK IMOJATOTOBKU C3KATOIO BO3IYXA.
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5. Biok moAaroToBKM C2KaTOro Bo3ayxa. BJIOK COCTOSIT M3 BO3AYIITHOTO KOMIIPECCOPA, MOAKIIOYEHHOTO K JITHUN
TTOJTUTIPOIIAJIEHOBOM KAITUJIISIpOM. BO3/1yX MCIIOIB30BAJICS JIJIsT OTZKUTA, CayKU.

Meto/inKa 9KCIIepUMEHTa, BKJTIOUAIa HECKOIBKO TTOC/IEI0BATEILHBIX STAIOB: TOJI'OTOBKY PEaKTOpa U PeareH-
TOB, IIPOBEJIEHNE TTUPOJIN3a U MOCEIYIONNil TPABUMETPUIECKII aHAIN3 TPOIYKTOB.

Ilodzomosxa xKomnonernmos. Ilepes KazkIbIM 9KCIIEPIMEHTOM ITPOBOIMIACH TIIATEIbHAS OUNCTKA BCEX JIEMEH-
ToB ycranoBku. Ksapiesblit peakTop (Tpy6Ka) npokajausasics npu remmeparype 950°C B oToke Bo3/yXa B TeUeHUE
6 ©acoB I y/IaJIeHUsT OPTaHUIECKUX OCTATKOB. KBapIieBwIil HAIIOJHUTEH OUHIIAJICS ITyTeM KUATISTIeHUs B KOHIIEH-
TPUPOBAHHON a30THON KUCJIOTE B TeUEHUE 4 TaCOB C MOCEIYIONEl MHOTOKPATHOMN TPOMBIBKOM JINCTU/LIMPOBAHHOMN
BOJION U BBICYTITBAHUEM.

IIposedenue sxcnepumernma. B OATOTOBIEHHBIN peakTOp 3arpyKajach HaBECKa MCCIEIYEMOTO KATAJIN3aTO-
pa W YUCTBIA KBApPIEBBINT HAIOJHUTEIb. epe3 peakTop IPOIYCKAJICS AleTH/IEH B KOHTPOJUPYEMBIX YCIOBHSX
TEeMIIEpATypbl U JAaBIeHUsd. JleTyune TpOayKTHI MUPOJIN3a KOHICHCHPOBAINCH B KOJIOS-TIPUEMHNKE, COMEPIKAIIECH
JXM, koropsrit yaasiamsan obpasyrommecss AY. Ilo 3aBeprueHnn mporecca TBep/ble MPOLYKTHI (caika) ocerasn
Ha, KBapIEBOM HAIOJTHUTE/E U CTEHKaX PeaKkTopa.

I'pasumempuyeckuti anasus. B3peruBanue MpoBOIUIOCH HA BLICOKOTOYHBIX AHAJIUTAIECKUX Becax (TOYHOCTH
0.0001 r) o cuenyroreii cxeme:

e Jlo sKCIIeprMeHTa M3MEPSIIaCh Macca IMyCTOr0 KBAPIIEBOTO PeaKTOpa, YUCTON KOJIOBI-TIPUEMHNKA, KBAPIIEBOT'O
HAIOJTHUTE/IS U HABECKU KaTaJM3aTOpAa.

e [lociie 3aBepIieHnsT MMPOJIN3a U OXJIAXKIEHUST YCTAHOBKH MTPOU3BO/INIOCH TIOBTOPHOE B3BEITNBAHIE PEAKTOPA
U KBapIEBOrO HANIOJIHUTEIsI (BMECTe ¢ OCeBIell Ha HUX caxKeil).

e Maccy caxxu, 06pa30oBaBIIeiicss HEIIOCPEICTBEHHO Ha KATAJIN3aTOPE, ONIPEIEIAIN KaK Pa3HOCTh MacChl KBapIle-
BOT'O HATIOJTHUATEJIS C CAXKeH ITOCIe IKCIIEPIMEHTa M MACCHI YUCTOrO HAIIOJTHUTEISI BMECTE C MCXOTHOM HABECKOiT
KaTaJIN3aTOPa, M3MEPEHHON JI0 OIIBITA.

o Konby-puemnuk ¢ pacrBopom JIXM, comepxKamum yaoBjieHHbIe AY, 0CTOPOYKHO BBITAPUBAJIN Ha BOISTHON
6ane pu 45°C J10 MOJIHOTO yIajeHus pacTBopuTeisi. Maccy ocraTKa OIpeIeisijiv Iy TeM B3BEITNBAHMS KOJIOBI
TIOCJTE€ BBITAPUBAHUSI.

