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NCCIEAOBAHUE TAJTAKTHUK C OYATAMU
3BE3JOOBPA3SOBAHNMA. I[TAHOPAMHAA
CITEKTPOCKOITMA SBS1001+555

C.A.AKOITAH!, C.H.AOOAOHOB?, A B.MOUCEEB?, A A.CM1UPHOBA?

Moctymmna 25 mas 2022
IMpungara kK nedatu 8 asrycra 2022

lanaktnka SBS1001+555 uccnenyercst B KayecTBe 00BeKTa 0a30BOil BHIOOPKU B peaM3yeMOit
HaMU TMporpamMme MO M3YYeHUIO SBOJIIOLIMOHHBIX MPOILIECCOB 3Be31000pa30oBaHUsI B rajakThkax. B
OCHOBE PabOTHI Pe3y/IbTaThbl MAHOPAMHOM CIIEKTPOCKOIUU LIEHTPAJIbHON YacTH, SIBJISIOILEHCS 30HOM
AKTUBHOCTU TaJlaKTUKMA, C €€ OCHOBHBIM OYaroM 3Be31000pa3oBaHusl, O0O3HAYCHHBIM HaMu A.
HabmroneHns BBIMOJIHEHBI € MCIIOJB30BAHUEM MYJIBTU3PAYKOBOro crpekrporpada MPFS nHa 6-m
teneckorie CAO PAH, mnosyyeH CreKTpaibHbI guanasoH 635-725 uMm ¢ mucrnepeueit 0.76 A /a5
Kpome HambGosiee MHTEHCMBHOW 0aJbMEPOBCKOI JUHUU M3JTy4eHHMs] Bomopona Ho., B MOJTyYEeHHOM
MHTETPAIbHOM CIIEKTpEe 3apeructpupoBaHbl guHuu reiaus Hel 6678, Hel 7065, 3ampelueHHbIe
JIMHUM a30Ta, cepbl, aproHa [NII] 6548, 6583, [SII] 6716, 6731, [ArllI] 7136 u Gosee necsiTka
cnabblX JMHWI HEUTPaTbHBIX M OTHOKPAaTHO MOHM30BaHHBIX JMHMI Kemeza M HeoHa Fel 6824,
6837, 7447, 7453, 7544, Nel 7245, 7544, Fell 7682, 7687, Nell 7213. IlpoBeneH mompoGHBIA
aHaJIM3 IBYXMEPHBIX pacrpeiesieHnii MHTEHCUBHOCTE!, pauaibHbIX CKOPOCTe U JAPYTUX MapameTpoB
no nomo HabmoaeHuit B Ho . [lomrmo A, Haubosiee KpynHoii U sipkoil obmactu HII, BbIssBIEHBI
Tpu Hebonbluue, Al, A2, A3, dopmupytolie BMecte ¢ A o01yto cTykKtypy. OnHa U3 BTOPUYHBIX
obnacreit, Al, otoxaectsisiercsi ¢ auddepeHumpyeMbiM Ha cHuMke IRAC 4.5 MK KoOHaeHcauueil.
B kauectBe umcieHHbIX XapakrepucTuk obnacteir HII mpuBoasitcsi 3HaueHMsI OCHOBHBIX MapamMeTpoOB
B MX IMUKAaX, U3 UHTETPAIbHBIX - SKBUBAJICHTHBIE PAIUYChl, CBETUMOCTb M TEMIT 3Be31000pa30BaHusl,
Req, L(Ho) n SFR(Ha). IlpencraBieHHble JaHHBIE, B YACTHOCTH, YKa3bIBAIOT Ha aKTUBHbIE TTPOLIECCHI
HETIOCPEICTBEHHO CBsI3aHHBIE ¢ Hambosee sIpkuM B SBS1001+555 MCTOYHMKOM M3IydeHUsI B OINTHKE
M pa3sBUTHE BOKPYT HETO 3Be3M0(OPMUPYIOLIEH CTPYKTYPHI.

KntoueBwie cnoBa: 3D-cnekmpockonus: Ha-uznyuenue: HII-o6nacmu: obsexm:
SBS1001+555 (UGC05421)

1. Bsedenue. B paMkax Hallleil IpOrpaMMbl MCCIEAYIOTCS MpuMepHO 500
ranaktik Broporo BropakaHckoro criekTpaibHoro o63opa Heba, SBS (Second Byurakan
Survey) [1], cocTaBuBIlIMEe BEIOOPKU ceMM mojieii SBS u, B 11ie0M, Hallry 6a30ByIO
BBIOOPKY. B COOTBETCTBMM C UCIOIb30BAHHBIMU KPUTEPUSIMU OTOOpA U METOAMKOMN
HabmoneHuid Ha 1-M Teneckomne cuctembl LIMuar bropakaHckoii obcepBaTopuu -
3TO OOBEKTHI MPOTSLKEHHOM Mopdosioruu sgpue 19.53B. Besl. ¢ NpU3HaKaMy HaJIUYUST
Ha WX HU3KOIWUCIIEPCUOHHBIX cIekTpax UV-KOHTMHyyMa H/WJIM 3MHCCHOHHBIX
JuHuil. MI30paHHble Mo pesyiabTaTaM V/Vmax TecTa Ha TOJHOTY 7 Tojeil, KaK U’
Bce 65 moreit 0630pa, MMEIOT pa3Mephl 4 X4 KB. Tpal, 3agaHHbIe pa3MepaMu (PpoTo-
rpacuyecKrx IIacThH, YeM, B TIEPBYIO OUEPElb, B HUX 00€CIIeUMBaeTCsl OMHOPOTHOCTh
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0TOOpa OOBEKTOB.

IlepBbIM 3TanoM nporpaMmbl OblIa 3aBepllieHa Moceaytolas 1ejieBast CIIeKTpO-
CKOITHS BceX 00BEKTOB 6a30BOI BHIOOPKH, UTO TIO3BOJIMJIO YTOUYHUTh MHIWBUAYATbHbBIE
CTIEKTPaIbHbIC XapaKTePUCTUKH, ONPEAEIUTh KPAaCHbBIE CMEILICHUS U TUTT aKTUBHOCTH,
C WCIIOJb30BaHUEM adalTUPOBAHHON K MMEIOILEMYCSl pa3HOILIEPCTHOMY MaTepuay
Kj1accu(UKaLIMOHHOM cXeMbl [2]. 3Be3m000pa3yoliyt0 aKTMUBHOCTh, MOJYYUBIIYIO B
Hamelt cxeme obo3HaueHre SfG, nmeer 6osee 80% ranakTHK 0a30BOM BRIOOPKH, Ha
MU3YUYEHUM KOTOPBIX C(hOKYCMPOBAH BTOPOIT 3Tar nporpaMMbl. OHU moApasaesieHbl Ha
JIBA OCHOBHBIX KJIACCa, KAXIbIil ¢ MATHIO MOIKIACCAMU -3TO TAJIAKTUKU B Oojee
WHTEHCUBHOM, HeOy/IsipHOi haze aktuBHOCTU, SfGneb (Star-forming Galaxy, nebu-
lar), 1 B MeHee MHTEHCUBHOI, KOHTUHYalbHOI (paze aktuBHOCcTH, SfGcont (Star-
forming Galaxy, continual). HakoruieHueM AaHHbBIX MO HAOIIOAEHUSM OTAEIbHbBIX
00BEKTOB pa3HOi MOpMOJIOruM B pa3HbIX (ha3ax aKTUBHOCTU, C MCIOJb30BaHUEM
WMHOM JTOCTYIHOM MH(pOpMaLIMK, U3ydeHUEM TIPOCTPAHCTBEHHOTO paclpee/ieHUs Ta/TaKTUK
B OTICIBHBLIX TOJSAX, C YYETOM OJHOPOITHOCTA KX OTOOpa M KiIacCU(pUKAIH,
obecrieurBaeTcsl HajexkHasi 6aza Uil CTaTUCTMYECKOro aHajau3a, HarpaBJIeHHOTO B
WUTOTe Ha U3y4eHME BBOJTIOLIMOHHBIX MPOLIECCOB B MpeIeiaX pacCTOSTHUM, OIpeaesIsieMbIX
KPacHBIM CMeIlleHUEM UCCIIeTyeMbIX TanakTuk z< 1.

HeTtanbHble UCCIeI0BaHUS OTASAbHBIX TaJakTUK SfG BHIOOPKU MPOBOAUIUCH
O pe3yJIbTaTaM HaOIIOACHUI C UCIIONIb30BAHUEM MYJIbTU3PAUYKOBBIX CIIEKTporpachoB
C TIpOBeJeHUEM IIAaHOPAMHOM cIeKTpockonuu. IlojlyueHue ITOBEpPXHOCTHBIX
pacripeieJieHUil U3ydeHus] B 6albMepOBCKOI JTMHUU Boaopoaa Ho U GavKaiiimx
K Hell 3ampelleHHbIX JMHUSIX 00eclieurBaeT BhIsIBIEHUE U U3ydeHue ooiactein HII,
SIBJISTIOLIMXCS OYaraMu 3Be31000pa3oBaHust. B mpenpiayleil crathe 10O JIeTaTbHBIM
HCCIIeJ0BaHUSIM O0BEKTOB MPUBOAATCS pe3yIbTaThl MAHOPAMHOM CIIEKTPOCKOIUU
ranaktuku SBS1539+597 [3].

HanHas crathsl nmocpsineHa uccienoBanuio SBS 1001+555 - ogHoit u3 6mm-
KaWIMX TaJlaKTUK 0a30BO BBIOOPKM, C PENKOI IO CBOEMY THUITY MOP(OJIOrueit
Sdm. B paznene 2 cratbu IPUBOASTCS OCHOBHBIE CBEICHUSI 10 TaJlakKTHUKe, COOpaH-
Hble U3 aCTPOAPXMBOB, 0030pPOB U JUTepaTypbl. B pasnene 3 naetcs uHdopmanus
MO0 HaOJIIONeHWsSIM, KOTOpbIe TMPOBOMWINCHL Ha 6-M Teneckore CrienuaabHOR
actpodusnueckoir obcepBaropuu Poccuiickoit akagemuun Hayk (CAO PAH), u
00paboTKe TOTydeHHBIX JaHHBIX. B paznesne 4 mpencTaBieHbl pe3yibTaThl TAHOPaMHOMN
CIIEKTPOCKONUU 00beKTa. B pasaesne 5 moabITOXEHBI TTOTydeHHbIE Pe3yJIbTaThl.

2. Obuue ceedenus o easaxkmuke SBS1001+555. Tanakruka,
SBS1001+555, BkimtoueHa B cnicok o0beKTOB SBS ¢ 0030pHOI Knaccuduxkanmein
ds2e, KoTopas o3HauaeT HaJIMuue B CTPYKType U auddy3Hoii, u 3Be31000pa3HOi
cocrapisoueii, Hannune UV-KOHTMHYyMa CPeIHETO YPOBHSI M 3MUCCHOHHBIX
JmHuin [4].
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OcHOBHbIC TaHHbIE, KOTOPbIe MPUBOAITCS IO UccaeayeMoMy o0bekTy B NED
(http://ned.ipac.caltech.edu/) cnenyrouiye: s3KBaTopuaibHblie KoopauHathl (J2000)
-10"04m415.80, +55°18'43".0; muametp - 120"; kpacHoe cmemenue - 0.00373. UGC
05421, PGC 29299 - naunbojee 4yacTo UCIOJIb3yeMble, aJbTepHATUBHbIC Ha3BaHUS
raaktuk SBS1001+555. FGC 1004 1 RFGC 1712 - ee o00o3Ha4YeHHsI B IIEPBOM
1 MIepeCMOTPEHHOM Katajiorax Iiockux (flat) ramakTuk, yto orodpaxkaeT 0COOeHHOCTH
Mopdonorun oobekTa. MccaemyeMblii 00beKT siBisieTcss wieHoM LGG188 - onHoit
U3 TpymIr ob3opa I0 McclienoBaHUio Onm3kmx rajdaktuk [5]. Co 3HayeHMeM
KpacHoro cMeleHus, z=0.00372, nonTBepxaamlyM ee 6J13Koe pacroioXeHue,
3aperUCTPUPOBAHO UCXOAsIEe OT 00beKTa M3AyYyeHUEe B JUHUM HEHTpaJIbHOTO
BOJOpOJA TaJJaKTUKW Ha JJIMHE BOJNHBI 21 cM (Hamp., [6]).

Mopdonornyeckuii Tvin, Haubosiee 4acTO TPUIMUCHIBAEMbI HCCienyeMoi
rajaktuke SBS1001+555, noBoibHO penkuii - Sdm (Hamp., [7]). OHa umeet dopmy
MOJIOCHI IIMpHHOM He Oosee 0'.5, BBITSHYTOI MOYTH Ha 2' BOOJbL OOJBILION OCH C
MMO3WIIMOHHBIM yriioM P ~ 175°. Ha m300paXeHusx, TMOJyYeHHBIX B ONTUYECKOM
Jara3oHe, BU3YyaJIbHO BBIAEJSIIOTCS TPY YJacTKa MPUMEPHO OHOM MPOTSLKEHHOCTH
BIOJIb OOJIBbIIION OCH. B IBYX yyacTkax 1o KpasiM COXpaHsIeTCs] HU3Kasl TIOBEPXHOCTHASI
SIPKOCTb, LIEHTPAIBHAS YaCTh SBISETCS UICTOYHMKOM OCHOBHOTO MTYUEHUS TATAKTUKMU.
Ha cnumkax o63opa PanSTARRSI1 (https://pslimages.stsci.edu/) 1 poBeaeHHOTO
¢ Teneckonom Spitzer 063opa IRAC 4.5mk (https://irsa.ipac.caltech.edu/, mokazaHHBIX
Ha puc.l, BUAHA Ta3ombuieBasi Macca, COCTABJISIONIAs e€e, M JBe KOHICHCALUH,
obo3HaueHHbIe A U B. KoHmeHcanmy pacnosioxkeHbl BOJIM3U I0XKHOTO M CEBEPHOTO
Kpasi LIEHTpaJbHOM YacTHU, YTO IO3BOJSIET 30HY aKTMBHOCTU TallaKTUKKU OoJjiee
KOHKPETHO HasbiBaTh 30HON AB. B Tabn.l mpuBoasatca SDSS-uaeHTUdMKALMS
KOHAeHcaluii A, B, ux KoopauHaThl U JaHHBIE 11O (DOTOMETPUU B TATU (PUIBTPaX

Puc.1. Nzob6paxkenue ramaktuku SBS1001+555 nHa cHmmkax o63opa PS1: a) B ¢uibTpe r;
b) B dunbtpe i; c) B ¢puabtpe z u Ha cHUMKe u3 ob3opa IRAC 4.5 mx (d).
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Tabauya 1
SDSS-JAHHBIE 1O KOHAEHCALIUSM A, B

SDSS objid ra dec u g r i z

A | 1237655108369907841 | 151.173849 | 55.311372 | 16.76 | 15.93 | 15.70 | 15.67 | 15.72
B | 1237655108369907846 | 151.174011 | 55.315012 | 22.17 | 21.52 | 21.08 | 20.54 | 20.43

o63opa. [1o cBoell IpKOCTU A KOHTPACTUPYET C OCTATbHBIMU, aCCOLIMMPYEMbIMU C
TTOJIEM TaJIAKTUKY (DOTOMETPUYECKUMH OOBEKTaAMH, KOTOPBIE 3apeTUCTPHPOBAHBI
o063opom SDSS (http://skyserver.sdss.org). Bcero nx 14 m GOJIBIIMHCTBO TPEACTIEHO
ciabple. [TprMepHO CTONBKO K€ 0OBEKTOB 3aperncTprupoBaHo B PS1 u ecTb cxoncTBo
B pacnpeneiieHur oObEKTOB IBYX 0030pOB - BCE OHM PacCIiOjIoXeHbl BHE 30HbI AB.

KonnmeHncanusa A - eIMHCTBEHHBIN crieKTpodoToMeTprudecKuii o0bekT SDSS u3
BCEX aCCOLIMMPYEMBIX C TallaKTUKON. COOTBETCTBYIOLLEMY CIIEKTPY MPUITMCAH Kjacc
"Galaxy Starburst". Ha puc.2a moka3aHa ero MH@OpMaTHUBHAs, C TOUKHU 3PEHUS
HaJIMUUS CHEKTPAJIbHBIX JMHMIA, YacTh, - 6e3 orpeska 8000-10000AA . B psane
pabot, BKiIOYas cBa3aHHble ¢ SBS, Korma mon Ha3BaHWEM TajlaKTUKW TOIpasy-
MeBajlach KoHIeHcalus A, 0obekT Kiaccuduimponaicsd kak BCDG (Blue Compact
Dwarf Galaxy) niau kanauaatr B8 BCDG. B cooTBeTCTBUU C UCIOJIb3yeMON HaMU

1.5E-15 ,
! MPFS o - | ;
f, 5 60 " SDsS olll Ha a ]
£ ton om N NI
" L RA=151.17417
g . Dec=55.31194
Ry 2=0.00371 |
" E Hp |
0 [ Hy ] .
o [ [Nem
= Hel o IS vl
0
° 4000 5000 6000 7000 8000
A
[Sli]
g;g; g;;? [Arlll] 7136
e 7747
A

Puc.2 Cnekrp koHmeHcanuu A, monydeHHbI: a) o63opom SDSS(DR12); b) mo HabmoneHusIM
¢ MPFS.
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CXEeMoi1, ee criekTpaiabHas kinaccupukanus - SfGneb2. Habop auHMii B criekTpe
U, B TIEPBYIO ouepelb, MHTeHCUBHAsI Ho,, XapaKTepU3ylOT KOHIEHCAIMIO A Kak
ob6nactb HII, a ¢ yyeroM npuBeeHHBIX BbIIlIE OCOOEHHOCTEM CTPYKTYPhI raJlaKTUKU
- BTO OCHOBHOI1 copMUpoOBaBIIUiicS B Hell ouar 3Be31000pa30BaHUs.

3oHa AB rajnakTuku SIBISIETCSI MCTOYHUMKOM u3aydeHus B UV-guanasoHe.
HMmenno B Heit, B oTanune oT PS1 u SDSS-00bekTOB, 1 He coBnagasi IIpu 3TOM
¢ KoHaeHcanusaMu A 1 B, pacnionoxeHsl accouunpyemble ¢ SBS 10014555 gernipe
ncrounnka GALEX (https://galex.stsci.edu/GR6), co 3HaueHMsIMM 4yTh cllabee
17-1 3B. Bea. O ciabom uznydyeHuM B OnvkHem MK, Toxe CBI3aHHOM C 30HOM
A-B, cBumerenbcTByloT cHUMKHM o030pa WISE B ero uyerblpex mojocax. Mx
CpaBHEHUE MOKA3bIBAET YMEHbIICHE NHTEHCUBHOCTU M3JYYeHUSI, TIPU €r0 HAJTUIUU
B 1noJjioce, B nopsiake Iw4 >Iwl>Iw2. Ha cHumke, nosyueHHOM B OavkHeM MK-
muana3oHe 0030poM IRAC 3.6 MK, MpOBEIEHHOM C TEJIECKOIOM Spitzer, KOHAeHC AN
A u B nuddepeHUUPYIOTCS ¢ 0OpPaTHBIM COOTHOIIIEHUEM SIDKOCTH, a HA CHUMKE
o003opa IRAC 4.5 MK, KOTOpblii WJUTIOCTpUpPYET puc.ld, ux SpKOCTb MPUMEPHO
OIIMHAKOBA.

3. Habawdenus u obpabomka. IanopamMHas CrIEKTPOCKOIUS IaJaKTUKU
SBS1001+555 npoBonmiack Ha 6-M Teneckone BTA CAO PAH ¢ ncnonb3oBaHueM
MyJIBTU3PauKOBOIO BOJIOKOHHOTO crniekTporpacda nepsuuHoro okyca MPFS (Multi
Pupil Fiber Spectrograph) [8] B koMOuHauuu ¢ [13C-marpuueit 2048 x 2048 EEV
CCD42-40. Ione 3peHus ¢GopMUPyeET OMHOBPEMEHHAS peErUCTpals 256 CIIEKTPOB
CMEXXHBIX YJaCTKOB Heba C MPOCTPaHCTBEHHOW MMCKpeTH3amueil B 1 yIiL. ¢, 9To
00eCIeYrBaeTCsl BCTPOEHHBIM 0JI0KOM M3 16X 16 KBagpaTHbIX JMH3. MUHUMAJIbHbBIE
TTOTEePH CBETa, IpUMepHO 1%, obecIieunBaroT OMM3KYI0 K (POTOMETpUIECKON TOUHOCTh
PETUCTPAIINN U3TYICHUS OT OOBEKTA.

Ha6monenus: nmpoBoawinch 24 HosiOpst 2006r. - mosaydeHsl 4 SKCIO3ULUUN 110
1200 ¢ kaxpasg, mpy KadecTBe M3o0paxkeHuWii 1".2. PerucrpupoBajcst auana3oH
JUIMH BOJIH 635-775HM ¢ mpuMeHeHreM AudpakiuoHHoi peieTky 1200 mrpux/ai,
¢ nucnepcueit 0.76 A /am1. B mpouecce HaGmoAeHUIA ObUT ITOJYYeH HEOOXOMMMBIiA
JUTSI TIOJTHOLIEHHOM 00pabOTKX MaTepuall, BKIIOYasl PETMCTPALIVIO U3TyUeHUs TeIuii-
HEOH-aprOHOBOI JIaMIThl B Ka4yeCTBE 3TaJIOHA IJII KaJIMOpOBKU IJIMH BOJH. B
Ka4yecTBe CIEKTPO(OTOMETPUYECKOrO CTaHaapTa Habmonanuch 38e3abl BD+26d4655,
BD+75d325.

Jns nepBUYHOM 00pabOTKU, BU3yaIM3allMM U aHaIM3a MOJyYeHHOro MaTepuasa
HCTIONTb30BAJICA CITEIMAIBHO pa3pabOTaHHBIN MaKeT IMPOrpaMMHOTO 00ECITeUeHMST
[9] Ha a3bike IDL (Interactive Data Language). Kpome Toro, mis aHanuza u
BU3yaJu3alluy JaHHbBIX UCMHOJb30Bajcs mporpaMMHbiid maker ADHOCw, pa3pa-
6otannsbIit J.Boulesteix-oMm (http://www-obs.cnrs-mrs.fi/ADHOC). I1pu onpeneneHnm
rapameTpoB JIMHUIA MCITIOIb30BAIACH IayCcC-alMpOKCUMALIMS CIIEKTPATbHBIX TIPOGUIEH.
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4. Pesyasbmambl naHOpaAMHOU CHeKMPOCKONUU. B ueHTpe mojs
Habmonenuii (FOV), B 16"x 16", koTopoe peructprponanochk ¢ PA~130°, pacmo-
JioxkeHa KoHaeHcauust A (cM. pasn. 2). [IpuMepHble rpaHMLbI 10151 TIOKa3aHbl Ha
canmke PSlz, puc.lc. HabmonaBimiics cieKTpaabHBIN I1Aara30H, KOTOPbIA YaCTUYHO
nepekpeiBaeTcs ¢ numanasoHamu PSlr, puc.la, m PS1i, puc.lb, BeIgeaeH cKoboit
Ha puc.2a. Cnektp MPFS, noyiyueHHBII B TMKE MHTETrpaJibHOTO U3JIYYEHUS B
rmoJjie, MokasaH Ha puc.2b. OH WJUTIOCTPUPYET, B YACTHOCTHU, pa3pelleHHbIe IO
JIUTMHE BOJHBI TMHUM Ho u my6iera azota [NII] 6543, 6583, n nuaum mybiera
cepnl [SII] 6717, 6731, KOoTOphIE Ha CIIEKTPE PHUC.2a COCTABISIOT ABE OJICHIBI.

4.1. Obaacmu HII. Hzayuenue 6 aunuu eodopoda Ha. IosepxHocTHOE
pacnpenesieHre MHTEHCUBHOCTH M3TyYeHMS B 6aTbMepOBCKOM JTMHUM Bomopona Ho
MoKa3aHo Ha puc.3a OHOBBIMU TpaJallisIMU CEporo, a Ha puc.3b - U30IUHUAMMU,
B CYIEpIO3MLIMKA K HUM. B mojie HaOMoIeHWi BbISIBISIETCSI HECKOIBKO obsacTeit
HII, u3 koTOpbIX pacmojioXeHHasi MO LIEHTPY, OHa Xe KOHIeHcalus A, UMeeT
HauOOJTBIIYIO TUIOLIANb U SIPKOCTh. DJIEMEHT, B KOTOPOM HaOJII0ONAeTCsl MaKCUMaJTbHAsT
WHTEHCUBHOCTb Hol -M3iIydeHus B A, OH 3Xe TEpBUYHBIA MaKCUMyM B TIOJE,
oTMeYeH KpectukoM Ha puc.3a. [IBe obmactu HII, obOo3nauennvie Al, A2,
copMUPOBaHbI BOKPYT MOKA3aHHBIX KPY>KOUKAMU BTOPUUHBIX MAKCUMYMOB, NUMEIOIIIIX
Onm3Kye 10 MHTEHCHMBHOCTM 3HadyeHMs1. [Iuk HammeHbluein u3 obmacteir HII,
o0bo3HaueHHoI A3, rmokazaH 6eoii Toukoid. OrnpeaeneHHble 1o JUHUM Hoo 3HaYeHUS
WHTEHCUBHOCTU M3JTyYEHMSI I(Hoc)max U pajuaibHOi ckopoctd Vr B THMKax
obmacreit HII npuBonsrcs B tadh.2. IMuky oomactu HII A cooTBeTCTBYeT paccTosiHUE
D=15.8+0.2 Mk, mpu WMCMOIB30BAHUM TTOCTOSTHHON Xab6ma B 75 kM/c Mik.

s pacyeTa MHTErpayibHbIX XapaKTePUCTUK W aHAIU3a JaHHBIX 110 OTAEIbHBIM
oonactam HII ucnonb3oBanack miollianb uanydaroieit moepxHoctu S. Ilpu ee

Puc.3. Tlone HaGmomeHwit 16" x 16" B Bume Kapthl Hoo -W3JIydeHMs, IPUBEACHHON (HOHOBBIMU
rpagauusaMu ceporo. B cymepmosmimm moKasaHBI: a) MUKW MHTEHCUBHOCTH obOmacteit HII;
b) uHTeHCUBHOCTh B Ho. CBET/IBIMM M TEMHBIMU M3OJIMHUSIMU (LIAr CBETJIBbIX Ha TMOPSIOK OOJIBILE).
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BBIYMCIICHUU OBUIM YYTEHBI 2JIEMEHTBHI C I(Hoc)>10%I(Hoc)max B ciaydae A, ¢
I(Ha) > 25%I(Ha)max B ciydae Al u A2, u 2 snemeHTa B ciyyae A3. B uenom,
paccMaTpUBaIMCh TOJILKO T€ 3JIEMEHTHI T10JIs1, B KOTOPbIX OTHOLLIEHWE MHTEHCUBHOCTH
CIEKTPAJIbHBIX JUHUNA K KOHTUHYJIBHOMY IIIYMY TMPEBBIIIAET MOPOT AUCIEPCUU
3HauYeHul B 36 . B Tabn.2, B KauecTBe MHTErpajbHbIX XapaKTePUCTUK, CBSI3AaHHbBIX
¢ Ho -uznyyeHueM obnacteit HII, nmpuBoasiTcsl 3HaYeHUST SKBUBAJIEHTHOTO paauyca
Req = (S/Tr)o‘5 (Ipy  TMOTPENTHOCTU OIpeleIcHUs He IIpeBhIINAIONIEe 6 IK),
MHTEHCUBHOCTH I(Hoc)S , CYMMapHOW 10 IUIOLIAAN KaXIOM, CBETUMOCTU L(Hoc) u
TeMIla 3Be31000pa3oBaHusl, ornpeaeaeHHoro mno ¢opmyne SFR(Ha) (M® /ron):
=7.9-10*L(Ha) [10].

TemHBIe M cBeTyIble M30(OTHI, ITOKa3aHHBIe Ha puc.3b ¢ maroMm 8.5e-17 u
7.0e-16, 3pr/c cM’, COOTBETCTBEHHO, OTOOPaXalOT pacrpejeeHe B IUana3oHax
MHTCHCUBHOCTE! HIXKE U BbILLIE 3HAYEHUS I(Hoc) ~ 5%l (Hoc _Amax). OTOMY YPOBHIO
COOTBETCTBYET BHELIHUI CBETJIbI KOHTYp B mpeneiax A (puc.3b). Cxoasiuuecs K
MUKY W3JIy4eHUs CBETJIbleé KOHLIEHTPUYECKUE KOHTYPhbl MOKAa3bIBAIOT MPUMEPHO
OIMHAKOBBI CO BCEX CTOPOH palMabHbI I'paAMEeHT yBeJWdyeHUs sipKkocTu. Bee
KOHTYPBI, BKJII0Yasl BHEIIHM, OJIM3KU MO hopMe K dJuthrcaM ¢ KoahdUmeHToM
cxatusg npuMmepHo 0.8, ¢ BBITIHYTON IMOYTHM IO TOPU3OHTAIM OOJIBILIOW OCHIO.
PaguansHble cKOpocTH Vr (Hoc), noyiyaeHHble 1is1 obimact HII A, Bapeupyior,
MPEeUMYLIECTBEHHO, B TpeAesax OIIMOKM WX U3MEpeHUsl, HeOOJbIIONH IO CBOEH
BesimunHe - 17kM/c. Tem He MeHee, 3aMETHA TeHACHLMS K YBEJIMYCHUIO UX 3HAYEHUI
oT niepudepru K LEHTPY ¢ Vr A, Tab1.2, HaMOOJIbLIEMY B ITOJIE, M CKAYOK 3HAYEHMIA
MpU TIEpexofie OT AEMEHTOB, punurcaHHbIX ooacti HII A K mpusieraronmm K HUM
aneMmeHTaM A2. Pa30poc 3HaueHuii Vr 1mo A2, B CBOIO O4epelb, TOXE HEOOJIBIIION,
HO TIpEeBbILIAIOIIAsT OLUIMOKY M3MEPEeHUsT pa3Hulia B 27 KM/C B IByX INUKaxX, TabJ.2,
TO3BOJISIET TOBOPUTD, YTO A2 pacrnojiokeHa Mo JIydy 3peHust Oiauxke, yeM A.

B KoHTypax TeMHbBIX M30JIMHUI pUC.3b OTYETVIMBO MPOSIBISIETCS] MPOIOJTOBATOCTD
dopmnul oonactn HII Al u, takxke, Haimmune HII-ob6xactu A3, pacnonoxeHHO
BU3YyaJIbHO MeXIy A 1 Al, 1 OOIIHOCTh BCEM CTPYKTYpPHI B 1iejioM. O6 obO1HoCcT!

Tabauya 2
CIHEKTPO®OTOMETPUYECKUE XAPAKTEPUCTUKU OBJIACTEU HII
A Al A2 A3
I(Ha),,, (10"¢3pr/cm’c) 82.6 48 43 0.2
Vr (km/c) 1190 1187 1164 1176
Req (mK) 178 129 114 54
I(Ho)g (10-'apr/em’c) 635.1 33.1 272 43
L(Ha) (10" spr/cm’c) 191 0.09 0.08 0.01
SFR(Ha) (Mg /ron) 0.02 <0.001 <0.001 -
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CBUIETEIbCTBYET U €NMHCTBEHHBII MAaKCUMYM B pacripeneJeHU KOHTUHYyMa T10
nojo HabmoneHuit. Ha puc.3a ero rnosjoxeHue, 3J€MEHTOM HUXE MEePBUYHOTO
MakcumymMa B Ho., otMedeHo OykBoii "c"'. Ilo 3HaueHmsam Vr B Al u A3, u
COOTBETCTBYIOLLEH TIepudepun A, KOTOPbIE JIOXATCS B OMUH MHTEPBAJI, HE MPEBbI-
IIAIOIIUNA OIIMOKY U3MEPEHMsI, MOXKHO TOBOPUTh O CTPYKTYpe, KOTopasl LIEIOUYKON
TsHeTcsl K obnactu HIT A.

4.2. Usznyuenue obaacmeu HII 6 3anpeujenHbvix u caabvix paspe-
weHHblX AuHUuax. Ha nHterpajibHoM criektpe (puc.4), MoaydeHHOM IS TIoIaau
A, oxBaThIBaIOLLIE 3JIEMEHTHI C I(Hoc)> S%I(Hoc)max , YKa3aHbl BCE 3apETrUCTpU-
pOBaHHbIE IIPM HAOMIOAEHUSIX JUHUKM u3nydeHust. Kpome Ho., B 4YacTHOCTH,
Ha0II0[al0TCsI IBE PEKOMOMHAIIMOHHBIE JIMHUM HelTpanbHoro reaust, Hel 6678, Hel
7065 v 3anpeleHHble JuHUM AyoieroB asora [NII] 6548, 6583, cepwl [SII] 6716,
6731 u aprona [Arlll] 7136. Bojee gecsrtka ciaObIX JIMHKMII YBEPEHHO OTOX-

Ho | 6563
[si
[N 6716
6583 Hel ; 6731 [Arlll] 7136 Fell 7682, 7687
[NI] 6678

6548 Hel

7065 Nel 7245 Fel 7495

Fel 6824 Nell Fel 7453/ Nel 7544
7213

MMJ \ /Fel 6837 | Fel 7447\/ /

Puc.4. Jlunuu wnsnydeHUs, 3aperMCTPUPOBAHHBICE B MHTETpaIbHOM cIleKTpe obmactu HII A
(co cpeszaHHOW O WMHTEHCUMBHOCTM Ha ).

Puc.5 ®parmenT nonst HabmoaeHuit, 8" x 8", ¢ pacnpenenenuem no odsactu HII A unreHcus-
HOCTH M3JTy4eHHs] (HOHOBBIMM TIpagallMsiMU CEpPOro: a) W u3onuHusaMH B JuHuu Hel 6678; b) u
m3omuHussMu B JuHuM [Arlll] 7136; ¢) cyMmapHOil 1O HM3Iy4eHUIO B [OBYX JIMHUAX IyOera
[SII] 6716, 6731, ¢ yka3aHMEM YCPEIHEHHBIX IO OTAEJIbHBIM YYaCTKaM 3HAUEHUA 3JIEKTPOHHOM
KOHLEHTpauuu r(n,).
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Tabauya 3
M3JIYYEHHUE OBJACTU HII A B SAINPEIIEHHBIX JUHUAX

JIvaun I(max)10-'6 | I(S,)10'¢
(apr/cm?c) | (apr/cm?c)

[NII] 6583 5.96 54.8 R! 0.09
[SI] 6716 8.45 93.44 R2 0.27
[SI] 6731 6.83 75.75 RI/R? 0.32

JIECTBISIIOTCSL C JIMHUSIMU HEUTpaJIbHOIO kejie3a, B yacTHoctu, Fel 6824, 6837,
7447, 7453, 7544 n neona Nel 7245, 7544, 1 ogHOKpaTHO MOHM30BAaHHBIX KeJie3a
Fell 7682, 7687 u neona Nell 7213. Ilpu stom, nuunn xene3a Fel 6824, 6837,
7495, U3 nepeyrcaeHHbIX, MPOSIBJSIIOTCS JIMIIb MPU yyeTe NmepudepuitHOro Kojibla
ob6nactu HII A (BKJIIOUEHHOTO B IUIOLIAAb CYMMUPOBAHUS MOKA3aHHOTO CIIEKTPa).

OcHOBHa# H0JI M3TYyIeHUS] B MHTETPAJIbHBIX CIIEKTpaxX BTOPMYHBIX OOJIacTei
HII, Al, A2 u A3 obycioBieHa JuHueir Ho Ha (hoHEe 3HAUUTEIbHOU AUCIIEPCUU
3HaUeHUU B KOHTUHYyMe. B cniekTpax A3, A2 TOJIbKO €e MOXHO CUMTaTh JOCTO-
BepHOW. B oTaenbHbIX 2sieMeHTax U A2, 1 Al mopor B 36 MpeBbILLIAET JUHUS
Nell 7213 1, XaoTMYHO, HEKOTOpBIE JIMHMM Kete3a. B anmemenTax Al, pacronoXeHHbIX
omke K A, cinabo mposBiasiorces auHuu [SII] 6716, 6731 u [NII] 6583.

ITuky MHTEHCHMBHOCTEN B paclipefefeHUuM uaaydyeHus mno obmactu HII A B
JIMHUSIX HEUTpabHOTO TeMsl MU B 3alpelleHHbIX JUHUSX a30Ta, Cepbl M aproHa
COBIAAAIOT ¢ MMKOM Ha, HO Mo-pa3HoMy BbipaxkeHbl. Ha puc.5a u 5b, B kauecTse
nprMepa, (OHOM 1 M3OIMHMSIMI TTOKAa3aHO pacrpeeieHne MHTEHCUBHOCTEN B JIMHMSIX
Hel 6678 u [ArllI] 7136, cootBeTcTBeHHO. B oTiume ot remmmst co 3HayeHreM I(Hel
6678)max = 5.50e-169pr/cM’c, MUK B pacnpenenenun aprona I([Arlll]7136)max =
6.31e-169pr/cM’c, BbIpaXeH cabo - B JABYX COCEIHUX 2/1EMEHTAX PerucTpUpyeTcs
MOYTH Ta e MHTEHCUBHOCTb. 3HaueHUs I(max) B mukax JuHuUiA a3ota u cepbl [NII]
6583 u [SII] 6716, 6731 cm. B Tabm.3. TaM e MPUBOAATCS 3HAYEHHUSI, CyMMApPHOIi
o IJio@nd S,, MHTEHCMBHOCTA W3Iy4e€HUS B STUX JUHMAX I(S,), 3HaueHuUs
R} =1([NI1]6583) ) /1(Ho)g(ny, R} =([SU]6716+6731)g,) /1(Ha)yy) u3 cran-
JTAPTHO MCITOIB3YyeMbIX B KJIACCH(PUKAIIMOHHBIX CXeMaX OTHOILIECHUI MHTEHCUBHOCTEHM
VI3JTy4eHUs] B 3aNPEleHHbIX ¥ pa3pellieHHBIX JMHMSX, ¥ OTHOLIEHWE R| / R} =
= 1([N11]6583)g() /1([S11]6716 + 6731)g( -

Kapra obnactu HIT A, orobGpaxaroiias CcyMMy MHTEHCUBHOCTEN M3TYyYEHUS B
JHUAX ayoera aszora [SI1)6717+6731, mokasaHa Ha puc.5c. YncimeHHble 3HAUYEHUS
COOTBETCTBYIOT XapaKTepU3YIOLIEMY 3JEKTPOHHYIO KOHILIEHTPALMIO OTHOLIEHUIO
VHTEHCUBHOCTe B oTuX jmHudAx, r(n) = I([SII]6717)/I([SII]6731]). Cpennue
3HA4YeHUs r(n, ) MPUBOAATCA ISl OTAENbHBIX Y4aCTKOB, BBIIEJIEHHBIX Ha PUCYHKE
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3aMKHYTHIMM JIOMaHBIMU KOHTYpaMu. 3Ha4eHUs r(n,) B 2JIEMEHTAX, COCTABIAIOIINX
KaxXablll M3 ydyacTKOB, MeHsitoTcsa B mpenenax ~0.1. HamGombiiuii yyacTok co
CpelHUM 3HaueHueM 1.22 (4TO COOTBETCTBYET JIEKTPOHHOI IIoTHOCTH 190 cM™)
3aXBaThIBAET BJEMEHT C MMKOBOM MHTEHCUBHOCTBIO OOJIBIIMHCTBA CIIEKTPAIbHBIX
JuHuii. Hanbonbliyve 3HaYeHUs 3JEKTPOHHON TIUIOTHOCTU PETUCTPUPYIOTCS 10
nepudepru A 6m3Koi K Al, KoTopast pacrojiokeHa B BbIIeJIEHHOW HaMU aKTUBHOM
3oHe AB (cM pasnen 2) LeHTpaabHONM YacTU TaJlaKTUKM.

Pacnpenenennme mHTEHCHBHOCTE 1o moiio 3peHus MPFS, mokaszanHoe B
CrJIaXXeHHOU ¢opMe Ha puc.6a, oToOpaXaeT U3JIydeHWe B AUAITa30He JUIMH BOJH,
BkmovatomeM Ho , n muaun [NII] 6583, [SII] 6717, 6731, KoTopble, KaK GBLIO
OTMEUEHO, NPOSIBIISIIOTCS B HeKOTOPbIX ayieMeHTax ooymact HII Al. CooTBeTCcTBEHHO,
n3oopakeHue Al BbIIISIAUT 60siee KOHTPACTHO, JIydllle BbIpakeHa ee MpoaosiroBaTast
¢opMa, UTO TTO3BOJISIET OMHO3HAUYHO OTOXAECTBUTH Al ¢ KOHIAEHCALIMeH, yKa3aHHOI
cTpellkoif Ha puc.6b. Ha Hem, B yBenmueHHOM MaciiTabe, MoKa3aH (parMeHT
puc.ld, 1.e. cHuMKa u3 o63opa IRAC 4.5 MK, BBITIOJHEHHOIO C TEJIECKOIOM

Puc.6. a) Ilone HaGmomenuit, 16" x 16", B auana3oHe IJMH BOJH, BKIO4amooieM Ho, u
suaun [NII] 6583, [SII] 6717, 6731; b) dparmeHT cHuMKa u3 0630pa IRAC 4.5 MK, NTpUBEIEHHbBII
K TO# e MPOCTPAaHCTBEHHON OPHMEHTAlMU, C NPUMEPHBIMU TPaHUIIAMU TIOJST HaGIIOICHMIA,
MMOKA3aHHBIMUA O€JIBIM KOHTYPOM.

Spitzer, mpuBeAEHHBI K TOW e MPOCTPAaHCTBEHHON OpUEHTAllMK, YTO W Ha
puc.6a. @parMeHT puc.6b oxBaThiBaeT 30HY AB, IpeBBILLIAIOLIYIO Pa3MepPhbl OISt
HaOJMIOACHUI, B KOTOPOW BUIHA CTPYKTypa AeTajgeil MeXX3Be3JHOW cpeabl, OT
KOTOPBIX MCXOAWT M3NydyeHUe Ha mivmHe BoiaHbl 4.5 MK. C ob6macteio HII Al
OTOXIECTBIISIETCS camasl KpynHas U3 HUX. [IOMUMO TBLJIEBOM COCTaBISIOLIEN,
TIPUCYILEH BCeM JAeTalsiM CTPYKTYpPhl, Ha UTO yKa3bIBaeT paccMaTpyuBaeMasl JIMHa
BOJIHBI, MOXKHO TMPEANOJI0XUTh U 0a30BYI0 OOIIIHOCTh CBOMCTB IeTajlell CTPYKTYPHI,
B YaCTHOCTHU, C BBISIBJIEHHBIMU B JAHHOU cTaTbe XapakTtepuctukamu Al. OTMeTuM,
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YTO BCSI CTPYKTypa, BKIodass Al, oTcyTcTByeT Ha cHUMKe u3 o63opa IRAC 3.6
MK; eaBa auddepeHLmpyeMble Ha HEM HECKOJIbKO Ca0bIX KOHACHCALWM, MEHBIIINX
pa3mepoB, B 30He AB nMeoT nHYI0 KOH(MUTYpalrIo, YTO KOCBEHHO CBUACTEILCTBYET
00 OOILIHOCTM OCHOBHBIX XapaKTePUCTUK TPOCAeKUBAEMOil Ha 4.5 MK CTPYKTYype.

5. 3Baxaruenue. OCHOBHBIE XAPAKTEPUCTUKU HUCCIEAYEMON TalAKTUKH
SBS1001+555, Takie Kak HeOoJbIIOe 3HAYeHE KpacHoro cmelneHust, z=0.0037,
Mopdomorus tuma “flat", 6im3kas K edge-on MpoCTpaHCTBeHHAs OpUEHTAIIWS,
MaJiopa3BUTasl CTPYKTYpa, AEJAI0T ee MHMOPMATUBHBIM, 3TAJIOHHBIM OOBEKTOM IS
U3yYEHUSI TIPOLIECCOB 3Be31000pa3oBaHusl. B cTaThe MpeacTaBieHbl pe3yabTaThl 110
JETAITBHBIM MCCIIEAOBAHUSIM TaJaKTUKMU, MOJIyYeHHBIE 110 HAOTIOAEHUSAM Ha 6-M
tesneckonie CAO PAH c ucnonb3oBaHMEM MYJIbTU3payKoBOTo criekTporpacda MPFES.
IIpoBeaeHo 3D-CneKTPOCKOIIMUYECKOE UCCIIeAOBaHE OCHOBHOTO ovyara 3Be31000pa-
3oBaHMs TajakTuku SBS1001+555, 0603HaueHHOro HaMu A", KOTOPBIi SBJISIETCS
SApKUM, ~163B. Bell, cieKTpodoToMeTpruecKuM 0obekToM SDSS ¢ nneHTudukanmein
1237655108369907841. AHann3 MOBEPXHOCTHOTO pacrpeAeeHusT TapaMeTpOB 3Ty~
YyeHUsI B HauboJjiee MHTEHCUBHOM B MOJYYEHHOM CIIEKTpe 0albMEPOBCKOM JIMHUU
Bogopona Ho , BeisgBWI, momMumo obnactu HII A, Hamnume CBSI3aHHBIX C HE Tpex
BropnuHbix ooyacreit HII, Al, A2, A3, 4TO CBUIETEIBCTBYET O MPOIOIIKAIOLIMXCS
B TaJlJaKTHKe TIpolleccax 3Be31000pa3oBaHus. B COOTBETCTBUM C TTOJTYYEHHBIMU IT0
u3IydyeHuto B Ho, JaHHBIMU, I Kaxaoi u3 obiacteit HII npuBoagrcs 3HayeHUs
MUMKOBOM MHTEHCUBHOCTHU, PAaCCUMTaHbl SKBUBAJICHTHBIC PAIMYChl, PACCTOSIHUSI,
CBETMMOCTh M TEMII 3Be31000pa30BaHUs.

ITpoaHanm3npoBaHbI UMEIOIIMECS B 0a3ax U IUTEpaType JaHHBIEC IO TaJIAKTUKE
B ueiaoM u 1o obiactu HII A. M3 BropuuHbix obiacteit HII Tonbko y Al
BBISIBJIEHO W3JyyeHue Ha cHMMKe u3 003opa IRAC 4.5 MK, mpoBeaeHHOro ¢
TeseckonoMm Spitzer. Al pacnonoxeHa B 30He AB, ¢ KoTopoii accouuupyoTcs
HauOoJiee aKTUBHBIC TTPOLIECCHI, TPOTEKalollue B rajlaktuke. B cTpykType HabJ0-
JaeMoit Ha 4.5 MK, momuMo Al oOHapyXHMBAalOTCI M Apyrde KOHIEHCALlMM 3a
npeaeaaMy HoJisd HabmoaeHnin. MOXHO MPEAIIoI0XUTh, B YACTHOCTH, YTO U OHU
apistores obmactamu HII B cramum dopmupoBanus. PaccmoTpeHnio atoro u
JIPYTUX BOIIPOCOB, CBSI3AHHBIX, B YACTHOCTU, C IOJIYYEHHBIMU 10 U3IIYYEHUIO
obnacreit HII B 1uHMAX Xene3a 1 HEOHA, a TAKXKE MCCIENOBAHUIO KOHASHCALIUNA
B, OyzaeT mocssileHa cieayrolasl CTaThsl.

ABTOpbI BbIpaKaroT 01aroqapHOCTh aHOHUMHOMY PELIEH3EHTY 3a BEChbMa IOJIE3HbIE
3ameuaHus. CTaTbsi OCHOBaHA Ha HAO/IOmATEIbHOM MaTepualie, MOJIydYeHHOM Ha 6-
M teiteckorie CAO PAH, paGorta xoTtoporo mnoaaep:kuBaeTcsd MHWHUCTEPCTBOM
HayK¥ 1 BBICIIero obpasosanus Poccuiickoit Peneparin. OGHOBICHUE TIPUOOPHOI
6a3p1 CAO PAH ocytiecTisieTcsT B paMKax HaIlMOHAJBHOTO TIpoekTa "Hayka u
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yHUBepcuTeThl'. PaboTa BBIMONMHEHA B paMKax rocymapctBeHHoro 3amanus CAO
PAH, ytBepxxneHHoro MMHMCTEpCTBOM HAayK! M BBICILIEro oOpasoBaHust Poccuiickoit
depepanui.

! bropakaHckas acTtpodusndeckas obcepBaropusi M. B.A.AmbGapiymsiHa,
Apmenus, e-mail: susannahakopian@yahoo.com

2 CneunanbHas actpodusmnueckass obcepparopust, Poccusi,

e-mail: dodo@sao.ru moisav@sao.ru

STUDY OF GALAXIES WITH STAR FORMATION
REGIONS. PANORAMIC SPECTROSCOPY OF
SBS1001+555

S.A.-HAKOPIAN!, S.N.DODONOV2, A.V.MOISEEV?, A A.SMIRNOVA?

We study the galaxy SBS1001+555 as an object of the base sample in our program
to study the evolutionary processes of star formation in galaxies. The results of panoramic
spectroscopy of its central part, which is the zone of activity of the galaxy including
its main hearth of star formation, which we designated as A are presented. The
observations were made using the MPFS (Multi Pupil Fiber Spectrograph) at the 6-
m telescope of Special Astrophysical Observatory of Russia. Besides the most intense
Balmer emission line of hydrogen Ho, the resulting integrated spectrum contains
helium lines Hel 6678, Hel 7065, forbidden lines of nitrogen, sulfur, argon [NII] 6548,
6583, [SII] 6716, 6731, [Arlll] 7136 and more than a dozen weak lines of neutral
and singly ionized lines of iron and neon Fel 6824, 6837, 7447, 7453, 7544,
Nel 7245, 7544, Fell 7682, 7687, Nell 7213. A detailed analysis of the two-dimensional
distributions of intensities, radial velocities and other parameters over the field of view
in Ho has been carried out. In addition to A, the largest and brightest HII region,
three small ones, Al, A2, and A3, were revealed, which together with A form a common
structure. One of the secondary regions, Al, is identified with the condensation in the
image in the 4.5 Mm range based on the data of the Spitzer telescope. The values of
the main parameters in their peaks are given as numerical characteristics of the HII
regions; from the integral parameters, the equivalent radii, luminosity and star formation
rate, Req, L(Ha) and SFR(Ha) are given. The presented data, in particular, indicate
active processes directly related to the brightest optical radiation source in SBS1001+555
and the development of a star-forming structure around it.

Keywords: 3D-spectroscopy: Ha-radiation: HII regions: individual: SBS1001+555
(UGC05421)
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The study of multiwavelength emission properties of blazar jets has the potential to shed light
on the particle acceleration and emission mechanisms taking place in them. The emission of PKS
2155-304 (z=0.116) and S5 0716+71 (z=0.31) bright blazars in the optical/UV, X-ray and vy -
ray bands is investigated by analyzing data from Fermi-LAT, Swift XRT and Swift UVOT telescopes.
The multiwavelength light curves of both sources in these bands show multiple peaks when the flux
increased substantially. In the optical/UV bands, the flux of both sources increased above 2 - 107"
ergecm™”s’'. The X-ray emission from PKS 2155-304 was characterized by a harder-when-brighter
trend, whereas the vy -ray emission from S5 0716+71 showed a moderated trend of softer-when-
brighter. The correlation analysis shows a strong correlation between the UV and 7y -ray emission of
PKS 2155-304, while there is a correlation between the optical/UV and X-ray emission of S5
0716+71. The observed broadband spectral energy distribution of both sources as well as the observed
variability and correlations can be accounted for within one-zone synchrotron/synchrotron-self~-Compton
models.

Keywords: PKS 2155-304: S5 0716+71: vy -rays: X-rays: blazars

1. Introduction. Blazars, a special type of active galactic nuclei whose jet
makes a small viewing angle to the observer, are among the most powerful long-
lived objects. Blazars are the dominant population of extragalactic sources in the 7y -
ray sky. Blazars are usually sub-divided into flat-spectrum radio quasars (FSRQs) and
BL Lac objects. The latter have weak or absent emission lines while FSRQs are
characterized with strong emission lines (equivalent width, EW > 5A) in their spectra.
BL Lac objects are further classified into three subtypes based on the peak frequency
of synchrotron emission: high synchrotron peaked BL Lacs (HBL when v, > 10'"° Hz),
intermediate synchrotron peaked BL Lacs (IBL when 10" Hz < v, < 10" Hz ), or low
synchrotron peaked BL Lacs (LBL when v, <10"Hz) [1,2].

The spectral energy distribution (SED) of blazars is dominated by the
nonthermal emission and consist of two broad components: the first (low-energy
component) peaking from far infrared frequencies to X-ray energies and the second
(high energy component) peaking at MeV/GeV bands. The emission in the low-
energy band is highly polarized [3,4] and this component is believed to be
synchrotron radiation from relativistic electrons in the jet. The origin of the second
component is still under debate. Most likely, this component is due to inverse
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Compton scattering of synchrotron and/or external photons [5,6]. The nature of
the external photons depends on the location of the emission region; these can
be photons either from the disk or those reprocessed from the broad-line region
or those from the infrared torus. However, the hadronic origin of this component,
when the emission is due to the interaction of protons, cannot be excluded. This
component can be also produced from the interaction of relativistic protons either
from their synchrotron emission [7] or from the secondary particles from pion
decay [7-11]. In the latter case, the jets of blazars are also sources of very high
energy (VHE; >100 GeV) neutrinos [12-21].

The emission from blazar jets ranges across all accessible bands in the
electromagnetic spectrum so their multi-wavelength observations are essential for
the study of the origin of their emission. Also, the emission from blazars shows
variability in all the bands, from radio to VHE 7 -ray bands, on timescales ranging
from years to only a few minutes. Sometimes (but not always) there is a correlated
variability between two bands which indicates that the same process might be
responsible for the emission in these bands. Now, the accumulated amount of data
permits a detailed variability study in almost all the bands which is crucial for
understanding the complex physics of blazars. For example, the MAGIC obser-
vation of BL Lac blazar on 15 June 2015 showed a flare with a maximum flux
of (1.510.3)-10’10 photoncm™s” and a halving time as short as 26 + 8 min [22].
Or in the high energy (HE > 100 MeV) band, the Fermi Large Area Telescope
(Fermi-LAT) observations of 3C 279 on 16 June 2015 showed an high-amplitude
variability (the y-ray flux was as high as ~3.6-107° photoncm™s"') when the
source flux variability was resolved down to 2-minute binned timescales, with flux
doubling times of less than 5 minutes [23]. Similarly, the long-term variability
has been extensively investigated also in the radio-optical bands where the data
collected over decades are available [24,25].

The multiwavelength variability study of blazars has recently entered a new era.
There is a large amount of y -ray data available from continuous observations of
blazars in the HE band by Fermi-LAT. Also Neil Gehrels Swift Observatory [26],
(hereafter Swift) performed a large number of observations of single objects. The
Swift satellite with three instruments on board - the UV and Optical Telescope
(UVOT) [27], the X-Ray Telescope (XRT) [28] sensitive to the 0.3-10.0keV band,
and the Burst Alert Telescope (BAT) [29] sensitive to the 15-150 keV band - is
an ideal instrument for simultaneous observation of blazars in the X-ray, Optical,
and UV bands. The combination of the data from Swift observations with data from
Fermi-LAT in the 7y -ray band, will provide a unique possibility to investigate both
emission components in the broadband SED of the blazars.

Variability studies in each band are crucial to identify the timescale of flux
variability which in its turns allows to constrain the size and location of the
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emitting region. At the same time, intra-band variability studies allow to identify
correlated or anti-correlated variabilities in different bands which can shed light
on the physical processes responsible for multiwavelength emission from blazars.
Considering the large number of blazars observed more than 100 times by Swift
(see Fig.1 in Giommi, et al. 2021) [30], a tool that automatically downloads and
analyzes data from Swift UVOT observations of blazars was developed. This allows
to process a large amount of optical/UV data accumulated after the lunch of Swift
satellite. As an application of the tool, the data from observations of two well-
known blazars, PKS 2155-304 and S5 0716+71, was reduced. Also, the X-ray
and 7y -ray data were analyzed and compared with optical/UV data allowing to
investigate variability in different bands and investigate the origin of broad band
emission from these sources.

The paper is structured as follows: the optical/UV observations of the sources
is presented in Section 2. The X-ray and Yy -ray data extraction and analysis are
presented in Sections 3 and 4, respectively. The results and interpretations are
given in Section 5 and the summary is presented in Section 6.

