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I'YPAM HUKOJIAEBUY CAJIYKBAJI3E
(1931-2024)

Pemakuust xypHaia "AcTpodusuka" TOHeCHa TSKeNylo yrpary. 19 Hog6ps
2024r. B Bo3pacte 93 jieT yiea U3 XXU3HU W3BECTHBIM IPY3MHCKUIN acTpodusuk,
OIIH U3 CTapeWInx wieHoB penkoyieruu I'ypam Hukonaesuu Canyksan3e.

ITocne okoHuanuss TOMUIMCCKOTO rocy1apCTBEHHOTO YHUBEPCUTETA BCS KU3Hb
M Hay4Has mesiTelbHOCTh ['ypamMa HukomaeBuua Gblla cBsa3aHa ¢ AGaCTyMaHCKOM
acTpou3nyecKoll obcepBaTopueil, COTPYIHUKOM KOTOPOil OH sBisuics ¢ 1954r.
I'ypam HuikonaeBuu B TeueHUE psia JIET SIBISUICS YYEHBIM CEKpeTapeM 00CepBaTOPUH,
pykoBoawa otaeaoM 3Be3a U anakTuk, ¢ 1974r. Obl1 3aMecTUTeNIeM TUPEKTOpa
10 Hay4yHOU paboTe, MPUHMMAJ yJacTHe BO MHOTMX MEXTYHAapOTHBIX ITPOEKTaX
un akcneauuuax. 'ypam Hukonaesuu pykoBoauia (1978r.) uHcTansmeir HOBOTro
125 cantumerpoBoro Ttejieckona A3T-11 u ucciemoBaHMsIMU abaCTyMaHCKOTO
acTpokiimmara. OCHOBHBIE HaIlpaBJICHUS €ro HayJYHOU ICSTSIIBHOCTU CBSI3aHBI C
WCCJICAOBAHUSIMM KPATHBIX 3BE3MHBIX CUCTEM THUIIA TparleLMiA W 3BE3IHBIX ACCOLIMALIMIA.
YKazaHHBIM IpoOJIeMaM TOCBSIIEHBI ero KaHmuaatckas (1963r.) m mokTopckast
(1982r.) mucceprauuu. ['ypam HukonaeBuu aBrop 6ojee 80 myOauKaiuii, B TOM
Yycie Karajora KpaTHBIX 3BE3THBIX CHUCTEM THIIA Tpamneluii M MoHorpaduu
"WUccnengoBaHue CUCTEM TUIA Tpameuuid W sBojoLus 3Be3n". OH pPyKOBOAWI
aCTPOHOMUYECKMM 00IIecTBOM ['py3uu, Besl IUIOZOTBOPHYIO IEIAarOrmyecKylo
JIEeATeTbHOCTh. MHOTHE TPY3MHCKHUE aCTPOHOMBI CUMTAIOT €0 CBOMM YUUTEJIEM.



Oco00 ciemayeT OTMETUTh TECHOE COTPYAHMYECTBO U ApyxKOy ['ypama Huxkonae-
BUYA C apMSIHCKUMU acTpo(U3NKaMU: HAyYHBIM PYKOBOAUTEIEM €ro JOKTOPCKOM
JccepTaluu SIBJISIICS Bblaaroluiics: actpodusuk BukTop AmbapiymsH. 1o KoHLa
KU3HU OH SBJISIICS YWIEHOM PEAKOJJIETMM MEXIYHApOAHOI0 HAYyYHOIO XXypHalia
"Actpodnsuka”. I'ypam HukonaeBuY OBLT MCKITIOUUTENHLHO JOOPHIM, CKPOMHBIM U
OT3BIBUMBBIM UEJIOBEKOM, TTIOATOMY MaMSITh O HEM OyIeT JOJTr0 XXUTh Y BCEX, KTO
ero 3Hall.

Penakmus xypnana "Actpodusmka’
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IMocryrmmna 26 Hosiops 2024
IIpunara x meuatu 14 despans 2025

AHanu3 BbIOOpKM Oj1a3apoB u3 Katajora BZCAT moka3sbiBaeT, YTO OHM HMMEIOT pas3InyHble
XapaKTepHbIe CBOMCTBA, TaKWe KaK: CHJIbHOE PAAMOM3ITYyJYeHUE, ONTHYECKAst U paaro MepeMEeHHOCTb,
HETPEePhIBHBIC ONTHYECKHME CIEKTPhI, MONAPU3AIUs, BBICOKAas CBETUMOCTh M Ap. (M3HAYAIBLHO B
KaTajor ObLTM BKJITIOYEHBI OOBEKTHI C ONTHYECKOM MEPEeMEHHOCTbIO M CHJIBHBIM PaIMOM3TyYeHUEM
(oobektl BL Lacertae (BLL) u pammokBazapbl ¢ miaockuM crnektpoM (FSRQ)). Jdnst 6iaazapos
XapaKTepeH Ps BBIIIETePEUNCICHHBIX CBOWCTB, ¥ 48% OOHapyXeHO PEHTICHOBCKOE M3IydCHHE.
B 31001 paboTe McciaemyoTCs CBOMCTBA Glla3apOB B PEHTTEHOBCKOM AMarna3oHe. Takke MpUBEICHb
XapakTepUCTUKKU 0J1a3apoB OINpe/eIeHHble Ha OCHOBE HAllMX aHaJM30B M PacyeToB.

KntoueBwie ciioBa: akmueHbie sadpa earakmuk: 6aazapel: BLL: keazapbi: penmee-

HOBCKO€ Usny4eHue

1. Beedenue. Cpenn akTuBHBIX rajgaktuyeckux suep (AlS) nHaubosee
WHTEPECHBIMU SBJISIIOTCA Osia3apbl AByX moaturioB: o0bekThl BL Lac (BLL) u
ontuyeckue rnepeMeHHble (OVV) ¢ 0fHOI CTOPOHBI, a TaKXkKe BbICOKOIOISIPU30-
BaHHbIe KBa3apbl (HPQ), ¢ npyroii. biazap onucbkiBaeTcsl Kak O4eHb KOMMAKTHBIN
KBa3ap, CBSI3aHHBIN C MPEANOJIAaracMON CBEPXMACCUBHOWM YEPHOU IBIPOW B LIEHTPE
AKTUBHOU rajlakTMku. biiazapbl, BEpOSITHO, caMble SHEPreTUYECKUE SBICHUS BO
BcenenHoii. HekoTopbie penkie 00beKTH MOXKHO paccMaTpHUBaTh Kak 'TIPOMEXY-
TOYHBIC Oy1a3apsl’, KoTopble obamaoT cBoiictBamu OVV, HPQ u BLL. KBa3zapsr
OVV noxoxu Ha BLL, Ho umeloT HopMaibHbIi crieKTp QSO (3MHCCUOHHBIE
auaun). HPQ o6buHO uMeloT nosspusanuio 6ojee 3%. OHU OObEAMHEHBI C
kBazapamu OVV B oauH kinacc. HPQ B OCHOBHOM COCTOSIT U3 paavorajakTUkK TUIa
FR II. IlepBoHayanbHo 00beKT BL Lac ObLT OTKPBIT KaK IepeMeHHas 3Be3na [1].
ITo3:xe 3TOT 0OBEKT OTOXAECTBIAEH [2] ¢ BHETAIAKTUYECKUM MCTOUYHUKOM.

Cuuraetcs, 4yTo 6J1a3apbl MPEACTABIISIIOT CO00M OOBEKTHI, C CUJIBHBIMU PESTU-
BUCTUYECKUMM JKETaMU Ha JIyde 3peHHs, KOTrJa Yroj MeXIy OChblO PeIsITUBUCTU-
yecKoi crpyeil m mydom 3peHus Man. CTpys HOIUIEPOBCKM YCHUJIEHAa BO BCEM
criekTpe (OT paauo IO Y -JAydell) U B HeM ITpeodsamaeT KOMITAKTHbIM, CUJIBHO
MOJISIPU30BaHHbIN, CUJIBHO MEPEMEHHBII KOHTUHYYM TOYTH 0e3 TuHuit. Hamuuue
JIXXeTa OOBSICHSET OBICTPYIO NMEPEeMEHHOCTh M KOMIIAKTHBIA BUI OOOMUX TUIIOB
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omazapoB (BLL u OVV/HPQ). O6uenpuHsitas KapTuHa TakoBa: KBazapbl OVV
- OTHOCUTEJIbHO MOUIHbIE paauoragakTukud, a BLL - oTHocuTelbHO ciabble
paavorajiakTuku. B 06oux cirydasix poAUTeNbCKUe TalaKTUKU MPEACTaBIISIOT coOoi
TMTAHTCKUE JUIMNITUYECKHE TaTaKTUKU.

OnHako onpenesieHue 61a3apa Mo MX CBOMCTBaM B pa3HbIX JUaria3oHax 10 CUX
IOp HE YTOYHEHO. DTU IBa TUIA UMEIOT MHOIO OOIIEro, OgJHAKO uX (pU3NYeCKue
cBoiicTBa pasHble. CyllleCTByeT MHOXKECTBO MapaMeTpOB, KOTOPbIE MOXXHO paccMar-
puUBaTh Kak KpUTEpUM IIJIs1 ONpeeIeHus1 61a3apoB - BbICOKASI CBETUMOCTb, TUTOCKUI
pPagMoOCIIEKTP, HATWYME PEHTTEHOBCKMX M Y -JIyUel, TIepeMEeHHOCTb ONTUYECKUX
U/ paguou3iydyeHus, Mojaspusalust 1 T.1.

MHoruve acTpOHOMbI MPOBOAWIN JOJTOBpeMEHbIe HAOIIOAeH S, YTOObl OOHA-
PYXUTb NIEPEMEHHOCTb PEHTIeHOBCKMX 0;1a3apoB. boJibliiast yacTh paboT BbITTOJIHEHA
JUTS1 HEOOJIBILIOTO KoJIMyecTBa 671a3apoB. 3/ech MpeacTaBieHbl padOThl, C KOTOPBIMU
Mbl IPOBOAWIM cpaBHeHUs: [3-9]. B nayibHeiIeM 3TOT CIIMCOK OyAeT MOIMOJHEH.

2. Ceoiicmea 6Oaa3apoé. J1ns u3ydeHust CBOMCTB 0J1a3apoB, MCIOJIb30BaH
katajnor BZCAT (Roma Multi Frequency Catalog of Blazars), Bepcust 5 [10]. B
KaTtajiore Bcero 3561 oGbekT ¢ o6o3Hauenusimu BLL, BLQ, BLG wau BLU,
cootBeTcTBytomme BLL, FSRQ, ramakTukam 1 6azapaM HeoIlpeaeeHHOTo THUIa
(ta6:1.1). BLU 0603HaueHbl TiepexoaHble 0ObEKThI MEXIY panuorajaktukoi u BLL
¢ TIEKYJIPHBIMU XapaKTEPUCTUKAMM TIPOSBIISIONINE XapaKTepHYIO s 61a3apoB
aKTMBHOCTb: C/IydaliHOE MPUCYTCTBHE/OTCYTCTBUE IIMPOKON CIEKTPaIbHOM JMHUU.

Ha puc.1 nokazano pacnpenenenue BZCAT-61a3apoB 10 KpaCHOMY CMEILIEHUIO
[11]. OObeKTHI pacnpeneaeHbl Tak, YTo M0 KPAaCHOMY CMEILEHWIO BHAYajle HaxOmsTCs
BLG, BLL, BLQ. A BLU pacnpezaeieHbl BO BceM Auaria3oHe 0ojiee MM MeHee
paBHOMEPHO.

B karanore ectb uH¢popMailMsg O 3Be3AHON BeluMYrMHE B AuanazoHe SDSS r
1 O KPaCHOM CMEIIIEHHMU, C TIOMOIIBIO KOTOPBIX PACCUUTAHBI a0COIOTHBIE 3BE3IHbIE
BEJIMUMHBI 11 Ona3zapoB 1o ¢dopmyse (1) uz [12].

M =m+5-5logD— f(z)+ Am(z), (1)

Tabauya 1
PACITPEJEJIEHUE OBBEKTOB B KATAJIOTE BZCAT 110 TUIIAM

N Tun Yucno IIpouent

1 BLL 1151 323

2 BLG 274 7.7

3 BLQ 1909 53.6

4 BLU 227 6.4

5 All 3561 100
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Puc.1. Pacnpenenenue 6nazapoB BZCAT mo KpacHOMY CMELLUEHHIO.
rne D - cBeToBOe paccrosgHue (2), ompeaeneHHoe B [13]:
cdl+z)? 0.5
D:uj[(1+z)3QM+QA] dz, Q)
H, 0

Z - KpacHOe CMEILEHnE, [ (z)=—2.510g(1+z)17OL nonpaska f(z), Am(z) - monpaska
s f (z), VUUTBIBAsI, YTO CHEKTP KBa3apoB He SBJSIETCS CTPOrO CTENEeHHbIM
3aKOHOM S~ 0% (a=-0.3, [14,12]). B xauecTBe KOCMOJIOTMYECKIX KOHCTAHT B
pacyerax ObUIM TMPUHATH Clefyonme 3HadeHus: Q,, =029, Q, =0.71 u H =
71xkmc' /M k.

Ha puc.2 npuBoauTcs 3aBUCMOCTb a0COTFOTHON BEJTMUMHBI OT KPACHOTO CMELLIEHHSI.
Tpu Tumna 6mazapoB (BLL, BLG u BLQ) B OCHOBHOM TIepeKpbIBAIOTCSI APYT C
npyroM. A tun BLL pasnensercss Ha ABe MOATPYIIIbI CBSI3aHHbBIE C PACCTOSTHUEM,
MIPUYIMHY KOTOPOTO TTOKAXYT MabHEekIIMe nceinenoBanus. Ecim n300pa3uTh KpUBYIO,
orubaollylo pacrpeaesieHue ToueK CHU3Y, TO OHA MPEACTaBUT HIKHUN Npenen
pervcTpauyy HabJonaTeIbHOM anmaparypbl (MUHUMaJIbHAS 3Be30HAsT BeIMYMHA Ha
JaHHOM paccCTassHUM, cjabee KOTOpOro HabfomaTelibHas ammaparypa He
pETUCTPUpPYET).

3HayeHue 3Be3nHON BeauuuHbl SDSS r, mo3BosgeT paccuuTarh ONTUYECKUE
CBETMMOCTU 0;1a3apoB 1o (opmyie (3).

L. =4nF.D?* [spr/c], (3)
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Puc.2. AbcomoTHast 3Be3gHas BeauunHa M B 3aBUCHMMOCTH OT KPacHOTO CMEIEHUS Z .

F, =2bF, sinh(L—lnbj,
—2.5/In10

roe b=12-10"7; F,=3631(Jy), F. - notox B punbtpe 7. B Tabn.2 npuseaeHbI:
JIMana3oH CBETUMOCTU, CPEAHSIS CBETUMOCTh, TMANa30H aOCOJIOTHBIX BEJTUYMH U
cpenaHue abCOMOTHBIE BeJUUMHBI 111 pa3Hbix TUMoB BLL u FSRQ u3 katanora
0J1a3apoB.

Crenyer oOpaTUTh BHMMaHWE Ha TO, YTO Ha CBETMMOCTb M abOCOIOTHYIO
BEJIMUMHY TaJIaKTUK TaKXe BIMSIOT POAMTENbCKUE TajJakKTUKU, Toraa kak BLL u
QSO o0bIYHO TIpeacTaBaSOT cO00i uncThie siapa. Mx 3HaueHus nias tunos BLL

Tabauya 2

JAWATTA3OHBI PA3JIMYHBIX XAPAKTEPUCTHUK A
PA3JINMYHDBIX TUIIOB OBBLEKTOB

N | Tun | /Jluama3oH CBETUMOCTU CpenHsisa JnarrazoHn Cpennue
(W) CBETUMOCTH a0COMIOTHBIX a0COIIOTHEIS

(W) BEJIMYMH BEJIMIMHBI

1 |BLL | 249-107 +1.39-10% 6.78-10%* ~21.04 +-27.91 -23.34

2 |BLG| 1.06-107 +2.02-10% 7.49-10%7 ~20.16 +—23.55 -22.23

3 |BLQ | 1.84-10” =1.30-10% 8.30-10** -21.09 + -28.73 -24.76

4 |BLU | 4.18-10° +4.80-10" 1.18-10% ~19.15+-24.89 -22.59

5| Bee | 4.18-10% +1.39-10% 6.59-10% ~19.15 +—28.69 -23.86
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u BLQ mpumMepHO OIMHAKOBBI, IO3TOMY CYIIECTBEHHON pa3HULIbI MEXIy HUMU
HeT, a Wit BLG oHM Ha NOpsSIOK MEHbIIE.

3. Kpocc-koppeasyuu ¢ peHmMeeHOBCKUMU Kamanoeamu u cboop
danHbix. B xaranore BZCAT umeercs 3561 Gnasap. [IpoBeneHa Kpocc-KOppeIsILnst
9TUX PAAMOMCTOYHUKOB C peHTreHoBCKMMM KatajgoraMu: ROSAT [15], Swift-BAT
[16], INTEGRAL [17], Chandra [18], XMM [19].

YT1oObI OnpeaeuTb NpaBUIbHbBIN pagryc MOMCKa AJIS BCeX KPOCC-KOPpesLuii
U u36exarh OIIMOOYHBIX MAeHTU(hUKALIUIA, OblIa MpoBeAeHa TpeaBapUTesibHas
uaeHTUGUKaMs ¢ OOJbIIMM pPaagdycoM, a 3aTeéM ITOCTPOCHO pacrpeaeaeHue
paccTosSIHUM UIeHTU(UKALIMNA UIST BCEX UCTOUHMKOB. DTO MO3BOJIAJIO OMPENEIUTh
MPaBUJIbHBINA paauyc MOUcCKa.

Ha puc.3 mpencrapieH mpuMep TaKoro BbIYMCIEHMST Mis Katajgora APM,
KOTOPBIA MPUBET K BBIBOJY, YTO OOBEKTHI C PACCTOSIHUSIMU OT BXOIHBIX MO3ULIUN
JI0 3 YIJIOBBIX CEKYH[I CJIeAyeT CUUTaTh MOMIMHHBIMU aCCOLMALMSIMU, XOTSI peaibHbIA
paauyc rovcka ObUT B3IT 0OJIbIIIE, YTOOBI HE MPOIMYCTUTh HEKOTOPhIE TOJUTMHHbBIE
accolualuy ¢ 00JbIIMMU MO3ULIMOHHBIMIA OLIMOKaMMU.

Ecnu nipu naeHTHbUKaALMKA Y HAC ObLJIO HECKOJIBKO OOBEKTOB, COOTBETCTBYIOIIMX
JaHHOMY WCTOYHUKY, TO B KauyeCTBE YBEPEHHON WIEHTUMUKALMU BbIOMpPAICS
HUCTOYHMK, KOTOpbIK ObLT B 3 pasza Oyivxke BTOPOTO.

B Ta6s1.3 npuBeneHa nHgopmaiius o kpocc-Koppeasuuu oiazapos BZCAT ¢
PEHTIEHOBCKUMM KaTajoraMu.

Kak BugHO, B 3THX Karanorax majuo 6ia3zapoB. Tonbko B ROSAT ux konnuyecTBo

400

arcsec

Puc.3. OmnpeneneHue IMpaBUIBHOTO paauyca ITOMCKA.
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Tabauya 3
OTOXIECTBIEHUMA BJA3APOB BZCAT C PEHTTEHOBCKHUMMH
KATAJIOTAMUA
Hazpanue | duamna3oH KonuyectBo Hazsanue Jlnana3oH KonuuyecTtBo
¢unpTpa MCTOYHUKOB ¢unbrpa MCTOYHUKOB
ROSAT XMM-NEWTON
Rb ‘ 0.1-2.0keV 1535 N1 0.2-0.5keV 297
Chandra N2 0.5-1.0keV 297
u 0.2-0.5keV 217 N3 1.0-2.0keV 297
S 0.5-1.2keV 232 N4 2.0-4.5keV 297
m 1.2-2.0keV 228 N5 4.5-12keV 297
h 2.0-7.0keV 220 SWIFT
St 14-195keV 139
INTEGRAL
F3 17-26keV 58 F7 86-129keV 58
F4 26-38 keV 58 F8 129-194 keV 58
F5 38-57keV 58 Fo 194-290 keV 58
F6 57-86keV 58

3HauUMTEbHOE, 1535 (43%), M03TOMY B JATbHEWIIIEM 1T OMHOPOTHOCTH, B OCHOBHOM,
HCTOJIb30BaHbI 3TU JAHHBIE.

B 1a6s1.4 npuBeaeHbI CBEAEHUS O KPOCC-KOPPEJISUU 0J1a3apoB ¢ ONTUYECKUMU
Katajgoramu [11]. Bth pe3ynbTaThl HEOOXOIUMBI I JAIbHEHIIIErO MCIOJIb30BaHMS
OIHOPOIHBIX (POTOMETPUUECKMX JAHHBIX.

Tabauya 4
OIITUYECKHWE OTOXIECTBJIIEHNA BJIASAPOB
N Karanor Dnoxa ®dunabTp KonnyectBo 00BEKTOB
1 APM POSS1 b, r 1977
2 USNO A2.0 POSS1 BI, RI 3115
3 USNO B1.0 POSS1/POSS2 B1, R1/B2, R2 3492
4 GSC 2.3.2 POSS2 F,j 3501
5 SDSS DR16 2000 u, g ri z 1446

4. Uzyuenue penmeeHo8cKUX OAHHbIX. PEHTTEHOBCKME ITOTOKU U CBETH-
MocTH OyrazapoB 1o dopmynaM (4) u (6).

F.=CR(5.30HR1+8.31)- 10" [oprem2 ¢ ™'],

rme CR - ckopocth cyera peHTreHoBckMx 4vactun g ROSAT, a HRI1 -

[20] (4)
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KO3(hGUIUEHT XECTKOCTH, KaTOPbI pacCUMTHIBAIOT (hopMyJioit (5).

B- A4
HR1=—2"
B+ A4 ©)
rme A u B - ckopoctb cueta Ha PHA (Pulse Height Amplitude) B nuama3zoHax

0.1-0.4x3B 1 0.5-2.0 KB, COOTBETCTBEHHO.
L. =4nF,D* [spr/c]. (6)

B 1a6n.5 npuBoasaTcS cpeaHsIsi peHTreHOBCKasi CBeTUMOCTb U maHHbie HRI,
HR2 (otHomeHus kectkocTtu - hardness ratio, uMemlIMe CMBICT KakK LIBeTa B
ONTUYECKON (OTOMETpUHU) ISl pa3HbIX TUIIOB HaluUX Os1a3apoB. M3 Tabauiibl
BUIIHO, 4TO B cpeaHeM BLQ mmeer Gombinyto ceeTuMocTth, yeM BLL 1 BLG (BLQ
>BLL > BLG). CywecrByet pa3nuna mis 3Hadyenuiit HR1 1 HR2 (HR1; BLG
>BLQ>BLL), (HR2; BLQ >BLG > BLL).

Ha puc.4 npuBoasarcs rpadmky 3aBUCUMOCTH Y PEHTITE€HOBCKOI CBETUMOCTH OT
KpacHoro cMenieHus. BuaHo, uro B cpenieM BLG pacnipeneneHnl 00siee KOMITAKTHO,
yeM BLQ, a 6masapsl BLL mo-Buayvmomy pasnensitoTcsl Ha IBa MoAaTurna. Bun
KPUBOI C OOJIBIIION BEPOSITHOCTBIO CBSI3aH C HIDKHUM TIPEISIIOM PEeTUCTPALIHU
HaOJIIo1aTe/IbHOM armaparyphl.

Tabauya 5

PEHTTEHOBCKUWE XAPAKTEPUCTUKHW JIA PA3JIMYHbBIX
IMOATUITIOB OBBEKTOB

N | Tun | Juamnazon cBerumocTtu | Cpennsisi cBetu- | Cpennsis HR1 |Cpennsis HR2
(W) mocTtb (W) BEJIMYMHA BEJIMYMHA

1 | BLL | 1.41-10” +2.43.10% 1.52-10%* 0.061 0.121

2 | BLG | 3.77-10% +8.37-10°7 1.11-107 0.309 0.182

3 | BLQ | 297-10° +5.07-10%* 6.94-10" 0.193 0.183

4 |BLU | 1.17-10*° +1.59-10% 3.37-107 0.365 0.133

51| Bee | 1.41-10% +2.43-10% 9.05-10" 0.310 0.181

Ha puc.5 npusonutcs pacnpenenenue otHouwenus log(L /L) mna BLL n
BLQ. U3 pucyHka BuaHo, yto BLL u BLQ wu3iyyaioT OOJiblilyl0 SHEPrui0 B
PEHTTEHOBCKOM NMaNa3oHe, YTO HEYAUBMTEIbHO, MOCKOJbKY Halld OOBEKTHI
SBJISIOTCS KBazapaMu M Ojaszapamu [21].

B 1ab61.6 mpuBomuTCs 1oraprcM OTHOLLICHMST peHTreHOBCKOM cBeTuMocTy (ROSAT)
K ontu4eckoit ceetumocty (SDSS r) log(L /L) mns pasHbIX TUIoB Onasapos. M3
TabauLbl BUIHO, YTO B cpeaHeM BLL muMeer Gosiee BbicoKoe 3HaueHUe, yeM BLQ
n BLG (BLL > BLG > BLQ).

Ha puic.6 mpuBeneHbI 3aBUCMMOCTY CBUTUMOCTE! pa3HBIX TUIIOB OJia3apoB. M3
pacnpeneneHusi BuaHo, yto tTunbl BLG u BLQ paznensitiorca. B cpeaHem, yem
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Puc.5. Pacnipenenenue ornowmenus log(L /L) nna BLL u BLQ.

0OJIBIIIE OITUYECKAsI CBETUMOCTD, TeM OOJIbIIE M PEHTTEHOBCKAS, HO €CTh OOBEKTHI,
KOTOpPbI€ CUJIbHO OTKJIOHSIIOTCSI OT OOlIel 3aKOHOMEPHOCTH.

[losyyeHa HeJWHeKHasl CBSI3b MEXAY PEHTIEHOBCKMMU M ONTHYECKUMU
JIrana3oHamMu (IoKa3aHbl JJjorapugMbl CBETUMOCTEI), KOTOpasi TaKXKe BUIHA 31€Ch
B Hallell HeOOJbIIoM peHTreHOBcKoM BhiOOpKe u3 412 AGN (BLL uckitoueHsr).
CrutolHas JIMHUS MPeACTaBIIsIeT co00i anMpOKCUMAIIMIO METOAOM HAaMMEHbIIMX
KBaJpaToB JaHHBIX L_ 10 cpaBHeHMIo ¢ L, ¢ HakiaoHoM 0.86+0.04. Ha puc.7

IpUBEACHA 9Ta CBA3b.
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Tabauuya 6

COOTHOILLUEHWUE PEHTTEHOBCKOM CBETMMOCTHU ROSAT K
CBETMMOCTH SDSS B TOJIOCE r (log(L /L))

N Tun log(L,/L,)
MMH. Makc. cpenHee
1 BLL -1.97 0.8 -0.59
2 BLG -241 0.21 -1.03
3 BLQ -2.15 0.23 -1.00
4 BLU -1.73 0.38 -0.79

log(L,)

S

BLL
BLQ
BLU

L g

o

v 1
39.5

log(L,)

Puc.6. PacnpeneneHI/Ie OINNTUYCCKUX MU PEHTICHOBCKUX CBETUMOCTEM 6J'[aSap0B.

AKTVBHBIE TATAKTUKU SIBJISIIOTCSL OUeHb MHTEPECHBIMI 00beKTaMu BO BceseHHOIA.
YTOoOBl MOHATH HEKOTOPbIE UX (M3UUYECKUE CBOMCTBA, BaXKHO M3YyYWUTh CBOMCTBA
3TUX O0BEKTOB B peHTreHOBCKOM nuana3oHe. B katamore BZCAT umerorcs 1718
(48%) aKTMBHBIX TaJlaAKTUK C PEHTITEHOBCKMMM IOTOKAMM Ha Pa3HBIX AJMHAX
BOJIHbI. OUYeHb BakHBIM PEHTTEHOBCKUM CBOMCTBOM OOBEKTOB SIBJISIETCSI PEHTIE-
HOBCKMI1 CIIEKTPaIbHBIN MHIAEKC, KOTOPBIA MOKa3bIBAET HAKJIOH CMEKTPOB. B KayecTse
MPUMEPOB TIPUBOISTCS YCPEIHEHHbIE PEHTIEHOBCKME CIIEKTpaIbHbIe MHAECKCHI IS
HccleayeMbIX 0ObEKTOB Ha puc.8.

Ha puc.8 npuBeneHsl cpelHue peHTTEHOBCKME CIEKTPhI IS Pa3HbIX TUIIOB
Hamux o0beKToB. OueBuaHoO, uyTo BLQ B cpenHeM umeroT 6ojiee KpyThle PEHT-
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Puc.7. Cssa3b MEXIOY CBETUMOCTAMU B PEHTICHOBCKOM M OIITUYCCKOM ITHaIia3oHax.

reHoBckue crnekTpbl, yeM BLL u BLG (1a6na.7).
C IOMOIIIBIO PEHTTEHOBCKUX TIOTOKOB, TIOCTPOCHBI CIIEKTPAJIbHBIE pacIIpeaeIeHIs
sHepruu (SED) s TeX UCTOYHMKOB, KOTOPbI€ MMEIOT JaHHbIE Ha BCEX SHEPreTu-

600

500 1

400 1

300 -+

200 1

100

CneKTpasibHbIM MHOEKC

Puc.8. Pacnipenenenue crieKTpaJbHOTO MHAEKCA 01a3apoB B peHTreHOBCKOM muamna3oHe ROSAT.
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Tabauya 7

PACITPEJEJIEHWE PEHTTEHOBCKOT O CITEKTPAJIBHOI'O
NMHAEKCA JJI1 PASHBIX THUITOB BJIASAPOB

N Tun X-ray CII. UHA.
1 BLL -3.174

2 BLG -3.069

3 BLQ -3.642

4 BLU -3.168

yeckMx moJjocax (puc.9).

M3 pucynka BugHo, yto SED-BI pa3Hux THIIOB 0J1a3apOB MOXOXKM M Pa3InJaroTCs
TOJILKO IO BeJIUYMHE MOTOKOB.

Ha nBer-BenmurHa quarpammax 0a3apbl pa3HbIX TUTIOB, YACTUYHO TEPEKPHIBASICh,
B CpeHEM pasdesisiioTcs ApYr OoT napyra, (puc.10). M3 pucyHka BUAHO, 4TO G1a3apbl
tina BLG Oonee kpacHee u ciabee, yeMm Omazapsl BLL 1 BLQ. A 06a3apsl Tuma
BLL pacnpeneyieHbl 60jiee KOMIAKTHO, Y€M OCTaJIbHbIE TTOATHUIII.

5. 3akawuenue. B xone ucciaenoBaHus ObUIM M3YYEHBI U3BECTHBIE OJ1a3aphl
(3561 6mazap), n3 KoTopbix 1709 06beKTOB (48%) MMEIOT PEHTTEHOBCKOE M3ITyJYeHNE.
st 9TX 00BEKTOB OBUIM COOpaHbI JaHHBIE BO BCEX MMAaNa3oHaxX IJIWH BOJH. B

-10 1
_11 -
- i
) |
g 127
-13
_14 T T T T T T T T T T T
0 50 100 150 200 250
k3B

Puc.9. CnekrpansHoe pacnpenenerHue sHeprun (SED) pasnuunbix TUMOB 06J1a3apoB.
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Puc.10. SDSS nBer-BennuMHa auarpaMMbl 0J1a3apoB.

uTore Obla co3gaHa caMasl 0OJiblliasi MHOTOBOJIHOBasl BbIOOpKAa PEHTIeHOBCKUX
Ona3apoB.

DT 00bekThl aBTOpaMu Kartajora [10] M3HayaabHO OBUIM pa3jiesieHbl Ha
yetblpe mmoaTuma: BLL, BLQ, BLG u BLU. B pabore nenaercst monbITKa HaliTH
pasanuus Mexay (pU3nuyecKMMU CBOMCTBAMM OOBEKTOB YKa3aHHBIX MOATHUIIOB.

PaccunTaHbl peHTIeHOBCKIUE TIOTOKM, CBETUMOCTH U CIIEKTPAJIbHbIE MHICKCHI,
a TakXKe ONTUYECKHEe MOTOKHU, CBETUMOCTU M aOCOJIOTHBIE 3BE€3AHbIC BEJTUYMHbI IS
BCEX OOBEKTOB BBHIOOPKMU.

IMpu u3ydyeHnn pacnpeneseHUs KPaCHOTO CMEILEHUS BbIICHUIOCH, UTO OOBEKTHI
B CpeHEM pa3leIsItoTCs], HO YaCTMUHO TMepeKphIBalOTCs (CpeaHee 3HaueHUe KPacHOTro
cMetenust st noartunoB BLL, BLQ u BLG, cootBerctBeHHo: 0.98, 1.42, 0.22).
TToutu Takas ke KapTMHA MOITyJaeTcs pyU U3y4eHUM aOCOIOTHOM 3BE3MHOM BeJIMUMHBI
CBETUMOCTH (CpeliHee 3HaueHHUe aOCOMIOTHOM 3BE3MHON BEJIMYMHBI U CBETUMOCTH JIJIST
nogtunoB BLL, BLQ u BLG, cootBerctBeHHO: -23™.74, 6.78-10°%W; -24™78,
8.30-10°*W; -22™.23, 7.49-10°” W), HO B citydae aGCOMIOTHOI 3BE3IHOI BETMUMHBI
BUIHO, yTo moatun BLL nemurcsa Ha moarpymibl. ITomydyaercst, YTo 0OBeKThI MOATHIIA
BLQ B onTyeckoM auarasoHe sipye ¥ SHEepreTHYeCKr MolllHee, YeM 00beKThl BLL
u BLG.

B peHTreHoBCcKOM auarna3oHe KapTMHA HEMHOTO Apyras (cpeiHee 3HayeHUe
Koa(dPpuimeHTa XKecTkocT M cBetuMmoct 11 noaTunoB BLL, BLQ u BLG,
cootBetcTBeHHO: 0.061, 1.52-10°*W; 0.193, 6.94-10°" W; 0.309, 1.11-10°" W).
OO0bekThl IoaTuIa BLL B onTryeckoM Avamna3oHe sipue U SHEpPreTUUecKr MOIIHEe,
yem oobek™ BLQ m BLG.

Ecnu mnpencraBuTh Ha puc.4 KpUBYHO OruOamllylo CHU3Y paclipeleieHue
TOYEK, TO OHa OymeT XapaKTepu30BaTh YyBCTBUTEJIbHOCTh ammapaTyphl.

Pacnipenenenue ornouenus log(L /L) mnsa BLL u BLQ mokaseiBaet, uto BLL
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1 BLQ u3nyyaioT npuMepHO CTOJIBKO K& SHEPTUM B PEHTIEHOBCKOM JIMAaria3oHe,
CKOJIbKO U B OINTUYECKOM, HO B cpeaHeM aHeprusi y BLL Gounbliie u3iayyaetcs B
PEHTITEHOBCKOM JMana3oHe (cpenHee 3HadyeHue oTHowenus log(L /L) nas BLL
u BLQ, cootrBetctBeHHO: -0.59, -1.00). 13 pacnpeneneHust ONTUYECKUX U PEHTIe-
HOBCKHMX cBeTMMoOcTeil nosnydaercs, yTo BLQ u BLG 3aHuMalor onpeneieHHYIo
00J1acTb, MU UX MOXHO Pa3IUYMUTL Ha 3Tou nuarpamme. A BLL pacnpenensitorcs
Ha OIpPEACICHHOM JTMHENHOM KpUBOMA ¢ o =0.86+0.04 .

PeHTreHoBCcKUe CrieKTpajbHbIE MHACKCHI MMOUTU OJMHAKOBBIE, HO B CpeaHEM
oTJIMYaloTcs (CcpeHee 3HaYeHUEe PEeHTIeHOBCKMX CHEKTpalbHbIX MHIEeKCOB BLL,
BLQ u BLG, cootBercTBeHHO: -3.174, -3.642, -3.069).

Ha uBer-Benuumba mumarpamMmax moatunisl BLL, BLQ m BLG yactuyHO
otnenstorcd, noatunn BLG kpacHee, uem BLL u BLQ, a BLL pacnpeneieHbt
KOMITaKTHEee, YeM OCTaIbHbIC TTOATHUIII.

Pabota BbINoJTHEHa B paMKax rpaHTOB "BhIsBIeHNe paHHUX CTaAuii 3BOJIOLINU
rajJJaKTUK C TTIOMOILBI0 MHOTOBOJIHOBOI'O MCCJICIOBAHUS aKTUBHBIX TralakThK' 21AG-
1C053, "[lonck M WccleqoBaHME SIPKUX PEHTTEHOBCKUX TalakTUK' 22AN:PS-
astroex-2597.

BropakaHckast actpodusuyeckasi obcepsatopusi uMm. B.A.AmOGapuymsHa HAH PA,
e-mail: paronyan_gurgen@yahoo.com

X-RAY PROPERTIES OF BLAZARS
G.M.PARONYAN

An analysis of a sample of blazars from the BZCAT catalog shows that they
have various characteristic properties, such as strong radio emission, optical and
radio variability, continuous optical spectra, polarization, high luminosity, etc., and
there is no certainty (initially, the catalog included objects with optical variability
and strong radio emission (BL Lacertae objects, BLL and Flat-Spectrum Radio
Quasars, FSRQ). Since blazars are characterized by a number of the above-
mentioned properties and 48% of blazars have been found to emit X-rays, in this
work we study them in this range to identify the properties whose presence
determines blazars. We will also provide characteristics of blazars based on our
analyses and calculations.

Keywords: AGN: blazars: BLL: quasars: X-ray emission
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In this study, we conducted a detailed astrometric, and photometric study of four open
clusters (SAI 43, SAI 47, SAI 63, and SAI 113) using data from Gaia DR3. The ASteCA code
enabled the identification of the astrometric and photometric parameters. The new centers of these
clusters were redetermined and from Radial Density Profile (RDP), the cluster radii, are between
3.13- and 6.6 arcmin for all clusters. The astrophysical parameters are as follows: the number of
star members N are 141 (SAI 43), 153 (SAI 47), 198 (SAI 63), and 188 (SAI 113); parallax
(w) for SAI 43, SAI 47, SAI 63, and SAI 113 are between 0.275 and 0.506 mas; proper motion
parameters (p,cosd, p,) are (0.57, -0.54 mas/yr), (0, -0.34 mas/yr), (-0.24, 0.26 mas/yr), and
(-5.61, 2.84 mas/yr) for SAI 43, SAI 47, SAI 63, and SAI 113, respectively. The photometric
parameters include the color magnitude diagram (CMD), ages, reddening, and distances. The ages
are provided as log (age), and they are between (7.172-8.659); the color excess E(B-V) is 0.47610.017
mag for SAI 43, 0.375%0.014 mag for SAI 47, 0.510+0.009 mag for SAI 63, and 1.265+0.011
mag for SAI 113, the distance modules of the clusters are between 11.177-13.439 mag, and the
distances from the sun to each of the clusters (SAI 43, SAI 47, SAI 63, and SAI 113) are
calculated as 4900100 pc, 2360+30 pc, 1720%20 pc, and 3720150 pc, respectively.

Keywords: open clusters: astrometric: ASteCA code: database: Gaia DR3: photo-

metric: color magnitude diagram

1. Introduction. Open clusters (OCs) are celestial objects that form within
giant molecular clouds (GMCs) that are located in the Milky Way Galaxy disk
[1,2]. OCs enable the understanding of star formation, galactic structure, stellar
dynamics, and stellar evolution. OCs are young and bright and located in the
Galactic plane; thus, they are easy to observe and study [3]. They are excellent
laboratories for studying stellar physical and dynamic evolution; therefore, they are
easily used to explore the history of star formation and the mechanisms of its
formation [4-7]. We used the selected open star cluster data from the European
Space Agency's Gaia Data Release 3 (DR3) [8]. The collaboration of the Gaia
mission released the DR3, which provides the following astrometric parameters:
Galactic position (/, b), (p, cosd, ng), (@), and the radial density profile (RDP).
The photometric parameters include a color magnitude diagram (CMD) with the
use of three filters (G, blue G_BP, and red G_RP photometric magnitude) for
approximately 1.8 billion sources with a brightness greater than 21 mag. Gaia DR3
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has complemented and provided more accurate data than previous data sources,
such as Gaia DR2 for cluster SAI 43 and 2MASS for clusters SAI 47, SAI 63,
and SAI 113. In this study, a wide characterization of these clusters is provided
with the aid of the Automated Stellar Cluster Analysis (ASteCA)' code [9].

