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PACCTOAHUA JO 10 BIIM3KUX TAJTAKTUK,
HABJIIOOJABIINXCA HA KOCMHUYECKOM
TEJECKOIIE XABBJI

N.J.KAPAYEHIIEB, HA.TUXOHOB
Mocryrmma 21 Hosopst 2022

Hzobpaxenns 10 ranaktuk B ¢dmisrpax F814W u F606W, monyuyennsie ¢ ACS Kamepoi Ha
KOCMHMYECKOM Tejieckorie Xa00J, HCIIONb30BaHbl Uil MOCTPOCHMSI IHUarpaMMbl IIBET-BeJIMYMHA
3BE3HOTO HACEJICHUST 9TUX TaJaKTUK. PaccTOSTHUST 10 TrajlakTUK OLIEHEHBI 10 CBETUMOCTH BEPILMHbBI
BETBM KPACHBIX TMTaHTOB. PacCMOTpEHHBIE TATAKTUKM MMEIOT JIyUeBble CKOPOCTH oT 250 kM ¢ 1o
760 KM ' OTHOCHTENBHO HEHTpoMaa MeCTHOI TPYMITBl ¥ PAcCTOSAHMS B AMamasoHe oT 3.7 MIK 1o
13.0 Mnk. OTMeueHBI TaKxKe HECKOJIBKO APYTMX HAOMIOMABIIMXCS TAJAKTUK C MaJTbIMU JTy4YEBBIMU
CKOPOCTSIMU, PAacCTOSIHUSI KOTOPBIX OKa3zaauch 3a mpeaeioMm 13 Mmk.

KiroueBble cioBa: earakmuku - KapauKoevle cdlaKkmuKu. pacCmosARUA - ed1aKnmuKu

1. Beedenue. BonbuM JOCTHXEHUEM B U3YYEHUM KUHEMATUKU U TUHAMUKU
MecTHo#t BCeIeHHOM 3a MOcC/eIHYE 1Ba JeCSTUIETUS SIBUJIOCh MAacCOBOE ONpeesieH e
BBICOKOTOYHBIX PACCTOSIHMI A0 OJM3KMX TajJakKTUK C MOMOIIbIO KOCMUYECKOIo
tesneckora Xao6a (HST). Mcnonb3yst MeTon CBETUMOCTU BEPIIMHbBI BETBU KPACHBIX
rurantoB (TRGB) [1], cTano BO3MOXHBIM M3MEPUTh PACCTOSIHUS C IMOTPELTHOCThIO
~5% nna 6onee 400 ramaktuk MectHoro oobeMa (MO) B Ipeneiax pacCTOSTHUS
D =~11 Mnk Bokpyr Hac. [IJis MHOTUX TaJlaKTUK ObIJIO YCTAHOBJIEHO MX WIEHCTBO
B OJTM3KMX TpYIINax, U MO BUPUAJTIbHBIM CKOPOCTSIM CITYTHUKOB ObLIM OMpeaeeHbI
Macchl TEMHOT'O TaJI0 BOKPYT SIPKMX LEHTPAIbHBIX TalakTUK [2]. CpeaHsist TUIOTHOCTh
TEMHOM MaTe€pUU, COCPEIOTOYEHHON B TAJI0 MECTHBIX FaJIaKTUK, OKA3aJ1ach PaBHOM
0.08 B egmHMIIaX KPUTUYECKOM IIJIOTHOCTU [3], YTO COCTaBISIET BCETO OIHY
YeTBEPTh OT II00ATbHONW KOCMMYECKOW IIOTHOCTA Matepuu €, ~0.31. DTOT
pe3yabTaT BRITJISIAUT MapagoKCcaabHBIM, TTOCKOJBKY CPEIHSS TUIOTHOCTD 3BE3MHOU
Marepuy B MecTHOM o0beMe MPakKTUUYeCKH HeOTIMYMMa OT CpelHelt TiodaibHOR
3Be3AHOM TIOTHOCTU. OTKIOHEHME JTYYEeBbIX CKOPOCTEH rajlakTUK OT MIEaTbHOTO
xaG60BcKoro noroka V=H, D, rne H,=73kmc" Mnk™' - mapamerp Xa66ua, naio
TaKKe YETKOE CBUIETEhCTBO HATMUMS KOJIEKTUBHOIO TBUYKEHUSI MECTHBIX TAJTAKTUK
B CTOPOHY OJIVDKalillero 60oraroro CKOIJieH!s B co3Be3n1u JleBbl, a TakKe yJacTust
HUX B CUCTEMATUUYECKOM paclIMpeHUU oKpecTHocTeldr MecTHoro Boiiga. Habiona-
TeJbHbIE NaHHbIE O paccTossHMsIX rajakTuk MO, mnpeactaBieHHsle B Updated
Nearby Galaxy Catalog (UNGC, [4]) u Extracalactic Distance Database (EDD,
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[5]), siBAsttOTCST (DyHIAMEHTOM ISl IPOBEPKU KOCMOJIOTUYECKMX MOJEIC Ha MaJIbIX
Macirabax.

IMocnegHM 3HAYMTETBLHBIM MOMOJHEHUEM AAHHBIX O PACCTOSHUSX OJIM3KUX
rajlakTuk ssBuianch Haomomenus Ha HST ¢ kamepoit ACS no mporpamme SNAP
15922 (PI R.B.Tully). 13 153 muiiieHeit mporpaMMbl HAOMIOACHYSI ObLIN BBITOJIHEHBI
st 80 ranakTuK. AkKypatHble TRGB-paccTossHust Obutd TIOSTy4eHbl Uit 53 TalaKTUK
[5-11] u noxymeHTUpoBaHbl B 06a3e gaHHbIX EDD (edd.ifa.hawaii.edu). He3aBucumbie
n3mepennss TRGB-paccTrosgauii ans 24-X KapJaMKOBBIX TaJaKTMK M3 0030pa
SNAP15922 6binu npoBeaeHbl TuxoHoBbIM 1 'aiazyTanHOBOM [12], y MOJOBUHBI
9TUX raJakTUK pacCTOSIHUS ObLIU OIpeaesieHbl BriepBble. Cpeayn HaOMIOIaBIINXCS
00BEKTOB OCTAINCH CIydau, KOrjaa TUAMPOBAHUE TeJeCKOMa OKa3aloCh HEUICATbHbIM,
a TaKxe TalakTiku ¢ nonoxxeHueM TRGB BOnM3m mnipenesia oOHapy>KeHUsI U HEKOTOpbIe
roTyOble KOMITAKTHbBIE TAJTAKTUKM C BBICOKOI 3BE3MHOIM KOHIIEHTpalueil. PaccMorpeHune
STUX CJIOKHBIX CJydaeB SBJSIETCS TPEAMETOM JaHHOU pabOoTHI.

2. Habawodenus u obpabomka OanHbix. CHUMKHA paccMaTprBaeMbIX
rajakTHK ObLn ronydyeHsl ¢ Kamepoit ACS HST ¢ skcnosunusamu 760 ¢ B KaxXmom
dunprpe F814W u F606W. BbIOOp 3KCIO3ULIMI OMPEAEISICS BO3MOXHOCTHIO

Puc.1. U3o6paxkenus ranaktuk B puibsrpe F606W, momyyeHHbie Ha ACS-Kamepe KOCMUYECKOTO
Teseckora Xa0o6a. Pasmep cHumkoB 1'.67 x 1'.67, ceBep M 3amaj OTMEUYEHBI CTPEJIKaAMU.
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Puc.1. (OxoHuaHwue).

MPOBeJeHUs LIMKJIa HAOMIOIEeHUI B TeUeHWe OAHOro opouTtaibHoro nepuona HST
B SNAP-pexume.
st 3Be3mHON (hoTOMETpYHU OBLIU MCIIOB30BaHbl CTAHAAPTHBIE TTAKEThl MPOrpaMM
DAOPHOT 1I [13,14] u DOLPHOT 2.0 [15]. Pe3ynabTaThl (hOTOMETpUM 3BE3N
MpoXomwI 00bIMHYIO npoBepKy 1o kputepusiM "CHI" n "SHARP", yTo0BI MCKITIOUNTD
nuddy3Hble 00beKThl. MeToanyecKue AeTaJlu U3JI0XKEeHBl B pabdore [16].
M3zo6paxennst 10-Tu U3ydeHHBIX HAMU TaJIaKTUK TMPEACTaBIEHbI B BUIE MO3aUKKU
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Puc.2. CM-nuarpaMmbl JIsSI pacCMaTpMBaeMbIX TaJIaKTUK (JIeBble NaHeau). [opr3oHTaIbHBIC
JHUKM oTMevatoT nojoxeHne TRGB. Ha mnpaBbIx maHensx MpeacTaBieHbl (PYHKIIMUA CBETUMOCTH
KpacHbBIX 3B€3[ B JMHEWHOW IIKaJe.
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Ha puc.l. Pasamep kaxmoro m3obpaxkenus B duwistpe F606W cocrasiser 1'.67.
HekoTopble KpyIHbIe raJakTUKK MOMNagaloT B 3TOT ¢opMarT JIMIIb YaCTUYHO.

ITonyuyeHHbIe quarpammbl HBeT-BeurHa (CMD) aist kaxnoi u3 10-Tu rajakTik
MOKa3aHbl Ha JIeBbIX TaHedstx puc.2. [IpaBbie MaHeauM pUCYHKa BOCIIPOM3BOAST
MOCTPOEHHYIO0 (DYHKIIMIO CBETUMOCTH T'aJIaKTUK B JIMHEMHOM 11Kane. JIs1 mocTpoeHust
(YyHKIIMY CBETUMOCTH MCITOJI30BaHKI 3BE3/IbI C TTOKA3aTeIeM LIBETa B MHTEPBaJe
1.0<(V-1)<1.7, cooTBEeTCTBYIOILlIEM AMAaNa3oHy I[BeTa 3Be3l BETBU KPaCHBIX
ruranToB. Ilomoxenne TRGB y ragaktmk oTMedyeHO TOPM3OHTAJILHOM JIMHUEIA.
OHo ornpenensyioch Mo CKayky Ha (PYHKIMW CBETUMOCTHW 3Be3l, IS Yyero Obuia
ucnojb3oBaHa ¢yHKLMsE Cobest [17], MaKCMMyMbI KOTOPOI COOTBETCTBYIOT PE3KUM
M3MEHEHMSIM B YMCJIE 3Be3/1. DTOT METOI UMEET M3BECTHbIE TPYIHOCTH, HEOMHOKPATHO
obOcyxaaBiuecs B auteparype. OCOOEHHO 3TU TPYAHOCTU MPOSIBISIIOTCS, KOraa
TRGB-ranaktuku pacrojaratorcst BOIu3u (HOTOMETpUUECKOro mnpefaena (B HalleM
ciayqae I, ~27™.0), WM eClM YMCIIO U3MEPEHHBIX 3Be3 B KapJIMKOBOM TalaKTHKE
HEBEJIVKO.

Ewe ogHum dakropoM, 3aTpyaHsiomuM orpeaeneHre mnosoxeHuss TRGB,
SIBJISIETCS] HaJW4ue y rajakTuku noacucremMbl AGB-3Be3n, cBETUMOCTH KOTOPBIX
JINIIb HEMHOTO SIpYe CBETUMOCTHM BEPIIMHBLI BETBM KPACHBIX TMTaHTOB. YTOOBI
0CJIabUTh PoJib 3TOro 3hdekTa, Mbl BEIOMpaAIH 151 (POTOMETPUM 3BE3Ibl HA OKpPaNHE
TaJIaKTUKU, TAe OTHOCUTENbHBIM BKiam AGB-3Be3nm MeHbiie, yeM Bkiag RGB-
HaceJICHUSI.

PesynbTarhl onpeneaeHus] pacCTOSIHUM Y paCCMOTPEHHBIX TAJIAKTUK MPUBEIEHbI
B TaOu.1, tme (1) - UMs rajakTuku B 6a3e gaHHBIX sao.ru/lv/lvgdb; (2) - HoMmep
rajaktiuku B Karajgore HyperLEDA [18]; (3) - akBaTopua/ibHble KOOpAMHATHI Ha
anoxy J2000.0; (4) - TyyeBast CKOPOCTb B KMC ' OTHOCHUTEJIBHO LIeHTpoKaa MecTHOi
rpymmbsl, (5) - MONIOXXeHWe BepIIMHBI BETBM KPAaCHBIX TMTAaHTOB (3B. Bel.); (6) -

Tabauua 1
TRGB-ITAPAMETPbBI HABJIIOZAEMDbIX T'AJIAKTHUK
Wma ranakruxku | PGC-nomep RA  Dec Vie | Liggs | A4, | M, | DM | D
(2000.0)

[KK2000]58 2815824 | 134600.8-361944 | +255 | 23.85 | 0.09 |-4.11 | 27.87 | 3.75
NGC 7713 71866 233615.0-375620 | +696 | 25.45 | 0.02 [-4.10 [29.53 | 8.05
UGC 5829 31923 104241.9+342656 | +592 | 25.69 | 0.04 | -4.11 | 29.76 | 8.95
Mrk 1265 32413 104940.4+225019 | +534 | 25.89 | 0.04 | -4.05|29.90 | 9.55
ESO 373-007 27104 093245.4-331444 | +556 | 26.10 | 0.20 | -4.05 [29.95 | 9.77
NGC 6684 62453 184857.9-651024 | +720 | 26.27 | 0.10 | -3.88 | 30.05 | 10.23
UGC 12588 71368 232442.4+412053 | +723 | 26.33 | 0.22 | -4.11 | 30.22 ( 11.07
Mrk 475 52358 143905.4+364822 | +677 | 26.22 | 0.02 | -4.11 | 30.31 [ 11.53
KKH 68 2807141 | 113053.3+140846 | +753 | 26.47 | 0.06 [-4.07 | 30.48 | 12.47
KDG 178 42413 124010.0+323931 | +763 | 26.47 | 0.02 | -4.12 | 30.57 | 13.00
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MeX3Be3IHOE TTOMIOLIEHE B HAIIpaBIEeHUU TaJlaKTUKK (3B. Bell.), cortacHo Illmadau
n OunkGeitHepy [19]; (7) - monoxenne TRGB (3B. Ben.), KoTopoe c1abo 3aBUCHUT
oT cpeaHero rnokasatens usera (F814W - F606W) y Hacenenuss RGB [20]; (8.,9) -
MOAYJIb PACCTOSIHUSI TaJaKTUKU (3B. BeJl.) M JIMHEMHOE paccTossHue B MIIK.
lNanakTvku B Tabnulie paHXUPOBAHBI MO BEJIMYMHE OLIEHKU UX PACCTOSIHUSI.

Kak 1mmokasbiBaeT cpaBHEHHME OLICHOK PACCTOSIHUS 3TUM METOIOM, CACTaHHBIX
pa3HBIMU aBTOpaMU, XapaKTepHas IOrpelrHOCTh n3MepeHus D coctapnseT ~5%.
DrTa morpelrHocTh Bo3pacraet A0 7-10% c mpubmmkennemM TRGB-ramaktnkm
doTomeTpuueckomy Tipeneny. [Ipu 3ToM MHOTIA BO3HMKAET M CUCTeMaTU4yecKast
olIMOKa M3-3a IyTaHUIBI B osoxXeHuu BepiunHbl BeTBeii RGB- 1 AGB-3Be3n.

OueBUIHO, YTO MOJYyYEHHbIE JaHHBbIe OO0 OLEHKAX PAacCTOSHMSI TalaKTUK
HYXXIaloTcsl B 0ojiee JeTalbHBIX KOMMEHTAPUSIX.

3. UHnousudyanvHble cayuau.

[KK2000]58. Dra kapnukoBas cdepoumaibHas TalaKTWKa ObLIa BIICPBBIC
paspellieHa Ha 3Be3bl Ha CHUMKaX ¢ Ha3eMHBIM 8-M TeneckorioM LVT [21]. ABTopsl
OIPEIEIVIIA PACCTOSTHUE IO TaJIaKTUKU, paBHoe 3.3610.11 Mmk, 4To CcTaBUIO 3Ty
rajJakTMKy Ha nepenHioro rpaHuily rpymmbl Bokpyr Cen A (NGC 5128). Hama
olieHKa paccTosiHus, 3.7510.18, mydllie COOTBETCTBYET CPEAHEMY PACCTOSIHUIO TPYITIThI
Cen A (3.68 Miik). B6musu tieHTpa dSph-rafakTMKyu HaXOOUTCS 1IAPOBOE 3BE3MHOE
CKOITICHUE, JIydeBasi CKOpOCTh KoToporo 6nia n3mepeHa ®apmonoM u mp. [22]. Ha

22 T T T T 1 T T 1T T T T T 17 T T 1T
= KKs 58, cluster —+ KKs 58, field —
23 + —
24 e —+ . .
KY
- g,
- ™ -4 . —
.*:. . L]
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= :..:Jh.%. £ ]
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Puc.3. CmeBa - CM-mmarpamma IJisi 3Be3[l 1IapOBOTO CKOIUIEHUs BOMM3M 1eHTpa dSph-
rajgaktuku [KK2000]58 B aneptype paamycom 2". CnpaBa - CM-auarpamma JUist 3Be3/l COCEIHEeH
IUIOLIAAKNA C TOW K€ anepTypoi.
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cHUMKax, nojgydeHHbIx ¢ ACS HST, mapoBoe cKoIuieHre XOpOIlo pa3pelaeTcs: Ha
3Be31bl BeTBU KpacHbIx TuraHtoB (puc.3). Ilonoxenue TRGB y ckomienus
cornacyetcst ¢ oueHkoil TRGB mo Bcemy Tely KapJauMKOBOW TalaKTUKMU.

NGC 7713. CornacHo NASA Extragalactic Database (NED; ned.ipac.caltech.edu),
5Ta CIUpaibHasl TATaKTUKA TO3IHEro TUIa UMeeT 23 OLEHKU PacCTOSIHUSI IO METOLY
Tanmu-®uirepa [23], CBI3BIBAIOIIETO CBETUMOCTD TAJIAKTUKU C aMILIUTYION ee
BpaleHust. CpefHee 3HaYeHUE PAcCTOSIHUS MO HUM cocTaBisieT 9.05+1.38 Mk,
comiacysiCh B IIpelieiax CTaHIapTHOM oIMOKM ¢ Hauel oneHkoi 8.05+0.40 M.
Ha mpoexumonHomM paccrogaum 1°.9 ot Hee (v 270 KIIK) HaXOOWUTCS Ipyrast
cnvpajbHag Tajaktuka mnosgHero tuia, IC 5332, nydyeBast CKOpPOCTh KOTOPOI,
Vie=T716 km ¢!, u paccrosaue D=9.01 Mnk [5] yka3plBaloT Ha BO3MOXKHOE
(pu3nmyecKoe acCOLMMPOBAHUE STUX TATAKTUK.

UGC 5829 =DDO 84=VV 794. UpperyaspHas (Im) rajaktuka ¢ CUJIbHO
BBIPAXXEHHOU TMEKYISIPHON CTPYKTYpOMi, MojyduBiIas Ha3BaHue "spider” (puc.4).
Boree monoBUHBI GapMOHHOI MAcChl TAJIAKTUKY TIPUXOAUTCS HA TAa30BYI0 KOMITOHEHTY,
KOTOpasi, OYeBUAHO, MOAIUTHIBAET B HEli MHOTOUNMC/IEHHbIE O4ard 3Be31000pa30BaHusl.
UGC 5829 =KIG 434 Bxomur B Karamor M30JMpOBaHHBIX TallaKTuK [24].
bavxaitiias orHocuTebHO MaccuBHas ranakTuka NGC 3432 ¢ V=578 km c!
n D=9.14 Mnx [5] HaxoouTCd Ha MPOEKINMOHHOM paccTosunu 3°.0 wmm 470 KiK.
UGC 5829 sapnsieTcsl BbIpa3UTeIbHBIM IPUMEPOM TOTO, YTO MCKAXKEHHAsI TIEKYJIsSIpHasT
CTPYKTYpa TaJaKTUKKU MOXET ObITh BBI3BAHA HE BHEIIIHUM BO3MYIIEHHUEM, a Cyrybo
BHYTPEHHUMM CBOICTBAMM raJaKTUKMU.

Puc.4. Nzobpaxenue mnexyiasspHoir rajaktuku UGC 5829 (VV 794, "llayk"), B3dtOo U3
urdpoBoro obzopa Heba DECalLS. Pasmep moms 6'x 6', ceBep - BBEpXy, BOCTOK - CJIEBa.
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Mrk 1265. DTta KoMmakTHas Tojiydast KapJuMKoBasl rajakTHKa HaXOIUTCS B
opeoJie sipkoii 3Be3apl MuteuHoro ITytn. KoMmakTHOCTb CTPYKTYpHBI, OOMJIHE TOTYObIX
3Be3l U HATMYME Opeosia TIPOEKTUPYIOLLICHCS 3Be3bI TTOHIKAIOT TOUHOCTh (POTOMETPU.
Io Hareit oneHKe paccTosTHUE OO0 TATaKTUKK coctaBisger D=9.55+0.96 Mnk, uro
HECKOJIBKO OOJIblLIE OLIEHKM €€ paccTosHus Dy, =7.8 MIIK 110 JIy4eBOi CKOPOCTH
C YYeTOM MECTHOTO TMoJjisi ckopocteid B Moaenu Numerical Action Method [25].

ESO 373-007 =AM 0930-330=[KK2000]31. /IBe oLiIcHKM pacCTOSIHUSI 3TOW
dIrr-ramaktukm: 8.32 Mk 1o cooTHomeHuio Tammi-®uiiepa n 9.65 Mk B
Moaean NAM xopolllo cormtacyloTcsi ¢ Haueid oueHkoir D=9.77 +0.98 Mnk 1o
TRGB. Panom, Ha npoeKIMOHHOM paccTostHuu 15" mim 40 KK pacIiiojiozkeHa
Oonee sapkas Sd-ranaktuka ESO 373-008 ¢ sydeBoii ckopocthio V= 620kmc
u TF-paccrosinuem 9.68 Miik. OGe rajlakTUKK, OYEBUAHO, 00Pa3yloT M30JIMPOBAHHYIO
napy.

NGC 6684. DTo ranakTnka paHHero tviia S0a, B CTpYKType KOTOpPOil BUIHA
rnmepeMblyka M Koyibllo. Ha mepudepum rajgakTMKy 3aMeTHa 3Be3HAS METIS U
pamuanbHag ctpyd. B NED s Hee npencraBiieHO 14 rpyOBIX OLIEHOK PaCcCTOSHUS
pa3HbIMU TIpUOJMKEHHBIMM METOAaMM B auaria3oHe oT 5.5 Mnk go 15.5 Mik.
Hamepennoe Hamu TRGB-pacccrognue, 10.23 +£1.9 Mk, npuxoguTcs Kak pas
Ha cepeauHy 3Toro mHrepbayia. Ha paccroguuu 2°.6 or NGC 6684 Haxogutcs
cnupanbHasa rajgaktuka NGC 6744 ¢ Heckonbkumu ciiyTHukamu. Ee TRGB-
paccrosiHue, 9.51 MIik, [5] u nydeBast CKOPOCTb VLG=72OKMC", MOKAa3bIBAIOT, YTO
9TU TAIaKTUKU, BEPOSATHO, SIBJISIIOTCS WieHAMU eaAuHON aud@y3HO accouuauu.

UGC 12588. Dta dlrr-ramakTthka, BuauMmas aH@ac, HaxOIMTCSI B 30HE
3HAUUTEJILbHOTO TAJJAKTUUECKOTO IOmIoleHusI. BOMM3n Hee HAa MPOEKIMOHHOM
paccroguuu 42" uMeeTcst Gojiee sApkasg crupanbHasg ragaktuka NGC 7640 c
VLG=668KMC’1 n TRGB-paccrostnueM 8.43 Mk [5]. ITo Hameit onenke TRGB-
paccrosgane UGC 12588, 11.07 £ 1.1 Mnk, 3aMeTHO HpPEBOCXOAUT PACCTOSHUE
coce/IHel ranakTUKu. J1J1s1 MpoBepKu BO3MOXKHON (PU3UYECKOM CBSI3U 00EUX TaJIaKTHUK
HeobxoauMbl 6osiee rayookue HadmoaeHust UGC 12588.

Mrk 475. Tonybast KOMNaKTHas rajakTUKa, pacrojoXeHHas BAAJIU OT IPYruX
rajlakTUK ¢ OJU3KUMMU Jy4eBbIMU CKOpOCTSIMU. ['ycToe 3Be3aHOE MoJie B OCHOBHOM
Tesie TaJaKTUKM CHMXKAeT TOUHOCTh MpoBeAeHHOM (oromerpun. I[lomyyeHHast HamMu
ouenka TRGB-paccrosaus, 11.53 = 1.15 Mk, oka3aiach 3HaUUTEIbHO OOJIbIIE
KWHeMaTuyeckoi oreHku, 9.18 Mk (NAM).

KKH 68 = AGC 212837. Ilonoxenne TRGB y s10it dlrr-rajakTuky Bbille
(doTomeTpryeckoro mpenena Bcero Ha ~0™.5, 4TO AenaeT HAIly OLIEHKY PACCTOSTHUS,
Dpp = 12.47 £ 1.25 Mk, HeyBepeHHOM. lajakTvKa HaXOOWTCS Ha YIJIOBOM
paccrossHUM 2°.9 or cnmpanbHoii Sb-raraktkuku NGC 3627 (M 66) ¢ TRGB-
paccrostHueM D, =11.12£0.56 Mok [26], KoTopast SIBJISIETCSI CaMbIM SIDKUM

TRBG
yjgeHoM Tpynmbl B co3Be3nuu JIbBa. BepositHo, KKH 68 mnpuHamiexur K
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nepu@epuitHbIM 4ieHaM 3TOH TPYIIHI.

KDG 178 = BTS 147. Dra 6orarast Ta30M KapJMKOBas rajJlakThKa pacIiojoXKeHa
Bcero B 26' ot sipkoii cniupanbHoii ranaktuku NGC 4631, y kortopoit V=581
KMC' 1 D5 =7.35£0.10 Mk (EDD). Cyng mo  1mosiydeHHOMY HaMU PacCTOSIHUIO,
13.0 £ 1.3 Mnk, KDG 178 HaxomuTtcst 1o3agy Tpymnmbl KapinkoB BoKpyr NGC
4631. PaguanbHas yoaJeHHOCTb 3Toro oobekTa oT rpymmbl NGC 4631 KOCBEHHO
HOATBEPXKAAETCA OTHOCUTEJIHHO OOMBLION IMMPUHOMA mHuK 21-cM, W, = 52xkmc’,
Kotopoii coorBeTcTBYeT TF-paccrositHue >11 Mnk.

IToMUMO TIepeUMCIEHHBIX BBIILE CIIyYaeB, OTMETUM ellle¢ HECKOJIBKO TaJaKTUK,
HaOmonaBmuxca no nporpaMmme SNAP 15922, Ho oka3aBLIMXCSI OIpeAeIeHHO
nanekumu. Epiien u ap. [27] oueHunn ajs ragaktuku ESO 219-010 (PGC 44110)
paccrostHue 4.29 Mk MeTonoM (IyKTyaluii IIOBEPXHOCTHOM SIPKOCTU. DTa TaJIaKTUKA
MPaKTUYEeCKU He pa3pellaeTcsl Ha 3Be3[bl Ha CHUMKax, nmoayyeHHbix ¢ ACS. Ilo
(hakType 3TOI raJakTUKM MOXKHO TPy0O OLIEHUTh €€ paccTossHue Kak D ~ 15 Mik.

JBe KapiuKOBbIE rajJakTUKU B KOHType ckormieHus Virgo: EVCC 67 u UGC
7983 ¢ ay4eBBIMH CKOPOCTSIMU, COOTBETCTBEHHO, 458 KMc™' 1 565KMc™', oKasaauch
Hepa3pellleHHbIMU Ha CHUMKax, nmoaydeHHbIX ¢ ACS. OueBUIHO, OHU SIBISIIOTCS
YIeHaMH CKOIUIeHUs Virgo Ha paccTossHum 16.5 MIK.

Mzomuposannas dlrr-ramaktnka KKH 46 (PGC 2807128) mMeeT Ty4eBYIO
CKOpPOCTb VLG=4O9KMC‘1 W IIUPHHY JiuHuK 21-em W, = 25kmc’. OHa HaxomuTcs
B TaK HasbiBaeMoil "30He AHoManbHbIX CKopocteir” [28], rme TajakKTUKU ¢
paccrossHUSIMIA D= 16 MTIK MMEIOT GOJIbIINE OTPUIIATEIBHBIE TIEKYISIPHBIE CKOPOCTH
okoio -700kmc™.

4. 3axarwuumenvroie 3ameyarusi. VIcrionb3ysd CHUMKU, TOJYYEHHDBIE C
ACS-kaMepoii Ha KOCMHUYECKOM Tejieckore Xao6aa B ¢uibrpax F814W u F606W,
Mbl BbIOJTHWIU PSF-oTtoMeTpuio U MocTpowin ayarpaMMbl LIBET-BEIMYMHA IS
3Be3nHoro HaceneHust 10 61u3kux rajnakTuk. 1o ckauky Ha yHKIIMU CBETUMOCTH
KPaCHBIX 3Be3M OIPeIeICHBI TTOJIOXKEHMS BEPIIMHBI BETBM KPACHBIX TUTAHTOB M T10
HUM OLIEHEHbI pacCTOSIHUS A0 rajgakTuk. [Tomrumo crimpanbHbix TajaktTuk NGC
6684 1 NGC 7713, octanbHble 0OOBEKTHI OTHOCATCS K KapJIUMKOBBIM TajJaKTUKAM
dIrr, dIm, BCD, dSph. JlyueBble CKOPOCTU rajakTMK OTHOCUTEIbHO LIEHTpOMIA
MecTHOIt TpyMIbI 3aKjI04eHbl B MHTepBaie oT 250kmc' 1o 770kMc™', a ompe-
JleJIeHHBIe HaMM pacCTOSHMS JiexXaT B auamnasoHe oT 3.7 Mnk no 13.0 Mmix ¢
MeauaHoit 10.0 Mnk. HamMu oTMeueHO ellle HECKOJbKO TaJlaKTUK C JyYeBbIMU
ckopoctamu Vi = 600 KMC™', KOTOpBIE eIBa pa3pelIatoTcsl Ha 3Be3Ibl 1 HAXOMSITCS
Ha paccTosiHUsIX 6osiee 13 MK, DTH rajakTUKU SIBISTIOTCS] WM WieHaMy CKOTLICHMST
Virgo, wiM Xe pacrojioXeHbl B 30HE aHOMAaJbHO OOJBIIMX OTPULIATENbHBIX
MEeKyJSIpHbIX cKopocTeil. [lonydyeHHblE OaHHbIE MOMOJHSIOT KapTUHY TOJS
MeKYJSIPHBIX CKOPOCTEH y rajakTuk MecTHOro oobema, KoTopas oOycioBjieHa
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DISTANCES TO TEN NEARBY GALAXIES OBSERVED
WITH THE HUBBLE SPACE TELESCOPE

I.D.KARACHENYSEV, N.A.TIKHONOV

Images of 10 galaxies in the F814W and F606W filters, obtained with the
ACS camera on the Hubble Space Telescope, were used to construct color-
magnitude diagrams for the stellar population of these galaxies. The distances to
the galaxies are estimated from the luminosity of the tip of the red giant branch.
The considered galaxies have radial velocities from 250kms™ to 760kms™ relative
to the Local Group centroid and distances in the range from 3.7 Mpc to 13.0
Mpc. Several other observed galaxies with low radial velocities were also noted,
the distances of which turned out to be beyond the limit of 13 Mpc.

Keywords: galaxies - dwarf galaxies: distances - galaxies
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OINNTUYECKAA KIIACCUDUKALIMA BZG OBBEKTOB
N3 KATAJIOTA BJIIASAPOB BZCAT
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B xaranore 6masapoB BZCAT o0ObexThl pasmeieHbl Ha 4 tuma: BZB, BZQ, BZG u BZU.
B manno#t paborte uccienyotrcsi 00beKThl BZG ¢ 11enpio omnpeneneHus ux (pusndeckoi MpUpOIbI.
N3 274 BZG o00bekToB 150 MMEIOT ONTHMYECKUE CIIEKTPHI B CIEKTPOCKOIIMYECKOM KaTajiore
SDSS, mist KoTophIX OblIa IpOBeIAcHA AeTalbHasl CIIEKTpajabHasi Kiaaccudukauus. Pagmo uccie-
JIOBaHUE I10KAa3aJlo, YTO 3TU OOBEKTHI B OCHOBHOM (69%) MMEIOT TUIOCKMII Paauo CIEKTP CO
CIEKTPAIbHBIM MHIEKCOM MeHblie, yeM +0.5. C TakuMu paaudo CrieKTpaMu TOMMHUPYIOT KBa3aphl.
Ho, c¢ yBenmueHMeM pacCTOSIHUSI, B CpPeIHEM paauo CIEKTP CTAHOBUTCS 0ojiee KPYThIM.
KitoueBnbie cioBa: 6/1a3ap: Keaszap: onmuu4eckdasa CneKkmpdaabHas K./laCCU¢UKaL4Ll}l.'

Paocuo CneKmpanbHulii UHOEKC

1. Beedenue. Cpeny akKTUBHBIX TajlakTdecKuX anep (ASIT) Hanbosee nHTe-
pecHbI 0y1azapbl ¢ KOMOMHALIMSIMUM IBYX MOATUIOB: a) 00bekThl BL Lac (BLL) u
ocoObie Turbl kBazapoB (QSO) - onTuyecku cuibHble TiepeMeHHble (OVV) u 0)
BbICOKOMOJIIpu3oBaHHbIe KBazapbl (HPQ). bnazap xapakTtepusyercss Kak O4yeHb
KOMITAKTHBIM KBa3ap, CBS3aHHbIA C IPEAIoJaracéMoi CBEPXMAaCCUBHOW 4YEpPHOM
npipoit (Super Massive Black Hole) B 1ieHTpe aKTUBHOI TMTAHTCKOM 3/UTMITUYECKOM
rajlakTuky. brazapel SIBISTIOTCSI caMbIMU SHEPreTHYeCKUMU 00beKTaMu Bo BceneHHom
[1]. ITepBonavanpHO 00BbeKT BL Lac Obu1 ooHapykeH XoddmeiictepoM [2] Kak
repeMeHHas 3Be31a, a Mo3xe OH Obul uneHTUduuMpoBaH [IImutrom [3] ¢ BHeranak-
TUYECKUM UCTOYHUKOM.

Maccapo u ap. [1] npencraBuiau Karanor oimazapos BZCAT v.5, B Kotopom
oHu pacripeneneHbl Ha 4 tuna: BZB (Jlaueptuasi, BL Lac wium BLL), BZQ
(KBazapsl), BZG (I'anmaktuku) u BZU (HeonpeaenenHslit kiaacc). B taba.1 naHo
pacripenejieHue TUITOB 61a3apoB u3 Katajora BZCAT.

B onHoit M3 HamMx MOpeablayliMX paboT Mbl KMCCAENOBAIM UM Kiaccudu-
nupoBaian o0bekTel BZU. JlaHHasg paboTa MOCBsIIEHA IeTATbHOM CIEKTPaJIbHOMN
Knaccudukanum oiaszapoB tiiia BZG u3 xartanora BZCAT.

2. Boibopka obsexmos. [lns uccienoBanust 6butn 0To0paHbl 00beKThl BZG
u3 karanora BZCAT. W3 taba.1 BugHO, yTo Mbl uMeeM 274 ramaktuku. s 150
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Tabauya 1
PACIIPEJEIIEHHWE TUIIOB BJIA3APOB N3 KATAJIOTA BZCAT

N Tun 6nazapa Yucno
1 BZB 1151 323 %
2 BZG 274 7.7 %
3 BZQ 1909 53.6 %
4 BZU 227 6.4 %

Bcero 3561 100 %

u3 274 BZG 00BbeKTOB MMEIOTCS ONTUYECKHE CIIEKTPHI B CHEKTPOCKOIIMYECKOM
katanore SDSS DR16 [4]. 1 3Tux 06GbEKTOB MBI IIPOBEJIM AETAIbHYIO KJIACCU-
¢ukanuio, ucnoabiys crnektpbl SDSS.

Hcrionw3ys maHHBIE pa3HBIX KaTasoroB M 6a3 maHHBIX VCV-13 [5], NASA/
IPAC Extragalactic Database (NED) u SDSS [4], MbI BbISICHUJIM KaKyl0 ONTUUYECKYIO
Ki1accuduKaluuio MMead 3TU UCTOYHUKM 10 Halei kiaccudukauuu. B T1a61.2
TIpeACTAaBICHBI 3TU JaHHBIE.

Kak BugHO 13 Tab/.2, 3T 0OBEKTHI HE UMEIOT AeTaTbHYI0 ONTUYECKYIO KIacCU-
ukarmo. OHU ObLTM KJIACCU(MUIIMPOBAHBI KaK TIaKTUKK, TIOTOMY YTO B ONTUYECKOM
Juarna3oHe (Ha ONTUYECKMX M300paXeHUsIX) MMEIOT NMpoTsoKeHHbIM Bua. Ha puc. 1
MpeNCcTaBIeHbl ONTUYECKHE U300pakKeHUs ABYX TaKMX MPOTSLKEHHBIX 0J1a3apoB.

OdeHb yacTo uaMepeHus: crekTpoB SDSS ocHOBaHBI Ha JUHUSIX Ha YPOBHE
IITyMa ¥ HU3KOTO KadyecTBa. B pe3yibTaTe aBTOMaTUYeCKUE M3MEPEHUS TIPUBOIST
K HEKOTOPBbIM HEMNpaBAONOAOOHBIM pe3yjbTaTaM. Takum 0Opa3oM, HEOOXOAUMO

Tabauya 2
KITACCU®OUKALMNA BZG OBFBEKTOB M3 VCV-13, NED U SDSS
Knaccudukanms SDSS cnekTpsl VCV-13 NASA/IPAC
S1 - 8 5
S2 - 4 1
S3 (LINER) - 2 -
S? - 1 -
BL - 54 49
BL? - 33 6
QSO 7 2
AGN - 2 -
Galaxy 143 - -
Flat-Spectrum radio ) ) 21
source (FSS)
Bcero 150 106 82
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TIIATEbHO MPOBEPUTH CIIEKTPhI HA BCEX JAJIMHAX BOJHBI U PELUTb, KAKVE U3MEPEHUST
cjenyeT MCIOJb30BaTh IJIs1 HajbHEeHIMX ucciaenoBaHuii. OCoOOEHHO BaXKHbI Te
JIMHUY, KOTOpbl€ MCIOJb3YIOTCS B AuMarHoctuueckux auarpammax ( HB, [OIII]
5007 A, [OI] 6300A, Ho, [NII] 6583A, u [SII] 6716+6731A) [6].

Puc.1. Onruueckne u300paxeHUs] MPOTsKEHHBbIX OnasapoB SBZG J0850+4036 u 5BZG
J0906+4124 w3 SDSS.

3. Cnekmpanvnas kaaccugukayus. B s1oit pabote ObLIO UCIIONL30BAHO
HECKOJIbKO METOMOB Ul KjaccuUKalluyd UCCaeayeMbIX clieKTpoB [7,8]:

1. BugyanbHblil MeTOn (C YUETOM BCEX TOHKOCTEN U 3(P(HEKTOB, B T.U. BOZMOX-
HBIX IAPOKUX JIMHUI, HE BBISIBISIONINXCS HAa TUATHOCTUYECKUX MHUAarpaMMax).

2. JluarHocTuyeckue AuarpamMmbl C UCIIOJIb30BAHUEM OTHOILLIEHUN WHTEHCUB-
Hocteit ymamit [OII]/HB u [O1]/Ho [9].

3. JlmarHoCTMYECKHUe ArarpaMMbl C VCITOIb30BAHNEM OTHOIIICHU MHTCHCUB-
HocTeil nuuuit [ONIJ/HB wu [NIJ/Ho [9].

4. JIMarHOCTUYeCKWEe OuarpaMMbl ¢ MCIIOJIb30BAaHUEM OTHOIICHU MHTECHCHB-
Hocteil uumit [OII)/HB u [SII[/Ho [9].

1t 3TUX OOBEKTOB B CIIEKTpaX, B OCHOBHOM, JuHMKM Hoo 1 HB oTcyrcTBOBaIM,
ITO3TOMY MBI BBHITIOJTHWIN KJIACCU(MUKAIIMHA TOJBKO C BU3YAJIbBHBIM METOIIOM.

B 1a6:1.3 1 Ha puc.2 npuBeAeHa Hallla CrieKTpajibHas Kiaccudukauus mias 150
BZG o6bexToB ¢ ucnonb3oBanueM SDSS criekTpos.

M3 1ab6a.3 u puc.2 BUAHO, YTO 3TU OOBEKTHl B OCHOBHOM SIBISIOTCA Em u
Abs (okono 80%) ranmakTMkaMu M 10 Hac He Obutn KiaccuduumpoBaHnsl. 30 (20%)
o0bekToB (S, LINER u Composite) He UMeJIM ONTUYECKON KiIacCU(pPUKALIUN WIN
U3MEHWIN KJacc, Toiabko SBZG J1532+3020 61a3ap ObUI KiaaccupUIIMPOBaH KakK
LINER u ocrancs kak LINER. MTak, MOXXHO 3aK/II0YUTh, YTO MbI Ia€M IETAILHYIO
ONTUYECKYIO KIacCU(UKalMIO MpakKTUYecKu sl Bcex 150 oObeKTOB.
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Tabauya 3

KITACCUOPUKALIUA BZG OBBEKTOB C MCITOJIb30BAHMEM
SDSS CIIEKTPOB

S1.2 1 (0.7%)
S1.5 1 (0.7%)
S1.8 1 (0.7%)
LINER 18 (12%)
S1.8/LINER 8 (5.2%)
S2.0/LINER 1 (0.7%)
Em 42 (28%)
Abs 78 (52%)
Bcero 150 (100%)
80‘l 78
60
o
o)
g
a 42
O
S 4
o
=
g
I
20 18
8
1 1 1 1
0

Abs Em LINER S1.2 S15 S18 S1.8/ S2/
LINER LINER
OnTHueckni Knacc

Puc.2. HoBas xnaccudukanuss BZG o006bekTOB ¢ ucronb3oBaHueM SDSS criekTpos.

B Ta6n.4 nipencraBneHa Halla AeTaidbHas Kiaccudukanuus 150 BZG o0bekToB
¢ ucnonb3oBanueM SDSS crnexkTpos.

