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ACTPODOHM3INUNKA

TOM 64 HOABPB, 2021 BBIIIVCK 4

PACXOXJTEHUE MEXIY 3HAYEHWMAIMW
INIOCTOAHHOU XABBJIA, IIOJYYEHHBIMA
PASHBIMU METOJAMHA

I"AAPYTIOHSIH
IToctymmuna 2 wmroms 2021

PaccMoTpeH BOpoC O PACcXOXIEHMH 3HAYEHHH IIOCTOSHHON XabOsia, OMpeleseHHBIX I
"parmiedi” u "mosmrel” Beenermiolt. OTMeTaeTcs, 9TO B ONMpeAc/cHIE ePBOTO 3HATCHIA PU3NISCKIIS
cBolicTBa GapHOHHON MaTepHy He GUIYPHPYIOT SBHBIM O0pa3oM, TOITA KaK BO BTOPOM cilydae
TIPU OIpPeeJIeHHH 3TOr0 Xe¢ Ko>GdduIHeHTa HCIONb3YIOTCS CKOPOCTH KOCMHMYECKHX OOBEKTOB,
oIpeeIieMble H3MEPEHHEM KPAacHOIO CMELUEHIs. BBIIBUraeTcs TUIOTE33, 9TO PAacXOXICHHE
MoXeT ObIThb CBS3AHO C BBONIOUUEH GapHOHHON MarepuH. AHAJIM3 IIOKA3bIBAET, YTO H3MEHEHHE
Macchl aTOMHBIX AAEP H IeMEHTapHBIX SacTHI, Ha om0 6.67-107° B roa MOXeT MpHBECTH K
HAOIIOMAEMOMY PACXOXICHHIO. DTOT pe3yNIbTaT COIIACYETCS ¢ HAIMM IIPeIbUIyIIHM 3aKIOIeHHEM
06 yBenmgermyu Macchl CONHIIA BCJICACTBHE SBOJIOLUH OapHOHHON MAaTepHH.

Kniouesnie ClOBa: memHas sHepeus: e3aumodeticmeue: 00MeH FHepauer: 6apuoHian

Mamepus: I60AHYUUA

1. Bgedenie. Yrounenne nocrogsHHol Xab6ma mpoaomkaerca mMo4TH OIHO
cronetue. Mcropudecku mepBeIM 5TY BenuunHy onpenenun Jlemerp [1], koropsii
nony4un 3HadeHne 625kMc’ Mnk'. Yepes npa rofa 5Ty Xe BEMTHYHHY ONpENeNHI
Takke Xa66m [2], koropsii momydun 500xkm ¢’ Mnk™.

IepBoie cylecTBeHHbBIE YTOUHEHHS TOCTOSHHON NMPON3ONUIH UL B Cepelnie
50-x romoB, Korga CTanM VYHTBIBATH CVIICCTBOBAHHE IBYX THIIOB 3BC3THBIX
HACENEeHH I, a TAKXKe BO3MOXHOE BIHgHUE HaOmonarenbHOM cenekuuu [3-4]. Dtu
VTOuHEHHS TPHUBENH K 3HadeHuIM 260-280xkvc” Mk, BaxxHbBIMHE BexaMu Ipolecca
YTOYHEHHT 3TOH BeAWYHHLI MOXHO CUHTATH Takke paborsl XioMacoHa, Maitona
1 Conguaxa [5], Cougumka [6]. B paGote [6] BuepBbie ObIIO MOTYICHO 3HAYCHHE
75xmc’ MK, KOTopoe CTaso STANOHHBIM B TEUCHHE JOCTATOYHO ONTOT0 BPEMEHH.
Bnocnencreun Coupmpx ¢ TamMmanoM npozonxany paGoThl ¢ NENbI0 MONYIHTh
Bce Gomee Hu3Kue 3HaYcHHMA (cM., Hamp., [7-9]). D10 mO-BHAHMOMY ORIIO
MPOAHKTOBAHO XKenaHneM 0GOCHOBLIBATH CoNbinii Bo3pacT Beenennoit.

Hogrtit 5Tan yrouneHuil nocrogunol Xa66na Havazncg B 90-¢ roanl Mpoimoro
CTONIETHS, Korfa ObIO TPEANORXEeHO MHOTO HOBBIX METONOB OoNee TOYHBIX
mMepeHuii. Jlocratouno nmoapoOHyio uHMOpMANUo 00 3THX MPOSKTaX MOXHO
HaliTd B 0030pHbIX cTaThax Xyxpo [10] u JIxkekcona [11]. 3mecs MBI YIOMSHEM
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JIMILb JBa MPOEKTa, KOTOPbIE BLIICISIOTCSI CBOEI TOCIeA0BaTeIbHOM 1 JOJITOCPOUYHOM
aKTUBHOCThIO. Ha Halll B3MJISiA TaKuM SIBJISIETCS] KJIIOUEBOM ITPOEKT TeJiecKora
nmeHu Xab0iia no ornpeaeaeHu0 MaciuTaba BHETAIaKTUUYECKUX PACCTOSTHUMA.

Bropoe HanpaBieHue ObLIO CBSI3aHO € U3YYEHUEM CTPYKTYPbl KOCMUYECKOTO
MMKPOBOJIHOBOrO (hoHOBoro uanydeHust (CMB - Cosmic Microwave Background).
3nech B omgHy TIpynmy oobemuHsiorcss mpoekT WMAP (Wilkinson Microwave
Anisotropy Probe - 30Ha MMeHU YUJIKMHCOHA MO M3YYEHUIO aHM3OTPOITHOCTU
MUMKPOBOJTHOBOTO M3JIy4YeHUsI), a Takxke IMpoekT, EBponeiickoro KocCMMYeCKOro
arentcTBa "[lmaHk".

2. Cospemennvie HabawodamenvHble danHble. [locTeNEHHOE YMEHBLIEHNE
MOTPEILIHOCTEN M3MEPEHUM MOCTOSIHHOM Xa00J1a HEOXKUIAaHHO MPUBEJIO K PACXOXK-
JIEHUIO 3TUX 3HAYEHWI, KOTOpoe ObLIO Ha3BaHO HaMpsKeHHOCThIO Xab0aa (Hubble
tension). ITpyu HeBBICOKOI TOUHOCTM M3MEPEHUI UCCIea0BaATENU ObUIM YBEPEHBI,
YTO PACXOXKIECHMUS SIBISIOTCS Pe3yIbTaTOM IOTPEIIHOCTEN u3MepeHuii. OgHaKo
MOBBIIIEHNE TOYHOCTU MPUBEIO K 00pa30BaHUIO IBYX I'pYII 3HAUEHUI, CTaTUC-
TUYECKM OTIMYAIOIIMXCS APYr OT Apyra Ha ypOBHE (4+6)c5.

Bce 3HaueHMs TPYIIIUPYIOTCS BOKPYT BEJIMUMH, TTOYYEHHBIX B paMKaX IPOeKTa
SHOES, ¢ omHoii cropoHnl, 1 cnyTHukoM "Ilnmank" - ¢ npyroii. ITocKoibKy
MHMKPOBOJIHOBOE€ KOCMMYECKOE M3JIYyYEeHUE OIMCHIBAET IPOCTPAHCTBEHHYIO U
TEMITEPaTypHYIO CTPYKTYpYy BcereHHOI B paHHUX 3Tarax ee XXKU3HU, TO TTOCTOSTHHYIO
Xab0ua, moyiyueHHYI0 B pamkax TpoekTa "[li1aHk", yacTo Ha3bIBAlOT MapaMeTpoOM
paHHeil Beenennoi. COOTBETCTBEHHO, IPYroe 3HaY€HUE MOCTOSIHHOM CUMTAETCH
BeJIMUMHON mo3aHeil BcenenHoit. Ha puc.l mokazaHbl 3aMMCTBOBaHHbIE U3 [12]
3HAYEeHUS TTOCTOSIHHOIM Xa00J1a ¢ COOTBETCTBYIOLIMMU BeJTMYMHAMU MOTPELIHOCTEM.

B BepxHeM JieBOM yrily NpUMBEIEHBI 3HAYEHUsI TTIOCTOSTHHOM Xa00s1a, MoTydeHHbIe
Ha OCHOBe ITapaMeTpoB paHHeil BcemenHoil. IlepBoe 3HaueHWE C TOYHOCTHIO
67.4+£0.5kMc' Mok obecrieyeHo HaHHBIMU cryTHUKA "TlnaHK". DTo 3HaYeHUE
MOANEPKMUBAIOT TAKXKE HEKOTOPbIE APYrA€ IPOEKTBbI, U3y4arollue CTPYKTYpy
KOCMUYECKOTO MUKPOBOJIHOBOTO (poHa. Takue uaMepeHus, cAeJIaHHbIe, HAIIpUMED,
¢ nomotipio ACT (Atacama Cosmology Telescope), KOTOpbIX HET Ha MPUBEICHHOM
pucyHKe, HaloT 3HaueHue 67.9+ 1.5kmc Mnx™ [13].

B cpenHeit yactu pucyHKa, IpUBEICHBI PE3YJIBTAThI, OTHOCIIIMECS K TO3IHENR
BcenenHoii (z <1), KoTopble NOJydeHbI UCCIeIOBaHUEM OApUOHHBIX OOBEKTOB B
pazianuHbix rajaktukax. ITpoekt SHOES wucrnonb3osan uedeuas, HOLICOW -
rpaBUTallMOHHOE (POoKycHpoBaHMe KBa3zapoB. Kak cienyer M3 gaHHbIX Ha puc.l,
yKa3aHHblE MPOEKThl AalT 3HaueHus 74.0+t 1.4xkmc' Mnk' un 73.3+1.8xmc’
Mk, cootBercTBeHHO. HanMeHblee 3HaueHue 1151 TTo3nHel BeeneHHoi onydeHo,
KOIJa B KaueCTBe MHIMKATOPA PACCTOSIHUS MCITONIL30BAaHA, TAK Ha3bIBaeMasl, BEpXYIIKa
BeTBU KpacHbIX TuraHtoB (TRGB - Tip of the Red-Giant Branch). Ha puc.1 stor
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pesyabTaT 0603HaueH yepes CCHP u uncieHHo paseH 69.8 +1.9kmc” Mnxk™.
Pe3ybTaThl CTATUCTUYECKOTO CPaBHEHMST 3HAYEHUI TTOCTOSTHHOM Xab6ma mis
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Puc. 1. INocrossHHas Xa606a, M3MepeHHast pa3IMYHBIMM METOIaMK. B HWDKHEl 4acTU pUCyHKa
MOKa3aHO CTaTUCTMUYECKOE pasvuuhe MeXAy 3HAueHUSIMU TIOCTOSIHHOM Xa06sa, MOJy4eHHBIMU
s "paHHei” W "nosmHeit" BceneHHoi. PucyHok 3ammcTBOBaH M3 [12].

paHHell u mo3nHelr BceneHHOU mMoka3aHbl B HUXKHEW 4acTu auarpamMmbl. Kak
BUJIHO U3 TIPUBEAECHHBIX NAHHBIX, 3TU 3HAYEHUS, OMPEACICHHbIC JUISI pPaHHEH U
no3nHel BceneHHOM, oTaM4yaroTcs Ha ypoBHe 46 + 66 . Takum obpa3oM, pacxox-
JIeHUEe MeXIy 3HaUeHUSIMU TTOCTOSTHHOUM Xa00s1a B HacTosIlliee BpEMSI HE BbI3bIBAECT
COMHEHUS.

CienyeT OTMETUTh, YTO BCE OOBEKTHMBHBIE JaHHbBIE CBUAETEIbCTBYIOT O TOM,
yTo HabJoJaTebHbIA MaTepual U MeToabl 00paboTku OGe3ynpeuHbl. C apyroi
CTOPOHBI, CIELIMAIIMCTBI TTOKA HE HAXOAAT U3bSIHBI B TEOPETUYECKOM OOOCHOBAHUU
ACDM wmopenun. 1 TeM He MeHee, Ha Halll B3IJISIA, €CTh OAUH HI0AHC, KOTOPBIN
He yuutbiBaetcsd: ACDM KocMmosiorusi 6a3upyeTcsl Ha TEOMETPUI0 MUKPOBOJIHOBOTO
u31ydyeHus, a dusndeckre CBONCTBA OAPMOHHONW MaTepuu SIBHBIM 0Opa3oM He
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(UrypupyoT B UCHOJb3YEMBIX YpPaBHEHMSIX. TO OOCTOSITENILCTBO, UTO OOJIbIIOE
3HayeHUe TTOCTOSTHHOU XabbJia mosaydaeTcsi MMEHHO IJisl To3nHeilr BcenaeHHOI,
HABOAUT HAa MBICIb, UTO IIpOOJIEMa MOXET OBITh CKPhITA B 3BOJIOLIMOHHBIX
CBOICTBAxX BEIIECTBA, U3 YETO COCTOSIT KOCMUUECKUE OOBEKTHI.

IIpn onpeneneHUM MOCTOSTHHOM Xab6yma B "OIM3KOM" KOCMOCE M3MEPSIIOTCS
PACCTOSTHUSI TAJIAKTUK M MX KpacHBIE cMelleHUs. YucieHHOe 3HaYeHNEe MTOCTOSTHHOM
Xabbsa MOXET MOJYyUYUThCS OOJIbllIe €€ WUCTUHHOTO 3HAueHUS, €CIM KpacHOoe
CMEIIeHUE He SIRISIETCS] YUCTO JOTIEPOBCKUM, HO COAEPXKUT HEKOTOPBI KOMITOHEHT,
KOTOPBII HE CBSI3aH CO CKOPOCTBHIO PACIIUPEHUSI.

3. B3zaumodeiicmeue memHOU 3Hepeuu ¢ OAPUOHHBIM GeU,eCMBOM.
OTKpbITHE YCKOPEHMSs paciuupeHus BecenreHHOM B KOHIE mipouwioro Beka [14,15]
KOPEHHBIM 00pa3oM U3MEHUJIO TIPEICTABIEHNE O MPUYUHHO-CENCTBEHHBIX CBS35IX
B paciuupsitoueiics BceneHHoit. BmecTo mnepBoHayalbHBIX MPEACTABICHUNA O
paclllMpeHur BCAEACTBUE MEPBUUHOIO OOJBILIOTO B3pbiBa, HOBbIE JaHHbIE CBUIIE-
TEJILCTBYIOT O CYIIECTBOBAHUM TOCTOSIHHOM paciimpstiollieil cuiibl. Takast duzndeckast
KapTMHa MpeBpallaeT KOCMOJOTMYeCKOoe pacliupeHue U3 IpeporaTUuBbI
KOCMOJIOTMYECKHX MaciliTaboB B YHUMBEpPCAJIbHOE BO3JAEUCTBHE, KOTOPOE TOJKHO
HaOMI0AaThCsl BO BCeX MacliTabax. DTo cienyeT HEMOCPeICTBEHHO U3 TOro, 4To
SHEprusi, KoTopasi yCKOpsieT paclIMpeHue, Mo MPUHSITHIM CErONHS MPeACTaBICHUSIM,
paBHOMEPHO HAIOJIHSET BCE MPOCTPAHCTBO Ha BCEX MacluTadax.

bonee Toro, sta 3HEprusi, KOTOPYIO Ha3BaJM TEMHOM, ObUIa OTKpPbITA Ha
OCHOBE BbISIBJIEHUSI YCKOpEeHUs pa3beraHus TaJakTUK. A 3TO JOKa3blBaeT, YTO OHA
B3aMMOJEHCTBYET C OObIYHONM OapMOHHOW Marepueil. DTOT (hakKT UMEET JajeKo
WUIYyIIWE CJENCTBUS, KOTOPbIE JOJDKHBI OBITh YYTEHBI B JIIOOOM YAaCTHOM Ciy4yae
SHEPreTUYECKOro ooMeHa Mexny 6apuOHHBIM BEIIECTBOM WM HOCUTEJEM TEMHOM
sHeprud. C LeIbplo TMOJydyeHUsS CaMOCOIJIACOBAHHOW KapTUHBI JOJDKHBI OBbITh
YUTEHBI BCE 3aKOHBI, OTHOCAIIMECS K 3TOMY CIIyydalo.

CeronHs1 OOJILIIMHCTBO MCCIIeI0BaTEIell CUMTAET, YTO B3aUMOECTBUE HOCUTEIS
TEMHOU 2HepruM ¢ GapUOHHON MaTepuell MPOMCXOAUT JIUIIb TPAaBUTALIMOHHBIM
crocoboM. OnHaKo cieayeT OTMETUTh, YTO HET HUKAKUX I0KA3aTeJIbCTB O 3arpe-
LIEHHOCTU APYTUX TUIOB B3auMonaeiucTBuii. Hampumep, HET BECKUX apryMeHTOB
MPOTUB TOTO, YTO TEMHAasl SHEPTUsl BIUSIET HA CTPYKTYpHbIE OCOOEHHOCTU aTOMHBIX
snep. B momoOHbIX cityyasix Havbosiee 3¢hOeKTUBHBIM WHCTPYMEHTOM UCCIeAOBAHUIN
CTaHOBUTCS MBICJIEHHBIN 3KCIIEPUMEHT, C MPUMEHEHUEM alpoOMPOBAHHOIO apceHasia
¢uU3UKH.

Takoii noaxon ObUT MPUMEHEH HAMMU IS PACCMOTPEHUST HEKOTOPBIX YaCTHBIX
3aja4y JaHHOI obmacTu (cM., Hampumep, [16-19] u ccpuiku B Hux). B atux paGorax
cZieJlaHa MOMbITKA PACCMOTPEHUST (PU3NYECKUX MTPOLIECCOB B paMKax COBPEMEHHOM
(bu3MKM TIpU caMOCOTIaCOBAHHOM MPUMEHEHMM U3BECTHBIX 3aKOHOB Mpuponbl. [1pu
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5TOM BO3MOXHBIE PBOJIIOIIMOHHBIE TYTU KOCMUYECKUX OOBEKTOB Pa3IMYHbIX Hepap-
XMYECKUX YPOBHEU ObLIM pacCMOTpPeHbI ¢ yueToM 3(h(EeKTOB BO3EUCTBUSI TEMHOM
SHEepruu Ha 6apuoHHYI0 MaTepuio. B mepByio ouepeb, Mpeanonaraioch, 4to Jodoi
MPOLIECC B3aUMOACUCTBUSI OOBIYHON OApUOHHOUN MaTepuM C HOCUTEJIEM TeMHOM
SHEPruu MPOMCXOIUT MPU COXPAHEHWM BTOPOro 3aKOHa TepMoAWHaMuKu. Torna,
paccMaTpuBasi SHEPreTUYECKUi OalaHC B3aMMOIENCTBUS, Mbl IOJKHBI ObUIM UMETh
B BUIY IMpPOLECC OOMEHA IHEPrUsIMU B CBETE YIOMSHYTOTO 3aKOHa.

HeiicTBUTEbHO, TOT (DAKT, YTO NPU B3AMMONIEHCTBUU ¢ OAPUOHHBIMUA OOBEKTaMU
HEKOTOpbIe TTOPLIHA TEMHON SHEPIMH TPAHCHOPMUPYIOTCS B KWHETHUYECKYIO SHEPTUIO
9TUX OOBEKTOB, HE BbI3bIBaeT COMHeHMU. Ellle pa3 moguepkHeM, YTO MMEHHO
Osarogapst aTomy 2¢bdeKTy ObUIO OTKPBITO YCKOpPEHME paciuupeHust BeeneHHoi u
BBEICHO TTOHATHE TEMHOM 3HepTur. To ecTh, YCKOpeHHNe pacIMpeHsT 6apruoHHOMN
BceneHHOUl OOBSICHSIETCSI T€M, UTO KMHETMYECKas SHEPIUsi BCeX TalaKTUK
YBEJIMUMBAETCS 32 CYET TEMHON SHEPTUU.

C npyroii CTOpOHbI, Mbl TOJKHBI UMETh B BUILY, UTO JItOOO 1I€TOCTHBIN OOBEKT,
a TaKkXkKe CTallMOHapHas cucTeMa OOBEKTOB Bcerma o00JamaloT OTpUIIaTeIbHON
MOTEHLIMAILHOM 3Heprueil. B MUKpoMupe aHaloroM OTpUIIaTe/IbHONM 9HEPTUU MOXKET
CUMTaThCs Ne(eKT Macc aTOMHBIX SIAep, YTO 0OecreunBaeT LeJI0CTHOCTD sapa. Torna,
Mesl B BUIy BTOPOI 3aKOH TEPMOAMHAMUKMU, MIPUXOJUM K BBIBOIY, UTO BC/ICACTBUE
B3aMMOJIEHCTBYSI C HOCUTEJEM TEMHOU SHEepPruu, B OAPMOHHBIE OOBEKTHI MOTYT
BJIMBAThCSl HEKOTOPbIE MOPLIMU CYTYOO MOJIOKUTETbHOW TEMHON SHEPTUM.

Kak u3BecTHO, IrpaBUTAllMOHHAsI dHEPrus, HaNpumep, chepuueckKkoro ogHoO-
pOIHOro o0bekTa ¢ Maccoili M U pamuycoM r BbIpaxaeTcs (hopmysioit

E,=->G~—. (1)

g 5 r

BivBaHue MoONOXUTENBHON SHEPIUU B TaKOW OOBEKT, €C/IM TaKOe JEUCTBUTEILHO
UMEET MECTO, JIOJIKHO TTPUBECTU K YMEHBIIEHUIO a0COJIIOTHOTO 3HAYEHUS MPaBOi
yacTu BbipaxkeHus (1). DTo MOXeT MpPOM3OUTHU JIMIIb MPU YCJIAOBUU, YTO YBEIU-
YUBAETCS palnyC OObEKTA UM YMEHBILIAETCs ero Macca. B obliem cityyae, O4eBUIHO,
YTO MOTEHIMATbHAS SHEPIUS JAHHOTO OOBbEKTa MOXET PACTU, €CIU paauyc O0ObeKTa
yBEJIMUMBAETCS OBbICTpee, YeM KBaapaT €ro Macchl.

Ilpy paccMOTpeHUM CHUCTEM KOCMUUYECKUX OOBEKTOB, CJIEIYEeT YUMThIBATb
BO3MOXKHBIE UBMEHEHUS KaK KWHETUYECKOM, TaK U TTOTEHIIUATbHOW 3Hepruil. Eciau
pPacCMOTPUM TIPOCTEUIIIYIO CUCTEMY, COCTOSIIIYIO M3 IBYX OOBEKTOB, TO /ISl TIOJTHOM
SHEPruyd CUCTEMBI OyIeEM HMMETh

2
mv mM
EFE=—-G—=T+U, )
2 R
rme m 1 M - Macchl ABMXKYILETOCd M "HEIIOABMKHOIO" 00BEKTOB, R - paccTossHue

MEXIy HUMHU, V - JUHEHAs CKOPOCTh Bpalllalolierocs oobekTa, 1 - KMHEeTUIeCKast
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sHeprusg U U - moTeHUMadbHasg 3Heprusi. g cTauMOHApHOM CUCTEMBbI, Kak
u3BecTHo, £<(, a TakxXe COIJIaCHO TeopeMe O BUpHUaJe
2T+U =0. (3)

IIpn B3anMOIEICTBUM C HOCUTEIIEM TEMHON SHEPIUU YBEJIWUYCHHE SHEPIUU
JAHHOM CHCTEeMBbI, KaK HETPYIHO BUAETb, MOXET ITPOU30MTH BCIECACTBUE BO3PACTAHUS
KWHETUYEeCKOW 3Heprun 7, Wik yMeHbIIeHUST abCOTFOTHOIO 3HAUSHUST TOTEHLIUATBHON
sHepruu U. PaccMOTpUM cilydaii, KOTAa YBeJIMUMBAaeTCSI KUHETUUECKAsT SHEPIUS,
a BTOpO# wieH ocTaeTcs 6e3 naMeHeHus. Torga cootHoleHue (3) HapylLIUTCS U
noiayuyum 27+ U >0, 4TO CIpaBeIMBO IS paciuupsitolmxcs cucteM. Ilomyyaercs,
YTO yBeJIMUEHNE KUHETUUECKOM SHEPTUH MPUBOINUT K PACIIUPEHUIO CUCTEMbI VU
POCTY PacCTOSIHUS MEXIY OObeKTaMU. A pOCT pacCTOSTHUSI TIPUBOIUT K YMEHBILICHUIO
CKOPOCTH BTOPOTO OOBEKTA, UTO MPOTMBOPEUMUT HallleMy MpeanojoxeHuto. Yro
KacaeTcsl BOBMOXHOCTH YBEJIMUEHUsI MIOTEHIIUAIBHON 3HepIuu (IIPY YMEHbBIIEHUT
abcooTHOro 3HaYeHus: U), To Takoe MOXET MPOU30UTH JTMOO TIPU YBETUUCHUU
R, 1m0 mpu yMeHbLIEHWHU Macchl M. YMeHblIeHME MacChl NMpU BJIMBAaHUU
SHEPruU He TIOHSITHO C TOYKU 3peHUst (pU3uKu. Torma MpuxoauM K BBIBOIY, UTO
MPOUCXOAUT YBEJMUYSHUE PACCTOSIHUSI MEXKITy OObEKTaMU, T.€. CUCTEMa paclLUMpseTcs,
YTO MPUBOAUT K YMEHBILICHUIO CKOPOCTH BTOPOTO OOBEKTA.

Ho Bce cka3zaHHOe OTHOCHUTCS JIMIIb K CHCTeMe 0e3 ydyeTa SHepreTUYeCKUX
U3MEeHEeHU B caMux oObekTax. [IpoucxomsT U M3MEHEHUS! B 3THUX OOBEKTaX
coryacHo cootHoueHuto (1)? C apyroil CTOPOHBI, YTO K€ MOXKET MPOU30UTU C
ATOMHBIMHU SIIPAMU 1 3JIEMEHTAPHLIMY YaCTULIAMU TIPU B3aMOIECTBUM C HOCUTEJIEM
TEeMHOM 3HEpPruM, €CJIu TPEAIoJOXUTh, UTO OHU TaKXKe YJYacTBYIOT B OOMeHe
BSHepPrusiMu? AKCHUOMBI COBPEMEHHOI (DPU3UKHU YTBEPKIAIOT, UYTO BCE OJHOMMEHHBIE
SJIEMEHTAapHBIC YACTULILI MU aTOMHBIE SIIpa IO BCEM BHYTPEHHUM IlapaMeTpam
HEepa3In4YMMbl Ipyr OT Apyra. HeT HUKAKMX JOCTOBEPHBIX CBHUAECTEIBCTB OO0
SBOJIIOIMOHHOM M3MEHEHUU 3TUX MapaMeTPOB, U MO3TOMY BOMPOC 00 3BOJIOLUU
00BEKTOB MUKPOMHUpPA HUKOINIA HEe paccMaTpuBaJics 6oJiee MM MEeHee CaMOCOTIJIa-
coBaHHO. OnHaKo, C JOpPYroi CTOPOHbI, HET BECKMX OCHOBAaHMH YTBEPXKIaThb
abCOIIOTHYIO HE3bIOJIEMOCTh 3TUX OOBEKTOB, €C OOBEKTHI BCEX NPYTUX Uepap-
XWYECKUX YPOBHEW MOABEPXKEHBI SBOIIOLIMH.

Tem He MeHee, Jaxe MPU caMOM MTOBEPXHOCTHOM IPeICTaBICHUM 00 aTOMHOM
sipe, Mbl TOYHO 3HAeM, UTO BHYTPU siApa OapuOHbI UMEIOT MEHBIIYIO CPEAHIOI0
Maccy IO CpaBHEHMIO C TOI MACCOii, KOTOPYIO OHM MUMEIOT B CBOOOTHOM COCTOSTHUM.
Bbonee Toro, Mmacca 6apvOHOB B siipe U3MEHSIETCS MpPU Tepexoae OT OJHOTO siapa
K IpyroMy. [laHHO€ CBOMCTBO XOPOIIIO U3BECTHO W JOCTaTOYHO OYEBMIHO IPEACTaB-
JIgeTCcs B yueOHUKaX Ha rpaduke 3aBUCMMOCTU CPeIHEN yIeIbHON SHEPTUHU CBS3U
(medexTa Macchl) B 3aBUCUMOCTM OT KOJUYECTBAa OapHMOHOB, TOKa3bIBAIOIIUIA
MakCUMyM B paiioHe simpa xkenesa. To ecTb, 1000t 0aproH MOXET XapaKTepru30BaThCs
pa3IMYHBIMUA MAacCaMU, B 3aBUCUMOCTH OT (PU3NYECKUX YCJIOBHUI, B KOTOPBIX OH
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HaXOIUTCH.

M3 o01mx coobpaeHnii MOXHO 3aKII0YUTh, YTO BCJIEACTBUE IHEPIETUYECKOTO
obMeHa Tpy B3aUMOJEMCTBUMM C HOCUTEIEM TEMHOI HEPTUU, €CJIM TaKOe TTPOMCXONT,
aTOMHOE SIAPO MOXKET "OCBOMThL" HEKOTOPOE KOJMYECTBO CYTy0O MOJOXUTETbHON
TeMHoI1 3Hepruu. [Tpuyem aToT mpolece (ecnu paspelleH GU3nIecKuMMU 3aKOHaMU)
MPOUCXOOUT 3a BCE BpeMS CYILIECTBOBAHUS NAHHOTO $/Ipa U B3aUMOIEUCTBUS C
TeMHOI 3Hepruei. [lomioleHHasg aToOMHBIM SIPOM TOJOXUTENIbHAS SHEPTHUs, MO-
BUAVMMOMY, KaK U B CIy4yae TPABUTALIMOHHBIX CUCTEM, YMEHBIIIAET SHEPTUIO CBI3U
BHYTpHU sapa. C Ipyroil CTOpOHBI, MOCKOJbKY SHEPIrUsl CBS3M paBHA NePUIIUTY
Macchbl, TO HE JIMIIEH CMbICJIA BBIBOA O TOM, 4YTO Ojarofapsi B3auMOAEHCTBUIO
0apvOHHOI MaTepur C HOCUTEJIEM TEMHON HEPTUU, MOXHO OXWJIATh YBEJIUYEHUE
Macc aTOMHBIX siaep.

To xe camoe, MO-BUAMMOMY, MOXHO OXHWIAThb WU B CJIydae OJUHOYHBIX
0aprMOHOB, TaK KaK MX ILIEJIOCTHOE CYIIIECTBOBAHUE TaKXe 3aBUCUT OT IHEPTUU
CBSI3U, KOHTPOJIMPYEMOI CUJIbHBIMU B3auMoaeicTBusiMu. bosee Toro, eciu Takoi
BBIBOJI KAYECTBEHHO BEPEH, TO TMPU WM3MEHEHUU MacChl 0AapMOHOB B COCTaBE
pa3IMYHBIX aTOMHbIX SIAEP, MTPOLIECC YITPARISIETCS TeM e (PU3NIECKUM MEXaHU3MOM.

4. Habawoaemvie 3¢phekmol, cea3aHHble C BAUSAHUEM MEMHOU
3Hepeuu Ha 6apuoHHy mamepuro. [loMuMo pacluMpeHtsl HaLlel GaprOHHOMI
BcenenHoit HabmonaTeIbHBIE JaHHBIC CBUACTEIBCTBYIOT O PACIIMPEHUN U B IPYTUX
cucteMax 0osiee HU3KUX Mepapxuyeckux ypoBHel. OOHO SIBJ€HUE CBSI3AHO C
yaajgeHueM JIyHbl OT 3eMJIM C JOCTAaTOYHO OOJIBbIION CKOPOCThIO B 3.82 CM 3a rof.
TpaguimoHHoe 0OBSCHEHNE C TIPUBIICYCHUEM TIPUIMBHOTO B3aUMOICHCTBUS MEXKITY
Hallleil TUIaHEeTON W ee CIYTHUKOM He JAeT YIOBJIETBOPUTEIbHBIX PE3YJbTaTOB.
CoBMeCTHOE HCIIONB30BaHNE TPATUIIMOHHOTO MeXaHN3Ma C YHUBEPCAIbHBIM PACIIIH-
peHUeM peliaeT 3Ty mpobiemy [16] u B1oOaBOK MO3BOJISIET OMPEACIUTh BKJIAL
KaXIIOro U3 MEXaHW3MOB B HAOJI0JATEIbHOM 3HAYEHUU CKOPOCTU yIaJIeHMUS.

Hdpyroe momo6HOE ABIEHUE CBI3aHO C POCTOM aCTPOHOMMYECKON eIWHUIIBI.
IIpm kIaccuyeckKoM MOmXOAe IS WHTEPIpeTallMd TAHHOTO SBJICHHUS OBLIO
HUCIPOOOBAHO HECKOJBKO BO3MOXHBIX MEXaHM3MOB, B TOM YMCJIe, YMEHbIIEHUE
Macchl CoJiHIIa BCIEICTBUE U3TYYeHUS M BbIOpOca MaTepuu, KOTOpoe He OoJibliie,
gem ~9-107" M B ron. Torma, yuuTbiBasi TakKe CIEOYIOLIUE COOTHOLUEHUS:

Mgv* MgMg
R R? @)
n
MgVR = const, &)

rne Mg - macca 3emuM, R - acTpoHOMMYEcKas €IMHULA, V - OpOUTAIbHAS
CKOPOCTb BpallleHUsl 3eMJIU U, CUMTast Maccy 3eMiIu Mg HEU3MEHHOM, MoTydyaeM
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M gR = const. (6)

N3 (6), mist mpupallieHusT acTPOHOMIYIECKON eIVMHUIIEI, oydaeM 1.05 cMm/rom, uro
Ha MOpPSIIOK HUXe Habaogaemoil BenuuuHbl B 15.4 cm/ron [20].

Ecimm npuaep:xuBaThcss MHEHUS, YTO TEMIT PACIIMPEHMS IO BIMSHUEM TEMHOM
SHEpruM OJMHAKOB BO BCEX MAaclUTabax M 3amaeTcs MOCTOSTHHOM Xa66ma 70kmc’
Mrnk’', To rofgoBoe MpupalleHne aCTPOHOMUYECKON eIMHULBI [0 3TOil MpUUYMHE
oyner 10.7M. B1o Ha ABa Nopsiaka 00Jblile HaOM0IaeMOM BEJIMUMHBI, Y PACXOXICHUE
He TOJbKO HE HCcYe3aeT, HO CTaHOBMUTCS elle Bbimykiee. [loayyaercs:, uTo
TpaAULIMOHHbBIE MEXaHMU3Mbl 00ECIIeUMBaOT OKOHYATEIbHBIN pe3yIbTaT, KOTOPhIi
Ha TIOPSIOK MEHbIIIe HAOII0MaeMOro 3HaYeHUS, a PacIliMpeHne BCIIEICTBAE TEMHOI
SHEPruy - Ha JIBa TOpsaKa OoJble.

OpnHako BO BTOPOM CJIydae OCTaeTcsl elle OAUH HeyYTeHHbIN (pakTop, KOTOphIi
HaMmu ObLT paccMoTpeH B [18]. DTum pakTopom sIBiIIETCSI BOSMOXHOCTb YBETUUEHUS
Macchl CosHIIAa BCIEICTBUE YMEHBILEHMSI SHEPIMU CBSI3M B aTOMHBIX SIIpax U
OTIEIbHBIX OapMOHAaX. YUMUTBIBAsI, YTO OOMEH SHEPIUSIMHU OApUOHHBIX OOBEKTOB C
HOCUTEJIEM TeMHOM DHEPryuU MPOUCXOAUT MPU BCeX MaciuTabax, Mbl IIPOBEPUIIH,
C KakoW CKOpOCThbIO JOJDKHA YyBelnuuBaThcsi mMacca CoiHIia, YTOObI BMECTO
YBEJIMUCHUSI aCTPOHOMUYECKOM eanHuLIbl Ha 10.7 MeTpoB, MPUPOCT ObLT ObI PaBeH
HabmomaeMoil BeanuuHe 15.4cM. PacdeTsl moka3pIBalOT, YTO MJISI 3TOrO T'OAOBOI
MIPUPOCT COJTHEYHOIM Macchl IHOJKeH ObITh [18]:

AMg

®
4TO B aGCOJIOTHBIX 3HAUEHMSX cOCTaBisgeT 4.4-10" r/c wim B SHepreTMuecKoM
skBuBaneHTe - 4.0-10° spr/c. Dro 1000 pa3 Gombure cerumoct CoNHIA, T.€.,
eciu 0.1 pOLIEHTOB JaHHOW MacChl MPEBPATUTCS B JIYUYUCTYIO SHEPTUIO, TO MOXKET
obecrieuuTh HaboaaemMyto cBeTuMocTb CoJHIIA.

