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A/wÕß˘¥œèëX7·¥›CpßTÇ.ä'›(ÏCåßdfÇ

CèrÇßœdNLTE#Aè(ÏOr"Å$ßÈu%ÇÔƒ#nák#ß

›ß4500K!5500K⁄6500KßSi⁄Mg!ÉÅå#NLTEU/˛—y3k#ß

›è5500K"

(©Ãá8#¥È!.!(H!„•5Si⁄MgÃÇ?1NLTE#A©¤ß

¥1.˛ƒgX⁄/©¤NLTE#AÈ˘&H!„Si I⁄Mg IÃÇ/§#Kè"

n˛§„ßNLTE#AÈu„(H!„#Si I⁄Mg IrÇÿå'¿ß”ûH!

„Si⁄Mg!É#NLTE#A…ı´œÉ#Kè"œdß%ÇÚÜAPOGEEÏË

‹äß]¿ò1,((ÈŸ?1NLTE#AÔƒß'((%Si⁄Mg!É¥›ß

©¤(Jå±(‹c#⁄$ƒ&&Eßk#/Jl’‡X#z&¸z{§!u

(ÿ‹§nÿ"

'Öcµ !É¥›ß!.!(ßÃÇ”+ßÃÇ/§



Abstract

Stellar spectrum contains large amounts information of stars themselves and

the chemical evolution of their precursor stars, and the analysis of the element

abundance based on the stellar spectra has been used to explore the hidden mys-

tery. Element abundance analysis is one of the important probes to understand

and to track the evolution of stars, galaxies and even the universe. Through

the observation and analysis of stellar spectra, especially high resolution spec-

troscopy, one can not only determine the radial velocity of the star, but also can

accurately determine the basic parameters and the chemical element abundance

for the star, which help us to study the Milky Way formation and evolution

history.

With the continuous innovation and breakthrough of modern astronomical

observation technology and instrument, multi-band high resolution spectroscopic

surveys gradually emerge, and the Apache Point Observatory Galactic evolution

experiment Evolution, Experiment (APOGEE) is one of the most important

high resolution spectroscopic surveys. Till now, APOGEE and APOGEE-2 have

obtained high resolution (R ⇠22,500) and high signal-to-noise ratio (S/N >100)

H-band (�15100-16900 Å) spectra for more than 150,000 mainly red giants, which

are in the bulge, disk and halo of the Milky Way. To accurately determine the

basic parameters and abundances of these stars is not easy. During the calibration

parameters of the stars, it is found for the APOGEE first year survey data, the

surface gravity obtained by spectroscopic methods systematically deviates from

the results determined by isochrones or stellar seismologic methods. One possible

reason is that the main targets of APOGEE are red giants, in which the particle

number density is lower, more easy to deviate from the local thermodynamic

equilibrium (LTE), thus the non local thermodynamic equilibrium (NLTE) e↵ect

for the APOGEE infrared H-band lines is particularly important.

In stellar atmosphere, silicon (Si) and magnesium (Mg) are two important

↵ elements, and play an important role in the research of di↵erent stellar pop-
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ulations in the Galaxy. As a start of a series of studies, we first investigate the

NLTE e↵ects on H-band line formation of these two elements in late type stars.

We need to verify whether the Si/Mg atom model we adopted is suitable for

the analysis of the infrared H-band spectral lines. So we selected 13 samples

of late type stars with both high resolution infrared H-band and optical band

spectra available, and determined the stellar parameters for our sample stars by

the spectroscopic method. It is worth mentioning that, when determining the

iron (Fe) abundance, the NLTE e↵ects of Fe have been considered. The MARCS

model atmospheres and the modified DETAIL procedures have been adopted to

derive Si and Mg abundances with a spectrum synthesis method for both the

H-band and optical band lines under LTE and NLTE respectively. The results

show that the Si/Mg abundances from these two band lines are consistent with

each other under NLTE, which indicates that our Si/Mg atom model is suitable

for the NLTE analysis of the H-band lines. We also found that the NLTE e↵ect

is large for strong H-band Si I or Mg I lines, for Si, it can reach �0.23 dex,

while for Mg, it can reach �0.14 dex; the NLTE e↵ect for Si/Mg increases with

descreasing log g.

In order to further investigate the NLTE e↵ects on the abundance of H-band

Si and Mg lines and the correlation between NLTE e↵ects and stellar parameters,

we calculated a number of stellar atmosphere models and departure files, and

calculated the NLTE e↵ects of Si and Mg based on H-band spectral lines. The

results show that the NLTE e↵ect is very large for strong lines, for Mg, it varies

from �0.32⇠0.08 dex, and for Si it is up to �0.59 dex. Thus, the NLTE e↵ect

should not be ignored when determining Si and Mg abundances based on strong

H-band lines. We also found that NLTE correction is inversely related with

surface gravity; for the solar strong spectral lines of Si I �15888 Å, the NLTE

e↵ect is larger for the lower metallicity stars, however, for weak spectral lines

at �16828 Å, the NLTE e↵ect increases with the increasing metallicity. This

is because as the metallicity becomes high, the spectal line becomes stronger,

so the NLTE e↵ect increased gradually. We also found that the largest NLTE

correction corresponds to the e↵ective temperature at 5500K. The main purpose

of this paper is to analyze the NLTE e↵ect of the H-band neutral Si and Mg
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lines for late type stars. This is the first study in the world to investigate the

NLTE e↵ects on the H-band Si I and Mg I lines. In a word, the NLTE e↵ects for

the H-band Si I and Mg I strong lines can not be ignored especially for giants.

Therefore, we will cooperate with the APOGEE team, and select a sample of

stars to carry out NLTE analysis to derive accurate abundances of Si and Mg.

And the results will be combined with the age and the kinematic information

to trace chemical evolution history and test nucleosynthesis theoriesthe for the

Milky Way.

Keywords: Abundances, Late-type Stars, Line Profile, Line Formation
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&!„Si¥›'. · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 42
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zú( · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 49

4.12 ˘&fSi I�16380⁄�16828 ÅÃÇ#NLTE#Aë!(ÎÍ#C
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5.1 HD583673!(�5000 Å?†lœfë16#Czú( · · · · · · · · · · · 56

5.2 -.•à^Mg IÃÇ#LTEÜNLTE[‹”+ · · · · · · · · · · · · · · · · · · · · 57
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àU?‚fÍŸÿå±œL¶)¿*[˘£À9§⁄iMêß£>l§+,"

2¥ß3˝¢#!(åÌ•ß˘´b8øÿo¥§·ßcŸ3!(åÌ#&

‹´çß#¥3„(!á„(#!(åÌ•ßdu‚fÍó›$ß-Eÿ”Ã

"ßN¥†lLTEß˘û“Iá&ƒNLTEß=œL)é⁄O*Ô⁄À9=£

êß+,-fàU?‚fÍŸÿ"@3,õ1V õcìßÈuLTEb8#k

#5Bk!ÿ”(—ß2¥du…,(ûOéY*#Åõßü¶=ÅuJ—é

{:„ß,{+,(y"Üñ201V60cìß&ˆ3ÈOB.(?1Ô&ûu

yßNLTE#AÈ!(åÌ#ß›(/kXÈå#Kèß˘IìXNLTE#AÔ

ƒÛäk!‚ª5#?–"Thomas[1]J,ßŒ,¶Øßö¤‹9ƒ*Ô‚¥

!(åÌ•ÌN#˝¢7Ï"

1.2 ÔÔÔƒƒƒ'''µµµ000###

’‡X•!(3X!lkå˛©fÃÇ/§#e‡,§k!É—U48>

l#9‡"3e(‡ßduåÑ1!„+3å˛©fÇß"óZ¿#ÃÇD

<ßÈJœL1Ã©¤+,åÇ#ÎÍ#!É¥›$&39(‡ßdu!(^

=Ñ›.Ø!=(.·ßÖıÍ•5!É8>lß"óå^ÃÇD<ßœdè

øÿ.‹â!(&5&&"œdßFGK.(£·u!.!(§§è!Ôƒ’‡

X!(z&|§!(/⁄¸z#<;&&"

(ûm±5ß…âEY*#Åõß<ÇÈ!(#*ˇÔƒ¤Å31&!

„ß5g(Xû1Ó%´ç#U˛À9J±&ˇ,ß˘È%Ç!)⁄&¢’‡

XE§!ò%(J"du˘&!„…(Sû1#Kè'.4ß5g’‡X’(
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(±9ÿ•.û1'.å´ç#˘&!„À9å±Bfl(SôD8/•˛#˘

&&ˇÏP+e5"œdßAPOGEE˘&H!„p©E1Ã—Uå±êœ<a

ç–/!)⁄&¢’‡X#(/!/§9¸z"

ø©n)⁄|^APOGEEå5&1Ã—Uë8*ˇÍ‚ßÃáÂª¥ˇ

˛!(#ƒ(ÎÍ⁄à´!Éz&¥›"8cßù)APOGEE3SßåıÍ

/3#Úá?1#ë8•ß—¥ù6<;#ƒuLTEb8#!(åÌ&.œL

1Ãê{+,!.(#ƒ(ÎÍ⁄!É¥›"2¥3˝¢#!(åÌ•ß†

lLTE#ú( H+3ßkû$ñõ©Ó%ßcŸ¥3!(åÌ#&‹´ç

9$L°%Â„(!(åÌ•"APOGEE#Ãá*ˇ8I¥&È˘„(ß/

5/ı#,ñL'ßNLTE#AÈuAPOGEE#H!„ÃÇ/§‰kö~%á

#Kè[2–4]ßÈåU¥)˚H!„ÎÍ⁄¥›ˇ˛X⁄†+#'Ö"&Öß˘

&ÃÇı5gpU?ß˘‹©U?‚fÍó›(5“$ßçN¥†lLTE"

8cß<ÇÈH!„ÃÇ©¤E?u&¢:„ß›.ò@X⁄#&ÈH!„Ã

ÇNLTE#A©¤ê{U4êœ%Çç–/n)H!„ÃÇß'(ˇ˛!(Î

Í⁄¥›ßl&ø©|^H!„`0ßÈun)’‡X#/§⁄¸zßÅõÿ

‹§nÿ‰kõ©%á#ä^"(ÔƒÃá&ÈSi⁄Mg˘¸´!ÉX⁄/?

1H!„ÃÇ#NLTE#A©¤ÛäßŸÔƒø¬9*ˇÔƒ{§9yGÚ3

$°ná4!ç„"

1.3 Si⁄⁄⁄Mg###ÉÉÉ¥¥¥›››###ÔÔÔƒƒƒøøø¬¬¬

Si⁄Mg!É¥âª•¸´õ©%á#!Éß3à´UN‘nÔƒ+ç•

ÂX'Ö#ä^"ƒkßSi⁄Mg¥¸´Åè;.#↵!É£Mg!Si!S!Ca!

Ti§ß'u↵!É#ÿ‹§nÿÆ<8òX.Ûä[5–9]§Ôƒ"Si!É¥6⁄

C-?#,‘ßÃá‹§u·ûI#SNe II.á#(:uØáß”û(ûIØ

áSNe Ia.á#(:uè¨‹§ò4‹©Si!É"Mg!ÉKÃá,)uåü˛

·ûI#SNe II.á#(:uØá•"duÿ‹§*õÿ”ß˘¸´!É#¥

›©Ÿ&™'w´OuÃá/§u(ûISNe IaØá#Fe!Éß˘Èu<an

)’‡X#z&¸zõ©%á"~XßÈu´7·‡ßX'x!(⁄˛((ß

¨+3↵!ÉO¥yñ£=[↵/Fe]1†pß;.äè0.4 dexß§ß&ÈuÉÈL7

1(©Œ“Ê^IO1Ã&%¬[X/Fe] = lg(NX/NFe)? � lg(NX/NFe)�ßŸ•NìL,´!É-fÿ

#‚fÍó›"
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·‡ßduSNe Ia.á#(:ußå˛‹§Fe!Éß¶+[↵/Fe]ëX[Fe/H]#

Oå—ye¸™0[10]"œdßSi⁄Mg!É~~äèk#&&.´l’‡X

#z&O¥Lß!u(ÿ‹§nÿ±9´©ÿ”(x!(£X„1.1⁄1.2§ß

Ñkå˛ÛäÊ^↵!Éäè&&5Ôƒ’‡X;(!˛(⁄'#¸zß~

X[11–20]"”ûßduMg!É,)uåü˛á#(:uØá•ßò9‹§ß3

!(•:˛'.0%ßœd¥ò´åÇ#Î&!É[21]ßÿ<ÔƒÛäÌ7¶

^[Mg/H]ìO[Fe/H]äè/âªû®0±Ôƒÿ”!É#¸z™0[22, 23]",

&ßSi⁄Mg!É3Ôƒ!.!(#/§⁄¸z•èÂX%á#ä^ßßÇ¥

1•-åÌ&‹´çgd>f#Ãá;zˆßŸ/†=guFeßMg†.1,ß

Si†.1nß&ÖßÇè¥!(åÌ•Å¥#¸´7·!ÉßœdÈÔƒ!(

åÌ#(/⁄¸zkXõ©%á#Kè"

„ 1.1: Reddy.<2006câ—#ÿ”Ûä+,#Si¥›ë7·¥›Czú(
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„ 1.2: Reddy.<2006câ—#ÿ”Ûä+,#Mg¥›ë7·¥›Czú(

1.4 Si¥¥¥›››###***ˇ̌̌⁄⁄⁄ÔÔÔƒƒƒúúú"""000###

&ÈSi!É#*ˇ⁄©¤ÛäøÿıßÃáœè1&!„êk<ÍåÑ

#A^Si IfÇß˘,¶âSi!É#¥›©¤O\!J›ßcŸ¥Èu´7·

(ßêk¸^b&#rSi IÇåÑ"@31968cßLambert⁄Warner[24, 25]ç[

/£„!-.1Ã•Si IÃÇß!(l2935CX,25578 Åßø+,!-.•1

•-•Si¥›èlg "Si,� =7.55 dex2"©z[26]©¤!19^Si IÇß+,-.•Si¥

›è7.65±0.07 dex"ëXU©§Ï#u–⁄*ˇB„#?⁄ßƒuå,(©

¤Si¥›§èò´åUßBensby.<[13–15]⁄Reddy.<[11, 12]#X.Ûä©

Oâ—!àg,(!(#Si¥›ßuy!˛(kX'wpu;(#[Si/Fe]ß?

&&?!˛(⁄;(#Â;"

,&ßÓ8èéıÍSi!É¥›©¤Ûä—¥ƒuLTEb8ßÈu!.

!(•Si!É¥›#NLTEÔƒøÿıÑ"@32001cßWedemeyer[27]Ô·!