Ha puc.3, 4 u 5 npeacraBiaeHbl TUNIMYHbIe ciekKTpbl BZG 0o6bekToB THUMA S,
LINER n Composite.
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Tabauya 4

CIIMCOK 150 BZG OBBEKTOB, KIACCUPULIMPOBAHHDLIX C
noMouibio CIIEKTPOB SDSS

HazBanue SDSS Panuo IpexHsist Hogsas
o0beKTa r AbcomotHast | KpacHoe | criekT- oInThYecKast OoInTHYecKast
(5BZG) 3BE€3HAsl |CMellleHUE| pajbHbII KJ1accuUKaIms Ki1accupu-
BEJIMYMHA ungekc | SDSS | VCV| NED Kauus
1 2 3 4 5 6 7 8 9
JO001-1031 |17.846 -21.72 0.2516 -0.2 GAL | BL - Abs
J0014+0854|17.191 -21.84 0.1633 -0.6 GAL | BL FSS Em
J0022+0006 | 18.557 -21.25 0.3057 - GAL | BL | BL Lac Abs
J0027+2607 | 18.26 -21.81 0.3645 -0.22 GAL | BL - LINER
J0056-0936 |15.193 -21.38 0.1031 -0.33 GAL - - Em
J0059-0150 |17.135 -21.95 0.1439 -0.18 GAL - - Abs
J0103+1526 17.213 -22.02 0.2461 -0.32 GAL | BL FSS Em
J0106+2539 | 17.41 214 0.1975 0.18 GAL | BL FSS LINER
J0146-0551 | 19.816 -20.99 0.4992 -0.44 GAL | BL | BL Lac Em
JO153-0118 | 17.681 -21.96 0.2445 -0.84 GAL | BL? - Abs
J0202-0559 [17.592 -21.89 0.1895 -04 GAL - FSS LINER
J0737+3517 | 16.665 -22.6 0.2104 -0.97 GAL ? - Em
J0741+3205 | 16.649 -21.9 0.1792 -0.37 GAL | BL - Em
J0745+3312(17.329 -202.27 0.2197 -0.85 GAL - - Abs
J0748+2115|17.297 -22.51 0.2631 - GAL - - Em
J0749+2313(17.026 -22.14 0.1741 -0.43 GAL | BL? |BL Lac? Em
J0751+2913|17.847 -21.46 0.1944 - GAL - - Abs
J0751+1730 | 16.805 -22.51 0.1865 - GAL | BL - LINER
J0753+2921 |17.196 -22.17 0.161 - GAL | BL - Abs
J0754+4202 | 18.998 -21.38 0.3692 - GAL | BL | BL Lac Abs
J0754+4546 | 19.327 -21.37 0.4558 -0.88 GAL - - Abs
J0756+3834 | 16.968 -22.3 0.2156 -0.65 GAL - - S1.8/LINER|
J0758+2705|17.224 -21.56 0.0987 -0.01 GAL | BL | BL Lac LINER
J0809+3122 | 18.848 -21.02 0.2956 -0.57 GAL | BL | BL Lac Em
J0809+3455 | 15.841 -21.75 0.0825 -0.32 GAL | BL | BL Lac Em
J0810+4911 | 15.644 -22.69 0.1147 - GAL | BL Abs
J0810+2846 | 19.044 -21.11 0.2717 - GAL | BL | BL Lac Abs
J0814+0857 | 19.457 -20.94 0.24 - GAL | BL - Abs
J0823+1524117.121 -22.12 0.1667 - GAL - - Em
J0828+4153|17.484 -21.96 0.226 -0.58 GAL ? BL Lac Abs
J0829+1754|15.622 -21.96 0.0895 -0.37 GAL | BL? - Em
J0831+5400 | 15.301 -21.91 0.0617 0.51 GAL - - LINER
J0834+5534|17.186 -21.62 0.2415 -0.15 QSO S2 - LINER
J0835+1517| 16.71 -22.06 0.1684 0.05 GAL - FSS Em
J0839+4015 | 16.854 -22.01 0.1941 -0.53 GAL - - Abs
J0850+4036 | 17.43 -22.11 0.2666 0.03 GAL - FSS Em
J0850+3455(16.194 -22.12 0.145 -0.1 GAL | BL | BL Lac Abs
J0852+2433 | 18.305 -21.5 0.3576 -0.48 GAL | BL | BL Lac Abs
J0856+5418 | 16.708 -22.75 0.2593 -0.7 GAL - - Abs
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Tabauua 4 (Ilpodoaxcenue)

1 2 3 4 5 6 7 8 9

J0857+0627|19.289 | -20.89 0.3379 - GAL | BL? | BL Lac Abs
J0903+4055(17.128 | -22.19 0.1882 -0.37 GAL | BL? | BL Lac Abs

J0905+4705(16.794 | -22.33 0.1736 -0.23 GAL | - FSS Em
J0906+4124 13.663 | -21.52 0.0274 0.25 GAL | - FSS Em
J0912+5320| 15937 | -22.13 0.1017 -0.43 GAL | S2 Sy 2 LINER
J0912+4235(17.689 | -22.19 0.2662 -0.88 GAL | - - Abs
J0916+5238(16.859 | -22.33 0.1904 -0.61 GAL | BL - Em
J0927+5545(17.425 | -21.97 0.221 -0.54 GAL | - - Abs
J0932+3630(16.702 | -22.19 0.1538 -0.53 GAL | BL? Em

J0940+6148 | 17.653 | -21.88 0.2105 - GAL | BL | BL Lac Abs
J0946+5819(16.053 | -22.59 0.1469 -0.42 GAL | - - Em
J0948+5535| 15.82 -22.66 0.1176 -0.2 GAL | - - Em
J0950+1804 | 17.705 | -21.37 0.1544 0.14 GAL | - FSS LINER
J1012+3932(17.343 | -22.02 0.1709 -0.07 GAL | BL? | BL Lac Abs
J1018+3128 | 16.891 -22.1 0.1614 - GAL | BL? |BL Lac? Abs
J1020+6250(17.759 | -22.01 0.2496 -0.28 GAL | BL | BL Lac Abs
J1022+5124 | 17.574 | -21.57 0.1416 - GAL | - - LINER
J1028+0555| 18.584 -21.2 0.2336 - GAL | BL? | BL Lac Abs
J1028+1702(16.763 | -22.18 0.1691 -0.58 GAL | - - Abs
J1033+4222(17.337 | -22.33 0.211 -0.45 GAL | BL? | BL Lac Abs
J1041+1324 | 18.47 -21.47 0.3748 -0.48 GAL | BL - Abs
J1041+3901 [ 17.179 | -22.26 0.2084 -0.43 GAL | BL? | BL Lac Abs
J1048+5009 | 19.121 | -20.87 0.4025 - GAL | BL? | BL Lac Abs
J1052+4241(16.749 | -21.92 0.1362 -0.2 GAL | - FSS LINER
J1053+4929(16.014 | -21.93 0.1405 -0.29 GAL | BL | BL Lac Em
J1056+0252|18.026 | -21.61 0.236 - GAL | BL | BL Lac Abs
J1059+4343 | 18.728 | -21.75 0.4587 -0.46 GAL | BL? - Abs
J1100+4210|18.139 | -21.61 0.3229 - GAL | BL? |BL Lac? Abs
J1103+0022 | 18.045 | -21.53 0.2745 -0.37 GAL | BL | BL Lac Em

J1105+4653(17.259 | -21.26 0.1125 -0.25 GAL | - - LINER
J1108+0202 16.621 | -22.29 0.1576 -0.36 QSO | Si - S2.0/LINER
J1119+0900 | 17.504 -22.8 0.3315 -0.72 GAL | - - Em
J1121+4314(17.023 | -22.03 0.1854 0.05 GAL | - - LINER
J1124+5133| 16.79 -22.56 0.235 -0.25 GAL | BL - Em
J1132+0515(16.181 | -21.76 0.1008 0.11 GAL | S2 - LINER
J1136+2550(16.779 | -21.94 0.1544 - GAL | BL | BL Lac Em
J1145-0340 | 17.11 -22.07 0.1678 - GAL | BL | BL Lac Abs
J1147+3501 | 14.581 -22.2 0.0629 0.17 GAL | S2 FSS SL.8
J1154+0238 | 17.841 | -21.66 0.2107 -0.3 GAL | SI1 FSS |S1.8/LINER|
J1154+1225|15.825 -21.3 0.0811 0.55 GAL | - FSS LINER
J1156+4238(17.155 | -21.95 0.1716 - GAL | BL | BL Lac Abs
J1157+2822117.882 | -2191 0.3 - GAL | - - Abs
J1158+2450(17.684 | -21.83 0.2026 0.06 QSO - FSS | S1.8/LINER
J1200+4758 | 17.811 | -22.02 0.2695 -0.87 GAL - Em
J1201-0007 | 16.868 | -22.13 0.1651 -0.72 GAL | BL? - Abs

J1201-0011 | 18.607 -20.4 0.1637 - GAL | - - Abs
J1210+0223 | 18.044 | -22.38 0.3832 -0.89 GAL | - - Abs
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Tabauua 4 (Ilpodoaxcenue)

1 2 3 4 5 6 7 8 9
J1221+4742|17.504 | -21.99 0.2098 -0.58 GAL | BL?| BL Lac Abs
J1221+0821|17.106 | -21.86 0.1318 -0.48 GAL | BL?| BL Lac? Em
J1223+4650(17.706 | -22.03 0.2605 - GAL | BL? - Abs
J1226+2604 | 17.461 | -22.09 0.1761 - GAL | BL | BL Lac Abs
J1233+5026 | 17.529 | -21.86 0.2068 -0.51 GAL | - FSS Em
J1235+1700 | 18.767 | -21.36 0.3806 -0.49 GAL | - - Abs
J1238+5406 | 17.338 | -22.18 0.2237 -0.34 GAL | BL | BL Lac Abs
J1243+5212 | 17.301 -22 0.1998 -0.26 GAL | - - Abs
J1253+0326 | 14.789 -20.8 0.0657 -0.25 GAL | BL?| BL Lac Abs
J1322+1344 | 18.724 -21.5 0.3763 - GAL | - - Abs
J1323+0439| 17.9 -20.82 0.2244 -0.36 GAL | BL | BL Lac Abs
J1324+5739 | 15811 | -22.55 0.1151 -0.06 GAL | BL - Em
J1326+1229(17.395 | -21.99 0.2042 - GAL | BL | BL Lac Em
J1331+5655|18.444 | -21.25 0.2701 - GAL | BL?| BL Lac Abs
J1341+3959 17492 | -21.98 0.1714 -0.56 GAL | BL | BL Lac Em
J1341+3716 |16.735 | -22.21 0.1745 -0.35 GAL | - FSS Abs
J1346+2440|17.316 | -21.77 0.1675 -0.05 GAL | BL | BL Lac Abs
J1348+0756 | 17.07 -22.28 0.2496 -0.46 GAL | - - Abs
J1353+3741(16.769 | -22.17 0.2159 -0.09 GAL | BL | BL Lac Abs
J1424+3705|17.579 | -22.12 0.2896 -0.64 GAL | BL? - Abs
J1427+3908 | 18.277 | -21.06 0.1649 - GAL | BL?| BL Lac Em
J1428+3912|17.668 | -21.98 0.2583 -0.48 GAL | S1 FSS LINER
J1435-0055 | 18.17 -21.53 0.2851 - GAL | BL | BL Lac Abs
J1435+5815(18.339 | -21.43 0.3027 -0.31 GAL | BL - Abs
J1436+4129 | 19.92 -20.27 0.4035 -0.26 GAL | BL?| BL Lac Abs
J1444+6336 | 18497 | -21.43 0.2979 - GAL | BL | BL Lac Abs
J1445+003917.927 | -21.86 0.3062 - GAL | - - Em
J1449+2746 | 18.162 | -21.58 0.2272 -0.65 GAL | BL FSS Em
J1451+5800 | 18.821 | -21.54 0.4052 - GAL | BL | BL Lac Abs
J1504-0248 |16.591 | -21.65 0.2169 -0.84 GAL | S1 Sy 1 LINER
J1506+0219 | 17.93 -21.46 0.2202 - GAL | - - Abs
J1512+0203 | 17.648 | -21.54 0.2199 -0.65 GAL | S1 Sy 1 |SI1.8/LINER
J1516+0015(14.802 | -22.11 0.0526 -0.41 QSO | S3 FSS |S1.8/LINER|
J1516+2918 {16.323 | -22.15 0.1299 -0.48 GAL | BL? - Abs
J1518+4045|15.075 | -21.83 0.0652 -0.36 GAL | SI1 Sy 1 |SL.8/LINER
J1531+0852|16.883 | -22.11 0.1584 - GAL | - - Abs
J1531+4659 | 18.086 | -21.66 0.316 -0.14 GAL | BL?| BL Lac Abs
J1532+3016 {15435 | -21.78 0.0653 -0.05 GAL | BL?| BL Lac? Em
J1532+3020(17.421 | -21.72 0.3621 -0.28 GAL | S3 - LINER
J1539+4143|15.287 | -22.89 0.1194 -0.11 GAL | BL? - Em
J1544+0458 | 18.372 | -21.46 0.3262 0.08 GAL | ? |BL Lac? Abs
J1544+5017 | 19.841 -21 0.494 0.24 GAL | - - Em
J1552+3159(20.799 | -20.46 0.5843 - GAL | - - Abs
J1604+3345(17.229 | -21.64 0.1772 - GAL | - - Abs
J1616+3756 | 18.038 | -21.71 0.202 - GAL | BL | BL Lac Abs
J1624+3726 |17.363 | -21.81 0.1992 -0.63 GAL | BL - Abs
J1628+2527 | 17.28 -22.18 0.2199 -0.6 GAL | BL? - Abs
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Tabauya 4 (OxoHnuanue)

1 2 3 4 5 6 7 8 9
U1637+4547 [17.211 -22.12 0.1922 -0.69 GAL | BL | BL Lac Em
J1643+2131 | 18.881 -20.52 0.1544 - GAL - - Abs
J1644+4546 (17.224 | -22.25 0.2246 -0.41 GAL | BL | BL Lac Em
J1647+2909 | 16.102 -22.25 0.133 -0.66 GAL - - Em
J1717+2931|18.061 -21.3 0.278 - GAL - - S1.8/LINER|
J1727+5510(17.203 -22.09 0.2475 0.15 QSO | §? FSS | S1.8/LINER|
J2054+0015|17.099 -21.92 0.1508 -0.02 GAL | BL FSS Em
J2055-0506 | 18.385 -21.28 0.3425 -0.07 GAL | BL | BL Lac Em
J2059-0037 |18.802 -21.23 0.3354 - GAL | BL - Abs
J2116-0628 | 18.495 -21.42 0.2915 - GAL | BL | BL Lac Abs
J2211-0023 [19.313 -20.85 0.4479 - GAL | BL | BL Lac Abs
J2248-0036 | 17.337 -22.12 0.2123 -0.37 GAL | BL | BL Lac Abs
J2256+2618|17.139 -21.64 0.1203 0.01 QSO | S1 Sy 1 S1.5
J2311-0946 | 19.844 | -21.07 0.4901 - GAL | BL? - Abs
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Puc.4. Jlatinepsr (LINERS).

4. Paduo/onmuueckue ceoticméa BZG. [Ina Hammx 0ObEKTOB Oblia
paccuuTaHa abCoOJIIOTHAs 3Be3aHas BeauurHa (mist SDSS 1 auarnasoHa), UCIOJb3YsT

(bopmyy:

M =m+5—5log(D)—k+ Am(z),
rae D - paccrosHue no oonekTa [10]. ITapameTrpnl k u Am(z) ObUIM B3SThl U3
pabotsl Bepon-Certit 1 Bepona [5]. PaccrossHus 10 00BEKTOB ObIII pacCUUTAHBHI,
UCTIONIb3YSl 3TU KOCMOJIOTMYECKKE mapaMeTpbl: H =71 kM ¢'Mnc', Q,, =029,
Q, =0.71 u onTHMYeCcKMit CIeKTpalbHBIN MHIEKC a=-03 (S~3*) [5].

(D

Tabauya 5

ABCOJIIOTHAS 3BE3JIHAS BEJIMUYMHA, PATIUOCIEKTPAJIbHbIN
NHAEKC U KPACHOE CMELIEHHWE JJId BZG OBBEKTOB

ITapameTpsl 0OBEKTOB Jnarazon CpenHee 3HaUYCHUE
AbGcomoTHast 3Be3nHas BenuuuHa (SDSS r) | —20.27 +-22.89 -21.79
Pagyo cnekTpaiabHBIT MHIEKC -0.97 +0.55 -0.34
KpacHoe cmemieHue 0.0274 +0.5843 0.2235
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Puc.5. O6bexThl ¢ coctaBHbIMU creKTpamu (Composite spectrum objects).
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Puc.6. PacnipeneneHue mo KpacHOMY cMelleHWIo mist 150 ucciemyeMbiX OOBEKTOB.
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2

a Am(z) TIOTIpaBKa k, KOTopast

B Tabn.5 gaHbl HamM pacyeThl MO aOCOJIOTHBIM 3BE3AHBIM BeIUUYMHAM. A
TakKe eCTb MHGOPMALIUSI O PAAUOCIIEKTPATbHBIX MHIEKCAX, KOTOPbIe ObUIM B3SIThI

n3 kartanora SPECFIND [11].

Ha puc.6 naHo pacrpeneneHue Io KpaCHOMY CMellleH o 1ist 150 ucciaenyeMbix

OOBEKTOB.

M3 1abn.5 u puc.6 BUAHO, YTO MCCIEAyEMbIE OOBEKTHI MMEIOT KpacHBIE
cmeteHus a0 0.6. Ha puc.6, B xinacc AGN Bxoagr Jlaiinepst (LINER), CelidepTst

(S) u cocraBubie (Composite).

Ha puc.7 Mbl mocTpowin auarpamMmy 3aBUCUMOCTU 3BE3IHON BEJIWYUMHBI OT
upera. Kak u Ha puc.6, 3nech (Ha puc.7) Toxxe B kitacc AGN Bxomar JlaiiHepbl
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Puc.7. 3aBucuMOCTb 3BE3OHOI BEIMYMHBLI OT IIBETA,
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(LINER), Ceitdeptsl (S) u cocraBHble (Composite). Ha pucyHke BUOHO, 4TO
00BEKTHhI, KOTOPbIE UMEIOT aOCOPOLIMOHHBIE CIIEKTPHI, B CPEAHEM OTIMYAIOTCS OT
00BEKTOB, Y KOTOPBIX CIEKTPhI KiaccuduimpoBaHbl Kak Em u AGN.

5. Pe3yasvmameot. g BBISICHEHUSI ONTHUYECKON IPUPOLBI IIPOTSKEHHBIX
Os1azapoB, OblIM BbiOpanu o0bekThl BZG u3 karanora BZCAT. U3 katasiora SDSS
g 150 u3 274 BZG 00BEeKTOB MMEIOTCS ONTUYECKUE CIEKTPHI, IS KOTOPBIX
Oblla TMpoBeneHa JAeTalbHas crekTpaibHas kiaccudukamusa. Ha puc.3, 4 u 5
BUAHO, uTo U3 150 06bekToB 30 (20%) MMEIOT KAYeCTBEHHbIE ONTHYECKUE CIIEKTPHL.
MpbI ganau HOBYIO AETaJbHYIO CIIEKTpalbHYIO Kiaccupukauuio 1ist 149 o0beKToB
U JIMILIb OOMH OOBEKT ocTalicd ¢ MpexHel kiaccudpukauuein kak LINER.

Panuo ucnenosaHue nmokasano, yto u3 150 o6ektoB 104 MEIOT paaro CreKTPhI.
M3 Tab6a.5 BUIHO, YTO 3TU OOBEKTHl B OCHOBHOM UMEIOT IIJIOCKUI pamuo CIEKTP
(69%). Y Takux OOBEKTOB, B PaiMO CIIEKTpax, 3HAYeHUE PaauOCIIEKTPAIbHOIO
MHaeKca MeHble, yeM +0.5. C TakumMu paguo CreKTpaMyu JOMUHUPYIOT KBa3aphl,
T.e. uccieayeMble 00beKThl TOJDKHBI ObITh POICTBEHHBIMM, ckopee Bcero Ceiidep-
TOBCKUMMU TaJlaKTUKaMU (0OBEKTHI, KilacCU(PUILIMpoBaHHbIE Kak Em) 1 CKpbITbIMU
AGN (00beKTHI, KiaccupUuMpoBaHHbIE KaK Abs).

M3 T1abn.3 BugHo, uyto 13 150 0OBEKTOB 78 MMEIOT AbS CIIEKTphI, XOTSI OHM
B katasiore BZCAT mnipeacrasiensl kak BZG o0bexkThl. Hallle getaibHOEe paano u
ONTUYECKOE UCCIEI0BaHUE 3TUX OOBEKTOB MOKa3a/o, YTO y HUX paaro rnotoku (1400
MTI, FIRST) B cpenrem coctaBistioT 0.16 yacTh ontideckoro moroka (SDSS r).
A Takke u3 78 00bEKTOB 66 SIBIISIOTCS UCTOUHMKAMU PEHTICHOBCKOTO U3TyYeHUS.
D70 ellie pa3 MOATBEPXKAAET HAIlle TIPEATIONOXEHNE O TOM, YTO 3TH OOBEKTHI MOTYT
ABIAThCS CKPBITBIMA AGN.

PaGora BbimosiHeHa mpu moanepxke Komutera mo Hayke PA, B pamkax
ncciaenoBarenbckoro mpoekra No. 21AG-1C053 "BwigBieHne paHHMX CTamwit
9BOJIIOLMHU TATaKTUK C TTOMOILIbIO MHOTOBOJIHOBOTO M3YYE€HUSI aKTUBHBIX IajlaKTUK
(2021-2026) u rpanta HammoHanpHOro oHaa HayKu ¥ 0Gpa3oBaHuss ApMEeHUU
(ANSEF) PS-astroex-2597 "llonck m wucclieqoBaHWe PEHTITEHOBCKUX TajlaKTHUK
BbICOKOI cBeTUMOCTU (2022-2023).

HAH PA biopakaHckast actpodusuyeckass obcepBatopusi uM. B.AMOGapiymsiHa
(BAO), ApmeHus, e-mail: abrahamyanhayk@gmail.com
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OPTICAL CLASSIFICATION OF BZG OBJECTS FROM
BZCAT BLAZAR CATALOG

H.V.ABRAHAMYAN, AM.MICKAELIAN, G.M.PARONYAN,
G.AMIKAYELYAN, A.G.SUKIASYAN

In the catalogue of blazars BZCAT, objects are divided into 4 types: BZB,
BZQ, BZG and BZU. In this work we investigate BZG objects with a purpose
of revelation of their physical nature. 150 out of 274 BZG objects have optical
spectra in the SDSS spectroscopic catalog and a detailed spectral classification for
these objects has been carried out. Radio study shows that these objects mainly
(69%) have a flat radio spectrum. For such objects, in the radio spectra, the value
for the radio spectral index is less than £0.5. Objects with such radio spectra are
dominated by quasars. However, with the increase of redshift, radio spectrum in
average becomes steeper.

Keywords: blazar: quasar: optical spectral classification: radio spectral index
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We present an orbital solution and light curve analysis for the three newly discovered W UMa
systems: V0757 And, IK Lyn, and V0996 Per by means of first CCD observations. New times
of minima were estimated and the observed light curves were analyzed using the most recent version
of Wilson-Devinney modeling code (WD code) based on model atmospheres by Kurucz. The
accepted models revealed some parameters describing the orbit of each system which showed that
the primary components in all systems are massive and hotter than the secondary components. The
spectral types of the systems' components were adopted and the locations of the systems on the
theoretical mass-luminosity and mass-radius relations revealed a good fit for all the systems
components except the secondary components of the systems V0996 Per and V0757 And are
located above the TAMS track.

Keyword: eclipsing binaries: orbital solution: evolutionary state

1. Introduction. W UMa variables are known as low mass contact binaries
of late type spectral type (F, G or K). They are termed contact binaries because
the systems' components (primary and secondary) are in contact and transfer mass
and energy through the connecting neck and share a common envelope. The
systems are characterized by a short period range between 0.25 to around 1.0 days.
Physical parameters of the W UMa systems can be estimated through orbital
solution and light curve modelling of the systems' photometric and spectroscopic
observations. The parameters can be used to establish and follow their evolutionary
status.

The importance of light curve analysis in describing the orbits of newly discovered
eclipsing binary systems and hence revealing their evolutionary status has caught the
attention of many authors. In this paper we present the first orbital solutions and
photometric investigations for three new discovered W UMa systems, V0757 And, IK
Lyn, and V0996 Per to estimate their absolute parameters and follow their evolutionary
status. The paper consists of five sections: Section 2 is devoted to the systems'
observations and times of minima. In section 3, light curve analysis of the systems
is performed. Section 4 deals with the evolutionary state of the systems' components.
Summary of the results and conclusion are outlined in Section 5.
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2. Observations and times of minima. The variability of the systems
V0757 And, IK Lyn, and V0996 Per were detected for the first time during the
observations of other eclipsing binaries. The system V0757 And (P=0°4386), was
observed in the field of view of the known variable star CP And in 2011 by
Liakos and Niachros [1], while the system IK Lyn (P=0°.258275) was discovered
in the field of view of the known variable star CL Lyn in 2011 by Liakos and
Niachros [2]. The system V0996 Per (P=0°38801) was discovered in the field
of view of the variable star V881 Per in 2012 by Liakos and Niachros [3]. Table
1 listed basic information about the studied systems together with the used

Table 1

BASIC INFORMATION OF THE VARIABLE, COMPARISON,
AND CHECK STARS

Star Name o (2000.0) | & (2000.0) | B | V [B-V
Variable (V0757 And) 0202'13".79 | +45°33'14".80 |14.45 [13.96 | 0.49
Comparison (GSC 03281-01868) 02012'15".38 | +45°32'40".42 [13.96 | - -
Check (GSC 03281-01193) 02112'30" 46 | +45°34'38".78 [12.84 | - -
Variable (IK Lyn) 07"58'44" 09 | +54°25'13".80 [14.76 [14.08 | 0.68
Comparison (GSC 3787-00524) 0758'47".28 | +54°24'15".77 [13.31 | - -
Check (GSC 3783-00027) 0758'45".65 | +54°20'40".34 [13.92 | - -
Variable (V0996 Per) 03"00'31".00 | +37°59'07".60 [15.67 [15.01 | 0.66
Comparison (USNO A2.0 1275-01924782) | 03"00'27".84 | +37°59'32".49 | - - -
Check (USNO A2.0 1275-01922582) | 03"0025".19 | +37°59'20".48 | - - -

comparison and check stars for each system. All observations were carried out at
the Gerostathopoulion observatory of Athens University during the period from
Jul 2010 to Nov 2011, using a 40-cm Cassegrain telescope equipped with ST-
8XMEi and ST-10XME CCD camera and the BVRI Bessell photometric filters.
The systems V0757 And, IK Lyn were observed in BI pass bands, while the
system V0996 Per was observed in BR pass bands. The corresponding phases to
each observed data were calculated for all systems observations according to the
ephemeris in Table 2 adopted by Liakos and Niachros [1-3]. Fig.1a, b, ¢ displays

the observed light curves for the systems.
Table 2

EPHEMERIS EQUATIONS FOR STUDIED SYSTEMS

Star Name Ephemeris

V0757 And MinI=HJD 2455493.2680 + 0.438600 E
IK Lyn MinI=HJD 2455576.5833+0.258275E

V0996 Per MinI=HJD 2455819.5027 + (0.388010 E
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Fig.1. Observed light curves for the systems: a) V0757 And, b) IK Lyn, and c) V0996 Per.

A total of 18 new times of primary and secondary minima were derived for
all studied systems using the method of Kwee and Van Worden [4] using the
software Minima V2.3 (Nelson [5]) and are listed in Table 3. Since the studied
systems are new discovered, the estimated minima can be use with additional
estimated ones revealed from future observations to study the period behavior of
the systems.

The light levels were measured at four characteristic phases (Max I, Min I,
Max II, and Min II) for all the observed light curves of the systems. The bright
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LIGHT MINIMA OF V0757 And, IK Lyn AND V0996 Per

Star name HID Error Min Filter
2455493.2663 0.0009 I B
V0757 And 2455493.2668 0.0013 | |
2455493.4875 0.0008 11 B
2455493.4899 0.0022 11 |
2455598.2754 0.0001 I B
2455598.5373 0.0007 I B
IK Lyn 2455602.2830 0.0012 11 B
2455598.2719 0.0005 | |
2455598.5329 0.0007 | |
2455602.2777 0.0007 II I
2455819.5099 0.0011 I B
2455833.4741 0.0005 | B
2455818.5314 0.0007 11 B
V0996 Per 2455835.5996 0.0037 11 B
2455819.4917 0028.0 I R
2455833.4828 0.0013 I R
2455818.5274 0.0005 II R
2455835.6030 0.0008 11 R

Table 3

difference between both maxima D__ (MaxI-MaxII) and minima D_. (Minl
- MinII) has been measured together with the amplitude (depth) of the primary
A, (MinI-Maxl) and the secondary A, (MinlII - MaxI) minima for the observed
light curves of the systems V0757 And, IK Lyn and V0996 Per. The calculated
parameters are listed in Table 4.

Table 4
LIGHT CURVE LEVELS FOR THE SYSTEMS V0757 And,
IK Lyn AND V0996 Per
Star name D, D . A, A Filter
V0757 And | 0-00500.0002 1 0.0450+0.0018 | 0.3100+0.0127 0.2650+0.0108 | B
0.0080£0.0003 |0.0100£0.0004 | 0.2480£0.0101 | 0.238040.0097 | 1
IK L -0.080020.0003 | 0.050020.0020 | 0.5800£0.0237 | 0.5300+0.0216 | B
Y 1-0.0500£0.0020 | 0.0200+0.0008 | 0.5100£0.0208 | 0.49000.0200 | 1
V0996 Per | 0-0300£0.0012 10.0800+£0.0033 | 0.7050£0.0288 0.6250+0.0255 | B
-0.010020.0004 | 0.0400£0.0016 | 0.625040.0255 | 0.5850+0.0239 | R

IK

3. Orbital solution. A photometric analysis for the systems V0757 And,
Lyn and V0996 Per was performed using the synthetic light curve and
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differential corrections program of WD code (Wilson et al. [6]) based on model
atmospheres by Kurucz [7]. Temperature of the primary star 7, was estimated using
the (B-V) color index for each system listed in AAVSO (https://www.aavso.org/vsx/
index.php?view=search.top) by means of colour index temperature relation by Tokunaga
[8]. The adopted primary stars temperatures were used as initial values in the light
curve modelling. All individual observations of the observed light curves in each band
were analyzed instead of normal points. Gravity darkening and bolometric albedo
exponents were adopted for the convective envelopes (Teﬂ< 7500 K), therefore we
adopted 4,=A4,=0.5 (Rucinski [9]) and g, =g,=0.32 (Lucy [10]). Tables of Van
Hamme [11] were used to adopt the bolometric limb darkening using the
logarithmic law for the extinction coefficients.

Because of the lack of spectroscopic measurements (radial velocity) for the
studied systems, the initial value of mass ratio ¢ was determined using a g-search
method. The test solutions in this technique were done at a series of assumed
mass-ratios g with the values ranging from 0.10 to 0.90 using mode 3 for over-
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contact in WD code. A convergent solution was obtained for each assumed ¢, and
the resulting sum of the squared deviations Z(O—C)2 for each value of g were
plotted in Fig.2a, b, ¢ for all studied systems. Initial values of ¢ corresponding
to the minima of %(O- C)2 that obtained for each system are adopted as an initial
value in the modeling. In computing the photometric solution, the employed
commonly adjustable parameters are; the mass ratio g, the orbital inclination i,
the temperature of the primary component 7, and the temperature of the
secondary component 7, the surface potential Q (for Mode 3, Q, =Q, =Q) and
the monochromatic luminosity of primary star L,. Relative brightness of secondary

star was calculated by the stellar atmosphere model.
Table 5

PHOTOMETRIC SOLUTION FOR THE SYSTEMS V0757 And,
IK Lyn, AND V0996 Per

Parameter V0757 And IK Lyn V0996 Per
i (®) 60.4410.25 67.75+0.29 78.3210.45
g =8 0.32 0.32 0.32
A=A, 0.5 0.5 0.5
q (M,/M) 0.4418+0.0016 | 0.7844+0.0035 0.4222+0.0030
Q =0, 2.75624+0.0057 | 3.2396+0.0091 2.5829+0.0078
T, (°K) 6333187 5275%43 5503%33
T, (°K) 5718x7 4943+5 537310
n 2.7621 3.3902 2.7193
Q.. 2.4951 2.9474 2.4641
r, pole 0.425610.0034 | 0.3983%0.0075 0.4545+0.0030
r, side 0.4534+0.0046 | 0.4243+0.0100 0.491740.0042
r, back 0.4811£0.0062 | 0.4662+0.0162 0.5304+0.0063
r, pole 0.2912+0.0049 | 0.3582%0.0083 0.314010.0044
r, side 0.30390.0059 | 0.3793%0.0107 0.332110.0057
r, back 0.3372+£0.0100 | 0.4256+0.0194 0.3913%0.0135
Spot A of star 2
Latitude 12014.90
Longitude 130£5.31
Spot radius 22+0.90
Tem. factor 1.30x0.05
3(0-C)° 0.03693 0.31561 0.38067

The observed light curves of the studied systems undergo photometric solution
analysis. Some trials were made to derive a set of parameters which marginally
represent the observed light curves. Condition of Mode 3 (overcontact) in the WD
code [6] was applied and the best photometric fitting was reached after several runs.

The accepted solution shows that the primary components in all systems are
hotter than the secondary ones. Parameters of the accepted models are listed in



STUDY OF THE NEW W UMa SYSTEMS 37

X
=
®
g (B-0.1)
®
£ 0.7
(]
=
05| ? 1
1.2I :
(B+0.25)
X
=
he |
(0]
N 0.8
(]
£
(]
=2
| b I
0.4
[(B+0.3) |
1.2
X
=
3 R
N
= 0.8
£
]
=2

04 Fc A A A B

-0.4 0 0.4 0.8 1.2

Phase

Fig.3. Synthetic (lines) and observed (dots) light curves for the systems: a) V0757 And, b) IK
Lyn, and c) V0996 Per.

Table 5, while Fig.3 displays the observed light curves (dots) together with the
synthetic light curves (lines). As can be seen in Fig.3b, the observed light curves
of the system IK Lyn in BI pass bands show asymmetries, where the observed
magnitude between phases 0.1 and 0.3 is brighter than that between 0.7 and 0.9,
which could be attributed to O'Connell effect. We treated such change in the
curves, by adopting the model solution with suitable spot position in parallel with
a non-spot solution to achieve an acceptable matching to the reflected observed
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points. As a result, a spotted model was adopted with a hot spot on the secondary
star that shows a good agreement between the observed and synthetic light curves. The
parameters of the accepted model for the system IK Lyn are listed in Table 3.
Absolute physical parameters for the components of the studied systems were
calculated using the empirical 7 -mass relation by Harmanec [12], All the
calculated physical parameters for the systems were listed in Table 6. It's clear
that the accepted photometric solution and the estimated physical parameters show
that the primary components are hotter and massive than the secondary ones in
all systems. The spectral types of the systems' components were adopted according
to the parameters of the accepted orbital solutions (Popper [13]). Three-dimen-
sional geometrical structure for the studied systems were constructed as shown in
Fig.4 using the software Package Binary Maker 3.03 (Bradstreet and Steelman
[14]) based on the calculated parameters resulted from the adopted models.

Table 6

ABSOLUTE PHYSICAL PARAMETERS FOR THE SYSTEMS:
V0757 And, IK Lyn AND V0996 Per

Parameter Star name
V0757 And IK Lyn V0996 Per

M, /Mg 1.293740.0528 0.9390+0.0383 1.0175%+0.0415
M,/ Mg 0.57161+0.0233 0.7366+0.0301 0.4296+0.0175
R,/ Rg 1.379710.0563 1.03724+0.0423 1.1159+0.0456
Ry /R 1.1878+0.0485 0.918340.0375 1.0714+0.0437
T, /Ty 1.096110.0448 0.913040.0373 0.9524+0.0389
T,/ Ty 0.989610.0404 0.8555%0.0349 0.9299+0.0380
L /Lg 2.7434+0.1120 0.7463+0.0305 1.02324+0.0418
L,/ Lg 1.35134+0.0552 0.4511+0.0184 0.8572+0.0350
M, 3.654340.1492 5.0677+0.2069 4.7252+0.1929
s 4.4231+0.1806 5.6145+0.2292 4.917440.2008
Sp. Type (F7)', (G3)? (G8)', (K1) (G6)', (G7)*

Note: The subscript/superscript 1 and 2 refers to the primary and secondary components,
respectively.

4. Evolutionary state. Evolutionary state of the studied systems was
investigated using their estimated physical parameters as listed in Table 6 by means
of mass-luminosity (M-L) and mass-radius (M-R) relations and the evolutionary
tracks computed by Girard et al. [15] for both zero age main sequence stars
(ZAMS) and thermal age main sequence stars (TAMS) with metallicity z=0.019.
Luminosity-effective temperature (L-T,;) relation of non-rotated models and the
empirical mass-effective temperature (M-T,;) relation of the intermediate and low
mass eclipsing binaries were also used in investigating the evolutionary states of
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Fig.4. Three dimension structure of the binary systems: a) V0757 And, b) IK Lyn, and c)
V0996 Per.

the systems. Fig.5a, b displays the locations of the studied systems' components (S,,
S,) on the mass-luminosity (M-L) and mass-radius (M-R) relations. As shown in
Fig.5, the components of the systems are located near the ZAMS for (M-R) relation
and (M-L) relation except for the secondary components of the systems V0996 Per
and V0757 And where they lied above the TAMS track. Deviation of these secondary
components can be ascribed to the energy transfer from the primary components
to the secondary ones through the common convective envelope of these two
systems, as suggested by Lucy [18]. Using the non-rotating evolutionary models of
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Ekstrom et al [16] at solar metallicity z=0.014, we assigned the components of
the studied systems to the 7 -luminosity relation as shown in Fig.6 where all
components of the studied systems lie on their expected positions.
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Fig.5. Positions of the components (S1, S2) of the systems V0757 And, IK Lyn and V0996
Per on the theoretical: a) mass-luminosity diagram and b) mass-radius diagram of Girardi et al. [15].

4 T T T T T
= V0757 And S,
V0757 And S
IKLyn S,
IKLyn S,
V0996 Per S,
V0996 Per S,

LAt

2

logL/L

2 1
3.4
logT

eff

Fig.6. Positions of the components (S1, S2) of the systems V0757 And, IK Lyn and V0996
Per on the effective temperature-luminosity diagram of Ekstrom et al [16].
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Fig.7. Positions of the components (SI, S2) of the systems V0757 And, IK Lyn, and V0996
Per on the empirical M -T,, relation for low-intermediate mass stars by Malkov [17].

Mass-effective temperature relation (M-T;) for the intermediate and low mass
stars (Malkov [17]) is displayed in Fig.7 for all the studied systems. The locations
of the studied systems on the (M-T;) diagram showed a good fit for the systems'
components excepts for the secondary component (S2) of systems V0996 Per and
V0757 And. The behaviour of the components on the M-T,; diagram is similar to
their behaviour on the previously discussed M-L and M-R diagrams, shown in Fig.5a,
b, and we ascribed the reason for such behaviour to the same previous argument,
that is; energy transfer from the primary to the secondary component of these two
systems through the common convective envelope, as suggested by Lucy [18].

5. Discussion and conclusion. The new overcontact systems V0757 And,
IK Lyn were discovered in 2011, while the system V0996 Per is discovered in
2012, all by Liakos and Niachros [1-3]. A complete light curves were observed
for the systems from July 2010 to Nov 2011 and new times of minima (primary
and secondary) were calculated for all studied systems. Results of the first
photometric analysis for the systems showed that the primary components in all
systems are hotter and massive than the secondary components. The evolutionary
state of the systems under study has been investigated to explore their behavior
on M-R and M-L relations. Locations of the components of the systems on
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M-R and M-L relations reveled a good fit to the ZAMS track except for the
secondary components of the systems V0996 Per and V0757 And where they
located above the TAMS track. In similar fashion, locations of the systems'
components on the M-T . diagram showed a good fit for the components of
systems except for the secondary components of systems V0996 Per and V0757
And. We ascribed such behaviour, in both cases, to an energy transfer from the
primary to the secondary component of the two systems through the common
convective envelope, as suggested by Lucy [18].
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OOTOMETPUYECKOE MCCIELOBAHUE U
OPBUTAJIPHOE PEIUEHMWE JI51 HEJABHO
OTKPBITbIX 3ATMEHHO-ABOWHbBIX CUCTEM

M.C.AJIEHA3U!, M.M.DJIbXATUB?

IIpencraBneHo opOUTAlbHOE pellleHWEe W aHaJU3 KPUBBIX OJecKa IJis Tpex
HeJaBHO OTKPHITHIX cucteM W UMa: V0757 And, IK Lyn u V0996 Per ¢ momoliibio
nepBbix [13C-HabmomeHuili. BbuiM olLleHEHBI HOBBIE BpeMeHa MUHUMYMOB U
MPOaHAJIU3UPOBAHbI HaOJIIOMaeMble KpUBbIe OJeCKa C MCIOJb30BAHMEM CaMOit
nocjeaHeld BepcUM Koja MojaeaupoBaHus YwuiacoHa-JeBuHHM (kog WD),
OoCHOBaHHOro Ha Mozensix atmocdep Kypyua. ITpuHsATbIe Moaeay MO3BOJUIU
BBISIBUTH HEKOTOPHIE TTapaMeTPhl, OIUCHIBAIOLIE OPOUTY KaskKION CUCTEMbI, KOTOPBIC
MOKA3aJIM, UYTO MePBUYHBIC KOMIIOHEHThI BO BCEX CHCTeMaX MAacCHUBHee M ropsiee,
YyeM BTOpMYHBIE KOMITOHEHThI. CIIeKTpaJIbHbIE KJIACCHI KOMITOHEHTOB CHCTEM U
pacnoyioXeHWe CUCTEM MO TEOPETUYECKUM COOTHOLIEHUSIM Macca-CBETUMOCTD U
Macca-paauyc MoKa3ajlu XOpolllee COOTBETCTBUE JISI BCEX KOMIIOHEHTOB CUCTEM,
KpPOMe BTOPMYHBIX KOMIOHEHTOB cucteM V0996 Per u V0757 And, pacrionoxKeHHbBIX
BbILLIE TTOcTaeaoBaTelbHOCTH TAMS.

KoiroueBblie crioBa: 3ammeHHo-0800iHbIe cliceMbl: MOOeaUposanue Kpueol baecka:
2601H0UUOHHOE COCMOSAHUE
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CBEPXBBICTPAS MMEPEMEHHOCTb MPO®UIIEN TUHUN
B CIIEKTPAX v Ori
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IMoctymmmna 4 mekabpst 2022
IMpunara x meyatu 3 ¢eBpaxs 2023

IpencraBneHbl pe3ynbTaTbl HAOMIOAEHUN BBICOKOTO BpeMEHHOro pasdpeuieHust (AT ~ 2 MUH)

B2V 3Be3nbl y Ori Ha 2-M Teneckorne obcepBatopuu ITuk Tepckos. 3aperucTpupoBaHbl perysipHbie

KOMITOHEHTBI Bapualuii nmpodwieit muHuii ¢ nepuogamu ot ~57 muH n1o ~130 muH. OGcyXnaeTcst
Mpupoaa TakKUX BapuallMid.

KntoueBbie croBa: 36e30bi: cnekmpul - npoguay AUHUL - NePEeMEHHOCIb. UHOUBU -

dyanvhble: Y Ori

1. Besedenue. Tlpodpunu nuHuii B crnekrpax OB 3Be3n mnepeMeHHBI Ha
BPEMEHHBIX I1lIKajax OT AHel a0 4vacoB [1-3]. Bapuauuu npodwieit auHUMA
TPaIMIMOHHO UHTEPIIPETUPYIOTCS KaK pe3yJibTaT BpalllaTeJibHOH MOAYJIIuuu [4]
Ui HepaguanbHbix nyiabcauuit (HPIT) [5]. s 3Be3d crieKTpajibHOTO Kjacca A
nepuoabl Bapualuii mpoduieit cyiiecTBeHHO Bo3pacrtaloT. Tak, cornacHo Kaufer
et al. [6] mepyon Bapuanmii mpoduieil TMHUM B criekTpe AQ cBepxruranta HD
92207 B pesyiabTaTe HepaaMalbHBIX MYJbCALIMil COCTAaBIsIET 26 IHE.

Bapuaunu npodwuneit nunuii B cnektpax OBA 3Be3n Ha 6ojiee KOPOTKUX
IIKaJaX BpEMEHU He OXuAaIMCh. TeM Oosiee yIMBUTEIbHBIM ObLIO OOHApYXEeHUE
ObICTpbIX M3MeHeHUI npoduiieit B cniektpe HD 92207. Hubrig et al. [7] oOHapyxuau
usMmeHeHus npoduneit tuHuit Si I u Fe 11 B cnekTpax 3Be3nbl Ha MPOMEXYTKax
BpeMeHM 1-2MUH ¢ aMITIMTYI0i 3-5% OT IOTOKa B COCEAHEM C JIMHUEW KOHTUHYYME.

OTta paboTa CTUMYJIMpPOBAJa Hallly porpaMMy MCCIeA0BaHUs CBEpXObICTPON
MMepeMEeHHOCTH Ha MUHYTHBIX IITKaJaX B CIIEKTPax 3Be3l PaHHMX CIIEKTPaTbHBIX
KiaccoB. YToObI MPOBEPUTH, IIMPOKO JU PACIPOCTPaHEHbI MOAOOHbBIE KOPOTKO-
MepUoaNYecKre CrieKTpaibHble Bapualimu cpean OBA 3Be31, Mbl ITpoaHaIM3MPOBATIU
Bapualuu Tpoduiied JuHMA B criekTpax sapkux OBA 3Be3n, MOJYyYEeHHBIX C
BBICOKMM (MUHYTa YU MEHbIIE) BPEMEHHBIM pa3pellieHueM TpU KCMHOJb30BAaHUU
penykTopa cBetocuibl 6-M teieckorna BTA SCORPIO [8].

Harma mporpamma nowcka Bapyaliuii mpoduieit IMHUI Ha KOPOTKUX BPeMEHHBIX
mKanxax Obuta mpopoikeHa B 2019r. Takke Ha 6-M Teneckone BTA, HO yxe ¢
ucrnoias3oBanueM crekTporpada O3CII (Panchuk et al. [9]), ocHalleHHOTO
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aHaJM3aTOPOM KPYTrOBOM MOISIpM3alliM U pe3aTesaeM m3oopaxkenuit [10].

B 2019-2021rr. criekTpajbHble HAOIIOACHUS MPOBOAWINCH Takxke Ha 1.25-M
teneckone KpbiMckoit actpoHomuueckoil ctanuuu FTAWUIIT MTY [11] u Ha 1-M
teaeckone CAO co cniekrporpadoM Hu3koro paspeinenuss UAGS [12], Ha KoTopoM
6bu10 mosyyeHo nouTtu 1800 criektpoB Tpex OBA 3Be3n. U, Hakonel, ¢ 2019 o
2021rr. ObUTM BINIOJIHEHBI HabMtoneHUuss Ha MHoromonoBoM criekTporpadpe MMCS
doxkyca Kaccerpena teneckona Zeiss-2000 oocepBaropum ITuk Tepckos [13]. bouto
nonydyeHo 424 cnekrtpa 17-tu OBA 3Be3n.

K HacTog1IeMy BpeMeHHU IO MporpaMMe UCCIeAOBAHUS CBEPXOBICTPOil Tiepe-
MEHHOCTH ToJy4eHO cBbllle 20-Tu Thicsu criekTpoB 39-tu 3Be31 OBAFGM 3Be3n.
B [14,15] nipencraBieHbl 0030phI CAeJaHHBIX HAOIIOACHUIA.

Hawnbonee uHTEpeCHBIE pe3yJIbTaThl ObUIM ITOIyYeHbI XOJTBITMHBIM U Ip. [16]
B pe3yJibTaTe aHaju3a ObICTPhIX Bapualuii B cnekTpax Bla cBepxruranra p Leo.
Breuu 3apeructpupoBaHbl peryisipHble Bapuauuu npodunein nunuit H u He ¢
nepuonamu ot 2 10 90 MUH, a Takxke HEpEryJsipHble Bapualuu npoduiieil TMHUi
Ha TPOMEXYTKe BpeMeHU MeHblie |1 MuH. Mcroab3oBaHME METOIOB OKOHHOTO
Dyppe-nipeodpazoBanud [17] mo3Boimiao 0OHAPYKUTh TpaH3UMEHTHBIE BapHallin
npoduieil ¢ BpeMeHeM XU3HHM B HECKOJIBKO JECITKOB MUHYT M CO ciaborepe-
MEHHBIMU TleprogaMu B obnact yactoT 0.1 -0.5muH™"' (meprons! 2-10 MuH).

Hanuune Takux KOMIOHEHTOB PETy/ISIpHBIX Bapualuili mpoduaeii TMHUI ObUIO
OOBSICHEHO MPU IIPEATIONOXEHUN, UTO BRICOKME MOJBI HEPAAUAIbHBIX ITyIbCalllit
HeCTaOMJIbHBI M MOTYT KaK 3aTyXaTh, TaK U T€HEPUPOBAThCSI Ha KOPOTKHUX ILIKAJIax
BpemeHu oT 10 1o 100 muH. ITomoOHBIE TpaH3MEHTHBIE Bapyalyy Ipoduiieil ObUIn
TakXe BbISIBJIeHBI y ObicTpoBpaiuatomeiics 09.5I11 3Be3nbr [14], uTo cBUIe-
TEJbCTBYET O BO3MOXHOCTHU HAJWYUS TAKOTO TUIIA CIIEKTPaJbHON MepeMEHHOCTHU
u y apyrux OB 3Be3n.

B HacToseit pabote uccieayeTcs nepeMeHHOCTb Mpoduieil JIMHWI B CIIEKTpe
B2II1 3Be3mbr 7 Ori (bemmarpukc, 24 Ori, HR 1790, HD 35468, 2MASS
J05250786+0620589) 13 aHanm3a epeMeHHOCTH TTPOGUIIEI JIMHHIA, TTOTyYeHHBIX
Ha 2-M Teneckore obcepBaropuu Ik Tepckom B Houm 18/19 m 20/21 suBaps
2019r. 3Be3ma y Ori U3BeCTHA KaK HU3KO aMILIMTYIHAsl HeperyJsipHasi epeMeHHast
[18]. bricTpasg cmexrpanbHasg nepeMeHHOCTh Y Ori 1o HacToslIero BpeMeHU He
M3y4eHa, YTO JeJIaeT e MHTEPECHLIM OOBEKTOM MCCIIEIOBAHMSI.

Hacrosias cratbsi opraHuzoBaHa cieaylolnuM obpa3oMm. B pasgene 2 mpen-
CTaBJIEHbl OCHOBHbIE CBEJICHUSI 00 U3y4aeMOM 00beKTe. BhimomHeHHbIe HAOIIOIeHHS
U mpoleaypa ux oopaboTku onucaHbl B pasaene 3. Bapuauuu npodunein TuHAi
B criekTpe Y Ori obcyxnarores B pasaene 4. Pesynbrarer dyphe-aHanm3a Bapranyit
npoduiaeil TUHWIA TIpeACTaBlieHbl B paslese 5, BelBileT aHaum3a - B 6, B 7 -
00CYKIaIOTCS pe3yabTaThl UCCIECAOBAHUS M BBIBOALI K CTAThE.
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2. OcHogHuble ceedenus 0 36e30e. 3se3na y Ori ABISIETCS OTHOCUTEJIBHO
MeIJIEHHO Bpallialolleiicst 3Be3noii chekTpanbHoro kimacca B2 II-1II [19]. Ha
nuarpamme I'P 3Be3na v Ori HaxoauTces B o6jacTy nepeMeHHbIX 3Be3 Tina 3 Cep
paHHMX MOJKJIACCOB CIIEKTpajbHOro kiacca B [5,20].

I[MapameTpbl 3Be3/1bI TIPEACTABIEHbI B Ta0L. 1, Tae T - 5hheKTrBHAs TeMIeparypa
3Be3lbl, g - YCKOPEHUEe CUJIbl TshKecTu, M - macca 3Be3nbl, R - ee paauyc, M
- TeMN IOTepU MacChl 3Be3nmoil, L - OGoysoMeTpuyecKasi CBETUMOCTb, Vsini -
CKOPOCTb BpallleHHs 3Be3Ibl, P - Mepuol BpallleHUs, Age - BO3PACT 3BE3IbI.
ConepxkaHWe 3JIEMEHTOB B Jlorapu(pMUUecKOi 1IKajie JaHO B (DUTYPHBIX CKOOKaX.

DddekTuBHasg TeMIepatypa 3Be3ibl T, ONpPEeNeaAeTcs He BIOJHE HaIeXHO.
Cornacno Simon-Diaz et al. [21] T,,=19500K, Torma xak Gies et al. [22] (1992)
npusonaT sHayenue 71.=22570K. 3Be3na y Ori gBg€TCA APKUM PEHTTEHOBCKUM
HWCTOYHUKOM, YTO KOCBEHHO CBUIETEILCTBYET O HAIMUUM Y HEe MarHUTHOTO TTOJIS.
PenTtreHosckasi cBeTUMOCTb L, = 5.5-10% 9pr/c ¢ OTHOIIEHUEM PEHTTEHOBCKOM
CBETUMOCTH K 6OJIOMETpUIecKoil L, /Ly, = 2.2-107% [23].

B TO ke BpeMsi MarHUTHOE T0JIe 3Be3/bl O HACTOSIIIIETO BpeMEHU He OOHApYKEeHO.
H3mepenns Butkovskaya, Plachinda [24] naym 4 3HaYeHUs POIOIBHOI KOMITOHEHTHI
MarHMTHOro nojist B, B unrepsane or -28.3 no 80.3I'c. K coxanenuto, HU OIHO
M3 3TUX 3HAUEHUI HE OIpelesieHO Ha YPOBHE TpeX CTaHAAPTHBIX OTKJIIOHEHWI,
MMO3TOMY BOIPOC O MAarHUTHOM Tojie Y Ori ocTaeTcsl OTKPBITHIM.