C Jnpyroii CTOPOHBI, YBeJIMYEHUE MacChl aTOMHBIX SJep, €CIU TakKoe
JNEWCTBUTEIBHO TMPOMCXOAUT, O3HAYAET, YTO CO BPEMEHEM HMX SHEpreThYecKue
YPOBHU CTAaHOBSTCS 60Jjiee TIIyOOKMMU, a COOTBETCTBYIOIIME CIIEKTPAIbHBIC JIMHUN
MepeMeNIaloTcs B CTOPOHY KOPOTKUX BOJIH, T.€. IIPOUCXOAMT "TONy0oe cMeleHne"
BCeX JIMHUU. JleicTBUTEIbHO, IJ1s1 AJTMHBI BOJHBI A,,, TIPOCTEWILEN MOIEIN aToMa
BOIOpOAA UMeeM

_ -1
=7.04-10"", (7)

1 1 M 1 1
=R P — ],
N 4 he m,+ M, (mz nzj ®
4
m,e
Ry=—"—, 9
88;‘;}12 ©)

rne Ry - sHepretuueckas eauHulia Punbepra, a ocTajibHble 00OO3HAYEHUS
OOLLIETIPUHSITHL.
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M3 (8)-(9) oueBUIHO, YTO JJIMHA BOJIHBI JUISI CIIEKTPAJIbHBIX JTUHUI 0OpaTHO
MPOINOPIMOHAIbHA TIPUBEICHHON Macce 2JeKTpoHa M MPOTOHA

me+Mp 1
mM, m (10)

r

U CTAaHOBUTCS KOpOUE, €CIM OHa yBeInuuBaeTcsd. Eciu aeicTBUTENbHO TTPOMCXOINUT
Takoe MOHOTOHHOE U3MEHEHUE, TO B CIIEKTpe JaIeKMX 00OBEKTOB, KpOMe JIOILIe-
POBCKOIO KpPacHOTO CMEIIEHMs], MOJDKHA ObITh HEKOTOpasl COCTaBJSIOlIasi, He
00yCJIOBJIEHHAs1 CKOPOCTbIO paciinpeHus BceneHHOM, a CBI3aHHAs JIMIIb 3BOJIIO-
LIMOHHBIMU CBOWMCTBAaMM OOBIYHOUN Matepuu. Mcxonasd u3 3TOoro mpeacTaBIeHUs U
CUMTAasl, YTO PA3HOCTh MBYX 3HAYCHUI MOCTOSTHHON Xa00s1a MOXET ObITh CJSICTBUEM
YBEJIMUEHUS MacChl OOBIYHOM MaTepuM 3a BpeMsl MPOXOXKAECHUS CBeTa MyThb B OAWH
Meramnapcek, MOXXHO BBIYMCIUTH T'OJOBOE IMpHpalleHUe MacChl, KOTOPOE MOXET
00eCIeunTh TaKOe PACXOXKIECHUE.

PasHuiia 3HaueHU nocTosiTHHOW Xab01a /uis mo3aHel u paHHeir BeeneHHo
cocrabnger 6.6 km ¢! Mnk'. Torga KpacHoe cMelleHWE, COOTBETCTBYIOLLEE
pPacCTOSIHMIO B OIMH CBETOBOU rom, OyaeT paBHO

B 6.6
3.26-10°-3-10°
rae yuyreHo, uyto 1 Mmk cocrapisieT 3.26 MJIH CBETOBBIX JIET.

C JIIPYroyi CTOPOHBI, €CJIM BBIPA3UTh 3TO XK€ 3HAYCHUE KPACHOTO CMEIIEHUS
4Yepe3 M3MEHCHUEC OJIMHBI BOJIHBI, TOraa

Az =6.7-107"%, (11)

AM
Az=—o,
) (12)
rie AL=Ai, —A,. YuureBasg (10), Haxoogum
m.o,—m, Am,
Az=—r—r=—, (13)
m., m,

rae m,, W m., - CyTb IIPUBEIEHHbIE MAaCcChl TTapbl MPOTOH-3JIEKTPOH, U3MEPEHHbIE

C pa3Hullel BpeMeHW B oauH roa. Torma, uz (11) u (13) ana mpupocra

MPUBEACHHON MacChl HaXOAUM
Am,

m?"

Mmest cootHoleHue (14), MOXHO BBIUMCIUTD TEMIT U3MEHEHUST MacChl MPOTOHA.
Mp1 3nech paccMaTpuBaeM ABa ciydast. Hamm paccyxxaeHust 00 U3BMEHEHUM MacChl
OTHOCUJIMCh K aTOMHBIM siipaM W OapuoOHaM, KOTOpbIE SIBJISIIOTCS COCTaBHBIMU
o0beKTaMu 1 o0J1anatoT sHeprueid cBsizu. CorlacHO COBPEMEHHBIM MPENCTABICHNSIM,
JIEITOHBI, B TOM YMCJI€ W DJIEKTPOH, He 00JamaloT BHYTPEHHEH CTPYKTYpOIi.
IToaTOoMy B KauecTBe MepBOro BapraHTa Mbl MacCy JEKTPOHA CUUTAIU HEU3MEHHOI,

=6.67-10"2. (14)
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a BO BTOpPOM cCJjiyda€ paCCMOTPEHO OJMHAKOBOC€ M3MCHCHUEC MACC JJICKTPOHaA U
IIPpOTOHA. B IEPBOM CJay4dac IJid 6apI/IOHHOI7I KOMITOHCHTBI OKOHYATCJIbHO HaxXOoM

AM, M, Am,

8
~1.3-107, (15)

M, m, m,
a BO BTOpPOM cCJiy4yae
P I . -12
<= 266:1077 (16)

» .,

He umeer cMbicia paccMaTpuBaTh MEPBbIA BApUAHT, MOCKOJIbKY MPUPOCT MACCh
OOBIYHOI MaTepuu B 3TOM Cllyyae OrPOMEH U CKOpee BCero ObL1 Obl OOHapyKeH
JIKE TIPU OTPE/ENIEHUU Macchl mpotoHa M, =1.672621923 69(5 1)- 107 rp. [ToaTomy
MOXHO MPUNUTHU K BBIBOAY, UTO €CJIM PAaCCMOTPEHHBIN 31€Ch MEXaHU3M JeHCTBU-
TeJbHO paboTaeT, TO CO BpeMEHEM SBOJIIOLIMOHUPYET Macca He TOJIbKO OApUOHOB,
HO M BCEX JIETITOHOB WJIM, TI0 KpaiiHeil Mepe, aiaekTpoHa. O3HayaeT Jiu 3TO, UTO
9JIEKTPOH Takxke 00jagaeT BHYTPEHHEH CTpPYKTypoii, MokKa TpyIHO cKa3aTb. B
MEPBYIO O4Yepelb CJeNyeT HAWTU [OPYyrue METOIbl, CBUAETEJIbCTBYIOLIME OO
SBOJIIDLIMOHHOM POCTE MAacChl aTOMHBIX SIAEP U BJEMEHTAapHBIX YaCTHII.

OO6HazaexuBaeT TOT (akKT, YTO MOJydyeHHas 3[eCh OLIEHKa MPUPOCTa MaCChl
ATOMHBIX SIeP W 2JIEMEHTAPHbBIX YaCTUIl KaUeCTBEHHO MOATBEPKAAeT HalIeHHYIO
HaMU OlleHKY u3MeHeHus: Macchl CosiHla. C npyroit CTOpOHbI, pa3HUIlAa B OJWH
MOPSIIOK MCKOMOI BEJIMYMHBI MOXKET ObITh MHTEPIPETUPOBAHA MO-Pa3HOMY, U KakK
pe3yJabTaT MOrpelHOCTe U3MEPEeHU, U KaK CJIEeICTBUE HeloydyeTa pasIMYyHbIX
(akTOpOB.

5. Obcyacoenue u 3axkarouerue. Haunem 5t 0OCYKIEHUS C PACCMOTPEHUS
IMapagoKca, KOTOPBI OOBIMHO OOXOMUTCS MOJTYAHUEM WJIM MHTEPIIPETUPYETCS He
C TOYKHU (PU3NYECKUX 3aKOHOB, a HEMOHITHBIX YMO3PUTEbHBIX J0BOAOB. Jleo B
TOM, YTO JBE OOIIETIPUHSITHIC TUTIOTE3bI COBPEMEHHOCTH, a UIMEHHO TIPEATIOIOXEHIE
0 BO3HUKHOBeHMU BcesaeHHoM, 61arogapsl Tak Ha3blBaeMOMY OOJIbLIOMY B3pbIBY,
C OIHOI CTOPOHBI, U BO3MOXHOCTb CYIIECTBOBAaHUSI OOBEKTOB-MOHCTPOB MO[
HA3BaHUEM YEpHbIE IBIPbI, C APYroil, BOOOLIE TOBOPSI, HECOBMECTUMBI. Takoi
BBIBOJ CJIeMyeT M3 CaMOCOIJIaCOBAHHOTO TIPMMEHEHUS JIOTMYECKUW CBSI3aHHBIX
YTBEePXKIEHU, 000CHOBAaHHBIX 3aKOHAMM (DPUBUKHU.

CorylacHO TIPUHATBHIM CETOMHS TIPEACTaBICHUSIM O OOJBIIIOM B3phIBE, HAIlla
BcenenHas Bo3HuKIa mpuMepHO 13.8 Mipn JieT Hazaa u3 GU3MYECKOrO BakKyyma
BCJIEICTBUE TPAHAMO3HOMN (IyKTyallMu U MPOMOJIKAET PACIIMPSITHCS MO Cell JeHb.
Teopusi, mocTpoeHHas: Ha 0a3e TOM K€ TMIIOTE3bl, YTBEPXKIAET, YTO BCsl OaprOHHAs
Marepus yxe Oblia cpopMupoBaHa, a JEKTPOHbI ObLIA 3aXBau€Hbl NEPBUYHBIMU
saapamu yxe 3a nepsble 379000 neT mocne B3pbiBa. Ho eciiu 3To Tak, TO BO3HUKILAS
M3 HUYETO MaTepus yxXe objamansa CBOMM COOCTBEHHBIM T'PaBUTAIIMOHHBIM ITOJIEM.
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Torma He ommbemcs, eciM 3aKIOYUM, 4yTo OapuoHHas BceneHHas-3aponbliil
JIOCTaTOUHO JIOJIT0€ BpeMsl HaxoAuJiach BHYTpHU cdephl ¢ paauycoM LlIBapuimibaa.
Ho mnpu sTOM BO3HMKaeT BOINpOC, KakuMm obpazoM BceieHHas mpomosxkana
pacimpsiTbest?

IIpu camocoriacoBaHHOM pPacCMOTPEHUU 3TOM KapTUHBI C TOUKMU 3pEHUS
COBpPEMEHHON (DM3UKM, MOXET OBITh JIUIITb OJHO peIllIeHUe IS 3TOTO MapagoKca.
OHo 3akioyaeTcsl B TOM, YTO Macca BceneHHOI B J11000M 3Tamne ee 3BOJIOLIUU
BHYTpU JII00OTO paguyce Bcerda ObLIa MeHblIe KpuTuuyeckoil. [IpuHuUMas Bo
BHUMaHNE, YTO TPABUTAIIMOHHBIN pagryc MPOTIOPIIMOHAJIEH Macce, Henm30exKHO
MPUXOAUM K BBIBOAY, UTO B MpPOIIOM Macca BcejaeHHol mo/rkHa Oblia OBITh
MEHbIIIe U OHa PacTeT CO BpeMeHeM, Ojarojgapsi SBOJIOLMU MaTepUM.

Kak mokaspIBaeT aHaJIM3 MPUUYMHHO-CIEACTBEHHBIX ITOCIEIOBATEILHOCTEN,
MpUMeHeHNEe uaen 00 3BOJIOLIMOHHOM POCTE MAacChl aTOMHBIX SiIep U GaprOHOB
MPUBOIUT K HEKOTOPHIM APYIUM (uU3nueckuM a¢deKkTam, KOTopble UMEIOT HabIto-
JnarejbHble MposiBiaeHus. OIHO U3 TaKUX MPOSBIEHUI HaMu paccMOTpeHo B [19].
OHO CBSI3aHO C 2BOJIOLIMEN MaTepUM, TEMIT KOTOPOH BbIlIE B OObEKTAX C MEHBIIIEH
Maccoii. MccnenpoBaHue ABYX CKOIUICHUI rajlakTUK, a UMEHHO, CKOIUIeHUi B JleBe
u B [leun, 1ToKa3pIBaeT, YTO Y KapJIMKOBBIX TAJIAKTHK B CPEIHEM KPacHOE CMEIeHUE
MeHblIe (moapobHee cM. [19]). DTOT (akT MOXKET OBITb UHTEPIIPETUPOBAH C TOUKU
3pPEHMST BBOJIOLMOHHOTO pOCTa Macchl OAPUOHOB U aTOMHBIX SIAED.

Takum 06pa3zoM, Bce aHaIU3bl HabOJATENbHBIX JaHHbBIX, TI0 KpaliHell Mepe,
He TIPOTUBOpEeYaAT BOBMOXHOCTH SBOJTIOLIMOHHOTO U3MEHEHUSI OapUOHHON MaTepuu
Ha ypoBHe MUKpomupa. bojiee TOro, B HEKOTOPBIX CAydasiX SBOJIOLIMS KaKeTCsl
Hen30exHoi. KoHeuHo, HET COMHEHMIA, YTO aHAIM3BI C TIPUBJICUEHUEM KaK MOXHO
0O0JIbILIETO KOJIMYECTBA pa3IMUHbIX HAOMIOAATeIbHBIX JAHHBIX JODKHBI MPOAOSIKATHCS
JJIS1 TIOJIydeHUsl GoJjiee TBEpAbIX U OOOCHOBAHHBIX 3aKJIIOUCHUIA.

Bropakanckasa actpodusndeckas obcepBaropusi uM. B.A.AMOapiymsiHa,
Apmenns, e-mail: hhayk@bao.sci.am

DISCREPANCY BETWEEN VALUES OF THE HUBBLE
CONSTANT, DETERMINED BY DIFFERENT METHODS

H.A-HARUTYUNIAN

The issue of the discrepancy between the values of the Hubble constant,
determined for the "early" and "late" Universe is considered. We note here that
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the definition of the first value does not depend explicitly on the physical
properties of baryonic matter, while in the second case the velocities of cosmic
objects are determined. Therefore, we put forward a hypothesis that the mystery
may be hidden in the evolutionary changes of baryonic matter. Our analysis shows
that a growth of the mass of atomic nuclei and elementary particles by a fraction
6.67-107"% per year could lead to the observed discrepancy. This result is consistent
with our previous conclusion about the secular increase in the mass of the Sun.
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Using the apparent-magnitude limited active galactic nucleus (AGN) host galaxy sample of
the Sloan Digital Sky Survey Data Release 12 (SDSS DR12), we investigate the environmental
dependence of u-, g-, #-, i- and z -band luminosities of AGN host galaxies. We divide the whole
apparent-magnitude hirmted AGN sample into many subsamples with redshift binning size Az = 0.01,
and analyse the environmental dependence of all the five band luminosities of subsamples in each
redshift bin. It tumns out that overall, all the five band luminosities of AGN host galaxies are weakly
correlated with the local environment.

Keywords: galaxies: fundamental parameters - galaxies: statistics

1. Introduction. In the last several decades, the study of active galactic nuclei
(AGNs5s) has been an important subject in the galaxy field [1-8]. Dressler et al.
[1] and Miller et al. [2] examined the local environmental dependence of the
presence of active galactic nuclei (AGNs). Using two volume-limited main galaxy
samples of the SDSS, Deng et al. [3] explored the environmental dependence of
the star formation rate (SFR), specific star formation rate (SSFR), and the
presence of AGNs for high stellar mass (HSM) and low stellar mass (LSM)
galaxies. Komiya et al. [4] showed results of the cross-correlation analysis between
AGNs and galaxies at redshift 0.1-1. Davies et al. [5] found that the fraction of
these AGN in SO host galaxies decreases strongly as a function of galaxy group
size (halo mass) - which contrasts with the increasing fraction of galaxies of SO
type in denser environments. Bornancini &Garcia Lambas [6] observed different
properties of host galaxies of distinct AGNs: Type 1 AGNSs reside in blue, star-
forming and less massive host galaxies compared to Type 2. Koulouridis &
Bartalucci [7] studied the distribution of X-ray detected AGNs in the five most
massive and distant galaxy clusters in the Planck and South Pole Telescope (SPT)
surveys. Liu et al. [8] presented a new, complete sample of 14,584 broad-line
active galactic nuclei (AGNs) at z<0.35.

Galaxy luminosities strongly depend on the environment (e.g., [9-12]). Park
et al. [9] claimed that high-density regions preferentially include bright galaxies,
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low density regions tend to harbor only faint galaxies. Blanton et al. [10] reported
that local density is a strong function of luminosity: the most luminous galaxies
tend to reside in the densest regions of the universe. Blanton et al. [11] demonstrated
that galaxy color and luminosity jointly comprise a pair of properties most predictive
of the local environment. Zandivarez et al. [12] computed the luminosity function
for several subsamples of galaxies in groups, and observed that the characteristic
magnitude is ~ 0.5 magnitudes brighter than those obtained for field galaxies. The
above-mentioned conclusion is consistent with hierarchical models of galaxy for-
mation which predict that bright galaxies should be more strongly clustered than
faint galaxies (e.g., White et al. [13]; Kauffmann et al. [14]).

However, the environmental dependence of luminosity is rather complicated.
For example, Norberg et al. [15] showed that the clustering amplitude increases
slowly with absolute magnitude for galaxies fainter than M,,—5 log,,h=-19.7
(Folkes et al. [16]), but rises more strongly at higher luminosities. Deng et al.
[17] demonstrated that the galaxy luminosity strongly depend on local environ-
ments only for galaxies above the value of M ~-20.5 found for the overall
Schechter fit to the galaxy luminosity function (Ball et al. [18]), but this
dependence is very weak for galaxies below the value of M. Applying different
statistical methods, Deng & Zou [19] and Deng [20] explored the environmental
dependence of u-, g-, r-, i- and z -band luminosities in the Main galaxy sample
(Strauss et al. [21]) of the SDSS, and demonstrated that the environmental
dependence of galaxy luminosities does not follow a single trend for different
bands. They paid special attention to the abnormal environmental dependence of
u-band luminosity: luminous galaxies in the u-band exist preferentially in low
density regions, while faint galaxies in the u-band are located preferentially in high
density regions.

The primary goal of this study is to explore the environmental dependence
of u-, g-, r-, i- and z -band luminosities of active galactic nucleus (AGN) host
galaxies. The outline of this paper is as follows. In Section 2, we describe the
AGN host galaxy sample. We present statistical result in Section 3. Our main
results and conclusions are summarize in Section 4.

In calculating the distance, we used a cosmological model with a matter density
of Q,=0.3, a cosmological constant of Q, =0.7, and a Hubble constant of
H,=70kms"' Mpc™.

2. Data. Data Release 12 (DRI12) (Alam et al. [22]) of the SDSS is the
final public release of spectroscopic data from the SDSS-IIT BOSS. In this work,
the data of the Main galaxy sample [21] was downloaded from the Catalog Archive
Server of SDSS Data Release 12 [22] by the SDSS SQL Search (with SDSS
flag: LEGACY _TARGETI & (64|128]256) >0). We extract 631968 Main galaxies
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with the spectroscopic redshift 0.02<z<0.2.

The galSpecExtra table contains estimated parameters for all galaxies in the
MPA-JHU spectroscopic catalogue. BPT classification in this table is based on the
methodology of Brinchmann et al. [23]:

All. The set of all galaxies in the sample regardless of the S/N of their
emission lines.

SF. The star-forming galaxies. These are the galaxies with S/N >3 in all four
BPT lines that lie below lower line in Fig.1 of Brinchmann et al. [23]. This
lower line is taken from equation (1) of Kauffmann et al. [24].

C. The composite galaxies. They are the objects with S/N >3 in all four BPT
lines that are between the upper and lower lines in Fig.1 of Brinchmann et al.
[23]. The upper line has been taken from equation (5) of Kewley et al. [25].

AGN. The AGN population consists of the galaxies above the upper line in
Fig.1 of Brinchmann et al. [23]. This line corresponds to the theoretical upper
limit for pure starburst models.

Low S/N AGNs. They have [NII]6584/H0¢ >0.6 (and S/N >3 in both lines)
(e.g. Kauffmann et al. [24]), and still are classified as an AGN even if their [OIII]
5007 and/or HB have too low S/N. Miller et al. [2] called such AGNs the "two-
line AGNs".

Low S/N SF. The remaining galaxies with S/N >2 in Ha are considered
low S/N star formers.

Unclassifiable. Those remaining galaxies that are impossible to classify using
the BPT diagram. This class is mostly made up of galaxies with no or very weak
emission lines.

Deng & Wen [26] selected C, AGN and Low S/N AGN populations and
constructed an apparent magnitude-limited AGN sample which contains 122923
AGN host galaxies. In this work, we use this AGN sample.

3. Statistical results. Following [20], we measure the projected local density
3= N/ Ttd52 (Galaxies Mpc™?), where d, is the distance to the 5th nearest neighbor
within £1000kms™ in redshift (e.g., [27-29]) and divide this AGN sample into
subsamples with a redshift binning size of Az=0.01. In each subsample, we
arrange galaxies in a density order from smallest to largest, select approximately
5% of the galaxies, construct two samples at both extremes of density, and compare
the distribution of u-, g-, r-, i- and z -band luminosities of AGN host galaxies
in the lowest density regime with those in the densest regime.

Fig.1-5 show u-, g-, r-, i- and z -band absolute magnitude distributions at both
extremes of density in different redshift bins for the apparent magnitude-limited
AGN sample. As seen form these figures, overall, all the five band luminosities of
AGN host galaxies are weakly correlated with the local environment.
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We further perform the Kolmogorov-Smirnov (KS) test which can show the
degree of similarity or difference between two independent distributions in a figure
by calculating a probability value. A large probability implies that it is very likely
that the two distributions are derived from the same parent distribution. Con-
versely, a lower probability value indicates that the two distributions are less likely
to be similar. The probability of the two distributions coming from the same
parent distribution is listed in Table 1, which is much larger than that obtained
by Deng (see Table 1 of [20]) and even is much larger than 0.05 (5%, is the
standard in a statistical analysis). Such a result shows that two independent
distributions in these two figures are very similar. This is in good agreement with
the conclusion obtained by the histogram figures.

The redshift ranges of the AGN sample in this work is the same as one of
the apparent-magnitude limited Main galaxy sample of the SDSS used by Deng
[20]. Using the same method, Deng [20] investigated the environmental depen-
dence of u-, g-, r-, i- and z-band luminosities in all redshift bins of the
apparent-magnitude limited Main galaxy sample. It was found that overall, all the
five band luminosities apparently correlate with the local environment. For r, i
and z bands, luminous galaxies exist preferentially in the densest regions of the

Table 1
KS PROBABILITIES OF ALL THE FIVE BAND LUMINOSITIES THAT

TWO SAMPLES AT BOTH EXTREMES OF DENSITY ARE DRAWN
FROM THE SAME DISTRIBUTION

Redshift bins| Galaxy | P(u-band) | P(g-band) | P(r-band) | P(i-band) | P( z -band)
number

0.02-0.03 3433 0.512 0.353 0.287 0.353 0.287
0.03-0.04 5105 0.239 0.683 0.683 0.464 0.464
0.04-0.05 6281 0.411 0.908 0.600 0.600 0.156
0.05-0.06 7757 0.385 0.385 0.096 0.0452 0.0550
0.06-0.07 10503 0.876 0.310 0.0472 0.0192 0.00873
0.07-0.08 13062 0.00619 5.840e-05 | 6.671e-07 | 4.913e-07 | 3.607¢-07
0.08-0.09 12860 0.0820 0.840 0.661 0.567 0.357
0.09-0.10 9824 0.0113 0.0859 0.309 0.392 0.183
0.10-0.11 8186 0.702 0.156 0.0305 0.0103 0.00184
0.11-0.12 9109 0.203 0.487 0.981 0.903 0.389
0.12-0.13 8136 0.210 0.580 0.813 0.863 0.322
0.13-0.14 7650 2.838e-07 1.400e-06 0.0146 0.0525 0.330
0.14-0.15 6412 0.00734 0.00425 0.114 0.319 0.370
0.15-0.16 4787 0.00776 0.00411 0.0545 0.0695 0.251
0.16-0.17 3445 0.782 0.0476 0.782 0.782 0.693
0.17-0.18 2710 0.222 0.129 0.543 0.645 0.748
0.18-0.19 2190 0.619 0.0666 0.506 0.734 0.840
0.19-0.20 1473 0.616 0.879 0.879 0.994 0.879
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Fig.1. u-band absolute magnitude distribution at both extremes of density in different redshift
bins: solid line for the sample at high density, dashed line for the sample at low density. The error
bars of dashed lines are 1o Poissonian errors. Error-bars of solid lines are omitted for clarity.
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Fig.2. As Fig.1 but for g-band absolute magnitude distribution at both extremes of density in
different redshift bins.
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Fig.3. As Fig.1 but for r-band absolute magnitude distribution at both extremes of density in
different redshift bins.
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Fig.4. As Fig.1 but for i-band absolute magnitude distribution at both extremes of density in
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universe, while faint galaxies are located preferentially in low density regions,
which is consistent with the conclusion obtained by Deng & Zou [19]. Deng [20]
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Fig.5. As Fig.1 but for z-band absolute magnitude distribution at both extremes of density
in different redshift bins.
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also observed that the environmental dependence of all the five band luminosities
nearly are the strongest in the redshift bin 0.07 <z <0.08, in which a super-large-
scale structure exists (Gott et al. [30]; Deng et al. [31]). It is noteworthy that
luminous galaxies in M (the u-band absolute magnitude) exist preferentially in
low density regions of the universe, while faint galaxies in M are located
preferentially in high density regions, especially in the redshift range 0.05<z<0.10,
which is opposite to widely accepted conclusion.

In faint volume-limited Main galaxy sample, galaxy age still strongly depend
on environment [32], but in the faint volume-limited AGN host galaxy sample,
the environmental dependence of the age is fairly weak (Deng & Wen [26]).
Zheng et al. [33] analysed the stellar age and metallicity distributions for 1105
galaxies on the SDSS-IV MaNGA (Mapping Nearby Galaxies at APO) (Bundy
et al. [34]) integral field spectra, and also observed that the galaxy age depends
on local density. Thus, Deng & Wen [26] believed that the environmental
dependence of the age of AGN host galaxies is likely different from the one of
genenal galaxies. Here, we again note that the environmental dependence of all
the five band luminosities of AGN host galaxies is different from the one of
genenal galaxies.

4. Summary. In this study, we use the apparent-magnitude limited AGN
sample of the SDSS DRI12 [21] which contains 122923 AGN host galaxies and
investigate the environmental dependence of u-, g-, r-, i- and z -band luminosities
of active galactic nucleus (AGN) host galaxies. Following Deng [20], we divide the
whole apparent-magnitude limited AGN sample into many subsamples with redshift
binning size Az=0.01, and analyse the environmental dependence of all the five
band luminosities of subsamples in each redshift bin. As shown by Figs.1-5, overall,
all the five band luminosities of AGN host galaxies are weakly correlated with
the local environment. We also perform the Kolmogorov-Smirnov (KS) test.
Statistical result is in good agreement with the conclusion obtained by the
histogram figures.
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3ABUCUMOCTb CBETUMOCTEN POOUTEJIBbCKUHX
F'AJJAKTUK AGN B IIATH TTIOJOCAX OT
OKPYXAIOLMIEN CPEJbBI

IOH CMHb, KCUH-®A ABHT

Hcnonb3ys BBIOOPKY pomuTeIbcKux TagakTuK AGN ¢ orpaHM4eHHOI BUAMMON
BennunHoit u3 Sloan Digital Sky Survey Data Release 12 (SDSS DRI12), Mbl
HCCIeNOBAIM 3aBUCUMOCTh CBETUMOCTEN B U, g, F, i U z TI0JIOCAaX OT OKpYKarollei
cpenbl poauTenbckux rajgaktuk AGN. Mpl pasgemmin Bcio BBIOOpKY AGN c¢
OrpaHUYEHHON BUAMMOI BEJIMYMHON HAa MHOXECTBO IOABLIOOPOK C pa3zMepoM
OMHHUHra KpacHoro cmeuieHuss Az=0.01 W aHaJIU3UPOBAIU 3aBUCUMOCTb
CBETUMOCTEM B ISITU MOJIOCAX OT OKPYKAIOILeil cpeabl IS TIOABLIOOPOK B KaxKIOi
siyeiike KpacHoro cMmelneHust. OKa3anoch, YTO IJIs1 BCeX ISITU TOJI0C CBETUMOCTH
poautenbckux raakTuk AGN ciiabo KOppeJupyloT ¢ MECTHBIM OKPYKEHUEM.

KntoueBbie cnoBa: earakmuxu: pyHOAGMEHMAAbHbIE NAPAMEMPbL - 2AAAKMUKU:
CMamucmuKa
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ACTPODOHMM3NUKA

TOM 64 HOABPD, 2021 BBIIIVCK 4

UCCJIEIOBAHUE 3BE3JLI AY LAC, B3PLIBHOI
[IEPEMEHHOIM TUIIA WZSGE, METOJAMU
MHOTOIIBETHOM ®OTOMETPUU

CIO.OIVTAPOB! 2, M. I AGOHWHA??, A.B. X KAPOBA?

IToctynuna 14 wmioas 2021
ITpunsta x megatu 20 okrabps 2021

Bo Bpems Bembmiku kapimkosoit HoBoMt AY Lac B okraBpe 2020r. asropamm OBUIO IOIYYEHO
2250 UBVRcle-naGmoperniii TepeMeHHON., AHAMN3 TOYICHHBIX (HOTOMETPHYISCKHX PSHOB ITOKA3a,
910 Y HeaienyeMoil 3sesapl tuma SUWZ HaGmomamich cBepxropObl KaK padHHue, TaK W HA CTaiuH B,
Heproapl KoTopbix coctaswm 0°.058074 u 09059418 cyTok, coorsercrserEo. MccienosaHo MaMeHeH e
dopMbI cBepxropboB B TedeHHe BCIBINKH, ObUTH HalifieHbl 3HaTeHMs P, = P/P=66-10" , H30BITOK
nepuoma & = 0.024, oleHeHO Hauboiee BEPOATHOE OTHOLIEHME Macc KomioHeHToB ¢ = (.11, a Takxe
IIBETOBbIE TEMIICPATYPbI U DA, Apyrux Besiraud. [lokazano, uro AY Lac sBismercs THIHYHOM 3Be3OM
Tima WZ Sge 10 BceM H3YYeHHBIM XapaKTepHCTHKAM.
Kinrouepble cnopa: AY Lac: Kamaxausmuueckue nepemernoie: aKkpeyorHsie OUcKu:

ceepxeopbbi: KOAOPUMEMPUS

1. 3se3dor muna SU UMa. Obujue nosoxcernus. Karaknusmmdeckue
vl B3phiBHbie TiepeMeHHbIe 3Be3abl (KII) - TecHbIC ABOMHEBIC CHCTEMBI, TICPBUYHBIA
KOMITOHEHT - 310 Oenpiil Kapnuk (bK), BTOpHYHBIN - KpaCHBIN KapiHK MO3IHETO
CIEKTPANIFHOTO KNIAcCa, KOTOPKIN 3allonHgeT CBoIo nonocTh Poia.

BenencTeue 5TOTO BellIeCTBO OT BTOPHMYHOTO KOMIIOHCHTA Yepe3 BHYTPEHHIO
rouky Jlarpamxka L1 akkpenupyer Ha Oenblii Kapauk. AKKpEI[HOHHAS CTPYI HE
nagaeT HemocpencTeeHHO Ha BK, a 3akpyursaercs B HanpaBlneHUH OpOUTAILHOTO
nprckeHNa 1 BoKpYT bK dopMupyerca akkpelMOHHBIN AucK. Kak mpaBuno, AuUCK
M gpKue 00pa3OBaHI HA HeM BHOCST HAUOONBINMIA BKIAA B OITHYECKOE M3NyYeHHE,
uayiee oT cucreMbl. Ha kprBoii Oniecka MOSBISIOTCS BCIBIIKH, BONHOOOPa3HbIE
H3MEHeHHS, genpeccuu U apyrue 3ddexTsl (cM., HampuMmep, cratbu [1-4]).

Onmun u3 noaknaccos KII - 3sezant Tmna SU UMa m ux noATUNBL -
nepemeunnpic Tuna ER UMa u WZ Sge.

HOna 3ee3s tina SU UMa xapakTepHO HalWdWe BCIBIIIEK ABYX THIIOB:
HOpManbHOH ¥ cBepXBenblmki. HopManbHag BCHBINIKA ANUTCS BCErO HECKOMBKO
IHel, UMeeT aMIUTUTYAY 2-4 3B. Bell., a CBCPXBCIILIIIKA JJIUTCA OKOJIO ABYX HEICND
U nuMeer OONbINyI0 aMrnmuryay (nmpumMepHo Ha 1-23B. Ben.).

HauGonblilyio BCOBIIIEYHYIO aMIDIMTYAY HMEIOT 3Be3Abl moaruia WZ Sge
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(SUWZ), B HEKOTOpBIX cllyyasX OOBEKT BCIIBIXMBaeT Ha 8-93B. Bell. [5] u Mo
GoTOMETPUYECKOMY TTOBEIEHUIO 3TU 3BE3/Ibl OTYACTU IMOXOXM Ha KJIACCMUYECKHUE
HoBble. OIHAKO BCIBIIIEK C aMILIATYyI0i 10 19 3B. Bel., Kak ObLIO, HAIpUMeED,
y Kinaccuyeckoit HoBoit V1500 Cyg [6,7], vy 3Be3n tura WZ Sge HUKOrZa He
HabJ1I01aJ10Ch.

CpenHuil MTHTepBAJI MEXAY MOCIeN0BaTeIbHBIMU CBEPXBCIIBIILIKAMUA Ha3bIBAETCS
"cBepxuuki'. OOBIYHBIC, HOPMAJbHBIC BCHBIIIKKA ITPOMCXOMSIT MEXIY CBEpX-
BcOblIKaMM. Y 3Be3a nmoatuna WZ Sge oObIYHBIX BCIIBILLIEK HE HaOJI0JaeTCs.

3Be3nnl noaruia ER UMa nMmeror HanboJjiee KOPOTKHME CBEPXIIMKIIBI, AECITKNA
JTHEU, MeXIy KOTOPBIMU TaKXKe MPOMCXOAIT OOBIYHBIE BCIIBIIIKU. AMIUTUTYIA BCEX
BUJIOB BCIBIIIEK Y 3BE3/l OTOr0 IMOJKIAacca caMasi MUHUMaJbHas 151 3BE3/ TUIa
SU UMa u cocTaBisieT HECKOJIbKO 3B. Bell. [8-11].

Bo Bpemsi cBepXBCHBILLIEK 3T OOBEKTHI ITOKA3bIBAIOT KojiebaHus OJjecka,
Ha3bIBaeMble cBepxropdoamu. OHU UMEIOT CUHYCOMAAIbHYIO (popMy, UX aMILIUTyIa
MEHseTCs, ToCTUras, Kak mpaBuiio, 0.2 3B. Bejl., OIHAKO M3peaKa HaOJogaloTCs
BOJIHBI ¢ aMIuMTynoi mo 0.4 3B. Bea. CBepXropObl AensTcsa Ha Tpu ctaauu [12]:
cramus "A" - paHHsSS 3BOJIOLIMS, B T€YEHHE KOTOPOI BO3pacTaeT MX aMILIUTYIA
U HaOJI0AaeTCsl MOCTOSIHHBIN M 0oJsiee MPOMOKUTENbHbBIA MX MEPUOI, YEM Ha
craguu "B". Bo BpeMs cragum "B" cBepXrop6nl Hanmbojiee YeTKO BEIpaXKeHBI, UX
MEePUOJ OTPEACIISIETCS C HAWJTyYlllel TOYHOCThIO, B TE€YCHUE ITOM CTaauu JJIMHA
Meproaa U3MEHSIETCS TI0 BpEMEHU MPUOIM3UTENBHO MO MapadoJnYecKOMy 3aKOHY.
JIst 9UCIIEHHOM XapaKTEePUCTUKKM 3TOIO0 U3MEHEHMUS BHIYUCIIAETCS BeMInHa P,
MoKa3blBaoulass CKOPOCTb U3MEHEHUs Tepuoaa 3a Meproa P/P. st cucteM ¢
KOPOTKMM OpPOUTAIBbHBIM TIEPUOAOM 3Ta BEJIMYMHA OOBIYHO TOJIOKUTEIbHAS.
®uHanbHasa cTagvs cBepXBCHbIIKU "C" MOKa3bIBAET MEHEE YETKUE CBEPXTOPOHI,
aMIUIMTYIa UX OOBIYHO YMEHBILIAETCS, a 3HAYeHUE Meproa CTAHOBUTCS MEHBbIIIE,
yeM Ha craguu "B".

B GonblIMHCTBE cilyyaeB MEPUOJ TaKUX CBEPXTOPOOB Ha HECKOJIBLKO MPOLIEHTOB
OoJiblile, YeM OpPOUTAIbHBIN TIeproA U HabJlomaeMble BapualiMu 0jiecka Ha3blBalOT
"OJIOXUTETBHBIMU cBepxTopbamu. Ecim ke mepron cBepXropboB HEMHOTO MEHBIIIe
0opOUTAIBHOTO, TO TaKWe KoJlebaHMs OecKa Ha3bIBalOT "OTPHUIIATEILHBIMU CBEPX-
ropbamu”. Jlanee Oymer Oojiee MOAPOOHO OIMMCAH MEXaHU3M 3TOTO SIBJICHMSI.

V HekoTopbIx 3Be31 noatuna WZ Sge mocjae 0OCHOBHOI CBEPXBCIIBILLIKU MOTYT
MPOVICXOAUTh MOBTOPHBIE 3XO-BCHBIIIKHA WX peOpaUTEHUHIU C MEHbIIEH aMILIn-
TyIOU U MPOJOKUTEIbHOCTBIO. Tak, Hanpumep, y 3Be3nbl EZ Lyn HaGaoga10Ch
11 pebpaiitennnros [13,14], y TCPJ18154219+3515598 - 10 [15]. 1o 6 peGpaii-
TeHnHroB Obuto y ASASSN-18fk u V1006 Cyg [16,17].