2lg "A = lg(NA/NH) + 12.0
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òáÉÈ{¸#-f&.ß<ù)Si I⁄Si II#115áU?⁄84^<[ßø|^

d-f&.Ôƒ!-.⁄Vega•#Si¥›ß+,-.⁄Vega•#Si¥›©O

è7.55⁄6.95 dexßøÖuy-.•Si!É#NLTE#AÈ4ß=è�0.01 dex"

2013cShaltout.<[28]Ê^WedemeyerÔ·#-f&.ßOé!-.åÌ•

#Si#NLTE¥›è7.52±0.08 dex" 2008cShi.<[29]Ô·!ç\E,#-f

&.ßù:!174áU?#1132^<[ßøÈ-.åÌ•#SiÃÇ?1![ó

#NLTE¥›©¤ßy¢!Wedemeyer#(ÿµ-.•#Si!É#NLTE#AÈ

4"Shi.<[30]©Ou2009c⁄2011cƒud-f&.È13à⁄67à´7·(

•Si!É?1!NLTE#AÔƒßuyNLTE#AÈu´7·(ßcŸ¥pß

#´7·(#Si!É¥›©¤cè%á"Shi.<u2012c[31]]¿!-.0

ç#15à,((ßÚSi!É#NLTE¥›©¤ê{Ì2,!C˘&J!„ÃÇ

©¤ßœL1&!„⁄J!„+,#Si¥›òóß(%ŸÔ·#-f&..^

uJ!„¥›©¤ßŸÔƒ(JL'J!„Si!É#NLTE#Aö~åßå±à

,0.26 dexß=¶ÈuL7·(èUà,0.1 dexßøÖNLTE#A+3ëlog g#

~4&Oå#™0"Bergemann.<[32]©¤!˘á„(•Si!ÉJ!„ÃÇ

#NLTE#Aß”,uy.å#NLTE#Aßl�0.4,�0.1 dexÉmÖ˙Cz"

ÅCßTan.<[33]]¿!18à„(,(£Ãá¥´7·(§ÔƒNLTE#A

ÈJ!„Si IÃÇ/§#KèßuyNLTEeSi¥›#ÇÜÇÉmë—'w4

uLTEe+,#(ÿßøÖJ!„Si!É#NLTE#A*˛å±à,�0.35 dex"

CœßAmarsi⁄Asplund¸<[34]È-.•#Si!É?1!3DNLTE¥›©¤ß

+,!-.•Si¥›è7.51 dexßNLTE?/äù,È4ß3�0.01 dexÜm"

1.5 Mg¥¥¥›››***ˇ̌̌⁄⁄⁄ÔÔÔƒƒƒúúú"""000###

ÜSi!ÉÉ'.ßMg!É#*ˇÔƒÛäçıò,ßÿ=œèÔƒMg!

É‰k:ıUN‘nA^4µßç%á#¥1&!„kîMg Ibn%Ç˘

,#rÇß=¶3´7·(•ù,òflåEß˘¶+Mg!É#NLTE¥

›ÔƒÛä'Si!É—y+ç@"@31962cßAthay⁄House[35]Bm©È

-.•Mg!É#NLTE#A?1–⁄&?"ë$#AüÛä[36–38]©OÈ

-.•#Mg IÇcŸ¥Mg IbÇ#NLTE#A1Y–m!Ôƒ"Ü,1987cß

Lemke⁄Holweger[39]&ÈMg I#12.22⁄12.32µm¸^u9Ç£3'#·¬Ç

´—yƒ#Ç%u9ÇßTyñÅ@u19818Murcray.<[40]uyøJ—§
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#NLTEÔƒÛäßÔ·!ù:38áÂPU?#62^<[ß2åJ#¥ß¶Ç

#NLTEOé(Jøvk)§X*ˇ§w,#˘&u9Ç"

1988cMauas.<[41]Ô·!ù:12áU?#Mg-f&.ßrMg IÇ4571⁄

5173 Åäè&&Ôƒ-.åÌ⁄•-&‹´çß§è1òáÚNLTE#AA^

,!(¥›©¤ê°#Ûä"É$ßChang.<[42]⁄Carlsson.<[43]©O

u1991⁄1992ck$Ô·!Mg#-f&.ßÊ^NLTE©¤ê{%/!˘&

u9Ç”+ßø)F!12µmu9ÇA1/§#-œ" 2000cShimanskaya.

<[44]KƒuMashonkina.<1996c[45]Ô·#-f&.£ù)49áMg IÂPU

?ß13áMg IIU?±9Mg IIIƒ(§lnÿ˛X⁄/©¤!àa!(•NLTE#

AÈMg IÇ#Kè"1998cZhao.<[21]Ô·!ç\E,#Mg-f&.ß<ù

)Mg I#83áU?±9Mg II#ƒ(VÇß©¤!-.•Mg¥›⁄NLTE#Aß

ø32000c[46]ÚT-f&.A^,!10àL(⁄Ê„(#Mg¥›©¤•"

Merle.[47]⁄Osorio.<[48, 49]—Ô·!-f&.øOé!NLTE?/Ç:"

Gehren.<[17, 18]<©¤!107à´7·(ß&ƒ!NLTE#Aß'((%!

,((#Mg!É¥›"2013cMashonkina[50]3Zhao.<[21, 46]-f&.#ƒ

:˛?1U?ß&ƒ!Barklem.<[51]œL˛fÂ&ê{Oé#MgÜ•5ï

ö:5-E«±9>÷=£XÍßø'.!Ê^ÿ”#Ü•5ï-E#?n

ê{+,#¥›(JßÔƒ(JuyÊ^Barklem.<Ü•5ïö:5-E

?nê{U4Uı´7·(•Mg!É#(%"2015cBergemann.<[52]Ú1

&!„Mg¥›#NLTE#AÔƒ*–,˘&J!„ßÈ˘á„(#Mg¥›?1

!NLTE#A©¤ßuyNLTE#AÈ˘á„(•Mg!ÉJ!„rÇKèÈå"

8cßMg!É¥›#NLTE#A©¤è=8•31&⁄C˘&J!„ß&Èu

˘&H!„Mg!É#NLTE#A©¤Ûä3(ÔƒÉcôk<G9"

1.6 APOGEEppp©©©EEE«««H"""„„„111ÃÃÃ———UUU000###

1.6.1 APOGEE111ÃÃÃ———UUU{{{000

C¯¤U©"’‡X¸z¢(£Apache Point Observatory Galactic Evo-

lution Experimentß{°APOGEE§3£2011-2014§¥dûÍiz—U1n

œ4£Sloan Digital Sky Survey IIIß{°SDSS III§#òáå5&C˘&p

3http://www.sdss.org/surveys/apogee
4http://www.sdss3.org
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©E«1Ã—Uë8[53]"(‹/3?1#APOGEE-2 £2014-2020§£SDSS

IV##ò‹©§£OyU´CXú(X„1.5§´§ß,8cèé<*ˇ!

’‡XáL150,000àÃá¥˘„(#p©«H!„1Ã"8cdëÛä

Æ<ÚAPOGEEÍ‚,¨äèDR10[54]!DR12[55]£U´CXú(©OX

„1.3⁄1.4§´§ß±9APOGEE-2#‹©Í‚,¨äèDR13£U´CXú(

©OX„1.6§´§È31.#U©Ôƒˆ˙mFò"APOGEE!(ÎÍ⁄

z&¥›Pipeline£The Apogee Stellar Parameter and Chemical Abundances

Pipelineß{°ASPCAP§¥dGarćıa Pérez.<[56]u–#ƒuAPOGEE1Ã

Oé!(ƒ(ÎÍ⁄ı´z&!É¥›#ßS,2Mészáros[2]3ÈAPOGEE1

òc*ˇÍ‚#!(ÎÍ⁄!É¥›?1.(ûuyßœL1Ãê{+,#L

°%ÂX⁄/†l!^.c#Ç#(*ê{+,#(JßŸ-œ4kåU¥d

u¶^LTE#ê{?n˘„("ó#"

„ 1.3: APOGEE#DR10U´CXú(

1.6.2 APOGEE111ÃÃÃÍÍÍ‚‚‚AAA:::{{{000

Ø§±=ß˘&H!„#(Sû1¥1&!„#8©Éò£AH/AV =

0.16§ßœdßå±^5&ˇ5g’‡X’(±9ÿ•.û1'.å´ç#

UN"Ó8èéßSDSS#DR135<ù:=163,000àAPOGEE8I#H!„1

5http://www.sdss.org/dr13/irspec/



8 !.!(åÌ•SI⁄MG!ÉH!„ÃÇNLTE#AÔƒ

„ 1.4: APOGEE#DR12U´CXú(

„ 1.5: APOGEE-2U´CXú(

ÃßŸ•=146,000à¥†uÿ”—U´ç#â&8Iß<ù)⇠15,000àÿ

•8Iß⇠28,000à'8Iß⇠55,000à(8Iß⇠14,000àKepler/CoRoTU´

8Iß⇠8,000à(ÏU´!(±9⇠900àÊ^NMSU1m+APOGEE*ˇ#4

(£Ê^òÂ1n£<O10ä§ÎA!#$‹x>·å&£New Mexico State

UniversityßNMSU§1m"37⁄APOGEE1Ã§ßŸ•9ä1n^u˚HU

1ßêkòä1nÈO8I(ß˘´4ò{°èNMSU1m+APOGEEßŸ8

#¥è!˚HNC#4(ßl&ÈAPOGEE#pipelineˇ˛ÎÍ?1.(U

/§."APOGEE§*ˇ#H!„1Ã!(CXâåè1.51-1.69 µmß©E«

à22,500£'u§Ï05çÑ2010cWilson.<#©Ÿ[57]§"
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„ 1.6: APOGEE-2#DR13U´CXú(

APOGEE#!(1ÃÃá©èn„ßXL1.1ß*ˇ1Ã±9(LÍ‚å

±œLÉAÍ‚6’œLıÂªe16"

L 1.1: APOGEE1Ã!(©„

„I\ "° Â©!((Å) ™é!((Å) •%⁄—

a ”˘” 16470 16960 �0.236 Å/pix

b ”…” 15850 16440 �0.283 Å/pix

c ”7” 15140 15810 �0.326 Å/pix

1.7 ÿÿÿ©©©(((&&&SSS¸̧̧

(ÿ©#(/S¸Xeµ31òŸc¸á4!ß%Ç{¸05!¿K#4

µ9Ôƒø¬ßAe505!Si⁄Mg!É#*ˇ{§9yG05ßÅ$¸á

4*{¸05APOGEE1Ã—U9Í‚A1$1,Ÿ•¨ç[05Si⁄Mg!

ÉH!„ÃÇNLTE#A©¤ê{"1nŸÚ¨£„˘&⁄1&¸á!„1Ã

Í‚#º'±9Ê^1Ãê{ˇ˛!(ÎÍ£ù)µk#ß›£Te↵§!L°

%Â£log g§!7·¥›£[Fe/H]§⁄á*Î6Ñ›£⇠

t

§§#SNßøÚ+,

#13à,((#ƒ(ÎÍÜŸ¶Ûä?1'."(ÿ©#%:Ÿ!8•31o

Ÿ⁄1 Ÿß˘¸Ÿ©OÈSi⁄Mg!ÉH!„ÃÇ?1NLTE#AÔƒßƒk

6http://www.sdss.org/dr13/irspec/spectro data/
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(y!%Ç#Si⁄Mg!É-f&..^u˘&H!„NLTE¥›©¤ßŸgœ

LOéò1!(åÌ&.9†lœfÇ:ßX⁄/ÔƒNLTE#AÈSi⁄Mg!

É˘&H!„ÃÇ/§#Kèå4ßø&?H!„ÃÇNLTE#A#KèœÉ"

318Ÿ•ß%Ç?1!{¸#Ûäo(⁄–""



111!!!ŸŸŸ H"""„„„ÃÃÃÇÇÇSi⁄⁄⁄Mg###ÉÉÉNLTE###AAA©©©¤¤¤êêê{{{

NLTE¥›©¤ê{¥3-f&.ƒ:˛ß¶)⁄O*Ô⁄À9=£êßß

'(Oé-fàáU?#‚fÍŸÿßÚ+,#†lœf(‹!(åÌ&.ß

Ê^ÃÇn‹#)(.Ç.ê{OéÃÇ#nÿ”+#.ä'›ßl&+,

!É#NLTE¥›"(©§Ê^#NLTE©¤ê{X„2.1§´"Oé!(åÌ

&.ßÔ·ÉA-f&.ßÊ^DETAIL[58]ßS)é⁄O*Ô⁄À9=£êß

+,-fàU?#‚fÍŸÿßƒuSIU£Spectrum Investigation Utility§^

á[59]Ê^ÃÇn‹#ê{+,!É#NLTE¥›"(©§k(J—¥ƒuÃÇ

n‹#ê{+,#"è!¶nÿ1Ãç–/[‹*ˇ1Ãß3[‹-.*ˇ1

ÃûßnÿÃÇÚ»!1.8 km s�1#g=Ñ›⁄ò%#˜*Î6Ñ›$3OéŸ

¶!(#nÿÃÇû⁄òÚ»!òápd”+5ìLg=!˜*Î6⁄§Ï§

⁄Â#ÃÇ”+ó'"

„ 2.1: NLTE©¤ê{
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2.1 ###(((åååÌÌÌ###...

åÇ#!(åÌ&.¥n)!(1Ã&E#ƒ:ßß¥£„!(åÌ

‘n(/#nÿ&.ß‰N5˘¥£„!(åÌSàá‘n˛£Xß›!ó

›!ÌNÿÂ.§ë!(åÌ6›#©Ÿ56"8cßA^Åè2ç#å

Ì&.ÃákKurucz&.£ATLAS9§[60]!MARCS&.[61]±9MAFAGS&

.[62, 63]."

(©Ê^#¥2ç^u1Ã©¤#MARCS!(åÌ&.1ßT&.ù

)*1*°-⁄•/&.¸´[61]"Èu$L°%Â#!((�1.0  log g

 +3.5§ßzáL°%Â©Okıáÿ”!(ü˛å¿ßÊ^•/&.?1O

é$&ÈuL(ßL°%Â33.0,5.0#5.5ÉmßKÊ^*1*°-&.Oé"

Heiter⁄Eriksson[64]32006cuL#©Ÿ•ç[?ÿ!˘¸´&.#´O"(

©ÈuL°%Â4u.u3.5#&.˛Ê^•/&.OéßŸßKÊ^*1*

°-&."3Oé,((åÌ&.ûßÿ!ä‚,((#ƒ(!(ÎÍ£Te↵ß

log gß[Fe/H]ß⇠

t

§&ßÑáä‚!(ü˛¿JÉA&.ß&3OéÇ:ûßÈ

ulog g4u.u3.0#•/&.ßßÇ#!(ü˛⁄òÊ^MARCS&.;.#

!(ü˛=5á-.ü˛ßá*Î6Ñ›è2 km s�1"T&.&ƒ!↵!ÉO¥

*õß=Èu7·¥›4u�1.0 dex#åÌ&.ß&ƒ0.4 dex#↵O¥ß&È

u7·¥›3�1.0⁄0.0Ém#&.ßK&ƒ0.4⇥ |[Fe/H]|#O¥"-.åÌ•
ƒ(#z&|§Ê^Grevesse.<[65]2007câ—#ä",&ß'uMARCS&

.#Å#ûEßAPOGEEÏË#Mészáros.<[66]u2012c*–!MARCS&

.#ÎÍòmâåßøOé!”,ÎÍòm#ATLAS9&.[60]ßZamora.

<[67]32015cç['.!˘¸´&.#+OßXJé!)çı&Eßû1w

É'©z"

2.2 %%%fff###...

-f&.¥NLTE¥›©¤Åè%á#Ç!Éòß-f&.#Ô·Iáå

˛¢(ø-f‘nÍ‚ße°{¸05(©§Ê^#Si⁄Mg!É#-f&."

1http://marcs.astro.uu.se
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2.2.1 Si%%%fff###...

31òŸ05Si!É#*ˇ⁄Ôƒ{§9yGûJ,ßÅ@ÈSi!É?

1NLTE#A©¤#¥Wedemeyer[27]ß¶32001cƒkÔ·!Si-f&.ßù

:Si I⁄Si II#115áU?⁄84^<[ßø+,!-.•Si!É¥›ßuy-.

1&!„Si!É#NLTE#AÈ4"2008cShi.<[29]Ô·!ù:çıU?⁄

<[#-f&.ß<k132áSi IU?!41áSi IIU?⁄Si IIIƒ(#1132^<[ß

ø©¤!-.•l1&!„,˘&J!„Si!ÉÃÇß+,!-.#Si!É¥›

±9NLTE#Aßy¢!Wedemeyer#(ÿ"CœAmarsi⁄Asplund¸<È-.

•#Si!É?1!3DNLTE#A©¤ßdu3DNLTEOé˛Èåß…8cOé

Y*#Åõß¶ÇêÊ^!òá{z#-f&.ßù:56áSi IU?±9Si IIƒ

(#634^<[ßøÖ3¸$-f&.E,›øo@åÇ5#”ûß¶ÇÑÚ

'[(/U??1ÿ†øÚp-uU?ø‹,ápU?ßåÑ8c3DNLTE#

A©¤E+3NıØKkñ)˚"

Å™ß(©Ê^Shi.<2008c[29]Ô·#-f&."À9<[ßù)Â

P-ÂP<[⁄ÂP-gd<[ß5gNahar⁄Pradhan¸<[68]#Oéä"Èu

Ü•5ïö:5-E«ßÊ^Drawin˙™[69, 70]Oé+,#Cqäß2Shi.

