
Èíñòèòóò àñòðîíîìèè �îññèéñêîé àêàäåìèè íàóêÎïðåäåëåíèå ñîäåðæàíèÿ óãëåðîäà è íàòðèÿ óçâåçä ñïåêòðàëüíûõ êëàññîâ Â-Êñ ó÷åòîì îòêëîíåíèé îò ëîêàëüíîãîòåðìîäèíàìè÷åñêîãî ðàâíîâåñèÿÑ. À. ÀëåêñååâàÍàó÷íûé ðóêîâîäèòåëü: ä. �.-ì.í. Ë. È. Ìàøîíêèíà01.03.02 � àñòðî�èçèêà è çâåçäíàÿ àñòðîíîìèÿÄèññåðòàöèÿ íà ñîèñêàíèå ó÷åíîé ñòåïåíè êàíäèäàòà�èçèêî-ìàòåìàòè÷åñêèõ íàóê1



Ïî÷åìó íå-ËÒ�?1. Íàáëþäàþòñÿ ýìèññèîííûå ëèíèè Ñ I â áëèæíåé ÈÊîáëàñòè â àòìîñ�åðàõ Â çâåçä �Ï.2. �àçëè÷èå â ñîäåðæàíèè1 óãëåðîäà ïî ëèíèÿì îäíîé ñòàäèèèîíèçàöèè (Àëåêñååâà è äð. 2016)
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1 Ñîäåðæàíèå log(NX/NH), ãäå NX è NH êîíöåíòðàöèè ÷àñòèöÕ è Í. 2



Öåëè
1. Èçó÷åíèå �îðìèðîâàíèÿ ëèíèé C i � C ii è Na i ïðè îòêàçåîò ËÒ� â øèðîêîì äèàïàçîíå çâåçäíûõ ïàðàìåòðîâ;2. Èñïîëüçîâàíèå òåîðåòè÷åñêèõ íå-ËÒ� ìåòîäîâ àíàëèçàëèíèé C i , Na i è Zr ii äëÿ îïðåäåëåíèÿ ñîäåðæàíèÿýëåìåíòîâ ñ öåëüþ ðåøåíèÿ çàäà÷ õèìè÷åñêîé ýâîëþöèè�àëàêòèêè.
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Ìåòîäû âû÷èñëåíèéËÒ��àñïðåäåëåíèå ïî ñîñòîÿíèÿì âîçáóæäåíèÿ è èîíèçàöèè � ïî�îðìóëàì Áîëüöìàíà è Ñàõà ïðè ëîêàëüíûõ Te è Ne .ËÒ� íå âûïîëíÿåòñÿ â îáëàñòè �îðìèðîâàíèÿ ëèíèé !íå-ËÒ� çàäà÷àDETAIL ode (Butler & Giddings 1985)
∑

j 6=i

nj(Rji + Cji ) = ni
∑

j 6=i

(Rij + Cij); (i = 1..NL),Rji ,Rij ∼ Jν(z)

µ
dIν(z)

dz
= −χν(z)Iν(z , µ) + ην(z),�àäèàòèâíûå ïåðåõîäû: �îòîèîíèçàöèÿ, �îòîðåêîìáèíàöèÿ,�îòîâîçáóæäåíèå, ñïîíòàííûé ïåðåõîä, äåâîçáóæäåíèå.Óäàðíûå ïåðåõîäû: èîíèçàöèÿ, ðåêîìáèíàöèÿ, âîçáóæäåíèå,äåâîçáóæäåíèå. 4



�ëàâà 1. Àíàëèç ëèíèé Ñ I � C II â àòìîñ�åðàõ À- è Â-çâåçäÏðîáëåìû1. Íàáëþäàþòñÿ ýìèññèîííûå ëèíèè Ñ I â áëèæíåé ÈÊîáëàñòè â àòìîñ�åðàõ Â çâåçä �Ï.2. �àçëè÷èå â ñîäåðæàíèè óãëåðîäà ïî ëèíèÿì îäíîé ñòàäèèèîíèçàöèè.
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Ìîäåëü àòîìà óãëåðîäà (CI + CII + ÑIII) 208 óðîâíåé C I,77 óðîâíåé C II è îñíîâíîå ñîñòîÿíèå Ñ III
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Îòêëîíåíèÿ îò ËÒ� â ëèíèÿõ CI � CII
Teff =10400K, logg=3.5, [Fe/H℄=0
NCI/Ntotal ≈ 10−3, Eion(CI ) = 11.3eV , Eion(CII ) = 24.4eV

bi = nNLTE/nLTE

C i : ñâåðõèîíèçàöèÿ C ii : ðàäèàòèâíàÿ íàêà÷êàâ ÓÔ ïåðåõîäàõ7



21 Peg B9.5V Teff=10400K, logg=3.55, [Fe/H℄=0Slu<Bν (T)
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Ñïåêòðàëüíûå íàáëþäåíèÿ 3.6 m CFHT/ESPaDOnS, R= 650008