Y oTux 3Be31 Ha HAYAJIbHON CTaIuM BCIBIIIKK HAaOIIOAAIOTCS TakkKe "paHHHE
CBEPXTOpOBI", 3TO UX OTIMYMTENIbHAsA ocoOeHHOCTh OT 3Be3n turna SU UMa [35].
Ilonpo6Hee mpupona "paHHUX CBEpXropOoB" OyaeT omucaHa B pasaene 2.
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2. Quzuueckue npoueccvl, NPOUCXO0AUUE 80 8PeMsl CBEPXECNbLULEK.
Bo BpeMs1 CBEpXBCIIBILLIKY, UMEIOLLIEN OOJIBIIYIO0 SHEPIETUKY, (hopMa AXCKA UCKAXKAETCS
1 OH CTAaHOBMUTCS DJITUIITUYECKUM.

g oObsICHEHUSI TAKOrO IOBeIeHUsT KapJuKoBbIX HOBbIX Turma SU UMa,
Ocaku [27] oObeAMHWI MeXaHM3M TEeIUIOBOM HECTAaOMIBLHOCTU C TIPUJIUBHOMN
HecTabusibHOCTBIO (Mozaenb TTI), oTkpeiToil Baiitxepctom [18], u oObsicHSIOLLEH
cBepxrop6bsl. Ocaku MOAYEPKMBAET, YTO JAaHHAS MOIEIb HE TpeOyeT yCWICHUS
MepeHoca BEUIECTBa OT BTOPUYHOTO KOMIIOHEHTA BO BpeMsI CBEPXBCIIBIIIKU. B aToit
MOJIE/N ISl CHCTEMBI C MaJIbIM OTHOIeHHeM macc (M, /M, =q <0.25) paauyc
JIUCKA MOXET MOCTUYb TAKOTO 3HAYEHUS, YTO OpOMTATbHBII MEPUOI B CHUCTEME
OyIeT OTHOCUTBLCS K Mepuoay oOpalleHust (pUu3ndeckKoil TOUYKM Ha Iucke Kak 3:1.
M3-3a Takoro cOOTHOIIEHMS TIEPUONOB HACTYMAeT PE30HAHCHOE BpallleHHe: B 3TO
BpeMsI 3KCIEHTpUYEeCKas HEYCTOMYMBOCTb CTAHOBHUTCS 0o0Jjice BBIPaXKEHHOM,
MOBBIIIEHHAST TYPOYJIEHTHOCTDb YBEJIMYMBAeT OOMEH MacC M HAaUYMHAETCS MOIIIHAsI
CBEPXBCIIBIIIIKA.

Bosnbliiias mosryoch aucka MeIJIEHHO TIpelecCUpyeT B HAITpaBJIeHUU BpallleHUs
CHUCTEMBI C TIEPUOIOM B HecKoibKo mHeit [18,19]. CornmacHo maTeMaTMyecKoMy
MOJIECJIMPOBAHUIO, POBEICHHOMY aBTOPAMM 3THX CTaTei, U3aydarolias o0aacTb Ha
BHEIIIHUX YacTIX JAWCKa oOpa3yeTcss OT OMHOBPEMEHHOIO IMEPEeceUeHMs] BHEIIHUX
SJUIMNTUYECKUX U BHYTPEHHUMX KPYTOBBIX OPOUT (pU3MUecKUX Touek (pakThuyecku
ra30BbIX ITOTOKOB), BpALLIAIOIIMXCS TI0 KeriepoBbIM opoutaM Bokpyr BK. Benencreue
3TOT0 W U3JTyYeHUE 13 001aCTH COyIapeHUsT TAKKE U3MEHSIETCS, UTO Mbl M HaOI01aeM
Kak siBlIeHue cBepxropobos [5,12,18,19,27].

B urore ogrHakoBasi KOH(MUIYpALMS SLTUIITHYECKOTO MPELeCCUPYIOIIETO TUCKA,
ropsiyero oopa3oBaHUs Ha HEM M OpOUTAILHOM (ha3bl MOBTOPSIETCS Yepe3 MHTepBa
BPEMEHM, PaBHBII ME€PUOIY CBEpXTopboB P,:

1 1 1

Psh Porb P prec ’
(aHaJIOT CUAEPUYECKOrO Y CUHOAWYECKOTO TMEPUOIOB).

OnHako y HEKOTOPBIX KapJIMKOBBIX HOBBIX HAOJIOJAIOTCS Bapualuu OJecka,
Mepuoa KOTOPbIX HEMHOTO MeEHbllle opOuTaibHOro. Takue kosnebaHus OJiecka
Ha3bIBAIOTCS "OTpHLATEIbHBIMU CBepxropbamu’ [20-23].

ITpoucxoxaeHue OTpULIATEIbHBIX CBEPXTOPOOB MOXKHO OOBSICHUTH HAKJIOHHBIM
K OCH BpalleHUS aKKPELMOHHBIM JUCKOM, Y KOTOPOT'O MPOMCXOIUT €lIe U SIBJICHUE
HyTauuu (cM. [8] ¢.3). [TpuurHa mosBIeHUS] OTPULIATEILHBIX CBEPXTOPOOB COCTOUT
B TOM, YTO ropsiyasi Maiayyaroiasi objacTb 00pa3yeTcsl Ha BHYTPEHHEH 4acTu
JIUCKa, a HEe Ha ero kpatro. Takoe M3MEHEHUE JIOKAIlMU Topsiuyeii 06JacTh TakKe
BbI3bIBAET U3MEHEHUE KOJIMYECTBA BHICBOOOXKIAEMON SHEPTUM U, CJIEAOBATEIBHO,

€e CBeTMMOCTM Ha aucke. KoMOWHauusi OBVUXKEHUN B CHUCTEMC, CBA3aHHad C
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OpOUTANBHBIM TIEPUOIOM, OOpaTHOI Mpeleccueil M HyTaluuel, MoXeT 1aTh 3 deKT
OTpPUIIATENIbHBIX CBEPXTOPOOB.

OO0BEeKTOB, MOKA3BIBAIOIIMX "OTpULIATEeIbHBIE CBEPXIOPOBI", HAa TIOPSIOK MEHbIIIE,
YeM CHCTEeM C "TIOJOXUTEIbHBIMU" CBEPXTropOaMu, U UX M3ydyeHHUe TpeAcTaBiseT
0oco0ObIil MHTepec [24-26].

OTMeTHM, YTO pa3pabOTaHbl TAKXKE U HEMHOTO omiMyawluecs ot moaeau TT1
Teopuu, oObsICHSIOLIME HabMogaeMble mpolecchl (cM. [28-33]).

Hanuuue panHux cBepxrop6oB y 3Be31 Tuia WZ Sge Kato [5] oObsicHsSIET TeM,
YTO 3TU CUCTEMbl UMEIOT HU3KOE OTHOIIEHWE Macc. B 3ToMm ciydae, BCaeACTBUE
reomeTpuu 1nosoctu Poiiia, pazmep AMcKa MOXET pacUIMPUTLCS 10 Pe30HAHCHOTO
3HaueHUs1 2:1. DTOT pe3oHaHC OoJjiee CUJIbHBINM, YeM OoMuUcaHHBbIM paHee 3:1. B
clydyae JOCTIDKEHUSI JTUCKOM 3TOrO paandyca BO3HUKAIOT IBYXPYKaBHBIC WU
IBYXCIIMpPAJIbHbIE BOJIHBI TUIOTHOCTM Ha OHUCKE, M Ha KPUBBIX OJiecka MOTYT
MOSIBUTBLCST ABYrOpOble MOAYJISILIMK BOJHBI C TIEPUOAOM, PaBHBIM OpOUTATILHOMY.
Janee TUCK yMeHBIIIaeTCs, 3TOT pe30HAHC TepsieTCsI, HO HACTyIaeT pe3oHaHc 3:1,
BBI3BIBAIOIINI OOBIYHBIE CBEPXTOPOLI.

3. Kpamkasa ucmopus uccaedosanuii AY Lac. Xors mepeMeHHOCTb
AY Lac (207.1928) Ob1a otkpbiTa B 1928r. [34], nonroe BpeMs mpupona 3TOM
MepeMeHHOU He Obla MOoHSITHA. Boblylo 4acTh BpeMeHM OO0BEKT ObLT HEBUIAUM
Ha apXMBHBIX (DOTOIIACTMHKAX. 3Be31a OblIa BUIHA B TEUEHHE KOPOTKOTO BPEMEHHU
B 1927, 1943 u B 1966rT. Ilepemennyto cuutanu tu6o UG, 1ub6o tuma Mupbl
Kurta, 1160 Hogoii. IToapoOHy10 MCTOPUIO HUCCIENOBAHMI MOXHO IMPOYUTATh B
crarbe [35]. ABTOpHI yKazaiau, uto AY Lac aBisieTcst mpearoaoKuTeTIbHO KapIMKOBOK
HoBoil Tuna WZ Sge.

8 oktabpsa 2020r. mpoumsonura mocienHss Bembimka AY Lac. CorinacHo
coobueHuto Patrick Wiggins (vsnst-alertNo 24778), 7 okTs0ps 3Be3ma He Oblia
OoOHapyKeHa Ha CHMMKaX IaTpy/JIbHOI KaMephl (penen okojio 17™). Ha cremyronmii
nmeHb Omeck AY Lac moctur mpumepro g=13".8 B cucteme SDSS. 21 okTsa0ps.
Tonny Vanmunster (vsnet-alertNN 24824 u 24825) o0bsaBua 06 oOHapy:KeHUU
CBepXrop0oB ¢ BO3MOXHBIM TiepronoM 09,0595 mimm cyTouyHOl rapMOHUKOI K HEMY
0°.0766. Takxe y 00BbEKTa HAXOMWIN TIepUOJ cBepxrop6os ¢ mepuomom 0°.0568.

4. Habaroenusa. C 8 oxkrsabpsa 2020r., xorma 6iaeck AY Lac moctur ~14™,
ObUI MpoBeeH (POTOMETPUUYECKNI MOHUTOPUHT.

IlepBbie nBe HOuM, 8/9 u 9/10 okTa6ps 2020r., UBVRcIc-MOHUTOPUHT ObLIT
IpOBe/IeH ¢ noMolibio Teaeckomna Lleiicc-600 (quamerp 3epkaia 60cM, GokKyc -
7.5M) ActpoHoMuaeckoro nHctutyTa CroBarkoit AH, ocHaiieHHoro I13C-Matputieit
FLI ML3041. IanbHeiilume HabaoaeHUsT TpoBoAWINCh ¢ 11 10 24 okTsaOps1 Ha
Kpsbimckoii cranuuu MI'Y-TAMII ¢ momolibio TaKOro Xe TejiecKorna B IMoJjiocax
BVRclc ¢ ucnonszoBaHuem I13C-kamepsl FLI-39000. O6paboTka Bcex KaIpoB
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MPOBOIMJIACH METOIOM amnepTypHoii horoMeTpun Tporpammoit MAXIM-DLS u
COOCTBEHHBIX alTOPUTMOB. BBUTO BEIOpaHO 9 OMOPHBIX 3Be3M, HauboJee OIU3KUX
no uBety K AY Lac. Kapra okpecTHocTeil nmokazaHa Ha puc.l. BeJqrurHbl OMTOPHBIX
3Be3l ObUIM MPUBSI3aHBI K cTaHAapTaM BoKpyr Z And [36]. Takke ObUIA yYTEHBI
B, V Bemuuunbl mig AY Lac u3 6a3el maHHbIx AAVSO. OtMmeTuM, 4TO, K
COXaJeHMIO, MPUBS3Ka ObUla MPOU3BEACHA TOJBKO B OAHY HOYb 9/10 oKTI0ps
2020r. ¥ MO3TOMY, BO3MOXHO, OCTaJIOCh HEOOJIBIIIOE CUCTEMATUYECKOE YKIOHEHHE
MEXXIy HalIEHHBIMM 3BE3IHBIMU BEIMUMHAMM OTMOPHBIX 3BE3/ (M, COOTBETCTBEHHO,

Puc.1. Kapra okpecTHOCTeii M KOHTpPOJIbHbIE 3Be3lbl CpaBHEHUs (cM. Tabj.l)

Tabauua 1
3BE3JHBIE BEJIMYMHbBI OKPECTHbBIX 3BE3/]

Z
)

U B V Re Ic B-V

13.40 13.350 12.890 12.620 12.380 0.460
1251 12.426 12.076 11.901 11.713 0.350
14.00 13.888 13.251 12.888 12.568 0.636
13.71 13.634 13.007 12.681 12.375 0.627
13.47 13421 12.847 12.540 12.247 0.574
13.02 12.940 12.498 12.210 11.973 0.442
15.26 15.260 14.674 14.334 14.022 0.586
13.61 13.542 13.081 12.844 12.609 0.461
16.30 16.168 15.488 15.120 14.780 0.680

O OO\ AW —
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Tabauya 2
JKYPHAJI HABJIFOJAEHU I

D U |NU| B NB 14 NV | Re NR | I | NI
59131.43 | 13.168 | 86 | 14.059 | 140 | 13991 | 138 | 14.019 | 218 | 14.098 | 131
5913245 | 13.511 | 26 | 14363 | 29 | 14314 | 80 | 14311 | 92 | 14.348 | 27
59134.49 - - - - - - 14.767 126 - -
5913534 | - - 115031 | 31 | 14959 | 30 | 14.897 | 151 | 14916 | 28
5913639 | - - 115209 | 61 | 15118 | 59 | 15072 | 60 | 15.066 | 60
59137.39 - - 15.364 61 15.262 62 15.216 62 15.225 61
5913845 | - - 115541 | 26 | 15432 | 26 | 15370 | 25 | 15346 | 24
59139.38 | - - 115636 | 50 | 15525 | 50 | 15466 | 50 | 15447 | 49
5914136 | - - - - - - | 15598 | 83 - -
5914229 | - - 115902 | 24 | 15797 | 23 | 15713 | 23 | 15682 | 23
5914341 | - - 116055 | 6 | 15919 6 | 15829 | 107 | 15835 | 6
5914539 | - - 116255 | 50 | 16110 | 51 | 16.028 | 51 - -
5914640 | - - 116397 | 49 | 16210 | 49 | 16136 | 49 | 16.085 | 46
59147.27 - - - - - - 16.177 99 - -

camoii mepeMeHHoIt) u ctangaptHoit UBVRclc cuctemoii JIxkoHcoHa-Ky3seHca.

B Tabn.l mpuBeaeHbl BBIYMCIECHHbIE HAaMU BEJIWYMHBI CTAHAAPTHBIX 3BE3[
BOKpyr AY Lac, KoTopbsle OTMeUYeHbI Ha puc.l.

CBonka Bcex HaOMOneHUI TToKa3aHa B TabJI.2, Ilie yKa3aHa CpemHssl 3Be3aHas
BEJIMYMHA B HOYb M KOJUYECTBO KaapoB B mnosiocax UBVRclc.

5. Ileemoesvie éapuayuu. Ha puc.2 mokasaHbl KpuBasi GJiecKa B I1OJIOCAX
V' u Rc (HUXHSISI 4acTb pMCyHKa) 1o HamuMm U AAVSO nmaHHBIM, a Takxke
M3MEHEHMsI MoKa3aTesei 1BeTa (BepXHsISl 4acTh), HO TOJBKO MO HAIIUM HaOJIIo-
neHusM. Ha rpaduk HaHeceHO cpelHee M3MEpPEeHUE B TeUeHWE HOYM U3 Tab.2.
BuneH MOHOTOHHBIN criaj 6/1ecKa MocJie BCIBILIKU M YBeJMUeHue (T.€. MOKPACHEHUE)
nokasatesaeid uBeta B-V, V-Rc n Rc-Ic. OTMeTnM, 4TO ITOJOOHOE IOBEICHME
SBJISIETCS XapakTepHbIM 111 OosbluuHcTBa KIT [37-45].

Ha xaprte najsomapckoro ariaca B CUHUX Jyyax Ha Mecte AY Lac (mis
koopauHaT RA = 22"22™22°.17; Decl. = +50°23'40".1, J2000) BuaHa c1abast 3Be3na
~213B. Besq. Ha KkpacHoif KapTe Ha 5TOM XK€ MecTe ¢ TPyIoM Ha (OHE IIIyMOB
pa3nuumMa o4YeHb ciabas 3Be3da, BeposATHO 21-223B. Bed. Takum obpasom,
aMIUTMTYAa BCIBIIIKU COCTaBUa 7 3B. BeJl.

Ha puc.3 nmokazano monoxeHnue AY Lac Bo BpeMs BCIBILIKM Ha Auarpamme
U-B /B-V. Takxe Ha pUCYHKE HaHeCEHa JIMHUSI TIaBHOI IOCAeA0BaTEIbHOCTH CO
CMEKTPaJbHBIMU KJIacCaMU, JUHUS aOCOJIOTHO YEPHOIO Tejda ¢ TEMIEepaTypoil B
rpaaycax KenbBuHa, oKpecTHbIE 3Be31bl U3 Ta0.1. ITo pacmooxXeHUI0 OKPEeCTHBIX
3B€3/l MOXHO OLICHUTh BEJIMUMHY MEX3BE3IHOro MoKpacHeHusl. BUnHoO, 4To OHO
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Puc.2. KpuBast Oiecka B mosiocax V M Rc M mokasaTelieii 1IBeTa B TEUYEHUE BCIBIIIKH.
HaneceHpl cpemHue 3a HOYb BeJIMYMHBI MO0 HammM M AAVSO naHHBIM.
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Puc.3. JIsyxuserHast muarpamma B-V/U-B. HaHeceHbl: JIMHUS TJIABHOM IMOCJIEIOBAaTEIbHOCTH,
a0bCoJIIOTHO yepHoro teja, nonoxeHue AY Lac Bo Bpemst BermbllIKK. [lompoOHee OOBSICHEHUS CM.

B paszmene 3.
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Puc.4. [ByxuBetHas nuarpamma V-Rc/B-V. JluHum u cuUMBONBI TakuWe Xe, Kak Ha pwuc.3.
Crpenka "decline” mokasbiBaeT Tpek AY Lac oT MakcMMyma BCHBIIIKHM IO €€ OKOHYaHUS.
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Puc.5. IByxuBetHass auarpamma Rc-Ic/V-Rc. OObsicHeHMsI Te Xe, 4To U Ha puc.4. BumHo
YMEHbIIIEHUE LBETOBOM TEeMIIEpaTyphl.
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HeBeJmKo, F(B - V')~0".15, mHa 1 HarpapjieHHe CTPEJIKA Ha PUC.3 COOTBETCTBYET
3TOMY TTOKpacHeHU10. JIJIsl MHBIX TToKa3aTeNiel 1BeTa MPU CTAaHIAPTHOM TajlaKTH-
YEeCKOM ITOKPACHEHMU 3TOT U30BITOK OyAeT ellle MeHblie. LIBeToBylo TemIepaTypy
BO BpeMs BCHBILIKKM C Y4eTOM IOKpPAaCHEHUS MOXHO OLeHUTh Kak ~15000 K.
Ha puc.4-5 nokazano nojoxeHue AY Lac 1 ONMOpHBIX 3Be3l Ha IMarpamMmax
B-V/V-R, V-R/R-1I. Ha 3Tux amarpamMmax BWIHO, UYTO LIBETOBas TeMmrepaTypa BO
BpeMsI BCIIBIIIKK JTOCTUTajIa Takke 14-16Thic. KenbBHA, 0OMHAKO B KOHIIE HAIIeTO
cera HaOmwoaeHuil omyctuaack A0 10-12 Teicsy rpagycoB. 3a 3TO Bpemsl 3Be3da
ociabna Ha 23B. Bel. (cMm. puc.2). JIasi cpaBHEHUsI HallOMHUM, 4YTO LIBETOBasl
TeMIlepaTypa I Apyrux 3Be3n Tuna WZ Sge u3MeHs1ach B MOXOXMX IMpeaeaax
[10,40,46,47]. Takum 00pa3oM, HaIllM MHOTOLIBETHbIE HAOJIIOAEHUS ITOKA3aJIM, YTO
M3MEHEHHE 1IBETOBOM TeMIIepaTyphl SIBISIETCS] TUITMYHBIM 151 B3PBIBHBIX MIEPEMEHHBIX.

6. Deoarwuyus ceepxeop6o6. B nepBble THU TIOC/E Hayaaa BCIIBIIKK, TTOKA
He chopMUPOBAJICS JUIANITUUECKUIA TUCK, Y 3Be31 TUIa WZ Sge MOryT HaOIoAaThCs
paHHME CBEPXTOpObI, MEPUOI KOTOPHIX OJM30K WIM paBeH opOUTaTbHOMY (TIpU
pe3oHaHce 1:2, cM. pazaen 2). st BBISIBJEHUST TIEPUOANUECKON COCTABIISIOLLEH Mbl
o0beauHUIN HabmoaeHus1 B BVRclc-niofocax B oOLLUIA CyMMapHBIN psil, TIPUBEIs

JD 2459135-139 JDmax=2459139.000+0d.058074xE
-0.10 °© x °
o © © v o
ox © o ° ox © x B
-0.05 R
|
1S
5 0.00
0.05
X ° x X X % X ° x
0.10 °
° . 1 \ oxy ° . 1
0.0 0.5 1.0 1.5
®Maza

Puc.6. PanHue cBepXropObl, pa3iMuHbIe IBETOBbIE MTOJIOCHI MOKA3aHbI PA3TMYHBIMU CUMBOJIAMHU.
YepHble KPYXKU C OIIMOKAMM - YCpeAHEeHHble 1o (azam naHHble. BuaHa aBoiiHast BosiHa 3a
nepuon ¢ Majoit amruarymoir (okomo 0.02 3B. Bel).
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pa3Hble YPOBHU OJiecKa U 3BE3IHYIO BEJIMYMHY B PA3IMYHBIX (DMIBTpaxX B TeUCHUE
HOYM B CPEIHEM K HYJIIO, T.e. HAMU OB YYTEH TPEHI BO BpeMs maaeHMs Ojiecka
Iocjie BCOBILKKA. B mTOre, B HallMX CYMMHPOBAHHBIX PSIaX OTHOCUTEJIBHBIIA
OJIecK TepeMEeHHOM M3MEHSUICSI BOKPYT HYJIEBON BEJIMYMHBI BO BCEX MOJIOCAX U
MOXKET ObITh MIPOAHAIU3UPOBAH PA3IMYHBIMU AJITOPUTMAMU IIOMCKA IIEPUOIOB.

BpemeHHoOI1 aHaM3 He TTOKa3aJl HUKaKKMX MTePUOANIECKIX Bapuallii 0Jecka B
camble TIepBble THU MOCJEe Hauyajla BCIbIIKU, T.e. B JD 2459131-134. anee, B
JD 2459135-139 ®ypbe-aHanm3 onpenessieT ¢ HeOObIIION TOyaMIUTATYION OKOJIO
0™.01-0™.02 m3mensrommiicss curHai ¢ mepuogom 0¢.029037. Mur BuauM "paHHMe
CBEpXTOpOBI", KOTOPBIC IPEICTABISAIOT CO00M MTBOMHYIO BOJHY 3a I€PUOI, T.€. B
HallleM cJiydae UCTUHHBINA MepUoa BIBOe 0OJIblle HalimeHHOro MetomoM Pdypbe-
aHamm3a u paseH 09.058074 cyrok. CBepTKa ¢ 3TUM IIEpHOIOM IIOKa3aHa Ha puC.6.
HecMotps Ha 6GOJIBLIYIO IUCIICPCUIO JaHHBIX, STOT MEPUOJ OIIPEAC/IIeTCS YBEPEHHO.
MoXHO MpeanosoXUTb, YTO 3TO U €CTb OPOUTATIBbHBIN TTEpUOI B JAHHOU TECHOM
JIIBOVHOU cucTteme.

Hauunag ¢ JD 2459141, Haim HaOmMoaeHs MOKAa3ald, YTO B CUCTEME TTOSIBUJTUCH
cBepxropOsl ctanuu "B". B 3TOT MOMEHT HauMHAaeT MPOSIBISIThCS Haubosee YeTKO
pe3oHaHc 3:1 (cM. pasmen 2). OmHako maHHble U3 AAVSO nokazanu, uyro B JD
2459140 y cucteMmbl yXe MOSIBUIMCH CBepXropObl. Kak BuIHO, TOcCje CTaauu
paHHUX CBepXTOPOOB (PaKTUIECKH Cpa3y HACTYITIN CBepXTopObI cTami "B". BepositHO
cramusa "A" ObUTa OYeHb CKOPOTEUHOM, MEHEe OTHUX CYTOK, UTO ICHCTBUTEIHHO
Hab1romaeTcsl B HEKOTOPBIX cityvasix y nogooHbix KIT (cM. puc.22 B [5]). HalineHHbIi
(akT XOpPOIIIO IOMOJHSET 3Ty SMIMPHUYECKYIO 3aBUCMMOCTb MEXIY OTHOIIEHHEM
Macc M JUIMTEJIbHOCTBIO cTanuM "A" B 006acTH HamboJiee KOPOTKOIIEPHUOINUECKIUX
cuctem turna WZ Sge.

B JD 2459143 ¢opma cBepxropboB Obuta camasl 4eTkas, B HaJlbHEHIIEM
CBepTKa Havajla pa3Ma3bIBaThCs, aMIUIMTYAa U CTAOUILHOCTb TOPOOB YMEHBIINIACK,
OIHAKO TIPOCJIeXXMBAJach A0 KOHIIA Hailero MoHutopuHra go JD 2459147. Ha
puc.7 moKa3aHbl CBEPTKHU, BBIIOJHEHHbIE CO CPEIHUM MEPHOIOM CBEPXTOpOOB C
OIHOM M TOM XK€ HAYyaJIbHOW 3ITOXOW:

D =2459141.369 +09.059418(4)E . (1)

max_hel

Ha xpuBBIX BUAHO CMeEllleHHEe MOMEHTAa MaKCHMyMa CBEepXIropba OTHOCUTEILHO
adeMepUIbl JUISl pa3HbIX HOYEH, UTO CBUAETEILCTBYET 00 M3MEHECHUU €TO MepUoa.

g Gojee TOYHOTO HAXOXIEHUSI 3aKOHOMEPHOCTM M3MEHCHUSI Mepuoa
CBepXropb0B MBI TTIOCTpouIU rpacduk octaTtkoB O-C mIg HAlIMX JAHHBIX, a TAKXKe
w1 Houu JD 2459140, B3gaTbIx M3 0a3bl gaHHBIX AAVSO. Jli1g TOYHOCTU
HAXOXIEHUS BKCTpeMyMa B cJllydae HECKOJIbKUX HAOIIOJEHHBIX MaKCUMYMOB
CBepXropOOB B TeUeHUE OJHON HOYM MbI Opaiu cpeaHwo BeauuuHy O-C.

Ha pwnc.8 moxkazan rpadmk m3MeHeHMsI oCTaTKOB O-C OTHOCHTEIBHO
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Puc.7. Cepxrop6bl Ha craguu "B" mig pasHbIX HOYE M PasIMYHBIX (POTOMETPUUECKUX
nosioc. BunHo usMeHeHve popMbl M AUCIIEPCUN KPUBBIX, a TAKXE CMEIIeHHe MaKCUMyma CBepXxropoa
OTHOCUTEJILHO cpenHeil adeMepuabl OT HOYM K HOYM.

MIPUBEICHHBIX paHee 3yeMeHTOB (popmyna 1), mpuueM mHaekc "E" mokaseiBaeT
YUCJIO LMKJIOB, MPOLICAIIUX OT MPUHSATOM HAaMW HayaJdbHOW 3MOXMU, COOTBETCT-
BYIOLLIE MaKCUMyMYy CBepXropoa.

Taxkoit mapaboianyeckuii xon octatkoB O-C moutw Bcerma HaOJomaeTcs y
3Be3n tuna SU UMa u WZ Sge Ha 3Toii cTanuu cBepxrop6oB. B HaieM ciaydae
BelMuuHa P, = 6.6-107, XapakKTepu3yollasgd CKOPOCTb U3MEHEHUd IepUona,
SBJISIETCSL XapaKTepHOW 111 3Be3n aToro moakiacca. B cepun pador Karo ator
rokKasaTesib ObLT M3yUeH IS HeCKOJbKUX coTeH 3Be3n Tuna SU UMa u WZ Sge

[12,48-50 u np.].
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Puc.8. I'padmk octatkoB O-C Bo Bpemsi cBepxrop6oB, craaust "B". BumHa mapaGoiuyeckast
3aBucumoctb O-C OT BpeMeHM.

7. OmHoweHue macc u OUeHKa paccmosHus 00 cucmembvl. 3Has
OpOUTAIbHBIN MEPUO 1 MIEPUOJ] CBEPXIOPOOB, MOXKHO PaCCUMTaTh U30BITOK MEpUOIa
CBepXrop0oB, 310 BesmunHa ¢ = P, /P, —1. [lo HalIMM HaGIIOACHUSM TIepHOL
CBepXTOpOOB HaiimeH b mid ctaguu "B" (®opmyna 1). OTHOCUTEIBHO 3TOTO
nepuoga Mbl HaxoauMm, uTo &£=0.024. B HeKoTOpbIX ciayyasx s aHaiau3a
UCIIONB3YIOT YyTh MHYIO BemuuHy ¢ =1-P,, /P, . B Hautem ciydae ¢ =0.023 .
Hcnonb3ysa Koppensauuio, Moka3aHHyH Ha puc.7, B ctatbe Kato m Ocaku [51]
MOXHO HaWTH, 4TO Wi cTaguu "B", misa 3HadyeHUsa €= 0.024 OTHOILIEHUE Macc
koMnoHeHToB ¢ = 0.10(£0.015).

Cyl1iecTByeT MEHee TOUHAs KOppeJsiys OTHOILIEHUSI Macc ¢ OT OPOUTATILHOIO
nepuona. Mcnosb3ysi 3aBUCMMOCTb, MOKa3aHHYO Ha puc.5 u3 [51], mojaydaem
g = 0.09(x0.030). Mcronesyst koppensiuuio P, - g (cm. [12], puc.29), Mbl Haxoaum,
yro g = 0.12(x0.02).

CpenHee OTHOLIEHME MAacc, HalJAEHHOE IO TPeM 3aBUCUMOCTSIM, PaBHO
g = 0.11(x0.015). IIpu TakoM OTHOLIEHWU MaCC B CUCTeMax pe3oHaHC 1:2 MoxeT
peain30BaThCsl, BCIEACTBME 3TOr0 Mbl HaOJIOAAIM paHHUE cBepXropOnl y AY Lac
BCKOpE TOC/Ie Hayajga CBEPXBCHBIIIKM.

CornacHo [52], abcomtoTHasl BeJIMUMHA BO BPeMs CBEPXBCIBIIIKHU 3BE31 TUIIA
SU UMa B cpeaHem cocraBisier My = 4".6(£0.15), a cpenHss abGCoOTHAs
BeJIMYMHA BO BpeMs cTaguu "mwiato” My = 5™.5(0.2). Bunumas 3Be3nHast BeIMYMHA
AY Lac B MOMEHT cBepXBCIbILIKM Obuta V= 14".0, a cpedHsss BeJIUMYMHA Ha
craguu miato V= 15".3.

Ansg Hamumx pacyeToB OyaeM MKCHOJIb30BaTh BEJIMYMHY MEX3BE3IHOTO
nioryomieHus Av = 3E(B - V') = 0™.45 (cM. pasnen 5). [1o 3TuM 3HAYEHUSIM MOKHO
HalTH, YTO MOMIYJIb PACCTOSTHUSI BO BpeMsT BCIIBIIIKKA cocTaBuT M - m = 9™.0. [Ina
cTamuu IIIaTo HaxomuM, uyto M - m = 9™.4. B urTore paccrosHue IO CUCTEMBI,
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OLIEHEHHOE MO CpelHei 3Be3MHON BeIMYMHE Ha IUIaTo, moiaydaeTcd ~750 mK, a mo
MaKcHUMaJIbHOMY OJiecky ~650 nk. [ToaToMy cieiaeM BBIBOMI, YTO PACCTOSIHHE IO
AY Lac cocraBnger 700 nk.

8. OcHoeHble 6b1600bl. B uTore Mbl MOATBEPAWIM, 4YTO:

- ITaHHAs 3Be3/a SIBJIICTCS TUIMMYHOW 3Be3moil Tmma WZ Sge ¢ aMIumMTyIoi
BCIIBIILIKK OKOJIO 7™, a TakKe:

- HallUIM TIepuoj paHHuX ceepxrop6os: P = 0°.058075(10),

- YTOUHMJIM TepUOJ cBepXrop6oB Ha cramuu "B": P = 0°.059418(4),

- OMNpENENVIIA CKOPOCTh U3MEHEHNSI CBEPXTOPOOB, T.€. BEIMYNHY P, , = 6.6- 107
(cranus "B"),

- TIOKa3aJIM CKOPOTEYHOCTh (MeHbIe 1 cyTokK) craguu "A" cBepXropoos,

- HaIlUIM BeJIMYMHY "M30bITKa mepuona” ¢ =0.024,

- OLIEHWJIM OTHolleHue Macc B cucreme g = 0.11(£0.015),

OLIEHWJIM PAacCTOSIHUE A0 cUcTeMbl okojo 700(£50) mx,
- OLIEHWJIM LIBETOBYIO TEMIIEPATypy BO BpeMsI BCIBIIIKW B 14-16 ThIC. rpam.
KensBuna m oxkomno 10-12 Teic. rpan. KenpbBuHA B KOHIIE BCHBILIKH.

Hacrosias pabota npoaenaHa mpu noauepxke rpaHtoB CioBalkoil AKageMuu
VEGA 2/0030/21, APVV-20-0148, a takxe nporpaMmmoii pasputusi MI'Y um.
M.B.JlomonocoBa "Benyime HaydHbIe TIKOJEI", TIpoeKTa "PU3nKa 3Be3[, pesTi-
BUCTCKIUX OOBEKTOB M TaJlaKTUK' . ABTOpPHI OjaromapsT pelleH3eHTa CTaTbW 3a
BaXXHbIE 3aMeYaHUSI U TTOIPaBKMU.

I CnoBaukass Akamemusi Hayk, ActpoHoMuueckuii MHCTUTYT, ClOBaKus

2 T'ocynapcTtBeHHBIN AcTpoHOoMUYecknii MHCTUTYT uM. I1.K.IlITepHOGepra,
MockoBckuii I'ocymapctBeHHBbI YHUBepcuteT uM. M.B.JlomoHocoBa, Mockaa,
Poccus, e-mail: sg-53@yandex.ru

3 Mockosckuii I'ocymapcTBeHHBI yHUBepcuTeT M. M.B.JlomoHOCOBa,
®usnueckuii pakynbTeT, MockBa, Poccus

STUDY OF THE AY Lac STAR, AN EXPLOSIVE
VARIABLE OF THE WZ Sge TYPE, BY MULTICOLOR
PHOTOMETRY METHODS

S.Yu.SHUGAROV!'2, M.D.AFONINAZ??, A.V.ZHAROVA?

During the outburst of the dwarf nova AY Lac in October 2020, the authors
obtained 2250 UBVRclc observations of this variable. An analysis of the obtained
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photometric series showed that the investigated SUWZ-type star had both as early
as the ordinary superhumps of "B" stage, the periods of which were 0¢.058074
and 04.059418 days, respectively. The change of the shape of the superhumps
during the outburst was found, the values of P, = P/ P=6.6-10", period excess
£=0.024, the most probable component mass ratio ¢g=0.11, as well as color
temperatures and other parameters were estimated. It is shown that AY Lac is a
typical WZ Sge-type star by all found characteristics.

Keywords: AY Lac: cataclysmic variables: accretion disks: superhumps: cololimetry
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HEKOTOPBIE OBJIACTHU 3BE3JOOBPA3OBAHUA
IOZKHOI'O IIOJIVIHAPHUA

AJLTIOJNbBYIATAH

Tloctymaa 21 wumronma 2021
TIpunsara x mewatu 20 okrabpsa 2021

IIpencTaBaeHnl Tpy HOBBIC OONIACTH 3Be3M000PA30BAHMSA, HAXOOALRIECA B IOXHOM IOJYLUAPHI
- SFR 1, SFR 2, SNO 28. SFR 1 pacniosioxeH B TeMHOH mioGyie ¢ puMoM (00OAKOM), KOTOpast
BXOIUT B PAIHAJBHYIO CHCTEMY TEMHBIX IMIOGYI IIEPBOTO BUA U MIPEACTABIIAET IPYINY, B OCHOBHOM,
UK 3Besm, Mmorne w3 KOTOPBIX CBS3aHEI ¢ NBUICBBIME AMCKaMM W obomogxamu. [Be 3Besmpl
CBSI3aHbI ¢ KOMETapHBIMEA TyMaHHOCTsMu . MMeroTes Takxke oGbekTol Xepoura-Apo. SFR 2 maxomurcs
B TeMHOM otviake. MMeoTcs 3Be3OBI ¢ KOMETAPHBIMI TYM3HHOCTAMH, IIHUIEBHIME OOOJIOYKaMH HJTH
mickaMii. V3 3Be3mpl ¢ KOHMYECKOH TYMAHHOCTHIO HaG/momaceTcs BBIOpoc ¢o cryimeHmeM. SNO 28
- 3Be3Ma C IbUIEBBIM IMCKOM, MMEIOIIAs /B3 MPOTHBOIOIOXHBX BhIGpoca. OmuH u3 BHIGPOCOB H
9acTh BTOPOrO BbIOpPOCAa MOIpyXeHbl B TeMHOe oGimako u Buaubl Toibko B VK. BHemmHas gacte
BTOPOTO BBIOPOCA BBIXOAWT U3 OQVIaKa M BHOHA TOVNBKO B ONTHKS. Ha BTOPOM BBIOPOCE MMEETCS
CIyILEHIEe, KOTOPoe MOXET ObITh 00BeKTOM XepOura-Apo. OGBEeKT CBA3AH ¢ TOYSUHBIM HCTOYHUKOM
TIRAS 08196-4931, mmeroiupm MK 1Bera, Tunwueble IIs HCTOYHMKOB, CBA33HHBIX ¢ MasepaMH
BOABI.

Kniouesrie cnopa: obsacms 36e30000pasoearnua: UK 36e306i: memuble enobyaot

1. Beedenue. Tlpu o63ope xapr IOxuoro neba (ESO B, R, ESO/SRC J,
EJ) samMu Obin nmpeanpuHAT MOUCK HOBBIX O0NacTell 3Be30000pa30BaHng, 0OLEKTOB
XepOura-Apo, Tpynn 3Be3ll, COCTABASIONIAX TeCHBIe CHCTeMbl THHA Tpamenwu,
3Be30 ¢ KOMETapHBIMH TyMaHHocTamu [1,2].