<[29, 31]œL[‹-.1Ã•#C˘&rSi IÇßuyDrawin˙™Oéä†åß

Ô7Ê^òáœfÈŸ?1./ß=SH = 0.1£Tê{{°èDrawin SH =

0.1ê{§"2014cßBelyaev.<[71]Oé!Si-f26á$U?<#SiÜ•5ïö

:5-E«Ü>÷=£XÍ£Tê{{°èBelyaev2014ê{§"Mashonkina.

<[72]2016c3&.•È'!Drawin SH = 0.1ê{⁄Belyaev2014ê{+,

#Si!ÉNLTE¥›(JßuyßÇ#+OÈ4ß30.02 dexâåÉS"(©

32008cShi.<Ô·#Si-f&.ƒ:˛ßÊ^!Belyaev.<2014cÅ#

Oé#Ü•5ïö:5-E-u⁄>lD°ßX„2.2§´£˘⁄JÇì

LBelyeav2014ê{#26á$U?Ém#<[§ß&ÈupU?du"y˛f

OéäßêUUYÊ^Drawin SH = 0.1ê{"3(Ôƒ•ß%Ç'.!-.

⁄Arcturus•Ê^o´ÿ”#Ü•5ïö:5-E?nê{+,#(Jß˘o

´ê{©OèBelyaev2014ê{±9Drawin SH =0.1!0.0⁄1.0ê{ßŸ(JX

„2.3!2.4§´"l„•%Çå±w,ßÈu¸^rÇ�15888⁄�16680 ÅßÊ

^Belyaev2014ê{ÜDrawin SH = 0.1ê{+,#NLTEÃÇU4È–/[‹*

ˇ1ÃßÊ^Drawin SH = 0.0ê{û+,#ÃÇ”+'*ˇ1ÃJá6ò,ß
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2Ê^Drawin SH = 1.0ê{ûß3—\”,Si¥›#ú(eß[‹ÃÇ'*ˇ

1Ã'wçfò,"˘L'ßÜ•5ï#ö:5-E«Ü>÷=£XÍ¥òá

ö~%á#-fÎÍ"

„ 2.2: Si-f&.

5µÈu26á$U?Ém#<[Ê^!Belyaev.<[71]2014cÅ#

Oé#SiÜ•5ïö:5-E-u⁄>lD°£„•Ê^˘⁄JÇ

IP§"
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NLTE Drawin SH = 0.0

NLTE Drawin SH = 0.1

NLTE Drawin SH = 1.0

NLTE H Belyaev et al.(2014)

log ε = 7.51
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„ 2.3: -.H!„Si IÃÇ#NLTE[‹”+

5µ - . # ! ( Î ÍTe↵/log g/[Fe/H]/⇠t© O

è5777K/4.44 dex/0.0 dex/0.9 km s�1" „ • < ù : o ´ Ü • 5

ïö:5-Eÿ”?nê™+,#NLTEÃÇ”+ßŸ•Ê

^Belyeav2014ê{⁄Ê^SH = 0.1û#NLTEÃÇ”+ÈAÅZ[

‹"ò%CL´*ˇ1ÃßŸßÇ.§ìL#:¬çÑ„~"
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15887.0 15888.0 15889.0 15890.0
Wavelength (Å)

0.2
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R
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[Si/Fe] = 0.38

16379.5 16380.0 16380.5 16381.0 16381.5
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[Si/Fe] = 0.36
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Wavelength (Å)

0.5

0.6
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R
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Si I 16680

[Si/Fe] = 0.32
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R
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x

Si I 16828

[Si/Fe] = 0.42

„ 2.4: ArcturusH!„Si IÃÇ#NLTE[‹”+

5µ*ˇ1Ãèp©E1Ã£R⇠100,000§[73]ß„~çÑ„2.3"

2.2.2 Mg%%%fff###...

3˛òŸ05Mg!É*ˇ⁄Ôƒú(û%Ç”,J,ßÅ@ÚNLTE#A

A^,Mg!É¥›©¤˛#¥Mauas.<[41]ßë$Chang.<[42]⁄Carlsson.

<[43]©Ou1991⁄1992ck$Ô·!Mg#-f&.ß2Ãá^u)F12µmu

9ÇA1"1996cMashonkina.<[45]èÔ·!Mg#-f&.ßù)49áMg IÂ

PU?ß13áMg IIU?±9Mg IIIƒ($1998cZhao.<[21]Ô·!ù:çı

U?⁄<[#-f&.ß<ù)Mg I#83áU?±9Mg II#ƒ(VÇßø|^

d&.©O©¤!-.[21]±910àL(⁄Ê„([46]#Mg!É¥›9NLTE#

A"Merle.<[47]⁄Osorio.<[48, 49]è©OÔ·!Mg#-f&.ßøJ

¯!NLTE?/Ç:"Mashonkina[50]U?!Zhao.<[21]#-f&.ßÊ^

!Barklem.<[51]2012cOé#MgÜ•5ï#ö:5-E«±9>÷=£X

Íßø'.!Ê^ÿ”#Ü•5ïö:5-E?nê{+,#¥›(J"(
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©Ê^Mashonkina[50]2013c¶^#-f&.ßß¥3Zhao.<[21, 46]Ô·&

.#ƒ:˛?1U?ß<ù:85áMg IU?ß2áMg IIU?⁄Mg IIIƒ("È

u>f-E⁄Â#-uß-ED°ÃáÊ^Mauas.<J¯ä[41]ß‹©5

gZhao.<[21]$Èu>f-EE§#>lß>lD°ÃáœL©z[74]J¯

#˙™Oé+,$&ÈuMgÜ•5ïö:5-E-u⁄>lD°£Mg + H

⁄Mg++H� §ßÅ$#‘áU?Ê^Barklem.<[51]#OéäßÜSi!É#ú

(aqßpU?KUYÊ^Drawin SH = 0.1ê{"

2.3 '''yyySi⁄⁄⁄Mg%%%fff###...$$$^̂̂uuuH"""„„„ÃÃÃÇÇÇ©©©¤¤¤###êêê{{{000###

UÏ2012cShi.<[31]#Ôƒg¥ß(©J—(ySi⁄Mg-f&.¥ƒ.

^u˘&H!„1Ã¥›©¤#ê{ß=È”ò1,((1Ã©O©¤ßÇ

#H!„⁄1&!„#NLTE¥›ßXJ¸á!„+,#¥›(JòóßKL

'%Ç#-f&..^u˘&H!„ÃÇ©¤ßƒKKIáâÉANA"

2.4 ***(((

(Ÿ{¸05!(©§Ê^#NLTE©¤ê{ß=3!(åÌ&.ƒ:˛ß

|^Ô·#-f&.ßÊ^DETAILßS)é⁄O*Ô⁄À9=£êßßøÊ

^ÃÇn‹#ê{ƒuSIU^á[59]+,à´!É#¥›"”ûß(ŸÑ05!

(Ôƒ§Ê^#!(åÌ&.±9-f&.ßøJ—!(ySi⁄Mg!É-f

&.¥ƒ.^uH!„ÃÇ©¤#ê{èˇ¡H!„Ü1&!„+,#,´!

ÉNLTE¥›¥ƒòó"
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3.1 ######111ÃÃÃÍÍÍ‚‚‚ººº"""

˛òŸJ,ß(©§Ê^#(ySi⁄Mg!É-f&.¥ƒ.^uH!„Ã

Ç©¤#ê{èµœL1ÃNLTE¥›©¤ßXJ˘&H!„⁄1&!„U4

+,òó#Si/Mg¥›ßKL'ÉA#-f&..^uH!„ÃÇ©¤"(Ô

ƒ]¿,((§ÑÃ5KXeµ1§,((Io‰˘&H!„⁄1&!„p©E

«£R> 20,000§!p&D'£S/N> 100§1Ã$2§,((ÎÍI3FGK .(

#ÎÍâåSßXµTe↵ ⇠ 4000�6500Kßlog g⇠ 0.0�5.0 dexß[M/H]⇠�2.0 �
0.5 dex"Å™ß<]¿!13à,((ßßÇ#k#ß›l4275,6070KßL

°%Âl1.67,4.65 dexß[Fe/H]l�1.35,0.28 dex"%Ç5ø,ß3ˇ¡,(

•"<7·¥›$u�1.5 dex#!(ß˘¥duÅ–]¿#4à´7·(ß

(HD122563!HD84937ßHD140283ßHD175305§ßdu´7·(•ÃÇ(%

.fß&˘Aà´7·(APOGEEJ¯#H!„1Ã&D'q'.$ß©¤É

$uy,{+,ßÇåÇ#Si/Mg¥›ßœdÅ™%Ç3Ôƒ•ÚßÇ¸ÿ3

&"3$YÔƒ•%ÇÚUYœÈp©E«H!„´7·(1Ã5÷ø(Ôƒ

,("'u,((¸á!„#1ÃÍ‚º'Ú3Ae5#¸á4!•ç[0

5"

3.1.1 ˘̆̆&&&H"""„„„ppp©©©EEE«««111ÃÃÃ

Èu-.ß%ÇÊ^!Kurucz6’J¯#p©E«£R⇠ 500,000§!p&

D'#˘&H!„1Ã1"Èu13à,((ßßÇ#˘&H!„p©E1ÃK

ÃáÊ^NMSU1m+APOGEE#*ˇÍ‚ßTÍ‚Ê^!ÜAPOGEEÃ—

UÉ”##Í‚?n^á[75]ßøÖ˛Ê^U11n5È*ˇ8I?1U1

u9Ç#ûÿ"duNMSU1m+APOGEE#U11nÜ8I1nÇ+çCß

œd~U1¨'Ã—Uâ#ç–"åÌ·¬Ç#?nê{ÜAPOGEEÃ—

U—kÿ”ß¥œèNMSU1m+APOGEEvk”û*ˇ#9(âÈ'"'

uNMSU1m+APOGEE*ˇ1Ã#Í‚?nLßçÑÎ&©z[75, 76]"d

1http://kurucz.harvard.edu/sun/irradiance2008/
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uNMSU1m+APOGEEÃá*ˇ8Iè4(ß(.âå30< H <8Sß&

ÖÜAPOGEEÃ—U34&ñ*ˇÉ'ßßÇ#*ˇûmèV&ñßœdß

NMSU1m+APOGEE*ˇ1Ã#&D'¨çpß~Xå((£Arcturus§#

&D'å±à,400±˛ß1Ã#©E«˛è22,500",&ß%ÇÑlNOAO26

’˛e1!Arcturus#H!„1Ãß©E«pà100,000[73]"p©E«⁄p&D

'1Ãk|u%Çç\O(/(%ÃÇÎYÃ#†òß”ûk#/EOÃÇ.

‹ú("

3.1.2 111!!!"""„„„ppp©©©EEE«««111ÃÃÃ

%Ç§Ê^#-.1&!„1Ã5g1984cKuruczJ¯#Í‚[77]"Èu

,(•#8à!(ß=HD6582!HD6920!HD102870!HD103095!HD121370!

HD148816ßÊ^#¥‹ÅflCalar Alto 2.2í"37#FOCES[78]1Ã§˚H#

*ˇÍ‚$HD87!HD22675!HD58367⁄HD177249KÊ^#¥F(OkayamaU

N‘nU©"1.88í"37p⁄—:F1ª1Ã§£High Dispersion Échelle

SpectrographßHIDES§[79]˚H#*ˇÍ‚"å((#1&!„1Ã¥|^{

IKitt PeakU©"#ÚBá"™"37£the Kitt Peak coudé feed telescopeß

KPCFT§#:F1ª1Ã§£ES§*ˇ+,#ßŸ;.©E«è150,000ß

&D'=è1,000[80]"HD31501¥2008c1&|^I[U©",û*ˇƒ/

#2.16í"37ÚB:F1ªHÃ§£the Coudé Échelle Spectrograph, CES§

[81]˚H#$HD67447è¥|^2.16í"37ß%Ê^1n1&:F1ª1Ã

§£the fiber optics échelle spectrograph, FOES§u2015c1&*ˇ+,#Í‚"

,((ç[#*ˇ&E.3L3.1•"lL•%Çå±w,ß§k,((#1&

!„1Ã#©E«˛335,000±˛ß&D'è˛åu.u150"

3.2 ###(((ÎÎÎÍÍÍˇ̌̌˛̨̨

!(1Ã©¤Iáƒu!(åÌ&.ß&!(ÎÍK¥Oé!(åÌ&.

#7á—\ÎÍßÃáÎÍk#ß›Te↵ßL°%Âlog gß7·¥›[Fe/H]⁄á

*Î6Ñ›⇠

t

"!(L°k#ß›⁄L°%Âkı´ˇ˛ê{ßä‚Ü!(å

Ì&.#ù6'XÃá©è¸´µò´¥’·u!(åÌ&.#ˇ˛ê{ß,

&ò´K¥ù6uåÌ&.#ˇ˛ê{"

2http://ast.noao.edu/data/
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L 3.1: ,((1&!„1Ã*ˇA1
Star V a

mag Telescope/ Observing run, Spectral range R S/N

(mag) spectrograph observer (Å)

Arcturus �0.05 KPCFT/ES 1998-99, Hinkle K. et al. 3727-9300 150,000 ⇠ 1,000

HD 87 5.55 1.88-m/HIDES Jul. 2007, Anonymousb 5000-6200 67,000 �150

HD 6582 5.17 2.2-m/FOCES Sep. 1995, Fuhrmann K. 4000-7000 35,000 �150

HD 6920 5.67 2.2-m/FOCES Feb. 1997, Fuhrmann K. 4000-9000 60,000 ⇠ 200

HD 22675 5.86 1.88-m/HIDES Jan. 2010, Sato B. 4000-7540 67,000 ⇠300

HD 31501 8.15 2.16-m/CES Jan. 2008,Shi J.R. 5600-8800 40,000 �150

HD 58367 4.99 1.88-m/HIDES Feb. 2004, Anonymousb 5000-6200 67,000 �150

HD 67447 5.34 2.16-m/FOES Jan. 2015, Zhang J.B. 3900-7260 50,000 �150

HD 102870 3.59 2.2-m/FOCES May. 1997, Fuhrmann K. 4000-9000 60,000 ⇠ 200

HD 103095 6.42 2.2-m/FOCES May. 2000, Fuhrmann K. 4000-9000 60,000 ⇠ 200

HD 121370 2.68 2.2-m/FOCES Dec. 1998, Fuhrmann K. 4000-9000 60,000 ⇠ 200

HD 148816 7.27 2.2-m/FOCES Aug. 2001, Gehren T. 4000-9000 60,000 ⇠ 200

HD 177249 5.51 1.88-m/HIDES Nov. 2004, Anonymousb 5000-6200 67,000 ⇠300
a ¿(.5;uûnA(L"

b T1Ã¥dTakeda Y., Sato B.⁄4åÔ.<J¯ßdu1Ã#fi©á•*ˇˆò9P+è]"ß(©

J±1¢ÈA*ˇˆ"

Ÿ•ò´ÿù6u&.ˇ˛k#ß›#ê{“¥œL*ˇ+,˝È6˛⁄

(åª#ê{ß2¥ß˘´ê{ê.^u-.NC#4(ß&Ödu(Sû1

#KèßèÈJ+,'(#˝È6˛ßœdTê{‰kÈå#¤Å5",&ò

´ÿù6u&.ˇ˛k#ß›#ê{¥Ê^˝È9(.±9˘&6#ê{ß˘

´ê{Iákn(¿+ß&Öˇ˛Lßè¥…(Sû1#Kè"è,Tê{#

ˇ˛Lßÿ¥ß2ò9§ıßŸˇ˛(J~~äè(%!(k#ß›#Î&

IOß~XAlonso.<u1995c[82]⁄1999c[83]©O&È475àL(9ÊL(

⁄500à„(Ê^˘&6#ê{ˇ˛!(#k#ß›ßø|^˘,ÎÍ©Oâ

—!,((#Ù⁄Ük#ß›#<(˙™[84, 85]"

ÿù6u&.ˇ˛L°%ÂÅ~Ê^#ê{K¥n(¿+\¸z;,#ê

{ß˘´ê{#"Ä3u¥…n(¿+'›#Kèßœd=U4ˇ˛-.N

C£d < 200 pc§#!(ßœè-.NC!(#n(¿+ˇ˛ä'.åÇ"8

cGaia•([86]Fò!DR1[87]ßJ¯!=2008à4(£4u11.5.§#p'›

n(¿+⁄g1Í‚ßŸ(Lå±œL6’e13ß˘Úö~kœuJp|^

n(¿+\¸z;,ê{ˇ˛L°%Â#'›"

3http://gea.esac.esa.int/archive/
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ù6u&.ˇ˛k#ß›⁄L°%Â#ê{ßÃáù)ˇ1ê{⁄1Ãê

{"ˇ1ê{ßß#ˇ˛'›ù6u'ëˇ1#·5"&1Ãê{ßß#nÿ

ù‚¥|^òX.Øau!(ÎÍ#ÃÇ5%!(ÎÍßdußÇ#/§*õ

ÜÎYÃÿ”ßÃÇ/§uÈå#6›âåßÇ   /§u!(#åÌ#.