2. Monitoring of the sources in optical/UV bands. The Swift satellite
launched in 2004 is primarily designed for observations of y -ray bursts. With the
three instruments on board (UVOT, XRT and BAT) and a wide energy coverage,
Swift is suitable for blazar research. The range observed by Swift defines either
the low-energy component or the transition region between the two components
or the rising part of the inverse Compton component (depending on the type of
blazar), so that these data are particularly important for theoretical modeling.

The Swift UVOT telescope can produce images in each of six filters, namely
in V (500-600 nm), B (380-500 nm), U (300-400 nm), W1 (220-400 nm), M2
(200-280nm) and W2 (180-260 nm). In order to process UVOT data from any
blazar observation, a special tool was developed. Providing the name and the
coordinates of the source under interest, it accesses the Swift archive, downloads
all the existing observations and processes them with the standard procedure. After
cleaning and filtering the data, all single observations are reduced by selecting
source counts from a circular region of 5" around the source, while selecting the
background counts from a 20" region away from the source. Then with the help
of uvotsource tool it derives the magnitudes which are converted to fluxes using
the conversion factors provided by Poole et al. [31] and then corrected for
extinction, using the reddening coefficient E(B- V) from the Infrared Science
Archive!. The tool produces the flux measured in each filter in each period for
the light curve computation as well as the flux for each frequency for SED

! http://irsa.ipac.caltech.edu/applications/DUST/
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calculations. The tool was extensively tested by analyzing the data from different
blazar observations and comparing with the published results.

The developed tool was used to analyze all the Swift UVOT observations of
PKS 2155-304 and S5 0716+71. Between 2004-2022, PKS 2155-304 were
observed 300 times and S5 0716+71 - 352 times. The light curve of PKS 2155-
304 is shown in Fig.1d and le, separating the flux in V, B, U and W1, M2
and W2 filters. It shows that during the initial observations (e.g., until MJD
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Fig.1. Multiwavelength light curve of PKS 2155-304. a) Adaptively binned y -ray light curve
above MeV. b) X-ray flux estimated in 2.0-10 keV band. ¢) X-ray photon index. d) Flux in U,
B and V bands. e) Flux in W1, W2, and M2 bands.
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55000) the source was in an evaluated emission state in all the considered bands.
For example, in this period the highest flux of the source was (3. 12+ 0.07)- 107
ergcm’s” observed on MJD 53960.85 in filter M2. Then the averaged level of
source emission in optical/UV bands decreases, but a few times flux variations in
all the considered filters are still evident. For example, the flux in M2 band on
MJID 56046.13 was (5.1£0.11)-10"" erg cm™ s which increased to
(1.60£0.03)-10™"° ergem™s™ on MJD 56180.67. Such changes in consecutive
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Fig.2. The multiwavelength light curve of S5 0716+71 between 04/08/2008-04/05/2022. From
top to bottom: adaptively binned vy -ray light curve (>202.65 MeV), 2.0-10 keV X-ray flux, 0.3-
10 keV X-ray photon index, flux in V, B, and U filters and in W1, M2 and W2 filters.
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UVOT observations can be identified during all the considered periods, which show
that this source has a strongly variable optical/UV emission.

In Fig.2d and 2e, S5 0716+71 light curve in V, B, U and W1, M2 and W2
filters is shown. Two large flaring activities in optical and UV bands are evident.
The first active period was observed between MJD 57030-57060 when the flux in
almost all filters increased from ~5-10"ergecm™s™ to above ~2-107""ergem™s™.
In this period, the highest flux of (3.28i0.09)-10’10 ergecm™s' was observed in
filter V on MJD 57047.31. The next major flaring activity was observed between
MJD 58200-58300 when the flux again increased to above ~2-107'" ergem?™s™.
This source is characterized by variable optical/UV emission, i.e., the flux changes
in different Swift observations. Only between MJD 56600-56800 the source was in
a relatively quiescent state in the optical/UV bands: during this period, in 14 Swift
observations the flux was relatively constant with a value of ~2-107" ergecm™s™.

3. X-ray observations of PKS 2155-304 and S5 0716+71. Simul-
taneously with the optical/UV observations, the sources were observed also in the
X-ray band with the Swift XRT instrument. For both sources all the data were
downloaded from SSDC archive (https://www.ssdc.asi.it) and processed using
Swift_xrtproc automatic tool for XRT data analysis [30]. The raw data (Levell)
were downloaded, reduced, calibrated and cleaned via the XRTPIPELINE script
by applying the standard filtering criteria and the latest calibration files of CALDB.
The counts were extracted from a circular region of a radius of ~20 pixels (47")
centered on the source's position, while the background counts are taken from an
annular ring centered at the sources. The tool automatically applies also pile-up
correction when the sources' count rate was above 0.5countss™. Then it loads the
ungrouped data in XSPEC (version 12.11) for spectral fitting using Cash statistics
[32], modeling the source spectrum as a power-law and a log-parabola model
taking the Galactic absorption column density from N, HEASARC tool (https:/
/heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl) [33-35].

The X-ray flux and photon index variation of PKS 2155-304 are shown in
Fig.1b and lc. In the X-ray band, there are several observations when the flux
in the 2.0-10keV band substantially increased. In the low (average) state the flux
is around (0.2-1.0)-10™"" ergecm™s” while in the flaring state it increases to
>107"% ergem™s™ (e.g., in observations on MJD 53945.04, 54714.16, 57363.93).
The X-ray photon index varies in time as well, on average the source is
characterized with a soft photon index (I'y ~2.5) but from time to time it hardens
(I'y <2.5). It is interesting to note that around the flares on MJD 57363.93
and MJD 58350.03 when the X-ray flux increased correspondingly to
(1.11£0.07)-10"° ergem™s™ and (6.32+0.74)-10"" ergem™s”, the X-ray photon
index was I'y =2.16+0.06 and I'y =2.21+0.07, respectively. This is unusual for
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PKS 2155-304 and it most likely corresponds to the transition region between
the synchrotron and inverse Compton components.

In the X-ray band, S5 0716+71 shows several flaring periods as well. There
can be identified at least three large flaring activities in Fig.2b: the first two
between MJD 58140-58460 and the third one around MJD 58900 (in several other
periods the X-ray flux increases as well but with smaller amplitudes). The highest
flux of the source (2.84+0.45)-107"" ergem?s™) was observed on MJD 58288.68
which 11.36 times exceeds the X-ray flux in the average/low state (~2.5-107'
ergem”s”. The photon index variation is evident from Fig.2d, it varies around
I'y =2.0, sometimes showing harder spectra (I, <2.0) but sometimes also soft
spectra were observed (I'y >2.2). The softest index of I'y =2.86+0.2 was
observed on MJD 59646.43 while the hardest one was I'y =0.96£0.66 observed
on MJD 55608.93.

4. vy -ray observations and data analysis. Fermi-LAT on board the Fermi
Gamma-ray Space Telescope is a pair-conversion telescope sensitive to 7y -rays in
the energy band from 20 MeV to 500 GeV. By default, being in the scanning
mode, it observes the entire sky every ~3 hours, providing a continuous view of
the 7y -ray emission from Galactic and extragalactic sources. The details on the
Fermi-LAT instrument are given in Atwood et al. 2009 [36].

In this paper, the Fermi-LAT data accumulated during 2008-2022 (MET
239557417-673371821) from the observations of PKS 2155-304 and S5 0716+71
are considered. The data were processed with the standard Fermi ScienceTools
version 1.2.1. The Pass 8 (PSR3) Fermi-LAT events with a higher probability
of being photons (evclass = 128, evtype = 3) were analyzed using the
PSR3 SOURCE_V3 instrument response function. The events in the energy range
from 100 MeV to 500 GeV were downloaded from a 12° region centered on the
y-ray position of PKS 2155-304 (RA =329.71 and Dec =-30.22) and S5
0716+71 (RA=110.49 and Dec =71.34). With gtselect tool A zenith angle cut
smaller than 90° is applied to reduce contamination by photons from Earth's
atmosphere while the good time intervals are selected with grmktime tool using
the filter expression (DATAQUAL >0) and (LAT CONFIG =1). With gtbin tool
the photons are binned into 16°.9x16°.9 square region into pixels of 0°.1x0°.1
and into 37 equal logarithmically spaced energy bins. Then, with the help of gtlike
tool, a standard binned maximum likelihood analysis is performed. The fitting
model includes diffuse and isotropic backgrounds, which were modeled with
standard gll iem v07 and iso_ PSR3_SOURCE_V3 vl models and 7y -ray sources
within the region of interest. The model was created using the Fermi-LAT fourth
source catalog Data Release 3 (4FGL-DR3) [37] where all sources within 17°
around the target are included. The spectral parameters of the background sources
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which are between 12° and 12°+ 5° were fixed to their catalog values, while the
normalization and spectral parameters of the other sources were left free.

After optimizing the free parameters in the model, the source variability is
investigated by estimating the flux (light curve) in shorter intervals by applying
unbinned likelihood analysis. The light curve was calculated with the help of an
adaptive binning method. When calculating the light curve with fixed time bins
(e.g., a day or several days), the long bins will smooth out the fast variation,
whereas the short bins might instead result in many upper limits, preventing the
variability studies. In the adaptive binning method, the bin width is adjusted by
requiring a constant relative flux uncertainty, which produces longer time intervals
during lower flux levels and narrower bins when the source is in a high state.
This method has been proven to be very efficient in identifying flaring activities
[38-43].

The light curve of PKS 2155-304 computed above the optimal energy of
274.38 MeV is shown in Fig.la. It shows that in several occasions the source flux
increased several times (3-5 times), but the major 7y-ray flare was observed
between MID 56770-56800 when within 37 days the flux increased from
(5.08£0.9)-10° photoncm™s™ to (3.24+0.59)-10~7 photoncm™s™. The highest
flux of (3.24+0.59)-10~ photoncm™s” above 274.38 MeV was observed on MJD
56795 within 15.86 minutes which is the highest v -ray flux of PKS 2155-304
since the lunch of Fermi-LAT. It is interesting that during this flaring event also
the photon index hardened, namely when the high fluxes of (3.241L0.59)-10‘7
photoncm™s™ and (3.04+0.56)-10~7 photoncm™s™ were observed on MJD 56795
and 56794, respectively, the Y -ray photon index was 1.64+0.12 and 1.53%0.11,
respectively. It shows that during this flare the y -ray spectrum hardens, shifting
the peak to higher energies.

A similar adaptive light curve of S5 0716+71 computed above 202.65 MeV
is shown in Fig.2a. As compared with PKS 2155-304, this source shows several
prolonged v -ray flaring periods. The y -ray flux of sources in the low states (e.g.,
between MJD 57570-57840) is around ~3-10~% photoncm™s”'. The maximum
v -ray flux of (2.0J_r0.2)~10‘6 photon cm™s™ was observed on MJD 57118.61
which exceeds the flux at low states by nearly 66 times. The mean photon index
in the vy -ray band is I, =2.05 which corresponds to a flat spectrum in vFv
representation, but a hard index of [, =159+0.10 was occasionally observed on
MIJD 56079 and a soft index of T, =2.63+0.23 was observed on MJD 59356.1.
In total, during nearly fourteen years of observations of S5 0716+71, there are
16 periods when the 7y -ray photon index was r,<L7.

5. Results and interpretation. The multiwavelength data collected from
blazar observations is the key to the understanding of the origin of the complex
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processes taking place in relativistic jets. In this paper, the multiwavelength emission
from two blazars, PKS 2155-304 and S5 0716+71, was comprehensively investigated
by analyzing the Swift UVOT, Swift XRT and Fermi-LAT data accumulated in
the past fourteen years. PKS 2155-304 at a redshift of z=0.116 is one of the
brightest HBL type objects in the Southern Hemisphere. It is an object very
luminous in the UV to VHE 7 -ray bands and has an almost featureless continuum
from radio to X-ray energies as in most of the other BL Lac objects. Its
multiwavelength emission observed for already more than 40 years is strongly
variable in almost all bands. In radio bands, this source was discovered as part of
the Parkes survey [44] and was discovered as an X-ray source by the HEAO 1
X-ray satellite [45]. In the Y -ray band, the source was initially observed by
EGRET [46] and it was one of the first blazars observed in the VHE vy -ray band
[47]. S5 0716+71 with a redshift of z=0.31£0.08 [48] is another well-studied
BL Lac bright in all bands. It shows extreme variability (e.g., in the X-ray band)
and a prominent jet component, and it is a strong Yy -ray source. The long-term
monitoring of S5 0716+71 in the radio and optical bands reveals the presence
of quasi-periods. The optical data accumulated during 1994-2001 indicated a period
of about 3.3 years. Instead, the radio data at frequencies from 4.8 to 36.8 GHz
indicate the presence of a period of 8 years [49]. The MAGIC observations in
the VHE vy -ray band show that this source underwent an impressive outburst in
January 2015 (Phase A), followed by minor activity in February (Phase B) [50].
During this flaring period the source flux increased from (4.1i 1. 1)- 10" em? s to
(8.9+1.1)-10" cm™ s above 150 GeV.

5.1. Photon index versus flux variation. The data available in the
X-ray and Y -ray bands allows to investigate the variation of the flux as compared
with the photon index. The spectral evolution observed in the photon-index-flux
plane contains important information about the dynamics of the source and
provides an insight into the processes responsible for the particle acceleration and
cooling. As it has been shown in Kirk et al. [51], depending on the relation
between the variability, acceleration and cooling timescales, a harder-when-brighter
or softer-when-brighter trend will be observed in the photon index versus the flux
plane. The y-ray photon index of PKS 2155-304 versus the photon index is
shown in Fig.3a, b, considering the entire period of Fermi-LAT observations and
selecting only the period around the large flare (between MJD 56720-56850).
When the entire observational period is considered with diverse properties (Fig.3b),
it is hard to see any trend. In fact, applying linear-Pearson correlation test yields
r,= 0.02 and p=0.71. Similar values estimated for the flaring period yields
rp=0.35 and p=0.36. This shows that there is no correlation between the flux
and photon index, i.e., the flux and photon index are independent. On the
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contrary, when considering all Swift XRT observations (Fig.3c), there is a clear
indication of the harder when brighter trend. The linear-Pearson correlation test
results in r= -0.55 and p<<10° which shows a negative correlation between the
flux and photon index, i.e., as the flux increases, the photon index decreases
(hardens). Such a relation between the flux and photon index is expected when
the accelerated HE electrons are cooling down, Kirk et al. [51]. When considering
only the flaring period (Fig.3d), although there is a hint of a harder-when-brighter
trend, the data are not enough for a statistically significant claim (rp= -0.28 and

p=0.12).
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Fig.3. PKS 2155-304 v -ray flux versus photon index variation during the whole considered
period (a) and during the flare between MJD 56720-56850 (b). PKS 2155-304 X-ray flux and
photon index variation for all Swift XRT observations (c¢) and during the flare between MJD 53690-

54220 (d).

The blazar S5 0716+71 shows different flaring activities as compared with PKS
2155-304. Although there are large flaring activities in the X-ray band (MJD
58130-58460), no significant correlation between the flux and photon index is
observed (Fig.4c, d). There is a hint of harder-when-brighter trend during the
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X-ray flaring period (Fig.4d) but the linear-Pearson correlation test yields
rp=—0.22 and p=0.13. Instead, in the y-ray band, for the entire and flaring
periods, rp=0.25 and p<<10~° and rp=0.27 and p=7.4-107, respectively, which
show moderate softer-when-brighter trend. This shows that when the flux in-
creases, the photon index softens. Such photon index variation is not very
common for blazars but has been occasionally observed (e.g., [30,52-54]). This
shows that the PKS 2155-304 and S5 0716+71 flares observed in the X-ray and
v -ray bands are different by their nature and are caused by different processes.
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Fig.4. The variation of S5 0716+71 y -ray flux versus photon index for the entire period (a)
and flaring period during MJD 56750-57450 (b). Swift XRT measured photon index flux variation
for all Swift XRT observations (c) and during the flare between MJD 58130-58460 (d).

1T

TI

Photon index
N
o

1.0

5.2. Correlation studies. As the multiwavelength light curves in Fig.1 and
2 shows, there seem to be contemporaneous changes in the flux in different bands.
In order to test whether or not the emission in different bands are varying
contemporaneously, i.e., whether the emission in different bands are related, a
Spearman correlation test was applied. The possible correlation was investigated
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Table 1

RESULTS OF THE CORRELATION STUDY BETWEEN THE
EMISSION IN DIFFERENT BANDS

PKS 2155-304 S5 0716+71
Band-1 | Band-2 | Spearman coeff. p-value Spearman coeff. p-value
Optical X-ray 0.6 1.3e-22 0.7 3e-44
uv X-ray 0.6 3.5¢-30 0.7 1.3e-46
Optical y -ray 0.7 5.4e-18 0.6 4.8¢-18
[0AY Y -ray 0.8 3.6e-19 0.7 1.3e-18
X-ray y -ray 0.5 6.1e-8 0.5 2.4e-12

by computing the correlation rank between the emission in different bands, i.e.,
computing Spearman correlation coefficient p. In order to perform an as general
as possible test, the correlation between the emission in the X-ray and Yy -ray
bands, X-ray and optical/UV bands, y -ray and optical/UV bands was investigated.
When comparing the v-ray flux with the other bands, the 7y-ray periods
computed by the adaptive binning method can contain several Swift observations.
In this case, the mean of all observations is considered, but a check that the mean
value does not significantly differ from the individual estimates in that bin was
performed.

The results from the Spearman correlation analysis are given in Table 1 for each
two bands providing the coefficient and probability. The results reported in Table 1
show that the null hypothesis that there is no correlation can be rejected in all cases.
However, there is no strong correlation between the emissions in different bands. The
correlation between the X-ray and 7y -ray fluxes of PKS 2155-304 is shown in Fig.5a.
There is a weak correlation in these two bands with p=0.5. For example, when
the highest X-ray flux of (2.29 +0. 1)-10‘10 ergcm™s” was observed, the source was
bright in the v -ray band with a flux of (1.43+0.27)-10~ photoncm™s”'. For PKS
2155-304, the strongest correlation is found for UV and v -ray bands, p=0.8
(Fig.5b). There is also a milder correlation between the source emission in
X-ray and optical bands with p=0.6 (Fig.5c).

For S5 0716+71, there is again a weak correlation between the emission in
the X-ray and y-ray bands with p=0.5 (Fig.5d). This is because the emission
in the X-ray band corresponds to the highest tail of the synchrotron emission,
while the emission in the Yy -ray band corresponds to the peak of the inverse
Compton component. Since the emission comes from electrons of different energy,
it is natural to expect a time lag between the emission in these two bands. For
this source, the correlation is almost at the same level for the optical/UV vs
X-ray and optical/UV vs y-ray bands (Fig.5¢ and f)).
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Fig.5. The scatter plot of the flux in different bands.

5.3. Multiwavelength SEDs. The available data allows to investigate the
broadband spectrum of both sources from radio to VHE vy -ray bands. The
variability observed in different bands allows to build the SEDs in different periods
and thus to investigate the variability in the energy domain as well. The archival
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data for both sources were downloaded from SSDC science data archive’ and are
plotted together with the data analyzed in this paper (optical/UV, X-ray and vy -
ray bands).

The multiwavelength SED of PKS 2155-304 is shown in Fig.6a. The archival
data are shown in gray and the optical/UV, X-ray and y -ray data observed during
the multiwavelength flare of the source during MJD 56714 - 56903 are in black
color. On the average state the peak of the synchrotron component is at ~10'
Hz which does not change during the optical/UV flare of the source. It is
interesting that the optical/UV flux has increased by a factor of nearly 10, but
the peak of the synchrotron component is unchanged. The variability in the X-
ray band is even at higher amplitudes, and the historical X-ray flux changes by
a factor of 100. The same high amplitude variability can be seen also in the HE
v -ray band. When comparing the flux in the HE and VHE v -ray bands it is
necessary to take into account the strong absorption of GeV/TeV photons through
interaction with extragalactic background light (EBL) photons. This means that
the rising shape in the MeV/GeV band, which implies that the peak of the inverse
Compton component is around ~10%-10” Hz, will exponentially decrease at higher
energies, being in agreement with the observed GeV/TeV data.

In the optical/UV band, the variability of S5 0716+71 (Fig.6b) is even more
extreme when the lowest and highest fluxes differ almost by a factor of 100. In
this case, the optical/UV data with a decreasing shape are defining the decay of
the synchrotron component, while for PKS 2155-304 these data correspond to
the rising part of the synchrotron component. For S5 0716+71, also a high-
amplitude variability is observed in the X-ray and Yy -ray bands. Given the large
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Fig.6. The multiwavelength SEDs of PKS 2155-304 (a) and S5 0716+71 (b) during the
considered period.

2 https.//www.ssdc.asi.it
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red shift of S5 0716+71, the EBL absorption is even stronger for this source,
which can explain the large difference between the Fermi spectrum (although not
contemporaneous) and MAGIC measurements (three VHE 7 -ray points).

The SEDs of PKS 2155-304 and S5 0716+71 can be modeled by synchro-
tron/synchrotron self-Compton (SSC) model [55,56]. In this scenario, the en-
ergetic electrons confined in a compact emitting region in a randomly oriented
magnetic field emit via synchrotron radiation which explains the first peak in the
SED while the second peak is due to inverse Compton scattering of the same
synchrotron photons. The observed flux increase in the optical/UV bands can be
either due to variations in the injected plasma (particles) or due to the change
of the magnetic field, as the synchrotron luminosity depends on the product of
N, (distribution of electrons) and B?. If there is an injection of new electrons
in the emitting region (e.g., due to re-acceleration) or the magnetic field increases
in the emitting region (e.g., due to the change of particle density), the synchrotron
luminosity will increase, appearing as a flare in the radio-optical/UV-X-ray bands.
Moreover, in this interpretation the available X-ray data can be used to limit the
maximum energy of accelerated particles.

The difference in the variability in the optical/UV and X-ray bands can be
naturally explained by a simple consideration of particle acceleration and cooling.
The X-ray emission is produced from the highest energy electrons which have
shorter cooling time (the electron cooling time is inverse proportional to the
electron energy, ¢ ,~ 1/E), while in the same magnetic field the optical/UV
emission is from electrons that have lower energy and thus a longer cooling time.
So, when there are new electrons injected in the emitting region, the emission
in the X-ray band will vary with an amplitude higher than is seen in Fig.6.

6. Summary. The results of the PKS 2155-304 and S5 0716+71 observations
in the UV/optical, X-ray and 7y -ray bands are reported. The multiwavelength
monitoring of blazars is a unique tool to infer the physical processes dominating
in the relativistic jets. These two blazars show prominent flares in the optical/
UV bands, but it is shown that the flux substantially varies also in other bands.
With the increase of the X-ray flux of PKS 2155-304, the photon index hardens,
showing a harder-when-brighter trend. Instead, a moderate softer-when-brighter
trend is observed in the 7y-ray band for S5 0716+71. Generally, both sources
show high-amplitude flares in the 7y -ray band; the maximum Y -ray luminosity
of PKS 2155-304 is L, =1.35-10" ergs™ while it is L, =2.13-10* ergs”' for S5
0716+71.

The correlation analysis shows that there is a strong correlation for PKS 2155-
304 emission in the UV and y -ray bands with Spearman coefficient of p=0.8.
This suggests a common origin of the emission in these bands, i.e., the emission
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in these bands is produced by the same electrons. In particular, most likely the
UV emission comes from the synchrotron emission from the same electrons that
are emitting also in the Yy -ray band. This interpretation is even stronger when
considering that UV emission defines the rising part of the synchrotron spectrum,
as the y-ray band corresponds to the rising part of the SSC component. In the
case of S5 0716+71, as the synchrotron component peaks at lower frequencies,
the optical/UV and X-ray bands are defining the high-energy tail of the synchro-
tron component, so these bands are not correlated with the y-ray band which
again corresponds to the rising part of the SSC component. Instead, as expected,
the correlation between the optical/UV and X-ray bands is stronger with p=0.8.
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MHOTI'OBOJIHOBBIE HABJIIOAEHWA BIIA3APOB
PKS 2155-304 1 S5 0716+71

N.MCPAEJIAH

M3yyeHre MHOTOBOTHOBBIX AMUCCMOHHBIX CBOMCTB 6/1a3apHBIX CTPYH MO3BOJISIET
MIPOJIUTH CBET Ha MEXaHN3MBbI YCKOPSHUST YaCTUIL U SMUCCHUM, TIPOUCXOSIINC B HUX.
Uznyuenue sipkux GmazapoB PKS 2155-304 (z=0.116) u S5 0716+71 (z=0.31)
B onTryeckoM/Y®D, peHTTEHOBCKOM M Y -IMaIa30HaxX MCCASI0BAHO ITyTeM aHaIn3a
maHHbIx TeneckonoB Fermi-LAT, Swift XRT u Swift UVOT. MHoroBojiHoOBbIE
KpYBbIe OJiecka 000MX MCTOYHUKOB B 3THX JIMAIa30HAX ITOKA3bIBAIOT MHOXKECTBECHHBIE
MUKW TIPpY 3HAYUTEJIBHOM YBEJIMUYCHUHU MOoToKa. B onTmaeckom/Yd-nuama3onax
MOTOK 0060MX MCTOYHMKOB Bo3pacTai Beie 2-107'° aprem™c'. PeHTreHoBCcKOe
m3nydyenne PKS 2155-304 xapakrepn3oBajaochk TeHICHIIMEH "XecTde, Korma spue”,
TOrma Kak 7y -usinydeHue S5 0716+71 mokaszano yMepeHHYIO TEHIECHIIMIO "Msrye,
Korma spue”. KoppeIsaimoHHbIN aHaIn3 MOKa3bIBAeT CUIbHYIO KOPPEIIIIINIO MEXKITY
YO®- u y-mznydyennem PKS 2155-304, B To BpeMs KaK CYIIECTBYET KOPPEISALIHS
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MeXIy onTrdecknM/Y®- 1 peHTreHOBCKMM manydeHreM S5 0716+71. Habmomaemoe
LIMPOKOIOJIOCHOE CIEKTpalbHOE pacrpeaeeHrne 3HEPITMU 000MX UCTOYHUKOB, a
Takke HabOaomaeMas M3MEHYMBOCTh U KOPPEJSLIUKU MOIYT OBITh OOBSICHEHBI B
paMKax MoJiesieil OMHO30HHOTO CUMHXPOTPOHA/CHUHXPOTPOHA-CAMOKOMIITOHA.
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CBEPXMACCHUBHbBIMHW YEPHbLIMWU JbIPAMU TIPU z>6
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Macchl CBepXMacCHBHBIX YEPHBIX JIbIP U coAepXallux X ("pOmUTETbCKUX") TaTaKTUK CBSI3aHbI
COOTHOLIEHMEM, KOTOPOE MOXHO HPHUOMIKEHHO 3amucath B Bune My, ~0.002 M,. D10 yKasbiBaeT
Ha UX TECHOE B3aMMOJCHMCTBME B IPOLIECCe COBMECTHOM 3BomomMu. OmHako, OONbIION pa3dpoc
Ha0JII0JaeMBbIX MacC BOKPYT 3TOW MPOIIOPIIMOHAIBHOCTH, U OCOOEHHO, OOHAPYXEHHOE B TTOCIICIHUE
Tofibl, Ha TIOPSIIOK OOJIblllee 3HAYEHWE ITOr0 OTHOIIEHWS Macc B paHHel Bcemennoit (z>6),
yKa3bIBaeT Ha TO, YTO XapakKTep WX B3aMMOICIHCTBUSI MOXET MpeTeprieBaTh 3HAYUTEIbHbBIC Bapualuu
B XOIe DBOJIOLMU. DTO OOCTOSITEILCTBO TPeOyeT YBEPEHHOTO HAOJIOAATEbHOTO OIpeaeeHUs
COOTHOIICHUI MEXIy MaccaMy YEPHBIX JbIP, 3BE3MHBIX HACEJICHUI M MEX3BE3MHOTO ra3a B ralaKTUKaX
Ha OOJIBIIMX KPACHBIX CMEICHUSIX B TEX CIIyYasix, KOrJIa OHM He MOTYT ObITh OIpeAeIeHbl MPSIMbIMK
HabmoneHusiMu. B paboTte mpemaraeTcst mpocToe OMMCcaHue, WUTIOCTPUPYIOIIEE TaKylo BO3MOXKHOCTb.
PaccmarpuBaioTcsi 0COOEHHOCTH CIEKTPOB TalaKTUK, COMEPXKAIIMX PACTYIIME YepHbIC IbIPbI U
dopmupytoleecs: 3Be3qHoe HacesneHue. Ha COBOKYMHOCTM Mofelieil ¢ BapualMeil Macc 4epHoi
JIBIPBI, 3BE3MHOTO HACEJCHUSI U MEX3BE3IHOTO ra3a IMpoAeMOHCTPUPOBAHA BO3MOXKHOCTb HAXOOUTh
COOTHOIIIEHUST MEXIy UX MaccaMmu, MCIOJIb3ysi MHOTOBOJTHOBBIE CITEKTPHI: JAIbHUI MH(pPAKPACHBINH,
CYOMWUIMMETPOBBIA M PEHTTeHOBCKUIA.

KittoueBble ciioBa: easakmuxu: ceepxXmaccueHsvle 4epHole ablpbl.' Mmednc3ee3onas

cpeéa.‘ MeNCc36e30HAST NblAb: IKCMUHKUUA

1. Beedenue. B nocnenHee BpeMsl CTAHOBUTCS MTOHATHBIM, YTO ITPAKTUYECKU
BCEe TaJlaKTUKU B JIoOKaJibHOI BceneHHol (z<1) comepxkaT B CBOMX LIEHTpax
cBepXxMaccuBHbIe YepHble AbIpbl (CMY/I). bonee Toro, ux Maccel M, KOppEnUpyrOT
C MaccaMM 3Be3[IHbIX HACEJICHUI POIUTENIbCKUX TajakKTUK M,, 4TO yKa3bIBaeT Ha
HX TeCHOE B3aMMOEIMCTBUE Ha MPOTSLKEHUM Beell aBosouuu [1-5]. Dra Koppessiust
yacTo BeIpaxaercs B Bume: My, /M.~0.002 (cm. puc.10 B [6]. BmecTe ¢ Tem,
OosiblION pa3dpoc 3HaueHUN (OKOJO MOpsiAKa BEIMUYMHBI, cM. puc.9b B [5])
MPUBOAUT K BBIBOAY O TOM, UTO HECMOTpPSI Ha CYILIECTBOBAaHME TECHOI CBSI3U
mexny My, w M, ee, MO-BUAMMOMY, HEJb3sl NPEACTaBUThL B BUIE MPOCTOM
MPONOPLUMUOHATBHOCTU [5]. AHaNIM3 AUCMEPCUIM CKOpOCTei 3Be3ll ¢ B LIEHTpax
rajaktuk, cogepxaimmx CMY/I, npusesn K BbIBOLY, YTO CBsA3b MexXay M, U o
OKas3bpIBaeTcs Oosiee TecHOM, yeM Mexnmy maccaMu CMYJI u 3Be3n rajlakTUKU
[4,7,8]. OTO MOXeT yKa3bIBaTh Ha TO, YTO POCT YepHOUl Abipbl (U/1) B LIEeHTpaTbHbBIX
YaCTSX TATAKTUK OMPENETISETCS CKOPEE TPABUTALIMOHHBIM B3aMMOACUCTBUEM, HEXENN
BJIMSIHUEM MOHU3YIOIIETO M3IydeHUs 3Be3]] Ha Tpoliecc akkpeuuu rasza Ha YJI u,
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HaobopoT - uznydyeHust Y1 Ha cxkaTue MeX3Be3AHBIX 00JIaKOB U POXICHUE 3BE3/I.
OnHako, y4YyWuTBIBasg HaOJiogaTeJbHble HEOIpeAeIEeHHOCTH, 'pacIlyThiBaHuE"
B3aMMOCBS3€ii B IPOIIECCE COBMECTHOM 3BOIOLIMU TAaJaKTUK M UX LIEHTPAJIbHBIX
CMUY/I, npexacraBisieT co00ii HEMPOCTYIO 3a1ayvy.

IMpo6aema koppessiuun My, - M, craHOBUTCS OoJiee OCTPOM, €C/TIM MIPUHATH BO
BHUMMaHMe JaHHbIE IS TAIaKTUK Ha OOJbIIMX KPaCHBIX CMeleHusIX z=6. Habmo-
ngeHus B auHuM [CII] 158 um B psime KBa3apoB ¢ z=6 TMPUBEIU K BbIBOLY O TOM,
4ro oTHoweHue M, /M, B 5TH 3moxu sBoMOLMK BceeneHHoi Gonee vem Ha
MOPSIIOK BEJIMUMHBI MPEBbILLIAET 3HaUeHWE 151 JIoKaJibHOM BeenenHoii [9,10]. B To
BpeMsI, KaK B JIOKaJIbHOI BceneHHoM <M BH / M *>20.002 (cMm. neByro maHesb puc.10
B [6]), B amoxu ¢ z=6 BTa BeJMYMHA, M3MEPEHHas MO CWIbHBIM (S/N>10)
munusam [CII], cocrasnser <MBH /Mdy,,>20.02 (cm. puc.12 B cratse [10]).

Henb3st MCKITIOUUTh TOrO, YTO 3TO OOCTOSATENBCTBO B KAKOW-TO Mepe MOXET
OBITh OOYCJIOBJICHO HAOMIOAATEbHOM celeKIMel, CBI3aHHOM ¢ TeM, YTO B 0030pbI
00BEKTOB Ha OOJIBLIMX KPACHBIX CMELIEHUSIX TTONaAaloT MPEUMYILIECTBEHHO TaIaKTUKU
¢ Haubosee sspkumu U MaccuBHBIMU Y/I. Takast BOBMOXKHOCTb 0OCY:KAajdach B psie
pa6ot [9,11-13]. OpHako, BuUAMMO, (U3UUYECKME TIPUUYMHBI, CBSI3aHHBIE C
B3auMoBNUsHUEM (opmupytomnxcs CMYI v 3Be3nHBIX HaceleHU B Xoie
SBOJIIOLUMU TalaKTUK, TaKXe MOTYT CYIIECTBEHHO M3MEHSITh COOTHOIIEHUE
M,, - M,. B aTOM ciiydae BO3MOXHOCTb HaOJIIONATEIbHOM TUATHOCTUKM Pa3IMYHBIX
3TATrlOB COBMECTHOW 3BOJIONNU TAJTAKTUKU U €€ LEHTPAIBHONW CBEPXMACCUBHOU
JBIPBI MPEACTABISICTCS Upe3BbIYaliHO BaXKHOM.

OavH U3 mpelIoKeHHbIX clieHapueB mpeanonaraer 3apoabiint CMYJ co
"3Be3nHOIt" Maccoit ~100 M - octatok MaccuBHOM 3Be3nbl nokoseHust 111 (Poplll)
[14-18]. B opyroM cueHapuu 6ojee MacCUBHBII 3apoablil ¢ Maccoit M~ 10° M ®
BO3HUKAET MPEAMNOJIOKUTEILHO B pe3yJibTaTe MpsiMoro Kojiarca [19-22]. B oboux
clyyasiX 3Be3JHOE HaceJieHUWE OCTaeTCs, IMO-BUAMMOMY, CJI1a00 pa3sBUTLIM B TOM
CMBICJIE, YTO OCHOBHBIM MCTOYHMKOM MOHU3YIOILETO U HarpeBalollero u3aydeHust
JIJIT MEX3BE3MHOro raza okasbiBaeTcs pactymas CMY/L [23]. JInHelyaTelil CIEKTP
TaKMX TaJaKTUK C PaCTyIIMMM MACCUBHBIMU UYEPHLIMHM ObIpAMU B CpeIHEM
uHdpakpacHoM (MK) nuamazoHe 4yBCTBUTENEH K MCTOUHMKAM MOHU3YIOILIETO
U3JTYYEHUS, YTO JOMYyCKaeT MPUHLIMITMATbHYIO BO3MOXHOCTh UX UACHTU(UKALIUYU
u usydeHus: ¢ nomoibtlo JWST (James Webb Space Telescope - Teneckorn um.
Ix. Boba).

B Hacrosiieii pabote Mbl 00CyKaaeM BO3MOXHOCTb BBISIBICHUSI COOTHOILIEHU
MEXIy 3BE3IHBbIM HaCeJIEHUEM TalakTUKH, ee LieHTpaibHoii CMY/I 1 rajlakTmyeckoro
MEXX3BE3[HOIO Ta3a Mo UX CyMMapHOMYy cIieKTpy. C 3Toi 1ieJblo MBI UCCeIyeM
3aBUCHMOCTb CIIEKTPAJIbHBIX OCOOCHHOCTE!l B PEHTTEHOBCKOM, ONTUYECKON U
MHMpaKpacHOM YacTsIX CIEKTpa OT Macc 3TUX 0ObeKTOB. YTOOBI OrpaHUYUTh YUCIIO
CBOOOAHBIX MapaMeTPOB 3aJayd, Mbl M30eraeM OOCYXICHUSI 3BOJIOLIMOHHBIX
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CIICHApUEB, OTPAHUYMBASICH TOJIBKO PACCMOTPEHUEM 3aBUCUMOCTU CTIIEKTPAIBHBIX
pacnpenesieHit SHEpPruu OT BKJIAIOB 3BE3THOIO HacejeHus U LieHTpaibHoiit CMY/IL.
Mpb1 paccMmatprBaeM Habop Mozeneil ¢ Bapuareit macc CMYJI, 3Be31HOTrO HaceneHust
U OKPYXAIOIIEr0 WX Ta3a, He CeA3bl6as UX I60M0UUOHHLIMU COOMHOUEHUAMU.
OCHOBBIBasICb Ha 3TOM, Mbl MCCJeIyeM lajee, KaKk TakKhe BapuallMu BIUSIOT Ha
JIeTalu UX KOMOMHUPOBAHHOIO CIIEKTPa, YTO TAaeT BO3MOXKHOCTb BbISIBUTH OTAEbHbIE
BKJIaJbl OT KaXIIOTO U3 MCTOYHUKOB MPU PA3JIUYHBIX COOTHOIIECHUSIX UX Macc U
CBETUMOCTEN.

ITonoGHBIE uMccaeqoBaHUS TIPEANIPUHUMAIUCh paHee [Jisi OoNpeneseHus
BO3MOXHOCTH JIETEKTUPOBAHUS CIa00M 3MUCCUU OT PACTYIIMX YEPHBIX JBIP U UX
TMPEALLIECTBEHHUKOB Ha OOJBIIMX KPACHBIX CMEIIEHUSIX (z > 10 ), BMECTe C MPOBEPKOM
BO3MOXHOCTH pa3ie/ieHUs] 3BOJIIOLMOHHBIX MPOSIBJIEHU COOTHOILLUEHUM MEXTy
xapakrepructukamMu CMYJI u comepkallinx MX rajakTtuk [25-27]. Ux paccmorpeHue
OBLJIO HAIIPaBJIEHO B MIEPBYIO OYEPENb HA aHAIM3 CIIEKTPAIBHBIX AETAIC B ONVDKHEN
UH(ppaKpacHO 00JacTU U HaKJIOHA KOHTMHYYMa B yibTpaduosnere. B ominyue or
3TOro, OCHOBHOM TIpeaMeT Halllei paOdoThl - aHamM3 JaibHelt MK 1 cyOMUIMMETpoBOIA
(cybMM) obnacTeil crieKTpa COBMECTHO C PEHTIT€HOBCKMM KOHTMHYYMOM, MOXET
paccMmaTpuBaThCsl Kak JOTMOJHEHUE K MOAX0My, 00cyXaaeMoMy B pabotax [25-27].

CrpykTypa cTaThyd BKJIIOYAeT B ceOs pasnen 2 ¢ onvcaHueM (pu3nyecKoil u
YUCJIEHHOW MOJENU, paszaes 3 ¢ omMcaHueM pe3yIbTaTOB MOAEIMPOBAHUS, pasaes
4 ¢ 00CyXJIeHMEM TEOPETUYECKMX aCMEeKTOB HaOJIoIaTeIbHOW IMArHOCTUKU, B
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paszenie 5 chopMyIMpPOBaHbl BHIBOIBI PaOOTHI.
2. Onucanue moodeau.

2.1. Cnexkmp ceepxmaccueénoil uepHou Ovipbl. U3 [26] u [24] Mbl
MpearnojaraeM, 4yTo M3dydeHue 4YepHOoi AbIpbl ¢opMmupyercs B "myxysom” (slim)
aucke [29] co cnekrpom HosukoBa-TopHa [30] ¢ gobGaBieHUEM PEHTTEHOBCKOM
SMHUCCUM OT KOMITOHM3ALIMM Ha TOpSYMX DBJCKTPOHAX B 00JIACTM SHEpTUit
E>1kaB (bonee aetanbHOe obcyxkneHUe cM. B [24]). Takoit BEIOOp MOTMBUPOBAH
TE€M, YTO "IyxJible" IUCKM pamvallioHHO Hed(h@EKTUBHBI 1 aKKPEIIMOHHBIE ITOTOKM
YCTOWMYMBBI TIO0 OTHOLIEHUIO K HeycToiunmBocTU Penes-Teiisiopa gaxe sl CBepX-
SAIWHITOHOBCKOM akKpeluu (cM. oocyxaeHue B [29,31,32]). I[IpumMep Takoro criekrpa
nokaszaH Ha puc.l. st cpaBHEHMSI Mbl IPUBOAMM TakKKe YEPHOTEbHBIN CIEKTP ISt
WJTIOCTpallMM TOTO, YTO B JIMHHOBOJHOBOU 4actu (manbHuii MUK u cyomm
nuanazonsl) criektp CMYJ mMoxeT ObITh NMPUOIMKEHHO MpeNcTaBiIeH B BUJE
TeIUIOBOTO ¢ Temrepatypoi 7, ocMg'f[, rne My, - macca 4epHOi IbIpbl [24].

2.2. 36e30H0e HacenerHue. JInd CIIEKTpPa POLUTENHCKON TaJIAKTUKUA MBI
HCTIONIb30BAIM MOJENh 3BE3IHOIO HACEeJIEHUS OJWMHAKOBOIO BO3pacTa - B OOIIe-
npuHsITOil abopeBuarype SSP (single stellar population), oCHOBaHBIi1 Ha 3BE3IHBIX
tpekax Padova 2000 [33] ¢ HauanbHO# pyHkumeit macc (IMF) Connurepa [28].

Hamu paccmaTpuBaiiuch BapuaHThl ¢ Hu3Koil [Z/H] = -2, -1 u colHeyHOI
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Puc.2. CnekTpasibHOe pacrpeieieHue SHepruM s 3Be3IHOro HacesleHusi Bodpacta 30 MJIH
JgeT u MetauimuHocthio [Z/H] = -2 (cBemno-cepas sunus), 200 vH ner u [Z/H] = -1 (cepas
quHus), | Mapm netT u cojsHedyHoW MetautmaHOCThio [Z/H] = 0 (temHo-cepas nunus) [28].
BonomeTrpuyeckass cBeTUMOCTh paBHa L =3 - 10° L.
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[Z/H] =0 MeTaJlInYHOCTbIO, Y IByMSI 3HAUEHUSIMUA OOJIOMETPUYECKON CBETUMOCTHU
SSP L=3-10° Ly m 3- 10 Le , paBHBIMM 3IIMHITOHOBCKMM cBeTMMOocTsIM CMY/]
¢ Maccamu My, =10° Mg n 10° Mg, COOTBETCTBEHHO. 3BE3IHBIE MACCHI TAKMX
HaceJeHU MOXHO TpyOdO OLIEHWTh BeJIWYMHaMu M, ~ 10° u M .~ 10" M ®>
npearnoiaras Ux MogoOHBIMU 3BE3IHBIM HaceJeHUsSIM B JIOKaJabHOU BceneHHOi
(cMm., Hampumep, [34]).

Ha puc.2 nokazaHbl Tpu MOAEIN CIIEKTPOB 3BE3MHOIO HaceJeHUs U3 OMOIMOTEKN
[28]: Monomoe HaceneHue ¢ BosdpactoMm 30 MiH et ¢ [Z/H] = -2, HaceiaeHue
cpenHero Bo3dpacta (200 M sreT) ¢ [Z/H]=-1 u cpaBHHTEIBHO CTapoe HacelIeHue
B 1 MApA JIET ¢ COMHEUHON METANIMYHOCTBIO. YBeJIUYeHE METALTMYHOCTU MOJIOABIX
HaceJeHUI TPUBOIUT K pocTy cBeTUMOCcTH B MUK u cyOMM obiacTsx criekTpa. B
CITeKTpax HaceleHui Bo3pacTtoMm 200 MIH JIeT M crapiie yiabTpaduoneroBas (YD)
4yacTh CHEKTpa ocjiabeBaeT Mo Mepe TOro, KaKk MAacCHUBHBIC 3Be3lIbl MOKUAAIOT
[JIABHYIO TTOCIEA0BAaTEILHOCTh U 9BOJIOLIOHUPYIOT B 00J1aCTh KPAaCHBIX TUTAHTOB,
yBeamuuBasg MK dacte. C gpyroil CTOpOHBI, 3Be3[bl MAaJbIX U MPOMEXYTOUHBIX
Macc Ha craausax =120—-150 MJIH JIeT 3BOJIOLMOHUPYIOT B IUIAHETAPHBIE TYMaH-
HOCTU U Oejible KapJUKU U MOAASPKUBAIOT SMUCCHIO B JaibHeM Y® nuamazoHe
Ha IIPOTSDKEHUM B HECKOJIBKO MJIPH JIeT.

MBI OyaeM paccMaTpUBaTh XapaKTEPUCTUKU CYMMApPHOIO CIEKTpa, BKIIOYAKOIIIETO
crnekTpbl 3Be3n U CMYJl mocie mpoxoxXaeHUs uepe3 MeX3BEAHYIO cpeay |
COOCTBEHHO 3MUCCHUIO MEXK3BE3IHOTO ra3a, MOHU30BAHHOTO U HATPETOTO M3TyYeHUEM
3Be3n 1 CMYJI. Haeii uenbio sIBJsIeTCSI onpeaesieHUue XapaKTepUCTUK pe3yJib-
TUPYIOLLIETO CIIEKTpa B 3aBUCMMOCTU OT Macc 3Be3gHoro HaceaeHusi, CMY]l u
MEX3BE3[HOr0 ra3a, 4To IMO3BOJUIIO Obl BBISIBUTH COOTHOLICHUS MEXAY HUMH.

2.3. Meoxczee30ubili ea3. B pacuetax Mbl OygeM MPUHUMATh B KA4eCTBE
"cTaHJAapTHOI" Macchl Ta3a 3HadyeHue M ¢ = 10" M ® - A1 TOro, 4TOOBI MILTIOCT-
PMpOBaTh 3aBUCHMOCTb OT MacChbl, PACCMOTPUM Takxke M, = 10° M ® ¥ OIpeneInm
MPOCTBIE MacIITabHbIe COOTHOIICHMS. Takre 3HaYeHMST Macc He KaKyTcsT Hepeanc-
TUYHBIMU [UTSI pAaHHUX TAJIAKTHK, TIOCKOJIbKY HAOIONEHMS TaJIaKTHK C JTaiMaHOBCKAM
ckaukoM (LBG - Lyman Break Galaxies) moka3bIBaloT, YTO JIOJsI MacChl B
ra3oBoii ¢paze MOXeT ObITh CpaBHMMA C MOJIHOK MacCOBOU nosielt 6apuoOHOB (CM.,
HanpuMep, obcyxmeHue B [35-37]). Ly-a "smurrepnl” (LAE) Ha Oombimmx
KpacHbIX CMEIIEHUSIX TakXke JEMOHCTPUPYIOT OOJIbLIME MacChl rasza, KOTOpbIE
MPOSIBISIOT ce0sl BbICOKOW CBETMMOCTbIO B JuHUU Ly-a [38,39].

2.4. Yceaoseusa oaa CLOUDY. VoHU3aLMOHHOE PaBHOBECHE XUMUUECKUX
BJIEMEHTOB M XapaKTEePUCTUKU CHEKTPATbHBIX JIMHUII MOHOB BBIYMCIISIOTCS C
nomolpio maketa CLOUDY [40]. B Monenan ra3oBblii CJIOi moaBepraeTcs IeiCTBUIO
noHusywuero uznydeHus CMYJI u 3Be3nHOro HacejneHus. Mbl mpearnosaraem
cheprueckyro reoMeTpuo ¢ GUKCUPOBAHHBIM BHYTPEHHUM paauycoMm cios 100k,
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a BHELLHMIA panyc OMpeesisieTcst MOMHOM Maccoii rasa M,. ILIOTHOTb 1 MeTa/LTHy-
HOCTb MOJIaraloTcsl OAHOPOAHO paclpeleJeHHbBIMU 110 00bEMY CJ10S1; BBIUMCIEHUS
TIPOBEIEeHBI IS 3-X 3HAYeHWI MeTaymmaHocT: [Z/H]=-2; -1 u 0, B COOTBeTCTBUU
C MOJIEJISIMY 3BE3MHBIX HACEJIEHMIA, TIPEACTaBICHHBIX Ha PUC.2; B KAUeCTBE CTaHIapT-
HOTO TpPUHMMaeTcsl 3HauyeHHe IIOTHOCTM n=1cM™. B pacuetax ¢ OTIMYHOI
IJIOTHOCTBIO Macca Tasa mperosiaraercsl ((MKCMpPOBaHHOM, T.€. CpaBHEHUE Mojesei
C Pa3HOIl TUIOTHOCTBIO MOJIpa3yMeBaeT HESIBHO PaJMyChl UX 000J0YeK Pa3HBbIMMU,
KaK 3TO CJENyeT W3 COXPaHEHMUSI MacChl: R, o n?. Bo Bcex ciywasix
MpeAIoaaraeTcsl TerioBOe PaBHOBECHE.

3. Pesysvmamul. B Mopmensix ¢ HHM3KOW MeTaUIMYHOCTBIO ([Z/H]<-2)
paccMOTpUM JJiS1 WJUIIOCTPALIMU LIUPOKYI OO0JAaCTh MAacC YEPHBIX IbIP
10° <My, <10° Mg . XoTs MX BKJIad B HAarpeB M MOHM3ALMIO TaJaKTHYECKOrO
rasa MpM MajiblX Maccax Y4epHbIX Ablp 10° <M, <10° Mg He3HauuTeseH, OHU
MOIYT IIOKa3bIBaTh 3MUCCUOHHBIE XAPAKTEPUCTUKU TAIAKTUK C MACCUBHBIMU
YEPHBIMU IbIPAMUA B Hayajle MX COBMECTHOW 3BOJIOLIUU.

Hecmotps Ha TO, UTO C yBeIMUEHUEM METAJUIMYHOCTU pacTyT a(PheKThl HEMPO3-
PAYHOCTH, B MOJIEJISIX C MACCAMHU YEPHBIX IbIp B MHTepBate 10° <M s < 10% M. ®
OHM OKAa3bIBAIOTCS CIa0bIMU: O1arofapsi BLICOKOMY MOTOKY PEHTIeHOBCKOTO U YD
WU3JIy4YE€HUS, CWJIBHO WOHM3YIOLIETO TSIKEJIbIE 3JEMEHThl (TaKuhe KakK YIJIEpO.,
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Puc.3. TlpuMep SMHMCCHOHHBIX CHEKTPOB IU(PGY3HOrO MEX3BE3IHOrO raza, MOHU30BAaHHOIO
MoJIeM M3JIydeHMs] 3BE3IHOT0 HaceJeHUsl ¢ (UKCUPOBAHHON OOJOMETPUUYECKOM CBETUMOCTHIO
L=3-10° Ly, m CMYJ ¢ maccoit M,, = 10° M Kak IMOKa3aHO Ha TaHeJsIX: B rase Ge3 MbUIU
clieBa, ¢ TIbLIbI0 cripaBa. BospacT 3Be3nHOro HaceneHust cocTapisieT 30 MITH JIET, ero MeTaJUIMYHOCTh
paBHa [Z/H] = -2. Cnexrp 3Be3MHOTO HaceJeHUs moka3aH Ha puc.2, cnmektp CMYJ] wMoxensio
[24], xax nokasaHo Ha puc.l, Macca rasa M, = 10° M o TOJICTbIE CBETIO-CEPhIE JIMHMM MTOKA3bIBAIOT
CyMMy 3Be3OHOro crekrpa m crnekrtpa CMYJl (oTmeJbHO ITOKa3aH TOHKOW YEpHOM IITPUXOBOU
JIMHUEH ), TOJICTbIE Cepble JIMHUU MOKAa3bIBAIOT CyMMApPHbIN CIIEKTP TMOC/e MPOXOXKIEHHUs uepe3 ras,
T.6 CyMMy OCJa0JeHHOTO MaJalolero M MnepepaboTaHHOTO Tra3oBbIM CJIOEM M3JIyYeHUs], YepHble
TOHKHE CILIOLIHbIC JIMHUU COOTBETCTBYIOT SMUCCMOHHOMY CIEKTPY (DOTOMOHM30BAHHOTO TOPSIYETro
rasa ¢ IUIOTHOCTBIO # = 1CM~ W METaUTHIHOCTHIO [Z/H] = -2.
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KHUCJIOpOJI, a30T), MPOUCXOAUT MPOCBETICHUE ra30Boro ciiosl. I1pu aToM nuHaMuJeckoe
pausinue (feedback) YJI Ha okpyXaloluii Ta3 MOJABISIETCS M3-3a TOTO, YTO OH,
Oyayuu TIpO3pauyHbIM, XOPOIIO IPOTPEBAETCI M MeHee ITOJBEepPKEH IEUCTBUIO
rpaBUTaALlMOHHOTO BAusTHUS Y.

3.1. Cé0600Hnblll om nbiau 2a3. OCTaHOBUMCS BHayajle Ha COBMECTHOM
BJIMSIHUM U3ITy4eHus 38e31 U Y/l Ha SMUCCHOHHbBIE XapaKTEePUCTUKU TATAKTUYECKOTO
rasa ¢ HU3KOM MeTammmyHocThio [Z/H]|=-2. Paccmorpum Habop Mopeneit ¢
(bukcHpoBaHHOI Maccoit 3Be3MHOr0 HacesieHUs ¢ 60JIOMETPUUECKON CBETUMOCTBIO
L, = 3-10° Ly " wusnydyeHUeM OT LeHTpaibHOM Y/ ¢ Maccoil B MHTepBaje
10° Mo—10° Mg ; Macca okpyxatowero rasa M, =10"" Mg .

Ha pwuc.3 npeacrapiieH mpuMep MOIEIbHBIX CHEKTPOB TajlakKTUK C HU3KOM
METALTUYHOCTBIO: TOJICTBIE CBETJIO-CEPBIC JIMHUM MOKA3BIBAIOT CYMMY MCXOIHBIX
CMEKTPOB 3Be3AHOro HacegeHust U Y (yepHasi TOHKasi MYHKTUPHAs JUHUS
COOTBETCTBYET BKJIaay oT Y/l), KOTOpBI IEMOHCTPUPYET pazINurs MEXIY CIIEKTpaMu
B OTCYTCTBMM NbUIM B Mexk3Be3nHoi cpene (M3C) u nipu ee Haauuuu. TOHKUMU
YEPHBbIMU CIUIOIIHBIMM JIMHUSIMM TIOKa3aH 3MMUCCUOHHBINA CMEKTp (OTOUOHU-
30BaHHOTO MEX3BE3[HOTO ra3a, TOJCTbIE Cepble JMHUU MPEIACTABISIOT CyMMAapHBIA
CIIeKTp, KaKMM OH OymeT BuAeH Ha Bbixoae u3 M3C ciog. Jlerko BUAETh, 4TO
HECMOTps Ha HUBKYIO METAJUTMYHOCTD [Z/H]|=-2, ynpTpadnoieToBble M peHTTe-
HOBCKHE€ KBAHTbI OT YEPHBIX JIbIP IMOIJIOIIAIOTCS B YaCTUYHO HEUTpaTbHOM ra30BOM
cJloe, a Kakas-To J0Jis TOMIOIIEHHOM 3Hepruu nepeusnydyaercs B MK amuccuio
MbUJIA Y B CMIEKTPAIbHBIX JTUHUSIX BOIOPOJA, U HU3KO MOHU30BAHHBIX COCTOSIHUSIX
MetayioB, Takux kKak [NII] 121 um, [CII] 158 um, [NII] 205um wu ap. Yacte
MOMJIOIIEHHOW SHEPTUM MEPEUSITYYAETCH TAKXKE B TOPMO3HOU 3MUCCUM B JaTbHEN
MK obnactu. Ha mpaBoil maHeqM Moka3aH CHEKTp AJIS TeX Xe mapaMeTpoB, HO
C MPUMECHIO MBI ¢ MaccoBoii goneit D =0.3C, {=Z/Zs . Jlerko BuaeTh, 4TO
HaJIMYMe MbUIM 3aMETHO MCKaxaeT crnekTp B onrtuke, MK u cyOmm obiactu
criektpa. B Y® u peHTreHOBCKO# 00JIacTH XapaKTep IOTJIOIIeHUsS B 00JacTu
A ~30-1000A mpakTUUECKN He M3MEHSIETCA MpU A00aBneHun b, HeGombiioe
yBeJIMYEHNE TOMJIOLEHUS BUAHO B OOJIACTH IJIWMH BOJIH A ~ 1000 —5000 A .