Kak uzBectHo, oOnactu 3Be3mooOpazopaHus ObIBAOT IBYX BuaoB [3]: obnactu,
CBA3aHHBIE C THFAHTCKUMH MONEKyNapHeiMu obnakamMu (I'MO), B KOTOPHIX pOX-
JAIOTCH 3BE3MbI ¢ OONBIIMMH MacCaMu, B OONacTH, B KOTOPHIX POXKAAIOTCS 3BE3MBI
cpenHnx U Manbix Macc. Mccnenopannnie B JaHHOM cTaThe 0bNacTH 3Be31000pa-
30BaHMA, KOTOphIe HallleHH Iociie onyonukopauug o630pos [1,2], oTHOCATCS KO
propoMy suay. OOHYHO B 00NACTAX 3Be30000PA30BAHUSI BCTPEUAIOTCS KOMIAKTHBIC
obnactu HII, M30, 3Be3npl Tuna T Tensia, BHIOpOCH, KOMETapHBIC TYMaHHOCTH.
TpeTbM 0OLEKTOM B HaHHOM CTaThe ARISETCS 3Be37a C ABYMS NPOTUBONMONOXHEIMHE
BeiOpocamu SNO 28 [2]. Oror ob0bekr, gpnggck M30 (Monomoii 3Be3mHBIN
00BEKT), POACTBCHEH o0NacTIM 3re3M000pazopanna. OH TaKKe NOrPpY:KeH B TEMHOE
00NaKOo, TONHKO YACTh ONHOTO BHIOpOCA BHIIHA B ONTHKE.

2. Ob6aacme 3¢e3doobpazoeanus SFR 1 ¢ memunoti enobyse c¢
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pumom. 9ta ob61acTh 3B€31000pa30BaHUSI HAXOAUTCSI B TEMHOU T1o0yse BOJIU3U
cBeTyIoro puMa. JlaHHbII 0OBEKT ObLT HalJieH Mmocje OmyoIruKoBaHMSI 0030pOB KapT
10kHOTO Heba [1,2]. I'mobyna sBasieTcs 4yacTbio paavalbHOW CHUCTEMbI TEMHBIX
o6y Bokpyr 3Be3nbsl HD 53974, umeroweit cnektp B 0.5 IV (cm. puc.1). Bto
pagualibHasl cucTeMa IMepBOro Buia - oOpasyiolias ee 3Be3na tumna OB, Bokpyr
KoTopoii npucyrctByeT obsacte HII, MHOrMe TeMHbIe T100Y/1bl paiuaIbHON CUCTEMBbI
umeroT sgpkue puMbl (cMm. puc.l). Ha DSS2 R uzoOpaxeHuu BUAHBI TOJBKO
HECKOJIbKO 3Be3l (CM. puc.2a), o0beKT mojHocThio BuaeH B MK, Ha 2MASS K
n3obpaxeHun (cMm. puc.2b), HapsAgy cO 3Be3daMM MMEIOTCSI TakKKe TyMaHHEIe
00beKkThl. Hepaneko oT 3Toii IpymIibl, Ha Kpar TOi e IIoOYJbl, y CaMOro puma
HaxonuTcsl mepeMeHHas 3Be3na tumna T Tenbla, cnektpanbHbiil Kiace FOe (N1 u3
Taba.1). Dra 3Be3ma cBsA3aHa ¢ KOMETapHOW TYMaHHOCTbIO B BUJE KOJblia (CM.
puc.2c), ee ToxXe MOXXHO OTHECTU K 00J1acTu 3Be3noobpa3zoBaHMsl. Elle omHa 3Be3na
(N2 u3 tabma.1) cBsizaHa ¢ KOMETApHOW TYMaHHOCTBIO B BUIE KOHYca (CM. puc.2c).

Puc.1. DSS2 R u3o0paxkeHune paguaibHONM CHCTEMBbI TEMHBIX IVIOOYNI. 1 - LIEHTpaJbHasl 3Be3da
HD 53974, 2 - o6nactb 3Be3moobOpazoBaHusi SFR 1. CeBep HaBepxy, BOCTOK cieBa. Pasmepbl
nzobpaxenuss 1°x1°.

B 1abi.1, maHbl OlecKM M MoOKa3aTeNIu IIBeTa OOBEKTOB M3 O0JACTH 3BE3M0-
obpazoBaHus SFR 1 (maHHble B3STH U3 [4]). B mepBoM cTosIOLE MPUBOAUTCS HOMED
00beKTa, BO BTOPOM U TPEThEM - €ro KOOpAWHAThI, B 4-9 - JaHbI 1IBeTa OOBEKTOB,
B 10 - BenmmunHa Q=(J-H)-1.7(H-K) [5]. Ecnu pns panHoit 3Be3nbl Q < -0.10,
TO MOXHO YTBEpPKOaTh, UYTO BOKPYT 3BE3IbI MMEETCS MBUIEBOM MUCK WJIM ThbIIeBast
oboJjouka [5].

M3 T1abn.1 gnst oobektoB NN 1, 9-13 BumHo, yto Q <-0.10, T.e. BOKPYI' 3TUX
00BEKTOB MMEETCS TTbIIEBOI AUCK. MOXKXHO KOHCTATUPOBATh, YTO IIPUMEPHO TOJIOBMHA
3Be3 obsacTy 3Be3mooopazoBaHrs SFR 1 ob1agaeT MbUIeBBIM AVMCKOM I 000JIOUKOI
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(00BekT N3 10 Bcel BEpOSITHOCTH SIBJISIETCST He 3Be3/I0i, a 00beKToM Xepbura-Apo,
TaK Kak y HEero ecTb TOJbKO LiBeTa B m R).

Puc.2a. DSS2 R wuzobpaxkeHue obiactu
3Be3moobpasoBanus SFR 1. 1 - 3Be3nmbl ¢ KoMe-
TapHBIMU TyMaHHOCTsIMH, 2 - SFR 1 (B ocHOB-
HoMm BuaHa B MK). CeBep HaBepxy, BOCTOK
cieBa. PasMepnl n3obpaxkeHust 6'x 6'.

Puc.2b. 2MASS K m3obpaxkenne obnactu
3Be3noobpasoBaHust SFR 1. 1 - obnactb 3Be3m0-
obpaszoBanmst SFR 1, 2 - 3Be3mbl ¢ Komertap-
HbIMM TyMaHHOCTsIMM. CeBep HaBepXy, BOCTOK
cneBa. Pasmepnl m3obOpaxeHus 6'x 6'.

Puc.2c. DSS2 B wu3zobpaxkeHue obiactu
3Be3m000pasoBanust SFR 1. 1 - 3Be3nbl ¢
KOMETapHBIMU TYMaHHOCTSIMU, 2 - 00JacTb
3Be3noobpazoBanust SFR 1 (B ocHOBHOM
BugHa B MK). CeBep HaBepxy, BOCTOK ciieBa.
Pasmepbl n3o0paxkeHus 6'x 6'.
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Tabauya 1
JAHHBIE Ob OBBEKTAX U3 OBJIACTU
3BE3JOOBPA3OBAHMS SFR 1
NN |  (2000) 5(2000) B |[B-V| R J | JH|HK| Q

1 | 07"04™35°91 | -11°04'48" | 16.570 1512 | 11.062 | 1.229 | 0.976 |-0.430
2 07 04 40.82 | -11 06 14 | 17.160 | 0.610 | 13.68 | 12.416 | 1.218 | 0.656 | 0.103
3 07 04 40.88 | -11 06 11 | 16.990 16.26

4 07 04 42.15 | -11 06 58 15.830 | 2.067 | 1.136 | 0.136
5 07 04 42.38 | -11 07 03 16.042 | 0.917 | 0.587 |-0.081
6 | 07044293 | -1107 39 | 19.390 17.10 | 14955 | 0.696 | 0.063 | 0.589
7 | 07044335 | -11 07 36 16.600 | 1.556 | 0.832 | 0.589
8 07 04 43.89 | -11 07 39 | 19.770 18.24 | 13.567 | 1.385 | 0.840 [-0.043
9 07 04 44.06 | -11 07 29 | 19910 | 2.520| 16.70 | 13.925 | 1.181 | 0.755 |-1.103
10 | 07 04 44.17 | -11 06 52 18.50 | 14410 | 1.904 | 1.186 |-0.112
11 | 07 04 44.24 | -11 07 10 16.652 | 0.605 | 1.900 |-2.655
12 | 07 04 44.37 | -11 07 16 17.60 | 16.890 | 0.990 | 1.510 |-1.577
13 | 07 04 44.88 | -11 07 06 15.550 | 1.056 | 2.116 |-2.541
14 | 07 044521 | -11 07 09 1848 | 14.593 | 1.904 | 1.081 | 0.066

3. Ob6aacmo 36e30006pazoeanus SFR 2. D1or 00beKT ObUI HaiineH
nocje omnyoaukoBaHusi 0030poB [1,2]. B oObekTe BUAHBI 3BE3Abl U TyMaHHbIE
00BbeKThl (cM. puc.3a). HabmomaoTcss HECKONIBKO 3B€3] ¢ KOMETapHbIMU TyMaH-
HoCTSIMU: 3Be3na N2 u3 Tabsl.2 cBsI3aHa ¢ TYMaHHOCTBbIO B BUIE KOHYCa, 3Ta e
3Be3/1a UMeET BbIOpoc (cM. puc.3b) co cryieHreM Ha KoHliie (00bekT N8 u3 1adi.2).
Haxonstuasics moommzoctu 38e31a N1 u3 tabm.2 (eM. puc.3b) cBsizaHa ¢ TYMaHHOCTBIO
B BHIC TIOJYKOJbIIAa. DTa 3Be3ma IT0-BUOWUMOMY He IPUHAIJICKUAT K OOJIACTH
3Be3noobpazoBaHus. Ha 2MASS K unzobpaxeHuu BuaHa 3Be3na N3 u3 Tabn.2 c
ucreyeHueM (cM. puc.3c), KoTopasi UMeeT IbLIEBYI0 000J0UKY (CM. HMXKE).

Tabauya 2
JAHHBIE Ob OBBEKTAX U3 OBJIACTU
3BE3JOOBPA3OBAHUA SFR 2
NN| (2000 8(2000) B |B-V| R J |JH |HK| Q
1 05"5329°.90 | -10°24'34" | 11.825 | 0.237 | 11.34 | 10.239 | 0.332 | 0.184 | 0.019
2 0553 39.88 | -10 23 51 | 20.110 16.03 | 13.089 | 1.503 | 0.987 |-0.175
3 05534256 | -10 24 00 | 14.660 | 0.960 | 13.77 9.803 | 2.168 | 1.679 |-0.686
4 0553 42.63 | -10 23 58 | 12910 11.79
5 0553 43.68 | -1022 45 | 13970 | 0.670 | 12.19 | 10.878 | 0.536 | 0.206 | 0.186
6 05534391 | -10 23 41 | 17.120 10.85
7 05534394 | -10 23 43 11.49
8 0553 45.05 | -1023 22 | 19.880 | 2.050 | 17.89 | 14.096 | 1.388 | 1.203 |-0.657
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Puc.3a. DSS2 R wuzobpaxenue obOmactu
3Be3n006paszoBanust SFR 2. 1 - ob6nacth 3Be310-
obpazoBanmst SFR 2, 2 - 3Be3mbl ¢ KoMmeTap-
HbIMU TyMaHHOCTsIMU. CeBep HaBepXy, BOCTOK
cieBa. Pasmepnl uzobpaxeHus 6'x6'.

Puc.3b. DSS2 B wuzobpaxeHue obOiacTu
3Be3noo6pasoBanust SFR 2. 1 - obmacth 3Be3m0-
obpazoBanust SFR 2, 2 - 3Be3mbl ¢ KoMeTap-
HbIMU TyMaHHOCTSIMU. CeBep HaBepXy, BOCTOK
cieBa. PasMepnl uzobpaxkeHus 6'x6'.

Puc.3c. 2MASS K wu3zobpakeHue obiactu
3Be3noobpasoBanust SFR 2. 1 - 3Be3ma ¢ mucreue-
HueM (N4 u3 T1a6m.2). CeBep HaBepxy, BOCTOK
cieBa. Pasmepbl n3obpaxkeHust 6'x 6'.

B Ta6:1.2 naHbl 6aecKM M MoKa3aTesu lLiBeTa OObEeKTOB, MPUHAIJIEXaAIUX K
obmacTtu 3Be3noobpazoBaHus SFR 2 (maHHble B3sTHI U3 [4]).

M3 T1a6n.2 cmemyer, uyto Q< -0.10 y 3Be3m NN 2, 3, 8, T.e. bojee yeM y
MOJIOBMHBI 3Be311 00acTu 3Be3n000pasoBanust SFR 1 (o6bektel NN 4, 6 u 7 He
SIBJISTIOTCSI 3BE€31aMU) MUMEIOTCSI TIbUIEBbIe TUCKU WU O0OJIOUYKU.
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4. Obsexm SNO 28. D1oT 00BEKT OBUI HAMIEH TIPU 0030pe KapT I0KHOTO
noyapus [2]. O0beKT B OCHOBHOM ITOIpy:KeH B TeMHOe 00ako. OH IIpecTaBisieT
co0olf 3Be3my C IBYMs IPOTMBOMOJOXHBIMM BblOpocamMu. 3Be3na U CEBEPO-
BOCTOYHBII BBIOPOC M YacTh FOrO-3alagHOro BHIOPOCA IMOJHOCThIO MOTPYKEHBI B
TeMHOe 00J1aK0, a Ipyrasi ero 4acTh I0ro-3aragHoro BbIOpoca BBHIXOAUT U3 TEMHOIO
obnaka (cMm. puc.4a, 4b).

Puc.4a. 2MASS K wu3zobpaxeHne oObeKTa Puc.4b. DSS2 R wuzobpaxkeHue oObeKTa
SNO 28. Cesep HaBepxy, BocToK cieBa. Pasmepbsr  SNO 28. CeBep HaBepxy, BOCTOK cjieBa. Pasmepsl
n3o0paxkeHus: 6'x 6'. n3obpaxkeHus: 6'x 6'.

B 1a61.3 naHbl GecKy W MOKa3aTeM LiBeTa LIEHTPaIbHON 3B€31bl U CTYIICHUS
B BbIOpoce. JlaHHbIe B3STHI U3 [4].

Kak BumHO 13 1a651.3, ueHTpaibHas 3Be31a (00beKT N2) cBsizaHa C MbLIEBOM
000JIOUKOI MM ¢ TUCKOM, TakK Kak y Hee Q <-0.10. Crymenue B BeIOpoce (0OBeKT
N1) umeet Toabko 1Beta B u R. 3Be3na cBa3ana ¢ ToueuHbiM MK ncTouHukom
IRAS 08196-4931 [6]. ¥ sToro mcrouHuka mmerorcs cienyiomme MK 1mBera:
R(2, 3)=log((F(60)x25)/(F(25)x60))=1.173; R(3, 4) =log((F(100)x60)/(F(60)x100))=
-0.076. Ot BemmumHbl W1t MK 1IBETOB COOTBETCTBYIOT TOYEYHBIM MCTOUYHHMKAM
IRAS, cBsIzaHHBEIM ¢ Ma3zepaMu Boabl [7].

Tabauya 3
JAHHBIE Ob OBBEKTAX B SNO 28

NN| (2000 5(2000) B |BR| I JJH |H-K| Q

08"21M05°.81 | -49°40'52" | 20.750 | 2.250
08 21 06.09 | -49 40 50 14.653 | 1.153 | 1.647 |-1.647

N =
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5. 3akaruernue. B cratbe TIpecTaBIeHBl TPM HOBBIX OOBEKTA, HailIeHHbIE
NPy TIPOCMOTpPe KapT IloxkHoro Heba. O6macth 3Be3mooOpasoBaHus SFR 1 B
OCHOBHOM TIOTPYX€Ha B TEMHYIO INIOOYJIy C IPKUM PMMOM U IOJIHOCTHIO BHIHA
tosbko B UK. I'100Oyna BXOOUT B paguaibHYIO CUCTEMY TEMHBIX IVIOOYJT IEpBOro
Buga. B o61acTe 3Be31000pa3oBaHUsI BXOISIT OOBEKTHI XepOura-Apo, 3Be3Ibl C
KOMETapHLIMM TYMAaHHOCTSIMU, TIpUYeM OIHA M3 HMX - 3Be3na tuma T Tenbla.
BoabiMHCTBO 3Be3d, BXOASIIMX B 00JacTh 3Be31000pa30oBaHUS, CBSI3aHbI C
MbLJIEBBIMUA 000JIOYKAMM WIN JUCKAMMU.

Crenyonum 00bEKTOM sIBIIsIETCsT 00s1acTh 3Be3nmooopazoBaHust SFR 2. MmMerorcs
3Be3lbl U TyMaHHBbIe O0OBeKThl. HekoTopbie 3Be3abl CBSI3aHbI C KOMETapHBIMU
TyMaHHOCTSIMU (B BUIE KOHYca, MOJIyKoJiblla). boyee MmosoBuHbBI 3Be3l 001acTH
3Be31000pa30BaHMsI CBSI3aHBI C IbIJIEBBIMU JUCKAMU.

TpetbuM o00bekTOM sBisteTcss SNO 28. D10 3Be3na ¢ ABYMS ITPOTUBONOJIOXKHBIMU
BbIOpocaMu. 3Be3la, OJUH U3 BHIOPOCOB M YACTh BTOPOIO BBIOpOCA MOTPYKEHBI
B TeMHOE€ 00;1aK0 1 BUAHBI TONbKO B MK, B onTHKe BUOHA TOJBKO YacTh BTOPOTO
BeIOpoca. LleHTpanbHas 3Be3a CBsI3aHa C IMbUIeBOM 0007104K0i U ¢ ToueuHbiM MK
oowekToM IRAS 08196-4931. Btot ncrounnk nMeeT MK 1Beta, cOOTBETCTBYIONINE
LIBETAM, TUITMYHBIM I TOYEYHBIX MCTOYHUKOB, CBSI3AHHBIX C Ma3epaMU BOJIHI.

Bropakanckasa actpodusndeckas obcepBatopusi uM. B.A.AMOapiymsiHa,
Apmenus, e-mail: agyulb@bao.sci.am

SEVERAL STAR FORMATION REGIONS IN
SOUTHERN HEMISPHERE

A.L.GYULBUDAGHIAN

Three new star forming regions found by us in Southern Hemisphere are
presented. The object SFR 1 is a group of mainly IR stars, many of them are
connected with dust discs or envelopes. There are also HH objects. SFR 1 is
embedded in a dark globule with a bright rim, which is situated in the type I
radial system of dark globules. Two stars of SFR 1 are connected with cometary
nebulae. The second object is star forming region SFR 2. It is situated in a dark
cloud. There are stars with cometary nebulae, an outflow from a star with cometary
nebula, with a condensation at the end of outflow. Many stars are connected with
dust envelopes or discs. The third object is SNO 28. It is a star with dust disc
or envelope and two opposite outflows. The star, one of the outflows and a part
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of the second outflow are embedded in the dark cloud and are seen only in IR.
A part of the second outflow is situated out of the cloud and is seen in optic.
The second outflow has a condensation, which can be an HH object. The object
is connected with an IRAS point source IRAS 08196-4931, which has IR colours,
typical for a source, connected with a water maser.

Keywords: star forming region: IR stars: dark globules
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Paccmotpens! pusnko-xummdeckue coiictBa by TymMmaHHoct CEJl 201. JlloMuHECTICHTHBIE
SMUCCUN 3aMOPOXEHHBIX YIJIEeBOJOPOMHBIX YACTUIl M aTMa3HOU TBIIM BBISIBIEHBI B CIIEKTPE ITOM
TymMaHHOCTH. [IpeacraBieH KpaTKuil KaTtajaor (hayopecleHTHBIX SMUCCUN aTOMOB M MOHOB Ta30BOil
KOMITOHEHTHI BellecTBa TyMaHHOCTH. OOCYXIeHBI HEKOTOPBIE APYIMe acTeKThl TMPOOIEMBI.

KiroueBble ciioBa: MYMAHHOCMb. Nbl1b. OpeAHUHYECKOEe 6eULecneo. NIOMUHECUeHUUA

1. Beedenue. DneKTpOMarHUTHOE W KOPITYCKYJISIPHOE W3JIyYEHUS 3BE3II
TYMaHHOCTEI pa3JIMUHbIX TWUIIOB MOTYT BBI3bIBATH JIOMUHECLEHIIMIO TbLIU U
(yopecueHMIO ra3a 3TMX TyMaHHOCTei. [1pu 3ToM ucIycKaeMble 3Be31aMU ITOTOKU
PEHTIEHOBCKOTO U YJIbTpadUOIETOBOrO U3JTyYeHHUI, a TAKXKE aHU30TPOITHbIE MMOTOKU
3JIEKTPOHOB Y MPOTOHOB PAITMYHBIX SHEPTUU MOTYT BbI3bIBATh (DOTOTIOMUHECIICHIIUIO
- (JIyOpecleHIINI0 M PEKOMOMHALIMOHHOE U3TyYeHUE HEUTPAIbHBIX 1 MIOHU30BAHHbIX
KOMITOHEHTOB Ta3a 3TUX TyMaHHocTel. [1blIb OTpaxaTesIbHBIX, MPOTOIIaHETAPHbBIX
W TJIaHeTapHbIX TYMaHHOCTEH MOXKET MHTEHCHMBHO JIOMUHECUHUPOBAThH IOJ
BO3ICHCTBUEM U3TYUEHUS OT LEHTPAIbHBIX 3BE3M, IIPUYEM JIIOMUHECLICHTHBIE SMUACCUU
MOTYT PacIoiaratbCsl B yJabTpadHroIeTOBOM, BUIMMOM U MH(pPaKpaCHOM Jiara3oHax
CIIEKTpPa TYMAHHOCTEN.

PazmuHble TYMAHHOCTH, KaK KOMILIEKCHBIE ra30-IIbUIeBble 00BEeKThI, 1 dy3HbIE
00pa3oBaHus rajlakTUKW, MOTYT UCITyCKaTh JIOMMHECLIEHTHOE M3JTy4eHUe TBEPAOTrO
BelllecTBa (MbUIM) U (PIyopecLieHTHOE U3IydyeHMe Tra3a. IIpu 3ToM, SMUCCUOHHbIN
CIIEKTP TYMAHHOCTH MOXET OBbITh JOCTATOUHO CJOXKHBIM, COCTOSIIIIMM U3 CTAHIAPTHBIX
SMUCCUIM aTOMOB, MOHOB raza M JIIOMMHECLEHTHBIX 3MMCCUN MUHEpaJIbHON U
JIEASTHON TBIIM COOTBETCTBYIOIIEH TYMaHHOCTU. DTH OTHOCHUTEILHO cjadbie
JIIOMMHECIHIEHTHbBIE SMMCCHUU TIbLIM 3a4acTylo OCTAIOTCS HEUACHTUMUIIMPOBAHBIMU,
BbI3bIBasl OCOOBIN MHTEpeC uccienopateneil. OnTuyeckue CrieKTpbl TYMAHHOCTEH U
JIPYTHX Ta30-TbLIEBLIX 0Opa30BaHU TaJaKTUKU MOTYT OBITb YCIOXKHEHBI Takxke
pacIIMPEHHOI KpacHOM sMuccHei Tbuii B auarnasone 5400-9400 A . Dra mmpokas,
OeCcCTpYKTypHas M0JIOCa TAKXKE UMEET JIIOMUHECLIEHTHYIO TTPUPOJLY.

B pab6orax [1,2] MBI NpeMIOXUIU MOAEIU 3aMOPOXKEHHBIX YIJIEBOAOPOMHBIX
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yactull (3YY) nbuin TyMaHHOCTEI, MOKa3aB, YTO MO/ BO3AEHCTBUEM YIbTpaduo-
JIETOBOTO M3JIy4eHUSI LIEHTPaJbHBIX 3Be31 JieAsHas MbUlb (B BUAE KOMIUIEKCOB
3YU) tymaHHOCTE# MOXET JIIOMIUHECIIPOBATH B ONITUYECKOM AMAIa30He CIIeKTpa.
Mbl npuMeHWIN Hainy Teoputo K TyMaHHoOcTU CEJl 201 1 BBISIBUIM B ONTUYECKUX
CIIEKTpax 3TOM TYMAHHOCTU DS JMHUU U MOJOC JIOMUHECLIEHTHOW ITPUPOIbI,
npuHamiexanmx 3YY. Hamm TipuMeHsIcS CTaHOApPTHBIM METON BBISBICHUS
JIIOMUHECIEHTHBIX 3MMCCUI CMEKTPOB OMNpPEAEICHHBIX PErMOHOB TYMAaHHOCTHU
CE/Jl 201. K HacTrosiiieMy MOMEHTY C(pOpMUPOBAIUCH CIEAYIOIINE CYLIECTBEHHBIE
obcTogTenbCTBA: 1) OIMyOIMKOBAaHHBIC CIIEKTPaAbHBIC JaHHBIC (TaOIUIIBI, KaTaJoTH
smuccuit) mo tymaHHoct CEJl 201 orpaHu4YeHbl, pa3pO3HEHHBI; 2) YacTh CIIEKTPOB
tymanHoctu CEJl 201, mosydeHHBIX HAMHU paHee MpPU MOMOIIM 2-M TeJecKora
obcepratopun TJIC, I'epMaHusi, OCTalOTCS HEM3YUYCHHBIMM B paMKax HacCTOSIIeH
npobyieMbl. bepsi Bo BHMMaHHE 3TU OOCTOSITENILCTBA, Mbl M3YYWJIM OAWH U3
MOJyYeHHbIX HaMu crieKTpoB TymaHHocTu CEJl 201, paHee He ToaBepraBLIUiiCs
aHam3y.

2. Hab6awdenus u obpabomka OauHbix. Hamu ObUIM TIPOM3BEIEHBI
crniekTpockonuueckue HaomwoaeHuss TymaHHoctu CEJl 201 mpu momoinu 2-m
TeJiecKoIa U MpU3MeHHOro criektporpada ¢okyca Hacmura obcepsaropuun TJIC
(okTsI6pb-HO5I0pB, 2001). BblIM MOSYyYeHBI CIIEKTPbl 3TOM TYMAHHOCTU B IMara3oHe
3700- 8500 A . Cpeansia qucrepcys IPUMEHSBILIETOCA IPU3MEHHOIO crieKTporpada
225 A /mm. dnuna wenu 3.24 apkmud. [puemuuk usnydenus CCI 800 x 2024.
Bpems skcno3uimy tymanHocTy B nipeaesax 540-600c¢. Brina mpoBeeHa SKCTpakLsg
CIIEKTPOB, (DUILTPALIMSI KOCMUUECKHX YaCTULI, IeIEHUEe Ha TJIOCKOE TT0Jie, KaTMOpOBKa
u ap. M3 noay4eHHbIX CIIEKTPOB TYMAHHOCTU OBbLIM BBIYTEHBI CIIEKTPHI HOUHOTO
HeOa. Illenp crnekTporpada Obljla OpUEeHTUPOBaHA COOTBETCTBYIOLLIMM OOpPa3oM,
BBIpE3asd KaK TEMHYI0, TaK W CBETJIyI0 O0JIACTU TyMaHHOCTH (BHE 3BE3IHI).
IlepBuuHasg M 1ociaenylolass o0pabOTKM CIEKTPOB TYMaHHOCTH ITPOBOAMIMCH
nporpaMMHbiMU TlakeTamu MIDAS u DECH20T.

3. Jledsnasa noine u eaz3 mymannocmu CEJ] 201. OcHoBHBIMK 3a1adyaMu
HacTosIell paOOTHI SIBIISIJIUCH: a) BRIABICHUE HauboJjiee MHTEHCUBHBIX (B ILIKajie
OTHOCHUTEJIbHOM MHTEHCUBHOCTU) JIOMMHECLIEHTHBIX SMUCCUI CIIEKTpa TYMaHHOCTHU
CEJl 201; ©) oToxXmecTBIeHMEe MHTCHCUBHBIX, CTAHAAPTHBLIX Ta30BbIX SMMCCHUI
CITEKTpa TO ke TYMAaHHOCTH; C) YCTAHOBIIEHNE HEKOTOPBIX (DM3UKO-XUMUUECKUX
CBOICTB TBEPJOTO BellECTBA JICASHOM MbLIM 3Toi TyMaHHOCTU. C 11enb1o 2 deK-
TUBHOTO PEIIeHNS 3TUX 3a1a4, 00paboTKa OTKaJITMOPOBAHHOTO CIIEKTpa TIPOBOAMIIACE
MTOIIIArOBO, C pa3mejiecHreM CIeKTpa Ha ITOC/IeI0BaTeIbHBIE MaJlble YyJ4acTK! (110
BO3pACTaHUIO JJIMH BOJH). [lOIIepoBCcKoe CMEleHUe CIIEKTPaIbHbIX JIUHMIA (JTydeBast
KOMITOHEHTa TPOCTPAHCTBEHHON CKOPOCTH TYMAaHHOCTHM) YYWTHIBAIOCH. BbIIO
VIIYUIIEHO KA4eCTBO IPOLIEAYPhl CPABHUTEJILHOIO aHAIM3a, 3 UMEHHO: TOUHOCTh
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CPaBHMTEIBHOIO aHAIM3a; YYeT CXOACTBA Mpoduieit CrieKTpaIbHbIX JUHUU (Ha0J10-
JIEHHBIX U J1abOpaTOpHBIX); MpUMeHEeHUEe 0oJjiee OOIIMPHBIX Y COBPEMEHHBIX 0a3
U UCTOYHUKOB CPaBHUTEJbHBIX AaHHbIX. CpaBHEHNE MPOBOAUIOCH C TOUHOCTHIO
+0.5A . B KayecTBe MCTOYHUKOB CPABHUTEJIBHBIX JAHHBIX HAMU IPUMEHSIINCH
[3-19]. DTU MCTOYHUKU COAEPXKAIU CIEKTPbl JIIOMUHECUEHTHBIX 3MUCCHUI
3aMOPOXEHHBIX CMeceil TOJULIMKINYECKUX apoMaTUYeCKUX YIJIEBOJOPOAOB U
anrMdaTUIYECKUX YIJI€BOAOPOJOB, PA3JIUUYHBIX MUHEPATIOB, a TaKXe CIEKTPbl U
KaTaJlOry 3alpelleHHBIX JUHUNI, SMUCCUI TUIAHETAPHBIX TYMAHHOCTEN, SMUCCUMA
HWCKYCTBEHHBIX MCTOUYHMKOB M3JIyY€HMSI, BKJItOYash PTYTb U HATPUMl U 1p.

OTtHocuUTeTbHAsE HEPETYISIPHOCTh, HEOMHOPOAHOCTh CPABHUTEILHOTO MaTepuaia,
BbIPXKABIIASICH B PA3IMUMAX TOUHOCTU JIAOOPATOPHBIX U3MEPEHUI, PUMEHSBLLIMXCS
LIKaJ JJIMH BOJIH, a TAKXKe YyBCTBUTEIbHOCTU MTPUEMHUKOB U3JTyYEHMSsI, BbI3bIBaJIa
OIpeJeJIEHHbIE CJIOXHOCTU B IPOLIECCE CpaBHUTENbHOTO aHanusa. K npumepy,
aTiacel CIEKTPOB JIIOMUHECLIEHIIMU 3aMOPOXEHHBIX YIJIEBOJOPOJOB MPAKTUYECKHU
He comepXaT 3MUCCHMU B JUIMHHOBOJIHOBOM obiactu criektpa A >7000A . D10
00YyCJIOBJIMBAJIO B CBOIO o4yepelb MOoTepio 3-5% mojie3HbIX naHHbIX. [lomydeHue
0osice OMHOPOIHBIX M OOILIMPHBIX JA0OPATOPHBIX AAHHBIX IO JIIOMWHECLEHIIMU
3aMOPOXEHHBIX YIJIEBOJOPOIOB MOJOXUTEIbHO CKa3aloch Obl Ha 3¢ {eKTUBHOCTU
CPaBHUTEJIBHOTO aHaJM3a B Mpenesiax MHTEPECOB acTPOPU3UKHU.

OpueHTalus e TPUMEHSIBIIETocs MPU3MEHHOTO criekTporpada npeaomnpe-
JleJiJia JOCTaTOYHO BbICOKYIO MH(POPMATUBHOCTD MOJYUYEHHbBIX CIIEKTPOB TyMaH-
HocTu. Kak yxe oTMeuanocsh, 11ejib BbIpe3ajla OJHOBPEMEHHO KakK SpKYyl0, TaK U
TeMHy0 yacTb TyMaHHocTu CEJI 201. CiaemoBaTenbHO, ONITUUECKUIA CIIEKTP 3TOM
TYMaHHOCTU MOXET COIEPXKaTh JIOMUHECLUEHTHbIE SMUCCUU JIENSTHOM M MUHEPaIbHOM
ML U (pIyopeclieHTHbIE SMUCCUM ra3a TYMaHHOCTH (aTOMOB U MOHOB). ['a3oBast
COCTOBJISIIOLIAS. TYMAHHOCTH COCPEAOTOYEHHA BOJIM3M OCBEIlAIoONIel 3Be3/bl, TOT1a
KakK TMblJIb Pa3IMuHOTO XMMUKO-MUHEPATOTMUYECKOIO COCTaBa COCPEAOTOYEHA Ha
0oJIbllIEM yIaJIEeHWM OT OCBELLAOLIE 3BEe3/bl 3aHUMas1, repudepudeckre odactv
TYMaHHOCTU. Takoe MpOCTPaHCTBEHHOE MOAPA3NEJICHUE Ia3a U IbUIA UMEET HECKOJIBKO
YCJIOBHBIN XapakTep, YUUTbIBasi TOT (akT, uyTo IUPGYy3HbIEe 00BEKTHI TaJaKTUKU
MPEICTaBISIOT COO0OM B3aMMOMNPOHUKAIOIIME U B3aMMO3aMellIaolIue MPOCTPaH-
CTBEHHbIE Ia30MbUIEBbIE 00pa30BaHMs. DTO Mompas3aeaeHre ra3a 1 MbUTM Heo0X0IuMOo
paccMaTprBaTh B KOHTEKCTe MPUHSTOTO B HACTOSIILEE BPEMST OTHOLLEHHWSI CONEpXKaHUs
MbLUIEBOM M ra3oBOi MaTepMu B rajakTuke. B ciaydyae oTpaxaTeJbHbIX TYMaHHOCTEM
HaM TpejcTapisiercsl, uto He MeHee 80% cerMeHTa TYMaHHOCTH, OCBEILIAEMOTO
LIEHTPAJIbHO 3Be310¥i, OyleT y4aBCTBOBATh B MPOLIECCE JIOMUHECUEHLIMU TbUTA. To
ecTb, 80% NbUICBBIX W JICHSIHBIX YACTHUI[ OCBELEHOM 4YacTM TYMaHHOCTH OymyT
JIIOMWHECLIMPOBATh TI0J] BO3AECTBUEM KOPOTKOBOJIHOBOTO M3MYYEHUS OT LIEHTPAILHOM
3Be31bl. HeoOxomMMo oTMETHTh TakKe, YTO MO JIIOMUHECHIEHLIMeH MbUTM TYMaHHOCTU
MbI IIOHUMAaeM $SIBJIeHUSI (DOTOTIOMUHECLIEHIIMMU, KATOAOJIOMUHECLIEHIIMU TBEPIOTO
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BEIIECTBA MBbUIMHOK, a Mo (ryopeclieHIIMel ra3a - HETeTUIOBOe CBEYEHUE aTOMOB
1 MOHOB BO30YXXIaeMble YIbTPa(prONeTOBBIM U3JIyYeHUEM LIEHTPAIbHOM 3BE31Ibl.
BmecTte ¢ TemM Hesb3s MCKJIIOYaTh, YTO CBEUYEHME Ta30BOM KOMIIOHEHTBHI 3TOM
TYMaHHOCTH MOXET OBITb YaCTUYHO OOYCJIOBJEHO SIBJICHUEM U3JydaTeJbHON
PEKOMOMHALIAM.

IMonyyeHHblit Hamu onTudecku criektp TymaHHocty CEJl 201 mpuBeneH Ha
puc.l. Bo BpeMs CpaBHUTEJbHOIO aHajiM3a U MOCAEAyIOlIeH MACHTU(UKALIMU
COOTBETCTBYIOLIMX CIEKTPaJbHBIX OCOOCHHOCTEN Mbl ONMMPAIMCH B 1IEJIOM Ha
MpeajoXeHHble HaMu paHee Mojeau 3YY M Teopuio UX JIIOMMHECLUEHTHOrO
cBeueHus1. OmHaKo B HACTOSILEN paboTe BasKHBIM MPUOPUTETOM JJISI HAC SBJISIOCH
BbISIBJICHHE Han0oJiee MHTEHCUBHBIX HETETUIOBBIX IMUCCUI 3aMOPOXKEHHBIX YIJIEBOIO-
POAHBIX YaCTHUIl C TpUBJIeYEeHUEM Oosiee OOLIMPHBIX JIAOOPATOPHBIX JAHHBIX.
HeobxonumMo OTMETHTh, YTO S3HEPreTUUECKUIA BbIXO JIIOMUHECLEHIIMN (KaK OTHO-
IIEHUE HEPTMU MCITyCKaeMbIX JJIOMMHECLEHTHBIX (DOTOHOB K TOIJIOIIEHHON 3HEPIUU

4000 5000 6000 7000 8000

Innna soskbl (A )

Puc.1. Cnekrp tymannoctu CEJI 201.

(hboTOHOB BO30YXKIAIOIIET0 M3IYYSHUS) 3aMOPOKEHHOM CIOXKHOM OpraHWKU MpU
T <80 K B nabopaTopHbix ycioBsix MeHsieTcss B mpeneinax 0.5-0.9. Btu xe
3HAYEHUST MOXKHO OXMIATh IJIsI CIydasl 3aMOPOKEHHBIX YII€BOAOPOIHBIX YaCTHUIL
TYMaHHOCTEM.