6#†òß&Ç%KÃá/§u!(åÌ#p-"Ê^1Ãê{ˇ˛!(ÎÍ

á¶Xeµ

• IáÊ^p©E1Ã*ˇß=R = �/�� > 20000$

• ákå^u©¤#!¥©E#,´!É#ÃÇ$

• ıgˇ˛ß¥òáSìLß"

Ê^1Ãê{ˇ˛!(ÎÍqå±[©§Èıê{ß(©Ãá|^FeÇ#

-u⁄>l*Ô(%k#ß›⁄L°%Âß§Ê^,#FeÇÇL.3L3.2•ß

L•Ñâ—!-.•à^FeÇ#LTE⁄NLTEe#Fe¥›ßøÖÑâ—!|

^ÅZ[‹-.1Ã+,#NLTEe./$#Cfr›"AáÎÍˇ˛Ç!

¥òáSìLß",&ß3ˇ˛!(ÎÍ#Lß•ß%ÇÑ&ƒ!Fe!É

#NLTE#AßFe!É#-f&.Ê^Î&©z[88]"(Ôƒ•ß,((Fe!É

#NLTE#A'.4ßÈuFe IÇ4u0.05 dexß&Fe IIÇ#NLTE#Aç4ßå

±'—"

L 3.2: ÎÍˇ˛§Ê^#Fe I⁄Fe IIÃÇÇL

� � logC6 log gf Ref. log "Fe log "Fe log gf 0 EW

LTE NLTE

(Å) (eV) (dex) (dex) (mÅ)

Fe I

4661.534 4.558 �29.481 �1.27 FUH88 7.57 7.61 �1.16 40.5

4808.149 3.251 �31.464 �2.79 FUH88 7.66 7.70 �2.59 29.5

4885.430 3.882 �30.173 �1.02 KUR14 7.49 7.55 �0.97 91.3

5223.186 3.635 �31.165 �1.78 BRI91 7.05 7.09 �2.19 31.0

5242.497 3.634 �31.248 �0.97 BRI91 7.56 7.52 �0.95 90.3

5379.579 4.154 �31.242 �1.51 BRI91 7.57 7.57 �1.44 63.5

5398.279 4.371 �30.155 �0.67 FUH88 7.55 7.59 �0.58 78.8

5522.449 4.217 �30.457 �1.55 FUH88 7.63 7.68 �1.37 44.9

5546.506 4.434 �30.356 �1.31 FUH88 7.68 7.74 �1.07 52.7
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L 3.2 – Y˛L

5618.633 4.386 �30.475 �1.28 BRI91 7.49 7.55 �1.23 52.2

5651.469 4.386 �30.264 �2.00 FUH88 7.77 7.78 �1.72 19.5

5679.023 4.186 �30.040 �0.92 FUH88 7.72 7.78 �0.64 65.0

5793.915 4.220 �30.505 �1.70 FUH88 7.58 7.63 �1.57 35.5

5853.148 1.485 �31.586 �5.28 FUH88 7.64 7.67 �5.11 8.1

5855.077 4.608 �30.189 �1.48 BAR94 7.43 7.48 �1.50 23.3

5929.677 4.548 �30.305 �1.41 FUH88 7.71 7.77 �1.14 41.7

6024.058 4.548 �30.358 �0.12 FUH88 7.66 7.70 0.08 127.5

6078.491 4.796 �29.749 �0.32 KUR14 7.47 7.52 �0.30 84.6

6079.009 4.652 �30.237 �1.12 FUH88 7.64 7.70 �0.92 48.8

6151.623 2.176 �31.538 �3.30 FUH88 7.53 7.55 �3.25 51.6

6173.335 2.223 �31.523 �2.88 FUH88 7.56 7.58 �2.80 70.1

6200.321 2.608 �31.279 �2.44 FUH88 7.59 7.59 �2.35 75.2

6240.646 2.223 �31.450 �3.23 BAR91 7.44 7.46 �3.27 48.7

6322.686 2.588 �31.296 �2.43 FUH88 7.60 7.60 �2.33 77.6

6335.331 2.198 �31.546 �2.18 BRI91 7.46 7.46 �2.22 103.3

6481.877 2.279 �31.420 �2.98 FUH88 7.58 7.60 �2.88 65.7

6593.871 2.433 �31.375 �2.42 FUH88 7.62 7.63 �2.29 98.7

6726.666 4.607 �30.256 �1.09 KUR14 7.56 7.63 �0.96 50.2

6839.831 2.559 �31.346 �3.45 FUH88 7.55 7.58 �3.37 30.3

6857.250 4.076 �30.895 �2.15 FUH88 7.56 7.61 �2.04 23.4

mean 7.56 7.60

� 0.13 0.13

Fe II

4508.288 2.856 �31.971 �2.25 RYA99 7.48 7.48 �2.27 77.6

5264.808 3.230 �31.977 �3.12 RYA99 7.53 7.53 �3.09 103.3

5414.073 3.221 �31.976 �3.54 RYA99 7.45 7.45 �3.60 65.7

5991.376 3.153 �31.983 �3.54 BLA80 7.43 7.43 �3.61 98.7

6149.258 3.889 �32.048 �2.72 BLA80 7.49 7.49 �2.73 50.2

6456.383 3.903 �31.979 �2.10 BLA80 7.54 7.54 �2.07 30.3

mean 7.49 7.49

� 0.04 0.04

log gf#Î&©zèFUH88µ[89]ßKUR14µ[90]ßBRI91µ[91]ßBAR94µ[92]ßBAR91: [93], RYA99µ

[94]ßBLA80µ[95]" logC6 ää‚Î&©z[96–98]Oé+,#"�ç#¥IO+ßlog gf 0 L´gfä¥œ

LNLTEeÅZ[‹-.1Ã+,#"
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3.2.1 kkk###ßßß›››£££Te↵§§§

du(©§Ê^#!(ÎÍˇ˛ê{¥òáSìLßßœdƒkIáº+

k#ß›#–©ä"(ÔƒÊ^!ı´ê{5+,k#ß›#–©äµÈu!

.!(ßdun*"Ç=H
↵

£�6563 Å)⁄H
�

£�4861 Å§#Ç Øauk#ß

›ßœdå±^uˇ%!(#k#ß›$2¥du%Ç#,(!(Ê^ÿ”#

"37*ˇÍ‚ß‹©,((1&!„1Ã#!(âåvkCX˘¸^Çßœ

dÈu˘‹©!(%ÇKÊ^Alonso.<J—#⁄çÍ#<(ê{[84, 85]5(

%k#ß›#–©ä",$ß|^–©ÎÍOé!(åÌ&.ß?&+,à

^FeÇ#¥›ßÿ‰NAk#ß›ßÜñÿ”Fe IÇ+,#Fe¥›Ü-u>0

,'ß˘û+,#k#ß›=èÅ™,((#k#ß›"

3.2.2 LLL°°°###ÂÂÂ£££log g§§§

(%L°%Â#ê{èkÈı´ßÃáù)(*&ê{!n(¿+\¸z

;,ê{±91Ãê{.ß&(©ÃáÊ^$¸ˆ"Ÿ•ß1Ãê{“¥|^

”ò!É#¸áÿ”>l(ÃÇâ—É”¥›5(%L°%Â"du3!(1

Ã•2ç©ŸXå˛FeÇßœdFeÇ~~^5(%L°%Â"du%Ç#,(

(˛è-.NC4(ßœd—‰k.p'›#n(¿+äß˘,L°%Â#–

©ä“¥œLÊ^n(¿+\¸z;,ê{+,#ß¶)L°%Â#˙™X

eµ

log g = log g� + log

M

M�
+ 4⇥ log

Te↵

Te↵�
+ 0.4⇥ (M

bol

�M

bol�) (3.1)

Ÿ•ß

M

bol

= V +BC + 5⇥ log ⇡ + 5 (3.2)

,$ß|^˛„–©ÎÍßOé!(åÌ&.ß+,à^FeÇ#Fe¥›ß

|^FeÇ#>l*Ô(%L°%Âß=œLNAL°%Âß¶Fe IÃÇ+,

#Fe¥›ÜFe IIÃÇ+,#Fe¥›òó"

3.2.3 777···¥¥¥›››£££[Fe/H]§§§

7·¥›#ˇ˛œ~Ê^FeÇâ—#Fe¥›äèÅ™,((#7·¥›ß

(k#ß›⁄L°%Â(%É$ßdûFeÇ+,#Fe¥›=èÅ™#[Fe/H]"



1nŸ ,(Í‚º'9!(ÎÍˇ˛ 25

3.2.4 ááá***ÎÎÎ666ÑÑÑ›››£££⇠

t

§§§

(©,((#á*Î6Ñ›¥|^à^Fe IÃÇ+,#Fe¥›Ü.ä'›

,'ê{ˇ˛#"L3.2#Å$ò.â—!-.•à^FeÇ#.ä'›ß&Ÿß

,((Fe IÇ#.ä'›K.3!L3.3•"
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3.2.5 ###(((ÎÎÎÍÍÍ±±±999ÜÜÜŸŸŸßßßÛÛÛäää###''''''

Å™ß%Ç+,!13à,((#!(åÌÎÍß.3L3.4•"œLıg

Sìßk#ß›!L°%Â!7·¥›⁄á*Î6Ñ›#ÿ+©Oè± 80K!

± 0.1 dex!± 0.08 dex⁄± 0.2 km s�1"%ÇÚ(©+,#!(ÎÍÜŸßÛ

ä?1!'.ßÉAÎ&©z9ÎÍ&Eè.3L3.4•"lL•%Çå±

w,ßÈuåıÍ!(ß(©ÎÍÜŸßÛä+,#ÎÍƒ(òóß2È

uHD22675⁄HD177249#log gß(©+,#log g'Takeda.<[99]œL1Ãê

{+,#ÎÍä©Oå0.26⁄0.11 dex"2¥ß%Ç5ø,ßTakeda.<3©Ÿ

•Ñâ—!¶ÇœLn(¿+\¸z;,ê{+,#˘¸à!(#L°%Âß

Ÿ(JÜ%Ç#ˇ˛(JòóßL'(©œL1Ãê{+,#L°%Âç\O

("

3.3 ***(((

(ŸÃá05!,((#]¿±91&⁄˘&¸á!„1ÃÍ‚#º'

ú(ßøç[05!,((#!(ÎÍˇ˛Lßß=ÃáÊ^1Ãê{ß|

^Fe I⁄Fe IIÇ#-u*Ô⁄>l*Ô5(%k#ß›⁄L°%Âß|^ÿ

”FeÇ+,#Fe I¥›Ü.ä'›,'5ˇ%á*Î6Ñ›"Å$ß%ÇÚ(

©§+ÎÍÜŸ¶ÔƒÛä?1!'.ß(JL'%Ç#ˇ˛ÎÍÜc<#Û

äƒ(òó"
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L 3.4: ,((!(ÎÍ±9ÜŸßÛä#'.
(" Te↵ log g [Fe/H] ⇠t Î&©za

Arcturus 4275 1.67 �0.58 1.60 This study

4286 1.66 �0.52 1.74 RAM11

4286 1.66 �0.48 1.74 SHE15

HD87 5053 2.71 �0.10 1.35 This study

5072 2.63 �0.10 1.35 TAK08

HD6582 5390 4.42 �0.81 0.90 This study

5387 4.45 �0.83 0.89 FUH98

HD6920 5845 3.45 �0.06 1.40 This study

5838 3.48 �0.05 1.35 FUH98

HD22675 4901 2.76 �0.05 1.30 This study

4878 2.50b �0.06 1.29 TAK08

2.66c TAK08

HD31501 5320 4.45 �0.40 1.00 This study

5326 4.41 �0.38 1.00 WAN09

HD58367 4932 1.79 �0.18 2.00 This study

4911 1.76 �0.14 2.04 TAK08

HD67447 4933 2.17 �0.05 2.12 This study

4974 2.12 �0.06 2.12 TAK08

HD102870 6070 4.08 0.20 1.20 This study

6085 4.04 0.14 1.38 FUH98

6060 4.11 0.18 1.20 MAS11

HD103095 5085 4.65 �1.35 0.80 This study

5110 4.66 �1.35 0.85 FUH98

5070 4.69 �1.35 0.80 MAS07

HD121370 6020 3.80 0.28 1.40 This study

6023 3.76 0.28 1.40 FUH98

HD148816 5830 4.10 �0.73 1.40 This study

5823 4.13 �0.73 1.40 NIS10

HD177249 5273 2.66 0.03 1.65 This study

5251 2.55b 0.00 1.65 TAK08

2.62c TAK08
aÈAÎ&©zèµRAM11: [100], SHE15: [101], TAK08: [99], FUH98: [102], WAN09: [103], MAS11:

[88], MAS07: [104], NIS10: [20]
blog g¥œL1Ã#ê{ˇ+#"

clog g¥œLn(¿+⁄¸z;,ê{ˇ+#"

eyÇIP!log gÜÎ&©zk+O#,(("
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Si!É¥!(åÌ•%á#↵!Éßk'Ÿ8c#*ˇ⁄Ôƒ?–ú(3

1òŸ•Æ<ç[05L"(ÔƒÛä¥1.˛ƒg}¡ÈH!„SiÃÇ?

1NLTE#A©¤ßŸÔƒê{⁄,(]¿9ÎÍˇ˛ÛäèÆ<©O31,

Ÿ⁄1nŸç[?ÿL"(ŸÚX%05(ySi-f&.¥ƒ.^uH!„1

Ã©¤ß&ƒNLTE#AÈH!„Si IÃÇ/§#Kè"e°%ÇÚç[05±

˛Aáê°"

4.1 Si###ÉÉÉ111!!!"""„„„ÃÃÃÇÇÇ###NLTE¥¥¥›››©©©¤¤¤

4.1.1 ÊÊÊ^̂̂###111!!!"""„„„Si IÃÃÃÇÇÇÇÇÇLLL

(©ÈShi.<[30]2009cÛä•Ê^#11^1&!„Si IÇ?1!–⁄u

1ßuy�3905 Å˘^ÃÇÜCHÇÓ%.‹ß�4103 Å˘^ÃÇ·3!H
�

#Ç

 ˛ß�5690 ÅKÜò^FeÇ.‹"œdß(©Gÿ!˘n^.‹Çß/3!

