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Kupunenxo 1. 1. YucenbHe MOJICITIOBAaHHS IWHAMIYHOI €BOJIONIT MajuX TiJI
Consunoi cuctemu. — KpamidikaiiitHa HayKoBa mparis Ha IpaBax pyKOIHUCY.

Huceprariist Ha 3700yTTA CTyneHs 1okTopa (igocodii 3a crerianpHicTiO 104 Di3nka
ta acTtpoHoMis (['amy3p 3Hanp 10 IlpupogHuui Hayku). — XapKiBCHKHIA
HalioHabHUM yHiBepcuTeT iMeH1 B. H. Kapaszina MinicTepcTBa OCBITH 1 HayKu
VYkpainu, Xapkis, 2025.

Jucepmayis npucesauena BUBYCHHIO TUHAMIYHOI €BOIONITI BUOpAHUX T'PYIl MajuX
Tin COHSYHOI CHCTEMH 3a JIOTIOMOTOI0 YHCEIBHUX MOJICTIOBaHb. JlOCHiKEHHS
COpsIMOBaHI Ha BHBYEHHS OpOITaIbHOrO pyxy acrepoimiB ['oloBHOTO mnoscy,
acTepoiiB, 110 HAOMMXKAIOThCS 10 3€Mill, Ta METEOPOiJIB 3 METOI aHalli3y iX
€BOJIIONIT Ta MOIIYKY TUT 31 CIUIBHUM MOXOMKEHHSIM. PyX IIUX T BUBYAETHCS 3
ypaxyBaHHSAM TpaBiTaliiHoro BBy COHIIS 1 TUTAHET Ta HETpaBITALlIMHUX CHII,
Takux sk epext SApkoBcbkoro ta AOPII-edekr, 1110 1ae 3MOry 3HaXOAUTH acolliaii
JMHAMIYHO TIOB’SI3aHUX aCTEPOIiB 1 BU3HAUATH JHKEpelia 1X OXOKEHHS, a TAKOX
HaJIHHO BUSBIATH IOTEHIIINHO HEOEe3MeuHl Tijda IS OLIHKU CTYIEHS iXHbBOI
3arpo3u Jijist 3eMJii Ta po3poOKH METO1B 3an00iraHHs Takiil HeOe3nerl.

UucenbHe MOJENIOBaHHS € OJHUM 13 TOJOBHMX IHCTPYMEHTIB I aHai3y
TPAEKTOPIA Ta MPOTHO3YBAHHS JOBrOTPUBANIOi €BOJIONIT Manux Ti1 COHSYHOI
cucteMu. BUKOpHUCTaHHS 4YUCEIBHUX METOJIB JO03BOJISIE PO3B’SA3yBaTH PIBHIHHS
pYyXy IIUX 00’€KTIB, sIK1, 3 OTJISIAY Ha HEJIIHIMHUM XapakTep B3a€MOJIIN Ta MOKIIUBY
YYTJIUBICTH JI0 TOYATKOBUX YMOB, BAXKKO a00 HEMOKJIUBO AOCIIIUTA aHATITHYHUMHU
METO/IaMH, 1110 POOUTH YHCEJIbHI METOJIM OCHOBHUM 1HCTPYMEHTOM JTOCIIIPKEHHS Y
JaH1i poOoTi.

Xia nucepTaiiitHoi poOOTH BUCBITIIOETHCS B 4 po3/iyiax

Y nepwiomy po30ini TpencTaBICHO OIJIAN JiTepaTypHuX kepen. OmnucaHo
nonyssuii Manux Tl COHSYHOI cUCTEMH, (DI3UYHI XapaKTEPUCTHKU ACTEPOIAiB,
rpaBiTaliiHl Ta HerpaBiTalliiHl edekTH, 1o Al0Th Ha Mail Tita. Po3rasHyTo
METOJM 1 HasBHI pe3yJIbTaTH MOLIYKY acolialii MDK TUIaMHU: MpOaHasi30BaHO
METOJ JTOCIIIJKEHHSI acTEpOiHUX TMap, 30KpeMa KputTepii BiIOOpY KaHIUAATIB,
METO/M BU3HAYCHHS BIKY Ta MeXaHi3Mu (HOPMYBaHHS aCTEPOIMHHX Tap; HABEJECHO
crocoObu Ta pe3ynbTaTH JIOCTIIPKEHHS acollaliii METEOpOiliB 13 MOXKIUBUMU
0aTbKIBCHKUMH TiJIaMHU.

