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Spectroscopy of halo stars

S. V. Ermakov, V. G. Klochkova

Special Дstrорhуsiсаl ОЬsеrчаtогУ of the Russian ДS, Nizhnij Дrkhуа 357147, Russia
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дьstrасt. This work is the next step of оur spectroscopic rеsеаrсh of stars rvith large рrореr
motions (Kloйkova et al., 1996; Kloйkova, Parrchuk, 1996). We present new data for 12 stars

frоm the lists of Саrпеу et at. (1994) and Bartkeviёius (1980). Spectroscopic study ofthe sample

ofstars from these lists is carried out at the бm telescope for the рurроSе ofdetailed investigation

of their chemical composition as rvell as determination of раrаmеtеrs (effective tempeTature, sur-

face gTavity, microturbulent velocity, metallicity a,rrd radial velociф). The use of echelle spectra

allovred the model atmosphere method to Ье applied both for the determination of chemical ele-

Tpent abunda,nces a,nd fundamental рагаmеtеrs. In so doing Ti,e used the grid of Kurucz's (1993)

models. Оur аррrоасh is distinguished Ьу using hоmоgепеоus high quality material (S/N > 100

and spectTal resolution R > 25000) in а йdе range of wavelengths апd application of а соmmоп

technique for reduction of sресtrа and quantitative analysis of data. The аtmоsрhеriс раrаm-
eters of the stars uпdеr study lie within the limits: 4300К ( Tufi < 6900К; 0 < log9 ( 5;

_2,9 < [Fе/н] < +0.з.

Кеу wоrds: Stars: abundances - stars: fundamental parameters - Stars: population II

1. Introduction

Determination of chemical element abundances of
stаrs of different populations (hato, disk) plays the

basic rоlе in the understanding of chemical evolution
of our Galaxy. The chemical composition of halo stаrs

is primarily of interest because it салriев information
on the processes of enrichrrtent in chemical elements

at еаrlу stages of Gаlы<у formation, including the

contribution of some nucleosynthesis рrосеssеs to the

observed abundance of еlеmепts in the solar system,

!}оm this point of view, it is of the greatest interest

to study chemical composition of low-metallicity un-
evolved staлs, i.e. the stалs that have had no time to
соmе ofi the main sequence - halo subdwarfs. The
most attractive halo objects in this case а,rе globu-

lаr сlustеrs Ьесаusе the luminosities and ечоlutiоп-
аху ýtageý of cluster mеmьеrs сап Ье determined with
sufficient гeliability. NеаrЬу field subdTyarfs, however,

have а пumЬег of advantages comparing with globu-

lал clusters: firstly, to observations аrе available field

subdwarfs well brighter аý compared to stars in the

nearest globular сlustеrs, пrhich makes it possible to
acquire spectra of fairly high quatity; secondly, thеrе

аrе field stаrs showing essentially lower metallicities
in comparison with globular clusters, Trhich mеапs

that we carr investigate into the еаrliеr еройs of halo

evolution.

2. Obseгvations and рrimаrу reduction
of spectra

2.1. Echelle spectroscopy

We obtained atl the spectra at the бm telescope with
the echelle spectrometers LYNX (Klochkova, 1998)

and PFES (Paлrйuk et al., 1998) equipped with а
1040x1160pixels CCD. The observations Tvere саr-
ried out in the spectral rапgеs 5000 - 7200АА алd
5500 - 8700 АА. То take into ассоuпt of cosmic раr-
ticles, for each of the objects at least tTyo echelle

sресtrа rvеrе rесоrdеd during the night. То distin-
quish the absorption lines of the Earth's atmosphere,

а fast-rotating stаr (HR4687) vyas observed ечеrу

night, Араrt frоm the principal 12 stars two stan-

dards, HD 122563 and а CMi, wеrе observed to test

the technique. А thorium-argon spectrum was used

as the соmраrisоп one, rvhich was recorded а fеп,

times during еай night.
Тhе processing of two-dimensional echelle frаmеs

(dалk frаmе subtraction, rеmочаl of cosmic particles'
trасеs, wavelength calibration, as well as extTaction
of one-dimensional echelle orders) rras реrfоrmеd in
the system ESO-MIDAS. Furthеr reduction of one-

dimensional linearized spectra (plotting the contin-

uum, equivalent widths and radial velocities mеа-

surеmепt) was done using the рrоgrаmmе DECH2O
(Galazutdinov, 1992). As arr illustration, in Fig,1 Ь
presented а роrtiоп of the spectrum аrоuпd the line
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}'igurе 1: Д роrt,iоп of the spectTllm atlout tlie llTLe

ВаII \6496С fаr t,ula stars о! diffе,ге,пt metallicity:
[Fе/н] = *2.63 iоr HD 122563 ond [Fе/Н] = -0.15
Jor НD 65583.