ιHer B3IV Teff=17500K, logg=3.8, [Fe/H℄=0
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Ñîäåðæàíèå óãëåðîäà
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1 Alexeeva S.A., Ryabhikova T.A., Mashonkina L.I. //MNRAS, 462, (2016).
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Ïî ðåçóëüòàòàì ãëàâû 1 íà çàùèòó âûíîñèòñÿ:1. �àçðàáîòàíà ìåòîäèêà ðàñ÷åòà ñòàòèñòè÷åñêîãî ðàâíîâåñèÿC i � C ii è ïðîâåäåí àíàëèç �îðìèðîâàíèÿ ñïåêòðàëüíûõëèíèé â óñëîâèÿõ îòêëîíåíèÿ îò ËÒ�.2. Måõàíèçì �îðìèðîâàíèÿ ýìèññèîííûõ ëèíèé C i âàòìîñ�åðàõ B-çâåçä: ñâåðõèîíèçàöèÿ Ñ I è îïóñòîøåíèåóðîâíåé 3s1P◦ è 3s3P◦ ïðè ñïîíòàííûõ ïåðåõîäàõ íàíèçêîâîçáóæäåííûå óðîâíè è îñíîâíîå ñîñòîÿíèå â ñëîÿõ,ãäå ñðåäà ñòàíîâèòñÿ îïòè÷åñêè òîíêîé â ñîîòâåòñòâóþùèõÓÔ ëèíèÿõ.3. Îïðåäåëåíî ñîäåðæàíèå óãëåðîäà ïî ëèíèÿì C i � C ii âóñëîâèÿõ îòêëîíåíèÿ îò ËÒ� äëÿ ñåìè ÀÂ çâåçä ïîñïåêòðàì âûñîêîãî ðàçðåøåíèÿ. Ó ÷åòûðåõ èç íèõíàáëþäàþòñÿ ëèíèè äâóõ ñòàäèé èîíèçàöèè, âêëþ÷àÿýìèññèîííûå ëèíèè C i è ïî âñåì ëèíèÿì ïîëó÷åíîñîãëàñèå ïðè îïðåäåëåíèè ñîäåðæàíèÿ óãëåðîäà.11



�ëàâà 2. Ñîäåðæàíèå óãëåðîäà â çâåçäàõ ïîçäíèõñïåêòðàëüíûõ êëàññîâ
Èíäèêàòîðû äëÿ îïðåäåëåíèÿ ñîäåðæàíèÿ óãëåðîäà:àòîìàðíûå ëèíèè Ñ I: −2.5<[Fe/H℄<+0.08ìîëåêóëÿðíûå ëèíèè CH: −3<[Fe/H℄<+0.08Íå âîçíèêàåò ëè ñèñòåìàòè÷åñêèõ ñäâèãîâ â ñîäåðæàíèè,ïîëó÷åííîì ïî ðàçíûì èíäèêàòîðàì (ÑÍ, C I) ?Tomkin+ (1992) 34 çâåçäû ñ −2.9<[Fe/H℄<−0.1 CI−CH=0.4 dex
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Ëèíèè HD29907 (5500 / 4.64 / -1.55)
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CH vs. C IÂûáîðêà: 47 FGK-êàðëèêîâ (Sitnova+ 2015),Ñïåêòðû: Shane/Hamilton, R>60000
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Ñðåäíåå çíà÷åíèå: <C I � CH> = −0.02 ± 0.102 Alexeeva S.A., Mashonkina L.I. // MNRAS, 453, (2015).3 Ryabhikova T., Piskunov N., Pakhomov Yu., Tsymbal V.,Titarenko A., Sitnova T., Alexeeva S., Fossati L.,Mashonkina L. // MNRAS, 456, (2016).14