Bospact y Ori onpeznesieH HaMu 10 €€ CBETUMOCTHM 1 TEMIIEpaType, MPUBEIEHHbBIX
B Tabu.l ¥ mojoxeHUo (cM. puc.l) OTHOCHUTEIBHO M30XPOH BpAIAIOIIUXCS
MaccuBHBIX 3Be31 [25]. [lomydyeHHBIN Bo3pacT OJU30K K BO3PACTY 3BE3M 20.1)0020
nomoka 38e31 OpuoHa (Orion blue stream), cornmacHo Bouy, Alves [29] (puc.d),

Tabauya 1
ITAPAMETPBI vy Ori

ITapameTp 3HayeHUe Cchuika
T, K 22000 [19]
logg 3.60 [19]
M/Mg 8.6x0.3 [26]
R/Rg 5.75 [27]
log(M /M) -8.33+0.09 [28]
log(L/Lg) 3.87 [28]
- 3.96 [27]
Vsini (km/c) 53 [21]
{He} 11.0 [19]
{C} 8.20+0.16 [22]
{N} 7.81+0.22 [22]
{0} 8.68+0.14 [22]

Age (10° ner) 19.5£2.5 Hacrostiass pabora
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YTO TOATBEPXKIAET SBOJIOIMOHHYIO OJIM30CTh 3Be3l roiyboro moroka u 7y Ori.
3HauyeHue Bo3pacta Y Ori, commacHo Tetzlaff et al. [26], paBHO (25.212.7)-106
JIET, YTO MPEACTABISIETCS 3aBBIIIEHHBIM.

4.4
4.2-
40
- —— 18.2Myr
S0 | <Y
do’ 38 i 188 Myr
0 - 19.2 Myr
............. 19.8 Myr
361 .. 20.2Myr
| e 20.8 Myr N I
344 --- 21.2Myr . |
2 24 2 20 18

Teff, K

Puc.1. y Ori Ha auarpamme [epuiunpyHra-Paccesna. IlpuBeneHbl M30XpOHBI IS BO3PACTOB
t ot 18.2 mo 21.2 (B emmHMIax 10° Jiet) cornmacHo Brott et al. [25] mia ckopoctu BpaiieHUs
3Be3npl S0 KMm/cC.

3. Habawodenusa. Habmonenusa y Ori ObIIN BBITIOJHEHBI HA 2-M TEJIECKOIIE
obcepsatopuu [1uk Tepckon T® MHACAH B Houn 18/19 1 20/21 suBaps 2019r.
¢ UCIoJb30BaHuEeM aluesie crekrpomeTpa MMCS B ¢okyce KaccerpeHa.

B 1abn.2 npencrtasneH XypHan HabmoneHuit y Ori. CrniekTpbl ¢ HOMEpamu
44136-44156, nonyuyeHsl B HOub 18/19 suBapst 2019r. ¢ skcnosuuumeit 60c, a mist
CIIEKTPOB, MoJy4eHHbIX B HOub 20/21 ssHBapst 2019r., ucrnosab3oBanach 3KCIO3ULINS
50c.

CrniekTpbl ObUIM TOJAYy4YEeHBI B obmactu AA3598-7447A co crexTpaabHBIM
pa3pemieneM ~15000. KaanOpoBka crieKTpoB ObUIa BBIIIOJHEHA OTAEILHO IS
Kaxzaoro u3 27 sienie NmopsiakoB. YyBCTBUTEIbHOCTb MaTpPUIIbl CYILIECTBEHHO
rmagaeT K ee KpasM, ITO3TOMY ISl aHaJIi3a IepeMeHHOCTH TIpoduieil BRIOMpaInuch
JIMHUU OJIMKe K ceperHe MOopsSaKa.

IMonydyeHHBIE CIEKTPBl HOPMUPOBAIMCh HAa KOHTUHYYM. JIJIST MILTIOCTpallun
KOPPEKTHOCTH TIPOLIEIYPhl HOPMUPOBKY YCpPeIHEHHbIE 3a JBe HaOJI0JaTe/IbHEIC
HOYM, HOPMUPOBAHHBIE CIIEKTPBI B 0OJIACTH IMH BOJIH AA 4588 - 4665A mpencras-
JIeHbl Ha puc.2. OTauure HOPMHUPOBAHHBIX CIIEKTPOB, YCPEIHEHHBIX 32 pa3HbIe
HOYM, He mnpesbiaer 1%.

4. Bapuauuu npochuneti aunui. Tpoduay TMHWIA, IPUTOIHbIE I aHAINA3A
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Tabauya 2
JKYPHAJI HABJIIOAEHUM y Ori
No. cnekrpa MID No. cnekrpa MID No. cnekrpa MID
44136 58501.93611 44150 58501.95972 44351 58503.85417
44137 58501.93750 44151 58501.96111 44352 58503.85556
44138 58501.93819 44152 58501.96319 44353 58503.85764
44139 58501.93958 44153 58501.96458 44354 58503.85972
44140 58501.94167 44154 58501.96667 44355 58503.86111
44141 58501.94375 44155 58501.96875 44356 58503.86319
44142 58501.94514 44156 58501.97014 44357 58503.86458
44143 58501.94722 44344 58503.83681 44358 58503.86667
44144 58501.94861 44345 58503.84167 44359 58503.86875
44145 58501.95069 44346 58503.84514 44360 58503.87153
44146 58501.95208 44347 58503.84653 44361 58503.87292
44147 58501.95417 44348 58503.84861 44362 58503.87500
44148 58501.95556 44349 58503.85069 44363 58503.87639
44149 58501.95764 44350 58503.85208 44364 58503.87847
' ' ' ' 18/01,2019
s 105 20?01?2019
o)
cC
.095 . v 3 S -
2 Ll & 3 5%z 8§ SV &vw ds 3
Q = I & 50 I &3z g I g 3% =
Togs5 © ° 1 z = 1 = 1 2 1 = = i: ° 1 °
4600 4612 4624 4636 4648 4660

JnvnHa Bonwbl, A

Puc.2. Hopmuposanbie criiektpbl y Ori B obmact AA 4588 - 4665A , ycpenHeHHBIE TIO BCEM
WHIMBUAYAJIbHBIM CIEKTpaM, TOJyuyeHHbIM B Houu 18 u 20 suBapst 2019r.

HUX TIePEeMEHHOCTH, ObLIM HOPMUPOBAHbI Ha JIOKAJbHBI KOHTMHYYM. CpegHue
HopMupoBaHHbIe TTpoduau auHu HB u Hel 4922, nosyyeHHble B pa3Hble HOYU
HaOsoneHui, nokaszaHbl Ha puc.3. BumHo, yto npoduau JUHUN MEHSIOTCS OT
HOYM K HOYM He OoJjiee, YeM Ha Ha 1-2% B eauHMIIAX MHTEHCUBHOCTHA COCEIHETO
¢ TuHUe KOoHTMHYyMa. B kpblnbsx npodwist nunuu Hel 4922 B criektpe Y Ori
BunHBl cinabeie muHUM OII, SIT m Fell.

XapakTep NepeMeHHOCTU BUIEH Ha purc.4, Ha KOTOPOM IPUBEACHBI PA3HOCTHBIC
npohuiu d(V,tl-) mmauit Hel 4922 u Hel 5876, tne:

dV.t,)=F(V.t,)-F(V). (D
3necs F(V,t,) - mpodwib TUHUM B MOMEHT BPEMEHU = t, V= (L =ng)c -
JOIJIEPOBCKOE CMELLEHUE OT LEHTPAILHOW JIMHBI BOJIHBI JIMHUU A, € - CKOPOCTb
cBeta, a F(V) - Mpodbuitb TMHIM, YCPETHEHHBII 10 BCEM aHATM3UPYEMBIM CIIEKTaM.
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« m ' ' Mean spectrum | B ' Mean spectrum
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Puc.3. Cpennue HopmupoBaHHble npodunu auHuit HP (cneBa) u Hel 4922 (cmpasa).
[lyHKTUpHast MHUS - CPENHMI CHEKTp MO BceM 42 HaOIIOAEHUSIM.

' 2019-01-18/19_“—%"{ t | ' 2019-01-18/19 —

v 2019-01-20/21 0.04 A 2019-01-20/21
o
5 0.02
c 0.02
&
n
g 0.00 0.00
o]
§ -0.02
&-0.02 ~ "\

| N 7N

4920 4922 4924 5872 5876 5880
JnvnHa Bonwbl, A DnvnHa Bonkbl, A

Puc.4. PasHocTHble crniekTpbl Bapuaiuii npodwieir suauu Hel 4922 (cnesa) u Hel 5876
(cnipaBa) B Houu HabOmoneHuit 18/19 supapst 2019r. (crtowrnbie JuHuu) u 20/21 supapst 2019r.

(ITyHKTHD).

JrHamMuyeckue CreKTpbl Bapualuii mpoduieit imHuii HB B Houn HabmoaeHuit
18/19 u 20/21 suBapst 2019r. moka3zaHbl Ha puc.S. [y OoJblieil HArIsSIAIHOCTU
BCE CIIEKTPhI MpeACTaBAeHbl B eMHON 1Kane BpemeHU. Havano orcuera (7=0)
cootBeTcTBYeT mare MJD=58501.93611, koHew - gare MJD =58503.87847 mony-
yeHus nocieaHero cnekrpa. I[onHas murenbHoCTh HabmoneHuii AT, . =1.94236
IHs (cM. Tab:a.2). Kak BUIHO M3 aHaiM3a PUCYHKOB, XapakKTep NMepeMEeHHOCTHU
npoduieit nonodeH Ay pa3HbIX AaT HAOJIOAEHUN.

5. @ypve-anaauz npoguaeti Aunuil. s MOUCKa MEPUOANIECKUX KOMIIO-
HEHTOB B BapHalMsIX Tpodwieil TMHUI ObUT BbinonHeH Pyphe-aHaan3 pa3HOCTHBIX
npoduneit nuHuit B cnektpe Y Ori. i Kaxaoil TOYKW Ha mpoduiie JUHUM,
XapaKTepU3yeMON KaKUM-TMOO 3HaYE€HUEM IOIUIEPOBCKOIO cMmelleHus V=1V,
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0.04
1.94
0.03
0.02
0.02
1.93
T 0.02 0
s 0
3 1.92
Q.
fia)
-0.02
0.01 0.0
1.91
-0.02
-0.04
0.00
-300 0 300 -300 0 300
CkopocTb (kM /c) CkopocTb (kM /c)

Puc.5. lnHamuueckue criekKTpel Bapuauuii npoduneit nuHuit HB B Houm Habmonenuit 18/19
sHBapst 2019r. (cneBa) m 20/21 sguBaps 2019r. (cmpasa).

COBOKYMHOCTb 3HAYECHUI {d (Vk,tl. )}, i=1, ..., N, tne N - 41iCJI0 aHAJIU3UPYEMBIX
npoduiieit, MpeacTapiasgeT co00i aHAIM3UPYEMbII BPEMEHHOM psill.

g moucka peryisipHbIX KOMIIOHEHTOB KaXJIOTO M3 TaKWX PSNOB JUIST BCEX
3HayeHui V, B mpenenax npocuis auHum Obul ucnonb3oBad meton CLEAN [30].
B ®ypoe-criekTpe MPUCYTCTBYIOT PEryIsIipHBIe KOMITIOHEHTBI ¢ YaCTOTAMM, COOT-
BETCTBYIOIIMMH MaKCHMMyMaM aMIUTUTYIbl Dypbe-CIeKTpa, KOTOPhIe MPEBBIIIAIOT
3HAUEHKE, COOTBETCTBYIOILIEE BHIOPAHHOMY YPOBHIO 3HAUMMOCTU. B Tabs.3 npencras-
JIEHbI HaliIeHHbIE YaCTOThI (KOJIOHKA 2) W MepUOJbl BO3MOXHBIX TAPMOHUYECKUX
KOMITOHEHTOB Bapualuii nmpoduieil aHaTUu3upyeMbIX TUHUIA B yacax (KoJoHKa 3)
U MUHYTax (KoJoHKa 4). YpoBeHb 3HAYUMOCTH, COOTBETCTBYIOLLIMI HaIeHHBIM
KOMIOHEHTaM, MpUBeJAeH B 5 KOJOHKE TaOJMIIbI.

B xononkax 6-8 Tabi1.3 3HaK IUIFOC YKA3bIBAET, YTO COOTBETCTBYIOLIMI KOMITOHEHT
TIPUCYTCTBYeT B Dyphe-CIieKTpe, a 3HaK MUHYC -, YTO Ha JAHHOM YPOBHE 3HAYMMOCTH
OH He OOHapyxXeH, XOTs IpU OOJblIEM YPOBHE 3HAUMMOCTM OH MOXET ObITh
3aperucTpupoBaH. B mocrnenHeill KOJMOHKE yKa3aHO YWCIO JIMHWM, B BapuUalrsIxX
KOTOPBIX OOHApYKEH JAHHBIA KOMITOHEHT.

M3 uncna HalieHHbIX TApMOHUYECKHUX KOMIIOHEHTOB Bapualuili npoduieit
JIMHUIA ObLIM yIaJIeHbl KOMIIOHEHTBI C 4YacTOTOM, Oosblieil yactoTel HalikBucra
v™ | B cuty Hanmmuust GOJIBILIOTO MPOIYCKa B PACCMATPUBAEMOM HAMH BPEMEHHOM
psine Bapuauuit nmpodwieit TMHUN ONpenesnuM BEJIUYUHY v™ Kak HaMMeHbliee
M3 3HaueHmit vi¢ u v, rme yactora HaiiksucTa 1ist mepBoii HOuM HaGMIOAEHUIA

Vi = 0.5/ AT™ | a cpeIHUI TTPOMEXYTOK BPEMEHU MEXIY OTCYETAMU TEPBOM
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Tabauya 3

YACTOTHI U TMMEPUO/BI PETYJISIPHBIX KOMITOHEHTOB
BAPUALLMN MTPOPUIIEM B CIIEKTPE 7 Ori

No.| v, P, P, o H He | CII+Sill ines
1/neHn yac MHH
1 | 25347 | 0.947+0.019 56.8%1.1 107 + + + 5
2 | 17.556 1.36740.040 82.0+2.4 10* - + + 4
3 | 16.547 1.450%0.045 87.01+2.7 10* - + - 7
4 115480 1.550£0.052 93.0£3.1 10° - + + 3
5 | 14313 1.677£0.060 100.6%3.6 107 - + - 4
6 | 13.515 1.77610.068 106.6+4.2 107 - + + 2
7 | 10.863 2.209+0.105 132.5+6.3 10° - + + 3

Tmean

HOYM HaOMIONEHUI A =T/(N-1). 3nech T=0.0356 1Hs - MPOIOIDKUTETHHOCTD
HabmoaeHuit B Houb 18/19 suBapst 2019r., a N=21 - 4KCI0 CHOEKTPOB, MOTYyYEHHBIX
32 HOYb. AHAJIOTUYHBIM 00pa30M OIPEIE/ISICTCS BETUYMHA V %f . [TonyyeHHOE Hamu
3HaueHMne v =247 neHn .

BepxHue mpenenbl omMOOK 4acTOT KOMITOHeHTOB Dypbe crekTpa B TaOiI.3
OLIEHEeHBI U3 cooTHOIIeHusT Av <1/T (cm., Hanpumep, [31]). 3nece T=1.9424 nus
- moJHOe BpeMs HabmogeHuit 7y Ori.

Kpome yka3zaHHBIX B Tabi.3 peryisipHBIX KOMITIOHEHTOB B Dypbe-CIieKTpe
Bapualuii mpoduieil 6bUIM 0OHAPYXKEeHbI KOMIIOHEHTHI ¢ nepuogamu 2.7, 6.7 u
13.0 yaca, KOTOpble ObUIM MCKIIIOUEHBI M3 TaOJMILbI, TaK KaK 3TU TEPUOIbI
MPEeBbIIAIOT CYMMapHYIO JJIUMTEIbHOCTb IBYX PsIOB HaOmwoaeHuit 149 muH (2.5
vaca). Haiinennsle nepuonst P, - P, mia vy Ori paHee He Obuin 0OHapyxeHbl. B
TO Xe BpeMs MOIOOHBIe TTepHoabl ObUTH HaiiaeHbl HaMu it P Leo, a® CVn, € Ori
U Ipyrux 3Be3n (cMm., Hampumep, [14,15]).

Ha puc.6 HaiimeHHble 4acTOThl Bapuauuii npoduieil B cmekrpe 7Y Ori
CPaBHUMBAIOTCSI C TepUOJOrpaMMoOii KpuBoii Onecka Y Ori, moay4yeHHON IO
HaOoneHusIM 3Be3anl Ha MuUHU-cnyTHUMKax BRITE. KommnoneHThl 2-6 Ta6i.3
COOTBETCTBYIOT ITMKaM TTepromorpaMMbl. KOMIIOHEHT v, HaXOmWUTCS BHE 00JIaCTH
YacTOT, MPEICTaBICHHBIX Ha puc.6. KoMIIOHEHT ¢ HOMEpOM 7 He COOTBETCTBYET
HUKaKUM MUKaM TePUOAOTPaMMBbI, UTO MO3BOJISIET YCOMHUTBCS B €0 PeaIbHOCTH.

B cratbe [32] 3Be3na y Ori ¢ Mayioil amriuTyaoi Bapuauuii o6iecka B 0.025
mmag paccMaTpMBaeTCs KakK OIOpHasl 3Be3da UIsl aHaiu3a (hOTOMETpUUECKOi
repeMeHHOCTH Vv Eri, omHaKo coBIamieHne MMKOB TIEPUOAOTPaAMMBI 6 C TOTOXEHUSIMU
rapMOHMWYECKHUX KOMITOHEHTOB Bapyalliii poduieit TMHUN MPOTUBOPEUUT MPEATo-
JIOXXEHUIO O MOCTOSIHCTBe Oyiecka Yy Ori. MoXHO caenarh MpeaBapUTeIbHbINM BBHIBO
0 npuHaiexxHoctu Y Ori K rpymne nepeMeHHbIX TN 3 Cep Majaoil aMILIUTY/AbI.
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0.25 7 6 5 4 3 2 7 Ori

5 10 15 20 25

Yacrota (aeHb )

Puc.6. CpaBHeHre HallIeHHBIX YacTOT Bapualuii mpoduieit B crekrpe y Ori ¢ MOTy4YeHHBIMU
M3 aHajJM3a KPUBBIX OJiecka 3Be3lbl corjacHo HabmomeHusiM Ha crytHukax BRITE [32], (puc.3).
Ludpbl Ha pUCYHKE COOTBETCTBYIOT HOMEpaM KOMIIOHEHTOB B Tabi.3.

6. Beiigrem-anasusz npoghuneli AuHUL. AHaIU3 Pa3HOCTHLIX MPodueii
JUHUK B cnekTpax Y Ori (puc.4) mokasbiBaeT MPUCYTCTBUME B HUX IMCKPETHBIX
KOMITOHEHTOB. MesikoMacitabHble AeTaiv npoduieid BEpOSTHO CBSI3aHbI C LIIYMOBBIM
KOMITOHEHTOM mpoduiieit, a netajayd 0OJbIIMX MacIllITabOB MOTYT OTHOCUTBCST KaK
K PpEryJsipHOMy, TaK W HEperyJspHOMY KOMIIOHEHTaM Bapualuil mnpodueit.
Hawnbonee noaxonsiyM MaTeMaTiyecKUM arirapaToM ISl UCCIeI0BaHUS 00pa30BaHUs
1 9BOJIIOLUM JeTajeid poduieid pa3HbIX MacllTa0OB SIBJSETCS BEUBIET-aHAJIU3 C
anamsupyommmM MHAT-BeliBieTOM:

\|/(x)= (l—x2 )exp (— xz/Z), (2

C Y3KMM 3HEpPreTUYeCKMM CIIEKTPOM ¥ DPaBHBIMU HYJIO MEPBbIM U HYJEBHIM
MOMEHTaMH.

Hcnonb3ys aToT BEelBIET, MHTErpaJibHOE BEHBIET-ITpeodpa3oBaHe pa3HOCTHOIO
npoduis JUMHUM MOXHO 3arucarh B cieayoouieM Buae [33,34]:

17 Vv’
w(s,v, t):F [alr, t)\u(TjdV’, 3)

“o
rae d(V, 1) - uccnenyemast GyHKLMs (pa3HOCTHBIN MTPODUIbL TUHUM), TIOTyYeHHAs
B MOMEHT BPEMEHU { B IMPOCTPAHCTBE CKOpOCTEN V. B opUrMHaIbHOM TpeaCcTaBIeHUN
BeiiBIIeT-TIPeoOpa3oBaHuMs IPUHUMAETCsI 3HaueHre 3=1/2. B To xe Bpemst Bapuaruist
9TOro TapameTpa IIO3BOJISIET U3MEHSTh aMIUIMTYyAbl GyHkuuu WAS, V, ) B
3aBUCHMOCTH OT Maciutaba. [1pu 3HaueHUsx B>1/2 yBeqMyMBaeTCs aMILTUTY/a
BeWBJIeT-NIPe0Opa3oBaHMsT HA MAJbIX Maciitabax, a mpu B<1/2 - Ha GOMbIIMX
Macuiradax.

II10THOCTH PHEPrUM CUTHAaja E(S, V,t): WZ(S, V,t) XapaKTepuU3yeT pacripe-
JleJIeHWe DHEpPruyd MCCIeAyeMOro curHajia B rpoctpaHcTtBe (S, V)= (macumab,
KoopouHama) B MOMEHT BpeMeHU f. B 3ToM ciyyae MaciuTabHas nmepeMeHHas S
BbIpaxkaeTcsl B KM/C.

s u3ydeHus1 3BOJIOLMU JeTajell pa3HOCTHBIX Mpodwieid HamMu ObLIU
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pacCcUUTaHbl BEIMYMHBI E (S Y, t) =w? (S, v, t) JJTS1 0ATbMEPOBCKUX JIMHUIA Y JIMHUI
HEUTpaJbHOTO Trejivs IJIs1 BCeX MOMEHTOB BPEMEHU f, B KOTOpPbIC MOJy4eHBI
CIIEKTPHI 3Be3bl B HabmomatembHble Houn 18/19.01.2019 u 20/21.01.2019. CoBokym-
HOCTb (yHKLMK E(S, V, f) mist pukcupoBaHHBIX MaclITaboOB S Ha30BeM duHamu-
YecKuM eeligaem-cneKmpom Bapyualuii Mpouiiss paccMaTpUBaEMOi JTMHUM B CIIEKTPe
3BE3/IBL.

Ha puc.7 npencraBieHbl IMHAMUYECKUE BEUBIET-COEKTpbl JUHUM Ho B
crektpe Y Ori, moayyennsie 18/19.01.2019, u 20/21.01.2019. 13 aHanu3a pucyHKa
BUIHO, YTO XapaKTep BapualUil JUIsI CIIEKTPOB, MOJIYUEHHBLIX B pa3HbIC HOYU,
nogobeH. Ha oTHocuTenbHO Majbix MaciuTabax S <20 KM/C, MEHbBIINX CIEKT-
pajJbHOTO pa3pellieHus], B BeBIeT BapualusX mpoduiieil BUASH IJIaBHbIM 00pa3oM
BKJIAJI IITyMOBOTO KOMITOHeHTa Tpodwist. Ha Gompimmx Macmrabax S= 120 kM/c
JeTaau npoduiieil pa3MbIBalOTCs, a B TO e Bpemsl Ha maciutabax S=40 - 80 km/c
JeTanu Bapualuuii mpodujeii Xopollo BUIHBI.

[ns onpeneneHust XapaKTEPHBIX MaclliTaboOB AeTalieil Bapualuii mpoduiieit
JuHUi B criekTtpe Y Ori OyaeM UCIOAb30BaTh YCPEAHEHHbBIN M0 MPOQWIIO JIUHUU

1.0 1.0 1.0
0.03 0.03 0.03
0.8 0.8 0.8
£
& 0.02 0.6 0.02 0.6 0.02 0.6
g
L 0.4 0.4 0.4
o 0.01 0.01 0.01
0.2 0.2 0.2
0.00 0 0.0 0 0.00 0
1.94 10 1.94 10 1.94 10
0.8 0.8 0.8
2 1.93 1.93 1.93
v 0.6 0.6 0.6
S 1.92 1.92 1.92
) 0.4 0.4 0.4
Q.
foa)
1.91 02 191 0.2 191 0.2
0 0 0
200 0 200 -200 0 200 -200 O 200
CkopocTb (km/c) CkopocTb (kM /c) CkopocTtb (kM /)

Puc.7. lunamudeckuii BeMBIET-CIIeKTp Bapuanmu npoduieit imann Ho ¢ MHAT matepuHCKAM
BelipeToM Maciutabom S = 40 km/c (crmeBa), S= 80 km/c (mocepenune) u S = 120 km/c (crpaBa)
IUTST CTIEKTPOB, moiydeHHbIx 18/19 gauBaps 2019r. (BBepxy) m 20/21 suBaps 2019r. (BHU3Y).
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CIICKTPp SHEPIUn BeﬁBHGT—Hp€O6p330BaHHH JJIA CIIEKTpa, MOJY4Y€HHOIo B MOMCHT
BpEMEHU [

)
EW(S,t)z IE(S, V,t)dV. 4)
—0
WHayBunyanbHble CHIEKTPbl 3HEPTUU BEMBIET-IIPEOOPAa30BaHUA CUJIBHO MEHSIOTCS
CO BPEMEHEM, IO3TOMY OIIPENENIMM I[JIOOAIBHBIN CIIEKTP SHEPIUU:

EW(S)=%(NZ_:1E(S, v, t)], )

i=0
rae N - IMOJIHOE YKCIO aHAIM3UPYEMBIX CIIEKTPOB.
I'moGanbHBI CEKTP SHEPTUM BEWBIET-MIpeoOpa3oBaHus it iMHui Hoo, HB
n Hel 4471 noka3aH Ha puc.8. g BBISIBJIEHUS pa3MeEpOB JeTajeid pa3HOCTHBIX
CMeKTpPoB ObLIO BbIOpaHO 3HaueHue B=1.1. Ha puc.8 BugHbl 3 xapakTepHbIX
Macmraba: 11-12, 70-90 w 600-700 km/c. IlocaemHumii MacmTabd COOTBETCTBYET
XapaKTepHOIl uMpuHe npodwieil nuanii B criekTpe Y Ori.

0.016 .
— _."'I \'\_
\20.004 | / \“
3 ] \
g / \'\ / '.
= 0.003 0.008 ;o
S / Y
g
®0.002} - N
0.000 b=t
1.2 2.0 2.8 0.4 1.2 2.0 2.8
0.003 " " " " i " i log (MacuTab)
)
i
3 0.002 & Puc.8. Pacnpenenenue rmo6aibHOro
g ' CITEKTpa SHEPTUU BEWBJIET-CIIEKTPA IO
Z ; Macuitabam Ui auHuii Hoo (ciesa), HP
E (mmocepenuue) u Hel 4471 (cnpaga).
2.0.001
)
I
m B
0.000 Lo

0.4 1.2 2.0 2.8

log (MacwTab)

CommacHo olleHKaM B cTatbe [35], aucriepcrs ckopocTeil ~12 KM/C COOTBETCTBYET
pasmepy HeomHopomHocTeil AR~ 0.07Rg, uro cocrasiusger 0.01R,, rme R, -
paguyc 7y Ori. JIng kommoneHTa S= 70 - 90 KM/C pa3mMep HEOIHOPOTHOCTEH
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AR~04Rg (0.07R,). @opMupoBaHUE HEOMHOPOAHOCTEN TaKOro pasMepa B
dorocdhepe mam B BeTtpe Y Ori BIIOJIHE peanbHO.

7. Obcyxcoenue pe3yrbmamos u 6bi800bl. K HacTosIIEMY BPEMEHM I10
MporpaMMe TIOMCKA CBEPXOBICTPOM TEPEeMEHHOCTH Ipoduiiei JIWHUN HaMu
MpoaHaau3upoBaHel crekTpbl 10 3Besm: £ Ori A (09.21), HD 93521 (O9Vp),
y Cas (B0.5IVpe), pLeo (Bllab), = Aqr (BlIII-IVe), €Per (BI1.5III), A Eri
(B2111), a And (B8IV-V), a*>CVn (AOVp) u v UMi (A211I) [14-16,36]. Taxxke
MOTYT OBITh MCITOJIb30BaHBI Pe3YJBTATHl aHAIM3a TPodWiIeil TUHNWA B CIIEKTpax
HD 92207 (AOIa), monyyeHHsix Hubrig et al. [7] co cnekTtporpagpom FORS 2.
HaubGonee ObicTpble peryisipHble Bapuauuu Mpoduieid ¢ MepuoioM A0 2 MUH
3aperucTpupoBaHbl B criekTpe P Leo. ¥V 3Tux ke 3Be31 HalieHbl Bapyaluu mipoduieit
JIMHUI ¢ TepuonaMu 3-5 4acoB, COOTBETCTBYIOIIMM TUIIMYHBIM TepHoJaM Hepa-
IVATBHBIX MYJIbCAllUii HU3KUX MO[I.

Hcxonmst M3 BHIIOJIHEHHOTO aHAajM3a, MOXKHO CHeJaTh BBIBOABI O XapaKTepe
MepeMEeHHOCTU TIpoduieil TMHUI B CIIEKTpax 3B€3/ Pa3HbIX CIIEKTPAIbHBIX KIACCOB.
B mepByro ouepenp ciemyeT OTMETUTh YMEHBIIIEHE TIEPHOIOB OBICTPHIX BapHallnii
npoduieil TMHUIM B criekTpax 3Be3n Nnpu mepexone oT O u paHHuUX B 3Be3n k
3Be3JaM CIieKTpajibHoro kiacca A. B To Bpemsi, Kak camble ObICTpble U3MEHEHUS
npodwieil TMHUN ¢ nepuogamMu 3-5 MUH obHapyxeHbl Yy O cBepxruranta HD
93521 u y BO0.5IVpe 3Be3nbl Yy Cas, HaliieHHble TIEpUOJbl OBICTPLIX Bapualuit
npoduieit y A 3Be3n cocraBistioT ~30 - 120 MuH.

Ilepuonp! Bapuanumii ipoduiieit B criekTpax B 3Be3n SBISIOTCS MTPOMEXYTOUHBIMU
MO CpaBHEHMIO ¢ HaimeHHbIMU 11 O u A 3Be3n. OOHapyXeHre XONTBITMHBIM U
Iop. [16] Bapuanuu npodwieil tuHuil B criektpe P Leo ¢ mepuogom ~18 -19 Mun
MTOATBEPKAaeT 3TOT BHIBOA. B TO K¢ BpeMs BBIMOJHEHHBIX IO HACTOSIIETO
BPEMEHHM MCCJICIOBAHMI TTOKA HEIOCTAaTOYHO JUTS aHAIM3a XapaKTepa IMepeMeHHOCTH
npoduieil B 3aBUCUMOCTU OT KJlacca CBETUMOCTHU 3BE3Ibl.

OO6paiiiasdch K aHaJIM3y BBITIOJJHEHHOTO HaMU MCCIeAOBaHUS Bapyualvii ipoduieit
JuHuii B cniektpe Y Ori oTMeTuM, 4To coriacHo pabote [37], v Ori uckiouyeHa
13 CIMCKa MepeMeHHbIX 3Be3 Thmna 3 Cep. ABTOPbI YKa3aHHOM CTaThbd OCHOBBIBAIOTCS
Ha V-gotomerpumn 7Y Ori, npencraBieHHoir B pabote Krisciunas, Fisher [38],
Krisciunas [39] u Krisciunas & Luedeke [40], roe roBopuTCcs 0 HU3KOAMILIATYIHOMI
1, BO3MOXHO, HEPETYJISIPHOM MEPeMEHHOCTH 3Be31bl U O MAJIOM YKciiea U3MEPEHUI
Oylecka U TIOMCKA PETYISIPHBIX KOMIIOHEHTOB WX Bapuaumii. CTporo rosops,
Stankov, Hundler [37] roBOpST JMllIb O HEIOCTAaTOUHOCTU HCCAEIOBAHUS
nepemeHHocTH Y Ori. HacTosiiiast craThsl AOMOMHSIET aHATU3 niepeMeHHocTH Y Ori,
BBITIOJTHEHHBIN B cTaThsiX [38-40], nccaenoBaHUsIMU CHEKTPAIbHON MEPEMEHHOCTH.

BaxxHO OTMETHTB, YTO OIpENCTIEHHBIM BKJIAA B MEPEMEHHOCTh IPOGUIIEH
JIMHUI MOTYT BHOCUTb MHCTPYMEHTaIbHbIE 3(DEKThI, CBI3aHHBIE C TIepeMeIIeHUEM
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M300paKEHUST 3BE3MIbl BHYTPH LIEM CIIEKTPOMETPA B CHITY HETOYHOCTE TMIMPOBAHUSI,
3¢h(eKTOB THYTHUSI B CUCTEME TEJIECKOI-CIIEKTPOMETP, TMOTOAHBIX YCIOBUH U T.I.
He orpunas BaxHOCTb 3THUX 3((HEKTOB, CleayeT OTMETUTb, YTO BO3MOXKHbIE
CJTy4JaiiHble CABUTU 32 CYET MHCTPYMEHTATbHBIX 9((HEKTOB B 3HAUUTEIbHOM CTENIEHU
KOMIIEHCUPYIOTCS TIPY aHaIM3€ BCEX PACCMOTPEHHBIX 42-X CIEKTPOB 3Be3abl. s
TECTUPOBAHUS TUTIOTE3bI 00 MHCTPYMEHTATEHOM ITPOMCXOKICHUN 0OHApYKeHHOM
PeryJisipHOi MEepeMEHHOCTU Mpoduaeit HaMu ObUT BBIMOJHEH CTaTUCTUYECKUI
9KCMEePUMEHT.

Bruto mpearnonoxkeHo, 4To B UMEIOIIAsCS TTePeMEHHOCTD TTPOoGMIeii JIMHWIA
CBSI3aHa C UX MHCTPYMEHTAIbHBIMU CIBUTaMU. B 3TOM ciyyae nmpoduin KOHKpEeTHON
JIMHUM, TIOJyYeHHbIE 32 BCe BpeMs HAOMIONEHUIA, SBISIOTCS OJHUM U TeM XKe
npodusieM, CaydyaiiHO CIBUHYTHIM Ha BEJIMUMHY Mopsiaka 1 nukcens ¢ nodaBieHueM
IIYyMOBOT'O KOMITOHEHTa C OTHOILIEHUWEM CUTHJI/IIYM TaKUM K€, KaK U peajbHbIX
criekTpoB. To ecTb npeAnoaraeTcs, YTo pealbHO NpodUan JUHUI He TIepeMEeHHBbI,
a Bce WX BapWallu¥M - 3TO CJIEACTBHE BKJIaJa ITYMOBOTO KOMIIOHEHTAa WM WHCTPY-
MEHTAJIbHBIX CIBUTOB.

IIpu aTOM OKa3aaoch, YTO IUIsT BCEX PACCMOTPEHHBIX JIMHUM Takasl mpolieaypa
He TpuBeja K IOSBICHUIO KaKWX-TUOO PEeryJIsIpHBIX KOMITOHEHTOB BapHallnit
npoduneit. To ecTb CylleCTBYIOT OCHOBaHUS YTBEpXIaTh, UYTO B BapHallUsIX
npoduneit B ciektpe y Ori NPUCYTCTBYIOT peasibHbIe PEryJsipHble KOMIIOHEHTHI.

HormorHuTeIbHO OBUTA ClejaHa MPOBEpKa COBHTA TEJUTYPUUYECKUX JIMHUM B
CIIEKTpaxX OTHOCHUTEJIbHO YCpeIHeHHOro crekrpa. CABUT TEJTypUUYECKUX JUHUI
eIMHUYHBIX criekTpoB coctasui oT 0.02A o 0.05A , B cpeiHeM cIBUT onpelesieH
Ha ypoBHe 0.03 A . B oTHe/IbHO B3ATHIX CIIEKTPAX CABUI MCCIIENYEMbIX TUHUIA ObLT
pa3HOHAIpaRB/IeH CO CABUIOM TeJUTYPUUYECKMX JTMHUMA, UYTO TOMOJTHUTEBHO YKa3bIBaeT
Ha TO, 4TO OOHapyXeHHasi MEePEeMEHHOCTb HE CBsS3aHa C MHCTPYMEHTAJIbHBIMU
MTOTPEITHOCTAMU. Pe3ynbTaThl YMCIeHHOTO KCIIepUMEHTA TTOKa3aJIi, YTO J00aBIeHIE
WHCTPYMEHTAJILHOIO CABUTA Mpodusieil TMHUI B yKa3aHHOM WHTEpBaJie HE MEHSIET
YacTOT rapMOHMYECKUX KOMIIOHEHTOB Bapualuii Mpoduieil JMHUMA.

Hcxonmss w3 BBITTOJTHEHHOTO HAMHM aHajiW3a Bapualuii Tpodwieil JTUHUKA B
cnektpe Y Ori, moayyeHHBIX Ha 2-M Teaeckone Lleiic-2000 TepckoabcKoit odcep-
Batopuu B sHBape 2019r., MOXHO caefaTh CleayIolre BbIBOIbI:

+ OOHapyXeHbl U3MeHeHUs Mpoduiei 6aTbMepOBCKUX JUMHUNA U JuHuii Hel
B criektpe Y Ori Ha MMHYTHBIX IIIKajaX BpeMeHM Ha ypoBHe 1-2% oT moroka B
COCEIHEM C JIMHMEH KOHTUHYyMe.

+ B Bapuanumsix npoduneit iunuit HB, Hy, Hel 4471 u Hel 4922 B cnekTpe
v Ori BO3MOXHO MPUCYTCTBYIOT PEryjsipHble KOMIIOHEHTHI C MepuoaamMu oT ~57
1o ~130 MuH.

+ HaiineHHble B HacTosiiel paboTe Mepuobl PETYISIpHbIX Bapyaldii podueit
JiHuit B criektpe Y Ori Ha MUHYTHBIX LIKaJIaX BpeMEHW He ObUTW paHee OOHApYKEeHBbI.
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+ MOXHO MpeAnofoXuTb, YTo Y Ori OTHOCUTCS K TpyIlIe MepeMEeHHbIX 3Be31I
tuna P Cep Maloil aMIUIUTYAbI.

+ IlpoBeneHHbIe crieKTpaibHble HaOMoaeHs Y Ori U UX aHaJIU3 TT0Ka3bIBAIOT
BO3MOXKHOCTb M3YUeHUsT ObICTPBIX Bapuallii Mpoduiel IMPOKUX JTUHUIA B CIIEKTpax
OBA 3Be3n npu HCMHOJb30BAHUM TEJECKOMOB Kjacca 1-2M M, B YacCTHOCTH,
siese-cnekrporpada 2-m teneckona Leiic-2000.

Hactosmiee nccnenoBanue nomaep:xano rpantom PODOU Ne 19-02-00311 A.

! Cankr-IletepOyprckuii rocynapctBeHHbIil yHuBepcuteT, C.-IletepOypr,
Poccusi, e-mail: afkholtygin@gmail.com
2 Uucturyr Actponomuu PAH, Poccus

SUPERFAST LINE PROFILE VARIABILITY IN
SPECTRA OF yOri

A.F.KHOLTYGIN!, V.B.PUZIN?, .V.SOKOLOV?, M.S.KURDOYAKOVA!

Results of observations of high temporal resolution (A7 ~2 min) of the B2V
star 7 Ori at the 2-m telescope of the at Terskol Peak observatory are presented.
Regular components of line profile variations with periods from ~57 to ~130
minutes were registered. The nature of such variations is discussed.

Keywords: stars: spectra - line profiles: variability - individual: v Ori
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ITOTOKN XEPBUTA-APO 1M MOJIOABIE 3BE3/J1bl B
TEMHOM OBJIAKE DOBASHI 5006
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IMocrymuta 15 suBaps 2023

Ipu M3ydeHNK M30JMPOBAHHOIO TeMHOTO obiaka Dobashi 5006 (/=216°.7, b=-13°.9) Gbun
0OHapyXeHbI ABa HOBBIX MOTOKa Xepbura-Apo: oguH HecomHeHHbIn (HH 1179) u ogun mpenmo-
JIOXUTENIbHBIN, CBsI3aHHBbIe ¢ MH(pakpacHbIMU McTouHMKamMu 2MASS 06082284-0936139 u 2MASS
06081525-0933490. Cynst mo uX CHEKTPaJbHBIM pacIpeaesieHUsIM dHeprur, 06a MCTOYHHUKA MOTYT
obitb oobektamu Class I co cerumocTsamu mopsnka 23Lg; u 3.6 Ly, COOTBETCTBEHHO. DTu
WCTOYHUKU BXOISAT B HaXonslleecs BHYTPM TEMHOTO oOjaka Heboraroe 3Be3THOE CKOIUICHUE
MWSC 0739, uccnenoBaHue KOTOporo mo mgaHHbBIM 0030pa Gaia DR3 mo3Bonamiao oOHapyXuTh
17 3Be3, ABISIOIIMXCS €r0 BEepOSITHBIMU WieHamMu. [IpuBeneH UX CMUCOK M OCHOBHBIE MapaMeTpHhI.
Paccrosinue ckornenus oneHeHo B 820 1k, M30BITOK 1BeTa Ha TyTH 10 ckoruieHust E(BP - RP) = 1.05
mag. Bce atu 3Be3nbl sBiusiorcss PMS-o6bekTamMu, Gojiblliasi MX YacTbh - ONTUYECKU MepeMEHHBbIE.
CrenaH BBIBOI, YTO OOHaApyKeHHasi KOMIIAKTHAsl 30Ha 3Be31000pa3oBaHus B obsake Dobashi 5006
MMeeT BO3pacT He 0oJiee HECKOJbKHMX MJIH JIET, U 3TOT MPOLECC MPOAOIKACTCS OO HACTOSILIETro
BpEMEHHU.

KntoueBnie cioBa: ob6sexmbr Xepouea-Apo: moaodvie 36e30vl: Dobashi 5006

1. Beedernue. OnHuM U3 OCHOBHBIX IIPU3HAKOB aKTUBHOI'O TIPOLECCa 3BE30-
0o0pa3oBaHMs B TEeMHBIX O0JIakax SIBISICTCS MPUCYTCTBUE 0O0BEKTOB Xepoura-Apo.
C npyroii CTOPOHBI, MOJZOOHBIMU X€ WHIMKATOPAMU MOXKHO CUMTATh HaJIW4Ue
[JIyOOKO MOTrpy>kKeHHBIX B 00J1ako nH@pakpacHbIx (MK) UCTOUHMKOB ¢ XapaKTepHbIM
JJIT MOJIOIBIX 3BE3IHBIX OOBEKTOB HEIMPEPBIBHBIM CIIEKTPOM, a TakxKe 3Be3l,
CBSI3aHHBIX C KOMIAKTHBIMU OTPAKaTeIbHBIMUA TYMAHHOCTSIMH.

IMovickn 1 nccnemoBaHMs 0OBEKTOB XepOnura-Apo NpoBoadTcd B bropakaHcKoit
o0cepBaTOpUM yKe HECKOJIbKO JecsITuaeTuil. B mocneaHue roasl ObUT MTHULIMAPOBAH
HOBBI Y3KOIOJIOCHBIM 0030p TeMHbBIX 00JIAKOB C TIoMollblo 1-M Tesneckona IlImuara
U Y3KOMOJIOCHBIX cBeTomibTpoB: Byurakan Narrow Band Imaging Survey (BNBIS).
BHauaje moucku BeJMCh B OCHOBHOM B Te€X TEMHBIX 00J1aKax, IJe MPUCYTCTBOBAIN
3BE3/bl, CBSI3aHHKIE C TaK HA3bIBAEMbIMU KOMETAPHBIMU OTpaXXaTeJIbHBIMU TyMaH-
HOCTMU. BriocieAacTBUU K CIUCKY Liesieid A1 0030pa 100aBUIMCh TeMHBIE 00Jiaka
C MOTPY>KEHHBIMU B HUX SIPKUMU MH(PPaKpaCHbIMU UCTOUHUKaMU. [lepBbie pe3yiib-
TaThl TaHHOTO 0030pa, OTHOCAIIMECS K objacTaM 3Be3noobpa3zoBaHus Mon R1 u
LDN 1652, paHee ObuiM onmyOiuKoBaHBI B [1,2].
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B naHHOI1 cTaTbe NpeAcTaBlIeHBI Pe3yJbTaThl M3YYeHUsS] OOBEKTOB BHYTPU
TeMHoro objaka Dobashi 5006 [3]. JaHHOe TeMHOE OGJIAKO BMECTE C COCEIHUM
Dobashi 5007 coctapiisgeT HeOOJIbIIYIO U30JIUPOBAHHYIO TPYIITY C raJJaKTUYECKUMU
KoopamHatamu [=216°7, b=-13°9.

Buytpu obnaka Dobashi 5006 HaxomuTcst TpymIia TYMaHHBIX 3Be3], KOTOpPas
OblTa BKJIIOUEHA B KaTaJor 3Be3AHbIX cKoruieHuir Mieunoro ITytu kak MWSC
0739 [4] (cm. puc.1). BeposTHO, BriepBble BHUMAaHUE Ha 3TO MoJie ObUIO 0OpalleHO
B pabore I'tonwOymarstHa u ap. [5], rome ObU1 oTMedeH TymMaHHBIM o6bekT HHL
35a. M3-3a OTCYTCTBHUS B 3TOi1 CTaThe OMUCAHUS U UACHTU(DUKALIMOHHON KapThl,
HEBO3MOXHO TOYHO yKa3aTh, KAKOM UMEHHO U3 TYMaHHBIX OOBEKTOB, KOTOPBIMU
OoraTta gaHHasi 00JIaCTh, COOTBETCTBYET MPEANOI0KUTEIIBHOMY O0OBEKTY Xepoura-
Apo, obo3znaueHHoMy aBTopamu [5] kak HHL 35a. Ha xaprax o63opa WISE B
IaHHOU objactu HabmogaTes sipkue MK-MCTOUHMKY, U 3TO TOXXE MOXET OBITh
yKazaHWeM Ha Mpollecc aKTMBHOTO 3Be3no000pa3oBaHusl. Best aTa rpymnma mpea-
CTaBJIsljIa JOCTATOUHBIA MHTEpPEC, YTOOBI OBITh BKIIFOUEHHON B HAIy MPOTPaMMYy
HaOIOACHUIA.
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Puc.1. Uzob6paxkenne obaactu Dobashi 5006, monyueHHOe ¢ rmoMolnsio teiaeckoma LlImuara
B smHuM Ho . TlpsMmoyronsHukoM otmeueHo ckorieHue MWSC 0739.

2. Habawdenus. Habmonenus nposoawanch Ha 1-m Teneckone IlImuara
Bropakanckoit oocepBaTopum B aekadbpe 2020r. u ¢eBpane 2021r. B pesynbraTe
MOJTHOM MOJAEPHU3ALUU TEJIECKOIT ObUI, B YaCTHOCTH, ocHalleH [13C-nprueMHuKOM
Apogee Alta 16M, KoTopblil 0becIieurBaeT 10jie 3pEHKs OKOJIO OJHOTO Ipamyca ¢
pa3sMepoM mukcena 0".8683 [6].
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ITpu HaGAIOAECHUSIX TPUMEHSUIMCH Y3KOIMOJOCHBIE CBETO(MWILTPHI C MOJOCOM
nponyckanus 100 A u ¢ ueHTpasbHOI WIMHOM BoIHBI 6560 A 1 6760 A, xoTopbie
ObLTM UCIOJIB30BAHbI ISl TTOJYYEHUST M300pakKeHN B SMUCCUOHHBIX JUHUAX Ho
u [SI1], coorBeTcTBeHHO. CpenHenonocHblii ceeToduabTp Ha 7500 A ¢ monocoii
nponyckanus 250 A GbU1 MCTIONB30BAH IS TONYYEHUs U300paKeHUi B HETpe-
PBIBHOM CHEKTpE.

B xome HaGmogeHMiT B KaXIOM CBETOMDUIbTPE OeIalucCh MSATUMMHYTHBIE
BKCMHO3UIUU CO CMEILeHNEeM M300paKeHU# 151 CriaxkKMBaHMSI Bapyuallili B YyBCT-
BUTEJILHOCTU OTIEIBHBLIX NMHUKCeN0B. CyMMapHble 3(G(GEKTUBHBIE SKCITO3UIUU B
ceetounbTpe Ha cocrapisiu 5400c, B [SII] - 8400c 1 B HenmpepbIBHOM CIIEKTPE
- 1800 c. U3006paxxeHnss 00padaThIBaIMCh IO CTAHIAPTHOM METOAMKE C TTOMOIIBIO
ClelMabHO pa3paboTaHHOrO MPOrpaMMHOrO nakera Ha s3bike DL, Bkitovaroniei
BbIUMTaHUe Oalieca (bias) 1 TEMHOBOTO M300paKeHsl, yaaJleHe CIeA0B KOCMUYECKIX
YacTUIl U MCHpaBjieHNe BUHbETUPOBAHUS.