MoHuzaumsi, HarpeB U 3MMCCUSI Ta3a OOECHeuYMBalOTCS TMPEUMYILECTBEHHO
KkecTkuM uanydyeHruem CMYJI. CBeTMMOCTDb Ta3a yBeJMYMBAETCs MPONOPLIMOHATIBHO
Macce yepHoi nbIpbl. [1o Mepe Toro, Kak CTeneHb MOHU3ALMN MPUOIMKAeTCI K
enrHule (puc.4), aTa MPONOPLUMOHAIBHOCTb OC/1abeBaeT, OMHOBPEMEHHO MOHMXKAETCS
U OMUCCUS B JTUHUSIX. YMEHbIIEHWE JOJIU HEUTPaIbHOIO ra3a MPUBOAUT K TOMY,
YTO BHELIHUM CJION Tra3a CTaHOBUTCS Oosee mpo3payHbIM. st Mace Y GombImx
Mgy =10" M ® BOIOPOI ITOJHOCTBIO MOHU30BAH U CIIEKTP MOHU3YIOLLIETO M3TyIECHI,
nanawmoero Ha cioit M3C, mpakTuiyecku He uaMmeHsiercs. Ilpu aToM Takxke
MajaloT MHTEHCUBHOCTU JIMHUI BOAOpOAA, rejivusl U MeTauioB. OTMETUM, 4TO
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0osoMeTpUYECKasd CBETUMOCTb YEPHOW IBIPBI MACCOH M gy =10° M ® IIPEBOCXOIUT
CBETUMOCTh 3Be3nHOro HacesieHust SSP ¢ L, =3-10° Ly.

0 T

0.8 S —

log(x[HII)

-1.6

> Wig T AV esaayTTa T
| |

log(T, K)

Li/Ltot

n:

Puc.4. DrexTpoHHas KOHLEHTpauus X = n,/n (BEPXHsAsA IIaHENb), Temrepartypa (CpeaHss
MaHesb) B Ta30BOM CJIO€ Maccoii M, = 10° M, (TOHKME IMHUM), 10"° M o (TOJCTBIE NMHUMK) U
MetauimyHocThio [Z/H] = -2 (wtpuxoBbie juHuM), -1 (myHKTHpHBIE JuHUM), 0 (CIUIONIHBIE
JIMHUM), TIOABEPXEHHOM [EHCTBUIO M3JIy4yeHMsl 3Be3nHOro HacejaeHuss SSP ¢ Gosomerpuyueckoi
CBETUMOCTbIO L, =3- 10° L, w akkpeuupyroueit CMY] ¢ maccoit My, ykazaHHOii Ha ocu X; ISt
[Z/H]=-1 u 0 maccoBast KOHLIEHTpaL¥s MUK coctapisier @ = 0.3 . HkHssa naHenp mpeacrasisiet
JIOJII0 DHEPruM, 3aTpaueHHYIO 3BE3IaMU W YEpHOil AbIpoi Ha HarpeB mbuiM (cM. pasmen 3.3.2),
KaK IT0Ka3aHO TOHKMMM M TOJICTBIMM CIUIOLIHBIMM JIMHUSIMU U1 Macc raza M ¢ = 10° u 10" M ®
- INTPUXOBasi W MYHKTUPHAsl JIMHUU, COOTBETCTBEHHO.

CBeTUMOCTb Ta3a B TOPMO3HOM KOHTHMHYyMe B MK M cyOMUIUTMMETPOBBIX
obnacTsiX pacTeT Kak L, o« M, 10 Tex IMop, MOKa Macca YepHOW IbIpbl He

IIPEBLICUT KPUTUYCCKOI'O 3HAYCHUA M IIOCJIC YETO HAChIIACTCA U JAJICC OCTACTCA

BH s>
IIPaKTNUYCCKN HEU3MEHHOI. HpeHHOHaraﬂ, YTO ra3 B CJIO€ MOHU30BaH IIPpEUMY-
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LIIECTBEHHO YJIbTPAQUONETOBBIM U PEHTIEHOBCKUM M3Jy4EeHMEM YEPHOI JBIPHI,
MOXHO OLIEHUTb €€ Maccy, COOTBETCTBYIOLILYIO TAKOMY TEPEXOIY KaK
o " a, n<ai>Mg ~10- Mt
s > Mpy s~ = ————= g s (1
M, Lgda me
a, =23-107° 7,%% em’ ¢!, 3nech npeanonaraetcs pekomMGUHaLMA Ha 2-if 1 Gosee
BBICOKME ypoBHM [41], <8i> = _[F8 o; (s)sds/J.Fa o; (g)dg ~0.05 k3B - cpennsasa
SHEPIHsl MOHU3YIOWEro (DOTOHA, F, - MOTOK PEHTTEHOBCKOTO M3MYUCHUS, Lyyy y. =

=1.26-10 3prc’' - >IIMHITOHOBCKAS CBETMMOCTD ISl YEPHOI ABIPBI C MACCOii
Mpy =Mg, n - TIOTHOCTb Ta3a B ra3oBoM cioe ¢ maccoii M. [l ceyeHns
VOHM3aLlMM MBI IPUHUMaeM o, =2-1072g2y cM” [42].

Hoist maceet raza M, = 10" M ® IIPU IUIOTHOCTU h= lcm™ ypaBHenue (1) maer
M gy ~10° M. Tlpu oToM cTemeHb MOHM3aMKU x<I, KaK 9TO BUIHO W3 puc.4
U Mocjenylollee yBennyeHue M,,, He TPUBOAUT K YBEJIMYEHUIO CBETUMOCTHU
razoBoro cjos. Ilpennonarast ajist BOIOPOJHO-TEIMEBOM MJIa3Mbl CKOPOCTh OXJIaXK-
JeHusa A, =3- 107 T41/ 2 aprem’c’! [41], MOXHO OLIEHUTD OO GOJIOMETPUYECKOIT
CBETMMOCTM YEPHOM AbIPbI, KOTOpas Meper3ayyaeTcs B SMUCCUM ra3a Kak

Npep ~ 3-107° xznT;ﬂ&. Q)
BH
Jlns My, =10° Mg 5Ta 107s COCTABASET M, ~ 0.3 JUIS TUTTMYHBIX MApaMETPOB
U nagaer ¢ ypeaudeHuem M,,. Bkiax MeTalioB B TOPMO3HOM KOHTHHYYM B
065acT A= lum HE3HAYMTENIEH.

B 11MHHOBOJHOBOM TIpeliesie CBETMMOCTb TOPMO3HOIO W3JyYEeHUS CJIOs
usMeHsercst Kak L, oc v "2 oc A*'? | Dra 3aBucuMOCTb ABIseTCA Gosee TONOTON,
YyeM JJMHHOBOJHOBAas acCUMITOTMKA CyMMapHoro crektpa 3e3n u CMYJ]
L3PBH o v2 oc 172 . CrienoBatesibHO, Ha JUIMHAX BOJH GOJiblle HEKOTOPOi A,
CBETMMOCTb ra30BOT0 CJI0S1 MTPEB30OMAET CYMMApHYIO CBETUMOCTb MCTOUHUKOB. [1pu
A; HaKJIOH CYMMapHOIO CIIEKTpa U3MEHUTCH OT aa=-2 K o =-0.12 B CTOpOHY
OOIbIIMX IIMH BOJXH A >A;, KaK BUIHO Ha pUC.5: pacmpeneiieHus L, =VvL,
M3MEHSIOTC OT L, ocv> oc A mpu A<k, kK L, cv*® oc A% 3a mpenenom
TOUKHU Tiepernba B gagbHel MUK m cybmMm obmacTu.

Jlerko BumEeTh, YTO 7151 39JaHHON CBETMMOCTH 3BE3IHOTO HACEIeHUs yBeJIMUeHUE
Macchl YEpPHOM IbIpbl MPUBOAUT K CMEIIEHUIO TOUKMU MepeceyeHus B 0Oosiee
KOPOTKOBOJTHOBYIO 00JIACTh C OMTHOBPEMEHHBIM YBEJIMYEHUEM CBETUMOCTH JIO TEX
Mop, MoKa 3Be31Hasl YacTb JoMUHUpPYeT B onthke 1 MK obnactu, a Macchl YepHbIX
IBIp JIexaT B uHTepBaite ot 10° o 10° M ®- A 6oJiee MaCCUBHBIX YEPHBIX ABIP
TOPMO3HOW KOHTWHYYM HAaCBIIIAETCS U TOCIEAYIONIEe YBETUYEHUE MACChl YEPHOM
JIBIPbI CMeIaeT TOUKy Ieperuba K 0osiee JUIMHHBIM BOJHAM C OJHOBPEMEHHBIM
YMEHBLIEHUEM CBETUMOCTU Ha 3TOW IJIMHE BOJIHBL. Habop TOJNCTBHIX CBETIO-CEPBIX
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Puc.5. Cxematmueckoe MNpencTaBieHre pE3yIbTUPYIOLIMX CIEKTPOB. YacTb 3MUCCHOHHBIX
CIEeKTPOB (DOTOMOHM30BAHHOIO Ta3a, COOTBETCTBYIOLIASI TOPMO3HOMY KOHTHHYYyMy, MOKa3aHa
HAKJIOHHBIMHU JIMHUSAMHA. TOHKWE IYHKTUPHBIE JUHUU COOTBETCTBYIOT HMCXOTHOMY CYMMAapHOMY
CrieKTpy 3Be3mHoro HaceaeHuss 1 CMYJI. HaGop TOJCTBIX CBETJIO-CEPhIX JMHUN IOKa3bIBaeT
CYMMapHBI CIEKTp Ha BBIXOAE M3 Ta30BOro cijios. CUMBOJIbI, COCAMHEHHbBIC YEPHOM TOJICTOM
CIUTOILITHOM JIMHUEH, YKa3hIBAIOT TOJOXEHUE TOUEK IEPEXoaa OT KOHTHHYYMa MCXOTHOTO UCTOYHMKA
K TOPMO3HOMY M3JIyYeHHWIO ra3a - TOYeK Ieperuoa.

JIMHUM TIOKa3bIBaeT CyMMapHbIi criekTp 3Be3a 1 CMYJL Ha BbIxone U3 ra30BOTO
cJI0g Uil pasHbix 3HayeHuii macc Y1 M,,. HakIOHHbIE TOHKKE JIMHUK YKa3bIBAOT
TOPMO3HOW KOHTMHYYM pPa3HOW MHTEHCUBHOCTU. CUMBOJIbI, COEAMHEHHbIE YEPHOM
TOJICTOI CIUIOLIHOM JUHMEH, OTMEYaloT MepecedyeHre TOPMO3HOTO KOHTUHYYMa C
KOHTMHYYMOM CyMMapHoro criekTtpa 38e31 1 CMY/I. Jlerko 3aMeTuTh CyllleCTBOBaHIE
"HaCBIIEHUs" JUTS MAcC YEPHBIX AbIp M g, = 10° Mg , KOrna JUMHa BOJHBI B TOUYKE
HepeceveHms IOCTUraeT MUHUMYMA U TIPY MOCIEIYIOLIEM YBEMYeHU M, HaYnHAET
BO3pacTarth. JIpyroe mpeacraBiIeHne TaKoro "MeT/Ie00pa3Horo” MoBeACHUST 3HAYCHMST
JUTMHBI BOJIHBI TOYKHM TIepermda CIIeKTpa OT MacChl YepHOM IBIPHI ITOKa3aHO Ha
puc.6.

N3MeHeHMe HAKIIOHA CIEKTpa B OKPECTHOCTY TOYKM NEPErnda A ~ A; MOXET
CIYXUTb IJIT OLEHKW MacChl YepHOU AbIpbl. [IMMHA BOJHBI B TOYKE Tepernda
M3MEHSETCS B LIMPOKOM MHTepBajie oT cpenHero MK nuanazoHa no cyoMM BOJIH,
KOTOPBII OYyIeT OXBaTHIBAThCS AEHCTBYIOIIUMU M INIAHUPYEMBIMM KOCMUYECKIMU
muccusmu: JWST', Musmumerpon®. Puc.7 mokasplBaeT crieKTpaJbHble MOTOKU

! http://www.jwst.nasa.gov/
2 https;//www.millimetron.ru/en/home
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Puc.6. 3aBUCMMOCTb JUIMHBI BOJIHBI TOUKM Teperrba B CUCTeMe TOKOsl (TEeMHO-Cepble KpPYITHbIE
TOYKM Ha puc.5) oT maccel CMYJ] it msATH 3HAYEHWil CBETMMOCTH 3BE3[HOro HaceieHus: L, =0,
8 9 10 11 o
3-10°, 3-10°, 3-10 ", 3-10 L, (or HaubGosee TOJACTOM K OOjiee TOHKMM JIMHUsM). BospacT 3BesnHoro
o 10
HaceneHust - 30 muiH JieT. Macca Ta30BOrO CJIOs TMPUHUMAIACH PaBHOM M, =10"M, (BepXHSsIst
9 o
namenb), 107 M, (HuxHsAs naHenb). LipeToM Boomb MHMIA NOKasaH jorapudm CBETUMOCTM VL, B
TOUYKE Meperuoda.

(3HayeHue jorapudma noroka B p SIH MokazaHO M3MEHEHUEM LIBeTa BAOJb JIMHUN)
B TOUKax meperuda A =2\ l.(z) JUISl TAJIaKTUK Ha Pa3HbIX KPACHBIX CMEIEHUSIX.
IToToku paccuuTaHbl [IJi1 HU3KOTO CHEKTpaJbHOro paspeuieHus R=3. Touka
neperu6a B criekTpax s My, <5-10° Mg M GoraThix rasoMm TraJakTHK
(M, = 10" M ®) TIonagaeT B o0yacTb UIMH BOJAH A~ 0.7—-4.5um, B KOTOpOi
tesneckorn JWST pocturaer Hawtyyliliei YyBCTBUTENBHOCTU B OOJIBILIMHCTBE (DMIBTPOB
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NIR kamepsl’ 1 nHcTpyMeHTa NIRISS*: ~0.01-0.02 p SIH ¢ OTHOLIEHHEM CUTHAA
K wymy S/N =10 Bo Bpems unterpuposanusi 10*c [43]. Takast 4yBCTBUTEIBHOCTD
KaXXeTCd JTOCTATOYHOM IJisl JNeTeKTUPOBAHUS TAJJaAKTUK C MacCaMU YEPHBIX JIBIP
Mgy ~10° Mg v Maccamu raza M g2 10" M. ® Ha KpacHBIX CMCUICHMSX BILJIOTh

log(2.°>), um

log(A.°>), um

Puc.7. 3aBucumocTh HaOMOgAEMOI JJIMHBI BOJIHBI TOYKM Tiepernba ot maccel CMYJl B
Mozensax 0e3 3Be3MHOro HacesneHus. LIBeT BmOb MMHUMIT yKa3bIBaeT 3Hadewe JjiorapudMa MOTOKa
B Touke meperuba F, B pfn ma CMYJ Ha KpacHbIX cMmewmeHusx z =1, 3, 5,7, 9, 11 (camsy
BBepx). Macca MOHM30BAaHHOIO Ta3a MPUHSTA paBHOU M ¢ = 10" M o (BEDPXHHSA NaHeNb) U 10° M ®
(HXHSIS TIaHEJTb).

E.O.BACUJIBEB U JP.

BH onlfx, M, =:10'°M® “ ‘-l }"{
0
2
-1
1
-2
0
-3
-1 _
BH only, M, =109M®
3
0
2
-1
1
-2
0
LT ; -3
-1L1 """ |- | | ERRRRRRa | | 1—|.
3 4 5 6 7 8 9
logM,,,

3 https.//jwst-docs.stsci.edu/near-infrared-camera/nircam-instrumentation/nircam-filters
4 https.//jwst-docs.stsci.edu/near-infrared-imager-and-slitless-spectrograph/niriss-instrumentation/

niriss-filters
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z~11. TaakTHKN ¢ MeHbLUeH Maccoii rasa M, < 10° My MOTYT GBITH BHIHBI
BOJIM3U ki(z) TOJBKO Ha KPacHBIX CMEIICHUAX z< 5 U C MaccaMU YEepPHBIX JIbIP
10° <My, <10° Mg . na Gonbuwmx macc M, TO4Ka Teperuba CMELLAeTcsl B
00J1aCcTh JUIMHHBIX BOJIH M MOXET OBbITh JETEKTUPOBaHa OyaylIMMU 00CepBaTOPUSIMH,
Hanpumep, MwumiMmetpoH [44] m THEZA [45]. Bbennble ra3oM rajakTUKu
M g < 108 M ® BDAN I MOIYT OBITb BUIHBI Ha [UIMHAaXx BOJH A~ Xl.(z) 3a
npeaesamMu z= 1 JeWCTBYIOIIMMU U IUIAHUPYEMbIMU MHCTpyMeHTamMu. Hanuune
3BE3[IHOIO HACEJIEHUsI CMelllaeT TOUKy reperuba B o61acTb 6ojiee JIMHHBIX (CyOMM)
BoJIH (puc.6).

3.2. Ilposeaenus 36e30 u 4epHou Oblpbl 8 MeEnA080L IMUCCUU NbIAU.
Kaxk OBUI0 OTMEUeHO BBIIIIE, IIPUCYTCTBHUE TTBUTA 3aMETHO M3MEHSIET SMMCCHOHHBIN
cnekTp B ganbHed MK u cyomm obsactu. 1S TIbUIM ¢ 3aKOHOM 3KCTUHKIIUM KaK
B Hameil Tanaktuke: ©,=5-10?¢ cM® Ha atom Bomopona [41], onTuyeckas
TOJILIMHA [a30BOTO CJIOSl B SKCTMHKUWM paBHa T, =7CM ;/,210”2/ 3 e C=2/Zg
- METAUIMYHOCTh ra3a B CONHEUHBIX eIMHULAX, M,,, - Macca rasa B Halleii
CcTaHmapTHOU Mmonenu B emuunnax 10'° M. B 061acTu UIMHHBIX BOJH BILIOTH
10 A=<1000pm, SKCTMHKIUS YOBIBAET KaK G(?»)oc A3 B HammMX oOLEHKaxX
HCIIOJIb3YETCS aIlllpOKCUMalnsl o =~ 5- lO’ZZC(k/ O.5um)74/ oM’ (cM. puc.5 B [46]).
B pesynsraTre Ta3 "mpocBetisercs” r(k)s 1 B O6nuxHem MK u nanee
az20Y M;,/jonl/z um .

[Ib1b HarpeBaeTcsl yAbTPa(UONETOBBIM U PEHTICHOBCKUM HW3JIyY€HUEM OT
3BE3I M YEPHOU ABIPHI. 3aMeTHasl JOJIS SHEPTUU 3TOTO M3TyUeHMS 3Be3 U YepHOI
JBIPBI TIOTJIOLIAETCST OKPYKAIOIIMM Ta30M, KakK JIETKO BHIETh Ha pUC.S, U UOET Ha
HarpeB M MOHMU3ALIMIO OKPYXKAIOLIEro rasa M MbLIM. DTa JHEPrus 4acTUYHO
Tepen3TydaeTcs 3aTeM B SMICCUH Ta3a U UM, [1pr 3TOM YepHas mpipa TOMHUHUPYET
B Harpese TbUIM M Trasa Mpu Maccax My, =10° Mg, Kak TOKa3aHO TOHKMMU
TEMHO-CEPhIMU JIMHUSIMU Ha puc.8. JIerko BUAECTh, YTO HE TOJBKO abCOJIOTHAs
CBETUMOCTh TBIIM, HO M €€ JOJsA, TO €CThb OTHOIIEHHE CBETUMOCTU TBIIA K
CYMMAapHO# CBETUMOCTH 3Be3Il U YEPHOIT ABIPBI, BO3PACTACT C YBEIMUEHUEM MacChl
NocjenHei, KaK Moka3aHo Ha HIXXKHel MaHeau puc.4.

Ha Bepxmeit ieBoit maHe prc.8 MOKHO 3aMETHTh, YTO HAJIMYME Ta3a IPUBOTUT
K YMEHBILIEHUIO PEHTTEHOBCKOTO U3JIyUeHHs B 001acTu A ~20A 1 yBeandeHuIo
HeOynsipHoit u mbuieBoii MK amuccum B obmactu A=10pum - Takas obGpaTHas
"peakiusa’ MHTEHCMBHOCTH B XKE€CTKOM PEHTIeHOBCKON Tonoce n B maiabHein MK
U CyOMUJUTUMETPOBOI 00J1aCTU COAEPKUT B ceOe MH(pOPMALIMIO O COOTHOLLIEHUU
MeXJIy MaccaMy YEpHOM JbIpbI, raza W MbUIM (CM. OOCYyXXIeHUe B paszfene 4).

st £>0.1 onTuyeckas TOMIWHA T, ,, HA PaCCTOSHUAX 1, ~(3M, /4np)1/ =
=1.5-10% M;,/jon’l/ >cM B peHTreHoBcKOM 1 Y® mojiocax IpeBBIIAeT eIMHUILY.
CienoBaTesibHO, I'py0asi olleHKa TeMIepaTypbl MbLIM MOXKET ObITh MOJyYeHa B
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Puc.8. DmuccuonHblii criektp auddy3Horo Mex3Be3nHOro rasa, MOHM30BAaHHOTO TOJiEM
U3TYyYeHUS 3BE€3THOTO HaceIeHUsI ¢ (PMKCUPOBAHHOM 0OJIOMETPHUYECKOI CBETUMOCThIO L =3 - 10° Ly
u CMYJ c maccamun M, =10"; 10% 10" u IOSM@, KaK II0OKa3aHO Ha MaHeJdgx Ui Trasa C
COJIHEYHOM METaNIMYHOCThIO [Z]=0, U mbliM ¢ MaccoBoil noseit © =0.3C. ToHKHE TeMHO-
cepbie JIMHUM TOKAa3bIBAIOT HEOYISIPHYIO SMMCCHUIO Ta3a, MOHM30BAHHOTO M HATrPeBAeMOTO YEPHOIT
neipoii. Toscrass yepHasi LWITpUXOBasi JIMHWS Ha HMXHEW JIEBOM MaHENM IMOKa3blBaeT KBa3U4yep-
HOTEJIbHBIN CMEKTpP CO CHEeKTPaJIbHBIM MHAEKCOM [ =2 u TemnepaTypoil 7=70K (cM. obcyxaeHue
B Tekcte). Bo3pacTt 3Be3mHOrO HaceneHUsT COCTaBIIsgeT | MIIPA JIET, METAUIMYHOCTh 3BE3/I COJIHEYHAs.

MPEAIOJOXEHNN, YTO OOJbINAsl YacTh HArpeBalOIIETO M3IYYECHUS MOIJIOLIACTCS
nblblo. CunuTaeMm, 4To yCpeaHeHHas 1o TJIaHKOBCKOMY CIEKTpY 3(P(PeKTUBHOCTh
nornowenust Qa,T,)=(0(a, v))=0.1aT;, [41,47], tae a - pasMep MBUIMHKA B
CM ¥ CIIEKTPAJIbHBIN MHIEKC MBbLUIN paBeH B=2:0, (Td)oc i IIpu aTUX yCIOBUSX
TeMmIiepaTypa IbUIM COCTaBUT

1/6 1/9

)1/6 <Qv>L*,9+ <Qx>LBH,9 n
ap.1 Mg,lO , S

T, ~17K(n,o

rae a,, - pagMyc NbUIMHKU B equHuiax 0.lum, L,y u Lgy o - CBETUMOCTH
3BE3/IHOTO HACEJEHMS M YepHON AbIpbl B envHuuax 10° Ly, M 10 - Macca rasza
B emmnuuax 10 Mg, m,=0.1-0.3 - 101 SHEPIUM HWCTOYHMKOB (3Be3l M
YEpPHOM JbIPbl), KOTOpasi UJET Ha HAarpeB MbLIM (CM. HUXKHIOIO TaHEe b Ha puc.4),
®~7/2 - CPeIHWIl TEJECHBIN Yroj, ¢ KOTOPBIM PEHTreHOBCKMe U Y® KBaHTHI
najgaloT Ha TMbUIMHKY. B oueHkax 5(@QEeKTMBHOCTHA IOMIOLIEHUS NBUIMHOK B
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onTu4eckoil obiactu (v ), YO U peHTIeHOBCKOM MOJI0Cax (X) IPeaIroararoTcs
paBHBIMU <Qv,x> ~1 (cM., puc.24.1 B [41]). DTO ToapaszymeBaeT, UTO XapaKTepHasi
JUTMHA BOJIHBI TIMKA TTBUIEBON SMUCCHUM

1/6 1/9

M,
Ay ~170 o1 201 um. @)
! on,Z Ly n

roe XL, = <Qabs (x)> L, o+ <Qabs (v)> L, o . OLEHKN TIPUMEPHO COIIACYIOTCS € TIOJIOXKE-
HUSIMY IHUKOB Ha pHUC.S.

Bennunna T, B BbIpakeHuu (3) MpeacTaBiaseT cOOOM, OYEBUIHO, HUXKHIOKO
OLIEHKY TeMIlepaTypbl MbUIA. B peanbHOCTH Oosibliasg IOJS1 MBUIM MMEET Oosiee
BBICOKYIO TeMmIleparypy, JaBasli BKJIaJ B MUK Ha JUIMHE BOJHBI A ~70um. Takas
ropsiyasi Mblib CBSI3aHA C BHYTPEHHUMU YacCTSMU CJI0SI C ONTUYECKON TOJILIMHOMN
T, ~7 - s ontuyeckux 1 Y@ KBaHTOB U T, ~3 - JUISI PEHTTEHOBCKUX KBAHTOB
Cc sHeprueir e~1 koB, rme mnorioimaercd O046JbllIasg 4YacThb HarpeBalolllero u
MOHUBYIOIIETO U3JTy4YEeHUs 3BE3M U YEPHOM IbIPbl. DTO OOCTOSTENHCTBO OTPAXKEHO
TaKKe B OYEHb CJIA00 3aBUCUMOCTHU 1), OT Macchl ra3a Ha HWKHEH MaHeau puc.4.
CoOOTBETCTBEHHO, JUIMHBI BOJH MUKOB B BbIPAXKEHUU (4) NOKHBI TPAKTOBATHCS
KakK BEpXHUE Mpenesibl. ITO OObSICHSIET, TTOYeMy TblIeBasi SMUCCUS Ha pUC.8 He
MOXET OBITh MPEJCTABIEHA U30TEPMUYECKON TbUIbI0. Ha jieBoit HuXHel naHenu
pUC.8 YepHOU XUPHOW MYHKTUPHOW JIMHUENW MOKa3aHa MOIMMUIIMPOBaHHAs
TUIAaHKOBCKAasl KpUBasi CO CHEKTpaJbHBIM MHAEKCOM =2 u Temneparypoin 70 K
st Mgy, =10’ M. debuunr smuccnn (okosno ¢dakropa ~3 Ha JJIMHE BOJHBI
A~100um ¥ OO0 ABYX TOPSAKOB BeJWUYMHBI Ha 1iavHe ~1000um, HUXKHSSA
MaHesb) BUIEH MeXITy MOIU(ULIMPOBAHHBIM TUIAHKOBCKMM M MOJEIbHbBIM CIIEKTPOM.
DTo oTpaxaeT OTpULATEIbHbINA paauaJbHbI I'PAAUEHT TeMIIepaTyphl MbLIH.

C 5TOil OroBOPKOM MOXHO TMOJYYUTh BEPXHUU TIpeAes] CBETMMOCTU IIbLIH,
€CJIV TIPENTTIOJIOXKATD, YTO NOJIA 1), CYMMapHOIO M3JTy4eHUs 3BE3M M YEPHOU IBIPHI
UIEeT Ha HarpeB Bcel Macchl NMbUIM B ramaktuke: M, =DZ M,, DZ; -
MaccoBasl KOHLIeHTpauus Nbutk. [Ipearnosnaras cCpeaqHo0 CKOPOCTh HarpeBa IMbUlu
paBHOIl cwn, ZL/ 4nR* W TIOAHOE YMCIIO MBUIMHOK B ranaktuke N, =M, /my
roe my; =4np, a3/3 , 1 M, :4npR3/3 , TI0Jly4aeM OLIEHKY
DZop R
drap, ’ ©)
3necy py =3 rcM”  IUIOTHOCTB BellecTBa NbUIMHKM. dig ® =035, {=0.1, u
Zg =0.02 mosydaercsd OLIEHKa

L,~2- 104111,103(L*,9+ LBH,g)M;,/fwnz/3 spre™. (6)

L, ~m,0Ly

BKJIan 4YepHOii [bIpbl B HArpeB MbLIM TIPEBAIMPYET HAj 3BE3IHBIM, KOIJIA €€
6OJIOMETPUYECKAs CBETMMOCTb TIPEBBIIIAET 3BE3NAHYI0 Ly, > L,. I momen,
TOKA3aHHON Ha PUC.8, 3TO MPOMCXOMUT Mpu My, 210° Mg misa L, =3-10° Lg
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A B MPEANOJOXEHUU OO0 3MIMHITOHOBCKOW CBETMMOCTH YEPHOW ABIpHI. Bplie
9TOro mnpejaesia MHGopmalus o 3Be3MHOM HacCeJIeHUU TepSIeTCSI.

[py MeHBIIMX 3HAYEHUSX MACCHI YEPHOM IBIPBl M g, <10° Mg, BKIambl OT
HEE M 3BE3JHOT0 HACEJIEHUS MOTYT ObITb PAa3jIMUYUMBI C YYETOM PEHTTEHOBCKOTO
U3JIydeHUsl YepHoi abIpbl. M3 puc.5 u 8§ MOXHO OLIEHUTb, UTO cBeTUMOCTh CMY]]
B XKECTKOM PEHTI€HOBCKOM auanasoHe (£, ~3ksB) Bapbupyercs Kak L, oc My 4/ >
CBeTMMOCTD TIBLIEBOW IMHUCCUM pacTeT Kak L, , o (M M BH). KOM6I/IHI/I])YH
Ha0JII0JaeMbI€ TOTOKU B XECTKOM PEHTTE€HOBCKOM JWara3oHe U B MHUKE TETJIOBOMI
SMMCCHUM TbUIA, MOXHO TONY4YuTh M, u M,,, Ipu yCIOBUU, YTO M gy =10° Mg .

bosiee KOHKPETHO, BAa ypPAaBHEHUSI, CBSI3bIBAIOIINX PEHTIEHOBCKYIO U TEIJIOBYIO
SMUCCHHM, MOXHO 3armicath: L =5-10% M3 spr¢’u L, = 2- 1041(L*,9+ 3107 My,
sprc¢’, Kak ciuenyeT U3 ypaBHeHus (6). 31ech BTOpoe claraeMoe B CKOOKax -
SIUIMHITOHOBCKAs CBETUMOCTb Ly, =1.24-10* M, , HopmupoBaHHas Ha 10° Ly,
u M, B emuHuax Mg . B pesynbrare moaydum

5/4

L
M gy =10°| ——>——
o 5-10*sprc )
n
5/4
Ve P L,
L,os 280, MJ5on Pl o=7) —=— | . 8)

10*'spre™
3nmeck cBeTMMOCTH L, 1 L, HODMUPOBAaHbI Ha MX "CTaHAAPTHBIE" 3HAYEHMS 10° L®
3ameTM, 4TO ypaBHEHME (8) IeWCTBUTENBHO Wi L. < 2-10% M ;/1105 n~ 1 4/ > aprc
T.e. B TeX mpenenax, B KoTopbix Bkjaaa CMY/l B HarpeB mblId He HpeBOCXOZ[I/IT

BKJIQJIa 3BE3MHOTO HaceqeHuss My, <10° Mg .

3.2.1. Cnekmpanvhvle AUHUU 6 NbLIEGOM OKpYydceHuu. Ilpenmnonaraercs,
YTO TAJAKTMKHU C BBICOKOW METAJNTMYHOCTBIO 3Be3m W rasa [Z/H] =0 umeror
OOJIbIIMIT BO3pacT M, KakK CJIEACTBUE, COmepxXaT 0ojee MAaCCHBHHOE 3BE3IHOE
HaceneHre 1 CMY/I. Ha puc.8 npeacraBieHbl CIIEKTPhI IS TAJIaKTUK ¢ BO3PacTOM
3BE3MHOI0 HaceJaeHus 1 MJpa JeT U CBEeTUMOCTHIO L, =3.10° Ly, Maccon rasa
M, =10" Mg n MetajummyHocThlo [Z/H] =0 kak y 3Be3m, Tak U y rasza. Ha
MaHeJIsIX TToKa3aHbl cyMMapHble criekTpbl Y 1 rasza, obayyaemoro YJI ¢ maccoit
M, =10°, 10° 107, 10°Mg .

B rase ¢ BbICOKOI METAUIMYHOCTBIO CIIEKTpaJbHbIC JIMHUM, OYEBUAHO, CUJIbHEE,
YeM B rase ¢ HU3KON MeTaUIMYHOCTHI0. OIHAKO 3MUCCUS MbUTY 3aroHSIeT KOHTU-
HyyM B janbHeit UK u cyomMM obmactu A >3—10um, v Oosbllas 4acTb JUHUMA
"momtolaeTcs” MbUIeBbIM KOHTUHYYMOM (puc.8). Takum o0pa3om, Mpu HAJIUYUKU
MbLIM JIMILIb HECKOJbKO OTHOCUTEIBHO CUJIBbHBIX JuHMI B gaabHeM MK ocrarorcs
3aMETHBIMU Jaxe Tpu M 5, <107 Mo . HeKoTopble M3 HUX OCTAlOTCH PazIMuMMbI
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Puc.9. 3aBUCHMOCTb OTHOLIEHMSI DEHTTEHOBCKOW SMMCCUMM Ha JimMHax BoiH 10A u 14,
L(10A)/ L(1A), oT sMUCCHU MBUIM ¥ TOPMO3HOTO M3Iy4EHUS MOHM3OBAHHOTO ra3a B KOHTHHYYME
Ha qummHe BOMHBI 200 um , L(200 um ), mig pa3nmnyHbIX 3HAYEHUN MAacChl YEPHOW IBIPHI: CHU3Y
BBepx 10%, 10°, 10°, 107, 10° M © » KaK IMOKa3aHO CUMBOJIAMM YBEJIMYMBAIOILETOCS pa3Mepa; LBETa
MMOKa3bIBAIOT MacCy rasa B eanHuIax Maccbl COJIHIIA B COOTBETCTBUU C TAJUTPOIl HA I[BETOBOI
wkane. Bepxusis manens: [Z/H| = -1, nmwxusaa manens: [Z/H] = 0.

BIIOTH 10 My, ~10°Mg (puc.8). OTHOUIEHHMS HX MHTEHCHBHOCTEil
Lyevi = (LNeVI_ L. )/ L.y Lygviss = (LMgVH,S.S_ L, )/ Lm0 Lygyig = (LMgVII,9_Lc )/ L,
BMecTe ¢ M,, u Mg MOTYT ObITh MCIOJIb30BaHbI 11 U3MEPEHMs BEIUIMH M, ,
M. v M, OnHako X COOTHOLICHHS! BLIPOXIAIOTCS B Mpeiesie GOMbLINX 3HAYCHUI
maccel raza M g23-109 Mg M, KPOME 3TOro, He IOKAa3bIBAIOT ONPENETIEHHON
3aBUCHMMOCTM OT 3BE€3HOI CBETMMOCTH.

4. Obcyxcoenue. B nacrosieii pabore o0CYXKIaeTCs METOM ONpeIeIeHUS
Macc TpPeX COCTaBHBIX YACTE PaHHUX TFaJAKTUK: LIEHTPAIbHON YEPHOM IBIPHI,
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3BE3I U ra3a - C IMOMOILBIO CIIEKTPOB B PEHTIEHOBCKOM M JajbHEM MHMpaKpacHOM
nuamna3zoHax. IlepeyucinM HECKOJIbKO BaXKHBIX OCOOEHHOCTEW HaOMoIeHU U
MOJIEJIMPOBAHMS TaTlaKTUK ¢ MACCUBHBIMU YEPHBIMM JbIpaMy Ha OOJIBIIMX KPACHbBIX
CMELIEHUSX.

1. Ilpu HabGmOOEHUSX OYeHb HOajleKuxX (z>6) rajlakTUK, COIAepKalluX B
LIEHTPaJIbHBIX 00JIACTSIX CBEPXMACCUBHbBIEC YEPHbIE IbIPbI, MOXHO MOJYYUTh TOJIBKO
CIIEKTpPBI, HE pa3pelas MPOCTPAaHCTBEHHOW CTPYKTYpbl. B Takunx ycaoBUSX OLIEHKU
Macc UX KOMITOHEHTOB MOTYT OBITh CIIEJIaHbI TOJIBKO Ha OCHOBE TaKMX CYyMMAapHBIX
crnekTpoB. OJHAKO MPUCYTCTBME Ta3a M MbLIM HEM3BECTHBIX MAcCC CYILLIECTBEHHO
OCJIOXKHSIOT BO3MOXXHOCTb OTPEAEIICHUSI MacC 3BE3[IHOTO HACEJIEHUS W YEPHOU
JIBIPBI.

2. TlpeononeHue 3TUX TPYAHOCTEW MOXET BKJIIOYATh M3MEPEHUSI IMUCCHUMA,
XapaKTepUPYIOLIUX OTACJbHO BKJIAAbl 3BE3, YEPHOU HAbIPbI, ra3a W MbUIM: i)
KeCTKoe peHTreHoBckoe uaiydyeHue (£~ 1-10xk3B) npuxomgur ot CMYI, ii)
TEIJIOBasl SMUCCUS MbLUIMA MOJAEPKUBAETCS HArpeBOM UYEPHOM JbIPOi U 3BE3IaMU,
iii) HeOyJsIpHasi BSMHUCCHSI MOHU30BaHHOTO Tasa B najlbHeM MK KOHTHHYyme
A ~200um HeceT MH(OpPMALIUIO O MacCce MOHM30BAHHOTIO Ta3a. B pamkax Takoro
MHOTOBOJIHOBOTO TIO/IX0Ja TPY HAOII0AaeMbIX BEJIMUMHBI MOTYT ObITh JOCTATOYHbI
JUIS. OMIPENICJICHUST TPEX HEU3BECTHBIX Macc.

3. Posnb ra3oBoro KOMIoHeHTa B (bOPMUPOBAHUY CYMMApHOTO CIIEKTPa TalaKTUKU
C LIIEHTPAIILHOU YEPHOU IBIPOI NBOSIKA: C OMHOW CTOPOHBI, Ta3 MOIJIOIIAET PEHTIe-
HOBCKOE, YJIbTpachUOJETOBOEC U ONTUYECKOE M3TyYeHUE YEPHOU JAbIPbl U 3BE3M, C
JIPYTOWi, OH TIEPEU3ITYYAET YACTh MOMIOIIEHHOW 3HEPTUN B CIIEKTPATbHBIX JIMHHUSIX,
B MbUIEBOM M TOPMO3HOM KOHTMHyyMe najibHero MK u cyOMUIIMMeETpOBOTO
Irara3oHa. YBEIWYEHME Macchl rasa OyJAeT NPUBOAUTL K 00Jee CUIBHOMY
MOAABJICHUIO SMUCCUN UCTOYHUKOB - 3Be31 1 CMYJI, B yKazaHHBIX AMana3oHax,
U OJHOBPEMEHHO YCWJIMBaTh 3MMccuM B najibHe MK u cybmumimmeTpoBoit
yacTax criekrpa. Takoil TpeHa NeWCTBUTEIbHO BUICH Ha JIEBOM BEpXHEU MaHe
puc.8: ToiCTas CIUIOLIHASI CBETJIO-Ccepasl JIMHMS MTOKa3bIBaeT CYMMAPHBIN CIIEKTP
3Be3n 1 CMYJI 6e3 momollieHrs U nepeusinydyeHus razoM. Kak Toabko apdexTs
MOMIOLLIEHYS "BKJIIOYEHBI"', Cpasy >Ke MPOSIBISIETCS] YMEHbIIIEHE KOJTMYEeCTBA KBAHTOB
B peHTreHoBcKoil, Y@, ontudeckoit u 6mmkHeit MK obmactsax or A ~10A 1o
A~2um. [uarpamma Ha puc.9 neMoHCTpupyeT yBeiauueHue najibHeir MK u
CyOMM 3MMCCUU Ha IjvMHe BOJHBI 200 um UM yMeHbllIEHUWE OTHOILEHUSI PEHTIe-
HOBCKMX MoTokoB 10A kK 1A BMecTe ¢ yBennMueHMEM Macchl rasa.

4. Ha puc.9 nerko 3aMeTuTh, YTO C YBEJMUYEHUEM MacChl ra3a MoTOK Ha JUIMHE
BOJHBI 200 um yBEJIMYMBAETCS C OAHOBPEMEHHBIM YMEHbIIEHUEM OTHOIIEHMUS
L(IOA)/ L(IA). Takas aHTUKOppeNsALUs CBETUMOCTU Ha IIMHE BOJMHBI 200 pm u
OTHOLLUEHUS CBETUMOCTeN Ha mnHax BosH 10A u 1A ¢ yBenmuueHueM macchl
ra3a BAIHbBI TaKXKe MPY MAIbIX Maccax YEPHbBIX JbIP, U TIPU JATbHEUIIIEM YMEHBIICHUN
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M, Koppesiuysl CTAaHOBUTCS OOJIEE TIOJIOTOi. DTO ABJISAETCS CIEACTBUEM TOTO, YTO
MOTOK MOHU3YIOIIETO U3TyYeHUs] YMEHBIIIAeTCS KaK exp ( rx), e t, c Ny oc M i,/ 3
- OITMYECKasl TOJIMHA B PEHTTEeHOBCKON U Y@ obiactu (t,=1 A1 NPUHSITHIX
rmapamMeTpoB), B TO BpeMsl KaK MOTOK Ha JjuHe BOJHBI 200 um yBeauuuBaeTcs
OoJjiee TI0JIOTO, KakK ocMi,/3.

Tpu HU3KOI METATUTMMHOCTH OTHOILIEHHE CBETUMOCTeit namensietcsi ¢ L(200 um)
cnabee, yueM mipu [Z/H] =0 (puc.9). Pesynbrarsl mokasaHbl ISl "CTaHIAPTHOMR"
CBETUMOCTU 3BE3AHOI0 HaceJileHus1 paBHoW L, =3- 10° Ly ; 3aBUCUMOCTD
L(lOA)/L(lA) ot L(200um) octaeTcst HeuaMeHHOI st L, < Ly, . TIpu BhICOKMX
CBETUMOCTSX L,, Koppeasilusl cMellaeTcsl BOpaBo, TaK 4YTO Npu L, =3-10" Lg
TaKoe cMeleHue st My, ~10° Mg ( Ly, =3-10° Lg) COCTABIAET OKOJO MOPSIKA
BEJIMUMHBLI B CTOPOHY YBEJIWYEHUSI SMMCCUM Ha JJvMHE BoJHBI 200 um .

5. B Halllem paccMOTpeHUM ObLT UCHOJb30BaH CIIEKTP YePHOM ABIPHI B MOJICIH,
OIMCaHHOI B [24], ¢ peHTreHOBCKOI cBeTUMOCThIO (€ =0.03 —10 k3B), u3meHs0-
wericst kak L, oc M j;g . HabmogaTenbHO yCTaHOBUTH COOTHOOILIEHUE MEXIY
PEHTIeHOBCKOI CBETUMOCTBIO M MAacCOil YEpHOM AbIpbl OYEHb TPYAHO, TJIABHBIM
0o0pa3oM M3-3a TOTO, YTO TbLJIb MOXET CWJIbHO 3aTCHSITh YEPHYIO IBIPY, WIN U3-
32 OTCYTCTBUS MPSIMBIX M3MEPEHUI MacChl YEpHOM ABIPhI, KOTAA PEHTTCHOBCKOE
U3JyYeHUEe OT YEPHON AbIpbl pa3nuuyuMo (cM. obcyxaeHue B [48-52]). OmHako
Halllu pe3ybTaThl OCTAIOTCSl KAU€CTBEHHO BEPHBIMU JJIsSI CTEIIEHHOM 3aBUCUMOCTU
L. o< Mg, , o>0, KOTOpasi, OYeBUIHO, UMeeT MecTo. Hallt apryMeHTbl U COOTHO-
LIEHUSI OCTAlOTCS B OCHOBHOM HEU3MEHHBIMU.

5. 3akaruenue. Mbl vcciieoBaay HaOMIOAATEILHBIE TIPOSBIEHUSI COOTHO-
LIEHUA MEXy Maccamy 3BE3IHOTO HACEJIEHUS, IEHTPAIbHON YEPHOM IbIPHI U ra3a
B rajakTUKax C aKTUBHBIM TaJIJaKTUYECKHUM SIIPOM Ha OCHOBE CIIEKTPajibHOTO
pacnpeneseHus 3Hepruy B Auana3oHe OT PeHTITeHOBCKUX J0 CyOMUIMMETPOBBIX
IUIMH BOJIH. [IpoBeneHO MOJEIMPOBAaHUE KYMYJSITUBHBIX CIIEKTPOB KaK CYMMBbI
SMUCCUI OT AaKKPELMPYIOILIENA CBEPXMACCUBHON YEPHOM IBIPHI, 3BE3MHOTO HACETICHUS
1 BMMCCUU MEX3BE3MHOrO raza ¢ ucrnonb3oaHueM nakera CLOUDY. IlpuBeneHb
apryMEHTHI B MOJIb3Y TOTO, YTO TPU HAOIIOAaEMbIX BEJIUYMHbBI: CBETUMOCTD (TTOTOK)
B PEHTTEHOBCKOM JIMaria3oHe OT YEpHOM JbIphbl, MH(PaKpacHasi U CyOMULTUMETPOBAs
TEIJIOBAasi SMUCCHUS TbIJIM BMECTE C WX OTHOLLIEHUSIMU, TIO3BOJISIOT MOJIYYUTh MAacChl
3BE3HOTO HACEJIEHUS, LIEHTPAIBHON CBEPXMACCUBHOW YEPHOM ABIPbI U MEXK3BE3IHOTO
rasa B HEKOTOPOM WMHTEpBaJie MX 3HAUEHUIA.

Haim pe3ynbraTbl MOXXHO PE3IOMMPOBAThH CIAEAYIOLIMM OOpa3oMm:

- B MOJEJSIX 0€3 MbUTA U3YyYEHUE LIEHTPAIBLHOW YEPHOU OBIPbI MPEeoOIaaacT,
ecmm My, /M, >0.02; B 9TOM ciydae TOpMO3Has sMuccust B nanbHeM UK n
CyOMM JMara3oHe MPEeBbIIAET SMUCCUIO LIEHTPAJIbHOIO UCTOYHMKA B 3TOU 00JacTu

IJIMH BOJIH C UIBMCHCHUCM CIICKTpa OT KBa3NM4YCPHOTCJIbHOIO oC V2 K IINIOCKOMY
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TOPMO3HOMY criekTpy oc v "2 ; yactora V, U CBETUMOCTb L; , COOTBETCTBYIOLLME

U3MEHEHUIO CHEKTPAIBHOTO WHIEKCA, 3aBUCAT OT MAacC YEPHOU JbIPbI, 3BE3IHOTO
HaceJeHUs M rasa; TaKMM oOpa3oM, HaOMoJaeMble 3HAYEHWd Vv, W L; JaioT
COOTHOLIEHUS MEXIy TpeMmsi Mmaccamu: My, M, u Mg;

- OLICHKAa MaccChl 3BE3[THOTO HACEJIeHWSI BO3MOXHA B TOM Ciydyae, KOraa
oTHOweHne My, /L, < 107 (M, v L, B COJMHEYHBIX €IMHUILAX), B MPOTUBHOM
clly4yae 3BE3[Hasi SMUCCHUS TTOJABIISIETCS U3JIy4eHUEM YEPHOU IbIPHI;

- U3MEPEHME MOTOKA B TTUKE TEIJIOBOM 3MUCCUHU TMbLUIA B OKPECTHOCTU JUIMHBI
BOJIHBI 70 um ¥ XeCTKOro PeHTTeHOBCKOTO U3JIyUeHUS B UHTEpBaJie IJUH BOJIH
A~2-4A TO3BOJAIOT OLEHUTHh MAcChl 3BE3IHOTO HACEJIEHUS W YEPHOI IBIPHI;

- COOTHOULICHUST MEXIY MOTOKaMU (CBETUMOCTSIMU) PEHTTEHOBCKOTO U3TyYeHUs
¢ sHeprueit £~ 3KaB 1 cyOMUUTMMETPOBOI SMUCCUM B OKPECTHOCTH A ~ 200pum
MO3BOJIAIOT OLIEHUThb MAcCy MEX3BE3[IHOTO ra3a, €Clii Macca YE€pPHOW IbIPHI
Mg, >10° Mg M CBETMMOCTD 3BE3IHOTO HaceaeHus L, /Lg <3'104(MBH/M@);

- saBrckMocTb otHoweHnst ceetnmocteii L(10A)/L(IA) or Bemaunnsr (200 im)
OTPENENSAETCS COOTHOUIEHWEM MEXAY MaccaMM TbIJIM W ra3a, XOTsS OCTaeTcs B
LIEJIOM HEYYBCTBUTEJIBHOM OT 3BE3NHOM CBETUMOCTU L, < Ly, ; TIPU BBICOKMX
3HaYeHUsIX L, 3Ta Koppessiiys cMelllaeTcsd B 00iacTb 0ojiee BLICOKOU CBETUMOCTU
B CYOMWJJIMMETPOBOM IMana3oHe npu A~ 200um .

ABtopnl npu3HartebHbl b.M.IIlycTOBY 3a 00CY:KIeHUS 1 KpUTUUECKHE 3aMe-
yaHusl. PaboTa Obla BBITIOTHEHA TIpU Tommepxke mpoekToM 41-2020 "Hossle
HayuHble Tpynibsl DUAH" u I[porpammoii [Ipesuauyma PAH (kon mipoekra 28).
YucneHHoe MoAeIMpOBaHUE CIEKTPOB rajJaKTUK MPOBOAMJIOCH MPU MOIACPKKE
Poccuiickoro HayuHoro ¢onpa (rpant 19-72-20089).
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EMISSION SPECTRA OF GALAXIES WITH
SUPERMASSIVE BLACK HOLES

E.O.VASILIEV!? Yu A.SHCHEKINOV!, B.B.NATH?

Masses of supermassive black holes and stellar bulge of their host ("parent")
galaxies are interrelated approximately as M 5, ~ 0.002 M, . This indicates that they
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tightly interact in the process of their joint evolution. However, a large spread
around this proportionality, and in particular a considerable - about an order of
magnitude, excess of the black hole mass M, discovered recently in the early
Universe (z > 6 ), suggests that the interaction between the black holes and stellar
population can experience intense variations during their coevolution. This circum-
stance requires a robust observational determination of the interrelations between
the masses of black holes, stellar populations and interstellar gas in the host
galaxies at high redshifts, in those cases when they cannot be measured directly.
In this paper such a possibility is suggested within a simple approach, based on
a consideration of spectral features of galaxies with growing black holes along with
stellar population. A possibility to infer interrelations between the masses of the
black holes, stellar populations and interstellar gas with making use of multiwave-
length spectra: far-infrared, submillimeter and X-ray, are illustrated on a set of
models with variations of their masses.

Keywords: galaxies: supermassive black holes: interstellar medium: interstellar
dust: extinction
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M3ydaeTcst BAMSIHME MAacCHBHOTO TPABUTMPYIOILETO Trajio Ha BpallleHWe 3JITUIICOMIATbHOIO
Oapa B JMCKOBBIX rajlakTMKax. MeTOJ OCHOBaH Ha BBIYMCICHWM MOMEHTa CHJ MeXay O6apoM M
rajo C MOMOILIbI0 (GYHKIMM WX B3aUMHOM TPaBUTALMOHHOW 3Hepruu. [T MPOBEPKM HOBOTO
METO/Ia PacCCMOTPEHBI JIBE MOJIEJM: MPOCTOM BapUaHT ¢ OAHOPOAHBIMM KOMITOHEHTaMu, U OoJjee
CJIOXKHBI BapyWaHT, B KOTOPOM TIaji0 TMPEACTaBIEHO CIIOUCTO-HEOAHOPOIHBIM JJITUIICOMIOM C
MapaboJuYecKuM 3aKOHOM ILIOTHOCTU. it 0Geux Mojeseil TMOoJy4eHbl BbIPaXKeHUsT B3aMMHOM
rpaBUTALIMOHHOM 3HEPruM Oapa M rajo, MOCTPOEH JIarpaHXuaH M BBIBOASTCS nuddepeHIraaIbHbIe
ypaBHEHMSI HEJIMHENHBIX BpalllaTeJbHBbIX KoJeOaHuil 6apa. DT ypaBHEHUsI OMMCHIBAIOT BpallleHUE
OGapa ¢ TepeMEHHOW YIJIOBOM CKOpOCTbio. HalimeHbl 4acTOThl M MepuoAbl JUOpaluil yriioBoi
cKopocTH 0apa Kak B OOIIeM HEJWHEWHOM cjydae, TaK W B TMPUOIMXKEHUU TapMOHUYECKMX
KoJieOaHUii. YCTaHOBJIEHO, YTO YYET HEOJHOPOTHOCTU TaJlo MOXET 3aMETHO (MPUMEPHO B 2 pasa)
YBEJIMYMBATL TMEPUOJ ITUX KOJIeOaHWIA.
KnroueBbie cnoBa: cmpykmypa OUCK08bIX 2ataKmui.: 6apsl U 2an0: 83aUMHAS SHEPUSL
INAUNCOUO0E: NUHELIHbIE U HeAUHEeLIHbIe YDPABGHEHUA 6pauiamesibHblxX

Konebanuti 6apos: uacmomol U nepuodsl KoaebaHull

1. Beedenue. V3 HabOmoneHUil HAIEXHO YCTAHOBJIEHO, YTO Oapbl W rajo
SIBIISIIOTCSI HEOThEMJIEMOM YaCTbl0 MHOTMX IMCKOBBIX TaJakKTUK, HO HEKOTOPbIE
BOIMPOCHl B3aMMOJICHCTBUSI 3TUX KOMIIOHEHTOB TaJlaKTUK €Ile HE BbISICHEHBI
OKOHYaTeJIbHO. M3yueHre 3BOMIOIMY yKa3aHHBIX KOMIIOHEHTOB OCTaeTCsl aKTyaJTbHOM
3anaueit [1,2]. 3 yncneHHoro MoaenvpoBaHus [3,4] ciaemyeT, 4To Gapbl B JUCKOBBIX
rajlakTukax Moriu ¢opMupoBaThcsd B ABa 3Tama. B smoxy z>1 mnpoxoauna
CpPaBHUTEILHO KOPOTKas "OypHast cTagus” ¥ 6aphl B rajlakKTUKaX BCTPEUYaIUCh €lIe
penxo. 3ateM, B uHTepBayie 0 < z <1, 4nCciIO GapoB BO3POCIO W HAYalach 3IOXa
MEIJIECHHOM BEKOBOM 3BONIOLIMM, KOTAa Oapbl YKPYITHSIOTCS WM PAacTyT BMECTE C
Juckamu [5]. YUeM Gke K HaM rajakTMKU Npu z <1, TeM 4allle OHU MMEIOT Oap.
Bonee moaoBUHBL BceX M3BECTHHIX IMCKOBBIX TaJaKTUK MMEIT Oap. MaccuBHBIE
TaJJaKTHKHA (POPMUPYIOT Gapbl paHbIlle, YeM MeHee MacCHBHEIE [6], mpryeM JUTHA
0apoB 3aMETHO KOppeaupyeT ¢ Maccoil rajaktuku [5]. M XoTs mMacCMBHOE Trajio
MOXET IIPeISITCTBOBAaTh 00pa30oBaHMIO 0apoB (cM., Hampumep, [7]), HO y MHOTHX
JHUCKOBBIX TaJlaKTUK €CTh M IepeMbluKa, U rajo.
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B pabote [8] Obuta mocTpoeHa ympolleHHas ¢a3oBasg MoOAECHb OECCTOIKHO-
BUTEJILHOTO, COCTOSILLIETO M3 OTACIBHBIX 3Be3/ LMIMHIIPA, BIOXEHHOTO B OMHOPOIHOE
Bpallaoleecs 3Be3IHOE Tajio. YCTAaHOBJIEHO, UTO 3Ta MOJE/Ib UMEET BUJ YEThIpEX-
MEPHOTO 3JUTUIICOMIA B IIECTUMEPHOM (ha30BOM IpocTpaHcTBe. Da3oBEIi SIIIUIICONT
JBaKIbl BRIpOXIEH; (DYHKILIMS pacrpeneaeHus B (pa30BOM MPOCTPAHCTBE BKIIIOYAECT
B ce0s mmpou3BeieHne ABYX AebTa-(pyHKumil Jlupaka, apryMeHThl KOTOPBIX SIBIISTFOTCS
MEePBbIMU U30JUPYIOIIMMU WHTErpajlaMM JBMXKEHUSI 3Be3bl. YCTAHOBJIEHO, 4YTO
BHYTpU 0Oapa CyILIECTBYIOT CIBUIOBbIE (YCPEOHEHHBIC IO CKOPOCTSM) TEUEHUS.
ITapameTpbl MOnEIM MOTYT ObITh BEIOPaHbI TAKUM 00pa3oM, YTOObI CKOPOCTb MOTEPU
Macchl MOIEIM M3-3a 3TOro ABMKEHMSI Oblla o4yeHb MaJioil. Takum oOpasom,
aKTyaJIbHOM SIBJISIETCS 3alada IOCTPOEHUS HECTallMOHApHOM CaMOCOIIaCOBaHHOM
Mozenu 0apa, BIOXEHHOTO B Talio.

