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AnaHoTanus

B crarbe maercsa 0630p paboT mo n3yueHno hOPMUPOBAHNS CIIEKTPATHHBIX JTUHAN B HEPAaB-
HOBECHBIX YCJIOBUAX 3BE3IHBIX aTMOCdep, BBIIOJHEHHBIX OCHOBATEIEM 3TOro acTpodusude-
ckoro Hampasyenus B Hameil crpane H.A. CaxubyIIMHBIM U €r0 yUeHUKAMMA.

KiroueBblie cioBa: 3Be31HBIE aTMOCGEPHI, TIEPEHOC M3JIYU€HNsI, CTATUCTUIECKOE PABHO-
Becue aTOMOB, 3Be3/Hble CHeKTPHI.

BBenenne. Uro Takoe He-JITP-mogxon?

B 1972 r., moutu 40 sner Tomy Hazaxm, B Acrporomudeckom Llupkynspe 6bita omyo-
JmMKoBaHa 3aMeTKa «IleHTpambuble yOunE! pesonancubrx junamit Mg IT okoso 2800 A,
nostygentbie 6e3 npeanonoxkenus o JITP». 9o Gbuna nepeas pabora B Harieil crpame,
[IOCBSAIIEHHAS MO/IEIUPOBAHUIO (DOPMUPOBAHUS CHEKTPATBHBIX JUHUN B 3BE3HBIX aT-
mocdepax B HepaBHOBecHbIX yenoBusx. Oua 6buia caenana H.A. Caxubynnunbiv u no-
JIOXKWJIa HAYAJIO HOBOMY JIJIsi HAIEH CTPaHbI acTpOU3NIeCKOMY HAMPABICHUIO. dem
HOBBIH MOIXO OTINYAICSA OT KJIACCHIECKOTO, OOIIETpuHATOr0 B Havase 1970-x u, moxka-
JIyii, OCTAIOMIEr0CsT OOMIEMPUHATHIM 10 HACTOSIIETO BPEMEHHU?

Nznyuenune, Bprxo/isimee u3 3Be3/1bl, HAXOAUTCS IIyTEM PEIIeHUs YPABHEHUS [TEPEHOCA
U3JTy YCHUA:

p A L G o) 1)
Ho cravasa Ha KayK/10ii T1yOrHe HYKHO paccunTarh KO3(MHUIHEHTH MOrIOMmEHNsT X, (2)
W m3sIydeHusi 1,(z), KOTOPbIe 3aBUCAT OT KOHIIEHTPAIIMN TMOTJIONIANINX U W3JIy9ato-
[IUX aTOMOB 71; . IIpyu IpeanonoKeHny o JIOKAJILHOM TEPMOANHAMUIECKOM PABHOBECUU
(JITP) nug Bobraucienus n; ucnonb3yior dbopmynbl Bosabinmana u Caxa. Boraucie-
HUsl IPOCTHIE, ¥ ATOMHbBIE JAHHbIE HYXKHBI TOJLKO JJis M30PAHHBIX HCCIEAYEMbIX JIH-
auit. Yeaosue npumenumoctn JITP gapisgercs odeHb KeCTKUM: I KasKJ0TO Mepexoia,
B aTOMe JOJIKEH CYIIEeCTBOBATH JAETAJNbHBIN Oajanc. B MOBEPXHOCTHBIX CJIOSIX 3BE3IIBI,
re JnHa CBOOOIHOrO mpobera hOTOHOB CTAHOBUTCS OOJBINON U MOJIE W3JIyUeHUs Ta-
JIEKO OT PaBHOBECHOIO, JeTAJIbHLIA Oa/laHC B Iepexoax HapyIlaeTcs.
[Ipu orkaze ot JITP (ne-/ITP-nodzod) nHacesieHHOCTh KazKJA0r0 YPOBHs HAXOUTCS U3
ypaBHeHUs DAJaHCA BCEX PAJAMATUBHBIX U CTOJKHOBUTEIBHBIX MPOIECCOB, 3aCESIOMINX
U OIyCTOUIAIONINX YPOBEHb, TO CTh U3 YpaBHEeHUs craructudeckoro pasuosecus (CP):

an(R’L]+Clj)zznj(le+C]Z)7 t1=1,...,NL. (2)

J#i J#i
3aeck Cj; — CKOPOCTH CTOIKHOBUTETHHBIX MPOIECCOB, OHA 3aBNCHUT OT JIOKATBLHBIX TeM-
nepatrypbl 1 u gaBjaeHus P v BHIYUCISETCS B TIPEIIOJI0KEHNN O MAKCBEIIOBCKOM PacC-
MpeIeIeHu: YACTHIL TI0 CKOPOCTSIM. CTOJKHOBEHUST CITOCOOCTBYIOT YCTAHOBJIEHUIO TEp-
momuuammdeckoro pasuosecus (TP). Pagnarusnas ckopocts R;; 3aBHCHT OT cpenmeif
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Puc. 1. Imarpamma sHepreTndecknx cocroaumit Na I

UHTEHCUBHOCTHY U3JIydenus B nepexoze ¢—j. [lone uznydenns He0KaIbHO O CBOEI mpu-
poJie, U paJIMATUBHBIE TIPOIECCHI cTpeMsTces BoiBectn cucremy u3 TP. CienoBarensho,
cucrema ypasuenuit CP (2) mig Bcex ypoBHeil B arome J0JIzKHA PeliarbCs COBMECTHO
C ypaBHEHUSAMU MepeHoca usaydenus (1) Ha 4acToTaxX BCEX PAIUATHBHBIX TEPEXOJI0B.
Takum 00pa30M, HACEJIEHHOCTh YPOBHS HA JAHHOW TIyOuHe 3aBUCHT OT (DU3UIECKUX
ycaoBuit moBciony B armocdepe. Boramcmenns rpomosakme, TpedyeTcss OOJBINOE KO-
JINYECTBO CAMBIX PA3HBIX ATOMHBIX JAHHBIX: CeYeHUil (POTOMOHU3ANNY, BEPOATHOCTEN
IePexoI0B, CeYEeHUl HeyNnpyruxX CTOJKHOBEHUI JIId BCE CUCTEMbl YPOBHEH U mepexo-
JIOB B aTOME.

B mpupone kaxkaprit aTOM U MOH UMEET OYEHDb OOJIBINOE KOJIMIECTBO CBA3AHHBIX CO-
CTOsIHMIA, mpubAMAKaroIneecs Kk 6eckonedynocTr. Ha mpakTuke Mbl UCHIOIB3YEM Modend
amoma ¢ KOHedHbIM ducioMm yposueit. Toanocrs Berancienuss CP 3aBucut oT moHOTEI
MO/JIETTH ATOMAa, OT TOYHOCTH UCMOJIB3YEMbIX ATOMHBIX apamerpoB. CTpyKTypa sHepre-
THYIECKUX COCTOAHWI CYIIECTBEHHO pa3nndaercs y pas3Hbix aromoB. Hampuwmep, y Nal
oua npocras (puc. 1). Mogens aroma Nal mMoxkeT ObITH OrpanuyueHa ypOBHAME 10 1 =
= 7, m 3Ta cucrema ypoBHeil maer Bcero 80 pammaTuBHBIX mepexonoB. CoBcem apyroe
neno — FeI (puc. 2). Tosibko yposheii, uamepennbix B aboparopuu, 6osbiie 900, u oxu
cea3anbt 6osee vem 80000 paguaTHBHBIMU IEPEXO/IAMHU.

