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KinemaTnani jgoc/iKeHHsT 31POK COHSIHOI OKOJIMIN Tmodasncs 250 poxis
TOMYy. 3 TOIO Yacy KUIBKICTb 1 SIKICTh aCTPOMETPUUHHMX JaHUX 0araTropasoBo
3pocJia, 0yJI0 PO3POOIEHO Psiji METOJIIB JOCIIP)KeHHST KIHEeMAaTUKH 31POK, BU/ILJIEH]
CTPYKTYPpHI ckJiagoBi [amakTuku i ocobauBocTi x pyxy. OHaK goTenep iCHYIOTh
HEe JIOCTATHBO JOCJIIJ>KeHI 1pobJieMu, TOB’si3aHl 3 TOYHICTIO BU3HAYEHHST TAKUX
napaMerpiB K rajakToleHTpuuHa BijicTanb COHIA, MBUJIKICTD PYXY JOKAJIHLHOIO
crangapry crnokowo (JICC), mBuikicrb obepraHHs 31pOK PISHUX IMiJCHCTEM
COHSIUHOI OKOJIMIII HaBKOJIO TeHTpa lamakTuku Vi, dpopma KpuBoi obepTaHHS
laynakruku, Ta inmi. TodHicTh BU3HAUYEHHS BCIX IUX [TapaMeTPiB BILIMBAE Ha
PO3YMIHHS CTPYKTYPH Ta eBoJjionii [ajakTuku, ooy 0By 11 JUHAMIYHOT MOJIET.

CyuacHl acTpoMerpudHi KaTaJOru, 110 MICTATH JaHl JiJIsi COTeHb MIJIbAOHIB
3IpOK, JaIOTh MOXKJIUBICTDH JIETAJbHO BUBUYATU KIHEMATHUKY 3IPOK K B COHAUHIN
OKOJIMIIl, TakK 1 3a i1 MexaMu. 3a3BUYail KiHEMATHUUHI JIOCJIJPKEHHsT 31POK
[OJIATAIOTH B OTPUMAaHHI OIIHOK KiHEeMaTHYHUX IapaMerpiB Tiel abo iHIIOl
dbizuanoi mogeni, wanpukiayg, Oopra—Jlingdaana adbo Oroposgrikosa— MitHa
(O-M). Ase umcsmenHi JOCHUDKEHHS TOKA3ylOTh, IO I MOjeJi HE €
HOBHUMM, TOOTO HE BPAXOBYIOTh BCl CUCTEMaTUYHI KOMIIOHEHTH PEaJibHOI'O 110Jist
mBuKocTeil 3ipok. Lo mpobjieMy BJAJIOCS BUPIIIMTH IILJISXOM 3aCTOCYBaHHS
METOJly PO3KJIAJIAHHS 110Jis IIBUAKOCTEH 3IpOK 3a BEKTOPHUMHU CHEPUIHUMHU
byukuisivmu  (BCO), gkuil jae MOXKJIMBICTH JIETEKTYBaTH BCl CHCTEMaTHJHI
CKJIaJIOBl, sKI NpHCYyTHI B pyci 3ipok. OnHak 1 1eit Meroj € HeedeKTUBHUM,
KOJIM HEOOX1JTHO JIOCJIIJI>KYBATH KIHEMATHUKY 31POK, 110 3aiiMai0OTh HE BCIO HEDECHY

chepy, a mesaky obsacth Ha Hifl. Taka HEOOXIIHICTb BUHUKAE, HAIPUKJIAJ, NPU



JlocsiijipkeHHl epeKTiB, sIKi MaloTh HPOTUJIEKHY CHPSMOBAHICTh B HIBHIYHIN 1
HiBJICHHII rajakTudHux miBcdepax. s jociijizkeHHsl KiHEMaTHKH 3ipoK B
OKpewmiii 3011 BUKopucroByerbesi Meroyl 3ouHux BCO (3BCO).