CoOCTBEHHO TTOMCKM 00BEKTOB Xepoura-Apo MpOBOAUIUCH MO KJIACCUUECKOMY
MeTony, pa3padoraHHoMy Ban neH beprowm [7], myreM cpaBHeHUS M300paxkeHUIA B
smuccusix Ho u [SII] ¢ u3obpakeHUsIMU, MOJYYEHHBIMU B HETIPEPHIBHOM CIEKTPE.
Kak mokasbIBaeT OMNBIT, B MOJABISIONIEM OOJBIIMHCTBE CIIydaeB 3TOT METOJ
JOCTaTOYHO 3(PDEeKTUBEH IJI1 OTOXIECTBICHUSI 00beKTOB Xepoura-Apo.

3. Pezyarbmameul.

3.1. llomoku Xepbuea-Apo. UsyueHue monydeHHbIX HAMU U300paxXeHUI
BbIsiBWIIO B paitoHe rpynibl MWSC 0739 HecKOJbKO 3MUCCUOHHBIX OOBEKTOB.
Tak, K 10Ty OT LieHTpa Obla OOHapyXeHa TpymIra M3 TpeX CTYCTKOB, KOTOpbIE
XOPOIIO BUAHBI B TMHUSIX Hoo M Aybriera cepbl, HO OTCYTCTBYIOT Ha M300paXkeHNH,
TMOJIY4YEHHOM B HEMPEPHIBHOM CIEeKTpe (puc.2). DTU CTYCTKU, OE3YCIOBHO, SIBIISTIOTCS
o0bekTamu Xepoura-Apo. OTHOLIIEHUE MHTEHCUBHOCTE AMUCCUOHHBIX JTUHUN B
CTYCTKax pas3ln4yHOe, YTO YKa3bIBaeT Ha pa3HbIe YPOBHM BO30YyXmeHms. CaMblit
cnabblii B LIEJIOM CTYCTOK A Oojee sipkuii B JMHUMKU Ho, B TO BpeMs Kak B spue
B [SII], a B cryctke C UX OTHOILIIEHUE PAaBHO €AMHUIIEe. DTa TpyIna ciado 3aMeTHa
Ha u3o00paxeHusx atiaaca DSS2; BeposiTHO, MMEHHO OHa U OblLla 00O3HAUYeHa B
[5] xak HHL 35a.

AHanu3 u3zobpaxeHuii oosactTu B uH(ppakpacHbix 063opax 2MASS u WISE
TTOKA3bIBAET, YTO 3TU CTYCTKHM PACITOJIOXEHBI Ha OTHOM JIMHUM C OJIM3JIeXKAIIIM
ncrouHukoM 2MASS 06082284-0936139, KOTOPHIiA TTOTHOCTHIO HEBUIWUM B ONTH-
YeCKOM Auarra3oHe. BecbMa BEpOSITHO, UTO OH U SIBIISIETCSI ICTOYHUKOM JAaHHOTO
moroka Xepoura-Apo.

K ceBepy ot ckormnenuss MWSC 0739, Ha paccrosHum 1.5yI1. MUH OT LIEHTpa
HaXOOUTCS OTpaxkaTeJlbHas TYMAHHOCTh KOMETOOOpa3Hoi (hOpMBbI, KOTOpask OYeHb
Xopollo BuaHa B nosioce 7 063opa PanSTARRS. HenocpenctBeHHO BHYTpU 3TOM
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Puc.2. U3o6paxenue notoka HH 1179, nmonyyenHoe ¢ momoiisto Teneckona Llmuara B auHumM
Ho . OtnmenbHble cryctku otMeueHbl OykBamu. KpectrkoMm mnokazaHo mnosnoxeHue WMK-ucrounuka
2MASS 06082284-0936139.

TYMaHHOCTH, Ha €€ OCHM, ObUI OOHapy>XK€H SMMCCUOHHBIA CIYCTOK, BUAMMBIN
TOJbKO B iMHUM Ho (puc.3). BeposiTHO, OH Takxke sBjsieTcss 00beKToM XepOura-
ApoO, HO TSI OKOHYATEJIbHOTO BbIBOJA HEOOXOAMMO OYIEeT MOMYyYUTh U300paKeHue
at1oit obnacty B quHuu [SII] ¢ 6onpimM mpenenoM. IlpumHuMas Bo BHUMaHUE
XapaKTEepHYIO CBS3b KOMETapHBIX TYMaHHOCTEM M 00BEKTOB XepOura-Apo, MOXHO
MPEATOI0XKUTh, YTO OH JAOJIKEH BO30YXKIAThCS LIEHTPATbHBIM MCTOYHUKOM, KOTOPBIA
TakXe OCBEIAET OTpaKaTeJbHYI0 TYMaHHOCTb. CpaBHEHUE HALIMX U300paKeHU
¢ naHHbIMU 0030poB PanSTARRS, 2MASS u WISE nokasbiBaer, 4To BO30YyX-
naronias 3Be3na (2MASS 06081525-0933490) He BumHA B ONITUYECKOM JAMalia30He

Puc.3. KomerapHass TyMaHHOCTh M TipednonaraemMbiii o0bekT Xepbura-Apo. Ilomyronamm
MMOKa3aHO n3o0paxkeHne B KOHTMHYyMe, B3siToe u3 003opa PanSTARRS (mmonoca z), ¢ HamoxeHneM
rnosiydeHHoro HamMu Hol -u300paxkeHusi Tocjie BBIUMTAHUS HEMPEPBIBHOTO CreKTpa (M30JMHUM).
Kpectrkom ykazaHo mnosoxeHue wuctouyHuka 2MASS 06081525-0933490.
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Tabauya 1
KOOPAMHATHEI CI'YCTKOB N NX ITAPAMETPHI
OOBeKT RA (2000) Dec (2000) HMcrounuk | r" | P.A° | Paccr. (1K)
Crycrok B 2MASS
TymanHoctu | 06°06™16°.15 -09°33'47".8 06081525- 14 87 0.06
0933490
HH 1179 A | 06"08™18°.43 -09°3621".8 2MASS 66 0.27
HH 1179 B | 06"08™17°.65 -09°36'22".23 06082284- 78 263 0.32
HH 1179 C | 06"08™17°44 | -09°36'24".63 0936139 82 0.34

U cMmelleHa Ha 1-2" K 3amany oT SpKoW BEepLIMHBI OTpaxkaTeJbHONH TYMaHHOCTH.
Taxoit 3¢pdexT, BbI3BAHHBIM MOTJIOLIEHNEM B OKOJO3BE3NHOM IIBIJIEBOM JUCKE,
yacTo HabojaeTcs B MOAOOHbBIX ciaydasx (Hampumep, HH 83).

KoopauHatbl crycTKOB, UX BUAMMbBIE PACCTOSIHUSI U TTO3ULIMOHHBIE YIJIbI MO
HaIpaBJICHUIO Ha IIpeariojlaraéMble MCTOYHMKM IIpuBeneHbl B Tabi.l. Taxke
TIPYBEACHBI YIAJIeHUS OT MCTOYHWKOB, pAaCCUNTAHHBIC TIPU PACCTOSTHUM 0 OoOIaKa
820 mk (0O0OCHOBaHME 3TOU OLIEHKM JAHO HMXKeE).

3.2. Ucmounuku. C uenbio ganbHeilero nusydeHusa xapakrepuctuk MK-
WCTOYHUKOB, TIPEAIOJIOXHUTEIHPHO BO30YXIAIOIINX BBIIICONMMCAHHBIC ITOTOKHU
Xepbura-Apo, Mbl TPOAHATUZUPOBATIA UX CIIEKTPaJIbHbIE pacIpeneeHus SHepruun
(SED).

Hcrounuk 2MASS 06082284-0936139 cosnanaet ¢ WISE J060822.89-093614.2.
Kpome Toro, Ha 8" K ceBepy OT HEro HaXOIMTCS BeCbMa 3aMETHBIN B IajJbHEM
MK nmanaszone umcrounnk AKARI/FIS 0608229-093607. C y4eToM YIJI0BOTO
paspelreHuss ¥ TOYHOCTM KOOpIWHAT B cpeaHeMm M gambHeM MK mmarmasone
COBEPILIEHHO OYEBUAHO, YTO 3TO OAWMH M TOT e 00bekT. Takum obpazom, mwis
noctpoeHnst SED 6bimm ncnonb3oBadbl 0030psel 2MASS, WISE 1 AKARI. Ormetnm,
YTO 3TOT OOBEKT KaXKeTCsl He3aperucTpUupoBaHHBIM B Katanorax IRAS: omvokaitiimii
K HeMy 110 KoopauHataM UCTOUYHMK IRAS 06059-0935 HaxomuTcst Ha pacCTOSIHUM
34". BripoueM, aHaJIU3 C MOBBILIEHUEM YIJIOBOIO pa3pellieHus], MPOBEIECHHbIN B
pabote [8], mokaswiBaeT, yTo Ha Aeie IRAS 06059-0935 Bce xe coBmagaer C
2MASS 06082284-0936139, HO pacmagaeTcs Ha TpPyIIy M3 Tpex WM 0ojee
00bekTOB. [109TOMY MBI MPUHSUIM pellieHUue He MCIob30BaTh A1t SED maHHbIe
o63o0pa IRAS.

Hctounuk 2MASS 06081525-0933490, kak yxXe yIOMMHAJIOCh BBIIIIE, TAKXKE
HE BUACH B ONTUYECKOM JMAIa30He U CTAHOBUTCSI XOPOILIO 3aMETHBIM TOJBKO B
nojioce K o63opa 2MASS. IIpu stom B cpenHeM MK nuamnaszone o63opa WISE
K 3amamy ¥ BOCTOKY OT Hero HaOJIomaloTCs ellle MBe 3Be3Ibl, CPaBHUMBIE C HUM
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IO IPKOCTH. AHaJIN3 KOOPIWHAT TToKa3biBaeT, uto 2MASS 06081525-0933490 6wt
3apeructprposaH B 0030pe AKARI/FIS kak mnctounuk 0608149-093356. C yuetom
HETOUYHOCTU KOOPAMHAT 3Ta 3BE3[1a, BEPOSITHO, MOXET OBITh MACHTU(PUIIMPOBAHA
takke ¢ mcrouHnkoM IRAS F06058-0933. Ognako npu nocrpoeHnu SED BbIsic-
HWIOCH, 4TO AaHHbIe 0030pa IRAS 110x0 cornacyrorcst ¢ MpoYnMU, TTO-BUIUMOMY,
W3-3a BIVSHUS APYTUX 3Be3[ B MoJie Ha u3dMepeHus. [loaToMy U B 3TOM ciydae
MBI oTKa3asmch OT nmaHHBIX IRAS, moctpouB SED 1o pesynbrataM 0030poB
2MASS, WISE u AKARI. HUtoroBele pacrnpeneiaeHUsI SHEPIUMU IT0Ka3aHbI Ha
puc.4.

Kak mox#Ho Buaets 13 puc.4, SED y 000MX MCTOYHMKOB MOHOTOHHO BO3pacTaeT
OT OJIMXKHE [0 JajnbHell MH(PpaKpacHOW oO0JacTU CIEKTpa, a B ONTHUYECKOM
JMaIa30He MCTOYHUKU COBEpIIEHHO He HabmopawoTcsa. Bce 3To mosBosnser
MPEAIOa0XUTh UX NTpuHamIexXHocTh K MK-uctounukam Class I 1 TeM camMbIM Ha
3HAUUTENbHYIO0 MOJIOAOCTh. OO0 3TOM FOBOPUT M MX 3aMeTHasl OGoJoMeTpruyecKast
CBETUMOCTh, paccuMTaHHas HamMu 111 paccTosHus 820mK (00 3TOM OLEHKE CM
nanee). s 2MASS 06081525-0933490 ee HykHmMit Tipeznen (6e3 yueTa MeXK3BEe3IHOTO
MOTJIONIEHMST) COCTaBNsIeT ~ 3.6 Ly, a anst 2MASS 06082284-0936139 - ~23 L.

1E-10

2MASS 06081525-0933490 2MASS 06082284-0936139

Qe Vs
) . v /'
N E-14 . .
(o} » 7
& .
& 1E-16
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1 10 100 1000 1 10 100 1000
A (pm) A (pm)

Puc.4. CnektpasibHble pacripeaeneHust sHepru MK-ucToYHMKOB, TPeINOIOXUTEIBHO CBI3aHHBIX
¢ obbekTaMu Xepbura-Apo.

3.3. Ckonaenue MWSC (0739. [lannaa rpymnma 3Be3 BIEPBblE Obula
OTMeuYeHa KaK BO3MOXHOE Heboratoe paccesiHHOe 3Be3[HOE CKOILJICHUE B padoTe
[9] mon Homepom FSR 1115. 3atrem oHa Oblia BKJINOYEHA B OOLIMM KaTajaor
3Be3NHbIX cKorieHuit B Miueunom Ilytm (MWSC) ([4], cm Takxke [10]) kak
o0bexT MWSC 0739. Ilo onieHKkaMm, NMpUBEASHHBIM B 3TUX KaTajorax (KOTOpbIe
B OCHOBHOM TOJTy4Y€HbI MyTeM KOHBelepHO 00paboTKM naHHbIX KatajoroB PPMXL
u 2MASS), oHO HaxoauTcsl Ha paccTostHuM 1068 MK, MMeeT paaryc LEHTPAIbHOMI
yacth 5'.4, a obmmit - 9' m mommkHo comepxath 60-70 3Be3n. briio Takke olleHeHO
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ero coocreeHHoe apxkeHue (pmRA=0.55mc/ron, pmDE=3.41Mc/rom) u U30bITOK
useta E; =2.353. C Tex mop 9TO CKOIUIEHHE HETANIbHBIM MCCIENOBAHUAM HE
MOABEPTaioCh.

Haie BHumMaHue npusiekia HeoObluHass Mopgosorus MWSC 0739, ocHOBHYIO
4yacThb KOTOPOM cOCTaBisieT Lierouyka M3 AeCSTA WU Oojiee 3Be3l, B OCHOBHOM
HMMEIOIIMX MPUMEPHO OIMHAKOBYIO IPKOCTh, XOPOILIO BUAVMMAsI TAKKE U B OIVDKHEM
u cpegHeM MK amanazonax (Ha kaptax 2MASS u WISE). bonee 5-tu 3Be3n B
9TOH LIETIOYKE CBSI3aHbI ¢ MATEHBKUMM OTpaKaTeIbHBIMU TYMAHHOCTSIMU, TIOACBEUMBAast
y4acTKu TeMHOro ot6jaka Dobashi 5006, B KOTOpoe IOrpy:KeHO CKOIUIEHUE. DT
TYMaHHOCTM 3aMeTHbhl M B OmmxHemM MK-nmamaszoHe Ha M300paxeHUsSX 0030pa
2MASS. Mbl OpUHSUIM pellIeHKEe TIPOBECTU OoJiee IeTalbHOE U3yYeHUE CKOTUICHUS
MWSC 0739 ¢ nomolibio JaHHbIX HOBeillero o63opa Gaia DR3.

M3 apxuBa HaOmogaTeIbHBIX JaHHBIX ObLIM M3BJICYEHBI U3MEPEHUS BCEX 3BE3I
B obacti paguycoM 6' Bokpyr mieHTpa MWSC 0739; nx oblliee YHCIO COCTAaBUIIO
336. OT60p BO3MOXKHBIX WICHOB CKOILIEHMSI BEJICs, BO-TIEPBBIX, 110 Kputepuio RUWE
(Renormalized Unit Weight Error) < 1.4, a Takke Ha OCHOBE TpeOOBaHUSI OIN30CTU
TeJIMOLIEHTPUYECKUX PACCTOSSHUI U KOMITIOHEHTOB COOCTBEHHBIX JABMKEHMI 3BE3.
ITonoOHbIN TIOmx0A ObUI, HapUMeEp, MCIOAb30BaH B padoTe [11] 1 mokaszan cBoo
3¢ dekTUBHOCTD, B KoTOopoii no maHHbIM GAIA DR2 6bI10 npoBeieHO MccieIoBaHe
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Puc.5. InarpamMma "napamiakc (Mca) - BumMMasi 3Be3nHast BeJimunHa RP" st 3Be3n, oToGpaHHbBIX
KaK BO3MOXHbIE 4eHbl ckorieHuss MWSC 0739.
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MOJIOJIOTO TIOTPY>KEHHOTO paccesiHHOro ckorieHust vdB 130, Bxogsiiiiero B 3Be3IHYIO
accouuanuio Cyg OBI.

Kputepusam 61130¢TH pacCTOSTHUIM U COOCTBEHHbBIX ABVMKEHUIA YIOBIETBOPSIOT
17 3Be3n BeIOOpKU. OHY TTOKa3aHbI HA AMarpaMMe "Tapajijlakc-3Be3aHasi BeJIMUYrHa
RP" (puc.5), rae noBoJIbHO YETKO BbIpaxkeHa KOHIEHTpAlUs 3Be3]] B MHTEpBaJe
paccrosgauii ot 800 mo 850 mK, a Takke Ha AuarpaMme COOCTBEHHBIX ABUKECHUI
(pmRA-pmDE) (prc.6). 3ameTHast KOHIIEHTpaLWs 3Be31, ¢ OJMM3KMMI COOCTBEHHBIMM
JIBWKEHUSIMU (T.e. TAaHT€HUMAJIbHBIMUA CKOPOCTSIMM) B OrpaHUYEHHON 00JacTh
MPOCTPAHCTBA SIBJISIETCSI CEPhE3HBIM apPryMEHTOM B TI0JIb3Y PEaJIbHOCTU I'PaBUTA-
LIMOHHO-CBSI3aHHOM TpYIMbI 3Be3 (CKOMaeHus). JJaHHbIE O JTy4eBBIX CKOPOCTSIX
5TUX 3Be3[ OTCYTCTBYIOT. CpenHue 3HaYeHNsT KOMIIOHEHTOB COOCTBEHHOTO JABWKEHMSI
ckomteHust MWSC 0739 cocrasisiior pmRA =-2.50 £ 0.06 mca/ron, pmDE =
+0.79£0.07 mca/ron, a AUCHEPCUU COOCTBEHHBIX IBUKEHUI COCTaBJSIOT, COOT-
BerctBeHHO 0.25 m 0.29 Mca/ron Mo ABYyM KOOpAWHATaM, YTO Ha PACCTOSIHUU
nopsaka 800 MK COOTBETCTBYET NMCIIEPCUMU TAHTEHIMAJIbHOW CKOPOCTU OKOJIO
1.5km/c. C yueToM BceX HeolpeneaeHHOCTe, HeM30eXKHO YBeJIMUYMBAIOIIMX OLICHKY
JUCIIEpCUN CKOPOCTEii, 3Ta BEJIMYMHA COOTBETCTBYET TOMY, YTO MOXHO OXKWIATh
B MOJIOABIX 3BE3IHBIX CKOIUICHMSIX.

B Ta61.2 npuBeaeH cnucok u3 17 3Be3/1, KOTOpbIe Mbl CUUTAEM BEPOSITHBIMU
yireHamu ckorieHuss MWSC 0739, ¢ ux acTpoMeTpuuyecKuMU U (hoTOMETPUIECKUMU

Tabauya 2

CIIMCOK 3BE3J BEPOATHLIX YWIEHOB CKOIUJIEHUWA
MWSC 0379 1 UX ITAPAMETPbHI

N |Gaia DR3 30052... Plx pmRA pmDE RUWE| G, |BP-RP,|Var|Bin|Neb |[Fe/H]
(mcm) (mcn/r) (mcn/r) mag | mag

1 | 49605548347776 | 1.2289+0.1174 | -2.372+0.114 | 0.879+0.129 | 0.999 | 17.85| 3.15 |+ 0.13

2 | 49644203766272 | 1.2554+0.1839 | -2.254+0.223 | 0.991+0.217 | 0.963 | 18.61 | 3.31 + | +

3| 49708626938112 | 1.0562+0.1696 | -2.385%0.178 | 0.904+0.186 | 1.092 | 18.44| 3.17 |+ -0.32

4| 49712921384320 | 1.1882+0.0662 | -2.394+0.072 | 0.645%£0.074 | 0.976 | 16.21| 2.86 + | +

5| 49712922990336 | 1.1424+0.0444 | -2.661+0.048 | 1.153+£0.050 | 1.088 | 16.05| 2.48 |+ + | -2.07

6 | 49747282725376 | 1.1704+0.1370 | -1.935%0.144 | 0.876+0.141 | 0.981 | 18.25| 3.19 |+ 0.48

7 | 49781642475264 |1.2099+0.0641 | -2.517£0.067 | 0.554+0.071 | 1.077 | 16.84| 2.36 |+ | +

8 | 49811707389952 |0.8363+0.4418 | -2.972+0.372 | 0.397+0.394 | 1.034 | 19.65| 3.36

9 | 49914785387392 | 1.3869+0.1708 | -2.416%0.172 | 0.562+0.173 | 1.041 | 18.23 | 4.13 +

10| 49914785398784 |1.1068%0.1421 | -2.794+0.153 | 0.679£0.153 | 0.950 | 18.18 | 4.02 +

11| 49919081421312 |1.2996%0.0591 | -2.368+0.062 | 0.789+0.066 | 1.135 | 16.49| 3.05 | + +

12| 49919081421696 |1.1748+0.0937 | -2.819+0.095 | 0.958+0.105 | 1.081 | 17.25| 3.46 | + +

13| 50606276197376 |1.2175%£0.0519 | -2.756+0.052 | 1.021+0.058 | 1.074 | 16.47| 2.49 | + -0.78

14| 50640635930880 (1.1923+ 0.0594| -2.215+0.061 | 0.552+0.066 | 1.830 | 15.58 | 2.28 -1.23

15| 50842498376064 |1.154910.2409 | -2.451+0.221 | 1.109+0.245 | 1.021 | 18.83 | 2.97 0.46

16| 74314495656832 |1.225340.0962 | -2.628+0.096 | 1.245+0.103 | 0.932 | 17.64| 3.00 | + -0.26

17| 74623733931520 [0.9177+0.3838 | -2.625+0.381 | 0.072+0.407 | 0.991 | 19.50 | 3.17
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mapamerpaMmu, B3aThiMU u3 KaTamora GAIA (DR3). OtmedeHbl mepeMeHHBbIE,
JIBOIHBIE M TyMaHHbIe 3Be3abl. Ha puc.7 mokaszaHa KapTa 00JacTU CKOIUICHUS C
BBIIEJICHHBIMU 3Be3mamMu. Cpeay 3TUX 3Be3]I HPUCYTCTBYIOT TPU ONTUUYECKU TBOMHEIE
3Be31bl (CM. Taba.2 B KosoHke Bin) ¢ paccTosiHusIMM KoMITIOHeHTOB < 2". 3Be3na
3005250640635930880 mmeer RUWE =1.83, HO 1Mo mipounM MapamMeTpaM, BKITIOJast
cleAbl OTpaXaTeJbHOM TYMAHHOCTH B OKPECTHOCTIX (UTO U MOXET OOBSICHUTH
noBblieHHOe 3HadeHne RUWE), BHO ToXe MpUHAIIEKUT CKOIJICHUIO.

6
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pmRA, mcg/r

Puc.6. [IBymepnass auarpamma (pmRA-pmDE) coGCTBEeHHBIX ABMXEHMiI IS BCeX 3BE3l B
obmactu MWSC 0739. Xopomrio 3amMeTHa KOMITAKTHAsl TPYIITMPOBKA 3BE3[ C PACCTOSHUSIMU
okojio 800-850 mK, BXOmAIIMX B CKOIUIEHUE (OOJbIINE KPYKKH).

IMocne uckmoueHuns AByx ciaabbIx 3Be3d (>18 mag) ¢ GonblIMMM OIIMOKAMM
rapayIakCoB, CPEIHWI Mapauiakc octaBmmxcs 15 3Be3n paseH 1.222 + 0.020 mco.
IMpakTnueckn takoe xe 3HadyeHue (1.222 + 0.09 Mca) MOXHO MOJY4YUTb, €CIU
HCITOJIL30BaTh JISI YCPEOHEHMST Mapajuiakca TOJBKO 7 3Be3l, MOICBSUMBAIOLINX
MaJjible OTpaxaTeJbHble TYMAHHOCTH, T.€. OOBEKTHI, allpUOPHO CBSI3AHHBIE C TEMHBIM
obakoM Dobashi 5006. CpeaHee paccTossHUE, COOTBETCTBYIOLLIEE STOMY ITapajUIaKcy,
MOXHO OLIEHUTb KaK <D> = 818 +14 nk. CpegHee (poTOreoMeTpUIECKOe PaCCTOSIHUE,
MOJACYUTAHHOE ISl TeX Xe 00beKToB mo Katajory [12] <Rpgeo> ~807 =21 nk.
OaHako MO HalleMy MHEHWIO, KOTJa pedb MIET O PACCTOSIHUSIX OO0 3BE3MHBIX
CKOIUICHUI, METOOUUECKU IIpaBUIbHEE HAMPSIMYIO HCITOIb30BaTh KaTaJOXHBIE
TPUTOHOMETPUYECKHE TMapajljlakChl 3Be3l, MOCKOJbKY B baliecoBcKue OLEHKU
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reomeTpuuyeckoro u ¢oro-reomerpudeckoro (Rgeo m Rpgeo [12]) paccTosiHuit
3aJI0KeHa arpuopHasi nHpopMalus 00 3KCIMOHEHIMATbHOM MaJeHUU 3BE3IHOM
KOHIIEHTPALIMU TI0 JIy4y 3peHMsI, UTO IIPUTOIHO IS 3Be3J1 MOJISI, HO COBEPIICHHO
HE COOTBETCTBYET pachpeleeHUIO JTy4eBOi KOHLIEHTpALMK B CKOILJIEHUU, KOTOPOE
JIy4Ille OMUCHIBAETCS] HOPMAIbHBIM 3aKOHOM. [103TOMy MBI TIPUHSUIM 32 PACCTOSTHUE
1o MWSC 0739 3nauenue 820 K, OLIEHEHHOE 110 TPUTOHOMETPUYECKUM Iapallak-
cam. TeM He MeHee, MBI JJIsI HEKOTOPBIX OLIEHOK B paboTe MCIIOJb30BaIU U
pacctositHusT Rpgeo.

Puc.7. Kapra ortoxnectBnenusi 3Be3nm, Bxomsimmx B rpynmy MWSC 0739 (ob6o3HaueHbI
KBajJipaTUKaMM) Ha uzobpaxeHuu u3 ob63opa PanSTARRS. Homepa coOTBETCTBYIOT IMO3ULIUSIM B
tabm.2. Takke 3Hakamu "+" mokaszaHbl nonoxeHus: MK-ucrounukos 2MASS 06082284-0936139
u 2MASS 06081525-0933490.

Hnst aHanms3a Mexs3Be3nmHoro mnorjoueHus B obigactu MWSC 0739 Obuin
HCIIOJIb30BaHbl JaHHbIC U3 HOBelillero karajgora StarHorse-2 [13], ocHoBaHHOTO
Ha COBOKYITHOCTM MHOTOLIBETHBIX (poToMeTpudeckux HadmoneHuii Pan-STARRSI,
SkyMapper, 2MASS, and AIIWISE u nanHbix katajgora GAIA eDR3. ITpuBeaeHHbIe

B HEM OLICHKM IOMJIOIIEHUSI A, ObUIM II€pecYUTaHbl B A , COOTBCTCTBYIOLIIMC
4 RP
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doTomeTpuueckoii cucteme GAIA, Mo COOTHOILIIEHUSIM U3OBITKOB 11BETa, B3SITHIM
u3 paborsl [14]. Cyna mo nuarpamme Rpgeo - A,,, TOIIOLIEHKE HA MYTH 10
ckoruieHus (D ~ 800 IK) COCTaB/IsIeT MPUMEPHO Agp ~ 1.5 mag, a COOTBETCTBYIOLLIIA
eMmy u30bITOK 1BeTa E(BP-RP)=~1.05 mag. Kak Mbl BUauMM, BC€ 3T 3HAYEHUS
(paccrosiHue, COOCTBEHHOE ABWXKEHME M OOLIMIT M30BITOK LIBeTa TSI CKOILJICHUS)
BeCbMa CWJIBHO OTJIMYAIOTCS OT olieHOK B Karajore MWSC. OmgHako B 11000M
clyyae clieyeT y4ecTb, YTO BHYTPU CaMOIO CKOIUIEHUS MOXeT HaOJoJaThCst
3aMeTHoe AuddepeHIInaibHOe MOMIOLIEHNE, B OCHOBHOM CO3/1aBaeMOe IbUICBBIMU
000JIOYKAMU BOKPYT MOJIOABIX 3BE3I.

Huarpamma "HopManbHblii 1BeT (BP-RP), - abcomorHas BenmmurHa M " s
paccrosiHus 820K u ob6miero uzoniTka 1Beta E(BP-RP)~1.05 mag (cM. BbIlIe)
rokKasaHa Ha puc.8a. Kak xopollo BUAHO, B OTIMYME OT XAOTUYHOTO paCIpele/ICHUS
3Be3/ MoJisg (TOYKHM), KOTOPhIE SIBHO OTHOCATCS K JajdbHeMy (oHy, 17 BblAeIEHHBIX
3Be3/ CKOIUIeHUS (KPYXXKHW) pacIiojioKeHbl Hal TJIAaBHOM MOC/eI0BaTeIbHOCThIO
(M30XPOHBI COOTBETCTBYIOT COJTHEYHOMY XMMCOCTaBy U Bo3pacTy logr=6.8 u 7.4),
yTo elle pa3 nmomyepkuBaeT ux PMS mpupony. Eciu ke ydecTb BO3MOXHOE
JOTIOJTHUTEJIbHOE TOKpacHeHME B OKOJIO3BE3AHBIX 000J0YKaX, KCIIOJb30BaB
UHIUBUIYalIbHblE OLEHKM A, u3 0asbl HaHHbIX GAIA DR3, 10 8 wieHoB
CKOILUICHUSI, JUIsI KOTOPBIX TakKue JaHHbIE MMEIOTCS, MOKAa3bIBAIOT CYILIECTBEHHO
MEHbIIIee paccesTHUe ToKa3aTeliel 1IBeTa U CUIbHEe KOHLIEHTPUPYIOTCS K M30XPOHE
logt=6.8 (cMm. puc.8b).

-10
a b
5
= 0
5
0 1 2 3 4 0 1 2 3
(BP-RP), (BP-RP),

Puc.8. Inarpamma I'-P mus 3Be3n B oomactt MWSC 0739 ¢ yuyeToM eaqmHOro 3HauYe€HMST M30BITKA
nBeta (a), W IO WHAMBHUIYaJIbHBIM OILIGHKaM ITOKpacHeHus1 it 8 3Be3n (b) m3 Karajora [14].
IMokazaHbl M30XPOHBI, COOTBETCTBYIOLIIME BO3pacTy logr = 6.8 (depHast uHusi) U 7.4 (cepast JTUHUS).
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BecbMa BaXHBIM OOCTOSITEJILCTBOM SIBIISIETCST TaKsKe OOHapy:KeHHasT HaOITio-
neHusmu GAIA ¢oTtomeTpuueckasi mnepeMeHHoCcTh 9 u3 17 3Be3n (cMm. Tabm.2
KOJIOHKA Var), BXOOJIIUX B OAHHYIO TPYIMITy, KOTOpas SBJISETCS elle OTHUM
TIPU3HAKOM WX HeOOJIBIIIOrO BO3pacTa.

4. O6cyxncoerue u 6v1600bl. IlonydeHHbIE HAMU PE3YJILTATHI OJHO3HAYHO
yKa3bIBaIOT, YTO HeboraToe paccessHHoe ckorieHue MWSC 0739 Ha gene mpea-
CTaBJisieT coO0Oil HeOOobIIYI0O TPYIIy BeCbMa MOJIOABIX 3Be31 Majoil U cpeaHeu
Macchl, 60JIbIIas YacTh KOTOPHIX MTEUCTBUTEIPHO PACIIOIOXEHA B BUIE IICTIOYKU.
IToMuMo onTHYecKU HabIIOJAeMbIX 3BE3/1, 9Ta IpymIa coaepkuT Heckonbko MK-
HMCTOYHUKOB, BKJTIOYAsT OMMCAHHBIE BHIIIIE TIPEAIoIaracMble NICTOYHNKHU TTIOTOKOB
Xepoura-Apo. Bo3pact nogoOHbIX 00BEKTOB, BCE €1lle UMEIOIIUX IJIOTHbIE MbLIEBbIC
000JI0YKHU, TOJKEH OBITh ellle MEeHble. DTO OMHO3HAYHO YKa3bIBaeT, YTO IMOC/e
"BCIBILIKK" 3B€31000pa30BaHusl B M30JIMPOBaHHOM TeMHOM obOiiake Dobashi 5006,
MTPOM3OILIEIIIeH HECKOIBKO MIITMOHOB JIET Ha3al, mporecc (opMUPOBAHNS HOBBIX
3BE3] BCE €llle MPOI0JIKAeTCs.

[NpyynHa Havyajga aKTUBHOTO 3Be3M000pa3oBaHUS B JAHHOM, MPAKTHYECKU
M30JIMPOBAaHHOM 00Jlake HescHa. Bo3MOXHO, B CBSI3M C 3TUM BOIIPOCOM MMeeT
CMBIC]I OOpaTUTh BHMMaHME Ha To, uTo u3 8 3Be3n rpynnsl MWSC 0739, mis
KoTopbIx Karajor Gaia DR3 coaepXuT oLeHKU acTpodU3NUeCKUX MapaMeTpoB, Y
IIBYX YPOBEHb METAJUTMIYHOCTU HIDKE COJIHEYHOTO, a y TpeX - HaMHOTO HIKe
([Fe/H] <-0.7, <-1 u gaxe <-2). [lono6HOe pazauuue BbIMISIAUT CTPAHHBIM JJIsI
3Be3II, KOTOPBIE TI0 MIPOCTPAHCTBEHHOMY TIOJIOXKEHUIO Y KHHEMATUKE MOTYT CUMTATHCS
YICHAMH PacCesTHHOTO CKOIUTEHUST. BO3MOXHO, OHO OOBSICHACTCST HEMPUMEHNMOCTBIO
ncnoyib3oBaHHON B GAIA MeTOIUMKM OMpeneeHus] MeTA/UIMYHOCTU K MOJIOJIbIM
00beKTaM C MbUIEBBIMU OOosioukamu. IS pellieHust 3TOro Bompoca KpaliHe
JKeJIaTeIbHBI CIIEKTpaTbHbIe HAOMIONCHMS 3Be3M, KOTOPBIE JOMOJTHUATETLHO TTO3BOJIST
ONpEeAeIUTh U UX JIy4eBbIE CKOPOCTH.

Takum 00pa3oM, OCHOBHBIE HMTOTM HACTOSIIETO WCCIECHOBAHUSI MOXHO
CYMMMPOBATh CJIEAYIOIIAM 00pa3oMm:

1. B o6iactu TemHoro o6iaka Dobashi 5006 oGHapyskeHBbI JBa HOBBLIX IOTOKA
Xepbura-Apo, cesia3aHHbIX ¢ MK-UCTOUHMKAaMM, OTHOCSILIMMUCS TIPEATTOIOXKUTEIBHO
K oobekram Class 1.

2. 3aHOBO OLIEHEHbI OCHOBHBIE 3BE3MHO-aCTPOHOMMYECKHE MapaMeTphl (PacCTOsTHUE,
COOCTBEHHOE JBMXKEHUE, MEX3BE3IHOE TOIOILIEHNE) HAXOASIIEerocsl BHyTpy o0Jiaka
ckomeHust MWSC 0739.

3. JlaHHO€ CKOIUIEHME TIPEACTaBIIIeT co00i (pakKTHIeCKr HeOOJIbIIyIO 00JIaCThb
aKTUBHOTO 3Be31000pa30BaHMsI, BKIIOYAIOIIYIO B ce0sT TPYIITY, COCTOSIIYIO U3, TI0
KpaiiHeil mepe, 17 ontudecku Habmomaembix PMS-3Be3n u Heckoibkux MK-
HWCTOYHUKOB.
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Hactosmag pabora BeIoTHEHAa B paMKax TeMaTndeckoro rpanrta 21T-1C031
I'oc. komuteTa no Hayke PA. B maHHOM McclienoBaHUMM UCMOJIb30BAIMCh JaHHbBIE,
nojiyueHHble B xoJe o63opa Gaia EBponeiickoro Kocmuueckoro AreHTCTBa,
obpadoTtanHbie KoHcopunyMmoM DPAC, ¢dnHaHCMpyeMOro MHCTUTYTaMU, Y4acTBYIO-
IIMMUA B MHOTOCTOPOHHEM coTpynHuuyecTBe Gaia.

B naHHoli paboTe aKTMBHO UCMOAb30BaIUCH 6a3bl AaHHBIX SIMBAD, VIZIER
U BUpTyajibHas obcepBaTopus Aladin, pazpaboraHHbie CTpacOyprcKum LEHTPOM
3Be3nHbIX JaHHbIX. ATiaac AKARI sBasiercss mpoekTom SIIMOHCKOro areHTCTBa
A3POKOCMUYECKNX MCCIACAOBAHUI, NP ydacTUM EBpOIeiickoro KOCMHYECKOTO
arentcrBa. IIpoekt PanSTARRS sBigeTcs pe3ynbratoM coTpyagHudectsa MHcTuTyTa
actpoHomuu (I'aBaiin), Jlaboparopuu JInHKomsHa MaccauyceTcKoro TeXHOIOTMUECKOTO
UHCTUTYTA, LIeHTpa BbICOKOMPOWU3BOAUTEIBHBIX BbluMCIeHM Mayu u MexnyHa-
POIHOM KOpIiopalyu MPUKIagHONA HAyKU.

! BropakaHckasi actpodusunyeckasi obcepBaTopusi uM. B.A.AmGapiymsiHa
HAH PA, e-mail tigmag@sci.am
2 @usnyeckuii pakynprer MI'Y uMm. JlomoHocoBa, MockBa, Poccust

HERBIG-HARO FLOWS AND YOUNG STARS IN THE
DOBASHI 5006 DARK CLOUD

T.A.MOVSESSIAN!, T.YuMAGAKIAN!, A.S.RASTORGUEV?,
H.R ANDREASYAN!

Two new Herbig-Haro flows in the Dobashi 5006 isolated dark cloud
(/1=216°7, b=-13°9) were found. One of them is numbered HH 1179, another
needs further confirmation. Both are related to IR sources: 2MASS 06082284-
0936139 and 2MASS 06081525-0933490 respectively. Judging by their spectral
energy distributions, both sources can be Class I objects with luminosities of the
order of 23 L, and 3.6 Ls These sources are the part of the poor star cluster MWSC
0739 located inside this dark cloud, the study of which with the aid of Gaia DR3
survey made it possible to detect 17 stars that are its probable members. Their list
and main parameters are given. The cluster distance is estimated at 820 pc, and the
color excess on the way to the cluster is E(BP-RP)~1.05 mag. All these stars are
PMS objects; most of them are optically variable. It is concluded that the newly
discovered compact star formation zone in the Dobashi 5006 cloud has an age of
no more than a few million years, and this process continues to the present.

Keywords: Herbig-Haro objects: young stars: Dobashi 5006
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Kantowski-Sachs perfect fluid cosmological model is explored in modified gravity with
functional form f(R,T)= f,(R)+ f,(T) where R is Ricci scalar and T is the trace of energy-
momentum tensor. With this functional form, three different cases have been formulated, namely
negative and positive powers of curvature, logarithmic curvature and exponential curvature given by
S[i(R) =R+ yRZ— u4/R , fi(R)=R+vIn(tR) and f(R)=R+ ke " respectively, and for all these
three cases, f,(T)=AT, here y,A,pu,v,7,x and 1 are constants. While solving the field equations,
two constraints i) Expansion scalar is proportional to shear scalar ii) Hyperbolic scale factor are used.
By using these conditions the required optimum solutions are obtained. The physical parameters are
calculated and geometrical parameters of three cases are analysed against redshift z with the help
of pictorial representation. In the context of f(R,T) gravity energy conditions are discussed with
the help of pressure and energy density. If strong energy condition is positive the gravity should
be attractive but in our model it is negative. It means that cosmic acceleration is due to antigravity,
whereas NEC and DEC are fulfilled. The perturbation technique is used to test the stability of
the background solutions of the obtained models. The inferences obtained from this paper are in
persistent with the present cosmological observations and the model represents an accelerating
universe.

Keywords: Kantowski-Sachs spacetime: f (R, T ) theory: perfect fluid

1. Introduction. Einstein's theory of general relativity is the foundation of
modern physics and it describes black holes and gravitational phenomena but it
break down to give an explanation of cosmic acceleration. In recent scenario it
is well known that our universe is accelerating [1,2] and it is one of the trending
topics in cosmology. To understand this mysterious concept, we focused on dark
energy and modified theories of gravity. The universe is going through an
accelerated period of expansion and it is revealed by the experiments such as
CMBR and SN/a. Dark energy can be inspected in many ways and reforming
the geometric part of the Einstein-Hilbert action is regarded as the most efficient
possible way and these changes lead to so many alternative theories of gravity.
There are different classes of modified gravity such as f (R) gravity, f (T) gravity,
f (G) gravity, f (R, G) gravity. Among them f (R) gravity has attracted many
researchers because it provides a natural gravitation alternative to dark energy.
During the universe expansion f (R) theory elucidate the change from deceleration
phase to acceleration phase. f (R) theory is presumed to be beneficial for
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resolution of the hierarchy problem or unification of grand unified theories with
gravity in high energy physics. Nojiri and Odintsov [3], Nojiri et al. [4], Chatterjee
and Jaryal [5], Sotiriou and Faraoni [6], De Felice and Tsujikawa [7] are some
of the authors who worked on various cosmological models in f(R) theories of
gravity. A new class of f (R, T) gravity presented by Harko et al. [8], by including
trace T in f (R) theory. The 7-dependence in f (R,T) gravity may appear from
the presence of imperfect fluids or quantum effects. Among all the modified
theories of gravitation, the f (R, T) theory is a generalized theory because there
is an energy transfer relation between matter and geometry. The existence of this
relationship is the cause of the rapid expansion of the universe. The authors who
worked on f (R,T) gravity are included in references [9-16].

In this paper, we examine three specific cases one of them is combination
of l/Rx and R’ i.e. f(R):R+yRy—u4/R" where y and p are constants. In
this functional form, it has both positive and negative curvature powers. At low
curvature it leads to gravitational alternative for dark energy which helps in speed
up of cosmic expansion where as high curvature describes the inflationary stage
of early universe [17]. By considering R’ term for 1 <y <2 power law inflation
happen at early stage. If y=2, Starobinsky inflation takes place [18], the term
R’ indicates natural correction to general relativity. According to Nojiri and
Odinstov [19] R? term is necessary to get rid of instabilities, linear growth of
the gravitational force, produce early time inflation and appear to pass the solar
system tests. The state of no linear growth for gravitational force makes it very
much fascinating. Higher derivative terms like R?, R’ can be used to put down
the instabilities significantly. For equivalent scalar tensor theory the solar system
test may be passed as scalar has large mass originated again by higher derivative
terms. The standard Einstein's gravity may be modified by considering a 1/R term
in the Einstein-Hilbert action [20] which represents the present acceleration of
the universe. But the insertion of 1/R term generates instabilities which can be
overcome by addition of R? term to the Einstein's gravitational action. Besides
the advantages of this functional form, have well acceptable Newtonian limit, no
instabilities and no Brans-Dicke problem in scalar tensor version. When we put
y=2 and x=1 in the above functional form f° (R):R+yRy —ut / R* it reduces
to f (R):R+yR2—u4 /R and the obtained results are very efficient. In addition
to this functional form by using the linear function of f(7)=AT, we get the
final form of f(R, T)=R+ sz—u4/R+7»T where y, p and A are constants.
Vinutha et al. [21] have worked on Kantowski-Sachs perfect fluid cosmological
model in R?-gravity. Vinutha and Sri Kavya [22] have studied Bianchi type
cosmological models in f (R, T) theory with quadratic functional form. Brookfield
[23] have worked on viability of f (R) theories with additional powers of curvature.
Godani and Samanta [24] have studied traversable warmholes on f (R) gravity
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where f (R):R+ o R". Banik et al. [25] have discussed Bianchi-I cosmological
model in (R)=R-B/R" gravity.

Next, we consider logarithmic curvature i.e. f(R,T)=R+vIn(tR)+AT where
T, v and A are constants. As this modified gravity has put forward a gravitational
alternative for dark energy, it is quite interesting to work on this particular
functional form. In this model logarithmic terms are produced by quantum effects
in curved space time. The need for dark energy may be eradicated by this modified
gravity and may aid for the fusion of the early time inflation and cosmic
acceleration. Nojiri and Odinstov have studied about modified gravity and proposed
some functional forms such as In(R) or R™"(InR)" and R+yR™" (1nR/ p2)m
[26,27]. Fayyaz and Shamir [28] have analysed wormhole structures in logarith-
mic-corrected R? gravity. Kourosh and Tahereh [29] have discussed phantom-
like behavior in f (R):R+Blog(R/ uzyn +yR"™ gravity.

By appending the torsion scalar component to the exponential f (R) theory
[30-34], the functional form is f(R,T):R+ ke "®+ AT where «, 1 and A are
constants. The reason behind choosing this functional form it comes up with the
best way of exploring cosmic acceleration. In contrast to the ACDM model the
exponential gravity model has one more parameter included in it and it also
permits the relaxation of fine tuning. Vinutha et al. [35] have studied on Bianchi
type cosmological models in modified theory with exponential functional form.
Paul et al. [36] have worked on accelerating universe in modified theories of
gravity. Sahoo et al. [37] have studied on f (R,T): f (R)+ AT gravity models as
alternatives to cosmic acceleration. Moreas and Sahoo [38] have discussed travers-
able wormholes by using functional form f (R,T):R+ ve and also with this
functional form Moreas et al. [39] studied FRW cosmological model.

When compared to other anisotropic metrics, Kantowski-Sachs model is very
simple and easy to analyze. The cosmologies of Kantowski-Sachs metric possess two
properties of symmetry such as spherical symmetry and invariance under spatial
translation. It describes spatially homogeneous, anisotropic universe and interior of
black holes that does not allow a simply transitive group of motions. It is also used
to analyze the behavior of the added degrees of freedom in quantum cosmological
model. This metric represents three different anisotropic 3 + 1 dimensional space
time and positive curvature models. The study of anisotropic models were nourished
by the theoretical studies and observations of CMB which also been extended to
modified theories of gravity. Thus this model with an anisotropic nature appeared
most appropriate in describing the early stage of the cosmos. Some of the authors
who worked on Kantowski Sachs model are [40-46].

This article is organized as follows: In section 2, f (R, T) gravity field equations
are obtained and in section 3 the field equations of power-law, logarithmic and
exponential functional forms are solved. Section 4 discusses the physical and
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geometrical properties of three cases using graphs and section 5 concludes our results.

2. A brief review of AR, T) =f,(R) +f(T) model. The final action principle
of f (R,T) gravity which is a function of matter Lagrangian L is read as

1
s- j[ﬁ f(R,T)+Lm}/§ d'x, (1)

where g is the metric determinant of the fundamental tensor g, f (R,T) is an
arbitrary function of R and T which is mentioned in the abstract, L is the usual
matter Lagrangian density and we consider G=c=1.

By varying the above equation (1) with respect to g We obtain the field

equations of f (R,T) gravity in covariant tensor form as
1
FolR TR, L 1(R )y 3, 0=V, ) 1o, T)=

:875Ty‘_fT(Rv T)eij _fT(RaT)T

ij o

(@)
here, V, is the covariant derivative and [1=V,V, is the D'Alemberts operator.
fe=0f(R,T)0R, f;=0f(R,T)OT and R, is the Ricci tensor, where

k 62 Lm

Here the energy-momentum tensor is considered to be a perfect fluid which is
defined as

— //
0; =—2T;+g;L,-2¢

T, =(p+p)uu ;- pg; , 4)
where u, denotes four velocity vector in co-moving coordinates i.e. u,=(1, 0, 0, 0)
and uiuj =1. Hence, the components of energy-momentum tensor become
T; :diag(p,— p,—Pp,— p), where p is the pressure and p is the energy density
of perfect fluid. Several authors have studied by choosing energy-momentum tensor
as perfect fluid which are included in the references [47-54]. It takes the form
by replacing matter Lagrangian as L, =—p [55-57] in equation (3).
0; =27~ pg; - (5)

Consequently the field equations for f (R,T) gravity are procured with the aid
of T=p-3p in equation (2) as

il (R TIT+ p (R. D45 LR T) - R (R T

G, =—Fr——
! fR(R’ T)
_(g[j D_Viv_/)fR(RaT)]’

where G, is the Einstein tensor which is expressed as R,—Rg; /2.
Here, we consider the functional form f(R,T)= fl(R,3+ £(T) ie.