Heobxomumocts orkaza ot JITP npu paccmorpennn bopMupoBaHus CIEKTPATbHBIX
JsmHmii 6b11a oco3uana emre B 30-e roast XX B. Hampuwmep, ve-JITP-noaxon ycmerso mpu-
MEHSIETCS [IJIsi PACYeTa CIEeKTPAJbHBIX JIMHWH MJIaHeTapHbIX TymanuocTeid u 30u HIIL.
Ho 310 onTuyueckn TOHKWE CPEIbI, T1e He HYKHO PEMIaTh ypaBHEHHE MEPEHOCA, U 331394,
cunbHO yuporaercd. s 3Be3aubix armocdep ue-JITP-nogaxon nadan mpumeHAThCS
TOJIBKO C TOSIBJIEHHEM MOIIHBIX KOMIbIOTEPOB B cepeaune 60-x romos. Ilepsoie uccie-
JIOBaHUS OBLIN CBSI3aHBI C TOPAYNMY 3BE3/IaMHU, TAK KAK NMEHHO B aTMOC(HEPAX TOPSTINX
3BE3/1 PAIMATUBHBIE TPOIECCHI JOMUHUPYIOT HAJT CTOJIKHOBUTEIBHBIMU U MPENSITCTBYIOT
ycraunorienuio TP, u ciemoBaTenbHO, HYXKHO OXKWJIATH HAWOOJBINUX OTKJIOHEHU
or JITP.
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Puc. 2. Jlmarpamma 3HepreTndeckux cocroanmii Fel

1. He-JITP-uccinenoanus B Kazanu. l'opsiune 3Be3/1b1

Bot u mepBas kazamckas padboTa ObLIa MOCBIIIEHA MOJETHPOBAHUIO (DOPMUPOBAHUS
suHu B armocdepax 3se3r ¢ 3bdekruBabiMu Temueparypamu Leg = 12000-20000 K.
Ncrnonb3ys Mozmens aroma, BRItovaroinyoo 6 Huskanx yposaeit MglIl, Caxubymanu [1]
MOKa3aj, 9T0 B HEPABHOBECHBIX ycjouax junuu Mgll ycunusaiorcs ma 20-40% no
cpaBuenuio co ciaydaem JITP. 9ro obyciosneno nagenuem (pyHKIIUH UCTOYHUKOB B 10-
BCJIEJICTBHUE OILYCTO-
IIEHUA BEPXHEro yPOBHH IIPU CIOHTAHHBIX II€PEXO/AX HA HUKHUE ypoBeHb: b; < b;.
3mecy b; = ni NLTE/Mi,LTE — 9TO TaK Ha3bIBaeMblil b-axTop yposus. Boisacuenne B
KayKJIOM cirydae mexaunusma orkjonenuii or JITP, a me mpocro dbukcarms pe3yabraTton
BBIYUCJICHUI — 9TO OTJIIMUYNTEIbHASA 0COOEHHOCTH Beex padbor H.A. Caxubynauna u ero
IPYIIBI U OJHA U3 COCTABISIONIUX €r0 yCIeXa.

[nybokoe mormmamnme (Gpu3nIECKUX MPOIECCOB, MPOUCXOIANINX B aTOME, MOMOILJIO
H.A. Caxubynmmmy [2, 3] pasragars 3aragxy swmccmonnoro tpumrera CIIT 9710 A
B HaOmomaembrx crekTpax O-3se3n. Ecan 3Be3na ommHovHast Wjin JABOMHAS, HO B IIH-
POKOii Tape, TO MUCCUOHHAs JINHUS B €€ CIIeKTpe — 3TO aHomajus. Temmeparypa B
armocdepe 3Be3/bI A aeT HAPYXK Yy, u B pamkax JITP cnekrpanbubie inann aBasioTcs
abcopommonabIiMA. U 1eficTBUTENBHO, B TIOTABISIONIEM OOMBITHHCTBE CIy9IaeB HAOI01a-
eMblI€e CIIEKTPBI 3Be3]1 — 9uCcTO abcopOIuoHHbie. VICKITI0UeHne COCTABIAIOT OUYeHb CUITHHBIE
PE30HAHCHBIE JTUHUHU Y XOJOIHBIX 3BE3] C XPOMOCHEpPOil U TOPSAINX 3BE3 CO 3BE3THBIM
BeTpoM. B mepBOM ciiydae 3MucCHs B siIpe CBsI3aHA C WHBEPCHEH TeMmepaTyphl, a BO
BTOPOM — C U3J1yY€HUEM HPOTIAKEHHOI ONTUYECKH TOHKON 060J109KH (3BE3HOIO BETpa).
Ho tpumner CIII 9710 A, cBs3aHHBIA ¢ HEPEXOJ0M MEKIY BLICOKOBO3OYIKICHHLIMU
yposusamu (3p—3d), obpasyerca riy6oko B armocdepe. Tak nodyemy ke HOsgBJIS€TCs
svncens B CII1 9710 A npu Tom, uro apyroii Tpumaer CIIT 4650 A (3s-3p) mabmoma-
ercss B abcopOIum y 3TUX K€ CaMbIX 3Be317

Pacderst BIOMHSINCE € MOJEIBI0 aToMa, BKouaroreil 16 yposueit C 111, 2 yposus
CIV u ocuosuoe cocrosgaue CV. IIpu Teg < 35000 K monnt CIII cocrasistor 60/1b-
myto dactb yriepoga. Jluauu CIII — cunbHbe, U NPOUCXOIUT PATUATHBHAS HAKAUKA
BepXHWX ypoBHeil, Tak 4To b(3s,3p,3d) > 1, u tpunger 9710 A momyuwaercss B pac-
JeTtax abCOpPOIMOHHBIM B COTJIACHM C HAOJIOMEHUSIMH 3BE3] CIEKTPaJbHOTO Kjacca B.

BEPXHOCTHBIX CJIOAX oTHOCUTENbHO dynkuuu [lianka (S, < B, ),

)
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Puc. 3. b-daxropst yposueit Fel-Fell (nesas nanens) u Nal (upasas manesns) B Mozesnn
armocgepnt ¢ Teg = 7500 K n log g = 2. Pacuers! BBITIOTHEHBI aBTOPOM C MOJIE/IIMHU aTOMa
u3 [5] mns Fe u [6] nns Na