B xopoTkoBoiHOBOI obsiacTu orntryeckoro crnekrpa tymaHHoctd CEIl 201 Ham
yaanoch UIeHTU(UIMPOBATh IBe (DOTOMOMUHECLIEHTHbIe sMuccun 3YY Ha aimMHax
BoJiH 3804.37A u 4018.37 A . 3a o1 (POTONOMUHECLIEHTHBIE SMUCCUN COOTBET-
ctBeHHO oTBevaroT 3YY cienytolliero xumuueckoro coctana: 9,10 nuMeTunaHTpaleH
B H-rentaHe (3804 A ), 3-meTunanrpaieH B H-oktaHe (4018.55 A ) [18]. Ha6umo-
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JIeHHBbIE U JJabopaTopHbIe (DOTOMIOMUHECLIEHTHBIE SMUCCHUM XOPOILIO KOPPEIUPYIOT
MO CIEKTPAIbHBIM TMOJIOKEHUSIM U MPOGUISIM B Mpelaejax HallUuX KpUTepUeB
CpaBHMTEJILHOTO aHaimm3a, puc.2, 3. HeoO0xogumMo OTMETUTH, UTO B JIaOOPATOPHBIX
YCJIOBUSX 3aMOPOXEHHBIE CMECH apOMaTUYEeCKUX U alu(aTUIECKUX YIJIEBOIOPOIOB
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Puc.2. JliomuHecueHTHas 3muccust 3YY (3804.37 A) B crnexrpe TymanHoctu CEJ 201.

9, 10 Dimethylanthracene

Solvent: n-Heplane

Concentration: 5-10“m 0.9
Cell thickness: 200um

Temperature: 5K
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Puc.3. Dmuccust (3804 A) B criekTpe JIOMUHECLIEHLIMU 3aMOPOXEHHON CMECH YIJICBOLOPOIOB.
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YKa3aHHOTO COCTaBa XapaKTepU3YyIOTCsS MHTEHCUBHBIMU (DOTOJIOMUHECLIEHTHBIMU
OMMCCUSIMH, CXOXMMHM C IMUCCUSIMU TYMaHHOCTEl (CIEKTpabHbIE MOJOXEHUS U
npoduin), npu Temieparype 3amopoxeHHbIXx cMeceit T =35K. MoxHo npearno-
JIOXKUTb, YTO TMOTOKHU YJAbTPadUOJIETOBOIO M3JIyueHUs] OT OCBELIAIOINIE 3BE3IbI
BO30YXAAI0T (POTOTIOMUHECHIEHIIMIO CAOXHBIX OPTaHUYEeCKMX JIEASHBIX YacTHIL
nepudepuueckoin obmactu tymanHoctu CEJI 201, mpuyem Temmeparypa 3Y4Y B
atoit obnactu gomkHa ObiTh T <10 K. Camo npucyrcrBue 3YY (B BelluecTBe
TYMaHHOCTH) UCTOUHUKOB TOCTATOUHO Y3KUX JIIOMUHECLIEHTHBIX 9MUCCUI B CIIEKTPE
TYMaHHOCTU CBUIIETEIIECTBYET 00 OTHOCUTEIILHOM TTOCTOSTHCTBE YKa3aHHBIX TEMITe-
paTypHbIX 3HayeHUil. Bo3MmokHOe yBeJlMuYeHHuEe TeMIlepaTypbl 3aMOPOXEHHBIX
VIJIEBOJOPOIHBIX YaCTUIL TYMAHHOCTH HE3aMeITUTEIbHO TTPUBENIO Obl K 3HAYUTEb-
HOMY VIIUPEHUIO COOTBETCTBYIOIIMX (DOTONIOMUHECIIEHTHBIX 3MMCCUA. 31ech
MMeeTCd B BUIY YIIMPEHUE JIOMUHECHEHTHBIX SMUCCUI A0 IIUPOKUX OECCTPyK-
TYPHBIX IIOJIOC, CXOXMX C PACLIMPEHOM KPaCHOM 3MMCCHUEN IbLIM HEKOTOPBIX
TYMaHHOCTEH, JIETKO OOHApYKUBaeMOIl Ha3eMHBIMU ONTHYECKUMU MHCTPYMEHTaMMU.
NnentuduuurpoBaHHbsle HaMu ABe (DOTOJIOMUHECIEHTHBIE OMUCCHUM CIIEKTpa
tymaHHocty CEJl 201 He obHapyxuBaauch HamMu paHee [1,2]. Boicokas MHTeHCUB-
HOCTHb (DOTOJNIOMUHECIIECHTHBIX 3MMCCUM MOXeT OBITH IpemolipenesieHa BechMa
HU3KOI Temriepatypoii Beliectsa 3YY, BbICOKOIM MTPOCTAHCTBEHHOIM KOHLIEHTpaLe
9TUX JICASHBIX YACTUI U BHICOKMM KBAaHTOBBIM BBIXOIOM JIIOMUHECIIEHIIMM KOHK-
peTHbIX 3aMopoxeHHbIX cMecelt (ITAY+AY). DdhdekTBHOCTD BBISIBIEHUS 3TUX
(OTOTIOMUHECLICHTHBIX 3MUCCUI ObLIa OOyC/IOBJIE€HA MPUMEHEHMEM HOBBIX 0a3
JaHHbIX [18]. Mbl uaeHTUGUIIMPOBAIN Takxke B crniekrpe TymaHHoctu CEJ 201
OITHY JIIOMHHECIICHTHYIO SMUCCHUIO aJIMAa3HOM MBLIN, a UMEHHO SMUCCHUIO Ha JJTUHE
BOJIHBI 7940.40 A [17,19]. B 1aGopaTOpHBIX yCIOBUSX IO BO3AEHCTBUEM YIIbTPa-
(buosneToBOro M3MyYeHUsI MEJKOIUCIepCHAsT alMa3Hasl MbUIb JIOMUHECHUPYET Ha
uiHe BOMHBL 7940 A [19]. MMeeT MecTO XOpOIIass KOPPEJSIIUS CIIEKTPATBHBIX
MOJIOXKEHUU 1 npoduiieil HabMOAeHHOKH U 1a00paTOPHOIA SIMUCCUIA.

Kacasicy mpoctpaHcTBeHHOro pacripeaesieHus 3YY M aJMasHbIX YacTUIl B
nblieBoil Mmatepuu TyMmaHHocTu CEJL 201, MOXHO MpeAnosoXuTh, UTO Ha MaJibIX
PACCTOSIHUSIX OT 3BE3/Ibl MOXET MPEeBAIMPOBATH aJIMa3Hasl TbLIb, & Ha 3HAUUTEJIbHBIX
yaaneHusix pasHoaucrnepcHble 3YY. bepst Bo BHUMaHMe Monenb 3YY, npeiioxkeHHY0
Hamu B [1,2] (3YY kak yraucroe sapo+3amMopoxXeHHass OpraHn4YecKasi MaHTHUS),
MOXHO 3aKJIIOUUTb, YTO BOJM3M OCBEIIAIONIEH 3BE3/bl B YCIOBUSIX OTHOCUTEIBLHO
BBICOKMX TeMIIepaTyp MPpeBATMPYIOT ajIMa3HbIe MbUIMHKMU, a Ha OONBIIMX YAAICHUSIX
OT 3Be3bl B YCIOBUSIX HU3KUX TeMITepaTyp TpeBanupyioT 3YY jeasHble 4acTUIIBI
- aapo+ MaHTUs. [1py 3TOM MPOCTpaHCTBEHHBIE MPOLECCHl OUEBUIHBI. AJMa3Hast
MMbLJIb BOJU3U 3BE3bl XOPOILO MporpeBaeMa, Ho Oyay4yu "BbIMETaeMOM" JTy4eBbIM
JlaBJIeHUEeM, HAUMHaeT OXJIaXIaThCsl, COMPOBOXIASCH MPOLECOM KOHAEHCALMU WIN
JecyonuMaly raza Ha XOJOOHBIX MUKPO M HaHOsApax. DTO B CBOIO Oyepelb
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TIPUBENET CO BpeMEHEeM K 00pa30BaHMIO OpraHuYecKuX MaHTuit 3YY. DU sBneHus
MOTI'YT CBUAETEJbCTBOBATh O TOM, YTO TEMHAasl M XOJIOAHAs 00JacT TYMaHHOCTH
CEJl 201 morytr comep:KaThb MOJIEKYJIBI YIJIEBOAOPOAOB B ra3oBoii ¢asze. g
BBISIBJICHUSI TPOCTPAHCTBEHHOro pacmnpeaeneHus 3YY U ajMasHbIX NBUIMHOK
tymanHoctu CEJI 201 Heob6xoauMo OyaeT MPOBECTU IOMOJHUTENbHBIE CIIEKTPO-
CKOMMYECKHe HAOMIOACHWS 3TOM TYMAHHOCTHU C IIEJIbIO TIOJYICHUS e¢ ONMTUISCKUX
CIIEKTPOB MPU Pa3IMUHBIX OPUEHTALIMaX 11eJU CrieKTporpada.

Ilo pesynbTaTaM CpaBHUTEJILHOTO aHAIM3a HaM He YIaJoch MACHTU(PULIPOBAThH
cienyonme smuccun criektpa tymanHoctd CEJI 201: 7342.05A ; 7634.67 A ;
7866.15A ; 7984.07 A ; 8088.89A ; 8154.40 A ; 8180.61 A . Bce st 7 smuccuit
OoCTajJlCh B cTaTyce HemaeHTU(UUUpOBaHHbIX. Kak mokazaHo B paborax [1,2]
OCTaBIIMeCS HEMACHTU(UITMPOBAHHBIMU SMUCCUY MOTYT IPUHAMIJICKATh, B KAUeCTBE
COCTaBHBIX KOMIIOHEHTOB, K PacIIMPeHHON KPaCHOW 3MMCCUU MbLIM TYMAaHHOCTH
CEJl 201. 1 B naHHOM cJlyyae MbI IPUACPXKUBAEMCSI AaHAIOTUYHOIO OOBSICHEHUS.
31ech HEOOXOIMMO T00ABUThH, YTO IJIST OMHO3HAYHOTO BEISIBIICHUS PacIIMpeHHON
KpacHOM 3MUCCUU B CIIEKTpax TYMaHHOCTEH MPUMEHSIOTCS CIieKTporpacdbl HU3KOM
avcrepcruu. B Hamiem ke ciayyae MpUMMEHSICS crieKTporpad cpeaHei TUCIepCuiu.
B criektpe tymanHoctu CEJl 201 MBI BBISIBUIIM TakKe ABE JIMHHUU ITOTJIOLICHUS
4739.01 A u 5813.42 A . CpaBHUTEIbHBIN aHAIN3 [TOKA3aJl, YTO JaHHbIE aOCOPOLIUU
He TpUHaIIeXaT K MEX3Be3AHbIM JIMHUSIM MOIIOIIEeHUs, BKIoyas nuddy3Hbie
MEXX3BE3IHBIe TIOTOCHL. [To-BrmmMoMy, 3TH abCOpPOITMN MMEFOT TIEKYJISIPHBI XapaKTep
1 OOYCJIOBJIEHBI TOIJIOIIEHWEM HM3JIyYEeHUs] OCBEIIAloIIell 3Be3bl Ia30MbLIeBOM
Marepueil KOHKPETHOTO XUMHUKO-MUHEpPaJOrMyeckoro cocrtaBa. B pesynbrate
CPaBHUTEJILHOTO aHaM3a Mbl MACHTU(PUIIMPOBAIN TaAKKe B CIIEKTPE TYMAaHHOCTHU
CEZ 201 psig TMHUEA, MPEnCTaBRISIOIIMX cO00H (hII0OPeCIIEHTHbIE SMUCCUY aTOMOB
1 MOHOB ra30BOil KOMITOHEHTHI 3TOM TYMAHHOCTU. YJbTpahroJIeTOBOE U3TyYeHUE
OCBEIIAoIIIei 3Be3MbI BO30YKIaeT (hIyopeclIeHITNI0 COCTABHBIX KOMITOHEHTOB Ta3a
TYMaHHOCTH C XapaKTepHbIM BpeMeHeM penakcauuu 10°c. B Ta6i.1 Mbl mpuBoaum
pe3yJIbTaThl HAIIETO CPAaBHUTEIBLHOIO aHaIM3a M0 UAESHTU(hUKALIMK (DITyOpeCeHTHBIX
smuccuii raza tymanHoct CEJl 201. daxkTtuyecku maHHasT TaOJMLA SIBISETCS
MEePBBIM KPATKUM KaTaJoroM 3MUCCHU HEHWTpaJIbHBIX aTOMOB M MOHOB ra3a 3Toil
TyMaHHOCTU. B mepBoil KOJOHKe TaOJMIbI MPUBOISTCS IIMHBI BOJH Ta30BbIX
SMUCCUIA CITeKTpa TYMAaHHOCTH B aHTCTpeMax (MCIpPaBICHHBIX 3a JOTUIEPOBCKOE
CMellleHue), B KOJOHKE 2 - 9KBUMBAJEHTHBIC IIMPUHBI SMUCCUU B aHICTpeMax, B
KOJIOHKE 3 - JUIMHBI BOJH JJaOOpaTOPHBIX 9MUCCUIl B aHICTpeMax, B KOJOHKe 4
- UIeHTU(PUKALINSA, COOTBETCTBYIOIINE aTOMBI M MOHBI.

HeobxonMo oTMETHUTh, YTO SMUCCHY HEKOTOPBIX KOMITOHEHTOB ra3a TYMaHHOCTH
CEI 201 xapakTepu3yloTcsl OMNpeAcieHbIM yIIMpeHUeM. DTO MOXeT OBITh
00YCITOBIEHO IBMKCHMEM HEKOTOPBIX KOMIIOHEHTOB Ta3a TYMaHHOCTHM IIO
orpeeieHbIM YIVIOM K JIydy 3peHust. Mrtak, cnektp tyMmanHoctu CEJl 201 umeer
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Tabauya 1

OJIFOOPECHUEHTHBIE SMUCCHUU TA3A TYMAHHOCTHU CE/[L 201

. DKBUBAJIEHTHAS - ArtoM, HOH
HIMPUHA
3830.57 1.549 3830.29 OlIl
3843.67 0.117 3843.18 OlIl
3856.78 0.654 3856.29 Sill
3887.35 2371 3887.44 Hell
3970.33 1.263 3970.07 HI
3996.54 0.321 3996.30 [CaV]
4105.72 0.484 4106.02 OlIl
4337.20 0.823 4336.86 o1l
4359.04 0.207 4359.33 [Fell]
4385.24 0.246 4384.98 Nell
4861.30 3.110 4861.33 HI
5049.11 0.218 5048.85 Nil
5464.02 0.883 5464.28 Fel
5498.96 0.383 5499.06 Fell
5571.57 4.264 5577.34 [O]]
5603.78 0.081 5604.00 [KVI]
5690.84 0.360 5690.43 Sil
5892.04 0.811 5850-5894 CIII
5953.18 0.767 5952.94 Hell
6302.58 2474 6302.51 Fel
6328.79 0.202 6328.39 NII
6363.73 0.960 6363.78 [O]]
6564.63 5.161 6562.85 HI
6874.72 0.620 6874.60 CIv
6896.56 0.352 6896.20 [Fell]
7241.60 0915 7241.78 NII
7280.90 0.598 7281.35 Hel
7918.56 0.259 7918.44 NI
7949.13 0.471 7948.30 Clv
7962.23 0.377 7962.30 Hel
8032.11 0.748 8029-8077 CII
812791 L.118 8127.50 OIII
8196.41 1.740 8196.48 ClII

KOMILIEKCHbBIN xapakTep. Ham ynanoch 0OHapykuTh B CHEKTPe JTIOMUHECLIEHTHbIE
smuccur 3YY u GiroopeclieHTHbIe SMUCCUM Ta3a 3Toil TyMaHHocTu. OOpallaioT
Ha cebs1 BHUMaHue smuccuu uoHoB [KVI], [CaV], CIV. Beicokas cremneHb
MOHM3ALIMU 3TUX aTOMOB CBUJIETEIBCTBYET O MOILIHOM YJIbTPahrioIETOBOM U3TydeHUU
ocsematoireit 3se3nsl BD + 69°1231. TpucyTcTBue Xe 3amnpellieHHbIX JUHUKA B
CMEKTpe 3TOW TYMAHHOCTU MOXET CBUIETEIbCTBOBATh O BBICOKOW CTENEeHU
Pa3peXKEeHHOCTU Tras3a, oOyCIOBIMBAIOIIC HAaXOXIEHUWE aTOMOB U MOHOB rasa B
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METAcCTaOMJIbHBIX COCTOSIHUSAX B TEYEHUE TMPOAOJIKUTEIBHOTO MEPUOAA BPEMEHU.
Ponb uznyyeHus: xpoMocdepbl ocBelllalolleil 3Be3bl JOJKHA ObITh pacCMOTpPeHA
OTIIEJIbHO B Mpeaenax abcosoTHoi cnektpodotomerpun TyMaHHoctu CEI 201 u
OCBELIAOLIEH 3BE3/IBI.

4. 3akaoueHnue. Mbl IPOSOIDKMIN U3YYEHUE JIIOMUHECHEHLIMN 3aMOPOXEHBIX
yactul, neuieBoit mMatepuu tymaHHoctd CEJl 201. Ham ynanoch BBISIBUTH [IBE
JIOMWHECIIEHTHBIE SMUCCUU B CIIEKTPE 3TON TYMaHHOCTH. 3a 3TU JIIOMUHECIICHTHBIC
smuccun otBedaroT 3YY CI0XHOro XMMMYECKOTro COoCTaBa. YJbTpaHOoJeTOBOE
U3JyYeHUe OcCBellalolleil 3Be3abl Bo30yXmaeT doronoMuHecueHnuo 3YY c
XapaKTepHBIM TIEpUOIOM TToCieCBeueHUs. HaM ymamoch MOnTBepANTh W PacIlipUTh
TTOJTydeHHBbIE HaMU paHHee pe3yIbTaThl. MBI ITOKa3aJIM TaKKe YTO Ta30Basi COCTaB-
JIIolas TYMaHHOCTH (IyOpECUUpPYeT ITOA BO3IEHCTBMEM KOPOTKOBOJHOBOTO
V3Ty4eHUST OCBelaroleit 3Be3bl. [10TOKM 3JIEKTPOHOB M TIPOTOHOB OT OCBEILAIOINICH
3Be3IbI TAKKE YJaCTBYIOT B BO3OYKICHUM JIIOMMHECIICHIINM BEIIECTBA TYMAHHOCTH
CEJl 201. bbuio 65l 11€71€C000pa3HBIM MPOJOIKEHNE CIIEKTPOCKOITUYECKUX HCCe-
JIIOBAaHMI 3TOM TYMaHHOCTH TeJIeCKOTIaMU OOJIbIIIei CBETOCUIIBI, CTIEKTporpadaMm
BBICOKOI pa3peliaolieil CUTbl B ONTUIECKOM M MH(PpaKpacHOM AMAaIta30Hax CIIeKTpa.

ABTOp BbIpaxaeT OjarogapHocTh X.JIMMaHy 3a yyacTue B HaOJIIOJaTEIbHBIX
SKCINepUMEHTaX. ABTOp OlarofapeH aHOHUMHOMY PELIEH3EHTY 3a LIEHHbIE 3aMeUYaHusl.

DakyabTeT €CTECTBEHHBIX HayK M METUIIMHBI TOCYNApPCTBEHHOTO YHUBEPCUTETA
uM. Wnuu, e-mail: irakli_simonia@iliauni.edu.ge

LUMINESCENCE OF DUST AND FLUORESCENCE
OF GAS OF CED 201 NEBULA

LLA.SIMONIA

Physical and chemical properties of CED 201 nebula dust are considered.
Luminescence emissions of frozen hydrocarbon particles and diamond dust were
revealed in the spectrum of this nebula. The short catalog of atomic and ionic
fluorescence emissions of gaseous component of nebula matter is presented. Some
other aspects of the problem are discussed.

Keywords: nebula: dust: organic substance: luminescence
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ACTPODODMUMI3INUKA

TOM 64 HOABPD, 2021 BBITTYCK 4

O 3ABUCALINX OT BPEMEHU 3ANAYAX TMEPEHOCA
N3JIYYEHUA B OJHOMEPHOM CPEIE

A.I"HUKOI'OCAH
IMoctymuna 14 oxktsabpst 2021

B paGote npuBoOmMTCS pellieHre HECKOJBbKUX OMHOMEPHBIX 3a1au HeCTallMOHAPHOTO MepeHoca
M3JIy4eHUs] B YaCTOTAaX CIEKTpaJbHOW JUHUM. [IpuMeHsIeTcsl IMOIXOMd, OCHOBAHHBIM Ha IOWCKE
HMCKOMBIX BEJIWYUH B BHUIE pasioxeHuil B psanbl Heiimana. W3yuaeTcss sBosmoonust mpoduiis
JIMHUM, 00pa3yeMoi MpU OTPaKeHUU OT IMOJyOeCKOHEUHOW aTMocdepbl Kak IMPU KOTEPEHTHOM,
Tak M TOJHOCTbIO HEKOTePEeHTHOM paccessHUM B cpeae. PaccmaTrpuBaeTcsi Takke 3aBUCMMOCTb OT
BpeMeHHM Tipoduieil JUHWA, (QOPMHUPYIOIIMXCS Ha TpaHMIIAaX KOHEYHOUM aTtMmocdepnl. B oboumx
3a/1a4ax MPeIoaraeTcsi, YTo aTMochepsl OCBEIIAIOTCA U3TydyeHreM 00 B Buie o(¢) - oOpa3HOro
HMMITyJbCa, JIMOO M3JIydeHUEeM C WHTEHCHUBHOCTBbIO (POPMBI €IMHUYHOTO cKauka. I[lpu peleHun
YUUTBIBAIOTCSI 00€ BO3MOXHBIE MPUYMHBI TpaThl BpeMeHU ¢oToHamu mipu auddysuu B cpene:
BpeMeHU TpeObIBaHMSI aToMa B BO30OYXXIEHHOM COCTOSIHUM U BPEeMEHH, TepsieMOoro (poToHamMM Ha
MPOXOXICHUE IMYyTU MEXAY IBYMsl IOCJIEIOBaTEIbHBIMU aKTaMu paccesiHusi. [lokasbIBaeTcsi, 4To
MpU Takoi OOILlel IMMOCTAHOBKE 3aayu pe3ylbTUpYollas (YHKIMS pacripeaeeHus] TUIOTHOCTH
BEPOSITHOCTH BBIXOMASIIETO U3TYUYEHUS 33JaeTCs B BUIIE CBEPTKU PACIIPEACTEHNI, COOTBETCTBYIOIINX
JIByM KOMIIOHEHTaM pacxojia BpeMeHM (HOTOHAMMU.

KoiroueBble cnoBa: vecmauuonapubiii neperoc uznyuenus: Erlang-n pacnpedenenue:
pacnpede/teﬁue nAOMHOCMU 6EPOAMHOCMU. KYMYAANUBHOE

pacnpedenerue: npohuau CReKmpanbHbiX AUHUL

1. Beedenue. PaznuuHbie sIBJIEHHs U3yd4aeMble B aCTPO(MU3HKE MOKA3BIBAIOT
BpEMEHHbIE W3MEHEHUSsI, YTO SIBJSIETCS NOMOJHUTEIbHBIM W BECbMa BaxKHbBIM
TMONCIIOPbEM TIPU UHTEPHPETALIMM JaHHBIX HaOmonaeHui. [Ipupona Takux uamMeHeHUi
oTJinyaeTcs O60JbUIMM pa3HOOOpa3reM, ¢ TOUKU 3peHUsT KakK (DU3MKU SBICHUS,
TaK U CKOPOCTH €ro NmpoTekaHus. SIpKUMU NMpuMepaMyd MOTYT CIYXKUTb SIBJCHUS
BCIIBILIEK 3BE3/1 Pa3IMYHBIX MacIlITAO0OB OT HEOOJIBIIMX BHIOPOCOB 3BE3MHON MATEPUU
JIO TPaHIMO3HBIX SIBJIEHUN, CBSI3aHHBIX C TIOTepeil BEPXHUX CIOEB 3BE3JIbl, COMPO-
BOXXIAIOIIMXCS BblaeaeHueM orpoMHol sHepruu (Hoelie, CBepxHoBbie). BMmecTe
C TEM MOXHO yKa3aTbh Ha SBJICHUS PEJIAKCALIMOHHOIO TUIIA, KOIJa PABHOBECHOE
COCTOSIHME B M3Jyyalolleil cpelle yCTaHaBJIMBAeTCs B TedeHMUe Oosiee U1 MeHee
MPOAOIKUTEIbHOTO BpeMeHU. CTporo roBopsi, Bce HaOJofaemble SIBIEHUS B
OoJibllei WM MEHbIIEH CTENeHU MOABEPXKEHbl U3BMEHEHMSIM BO BPEMEHM, TOITOMY
BO3HUKAET HEOOXOAMMOCTh B Pa3BUTUM TEOPUM TEpeHOca JYYUCTOW IHEPruu
3aBUCSIIEN OT BpEMEHHU.

B pamkax maHHOl TeOpMM paccMaTPUBAIOTCS 3aJadyd, YYHMTHIBAIOIIUE
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HECTALIMOHAPHOCTD PA3IMYHBIX XapaKTEPUCTUK KaK IMafalollero Ha Cpeay U3TydeHus,
TaK ¥ BO3MOXHbIE U3MEHEHUSI TeX WJIM MHBIX MapaMeTpoB caMOl M3JTydarolleii
cpeIbl TAKMX, KaK €€ ONTUYECKAsT TONIIMHA M CIIOCOOHOCTh MOIJIOLIATh M pacCenBaTh
Majamllee Ha Hee JIYYUCTYI 3Hepruio. st Hac 37aech NMpeAcTaBiseT MHTepec
KJIacC 3a7a4, B KOTOPBIX 3aBUCSIIICH OT BpEMEHM SIBISIETCS MTHTEHCUBHOCTD TAIAIoIIero
Ha cpely U3TyYeHUs U MPUHUMAETCI B pacueT BpeMsl, IPoBoAUMOe (POTOHAMU B
Mpoliecce MHOTOKPATHOTO paccessHUsl B Heil. [lociienHee, Kak U3BECTHO, COCTOUT
U3 JBYX KOMIIOHEHTOB - BpeMEHU MpeObIBAaHUSI aTOMa B BO30YKIEHHOM COCTOSIHUU
U BPEMEHU, pacxoayeMoro (poToHaMU Ha TIpober MeXKIy JBYMs TTOCIIeIOBATEIbHBIMUI
akTtammu paccesiHusl. O0e OHU SIBASIOTCS CAy4YallHBIMM BeJIMUYMHAMU, paclpeme-
JICHHBIMU TI0 9KCITOHEHIIUAJIbHOMY 3aKOHY CO CPeIHUMHU 3HAYEHUSIMU, 0003Ha-
4aeMbIMKM OOBIYHO Y€PE3 f, U f,, COOTBETCTBEHHO. 3HAYEHME BEJIMUMHEI £, OIpe-
JIeJISIeTCsl TIJIOTHOCThIO TOIJIOLIAOIIUX aTOMOB M MOHOB # U CaMUM aTOMHBIM
K03(pureHTOM MorIowenus k: f,=1/nkc, Tae ¢ - CKOpOCTb CBeTa. 3aMETUM,
YTO AAHHAS BEJIMUMHA CYILIECTBEHHO 3aBUCUT OT (PM3MUYCSCKUX YCIIOBUI B Cpele.
Hanpumep, B BHICOKOMOHM30BAaHHOM cpejie, B KOTOPOil MPUXOAUTCS IPUHUMATh BO
BHUMaHUE TIPOLIECCHI pacCesTHUSI Ha CBOOOAHBIX BJIEKTPOHAX, B JIBYXYPOBHEBOM
NpUOIMXKEHUU OyIeM UMETh ¢, = 1/ (1 +n" / nl)nlkc, rae n' - YMCIO MOHM30BaHHBIX
aTOMOB U 1,- KOJIMYECTBO aTOMOB Ha OCHOBHOM YPOBHE B eIMHUILE 00bema [1].
Yro KacaeTcsi MHTEHCUBHOCTHM M3JYyYEHUS MaJalolliero Ha cpeay, TO HauOOoIbIINiA
WHTEPEC MPEICTaBISIOT ClIyJyau 6(t) - 0o0pa3HOro MMNyjabca U MHTEHCUBHOCTU
(opMbl, 3amaroliielica PyHKLMEN eMMHUYHOTO ckauka H(f), U3BeCTHOI KaK (DyHKILIMSI
XeBucanaa.

Hauano pa3BuTus Teopur B JaHHOM HampaBJieHUH ObLIO MOJOXEHO B paboTax
Munna [1] m Yangpacekapa [2,3], B KOTOPBIX IIPUHUMAJIOCH B pacyeT JIMIIb BpeMs
MpeObIBaHUSI aTOMa B BO30YXKIEHHOM COCTOSIHMU. Eciiv B TepBoil U3 yKa3aHHBIX
paboT B KaueCTBe XapaKTEPHOIO BPEMEHU JAHHOTO COCTOSIHUS Opajioch CpelHee
BpeMsl KU3HM aToMa Ha JaHHOM 3HEepreTMYecKoM YPOBHE, TO BO BTOpPOiUl Oblia
JaHa Oojiee TouHasi (hOpMYJIMPOBKaA 3aaud. bosblloil BKJIaa B pa3BUTUU TEOPUU
HECTAaLIMOHAPHOIO MepeHoca U3IyYeHUs1 ObLT BHECEH B pabOTax JIEHMHIPaACKOi
KOoJbl actpodusukoB. CoboneBbiM [4,5] 3agauyyd HECTAlIMOHAPHOTO CBEYEHUS
cpedbl paccMaTpPUBAJIMCh KaK Ha OCHOBE YpaBHEHUI TepeHoca U3JIydeHUsl, Tak 1
MMPUMEHEHNEM Pa3pabOTaAHHOTO UM BEPOSITHOCTHOTO TMoaxoga. MUHUHBIM [6,7]
pa3BUBAJICS METOJ, TTO3BOJISIIOLLINI TTyTeM mpeobdpa3oBaHus Jlariaca cBecTH paccMar-
pUBaeMble 3aaud K pellIeHUI0 UX CTalMOHAPHBIX aHaJoroB. YHUcIeHHOe pelleHre
HecTallMOHApHOM 3aJauu MyTeM oOpallieHus1 Ipeodpa3oBaHus Jlamniaca ObLIO JaHO
B pabote [8]. B pabotax [9,10] mnsa peiueHust 3agaun Aud@y3HOro oTpakeHus
U TIPOITYCKAHUSI Cpebl KOHEYHOM ONMTUYECKOM TOJILIMHBI BIEPBbIe ObLT MPUMEHEH
MPYHLIMIT UHBAPUAHTHOCTU AMOapiyMsiHa. AHAJIOTUYHOM 3a1a4ye 111 HEOAHOPOTHOMN
cpedbl U U30TPOITHOIO paccessHUSI MOCBslIeHa cepusi paboT MailymoTo (cM.,



O 3ABHUCAIINX OT BPEMEHU 3AJAYAX ITEPEHOCA 539

Harpumep, [11,12], B KOTOpBIX paccMaTpUBaIMCh 00a YITOMSIHYTHIX BBINIE CIydast
OCBEILECHUS CPEIIBL.

MeTtozpbl, OCHOBaHHbIE Ha Mpeobpa3zoBaHuM Jlaraca CTalKMBaloTCs ¢ OOJIbIIMMUI
TPYOHOCTSIMU NpH OOpalllcHUH ITOJy4aeMbIX pe3yiabTaToB. IloaToMy B paboTax
[13,14] ObuT TpeIOoXKeH aJbTepPHATHBHBINA ITOAXOA K PELICHMIO 3aBUCSIIMX OT
BpeMEHM 3a7a4 mepeHoca u3aydeHus. Pa3BuBaeMasi aBTopaMM Mjiesl OCHOBBIBAIACH
Ha OIMHAKOBOCTM KOHCTPYKLIMM psaa HeliMaHa B HecTallMOHApHOM M COOTBETCT-
BYIOILIEH €l CTallMOHAPHOM 3a1a4aX. YKa3aHHbIA METOI ObLT ITPUMEHEH B MPEIbITYIICH
Haueit pabore [15] nas omHOMEPHOM Cpeibl ¢ MCMOJb30BAHUEM DPEKYPPEHTHOIO
COOTHOIIIEHUS TIOJIY4eHHOTO HaMu B [16]. BBHOy MaTeMaTW4ecKOW CIIOXHOCTH
HECTAllMOHAPHBIX 3a1a4 MEPeHOCa UTyYEHMSI Yallle pacCMaTpUBaICh OMHOMEPHBIE
MOJEIN, WIM OIPaHMYMBAJINCH PEllIeHMEeM 3agad IIpd OJHOM M3 ABYX B3aMMHO
IPOTUBOIOJIOXHBIX NPEATIONIOKEHUSIX 1 <<1,, t; >>1,.

B Hacrogieit pabote paccMaTpuBalOTCSI B OMHOMEPHOM MNPUOIMKEHUU TPU
3a[a4d NPY IPOU3BOJIbHBIX 3HAYEHUSIX TIAPAMETPOB /, U £, JUISl OOOMX YIIOMSHYTBIX
BBIIIIE CJIydasX OCBelleHUs cpenbl. Llenp ee mokaszaTh, 4TO IIpU MHpaBUJIBHOMI
IMOCTAaHOBKE pEIICHWE MTaHHOM OOIIel 3amadyM He BCTpevyaeT MPUHIUIHAATbLHBIX
TPYIHOCTE! MO CPaBHEHHUIO C YACTO BCTPEUYAEMBIMU YACTHBIMHU MOJICIISIMU.

2. Deoarwyus npoghuseii cneKkmpanrbHulX AUHUL, 00pasyemvix Npu
dupdysnom ompasxcenuu om noaybeckoneunou ammocghepwl. dns
HADISIAHOCTU B OAHOMEPHOM TMPUOIMXKEHUU PaCCMOTPUM IPOCTEMIYIO 3a1a4y O
I dy3HOM OTpakeHUM CBETa OT MOJyOeCKOHEYHON MOMIOoIAIoLIEel U KOT€PEHTHO
paccenBaloleil OMHOPOIHOM aTMOC(ephl, OCBEIIEHHON B MOMEHT 7= () M3IIydeHruEM
B HEMPEPHIBHOM CIIEKTPE €AMHUYHON MHTEHCUBHOCTHU JIMOO B BUIE MMITYJIbCA S(t),
Jmnbo B BUaE enuHUYHOro ckauka H(7). Ilpopuib koadduiimeHTa NOTaoIeHUs B
CIIEKTPAJIbHOM JIMHUM CUMUTAETCS JOTUIEPOBCKUM a(x): (1/ N )exp (— xz), rme x -
6e3pa3MepHast 9acToTa, M3MepsieMast CMEIIeHNeM OT LIeHTpa JIMHUU B JOTIICPOBCKIX
IMpUHAX. BIMsSHME MOMIOIEHNST B HETIPEPHIBHOM CIIEKTPE 3adaeTCs BEIMUMHOMN
B, mpeactapiasgiolieli coboil oTHolIeHWEe KOI(DOUIIMEHTOB IOIVIOUICHUS B
KOHTUHYYME M B ILIeHTpe JUHUU. JIsT BEpOSTHOCTU TEPEeU3TydeHsT KBaHTa TIPU
5JIEMEHTApHOM aKTe paccesiHUs OyJeM T0JIb30BaThCsl OOLLIETPUHATHIM 0003HAYEHUEM
A . B cranmoHapHoi#t 3anaye mpyMMEHeHUe TPUHIIMIIA MHBAPUAHTHOCTA AMOapIlyMsiHa
IJIs1 onpeneaeHus KoadUuumreHTa oTpaXkeHus p(x) (MMerolLero BepOSITHOCTHBIN
cmbica) gaet [17]

plx) = p-2-21-7). M)

Ecnau yyuThiBaeTcs pojab paccessHUs] B KOHTMHYyMe, TO B corjlacuu ¢ [15,17]
noctatoyHo B (1) BMeCTo A TMOACTaBUTH
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X(x): 7\.0(()6)+y ’ (2)
alx)+B+y
Ie Yy - OTHOLIEHHE KO3 PUIMEHTa paccessHUS B KOHTMHYYME K KO3(D@ULIMEHTY
TIOTJIONIEHNS B LIEHTPe CHEKTPaTbHOI THHUK. Pasnoxenne bynkimu p(x) B psn
HeiimMaHa 3amuchIBaeTCsl B BUIE

p<x>=gpnz"<x>. 3)

KoadbduuneHTsl p;, U p, B pasioxeHUu (3) JIETKO HaxomATcs Npu J00aBIeHUU
K cpefie 0ECKOHEUHO TOHKOTO CJIOSI C MOCIEAYIOLINM TpeaeIbHBIM IIePeX0oaoM 1
paBHBI cooTBeTcTBeHHO 0.25 1 0.125. B maHHBIX ABYX CiIydasX OT caMOM Cpelbl
KBaHT oTpaxaeTcs ogHaxnbl. OcTaibHble KO3(MGULIUEHTHI, CBSI3aHHBIE C IBYX-
KPaTHBIM OTpPaXXeHUEM OT CpPElbl, OMNPENEIIIOTCS PEKYPPEHTHBIM 00pa3oM IO
dopmyie, monydyeHHOM B [15] mpuMeHeHHMEM NPUHIIAIIA UHBAPUMAHTHOCTU

1

1 n—1
=— +— .
(o 5 Pra 2;pkpn—k—l “4)

IIpuBeneHHas dopmysia JOMycKaeT MPOCTYI0O MHTEPIPETALIMIO: TIEpBOe cjaraeMoe B
CKOOKAax OMUCHIBAET MPOLIECCHI, CBSI3AHHbBIE C OJHOKPATHBIM OTPAXKEHUEM CBETa OT
cpempl, B TO BpeMsI KaK BTOPOE cilaraeMoe - IByXKpaTHoe oTpakeHre. COOBITHS TIpH
JNBYXKPaTHOM OTPaXEHMU SIBJISIIOTCSI CTATUCTUYECKM HE3aBUCHMBIMU U TIOTOMY
3a7al0TCsl CYMMOM, SIBJISIIONICICS] AMCKPETHBIM aHaJIoroM CBepTKU. B paboTe aBTropa
[18] mpuBoasTCs 3HaYeHUs epBbix 40 KoahdUIIMEHTOB B pazioxeHuu (4). 3ameTum,
YTO MpU 4> 4, 3HAYEHUST P, ACUMITOTUYECKU JAOCTATOYHO XOPOLIO OMUCHIBAIOTCS
TpeXMapaMeTPUUECKON 3KCIIOHEHTOW p, ~expla+bn+ cnz), rme a=-1.90267,
=-0.25674, ¢=10.0036.