Ocnosuoto mnpobsiemoro Merojiie BC® 1 3BCO € e, mo, Ha BiJMIHY Bij
napamerpis izuunol Mojesi, ¢pizuuHuil 3micT KoeilieHTIB pPO3KJIaJaHHsd €
HalepeJ HeBiJoMuM, TOOTO IIi MeTOAW Jal0Th MOXKJUBICTHL OTPUMATU TIILKH
dopmaspay MaremaTndHy Mojaeab. Dizmunmit  3MmicT JedKux  KoedillieHTiB
poskiagands 3a BCO 1 3BCO Bpajocss BU3HAYUTH ILJISXOM 3ICTaBJIEHHS 3
napaMerpamu mojesi O —M, Toai 9K npupoja IHIINX KOeMIIIEHTIB 3aJUIIAETHCS
HEsICHOIO. TOMy OJHUM 13 Ba)KJMBUX 3aBJlaHb € BU3HAYeHHsi (DPIZUUHOIO
CeHCY B3HAUYIIUX I[I03aMOJIeJbHUX KoedillieHTiB. ¥ paal  JAOCHaiIKeHb OyJo
MOKA3aHOo, 10 B MOJI MBUJKOCTEN 31pOK, KPIM MOJIEJLHUX MapaMeTpiB, MPUCYTHI
1103aMOJIeJIbHI KOeMIMIEHTH 917 1 S310. Pi3HI aBTOPH MOB s3yIOTH I1i KoedillieHTH
3 HasBHICTIO BEPTUKAJbHOI'O I'PAJIIEHTa IBUJKOCTI 0OepTaHHs 31POK HABKOJIO
mearpa lamaktuku. OguuMm 13 3aBnaHb 1€l poOOTH € IepeBipKa IHOro
HPUITYIIEHHS.

Hobpe Bimomo, 1o [ajakTuka CKIaJa€TbCsd 3 psijly IMJCUCTEM, IO
PO3PIBHSAIOTHCSA BIKOM, T€OMETPIEI0, KIHEMATUKOIO, BMICTOM BaXXKWUX €JIEMEHTIB,
OCK1JIbKM BOHM (POPMYBAJIMCS HA PI3HUX eTallax eBOJIoINil ['ajakTuku. Y COHsIuHik
OKOJIUTl BUJIJIAIOTH IIOHAMMEHIe TPU HJICTPYKTYPH, $SKI MalOTh CUMETPIIO
BIJTHOCHO OCHOBHOI ILJIONMUHK ['aJJaKTUKW: TOHKHUI 1 TOBCTHI JMCKH, a TaKOXK
rajio. Kpim Toro, jesiki JOCIIJIHMKKA BBaXKalOTh, IO ICHYIOE III€ HAJJTOHKMUI
JIUCK 1 BTOPMHHA IIJICKCTEMa TOBCTOIO JKCKA. 31 30LIbIIEHHAM BlJICTaHI Bl
mionpnn [amaktuku |z| vacrka 3ipokK TOHKOro Jcka (Mosioja mijicucrema)
3MEHIIYEThCsA, & 9YacTKa 3iPOK TOBCTOTO JIUCKa (cTapa MijicucTeMa), HABIIAKH,
3pocrae. B pesysibrari HocTy1oBo 301IbIIyeThCs cepe/jiHiii BiK 31pok. Hepes Te, 1110
ITBUJIKICTH 00IT'y 31pOK HABKOJIO IeHTPa ['alak THKY 3aJ1eKUTh BiJl TX BIKY, BAHUKAE
BepTUKAJILHUI TpajienT 0V, [0z, AKuil € HeraTUBHUM B MIBHIUHIH TajakTUIHIN
niBcdepi 1 MO3UTUBHUM B TiBjeHHI 1miBcdepi. Bennunna mporo rpajienra Oyia
OTpUMAaHa B Pl POOIT 3 BUKOPUCTAHHAM JAHUX 3 PIZHUX KaTAJOrIB, 1 1T MOIY/Ib
BapioeThcsd B Jianazoni 20-50 km ¢ rmk T Tomy 111e OJHUM 3aBJAHHSIM POOOTH

€ orpuMaHHs 3HaueHHs OViy/O0z 3a JaHMMHU CydaCHMX KaTajoTiB, a TaKOXK



MOSICHEHHS 1 CUCTEeMaTU3alllsd [[HOI'0 PO3KU/Y 3HAUYEHD.

HesBaxkalounm Ha Te, MO CyJaCHI KaTaJIOTH MalOTh XOPOIIY BHYTPIIIHIO
TOYHICTH BU3HAUEHHSI aCTPOMETPUUYHUX HapaMeTpiB 31POK, BOHU MOXKYTb MaTH
pi3Hi cucTeMaTuuHi MOXUOKK. BHac/IiOK po30izKHOCTI MIXK CHCTEMaMH BJIACHHUX
pyxiB PI3HUX KATAJIOUIB BUHUKAIOTH CHUCTEMATUYHI PO3XOJPKEHHS 3HAYEHD
KiIHEMaTUIHUX ITapaMeTpiB, OTpUMAHUX 3a UMK jJaHuMu. OCKIJIbKH HEMOXKJIMBO
JI3HATUCSI, CUCTEMa SIKOTO KaTaJoTy € «IPaBUJIbHOIO», BUHUKAE PO3KUJ 3HAUCHD
JIETKUX KIHEMaTUIHUX TapaMeTPiB, TKUil MepeBUIIye 10Ol BHYTPINTHIO TOTHICTH
JaHUX KOXKHOTO 3  Karajori. OTpuMaHHs KiHEeMAaTHIHUX IapaMeTpiB 3a
BJIACHUMU PyXaMM 31POK 3 PIZHUX KaTaJIOTIB Ja€ MOYKJIMBICTH OIIHUTHU BEJIUIUHY
CHCTEMATHIHUX PO3DIXKHOCTEH CUCTeM IUX KaTaJIOriB.