A npu Teg > 35000 K adpderrusno uger npornecc nonuzaiuu CIII, u yrmepos crano-
BUTCs IPEUMYIIIECTBEHHO 3-KPATHO HOHU30BaHHBIM. CKOPOCTH (POTOMOHU3AIINY HA JTaH-
HOU TJIyOWHE Ompeensercs CpeaHeil WHTEHCUBHOCTHIO W3JIYUEHHUs 34 MOPOTOM HOHW-
zamuu J,, KoTopas cjgab0o 3aBUCHT OT JIOKAJILHBIX YCJIOBWH, a CKOPOCTH ODPATHOTO
mporecca — JOKaJIbHbIM 3HadenneM dyukiuu [lnanka. Y OCHOBHOrO m HU3KOBO3DYHK-
nennbix yposueit CIIT noporu nonusanuu naxojgarcs B gajsekoM yibrpaduosere (YD),
rae J, > B,(T), yro Beger x omycromenuto ypopueit CIII no cpaBrenuto ¢ pasao-
BECHBIMI HACeJeHHOCTSIMH, U st Beex yposreii CIIT b; < 1. B pa6orax [2, 3] emme He
TOSTBUJICS TEPMUH C8EPLUOHU3AUUA, OH TOSBUTCS TO3KE, HO CAMO SIBJEHNE ObIIO yIKe
onucano. Ijisi BEICOKOBO30YK/IEHHBIX YPOBHEH C TIOPOraMu MOHW3AINNN B WHMPAKPAC-
vom (MK) nuanazoune, naotopor, J, < B,(T), u obparHble npoIecchl IPeBaIupyoT
maa ¢orononn3sarnueii. B pesynbrare Bepxaue ypoBHH oKasdbiBatoTcsa Ommke K TP, gem
mmkuane (b; < bj), 9T0 BemeT K OCTAGICHMIO MOIVIOMIEHNs B JMHUSX BCIEICTBHE He
TOJILKO YMeHbIeHns: KO3 GUIrenTa morIoMeHus B INHAN, HO U YBEJIUIEHUS (DYHKITUN
HUCTOYHUKOB OTHOCHUTENbHO (yuknuu [Inanka. dns UK-nuawnii yBeanduenune moroka B
JIUHUU Ha (DOHE HU3KOTO MOTOKA B KOHTHHYYME CO3/IAeT MPEANOChLIKY /Il MOsBJICHUS
sMmccuH, 9TO U cayumnochk ¢ Tpuiterom 9710 A y 3Besm ¢ Tog > 35000 K. Pacuers
nokazanu, 94To B uauMoM auanazone Tpuiaer CIII 4650 A ocraerca abeopOruonHbIM
BILIOTH 10 moBbImenus Teg 10 45000 K.

2. He-JITP-uccaenopanunga B Kazaun. F-G—K 3Be3anI

2.1. ®opmuposBanue jgununii Fel u Fell B armocdepax 3Be3m. He-JITP-
uccsae0Banus TPedYoT OOJBINNX YCUIWI W BPEMEHW HA MOATOTOBUTEIBHYIO PaboTy
mo cOOpy aTOMHBIX JAHHBIX, HA MPOBEJCHUE PACUETOB, MOITOMY KarKas HOBas pPado-
Ta HAYMHAJIACH TOJBHKO TOCJE TIMATEIHHOTO HU3yUYeHWs aCTPOMU3NIECKONH MpOOIEeMBbI.
B nauane 80-x romoB XX B. Bosipuyk u Jlrobumkor obonapyxwuiau npu JITP-amanuze
F-cBepxrurantos, uro ncnonb3opanne guauii Fe I Bemer Kk MEHBITNM 3HAYEHUSIM MUKPO-
TypOysieHTHOl ckopocTu &, 4em Te, uro nosydarorcd o aunuam Fell (cm. cebuiku
B [4]). Ouu npeanosoxKuiu, 4To M3-3a HU3KON ILUIOTHOCTH BemiecrBa B armocdepax
CBEDXTUTAHTOB CTOJKHOBHUTEIbHBIE MPOIECCHl MOTYT OBbITh HEIMDHEKTUBHBIMU B IOJ-
nepxannn TP, u orknonennsa ot JITP Baugior, B mepByio odepenib, Ha HACETIEHHOCTH
yposreit Fel, Tak kak numb Majas g0/ Bcex aToMoB Fe naxoanTces B HEATpaTbHOM CO-
CTOSHUH U JTaKe HeOOIbIIoe n3MeHeHne DAJTaHCa CKOPOCTEl MHOHN3AINN U PEKOMONHAIINN
MPUBE/IET K CYIIECTBEHHOMY M3MeHeHuI0 KoHnentpamuu Fe L.

B coBmecrnoii pabore Bospuyka, Jliobumkosa u Caxubymnuna [4] 6Gbuia mo-
CTpoeHa MOJenbh aToMa, BKaouaromas 12 yposueit Fel m ocmoBnoe coctosinme Fell.
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Puc. 4. Habmogaemuie (Touxu) mpodmmn auamit Fel 4920 A (nepas mamens) u 5324 A (mpasas
manens) y 3se3asr HD 84937 B cpasuenwn ¢ teopermueckmvu He-JITP- (crmommas xpusas)
n JITP- (mrpuxoBag kpusasa) npoduagaMu, pacCCIMTAHHBIMYU TIPU OTHOM COJIEPKAHUM KEJIe3a.
Habmonenus nonyuenst Kitaycom @ypmanom ¢ pazpemennem R = 60000 wa Tesmeckore 2.2-m
B obceparopun Kamap-Anbro (Ucnanus). PacueTs! BBITIONHEHBI aBTOPOM € MOJIEIBIO aTOMa
u3 [5] u mozensio armocdepst 6350/4.09/-2.08. Pasuuna comep:kaHuil »Keje3a, MOy 9eHHBIX
B pamkax He-JITP-nmogxoma u JITP-nipenanonoxenus, cocrasmaser +0.29 dex st nuann Fel
4920 A n 40.40 dex mmst mumwmm Fel 5324 A

Pacdersr mokazasin nosbrmenue nonusanuu Fel mo cpasmenuio ¢ JITP B armocde-
pax F-cepxruramTos. U 31ech 3T0T 3pdexT momaydma yxKke Ha3BaHUE CBEPXUOHU3A-
nuu. Ha puc. 3 mokasano nosenenne b-hakToOpoOB B MOIEIN TUIUIHOrO F-cBepXruranTa
¢ Teg = 7500 K. [I1a Bcex yposreit Fel b; < 1. Cpepxuonu3saius 006yca0BIeHa W30BI-
To4HOili (10 cpaBHenuio co ciaydaem JITP) dorononusanumeii yposueii ¢ noporamu noxu-
sanmn B quanaszone (1550+-3000) A, tne J, > B, (T). CBepxuoHU3aIms IpaKTHIECKH He
u3menser Koumnearpamuio Fe Il. Ymennmenune nacesennoctu yposueii Fe I Beger x ociab-
snennto guauit Fel. Eciu cpaBuuBars we-JITP- u JITP-pacuerst ¢ HabIOIeHUSIMEA, TO
moJTyvIaeTcs pa3Hoe cojaepxKanme uiam pasubie & . Paswocts mexmay we-JITP- u JITP-
coZlepKaHueM moJioKuTeIbHa s nuanit Fel n y F-cBepxrurantoB MoXKeT JOXOIUTH 110
Anpre = +1 dex coruacuo [4]. CraHoBUTCS IOHATHBIM, I0YeMy npu anaJju3se aunuii Fel
B pamkax JITP npuxonurcs ymenbimars &, eciu comepkanme yx)ese3a 3aUKCHPOBAHO
o auausam FeIl.