BpemeHnHnas kaptuHa nuddy3HOro OTpakeHUsl cBeTa OT M0JyOeCKOHEYHOM
KOTEpPEeHTHO paccerBarolleil atMocdepsl ObUIa pacCMOTpEHa HaMU B YITOMSIHYTOMN
BbllIE pabdoTte [18] B CBA3M C U3yyeHUEM POJIM paccesiHusl B KOHTUHYyMe. BriepBbie
B Heli ObLI OMKCaH CIOCO0 OMNpeAeeHUs] CYMMapHOTO BpeMeHHU, 3aTpauyrMBaeMoro
(oronamu nipu auddy3un B cpene. [1ockoynbKy 31ech 3TOT CIOCOO OyIET UCTOb-
30BaTbCd MPU PELIEHUU TAKXKE OPYTMX 3alady, KOPOTKO OCTAHOBMMCS Ha HEM.

HTtak, nycth pacceuBalolliasl U morjolaroiias nojyoeckoHeuHast atMocdepa
OCBEIIIAETCSl CHAPYKM M3MEHSIIOLIUMCSI BO BpEMEHU U3TydyeHueM. Bmecto BpeMeHu
! BBEIEM B pPAcCMOTpEeHME aBe Oe3pa3sMepHble BEJMUUHBI u =t/t, U o=t/t,.
Bpems, pacxomyemoe doroHamu B mpouecce auddy3uu B cpelne, Kak ObLIO
CKa3aHo, CKJIaJbIBACTCS OT BpeMEHM MpeObIBAaHUS B MOIJIOIIEHHOM COCTOSIHUU U
BpeMEHU Mpobera MexXIy IBYMs TIOCIIeIOBATeIbHBIMUA aKTaMH paccessHus. Kaxkmbrit
U3 O3TUX JBYX KOMIIOHEHTOB, B CBOIO O4Yepelb, MPEICTaBIsIeT COOO CymMMy
HEKOTOPOI'0 KOJMYECTBA HE3aBUCUMBIX OKCIOHEHIIMAIbHO pacrpeaeaeHHbIX
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CyYailHbIX BEJIMYMH, peaJu3yeMbIX MPU MHOTOKPAaTHOM pAacCEesIHUU B Cpele.
@YHKIMS pacnpenesieHrs] CyMMBl HEKOTOPOTO YMC/Ia # TaKMX BEJIMYMH 330aeTCs
pacnpeaesieHrueM DpiaHra - # (4aCTHBIM cilydyaill raMMa pacrnpeaeieHus )

k n-1
Er ((o, k, A) =g Ao , (5)
(k—1)!
3aBUCSIIEM OT ABYX MapaMmeTpoB: (opmbl (shape) k, u macwtaba (rate) A [19].
PacnipeneneHue siBisieTcss yCTOMYMBBIM, TaK YTO CyMMa W MPOU3BEIEHUE TaKMX
pacripeieJIeH!ii BHOBb SIBJISIETCST paclpeesieHueM yKa3aHHOTO TUIAa C COOTBETCT-
BYIOIIMMU 3HAUYCHMUSIMU MapaMeTpoB. B Haieii 3amavye mapameTp A IpuoOpeTaer
CMBICJT BeJIMUMHBI, OOPAaTHOM K CpelHEMY BPEMEHU TOI'O WJIM MHOIO M3 PacCMOT-
PEHHBIX BJIeMEHTapHbIX TpolieccoB. C yuyeToM CKazaHHOTo (hyHKIIMST pacrpeaeeHust
roTHocTu BepostHocTv (PTIB) BpemeHu, TepsieMmoro (poTOHOM Ha mpebbiBaHuE B
TOIJIOLIEHHOM COCTOSIHUMU TIPpU # - KPAaTHOM paccesiHuU, OyAeT MMeTb BUI

n—1

filu, ”)Zme_u ~ (6)

AHayornuHasi (pyHKIUS JUIT BpeMEHH, pacxomyeMoro (hoTOHOM Ha CBOOGOTHBIN
Mpober MeXXIy aKTaMU paccesTHUs, 3amaeTcst (popMyIToi

n

folont1)="e, ™

IJe MPUHSITO BO BHUMAaHUE, YTO KOJUUYECTBO TAKUX MPOOETOB MPEBOCXOAUT YUCIIO
paccesHWT Ha ENWHUIY BBHIY TOTO, 4YTO NPWHMUMAETCS B pacyeT U IIyTh,
MPOXOAVMBIN (DOTOHOM TpHU €ro naaeHuu Ha cpeay. [IpuBeneHHbIe ABe (GYHKIIMU
B OTAENBHOCTH BMecTe ¢ opmynamu (3) u (4) TTO3BOJISIOT OINPEAeIUTb 3BOIIOLIUIO
OTPakeHHON OT cpeabl MHTEHCUBHOCTU JUISI KaXXIOTO M3 NBYX CIydaeB IOTEPHU
BpeMeHU. OnHaKo 3[ech Hac MHTepecyeT OOILIUil cydyait, Koraa NpUHUMAIOTCS B
pacueT obe MPUYMHBI MoTepy BpeMeHU. CiiydyaiiHble BeJIMYMHBI, COOTBETCTBYIOLIIME
IBYM paccMaTprMBaeMbIM IIpolieccaM 3aTpaT BPEMEHM, OYEBHUIHO, SIBIISIIOTCS
CTaTUCTUYECKU He3aBUCUMBbIMHU, ToaTomy PIIB st cymmapHoro xojuuecTBa
BpEMEHU, TepsieMoro (hOTOHOM Ha TpeObIBaHME B cpele, OyneT OnmpeaeasThes
CBEPTKOW TTPUBEICHHBIX BBIIIE ABYX PACTIPEICITICHUN

F,(2)=[ fa(@n+1) fi(z- o, n)d o. ®)
0
JlaHHBIl MHTErpaj BLIYMCIIAETCS SABHBIM 00pa3oM M MMEET BUI
-z z 2n-1
_ e n(,_ yi-1 _ Z -z
£,)= n!(n_l)!l“’ oy do= Q1) ©)

Beenem Tenepb B paccMOTpeHME (DYHKIIMIO E(x, z) TakK, YTO B(x, z)dz MPEICTaBIIIET
€000 BEPOSITHOCTh OTPaXEHUS OT MOJyOECKOHEUHOM Cpellbl KBaHTa YaCTOTHI X B
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WHTEepBaJie BpeMeHH ( z, z+ dz ). Ilo ananoruu c (3), pan Helimana mist pyHKIUM
OTpakeHUs 3aIUIICTCS B BUIE

n

plx.z)=e an ()(Z (10)

2n—1)"

[TosyyeHHBIN pe3yabTaT OMUCHIBAET IBOJIOLMIO MPOMWIS JUHUU, 0OpazyeMoil
MpY OTPaKEHUH OT aTMOC(epbl, OCBEILIEHHOM M3TydeHUueM (popMbl 6(t) - obpa3Horo
nMiybca. Ha ocHoBe cooTHoleHNs (8) HETPYIHO ONPENENUTh TaK HA3bIBAEMYIO
dyHkIMI0 KymynaTuBHoro pacrpeneieHus (PKP), omuchBaloiyio Ipoliecc
YCTaHOBJIEHUS CTallMOHAPHOTO peXxrmMa B Cpelie 10 KaKOTO-TO MOMEHTa BpeMeH!
z, TIpY €€ OCBELLEHWH MU3JTydyeHUeM (OpPMBI EIMHUYHOTO cKauka H(?)

0 2n+k

Plx,z) = 3p, 7 Zm (11)

n=1 k=0

W3 ¢usmyeckoro cMbicia BpeMEHHBIX IEPEMEHHBIX z =1/ U z, =1,/ BbITEKaeT
COOTHOLIIEHNE, CBA3BIBAIOINEE [ C f, U 1! [ =11, /(t1+t2). YucaeHHble pacyeThbl
Ha ocHoBe ¢opmyn (10) u (11) O6buM mpuBeaeHbl HamMu B [18] B cBsI3U C
HCCeOBAaHUEM BJIMSIHUS pacCcesiHUsS B KOHTMHYYME Ha 3BOJIOLMIO MPpoduis
JIMHUUY, 0Opa3yeMoil MpH OTpakeHUHU OT MoydbeckoHeuHoU atMochepsl. [TosaTomy
IUTST WULTIOCTPAllMM M JaJIbHEUIIeTO0 M3JIOKEHUST Mbl OTPAaHUIMMCS JIMITb OTHUM
TUMUYHBIM CJIydyaeM, OTHOCSIIMMCS K CPAaBHUTEIbHO CUJIBLHON JTMHUU.

IIpuBeneHHble Ha puc.l pacnpeneseHUs] OMUCHIBAIOT MPOLIECC SBOJIOLUU
npoduias TUHUM, oOpa3yeMoil B pe3yibTaTe OTPaXEHHUS OT CPembl M3TyYeHUS
€IMHUYHON MHTEHCUBHOCTU B HEMIPEPHIBHOM CIIEKTPE, MEHSIOLIEICST CO BpeMEHEM
Mo 3aKOHaM S(t) (cneBa) u H(?) (cnpaBa). KpuBble Ha pHUCYHKaX ITO3BOJISIIOT
3aKJII0YUTh, 4TO pacnpeneseHue PIIB, mocTpoeHHOE ¢ yueToM COBMECTHO NBYX

0.10 . T T F T T T T
A=05B=10", y=10" 0.5} 15 =
0.08 1 2.0
0.4r 1
0.06 1 b
m g3l ]
@ S 03} e
%004 1® :
: 0.2r 5
0.02 ] E ]
0'1i 3.0
0.00 - 0.0L L L :
0 5 10 15 20 0 5 10 15 20
Z Z

Puc.1. PacnipeneneHue TJIOTHOCTM BEPOATHOCTM U KyMYJISITUBHAsT (DYHKILIMSI pacripenesieHust
JUISL pa3HbIX YacTOT BHYTPM JIMHUM, OTMEYEHHBIX HaJ KPUBBIMMU, MPU YKa3aHHBIX 3HAYCHUSIX
rapaMeTpoB, OIMUCHIBAIOIIMX IU(PGY3UI0 U3TydeHUsT B TMOIyOecKOHeUHOU atMmocdepe.
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TUIIOB MOTEPh BPEMEHM TIPU aKTaxX paccesiHusl, BbIpaxkarolleecsl MPOU3BeACHUEM
COOTBETCTBYIOILMX PaCIIpee/IeHUii, TPUBOIUT K TIPABUIIbHBIM pe3y/IbTaTaM, KOTOPbhIE
KaueCTBEHHO OTIMYAIOLIMMMUCS OT TeX, TIe MCIIOJNb3yeTcs Oe3pa3MepHOe BpeMs
BUIA t/(tl+t2) (]6,7,16]). U3 pucyHka BUAHO, YTO NPU 3aTaHHBIX 3HAYEHUSIX
rnmapaMeTpoB paccesiHUsI o0pa3yeTcsl 3MUCCUOHHAs JUHUSI, MPUYEM KPbLIbs
CHEKTPAJIbHON JTMHUM YCTAaHABIMBAIOTCS Iropa3no paHbIIe ee supa.

3. Koneunas cpeda. llpuBeneHHbIE BbIIIE PACCYKAEHUS HETPYIHO O0OOILUTE
Ha cJyyall cpeAbpl KOHEYHOW ONTUYECKOW TONILMHBI T,. VIHTepecyoume Hac
WHTEHCUBHOCTU W3JIyYEHHUS, BBIXOASIIUE M3 CPEAbl, BbIPAXAIOTCSI 4Yepe3
KO3(D(ULIMEHThI OTPAKEHUS p(x, ‘co) u q(x, 1:0), WMEIOLIME BEPOSITHOCTHBIN CMBICI.
B npennosioxkeHuu, 4yTo (DU3MUYECKHUE CBOWMCTBA TaKWe€ XK€, KaK B MPEIbIAyIIEM
npuMepe, NMPUMEHEHWE TPUHIIMIIA WHBAPUAHTHOCTU B CTAallMOHAPHOW 3a1aye
MPUBOAUT K cleaywollein cucreme nruddepeHIraIbHbIX YPaBHEHU I

T sl ol (12
%x)j_jo:— —@(l—p(x,ro)) q(x. 7). (13)

VpaBHeHnusd (12), (13) HanucaHbl TIpU YCJIOBUM, YTO OCBELIAETCs JIMIIbL I'paHUIIA
t=0 cpeapl. Paapl HelimaHa MCKOMBIX BEJIMYMH 3allMCBHIBAIOTCS B BUIE

p<x,ro>=gpn(x,ro>%"(x>, q(x,ro>=§qn(x,ro>%"(x>. (14)

OTHOCHUTEIbHAS CJIOXHOCTh paccMaTpUMBaeMOM 3alayu 3aKkjIo4yaeTcsl B TOM, YTO
ornpeeseHrne Kaxaon u3 nap KoapduimeHToB pn(x, To) n qn(x, ro) CBOJIUTCS K
BBIYMCJIEHUIO UHTETPAJIOB, KOTOPHIE XOTSI M BHIYMCIISIIOTCS aHATUTUYECKU B SIBHOM
BUJIE, TEM HE MEHEE NEJIAI0T 3a1auyy TpyLoeMKor. Kak u B IpeaplayliemM npumepe,
TMEepBbIE /1Ba WieHa B paznoxeHusix (14), He cBI3aHHbIE ¢ MHOTOKPATHBIM PacCesTHUEM,
HaxoAdTCs MpolIe

L 2vo 1 vl

pl(x,‘co)=z(1—e () O), Pz(x,‘co)=g(l—(l+2v(x)r0)e 2v( )0), (15)
—VI|X T, X —VI|X T,

6]0(36, To)ze ( )°q1(x, 10)2%106 (x)e s (16)

OcTtanbHEIE KOZ—)(I)(I)I/ILII/ICHTBI OIIPCOCIAIOTCA ITOCICAOBATCIbHBIM BBIYMCIICHUEM
HUHTErpajioB

To To

p.(x. 1) =2v(x)[ @, (x.0)e N e g, (x, 1) = v(x) [, (x.0)e >N, (17

0 0
rac
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1 1
q)n(x’ TO):E pn—l(x’ T0)—'—5

1 1
‘Pn(‘x’ TO):E qnfl(x’ TO)—"—E

AT .HUKOI'OCAH

n=2

Zpk (x, To)Pn—k—l (x, To) )

k=1

n—1
Z% (x, To )Qn—k—l (x, To) .

k=1

(18)

(19)

Puc.2 wnmocTpupyeT moseaeHne Koabduunentos p,(x,t,) 1 ¢,(x,7,) B
pasnoxeHun HeiimMaHa B 3aBUCMMOCTM OT ONTMYECKON TOJILMHBI U YaCTOTHI B
crieKTpayibHOM inHuKM. O6palaeT Ha ce0s1 BHUMaHUE OTHOCUTEJIBHO Oojiee pe3koe
nageHne KoapduMeHToB p,(x,t,) ¢ pOCTOM 1, HeXenu B pa306PAHHOM BBILIE
ciyyae TMoJiybeckoHedyHOU artmocdepsl. Ilpu 1, >, O4EeBMAHO, MMEeM

p(x, 7o) = plx).

YckopsieTcs cXoauMOCTh KO3((PULIMEHTOB U MPU TMePeXoae OT LEHTpa JUHUU
K ee KpbUIbsIM. Takum o0Opa3oM MPUXOAMM K 3aKJIIOYEHUIO, YTO HECMOTps Ha
CPaBHUTEIbHYIO CIIOXKHOCTh OIpeIeeHNs YKa3aHHbBIX KOA(M(OULIMEHTOB, Ha MPaKTUKE
JUIs1 0OecreyeHUs yAORAETBOPUTEIBHOM TOYHOCTH TTOyYaeMbIX Pe3yJIbTaToB ObIBAET
JIOCTAaTOYHO OIPAaHWYUTHCS HAXOXKICHUEM HEOOJIBIIIOIO X KOJIMYECTBA, B OCOOEHHOCTU

19 T T T T T £l 1.0 K T T T T T 1
F o, [ — AN ]
0.8
0.2 %
) < 0.6
S P, S
cf0_1 o 0.4
P
o 0.2 qi
4 a, q,
0.0 * —e e e e
- - . - - - 1.0 - - - - -
b 1 RN I
0.2 0.8 q,
b o, 1 L ~ 1
1
> r e 17°0.6F ~ q
o 2
<50.1 o 0.4
Py
) 0.2 a
oo 9, %
0.0 === === =R == . T ——— L
0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3
To To

Puc.2. 3aBucumocts koahduLmrenTos p,(x,7,) U ¢,(x,T,) OT ONTUYECKON TOJLIMHBI CPEIbI
B LIEHTPE JWHWU (BEPXHUE TMAHENIM) W TIPU MPOMEXYTOUHOU YacTtore X = 2 (HUKHUE TMaHENN).
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KOrjaa pedb MAET 00 OTHOCUTENIBHO ONTHUYECKU 0oJice TOHKUX JUHMSIX, a TaKkKe
KPBUILEB JIMHUM.

Ilepexonst K BpeMeHHOMY OIIMCAaHUIO IIpoliecca MepeHoca U3JIyIeHHs B Cpele
KOHEUHOI ONTUYECKOI TOJIIMHBI, BBEIEM pacCMOTpeHUe (PYHKIUU E(x, Ty, z) "
c?(x, Tos z), KOTOPBIMU OIIPEIECIISAIOTCS UHTEHCUBHOCTH U3JIYYEHUS OTPA’KEHHOIO U
MPOITYILIEHHOIO CPEAO0il B 3aBUCMMOCTHY OT BpeMeHHU z . PaccymeHus1, aHaJlOTMYHbIe
MpUBEJIEHHBIM B TIpeAbIaylleM Maparpade, Mo3BOJSIIOT HAITUMCATh

E(x,‘ro, z): e’ an(x,rO)X" (x)m, (20)

n=1

n
z

q(x,79,2)= Az-2) qo(x, T)FHe” ip" (oo () 2n-1)

n=1

’ 1)

e z = lim(ty7)=lim o2, /(1+1,/t;)=1,t, - Ge3pasmepHOe BPeMsI TIPOXOXKIEHMUSI
Hsnyqut'I&wqepm It%gﬁeqﬂylo cpemy 6e3 paccessHUS.

Ha pwuc.3, 4 n3obpaxensl pyHkums PI1B  @KP orpaxkeHHns 1 TIPOITyCKaHUS
Ccpelioil KOHEYHOM OINTUYECKOW TOJIIMHBI, MO3BOJISTIONIME TMPOCIEAUTh SBOJIOLUIO
npodrielt CHeKTpaTbHBIX JIMHUIA, 00pa3yeMbIX MPY OTPaKEHUU U MPOITYCKAHUN CPEION.
Ha ocHoBe mpuBeneHHOro YacTHOTO MpUMepa MOXHO 3aK/IIOUWTh, YTO B JTaHHOM
YacTHOM cjiyyae obpasyemasi IpU MpOIyCKaHWY JTMHUS TOIVIONIeHMs] YCTaHARTMBACTCS
B OOIIEH CI0XHOCTU ObICTpee, HeXeM SMUCCUOHHAs JIMHUS, popMupyollascs B
pe3ysibTare oTpakeH st oT cpenbl. KpbUthst Kak TOM, TaK M APYToi TMHUM YCTaHARIMBAIOTCS
B CpeTHEM paHbllle, YeM ux sapa. M3 puc.2 u 3 BUIHO, UTO B MOTYOECKOHEYHOM cpere,
KaK ¥ MOXHO OBUTO OXKMIATh, TUHUST OTPasKEHUS SBOJIIOIIMOHUPYET JONBIIE, YeM 3TO
TIPOVICXOIMT B Clydyae KOHEYHOMN Cpellbl.

OnucaHHbBII B ABYX Maparpacax MeToj pellieHus 3aaa4 MO3BOJISIET UCCIeA0BaTh

0.10I T T T 1 F T T T ]
1, =3,1=09, =107, y=10" 0.4
0.08
0.3
0.06
= B0z
%004 '
0.02 0.1
0.00 0.0
0 5 10 15 20 0 5 10 15 20
Z Z

Puc.3. PIIB oTpaxeHus OT cpeabl onTuyeckoi TomuuHel t, =3 (ciesa) u ®KP (cnpasa)
NP YKa3aHHBIX 3HAYSHUSIX NapaMeTPOB MHOTOKPATHOTO pacCestHUsl TSl Pa3HbIX YacTOT (OTMEYaltoTCs
HaJ KPUBBIMU) BHYTPMU CHEKTPATbHOWU JIMHUMU.
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0.41 ' ' l 1 1.2+ : : : .
03TV T =302=09,p=10", y=10" F 4
0.8
= 5
C 0.2 2
o1 0.4
0.0 0.0
0 5 10 15 20 0 5 10 15 20
z i

0

Puc.4. ®ynxuuu PIIB nponyckaHus M31y4eHMS CPEJOd ONTMYECKOH TOMLMHBI T, =3
(cneBa) u ®KP (cnpaBa) nmpu OAMHAKOBBIX C PUC.3 3HAUEHUSIX MapaMeTpoB U yacToT. [Ipeanona-
raercsi, YTo OTCYET BPEMEHM MPOM3BOAMTCSI Cpaldy IIOC/Ie Hayaja BbIXOJAa KBAHTOB W3 CPEIbI.

BJMSIHWE T€X WM WHBIX JOKaJbHBIX ONTUYECKUX CBOWCTB Cpelbl Ha Ipolecc
00pa3oBaHUsl CIIEKTPAIbHON JIMHUM, YTO BeCbMa BaXKHO MPU U3YYEHUU Pa3IMYHOTO
poIla HeCTalIMOHAPHBIX SIBIICHUIN B acTPO(U3UKE.

3. lloanocmobio HekoeepeHmHoOe paccesHue. PaccMOTpUM MPENBILYILYIO
OJTHOMEPHYIO 3aJauy C y4yeToM IiepepacrhpeiesieHus] U3JydyeHUs TO0 4YacToTaM,
MpUYEM, KaK U Bblllle, HAYHEM CO CTallMOHApHOM 3amayu.

DOyHKIINOHAIBHOE YpaBHEHUE ST (PYHKIIMUA OTPaKEHUS p(x', x), KOTOpas
Ternepb 3aBUCUT KaK OT YaCTOTHI MaJalollero Ha cpely KBaHTa, TaK U OT YacCTOThbI
OTPaXX€HHOIO0 OT Hee KBaHTa, HETPYAHO NOJYYUTH NPUMEHEHUEM IPUHIMINA
MHBapUaHTHOCTH (cM., Hampumep, [20])

%[v(x)+ v )p(x', x) = r{x', x)+ Tr(x', x")p(x", x)dx" +

—00

0 o o 22
J'p(x!’ x")r(x", x)dx"+ J' p(X, x")dx" J.r(x"’ xm)p(xm’ x)dxm, ( )

rae r(x’, x) - OCpeTHEeHHas 10 HaIlpaBJieHUsIM (YHKIIUS TiepepacrpenaeieHus mo
4acToTam U v(x)= oc(x)+ B . B maHHOM city4ae psin HelimaHa 3amuchiBaeTCs B BUIE

p(x,x)=Y"1"p, (x', x). (23)
n=1

B nactosmemM maparpade, 1T TIPOCTOTHI, POJIb pacCesTHUsS B KOHTHHYyyME He
VUUTBIBAETCS, BCIEACTBUE YETO 3aBUCMMOCTb A OT YacCTOTHI MCYe3aerT.
Paccyxnenust, aHaJOrM4YHBIE IPOBEAEHHBIM B TMpPEIbIAyIIEM maparpade,
MO3BOJISIIOT MMOCTPOUTH HEOOXOIMMBIE HAM KO3(PPULIMEHTHI p, (x', x). B yacTHOCTH,
K03(hGUIIMEHTH p; U P,, CBI3aHHBIE C OJHOKDPATHBIM OTPaXXEHHEM OT caMoii
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Cpeabl, ONpCACIAIOTCA MNPOLIC N MMCIOT BUI

, _l r(x', x)
(' x)= 2 v(x')+v(x)’ (24)
p,(x', x)= 2[\) J-r X', x")p, (x", x)dx +J-p1 X, x")r(x", x)dx" |. (25)

OcranbHble KOC—)(I)(I)I/IL[I/ICHTBI HaXOISITCS PEKyPPEHTHBIM 00pa3oM U3

o0

2[V(x')+ V(x)]pn(x', x)= J-r(x’, X")p, . (x", x)dx" + Ipn_l(x’, x")r(x", x)dx" +

(26)

n-2

J. o, (x’ xn)dx” Ir(x", x!r!)5n7k71 (xw, x)dxm .
10

=~
Il

Zo0
OnucaHHBII MyTh MPUTOJEH IS HEKOTEPEHTHOTO paccessHUusl C MPOM3BOJBLHOM
(yHkumel nepepacnpenesaeHus 1o yactoram. PacueTsl B JaHHOU paboTe MpoBeIeHbI
JUISL 4acTO TPUMEHSEMOIo B MPUJIOXEHUSIX MPUOIMKEHUs MOJHOCTbIO HEKOre-
PEHTHOTO paccesiHusl. B aToM ciydae (x', x):oco(x')oco( ) rae ao( ) R (x)
Torma Bmecto (24)-(26) OymeM WMEThH

_ oco(x')(pl (x)+ ao(x)(Pl(x,)

)= SNl ) Soblorentlole)

N S reve L U B RS Y SIS | e

e

0, (x Ip X', x)otg (x')dx' (29)

S
1 yYTeHa CUMMETPUYHOCTh (DYHKIIMM OTPAKEHUSI OTHOCUTEIBHO CBOMX apryMEHTOB.

Ilepexon K 06CyKaaeMoii HaMH 3aBUCSILEI OT BpeMEHHM 3a1ade MPOU3BOAMUTCS,
Kak ¥ BBIIIE, BBEJEHNEM 3aBUCAILENA OT BpeMEHN (DYHKLIMU OTPAKEHMS E(x’, X, z) ,
a7 Koropoit (10) 3amuiuercss B Buje

0 n

Pl xz)=e” ;pn (¥, )" m (30)

Puc.5 neMoHCTpupyeT 5BOIOLMIO 3HAYEHUI MPOodWIs JUHUM Ha Pa3IMYHBIX
pPacCTOSTHUAX X OT ee LIEHTpa, MU CiIydas, KOTJa paccesTHUe B Cpele SIBISIETCS
MMOJTHOCTBIO HEKOTEPEHTHBIM. [lajekue KpbUIbS JTUHUM, IPUMEPHO IpU x > 2.5,
MEHSIOTCSI BO BpEMEHU HEe3HAUUTEbHO, TOTOMY Ha PUCYHKAaX COOTBETCTBYIOLIME
KpHUBBIE OTCYTCTBYIOT. CpaBHUBAS IpoIecc 00pa3oBaHMUs CIIEKTPAIIBHON JTUHUU B
pe3yibTaTe OTpaXKeHMST IUISI paCCMOTPEHHBIX HAMU JIByX TUIIOB PacCesTHUS B Cpele,
cienyeT oOpaTUTh BHUMaHUE Ha pa3jIMyHOE MOBEACHUE €€ SIApa U KPbLIbEB BO
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BpeMeHU. fnpo muHUM (x <1.5), obpasyeMoil TIpM KOTEPEHTHOM paCCESTHUM,
ITOYTH TIIIOCKOE W pa3IMYHbIe €e YacTH SBOIOLIMOHUPYIOT MPAKTUIECKH OTUHAKOBO.
B 10 e Bpems nuHUsA, oOpasyemMast Ipy MOJHOM TepepacIipeneeHuN 110 YacToTaMm,
CUJIbHEe W INMpe, M0 CPaBHEHWIO C TMPEeObIayIIuM TpuMepoM. YTo KacaeTcs
KPBUTBEB JIMHUU, TO OHU MEHSIOTCS BO BpeMEeHW HE3HAYUTEILHO.

4. 3akaouenue. B pabote MBI OTpaHUYMINCH PACCMOTPEHMEM TPEX IPOCTHIX
OIHOMEPHBIX 3aJay, C LEJbI0 IPOIEMOHCTPUPOBATh IPEMMYILECTBA METOJA,
OCHOBAaHHOI'O Ha pa3OXEHNN MCKOMBIX BeJIMYMH B psaa Heiimana, korga nmpume-

0.121 —— . —— 1 1.2 : : : .
A=09, p=10" A=09, B=10"
0.08 0.8
m o
%
T 8
0.04 0.4
0.00 0.0
0 5 10 15 20 0 5 10 15 20
VA Z

0

Puc.5. Te ke pacripenesieHusI, 4TO Ha puc.l I cydast, KOraa CrieKTpaibHasr JMHUS 06pasyeTcst
B pe3yJbTaTe OTPAXEHUSI OT MOJTyOeCKOHEYHOM aTMocdephl, B KOTOPOM paccesiHue MPOUCXOAUT C
MTOJIHBIM TIEPEPACIIPENEIIEHNEM TI0 YACTOTAM.

HSIIOTCSI JIETKO peaiu3yeMble PEKYPPEHTHBIE COOTHOIIIEHUSI, MOJTYyYeHHbIE HAMU B
[16]. IIpu >TOM HPUHUMAIMCHL B pacdyeT 006e BO3MOXKHOCTH MOTEPU BPEMEHU
(oToHOM B Tpolecce OJIyXAaHUS B cpefie: BpeMsl peObIBaHMsI aToMa B BO30YX-
JIEHHOM COCTOSTHMH M BpeMsI pacxomyeMoe (DOTOHOM Ha TPOXOXICHUE ITyTH MEXITY
akTtamu paccesiHus. [Toka3bIBaeTCsl, UYTO MPABUJIbHBIA YYeT 00OMX TUIIOB MOTEPh
MPOU3BOIUTCS CBEPTKOI COOTBETCTBYIOIIMX ABYX pacrpeaeieHuid Opaanra. PI1B
1 OKP, moxygaembie B pe3ysbraTe KOPPEKTHOM MOCTAHOBKH 3a1a4M, 00eCIIeYNBAIOT
(bu3rUECKM JIeTKO TpaKTyeMoe OIMKMCaHUe 3BOIOLMY Npoduieli 00pa3yeMbIX JUHUM.
BaxxHo Takke OTMETUTb, UYTO MPUMEHSIEMbIl B pabOTe MOAXOM HECJOKHO Pealn30BaTh
IJI. peleHus 3aJad npu ux OoJiee oOleil MOCTaHOBKE.

Bropakanckasa acrtpodusndeckas obcepBaropusi uM. B.A.AMOapiymsiHa,
Apmenus, e-mail: nikoghoss@bao.sci.am
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ON TIME-DEPENDENT RADIATIVE TRANSFER
PROBLEMS IN ONE-DIMENSIONAL MEDIUM

A.G.NIKOGHOSSIAN

This paper provides a solution to several one-dimensional problems of
nonstationary radiation transfer in spectral line frequencies. An approach based on
the search for the required quantities in the form of Neumann series expansions
is applied. The evolution of the line profile formed by the reflection from the
semi-infinite atmosphere both in the case of coherent and fully incoherent
scattering in the medium is studied. The time dependence of the line profiles
formed at the boundaries of the finite atmosphere is also considered. In both
problems, it is assumed that atmospheres are illuminated by radiation either in
the form of a 6(!) -shaped pulse or by radiation with an intensity of the form
of a unit jump. The solution takes into account both possible causes of time wasted
by photons during diffusion in the medium: the time an atom stays in an excited
state and the time lost by photons to travel the path between two consecutive acts
of scattering. It is shown that in such a general statement of the problem the
resulting distribution function of the probability density function of the outgoing
radiation is given as a convolution of the distributions corresponding to the two
components of the photon time expenditure.

Keywords: time-dependent radiative transfer: Erlang-n distribution: probability
density distribution: cumulative distribution: spectral line profiles
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TOM 64 HOABPB, 2021 BBITTYCK 4

BEJIBIE KAPJIMKUN B IMPUBJIMXKEHUNU OJHOPOAHOIO
ITAPA, C YYETOM BOO®EKTOB OTO

I.C.BMCHOBATBIN-KOT'AH'2, E.A.TTATPAMAH!
IMoctymma 1 centsiops 2021

IpenenbHasi macca XOMOOHBIX OeJIbIX KapJMKOB BIiepBble ObLia BbruMcieHa E.CToHepoM B
paMKax TpUOIMKEHHOM MOIeIM OTHOPOJAHOM 3Be3lbl, W OblIa BCKOpe yMeHbllleHa Ha ~20% B
paborax C.Yanppacekapa u JI.JI.JlaHmay, Ha OCHOBE TOYHOTO PEIIeHWs YpPaBHEHU IJIsI PaBHOBECHUS
3Be3Ibl. 37eCh PACCMOTPEHbI OMHOPOAHBIC MOIEAU OelbIX KapiMKOB ¢ ydeToM 3(¢heKToB 0oOIieit
TEOpPUU OTHOCHUTEIbHOCTH U BIMSIHUSI KOHEYHOM TeMIlepaTypbl. PellieHus MoydeHbl B BUIE KOHEUHBIX
aHaMTUYeCKuX (opmyn u, it Macc, He Gosmee yeM Ha ~20% OTIMYAIOTCS OT TOYHBIX PELICHMIA,
MOJTy4aeMbIX TIPU YMCICHHOM MHTETPUPOBaHMU AU(depeHIIMaTbHBIX YPaBHEHUI paBHOBECHsT 3BE3/IbI.

KntoueBbie cioBa: Oeavlie Kapauku: 00HOPOOHAsE MoOenb: 00uas meopus

OmHocumeabHocmu

1. Bgedenue. Ilpu uccliefOBaHUN CTPOEHUS OEIBIX KAPJIMKOB ObLJIO OOHA-
PYXEHO, 4TO MX PaBHOBECUE BO3MOXHO TOJIBKO IJI Macc, HE MPEeBBIIIAOIINX
HEKOTOpbIN TIpeies, KOTOphI n3BecTeH Kak YaHapacekapoBckuid. s yriepomHo-
KHMCJIOPOAHOTO XMMHWYECKOTO COCTaBa, INie Ha OJAWH JJIEKTPOH IPUXOOUTCS JIBa
HYKJIOHA, p, =2, 3TOT Npenesl paBeH =~1.46M . BrepBble BBIBOL O CYLIECT-
BOBAaHMM BEPXHEIrO Ipeaea MacChl I XOJOMHBIX 3BE3[, paBHOBECHE KOTOPBIX
MOIAEPKMBAETCS JTaBJICHUEM BBIPOXICHHBIX 3JEKTPOHOB, OBLI CIeJaH B padoTe
CroHepa [1], KoTophlii paccMaTpuBal MOJEIb OeJIoro KapjukKa OJHOPOAHOM
TUTIOTHOCTH, CM. Takxke [2]. OH 0000111 pacCMOTPEHUE AaBJIEHMST BbIPOXKIEHHbBIX
3JIEKTPOHOB, clejlaHHOe B paboTax [3,4] Ha ciyyaili OOJIBIIONM IIJIOTHOCTA B
YCJIOBMSIX YIBTPAPEIITUBUCTCKOIO BBIPOXKICHNS, B KOTOPOM YPaBHEHUE COCTOSTHMS
JIJIS. XOJIOMHOIO BelllecTBa NMpUHUMAaeET BUi [5]

3
Plp)= (3“2)1/ he - 04— K pi3
4 (um,)
3mech [, - KOJIMYECTBO HYKJIOHOB HA OIMH 2JIEKTPOH, /M - aTOMHAas €IMHULA
Maccel, paBHas 1/12 maccel m3ortoma '2C. Macca TOJIUTPOIHON 3BE3MHI,
COOTBETCTBYIOIIEH y=4/3, n=3, cormacHO TeopuM DMICHA, HEe 3aBUCUT OT
TUIOTHOCTU M OJHO3HA4YHO omnpexaensiercsd napamerpoM K B Bume [J]

(D
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K 3/2
Mp:4ﬁ(ﬁj M3, M3:2018 (2)

Hcnonesys (2), Yannpacekap [6] n Jlanmay [7], He3aBUCHMO M TTIOYTH OTHOBPEMEHHO
MOJYYUJIM IJISI YpaBHEHUS COCTOSTHUS (2) TIpedebHYl0 Maccy 0esloro Kapjauka B
BUJIE

Mg. (3)

B ﬂ(hcf/z M, 583
2 6) (um ) W
s onpeneneHust TpeaesibHOM MacChl HaboaaeMbIX OeJbIX KapukoB YaHmpacekap
[6], cnemyst Ctonepy [1], ucmonb3oBan 3HaYeHHe W, =2.5, MOJYYUB 3HAUCHUE
M., =0.933 M. D10 yrouHsuo 3HayeHue Ctonepa M, , =1.1M, morydyeHHOE
TIPU TOM XK€ [, =2.5 B MOZAEJIN C ONHOPOIHOW TUIOTHOCTBIO. M3 Teopuu 3BOTIOLIMMA
3BE3[l, a TaKXe U3 HAOJIOJEHUI CleayeT, UTO TOYTH BCe OeJible KapJIuKK COCTOSIT
u3 cmecH yriaepona 2C u kuciopona %O, wis koropoit p, =2 [8],a M, =1.46 M.
B pabote [7] BriepBble ObUIO TOJYUYEHO PEATUCTUUECKOE 3HAUEHME TIpe/iesia MacChl
0eJioro Kap;mKa, KOTOpbIi 3acIyK1BaeT 0ojiee CIipaBeyIMBOe Ha3BaHKe, KaK Mpeaes
Cronepa-Yannpacekapa-Jlanmay.