êe#l^ÃÇßßÇ#É'-fÎÍ.3L4.1•"-fU?<[&E'

gNIST-f1ÃÍ‚•1"Ê^Î&©zJ¯#Dfr›ß%Ç+,!-.1

&!„à^ÃÇ#Si¥›ß=LTE⁄NLTE¥›˛è7.48 dexßÜc<#Ôƒ(

Jòó"2¥%Ç5ø,ß¥›(J#⁄Oÿ+Èåßå±à,0.1 dex"E§

⁄Oÿ+†å#-œkÈıßŸ•Å%á#¥Dfr›#ÿ(%5"œdßè

!¸$Dfr›ÿ(%5È¥›ˇ˛ÿ+#Kèß(©Ê^.+#ê{Oé,

(!(#Si¥›ß=[Si/Fe]"-.#Si¥›äÊ^!7.51 dex£3D LTE Si¥›

ä⁄"ú•#Si¥›ä[65]ß&Öd¥›Ü2016cAmarsi & Asplund[34]œL3D

NLTEê{+,#(Jòó§ßœLNADfr›¶+nÿ1ÃU4ÅZ[‹-

.*ˇ1ÃßÅ™./$#Dfr›.3L4.1#1 !õ."

4.1.2 111!!!"""„„„Si###ÉÉÉ###¥¥¥›››©©©¤¤¤

ä‚L4.1Å$ò.â—#-.1&!„à^Si IÃÇ#NLTEU/äß%

Çy¢!2008cShi.<[29]! 2001cWedemeyer[27]#(Jß=-.•Si!É

1http://www.nist.gov/pml/data/asd.cfm
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L 4.1: 1&!„Si IÃÇ-fÍ‚9-.•#Si¥›
� Transition � logC6 log gf Ref. log "Si log "Si log gf 0 log gf 0 �

LTE NLTE LTE NLTE

(Å) (eV) (dex) (dex) (dex)

5701.104 4s 3Po
1�5p 3P0 4.930 �30.094 �2.05 GAR73,KEL08 7.60 7.60 �1.96 �1.96 0.00

5772.146 4s 1Po
1�5p 1S0 5.082 �30.087 �1.75 GAR73,KEL08 7.64 7.63 �1.62 �1.63 �0.01

6142.483 3p3 3Do
1�5f 3D3 5.619 �29.669 �1.30 KUR07 7.37 7.37 �1.44 �1.44 0.00

6145.016 3p3 3Do
2�5f 3G3 5.616 �29.669 �1.31 KUR07 7.45 7.45 �1.37 �1.37 0.00

6155.134 3p3 3Do
3�5f 3G4 5.619 �29.669 �0.76 KUR07 7.50 7.49 �0.77 �0.78 �0.01

6237.319 3p3 3Do
1�5f 3F2 5.614 �29.669 �0.98 KUR07 7.43 7.43 �1.06 �1.06 0.00

6243.815 3p3 3Do
2�5f 3F3 5.616 �29.669 �1.24 KUR07 7.49 7.49 �1.26 �1.26 0.00

6244.466 3p3 3Do
2�5f 1D2 5.616 �29.669 �1.09 KUR07 7.35 7.35 �1.25 �1.25 0.00

mean 7.48 7.48

� 0.10 0.10

Dfr›log gf#Î&©zßGAR73 µ[105]ßKEL08 µ[106]ßKUR07 µ[107]"� ç#¥⁄Oÿ+$

log gf 0¥çœL[‹-.1Ã+,#gfä"� = lg "NLTE � lg "LTE"

1&!„ÃÇ#NLTE#AÈ4"%ÇqÈ,(!(#à^Si IÃÇ©O?

1LTE⁄NLTE¥›©¤ßà^ÃÇ#¥›(J.3L4.2•ßŸ*˛ä!⁄O

ÿ+±9NLTE?/ä£Päµ�ß� = lg "NLTE � lg "LTE§K.3L4.5•"l

L4.5å±w,ß3LTE⁄NLTEe+,Si¥›#IO+˛4u0.05 dexß&Ö,

((#NLTE#AÿåßŸ˝Èä4u0.06 dex"è,ß,((AN#NLTE#

Aøÿåß2Èu‹©rÇßŸNLTEU/'.åß~XßÈu�6155 Å˘^Ã

Çßß#NLTE?/äÅåå±à,0.1 dex£ä‚L4.2Oé+,§"
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(Å
)

61
42

(Å
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4.2 Si###ÉÉÉH"""„„„ÃÃÃÇÇÇ###NLTE¥¥¥›››©©©¤¤¤

4.2.1 ÊÊÊ^̂̂###H"""„„„Si IÃÃÃÇÇÇÇÇÇLLL

(©Ê^Zhang.<[3]¶^#o^H!„Si IÇßŸ-fÍ‚.3L4.3•ß

Ÿ•ßâ>;*d{Z~Í¥Meléndez⁄Barbuy¸<[108]ä‚©z[96–98]#˛

fÂ&nÿOéä+,#"Ü1&!„É”ß%ÇèÊ^!ÿ”Î&©z#D

fr›ßÈ-.•o^H!„Si IÃÇ©O?1!LTE⁄NLTE[‹ßø+,!

ŸÉA#¥›äßÑL4.3#1‘!l."%Çå±w,ß-.•#à^ÃÇ

+,#¥›ä+OÈåß⁄Oÿ+pà0.24 dex"œdßÈuH!„#Si¥›©

¤ß%ÇèÊ^!.+#ê{±~4Dfr›ÿ(%5È¥›ˇ˛ÿ+E§#

KèßøÖœLÅZ[‹-.1Ãß+,!U/$#Dfr›ßÑL4.3#1

 !õ."

L 4.3: H!„Si IÃÇ-fÍ‚9-.•#Si¥›
� Transition � logC6 log gf Ref. log "Si log "Si log gf 0 log gf 0 �

LTE NLTE LTE NLTE

(Å) (eV) (dex) (dex) (dex)

15888.440 4s 1Po
1�4p 1P1 5.082 �30.638 0.06 KUR07 7.58 7.57 0.13 0.12 �0.01

16380.177 4p 1P1�3d 1Po
1 5.863 �30.495 �0.47 KUR07 7.03 7.03 �0.95 �0.95 0.00

16680.810 4p 3D3�3d 3Do
3 5.984 �30.357 �0.14 KUR07 7.48 7.45 �0.17 �0.20 �0.03

16828.158 4p 3D3�3d 3Do
2 5.984 �30.357 �1.03 KUR07 7.41 7.41 �1.13 �1.13 0.00

mean 7.37 7.36

� 0.24 0.24

Dfr›log gf#Î&©zßKUR07 µ[107]"â>;*d{Z~Í'gÎ&©z[108]"� ç#¥⁄Oÿ

+$log gf 0¥çœL[‹-.1Ã+,#gfä"

4.2.2 H"""„„„Si###ÉÉÉ###¥¥¥›››©©©¤¤¤

„4.1–´!HD873!(�5000 Å?ßÜo^H!„Si IÃÇÉ'#U?±

9Si IIƒ(#†lœf£b

i
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©OèNLTE⁄LTEe-f1iU?

#‚fÍó›"l„•%ÇuyßSi I#3d 3DoU?⁄Si IIƒ(3p 2PoßßÇ

#NLTEÜLTE‚fÍó›†+È4ß=†lœfb

i

⇠ 1$4s 1PoU?3!(p

-åÌ•NLTE‚fÍó›'LTEeáp$&3d 1Po!4p 3D⁄4p 1PnáU?L

y—NLTEpuLTEe‚fÍó›"
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c°J,(©È-.#H!„1ÃSi IÇ©O?1!LTE⁄NLTE¥›©¤ß

NLTEU/äè.3!L4.3#Å$ò.ß-.•H!„#o^SiÇNLTEU/ä

#˝Èäèö~4ßÅåä‚à,0.03 dex"„4.2w´#¥-.•à^Si IÃÇ

#LTEÜNLTE[‹”+ßŸ•ò%CìL*ˇ1Ãß7⁄¢ÇìLNLTE[

‹”+ß˘⁄JÇKL´Ê^”,¥›+,#LTE[‹”+"Èu¸^r

Ç�15888⁄�16680 Åß%Çå±'ww,ßNLTE”+U4È–[‹*ˇ1Ãß

&LTEÃÇçfßIáO\¥›‚UÅZ[‹ß˘“"óNLTEU/äèK

ä"

%ÇÊ^”,#©¤ê{ßÈ13à,((©O?1!H!„Si¥›©¤"

„4.6w´!Arcturus•#ÃÇ[‹ú(ßƒ(Ü-.Éqß2¥¸^rÇ

#NLTEU/çè'w"ÈuHD87ßrÇ�16680Å#LTE⁄NLTE[‹ú(X

„4.4§´"ò%CL´*ˇ1ÃßÁ⁄¢ÇìLÅZ[‹#NLTEÃÇ”+ß

˘⁄#:yÇK¥Ê^ÜNLTE”,Si¥›#LTE[‹(Jßêe#¸^ÇK

¥©OÊ^ÿ”Si¥›+,#NLTE[‹ÃÇ"l„•ƒkå±w,k'w

#NLTE#Aß=Ê^”òSi¥›£[Si/Fe]= 0.12 dex§LTE⁄NLTE[‹”+#

Ç%‹©+3'w+O$Ÿg%ÇÈ¥›äO\#~<0.05 dexßÃÇ6›#

CzÑ¥È'w#"
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ß#ÇÜÇmë—ä“lLTEepà0.12 dexe¸,NLTEe#0.03 dex"zà

(H!„ÃÇ©¤+,#*˛Si¥›±9IO+K.3L4.5•"lL•%Ç

å±w,LTEeÅå#IO+è0.12!exß,&&ƒ!NLTE#A$ßße¸

ñ0.07 dex"L4.5è.—!,(!(*˛#NLTEU/ß%Çå±w,ß#âå

3�0.1,0.0 dexÉm"
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L 4.4: ,((H!„à^Si IÃÇ+,#LTE⁄NLTEe[Si/Fe]

15888 (Å) 16380 (Å) 16680 (Å) 16828 (Å) �line

Star LTE NLTE LTE NLTE LTE NLTE LTE NLTE LTE NLTE

Arcturusa 0.49 0.38 0.37 0.36 0.43 0.32 0.43 0.42 0.06 0.05

Arcturusb 0.50 0.38 0.34 0.33 0.44 0.34 0.44 0.43 0.08 0.06

HD 87 0.19 0.08 0.15 0.14 0.23 0.12 0.15 0.15 0.05 0.04

HD 6582 0.22 0.19 0.26 0.25 0.26 0.25 0.03 0.04

HD 6920 0.11 �0.01 �0.04 �0.05 0.10 �0.01 0.10 0.03

HD 22675 0.12 0.02 0.07 0.06 0.15 0.06 0.05 0.03

HD 31501 0.13 0.09 0.16 0.15 0.21 0.19 0.05 0.07

HD 58367 0.26 0.03 0.04 0.04 0.31 0.13 0.12 0.13 0.16 0.07

HD 67447 0.25 0.08 0.05 0.04 0.22 0.07 0.10 0.10 0.12 0.03

HD 102870 �0.02 �0.09 �0.07 �0.08 �0.04 �0.09 �0.08 �0.08 0.04 0.01

HD 103095 0.26 0.24 0.36 0.36 0.35 0.35 0.07 0.08

HD 121370 0.11 0.02 0.15 0.14 0.22 0.14 0.14 0.14 0.06 0.06

HD 148816 0.30 0.24 0.21 0.20 0.27 0.23 0.06 0.03

HD 177249 0.20 0.07 0.20 0.06 0.08 0.08 0.08 0.01

�line L´*˛#ÇÜÇÉm#ë—"
aÈAHinkle.<[73]3Kitt Peak*ˇ#Arcturusp©E«H!„1

Ã$bÈAAPOGEEJ¯#NMSU 1m + APOGEEp©E«H!„1Ã"
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4.3 '''yyySi%%%fff###...¥¥¥ƒƒƒ$$$^̂̂uuuH"""„„„ÃÃÃÇÇÇ©©©¤¤¤

%ÇÆ<©OœL©¤H!„⁄1&!„ÃÇ+,!,(!(•¸á!„

#Si¥›ßøÚŸ(J⁄IO+.3L4.5•"

L 4.5: ,((•H!„⁄1&!„LTE⁄NLTEe#[Si/Fe]

Star Te↵ log g [Fe/H] ⇠t [Si I/Fe](ir) [Si I/Fe](ir) �ir [Si I/Fe](opt) [Si I/Fe](opt) �opt

LTE NLTE LTE NLTE

Arcturusa 4275 1.67 �0.58 1.60 0.43±0.05 0.37±0.04 �0.06 0.35±0.03 0.29±0.02 �0.06

Arcturusb 4275 1.67 �0.58 1.60 0.43±0.07 0.37±0.05 �0.06

HD 87 5053 2.71 �0.10 1.35 0.18±0.04 0.12±0.03 �0.06 0.15±0.03 0.12±0.01 �0.03

HD 6582 5390 4.42 �0.81 0.90 0.25±0.02 0.23±0.03 �0.02 0.27±0.02 0.27±0.02 0.00

HD 6920 5845 3.45 �0.06 1.40 0.06±0.08 �0.02±0.02 �0.08 0.05±0.05 0.02±0.03 �0.03

HD 22675 4901 2.76 �0.05 1.30 0.11±0.04 0.05±0.02 �0.06 0.11±0.04 0.07±0.02 �0.04

HD 31501 5320 4.45 �0.40 1.00 0.17±0.04 0.14±0.05 �0.03 0.22±0.02 0.21±0.02 �0.01

HD 58367 4932 1.79 �0.18 2.00 0.18±0.12 0.08±0.06 �0.10 0.16±0.05 0.13±0.02 �0.03

HD 67447 4933 2.17 �0.05 2.12 0.16±0.10 0.07±0.02 �0.09 0.12±0.04 0.08±0.02 �0.04

HD 102870 6070 4.08 0.20 1.20 �0.05±0.03 �0.09±0.01 �0.04 �0.07±0.02 �0.08±0.02 �0.01

HD 103095 5085 4.65 �1.35 0.80 0.32±0.06 0.32±0.07 0.00 0.30±0.04 0.30±0.04 0.00

HD 121370 6020 3.80 0.28 1.40 0.16±0.05 0.11±0.06 �0.05 0.22±0.05 0.19±0.03 �0.03

HD 148816 5830 4.10 �0.73 1.40 0.26±0.05 0.22±0.02 �0.04 0.18±0.03 0.18±0.03 0.00

HD 177249 5273 2.66 0.03 1.65 0.16±0.07 0.07±0.01 �0.09 0.05±0.04 0.03±0.02 �0.02

�ir and �opt L´©¤˘&⁄1&!„1Ã©O+,#NLTE?/ä"

aÈAHinkle.<[73]3Kitt Peak*ˇ#Arcturusp©E«H!„1Ã$bÈAAPOGEEJ¯#NMSU

1m + APOGEEp©E«H!„1Ã"
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å±w—ßŸ(Jƒ(Ü„4.7òóß3NLTEe¸á!„#¥›+ù,È4ß
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4.4 nnnÿÿÿ©©©¤¤¤Si###ÉÉÉH"""„„„ÃÃÃÇÇÇ###NLTE###AAA

4.4.1 OOOééé###(((åååÌÌÌ###...999†††lllœœœfffÇÇÇ:::

3c°Aá4!•ß%Ç©¤!13à,(!(#1&!„⁄˘&H!„1

Ã#Si¥›ßuyl˘¸á!„+,!òó#¥›(JßL'%Ç#-f&.