Cunbnoit ceepxuonm3aruu Fel MOXKHO OXUAATH W y 3Be37] € AeMDUIINTOM MeTaJ-
qnoB. Y F-K 3Be3/1 OCHOBHBIM MCTOYHUKOM HEmpo3padHocTn B YD ABigeTcsa CBI3aHHO-
cBobozuoe (b— ) noraomenue merasios. C yMeHbIIEHUEM COIEPIKAHUS METAILIIOB OCJIa-
GeBaeT HEMpPO3padHOCTh U pacreT MOTOK B Y®. Oupeenenue comepKanus M0 JTUHAIM
Felu Fell B pamkax JITP y 3Be31 ¢ nedpuninrom meranios nokasasno, 4ro junuu Fel na-
IOT CUCTEMATHYECKN OoJiee Hu3Koe comepxkanne, ueM guann Fe I1. 9ra mpobiema Oniia
paccvorpena Bukwmaerswsim, Boopnikum n Caxnbynnanabiv [7]. Mozgens aroma skesesa
obuta pacmmpena 10 19 yposueii Fel u 6b110 mokasano, dro me-JITP-nonpaska s
muauit Fel moxker mocturars +0.6 dex y 3Be3n ¢ [Fe/H] = —2. 3-3a rpomosakocTu
pacyeToB OHU ObLTH TPOBEJEHDI JIUIIb JJI OTJAEJbHBIX 3BE3/I, U aBTOPAM YAATIOChH J10-
OMTHCS COTJIACHS COMEPKAHMUS, IOy YEHHOTO TI0 JTUHUAM IBYX cTaauii nonusanuu. Puc. 4
wtiocTpupyer orkaonenns ot JITP mis muamit Fel 4920 u 5324 A y 3Be3anr HD 84937
¢ [Fe/H] = —2.08. B pa6orte [7] Obl1a Jana BaskHAS METOJUTIECKAsT PEKOMEHTAIII: eCIIH
HeT Bo3MOxkKHOCTH npoBoauTh He-JITP-pacaerst nisa Fel, To npu onpenenennn cozmep-
JKaHUs JKejle3a y 3Be3J HYyXKHO ucnob3oparh auann Fell, nmg KoTropbix OTKIOHEHUS
ot JITP meBennku, 9To moarsepanan O60Jee TO3THIE PACIETHI.

Komneurno, 370 BBIXOI W3 TIOJIOXKEHUSI, €CJIM HYXKHO OIMPEIe/INTh TOJBKO COIEepPIKa-
HUE JKejle3a, W WMEHHO TaK 70 CUX TOp MOCTYMaeT OOJBIMWHCTBO HCCIeIOBATEEH.
Ho nunwmm Fel u Fell ucmonb3yrorcsa Tak:Kke MpH OMpEeIeTeHNA CHIBI TAKecTu log g,
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0COOEHHO y 3Be31 ¢ AeDUINTOM METAJIIOB, KOTOPhIE, KAK MPABUIO, PACITOJIOKEHBI T1aJIe-
k0o o1 COJIHI]A ¥ UX TPUTOHOMETPUYECKHE MAPAJIIAKCHI IOKA HE MOTYT ObITH W3MEDEHbI,
a rakke ipu onpenesnenun & u Tog . [loaromy me-JITP-nipobiema Fe I paccmarpusasnacs
B JINTEPATYpPE BHOBH U BHOBH TI0 MEpE MOSIBJIEHNST HOBBIX ATOMHBIX JAHHBIX JJIs HEp-
ruit yporHeii n ceuennit porononnsarnmu. B Hameit HezapHeil padore [5] Gblia mocTpoeHa
Haunbosiee motHast Moje Tk aroma Fe I u3 Bcex, mmeromuxcs B uteparype. st mpaBuiib-
HOTO pacdeTa CTATHCTUIECKOro paBHOBecust Fel Hy:kHO obecrmednTh He TONHKO KAHAJbI
CTOKA B KOHTUHYYM, UX POJIb UTPaeT (DOTOMOHU3AINS HU3KOBO30Y 2K IEHHBIX YPOBHEH, HO
U MCTOYHUKHU MPUTOKA U3 KOHTHHYYMAa. A 3Ty POJIb BBIMOJHIIOT BEICOKOBO30Y K ICHHDIE
YPOBHU C SHEPrueil MOHW3AINN MOPSIKA CPegHell KHHETUIECKONH IHEPIUu JIEKTPOHOB
kT, xoTopasi y 3Be3]1 COTHEYHOrO Trta coctaniser ~ 0.5 38. Ha puc. 2 moka3aHb! ypoB-
un Fe I, u3pecrunie n3 nadoparopubix n3mepenwii [8]. Ho emre Gosee 2000 ypoBHeii Huxe
nopora uoHuzanuu ObUIK PeJCKa3aHbl B pacderax aroMHoil crpykrypsr [9]. Hama mo-
JleTb aTOMa TOCTPOEHA C YIeTOM BCexX Jab0paTOPHBIX W IpeacKa3aHHbix yposmei Fel.
Mpb1 nipeHeOpersin TOHKUM PACIIETIeHNeM YPOBHEH U 13 MPeICKa3aHHBIX BBICOKOBO30Y K-
nennbix ypoueil Fel cdhopmupoBanu 6 cynepypoBHeit, Tak 4TO MOJETh ATOMa, YKeJIe3a
BriovaeT 239 yposueii Fel, 89 yposueit Fell u ocnosnoe cocrosnme Felll. Ycosep-
[IIEHCTBOBAHUE MOJE/I aTOMa U UCIIOJb30BAHUE TOYHBIX cedeHuil (poTomoHu3anuu ajis
Fel ne m3amennnu BBIBOJBI OOJI€e PAHHUX HCCJIEIOBAHWUI B KAYECTBEHHOM OTHOIIEHUU:
HEHTpAIbHOE 2KeJIe30 CBePXUOHM30BaHO B armocdepax 38e31 ¢ Teg > 4500 K. Ho or-
kiorenns ot JITP cranm membie. Y 3Be3]1 COJTHEUHOTO TUTA, C YMEPEHHBIM AeMUIIUTOM
merasios ([Fe/H] > —1) ue-JITP-nonpaBkn K COAEPIKAHWIO MAJbI U HE TIPEBBINIAOT
0.1 dex. Ognako st 3Be371 ¢ 6OJIbIIKUM JePUIATOM 2KeJjie3a U OCOOEHHO MIAaHTOB ydeT
orknonennii ot JITP obsazarenen.

C noBoOil MOzenbI0 aroma 6GbLI0 TpoBepeHo uonusaimontnoe pasHosecue Fel/Fell
y w30paHHBIX 3Be3] C HAJEKHBIMU TapamMeTrpamMu u mokaszaHno, uto ue-JITP-momxosn
paboraer. Ho mpobsemy Helb3s CUMTATH 3aKPBITOH, TaK KAK B CBOWX pacYeTax MbI
BBIHY?K/I€HBI BBOJUTH HEYTPYTHe CTOJKHOBEHHsI C aTOMAaMW BOJOPOJA U ONHUCHIBATH
UX CeYeHhsl MAapPAMETPUYECKH W3-3a OTCYTCTBHUS TOYHBIX JaHHBIX. Z2KimeM momomiu oT
GbU3UKOB- TEOPETUKOB, YTOOBI YCTPAHUTD 3Ty, HAJIEEMCS, TOCJIE/THIOI0 HEOMIPE/IETIEHHOCTh
we-JITP-tipobnemsr manga Fel.

2.2. ®opmuposanue suauii Nal B armocdepax 3Be3a. Bospuyk n Jloodbum-
KOB TIPE/IJIOKUJIA €Ie OJHY MHTEPECHYIO MpOOJeMy, CBA3AHHYIO ¢ F-CBepXruranTamu.
Ecnm nunum Fel B crmekTpax 3TmxX 3Be31 CAMIIKOM CIa0BI 71 M3BECTHBIX 3BE3IHBIX
mapaMeTpoB W cojepzKkanusd, nomydennoro no guauam Fell, ro muaun Na I, nao6opor,
caumkoMm cunbHbl. Comeprkanue HaTpus y F-CBepXruranTtoB mojydaercs OOJIbIne COJl-
weuroro ¢ [Na/Fe] = 0.3-0.7 dex, n n30bITOK PACTET C POCTOM CBETUMOCTH (CM. CCHIIKH
B [10]).