ВаII.\ 6496 for two stars of di{Ierent metallicities.

2.2. Equivalent width mеаsurеrпеrrt

Sirice пrost of оur рrоgrаmmе stars rчеrе rаtlrеr rnetal-
deficient and the obserrations в,еrе conclucted in а
relatively red part of the sрес;trum, the continuurrr
placement was not difficu}t (except foT the Но line rе
gion, and also the роrtiопs with а gгеаt пurпЬеr of tei--

}uric absorption iines; in t}re orclers rl,hеrе the contin-
irum could rrot Ье drarvn rеliаЬll,епоugh, ttre equivir-
Ient widths wеrе пrэt mеаsurеd). The list of lines atrd
osciilators strerrgths used in the computation of ele-
merrt abundances and determinaticn of firrrdamentai

рагаmеtеrs of stellar atmospheres is presented in the

рареr bv Kloc}rkova et а1. (1996). WЪ selected niin-
imum b,}ended 1ines and in the calcirlations п,е used
t}re lirres rvith the equivaient width W < 100 mА. as
а rulе. Fоr checkirrg а соmраrisоп was made with а
svnthetic sресtrurл computeci with the соrrеsропd-
ing рагаmеtеrs of stellar atmosp}reres and also with
the sресtrum of а hot fast-rotating star. The spectrai
data obtained at t}re б m telescope aiiowed us to rnea-
surе equivalent widt}rs to an ассurас1. of 2-4пrА. Fоr
а сопsidеrа'lзlе раrt of echelie spectra the overlapping
of оrdеrs, especially irr the blue region, rлаdе it pos-
siЬlе tc mеаýu,rе the lines twice, whictr also imрrочесl
the accirracy of equivalent width deterrnination. {)uг
mеаsurеs аrе compafed и,,ith the data of оthеr аut}iоrs
fоr о CNl[i in Fig.2. As сап Ье sееп frоrп the figurе,

о
mА

Figuге 2: Comylariscln of the ецl",iчаIепt mid,tl"ts W uе
tпесl,surеd iп thr: а СIЪ[i slлесtruпt ul,ith the dato, Jrorrt
Ste,fferL (l985),

thеrе is по systematic trепd fоr t}re eqi,rivalent t,idths
ll,e used.

З. Determination of atrnospheric ра-
rаrпеtегs

То dеtеrmiпе раrаmеtеrs of thcэ rnodels (efiЪctive tern-

реrаturе Tefi, surface gravity trogg, miсгоturЬu]епt
velocit1, {1 arrd сhеmiсаi element abundances), lve ар-
plied the rriodel аtmоsрhеrе met}rod and rrsed Кu-
rucz's (1993) gгid of stellar atпrosphere rnodels. Given
а iаrgе enougil set of line equivalent widths of nelt-
tral iгоп FеI even lоr the most iow-metallicity stars,
we estimated T"i1 frоm the condition that the пеutrаi
irоп abunclance is indepenclent оп the excitation ро-
tential of the given lirre; the surtЪ,сс-. gra,vity i,lgg **

frоm the condition of ionization ЬаIапсе for the irоп
atotTls, and tire microturlluieirt velocity {i .-- frопr t}re

assumptiori ttrat the iron abrrndance is iпdерепdецt
оп the line equivaient width. In so doing, we usecl sin-
gle unblended lines whose equivalent widths lie withirl
the interval 10 < W < 100 *Д, Taking о C\.{i as ап
ехаmрlе, Figures 3 arrd 4 il}ustraie the рrосеss of de-
terпrining tire atmosphere раl,аmеtеrs. е CN{i, which
is опе of ttie stars v,,hose раrашеtеrs irave гереаt-
etlly Ьеr:п determiner] Ьу cliffererrt methocls, s}rows
сlеа,rlу the differenc;e in effective tеmреrаturеs fоuпd
rrsing differerrt techniques: from 6500К Ьу photome-
iгу to 6750-6900К Ьу sресtгоsсору. This point has
teerr discussed irr mоrе detail Ьу Steffen (19В5) and
Klochkova. Рапсhuk (1996).
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The model atmosphere paлameters that we have
determined for the рrоgrаmmе stars аrе listed in Та-
Ьlе 1. Flоm the photometry data the grеаtеr part
of оur objects should Ье rеfеrrеd to halo subdTvarfs.
Ноrчечеr, the atmospheric ралаmеtеrs estimated Ьу
spectroscopy suggest, as сап Ье seen frоm Tablel,
that only а small part of the sample stars can Ье rе-
ferred to unevolved staдs. Besides, frоm оur results
the metalliciф is generally higher than that obtained
from рhоtоmеtrу. Thus, the original task of investi-
gation of unevolved halo stars has transformed into
investigation of а sаmрlе of stars of а wider rarrge
as to their parameteTs. The absolute magnitudes Mu
of the stаrs estimated fuоm Hipparcos paralla>ces аrе
given in Table 1 and plotted with еrrоr bars vs. values
of log9 in Fig.5.