O BaXHOCTM yyeTa B3auUMOJAEHCTBUS Oapa M rajao B rajakTuKax rOBOpAT U
pe3yabTaThl YMCJICHHOTO MOJICIMPOBAHUSI 3BE3AHBIX CUCTEM (CM., HalpUMeD,
[9-11]). OTMeTuM, UTO B cUCTEMe Oap-rajio MOTYT MPOUCXOAUTh MHOTUE CJIOXKHbIE
JIUHaMU4Yeckue mpouecchl. Tak, a¢pdekT AuHaMUYecKoro TpeHus 6apa o raio
[12-14] moxeT BbI3BaTh 3aMeljieHHe BpalleHust Oapa. B pabore [2] msyyaicsa
JIPYTOil MeXaHU3M 3aMeJICHUS BpallleHusT 0apa 3a cyeT IepeHoca YIIIOBOrO MOMEHTA
K 3Be3gaM. HekoTopble rajmakTuyeckue Oapbl OKa3bIBAIOTCS HEYCTOMUMBBIMMU K
TepecTpoiike cBoeit opMel [15,16]); ipu 3ToM dopMHpyeTcsl KopoGUaTo,/opexo-
BUIHas (opma 6apa. DTOT 3(hdekT n3ydancs B IKCIEPUMEHTAX TT0 MOIEIUPOBAHUIO
U YCTAaHOBJICHO, UTO OH CBS3aH C OYeHb MAaCCHMBHBIM OKpYKalolluM rajuo. B padore
[17] aBTOpPBI paccMOTpear OBICTPBINA PeXXMM 3BOJIOLIMU TaKoro Oapa, a B CTaThe
[18] ObLT M3ydyeH MeMJIeHHBbI PEe30HAHCHBIM PEXUM.

IIpn mocTtaHoBKe 3amay 00 3BOJIOLMM OapoB B rajlaKTUKaX BakeH BBIOOD
MOJXOASIIEro MeTona ucciaeaoBanus. Ha coBpeMeHHOM 3Tare IMoCTpoeHue caMo-
COIIaCOBaHHBIX (pa30BBIX MOAEIEH BO3MOXHO JIUIIb B HEKOTOPHIX CPABHUTEIBHO
MPOCTHIX CydyasiX, cM., HarpumMep [19], Ho st HeogHOPOAHOTrO Gapa 1 rajio 3TO
BpSII I BO3MOXHO M3-32 MaTeMaTUYECKUX TPYAHOCTEN.

B nanHOiIl paboTte, Kak MepBbIi 1Iar B pelIEeHWM TpoOJeMbl MOCTPOCHUS
HEeCTAallMOHAPHOW MOJEN TalaKTUKU, pa3paboTaH MeTOA U3YYeHMST TOBOPOTHBIX
(BpalllaTeJIbHbIX) KOJiebaHUI TpeXOoCHOro Oapa Ioj BAUSHUEM T'PaBUTHUPYIOLLIETO
TPEXOCHOTO Tajio. 3aJaya CBOAUTCS K ITOCTPOECHUIO JIaTrpaHXKKMaHa, TIe B KAYeCTBe
MOTeHLMATBHOTO WICHA UCIOJIb3yeTCsl B3aMMHasl TPaBUTALIMOHHASI SHEPIUSI CUCTEMBbI
"Oap-rayio”. BaxkHOi1 0COOEHHOCTBIO JAHHOTO METOJA SBJISIETCS TO, YTO ITPOM3BOIHAS
OT B3aMMHOI 3HEPTUU MO YLy KojiebaHUM cpa3y AaeT MOMEHT CUJI, JeHCTBYIOIIMX
Ha 0ap CO CTOPOHBI BHEIIHEro rajo, M 3TO IMO3BOJSIET MPOCTBIM CIIOCOOOM
BBIBOAUTH AU depeHInaIbHOe YpaBHEHNE BpalllaTeJIbHbIX KoJiebaHuii Gapa.

B pasnene 2 pmaHa mocTaHOBKa 3alauyd, B pasdene 3 HailneHa B3aMMHas
rpaBUTALIMOHHASI SHEPIUs OAHOPOIHOIO 0apa M OAHOPOAHOIO AJIUICOUAATBHOTO
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rajo. JlarpaHxxuaH B 9TOW 3ajaye IMOJy4yeH B pasnese 4, rie BbIBOAMTCS TakKe
ypaBHEHME HEJIMHENHBIX TOBOPOTHBIX KOJeOaHUi Bpalarolierocs 6apa. B pasnene
5 paccMmaTpuBaeTcs Oosiee 001as 3a7a4a O B3aMMHOM 2HEpPruu 1 Jubpaiusx 6apa
B HEOJHOPOAHOM SJIJIUIICOUIATLHOM Tajo.

2. Ilocmanoéka 3adauu. Bap (repeMbluKa, PyKaB) COCTOMT B OCHOBHOM
U3 3Be3/, U Ha paHHEW CTaauy 3BOJIOLUM MOACIUPYETCS BBITSIHYTHIM OTHOPOIHBIM
TPEXOCHBIM 3JUIMIICOMIOM C MonyocsaMu (g, > a,> a,). O dhopme 6apoB NOMOTHUTEILHO
cM. paboty [20]. bap HaxoauTcsd BHYTPUM TPEXOCHOIO Tajio C rpaHULEH

2 2 2

%+% %=1, (a{>a§>a§). (1)

a a, a3
3ameTuM, 4TO Gap BpallaeTcs BOKPYT ocu OX, 3HAYUTEIBLHO ObICTpEE, YeM OYEHD
MaccuBHOE Tajo. B mpenene Mbl MOXXeM mpeHeOpeub BpallleHUeM rajio M paccMar-
pUBaTh BpallleHHWe TOJIbKO O0apa. B mpuHUMMIe, BO BHYTPEHHEM 3JUTUMIICOUIE MOTYT
CYILECTBOBATh U TEYEHMsI Ta3a (WM XUIKOCTH) C MOJEM CKOPOCTel i (u,, u,, u,).
®Durypbl paBHOBECUS C BHYTPEHHUM IIOJIEM CKOPOCTE pacCMaTpUBAIUCh B pSe
pabort (cm., Hanpumep, [21-23]). OnHako B JaHHOI paboTe BHYTPEHHUMHU TEYSHUSIMU
B Oape MBI NpeHebOperaem.

Bap Ha ctaguyu BeKOBOI B3BOJIIOLIMU BpalllaeTCsl, M 3JeCh HAC MHTEPECYeT,
Mpexae BCEero, BIMSIHUE TPaBUTHUPYIOLIETO TPEXOCHOTO Trajo, MpUBOASIIEe K
HeOOJIBLLIMM TTOBOPOTHBIM YCKOPEHMSIM U 3aMeUIEHUSIM BO BpallleHUM caMoro Gapa.

[Tycts cucrema mexapToBbIX KOOpAMHAT OX,X,X, CBA3aHA C IIABHBIMM OCSMMU
rajo, a cucreMa OX X)X, - C IJIaBHBIMM OCSIMM DJUTMIICOMAATBHOTO Gapa. B cormacuu

C BBILIECKA3aHHBIM TIOJIAraeM, YTO BpalleHue O6apa IpOMCXOIUT BOKPYr ocu Ox,.

Xin X,

SN T
D

190 |

X4

\

S

Puc.1. CeueHue aurnconnaibHOrO 6apa, BIOXEHHOIO B TpexocHoe rano. [TokazaHbl CUCTEMBbI
KOOpPJIMHAT, CBSI3bIBAIOIIME Oap W rajo, a Takxke yros HakjgoHa Gapa 6(¢z). Ocb BpalieHus: 6apa
Ox, HOpPMaJlbHa K IIOCKOCTU DPUCYHKA.



360 b.II.KOHAPATBLEB 1 JP.

OpueHTanus 6apa 3amaeTcsl YrjioM e(t) OTHOCHTENILHO oceii rano Ox.x, (puc.l).
BBeneHHBIC nBe CUCTEMBbI KOOPAMHAT CBSI3AHBI MEXITY CO00M (hopMyaaMu
X; =X,cos0-X,sinB; X, =x; cosO+x,sinb;
X, =X, sinf+ X, cos0; X, =x,cos0—xsinb. 2)
3. B3aumnasa epasumayuoHHas 3Hepeus 00HOPOOHbBIX SAAUNCOUOOS.
151 HaXOXIeHKMsI MOMEHTA CIJI MeXIy 0apoM U rajio MPUMEHUM METOM, OCHOBAHHbBII
Ha BBIYMCJIEHMU MX B3aMMHOW IpaBUTaUMOHHONM sHepruu W . Hanomuuwm, yto
MOBEPXHOCTh Oapa naHa dopmyoii (1) U ero MIOTHOCTh €CTh P, , & JUIUTICOU-
JapHOE Tajlo UMeeT nosyocu (a| > ay > a; ) Y IIOTHOCTb Py, . 111 omHOPOAHOTO
0apa B rajo B3aMMHYIO DHEpPruio ygooHee HaxoIuTh 1o dopmyie [24]

Wit =P IJI(PH (xi )dV > (3)
Vs

IJe MHTeTpUMpOBaHUE BHYTPEHHEro MOTeHLMaa rajo ¢ H(x,.) BBITTOJTHSIETCST T10
obbeMy Gapa V,. MssectHO (cM., Hampumep, [21]), 4yTO B cucTeMe KOOpAMHAT
Ox x,X, TPAaBUTALIMOHHBIA MMOTEHIMAT OJHOPOAHOIO BJIMIICOUAAILHOIO rajo BO
BHYTPEHHEH TOUKe paBeH

o1 =Gy 1"~ A5t~ 33— 43, 4)

rie /' u KoabduimMeHTs A4 MMEIOT BUI

I' = aja)a; Té A'—a'a'a'T s _.
=a,a,a3 ) i — 41drds 7 >
0 A 0 ia3 +s )Z )
A(s)= (al'2+ s)(aéz+ s)(a§2+ s).
[Morenuunan rano (4) ynobHO 3anmucaTh B cucTeMe KoopauHar 6apa OX X.x,.
Hcnonb3ys mis aroro ¢opMyiibl (2), MOJyYUM BbIpakeHUe

Oy = nGpH[I'— A/(X, cosO- X, sinb)* — 45 (X, sin® + X, cos6)’ —A§x32] , (6)

KOTOpOe Tpeodpas3yeM K BUIY

¢y =1Gpy [ I- (Al' c0s’0 + 4, sinze))(l2 - (Al’ sin*0 + 4, cos26)X22—
. (7)
(45— A4])sin20 X, X, — Aéxz].
IToncrapnsist Tenepb TpaBUTALIMOHHBIN NoTeHIMa (7) Mo 3HaK uHTerpana B (3)
1 YIUTBIBAS, YTO TEH30P MHEPIIMN BTOPOTO TTOPSIKAa OMHOPOIHOTO SJUIAIICOMIA PaBeH

1
— — 2
Iy =p, [[[ X, X ,av = SMpat sy, ®)
Vs
rne M, =4na,a,a,p,/3 - Macca Gapa, a 8, - cumBon Kponekepa, B utore, rocie
UHTETPUPOBAHUA HAXOAUM B3aMMHYIO S3HEPIUIO CUCTEMBI Oap-Tajo:

174

mut

()= %nGpH M, [(Al’a12+ Asa? )00529 + (Al'a§+ Aya? )sinze + Aya3— 51']. 9)
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B yactHoctu, npu 6 =0, xorga 6osbiiasg ock 6apa OX, coBnamaer ¢ oceio rano Ox,,
B3aMMHasl BHEPIUs IPUHUMAET CBOE MUHUMAITBHOE (MAaKCUMAIbHOE 10 MOMIYJTIO) 3HAUCHUE

1
W1 (0)= 57 G oy My [dia? + a3+ 30351 (10)

Hanee npumem W) (9) 3a TOYKY OTCYETA B3aMMHOI SHEPIUU U COCTABUM Pa3HOCTb

mut

I/?mut (e) = Wmut (e) - Wn(z)ut ° ( 1 1)
ITocne nmpocthix nipeodpazoBaHuii B (11) Haxonum
~ 1 .
Wmu,(9)=§nGpH Mb(Aé—Al')(alz—ag)ssz. (12)

OtMeTtuM, 4TO B (hopmyse (12) mpUCyTCTBYET TOJIBKO WIEeH, 3aBUCSIIMUI OT yria
0. B Hem koapduuumeHt npu sin’0 obpamiaerca B Hy/lIb B ABYX ciaydaax: (i)
MPU OCEBOM CUMMETPUU BHEIIHEro ramo (korma A = A,), wim (ii) korma B
TPEXOCHOM Tajio caM 0ap MMeEET KPYroByl0 CUMMETpUIO a, =a,. 1 B ToM, U B
IPYTOM CJIy9asix MOMEHT CHJI MeXIy 0apoM M Tajio OTCYTCTBYeT.

I'paduk dopmynnl (12) mokazaH Ha puc.2. I3 Hero BMAHO, UYTO MUHUMYM
B3aMMHOU SHEPruu JeMCTBUTEIbHO NOCTUIAETCS TOrAa, Koraa Oosiblias och 6apa
COBITaaeT ¢ HAMOOJbIIE OChIO Taso. M3 3TOro prcyHkKa Takxke CIeOyeT, UyTO B
WHTepBaJie yIIIoB — /2 < 0 < m/2 cucreMa 6ap-rajio HAXOAUTCSI B MMOTEHIMATBHON
siMe, MIpUYeM HOPMUPOBAHHAsI B3aMMHasl SHEPIvisi UMeeT CBOM JIOKaIbHbIA MUHUMYM
npu 0=0.3To 03HAYAET, YTO B ITOM peXuMe ABUXKEHMUS JIMOpalinio 6apa MOXHO
MPeACTaBUTh KaK KOJeOaHUs B ITOJIE TSKECTU MaTepUaIbHOW TOYKM, TTepeKaThi-

Puc.2. 3aBucuMMOCTb HOPMHUPOBAHHOI B3aMMHOIl TIpaBUTAUMOHHOW 3HEPrUU
W'=5W, (0)/nGp, M,a] rano u Gapa oT yrma opueHtauuu 0. JIns pacueToB B3ATHl 3HAYEHUS

A =015; Ay =04; n=a,/a, =05.
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BalOIEICS BHYTPU M300paXKEHHON BOTHYTOM Yailid. Takue MOBOPOTHBIE KOJIEOaHUS
Oapa SIBJISIIOTCS] YCTOMUMBBIMU.
PaccMoTpum nmoapoOHee pexXuMbl BpalleHUs 6apa B rajo.

4. Momenm cun u ypagHenue épaujeHus 6apa. J1ns usydeHUs BIUSHUS
rajjo Ha BpallieHue 0apa NpUMEHUM METOH, pa3BUThIi B padote KoHaparbeBa [25].
B sTOM MeTOone MOMEHT cuil M, NEeHCTBYIOIMX HA Oap CO CTOPOHBI TaJI0, HAXOAUTCS
Yyepe3 BBIYMCICHUE TTPOM3BOMHON OT (DYHKIIMY B3aMMHOM SHEPTUH CHCTEMBI "Oap-
rajgo" 1o yIiIy BpallieHusl 0. B HaireM cirydae, emMHCTBeHHAs, OTJIMYHAS OT HYJIS
TPeThs KOMITIOHEHTa MOMEHTa CUJl OyleT paBHa:

mut . (13)

Hanee ynpocTuM 3agady M OyaeM CUMTaTh, YTO Macca U MOMEHT MHEPLUU Tajo
OTHOCHUTEJIbHO OCH BpalleHus [, HaMHOro OoJjblie, 4eM macca M, U MOMEHT
uHepuwmu Gapa I, T.e. 1,,>> [,,. DT0 NPENONIOXKEHNE O JOMUHUPYIOLIEM BIMSIHUN
rajio corjacyercsl ¢ HaOMIOAEHUSIMU U TTOATBEPKAACTCS UMCICHHBIMU MOACISIMU
[11]. B ykazaHHOM MpUOJUXEHUU BpalllaeTcsl TOJbKO Oap, a MacCCUBHOE rajo B
WHEPLMAILHON CUCTEME OTCYeTa ocTaeTcsl B rokoe. KrHetnyeckast sHeprust Kosneba-

TeJILHOTO JIBVKEHUs Gapa OymeT paBHa

2
1 do 1
KZEI%(EJ > 13b:§Mb<a12+a§)' (14)
Jlarpan:xuaH OyneT paBeH
2
~ 1 do 1 . .
L(G) =K-W,,, = EISb (Ej _gnGPH M, [(Az_ 4 )(alz_ a; )s1n29]. (15)
C yueroMm narpaHxuana (15), BTopoe ypaBHeHUe IBUKeHUs JlarpaHka
1(@)& Iy
a\d6) de (16)

roe wieH dL/d © paBeH momeHTy cuit u3 (13), maet uckomoe mauddepeHnaibHOe
ypaBHEHME BTOPOrO MoOpsiaKa sl yria e(t):

0+ ®%sin20=0. 17)
Bxomsamag B (17) BenunMHa o? CcBA3aHa ¢ XapaKTEPUCTMKAMM Tajo U 6apa
2 2
2 _ ai—a;
o =nGpy ——=(4-4)). (18)
arta;
HuddepeHumansHoe ypapHeHue (17) U MpeacTaBIsieT pellieHue MOCTaRIeHHOM 3a1a4n:
OHO OIMCBIBAET BpalleHUe Oapa C MEepEMEHHOI YIJIOBOUM CKOpOCThio (puc.3).

YacToTa MaJIbIX KOJIEOAaHUIT €CThb

a2_a2 ' '
K:ﬁw\/znGpHﬁ(Az—Al), (19)

ap +a;
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Puc.3. JIBumkeHue Gapa ¢ YIJIOBOl CKOPOCTbIO, M3MEHSIOLICWCS TIEPUOAUIYECKA CO BPEMEHEM.

l'ano To yckopsieT BpaiiieHue 6apa, To 3aMeIseT ero OTHOCUTEIBHO CpeaHero BpaiueHus. st pacyera

no ¢opmyne (17) B KauecTBe HAYATbHOTO 3HaueHMs B3TO 3Hauenme 0, =1-107"° ¢, coorsetct-

Bylolllee TapameTpaMm Momesau (21) U 3HaYeHWIO CpedHeil YIoBoil ckopocTw Gapa o = 21.6 km/c KIK
(wm T ~2-10° ner).
a repuoj KojiebaHuit

2

Ty (20)

K
Hnsg mpuMepa, BO3bMEM XapaKTepHBIE IJIST CPEIHMUX TaJJaKTUK OTHOCUTETbHBIC
pa3Mepsbl Tajio U Gapa:
a;=3, ay=2, a;=1; nza—lzg. 1)
Torna ko3 duiMeHTbl BHYTPEHHETO TTOTEHIIMAJIA Tajlo, pacCCYMTaHHbIE MO (hopMysiaM
(5), OynyT paBHBI
4/ =0.3126014; A4, =0.5343081. (22)

CpelHIOI0 TUIOTHOCTh TajJo BO3bMEM paBHOW p, ~5-10723 r/cm’. Torma, mo
(opmynam (20) u (21) HaxoauM TepUOoI MaJibIX KojiebaHuii (JTMOpaluii) yrioBoi
CKOpPOCTH 6apa OTHOCUTEILHO MPUHSTOTO CPeIHEro 3HaYeHUsI
T, ~2-108 ner . (23)
HanHblit B (23) meproa MaJibIX TOBOPOTHBIX KOJeOaHUit Oapa 0Ka3bIBaeTCsl TOTO
Ke Topsaka, 4To W Mepuoi oOpallleHWs 3Be3[, BOKPYr ILIEHTpa TajlakTUK 3a
npeaesamu 6apa B 30He KopoTtauuu. [anee, B pazaesne 5 Mbl TOKaXXeM, YTO yyeT
HEOJHOPOJHOCTU TaJl0 YBEJIMUYMUT Mepuol Jubpaiuii 6apa.
IIpn Gonpummx amrmtynax 6, 6ap, cormacHo ypaBHeHMIo (17), coBepuiaer
HeJIMHENHbIe KoJaebaHusl, 4acToTa U Mepuoj KOTOPbIX PaBHbI

M=K r=—. (24)
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3necy K (K) - CTaHJAPTHBIA MOJHBINA AJUIMNTUYECKUI MHTEerpai nepsoro poaa. C
XOpOLIEH TOYHOCTBIO MEPUOA HETUHEWHBIX KOJIeOaHWl ¢ aMIUIUTYoNH 6, MOXeT
ObITb MpeacTaBieH GopMyJoi

T=TO(1+%sin290). (25)

5. Bpawenue 6apa 6 He0OHOPOOHOM MPexXOCHOM 2ano.

5.1. IlInomuocms u éHympeHHUU nomeHyuas easo. PaccMorpum Terepnb
HEOTHOPOHOE TPEXOCHOE Tajlo C MapaboNMYecKUM 3aKOHOM TLIOTHOCTH p(m) u
Mmaccot M,

2 2 2
_ 2). 2_ X Xy X3, _8
P—Po(l—m ) mesoa ot My = 150929 Po - (26)
1 2 3

DIIUTICONTT ¢ 3aKOHOM TIIOTHOCTH (26) IBJIsIETCS OTHUM M3 CaMbBIX MTPOCTHIX
IocJie OMHOPOJHOTO. MBI pacCMOTPUM 3Ty MOJENb JJis TOTO, YTOOBI OLIEHUTh
BJIUSIHYE HEOTHOPOJHOCTU HA B3aMMHYIO SHEPIHUIO CUCTEMBI Gap-Tajio, a TakkKe Ha
TIepyox KoebaHWii YIJIOBOM CKOpocTi Gapa. Pasymeercst, 6oee CJIOXHBIE 3aKOHBI
IUIOTHOCTU TMPUBENIM Obl K 3HAUYUTEILHOMY YBEJIMYEHUIO OObeMa BBIYMCIICHUIA.
BHYTpeHHMIT TIOTEHIIMAJ TAKOTO CJIOMCTO-HEOJHOPOJHOTO 3JUIMIICOMAA HACTCSI
dopmynoii [22,23]

2

Leo i 1. ;
(p(x) :EGPO aras J . "
0

Is)l_ | (27)

a;+s

rae A(s) naHo B (5). PackpbiBasg cKOOKU U UHTErpupys B (27), B UTOTe MOJy4YUM
BEIpaKeHIE

(pH:%GpO{ LA AR 2 A A Al Ay

(28)
+ 2 A, X0 x5+ 2 Al xixg + 2 Aypxix; }
3neck A! naHel B (5), a nBoiiHble MHAeKchl Yanapacekapa [21] paBHBI
< ds
Al = ajaya; .
’ g (a;2 + s)(a_'/2+ S)A(s) (29)

IMoncrasasis B (28) dopmynsl (2), TPpUBOAUM MOTEHLIMAA BHYTPU Tajlo K BUAY

1 ' 4 4 4 2 2 2.2
Py :—GPO{I+ Ay3xy+ Ry X+ Rypoy Xy + Ryjpp X Xy + Ry33 X x5+
2 (30)
2
+ R2233X2x3 Rszz Ry X{ =2 43x; }
Bxonsuue ciona ko3hGUIMEHTH TpU KOOpAMHATaX naHbl B [lpuasoxcenuu 1.
B (30) He BKJIIOYEHBI TP HECUMMETPUYHBIX WieHa R ,, R ,,,, R ,;;, TAK KaK
TPU TIOCJIEAYIOILEM UHTETPUPOBAHUM TI0 CUMMETPUYHOMY O00BEeMY JUTATICOUAATEHOTO
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Oapa (CM. HIKE) 3TH WICHBI JAlOT HOJIb.

5.2. Bzaumuas sHepeus 6apa u HeoOHOPOOH020 eano. YToObl He
YCIIOXHSTh U 63 TOro BechMa OObEeMHBIE BBIKJIAIKM, 0ap, KaK W paHee cUyUTaeM
ONHOPOAHBIM. JIJIsI HAXOXIEHUsI B3aMMHOM 3HEpruu Gapa M rajo MOACTABUM
rpaBUTallMOHHbINA ToTeHIma (30) moxa 3Hak uHTerpaia B opmyiy (3). MHTerpupys
nmo ooreMy Oapa u yuuthiBast (8), a Takxke (popMysbl 1T MOMEHTOB MHEPLUU
YeTBEPTOro MOPSIIKA

3 .
Iiiii:pr‘_”XiA‘degMbaf’ i=1,2,3;
Vs
I = jﬂxzxzdlf—iM a2 ;i=1122, 1133, 2233; €2
iy = Pp)) | A A4V = Madi s y=11es 11095 ’
vy

L3 =115 =111, =0,

HaxOAMM B3aMMHYI0 3HEPIui0 6apa XU HEOIHOPOMZHOIO Iajo

w,

nut

1
=—EnGp0M,,{SI—Rllalz—R22a§—2A§a32+%A§3a;‘+%R1111a14+

3 4, 1 22, 1 22,1 2 2 (32)
+ o Rypoaty + = Ry15p01 a5+ — Ry 3307 a3+ — Ropszaza3 ¢

7 7 7 7
IMoacrasnas nanee B (32) kKoadpduiimeHTs! U3 [puroxcenus 1, mocie npeodpa3soBaHUIA
HaXOIM

w,

n

ut = —%nGpO M, {S4 sin*0+ C, cos*0 + CS cos*Bsin’0 + S, sin*0 + C, cos*0 + R}. (33)

3aech BBeJSHBI BCIoMorarejlbHble KO3(MGUIUEHTHI, (DOPMYJIbI IJI1 KOTOPHIX CM.
B [lpunoscenuu 2.

IMpu =0 (cM. Takxke paszgen 2), korga HaubosbLe ocu 6apa OX, u rajuo
Ox, coBmanaloT, B3auMHas SHeprus (33) MPUHUMAET CBOE€ MHUHMMAallbHOE
(MakcuMaJlbHOE TI0 MOJYJII0) 3HAYeHMUE:

1
Wrgm(e=0)=_E“GPOMI;[C4+C2+R]- (34)
CocTtapysisi, IO aHAJOTUM C pa3iesioM 2 pa3HOCTh
Wmut (e) = Wmut (e) - Wrr(t)ut s (35)
rnocje npeodbpa3oBaHUil HAXOAUM
Wmut(e)=%nGpOMb {D4 sin0+ D, sinze}, (36)
rae

IMpoBepka B (37) moATBepOWiIa: BIWSHUE TaJo Ha Gap JENCTBUTEIHLHO MCYe3aeT
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KaK B CJIydyae KpyroBoyl CUMMETPUU 0apa a, = a, , TaK U B ClIy4ae TPEXOCHOTO Gapa
a, # a, , HO TIOMEIEHHOIO B TajJlo C KPYroBOM CUMMETpHENl; B 00OUX Cilydasx
oOpanaloTcsd B HyJb KO3Gh(MUIIUEHTHI

5.3. Jlaepauscuan u ypaéHenue aubpayuii. MoOMeHT CWil, IEACTBYIOIINX
CO CTOPOHBI Tajio Ha Oap, corjsacHo dopmyne (13), OyneT Tenepb paBeH:

M =%nGp0 Mb(D2+ 2D, sinze)sin29. (39)
KuneTtnueckas sHeprus BpallaTeIbHOTO IBMXKEHUs 6apa (cp. ¢ pasznesioM 3) paBHa
2
1 do 1 2 2
K==I)|— |, Ly ==M,\a;+a5).
: 3b(dtj 0= Myla+a) (40)
CocraBuM JlarpaHXuaH Ul CUCTEMBI rajao-6ap
2
1 1 . .
L(G):EI%(%j —ETCGpOMb[D4 sin‘@+ D, s1n29], (41)

IUIS KOTOPOIO BTOpOe ypaBHeHue nBikeHus Jlarpamxka (16) maet muddepeHIMaibHoe
ypaBHEHHE KoJieOaHUI IJIs yrjia O(t):
nGp

2, .2
2(“1 + az)
3aMeTUM, UYTO YpaBHEHNE HEJMHENHbBIX KoJebaHUi (42) HECKOJBbKO OTIMYACTCS OT
ypaBHEHMSI, mMojaydyeHHoro paHee B (17).

YucaeHHbIE pacyeThl Mbl TIPOBEAEM JIJISI TEX XK€ MPUEeMIEMbIX OTHOCUTEIbHBIX
3HAUEHUI TMoyyoceil rajgo W 6Gapa, cMm. ¢opmyiabl (21). CooTBeTcTByWOLINE

! !

K03huUnEHTH 4!, Aj 13)2, D, n npyrue naHbl Huxe B Tabm.l.

Tak kak 2D, /D2 ~10™, To BBMIOY Majocth KodbduuueHta D, YIEHOM
2D, sin?0 B mpaBoii yacTu (42) MOXHO TIPeHEOPeUb, U C XOPOLINM MPUOIMKEHUEM
ypaBHEHME HEJIMHEMHBIX KOJIeOaHUl TIpeCTaBUM B BUIE

nGpy D,
2af+a3)

B nuneiiHoM nmpubavkeHuu no O ypaBHeHue (44) TIpUMET BUI

nGp
02D2~9=0. (44)

0+ >
a1+a2

Ileprion Mayiblx IMOpauMii B paccMaTpuBaeMoM ciiyyae OyaeT paBeH

T, =% ~351.10° et

mGpo (45)

2 2 72
a;+a,
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Tabauua 1
SBHAYEHUS KOODPUILIMEHTOB

IMonyocu rano|Koadduumentsi| MuHnekcHboie |BcnomoratenbHble | KoadduineHTb

u 6Gapa noTeHIIMaNa CHMBOJIBI K03 PUITIEHTHI B YpaBHECHUU
OJHOPOOAHOIO |HCOOHOPOOHOTIO KoJIeOaHUIA
rajo rajo
@ =3|a,=1 | 4 =03126014 |4/, =0.02427325| S,=0.04331379 | D,=0.22169325
dy=2|a,=2/3| A, =0.5343081 |4}, =0.04434134| C,=0.02052282 | D,=0.00007171
ay =1{a,=1/3| 4, =1.1530905 |4, =0.10506114| CS=0.0639083

Ay =0.20626081| S, =-1.3384538
Ay, =0.08313262| C,=-1.0938978
Al = 0.5628927

3aMeTUM, HalIeHHBI Mepuo JUHEHNHBIX TUOpalMii OKa3biBaeTCsl MPUMEPHO B
1.75 pnuHHee, 4yeM Mepuof JuOpaluii TOoro xe 60apa B OJHOPOZHOM rajio.

6. Obcyncoenue u 3axawuenue. iccnenosanre BIMSHMS Tajlo HAa BpalleHUE
0apoB sIBJISIETCS aKTyaJbHOM 3ajayeid, T.K. HECMOTpSI Ha 3aMETHBIN Tporpecc B
HU3y4YeHUM 00pa3oBaHUs U SBOJIOLIMU TUIOCKUX TaJlaKTUK, YYEHbIE 10 CUX TMOpP He
MPUILIA K COTJIacUI0 B BOIIPOCE O JOMMHUPYIOIIEM MeXaHU3Me o00pa3oBaHUS
GapoB (0 MexaHM3Max obGpa3oBaHuUs Oap-mon cM., Harpumep, [26]). bap-mona
SIBJISIETCSI CaMOii KpyITHOMACILTaOHOM, TTO3TOMY M3ydyeHUe TUHAMUKU U 3BOJIOLIMY
rajJlakTUK yaoOHO HAauMHATh C U3Y4YeHUsT OapoB.

C TIOMOIIIBIO TTOCTPOSHHBIX 31ECh MOJIEIEH, MBI pACCMOTPEJIN BIUSIHIE TPaBUTH-
pYIOILIETO Tajlo M3 TEeMHOM MaTepuy Ha BpauleHue Oapa. OTmeTum, 4To Oap He
SIBIISIETCS] (DUTYPOI, BHITECHSIIOLLICH MATEpUIO Tajio: peub UIET O B3aUMOMPOHUKAIOILIEH
CYIEPITO3UIIMM KOMITOHEHTOB TEMHOI MaTepyy TI0 Y MATEPUM 3BE3MTHOTO TPEXOCHOTO
Oapa. Takue Moaenu ¢ Cynepro3vLMeil MOTEHLMATIOB HECKOJIbKUX KOMIIOHEHTOB
"rajo-6ap-aucK" 4acTo MCIONB3YIOTCS B AMHAMUKE 3BE3THBIX cucTeM [27].

Kak oTmeuanoch, KpoMe pacCMOTPEHHOTO 3IeCh MEXaHM3Ma BIUSHUS Tajlo Ha
VIJIOBYIO CKOPOCTh BpallleHMsI 0apa, ecTb U ApyTue MeXaHU3Mbl BO3IEHCTBUS I1CKa
U rajo Ha Oap. Tak, addekr 3amemsieHUs BpalleHUsT 6apa BOZMOXEH Kak 3a cuer
rnepeaayM yriioBOro MOMEHTA 3Be31aM [2], Tak U 3a CYET BIAUSHUS TUHAMUUYECKOTO
TpeHus Mexay 0apoM 1 raio [14]. CymectByeT u 3pdekT nsmeHeHnsT (POpMbI Oapa
[15,16], npuBoOAIIMiI K HEKOTOPOMY OKPYIJIEHUIO €r0 (hOPMBI.

B Haieit pabore B ruapoaMHaMHUYeCKOM MPUOJUXKEHUU pellleHa 3agaya o
JIMOpaLIMOHHBIX KOJIeOaHUSIX Bpalliarolierocst 6apa. beliyu 1mocTpoeHbl ABe MOACIIN:
(i) omHOPOIHBII Gap BHYTPU OAHOPOAHOIO rajo u (ii) OZHOPOAHBIN Oap BHYTpU
CJIOUCTO-HEOTHOPOIHOTIO Tajlo ¢ MapabOJIUYECKUM 3aKOHOM TIJIOTHOCTU. [1s1 oGeunx
MojeJieil ObUla HaiiieHa B3aMMHasl TpaBUTALIMOHHAs 3Heprus 6apa u rajo. 3amava
CBOJUTCSI K MOCTPOCHMIO JlIarpaHXXMaHa, INie B Ka4eCcTBe MOTECHIUAIbHOIO 4JeHa
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KaK pa3 U UCMOJIb3YeTCsl YKa3aHHasl B3aMHasl IpaBUTaAllMOHHAsI SHeprus. BaxkHoit
0COOEHHOCTBIO METO/IA SIBJISIETCS TO, YTO MPOU3BOAHASI OT B3aUMHOI dHEPruu 1o
VIJIy BpallleHUsl JaeT MOMEHT CUJI, AEMCTBYIOIIMX Ha 6ap CO CTOPOHBI BHELIHETO
rajo. DTO MO3BOJISIET MPOCTHIM CIIOCOOOM BbIBOIUTH MU bepeHIaTbHOEe YpaBHEHUE
BpallaTeJIbHBIX KojiebaHUl Oapa.

HMccnenoBanue TmojiydeHHBIX AW depeHIuaNbHbIX YpaBHEHUN IO3BOJINUIIO
BBISIBUTb MEPUOAUYECKUI XapaKTep B U3MEHEHUM YIJIOBOM CKOpPOCTM Oapa mop
BJIMSIHMEM BHEIIHEro rajo. bbliyM HailieHbl YacTOThl U MEepUOAbl BpalllaTeIbHbIX
Jubpanuii 6apa Kak B oOllleM HEJIMHEHHOM cliydyae, TaK M B TPUOJMKEHUU
TFapMOHUYECKUX KoJIeOaHUI. YCTaHOBIEHO, YTO MEPUOAbl YKa3aHHBIX JUOpauuit
0apa MOIYT OBbITb TOrO K€ MOpSAKa, YTO U MEePUOIbl OOpallleHUs 3Be3l BOKPYT
LIEHTpa TaJlakKTUKW 3a TipejeiaMu 6apa B 30He Koportaiuu. Kpome Toro, Haiu
pacyeT BO BTOPOI MOJEIM MOKa3al, YTO yYeT HEOAHOPOAHOCTU B paclpeaeieHUN
BellleCTBA B Tajo MOXET 3aMeTHO (IpUMEPHO B 2 pas3a) YBEJIUYUTH MEPUO.
Jmnbpanuii 6apa. Tak Kak npsiMast HaOatoAaTe bHas MpoBepKa NaHHbBIX 3 (HEKTOB
3aTpyAHEeHa, IS KOHTPOJISI TeOpeTUYECKUX BBIBOJAOB HEOOXOAMMO MpPOBEIECHUE
JIOTTOJTHUTEIbHBIX YMCJIEHHBIX 9KCIIEPUMEHTOB MO M3YyYEHUIO JMOpaluii 6apoB B
rajo rajakTuk. Kpome Toro, maHHbIN 31€Ch METO MOXXHO MPUMEHSITh U K 3a1a4am
0 JMHAMUKe TBOMHBIX OApoB.

ABTOpBHI TIpM3HaTeIbHBI MexmuciuimaapHoii HayuHo-O6pa3oBaTeabHOM
IlIxome MI'Y "®yHnaMeHTaIbHBIE M IPUKIATHBIE KOCMUYECKUE UCCIeIOBAHMS .

' TocymapcTtBeHHEBIN acTpoHoMuYecKuii mHCTUTYT UM. I1.K.IllTteprbGepra
MockoBckMii TocygapCcTBeHHEINM yHUBepcuteT M. M.B.JlomoHOCOBa,
e-mail: work@boris-kondratyev.ru
2 I'maBnas (ITynkoBckast) ActpoHomuueckast obcepBaTopusi, CaHkT-IleTepOypr
3 YaMypTcKUii ToCymapcTBeHHBIN yHUBepcuter, MkeBck, Poccust

IHTPHIOXKEHUE 1

Koaddunuentsl B noteHuuane (30) paBHBI:
R, =24 cos’0+24}sin’0; R,, =2A/sin’0+24}cos’0;
Ryjy; = Al cos*®+2 4], cos*Bsin?0 + 45, sin*0;
Ryyyy = A, sin*0 +2 4], cos’0sin’0 + 4}, cos*0; (IL.1)
Ry12y = (6. 4], — 8 4], + 6 A5, )cos*Osin?0 + 2 4], cos 0+ 2 4], sin*0;

Ry133 =2 A5 c08°0+2 Ay sin*0;  Ryysy =2 Aj35in’0+ 2 Aj; cos’6.
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HIPUIIOXKEHHUE 2

YKazaHHbIE B TEKCTe BCIIOMOTrareibHble KoaUuiMeHTsl B moTeHuae (33) paBHbI:

3/43/42/22
S, =—A,a,+—A)a; +— A,a; a5 ;
R L e 2 L e B

3 r 4 3 r 4 2 r 22
C,=—A4,a,+—Aa; +—Aj,a; a; ;
4 7 22¢%2 7 111 7 11%1 %2

cs =EAl'zaf‘+EA;2a§+l(6A{1—8A;2+ 6 Ay, )atal ;
7 27 72 (1.2)
S, = 2A’a§+7A{3a2a3+7A;3a, a;-2A5a; ;

2 2
C,=2Ada;+= - Aatai+= - Absasa;— Alal ;

R=51-24; a32+%A§3a§.

HALO EFFECT ON BAR ROTATION IN GALAXIES

B.P.KONDRATYEV!?, EN.KIREEVA!, V.S.KORNOUKHOV!,
N.G.TRUBITSYNA?

The effect of a massive gravitating halo on the rotation of an ellipsoidal bar
in disk galaxies is studied. The method is based on calculating the moment of
forces between the bar and the halo using a function of their mutual gravitational
energy. To test the new method, two models are constructed: a simple version
with homogeneous components, and a more complex version in which the halo
is represented by a layered-heterogeneous ellipsoid with a parabolic density law.
For both models, expressions for the mutual gravitational energy of the bar and
the halo are obtained, the Lagrangian is constructed, and differential equations for
the nonlinear rotational oscillations of the bar are derived. These equations describe
bar rotation with variable angular velocity. The frequencies and periods of
oscillations of the bar's angular velocity are found both in the general nonlinear
case and in the approximation of harmonic oscillations. It has been found that
taking into account the inhomogeneity of the halo can noticeably (by about a
factor of 2) increase the period of these oscillations.

Keywords: structure of disk galaxies: bars and halos: mutual energy of ellipsoids:
linear and nonlinear equations of rotational oscillations of bars:
frequencies and periods of oscillation
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Ha ocHoBe maHHBIX O 3Be3/1ax ¢ MJIaHeTaMM, HaXOMSIIMMUCS B 30He OOMTAeMOCTHU, BBITTOJTHEHO
M3yuyeHUe TMPOSIBICHUN MX aKTMBHOCTU. JIJII HUX MO JAHHBIM apXuBa KOCMHUYECKOTO TeJiecKora
Kemiep 6butr M3yueHsl KpuBble Oiecka, MOJyYeHHBbIE B Xoae HabmoneHuit B cete Q3, M BIUMCICHBI
aMIUIUTYIbl TIEPEeMEHHOCTH Ojiecka C 1eJbl0 ONpEeAeIUTh HaJluuyhe M CBOMCTBA IMSITEH Ha MX
noBepxHocTh. Kpome TOro, mosiydeHbl BEJIMUMHBI IEPUOJOB BpallleHUsT 00bEKTOB, KOTOPbIE HOCST
OLICHOYHBIN XapakTep. PaccMOTpeHbI AMarpaMMbl 3aBUCMMOCTH TIJIOLIAAN TISITeH A Ha MMOBEPXHOCTH
3Be3l C OK30IUIAHETAMM IO JINTEPATYPHBIM JaHHBIM (M B TOM YHUCJE, HAXOASIIMMUCS B 30HE
obutaeMocTH), OT (P dEeKTUBHON TeMmIepaTypbl M Tepuona BpalieHus. [lonydeHbl ykaszaHus Ha
TO, YTO pacrpeieeHus] 3Be3ll C 9K30IIaHeTaMU, HaXOISIIMMUCSI B 30HE OOUTAEMOCTH, CMEILEHBI
B 00JIaCTb MEHBILIUX TUIOIIAAEH TSITeH M TIePUOMOB BpallleHMs, MO CPaBHEHUIO C JAHHBIMU JUIS
BCEro MaccuBa 3Be3l ¢ 9K3ormiaHetamu. [lpoaHanmu3upoBaHbl HAaHHBIE apXWBa KOCMUYECKOTO
teneckorma Kemep mist 3Be3mbl € SIpKO BbIpaXeHHOI BpamiareiabHou wmomyssiuuein KOI-3497
(Kepler-1512, KIC 8424002). OTmMeuyeHO, 4TO CKOpee BCEro €€ CJeIyeT XapaKTepM30BaTh Kak
3Be3ny crnekrtpaibHoro kiacca K, a He M. KOI-3497 oGnagaer BCHBILIEYHONM AKTUBHOCTBIO (IUIst
Hee 3aperucTpupoBaHO 47 BCIBINIEK C 3Heprueil F B aAuama3oHe OT 2-10" pmo 2-10% 3pr).

KittoueBnie ciioBa: 36e30bi: AKMUGHOCHb: NAMHA: d)omomempuﬂ: nepemerHHocmo.

niaaHemHbvle cucmemabl

1. Bsedenue. OnHa u3 OCHOBHBIX Hay4HBIX IIPOrPAMM KOCMUYECKOIO TEJIECKOIA
Kemnnep - ompeaeneHue yMcia M 4acTOThl BCTPEUYaeMOCTH IIJIaHET (B TOM YMUCIIE
3eMHOI'0 TUIIA), PACMOJIOXKEHHBIX B 30He ooutaemoctu (Habitable Zone, HZ). Kak
MPaBUJIO, TIOJ 30HON OOMTAaeMOCTM MOAPa3yMeBAIOT OO0JIACTb OKOJIO 3Be3Ibl, B
KOTOPOi1 BOJa MOXET HAXOAUThCSI B XKUJIKOM COCTOSIHUU MPU COOTBETCTBYIOLIEM
aTMoc(epHOM JaBIeHUU aTMOoc(ephl TIaHeThl (CM. moapobHee, Harpumep B [1,2]).
ITapameTrp M 4YaCTOTHI BCTPEYAEMOCTH IUIAHET 36MHOTO TUIIA, PACTIONIOXEHHBIX B
30HE¢ OOMTAEMOCTU, SBISIETCSl MPEAMETOM MHOTOUMCIEHHBIX HccleaoBaHUuil. B
Mpolecce OoIpeaeeHusl 1 TpedyeTcsl paboTa co CIUCKAMM OOBEKTOB, JIJIsI KOTOPHIX
HMMEIOTCS TOCTATOUHO HAIEXKHbBIE OIpPEIeIeHNS TTapaMeTpOB KaK 3Be3/Ibl, 00Ianatoleit
IUIAaHETHOM CHUCTEeMOM, TaK U MapaMeTPOB 3K30ILIaHEThI.

ABTOpPHI [2] mpeacTaBUiM OOILUMPHBINA KaTaJor OOBEKTOB - KaHIUAATOB B
IJIAHETHI, PACIIOJIOXEHHBIX B 30HE OOMTAEMOCTH, HA OCHOBE apXUBOB HAOIONCHMIA
kocMmuueckoro Teaeckomna Kemiep (cetol Q1-Q17). Mcmonb3yst KOHCepBaTUBHBIE
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W ONTUMUCTUYHEIE OLIEHKW BHEIIHEW W BHYTPEHHEN rpaHUI] 30HBI OOMTAeMOCTH
W JaHHbBIE O paaMycaxX 3K30IUIaHET, aBTOPHI [2] mpuBenu 4 crrcka o0beKToB. U3
HUX B HAIlIEM JAJIBHENIIEM MCCIIENOBAHNN OYIET MCITOIBE30BaThCs CaMbIiA OOIIMPHBIA
(Tab6n.4), mWIS KOTOPOTO TPUMEHSIIUCh ONTHUMUCTUYHBIE OICHKM BHEITHEH M
BHYTPEHHE! rpaHUI] 30HBI OOUTAeMOCTH, OTPAaHUYEHWI Ha pagnyc 3K30IIaHEeTHl
He HaKJIaIbIBaJIOCh.

Llemb HaIlETO MCCIIEAOBAHMUS COCTOMT B M3YYEHHU TPOSBICHU aKTUBHOCTH
3Be3] C IUTAaHeTaMU, HaXOISIIVUMUCS B 30HEe OOMTaeMOCTH, HAa OCHOBE NAHHEIX,
JOCTYITHBIX M3 apxuBa muccumn Kermep.

2. 36e30bl ¢ naaHemMHbIMU cucmeMamu 8 30He obumaemocmu. Panee
B [3] o poToMeTpuUEeCKUM HAOMIOAEHUSIM C KOCMUYECKHUM TejieckornoMm Kerep
st 737 3Besn, ob0jafarolvx TUIAHETHBIMU CHCTeMaMy (9K30IUIaHEeTaMU), MbI
M3YYUJIN 3aBUCMMOCTH BEJIMYMHBI TTapaMeTpa 3alsITHEHHOCTH S MX TTOBEPXHOCTHU
oT 3¢ ¢GeKTUBHOI TeMmepaTypbl M OT IlepuoJa P uX OCeBOro BpallleHUS U He
TOJYYWJIM CBUAETEIBCTB TOTO, YTO MarHUTHAsI aKTUBHOCTh 3Be3[l C 9K30IUIaHETaMU
MMeEeT SIPKO BhIpakeHHBIE OCOOEHHOCTH, OTJIMYAIOIINE NX OT aKTUBHOCTU 3BE3[T
OoJiee OOIIMPHON BHIOOPKM.

B [4] mbl conocraBuiy napameTpbl S u T, g & TAKXKe S u P, moinydyeHHBIE
0 JaHHBIM U3 [5,6], KOoTOpBIE COmEpPKAT HEOOXOAUMYIO IS OLEHOK MapaMerpa
S uHpopmaumio. beuin TepeonpenesieHbl BeAWYMHBI S 1 3Be3d U3 [S] u
HaliIeHbI TTapaMeTphl 3alsITHEHHOCTH s 67 3Be3n u3 [6]. Kpome Toro, mpuHUMast
OLIEHKY paauyca 3Be3[ (COrmacHO OOHORBJIEHHBIM JaHHBIM apxvBa Tejeckona Keruiep
archive.stsci.edu.k2), Mbl moJIlydnIv BETUYMHbBI A TIJIOIIAAN TIITEH HA MOBEPXHOCTU
3Be3/] B abCOMIOTHOM Mepe (B A0JsIX BUAMMOM nosycdepbl CoHila, MUTMOHHBIX
nonsx, m.a.a.). Ecau miomans 6odbliioil rpynnbl nsateH Ha CoJiHIIE MOXET
COCTaBJIAITh 1-2 TBICSYM M.I.II., TO TUIOLIAIW IISITEH Ha TTOBEPXHOCTH 3Be3I C
9K30IUIaHETAMU CYILECTBEHHO IPEBOCXOMST €€ M, KaK IpaBWIO, HAXOmSTCS B
npeneiax or 8000 m.o.mm. go 60000 m.a.m. (cM. moapobOHee B [4]). Pesynbrathl,
MpeacTaBieHHbIE B [4], yKa3bIBAIOT Ha XOPOIlee COorjaacrue OLEeHOK XapaKTepUCTUK
TMSITEH Ha TTOBEPXHOCTM 3Be3J1 C 9K30IUIaHETaMU, MOJYYEHHBIX 10 JBYM BbIOOpKaM
- B [5,6].

HaHHBIe O 3Be3max ¢ IIaHEeTaMM, HaXOISIIMMUCI B 30HE OOMTAaeMOCTH,
OMy0JIMKOBaHHbIE aBTOpPaMU [2], TTO3BOIMIN BHITIOJIHUTh aHAJOTUYHOE U3YyUeHUE
UX aKTUBHOCTH. JIJIs1 0OBEKTOB, yKa3aHHbBIX B [2] B Taba.4, 1Mo JaHHBIM apXxuBa
KOCMHMYECKOTO TeJieckora Kerutep MBI paccMOTpes MX KpUBBIe OJiecka, TIOTydeHHBIE
B Xoje HaOmoneHuil B cere Q3 miutenbHOCThIO B 90 cyT. OCHOBHAs 1ieJib HAIIETO
aHaAJIM3a COCTOsIIa B OIpeAeSIeHMN aMIUIUTYH IepeMEeHHOCTH Ojiecka, KoTopas
MOXET XapaKTeprU30BaTh HAJTMYME M CBOMCTBA MATEH HA MX MOBEPXHOCTH. Kpome
TOro, HaM1 ObLIM MOJYYEeHbI BETWYMHBI MEPUOJOB BpalleHUs 0ObeKTOB U3 Tad.4
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[2], KOTOpbIE HOCAT OLIEHOYHBIN XapakTep, MOCKOJIbKY HaMU pacCMaTPUBAJICS JIMIIIb
OIMH ceT HabmoaeHut Q3, a He MaKCUMaJIbHO BO3MOXKHbBI HA0Op AAHHBIX JUIS
o0bekTa. AHanu3 (OTOMETPUYECKMX MaHHBIX ObLI MPOBEAEH C MOMOIUIbIO
MoIu(ULIMPOBaHHOM TIporpammbl Activity [7]. Ero pe3yabTaThl IPOULUTIOCTPUPOBAHbI
Ha auarpammax puc.l Jist st oObeKTOB ¢ HauboJsiee BbIpakeHHOI BpalllaTeIbHON
Monyasiueii 6aecka. Kpuble 61ecka 00beKTOB MPUBENEHBI Ha JIEBOW YacTu puc.l.
O0paboTKa JaHHBIX ObUIa AaHAJIOTUYHOM, BBITIOJTHEHHOW HAMU paHee ISl KapJIMKOB
MO3IHUX CHEKTPaIbHbIX KJIACCOB.

PaccurrtanHble cieKTpbl MOILIHOCTU TlepeMeHHOCTU Osiecka 3Be3n (puc. 1, cpenHsis
4yacTh) yKasajiu Ha HajdMyue IHUKOB, COOTBETCTBYIOLIMX BeJWYMHAM Iepuoaa
BpaieHust. Ma3oBble AMarpaMMBbl TIEPEeMEHHOCTH OJIecKa TpecTaBIeHbl Ha TIPaBoii
yactu puc.l. Xopollo 3aMeTHa TepeMEHHOCTb KPMBBIX Ojecka Ha BpeMeHax,
COITOCTaBUMBIX C MEePUOJAMU BpAlllEHUS 3BE3/, UTO CBUICTEILCTBYET O OBICTPOI
9BOJIIOLIMY TSITEH Ha MX MOBEPXHOCTU. ['OpU3OHTAIbHBIC JTUHUM XapaKTepU3yloT
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Puc.1. CneBa - kpuBas Oiecka mis IISITU OOBEKTOB M3 CIIMCKAa C XOPOIIO BBIPAKEHHOM
BpalllaTeJIbHOM MOyJIsiliMeil 6Jiecka, B LIEHTPE - CIEKTP MOIIHOCTU MepeMeHHOCTH GyiecKa, cripaBa
- (hazoBasi aMarpamMma IepeMeHHOCTU Osiecka (FOPU30OHTAJIbHBIE JIMHUM XapaKTepU3YIOT BEJIUYUHY
aMIUTATYABI TIepeMeHHocTH Onecka). [laHHble mpuBeneHsl mjisg HabOmomeHuin B cektope Q3.
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BEJIMYMHY R aMIUIMTYIbl TIEPEMEHHOCTH OJieCKa 00BEKTOB. Bo MHOIUX Ciryyasx
TTOJTHAsI aMIUIMTYIa TTlepeMEHHOCTH Oyiecka nocturaeT 2%, 4To HECOMHEHHO SIBIISICTCST
yKa3aHWEeM Ha TMOBBILIEHHYIO TIUIONIAAb TSITEH Ha IOBEPXHOCTU. Kcmonb3ys
YIPOLIEHHYIO METOAMKY (CM., Hampumep, [3]), Ha OCHOBe BelMYuMH R U
XapaKTepUCTUK 0OBEKTOB M3 apXuBa JaHHbIX Tejeckona Keriep MOXHO MOJyYUTh
3HaYeHUs mapamerpa 3ansaTHeHHOCTU A. ClieayeT OTMETUTh TaKxKe, UTO aMIUIMTya
MepeMeHHOCTH OsiecKa JaeT BO3MOXHOCTb IMOJYYUTh TOJBKO OLEHKY IUIOLIAIN
MSTEH Ha MOBEPXHOCTU 3Be3lbl. MbI He pacriojiaraéM CBEACHUSIMU O BEIUYUHE
yIja HakJIOHa OCH BpallleHUs 00beKTa K Jy4y 3peHust. OUeBUIHO, YTO HAJIUYUE
MOJISIPHBIX U PABHOMEPHO pacIipelieJICHHbIX M0 MOBEPXHOCTH MSITEH HE MPUBOIUT
K MOJYJISILIMK OJiecka W Tpovy.