.^uH!„Si!É¥›©¤"è!%˛©¤NLTE#AÈH!„Si IÃÇ/§#
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4.4.2 Si###ÉÉÉH"""„„„ÃÃÃÇÇÇ###NLTE###AAAOOOééé
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L 4.6: Ç:#H!„à^Si IÃÇ#NLTE#A

Te↵ log g [Fe/H] �SiI15888 �SiI16380 �SiI16680 �SiI16828

(K) [cgs] (dex) (dex) (dex) (dex) (dex)

(1) (2) (3) (4) (5) (6) (7)

4500 1.00 -2.00 -0.38 0.00 -0.08 0.00

4500 1.00 -1.00 -0.24 0.00 -0.17 0.01

4500 1.00 0.00 -0.17 0.01 -0.14 0.02

4500 1.00 0.50 -0.12 0.01 -0.11 0.04

4500 2.00 -2.00 -0.20 -0.01 -0.04 0.00

4500 2.00 -1.00 -0.12 -0.01 -0.10 0.00

4500 2.00 0.00 -0.09 0.00 -0.10 0.00

4500 2.00 0.50 -0.07 -0.01 -0.09 0.00

4500 3.00 -2.00 -0.07 -0.01 -0.01 0.00

4500 3.00 -1.00 -0.06 -0.01 -0.03 0.00

4500 3.00 0.00 -0.05 0.00 -0.04 0.00

4500 3.00 0.50 -0.04 -0.01 -0.03 0.00

4500 4.00 -2.00 -0.02 0.00 0.00 0.00

4500 4.00 -1.00 -0.02 0.00 -0.01 0.00

4500 4.00 0.00 -0.02 0.00 -0.01 0.00

4500 4.00 0.50 -0.02 0.00 -0.01 0.00

5500 1.00 -2.00 -0.55 0.03 -0.08 0.00

5500 1.00 -1.00 -0.59 -0.02 -0.19 0.04

5500 1.00 0.00 -0.42 -0.02 -0.18 0.08

5500 1.00 0.50 -0.34 0.00 -0.04 0.16

5500 2.00 -2.00 -0.35 0.01 -0.04 0.01

5500 2.00 -1.00 -0.34 -0.01 -0.18 0.02

5500 2.00 0.00 -0.24 -0.01 -0.18 0.02

5500 2.00 0.50 -0.16 0.01 -0.10 0.06

5500 3.00 -2.00 -0.17 -0.01 0.00 0.02

5500 3.00 -1.00 -0.15 -0.02 -0.09 0.01
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L 4.6 – Y˛L

5500 3.00 0.00 -0.11 0.00 -0.10 0.00

5500 3.00 0.50 -0.08 0.00 -0.06 0.02

5500 4.00 -2.00 -0.07 -0.02 0.01 0.01

5500 4.00 -1.00 -0.05 -0.01 -0.02 0.01

5500 4.00 0.00 -0.04 -0.01 -0.03 0.00

5500 4.00 0.50 -0.03 0.00 -0.03 0.00

6500 2.00 -2.00 -0.08 0.04 0.00 0.04

6500 2.00 -1.00 -0.35 0.01 -0.09 0.06

6500 2.00 0.00 -0.42 0.00 -0.15 0.05

6500 2.00 0.50 -0.40 0.00 -0.12 0.09

6500 3.00 -2.00 -0.10 0.02 0.00 0.02

6500 3.00 -1.00 -0.20 0.00 -0.04 0.04

6500 3.00 0.00 -0.21 0.00 -0.12 0.03

6500 3.00 0.50 -0.22 0.00 -0.12 0.03

6500 4.00 -2.00 -0.06 0.00 -0.01 0.02

6500 4.00 -1.00 -0.06 -0.01 0.00 0.03

6500 4.00 0.00 -0.07 -0.01 -0.05 0.01

6500 4.00 0.50 -0.06 0.00 -0.05 0.02

L 4.7: Ç:#à^H!„Si IÃÇ#.ä'›

Te↵ log g [Fe/H] W�,SiI W�,SiI W�,SiI W�,SiI W�,SiI W�,SiI ��,SiI ��,SiI

15888 15888 16380 16380 16680 16680 16828 16828

LTE NLTE LTE NLTE LTE NLTE LTE NLTE

(K) [cgs] (dex) (mÅ) (mÅ) (mÅ) (mÅ) (mÅ) (mÅ) (mÅ) (mÅ)

4500 1.00 -2.00 350.985 429.339 64.562 64.668 170.754 184.281 48.256 48.052

4500 1.00 -1.00 534.377 619.097 203.215 203.011 312.962 339.305 178.396 176.833

4500 1.00 0.00 639.233 712.669 274.016 272.828 382.173 406.422 251.668 248.013

4500 1.00 0.50 757.458 823.737 328.638 274.017 441.381 462.792 308.083 302.903

4500 2.00 -2.00 400.068 461.154 53.349 54.764 162.178 169.467 39.361 39.386

4500 2.00 -1.00 683.847 759.295 188.121 189.989 324.419 345.048 162.113 162.238

4500 2.00 0.00 828.774 897.059 258.758 259.354 402.250 426.453 234.778 234.966
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L 4.7 – Y˛L

4500 2.00 0.50 1003.421 1065.908 315.912 316.895 476.532 500.278 293.285 293.094

4500 3.00 -2.00 495.601 530.805 22.706 41.630 147.401 149.325 29.655 29.596

4500 3.00 -1.00 936.856 991.794 117.966 118.731 363.147 371.995 142.610 142.516

4500 3.00 0.00 1150.473 1204.711 193.839 194.221 469.868 484.242 222.120 222.413

4500 3.00 0.50 1394.020 1445.483 255.600 256.160 573.345 589.781 286.969 287.337

4500 4.00 -2.00 632.615 646.638 15.145 15.229 128.245 128.612 20.147 20.163

4500 4.00 -1.00 1189.858 1216.946 87.106 87.294 405.081 406.902 112.068 111.962

4500 4.00 0.00 1510.684 1540.681 174.072 174.168 569.131 573.221 211.620 211.585

4500 4.00 0.50 1839.808 1869.913 244.960 245.050 714.357 720.028 289.580 289.530

5500 1.00 -2.00 223.583 286.402 12.594 11.829 85.949 96.415 17.119 17.106

5500 1.00 -1.00 339.887 422.031 79.755 80.416 218.746 241.021 97.897 92.673

5500 1.00 0.00 419.544 494.901 155.088 155.941 288.490 308.500 175.235 164.476

5500 1.00 0.50 496.967 565.715 216.843 215.741 347.884 353.698 236.506 215.677

5500 2.00 -2.00 232.403 280.371 13.136 12.720 90.171 95.705 17.976 17.488

5500 2.00 -1.00 373.508 449.597 83.387 84.251 225.786 249.068 102.133 99.427

5500 2.00 0.00 483.319 557.478 159.180 159.500 301.726 328.668 179.896 177.016

5500 2.00 0.50 594.962 660.558 220.768 219.534 366.499 383.289 241.133 232.554

5500 3.00 -2.00 263.337 296.738 12.382 12.636 91.368 92.064 17.098 16.520

5500 3.00 -1.00 492.678 553.359 83.993 85.688 250.206 266.209 103.943 102.028

5500 3.00 0.00 662.595 726.246 161.827 162.100 341.830 365.236 184.382 184.004

5500 3.00 0.50 849.381 906.523 226.349 225.590 426.954 445.149 248.906 245.901

5500 4.00 -2.00 340.716 365.206 11.205 11.652 88.427 86.789 15.206 14.805

5500 4.00 -1.00 754.048 795.987 81.214 82.620 310.115 315.174 102.053 100.452

5500 4.00 0.00 1031.744 1076.504 170.755 171.167 449.701 462.692 196.715 196.191

5500 4.00 0.50 1299.051 1340.304 238.362 238.322 568.077 580.302 268.274 267.105

6500 2.00 -2.00 140.629 150.648 4.188 3.703 37.621 37.767 5.983 5.484

6500 2.00 -1.00 243.843 280.423 32.571 31.178 140.574 151.756 43.219 38.992

6500 2.00 0.00 310.878 362.304 80.911 80.252 205.671 223.695 99.344 92.988

6500 2.00 0.50 377.358 437.422 137.769 137.820 263.191 277.643 158.388 147.490

6500 3.00 -2.00 150.492 162.234 4.842 4.621 42.953 42.999 7.170 6.837

6500 3.00 -1.00 262.585 288.695 37.066 36.328 151.575 157.024 48.829 45.305

6500 3.00 0.00 346.374 389.806 89.008 88.467 220.638 236.974 108.614 105.538

6500 3.00 0.50 435.666 490.376 149.561 148.671 285.180 303.192 170.459 166.398

6500 4.00 -2.00 168.741 176.791 5.285 5.239 48.122 46.908 7.682 7.364

6500 4.00 -1.00 345.092 360.482 40.951 40.961 174.272 173.412 54.090 51.212

6500 4.00 0.00 505.981 537.072 96.845 96.808 265.902 275.825 119.373 117.451

6500 4.00 0.50 703.560 742.900 163.070 162.460 361.478 373.520 188.241 186.022
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4.4.3 Si###ÉÉÉH"""„„„ÃÃÃÇÇÇ###NLTE###AAA©©©¤¤¤

„4.11⁄„4.12©Ow´!Si I¸^rÇ£�15888 Å⁄�16680 Å§⁄¸^f

Ç£�16380 Å⁄�16828 Å§#NLTE#Aå4ßŸ•ß„4.11è¸^rSi IÇ£Ü

9è�15888 Åßm9è�16680 Å§ß&„4.12Kw´#¥,&¸^ÉÈfSi IÇ

#ú/£Ü9è�16380 Åßm9è�16828 Å§"l¸|„•å±òŸ/w,ß¸

^rÇ#NLTE?/ö~åß3�0.59⁄0.01 dexÉmCzß˘¥œèrÇ#Ç
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ß›5500KßL°%Âè1.0ß7·¥›è�1.0 dexûßNLTE?/Ly—Ååß
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è,�16680 Å#?/äèKäß�16828 Å#?/äè/äß2˘¸^ÃÇ

#NLTE#AëL°%Â⁄7·¥›#Cz™0ƒ(òóßåóLyèëXL

°%Â#~4&Oå#™0$7·¥›/LNLTE?//åß˘¥œèëX7

·¥›Cpß˘^ÃÇ(ÏCr£Lyè.ä'›Cå§"

fÇ�16380 Å#NLTE?/äÈ4ß&ÖëÎÍ,'w#Cz™0"
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„ 4.12: ˘&fSi I�16380⁄�16828 ÅÃÇ#NLTE#Aë!(ÎÍ#Czú(
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…NLTE#AKè'.4"1,ßNLTE?/äk/kKßŸ˝ÈäÜL°%

Âƒ(•áÉ'µL°%Â/4ßT˝Èä/å"1nßÈu!(åÌ•r

ÃÇSi I �15888 Åß7·¥›/$NLTE#A/'wß&Èu�16828 Å.fÃ

Çß7·¥›/pKNLTE#A/wÕß˘¥œèëX7·¥›CpßTÇ(

ÏCrßœdNLTE#Aè(ÏOr"1oßÈu%ÇÔƒ#nák#ß›ß

4500K!5500K⁄6500KßÅå#NLTE?/˛—y3k#ß›è5500Kû"n

˛§„ßNLTE#A…ı´œÉ<”ä^#Kèßÿ”ÃÇ#NLTE#Aÿ”ß
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111   ŸŸŸ Mg###ÉÉÉH"""„„„ÃÃÃÇÇÇ###NLTE###AAA©©©¤¤¤

Mg!É¥!(åÌ•ö~%á#↵!Éß8cm–#Èu!(åÌ

•Mg!É¥›©¤ÛäıÅu1&!„ß(ŸÚƒg}¡ÈH!„MgÃÇ

?1NLTE#A©¤ß(,ƒá?÷¥Iá(y%Ç#Mg-f&.¥ƒ.^

uH!„#NLTE#A©¤"&Öße-f&.s#ßH!„#MgÇ#NLTE#

AqÚ…=,œÉ#KèßKèß›qX¤&e°Aá4!%ÇÚå7˛„{

K?1ç[05"

5.1 Mg###ÉÉÉ111!!!"""„„„ÃÃÃÇÇÇ###NLTE¥¥¥›››©©©¤¤¤

5.1.1 ÊÊÊ^̂̂###111!!!"""„„„Mg IÃÃÃÇÇÇÇÇÇLLL

(©<]¿8^1&!„Mg IÇ?1©¤ßßÇ#ÃáA1&E.5.1•ß

Ÿ•-fU?<[&E'gNIST-f1ÃÍ‚•"Cfr›œLÅZ[‹-

.1Ã+,ß-.•#Mg¥›Ê^7.53 dex[65]"Èu�4571!�5172⁄�5183Å˘

n^Çß%Çä‚2013cMashonkina[50]3L1•J¯#â>;*dò'~

Í£�6§Oé+,ßÇ#â>;*d{Z~Í"2Èu�4703⁄�5528Å˘

¸^ÇßœLÔƒßMashonkinaÔ73L1•J¯#�6ä#ƒ:˛©O¸

$0.3⁄0.2 dex"duMashonkina[50]øvk©¤�5711 Å˘^ÃÇßu¥ß(

©Ê^Gehren.<[17]32004cœLÅZ[‹-.1Ã+,#â>;*d{Z

~Í"¢S˛ß�4703!�5528⁄�5711 Å˘n^ÃÇ#logC6—¥œL[‹-.

1Ã+,#ßœèä‚©z[96–98]Oé+,#logC6"ó!-.•à^MgÇ+

,#Mg¥›Ém+3Èå+O"

5.1.2 111!!!"""„„„Mg###ÉÉÉ###¥¥¥›››©©©¤¤¤

œLOé+,#,((•à^ÃÇ#LTE⁄NLTEe#Mg¥›©O.3

L5.2•ß&,((#*˛Mg¥›K.3L5.5•"lL5.5•å±w,ßIO+

'.4ß3NLTEeÿáL0.07 dex"



54 !.!(åÌ•SI⁄MG!ÉH!„ÃÇNLTE#AÔƒ

L 5.1: 1&!„Mg IÃÇ-fÍ‚

� (Å) Transition � (eV) log gf logC6

4571.096 3s2 1S0�3p 3Po
1 0.000 �5.49 �31.799a

4702.991 3p 1Po
1�5d 1D2 4.346 �0.36 �29.849a

5172.684 3p 3Po
1�4s 3S1 2.712 �0.44 �30.549a

5183.604 3p 3Po
2�4s 3S1 2.717 �0.21 �30.549a

5528.405 3p 1Po
1�4d 1D2 4.346 �0.40 �30.324a

5711.088 3p 1Po
1�5s 1S0 4.346 �1.70 �29.890b

a [50]ßb [17]"

L 5.2: ,((1&!„à^Mg IÃÇ+,#LTE⁄NLTEe[Mg/Fe]

4571 (Å) 4702 (Å) 5172 (Å) 5183 (Å) 5528 (Å) 5711 (Å)

Star LTE NLTE LTE NLTE LTE NLTE LTE NLTE LTE NLTE LTE NLTE

Arcturus 0.37 0.38 0.32 0.33 0.30 0.31 0.43 0.38 0.46 0.34

HD87 0.02 0.04 0.02 0.03 0.13 0.08 0.11 0.08

HD6582 0.42 0.42 0.39 0.38 0.40 0.42

HD6920 0.15 0.16 �0.01 0.00 0.02 0.03 0.06 0.02 0.06 0.10

HD22675 0.05 0.05 0.03 0.04 0.11 0.07 0.14 0.10

HD31501 0.22 0.22

HD58367 0.06 0.08 0.04 0.06 0.25 0.12 0.15 0.08

HD67447 0.03 0.03 0.11 0.01 0.07 0.02

HD102870 �0.13 �0.10 0.02 0.03 �0.11 �0.11 �0.13 �0.13 �0.06 �0.09 �0.04 �0.01

HD103095 0.22 0.22 0.32 0.32 0.32 0.32 0.30 0.30 0.27 0.26 0.36 0.37

HD121370 �0.03 �0.02 �0.03 �0.03 0.00 �0.02 0.06 0.08

HD148816 0.21 0.24 0.33 0.35 0.23 0.24 0.19 0.21 0.30 0.30 0.26 0.31

HD177249 0.00 0.01 0.00 0.01 0.21 0.11 0.07 0.04

5.2 Mg###ÉÉÉH"""„„„ÃÃÃÇÇÇ###NLTE¥¥¥›››©©©¤¤¤

5.2.1 ÊÊÊ^̂̂###H"""„„„Mg IÃÃÃÇÇÇÇÇÇLLL

(Ôƒ<Ê^!l^H!„Mg IÇßßÇ#A1.3L5.3•"ÜSiÉ

”ßè¥Ê^©z[108]J¯#â>;*d{Z~Í"Cfr›œLÅZ[

‹-.1Ã+,"L•#Ÿß&E¥œL1ŒNIST-f1ÃÍ‚•+,

#"3H!„#l^Mg IÇ•ß�15748.886⁄�15748.988 Åò|ß�15765.645!