(6)

4
f(R,T):R+yR2—%+7»T (7)
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f(R,T)=R+vIn(tR)+ AT (8)
f(R,T)=R+xe R+ AT ©)
as case I, II and III respectively.

3. Metric and solutions of the field equations. Now the metric takes
the form,

ds? = dr*— M ()dr*— N*(1){d 07 +sin?0d y2), (10)

where M and N are metric potentials and functions of cosmic time ¢ only and
co-moving coordinates are (r, 0,y ).

3.1. Case I - (negative and positive powers of curvature). The
functional form f(R,T)=R+yR*~u*/R+L\T field equations are as follows

\ 7 72 2 4
12N N (8m+3%/2)p .\ Ap yR?*/2+p* /R

N2 N N2 1+2Ry+u4/R2 2(1+2Ry+u4/R2) 1+2Ry+u4/R2

2yt /R ﬂfzu’é— 6u* R?/R*
1+2Ry+pu*/R*| N 1+2Ry+p*/R?’

(11)

W e
M N MN_ (Sn+32)p | Ap _ YR’ 2+p*/R

M N MN 1+2Ry+p*/R? 2(1+2Rv+u4/R2) 14+2Ry+p*/R?

2y-2u*/R? HM NJ. } 6u* R*/R*

- —+— |R+R |- .
1+2Ry+u4/R2 1+2Ry+u4/R2

(12)

M N

2M+£+L= (Br+31/2)p Ap YR 2+pR
MN N?* N? 1+42Ry+p*/R? 2(1+2Ry+u4/R2) 1+2Ry+u*/R?
2y—2p*/R* [M 2N, (13)
_1+2Ry+u4/R2{H+T}R'

here dot denotes derivate with respect to z

3.2. Case - II (logarithmic curvature). Field equations corresponding
to the f(R,T)=R+vIn(tR)+AT are

.
1 +2_N+N___(8n+3k/2)p+ Ap v(1-1In(zR))

NN N? 1+v/R  2(1+v/R)  2(1+v/R)
J{ﬂmk} VR R/R (14)
1+v/R  1+V/R
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N, MN _ (8n+30/2)p L v(1-In(tR))

M N MN  1+v/R  20+v/R) 2(+v/R) s
(R [0, 8, o] v a
1+v/RI\M N 1+V/R
MN N* 1 (8m+33/2)p Ap v(1-In(tR))
22—t —+—= - -
MN N? N? 1+v/R  2(l+v/R) 2(1+V/R)
L VR {MJFZN}R‘ (16)
1+Vv/R|M N

3.3. Case - IlI (exponential curvature). Field equations corresponding
to the f(R,T)=R+xe "*+ AT are given as follows:

1 2N N_2 (8n+37»/2)p+ Ap +Ke_lR(l+LR)

N2 N N2 1— ke 'R Z(I—Kle_‘R) Z(I—Kle_lR)
kil e 'R {2N } ki’ e RR? (17

— Z_R+R — -

1-xte N l1-xte

MON MN Brne3n2)p p ke " (1+1R)
-+ —+ =— -y + +
M N MN 1-xte 2(1_Kle‘lk) 2(1—Kl€_1R)
kle (M NY. .| xPeRR? (9
- || —+— |[R+ R |+ —.
1-— Kle_lR M N 1- Kle_lR
2 —1R
ZMJrN +L:(8Tc+37u/2)p_ Ap L ke (1+1R)

MVONTONT ket ofoaet) ofi- e (19)

+
1 ke R M N?

ke MR {M ZN}
To obtain solutions for highly non-linear equations is very strenuous and in order
to remove such complications we require some constraints.
(i) We consider o is proportional to 6 (where o is the shear scalar and
0 is the expansion scalar) and it generate linear relationship between two metric

potentials in terms of M and N as

M=N" (20)
n#0, 1 is constant. The physical motivation for assuming this condition is that
Hubble expansion of the universe may attain isotropy by the observations of the

velocity redshift relation for extra galatic sources if the value of /6 is constant
[58].
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(ii) The average scale factor is assumed as a hyperbolic expansion
a(t) = sinh(oct)l/ﬁ (21
where o >0, B>0 are constants. The consequence of using this scale factor is
time dependent deceleration parameter ¢ [59]. This average scale factor tends to

zero if t—0 and if t—>o then a(f) becomes infinity.
The directional Hubble parameters are

M N
Hl:ﬁ H2=H3=F. (22)
The average Hubble parameter is,
1
H:E(H1+2H2). (23)
By substituting equation (23) in equation (22), we get
a 1(M N
H="=-| =+
a 3 [M N ] (24)
From equations (20)-(24), we obtain metric potentials of M and N as
M = (sinh(at))"P0*?) (25)
N = (sinh(at t))S/B('”Z) . (26)

If t >0 then M and N are nonzero, hence, our model is free from singularity.
Using equations (25) and (26), the Kantowski-Sachs metric obtained as

ds? = dt> (sinh(ct))*"*"*?) a2 — (sinh(c¢))"*"2)(d 02 +5in%0d 2. (27)
The above metric represents a perfect fluid Kantowski-Sachs universe in
f (R,T) theory of gravity.

3.4. Pressure and density for case I. By solving the equations of (11),
(12) and (13) we get the pressure of the model as

ng(x+a—2n—¢4+2¢5+2¢6—¢7_x+a+2n+4¢3+7¢4+2¢5+2¢6+3¢7J o8

4 br — o+,

and the density of the model is obtained as

ng(x+a+2n+4¢3+7¢4+2¢5+2¢6+3¢7+x+a—zn—¢4+2¢5+2¢6—¢7] 9)
4 o+, b — 0

The values of %, &, m (same for all three cases) and ¢, (i =1, ..., 7) for all
cases are given in the Apendix of the archived version (http://arxiv.org/abs/2301.01163).

3.5. Pressure and density for case II. By solving the equations (14),
(15) and (16) we get the expression for pressure is
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4 b =, o +9,

and the density of the model is obtained as

le{x+§+2ﬂ+4¢3 _7(1)4—2(1)5 +4¢6 —3¢7 +X+§—2n+¢4—2¢5 +4¢6 +¢7]’ 31)

pzl(“a—zmdu ~205 406ty HEH 2N+~ T4 205 + 4 _34)7]’ (30)

4 o + ¢, ¢, — ¢,

3.6. Pressure and density for case III. By solving the equations (17),
(18) and (19) we get the pressure of the model as

pzl(x+a—2n—¢4+2¢5—z¢6—¢7_x+a+2n—4¢3+7¢4+2¢5—2¢6+3¢7J )
4 0y — ¢y O + ¢,
and the density of the model is obtained as

p:l[x+«%+2n—4¢s+7¢4+2¢s—2¢6+3¢7 +x+§‘2““"4”¢5‘2¢“¢7} )
4 by + ¢, ¢ =,

4. Physical and geometrical properties. The average Hubble parameter is
H =%coth(0tt). (34)

From Fig.1 the Hubble parameter decreases with the decrease of redshift i.e.

decreases as time increases. By choosing the values of a=0.21 and f=3.10 in

the scale factor the Hubble parameter is obtained as 0.07 Gyrs™ which is nearly

equal to the present observational value [60]. For this quantity the dimension is

1/time. By using this formula, we can also measure the age of the cosmos.
(ii) The volume of the model is given by

V =a® =(sinh(a t))yﬁ . (35)
z
5] 0.2
1)
£
©
©
Q
()
o) 0.1
re)
=}
I
0 1 2
Redshift (z)

Fig.1. Plot of Hubble parameter H versus redshift z.
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In Fig.2, it is clear that the spatial volume increases with the decrease of
redshift i.e. it increases as the time increases and is finite at final epoch.

30
S 2
(]
£
=)
2 10
0

0 1 2
Redshift (z)

Fig.2. Plot of volume V versus redshift z

(iii) The expansion scalar 0 is
O=u' =3H = 30ccoth(ott)'
’ p
From Fig.3, it is observed that expansion scalar decreases with the decrease of
redshift i.e. it decreases as time increases. Here we noticed that for =0 the
expansion scalar is infinite.

(36)

0.8
)
k=i
g 0.6
"
c
e}
2 04
]
o
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0 1 2
Redshift (z)

Fig.3. Plot of expansion scalar 6 versus redshift z

(iv) We get the shear scalar as
» 3a’(n- 1)2coth2(oct)
(e =
p*(n+2)

when =0, o’ (shear scalar) tends to infinity.
(v) The mean anisotropy parameter A4, is obtained as

(37
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1| &(H-HY
A, =— 1,
32 &
where i=1, 2, 3 indicate the directional Hubble parameters for the coordinates
of r, 6 and vy.
The mean anisotropy parameter is defined on the basis of directional Hubble
parameter and mean Hubble parameter.
2(n— 1)2
A, =——7"—; n#-2.
" (n+2) (39)

The mean anisotropy parameter A, is useful for checking if the model is
anisotropic or not. In the present model 4,=0 for n=1 and A4, #0 for n=1

-0.06 —~ 0.2
&
e 2
v -0.1 @ 0.16
3 35
o -0.14 & 0.12
a )
I IS
-0.18 0.08
0 1 2 0 1 2
Redshift (z) Redshift (z)
Fig.4. Pressure p in case I. Fig.7. Energy density p in case I.
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&
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Fig.5. Pressure p in case II. Fig.8. Energy density p in case II.
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&
& z
v -0.08 % 0.14
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¢ -0.12 & 0.1
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Fig.6. Pressure p in case III. Fig.9. Energy density p in case III.
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that is the model is anisotropic for n#1 and isotropic for n=1.

In all the discussions and graphical representation of physical parameters we
constraint the constants for case I as a=0.21, p=3.10, n=7.38, A=-10.02,
pu=0.2, y=0.03, case Il as v=0.001, t=0.002 and case IIl as k=0.2,
1=0.009. The values of parameters o, B, n, A in cases Il and III are same
as that of Case I.

(iv) The deceleration parameter is

—e L L 4
T Em (40)
In this model by using hyperbolic function we obtained deceleration parameter

as
g =—1+B[1 - tanh(cut)). (41)
When t<ltanh_l(l—l/ﬁ)l/ ®, g has negative value which represents that the

universe is accelerating whereas if ¢ > —tanh (1 1/ [3) , q has positive value which

represents that the universe is deceleratlng. The quantities such as g and H specifies
the geometric properties of the cosmos.

v) Fig.4, 5 and 6 illustrate the variation of pressure against redshift in cases
I, I and III respectively. The figures shows that in three cases pressure is negative
and it is known that a negative pressure fluid is the correct mechanism which
is capable of explaining cosmic acceleration within the standard cosmologies,
despite the fact that in the latter it is necessary to bring the cosmological constant
to get this exotic characteristic. In Fig.4, 5 and 6 the pressure increases with the
decrease of redshift, i.e. it increases as time increases which represents cosmic
acceleration.

vi) Fig.7, 8 and 9 shows the evolution of energy density for cases I, II and
II1 respectively. In all the cases the density decreases with the decrease of redshift,
i.e. it decreases as time increases.

vii) With great efforts the equation of state(EoS) parameter in cosmology of
different dark energy models are examined. The parameter relating to the equation
of state is a dimensionless term that represents the matter state under some
particular physical grounds. In the terminology of p and p the EoS can be
interpret in the from of o= p/p. The EoS parameter is distinguished in three
regions namely quintessence, phantom, and quintom according to its range. In
quintessence region the EoS paramter lies in the range of —1<w<-1/3, in
phantom phase the EoS parameter is in the range of less than -1 (i.e. w<-1)
and in quintom o=-1. Fig.10, 11 and 12 of the EoS parameter are drawn against
redshift and observed that it decreases with the decrease of redshift that is decreases



86 T.VINUTHA ET AL.

as time increases. From the graphs we noticed that our model lies in quintessence
region in three cases. According to Planck+nine years WMAP the current value
of EoS parameter is approximately as o= —1.13f8§‘5‘ [61], and from SNe la data
with galaxy clustering, CMBR anisotropy statistics the EoS parameter lies in the
range —1.33<w<-0.79, —-1.67 < <-0.62 [62] respectively. From the figures of
EoS parameters, it is seen that three cases are approximately coincide with
observational data which is a good result.

__-0.78 — -0.75
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% 2 017
E 08 g
g 8 -0.79
? ?
W 0,82 *-0.81
0 1 2 0 1 2
Redshift (z) Redshift (z)
Fig.10. EoS parameter o in case I. Fig.11. EoS parameter ® in case II.
. -0.66
)
o)
- -0.7
]
o
8 -0.74
0
[e]
W0.78
0 1 2

Redshift (z)

Fig.12. EoS parameter « in case III.

viii) In modified theories of gravity, energy conditions [63-65] plays a crucial
role in studying the behaviour of spacelike and timelike geodesics and these
conditions are came from Raychaudhuri equations [66]. Energy conditions can be
defined in many ways, such as geometric way and physical way. Moreover energy
conditions are significant in the black hole physics, as they lay foundations of
the singularity theorems. Another advantage of energy condition is that it allows
basic tools to consider certain ideas about black holes and wormholes. There are
four most commonly used fundamental energy conditions. The general expressions
for energy conditions in regard of pressure and energy density are given below:

(i) SEC (Strong Energy condition): Gravity always has to be attractive, and
in cosmology p+3p>0, p+p=>0 should be observed.

(i) DEC (Dominant Energy Condition): The energy density should always be
positive when measured by any observer that is p>0, p+ p>0, must be obeyed.
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(iii) WEC (Weak Energy Condition): The energy density must always be
positive when measured by any observer that is p>0, p+p>0.

(iv) NEC (Null Energy Condition): NEC is expressed in the form of p+p>0
and it ensures the validity of second law of black hole thermodynamics.

Where NEC, WEC, DEC and SEC represents null, weak, dominant and
strong energy conditions. According to present cosmological data to represent the
universe with cosmic expansion the SEC of that model should be violated
p+3p>0. For the obtained models the same scenario can be clearly observed
from Fig.13 to 15. When compared to strong energy condition null energy
condition is more beneficial, as it can be used algebraically due to its weakest
pointwise energy condition which results in the strongest theorems and all these
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Fig.13. SEC in case I. Fig.16. NEC in case I.
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Fig.14. SEC in case II. Fig.17. NEC in case II.
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Fig.15. SEC in case III. Fig.18. NEC in case III.
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energy conditions, are met by electromagnetic field. From Fig.16 to 18 it is clear
that NEC (p+ p>0) is satisfied in all the three cases for the obtained model.
If NEC satisfies then the parameter EoS occurs in quintessence region. Also from
Fig.19 to 21 it is clear that DEC (p+ p>0) is fulfilled in all the three cases

for the obtained model.
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Fig.19. DEC in case I. Fig.20. DEC in case II.
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Fig.21. DEC in case III.

4.1. Stability analysis. Perturbations are essential for simplify a complex
mathematical problems. There are several types of perturbations such as isotropic,
anisotropic, homogeneous/inhomogeneous scalar, vector and tensor perturbations.
The technique of perturbation is studied as a tool for finding approximate solution
and comparing it to the obtained exact solution. Some of the researchers who
studied on stability analysis are [67-69]. Here the stability of solutions in terms
of metric perturbation as following

a; > ag+90a; =aB,-(1+5bl-).

The perturbation of volume scale factor, directional Hubble factors and mean

Hubble factors are

V—)VB+VBZSI)I-, Gi—>93i+25bi, 9—)63+%28bi. (43)

(42)

The following equations are satisfied by the metric perturbation 8,
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> 8b; +2).0,8b, =0, (44)
. Vo .
Sb,.+—8b[+28bj 0, =0, (45)
B J
From equations (44)-(46), we attain
81.7'[+Q66i =0, (47)
VB
where V, is the background spatial volume and for our case V) is
V= (sinh(oct))3/ b (48)

From above two equations, 85, is procured as

By/cosh? (ot Jsech(ar t)sinh(B’3 Ve (at), F (1 B3, 3(-1) ; —sinh?(at t))

27287 2B
ofp-3)
where ¢, and ¢ are integrating constants.
Consequently, the actual fluctuations 8a; =ag 8b; is

By cosh?(aiz) sech((xt)sinhﬁ_3/ Plot), F (; , 62_[33 ; 3([; [; ) ;—sinh’ (oct)}
o(p-3)

L(49)

b, =¢,—c

da; =| ¢,—c

(30)

xsinh{ot t)73/ P

Fig.22 shows the behaviour of actual fluctuations versus redshift and it is
noticed that it is a decreasing function with the decrease of redshift that is actual
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Fig.22. Plot of actual fluctuations &a, versus redshift z.
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fluctuations decrease as time increases. It is clear that da; >0 as g — — and
hence the background solution is shown to be stable against perturbation of
gravitational field.

5. Conclusions. A cosmological model in f(R,7T) theory with three cases
namely power law, logarithmic and exponential curvature is obtained. Hyperbolic
scale factor is used to solve the field equations to get the solution in each case.
The solutions of these field equations represent accelerating model of the universe.
The graph of all parameters are drawn against redshift. In graphs the negative region
of z represents future epoch, positive region of z represents past and z=0 indicates
present. Obtained models are anisotropic and free from singularity all the way
through the universe's evolution. By analyzing all the parameters the conclusions
are as follows:

- From Fig.1 and 3 and from the equations (34) and (36) it can be seen
that Hubble parameter and expansion scalar decreases with the decrease of redshift,
and also it is clear that the Hubble parameter and expansion scalar are close to
zero when ¢ —o0 .,

- From Fig.2 it is clear that the volume increases with the decrease of redshift
which indicates volume of the expanding universe. From equation (37), it is
noticed that the shear scalar is a function of time and tends to zero when ¢ — o0 .

- From equation (39), the anisotropic parameter is independent of time and
A, #0 for n#1, A, =0 for n=1. But in this paper due to power law 7 is different
from one. Hence the models are anisotropic throughout.

- From the graphs of pressure and energy density of all the three cases, it
is clear that the pressure and energy density are negative and positive respectively.
Due to the negative pressure and positive energy density the universe is going
through accelerating expansion.

- The behavior of EoS parameter against redshift is represented in plots 11
to 13. From these graphs it is obvious that the model is in the quintessence region
in three cases that is —1< ® < —1/3 which matches with present observational data.

- In three cases, SEC is violated whereas NEC and DEC are fufilled. The
violation of SEC leads to cosmic acceleration which is in good agreement with
the expansion of the cosmos.

- As seen in the graph of stability analysis, the actual fluctuations begin with
a small positive value and decreases to zero. As a result, the background solution
is stable when the gravitational field is perturbed.

A detailed discussion is provided through the obtained models for describing
cosmic acceleration. Finally, through the detailed study of the models in three cases
namely power law curvature f(R,T)=R+yR>—p*/R+ALT, logarithmic curvature
f(R,T)=R+vIn(tR)+AT and exponential curvature f(R,T)=R+ ke +AT very
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good results which represents the universe accelerating expansion are observed.
Moreover all the parameters discussed here matches with the recent observational
data. At last, without existence of any exotic fluid, the current universe is
accelerating is perceived in this paper which is a great outcome. As a future work,
this work can be extended to other anisotropic models and can study the
similarities and differences between them.
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NCCIENOBAHUE KOCMOJIOTUYECKOW MOJEIU
NAEAJIBHON XNAKOCTHU KAHTOBCKOI'O-CAKCA B
MOANDPULMPOBAHHON TPABUTALIMU

T.BUHYTA!, KHUXAPUKA!, K.IlI.KABbA?

Kocmonoruueckass momens uaeanbHoit xuakoctu KaHToBckoro-Cakca
uccienyeTcss B MOAMGULUMPOBAHHOW TpaBUTALMU C (PYHKUMOHAJIbHONU (opmoit
f(R,T)= 1 (R)+ fz(T)’ roe R - ckamap Puyum, a T - cien TeH30pa 3HEPrUu-
nMiyabea. C IToMonIbio 3Toi (PyHKIIMOHAILHOM (opMBI ObUIM CPOPMYIMPOBAHBI
TPU pa3IMYHBIX CIydasl, a UMEHHO, OTpHUIIaTeJIbHASA M TIOJOXUTEIbHAS CTEIIeH!
KPWBU3HBI, JIOTaprU(pMIUYecKasi KpUBIU3HA M SKCITOHEHIIMAIbHAs KPUBU3HA, OIpee-
nsiembie popmymamit f;(R)= R+yR*—p*/R, f,(R)= R+vIn(xR) u f;(R)=R+xe ™%,
COOTBETCTBEHHO, U [UISI BCEX B3TUX TPEX CJIy4acB fz(T )= AT, toe v,A, W, V,T,K
U U - KOHCTaHThI. [Ipy penieHrun ypaBHEHUI T0JIS MCTIONb3YIOTCS 1BA OrpaHUYEHMSI:
i) CKaJsIp paclIMpeHus1 IPOMOPLIMOHATIEH CKAJISIPY CIBUIA, ii) UCHOJIb3yeTCs TUIep-
Oosmyeckrii MaciuTabHbI KoadduiimeHT. Ycrionb3ys 3TU YCIOBUS, MOJIy4YEeHbI
TpebyeMble ONTUMAaJIbHbIE pelleHus. PaccuMTaHbl (u3nMueckue mnapameTpbl U
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MPOaHAIM3UPOBAHBI TEOMETPUUECKHE MapaMeTphl TPeX CIydyaeB B 3aBUCUMOCTH OT
KPacHOTO CMEILeHUSI Z ¢ TIOMOILbIO TpachuuecKoro npeacTaBieHus. B KoHTekcTe
f (R, T ) 9HEPreTUYECKKe YCIIOBYS TpaBUTALIMM OOCYKIAIOTCS ¢ TIOMOLIBIO JaBJIeHUS
U TUIOTHOCTU BHepruu. Eciiu cuiibHOe HEPreTMYecKoe COCTOSIHUAE MOJOXUTEIbHOE,
rpaBUTALMS JOJDKHA ObITh MPUTSATATEIBHOM, HO B Hallleil MOJEI OHO OTpULIATESIbHOE.
DTO 03HAYAET, YTO KOCMUYECKOE YCKOPEHUE MPOUCXOAUT 3a CUET aHTUTPABUTALINH,
B To BpeMs Kak BhITOnHS0TCI NEC 1 DEC. MeTon Bo3MyllleHUIA MCITOJIb3YeTCS
JIJIS1 TIPOBEPKU YCTOMUMBOCTU (POHOBBIX PEIICHUI MOJYyYeHHbBIX Moeseil. BoiBombl,
MOJIyYeHHbIE B 3TOI CTaTbM, COIJIACYIOTCS C HBIHEIIHMMU KOCMOJIOTMYECKMMU
HaOJIIONeHUSIMU, U MOJEJIb MPeACcTaBisieT coboii ycKopsitoliytocs BeeneHHyto.

KitroueBele cioBa: npocmpancmeo-epema Kanmosckoeo-Cakca: f (R, T ) -meopusi:
udeanvras HCUOKOCMb
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Effect of the interaction between hyperons on the moment of inertia of proto neutron stars
(PNSs) PSR J0740+6620, PSR J0348+0432, PSR J1614-2230 and PSR J0737-3039A is exam-
ined by means of relativistic mean field theory. Taking into account the interaction between
hyperons, the mass M of the PNS decreases with respect to the same radius R, the energy density
¢ increases with respect to the same pressure p, and the moment of inertia / of the PNS decreases
with respect to the same central energy density ¢, . Under the constraint of the mass of the PNS,
considering the interaction between hyperons, the larger the mass of the PNS, the more the radius
and moment of inertia of the PNS decrease, while the more energy density and pressure increase.
For smaller PNSs, the effect can be negligible.

Keywords: hyperon: relativistic mean field theory: neutron star

1. Introduction. Neutron stars (NSs) are dense objects that have a <2 solar
mass and a very small radius [1-4]. When calculating its moment of inertia,
general relativistic effects must be taken into account [5,6].

A binary NS system PSR J0737-3039 was observed in 2004 [7]. One of the
NSs in the system, NS PSR J0737-3039A, has a typical mass M =1.34 Mg
[7-9]. After that, its mass was determined to be M =1.337M, [10], or
M =1.3381+£0.0007 Mg [11].

In the last decade, great progress has also been made in the observation of
massive NSs. NS PSR J1614-2230 was discovered in 2010 and its mass is
M=197£0.04Mg [12]. In 2016, its mass was precisely determined to be
M =1.93£0.07 M [13]. NS PSR J0348+0432, whose mass is M =2.01+0.04 M,
was observed in 2013 [14]. In 2020, NS PSR J0740+6620 with the mass of
M =2.14"09 Mg was discovered [15] and it may be the most massive NS ever
discovered.

NSs come from supernova explosions. A proto neutron star (PNS), formed
by a supernova explosion, can reach temperatures as high as 30 MeV. Later, the
PNS emits energy through neutrino radiation to form a NS [16]. PNS is a very
important stage in the evolution of NS and the research of PNS is meaningful
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for astrophysics.

The interactions between nucleons in NS matter are described by ¢, o and
p mesons. But this is not complete, and the interactions between hyperons, which
can be described in terms of f; (1020 MeV) (short for ™) and ¢ (975MeV) (short
for ¢ ) mesons [17], need to be taken into account. It is of great interest to know
how the interaction between hyperons affects the properties of the PNS, such as
the moment of inertia.

In this paper, the effect of the interaction between hyperons on the moment
of inertia of PNSs PSR J0740+6620, PSR J0348+0432, PSR J1614-2230 and
PSR J0737-3039A is examined by using the relativistic mean field (RMF) theory
[18] considering baryon octet.

2. The RMF theory for the PNS matter. The Lagrangian density of
the PNS matter is as follows [19]

L= ZWB(iYHa“ Mgt gspO0+ & p 0"~ gus Yowo — &5 Yo‘bo —&pB YOT3PO3)\I’B
B

1 2 3 4 Lo o 1 55 1 5 0 1 509
——m.0" ——g,6" ——g;0 +—m, 0y +—m ——m. 06 +—m
7 Mo 3g2 4g3 7 Mo @0 T3 p Pos 2o > s ®o (1)
+ EWx(ivua”—mx)w-

A=e,u

where y; is the Dirac spinor of baryon B and the corresponding mass is m,.
c and o are field operators for mesons ¢ and c*, respectively. ®,, p,; and
¢, are expected values for mesons o, p and ¢, respectively. g.,, 2.5 gop>
g g and gyp Tepresent the coupling constants between o, o, p, ¢° and ¢
mesons and baryon B, respectively. g, and g, are the self-interaction parameters
of ¢ mesons. m,, m,, my, m. and m, are masses of mesons o, ®, p,
o' and ¢, respectively. y, and m, are the Dirac spinor and mass of the free
electron and W, respectively.

Considering the neutrino binding, the baryonic partition function of the PNS

matter is

o

InZ, = ;(Q I g—z ‘2] ij L [kl et ]) 2
0

Here, V stands for volume, T for temperature, J, for spin of baryon B, k for
Fermi momentum, ¢ B(k) for energy of baryon B, and p, for chemical potential
of baryon B.

The total baryon number density [20,21] is

2J,+1, %
p=Y 208 ijkan(k)dk. )
B 27 0
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Here, b, is the baryon number of baryon B. ny(k) is the Fermi-Dirac distribution
function of baryon

k)=
e W T “
and e,(k) is defined as
SB(k):\/<mB_chG_gG*B G*)z +k? + 805 O + & Do+ &p5 Po3 L35 » ©)

where the interaction terms between baryon and meson fields are properly taken
into account [22]. [, is the isospin 3 component of baryon B.
The energy density and the pressure respectively are

€ :%mécz +%m(2Y o™ +§g2c53 +%g3 c!

(6)
2 17 "
+lmim§+lm§¢§+lm§pg3+z JB;F IKZHB(k)dK1/K2+mBZ ,
2 2 2 7 2m°
p —lmzcs2 ——m’.c?-~g,0 —lg c!
B 5 Mo 5o 352 453
1 5 5 1 50 1 5, 5 1a2J,+17  «* (7)
+—mg, oy +—my by +—m po3+—z I’lB(k)dK.
2 2 2°° 3G o’ {JKZH@Z
Here, mj is the effective mass of baryon B
m2=mg—g036—g0*36*- )

Regardless of the interaction between leptons at finite temperature, their
partition function is

4 2 4 »
il e
the first line represents the contribution of massless neutrinos and the second line
the contribution of electrons and ps. p, is the chemical potential of neutrinos.
ax(k) and p, are the energy and chemical potential of electrons and ps,
respectively.

The lepton number density is

o0

1
pr=— [ K2n(k)dk, (10)

T 9

2 2 3
T,
py = : 11

P (1)

where, p, and n(k) represent the number density and distribution function of
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electron and p, respectively. p, and p, represent the number density and
chemical potential of electron neutrinos and p neutrinos, respectively.
The energy density and the pressure of leptons are

1 ®© 7 2T4 T2 2 4
gr :Zn_Z.[KZ nl(k)dlqlK2 +m12 +Z[ TIEZO +%+h], (12)
1 0

2
N 8n

L 12 1 15u;
pL:_Z_ZIK—nl(k)dK+Z%[7n2T4+3OT2ui+ ;J (13)

3T 0K +m]

The chemical potentials of baryon i are

M =1, = (ke — 1y, (14)
where p,, 1, and p,, denote the chemical potential of neutrons, the chemical
potential of electrons and the chemical potential of electron neutrinos, respectively.
g, is the charge of baryon i.

The mass and the radius of a PNS can be calculated by the Tolman-
Oppenheimer-Volkoff (TOV) equation [23,24]

d_p 3 (p+ 8)(M+ 4nr3p)

dr r(r—ZM) ’ (15)
R
M = 4nf8r2dr. (16)
0
For a slowly rotating PNS, its moment of inertia is [5,6]
R
1 :8_7t drr? extp [Q_(D(r)] e (17)

34 1-2M(r))r Q

Here, ©Q and oa(r) represent the angular velocity measured at infinity and the
angular velocity of the frame rotation, respectively. v is given by

_dv(r) 1 dp
dr  e+pdr’ (18)
and the angular velocity is given by
1 d{ 4.do) 4d _
7;(” fﬂ*:;“o' (19)

The j(r) is

j(r)ze_("”‘):e_V1/I—2Miri/r, r<R. (20)
The boundary condition are given by
do
== =0,
dr |r=o (1)
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v(w0)=0, (22)
_ Rd®
o(R)=0 —;d—frzR : (23)

3. The parameters. Eight sets of nucleon coupling constants (DD-MEI
[25], FSU2H [26], FSU2R [26], FSUGold [27], GLS85 [28], GL97 [19], GM1
[29], and TW99 [25]) are used to calculate the PNSs in this work.

The ratios of hyperon coupling constant to nucleon coupling constant can be
defined as X, = 204/80 » Xon = €on/&o > Xpn = &pn /&y » With h denoting hyperons
A, ¥ and E.

Through quark SU(6) symmetry we select the XopS [30,31]. For the mass
of the PNS increases as x,,s and x,,s increase [32] and in order to obtain
the large mass of the PNS PSR J0740+6620, we should select as large x,,s as
possible, x,,=0.9, and x,,s are obtained by [19]

. 2
m
) £ s 2

m)‘l ®

Here, the hyperon-potentials are chosen as U,(\N ) =30 MeV [31,33,34], U§N ) =30
MeV [31,33-35] and UéN) =-14 MeV [36], respectively.

20 T T T T T B -G To" T T 1
18
g 16
X
o
14
12 st R | a1
I R TR TR SR SRR BN BN SR SR SR N
0.8 1.2 1.6 2.0 2.4 2.8
M/Mg

Fig.1. The radius of the PNS as a function of the mass. The four thick vertical lines represent
the masses of the PNSs PSR J0740+6620, PSR J0348+0432, PSR J1614-2230 and PSR J0737-
3039A, respectively.
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The coupling parameters between the mesons ¢* and ¢ and the hyperons
can be taken as [17]

g¢5:2g¢/\:28¢z:_2\/§gm/3’ (25)
gcs*/\/gcy :gc*Z/gG:0'69’ (26)
gG*E/gG =1.25. 27

We choose the temperature of the PNSs as 7= 15MeV [16].

As can be seen from Fig.1, TW99, DD-MEI and GM1 can give the masses
of the PNSs PSR J0740+6620, PSR J0348+0432, PSR J1614-2230 and PSR
J0737-3039A. Riley et al. [37] and Miller et al. [38] made accurate measurements
of the mass and radius of NS PSR J0030+0451. Results of Riley et al. [37] are
M =134"02My and R=1271"1|3 km, and results of Miller et al. [38] are
M =1.44%71 Mg and R=13.027}7¢ km. We see that GM1 gives masses and radii
that are closest to the results of [37,38]. Therefore, we next use GM1 to study
the effect of the interaction between hyperons on the moment of inertia of the
PNSs.

4. Effect of the interaction between hyperons on the radius of the
PNSs. The radius of the PNS as a function of the mass calculated by nucleon

15.0 ’S\ T T T T T v T I T |
- |
14.4 -‘
| .
E 18}
& L |
13.2
12.6 _
S TP SR TR TR SRR SR SR A M S
1.3 1.5 1.7 1.9 2.1 2.3
M/M@

Fig.2. The radius of the PNS as a function of the mass calculated by nucleon coupling constant
GMI1. The four thick vertical lines represent the masses of the PNSs PSR J0740+6620, PSR
J0348+0432, PSR J1614-2230 and PSR J0737-3039A, respectively.
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coupling constant GM1 is shown in Fig.2. The nucleon coupling constant is chosen
as GMI.

It can be seen that the radius R of the PNS decreases as the mass M increases.
Given the interaction between hyperons, the mass M of the PNS decreases with
respect to the same radius R.

Table 1
THE RESULTS OF THE CALCULATION OF THE RADIUS,

CENTRAL ENERGY DENSITY, CENTRAL PRESSURE,
AND MOMENT OF INERTIA

Parameter | R, km g, 105gem? | p, 10¥dynecm? | 1, 10¥ gcm?

PNS6620 M =2.14M

no ¢" and ¢ 13.663 1.124 2.577 2.347
with ¢* and ¢ 13.648 1.141 2.608 2.320
PNS0432 M =201Mg

no ¢ and ¢ 14.035 0.931 1.820 2.443
with ¢* and ¢ 14.027 0.937 1.834 2.437
PNS2230 M =1.93Mg,

no ¢" and ¢ 14.199 0.856 1.533 2.425
with ¢" and ¢ 14.199 0.857 1.533 2.422
PNS3039A M =1.338M,

no ¢" and ¢ 15.05 0.563 0.553 1.671
with ¢ and ¢ 15.05 0.563 0.553 1.671

Under the constraints of the mass M of the corresponding PNS mentioned
above, the radius of the PNS PSR J0740+6620 is reduced by about 0.1% from
R=13.663km to R=13.648km considering the interaction between hyperons (see
Table 1). The radius of the PNS PSR J0348+0432 decreases from R=14.035km
to R=14.027 km, which is about 0.06%. The radius of PNS PSR J1614-2230 is
R=14.199 km, while the radius of PNS PSR J1614-2230 is R=15.05km, both
unchanged. We see that the larger the mass M of the PNS, the larger the reduction
in the radius R of the PNS, taking into account the interaction between hyperons.
For the less massive PNS, the hyperon interaction has little effect on the radius
R. The influence of the interaction between hyperons on the radius of the PNS
must lead to the influence on the moment of inertia.

5. Effects of hyperon interactions on the energy density and
pressure of the PNSs. The energy density € of the PNS as a function of
the pressure p is shown in Fig.3.

We see that the energy density & of the PNS increases as the pressure
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increases. Given the interactions between the hyperons, the energy density €
increases with respect to the same pressure p. Of course, the energy density €
doesn't go up very much.

1.2x10" | T T T T T T T T T |
s
| e v ey P ]
I. 11— 1V IVIG VvV / A\d |
g.oxton M
‘?E
3]
o
Iy [ 7 e e LTl -
4.0x10"
0_0! , ] R Lt A ] . ] |
0.0 1.0x10% 2.0x10%

p, dynecm

Fig.3. The energy density & of the PNS as a function of the pressure p. The triangles,
pentagons and dots in the figure represent the central energy density ¢, and central pressure p, of
the PNSs PSR J0740+6620, PSR J0348+0432, PSR J1614-2230 and PSR J0737-3039A, respec-
tively. The solid symbols mean that the interaction between hyperons is not considered, and the
hollow symbols mean that the interaction between hyperons is considered.

Under the constraint of the mass of the PNSs mentioned above, the central energy
density of the PNS PSR J0740+6620 increases from ¢, =1.124-10"gcm™
to e, =1.141-10” gcm™ by about 1.5%, considering the interaction between
hyperons. The central energy density of the PNS PSR J0348+0432 increases from
£.=0.931-10"g.cm to g, =0.937-10"° gecm™, which is about 0.6%. The central
energy density of the PNS PSR J1614-2230 increases from e, =0.856-10"gcem™
to e, =0.857-10" gem™, increasing by about 0.1%. The central energy density
of the PNS PSR J0777-3039A is e, =0.563-10"° gcm™, which does not change.
Similar results are found for the central pressure p, of the PNSs. It can be seen
that the larger the mass M of the PNS, the greater the influence of the interaction
between hyperons on the central energy density €. and the central pressure p.
When the mass M of the PNS is small, this effect can be ignored.

6. The influence of the interaction between hyperons on the
moment of inertia of the PNSs. Fig.4 gives the moment of inertia / of the
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PNS as a function of the central energy density ..

As can be seen from Fig.4, the moment of inertia / of the PNS increases
with the increase of the center energy density ¢,, and decreases with the increase
of the center energy density ¢, after reaching a certain peak value. Taking into
account the interaction between hyperons, the moment of inertia / of the PNS
decreases with respect to the same central energy density ¢, .

[ - I ' ! ) | U Y I | § |
2.4x10%
E2.0x10%
()
(@)}
1.6x10%
WL L 1 1 L 1 1 | | 1 | N 1 1 Il N T J
5x101 7x10 9x10" 1x101
e., gcm?®

Fig.4. The moment of inertia / of the PNS as a function of the central energy density ¢, .
The solid thick vertical lines represent the central energy density &, of the PNS when the
interaction between hyperons is not considered, while the dashed thick vertical lines represent the
central energy density €, of the PNS when the interaction between hyperons is considered.

We see from Table 1 and Fig.4, the moment of inertia / of the PNS PSR
J0740+6620 is reduced from 7 =2.347-10% gcm’to 7 =2.320-10* gcm? by about
1.2% under the mass limit of the PNS mentioned above and considering the
interaction between hyperons. The moment of inertia of the PNS PSR J0348+0432
decreases from 7 =2.443-10* gecm? to I =2.437-10% gecm?, which is about 0.2%.
The moment of inertia of the PNS PSR J1614-2230 decreases from [ =2.425-10%
gem?® to 1=2.422-10% gem?, which is about 0.1%. The moment of inertia of
the PNS PSR J0777-3039A is 7 =1.671-10* gcm® and does not change. So the
larger the mass of the PNS, the larger the decrease in the moment of inertia
considering the interaction between hyperons. When the mass of the PNS is small,
the interaction between hyperons has little effect on the moment of inertia of the
PNS.

The moment of inertia / of the PNS as a function of the radius R is shown
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in Fig.5. We see that the moment of inertia of the PNS increases as the radius
increases, and after reaching a certain peak, decreases as the radius increases.
Considering the interaction between hyperons, the moment of inertia of the PNS
with respect to the same radius decreases, and the smaller the radius, the greater
the decrease in moment of inertia.

I T T T T T T T T T |
———

2.4x10% )
[ 2 AN [
usuL U e
- — -with o*and ¢

N T=15 MeV
E GM1
(0]
—  2.0x10%

1.6x10% T T TR SR R TP S B |

13.6 14.0 14.4 14.8
R, km

Fig.5. The moment of inertia / of the PNS as a function of the radius R. The triangles,
pentagons and dots in the figure represent the moment of inertia / and radius R of the PNSs PSR
J0740+6620, PSR J0348+0432, PSR J1614-2230 and PSR J0737-3039A, respectively. The solid
symbols mean that the interaction between hyperons is not considered, and the hollow symbols
mean that the interaction between hyperons is considered.

The moment of inertia / of the PNS as a function of the mass M is given
in Fig.6. We see that the moment of inertia of the PNS increases with the increase
of the mass, and after reaching a certain peak, decreases with increase of the mass.
Taking into account the interaction between hyperons, the moment of inertia of
the PNS with respect to the same mass decreases, and the greater the mass, the
greater the decrease in the moment of inertia.

7. Summary. In this paper, the effects of the interaction between hyperons
on the moment of inertia of the PNSs PSR J0740+6620, PSR J0348+0432, PSR
J1614-2230 and PSR J0737-3039A are studied by means of RMF theory. The
nucleon coupling parameter is chosen as GM1, and the temperature of the PNS
is set as 7= 15MeV.

We see that the mass M of the PNS decreases with respect to the same radius
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I
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Fig.6. The moment of inertia / of the PNS as a function of the mass M. The four thick vertical
lines represent the masses of the PNSs PSR J0740+6620, PSR J0348+0432, PSR J1614-2230 and
PSR J0737-3039A, respectively.

R as the interaction between hyperons is considered. Under the constraints of the
mass M of the corresponding PNS, the larger the mass M of the PNS, the larger
the reduction in the radius R of the PNS, taking into account the interaction
between hyperons. For the less massive PNS, the hyperon interaction has little
effect on the radius R.

Under the constraint of the mass of the PNSs, the larger the mass M of the
PNS, the greater the influence of the interaction between hyperons on the central
energy density ¢, and the central pressure p. When the mass M of the PNS
is small, this effect can be ignored.

Taking into account the interaction between hyperons, the moment of inertia
1 of the PNS decreases with respect to the same central energy density .. We
also see that the larger the mass of the PNS, the larger the decrease in the
moment of inertia considering the interaction between hyperons. When the mass
of the PNS is small, the interaction between hyperons has little effect on the
moment of inertia of the PNS.

Our results show that the interaction between hyperons has a strong influence
on the properties of the larger mass PNS, but a small influence on the properties
of the smaller mass PNS.

In our calculation, in addition to the mean-field approximation, we also use
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the sea-free approximation, that is, we do not consider the effect of antiparticles.
In fact, especially in finite temperature NS matter, antiparticles excited from the
sea should be considered. This will be an area that we will continue to investigate
in the future.

In addition, the simplest RMF model with constant baryon-meson couplings
is used in our calculations and the so-called rearrangement self-energy is not taken
into account. But it is necessary to include properly the "rearrangement” contri-
butions to show that energy-momentum conservation [25]. Therefore, the influ-
ence of the rearrangement self-energy on the NS/PNS matter should be considered
in the next calculations.

This work was supported by the Natural Science Foundation of China (Grant
No. 11447003).

School of Sciences, Southwest Petroleum University, China,
e-mail: zhaopioneer.student@sina.com

BIIMAHUE B3AI/IMOHEI;ICTBI/IHUFI/IHEPOHOB HA
MOMEHT MHEPUUUN TTPOTOHEUTPOHHBIX 3BE3/1

CHUAHDb-®BH Y2XKAO

B pamkax peasTUBUCTCKON TEOPUU CPEAHETO TOJsl MCCIEeN0BAHO BIUSHUE
B3aMMOJICIMCTBUSI TUTIEPOHOB HA MOMEHT MHEPLIMU MPOTOHeUTpOoHHBIX 3Be3 (ITH3)
PSR J0740+6620, PSR J0348+0432, PSR J1614-2230 u PSR J0737-3039A.
ITpu yyere B3aMMOnEMCTBUS MEXIy TMIIEpOHAMU: a) MPU OAUHAKOBOM pamuyce R
Macca [TH3 yMeHbliiaeTcs, 6) Mpy OAMHAKOBOM AABJAEHUM p IIJIOTHOCTb SHEPTUU
YBEJIMYMBAETCS, B) P OOVMHAKOBON LIEHTPATIBHOM IJIOTHOCTUA &, MOMEHT MHEPLIMU
I TTH3 ymenbiiaercs. Ipu orpannuenuu Maccol ITH3, B pesynabrate B3auMOAEHCTBUS
MEXIy TMIIepoHaMu, yeM Oosbliie Macca ITH3, Tem Gosbllle yMEHBIIAIOTCS pagTlyc
1 MoMmeHT uHepuuu [TH3, a MmIoTHOCTh HEPruu U AaBJIeHUE YBEJIMUYUBAIOTCS.
Hnsg meHee MaccuBHbIX ITH3 addekT MoxeT ObITb HE3HAYUTEIbHBIM.

KmoueBble clioBa: eunepou: peasmusucmerkas meopusi cpeoHe2o noas: HeUMpOHHA
36e30a
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The purpose of this paper is to study the Kaluza-Klein universe in the context of the f(R, T)
gravity theory using magnetized strange quark matter (MSQM). To obtain exact solutions of field
equations, we assume two types of volumetric expansion: power law and exponential law volumetric
expansions. The violation of energy conditions has been studied. The physical and geometrical
properties of the examined model have also been investigated thoroughly.

Keywords: Kaluza-Klein metric: magnetized strange quark matter: power and

exponential law: f (R,T) gravity

1. Introduction. The study of cosmic accelerated expansion, which has been
validated by various observations over the last two decades, is one of the most
important cosmological enigma among cosmologists. The concept of accelerated
expansion of the universe was first proposed by cosmological studies such as type
Ia supernovae [1-4], and subsequently, measurements of the cosmic microwave
background (CMB) from the Wilkinson microwave anisotropy probe (WMAP)
[5,6] and large-scale structure [7] have confirmed this idea. There are several
modified theories proposed that can be found in the literature to explain the
accelerating and expanding nature of the universe. Some of theme are f (R) theory
[8-10], f(T) theory [11-13], f(R,T) theory [14,15], f(G) theory [16-18] and
each theory has its own importance.

Among the several modified theories of gravitation, the f (R,T) theory of
gravity proposed by Harko et al. [14] is an intriguing extension of general relativity
(GR) that has received a lot of attention in recent years. The late time cosmic
accelerated expansion of the universe can be explained by the f (R,T) gravity
theory. Houndjo et al. [15] used an auxiliary scalar field with two known forms
of scale factor to reconstruct f(R,T)= f(R)+ f(T') and obtained a transition from
a matter-dominated phase to an accelerated phase. Sharif and Zubair [19] have
studied the law of thermodynamics in f (R, T) gravity theory. Using bulk viscous
fluid, Chandel et al. [20] studied hypersurface homogeneous cosmological models
with time-dependent cosmological terms. In the presence of the perfect fluid
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source, Reddy and Santhi [21] investigated LRS Bianchi-II space-time. The LRS
Bianchi-I bulk viscous cosmological models in f (R, T) gravity have been inves-
tigated by Mahanta et al. [22]. Moreover, Harko and Lake [23] have investigated
Kasner-type static, cylindrically symmetric interior string solutions using the
f (R,Lm) theory of gravity. Pawar and Solanke [24] have explored perfect fluid
LRS Bianchi-I cosmological models in f (R,T) theory of gravity. In the context
of f (R, T ) gravity theory, Singh and Singh [25] discussed the behaviour of a flat
FRW cosmological model with a scalar field. Mishra et al. [26] have studied
perfect fluid Bianchi-VIh space-time in f (R, T) theory of gravity.

The Kaluza-Klein theory is a unification of Einstein's theory of gravitation
and Maxwell's theory of electromagnetism by introducing compactified extra
dimensions. It is regarded as a crucial forerunner to string theory and has received
a lot of interest in recent years. Kaluza and Klein explained the role of
electromagnetic field in the fremework of a five-dimensional space-time. Recently,
Mishra et al. [27] compared the Kaluza-Klein dark energy in the Lyra manifold
with general relativity using magnetic field. Aktas [28] explored the behaviour of
Kaluza-Klein massive and massless scalar field cosmological models with A in
f (R,T) gravity theory. Hatkar and Katore [29] have used polytropic equation of
state in Lyra geometry to examine the Kaluza-Klein space-time.

Strange quark matter (SQM) is a new kind of matter made up of many
deconfined up (#), down (d), and strange (s) quarks [30,31] and its properties are
studied in equilibrium with the weak interactions [32] using the MIT bag model
[33]. Furthermore, in the context of the MIT bag model, the thermodynamical
properties of SQM were examined in a strong magnetic field with quark confine-
ment by density dependence quark masses, taking total baryon density, charge
neutrality, and B -equilibrium at zero temperature into account [34-36]. Chakrabarty
[37] used the conventional MIT bag model to investigate the effect of a strong
magnetic field on the stability and properties of SQM. Singh and Beesham [38]
have examined the LRS Bianchi-I cosmological model in f (R,T) gravity using
SQM. Also, Magnetism influences the anisotropies in CMB radiation, which also
plays an important role in the formation of structures. Magnetic fields have been
observed in the high redshift Lyman system, galaxies, clusters and stars. One of
the most interesting areas of research is the relation between magnetic fields and
SQM. The behaviour of magnetized strange quark matter (MSQM) for LRS
Bianchi-I model has studied in f (R,T ) gravity by Sahoo et al. [39]. Aktas [40]
have studied Bianchi I and V models with MSQM distributions in reconstructed
f (R,T) theory of gravity. Aktas and Aygun [41] have investigated FRW space-
time with MSQM solutions in f (R, T) theory of gravity. Also, some authors like
[42-45] have studied various aspects of MSQM cosmological models in [ (R,T)
theory of gravitation. Recently, Khalafi and Malekolkalami [46] has studied the
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MSQM Bianchi-I space-time for two different models of f (R,T) thoery.