Ïî ðåçóëüòàòàì ãëàâû 2 íà çàùèòó âûíîñèòñÿ:
1. Ïîêàçàíî, ÷òî ñîäåðæàíèå óãëåðîäà, ïîëó÷åííîå íà îñíîâåðàçëè÷íûõ èíäèêàòîðîâ, à èìåííî, àòîìàðíûõ ëèíèé C I èìîëåêóëÿðíûõ ëèíèé CH ó 47 FGK-êàðëèêîâ, õîðîøîñîãëàñóåòñÿ. Ýòî ïîçâîëÿåò ñäåëàòü âàæíûé âûâîä îâîçìîæíîñòè èñïîëüçîâàíèÿ ìîëåêóëÿðíûõ ëèíèé ÑÍ âðàìêàõ ïëîñêî-ïàðàëëåëüíûõ ìîäåëåé àòìîñ�åð äëÿîïðåäåëåíèÿ ñîäåðæàíèÿ óãëåðîäà, â òîì ÷èñëå, äëÿ çâåçäñ íèçêîé ìåòàëëè÷íîñòüþ, ãäå àòîìàðíûå ëèíèèîòñóòñòâóþò.
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�ëàâà 3. Íå-ËÒ� ñîäåðæàíèå íàòðèÿ ó êàðëèêîâ èêðàñíûõ ãèãàíòîâ ðàçëè÷íûõ íàñåëåíèé �àëàêòèêè
Îòëè÷àåòñÿ ëè îò-íîøåíèå [Na/Fe℄ óãèãàíòîâ òîíêîãî èòîëñòîãî äèñêîâ �à-ëàêòèêè?Ïàõîìîâ (2013)ËÒ�
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�åçóëüòàòûÂûáîðêà: 78 êðàñíûõãèãàíòîâ,R=45000, Þ.Ïàõîìîâ(ÊðÀÎ, Xinglong, Òåðñêîë,ÑÀÎ, ESO, MDonald)
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ËÒ�(òîíêèé) 0.18±0.12ËÒ�(òîëñòûé) 0.10±0.08 íå-ËÒ�(òîíêèé) 0.09±0.09íå-ËÒ�(òîëñòûé)0.04±0.064 Àëåêñååâà Ñ.À., Ïàõîìîâ Þ. Â., Ìàøîíêèíà Ë. È. ÏÀÆ,40, (2014). 18



Ïî ðåçóëüòàòàì ãëàâû 3 íà çàùèòó âûíîñèòñÿ:
1. �àçðàáîòàíà ìîäåëü àòîìà Na I ñ èñïîëüçîâàíèåìñîâðåìåííûõ àòîìíûõ äàííûõ. Ïî ñïåêòðàì âûñîêîãîðàçðåøåíèÿ îïðåäåëåíî ñîäåðæàíèå íàòðèÿ ó 78 êðàñíûõãèãàíòîâ. Áëàãîäàðÿ ó÷åòó íå-ËÒ� ý��åêòîâ óäàëîñüïîêàçàòü, ÷òî îòíîøåíèå [Na/Fe℄ ó çâåçä òîíêîãî èòîëñòîãî äèñêîâ ñîâïàäàåò è áëèçêî ê ñîëíå÷íîìó.
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�ëàâà 4. Íàáëþäàòåëüíûå îãðàíè÷åíèÿ íà ìîäåëèõèìè÷åñêîé ýâîëþöèè �àëàêòèêè
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Íàáëþäàòåëüíûå îãðàíè÷åíèÿ íà ìîäåëè õèìè÷åñêîéýâîëþöèè �àëàêòèêè
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Öèðêîíèé
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Öèðêîíèé vs. Ñòðîíöèé
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Ïî ðåçóëüòàòàì ãëàâû 4 íà çàùèòó âûíîñèòñÿ:
1. Ó âûáîðêè çâåçä, âêëþ÷àþùåé 51 FGK-êàðëèê â äèàïàçîíåìåòàëëè÷íîñòè îò −2.6 äî 0.2 ñ òî÷íûìè àòìîñ�åðíûìèïàðàìåòðàìè, îïðåäåëåíî ñîäåðæàíèå C, Na, Zr ñ ó÷åòîìîòêëîíåíèÿ îò ËÒ�. Ïîëó÷åííûå ðåçóëüòàòû áóäóò ïîëåçíûêàê íàáëþäàòåëüíûå îãðàíè÷åíèÿ íà ìîäåëè õèìè÷åñêîéýâîëþöèè �àëàêòèêè.
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Ïóáëèêàöèè ïî òåìå äèññåðòàöèè:1. Àëåêñååâà Ñ.À., Ïàõîìîâ Þ. Â., Ìàøîíêèíà Ë. È.Íå-ËÒ� ñîäåðæàíèå íàòðèÿ â êðàñíûõ ãèãàíòàõ òîëñòîãî èòîíêîãî äèñêîâ �àëàêòèêè // ÏÀÆ, 40, (2014).2. Alexeeva S.A., Mashonkina L.I. Carbon abundanes ofreferene late-type stars from 1D analysis of atomi C I andmoleular CH lines // MNRAS, 453, (2015).3. Sitnova T., Zhao G., Mashonkina L., Chen Y.Q., Liu F.,Pakhomov Yu., Tan K.F., Bolte M., Alexeeva S., Grupp F.,Systemati Non-LTE Study of the -2.6 < [Fe/H℄ < 0.2 F andG dwarfs in the Solar Neighborhood. I. Stellar AtmosphereParameters // ApJ, 808, (2015).4. Ryabhikova T., Piskunov N., Pakhomov Yu., ..., Alexeeva S.Auray of atmospheri parameters of FGK dwarfsdetermined by spetrum �tting // MNRAS, 456, (2016).25