Bce mosryuennbie 3nadennst Macchl (UKCAPOBAJINCH B JIAOOPATOPHOM IIPOTOKOJIE.

st mpenTruUKAIAA MOJIEKY/ISSPHONO COCTaBa CUHTE3UPOBAHHLIX AY B HECKOJbKHUX SKCIEPUMEHTAX IIPOBO-
JUAJICST AHAJIM3 METOJIOM Ta3oBoii xpomaro-macc-crekrpockonun (I'X-MC). Ucnonszosascs npubop Thermo ISQ
¢ KanwuispHoit kKostonkoil Varian VF-5ms (mymaa 30 M, BHyTpeHHUN muamerp 0.25 MM, TOJIIUHA HEIIOBUKHOI
dassr 0.25 MKM).

3. IlapameTpbl 3KCIIEPUMEHTOB

Bcero mpoBesieHO 12 9KCIIEPUMEHTOB: 3 9KCIIEpUMEHTa 6e3 KaTaau3aTopoB (B PEAKTOpe HAXOAMIICS TOJBKO CJIOH
KBapra) 1 9 9KCIepruMeHTOB ¢ TpeMms Katajuszaropamu B Buje SiC, rpadena n amopdroro yriepoga. C Kaxk M
KaTaJM3aTOPOM IIPOBEJEHO 10 TPU HE3aBUCHUMBIX SKCIlepuMeHTa ¢ Temieparypamu 750, 850 u 950°C. lapienue
ycTaHaBauBaJaoch B 1 arm. ITomasasmcs rassl anerwieH u resmii (Mapka 6.0) B o6bemuoM coorHomenunn 1:100. Beiio
YCTAQHOBJIEHO, YTO B CBA3U C «3ayIJIEPOXKUBAHUEM» PEaKTOPa MAKCHMAJIBLHO BO3MOXKHOE BpeMs PabOTHI yCTaHOBKH
COCTaBJISET 3 Yaca. 3a 9TO BPEM:A COOTHOIIEHHE MEXK/Iy HAKOILUIEHHBIME apOMATHYECKUMHU IIPOAYKTAMH U CaKeit
OBLJIO ONTHMAaJIBHBIM, TOT/IA KAaK IIPH YBEJIHMYEHUH JJIUTEIbHOCTH OOJIbIIAs YacTh ra3a IePeXo/IniIa B Caxy, U apo-
MaTHYeCKUe IPOJYKTHI He CellapUpOBaJINCh. Bce mapaMeTphl SKCIIEPIMEHTOB IIPUBEJIEHBI B TA0. 1.

4. Pe3ynbTaTbl

Ha puc. 2 upejcraBiien mpuMep XpoMaTorpaMMbl 00Pa3Iia, [0y YeHHOTO 6e3 KaTaJn3aTopa B 00 beMHOM COOTHOIIIE-
HUU MeXKTy aleTujieHoM u rejimeM 1:1. PacmudpoBka gaHHO# XpoMaTorpaMMbl puBejieHa B Tabut. 2. [lo qaHHbIM
XPOMaTOIPAMMBI BHJIHO, YTO OCHOBHBIM IIPOJLyKTOM KOHBEPCHHY AlleTUJIEHA SBJISIETCS MOJIEKYJIa, OEH30J1a, OCTaJIbHbBIE
apoMaTHIeCKne MOJIEKYJIbl IPUCYTCTBYIOT B CYIIECTBEHHO MEHBIMNX KOJINIECTBaX. [Ipu MEHBINX MapIuaJbHBIX
JTABJIEHUSIX AlETUJIEHA B PEAKTOPE CUTHAJBLI IPOIYKTOB HA XPOMATOTpaMMe ObLIN HU3KAMHU, TIOITOMY UX AHAJIU3
He npoBoauics. OTHAKO MBI TPEIIIOJAraeM, YTO OCHOBHBIM MPOJAYKTOM B 9THX IKCIEPUMEHTAX TAKKE SBJISIETCS
OEH30.JT.