In the present research work, we investigate MSQM distributions for the
Kaluza-Klein metric in the context of f (R, T) gravity theory, which is motivated
by the discussion above and a few MSQM studies in the literature. Section 2 is
devoted to the metric and f(R,T) gravity field equations for f(R,T)=R+2 f,(T).
The solutions to the field equation for the power law and exponential volumetric
expansion models are derived in sections 3 and 4, respectively. The energy
condition and its interpretation of the investigated model are covered in Section
5. Finally, the last section is devoted to the conclusion.

2. Metric and f(R, T) gravity field equations. In the Kaluza-Klein
model, the additional dimension's contribution to the energy momentum tensor
is often due to electromagnetic field stresses. We consider the five-dimensional
Kaluza-Klein space-time of the form as [47]

ds? =—di*+ A*(dx*+ dy*+ d= )+ B2 (1)
where A and B are functions of 7 only. In the present study, we assume the matter

contents described by energy momentum tensor for the MSQM is given in the
following form as [39,41]:

h2
Ty =(p+ p hJuu+ (7 - pJgg,-— hih @)

where p is energy density, P is pressure, A* is magnetic flux and u=(0, 0,0,
0, 1) is the velocity vector in comoving coordinate system satisfying the condition
uu' =—1. The magnetic flux A*=hh' is chosen in the direction of x-axis
satisfying Au' =0 [48,49]. As the flux quantizes along x-axis, which gives the
magnetic field in the yz-plane. The action for f (R, T) gravity is expressed in the
following form [14]:

S=[J-g(f(R.T)+L,)d"x. 3)

where f(R,T) is an arbitrary function of the Ricci scalar R and the trace T of
the stress-energy tensor of the matter 7, i and L denotes the matter Lagrangian
density.

The stress-energy tensor of the matter is defined as

poo 2 el @
\/E 5g”
Assuming that the Lagrangian density L of the matter depends only on the metric
tensor components g, and not on its derivatives, we obtain
8(L,,)

T;" :gi'Lm_ i
e s
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The f (R,T) gravity field equations are obtained by varying the action (3) with
respect to the metric tensor components 8
1 i
fx(R, T)R,.j—E F(R.T)gy+(2; V'V, -V, V) fu(R, T) =

(6)
=8 T, f7(R.T)Ty— /;(R.T)®;

. . . oL
where V, is the covariant derivative, ©; =-2T,+ gULm—Zg“BW
g 08
f :af(R7T) and f :af(RsT)
K OR r oT
There are several theoretical models that can be used to represent various

matter contributions to f (R,T) gravity. However, Harko et al. [14] categorised
these models into three distinct classes, which are as follows:

R+2£,(T)
f(R’T): fl(R)"‘fz(T) (7)
H(R)+ 1(R)£5(T).
In order to analyse the exact solutions of the Kaluza-Klein universe, we consider
the first model f(R,T)=R+2f(T), where f,(T) is an arbitrary function of the

trace of the stress-energy tensor of matter. We choose the arbitrary function f, (T)
of trace of the stress-energy tensor of matter source given by

A(T)=uT = A(T)=u, (®)
where p is a constant and dash () denotes differentiation with respect to the
argument.

For this choice, the f (R,T) gravity field equation (6) becomes

1
Ry=> Rgy = B+ 20)T;+ Q0P+ uT)T, ©)

Using co-moving coordinates, we get four independent field equations of f (R, T)
gravity for the given metric (1) are as follows:

21A;55 +%+%+j_5z:—(8n—3u)§—(8n+4u)p+up (10)
M%+%+2i—5335+j—5§=(8n+7u)§—(8n+4u)p+up an
314%+3Ai252=(8n+7u)§—(8n+4u)p+ up 12)
%Jr%gz (24n+11u)§—4pp+ (8m+3u)p (13)

where the subscript "5" denotes differentiation with respect to f.
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The average scale factor ¢ and volume V of universe are defined as

V=a"=4B. (14)
Equating equations (11) and (12), we get
d(A; B A B\ V.
; a5 75 + a5 5 _5:() (15)
t\A B A B)V

on integrating above equation using the (14), the values of metric potentials A
and B are as follows

_ 1/4 Cl dt
A=) exp [TJ‘;} (16)
_ Ay | Z36 pdt
B=c,7V exp[ 2 IV} (17)

Recently, Katore and Hatkar [47] and Sahoo et al. [50] have investigated some
interesting results of Kaluza-Klein metric using MSQM distribution. Here, we
follow Sahoo et al. [50] and Moraes [51]. Further, we have system of four
independent equations (10) to (13) in five unknowns viz. A, B, #*, p and p.
We need one more condition to get the exact solutions of field equations. We
consider the two different volumetric expansions such as power law expansion and
exponential law expansion.

3. Power law expansion model. Firstly, we consider the power law
volumetric expansion as
V=AB=t" (18)
where m is a positive constant.
Using the equation (18), values of A and B are obtained as

1-4m
t
A=l ex at
? p{4(1—4111) (19)
—3c
B= 73/4tm — .
c; exp 4(1_4m) (20)

The metric potentials A and B both vanish at time #=0, they start to increase
with time and finally diverge to infinity as ¢ —oo. This is consistent with the
Big Bang model. Now, the various cosmological parameters such as mean Hubble
parameter H, expansion scalar 0, shear scalar ¢ obtained as follows:

1(34; B m
H=— _5+_5 =-—

4( y Bj : @)
6:%4_&:4_’" (22)

A B t
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2 2
» 1(34; Bs) 3¢
=355 e =

From the expression (21), (22) and (23), it is observed that the Hubble
parameter H, expansion scalar © and shear scalar ¢ are decreasing function of
time. They diverges to infinity as # — 0 and becomes zero at infinity. Moreover,
as t —> oo, the ratio /0 — 0. Hence, the investigated model approaches isotropy.
Also, the deceleration parameter ¢ is found to be

_d(1Y) _ !
Cwlw) T 4

The sign of ¢ indicates whether the universe is accelerating or decelerating.
A positive sign of g implies a decelerating model, whereas a negative sign of ¢
indicates a accelerating model. According to recent cosmic studies, the expansion
of the universe is rapidly accelerating. From equation (24), it is clear that, the
deceleration parameter ¢ is negative for m > 1, thus the universe is accelerating.

Now, the expression of pressure P, energy density p and magnetic flux 4>
for power law volumetric expansion model are obtained as follows:

3 2w 20)e 5 4 3mlu(dm—3)+ 8n(2m—1))
p=-2 (25)
8 (87':2 + 7+ 2p? )tz

3(— e e 16(u + m)m? - 4um)

p= 26
8(87:2 +7nu+2p2)tz (26)
h’=0. (27)
0.0
m=1
-0.1 =2
m=3
-0.2
o
-0.3
-0.4
-0.5
0 2 4 6 8 10

t

Fig.1. Plot of pressure P vs time ¢ for ¢, =1, p=0.1.
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The behaviour of pressure P and energy density p for the power law model
is graphically depicted in Fig.1 and 2 respectively. It is observe that the pressure
is an increasing function of time #; it is very small near =0 and vanishes at
infinite time ¢. It is worth noting that the pressure is negative for different values
of parameter m, indicating that the SQM behaves like dark energy. Also, the
energy density decreases as time ¢ increases and it is infinte at /=0 and vanishes
as t —oo . For small values of m, the density curve slowly approaches zero with
increasing time. As parameter m becomes larger, the curve tends to a constant
value. In the power law model, the graph of p/p shows the dynamical behaviour
with increasing time 7 as depicted in Fig.3. It is observed that, initially, it evolves

03r . . 1
m=1
m=2
m=3
0.2
Q 3 \ \ 1
0.1
0.0 1
0 2 4 6 8 10 12

t
Fig.2. Plot of density p vs time ¢ for ¢, =1, u=0.1.

0.0 m=1
L m=2 1
m=3
-0.4 E
Q.
N
o
-0.8
Quintessence region
Phantom region
-1.2
0 2 4 6 8 10

Fig.3. The plot of ratio p/p vs time f for ¢, =1, p=0.1.
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in the phantom region p/p<-1, crosses the phantom divide line p/p=-1,
suddenly enters into the quintessence region -1< p/p <—1/3 and remains constants
with increasing time. Suzuki et al. [55] combined all four probes, such as SNe
Ia with BAO, CMB, and H, measurements, to determine the equation of state
(EoS) parameter of dark energy (DE), which is o=-1.013*00% for a flat wCDM
model. In the present case, for m > 1, the value of p/p is in the range
-1.38 <®»<-0.89, which is consistent with the observational value of EoS (o)
of DE obtained by [55,56].

4. Exponential volumetric expansion model. For exponential volumet-
ric expansion law, we assume the volume factor as
V=e* (28)
where n is constant.
For this model, the values of 4 and B using the equation (28) are obtained as

—4nt
A=cte t— ©¢
2 m{n - (29)
3ce
B=c"%e + |
sl 4

A and B are constant at =0, therefore the model has no singularity at
t=0. Also, as t—>o, both A and B tends to infinity. Now, the various
cosmological parameters such as mean Hubble parameter H, expansion scalar 0
and shear scalar ¢ are found to be

H=n 31

0= 4n (32)
3 ¢}

= (33)

From the equations (31), (32) and (33), it is observed that the Hubble
parameter H, expansion scalar 0 are constant i.e. the rate of expansion of the
universe is constant. Shear scalar o is decreasing function of time. Therefore,
/0 >0 as t—>o ie. the model approach to isotropy. Also, the deceleration
parameter ¢ is obtain as

qg=-1. (34)
The sign of deceleration parameter is negative, therefore the universe is

accelerating. The quantities such as the pressure P, energy density p and magnetic
flux A* for exponential volumetric expansion are obtained as
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gcf 2r+p)e™ +12(4n + p)n?
p=-2 (35)
8 (81':2 +7mu+ 2u2)

et (48(7: +u)n’et —3n clz)
8(87:2 + Tmu+ 2;42)
h’=0. (37)

The graphical behaviour of pressure P and energy density p vs time 7 is
depicted in Fig.4 and 5. It is observe that, the energy density p is decreasing

P= (36)

-0.01
| /
-0.02
o -0.03 i |
|/ 1
o n=0.2 |
X ! n=0.3I
-0.05 } 1 n=0.4{
0 2 4 6 8 10
t
Fig.4. Plot of pressure P vs time f for ¢, =1, n=0.1.
0.04
n=0.2
n=0.3
0.03 n=0.4
b !
0.02
a
[ |
0.01
0.00 -~ !
L- |
0 2 4 6 8 10

t

Fig.5. Plot of density p vs time ¢ for ¢, = 1, u=0.1.



118 S.D.KATORE ET AL.

function time 7 Initially energy density was constant near =0 and slightly
increased to its maximum value and remain constant with increasing time. The
pressure is negative which reveals that the matter behave like dark energy.

In this case, the Fig.6 represents the behaviour of p/p with time 7 We
observed that, for different value of n, it begins to evolve in the phantom region
and suddenly enters into the quintessence region with increasing time 7. Recently,
Scolnic et al. [57] combine the Planck 2015 CMB and SNe Ia measurements
to calculate the best fit value for the EoS parameter o =-1.026 +0.041 . We observe
that the value of p/p is in the range —1.162 <®»<-0.983, which is consistent
with the observed value of EoS of DE obtained by [58,57].

n=0.2
-0.94 n=0.3
n=0.4
-0.96 | .
. 098 o .
S uintessence region
& _1.00
Phantom region
-1.02
-1.04
0 2 4 6 8 10

t
Fig.6. The plot of ratio p/p vs time ¢ for ¢, = 1, p=0.1.

5. Energy conditions. The energy conditions are essential for understanding
the geometry of universe. The Raychaudhuri's equation is used to obtain the energy
conditions, which are a set of linear pressure-density combinations that decribe
the energy density can never be negative and gravity attracts always. These energy
conditions are defined and stated as follows:

SEC (strong energy condition) = p+3P>0,

+ NEC (null energy condition) = p+ P >0,

- WEC (weak energy condition) =p>0, p+P=>0

+ DEC (dominant energy condition) = p>|P|>0.

Therefore, for first power law volumetric expansion model, the expression for
NEC, SEC and DEC are obtained by using the equations (25) and (26) as

82 (6 m(u(12m—1)+87m)*" -3¢k (4n + u)t2)
16(872 + 7mu+ 202

p+P= (38)
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307572 (c2 (3 +8r)e* + 2m(Br(4m—3)— (4 m+ 5))")
16(8n2 + 7+ 207)
e ur™ "+ 2m(u(20m=7)+ 8r(4m-1))
16(8rc2 + 7nu+2u2)f2 |

Also, for exponential volumetric expansion model, using equations (35) and (36),
NEC, SEC and DEC are obtained as

et (72un2e8"’— 3ci(u+ 47t))

p+3P=

(39)

p-P= (40)

p+P=

16(872 + 7mp + 202) @0
b+3P=— 37 (clz (3u+87)+ 8(8n — u)nzeg”’)' @)
16(872 + 7mu + 20%)
e pe ¥ +8(5p + 8m)n?
p—P= ( 1 ( ) ) (43)

16(87:2 +7Tu+ 2u2)

Fig.7 and 8 show the graphical representation of NEC, SEC and DEC vs time
t for power law and exponential law, respectively. From this, it is clear that NEC
and DEC are satisfied by both models, but SEC is violated. Sahoo et al. [50]
has studied the energy condition and shows that only WEC and DEC satisfies
for volumetric expansion model in f (R,T) gravity. Also, Alvarenga et al. [52]
shown that energy conditions are satisfied for suitable choice of inpute parameter
in f (R,T) gravity theory. Recently, Sahoo et al. [53] has observed that, NEC
and DEC are satisfy but SEC is violated. It is important to note that, our
investigation are more relevant than [50,52] and resemble with the investigation

b . |

0.2 NEC
SEC
DEC
b 0.1
()]
S)
wl
n 0.0
S)
Ll
=2
0.1
0 2 4 6 8 10

t
Fig.7. Plot of NEC, SEC and DEC vs time ¢ for m=2, ¢, =1, p=0.1.
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0.6
| 1
0.4, —— NEC |
SEC
9 o2 DEC
i )
D 00
w
)
9 -0.2
0.4
b 1
0 2 4 6 8 10

t
Fig.8. Plot of NEC, SEC and DEC vs time f for n=1, ¢, =1, n=06.

of [53], because both models satisfies all energy condtions except SEC.

6. Conclusions. In this paper, we have studied Kaluza-Klein cosmological
models with MSQM in f (R, T) theory of gravity using power law and exponential
volumetric expansions.

- In power law expansion model, the shear and expansion scalars, as well
as the Hubble parameter H, decrease over time. The rate of expansion of the
universe is very high near r=0. They diverge to infinity at /=0 and vanish at
infinite time. The energy density begins to decrease from a positive value, the
pressure starts to increase from a negative value, and both approach zero at infinite
time. It has been observed that the universe accelerates when m > 1.

In the exponential volumetric expansion model, it is observed that the
pressure and the energy density of the universe gradually increase to their
maximums and then remain constant with increasing time. For n >0, the
universe's expansion rate remains constant. Also, the negative value of the
deceleration parameter ¢ indicates that the universe is accelerating, which is
consistent with recent findings.

- It is important to note that, for both models, the negative pressure indicates
that the matter behaves like dark energy, which causes the accelerated expansion
of the universe. Moreover, the trajectory of p/p is lie in the range —1.38 < ® < -0.89
in the case first and —1.162<®w<-0.983 in the second. The bounds of EoS
parameter obtained by [55] is @=-1.013"00% and [57] is ©=-1.026+0.041. It
seems that the obtained values of p/p in both cases are close to the observational
bounds. Further, Aditya et al. [59] obtained the bounds of the EoS parameter
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in Lyra geometry as —1.3<w<-0.8. In Saez-Ballester theory, the bounds of the
EoS parameter for the Kaluza-Klein model is —1.6<®<0.2 [60]. When the
values of the EoS parameter in scalar-tensor theories for the Kaluza-Klein model
are compared to the range of p/p in the present model, the resultant value of
p/p in f (R, T) gravity is found to be more appropriate than that obtained for
the EoS parameter in scalar-tensor theories [59,60]. Also, the magnetic flux
vanishes for both models and it's worth noting that our findings are consistent
with those of [40,41,46,54]. Moreover, both the power law and exponential law
models satisfy the NEC and DEC, but the SEC is violated throughout the
evolution.
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YCKOPEHHME BCEJIEHI—{OI;I KAJIYLIBI-KJTEVMHA B
MOANDPULTMPOBAHHONU TEOPUU TPABUTALIUU

C.O.KATOPE!, C.I1. XATKAP?, I.I1.TAOJAC?

Ilenblo naHHOU cTaThbu siBAsieTcs u3ydeHue BcenenHoit Kanyiwi-KieitHa B
KOHTEKCTe f (R,T) TEOpUU TpaBUTALIMM C MCIOJb30BAHMEM HaMarHMWYEHHOTO
CTpaHHOTrO KBapkKoBoro BeiecTBa (MSQM). TouHble pelieHus] ypaBHEHUN MOJIS
MOJTy4eHbI JUIs1 IBYX TUIIOB OOBEMHOTO paCIIMPEHUs: CTENIEHHOTO W 3KCIOHEH-
uaabHoOro. M3yyeHo HapylilieHre 3Hepretuyeckux ycsioBuid. [TonpoGHO mccaenoBaHbl
Takke uanyeckre U reoMeTpuyeckrue CBOMCTBA paccMaTpMBaeMOi MOIEIH.

KmoueBble cioBa: mempurka Kanyuywsi-Knelina: HamaeHuueHHoe CpanHoe K8apKogoe
6eujecmeo: CMmeneHHoU U IKCHOHEHUUANbHBIL 3aKOH: 2PAGUMALUs]
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In this paper, we have investigated the Bianchi-type V cosmological model which is spatially
homogeneous and anisotropic in presence of bulk viscous fluid containing one-dimensional cosmic
string. We have obtained the exact solutions of highly non-linear differential field equations con-
sidering the power-law volumetric expansion of the universe and f(7)= T formalism. Some physical
and kinematical properties of the constructed model have been discussed and presented graphically
and it is interesting to note that the resultant model resembles the recent observational data.
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1. Introduction. Recent observations and measurements from high redshift
supernovae [1-3] indicate that the universe is accelerating. The cause of the
universe's acceleration is unknown; it is commonly referred to as the dark energy
problem, which is caused by the universe's negative pressure. Two approaches have
been proposed to address this issue: one is to develop viable dark energy models,
while the other modify Einstein's gravitation theory. Nojiri & Odintsov [4] has
reviewed various modified gravities and considered a gravitational alternative for
dark energy. Again Nojiri et al. [5,6] reviewed some standard issues and discussed
some latest developments in modified gravity as well as unified cosmic history in
modified gravity.

Numerous modified gravity theories exist to investigate the unknown and
hidden aspects of the universe. Amongst them, the f (T) theory of gravitation,
which is based on a modification of the teleparallel equivalent of general relativity,
is a viable candidate. Many researchers have discussed various aspects of f (T)
gravity. Cai et. al. [7] provided a brief review of f (T) gravity and cosmology.
Myrzakulov [8] has studied the accelerating universe from f (T ) gravity. Numerous
cosmologists have developed theoretical cosmological models that behave similarly
to the present physical universe, which is anisotropic, expanding, and accelerating.
Pawar & Dabre [9] have studied an anisotropic string cosmological model for
perfect fluid distribution in f° (T) gravity. Chirde & Shekh [10] examined the
thermodynamical aspect of barotropic bulk viscous fluid in teleparallel gravity.
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Sharif & Rani [11] studied bulk viscosity taking dust matter in generalized
teleparallel gravity. Sadatian [12] analyzed the effect of viscous content on the
modified cosmological £ (') model.

Various cosmologists and physicists have studied the theoretical development
of the universe and the effects of bulk viscosity and string on cosmic evolution
using the source as a bulk viscous fluid containing a string of clouds. Mishra &
Dua [13], investigated the dynamics of the universe for bulk viscous string
cosmological model using the LRS Bianchi type II metric in the Saez-Ballester
theory of gravitation. Tripathy et al., [14] studied LRS Bianchi I model in
reference to Einstein's relativity using the source as stiff viscous fluid coupled with
an electromagnetic field. Kiran & Reddy [15] presented the non-existence of
Bianchi type III bulk viscous string cosmological model in f (R, T) gravity. Santhi
et al, [16,17] investigated bulk viscous string cosmological models using Bianchi
type II, VIII, IX, and VI, space-times in f (R) gravity. Pawar & Dabre [18]
studied the bulk viscous string cosmological model using the special law of variation
for Hubble's parameter in teleparallel gravity. Using the Kantowski-Sachs metric,
Reddy et al., [19] built an isotropic bulk viscous string cosmological model that
illustrates the special case for non-validating cosmic strings. Hegazy, [20] devised
a formula for calculating cosmic entropy in terms of viscosity and applied it to
investigate the entropy, enthalpy, Gibbs energy, and Helmholtz energy of a
constructed model in the presence of viscosity. Naidu et al., [21-26] vigorously
investigated bulk viscous string cosmological models in relation to different
gravitational theories. Several cosmologists [27-33] have obtained some recent and
significant investigations of bulk viscous fluid in the presence of cloud strings in
various contexts.

Motivated by the situations discussed above in this paper, we have considered
spatially homogeneous and anisotropic Bianchi type V space-time to construct the
bulk viscous string cosmological model within the context of teleparallel gravity.
This paper is divided into several sections: Sec. 2 deals with elementary definitions
and equations of motion in the framework of teleparallel gravity. In Sec. 3
considering spatially homogeneous and anisotropic Bianchi type V metric, we have
obtained the corresponding field equations. In Sec. 4, we have obtained the exact
solution of highly non-linear field equations along with different physical and
kinematical quantities and presented them with 3D graphs. Lastly, in Sec. 5, we
have concluded the investigations.

2. Elementary definitions and equation of motion. In this section,
we provide a concise explanation of f (T) gravity and a thorough derivation of
its field equations. The line element for a general space-time is defined as

ds* = gudxtdx", €))]
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where g, are the components of the metric tensor which are symmetric. The
above line element can be transformed into the Minkowskian space-time (which
represents the dynamic fields of the theory) as

ds* = g dxtdx" = ny.e"ef , ?2)

dxt =el'0', 0 =ejdx", (3)
where m; is a metric tensors in Minkowskian space-time such that n; = diag [1, -1,-1,- 1]
and el'e, =38} or el'e]=8/. -g=det[e}]=e and the dynamic fields of the
theory are represented by the tetrads matrix e;} . The Weitzenbocks connection

components which have a zero curvature but nonzero torsion for a manifold are
defined as

Iy =e GveL =—eil8v e’r. ()]

The components of the torsion tensor for a manifold are defined by the anti-
symmetric part of the Weitzenbocks connection

T:;=F:‘V—Fvauzef‘<6ue£—6veﬁl). (5)
Con-torsion tensor components are defined by
A% 1 A% % A%

K" =—5(T&H ) ©)

A new tensor, S} constructed from the components of the torsion and con-
torsion tensors for a better understanding of the definition of the scalar equivalent
to the curvature scalar of Riemannian geometry as follows,

Y 1 Y \Y v B
se =S keesnrp-su ). ™

The torsion scalar is defined using the contraction which is similar to the scalar
curvature in general relativity as
T=T5Sk. (®)
The action is defined by generalizing the teleparallel gravity, i.e, f (T) theory as
S = [[A(T)+ Ly Jed*x. )
where f(T') denotes an algebraic function of the torsion scalar 7.

Equations of motion are obtained by functional variation of the action (9) with
respect to the tetrads as

Y -1 i o QV o QV 1 v v
S0, Thypteel 0, (et 520 )+ T 537 fr 80 =anT (10)

where the energy-momentum tensor THV is considered as bulk viscous fluid with
one-dimensional cosmic string, f, and f,.. denotes respectively the first and second-
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order derivatives of f' (T) with respect to 7. For f (T)= const , the equations of
motion in (10) reduce to the equations of motion of the teleparallel gravity with
a cosmological constant, which is dynamically equivalent to general relativity.
These equations depend on the choice made for the set of tetrads.

3. Metric and field equations. We consider a line element
ds? =di*— Adx?— ™ (B2 dy? + C2dz? ), (11)
which is a spatially homogeneous and anisotropic Bianchi type-V metric in which

m is constant and A, B, and C are a function of cosmic time ¢ only.
Consider the set of diagonal tetrads related to the metric (11) as

lev |= diaglt, 4, Be™  ce™]. (12)
Then the determinant of the matrix (11) is
e=ABCE™. (13)
The torsion scalar (8) is obtained as
T=-2 £+B—C+£+m2 . (14)
AB BC AC

We consider the source as bulk viscous fluid containing one-dimensional cosmic
string given by

T =(p+p)uu’+ pg,—hx,x", (15)

p=p-3EH, (16)
where p=p A is the proper string energy density with particles attached to
them and p » is the particle energy density, A is the strings tension density, 3§ H
is bulk viscous pressure, g(t) is the coefficient of bulk viscosity, H is Hubble's
parameter, x* denotes a unit space-like vector for the cloud string and u" denotes
four-velocity vector satisfying the conditions, u'u, =—1=-x"x, and wu,x" =0.

In a co-moving coordinate system, we have

u' =(0,0,0,1), x*=(4",0,0,0). (17)
We obtained the field equations for Bianchi type-V space-time (11), from (10)
and (15)-(16) in the framework of teleparallel gravity as

B C AB _BC AC 2 B C).
+2fr| —+—=+—+2—+—+2m" |+2) —+—|Tf;y =16np—-3EH-1A), (18
i fT(B AT AT T AT J (B CJfTT (p=38H-2). (18)

4 C AB BC _AC 5 4 C
2m” |+ 2
A C AB BC C

f+2fT(_+_+_+_+2E+ Z+—JTfTT:16n(p—3§H), (19)

A B _AB BC AC 5 A
2m” |+ 2
A B AB BC AC B

f+2fT[—+—+2—+—+—+ Z+£]TfTT:16n(p—3§H), (20)
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AB BC AC
f+4fT£E+E+EJ:_16”p’ @D
A4 B C
(22‘§‘EJ/‘T:0’ 22
B C
(?E]fTZO’ >

where the overhead dot (.) denotes the derivative with respect to cosmic time 7.
By solving (22) and (23) above field equations reduces to

f+2fr [§+%+2§—g+2m2J+2[§+%JTfW =16m(p-35H-1), (24)
f+2f; (%+§—g+2m2}2[%]rfﬂ =16n(p-3¢H), (25)

I+ 2fT(§+§—g+2m2J+2(§JTfTT =16n(p-3.H), (26)
f+af; [i—g] =—16mp. 7)

Thus, we have four non-linear differential equations with seven unknowns, namely
£ B, C p, &, p, and A; solutions which are discussed in the next section.

4. Solutions of field equations. As there are four highly non-linear
differential equations (24)-(27) and seven unknowns, in order to obtain the exact
solutions we consider the linear f (T): T gravity along with the special power-
law volumetric expansion of the universe as

Voo (28)
where n is a non-zero constant.

We find some kinematical space-time quantities of physical interest in cos-
mology.

The spatial volume V is defined as

V =D,BC. 29)
where D, is an integrating constant.

Also, the volumetric expansion rate of the universe is described by the
generalized mean Hubble's parameter H given by

13 1
H=—ZHI-=§(H1+H2+H3), (30)

i=1
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in which H,, H,, H, denotes the directional Hubble parameters.
From Egs. (29) and (30), we get

H:__:_ZHi' 31)

To analyze, whether the model approaches isotropy or not, we discuss the mean
anisotropy parameter A , as

13 (H Y
s3]

2

The expansion scalar 6 and the shear scalar ¢~ are respectively defined as

O=ut =3H, (33)
> 3 2
0" =S A, H, (34)

The deceleration parameter is defined as

7 dt\ H )’ (35)
We obtained the metric coefficients 4, B, and C as

3n
_ _ ! _ [3n _Dyt/2(3n-1)r"
A=Dy. B e C=DNTe : (36)
3
where D,, D, and D, are constants.
Substituting A, B, and C from (36) in (11), we get

t3n

2 2.3n_Dit/(3n-1)2" ; 2
D2 Dit/(3n-1)*" dy+Djt™e dz" |. (37)
3e

ds* = dt*— Djdx* - ez"”(

From (14) we have obtained the torsion scalar as
4m*t*— D"+ 9n?
242 '
Also, we have determined the mean Hubble's parameter H, the expansion scalar
0, the mean anisotropy parameter 4 , the shear scalar o2, and the deceleration
parameters g respectively as

T= (38)

n
H=", (39)
0=—, (40)

4, =—"——, (41)
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s DI 3R
o =

pyE “2)

n
q= = const. (43)

n
The graphical representation of Hubble's parameter H versus cosmic time ¢
is depicted in Fig.1, where at an initial epoch when =0 with an increasing value
of n the value of H increases and get vanishes as 7 —oo. This shows that the
expansion of the universe is getting faster with an increasing value of » but
becomes slower with increasing cosmic time . The ratio o* / 0° %0 shows the
constructed model doesn't approach isotropy. Also, the sign of ¢ in (43) dem-
onstrates whether the model is accelerating or not. The positive sign of ¢ i.e. for
0<n<1 corresponds to a plain decelerating cosmological model although the
deceleration parameter in range —1< ¢ <0 corresponds to an accelerating universe
and for ¢=0 i.e. for n=1 corresponds to the evolution with a constant rate. The
observational evidences [1,2] supports the accelerating phase of the universe i.e
-1<¢<0.
From (27) we obtained the value of energy density as
B 4m2t2+D12t2’6”—9n2
- 32ns’ '
Solving (24) and (25), we have obtained the value of tension density as

(44)

5
4
3
T
2
1
0 1
0 ) 0.8
4 0.6
6 0.4
¢ 8 0.2 o
10

Fig.1. Variation of H vs. .
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3n(3n-1)
A=—"-"—2,
16m¢° (43)
Also, we have obtained the particle density as
4m**+ D" +3n(3n-2)
p,= : (46)

32ms?
Fig.2 depicts the variation of energy density p versus cosmic time 7, in which

30
25
20

10

0.8
e 0.6
0.4
f 8 | 0 2
10 °

Fig.2. Variation of p vs. t

0 08 1
2 0.6
4 02 04

3 8 1o o

Fig.3. Variation of A vs. £
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the energy density is very small in the starting phase of evolution for both varying
constant #» and cosmic time ¢ but as both increases, the energy density becomes
a decreasing function of cosmic time f. Whereas the representation of tension
density A as shown in Fig.3 shows that initially, tension density diminishes from
positive but with an increasing » it shows the transition from positive to negative
for tension density to grow in negative and get vanish when ¢ — o . For a small
period of n, the tension density is positive i.e. A >0 showing the presence of
strings in the universe while after the transition the tension density A <0 showing
the string phase disappears which is supported by [34].

We assume that the coefficient of viscosity should vary with the expansion
scalar in such a way that

£0=¢&, =const. 47)
From (47) we have obtained the coefficient of bulk viscosity as
_&!
g i (48)

From (26) the pressure can be obtained as

4(m>+ 8rt, )2+ 0" DZ+ 3n(3n-2)
32mt?

It is seen from Fig.4 that the coefficient of bulk viscosity is an increasing function

of cosmic time ¢ for small » but with an increasing » the value of & becomes

: (49)

200
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Fig.4. Variation of & vs. .
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Fig.5. Variation of p vs. t.

steady. While the pressure is incredibly small for a small value of n but as »
increases the pressure diminishes from positive to approach constant with an
increasing cosmic time ¢ (Fig.5).

5. Concluding remarks. In this paper, we have studied the spatially
homogeneous and anisotropic Bianchi type V bulk viscous string cosmological
model within the context of teleparallel gravity. The deceleration parameter is
obtained to be a constant value that shows the decelerating or accelerating phase
of the universe depending on the value of #n. The Hubble's parameter shows the
expansion of the universe is getting faster in the beginning with varying » and
become slower through time. Also, the constructed model is purely anisotropic.
Energy density is positive throughout the expansion whereas we have found the
presence of string in an initial phase but later on string phase disappears which
is supported by [34]. The coefficient of bulk viscosity shows transference with
varying n and pressure becomes a diminishing function of cosmic time ¢ with
increasing A.
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KOCMOJIOTUYECKAS MOJEJb OBLEMHOM BA3KON

CTPYHBI CO CTEIIEHHBIM 3AKOHOM OBBEMHOI'O

PACILIMPEHUA B TEJAENAPAJIIEJIbHOW TPABUTALIMU

K.ITABAP!, A. K. JABPE!

B »T10i1 cTaTthe uccliemoBaHA KOCMOJIOTMYECKAs MOAEdb TUIa V BI/IaHKI/I,

KOTOpad 4BI4eTCA MPOCTPAHCTBEHHO OJHOPOAHON U AHU30TPOITHOM B IIPUCYTCTBUA
00BEMHOU BA3KOW XMIKOCTU, COAEPXKAlleH OTHOMEPHYIO KOCMUYECKYIO CTPYHY.
[Tony4yeHbl TOYHBIE pellieHMsT CUJIbHO HeJIMHEMHbIX IrddepeHIMaTbHbIX YpaBHEHUI
TOJISl C YYETOM CTETIEHHOIO 3aKOHa 0ObEMHOTIO0 paciiiipeHust BeeneHHol u f (T ) =T
dopmanzma. Hekoroprele dhusnyeckue 1 KWUHEMaTUYeCKUE CBOMCTBA MOCTPOSCHHOMN
Mojieu ObUTM 00CYKIEeHbl U MPEACTaBIeHbl rpaUUeCKr, U UHTEPECHO OTMETUTD,
YTO TOJYYEHHasi MOJieJib COOTBETCTBYET IMOCAEAHUM JaHHBIM HaOJIIOAEHUM.

NN BN =

KiroueBbie cioBa: o6semHasn 843Kan HCUOKOCHb: KOCMUYECKAs CMpYHa: meaena-
paiienvHaAa epasumauu
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B pamxax smokampHO! SU(3) Momenu HamOy - UMona-Jlazunmo (NJL), B KoTopoii ydTeHO
Takke MPUBOJISIIEee K CMELIMBAHUIO KBAPKOBBIX apoOMaToB B3auMoneicTBue 'T Xoodra, rcciemyercs
BIMSIHUE HEUTPUHHBIX OCUMJUISIIUN HAa TEPMOAMHAMUYECKHUE XapaKTEPUCTUKU Topsdeil 3 -paBHO-
BECHOM TpexapoMaTHOM M HEeNpPO3pavyHOU IJIsI HEMTPUHO KBApKOBOW MaTepuu. 11 AByX 3HAYCHUIA
temneparypsl T =[60 u 100] MaB, ¢ yueToM HEATPUHHBIX OCLMUISALIMI, ONpeAeeHbl TEPMOIUHA-
MUYECKHE XapaKTePUCTUKKM KBAPKOBOM MaTepuu. DTH pe3yJbTaThl CPABHUBAIOTCS C pe3y/bTaTaMu,
MOJlyYeHHBIMU 0Oe3 ydyeTa HeUTPUHHBIX OCHMJUISAIMA. PacueThl MOKa3bIBalOT, YTO MPU OCTHIBAHUM
HeTpOo3payHoOi JUIsi HEUTPUHO KBApKOBOW MaTepuu BBICBOOOXKIAaeMasi DHEPrusi Ha eAMHUILY
0aprMOHHOIO 3apsiga coctaBUT okoso 150+350 M»aB.

KntoueBbie crnoBa: eopsauas keapkoeas mamepus: modeiv NJL: 3axeauenrvie

Heﬁmpuﬂo.' HeﬁmpLIHHble ocyuUnIAuUU

1. Bsederue. KoHeYHBIM TIPOIMYKTOM B3phIBa MIPEICBEPXHOBOM 3BE3IBI ABIAETCS
3Be3/1a C LIEHTPaIbHONI INIOTHOCThIO, B HECKOJIBKO pa3 IPEBBIIIAIONIYIO INIOTHOCTD
B aTOMHBIX siApax (HeiTpoHHas 3Be3da, TMOpUAHasl 3Be3[a, KBapKOBasl 3Be3la),
WM 4epHad abipa. Ilociie mmoHepckux paboT [1,2] orpoMHOE KOJIMYECTBO MCCIIE-
JIOBAaHUII B OCHOBHOM IIOCBSIIEHBI OMNpPENCICHUI0 OCHOBHBIX IIapaMeTpOB,
YCTOMYMBOCTY, BHYTPEHHEN CTPYKTYPhl KaK CTaTUYECKUX, TaK W BPAIIAIOLINXCS
HEWTpOHHBIX 3Be3n. [Ipy ompeneseHUN Mpollecca OCThIBAHUS M aHaInW3a HaOIIo-
JIATEJIbHBIX TIPOSIBJICHUN HEUTPOHHOU 3BE3MbI MPUHUMAIIOCH, YTO KaK OCHOBHBIC
rnmapaMeTpbl, TaK W BHYTPEHHSISI CTPYKTypa TOpsyeil 3Be3lbl, 3a MCKIIOYECHUEM
TOHKOTO HEBBIPOXKIECHHOIO HAPY>KHOIO CJIOSI, TAKME XK€ KaK Y XOJOTHOM 3BE3bI
c Toii Xe maccoit [3-5].

MeTon pacyeTa mpolecca OCThIBAHUS HEUTPOHHBIX 3Be3M ObLI TaKMM XK€, KakK
y aHAJOTMYHBIX PacyeToOB IJIs1 OebIX KapiauKoB [6]. B oTUX M Bo MHOIMX mOCj€E-
JIYIOLINX paboTax, IMOCBIILIEHHBIX N3YYSHUIO IIPOLIecca OCThIBAHMS 3BE3l, HEUTPUHO
MPEeIOCTaRIEHA TOJIBKO POJIb OECIIPEISITCTBEHHOIO MePEHOCUMKA TEIUIOBOM SHEPIUU
W3 HeIp 3Be3Ibl HapyXy. Takoe XXe OTHOIIEHNE K HEUTPUHO OBLIO U B MEPBBIX
paboTax Mo YMCIEHHOMY MOJEIMPOBAHUIO B3pbIBa CBEPXHOBOM 3Be3nbl [7-9].
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B pa6orax [10-12] HeWTpMHO yKe aKTHMBHBINA "ydyacTHMK' B IpoIecce B3phbiBa
CBEPXHOBOI 3Be3/Ibl. Kak TobKO Temreparypa v TUIOTHOCTh BELLECTBA MPU UMILIO3UU
LIEHTpaJIbHbIX O0JIacTell MPeICBEPXHOBOI 3BE3Mbl CTAHOBITCS OOJIbILIE (6+8)-1010
M5B u (10" +1013) I/CM’, COOTBETCTBEHHO, BEILECTBO CTAHOBUTCS HEMPO3PAUYHbIM
nnst HelitpuHo. [losToMy B 3TMX paboTax YUTEHBI HE TOJBKO MEPEHOC SHEPruu
pA3HBIMM apoMaTaMi HEWTPUHO, HO U MIEPEHOC MMITYJIbCa STUMHU YaCTULIAMU, a TAKXKE
HEeUTpUHHAS TEIUIONPOBOAHOCTh. Hamuuue HEATpUHO B CBEPXILJIOTHOM TOpsTYEM
3BE3[HOM BEILIeCTBE BIMSIET JaKe Ha BEJIMUMHY BSIBKOCTH 3TOro BelecTra [13].

HaGmopaTenbHble faHHEIE, TToaydyeHHBIe OT SN 1987A (0T paguo mo ramma
U3JyYEeHU 2JIGKTPOMArHMTHOTO IMAalla3oHa, a TakKe HEeHTPUHHOE U3JIyuyeHUe),
MOAPOOHBIM 0OPA30M COMOCTABICHBI C Pe3y/IbTaTAMU TEOPETUUESCKUX UCCIIeI0BaHUI
MPSIMO UJIM KOCBEHHO CBSI3aHHBIX C 3TUM siBJieHMeM B o03ope [14]. B yacTHocTH,
B 3TOM 0030pe TOAPOOHO 00CYXIaeTcsl pojb HEUTPUHO B IMPOLIECCEe UMILIO3UU
siIpa MPEACBEXHOBOM 3BE3MIbI.

Bormpocel 1 po6ieMbl, KOTOPBIE CBSI3aHbI ¢ HEUTPUHO JISI TIOJTHOLIEHHOTO U
MOJAPOOHOI0 MOAEIUPOBAHUS B3pbIBa TPEACBEPXHOBOI 3Be3[bl MU 00pa3oBaHUS
TMOPUIHON WM KBapKOBOI 3BE3[bl, MHOTOUMCICHHBI.

Lenbio Hamieil pabOThI aBIIIETCS M3yUYeHUE BIMSIHUSI SBJICHUS HEMTPUHHBIX
OCLIWJUISILIUI Ha TepMOAMHAMUUYECKHE XapaKTePUCTUKU HEMPO3PaYHOro ISl HEHTPHUHO
ropst4ero KBapKoBoro BeulectBa. Ocoboe BHUMAaHUE YASIeHO BBISICHEHUIO BIVSIHUS
STOrO SIBJIEHMSI Ha KOJIMYECTBO 3allaCeHHOM 3HEpPTrUM B BelllecTBe. Dra pabora
SIBJISIETCS OPraHUYECKUM IIPOIOKEHNEM paboT [15,16], rae B paMKax JOKaJIbHOM
SU(3) monenu Hamby - Mona-JIazunno (NJL) 6e3 yueta HEHTPUHHBIX OCUMJUISILIUIA
HalIeHbl TePMOIMHAMUUYECKIE XapaKTePUCTUKN (KOMIIO3UTHBIN COCTAaB, IaBJICHHE,
MJIOTHOCTh SHEPIMU U T.I1.) TOpsiuel, 3 - paBHOBECHOM, 2JIEKTPUYECKU HEHTpabHON
TpexapoMaTHOI KBapKOBOI MaTepUM C 3aXBaU€HHBIMU HEUTPUHO, COCTOSIEH U3
KOHCTUTYEHTHbIX YaCTUIL U, d,S,e,V,, L, V,,V . Kak MoKa3bIBalOT HALIY YMCIICHHbIE
pacyeTbl, y4eT HEUTPUHHBIX OCUWUISLUMNA MPUBOAUT K JOCTATOYHO CUJIBHOMY
M3MEHEHUIO XapaKTePUCTUK JISTITOHHON KOMITOHEHTHI HEITPO3pauyHOro Ajisi HEUTPUHO
ropsg4yero KBapKOBOTO BelllecTBa. XapaKTEPUCTUKU XKe KBAPKOBOW KOMITOHEHTHI,
TaKkue KaK IMHaMUYECKUE Macchl KBapkoB (M, M, M), KOHUEHTpalMKX KBaPKOB
(n, n, n) M KBAPKOBbIE KOHIEHCATHl (G,,G,,0,) TPU Y4ETE€ HEATPUHHBIX
OCLHWIISILIAIN MEHSIOTCS HE3HAUUTENIHHO.

u?s

2. Heiimpunnole ocyursayuu. Ponb HEATPUHO B DBOJIOLMM 3BE3I U BO
BcenenHoit orpomHa. HelTpruHHasi acTpodu3uKa AOMOJHSIET Halld 3HaHMS,
MOJIy4eHHbIE MyTEM aHaIM3a Pe3yJIbTaTOB HA3eMHBIX HEHTPUHHBIX SKCIIEPUMEHTOB.
DKcIrepuMeHTaIbHOe HabmoaeHe HeUTpUHHBIX ocLiuuisuuii (HobeneBckast mpemust
no ¢usuke 2015r.) UHULMUPOBAJIO MHOTO TEOPETUUECKUX U IKCIIEPUMEHTAIbHbBIX
HCCIeIOBaHMUI TT0 HelTpuHHOM ¢usuke. Eme B ganekom 1957r. TToHTekOpBO
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[17,18] mpenckasan siBIeHUEe HEUTPUHHBIX OCLIMJLUISILINIA, OOYCIOBIEHHOE BO3MOXKHBIM
HaJIMYMeM MacChl Y HEUTPUHO.

OTKpHITUE HEUTPUHHBIX OCUWUISLINNA OOBICHSIET HECOOTBETCTBUE MEXIY
pe3y/IbTaTOM TEOPETUUECKOIro pacuyeTa MHTEHCMBHOCTHM 3JIEKTPOHHBIX HEUTPUHO,
00pasyIoLLMXCs TIPU TOpeHH Bomopoaa B Heapax CosHIA 1 pe3y/IbTaTaMy U3MEePEeHUit
Ha3eMHbIX HEUTPUHHBIX JeTeKTOpoB. ITo mytu ot Heap CosHila 10 3eMv 3JIEKTPOHHbIE
HEUTPUHO M3-3a HEWTPUHHBIX OCHWLISLIMI YaCTUYHO MEHSIIOT CBOM TUII (ITePeXOasT
B MIOOHHBIE U Tay HEUTPUHO), YTO U MPUBOAUT K YMEHBILICHUIO TTOTOKA 3TOTO
apomara HEUTPUHO.

CornacHo CTtaHgapTHOU Mofeau 3jieMeHTapHbIX yactull (CM), CyllecTBYIOT
TpU TUIIA (APOMATOB) JIEBOCITUPATIbHBIX Y 0€3MAaCCOBBIX HEUTPUHO - BJIEKTPOHHbIS
V., MIOOHHBIE V, U TaOHHbIe HEUTpUHO V.. [lpennonoxenue o6 oTCyTCTBUM
Macchl y HelTpyHOo B CM HCKIOYaeT UX OCUWUISLUU. JlenaroTcs TOMBITKU
Moauduumrposatb CM Tak, 4ToObI TTPEOIOJIETh 3TO TTpoTUBOpeune. CiaemayeT oTMe-
TUTh, UTO M3-3a KOTEPEHTHOTO paccesiHusI B cpezie 6e3MaccoBble HEMTPUHO MPUOOpe-
TAIOT Maccy M OCLIMJLTUPYIOT - 3ddekT MuxeeBa-CmupHoBa-Bosngdeniureiina [19,20].

DKCIepuMeHTaIbHOE OIpeieieHre 3HaUeHUST MaCChl HEUTPUHO SIBIISIETCS OTHOMN
U3 aKTyaJlbHbIX 3amay HedTpuHHON ¢usuku. Komnabopauueit KATRIN npernu-
3MOHHBIM M3MEPEHUEM BHEPIUM BJICKTPOHOB OeTa-pacraga TPUTUS ISl BEPXHETO
npezaesia Macchbl JIEKTPOHHOIO aHTUHEHWTPMHO ObUTO moyyeHo 3HayeHue 0.83B [21].

OrpaHnyeHNre Ha 3HAYEHUSI MAaCC HEUTPUHO TOIYUYEHO U U3 KOCMOJIOTMYECKUX
JaHHbIX. B pabote [22] mi1st CyMMBI Macc BCeX TpeX TUIIOB HEUTPUHO TMOJIYYEHO
orpanmyenne ceepxy 0.095B (ypoBeHb moctoBepHOCTH 95%). OMHAKO TOCTOBEPHOCTD
MOJTYYEHHOTO OTrpaHUUYEHUsI TPeOyeT HOMOJHUTEILHOM IMPOBEPKH, IOCKOJIBKY OHO
3aBUCHUT OT BbIOOpPA KOCMOJOTMYECKON MOACIIN.

st TepMOIMHAMUYECKOTO OIMMCAHUS Topsiueii KBapKOBOI MaTepuu C 3axXBa-
YEHHBIMM HEHTPHUHO HaMU OblIa McnoJib3oBaHa JokaibHas SU(3) monens HamOy
- HMona-Jlazunuo (NJL) [23,24].