Ïóáëèêàöèè ïî òåìå äèññåðòàöèè (ïðîäîëæåíèå):
5. Alexeeva S.A., Ryabhikova T.A., Mashonkina L.I. NLTEarbon abundane determination in seleted A- and B-typestars and the interpretation of C I emission lines // MNRAS,462, (2016).6. Zhao G., Mashonkina L., Yan H.L., Alexeeva S., KobayashiC., Pakhomov Yu., Shi J.R., Sitnova T., Tan K.F., ZhangH.W., Zhang J.B., Zhou Z.M., Bolte M., Chen Y.Q., Li X.,Liu F., Zhai M. Systemati Non-LTE Study of the -2.6 <[Fe/H℄ < 0.2 F and G dwarfs in the Solar Neighborhood. II.Abundane patterns from Li to Eu // ApJ, 833, id225, (2016)
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Äîêëàäû:Êîí�åðåíöèè ìîëîäûõ ó÷åíûõ Èíñòèòóòà àñòðîíîìèè �ÀÍ(2013ã., 2014ã., 2015ã.)European Week of Astronomy and Spae Siene(Øâåéöàðèÿ, Æåíåâà, 2014ã.)IAU-298 "Setting the Sene for Gaia and LAMOST"(Êèòàé, Ëèöçÿí, 2013ã.),"Radiation mehanisms of astrophysial objets: lassistoday"(Ñàíêò-Ïåòåðáóðã, 2015ã.)ÂÀÊ-2013 (Ñàíêò-Ïåòåðáóðã, 2013ã.)"Çâåçäíûå àòìîñ�åðû"(Ñàíêò-Ïåòåðáóðã, 2014ã.)Íà ñåìèíàðàõ ïðè ó÷àñòèè â ðàáî÷èõ ãðóïïàõ â ÏåêèíñêîéÍàöèîíàëüíîé Àñòðîíîìè÷åñêîé Îáñåðâàòîðèè (Êèòàé,Ïåêèí, 2014ã.) è Óïïñàëüñêîãî óíèâåðñèòåòà (Øâåöèÿ,Óïïñàëà, 2013ã.) 27



Îòâåòû íà âîïðîñû
Ïðè èññëåäîâàíèè �îðìèðîâàíèé íå-ËÒ� ý��åêòîâ â àòîìåÑI/CII íå ðàññìîòðåíî âëèÿíèå èçîòîïíîãî ñîñòàâà óãëåðîäà
13Ñ � 1%
12Ñ � 99%Isotope Shift (12Ñ�13Ñ)1 < ∆νDËèíèè 12Ñ è 13Ñ �îðìèðóþòñÿ â îäíèõ è òåõ æå ñëîÿõ[1℄ Berengut et al., Phys.Rev, 2006
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Êàê âûÿñíèëîñü èç óñòíûõ ïîÿñíåíèé äèññåðòàíòà,îáúåäèíÿëèñü óðîâíè ñ l > 3. Ïðè÷èíû ýòîãî îáúåäèíåíèÿ âäèññåðòàöèè íå ïðèâîäÿòñÿ è åãî êîððåêòíîñòü ïðåäñòàâëÿåòñÿñîìíèòåëüíîé. Ýòî ìîãëî ïðèâåñòè ê óìåíüøåíèþý��åêòèâíîñòè ñïîíòàííûõ ïåðåõîäîâ. ... íå ïîäòâåðæäåíàäîñòàòî÷íîñòü ïðèíÿòîé 17-óðîâåííîé ìîäåëè àòîìà Na I äëÿàíàëèçà ïðî�èëåé ëèíèé
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Âñå ïåðåõîäû ó÷èòûâàþòñÿ!
l>3: f+g+h�àçðåøåííûå ïåðåõîäû:5fg:5f � 3d,4d,5d5g � 4f6fgh:6f � 3d,4d,5d,6d6g � 5f,4f6h � 5gòåñòîâûå ðàñ÷åòû29