ITo KaKIOMy 9KCHEPUMEHTY TOJIyUeHbl Pe3yJIbTATHl FPABUMETPUIECKAX U3MepeHnil mpoayKToB (caxn u AY),
9TH naHHbIe npuBedeHbl B Tabia. 3. Ha puc. 3 m3mepeHHble MaCcChl TPOJIEMOHCTUPOBAHBI B BUJIE THCTOIDAMMEBL.
Ha puc. 4 mokasaHbl BeJIMYMHBI KOHBEPCUH AINETUJIEHA W CEJIEKTUBHOCTU 0 AY Jjyist Beex arcnepuMeHToB. Kon-
BePCHs AlleTUJIEHA XaPAKTEPU3YEeT JOJII0 IIPOPEArNPOBABILErO ChiPbs (AETU/IeHa), & IO/l CEJIEKTUBHOCTBIO 110 AY
3JIeCh U Jlajlee IIOHUMAETCsl OTHOIIIEHNE MacChl obpasoBaBimxcss AY K obieil Macce BCexX IPOJYKTOB, TO €CTh Ce-
JIEKTUBHOCTB IIOKA3bIBAET, KaKasl YaCTh IIPOPEArdPOBABIIErO alleTUIEHa IIPEBPATUIIACH B IiejieBble AY, a Kakas —
B Caxy.

HawubGosbimas Macca cayku u HauMeHbInasg Macca AY chopMUpOBAINCH B 9KCIEpUMeHTe 6e3 KaTaJlu3aropa.
CenekTuBHOCTD MO AY B 9TOM CJlydae MAHUMAJbHAs W cocTaBiaser Beero 1-2%. C pocToM TemmepaTypsl Macca
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Tabmuma 1: YeaoBust mpoBeIeHNsT SKCIIEPUMEHTOB.

Karamuzarop Bec karann- | Temmepatypa, °C | Bpems cunresa, mun
3aTopa, T
1 Bes karaymzaropa - 750 160
2 Bes karanuzaropa - 850 146
3 Bes karasmzaropa - 950 151
4 SiC 0.0030 750 153
5 SiC 0.0051 850 154
6 SiC 0.0053 950 161
7 | Amopdusrit yriiepos 0.0063 750 166
8 | Amopdusrit yrirepos 0.0069 850 171
9 | Amopdusrit yriiepos 0.0055 950 179
10 I'pacdur 0.0051 750 155
11 I'pacdur 0.0048 850 159
12 I'pacur 0.0061 950 163

RT: 057 -28.94
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Puc. 2: XpomaTorpamma o6pa3sia, moayIeHHoro 6e3 KaTaJan3aTopa B 00beMHOM COOTHOIIEHUN MEXKTy AIleTUICHOM
u reauem 1:1.