Kpim BiacHux pyxiB 31pOK JiJIsi JIOC/IJI2KEHHsT KIHEMAaTUKW BUKOPUCTOBYIOThCS
TaKOXK IIpoMeHeBl mBHAKOCTI. Tak B Katasosi Gaia DR2 MicTaTbest mpomeHesi
IBUAKOCTI OJin3bKO 7.2 MijibitoHiB 3ipok. LI gani jgarors noBHY iH(GOpPMAIIO PO
pyX 3ipok y mpoctopi. [Ipn oMy BaKJWBOIO YMOBOIO € y3TOJZKEHICTH CUCTEM
BJIACHUX PYXIB 1 MIPOMEHEBUX IIBUJIKOCTEN, sIKa MOXKEe HEe BUKOHYBATUCS depe3 Te,
IO TPWHIUI BU3HAYCHHSI MEPIINX € MeOMETPUIHUM (32 3MIHOK HAIPSIMKIB HA
3ipKH), a ocraHHiXx — acTpodizudHuM (3a 3CyBOM JIiHIH MOMJIMHAHHS B CHEKTPaX
3ipok). OTpuManHs KiHEMATHIHUX [APAMETPIB OKPEMO 38 BJIACHUMHU DyXaMu i
[IPOCTOPOBUMU IIBUJIKOCTSAMU JIA€ MOXKJIMBICTD 3’CYyBaTH, YU € CUCTEMU BJIACHUX
PyXiB 1 IpOMEHEBUX IIBUJIKOCTEN CyMICHUMHU BIJIHOCHO OTPUMAHUX PE3YJIbTaTIB.

s Jducepmauis npucesavena JOCTIKEHHIO KIHEMATUKA 3iPOK COHSTHOL
OKOJIHII (3 TeJIONEeHTPUIHUME BijcTangMu r < 1.2 KIIK) 3a JaHUMU KATAJIOTIB
Gaia DR1 TGAS, UCACS, HSOY, PMA, Gata DR2 3 BUKOpUCTAHHSIM MOJIEJI1
O—-M, a TakoxX METOIB PO3KJaJaHHI I0Jid IIBUJKOocTeil 3ipok 3a BCOD i
BBCD. OkpemMo posriisiialoThest Kijibka mijcucreM 3ipok: 1) 3ipku 3mimiaHoro
CIIEeKTPAJLHOrO CKJady, siki € criabaumn B Karajorax TGAS, UCACSH, HSOY i
PMA; 2) mosnosi uepsowni rirantu (UYI') BropuHHOrO 3ryiieHHs, siKi € CIiJIbHIMH
B karasorax Gaia DR2 RV (nigMHOXuHA 31pOK, /Jist SIKMX BU3HAUEH] MTPOMEHEeBi
msukocTi) 1 PMA; 3) sipku ronosnoi mocainosrocti (I'ID), sxi € crimbanMu B
karasiorax Gaia DR2 1 PMA.

s sukopucranns monesi O — M, meronis BC® 1 3BC® aBropom aucepTaliii



OyJ10 CTBOPEHO 1POorpaMHe 3a0e31eYeHHs 3 BAUKOPUCTAHHSIM MOBU IIPOI'PAMYyBaHHS
C 1 yrunit komananoro psjaka OC Linux. 3Hadenus mapaMerpiB 00UUCIIOIOTHC
3a JIONOMOI'OIO JIHIHHOIO MeTojly HalimeHux Ksajparis. st crBopenHs
PIBHOMIPHOI'O pO3110/1iJ1y 00’ €KTiB Ha cepi BUKOPUCTOBY€EThCs Oi0ioTeka Healpix.
Kpim Ttoro, aBropom jucepraliiii 0yJjio OTpUuMaHO 3B 430K MixK llapaMeTpamMmu MoJiel
O—M i koedinientamu poskiagants 3a SBCO s 300 0° < b < 90° (miBHIYHA
rajakTuuna miscdepa) i —90° < b < 0° (miBgenna ramaxTudHa miBcdepa) K
Jutst KoeillienTiB ¢, §, K1 BIIIOBIIAI0TH TAHTEHIIAIbHIN CKJIAIOBIH MIBUIKOCTE
3ipok (BaacHi pyxu), Tak i Jiyisi KoedilieHTIB v, sKi BIIMOBIIAIOTH paJliaibHii
KOMIOHEHT ([TPOMEHEBI TIBYIKOCT ).