3. JlenmoHuHublil 3apa0 eeujecmea NPpomMoKeapKoeoll 36e30bl. BelecTBo
KaK OOBIYHBIX (HE CBEPXIUIOTHBIX), TAK U XOJOAHBIX CBEPXIIOTHBIX 3Be3M MPO3pauyHO
1T HeWTpuHO. [TOTOK HENTPUHO, pOXIECHHBIX B HeApax 3Be3/bl, OyIeT NPUBOIUTh
K YMEHBIIEHUIO DHEePTUM 3Be3Abl. IIpy 3TOM JI€NTOHHBIN 3apsd 3Be3Ibl MOXKET
OCTaBaTbCS WJIM HEM3MEHHBIM, WU MEHSIThCsl. Eciu 3T HEHTpUHO 00pa3oBaICh
0e3 M3MEHEHMSI XMMHUYECKOIO MJIM M30TOIMYECKOTO COCTaBa BEILECTBA 3BE3IbI
(paBHoBecHble URCA 11po1iecchl, TOpMO3HOE U3TyYeHNEe HEUTPUHO, (POTOHEUTPUHO,
U T.I. [25]), TO cyMMapHBIii JIENITOHHBIN 3apsil, YHOCUMbI TaKMUMU HEUTPUHO,
paBeH Hya0. HelTpuHO OT SIIEepHBIX IpeBpallleHuii, B YACTHOCTU OT peaKiuu
TePMOSIIEPHOTO CHMHTE3a, MMOKWIAsl 3Be3dy, M3MEHSIOT €€ JenNTOHHBIN 3apsa. Co
BpEeMEH MePBbIX pabOT MO POXIASHUIO HEWTPUHO B 3Be3IHBIX Heapax (cM. [25])
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MPOILLIO YKe OoJiblie TonBeka. OrpoMHOE YMCIo paboT MOCBSILEHbI 3TOMY BOITPOCY.
OO6cyxaeHue U MpeAcTaBIeHue pe3yJIbTaTOB 3TUX PaOOT BHIXOASAT 32 paMKU Halllei
cTaTby. BeliecTBO MpOTOHEUTPOHHBIX 1 IMTPOTOKBAPKOBHIX 3BE3M, KOTOpPHIE 00pa3o-
BAJIMCh MPU B3PbIBE MPEACBEPXHOBBIX 3BE31l, UMEET OUYECHb BBICOKYIO TEMIIEPATYPY
~100 M3B (~10"”K) u miotHoctb (~10" r/cm?).

Bpewms, mpu KoTopoM LieHTpaJibHAs 9acTh IIPEACBEPXHOBOM 3BE3IbI CXKMMASICh
MpeBpaIacTCcsl B MIPOTOHEUTPOHHYIO WX ITPOTOKBAPKOBYIO 3BE3MY, MOpPSIKAa OMHOMI
CeKyHIbI. /10 TOCTDKEHMST TaKMX IUIOTHOCTEN M TeMIIepaTyp BEIIECTBO CXKMUMAlO-
LLIeTOCS SIApa CTAHOBUTCSI HEMpPO3payHbIM I HelTpuHO. [1o3TOMYy JeNTOHHBII
3aps/ BelleCcTBa IMPU MMIUIO3MU LEHTPAJIbHBIX YacTeW IPEACBEPXHOBOU 3BE3.IbI
ocTaeTcsd Hem3MeHHBbIM. [IpaBna, 10 06pa3oBaHUs MPOTOKBAPKOBOM WJIM ITPOTOHEMT-
POHHOI 3Be3[bl HEUTPUHO BCE-TAKMU YCIIEBAIOT YHOCUTH HEKOTOPOE KOJIMYECTBO
JIeTOHHOTO 3apsiga. OCTaTOUHbINM JIENTOHHBIN 3apsifl, MPUXOASIIUNACI Ha eAUHUILY
GaproOHHOrO 3apsina Y, MPOTOHEMTPOHHOM WJIM MPOTOKBAPKOBOM 3BE3IIbI, B KAXIOM
OTHEIBHOM CJIydae MOXHO OIIPEeAeJIWTh YMCJICHHBIM MOAEIMPOBAaHUEM B3pbIBa
CBEPXHOBOM 3BE3Ibl C YIETOM KMHETUKN 00pa3oBaHMsI U IepeHoca HeiTpuHo. EcTb
BCE IPEAIOCBIIKA CYUTATh, YTO OCTATOYHBINA JIENTOHHBIN 3apan Y, ~0.1+0.45
[26-30].

4. Modeav keapkoeoeo eeujecmea, 1eNMOHHBIIU COCMAB U YPABHEHUS
Xumuyeckoeo pagrnogecus. Kak B paborax [15,16], Tak 1 B HACTOSILLEHA CTAThe
(buzmyeckue cBOMCTBA KBAPKOBOI KOMITOHEHThI OMMCaHbl B paMKax JOKaJIbHOMN
SU(3) monenu Ham0y - Mona-Jlazunuo [23,24,31,32].

YucneHHbIe pacuyeTbl MPOBEAEHDI IS CASAYIOIINX 3HAYEHWI MapaMeTpoB 3TOM
monenu. Jlist TOKOBBIX Mace u, d ¥ s KBapKoB - m =m,=5MosB, m =140.7 MaB,
nmapameTrpa yjabTpaduoseToBoro odopezaHusi - A =602 MaB, KOHCTaHTBI CBSI3U
YETBIPEXKBAPKOBOTO CKAJISIPHOTO B3aUMOACUCTBUS - G :1.835/ A’ ¥ KOHCTAHTHI
CBS3M IIeCTUKBapKoBOTo B3anmMozeictBug Kobagmm-Mackasa-'Tt Xoodrta -
K =12.36/A> [33].

ITpu paccMOTpeHHBIX 3HAUEHUSIX TJIOTHOCTU U Temmnepatypbl B HSQM (ropstuast
CTpaHHasl KBapKoBasi MaTepus) ¢ 3aXBaYeHHBIMU HEUTPUHO TPUCYTCTBYIOT BCE
JIENTOHBl U aHTWUJENTOHBI (JIEKTPOHBI U MIOOHBI, BJEKTPOHHBIE, MIOOHHbBIE U
TaOHHBIC HEUTPUHO, a TaKXKEe COOTBETCTBYIOIIME aHTUYACTHUIIBI), KPOME TAOHOB.
IlocnenHue He poxparoTcs, Tak Kak macca TaoHa m, =1.7 ['sB mouru B 3 pasa
OoJibliie Hepruy caMoi sHepruyHoit yactusl HSQM. B HSQM, naxe ecnu oHu
OyayT poXIaTbCsl 3a CUET BbICOKOIHEPTeTUYECKOTO TEIIOBOTO XBOCTAa, TO MX
KOJINYECTBO MO CPABHEHMIO C OCTAJIbHBIMU JIEITOHAMU OyAeT HUYTOXHO MaJlo.

PaBHOBeCHBINM XUMMYeCKU (KOMITO3UTHBIN) cocTaB yactull, B HSQM ycra-
HaBJIMBaeTCs [3 -mpoueccaMu. XOTs B KaXJOM OTAEJIbHOM aKTe MpeBpalleHus
YacTull yepe3 cjaboe B3aUMOJCHCTBME COXPAHSIETCS! TOJBKO JIEMTOHHBIA 3apsia
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OIpPEJIEIEHHOIO TUIIA, TEM HE MEHEE B CJIy4ae MPUCYTCTBUS 3aXBAYEHHBIX HEUTPUHO
W3-32 HEUTPUHHBIX OCUWJUISLIMIA B KOHEYHOM WTOTE OYIET COXPAHSTHCS TOJIBKO
CYMMapHbIi JIeNTOHHbIN 3apsia. M3-3a B3aumonpeBpallieHUs1 Bce apoMaTbl HEUTPUHO
MPY TEPMOIMHAMUYECKOM PAaBHOBECUM MMEIOT OMHAKOBBIE XMMUYECKME TTOTEHIIAATBI

Hy, =K, =Hy, =Ky (1

CrnenoBaTebHO, KOHLIEHTPALIMK BCEX TUIOB HEUTPUHO OJMHAKOBBIE. Pa3HOCTh
KOHLEHTpALWi JIENTOHOB Y aHTWIENTOHOB TMIa [, (/=e,,v,, Vi v, ) 0003HaYNM
4epes n,

_ 8 R 2 1 !
nl(T’ Hl)_ﬁ.([dkk |:1+e(gz—liz)/T B 1+e(£1+H1)/T:|’ (2)

e g - KPaTHOCTb BBIPOXKIEHMS, A €, :1,k2+ ml2 ) - DHeprus JIeNTOHA TUIa /.
Jl1s 3IEKTPOHOB U MIOOHOB g, =2, a Ul BCEX TPEX apOMaTOB HEWTPUHO, KaK
YacTULL C ONPENENIEHHOM CIUPATBHOCTBIO - g = 1. PaKTUYeCKH 7, - 3TO MJIOTHOCTD
JITITOHHOTO 3apsia JCNTOHOB TUIIA /.

Jlist 3aaHHbIX 3HAYEHMI KOHLICHTPALMiA 0apUOHHOTO 3apsia 1, U TeMIepaTypbl
T KOHCTUTYEHTHbIC MacChl KBapkoB M, M, M v KBapKOBbIe KOHICHCAThI G
a TaKKe XMMHMYCCKHME TOTCHLMATbI BCEX YACTHUIL W, , M , Ky, He, My by 5V

64,04,
v

VI

us
v,
CBSI3aHBI ONPEACIEHHBIMIA COOTHOILIIEHUSIMA M3 Teopr NJL, YCITOBUSIMM COXpaHEHMS
0aprOHHOTIO U JINITOHHBIX 3apsIOB, a TAKXKE YCIOBUEM JIOKAJTbHON 2JIEKTPOHEUT-
PaJIbHOCTH.

YpaBHEeHUSI TEPMOIVMHAMMYECKOTO PaBHOBECHS MIPU HEYYeTe SIBICHUS HEUTPUH-
HBIX OCHWLISIWA [15,16] v IpH MX y4eTe OTIMYAIOTCS TOJBKO IO YaCTH YCIOBUI
[ -paBHOBECHSL.

ITpu oTCyTCTBMM HEUTPUHHBIX OCLHIWLIALIAN XMMAYECKNE TTOTEHIIMATbI YaCTUILL
KBapKOBOT'O BEIIIECTBA B3aMMOCBSI3aHbl COOTHOIIEHUSIMMU:

“’d:“’u-’_“’e_uveﬂ “S:“u-i_“e_uvg ue_uve:uu_uvu:ur_uvr' (3)

Yuer siBIeHNs HEUTPUHHBIX OCHWIISIINI TPUBOIUT K PaBEHCTBY XMUMHUUYECKUX
MOTEHIMAI0B HEHTPUHO BCEX apOMATOB M B3aMMOCBSI3b MEXIY XUMHUYECKUMU
MOTEHIIAIaMU YaCTU1l IPUHUMAET BUJL;

By =1, 1,1y, Hg=H, FH,— 1, ue:”p' (4)

DTUM ypaBHEHUSAM CledyeT N00ABUTL YCJIOBUE JIOKAJIBHOW 3JIEKTPOHENT-
PaAJIbHOCTU:

1

2
gnu—g(nd+ns)—ne—nu=0, (5)

BbIpaXXCHUE JIA IMJIOTHOCTU 6apI/IOHHOFO 3apdaa.
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1
nB=§(nu+nd+ns)’ (6)

a TakKe BbIpaX€HHWE IJII OTHOIIEHUS! TUIOTHOCTM CyMMAapHOIO JIEMTOHHOTO U
0apHOHHOTO 3apsSIIOB:

n,+n +n
4 U \
Y =———. (7)
np
3nech n, =n, +n, +n, - TJIOTHOCTH CYMMAapHOTO JIEMTOHHOTO 3apsla BCeX
apoOMaTOB HEUTPUHO
37°
67 T T

DakTUUECKU, C TOUKU 3pEHUST TEPMOAUHAMUKN, OCHMJUIILIUM HEUTPUHO CTUPAIOT
BCE Pa3IMUMS MEXAY pa3HbIMM apoMaTaMM HEUTpUHO, (hOpMabHO BCE OHU BMECTE
BBICTYMAIOT KaK HEUTPUHO C KPATHOCTBIO BBIPOXIEHUSA g, =3.

VpaBHeHUs, CBA3BIBAIOIINE KOHCTUTYEHTHBIE MacChl KBapkoB M, M, M,
XVMUYECKKE TTOTeHLIUAbI [, , 1L, , 1, , KOHIEHTpALMX KBAPKOB A, 1, , 1, U KBAPKOBBIX
KOHJEHCATOB ©,,G,,C, IPUBENCHBI B Haulei pabore [15].

5. Pe3yabmamor yucaenunvix pacuemod. st GUKCUPOBAHHBIX 3HAYCHUI
IUIOTHOCTA GAPMOHHOTIO YUCIA M, TEMIEPATyphbl 1" M OTHOCUTENIBHOIO JIENTOHHOTO
3apana Y,, YMCIEHHBIM DPEIIEHMEM IOJHOW CHUCTEMbI YpaBHEHWiIl paBHOBECHS
onpeze/icHbl ypaBHEHNE COCTOSTHUSI U TepMOAMHAMUYeCKUe XapakTepuctuku HSQM
C 3aXBaU€HHBbIMW HEUTPUHO U C y4eToM 3ddeKkTa HEeUTPUHHBIX OCUMIISLUMN.
CuunraeM 1esrecoo0pasHbIM 31eCh TTPUBOINTE 3TH Pe3yIbTaThl TOJBKO Mt T = {60;
100} MaB u Y, ={0.1; 0.4}. Kpome MIOOHOB BCE JIENTOHBI YJIbTPAPEIATUBUCTCKUE,
YTO JJaeT HaM BO3MOXHOCTb MX CUMTATh 0€3MAaCcCOBLIMU. DTO, KOHEYHO, HE MelllaeT
HAM Y4YecTb SIBJIECHUE HEWTPUHHBIX OCUMUISILMA. Pacyersl MOKas3blBalOT, 4TO
XapaKTePUCTUKN KBAPKOBOM KOMITOHEHTBI (KOHLIEHTPALUUA, XMMUUECKHE TTOTEHLINAIbI
M KOHCTUTYEHTHBIE MAcChl KBAapKOB, a TaKXe KBAapKOBBIE KOHIEHCAThI) cJIabo
3aBUCSIT OT TOTO, YYTEHBI WM HE YUYTeHbl HEUTPUHHBIE OCHMIIAIUU. OTMETUM
JINIIb, YTO U3-32 HEUTPUHHBIX OCLIMJUISILIMNA KOHUEHTPAUUU 4 KBAPKOB YBEJINUU-
BaroTCd 10 mopsiaka 4%, a KOHLEHTpaUUKu d U § KBAPKOB YMEHBIIIAIOTCS B CyMMe
Ha cToibkKo Xe. Kak ObUIO 1mokazaHo B paGore [16] Oe3 ydyeTra HEWTPHHHBIX
OCLUWUISILMI TI0 KOJMUECTBY U MO BKJIaay B 001y sHepruio HSQM siaeKTpoHbI
U BJIEKTPOHHbIE HEUTPUHO MPEBOCXOAIT ocTajbHbIe JienToHbl. B HSQM ¢ yuetom
HEWTPUHHBIX OCLIMUISILIVIA, U3-3a PABEHCTBA XMMUYECKUX MOTEHLIMATIOB BCEX apOMAaTOB
HENTPUHO, BKJIAJbl BceX JIENTOHOB cpaBHMMBL. Ha puc.la u puc.lb mis 3HaYeHM
temmnepatypel 7={60; 100} MaB u Y, =0.4 nokasaHbl 3aBUCUMOCTH XMMUUYECKUX
NOTEHLIMAJIOB DJIEKTPOHHBIX M MIOOHHBIX JIENITOHOB OT 71, 6€3 ydyeTa (IlyHKTUPHBIE
KPUBBIE) U C YUETOM HEUTPUHHBIX OCUWISLIMI (CIUlolHbIe KpuBhie). B HSQM
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IpU OTCYTCTBUM HEUTPUHHBIX OCUMIIALMA U nz= 0.5 dM”® xummyeckue
MOTEHIMAJBI 3JIEKTPOHOB ~ 250 +450 M»aB, uto B 2+ 3 pasa 0ojbllle MaccChl
MiooHa. Hanuuue 2JIeKTpPOHHBIX HEUTPUHO C TaKWUM K€ OOJbLIMM XUMUYECKUM
noteHuuanoM (200 +500 M»B) He Mo3BOJIsIET YACTUYHBIN TTepexo 3JEKTPOHOB B
MIOOHBI. C Ipyroii CTOPOHBI, MIOOHHBII JIENTOHHBIN 3apsi MPY CXXATUW BElIECTBa
MPeICBEPXHOBOI 3Be3/bl 0€3 HEUTPUHHBIX OCLUMIISLIUN COXpaHSETCS OTACIbHO U
paBeH CBOEMY ITEPBOHAYAILHOMY HyJIEBOMY 3HadyeHMIo [15,16]. ITosToMy KomM4ecTBO
a51ekTpoHOB B HSQM ¢ 3axBaueHHBIMU HEUTPUHO MPU OTCYTCTBUM HEUTPUHHBIX
OCLIWJUISILIMIA HAMHOTO TIPEBOCXOAUT KOJIMYECTBO MIOOHOB.

600

T=60M>3B

C HEUTPUHHBIMU OCLUNNALUAMU
|- - - - Be3 HeWTPHUHHbIX ocuUNNALMH

a

T=100MsB

C HEMTPUHHBIMK OCLUANALUAMU
[~ - - - Be3 HeMTPUHHbBIX OCLMANALMUH

400

200

XuM. noteHumanbl nentoHos, MaB

Puc.1. Xumudeckue MOTEHLUMAIBI JISITOHOB |, [, oM, M, M, B 33BUCHMOCTH OT IIOTHOCTA
0GapyMOHHOTO 4YMUCJIA 7, TPU ABYX 3HAYEHMSIX TeMnepaTypH a) T 60 MaB, b) 7= 100 MaB.
CruloliHble JMHUU COOTBETCTBYIOT ClIy4yal0, KOTJa WMEeT MeCTO CMellMBaHue (OCLIVILISLIAM)
HEUTPUHO, TMYHKTUPHBIE JMHUU - CJIy4yald OTCYTCBUSI HEUTPUHHBIX OCLMJLISILIMIA.

M3-3a HEUTPUHHBIX OCLIMJUISILIMIA JIEKTPOHHbIE HEUTPUHO YACTUYHO TpeBpa-
IIAIOTCSI B MIOOHHBIE 1 Tay HEUTPUHO, YTO NPUBOAUT K YMEHBILICHUIO XUMUYECKOIO
MOTeHIIMAaNa JEKTPOHHOIO HEUTpUHO. TakuMm 0O6pa3oM CTaHOBUTCS BO3MOXKHBIM
IpeBpallleHNe YaCTU BJIEKTPOHOB B MIOOHHI.

Ha puc.2a u puc.2b mia 7= 100 MsB u Y, =0.4 npuBeneHbl 3aBUCUMOCTH
KOHIIEHTPALWiA 3JIEKTPOHOB, MIOOHOB M COOTBETCTBYIOLIMX AHTUYACTHUIL OT 71, KaK
0e3 yuera (NMyHKTUPHbIE KPUWBbBIE), TAK U C YYETOM HEUTPUHHBIX OCLIMJUISILMUI
(crutolIHble KpUBbIe). BUAHO, UTO KOMMYECTBO OTAENbHBIX JenToHOB B HSQM c
3aXBAaYCHHBIMU HEUTPUHO M3-3a HEUTPUHHBIX OCUMIISLIMA HAMHOTO MPEBOCXOAUT
KOJIMYECTBO COOTBETCTBYIOILIEIO AHTWIENTOHA, YTO CBS3aHO C BHICOKMM 3HAYEHHEM
XUMUYECKOro noteHimana atux yactuil. Ecau B HSQM ¢ 3axBaueHHbIMU HEHUTPUHO
MPU OTCYTCTBUM HEUTPUHHBIX OCHUJUISILINI KOHIICHTPALIUK 3JIEKTPOHOB U MIOOHOB
CUJIBHO OTJIMYAIOTCS, TO TIPU HAJIUYUU HEUTPUHHBIX OCUWIISLIMA 3HAUYEHUS 3TUX
rapamMeTpoB MPUMEPHO paBHbI. O0JIaCTh HU3KUX IJIOTHOCTEN 715 < (0.3 + O.S)CDM'3 B
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T T T 0.2 T T T
T=100M3B a T=100M3B b
0.4 F—— C HelTPHHHBIMK OCUMANALMAMM - —— C HeWTPUHHBIMKA OCLHUANALMAMU
- === Be3 HEUTPUHHBIX OCUUANALMH e - ---- bes HelUTpHHHbIX ocuunNaLMM u—
R L 7
=
8
0.1 1
c
71
c
- ) 0.0
0.0 0.5 1.0 1.5
-3
ng, ™

Puc.2. KoHueHTpauuu 3apsokeHHbBIX JIETITOHOB: a) 2JEKTPOHOB M IMO3UTPOHOB, b) MIOOHOB
U aHTMMIOOHOB B 3aBUCHMOCTH OT IUIOTHOCTM OapMOHHOTO 4ucna n, npu Temmeparype 7= 100
M>»B. CriolHble JJMHUM COOTBETCTBYIOT CJydyalo, KOrja MMeeT MeCTO CMelUMBaHUe (OCLIMJUISILIMN)
HEUTPUHO, MYHKTUPHBIE JIMHUU - CJIy4yal0 OTCYTCTBUSI HEWTPUHHBIX OCLMJUISILIMIA.

KBAPDKOBBIX 3BE€3[aX He pealnsyercs. B HEKOTOpbIX pHUCyHKax 3Ta o0nacTb 7,
MPUCYTCTBYET IIPOCTO JIJIsI TTOJTHOTHI (PU3UUECKON KAapPTUHBI.

Ha puc.3a u puc.3b ma 7={60; 100} MaB u ¥, =0.4 nokasaHbl 3aBUCUMOCTH
OTHOLIEHUH €, /86630CII u P, /P6mcu OT KOHIIEHTpALMK GApMOHHOIO 3apsiia 1,
TIe €y, M P, - IUIOTHOCTb SHEPIMU U [ABIECHUE NPU HAIMYMU HEHTPUHHBIX
OCUMIUTAIMHA, & €540 U Freyoey - TE XK€ TIAPAMETPHI 0€3 OCLMIUIALMH.

OHeprus u nasnenrne HSQM c 3axBaueHHBIMM HEUTPUHO TIpU ny ~ 0 ompe-
JICTISIIOTCS B OCHOBHOM JIENTOHAMU. M3 ypaBHEHMII XMMMYECKOTO PaBHOBECHS

1.00 T T T T T T T T T T T T T T T T T T
X _ —
SR T=60M3B 21400l T=100M3B b |
x
=
s 0.98 1
= /g
8 Socu/sﬁcz ocu ] 0.98 8tycl.l 80e3 ocig
x
£ 0.96 1
T 0.96 - -
hy -
o
<
g 094 0.941 .
n 4
S
(el 0.92 1 1 1 1 1 ! 1 1 I 0.92 L | | | ! L 1 1 1
0.0 0.4 0.8 1.2 1.6 0.0 0.4 0.8 1.2 1.6
g d)M'3 g d)M'3

Puc.3. OrHowmenus 3HayeHumit nasnenust P /P, M TUIOTHOCTM JHEpPruu ¢ /¢

ocy e3 ocy ocy’ ~ be3 ocy

3aBUCUMOCTU OT IUIOTHOCTM GApMOHHOIO YMC/a M, NMPU JBYX 3HAUEHMsAX Temmeparypel: a) 7= 60
Mb»B, b) 7= 100 MaB.
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CJIEIYeT, YTO HE3aBUCUMO OT 3HAYEHUA Y, Kak IMpM HaIUM4YMM, TaK W IpU
OTCYTCTBUM HEWTPUHHBIX OCLWLISILIVK, Korma ny; —> 0, TO XMMUYECKHUE MOTeHIIUAIbI
BCEX JICITOHOB M aHTUJICTITOHOB CTPEMSTCS K HYJII0. DTO BUIHO M Ha puc.la u
puc.1b. JlapneHue U MJIOTHOCTb TAKOM CUCTEMBI 3aBUCAT TOJIBKO OT TeMIIepaTyphbl
T. Takoe cocTosiHUe OJM3KO K COCTOSTHUIO OOBIYHOTO pa3peXXeHHOro BellecTBa MpU
O4YCHb BHICOKUX TeMriepaTypax ( KT >> mec2 ), KOTia YMCIIO 3JIEKTPOH - MO3UTPOHHBIX
Mmap HaMHOTO MPEBOCXOAUT YMCJIO BJIEKTPOHOB 3TOr0 BelECTBAa B "XOJIOAHOM"
(KT << mecz) cocrostHuu. M3 puc.3a u puc.3b BUIHO, YTO HERTPUHHBIE OCIMLUISILINN
YMEHBIIAIOT JaBJIeHWEe U TIOTHOCTh 3Heprun HSQM ¢ 3axBaueHHBIMU HEUTPUHO
1o 4-x n 2%, coorBerctBeHHO. Kak mig 7=60 MaB, Tak u mnma 7= 100 M>B
OTHOLIEHMS P, /P6e3ocu U €y / €gesocn CTPEMATCA K €IMHULE, Korna nz —> 0, 9yro
OBLIIO OOBSICHEHO BBIIIIE.

751 GpU3KMKK TPOTO-HEUTPOHHBIX U MPOTO-KBAPKOBBIX 3BE3[I OAHUM U3 BaXKHBIX
MmapamMeTpoB SBJISIETCSI KOJIUYECTBO 3HEPIMU, KOTOPOE OCBOOOXIAETCS TMPU MX
OXJTAXICHNHU. DTO pa3HUIIA MACCHI 3BE3MbI IO U TOcie oxiaxmeHus. YacTs aToit
SHEpPrur 00YCJIOBJIEHA U3BMEHEHUEM T'PAaBUTALIMOHHOW SHEPTUU 3BE3bl, a Apyras
YyacTh OIpeIessieTCs TEpMOIUMHAMUKON €€ BelleCTBA. DHEPIUto, MPUXOISIIYIOCS Ha
equHuiy oobeMa HSQM ¢ 3axBayeHHBIMU HEUTPUHO MpU TemMIiieparype 7, 0003HaYMM
4yepe3 €;, a B XOJIOIHOM COCTOSIHUHM - yepe3 ¢, . HasoBem BenmunHy Ae =g, —¢,
IJTOTHOCTBIO TerioBoit aHepruu HSQM ¢ 3axBaueHHBIMU HEHTPUHO, XOTSI 3TO HE
TOJIBKO 3HEPIHUs TEeIJIOBOTO ABVIKEHMS YaCTUI] BelllecTBa. JIBBUHYIO OO STOU
SHEPIUU YHOCSIT HEUTPUHO, YHOCS C COOOI M JICTITOHHBIN 3apsii.

0.5 T T T T T T T T T T T T
€ - SQM c ocumn. HenTpuHo npu T>0
€, - SQM 6e3 HelTpuHO npu T=0
04 r 7
g 03} T=100MaB i
wo
£ 02t 1
I T e —
0.1 7
0.0 n 1 n 1 " 1 n 1 L 1 n 1
0.6 1.0 1.4 1.8

-3
Ng, M

Puc.4. HopmupoBaHHast pa3HOCTb SHEPIUil Hempo3dpauHoil mist HelitpuHo HSQM co cmemm-
BaHMEM (OCHWIUISILIMSIMUA) HEUTPUHO M TIPO3PAYHON IJIT HEUTPUHO XOJIOMHOW KBAapKOBOW MaTepuw,
1oCJIe yXOla BCEX HEMTPUMHO B 3aBUCHMOCTHM OT IUIOTHOCTM OapHOHHOIO 4YuCjia 7, NPU ABYX
3HaueHusIx temmeparypel 7= 60 MaB u 7= 100 MaB.
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Ha puc.4 mna 7={60; 100} MsB u ¥, =0.4 nmokasaHa 3aBUCMMOCTb OTHOILIEHMS
Ag/e, oT n, B obmactu [0.6; 1.8] &M, B 3aBUCMMOCTH OT N, 9TO OTHOLIEHUE
usmensiercda B npuaenax or 0.18 go 0.33 anga 7=100M»sB u ot 0.13 mo 0.18
mia T=60MsB. Ilpu octeiBanuu or 7= 100 MaB no 7= 60 M>B usMmeHenue
SHepruu eanHUYHOro oonremMa HSQM c¢ 3axBayeHHBIMM HEUTPUHO OyIeT
(0.05¢, +0.15¢,).

Taxum oOpa3om, Macca IIPOTOKBapKoBoi 3Be3nbl ¢ 1= 100 MaB npu ee
OCTBIBAHMM MOXKET YMeHbIIAThcd 10 20 + 30 mpolieHTOB. Takoii xke pe3yabTaT ObL1
MOJlydeH M B paMKax Mozeau kBapkoro meimka MIT [34-35].

KoHeuHoe 3HaueHMe OTHOCUTEIBLHOTO JIENITOHHOIO 3apsiia IO 3aBepLICHUIO
npouecca ¢GopMUPOBaHUS MPOTOKBAPKOBOM 3Be3dbl HAXOAUTCS B 00JacTu
0.1< 7Y, <0.45. Jlna cpaBHeHUsS] Ha pUC.5 U 6 MPUBEACHBI HEKOTOPBIE XapaKTe-
puctukun HSQM ¢ 3axBauyeHHBIMM HeWTpuHO Iipu Temiiepatype 7= 100 MsB B
3aBUCUMOCTU OT n, 1 ¥, =0.1 u ¥, =0.4.

3aBucumocts 3Heprun HSQM ¢ 3axBauyeHHBIMM HEUTPUHO, IPUXOMIAs Ha
eIMHMILY GAPOHHOTO 3apsiia €/ny OT M, C yUETOM HENTPUHHBIX OCLMIISILAIA TIPU
temreparype 7= 100 MaB ma aByx sHauenmit ¥, ={0.1 u 0.4}, nokazana Ha
puc.5. JIisg cpaBHEHMsI Ha 3TOM Xe PHUCYHKE IOKa3aHa 3Ta 3aBUCUMOCTb IS
xojogHoit (7=0) HSQM, rme HeHTpUHO BOOOIIE OTCYTCTBYIOT.

CornacHo moaenu NJL, moporosasi IJI0THOCTb POXKASHUS S KBAPKOB B XOJIOMHOM
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Puc.5. Tpuxondmasaca Ha eqnHUIy 6apvMOHHOrO 3apsia SHeprus E, =&/ n, B HENPO3paYHOI
st HeiitpuHo HSQM ¢ ocumisiiusiMu HeTpuHO npu Temiiepatype 7= 100 MaB B 3aBUcMMOCTH
OT IUIOTHOCTM OapMOHHOIO uYucia H, N ABYX 3HAYEHWil IapameTpa YAeJIbHOIO JIENTOHHOIO
sapana Y, =0.1 u ¥, =0.4. [Ina cpaBHEHMs NPUBOAMTCS TAKXKE AHAJIOTMYHAHA 3aBUCUMMOCTb UL
KBapKOBOI MaTepuu IMpU HYJIEBOM TeMmIepaType, IMOCJe TOro, Kak BCE HEUTPUHO YXKe MOKUHYJIU
cucremy. Kpyxouek 0603HauaeT OpOT poXIeHUSI CTPAHHOTO KBapKa B 3 paBHOBECHOI XOJIOAHOM
KBapKOBOI MaTepuu.
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(T=0) KBapKOBOM BelllECTBE HMMEEeT 3HaYeHUE ng_th’ =0.655 oM [36,37]. B
obmact ny < nf{”” B xoJionHOM (7=0) KBapKOBOM BEIIIECTBE CYILLIECTBYIOT TOJIBKO
u u d xBapku. Ilpuuem, xorga nzy — 0, To Ha oAMH OApUOH MPUXOAUTCS
M, +2M,,=3M,, =~1100 MaB snHepruu [37], yro BugHO U Ha puc.5. [lpu
T # 0 GeCKOHEYHOe BO3pacTaHWe OTHOLUCHUS &7 /n, , Koraa nz —> 0, 00yCIIOBICHO
HaJIMYHEM JICTITOHHOM KOMITOHEeHTHI TIpu 7z =0 . Ha KpuBoii, COOTBETCTBYIOIICH
HyJIEBOI1 TeMIlepaType, KPy>KOUKOM 0003Ha4YeH MOPOT POKISHUSI CTPAHHOTO KBapKa.

Kak oTmedeHO BblllIe, 1151 TEOPUU HEWTPOHHBIX 3BE3]l C KBAPKOBBIM SIIPOM
BakHa 061aCTb 71, = 0.5 (oM™, W3 puc.5 clieyeT, uTo B 3T0i 06/1aCTH KOHLIEHTPALIUM
n, nia HSQM ¢ 3axBayeHHbIMM HeWTpuHO mpu Temmeparype 7= 100 MaB,
HPUXOMSILECS Ha eIMHUILy GapMOHHOTO 3apsiia, SHeprusi €;/ng OoblIe OT
€9/ny B cocTosiHMM ¢ Temmepatypoir 7=0, Ha 250 +400 MasB s Y,=04n
Ha 150300 MoB mia ¥, =0.1. Ecin Kak mpuemiemoe 3HayeHue Uit Y, B
NPOTOKBAPKOBOM 3Be3le cuMTaTh 3HaueHue ¥, =0.1, To Macca IMPOTOKBAPKOBOIO
sgapa TPOTOHEHTPOHHOM 3BE3Ibl OCTHIBASICH YMEHBIIUTCS B CpPeIHEM IIOpsIKa
10+20%.

B xononnoit (7=0) KoMnakTHOI 3Be3[ie ¢ KBAPKOBOU cepalieBUHON ud ¢dasza
GyJIeT CyLIeCTBOBATh TIPH BHIMOJTHEHUH ycaoBust ny " >n$ | rie ng - MIOTHOCTD
0aprMOHHOIO YKCiia KBAPKOBOIO BEIECTBA B TOUKE (DA30BOT0 PaBHOBECUSI MEXIY
KBapKOBBIM M aIpOHHBIM BelllecTBaMU. Bompoc o Tom, cyiectByeT au ud ¢asza
B KOMITAKTHOI 3Be3/le - 3aBUCHUT HE TOJLKO OT YPaBHEHMSI COCTOSIHUSI KBAaPKOBOI

MaTepuu, HO U OT ypaBHEHUSI COCTOSHMSI aJApOHHOI MaTepuu. B paGote [36]
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Puc.6. OTHOCUTENBHBINA BKJIAA JIENTOHOB B IJABJICHU PLep,/P B HEIPO3payHOil UISI HEUTPUHO
HSQM c¢ ocummnsauusiMu HeTpuHO 1ipu Temiieparype 7= 100M»B B 3aBUCMMOCTH OT IIJIOTHOCTU
0apMOHHOTO Yucia n, Ul ABYX 3HAYEHMI MapameTpa YAeJIbHOro JIEMTOHHOro 3apsama Y, =0.1 u
Y, =04

L =
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M0KAa3aHo, YTO B paMKax MOJE1, B KOTOPOIA s KBApKOBOI MaTepUM MCIOIh30BaHa
JjokasibHasg Moaeab NJL, a mis anpoHHO MaTepuu - MOIEb PEISTUBUCTCKOTO
CPEIHETO TTOJISI, BBITIOTHSIECTCS YCIOBHE n}‘”" <n% u, cnenoBaTeIbHO, B XOJIOMHOM
TMOpUIHOI 3Be3e ud da3bl He cyllecTByeT. MccienoBaHusl B paMKax yCOBEPIIEHCT-
BoBaHHOM Mojeu NJL, B KOTOpoii yUTEHbI TakKe BKJIAIbl BEKTOPHOIO U aKCUATbHO-
BEKTOPHOTO B3aUMOJEWUCTBUS MexXIy KBapkamu [37] mokaszaiu, 4To 3TOT BBIBOJ
OCTaeTcs B cuJe.

IToHsTHO, YTO YeM MeHbLIe Y,, TeM MeHbLle N0JIsT JaBlICHUS JICNTOHOB P,
B ob6uieM mapaeHur P HSQM c 3axBaueHHBIMU HedTpuHo. Ha puc.6 ¢ yuetom
HEATPUHHBIX ocuu/uAumid it 7=100MsB u ¥, ={0.1 u 0.4} nokazaHa 3aBu-
CUMOCTbh OTHOLLIEHUS PLept /P OT KOHUEeHTpauuy 6apMOHHOrO 3apsna n, B uHTe-
PECHOM IS KBAPKOBBIX 3Be31 MHTepBasie (.5 (bM'3 Snp=<2 (1)M'3 , C BO3pacTaHUEM
n, OTHOLUEHUE PLEPI/P ymenbiiaerca npu Y, =0.4 or 0.2 go 0.1 u or 0.15 no
0.02 mpu Y, =0.1. CrpemjieHre 3TOr0 OTHOIUEHMS K €AMHULE Tpu nz —> 0
00YCIIOBJIEHO Te€M, UYTO JaBjieHHe P B 3TOM IIpeAelie CO3MaeTCs MCKITIOUNTETHHO
aentoHamMu. OTMETUM TakXe, YTO 9TO MMEET MECTO HE3aBMCUMO OT 3HaueHMs Y,

U OT TOrO, YYTCHbI WJIU HE YYTCHbl HEHTPUHHBIE OCLMJUISLIMM.

6. 3akaruenue. Ha ocHose Monenu NJL onpeneneHbl TepMOANHAMUYECKIE
XapaKTepUCTU HEMPO3pavyHOro ISl HEUTPUHO TOpsSiYEro KBapKOBOTO BElIECTBA C
YU4E€TOM HEUTPUHHBIX OCHWISALIMU. B COOTBETCTBMM CO CTaHAAPTHON MOMAEIbIO
3JIEMEHTAPHBIX YACTUIL B HAILIMX pacyeTax y4yTeHbl TPY apoMara HEWTpUHO. PacueTsl
BBITIOJTHEHBI [IIS1 IByX 3HAUEHUIA OTHOLLIEHVSI CyMMAapHOTO JIENTOHHOTO U GapuOHHOTO
sapagoB HSQM: Y, =0.1 u Y, =0.4. Eciu mnpu OTCYTCTBUM HEATPUHHBIX
OCUMJUISILIMIA B XUMMYECKM PaBHOBECHOM HEMpo3payHoM [isl HeiiTpuHo HSQM
MPOTOKBAPKOBOMW 3Be3Mbl U3 JIENITOHOB BaXXHbI TOJBKO BKJIAAbl 3JEKTPOHOB U
3JIEKTPOHHBIX HEUTPUHO, TO HATMUUE HEUTPUHHBIX OCIIWILISILIUI JEJIAET BCE JICITOHBI
"paBHONPaBHLIMU". TToKa3aHHO, YTO M3-3a HEMTPUHHBIX OCUJUISILIMIT KOHLIEHTPALIA
JIENITOHOB B XMMMWYECKM PABHOBECHOM HeEMNpo3payHoM mjisg HeltpuHo HSQM
CWJIBHO TIPEBOCXOSAT KOHLIEHTPALIMU aHTUJIETTTOHOB. [TpruyeM KOoJIMUYeCcTBO 27eKTPOHOB
1 MIOOHOB Maji0 OTJIMYAETCS.

HecmoTpss Ha 3HauuTesibHbIE M3MEHEHWS M3-3a HEUTPUHHBIX OCUWJIISLIUN
XapaKTepUCTUK JIENTOHHOW KOMITOHEHThI HENpo3pauyHoii Ay HeiTpuHo HSQM,
npu (PUKCUPOBAHHOM 3HAYEHUM IUIOTHOCTHM OapUOHHOIO YMCJa OaBJIeHUE U
TUIOTHOCTb HEPTUU BEIIECTBA B 3aBUCUMOCTU OT 3HAUEHMSI TEMIIEpaTypbl MpU
3TOM yMEHbIIAITCsI Bcero a0 2 u 4%, COOTBETCTBEHHO.

M3-3a HEUTPUHHBIX OCLIWJUISLIMIA 3alaceHHast TETIOBask SHEPIVS B HEMTPO3paYHON
i HeiitpuHo HSQM ymeHblaeTcsi, OqHAKO €€ KOJTMYECTBO OCTAETCSl 3HAYMTEIbHbBIM.
YucieHHbIe pacyeThl MOKa3bIBAIOT, YTO B 0OJIACTU 3HAYEHUH TJIOTHOCTU OapUOHHOTO
YKCJIa, BAXKHON 711 TMOPUIHBIX M KBapKOBbIX 3Be3d: 0.5 (1)M'3 Sng<?2 (1)M'3 , IpUX0-
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Jsasics Ha eIMHUIY GapvOHHOTO 3apsiia SHeprusi &;/n, OOJbIIE OT &,/ny; B
cocrostHuu ¢ Temmneparypoir 7=0, Ha 250 +400 MoB g ¥,=0.4 u Ha 150 +300
MbsB s ¥, =0.1. 3anaceHHas TEIUIOBasi SHEPIUs B HEMPO3PAYHO U1l HEUTPUHO
HSQM wu3-3a HEHTPUHHBIX OCLHWJUISILUAI yMEHbIIAeTCsl, OMHAKO €€ KOJUUECTBO
HACTOJBbKO 3HAYMUTEIbHO, YTO AaXe IJId 3HAYCHUS OTHOIIECHMS CYMMAapHOTO
JIENTOHHOrO ¥ 6aproHHOro 3apsanoB HSQM Y, =0.1 mMacca mpoTOKBapKOBOIO sapa
MPOTOHEMTPOHHOM 3B€31Ibl OCTHIBAsl, YMEHBIIMUTCS B cpeaHeM mnopsgaka 10 +20% .
Yem Gosblire 3HayeHUe Y,, TeM OOJbILIE 3TO U3MEHEHHE.

XapakTepUCTUKHU K€ KBAPKOBOM KOMIIOHEHTBI, TaKH€ KaK - TMHAMUYECKUE
Macchbl KBapkoB (M, M, M), KOHLIEHTpaUK KBapKOB (7,71, n;) U KBAPKOBBIE
KOHJAeHcaThl (o,,0,,0,) NPUA ydyeTe HEUTPUHHBIX OCLUWILIALUNA MEHAITCA
HE3HAUUTEILHO.

PaGora BbINIOJHEHA B HAyYHO-MCCJIENOBATENbCKOM JlabopaTopuu (PU3MKu
CBEPXIUIOTHBIX 3Be3/ Mpy Kadeape MPUKIaTHON 37eKTPOAMHAMUKI Y MOIETMPOBAHUS
ET'Y, ¢punaHcupyemoii KOMUTETOM 10 Hayke MuHucTepcTBa 00pa3oBaHMsI, HAYKU,
KyJbTypbl U criopta PecrnyOinku ApMeHUs.

EpeBaHCKUI TOCYmapCTBEHHBI YHUBEPCUTET, APMEHUS,
e-mail: galaverdyan@ysu.am ghajyan@ysu.am anialaverdyan@ysu.am

EFFECT OF NEUTRINO OSCILLATIONS ON
THERMODYNAMIC PROPERTIES OF HOT QUARK
MATTER

G.B.ALAVERDYAN, G.S.HAJYAN, A.G.ALAVERDYAN

Within the framework of the local SU(3) Nambu-Jona-Lasinio (NJL) model,
which also takes into account the 't Hooft interaction leading to quark flavor
mixing, the influence of neutrino oscillations on the thermodynamic properties
of three-flavor hot quark matter in [ -equilibrium with trapped neutrinos is
studied. For two temperatures 7=[60 and 100] MeV, taking into account neutrino
oscillations, the thermodynamic characteristics of quark matter are determined.
These results are compared with the results obtained without taking into account
neutrino oscillations. Calculations show that when cooling quark matter, which
is opaque to neutrinos, the released energy per unit of baryon charge will be about
150 +350 MeV.

Keywords: hot quark matter: NJL model: trapped neutrinos: neutrino oscillations
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[pencraBieHbl U3BECTHBIE PE3YJbTAThl TEOPMM KJIACCMYECKMX Ta30BbIX TOJUTPOI B paMKax
MHTETPaJIbHOTO TIOIX0/a, TIe BMECTO CTaHAapTHOTO nuddepeHInaaIbHOro ypaBHeHust JIsiiHa-OmaeHa
Uit chepuyecKu-CUMMETPUYHOM TPaBUTHPYIOIIEH MacChl paCCMaTPUBACTCSl €r0 SKBUBAJICHT B BUJE
HEJIMHEMHOTO MHTErpalbHOTO ypaBHeHUs1 Bosbreppsl 2-ro pona. [TokazaHo, uyTo obpaTtHoe mpeobpa-
3oBaHue Jlaraca ypaBHeHust JIaitHa-OMaeHa Il IOJIMTPOITEI ¢ TToKazareaeM # =5 (Monenb LllycTepa)
MpeCTaBsieT CO00M peKyppeHTHOe cooTHolleHue st ¢hyHKimii beccens nepsoro pona. [lokasaHa
MHBapUaHTHOCTh HEJIMHEWHOTO MHTErPAIbHOTO ypaBHeHUsI BoJbTeppbl OTHOCHUTEIEHO TOMOJIOTUUECKUX
Mpeodpa3oBaHuii, a TaKXKe BO3MOXHOCTb TMOJYUYEHUSI CUHTYISAPHBIX PELICHUI MPU ONpeneeHHbIX
yenoBusix. Takke MOKa3aHO, YTO IS LIEJIOUYMCICHHBIX M TOJYLENbIX MMOKa3aTeseil MOoJUTPONbl 3TO
ypaBHEHWE SKBMBAJEHTHO MHOTOMEPHOMY WHTErpajJbHOMY YpPaBHEHUWIO, a HaXOXIeHUWE C ero
MOMOUIbIO pa3ioxeHUs (GYHKIMU DMEHA B PsiI MO CTENeHsIM 0e3pa3MepHOro paccrtossHust & oT
LIEHTpA TMOJIMTPOIBI 9KBUBAJIEHTHO HAXOXIEeHWIO psima HeiiMaHa M MTePUMPOBAHHBIX SiIEp B TCOPUM
®penronbma. [MpubmokeHust GyHKIMA DMaeHa B 3aMKHYTOM BHE M MX MPUMEHUMOCTh K pa3HbIM
acTpo(u3nueckuM 0OBbEeKTaM OyayT TpPEeACTaBlIeHbl M OOCYXIAThCsi BO BTOPOM YacTHW HACTOSIIEH
pabotbl. [lonuTporbl Apyrux reoMeTpuil M pa3MepHOCTE 3[eCh HE PacCMaTPUBAIOTCS.

KntoueBwie cioBa: noaumponsi: ypasHenue JIiina-Imoena: neaunelinoe unmee-
paivHoe ypaeHeHue muna Boasmeppvr emopoeo pooda:

Qyukyus Imoena

1. Beedenue. Teopus KIIaCCUYECKUX Ta30BBIX IOJIUTPOIT ABIAETCS OTHOMN 13
HauboJiee JeTaTbHO pa3paboTaHHBIX pa3aesioB TEOPETUYECKON (PU3NKU U acTpO(U3UKI
Y JaBHO Hallula ce0e MHOTOUMCIIEHHBIE IPUMEHEHMS B TaKMX 00JIaCTsIX, KaK TeOpHUs
BHYTPEHHETO CTPOSHUS 3Be3Il, TeOPHsI 3BE3IHOI SBOJIIOLIMY, CTPOSCHUE 1 TUHAMUKA
3BE3MHBIX CKOIUICHUI 1 KOCMOJIOrs. byayun MocTpoeHHOI Ha MTPOCThIX (PU3UYECKUX
WUIesIX, OHAa B HACTOSIIEE BpeMsi, B OCHOBHOM, MpPEACTABIsIeT MaTeMaTHUYEeCKUi
uHtepec. HanomHum, yro nuddepeHumanbHoe ypaBHeHUe JIaitHa-DMaeHa, exallee
B OCHOBE TE€OPHMHU, YAaJOCh PEIIUTb B SIBHOM BMIE JMIIb B OTICAbHBIX CIyYasXx,
a UMEHHO, IJIs 3HayeHMi IokasaTens mojuTponsl #n=0, 1, 5, o yemM mmogpoOHO
MU3JI0KEHO B (pyHIaMeHTaIbHBIX MOHOrpadusax [1-4]. Job6aBuM, 4To B HacTosIIIIee
BpeMmsl, JIJIs1 OMMCaHWsI OCOOEHHOCTEN pacnpenesieHrst TEMHOM MaTepuu Bo BeesleHHOIA,
MPUMEHSIOTCS KOMITO3UTHBIE MOJIEIU C Pa3HbIMU WHAEKCAMU TOJUTPOMHLI [5].
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Hecmotpst Ha 6oJ1bllMe BOBMOXKHOCTH YMCJCHHOTO MHTETPUPOBAHMS U AETATBHYIO
pa3pabOTaHHOCTD MOJUTPOITHBIX MOJEEH, ObLIIO SICHO, UTO aHAJTUTUYECKUE METOIbI
JAI0T BO3MOXHOCTD ITOHSITh (PM3UYECKYI0 IPUPOAY IIpobsieMbl [6,7] 110 CpaBHEHUIO
C YHCJIEHHBIM HHTerpupoBaHueM. KpoMme Toro, oHM MO3BOJISIIOT MCCJIEAOBATh
MOJUTPOMHbBIE MOJEIN C TOUKU 3PEHUST UHBIX (PU3NUECKUX MpeacTaBlIeHuit [8] u
TE€M CaMbIM aKLIEHTUPYIOT HEOOXOMMMOCTh JaJlbHEMIIeH pa3pabOTKN aHATUTHYECKIX
METOJIOB.