Ha puc.2 npeacrapiieHbl auarpamMMbl 3aBUCMMOCTM TLUIOLIAAW MsATeH A Ha
MOBEPXHOCTU 3Be31 C 2K30IJIaHEeTaMM (B TOM 4YHC/E, HaXOMSIUIMMMCS B 30HE
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Puc.2. 3aBucumocTb rutolany rnsreH A Ha MOBEPXHOCTH 3BE3M C 9K30IUIaHETaMU, BbIpaKeHHOMN
B I0JsIX BuanMMoii mosycdepbl CosnHua (B MWUIMOHHBIX JAOJSIX, M.II.), OT 3(hdeKTuBHON Temre-
patypsbl (BBepXy) M miepvona BpailieHust (BHU3Y). CBeTyibie KPYXKHU - JaHHbIe U3 [5,6] TeMHbIE TOUYKU
- 00bekThl M3 [2]. ILTpHxoBBIE JIMHUU COOTBETCTBYIOT MaKCMMyMaM OMMONAIBLHOIO pacIpeaeiieHUs
napametpa A pist CosnHua [§8], a MakCMMalbHOE COTHEYHOE 3HA4YeHWe MapameTpa A MpeacTaBieHO
CIUIOIIHOM JINHUEN.
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obutaemoctTu HZ), BhIpaxeHHO!l B moasax Buaumoi moaychepsl CoJiHIa
(MUWJTMOHHBIX JOJISIX, M.I.11.) OT 3(h(heKTUBHOM TeMrepaTyphbl U TieproAa BpalleHMSI.
I TpuxoBBIE TUHUKM COOTBETCTBYIOT MAaKCUMyMaM OMMOJAILHOTO paclpeaeieHUs
mapametpa A st ConHla, a MaKCUMaJlbHOE 3HaUeHUe TapaMeTpa A MpeacTaBIeHO
CIUIOLLIHOM JTMHUEH (cM. moapobHee B [4,8]). MOXHO 3aKIIOUNUTh, YTO pa3Indus
MeXIy M3MEHEHMAMU mnapameTpa A B 3aBUCUMOCTH OT T op U P nna 3Be3n ¢
9K30ILJIaHeTaMU, Haxoasimucs B HZ 30He, 1 3Be3/ C IUIAHETHBIMU CUCTEMaMU
BHE BTOM 30HbI, €CJIM U CYIIECTBYIOT, TO OHU HeBeJUKU. BepositHo, mapameTp A
JIJIST TIEpBOM TPYMIIbI OOBEKTOB MMEET MEHblllee 3HAueHHUE, T.e. UX aKTUBHOCTH
HECKOJIbKO HIMXe. boijiee HarIsiAHO ydajaoch MPOBECTU COIOCTABICHME CBOMCTB
JIBYX BBIOOPOK 3Be3JI C 9K30ILIaHETaMU MPU PACCMOTPEHUU TMCTOrpaMM pacmpe-
JIeJIEeHWI MX MapaMeTpoB - 3alsTHEHHOCTU A u nepuoaos P (puc.3).
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Puc.3. I'ucrorpamMmMmbl pacnpenesieHUil MapaMeTpPoOB - 3alATHEHHOCTH A M TepuomoB P st
3Be3ll ¢ OJK30IUIaHETaMM, HaXOMSIIMMUCSI B 30HE OOMTaeMOCTM (TeMHbIE CTOJOLBI), W 3BE3d C
TUTAHETHBIMM CHCTEMaMU (CBETJIbIE CTOJIOLIBI).

CorlacHO MpeACTaBIeHHbIM AuMarpaMmam, pacrpeacsieHus 3Be3/ C K30Ilia-
HeTaMM, HaxOASIIMMMUCI B 30HE OOMTAeMOCTM, TMEpeuyrclieHHble aBTopamu [2],
CMellleHbl B 00JIaCTh MEHbBIIMX IJIOLIAAeH MATEH W IMEepUOJOB BpalllEHUS, IO
CPaBHEHUIO C TaHHBIMU JJISI BCETO MacCUBa 3Be3/ C DK30IJIaHEeTaMM.

ITo naHHBIM AMarpaMmbl Ha puc.3 (MpaBasi aHe b) OOJBILIMHCTBO UCCEIyEeMbIX
HaMUu OOBEKTOB C 9K30IUIaHeTaMU, HaxoasuuMucs B HZ 30He, UMEIOT BETMYMHBI
MepUOJOB BpallleHUs B Auana3zoHe 8-22cyT. I1ockonbKy onpeaeeHus NepuoaoB
BpallleHNi1 00BEKTOB HOCIT OLIEHOUHBIN XapaKTep W TPeOyIOT YTOUHEHMS, TO MBI
B HallleM HWCCJeIOBAaHWM HE MPOBOAWIM ONpenesieHUH BO3PACTOB OOBEKTOB IO
TMPOXPOHOJIOTUYECKM COOTHOIIIEHUSIM. B uaeaqbHOM cilyyae cieoBajio Obl
YCTaHOBUTH BO3PACT OOBEKTOB IO OTJIMYAIOLLIEICS HE3aBUCUMON METOIMKE, HAlpUMep,
HCXOJs1 U3 OLEHOK XpoMochepHOi aKTMBHOCTU 3Be3n [9].

3. Cucmema KOI-3497. Cpenn 00beKTOB U3 [2] ¢ SPKO BBIPAKEHHOM
BpaluaTeIbHON MOAyJIsILiMeil Hallle BHUMaHue NpuBiekia 38e3na KOI-3497 (Kepler-
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1512, KIC 8424002). KpuBast 6iiecka 3Toii 3Be31bl MpeacTaBieHa Ha puc.] (cpeaHsst
naHesnb). CornacHo 6ase qaHHbIX simbad.cds.unistra.fr, oobekT KOI-3497 sapnsercs
BpAallIaTeJIbHOM TTePEMEHHON U XapaKTepU3yeTcs, KaK 3Be3/1a CIeKTPaILHOIO Kjiacca
M3V. D10 comtacyercd ¢ TeM, 4To B TaOi.4 B [2] mpuBOIITCS IapaMeTphl 3BE3/bI
T,,=3419£72K n R=0.3410.06 R - cooTeTCTByIOLIME 3Be3ne Kiacca M.
OpHako clieAyeT OTMETUTh, YTO IPAKTUUECKM BO BCEX APYTUX JIMTEPATypHBIX
HUCTOYHUKAX (cM. ccbulkd B simbad.cds.unistra.fr) mns KOI-3497 npuBoastcs
rapameTpbl 0osiee ropsiueii 3Be3bl crieKTpaibHoro Kiacca K. B apxuse exoplanets.org
naubl BemauHel 7, =4372K 1 R =0.67 R, a B apXxuBe KOCMIUYECKOTO TEJIECKOMA
Kemep s 3Besnbl ykasaHbl 7 ¢¢=4623K u R=0.698R,. B 10 e BpeMsa B
apxuBe (exo.mast.stsci.edu/exomast_planet) st KOI-3497 nmerorcst cchlIKM Ha 06a
3Ha4yeHus napamerpa 7| o 4372K u 3419 K. Ha puc.1, momumo KpuBoil Oiecka
0o0beKTa B TeueHUe HabmoAaeHuii ceta Q3 Ha KocMMYecKoM Tejeckorie Kerep,
MPUBOISTCS CIEKTP MOIIHOCTU U (pa3oBas KpuBas, MOCTPOCHHAs IO JaHHBIM
HabOmoneHuit B 3ToM cete. CorlacHO Hallleil OLieHKe, MepUO BpallleHUsS 3BE3/IblI
coctaBisgeT 9.376 £ 0.010 cyr. B 0630pHOIT paboTe Mo MCCIeTOBAaHUIO TEPUOIOB
BpallleHUsI 3Be3] TO3IHUX CIeKTpajbHbIX KjaccoB [10] manubie mist KOI-3497
otcytcTBytoT. Takke KOI-3497 He BXOAWT B UMCJIO MCCIEIOBAHHBIX 3BE3/ aBTOPaAMU
[11] xatamora auddepeHIIMaIbHOrO BpallleH!s XOJOAHbIX 3Be3l. OLIEHKU BeIMUMUHbI
P nna KOI-3497 umerorcesa B [12] (9.44cyt.) u B [13] (9.333+0.03cyT), KOTOpBIE
JIOCTAaTOYHO XOPOIIIO COIJIACYIOTCI C HAlIUM ompeneieHreM P. OTIM4YuUTeTbHOM
0COOCHHOCTBIO KpUBOIi OyiecKa 3Be3/bl SIBISETCS HAIM4YMe Bembllek. B kaTanore
[12] comepxaTcsi maHHbIe O BcmbliedHoil akTuBHocTu KOI-3497. Bceero
TpelCTaBIeHbI CBEIeHNs O 47 BCIIBIIKAX ¢ 3Heprueii E B amamaszone or 2-10°
10 2-10% spr, KoTOpHIil GIM30K K CAMBIM SHEPTMUHBIM BCTBIIIKaM Ha CoJHIIE
[14]. HakoHell, OTMETUM, UTO MPU MapaMeTpax aTMocpepbl, MPUHSTHIX, HAIIPUMED,
COINIACHO JAaHHBIM apxXxuBa exoplanets.org, BeJMUMHA IaJAIOLICTO HA IIIAHETY
nmoroka Fp OymeT CylleCTBEHHO MpeBOCXoAuTh 3HaueHue 0.87, mpuBomumoro B [2].
Mbl miaHupyeM B OyayileM BBIIOJHUTH 0ojiee TMOAPOOHOE H3YyYyeHUE OSTOro
MHTEPECHOTO OOBEKTA.

4. Bakarouenue. Ha ocHOBe JaHHBIX O 3BE3[aX C MJIAHETAMU, HAXOASILLMMUCS
B 30He OOMTAEMOCTU, ONMYyOJMKOBAHHBIX aBTOpamMu [2], BBIOJHEHO U3yYeHUE
MPOSIBJICHWIT WX aKTUBHOCTHU. [ O0OBEKTOB, YKa3aHHBIX B Tabia.4 B [2], mo
JaHHBIM apXMBa KOCMHYECKOTO Teyieckora Kerurep ObUIM M3ydeHBI MX KpPHUBBIE
Osiecka, ToJyYeHHbIE B Xo[ie HabmoaeHuit B cete Q3, u omnpenesieHbl aMILIATYIbI
MepeMEeHHOCTH 0JiecKa, KOTOpble MOTYT XapaKTepu3oBaTb HajluWyude M CBONCTBA
IISITeH Ha WX TToBepXHOCTH. KpoMe Toro, Hamu ObUTA HAICHBI BEJIMYMHBI TIEPHOIOB
BpallleHUs1 00ObeKTOB B Ta0y.4 u3 [2], KOTOpble HOCSAT OLIEHOYHBIU XapakTep.

PaccmoTtpeHbl AuarpaMMbl 3aBUCMMOCTH TIJIOIIAAN TMSATEH A Ha MOBEPXHOCTU



AKTUBHOCTDL 3BE3J C ITINITAHETAMHU 377

3Be3I C IK30IUIAHETAMH TT0 JAaHHBIM [5,6] (M B TOM 4WHCIie, HaXOOSIINMUCS B 30HE
obutaemoctu HZ mo gaHHbIM [2]), oT 3¢¢eKTUBHOI TemIepaTypbl U Mepuoaa
BpauieHust. PacrpeneneHUs 3Be3l ¢ SK30IUIAHETAMM, HAXONIIIMMUCS B 30HE
0o0MTaeMOCTH, TIepeuyuClIieHHbIe aBTOpaMu [2], cMellleHbl B 00JIACTh MEHBILIUX
IUIOLIAJeH TMSITeH U MePUOI0B BpallleHUs, TI0 CPAaBHEHUIO C JaHHBIMU ISl BCETO
MAacCHBa 3Be3[l ¢ 9K30IUIaHETAMMU.

ITpoaHanu3upoBaHbl JaHHbIE [IJIs1 3BE3/bI C SIPKO BhIpAXKEHHON BpalllaTeJIbHOM
moayisuueit KOI-3497 (Kepler-1512, KIC 8424002). B otnuune ot Ta6a.4 B [2]
(rme ykasanbl mapamerps! 3sesusl I, =3419+£72K u R=0.34+ 0.06 Rg -
COOTBETCTBYIOLLME 3Be3le Kiacca M) MpakTUYECKU BO BCEX APYTUX JUTEpPaTypPHBIX
HWCTOYHMKAX - apXuBe exo.mast.stsci.edu/exomast_planet 1 apXxuBe KOCMUYECKOTO
teneckona Kernep misg KOI-3497 npuBoastcs nmapamMeTpbl 0ojiee Topsiueit 3Be3/bl
cnekTpanbHoro kjacca K. KOI-3497 oGnamaeT BCHbILIEUHONH aKTUBHOCTBIO - B
Karajore [12] mpencraBieHbl cBeleHUs O 47 BCIIBIIIKAX C SHEeprueil £ B Iuara3oHe
or 2-10°" mo 2-10* spr.

HecoMmHeHHO, n3yyeHHbIe B [2] CUCTEMBI ¢ IJIaHETAMU B 30HE OOMTAaeMOCTHU
OTKPBIBAIOT TMEPCHEKTUBBI [JIs1 TIEPBOCTENEHHBIX JaJbHEHUIINX UCCAeAOBAHUM C
MMOMOILBI0 KOCMUYECKUX M HA3eMHBIX TeJIECKOIOB. BEITTOJTHEHHbIE HAMM, a TAKXKe
MOCJIeAYIOIINEe WCCIEeIOBAHUS aKTUBHOCTM POAMUTEILCKUX 3Be3[ MPeaOoCTaBsIT
BO3MOKHOCTb M3YUYEHMsI €€ BIMSIHUSI Ha aTMocgepsl riaHer B HZ 3oHe.

HccnenoBanne BBITIOJHEHO B paMkax TpoekTa "HMcciaemoBaHme 3Be3m ¢
sK3o1uTaHeTaMu" 10 TpaHTy IlpaButenbctBa P® misd mpoBemeHMST HAyIHBIX
WCCIIeMIOBAHUIA, IIPOBOIUMBIX IO PYKOBOACTBOM BEIYIIIMX YUCHBIX (COIIAIICHUES
N 075-15-2019-1875)

Vupexnenne Poccuiickoii akamemum Hayk MHctmTyra actpoHomum PAH,
Mocksa, Poccus, e-mail: igs231@mail.ru

ACTIVITY OF STARS WITH EXOPLANETS IN
HABITABLE ZONE

[.S.SAVANOV

Based on data for stars with planets located in the habitable zone, we study
their activity manifestations. Light curves obtained during observations in the Q3
set with the Kepler Space Telescope were studied and the amplitudes of the
brightness variability were obtained in order to determine the presence and
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properties of spots on their surface. In addition, the estimates for the rotation
periods of objects were obtained. Diagrams of the dependence of the area of spots
A on the surface of stars with exoplanets according to literature data (including
those located in the habitable zone) on the effective temperature and rotation
period are considered. Indications have been obtained that the distributions for stars
with exoplanets located in the habitable zone are shifted to the region of smaller
spot areas and rotation periods, compared with the data for the entire array of
stars with exoplanets. The Kepler Space Telescope archive data for a star with
pronounced rotational modulation KOI-3497 (Kepler-1512, KIC 8424002) are
analyzed. It is noted that most likely it should be characterized as a star of spectral
class K but not M. KOI-3497 has flare activity (47 flashes with energy E in the
range from 2-10°' to 2-10** erg were registered for it).

Keywords: stars: activity: spots: photometry: variability: planetary systems
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B crarse mipencraBneHbl pe3ybTaThl ATUTENbHOTO (17 Jjier) ¢hoToMeTpUIecKkoro MOHUTOPUHTA
ity 3Be3n tumna T Tenbira B momocax VRI. Bee mccnemyembie 0ObEKTHI SIBISIOTCS] WiIEHAMU MOJIOIOTO
ckorteHust IC 348 m memoHcTpupylor mepemeHHOCTh Tha UX Ori, 00yClIOBICHHYI0 M3MEHECHUSIMU
0KOJ103Be3MHOM dKCTUHKIMK. Tpu u3 Hux (V712 Per, V716 Per, V909 Per) siBisiioTcsl KIIaCCUYECKUMM
3pe3namul Tmna T Tenbua, apyrue nse (V695 Per, V715 Per) - 3Be3nbl Tmma T Tenblia co ciabbiMu
amuccruoHHbIMHM JuHUAMU (WTTS). X KpuBble OiecKa IEMOHCTPUPYIOT OOJIBIIOE pa3sHOOOpasue.
VY Tpex 00beKTOB HabmomaeTcss KOMOMHALIMS OBYX Pa3HbIX TUITOB aKTMBHOCTH: CTOXAacTUYeCKasl mepe-
meHHocTh ThHa UX Ori 1 meprognyeckre KojaebaHus 01ecKa, IOXOXMe Ha Te, KOTOpble HAOIIOMal0TCs
y 3Be3n Thna AA Tau. Y nByx 3Be3n HaOomaaach JUIIb IIEPEMEHHOCT OJIecKa, BbI3BaHHAsT (PIIyKTya-
LIMSIMM OKOJIO3BE3[IHOM OKCTUHKIIMM Ha pa3HbIX XapaKTepHbIX BpeMeHax. B craTtbe neTasbHO 00CYX-
JIA0TCsl OCOOEHHOCTH (HOTOMETPUYECKON aKTUBHOCTH MCCIEAYEeMbIX 3BE3JI.

KntoueBnie cnoBa: gomomempus: zeezda muna T Tau, UX Ori, IC 348

1. Bgéedenue. BuyrpeHHME CI0M MTPOTOILIAHETHBIX AMCKOB B JMHAMUYECKOM
OTHOLIEHUU SIBJISIIOTCSI CaMbIMM aKTMBHBIMHU. 3AeCh AUCK B3aUMOMACHCTBYET C
MarHuTocepoii 3Be3bl, TTOPOXKIAs CJIOKHBII KOMITIEKC HAOMONATeIbHBIX TTPOSIBIICHIUIA.
B oGnactu pagrycoM mopsiagka HECKOJbKUX a.€. POXKIAIOTCS IIaHEThl 1 IITAHETHEIE
CUCTEMBbl. DTH TIPOLIECCHI TAaKXKe COMPOBOXKIAIOTCS CUJIBHBIMUA BO3MYILEHUSIMU
BHYTPEHHUX O0OJIacTell MPOTOIUIAHETHBIX AWMCKOB, KOTOPHIE BBI3BIBAIOT U3MEHECHUS
OKOJIO3BE3THOM SKCTMHKIIMM, YTO CKA3bIBA€TCS Ha XapakTepe (DOTOMETPHUUECKOI
aKTMBHOCTU MOJIOIBIX 3Be3l. B Hanbosee sipkoit (hopmMe 3TU U3MEHEHUST TTPOSIBIISTIOTCS
B (poromeTpuueckoM ToBeaeHuUU 3Be3n Tuna UX Ori, KOTopble AeMOHCTPUPYIOT
CTIOpaIMYECKUE alroieof00HbIe OcaabaeHus Ojecka ¢ aMILUTUTYA0i 2-4 3Be3AHOMN
BEJIMYMHBI W TTPOIOJLKUTEIBHOCTBIO OT HECKOJBKUX JHEW HO HECKOJbKUX HENEsb.
Takoli xapakTep nepeMEHHOCTY HAOJIIOMAE€TCSI B OCHOBHOM Y MOJIOMIBIX 3B€31 TUIIA
Ae XepOura u SBISIETCS CI€ACTBUEM HEOOJBIIIONO HAKJIOHA MX OKOJIO3BE3NHbIX IMCKOB
OTHOCHUTEJIBHO HampaBJieHUs1 Ha Haomomarens [1].

Y Gosee xomomHBIX MoJOAbIX 3Be3a Tuma T Tesablla KapThHA MEPEMEHHOCTH
OCJIOXKHSIETCSI IPUCYTCTBUEM Ha WX IMOBEPXHOCTU TOpSYMX (aKKPEUMOHHBIX) U
XOJIOMHBIX IsITeH. I103TOMY B M3MEHEHUSIX OJIeCKa TaKWX 3BE3I 4acTO HaOIIOdaeTCs
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KOMOMHAIIUS pa3HbIX MEXaHU3MOB MepeMeHHOCTH. OCcOoObIii MHTepeC MpeACTaBIsSIOT
3Be3nbl Tuna WTTS (weak line T Tauri star), misi KOTOpbIX XapaKTepeH HU3KUi
YPOBEHb aKKPELIMOHHOM aKTUBHOCTY U HEOOJIbIIME U30bITKA U3TYyYeHUsT B ONVKHEN
uHdpakpacHoii (MK) obnactu criekrpa. DTo CBUACTEILCTBYET O MAJIOM KOJIMYECTBE
OKOJIO3BE3HOIO BellleCcTBa B OJMKalillieM OKPYXKeHUM 3Be3Ibl. TeM yauBUTebHEE
TOT (pakT, UTO y TaKUX 3Be3] TakxKe MOXeT Habjawomatrbcsi (hoToMeTpuuecKast
aktuBHOCTh TUNa UX Ori, BbI3BaHHAsI CUIBHBIMU U3MEHEHUSIMU OKOJIO3BE3IHOM
SKCTUHKIIWU.

Ckomenue IC 348 comepXuT 00JblI0e KOJUYECTBO MOJOIBIX 3BE3/] MO3AHUX
CMEKTPAIbHBIX TUIIOB [2,3] U UAeaNbHO MOIXOAUT JJISI U3YYeHUS UX (OTOMETPU-
yeckoi akTuBHOCTU. CorjlacHo [4], cpeaHee paccTosTHUE 10 CKOIuieHusT ~315 nK,
BO3pAacT YJIEHOB CKOIUIEHUSI COCTaBNsIeT B cpenHeM ~2 Myr. Bee ckorieHre 3aHuMaeT
Ha Hebe muiomanky pasMepoM ~ 20'. Dro mo3BosnsteT Ha ogHoM I13C-m300pakeHNn
CKOILUICHUSI U3y4yaTh OOJIBIIYIO YacThb €r0 WJICHOB.

B naHHoOI1 cTaThe MpeacTaBieHbl pe3y/ibTaThl (POTOMETPUU TISITH WIEHOB CKOTUICHMSI.
B 1a6x1.1 npuBeaeHbl JaHHBIE 110 3TUM O00BEKTaM, B3SIThIE U3 JIMTEPATyphl (CCHUIKU
Ha cTaThM yKa3aHbl B CKOOKax). HaOmtomeHus BBITOJHSUIMCH B TeueHue 17 jneT B
KpbimMckoit actpouznyeckoit obcepsatopuu Ha Teaeckorne A3T-8 (0.7 M) u yacTUaHO
(B TeueHue 7 ner) - B obcepBaropuu CroBaukoit Akagemuu Hayk. IlepBbie
pe3yJIbTaThl HallIMX HAOMONEHWI OnyOIMKOBaHbI B cTaThsx [5-8]. Ha Gomnee KopoTkix
WHTEpBajJiaX BpEMEHU 3TO CKOIUIEHUWE paHee uccienoBaiv B craThsax [9-13,23].

Tabauya 1
XAPAKTEPUCTUKHN HABJIIIOJAEMBIX 3BE3/1
ITapameTpsl OOBEKTH
V695 Per| V712 Per V715 Per V716 Per V909 Per
Tur WTTS |WTTS/CTTS WTTS WTTS/CTTS |WTTS/CTTS
[4,14] [2,3] [2,3,24] [2,25,26] [2,3]
Cnextp. Tun | M3.75 [4] K6 [4] K6 [4] M1.25 [4] G8 [4]
Paccrosinme, ik | 305.9 [15] | 318.5 [15] 338.6 [15] 308.9 [15] 326.1 [15]
Av 2.91 [4] 3.36 [21] 2.25 [21] 2.1 [27] 4.62 [21]
Vsini, xm/c | 12.16 [16] | 16.76 [16] 20.22 [16] 14.53 [16] 33.89 [16]
P, nHn 7.6 [5,10, | 32.28 [12], 5.1-5.23 7.3-7.69 [2,7,9, | 6.536 [14]
17,18] 8.6 [18] [6,9,10,11, 12,13,18,23]
13,18,23]
M, Mg 0.303 [9] 0.9 [22] 0.56 [20] [ 0.31[11],0.7 [25]| 2.08 [24]
R, R, 1.55 [20] 2.2 [22] 2.09 [24] 2.1 [4] 2.82 [24]
L,Lg 0.26 [4,20] 0.99 [4] 1.5 [4,14,20] 0.72 [4] 2.8 [28]
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2. Habawodenus. Ontuueckue HAGIIONEHUA MPOBOIMIUCHL HA TEJECKOIIE
A3T-8 KpbiMckoii actpodusuueckoit oocepatopuu (0.7 M, I13C kamepa AP7p
pazmepoM S511x511 nukcesoB U ¢ pa3aMepoM nukcena 24 x 24 MKM) U TejecKomnax
CnoBankoit Akagemun Hayk (Tatranska Lomnica) G1 (0.5M, I13C kamepa ST10-
XME pa3smepom 2184 x 1472 mmkcenoB U ¢ pa3MepoM mnukcena 6.8 Mkm) u G2
(0.6 M, I13C kamepa FLIML-3041 pazmepoMm 2048 x 2048 muKcesaoB U C pa3MepoM
nukcenaa 15x 15 mMxkm). HaGmrogeHus1 BBINIOJIHSIIMCh B TpexX Mojocax v, r, i U
NPUBOIWINCH K poTtomeTpryeckoit cucteme Johnson-Cousins V, R, . TIockonbKy
HIDKe Bce (DOTOMETpUUECKUE MapaMeTphl IIPUBOASATCI B 3TOM (hOTOMETPpUUECKOI
CHUCTEME, Mbl OITyCKaeM JJis MPOCTOThl cumBoa "¢". M3mepeHust Giecka 3Be3q
BBIMOJIHSUIUCh METOJOM anepTypHoil (hoTroMeTpuu. B KauecTBe 3Be3l cpaBHEHUS
ObUIM MCIIOJIB30BaHBI HAXOISIIMECs] Ha TOM Xe IIOIIAAKe 3Be3Ibl ¢ Haubosee
CTaObMIBHBIM (poTOMeTpUUecKUM ToBeneHueM u3 [29]: H139', H205 u H210. s
3Be31 V909 Per m V712 Per cpenHsist TOUHOCTb aniepTypHOM (pOTOMETPMI COCTaBIsIIa
0™.03 B ¢pumptpax V 1 R u okomo 0™.02 B ¢unprpe 1. Ommbdra m3mepeHmit
V715 Per u V716 Per B dwibrpe V 3aBUCHUT OT COCTOSTHUA Ojiecka 3Be3n: ot 0M.03
(MakcumyM Giecka) mo 0™.3 (MUHUMYM OJlecKa); TOYHOCTH (DOTOMETPHHM 3THX
3Be3n B ¢miabTpax R m I B cpemnem He xyxe 07.03. 3Be3ma V695 Per -
JIOCTATOYHO cj1abasi, 0cOOEHHO B 1oJioce V, TMO3TOMY B CpeIHEM OILMOKU IIJIs1 Hee
6ompire: He xyxe ~0™.1 (bunbTp V, sApKoe cocTosgHue), He xyxke ~0".3 (hbuibTp
V, crmaboe coctosHme), He xyxe 07.04 (bwisrp R), He xyxe 0™.05 (punbtp I).

3. Pezyasbmameul.

3.1. Tucmoepammbr akmuenocmu u Kpuevie Onecka. I'papuxku c
pe3yJbTaTaMu Halllux HaOJIoAeHUN MpOorpaMMHBIX 3Be3l (4aCTh U3 HUX OIyOJu-
KoBaHa paHee B [5-8]) mpuBeneHsl Ha puc.1-4. Ha puc.1 npeacTapieHbl TUCTOrPaMMBbl
(hoTOMETpUUECKOI aKTMBHOCTHM MCCeayeMbIx 3Be3l. Y ueTbipex 3Be3n (V715 Per,
V695 Per, V712 Per u V909 Per) oHn UMEIOT BU, XapaKTePHbI [Jis 3BE3[ TUIIA
UX Ori: 6oaplIyl0 4acTh BpeMEHM 3Be3Ibl IPOBOIIT B SIPKOM COCTOSIHUM,
[IyOOKKMEe MUHUMYMbBI HAOJIIOMAIOTCS PEIKO.

MBI He IPUBOAMM 3[€Ch TUCTOrpaMMy akKTUBHOCTH V716 Per, mOCKONIBKY, BO-
MepBbIX, OHA HE CUJIbHO U3MEHMUJIACh 10 CPAaBHEHMIO C MPENCTaBICHHON B Hallel
npeabiaylei cratbe [7]: 38e31a no-rpexHeMy OOJIbIIYI0 YacTh BPEMEHU MTPOBOIUT
B MaJIO-aMIUTATYIHBIX KoJIebaHMsIX Giecka ¢ aMrumTynoi okono 0™.3. Bo-BTophIx,
5Ta TUCTOrpaMMa cj1abo XapaKTepus3yeT KpuBylo Oyiecka V716 Per u3-3a Haamyus
KpynHoMaciTabHoro tpeHaa (cMm. puc.2d).

I'B pabome [2] namu Ovira OdonywjeHa oneyamka: HA Camom Oeie 8 Ka#ecmee 36e30bl CPAGHEHUS
ovina ucnoavzoeana 36e3doa H 139, a ne H 140.
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1.0 V695 Per V712 Per

13.0 13.4 13.8 14.2 14.6

1.0¢ V715 Per ]| V909 Per |

128 13.0 13.2 13.4 13.6 12.2 12.4 12.6 12.8 13.0

I, 3. BEN. I, 3. BEN.

Puc.1. Tucrorpammbl ¢oTOMETPUUYECKON AKTUBHOCTM McCcienyeMblx 3Be3n B (uibtpe I.

3.2. Kpuebie baecka. Ha puc.2 nipencraBieHbl KpUBbIe 0JI€CKaA UCCIIEMYEMBIX
00beKTOB B mosioce .

Kpupast 6aecka V715 Per, monoiaHeHHass HOBBIMU HaOII0ACHUSIMU, HECKOJIBKO
M3MEHWIACh TI0 CPaBHEHMIO C OITyOJMKOBAaHHOW paHee B [6]: IPOMOIKMIOCH
yBeJIMUYEHUE aMIUIUTYIbl KojiebaHuii 6ecka, MMEIOIMX NepruonnJyeckuii xapakrep (P
=15.23), 1 nosiBMIACh OTYETIINBO BBIPAXKEHHAS TEHAEHLIMS K YMEHBLIEHMIO CPEHETO
Osiecka 3Be31bl. OMHOBPEMEHHO C 3TUM HaOII01a10Ch 3aMEeTHOE cMellleHHe (hasbl
KosIeOaHUi MO0 CpaBHEHUIO C TIPEAbIAYIIIMMU HabIonaTeIbHbIMUA Ce30HaMu (puc.3a).
Hab6moneHus Tpex mociaegHUX CE30HOB MOATBEPANUIN OTMEUEHHYIO HaMU paHee B
[6] HEOOBIYHYIO OCOOEHHOCTH (POTOMETPUUYECKON AaKTMBHOCTM 3TOM 3BE3bI:
JITOJIEITIONO0HbIE Oc/IabeHNs Omecka, HaOIIOMABIIMECS ¢ HapacTaloleld aMIUIMTYI0i
g0 2011 r., BHe3aIHO MPeKPaTUIMCh TTOC/Ie 3aBePILIEHMs] CaMOro ITyOOKOro MUHUMYyMa
B 2011 r. CortacHO HaGMIOACHUSIM TTOCIEIHETO CE30Ha, CUCTEMATUYECKOE YMEHb-
IIIEHNe CPEeTHEro YpOBHs OJiecKa 3Be3Nbl, MPOVCXOAMBIIEE B TEUCHHE TTOCICTHUX
YeTbIpex JIET, IPUOCTAHOBUIIOCh.

Hosple HabmoneHnst V695 Per MOMTOMHUIN MPeABIAYIIYI0 (POTOMETPUICCKYIO
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IHHEPEMEHHBIE THUITA UX Ori B CKOIIVIEHUU 1IC 348
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Kotopbix ~0".15-0™.2. Tpeyroabhuku - maHHbie Gaia DR2. OTKpPBITBIMU KDYKKaMU ITOKa3aHbI
HabmomeHuss mocae 2013 1. CTpeikoil OTMEYEHO MPOMOKMTEIbHOE 3aTMEHHUE, TOCe KOTOpOro
KpuBasl OjiecKa 3BE3Ibl CHMJIBHO WM3MEHMJIACK.
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HUCTOpUIO 3TOM 3Be3bl. M3 puc.2b BUAHO, UTO SIPKOE COCTOSTHME 3B€3/bl UCIIBITHIBACT
MeJUIeHHbIE (MTPOIOJIKUTENBHOCTBIO OKOJI0 10 jieT) BoJTHOOOpa3Hble MU3BMEHEHMS, Ha
KOTOpbIe HAKJIaAbIBAIOTCST KPAaTKOBPEMEHHbBIE MUHUMYMBI C aMIUIMTYIOI oKojo 1™,
Kpusast 6iecka BKITIOYAeT TaKKe IMEPUOTMIECKYIO COCTABISIONIYIO ¢ TIepHoaoM 7.6
IHs [5]. Panee HamMu ObLIO TOKa3aHO [5], UTO airojenogoOHbIe OcCaadJeHUS
6rrecka V695 Per rpynmmmpyloTcst BOMM3H MUHUMYMOB TTEPUOIMYECKOM COCTABIISIO-
weii. HoBble HaOMoAeHUST MOATBEPXKIAIOT 3Ty 3aKOHOMEPHOCTh (puc.3b).
Hosble HaOmoneHnst V712 Per (oHU BbIIeIeHbI HA PUC.2C OTKPBITBIMU KPY>KKaMK)
MoKazajiu, 4yTo (OTOMETPUUECKOe MOBEeAEHUE 3TOM 3BE3Ibl CUILHO M3MEHUJIOCH 3a
rociienHe 6 et (st cpaBHeHMS cM. puc.3 B [8]). Haunnag npumepro ¢ 2015 1.,
3aMETHO YBEJIWYWINCh YacTOTa TIOSIBJICHUST alTOJICTIOMOOHBIX MUHUMYMOB U WX
aMIuuTyga. B pesysbrate ypoBeHb SIPKOTO COCTOSIHMSI 3Be3/Ibl IIOHU3WJICS IIPUMEPHO
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Ha 0™.5. DTIM COOBITHSIM TIPEIIIIECTBOBAT TIPOIOJDKUATENTLHBIN (0KOJIO 1 TOma) MUHIMYM
Grecka nryonHoit okono 1™ (puc.2c). @oroMmeTpruecKre TaHHbIe N3 KaTajaora Gaia
DR?2 (mpuBeneHHble K ¢oTOMeTprUecKoi cucreme JIxxoHcoHa-Ko3uHca), Xopolo
COITIACYIOTCSI ¢ HAIlIMMU HaOIIOACHUSIMU.

Kpusasa 6imecka V716 Per mMmeeT BecbMa HEOOBIYHBIN BHUI U BKJIIOYAET TPHU
COCTaBJISIONINE:

1) MemieHHOe U3BMEHEHHME CpeIHero Ojecka: OH CUCTEMaTUYECKU YMEHbLIAJICS
C HayaJla HallIMX HaOMIoOAeHW BILUIOTh 10, TpuMepHo, 2011 1. Ilocie 3Toro cpemHmit
OJIeCK 3Be3Ibl TAKXKE IJIABHO CTaJl YBEIMUMBATECS. AMIUIUTYIA 3TOM JOJTOBPEMEHHOI
MepPeMEHHOCTU 3aBUCUT OT JUIMHBI BOJHBL. OHa MakcuMaljibHa B moJjioce V u
cocTaBisieT okojo 0™.5.

2) Tlepuoanueckue KojedaHus C repuoaoMm 7.5 aHs [7], 0 KOTOPBIX MOWUIET
peub Huke B pasugene 3.3. Mx ammumuTyga MeHsieTcsl co BpeMeHeM. Hampumep,
B 2016-2017 rr. aMruiuTyaa KojaebaHU OblJIa IPMMEPHO B JBa pa3a OOJbLIE 110
CPaBHEHUIO C TOCJIEAYIOIIUMU IBYMS ce30HaMM. [IpuMepHO Takag Xe KapTUHa
HaOmonanacs B 2019-2020 rr.

3) Crnopaguyeckue, KpaTKOBpEMEHHbIe OcaabieHMs1 Ojiecka ¢ aMIUIUTYOOR
HECKOJIbKO AECAThIX 3BE3NHOM BeJUUMHbI. OOpalaloT Ha cebsd BHUMaHUE TpU
COOBITHUSI, HAOIIOJABIIIMECS] Ha BOCXOSIIIEH YacTU KpUBOM Giecka 3Be3abl. OmHO
U3 HMX Habmogaimoch B KoHne 2013 - Havane 2014 1r. ¥ mpeacTaBisio coboit
TPU KOPOTKUX (MPOAOJIKUTEBHOCTbIO OKOJO 2-X IHEW) MUHUMyMa TIyOWHOM
~0™.35. [IBa npyrux cobpitis, Habmomasmmecs B 2016-2017 rr. m 2019-2020 rr.
TakxKe BHEILHE IMOXO0XU Ha HeOOJIbLIKE 0 aMIUIUTYAe MUHUMYMBI Ojiecka. OnHaAKO
Ha caMoM Jiejie, KaK Mbl YBUIUM B pasieiie 3.3, BO BpeMsl 3TUX JIBYX SITU3010B
MPOUBOLLLIO y8eauueHue amniumyosbl nepuooutecKux Kosebauuil baecka. B pesynbrare
HaOMIOAAIOCh KaK TIOHMXKEHME, TaK U TOBBbIIIEHUE OJiecka C aMIUIMTYIOMH,
MPEBBILIANOIICH CPETHIO aMIUTUTYLY ITEPUOINUYECKIX KojlebaHMii OJIeCKa B COCEIHIX
HaOJII0JaTeIbHBIX CE30HAaX.

HobapneHue HOBbIX HabmoaeHuit V909 Per He M3MEHWIO HAlW MpPeACTaBICHUS
0 (POTOMETPUUECKHMX CBOMCTBAX BTOI 3Be3IbI II0 CPABHEHUIO C OMMCAHHBIMU paHee
B [8]. OOpaiaroT Ha cebs1 BHUMaHNE OTCYTCTBHE Ha KPMBOI OJIeCKa aroJernono0HbIX
MUHUMYMOB B T€UE€HHUE TMOCAEAHUX HECKOJbKHUX JIET, a TaKXKe CUCTEMATUYeCKOe
YMEHBbIIIEHUE cpeaHero Ojecka 3Be3[bl B TEUCHUE TPeX MOCIEIHUX JIET.

3.3. Ilepuoduueckas modyrayus 6aecka. Y Tpex MCCIEIyeMbIX 3BE3I -
V715 Per, V695 Per u V716 Per - cTroxacTrueckrie MUHUMYMBI OjIeCKa HAOJIIONAIOTCS
Ha (oHe MepUOINYECKUX KOJieOaHUIA, BbI3BAHHBIX MPEATIONOXUTEIBHO BpallcHUEM
MarHutocdep 3Be3l, OCM KOTOPBIX HAKIIOHEHBI OTHOCHUTEJIBHO OCH BpallleHUS
camux 3Be3n (mepemeHHOCTh Thia AA Tau) [5-8]. ¥V aByx u3 Hux (V715 Per n
V716 Per) MUHUMYMBI He KOPPEIUPYIOT ¢ ¢a3oii KoeOaHMIA.
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M3 puc.3a BugHO, yto (paza konebanuit Giecka V715 Per coxpaHsiach B
TeyeHUe npuMmepHo 12 netr. Hauunas ¢ 2016 1., oHa crajla MeIJIEHHO MEHATHCS,
OTCTaBasl OT BpallleHUs 3Be3[bl, U K KOHIy HaOMIOAeHUI OJieCK 3Be3dbl CTajl
MEHSITbCS B IPOTUBO(da3e MO CPaBHEHUIO C MPESAbIAYIINM UHTEPBAJIOM BPEMEHU.
HMHTepecHO, 4TO HayaJlo 3TOTO Mpoliecca COBMAIO C HAayajJoM OTMEUEHHOTO B
pazzaene 3.2 cucTeMaTUYeCKOro YMeHbIIEeHUsT cpeaHero Ojecka 3Be3anl (puc.2a).
HabGntonaBiuvecst y aToii 3Be3Abl MUHUMYMBI OJiecKa He KOPPEeIUpPYIOT C MepUoau-
YyeCKMMHU KOJIeOaHUSIMU, YTO yXKe OBIJIO MOKa3aHo Hamu paHee B [5]. U3 puc.3a
BUJIHO, UTO aMILIUTyAa konebanuit V715 Per yBennuuBaeTcsi co BpeMeHeM, UTO
OBLJIO OTMEUEHO paHee B [J].

B ormimmume ot V715 Per, konebanus Giecka V695 Per ¢ meprongom 7.6 mHs
B MEPBOM MNPUOIMKEHUM COXPaHSIOT (ha3y B TEUEHUE BCETO MHTEpBaa HAIIMX
HaOmoneHuit (puc.3b). HeGonbiioe nsmMeHeHue ¢asbl KojebaHuil Ojecka 3Toit
3Be31bl ObLT0 3aMeueHO B [23]. Takue aykryaumu ¢asbl, HO-BUAMMOMY, MPUCYTCT-
BYIOT U B HallleM (pOTOMETPUUECKOM PSe, Ha YTO yKa3biBaeT O0JblION pa3dpoc
TOYeK Ha (pa3oBoi KpuBOI Oilecka (puc.3b). Anrosermogo6Hbple MUHUMYMBI V695
Per rpynnupyoTcst ¢ HEKOTOPbIM pa3dpocoM BOJIM3U (a3bl MUHUMYyMa NEPUOIM -
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Puc.3a. CeepTka KpuBoii Gmecka V715 Per B monoce I ¢ mepwomom 5.23%, pas6urast mo
HaOJTIOIaTeIbHBIM CE30HAM.
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Puc.3b. CeepTka KpuBoii 6ecka V695 Per B Tpex omTuyeckux monocax VRI ¢ mepuomom 7.6°.
CepbIMM CHMBOJIAMU ITOKa3aHbl JAHHbIE, TOYHOCTb KOTOPBIX JIEXHUT B mpemeaax or 0.15 mo 0™.3.

yeckMX KoJjiebaHWil. AHaJlorMyHasl KapTuHa Habmogaetca Uy AA Tau [30].

M3 puc.3c BumHo, uto ¢asza Kosjebanuil diaecka V716 Per B TeueHue aecaTu
jet ¢ 2006 mo 2016 rr. coxpaHsiach MM U3MEHSUIACh B HEOOJBLIMX IIpeaciiax.
Hogas cepust HabmoneHuit 2016-2020 rr. mokasaja, 4To B IOCIEAYIOLIMe HAbIona-
TeJIbHBbIE Ce30HBI Y V716 Per Hayanuch CWIbHBIE CMelleHUs (a3bl KoJeOaHUIA.
MHTepecHO, UTO 3TUM CMEILEHUSIM TPEAIIeCTBOBATIO 3HAYUTEIbHOE YMEHbILIEHKE
aMIUIUTYIbl KojiebaHuil. Kak BUIHO M3 puc.3c, Takas cUTyalldsl TOBTOPUJIACh yXKe
IBa pa3a. MHTepecHO TakXKe TO, YTO HajJIMyMe KPYIMHOMACIITAaOHOro TpeHaa C
pe3koit cmeHoit B 2011 r. 3Haka rpaaueHTa Ojiecka 3Be3[bl MPUBEJIO K CUCTEMA-
TUYECKOMY YMEHBIIEHUIO aMIUTUTYAbl TIEPUOANUECKUX KojiebaHuii 6ecka 1 HUKaK
HEe TOBMsUIO Ha a3y KojaebaHuil.

CornacHo Tab6s.l y JByX HCClenyeMbIX 3Be3l paHee ObUIM OOHapyXeHbI
(oromerpuueckue repuonst: wisgt V909 Per 6but monydeH nepuon 6.536 aus [12].
ITo maHHBIM 3TOM K€ paboThl poToMeTpuyeckuii epuon y V712 Per coctaBun
32.28 nus. dpyrast olieHKa nepuoaa - 8.6 aHs - Obuta moaydyeHa B [18], roe GbuIo
BbICKAa3aHO MPEArnoyioXeHue, yTo nepuo 32.28 aHS - 3TO TapMOHMKA peajbHOTO
nepuona. IlepuogorpaMMHBII aHaIU3, BHITOJHEHHBIA Ha 0ojiee MPOIOIKUTETbHBIX
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Puc.3c. Ceprka KkpuBoil Giecka V716 Per mepmomom 7.5 B momoce I, pas6urtas mo
HaOTIOaTeIbHBIM CE30HAM.

psnax HaOmoneHui [8], mokasai, yTo oOHapyXeHHbIE B YKa3aHHbBIX BbIlle padoTax
(oToMeTpuyeckue Mepuoabl SIBJISIOTCS HAa CaMOM Jejie KBasMIlepuoJaMu U Ha
JUTATESIbHBIX UHTEPBaJIaX BPEMEHU HE COXPaHSIOTCS.

3.4. Nuaepammovr "ueéem-eeauyuna”. Ha puc.4 mokasaHbl AMarpaMMbI
"IBET-BEIMIMHA" MCCIETyeMbIX OOBEKTOB. 3allOJIHEHHBIMU CEPBHIMU KpPY>KKaMM
MOKa3aHbl JaHHBIE, TOYHOCTh KOTOPBHIX JIeXXUT B Tpenemax oT 0.15 mo 0™.3.
CrpesikaMy MoKa3aHO HampaRlIeHUe CTAHIAPTHOIO 3aKOHA MEXK3BE3IHOIO MOMIOILICHUSI.

HuarpamMMel "miBeT-BemumHa" V715 Per (puc.4a) HECKOMBKO OTJIMYAIOTCS OT
MpUBEICHHBIX B cTaThe [5]. JlobaBaeHe HOBBIX HAOMIOACHUIA 1 00Jiee TOYHBIN ydeT
(hoHa HeOa B OKPECTHOCTU 3BE3/bl BBISIBWJIM HEOOJIbIION HAKJIOH BEPXHUX YYaCTKOB
LIBETOBBIX TPEKOB OTHOCUTEILHO HIDKHMX. BUIIHO, YTO 1IBETOBBIE TPEKM HAUMHAIOT
pa3nBauBaThcsl MPU MaleHUM OJiecka 3BE3Ibl, T.€. 3aKOH IOKpPAcCHEHUs B MepUo-
JIMYECKOI COCTARSIIONIEH KPHBOI OJiecKa HEMHOTO OTJIMYAETCS] OT 3aKOHA TOKPACHEHUST
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B HEMepUOAMYECKMX MUHUMYMax. B mepBoM cilyyae OH COOTBETCTBYET OoJjiee KPYITHBIM
YyacTUliaM. DTO TOBOPUT O TOM, UYTO MbLJIEBbIE YACTHUIIbI, YYACTBYIOIIUE B MEPUO-
JUYECKUX 3aTMEHMSIX 3Be3[bl, UMEIOT B CpelHeM Oojiee KPYITHbIE pa3Mephl IO
CPaBHEHUIO C TIBUIMHKAMHU, CO3JAIOLIMMU CIIOPAINYECKUe 3aTMEHUSL.

M3 guarpammsl "uBeT-BenuuuHa" V712 Per (puc.4b) BUAHO, YTO B UHTEpBaje
2014-2020 rr. u3MeHWICS 3aKOH TOKPAaCHEHUS: OH cTajl 0oJjiee HEUTpaJIbHBIM, UTO
CBUCTEILCTBYET O TOSIBJIEHUM Ha Jydye 3peHUs] OOJBIIOro KOJUUeCTBA KPYITHBIX
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Puc.4a. Inarpammbl "LBeT-BesunHa" V715 Per. 3akpbiThie KpyxKKU - HabmoaeHust 2003-2016 rr.;
OTKDHITBIE KPYXKM - HabmomeHus 2016-2020 rr.
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Puc.4b. Inarpammebl "uBer-BenmunHa” V712 Per. OTKpBITbIE M 3aKPHITHIE KPYKKH COOTBETCTBYIOT
OTKDBITBIM W 3aKPBITBIM KPYXKaM Ha KPHMBOM Ojecka 3Toil 3Be3mbl (pHC.2C), TPEYrOJbHUKH -

naHHele Gaia DR2.
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NMBUTMHOK, Kak B ciaydyae ¢ CQ Tau [31]. ITocime mpoaokKuTeIbHOr0O MUHMMYMa
2014 r. yBeauuuicsl pa3dpoc TOUEK Ha LIBETOBBIX JMAarpamMMmax; OHM CMECTUJIUCh
B JIeBylO0 yacThb rpagukoB. B pesynbTaTe mpu oauMHaKoOBOM Ojecke B mojoce V
3Be3/a CcTajla HEeMHOTO rojiyoee 1Mo CpaBHEHMIO C TIPEALLIeCTBYIOIIMM TIepruoaoM (10
2014 r.).

HobGasnenre HOBBIX HAONIONEHWI HE TOBIMSJIO HAa BMI AWArpaMM "IIBET-
BeamunHa" V909 Per. HanpasieHue 1IBETOBbIX TPEKOB Ha HUX XOPOILIO COLJIACyeTCsl
C 3aKOHOM MeX3Be3IHOro ImokpacHeHusa. B ciaydgae V695 Per pasbpoc Touek Ha

18
>
|
19
V695 Per
0.8 1.6 2.4 28 32 36 4.0
V-R V-l

Puc.4c. Huarpammbl "useT-BennumHa" V695 Per. CepbIMU KpyXKaMM TIOKa3aHbl JTaHHBIE,
TOYHOCTh KOTODBIX JIEXUT B mpeneiax or 0™.15 mo 0™.3.
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Puc.4d. Huarpammbl "useT-BenuuuHa" V909 Per.
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Puc.4e. Quarpammer "uBeT-BeamumHa" V716 Per. CepbiMM KpyXXKaMH ITOKAa3aHBI JaHHBIE,
TOYHOCTH KOTOpBIX ~0™.15 mo 0M.2.

JyarpaMMax "IBeT-BeJIMYMHA" yKa3blBaeT Ha BIUSIHUE M3TYUYEHUST TOPSIUUX aKKpe-
LIMOHHBIX TSITEH MPU 3aTMEHUSIX 3Be3dnl [32].

YuuteiBasi 0co0eHHOCTH KpuBoil Giecka V716 Per (puc.2d), mMbl mpoaHa-
JIU3UPOBAJIM MOBEACHUE MoKa3aTeell 1BeTa 3Be3bl OTAEIbHO Ha HUCXOISIIEH 1
BOCXOJSIIEN €€ YacTsX, HO He HallUIM 3HaYMMBbIX paznuuuii. [losTomy Ha puc.4e
TIpeICTaBIeHBI TUarpaMMBl "TIBeT-BeJIMIMHA" T BCeil KpUBOM OJecka 3Be3nnl. U3
MpEeACTaBACHHBIX BbIIIE AUarpaMM "LBET-BeJIMUMHA" CIeIyeT, UTO OKOJIO3BE3MHAS
MbUTb B OKPECTHOCTSIX MCCIIEIYEMbIX 3BE3M 10 CBOUM OITHMYECKUM XapaKTepUCTUKaM
6JM3Ka K MeX3BEe3THON ITBUIN.

4. Oobcyxucdenue u 3axaioveHue. TlpencraBieHHbIE BBILIE PE3YILTATHI
MTOKA3BIBAIOT, YTO (hOTOMETPUUECKAs] aKTUBHOCTb MCCIICAYEMBIX MOJIOIBIX 3BE3[I
oTIMyaeTcs OOJBbIIMM pa3HoOOpa3ueM. Aroienoao0Hble MUHUMYMbI, HAOI01aeMble
y V715 Per u V716 Per, He KoppeaupyioT ¢ (a3oil Majao-aMIUIMTYyIHBIX II€PUO-
IUYecKUX KoJjiebaHuit byiecka (puc.3a u 3c). BTO CBUAETENLCTBYET 00 OTCYTCTBUU
y OTUX 3BE3J CBSI3M MeXAy JABYMs Pa3HbIMU MeXaHU3MaMu (OTOMETpUYECKOM
TTepeMEHHOCTH.

[IpoTuBomoOIOXHAsg KapTuHa Habmogaercss y V695 Per: KOpOTKOXHUBYILME
aroJienoo0HbIe ocIabaeHus Oyecka HaOIIOAAOTCI TTPEUMYIIIECTBEHHO BOJIU3U
(ha3 MMHUMYMOB TIEPUOIUUYECKON COCTaBSIONIEN KPpUBOI 6ecka. DTO HAlTIOMUHAET
(horomeTpuueckoe noseneHre n3BecTHol 3Be3npl TUMa T Tenblia AA Tau, BbI3BaHHOE
HaKJIOHOM OCH MarHuTochepbl OTHOCUTEJILHO OCH BpallleHUs 3Be3ibl (byBbe U Ap.
[30]). B pesynbTaTe 3TOr0 BHYTpEeHHSsIS1 00JaCcTh BO3MYyIlEHHOTO (warped) oKoJj0-
3BE3MHOTO JUCKA MIEPUONNIECCKH DKPAHUPYET 3BE31y.
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OcobeHHOCTh (poTOMeTprYecKoro IoBeaeHus V715 Per coctout B BO3MOXHOM
CYILECTBOBAHUM ABYX NepHonoB. OnuH U3 HUX P, =5.23 - HaOmogancs B TeUeHUEe
Bcero (poToMeTprMYECKOro MOHUTOPUHTA Kak B ontuke, Tak U B UK monocax JTHK
[5], opyroii - P,=14.7¢ - nabmonanca B UK nonocax Ha 3.6 u 4.5MKM B TeueHHe
MpUMEPHO Tpex nepuonoB [14], Ho He Obln HaineH B Hammx MK HaGmoaeHMIX
[8]. IToaTOoMy BOIpOC O €ro CyIIECTBOBAHMM OCTAE€TCS OTKPBITHIM.

M3meHeHus mokasaTelieil LiBeTa MpU ociaabaeHUsIX 01ecka UCCaeayeMbIX 3Be3I
B MePBOM MPUOIMKEHUU MMOXOXM Ha OXMIaeMble B CJydyae CTAaHIAPTHOIO 3aKOHA
MMOKPACHEHUS. DTO TOBOPUT O TOM, YTO IIBLIb B OKOJO3BE3MHBIX AUCKAX 3TUX
3Be3]l BCe ellle N0CTaTouHO Mojoaas. IIpu aToMm pa3dpoc rokasaTeneil LBeTa Npu
(pUKCUpOBaHHOM 0jIECKE MOXET AOCTUTaTh Yy HEKOTOphIX 3Be3n 0.2 -0™.3. Takoii
pa3dpoc, Kak moKa3aHo B [32], MOXeT OBITh BbI3BaH (PIIYKTyalMSIMA MHTEHCUBHOCTU
U3JTYyYEeHUs] aKKPELIMOHHBIX MSITeH Ha MOBEPXHOCTU 3BE3.