From previously studies, we extracted the astrometric and photometric param-
eter data for the clusters. Based on the study by [10], the cluster SAI 43 has
135 stars, the proper motion is 0.611 mas/yr in the right ascension (RA), and
the proper motion is 0.555 mas/yr in the declination (Dec.). Similarly, for SAI
43, the parallax is 0.109 mas, log(age/year) is 8.410, the cluster is 4451 pc from
the Sun, the cluster has a metallicity [Fe/H] -0.198 dex, and its color excess is
1.538 mag. Based on [11], for cluster SAI 47, proper motion is -0.03 = 1.97 mas/
yr in right ascension, the proper motion is 2.55 % 1.97 mas/yr in declination, the
log(age/year) is (8.60£0.05), the cluster is at a distance of 3680+ 70 pc from the
Sun, and color excess is 0.42mag. From [12], cluster SAI 63 has 142 stars, the
cluster's age is 450 & 50 Myr, the cluster is at a distance of 2.2 £0.2kpc from the
Sun, its extinction is 0.44 = 0.05mag, and its galactocentric is 10.5kpc. From [13],
SAI 113 has log (age/year) of 7.11, with distance 3.90 = 0.19 kpc from the Sun,
variable reddening from 0.84 to 1.29 mag, and distance modules of 12.95 mag.

The article is structured as follows: Section 2 presents the Gaia DR3 data and
the methods used in this study. Section 3 provides the results from the DR3 data
analysis for the open clusters, and the astrometric, and photometric parameters
are derived. Finally, Section 4 summarizes our conclusions.

2. Gaia DR3 data and analysis tools. In this research, we use Gaia
DR3 data for the membership determination. These data provide the astrometric
parameters (o, 6, /, b, u, and ®), and photometric magnitudes (G, G_BP,
and G_RP) for the clusters with their uncertainties. We obtain the astrometric
and photometric data of the four clusters from the SAI Open Clusters Catalog’
([14]), review previously published research, and download the four clusters' new
data sheets from the online catalog VizieR’, which contains 168 star cluster
candidates; these candidates were identified and listed by [15]. We select the OC
spatial coordinates with a hypothetical radius equal to 20 arcmin; this value is
greater than the cluster radius r, determined from previous work [14].

Fig.1 shows the open cluster information with the following data: for SAI 43
with G <20.98 mag, the average photometric error is 0.004 mag of the G
magnitude, with a maximum error of 0.0203 mag, and the average photometric
error in the BP- RP color index is 0.076 mag, with a maximum error of 0.619

! http.//asteca.github.io/.
2 http://ocl.sai.msu.ru/.
3 https://vizier.u-strasbg.fr/viz-bin/Vizie R ?-source=1/355/gaiadr3.
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Table 1

THE ADOPTED COORDINATES OF THE CLUSTERS, BOTH
EQUATORIAL (o, 8) AND GALACTIC (/, b)) SYSTEMS, WERE
TAKEN FROM THE SAI OPEN CLUSTER CATALOG

Cluster Equatorial coordinates Galactic coordinates
a 8 / b
(hh:mm:ss) (dd:mm:ss) (deg) (deg)
SAI 43 05:08:16.600 49:52:08.000 158.608 5.685
SAI 47 05:23:58.000 42:18:52.000 166.370 3.546
SAI 63 06:13:44.500 06:56:58.000 202.415 -5.134
SAI 113 10:22:43.600 -59:30:20.000 285.064 -1.895

mag; for SAI 47 with G <20.92 mag, the average photometric error is 0.004 mag
of the G magnitude, with a maximum error of 0.0259 mag, and the average
photometric error of the BP- RP color index is 0.060, with a maximum error
of 1.741 mag; for SAI 63 with G <20.86 mag, the average photometric error is
0.0054 mag of the G magnitude, with a maximum error of 0.055 mag, and the
average photometric error of the BP- RP color index is 0.095 mag, with a
maximum error of 0.898 mag; and for SAI 113 with, G <21.14 mag, the average
photometric error is 0.005 mag in the G magnitude, with a maximum error of
0.038 mag, and the average photometric error of the BP- RP color index is 0.103
mag, with a maximum error of 3.266 mag.

In this study, we aim to provide a comprehensive description of the four OCs
using a program for this purpose. The ASteCA code is designed with many
functions that use position and photometric data. It is available online with full
documentation. The code automatically computes the astrometric and photometric
parameters of OCs. This code is integrated with the Bayesian field star decon-
tamination algorithm to assign membership probabilities from the theoretical
isochrones to select the best fit through a genetic algorithm. The isochrone fitting
process allows ASteCA to provide particular estimates for a cluster's parameters,
age, metallicity, extinction, and distance values with their uncertainties. Perren et
al. [9] provided a full description of the code on the code's website.

3. Results and discussion.

3.1. Astrometric structural analysis. In cluster analysis, the membership
of stars in cluster regions is important to assess. The stars of the open cluster
regions are gravitationally bound together, and their proper motions are distributed
tightly around the mean proper motion value, which is very useful in membership
determination [16,10].
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Fig.1. Uncertainties in the photometric magnitude bands; o, and o, ,, in SAI 43, SAI 47,
SAI 63, and SAI 113.

3.1.1. Re-determination of the cluster's centers. By recalculating the
cluster center (Table 1) using ASteCA, the cluster is taken at the highest stellar
density of the cluster region, as shown in Fig.2. and the stars in each bin are
counted for both directions. Table 2 lists the coordinates of the estimated new
center of the clusters. The new centers of the clusters are in good agreement with
the results from the SAI Open cluster catalog, with minimal changes in both the
RA and Dec. directions (Ao <17.997 , A5<19”.22). The new estimated centers
of the clusters SAI 43, SAI 47, SAI 63, and SAI 113 are listed in Table 2.

Table 2

THE COORDINATES OF OUR ESTIMATED NEW CENTER
POSITIONS OF THE CLUSTERS

Cluster Equatorial coordinates Galactic coordinates
o 3 / b
hh:mm:ss dd:mm:ss deg deg
SAI 43 05:08:17.510 49:51:48.780 158.614 5.684
SAI 47 05:23:58.690 42:18:49.400 166.372 3.547
SAI 63 06:13:46.497 06:56:47.000 202.755 -4.545
SAI 113 10:22:43.788 -59:30:16.063 285.391 -1.988
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3.1.2. Radial density profile (RDP). The radial density profile is the
density p of the number of stars N per zone area along the cluster radius. The
surface density distribution ¢(R) of the King's [17] model is expressed as a
function of tidal radius r and core radius r, is:

0= (11 P (11 P) m

where k is a constant. By determination the density function p(r) in concentric
rings as a function of the radius r from the cluster center outward. To achieve
this, we utilize the King's model [18], which is an approximation of King's
formula as represented by Equation (2):
Po

P(r) Pog T 1+(r/rc)2 > Q)
where p,, and p, are the background and central surface density, respectively.
r.is the core radius and is the distance at which the stellar density equals half
the central density. Using the ASteCA code, we generated RDP fitting for four
clusters (SAI 43, SAI 47, SAI 63, and SAI 113), and each cluster was fit with
a King profile, as shown in Equation (2) [17,18]. As shown in Fig.3, a peak
is observed in the density distribution near the cluster center; this peak decreases
and flattens after a certain point and shows the cluster density of the field stars.
At that value, we can estimate the cluster radius or limiting radius, r, which covers
the entire cluster area and at which the line represents the value of the background
density (dashed black horizontal lines in the figure) that intersects with the King
profile fitting curve.

After we applied the RDP fitting, we estimated the internal cluster structural
parameters for the clusters; these include r, r,, tidal radius r, p,, and p,, . The
values of the core radius and the tidal radius are given by ASteCA code with their
upper and lower values estimates as shown in Fig.3.

The point of p,, is given by (pbg +3cs,,g), where o,, is the uncertainty of
Py - Bukowiecki et al. [19] derived the following expression for the limiting radius:

I"CIZI" _po —1, (3)

c
36,

where all radii are measured in arcminutes (arcmin), while all densities are
measured in stars/arcmin’. By fitting the King model to the RDP, the estimated
r, was obtained by using Equation (3). Moreover, the ASteCA represents the value
of r for an open cluster; here, r, is the radial distance from the cluster center
at which the gravitational acceleration produced by the cluster is approximately
equal to the tidal acceleration produced by the Galaxy [20]. Certain parameters
are used to characterize the structure of open clusters. One of these parameters
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is the density contrast parameter §,, which is the stellar density contrast of the
clusters against the background population; this parameter measures the compact-
ness of a cluster [21] and is calculated using the following equation:

FO
80_1+_' |
pbg ( )

Another parameter is the concentration parameter C, which is the log ratio
of the cluster r, to its r, [22]. C can be calculated using the following equation:

C= log(i] . (5)

T

All numerical parameter results are listed in Table 3.

Table 3

OBTAINED STRUCTURAL PROPERTIES FOR THE FOUR OCs
AS COMPUTED FROM THE RDP FITTED BY KING's DENSITY
PROFILE USING ASteCA CODE

Parameters SAI 43 SAI 47 SAI 63 SAI 113
r, (arcmin) 3.58 3.13 5.40 6.60
r, (arcmin) 202777 1.38.% 3.7870 2,647
r, (arcmin) 5.0453% 5.200% 8.90, 11.82)2%¢
p, (stars arcmin’) 15.02 25.57 16.63 43.22
Py, (stars arcmin™) 6.54 9.57 11.12 29.52
. 3.30 3.67 241 2.46
C 0.40 0.58 0.37 0.65

It should be noted that the values of the core radius and the tidal radius are with their upper
and lower values estimates.

3.1.3. Astrometric parameters and distance determination. Astrometric
parameters are used to identify the stellar membership of each of the clusters by
performing a membership analysis using proper motion and parallax; these are
important astrometric parameters for this mission, and data from the Gaia DR3
database are used to obtain the proper motion and parallax. We acquired a
comprehensive data sheet for all stars with a photometric magnitude (G <21 mag).
The ASteCA code was utilized to input all the data points and determine the
membership probability. This was achieved by identifying a significant stellar over
density and comparing it to the surrounding stellar field.

Also, ASteCA utilizes a Bayesian field star purification method that allocates
membership probabilities only based on photometric data. A Bayesian decontami-
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Fig.3. RDP for the four open clusters. The grey dots are the RDP for the four open clusters (SAI
43, SAI 47, SAI 63, and SAI 113) obtained with the aid of the ASteCA code. The thick black dashed
line and shaded area represent the King's density profile. The black dashed lines denote the background
field density p, . The black dotted lines denote the central surface density p . The Vertical lines indicate
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The small numbers above and below the value of r, and r, represent the range of these parameters.
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nation algorithm (DA) was created using a nonparametric probability model-based
technique that follows an iterative procedure inside a Bayesian framework. The
code includes functions for structural analysis, statistically improved color estima-
tions free of field star contamination [9]. Our results show that the number of
these most probable members with membership probability P>50% for the
clusters are 141 for SAI 43, 153 for SAI 47, 198 for SAI 63, and 257 for SAI
113. These members lie within the cluster diameter and are located in the ranging
parallax and proper motion errors in the RA and Dec.

We plotted the stellar distribution for the cluster members and background
stars' proper motion (p, cosd, g ) for the clusters, as shown in the upper panel
of Fig.4. The mean proper motion for each cluster is determined by applying
Gaussian fitting for the cluster directions, as shown in the lower panel of Fig.4,
the average PM outputs (p, cosd, pg) are (0.57, -0.54), (0, -0.34), (-0.24, 0.26),
and (-5.61, 2.84) for SAI 43, SAI 47, SAI 63, and SAI 113, respectively.

In Fig.5 we show the Bayesian parallax analysis proposed by [23] on the
cluster region stars. This analysis makes use of all stars, even those with negative
parallax values of no apparent (physical) value. The distances obtained are heavily
affected by the selected offset applied on the parallax.

fe Clus!;rreg SAl43(1.0 o .Cll.)ste-rre:g‘5.N47 1.01 - .Cliuste‘lrég SA'I 5.3‘-
1.0 . Feldregs + 1% . Feldregs . . Feldregs .
R PV st N
00} :
-1.0 i
T 50l
> ;
©
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.
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Fig.4. Proper motion, contour map of proper motion. Upper panel: Stellar distribution of the
cluster members, and field stars’ proper motion (p ; mas/yr) in both directions of right ascension
and declination, and it appears that the cluster members are clearly very much embedded within
the field stars' distribution. Lower panel: contour map of stellar distribution of the proper motion
(p ; mas/yr) in both directions of right ascension and declination show the value of proper motions
for the four clusters.
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Fig.5. Parallax distribution for all stellar member candidates in the cluster space with gray circle
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plxmed with the black dotted line and the weighted average with the medium grey dashed line
plxwa, where the weights are the inverse of the parallax errors.

We applied the Bayesian distance dBayes found by the code depend on [23]
is shown in Fig.5. This shows a plXBay vertical grey dashed line, ASteCA distance
d,q.ca With the black dotted line from plx_, and the weighted average with the
light grey dashed line from plx  (where the weights are the inverse of the parallax
errors). From Fig.5, we found Bayesian parallax of the four open cluster members:
0.28403% for SAI 43, 0.28603% for SAI 47, 0.506023] for SAI 63, and 0.275(3%
for SAI 113. After obtaining the values of the clusters' parallax uses these values
to calculate the distance for each cluster based on its parallax [24]. The astrometric

distances calculated for SAI 43, SAI 47, SAI 63, and SAI 113 are as follows:
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Fig.6. CMDs for the star members of open clusters SAI 43, SAI 47, SAI 63, and SAI 113.
The graphs demonstrate the relationship between G and (G_BP-G_RP). The data (the grey dots) are
adjusted using the extinction isochrone corrected by [24], which is represented by the black curved lines.

35155108, 3491352, 19777%s, and 36433177, respectively. The small numbers
above and below the parallax value, and above and below the distance value
represents the range of these values.

3.2. Photometric analysis: Color magnitude diagram (CMD). We
use ASteCA to estimate the photometric values (reddening, metallicity, age, and
distance) of the final memberships of the clusters. ASteCA includes isochrones
and the best fitting operations that generate artificial CMDs of the clusters from
the isochrones and the best fit of the genetic algorithm. Using the isochrones of
the specific metallicity Z and age log(age/yr) selected from the CMD v3.6 service,
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we drew the corresponding CMD using DR3 photometric magnitudes (G, G_BP,
G_RP) for the stars (Fig.6). By using ASteCA, the PARSEC v1.2S [25]
theoretical isochrones’ for Gaia DR3 [26] were applied to estimate the cluster

metallicity and age.

The photometrical distances dp

hot

estimated from CMD to the cluster (in pc)

are 4900 % 100, 2360 £ 30, 1720 £ 20, and 3720+ 50 for clusters SAI 43, SAI 47,
SAI 63, and SAI 113, respectively.

All these astrophysical and photometric parameters are listed in Table 4. The
reddening parameter E(G BP - G_RP) and E(B-V) colour excess based on data
obtained from Gaia photo_metry are determined from the color band by using the
following formula [26]:

E(G_BP-G _RP)=1.289E(B-V). (6)
Also, formula (6) were used to estimate the reddening.
Table 4
THE CALCULATED ASTROPHYSICAL AND PHOTOMETRIC
PARAMETERS OF THE FOUR OPEN CLUSTERS, WITH A
COMPARISON FROM THE DATA TAKEN FROM THE SAI
OPEN CLUSTERS CATALOG
Parameters SAI 43 SAI 47 SAI 63 SAI 113 Ref.
Number of Members 141 153 198 188 Our work
n, cosd (mas/yr) 0.57 0 -0.24 -5.61 Our work
p, (mas/yr) -0.54 -0.34 0.26 2.84 Our work
@ (mas) 0.284039 | 0.28603% 0.506, 720 0.2750%5:  |Our work
d,y. (pc) 35153000 | 3491357 | 1977100 3643300%  |Our work
Z 0.0146%0.001 |0.029£0.0002 {0.019240.0002 {0.009+0.0003 | Our work
log (age/yr) 8.407+0.032 | 8.634+0.004 | 8.659+0.012 | 7.17240.024 |Our work
8.95+0.050 | 8.5%0.050 | 8.65+0.050 [14]
E(B-V) (mag) 0.476%0.017 | 0.375%£0.014 | 0.510%£0.009 | 1.265%0.011 |Our work
0.184+0.03 0.6£0.01 0.37+0.13 [14]
E(G_BP-G_RP) (mag)| 0.61+0.02 | 048+0.02 | 0.66+0.01 | 1.63+0.01 |Our work
A, (mag) 1.15£0.04 | 0.91+0.04 1.2540.02 3.08+0.03 |Our work
(m - M), (mag) 13.43+0.05 [12.267+0.034 | 11.17740.020 |12.853+0.031 |Our work
12.9240.07 | 12.93%0.05 11.4+0.09 [14]
dphw (pc) 4900100 2360+30 1720£20 372050 |Our work
3840£130 386090 1910£80 [14]
R, (kpc) 9.0+0.1 6.1£0.1 8.240.1 6.940.1 |Our work
Xo (kpc) -1.3440.03 | 1.30£0.02 | 0.03£0.0004 | 1.3240.02 |Our work
Yo (kpc) 4.70+0.01 | 0.26+0.003 | -0.28+0.003 | 1.34+0.03 |Our work
Zs (kpe) -0.29£0.006 | -1.9510.02 1.70£0.02 | -3.40+0.05 |Our work

4 http://stev.oapd.inaf.it/cgi-bin/cmd.
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Reddening with a line-of-sight absorption coefficient 4, computed by [27] and
[28] is used to correct the observed data:

A =(1.890+0.015)E(G_BP-G_RP). (7)
The results after using Equations (6) and (7) are recorded in Table 4. The distance

to the Galactic center Rgc for the clusters is calculated using the estimated
photometric distances to these cluster Equation (8):

R, =\/R§+(dcosb)2 —2Rydcosbcos!, ®)

where R =8.20%£0.10kpc [29]. The expected distance toward the Galactic plane
(X, Ys) and the distance above the Galactic plane (Zg) can be computed by
using the following relation [30]:

X =dcosbcosl, Yg=dcoshsinl, Zg=sinb, )

where (Xg, Yo, and Zg) are the heliocentric Cartesian coordinates of the
clusters. All results from the astrophysical and photometric parameters are listed
in Table 4.

4. Conclusion. In this study, we present an astrometric and photometric
study of open clusters SAI 43, SAI 47, SAI 63, and SAI 113 using data from
Gaia DR3 with the aid of the ASteCA code.

The astrometric parameters, such as cluster position, cluster radius, core radius,
tidal radius, proper motion, parallax, and distance, are determined. Photometric
parameters such as metallicity, age, total-to-selective extinction, reddening, and
distance modulus are measured after estimating their members. All calculations and
estimates of the clusters are used to understand the evolution of these clusters.
The main results of the present study are as follows:

1. We used the ASteCA code for each cluster to estimate the clusters astrometric
parameters such as mean proper motion, parallax, and RDP to determine the
limiting radius, after utilizing membership probabilities P >50% , which identified
the most probable member stars for the individual clusters (141; SAI 43, 153; SAI
47, 198; SAI 63, and 188; SAI 113) lying in the mean proper motion.

2. We redetermined the new cluster position by using the ASteCA code; our
results were in agreement with those estimated from the SAI Catalog with minimal
changes in both the RA and Dec. directions (Ao <1".997 , A5<19".22).

3. After correction for systematic error for parallax by adding +0.021 mas, we
calculated the astrometric distances from parallax for SAI 43, SAI 47, SAI 63, and
SAI 113 are as follows: 35153102, 3491357 | 19777% , and 3643317 respectively.

4. The photometric parameters were also determined by the ASteCA code. By
applying [23] Bressan et al. theoretical isochrones of metallicity Z to fit to the
CMD of most probable cluster members with the best fit values. The clusters age
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(in a log scale), reddening, and distance modules (m-M), were determined. By
using the distance modules values to calculate the photometric distance of the
clusters dphm we get: 4900 £ 100 pc for SAI 43, 2360+ 30 pc for SAI 47, 1720 £
20 pc for SAI 63, and 3720 £ 50 pc for SAI 113. The distances of the clusters
from the galactic plane, Z,, as well as their projected distances from the Sun,
Xe, and Yg, and the galactic centers Rgc, were then calculated and are all shown

in Table 4.
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ACTPOHOMMUYECKHWE N ®OTOMETPUYECKHE
NCCIEAJOBAHMA HEKOTOPBIX BbIBPAHHBIX
PACCEAHHBIX 3BE3IHbIX CKOIUVIEHUU

P.M.XAPUPH!, A AXAPYH!?, A AMAJIABU!

B manHOM mMcCCIenoBaHWN BBITTOTHEH OETATbHBIA aCTPOMETPUYECKU W (OTO-
METPUYECKUI aHaTU3 YEThIpEX pacCcesTHHbIX 3Be3AHbIX cKoruieHuid (SAI 43, SAI 47,
SAI 63 u SAI 113) ¢ ncnonme3oBanneM gaHHbIX Gaia DR3. Kox ASteCA 6bln
MIpUMEHEH IS OTIpeIesIeHNsI aCTPOMETPHUYECKHNX 1 (POTOMETPUIECKHUX ITapaMeTPOB.
3aHOBO OIpeneIeHB! IIEHTPHI 3TUX CKOIUICHUIA. Pamnychl CKOIIeHMA, orpeneeHHbIE
Ha OCHOBe paauajibHoro npoduist rotHocTy (RDP), Bappupylotcst B npezaesax
3.13-6.6 ymJIOBbIX MMHYT Ul BCEX CKOIUICHMIA. ACTpodU3MYECKUe IapaMeTphbl
CKoruleHu# cnenyroiue: yncio yieHoB (N) coctapnser 141 (SAI 43), 153 (SAI 47),
198 (SAI 63) m 188 (SAI 113); mapammakcel (n) mrs SAI 43, SAI 47, SAI 63
u SAI 113 Haxomsrcs B amamasone oT 0.275 mo 0.506 mas; mapameTpbl cOOCT-
BEHHOTO ABIXXEeHMs (p,cosd, Hg) paBHbl (0.57, -0.54 mas/yr), (0, -0.34 mas/yr),
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(-0.24, 0.26 mas/yr) u (-5.61, 2.84 mas/yr) mnst SAI 43, SAI 47, SAI 63 u SAI 113,
COOTBeTCTBEHHO. DOTOMETpIYECKIE TTapaMeTPhl BKITIOYAIOT TarpaMMy 1IBeT-3Be3IHasT
BesmurHa (CMD), Bo3pact, MOIJIoleHe CBeTa U paccTosiHUs. Bo3pacTt npencrapieH
Kak log(age) m Bapeupyercsa B mipenenax 7.172 - 8.659. M36piTok mBera E(B-V)
cocrapisier 0.476 £0.017 3B. Ben. mia SAI 43, 0.375+£0.014 mna SAI 47, 0.510 £
0.009 mst SAIL 63 u 1.265+0.011 mst SAL 113. Moy pacCTOSIHUIA AJ1s1 CKOIUICHUIA
HaxoasaTcsl B auarnasoHe 11.177 - 13.439 3B. Ben., a paccrosHust ot CojiHLA 110
Kaxporo n3 ckormeHuit (SAI 43, SAI 47, SAI 63 u SAI 113) paccunTansl Kak 4900
+ 1000k, 2360+ 30mnKk, 1720+ 20k 1 3720 + 50 1K, COOTBETCTBEHHO.

KntoueBbie cioBa: paccesnnvie 36e30Hble ckonaeHus: acmpomempus: ko0 ASte CA:
6a3za Odanuvix Gaia DR3: pomomempus: duaepamma yeem-
36€30HAA GeAUMUHA
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Cymma C+N+O B KpacHBIX TMraHTaXx MHTEpECHa TeM, YTO OHa, MO-BUAMMOMY, HE MEHSIeTCS
B T€UEHME SBOJIIOLIMU 3BE3/Ibl, XOTs € cocTaBisiiolue, ocodeHHO cozpepxkaHusi C 1 N, UCIBITHIBAIOT
3HAYUTENIbHbBIE JBOJIOLMOHHbIE U3MeHeHMsI. [1oka3aHo, YTO CyLIECTBYET SIPKO BbIpakKeHHasi Koppe-
JIAUUA MeXIy CyMMapHbIM copepxkaHueM loge(C+ N+ O) B KpacHBIX TMTaHTax M MX WHIEKCOM
MmetasimyHocty [Fe/H]. Jluneitnas 3aBucumoctb Mexay loge (C + N + O) u [Fe/H] cBunerensctByer
o pocte loge(C+N+0O) or 7.0 npu [Fe/H]=-2.5 no 9.2 npu [Fe/H] = +0.3, T.e. Goznee, yem
Ha 2 dex. OtHocurenbHoe coaepxaHue [(C+N+O)/Fe|] nHa tom xe untepBaie [Fe/H], nanportus,
ymenblnaetcss Ha 0.7 dex. IlokaszaHo, uto cootHoureHue Mexny [(C+N+O)/Fe] u [Fe/H| moutn
MTOJIHOCTBIO ompeensiercs: cooTHoleHneM Mexny [O/Fe] u [Fe/H]; cnemoBarenbHO, moATBEpKAaeTCS,
YTO KMCJIOPOA BHOCHUT IJaBHBI Bkiaag B cyMMy C+N+O. IlockosbKy COBpeMEHHbIE MOJIETU
SBOJIIOIMU [ajlaKTUKM JOCTAaTOYHO XOPOIIO OOBSICHSIOT Habmomaemyto 3aBucumoctb [O/Fe] or
[Fe/H], Tem cambpIM OHU OOBSCHSIOT M Habmomaemyto 3aBucumoctb [(C+N+O0)/Fe|] or [Fe/H].

KitoueBbie clioBa: kpacHble eueaHmbl: XUMUHECKUL COCMAB

1. Beedenue. B cepum Hammx pabor [1-5] ObUIM UCCIIENOBaHbI KpPacHLIE
TMTaHTHI ABYX TUIIOB B OKpecTHOCTM CONHIIA: TUTAHTHI C IIAHETAaMU W TUTAHTHI
C MarHuUTHbIMU mojisMu. B pabote [1] ObuiM omnpeneneHbl (yHIaMEeHTaJIbHbIE
rapaMeTpbl U COJAEpXXaHMsT KITIOYeBbIX Jierkux siaemeHToB Li, C u O mig 9-tu
K-rurantoB ¢ miaHeramu. B pabote [2] Obul meTaabHO MCCIEI0BaH XUMWUYECKUMA
coctaB 3Tux 9-tu 3Be3n. Hanee, B [3] Obul MpoaHAIM3UPOBAH XMMUYECKUIA COCTaB
rurantoB EK Eri, OU And ¢ MarHUTHBIMA MOJIIMU, KOTOPBIE OBLINA MTPUYMCIICHBI
K BEpOSITHBIM MOTOMKaM MarHUTHbIX Ap-3Be3n. B [4] Obliu onpeneneHsl ¢yHaa-
MEHTaJIbHbIE MMapaMeTpbl U xuMudeckuit coctaB 20-tu MarHUTHbIX G 1 K ruraHroB
B okpectHoctu ConnHua. Hakoneu, B [5] Obuta paccmoTpeHa BenuuuHa [N/CJ,
KOTOpas TPEACTaBIseT COOOM UyBCTBUTEIBHBIN WHAMKATOP SBOJIOIMU 3BE3I, B
CpaBHEHMM MEXIY MarHUTHBIMA M HEMAarHUTHBIMU TWUTaHTaMU. BaxkHO OTMeTHUTB,
YTO aHAIU3 XUMMUYECKOIO COCTaBa BO BCEX 3TUX paboTax ObUT BBIMOJIHEH IO €MUHON
METOIMKE.

Ocob6oe BHUMaHuKe B [1-5] ObL10 yaeneHo 3iaemMeHTaM rpymnbl CNO, KoTopble
CUUTAIOTCS KJIIOYEBBIMU B TEOPUM 3BOJIOLMM 3Be3. Kak M3BECTHO, 3TU 3JIEMEHTHI
YYaCTBYIOT B PEaKIMAX TOPEHUSI BOAOPONIA B SiApe 3Be3Mbl HAa CTAAWU TJIABHOU
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nocnenoBarebHocTH (I'TI), caMoil MpoAOIKUTETLHON CTaquy B DBOJTIOLIMM 3BE3/bI.
IIpu 5TOM CylleCTBEHHO MEHSIIOTCSI COIEPXKAHUS OTUX JIEMEHTOB, ocobeHHO C 1
N: coaepxaHue N CyllIeCTBEHHO yBeJIuWuuMBaeTcs, a cogepxkaHue C, HaoOOpoT,
yMeHbllaeTcs. BeaeacTBre 3Toro, B YaCTHOCTU. TIPU TOCTMKEHUU CTalUM KPAaCHOTO
TUraHTa CUJIbHO yBednuuBaeTcs: oTHoueHue N/C (cM. [5]).

HMmMerorcst maHHBIE, KaK TEOPETUIECKHE, TaK M HaOIOnaTe IbHBIC, YKA3bIBAIOIIINE
Ha TO, 4To cymMmapHoe coaepxkaHue C+N+O B 3Be3zie B Npoliecce ee 3BOTIOLNN
ocTaeTcs TTOCTOSHHEBIM (CM., HarpuMep, [6-8]). Apyrumu cioBamu, cyMmma C+N+O
B 3Be3/Ie OCTaeTCsI HEM3MEHHOU ¢ MOMEHTa ee (DOPMHMPOBAHUS M 3Ta BEJIMYMHA
XapakKTepu3yeT XUMMUYECKUI COCTaB TOM MEX3BE3MHOW Cpelnbl, M3 KOTOpOW
obpa3oBajach 3Be3/1a.

B paGote [4] mng 27-u KpacHbIX TMraHTOB B OkpecTHOcTM CosHiia Oblia
HaiiieHa OTYEeTJIMBasl KOPPEJsIUs MEeXIY cyMMapHbIM conepxkaHuemM C+N+O u
uHaekcoM MetainuHoctu [Fe/H]. I1pu atom 3nauenust [Fe/H]| BapbupoBanuch
B auanasoHe oT -0.49 mo +0.26, 1.e. BOau3u coiHeuHoro 3HadyeHus [Fe/H]=0.00.
BosHukaeT npeanonoxeHue, 4YTo 3Ta KOPPesius NpoaoiikaeTcs B o0yacTsx oosee
Hu3kux 3HayeHuit [Fe/H]. Lleab HacTosiielt paboThI - B TIPOBEPKE 3TOrO MpeAroso-
JKEHUS, I 4ero OBbLIM pacCMOTPEHBI 3Be3/Ibl B pacImpeHHoM uHTepBaie [Fe/H]
or -2.6 mo +0.3.

CnurcoK pacCMOTPEHHBIX B HAcCTOslIel paboTe OOBEKTOB, ISl KOTOPBIX B
JIUTepaType UMeEITCsl NaHHble OTHOcUTeabHO cyMMbl C+N+O, mpeacTtaBieH B
paznese 2. OH COAEPXUT Kak OTAEJbHbIC 3BE3/bl, TAK W I'PYMIIbI 3BE31, BKIIIOYas
YeThbIpe 1IapOBbIX CKOIUJIeHUs. B pasaene 3 mpuBeaeHa 3aBUCUMOCTb CYMMAapHOTO
comepKaHUs logs(C + N+ O) oT uHaekca metajuimuHoctu [Fe/H]; monyuyeHa sipko
BbIpaXKEHHAS! KOPPEJSLMS MEXIY STUMU BeIUYUHAMU. AHTUKOPPESIIUS MEXTY
BeamuuHaMu [(C+N+O)/Fe] u [Fe/H], a Takke cBsi3aHHasl ¢ Heil aHTUKOPPEISILINS
Mexay [O/Fe] u [Fe/H], paccmorpensl B pa3nenax 4 5. COOTBETCTBHE MEXIY
MOJIYYeHHBIMU pE3yJIbTaTaMU U TEOPETUYECKMMU pacyeTaMu 00CYKIaeTcsl B pasielie
6. Utorn paboThl moaBeAeHBI B pasueie 7.

2. Cnucok paccmompenHblX 00seKkmos. I1pu MOCTpOEHUN 3aBUCUMOCTH
cymmapHoro coaepxaHuss C+N+O ot uHnekca MetaimyHoctu [Fe/H| ucnonb-
30BaJIMCh, TIPEXE BCErO, pe3yJibTaThl, MOMyYyeHHbIE B [4] mist 27 KpaCHbIX TMUTAHTOB
B okpectHocT CosHila. HarmoMHuM, 4To 3TH 27 TUTAHTOB MOKA3IM OKOJIOCOTTHEYHYIO
MeTaymmuHoCTh (3HaueHus [Fe/H] mexmoy -0.5 n +0.3). Kpome Toro, 6butn 1006aB-
JICHBI IPYTHe OOBEKTHI, U KOTOPBIX B JITEPATYpe MMEIOTCS JaHHBIE OTHOCUTEIHLHO
cymmbel C+N+O.

CrnMcoK pacCMOTPEHHBIX OOBEKTOB TpeacTaBiieH B Tabia.1. s Kaxmoro u3
HUX yKa3aHBbl cienyromnie BennanHbl: [Fe/H], logs(C + N+ O), [(C+N+O0)/Fe]
u [O/Fe]. OTu BeauuuHbl NOTpeOYyOTCS Ml MOCTpoeHust puc.l, 2 u 3.
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Tabauua 1

HJAHHBIE N3 JIMTEPATYPBI OTHOCUTEJIBHO CYMMBI C+N+O

IJIA U3BPAHHBIX OBBEKTOB

OOBbeKT [Fe/H] | loge(C+N+0)| [(C+N+O)/Fe] [O/Fe] Cchuika
ConHue 0.00 8.941+0.14 0.00 0.00 [9]
3Besnnl Jlaka | 0.0610.20 8.9710.25 -0.03%£0.25 0.05%0.06 [10]
M3 -1.39 7.74 0.19 0.33x0.07 [7]
M13 -1.50 7.70 0.26 0.18%0.10 [7]
NGC 6752 -1.6 7.62+0.02 0.28 0.22£0.07 [8]
NGC 1851 -1.3 8.16+0.10 0.52 0.12£0.07 [8]
NGC 1851 -1.04 8.02+0.24 0.11£0.20 0.11£0.12 [11]
HD 66573 -0.62 8.44 0.12 0.22 [12]
HD 140283 -2.57 7.06 0.69 0.77 [13]

B T1abn.1 BkimoueHa paborta Jlaka [10], rme Obula uccienoBaHa 451 3Be3na
crnexrpanbHbIX THIIOB F, G, n K 1 knaccoB cBetmmocty | m I1. [l 221-i1 3Be30b1
3aech ObLIM onpenesieHbl cogepxkanust C, N u O U HallieHbl CyMMapHbIe COIepKaHMSI
loge(C+N+0). Cpennee sHauenue loge(C+N+0O) ms sroit 221-it 3Be3nI
(3Besnpl Jlaka), TIpMBeAeHHOE B TaO.1, oKa3ajloch OYeHb OJIM3KUM K COJTHEYHOMY
3HAYECHMIO.

B Taba.1 npuBeneHb! pe3yabTaThl UCCIEIOBAHNS XMMMUECKOTO COCTaBa YJEHOB
YEeThIPEX 1APOBBIX CKOIUICHUI C MOHWXEHHON METAZIMYHOCThIO, a UMEHHO: M3,
M13, NGC 1851 u NGC 6752. Ilpu atom miga NGC 1851 B3gThI JaHHBIE U3 pabOT
[8,11]. B nepBoii npuBeneHo cpeaHee coaepxaHue C+N+O mwigd ckoruieHus, a ¢
MOMOLIBIO BTOPOI pabOThl HAMIEHO 3TO CpeaHee MO JaHHBIM sl 21-ro KpacHOro
TUraHTa.

B tab6s.1 BKIIOUEHBI TakXKe UHAMBUAYAJIbHbIE JaHHBIE [JIs1 IBYX 3Be3 C HU3KOMN
MeTaumyHocThio - HD 66573 1 HD 140283. Bropast 3 HUX MoKa3ana HauMEHBIIYIO
MetaiudHocTh [Fe/H]=-2.57 cpenu BbIOpaHHBIX OOBEKTOB.

3. Koppeaauyus mexucdy cymmapuoim codepicanuem loge(C+N+0O)
u unoexkcom memaniruunocmu [Fe/H|]. Ha puc.1 npencrapieHa mojaydyeHHast
HaMU 3aBUCUMOCTb logs(C+N+O) ot [Fe/H]. Hanbonee BbICOKME 3HAYCHMUS
logs(C+N+O) 31€Ch MOKa3bIBalOT 27 TMTaHTOB M3 paboThl [4] ¢ BapuauusIMu
[Fe/H] ot -0.49 no +0.26 (3anmojHeHHBIC KPY:KKM B IPaBOM BEPXHEM YDy puc.l).
B cpemHem 3Tu 3HaYeHUST XOPOIIO COOTBETCTBYIOT BeanuuHe 8.94 +0.14, xapak-
tepHoii st ConHia [9]. Takoe xe xopoiee cormtacue ¢ ColMHLIEM UMEET MECTO
JUTSL CPEIHUX 3HAYCHUN loga(C+N+O):8.97 u [Fe/H]=0.06, xoTopble MbI
nojayuyunu st 221-oit 3Be3n u3 cnucka Jlaka [10].
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Puc.1. 3aBucumocts cymmapHoro coaepxanusi loge(C+ N+ O) OT MHIEKCAa METALIMYHOCTU
[Fe/H] mnsa o6bekToB, penctaBieHHbIX B Ta0m. 1. [Ipsgmast tuHUS poBeqeHa METOIOM HAMMEHBIINX
KBaJpaToB.

Becbma KOMMakTHYIO rpyIiy Ha puc.l o0pasyloT Tpu LIAPOBBIX CKOIUIEHUS,
M3, M13 u NGC 6752. [lng rMraHToB 3TUX CKOIUIEHUI B paborax [7,8] Gbuin
MoJy4YeHbl OYeHb OJIM3KME CpeaHMEe 3HAYEHUS loga(C+N+O), a takxe [Fe/H]
(cMm. Tab.1). Ing yerBeproro maposoro ckoruieHusi, NGC 1851, Ha puc.] npuBeneHbl
JJaHHBbIE JBYX padoOT: cpeaHee 3HAUYCHNE logs(C + N+ O)= 8.16, coriacHo [8], a
TaKXe cpelHee 3HayeHue log s(C + N+ O)= 8.02, moJayd4eHHOe HaMy MO JaHHBIM
st 21-ro yneHa ckoruieHus1 u3 pabotsl [11].

Ha puc.1 nipencraBieHbl TakxkKe WHAWBUIYaJIbHbIE TaHHBIE IS OBYX 3BE3] -
HD 66573 [12] 1 HD 140283 [13]. Bropag u3 HUX OCOOEHHO MHTEpPECHA, TaK
Kak [l Hee MOJIyueH caMblii HU3KUM MHAeKC MeTauimyHoctu [Fe/H]=-2.57.

B 1nenoM puc.1l mokasbIBaeT, 4YTO CYIIECTBYET SIPKO BBIPAKEHHAsT KOPPEISIIUS
MEXIy BeJIMYMHAMU logs(C + N+ O) u [Fe/H]. BuaHo, 4To oHa XOpOIIO armpoK-
CUMUpYETCs MPSIMOI JIMHKUEN, KOTopasi MpoBeeHa Ha puc.] MeTogoM HaMEHBIINX
KBaApaToB. DTa JIMHUSI CBUIECTESILCTBYET, YTO CyMMapHOe coiepxkaHue log e (C + N+ O)
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MeHnsiercst ot 7.0 ipu [Fe/H]=-2.5 10 9.2 ipu [Fe/H]=+0.3, T.e. yBeauuuBaetcst
Ha 2.2 dex.

4. 3aeucumocmov eeauuunvt [(C+N+O)/Fe] om undexca memannuu-
Hocmu [Fe/H]. Kak u B [4], mig manbHeiInero oOCYXIEHMs, a TaKXKe IS
CpaBHEHMSI C TeOpHeil BMECTO aOCOIIOTHOIO colepKaHus log s(C + N+ O) MOJIEZHO
paccMoTpeTh oTHocuTedbHOe coaepxkanue [(C+N+O)/Fe], kotopoe: 1) oTHOCUT
HMCKOMYIO BEJIMIMHY K COICPKAHUIO Xejle3a M 2) OTHOCUT €€ K COIepXKaHUIO Ha
CornHue.

3aBucumocts [(C+N+O)/Fe] ot [Fe/H] npeacrasiena Ha puc.2. BugHo, uro,
B OTJIM4YuMe OT puc.l, rae BeJuurHa logs(C+ N +O) B auamasone [Fe/H] ot -2.5
1o +0.3 meHsteTcs Oosee, 9YeM Ha nBa mopsinka, BenmmunHa [(C+N+0)/Fe] Ha Tom
ke uHTepBane [Fe/H] mensitercss Tonbko Ha 0.7 dex (3TO MOXHO OLEHUTBH 10
CIUIOLLIHOWM TIPSIMOW JIMHUM, MPOBEAEHHOW Ha pPHUC.2 METOJOM HauMEHbIINX
KkBagparoB). Euie onHO paznuuue mMexmay puc.l u 2 COCTOMT B TOM, UTO €CJIM Ha

0.8 T

W HD 140283

[C+N+O /Fe]

/) A N B S I B S
-3 -2 -1 0

[Fe/H]

Puc.2. 3aBucumocts BenmuuHbl [(C+N+0O)/Fe] ot unnekca metammuHocty [Fe/H]. CrutoniHast

MpsiMasl IpoBeJcHa METOIOM HauMEHbIINX KBaapaToB. LIITprxoBast IMHUS - TOBTOPEHME TPSIMOIA,
MMOJIyYEHHOM I KKUCJIOpoAa Ha puc.3.
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TIepBOM MMeeT MECTO SIPKO BBIpakeHHasl KOPPEJIALNs, TO Ha BTOPOM, Ha00OpOT,
HaOJTIONaeTC aHTUKOPPEJISIIVI.