CaXKM PaCTeT, TaK KAK BCE XUMHYECKHE PEAKIIMH IIPOTEKAIOT OBICTPEe, B TOM UHCJE PEAKIINU, BeIyliue K 00-
Pa30BaHUIO caXXu. B TO »Ke BpeMsi B OTCYTCTBHE KaTaju3aTopa HabJIIOMAeTCsl CHUYKEHHME CeJIeKTUBHOCTU 110 AY
C POCTOM TEMIIEPATYPHI, YTO yKa3bIBAET Ha YCKOPEHMe HeCeJIeKTUBHBIX IIPOIeccOB caxkeobpasoBanusi. [Ipu mobas-
JIEHUU KaTaJIM3aTOPOB 00Pa30BaHKe CayKy CTAJIO 3aMETHO II0JIaBJIeHO, a Macca AY CyIecTBeHHO yBemumiach. [Ipu
nmobasnennn katamusatopa SiC HabIIOMAeTCS CHIZKEHne KoaBepenn aneruiena 10 20% m 0IHOBpEMEHHOE yBeJIn-
genne cenekTuBHOCTH 10 AY 10 20%. CxoKme pe3ysbTaThl MOJYyYalOTCS U B CJIydae NCIIONIb30BaHus IrpaduTa Kak
Karaju3aropa. B ciydyae amopdHOro yriiepoja B Ka4eCTBE KaTAJIM3aToOpa HADJII0AAeTCsl 3SHAUNTEIbHOE YBeTMIeHNe
Koupepcun anerusiena 10 40% u cesekrusnoctu o AY 10 35%. Amopdublit yriaepos obaagaeT 60bIION yaeabHO
[MOBEPXHOCTHIO, MOPUCTOCTHIO U PA3BUTOM CTPYKTYPOii, uTo crocobeTByeT 3¢hPeKTUBHOIN aIcopOIUN alleTU/IeHa U
Guraronpugarcreyer peakiuu IITM (peakius 3eanHCKOro). DTUM U MOKHO OObACHUTD IOBBIIEHHYIO aKTUBHOCTD
IaHHOTO KaTajamsaropa. OTMETHM, 9TO IPH TMOBBINIEHAN TEMIIEPATYPHI B IPUCYTCTBUAE KATAIN3ATOPOB MACCA CAXKH
¥ KOHBEPCHUsI alleTUJIEHA, B IIEJIOM, PACTYT, a CeJIEKTUBHOCTD IO AY HAXOIUTCS MPUMEPHO HA OJTHOM YPOBHE.
Taxkum o6pasom, Bee paccMorpentbie Marepuadinl (SiC, rpadut, aMopdHBIH yrIepos) NPOsSBUIN CBOKO KaTa-
JINTUIECKYI0 aKTUBHOCThL B cuHTe3e AY (B 9acTHOCTH, GEH30/1a) NPU KOHBEPCUH AIETUJIEHA. DTO O3HAYAET, UTO
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Tabauna 2: CojepKaHne KOMIIOHEHTOB B 006pa3ile, XpoMaTorpaMMa KOTOPOI'o IMOKa3aHa Ha puc. 2.

Bpewms, mun | ILnomans muka, % Kowmmonent
0.68 42.14 GeH30J1
1.06 8.81 TOJIYOJT
1.85 1.57 STHIOEH30JI
1.95 2.71 KCHJIOJI
2.06 8.93 denntaneTuacH
2.26 8.28 CTUPOJI
2.28 3.71 KCIJIOJ
3.38 0.20 METHJICTUPOJT
6.18 16.6 1-denmanpormu
8.02 0.6 CioHjp-1
8.11 1.18 C1oH10-2
8.46 5.26 nadraana
9.92 CJIeTbI MeTH/THA(M TATUH
15.99 CJIeJTBI TIpeH
16.89 CJIeTbI METHUJITUPEH
17.61 cJIe bl MUpeH-c2

Tabauna 3: PesymapraThl rpaBUMeTPUYECKUX U3MEPEHUIA.

Karanmusarop Macca Macca | Macca Kousepcus CeJleKTUBHOCTD

IpoIyIieHHoro | caxku, . | AY, r. | amernnena, % no AY, %
areTuIeHa, I.