OTMeTUM, UYTO 3[eCh NMPUBOAATCS 3HAYEHUS MPEAETbHBIX Macc OeJIbIX KapJIUKOB
C MCMOJIb30BaHUEM YTOUHEHHBIX COBPEMEHHBIX BEJIMUMH JJISI BCEX KOHCTAHT, YTO
MPUBEJO K OTJWYMIO Ha HECKOJbKO IMPOLEHTOB OT BEJIWYMH, MPUBEACHHBIX B
OPUTMHAJIBHBIX paboTax.

B naHHoI1 paboTe oqHOpPOAHAS MOJEJIb UCTTONB3YETCS JIJIsI TTIOCTPOCHUS TTPUOIN-
JKEHHBIX Mojiesiell 6eIbIX KapJMKOB IMTPOU3BOJIBHON MAacChl TPYU KOHEYHOM TemIie-
paType C yIeTOM IOCT-HBIOTOHOBCKHUX ITOITPABOK K HBIOTOHOBCKOM TpaBUTAIIUM 3a
cuet apdexroB oduieit Teopun otHocutenbHOCTU (OTO). M3 cpaBHeHUs pe3yIbTaToOB
JUIST TIpeNeIbHbIX Macc OeJbIX KapJUMKOB B TOYHOW M OMHOPOAHON MOJESX,
OIIMOKM B OIPEeNeJICHNN BCeX BEJWYMH B OMHOPOMHOM Moaenn cocTaBisior 20%.

2. beavle kapauku 6 npubaudceHuu wapa nOCMOSAHHOU NAOMHOCMU.
s mpuOIMKeHHOTO PacCMOTPEHUST OOHOPOAHBIX 3Be3J B3AT SHEPreTUUYECKUIA
MeTon, Mcrnonb3oBaHHBIM CroHepoM [l] I OenbIX KapiauKOB, M ITIO3XKE IS
obuiero ciayyasg B paborax [9,10]. PacnpeneineHue IJIOTHOCTM IPUHMMAETCS
3aJaHHBLIM, C €IUHCTBEHHBIM ITApaMeTPOM B BUJE LIEHTPAIbHON TUIOTHOCTU, MPU
U3MEHEHUU KOTOPOUl M3MEHEHUSI B 3Be3[le MPOUCXOASAT TOMOJIOTUUECKMU.

sl oqHOPOMHBIX 3BE3/ TAKUM IMapaMeTpPOM SIBJISIETCS MOCTOSIHHAS O 3Be37e
IUIOTHOCTD. 3amnuileM IIOJIHYI0 DHEPTUI0 OMHOPOOHON 3BE3Ibl & B BUIE

3 M* 3 (4ams)"”

e=EM+e.=EM--G—=EM->G| ———| p"*.
T G T 59 R T 5 3 p “4)
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3nech E, - BHYTPEHHSAA SHEPIUsl €IMHULBI MACChl, TPABUTALIMOHHAS SHEPTUS
OJHOPONHOTO IIapa &, onpenejieHa B [11]. PaBHOBeECHOE COCTOSIHME U yCIIOBUE
YCTOMYMBOCTU IS 3Be3Abl MacChl M OIpenessiioTcs, COOTBETCTBEHHO, COOT-
HOLLIEHUSIMU

5 13 2
A ~=3MPp ’4/3—§G AnM ; L =9MPPS/B(Y—EJ>O' 5)
dp'? 3 d(pl/B)z 3

31ech UCMOJb30BaHbl TEPMOAMHAMUYECKHE COOTHOILLIEHUS [12]

OF oln P
p=p?| %L | .
P ( op Js " [ﬁlnp ]S ©)

M3 nepBoro cooTHollleHus1 sl paBHOBecus B (5) MojiyyaeM eIMHCTBEHHOE
pelIeHUe Ul MacChl OMHOPOIHOWM 3Be3ibl M, B Cilydyae YpaBHEHUSI COCTOSHUS

P:Kp4/3, B BUIE
3/2
K

W3 cpasuenust macc M, us (7) u M, u3 (3) moayyaem [Uisi MPeAeTbHOI Macchl

3/2
57743
M, =\=| —M,=119M,,. (8)
4) M,
Takum obpazom, pubIVKEHHOE 3HAaYEeHUE IS MpeaebHOM Macchl OJHOPOAHOM
3Be3Mbl, 10 CToHepy, mpuMepHO Ha 20% mpeBbIaeT TouHOoe. 11l TPOM3BOIBHOTO
YpaBHEHMSI COCTOSIHUS U3 (5) Mojiyyaem cienyroulee BblpakeHue 111 3aBUCMMOCTH

MacCChI 3B€34bl OT INIOTHOCTU

3/2
Pp74/3
M, :5.463( G . 9)

s XOoMoAHBIX O€IbIX KapJIMKOB C YpaBHEHUEM COCTOSHMUS [J]

e N 13
- [( 2\ 71 + 3 y} y:(san h :[1.02?} 10

24 n’ u,m m,c

nosiydyaeM NpUOIVDKEHHYIO 3aBUCUMOCTb M (p) JUTsl 6€JI0TO KapjiMKa B OMHOPOIHOM
MojieJId, MPEeACTaRIEHHYIO CILJIOIIHON JUHUENH Ha puc.l. B yabTpapensiTuBUCTCKOM
npenene u3 (10) monyyaem ypaBHeHUE cocTosiHUS (1), U3 KOTOpPOro cieayer
NpUOIKeHHOE 3HaUeHre npenenbHoit Macchl (7), (8). Ilpu ydyete Maibix momnpaBok
32 CYET OTKJIOHEHMS OT YJAbTPapelIITUBUCTCKOTO Tasa TIpu y >> 1 M MalbIxX
TEMIEpaTypPHBIX TIONPABOK O = 1, ¢’ / kT >>1, ypaBHEHNE COCTOSHUS TIPUHUMAET
BuI [35]
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4.5 2
po M y‘{l—LJr 2n ]:

24n°h? ¥ 3a?y? (an
3n? )|/3 hic 1 2n?
=P(p)= ( Bll-—+ :
(p) 4 (um )P P 37 32y

Torma B OMHOPOIHON MOIEIN 3aBUCHMMOCTb MAacChl OT IUIOTHOCTH ITPY OOJIBIINX
IUIOTHOCTSIX, ¢ y4eToM (9), 3amuChIBaeTCsl B BUIE

3/2 2 \32
Mu :53/2£(EJ (;[I_LZ_{—LJ . (12)
He

16 \ G m, Yy 30’y

3. Modeau 00HOpOOHBbIX OenblX KaApAUKO8 C Y4emomM MAaablX
nonpasok Ha OTQO. PaccMOTpUM MOZENINM OTHOPOMHBIX OENIBIX KApJIMKOB C
YYETOM TIOCT-HBIOTOHOBCKMX mornpaBok Ha OTO.

11 paBHOBECHBIX 3Be31 TIOCT-HBIOTOHOBCKHE TTOTIPABKY K SHEPIUU PaCCUMTAHBI
B [9], cM. Takke [13] B MHTErpaJibHOM BME, KOTOPbIE MJII OAHOPOAHOIO lIapa
BBIUUCIIAIOTCSl aHATMTHYCCKU:

AE=1+1L+1L+1,+15,

2 2/3
I :_EETde_m:_iG_(“Lp) M,
r

c? 252\ 3
G? > dm 13 G* 23 4 17/3
I, =———|m" —=-3"——4nx M7,
: 2¢2 r? 146‘2( ,0)
(13)
G dn 9 G*(4np 703
13——szErdm)7:‘gc—z( 3] M,

G’ d
]4 =c—2j[j mrm

2 2
Ty

rt c?

2
}d_m: 34/3 G . (471',0)2/3 M7/3 i
r 35¢

B wutore monydyaem nompaBky Ha OTO niag omHOpPOIHON 3Be3[bl B BUIE

1/3 2/3
AE=—§[4?R] C%Ms/sETpl/z._%[%Tj M7 (14)
JIJ1s1 IOUTPOITHOTO 1lIapa UMEIOT MECTO COOTHOLIEeHUS [5]
1/3
&p = E;M = —%sG :%G[%"j M (15)

Yuuteiag (15) B nepoM wieHe (14), moiayyaeM BbipaxeHue norpaBku Ha OTO
JUJISL TIOJTUTPOITHOM 3B€3/1bl OMHOPOAHON TMJIOTHOCTU B BUIE
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G2 7/3 2/3
AE=—1.982C—2M/ p?3. (16)
7151 5MIeHOBCKOM MOJUTPOITHOM Moaenu ¢ #=23 norpaBku Ha OTO cocrassitoT [9]
G2
AE:—0.93C—2M7/3 p?3. (17)

ITpu yuere mnompaBku Ha OTO mnpubIMXKEHHOE ypaBHEHME paBHOBECUS B
OIHOpOAHON Momenu, ¢ ydyeTtoM (5) m (16), 3amuimeTcs B BUIE

NTE
Ozd—;c'/}:3MPp"4/3—§G(4nM ] +dA1/E3=
5 1/3 2 (18)
=3MPp —%G{‘“‘TMJ 3,964 7 ¥
C

3aBUCUMOCTb M (p) B OJHOPOIHOU Mojeau Oejoro Kapjauka ¢ yuetoM 3¢h@eKToB
OTO, cnemyromas u3 (18), ¢ ucnonb3oBaHUeM ypaBHeHUs1 coctostHus (10), mpuBeneHa
Ha puc.l. MakcumyM Maccel JocTuraercd npu p,, = 4.689- 107 r/emM’, M, =1.672M4.
AHaJIOTMYHbIE KpUBbIE [UIs1 O€IbIX KAapJIUMKOB B TOUYHBIX TMOJMUTPOIHBIX MOJEISX
MocTpoeHkEl B pabore [10].

M3 cpaBHeHUsT BUIHO, YTO KPUBbIE UISI OMHOPOAHON MOJENU MPUMEPHO Ha
20% BbIIIEC, YeM Ha COOTBETCTBYIOIINX KPUBBIX M3 [10], U TEPSIOT YyCTOMIMBOCTD
3a cuet adexroB OTO npu MIOTHOCTA NPUOIUIUTENBHO B 5 pa3 MEHbIIIEH U3-

1.6 1 — -
//
L Ve
/
/
/
1.2 | y
© //
E I /
s 08¢f /)
/
r /
/
/
0.4 /
/
ro
/
0 1 1 1 1
108 107 108 10° 10" 10"
p, r/cm’

Puc.1. 3aBucuMoOCTH Macchl OT IUIOTHOCTH 0e3 ydyeTa U ¢ yueToM 3¢ dektoB OTO. CrionrHoi
JIMHUEN obo3HavyeHa oOpHOponmHas Moneib 6e3 yvera addekroB OTO. LlTpuxoBoii JuHUE
MpeacTaBjieHa OIHOPOAHAsE MOJEb C y4eToM Maublx romnpaBok Ha OTO. MakcumyMm gocTuraercs
B Touke p, =4.689-10"r/eM’, M, =1.672M .
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3a OOJIBLIOrO BAUSIHUS 3TUX 3((HEKTOB B OMHOPOAHON MO, IO CPaBHEHUIO
C TOYHON MoJUTpomnHOil Moaenbio #n= 3. Mcnonb3ys ypaBHeHus (11) u (18),
MOJy4yaeM ypaBHEHHUE JUISI MacChl OAHOPOIHOTO Oeloro Kapyiuka ¢ yuetoM 3(¢heKToB
OTO npu KOHEYHOI1 TeMIiepaType.
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3aBUCUMOCTb MacChl OT TUIOTHOCTY OJHOPOIHbBIX OEJIbIX KapJIUMKOB ISl pa3HbIX
Temieparyp, ¢ yuderom 3¢dexkroB OTO, npuBeaeHa Ha puc.2.
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Puc.2. KpuBble 1151 M30TEPMUYECKNX OIHOPOIHBIX GEJIBIX KapJIMKOB MPK GOJIBLIMX TIOTHOCTSIX

¢ yueroM addexroB OTO.

3aBUCHUMOCTb Macchl OT IJIOTHOCTU JUISI U30TEPMUUECKUX OETbIX KapJIUMKOB B
MOJUTPONHON Moaeau nojydyeHa B padote [10]. OTmeTnM, uTo BausHUe 3(pdeKToB
OTO Ha ycTOMYMBOCTb OeNIbIX KapJUKOB BIiepBble ucciaenoBaHo Karianom [14].

JanHas pabora yacTuyHo nomaep:kaHa rpantoM PODU 20-02-00455.

! UuctutytT kocmuueckux ucciaenoBannii PAH, MockBa, MOCKOBCKUII (U3NKO-
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2 HaumoHanbHbIM MccaenoBaTeabcKuil siaepHblii yHuBepcurer MU®U, Mocksa
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WHITE DWARFS IN A UNIFORM SPHERE
APPROXIMATION, WITH ACCOUNT OF GENERAL
RELATIVITY EFFECTS

G.S.BISNOVATYI-KOGAN!2, E.A.PATRAMAN!

A limiting mass of cold white dwarfs was first calculated by E.Stoner in the

frame of approximate model of a uniform star, and was decreased soon by ~20%
in works of S.Chandrasekhar and L.D.Landau, basing on exact solution of stellar
equilibrim equations. Uniform models of white dwarfs are considered here with
account of General Relativity effects, and influence of a finite temperature.
Solutions are obtained in the form of finite analytic formulae, and, for masses,
not more than ~20% differ from exact solutions, obtained by numerical integration
of differential equations of stellar equilibrium.

N AW N =

O 00 3 O\

—_
o

14.

Keywords: white dwarf: uniform model: general relativity
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In this work, we investigate the dynamics of Bianchi type VI, space-time in the framework
of AR, T) theory of gravity where R stands for Ricci scalar and 7 stands for the trace of the stress
energy-momentum tensor with Modified Renyi Holographic Dark Energy (MRHDE). With the
specific choice of the functional f(R,T)= f,(R)+ f,(T)=p, R+, T where f(R) and f,(T) are
arbitrary functions of R and T respectively and p, and p, are two parameters, we have obtained
the exact solutions of the model by considering the energy density of MRHDE and by using a
law of variation for the Hubble parameter H. It is found that our model leads to the accelerated
expansion of the Universe. The EOS parameter w,, > -1 indicates that our cosmological model
behaves like a quintessence dark energy model which is consistent with the recent observations. A
correspondence between MRHDE and quintessence dark energy is established. The quintessence
dynamics of the potential and scalar field are reconstructed, which illustrates the late-time cosmic
acceleration. All physical parameters are calculated and discussed graphically.

Keywords: MRHDE: f (R,T ) theory of gravity: quintessence: EOS parameter:
statefinder parameter

1. Introduction. From the observational astrophysical results [1-5] it is
confirmed that our Universe is accelerating. The source driving this acceleration is
known as dark energy (DE), an unknown form of energy with negative pressure,
whose origin is still a mystery in modern cosmology. Recent experiments indicates
that DE constitutes about 70% of present total cosmic energy. However, so far, the
nature of DE is still unknown. The most familiar candidate for dark energy is the
cosmological constant A which is characterized by the equation of state p=wp
with @ =—-1 where p is the pressure and p is the energy density of DE. But from
theoretical point of view, it fails to resolve the hurdle of fine-tuning and cosmic
coincidence problem [6,7]. There are several candidates to play the position of dark
energy (DE), which is the dominant part of the Universe. Some of them are
quintessence [8], phantom [9], k-essence [10], tachyon [11] and so on.

In recent studies, to understand the nature of the Universe, a new DE model
has been constructed based on holographic principle named as holographic dark
energy (HDE) was first put forward by Hooft [12] and Susskind [13]. According
to this principle, the entropy of the system scales not with its volume, but also
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its surface area (L*) and arrived at a conclusion that in quantum field theory a
short distance cut-off is related to a long-distance cut-off due to the limit set by
the black hole formation [14]. By taking p,; as the quantum zero-point energy
density caused by a short distance cut-off in a region of size L, the total energy
density should not exceed the black hole mass of the same size, giving
r Pupr < LM 12, . The maximal value L allowed is the one saturating this inequality,
giving the HDE density as pyp; = 3¢*M ;L’z , Mp is the reduced Planck mass with
M;Z =8nG and 3¢* is the numerical constant [15].

The late-time acceleration of the Universe can be studied by two ways- by
introducing DE in our Universe and secondly by modifying General Relativity
(GR). There are various modifications of Einstein theory. The presence of a late-
time cosmic acceleration of the Universe can be explained by f° (R) gravity [16].
Harko et al. [17] have proposed a new generalized theory known as f (R,T)
gravity. According to this theory, gravitational Lagrangian involves an arbitrary
function of the scalar curvature R and trace of the energy-momentum tensor 7.
The f (R,T) gravity model depends on a source term, representing the variation
of the matter stress-energy tensor with respect to the metric. Mishra and Sahoo
[18] have studied Bianchi type cosmological models assuming f (R, T)= R+2f (T)
In that work, Mishra and Sahoo have obtained exact solutions to the modified
field equations by assuming a specific anisotropic relation. Adhav [19] obtained
exact solutions of the field equations for LRS Bianchi type-1 space-time with
perfect fluid in the framework of f (R,T) theory of gravity. The f (R,T) gravity
models can explain the late time cosmic accelerated expansion of the Universe.

Recently, several entropy formalisms have been used to construct and investigate
the cosmological models. Some new HDE models are constructed such as Tsallis HDE
(THDE) [20,21], Sharma-Mittal HDE (SMHDE) [22] and RHDE model [23].
Among these models, a new dark energy model proposed by Moradpour et al. [23]
named the Rényi holographic dark energy (RHDE) model for the cosmological and
gravitational investigations shows more stability by itself. Several researchers have
discussed RHDE in different theories of gravity. Using the Rényi entropy, the
modified Friedmann equations are obtained [24-26]. The inflation may be found in
the Rényi formalism suggested by Ghaffari et al. [27]. Dubey et al. [28] have studied
interacting RHDE in Brans-Dicke theory of gravity. Saha et al. [29] have investigated
RHDE in the framework of Kaluza-Klein space-time. Prasanthi & Aditya [30] have
explored RHDE in General Relativity (GR) in Bianchi type VI, metric. Dubey et
al. [31] have worked out RHDE in a flat Universe.

The form of the Bekenstein entropy of a system is S = 2/4 where A =4n[?

and L is the IR cut-off. Rényi entropy [23] can be written as S = %log[STA+ lj =
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= %log(nS I+ 1). By considering p,; dV o« TdS where V and T denote the volume

and temperature of the system, the expression of RHDE assumes the form

2
Ppr = 83 CLz (n8L2+ 1)_1 . By considering Hubble horizon as a candidate for IR cut-
s

3¢*H?
8n(nd/ H? +1)
where ¢~ is a numerical constant. Since the DE occupies almost 70% of the
content of the Universe today, it is rational to assume that the density of DE
is a function of the Hubble parameter H and its derivative w.r. to time [32]. In
cosmology anisotropic and spatially homogeneous universes have obtained much
interest. The major observational evidence from CMBR [33] has been considered
to support the existence of a transition from an anisotropic phase of the universe
to an isotropic phase [34]. It is believed that at the early stages of evolution, the
Universe is, in general spatially homogeneous and anisotropic in nature. Bianchi
type spaces are usually used for studying spatially homogeneous and anisotropic
cosmological models. Recently, many researchers have presented interesting
cosmological models in the presence of DE within the background of anisotropic
Bianchi space-times. Chaubey and Shukla [35] obtained a new class of Bianchi
cosmological models in f (R,T) gravity by using a special law of variation.

Motivated by the above investigations we present in this paper Modified Rényi
Holographic Dark Energy (MRHDE) in f(R,T) theory of gravity by considering the
energy density in the framework of Bianchi type VI, Universe. Here we modify the

3¢PH*+BH

sr(nd/H2 +1)

offie. L=H"", the energy density of RHDE is obtained as p, =

2

energy density of RHDE as p,; = where [ is an arbitrary

dimensionless parameter.

The outline of the paper is as follows: Section 2 describes the f° (R, T) gravity
formalism. The metric and field equations are discussed in Section 3. In Section
4, we derive the solutions of field equations. Sections 5.1 and 5.2 deals with
Statefinder parameters and anisotropy parameter respectively. The stability analysis
and energy conditions are described in Section 6. Various parameters are discussed
graphically in Section 7. Section 8 deals with correspondence between MRHDE and
quintessence scalar field. The paper ends with concluding remarks in Section 9.

2. Gravitational field equations of f(R,T) gravity. The gravitational
field equations of f(R,T) theory are derived from the Hilbert-Einstein variation
principle. The action for the modified f (R, T) gravity is

S= i [ TN g e [ i, g

where L is the matter Lagrangian density.
The stress-energy tensor of matter [36] is
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W-gL.) )

2 3
T eed
where trace T = g”T

By assuming that L of matter depends only on metric tensor components
8; and not on its derivatives, we have obtained the field equations of f (R,T)
gravity as

fR(Rs T)Rg/_%f(R> T)glj'+(g[jh_viv_j)fR(R’ T):gTETg/‘_fT(Rs T)];‘j_fT(R> T)eg/‘ »(3)

where
of of
h=vV*v_, = -
b Se=Sne fr=o
2
0,=-2T,+g; L,-2g" & @
Gg’fagoLB

and V' is the covariant derivative.

The problem of the perfect fluids described by an energy density p, pressure
P, and four velocity u' is more complicated because there is no unique definition
of L . Here we have assumed T, i is of the form

T; = (p+pDE )uiuj_pDEgij ) &)
where
L,==pPpg, uiuizl, uiVjuizo. (6)
Using Egs. (5) and (6) in Eq. (4), we get
05 =-2T;=Pprg; - (7)

In general, the field equations also depend through the tensor 6, on the physical
nature of the matter field. Hence in the case of f (R, T) gravity, depending on
the nature of the matter source, various theoretical models corresponding to matter
contributions for f (R,T) gravity are obtained. Harko et al. [17] derived three
classes of these models:

R+2£(T)
f(R.T)=1 fi(R)+ £,(T) (8)
S(R)+ £ (R)15(T).
Here we have focused in the second case i.e. f(R,T)=f,(R)+ f,(T)=p, R+p, T
where f;(R) and f,(T) are arbitrary functions of R and T respectively and p,
and p, are two parameters.

The gravitational field equations obtained from Eq. (3) with the use of Egs.
(7) and (8) and the aforesaid choice of f (R,T) is
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1 i) 8m+ L,
Ri'__g R— (pDE"‘ j 2 8ij _(—)T; 9
y 2 2 Ml y M] y ( )

3. Metric and field equations. The Bianchi type VI, metric is given by
ds® = a’tz—Aza’xz—Bzez"dyz—Czefzxdz2 , (10)

where A, B and C are cosmic scale factors and functions of cosmic time 7 only.
The energy momentum tensor for dark matter (pressure-less) is

T/ = diaglp,,, 0,0,0], (11)
where p, is the energy density of dark matter (DM).
The energy momentum tensor for MRHDE is

T;: diag[pDE’_(DDEpDE>_(DDEpDE>_mDEpDE]7 (12)

where p,; is the energy density and ©,; = ppz/pps is the EOS parameter of
MRHDE.

T =T/ 13
Using Egs. (11)-(13), the field equations (9) for the metric (10) are obtained as
B C BC 1 l6m+3u, Ly

—t—t—+—=——"=p, . ——p, +
B Cc BC L o PpE 2, (pm pDE) (14)
A C AC 1 16m+3p, 1y
- = Tz 1z +
A TR T (O +Poe) (15)
A B 4B 1 167 +3p, W,
—t =t ———=——""=p ——=(p, +
TR AT B R T (P +Pps) (16)
AB BC C4 1 16w+ 3, [Th
—t—t———=——=(p, + +—=
4B BC A P o (P +Ppe) o Ppe (17)
B C
———=0. 18
B C (18)
Integrating Eq. (18) and assuming integrating constant to be unity, we get
B=C. (19)
Using Eq. (19) in Egs. (14)-(17), we get
B B* 1 16m+3y, 1%y
2—+—+—=——""==pr——=p,, +
TR AT P (P +Ppe) (20)

A B
E+E+___:TPDE_T(pm+pDE) (21)
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AB B* 1 167+ 3p m
22— ———=——"2(p + +—2 .
4B B L 2 (pm pDE) o PpE 22)
The energy conservation equation is
pm+pDE+3H(pm+pDE+pDE):O> (23)

where overhead (.) denotes differentiation w.r. to cosmic time .
Throughout the study, we have considered that there is no interaction between
DM and MRHDE.

4. Solutions of field equations. The spatial volume V is given by
V=4B*=a’, (24)
where a is the average scale factor.
The Hubble's parameter H is defined by

a v o1 1(4 _B
H=—=—=—-\H+H +H,|]=—| —+2—|,
Y7 3< x Ty z) 3(14 BJ (25)

where H, =A/ 4 and H, =H, =B/B are the directional Hubble parameters in

the directions of x, y and z axes respectively.
The deceleration parameter g is defined as

ad
q= e (26)
Egs. (20)-(22) are three field equations with five unknowns 4, B, p,,, pps and
P, S0, we are in search of two extra conditions:

(i) The MRHDE density is defined as
3¢’H*+BH
PpE T
87{2“] 27)
H

(ii) The relation between average Hubble parameter H and average scale factor
a as proposed by Berman [37]

H=na" (n>0). (28)
From Egs. (25) and (28), we get the average scale factor a as
a= (t+ k )" (29)

k, is a constant of integration.
The spatial volume V is obtained as

V=dAB=a’=(t+k)". (30)
From Eq. (30), we get
A B 3n

—+2—= .
A B t+k (31)
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From Egs. (20) and (21), we obtain

2
A B Kk 42
———=—ex —dt
A BV J B 4 (32)
B A
k, is a constant of integration.
Following Adhav [38], we assume
B A4 4
Using Eq. (33) in Eq. (32), we get
A B k
YRR e . (34)

By the use of Egs. (31) and (34) and then integrating, we obtained the scale factors
as

o . 2k e’
A=k (H- kl) eXp|:Tz.[(t+ k1)3" dl‘:| (35)
B=k;'(t+ k) exp —ﬁjidt , 36
3 (k) (36)

where k, is a constant of integration.

The Hubble parameter H is obtained as
n
H= .
t+k (37)
The Hubble parameter H decreases as cosmic time ¢ evolves and approaches to
a small value at the later stage of the Universe.

The deceleration parameter ¢ is obtained as
1
g=-1+—. (38)

n
From Eq. (38), we can arrive at a conclusion that for ¢>0 (0<n<1) our Universe
is in decelerating phase and for ¢<0 (n>1) our Universe is in accelerating phase.
The MRHDE density p,, is obtained as

(3 c*n—- B)n3
8n(t+ k)2 [rd(r+ &, ) + %]
The energy conservation equation for matter obtained from Eq. (23) is
p,+3Hp, =0. (40)
Putting the value of H in Eq. (40) and then integrating, we get

Ppe =

(39)
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Pm :p0(t+ kl)_3n H (41)

where p, is a constant of integration.
The energy conservation equation for MRHDE obtained from Eq. (23) is

Ppe + 3H(PDE + pDE): 0, Ppr=®pePpE - (42)
Putting the values of p,; and H in Eq. (42), we get
o __1+[z+klj 2 278(t+ k)
P 3n )| t+k  wd(e+k, ) +n? (43)

(3c2n— B)n3
8n(r+k,)° [ns(z+ k) + nz]

{H k, j 2 2md(t+ k) (44)
xq—1+ + 5 .
3n )| t+ky  wd(t+ k) +n?

5. Statefinder and anisotropy parameters.

Ppe =Ppe®Opg = x

5.1. Statefinder parameters. Sahni et al. [39] proposed a cosmological
diagnostic pair {r, s} called statefinder parameters, which is defined as
_ 'd'3 . S= r—1
aH 3[q_ 1] (45)
2
to differentiate among different forms of dark energy. The Statefinder is dimen-
sionless and, like the Hubble and deceleration parameters H and ¢, is constructed
from the scale factor of the Universe and its derivatives only. For ACDM
(cosmological constant cold dark matter) models, the statefinder parameters have
the value {r, s} ={1, 0}.
For our model, the {r, s} parameters take the form
9s 92

-2
r 2 + 2 (46)

r

5.2. Anisotropy parameter. The anisotropy parameter A, is defined as

3 2 k2 =2t
- s (H-H) =2
3H? S 9n(t+k )"
6. Stability analysis. In this section we have examined the stability of our
model. The square speed of sound is defined as v} = pp, /ppe - The sign of v?
plays a vital role for stability analysis of a background evolution of cosmic models.

The model is stable if v >0 and if v> <0 the model is classically unstable [40].
Also, the casualty condition must be satisfied. It means that the sound speed is

4,

(47)
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less than the speed of light.
For our model, v’ takes the form

_l2, 218(t+ k, )’ .
3n 3n[n8(t+k,)2+n2]

2{ 218(t+ ky ) +n?
(v b Plrsle kP +n2]
X{ (t+k1)[2n6(t+k1)2+n2]}_ 2nnd
(k) 42k P 30k mdlen b 2]

The Energy Conditions namely, Weak Energy Conditions (WEC), Dominant
Energy Conditions (DEC) and Strong Energy Conditions (SEC) are respectively

v
(48)

given by
() Ppe 20
(ID) Ppe+ Ppr 20
(I11) Ppe+3Ppp 20

The left-hand sides of (I), (II) and (III) based on Egs. (43) and (44) have
been plotted in Fig.2a and found that (I) p,; 20, (I) ppg+ppz=0 and (III)

0.002
PpE
a
< 0.001 P
0.000
-0.47 .
4 -0.49
3
-0.51
0 5 10 15 20

t

Fig.1. a) The variations of p ~and p, versus . p —0 and p, —0 as r— o as seen
from the above figure. b) The graph of w,, versus 7. ®,, >-1 as observed from the above figure.

Thus, our cosmological model corresponds to quintessence DE.
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Ppe+3ppe £0. So, WEC and DEC are satisfied whereas SEC is violated. The
violation of SEC gives anti-gravitational effect for which Universe gets jerk and
thus our model exhibits transition from early decelerating to present accelerating
Universe. So, our model is in harmony with recent cosmological observations.

500 WEC
DEC

--500 SEC

Energy conditions

-1000
6x10™

. 4x10

2x10™

0
0.00 0.01 0.02 0.03 0.04 0.05
t

Fig.2. a) The graph of Energy Conditions versus cosmic time . WEC and DEC are satisfied
whereas SEC is violated. The violation of SEC gives anti-gravitational effect for which Universe
gets jerk and thus our model exhibits transition from the early deceleration to present cosmic
acceleration. So, our model is in good agreement with recent cosmological observations. b) The
graph of A, versus 7. 4, =0 as ¢ — oo as observed from the figure. Thus, our Universe approaches
isotropy at the later epoch.

7. Correspondence between MRHDE and quintessence scalar field.
The pressure and energy density for quintessence scalar field [41] are given by

p, = %— V(p) 49)
po =L+ 7(g), (50)

where ¢ denotes the scalar field and V(cp) is the scalar field potential.
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The EOS parameter o, is defined as
_ Py _ 9" =2V (o)

"o, 07 2kle) o
Egs. (39) and (50) together implies
benp)r 2 ) 52
8m(r+ kl)z[rcfi(ﬁ k1)2+n2] 2 (52)
Egs. (43) and (51) together implies
)
¢ I+ op
| ERE (o).
; (1_5‘)05] () (53)
Egs. (52) and (53) together implies
- 3¢’ n—PBn’
V((P):( ZDE] (2 2 — (54)
8n(t+ by (e by ) +n?]
1.0 a
0.8
< 06
A
> 0.4
0.2 ?
V(o)
0.0
b
-0.48
~ e -0.50
>
-0.52
-0.54
0 5 10 15 20

t

Fig.3. a) The plots of scalar field potential V' (¢) and scalar field ¢ versus cosmic time 7 It
is clear from the above figure that ' (¢p) decreases and ultimately tends to zero whereas ¢ decreases
and approaches to small value at the later stage of the Universe. b) The plot of vf versus cosmic
time 7. vf is negative throughout the evolution of the Universe. It clearly manifests the unstable
nature of the Universe.
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120
80
40
0
-4 2 0 2 4
S

Fig.4. The plot of r versus s. From the above figure it is observed that the curve (7, s) passes
through the point (1, 0). Thus, it indicates that the model corresponds to ACDM model at the
later stage of the Universe.

Using Eq. (54) in Eq. (53) and then integrating, we get
12
(30211— B)n3
8n(t+ k) (et k)2 +

where ¢, is a constant of integration.

0=y +[|(1+0p) dt, (55)

8. Graphical discussions. The graphical representations of various param-
eters are discussed here. The numerical values used in the graphs are
c=1, n=25, B=0.5, k£ =0.03, k,=0.006,

00=02, ©,=0.1 and 5=2. (56)

9. Conclusions. In this paper, we have constructed MRHDE in f(R,T)
theory of gravity in the framework of Bianchi type VI, Universe. To obtain the
exact solutions of the field equations, we have considered the law of variation for
the Hubble parameter H as proposed by Berman [37]. We have studied the
isotropy and the expansion of the universe. It is seen that the anisotropic parameter
A4,—>0 as t > i.e., our model becomes isotropic at later age of the universe.
And hence our results are in favour of the recent observational data which suggests
the present-day isotropic behaviour of the universe. Also, it is observed that the
deceleration parameter, ¢>0 (0 <n<1) which implies that our universe is in a
decelerating phase and ¢<0 (n>1) indicates that our universe is in accelerating
phase. In this paper, we have seen that o, >—1, which depicts that our model
behaves like quintessence DE. From the study of statefinder parameters, we can
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conclude that our model corresponds to ACDM model as cosmic time evolves.
Again, it is observed that vf is negative at late times, which indicates that our
investigated model is unstable. It is found from Fig.2a that WEC and DEC are
satisfied whereas SEC is violated. The violation of SEC gives anti-gravitational
effect for which universe gets jerk and thus our model exhibits transition from
the early deceleration to present cosmic acceleration. From Fig.3a we can arrive
at a conclusion that the scalar field potential V(cp) decreases and ultimately tends
to zero whereas the scalar field ¢ decreases and approaches to small value at the
later stage of the Universe.

Thus, the physical properties of the model obtained by using Berman's law
provides a very nice description of the transition from the early deceleration to
present cosmic acceleration, which is an essential feature for evolution of the
Universe. Moreover, the correspondence between MRHDE and quintessence scalar
field is constructed in our model. The quintessence dynamics of the potential and
scalar field are reconstructed which describes the current accelerating stage of the
Universe. This shows that our model strongly agrees the present-day observations.
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MOINDPULTMPOBAHHAA T'OJIOTPAOUYECKAA
TEMHAA SHEPI'MA PEHbU (MRHDE) B TEOPUU
TPABUTALIMU f(R,T)

O.BXAPAJIN, K.OAC

B pabore uccnenoBaHa qMHaMKMKa ITPOCTPaHCTBA-BpeMeHU Tuma besaHku VI B
paMKax TEOpUHU TpaBUTALUU [ (R, T), rae R - ckansip Puuum, a T - cien TeH30pa
SHEPrUM-UMITYJIbCa HaMpskeHus ¢ MoauduiimpoBaHHOM rosiorpachryeckoi TeMHON
sHeprueit Penou (MRHDE). [Ipu koHKpeTHOM BbliOOpe (hyHKIIMOHANA [ (R, T)=
= fi(R)+ £,(T)=p, R+n, T, tne f,(R) u f,(T) - nmpousBonbHble QYHKUMU OT
R wu T - COOTBETCTBEHHO, a |, M [, - ABa MapaMeTpa, Mbl MOJYYUJIU TOUYHBIE
pelIeHusT MOJeNIr, YYUThiBas IIoTHOCTh 3Heprud MRHDE u ucrnonbs3yst 3akoH
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n3MeHeHUs napamerpa Xao6oima H. OOGHapyXeHO, 4TO Hallla MOJIEJIb IIPUBOIUT K
yCKOpeHHOMY pacumipeHuto Beenennoii. [Tapamerp EOS o, > -1 yka3ssiBaer, 4yto
Hallla KOCMOJIOTMYECKasl MOAEIb BeAeT ce0sl KaK MOMIE/Ib TEMHOM SHEPIUY KBUHT-
BCCEHIIUMU, KOTOpasl COoracyeTcsl ¢ HeAaBHUMHU HaOMIOACHUSIMU. YCTaHOBJIEHO
cootBeTcTBUe Mexny MRHDE um kBuHT3CceHIMeil TeMHOU 3Hepruu. PekoH-
CTPYUpPYETCsS KBUHTACCEHLIMS JUMHAMUKY MOTEHLMANIA U CKaJISIPHOTO IT10JIsI, KOTOpast
WLTIOCTPUPYET KOCMUYECKOE YCKOpPEeHME B TMO3IHeM BpeMeHU. Bce dusmueckue
mapaMeTpbl PacCYUTHIBAIOTCS U OOCYKIAIOTCSI B IpaUYecKOM BUJE.

Kuroueswie ciioBa: MRHDE: f (R, T ) meopus epaguMaui; KEUHMICCEHUUS: NAPAMEMD
FEOS: napamemp Statefinder
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Fermionic condensate is investigated in (D + 1)-dimensional de Sitter spacetime by using the
cutoff function regularization. In order to fix the renormalization ambiguity for massive fields an
additional condition is imposed, requiring the condensate to vanish in the infinite mass limit. For
large values of the field mass the condensate decays exponentially in odd dimensional spacetimes
and follows a power law decay in even dimensional spacetimes. For a massless field the fermionic
condensate vanishes for odd values of the spatial dimension D and is nonzero for even D. Depending
on the spatial dimension the fermionic condensate can be either positive or negative. The change
in the sign of the condensate may lead to instabilities in interacting field theories.