Y auceptanil HaBeJIEHO OpPWUTIHAJJLHI pe3yJbTaTH aHaJi3y KiHeMaTUIHUX
napametpi mozeai O—M i1 mozamoeibHuX KoedImieHTiB, OTPUMAHUX 38 JTaHUMI
3a3HaYEHUX BHIINE KATAJOIB, K JJs Bciel HebecHOl cdepu, Tak 1 OKpeMmo
JUI TIBHIYHOT Ta MiBJAEHHOI rajakTudaHux MiBcdep. Kinemarndni mnapamerpu
JIOCJTJKYIOTBCS  sIK B 3aJIe2KHOCT1 B TeJIONEeHTPUYHOI BIJICTaHl, TakK 1 BIJ
nokasnuka koanopy (J — Kg)o.

Anajis KiHeMaTHIHUX [TapaMeTpiB 31pOK B 3aJ€2KHOCTI BlJI MeTIONEeHTPUTHOL
BiJICTaH] 7 1IOKa3aB, 110 KiHeMaTuka OJIM3bKKUX 1 JajeKux 31pok pisHuThes. [lose
IIBUJIKOCTEN OJIM3LKUX 31POK JIOCUTH 30ypeHe, TOOTO MICTHThL 0araTo rapMoOHIK,
JaCTUHA 3 SIKUX Mae BLAmoBinni anajgorn B mojejai O—M, a dacruHa Takux
aHaJIOTIB HE Ma€, TOOTO € no3aMojejbHuMU. [Ipu MbOMY BOHM BHU3HAYAIOTHLCSI 3
BEJIMKUMU BUIIAIKOBUMU 11oxuOKamu. ITo Mipi 30i/ibIeHHs BijicTaHl r KiHeMaTUKa,
cTae OLIbIT cx0XKoio Ha QOPTIBCHKY.

[Tpu nociijpkenni kinemaruku 3ipok ['II, skl 3HAX0JATHCSH B COHsIUHIN
OKOJIUIIl po3MipoM 7 <1 KIK, B 3aJeXKHOCTI BiJ| IIOKa3HUKA KOJILOPY OYJI0
OKA3aHO, 110 KIHEMaTHKa 3IPOK PAHHBOTO 1 MI3HLOTO CHEKTPAJbHUX KJIACIB
po3pizHsgeThesd. Bel  kimemaTwdni mapaMeTpu  MalOTh TPEHJW B Jlialla30Hi
0.0" < (J—-Kg)y < 0.4™, Toni 9K m03a UM Jiala30HOM iX 3HAUEHHS TOCATAIOTH
MJ1aTO 1 JIaJl MPaKTUIHO He 3MiHIOIThCsA. [lekyisipHa rnmoBejiiHKa MOJIOJIUX 31POK
MoOyKe OyTH OOyMOBJIEHAa THM, IO iX IOJie TIBUJKOCTEH I1e TMPOJIOBXKYE OyTH
30ypenum. Jesiki 3 1UX 3IpOK MOXKYTh HaJEXKaTU TaKUM CTPYKTypaMm K,

HaIIpuKIaJ, nodc I'yaaa.



[oJioBHI pe3dyJibraru, 1110 OyJin OTpUMaHi y podOTi, € HACTYITHUMHU.

1. Briepiie orpumani 3HadeHHsi KiHeMaTndHux mnapamerpi mogesi O—-M 3a
BJIACHUME DyXaM# 1 HPOCTOPOBUMHE IMIBUJKOCTSIME (BJIACHL PYXH ILIIOC
npomenesi mBukocti) Gaia DR2 jist Bubipku mosiogux UI'. Ananis nokasas,
[0 CHUCTEMH BJIACHUX PYXIB 1 IPOMEHEBMX MIBUJKOCTEH OJIM3bKUX 31pPOK
Gaia DR2 (r < 0.5K0K) He cymicHi o0 orpumanux pesy/braris. Lpomy
dbakTy moxke OyTu, mMoOHAiMeHIe JiBa IOsFCHEHHs: abo y BuMmipax Gata €
BHYTPIIIHI CUCTEMaTU4dHl 1HOXUOKM, XapakTepHi Jijisd OJIM3bKUX 3ipPOK, abo
1oJie MBUJIKOCTEH OJIM3HKNUX 31POK CIIOTBOPEHO BIJIMBOM peaibHUX (DAKTOPIB,
HAIIPUKJIAJI, CIIOTBOpeHHAME B mosici ['yina. [Ipu Bukmrouenni 3 BUOIpKH 31poK