He-JITP-pacderst Obliun mpoBesieHbI C MOJEIBIO aTOMa HATpHsA, BKJO4Yaroriei 19
yposueii Nal u ocnosuoe cocrosuue Nall (puc. 1), nocrpoennoii Caxubysiuabiv [11].
Ha puc. 3 mpencrasnenst b-pakropst yposueit Nal B momenun armocdepbl THTHIHOTO
F-csepxruranra ¢ Teg = 7500 K. Ocuosuoe cocrosuue (3s) u nepsblii BO30YKICH-
HbIi 1y6ser (3p) nepesacesieHbl OTHOCUTEIHHO PABHOBECHBIX HACEIEHHOCTEH B 061acTn
dopmupoBanus suHuii. 3Hauyut, noaHas kounerTpaiua Nal Gosbiie paBHOBECHOH, u
MOXKHO roBoputhb 0 ceeprpexombunayuu Nal [10]. Tlouemy B omnux u rex xe usu-
YeCKUX YCa0BUusX OTKjoHeHuss ot JITP mpsamMo mpOTWBOMOIOXKHBI ¥ aTOMOB C MOYTH
onmuakoBoii cremenbto monmsanuu! W Fel, mw Nal — 310 megommnmpytomnme crainn
noum3amuu B armocdepax ¢ Teg > 4500 K. I B TOoM, U B ApyromM aTromMe WIyT KOH-
KypPUPYIOIIUE TPOIECChl: N30bITOYHAsT (DOTOMOHU3AIMSA HIU3KOBO30YKJIEHHBIX YPOBHEH
sesneacrsue J,(Y®) > B, (T) u usbbirounas dporopekoMbuHalus Ha BEPXHUE YyPOBHU
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senencreue J,(UK) < B, (T). Beaen 3a dboropekoMGuHaImedi ciegyer Kackaj CTOH-
TAHHBIX [EPEXOJ0B, KOTOPBIE CTPEMSTCS YBEIUUYUTH HACEJEHHOCTbh HUKHHUX YPOBHE.
Y Fel maOro HU3KOBO30Y2K/IEHHBIX YPOBHEH, 1 X cedeHus (POTOMOHUBAINH BHICOKUE.
@oronorm3aIms OBICTPO «BHIOPACHIBALTY HA3a,l B KOHTUHYYM TO, UYTO TIPUXOIUT CBEPXY.
Harpwuit — mesounoit Metasi, n cedenne (pOTOMOHU3AIIH OCHOBHOTO COCTOSTHUST HU3KOE.
DoTonoHM3AINS HE MOYKET KOHKYPHPOBATH C TIOMOTHEHNEM OCHOBHOTO COCTOSIHUS TIPU
CIOHTAHHBIX MEPEX0Jax W3 BO30YKIEHHBIX YPOBHEH, KOTOPBIE, B CBOIO OYepPEe/lb, MO-
nostastfoTess u3 Kourunyyma. Jluann Nal yeunusarores no cpasuenuo ¢ JITP, Anprg
oTpunaTebHA U MOXKeT JoX0auTh 10 —0.7 dex B 3aBUCHMOCTH OT 3BE3/IHBIX MapaMer-
poB. Yuer orkionennit ot JITP gactnyano cuumaer mpobieMy M30BLITKOB HAaTpusi y F-
CBEPXTHTAHTOB, HO He peraer ee noaHocThio. Kak o6cyrkaaercs B [10] u Gosee mo3manx
paboTax, 3TOT U30BITOK O0YCIOBJIEH IBOJIIONUOHHBIM U3MEHEHUEM COIEPIKAHWS HATPUS
y 3B€3J]] HA TPOJABUHYTON CTAINUU IBOJIONKUU, K KOTOPBIM OTHOCATCS F-CBEPXIUTaHTBI.

2.3. ®opmwuposanue guaniit K I B armocdepax 3Be3n. [lonnmanne Mmexanns-
ma otkjonenuit ot JITP ama Nal mo3zsonmio cmanmposats uccaegoBanmue crmekrpa K1
y 3Be3/ comHedHoro Tuna. Kamnii — 370 ToyKe IMesovHOoi MeTasl, u CaeayeT OXKHUIaTh
ceepxpekombuuarnun K1 B armocdepax 3Be31 n yCuIeHHS €ro JUHHH 0 CPABHEHHUIO
c JITP. Bruta mocrpoena mojiesb aroma Kajus, Koropas Bkiaodaer 35 yposueit K1 u
ocuoproe cocrosguue KII [12]. Oxupanus mOJIHOCTHIO ONPABAAJIUCH, U OKA3AJIOCH, YTO
ve-JITP-acbdexrer qnsg muuuit K1 gaxe Gosbie, gem g Nal: Anpre Bapbupyercs
or —0.2 1o —0.6 dex B 3aBUCHMOCTH OT 3BE3IHBIX MMAPAMETPOB.

Pazpaboramnas meroguka ObLTa yCIEITHO TPUMEHEHA TTPU aHAIN3E COMePIKAHN Ka-
Jiug y BHIOOPKM KapJIMKOB U CyOKApJIMKOB MO3JHUX CleKTpaibubix Tunos [13]. Cpeau
TaKUX O0BEKTOB B COBPEMEHHYIO 3TOXY MOYKHO HADIIOJATH KAK OYeHb CTAPbIE 3BE3JIbI
€ BO3pAcTOM, CPABHMUMBIM C BO3pacTtoM lamakTWKW, TaK W COBCEM MOJIOJIbIE 3BE3JIbI.
NuankaTopoM Bo3pacra ciyKuT cofep:kanne xeiesa [Fe/H]. Kak npapuio, ueM MeHb-
me [Fe/H], Tem GosbIne Bo3pact oobexTa. HemposBoonuonnpoBaBIIie 383,51 COXpa-
HATOT Ha CBOEH MOBEPXHOCTH HAYAJIBLHBIN XUMHUIECKHI COCTAB, MO3ITOMY, BLIOMpPAs 3BE3-
apt ¢ pazsmunbiM [Fe/H], Mmoxuo usyuars xumudeckyio sposonuio Lanakruku. OTHO-
curensuoe conepxxanue [K/Fe], monyuennoe B pamxax JITP mis soiGopku u3 33 38e37, ¢
[Fe/H] or —1 10 0, nemoncTpupyer 60JbImoi pa3dpoc ganubix (cMm. puc. 5 u3 [13]). A npn
ue-JITP 3Be3/1bI BRICTPAWUBAIOTCS CTPOTO B COOTBETCTBUU CO CBOEIT METAITUYHOCTHIO! OT-
nomenue [K/Fe] pacrer ¢ ymenbinenuem [Fe/H]. U aro naer nanexuoe nabionarenbHoe
OrpaHuYeHre Ha MOJIEJIH IBOJIONUN cojiepKanns Kanus B Lamakruke. Habmonenns csu-
JIETETBCTBYIOT B TIOJAb3Y CHHTE3a KaJIUs NPU B3PBIBHOM ropennu kuciaopoga B SNell u
OTIPEJIeJIEHHO He TIOATBEPIKIAIOT CIEHAPHUH MMAPOCTATHYIECKOr0 TOPEHNs KNCIOPOIA.