5. 3asucumocmov [O/Fe] om [Fe/H]. Cpenu CNO-371€MEHTOB B CyMMY
C+N+O HauboblINK BKJIaJ BHOCUT KUCIOPOI, TaK KaK OH SIBJISIETCS CaMbIM
OOUJIbHBIM 3JIEMEHTOM B 3TOM rpyrme. DTo BuAHO Ha mpumepe CosaHua, Wi
xotoporo cofepxkanus C, N u O cocrapnsior loge(C)=8.47, loge(N)=7.85 u
logs(O):8.71 [9]. B aT0i1 cBa3u 3aBucmmocth BenmuuHb [O/Fe] or [Fe/H]
MpeJCTaBIsIET OCOObIN MHTEpeC.

JaBHO M3BeCTHA aHTUKOPPEJSLIMS, KOTOpasi CYLIECTBYET MEXIY BeJIMUYUHAMU
[O/Fe] u [Fe/H] (cm., nanpumep, [14,15] u ccbiku B HUXx). Ha puc.3 misa tex
XK€ 00BEeKTOB, UyTO 1 Ha puc.l u 2, npeacrapieHa 3aBucumoctb [O/Fe| ot [Fe/H].
DTy 3aBUCMMOCTb Mbl aIlllMPOKCHUMUPOBAIM MPSIMON JIMHUEH, KOTOPYIO MPOBEIU
METOIOM HaMMEHBIIINX KBaIpaToB.

3ameTuM, uTo Touke Luck's stars Ha puc.3 COOTBETCTBYIOT KOOPIMHATHI
[Fe/H]=+0.06%0.20 u [O/Fe]=-0.05£0.06. D10 cpenHmne 3HAYECHUS, HAlIEHHBIE

L L I B e L L

08 I- W HD 140283 —

[O/Fe]

NGC 1851

ConHue

i Luck's 1
stars

e e b b e e by

3 -2 -1 0
[Fe/H]

Puc.3. 3aBucumocts BemunHbl [O/Fe] ot mHnekca merajummunoctu [Fe/H]. Tpsmast auHust
MMPOBEICHA METOIOM HAMMEHBIIMX KBaIpaTOB.
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Hamu Juist 221-i 3Be3apl U3 pabothl [10]. s cpaBHeHUSI MOXHO yKa3aTb, UTO
ans 1133 FGK-rurantoB u3 [17] (cM. Tam Ta6j.3) Mbl HallUIM O4YeHb OJM3KHUE
cpenaue 3HadeHust [Fe/H]=+0.02+0.23 u [O/Fe]=+0.02+ 0.21 (cymmapHOe
cogepxanne C+N+QO B [17] He ompenesioch).

bruta ckonupoBaHa mpsiMasi JIMHMS, TTOJyYeHHasl Ha puc.3, U MepeHeceHa B
BUJIE ILITPMXOBOM MpsIMOI Ha puc.2. BUIHO, 4TO 3Ta IITPUXOBas JMHUS, TIPEACTaB-
JISIIo1Iast KUCJI0pOo, OYeHb OJIM3Ka K CIIOIIHON MPsIMON, MPEACTARISIONIENR CYMMY
C+N+O, 1 nexur cierka Hke. TeM caMbIM MTOATBEPAWIN, YTO KUCIOPOA BHOCUT
JToMUHUpYOIIMd Bkiaaag B cymmy C+N+O.

6. Obcyxucdenue. 1na nanbHeiero o0CyXKIeHUs BaKHBIM SABISETCA Clie-
oyrommii pesynbrar: cymMmma C+N+Q, koTopas, IO-BUAUMOMY, HE MEHSIETCS B
MpolLecce SBOJIOLIMU 3BE3[bl, OMpenesisieTcss B OCHOBHOM BKJIaIOM KUCJIOpPOAA.
Takum obpazom, Habmomaemble Bapyuauuu BeanunHbl [(C+N+0O)/Fe] oTrpaxator
dakTaeckn Bapuanum BenmauHbl [O/Fe].

TpaguLmoHHO MpeArnoaaraaoch, YTo oboraiieHne Mex3Be3nHol cpeabl (MC)
XUMUYECKUMU 3JeMeHTaMu B [ajlakTMKe MOPOUCXOAUIO B OCHOBHOM 3a CYET
B3pPbIBOB CBEPXHOBBIX, MpuueM cBepxHoBble | Tuna mocrapiasyin B MC xeneso,
a cepxHoBble Il Tmma - kuciopona. Ilo3xe mobGaBuwicS ellle OJWH, BHEIIHUIA
UCTOYHUK oboraieHuss MC anemeHTamu. MMeeTcs B BUy MajJeHUE BelleCTBa U3
Tak Ha3biBaemoro MaresnaHoBa IToroka (Magellanic Stream), npeacTaBistOLIETO
CO0OM BBICOKOCKOPOCTHBIE OOJIaka rasza, JeTsdique u3 bomabpmioro m Majoro
MarennanoBa O6aka.

CospemMenHble "Momenn ¢ anmeHueM” (“infall models") obcyxmarores, HarpuMep,
B [15,16]. OHu omuchIBalOT (OPMUPOBAHUE Tajo, TOJICTOrO JUCKA U TOHKOIO
aucka lamaktuku. K coxalleHUto, 31ech He OBLIO OIpeaeeHO CyMMapHOe
comepxanue [(C+N+O)/Fe]. Omnako B [15,16] monyyeHa TeopeTHuyecKast
3aBucumocTb [O/Fe] or [Fe/H], koTopast mOoCTaTOYHO XOpOLIO COTIJlacyeTcsl ¢
HaOmoneHusiMu (cM., Haripumep, puc.15 B [15]). [TockonabKy KUCAOpPOA BHOCUT
onpenensouMii BKiIaax B cymMmapHoe conaepxaHue C+N+O, TteM caMbiM
MOATBEPKAAETCSI, UYTO COBPEMEHHAsl TeOpUSI JOCTATOYHO XOPOIIO OOBSICHSIET
3aBucumMocTb [(C+N+QO)/Fe] ot [Fe/H].

7. 3akarouenue. B HacTosiei paboTe, HapsITy C HAIIMMK PE3yJbTaTaMK ISt
27 G- u K-rurantoB B okpecTHOCTU COJIHIIA MCTOJIb30BAIMCh TaKXe JaHHbIE W3
JIATEpaTyphl T 3Be3M (B OCHOBHOM KPACHBIX TMUTAHTOB) Pa3HONM METAJTTMIHOCTH.
OCHOBHbIE Pe3yJbTaTbl COCTOST B CJEAYIOLIEM.

Hatinena sipko BBIpakeHHAas] KOPPEJSAIMNS MEXIY CYMMAapHBIM COIepXXKaHUEeM
logs(C+N+O) u nHAeKcoM MetaummyHocty [Fe/H]. JlmHeitHass 3aBHCMMOCTD
MEXIy logs(C + N+ O) u [Fe/H] cBuaeTenbcTByeT 0 pocTe logs(C + N+ O) oT
7.0 pu [Fe/H]=-2.5 mo 9.2 mpu [Fe/H]=+0.3, T.e. 6onee yem Ha 2 dex.
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OtHocutenbHoe coaepxaHue [(C+N+O)/Fe] mokasplBaeT aHTUKOPPEISLUIO U
MeHsietcsa Ha -0.7 dex Ha Tom xe uHTepBajie [Fe/H].

Cymma C+N+O B 3Be3ne, IIO0-BUAMMOMY, OCTA€TCsSI HEM3MEHHOM B IIpolecce
ee spomouuu. Haiinennas 3aBucumocts [(C+N+O)/Fe] or [Fe/H], kak ObL10
MOKa3aHo, MOYTU MOJHOCTBIO onpeaessiercs 3aBucumoctbio [O/Fe] ot [Fe/H] (tak
Kak Kucjaopoj BHOCHUT rjaBHbIi Bkjag B C+N+O). TTockojabKy COBpeMEHHbIE
MOJEeIN BBOMIOLMN ['aJaKTUKKM JOCTAaTOYHO XOPOIIO OOBSCHSIOT HAOMI0ZaeMYIO
3aBucumocTtb [O/Fe] or [Fe/H], TeM caMbIM OHU KOCBEHHO OOBSICHSIIOT U
Habmonaemyto 3aBucuMocth [(C+N+O)/Fe] ot [Fe/H].

Panee cymmapHoe conepxkanue C+N+O He paccMaTpuBaoch Kak MmapameTp,
XapaKTepu3yIOIlIui XUMUUeCcKyo sBojouuto lagaktuku. OmHaKo, IO Hallemy
MHEHUIO, 3Ta BeJIMYMHA BITOJIHE MOXKET OBITh BKIIIOUEHA B YKMCJIO TAKMX MapaMETPOB.

Kpeimckas Actpodusuueckast Ob6cepBaropusi PAH,
e-mail: lyub@craocrimea.ru

THE TOTAL C+N+O ABUNDANCE IN ATMOSPHERES
OF RED GIANTS OF VARIOUS METALLICITY

L.S.LYUBIMKOV, D.V.PETROV

The sum C+N+O in red giants is interesting because it does not apparently
change during the star’s evolution, although its components, especially the C and
N abundances, suffer significant changes. We showed that the pronounced cor-
relation exists between the total abundance loge(C + N +0) in red giants and their
metallicity index [Fe/H]. The linear relation that was found between
loge(C+N+0) and [Fe/H] evidences an increase of loge(C+N+0) from 7.0
at [Fe/H]=-2.5 to 9.2 at [Fe/H]=+0.3, i.e. greater than 2 dex. The relative
abundance [(C+N+O)/Fe] on the same [Fe/H] interval, on the contrary, de-
creases by 0.7 dex. It was shown that the relation between [(C+N+O)/Fe] and
[Fe/H] is determined almost completely by the relation between [O/Fe] and
[Fe/H]; therefore it is confirmed that oxygen gives a main contribution to the
sum C+N+0O. Since modern models of the Galaxy evolution explain well enough
the observed dependence of [O/Fe] on [Fe/H], they explain by that the observed
dependence of [(C+N+O)/Fe] on [Fe/H].

Keywords: red giants: chemical composition
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We present International Ultraviolet Explorer (IUE) observations during the period (1980 -
1994) of the double lined spectroscopic binary BY Dra to show the spectral behavior and physical
conditions in its atmosphere. The observations reveal indication of flare activity in their flux values
in years (1981-1990-1994) in the chromosphere and transition region of the primary star. Beside
the flaring activity the emission lines show a range of variations between high, intermediate and low.
There is a relation between the fluxes and rotational phase. The reddening of BY Dra was estimated
from 2200 A absorption feature to be F(B- V)=0. The average mass loss rate is found to be
~49.10° M ° yr', the average temperature of the emitting region to be ~ 9.2-10* K, energy of
flare to be ~ 6.2-10" erg. We attributed the spectral variations to a cyclic behavior of the underlying
magnetic field and the flaring activity to three component model.

Keywords: stars: activity - stars: flare - stars: magnetic field -Individual: BY Dra -

ultraviolet

1. Introduction. BY Dra is a double - lined spectroscopic binary [1] with
rotational period of 3.8 days and consists of dkSe + dk7e with an inclination of
30 degrees. The primary star makes up to two thirds of the light from the system
at visual wavelengths [2]. BY Dra exhibits a significant brightness asymmetry in
spectroscopic studies [3,4].

International Ultraviolet Explorer (IUE) observations have been used to de-
termine the physical conditions in the transition region of flare stars [5].
Rotational variation studies [6] and Doppler imaging of ultraviolet emission lines
[7] provide indication of discrete active areas in the chromosphere and transition
regions of flare systems.

Stellar magnetic activity is a result of interplay of rotation and turbulent
convection at stellar surface. Stellar rotation plays significant role in the dynamo
efficiency and influence the magnetic activity of star. Magnetic activity is related
to modulations in the stellar magnetic field and consequently is connected to the
structure of the stellar subsurface zone, stellar rotation, spectral variations and
regeneration of the magnetic field through self - sustaining dynamo activity [8-11].
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Helminiak et al. [12] calculated the spectroscopic & astrometric orbital solution
and the archival astrometric measurements from the Palomar Testbed Interferom-
eter (PTI) and derived M, =0.79M ¢, M, =0.69Ms, d=16.5pc. Vogt & Fekel
[3] estimated the radius of the primary star to be R, =1.2Rg.

Butler et al. [13] by using IUE observations detected a small rotational
modulation of the strong ultraviolet emission lines and interpreted this as evidence
for plage - type regions in the stellar chromosphere which overlie the photospheric
spots and the active regions were so numerous that some were always in view.

In this paper we studied the spectral behaviour of BY Dra binary system by
using ultraviolet observations obtained with the IUE. The important observational
evidences in our study are that firstly there is a relation between fluxes of emission
lines in the times of (high, intermediate & low states) with rotational phase
secondly the similar flaring activity at the same phases indicating a possible
common origin in the chromosphere and transition region of BY Dra system.

The paper is organized as follows: In section 2 we present the ultraviolet
observations, in section 3 we demonstrate the method of reddening determination,
section 4 shows the results and discussions of the spectral behaviour of emission
lines in the emitting areas, and section 5 contains the conclusions.

2. Observations and data reduction. The short wavelength ultraviolet
spectra obtained with IUE with low-resolution have been retrieved from the MAST
IUE system through its principle center at https://archive.stsci.edu/iue/. A detailed
description of the ultraviolet data is given by [14,15].

The ultraviolet data were processed by using the standard software of IUEDAC
IDL for the processing of spectra. The spectra were referenced to the rotational phase
of the BY Dra binary system by using the ephemeris of Rodono et al. [16].

HJID =2438983.612 +39.836 - E .

Table 1 list the ultraviolet observations of BY Dra with low resolution. The
spectra were inspected individually in the 1150-1950 A region to identify and reject
noisy and overexposed or underexposed data.

The ultraviolet observations of BY Dra covering most phases. Representative
examples of spectral lines are given in Fig.1, showing the variations of line fluxes
at different times and the flaring activity. The emission lines are originated in
the chromosphere and transition region of BY Dra primary star. Ultraviolet
emission lines with different ionizations up to NV 1240 A , SilV 1400 A , and CIV
1550 A have been found in BY Dra.

3. Results and discussions.

3.1. Reddening determination of BY Dra. The method of estimating
the reddening of BY Dra depends on using the most suitable set of ultraviolet data



SPECTRAL VARIATIONS OF BY Dra IN UV 49

Table 1
JOURNAL OF IUE OBSERVATIONS OF BY Dra
Data ID | Dispersion | Aperture H.J.D. Exposure time (s) | Phase
SWP10354 Low Large 2444526.09388 7199.819 0.85
SWP15156 Low Large 2444880.23403 3599.844 0.17
SWP15177 Low Large 2444882.44178 7199.149 0.75
SWP39725 Low Large 2448164.18267 5399.627 0.26
SWP39726 Low Large 2448164.28584 5399.627 0.29
SWP39727 Low Large 2448164.38215 5819.467 0.31
SWP39733 Low Large 2448165.17983 5399.627 0.52
SWP39734 Low Large 2448165.35733 5579.851 0.57
SWP39738 Low Large 2448166.14191 4499.736 0.77
SWP39739 Low Large 2448166.23425 4499.736 0.80
SWP39740 Low Large 2448166.32384 3599.844 0.82
SWP39746 Low Large 2448167.29306 4499.736 0.06
SWP39747 Low Large 2448167.33983 2339.505 0.08
SWP39755 Low Large 2448168.23925 4499.736 0.32
SWP39756 Low Large 2448168.33443 2699.544 0.34
SWP39761 Low Large 2448169.07016 1799.652 0.54
SWP42778 Low Large 2448551.09764 22199.77 0.13
SWP48664 Low Large 2449248.23067 4499.736 0.86
SWP50631 Low Large 2449469.43293 7198.609 0.53
SWP51395 Low Large 2449544.73564 7199.819 0.16

of Short Wavelength Prime camera (SWP) with low resolution (6A) in the
wavelength range of between 1150-1950 A and Long Wavelength Redundant (LWR)
camera with low resolution (6 A ) in the wavelength range between 2000-3000 A .
The Short Wavelength ultraviolet spectra are binned in 15A bins and 25A bins
for Long Wavelength spectra. The collection of short and long wavelength data gives
the ultraviolet spectrum shape of a reddened star, with its characteristic depression
at 2200 A . The following ultraviolet observations are used in estimating the value
of reddening (SWP10354 - LWR09021) (SWP15177 - LWR11687) (SWP39740 -
LWP18894) leading to the best smoothing spectrum suitable for determining the
reddening value.

The most suitable value is determined by visual examination of the plots for
the best fit to the 2200 A absorption feature, which represented the best agreement
between observations and standard theoretical (dashed line) values. The estimated
value of the reddening for BY Dra is E(B-V)=10.00 as shown in Fig.2.

3.2. Spectral variations and its source. BY Dra binary system show
some ultraviolet emission lines observed with IUE SWP camera for chromospheric
cooler area such as CI 1657A , OI 1306 A, SII 1808 A and for transition hotter
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Fig.1. IUE spectrum of BY Dra with high, intermediate and low flux at different phases at
the left - hand side and the flaring activity at the right - hand side.

area such as CII 1335A, SIV 1400A , CIV 1550A , Hell 1640A , NV 12404 ,
and Silll 1892A [13].

The OI, SilV, CIV, CI, CII are resonance emission lines that are collisionally
excited by the physical conditions of plasma in the quiet chromosphere. The Hell
emission line is a recombination line. These emission lines are produced in the
chromosphere and transition region of the primary star.

The emission lines (OI, CI) with low variable fluxes have nearly the same
spectral behavior indicating that they have the same emitting region, the chromo-
sphere of the primary star, while the emission lines (CII, CIV, Hell) with flaring
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Fig.2. Reddening determination of BY Dra binary system.
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activity indicating that they have the same emitting region, transition region of the
primary star. The fluxes in emission lines were measured by determining the
integrated area included in the emission area above the continuum near the wings
of spectral line and were calculated with the method of Gaussian profile fitting.

Fig.3 shows the fluxes of chromospheric and transition region emission lines
with rotational phase. The line fluxes correlate and change with phase with
different values on short timescales of some hours and long timescales of months
and years for the period 1980-1994. The line fluxes of both chromospheric region
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(OI & CI) and transition region (NV, CII, CIV, He II) change between high,
intermediate and low values with symbol (+) while the symbol () represents
flaring activity.

Tables 2-7 reveal the fluxes and values of flare of selected emission lines for
BY Dra. The flaring activity of BY Dra for ultraviolet observations is not periodic
as Il Peg and A And binary systems [17-19]. The increase in flux of emission
lines reached about four times the quiescent values and the activity of emission
lines is around phases (0.20 and 0.80) as showed in Fig.3.

Butler et al. [13] detected a true modulation of the ultraviolet emission line fluxes.
This variation is in the sense that the ultraviolet emission lines are stronger at
maximum spot visibility, suggestive of association with plage type areas in the
chromosphere and transition region in the vicinity in the cool photospheric spots.
The strong SWP emission lines are come from allowed transitions, their emissivities
are not greatly affected by density and pressure changes. They deduced that most of
the hot material in the atmosphere is contained in magnetic loops [20,21]. So, the
increase in the amount of high temperature material relative to the amount of low
temperature material could be explained by the presence of extensive magnetic loops
in the atmosphere of BY Dra.

De Jager et al. [22] presented a study of simultaneous observations in the
visual, radio and X-ray ranges of stellar flares on the BY Dra binary system. They
observed one significant flare, simultaneously in soft X-rays and visible wavelengths
and one smaller burst. The main flare generated hot plasma emitting soft X-rays.
They suggested a model in which the flare starts impulsively by heating the stellar
photosphere by particle beams with a temporary hot hole burnt into photosphere.

The relation of emission line fluxes with phase for chromosphere of the
primary star of BY Dra can be interpreted as follows: The stellar atmosphere has
undergone to magnetic field resulted in its non - radiative heating. The magnetic
activity in late type stars is analogous to that observed with the Sun. It is assumed
that magnetic fields produced from an interaction between convection currents and
differential rotation as contained in the dynamo process. The hot area of plasma
is pushed by magnetic fields upward and leaving cool regions as dark spots with
low temperature in the outer parts.

The spot activity is explained as a result of a magnetic dynamo affecting on
the convective area and the magnetic activity is variable with time. The variation
of line fluxes gives an indication of active areas in the chromosphere of the
primary star. These active areas are near the spot group with short term variations
in the spot arrangement and the variations of ultraviolet emission lines suggesting
a hot area overlying a cool spot.

The ultraviolet observations with enhanced emission lines as flaring activity
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in the transition region of BY Dra can be understood by the three - component
model of Jeffries [23]. In this model the thickness of the transition area is not
constant over the surface of star and consists of three regions: active, quiet and
cool loops underlying the hot coronal loops characterized by low and high
ultraviolet emission occurring in the vicinity of spots required to interpret the low
and high temperature components [24].

In this interpretation an area of cooling plasma is produced under a rising
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Fig.3. Spectral variations with rotational phase for line fluxes (Ol & CI) of chromospheric
region and line fluxes (NV, CII, CIV, Hell) of transition region. symbol (+) represents normal
spectral variations between high, intermediate and low values while the symbol ( { ) represents flaring
activity.
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magnetic reconnection line. It is believed that flaring occurs on several scales in
the stellar atmosphere. Suggesting that the heating of the corona is achieved by
a quasi-continuous flaring process [235].

If this source of activity stopped then the plasma in the loops of active area
will cool by radiative means and at some time the plasma will be a source of
ultraviolet radiation. So, the energy source is large scale migration of active areas
causing loops to interact leading to flare heating of the loop plasma. This physical
process for the formation of the cool plasma represents the main mechanism of
the flaring activity.

In conclusion, the IUE observations of BY Dra shows presence of hot material
through rotation period suggesting that BY Dra has magnetic loops that remain
visible for long periods of time and changes by rotation. The fact that the line
fluxes remain high suggests that the active regions and loops in addition to spots
are either quite long lived on BY Dra or they are numerous that some are always
presented by Butler et al. [13].

During the flare process, the electrons are accelerated with high energies and stream
down along the flare loop and heating the emitting transition region and generating
significant flare emission. The ultraviolet emission with flare energies can be produced
either by accelerating the energetic electrons in flare or by impact excitations by high
energy electrons as non - thermal excitation or by thermal conduction [26].

4. Ultraviolet luminosity, flare energy, mass loss rate and tem-
perature of emitting area. The ultraviolet luminosity of emitting region is
calculated by using the following equation

Lyy =4nFd*,
where F is the integrated flux value and d is the distance to the object 16.5pc
[12]. For BY Dra binary system, by using integrated fluxes of NV, OI, CII, CIV,
Hell and CI, it is found that the ultraviolet luminosities for the selected spectral
lines in different states as listed in the following Tables 2-7.

By using the mass of the primary star M ~0.79Mg [12], and a radius of
~1.4 R4 [3] the rate of mass loss is calculated by using the following equation [27].

logM ™ =14.02 +1.241log L +0.16log M +0.81log =S M yr.
Le Mg Re

The mass loss rate is estimated to be ~4.9-10° Mg yr™.
The stored energy in the flare for the G star is estimated by using the
following equation, [28]:

1Y RY( B
Wprimary =1.6- 1037 | = er erg.
Ry )\ Rg ) \1000G
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By using the magnetic field strength of 2700 G and /=2Rg [28,29] and a
radius of ~1.4Rg, it is found that the stored energy ~ 6.2-10°7 erg. Then the
temperature of the emitting region is

Table 2
LINE FLUXES AND ULTRAVIOLET LUMINOSITIES AT
DIFFERENT STATES OF NV
State Flux (ergcm?s™) L, (ergem?s’)
Flare 2.14-1013 6.98- 107
High 1.98-1013 5.32-10¥
Intermediate 1.42-10-1 4.40- 107
Low 1.02-101 3.31-10¥
Table 3
LINE FLUXES AND ULTRAVIOLET LUMINOSITIES AT
DIFFERENT STATES OF OI
State Flux (ergcm?s™) L, (ergem®s™)
Flare 2.14-1013 6.98- 107
High 1.98-1013 5.32-10¥
Intermediate 1.42-10" 4.40- 107
Low 1.02-101 3.31-10¥
Table 4
LINE FLUXES AND ULTRAVIOLET LUMINOSITIES AT
DIFFERENT STATES OF CII
State Flux (ergcm?s™) L, (ergem?s’)
Flare 5.15-101 1.69-10%
High 4.08-101 1.12-10%
Intermediate 2.75-101 8.06- 107
Low 1.37-101 4.50-10%
Table 5

LINE FLUXES AND ULTRAVIOLET LUMINOSITIES AT
DIFFERENT STATES OF CIV

State Flux (ergcm?s™) L, (ergem?s™)
Flare 1.17-1012 3.85-10%
High 7.28-1013 1.74-10%
Intermediate 5.04-101 1.43-10%
Low 2.65-1013 8.71-10¥
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Table 6
LINE FLUXES AND ULTRAVIOLET LUMINOSITIES AT
DIFFERENT STATES OF Hell
State Flux (ergcm?s™) L, (ergem?s’)
Flare 4.24-101 1.39-10%
High 2.71-1013 8.91-10¥
Intermediate 2.05-1013 6.75-107
Low 1.59-10-13 5.24-10¥
Table 7

LINE FLUXES AND ULTRAVIOLET LUMINOSITIES AT
DIFFERENT STATES OF CI

State Flux (ergcm?s™) L, (ergem”s’)
Flare 2.61-101 8.60- 107
High 2.01-101 6.59- 107
Intermediate 1.80-10 5.36-107
Low 1.38-10°13 4.54-107

7=92-10"K+500K.

5. Conclusions. The main two aims of this study are to firstly study the
spectral behaviour and flaring activity of transition region and secondly the richness
of the observations allowed estimation of some physical parameters of BY Dra
binary system by using International Ultraviolet Explorer (IUE) data.

The emission lines of (NV, OI, CI, CII, CIV, Hell) are produced in
chromosphere and transition region of the primary star. The emitting regions are
characterized by variations of the magnetic activity and the results showed a
relation between rotational phase and line fluxes.

The flaring activity of transition region reveals an increase in fluxes of three
emission lines (CII, CIV, Hell) reached about four times the quiescent values and
the activity of all emission lines is around certain phases.

The estimated physical parameters (ultraviolet luminosity, mass loss rate, stored
energy in flare and temperature) support the origin of ultraviolet emission lines
in the chromosphere and transition region of the primary star.

The flaring activity support the three - component model in which the
thickness of the transition area is not constant over the surface of star and consists
of three regions active, quiet and cool loops underlying the hot coronal loops
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characterized by low and high ultraviolet emission occurring in the vicinity of spots
and the cool material is related to flare activity with an area of cooling plasma
produced under a rising magnetic reconnection line. The energy source is large
scale migration of active areas causing loops to interact leading to flare heating
of the loop plasma.

Astronomy Department, National Research Institute of Astronomy and Geo-
physics Helwan-Cairo-Egypt, e-mail: mrsanadl@yahoo.com

CIIEKTPAJIbHAA TIEPEMEHHOCTb U ®U3NYECKUE
YCJIIOBUA BY Dra B VIBTPA®UOJIETE

M.P.CAHA

ITpencrasnennl HabmoneHuss TUE cnekrpaibHO-nBoitHOI 3Be3anl BY Dra B
nepuof ¢ 1980 mo 1994rr., ¢ 1Henblo MoKa3aTh CHEKTpaabHOE MOBeleHUe U Gr3K-
yeckue ycaoBus B ee atMocdepe. Habmomaembie 3HaueHus1 motoka B 1981, 1990
U 1994rT. yka3pIBalOT Ha BCIIBIIIEUHYIO aKTUBHOCTh MEPBUYHON 3BE3IbI B XpoMochepe
U TepexoqHoi obmacTh. [ToMrMMO BCIIBILLIEYHOM aKTUBHOCTHU, HaOI0qaeTCs repe-
MEHHOCTb OMUCCUOHHBIX JIMHUK OT OOJBIIMX A0 CPEAHUX M HU3KUX 3HAYCHUIA.
OOHapy:xeHa CBSI3b MeXIy IoTokamu U ¢a3oit BpaieHus. IlokpacHenue BY Dra
OBLIO OLIEHEHO TI0 TOIJIOIIeHNI0 Ha minHe BosHbl 2200A kak E(B-V)=0.
CpenHsisi CKOpOCTb ITOTePM MAacChl COCTaBJISIET ~4.9-107 Mg B ron, cpenHsas
TeMIIepaTypa M3JIydalolllero pPeruoHa, paccuMTaHHas IO ypaBHeHUIo [lnaHka,
coctasisier ~9.2-10* K, sHeprust BcmblUKM - ~ 6.2-10°7 apr. IpenmnonoxeHo,
YTO CIEKTpabHas TIePEMEHHOCTD CBSI3aHa C LIMKIMUYECKMM MOBEICHUEM MAarHUTHOTO
MOJIsI, 2 AKTUBHOCTh BCHBIIIEK - C TPEXKOMIIOHEHTHOI MOJIENbIO.

KitoueBbie cioBa: 36e30bi: akmueHoCms - 36€30bi: 6CHBIUKU 36€30bl: MACHUMHOE
noane - BY Dra - yasmpaguosem
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IpencraBieHbl pe3yabTaThl CIEKTPOCKOMUYECKUMX U (HOTOMETpUUYECKUX HabOmoaeHuin 14
KOMITAaKTHBIX TUIAHETapHBIX TyMaHHOCTel. HabmoneHus: mpoBoaninch B ACTpoU3MUecKOM UHCTUTYTE
uM. B.I.®ecenkosa (Kazaxcran) ¢ 1973r. Lenb paGoTbl - MOJydeHHE AaHHBIX O TMEPEMEHHOCTH
M3yyaeMbIX OOBEKTOB Ha OOJIBLIIMX BPEeMEHHbIX MHTepBajlaX. B KkauecTBe KpuUTepus Mpy OnpeaeseHun
CTeTNeH! BO30YXXIEGHUSI Ta3a B TYMAHHOCTM MCIOJIb30BaIMCh MHTeHCUBHOCTU smHU [OIII], HOp-
MUPOBaHHbIE K WHTEHCUBHOCTM Hf . AHainu3 JaHHBIX, MOJYYEHHBIX Ha mnpotrsbkeHuun 40-50 et
MOKa3aJl CyIECTBEHHbIE UBMEHEHUST B CMEKTPax OOJBIIMHCTBA HALIMX OOBEKTOB, CBSA3aHHBIE, CKOpee
BCEro, C TMOBBILIEHWEM TEeMIepaTypbl LEHTPAIbHBIX 3BEe31 U/WIM C M3MEHEHMEeM BHYTPEHHE
CTPYKTYpBI 000JI0YEK.

KitoueBnie ciioBa: naanemapHsvle MYyMAaHHOCMU: 360A0UUA UEHMPA/JbHbIX 36e30:

gomomempus: cnekmpogomomempus

1. Beedenue. Inanerapusie TyMmanHocty (I1T) mpemcraBisior coboit mepe-
XOIHYIO CTaJHIO 3BOJIOLNHA 3Be3] ¢ MaccaMu 1-8 M o, Ha MyTH OT aCUMITOTUYECKON
BeTBU KpacHbIX TMTaHTOB (AGB) K 6enbIiM KaparkaMm. DTOT KOPOTKUIA 3Tall JIUTCS
okojio 10 000 jeT, 4YTO HECPAaBHUMO C MPOAOKUTEIbHOCTHIO XU3HU 3Be31. TeMm
HEe MEeHee, OH WTIpaeT BaXHYK poJib B 3Be3aHON 3Bomouuu. Ha craguum TIT
MTPOMCXOMIST CYIIECTBEHHBIE N3MEHEHMST (DM3MIECKIX TTapaMeTPOB 3BE3IbI (MACCHI,
paauyca, CBETUMOCTM, XMMUYECKOTO COCTaBa), U OHa MpUOoOpeTaeT KaueCTBEHHO
uHou cratyc. I1T oboraiialoT MeX3BE3IHYIO Cpely TSKeIbIMU jieMeHTaMu. OHu
ABASOTCS 3G (GEKTUBHBIM HWHCTPYMEHTOM U3y4YeHUsT (HUIUUYECKUX CBOUCTB
MOHM30BaHHOTO Ta3a, (pM3NYeCKuX U TUHAMUYECKUX MPOLIECCOB, COMPOBOXKAAIOIIX
B3aMMOJIEICTBME KOMIIOHEHTOB B JIBOMHBIX 3BE3AHBIX CUCTeMaX. AKTUBHbIE UCCIIe-
JIOBaHUSI 3TUX OOBEKTOB BbISIBUJIM MHOTOUMCIEHHBIE MPOSIBICHUS CIIEKTPaTbHOM
u (oToMeTpUUYeCcKoil epeMeHHOCTU. OCHOBHBIMUA UCTOYHMKAMK (DOTOMETPUUECKOMN
MEePEeMEHHOCTU MOTYT OBbITh MyJbCallMM LIEHTPaIbHBIX 3Be3M [1]. DToil mpobiieme
nocesiieHa cepusti crareit Hrivnak et al., Hanpumep, [2]. MHorma KosiebaHus
Osiecka 00yCIOBJIEHBI BpallleHUEM 3BE3[Ibl WIM MePeMEHHOCTbIO 3BE3IHOTO BEeTpa
[1,3,4]. TTo Mepe wuccinenoBaHus IUIaHETApPHBIX TYMaHHOCTEN YBEJIMYMBAETCS
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KOJIMYECTBO OOBEKTOB C JBOMHBIMU LIEHTpaJbHBIMU 3Be3gamMu. OOMeH Maccamu
MKy KOMIIOHEHTaMM JBOMHOTIO sIApa TakKe MOXET BIUSITh Ha OJlecK oObekTa [5-
8]. B cniekTpax HeCKOJIbKUX TIaHETAPHbBIX TYMaHHOCTeM ObUTM OOHApYXeHbI ObICTpPbIE
MU3MEHEHUsI MTHTEHCUBHOCTEN SMUCCUOHHBIX JTUHMIA [9-15]. JIOrMYHO TTPeanooXuTh,
YTO OMpPeesOINM (baKTOPOM MPU 3TOM MOXET OBbITh MOBBILIEHUE 3D (PeKTUBHOM
TeMIIepaTypbl LEHTpaTbHOM 3Be3/bl. [I1si 00bsiCHeHUsT HabI0AaeMOol TepeMEeHHOCTH
MMOTPe6OBAINCh HOBBIE MOJAETN YCKOPEHHOM SBOMIOIVHN IEHTPATbHEBIX 3Be3n [16].
B HekoTopbIX ciiyyasX MPUYMHONM CHEKTPaJbHON IMEepeMEHHOCTH MOTYT ObITh
U3MEHEHUST BHYTPEHHEH CTPYKTYphl TYMAHHOCTH, KaK-TO BBIOPOC U3 S/Ipa BTOPUYHOI
000JIOUKM WJIM OTAEJBbHBIX CTYCTKOB, (DparMeHTOB MaTepuM, KOTOPbIC CIIOCOOHBI
BJIUSTh HA MOHU3YIOIIee U3TydeHUe LieHTpaabHOol 3Be3nbl [10,15,17].

2. Habawodenus u obpabomka. B Actpodu3n4ecKOM HHCTUTYTE WM.
B.I.®ecenkoBa (AOU®D) n3ydeHne IuraHeTapHBIX TYMAHHOCTEW HAYMHAJIOCH B
70-x romax mpoiiuioro Beka. Mcnonb3oBaics teaeckon A3T-8 (70 cm), pacnosio-
>XeHHbI1 B obcepBaropun KameHckoe Ilnato. IlepBbie criekTpanbHble U (PoOTO-
MeTpHYeCcKre HaOII0IeHNS IPOBOMMINCE Ha CcIeKTporpade OpUTrHHAIbHOM
KOHCTpYKIIH, n3rotoBiecHHOM B AW ®. Ha BeIxone criektporpada ObIT YCTAaHOBIIEH
TpexkackaaHbiii DOl YM-92, u300paxeHUs] perucTpUpOBaIUCh Ha acTPOHO-
Muueckyio ¢oromieHKy A600 u Konak [18]. Cnektporpad ObL1 OCHalleH HaGopoM
IN(PPaKIMOHHBIX PEIIeTOK U 00BEKTUBOB KaMephl AJIs1 pabOTHI B pa3HBIX y4acTKax
JNOCTYITHOTO CITEKTPAJILHOTO AMANa3oHa, KOTopblil coctasisur 3700-8000A . Ha
KaXay1o TJIeHKY (24 Kaapa) BHeyaTblBAIMCh U300pakKeHUsT TUIAaTUHOBOTO OC/IabUTeENs,
CTYIIEHBKM KOTOPOTO MMEIOT HAITBUICHNE C M3BECTHBIMHU 3HAYCHUSIMU TIPOITYCKAHWS.
CoOTHOILIIEHME MEXAy ONTUYECKON IJIOTHOCTBbIO M300paxkeHUil ociadutesst U
WHTCHCUBHOCTBIO TIPOIIEIIIETO CBETAa MCITOIb30BAIOCH MJIST TIOCTPOSHMS XapaKTe-
pUCTHYECKOi KpuBOi. Ha IIeHKe perncrpupoBajoch M300pakeHHe ¢ 3KpaHa
BO0Ila, mosToMy oHa KpUBasi UCIOJIb30BaJach ISl Bcero crekrpa. Bece HeraTubl
oI POBHIBATMCH HA aBTOMAaTUYECKOM MUKPOIEHCUTOMETpEe. ABTOpaMM JTaHHOM
cTaTtbM ObUT pa3paboTaH makeT mporpaMm Ha s3bike QuickC mis mocienyrolieit
00pabOTKK: MOCTPOEHUST XapaKTEpUCTUIECKOI KPUBOU, ITPeoOpa3oBaHMsI OITUYECKIX
IJIOTHOCTE! B CITIEKTPe B MHTEHCUBHOCTH, OIPEICICHNs] MHTEHCUBHOCTE 1 TIOTOKOB
B OMHUCCHUOHHBIX JTUHMSIX. JJIs IIKaIBl IJIMH BOJH MCITOIB30BAJICS CITEKTP JIaMITBI
CI'-3C, KkoTopblii BHeyaThIBaJICSI Ha KaXIOM Kaape BbIIIE W HIXE CIeKTpa
00beKTa. 3aBUCUMOCTD CIIEKTPATbHOM YYBCTBUTEIBHOCTH aImapaTyphbl OT JUTMHBI
BOJTHBI OIPENEesIsIach MO M300PaKeHUSIM CITIEKTPOB SIPKUX CTAaHIAPTHBIX 3BE3M C
W3BECTHBIM pacripeneneHueM sHepruu. st criekrpo I1T v ctaHaapTOB BBOAMIMCH
TTOTIPaBKY, YIUTHIBAIOIINE aTMOC(EepHOE TTOTJIOIEHNE W CTIEKTPAIbHYIO UyBCTBH-
TEJBPHOCTH armaparyphl. CIIEKTpOrpaMMBl HOJIYYAINCh C JMHEHHON TUCITepCueil OT
30 mo 150 A /mMm. Mcnonb3yeMble (GOTOSIMYJILCUMM MMETM Pa3peLIarollylo CIIO-



NEPEMEHHOCTbD ITJTAHETAPHbBIX TYMAHHOCTEM 61

cobHocTb ~110-145 nap nuHuii/mMm. CpeaHee pa3pellieHHe CIIEKTpOrpaMM COCTABRIISLIO
~4000-800 B obmactm Hoo m 3000-600 B obmactm Hf .

B 2001r. 6puta npoBeneHa MoaepHu3alys criekrporpada, DOIT Obu1 3aMeHeH Ha
I3C-kamepy ST-8 (1530x1020), a B 2017r. ee cmenuna I13C-kamepa STT-3200
(2184 x1472). Cnekrporpammsl ¢ aucriepcueit 0.5 u 1.0 A /mukcens noaydyanuch B
IBYX IManasoHax UMH BoaH: 4400-5400 A u 6200-7200 A . TIpu 1wMpyrHE BXOTHOM
ey crekrporpacda 7"-10" TurmmyHoe pasperueHue R coctabisuio 1400-900 B obmactu
Hoa u 1000—700 B obmactu Hp .