3 BijicTausaMu 1 < (.5 KITK Pe3yJIbTaTH CTAIOTh Y3TOKEHUMHU.

2. Bnepme gna 3ipoxk ['ll oTpmmana 3ajekHICTH BiJi MOKAa3HUKA KOJbBOPY
KiHemaTuaHuX mapamerpiB mojeai O—M 1 koedinienTiB po3kJiagaHHs 3a
BC® Tta 3BCO, a TakoXK BepTHKAJbLHOIO I'DaJii€HTa, 10 BUBEJICHU
3a BiaacauMu pyxamu 3ipok Gaia DR2 1 PMA. Ilpu amnamisi moss
IIBUJIKOCTEl OKpEeMO B IIBHIUHIHM 1 HiBJAEHHIN rajakTudHuX miBcdepax Oyiia
6e3nocepe b0 OOUMCIeHa BEIMUNMHA, BEPTUKAJLHOrO rpajienta OV, [0z.
3a Bracuumu pyxamu 3ipok Gaita DR2 1 PMA 06yno BusiBieno, mo 3ipkn
panHix crekrpaibiux kiacis, 0.0 < (J — Kg)g < 0.2" maforb HysnboBuii
BepTUKaJbHUN rpajiienT. Ilorim Bin nocarae 3nadenns = 20 KM ¢ k! pu

0.3" < (J = Kg)y < 0.4™ i jiasi 3Hax0uThC MPUOJIMZHO HA IILOMY K PiBHI.

3. Anayi3 KiHeMaTWKW 3IpOK 3a JaHUMHU PIZHUX KATAJOTIB BUSIBUB PO3KU]
3HaUeHDb JedKUX KiHeMaTHIHuX MapaMeTpiB, dKuil jocarae + 4 Km ¢ rnk
B pesyabrari, npu obuucieHHl 1iodajgbHUX napamerpiB  [ajgakTuku,
HAIPUKJIAJ, IMBUIKOCTI 00epTaHHs 3ipoK Vi, HABKOJO 11 TEHTpa, PO3KWH/I
snavens cranosuth +20kMc . B OCHOBHOMY 1Ieifi PO3KuJi 0OyMOBJICHUIT
PI3HHUIEI0 MIXK CHCTEMaMHi BJIACHHX pyXiB 3ipok kKarasoriB Gaia i PMA. 3

IHIIOrO OOKY, psijl TapaMeTpiB HE MA€ CUCTEMATUIHUX PO3XO/[2KEHb.

4. TTokazaHno, 1110 BepPTUKAJLHUI TPAJIEHT Ma€ JOJaTKOBUII BIJIMB Ha
kKoMmronenTy mBuakocTi Connsg Yy, Taxum uuMHOM, HAIpHUKJIAT, IpU

|0V.oi /02| = 22kmc ™ kuk ™ jo6aska 10 Yo cranosuth = 4.2kmc . Tomy
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MOXKHa, 3POOUTH BHUCHOBOK, III0 3HA4YEHH: Yg, sKI Oyjiu oTpumaHi 3a
BjaacHuME pyxamu 3ipok Gaia DR2 1 PMA, e kombinamieio 1Box edeKTis:
acuMmerpudHoro Jipeiidy  (1odro  Kopessiii Mk Bikom 3ipok T'Il i
MIBUJIKICTIO OOepTaHHs HABKOJIO TeHTpa l'amakTuku) 3ipoK, sKi 3HAXOIATHC
besriocepe/iHbO B 110U HI ['ajlaKTHKY, 1 BEDTUKAJILHOI'O I'PAJIIEHTA IIIBU/IKOCTI
obepraHHs 31pOK HABKOJIO TMeHTpa [ajakTuku (depes Te, Mo cepeHiil Bik

31pOK 361TBIYETHCS 3 BIJICTAHHIO BiJ| ITOMUHE [ATakTuKN ).