2.4. Uouwmsamuonnoe paBuHoBecue Cal/Call y HE 1327-2326. Cgoro Jji0-
TUYECKYIO TIEMOYKY MOXKHO BBICTPOHTHL W JjIsi aTOMOB, KOTOpble, Kak n Fel, momKmbI
OBITH MO/IBEPYKEHBI CBEPXUOHU3ANNN B aTMOCGEpax 3Be3]] coNHedHoro tuna. 1o Mg I,
Sil, Cal, koTopbre cozep»KaT JIUIh HE3HAYUTEIBHYIO OO CBOErO 3JIEMEHTA U UMEIOT
Goabie cedenns dorononnsannu. Hamm neenenopanust [14-16] mosHOCTRIO TOATBED-
nwn atr oxkuganus. Ocranopumcs 31ech Ha Cal B cBsa3m ¢ mpobaeMoil ompemenenns
yckopenuns cuiibl Tsizkectu y HE 1327-2326 — 3B€371b1I ¢ PEKOP/IHO HU3KUM B HACTOSIIEE
Bpems comepkanneM xenesa [Fe/H| = —5.6 [17]. Uzyuenne nogoOHBIX 06EKTOB BasKHO
719 TIOHMMaHWA Havasa 3Be3moobpasosanus B Harmeit Famakruke. HE 1327-2326 — 3T0
JIajeKas 3Be3/1a, U eJUHCTBEHHBIN CIOCO0 OMpee/IeHnst ee YCKOPEHUS CUJIbI TSXKECTH —
CTIEKTPOCKOTMYECK U, MJIM METO] HOHU3AIMMOHHOTO paBHOBecus. Habmomaembrii criekTp
3Be3/bI Upe3BhIYaiiHo Oemen nuHusAMEA. Kanbimit — e IMHCTBEHHBIH 3JIEMEHT, HAOII01a-
eMblit B AByX cragmax umonmsanuu. [Ipm m3pectnoit Tog = 6180 K m rpyObIx orenkax
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Puc. 5. Mmrmocrpammsa orkmonennit or JITP mns pesomancmoit mumuu Cal 4226 A (nesas
nanesn) u gwarn Call 8498 A (mpamag mamenn) y 3esmst HE 1327-2326. Teoperiueckne He-
JITP- (crurommmaa kpusas) u JITP- (mrpuxoBas kpusas) npoduan PacCIMTAHBI IPU OJHOM
conepxanun kanbnua [Ca/H] = —5 ¢ momennio armocdeps 6180/3.70/-5

log g > 3.5 pasnocts comep:kanuii (Call-Cal) cocrasnsier ~ +0.5 dex, eciu ananus
npoBoauTca B pamkax JITP. Bonee am3koe comepxkanne, noay4dennoe npu JITP mo man-
uun Cal, meyausurenssno, Tak kak Cal moken OBITH CBEPXMOHM30BAH B aTMochepax
3Be3J1 € JIePUITUTOM METAILIOB.

He-JITP-pacuerst ¢ mojiesbio atoma, Briogaoreii 63 yposusa Cal, 37 yposueii Ca Il
u ocuoBuoe cocrosare Calll, mokazanu, uro ceepxuonuzaiusa Cal neficrBurenbuo cy-
mecrByer u orkiaonerns ot JITP nua Cal seamkn npu uuskom [Fe/H] [15]. Ha puc. 5
npeacrasiensl Teoperndeckue He-JITP- u JITP-tpodunn pesonancuoii auann Cal
4226 A u nummm Call 8498 A, paccunTannbie s Mozean atmocdepst 6180/3.70/ —5
upu oxuom copepxkanun kasbuuga [Ca/H] = —5. Orknonenus or JITP Benuku ays
Cal 4226 A, Tak uro pasmocts me-JITP- u JITP-conepxanuit y HE 1327-2326 co-
crasister +0.31 dex. st suranm Call 8498 A me-JITP-3¢hdexThr Majbl, HO 3aTO OHA
YyBCTBUTENbHA K BapbupoBanuio log g. Comepxkanue Kaablus MO ABYM CTAIUAM HOHU-
3anum yzaaaoch coraacosarh B He-JITP-pacuerax mpu log g = 3.7 [18]. Takum o6paszom,
HE 1327-2326 — 3710 3Be3ma-cyorurant. Cpeau 06HAPYKEHHBIX K HACTOSAIIEMY BPEMEHU
06berToB co ceepxaedunurom Meramnos ([Fe/H] < —4) moMuHEPYIOT XOIOJHBIE TH-
TAHTBI, MMO3TOMY OOHAPYZKEHUE HEMPOIBOJIIOIMOHNDOBABINEH 3Be3/IbI OUEHDb BAYKHO JIJIst
YTOYHEHWST HAIMUX MPEJICTABICHUI 0 (POPMUPOBAHUY U DBOJIIONNN 3Be311 B MOJIOm0i ['a-
JIAKTUKE.

3. PacmnpocrpaHenue uccjegoBaHUil Ha HeKJaccudeckKkne arMocdepbl

Bru1o ecrecTBeHHO pacnpocTpaHUTDH UCCIIEI0BAHNSA (DOPMUPOBAHUS CIEKTPATHHBIX
JINHWH B HEPABHOBECHBIX YCJIOBUSX HA OODBEKTHI, T/I€ YCJIOBUsA, OYEBUIHO, HEPABHOBEC-
ubie. [IpuBenem aBa mpumepa.