Keywords: fermionic condensate: de Sitter spacetime: Bunch-Davies vacuum

1. Introduction. De Sitter (dS) spacetime is among the frequently used
background geometries for the investigation of the influence of gravitational field
on quantum matter. In the early stages of studies this interest was motivated by
high symmetry of the corresponding geometry. The dS spacetime is the maximally
symmetric solution of Einstein's equation with a positive cosmological constant as
the only source of gravitational field and because of that a relatively large number
of physical problems can be exactly solved on that background. This helps to shed
light on the effects of gravity on quantum fields in more complicated geometries.
The further increase of the interest to the investigations of quantum effects on
dS bulk was related to the appearance of the inflationary scenario for the expansion
of the early Universe (for reviews see [1,2]). In most inflationary models the
expansion is described by an approximately dS geometry sourced by the potential
energy of a scalar field (inflaton). A short period of the corresponding quasi-
exponential expansion provides a natural solution to a number of fine tuning
problems of the standard Big Bang model (horizon and flatness problems, the
problem of topological defects, etc.). In addition, the inflationary scenario leads
to an interesting mechanism for the generation of small inhomogeneities in the
energy distribution at the beginning of the radiation dominated cosmological
expansion that seed the large scale structure of the Universe at late stages. This
mechanism is based on the classicalization of quantum fluctuations of scalar fields
by an inflationary expansion. Its predictions are in good agreement with the
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observational data about the temperature anisotropies of the cosmic microwave
background. Those data, in combination with observations of high redshift super-
novae and galaxy clusters indicate that the expansion of the Universe at the present
epoch is well approximated by a model where the dominant part of the energy
content is described by the equation of state close to the one for a positive
cosmological constant. The cosmological expansion with this type of gravitational
source will lead to an asymptotically dS universe as the future attractor. This shows
that the investigation of physical effects in dS spacetime is also important for the
future of the Universe.

The expectation values of bilinear combinations of quantum fields with
different spins (field squared, energy-momentum tensor) for the Bunch-Davies
vacuum in dS spacetime have been investigated in a large number of papers (see
[3-6] and references therein). In particular, the Green function and the effective
Lagrangian for a spinor field have been discussed in [7]. The expression for the
renormalized vacuum expectation value (VEV) of the energy-momentum tensor for
a spinor field in 4-dimensional dS spacetime is derived in [8] by using the
n-wave regularization method. The same result is obtained in [9] by using the
regularization based on a cutoff function. In [9] the fermionic condensate is
investigated as well. The fermionic condensate and the VEV of the energy-
momentum tensor for a spinor field in (D+ 1)-dimensional dS spacetime for even
values of D have been investigated in [10] by using the point-splitting regular-
ization technique. The shifts in the VEVs for spinor fields induced by the toroidal
compactification of a part of spatial dimensions in dS spacetime were studied in
[10-12]. Another class of topological effects caused by the presence of a cosmic
string in dS bulk have been discussed in [9].

In the present paper we investigate the renormalized fermionic condensate in
(D+ 1)-dimensional dS spacetime for general value of the spatial dimension D.
The regularization procedure will be based on the introduction of a cutoff function
in the corresponding integral representation. In addition to the VEV of the energy-
momentum tensor, the fermionic condensate is an important local characteristic
of the fermionic vacuum. Though the corresponding operator is local, because of
the global nature of the notion of vacuum, it contains information about global
properties of the background geometry. The fermionic condensate is an important
characteristic in quantum chromodynamics, in the physics of superconductivity and
phase transitions, in models of dynamical mass generation and symmetry breaking.
It has been investigated in various types of physical models, including the ones
for curved backgrounds (see, for example, [13-20]).

The paper is organized as follows. In the next section, we describe the
background geometry and present the complete set of fermionic normal modes.
The expression for the fermionic condensate, regularized with the help of cutoff
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function, is provided. The extraction of divergences and the renormalization of
the corresponding VEV differ for dS spacetimes with even and odd numbers of
spatial dimensions and we describe the respective procedures in sections 3 and 4,
respectively. Closed analytic expressions are derived for the renormalized fermionic
condensate in both these cases. In section 5 we consider a model with interacting
scalar and fermionic fields where the fermion condensate determines the effective
mass of the scalar field. The main results are summarized in section 6.

2. Regularized fermionic condensate in dS spacetime. We consider
a quantum fermionic field y on background of (D + 1)-dimensional de Sitter
spacetime described by the line element

ds? = di?— o2 i(dzi)z ’ (1)

i=1

in planar coordinates (t,zl,...,zD ). The parameter o determines the Hubble
constant and is related to the corresponding positive cosmological constant A by
the formula o = D(D-1)/2A . In addition to comoving time coordinate #, we will
use the conformal time t defined by the relation t=-ae/*, —w<1<0. In
terms of this coordinate, the line element (1) takes a conformally flat form with
the conformal factor (a/ 1)2. The dynamics of the field in a curved spacetime is
governed by the Dirac equation

iy“(6u+Fu)\v—m\V:0, ?2)

where y* =e(*; )y(“) are the curved spacetime Dirac matrices and T, is the spin
connection. The vielbein fields obey the relation e(‘;)e(vb)n”b =g", with n* being
the Minkowski spacetime metric tensor and g, =diag(l,—e2’/“,...,—e2’/°‘ . The
flat-space Dirac matrices y® are Nx N matrices with N =2{P*)2] where the
square brackets mean the integer part of the enclosed expression. In the discussion

below these matrices will be taken in the Dirac representation:

( _ 1 0 (a)_ 0 o,
-0 e 3

with a=1, 2, ..., D and (N/2)x(N/2) matrices o,. By using the anticommutation
relations for y(“) one gets 6,6, +0,0, =28, . For the geometry under conside-
ration we can take the vielbein fields in the form e}(LO) = 6ﬁ, el(f) =ell Sy,
a=1, 2, ..., D. The components of the spin connection are expressed as I\, =0,
T =" 20}y, 1=1, 2, .., D.

The fermionic condensate in the vacuum state |O> is defined as the VEV
<0|W\|/|0>=<W\y>, where the Dirac adjoint is expressed as W:\VTV(O). In the
discussion below we will assume that the state |0> corresponds to the maximally
symmetric Bunch-Davies vacuum. Note that the maximal symmetry does not
uniquely define the vacuum state. As it has been discussed in [21], in dS spacetime
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there is a one-complex-parameter family of maximally symmetric states. Among
those states the Bunch-Davies vacuum is singled out as the only state having the
Hadamard structure of singularities.

Given_the complete set of solutions to the equation (2), denoted here as
{w[(;),w[({) , the fermion condensate is written as the mode-sum

— 1 —(-), (=) =), (+
()= T v @

Here, \y[(;) and wf{) are the analogs of the positive and negative energy mode
functions in the Minkowski bulk and the collective index [ presents the set of
quantum numbers. In (4), the symbol Zﬁ is understood as a summation over
the discrete quantum numbers and an integration over the continuous ones. In
the problem under consideration the mode functions are specified by the momen-
tum k = (kl, s kD) and by the quantum number o taking the values ¢ =1,..., N/2
(hence, B:(k,c)). They are given by the expressions

H1(/12)—iocm (k T])W(;)
E11)/27[0Lm (kT])WG ) ’
(2) -)
\V[(}_) — C(k)n(DH)/Z eikr —1/2+iom (kn)wc , (5)
H1(/22)+[ocm (k n)WSs_)

where n=-1, k= k|, n=k/k, kr= Zilkizi , HSI’Z)(z) are the Hankel functions,

- i(nc

v = Clie e""’[ -
~i(nc)H

and o = (61,(52, ) In (5), the one-column matrices w((f) have N/2 rows and
the elements w! z) O/ s c(;l) =id,,. The normalization coefficient C(k) is ex-
pressed as
C(k)_ ﬁenam/Z
- HDJ2+1 n(D—l)/Z al?’ (6)

Similar mode functions in locally dS spacetime with a toroidally compactified
subspace are presented in [10]. The mode functions for Dirac fermions in
4-dimensional dS spacetime have also been considered in [22]. For a massless
field, by takmg into account that Hl(/g( ) —i\2/nxe™, we get the conformal
relation \y (n/ oc)D/ ? 84))[3 with the corresponding modes in Minkowski spacetime.
Substituting the normal modes (5) in (4), for the fermionic condensate we find
D+1 _mam
<\|/‘V> 2D¥2_DJ2- IF(D];; DI dkk”

x [Hgll)/Zfi(xm (k n) E1/)2+i0tm (k n)_ 1(/2) —iom (k n) 1(/2)+10Lm (kT])]
The expression on the right-hand side is divergent and some renormalization
procedure is necessary. Introducing the Macdonald function instead of the Hankel

n

™)
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function, the formula (7) is rewritten as

— \_2Pa PPN 1-2ima
)= N 0,4 122me

PR (p)2) n
s . . ()
X .[dkk KI/Z—imoc(lkn)Kl/Zfimot(_ an)
0
In deriving this representation we have used the relation
2
KO -K K00, + 2 KO8, 0) o

with y=ix and v=1/2—ima . This relation directly follows from the recurrence
relations for the Macdonald function.

In order to obtain an alternative integral representation of the fermionic
condensate, for the product of the Macdonald functions (8) we use the formula [23]

K, (ik n)Kv (— ik n) = .[dy cosh(2v y)jﬂexp[— Z(k nsinh y)2 u— L:l . (10)
0 o U 2u

Substituting this into (8), we first integrate over k. Then, instead of u we introduce
a new integration variable x:1/ (u nzsinh2 y). After changing the order of the
integrations, the integral over y is expressed in terms of the Macdonald function
and we find

_ i PPN 1-2ima. |7 o
<‘V\V>:_ 2(2R)D/2+1 (an + 1 j,o[dxxD/z e Kl/Z—ima(xnz)' (11)
Using the relation
(n@n + 2\))6’”‘2KV (xn2)= 2xn? e [KV (xnz)— KV_I(xnz)], (12)
the condensate can also be presented in the form
_ 20PN % .
(ww)=—(2n)D/M {dxxD/ze‘ MK e (%) (13)

The integral in the right-hand side diverges in the upper limit.

For the further evaluation an explicit regularization scheme should be used.
As such a scheme we will introduce an exponential cutoff function e™**, s >0,
in the integrand of (13) with the regularized expression

— () 20PN T o
<\|I\|I>( ) = (2(:;)D/2+1 J-dxxD/ze(l ) ImKl/Z—ima(x)' (14)
0

The limit s — 0 should be taken at the and of calculations.

In (14), the integral over x is explicitly evaluated in terms of the associated
Legendre function (see [24]) and we find
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_ () o PN . VP ()
<\|/\|/> =Wlm F(u+zmoc)l"(p+1—zmoc)m ) (15)
with y=1-s and
_D+1 16
== (16)
For the product of the gamma functions in this formula one has
[D/2]
Flp+ima) 1 ~ima)= By e —ima) [ | 1+ m? 2] (17
where [D/2] stands for the integer part of D/2, and the function
B ()= nx/sinh(nx), forodd D,
P | mfcosh(nx),  foreven D, (18)

is introduced. Now we want to expand the regularized fermionic condensate in
powers of s. The further discussion should be developed for even and odd values
D separately.

3. Condensate in even dimensional spacetimes. First we consider
odd values of the spatial dimension D. In this case W is an integer and the
corresponding Legendre function in (15) is expressed in terms of the hypergeo-
metric function as follows:

- - 2
Pj;a(—y):%(l—yzw 8;‘ F(ima,l—imot;l;HTy]. (19)
Substituting this into the expression for the regularized fermionic condensate, we
get

— \(s) nNa™? . .

yy)  =——————Rel0} Flima,l-imo;1;1-5/2) |.

< > (2n)sinh(nma) [ ( / )] (20)
The expansion of the right-hand side of this expression is given by the formula
[25]

Flima,1-imo;1;1-5/2)= %sinh(nm Ot)i a,[b,—n(s/2)|(s/2)" , (21)

n=0
for the hypergeometric function. In this formula,
. 1—i
a, = (im O‘)ﬂ(( 7 ima), , b, =2%(n+1)-P(n+imo)—F(n+1-imar), 22)
n!
where (c), is Pochhammer's symbol, ¥(x)=T"(x)/T'(x) is the digamma function
(here we use the notation W(x) for the digamma function instead of the standard
one y(x) in order to avoid the confusion with the fermion field y ). With the
use of (21), we have the following expansion
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)

<W‘V>(S) = ﬂ Z“:CIH (-1 (- m; Im(a”_ (I-n+ 1)”,1 - u!Im(arPl )ln(s/z)

(47:)H =1 (s/ 2)"n
+ gc,“ (~1Y ¢=1)1mla, )1+ 1), +ntim(a,b, )+ } :

where C}' are the binomial coefficients and the dots stand for the terms which
vanish in the limit s —> 0. As it is seen from (23), we have the power-law
divergent terms, logarithmically divergent term, and the finite part. Note that the
coefficients (22) can also be written in the form

= /2 2 2 -1
n+imao, g[ e ]’ % ’
1 (24)

n—imo.
On the basis of the expansion (23), taking into account the finite renormalization
terms, the renormalized fermionic condensate is written in the form

(P e (5

(23)

. -2
a - im oc(n!)

b, =2¥(n+1)-2Re[¥(n+ im )] -

e (4n)t T (TP (mo)” 25)
' u-1 2
+ 2{Re[‘1’(zm OL) - ln(m a)} 3 [l + T J} )

where we have used the relation Re[W(l1+ima)|=Re[¥(ima)| which directly
follows from the formula ‘P(l + z): ‘}’(z)+ 1/z for the digamma function (see [25]).
In (25), the coefficients f, should be fixed by an additional renormalization
condition (for a discussion of ambiguities in the renormalization of the expectation
value of the energy-momentum tensor in the Hadamard renormalization procedure
for general number of spatial dimensions see [26]). As such a condition we require
that (eren — 0 in the limit m —>o. By using the expansion

0 n—1

Re[¥(ima)]=In(m o)+ Z(_I)—Bz”, (26)
n=1 21’!(7}1 0,)2’1

with B, being the Bernoulli coefficients, and requiring the cancellation of the
terms in (25) with positive powers of the mass, we find

S B, ( 12] S
e l+—|=-> 24, 27

; nx" g x ;xl (27)
This relation defines the values of the coefficients f, in the expression (25) for
the renormalized fermionic condensate. In particular, one has f, =-1/6 for

D=3, f=-1/6, f,=-17/20 for D=5, and f =-1/6, f,= -47/20, f,=-5297/630
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for D=7. In the cases D=3 and D=5 from (25) one finds

<W\V>ren = #{(ln(m OL) - Re[‘l’(im ()L)])(m2 ol + 1)+ é} ,
(28)

2 2
<W\|/>m = #{%+i—g + (ln(m a)— Re[‘I’(im cx)])(m2 o’ + 1)(m2 a’+ 4)}
For D=3 the result (28) coincides with the corresponding expression obtained
previously in [9]. For a massless field the renormalized fermionic condensate
vanishes. For large masses, ma >>1, the condensate behaves as o /(m a). In
Fig.1 we have plotted the fermionic condensate as a function of ma for D=3
and D=5. In these cases the fermionic condensate is negative for massive fields.

0.0

ren
!
N
SN
O
I
o

10%0° <y y>
S
[=2]
|w)
Il
w

0 1 2 3 4
mo

Fig.1. Fermionic condensate versus ma for the spatial dimensions D=3 and D=>5.

4. Fermionic condensate in odd dimensional spacetime. In the
renormalization procedure we need the expansion of the expression on the right-
hand side of (15) near the point y=1. For even values of D, this expansion for
the associated Legendre function directly follows from the formula

Pl (~7) (2—s)“sinh(zmea)

—ima

== - F(ima,l—ima;l+y;s/2)
(1 e )#/2 iD(1+ w)sin(ur) (29)

]F(l—ima—#)F(u)
(1 —ima + p1)s*
The standard definition of the hypergeometric function in terms of the series over
s provides the required expansion. For the case under consideration p is a half-

+lsin[7r(ima+,u) Flima,1-ima;1— 15;5/2).
T
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integer and, hence, the second term on the right-hand side of (29) does not
contribute to the finite part, whereas the first term is finite in the limit s — 0.
Substituting expression (29) into formula (15) and using the expansion for the
hypergeometric function in the second term on the right-hand side, we find the
following expansion for the regularized fermionic condensate

—

n(s/2)"_“ nl

F o)

™M

Gm&“zNTm—Dyﬂ{mmm

(4n)" o” ma ST(1—p+n)n! i
D/2-1 (30)
—tanh(nma) [ ] [(l+ 1/2) +m? a2]+ },
1=0

where, as before, the dots stand for the terms which vanish in the limit s - 0.
From formula (30) we find the following expression for the renormalized
fermionic condensate:

oL j{z _— ()H“ /)]} o

where the coefficients ¢, are determined from the renormalization condition
(yy),. —0 for m—oo. From this condition it follows that

L bRl (1-1/2Y

L —_ 1+[ j . 32
gw@y H[ — (32)
This leads to the following formula for the fermionic condensate

<W\V> _ (_ 1)1)/2 (4n)(1—D)/2 Nao 2 D/2

m? o? +(1-1/2) |
or((D+1)/2)(e2™ +1) g[ (=125 (33)
This expression coincides with the result obtained in [10] by using the point-
splitting procedure and the adiabatic subtraction. Hence, we have shown that the
different renormalization schemes give the same result for the renormalized
fermionic condensate. The sign of the fermionic condensate (33) coincides with
the sign of (- I)D /2. For large values of the mass, ma >>1, the fermionic
condensate (33) is suppressed by the factor m? o e”?™*  Unlike to the case of
odd D, in even number of spatial dimensions the fermionic condensate for a
massless field differs from zero (see also [10]):
() - (-1)”2 NT((D+1))2)
W = gD G4

In Fig.2 the dependence of the fermionic condensate on ma is presented for
several values of the spatial dimension.
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Fig.2. Fermionic condensate as a function of mo for D=2, 4, 6.

5. Interacting scalar and fermion fields. Nonzero fermionic condensate
can be of considerable importance in interacting field theories. As an example,
here we consider a system of interacting fermionic and scalar fields described by
the Lagrangian density

. | i _ _ _
L=-g" %cpavcp—EMchz+5[W”Vuw—(Vu\v)v”\v]—mww—mzww, (35)

with the coupling constant A having the dimension (length)”?. The corresponding
field equations read

O+ M2 299)o=0, (iv"v, —m—2r9*Jy =0, (36)

where [ stands for d'Alembert operator for scalar fields.

Assume that the field ¥ is quantized and the field ¢ is a classical field. If
(Ww)ren is the renormalized fermion condensate, then the classical dynamics of
the scalar field is described by the equation

@+ +20(9v) _Jo=0. (37)

As it is seen, the effect of the interaction of the scalar field with the fluctuations
of the fermionic field is equivalent to the change of the mass term. For a general
background the effective mass depends on the spacetime point. In the case of dS
bulk the fermion condensate is constant and the interaction leads to a constant
shift in the squared mass term for the scalar field. In general, this shift can be
negative and under the condition M 2y 2K<W\y> <0 the effective mass becomes

ren
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tachyonic. The tachyonic mass may lead to an instability of the corresponding
field theory (for instabilities in interacting scalar field theories induced by
background geometry, nontrivial topology and boundaries see [27]). Note that, in
a similar way, the quantum fluctuations of the scalar field lead to the correction
of the fermionic mass term in the form 7»<(p2 > . In a more general case of a
scalar field with the potential ¥(¢), the interaction with the vacuum fluctuations
of a fermionic field leads to the correction with the effective potential
Vet ((p)z V((p)+ k{W\y)ren ¢°. In particular, this type of correction to the inflaton
potential can have important consequences in the inflationary scenario.

Similar to the case of the system of interacting fermion and scalar fields, the
nonzero fermionic condensate leads to the shift of the fermion effective mass in
the Nambu-Jona-Lasinio type models. These models contain four fermion inter-
action term g(W\V)2 in the Lagrangian density, with g being the four fermion
coupling constant. They were applied to describe the dynamical symmetry breaking
in electroweak theory and quantum chromodynamics (for symmetry breaking in
the Nambu-Jona-Lasinio model in curved spacetime see, for example, [28,29]).
The corresponding effective mass for a fermion field becomes m—2 g(W\u)ren.
Again, we see that, depending on the fermionic condensate, the effective mass may
become negative.

6. Conclusion. In the present paper we have investigated the fermionic
condensate for a massive spinor field in dS spacetime in an arbitrary number of
spatial dimensions. In Section 2, an expression for the corresponding regularized
quantity is derived assuming that the field is prepared in the Bunch-Davies vacuum
state. The renormalization procedure for even and odd dimensional spacetimes is
considered separately. In even dimensional dS spacetime the renormalized fermionic
condensate is given by expression (25), where the coefficients are obtained from
the condition of vanishing the condensate in the limit m — o . These coefficients
are defined by the relation (27). For large values of the field mass, the condensate
decays as 1/(ma) and it vanishes for a massless field field. In odd dimensional
dS spacetime, for the renormalized fermionic condensate we derived the formula
(31), with the coefficients ¢, defined from the relation (32). In this case, for large
values of the mass the fermionic condensate decays exponentially. Unlike the case
of even dimensions, for a massless field the condensate does not vanish.

Another vacuum state in dS spacetime is the hyperbolic vacuum [30-33]. It
is naturally realized by the normal modes of quantum fields in the coordinate
system foliating the spacetime by spatial sections with constant negative curvature.
Unlike to the Bunch-Davies vacuum, the hyperbolic vacuum is not maximally
symmetric and the corresponding fermionic condensate will depend on time. This
feature has been demonstrated for the expectation values of the field squared and
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energy-momentum tensor in the case of a scalar field (see [30,33]). For a massless
fermionic field we expect that the difference in the fermionic condensates for the
Bunch-Davies and hyperbolic vacua will decay at late stages of the expansion like
1/ t? . This is in agreement with the general result in accordance of which the
Bunch-Davies vacuum is a future attractor for relatively large class of states in dS
spacetime. Note that the renormalization of the fermionic condensate for the
hyperbolic vacuum is reduced to the renormalization for the Bunch-Davies vacuum
and the difference in the corresponding VEVs is finite.

In interacting field-theoretical models (self-interacting fermionic field, fermionic
fields interacting with scalar or vector fields) the formation of nonzero fermionic
condensate may lead to phase transitions. We have considered two examples. The
first one presents a system of scalar and fermionic fields with the interaction
Lagrangian density proportional to (pzﬁ\y and the second one corresponds to the
Nambu-Jona-Lasinio type model with the self interaction (W\v)z. Depending on
the value and sign of the condensate, the effective mass squared may become
negative. Scalar-fermionic models with the interaction const-yy g"" 0,¢0,¢ have
also been considered in the literature. In this type of models the nonzero
condensate may lead to the change of the sign of the kinetic term for the scalar
field (ghost field).
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®EPMUOHHBIN KOHAEHCAT B IMPOCTPAHCTBE-
BPEMEHU ne CUTTEPA

A.A.CAAPAH!, E.P.GE3EPPA ne MEJIJIO?, A.C.KOTAHKAH!,
T.A.ITIETPOCAH!

HccnenoBan depmuoHHbIi KoHAeHcaT B (D+1)-MepHOM MpOCTpaHCTBE-BpeMEHU
ne Curtrepa ¢ MOMOIIBIO peryisipu3alu odpesatoieid GyHkuyei. s ycrpaHeHust
HEOJIHO3HAYHOCTH MEePEHOPMUPOBKY B CIydyae MAaCCUBHBIX MOJIEH, HAKJIaAbIBAETCs
JIOTIOJIHUTEJIbHOE YCIOBUE, TpeOylollee 3aHyIeHUe KOHAeH caTa B Ipeaesie 0ecko-
HeyHOM Macchl. JIst GoblIMX 3HaUeHWI MacChl OISl KOHIEHCAT AKCIOHEHLIMATbHO
3aTyxaeT B MPOCTPAHCTBE-BPEMEHU HEUETHON Pa3MEPHOCTU M CTPEMUTCS K HYJIIO
10 CTENEHHOMY 3aKOHY B YETHO-MEPHOM IPOCTpaHCTBe-BpeMeHu. st 6e3mMaccoBoro
noJjig (pepMUOHHBI KOHIAEHCAT OOpalllaeTcsd B HyJb IMPU HEUETHBIX 3HAYEHUSIX
MPOCTPAHCTBEHHON padMepHOocTM D W omiumyeH oT Hyas npu yetHoM D. B
3aBUCUMOCTH OT NMPOCTPAHCTBEHHON pa3sMepPHOCTH (PEPMUOHHBIN KOHIEHCAT MOXKET
OBITh KaK MOJIOXKUTEbHBIM, TaK W OTpULIATEIbHBIM. MI3MeHeHre 3HaKa KOHIeHcaTa
MOXET MPUBECTH K HEYCTOMYMBOCTSIM BO B3aMMOIEUCTBYIOLIUX TEOPUSIX MOJIs.

KoiroueBblie ciioBa: ghepmuonnubiii kondencam: npocmpancmeo-epems de Cummepa:
eaxyym banua-Jlesuca

REFERENCES

1. A.D.Linde, Particle Physics and Inflationary Cosmology (Harwood Academic
Publishers, Chur, Switzerland 1990).

2. J.Martin, C.Ringeval, V.Vennin, Phys. Dark Univ., 5-6, 75, 2014.

3. N.D.Birrell, P.C.W.Davies, Quantum Fields in Curved Space (Cambridge
University Press, Cambridge, 1982).

4. L.Parker, D.Toms, Quantum Field Theory in Curved Spacetime (Cambridge

University Press, Cambridge, 2011).

G.Cognola, E.Elizalde, S.Nojiri et al., JCAP, 02, 2005, 010.

A.Dolgov, D.N.Pelliccia, Nucl. Phys. B, 734, 208, 2006.

P.Candelas, D.J.Raine, Phys. Rev. D, 12, 965, 1975.

S.G.Mamayev, Sov. Phys. J., 24, 63, 1981.

. E.R Bezerra de Mello, A.A.Saharian, J. High Energy Phys., 08, 2010, 038.

10. E.R.Bezerra de Mello, A.A.Saharian, J. High Energy Phys., 12, 2008, 081.

11. A.A.Saharian, Class. Quantum Grav., 25, 165012, 2008.

12. S.Bellucci, A.A.Saharian, H.A.Nersisyan, Phys. Rev. D, 88, 024028, 2013.

O 00 3 O\ W



588 A.A.SAHARIAN ET AL.

13. S.Bellucci, E.R.Bezerra de Mello, A.A.Saharian, Phys. Rev. D, 83, 085017, 2011.

14. A.Flachi, Phys. Rev. D, 88, 085011, 2013.

15. A.Flachi, K Fukushima, Phys. Rev. Lett., 113, 091102, 2014.

16. V.E. Ambrus, E.Winstanley, Class. Quantum Grav. 34, 14501, 2017.

17. S.Catterall, J.Laiho, J.Unmuth-Yockey, J. High Energy Phys., 10, 2018, 013.

18. A.A.Saharian, E.R.Bezerra de Mello, A.A.Saharyan, Phys. Rev. D, 100,
105014, 2019.

19. A.Saharian, T.Petrosyan, A.Hovhannisyan, Universe 7, 73, 2021.

20. S.Bellucci, W.Oliveira dos Santos, E.R.Bezerra de Mello et al., arXiv:2105.00829.

21. B.Allen, Phys. Rev. D, 32, 3136, 1985.

22. I.1.Cotaescu, Phys. Rev. D, 65, 084008, 2002.

23. G.N.Watson, A Treatise on the Theory of Bessel Functions (Cambridge
University Press, Cambridge, 1966).

24. A.P.Prudnikov, Yu.A.Brychkov, O.l. Marichev, Integrals and Series (Gordon and
Breach, New York, 1986), Vol. 2.

25. Handbook of Mathematical Functions, edited by M.Abramowitz and 1.A.Stegun
(Dover, New York, 1972).

26. Y. Décanini, A.Folacci, Phys. Rev. D, 78, 044025, 2008.

27. L.H.Ford, Phys. Rev. D, 22, 3003, 1980.

28. E.Elizalde, S.Leseduarte, S.D.Odintsov, Phys. Rev. D, 49, 5551, 1994.

29. T.Inagaki, T.Muta, S.D.Odintsov, Prog. Theor. Phys. Suppl., 127, 93, 1997.

30. J.D. Pfautsch, Phys. Lett. B, 117, 283, 1982.

31. M.Sasaki, T.Tanaka, K Yamamoto, Phys. Rev., D 51, 2979, 1995.

32. F.V.Dimitrakopoulos, L.Kabir, B.Mosk et al., J. High Energy Phys., 06, 2015,
095.

33. A.A.Saharian, T.A.Petrosyan, Phys. Rev. D, 104, 065017, 2021.



"Actpodpusuxa”
IIPABIJIA IJII ABTOPOB

1. Pykonucu Moryr OHITh mpencTapineHbl B nmedyaTHoM Buae (hard copies) B
IBYX IK3EMIUISpaX, OTICYaTAaHHBIC Ha ONHOM CTOpOHE nucTa popmata A4, BMecTe
C COOTBETCTBYIONICH MEKTPOHHOH BepcHell. ONHH U3 SK3EMILISIPOB JOIKEH OBbITh
MOANMCAaH BCEMH aBTOPaMH. YKa3hiBaioTCcd CBeneHHS 00 apropax: hammnud, uMs,
OTUECTBO, HA3BAHHE YUPEKICHUS, JMCKTPOHHEIA aipec.

2. Pykonucs Moxer ObiTh HabpaHa B BuAe daitna ¢ pacumpennamu .doc, .docx,
1tf, gepes 1.5 unTepBana, ucnonbsyg Font 12pt.

3. Pucynxu DOMXHB! OHITH BHIOMHEHB NPEAENbHO aKKYPaTHO ¢ Pa30opYHBHIME
Hangnucavu. Heobxonumeie 00BbICHEHHS MAIOTCI B MOAIHCIX K PHCYHKAM, KOTOPhIe
HE JOMNKHLI MOBTOPATHCHA B TeKCTe. PHCYyHKH HeOOXOAMMO OTNPaBHTh B BHAE .jpg,
Jbmp, .wmf, .eps daitnos. C yuerom dopmata KypHaia pasMephl PUCYHKOB peIakiineil
MOTYT OBITh H3MEHEHH. B TEKCTE PHCYHKH HYMEPYIOTCA B IOPSAKE OYSPEHHOCTH
(puc.1, puc.2, u 1.0.). Ecnu pucyHOK, COCTOUT M3 ABYX Wad Oonee maHenei, To
BO3MOXHBI 0003Ha4YeHHS THIA puc.la mwm puc.la, b.

4. Tabpuyst BOMXKIBI UMETh HOMepa B nHGOpPMaTHBHEIC Hazpauugd. IIpnMedanng
JOIDKHE OBITH CBEleHbl K MEHUMYMY W IPOHYMEPOBAHL! HACTPOUHBIME apabCKIuMu
nudpamu.

5. Humupoeanue sumepamypei. llutupyeMas IUTEPaTypa JacTCA NOPIIKOBBIM
HOMEpPOM B CTPOYKY B KBaApaTHHIX CKOOKax (Hampumep, [5]) u coorBeTcTBYET
HOMEPY B CIHCKE JuTeparyphl. COHCOK NUTEPaTyphl AOKEH ObITh OdOpMIIEH
CACAYIOmUM o0pa3zoM:

a) Jlng KypHanbHBIX CTaTell YKa3BIBAIOTCH MHHUUHAMH M (aMUJIUH aBTOPOB
KYPCHBHBIM WPpHGHTOM (B OPHTHHANBHON TPaHCKPHIIIWHK), Ha3BaHHE XypHaia B
MPHHITOM COKPAIICHHH (COKPAICHHT M1 HEKOTOPBIX HAHOOMEe YacTO BCTPSYAEMBIX
KYPHAJIOB, NIpUMEHAeMEBIX B "AcTpodu3nKke”, HaeTcad B caliTe XypHajia), HOMEP
TOMa XHPHHIM IIPHPTOM, HOMEP MEPBO CTPaHUIIH, rof w3naHug. Jlng pyccko-
SI3BIYHBIX KYPHANOB, KOTOPHE MEPCBOAATCS HA aHIMHMCKHH A3BIK, B CKOOKax
MPHBOAATCA COOTBETCTBYIOIIEE HA3BaHHE XKypPHAAa HA aHIJHHCKOM, TOM, CTPAHHIA
H roi myOJNHKalluu.

0) Mnsa kHAUr ciegyeT yKa3biBaTh HHHUHAJIL U (DaMIIHIO aBTOpa KYPCHBOM,
MECTO H IO H3NaHHI.



6. Ogopmaenue pyxonucu. Ha miepBoil cTpaHulie HaeTcsl Ha3BaHUE CTaTbu (110
BO3MOXHOCTU KpaTKO M MH(OPMATUBHO), MHULIMAJIbI, (haMUJIMsI KaXXKI0ro aBTopa
M aHHOTAIlUS Ha PYCCKOM sI3bIKe. Ha BTOpoOil cTpaHuIle TIpUBOIOATCS Ha3BaHME
CTaTbW, WHULIMAJBI, (haMWINS KaKIOTO aBTOpa U TEKCT aHHOTAIIMU Ha aHTJIMICKOM
SI3bIKE, KOTOPBIN JOJKEH MOJTHOCTHIO COOTBETCTBOBATh PycCKOMY. B aHHOTauuu
JIOJKHBI OBITh M3JI0KEHBI TIaBHBIC Pe3yJIbTaThl pabOTHI O€3 CCBUIOK Ha JIUTEpaTypy.
MaxkcruMaIbHBII 00beM aHHOTALIMM HE JIOJDKEH IPEBbIaTh 5% OCHOBHOIO TEKCTA.
Tabnuilbl, CIMCOK JIUTEPATYphl, PUCYHKM W HAAMUCU K PUCYHKaM Ie4yaTaloTcs Ha
OTHENBHBIX CTpaHUIIaX. PacrionoxkeHne TabIMIl 1 PUCYHKOB OTMEYAeTCsT Ha TIOJISAX
OCHOBHOTI'O TeKCTa. AHHOTAIIMM, OCHOBHOM TEKCT, CIIMCOK JIMTEPaTyphbl U TaOJMIIbI
JOJDKHBI MMETh OAHY OOIlyl0 HyMepauuio cTpaHul. CyMMmapHbIi o0beM He
JOJKEH TIPeBBIIIATh 16 cTaHAapTHRIX cTpaHuI. OO0beM KpaTKOTO COOOIIEHUS - He
bosiee 4 cTpaHUll.

CtaTbhs COCTOUT M3 MPOHYMEPOBAHHLIX pa3iesioB, HauuHas ¢ "1. Beedenue".
HasBanus pasnesioB meyaTaloTcsl KYpCUBOM B CTPOKE, OHU JIOJDKHBI OBITh KPAaTKUMU
u comepxareabHbIMU. [lompasaensl MOryT OBITb TPOHYMEPOBaHHI Kak 2.1, 2.2 u
T.1. Heobxomumble cokpallleHUsT TEPMUHOB MM Ha3BaHUIA MOTYT OBITh MCITOJIb-
30BaHBI BO BCEll CTaTbe, OJHAKO MX OOBSICHCHME JaeTCs JUIIb ONWH pa3 IpH
MepBOM YIIOMUHAHUHU.

7. B ciaydae mpencrapieHMs IByX WM Oojiee cTaTeil OMHOBPEMEHHO HEOOXOAMMO
yKa3aTh XeJlaTeJIbHbI MOPSII0K UX MyOJuKalMu.

8. Pykomucu aBropaM He BO3BpallalOTCS.

9. ABTOpam cTaThbd (HE3aBUCMMO OT MX KOJMYecTBa) MpeacTasisgercs 10
OTTUCKOB O€CIUIaTHO.



CONTENTS

Discrepancy between values of the Hubble constant, determined by different
methods
H.A.Harutyunian

Environmental dependence of all the five band luminosities of active
galactic nucleus (AGN) host galaxies

Yong Xin, Xin-Fa Deng
Study of the AY Lac star, an explosive variable of the WZ Sge type,
by multicolor photometry methods
S. Yu.Shugarov, M.D.Afonina, A.V.Zharova
Several star formation regions in southern hemisphere

A.L.Gyulbudaghian
Luminescence of dust and fluorescence of gas of CED 201 nebula
1. A.Simonia

On time-dependent radiative transfer problems in one-dimensional
medium

A.G. Nikoghossian

White dwarfs in a uniform sphere approximation, with account of general
relativity effects

G.S.Bisnovatyi-Kogan, E.A.Patraman
Modified Renyi holographic dark energy (MRHDE) in f(R, T) theory of
gravity
J.Bharali, K Das
Fermionic condensate in de Sitter spacetime
A.A.Saharian, E.R.Bezerra de Mello, A.S.Kotanjyan,
T.A. Petrosyan

479

491

503

519

527

537

551

559

575



HNunexc 70022

COOEPXAHWE (mpopoiixxeHue)

BEJBIE KAPJIMKM B IMTPUBIMXEHHWHNW OJHOPOJHOI'O IIIAPA,
C YYETOM DODPEKTOB OTO
I'.C. Bucnosamviii- Koean, E.A.Ilampaman
MOIUDPUITNMPOBAHHASA TOJIOTPA®NYECKAA TEMHAA DHEP-
I'md PEHbU (MRHDE) B TEOPUU T'PABUTALINMU f(R,T)
. bxapanu, K. Jlac

®EPMUOHHbIM KOHAEHCAT B [TPOCTPAHCTBE-BPEMEHU
ne CUTTEPA

A.A.Caapan, E.P.bezeppa de Menno, A.C.KomanoxucsaH,
T.A.Ilempocsn

551

559

575



	bov
	red.col
	2021.4

	479-490
	491
	503-517
	519-526
	527-536
	537-550
	551-557
	559-573
	575-588
	rules