B HacTosieli ctatbe HEKOTOPblE OCHOBHBIE PE3yJIbTaThl TEOPUU KIIACCUYECKUX
ra30BbIX ITOJUTPOI OMKUCAHEI C TOUKM 3PEHUS TEOPUM MHTErpajabHbBIX YpaBHEHUI
U MHTErpajJibHbIX MpeoOpa3oBaHuii. DTOT MOAXOMI MOXET PacIllIMPUTh PaMKU TEOPUU
Y TIO3BOJIUT HANTU MHbBIE aHAJTUTUYECKUE BOZMOXKHOCTH HAXOXIESHUST MPUOIVKEHUI
K TOYHBIM PEIISHUSIM MOJIUTPOIHBIX MOAEJIE B 3aMKHYTOM Bune. ITpuMepsl Takux
NpUOIVKeHUI DYHKUMI DMaeHa 1 pa3HbIX MoKa3aTeseil MOJUTPOIIbl BKIIOUYEHbI
BO BTOpYIO 4YacTb paboThl. B pabote [9] oTmenbHble acMeKThl U3JaracMoro 31ecCh
nojaxoaa ObLIM TpeACTaBIeHbI B BECbMa CxXaTou (opme.

2. Hcxoonoe unmeepanvHoe ypagHeHue meopuu 2a308blX NOAUMPON.
HuddepeHiimanbHoe ypaBHeHMe JIpiiHa-OMaeHa IS KJIACCUMYECKMX Ta30BbIX
TOJIUTPOIT BhITEKAET U3 OOBIYHOTO YpaBHeHUs [lyaccoHa mist cpepuyecku-cuMmeT-
PUYHOTO paclpeaesieHus TpaBUTUPYIOLLIEN MAaCChl C TUIOTHOCThIO p(r), cozaaroiei
IrpaBUTALIMOHHBIN MOTEHLIMAT (p(r) Ha PacCTOSSHUM F OT LIEHTpa, AOTIOJTHEHHOTO
YCJIOBUEM TMAPOCTATUYECKOrO PaBHOBECHSI U YpaBHEHUEM COCTOsSIHUSI P =K pl”/ ",
rne P - naBineHue, K - TOCTOSIHHASI U 1 - TIOKa3aTedb MOJUTponbl. OHO OOBIYHO
3aIMChIBAETCS B CJAEAYIOIIEM CTaHAAPTHOM BUJE:

10(p0

g2 ol oe
rie e(a)=<p/q>c - ¢yHKUMSA DMIeHa uiau 6e3pa3MepHbI MOTeHUMan (rpaBUTAa-
LIMOHHBII TIOTEHLIMAT HOPMUPOBAHHBII Ha CBOE LIEHTPATbHOE 3HaueHue), 0" =p/p,
- OespasMepHas IUIOTHOCTb pacnpeielieHus Macchl, &=r/r, - 0e3pasmMepHoe
panuaabHOE PACCTOSHUE, 7, = ((pc / 4rpoL,)1/ o XapakTepHblii paguyc. 3nech G, Kak
00BIYHO, 0003HAYaeT TI'PaBUTALMOHHYIO TMOCTOSIHHYIO. LleHTpajibHOe 3HaueHue
IUIOTHOCTU P, SIBJIIETCA MTApaMETPOM 33a4a4v HapsALy C MOKA3aTeleM ITOJTUTPOIIEL.
@OyHKIMSI DMIeHA TOKHA YIOBIETBOPATh TPAHUYHBIM YCIIOBHSIM:

0(0)=1, 0(0)=0. (2

PU3NIeCKn NPUEMIIEMBIMU SIBJISTIOTCST yeooBus €20, 0<0<1.
VpaBHeHue (1) ¢ yciaoBusmu (2) ompeaensier 3agauy Kouu misi ypaBHEHUS.
JIsitHa-BOMIeHa 1 TTO3BOJISIET CBECTH €TO PellieHNe K HeIMHEMHOMY MHTETPaIbHOMY

ypaBHeHMI0 TuIa BonbTeppbl 2-ro pona. Ero ocob6eHHO Jierko MoyydyuTbh, €Clau
nepenucaTtb ypaBHeHUe (1) B OoJjiee KOMIIAKTHOM BUIE

== (1)
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d*(£0)
dg?

KOTOpO€ BBITEKAeT U3 O4YeBMAHOro paBeHcTBa [10]:

Li[§2@]=9”+ge’:ld2(‘ie)

=-50", 3)

) . 4
gae\> &) & T ag @
MHTerpupoBaHue naeT MEepBYIO MPOM3BOAHYIO OT (yHKLUMU EO :
&
M:—J‘xen (x)dx +C, . (5)
d§ 0

IMpu £=0 monyyaem C,=1. O6wee pemenne qudhepeHINaNIbHOIO YpaBHEHUS
Broporo nopsiaka (3) umeet Bun [11]:

jxe" (e-x)dx+E+C,. (6)

ITpu £=0 nmeem C,=0. [Nonenus o6e yactn ypapHeHus (6) Ha &, OKOHYATENBHO
MTOJTyYrM

—I—IG x(1-x/€)dx 7)

YpaBHenue JIsitHa-DMIeHa D1 M30TeEPMITYECKOi cepbl (KOrma 7 = oo ), TI0 aHAJIOTHN
C OOBIYHBIMU TTOJIUTPOIIAMU, MOXKET OBITh 3allMCAaHO B BHJIE:

d’ (&) _
dg?
roe w(&) = ln(pc / p) - 6e3pa3MepHbIil MOTEHIIMA, TPAHUYHBIE YCIOBUS IS KOTOPOIo
oIrpeesieHbl CAeAyolM 00pa3oM

w(0)=0, w'(0)=0. )
C Y4E€TOM OTUX YCJIOBI/Ifl PCICHUE 3aJadyn O HaxXOXIACHHNU PpCIICHUA OJId
I/I3OTepMI/I‘{CCKOI7I IIOJIUTPOIIBI MOXHO, KaK CKa3aHO BBIIIE, CBECTU K PCIICHUIO
CJIEYIOLIEN0 OMHOPOIHOTO HEJTMHEHHOTO MHTETpaIbHOrO YpaBHEHUS TUa BonbTeppbl
BTOpPOIO poja:

ge", ®)

g
v(&)= .[e_"’(x)x(l — x/&)dx. (10)

0
VYpaBuenus (7) u (10) Obtu mosmyueHsl B [12], a Takke B cTtathe [13],
MOCBSILIEHHOM UCCIICAOBAHUIO CYILIECTBOBAHUS, €IMHCTBEHHOCTU U PETYJISIPHOCTU
pellieHuii ypaBHeHU# Tuna JIsitHa-OmaeHa. B [3] mokaszaHo, Kak ypaBHeHUs (7)
u (10) MoryT OBITh TTOJIYYEHBI C TTOMOILIBIO TIepBOil hopMybl ['puHa. YpaBHeHME
tuna (7) ObLJIO UCTIONB30BAHO B paboTe [14] 0 MOAUTPONHON TeOpUU BpalllaroIIuXCs
3Be3n npu #n=1. OHO MOXeT OBbITh IMOJOXEHO B OCHOBY TEOPUM C(hepUUECKUX
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ra3oBBIX MOJUTPON (KaK 3TO BO3MOXHO ¢ ero auddepeHIraTIbHbIM aHAJIOTOM),
OTKyJa HEKOTOpbIe pEILIeHUS] BBITEKAIOT Cpa3y, JUOO0 MOIyT OBbITh MOJy4eHBI
METOJIOM ITOC/IEAOBATEIbHBIX IIpHOIKeHnit [1rkapa Win ¢ ITOMOIIBIO MHTETPaIbHbBIX
npeodpa3oBaHUIA.

3. Tounvie pewenus npu n = 0, I, 5. Dro Te ciydau, g KOTOPBIX
MU3BECTHBI pellieHus1 auddepeHanbHoro ypapHeHus JIsitHa-OmaeHa (8) B Buae
3JIEMEHTapHbIX (yHKIMI. BO BCceX OoCTaIbHBIX Cilydasix, KaK yXe ObLIO CKa3aHO
BbIlLI€, PELIEHNS] MOXHO MOJIyYUTh TOJIbKO YMCAEHHBIMU MeTogaMu. B padote [7]
OTMeYaeTcsl, YTO Il MPOU3BOJIBHOIO 3HAYEHUST MHAEKCA MOJUTPONbI pelIeHU
ypaBHeHUd JIsiiHa-DMIeHa B 3aMKHYTOM BUZE HE CYIIECTBYET B IIPUHIIUIIE M YTO
JaHHBIM BBIBOA MMEET CBOe OOOCHOBaHMe B Teopum rpynn Jlu. Himke Mmbi
pPaccCMOTPYM Kak ITOJTyYaloTCsl U3BECTHbBIE PElleHMs ISl PUBENEHHbBIX MOKa3aTeien
TTOJIUTPOITHI ¢ TIOMOIIIBIO MHTETPAIbHBIX YpaBHeHUiA. [locaemoBaTenbHbIe TPUOIH-
JKeHHUS pelueHus ypaBHeHUs (7) ipu #=2 MoJiydeHbl BO BTOPO 4acTU pabOThI
Ha OCHOBE MpueMa, U3JI0XeHOro B [lpusoxcenuu I B KOHIIE CTaTbM.

3.1. Cayuaii n=0. OH COOTBETCTBYET MOMENU HECKHMMAEMOMN KMIKOCTU
(p =const), KoTOpasi MPUMEHSIETCS] TIPY OMMUCAHMM KaK TBEPABIX IUIAHET, TaK W
COCTOSIHMSI BEIIIECTBA B CBEPXIUIOTHBIX 3BE3MHBIX KOH(MHUIYPALMSX MPU TUIOTHOCTSAX
nopsiaka sepHoit M Bhiie [15], Korma mpu OnpeneaeHHbIX 3HAYCHMSIX THIPO-
CTATUYECKOTO JaBJIEHUS TPOUCXOMUT CTAOMIM3AIMs IUIOTHOCTH, a BIMSHUEM
MepeHoca TEMJIOBO HEPTMU Ha COCTOSTHHE BEIIECTBA MOXKHO TpeHeOpedhb. B aToM
ciaydae GyHKIMST DMIEHA HAXOMUTCS Cpasy Ke JIeMEHTAPHBIM MHTETPHUPOBAHUEM:
?;2
0(g)=1-=-. (11)
6
DYHKIMK TAKOTO TUIA OYIyT MCITOIb30BAHbI HAMK BO BTOPOI YACTH IPH ITOCTPOSHUM
NpUONVKEHUI K (yHKLIUSIM OMACHA B 3aMKHYTOU (bopMe i Ipyrux Momesiei.

3.2. Cayuaii n=1. B a1oM ciyyae MHTerpaabHOe ypaBHeHue JleiiHa-DmaeHa
CBOIUTCS K CTAaHAAPTHOMY JIMHEMHOMY MHTETPaJIbHOMY YPaBHEHUIO TUIIa CBEPTKHU
I GyHKIMM O Tociie YMHOXEeHUs obeux vacteil Ha & :

ée(a)=a—fxe(x)(a—x)dx. (12)

DTO U3BECTHOE ypaBHEHHUE, KOTOPOE JIETKO PEIIAeTCs METOAO0M IIpeoOpa3oBaHUsI
Jlammmaca v mocneoBaTedbHBIX Tpubamkennit [11,16]. Ecim T(s) - obpa3
Jlannaca bynkuun £0(&)

c[e0)(s)=7(s) = [eoeae, a3

rae s - mapaMmeTp nmpeobpa3oBaHus, TO, MPUMEHsS Mpeodpa3oBaHue Jlammaca K
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ob6erM yactsaMm ypaBHeHUs (14) U UCHOJB3YS UX CBOMCTBA AJIs1 ONEpaliMy CBEPTKH,
MOJy4YuM BbIpaxkeHue mis 7(s):

1

T(s)=——.
i) 14
DT1a (pyHKUMS TIpeAcTaBiIsgeT coboil mpeodbpaszoBaHue Jlamiaaca ot siné :
1
! =sing.
{Hsz}(é) g (15)

Orciona moJry4daeTcs XOpoIlo U3BeCTHOE pelieHue Purrepa: 6(&) =sin&/€ , koTopoe
apysieTcs chepuyeckoit Gpynkimeil beccens Hynesoro nopsaka j, (g) WM Monvpu-
LIMpOBaHHOU GyHKIMel beccens Ay (&) , KOoTopasg B cCllyda€ MPOU3BOJIBHOTO
Mopsiika omnpenessieTcsi CooTHoleHueM [17]

e )

roe J, (i) - ¢yHkuug beccenst mopsigka o .

3.3. Cayuau n=>35. Kak U3BECTHO, TMOJUTPOINA C TAKMM IOKA3aTeIEM COOT-
BeTcTBYeT mMonenu Ilmammepa-IllycTepa, mpuMeHsIeMOl IJig OMMCAHUSI pacIpe-
JIeJIeHUS 3Be3[ B LIAPOBBIX CKOIJICHUSIX, XOTS B TEOPUU BHYTPEHHETO CTPOCHMUS
3Be3l OHAa He cuyuTaeTcs (u3Myecku AOIMycTUMoil momeinbio [3]. HaxoxaeHue
¢yHkuuu OmaeHa (takxke OmaeHa-IllycTepa) mjs1 3Toro ciaydasi okazaaoch JaJeKo
He TIPOCTOM 3afaueit Jaxe ¢ TOUKU 3peHus Teopuu auddepeHInaaIbHbIX YpaBHEHU I
[2] 1 AOCTaTOYHO CIOXHOI ¢ TOUKU 3PEHUST MHTETPaJbHbBIX YPaBHEHUI BBUAY UX
CUJIbHOM HEJMHEMHOCTU. 3Aech MbI MPEAMNOJOXUM, UYTO cama (PyHKIUS 9(&)
sBJsgeTcd npeobpazoBaHuem Jlamiaaca ot apyroit pyHkiuu F (t)tV , OTIPENEICHHOMN
Ha Bceil uuciaoBoii ocu. Torma ypaBHeHue (7) mMpuMeT BUI:

=1- .[9 (1——de (16)
rae 9(&) MOXKET OBITh IpeAcTaBieHa B BUAE WHTETpaia
0(&)=C, J.F(t)tve*ét/“dt. (17)
0

Kpome Toro, BBOIS APYryio GyHKIIUIO CD(t) , 3aBHCSIIIYIO OT TOM Xe TTepeMeHHOMI
t, IMeeM TSl pacripefesieHns TUIOTHOCTH CBOE MHTErPAIBLHOE TPEeACTaBIeHIE

o0

0°(e)=C, [@(e)e ™ dt, (18)

0
rne C, C,, o, v U |1 - HEKOTOPbIE MOJIOKUTEIbHBIE YUCIIa (HE MyTaTh HEKOTOPbIE
CUMBOJIBI C paHee MCITOJTb30BaHHBIMI), 3HAYEHUST KOTOPBIX 00eCIIeYnBaIOT HYKHYIO



156 IA.CAWAH

HOPMUPOBKY pellieHUsT ypaBHeHUs JIaiiHa-OMaeHa U CXOOAUMOCTb UHTETPaJioB. DTU
3HauUeHUsI OyAyT ompeleieHbl HUXe B TekcTe. IIpeamnonaraercs, 4to yHKUIUU
F(t)¥ n ®(t)* uMeloT HeOGXOMUMYIO CKOPOCTb SKCTIOHEHIIMATLHOTO POCTA, MPU
KOTOPBIX CYLIECTBYIOT HUXKe yKazaHHble UHTerpaisl (19) u (20).

Hamreit 3agaveit 6yneT monmydenvie u3 (18) (yHKIIMOHAIHLHOTO COOTHOILIEHUS
s pyHkuuin F (t) u CD(t) C LIeJIbl0 OMpeaeseHus UCKOMOW (PYHKIIUKU B(E_,). Hns
3TOr0 UCMOoJb3yeM oOpaTHoOe mpeodpasoBaHue Jlamiaaca ot ¢pyukuuii (19) u (20),
paccmaTpuBasi & KakK KOMIUJIEKCHYIO TTIepeMEHHYIO:

N 1 G+ioo o
F(e)t :%c_me(a)ew dg, (19)
(D(t)t“ :L. 0° (i)e‘;"/“dé. (20)
27” G—io

3aech NMPUHUMAETCSI BO BHUMaHUE TOT (pakT, 4TO (HyHKIIUU 6(&) u 0 (é’;) B
KOMITJIEKCHOW TIJIOCKOCTM MMEIOT OJMHAKOBbIE IMOJIOCHI. 3HAYeHUE Mapamerpa
o >0 3mech He cyllecTBeHHO. ['paHua 00JacTU WHTETPUPOBAHUS TMPOXOIMUT
CIipaBa OT TOJIFOCOB, KOTOpbIe (Kak OyaeT BUAHO U3 JaJbHEMNIIIET0) pacroiararoTcs
Ha MHUMOM OCH.

[Mponuddepenuupyem no & mnoabiHTerpaibHOe BbipaxeHue B (17), 3atem
MPUMEHNUM K 00eMM 4acTsIM MOJIyYeHHOTO MHTerpaja odpaTHOe Mpeodpa3oBaHUE
Jlarmaca:

0'(&)= (/o) Fle)e"e >/ ar, Q1)
0
a_ LT e et
(o) )™ = | O(E)e 22)

W, aHAJIOTMYHO, IJIT BTOPOW MPOM3BOTHON (DYHKIUU DMIAEHA,

(1 o ) = J. 0"(& gt/“di. (23)

Huddepernupys (23) 1o ¢, noaydum

G+ioo

(1 ocz)%[F(t)tV”] 5 I £0"(&)e d & . (24)

Gc—i®

Hanee uz (20) cienyet

O

2 i

G+ioo

[ eoe)e/vae. (25)

o—i®
3amnmceiBast ypaBHeHUe JIsitHa-OMaeHa (1) B pacKpBITOM BUAE M YMHOXast 06e ero
yacTM Ha &, TOJIyYrM
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£0"+20" =—£0°. (26)
B3zsB obpatHoe npeobpazoBaHue Jlarmaaca n3 oberx yacTeil mociaeaHero ypaBHeHus,
Mbl TIPUIEM K CIEOyIolleMy YpaBHEHUIO M1 (yHKUMA F(t) u @(t) C y4eToM
BeIpaxkeHui1 (21)-(25):

C(F/() 2+ (v/o)  F (1) = - € a2 [ /(1) - pev (1)), 7)

B KOTOPOM MOXHO YCMOTPETh PeKYPPEHTHOE COOTHOIIeHUe A ¢hyHKuuii beccens,
eCJIM TIOHEINUTh 00e YacTy Ha ' ¥ TMOJIOXHUTb =1, G, a’=1 , v=0, u=2,

E(t)=Jo(t), @(r)=,(0):

t,(t)=27,(c)+ 1J5(¢). (28)
IMopsinok p mns dyHKIMKM beccenst cBs3aH ¢ TokasaTesjleM IOJUTPOIbl #= 5
COOTHOLLIEHUEM
n—1
—
Takum obpazomM, Mbl MoJIydaeM clieaytollee MpeacTaBIeHUe pelleHUsT YpaBHEHUS

JIaiina-OMueHa (cM. Takxke uHTeTpajibl 6ojee obuiero Buaa (17) u (18) B [17]
Ha c.59):

u:

1

= @

1% 3
0° ()= — [ e, ()2t =———
2 2 2 2 5/2
oo o2(1+&%/a
U3 comocraBnenust (31) u (32) BMAHO, 4YTO ciledyeT MOJOXUTb o =3 WIN
a=+/3 . MUTak, MBI OKOHYATEJBHO MOJy4YaeM TOYHBIE PEIICHUS TSI TTOJTUTPOITBI
C ToKasareyneM n=>5:

0(2)= [ 5., (1) dr =
0

AHaJIOTMYHO

(30)

0e)=———— u ()=

Ji+82/3 (1+22/3)" (3D
BumHo, uTo 06e (DYHKIMM MMEIOT OJMHAKOBbIE TOMIOCH &=+/3i, TaKk uTo B
IIPUBCACHHBIX BBIIIC BBIPAKCHUAX MOXKHO CYUTATh, YTO C -MaJIO€ IMOJOXKUTCIBbHOC
qucno, 6JU3Koe K HYyJIO.

IMpencraBieHHBIi cnocod pereHust ypaBHeHHs1 JIsitHa-DMieHa 1Tsl TIOJUTPOITHOI
MOICIIN n= 5 He gBisIeTCS II0CJI€10BATCJIBHBIM C MaTeMaTUu4eCKOl TOUKU 3pC€HU:A,
ITIOCKOJIbKY IJIsI 9TOT'O HCO6XOL[I/IMO MMCETDH €11€ OAHO COOTHOILUCHHNEC MEXIY d)YHK—
umsaMu-o6pazamu F(1) u ®(z). MoXHO TIONyunTh CBA3BIBAIOIIEE MX MHTETPATbHOE
YpaBHCHHUEC B KOMIUIEKCHOM TJIOCKOCTH. OHHaKO OHO ABJIACTCA CIO0OXHBIM BBUAY
CUJIbHOM HEJIMHEMHOCTU U TMOKa HEW3BECTHO €T0 peuICHHUC. Pabota B aTOM
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HarpaBJIeHUHU OyAeT MPOoJoJKeHa B JaJbHEHIIeM.

3HaHMe MHTETpaJioB o01Iero Buaa B [17] ObLJIO OTIpaBHOM TOYKOM HAallleTo
MPEIIOJIOKEHUS O TOM, 4TO (PYHKLMS DMIEHA B JAaHHOM CJIydyae cama SIBJISIETCS
npeoOpasoBaHueM Jlariaca oT HEKOTOPO#A Apyroi (PyHKLMK, KOTOPYIO HEOOXOAMMO
omnpeneanTh, a obparHoe Jlarmmac-mpeoOpa3zoBaHue ypaBHeHus JIsitHa-DmumeHa
MPUBOIUT K PEKYPPEHTHOMY COOTHOIIEHUIO i (pyHKIMiT Beccens.

s HaxoxXIeHUs pellieHUi ypaBHeHUsI 00CyKAaeMOi MOJUTPOITHON MOAEIH,
MOXHO OBLJIO Obl MOCTYIUTH CeAyIOIIMM 00pa3oM. EcTecTBeHHO mpeamnosararh,
YTO TMOJUTPOIHBIC PEIICHHMs] TMpH n>1 MMeIT Touky mepernGa 0"(€)=0 wu
SIBJISIIOTCSI CUMMETPUYHBIMU (DYHKIIMSIMU apryMeHTa & (6(— é): 9(?,)), TO €CTb,
JIM0O 3aBUCSIT TOJBKO OT YETHBIX CTeleHeil apryMmeHTa & , 1ubo, Mpu pa3iokeHUU
B paa Teityiopa, OHM cOmEpPXKAT TOJBKO €r0 YeTHbIe CTeIeHU (YCIOBHE, KOTOPOE
yIOBJETBOPSIETCSI Ha MpakKTuKe). B okpecTHOCTH TOUKM mepernda 310 ypaBHEHUE
MPUOIVKEHHO TPUHUMAET BUI

20'(5)=-€0" (8), (32)

MMeolIee pellieHre B BIIE MPPALMOHATBHOI (hyHKIMH, 3aBucsiieii o & . KoeuHo,
noseneHue hyHKIMN 9(&) B OKPECTHOCTHU OTAEJILHO B3SITOM TOUYKU HE XapaKTEPU3yeT
€€ MoBeJIeHUe BO Bceil obmactu onpeneneHus. Ho 310 noBeneHre MOXET IPUBECTH
K TUIIOTE3€ O BO3MOXHOM BUIIE MCKOMOM (DYHKIIMK, KOTOPAsk MOXET ObITh IIPOBEPEHA
Ha OCHOBE 0OoJjiee CTporux cooopaxkeHuid. [Tpeanonaoxum, yto B caMoM OOLLIEM BUJIE,
MpU n>5, MOJATPOITHBIE MOJIEJIA C OECKOHEUYHBIM PAJIMyCOM MOTYT OMUCBHIBATHCS
¢GyHKIUSAMU BuAa

0(e)=1/(l+422) (4. ©>0). (33)

KOTOpEIE YIOBIETBOPSIOT YCIOBUAM 3amaun Komm. 3HayeHWST MOCTOSIHHBIX ¢ U
® , IOOJDKHBI OIPENENAThCS W3 JOTNOJHUTENBHBIX (PU3MYECKMX TpeOOBaHUMA,
HaJTOXXeHHBIX Ha Mozesb. Hampumep, Macca OJUATPOIEI MIPH #=5 MOJKHA OBITH
KOHEYHOU TpU GeCKOHEYHOM pampuyce. DTo TpeboBaHWE CBOAUTCS K YCIIOBHUIO

do
E_>2 d_i . <0, (34)

IMoncrasnss (33) B (34) u npousBons auddepeHLupoBaHKE, JIETKO 3aMETUTh, UTO
nocJieHee yCIOBUE BBIMOTHSIETCS MpU o =1/2 . [lasiee mMpu ycIOBUM OGpaIeHMs
IPaBUTALMOHHIO MOTEHIIMaTa B HYJb HA OECKOHEUHOCTH, U3 UHTETPAJILHOIO ypaB-
HeHus (18) cienyeT BBITTOJHEHUE YCIOBUS

[o°(e)ede=1, (35)
0

4YTO IIPUBOAUT K COOTHOIICHUIO MCXKIY IapaMeTpaMu g U .
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2q= L

S5m-1
Orciona nmpu ®=1/2 monyyaem ¢ =1/3, yto mpuBomut K pemenuto Llycrepa-
OmMmaeHa. Bce apyrue peiieHust ypaBHeHMs1 JIsitHa-OMaeHa mipu n=35 (cM., B
yactHocTH, [18,19]), mpuBonagatcs B padote [20]. DTu peleHusT 0Ka3aauch CUHIY-
JIIPHBIMU - pE3YyJIbTaT, MO HalleMy MHEHUWIO, JOKa3yeMblii B OOIIEM BUIE.
HekoTopble U3 3TUX pellleHUid BbIpaXaloTcs Yepe3 JIMNTUUYECKE UHTErPaJIbl, O

yeM roBopwyioch B MoHorpaduu YaHapacekapa [2].

4. Uneapuanmuocms ypaenenus (7) OMHOCUMENbHO 20MOAOCUHECKUX
npeobpazoeanuil. TIpuHIUIT TOMOJIOTUU [2,3] MPUMEHUTETBHO K IOJUTPOITHBIM
MOJEJISIM YTBEPXKAaeT, YyTo ecld QyHKIuUs | (x) SIBJISIETCS] PELIEHUEM YpPaBHEHMS
JIziiHa-OMaeHa, To MpeoOpa30BaHUE 3TOTO PELLICHMS 420D f (Ax), rae A - HekoTopast
KOHCTaHTa, a #-TIoKa3aTeJb MOJMTPOIIbI, TAKXKE SBRISIETCS pellieHHMeM 9TOr0 YpaBHEHMS.
OueBUIHO, YTO 3TO YTBEPKICHUE JOKHO OCTaBaThCsl CIPABEIMBBIM M B OTHOILIEHUM
BBILLIEYTIOMSIHYTOTO HEJIMHEMHOIO MHTErpaIbHOIO ypaBHeHus Tvria Bosbsreppbl. [eiicT-
BUTEJbHO, MYyCTh UMEET MECTO ypaBHEHMUE

&
€)= 100)- ({15, &

rjie HayaibHoe 3HaueHue f(0)=1. [Tepenuiiem 3T0 ypaBHeHue, TPMMEHHB Bhillle-
NpUBEJIEHHOE TPeoOpa3oBaHue TOMOJIOTUY U BBE/sSl HOBbIE MEPEMEHHbIE Ax =1,
A& =n, samenus f(0) Ha AZ/("_I)f(O):

1
2/(n-1) 2/(n-1) _ [ 42n/(n-1) n _Ax r_
A4 410 10)- [ )A[l Aé’;]dA

n 2n/(n—l) 37
A2/(n71)f(n) — AZ/(/H)_ J'A—Zf” (z){l —LJ dt. 7
v A n

ITockonbKy A% (”_1)/ A2 = 400 , TO, TIOAEIUB 00e yacTu ypaBHeHMs (39) Ha oTY
BEJMUYMHY, TIOJIyYUM ypaBHEHME, aHaJlornyHoe (38), HO C HOBbIMU MEPEMEHHBIMMU:

n
:I—J.f”(t){l—ijdt. (38)
0 n

5. CuneyasapHole peweHus ypaeHenHus JIdtina-Imoena. TlonydyeHue
CUHTYJISIDHBIX pellleHUu u3 ypaBHeHMs1 (7) HEBO3MOXHO, MOCKOJBbKY (B CUIY
3amaun Koin) oHO ornpenesnseT (GyHKUMIO OMIeHa JII0OOM MOJUTPOIbl Kak
OrpaHUYEHHYIO B CBOell oOyiactu onpeneneHus. OaHaKO, eciM He HaKJIalblBaTh
MepBOe U3 rPaHUYHBIX yCJIoBUi (2) 1 oTOpocuTh B (7) ujieH 6(0)= 1, To moay4yum
OMHOPOIHOE YypaBHeHUE BoxbTeppbl BTOPOTro poma, KOTOPOe yKe MOITycKaeT
CUHTYJISIpHBIE pellieHusI, ojyyeHHble YaHnpacekapoM [2]
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£0(¢)= —Txe" (¥)(& = x)dx (39)

0
(3aMeTuM, 4TO ABYKpaTHOE AUdhepeHIpOBaHNE MOCASIHETO YpaBHEHUST IPUBOIUT
K ypaBHeHU10 JIsitHa-OMaeHa Takxke, Kak U (7)). [Ipu & — 0 uHTerpan B mpaBoit
yactu (39) OOMKEH CTPEMHUThCSI K —oo, TeM CaMbIM oOecreuuBasi ITOJIOKU-
TEJIbHOCTh JieBoi yacTu. CaenaB OUYEBUIHYIO B TaKUX CJIydasX ITOACTAHOBKY
6(&): 8?3[3 , Tne &, B - melcCTBUTEIbHBIC YMCIA, U IPUPABHUBAS I10CJIE€ UHTEIPU-
poBaHUSA KO3(MOGUIIMEHTHl IMPY OIWHAKOBBIX CTEIEHAX &, MOTYIUM

B+1=Pn+3 orkyna ﬁz—%, (40)
IpU YCJIOBUU
6}1—1
—_ =1
(Bn+2)(Bn+3) “h)
HaaeM
1/(n-1)
2(n-3)
S = W . 42)
M3 sToro cnemyer
1/(n-1)
2 - 3 —2/(n—
6(§)= (” ) g 2/(n-1) , (43)

(1)

YTO TIOBTOPSIET CHHTYJISIpHBIC pEIIeHUS U1 7> 3, ToydeHHble YaHmpacekapoM
[2]. IIpu 1 <n<3 peweHuit He cymectByeT. [Ipu n=2 ¢gopmanbHOEe peleHue
6(§)= - 2/ &2 (¢usnyeckn HempuemaeMo, MO0 MPUBOAUT K OTTAIKUBAIOILIEMY
noteHumany. I'lpyu n=>5 nosydyaercs ellle OAHO U3BECTHOE PEllIEHUE 9(&): $1/ \/Z ,
IIOMHUMO IIpuBeaeHHOro B (31).

MoXHO MpeanoaoXuTh, YTo peleHus (43) MOryT UMEeTh (PU3UYECKUI CMBICIT
0 OMpeIeTeHHBIX (MaJIbIX) 3HAYeHWI pacCTOSIHUS OT IIeHTpa M HAlOMWHATh
roBefieHre (YHKIINY DMIEHA B MOMIEN YTSDKEJICHHBIX TTOJIUTPOTI, OIpeneIeHHBIX
B pabote [21] 1 BBeIEHHBIX B paCCMOTpEeHHUE IJIs ONMCAHMS pacipeneeHus 3Be3
B OKPECTHOCTH TAIAKTUYECKUX SIIEP, COCTOSIINX M3 CBEPXMACCUBHBIX OOBEKTOB,
W paclpenejieHre TaJJaKTUK B CKOIUICHMSX TaJaKTHK, COAepKaIlliX B IIEHTPE
CBEPXMACCUBHYIO TaJIaKTUKY. B cUITy TOro, 4to yTsKeJdeHHbIE MOJUTPOIMbI AAIOT
MMMKOOOpa3Hoe pachpeleicHre ITIOTHOCTH, MOKHO TIPEAITONIOKUTD, YTO CHHTYIISIPHBIN
XapakTep pelieHns] MOTU(UIIMPOBAHHOTO TSI TAKOTO CITydast ypaBHeHHST BombTepphl
(KOTOpBIii MBI 31€Ch HE paccCMaTpUBAEM) OCTAETCsl TAKOBBIM BILJIOTH 0 JOCTUXKEHUS
BEpXHEU TpaHUIlbl 3TON OKpPeCTHOCTU. BHYTpHM Xe 3TOi LieHTpajbHON 00JacTu
(xoTopast IpearoxaraeTcss J0CTAaTOYHO MAaJIoi) TPaBUTAIIMOHHBIN MOTEHLMAT W
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IJIOTHOCTb MOXKHO CUUTATh MOCTOSIHHBIMU WM CJ1a00 MEHSTIOLIMMUCS (PUOIKEHUE
HecxknMaeMoil xkuakoctr). O60CHOBaHME MPEANOJOKEeHNS BO3MOXHO B paMKax
JIETaJIbHOTO MAaTeMaTUUYE€CKOro aHajM3a, KOTOPOe MIAaHUPYETCS IMIPOBECTU B Jalb-
HEHIeM.

8. Bbieodbvl u o6cymcoerue. B Hactosiuiein pabore NMpPeACTaBIeH MOIXON K
TEOPUU KJIACCUYECKUX Ta30BbIX MOJUTPOIT, OCHOBAHHBIM Ha 3aME€HE U3BECTHOTO
nuddepeHManbHOro ypaBHeHus JIsliHa-OMmaeHa B pamkax 3agauu Koriu ero
WHTETpaJIbHBIM aHAJIOTOM B (popMe HEJMHENHOTO0 MHTErpaIbHOTO YpaBHEHMS TUIIA
Bosbreppnl 2-ro pona. [TokazaH BbIBOJ HEKOTOPBIX OOIIMX PE3YIbTaTOB KJIACCUYECKOM
TEOpUU (TOUYHBIE PELIEHUS], UTHBAPMAHTHOCTb ypaBHEHUs BoibTeppbl OTHOCUTENBHO
TOMOJIOTMYECKHUX TTpeodpa3oBaHuii, CUHTYJIsIpHbIE pelueHus). [TokazaHo, 4To Tipu #
=5 obpaTHoe mpeobpa3zoBanme Jlariaca ypaBHeHUs JIsiiHa-DMmaeHa cBOOUTCS K
PEKYPpPEHTHOMY COOTHOIIEHUIO IS (yHKIMI beccens mepBoro poaa, a 9KBUMBa-
JIEHTHOCTb ypaBHeHHUs1 (7) - MHOTOMEPHOMY WHTErpajJbHOMY YPaBHEHUIO (CM.
Ilpusoncenue 2). Bo BTOpoit yactTu paboThl OyAyT MPUBEACHBI aHATUTUYECKUE
NpubavKeHus QyHKUU DMaeHa B 3aMKHYTOM BUE IJIS HEKOTOPbIX MOJeJel.

MHTerpaabHblii MOAXOA K TEOPUM KJIACCUYECKMX Ta30BbIX IOJUTPOIl B
WU3JI0XKEHHOW BEPCUM TPEJCTABICH BIIEPBbIE M B €r0 paMKax IOKa HE ynajaoch
MOJyYUTh HOBbIE pe3yabTaTbl. OMHAKO OH MOXET IMPeACTaBISITbh METOAUYECKUIN
WHTEpPeC, KOoraa KiacCuuecKue 3a1a4yr pacCMaTpUBAIOTCS C aJlbTepHATUBHBIX TOUEK
3peHusi. Kpome TOro, MHTErpajibHbIM MOAXOA MOXET ObITh MHTEPECEH C TOYKU
3peHUs] pa3pabOTKM HOBBIX AJITOPUTMOB UUCIEHHOTO WHTErpUpOBaHUS 3ajaady,
CBSI3aHHBIX C MCCIEeNOBaHUEM TIOJUTPOIMHBIX Mojeleld, U OoOpaTHBIX 3agay
acTpor3UKU, KOTOPbIE MOTYT ObITh UMW CTUMYJIUPOBAHBI. VIHTErpajibHble METOIbI
B 9TOM CJly4yae MpeAroYTUTeIbHEE, BBUAY TJI0X0H 00YCIOBIEHHOCTU nUddepeH-
LIMaJIbHBIX YPaBHEHUM, CBA3aHHOU C HEYCTOMUYMBOCTbIO OOpaTHOM 3agauyu OTHO-
CUTEJIbHO OIIMOOK BO BXOJHBIX JAHHBIX IPU MEPEXONe OT ITUX YPABHEHUM K
KOHEYHbIM Pa3HOCTSIM.

Kanposoe areHncrBo, Kemnu Cepsucuc, Kanzac Cutu, CIIA
e-mail: grigori_saiyan@hotmail.com

ITPHIOXKEHUE 1

Memoo nocaedosamenvHbix NPpUOAUNCEHUL U UMeEPUPOBAHHbIE A0DPAa.
ITocnenoBatenbHblE PUOIVKEHUS K pellieHNI0 ypaBHeHUs (7) MOTYT ObITb HaliIEeHbI
¢ MOMOIIBIO TIpOLIeAYPhl (HAa30BeM ee "MaTpellkoil"), BechMa OJIM3KON K METOdY
psana Heitmana mist nHTerpanbHOro ypaBHeHust ®@pearonsma 2-ro pona [11]. Ml
HUCIIOJB3YEM €€ BO BTOPOW 4acTu paboThl JJIs1 YACTHOTrO ciydyas #n=2. 31echb Xe
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ypaBHeHue PpenrojbMa yIoOOHO Ul IEMOHCTpPALUM uiaew, MO0 He Tpebyer
TPOMO3JKUX BBIPAXEHUI, BO3HMKAIOLIMX M3-3a HEJIMHEMHOCTU 3aa4yu, KaK B
cilyyae ypaBHEHUS BosbTeppbl IIpU IIPOU3BOJIBHOM 3HAYEHUU 71.

JIuneitHoe nHTerpaabHOe ypaBHeHMe Ppenronbma 2-ro poia ¢ HEMPEPHIBHBIM
CBOGOMHBIM wieHoM f(¢) mmeer Bum:

b
olt)= [ Kz, s)ols)ds + £(¢), (M1.1)
rue (p(t) - uckoMas (yHKuUMSI, A - HEKOTOpbli mapametp, K(¢, §) - SApo
YpaBHEHMS, HEMPEPBIBHOE B TIPSIMOYTOJbHUKE a<t, s<b u f (t)e C[a,b].
IToncraBnsiss BMecTo (p(s) B moabIHTerpajJbHOM BhipaxkeHuu (I11.1) Bcio mpaByto
YacTb 3TOr0 YpaBHEHMSs, ITOJIyYMM B KauyeCTBE IIEPBOTO IlIara
b

o) = [ K(o.5) () +22] Ko e, x) o) + 11, 112

a

roe K, (t, x) - UTepUPOBAHHOE SIIPO, OMpPeeIsIeMOe HHTETPAJIOM

b
Kz(t, x):IK(t,s)K(x,s)ds. (I11.3)

®Oyakunsa | (t) MOXET CUMTAThCsl HYJIeBbIM MPUOIMKEHUEeM UCKOMOM (DYHKIIMU
(p(t), B TO BpeMsl, KaK MepBoe NMpuoamxkeHue (UTepalus) onpeneasieTcsi nepBbiM
uHterpajiom B (I11.2). Bropoit nHTerpan BeIpaskaeT OCTaTOUYHBIN YieH TPUOIMKEHUSI.
Bce nocnenytoiue npubamkeHus: (MTepalun) CTPOSITCS OOBIYHBIM 00pa3oM, Kak
9T0 ommcaHo B [11]:

b
Kk+1(t,x):jK(t,s)Kk(x,s)ds. (T11.4)

a
I1py 5TOM OCTaTOYHBIN WIEH BO3HUKAIOIIETO psiga MO CTEMEeHsIM A TS (PYHKIIAN
(p(t) SIBJISIETCS ero k+1-KpaTHBIM WIEHOM W WMEET BUI:

b
MK (6 x)olx) . (T11.5)

CkazaHHOE MOXET ObIThb MPEACTaBJIEHO Takxke M B omnepaTopHoM Buae. Eciu
BBECTHU OIEepaTop

b
Aqoz.[K(t, s)(p(s)ds, (I11.6)

To ypaBHeHHe Dpearoabpma 3anuineTcs B Buae ¢ =AA@+ f, 4TO IOCIIe TIOACTa-
HOBKM B mpaByio 4yacth (I11.6) M k-KpaTHOro MHOBTOPEHUSI 3TOM IMPOLEAYPHI
MPUBOJIUT K ONEPATOPHOMY DSAY:
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Q= f+ANAf+ N A f+ .+ 0 A+ 4, (I1.7)

KOTOPBIN OTJIMYaeTcs OoT oObluHOro psina HelimaHa nuiib hopMoil mocienHero,
ocTaTo4yHoro, wieHa. Kak M3BeCTHO, Ui CXOMMMOCTM 3TOrO psila HEOOXOAUMO
BBITIONTHEHHE Y1oBusi A[4|<1. Ypasrenue (I11.7) ectb IpUOIIDKEHHE STOA (YHKLIHA
(To ecThb, Kak cobcTBeHHO psin HelimaHa), eciu OoTOPOCUTH IMOCJIEIHUM UJEH,
KOTOPBI C OYEBUIHOCTHIO C POCTOM kK CTPEMUTCS K HYJIO.

HIPUIIOKEHHUE 2

Ypaenenue (7) kak mmocomeprnoe unmeepanvHoe ypagHerue. Iokaxem,
4yTO ypaBHeHUE (7) 9KBUBAIEHTHO MHOTOMEPHOMY WMHTErpaIbHOMY YpaBHEHMIO.
JIByMepHbIe ClTydau TaKUX YpaBHEHUI yxKe MPUBIEKAIUCh, HATTPUMED, ISl PEeLLIeHUsT
3anay 1MdQOy3rn B TOHKOCIOMHBIX DJIEKTPOXMMUUYECKUX 2yieMeHTax [22,23]. OHu
MPEAOCTaBJISIOT HOBbIE BO3MOXHOCTH JUISl IOCTPOEHMSI YHMCIEHHBIX aJrOPUTMOB
pellieHUsT U3BECTHBIX 3ajay ¢ 3aJaHHOl reomeTrpueil. Bo3aMOXXHO, MHOTOMEpPHBIE
WHTETPaJIbHBIE YpAaBHEHUSI MOTYT OKa3aThCs MOJE3HBIMA M BO MHOTUX JIPYTHX
3aayax, CBSI3aHHBIX C OMMCAHUEM CIIOXKHBIX IU(dY3HBIX (MU APYTUX) MPOLIECCOB
paznMuHoi puznyeckoi mpupoasl. 31ecb MHOTOMEPHOCTb BO3HUKAET B pe3yJibTare
YCTpaHEHMS] HETMHEMHOCTU MCKOMOM (PYHKIIMU B TOABIHTErPATbHOM BbIpaxkeHUU
HavyaJibHOTO ypaBHeHUs (7). PaccMOTpuM JIMIlIb caM Tpoliece peodpa3oBaHusl, He
o0Opallasich K Kakoi-JIMbo KOHKpPETHOU 3amaye.

BBoxst HoBoe 0003HaUeHME t(x): 6"(x), nepenuiieM ypaBHeHue (7) B BUIe

—1 j (1——jdx (IM2.1)

Hanee, BoO3BOAS 00€ YacTU YpaBHEHWS B H-YIO CTEMEHb, MOJyUYUM
n k

& n g
1(g)= 1—It(x)x£1 —ﬁde = Z(— l)k ct '[r(x)x(l —ﬁ] dx (112.2)
0 é‘; 0 0 Fﬂ

k-ast cTerieHb MHTErpaja B KBaApaTHbIX CKOOKaxX, MOXeET ObITb IpeAcTaBjieHa B

Buje k- KpaTHOI'O MHTETrpaa:
k

Jér(x)x[l—%}z’x _

0

k!ft(x)x[l_adxfr(xl)xl(l_ﬁ]dxlzr(xz )x{l_’)‘c_szxz... (123

0 0 x 1

T(xk—l)xk—{ _%]dxk—l >
k

X1

0
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YTO M JOKAa3bIBAeT YTBEPXKICHME.

Cinyyaii n=3/2 BbI3bIBaCT OCOOBII MHTEPEC, TaK KaK BOZHUKAET MPU OMUCAHUU
COCTOSTHUSI BBIPOKIEHHOTO HEPEISITUBUCTCKOTO ra3a B OeJIbIX KapjUKaxX, KBAHTOBO-
MexaHnmdeckoit momenn Tomaca-®epMu, CTPYKTYphl amrabaTYeCKON 3BE3IbI,
paBHOBeCHEe KOTOPOH TTOAIepXKUBAeTCs JaBJIeHUEM HepeIITUBUCTCKOTO Tas3a [2],
WM KBA3UCTALMOHAPHBIX 3BE3IHBIX CUCTEM, VAOBIECTBOPSIOIINX YCIOBHIO JIOKATHHOTO
TepMOAMHaMU4yecKoro paBHoBecud [24]. ITomarasg r(é’;)z 02 (F,) , MOXXHO 3amucaThb
ypaBHeHMe, aHajmoruyHoe (I12.3), B Buae

£ 3/2
.[r [1 ——de:l (M2.4)
0

1 pa3IOXUTh MPaBylO 4YacTb B psn Teitmopa:

1__j (1——}3%[2 o(x ){1-842—... (M2.5)

BBuay Ttoro, uro uHrerpajibHoe BbipaxeHue B (I12.4) 3aBegoMo MeHblIe
enuHuupbl, psan (I12.5) sBasercs cxomsilMMCsl, a ero INepBble JBa WieHa JaloT
JIUHEeWHOe MPpUOIMXKEHWEe K 9TOMYy MHOTOMEPHOMY MHTErpajbHOMY YpPaBHEHUIO.
OTO NMUHEHOe MPUOJUXKEHNE CBOUM PellleHUEM UMeeT cpepruuecKyro QyHKIINIO
Beccenst HyneBoro nopsinka. Bo BTopoil yacTu HacTosieir paboThl oHa OyaeT
HCIOJIb30BaThCS B KAYECTBE MCXOMHOM I HAaXOXACHUS anlpOKCUMUPYIOIIUX
(GyHKUMIT B TeX ciydyasx, JJs1 KOTOPbIX TOUYHbIE pelleHus ypaBHeHUs JIaliHa-
DMIeHa HeU3BECTHBI.

THE THEORY OF CLASSICAL GAS POLYTROPES
IN AN INTEGRAL REPRESENTATION. I.
SOME GENERAL RESULTS

G.ASAIYAN

The well-known results of the theory of classical gas polytropes within the
framework of the integral approach are presented, where instead of the standard
Lane-Emden differential equation for a spherically symmetric gravitating mass, its
equivalent is considered in the form of a nonlinear integral Volterra equation of
the 2-nd kind. It is shown that the inverse Laplace transform of the Lane-Emden
equation for a polytrope with a value of n=15 (Schuster model) represents the
recursive relation for Bessel functions of the first kind. The invariance of the
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nonlinear integral Volterra equation with respect to homological transformations
is proved, as well as the possibility of obtaining singular solutions under certain
conditions. It is also shown that for integer and half-integer polytropes, this
equation is equivalent to a multidimensional integral equation, and finding with
its help the decomposition of the Emden function into a series by degrees of the
dimensionless distance & from the center of the polytrope is equivalent to finding
the Neumann series and iterated nuclei in Fredholm's theory. Approximations of
Emden functions in a closed form and their applicability to different astrophysical
objects will be presented and discussed in the second part of this work. Polytropes
of other geometries and dimensions are not considered here.

Keywords: polytropes: Lane-Emden equation: Volterra type nonlinear integral
equation of the second kind: Emden function
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