Panee, B cratbe [5], mi1s OoOBSICHEHUS TepUOAMYECKON MOIyIsIuuM Oyecka
V715 Per Obla ucnoib3oBaHa Mozaeab 3Be3nbl AA Tau, nmpemioxeHHass byBbe 1
np. [30]. CormacHo 3Toil Moxmenau, V715 Per mepuommdeckm sKpaHHpyeTCs
BHYTpPEHHE# 001aCThbI0 OKOJIO3BE3IHOIO IMCKA, BO3MYILIEHHOI MarHUTochepoi,
OCh KOTOPOIT HE COBITAJAET C OChIO BpallleHUS 3Be3Abl. TaKoil TUIT ITepeMEHHOCTHU
HabmomaeTcs y psiga kKinaccudyeckux 3sesn tuna T Tenbua (cMm. Hampumep, [33,34]).
B nopaepxky 3Toit MOAENIN CBUIETEIbCTBYET KOPPEISLIUS MEXIY ONTUYECKONU U
MK nepemenHocTtbio V715 Per (cMm. puc.9 B [5]), cornacymwolasics ¢ pe3yjbraTaMu
MOJIEJIbHBIX pacueToB [35]. UTo KacaeTcsl CUCTEMaTUUECKOTO YBEIMYEHWST aMILUTUTY/IbI
MepUoJUYECKUX KoJebaHUit Gecka 3Be31bl, TO B paMKaX 3TOM MOAEIN BO3MOXKHO
TOJIbKO OJJHO OOBSICHEHME: YMEHbBIIIEHVE TeEMIA aKKpelnu ra3a [5]. BDTo BbI3BaHO
TeM OOCTOSITEILCTBOM, UTO PaAnNyC BO3MYILEHHOM 00JaCcTH AUCKa, ONpeaesTtoluii
aMIUIUTYQy KoJjiebaHUil Ojecka, o MOpPSIAKY BeIWYMHBI paBeH aJlbBEHOBCKOMY
pazuycy, a MOC/CIHNI YBEIMUMBACTCS ¢ YMEHbLICHIEM TeMITa akKpeww: 7, ~ M 2’

Henasno Harenp 1 ByBbe [36] npeanonoXwin, 4To epuogndecKue 3aTMEHMNS
V715 Per MoryT OBITh CO3JaHbI TaAKXKe KPYITHBIMU YacTULAMM ITbUIA, TTPOHMKAIO-
IIMMH BMECTE C Ta30M HEMOCPEACTBEHHO B MarHUTocdepy 3Be3nbl. CaeaaHHbII
BBILIE BBIBOJ O OoJiee KPYIHBIX MbUIMHKAX, YYaCTBYIOIIUX B MEPUOIUYECKUX
3aTMEHMUSIX 3Be3bl, HE MPOTUBOPEYUT ITOM MOAECAU. XOTS 3Ta MOAEb (PU3UUYECKU
COBMECTUMA C MOJEJbIO, MPUHATOU B cTaTthe [5], OHA MO-APYroMy OOBSICHSET
Hab1to1aeMoe yBeJMYeHUe aMITIUTYAbl MepUOANYECKUX KoJieOaHUIi OecKa 3Be3/bl.
st 3TOro HEeOOXOAMMO, YTOOBI TEMIT aKKpelUU yBeauuuBajacs. OueBUIHO, YTO
JUIS IPOBEPKM 3TUX ABYX MPOTUBOIIOJNOXHBIX MpPeACcKa3aHU aKKpelMOHHOM
akTUBHOCTU V715 Per HeoOXoauMMbl CHEKTpaJbHbIe HAOTIOAECHUS 3BE3IbI B
JquHun Ho (B HacTosliliee BpeMsi U3BECTHO BCEro OJHO TaKoe HabJIIoAeHUE,
BeinosiHeHHOe B 2006-2007 rr. Hdamom [24]).
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B cBasu ¢ nHaGmomasimmMmca y V715 Per B 2016-2020 rr. caBuroMm @dassl
MepUOANYECKON KOMIIOHEHThI KpUBOi Oyiecka (purc.3a), BOBHMKAET BOMPOC: MOKHO
JIA TaKOH CABUT OOBSICHUTDL B pAMKAX PACCMOTPEHHBIX BBIIIE MOMAEJIE, OCHOBAHHBIX
Ha B3aMMOJICHCTBUU OKOJIO3BE3IHOIO IMCKA C HAKIIOHHON MarHUTOChepoil 3Be3bl?

AHaJIOTUYHBIA BOIPOC BO3HUMKAET TakXe U B CBSI3M C HAOMIOAABLIMMCS
cMeleHrueM (asbl MepuoAMYecKuX KojebaHuii Oimecka V716 Per (puc.3c).
OCoOeHHOCTh BTOr0 IIpoliecca, KaK OTMEYaJoCh BbILIE, COCTOUT B TOM, YTO
Kaxablil pa3 cMmelleHuio ¢as3bl Ha 1/2 mepuoja MpeniiecTBOBaIO YMEHbIICHUE
aMIUIUTYIbl KojiebaHuil Ojnecka. [pyroit ocoGeHHOCTbIO (hOTOMETPUUYECKOU
akTUBHOCTU V716 Per aBnserca Haaudyue TpeHIa Ha KpUBOI Ojecka 3Be3[bl Ha
BpeMeHHoI 1mKayie nopsiaka 20 snet. ITo cBoeii hopMe oH HartoMuHaeT ¢pparMeHT
MEPUOANYCCKON MOIYJISILUMU OjiecKa B MOAEISIX MOJIOJABIX IBOMHBIX CHUCTEM,
HaOJII0JaeMBbIX 1O HEOONBIINM YIJIOM K ITUIOCKOCTH cucTeMbl [37]. IToaToMy 3Ta
3Be3[a MPEACTABISET OOJIbILION MHTEepeC B IUIaHe MOMCKA APYTUX HaOMI0IaTeIbHbBIX
MPOSIBJICHUI TBOMCTBEHHOCTH, BKJIIOUYAsT MHTEP(EpOMETPUIECKIE U CIIEKTPAIbHbIE
HaOMOICHMSL.

Kak Obl10 OTMEYeHO BBIlIE, 3HAUYUTEIHLHOMY YCWICHHIO (DOTOMETPUYECKOM
akTUBHOCTH V712 Per, HaGmogaBuIeMycsl B IOCIeAHME 6 JIET, IpeaiiecTBOBA
MPOIOJIKUTEIbHBI MUHUMYM Ojiecka B 2015 T., BBI3BaHHBIN 3KpaHUPOBaHUEM
3Be3[bl TMPOTSIKEHHBIM TIbLJIEBBIM 00MakoM (puc.2c). EcTecTBeHHO CBs3aTh
MOCJ/ICAOBABIIIEE 32 3TUM COOBITHEM YBEJIMUECHHUE YACTOThI U AMILIUTYIEI MUHUMYMOB
¢ pa3pylueHueM obJjiaka Ha 0ojiee MeJIKUe (pparMeHTHI.

Ecnu nepuoauyeckass MomyJsiius 6jecka, HabonaeMast y Tpex UCCIeayeMbIX
3Be3n: V695 Per, V715 Per, V716 Per, neiicTBUTEIbHO, BbI3BaHA HAKJIOHOM
MarHuTtocdep OTHOCUTEJbHO OCeil BpallleHUs 3Be3/, TO BO3HUKAET BOMPOC: KaK B
paMKax 3TOi MoJeau OOBSICHUTh cMelleHe (a3bl KojiebaHUil, KOTOPOe JOBOJBLHO
OTYETIMBO HAOIIOAAIOCh y ABYX M3 HuX - V716 Per u V715 Per? Bri3BaHo i1u
3TO CMellleHUe ApeiihoM MArHUTHBIX MOJIOCOB MAarHMTHOTO OUIMOJSI Ha 3BE3Je,
WJIM 3TO pe3y/bTaT OTKJIOHEHUS BpallleHUs! BO3MYILIEHHOI 00J1aCTU BHYTPEHHETO
JIMCKa OT TBEpAOTEIbHOTO BpailieHus1? M3yyeHue 3Toil 0COOEHHOCTH BpalllaTeIbHOM
MOOyJIsSIUMK OJiecKa HCCIeayeMbIX 3Be3l MpeacTaBisieT OOJbLIOW HHTEpec U
3aCIIy>KMBAeT OTAEJbHOTO PaCCMOTPEHMSI.

IIpencraBiaeHHBIE BBILIE PE3YIbTaThl IMOKA3BIBAIOT BAXXHOCTh JJIUTEIBHOTO
(hoTOMETPHUUECKOTO MOHUTOPUHTA MoJioabIx 3Be3n Tuna UX Ori u poacTBEHHBIX
UM MOJIOJABIX O00BeKTOB. Takoli MOHUTOPUHT MO3BOJISIET M3y4yaTb Ha OOJIBIIONI
BpPEMEHHOM 1IIKaJle M3MeHeHUsI (DOTOMETPUUECKOM aKTUBHOCTU 3Be3/1, O0YCIOBICHHBIE
B3aMMOJECHCTBUEM BHYTPEHHMX 00JlacTeil MPOTOIUIAHETHBIX IMCKOB C MarHUTO-
chepamu 3Be3d. YUUTHIBAsI 3TO, Mbl IJIAaHUPYEM paCIIUPATh 3Ty MPOTrpaMmy
HabJoAeHU, BOBjIeKash B pabOTy HOBbIE MOJIO/IbIE CKOTUIEHUs Hauuel ['agakTuku.
OueHb BaXXHO TaKXKe MPUBJIEYb K TAKOMY MOHUTOPUHIY CHEKTPalbHbIe HAOIIOACHNS



394 O.I0.FAPCYHOBA U [P.

MPOrpaMMHBIX 3B€3[ B OKPECTHOCTU JUHUU Hol , MO3BOJAIOLIME KOHTPOJIUPOBATH
TEMII aKKpCILIMM Ha 3BC3IbI.
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UX Ori TYPE STARS IN THE YOUNG CLUSTER IC 348:
RESULTS OF THE LONG-TERM PHOTOMETRIC
MONITORING

O.Yu.BARSUNOVA!, V.P.GRININ'2, §.G.SERGEEV3, S.Yu.SHUGAROV*3,
N.V.EFIMOVA!, S.V.NAZAROV?

The results of long-lasting (17 years) photometric (VRI) monitoring of five
T Tauri stars are presented. All investigated objects are members of the young
cluster IC 348 and show variability which is typical for UX Ori type stars and
caused by changes in circumstellar extinction. Three of them (V712 Per,
V716 Per, V909 Per) are classical T Tauri stars (CTTS), the other two
(V695 Per, V715 Per) are weak-line T Tauri stars (WTTS). Their light curves
have various character. Three objects show a composition of two different types
of activity: stochastic UX Ori type variability and periodic brightness variations
similar to those observed in AA Tau type stars. The two stars demonstrate only
brightness variability caused by fluctuations in circumstellar extinction at different
characteristic times. Their photometric activity peculiarities are discussed in details.

Keywords: photometry: T Tau stars, UX Ori, IC 348
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TOKOBBIE CUCTEMbBI B AKTUBHBIX OBJIACTAX HA
MMO3AHEN CTAIWUW DBOJIOLMU U UX POJb B
IMPOUECCAX CTABUIN3ALNN/AECTABUIN3ALNN
COJIHEYHBIX TTATEH

10.A.®YPCAK, A ATINIOTHUKOB
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IMpungara kK neuatu 8 asrycra 2022

IMo manueM nHCTpyMeHTa Helioseismic and Magnetic Imager (HMI) Ha 6opty Solar Dynam-
ics Observatory (SDO) 0 KOMIIOHEHTaXx BeKTOpa MarHUTHOro moiust B ¢orocthepe ComaHua mig 46
akTUBHBIX obyacterr (AO), HaxomsgUWMXCsl Ha (PMHATBHON CTaANy 3BOJIIOIVH, BBIYMCICHBI BETUIMHBI
TOPU3OHTAILHOTO, BEPTUKATBLHOTO M KPYITHOMACILTAOHOTO 3JIEKTPUYECKOTO TOKA Ha YPOBHE COJHEYHOM
(dotocdepnl. B kaxknoM ciyyae rccienoBaHa AMHAMUKA MapaMeTPOB 3JIEKTPUUECKOTO TOKA 3a BPeMst
HAXOXIECHUS 00IacTH B Tpeleiax +35° oT LeHTpalbHOro MepuanaHa. I[lapaMeTpsl 3J€KTPUIECKOTO
TOKa COIMOCTABJICHBI CO CKOPOCTBIO 3aTyXaHMsI MAHUTHOTO MOTOKA B MsiTHE. [lomyveHbl clemyoime
pe3ynbTaThl: 1) BoisiBieHa TipsiMasi 3aBUCMMOCTb MEXIY BEJMUMHOMN cpefiHel 6e33HaKOBOM TUIOTHOCTU
JIOKAJIbHBIX BEPTUKAJIbHBIX 2JICKTPUYECKMX TOKOB M CKOPOCTBIO 3aTyXaHWsl MAarHMUTHOTO TIOTOKAa B
MmsATHe ¢ KoadduimmenTom Koppemsiimu k= 0.56. 2) HeHyseBoii KpyITHOMACIITAOHBIN 2JIEKTPUIECCKUI
TOK OOHapyXeH TOJIbKO B 00JaCTSIX ¢ OTHOCHUTEJbHO HHU3KOI CKOPOCTBIO 3aTyXaHUsI MarHUTHOTO
MOTOKa B IsITHE (HE IMpeBbIIIAIOIIUX 3HAYEHUE 6.0-10" Mxkc q'). TakuMm 06pa3oM, KpYIHO-
MAaCIUTAOHBIN JCKTPUYECKMI TOK MOXET OKa3blBaTh CTAOMJIM3UpYIOIIee BO3AEWCTBUE Ha MSTHO, HE
SIBJISISICh, OMHAKO, €AMHCTBEHHBIM MEXaHM3MOM CTaOWIM3ALMM TISITEH, MOCKOJbKY TOJbKO mist 37%
AO aHanu3uMpyeMoil BbIOOPKHM, UISI KOTOPBIX CKOPOCTb 3aTyXaHWsl MAarHUTHOTO IIOTOKA B MSITHE
Hike 6.0-10" Mkc q"', €ro BeJMYMHA, C yYETOM OIIMOOK BBIYUCICHUS, SIBISICTCS OTIMYHOW OT
HyJs1. 3) CTaTUCTMYECKMiIl aHaIM3 TakKe yKa3blBaeT Ha CTaOMJIM3AlMIO COJHEYHBIX IMSITeH MHIYK-
LIMOHHOM COCTABJISIIOLLEI KOJIBLIEBOIO TOPU30HTATIBHOIO 3JIEKTPUYECKOrO TOKA, OMUCHIBAEMOI 3aKOHOM
Dapaziess 1 O0YCIOBJIEHHON WM3MEHEHHWEM BO BPEMEHM MAarHUTHOro mnotoka mnstHa. KoadduumeHT
KOPpEJISILIMM MEXIy CpeAHel BEeJIMUMHOM KBaapaTa IUIOTHOCTM FOPM3OHTAJILHOTO TOKA B KOJIBLIEBOM
CTPYKTYpe BOKPYI MSTHA M CKOPOCTbIO 3aTyXaHMsl MarHUTHOro rnotoka k= 0.42.

KiroueBbie criosa: CO/IHL{e.’ aKmueHble 0bnacmu: MazHUmHoe noe: INEeKnpu4ecKue moxKu

1. Beedernue. Tlpobrema pacrama COJHEYHBIX IATEH SBIAETCA ONHON U3
kinaccuueckux B ¢pusnke ConHua. BnepBble oHa Oblia chopMyaupoBaHa B paboTe
Kaynunra eie B cepenviHe 40-x ronoB [1], a akTUBHbBIE TTOMBITKU €€ pelleHus] HadaThbl
B 70-80-x romax XXB. [2-7]. Ilosienmenue B KoH1e XX-To 1 B XXI-M Beke HOBBIX
U MOIIHBIX UHCTPYMEHTOB 1Jis1 ucciaenoBaHus CojiHIA, Cpead KOTOPBIX MOXHO
BbIIEIUTH KocMudeckue obcepBaropur SDO [8] u Hinode [9], HazeMHbIe Te1eCKOIIbI
NST(GST)/BBSO [10], DKIST [11] u psig npyrux, a Takxke pa3BUTHE KOMIIbIO-
TEPHBIX TEXHOJIOTUI, CTUMYJIMPOBAIM KaK MPOAOLKEHUE paHee HauaThIx paboT, Tak
U TIOSIBJICHWE HOBBIX MCCIEHOBAHWI, CBI3aHHBLIX C BOIIPOCAMM YCTOMYMBOCTU U
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pacnaga COJHEUHBIX MsATeH. Ha cerogHsIHuil AeHb UCCIeaoBaTeIsIM TOCTYIHbI
OTpOMHBIE (MCUMCIIsIeMble COTHSIMU TepabaiiT) o0beMbl HAOMIOIATEIbHBIX JAHHBIX,
PSII TEOPETUUECKUX MOJIEIIE, OMMCHIBAIOIINX MIPOLIECCHl CTAOMIM3alINy/necTabu-
JIM3ALMU COJTHEYHBIX TATeH (cM. [12-14]), a Takke OOJIbLIOE KOJUYECTBO ITPOrpaMM,
MO3BOJISIIOIIMX OLIEHUTh KaK YCTOMYMBOCTh COJTHEUHBIX IMSITEH BO BPEMEHU IMyTeM
BBIUMCIICHUS psiia KPUTEPUEB CTAOMIBHOCTU M MX BPEMEHHBIX Bapualluii, Tak U
MOJIEJIMPOBaTh MPOLECChl, MPOUCXOIAIINE B OKPECTHOCTM MsATHA Ha ¢ase ero
pacnana.

OmHako, HECMOTPSI Ha IECATUIICTUSI UCCIEIOBAHUI, MHOTHE BOIIPOCHI B paMKax
JaHHOU MPOoOJEeMaTUKU OCTAIOTCS B TOM WMJIM MHOM CTETNIEHU HEpEeLIeHHBIMU U 10
ceromHsiHero aHs. B yacTHOcTM, KakK oOKa3ajloch, caM IIpoliecC 3aTyXaHUsl
MArHUTHOT'O TTOTOKA MOXKET CYIIECTBEHHO PAa3IMJaThCs I pa3HBIX MITEH: 3aTyXaHue
MOXET MTPOUCXOIUTh KaK KBa3WJMHENHO [15], TaKk U 1Mo mapaboandyecKoMy 3aKOHY
[16,17]. Takum oOpa3oM, IpoOLECCHl, OOYyCIaBIMBAIOIIME pacliaj ISITHA, TaKKe
OyAyT pa3auyaThbCcs B 3aBUCUMOCTU OT XapaKTepa JMCCUMALIMKA €r0 MarHUTHOTO
MOTOKA.

JIuHeiHbI XapakTep 3aTyxaHUs IOApa3yMeBaeT, YTO IOTepsT MarHUTHOTO
MMOTOKA MPOMCXOOUT MOBCIONY BHYTPU COJHEUHOIO MSITHA M3-3a TypOYJIEeHTHOI
I dy3M MarHUTHOTO T10J1s1. PaboThI, TTOCBSIIIEHHBIE JAHHOMY BOMPOCY, TTOSIBUJIKCH
yxe B 70-e rompl XXB. [4,18,19]. B manbHeiiliem gaHHasi TeMaTWKa aKTUBHO
pasBuBanach [20,21] u pa3BuBaeTcd B mnocieagHue ronbl [14,22,23].

IMapabonuueckuii xapakTep MOTEPU MarHUTHOTO MOTOKA MSATHOM MOXET ObITh
00YyCJIOBJIEH 9pO3ueli COJIHEUHOTO ISITHA Ha ero rpaHulie, HalmpuMep, cyneprpaHy-
JISPHBIMU JIBUXEHUSAMU [24] wau TypOYJIEHTHBIMM ABUXKEHUSIMU B MaclTabe
rpanyi [25]. OnHUM U3 MeXaHU3MOB MOTEPU MATHUTHOTO MOTOKA IO Mapabosu-
YEeCKOMY 3aKOHY MOTYT SIBJISITBCS JBMXKYILMECS MAarHUTHbIC 3JeMEHTHI (moving
magnetic features, MMF). BriepBboie 0 HUX ObLIO YIIOMSIHYTO B pabote Sheely B
1969r. [26], a B 1973r. ObUTO BIIepBEIe BBEICKA3aHO TIPEIITONIOXKEHUE, YTO TTOIOOHBIE
CTPYKTYPBl YHOCSIT C COOOIl HEKOTOPYIO 4acTh MarHUTHOTO TMOTOKa TsiTHa [27].
Pesynbrarhl 60j1€e O3AHUX MCClIeJ0BaHMIi, 6a3MpyOIIMXCsl Ha HabonaTeIbHbIX
JaHHbIX [28,29], mokasanau, 4yTo: 1) 3a MoTepl0 MarHUTHOTO MOTOKAa OTBEYAIOT
ToJabk0 MMF onuHakoBoii ¢ nmsiTHOM moJisipHocT; 2) MMF yHocaT ¢ coboii
CYILLIECTBEHHYIO JOJII0 MATHUTHOTIO ITOTOKA IISITHA.

CylIeCTBYIOT M MHBIE MEXaHU3Mbl CTAOMIM3ALUN/IeCTAOUIN3aLNU COTHEYHBIX
nsteH. CunTaeTcsl, YTo OINpeAeJeHHYIO POJib B 3THUX IMPOLECcaX MOTYT UTpaTh Jaxe
TaKMe KpUTEPUM, KaK pasMep IISITHA, ero (hopMa, HANPSLKEHHOCTh MAarHUTHOTO
MOJIsSI B MAKCUMYME Pa3BUTUS U Psi APYruX. BAUsTh Ha CTAaOMJIBHOCTh COTHEYHBIX
MSITEH MOTYT M pa3imyHoro poja konebanust [30,31]. Takxke ompenesieHHOE
BO3/IEMICTBME Ha CKOPOCTh 3aTyXaHUsS MArHMTHOTO IOTOKA OKAa3bIBAIOT KPYITHO-
MaciuTaOHble KPYroBble IBYDKEHMS IIa3Mbl BOKPYT IsITeH [32] 1 miyOMHa 3ajieraHus
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OCHOBaHMI MATHA B KOHBEKTUBHOI 30He [33]. [TocneqHuit MexaHU3M NEPEBOIUT
HCCJIEIOBAaHUE TTPOOJIEMBI CTAOMIM3ALIMY COJTHEYHBIX MSITEH B MJIOCKOCTh TEINO-
CEMCMOJIOTUN.

OnHUM U3 MEXaHU3MOB, KOTOPbI, Cpeid TIPOYUX, TAKXKE OKa3bIBaeT BIUSIHUE
Ha CKOPOCTb 3aTyXaHWsI MarHUTHOT'O MOTOKA MSTHA, SIBJISETCS SJEKTPUYECKUN TOK
(cMm., Harp., [34]). O BIMSIHUM TOKOBBIX CI0€B, BO3HMKAIOILIMX HA TpaHULIE MaTHUTHOM
CWJIOBOW TpyOKH, 00pa3ylolleil MATHO, a TaKXKE MPOLIECCOB U SIBJICHUN, C HUMU
CBSI3aHHBIX, Ha CTAOUIM3ALMIO/NeCTA0WIM3ALIMIO COTHEYHBIX TSITEH YIIOMMHAETCS
B psifie uccaenoBaHuii (cM., Hamp., [31,35,36]). CyluecTByeT MHOIO TEOPETUYECKMX
paboT B JAHHOM HAalpaBJI€HUU, OAHAKO CTAaTUCTUYECKUX HAHHBIX, OCOOEHHO
COBPEMEHHBIX, KOTOPbIE TTO3BOJIWIIM OBl Ha IOCTATOYHO OOLIIMPHOM HAOMOAATETbHOM
MaTepuaje OLEHUTb POJib DJIEKTPUUECKUX TOKOB B Ipolieccax, CliocOOCTBYIOIIMX
CTaOWIM3aLMKU WY K€ ObICTPOMY paclaay COJIHEUHBIX ISITEeH, IO CYTH, HEeT. 3/1ech
MBI TIBITAEMCsI BOCIIOJIHUTD 3TOT IMpoGesi, M Ha BEIOOpKe 13 46 aKTMBHBIX 00JIacTeit
(AO), HaxoasIIMXCSl Ha (DUHAJIBHBIX CTaAMSIX 9BOJIIOLMHM, pacllipsieM Halu bosee
paHHMe ucciaenoBaHus [37] u cTaBuM Tepen co0oii 3a1ady MOATBEPAUTh, YTOUHUTD,
WIN X€ CKOPPEKTUPOBATh MOJTYYEHHBIE BBIBOJBI O POJIU BJEKTPUUECKUX TOKOB B
TpoIieccax CTabUIM3an/necTabuan3auy COJTHEYHBIX TISTEeH.

2. llanHble HabaoO0eHull. OCHOBHOI 00beM pabOThl BBHIMOJIHEH HA JAHHBIX
uHctpymeHTa Helioseismic and Magnetic Imager (HMI) [38] na Oopty Solar
Dynamic Observatory (SDO) [8], koTopble AOCTyNHBI Ha caiite Joint Science
Operation Center (JSOC) (http://jsoc2.stanford.edu/ajax/lookdata.html). ITpocTt-
paHCTBeHHOe paspemreHre mHcTpyMeHTa HMI/SDO cocrasnser 0".5 (mopsimka
360 kM Ha ypoBHE COTHEUHOI (poTtochepsl), BpeMEHHOE pa3pellicHUe B 3aBHCUMOCTH
OT TUIa AaHHbIX - 45¢ unu 720 c. HamMu Mcnonb3oBaHbl MarHuTorpaguuyeckue
JaHHBIE C BpeMEHHBIM pa3perneHueM 720 c.

HaHHble 0 MAKCUMaTbHOM MarHUTHOM IOTOKE U CKOPOCTH 3aTyXaHWsl MAarHUTHOTO
MOTOKA TISITHA ITOJYyYeHBI Ha OCHOBE IOJHOOVMCKOBBIX MAarHUTOTPaMM JIy9eBOI
KOMITOHEHTBHI (B, ;) BEKTOpa MAarHUTHOTO TI0JISl HA YPOBHE (HOTOCHEPHI, C BbIIEIE-
HMEM HYKHOTO JIJISl aHaJIM3a y4acTKa M KOPPEKTUPOBKOM TaHHBIX 11 MUMHUMU3aluU
OLIMOOK, BO3HUKAIOIINX 3a cuYeT 3(pdeKTa IMpoeKINU.

[pu BEMMMCIEHNN TTApaMETPOB IEKTPUUECKOTO TOKA B MCCIEAYEMBIX 00acTsIX
ucnonbzoBanbl SHARP (Spaceweather HMI Active Region Patch) [39] marHuro-
rpaMMBI paclipeie/IieHNsT KOMIIOHEHTOB BEKTOpa MarHUTHOTO TOJiA B oTochepe
(UMIMHIPUYECKUE KOOPAMHATHI, cepus JaHHbIX hmi.sharp cea 720s).

brui MccaenoBaHbl MapaMeTpbl TOPU30HTATBHBIX, BEPTUKAJIBHBIX U KPYITHO-
MAaCIUTAOHBIX 3IEKTPUUYECKUX TOKOB st 46 AO 24-ro 1uKjia COJTHEYHOI aKTUBHOCTHI
Ha MO3/[Hel cTaauu ux 3Bojouru. OTdop obsacteil 11 UCCienoBaHUs OCYILECT-
BJISICS COTJIACHO CJIEAYIOLIUM KPUTEPUSIM:
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1. CormacHo MmarHuto-mopdonornueckoit kiaccudpukamuun (MMK) AO,
pa3paborannoii B KpAO [40-42], nuccnenyeMble 00JIacTH HOJDKHBI IIPUHAIIEXATh
K tuny U (YHUIOJISIpHbIE OOJACTU) WU SBISITHCS OUIOJSIPHBIMU Ha MO3AHEH
CTauy 3BOJIOLMU (TUIT A - OUMONSIpHBIE 00JaCTH, MOTYUHSIIOIIMECS OCHOBHBIM
3aKOHOMEPHOCTSIM IJTIOOAJIbHOTO IMHAMO WM B - obGnacTr-HapylIMTe I OCHOBHBIX
3aKOHOB TIJ100JIbHOTO JWHAMO); B MCCIEAYEMbIX O0JACTIX MOTYT HaOI0aaThCs
Mopbl (BOKPYT OCHOBHOTO MSITHA, B XBOCTOBOI, a B OTHEJABHBIX CIyyasiX - B
quaupytoleit yactu AQ), HO o0si3aTeJIbHBIM YCJIOBUEM IMPU BTOM SIBJISETCS
HaJIMYMe XOPOIIO Pa3BUTOTO OCHOBHOTO IISITHA.

2. OG6macTh JoXHA ObITh M30aAMpoBaHa oT Apyrux AO (T.e. B Tpeaesax
MPSIMOYTOJILHOM TIIOIIAnKM, cooTBeTcTBYIONel SHARP-MaruuTorpamme, qoymkHa
HaXOAUTbCH TOJILKO OfHA 00J1acTh ¢ YHUKaJIbHBIM NOAA HMaeHTU(hUKATOPOM).

3. ITo MakcuMaJIbHOMY MarHUTHOMY TMOTOKY M CKOPOCTH 3aTyXaHUsI MarHUTHOTO
MOTOKAa OCHOBHOIO (HauboJjiee pa3BUTOr0) MsATHA uccieayemblie AO He orpaHu-
YHBAKOTCHL.

CootBeTcTBUE KpUTepusM 1 1 2 1151 Bcex objiacTeii aHaIU3UpyeMoil BEIOOPKU
OBLIO OCYLIECTBJICHO C IIOMOLIBIO BU3YAJIBHOTO KOHTPOJISL.

J1s1 MUHMMU3AIUY OIIMOOK B BBIYMCICHUM TTapaMETPOB JIEKTPUUECKOTO TOKA,
00YCJI0BJIEHHBIX 2(P(EKTOM MPOEKIIMU U C LeJIbI0 BOBJIECUSHUSI B pacuyeT MaKCH-
MaJIbHO BO3MOXHOTO KOJMYECTBa IMUKCEel, B KOTOPHIX C BBICOKOU CTEMEHbIO
JIOCTOBEPHOCTH pa3pellicHa T -HeOoIPeAeIeHHOCTh ONpe/Ie/IeHUST a3UMYTa ITOINepeUHOrO
TOJIs1, BpeMsI MOHUTOPUHTA KaxKA0M 00J1aCTU COBIAAaeT C BpEMEHHBIM MHTEPBAJIOM
HaXOXIEHUS ee B mpenenax +35° or meHTpadbHOro MepuanaHa (4-6 CYTOK).

3. Ckopocmb 3amyxanus MA2HUMHO20 NOMOKA 8 NSAMHe U napamempbl
2NEeKMpU1ecK0e0 moKa: 0COOeHHOCMU NPpUMEHSeMblX Memodos. Beinunna
CKOPOCTH 3aTyXaHMsI MAarHUTHOTO TOTOKA B IMSTHE OMPEIeISieTCsl KaK TaHTeHC yria
HaKJIOHa JIMHUM perpeccuu Ha ¢aze pacrnana COJTHEYHOro IMsTHa (6ojiee JeTalbHO
cM. [43-45]).

s BBIYMCIEHUSI TOPU3OHTAJbHBIX 3JIEKTPUUYECKUX TOKOB Heobxoauma
nHdOpMaIMsg 0 BEKTOpe MarHUTHOIO MOJISI MO KpaiiHel Mepe Ha IBYX YPOBHSIX
B aTMocepe CoJiHIIa, Yero rmoka He MOTYT OOECIeUnTh COBPEMEHHbIE Ha3eMHbIE
U KOCMUYECKME MHCTPYMEHTHI i u3ydeHus CosHia. TeM He mMeHee, mpuOiIu-
JKEHHYIO OLIEHKY BEJIMYMHBI TOPU3OHTATBHOIO TOKA TOJYYUTh BO3MOXHO. MeToauka
BBIUMCJICHUS omucaHa B pabore [46]. McxomHoii ¢opMysioil sIBIsSeTCs 3aKOH
Awmnepa B nuddepeHimanbHoi (popme:

Moj=V xB, (1

a KOHCYHasA pacyC€THadA d)OpMYJ'Ia JJIA OLICHKM KBaApara IIJIOTHOCTU I'OPMU30OHTAJIbHOI'O
TOKa MMECET BUI:
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2 2
I ~L 0B, N 0B,
. ug [\ oy Ox ’ ),
rae p, (30ech M gajee B TEKCTE) - MarHUTHAs MOCTOSHHAS B MeXIyHapomgHOM!
cucteme enunul (CU), p,=4n-107 THm.

Bbruucrnenue JoKalbHbIX BEPTUKAJIBbHBIX 3JIEKTPUUECKHUX TOKOB BBITTOJHEHO Ha
OCHOBE MHTErpajibHOI (popMbI 3aKOHA AMrMiepa:

]
(1), :H_0§LBldl’ 3)

rae L - 3aMKHYTBI MPSIMOYTOJIbHBIA KOHTYpP BOKPYT IMUKCeJa C KOOpAMHATaAMU
(i, j); B, - 3HaYeHUsI KOMIIOHEHTOB IONEPEYHOro nojis B u By B HampapJICHUN
00xo/1a KOHTYypa.

U

Puc.1. (a) - MarHuTOrpaMmMa BepTUKAIbHOU B,
COCTABJISIIOLLE BEKTOPa MarHUTHOTO TOJISI 00J1acTh
NOAA 11823 aHamm3upyeMoii BEIOOPKH, TIOTy4eH-
Hast npuoopom HMI/SDO 19 asrycra 2013r. B
00:00UT. Kapra wmacmrabupoBana ot -1500 I'c
(uepHoe) o 1500 I'c (6enoe). (b) - KapTa pacnpene-
JICHUS! TUIOTHOCTY BEPTUKATBHOTO 3JIEKTPUYECKOTO
ToKa, MaciurabupopaHa ot -0.01 AM? (depHoe) 10
0.01 Am (Genoe). (c) - KapTa pacrpeeieHHsT BeJH-
YMHBI KBaZIpaTa IIOTHOCTU TOPU3OHTATHLHOTO DJIEKT-
pUYECKOro ToKa B 00JIacTH, MaclITabMpoBaHa OT
0 (uepHoe) mo 5-10° A2m* (Gesoe). [lata 1 MOMEHT
BPEMEHM, IS KOTOPBIX BHIYMCIICHBI 2JIEKTPUYECKUE
TOKU, Te Xe. BeabiMM KOHTypamMu TMoKa3aHbl
CTaHAAPTHBIE MAacKu bitmap (KVpHAsl JUHUSA) U
conf _disambig (TOHKasi JIMHMSI), TOCTaBJsIEMbIe
BMECTE C IaKeTOM MarHuTorpauyeckux JaHHBIX
HMI/SDO. Pazmep mzobpakenuii - 180 x 220 Mm.
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s npubIVDKEHHOTO BBIUMCICHWSI MHTerpajia B MpaBoit YacTu BbIpaxkeHUs (3)
ucnosb3yercss Meroa CumricoHa. KoHTyp L MMmeeT pasMepbl 5x5 MUKCeseH.
Bribop pa3mepa KOHTypa OOYCJIOBJIE€H XOPOLIMM CIVIaXWBaHUEM IIYMOB U
OTCYTCTBUEM MOTepPb MHMOpPMAIMU O 3HAYMMBIX TOKOBBIX CTPYKTypax. bojee
JEeTAIbHO CYTh METONAa, BBIBOJ pPacyeTHOl (opMysibl 1 OCOOEHHOCTH BbIOOpPA
KOHTYpa omucaHHI B pabore [47].

[Ipumep KapT pacrpeneneHus JOKaTbHbIX BEPTUKAJIbHBIX U TOPU30OHTAIBHBIX
9JIEKTPUYECKHUX TOKOB [JIsI ONHOM M3 00yiacTell aHaJIM3UMPyeMON BBIOOPKU
npeacrasiieH Ha puc.l. KoHTypamu Ha prcyHKe 0003HaueHbl CTaHIAPTHbIE MACKU,
noctasnsiemble ¢ faHHbIMU HMI/SDO, - bitmap (0603HaYaeT rpaHULIbI COOCTBEHHO
AO Ha SHARP-marnurorpamme, xupHast 6enast Kpusasi) U conf disambig (TOHKas1
Oemas KpwBasi, BBIIESET IMUKCEIM Ha MAaTHUTOTrpamMMe, B KOTOPBIX C BBICOKOI
CTEeTIEHbIO JOCTOBEPHOCTU pa3pellieHa T -HEONpPeaeIeHHOCTh B BEIMMCICHUM a3uMyTa
MOINEePEYHOr0 MarHUTHOTO TTOJIS).

Ha ocHOBe BBIUMCIIEHHBIX KapT paclpeneieHnsT BeIUYNH BePTUKATBHOTO U
TOPU3OHTAJILHOIO 2JIEKTPUUYECKUX TOKOB B hoTochepe ISl KaKAoro 12-MUHYTHOTO
BPEMEHHOI'O HMHTepBaja Ha MPOTSKEHUWU BPEMEHUW MOHUTOPMHTIA KaXAol U3
uccieayeMbix AO HaMu ObLTA MOJYyYeHbl HEOOXOMMMBIE ISl aHalvM3a TTapaMeTphl,
a UMEHHO:

- BenuuuHa cpenHeit 6€33HAKOBOM MJIOTHOCTA BEPTUKAIBLHOIO BJIEKTPUYECKOTO

ToKa
N AN
(7.])= v “4
pix
rae |/.|, ; - abCOMTIOTHOE 3HAYCHUE TLIOTHOCTH BEPTUKAIBHOTO SJICKTPUYECKOrO

TOKa B MUKCeJe C KoopauHaTamMu (i, j), Jiexalllero BHYTPU MacoK bitmap v
conf _disambig; Npix - CyMMapHoO€ KOJIMYEeCTBO MUKCeJieil BHYTpU MAacokK bitmap n
conf _disambig.

- Bermmunaa cpenreit 6€33HaKOBOM IJIOTHOCTH TOPU3OHTATBHOTO SJIEKTPUIECKOTO

{7:h= Z(]V—JTM) 5)

.2

e (\/ J ij - abCOJTIOTHOE 3HAUYEHKE TUTOTHOCTU TOPU3OHTAIBHOIO 3J1eKTPUYECKOTO
i,j

TOKa B MUKCceJNe C KoopauHaTaMu (i, j), Jiexalllero BHYTPU MacokK bitmap v

conf _disambig; Np .. -~ CYMMapHO€ KOJMYECTBO MMKCEIEH BHYTPU MacoK bitmap v

conf _disambig.
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circle

rae (Ji ), /- abCONIOTHOE 3HAYeHWE KBalpaTa IUIOTHOCTH TFOPM30HTaJIbHOTO
3JIEKTPUYECKOTO TOKAa B THKCeNe ¢ KoopawHatamu (i',j'), JeXallero BHYTPH
KOJIBLIEBOM CTPYKTYPhI BOKPYT Pa3BUTOIO MSATHA C HYDKHUM ITOPOTOBBIM 3HAY€HUEM
KBazIpaTa IIOTHOCTH TOPM30HTAIBHOTO ToKa B 0.001 AM™; N, - COOTBETCTBEHHO
KOJIMYECTBO TIMKCeJIel B KOJBLEBOW CTPYKTYpe BOKPYT MSITHA, OrpaHUYEHHOM
IIOPOTOBBIM 3HAYEHMEM BEJIMYMHBI KBaApaTa INIOTHOCTA TOPU30HTAJIBHOIO TOKA B
0.001 A’ m™.

BenuunHbl mapaMeTpoB 3eKTPUUECKOrO TOKA BBIYMCIISLIMCH TOJIBKO B TIHKCeENaXx,
JieXalllMx BHYTPU IByX KOHTYPOB, COOTBETCTBYIOLLIMX MackaM bitmap v conf disambig.
IMepudepniinpie yactu SHARP-MarHuTOTpaMM M COOTBETCTBYIOIIMX MM KapT
IUIOTHOCTHU 3JIEKTPUYECKOTO TOKA MPU BBIYMCICHUSIX HE YUUTHIBAIUCH C 1IEJIbIO
MUHUMM3ALUUA OLIMOOK, OOYCIOBJIEHHBIX BKJIAIOM IHKCEJIEl C HEMpaBUIBHO
pa3pelIeHHON T -HeoMNpeaeJeHHOCThIO a3UMyTa ITONepeyHOr0 MarHUTHOTO TIOJIS.
JaHHOe OOCTOSITEJIbCTBO, a TaKXKe TO, UTO Mbl BBIYUCISIEM TPEUMYIIECTBEHHO
WHTETpaJIbHbIE MJIN YCPEeIHEHHBIE ITapaMeTphl 3JIEKTPUISCKUX TOKOB, MO3BOJISIET
CBECTU K MUHUMYMY BIUSIHUE Ha KOHEUHBIN Pe3y/IbTaT KaK CJIa0bIX SJEKTPUYECKUX
TOKOB NepudepuifHOI YacTh NPsIMOYTOJIbHOM oOyiacTth, coorBeTcTByIoneir SHARP-
MarHUTOrpamMMe, KOTOphIE B OOJBIIMHCTBE CJIydyaeB HE CBSI3aHBI HEIIOCPEICTBEHHO
¢ uccneayemoit AO, Ttak u 3¢p¢eKTOB, CBI3aHHBIX C HEMPABUIbHO pa3pelleHHOI
T -HEOMNpPeIeJeHHOCThIO a3MMYTa MONEePEeUHOro MoJIsl.

IToMuMO JTOKAJIbHBIX BEPTUKAIBHBIX M TOPU30HTAJIBHBIX JIEKTPUIYECKIX TOKOB
st Bcex 46 AO uccienyeMoil BEIOOPKU ObLTH BBIYMCIIEHBI KPYITHOMACIITAOHBIE
BJICKTpUUYECKre TOKM. MeToarKa BEIYUCICHUST KPYITHOMACIITAOHOTO TOKa OINMcaHa
B [48]. CyTb MeTOJa CBOAMTCS Pa3OXEHUIO BEKTOpa MOIMEPEYHOro MarHUTHOTO
moJjisi B hoTocepe Ha ABEe COCTABISIIONINE - MOTCHUUATbHYIO U HEMOTEHIUATbHYIO
B,, . TMocnenHsisi KoMIoHeHTa OOYCIOBIE€HA WCKIIOUUTEIbHO MPUCYTCTBUEM
9JIEKTpUYECKOro toka. IIpuMeHsIss mJaHHYI0 METOAUKY, HaM yOAaeTCs BBISIBUTH B
OKPECTHOCTH OoJbilnX TisiTeH AQ peryisipHble BUXPEBbIE CTPYKTYphI BekTopa B, |,
KOTOpbI€ CBSI3aHbI C KPYMHOMACIUTAOHBIM, paclpelejeHHbIM MO0 3HAYUTEIbHOMI
IUIOIIAAY, BEPTUKAIBHBIM JIEKTPUUYECKUM TOKOM. UTOOBI BBIUMCIUTH BEIUUYNHY
KPYITHOMACIITAOHOTO TOKAa JUISl 3aJaHHOTO MOMEHTA BpEMEHM, MBI OUepUYMBacM B
HEKOTOPOM OKPECTHOCTU BOKPYT MsITHA KOHTYp C OBaJIbHOW (DOPMbI, TIPUMEHSISI
JIBa TIpaBWIa, a UMEHHO: 1) BHYTpM KOHTYpa BEKTOP HEMOTEHIIMAIBHON COCTaBJISIO-
el HabJI0AaeMOoro MOoMepeyHOro MarHUTHOTO MOJIsT JOJKEH UMETh OJHO Tpeobiia-
Jaollee HalpaBieHUe 3aKpyTKU (IO 4YacOBOM CTpejike WIM MPOTUB 4YacCOBOM
CTpeJIKM), a BHE KOHTypa BeKTop B, OyIeT mpocTpaHCTBEHHO pacrpelesieH
Xa0TUYHO; 2) KOHTYp ouyepuMBaeTcs BOJIM3M IISITHA, TaK KaK BUXPEBOE MAarHUTHOE
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rmojie, OOYCJOBIIEHHOE DBJCKTPUUECKMM TOKOM, YOBIBAa€T MNPOMOPLMOHAIBHO
PACCTOSIHUIO.

Kontyp C omnpenensiercsi o nepBoii KapTe pacnpelefeHust BeJIuuuHsl B, ,
ero (popma He MEHsIeTCSl Ha TPOTSKEHUUM BCEro BpeMEHU MOHUTOPUHIA O0JACTH.
YT00Obl MUHUMU3UPOBATh OLIMOKKU B BHIUMCICHUN BEIMUMHBI KPYITHOMACILITAOHOTO
TOKa, KOTOpPBIE MOTYT BO3HMKAaTh 3a CYET CMEIIECHMS IISITHA, OCYILIECTBIISICTCS
npuBsi3Ka KoHTypa C K LIEHTPY TSKECTHU TSITHA, KOTOPBIN BBIYUCISETCS! OTACIbHO
JIJIST KaxXaoro 12-MUHYTHOTO MHTEpBaja BpeMEHU Ha MPOTSKEHUU BCEro BpeMEHU
MmoHutopuHra AQ. CMelleHue LIEHTpa TSOKECTU IISITHA JaKe Ha OOUH IMKCEJb Ha
MarHuTorpaMMe MpUBOIUT K cMeleHUI0 KOHTypa C Ha TO 3Ke KOJIMUYECTBO MUKCEJICH.
Bemnmunna KpynmHomaciuTabHOro toka [, —BBIYMCISETCA 10 COOTBETCTBYIOLIEN
KapTe pacnpeaeieHrs INIOTHOCTH JIOKAJTBHOIO BEPTUKAIBHOIO 3JIEKTPUYECKOrO TOKa
KaK pe3yJbTUPYIOLIUI TOK BHYTpU KoHTypa C:

Idistr = ZC(jz )i”,j" Xspix ’ (6)

rae ( J- ),/ - 3HaYeHUE IUIOTHOCTU BEPTUKAIBHOTO 3JIEKTPUYECKOrO0 TOKAa B
MMKcele ¢ KoopamHaTamu (i”, /"), Haxomsuierocss BHyTpu KoHtypa C; S
IUIOLIAAb IMKCeJa Ha MarHurorpamme. Ilpumep KapThl paclpeaeicHUs] HeIo-
TEHLIMATbHON KOMITOHEHThI MOMEPEYHOr0 MAarHUTHOTO TIOJISl ISl OMHOM U3 obnacTeit
HcclielyeMoil BBIOOpPKM mipenctaBieH Ha puc.2. Kontyp C, orpaHMYMBaIOIINi
IUIOLLAAb, BHYTPY KOTOPOM BBIYMCIISLIACH BEIMYMHA KPYITHOMACILITAOHOIO TOKA,
MoKa3aH Ha pUC.2 XUPHOU Oesloii KpUBOIA.

Puc.2. Tlpumepsl KapT pacrnpenesieHus: HeMOTCHLIMATbHOVW KOMITOHEHTBI MOTEePeYHOro MarHUTHOTO
nonsa B, (4epHble CTPeNKM) B OKPECTHOCTU Pa3BUTHIX NATeH obnacteit NOAA 11092 (a) u 11343
(b) uccnenyemoii BBHIOOPKM Ha MOMEHT Hayajla WX MOHMTOpPMHIA (JaTa W BpeMs yKaszaHbl Ha
rpadukax). KoHtypel C, BHYTpM KOTOPBIX B K&XIOM CJTy4ae BBIUMCSUTMCH BEJIMYMHBI pACIIPeIeIeHHOTO
TOKa, TOKa3aHbl XUPHOW uepHOit KpuBoil. POH - (parMeHThl KapT pacrpeneaeHus: MOIYJst
BEPTUKAJIBHOI COCTABJISIIOIIEH BEKTOpA MATHUTHOTO MoJisi B otocdepe |B,| st HAYaIbHOTO MOMEHTA
MOHUTOpPUHTA obsacteil, maciurabupoBaHHoit ot -1500 I'c (uepHoe) mo 1500 I'c (6enoe). Pasmep
n3obpaxenuit - 125 x 90 Mwm.
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31ech cieayeT caenaTh Ba BaKHbIX 3aMevyaHMsl. [lepBoe: MHTErpupoBaHHUE O
JII0OOMY APYroMy KOHTYpY, MO IUIOIIAnU Mogo0Ho KoHTypy C, JaeT HaM BeJUIMHY
pe3yABTUPYIOLIETO TOKA, CTPEeMSINYIOCS K HyJIeBRIM 3HaueHusM. M BTopoe:
HEoOXOAMMO MOMHUTb 00 9KPaHUPOBAHHOCTU IOJHOTO 3JIEKTPUYECKOIro TOKA B
npoBoasiei cpeae [49,50]. DTo o3HAYaeT, YTO €CIM KOHTYp CAeaaTh OOJIBIIUM,
OXBaTBIBAIOIIMM BCIO AQ, U OYEPTUTH €ro 0 TeM TOYKaM, IJie¢ MAaTHUTHOE IT0JIe
9TOM O00JIaCTU 3aBEIOMO OTCYTCTBYET, TO LIMPKYJISLMS MArHUTHOTO MOJSI TI0
KOHTYpY oOpalliaeTcsl B HyJIb M MOJHBINA 2JICKTPUUYECKUI TOK BHYTPU HETO paBeH
Hym1to [51-53].

4. Pezyasvmamul.

4.1. Obuwue nonoxcernus. IapaMeTpbl MATHUTHOTO IO Y DJIEKTPUIECKIX
TOKOB sl Bcex 46 ucciemyembix AO mpuBeneHbl B Tabi.l. Bropoii cronbGerr
TabJIULIBI OTOOpaXkaeT HOMep aKTUBHOI obOyiactu (1o gaHHBIM NOAA), TpeTuii -
BpeMs1 Hallero MoHutopuHra AQ, 4eTBepThIid - TUI objactu cortacHo MMK AO.
CornacHO JaHHOM KjaccuUKalMK BbIAESIOT MOAKIACChl aKTUBHBIX 00J1acTeil:

Tabauya 1

ITAPAMETPBI MATHUTHOTI'O TT1OJIA U SJIEKTPUYECKUX
TOKOB B UCCIIEAYEMBIX AO

Ne | Homep Bpemsa Tun | Ckopocts | @ | </ > |<jl>._ . st
n/m|o6nactu |[MoHuTopunra| mo | saryxanus | 102 [10° Awm?[10° A’m?| 10" A
(NOAA) MMK |marautHoro | Mkc
AO MoTOKa
10" Mxc ¢!

1 2 3 4 5 6 7 8 9

1 11591 16.10.2012 - U2 0.35 0.53 2.10 0.001312 | 4.99+2.59
20.10.2012

2 12246 | 25.12.2014 - Ul 0.43 0.29 1.98 0.001512 |-1.64%1.90
29.12.2014

3 12195 | 26.10.2014 - Al 1.07 0.29 2.10 0.001455 |-2.17+4.92
30.10.2014

4 11340 | 08.11.2011 - Ul 1.46 0.35 2.09 0.001365 | 3.4612.65
12.11.2011

5 11658 | 17.01.2013 - Al 1.55 0.36 2.18 0.001602 | 2.90+3.17
20.01.2013

6 11642 | 04.01.2013 - Al 1.64 0.38 2.09 0.001414 | 0.08%1.82
08.01.2013

7 12061 15.05.2014 - Al 1.77 0.36 2.17 0.001407 | 3.34%1.78
18.05.2014

8 12090 | 15.06.2014 - Al 1.85 0.36 2.26 0.001426 |-0.85+£3.75
18.06.2014
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Tabauya 1 (npodoaxncenue)

1 2 3 4 5 6 7 8 9

9 | 11423 | 27.02.2012 - Ul 1.85 0.38 243 0.001395 |-0.19%+1.62
02.03.2012

10 | 11912 | 06.12.2013 - Al 1.89 0.41 2.03 0.001371 |2.54%1.64
09.12.2013

11 | 11537 | 04.08.2012 - Ul 2.09 0.16 1.92 0.001596 |0.63%=1.63
08.08.2012

12 | 11332 | 28.10.2011 - Ul 2.38 0.20 2.18 0.001885 |2.11£1.95
01.11.2011

13 | 11823 | 19.08.2013 - U2 2.52 0.39 240 0.001380 |(-7.56%4.23
22.08.2013

14 | 12194 | 24.10.2014 - Al 2.65 0.34 2.28 0.001544 | 0.80+3.22
28.10.2014

15 | 11216 | 20.05.2011 - Ul 2.87 0.28 2.02 0.001442 |1.26+1.24
23.05.2011

16 | 11420 | 16.02.2012 - Bl 2.90 0.27 2.25 0.001463 | 1.71£1.75
20.02.2012

17 | 12236 | 15.12.2014 - Ul 3.04 0.53 2.00 0.001439 | 1.60£2.06
19.12.2014

18 | 11903 | 21.11.2013 - Ul 3.15 0.40 2.34 0.001462 |5.4312.68
25.11.2013

19 | 11546 | 20.08.2012 - Ul 3.17 0.16 2.25 0.001615 [-0.94%2.20
24.08.2012

20 | 11665 | 01.02.2013 - Al 3.41 0.59 2.34 0.001399 [-6.50£5.91
05.02.2013

21 | 11857 | 06.10.2013 - U2 351 0.43 2.16 0.001414 |-0.62+2.49
09.10.2013

22 | 11638 | 31.12.2012 - U2 3.96 0.47 2.26 0.001537 | 0.71£2.37
04.01.2013

23 | 12075 | 27.05.2014 - Ul 4.25 0.24 2.20 0.001599 |-1.50£1.75
31.05.2014

24 | 11952 | 15.01.2014 - Al 4.64 0.38 2.11 0.001471 |-1.54%1.66
19.01.2014

25 | 11949 | 12.01.2014 - Al 4.72 0.74 2.28 0.001706 |11.39+4.18
16.01.2014

26 | 12255 | 06.01.2015 - U2 4.76 0.43 2.22 0.001530 |5.02+1.64
09.01.2015

27 | 11566 | 08.09.2012 - U2 481 0.25 243 0.001479 |-1.33£1.51
11.09.2012

28 | 11343 | 11.11.2011 - U2 4.86 0.47 2.18 0.001493 |-4.26+1.54
14.11.2011

29 | 11872 | 19.10.2013 - U2 5.02 0.26 2.17 0.001630 [-0.33%1.74
22.10.2013

30 | 11092 | 01.08.2010 - Bl 5.10 0.65 2.15 0.001368 |-0.34%3.00
05.08.2010

31 | 11809 | 04.08.2013 - Al 5.13 0.35 2.15 0.001482 |-0.42£1.89
07.08.2013
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Tabauya 1 (okoHuanue)

1 2 3 4 5 6 7 8 9

32| 11232 | 05.06.2011 - U2 5.18 0.25 2.36 0.001695 | 1.26+2.72
09.06.2011

33| 11140 | 04.01.2011 - Ul 524 0.53 2.23 0.001390 | 0.1242.60
08.01.2011

34| 11408 | 25.01.2012 - Bl 5.78 0.38 243 0.001683 | 0.17+1.72
29.01.2012

35| 11836 | 31.08.2013 - U2 5.89 0.42 231 0.001522 | -4.99+2.17
04.09.2013

36 | 11704 | 27.03.2013 - U2 6.07 0.30 240 0.001756 | -0.17£2.31
31.03.2013

37| 12341 | 11.05.2015 - Ul 6.26 0.30 2.05 0.001471 | 1.07£1.70
15.05.2015

38| 12186 | 11.10.2014 - Ul 6.26 0.55 2.17 0.001400 |-0.91+2.53
15.10.2014

39 11695 | 15.03.2013 - Al 7.06 0.43 221 0.001336 | -0.03%2.19
18.03.2013

40 | 12348 | 17.05.2015 - Ul 7.09 0.32 2.25 0.001612 | 0.53+2.50
21.05.2015

41| 11757 | 29.05.2013 - U2 8.19 0.21 2.27 0.001761 |-0.10£2.22
01.06.2013

42| 12121 | 26.07.2014 - Bl 9.00 0.72 240 0.001719 | 0.26+2.94
29.07.2014

43| 11711 | 04.04.2013 - Al 9.52 1.29 2.35 0.001582 | 1.19+1.56
07.04.2013

441 11649 | 08.01.2013 - U2 11.20 0.29 2.59 0.001540 |-1.22+2.24
12.01.2013

45| 11087 | 13.07.2010 - B2 12.30 0.49 2.37 0.001796 | -0.34%2.27
17.07.2010

46 | 11621 | 29.11.2012 - Al 12.70 0.41 242 0.001570 |-1.00%1.61
02.12.2012

- mns yaunoisipHeix AO: Ul - onuHOYHBIE MATHA 0€3 3HAYMMBIX MAarHUTHBIX
00pa3oBaHUuii B OKpeCTHOCTU U U2 - MATHA ¢ MEJIKMMU TMSITHAMU/TIOpaMy pa3HOM
MOJSIPHOCTU, CKOHLIEHTPUPOBAHHBIMU Ha TPaHULIAX CYNEPrPaHyJISIIUOHHON SYeiiKu
WJIN PaCcCEeSHHBIMU BOKPYT OCHOBHOTO MSITHA.

- s ounosipHbiX AO, MOMUMHSIONIMXCS OCHOBHBIM 3aKOHAM IJI00aJbHOIO
auHamo ("'peryisipHbie oomactu"): Al - peryjsipHble OUMoNu 6e3 AebTa-CTPYKTYP
u A2 - peryasipHble OUNOJIM, coAepXallude Majble (M0 CPaBHEHUIO C JIMAEPOM)
JIeTbTa-CTPYKTYPHL.