JonosHuTeIbHbIe crieKTpalibHble HabmoneHus 1T BbImonHSUIMCHL Ha 1-M Tenec-
xore dupmbl Kapn Leiicc-MeHa, ycraHoBIeHHOM B o6cepBaTopuu Acchl-TypreHb
ADUD. Ucnons3oaics criektporpad UAGS dupmbr Kapn Leiic-MeHa, KoTopslii
MpeIHa3HAYeH IS TTOyYeHUs CIIEKTPOB CpeIHe M HU3KOM aucriepcuu. biaromaps
CBETOCUJIBHBIM 3epKalbHbIM KamepaMm LlImuara, oH ocobeHHO 3¢ deKTUBEeH mpu
HaOIOACHUSIX C1a0bIX OOBEKTOB B IIIMPOKOM JAMaria3oHe IaMH BojH. Ha BbIxoae
criektporpaga Obnia ycraHonieHa I[13C kamepa ST-8. IllvpuHa BXomHOM wienu
cocrasisuia 3" u 10". Cnekrporpammel ¢ aucnepcueii 0.7 A /mukcenb monydaauch
B TeX 3Xe Auarna3oHax AJIMH BOJIH, UTO U MpU HabOMoAeHUsIX Ha Teyneckore A3T-
8. JlaHHbIE Bcex HaOMOAeHUI 006pabaThIBAIMCh CTAHAAPTHBIM CIIOCOOOM, C MCIOJb-
3oBanmueM (aitnoB Dark u Flat Field. Criextp aammel CI'-3C ¢ 3MUCCHMOHHBIMU
JuHusMu He, Ne u Ar ciy>XXuJt Uil KanOpoBKM CIIEKTPOB IO JJIMHAM BOJIH. Bcee
pe3yabTaThl KOPPEKTUPOBAJIUCHL C YYETOM aTMoc(epHOro moriomeHus. s
KaJIMOPOBKY MOTOKOB M3TY4eHUs UCMHOJb30BAIMCh CIIEKTPhl CTAHIAPTHBIX 3BE3M U3
Karajora [19], monydyaemMble HEMOCPEACTBEHHO M0 WU MOCJE CIIeKTpa OOBbEeKTa.

Ho 2016r. poTomerprueckue HAGMIOAEHMsI POBOAWINCH C TIOMOILBIO 3THUX Xe
criektporpadoB (A3T-8 u 1-m Teneckor). OHU ObUIM OCHAILICHBI CIIELIMATBHBIMU
OINTUYECKMM CUCTEMaMM, MTPOSLIMPYIOLIMMU ydacToK Heba Ha I13C-kamepy, 1 HabopaMu
¢duibrpoB BVR [IxxoHcona. C 2016r. onrtuyeckass (pOTOMETpMsI IPOBOAUTCS Ha
BTOpOM 1-M Tesieckorne, pacronoxeHHoM B TsHb-11anbckoit o6cepsatoprn AOUD.
On ocHameH T13C-kamepoit Alta F16M (4096 x4096.9 MkxM) 1 HabopoM (DHITETPOB
BVRc. Tone 3penus 20'x20', yriopoit MaciTa6 0".38 mukcens . B KayecTse cTaHnapToB
st nupdepeHIraTbHON (POTOMETPUM UCITIONb30BAIUCh COCEIHUE 3BE3IbI MOJIS C
MU3BECTHBIMU 3Be30HbIMU BeinuuHamu BVRc. HomomHutenbHble HaOmoaeHus: 40
CTaHAapTHBIX 3Be3 U3 [20] ObUIM MpPOBEAEHbBI AJ1s1 TIOJyYEeHUS! ypaBHEHW TepeBoa
MHCTPYMEHTAJTbHBIX 3HAYE€HUIA 3BE3IHBIX BEJIMUMH B CTAHAAPTHYIO cucTeMy JIXKOHCOHA.

B naHHoI cTaThe MpeacTaB/IeHbl pe3yIbTaThl HAILIMX HAOMIOACHWI TJIaHEeTApHbBIX
TYMAHHOCTE MaJIbIX YIJIOBBIX pa3MepoB. Llenb paboThl - M3yyeHre MHOTOJIETHEM
MepeMEHHOCTU OOBEKTOB.

3. Pezyasvmamul Habaro0eHuil. B npouecce 06paboTKM HAGIIONATETBHBIX
JaHHBIX ITOJIYYCHBI a0COJIIOTHBIE TTOTOKU N3JIy4€HUA B OMUCCUOHHBIX JIMHUAX.
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Kputepusimu creneHd BO30OYXKISHUS raza B 000JOUKaX SIBISIIOTCSI OTHOCUTE/IbHBIC
WHTEHCUBHOCTY 3MUCCUOHHBIX JuHuii [OIII] 4959, 5007 A . B Tabn.1 npuseaeHb!
JIAHHbIE 1151 0OBEKTOB HU3KOTO Bo3Gyxaerns 1(5007)<0.1x [(HB). B meppom cronGie
JaHbl 0003HAaYeHUS MO KaTanory [19], HazBaHUsST 00beKTa, a TaKKe KO3(h(MULIMEHTbI
Mesx3Be3THoro roromerust C(HP ). Bo BropoM cTonblie TpyBeieHbl JaThl HAGMIONEHHI.
AGCOJTIOTHBIE TIOTOKM B JIMHUSAX HP B aprem>c’' mpuBeeHbl B TPETHEM CTOJIOLE.
IMocnenyrolue cTonOLBI COASPXKAT OTHOCUTEIbHBIE THTEHCUBHOCTY HanboJiee SIpKUX
SMUCCUOHHBIX JIMHUI, UCTIPABIEHHBIC 33 MEX3BE3IHOE MOIJIOIIEHNE 1 HOPMUPOBAHHbIE

Tabauya 1

ABCOJIIOTHBIE TTOTOKHM U OTHOCUTEJIbHbIE
MHTEHCUBHOCTU ®MUCCUOHHbBIX JIMHUN B
CITEKTPAX OBBEKTOB HU3KOI'O BO3BYXKXIEHWA

O6beKT Jata F(HB) [O11] Ho [NII] Hel [SII] [SII] Hel [ArIII] | [O]]
HaOMoneHU I 4861 5007 6563 6583 6678 6717 6731 7065 7136 7324

1 2 3 4 5 6 7 8 9 10 11 12
PK232-4.7 1971-1973 (1.3+0.3)E-12 285%35 | 196£36 | 1.1£0.4 | 0.4+0.1 | 0.9+0.2 - - -
MI-11 Jan 16, 1975 - 8.7+1.8| 296+32 | 192436 | 0.9+0.3 | 0.4+0.1 | 0.8+0.2 - - -
C(HB) =1.6 | Oct, 1978 [25] - 7.0£1.0| 294£29 | 225422 [ 1.440.2 - - 23+0.3 | 1.320.2 -

Dec, 1982 [26] [ (2.1£0.2)E-12 - - - - - - - - -
Apr, 1984 [27] | (1.5%£0.2)E-12 | 10£1.1 | 300+30 | 195+20 - - - - - -

Jan, 1986 [28] - 7.9+1.0| 285£30 | 188%18 [ 0.9£0.2 | 0.6+0.1 | 1.0+0.2 - - -
Mar 06, 1989 - 11£1.1 | 286+30 | 190+20 [ 1.0+£0.2 | 0.5£0.1 | 1.0+0.2 - 1.9£0.3

Feb 2007 [29] | (1.6£0.2)E-12 | 16£1.2 | 280£30 | 198+22 | 1.2£0.3 | 0.4+0.1 | 0.9£0.2 | 2.0+0.3 | 2.1£0.3 | 20+2.5
Nov 01, 2010 - - 286130 |200+30 | 1.4+0.3 | 0.6+0.1 | 1.2+0.3 - - -

Nov 2013 [30] | (1.5£0.2)E-12 | 23+2 - -
Jan 15, 2016 |(1.6+02)E-12 | 1942 | 29030 | 20330 | 1.240.3 - - - - -
Feb 27, 2022 |(1.8+0.2)E-12 | 2142 -
Feb 28, 2023 |(1.940.2)E-12 | 20£2 | 296230 | 18620 | 1403 | 0.6£0.1 | 1.2402 - | 18+04 -

Feb 06, 2024 |(2.1£0.2)E-12 | 21£2 | 297430 (200420 [ 1.7+0.3 - - 3.7+0.8 | 3.0£0.6 | 16£1.9
PK 235-3.1 | Oct 1978 [25] - 10£1 | 30030 | 14518 | 0.6+0.1 | 0.6£0.1 | 1.5+0.3 | 1.7£0.3 | 1.2+0.3 | 15£2.0
MI-12 Feb 15,1979 [ (1.8£0.2)E-12 | 10£1 | 302430 [ 175£18 [ 1.7£0.3 | 2.4£0.3 | 3.7+0.7 | 2.5£0.5 22+2.8
C(HB) = 0.95] 1992-1993 [30] |(2.2£0.3)E-12 | 19%2 138£16 | 1.0+02 | 1.1£0.2 | 2.4+0.5 | 1.9204 [2.0£0.4 | 24+29
Feb 2007 [29] | (1.9£0.2)E-12 | 23%2 | 286£28 | 150£16 | 1.2£0.2 | 1.2+0.2 | 6.1£0.9 | 6.0+1.0 | 6.1£0.2 | 15+2.0
Dec 2013 [12] |(3.7+0.4)E-12 311430 [ 145+14 | 0.6+0.1 | 0.6£0.1 | 1.5+0.3 | 1.7£0.3 | 1.2+0.3 | 24£2.6

Dec 05, 2018 |(1.8£0.2)E-12 | 2743 | 299430 [ 156%15 | 1.2+0.2 | 1.1£0.3 | 4.7+0.8 - - -

Feb 14, 2021 - - 290£30 [ 159£15 | 1.1£0.2 | 1.9£04 | 3.4+0.7 - - -

Feb 27, 2022 |(1.8£0.2)E-12 | 30£3 - - - - - - - -
Mar 28, 2023 |(2.1+0.3)E-12 | 3043 - - - - - - - -

PK 15-3.1 1972 23] | (8.8£1.6)E-14 - -

M1-39 1988-1990 [30] | (9.1£0.9)E-14 | 4615 | 343+32 | 38037 53407 | 10£L1 - - -
C(HB) = 2.4 | Jun 2011 [31] | (9.5+1.0)E-14 - - - - - - - - -
May 28, 2019 | (1.940.2)E-13 | 5145 | 300430 | 34535 | 3.940.5 | 44406 | 74409 | 56+1.0 [9.1£1.6
Jun 27, 2020 |(2.0£0.2)E-13 | 5646 |299+30 |334+35 | 39+0.5 | 62408 | 11£15 - - -
Jun 22, 2022 - - - - - | 62407 | 11£15 - - -
Jul 12, 2023 |(2.0+0.2)E-13 | 59+6 - - - - - - - -
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Tabauua 1 (Ilpodoaxcenue)

1 2 3 4 5 6 7 8 9 10 11 12

PK 16-1.1 | Aug 12, 1983 - - - - |90£10 | 80409 | 13+1.8 |4.1407 | 15420 |23435
M1-46 1989 [22] | (9.6£1.0)E-13 - - - - - - - - -
C(HB) = 0.9 |Aug 1993 [32] | (1.620.2)E-12 | 3744 | 27727 | 13514 |3.7£04 | 6408 | 1.130.20 | 5.0+0.7 | 23+3.0 -
Jun 2003 [33] | (2.240.2)E-12 | 7147 | 359435 | 15115 [8.9+£09 | 11412 | 8.0£12 | 11£1.5 | 20436 -
Jun 17, 2015 | (2.5£0.3)E-12 | 60+6 | 300430 | 132414 |48+06 | 5.1£06 | 9.0£20 | 5.3+08 | 24+38 -
Jun 28, 2016 | (2.6£0.3)E-12 | 6146 | 300+£30 | 136+14 | 56406 | 62108 | 8.0£14 | 6815 | 25142 -
May 22, 2017 | (2.820.3)E-12 | 63£7 | 300£30 | 13614 |44+07 | 4.8+0.6 | 7.6£1.3 | 42407 | 1943.0 -

Aug 06, 2019 | (2.8+0.3)E-12 - - - - 4.6+0.6 35406 | 16+2.7 -
Sep 20, 2020 | (1.4+0.2)E-12 | 617 - - - - - - - -
Jul 12, 2023 | (1.6+0.2)E-12 | 62+7 - - - - 8.0+1.2 - - -
Aug 15, 2023 - - 300430 | 134+14 |4.5+0.6 | 4.6+£0.6 | 13422 | 3.1£0.7 | 15+2.0 -
PK 43+3.1 1971-1975 (3.8+£0.7)E-13 | 16£3 | 294£35 - - - - - -
M1-65 Aug 11, 1988 | (7.1£0.9)E-13 | 15£2 | 300£30 - - - - - - -
C(HB) = 1.18 | Jul 07, 2005 - - 298+30 - 32404 | 53£0.7 | 10£1.5 |25+0.5 |4.5£0.8 | 15+2.5
Jul 19,2005 - - 300£30 - - - - - 43£0.6 | 13+25
Sep 20, 2006 - - 300£30 - - - - - - -
Jun 21, 2007 |(4.3E+0.7)E-13 | 16+2 | 289+30 - 39404 | 5.8%+0.7 | 11£1.3 - - -
Jun 21, 2012 | (4.3+0,5)E-13 | 16+2 | 300+30 - 3.0£04 | 50+0.6 | 9.3£1.5 - - -
Jun 30, 2014 | (4.6£0.6)E-13 | 17£2 | 300£30 - 31404 | 56+06 | 9.6+1.3 - - -
May 18, 2015 | (4.7£0.7)E-13 [ 20+2 | 300+30 - 35204 | 55+06 | 10£1.2 | 2.8+0.5 - -
Jun 28, 2016 | (5.5£0.9)E-13 | 20£2 | 300+30 - 33+0.5 | 54404 | 10£1.2 - - -
Jul 22, 2017 | (5.6+0.7)E-13 300£30 - - - - - - -
Jun 05, 2018 | (5.6£0.7)E-13 | 22%2 | 299£30 - 3.540.5 | 48+0.6 | 9.0£1.0 | 5.0+0.6 - -
Aug 05, 2018 - - 300430 [ 13015 |3.8+0.5 | 54+0.6 | 9.2+1.0 | 3.9£0.5 | 3.4+0.5 | 14£1.6
May 28, 2019 300430 [ 13615 |3.9+0.5 | 4.8+0.6 | 82409 | 2.9+0.5 | 2.9+0.5 | 15£1.8

May 23, 2020 | (5.8%0.6)E-13 [ 212 - - - - - - - -
Jul 15, 2022 | (5.9+0.6)E-13 | 21+2 - - - - - - - -
Jun 15, 2023 | (5.8+0.6)E-13 | 21£2 - - - - - - - -
Aug 14, 2023 | (5.840.6)E-13 | 22+2 | 300+30 [134+15 |4.4+04 [ 52+0.6 | 9.4+1.0 | 3.6£0.5 | 4.3+0.6 | 15£1.8

PK 38+12.1 1970-1973 - - - 2.7£0.6 | 5.0+£0.9 | 11+28 | 3.6£0.7 |5.0+0.9 -

Cn3-1 1970-1973 [34] | (1.2£0.1)E-11 16 289430 | 193420 | 1.0+0.1 | 5.0£0.6 | 12+1.4 - - -
C(HB) = 0.36 1977 [36] (8.9+0.1)E-12 17 289430 [ 195420 | 1.4+0.2 | 44+0.6 | 6.7+0.9 - - -
Jun 1988 [12] - - - - - - - - - -
Aug 2001 [35] | (1.1+0.1)E-11 21 - - - - - - -
Jul 21, 2006 - - - - 21403 | 6.1£0.7 | 12+1.5 | 2.8£0.5 | 4.6+0.6 -

Jun 17, 2007 - - - - 1.9£0.3 [ 5.840.7 | 12£1.5 | 3.7£0.5 - -
Jul 10, 2008 | (1.1+0.2)E-11 23 299430 | 196+25 |2.5+0.3 | 6.5£0.8 | 12+1.5 | 3.5£0.5 12.5£1.6

Aug 06, 2018 | (1.1+0.1)E-11 24 300430 | 198420 |2.4+0.3 | 5940.7 | 12+1.5 | 3.2+0.5 |5.8+0.7 [11.9£1.6
Jul 05, 2020 | (1.2+0.1)E-11 25 300+30 [ 195420 |2.2+0.3 | 5940.7 | 10+1.3 | 3.2+0.5 |5.7+0.7 [11.5+1.6
Jul 15, 2022 | (1.1+0.1)E-11 25 298+30 | 184420 |2.2+0.3 | 5240.7 | 10+1.3 |2.8+04 |4.6+06 | 115
Jun 15, 2023 | (1.1£0.1)E-11 26 - - - - - - - -

May 26, 2024 - - 300430 [ 193420 | 1.8+0.3 | 53+£0.6 | 11+1.5 | 2.4+04 |5.840.7 -

PK 55-2.3 1971-1973 - - 298+35 | 187£30 - 14442 | 23+4.5 - - -
Hel-2 1991 [22] (9.1+1.0)E-14 - 324432 |206+20 - 83%0.9 | 31432 - - -
CHB) =13 Jul 07, 2005 | (1.0£0.2)E-13 - 300£30 |207+22 - 18+£2.5 | 28+3.0 - - -
Jul 21, 2006 | (9.9£1.2)E-14 - 290£30 |210£22 - 17£3.0 | 29432 - - -

Aug 13, 2007 | (1.2£0.1)E-13 - 290£30 | 189£20 - 17425 | 32438 - - -

May 18, 2015 | (1.5+0.2)E-13 - 300£30 | 187£20 - 18428 | 33%£3.8 - - -

Jul 20, 2016 | (1.5£0.2)E-13 - 289£30 |200+20 - 19£2.0 | 27+35 - - -




64 JLH.KOHAPATHLEBA 1 JP.

Tabauua 1 (Oxonuanue)

1 2 3 4 5 6 7 8 9 10 1 2
Jul 22, 2018 | (14402)E-13 | - | 300430 |[197+20 | - 12417 | 25433 - - -

Augl9, 2020 |(14+02)E-13 | - | 300430 225425 | - 14£17 | 26433 - - -

Aug 16, 2023 - - - - - 115 | 24434 - - -

PK 89-2.1 | Jul 21, 1976 |(1240.2)E-13 | - |299+35 |180+20| - - - - - -
M1-77 1983 [36] | (24+03)E-13 | - | 288428 | 72%15 | - 9+1.0 | 10£1.1 - - -
C(HP) = 1.05 | 1984-1987 [37] | (1.3£0.2)E-13 | - - - - - - - - -
Nov 25, 1995 - - - - - 1£15 | 16225 - - -

Sep 18, 2004 |(44+0.60E-13 | - | 299430 |130+15 | - | 48407 |62420| - - -

Oct 11, 2005 - - - - - 50407 |98+10| - - -

Aug 09, 2007 | (54+0.7)E-13 | - | 299430 |107+13 | - 53406 |9.5+16| - - -

Sep 01, 2011 | (8.1£0.9)E-13 | - | 300430 |116+13 | - | 4620/5 [ 7010 | - - -

Jun 21, 2012 - - | 300430 | 98+12 | - | 4605 |67+09 | - - -

Aug 17, 2015 - - | 300430 | 9610 | - | 4606 |67+09 | - - -

Jun 09, 2016 | (93+1.2)E-13 | - | 300£30 | 9510 | - 39405 | 70409 | - - -

Sep 16, 2017 | (9.5£0.)E-13 | - | 300430 | 9610 | - | 4.1%05 |62+08| - - -

Jul 18, 2018 | (8.6+09)E-13 | - |300+30 | 96+10 | - | 40406 |61+07| - - -

Oct 19, 2019 | (9.6+1.)E-13 | - | 209430 | 94+10 | - | 42405 |73+09 | - - -

Oct 24, 2019 | (9.5+1.D)E-13 | - | 299430 | 95+10 | - - - - - -

Jul 27, 2020 | (9.5+1.0)E-13 | - | 30030 | 94+10 | - 36405 | 56409 | - - -

Jul 31, 2021 [(9.6£L1)OE-13| - | 299430 | 93410 | - | 49406 |73+09| - - -

Jul 25, 2023 - - | 300430 | 94%10 | - 38405 | 62408 | - - -

Oct 10, 2023 - - | 300430 | 9310 | - 36405 | 57408 | - - -

K MHTeHCUBHOCTU JuHUKM HP . B 1a6i.2 npuBeneHsl CIIEKTpajibHble JaHHBIC IS
00BEKTOB YMEPEHHOIO M BBICOKOTO BO30OYXKIEHUS B TOM Xe (hopMmaTe, 4TO U B
tabi. 1. doToMeTpryecKre TaHHBIE TIPEACTaBIIeHBI B Ta0J.3.

Tabauya 2

ABCOJIIOTHBIE ITOTOKN U OTHOCHUTEJIbHBIE MHTEHCHUBHOCTU
®OMUCCUOHHBIX JIMHUN B CIIEKTPAX OBbEKTOB YMEPEHHOI'O
N BBICOKOI'O BO3BYXIAEHUA

OGBeKT lata F(HP) Hell |[omI] | Ha | [NI | Hel | (st | (smy | (Hel |[Arii] | [oO1]
Hab/ToIeHNA 4861 4685 | 5007 | 6563 | 6583 | 6678 | 6717 | 6731 | 7065 | 7135 |7324

1 2 3 4 5 6 7 8 9 10 11 2 | B3

PK 211-03.1 | Mar 03, 1975 | (6.3£L.0)E-13| - | 93+13 | 285430 | 124+14 | 2.1404 | 1.9402 | 41206 | - - -
MI-6 Jan 1986 [12] - - 122413 | 285+30 | 140+15 L1401 [ 25403 | - - -
C(HB) = 1.8 | Dec 17, 1989 - - 107412 | 290430 | 131415 | 2.3+04 | 1.5402 | 2.1404 | - - -
Mar 1996 [38] | (6.240.7)E-13| - | 97+10 |285+30 | 135+14 - |so0t05|72t08| - - -

Feb 2007 [29] | (4.6+0.6)E-13| - |113+11 [298+30 | 136£14 | 27403 | 12402 | 26404 | 54406 | - -

Jan 12, 2016 | (5.140.6)E-13|2.8+04 | 12814 | 289432 | 141£16 | 3.1205 | 12£02 | 25+04 | - |72%08] -

Feb 19, 2018 | (49+0.6)E-13| - [129+14 | 292435 | 142415 | 30+0.5| - - | 6808 [49+07| -

Dec 04, 2018 | (5.1£0.6)E-13| - |128+13 | 278+35 | 14015 - - - |68t08|s0+06| -
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Tabauua 2 (Ilpodoaxcenue)

1 2 3 4 5 6 7 8 9 10 1l 2 |3
Dec 17, 2020 |(48+0.6)E-13| - | 13414 [300£35 |146216| 3.7£0.5 |1.0£0.2|2.8+04 |6.5£08 |5.6£06 | -

Nov 21, 2021 - | 13514 300435 141215 | 32205 |1.0£0.2 | 25204 |5.550.7 [4.8+0.5 |33£5

Jan 18, 2022 |(4.9+0.6)E-13 |4.020.6 138£14 298233 |136:15| 2.8+£04 | 12502 [2.6504 |5.120.7 47206 |31+4

Mar 21, 2023 |(4.6£0.6)E-13| - - |300£32 141215 | 27204 |1.0£0.2 |25£0.3 |5.120.6 |5.6+0.7 |3424

Feb 09, 2024 |(4.420.5)E-13 [27406| 14215 (299434 14717 | 2.9+0.5 [1.2402 | 2.9+04 [5.3£06 |52£0.6 294

PK 212443 | 1971-1975  |@®2+1DE-13| - - 300435 | 689 | 37205 |2420.5 |4.120.5 |5.550.7 [59+0.7 | -
MI9 | Dec 1982 [12] |(21202)E-12| - - - - - - - - - -
C(HB)=046 | 1991 [22]  [(22+02)E-12| - | 530460 | - - - - - - 6808 -
Jan-Jul 2007 [29] [(22+03)E-12| - - - | 5346 | 37405 |14+02 26403 | 7108 10£2

Jan 2011 [39] |(6£03)E-12| - | 440+48 (28639 | 5245 - - - - - -

Dec 05, 2018 |(25£0.3)E-12| - | 49750 [300£30 | 5427 | 2.8+0.5 23104 |7.0£08 -

Jan 11, 2021 - - - 30030 | 5226 | 3305 | - - - |s3x06 | -

Feb 18, 2022 - - - 300430 | 5426 | 3205 1420322403 |56+0.7 [59+0.7 | -

PK 184-2.1 | 1966-1968 [34] |(89+0.9)E-13| - - 3ros3r | - - - - - - -
MI-5 | Apr 1982 [12] [(9.109)E-13| - | 338+40 (286229 [100£14| 2.0£03 5306 [43£0.5 | -
C(HB) = 2.5 | Mar 1997 [40] |(9.1£0.9)E-13| - - 20930 | 9010 | 4.1£0.4 |12£0.2|22£0.3 93£10 [84209 | -
Aug 2001 [41] - - - |300£30 | 90£10 | 3.8£0.4 |1.0£0.2|2240.3 93+10 [84+09 | -

Feb 07, 2008 - - - 30030 | 8510 -

Feb 03, 2016 |(8.6X0.9)E-13| - 339440 (300430 | 89£10 | 3.0+0.5 [0.9402 | 1.8+02 [7.2409 [63£0.8 | -

Dec 04, 2018 |(8.6£0.9)E-13| - | 350240 |208+35 | 8429 | 3.10.5 [1.2£0.2|2.120.3 |6.9+08 [64+07 | -

Jan 15, 2021 - - - |300+30 | 809 | 27205 73408 58407 | -

Feb 01, 2022 |(B.6X0.9)E-13| - | 344240 (310436 | 79£9 | 4206 [1.0+02|2.0+03 [6.8+08 1743

Dec 20, 2022 - - - 20835 | 7828 | 3.82£0.5 |0.7£0.1 |2.0£0.3 |6.7£0.7 [6.2+0.7 1623

Nov 21, 2023 - - - |300£35 | 829 | 3706 13202 |2.120.3 |6.8+0.7 |5.6+0.7 |15£2

Jan 03, 2024 - - - 299435 | 8629 | 34205 |1.0£0.2 |2.0£0.3 |6.8+0.7 [6.0+08 |1622

PK 118-8.1 | 1982-1983 [12] |(32404)E-12| - - - - B B , B , B

Vyl-l | 1984-1985 [28] |(30£0.3)E-12| - | 600465 | - - - - - - - -
CHP)=0.95 | 1992 [22]  [(29+03)E-12| - | 800290 | - - - - - - - -
Sep 25, 2006 |(24+03)E-12| - | 760485 | - - - - - - - -

Oct 04, 2007 |(25H0.3)E-12| - | 740480 (300435 |2.9+0.4| 40206 | - - - - -

Oct 06, 2013 - 290435 [32£0.5| 40206 | - - [25405 |7.6409 | -

Dec 15, 2015 |(27+03)E-12| - | 740480 [300£35 |37406| 37406 | - - - - -

Nov 01,2016 [(27+0.3)E-12| - | 750480 |298+35 |29+0.5| 40406 | - - - - -

Sep 15, 2017 |(QO+0.3)E-12| - | 740480 | - - - - - - - -

Aug 16, 2022 - - - [298£30 [3.540.5] 34305 | - - |25403 |67208 | -

PK 19.4-5.3 | Apr 1985 [22] - 28203( 850490 310230 | 818 | 51406 [1.8+02 (3604 [3.6304 | 2242 [18+2
MI61 | Jun 1994 [42] [(18:0.)E-12| - | 844285 [300£30 | - | 36404 [12403[24+02 (24303 | 1442|1242

C(HB)=1.24 | Jun 2010 [43] |(2.4%0.3)E-12|5.6+0.6| 896190 |285+29 | 5746 | 4.6+0.5 [1.4+0.1 |3.1£0.3 |3.1£04 | 2242 [10+]
Aug 15, 2018 |(3.0£0.3)E-12]3.00.4{1050£100 [300£30 | 70£7 | 5.3%0.7 |1.5+0.2 [4.1£0.5 |4.1+0.5 | 31£3 |18+2

Jun 21, 2020 |(3.1+0.4)E-12 - 1100 |300£30 | 68£7 | 4.940.6 [1.6£0.2 |4.1£0.6 |4.1+0.6 | 24+3 -

Jul 20, 2022 - - - 300430 | 68+8 | 4.9+0.6 [1.6£0.2 |4.2+0.5 |4.2+0.5 | 21+3  [11+1

Aug 15, 2023 |(3.0£0.3)E-12 - |1100£100{300£30 | 68+7 | 5.0£0.5 |1.9+0.2 |5.8+0.6 [5.840.6 | 25+3 |[18+2

PK 119-6.1 1973-1975 2045 |1100£150(289£30 (230+35| 2.8+0.7 | 23+4 | 25%4 (2.1£0.6 | 14+£3 -
Hul-1 1978 [34] (2.0£0.2)E-12| 15£2 [1195£120(|279+28 |280£30| 3.5+0.4 | 28%3 | 39+4 |2.2+0.6 | 8411 [19+2

C(HP)=0.67 | 1979 [44]  |(1.9+£0.2)E-12| 18+2 [1174£120(281+28 |224423| 3.1203 | 20£2 | 263 [3.9+05 | 2042 | -

1982 271  |@3+0.3)E-12| - - - -
Aug 1986 [22] |(2.6£0.3)E-12| 21%2 [12514120(289+30 |194+20 - - - - - -
Sep 21, 2007 - 1944 [1215£120(300430 [281428| 34+04 | 2543 | 3545 |29+04 | 1442 | -
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Tabauua 2 (Okxonuanue)

1 2 3 4 5 6 7 8 9 10 1 2 |3
Oct 06, 2015 174 12194120 (300430 | 318435 | 3.540.4 | 33+4 | 4146 | 28403 | 1742
Dec 20, 2016 - 174 12024120 (300430 | 299432 | 4.140.5 | 3143 | 38+5 | 35404 | 1542
Sep 15, 2017 | (1.840.2)E-12 - - 41405 | 3224 | 4045 | 39404 | 1742
Aug 16, 2023 300430 | 299430 | 4.0+0.5 | 3244 | 3945 | 31204 | 1742
PK000.1+17.2[ 1971 [23] [ (1.3+03)E-12| - | 280430 | - - - - - - -
PC 12 1993 [12] | @7#0.3)E-12 | - | 29330 (300430 | 96+10 |8.3+0.9 [5.0+0.6 | 9.6+2 | 7.1+0.8 | 122
C(HB)=0.20 | 1996 [30] | (1.540.2)E-12 - - . B B . B )
Jun 17, 2015 | (1.420.2)E-12 | - | 293430 |300£30 | 100+12 | 39405 [4.240.5 | 8.0%2 | 52407 | 102
Jun 29, 2016 | (1.520.2)E-12 | - | 310435 {300£30 | 105+12 | 41405 [4.7+0.5 | 8.642 | 56407 |9.2+1
Tabauya 3
OLHEHKHW BJIECKA TTJTAHETAPHBIX TYMAHHOCTEN
B ®UJIBTPAX BVRc
OO0OBeKT Jarta HaOmomeHU B Rc
1 2 3 4 5
PK211-03.1 Nov 1985 [13] 15.7+0.05 12.240.04
M1-6 Dec 1990 [22] 15.68+0.04 - 12.3610.04
Jan 2014 [45] 16.2840.04 15.1440.04 13.59+0.04
Jan 05, 2019 16.27+0.02 15.25+0.01 13.40%0.02
Sep 25, 2019 16.25+0.01 15.1910.01 13.40%0.02
Jan 26, 2022 16.24+0.01 15.24+0.01 13.39+0.01
Feb 22, 2022 16.2610.01 15.2440.01 13.39+0.01
Mar 01, 2023 16.2740.01 15.2440.01 13.39£0.01
Nov 13, 2023 16.2440.01 15.2140.01 13.3840.04
Jan 03, 2024 16.28+0.02 15.241+0.01 13.39+0.01
PK 232-4.1 1984-1985 [27] 14.81+0.01 14.0710.02 -
MI-11 1984-1987 [37] 14.7£0.10 13.83+0.10 -
Jan 04, 2021 14.5610.01 13.7740.08 -
Jan 26, 2022 14.5310.02 13.7340.07 12.5140.01
Feb 22, 2022 14.5440.01 13.7740.04 12.5340.01
Jan 24, 2024 14.5310.01 13.7310.04 12.5240.01
PK 235-3.1 Jul 1985 [38] 14.441+0.04 14.08+0.04 -
MI-12 Jan 17, 2021 14.0010.01 13.9540.08 12.5610.01
Jan 26, 2023 14.0+0.01 13.9040.08 12.49+0.01
PK 15+3.1 May 07, 2018 17.62+0.01 16.410.01 13.74+0.02
MI1-39 Jul 27, 2019 17.85%0.02 16.47£0.01 13.70%0.02
Jun19, 2020 17.61£0.02 16.38+0.02 13.7310.01
PK 16-1.1 1984-1987 [37] 13.1440.05 12.8310.05 -
M1-46 Jul 18, 2015 13.2840.02 12.8540.01 12.82+.0.01
Jul 15, 2019 13.36:0.01 12.8910.01 12.06+£0.04
Jun 19, 2020 13.30%0.02 12.91+0.01 12.12+0.04
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Tabauua 3 (Okonuanue)

1 2 3 4 5
PK 43+3.1 Jul 1985 [18] 15.0620.08 | 14.24+0.02 -
M1-65 Jul 30, 2014 15204001 | 14.58+0.01 -
May 15, 2015 15.1240.09 | 14.50+0.01 -
Sep 2016 [27] 15.0620.07 | 14.4140.02 -
May 07, 2018 15.0940.01 | 14.21+0.03 -
Jul 19, 2019 15.1440.01 | 14.2240.02 -
May 25, 2020 15.0840.01 | 14.21+0.03 -
Jun 14, 2021 15.0340.04 | 14.1940.04 -
Aug 10, 2021 15.0740.01 | 14.18+0.01 -
Aug 09, 2023 15.0040.01 | 14.12+0.01 -
PK 38+12.1 1984-1987 [37] 12.3040.05 | 12.49+0.05 -
Cn3-1 Jun 09, 2016 12.3840.02 | 12.16£0.02 | 11.33+0.01
May 07, 2018 12.3040.01 | 12.2440.01 | 11.01+0.01
Aug 05, 2019 12284001 | 12.25£0.01 | 11.02+0.01
Apr 01, 2024 12264001 | 12.21£0.01 | 11.00+0.01
PK 55+2.3 1984-1987 [37] 17.70£0.35 | 16.70£0.35 -
Hel-2 Aug 12, 2007 16.7040.05 | 15.80+£0.05 | 14.19+0.04
Sep 14, 2018 16.6040.02 | 15.58+£0.02 | 14.18+0.01
Jun 04, 2019 16.5840.02 | 15.53£0.01 | 14.15+0.02
Sep 22, 2019 16.5620.01 | 15.53+£0.02 | 14.13+0.02
PK 89-2.1 1983 [36] 12752005 | 12.15£0.01 -
M1-77 1984-1985 [37] 12.7040.05 | 12.10+0.01 -
Aug 09, 2007 12.9440.03 | 12.15£0.01 | 11.29+0.01
Jun 21, 2012 12.6540.02 | 11.83£0.02 | 11.17+0.01
Oct 03, 2013 12.8440.01 | 12.11£0.01 | 11.34+0.01
Sep 01, 2014 12.96+0.01 | 12.23£0.01 | 11.40+0.01
Jul 15, 2015 12914001 | 12.23£0.01 | 11.38+0.01
Jul 08, 2018 12.8140.01 | 12.10+0.01 -

4. Anaauz daunbix no omoenvHbvimM obsexmam. Ha puc.1-3 npencrasieHbl
a0COJTIOTHBIE TTOTOKM B 9MUCCUOHHBIX JIMHUSIX H M MHTEHCHBHOCTU SMUCCUOHHBIX
muumii [OII1] 5007 A , HopmMupoBaHHEIE K | (HB): 100. OObeKThl B TabAMIIE pacHo-
JIOXXEHBI B TIOPSIAKE BO3pacTaHUs CTENEHU BO30YXICHUSI UX CIEKTPOB.

Ilhanemapnvie mymannocmu MI-11 u MI-12 oTHOCATCSI K OOBbEKTaM C HaM-
MEHBbIIIEH CTeleHblo BO30ykneHUs. B criekTpax LIeHTpaIbHBIX 3BE3] IIPUCYTCTBYIOT
ciabble SMUCCUOHHBIE TUHUU. TeMItepaTyphl LIEHTpaJIbHBIX 3BE3]1 OIpeae/eHbI 10
Metoay 3aHctpa: 7'(HI)=28000-29000 K, anekTpoHHas1 IIJIOTHOCTb ra3a B TyMaH-
HoCTsIX, n, [SI[]=(2.7~2.9)-10* cm-. 3a Bpems HabIOIEHMIT MPOU3ONLIO 3HAUU-
TeabHOe (B 3-4 pasza) ycwienue aunuii [OI1l]. 3HaueHust F(HB), MOJy4YeHHBIE B
PaHHMIA TIepUo Pa3HbIMU aBTOpPaMM, UMEIOT OOJbILION pa3dpoc (puc.l) 1 TeHAeHIIUS
HX U3MEHEHMs TJ10X0 npocMarpuBaetcs. Habmonaercs Hebosbloe yCuieHUe JTMHUI
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Puc.1. AGcomoTHBIE TOTOKM M3Ty4eHUsI B JMHUU H W OTHOCUTENbHBIE WHTEHCUBHOCTHU
muaun [Olll], 5007 A B cmexTpax o6BEKTOB HM3KOTO Bo30yxmeHusl. Och X - IaTa HaGMIOTEeHMI
B rogax, ocb Y - MOTOK B LIKaje 3pr/cMm’c. Pesynbratsl, mosnyueHHeie B AOUD, 0603HAaUEHE!
KBaZipaTMKaMu. TpeyrojbHUKaMu O0O3HAYEeHBI NAaHHBIC IPYIMX aBTOPOB.

Hel, B To xe BpeMs amuccruoHHble JuHuu [NII] u [SII] octaBanvch CTaOMILHBIMU
B Ipejenax olMO0K U3MEPEeHUIA.

Ilnanemapnoie mymannocmu MI1-65 u Cn3-1. DTM OOBEKTHI TaKKe WMEIOT
CIIEKTPbl HU3KOTO BO30OY:XAeHUs. Temmneparypbl HEeHTpaabHbIX 3Be31 paBHbl T'(HI)=
35000 K n 28000 K, coorBercTBeHHO. B crnektpax M1-65 Habmiomaercsl yCUJIEHHE
ITOTOKOB M3TYYEHUS BO BCEX SMUCCUOHHBIX JIMHUSX M YBEPEHHOE YBEJIMUEHUE OTHO-
cuTesibHbIX uHTeHcuBHocTel JiuHuit [OIIl]. 3HaueHus F(HB) B crnekrpe Cn 3-1
VIMEIOT OOJBIION pazdpoc (puc.l) M TeHIEHUMST X U3MEHEHUI He TPOCMaTPUBAETCS].
B 00630pe [12] He oOHapy:XeHO U3MEHEHUI OTHOCUTEIbHBIX MHTEHCUBHOCTEM JTUHUMA
[OIII]. Onnako ux nocreneHHoe yeenauveHue (ot 20 mgo 30) 3ameTHO Ha pucl.

Obsexm M1-77 npuHagiexxuT K Thiry "cool variable central star” B crekTpe
MpUCyTCTBYIOT aMuccruoHHble guHun HI, [OII], [NII], [SII], HamoxeHHble Ha
cubHBINM KOHTMHYYM. JInHuu Hel u [OIII] oTcyTcTBYIOT M3-3a HU3KOM TEMIIEPATYpPbI
neHTpanbHoit 3Be3abl (18000-20000K). Habmonaercst 3HaUMTEIbHOE yBEJIUUEHUE
MOTOKOB M3jaydeHus. 3a 40 jer HabmoaeHuit (1976-20161T.) OTOK M3TydeHUS B
muHM HP yBenmmumiics B 8 pa3 M cTaOMIM3UPOBAJICS JHUIIb B ITOCIETHNE TOIBI.
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Puc.2. AOGcCosIOTHBIE TMOTOKM M3JAy4yeHUs] B JUHUM H M OTHOCHUTENbHbIE MHTEHCHBHOCTHU
aunun [OI11], 5007 A B criekTpax 06GBEKTOB yMepeHHOro Bo30yxaeHusi. Ock X - naTta HaGIIONCHUI
B romax, ocb Y - IOTOK B IIIKaje 3]I)I‘/CM2C. O0o3HaueHUsI Takue e Kak Ha puc.l.

Ckopee Bcero, yBeJIMUeHNEe TTOTOKOB ObLIO BBI3BAHO MOCTENEHHBIM paclliMpeHUeM
30HBI MOHU30BaHHOTO Ta3a. IIpoliecc mpekpatuics, Korma 060I04Ka CTaia TOJTHOCTBIO
UOHU30BAHHOM.