Èç äàííûõ òàáëèöû 17 î÷åâèäíî, ÷òî ñîëíå÷íûå ñîäåðæàíèÿ,ïîëó÷åííûå ïî 3 ñëàáûì ëèíèÿì Na I 6154, 6160, 5148 �A ,îêàçûâàþòñÿ íà 0.06 � 0.07 dex âûøå, ÷åì ïî ãðóïïå ñèëüíûõëèíèé. Â äàëüíåéøåì ýòî ìîãëî îáóñëîâèòü ïîÿâëåíèåèñêóññòâåííûõ ñäâèãîâ ñîäåðæàíèé íàòðèÿ.Ëèíèÿ 5148 �A � íå èñïîëüçîâàëàñüÌû èñïîëüçóåì äè��åðåíöèàëüíûé ïîäõîä:ANa(6154�A )∗�ANa(6154�A )⊙ANa(6160�A )∗�ANa(6160�A )⊙...
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Â äèññåðòàöèè íå âûïîëíåíî ñðàâíåíèå ðåçóëüòàòîâ íå-ËÒ�ìîäåëèðîâàíèÿ äëÿ Na I ñ ëèòåðàòóðíûìè äàííûìè.Âûïîëíåíî ñðàâíåíèå ðåçóëüòàòîâ ñ Lind et al. (2011):Äèññåðòàöèÿ Òàá. 16, ñòð. 80.Íàøè ðåçóëüòàòû ñîãëàñóþòñÿ.
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Ñðàâíåíèå â �ë.5 íàáëþäàåìûõ ðàñïðåäåëåíèé [X/Fe℄-[Fe/H℄ ñðåçóëüòàòàìè Êîáàÿøè è äð. (2015) ïðåäñòàâëÿåòñÿ íå âïîëíåêîððåêòíûì. Â ðàñ÷åòàõ Êîáàÿøè íå èñïîëüçîâàëîñü óñëîâèåíîðìèðîâêè ñîäåðæàíèé íà Ñîëíöå, ÷òî ïðèâîäèò ê ñìåùåíèþèõ ðåçóëüòàòîâ îòíîñèòåëüíî íàáëþäàåìûõ ðàñïðåäåëåíèé[X/Fe℄-[Fe/H℄.
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�åçóëüòàòû, îïèñàííûå â òðåòüåé ãëàâå, ïîëó÷åíû ðàíååðåçóëüòàòîâ âòîðîé ãëàâû, ïðè÷åì ñ èñïîëüçîâàíèåì áîëååñòàðîé è ìåíåå ñîâåðøåííîé ìîäåëè àòîìà. Ïðè ýòîì íåóêàçàíî, íàñêîëüêî íà ðåçóëüòàòû òðåòüåé ãëàâû âëèÿåòèñïîëüçîâàíèå áîëåå íîâûõ è áîëåå òî÷íûõ ðàñ÷åòîâ óäàðíûõñêîðîñòåé Î. Çàöàðèííîãî, ïðèìåíÿåìûõ â ìîäåëè àòîìàóãëåðîäà âî âòîðîé ãëàâå.Êâàí.-ìåõ. äàííûå äëÿ ñòîëêíîâåíèé ñ ýëåêòðîíàìè3 �ëàâà: F-G-K çâåçä: �åéä (1994)2 �ëàâà: A-B çâåçä: �åéä (1994) + Âàíã, Çàöàðèííûé (2013)Sun (5777/4.44): C I λ9405 �A : ∆ (Âàíã-�åéä) = 0.03 dex
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Åäèíñòâåííûé âîïðîñ ê àâòîðó ñâÿçàí ñ ðåàêöèåé ïåðåçàðÿäêèNa0 + H0, â êîòîðîé ðàññìàòðèâàëîñü âçàèìîäåéñòâèå íàòðèÿñ àòîìîì H â îñíîâíîì ñîñòîÿíèÿ (ñì. ñòð.78), íî íåó÷èòûâàëàñü ïåðåçàðÿäêà ñ âîçáóæäåííûõ óðîâíåé âîäîðîäà.Ýòè ïðîöåññû ìåíåå ý��åêòèâíû â ðàññìàòðèâàåìûõ óñëîâèÿõ,èëè îíè ïðîñòî íå ïðèíèìàëèñü âî âíèìàíèå?Na+H: Barklem et al. (2010)N(H*)/N(H) = 10−4
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