5. 3a JIONOMOI0I0 MOJIETIOBAHHSI TTOJIsT MMBUJIKOCTEH 31POK B raJaKTONEHTPUTHI
CHCTEeMI KOODPJMHAT IIOKA3aHO, 10 IIPHU aHaJi3l 10 BCiil cdepi 1mo3aMojiesbHl
KoeilieHTn t911 1 S310 BUHUKAIOTH CILJILHO, KOJIM ITPUCYTHIN BEpTUKAJILHU
IpaJileHT IMBUIKOCTI obepTanis 3ipok HaBKoJjo nenTpa [anakruku 0V, [0z,
KW Ma€ MPOTUJIEYKHY CHPSIMOBAHICTH B MIBHIUHIN 1 MIBJIEHHIN TaJaKTUIHUX
miBcepax. OpHak KOedIIIEHT S3;9 MOXKE BIJIPIBHATHCA BiJ HyJIsd 1 3a
BIJICYTHOCTI BEPTUKAJBLHOI'O I'PAJi€HTa, TOOTO MOXKe OyTH JIeKiJIbKa ITPUINH

BUHUKHEHHS S31().

6. BusiBjieno BinMminHicTh KiHematuku Onusbkux (r < 0.4Knk) i jgajexnx
(r > 0.4kuk) sipok, sipok pannix ((J— Kg)g < 0.4™) 1 nisnix

((J = Kg)g > 0.4™) cekrpaJbHuIX KJIaciB.

B mijomy, oTpuMaHi pe3yabTaTh y3TO/KYIOTHCA 3 CYUYaCHUMHU YABJICHHIMA
npo crpykrypy lasaktukm i kinemaruky i1 nijicucrem. Hesparkalouu Ha Te,
1110 BHYTPILIHA TOYHICTb BU3HAUYECHHS aCTPOMETPUUHMUX 1 (DOTOMETPUIHUX JAHUX
B CydaCHMX KaTaJlorax BHUCOKA, CUCTEMATWU4Hl BIJIMIHHOCTI MIXK 1X CHCTEMaMU
BJIACHUX PYXiB IPHU3BOJIATH JO CYTTEBOTO PO3KHU/TY 3HAYEHD JIETKUX KiHeMaTHIHIX
napameTpiB 1 riobasibHux mnapamerpiB lagaktuku na Bijgcrani Conrg. Towmy
Jepe3 HeMOKJIMBICTD BUPIIIUTH, CUCTEMa STKOIO KATaJoI'y € <«IIpPaBUJILHOIO», Ha
JIAHUI MOMEHT HEMOXKJIMBO O0’€KTHUBHO MHOJIIIIKUTU TOYHICTH BU3HAUEHHS I1UX
napamerpis. IIpore, 3aBasgKky BeuKiil KITLKOCTI JJaHUX JIJIA 3iPOK, PO3IOJILIEHIX
110 BCiii HebecHiit cdepi, crajo MOXKJIMBUM 3aCTOCOBYBATH CYy4aCHI METOJU JiJist
BUBYEHHSA KIHEMaTWKW 1 BUSIBISTH 3aKOHOMIPHOCT1 B PyCl 31POK, IO HaJeXaTh
pizHEM TijgcucreMaM [aJakTWKHU, B 3aJI€KHOCTI BiJl TEJTIONEHTPUYHOI BiJICTaHi,

MOKa3HMKa KOJILOPY, BiKY, Ta iH. OTpruMaHi pe3ysibTar MOXKYTh OyTH BUKOPUCTAH]
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JUIST yTOYHEHHs JInHaMidHOl Mojesi [ajmakTuku.
KirodoBi cioBa: KiHemaTuka 3ipok, okoJuiisd CoHId, BJacHl pyXu 3ipokK,
IIPOMEHEB]l MIBUJIKOCTI 31POK, 31PKU T'OJIOBHOI TOCJIJIOBHOCT1, 4e€pBOHI TIraHTH,

3IpKU 3MIIIAHOTO CIIEKTPAJbHOTO CKJIAJLY.



ABSTRACT

Velichko, A. B. Kinematics of stars within a kiloparsec from the Sun
using ground— and space-based observations. — Qualifying scientific work, the
manuscript.

Thesis submitted for obtaining the Doctor of Philosophy degree in Natural
Sciences, Speciality 104— Physics and Astronomy. — V. N. Karazin Kharkiv
National University, Ministry of Education and Science of Ukraine, Kharkiv, 2020.

Kinematic investigations of stars located within the solar neighbourhood
started 250 years ago. Since then, quantity and quality of astrometric data
have increased significantly, a number of methods for kinematic analysis has
been developed, structural components of the Galaxy and their motion features
have been discovered. However, there are still some problems with the accuracy
of determining parameters such as the galactocentric distance of the Sun, the
speed of the local standard of rest, the rotational velocity of stars, belonging to
subsystems in the solar environment, around the Galaxy’s center V.., shape of
the rotational curve of the Galaxy, and some others. Accuracy of determination
of all these parameters affect the understanding of the structure and evolution of
the Galaxy, the construction of its dynamic model.