Ilnanemapras mymannocmo Hel-2. Ee crieKTp aHaJIOTMYeH CIEKTPY MPeAbIIyIIero
o0bekTa. Temnepatypa neHTpasibHou 3Be3nbl T (HI) = 20000 K. OmuccruoHHbIe
muHun [OIlI] orcyrcTBytor. M3MeHeHMs APYTUX SMUCCHOHHBIX JUHUI (B 1.5 paza
3a nepuod 1991-2018rr.) He cToab BHeYaTIsIOLINAE, €CIM CpaBHUBATh ¢ M1-77.
IMocnennue rompl, HaunHasA ¢ 2015T., MOTOKM OCTaBaIMCh HEM3MEHHBIMMU.

[lnanemapnoie mymannocmu M1-39 u M1-46. OTyeTIMBOE YCUJIEHWE MOTOKOB
B JuHuM HB BuaHo Ha puc.2. B To Xe BpeMsl MHTEHCUBHOCTM ITOYTH BCEX
SMHCCUOHHBIX JIMHWI, HOPMUPOBAHHBIX K Hf3 , MEHSTIOTCSI He3HAYMTEIbHO. MIHBIMUI
CJI0OBaMU M3MEHEHUSI TOTOKOB B 3TUX JIMHUSIX TIPOUCXOIAT CUHXPOHHO C MOTOKAMU
B HP, Tonpko nauHuu [OIIl] ycunuaroTcst ObicTpee.
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Puc.3. AOGCOJIOTHBIE TMOTOKM M3JAy4yeHUs] B JUHUM H M OTHOCHUTENbHbIE MHTEHCHBHOCTU
muauu [OIII], 5007 A B crexTpax 0OBEKTOB BHICOKOro Bo30y:xmenusi. Och X - nata HaGIIONCHUI
B romax, ocb Y - IIOTOK B IIIKaje 3pr/CM2c. O0o3HaueHUsI Takue e KakK Ha puc.l.

Ilhanemapuas mymannocmo M1-6. ITOT 0OBEKT TaKKe OTHOCUTCS K 00beKTaM
HU3KOro Bo30yxneHus. LleHTpanbHast 3Be3na MMeeT B CIIEKTpe C1abble SMUCCUOHHbBIE
qunun [21]. Habmonenns M1-6 Havanuch B 70-X romax mpoluioro croserust. Ha
MpoTsLkeHuun 6osiee 40 JIeT perucTpUupoOBAIOCh HEMPEPHIBHOE YBEIUYEHUE OTHOCU-
TeJbHBIX MHTeHcuBHOCTeN JmHuit [OI11]. B 2014-2016rT. Mpou3011UIo ocadieHue
BCEX SMUCCHUOHHbBIX JUHUI, B TOM YMCJIE JUHUIA Bogopoaa (puc.2) u HeOOoIblIoe
MOHMXeHUEe Oecka o0beKTa (Tabm.3).

Ilranemapuvie mymannocmu M1-61 u M1-9. B cnekrpe M1-61 HaGmomaroTcst
HebOJIbLIME M3MEHEHMs MOTOKa B JuHMM HP M uHTeHcHBHOCTH 5007 A |
HopMupoBaHHoI K Hf . B cnektpe M1-9 notoku B imuHuuM H He3HayMTEIbHO
YCUJTUBAIOTCS, & OTHOCUTEIbHBIE MHTEHCUBHOCTU OCTaJIbHBIX SMUCCUOHHBIX JIMHUN
HE MEHSTIOTCSI.

CnekTpbl OCTIbHBIX OOBEKTOB He MOKa3alyd HUKAKMX U3MEHEHUI Ha MpoTsi-
JKEHUU BCEro mepuona HabIoAeHUIA.

5. Ob6cyacoenue. OCHOBHBIE XapaKTEPUCTUKK OOBEKTOB MPUBEIEHBI B Ta0/1.4:
VIJIOBblE pa3Mepbl U3 paboThl [22], paccTosiHus [23], 2/1eKTPOHHbIE TIJIOTHOCTH,
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paccyMTaHHBIE TI0 OTHOLUEHUSM WMHTeHcuBHOcTeil smnHuit [SII] 6717, 6731A .
DdheKTUBHBIE TeMIepaTyphl LIEHTPAJIbHBIX 3B€3]l OLIECHUBAINCh METOAOM 3aHCTpa
st auauid HI m smnupuyeckum meronom Kanepa [24]. ConepkaHMe oCTaTbHbBIX
CTOJIOLIOB OTHOCUTCSI K MOJEJISIM U OyIeT onmucaHo HKe. B crekTpax GoJbIIMHCTBA
OOBLEKTOB HAOJIIONAETCA TIOCTENEHHOE YBEJIMYEHNE MHTEHCUBHOCTH JIMHUM 5007 A
(puc.1-3). bosnbliioi pa3dpoc AaHHBIX, B3SITbIX M3 JIUTEPATYpbl, MOXET ObITh CBSI3aH
C pa3IUYHON IMPUHON BXoAHOM wenau (oT 2" mo 8"), UCHOoJIb3yeMOl pa3sHbIMU

0.02
W M1-12
A M1-11
B m1-46
o 0.01
B o5
B M16
W m1-39 mlmis1
W Vy11
W Pc12
W M15
W Hul-1
0.00
4.4 4.5 4.6 4.7 4.8 4.9

logT

Puc.4. CkopocTb U3MEHEHHUsI CTENEHU BO3OYXAEHMSI TYMAHHOCTEH B 3aBUCMMOCTU OT TeMIIe-
patypbl LieHTpainbHOM 3Be3abl. Ock X - mapametrp P, ocb Y - logT.
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HaOmogaTeIsIMU. MBI paccuuTaiy rapamerp P - CKOpoCTb U3MEHEHUS HOPMUPOBAHHOM
nHTeHcuBHOCTU JIuHUM 5007 A B 00BbEKTaX pa3IM4YHON CTEIIEHU BO3OYXIECHMUS.
_ 1(5007), - 1(5007),
1(5007), . At

aver

b

roe [ (5007)n u I (5007)0 - uHTeHcuBHOCTH JuHuKM 5007 A B KOHIIE M B Havase
Habmonenuit, 1(5007),,,, - cpeaHee 3HaueHMe WHTEHCHBHOCTM 33 MEPHON HAGTIO-
JeHuit, At -komudecTBo JieT. Ha puc.4 ocb Y mpencrasisier napamerp P, ocb X -
log(T). MakcumalibHble U3MEHEHMSI TTapaMmeTpa P, T.e. cTeleHu BO30YXACHUS rasa,
MPOUCXOISIT B OOBEKTAaX C HU3KMMU TeMIlepaTypaMU LIEHTPaJbHBIX 3Be3M - TpyIIa
00BEKTOB, PACIIOJIOKEHHBIX B BEpXHEM JIEBOM YTy rpaduka (puc.4). 31o Hanubosee
MOJIONIbIE TIJIaHETapHble TYMAHHOCTY B Halllel rpyrmne ¢ pasmepaMu MeHble 0.07 1k,
BEPOSITHO, OHM SBOJIIOLIMOHUPYIOT OBICTPEe MO CPaBHEHMIO C 0ojiee BO3PAaCTHBIMU
MPEICTaBUATEISIMA 3TOTO Kilacca. MbI BOCIIONIB30BAIMCH PE3YJIbTaTAMM PacyeTOB pabOThI
[16]. Monenmn I HalMX OOBEKTOB BHIOUPANUCH ITO0 HAYAJIBHBIM M KOHEYHBIM
3HAUYEHUsIM TeMIlepaTypbl 3Be3[bl U BpeMEHM HaOmofeHuit B rogax (7-9 crondiibl
T1a01.4). B 10-M cToi0Lie MPpUBOASATCSI COOTBETCTBYIOIIME BPEMEHHbBIE TTPOMEXYTKH,
paccuruTaHHbIe B Moaesisix. MIx Homepa ykazaHsl B ctonoue 11. g Hammx Hanbosee
MOJIOOBIX 00BeKTOB: M1-5, M1-6, M1-11, M1-12, M1-39, momouuin MOZEIUA C
HavabHOW Maccoii 3Be3nnl 1.0-1.25M g . Enie omHa Mosonas tymaHHocts M1-61
IIPY TOM XK€ CKOPOCTU M3MEHEHMSI CTEIEHU BO30YXKIEHMSI JOCTUTIA 00Jiee BBICOKMX

Tabauya 4
XAPAKTEPUCTUKHN NCCIEAYEMBbIX ITJIAHETAPHBIX
TYMAHHOCTEH
O6rexr |[2R| D | 2R Ne[SlI] | T(HD) | T, [oUl] | T, [O1I] | Az, | Ar, Model | Age
(") | (kpe) | (pc) 104 104 104 (years) | (years) [16] year

M1-6 [ 5 | 2.65 | 0.06 [(3.5£0.5)x10%|3.3+0.06(2.95+£0.07 {3.10+£0.07 | 35 30 (N2 M =1.25M 4| 525
MI-11] St | 2.12 |{<0.01|(2.7£0.3)x104{2.7+£0.01| 2.69£0.07 |2.71+0.07 | 32 32 |Ne3 M =125M 2160
MI1-12| St | 3.75 |<0.01|(2.9£0.7)x10|2.7+£0.03| 2.71£0.03|2.75+0.03 | 45 43 N3 M =125M 4| 2170
M1-39| 5 | 2.69 | 0.07 |(2.9£0.2)x10%|2.8+0.03| 2.80£0.03|2.84+0.03 | 34 36 (Ne3 M =1.25M 4| 2250

M1-46 | 11| 3.78 | 0.20 |(3.3£0.2)x10%|2.8£0.03|2.78£0.02|2.85+0.02 | 31 34 Nel M =1Mg | 1000
M1-65|3.6| 6.54 | 0.11 |(2.1£0.1)x10%|3.0£0.05| 2.71£0.01|2.73+0.01 | 50 39 Ned M =1M 4 |5060
Cn3-1 (4.5 3.58 | 0.08 [(2.4£0.1)x10%|2.7+0.01| 2.71£0.01 {2.73+0.01 | 51 63 Ned M =1M 4 |5060

Hel-2 |5.4| 6.17 | 0.16 |(2.2+0.5)x10*{2.0+0.02 - - - - - -
M1-77|7.0| 5.50 | 0.18 |(1.0+0.1)x10%|1.8+0.03 - - - - - -
MI1-9 (4.8| 4.88 | 0.11 [(4.3£0.3)x10°|4.1£0.02(4.32+0.04|4.39£0.04 | 40 - - -
M1-5 [2.5(2.92 | 0.03 [(2.9£0.6)x10%|4.0+0.01| 3.74+0.02 {3.78+0.02 | 37 36 Ned M =1Mg | 7500
Vyl-1 (5.2 6.19 | 0.16 [(3.4%0.6)x10°|3.0+0.03| 4.64+0.06 [5.10+£0.06 | 37 35 | Ne2M =17Mg | 550
MI1-61| St | 2.37 [<0.01{(1.0£0.1)x10°|3.840.01|5.49+0.02|6.11£0.02| 38 38 | Ned M =22Mg | 300
Hul-1({5.0| 4.70 [ 0.11 |{(4.0£0.5)x10%(4.0£0.01| 6.40£0.02 (6.44£0.02 | 40 33 N3M =2Mg | 730
PC 12]4.6| 6.22 | 0.14 |(4.31£0.5)x103|{4.0+£0.03| 3.55£0.05|3.65+0.05 | 45 46 Nel M =1Mg | 1380
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TeMIepaTyp. 9TO BO3MOXHO, €C/IU €€ 3Be3/1a MMeeT OOJIbIIYI0 HAaYaJdbHYI0 MaccCy
(Tabn.4).

Takum 06pa3zoM, MOXHO ClieJiaThb BBIBOJ O TOM, UTO YCKOPEHHAas 3BOJIIOLIMS
LIEHTPAJIBHBIX 3BE3/] B LIEJIOM HEIUIOXO OOBSICHSET HabmogaeMble qaHHble. MHbIMU
CJI0BaMM OCHOBHBIM MCTOUHUKOM CIEKTPaJIbHBIX U3MEHEHUI1 SIBIISIETCS TTOBBILLICHUE
TeMIlepaTypbl LIEHTPaTbHbIX 3Be31. EC/ 2JeKTpoHHAas MJIOTHOCTh B 30HaX (popMu-
posanust uHmit [OI11] 6;1M3Ka K KpuTHuecKoMy 3HauyeHuto (~5-10° —10°cm™), To
HeOOJIbIIIME U3MEHEHMSI TJIOTHOCTH, CBSI3aHHBIE C pacIliMpeHreM 000J0YKU, MOTYT
MPUBECTU K IOMOJHUTEIbHOMY YCWICHMIO 3THUX JIMHUIA.

HekoTopsie miaHeTapHble TYMAHHOCTU M3 HAIIETO CIMCKA IEMOHCTPUPYIOT
HECKOJIbKO HeOOBIYHOE TOBeIeHNe SMUCCUOHHEIX JMHMI. Tak, B ciekTpe M1-6
¢ 2014r. uznyyeHue ocyiabeBaeT BO Bcex JMHMSX, Bkmouas auHuu HI (puc.2).
IMoroxm m3nydyenus B auHugx [OIII] Takke yMeHbIIAIUCh, HO MeIJIEHHEE, YeM
B HP, mostomy TeHAEHIIMS K YBEIMUSHUIO HOPMUPOBAHHBIX 3HAYEHMIT COXpaHsLIach.
ITpu sTOoM HabII0IATOCH TOHUXEHUE SIPKOCTH 00bEKTa B ONTUUYECKUX (DUIbTPaAX.
Bo3moxHo, Bce 3TH 3¢deKThl CBSI3aHbl ¢ OCAabJieHUeM MOHU3YIOLIEro MOoToKa
LICHTPaJbHOM 3Be3dbl, BHI3BAHHBIM €€ YaCTUYHBIM 3KPaHMPOBAHWEM KaKMM-TO
TUIOTHBIM (bparMeHTOM ra3a B 00OJIOUKE.

Hccnenosanue ¢puHaHcupyercs Komutrerom Hayku MUHUCTEPCTBA HayKu U
BbIcilIero obpa3oBaHust Pecriyonuku Kaszaxcran (rmporpamma Ne BR20280974).

Actpodusuueckuit Uucrtutyr um. B.I.PeceHkona, Anmatbl, KazaxcraH,
e-mail: lu_kondr@mail.ru

VARIABILITY OF PLANETARY NEBULAE. RESULTS OF
THE LONG-TERM OBSERVATIONS

L.N.KONDRATYEVA, E.K.DENISSYUK, S.A.SHOMSHEKOVA,
I.V.REVA, A K AIMANOVA, M.AKRUGOV

The results of spectroscopic and photometric observations of 14 compact
planetary nebulae are presented. The observations were carried out at the Fesenkov
Astrophysical Institute (Republic of Kazakhstan) since 1973 Our goal was to obtain
data on the variability of our objects over long-time intervals. The intensities of
the [OIII] lines normalized to Hf intensity were used as a criterion for
determining the excitation degree of gas in the nebula. Analysis of data obtained
over 40-50 years showed significant changes in the spectra of the most of our
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objects, most likely associated with an increase of the temperature of the central
stars and/or with a change in the internal structure of the envelopes.
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UCCIEOJOBAHUE U3BMEHEHUN JOIJIEPOBCKUX
CKOPOCTEN U MOJYIIWPUH CHEKTPAJIbHBIX
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IIpunsara x meuatu 14 despans 2025

Lenb uccnenoBaHusi - M3yyeHHWE HECTALIMOHAPHBIX (DU3MYECKUX MPOLIECCOB, MPOMCXOISIINX
B COJIHEYHBIX CITMKYJIaX W MpOTyOepaHLaX, M B3aMMOCBSI3b MeXay HUMU. M3yuyeHue Crukya u
npoTtybepaHUEeB M CpaBHEHUE TMOJYYEHHBIX PE3yJIbTaTOB IPYr C APYrOM BHECET HEKOTOPYIO HOBU3HY
B MPOMCXOISIIIMX B HUX (DU3MUECKUX Mpolieccax. B cBsa3u ¢ atumM B AbGacTyMaHCKoil — acTpodu3su-
Yyeckoil 00cepBaTOpUM C TIOMOIIbIO OOJIBIIOrO BHE3aTMEHHOTo KOpoHorpada ObLIM MOJyYeHbI
criekTporpaMmbl B JiuHue renus D, nis Bbicothl 8000 kM. CriekTporpammbl B iMHMM D, nosyyeHbl
BO BTOPOM TIOpsiIKE, Tiae oOparHas mucrepcusi paBHa 0.96 A /Mm. CraHmapTHbIE OLIMOKM JIOILUIE-
POBCKMX CKOPOCTEH ¥ TMOJYLIMPUH CIEKTPAIbHOM JuHUM coctasiasior 0.35 km/c u 0.04 A,
COOTBETCTBEHHO. BpeMst KU3HU MOYTH BCeX M3MEPEHHBIX CITUKYJ COCTABMJIO OKOJI0 20 MMH, ITO3TOMY
OHU OTHOCATCSI K criuKyjiaM | tuma. M3ydeHbl nOMIepOBCKUE CMEIIEHUsS] M U3MEHEHUS MONTYIIMPUH
CO BpEMEHEM, MCITOJIb3ysl alfOPUTM TieprogorpaMMbl JlomGa st HEpaBHOMEPHO pacrpeneleHHbIX
psiIOB AaHHBIX. B pesysbrate 06pabOTKM M aHaIM3a TOJTyYeHHOTO HaOIIoaaTeIbHOro Matepuana ObUTU
MOJTyYEeHBbI CJICAYIOIIMEe OCHOBHBIC PE3yJbTaThbl: MOIIEPOBCKUE CKOPOCTM B "Horax" IMpOTyOepaHLEB
M3MEHSIIOTCST TIpUMEpHO B auamnasoHe 17-18 kM/c, a B cnukynax - B auana3oHe 16-24 km/c. Habio-
JIAeTCSl aCUMMETPUSI M3MEHEHUsT JOIUIEPOBCKUX CKOPOCTel M TMOJYLUIMPUH BO BpemeHu. M3 5-tn
KCCIIEIOBAHHBIX HAMU CITMKYJ aCUMMETpUsI M3MEHEHHWsT BO BpEeMEHM HalOiomaetcss y 4-X CIUKYJL.
Hnsa D,-nporybepaHiieB nepuoj KoneOaHuil JOIUIEPOBCKUX CKOPOCTEll M3MEHSETCS B CpPEIHEM B
TeyeHue 3-4 MMH, a Nepuon KojiebaHuii MONYMIMPUH - B TedeHue 2-3 muH, a B D,-cnmkymax
MepHOoJ KOoIeOaHMii JOTUIEPOBCKUX CKOPOCTEN M3MEHSIETCS B CPelHEM B TeUeHMEe 2-5 MUH, a Mepuoi
KOJICOAHMI TONYIIUPUH - B TedeHWe 2-5 muH. B "Horax" mporyOepaHila aHTHKOPPE/ISIUS MEXIY
JIOTJIEPOBCKMMU CKOPOCTSIMM M TIOJIYIIMPUHAMU OoJiee BbIpaxkeHa B "Hore", rJe COJIHEYHas Iia3ma
JIBUXKETCS M3 HUXKHUX CJIoeB B BepxHue. HaGmiomaemble TpoTHBOGa3Hble KojeGaHusl ¢ OOJbILIMMU
MEPUOaMU MOXHO OOBSICHUTbH JABMKEHUSIMU TYpOYJEHTHOM TUIa3Mbl BBEpX M BHU3 B CIMKYJIax |
TUMa, a KojebaHusi ¢ 6ojee KOPOTKUMM MEePUOAaMU MOTYT ObITh BbI3BaHbI BUHTOBBIM JBMKEHUEM
OCH CHUKYJIbI, O0Opa3ylollUMCsl B pe3yJibTaTe CYNEepIO3WIMU JABYX JUHEWHO MOJSIPU30BAHHBIX
MarHUTOTMAPOANHAMUYECKUX KUHK-BOJIH.

KitoueBbie ciioBa: cnukyavl: npomybepanybl: CHeKmMpaabHble AUHUU

1. Beederue. Dueprust B porocdhepe B HEKOTOPOU CTENEHM MEPENAETCS B
BepxHHe cion atMocdepsl CoxHIIA, TIe OHa MOXET pacCenBaThCs, YTO MPUBOINAT
K HarpeBy IjiasMbl KOpoHbl. ClieHapueM Iepelayd SHEPruu MOTYT ObITh
MarHutoruapoarnHamuyeckue (MHD) BosiHbI, BO30yKIaeMble KOHBEKTUBHBIMU
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JBIKEHUSIMU U TIO0ATBHBIMU COJTHEUHBIMU KOJeOaHUsIMU B (hoTochepe, KOTophie
MOTYT PaclpoCTPaHsSIThCS yepe3 XpoMocdepy B KOPOHY U IepeaaBaTh HEKOTOPYIO
sHepruto. CIUKYIbl U TIPOTYyOepaHIIbl - OOJHU U3 OCHOBHBIX 3JIEMEHTOB TOHKOI
CTPYKTYpHI BepxHeit atMocdepbl CosiHlla. DTO MarHUTHbIe oOpa3zoBaHus [1-3]. B
BepXHMX cliosix atMocdepnsl CoHIIa MAarHUTHBIE TPYOKU SIBJISIFOTCSI OCHOBHBIMU
KaHaJIaMU TIepeJayr SHEPTUU, KOTOPHIE, B CBOIO OUYepPEelb, BIMSIIOT HA COJTHEUHOE
usnyyeHue. B aToM HampaBieHUM pellarollee 3HaYeHUe IJIsl HarpeBa BHEIIHei
atMocdepbl UMeeT MarHUTHOE TMoJIe.

Cnukysbl Kjiaccuyeckoro tumna I uMeroT BpeMs Xu3Hu 5-15MUH, a 1MaMeTp
U JOIJIEPOBCKME CKOPOCTU COCTaBJSIIOT mpuMepHO 500kM u 15-40 kM/c, coOT-
BeTcTBeHHO [4-8]. Crnvkyibl B auHusx CallH u D, mupe, yem B Ha [9]. Ilo
Ha3eMHBIM HAOMIOASHUSIM JUTMHA/TIMPUHA CIMKYJT Hoo BapbupyeTcs B CPeIHEM OT
5000 mo 9000 kM [9] u moryT gocturaTh BeIcOT B 11000 kM. C apyroit CTOpOHBHI,
Ha 0oJiee HU3KMX BBICOTaX JOMMHUPYIOT CrIUKYJbI I Tuma. OHU cambie BBICOKHME
B KOpOHaJIbHBIX AbIpax (5000 kM) u Kopoue B akTMBHBbIX o0iacTax [3]. EcTb oueHb
JUTMHHBIC CITUKYJIbI, Ha3bIBaeMble MaKPOCIMKYJIaMU, KOTOpble HAOMIOOAIOTCS [JIAaBHBIM
o0Opa3oM BOJIM3M MOJSIPHBIX obnacteii. B crimkynax I Tuna temnepaTypa Iia3Mbl
Bapbupyerca B npenenax 6000-60000 K [10]. Tonywmpuna D, cnukyn nopsnka
AL=0.3A [11].

M3BecTHO, 4TO B CIMKYJIaX pacrpeneiaeHue AOMJIEPOBCKUX CKOPOCTEl MO BbhICOTE
UMeeT nepuoanueckrii xapakrep. KonaebaHus JIUTEIbHOCTbIO TPUMEPHO 3-7 MUH
(MUK 5MUH) OOHApY:KeHbI KaK B X0[e Ha3eMHBIX, TaK M BHeaTMOC(EpHBIX HAOMIOACHMIA
[10,12-17]. D10 mepronuyeckoe pacrpeaeieHue MOXKeT ObITh BEI3BAHO MONEePEYHBIMUI
BostHamu. Mccnenopatenu [13,16,18-27] u3yumin mepuoAbl M aMILIATYAbI U3MEHEHUIA
JIOTJIEPOBCKUX CKOPOCTEM CIMKYII, IOCTPOSHBI TEOPETUUECKIE MOAEN CIUKYI [28,29].
B pabote [30] Obu1a 0OOHapy:XeHa aCUMMETPHST MU3MEHEHWI BO BpEMEHU JIJis JOIIIe-
POBCKHMX CKOpPOCTEM U TMOJYIIUPUH CITUKYIL.

Konebanus B cnukyjiax HaOM0gamoTCsl yKe JaBHO. Bo3MOXKXHOCTBL KoJiebaHuMit
B MarHUTHOM TpyOKe CIMKYJ omucaHa B pabotax [31-34]. Ilepnonnl KonebaHuit
(opMalbHO MOXKHO Pa3le/IUTh Ha JBE IPYMITBI: OTHOCUTEIHLHO KOPOTKUE MEPUOIBI
(<2MUH) ¥ pauTeabHbIE nepuoabl (>2MuH). HabmonaeMble mepruoabl B OCHOBHOM
pacroyaralorcs B uHtepBaiax 3-7muH 1 50-110¢ [35]. B paGore [36] ynoMuHaioTcst
YeThIPE MHTEPBaja BO3MOXHBIX IepUOIOB KoleOaHuil cukya 358-167 ¢, 156-114
¢, 108-81¢c u 76-50c. B paborte [1,17,37] uccaenoBaHbl KojebaHUS ¢ MEPUOIOM
SmuH. bekkepc [4,9] u Crepaunr [38] npenocTaBuId MPEeBOCXOAHbIC HJISI TOTO
BpeMeHU 0030pbl HAOIIOJEHU U TEOPETUUYECKUX MOAEJE CITUKYJIL.

B paGorax [26,27] aBTOpBl OTMEYAlOT, YTO B MArHUTHOM TpyOKe CIUKYJIBI
PAaCIIPOCTPAHSIIOTCS KWHK-BOJIHBI ¢ IIMHOM BOJIHBI 0KoJIo 3400-4400KM, a mmeproabl
BapbupytoT B nipenenax 40-50c. Ilpeanonaraercsi, YTo KUHK-BOJIHBI T€HEPUPYIOTCS
MPU CTOJKHOBEHMU TPaHYISILHMOHHBIX OOpa30BaHWII Ha KOHIIE OIYIIEHHOW B
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(oTochepy MarHMTHOI TPyOKU. ABTOPHI BbICKa3ald MHEHUE, YTO JJIMHA KUHK-
BOJIH TOpsiAKa AuaMmeTpa TpaHyd. Tam ke mpuBeneHa MOAEIb CIMKYJbI, TAe
OTMEUEHO, UTO OHA IIPEACTABIISIET COOOM MIMHHYK MArHUTHYIO TpPYyOKy, OIUH
KOHELl KOTOpOii oIyleH B goTocdepy, a Ipyroi JOCTUraeT KOPOHBL. DTa MOLENIb
OM3Ka K peajlbHOM MOJE/IM, Ha €€ OCHOBE MOXXHO TOBOPUTh O MEXaHU3Me Harpena
KOpOHEHI [39].

KocMuueckne HabM0OaeHUST BICOKOTO pa3pellieHUsI ¢ TIOMOIIBIO ONTUYECKOTO
teneckona (Hampumep, Hinode/SOT) BeisiBunu criukyinasl 11 TMna, Kotopele, Kak
ObIJIO MOKA3aHO, UMEIOT Pa3HbIC XapaKTep U MEXaHU3MbI (DOPMUPOBAHUSI, PA3TUUHBIC
BpEMEHA XU3HM, CKOPOCTM U MHoroe apyroe [2,5,6,40-46]. OHu umeroT Bpemst
xku3Hu okosio 10-150c¢, muameTp okono 200 KM M JOCTUraloT OTHOCUTENIBHO BBICOKMX
ckopocteit 50-150km/c. ABTOpHI [46] yTBepKOaloT, YTO OBICTPHI HArpeB crukyi 11
TUMA J0 BBICOKUX TEMIIEPaTyp MOXET MPUBECTU K UX MCUe3HOBeHUI0. [1o MHeHUIO
nuccienoBaresieit [1-3], crmmkynbl 1 Tima obnagalor elle OgHWM CBOMCTBOM: OHM
JEMOHCTPUPYIOT MEHBIINEe CKOPOCTU M MCYE3al0T B KOPOHE WIM MaJaroT BHU3.

ITpotybepaHell IpeacTaBisieT co00i YaCTUYHO MOHU3UPOBAHHYIO, OTHOCUTEIEHO
xonoxnHyto (~10*K) u konmeHcuposannywo (~10°- 10" cm™) masmy, mpucytcr-
BYIOLLYIO B MOHM3MPOBaHHOIA ropsteit ((1—2)-10° K) xopoHe [47-52]. IporyGepaHib!
OKPYXE€HBI OTHOCUTEJIBHO Topsueii KOPOHAJIbHOM IMJ1a3MOii, "HOTU" KOTOPBIX CITyC-
KaloTcsd 4epe3 xpoMocdepy B ¢orocdepy [53]. HabOmiomeHus mokasajiu, 4YTO
CpemHssl CKOpOCTh Ha nepudepnu ImpoTybepaHiia MeHee 15KM/C, a CKOpOCTh B €r0o
teHTpe paBHa 10km/c. CKOpPOCTh BOCXOISIIETO TIOTOKA OKOJIO 25 KM/C, HUCXO/SIILIETO
notoka - 10km/c. MiccnenoBaTenn oObSICHUIN 3TO HU3KOM TeMIlepaTypoil B LIEHTpe
npoty6epania (MeHee 6-10° K). DMUCCHOHHBIE TMHUU MPOTYOEepaHIIeB HAOMOAIOTCS
B IIIMPOKOM CITEKTPaJIbHOM JAMAalla30He OT BUAMMOTO 10 MH(PpakpacHoro [54-60],
MO3TOMY 00pabOTKa M aHAIU3 CIIEKTPaIbHOIO HAOI0AATEIbHOIO MaTepraia MOXeT
JaTh HAM MHOTO MHTEpPEeCHOU MH(GOPMAIUU O HUX.

Hanuuue konedbaHuit B nmpoTybepaHilaX U UX CBOMCTBA M3y4aJIMCh MHOTMMU
ucciegoBareaamu [61-64]. B nmporybepaH1iax HaOIIOOAIOTCS IBUKEHUS TUIa3MbI B
pAa3HBIX HAIPABIICHUSX, a TAKXKe MHOTIA HAOIOMAIOTCI JBIKEHUS, TTapalieIbHbIC
noBepxHocTu CojiHua. Ha ocHoBe aHanm3a JaHHBIX BPEMEHHOTO W3MEHEHUS
JIOTLIEPOBCKUX CKOPOCTEil ObLIM 0OHApYXXEeHbI KOoJiebaHUs C JJIMHHBIM ITepUOIOM
(T> 40 Mmun), npomexxyTouHbIM (10 MuH < T< 40 MUH) U KOPOTKUM II€PUOIOM
(T<10muH). XoTs, MHOTAA (PUKCUPYIOTCS KOJiebaHUsl, HAIIpUMED, U C IEPUOAOM
nopgaka 30c¢ [65] ¥ cBepXIIMHHOIEPUOIUYECKME KOJIeOaHUsl C MEPUOAOM 8 4.
[66]. UccnemoBatenu [67] oOHApy:KMIM IEPUOA PACIIPOCTPAHEHKS BOJIHBI B IIPOTY-
Gepanile B MHTepBaye 28-95MUH. ABTOPHI [68] CBSI3BIBAaIOT KOebaHUs B "HoTrax"
npotybdepaHlia ¢ TJ00aTbHBIMU KoJiebaHUsIMU B ¢oTochepe u xpomocdepe (3 u
5MuH). ABTOpHI [69-71] ucciaenoBanu pu3MUeCKUe MPOLECCH, IPOUCXOISIIKE B
cMepuax.
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[leproaMYHOCTL MOXHO OOBSICHUTD JTMOO yTeuKoit hoTochepHbIX p-MoJ Yepe3
HAaKJIOHHOE€ MarHutHoe mosie [1], 1ub0 KBa3UINEpUOAUYECKUMU OTpak€HHBIMU
yaapHbIMU BoiHaMM [28,29], KoTopble TPUBOAAT K MEPUOANYECKIM BOCXOISIIUM
MoToKaM xpomocdepHoi 1a3Mbl [72]. KoyebaHns 1 BOJHBI B COTHEYHBIX CITUKYJIaX
TaKkXKe paccMOTpeHHI B [35].

Yto KacaeTcs CBSI3M MEXIY MOIICPOBCKUMU CKOPOCTSIMU M TIONYIIMPUHAMHI
JIMHUM, TO OHM M3y4eHbl Majio. BaXXHO BBISIBUTH CBSI3b JWHAMUKM TOHKOM
cTpyKTypbl CosHIA C (PU3MYECKMMU TTpolleccaMu, MTPOUCXOASIIMMUA B HIDKHUX U
BEPXHUX CJIOSIX COJTHEYHOI aTMocdepbl (HarpruMep B CIIMKYJax U MPOTyOepaHlax).

Haina nesnb: uccnenoBaHve HeCTalMOHAPHBIX (DU3UYECKMX MPOLIECCOB, MPOUCXO-
JSIIUX B COJHEYHBIX MPOTyOepaHllaX M CIMKYJaX, U BBISIBJICHUE B3aMMOCBSI3U
MeXIy HUMM Ha OCHOBE aHaJIM3a MaTepHalia, IOJyYeHHOTO IpH HAOTIOACHUSIX B
JuHUU renusa D, (MBI IUIaHMpYyeM MNPOBECTH AHAJOTMYHYIO PaboTy B JIMHUU
Bonopoaa Ha ). Takue uccienoBaHusi MOTYT MO3BOJIUTh HaM CBs3aTh (pU3MUECKue
MIPOIIECCHI, TIPOMCXOMSIINE B CIUKYJaX M IpoTyoepaHiiax. BosaMoxHo ymacTcs
HaTU CBSI3b MEXIY CIIMKYJIaMU W BOJHAMM, PAcIpOCTPAHSIOIMMUCS B ITPOTyOe-
paHiax. B craTbe aHAIU3UPYIOTCS pe3yabTaThl, MOJyYEeHHbIE HA BHE3ATMEHHOM 53
CM KopoHorpade HallMOHaJIbHOU acTpodu3nueckoit obcepBaTopun ['py3uu um.
E.Xapang3e.

B pasnene 1 npenacrasieH KpaTKuii 0030p MCCAeA0BaHUI CIIUKYI U MTPOTyOe-
paHueB. B pasnene 2 omucaHbl MeTOAbl HaOMoaeHUS W oOpaboTKa JaHHBIX. B
paznmene 3 oOCyxXHaloTcsl pe3yabTaTbl HAOMIOACHUM, TaKMX Kak JOIUIEPOBCKHUE
CKOPOCTU U TOJYIIUPUHBI criekTpaibHbiX JuHuii (FWHM). B pasnene 4, npen-
CTaBJICHBI OOCYXXIEHNE W BBIBOMBI.

2. Habawoenus u obpabomka darHbix. HabmoneHNs COMHEYHBIX CIIMKYJ
Y NPOTYOEPaHLIEB B CHEKTPAIbHBIX JTMHUAX requsa D, MpoBoauIuch ¢ NOMOILbIO
0O0JIBILIOTO0 BHE3aTMEHHOTO KOpoHorpada AdacTyMaHCKOM acTpodu3nyeckoii oocep-
Baropuu (D-53cMm, F-800cm) Ha ogHOM M TOM K€ BbICOTE COJIHEUHOI aTMoc(hepbl
B Te€UEHME UIMTEIBLHOTO mepuoaa Bpems (puc.l).

Crnekrporpad cucrteMbl Doepra-PacTy TejaecKola ocHaIIeH AU(GPaKIIMOHHOM
peleTKoi pazmMepoM 230mm x 250mm . Perretka numeet 600 1ITpUX/MM U B BUAMMOIA
00JIaCTH UMeeT MaKCMMaJIbHYIO0 KOHILIEHTpallMio BO 2-M mopsiake. Paspelatoias
CIIOCOOHOCTh B (DOKaIBHOI TUIOCKOCTH CrieKTporpada cocTapisieT 25 JUHUIA Ha
muuMeTp. Paspewenue criekrporpada Bo 2-M nopsake cocrasiusieT 0.04 A /mm.
Huametp n3o0paxeHus B (pOKaTbHOM TJIOCKOCTU cocTaBisieT 125MM. DKBUBaIEHTHOE
dokycHoe paccrosgHue B ¢okyce Kyme cocraBisger 13 m. Crekrporpad mmeer
KPYTJIYI0, KOHIIECHTPUYECKYIO C COTHEYHBIM JIMMOOM IIeIh TMaMeTPpOM, HEMHOTO
MPEBBIILAIIINM AUaMeTp JuMba M pa3MepoM IMpumepHo no 60° gyru aumba
ConHila, B To BpeMs Kak paboyas o6macte B CCD U9000 mokpeiBaeT nmirb 20°
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JIyru TuMOa. YTJIoBOi MaciuTad CIeKTpoB B (POKAIbHOM MJIOCKOCTU cIieKTporpada
paBeH 16y1i./c Ha MM. Bo BpemsT HaOMoneHN TIepe CBETOITPUEMHUKOM pa3Me-
LIAETCS CHelUabHbIi KOMOMHUPOBAHHbBIN (PUIBTP, COCTABJIEHHbBIN 13 HECKOJIbKUX
CBETO(WIBTPOB, U3TOTORJIEHHBIX B 00CEpBAaTOPMI, KOTOPHIM MPOMYCKAeT KaK JUHUIO
D, s 2-3 mopsaakoB cnekrporpada, Tak M OMOPHYIO JIMHUIO 4410 A nmna 3-4
nopsakoB crekrporpada. KoMOMHUPOBAHHBIM CBETO(MUIBTP COCTOUT M3 NBYX
pasHbIX CBeTOPUILTPOB: (1) y3koro D,-buibTpa, NpOMyCKaoILEro TOIbKO CIIEKT-
paJibHble N300pakeHUsT BTOPOro MOPsIIKa, U OJOKUPYIOLIETO Bce OCTAIbHbIE MOPSIIKH,
u (2) 3eaeHoro cBeTo(UIbTpa, MPOMYCKAIOLIETO TOJBKO OMOPHbIE CHIEKTPaJIbHbIE
JIMHUM TPEThETo TMopsiaka oT (oTocdepbl, U OJOKMPYIOLIME BCE OCTATbHbIC TTOPSIIKU.

Ha puc.1 npencrasieHbl B¢ TUMMYHBIE D,-CIIEKTPOrpaMMbl CITUKYJI ¥ TPOTY-
OepaniieB, osydyeHHble 07.2023. BpeMeHHOI MHTEpBal MEXAy MEPBO U BTOPOM
CIIEKTpOTpaMMaMM COcCTaBiIsieT mpumMepHo 16 mua (2023r., 05:41:30 UT, 2023r.,
05:57:20 UT). Bpems akcno3uiiuu coctapisieT ipumepHo 0.3 ¢. [TpomomkutebHOCTb
HabmoneHuit 20 muH. HabmoaeHus npoBoawiuchk Ha BbicoTe 8000 KM Haa Kpaem
Comaima. Okono 30% xampoB ObUTH WCKITIOUEHBI M3 00pabOTKM JAaHHBIX M3-3a
HU3KOTO KavecTBa M300paxkeHUsi. Takum oOpa3oM, CpeaHUil UHTEPBal MEXIY

Puc.1. Tunuunbie D3-criektpanbible CCD u300paxkeHUs] CIOUKYJI M IPOTyOepaHIIeB, MOJY-
yeHHble 07.2023. M300paxkeHus LEHTPUPOBAHbI HA COJTHEYHOM 2KBATOPE M OXBATHIBAIOT MIPUMEPHO
+10° COTHEYHOM LIMPOTHI B BEPTHKAIBLHOM HaIpaBieHNH M306paxeHuil. ClieKTpajibHass TUCTIEPCHS
¢ Macwtabom okono 0.93 A /Mm (yrouHeHue MaciuTaba MPOU3BOAMTCS B Ipoliecce 0OpaGOTKU
KaXJI0i Cepur CIeKTporpaMM) OpUEHTUPOBAHA BIOJb FOPU3OHTAILHOIN ocu u3o0paxeHus. Criekr-
panbHble D,-M300paxeHust CIUKYl M NPOTyOepaHUEB BUAHBI BROAb jumba ConaHLA B BEPTH-
KaJlbHOM HampasieHun Ha Bbicote 8000 kM oT dorochepbt ConnHiia. Camble SIpKUE OOBEKTHI,
BUIMMbIE Ha M300paKeHUsIX TPOTyOepaHLIbl.
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KagpaMu JocTuraeT npuMepHo 4.5c. Cepust HaGMIOACHUI TTPOBOANUIACH, HAMM Ha
BOCTOYHO# cTopoHe JuMba ConHma B mpenemax +10° mHTepBaja IIUPOTHI OT
COJTHEYHOT'O 9KBaTopa.