[TepBoIit mpuMep — 3TO TECHBIE IBONHBIE CUCTEMBI, B KOTOPBIX 00JI€€ MACCUBHAS KOM-
MOHEHTA y’Ke 3aBEpITuja CBOIO SIEPHYIO IBOJIONWIO W CTaja OeIbIM KapJauKOM WJIN
HEATPOHHON 3Be3/70#, a BTOPUUIHAS KOMIIOHEHTA — XOJOIHAs 3Be31a. Takne CHCTeMbI
HAOJIIOAIOTCS KAK PEHTIEHOBCKHUE JBOMHBIE, KATAKITM3MUIECKHE U TPEIKATAKTHIMIIe-
CKWe TlepeMeHHble. X0JI0/IHas 3Be37a 00aydaeTcs: CO CTOPOHBI Oosiee ropsiaeil 3Be3pl,
u B ee armocdepe obpasyercs 06J1acTh ¢ TeMIepaTypoil, 60jee BHICOKOH, YeM B 00J1a-
¢t (POPMUPOBAHUST KOHTHHYYMa. YCJIOBUS (hOPMUPOBAHUS CIIEKTPAIBHBIX JIUHUN B Ta-
KuxX 06/1aCTgX CUJIbHO OoTimdaiorcs or paBuoBecHbix. Caxubysiun u [Mumanckuit [19]
Brepsbie moctaBuwin u pemmin ze-JITP-npobiemy B obiyuaembix armocdepax s
Nal. Ho 3gech mbl obcyaum pesynbrarei, nosydennbie B [20] nua Call B armocde-
pax 3Be3, 00/IydaeMbIX PEHTTEeHOBCKUM M3JIydYeHuneM. PaccMorpum cirydail BTOpuaHO
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3Be3bl ¢ Tog = 10000 K. B knaccuueckoit Heobryaaemoii armocdepe ¢ Takoil Temmepa-
TypOil KalbIHii HAXOAUTCS MTPEUMYIIIECTBEHHO B ABYKPATHO HOHH30BAHHOM COCTOSTHUM,
u u3bbrrouynas o cpapaenuio ¢ JITP dorononnzanus HU3KOBO30OYKIEHHBIX YPOBHEN
Call mpueoaur K ero ceepxuonmsamun (cM. puc. 1b u3 [20]). Orkaonenuns or JITP
Ka4IeCTBEHHBIM 00pa30M OTIMIAKTCs B 00ydaemoii armocdepe. [lycTs moTok pentre-
HOBCKOTO W3JIyY€HUsI PABEH WHTErPAJIHHOMY TOTOKY HeobydeHHo# atmocdepsl. B Toit
00J1acTH, T/Ie TPOU3OIILIO MOBBIMIEHIE TEMIEPATYPhI BCJICJACTBUE 0DIyUYeHUs], TeMIIepa-
Typa HMOHU3YIOMIEr0 W3JIy9YeHUs] OKA3BIBAETCS MEHBIE JIOKAJIbHON KHHETHIECKON TeM-
neparypbl Ty,q(Y®) < T', u dboropekoMbuHams JOMUHUPYET HAJ HPAMBIME [IPOIIEC-
camu Jjisi HU3KOBO30Y K I€HHDBIX YPOBHEIl, IPUBO/Is K UX nepe3acenennoctu (cm. puc. 1d
3 [20]). Pesonancras munus Call 3933 A yennmsaercs no cpasrenmio co ciaydaem JITP
BCJIE/ICTBHUE yBeIUUIeHUS KO3 DUIMEHTA MOTIOMEH!s B JIMHUN U NaIeHust (DYHKIINN HC-
rounukoB orHocuresnbio (ynkuuu [Tnanka. Kak nokazano B [20] (puc. 3c¢), sapdexr
YCHIUBAETCs ¢ POCTOM MAJIAIONIEr0 PEHTIEHOBCKOTO MOTOKA.

Bropoii npuMep cBs3aH ¢ MyJIbCUPYOMINME, XUMUYECKH MEKyIApHbIME (rOAp) 3Be3-
namu. B ux cnekrpax peakosemesnbibie saementsl (P39) — neomum, npa3eoaum u ip. —
HAOJIIOJAIOTCS B IBYX CTAIUSIX HOHU3AINN KaK OJHOKPATHO U JBYKPATHO HOHU30BAHHBIE
arowmbr. IIpu kraccuaeckom JITP-ananuze pasubie noHbI HAIOT PA3IUIHOE COIEPIKAHME,
u pasuwuiia cocrasisier 1.5-2 dex, 970 HEBO3MOKHO O0bACHUTH OMUOKAMU OIIPE/IeTEHUS
ATOMHBIX TAPAMETPOB U MapaMerpoB 3Be3. s Toro 4To0bl COriacoBaTh CoJepKaHue
MO Pa3HbIM CTaAnsM HOHM3awn, PabunkoBa n ap. [21] BBIABHHYIN THIOTE3Y O TOM,
uro P33 pacnpenenensl HepaBHOMEPHO B arMmocdepax roAp-38e3/1, a UMEHHO OHU KOH-
MEHTPUPYIOTCSA B CAMBIX MOBEPXHOCTHBIX ¢10s1X. OCHOBAHUS [Tk TAKUX TPE/IOI0KEHIIH
cymectBytoT. HabiromeHust CBUIETEIbCTBYIOT O TOM, 9TO B arMocdepax roAp-3se3 1 HeT
KOHBEKTUBHBIX U TYpOylAeHTHbIX npuxkernii. CrabuibHble yCaoBusa OJaronpusiTCTBYIOT
PA3IEJIEHNI0 XUMUIECKUX JJIEMEHTOB BCJIE/ICTBHE MPABUTAIMOHHOTO OCAYKICHUS U JIy-
YUCTOrO AaBjenus. VX coBMecTHOe eiicTBrue Ha3biBaeTcs atoMuoil nuddysueii. Tud-
dysuonnbIe PACYETHI I 9/IEMEHTOB TPYIIbLI ¥Kejie3a 1 00Jee JerkuxX 3JIeMEeHTOB (CM.
cepuiky B [22]) noarsepauiu, 9to auddysus crocobHa NPOU3BOAUTL CTPATUMDUKALMIO
XUMHUYECKUX 3JTeMEHTOB B armocdepax roAp-3sesm. s peako3eMenbHbIX 3JIeMEHTOB
nuddy3nOHHBIE PACYETHI eI11e He TTPOBOIUINCH W3-33 UX YPE3BBIYANHON TPOMO3IKOCTH U
OTCYTCTBUS HEOOXOIUMBIX ATOMHBIX JAHHBIX. [109TOMY MPUXOINTCS ONMPEIeIaTh BEPTH-
KaJbHOe pactpeaeenne P39 B armocdepax roAp-38e3/1 SMIUPUUYECKUM TTyTeM. 3HAHIE
pacmpesiesieHus XUMUYIECKUX 3JIEMEHTOB B arMocdepax roAp-3Be3 | BaXKHO /sl TIOHH-
MaHUs HE TOJIBKO MEXaHH3MOB XUMHUYECKON MEeKyJIsIPHOCTH, HO U MPUPOIBI MyJIbCAIHH
srux 3Be3/. Ananu3 B pamkax JITP ansa 3sesasr HD 24712 (7250/4.3/0) mokasan, dto
JIJIsE TOTO 9TOOBI COrIacoBaTh mosryuaemoe comepxkanne mo guausgm Nd IIT u Nd 1T, myx-
HO Pa3MecTHTh CJIOH HeommmMa BhIme 10g 75000 = —8 [21]. Ho B €TOJIB BBICOKUX CIOSIX
JITP ne paboraer u3-3a 4pe3BbrdaaitHO HU3KOI IIJIOTHOCTHU BEIIECTBA M MAJIBIX CKOPOCTEit
CTOJIKHOBUTENBHBIX nporeccoB! CremoBaTeibHO, MpodIeMa peIKo3eMeTbHBIX 3JIeMEHTOB
y roAp-3Be3 JoKHA perarbes ¢ yaeroM orkyionenuit ot JITP.

Briun BriepBbIe TOCTpOEHBI MOesH atoma Heofnma [23] n mpaseonnma [22]. Tlocse
00BEINHEHNsT COCTOSTHNH € OJIN3KUMA SHeprusamu noayuniaock 247 yposueit NdII u 68
ypoeueit Nd IIT nna neomuma u 294 yposus Prll u 54 yposus PrlIIl mrs npaseomnma.
He-JITP-pacuerst nposesenst A HD 24712 u erme Tpex roAp-3Be3/1 ¢ pa3HbIM pacipe-
JIeJIeHreM HeoJuMa U mpaseonuMa B arMmocdepe. Okazanoch, 9o 6e3 crparudukanmm
TUX 3HJIEMEHTOB HeJIb3s PENIuTh MPODJEMY pPa3HOTO COMEPIKAHUS MO PA3HBIM HOHAM.
Ho cioii, oborarmeHuplii HeOIMMOM M TIPA3e€0IMMOM, PACTOIATaeTcst TiyOKe, YeM 3TO
nonyvanoch ipu JITP. Hampumep, y HD 24712 uuxuaaa rpanuria cios Mpa3eoInMa
pacnonaraercs Ha logTso00 = —4.5 u comepxkanue [Pr/H] = 4.5 [22]. Ananus mexa-
uu3moB orkiaonenuii or JITP nokaszwsiBaer, uro PrIl cunbuo cBepxuorm3osan B obsiactu
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Tabn. 1
Arombl u nonbl, qy1s kKorophix H.A. CaxulyIuHbiM U €ro yYeHUuKaM#u ObLIW TI0-
CTPOEeHBI Mojiesin aToma u pa3paboranst meromauku He-/ITP-amanmsa nx cnektpos