- st obyacTeil, HapyllIalOLIMX OCHOBHBIC 3aKOHbI IIOOAJBHOIO AWHAMO
("meperymsapabie AO"): Bl - HeperymsipHple OMITONIM C HapylIeHUEM XOTsS ObI
OOHOII 3aKOHOMEPHOCTU IoOajbHOTrO AuHamo, B2 - obnactu, cocrosiiue u3
HECKOJIbKMX COHAIlpaBJICHHBIX OUMoOJiell, a TakxXe 00JacTh ¢ AOMUHUPYIOLIEi
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neabTa-cTpyKTypoir U B3 - MHoromossipHble AO, cocTosiiie M3 HECKOJbKUX
NPpUOIU3UTENIBHO PABHOLICHHBIX TSATEH 00€UX MOJSPHOCTEH, pacrooXXeHHbIX
TIPOMN3BOJILHO.

B ananusupyemoil HamMu BBIOOPKE, KaK BTO CjledyeT U3 AaHHBIX TaOJMUIIbI,
npeAcTaBieHbl npeuMyinectBeHHo moaTumel Ul (14 AO, wim 30% ot o6iero
yycia uccneayemeix obiacreit), U2 (13 AO, wiu 28%) u Al (14 AO, unu 30%).

Hanee B Tabis.1 yKazaHbl: B [SATOM CTOJIOLIE - CKOPOCTb 3aTyXaHUsI MarHUTHOTO
noToKa Haubosee passurtoro msatHa B AO (B exmHuuax 10" Mkcu™), B mectom
- MaKCHMaJbHOe 3HaueHHMe MArHUTHOTO MOTOKa MeATHa (B eauHuuax 10”2 Mxc).
JaHHbIEe MSATOTO U 1LIECTOTO CTOJIOLA ObLIM BIYMCIEHBI paHee U MpencTaBieHbl B
paborax [43-45]. B cempbMoMm cTonOue TaOAMIBI yKa3aHbl 3HAYEHUs CpemgHel
0e33HaKOBO IIOTHOCTH BEPTUKAIBHOTO 3JIEKTPUYECKOTO TOKa (B eIMHMIIAX
10° Am?), B BOoCcbMOM CcTOJOLIE - CpemHee 3HAYeHUe KBaapaTa ILIOTHOCTU
TOPU3OHTAJILHOTO 2JIEKTPUYECKOro TOKa B KOJIbIIEBON CTPYKType BOKPYT ISITHA (B
ennHunax 10° A’M™*), B 1eBATOM - 3HayeHHe BEIMYMHBI KPYITHOMACIITAGHOTO
seKTpruecKkoro Toka B AO ¢ ykasaHueM omm6oK (B exmHuuax 102A). Oumoku
BEJIMYMHBI KPYITHOMACIITAOHOIO TOKa ObUTU OIpenesieHbl METOIOM HauMEHbBIIIUX
KBaJIpaToB.

st mapaMeTpoB, MpencTaBlIeHHbIX B CTOJIOLAX 7-9, yKa3aHbl yCpeTHEHHBIE 3a
BpeMsl Haiero MoHutTopuHra AO (4-6 cyToK) 3HaYeHUS (YyCpeaHEHUE 110 BpeMEeHU
B Tabs.1 u ganee B TeKCTe 0003HAYEHO FOPU3OHTAIBHOI UyepToil cBepxy). Ctonbelr
5 orobpaxkaeT JaHHbIe 00 YCPENHEHHOWM CKOPOCTU 3aTyXaHMsI MATHUTHOTO MOTOKa
MSITHA 32 ONMH U3 CJAEAYIOUIMX BPEMEHHbBIX WHTEPBAJIOB:

- BpeMs MeXIy MaKCHUMaJbHBIM pa3BUTHEM IISITHA (COOTBETCTBYET MaKCH-
MaJIbHOMY MarHUTHOMY ITOTOKY) U TOJIHBIM €0 pacrajioMm;

- BpeMsl MeXIly MaKCUMaJbHbIM Pa3BUTHEM IISITHA M €ro MCUE3HOBEHUEM Ha
3aI1afHOM JIMMOe;

- BpeMsl MeXIy TOsIBJIEHVMEM IISITHa Ha BOCTOYHOM JIMMOE U €ro MOJHbIM
pacriaaoM;

- BpeMsI MEXIy TTOSBJICHUEM TISITHA Ha BOCTOYHOM JIMMOE W €TO MCUYe3HOBEHUEM
Ha 3arnagHoM JIuMOe (IaHHbI BPeMEHHON MHTEPBal COOTBETCTBYET CydyasiM HU3KON
CKOPOCTH 3aTyXxaHUsl MAarHUTHOTO TTOTOKA).

ITo naHHBIM, NpencTaBIeHHbIM B TabJ1. 1, ObLIM MOCTPOEHbI rpaKy 3aBUCMOCTH
MeXXy MapaMeTpaMu 3JIeKTPUYECKOIo TOKa U CKOPOCThIO 3aTyXaHUsI MAarHUTHOTO
MOTOKa B TsITHE. [ToydeHHble pe3ysIbTaThl MPEACTaBIeHbl B MTOCAEAYIOIIMX MyHKTAX.

4.2. 3aeucumocmv mexncdy cpeoHeul 0e33HAKOB0U NAOMHOCMbIO
8ePMUKAAbHO20 5AeKMPUHECK020 MOKA U CKOPOCMbI 3aMYXAHUSA
MAHUMHO20 NOMOKA 6 namue. I'paduk 3aBUCUMOCTU MEXIY YCPEIHEHHOM
I1I0 BPEMCHU BEJIUYMHOM cpez[Heﬁ 0e33HaKOBOI IUIOTHOCTU BEPTUKAJIBHOTO
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3JIEKTPUYECKOro Toka B AO M CKOPOCTBIO 3aTyXaHWs MarHUTHOTO MOTOKA IISITHA
TIpeACTaBIeH Ha puc.3.

T T T T T T

- C | 1@ Ul-type ARs
é r Ef;§6+0 y s | 10 U2-type ARs
= nF T L | @ A-type ARs
é - ° {8 B-type ARs
® . & l . q)max’ 1022MX
= - p
T 8fF o | ]
g °f - | ] , 1.29
e - = ) 1.00
a 0.75
54 '
§_ 0.50
Lx) 0.25

0 i‘ 1 / o O 1 L 1 | 1 -i . 0.16

1.6 2.0 2.4 2.8

(i]), 10° A m?

Puc.3. I'paduk 3aBMCHMOCTH MEXIY YCPEAHEHHOM I10 BDEMEHHU CPENHEN G€33HAKOBOM IUIOTHOCTHIO
BEPTUKAJILHOIO 3JIEKTPUUYECKOro Toka B AO < | Jj.|> M CKOPOCTBIO 3aTyXaHHsI MArHUTHOTO TIOTOKaA
narHa (decay rate). Jlerenma cnpaBa. BenauumHa KpyXKOUKOB MpOMNOPLIMOHATbHA MaKCUMaJIbHOMY
3HAUEHMIO MarHUTHOTO MOTOKA MsATHA. BepTUKAIbHBIM MyHKTUPOM OTMEUEHO KPUTHUUYECKOE 3HAYEHUE
BeJIMUMHBL < | j |>, OOHAapYy)KCHHOC HaMM paHee (bonee nmetaqbHO CM. TEKCT).

Kak crnenyer u3 rpaduka, HeCMOTpsSl Ha OOJIBILION pa3dpOC AAaHHBIX, BCE Ke
HabJromaeTcs cieaytolasl TCHACHLMS: YeM BhIllIe CKOPOCTh 3aTyXaHUsI MAarHUTHOTO
MOTOKA IISITHA, TEM BBILLIE BEJIMYMHA CpeIHEl 6e33HAKOBOM IIOTHOCTY BEPTUKAIBLHOTO
ToKa. OIHAKO HeJIb3sl OMHO3HAYHO TOBOPUThH O TOM, UTO JIOKAJIbHbIC BEPTUKAIBHbBIC
BJIEKTPUUYECKUE TOKM OKa3bIBAIOT JAeCTaOWMJIM3UPYIOlllee BO3IEHCTBUE Ha MSTHO.
BeposiTHO, OoJiee BbICOKME 3HAUeHUsI cpedHell 0e33HaKOBOI IJIOTHOCTU BEPTH-
KaJIbHOTO TOKa B 00JIACTSAX C BBICOKOI CKOPOCTBIO 3aTyXaHMSI MATHUTHOTO MOTOKa
00YCJIOBJIEHbI HAIMYUEM OOJIBLIOTO KOJUUECTBA ABVKYILIMXCS MEJIKOMACIITAOHbIX
MArHUTHBIX 3JIEMEHTOB, KOTOPbIE YHOCIT 3HAYUTEILHYIO YaCTh MATHUTHOTO TTOTOKA
MSITHAa, Kak 3To clieayeT u3 pabdot [28,29].

CrnenyeT Takxke OTMETUTb, YTO BCEe TOUYKM Ha rpaduke puc.3 jexar JieBee
BEPTUKAJILHOTO ITyHKTHUPA, 0003HAYAIOIIETO KPUTHYECKOE 3HAYECHUE BEIWYMHBI
cpenHeil 6e33HAKOBOI TTIOTHOCTH BEPTUKAIBHOTO TOKa B 2.7 MA M2, HEOOXOOMMOe
IS MOIIHBIX BCITBIIEK, oNpeaeaeHHoe B padote [54]. BipoueM, maHHOe HaOmoneHme
He TIPOTUBOPEUUT IIOJYYEHHBIM paHee pe3ysbTaTaM: 00JacTh Ha (UHAJTBHBIX
CTaAMSIX CBOEH BBOJIIOLIMM O0JIANAIOT HEJOCTATOYHBIM 3arlacoOM CBOOOIHOM MarHUTHOMR
SHEPIrMU U HE CHOCOOHBI BOCIPOM3BECTU CKOJb-TUOO MOIIHBIC BCIbILLIEUHbIE
COOBITHSL.



410 10.A.®OYPCAK, A ATIVIOTHUKOB

4.3. 3asucumocmsv mexncdy 6eAUUYUHOU KPYNHOMACUMAOHO20
9AeKmpuUYecKkoc0 MmMoOKAa U CKOPOCMbI 3AMYXAHUA MACHUMHO20
nomoka 6 namue. Ha puc.4 npeacrtapieHbl IpUMeEPbl BPEMEHHbBIX Bapualluii
BEJIMYMHBI KPYITHOMACIITAOHOTO 3JIEKTPUYECKOro TOKa /ISl IBYX O0JIacTell aHAIM3U-
pyeMoii BBIOOPKM 3a BpeMsi MX MOHUTOpUHra. Kak BUAHO M3 MpeacTaBICHHBIX
rpayKoOB, BeJIMUYMHA KPYITHOMACILITaOHOTO TOKA CPpaBHUTEIbHO HeOobIIas (Topsiaka
10" A) 1 MeHsieTcsl Ha NPOTSKEHUM BCEro BpeMEHM MOHUTOPMHIA O6J1aCTH He3HAuM-
TeJbHO, YTO HAXOJAUTCS B MOJHOM COOTBETCTBMHU C paHee MOJYYEHHBIMM HaMU

40
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Puc.4. Jlunamuka BeIMYMHBI KPYITHOMACIIITAOHOTO 3JIEKTPUUYECKOro TokKa IIst obmacteii NOAA
11340 (a) u 12255 (b) aHanM3Mpyemoil BHIOOPKM 3a BpeMsi MX MOHUTOpMHIa. MOXHO OTMETUTh
CPaBHUTEJIbHO HU3KWE 3HAUEHHUs BEJMYMHBI KPyMHOMAcIITaGHOTO ToKa (ropsiaka 102 A) u Manyio
aMIUIUTYy M3MEHEHUI JaHHOro MmapaMeTpa BO BpeMEeHU. ['OpU3OHTAIbHBIM MYHKTHPOM OTMEYEH
HYJIEBOI YpOBEHb BEJMYMHBI KPYMHOMACIUTAOHOTO TOKA.



TOKOBBIE CUCTEMbI B AKTUBHBIX OBJIACTAX 411

pe3ynbTatamu [48].

3aBUCHMOCTb MEXIY BETMYMHAMM KPYITHOMACIITaOHOIO JIEKTPUYECKOTO TOKa
M CKOPOCTBIO 3aTyXaHUsl MATHUTHOTO TOTOKA TpeJcTaBieHa Ha puc.5 u puc.6. U3
rpaduka Ha puc.5 BUAHO, YTO B MOJABIISIOIIEM OOJIBIIMHCTBE CJY4aeB 3HAYCHUS
BEJIMUMHBI KpyMTHOMacIITabHOro Toka nopsiaka 10'2 A (Mck/Ilo4eHre CocTaBlsieT
TONBKO OIHA 0GNMACTb, M KOTopoit [, >10" A; Takke MOXHO OTMETUTD JIBe
AO, 11s1 KOTOPBIX (C Y4ETOM OINUOOK) |I aisir| 107 A). OwmmbKa onpenesneHus
BEJIMYMHBI KPYITHOMACIUTAOHOTO 3JIEKTPUYECKOTO TOKA, KaK YK€ ObUIO OTMEYEHO,
BBIYMCIISIACh METOAOM HavMMEHbLIMX KBaipaToB. bapbl olIMOOK OTMeuYeHBbl Ha
PUCYHKaX.
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Puc.5. 3aBucMMOCTb MeXIy YCpPEIHEHHOW 3a BpeMsl MOHUTOPMHIAa OO0JACTH BEJIMYMHOMN
KPYITHOMACIUTAOHOTO 3JIEKTPUYECKOTO TOKa [, ~ M CKOPOCTBIO 3aTyXaHUs MarHMTHOTO IOTOKa B
maTHe must AO aHammsupyemoili BeIOOpku. OOO3HaYeHUs Te Xe, YTO M Ha pwuc.3. BepTukaibHBIM
MyHKTUPOM OTMEYEHO HYJIeBO€ 3HAUeHME BEJIMYMHBI KPYIMHOMACLITAOHOrO TOKAa.

Jlanee Oblia Mpom3BeneHa (PUILTPALMS MOJYYEHHBIX JAHHBIX. HeHyaeBbIM
KpyMHOMACIITaOHbINA 3JIEKTPUYECKNI TOK CUUTANICS B TOM Clly4yae, eciu 6ap olmbok
He MepecekaeT HyJEeBYIO JIMHUIO (OTMEYeHa BEPTUKAJILHBIM MYHKTUPOM Ha PUC.5
1 6). O61acTH aHATM3UPYEMOI BIGOPKM TOJIBKO C HEHYJIEBBIM KPYITHOMACIITAGHBIM
MEKTPUYECKIM TOKOM MpeICTaRIeHbl Ha PUC.6. 3/1ech XOPOLIO BUIHO, YTO HEHYJIEBOI
KPYMHOMACIUTAOHbIA TOK XapakKTepeH il o0jacTeil ¢ OTHOCHUTENbHO HU3KOM
CKOPOCTBIO 3aTyXaHMsl MATHUTHOTO TTOTOKA MATHA (MPUOIN3UTEBHO 10 3HAYEHUIA
6-10" Mkcu', 3T0 3HaUeHUE OTMEYEHO TOPU3OHTAIBHBIM MYHKTUPOM Ha puc.6).
ITpy 5TOM HM OJHOTO CJIyyas HEHYJIEBOTO KPYITHOMACIITAGHOro TOKa ISl ob/1acTeit
C BBICOKOI CKOPOCTBIO 3aTyXaHWSl MATHUTHOTO MOTOKA OTMEYEHO He OblTo. Takum
06pa30M, MOXHO CIE/IaTh BBIBOJ O TOM, YTO KPYITHOMACIUTAOHBIH 3JIEKTPUUECKUit
TOK SBJISIETCSI ONHUM M3 MEXaHM3MOB CTAOWIM3ALMU COJHEYHBIX MATEH, OIHAKO
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Puc.6. 3aBMCMMOCTh MEXIY YCPEOHEHHOW 3a BpeMsh MOHHMTOPWMHIAa O0JacTH BEJIUYMHOM
KPYITHOMACLITAOHOIO 3JIeKTPUYECKOIro ToKa [, , M CKOPOCTBIO 3aTyXaHUsl MarHUTHOIO MOTOKa
IUTST 06JIacTe, B KOTOPBIX JaXKe C YJETOM OIIMOOK BBIMMCIICHMSI, KPYITHOMACIITAOHBIA TOK HEHYJIEBOM.
O6Go3HaueHUsT T€ Xe, YTO U Ha MPEIbIIyIIeM PUCYHKE.

He eMMHCTBEHHBIM, TTOCKOJIBKY BEJIMYMHA KPYITHOMACIITAOHOTO TOKa ObUTIa HEHYJICBOI
ToJbkO B 13 AO u3 35 (cM. gaHHble Tabj.1), WIS KOTOPBIX CKOPOCThb 3aTyXaHMsI
MarHUTHOIO TMOTOKA B TSATHE He MpeBbllIaeT 3HaueHue B 6-10" Mxcu™, uto
cocrapisieT 37% ciydaes.

Crenyer Takke 0OpaTUTh BHUMaHKWE Ha OTPUILIATEIbHBIC 3HAYCHUS BEIMUMHBI
KpPYITHOMACIITaOHOTO 2JIEKTPUYECKOT0 TOKa JUIS psifia o0JiacTeit MCCIenyeMoil BhIOOPKHU
(cM. puc.6). [JdeilcTBUTENbHO, B HEKOTOPBIX CIydasix ONpeae/IMTh Ipeobianaioliee
HampaBJIeHUE 3aKPYTKU BEKTOpa HEIMOTEHIIMATbHOW KOMITOHEHTBI ITOIIEPETHOTO
MarHuTHoro mosisi AO oka3bIBaeTCsl CIOXKHO, MOCKOJIbKY B OKPECTHOCTH MSITHA, C
OIHOI CTOPOHBI, 3aKpyTKa BekTopa B, MoXeT uMmeTb OfHO mnpeobiazarouiee
HarpaB/ieHUe, a C IPYroi CTOPOHbI - TPOTUBONOJIOXHOE (pucC.7). Tak, B OKPeCTHOCTH
HauOoJjee pa3BuToro msaTHa obomactu NOAA 12195 (puc.7a) B HanpaBJIieHUU CEBED,
ceBepo-3anal (BBepXy U clipaBa) JOMUHUPYET 3aKpyTKa BekTopa B, 1o yacoBoii
CTpeJIKe, B TO BpeMs KaK B I0KHOM M BOCTOYHOI YacTH MATHA (ClieBa U BHU3Y)
BeKkTOp B,, 3akpyuyeH mpoTUB yacoBoil cTpenku. HambGosee pa3Butoe MATHO B
obimactu NOAA 11836 (puc.7a) mmeeT OBa sapa OAHOM IOJSIPHOCTH, HO C
pa3InyHOM 3aKpyTKOoi BekTopa B,, . B mogoOHBIX cuTyalusix Mbl paccMaTpUBaeM
pa3BUTOE TMSITHO, B OKPECTHOCTH KOTOPOTO PACCUUTBIBACTCS BEIMUYMHA KPYITHO-
MacCIlITaOHOTO TOKa OCTaTKOM JIMAMPYIOILETO TSTHA KJIaCCUYECKOTO (PEryJisipHOTIO)
OuMIIOJISI, TOMUMHSIIOLLIETOCS OCHOBHBIM 3aKOHAM TIJI00aJIbHOIO IMHAMO (T.€. OCTaTKOM
ounonsipHoit oomactu tuna A nmo MMK AQO). CoriacHo mpaBuiy cerperauuu
3HaKa TOKOBOU CIUpaIbHOCTH [55-57], KpynmHOMacIITaOHbIN 2JIEKTPUUYECKUI TOK
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Puc.7. Ilpumepsr AO uccienyeMoii BBIOOPKM, B KOTOPBIX IPUCYTCTBYIOT KPYITHOMACIITAOHBIC
TOKM pa3HBbIX HalpaBlIeHWI, OOYCIaBIMBAIOLIMX MPOTUBOIOJIOXHYIO 3aKPYTKY BEKTOpa HEMOTEH-
LUUaIbHOI KOMIIOHEHThI MONEPEYHOro MarHutHoro nois B, . TIpomeMoHCTpupoBaHA CIOXHOCTbL
OmnpenesieHrs] TPaHUL KOHTypa [UIsl BBIYMCIEHUS] KPYIMHOMACIITAOHOIO 3JEKTPUYECKOro TOKa B
nonoOHbIX ciydyasix. OO03HAYeHUsI Te e, YTO U Ha puc.2.

B uaepe AO gokeH ObITh HampaBjieH BBEpX (T.€. MOJOXUTEIbHBIM MO 3HAKY)
BHE 3aBUCUMOCTHU OT TOJIYLIApUS, B KOTOPOM HAXOAUTCI UCcieayemMasl 00IacTb.
Takum o6pa3zoM, ob6JaacTU Ha (PUHAIBHBIX CTAAUSIX SBOJIOLMU C OTPULIATEIbHBIM
KPYITHOMACIITAOHBIM 3JIEKTPUYECKUM TOKOM SIBJISIIOTCSI, BEPOSTHO, OCTATKAMU
obJacreii-HapyluTesei riaodaibHoro AuHaMo (obaacty rpynnsl B, cormacHo MMK
AQ). JaHHBI BONPOC, OJHAKO, TpeOyeT AaTbHEHIINX UCCIeI0OBaAaHUNA.

5. Bbieodvl u obcyxucdenue. B xome BBHIMOJIHEHHOTO HCCIEIOBAaHUSI Ha
BEIOOpKe M3 46 AO 24-ro UMKJIA COJTHEYHOW aKTMBHOCTH, HAXOISIIMXCS Ha
MO3IHUX CTAAMIX DBOJIOLMM, HAMM IIOATBEPKAEHBI M MOIOJHEHBI MOJyYeHHBIE
paHee [37] Ha 3HAYUTENIBHO MEHbBIIEM CTATUCTUYECKOM MaTepuajie BBIBOIBI, a
MMEHHO:

1) BoisiBneHa npsiMasi 3aBUCMMOCTb MEXIY BEJIMUUHON CpeaHeil 6e33HaKOBOM
TIOTHOCTH JIOKAJTBHBIX BEPTUKATHHBIX JIEKTPUYECKIX TOKOB M CKOPOCTHIO 3aTyXaHUS
MarHUTHOTO IOTOKA B IIATHE ¢ KoddhduiueHToM Koppeiasauuu k= 0.56. Boiee
BBICOKHME 3HAUYEHMS CpedHeil 6e33HAKOBOM IJIOTHOCTA BEPTUKAIBHOIO TOKA MOTYT
yKa3bIBaTh Ha HAJIM4YMe OOJBIIOrO KOJTMYECTBA IBIKYIIMXCI MATHUTHBIX 3JIEMEHTOB
B OKPECTHOCTU COJIHEYHOTO MSITHA, YHOCSIIUX ¢ COOO 3HAUUTENIbHYIO YacTh €ro
MAarHUTHOTO IOTOKA U ONpeAe/isiolnX 6ojiee BBICOKME TEMIIBl €TI0 pa3pylIeHUsI.

2) HeHyneBoit KpyITHOMACIITAOHBINA 3IEKTPUYECKUIA TOK OOHApYKEH TOIHKO B
00J1aCTSX ¢ OTHOCUTEILHO HU3KOM CKOPOCTBIO 3aTyXaHWs MAarHUTHOTO IMOTOKA B
MTHe (He MpeBbllalomuX 3HaueHne 6-10"° Mxcu'). Takum o6pa3oM, KpyITHO-
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MAaCILUTaOHBIN JIEKTPUUECKUI TOK MOXKET OKa3bIBaTh CTAOMIM3MPYIOLLEE BO3ICHCTRBIE
Ha ISITHO, HE SIBJISIICh, OMHAKO, €MMHCTBEHHBIM MEXaHU3MOM CTaOWJIM3ALIMU TISTEH,
ITOCKOJIbKY TOJIbKO Mt 37% AQO aHaIM3MpyeMoil BbIOOPKH, ISl KOTOPBIX CKOPOCTh
3aTyXaHMsl MArHUTHOTO TOTOKA B MsATHe HUxe 6-10"° Mkcu™', ero BesmumHa, ¢
YYETOM OIIMOOK BBIYUCIEHUS, SIBISIETCS OTIMYHON OT HYJS.

CnemyeT Takke 00paTiTh BHUMaHUE Ha 3aBUCHMOCTb MEXIy CpeIHel BeIMUMHON
KBaj[pata IUIOTHOCTU TOPU3OHTAIBHOIO 2IEKTPUUYECKOTO TOKA B KOJIBLIEBOM CTPYKTYpe
BOKPYT MATHA (CM. puc.lc), paccuuTaHHOM coriacHo (opmyie (6) U CKOPOCThIO
3aTyXaHWS MAarHUTHOIO IIOTOKAa B IISITHE puc.8). MoOXHO YBUIETH HEKOTOPOE
nogaobue rpacduKoB, MPEACTaBIEHHbIX Ha puc.3 U puc.8. OgHaKO MpoIECChl U
SIBJICHUS, JIeXKallllie B OCHOBE IMOJYYEHHBIX Ha 3TUX IBYX rpadukax pe3yJbTaToB,
CYILIECTBEHHO paziuyatorcs. B ciydae, mpoaeMOHCTpMPOBaHHOM Ha puc.3, obiias
TEHIEHIMSI POCTa BEJIMUMHBI CpelHeil 06e33HAKOBOM MJIOTHOCTH BEPTUMKAIbHOTO
9JIEKTPUYECKOrO TOKa MO Mepe HapacTaHWsl CKOPOCTM 3aTyxaHUs MarHUTHOTO
MOTOKa B TMSITHE OOYyC/IOBJI€HAa TEM, UYTO B OOJIACTSIX C BBICOKOW CKOPOCTHIO
3aTyxaHUsI MArHUTHOT'O MOTOKA MPUCYTCTBYET OOJIbIIOE KOJMUYECTBO JBVKYILIMXCS
MarHUTHBIX 3JieMeHTOB. MHas cuTyalusi ¢ TOpU30HTATbHBIMU DJEKTPUUECKUMU
TOKaMM B KOJIbLIEBBIX CTPYKTYypaX BOKPYT ISTEH. 3[€Ch MOMEPEYHbI TOK MOXHO
TMPENICTABUTH KaK CYMMY IBYX CIIAraeMbIX: j, = j,y,+ jip . [IepBblii KOMITOHEHT
(Jiv p) pPe3yJbTUPYIOIIETO KOJbLIEBOIO TOPU30OHTAJIBLHOTO TOKa OOYCJIOBJIEH
IrpaleHTOM JABJI€HUS B OKPECTHOCTU aHAJIM3UPYeMOro TsaTHa [58], KoTophlii, B
CBOIO OYepe/lb, 3aBUCUT KaK OT HANPSKEHHOCTH MarHUTHOTO MOJisS B MSITHE, Tak
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aHaIM3UpyeMoil BeIOOpPKM. OOGO3HAYEHMSI Te€ XK€, YTO M Ha puc.3.
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1, BEPOSITHO, OT MHBIX MapaMeTpoB, TaKUX Kak (opma MsATHA, ero (pusmyeckue
pasmepsl U T.0. B pe3ynbrare MI0THOCTh MATHUTHOTO MOTOKA HEOOJBIIUX IMSITEH
MOXET OBbITb COIOCTaBMMA, a TO W OOJIbllIe COOTBETCTBYIOIIEH BEJUUYMHbBI IS
KpynHbIX MaTeH. CleaoBaTe/ibHO, BEJTMYMHA KOJIbLIEBOTO TOPU30HTAIBHOIO TOKA B
MEJIKUX IMSITHAX TakXke MOXET ObITh BbIIIE, YeM B KPYMHBIX MITHAX. DTO MOXHO
YBUZETb, €CJIM CPABHUTh PE3YJIbTaThl, MPEACTaBI€HHbIE B BOCBbMOM CTOJIOLE Tab1.1
C pe3y/ibTaTaMu, MOJYyYeHHBIMU HaMU B pabote [46]: 11T HEOOIBIINX KOPOTKO-
KMBYIIMX TISITEH/MOP BeJMYMHA KOJBLEBOro TOKa OKa3ajgach MOYTH B JIBa pasa
BblllIe, YeM ISl KPYIHBIX MSATEH aHAJIU3UPyeMoOi 31eCh BBIOOPKU. MOXHO
MPEIONOXNTh, YTO 3HAYMTEIbHBIN pa30poC JaHHBIX Ha rpaduKe, MpeacTaBICHHOM
Ha puc.8, MOXeT ObITh B HEKOTOPOIA CTENEHHU CBSI3aH UMEHHO C Pa3HOM TUIOTHOCTBIO
WX MarHUTHOro notoka. Bropoe ciaaraemoe ( j, ) - UHAYKLIMOHHBIIA TOK, OMUCHI-
BaeMbIii 3akoHOM PDapazesi, BO3HUKAIOIIUI B CIydyae M3MEHEHUN B BEIMYMHE
MarHUTHOTO MOTOKa MSITHA M MPEeMsITCTBYIONIMI 3TUM H3MEHeHMsIM. Bropas
KOMITOHEeHTa OymeT TeM OOoJbllle, YyeM OBICTpee HapacTaeT/cramaeT MarHUTHBIN
MOTOK B TMSITHE, YTO B HalIEM CJyyae COOTBETCTBYET OOJIACTSM C BBICOKOM
CKOPOCTBIO 3aTyXaHWSI MAarHUTHOTO MOTOKa.

Cnenyer 3aMeTUTb, UTO 00a cjlaraeMblX pe3YJbTUPYIOILIETO KOJbLIEBOTO
TOPU30HTAJIBHOIO JJIEKTPUYECKOTO TOKa SBISIOTCS (YHKUIMEH OT BpPEMEHHBIX
M3MEHEHUII MarHUTHOTO TOTOKA TSITHA, Y Pa3deuTh UX BCIEACTBUE 3TOrO KpaitHe
CJI0XXHO. JIaHHBINM BOIMpOC TpedyeT majbHeullnx, 0ojiee IeTalbHbIX UCCIEI0BAHUMA.

ABTOpbI cTaTbu OsiaromapHbl coTpyaiHukaM KpAO PAH wu komjneram no
nuccaenonBatenbckoit rpynme B.M.Abopamenko 1 A.B.2KykoBoii 3a TipeocTaBieHue
naHHbIX katajora MMK AO u 3a o0cyXaeHue MOJydeHHbBIX pe3ybTaToB. Takxke
aBTOPHI MPU3HATEILHBI PELICH3EHTY 3a MHTEPEC K CTaThe U IMOJIe3HbIC 3aMeUaHus.
PaGora BeImosHeHa npu noxgep:xkke rpaHTomM PH®D Nel18-12-00131.

Kpbimckas actpodusuueckasi obcepBatopusi PAH, Pecriy6iuka KpbiM,
Poccust, e-mail: yuriy_fursyak@mail.ru
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ELECTRIC CURRENT SYSTEMS IN ACTIVE
REGIONS AT A LATE STAGE OF EVOLUTION AND
THEIR ROLE IN THE PROCESSES OF
STABILIZATION/DESTABILIZATION OF SUNSPOTS

Yu.A.FURSYAK, A A PLOTNIKOV

We used the data of Helioseismic and Magnetic Imager (HMI) instrument
onboard the Solar Dynamics Observatory (SDO) on the components of the
magnetic field vector in the solar photosphere for 46 active regions (AR) of 24th
solar activity cycle that are at the final stage of evolution to calculate, the values
of horizontal, vertical and large-scale electric currents. In each case, the dynamics
of the parameters of the electric current during the time of finding the region
within +£35° from the central meridian was studied. The parameters of the electric
current were compared with the decay rate of the magnetic flux in the sunspot.
We obtained the following results: 1) A direct relationship between the value of
the average unsigned density of local vertical electric currents and the decay rate
of magnetic flux in the sunspot with a correlation coefficient k=0.56 has been
revealed. 2) A non-zero large-scale electric current is detected only in ARs with
a relatively low decay rate of the magnetic flux in the sunspot (not exceeding the
value of 6.0-10" Mxh™). Thus, a large-scale electric current can have a stabilizing
effect on the sunspot, but it is not, however, the only mechanism for stabilizing
sunspots, since only for 37% of the analyzed ARs, for which the decay rate of
the magnetic flux in the sunspot is below 6.0-10'"° Mxh™, its value, taking into
account calculation errors, differs from zero. 3) Statistical analysis also indicates
the stabilization of sunspots by the induction component of the annular horizontal
electric current described by Faraday's law and caused by a change in the magnetic
flux of the sunspot over time. The correlation coefficient k=0.42 between the
average value of the square of the horizontal electric current density in the annular
structure around the sunspot and the decay rate of the magnetic flux was found.

Keywords: Sun: active regions: magnetic field: electric currents
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In this paper, a broad examination of the N-S asymmetry of daily sunspot numbers during
the period January 1992 to March 2020 has been performed, examining its statistical significance
and looking for the short term periodicity of daily sunspot numbers using the Fast Fourier
Transform (FFT) during solar cycle 22 (1 January 1986 to 27 August 1996), cycle 23 (28 August
1996 to 10 December 2008) and cycle 24 (11 December 2008 to 31 March 2020). The present
study indicates that sunspot number activity dominates in the southern hemisphere during the solar
cycles 22 and 23, while during the solar cycle 24, the sunspot number becomes dominant in the
northern hemisphere. It is also revealed that the magnitude of sunspot number activity for solar
cycle 23 is more prominent in both the northern and southern hemispheres than in solar cycles 22
and 24. The power spectrum of daily sunspot numbers shows several significant periodicities in a
wide range between 26 days and 83 days. We discuss the possible explanations of the observed
periodicities and north-south asymmetry of the daily sunspot number in light of previous results
and existing techniques.
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1. Introduction. The non-uniform distribution of solar activity over the
northern and southern hemispheres of the Sun, which is apparent in long-term
observations, is attributed to N-S asymmetry.

The north-south asymmetry is one of the significant characteristics of solar
activity. Thus N-S asymmetry is an intensively studied phenomenon. Many solar
activity indices are investigated over a period of time to know the proper behavior
of N-S asymmetry. Some of the essential features considered have been: the
sunspot number and sunspot area [1-13], the solar flares and flare index [14-18],
and the solar active prominences [19,20].

The most important aspect before analyzing the action of N-S asymmetry is
to determine the statistical significance of N-S asymmetry of the time series data
under consideration. The best way of evaluating the statistical significance of north-
south asymmetry (SSNSA) is binomial distribution [6,8,13,21-24]. However,
Vizoso and Ballester [1], Carbonell et al. [2], and Carbonell et al. [8] have utilized
excess test to acquire the SSNSA of sunspot area.

Visoco and Ballester [1] examined the N-S asymmetry of the sunspot area
from 1874 to 1976, concluding that it is a real phenomenon rather than random
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fluctuations, and the statistical significance and statistical independence of the
sunspot area to other asymmetry signals. Carbonell et al. [8] used various statistical
methods to determine the statistical significance of N-S asymmetry in various solar
activity time series data (SN, SA, SAP, X-ray flares, flare index and magnetic
flux density). They discovered that there is a real and significant asymmetry
between the hemispheres.

Temmer et al. [7] identified significant N-S asymmetry using a data catalog
of hemisphere sunspot numbers spanning the entire six solar cycles (1945-2004).
They examined the hemispheric asymmetry in the context of rotational behaviors
in the northern and southern hemispheres and presumed that the magnetic field
systems in the two hemispheres are weakly coupled. Ahluwalia and Ygbuhay [12]
analyzed the hemisphere SSNs throughout five solar cycles (19-23) and discovered
that SH becomes increasingly active during solar cycles 22 and 23.

Periodic fluctuations in sunspot activity indices can last from a few days to
several years; the best-known oscillations are the 27-day (short term) and 11-year
(long term). The modulation of solar activity features caused by solar rotation and
solar magnetic activity is responsible for these periods. Various investigations have
been performed to examine the presence of intermediate or mid-range periodicities
in different characteristics of the active Sun that lie between 27 days and 11 years
[25-29]. A significant area of research is the quest for the other feasible midrange
periodicities in solar activity indicators, as any periodicity detection may provide
some insight into understanding the dynamics of solar plasma.

Many authors have additionally searched for midrange periodicities during solar
cycle 19-23 and observed various variations, such as 78, 84, 127, 83, 64, 129,
230, 295, 330, 392 days in different phases of different solar cycles with different
solar parameters [30-32]. A systematic analysis of the N-S asymmetry of daily
SN during the period 1992-2020 in the current study examines its statistical
significance and searches for short-term and midrange periodicities using the Fast
Fourier Technique. The periodic variation of the daily SN for the entire disk of
the Sun is studied separately for solar cycles 22, 23 and 24.

2. Data and analysis.

2.1. The sunspot numbers. For the current study, we have used daily
sunspot numbers (SSNs) data for three consecutive solar cycles 22, 23 and 24.
The data for the period of 01 January 1986 to 31 March 2020 has been
downloaded from http://www.sidc.be/silso/datafiles.

During this period, 1799 days are spotless, which is discarded from the study.
Therefore, the study contains 8519 data points. The temporal evolution of daily
SSNs during solar cycles 22, 23, and 24 is plotted in Fig.1. In this figure, variation
of solar activity during three solar cycles is clearly shown by the solid smoothed
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spline curve, which corresponds to a 91-days running average value of SSN. The
plot shows that during cycles 22 to 24 level of activity reduces (cf., dashed straight
trend line which corresponds to the fit of the first-order polynomial). The plot
further clearly indicates that Gnevyshev-Ohl (G-O) rule was violated for the pair
of cycles 22/23. The G-O rule states that the sum of sunspot numbers over an
odd cycle exceeds that of the preceding even cycle [33]. With the exception of
the pair of cycles 4/5, this relationship held until cycle 21 [28]. The evolution
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Fig.1. Variation of total SSNs for the daily time series during 1992 to 2020. The solid line
shows the smoothed curve of activity. Whereas the dashed trend line shows the nature of activity
during three cycles.
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Fig.2. Evolution of northern and southern hemispheric SSNs during solar cycles 22, 23 and
24. The smoothed curve in each hemisphere indicates a 91-days running average of activity.
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of SSNs in the northern and the southern hemispheres during solar cycles 22,
23, and 24 is presented in Fig.2.

Fig.2 shows periodic variation in hemispheric sunspots. This behavior is
similar to Fig.1. The northern and the southern hemispheres plots of SSNs clearly
indicate the existence of hemispherical asymmetry in the occurrence of sunspots.

2.2. Scrutiny of asymmetry time series. A prominent index of different
solar activity features is SSN and these solar activity features are not symmetrically
distributed in the northern and southern hemispheres. To perform the statistical analysis
of SSNs, we have calculated the N-S asymmetry index for SSNs, defined as
SSN =SS
SSN, + SS; (1)
where SSN, and SSN( stand for the daily SSN in the northern and southern
solar hemispheres, respectively. Thus, if ASY., >0, activity in the northern
hemisphere dominates, and if ASY,,, <0, the reverse is true. The above expression
gives us an asymmetry time series composed of 8519 values as spotless days were
excluded from our study. The total SSNs, the hemispheric SSNs, N-S asymmetry
index, and the dominant hemisphere for the solar cycles 22, 23 and 24 are
presented in Table 1.

In Fig.3, the plot of the daily asymmetry time series is presented. To show
the reality of the variations of asymmetry time series, we have fitted a straight
line to the daily values of ASY,, for each cycle separately.

To evaluate the statistical significance of our data, two statistical tests (viz.,
Binomial distribution & Excess) are applied for the daily asymmetry time series

ASYsoy =

Table 1

TOTAL NUMBER OF SSNs IN THE WHOLE DISK, IN THE NORTHERN
AND SOUTHERN HEMISPHERE, ASYMMETRY INDEX, DOMINANAT
HEMISPHERE, AND CORRESPONDING PERCENTAGE VALUES

Solar cycles Sunspot numbers (SSNs) Asymmetry | Dominant
NH (%) SH (%) Total Hemisphere

Solar cycle 22 46333 58512 104845 -0.116 SH
(01/01/1992- (44.19) (55.81)

27/08/1996)
Solar cycle 23 173849 197576 371425 -0.064 SH
(28/08,/1997- (46.81) (53.19)

10/12/2008)
Solar cycle 24 103855 95233 199088 0.043 NH
(11/12/2008- (52.16) (47.83)

31/03/2020)
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Fig.3. The plot of the daily values of asymmetry time series during solar cycles 22, 23 and
24. The straight line corresponds to the fit of the first-order polynomial.

data of SSNs. The obtained results are shown in Table 2, and applied statistical

tests are described as follows:
1. Binomial distribution: The binomial formula [34] can be utilized to
compute the probability of getting any specific distribution of n objects into two

Table 2
ASYMMETRY TIME SERIES ANALYSIS OF THE NUMBER OF DATA

POINTE AND THEIR PERCENTAGE ACCORDING TO BINOMIAL
DISTRIBUTION AND EXCESS METHODS

Methods

Highly
significant

Significant

Marginally
significant

Insignificant

Excess

Binomial distribution

5898 (69.23%)
5496 (64.51%)

616 (7.23%)
697 (8.18%)

377 (4.43%)
637 (7.48%)

1628 (19.11%)
1689 (19.83%)

classes, when the considered time series data are integers. The two classes
correspond to the north and south hemispheres, so the binomial formula is

P@):#rﬁpru —p),

where n is the number of objects in both the classes and the probability P(r) of
getting r objects in class one and (n-r) objects in other classes. The probability
of getting more than 4 objects in class one is given by

P(>d)= éP(k).
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In general, when P(Z d )> 10% , implies a statistically insignificant result, when
5% < P(Z d)< 10% , it is marginally significant, when 1% < P(Z d)< 5% , it means
a statistically significant result and when P(Z d )< 1%, a highly significant result.
Here, n is the total SSNs, referred to the northern hemispheric SSNs and
imposing p equal to 0.5, outcomes show that, for daily asymmetry, P(Z d)< 1%
in 5898 cases, 1% < P(>d)<5% in 616 cases, 5% < P(>d)<10% in 377 cases
and P(Z d )> 10% in 1628 cases, indicating that 81% of the cases, the asymmetry
of daily SSNs has been statistically significant during solar cycle 22 to 24.

2. Excess: The excess [35], which is an approximation to compute P(z d)
to be proportional to the uncertainty, is measured as d (n/2)_1/ 2, where d is the
positive difference of SSNs between the two hemispheres and # is the total SSNs
corresponding to both hemispheres. In general, when Excess <2 it implies
P(z d)> 10% , 2 < Excess < 3 implies 5% < P(Z d)< 10% , 3 < Excess <4 implies
1% < P(>d)<5% and 4 < Excess implies P(>d)<1%. So, for Excess approxi-
mation, we found that 5496 cases are highly significant, 697 cases are significant,
637 cases are marginally significant, and 1689 cases are insignificant in all 8519
cases. This indicates that 80% of the cases, the asymmetry of daily SSNs has
been statistically significant during solar cycles 22-24.

2.3. Power spectra of asymmetry time series. To perform power
spectral analysis, we have split the data into three parts corresponding to the period
of solar cycle 22 (01 January 1986 to 27 August 1996), cycle 23 (28 August 1996
to 10 December 2008), and cycle 24 (11 December 2008 to 31 March 2020).
For periodic analysis of these data sets, FFT is applied separately for solar cycles
22, 23, and 24. The data sets are analyzed for the period interval of 25-100 days.
The power spectra is shown for the solar cycle 22 (Fig.4a), solar cycle 23 (Fig.4b)
and solar cycle 24 (Fig.4c). These figures present three short-term periodicities
for all three cycles. The periodic fluctuations between power and frequency of daily
SSNs have been studied using Fast Fourier Transform (FFT).

3. Discussions and conclusion. In this paper, the daily time series data
of sunspot numbers and hemispheric sunspot numbers are used to analyze the
asymmetric behavior, and short-term periodicity during solar cycles 22, 23, and
24. To analyze the N-S asymmetry of SSNs, the daily N-S asymmetry index
is calculated using equation (1), and then the mean value of the asymmetry index
is computed. The mean values of the asymmetry index for solar cycles 22, 23,
and 24 are -0.116, -0.064, and 0.043, respectively (Table 1). Based on these mean
asymmetry index values, we can conclude that during solar cycles 22 and 23, the
sunspot number activity is southern dominated, and during solar cycle 24, it is
northern hemisphere dominated. On the other hand, we have shown a plot of
the fitted straight line (Fig.3) for the variation of the daily N-S asymmetry index
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ASY, from 01 January 1992 to 31 March 2020. This indicates that daily Sunspot
number activity is found to be asymmetrically distributed in the northern and
southern hemispheres during solar cycles 22-24 [4,7,8,13,15]. The present study

also concluded that the magnitude of sunspot number activity for solar cycle 23
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Fig.4. Power spectra of daily sunspot number for a) solar cycle 22, b) solar cycle 23, c) solar
cycle 24.
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is larger in both the northern and southern hemispheres compared to the solar
cycles 22 and 24 (Fig.2).

The statistical significance of our data has been checked in two ways: The
first utilizing computing the actual probability of obtaining the observed results or
one having a larger difference due to chance, say P(Z d ) , which is based on the
binomial formula. The second is by means of the Excess, which measures the
significance of d in terms of the uncertainty. These two statistical tests indicate
that in more than 80% of the cases, the asymmetry of the daily SSNs has been
statistically significant from 1992 to 2020 (Table 2).

In this investigation, the short-term periodicities of daily sunspot numbers are
investigated for the total disk of the Sun during solar cycles 22, 23, and 24
separately. For the spectral analysis, the FFT is separately applied to the data sets.
The sunspot numbers display several significant periodicities between 26 and 83
days. The power spectra of daily sunspot numbers for the solar cycle 22 (Fig.4a)
represents a high power density of 26 days (peak 1), 28 days (peak 2), and 55
days (peak 3). It represents periodicities of daily sunspot numbers for solar cycle
22, and during this period, the sunspot number is highly dominated activity within
the period of 25 days to 100 days. It indicates that it is repeated within 25 days
to 100 days. Whereas for solar cycle 23 (Fig.4b) three significant periodicities of
28 days (peak 1), 37 days (peak 2), and 83 days (peak 3) are observed. Similarly,
three significant periodicities of 26 days (peak 1), 43 days (peak 2), and 55 days
(peak 3) are detected for solar cycle 24 (Fig.4c). The periodicity of 26 to 28 days
is more stable than other short-term periodicities in all solar cycles. A stable
27-day period with a variation of 21 to 35 days is detected for the daily sunspot
numbers covering solar cycles 12 to 23 [36]. A significant short-term period
fluctuation of 26 to 36 days is examined in daily sunspot number data for the
solar cycle 23 [37]. Joshi et al. [30] found a strong periodicity of 85 days in
SSN for solar cycle 23, although changes of length and amplitude in periodicity
are exhibited in other solar cycles. Apart from this prominent periodicity, our
study also shows other notable short-term periodicities in all data sets.

The above discussion shows that our findings are quite consistent with the
previous results of different solar activity indices reported by several researchers.
However, none of the researchers worked on the daily time series data of sunspot
numbers during solar cycles 22 to 24 separately. Our findings show that it is
difficult to provide an exact value or duration of each short-term periodicity due
to their time-variable characteristics. This may be the fundamental explanation for
why some authors have noticed variations in the indices of solar activity of
different periodic lengths at different time intervals. These phenomena demonstrate
that solar activity is very complex, and the solar periodicity issue is still open
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and needs to be studied deeply. For future work, it is essential to combine these
complicated phenomena with other indices of solar activity to analyze them.
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CEBEP-IOI' ACUMMETPUA N TNTEPUOANYHOCTD
CYTOYHOI'O YUCJIA COJIHEYHBIX ITATEH B
TEYEHUE COJIHEYHBIX HUKJIOB 22-24

M.YAHJPA', B.TTAHJIE?, M.U.MATIIAJI2, C.NNAHJE?

IIpoBeneHo uccaenoBaHue ceBep-I0r aCUMMETPUU CYTOYHOTO YKMC/Ia COTHEUHbIX
nareH B nepuoa c¢ sHBapsg 1992r. mo mapt 2020r., ¢ uLeablo U3yYeHUs ee
CTaTUCTUYECKOM 3HAYMMOCTH 1 TIOMCKA KPATKOCPOYHOM TEPHOANIHOCTH CYyTOYHOTO
YUCIa COJHEYHBIX MATEH C MCITONIb30BaHUEM OBICTPOro mpeobpazoBanust Dypbe
(BI1®) Bo BpeMst comHeuHbIX 1UKIOB 22 (¢ 1 sHBapg 1986r. mo 27 aBrycra
1996r.), 23 (c 28 aBrycra 1996r. mo 10 mekaGps 2008r.) u 24 (¢ 11 mexaGps
2008r. mo 31 mapra 2020r.). Hacrosiiiee ucciemoBaHue MOKa3biBaeT, YTO YUCIIO
COJTHEUHBIX MATeH ObLIO OOJblle B I0XHOM TOJYILIapuX BO BpeMs 22-T0 U 23-
IO COJIHEYHBIX IIMKJIOB, a BO BPeMS 24-TO COJTHEYHOTO IMKIIA YMCIO COTHEYHBIX
MSATEH CTAJIO JOMWHUPYIOIIMM B CEBEPHOM IMOJYILIApUX. BBISIBIEHO TakXe, 4TO
BeJIMYMHA "aKTMBHOCTU YMCJA" COJHEUHBIX MATEH IS 23-TO COJTHEYHOTO ITMKJIIa
OoJsiee 3aMeTHa KaK B CEBEpPHOM, TaK M B I0XKHOM IOJIylIApUsX, YeM B 22-M U
24-M conHeyHbIX 1uKax. CreKkTp MOIIHOCTH CYyTOYHOTO YMCa COJTHEYHBIX IMSITeH
IOKA3bIBAET HECKOJIBKO 3HAYMMbIX IIEPUOIOB B LIMPOKOM IMAama3oHe OT 26 10
83-x nHeit. [TpencraBiieHbl BO3MOXKHbBIE OOBSICHEHUST HAOII0JaeMOM TTEPUOIUIHOCTA
U CEBEPO-I0KHOW acMMMETPUM CYTOYHOIO 4YHUCJIa COJHEYHBIX ISITEH B CBETE
MPEABITYIIAX PEe3yIbTATOB M CYIIECTBYIOIINX METOMIOB.

KioueBsle cioBa: CE6EPHO-IIICHAA acwwvzempuﬂ:nepuo@ulmocmb: CYMO4HO€e H4Ucao
CO/IHEYHbIX NAMEH
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We report the characterization of a transiting hot Jupiter WASP-18b at optical wavelengths
measured by the transiting exoplanet survey satellite (TESS). We analyze the publicly available data
collected by the TESS in sector 2. Here, we model the systematic noise using Gaussian processes
(GPs) and fit it to the data using the Markov Chain Monte Carlo (MCMC) method. Modelling
the TESS light curve returns a planet-to-star radius ratio, p = 0.098010f%_232§ji and secondary eclipse
depth of 35411) part-per-million (ppm). The transit ephemeris of WASP-18b is updated using the
MCMC method. Finally, we use updated ephemeris to look for transit time variations (TTVs) for
WASP-18b to complement our study. We find a quite small deviation of transit timings from a
linear ephemeris, which is statistically insignificant.

Keywords: planetary systems: stars: individual: WASP- 18: techniques: photometric:

methods: data analysis

1. Introduction. Exoplanet research has entered a new phase after the first
finding of a hot Jupiter beyond our solar system [1] and now thousands of planets
have been discovered and confirmed to date. Successful ground surveys, like as
HATnet [2], SuperWASP [3], KELT [4,5], NGTS [6] have discovered the
majority of giant planets. Several pioneering photometric transits searches with
spacebased platforms have been made so far including CoRoT [7], Kepler [8],
K2 [9] and TESS [10] which these efforts have increased the number of discovered
exoplanets.

Since August 2018, the TESS mission [10] has been delivering high-precision
photometric observations in a broad optical band (0.6-0.95 um ) for a large sample
of bright stars from the southern and northern hemispheres. TESS has detected
thousands of planet candidates and planets that have been discovered and con-
firmed to date. The recorded light curves have provided us with a trove of
knowledge on exoplanet systems [11].

WASP-18bA was discovered by Hellier et al. [12]. Because of its short orbital
period of ~0.941 days, bright host F6-type star (V'=9.3) and inflated radius
(a/R =3.442, Rp= 1.165R;) makes it one of the best targets for investigating the
secondary eclipse depth and ephemeris. The relative brightness of the companion’s
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dayside hemisphere determines the depth of the secondary eclipse. The primary
transit (when an exoplanet passes in front of its host star) and the depth of the
secondary eclipse of WASP-18b have been measured in several studies (i.e., when
an exoplanet is occulted by its host star). The planet-to-star radius ratio and eclipse
depth of WASP-18b were measured to 0.0971670.00013 and 341°]7 ppm respectively,
in the TESS bandpass [13].

Because of the WASP-18b short orbital period is thought to be tidally locked
to its host star and the planet's rotation to be synchronized with the orbit [14].
Massive exoplanets in tight orbits must decay according to tidal dissipation within
their host stars, according to theoretical calculations and observations [15]. We can
learn more about this orbital evolution by studying precise transit timing. We're
looking for short-term TTVs in the sector 2 that might suggest the presence of
a third body in this system as part of our research. Furthermore, stellar activity
features in photometric observations might impact planetary parameters. Anomalies
in transit light curves can be caused by stellar activity features and transiting
planets, resulting in inaccurate transit duration, timing, and depth measurements.
These uncertainties also might potentially have an impact on the calculation of
parameters such as planet radius [16].

In this work, we model primary transits and secondary eclipses of WASP-
18b. We extend our study by using our revised ephemeris to search for WASP-
18b TTVs. Dealing with and mitigating stellar noise is one of the most difficult
aspects of measuring low-amplitude exoplanetary signals. To achieve this, we focus
on the GP method for modelling correlated noise. The paper is organized as
follows; in Section 2, we describe the TESS observations, data preparation
techniques, and our approach to account for correlated noise to prepare the light
curves for fits. We discuss our selection model for primary transit, secondary
eclipse, the regression analysis, and TTV in detail in Section 3. In Section 4,
we summarize our results from this study.

2. Observation. WASP-18bA was monitored by TESS with the two minute
cadence mode in Sector 2, included in the list of preselected target stars using
a 11x11 pixel subarray centered on the target. the raw images were reduced using
the science processing operations Center (SPOC) pipeline [17], which was
developed at NASA Ames Research Center based on the Kepler mission science
pipeline. For the results presented in this paper, we decided to use Presearch Data
Conditioning (PDC) light curves because they are corrected systematic and dilution
effects. PDC data is also cleaner than simple aperture photometry light curves
(SAP) and show significantly less reduced scatter and short-timescale flux varia-
tions [18,19].

The data were normalized using the median of the PDCSAP light curve. We
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corrected the PDCSAP light curve further for the remaining systematic, even
though the dominating systematic were corrected by default. To do so, we
smoothed the PDCSAP light curve using the median detrending technique with
a window length of one orbital period, keeping variability at the planetary period
of the WASP-18b light curve. These regressions were implemented using the
Python package wotan as shown in Fig.1 [20]. These reprocessed data are taken
into account in our subsequent analyses.
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Fig.1. (Top) WASP-18's TESS light curve (PDCSAP flux). The trend generated by applying
a detrending filter determined by wotan is shown by the solid line, while the PDCSAP photometry
is represented by dots. (Bottom) PDCSAP light curve after median detrending normalization.