Modern large astrometric catalogs, containing data for hundreds of millions
stars, make it possible to study in detail the kinematics of stars both in the
solar neighborhood and beyond. Usually, kinematic studies of stars are needed
to obtain estimates of the kinematic parameters of a physical model, such as the
QOort - Lindblad or Ogorodnikov—Milne ones. But numerous studies show that
these models are not complete, i.e. they do not take into account all the systematic
components which are present in the real stellar velocity field. This problem
was solved by applying the method of decomposition of the stellar velocity field
onto vector spherical harmonics (VSH), which allows to detect all the systematic
components that are present in the stellar motions. However, this method is
also ineffective when it is necessary to study the kinematics of stars, which do
not occupy the entire celestial sphere, but some area on it. The need arises, for

example, when effects that have opposite directions in the northern and southern



galactic hemispheres are analyzed. To study the kinematics of stars located in a
certain zone the method of zonal VSH (ZVSH) is used.

The main problem of the VSH and ZVSH methods is that, in contrast to
the parameters of the physical model, the physical content of the decomposition
coefficients is unknown in advance, i.e. these methods allow to obtain only a
formal mathematical model. The physical meaning of some VSH and ZVSH
decomposition coefficients has been determined by comparison with the O-M
model parameters, while the nature of the other coefficients remains unclear.
Therefore, one of the important tasks is to determine the physical meaning
of significant beyond-the-model coefficients. A number of studies have shown
that in the stellar velocity field, in addition to the model parameters, there
are beyound-the-model coefficients t9;; and s319. Various authors have associated
these coefficients to the presence of a vertical gradient of the rotational velocity
of stars around the Galactic center. One of the tasks of this work is to test this
assumption.

It is well known that the Galaxy consists of a number of subsystems that differ
in age, geometry, kinematics, content of heavy elements, because they were formed
at different stages of the evolution of the Galaxy. In the solar neighborhood, there
are at least three substructures that have symmetry relative to the main plane
of the Galaxy: thin and thick disks, and halo. In addition, some authors believe
that there is also an ultra—thin disk and a secondary subsystem of the thick disk.
As the distance from the Galactic midplane |z| increases, the fraction of the thin
disk stars (young subsystem) decreases, while the fraction of the thick disk stars
(old subsystem), on the contrary, increases. As a result, the average age of the
stars gradually increases. Because rotational velocities of stars around the Galactic
center depend on their age, the vertical gradient OV, [0z arises, which is negative
in the northern galactic hemisphere and positive in the southern hemisphere. The
value of this gradient has been obtained in a number of works using data from
different catalogues, and its modulus varies in the range of 20-50 km 5! kpc_l.
Therefore, another task of the work performed is to obtain the value 0V, [0z
according to modern catalogues, as well as to explain and systemize the resulting

scatter of values.
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Although modern catalogues have good internal accuracy of the stellar
astrometric parameters, they may have various systematic errors. Due to
differences between the systems of proper motions of different catalogues, there
are systematic differences between values of kinematic parameters obtained from
these data. Since it is impossible to find out which catalogues system is «corrects,
a scatter of values of some kinematic parameters, exceeding the internal accuracy
of these catalogue. Obtaining kinematic parameters from stellar proper motions
of different catalogues allows to estimate the level of the systematic differences
between their systems.

In addition to the stellar proper motions, radial velocities are also used for
kinematic analysis. So, the Gaita DR2 catalogue contains radial velocities for
about 7.2 million stars. These data provide complete information on the motion
of stars in space. An important condition is the consistency between systems of
proper motions and radial velocities, which may not be fulfilled due to the fact
that the principle of determining the former is geometric (by changing directions
to stars), and the latter — astrophysical (by shifting absorption lines in stellar
spectra). Obtaining kinematic parameters separately from their proper motions
and spatial velocities makes it possible to find out whether the systems of proper
motions and radial velocities are in agreement.

This thesis is dedicated to the kinematic analysis of stars located within
the solar neighborhood (with heliocentric distances r < 1.2kpc) using data from
catalogues Gaia DR1 TGAS, UCACSH, HSOY, PMA, Gaia DR2 and applying the
O M model as well as methods of the stellar velocity field decomposition onto
VSH and ZVSH. Several subsystems of stars are considered separately: 1) stars
of mixed spectral composition, which are common in the TGAS, UCACS5, HSOY
and PMA catalogues; 2) young red giants of secondary clump, which are common
in the Gaia DR2RV (a subset of stars for which radial velocities are determined)
and PMA catalogues 3) main sequence stars that are common in the Gaia DR2
and PMA catalogs.