VY opyzomy po3dini nucepTaliii MpeICTaBICHO Pe3yJbTaTH BIACHOTO MOITYKY HOBUX
acTepOiHUX Map y BHYTPIIIHIA 4yacTuHi ['onoBHOro mosicy. OnucaHo METOIUKY
MONIYKYy TMap, SKa BKIIOYAE BiIOIp KaHAWAATIB 3a IXHIMH OpOITaTbHUMU
eJIEMEHTaMH, CTATUCTUYHY OIIHKY IXHBOI 3HAYYIIOCTI Ta YUCEIbHE 1HTETPyBaHHS
OpOIT acTepOiNiB 3 ypaXyBaHHIM MOKJIUBUX MOXHUOOK B OpOITATbHUX €JIEMEHTAX.



BepudikoBano MeToauky Ha BHOIpIi Tap 13 BIJIOMHM BIKOM (opMyBaHHSI.
[IpencraBieno 50 Bmepie BUSBICHUX aCTEPOiTHUX Map Ta MPOaHAII30BAHO iXHI
JUHaMI4HI Ta (i3U4yH1 XapakTepucTuku. [IpogeMoHCTpoBaHO BIUIMB IpaBiTaIlIiHOI
B3a€MO/IIl Ha JUHAMIYHY €BOJIOLII0 OKPEMOi acTepOiqHOI mapu. 3HaWIeHO HOBUM
acTepOiMHUI KIacTep Ta MPOAHATI30BaHO HOTO XapaKTEPUCTUKH.

Y mpemvomy po3Oini AucepTallii HaBEICHO pe3yNbTaTh POOOTH 3 BHU3HAYCHHS
JUKEpeIl OXO/KEHHSI OKpeMHUX MeTeopoiniB. [IpeacTaBieHo MeTou i pe3yibraTtu
BUKOPUCTAaHHS 1HCTPYMEHTAIBHUX CTIOCTEPEKEHD SBHINA OO0iIa NI BU3HAYCHHS
TPaeKTOPIi pyXy MeTeopoina B arMmocdepi, a BIATaK — 1 HOro goatMocepHoi OpOiTH.
OpOity MeTeopoina NpOMOAEIbOBAHO B MUHYJIE JJIsl MONIYKY WMOBIPHUX JIKEpeE
HOro moxXoKeHHs, TICHUX 30JMKEHb 3 TUIAHETAMU ¥ MOXJIMBOI CIIOPITHEHOCTI 3
BUOpaHUMU acTepoigamu. Bigbip acTepoiiB MpoBeACHO 32 KPUTEPISIMU OJIM3BKOCTI
70 OpOITH MeTeopoina 3a BIJICTAHHIO Y MPOCTOP1 OpOiTalbHUX €JIEMEHTIB Ta 3a
napamerpoM Ticcepana. Iligxigx BUKOpUCTAaHO JJIi JBOX  METEOPOiiB:
OarbKiBChbKOTO TU1a Meteoputa Ananex (07.11.2020) ta Tina, 1m0 CIPUYUHUIO TaK
3BaHUM KuiBChKUil 0017 (19.04.2023). HaBeieHO CTATUCTUYHI OI[IHKK TMOBIPHOTO
JoKepelia TOXOKeHHsT MeTeopoiniB y ['onoBHOMY mosici actepoiniB. [IpoBeneHo
MOPIBHSIHHS BHU3HAYEHUX OpOIT METEOpOiliB 13 MOMYJAIIE€I0 HAaBKOJIO3EMHHUX
acTepoiliB Ta 3 BIAOMUMH OpOITAMH 1HIIMX METEOPOiIB, 0 MPU3BENIN 0 MMaIIHHS
METEOPHUTIB.