4. Discussion
When explaining the observed Telationships of ele-
ment abundances and modelling chemical evolution
of the Galaxy, three basic mechanisms of synthesis of
elements in the рrосеss of evolution of stars аrе gеп-
еrаllу considered (see Whееlеr et al., ].989 arrd rеfеr-
епсеs therein).

1. Ma.ssive (М>8Мо) short-lived stars, which
enrich the interstellar medium vrith the nucleosyn-
thesis products through the stellar wind at the fi-
nal stages of evolution during the second-type su-

реrпоча€ (SNП) outbursts, аrе considered to Ье the
main source of o-process еlеmепts arrd light elements
with odd Z (Na and Al) (TYuran, 1984; Woosley and
'Wеачеr, 1986).

2. Supernovae of type Ia аrе suggested to Ье the
main sоurсе of irоп grоuр elements. This mechanism
of element synthesis is actuated later than the fоr-
mer and this сап explain the dесrеаsе in c-process
elements [а/Fе] frоm 0.4 fоr hаlо stars to 0 fоr stars
of about solar metallicity (Edvardsson et al., 1993;
turап, 1984; Woosley апd Weaver, 1986).

3. Asymptotic giant branch stаrs аrе the suррliеr
of s-process elements synthesized in the shell sоurсе
апd swept into the interstellar medium Ьу the stellar
пriпd and superwind when planetary nebulae form.
The masses of such stars do not exceed 8 Мб (Iben,
1983).

The fiпаl results of calculation of chemical element
аЬuпdалсеs with respect to solar (aveTaged over all
measured lines) obtained fоr the рrоgrаJпmе stars in
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Stаг

G 30-б2
G i 26-62
tr I r(r-,r/
G 231_52
G 245_32

65583
HD 88609
HD 175305
BD 09"3223
BD 1 1'2998
RD 17"3248
]]D 23,3912

_0.б0 21.3
-0.93 -288,7
-2.47 -282.5
-1.49 -244,6
-0.72 _271.0

8,59 5025 5.40 2.5 3.2
g-47 6640 4.09 4.55 0.9
8.95 5000 2.10 1.9 1,1

10.34 5750 6.2т 4,4 2.I
9.95 672ь 3,99 4,6б 0.з
6.94 5800
8.61 4325
7.2с 5000
9,27 5900
9.2 5025

9.:з7 5590
8.в8 5в80

1.15.8.4 5.0
.2.41 0.0
0.46 2.2
0.62 2,6
1.62 2,4
Z. LD д,Ll

3.?б 3.ij

2.3 -2.82
1.2 - i,35
а о ] KQ

1.8 -0.88
1.1 -1,15
1..i -1.22

_30,2

-181
67.0
50.2

_ 1.15 лб

11Ё А

15

HD 122563
о C]}{i

the form

[Х/Fе] : {}ogc(X) - iogc(Fe)} * {logc(X),o * 1оgс(}-е)з}

are tabuiatet1 in Table 2. Тhе abundairce detr:rTni
nation еrrоrs and the пtrцrьеr of 1iпеs usect in the
analysis аrе given in iэracket;s. То caicuiate the v;rl-
uеs [Х/Fе] we used ttte soiar cheinica] coпrprositiorr
frоm t}re рареr Ьу Gгечеssе et ai" (1996). In Figu,res
6, 8, 9 аrе shovflr tire relative аJэuirrjапсеs [Хlrе] оГ
some eiemeiits a,rrd groups of elerrlents as ir funt:tiori
of nretallicitv. Араrt fтоm the data 0Ьt,аiцеt1 in thtl
present work the data of Kloclrkova et а1, (1996) аrе
alscr considered for ttiis 1laper irr the corrtirtuation of
the lаttеr and the technique of determirration of the
раrаmеtеrs arrd abundances is the sarrre. Jrr al] the
figures the circles denote the elerrrent abundance fог
sttrrs with iogg } 3, while the squаrеs indicate stars
with logg < 3. The abirrtdatrces of some eleTrrents
and groups of elements аrе discussed 'oeiolv.