1 Bes kar-pa 0.192 0.033 0.0009 17.7% 2.7%

2 Bes kat-pa 0.175 0.055 0.0011 32.2% 1.9%

3 Bes kar-pa 0.181 0.058 0.0007 32.3% 1.2%

4 SiC 0.184 0.021 0.0056 14.7% 20.8%

5 SiC 0.185 0.031 | 0.0081 21.2% 20.7%

6 SiC 0.193 0.029 0.0094 20.1% 24.2%

7 | Amopdusrit yriepos, 0.199 0.041 0.0177 29.3% 30.4%

8 | Amopdusrit yriepo 0.205 0.047 0.0239 34.4% 33.9%

9 | Amopdusbrit yriepo 0.215 0.057 0.0311 41.2% 35.1%

10 I'padur 0.186 0.022 0.0065 15.2% 23.0%

11 I'padpur 0.191 0.036 0.0088 23.3% 19.8%

12 I'padur 0.196 0.038 0.0101 24.6% 21.0%

ccopMUpOBaBIIHECsT B TEPBYIO 0Y€peb TBEpble YaCTUIbI B 060s04ukax 3Be37 ABI' Moryr BeICTymATH B poJin
MEPBUYHBIX KATAJIU3aTOPOB, HHUIIMAPYST CUHTE3 MEPBOT0 apOMATHIECKOrO KOJIbIa. Bojiee TOro, MOXKHO TIPE/IIT0JI0-
JKUTh BO3MOYKHOCTDH TIPOTEKAHNS aBTOKATAJIUTHIECKOIO MEXAHU3MAa: TI0 Mepe 0Opa30BaHUsl MOJUIUKInIecKne AY
caMi MOTYT CTaHOBUTBCs IeHTpaMu ajcopbuun n nocsesyomeit IITM anerwmiena. B srom cityuae moBepxHOCTD
PACTyIIUX MOJUIUKInIeCKHX AY Oeper Ha cebsi (DYHKIMIO KATAJM3aTOPa, 9TO CIHOCOOCTBYET JIABHHOOOPA3HOMY
HApaCTAHUIO UX KOJMYECTBA U pa3MepoB. Takoil MeXaHU3M COIVIACYETCs ¢ TOBCEMECTHON PacIpOCTPAHEHHOCTHIO
noymrukandeckux AY B M3C u MOXkKeT 00bICHUTD BBICOKYIO 3(hhEKTUBHOCTD UX 0OpA30BAHUS B MOJEJISIX, VIU-
TBHIBAIOIIX Te€TEPOTeHHBbIE peakIuu [5].

IlobaBuM, 9TO B 30HE KOHJEHCAIIMU TIBLIN B 00oJoukax 3Be3; ABI' mblieBble 9acTHUIbI IPE/IIOIOKUATETHHO
uMeroT aMopdHYI0 cTpyKTypy. CoriacHo HaIUM pe3yabTaraMm aMOpdHBIT yriepo 0b1agaeT HanOoIbINeil aKTHB-
HOCTBIO CPEJIN PACCMOTPEHHBIX MATEPUAJIOB, CJIEJIOBATEIBHO, cHHTE3 AY Ha MBUIEBBIX YaCTUIAX JOJKEH IIPOUCXO-
JINTh WHTEHCUBHO.

CTouT OTMETUTH, 9TO JTADOPATOPHBIE YCAOBUS B HAINUX IKCIEPUMEHTAX HE UJICHTUIHBI YCIOBUIM B PEATbHBIX
obbekTax — B obosioukax 3Be37 ABI. OcHOBHBIE yC/IOBHsI, KOTOpPble HEOOXOMMO BOCIPOM3BECTH, — 3TO 3HAUE-
HUsI TEMIIEPATYPhI U JIABJIEHUsI, & TAKXKe COCTAB ChIPhEBBIX I'a30B. YCTAHOBJIEHHBIE HAMU [apaMeTPhl HAXO/IUJINCH
Ha II€PeceYeHnN TEeXHUYEeCKUX SKCIIEPUMEHTAJIbHBIX BO3MOXKHOCTEN, JOCTYIHBIX B 1leHTpe mepCrieKTUBHBIX KaTa-
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Puc. 4: KonBepcusi anerniena (cBeT/ible TOHA) M celdeKTHBHOCTH mo AY (Temuble ToHa). IlBera Te ke, Uro
" Ha puC. 3.