3. Analysis.

3.1. Primary transit modeling. We utilized the publicly available software
Juliet [21] to compute all the planetary parameters in this study. Juliet allows us
to model the transit by batman package [22]. Rather than modeling systematic
errors as a deterministic function with auxiliary measurement parameters, the
Gaussian process (GP) presents a nonparametric approach to modeling systematic
errors from the photometry data. GPs aim to model the likelihood, L, as though
it came from a multi-variate gaussian distribution, that is,

-1
ln[::—% N1n27t+1n|z |-i-l7TZI7 . (1)
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Here, InL, is the log-likelihood, N shows the number of datapoints, the
covariance matrix is ¥ and the vector of the residuals is 7. A GP uses so-called
kernels to determine the structure of the covariance matrix and provide a form
for it (see [21] for a detailed technical description). In our study, we employed
the Matérn-3/2 kernel using the celerite package [23] to diagnose instrumental
systematic errors in TESS photometry data. Celerite speeds up the posterior
sampling within Juliet by making the log-likelihood computation blazing fast. The
correlation kernel, which was aimed to capture the systematic variation of the data
(see [20]), formulated as:

Ki’j(T):GzGP[H&Jexp[_&} Q)

Pgp Parp

Here t is the time lag, o, is the covariance amplitude and pgp, is the
correlation timescale of the GP.
We employed gaussian priors for the orbital period, P, and mid-transit time,

Table 1

PRIOR SETTINGS AND THE BEST-FIT VALUES ALONG WITH THE
68% CONFIDENCE INTERVALS IN THE PRIMARY TRANSIT FIT FOR
WASP-18b. DERIVED PHYSICAL PARAMETERS FROM JOINT FIT
FOR WASP-18b ARE SHOWN IN THE BOTTOM PANEL

Parameters Symbol Prior Value
Orbital period(days) P | N(1.21749, 0.1) | 0.94145507000000%%
Mid-transit time(days) T, |(1765.5338, 0.1)|1354.45788100000%
Parametrization for p and b r V(, 1) 0.592952:0017463
Parametrization for p and b r, V(, 1) 0.09801079.9003¢8
Limb-darkening parameter q, (0, 1) 0.214750%
Limb-darkening parameter q, (0, 1) 0.271%595
Orbital eccentricity e fix 0
Argument of periapsis (deg) ® fix 269
Stellar density (kgm) p, | 7(100, 10000) 871.06170.9%
Dilution factor DTESS fixed 1
Mean out-of-transit MTESS N0, 107 —0.0000004 5900004
Additive photometric jitter term(ppm)| o, 7(10°, 10°) 0.01439+0.00087
Amplitude of GP (ppm) Op 7(10°, 10° 0.000461%.00003
Matern time-scale (days) Pop 7(10%, 10%) 0.071680.00502
Planet radius in units of stellar radius| R /R 0.09801079.9003¢8
Semi-major axis in units of stellar radii| a/R, 3.44270017
Impact parameter b 0.09801070000368
Inclination angle (deg) i 83.5102¢
Limb darkening coefficients u, 0.218750%8
Limb darkening coefficients u, 0.301%99%°
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T, based on [24]. Instead of fitting directly for the planet-to-star radius ratio,
p= Rp /R, and the impact parameter of the orbit b, Juliet uses the new

Table 2

PRIOR SETTINGS AND THE BEST-FIT VALUES ALONG WITH
THE 68% CONFIDENCE INTERVALS IN THE SECONDARY
ECLIPSE FIT FOR WASP-18b

Parameters Symbol Prior Value

Orbital period(days) P N(1.21749, 0.1) | 0.941530*9.90007
Mid-eclipse time(days) T,, | N(1766.74755,0.1)| 1354.92697 5000,
Parametrization for p and b r (0, 1) 0.57846 000087
Parametrization for p and b r V0O, 1 0.01884 000042
Limb-darkening parameter q, fix 0
Limb-darkening parameter q, (0, 1) 0.4963 100092
Orbital eccentricity e fix 0
Argument of periapsis (deg) ® fix 269
Stellar density (kgm) P, 7(100, 10000) 839.562433
Dilution factor DTESS fixed 1
Mean out-of-transit MTESS N0, 107 0.00000086 *.S00000d0
Additive photometric jitter term (ppm) o, 7(10°, 10°) 0.014397 0000088
Amplitude of GP (ppm) Ogp J(10°, 10° 0.000460.50003
Matern time-scale (days) Pop 7107, 10%) 0.07162+:90003
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Fig.2 TESS transits of WASP-18 b. The top panels present the TESS photometry of WASP-
18 as a function of time (grey points with error bars), along with the best-fit model, which consists
of a transit model plus a Gaussian process (black curve) with a zoom into a single transit. The
bottom panels show the corresponding residuals.
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parametrization r, and r,. This ensures that p and b have a whole range of
physically plausible values and that the b-p plane is sampled uniformly (see [25],
for details). In addition, instead of using individual a/R_values, we can fit for
stellar density, p, for all transiting planets in the system, as shown in Table 1
and 2. For our data, we consider a quadratic limb darkening law with a uniform
prior of 0 to 1 on both parametrs g, and g, [26]. We fixed the dilution factor
to one because we used TESS's PDCSAP (which should have been corrected for
light dilution in principle). The eccentricity, e, is also fixed to zero and set non-
informative log-uniform prior to stellar density. We fit the instrumental jitter term
to account for additional systematic and the outof-transit flux. Juliet predicts the
model on the full time-series (see [21] for a detailed technical description). Fig.2
presents reprocessed TESS light curve of WASP-18b as well as the the full median
posterior model (i.e., the deterministic part of the model plus the median GP
process). The Fig.3 shows the zoom of the phase-folded light curve and the best-
fit model.

Using the dynamic nested sampling approach implemented in dynesty [27,28],
we determine the posterior probability distribution of the system parameters. The
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©
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© ‘ . . - . . . ‘
-4000 . . . . ) ) . . .
-0.100 -0.050 0.000 0.050 0.100
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Fig.3. Phase-folded light curve presented as grey points showing the primary transit. The binned
data (hollow black circle) are over plotted and the best-fitted model (black lines). In the bottom
panel, the corresponding residuals are presented.
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median and 1o uncertainties derived from the posterior distributions of our
analysis are listed in Table 1. Fig.4 also shows the corner plot for our obtained
posterior distributions from the transit.

Al

Fig.4. Retrieved posterior distributions obtained from our fitting model to the primary transit
of the WASP-18b.

3.2. Secondary eclipse modeling. Both our transit and eclipse models
by batman. The mid-secondary eclipse time for WASP-18b is calculated using the
mid-transit time, assuming a circular orbit. The secondary eclipse model is based
on the same orbital parameters as the primary transit 3.1. So, all parameters are
coupled to the values of the primary transit, except for limb darkening, which
fixes g, to zero, because limb darkening has no effect on the secondary eclipse
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[29]. Our reprocessed data, as well as the best-fitted WASP-18b model, are shown
in Fig.5. The results of secondary eclipse model fitting are shown in Table 2 and
The corner plot for our retrieved posterior distributions from the secondary eclipse
fit is shown in Fig.6.

1.004

KELT-1b

1.002 "

1.000

Relative flux

0.998

0.996 T T T T T T T T 1
4000 | |

0

Residuals

SR | .- g - s - RS R ‘

[
-4000 - .

-0.100 -0.050 0.100

0.000 0.050
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Fig.5. Phase-folded light curve is presented as grey points showing the secondary eclipse around
phase 0, 0.1. The binned data (hollow black circle) are over plotted and the bestfitted model (black
lines). Corresponding residuals are shown in the below panel.

3.3. Transit timing variations. TTV can be used to find new exoplanets
with gravitational interactions in the system [30]. We assume periodic transit events
in the reported results in Table 1, which means that the transit times are
considered to be periodic. At this step, we investigate whether our target generates
any TTV signatures. As a result, we directly fit an individual primary transit for
each transit time 7. Except for 7) and P, all steps are performed and priors are
determined as detailed in the previous section. We used Gaussian priors with a
standard deviation of 0.1 days for each transit time. As a result, these parameters
are calculated directly from each sample. This regression is performed using juliet
[21]. The difference between observed-computed diagrams (O-C) of transit events
is shown in Fig.7, which indicates very little TTV in the data.

We further evaluated if there was any evidence of periodicity in the measured
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TTVs using the generalized Lomb-Scargle (GLS) periodogram [31]. The GLS
periodogram on TTV of WASP-18b (see Fig.8), shows the value of the strongest
peak in GLS periodograms is at 2.33 days, with a false alarm probability (FAP)
of 0.32, which is computed as described in [31]. The strongest peak in GLS

]

Fig.6. Retrieved posterior distributions by fitting model to the secondary eclipse of the WASP-18b.

periodograms is close to half of the stellar rotation rate for our selected host star,
which is P, =3.7 days based on their values reported in [32]. This suggests that
the variation we measured in TTVs is most probably caused by the imperfect
elimination of stellar activity [16]. We also provide the transit times we used in
our short-term timing analysis, which are listed in Table 3.
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Table 3
WASP-18b TRANSIT TIMES
Transit Mid-transit time Transit Mid-transit time
number (BJD-2457000) number (BJD-2457000)
! 1354.457881 550005 17 1369.521202'4 0
2 1355.39930173 500051 18 1370.462812700000%
3 1356.340688 7 (o) 19 1371.404052 10 %000%2
4 1357.282251 3000 2 1372.345307 *0.0006!
> 1358.223434 5oty 21 1373.287269 000005
6 1359.165064 4 goo0e b)) 1374.228134700000%
7 1360.106589 4 gones3 23 1375.169742°000002
8 1361.048091 % Goone1 24 1376.1112514%00070
o 1361.989622 5 Goonss 25 1377.052627 000061
10 1362.931256 0060 2 1377.99441070000061
i 1363.872616 %3 000 27 1378.935689"0000058
12 1364.813723 %0001 b 1379.877156-00000%
13 1365.755239t§1§§§§§ 29 1380.8188800.000061
14 1366.696990*0000061
] WASP-18b
0.4

T l

STt |

g AT U LT

o

0.4

1 5 10 15 20 25 30
Transit number

Fig.7. TTV amplitudes are calculated in minutes. The gap in the middle is caused by data
downlink dead time.

4. Summary and conclusions. We utilize Sector 2 of TESS observations
to characterize transiting ultra-hot Jupiter WASP-18b in our work. To smooth
detrend the TESS data, we first applied the median detrending approach with a
window length of one orbital period of WASP-18b. We did the joint fit of the
GP with transits and secondary eclipses of WASP-18b. The planetary radius (in
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stellar radii), (R /R), of 0.098010" ) oo0ae , is then reliably measured by fitting
a transit model to reprocessed data. We measure secondary eclipse depth with
amplitudes of 3543(1, ppm, which is the most precise estimate for WASP-18b to
date, it's also well within 1o of the value of 3413; ppm reported in the [13]

and the measured value of [11] of 339 £ 21 ppm. WASP-18b has a large secondary
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Fig.8. GLS periodogram of TTV of WASP-18b.

eclipse depth due to the combination of thermal emission and reflection in the
TESS bandpass [13]. The measured values of the orbital parameters a/R and i
of 3.442f8j8}; and 83.5f8_’§g , respectively, and they are also the most precise to
date and are matching the value determined by [13] within 1. The following
equation, represented by [26], was used to estimate the limb darkening coefficients:

Uy =24q,9, (3)
and

u2=1/2q1i1—2q2i 4)

u, and u,, are 0.218 and 0.301, respectively, which are comparable to the limb
darkening coefficients of u,=0.219 and u,=0.312 given by [33]. In comparison
to other published values in the literature [11,13], we find that our results are
generally in good agreement.
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The most notable result of our investigation is the most precise detection of
WASP-18b's secondary eclipse in the TESS bandpass, as well as the robust
measurement of its orbital parameters. To extend our analysis, we searched for
individual transit times to see whether there were any TTVs. TTV OC diagrams
(see Fig.7) were obtained, with a standard deviation of 0.96 minutes for WASP-
18b, which is quite small.

Department of Physics, Faculty of Science, University of Zanjan, P. O. Box
313-45195, Zanjan, Iran, e-mail: m.eftekhar@znu.ac.ir

BTOPUYHBIE 3ATMEHHWA WASP-18b,
INEPECMOTPEHHBIE C MCITOJIb3OBAHUEM
HABJIIIOAEHWUM TESS

M.O®OTEXAP

IIpencrapineHs! XapakTepuctuky “ropstyero FOrmmrepa” WASP-18b B onmmueckmx
JUTMHAX BOJIH, U3MEPEHHBIX CIYTHUKOM IJIs1 ucciaenoBaHus sk3oruiaHeT TESS.
AHanu3uMpoBaHbl OOIlETOCTyTIHbIE AaHHbIe, coopaHHble TESS B cexTtope 2.
Hcnonb3ysa rayccosckue npouecchl (GP), MoaennpoBaH cucTeMaTUYecKUil 1yM 1
1 TIpOBe/IeHa ero MOAroHKa K JaHHbBIM, MCMOJb3ysl MeTon MoHTe-Kapio ¢ uensmu
Mapxkoa (MCMC). MoaenupoBanue kpuBoii 6iecka TESS mo3BossieT oleHUTh

OTHOLIIEHHE PajIyca IUIAHETHI K 3Be3ie p = 0.098010"0 0005 ¥ mIyOMHY BTOPMYHOTO

3aTMEHUS 354% yacteil Ha MWUIMOH (ppm). TpaH3uTHble 3¢pemepunsl WASP-
18b obHoBeHBbI ¢ ucnoyib3oBaHueM MeToga MCMC. O6GHOBIIEHHbIE 3deMepu bl
WCIIOJIb30BaHbl JISI MOMCKAa M3MeHeHUM BpeMmeHM mpoxoxaeHus (TTV) mis
WASP18b. O6GHapy:KeHO HeOOJIbIIOe OTKIOHEHNWE BPEMEHM IIPOXOXKIEHUS OT

JIMHEeMHOU 3(eMepubl, UTO CTATUCTUUYECKU HE3HAUMMO.

KntoueBnie cioBa: nianemubvie cucmemol: 36e30oi: WASP- 18: pomomempuueckue
Memoobl: AHAAU3 OAHHBIX
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For general number of spatial dimensions we investigate the cosmological dynamics driven by
a cosmological constant and by a source with barotropic equation of state. It is assumed that for
both those sources the energy density can be either positive or negative. Exact solutions of the
cosmological equations are provided for flat models. For models with curved space and with zero
cosmological constant the general solutions are expressed in terms of the hypergeometric function.
The qualitative evolution is described for all values of the equation of state parameter. We specify
the values of that parameter and the combinations of the signs for the cosmological constant and
matter energy density for which the cosmological dynamics is nonsingular. An example is considered
with positive cosmological constant and negative matter energy density induced by the polarization
of the hyperbolic vacuum.

Keywords: cosmological evolution: cosmological constant: negative energy density

1. Introduction. The investigation of cosmological dynamics is carried out
mainly within the framework of homogeneous and isotropic models described by
Friedmann-Robertson-Walker (FRW) line element. In particular, the models
containing a positive cosmological constant in addition to the matter and radiation
sources of the expansion have been actively studied. This theoretical activity is
motivated by the observational evidence [1,2] for accelerated expansion of the
universe in recent epoch driven by a source (dark energy) with properties close
to a positive cosmological constant. The cosmological model with a positive
cosmological constant and cold dark matter (CDM) in addition to the usual matter
(ACDM model) is in good agreement with observational data on the large scale
structure and dynamics of the universe. Recently a problem appeared that is related
to the value of the Hubble parameter H; at present determined by two different
ways. The first one is based on direct low redshift observations [3-6] and gives
the value H,~73 km/s Mpc. The second way combines the Planck data on
temperature anisotropies of the cosmic microwave background radiation [7] with
the ACDM model and gives the result H, =67 km/s/ Mpc. A number of models
have been discussed in the literature to address this problem, also called Hubble
tension (for a review see [8]). In particular, they include the models with negative
cosmological constant (see [9-13]). The maximally symmetric solution of the
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Einstein field equations with a negative cosmological constant as the only source
of the gravitation is given by anti-de Sitter (AdS) spacetime. This geometry appears
as a ground state in string theories and in supergravity. It plays an important role
in braneworld models with large extra dimensions and in holographic duality
models relating two theories living in different numbers of spatial dimensions. An
example of the latter is the AdS/CFT correspondence (see, for example, [14])
establishing the duality between supergravity and string theories on the AdS bulk
and conformal field theory on the AdS boundary.

Another example for a gravitational source with the negative energy density,
that can play an important role in the expansion of the early universe, is provided
by the vacuum polarization. The vacuum expectation value of the energy-
momentum tensor for quantum fields may break the energy conditions of the
singularity theorems in general relativity (see, e.g., [15]). This can serve as the
key for solving the singularity problems in the cosmological dynamics. Here we
consider the cosmological dynamics for both cases of positive and negative energy
densities. Various combinations of cosmological constant and of a source with
barotropic equation of state will be studied. Having in mind possible applications
in higher-dimensional models, in particular, motivated by string theories, the
discussion is presented for a general number of spatial dimensions. The qualitative
evolution in cosmological models with scalar fields having negative potentials has
been considered in [16-19]. Various cases of exact solutions to Friedmann
equations in general number of spatial dimensions were discussed in [20] by using
Chebyshev' theorem. Cosmological solutions in (3+1)-dimensional spacetime with
a single positive and negative energy component in a flat universe and for a
negative energy component in a curved universe have been described in [21].

The present paper is organized as follows. In the next section we present the
cosmological equations and some qualitative features. The solutions for flat model
with a cosmological constant and barotropic matter are given in section 3. They
serve as past or future attractors for models with curved space and include various
special cases previously considered in the literature. In section 4 we discuss models
with curved space. First, the general solutions are presented in terms of the
hypergeometric function for models with zero cosmological constant. Various
special cases where the time-dependence of the scale factor is expressed in terms
of elementary functions were discussed in the literature. Then we describe the
qualitative evolution in models with curved space driven by a cosmological constant
and barotropic matter source.

2. Cosmological equations. We consider (D+1)-dimensional background
spacetime described by the FRW line element
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2
ds* :N2(z)dt2—a2(t)(lf’;€r2 +r2d9%1], (1)
where d QZD_I is the line element on a unit sphere S”' and k=0; 1. The
choices N(f)=1 and N(¢)=a(?) correspond to the synchronous and conformal time
coordinates, respectively. Depending on the equation of state the first or the second
choice of the time coordinate is convenient to present the cosmological solutions
in simpler form. Assuming that the dynamics is governed by General Relativity
in (D+1)-dimensional spacetime, the set of cosmological equations takes the form

d (£]+£(Dﬁ_%J+(D—1)NZL=MN2(8—19),

E a a a a> D-1
(ajz N’k 167G, 2
2| + = =—2 N,
a a> D(D-1)

where the dot stands for the derivative with respect to 7, G, is the gravitational
constant in (D+1)-dimensional spacetime, ¢ is the energy density and p is the
pressure for the sources driving the cosmological evolution. The latter two
quantities obey the equation &+ D(d/a)(e+ p)=0 which is obtained from the
covariant conservation equation for the energy-momentum tensor. This relation
can also be obtained from (2). For the second derivative of the scale factor we
get

a Na 8nGp D-2
a Na D—lN(er D 8]' )
From this relation it follows that the accelerated expansion in terms of the
synchronous time coordinate (N(f) = 1) is obtained under the condition
p<(2—D)8/D. The latter condition is satisfied by the positive cosmological
constant A with the energy density e, =A/(8nG,) and pressure p, =—¢, .

In the discussion below we assume that the matter source contains two parts
with e=¢, +¢, and p=p,+p,. Here, the part with the equation of state
pa =—¢, corresponds to the cosmological constant A with the constant energy
density ¢, and the second contribution has an equation of state p, =we, with
w=const. The condition p<(2-D)e/D for the second source is reduced to
w<w,=2/D-1 for g,>0 and to w>w, for g, <0. From the covariant
conservation equation we get

8m = 8m() (a/aO )_OL s (4)
with the notation
o= D(l + w). (5)

We will assume that the cosmological constant A and the constant €,,=¢

Mla=a,
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can be either positive or negative. Note that from the second equation in (2) it
follows that one needs to have the condition 161G, &> D(D—1)ka™ and the total
energy density & should be nonnegative in models with k=0, 1.

Let us consider the qualitative features of the evolution in terms of the
synchronous time. Taking N(f) =1, the second equation in (2) is rewritten as

kK 2A 16nGp e,

P2 D(D-1) " D(D-1)(a/a, ) ’ ©
where H =a/a is the Hubble function. From here it follows that for w>-1 and
for a positive cosmological constant the late time evolution (large values of the

scale factor) is dominated by the first term in the right hand side. In this case
the de Sitter solution a()oc s, with

R ED 7
*\p(p-1) @

(here we consider the case A >0, the notation H, for A<O0 is used below),
is the future attractor for the general solution. For a negative cosmological constant,
A <0, and for w> -1, from (6) we see that with increasing a at some moment
t=1 the Hubble function becomes zero. The corresponding value for the scale
factor a=a, is determined from (6) putting /=0. At that moment from the first
equation (2) we get

H*+

w—w. l1+w
VR R ®)
For k=0, 1 and w>w_ the right-hand side is negative and for 7> one obtains
H<0 and the initial expansion is followed by the contraction. The same is the
case for k=-1 and -1<w<w_. For a>2 and ¢,,>0, the early expansion,
corresponding to small values of the scale factor, is dominated by the matter source
and the solutions with flat space serve as attractors for models with k= *1.

H

3. Cosmological solutions in flat model. Simple exact solutions of the
cosmological equations can be found in the case of flat model, k=0. In the
absence of the matter source the equation (6) has solutions only for A>0. For
positive cosmological constant the de Sitter solution, a(t)oc e s obtained. To
see the influence of the matter source, first we consider the case of positive
cosmological constant and positive matter density, corresponding to €,,, €, >0.
In the synchronous time coordinate, for the Hubble function we get
/o

; )

€mo

o
H=+H, 1+(“—'"j , o
a a,

€A
with o defined by (5). The integration of this equation leads to the following
expressions for the Hubble function and the scale factor:
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H(t)=+H, coth (|3|t|), a(t)=a,, sinh?® <B|t ), (10)
where
1 D|A
B=lolHy =[1+v] 2(D|_|1)- (11)

For w> -1 the solution (10) for the scale factor coincides with that found in [20].
In that case and for expansion models one has 0 <7 <o with the upper sign in
the expression for the Hubble function. At late times, Bz>>1, one has an
approximately de Sitter expansion with a(t)oceHA’. Near the singularity point
t=0 we obtain a(t)oc|t|2/ *. The case w<-1 corresponds to the phantom phase
(for the effective phantom phase generated by different types of sources see [22]).
In this case o <0 and for the expansion models we have —o <¢<0. The point
t=0 corresponds to the Big Rip singularity. The universe starts with de Sitter
expansion a(t)oc et | [3|t| >>1, in the infinite past and ends the evolution at Big
Rip singularity at =0 with the behavior a(¢)ec|{ . In Fig.1 we have plotted
the ratio a/a, versus H,t for D=3. The full and dashed curves correspond to
the values w=0 (dust matter), w=-2/3 and w=-3/2 (phantom matter). Note
that under certain conditions (see [23]) the energy density for the axion field scales
as €,yion ~ 1/ @’ and the corresponding dynamics is described by the curve with
w=0 in Fig.1 (the cosmological dynamics with the axion field and holographic

4
w=0
w=-3/2
3
(GE
~N 2
© i \ \! v/ ; |
w=-2/3
T SN | /NS |
0
-3 -2 -1 0 1 2 3

H,t

Fig.1. The time dependence of the scale factor in the model with ¢
w=0, -2/3, -3/2.

g, >0 for D=3 and

mo 2
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dark energy has been recently discussed in [24]). For expanding models we have
0<t<+oo for sources with w>-1 and —oo<t<0 for w<-1. The singular point
t=0 corresponds to the Big Bang in the first case and to the Big Rip in the
second case. For w>w_and w<-1 one has d|t=0 = and for -1<w<w_we get
d|t=0 =0. We see that for ¢,,, &, >0 all the flat models contain singularities.

Next we consider the case ¢, <0<g,,. For the Hubble function we find

H=+H,(a,/a)* -1. (12)

The time dependences for the Hubble function and for the scale factor read

H(t)=+H, tan(|3|t|), at)=a, cosz/“(B|t), (13)
with —n/2B <7< m/2B. For w> -1 this solution coincides with that presented in
[20]. The authors of [20] emphasize that the solution (13) gives rise to a periodic
universe. However, it should be noted that, though the function a(?) in (13) is
periodic with the period 7, =n/B, the periods are separated by singular points
|t| :n(Z+ 1)/[3, [=0, 1, 2, ..., and the evolution pieces separated by those points
present the copies of the same universe with a finite lifetime 7, (for discussion
of various types of singularities in the cosmological context see, for example,
[25-27]). The dependence of the scale factor on the synchronous time coordinate,
described by (13), is depicted in Fig.2 for D=3 and w=0, -2/3, -3/2. In models
with w>-1 the expansion phase with —r/2B <7< 0 is followed by the contraction
one for 0<¢<m/2f. The maximal value of the scale factor is determined by (9).

4 -
3 L
mE
<2t
(]
1 -
0
3 2 1 0 1 2 3
H,t

Fig.2. The same as in Fig.1 for the model with ¢, <0<g, .
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For sources with w<-1 the same relation determines the minimal value of the
scale factor. Similar to the previous case, the flat models contain singularities for
all values of the parameters.

Now we turn to the case ¢,, <0<¢,. The Hubble function is expressed as

H=+H,\1-(a, /a)", (14)

where a, is the minimal (maximal) value of the scale factor for w>-1 (w<-1).
The time dependence is given by the formulas

H=+H, tanh(ﬁ|t|), a=a, cosh?* (B|t|), (15)

with —oo <t <+ . The time dependence of the scale factor given by (15) is plotted
in Fig.3 for the values of the parameters D=3 and w=1/3, 0, -2/3,
-3/2. The models in this case have no singularities. The value a=a, determines
the minimum/maximum value of the scale factor. Note that flat cosmological
models with ¢,,, €, <0 are not allowed by the equation (6). The corresponding
models with curved space will be discussed in the next section.

5rx T — T

Lo Nt
I/ i

|

a/a_

Fig.3. The scale factor versus the time coordinate in the model with ¢ <0<g, for D=3
and w=1/3, 0, -2/3, -3/2.

In [28,29] it has been shown that in de Sitter spacetime the vacuum
expectation value of the energy-momentum tensor for a conformally coupled
massless scalar field in the hyperbolic vacuum has the form
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1

. Cp .. 1
<Tl_k> = sAd1ag(1,1,...,1)+aTlildlag[1,—B,...,—Bj, (16)

where the first term in the right-hand side corresponds to a cosmological constant
and the constant C, is negative. The second term can be identified with the source
we have considered above having the equation of state p,, =¢,,/D. Hence, for
this source one gets w=1/D and ¢,,, <0. The corresponding cosmological solution
is given by (15) with o =D+1 and B=(D+1)HA/2. The time dependence of
the scale factor for D=3 is presented in Fig.3 by the curve with w=1/3. The
corresponding models are nonsingular.

4. Cosmological dynamics in models with curved space. Passing to
the models with curved space, first let us recall the well-known solutions in the
absence of matter sources. The models with k=1 are allowed only in the case
A>0 and the corresponding solution for the scale factor is given by
a=cosh(H ,t)/H, . For k=-1and A >0 the solution reads a = sinh(HA |1,‘|)/HA .
For k= -1 and negative cosmological constant we have the solution
a= sinh(H A |t|)/H A - Note that in models with k=-1 and H A|z‘| <<1 the evolution
is approximated by linear scale factor a(t): |t| . The latter describes a flat spacetime
and corresponds to the Milne universe.

Another special case corresponds to the absence of cosmological constant.
From the equation (6) we get

dy
=ty y'-k, (17)

d(t/ay)
with the notations
a 16nGp e, a;
— —_— = :D L .
e R (w,—w) (18)

Separating the variables, the integrals in (17) can be expressed in terms of the
incomplete beta function B, (u, v). Presenting the latter through the hypergeomet-
ric function F (a,b; c;z) (see, for example, [30]), for the models with k=-1 we
find

,
e gLyl v (19)
VYo yi+1 T v+l

In a similar way, for the models with k=1 the integration gives

12
2 1 11 1 1
t= ‘11/0 [1— J F[—,—+—;i,1- J (20)
o' L Yo' 22 v 2 vy

The various special cases of these general formulas have been considered in the
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literature. In particular, the examples when for general number of spatial dimen-
sion the solutions are expressed in terms of elementary functions have been
discussed in [20].

Now we turn to the general case of models with curved space in the presence
of a cosmological constant and barotropic matter. The equation (6) is rewritten

as
%:iHM/sAx%be—k, 1)
where
x=H,a, s, =sgn(A), (22)
and

_lénGpe,, a;

~ D(D-1)
Simple solutions are found for the special case of the source with w=w_. For
A>0 and y,-k>0 the solution has the form x=,/y, —ksinh(HA|t|). In the
case A>0 and y,-k<0, the solution reads x=./k—y,cosh(H,z). For A<0
one needs to have y,—-k>0 and the corresponding solution is given by
X =4/Yo —ksinh (HAt), O<t<m/H,. For y,=0 the first two solutions are
reduced to the de Sitter solutions.

We will denote by x=x_ >0 the value of the function x(7) at its possible
extremum, dx/dz|x=m =0. The extrema are zeros of the expression under the
square root in (21). Taking the corresponding value of the time coordinate as
t=0 and expanding near the extremum we get

@z1+§{slx(l+w)+ Wczwk}(HAt)za (24)

a, X

(Hpay)' - (23)

where a, =x,/H, . The nature of the extremum (minimum or maximum) is
determined by the sign of the expression in the square brackets. Note that for
the extremum we have bx," =k/ x2 —s,. In the definition of the constant b we
have taken a,=a(f) and ¢,, = g, (t,) for a fixed time = t,. Taking #,=1¢ , where
¢t corresponds to the extremal value x , x(¢ ) =x,, from (6) we get the following
relation

sk
R L —
1+g(,) / Ep
where E(m) = s(tm) is the matter energy density at the extremum point. Note that,
assuming the presence of the extremum x=Xx , the equation (21) is written as

(25)
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€
%:“’A \/SA<y2—1)+ﬁ(yV—l)s (26)
with y=x/x =a/a, .

Let us consider different combinations of the signs for the energy densities. For
€,0> €4 >0 and w>w, the early dynamics, corresponding to small values of x,
is dominated by the source with the energy density ¢,, and the expansion law is
close to the one for the flat model. At late times, corresponding to x>>1, the
expansion is dominated by the cosmological constant and, again, the curvature term
is subdominant. The solution corresponding to the flat model is the future attractor
for models with curved space. The dependence of the scale factor on time coordinate
is qualitatively similar to that depicted in Fig.1 for w=0.

For ¢,,, €, >0, w<w, and k=-1, the early dynamics (x<1) for expanding
models is dominated by the curvature term and a(f)~¢, t—0. As it has been
mentioned above, the spacetime with k=-1 and a(f) =t is flat and corresponds
to the Milne universe. The matter energy density behaves as ¢, «x* and for
w> -1 it diverges at r=0 like g, ~¢*. In the model with ¢,,, €, >0,
w<w, and k=1 the scale factor has a minimal value that corresponds to the
zero x=x_ of the expression in the right-hand side of (21). At this point the
Hubble function becomes zero. The time-dependence of the scale factor near the
minimum, H,t<<1, is given by (24) with s, =1 and a,=a, . At late times
of the expansion, x>> 1, the curvature term in (21) can be ignored and the
cosmological dynamics is well approximated by the solutions for flat model (see
the graphs with w=-2/3, -3/2 in Fig.1). We conclude that the models with ¢,,,,
g, >0, w<w, and k=1 are nonsingular.

Let us turn to the models with ¢, <0<¢,,. For w>w_the maximum allowed
value for x is determined by the zero x=x  of the right-hand side in (21). The
asymptotic behavior near the maximum is described by (24) with s, =1 and
a =a, . For x<<l, in the right-hand side of (21) we can omit the curvature
term and x”. The scale factor is approximated by the solution for the flat model
and near the Big Bang, corresponding to 1= -¢,, £, >0, one has a(t)oc(t+ 4 )2/ *.
The model has finite lifetime 27 and the corresponding time-dependence of the
scale factor is qualitatively similar to that for the flat model presented by the graph
with w=0 in Fig.2.

For ¢, <0<eg,, and -1 <w<w_ the function x(#) has a maximal allowed value
x=x, determined by the zero of the right-hand side in (21). Taking x(0) =x ,
near the maximum point we have the approximation (24) with s, =1 and
a =a, . For k=-1, the models start the expansion at #=-f, with the scale factor
a(t)=t+1, and the behavior of the scale factor is close to the one for the Milne
universe. The expansion is stopped at =0 and for >0 the model enters the
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contraction phase. The latter is ended at 7=/ with a(t)zt,—t. Hence, the
k= -1 models have lifetime 27 and the Milne universe is the past and future
attractor for the corresponding dynamics. Note that, though the first derivative of
the scale factor is finite at the points ¢ =7, (|d|t: o = 1), the matter energy density

diverges at those points as g, ~1/ |ti t1|D(HW). T}lle models with k=1 start the
expansion from the finite value of the scale factor @, at r=-¢ . At that point
a(~t,,,)=0. At t=0 the scale factor takes its maximal value a,,, = x,, /H, and
then it enters into the contraction phase. Near the maximum we have the
approximation (24). The evolution is ended at r=¢  with a=a  and alt,,)=0.
Hence, in this case we have nonsingular evolution for —¢,,, <t<¢,, . Joining the
evolutionary pieces with duration 27 , we obtain a model with periodically
oscillating scale factor in the limits a,,, <a<a,, for —o<ft<+owo.

In models with ¢, <0<eg,,,, w<-1, and for large values of x the expansion
law is close to the one for the flat model and the corresponding behavior is
qualitatively close to the one given by the curve with w=-3/2 in Fig.2. For small
values of x and for models with k= -1 the expansion/contraction law is approxi-
mated by a(t)z|t|. At t=0 the matter energy density vanishes as ¢, ~|Z|D(1+W).
In models with k=1 the scale factor has a minimum value a=a,, determined
by the zero of the right-hand side in (21) and the evolution for all values of
x2x,,, is qualitatively similar to that described by the curve with w=-3/2 in
Fig.2. The expansion models have Big Rip singularity.

Now let us consider models with the energy densities in the range ¢,, <0<¢g, .
For w>w_ the scale factor has a minimal value a=a, which is determined by
the zero of the righthand side in (21). Taking r=0 for the corresponding value
of the time coordinate, near the minimum one has the approximation (24) with
a =a,  and x =x . For w>w_ and for large values of x the evolution is
approximated by de Sitter spacetime with the Hubble constant H, . The behavior
of the scale factor is qualitatively similar to that depicted in Fig.3 by the curves
with w=0, 1/3 and the corresponding models have no singularities. An example
with positive cosmological constant, negative matter energy density and the
equation of state parameter w=1/D>w_is provided by (16). In the range
-1<w<w, and for large values of x the evolution is again dominated by the
cosmological constant with de Sitter spacetime being the past or future attractor.
In the same range for w and for k=-1 one gets the approximate solution a(t)z |t|
for H A|t| <<1, corresponding to the Milne universe. The matter energy density
diverges at t=0. For -1 <w<w_and k=1 the scale factor has a minimal value
determined by the zero of the right-hand side of (21). Near that minimum the
scale factor is approximated by (24) and the model is nonsingular. In the range
w<-1 the scale factor has the maximal value a, _ which is given by the zero
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of the right-hand side in (21). For models with k=-1 the expansion starts at
t=-t, with the asymptotic a(t)zt+ t, (curvature dominated expansion) and ends
at r=0 with the asymptotic given by (24). The expansion phase is followed by
the contraction for 0 <¢< with a(t)~#—¢ near t=1. For models with k=1
the scale factor varies between two nonzero values 0<a,,; <a<a,, <. The
corresponding models are nonsingular and can be extended for ¢ e (— 00, + oo). The
qualitative dynamics is similar to that we have described above for the case k=1,
gp <0<g,y, -1 <w<w,.

Finally, for ¢,,, €, <0, in accordance with (6), the models with k=0 and
k=1 are not allowed. Let us consider the features of the cosmological dynamics
in this case for k=-1. For w>w, from the condition for the positivity of the
expression under the square root in (21), we can see that the model is allowed

under the constraint

o <——> (W_W“T/z 27
D(w—wc) w+1 ' (27)

This condition restricts the allowed values for the negative energy density ¢, .

In the range determined by (27), the right-hand side of (21) has two zeros and

they determine the minimal and maximal values for the scale factor,

0<a,, <alt)<a,,, . At those points ¢ =0 and H=0. Near the extrema the scale

factor is approximated by (24) with s, =-1 and k=-1. From (24) it follows that
I Jw—w,

a, . <—,., ——<a .
min HA l+w max (28)

For ¢,,, €, <0, w<w_ the right hand side of (21) has a single zero that
determines the maximal value of the scale factor @, = a(0). Near the maximum
the scale factor behaves like (24) with s, =—1 and k=-1. For small values of x
the dynamics is dominated by the curvature term with the Milne universe as the
asymptotic. The expansion starts at /= -7 with a(t)zt+ t, and stops at r=0 with
the maximal value of the scale factor. The evolution for 0 <7<? corresponds to
the contraction phase with the future attractor a(t)~¢,—¢. At the points ¢=+¢,

the matter energy density vanishes for w<-1 and diverges for -1 <w<w.

5. Conclusion. We have considered the dynamics of (D+ 1)-dimensional
FRW cosmological models driven by the cosmological constant and the matter
source with barotropic equation of state assuming that the energy densities for those
sources can be either positive or negative. Exact solutions are provided for models
with flat space which include various special cases previously considered in the
literature. In particular, it has been demonstrated that nonsingular solutions are
obtained only for negative energy density of the matter, regardless the sign of the
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cosmological constant. The corresponding scale factor is given by (15). Another
classes of exact solutions, expressed in terms of the hypergeometric function (see
(19) and (20)), are obtained for models with curved space in the absence of
cosmological constant. A number of special cases of those solutions, when they
are expressed in terms of elementary function, have been discussed in the literature
(see, for example, [20]). The qualitative evaluation for models with curved spaces
and with a cosmological constant and matter source has been described in the
second part of section 4 for all the values of the equation of state parameter w
and for all combinations of the signs of the energy densities. Depending on the
values of w one can have Big Bang or Big Rip type singularities. We have also
specified nonsingular models with curved space. For k = 1, nonsingular modelas
are obtained for the following combinations of conditions: (i) (&, >0, €, >0,
w<w), (i) (g, >0, &, <0, -1<w<w), (iii) (&, <0, &, >0). In models
(ii ) and (&g, <0, g, >0, w>-1) the evolution of the scale factor, as a function
of time coordinate, is periodically oscillatory in the limits a,,, < a(t)s A - 1IN
the remaining cases, the qualitative evolution of k=1 nonsingular models is similar
to that depicted in Fig.3 for w=-2/3, 0, 1/3. For models with negative curvature
space there exists at least one point on the time axis where the scale factor
becomes zero. Near those points the evolution is dominated by the matter source
for w>w, and by the curvature term for w<w_. In the second case the scale
factor is approximated by a linear expansion/contraction as a function of the time
coordinate. At the point with zero scale factor the matter energy density diverges
for -1<w<w, and vanishes for w<-1.

We have seen that the negative energy densities for both the cosmological
constant and matter source enlarge the possible scenarios of cosmological dynam-
ics. Bearing in mind applications in higher-dimensional models, it would be
interesting to generalize the corresponding results for models with extra compact
dimensions. The compactification leads to additional contributions to the vacuum
expectation value of the energy-momentum tensor. In general, the effective
pressures along compact dimensions differ and for massless conformally coupled
fields the topological contributions are equivalent to barotropic perfect fluid with
anisotropic pressures. In particular, the coefficients w in the respective equations
of state may have different signs. In the corresponding anisotropic cosmological
models one can have an expansion for a part of dimensions and a contraction
for the remaining ones. The analysis of different cosmological scenarios can be
done in a way similar to that we have described above. We can also use the
methods of qualitative analysis of dynamical systems to classify qualitatively
different cosmological models. The corresponding results for a toroidal
compactification will be presented elsewhere.
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KOCMOJIOTUYECKAA SBOJIIOLNA C
OTPULATEJIBHOMN TTNIOTHOCTbIO SHEPI'MU

A.A.CAAPAH!?, P.M.ABAKAH!?, E.P.BE3EPPA JIE MEJLJIO?,
B.X.KOTAHKAH!2, T ATIETPOCAH"?, I'.T.bABY1XKAH!

g Tpou3BOJIBHOIO YMCJIa MPOCTPAHCTBEHHBIX WM3MEPEHUI ucciaeaoBaHa
KOCMoOJIOTnyecKass IUHAMUKA, yIpasisieMass KOCMOJOTMYECKOM IOCTOSTHHOM U
WCTOYHUKOM C 0apOTpOIHBIM YpaBHeHUEM cocTosiHus. [Ipennonaraercs, uyto mwist
000UX UCTOUHUKOB IJIOTHOCTb SHEPTUM MOXET ObITh KaK IMOJOXUTEJIbHOM, TaK U
oTpulaTteJbHOM. I8 MIOCKMX MoOAeJed NPUBEAECHBI TOYHBIE PEIIEHUS
KOCMOJIOTUYECKUX ypaBHEHUM. I MoJeneil ¢ UICKPUBJIEHHBIM MTPOCTPAHCTBOM U
C HYJIEBOM KOCMOJIOTMUYECKOU TOCTOSTHHOM 0011I1e pellieHUs] BhIpaKaroTcs yepes
runepreoMeTpuyeckyto dyHkuuio. KayecTrBeHHasi 2BOJIIOIMS ONKMCaHa IS BCEX
3HAYEHMI MapameTpa YpaBHEHUS COCTOSTHYS. BbIIeneHbl 3HaUEHNS 3TOTO MapaMeTpa
1 KOMOMHALIMU 3HAKOB JIJI1 KOCMOJIOTMYECKOM MOCTOSIHHOM U TJIOTHOCTH SHEPIUU
MaTepuu, I KOTOPBIX KOCMOJIOTMYECKask TMHAMUKa HECUHTYJIsIpHA. PaccMoTpeH
MPUMEP C MOJOXUTEIBbHOM KOCMOJOTMYECKOM MOCTOSHHOW U OTPULIATEIBHON
MJIOTHOCTBIO SHEPTUM BEILIECTBA, MHAYLIMPOBAHHOW MOJISpU3alield TUIepooInIeCcKOro

BaKkyyMa.

KiroueBnie clioBa: Kocmonoeuueckas 360/AH0UUA KOCMOA02UUYECKAA NOCMOAHHAA:
ompuuamenbHas NAONHOCMb SHepeuu
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Calculation of collisional rate coefficients is a challenging and difficult task. When these data
are not available, their values may be estimated using a scaling law. In some investigations, we have
utilized a scaling law. Accurate collisional rate coefficients for cyclopropenylidene (c-C,H,) as a
complete set are available, and thus it may be appropriate occasion to test the applicability of that
scaling law. We have considered 50 rotational levels of each of the ortho and para species of
¢-C,H, having energies up to 91.53 cm™ and 87.21 cm™, respectively. We have compared the results
of radiative transfer using accurate collisional rate coefficients with those obtained using the scaling
law, and have found that the results of the scaling law are qualitative. Hence, for getting the
qualitative behaviour of an analysis, the use of the scaling law is quite reasonable.

Keywords: ISM molecules: saling law: Sobolev LVG analysis: radiative transfer

1. Introduction. Calculation of collisional rate coefficients is a challenging
and difficult task [1], and therefore, such data are available for a limited number
of molecules. As these data were not available, we [2-4] have used a scaling law

, 1-107"
C(Jk;,k; _)Jk(,,k(,):mﬁ (D

for estimation of collisional rate coefficients in the downward direction
Ji x> Ji i - This is cross section times the relative velocity between the target
and the colliding partner. A cross section ¢ may be taken as Tcag, where
a,=0.52917A is the Bohr radius. Hence, o ~107'° cm”. For a velocity v~1m/s,
we have (ov)~107"" cm’/s. Collisional rate coefficients for excitation (upward
direction) may be calculated using the detailed equilibrium:

g x> k)= {%} exp [— %} Wk > T k) 2

where, AE is the energy difference between the levels J, , and Ji . .
Khalifa et al. [S] have calculated accurate collisional rate coefficients for
rotational transitions in the ground vibrational state of cyclopropenylidene (¢-C,H,)
due to collisions with the He atom. It has been a regular practice to replace H,
molecule (which is the most abundant molecule in a molecular region) by He
atom [6-9], as both of them have two protons and two electrons. It is because
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the calculations with He atom are easier as compared to those with H, molecule.

The cyclopropenylidene (¢c-C,H,) is a planar asymmetric top molecule having
C,, symmetry and large electric dipole moment p=3.27 Debye [10] lying along
the b-axis of inertia. Earlier, the electric dipole moment p was calculated as 3.32
Debye [11]. The cyclopropenylidene has been analyzed in the terrestrial laboratories
from time to time [12,13]. After H,CO [14], the ¢-C,H, is the second molecule
to show the phenomenon of anomalous absorption. Following first detection of
c-C,H, by Matthews et al. [15], Madden et al. [16] found ¢-C,H, ubiquitous,
through its transition 2,-2,, at 21.587 GHz, which was found in anomalous

Accurate Scaled
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Fig.1. Variation of excitation temperatures 7, (K) versus molecular hydrogen density n u, for
the accurate and scaled collisional rate coefficients, written at the top, at Kinetic temperature
30 K, for anomalous absorption lines of cyclopropenylidene, written on the left. Solid line is for
Y= 107 cm® (km/s)" pc, and the dotted line for Y =10"° cm? (km/s)”" pc.
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absorption (the absorption against the cosmic microwave background having the
background temperature of 2.73 K). Cox et al. [17], however, reported this line
in emission in the planetary nebula NGC 7027. Because of two equivalent
hydrogen atoms, the ¢-C,H, has ortho and para species. For each species, the
collisional rate coefficients are available for 50 rotational levels having energies up
to 91.53cm™ and 87.21cm™, respectively. Using these accurate collisional rate
coefficients, Sharma and Chandra [18] have performed Sobolev analysis of both
species and have discussed results for four, 2, -2 , 4, -4, 3,,-3,, and 4,,-5,,
transitions showing anomalous absorption, and two transitions, 4, ,-3, , 5, ,-4,,
showing the weak MASER action. One transition 1, -1, connection the ground
state of ortho species was also considered.

In order to test the applicability of the scaling law (1), we have repeated the
simulation of Sharma and Chandra [18] where the accurate collisional rate
coefficients have been replaced by the values obtained using the scaling law (1).
The two sets of results are compared and the conclusions are drawn. The parameter
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Fig. 2 Variation of n g,/n,g, versus molecular hydrogen density n u, for the accurate and scaled
collisional rate coefficients, written at the top, at kinetic temperature 30 K, for the transitions of
cyclopropenylidene, written on the left. Solid line is for y =10~ em™ (km/s)"' pc, and the dotted
line for y= 10° cm™ (km/s)”" pc.
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y is defined as y=n,,, /(dv,/dr), where n ., denotes the density of the species
of molecule, and dv,/dr is the velocity-gradient in the region.

2. Results and discussion. Details of calculations and information about
the data used are available in Sharma and Chandra [18]. To check the applicability
of equation (1), we have repeated the simulation of Sharma and Chandra [18]
as such, where the accurate collisional rate coefficients of Khalifa et al. [5] are
replaced by those obtained by using equation (1). Comparison of results for kinetic
temperature of 30 K is shown in Fig.1 for four anomalous absorption lines and
in Fig.2 for two weak MASER lines and the line connecting the ground state
of ortho species. The Figures show that though the results may vary significantly,
but their qualitative behaviour remains the same. Similar results have been
obtained for other kinetic temperatures, 10, 20, 40, 50K also. The results support
the idea that when accurate collisional rate coefficients are not available, the scaling
law expressed by equation (1) may be used to get qualitative behaviour of results
of investigation.
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ITPOBEPKA TTPUMEHUMOCTHU 3AKOHA TTOAOBHUA
JJIA CTOJIKHOBUTEJIBHBIX KOSDOOUIIMEHTOB

M.K.IITAPMA', C.HAH/IPA?
BbruncrieHre cToIKHOBUTEbHBIX KOA(DMULIMEHTOB SBJISIETCS CIIOXKHOW U TPYIHON

3agavyeid. Korna st naHHbIe HECOOCTYIIHbI, X 3HAYCHHA MOTYT OBITHh OIICHEHHI C
UCIIOJIb30BAHUEM 3aKOHA CKEWJIMHIA (38.KOH HOI[O6I/I$I/ MaciuTabHast I/IHBapI/IaHTHOCTb).
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B HeKOTOpBIX MCCIeNOBAaHMSX MBI MCITOJTE30BAIN 3aKOH TTono6ust. Tounble Koaddu-
LMEHTBI CKOPOCTU CTOJIKHOBEHUH W1 1MKiIonponenuinaeHa (c-C,H,) moctynHel
B BUJI¢ TIOJTHOTO HAabopa, UTO MO3BOJIWIIO AHAJIM3UPOBATh BO3MOXKHOCTh ITPUMEHEHUS
3aKoHa Tmomobust. PaccMoTpeHo 1o 50 BpalaTeIbHBIX YPOBHEN KaXIOTO M3 OpTO-
u napa-sunoB ¢-C.H, ¢ sHepruamu no 91.53 cM' 1 87.21cm™', COOTBETCTBEHHO.
CpaBHeHME pe3yJIbTaTOB IIePeHOCa U3TYUECHHS C UCTIOIE30BAHNEM TOUHBIX CTOJIKHO-
BHUTEJBHBIX KO3(MGUIIMEHTOB ¢ pe3yIbTaTaMy, TTOJydeHHBIMU C MCITOJIb30BaHUEM
3aKOHA MOI00US, TTOKA3ajI0, YTO Pe3yJIbTAaThl 3aKOHA MMOI00US SIBJISTIOTCS KadecT-
BeHHbIMU. CJIeq0BaTeIbHO, JJISI MOJIYYeHUsT KaUeCTBEHHOTO MTOBEICHUS aHaIM3a
WCTIOJTB30BaHNE 3aKOHA MOTOOMST BIIOJHE Pa3yMHO.

KntoueBnie cnoBa: moaekyawi: 3akon nodobus: LVG anaauz Coboaesa: neperoc
U3AYYEeHUs.

REFERENCES

M.Sharma, M.K Sharma, U.P.Verma et al., Adv. Space Res., 54, 252, 2014.

M.K.Sharma, S.Chandra, Astrophysics, 64, 388, 202I.

M.K.Sharma, S.Chandra, Astron. Astrophys., 42, 112, 2021.

M.K.Sharma, S.Chandra, Astrophysics, 65, 127, 2022.

M.B.Khalifa, E.Sahnoun, L.Wiesenfeld et al., Chem. Phys., 21, 1443, 2019.

F.Dumouchel, A.Faure, F.Lique, Mon. Not. Roy. Astron. Soc., 406, 2488, 2010.

FE.Sarrasin, D. Ben Abdallah, M.Wernli et al., Mon. Not. Roy. Astron. Soc.,

404, 518, 2010.

8. N.Gotoum, C.Nkem, K.Hammami et al., Astrophys. Space Sci., 332, 209, 2011.

9. M.Ivanov, M.L.Dubernet, D.Babikov, Chem. Phys., 140, 134301, 2014.

10. F.J.Lovas, R.D.Suenram, T.Ogata et al., Astrophys. J., 399, 325, 1992.

11. R.D.Brown, P.D.Godfrey, R.P.A.Bettens, Mon. Not. Roy. Astron. Soc., 227,
19P, 1987.

12. P.Thaddeus, J.M.Vrtilek, C.A.Gottlieb, Astrophys. J., 299, 163, 1985.

13. M.Bogey, C.Demuynck, J.L.Destombes, Chem. Phys. Lett., 125, 383, 1986.

14. P.Palmer, B.Zuckerman, D.Buhl et al., Astrophys. J., 156, L1147, 1969.

15. H.E.Matthews, S.C.Madden, L.W.Avery et al., Astrophys. J. Lett., 307, L69,
1986.

16. S.C.Madden, W.M.Irvine, H.E.Matthews et al., Astron. J., 97, 1403, 1989.

17. P.Cox, R.Giisten, C.Henkel, Astron. Astrophys., 181, L19, 1987.

18. M.K.Sharma, S.Chandra, Mon. Not. Roy. Astron. Soc., (in press).

~N NN AW N =



"AcTpoduzHka”
ITPABWJIA 1Jd ABTOPOB
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IBYX DK3CMIIIApaX, OTICYaTAHHBIC Ha OMHOM cTopoHe NHcTa dhopMara Ad, BMecTe
€ COOTBETCTBYIONIEH 3MeKTpoHHONH Bepeneli. OMEH U3 HK3eMIIAPOB HOMKeH ObITh
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4. Tabauusr TOMKHBL AMETh HOMepa H HH(QOpMATHBHBIC Hazpauud. 1IpuMedanng
JOIKHLL OBITH CBCICHBI K MEHAMYMY H MIPOHYMCPOBAHE! HAACTPOIHBIMA apaOCKHMHA
HppaMH.

5. Humupoeanue aumepamyper. IITUTHpYeMasa THTepaTypa JaeTcd TOPAAKOBRIM
HOMEPOM B CTPOYKY B KBaIpaTHEIX CKOOKaxX (Hampumep, [5]) I cooTBeTcTByeT
HOMepY B CIHCKe MHTepaTyphl. CIHCOK JTHTEPATYPHI TOMXKEH OHITh odhopMIeH
CICIYIOITAM 00pazoM:

a) Jng KypHambHLIX cTaTell YKa3bIBAIOTCA HHHTIHANLI H (PaMHINH aBTOPOB
KYPCHBHBIM TIPHEPTOM (B OPHTHHANBHON TPaHCKPHIIAH), Ha3BaHNe XypHaJa B
IPHHITOM COKPAIICHHA (COKPAITICHAS T HEKOTOPHIX HAAOONEe YaCTO BCTPEIACMEIX
KYPHAJIOB, IPHEMCHICMEIX B "AcTpodminKke”, gacTca B caliTe XKypHaia), HOMCpP
TOMA XKHPHBIM MPpHATOM, HOMep IEpBOH CTpaHHIIB, ToA H3maHud. /Ing pyccko-
S3LITHBIX XKYPHAJIOB, KOTOPHE MEPeBOIITCS Ha AHTIHHCKHN I3HIK, B CKOOKax
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6. Oghopmaenue pykonucu. Ha TiepBoii cTpaHMIle JaeTcs Ha3BaHUE CTaThH (110
BO3MOXHOCTH KPaTKO M MHMOPMATHBHO), UHUIIMAJbI, (haMUIUS KaxkI0ro aBTopa
M aHHOTAIlUS Ha PYCCKOM si3bike. Ha BTOpoOit cTpaHuUIle IMpUBOISTCS Ha3BaHHUE
CTaTbW, WHULMAIbBI, (haMWIvs KaXKIOoro aBTopa U TeKCT aHHOTAallUM Ha aHIJIMHACKOM
sI3bIKE, KOTOPBIN AOJKEH MOJHOCTHIO COOTBETCTBOBATh pycCKoMy. B aHHOTaluu
JOJKHBI OBITh M3JI0KEHBI TJIAaBHBIE Pe3yIbTaThl pabOTHI 6e3 CCHUTOK Ha JIUTeparTypy.
MaxkcruMabHBII 00beM aHHOTALIMM He JOJDKCH IPEBBIIaTh 5% OCHOBHOTO TEKCTa.
Tabnuilbl, CIMCOK JIUTEPATYpPhl, PUCYHKM W HAAMUCU K PUCYHKaM IeyaTaloTcs Ha
OTIENBHBIX CTpaHMIIaX. PacromoXeHue TabauIl U PUCYHKOB OTMEUYaeTCs Ha TTOJISX
OCHOBHOTI'O TeKCTa. AHHOTAIIMM, OCHOBHOM TEKCT, CITUCOK JIUTEPATYPhl U TAOJULIbI
JIOJDKHBI MMETh OAHY OOIllyl0 HyMepaluio crpaHull. CyMMapHbli 00beM He
JOJDKEH IpeBblath 16 cTaHgapTHbIX crpaHull. OGbeM KPaTKOro COOOILEHMS - HE
Oosiee 4 cTpaHMII.

CraThsl COCTOUT M3 IPOHYMEPOBAHHBIX pa3lesioB, HauuHas ¢ "1. Beedenue".
HasBanus pasnesioB meyaTaroTcsl KypCMBOM B CTPOKE, OHM TOJDKHBI OBITH KPATKIMMM
u coaepxareabHbIMU. [loapasaensl MOTYT ObITh MPOHYMEPOBaHbI Kak 2.1, 2.2 u
T.1. Heobxonumele cokpalleHus] TEpPMUHOB WM Ha3BaHUI MOTYT OBITh MCITOJIb-
30BaHBl BO BCEll CTaTbe, OJHAKO MX OOBSICHEHHME HAEeTCS JIWIIb OOWH pa3 IpHu
TePBOM YIIOMUHAHUMU.

7. B ciydae mpencTaBieHUS AByX WM GoJjiee cTateil OMHOBpEMEHHO HeOOXOIMMO
yKa3aThb XKeJIATebHBIA MOPSINIOK UX MyOIUKALN.

8. Pykommcu aBTOpaM He BO3BpAIIAlOTCS.

9. ABTOpaM cTaThu (HE3aBMCMMO OT MX KOJMYecTBa) mpenacrapisiercsa 10
OTTUCKOB O€CIUIaTHO.
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