Bt BeIOpaHbI CIUMKYJIBI, KOTOPble MOXHO ObUIO OAHO3HAUYHO WAECHTU(U-
LIMPOBaTh Ha KaXIOH CIEKTpOorpaMMe M KOTOpble ObUIM U30JUPOBAHBI OT APYTUX
cnukys. B pesynbTate ObuUIM OTOOpaHbl: 1 mpoTybepaHell U S5 CIMKYJ, BCE OHU
HU30JIMPOBAaHbl OT COCEAHUX CIMUKYJ U HAIEXKHO UACHTUMULIMPOBAHBI HAa Kaxaoi
criektporpamme. M3 o6paboTaHHBIX HAOMIOJATEIbHBIX CIIEKTPOrpaMM M3-32 HU3KOTO
KadyecTBa MbI UCKIIOUHM 1ot 30%. BpemMeHHBIe psnbl pacnpeneiieHbl HepaB-
HOMEPHO M aBTOPhI MCHOJL30BAJIM aJrOPUTM nepuomorpammbl Jlomda [73] mig
U3yYeHUS TIePUOANYECKUX U3MEHEHUI JOIJIEPOBCKUX CKOPOCTEH M MOJYIIUPUH
JIMHUI OTAENbHBIX CHOUKYJI M MPOTyOepaHIa.

ABTOPBI UCITOJb30BAIM OOHOBJICHHYIO BEPCUIO OPUTMHAJIBLHOIO ITPOrpaMMHOTO
obecreueHust 1Sl 00pabOTKK acTpOHOMUYECKMX n300paxeHuii AlmaP 3.59, paspa-
0OTaHHYIO OIHMM M3 aBTOpoB craThu B.Kaxmanu.

[ns onpenesieHre TOMJIEPOBCKOTO CMEIICHUST U TTOJIYIUMPUHBI TUHUN IpUMe-
HSIIach Cleaylollas MeTOAUKA:

1. Jng xaxmol cepuM CIeKTPOB NMpPOBOAMJIACH KaJMOpOBKa MacilTaba Ha
U300paXeHUU CIEKTPOB (MaciuTad MOXKET HEe3HAUMTEJIbHO MEHSIThCS M3-3a
MorpelrHocTell (POKYCUPOBKU IJIS1 pa3HbIX CEPUil CITIEKTPOB) MPY MOMOILLIU OMOPHBIX
auHuit cnekrpa: Til - 5886.791, Mnl - 5889.711, Fel - 5891.88.

2. Onpenensiach KpuBass KOHTUHYYMa B paiioHe MCCIIeAyeMOI JIMHUM CIIEKTpa
MOCPEICTBOM HHTEPIOJISLUU II0 00JacTsIM KOHTHMHYyMa cjeBa U cIpaBa OT
HUCCIEayeMOM JTUHUU IMOJMHOMOM 2 WM 3 CTEIeHM, 3aTeM IIOJIydeHHAasT KpuBas
KOHTUHYYMa BbIUMTAJach U3 MUCXOAHOIO CIEKTpa.

3. MeToooM CKOJB3sIIIEro cpeaHero u3 3 wim S5 nmkceaeir (MA3, MADS)
OIIpeneIsICS MaKCUMYM MCCIIeNyeMOi JIMHUM (M COOTBETCTBEHHO UIMHA BOJIHEI)
u ee noaymwupuHa (FWHM). Metoa cKoJb3sIIero CpeaHero UCIob30Bajcs U3-
32 HECUMMETPUYHOCTU UCCIICAYEMbIX JUHUM, TTOCKOJBKO B 3TOM Cliydyae (DUTTUHT
rayccuaHoi WM mapabojoi He JaeT YIOBJIECTBOPUTEILHOIO pe3yJibTaTa.

4. TIyHKTBI 2 ¥ 3 TIOBTOPSUIMCH JIJII KaXKIOTO CIIEKTpa JAaHHOW CEpuM, IMOCIe
Yero CTpoujach KpuBasi UBMEHEHUI JOIUIEPOBCKUX CKOPOCTEH M MOJYLIUPUH B
3aBUCHMMOCTHA OT BpPEMEHM M MPOBOIWICS NaJIbHEHIINII aHaIU3 MOJIYYEHHBIX
BPEMEHHBIX PSIIOB.

JIJIsT OLIeHKM TOYHOCTHM M3MepeHUi JoraepoBckoi ckopocty 1 FWHM criekt-
pasibHOM JIMHUKU D, K TOJTyYeHHBIM BPEMEHHBIM PsIIaM aBTOPbI IPUMEHUIHA (DUIIBTP
BepxHux 4yactoT FFT c¢ yacroroil cpeza 0.016 ' ¥ BBIMMCIWIM CTaHIAPTHBIE
OTKJIOHEHUST OTOUIBTPOBAHHBIX JAHHBIX, KOTOPbIC PaBHBI CICAYIOLINM 3HAYCHUSIM:
+0.35kM/c s porepoBekux ckopocreid u +0.04 A g FWHM.
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3. Anaauz OaHHbiX. MOPMOIOrMYECKNA aHAIU3 AMIUIMTYI KOJleGaHUit
JoruiepoBCcKUX ckopoctei 1 FWHM 1is1 crieKTpaJbHBIX JWHUN COUKYT U
MPOTYyOEPaHIIEB YeTKO TTOKA3bIBaeT HAIMUME KBA3UIIEPUOANIECKIX U3MEHEHUI BO
BpeMeHn. Habmomarores u "cirydaiinele” nameHeHus. I'padnk n3mMeHeHUsT 10TUIe-
POBCKOIi ckopocTu (depHbie JuHUKM) 1 FWHM (4epHble TyHKTUPHbIE JUHUU) BO
BpPEMEHU JIJIs1 CIIMKYJ TTOKa3aH Ha puc.2 (TepBoe u300paxkeHre HeUIbTPOBAaHHOE),
a Juis nmpoTybepaHiia - Ha puc.3 (repBoe n3odpaxeHue 6e3 ¢puabTpa). B pesyibrare
HabmoneHuii 0bu10 monmydeHo 300 cnekrporpamm. M3 ciekrporpamMm ObLTA BhIOpaHbI
Y U3MEPEHBI 5 CIUKYJ (CIOMKYJIaM YCJIOBHO JaHbl HoMepa 1-5) u onuH npotydepaHen
(p). HoriepoBCKME CKOPOCTM B MpOTyOepaHlle WU3MEpSIMCh B €ro LEHTpe U
CUMMETPUYHO OTHOCUTEIBHO LIEHTpa B IBYX MECTax/ClOsSIX ¢ KaXHOil CTOPOHBI.
PaccrosiHue ot 1ieHTpa npoTydepaHiia J0 MepBOro cjiosl cocrapiseT nmpuMepHo 400
kM. PaccrosiHMe OT mepBOro ¢jiosi A0 BTOporo onrHakoBoe - 400 KM (paccTosiHue
OT LIeHTpa 0 BTOporo cjosi paBHO 800 Km).

B naHHoIt paboTe 1S CTIEKTPaIbHbBIX JIMHUM ObUT MCIOb30BaH METO MOCTPOSHUS
nepuonorpaMmbl Jlomba-Cxkapria (Lomb-Scargle Periodogram [73]), koTopbiit
yI00eH JUIs1 TIOMCKa CUHYCOMIATbHbBIX CUTHAJIOB, TaK KaK JaHHbBIA METOI MCIIOIb3yeT
Dypre-pazokeHNs B BUIEC CMHYCOUI. DTOT METOI HAXOAUT IIMMPOKOE TIPUMEHEHUE
B acTpoM3NKe, HAIIPUMED IJIST OTIPEAeIICHUS TTEPUOIOB B KPUBBIX JOTUIEPOBCKUX
ckopocteit. bosee Toro, JaHHBIA MeTON MPUMEHSIETCS U HEpaBHOMEPHO pacripe-
JIEJIEHHBIX TAHHBIX 110 BpeMeHN (HepaBHOMEPHO COMIUIMPOBAHHBIE, HEPETYIISIPHEIC
B IIPOMEXYTKAaX BPEMEHN).

YacroTbl KojiebaHM1 AOIJIEPOBCKUX CKOpocTeit Wist crukyn (Ne 3), moixydeHHbIe
MeTonoM IepuonorpaMmel JlomoOa [73], mpuBeneHsl Ha puc.4. Tam xKe mpuBeIeHbI
ypoBHU AoBepust B 99% (BepxHsis TOPU3OHTaAbHAS JUHUSI) U B 95% (HUXKHSIS
JIMHMST). 3ech JaHHbIe IS AOTIIEPOBCKUX CKOPOCTei 00pabaThiBAIMCh 6e3 (hUIbT-
paruu. [1poBomIMCh MCCITETOBAHMS TTEPEMEHHOCTH CIIEKTPAITBHBIX JIMHUIT METOIOM
aHaJIN3a BPEMEHHBIX PSIIOB.

3aTeM HCIIOJIb30BaJICS M3BECTHBIM MeTon (hMIbTpallMi HIDKHUX dacToT BITdD
JUTSI TIOBBIIIICHUST TOYHOCTH aHAIM3a TaHHBIX JOIUIEPOBCKUX CKOPOCTEl B TUara3oHe
0.005-0.015Tu. OrdunpTpoBaHHbBIE JaHHbIE CHayajia 0O6pabaThIBAIUCh METOAOM
neprogorpamMm Jlom6a ¥ pacCUMTHIBATUCH YAaCTOThI. Mbl BbIOpAIM YacTOThI, YPOBEHb
JOBEpUs KOTOPBIX HpeBblan 95% (Mo 3TOMYy HIPMHLKIY OTOMPATIUCh CIUKYIIbI
JUJIS1 UCCIEIOBAHNS).

st wimocTpallii Ha puc.5 nMpuBeneHbl TpaduKu U3MEHEHUI TOTIIEPOBCKOM
ckopocTH (uepHbie TuHUU) U FWHM (4epHble MyHKTUPHbIE JIMHUM) IJI CIIUKYJ
1 u 3, a Ha puc.6 IMOKAa3aHbI U3MEHEHUSI JOILIEPOBCKOM CKOPOCTH (UEPHBIC JIMHMIM)
u FWHM (uepHble TyHKTUPHBIE JUHUU) IJIs1 mpoTydepaHiuia. Kak oTmevanaoch
paHee [74], 1 B 3TOM Cily4ae IOIUIEPOBCKME CKOPOCTU CIUKYI D, xonebmorcs
OKOJIO He HYJIEBBIX CKOPOCTEi, YTO YKa3bIBaeT Ha OTHOCUTEIIEHO HETIepUOINIeCKIe
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Puc.2. I'paduk u3MeHeHMiT HOMIEPOBCKON cCKOpocTy U nonymupuHbl (FWHM) Bo BpemeHu
JUISL  CITUKYIL.
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Puc.3. I'paduk naMeHeHmii noriepoBckoit ckopoctu u nonymmmpuHsl (FWHM) co Bpemenem
71T TipotybepaHiia (B €ro IEeHTpe).
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Puc.4. Ilepuonorpamma Jlomba [isi JOMIEPOBCKUX KOJNeOaHUII cKopocTh crukya (Ne3).

KO0JIe0aHMs TUIa3Mbl B CIIMKYJax. Takoil TpeH. HOIUIEPOBCKUX CKOPOCTEil MOXKET
ObITb BBI3BAH OOIIMMM ABMKEHUSIMU XPOMOCKEpPHOI TIUIa3Mbl OTHOCUTEJIHHO
OTKJIOHEHHBIX OT paguajJbHOTO HAIIpaBJIeHMSI CHUKYI. s CIUKyI cpenHsst
JIOTIJIEPOBCKAst CKOPOCTh KoJiebieTcsT B mpeaenax 16-24KkM/c, a ONyIIMpUHA - B
npegenax 0.6-09A .

Kak BugHO u3 rpacduka, mjas o0erx CHUKYJ HaOJII0AaeTCs aCUMMETPUST U3Me-
HeHuit gortepoBckoit ckopoct 1 FWHM Bo BpeMeHu. Haim pe3ysibTaThl TToKa-
3BIBAIOT, YTO JAOIUIepOBcKasi ckopocth 1 FWHM mnpeteprieBaloT nepuoanveckue
U3MEHEeHUs, a HaboIaeMble EPHUOAbl B OCHOBHOM TpeBbIlaloT 2 MuH (>125c¢).
HaunGonee yacTo nmepuonpl ronagaloT B MHTepBaa oT 125 no 225c¢. g usyyeHus
(u3rMyeckoro MexaHusMma TEPUOAUYECKUX M3MEHEHUIl MBI MpOaHaIU3UPOBaIU
(hazoBbIE COOTHOILLIEHUST MEXY OIJIEPOBCKOM CKOPOCThIO U KojebaHusiMu FWHM.
ITo sroit mpuurHe MbI OT(UIBTpOBaIU JaHHble FFT (uibTpoM HUXXHUX 4acTOT
¢ pasHbiMu nepuomamu cpesa: 60c, 100c u 200c.

Kak BugHO M3 puc.3, acUMMeTpUs M3MEHEHMSI TOILIEPOBCKOIl CKOPOCTU U
nonymmpuHel FWHM B 1ieHTpe IpoTyOepaHiia BO BpeMEHHM SIBHO HE HaOMIOAaeTCs,
XOTSI OHa MOXET CYILIeCTBOBaTh. M3MepeHHBII HaMM TPOTyOepaHell UMeeT IBe
"Horu". IlepBas - 310 "Hora" (MarHMTHasI TPyOKa), ITO KOTOPOM TIJIa3Ma PacIpoCT-
paHseTcsl OT KOpPOHBI K HIXHUM cijosgM ComHua. Bropoit "Horoi" craHer,
COOTBETCTBEHHO, MarHMWTHAasl TpyOKa, MO KOTOPO# IIa3Ma paclpoCTpaHsSIeTCs B
MMPOTUBOIIOJIOXKHOM HaIpaBlieHUU. M3BeCTHO, 4TO HOIUIEPOBCKAas CKOPOCTh
BOCXOZSIIEH TJIa3Mbl BBIIIE, YeM Hucxomdmeir [53].
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Puc.5. I'papuk m3MeHeHUs] AOIUIEPOBCKOM ckopocT U monaymmpuHbl FWHM Bo BpeMeHu
st cnukyn 1 m 3.
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Puc.6. I'padvku u3MeHEHUI MOIUIEPOBCKOM CKOPOCTM W TOJYLIMPUHBI 1O BPEMEHU [UIst
npotybepaHia (A - mepBas Hora, B - Bropas Hora).

Ha puc.7 rpaduxku a-b (MyHKTUpHbIE JUHUM) COOTBETCTBYIOT IMEPBOM HOTE
MpoTyOepaHIia, Tae, Kak ObUIO TTOKa3aHO, JOTUIEPOBCKas CKOPOCTh HIDKE, YeM BO
BTOpOM. 31ech HabMOAaeTCs aCUMMETPHYSI U3MEHEHU I TOTIJIEPOBCKON CKOPOCTU U
MOJIYIIMPUHBL ¢ (pa3oBbeIM caBuroM. Ha rpaguke d-f (ImyHKTUpHBIE JTMHUK), T
JOTIJIEPOBCKAsl CKOPOCTh OTHOCUTEJIFHO BHIIIE, aCHMMETPHUS TI0 BpeMeHN 0OoJiee
3aMeTHa, YeM B MepBOM ciiyyae. MOXHO MPEeANogoXUTh, YTO TaM, Illeé CKOPOCThb
BBIIIIE, aCUMMETPHS U3MEHEHMI TOTIICPOBCKOM CKOPOCTH M TTONYIIUPUHBI HAOIIO-
JAeTcs JIydllle, YeM TaM, IIe JOTUIEPOBCKasl CKOPOCTb HITKE.

Ha puc.7 rpadpmk a cooTBeTCTBYET yyacTKy Ha pacctrosdHun 400 KM oT 1IeHTpa
npotyoepaHua, rpaduk b - yyactky Ha pacctossHur 800 KM, rpaduk ¢ - LIEHTpaJIbHON
yacTu mpoTtydepaHua, rpaduk d HaXOAUTCS B MIPOTUBOIOJIOXHOM HarpaBieHUU OT
LeHTpa npotybepaHiia Ha 400 KM OT LieHTpa, rpaduk f - B 00JaCTU Ha pacCTOSTHUU
800km. I'pacdmku d m f cooTBeTCTBYIOT "HOTE" MPOTYOEpaHIla, TIe Ila3Ma PacIpocT-
paHseTCs OT HIDKHHUX CJIOEB COJTHEYHOM aTMoc(ephbl B CTOPOHY KOPOHEI, a rpaMKu
a 1 b cooTBeTcTBYIOT "Hore" IpoTyOepaHlla, Tne Ila3Ma paclpOCTPaHSIETCS OT
KOPOHBI K HIDKHUM CIIOSIM.

Ha puc.8 npencrarneHs! rpadpuku uameHenuit noayimmpud FWHM s cnivukyn
1 npoTybepaHiia BO BpeMeHU. B M3MepeHHbIX HAMM CIIEKTporpaMMmax HadJogaeTcst
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Puc.7. I'paduk M3MEeHEHUI AOIIEPOBCKUX CKOPOCTE CIUKYJ U MPOTyOepaHlLla BO BPeMEHU
(CrioiiHast JIMHUSL - CIUKYJA, MyHKTUPHAsi JUHUS - TPOTyOepaHeln).

acUMMeTpHST M3MeHeHMil (MaKCHMMYM) IOIUIEPOBCKUX CKOPOCTEN CIUKYNIT U
MpOTyOepaHIla BO BpEMEHU CO CABUHYTOMA.

B Haimx n3MepeHHUsIX TOYHOCTh ONpe/Ie/ICHUsI TOTICPOBCKOM CKOPOCTH TOCTUTAET
+0.35kM/c, a moaywupuasl £0.04 A .

4. O6cyxucoenue u 6v1600bl. OOHON U3 AKTyalIbHBIX MPOOJIEM (DUIMKU
CosH1a SIBJISIETCS MICCIeOBaHKe B TIPOTyOepaHLax (PU3UMUECKHX MPOLIECCOB BEILECTRA,
MPENCTABIEHHOTO B BUI€ XOJOJHbBIX BOJIOKOH, HUTEM, TpYyOOK U meTesib. KonebaHus
B MPOTyOepaHIIaX ¥ WX CBOMCTBA M3y4YariCh MHOTUMH HccienoBaressiMu | 51,75,76,].
ITocne usMepeHUl NOMIEPOBCKUX CKOPOCTeU ObLIM OOHapyXkeHbl KOJeOaHUs C
TeprogaMy OT HECKOJBKUX MUHYT JO HECKOJBKHUX YacOB.

Yto kacaercsl KojiebaHUI AOIIEPOBCKUX CKOpocTeil 1 nmoaympud FWHM B
MpoTUBO(da3e, MOXHO MPENTOXKUTh ABa Pa3HbIX MexaHW3Ma. Bo-TiepBbix, KojaebaHus
MOTYT OBITh BBI3BAaHBI MapabOIMUYECKUMH TPACKTOPUSIMHM, T.€. TIOCIEIOBATEIbHBIM
JIBIKEHUMEM OT COJIHEYHOro kpas BBepx M BHM3 [30]. Bo-BTOpBIX, OHM MOTYT
BO3HUKHYTH TP MOBHIIIEHHOMN TYpOyJeHTHOCTH M3-3a HECTaOMILHOCTH TTOTOKA
(Hanpumep, HectabuibHOCTh KenbBuHa-I'enbMmronbua). Eciau TypOyJieHTHOCTh
(cnenoBaTesibHO, IMPUHA JUHWKU) HEOJHOPOIHA MO BBICOTE M MEHbILE BOJIU3U
BEPIIMHBI, TO IIMPYHA JIMHUK OYIET aHTMKOPPEIUPOBAHA C AOTIJIEPOBCKUM CIIBUTOM.
IlluprHa AMHUM MOXET WMETh MaKCHMMaJbHOE 3HAaYeHUEe, KOTma BOCXOMIIAst
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Puc.8. I'pabuk uM3MeHeHUH TOMYIIMPHHBI CMKYT Noe3 M mpoTyGepaHIia BO BpPEMEHH.

IJ1a3Ma JOCTUTAaeT MaKCHMMAaJIbHOM BBICOTBL. CITMpabHBIE IBIKEHMS TaKXKe MOTYT
BbI3bIBATb AHTUKOPPEJISILIMIO MEXITY JOTUIEPOBCKO ckopocThio 1 FWHM. KoHeuHo,
JUTIST UBYYEHUsI 9TUX BOMPOCOB HEOOXOAMMBI TOTIOJTHUTEIbHbIC HabaoaeHus [29].
B GynyiiemM 66110 Obl XOPOILLIO OAHOBPEMEHHO HAOJI0IATh JBE pa3Hble (Harpumep,
Ho m D,) cnexTpanbHble JMHUM, KOTOPbIE MMEIOT Pa3IM4HyIO TEMIIEPATypy
BO30OYXACHUS U W3JIyYyaloT U3 Pa3HbIX O0JacTeid.

C moMoInpo HaOMIOAEHWI C BBICOKMM IIPOCTPAHCTBEHHBIM M BPEMEHHBIM
paspellieHUeM uccaenosarenu [75,77-79] nzyuniau nepuonabl KojaebaHuil B TpyOKax
- BOJIOKHaxX MPOTYOepaHLEB W YCTAaHOBWUJIM, YTO IMEpUOAbl KojebaHui JexaT B
nuarna3oHe 3-20 MuH. [71aBHBIA BOIMPOC B TaKUX MCCIIENOBAHMSIX 3aKJIIOYAETCS B
TOM, BCETIA JIM TaKue Tepruomndeckue KojaeOaHusT CBA3aHbl C UX CTPYKTYPOIl WU
Het? [IpoaHanu3rMpoBaB YMCIEHHbIE MCCaenoBaHus, aBTop [80] mpuiiies K BHIBOLY,
YTO BOJIOKHA KOJICONIOTCS TPyNIlaMH, a He WHIWBUIYAJIBHO.

Ha ocHoge aHanv3a Hailvx HaOMIOAeHWI ObLIU TTOTyYeHbI CIIEAYIOIINE OCHOBHbBIE
pe3yJIbTaThI:

JlOMIEpOBCKUE CKOPOCTU B OCHOBaHUAX D,-MpoTyOepaHUEB U3MEHSIOTCS
puMepHO B mpenenax 17-18 kMm/c, a B cOouKyaax - B auarasoHe 16-24 km/c.

B D,-nmporybepaHiiax HabII0MAETCS aCUMMETPUS U3MEHEHHUS JOTLIEPOBCKUX
ckopocteid 1 nonyuupuH FWHM Bo BpemeHu.

It D,-niporyGepaHLieB neproz KoeOaHmii TOMIEPOBCKMX CKOPOCTEN M3MEHSAETCS
B CpelHeM B TedeHue 3-4 MuH, a repuof, Konebannit FWHM - B teueHue 2-3 MUH.
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B D,-crvkysiax reproz KojiebaHuid TOTUTEPOBCKMX CKOPOCTE M TIEPUOI KOJIEOaH i
FWHM wusmeHsIoTcS B cpeqHeM B TedeHue 2-5MuH. M3 5 mccieqoBaHHBIX HAMU
CIIMKYJT aCUMMETPUS MU3MEHEHUsI BO BpeMEHM HaOIomaeTcd y 4-X CITUKYIL.

B "Horax" mpoty6epaHiia aHTUKOppeasauus Mexny FWHM u nomiepoBckumu
dIyKTYyalmsiMi CKOpPOCTH 0oJiee BhIpakeHa B "HOTre", TiIe COJIHEeYHas Iuia3Ma IBIDKETCS
U3 HUXHUX cjloeB B BepxHue. B cratbe [30] HamMu TpemiokeHbl/OMMCaHbI JBa
pa3HbIX MeXaHM3Ma, KOTOpble MOTYT BbI3bIBaTh HaOJIOJaeMble MPOTUBO(MA3HbBIC
KoyieOaHUsI JOIJIEPOBCKUX CKOPOCTEH M IIMPUHBI JUHUI B CIUKYJIaX.

Pabora monmnepxxana rpantoM HammonansHoro Hayurnoro @onma mm. IlloTa
PycraBenu FR-22-8920. Ml Takke OyiarogapyuM pelieH3eHTa 3a BeCbMa MOJIE3HYIO0
JUCKYCCUIO U TIPEIJIOKEHUSI.
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I'py3us

2 'py3uHcKuil TexHudeckuit yuuepeuter, 0160, I'pysust, Tounmcw,
e-mail: daviti.khutsishvili@gmail.com
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STUDY OF CHANGES IN DOPPLER VELOCITIES
AND HALF-WIDTHS IN SOLAR SPICULES
AND PROMINENCES

M.SIKHARULIDZE?, D.KHUTSISHVILI2. EEXHUTSISHVILI',
V.KAKHIANI!, T.TSINAMDZGVRISHVILI?

The aim of this research is to study the non-stationary physical processes
occurring in solar spicules and prominences, and to explore the relationship
between them. By studying spicules and prominences and comparing the results,
this research aims to provide novel insights into the physical processes involved.
In this regard, spectrograms in the helium D line at the altitude (8000km) were
obtained in the Abastumani astrophysical observatory using a coronagraph, without
the need for a solar eclipse. Spectrograms in the D, line were acquired in the
second row of the spectrograph, where the inverse dispersion is 0.96 A /mm. The
standard errors for the Doppler velocities and the full width at half maximum
(FWHM) are +£0.35km/s and 0.04 A , respectively. The lifetimes of nearly all
measured spicules were 20 min, indicating that they resemble type I spicules. The
Doppler and half-width changes over time was analyzed using the Lomb periodogram
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algorithm for non-uniform distributions. The main results of this study are as
follows: The Doppler velocities in the legs of the prominences vary approximately
between 17-18 km/s, while in the spicules, they range from 16-24 km/s. An
asymmetry in the changes of Doppler velocities and half-widths over time is
observed in the prominences. Four out of five analyzed spicules show asymmetrical
changes over time. In prominences, the oscillation period of Doppler velocities
in the D, line averages between 3-4min, while the oscillation period of half-widths
averages between 2-3min. In D, spicules, the oscillation period of Doppler
velocities averages between 2-5min, and the oscillation period of half-widths is
also between 2-5min. In the "legs" of the prominence, the anticorrelation between
FWHM and Doppler velocity fluctuations is more pronounced in the leg where
solar plasma moves from the lower to the upper layers. The observed anti-phase
oscillation with longer periods can be explained by the up and down motions of
turbulent plasma in type I spicules, while oscillations with shorter periods may
be caused by the helical motion of the spicule axis formed by the superposition
of two linearly polarized magnetohydrodynamic kink waves.

Keywords: spicules: prominence: spectral lines
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In the context of f(R, T) modified gravity theory, we investigate a cosmological model with
homogeneous and anisotropic properties, specifically the Locally Rotationally Symmetric (LRS)
Bianchi type-I model. By considering Einstein's field equations in f(R, T') gravity, we solve them
with the choice f(R, T)= R+ 2f(T), where R represents the Ricci scalar and 7T denotes the trace
of the stress-energy momentum tensor 7. In this case, we set f(7)=-AT, with A being an
arbitrary constant. It is worth noting that the cosmic jerk parameter j is directly proportional to
the negative value of the deceleration parameter g, namely joc —g . We analyze the physical and
geometrical properties of the models, and also employ the statefinder diagnostic pair to gain insight
into the geometrical nature of the model. We also investigate the validity of the generalized second
law of thermodynamics (GSLT) on the apparent and event horizons. Our findings reveal that GSLT
holds on both the horizons.

Keywords: f (R,T ):Bianchi type-1: Jerk parameter: generalised second law of

thermodynamics: deceleration parameter: statefinder parameter

1. Introduction. The discovery of the accelerating expansion of the Universe
has been a significant advancement in modern cosmology [1-8]. This phenomenon
is attributed to dark energy (DE), an exotic form of energy with negative pressure,
which currently constitutes approximately 70% of the total energy content of the
cosmos [9-11]. The cosmological constant A, characterized by the equation of
state (EOS) o = p/p where p represents the pressure and p is the energy density
of DE with m=-1, is considered the most appealing and simplest candidate for
DE. However, the cosmological constant faces challenges such as the fine-tuning
problem and cosmic coincidence problem [12,13]. To address these issues, various
dynamical scalar fields have been proposed as alternatives to DE, including
quintessence [9-11,14-16], k-essence [17,18], phantom [19] and quintom fields
[20,21].

On the other hand, modified gravity theory is the prominent gravity theory
which can explain the present acceleration of the universe without any dark energy.
It may also provide the explanation of dark matter. It may resolve the coincidence
problem simply by the fact of the universe expansion, describe the transition from
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deceleration to acceleration of the universe and also useful for high-energy physics
problems (i.e., unifications of all interactions, hierarchy problem resolution). Even
if the current universe is entering the phantom phase, modified gravity effectively
describes the transition from the non-phantom to phantom era without the need
to introduce exotic matter (phantom) with extremely strange properties [22].

The modified gravity description of our universe cosmological evolution is one
physically appealing theoretical framework, which can potentially explain the
various evolution era's of the universe, for the simple reason that it can provide
a unified and theoretically consistent description. In addition, modified gravity
provides an alternative view of classical particle physics problems, like the
baryogenesis issue. Particularly, it is possible to generate non-zero baryon to
entropy ratio in the universe by using the gravitational baryogenesis mechanism
[23]. Then, in the context of modified gravity it is possible to generalize the
gravitational baryogenesis mechanism, and various proposals towards this issue have
appeared in the literature [24].

The f (R,T) gravity theory, proposed by Harko et al. [25], is an intriguing
and promising version of modified gravity. It introduces a gravitational Lagrangian
that is an arbitrary function of the Ricci scalar R and the trace of the stress-
energy tensor 7. In their work, Harko et al. derived the gravitational field equations
in the metric formalism and the equation of motion for test particles, which arises
from the covariant divergence of the stress-energy tensor. These f (R,T) gravity
models offer an explanation for the cosmic accelerated expansion observed in the
late Universe.

Several researchers have since investigated cosmological models in f(R,T)
gravity within different Bianchi-type space-times. Specifically, Chaubey and Shukla
[26], Adhav [27], Samanta [28], and Reddy et al. [29-31] have studied such
models. Tiwari et al. [32] found an exact solution for the field equations of
f (R,T) gravity in the LRS Bianchi type-I model, assuming a linear relationship

between the deceleration parameter and the Hubble parameter. Sofuoglu [33]

reconstructed the f(R,T) model, allowing for the Gédel Universe. Tiwari et al.
[34] investigated the time dependence of the gravitational and cosmological
constants by considering a Bianchi type-I universe in f (R, T) gravity. Tiwari and
Beesham [35] examined the LRS Bianchi type-I space-time with a decaying
cosmological term in this theory. Tiwari et al. [36] studied the Bianchi type-I
space-time with a constant jerk parameter j=1 in f (R, T) gravity. Chaubey and
Shukla [37] explored the exact solutions for anisotropic Bianchi cosmological
models in f (R,T) gravity with a time-dependent cosmological constant A(t).
Singh and Bishi [38] discussed the presence of a cosmological constant A and
a quadratic EOS in Bianchi type-I Universe within f (R,T) gravity. Bharali and
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Das [39] investigated the Bianchi type VI space-time with modified Renyi
holographic dark energy (MRHDE) in f (R, T ) gravity. Kumrah et al. [40]
explored a homogeneous and isotropic cosmological model within the framework
of f (R,T) gravity, where the gravitational and cosmological constants are gen-
eralized as coupling scalars. Mishra et al. [41] presented a Bianchi type-I metric
with an anisotropic variable parameter in f (R, T) gravity. Nagpal et al. [42] have
studied flat FLRW Universe in f (R, T):R+ . R*+ 20T gravity with o being an
arbitrary constant.

In recent years, Bianchi Universes have gained significance in observational
cosmology due to the findings from the WMAP data [43-45]. These data suggest
the need for an extension to the standard cosmological model, incorporating a
positive cosmological constant that exhibits similarities with the Bianchi morphol-
ogy [46-51]. Various studies have explored the implications of varying vacuum
energy density in this context [52-62].

Interestingly, contrary to generic inflationary models [63-69], the WMAP data
suggest that the Universe should possess a slightly anisotropic spatial geometry even
after the inflationary phase. This indicates a non-trivial isotropization history of the
Universe influenced by the presence of an anisotropic energy source. To account
for the observed homogeneity and flatness of the Universe, it is commonly assumed
that the Universe underwent a period of exponential expansion [63,65-67]. The
majority of discussions about the expansion of the Universe take place within the
framework of the homogeneous and isotropic Friedman-Robertson-Walker (FRW)
cosmology. This preference is primarily due to the simplicity of the field equations
and the availability of analytical solutions in most cases. However, there is no
compelling physical reason to assume homogeneity prior to the inflationary period.
Although dropping the homogeneity assumption would result in an intractable
problem, relaxing the assumption of isotropy can lead to anisotropy. Several
authors [70-75] have studied specific cases of anisotropic models and found that
the predictions of the FRW model remain largely unaffected even when significant
anisotropies were present before the inflationary period.

Furthermore, gravitational thermodynamics plays a crucial role in determining
the viability of cosmological models. If two cosmological models satisfy the same
observational constraints but one adheres to thermodynamic laws while the other
does not, the later can be ruled out. Therefore, it is essential for any physical
system to comply with thermodynamic laws. In this regard, extensive research has
been done on the apparent and event horizons within various gravity theories [76-
79]. The Generalized Second Law of Thermodynamics (GSLT) has garnered
significant interest in the context of an accelerating Universe. Wang et al.
demonstrated that thermodynamic laws are satisfied on the apparent horizon but
fail to hold on the event horizon [80].
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In [81], the second law of thermodynamics was discussed in the context of
horizon cosmology. They consider various forms of entropy (i.e., Tsallis entropy,
Renyi entropy, Kaniadakis entropy etc.) on the apparent horizon and determine
the appropriate condition for entropic parameters for validation of the second law
of thermodynamics. They found that the second law of thermodynamics is satisfied
during wide range of cosmic eras of the universe particularly, from inflation to
radiation-dominated eras followed by the reheating stage.

Moreover, in another paper [82], authors have discussed various issues that arise
in the relationship of gravity and thermodynamics, where thermodynamic law is given
by TdS =—-dE+WdV . Also, they discussed the different problems that lead to some
inconsistency in the Equation of State (EoS) parameter. They modified the thermo-
dynamic law to 7dS =—-dE+pdV on the apparent horizon to get rid of this issue
and found that the modified thermodynamic law is valid for all values of EoS.

However, Chakraborty later showed that by modifying the horizon temperature,
the GSLT can be satisfied on the event horizon [83]. Consequently, numerous
studies have been undertaken to investigate the validity of the GSLT in the context
of the event horizon [84-88]. Moreover, the validity of the GSLT has been
explored in the framework of anisotropic Bianchi-I Universe models. Sharif and
Saleem demonstrated that the GSLT is satisfied on the apparent horizon in the
Bianchi-I model [89]. Their findings reveal that the GSLT consistently holds on
the apparent horizon. In a separate study, Sharif and Khanum investigated the
validity of the GSLT, considering various parameters such as shear, skewness, and
equation of state in an anisotropic dark energy model [90].

This paper focuses on investigating the LRS Bianchi type-I cosmology within
the framework of the modified f (R,T) gravity theory. Specifically, we consider
the choice f (R,T):R+ 2 f(T), where f(T)=-AT, A is an arbitrary constant.
By utilizing this specific form, we obtain explicit solutions for the field equations,
which are discussed in detail in Section 4. To provide a comprehensive under-
standing, we first introduce the basic formalism of f (R,T) gravity in Section 2.
The field equations are then presented in Section 3. Moving forward, Section 5
is devoted to examining the GSLT (Generalized Second Law of Thermodynamics)
on both the apparent and event horizons. Furthermore, we explore the statefinder
diagnostic, the physical acceptability of the solutions, and engage in graphical
discussions of various parameters in Sections 6, 7, and 8 respectively. Finally, the
paper ends with concluding remarks in Section 9.

2. The basic formalism of f(R, T) gravity. The gravitational action of
f(R,T) gravity is given by [25]

S = ;J.f(R,T),/—gd4x+.[Lm\/§d4x. 1)

le6nGe?
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where f(R,T) is an arbitrary function of the ricci scalar R and the trace T of
the energy-momentum tensor T, i e (T = g”VTw), and L corresponds to the
matter Lagrangian density and g is the determinant of metric tensor S -

Using natural units (¢=1=8rxG), a variation of action of Eq. (1) w.r. to
metric tensor gives the following field equations of f (R,T) gravity

fR(R’ T)Ruv_%f(R’T)gpv_<gpv D_vuvv)fR(R’ T):

_Tpv_fT(R’T)Tpv_fT(R’T)®},w >
where f, =0f(R,T)/0R, f;=0f(R,T)/oT, O=V"V,_ is the D'Alembert op-
erator, V, is the covariant derivative, R, is the Ricci tensor, and 7,, is the
energy-momentum tensor given by

2 8¢,
Tuv:\/% (gv ) %)

2

and O, is

° 28, @
dgt

0,=¢

Using Egs. (3) and (4), we obtain

L
- _ _ 9 o9B m
0, =-2T7,+g.L,—28 2" 0g® (5)

By contracting Eq. (2), we get
SeRT)R+3 [ (R,T)-2f(R,T)={-1- /(R T T~ f;(R, T)O. (6)

where ©=g" 0,,. If we assume that the matter Lagrangian density L, depends
on the metric tensor components g,, and does not depend on its derivatives,
then Eq. (3) reads

oL,

Tv :gvam_zaguv : (7)

W

If the matter-energy source of the Universe is a perfect fluid, then the
energymomentum tensor can be defined as

Ty =P+ p)uu,+ pg,, ®)
where p and p are the energy density and the pressure of the fluid, respectively,
and u" is the four-velocity vector satisfying u"u, =-1 and u"V, u,=0. Now,
for a perfect fluid distribution one can write the matter Lagrangian density as
L, = -p, which on using, Eq. (5) gives

®pvz_pgpv_2Tpv' (9)
Then the field equations (2) take the form
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fR(R’ T)Ruv_%f(R’T)gpv_(vuvv — 8w D)fR(R’ T):

_Tuv+fT(R’ T)(Tuv—'_pguv)'
We note that Harko et al. [25] have mentioned the following functional forms
of f(R,T) function:

(10)

R+2 1 (T)
FR.T)=1/(R)+ fo(T) (1
H(R)+ £,(R) /(D).
In this paper, we focus on the first one of these functional forms i.e. f (R,T):

=R+2 f(T) and choose f(T)=-AT, where A is an arbitrary constant. For this
choice of the function, Eq. (10) becomes

1
RHV_ERguv :_(1+27\’)Tuv+)‘(_T_2p)g}W' (12)

A comparison of Eq. (12) with the following Einstein's field equations

1
RHV_ERgHV:_Tpv-"Agpv’ (13)
yields A=A(T )=-M(T+2p ). Thus, one can write the field equations of f(R,T)
gravity with varying cosmological constant A as
1
R”V_ERg”V =—(1+20)T + Ag,, . (14)

3. Line element and field equations. The spatially homogeneous and
anisotropic LRS Bianchi type-I Universe model is described by the line element

ds® =—di*+ Adx*+ B dy?+ d2?), (15)
where A and B are time-dependent metric potentials. For the model defined by

the line element (15), the field equations (14) in f(R,T) gravity give the following
system of equations

B B
2—+—=Ap—-(1+7A)p, 16
5T (1+71)p (16)
A B AB
—+—+—=Ap—(1+7%)p,
AT p—(1+71)p (17)
AB B?
2—+—=[1+31)p-5rp,
A (1+30)p -5 p (18)

where the dot (.) represent time derivative. Using the expression of the trace of
the energy-momentum tensors 7=—p+3p, yields A=i(p-5 p).
The spatial volume V, mean scale factor ¢ and the mean Hubble parameter
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H for the Bianchi type-1 Universe are given by

V =AB*, (19)
a=(aB?)’ =p¥ (20)
H=§(HX+Hy+HZ), Q1)

where H,, H, and H_ are directional Hubble parameters in the directions of
x;, y and z, respectively, which are defined as

A B
H=—, H =H, =—. 22
R A Yy B ( )
Egs. (21) and (22) provide us an important relation:
a 1
H=—=—\H +2H ).
=2 (23)
The expansion rate 0 and shear scalar o are obtained as follows
a
0=uj =3—, (24)
1 . K
c’ =500 =~ (25)

where o, is the shear tensor and k is a constant which comes from the
anisotropy of the model. For LRS Bianchi type-I model, the average anisotropy

parameter Ap and deceleration parameter g are defined as

V&(H-HY
AﬁgZ[’Tj : (26)

i=1

q_—ac'i _ H-H?
a? H?> ) (27)

Thus, field equations (16)-(18), can be written in terms of Hubble and deceleration
parameters as

3H? =(1+20)p+c” +A. (28)
H*(2g-1)=(1+2))p+c* - A. (29)
One can express Eq. (28) in the form of
o’ (1+20)p A
=1- - =1-0-Q, ,
3H? 3H>  3H? A (30)

where Q, =p, /p. is cosmological constant density parameter and Q=0Q,, +Q,
is total density parameter. Here p.=3H % is critical density, pp =A is cosmo-
logical constant density, Q,, =p/p, is density parameter of matter and Q, =p, /p,
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with p, =2Ap may be considered as a correction term to density parameter of
matter which comes from f(R,T).
From Egs. (16) and (17), we have

A B Kk

VRS Gb
_ ky
A= Bk, exp Ia3 dt |, (32)

where k and k, are constants of integration.
Using Egs. (20) and (32), we get the scale factors A and B as

A:ak22/3 epr%drj, (33)

B=ak2_'/3 exp(—j%dt]. (34)

4. Solution of the field equations. Egs. (16)-(18) form a system of three
independent equations involving four unknowns: A, B, p and p. To fully solve
this system, we need to make one physically reasonable assumption. Therefore,
we adopt a kinematical condition where the jerk parameter j is directly proportional
to the negative of the deceleration parameter g i.e. joc—q. The jerk parameter
represents the dimensionless third derivative of the average scale factor a w.r. to
cosmic time ¢. This parameterization offers an alternative approach to describe a
model that closely resembles the ACDM model [91].