Z Dnement Wonst ABTOpPBI
1 Bomopox HI Mashonkina et al. (2008) [24]
2 remmit Hel CaxuGymnn, [ITagepr (1990) [25]
3 smrnmit Lil Mamonkuna u ap. (2002) [26]
6 yraepon c1I Caxubyminn (1987) [27]
CIII Caxubymmnn (1981) [2]
CIV Caxubymiun, Ban nep Xyxr K. (1983) [28]
7 asor NIII Conosnesa (1986) [29]
NIV Conoenesa (1983) [30]
11  marpwmii Nal Caxubymmun (1987) [11]
12 marnmit Mgl Mamonkuna u ap. (1996) [14]
MgII Caxubymnn (1972) [1]
Mgl Abia, Mashonkina (2004) [31]
14  xkpemHWMIt SiIl—Sill Shi, Mashonkina, et al. (2008) [16]
19  xkanmit KI Ueanosa, MInmanckuii (2000) [12]
20 xambmmit Cal-Call Mashonkina et al. (2007) [15]
Call Ueanosa u ap. (2002) [32]
26 xeme3o Fel Bosipayk u np. (1985) [4]
Fel-Fell Mashonkina et al. (2011) [5]
38 crpommmii  SrlI Bensikosa, Mamonkuua (1997) [33]
40 wmpxommit  ZrI-Zrll Besmmuko u ap. (2010) [34]
56  Gapmit Ball Mamonkuna, Bukmaes (1996) [35]
59 mpaseommm  PrII-PrIII ~ Mashonkina et al. (2009) [22]
60 meomum NdII-NdIII Mashonkina et al. (2005) [23]
63  espomwmii Eull Mamonkuna (2000) [36]
Eulll Mamonkuna u ap. (2002) [37]

dbopMUpOBaHUS CIIEKTPATBHBIX JTHHUH BCIEICTBUE N30BITOUHOM (DOTOMOHUIAINN HIU3KO-
BO30YKIeHHBIX ypoBHeil Y®-n3nyuennem, a yposuu PrlIl mepesacesennr BeiencTsue
MIPUTOKA ATOMOB U3 HUXKECTOLAIIeH CTaAuu MOHU3AIUHU U MOCIeAYIOmeid paguaTuBHON
Hakadku Bo30yzkaeHHbIX cocrogamit. He-JITP Bexer k cunbnomy ocnabnenuito guHuit
Pr1II u nmporusonooxuomy sdderry mrs guawmit Pr I

3akJiroueHne

He-JITP-uccnenosanus B8 Kazanu Bcerga ObLIN MOTHBADOBAHBI OCTPHIME acTPOMU-
3UYECKUMH TPOOIeMaMy, U HUKOTIa He CTaBUIACH IEb MPOUTH 10 Beeit Tabmmie Memn-
JlesieeBa U U3y 9uTh GOPMUPOBAHUE JIMHUHN 71 KAK MOYKHO DOOJIBIIEr0 YUC/Ia IEMEHTOB.
B srom 0630pe HEBO3ZMOXKHO paccKa3aTh 000 BCEX MCCIEIOBAHNUAX, BBIMOJHEHHLIX Ka-
3aHCcKoi 1K0J0#1. TloaToMy MBI mpuBOmMM Tabj. 1, T MEPEUUCTSTIOTCS BCE PabOTHI,
B KOTOPBIX OBLIM pa3paboTaHbl OPUTHHAIBHBIE MOIEIN aromMa u meroauku ue-JITP-
aHaM3a COOTBETCTBYIONIUX CIEKTPAIbHBIX JUHUN. A MONHBIA nepedeHb crareil, rje
pa3paboTaHHble METOJUKH OBLIN MPUMEHEHBI Jjisi PEIIeHUs CAMBIX PA3HBIX 3314, Ta-
KUX KaK ONpeJeIeHHe MapaMeTpoB 3Be3], COJAEPKAHUS XUMUYIECKUX JEMEHTOB OT Li
1o Eu, comepxkanusa m3oronor Ba, u3yuenune xumudeckoii sBosonuu lajaktukm, cre-
mnpuyuecknx Mexanu3mon Hakadku jguanii Hel, NIII-NIV u Fel, ropasmo mmpe.

B wmupe uccnenoBanus (GopMUpPOBAHWS CIEKTPATBHBIX JIMHUN B HEPABHOBECHBIX
ycrnopusix Beayres ¢ cepemunbl 60-x rogoB XX B. s mekoropsix aromon — CIII
[2], NIV [30], SrII [33], ZrI-ZrII [34], NdII-NdIII [23], PrII-PrIII [22], Eull
[36] m Eulll [37] — Momesnn aToMa M MeTOAMKA aHAJIN3a BIEpBbIE OBUIN Pa3paboTaHbI
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H.A. CaxubynmnHbIM 1 €ro yIYeHHKaMu, & JJIs PeIKO3eMeTbHbIX d1eMenTon He-JITP mc-
CIeTIOBAHNS HUTIE B Mupe Oombie He npopoagarca. U xora Kazanb me Obi1a nmepsoit ast
OOMBINIUHCTBA APYTUX ATOMOB W MOHOB, BayKHO OTMETHUTH, 9TO BCE METOIUKH, UCIIOIb3Y-
embie KazaHckoil MTK0I0#, aBAS0TCA opuruHaabubiMu. Permerne we-JITP-3amaun moka
eIre He JOCTUTJIO TOTO YPOBHS, YTOOBI BHIYUCIUTEIHHBIE TPOTPAMMBI U MOJIEN ATOMA
MOTJIV UCTIOJIb30BATHCS KAK «YEPHBIH AIMUK». TOJBKO MPOIias BCe CTYyMeHbKU OT cOO-
pa aTOMHBIX JAHHBIX 0 aHaIn3a MeXanm3MoB oTkiaoHeHus ot JITP, moxxHO m06uTHCsS
ycnexa. CrnekrpaibHble HaGJII0eHIs] CTaBAT HAM BCE HOBBIE U HOBBIE 3a/1a4K, 4 3HAYNT,
ue-JITP-uccnenosanus B Kazanu OyayT mpo/omKkaTbes.

Pabora Bwuimommena mpu  (HPUHAHCOBON MoOmmepykKe TpanTa MwuHoOpa3oBaHUs
(Ne 02.740.11.0247) u Iporpammsr Hpesuanyma PAH «IIpoucxoxaenue, CTpoeHue u
spostionus 00bekToB Beenennoiiy (I1-19).

Summary
L.I. Mashonkina. 40 Years of the Kazan Non-LTE School: Achievements and Problems.

This paper reviews the non-local thermodynamic equilibrium (non-LTE) line formation
studies of the pioneer of such astrophysical researches in our country N.A. Sakhibullin and his
scientific group.

Key words: stellar atmospheres, radiation transfer, statictical equilibrium of atoms, stellar
spectra.
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