Y uemseepmomy po3dini AWcepTaiii TPEACTABICHO pPe3ylbTaTH TOCIiIKEHHS
JUHAMIYHOI eBOIFOIIT OKpeMuX Manux Tia COHSYHOI cucTeMmu. J[s mMOTEHIIMHO
HeOe3neyHoro actepoiga (153201) 2000 WO107 po3paxoBaHO WMOBIPHOCTI HOTo
TICHUX 30JIMDKEHD 13 3eMJICIO Ta THIIMMU IUIAHETaMU B MUHYJIOMY Ta MailOyTHEOMY,
JUISL 90TO0 BHKOPHUCTAHO MOJENb eekTy SIpKOBCHKOTO 3 ypaxyBaHHAM (QopMu U
T'YCTHHHU acTepoina, mo OyJau yTOYHEHI 3a pe3yIbTaTaMH BIACHOTO aHaJli3y KPUBHX
omacky.  IIpoBemeHo  ymcenabHE  MOJCIIOBAaHHS ~ OpOITAlbHOI  €BOJIIOMIT
HaBKkos03eMHuX actepoiiB (3200) Phaethon ta 2005 UD, 3a sikumu miATBEPAKEHO
CIOPITHEHICTh 1XHIX OpOIT, 0 BKAa3y€ Ha MOXKJIMBHUMA €BOJIIOIINHUN 3B’SI30K MK
UMHU actepoigamu. JlociimKkeHo 3amady BiIXWUJICHHS TMOTEHIIMHO HEOEe3MeyHOoro
acTepoija Ta 3HAMIEHO ONTUMAIbHUI HANPSIM 1 MIHIMAQJIbHY BEJIMYMHY 30ypEHHS B
3aJIe)KHOCTI BiJ] 4Yacy J0 31TKHEHHS.

["on0BH1 HAyKOBI pe3yJIbTaTH, 0 Oy OTPUMAaHI B pOOOTI.

1. TIpoBeneHo BUYEpITHE TOCTIIKEHHS BHYTPIIIHbOI YaCTUHU [ 0JI0BHOTO MosACY
acTEepOiliB Ha HASABHICTH paHillle HEBIAOMUX acTEPOITHHUX Map i3 (Ha30BOIO
BIJICTAaHHIO MK KomroHeHTamu d < 25 m/c. Y pe3ynbTaTi aHali3y BUSBICHO
50 noBux acrepoimHux mnap. OiuiHeHUH BIK (QOpPMYBaHHSA BIAKPUTHX Map
3HAaXOJUTHCS B MEXKax BiA 2 TUC. A0 | MIIH pOKIB.



2. BusiBiaeHo o/HY 3 HAWMOJIOAIIMX 32 BIKOM acTEPOiTHUX Tap 1 Ha 11 mpUKIIaIl
3allpOIIOHOBAHO W OOIPYHTOBAHO BpaxyBaHHS B3a€EMHOTO TpaBITAIlifHOTO
BIUIUBY KOMIIOHCHT JUISl YTOYHCHHS JUHAMIYHOI €BOJIIOIII MOJIOIUX
acTEepOITHUX map.

3. BusiBiaeHO HOBHI acTepoOiTHUN KJacTep Y BHYTPIIIHIA YacTUHI ['0J0BHOTO
MosICy, IO CKJIAJA€ThCS 13 BOCBMHU acCTEpOifiB, 3 BIKOM (OpMyBaHHS,
orineHuM y 70 — 100 Tuc. pokiB.

4. BuznaueHo opOiTaibHI apaMeTpH MEPIIOTo 3aJi3HOTO METEOpUTa, MadIHHS
AKoro Oyino 1HCTpyMeHTaidbHO 3adikcoBaHo B 2020 p. y CkaHauHaBIi.
[IpoBeneHO po3paxyHOK AWHAMIYHOI EBOJIIOII MeETeopoiga Ta TMOIIyK
MO>KJIMBUX OaThKIBCHKHMX TiJ1 MPOTATOM | MIIH pokiB y MunyJje. [lokazaHo,
0 METEOpOiJ MOTPanuB 13 BHYTPIIIHHOI YACTUHU [ OJOBHOrO MOSICY [0
HABKOJIO3€EMHOI'0 TMPOCTOPY SIK CaMOCTIMHE TIJIO Yepe3 pE30HaHC Ve 13
CarypuoM (89%) abo pezonanc 3a cepeauiMm pyxom 3:1 3 FOmitepom (10%).