�15765.747⁄�15765.842 Åò|ß�15886.183⁄�15886.261 Åò|ßz|<[—
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.‹Ó%ß3APOGEE1Ã§#©E«eJ±´©mß&Öz|.‹Ç#<

[?3É”#$£#p§U?⁄p£#$§U?#'[(/Émßœdß%Ç

Úà|<[äèòá.‹A1?1ÃÇn‹"Å™ßÈuzà!(#l^H!

„Mg IÇ•<+,o|Mg¥›ä"

L 5.3: H!„Mg IÃÇ-fÍ‚

� (Å) Transition � (eV) log gf log C6

15740.716 4p 3Po
0�4d 3D1 5.932 �0.36 �29.658

15748.886 4p 3Po
1�4d 3D1 5.932 �0.54 �29.658

15748.988 4p 3Po
1�4d 3D2 5.932 0.02 �29.658

15765.645 4p 3Po
2�4d 3D1 5.933 �1.54 �29.658

15765.747 4p 3Po
2�4d 3D2 5.933 �0.55 �29.658

15765.842 4p 3Po
2�4d 3D3 5.933 0.30 �29.658

15886.183 3d 3D2�5p 3Po
1 5.946 �1.71 �29.569

15886.261 3d 3D1�5p 3Po
1 5.946 �2.07 �29.569

”Sißâ>;*d{Z~Í'gÎ&©z[108]"

5.2.2 H"""„„„Mg###ÉÉÉ###¥¥¥›››©©©¤¤¤

„5.1w´#¥HD58367•(©É'#Mg I±9Mg IIƒ(<[#†lœf

35000 Å?ë16#Czú("%Ç5ø,ß¸áÉÈ$U?4p 3Po⁄3d 3D3

16⌧5000 =1NCûJJ†l!LTEß˘¥du3e(#Cb&!„Ã"#.

p#1ó>l«E§#",&¸á.pU?ß4d 3D⁄5P 3Poßdu1fõîE

§316log⌧5000 = �2û†lœf4u1.0"

(©ƒkÈ-.1Ã•#o|Mg IÇ?1!ÃÇn‹©¤ß[‹ú(X

„5.2§´ß„•˘⁄JÇ⁄7⁄¢y©OìLLTE⁄NLTEÅZ[‹”+ßÉ

A#¥›äw´3zÃ„#me(ßå±w—-.•H!„Mg IÇ#NLTE?/

È4ß0.01 dex"l„•%Çèå±w,ßÈu�15740!�15748⁄�15886 Å˘

n^ÃÇßLTE⁄NLTE—UÈ–/[‹*ˇ1Ãß2¥Èu�15765 Å˘^Ã

ÇßNLTEå±È–/[‹*ˇ1Ãß2LTE”+#Ç%%@⁄ß,{È–/

[‹*ˇ1Ã#Ç%"

AXß%ÇÈ,((H!„1Ã?1!Mg!É#¥›©¤ß„5.3–´

!HD58367•Mg I�15748 ÅÃÇ”+#[‹ú(ß:Çè*ˇ1Ãß˘⁄¢
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L 5.4: ,((H!„à^Mg IÃÇ+,#LTE⁄NLTEe[Mg/Fe]

15740(Å) 15748(Å) 15765 (Å) 15886 (Å) �line

Star LTE NLTE LTE NLTE LTE NLTE LTE NLTE LTE NLTE

Arcturusa 0.39 0.35 0.38 0.32 0.38 0.32 0.37 0.39 0.01 0.04

Arcturusb 0.40 0.35 0.37 0.31 0.38 0.32 0.31 0.32 0.05 0.02

HD 87 0.08 0.06 0.07 0.03 0.06 0.03 �0.04 �0.04 0.06 0.05

HD 6582 0.35 0.36 0.35 0.36 0.35 0.35 0.00 0.01

HD 6920 0.02 0.05 0.06 0.05 0.09 0.08 0.05 0.02

HD 22675 0.08 0.07 0.06 0.03 0.01 0.02

HD 31501 0.28 0.28 0.21 0.21 0.23 0.23 0.05 0.05

HD 58367 0.23 0.16 0.20 0.09 0.29 0.15 0.06 0.05

HD 67447 0.13 0.08 0.10 0.03 0.02 0.03

HD 102870 �0.08 �0.06 �0.10 �0.10 0.01 0.02

HD 103095 0.42 0.42 0.30 0.30 0.31 0.31 0.08 0.08

HD 121370 0.02 0.03 0.00 �0.01 0.01 0.02

HD 148816 0.32 0.35 0.28 0.30 0.28 0.30 0.03 0.03

HD 177249 0.13 0.10 0.15 0.08 0.01 0.01
aÈAHinkle.<[73]3Kitt Peak*ˇ#Arcturusp©E«H!„1Ã$bÈAAPOGEEJ¯#NMSU

1m + APOGEEp©E«H!„1Ã"
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L 5.5: ,((•H!„⁄1&!„LTE⁄NLTEe#[Mg/Fe]

Star Te↵ log g [Fe/H] ⇠t [Mg I/Fe](ir) [Mg I/Fe](ir) �ir [Mg I/Fe](opt) [Mg I/Fe](opt) �opt

LTE NLTE LTE NLTE

Arcturusa 4275 1.67 �0.58 1.60 0.38±0.01 0.35±0.03 �0.03 0.38±0.07 0.35±0.03 �0.03

Arcturusb 4275 1.67 �0.58 1.60 0.36±0.04 0.32±0.02 �0.04

HD 87 5053 2.71 �0.10 1.35 0.04±0.06 0.02±0.04 �0.02 0.07±0.06 0.06±0.03 �0.01

HD 6582 5390 4.42 �0.81 0.90 0.35±0.00 0.36±0.01 0.01 0.40±0.02 0.41±0.02 0.01

HD 6920 5845 3.45 �0.06 1.40 0.06±0.04 0.06±0.02 0.00 0.06±0.06 0.06±0.07 0.00

HD 22675 4901 2.76 �0.05 1.30 0.07±0.01 0.05±0.03 �0.02 0.08±0.05 0.06±0.03 �0.02

HD 31501c 5320 4.45 �0.40 1.00 0.24±0.04 0.24±0.04 0.00 0.22±0.00 0.22±0.00 0.00

HD 58367 4932 1.79 �0.18 2.00 0.24±0.05 0.13±0.04 �0.11 0.13±0.10 0.08±0.03 �0.05

HD 67447 4933 2.17 �0.05 2.12 0.12±0.02 0.06±0.04 �0.06 0.07±0.04 0.02±0.01 �0.05

HD 102870 6070 4.08 0.20 1.20 �0.09±0.01 �0.08±0.03 0.01 �0.08±0.06 �0.07±0.06 0.01

HD 103095 5085 4.65 �1.35 0.80 0.34±0.07 0.34±0.07 0.00 0.30±0.05 0.30±0.05 0.00

HD 121370 6020 3.80 0.28 1.40 0.01±0.01 0.01±0.03 0.00 0.00±0.04 0.00±0.05 0.00

HD 148816 5830 4.10 �0.73 1.40 0.29±0.02 0.32±0.03 0.03 0.25±0.05 0.27±0.05 0.02

HD 177249 5273 2.66 0.03 1.65 0.14±0.01 0.09±0.01 �0.05 0.07±0.10 0.04±0.05 �0.03

�ir and �opt L´˘&⁄1&!„1Ã©O+,#NLTEU/ä"

aÈAHinkle.<[73]3Kitt Peak*ˇ#Arcturusp©E«H!„1Ã$bÈAAPOGEEJ¯#NMSU1m

+ APOGEEp©E«H!„1Ã"cê©¤!ò^ÃÇßœdIO+è0"

aqSi#ú(ß%Çèˇ¡!ÿ”"37#8>*ˇ1ÃÈMg¥›(J#

KèßÈArcturus#p©E«£R ⇠ 100,000ßKitt Peak [73]ßÜ9§⁄•.©

E«£R ⇠ 22,500ß1m + APOGEEßm9§#H!„1Ã#o|Mg IÃÇ©

O?1!NLTE[‹ßŸ”+X„5.5§´ßßÇ#¥›(Jè.3L5.4ß*˛

äK.3L5.5•"%Çå±w,ß”ò^ÃÇÿ”1Ã+,#¥›+OÈ4ß

0.03 dex"
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5.3 '''yyyMg%%%fff###...¥¥¥ƒƒƒ$$$^̂̂uuuH"""„„„ÃÃÃÇÇÇ©©©¤¤¤

L5.5â—!,((1&⁄˘&H!„©O+,#LTE⁄NLTEeMg¥›"

è!(yMg-f&.¥ƒ¶^uH!„1Ã©¤ß%ÇÚ¸á!„+,#¥›
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%C/¢%CìLòà,((ßŸ•ò%CL´LTEe¸á!„+,#¥›É
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5.4 nnnÿÿÿ©©©¤¤¤Mg###ÉÉÉH"""„„„ÃÃÃÇÇÇ###NLTE###AAA

5.4.1 OOOééé###(((åååÌÌÌ###...999†††lllœœœfffÇÇÇ:::

3c°Aá4!•ß%Ç©¤!13à,(!(#1&!„1Ã⁄˘&H!
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Æ<Oé–#!(åÌ&.ßk#ß›ù)4500!5500⁄6500KßL°%Â

l1.0,4.0ß⁄(è1.0ß7·¥›ù)�2.0!�1.0!0.0⁄0.5 dexßá*Î6Ñ

›˛è2 km s�1"”ûß%ÇÑOé!Ü!(åÌ&.ÉÈA#Mg!É#†l

œfßBu$Y?1NLTE¥›©¤"

5.4.2 Mg###ÉÉÉH"""„„„ÃÃÃÇÇÇ###NLTE###AAAOOOééé

(©|^Oé–#!(åÌ&.⁄†lœfßÈzòá&.Ç:ˇ˛

ŸNLTE#Aå4"Å™Oé+,#ÿ”Mg IÃÇ+,#NLTE?/ä.3

L5.6•ßßÇLTE⁄NLTEe#.ä'›XL5.7§´"

L 5.6: Ç:#H!„à^Mg IÃÇ#NLTE#A

Te↵ log g [Fe/H] �MgI15740 �MgI15748 �MgI15765 �MgI15886

(K) [cgs] (dex) (dex) (dex) (dex) (dex)

(1) (2) (3) (4) (5) (6) (7)

4500 1.00 -2.00 -0.08 -0.08 -0.14 0.01

4500 1.00 -1.00 -0.15 -0.15 -0.14 0.02

4500 1.00 0.00 -0.12 -0.11 -0.11 0.03

4500 1.00 0.50 -0.07 -0.07 -0.05 0.05

4500 2.00 -2.00 -0.02 -0.02 -0.05 0.01

4500 2.00 -1.00 -0.05 -0.06 -0.05 0.01

4500 2.00 0.00 -0.05 -0.06 -0.06 0.01

4500 2.00 0.50 -0.04 -0.04 -0.03 0.02

4500 3.00 -2.00 0.00 0.00 -0.01 0.00

4500 3.00 -1.00 -0.02 -0.01 -0.02 0.00

4500 3.00 0.00 -0.02 -0.02 -0.02 0.00

4500 3.00 0.50 -0.02 -0.02 -0.02 0.00

4500 4.00 -2.00 0.00 0.00 0.00 0.00

4500 4.00 -1.00 0.00 0.00 0.00 0.00

4500 4.00 0.00 0.00 0.00 -0.01 0.00

4500 4.00 0.50 0.00 0.00 -0.01 0.00

5500 1.00 -2.00 0.02 0.01 -0.04 0.07
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L 5.6 – Y˛L

5500 1.00 -1.00 -0.18 -0.18 -0.30 0.06

5500 1.00 0.00 -0.25 -0.28 -0.32 0.02

5500 1.00 0.50 -0.19 -0.18 -0.20 0.04

5500 2.00 -2.00 0.06 0.06 0.04 0.05

5500 2.00 -1.00 -0.05 -0.04 -0.11 0.06

5500 2.00 0.00 -0.13 -0.13 -0.14 0.03

5500 2.00 0.50 -0.09 -0.09 -0.08 0.03

5500 3.00 -2.00 0.03 0.04 0.03 0.03

5500 3.00 -1.00 0.02 0.02 0.00 0.03

5500 3.00 0.00 -0.03 -0.03 -0.04 0.02

5500 3.00 0.50 -0.03 -0.02 -0.03 0.02

5500 4.00 -2.00 0.01 0.01 0.01 0.01

5500 4.00 -1.00 0.01 0.02 0.01 0.01

5500 4.00 0.00 0.00 0.00 -0.01 0.01

5500 4.00 0.50 -0.01 -0.01 -0.01 0.01

6500 2.00 -2.00 0.05 0.05 0.05 0.06

6500 2.00 -1.00 -0.03 -0.01 -0.14 0.06

6500 2.00 0.00 -0.15 -0.15 -0.27 0.04

6500 2.00 0.50 -0.19 -0.19 -0.22 0.03

6500 3.00 -2.00 0.07 0.07 0.08 0.06

6500 3.00 -1.00 0.07 0.07 0.03 0.05

6500 3.00 0.00 -0.03 -0.04 -0.08 0.03

6500 3.00 0.50 -0.06 -0.06 -0.08 0.02

6500 4.00 -2.00 0.06 0.06 0.07 0.04

6500 4.00 -1.00 0.07 0.07 0.05 0.03

6500 4.00 0.00 0.02 0.02 0.01 0.02

6500 4.00 0.50 0.00 0.00 0.00 0.02
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L 5.7: Ç:#à^H!„Mg IÃÇ#.ä'›

Te↵ log g [Fe/H] W�,MgI W�,MgI W�,MgI W�,MgI W�,MgI W�,MgI ��,MgI ��,MgI

15740 15740 15748 15748 15765 15765 15886 15886

LTE NLTE LTE NLTE LTE NLTE LTE NLTE

(K) [cgs] (dex) (mÅ) (mÅ) (mÅ) (mÅ) (mÅ) (mÅ) (mÅ) (mÅ)