In the flat ACDM models, the jerk parameter remains constant, specifically
j=1[92]. The jerk parameter, its implications, and further details can be found
in the works of Tiwari et al. [36,93], Poplawski [94] and relevant references
therein. For our study, we assume the proportionality joc—g , thus incorporating
the relationship between the jerk and deceleration parameters.

a

H3+Bq=0, (35)

where j :'c'z'/ aH?® and B is a constant of proportionality.
Without loss of generality, we take p=1 and solving Eq. (35), we get

a = ky sinh(kyt+ k5 ), (36)
where k, and k, are constants of integration. For the above mean scale factor,
the solutions of metric potentials are given in Egs. (33) and (34) are

P 2
A = k3" sinh(kyt+ kﬁexp(WF(I)], (37)

1
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T 1
B =kk; " sinh(k,t+ kﬂexp(—WF(t)] ) (38)

1
where

F(e)= [[sinh(kyt+ &, )1 at

=1+ %cosh2 (kyt+ k) + %cosh2 (kyt+ k) + o[cosh(k2t+ ks )]6 . (39)

For this model, the directional Hubble parameters H,, H y and H_ are obtained
as

A 2
H =—=k,cotht+ ————,
4 7 3kZ sinht (40)
B 1
H =H_ =—=k,cotht———,
yooiop 3k% sinh’t (41)
where 1= k,t+k;. The anisotropy parameter Ap is obtained as
B 2
?~ 27k coth’tsinh®t (42)

Anisotropy, in general, affects the dynamics of the universe. The anisotropy
parameter Ap gives a measure of the anisotropy of the model and is given by Eq.
(42), which is large early on as r— 0 but decreases rapidly [95]. Hence, our
model reaches to isotropy after some finite time which matches with the recent
observations as the universe is isotropic at large scale [96]. For g =1, the universe
has an accelerated expansion throughout the evolution which reseambles with the
result obtained in [97]. Thus as the universe evolves, the anisotropy damps out,
leading to the currently observable universe [98].

Further, the Hubble parameter H, spatial volume V', expansion scalar 0, shear
scalar o® and deceleration parameter ¢ take the following forms

H =k, cothrt, (43)

V = ki sinh’t, (44)

0 =3H =3k, cotht, (45)
62 = —k2

k? sinh°t ' (“46)

g =—tanh’t. (47)

Using Egs. (16)-(18), (36), (40) and (41), energy density p and pressure p
are obtained as
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p= [L] {3 kzz[”L i 1)00'[1‘12‘5 — 2k, csch’t+ (2 _kzz ky Jcothr csch’t

—161> =101 -1 3h+1 1
1 [47L+1) (48)
+ .
3k sinh®t {31 +1
2

p= 3k2200th21— 41. — 1? + 5k 3k§(Mjcothzr

3ksinh°t | 16A° + 101 +1 3h+1

- (49)
—2kzcschzr+ 2 zkz cothtesch’t + 41 3 £4K+lj[ ! j

ki 3k, sinh®t\ 3L +1 )|\ 1+ 3%

The EOS parameter o = p/p can be obtained by dividing Egs. (48) and (49).
For the present model, we obtain, the density parameter Q:p/ 3H? as

p

- 3k; coth’t ’ (50)
where p is given by Eq. (49). Fig.1 shows graphical representation of these results.
In the following we shall discuss the GSLT on the apparent and event horizon
in Bianchi-I model.

5. Generalized second law of thermodynamics. This section is devoted
to study the generalised second law thermodynamics (GSLT). The GSLT is one
of the most prominent principles to check the viability of a cosmological model.
It states that the rate of change of the total entropy of the system must be non-
negative, i.e. derivative (w.r. to cosmic time) sum of horizon entropy and entropy
of the matter within the horizon is always greater than or equal to zero. To
evaluate the rate of change of the entropy of the matter within the horizon, we
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use Gibb's equation and for the horizon entropy, we use the first law of
thermodynamics. In this study, we shall use Hawking and modified Hawking
temperatures for the homogeneous and anisotropic Bianchi type-I Universe bounded
by apparent and event horizon separately. While the apparent horizon forms a
Bekenstein's system in the accelerating Universe, the event horizon does not
exhibit the usual definitions of entropy and temperature as proposed by Bekenstein
[80]. However, it has been demonstrated that the event horizon can be considered
as a Bekenstein's system in the context of an accelerating Universe through
modifications to the Hawking temperature [83]. Now from the first law of
thermodynamics, we get

TydSy =—dE, =4nRyH(p+ p)dt (51)

where dE, is the energy crossing through the horizon in time dt (here X=A4
denote the apparent and X= E denote event horizon). Also, T, and R, denote
the temperature and radius of the horizon respectively. From the above equation,
we get the rate of change of horizon entropy as

dS, 4nRyH
_— + .
= N (p+p) (52)
The Gibb's equation is given by [80,99]
TydS, =dE,+ pdV , (53)

where E, =pV is the energy flow across the horizon containing matter and
V= 4/ 3n R} is the volume with R, is the horizon (apparent or event) radius. Also,
we assume that the temperature of the matter is the same as the temperature of
the horizon (i.e., T, = T,) by the local equilibrium hypothesis as the temperature
difference is very small between matter fluid and the horizon at cosmological scales
[99-102]. So, the rate of change of the matter entropy inside horizon dS,,/dt
is given by

ds, AnR; dR,
= +p)| —=——-HRy |.
S (o p)( " X] (54)

Now, adding Eqgs. (52) and (54), we get the total rate of change of entropy
dSry /dt at the horizon as

dSpy _dSy , dS, _ 4n Ry (0+p) dRy

dt dt dt Ty dt
For validity of GSLT, we must have the condition dSyy /df>0. Assuming, a
positive temperature, we see that GSLT will be valid as long as (p+ p)z 0 and
dRy/dt>0 (or (p+p)<0 and dR,/dt<0). In what follows, we shall discuss
the validity of GSLT for the homogeneous and anisotropic Bianchi type-I
Universe bounded by apparent and event horizon respectively in the following

(35)
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subsections:

5.1. Apparent horizon. For the homogeneous and anisotropic Bianchi
type-1 Universe, the radius of the apparent horizon is inverse of the Hubble
parameter and given by

1
Ri=4 (56)
and the rate of change of the apparent horizon is given by
d&=—d—HL=l+q- (57)
dt dt H?
The Hawking temperature associated with the apparent horizon is [103]
1 H
T =0, " om (58)

Now, the rate of change of horizon entropy dS,/d:t and matter entropy
ds, /dt are given by Egs. (52) and (54) as,

ds, 4n®
Rt ®
as, 4n’ dR
. =?(p+p)(7;‘—HRAJ. (60)
2.0x108
1.5x108
5
N 1.0x108 -
v -
©
5.0x107 - ]

Fig.2. The rate of change of the total entropy at the apparent horizon dsS,,/dt is plotted against
time (7) with k,=02, k,=0.3 and A=-0.1.
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Therefore, the rate of change of total entropy at the apparent horizon from
Eq. (55) is given by

dS;, :ﬁ( . )dRA

a P g 1)
Now using Egs. (28), (29) and (57), the above Eq. (61) becomes
dSy, 8m* \H*(1+¢) -o*(1+
T4 _ { ( CI) ( Q)} (62)

dt H3(1+22)

Eq. (62) represents the rate of change of total entropy on the apparent horizon.
The validity of the GSLT on the apparent horizon requires that dS;, /dt>0. Due
to the complexity of the expression, we examine the validity of GSLT through
a graphical approach. Fig.2 illustrates the plot of the rate of change of total entropy
dS;,/dt against cosmic time z It is evident from the graph that GSLT is
consistently satisfied on the apparent horizon.

5.2. Event horizon. The radius of event horizon R, is given by

< dt
R = a(t ) " 63
) ©
From Eq. (63) we get,
dR
_tE =HR;—1. (64)
In this case, the thermodynamical system bounded by the event horizon may not
be a Bekenstein system [80], so we consider modified Hawking temperature instead
of Hawking temperature. The modified Hawking temperature on the event horizon
is defined as [83]
H’R
T, = E (65)
2n
Now, the rate of change of horizon entropy SE and matter entropy Sm are
respectively given by the Egs. (52) and (54) as,

ds, 8mn’R;
—LE-———L(p+p), 66
T bep) (66)
ds, 8n’Ry dR;
m _ + —HR, |.
P (o p)( . E] (67)

Therefore, the rate of change of total entropy at the event horizon from Eq.

(55) is given by
dS;; 8n’R: 11
—E =———2(p+p) ————|.
dt 178 (P P) R, R, (68)
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Fig.3. The rate of change of the total entropy at the event horizon dS,,./dt is plotted against
time ¢ with k,=0.2, k,=0.3 and A =-0.1.

From the above Eq. (68) we see that GSLT is satisfied as long as (p+ p)ZO
under the realistic assumption that the radius of event horizon is greater than the
radius of apparent horizon [83]. Using Egs. (28), (29) and (64), the above Eq.
(68) becomes

Ry Ry

dSTE_16n2R§{H2(l+q)—02} 11
dt H2(1+2)) ' (69)

In order to ensure the validity of GSLT at the event horizon, it is necessary
to have dS;;/dt>0. However, the expression of GSLT at the event horizon is
quite complex. Therefore, we discuss it graphically. We have created a graphical
representation that illustrates the plot of the rate of change of total entropy
dSy /dt versus cosmic time ¢, as depicted in Fig.3. Upon observing the figure,
it becomes evident that GSLT is consistently satisfied.

6. Statefinder diagnostic. Sahni et al. [104] introduced a statefinder
diagnostic approach, which utilizes the third derivative of the average scale factor
w.T. to cosmic time ¢, to define a geometrical statefinder pair {r, s}. This diagnostic
tool serves as a useful test for distinguishing between different dark energy models.
Moreover, the statefinder diagnostic pair also characterizes the ACDM model,
where the cosmological constant A plays the role of dark energy.

The ACDM model is considered the fundamental model in the study of the
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Fig.4. (a) p, p. (b) r.

evolution of the accelerating Universe, and it is characterized by the fixed point
{r, st=A{1, 0}.
The state finder diagnostic pair is mathematically defined as follows:

3H  H

r=1+?+?, (70)
=1
3(g-12) 7h

Now, we apply the statefinder diagnostic approach to our model for testing
its behavior in accordance with ACDM model (Fig.4). For our model, the
expression of parameters {r, s} are obtained as follows

r=1-sech’t , (72)

s 2sech’t
= o\ 73
3(1 + 2tanh2‘t) (73)

7. Physical acceptability of the solutions. For the stability of corre-
sponding solutions, we should check that our model is physically acceptable.

- Sound speed: It is required that the velocity of sound v, should be less
than the velocity of light c¢. The positive value of v, implies that the model is
stable whereas the negative value implies that the model is unstable.

The sound speed v, for our model is obtained as

_dp 1)

v, = ,
dp  m(r)
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l(t) = (3}“—+1J 6k; (Mj —4k; |cothtesch®t +
161" +10A +1 3h+1

Mcsch%(cschzt + 3coth21:) 8}\4+
k

1 1

where

csch%cotht}

m(t): ! {—6k§’cothrcschzr—&cothrcsch(’r—
! 1607 +100 +1 3x 1

1522 + 50 2x+1
1+31 k

4k3; )cothr csch’t + %z_kz)csch% (CSChz’I: + 3cothzr)+ %—Jrzcsch%cotht
ki LYW AN

Fig.5b depicts the plot of sound speed with cosmic time. We observe that
v, >1 throughout the evolution of the Universe.

+ Energy conditions (EC): The weak energy conditions (WEC) and dominant
energy conditions (DEC) are given by (i) p>0, (ii) p—p >0 and (iii) p+ p>0.
The strong energy conditions (SEC) are given by p+3p>0 [105-108]. Various

a b
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o 0.02 1o
001" {14
0.00 - ‘ - ‘ , 127
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authors [109-112] have studied energy conditions in different theories of gravities.
The lefthand side of energy conditions have been graphed in Fig.4a and Fig.5c.
From these figures, we observe that WEC and DEC for the derived model are
satisfied whereas SEC is violated.

8. Graphical discussions. In all the graphs, ¢ denotes cosmic evolution
time, generally measured in Giga years (1 Gyr=10°) years along the x axis. Along
the y axis, all physical quantities like anisotropy parameter Ap, EOS parameter
o, energy conditions etc. are measured in geometrized units, where the speed
of light ¢=1 and the gravitational constant G=1. The numerical values used in
the graphs are A=-0.1, k,=0.5, k,=0.2 and k,=0.3.

9. Conclusions. In this study, we have investigated the properties of a
spatially homogeneous and anisotropic LRS Bianchi type-I model within the frame-
work of f (R, T) gravity. Specifically, we consider the choice f(R, T)= R+21(T),
where f(T)=-AT and A is an arbitrary constant. To fully solve the field equations,
we adopt the condition 'c'z'/ aH? +Bg =0, where the jerk parameter j is directly
proportional to the negative of the deceleration parameter g. As the cosmic time
evolves, both the Hubble parameter H and the anisotropy parameter Ap decreases
and eventually approaches to zero at the later stage of the Universe. This implies
that the Universe exhibits anisotropy in its early stage and tends towards isotropy
at later times. The deceleration parameter ¢ — —1, indicates that the model is
experiencing cosmic acceleration. At the early stage of the Universe, the EOS
parameter o < -1, suggests a behavior similar to phantom dark energy. However,
as the Universe evolves, it approaches the phantom-divide line w=-1. Verma et
al. [113] have arrived at a conclusion that EOS greater than -1 which is in line
with the recent findings from DESI colloboration. The satefinder parameters
r—1, s— 0, respectively, as cosmic time progresses, indicating that our model
corresponds to the ACDM model at the later epoch. Further, we check the
validity of this model by examining the GSLT on both the apparent and event
horizons. For this, we consider the Hawking temperature for the apparent horizon
and the modified Hawking temperature for the event horizon. It is crucial for a
viable model to satisfy both observational constraints and thermodynamic prin-
ciples. Our investigation reveals that the GSLT is consistently fulfilled on both
horizons. Therefore, based on thermodynamic considerations, it can be concluded
that the given cosmological model is viable.

Throughout the evolution of the Universe, the sound speed v, remains
positive, indicating the stability of our model. For our model, WEC is satisfied
whereas DEC and SEC are violated. Thus, the derived solutions represent
accelerating Universe models that are consistent with the current observations of
SNe Ia and CMB.
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KOCMOJIOI'MYECKAA MOZIEJIb CO BTOPbBIM
3AKOHOM TEPMOIMHAMWKUN B I'PABUTALMNUN f{(R, T)

P.K.TUBAPU!, 1.5XAPAJIN?, B.YETPU3, A.BULLIAM*

B pamkax mMoauduuuMpoBaHHON TEOpUU TpaBUTALUU [ (R, T) HCcaea0BaHa
KOCMOJIOTMYECKAsT MOZIE/b C OMHOPOMHBIMU Y aHU30TPOITHLIMU CBOMCTBAMU, B YaCTHOCTH,
JIoKaJibHO BpaitatenbHo-cummerpuyHast (LRS) monens besinku tuma 1. ITpeacrarneHsl
peleHusT ypaBHeHUs MoJisl DifHIITeliHA B TpaBUTALIN [ (R, T )= =R+2f(T), tne
R cxanap Puyum, a T - cinen TeH3opa SHeEpruM umimyjibca T, i B stoMm ciyuae
npuHsato f(T)=-AT, roe A Tpou3BOJbHAsA KOHcTaHTa. Hamo oTmMeTuTth, 4TO
nmapaMeTp KOCMHUYECKOIOo TOJYKa j IMPSIMO IPOMOPIMOHAIIEH OTPULIATEIbHOMY
3HAUYECHUIO MapaMeTpa 3aMeIJIEHUs ¢, & UMEHHO j o« —g . AHAIU3UPOBAHBI (PU3K-
YeCKHE U T€OMETPUYECKME CBOMCTBA MOJEJIEI, MCIIOJIb30BaHbl IUATHOCTUYECKUE
JIrarpaMMbl, YTOOBI TIOJTYYUTh IIPEACTARICHUE O TEOMETPUUECKOM TTPHUPOIE MOMIECIIH.
PaccmorpeH Bolmpoc MpUMEHMMOCTH 00O0OIIIEHHOIO BTOPOrO 3aKOHA TePMOAMHAMUKNA
(GSLT) Ha BUAMMOM TOPU3OHTE U TOPU3OHTE cOObITHIA. [loMydyeHHbIE pe3yabTaThbl
nokasbiBatoT, YTo GSLT BhIMOIHSIETCS HAa 000OMX TOPU3OHTAX.

KoitoueBsie croBa: f (R, T ):mun bBoauku-1: napamemp poiexa: 0600ueH b 6MOPOLL
3aKOH MepMOOUHAMUKU: NApaMemp 3amMe0NeHUs: napamemp
onpedeneHuss COCMOAHUSA
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Knowing rotational and centrifugal distortion constants in conjunction with electric dipole
moment for HO, radical, we have calculated energies for rotational levels (without fine-structure
splitting), and probabilities for radiative transitions between the levels. The radiative transition
probabilities in conjunction with the scaled values for rate coefficients for collisional transitions
between the levels, the Large Velocity Gradient (LVG) analysis for HO, is performed. Two observed
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3,35 45745 5,55 6,576, and 7, -7, are found to show anomalous absorption and five more
lines, 7,7, 1,,-1,1» 2,,-3,, 4,,-3,, and 4, -3, are found to show MASER action. These 14
lines are analyzed here and they may play key role in the identification of HO, in a cosmic object.
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1. Introduction. The hydroperoxy radical HO, is a short-lived species which
plays important role as a transient intermediate in a large number of chemical
reactions. The HO, radical is found in the boundary layer of coastal Antarctica
[1], upper troposphere [2,3], middle atmosphere [4], North Atlantic free tropo-
sphere [5], upper stratosphere [6]. It is considered a potential tracer of interstellar
molecular oxygen [7]. Widicus Weaver et al. [8] have discussed if HO; is
detectable in interstellar medium. It has important role, for example, in the
chemistry of atmospheric ozone cycle and in the formation of hydrogen peroxide
H,O,, found in the interstellar medium and on the martian surface, through the
reaction:

HO, +HO, - H,0, +0,.
The formation of HO, is discussed through the series of reactions:
HO, + hv—>0OH+H, OH+CO—>H+CO,,
H+0, +CO, -»HO, +CO,.
The contributing molecules CO, O, and H,O are abundant in the molecular
regions. The HO, is analyzed in laboratories from time to time [9-11]. The
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rotational and centrifugal distortion constants derive by Charo and de Lucia [11] in
I" representation with A-reduction of Watson Hamiltonian are given in Table 1. The
planar radical HO, has electric dipole moment with components p, =1.41 Debye
and n, =1.54 Debye [12]. The HO, is detected towards p Ophiuchi A by Parise
et al. [13] through the fine-structure of two rotational transitions 2,-1, and
4,,-3,;- In order to find other potential lines of HO,, which may help in its
detection, we have gone for the Large Velocity Gradient (LVG) analysis.

Using the rotational and centrifugal distortion constants in conjunction with
electric dipole moment, we have calculated energies for 100 rotational levels
(without fine-structure splitting), and probabilities for radiative transitions between
the levels. The radiative transition probabilities in conjunction with the scaled
values for rate coefficients for collisional transitions between the levels, the LVG
analysis is performed.

In section 2, we have discussed the optimization of HO,, in section 3, we
have discussed the molecular symmetries. Section 4 is devoted for the LVG
analysis. Results and discussion is given in section 5, and the conclusion is given
in section 6.

2. Optimization of HO, With the help of GAUSSIAN, we have optimized
the radical HO, where we have employed the method B3LYP and basis sets, aug-
cc-pVDz, aug-cc-pVTz and aug-cc-pVQz, separately. The rotational and centrifugal
distortion constants, obtained from optimization are also given in Table 1. The

Table 1
ROTATIONAL AND CENTRIFUGAL DISTORTION CONSTANTS IN MHz

Constant Experimental aug-cc-pVDz aug-cc-pVT1z aug-cc-pVQz
A 610273.223 594875.9274 620241.5483 623206.4161
B 33517.816 31752.3379 33712.1785 33842.9333
C 31667.654 30143.3921 31974.2712 32099.7703

Ay 0.11693 0.113154308 0.109667331 0.109728139
A 3.44552 -0.941687383 3.259860266 3.286684145
Ay 123.572 141.266600505 96.768558195 97.857592968
Sy 0.00613 0.007082461 0.005402967 0.005401713
Sy 2.017 0.798954199 1.655319807 1.668854530
H,, 2.29-103
H,, 1.051- 107
H, 9.69-10

coordinates of its constituent atoms obtained from GAUSSIAN using B3LPY/aug-
cc-pVTz are shown in the following table:
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STRUCTURE OF HO, RADICAL

Atom Coordinates (A)
X y z
H -0.869263 -0.886030 0.000000
(0] 0.055377 -0.609725 0.000000
(0] 0.055377 0.718382 0.000000

3. Molecular symmetries. The selection rules for the rotational quantum

number J for the non-radiative (collisional) transitions are:
AJ=0,£1,£2,£3,...

Let us consider the collisional transitions only for k , k_ levels. Each of the
pseudo quantum number, k, and k, can independently assume even (e) and odd
(o) positive integer values, including zero. When the electric dipole moment is along
the g-axis of inertia, the following collisional transitions for k k are not allowed.

(e, 0) o (o, e) R (e, e) © (0, 0) (D

(e,0)>(0,0), (e.e)>(ose). 2

These rules divide the rotational levels into the ortho and para species. The
allowed collisional transitions are:

(0,e)>(0,0)  (0,0)>(0,0)  (0,¢)«>(0,e)  (Groupl) (3)

(e,0)> (e,e)  (e,0)e>(e,0)  (ese)>(e,e)  (Groupl) @)

The above can be verified from the papers published for a-type molecules.When

the electric dipole moment is along the b-axis of inertia, the following collisional
transitions for k, k are not allowed.

(e, 0) © (e, e) (0, e) © (0, 0) &)

(e,0)>(0,0)  (0,e)>(e,e) (6)
These rules divide the rotational levels into the ortho and para species. The
allowed collisional transitions are:

(e,0)<>(0,e)  (e,0)<>(e,0)  (0,e)<>(0,e)  (Group II) ™

(e, e) <~ (0, 0) (e, e) > (e, e) (0, 0) <> (o, 0) (Group IV). 8)

The above can be verified from the papers published for b-type molecules.
The electric dipole moment of HO, has components: p, =1.41 Debye and

u, =1.54 Debye. We have considered both a and b type transitions together. Thus,
the transitions (5) are allowed due to a component of dipole moment, and the
transitions (1) are allowed due to b component of dipole moment. However, still
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the transitions (6) as well as the transitions (2) are not allowed. Considered 100
levels given in Table 2, may be classified into 4 groups, I, II, III and IV, as
the following (here, the digits are the Nos. of the levels):
Group I:
1, 2, 3, 4, 7, 12, 15, 18, 21, 24, 25, 26, 27, 29, 31, 32, 33, 34, 37, 38,
39, 41, 42, 44, 45, 46, 49, 50, 51, 58, 59, 60, 67, 68, 69, 73, 74, 78, 81, 82,
87, 88, 89, 94, 95, 96, 97, 98, 99, 100.
Group II:
5,6,8,9, 10, 11, 13, 14, 16, 17, 19, 20, 22, 23, 28, 30, 35, 36, 40, 43,
47, 48, 52, 53, 54, 55, 56, 57, 61, 62, 63, 64, 65, 66, 70, 71, 72, 75, 76, 77,

79, 80, 83, 84, 85, 86, 90, 91, 92, 93.

Group 111:
2,4, 6, 8, 11, 12, 13, 17, 18, 19, 23, 24, 27, 28, 29, 31, 34, 36, 38, 40,
42, 44, 45, 48, 51, 53, 54, 56, 58, 60, 62, 64, 66, 68, 71, 72, 73, 76, 78, 80,
82, 84, 85, 88, 90, 92, 94, 96, 98, 100.

Table 2
ENERGY LEVELS AND THEIR ENERGIES IN cm’

No. | Level | Energy ||No. | Level | Energy || No. [Level | Energy || No.|Level| Energy
1 0,, |0.0000 || 26 | 3,, | 89.9894 || 51 | 9,, |174.7055|| 76 | 8, |251.1057
2 I, 21728 || 27 | 3,, | 89.9901 || 52 o [ 185.9971 | 77 55 | 251.1058
3 2,, [ 65183 || 28 | 8, | 96.3350 || 53 | 3,, [185.9971|| 78 | 15,5 |260.1737
4 3,, [13.0358 || 29 | 9,, | 97.6987 || 54 |12, , [186.1981 || 79 ., | 270.6340
5 1,, |21.3938 || 30 | 8,, | 98.5433 || 55 |12,,, |190.9765]| 80 .6 | 270.6342
6 1,, 1214552 || 31 | 4,, | 98.6760 || 56 | 4,, |194.6795|| 81 | 13,,,|274.4470
7 4,, 1217247 | 32 | 4,, | 98.6782 || 57 | 4,, |194.6795|| 82 | 13, , | 274.6446
8 2, 1256775 (| 33 | 5,, [109.5334|| 58 | 10,, [196.3579|| 83 | 15, ;| 275.9893
9 2, 1258617 || 34 | 5,, |109.5385|| 59 | 10,, [196.4297 || 84 | 15, ,,|283.3302
10 3,, (321028 || 35 | 9,, |115.5975]| 60 |13, [197.4025|| 85 | 10,, | 292.3296
11 3, 324711 (| 36 | 9,, [118.3571|| 61 | 5., [205.5320(| 86 | 10,, | 292.3300
12 5,5 |32.5841 || 37 | 10,,,[119.3876|| 62 | 5,, [205.5320|| 87 | 16, .| 294.7781
13 4, 140.6692 || 38 | 6,, |122.5610|| 63 |13, ,|213.9983|| 88 | 14, .| 304.8014
14 4, 412831 | 39 | 6,, [122.5712|| 64 | 6,, |218.5542|| 89 | 14, .| 305.0646
15 6,, [45.6128 || 40 | 10,,,|136.9963|| 65 | 6,, [218.5542|| %0 | 16, .| 310.1767
16 5, |51.3764 || 41 | 7, [137.7582]| 66 |13, , [219.5707 (| 91 | 11,, | 316.1920
17 5., 522970 (| 42 | 7,5 [137.7765]| 67 |11, (2202237 (| 92 | 11,, | 316.1926
18 7,, [60.8092 || 43 | 10,, |140.3682|| 68 | 11,, [220.3275|| 93 | 16, | 318.4916
19 6,, [642235 || 44 |11, (143.2364|| 69 |14, [227.7141|| 94 . | 328.7455
20 6,, (655123 || 45 | 8,, |155.1240|| 70 | 7,, [233.7456|| 95 o | 328.7455
21 8, [78.1718 || 46 | 8, [155.1545|| 71 | 7,, [233.7457|| 96 | 17,,,| 331.5234
22 7., 179.2101 (| 47 |11,,,1160.5303|| 72 |14, , (2439292 97 | 15, | 337.3156
23 7, 1809280 (| 48 | 11,,,(164.5751]| 73 |12, [246.2539 || 98 | 15, .| 337.6593
24 2,, 1834740 || 49 |12,,,]169.2422|| 74 |12, |246.3990 || 99 v | 339.5898
25 2,, [83.4742 || 50 L | 1746576 75 |14, ,1250.3559 || 100 | 5, | 339.5898
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Group IV:

1, 3,5, 7,9, 10, 14, 15, 16, 20, 21, 22, 25, 26, 30, 32, 33, 35, 37, 39,
41, 43, 46, 47, 49, 50, 52, 55, 57, 59, 61, 63, 65, 67, 69, 70, 74, 75, 77, 79,
81, 83, 86, 87, 89, 91, 93, 95, 97, 99.

The radiative as well as collisional transitions are within each group, separately.
The radiative transitions follow the selection rules whereas the collisional tran-
sitions do not follow any selection rules. However, they are confined within a
group, individually. Thus, a level is not connected to all other 99 levels.

4. LVG analysis. For investigation, suppose, z lower rotational levels of
a given molecule are considered. These levels are connected through radiative and
non-radiative (collisional) transitions, as the pumping may be collisional as well
as radiative. In the steady state, for these z levels, a set of statistical equilibrium
equations coupled with the equations of radiative transfer is expressed as (Large
Velocity Gradient LVG analysis)

z z
n[ZP[j =anPﬁ , i=12,..,z,
J=1 Jj=1

J# J#I

)

where n denotes the population density of energy level and the parameter P is
expressed as the following.

_ Ay By + By By 1, pet+ny,Cy i>j,
B.I Bij+nH2C

ij*v,bg

ij s i< (10)
Here, understanding is that for the optically allowed transitions, both the 4 and
B Einstein coefficients are non-zero, whereas for the optically forbidden transi-
tions, the 4 and B both are zero. To account for the LVG analysis, the Einstein

A and B coefficients are multiplied by the escape probability . Further, we have
8hy’ 1

mhe T2 exp(hv/kag) -1 an

where Tbg is background temperature 2.73 K, C is the rate coefficient for collisional

transition and ny, is density of molecular hydrogen (colliding partner) in the
region. The escape probability p for transition is

5, =p, = —=pln)

where optical thickness t, is expressed as

Ty =hY[Blttnl_Bulnu]5 (13)
where y=N,, /Av, ; N, is the column density of the molecule in the object

and Av, is the radial velocity-shift in the object.

’ (12)
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4.1. Radiative fransitions. The electric dipole moment of HO, has
components p, =1.41 Debye and p, =1.54. Using the electric dipole moment
components, Einstein A-coefficients for both @ and b type rotational transitions
are calculated. The Einstein A-coefficient is related to the Einstein B-coefficients,
for a radiative transition between upper and lower levels # and /, respectively,
through the relations:

3
Aul :%Bul ’ and Blu = S Bul ’ (14)
c 81
where g and g, denote the statistical weights for the upper and lower levels,
respectively. The 100 rotational levels are connected through 463 radiative tran-
sitions. Before calculating Einstein A-coefficients, we looked for the JPL database.
There we could find information for 399 out of 463 transitions. Therefore, we

have decided for calculations of Einstein A-coefficients

4.2. Collisional transitions. Though the collisional transitions between the
levels of each group do not follow any kind of selection rules, but their
computation is very difficult task [14-16]. Using a scaling law, discussed by
Sharma et al. [17,18] the collisional rate coefficients are calculated.

4.3. Radiative life-time. For a rotational level j, the radiative life-time 7,
is defined as

T =12 (15)

where Aﬁ denotes the Einstein A-coefficient for radiative transition from the level
j to a lower level i and the summation is taken for all the downward radiative
transitions. The radiative life-time of upper level, in general, is smaller than that
of the lower level. For some transitions, the reverse is the case.

5. Results and discussion. For the assigned values of kinetic temperature
T, molecular hydrogen density » u,» and v, equation (9) is a homogeneous set
of equations, and therefore cannot have unique solution. In order to make the
set of equations inhomogeneous, one of the equations in the set is replaced by
the following equation.

zni = Notal - (16)
i=1

The value of n_ , can be taken as 1, as we deal with the ratio of population
densities of levels. We have solved a set of statistical equilibrium equations coupled
with the equations of radiative transfer through iterative procedure, where the initial
population densities are taken as the thermal population densities corresponding

to the kinetic temperature in the region.



LGV ANALYSIS OF HYDROPEROXY RADICAL HO, 123
20K 40K 60K 80K 100K

L L 4 T L L L YT T T

'\“‘E 7] 7] B B 7]

Illllll IIIIII IIIIIII lllllll lllllll

ll I'II

P I

LI

I T I

B B

P I

T

i P R T ]

3T T T L B B T T

‘\.‘ﬁ i i ! ]l 1 B .
N::

P I ' P I P I P I '

T T T T T T

< oL i I 1L i i

| [ S . . P P T M T I I I

2 4 6 2 4 2 4 6 2 4 2 4 6

log(ny, /em™)
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The excitation temperature 7, for a line between an upper level  and a lower
level [/ is expressed as

AE,

kln(nugl/nlgu)’
where AE, is the energy difference between the two levels. For low density in
a region, the collisional rates are very small as compared to the radiative transition
rates, and the population densities of levels are governed by the radiative tran-
sitions. Therefore, the excitation temperature tends to the CMB temperature of
2.73 K.

Seven lines 110'111’ 21A1_21A2’ 312_31‘3’ 413'41‘4’ 51A4_51A5’ 615_60.6 and 716'70‘7 are
found to show anomalous absorption. Variation of excitation temperatures 7, (K)
versus molecular hydrogen density ny, for kinetic temperatures of 20, 40, 60,
80 and 100K for these lines are shown in Fig.1. For first two lines, the graphs
are shown for 40 K only, where the variation is smooth.

For the MASER action, population inversion (n,g,/n,g, >1) between the
upper level u and lower level / is required.

ex

mEr
nlgu
Table 3

FREQUENCY v, 4 - COEFFICIENT 4 , ENERGY E, OF UPPER
LEVEL RADIATIVE LIFE-TIME ¢ OF UPPER LEVEL AND ¢ OF
LOWER LEVEL FOR TRANSITIONS

Transition | v (MHz) A, (s E, (cm’) t, (s) 1, (s)
MASER transitions
7,67, 51538.846 5.658E-08 80.928 2.49E+02 1.16E+02
2,,-1,, 130362.828 2.051E-05 6.518 4.88E+04 4.68E+05
4,35 260668.262 1.822E-04 21.725 5.49E+03 1.35E+04
1,1, 578471.150 2.672E-03 21.455 3.74E+02 4.68E+05
2,-3, 1530086.220 3.316E-03 83.474 1.24E+01 3.58E+02
4,-3,, 1986146.090 4.508E-02 98.676 1.21E+01 3.58E+02
4,-3,, 4282451.060 8.429E-01 328.745 9.63E-01 2.64E+00
Anomalous absorption transitions
1,1, 1842.045 7.232E-11 21.455 3.74E+02 3.52E+02
2,2, 5525.841 6.508E-10 25.862 3.69E+02 3.10E+02
3,,-3,; 11050.792 2.602E-09 32471 3.58E+02 2.62E+02
4,4, 18415.991 7.227E-09 41.283 3.39E+02 2.16E+02
5,755 27620.197 1.625E-08 52.297 3.14E+02 1.76E+02
6,,-6,¢ 596985.070 2.890E-03 65.512 2.83E+02 1.57E+03
76705 603563.850 2.970E-03 80.928 2.49E+02 9.78E+02
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Seven lines 7,-7 ., 2,,-1,, 4,5-305s Lio-1ois 25-3,» 4,5-3,, and 4,,-3,, are found
to show MASER action. The variation of nu gl/nl gu versus molecular hydrogen
density ny, for kinetic temperatures of 20, 40, 60, 80 and 100 K for these lines
are shown in Fig.2.

Information about these 14 anomalous absorption and MASER lines are given
in Table 3, where we have given the frequency, Einstein A-coefficient, energy of
upper level of transition, and radiative life-times of upper and lower levels of the
transition.

6. Conclusion. For known rotational and centrifugal distortion constants,
and electric dipole moment for HO, radical, energies of 100 rotational levels are
calculated. As both the a and b components of electric dipole moment are
considered together, the levels are classified in four groups. The radiative and
collisional transitions between the rotational levels are considered in each group,
separately. The LVG analysis is performed, where collisional rate coefficients are
calculated using a scaling law. Seven lines are found to show anomalous absorption
and seven lines are found to shows MASER action. Two observed lines of HO,
are among the lines showing the MASER action.
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LGV-AHAJIN3 TUIPOIIEPOKCHUPAIUKAJIA (HO,):
CIIEKTPAJIBHBIE JIMHWUAU 1JIAd ETO ObHAPYXXEHUA B
KOCMHNYECKHNX OBBbEKTAX

C.HAH/PA

C noMOI1IbIO U3BECTHBIX BpalllaTeJIbHbIX U LIEHTPOOEKHBIX KOHCTAHT abeppaliyi,
B COYETAHUU C SIEKTPUYECKUM JUIOIBLHBIM MOMEHTOM is pagukaina HO,, 6buim
BBIUMCJIEHBI HEPIUsl BpalllaTebHbIX YPOBHEN (6€3 pacilierieHUs] TOHKOI CTPYK-
Typbl) U BEPOATHOCTH PaJMAllMOHHBIX MEpexonoB Mmexay yposHsmu. g HO,
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obu1 npoBeaeH aHaau3 LVG ¢ ucnonb3oBaHWEM BEpOSTHOCTEH pamgvallMOHHBIX
MepexXoJ0B B COUYETAHUM C MACIUTAOMPOBAHHBIMU 3HAYEHUSAMU KO3(PDULIMEHTOB
CKOPOCTH CTOJKHOBUTEJBHEIX MEPEXONOB MeXAy ypoBHsAMU. [Toka3zaHo, 4TO aBe
Habmonaemble tuHuM, 2,-1,, u 4,,-3. HO,, asisrorcs masepHbiMu. Kpome Hux
OOHApYXXEHO elle NATb MasepHbIX JuHud - 7, -7 ., 1,-1,,, 2,-3,,,4,,-3, 1
44A1_33A0' Cemb HUMIA, 110'111’ 21A1'21A2’ 312_31‘3’ 413_41‘4’ 51A4_51A5’ 615_60.6 n 71A6'70A7’
MOKAa3bIBAalOT aHOMAaJIbHOE TIOIIolIeHNe. DTU 14 TUHUI MOTYT UrpaTh KIIOUYEBYIO
poab B uaeHturukauuu HO, B KOCMUYECKHMX OOBEKTAX.

KiroueBble cioBa: ISM: moaekyavl: paduayuonubie nepexodbl: CMOAKHOGUMEAbHbLE
nepexoob: HO,: anaruz LVG
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We study the time-like geodesics in the spacetime of the Rindler-modified Schwarzschild
black hole (RMSBH) with a cosmological constant. We find that for massive particles, whether
undergoing radial motion or orbital motion, are unable to escape the black hole. Meanwhile, at
larger orbital radii, the cosmological constant significantly modifies the proper velocity of particles.
Additionally, in the case where A =0, we have presented a special solution: if the particle is located
on a specific circular orbit, its proper velocity will remain unaffected by the Rindler acceleration.
Furthermore, we discuss the stability of circular orbits by employing the Lyapunov exponent, and
draw the dividing line between stable and unstable circular orbits.

Keywords: Rindler-modified Schwarzschild black hole: cosmological constant:

geodesics: circular orbits

1. Introduction. As one of the greatest achievements of classical physics,
the General Theory of Relativity (GR) has been widely tested and proven to be
correct since its proposal. Among them, many gravitational effects near black holes,
such as gravitational redshift [1], perihelion precession [2], light bending [3],
quasi-normal modes [4], and gravitational waves [5] can provide tests for GR. The
recent release of the first image of a black hole by the Event Horizon Telescope
collaboration to the world has further confirming the existence of the most famous
celestial bodies predicted by the theory [6]. As we all know, GR is a theory about
the geometry of space-time, which explains gravity as the curvature of space-time.
Particles will move along geodesics when they are not subjected to any interactions.
One of the best ways to investigate the gravitation of a black hole is by studying
the particle's motion around it. In fact, the two earliest and most famous
verifications of the relativistic effect are the perihelion precession of Mercury and
the deflection of light near the sun. There have been extensive studies on the
calculation of geodesics around black holes [7-18]. In addition, to investigate the
scalar curvature invariants, time-like geodesics or null geodesics are another
important criterion for examining the singularity of spacetime. Recently, there
have been several interesting results regarding the completeness of geodesics and
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spacetime singularities, which one can refer to [19-21].