5. Bnepuie Bu3HaueHO QopMy, TYCTHHY 1 MapaMeTpu OO€pTaHHSA MOTEHIIITHO
HEOE3MeYHOTr0 KOHTaKTHO-MO/IBiiHOTO actepoina (153201) 2000 WO107 3a
JaHUMHU (DOTOMETPUYHUX 1 palapHUX CIIOCTEPEXEHb B ono3uilito 2020 poky.
Actepoin Moke MaTu BeNUKUN BMICT MeTany. [lokasaHo, 1m0 IuHaMidHa
€BOJIIOLIISL acTepOifla BU3HAYAETHCA HOr0 BUCOKOEKCIIEHTPUUHOK OpOITOIO 1
B3a€EMOJIIEI0 3 IIJJAHETaMU 3€MHOI TpPyHH, 1 3 TOYKH 30py acTepOiIHOT
HeOe3MeKu JaHuil 00’ €KT He Hece 3arpo3u st 3eMil B HaOmmk4i 10 tucsy
POKIB.

6. 3a pe3ynpraTaMyd YHUCEIBHUX MOJCITIOBaHb IMATBEP/KEHO CIOPITHEHICTD
opOiT HaBKos03eMHUX acTepoiniB (3200) Phaethon ta 2005 UD, mo Bkazye
Ha MOYKJIMBUM €BOJIFOIIMHUI 3B’ SI30K MK ITUMH aCTEPOiTaMH.

7. Bu3HaueHO ONTUMAJILHUI HAMpPSMOK 1 HEOOXIIHY BEJIMUUHY 30ypEeHHS st
BIIXWJICHHSI OpOITH HEOE3MEYHOro acTepoifa Ta iX 3aJIeXKHICTh BiJl 4acy 0
MOMEHTY 31TKHEHHSI 3a pe3yJIbTaTaMu MOJIEIHHOTO EeKCIIEPUMEHTY.

Kiaw4yoBi cioBa: nuHamMidyHa €BOJIIOIIS, YHCEIbHE MOJCIIOBAHHS, acTEPOilH,
METEOpOiar, acTEepOoigHI TapH, acTEepPOigHl KIAaCcTEepH, IOTCHIINHO HebOe3meuH1
acTepoigu



ABSTRACT

Kyrylenko I.I. Numerical simulations of the dynamic evolution of small bodies of
the Solar system. — Qualification scholarly paper: a manuscript.

Thesis submitted for obtaining the Doctor of Philosophy degree in Natural Sciences,
Speciality 104 Physics and Astronomy (10 Natural Sciences). — V. N. Karazin
Kharkiv National University, Ministry of Education and Science of Ukraine,
Kharkiv, 2025.

The thesis is devoted to the investigation of the dynamical evolution of selected
groups of small bodies of the Solar System using numerical simulations. The
research focuses on the orbital evolution of Main Belt asteroids, near-Earth
asteroids, and meteoroids to analyze their dynamical history and identify bodies of
common origin. The motion of these objects is studied under the combined influence
of solar and planetary gravity, as well as non-gravitational forces such as the
Yarkovsky and YORP effects. These mechanisms enable the identification of
dynamically associated asteroid pairs and clusters and the determination of their
potential source regions. In the context of the global problem of asteroid hazard, the
research also contributes to the reliable identification of potentially hazardous
objects, which is essential for risk assessment and the development of mitigation
strategies.

Numerical modeling is one of the primary tools for analyzing trajectories and
forecasting the long-term evolution of small Solar System bodies. The application
of numerical integration methods allows one to solve the equations of motion of
these bodies, whose complex and often chaotic dynamics are difficult or impossible
to treat analytically due to nonlinearities and sensitivity to initial conditions. For this
reason, numerical methods are the main methodological approach employed in this
dissertation.

The progress of the dissertation work is covered in four sections.

In the first chapter, a review of the literature is provided. It presents an overview of
the populations of small bodies in the Solar System, their orbital and physical
characteristics, as well as the gravitational and non-gravitational effects influencing
their dynamical evolution. The chapter also examines the methods and studies
dedicated to identifying associations among these bodies. Particular attention is
given to the investigation of asteroid pairs, including the criteria for candidate
selection, age determination techniques, and the mechanisms responsible for pair
formation. Additionally, it outlines the approaches and findings related to the
identification of associations between meteoroids and their potential parent bodies.