Jmrrdeckux rexuojoruit Mucruryra opranndeckoit xumun PAH, u dusmaeckux yemosuit B obomoukax 3se31 ABT
OIIEHMBAEMBIM TI0 aCTPOHOMUYIECKUM HabJtoieHnsM. B 30He 06pa3oBaHus NbLIA U APOMATHIECKIX MOJIEKYJT B 000-
noukax 3se3s ABIT amanason yciosmit 10BOJIBHO MIMPOK: MaBiaerne — ot ~ 1 g0 ~ 10710 arm, Temmeparypa —
or ~ 1700 10 ~ 500°C, OCHOBHBIM KOMITOHEHTOM I'a3a sIBJISIETCsI MOJIEKYJIa Bojopoaa Ho, BTOpOIl 10 comep:kaHuio
sipyisiercst Mosiekyaa CO (~ 10~* mosexyn CO ma 1 mMosexymy Hs), u Tperbeit — Mosiekysia anerunena (~ 1075
mosekysn CoHy ma 1 mostekyiy Ho).

ABCoToTHO TOYHOE BOCIIPOU3BE/IEHIE YCI0BHIA B 060/10uKe 3837161 ABI' Ha nMmeromemcst 060pyI0BaHIY HEBO3-
MOXKHO W B JIAHHOM cJIydae HelejecooOpasno. Hy»KHO npuHUMAaTh BO BHUMaHUE TO, YTO B ACTPOHOMHUYECKUX MacC-
mrabax MPOIECChl MPOTEKAIOT Ha OOJIBITNX BPEMEHHBIX [TPOMEXKYTKAX, COOTBETCTBEHHO, B JIADOPATOPUH HE MOTYT
OBITH IIOJIHOCTHIO BOCIIPOM3BEEHBI. B j1a00paTOPHON aCTPOXUMUMN YCJIOBUS MPAKTUYECKH BCET/Ia 3aBEJIOMO OTJIU-
YaroTCsl OT YCJOBUH B PEANBHBIX KOCMUYIECKUX OObekTax. CUUTaeTcs, ITO Pe3yabTAaThl SKCIEPUMEHTOB MOYKHO
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MPUMEHATH B ACTPOXUMUU, €CJI €CTh YBEPEHHOCTh B TOM, YTO CaM IIPOIECC MPOTEKAET OJUHAKOBO IPH PA3HBIX
YCJIOBUSIX W Pa3/IMdiie BOSHUKAET TOJIBKO B IPOJIOJIKUTEILHOCTHU [TOJIyYeHUS] PE3YIIHTATA.

B nammewm cityuae HanboJiee 3aTpyIHUTEBHBIM IIPEJICTABIISIETCS] BOCIIPOU3BEIEHIE HU3KOIO JIABJIEHUs M HU3KOA
KOHIIEHTPAIIUH alleTujieHa. B ciiyuae JIocTUKeHus TpebyeMbIX apaMeTPOB IJINTEJIbHOCTb SKCIIEPUMEHTA IIPEBBICH-
Jia Obl Pa3yMHBIE [IPEJEJIbI, IOITOMY MbI IIPOBOJIUIIM IKCIEPUMEHTHI IIPU aTMOCHEPHOM JABJIeHUN (MAKCUMAJIHHO
JocTuraeMoe 3Hadenne B 0bosoukax 3se3q ABIY), HO cHU3WIN 3HAYEHNE NAPIUATIBHOTO JaBJICHNs AlleTUIeHA B Pe-
aKTOpe, 3aII0JIHEHHOM JI0 1 aT™M MHEPTHBIM ra3oM. Mbl yCTaAHOBHUJIM, 9TO IIPU OOBEMHOM COOTHOIIEHUU alleTUJIEHA
K MHEPTHOMY Ta3y, paBHoMY 1:100, IpOIyKTEl 06pa3yroTCst 38 IpreMiIeMoe BpeMsl (OKOJIO TPEX YacoB).