In fact, our understanding of gravity on a large scale is still not perfect, which
is mainly reflected in the problems of cosmological constant and dark matter [22].
The dark matter puzzle originated from Zwicky's observation of the abnormal
velocity distribution in the Coma Cluster, where the galaxies were moving at such
high speeds that it was difficult for them to remain bound within the cluster.
Zwicky pointed out that this might be due to the existence of some matter that
we cannot see [23,24]. Another puzzling gravitational anomaly is the anomalous
deceleration of the Pioneer spacecraft. Although this deceleration is very slight,
it remains unexplained by our current theories. Another explanation for the above-
mentioned problem of gravitational behavior at large scales is to modify the
existing theories of gravitation. For example, the Modified Newtonian Dynamics
(MOND) [25] and f (R) theory [26,27] can, to a certain extent, explain the dark
matter problem. In [22], Grumiller proposed an effective model, or the RMSBH
model, to explain the anomalous acceleration of the Pioneer spacecraft. In this
model, besides the attraction provided by the central celestial body, there is also
an additional Rindler term. If the Rindler term is positive, it would also provide
an additional attractive force to nearby celestial bodies. This term is directly
proportional to r, and thus its effect on the geodesics of particles becomes evident
at large distances. Based on this property of the Rindler term, it can explain the
rotation curves of local galaxies, making it a possible candidate theory to solve dark
matter problem [28]. Lin et al. [29] showed that the Rindler acceleration parameter
a in the RMSBH metric plays the role of dark matter. Authors [30-32] further
verify the acceleration parameter by considering the HI Nearby Galaxy Survey, and
the resulting Rindler acceleration parameter was approximately a ~3-10~ cm/s’.
Iorio [33] considered the Rindler acceleration as a perturbation and computed the
effects on the range p and range-rate p between the two bodies in orbital motion.
He derived an upper limit for the additional acceleration a,, provided by the Rindler
term, which for the Earth is 7-107'® m/s’. Carlone et al. [34] discussed the classical
tests of general relativity in the presence of Rindler acceleration. In their study, the
perihelion shifts, light bending, and gravitational redshift of the solar system planets
were calculated. The tightest constraint on Rindler acceleration they obtained, with
no caveats, comes from radar echo delay, with the result |a| <3nm/s’. One can
also refer to [35] for the calculation of light bending in the presence of Rindler
acceleration. Halilsay et al. [36] further discussed the impact of Rindler accel-
eration on the radial and circular motions of test particles, including both massive
and massless particles.

However, in the aforementioned studies on geodesics for the RMSBH, the
influence of the cosmological constant was not taken into account. In such cases,
the RMSBH degenerates into the Grumiller-Mazharimousavi-Halilsoy black hole
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(GMHBH) [37]. The effect of the cosmological constant on geodesics has been
extensively reported, for example, Mohammadi et al. [38] studied the null geodesic
of Schwarzschild black hole in anti-de Sitter spacetime with Gaussian matter
distribution, Hegde et al. [39] investigated the null Geodesics of four-dimensional
Gauss-Bonnet AdS black hole, geodesic motions in AdS Soliton background space-
time can be found in [40]. Additionally, black hole thermodynamics, considering
the cosmological constant as pressure and introducing extended phase space has
significantly expanded the field. Here, we will not delve into the details. For
research on black hole thermodynamics in extended phase space, one can refer
to [41-50].

The organization of this paper is as follows. In Sections 2 and 3, we will
briefly introduce the geometric structure of the RMSBH spacetime and the basic
concepts of geodesics, respectively. In Section 4, we will study the geodesics of
radial motion of particles in the RMSBH spacetime. Sections 5 and 6 will focus
on the geodesics of massive particles in circular orbits. Finally, we summarize and
discuss the results and present future prospects. In our study, we consider a positive
Rindler acceleration (¢>0) and a negative cosmological constant (A <0).

2. Space time structure. In this section, we will briefly study the space-
time structure of a RMSBH. To construct the effective model for gravity of a
central object at large scales, Grumiller [22] considered the following four-
dimensional spherically symmetric line element

ds® = gp (' Jax®ax®+ (') 0 +sin%0d o), (1)

where the 2-dimensional metric gop (x[) and the surface radius CD(x" ) depend only
on the coordinates x’ ={t,}. To obtain specific solutions for the metric, it is
necessary to further describe the dynamics of the field Zap and ®. This is
possible in two dimensions, as both the metric g and the scalar field ® are
essentially two-dimensional objects. The process of "spherical reduction” [51]
simplifies the 4-dimensional Einstein-Hilbert action to a specific 2-dimensional
dilaton gravity model [52]. Grumiller constructed the most general 2-dimensional
theory with the field content g and ® compatible with the following assumptions
[22]. First of all, he required the theory to be power-counting renormalizable,
assuming that non-renormalizable terms are suppressed. This leads uniquely to the
action [53,54]

S = _% [a*xy-¢ [f(CD)R+ 200y - 2V(c1>)]. )

Here, g= det(gaﬁ) and R is the Ricci scalar. The gravitational coupling constant
k does not play a role in the discussion. Further, Grumiller et al. assumed that
the functions f and V are analytic with respect to @ when @ is large, as in
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spherically eliminated GR [52]. The analysis of the motion equations indicates
that, in order to replicate the Newtonian potential -M/r, the coupling function
f multiplied by the Ricci scalar R must be specified as f =®”. If considering
f=c®?, then the potential energy would transform into —M / e , and the
experimental constraint on ¢ is |c—1<10™° [55]. Grumiller [22] conservatively
assumed that f =®” remains unrenormalized in the infrared region, which is
highly consistent with experimental data. Next, in fourdimensional terms, Grumiller
[22] considered a large surface area surrounding a central object. After spherical
reduction, the limit of a large surface area leads to the limit of a large Dilaton
field ®. The potential V' is assumed to behave as follows

V=AD>+GD+b+0(1/D). Q)
At large @, the dominant term of the potential V'is quadratic. If higher-order terms
of @ were present, the resulting metric would exhibit curvature singularities at large
®. By rescaling @ and « simultaneously, the subleading coefficients in the
asymptotic potential (3) are fixed. Without loss of generality, Grumiller chose

b=b=2. By eliminating all asymptotic subleading terms and selecting an appropriate
normalization for the coupling constant k=1, the action (2) simplifies to [22]

S:—jd%@[@zm 200Y ~6AD* +8a®+2] | )

where a and A represent the Rindler acceleration and the cosmological constant,
respectively. By varying the action (4) and solving the Einstein field equations,
one can obtain a spherically symmetric line element as [22,37]

ds? = —f(r)dt2+ f(r)_l dr’+ rz(d 0% + Sinzﬁd(pz), &)
with

f(r)=1—¥—/\r2+2ar. (6)

Here, M represents the mass of the black hole and a is the parameter for Rindler
acceleration with the range a <3 nm/s’. A represents the cosmological constant. It
is clear that the black hole solution mentioned above is an extended version of the
Schwarzschild-de Sitter solution, or an extension of the Schwarzschild Anti-de Sitter
black hole. To examine the singularity of spacetime at the origin of the coordinates,
we will proceed to calculate the Kretschmann scalar, which is given by

48M* 324" 48aA

}"6 F2 2

K(r)= Ry R7 =

- ot

+24A7 . (7)

At the origin, we have limK (r): oo, thus, there exists a singularity at the origin.

r—0
Additionally, the Kretsch?nann scalar of RMSBH is larger than that of SBH with
the same mass. The horizon of the black hole is given by setting f (rh)= 0, where
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r, ry

Fig.1. (a) r, as a function of a for different values of A with M= 1. Black dot denotes the
event horizon for the SBH. (b) r, as a function of A for different values of a with M= 1.

r, represents the radius of the horizon. As a result, we can obtain the relationship
between M and r, as

M:%Fh(l+2arh—Arh2). 8)

From Eq. (8), we can observe that when r, >0, (1+2arh—Arh2) 2 is an
increasing function of r,. Therefore, Eq. (8) will only yield one solution, indicating
that the RMSBH has only one horizon. Since the expression of the horizon radius
r, is too complicated, we will not present it here. In Fig.1, we show the trend
of r, changing with ¢ and A. It can be observed that as the influence of the
acceleration parameter a and the cosmological constant A increases, the horizon
radius r, gradually decreases.

3. Introduction to geodesics. In order to study the geodesic structure of
the spacetime described by (5) and (6), we introduce the following Lagrangian

1 v
L= _ngx“x , )

where a dot indicates the derivative with respect to the affine parameter §.
Combining Eq. (6), we can specifically write the Lagrangian of the RMSBH as

o] wolie] ] w

Substitute the Lagrangian into the Euler-Lagrange equation

d(oL) oL

dr(ax“) oxP (1)
we can obtain the equations of motion. Since the RMSBH metric is spherically
symmetric, the metric is not a function of the coordinate time ¢ and the rotation
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angle ¢, so two conserved quantities can be derived from the Lagrangian, namely

E=f (r)[%], (12)

L, (d
L=r? sze(d_g]‘ (13)

Here, £ and L are two conserved quantities, representing energy and angular
momentum, respectively. Generally speaking, £ and L are not the quantities
measured by static observers in curved spacetime, but rather they are the quantities
measured by static observers only at infinity. In addition, we can also obtain an
equation for 0 through Eq. (10) and Eq. (11)

2 2
r? d—? =r? ae sinBcos® —2r dr (49 . (14)
dé§ d& dENdE
Without loss of generality, we adopt the following initial conditions
n do
0p=—, 0=0.
075 e (15)
Hence the angular momentum can be simplified as
¢
L=r} 22
5
By choosing the Lagrangian £ =n/2 and combining with Eq. (10), we can obtain
2 2 2 2
f(r)(ﬁj _;(ﬁj [@J sze[@J . )
dg)  flr)ldg dg dg
Substituting Eq. (12) and Eq. (16) into Eq (17), we can obtain
2
dl" 2
— | =E"=V,,
where the effective potential is defined as
L2
Ve :f(r)(n+r—2} (19)

Eq. (12), Eq. (16), Eq. (18) and Eq. (19) are the basis for studying geodesics.
4. Radical geodesics. For time-like geodesics, which represent the motion

of massive particles (n=1), the effective potential is
2M

7

Vep =1-

e,

—Ar’+2ar. (20)
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Veff

Fig.2. Veﬁ, vs r for some A with M=1, a=0.1.

It should be noted that at infinity, the effective potential becomes infinitely large.
Therefore, for a massive particle undergoing radial motion, it is impossible for
it to escape to infinity. This is a notable difference between RMSBH and SBH,
as shown in Fig.2. Additionally, compared to the influence of the Rendler
acceleration a on the effective potential energy, the cosmological constant term
is proportional to the square of the radius. Therefore, at large distances, the
cosmological constant plays a dominant role in governing the motion of particles.

Now, we introduce a test particle to observe its radial motion in the RMSBH
spacetime. Our test particle is initially located at r=r, and is released from rest,

thus we have
2M
2 2
E ——Veﬂ-(n)——l—f+2an—/\n . 1)

By substituting E* into Eq. (18), we can obtain the equation of motion for the
test particle as

T ro

2
[j_r] =2M[l_l]+2“(r,»—r)+A(r2‘Viz)' 22

Therefore, the proper time for the particle to travel from r, to r is

T(r):j[zM(l_l}za(n_rpA(rz_rf)rz i o3

7 r h

Furthermore, combining Eq. (12) and Eq. (22), the differential relationship
between r and the coordinate time 7 can be written as

dr drz dr f(r)dr f(r) 5

e e S N7 -y M (3 N

it didt E di E o 7) (24)

Integrating the above equation and combining the initial conditions of the test
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6

Fig.3. (a) t© vs r for some with A with M=1, a=0.15. (b) The #r) curve corresponding
to (a).

particle, we obtain the coordinate time for the test particle as

t1 Ve \1;

O o @)
As shown in Fig.3a, a test particle is initially stationary at r,=6, after being
released, will reach the singularity in a finite proper time. Meanwhile, an increase
in the absolute value of cosmological constant will cause the particle to experience
less proper time before hitting the singularity, where the geodesic will also
terminate. In Fig.3b, it can be observed that as the influence of the cosmological
constant increases, an observer at infinity will see the particle approaching the
black hole's event horizon in less time, but the particle will never be able to cross
the event horizon and enter the black hole.

5. Orbital geodesics.

5.1. The behavior of effective potential for massive particles. In this
section, we will study geodesic motion with L # 0. Thus, the effective potential is

2M r
Ve :(I—T—Ar2+2arJ(l+—2J. (26)

r

For convenience, in this section, we will set M=1. Also, we won't provide too
many calculations in this section, most of the calculations actually come from
the next section. The purpose of this section is to provide a qualitative analysis
of the orbital geodesics of massive particles around a RMSBH from the perspective
of effective potential. Based on the angular momentum of test particles, the orbital
motion can be classified into the following three scenarios:

(1) When L<4.34, test particles will eventually fall into the black hole, this

this is because lim Vg =, therefore, in this case, there is no escape orbit for

r—0
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the particle, as shown in Fig.4a;

(2) When L=4.34, the innermost stable circular orbit (ISCO) will appear at
r=r, as shown in Fig.4b. Given that the ISCO is an unstable circular orbit,
particles on it will eventually fall into the black hole due to even slight
perturbations. If the particle is not on the ISCO, it will also eventually fall into
the black hole;

(3) When L >4.34, if the particle's energy satisfies £ 2= El2 , the particle may
be located at r=r, or may be in a stable circular orbit at r=r,, as shown in
Fig.4c. Particles located at r=r, will inevitably fall into the black hole. Meanwhile,
particles on the stable circular orbit, upon experiencing a certain perturbation
causing its energy to increase from £, to E,, will move in a bound orbit between
perihelion C and aphelion D. If the particle's energy satisfies E* :E32 , it may
be in an unstable circular orbit at r=r,, and after experiencing a slight
perturbation, the particle may either fall into the black hole or move in a bound
orbit between r, and r,.

Through the above discussion, it can be observed that a notable difference from
the SBH spacetime is that particles moving on orbital orbits in the RMSBH
spacetime do not possess escape orbits. This is due to the significant changes in
the effective potential brought about by the acceleration parameter a and the

5

Fig.4. (a) to (c) respectively represent

Ve/f as a function of r at different values of

L with M=1, a=0.1, A=-0.01.
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cosmological constant A . Meanwhile, compared to the GMHBH, the cosmological
constant term in the RMSBH significantly increases the effective potential at large
distances. Consequently, the energy required for particles to perform circular
motion at these large distances will also increase.

5.2. Circular orbits. In this section, we mainly focus on circular time-
like orbits. From Eq. (18), we can see that for a particle to maintain a circular
orbit, it requires

d}" 2
_r:O or E :Veff. 27)
We notice that under such conditions, the radial proper velocity is

1%

P
therefore, when a particle moves in a circular orbit, its coordinate distance from
the central celestial body remains constant, and so does its proper distance, both
of which remain unchanged over time. In the calculation of the aforementioned
proper velocity, Eq. (A6) in Appendix A is utilized. Since circular orbits occur
at the extrema of the effective potential, we can determine the conditions for a
particle to be on a circular orbit by

r drt

-1/2
_dl, :[I—ZM—Ar2+2ar) ar_y, (28)

AV — 2L2(—3M+ r+ ar2)+ 2r2[M+ rz(a—Ar)]
dr P
Eq. (29) can give the angular momentum that particles on circular orbits need
to satisfy

=0. (29)

_ Mri+ar®— AP

I’ . 30
—3M+r+ar’ (30)

To ensure that L? >0, the radius of the circular orbit must satisfy
—3M+r+ar’>0. (31)

Thus, we have
6M

Ji+12aM +1° (32)

where r, represents the boundary of the circular orbit radius. Obviously, r, is a
decreasing function of @ and is not affected by the cosmological constant. When
a—>0, n,—>3M, corresponding to the case of the SBH. Substituting [* into
the effective potential (26), we can obtain the effective potential as

r>r, =

V= [2M+ r(—l—2ar+;\r2)]2 . (33)
r\=-3M+r+ar )
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Fig.5. (a) The relationship between the angular momentum and energy of particles located on
circular orbits for different values of a with A =-0.01. The arrow direction indicates the increasing
direction of r. (b) The relationship between L and F for different values of A with a=0.1.

Considering the conditions for circular orbits, we can further derive

_ bvsrc1-2ars ar2)f
r—3M+r+ar2) '

Using Eq. (30) and Eq. (34), we plotted the relationship between L and FE with
r as the parameter, as shown in Fig.5. It can be observed that for particles on
unstable circular orbits, as the radius r increases, both their energy and angular
momentum decrease. The minimum values of energy and angular momentum
correspond to the ISCO. After that, as the radius of the circular orbit increases,
both the energy and angular momentum of particles on stable circular orbits begin
to increase. At the same time, it can be noticed that as the value of a increases,
the curve shifts downwards and to the right, while with the increase in the absolute
value of A, the curve shifts upwards and to the right.

The ISCO refers to the circular orbit with the smallest radius among all stable
circular orbits. In addition to satisfying the conditions of Eq. (29), the radius of

ISCO r, also needs to meet szeﬁ- / drisco =0, namely,

E* =V, (34)

6 M= Mg+ 12aMiti o+ (= 3a—15A Mo+ (- 207+ 40 )i+ 3aArey =0, (35)

the solution is

_ _6M2+ar1§co(3+2ar1sc0)+M(’”]SCO_lza”]%s*co)

A= .
(36)
”13sc0(_15M+4”15c0+3‘”’125c0)

This is the condition that the r., of a RMSBH satisfies. Setting A =0, we can

derive the r of a GMHBH satisfies

1SCO
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Further setting a=0 in Eq. (37), we can get the radius of the ISCO of a SBH,
which is e =6M [56]. As can be seen from Fig.6a, the radius of the ISCO
decreases with the increase of the absolute value of the cosmological constant, so
compared with the GMHBH of the same mass, the RMSBH has a smaller radius
of the ISCO. Similarly, as shown in Fig.6b, the radius of the ISCO of the
RMSBH decreases with the increase of a. Therefore, we have the following
relationship: r,?élgBH < rgggBH <r,§%.
Next, we will continue to find out the angular velocity Q of the particles

moving in circular orbits. Substituting Eq. (34) into Eq. (12), we can obtain

dt _E | r
dr_f(r)_ “3M+r+ar’ (38)

On the other hand, combining Eq. (30) and Eq. (16), we can obtain

do_L 1 [Mrr(a-Ar) @9
dv * r\=3M+r+a’*
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Thus, the angular velocity is

QRMSBH:ﬂ:d(PdT: M+ar2
dt dt dt r
By setting A =0, Q degrades to the GMHBH scenario. Further setting a=20,

we can get the radius of the angular velocity of the SBH: Q7 =/Mm/r* .
Obviously, in Eq. (40), Q87 is an increasing function of ¢ and A, therefore
we have, QRMSBH >QGMHBH >QSBH

With the angular velocity at hand, we can derive the proper velocity of a
particle moving on a circular orbit, which can be expressed as

VRMSBH: 1 ( d(pj_rQRMSBH _\/ M+7'2(a_/\r)

g Jf‘r) FE - \/f(r) N-2Mtr+2ar?- AP

In the process of calculating (41), we used Eq. (A7) in Appendix A. Regarding
proper velocity, as shown in Fig.6¢c, the relationship is as follows: vffMSBH > ngHB "
When r approaches r,, both the proper velocities of RMSBH and GMHBH tend
to unity, which is the speed of light, indicating that their circular orbit radii must
be larger than r,. The difference lies in the fact that, due to the influence of the

cosmological constant, vIIfMSBH tends to the speed of light at infinity. In contrast,

ngHBH tends to x/E/2
For a GMHBH, Eq. (41) can be rewritten in the following form

oo F—tares s - [y F 10 W

If v IC;’MHBH

~A. (40)

(41)

=1/ \/5 , then the coefficient of a in the above equation will vanish,
and we have r=4M. This interesting solution indicates that regardless of the value
of a, the proper velocity vffMSBH at r=4M is always 1/ ﬁ . From Fig.7a, we can
observe that as r increases, vﬁMSBH first decreases and then increases, approaching

1.0

0.9

v GMSBH

. 08}

0.7 f

0.6 L .
0 20 40 60 80 00 O 5 10 15 20

Inr r

Fig.7. (a) v, as a function of r for some different values of a, with M=1. (b) The local
enlargement of (a), with the grey point having coordinates (4,1/\/5 ).
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1/ x/E at infinity. Fig.7b allows us to observe the special solution mentioned above.
The proper velocity curve in the SBH scenario also passes through this point.

5.3. Lyapunov exponent for circular time-like orbits. In this section,
we use Lyapunov exponent as a measure of the stability of circular orbit. The
Lyapunov exponent can measure the average convergence rate or divergence rate
of nearby orbits in phase space [57]. In general, a real Lyapunov exponent
indicates that nearby orbits are divergent, while an imaginary Lyapunov exponent
indicates that nearby orbits are convergent. When the Lyapunov exponent vanishes,
it indicates that the orbit is critically stable. The Lyapunov exponent in coordinate

time is given by [58]
()
7\‘: _ eff ,
V2 *)

where r is the radius of the circular orbits. With this definition, we can derive
the Lyapunov exponent for circular orbits around a RMSBH as

xRMSBH:riz\/6M2—Mr(1—12ar+15Ar2)+r3[—2a2r+4Ar+3a<—l+Ar2)] (44

Setting A =0, Eq. (44) degenerates into the Lyapunov exponent for a

)\CMHBH :Lz\/6M2—Mr(l—l2ar)+ r3(—3a—2a27’) . (45)
B

It can be easily verified that by setting a=0 in Eq. (45), we can obtain the
Lyapunov exponent for the SBH. The black line in Fig.8a represents ARM57 = |
with the region to its right (A5 js a complex number) indicating the area
of stable circular orbits, and the region to its left indicating the area of unstable

000f-=====F=—=====—= === 10° :

' a : b |
-0.02 : 0.8°
-0.04 E 0.6
< ' S !
-0.06 : 0.4-
-0.08 E 0.2’

No Circular Orbit Area : Unstable Area Stable Area . AN .

' - No Circular Orbit Area * Unstable Are! Stable Area 1

-0.10 : . 00om = o e - e =3

1.5 2.0 2.5 3.0 3.5 0 1 2 3 4 5 6
r r

Fig.8. (a) The black line represents A™** =0, which is the dividing line between stable circular

orbits and unstable circular orbits. The dashed line represents r,, which is not a function of A,
hence it is a straight line. (b) The trend of the stable and unstable circular orbit regions of the
GMHBH varying with a is depicted, with horizontal the black dashed line representing the scenario
for the SBH. In both figures, we set M= 1.
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circular orbits. It is important to note that the radius of circular orbits need to
satisfy the condition of > r,. Therefore, unstable circular orbits are located in the
region between the black line and the dashed line. It can be observed that as
the absolute value of the cosmological constant increases, the region of unstable
circular orbits gradually shrinks, and r/,., shifts towards the left. Fig.8b shows the
trend of the Lyapunov exponent of the GMHBH varying with a. Similarly, the
region of stable circular orbits expands to the left. However, unlike the previous
case, the radius r, also contracts towards the left as a increases, resulting in an

overall leftward contraction of the unstable circular orbit region.

6. Conclusions. In this paper, we studied the time-like geodesics of
RMSBH. It is found that, due to the introduction of acceleration parameter a and
cosmological constant A, a massive particle undergoing radial motion cannot
escape the black hole and will ultimately fall into it. Similarly, massive particles
in circular orbits are also unable to escape the black hole to infinity, which
significantly differ from the scenario in a SBH. Furthermore, for particles in
circular motion, we derived their effective potential Veﬁ, energy F, angular velocity
Q, proper velocity Vs and coordinate velocity v . Both the acceleration parameter
and the cosmological constant are found to increase the coordinate velocity of the
particles. Interestingly, for a GMHBH, we uncovered a unique solution: the
acceleration parameter a does not affect the proper velocity of particles orbiting
on the r=4M circular orbit.

Additionally, regarding the time-like geodesics, we discussed the stability of
circular orbits by employing the Lyapunov exponent, and drew the dividing line
between stable and unstable circular orbits.
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APPENDIX A

The spacetime geometry is of essential to the motion of particles within it.
Therefore, we will briefly introduce the spacetime geometry of a RMSBH. In a
four-dimensional curved spacetime, the proper spatial distance is defined as

dl = ,/y,.j dé'dx’ | (i,j=1,2,3) (A1)

in which
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_ £0i80;
Vi =&~ - (A2)
oo
Here, v, is defined as spatial metric. By substituting the line element (3) into
the definition, we can find the proper distances along the », 6, and ¢ directions

in a RMSBH, respectively, as

r

2M e
dlr:[1— —Ar2+2ar] dr, dly=rd®, dl,=rsinbd¢. (A3)

If we set dr=0 in the line element (3), we can obtain the line element for surface
of constant r as

di? =r*(d0” +5in*0d ¢?). (A4)
It is obvious that (A4) is identical to the line element for a spherical surface in

threedimensional flat space. The proper time and coordinate time of a RMSBH
have the following relationship

172
dt= _goodt:(1—2—M—Ar2+2ar) dt. (A5)
r

Based on this, the radial proper velocity and tangential proper velocity of a particle
are, respectively

dl oM 5 T ar
=S -2 At 2ar | £
R ( PR ar) it (A6)
dl, rd 02 +sin’0d ¢
Vv = —_—=
P dr 1/2 :
(1—2M—Ar2+2arj dt (A7)
r

UCCIEJOBAHUE T’EOAE3UYECKUHX JIMHUN U
BPEMEHU CYLIECTBOBAHUS MOJAUOULIMPOBAHHOM
PUHAJIEPOM YEPHOM JAbIPbI HIBAPUIIMIIBAA. 1.
BPEMEHUITIOAOBHBIE TEOAESUYECKUE JIMHUN

T.XO, Y.JIIO

HccnenoBaHbl BpeMEHUIIONOOHbBIE Teoe3nYecKue JMHUU B MPOCTPAHCTBEHHO-
BPEMEHHOM MeTprKe MoaupuImpoBaHHoi PuHmiepoM yepHoit apipsl IBapiimibia
(RMSBH) ¢ yuyeToM KOCMOJIOTMYECKOi1 MMOCTOSSHHOM. Y CTaHOBJIEHO, UTO MAaCCUBHBIE
YacCTUIIbl, HAXOMSIIMECS B PaaAuaJbHOM WIM OpOUTATbHOM JBMXXKEHUU, HE MOTYT
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TTOKWHYTh YePHYIO IBIpYy. MeXXIy TeM Ha OOJBIINX pagrycaX OpOMT KOCMOIOTMYECKasT
ITOCTOSTHHASI CYIIIECTBEHHO BIUSET Ha COOCTBEHHYIO CKOPOCTh YacThil. Kpome Toro,
B ciiy4yae, korma A =0, IIPeICTaBIeHO 0co00e pelleHre: eCr YaCTULA HAXOIUTCS
Ha OTpe/ieJIeHHON KPYroBoil oponTe, ee COOCTBEHHAsI CKOPOCTh OCTAHETCS] HEM3MEHHOMN
o7, BO3AeCTBHEM yCKopeHuss PuHmrepa. Takke aHaIM3MpoOBaHa YCTOMYMBOCTD
KPYIOBBIX OpOMT, MCITOJbL3ys TMoKasaTeab JIAmyHoBa, M oOmpeneneHa TpaHUIA
MEXIY YCTOMYMBBEIMUA W HEYCTOMUMBHLIMU KPYTOBBIMU OPOHMTAMMU.

— = = e e e e e e
© 0N AW~ P PTIAUNR WL~

DN N NN
hn A W= O

KntoueBsie cinoBa: moduguyuposanuas Punoirepom uepuas ovipa Illeapyuunvoa:
Kocmon02u1eckas NOCMOAHHAS: eeo0e3utecKue AUHUU: Kpyeo-
8vle OpOUMbL
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Electromagnetic radiation of a relativistic gas or plasma jet in the field of a plane gravitational
wave is investigated. The gravitational wave is considered as a weak (linearized) field on flat
Minkowski spacetime. It is assumed that the relativistic jet has large regions with uncompensated
electric charge. The deformation of these areas under the action of a gravitational wave leads to the
appearance of electric currents that generate electromagnetic radiation. The angular distribution of
the intensity of this radiation is found. Cases are considered when the jet and the gravitational wave
move in the same direction or towards each other.

Keywords: gravitational wave: charged cloud: plasmas: electromagnetic radiation:

Cherenkov radiation

1. Introduction. Direct detection of gravitational waves took place in the
fall of 2015 [1,2]. However, direct detection of those waves is only possible when
they have a sufficiently short period and high enough intensity, for example, when
black holes merge. Registration of long gravitational waves is quite problematic
today. This is especially true for relic gravitational waves, which can have a fairly
large wavelength [3-9].

Therefore, the proposal of alternative methods for detecting gravitational waves
is very relevant. Recently, many works have appeared devoted to the problem of
interaction of gravitational waves with electromagnetic fields and charged particles.
As a result of such interaction, electromagnetic radiation can arise. In an early
work, Heintzmann [10] proposed a method of successive approximations for
solving Maxwell's equations in the field of a spherical gravitational wave.
Wickramasinghe [11] and coauthors showed that charged particles can convert the
energy of a gravitational wave into electromagnetic radiation. Boughn [12] solved
Maxwell’s equations for a point charge in the field of a plane gravitational wave
by expanding the electromagnetic field potential in a series of spherical harmonics.
An analysis of the coefficients of this expansion showed that the total radiation
intensity, summed over harmonics, diverges. Sasaki and Sato [13] used the method
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of successive approximations to study the field of a relativistic point charge colliding
with a plane gravitational wave. It was shown that the charge radiates into a narrow
cone in the direction of its motion. At the same time, the intensity of the charge's
radiation diverges in the direction of propagation of the gravitational wave. As we
see, most authors encounter difficulties associated with divergences of various kinds
when calculating the electromagnetic field of point charges interacting with a plane
gravitational wave. The works cited above used a linearized theory of gravity. A
number of works are devoted to the construction of exact models of gravitational
waves, including models of relic gravitational waves [14-18].

Radiation of a stationary charged cloud under the action of a gravitational wave
is studied in [19]. The frequency of this radiation coincides with the frequency
of the gravitational wave, which under normal conditions is considered very small.
One of the main sources of gravitational waves are close pairs of stars or black
holes. The minimum observable period of rotation of such pairs is about half an
hour (AM Canum Venaticorum stars). Registration of radio waves of such
frequency is practically impossible. However in the case of a plasma or gas jet
with an unevenly distributed charge, the Doppler effect can lead to a significant
increase in the frequency of radiation induced by a gravitational wave.

In this paper we investigate electromagnetic radiation induced by a gravitational
wave in a relativistic jet of plasma or gas. We assume that instabilities in such a
jet can generate significant regions of uncompensated electric charge. The gravita-
tional wave deforms these regions in a known manner, which leads to displacement
of charges and the appearance of electric currents. This process generates a variable
electromagnetic field and, in particular, electromagnetic radiation.

2. A model of relativistic jet. We consider a model of a relativistic jet
of gas, dust or plasma in which there are fairly large regions with a predominance
of positive or negative charge. A plane gravitational wave incident on the jet, and
can excite the relative motion of charges and the currents associated with this
motion. Currents, in turn, generate an electromagnetic field, including a radiation
field. The properties of this radiation depend on the speed of particles in the jet,
the charge distribution by volume, the size and shape of the charged region.

To obtain analytical expressions for the analysis of radiation properties, we
simplify the model of such a region as follows. The charged region has a
cylindrical shape of radius r, and length L, the charge density within this region
is constant and equal to p. We will assume that the relativistic jet containing
charged regions is in the field of a weak plane gravitational wave with metric

gHV:nHV—i_hHV’ h<<1’ (1)
h,, = a,, exp (i K xc), (2)
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where m,, is the metric tensor of Minkowski space, a,, 1s the amplitude of
gravitational wave, k° = (oo/ ¢,0,0,0/ c) is the wave vector of gravitational wave, ®
is its frequency. In case of transverse traceless gauge, the wave amplitude can be
represented as

00 0 O
a, = 0 a b 0 (3)
" 0 b —a O

00 0 O

for a wave propagating in the direction of the z axis. To simplify the calculations
and concentrate on the physical effects, we set b=0.

To calculate the electromagnetic radiation induced by a gravitational wave, we
proceed as follows. We find the induced electromagnetic field in the reference
frame associated with the jet, then we move to the reference frame associated with
the observer. In the article [19] the radiation field of a stationary charged cloud,
in the field of a gravitational wave is found. In particular, it is shown that the
gravitational wave excites an electric current in the cloud in a plane perpendicular
to the direction of propagation of the wave with a current density (from here

onward x’=ct, x'=x, x*=y, x*=z)

1 .
j(x, v, z)=5(x,—y, O)pawsmK(ct—z). 4)

From the continuity equation it follows that the charge density in the cloud
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Fig.1. Currents induced by gravitational wave in a charged cloud.
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remains constant. The current density map (4) for a certain fixed moment of time
is shown in Fig.l.

3. Radiation from a charged cloud. In our paper [19] the angular
distribution of the radiation intensity of a charged cylindrical cloud under the
action of a gravitational wave with the metric (1)-(3) is obtained

dl  ma’p’w’ R°L* sin’y 1 ,
-G 3 2 (). 5)
dQ 8c X~ u
Here dI/dQ is the energy emitted into a solid angle 4Q per unit time, a is
the amplitude of the gravitational wave, p is the charge density in the cloud, ®
is the frequency of the gravitational wave, R and L are the radius and length of
the cloud, respectively,

X=L—®(l—ncos(9), u= OnR sin@, (6)
2¢c c

n is the refractive index of the cloud matter, J,(u) is the Bessel function, 6 is
the angle between the direction of radiation and the wave vector of the gravitational
wave. The frequency of electromagnetic radiation is equal to the frequency of the
gravitational wave.

The angular distribution of radiation is determined by the function

£(60)= (ﬂJ—()J . ™

X u
If the cloud size is measured in gravitational wavelengths,
oR oL
lh=o— h=o—.
2mc 2nc

then the variables in the equation (7) are equal to
xzan(l—ncose), u=2nnl, sinb, 8)

The picture of the angular distribution of electromagnetic radiation is presented
in Fig.2 for different values of the reduced dimensions of the cloud and the refractive
index of the cloud substance. The plots show that the main part of the radiation
is concentrated within the cone forming an acute angle with the direction of
propagation of the gravitational wave. Outside and inside the main cone of radiation
there are side lobs of radiation. Their intensity and number depend on the size
of the charged cloud and on the permittivity of the cloud substance. The angular
width of the main lobe depends significantly on the size of the cloud in units of
gravitational wave lengths. This is due to the fact that the currents in the cloud
are induced by the gravitational wave and, therefore, change coherently with time.

We use Eq. (5) to calculate the electromagnetic radiation of a relativistic jet.
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Fig.2. Angular distribution f (9)-103 of electromagnetic radiation. a) [ =l =1, n=1 b)
[ :ZH =1, n=12,¢) I =1, ZH =10, n=1;d) I, =1, ZH =10, n=1.2.

According to our model, such a jet may contain regions with distributed uncom-
pensated charge. In the reference frame associated with such a moving region, Eq.
(5) is applicable. All quantities in this associated reference frame will be denoted
by primes:
ar’ na'? p o' R'°L? sin’y’' Jzz(u')
ao’ - 8C3 X/2 ur2 ' (9)
We will assume that the jet moves parallel to the z -axis with the velocity
v, which can be positive or negative. If the jet moves in the direction of the
gravitational wave, v, >0, if the velocity is directed opposite to the gravitational
wave, v, <0.
The Lorentz transformations into the observer's frame of reference for the
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quantities in the Eq. (13) have the form [20]
_ J1-B2sind -
Cose, = M . sine, = ﬂ , 0), = 0) &
1-p,cosO 1-P,cosO 1+8,

sy [1=B)ae ar_(1-p.coso) ar
(1-B.cos0)”  d& (1_[35)2 aQ’

The Lorentz transformations do not change the transverse component of the
gravitational wave amplitude: a'=a . The variables (6) are transformed as follows

L' Lo cosb —f
'= 1—n'cosd’ )= 1-n' |,
x 2¢ (1-n ) 2c(l+Bz)[ " 1—BZCOSGJ (10)
g n'R Sirle,:coRn (I—Bz)sm()' (an
c ¢ 1-B,cosb

We leave the values of permittivity and refractive index in the accompanying frame
of reference, since they depend on the internal parameters of the substance in
the jet.

After these transformations, the angular distribution of radiation in the observer's
frame of reference takes the form

dl  ma’p*e* ROLA(1-B, )" sin’y’ J3(u')
dQ 8¢ (1-B,cos0)’ T
Fig.3 shows the angular distribution of radiation from a charged cloud moving
at a speed of P, =20.8 towards the gravitational wave (inserts a, b, the gravi-
tational wave propagates to the right, the cloud moves to the left) and in the
direction of propagation of the gravitational wave (inserts ¢, d, both, the gravi-

tational wave and the cloud move to the right). The radiation patterns are plotted
according to the function

(12)

(1=p.)" sin’y J3(u)

(1—[32(:056)3 x'2 u? (13)

If we compare Fig.2 and Fig.3, we can see that the radiation is amplified in
the direction of the cloud's motion in accordance with the Doppler effect. As
already noted, the main part of the radiation is emitted in the same direction
as the gravitational wave propagates. If the cloud moves toward the gravitational
wave, the back lobes are amplified significantly. This is clearly seen in Fig.3b.

If the cloud and the gravitational wave move in the same direction, then the
electromagnetic radiation relative to a stationary observer is significantly weakened.
The relativistic motion of the charged cloud leads to the amplification of only

Sret (9) =
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Fig.3. Angular distribution f, (,,(9)-103 of electromagnetic radiation from relativistic cloud. All
plots are built for /| :ZH =1, but different » and B_. From top left to bottom right: a) n=1,
B.=-08;b) n=11, p,=-08;¢c) n=1, p,=08;d) n=11, p, =08.

the side and back lobes of the radiation pattern. In this case, motion of the cloud
does not significantly improve the conditions for observing induced radiation.

4. Discussion. The main advantage of a relativistic cloud in terms of
recording electromagnetic radiation is the Doppler frequency shift. A stationary
cloud radiates with the same frequency as the metric tensor of a gravitational wave
changes. The period of gravitational waves generated by close binary cosmic objects
is days or hours at best. Registration of radio waves of such length is associated
with known technical difficulties. The relativistic motion of the charged cloud
towards the Earth significantly reduces the wavelength of the induced electromag-
netic radiation.

The frequency of radiation in the reference frame accompanying the cloud is
determined by

1_
0\)'=(,0 BZ’
1+,

where o is the frequency of the gravitational wave in the frame of reference of

(14)
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a stationary observer. The frequency of radiation relative to the stationary frame

of reference is equal to
r N 1- B§ _ 0‘)(1 B Bz)
() ~ =7 . (15)
1-B,cos6 1-f_cosO

Wypq =

If the cloud is moving towards the gravitational wave (f, <0) and the direction
to the observer makes a small angle with the direction of the velocity (6~ nt),
then ®,,, ~y> where y= (1—[35)'1/ * is the relativistic factor. Relativistic jets
accompanying gamma-ray bursts can have a speed up to y~103 [21].

In addition, binary stars rotating in very elongated orbits generate gravitational
waves of a wide spectrum. The short-wave part of this spectrum, combined with
the Doppler effect of frequency increase, can induce electromagnetic radiation in
relativistic jets with a sufficiently short wavelength, accessible for registration by
modern means.
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DJIEKTPOMAI'HUTHOE M3JIYYEHUE
PEATUBUCTCKON CTPYH, MHAYLIMPOBAHHOE
INIOCKOU TPABUTALIMOHHOM BOJIHOU

B.A.DIIT!, K.E.OCETPUH"?3, EEM1.OCETPUHA!

HccnenoBaHo 2eKTpOMarHUTHOE M3JIydyeHUE PeSITUBUCTCKON Tra30BOM MU
MJIa3MEHHOU CTpyM B MOJI€ TUIOCKON I'paBUTALIMOHHON BOJIHBI. I'paBUTalIMOHHAS
BOJIHA paccMaTpuBaeTcs Kak ciaboe (JIMHeapru30BaHHOE) T0JIe Ha MJIOCKOM ITPOCT-
paHCTBe-BpeMeH MuHKoBckoro. [lpeamnosaraercs, 4To peasITUBUCTCKAsT CTPYs
nMeeT OoJblIMe O0JACTH C HECKOMIIEHCUPOBAHHBIM BJEKTPUUECKUM 3apsIioM.
HedopManus 3Tux obsacTeil moa AeWCTBUEM IPaBUTALIMOHHOM BOJIHBI TPHUBOJIUT
K TMOSIBJICHUIO 2JIEKTPUUYECKUX TOKOB, KOTOPbIE T€HEPUPYIOT JIEKTPOMArHUTHOE
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uznyyeHue. HaiiieHo yriioBoe pacripenejieHre MHTEHCUMBHOCTUA 3TOTO U3JTyYEHMUSI.
PaccMmotpenbl ciaydau, Koraa CTpysl M rpaBUTAllMOHHAsI BOJIHA ABUXKYTCSI B OMHOM
HapaBJICHUM WJIM HABCTpPedy APYT IPYTY.
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KimoueBsie cioBa: cpasuUmauUoOHHAsA 604HA: 3APANCEHHOE 00naKo: niazma: a1eKmpo-
MAacHUMHOE U3ayuenue: qepemcoecxoe usnyvenue
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