The second chapter of the dissertation presents the results of the study of asteroid
pairs in the inner part of the Main Belt. The methodology includes the selection of
candidate pairs based on their orbital elements, a statistical assessment of their
significance, and numerical orbit integration that accounts for uncertainties in the
orbital parameters. The approach was validated using a test sample of known
asteroid pairs with previously determined formation ages. A total of 50 newly
identified asteroid pairs are presented, along with an analysis of their dynamical and
physical properties. The influence of mutual gravitational interactions on the
dynamical evolution of an individual asteroid pair is demonstrated. Additionally, a
new asteroid cluster has been discovered, and its properties are examined in detail.

The third chapter of the dissertation presents the results of the work on identifying
the source regions of individual meteoroids. It describes the methods and outcomes
of utilizing instrumental observations of fireballs to reconstruct their atmospheric
trajectories and their pre-atmospheric heliocentric orbits. The orbits were
numerically integrated backward in time to search for potential source regions, close
planetary encounters, and possible dynamical associations with selected asteroids.
Candidate asteroids were selected based on proximity in orbital element space and
similarity in Tisserand parameters. This approach was applied to the Adalen
meteorite event (07 November 2020) and the Kyiv fireball (19 April 2023).
Statistical estimates of the likely origin of these meteoroids in the Main Asteroid
Belt are presented. The derived meteoroid orbits are compared with the population
of near-Earth asteroids and with other known meteoroid orbits associated with
meteorite falls.

In the fourth chapter of the dissertation, the results of the investigation into the
dynamical evolution of selected small bodies of the Solar System are presented. For
the potentially hazardous asteroid (153201) 2000 WO107, the probabilities of close
encounters with Earth and other planets, both in the past and future, were computed
using a Yarkovsky effect model that incorporates the asteroid’s shape and density,
refined through the analysis of light curves. Numerical simulations confirmed the
orbital association between the near-Earth asteroids (3200) Phaethon and 2005 UD,
suggesting a possible evolutionary relationship between these objects. Additionally,
the problem of deflecting a potentially hazardous asteroid was examined, and the
optimal deflection direction and minimum required perturbation were determined as
functions of the time remaining before a possible impact.

The main scientific results obtained in the work are as follows.

1. A comprehensive investigation of the inner region of the Main Asteroid Belt
was conducted to identify previously unknown asteroid pairs with phase-
space distances of d <25 m/s. As a result of the analysis, 50 new asteroid pairs
were discovered. The estimated formation ages of these pairs range from
2,000 to 1 million years.



2. One of the youngest known asteroid pairs was identified. Based on this case,
the inclusion of mutual gravitational interactions between components was
proposed and substantiated as a necessary factor in refining the dynamical
evolution of young asteroid pairs.

3. A new asteroid cluster consisting of eight members was discovered in the
inner Main Belt, with an estimated formation age of 70 — 100 thousand years.

4. The orbital parameters of the first iron meteorite with a documented fall
observed instrumentally (in 2020 over Scandinavia) were determined. A
backward numerical integration of the meteoroid’s orbit over 1 million years
was carried out to search for potential parent bodies. The results show that the
meteoroid likely entered near-Earth space from the inner Main Belt either via
the vs secular resonance with Saturn (89%) or the 3:1 mean-motion resonance
with Jupiter (10%).

5. For the first time, the shape, density, and rotational parameters of the
potentially hazardous contact-binary asteroid (153201) 2000 WO107 were
determined using photometric and radar observations during its 2020
opposition. The asteroid appears to contain a significant metallic component.
It was shown that the asteroid's dynamical evolution is governed by its highly
elongated orbit and interactions with terrestrial planets, and that it poses no
threat to Earth over the next 10,000 years.

6. Based on the results of numerical simulations, the orbital similarity between
the near-Earth asteroids (3200) Phaethon and 2005 UD has been confirmed,
indicating a possible evolutionary relationship between these objects.

7. A model experiment on the deflection of a potentially hazardous asteroid was
carried out. The optimal direction and minimum required perturbation for
deflection were determined, along with their dependence on the time
remaining before a potential impact.

Keywords: dynamics, numerical modeling, asteroids, meteoroids, asteroid pairs,
asteroid clusters, potentially hazardous asteroids