4500 1.00 -2.00 220.476 206.007 219.183 205.941 295.800 269.966 12.124 12.383

4500 1.00 -1.00 406.295 377.485 406.265 377.524 502.230 459.824 84.843 87.856

4500 1.00 0.00 503.392 476.931 503.336 476.881 617.596 580.740 171.825 176.638

4500 1.00 0.50 585.429 566.174 585.616 566.375 729.111 701.078 246.519 253.583

4500 2.00 -2.00 233.717 229.272 233.695 229.258 333.491 321.459 11.243 11.398

4500 2.00 -1.00 476.670 458.566 476.911 458.806 646.795 617.251 86.960 88.789

4500 2.00 0.00 619.656 595.075 619.887 595.321 844.187 809.202 176.326 178.806

4500 2.00 0.50 753.762 730.908 754.174 731.333 40.821 8.965 253.534 256.549

4500 3.00 -2.00 272.712 271.727 272.664 271.682 434.352 430.229 10.485 10.516

4500 3.00 -1.00 667.846 659.739 667.491 659.469 982.327 865.835 87.071 87.690

4500 3.00 0.00 901.092 884.545 899.617 883.071 322.434 295.240 182.887 183.753

4500 3.00 0.50 127.881 109.070 128.123 109.099 667.116 638.553 267.529 268.548

4500 4.00 -2.00 334.356 334.180 334.348 334.171 609.207 608.043 9.731 9.731

4500 4.00 -1.00 958.078 956.457 956.614 956.610 470.426 464.429 75.004 75.170

4500 4.00 0.00 343.658 338.234 361.878 356.486 33.639 21.847 188.545 188.838

4500 4.00 0.50 710.590 702.566 742.186 733.902 636.166 620.972 300.285 300.638

5500 1.00 -2.00 113.828 116.360 113.803 116.341 173.104 167.686 3.799 4.428

5500 1.00 -1.00 282.350 257.750 282.426 257.788 344.452 301.262 32.265 35.882

5500 1.00 0.00 370.135 333.127 370.149 333.149 433.459 380.997 89.651 92.346

5500 1.00 0.50 427.581 400.824 427.708 400.959 495.926 456.928 153.288 158.509

5500 2.00 -2.00 114.843 123.621 114.821 123.565 173.934 179.376 4.199 4.859

5500 2.00 -1.00 283.684 276.846 283.520 276.690 362.046 341.186 35.055 39.270

5500 2.00 0.00 393.896 368.195 392.950 367.217 492.267 452.293 94.688 98.329

5500 2.00 0.50 476.012 456.036 474.795 454.834 599.769 568.117 161.319 166.192

5500 3.00 -2.00 129.375 136.233 128.989 135.821 204.633 211.619 4.453 4.774

5500 3.00 -1.00 342.192 347.538 339.039 343.907 467.474 466.216 38.734 41.312

5500 3.00 0.00 495.703 484.027 487.867 475.954 671.715 649.781 101.337 104.199

5500 3.00 0.50 633.233 622.317 627.558 616.564 877.696 857.490 173.574 177.223

5500 4.00 -2.00 152.226 155.301 151.283 154.414 272.699 277.157 4.484 4.582

5500 4.00 -1.00 507.947 515.852 502.020 510.415 751.935 759.282 38.574 39.565

5500 4.00 0.00 761.339 759.313 750.483 748.323 108.704 101.170 113.279 114.905

5500 4.00 0.50 7.679 2.933 988.338 983.549 470.377 459.315 198.941 200.857

6500 2.00 -2.00 57.437 62.761 57.420 62.743 100.771 105.771 1.496 1.721

6500 2.00 -1.00 186.256 184.087 186.266 184.103 240.669 225.555 13.548 15.330

6500 2.00 0.00 274.630 254.358 274.549 254.266 333.449 297.640 41.766 44.505

6500 2.00 0.50 344.839 318.590 344.849 318.604 410.017 369.176 90.343 93.281
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L 5.7 – Y˛L

6500 3.00 -2.00 63.432 71.355 63.450 71.363 107.821 118.094 1.793 2.041

6500 3.00 -1.00 192.110 201.721 192.139 201.881 250.116 253.199 16.230 18.010

6500 3.00 0.00 288.126 282.867 288.059 282.870 363.004 347.225 48.136 50.929

6500 3.00 0.50 376.211 364.559 377.581 365.147 469.315 445.635 101.425 105.542

6500 4.00 -2.00 75.517 82.912 75.451 82.839 130.234 141.704 2.129 2.322

6500 4.00 -1.00 248.912 264.015 246.556 261.452 348.433 364.279 19.303 20.561

6500 4.00 0.00 398.958 405.336 392.177 398.313 554.698 557.758 56.294 58.382

6500 4.00 0.50 571.244 573.205 555.715 557.385 796.736 793.724 116.037 118.664

5.4.3 Mg###ÉÉÉH"""„„„ÃÃÃÇÇÇ###NLTE###AAA©©©¤¤¤

ä‚c°4!#05ß%ÇÆ<+,!àáÇ:#NLTE?/äßè!
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o|MgIÃÇNLTE?/äë!(ÎÍ#Czú("„5.7èŸ•¸^Mg IÃÇ
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7·¥›#¸$kOå#™0ß˘¥œè!(#7·¥›/$ß!(åÌ

•gd>fÍó›è“/$ßl&ç¥†lLTE"2¥NLTE#Aë7·¥

›¸$&Oå#ú(øÿ HßÈu,&n^rÇßNLTE#Aøvk{¸

…ò´ÎÍœÉ#Kèß&¥Ly—…ı´œÉKè#A1"23k#ß

›5500KßL°%Â1.0ß7·¥›è0.0 dexûß�15765 Å#NLTE?/Ly—

Ååßè�0.32 dex"



1 Ÿ MG!ÉH!„ÃÇ#NLTE#A©¤ 67

oÉß3|^H!„Mg IÃÇˇ˛Mg!É¥›ûßòê°ßfÇ…NLTE#

AKè'.4ß2Ÿr›  '.fß&Ö¥….‹#A#Kèßœdßø

ÿ¥^5(%¥›#ÅZ¿Jß~XMg I�15886 Å“†urÇSi I�15888 Å#
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68 !.!(åÌ•SI⁄MG!ÉH!„ÃÇNLTE#AÔƒ

1.0 2.0 3.0 4.0 5.0
Log g

−0.35

−0.25

−0.15

−0.05

0.05

0.15

 ∆
 [

M
g
/F

e]
N

L
T

E
−

L
T

E

[Fe/H] = −2.0

[Fe/H] = −1.0

[Fe/H] = 0.0

[Fe/H] = 0.5

 λ = 15765 Å Teff = 4500 K

1.0 2.0 3.0 4.0 5.0
Log g

−0.02

0.02

0.06

0.10

 ∆
 [

M
g
/F

e]
N

L
T

E
−

L
T

E

[Fe/H] = −2.0

[Fe/H] = −1.0

[Fe/H] = 0.0

[Fe/H] = 0.5

 λ = 15886 Å Teff = 4500 K

1.0 2.0 3.0 4.0 5.0
Log g

−0.35

−0.29

−0.22

−0.16

−0.10

−0.04

0.03

0.09

0.15

 ∆
 [

M
g
/F

e]
N

L
T

E
−

L
T

E

[Fe/H] = −2.0

[Fe/H] = −1.0

[Fe/H] = 0.0

[Fe/H] = 0.5

 λ = 15765 Å Teff = 5500 K

1.0 2.0 3.0 4.0 5.0
Log g

−0.02

0.00

0.03

0.05

0.08

0.10

 ∆
 [

M
g
/F

e]
N

L
T

E
−

L
T

E
[Fe/H] = −2.0

[Fe/H] = −1.0

[Fe/H] = 0.0

[Fe/H] = 0.5

 λ = 15886 Å Teff = 5500 K

1.0 2.0 3.0 4.0 5.0
Log g

−0.35

−0.29

−0.22

−0.16

−0.10

−0.04

0.03

0.09

0.15

 ∆
 [

M
g
/F

e]
N

L
T

E
−

L
T

E

[Fe/H] = −2.0

[Fe/H] = −1.0

[Fe/H] = 0.0

[Fe/H] = 0.5

 λ = 15765 Å Teff = 6500 K

1.0 2.0 3.0 4.0 5.0
Log g

−0.02

0.02

0.06

0.10

 ∆
 [

M
g
/F

e]
N

L
T

E
−

L
T

E

[Fe/H] = −2.0

[Fe/H] = −1.0

[Fe/H] = 0.0

[Fe/H] = 0.5

 λ = 15886 Å Teff = 6500 K

„ 5.8: ˘&Mg I�15765⁄�15886 ÅÃÇ#NLTE#Aë!(ÎÍ#Czú(
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[66] S. Mészáros, C. Allende Prieto, B. Edvardsson, F. Castelli, A. E. Garćıa
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Hernández, G. Israelian, M. Mayor, and G. Khachatryan. Chemical abun-

dances of 1111 FGK stars from the HARPS GTO planet search program.

Galactic stellar populations and planets. A&A, 545:A32, September 2012.

[115] T. V. Mishenina, C. Soubiran, V. V. Kovtyukh, and S. A. Korotin. On the

correlation of elemental abundances with kinematics among galactic disk

stars. A&A, 418:551–562, May 2004.

[116] V. Z. Adibekyan, P. Figueira, N. C. Santos, A. A. Hakobyan, S. G. Sousa,

G. Pace, E. Delgado Mena, A. C. Robin, G. Israelian, and J. I. González
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S. E. Koposov, C. Lardo, J. Lewis, K. Lind, L. Magrini, L. Morbidelli, E.

Pancino, S. Randich, G. G. Sacco, C. C. Worley, and S. Zaggia. The Gaia-

ESO Survey: characterisation of the [↵/Fe] sequences in the Milky Way

discs. A&A, 582:A122, October 2015.

[121] L. Wallace, W. Livingston, K. Hinkle, and P. Bernath. Infrared Spectral

Atlases of the Sun from NOAO. ApJS, 106:165, September 1996.





uuuLLL©©©ŸŸŸ888"""

[1] J.B. Zhang, J.R. Shi, K.K. Pan, C. Allende Prieto, C. Liu. NLTE Analysis

of High Resolution H-band Spectra. I. Neutral Silicon. ApJ (SCI), 2016

(accepted).

[2] J.B. Zhang, J.R. Shi, K.K. Pan, C. Allende Prieto, C. Liu. NLTE Analysis

of High Resolution H-band Spectra. II. Neutral Magnesium. ApJ (SCI), 2016

(accepted).

[3] G. Zhao, L. Mashonkina, H.L. Yan, S. Alexeeva, C. Kobayashi, Yu. Pakho-

mov, J.R. Shi, T. Sitnova, K.F. Tan, H.W. Zhang, J.B. Zhang, Z.M. Zhou,

M. Bolte. Y.Q. Chen, X. Li, F. Liu, M. Zhai. Systematic non-LTE study of

the �2.6  [Fe/H]  0.2 F and G dwarfs in the solar neighbourhood. II.

Abundance patterns from Li to Eu. ApJ (SCI), 2016 (accepted).

[4] J.B. Zhang, M.S. Xiang, J.R. Shi, X.W. Liu. Kinematics of the solar-

neighbourhood disk giants across the [↵/Fe] – [Fe/H] plane from LAMOST.

2016, in preparation.


	Õª  Òª
	Abstract
	Ä¿  Â¼
	µÚÒ»ÕÂ  Ð÷ÂÛ
	1.1 ÒýÑÔ
	1.2 ÑÐ¾¿±³¾°½éÉÜ
	1.3 SiºÍMgÔªËØ·á¶ÈµÄÑÐ¾¿ÒâÒå
	1.4 Si·á¶ÈµÄ¹Û²âºÍÑÐ¾¿Çé¿ö½éÉÜ
	1.5 Mg·á¶È¹Û²âºÍÑÐ¾¿Çé¿ö½éÉÜ
	1.6 APOGEE¸ß·Ö±æÂÊH²¨¶Î¹âÆ×Ñ²Ìì½éÉÜ
	1.6.1 APOGEE¹âÆ×Ñ²Ìì¼ò½é
	1.6.2 APOGEE¹âÆ×Êý¾ÝÌØµã¼ò½é

	1.7 ÂÛÎÄ½á¹¹°²ÅÅ

	µÚ¶þÕÂ  H²¨¶ÎÆ×ÏßSiºÍMgÔªËØNLTEÐ§Ó¦·ÖÎö·½·¨
	2.1 ºãÐÇ´óÆøÄ£ÐÍ
	2.2 Ô ×ÓÄ£ÐÍ
	2.2.1 SiÔ ×ÓÄ£ÐÍ
	2.2.2 MgÔ ×ÓÄ£ÐÍ

	2.3 ÑéÖ¤SiºÍMgÔ ×ÓÄ£ÐÍÊÊÓÃÓÚH²¨¶ÎÆ×Ïß·ÖÎöµÄ·½·¨½éÉÜ
	2.4 Ð¡½á

	µÚÈýÕÂ  Ñù±¾Êý¾Ý»ñÈ¡¼°ºãÐÇ²ÎÊý²âÁ¿
	3.1 Ñù±¾¹âÆ×Êý¾Ý»ñÈ¡
	3.1.1 ºìÍâH²¨¶Î¸ß·Ö±æÂÊ¹âÆ×
	3.1.2 ¹âÑ§²¨¶Î¸ß·Ö±æÂÊ¹âÆ×

	3.2 ºãÐÇ²ÎÊý²âÁ¿
	3.2.1 ÓÐÐ§ÎÂ¶È£¨Teff£©
	3.2.2 ±íÃæÖØÁ¦£¨logg£©
	3.2.3 ½ðÊô·á¶È£¨[Fe/H]£©
	3.2.4 Î¢¹ÛÍÄÁ÷ËÙ¶È£¨t£©
	3.2.5 ºãÐÇ²ÎÊýÒÔ¼°ÓëÆäËü¹¤×÷µÄ±È½Ï

	3.3 Ð¡½á

	µÚËÄÕÂ  SiÔªËØH²¨¶ÎÆ×ÏßµÄNLTEÐ§Ó¦·ÖÎö
	4.1 SiÔªËØ¹âÑ§²¨¶ÎÆ×ÏßµÄNLTE·á¶È·ÖÎö
	4.1.1 ²ÉÓÃµÄ¹âÑ§²¨¶ÎSiIÆ×ÏßÏß±í
	4.1.2 ¹âÑ§²¨¶ÎSiÔªËØµÄ·á¶È·ÖÎö

	4.2 SiÔªËØH²¨¶ÎÆ×ÏßµÄNLTE·á¶È·ÖÎö
	4.2.1 ²ÉÓÃµÄH²¨¶ÎSiIÆ×ÏßÏß±í
	4.2.2 H²¨¶ÎSiÔªËØµÄ·á¶È·ÖÎö

	4.3 ÑéÖ¤SiÔ ×ÓÄ£ÐÍÊÇ·ñÊÊÓÃÓÚH²¨¶ÎÆ×Ïß·ÖÎö
	4.4 ÀíÂÛ·ÖÎöSiÔªËØH²¨¶ÎÆ×ÏßµÄNLTEÐ§Ó¦
	4.4.1 ¼ÆËãºãÐÇ´óÆøÄ£ÐÍ¼°Æ«ÀëÒò×Ó¸ñµã
	4.4.2 SiÔªËØH²¨¶ÎÆ×ÏßµÄNLTEÐ§Ó¦¼ÆËã
	4.4.3 SiÔªËØH²¨¶ÎÆ×ÏßµÄNLTEÐ§Ó¦·ÖÎö

	4.5 Ð¡½á

	µÚÎåÕÂ  MgÔªËØH²¨¶ÎÆ×ÏßµÄNLTEÐ§Ó¦·ÖÎö
	5.1 MgÔªËØ¹âÑ§²¨¶ÎÆ×ÏßµÄNLTE·á¶È·ÖÎö
	5.1.1 ²ÉÓÃµÄ¹âÑ§²¨¶ÎMgIÆ×ÏßÏß±í
	5.1.2 ¹âÑ§²¨¶ÎMgÔªËØµÄ·á¶È·ÖÎö

	5.2 MgÔªËØH²¨¶ÎÆ×ÏßµÄNLTE·á¶È·ÖÎö
	5.2.1 ²ÉÓÃµÄH²¨¶ÎMgIÆ×ÏßÏß±í
	5.2.2 H²¨¶ÎMgÔªËØµÄ·á¶È·ÖÎö

	5.3 ÑéÖ¤MgÔ ×ÓÄ£ÐÍÊÇ·ñÊÊÓÃÓÚH²¨¶ÎÆ×Ïß·ÖÎö
	5.4 ÀíÂÛ·ÖÎöMgÔªËØH²¨¶ÎÆ×ÏßµÄNLTEÐ§Ó¦
	5.4.1 ¼ÆËãºãÐÇ´óÆøÄ£ÐÍ¼°Æ«ÀëÒò×Ó¸ñµã
	5.4.2 MgÔªËØH²¨¶ÎÆ×ÏßµÄNLTEÐ§Ó¦¼ÆËã
	5.4.3 MgÔªËØH²¨¶ÎÆ×ÏßµÄNLTEÐ§Ó¦·ÖÎö

	5.5 Ð¡½á

	µÚÁùÕÂ  ×Ü½áÓëÕ¹Íû
	6.1 ×Ü½á
	6.2 Õ¹Íû

	²Î¿¼ÎÄÏ×
	·¢±íÎÄÕÂÄ¿Â¼
	ÖÂ  Ð»