Mpsb1 mojiaraeM, 4TO Te YK€ PeaKIMK IIPOMCXOAT U IPH O0jiee HU3KUX JABJIEHUSX, TaK KaK KaTaJUTHIECKUE
peakiuu o6pazoBanus u pocta AY Ha nmosepxHocTH SiC OBLTH OTCIEKEHBI IKCIEPUMEHTAJIBHO PAHee TIPU CBEPXHU3-
koM BaxkyyMme (1078 atm) B pabote [12]|. B nameit paboTe MBI aKIeHTHPyeM BHUMAHUE Ha H3ydeHnn 3K THBHOCTI
MPOTEKAHUST KATAJIUTHIECKUX PEAKIUi, & He Ha yCTaHOBJeHUN (haKTa X MpoTeKanus. [Ipu MOHMKeHNN TaBIeHUsT
pPe3yIbTaThl U3MEHSATCS KOJIMYECTBEHHO, OJIHAKO KadeCTBEHHBbIE BHIBOJBI O MexaHn3Me U 3(Pp(PEeKTUBHOCTUA KaTajIu-
THUYECKUX PEAKIUil COXPAHSATCH.

5. 3akJirodyeHue

B manHoii paboTe IPOBeIeHO SKCIIEPUMEHTAIbHOE UCCIE0BAHNE KATAJIATHIECKON aKTUBHOCTH ACTPOMUIUIECKH Pe-
JieBaHTHBIX MaTepuajioB (SiC, rpadura u amopdHoro yriepoa) B 06pa3soBaHUU APOMATUIECKUX MOJIEKYJI, B 9aCT-
HOCTH, Oer3os1a. KITIoueBbIM 3/1EMEHTOM SKCIIEPUMEHTAIBHON YCTAHOBKY SBJISJICH MUPOJTUTUIECKUI PEAKTOD, B KO-
TOPBIH [T0/IaBAJIACH TA30BasI CMECh AIETUJIEHA U TeJIis. DKCIEPUMEHTHI IPOBOIUINCH IIPU ATMOCHEPHOM TaBJICHAN
u Tremueparypax 750, 850 u 950°C. Mero1o0M IrpaBUMETPUIECKOIO aHAJIN3a OIIPEJIeIeHbl MAaCCOBbIE BBIXO/IbI OCHOB-
HBIX [IPOJIYKTOB IUPOJIK3A.

[Tosygyermbie pe3yIbTATHI CBUIETEIHCTBYIOT O CYIIECTBEHHOM BJINSHAN KATAJIN3aTOPOB HA XOJT IIpoIecca. ycra-
HOBJICHO, YTO B IIPUCYTCTBUM UCCIIEIYEMbIX MATEPUAJIOB BBIXOJ cazku (II0O0UHOIO IPOIYKTa) MojaBsercd B 1.5-2
pa3a 110 Macce, TOTJa KaK CeJIEKTUBHOCTD 110 11e1eBoMy IpoAyKTy (AY) Bospacraer ¢ 1-2% (B HeKaTaIUTUIECKOM
nporecce) 10 35%. ITokazano, uro nosbimerne Temieparypst or 750 10 950°C 0xKumaeMo IPUBOJUT K yBeJIHIe-
HUIO abCOJIFOTHON MacChl 00Pa3yIoIIeiicst Cayky, OJHAKO CEJIEKTUBHOCTD 110 AY oCTaeTcsi Ipu 3TOM IPAKTHIECKU
HEU3MEHHOI.

Taxmm 00pazoM, IKCIEPUMEHTAIBHO TOATBEPKIeH Karaantudeckuit adpdekt SiC, rpadura u amopdHOro yr-
Jlepojia B peakiusix kouepcun arerumiena B AY. Tlo cBoeit 9¢bheKTUBHOCTH TaHHBIE MATEPUAJIBI YCTYTIAIOT U3BECT-
HBIM KaTaJIM3aTOPaM, TAaKUM KaK HaJuia uil uian cepebpo. Tem He MeHee, ux npucyrcrBue B obosioukax 3pes ABI
[IO3BOJISET IIPEJIIOJIOKUTE, YTO OHM MOTYT BHOCHTH 3HAYMMbIA BKJIAJ B XUMHYECKYIO SBOJIIOIUI YIJIEBOIOPOIOB
B 9THX O00'bEKTaX, BBICTYIIAasl B POJIM €CTECTBEHHBIX KATAJIM3aTOPOB.
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