To apply the O —M model, as well as VSH and ZVSH methods, the author of
the thesis has made software using the programming language C' and OS Linux

command line utilities. Values of the kinematic parameters and decomposition
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coefficients have been calculated using the linear least squares method. The
Healpix library has been used to create a uniform distribution of objects through
the sphere. In addition, the author of the thesis obtained a relationship between
the O—M model parameters and the decomposition coefficients onto ZVSH
for the zones 0° < b < 90° (northern galactic hemisphere) and =90° < b < 0°
(southern galactic hemisphere) both for the coefficients ¢, s, which correspond to
the tangential component of the velocities of stars (proper motions), and for the
coefficients v, which correspond to the radial component (radial velocities) .

The thesis presents novel results of analysing the O-M model kinematic
parameters and the beyond-the-model coefficients derived from data of the above
mentioned catalogues, both for the whole celestial sphere and separately in the
northern and southern galactic hemispheres. Kinematic parameters have been
investigated both depending on the heliocentric distance and the color index
(J = Ks)o.

Analysis of the kinematic parameters of stars depending on their heliocentric
distances r has shown that the kinematics of near and far stars is different. The
velocity field of nearby stars is quite perturbed, i.e. it contains many harmonics,
some of which have corresponding analogues in the O—M model, and some do
not have such analogues, i.e. they are beyond-the-model. In this case, they are
determined with large random errors. As the distance r increases, the kinematics
becomes similar to the Oort one.

Kinematic study of MS stars, located within the solar vicinity with » < 1kpc,
depending on color index has shown that the kinematics of early and late
spectral type stars is different. All kinematic parameters have trends in the range
0.0" < (J - Kg)y < 0.4", while outside this range their values reach the plateau
and then remain virtually constant. The peculiar behavior of young stars may be
due to the fact that their velocity field is still perturbed. Some of these stars may
belong to structures such as the Gould belt.

The main results obtained in the work are as follows.

1. For the first time, for the sample of young RG the values of the O-M model

kinematic parameters were derived from the Gaia DR2 proper motions and
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spatial velocities(proper motions plus radial velocities). The analysis has
shown that the systems of the Gaia DR2 proper motions and radial velocities
of nearby stars (r <0.5kpc) are not consistent. There can be at least two
explanations for this fact: either there are internal systematic errors inherent
in nearby stars from Gaia measurements, or the velocity field of nearby stars
is distorted by real factors, for instance, by movements within the Gould belt.
When the stars with distances » < 0.5 kpc, are excluded from the sample the

results become consistent.

. For the first time, for MS stars the dependence on color index of the O-M
model kinematic parameters, VSH and ZVSH decomposition coefficients, as
well as the vertical gradient derived from the Gaia DR2 and PMA stellar
proper motions was traced. When analyzing the velocity field separately in
the northern and southern galactic hemispheres, the values of the vertical
gradient 0V, [0zwas directly calculated. According to the proper motions
of the stars Gaia DR2, and PMA, it was found that stars of early spectral
types, 0.0 < (J — Kg)y < 0.2™, have a zero vertical gradient. It then reaches
~ 20kms  kpe ' at 0.3™ < (J — Kg)o < 0.4™ and remains at about the

same level.

. Kinematic analysis of stars according from data of various catalogues revealed
a scatter of values of some kinematic parameters, that reach + 4 km 5! kpc_l.
As a result, when calculating the global parameters of the Galaxy, for example,
the rotational velocity of the stars V.., around the Galactic center, the scatter
is up to +20km s~'. This variation is mainly due to the difference between
systems of the Gaia and PMA proper motions. On the other hand, a number

of parameters do not have systematic differences.

In general, the results are consistent with modern view on the structure of

the Galaxy and kinematic properties of its subsystems. Despite the fact that

the internal accuracy of determining astrometric and photometric data in modern

catalogues is good, systematic differences between their systems of proper motions

result in a significant variance in the values of some kinematic parameters and

global parameters of the Galaxy at the Solar distance. Therefore, due to the
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impossibility to decide which catalogue’s system is «corrects, at the moment it is
impossible to objectively improve the accuracy of determining these parameters.
However, due to the large amount of data for stars distributed throughout the
celestial sphere, it became possible to apply modern methods to study their
kinematics and identify patterns in the motion of stars belonging to different
subsystems of the Galaxy, depending on heliocentric distance, color, age, etc. .
The results derived can be used to refine the dynamic model of the Galaxy.
Key words: stellar kinematics, solar neighborhood, stellar proper motions,
stellar radial velocities, main sequence stars, red giants, stars of mixed spectral

composition.
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