4"1. Light elements

Following the usual ргасtiсе, we iпсIudе Na, ý{g, А1.
Si, S, Са and Ti in this group of e}ements (11 (
Z < 22). The elements of tlris grоuр, having everr-
пumЬеrеd Z, are synt}resized in a-process reactions"
They mау Ье рrоduсеd iп stars of а,пу metal}icity,
lvhereas the synthesis of the odd Z еlеmепts deperrcis
оп пеutrоп excess (and ttrrrs оп metallicity) in the re-
gions of пuсlеаr reactioný (Wheeler et al., 19В9), Let
us consider these two gгоuрs separateiy.

o-рrосеsý elernents. In Fig.6a is siiown the re-
lationship Ьеtчrееп the averaged abundarrce of all,
but for su}phur, eiements of this group гпеа,surеd
for each star and its rnetailicity. Beginnirrg fгопr the
аррrохimаtеIч solar metalliciti, ttэ th,e tnost rTretal-

2.0 +0.30

?, 4 toe(c) 6

Figuге -о _1,bsol;Lte rпаgпitа,rlе \Цч ca,lcula,ted us,i,пуц

Нi,ррагс.оs раrаliа,хеs lls. log g here d.eter,rпi,rl,ed.

cleficient stагs. опе сап \Teil trаr:е tire excess iп the
ratio [а/Fе] . Despite the scatter of pclints, оur data
аrе, оп the whole, iп gooti аgrеепrепt wit}r the da-
ta of оthеr reseaTchers: an approximateiy constant
аЬuпсlапсе at tlre levei of *0"5dex in the ra,rrge of
nretaliicities -З < [Fe/Ir] < -1.4 and а gradrral drор
to zеrо with increasing metailicity to the level of
sоlаr. Fоr the above гаIIgе of metallicities the fol-
Iowirrg excesses аrе c}iaIacteristic of this grоuр of
е]еmепts: [\ag/Fe] : t0.59 dex, [Si/Fе] : *0.66 dex,

[Са/Fе1 = +0.33 dex, [Ti/Fe] : * 0,42 dex. The rеlа-
tions}iip between the abundance and tnetallicity fог
еасh eleillent replicates orr tlre whoie the relation-
ship dегiчеd frorn averaging the abundances of all с-
pIocess elemetrts, altlrolrglr for Si an оr,еrаЬuпdа,псе of
ау 1dex has beeri found fоr two шоst low rnetallicity

_30

-J. J

м"
6

6.20 4395 _0.94 0.0
0.34 69i)0 2.6в .1.0

*- absolute magnitudes \,I, rчеге calculated using lIippalcos parai}axes

ее',
ът Ё Еъ3а fi

_-a
,

,|,

&оlL о
"+

Ё

stаrs st,ud,ied
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Table 2: Relatiue аЬuпilапсеs tX/F"] of chemical еlеmепts iп the atmospheres ot the stars inuestigated

G з0_52 G 126-62 G 170-47 G 231-52 G245-32
-mт--бZБ(ттЕхо
Mg1 0.4З( 0.14Х 4)
AI1 -0.02( 0.07)( 4)
Sil 0.03( 0.06)(24)
si2 -0.05( 0.00х 1)

S1 1.23( 0.16х 4)
Са1 0.06( 0.07)(13)
Са2

0.21( 0.04)( 6)
_0.15( 0.03х 4)
0.08( 0.08х 4)
0.25( 0,06)(10)
0.26( 0.00х 1)

0.42( 0.08)( 6)
0.32( 0.03)(19)

0.04( 0.06)( 4)
0.52( 0.04)( 9)
0.60( 0.04)( 7)
1.38( 0.05)( 6)
1.18( 0.00)( 2)
0.10( 0.05х 4)
0.17( 0.09)( 3)

0.00( 0.02х55)
0.01( 0.03х11)
0.04( 0.04)( 7)

0.20( 0.05)( 3)

0.21( 0.10)( 3)

0.74( 0.27)( 4i

2.11( 0.07)( 5'
0.24( 0.02)(12)

_0.41( 0,00)( 1)

0.11( 0.07)( 4)
0.05( 0.05)( 5)

-0.24( 0.13)( 2)

0.00( 0.01)(52i
0.00( 0,04)( 8)
0.00( 0.06)( 3)

.
_0.88( 0.01)( 2)

0,06( 0.00)( 1'

0.70( 0.24)( 2)

1.52( 0.15)( 5i
0.12( 0.05)(i5)

0.04( 0.00)( 1)

0.59( 0.05)( 3)

.0.05( 0,04х 4)

0.00( 0.02)(43)
0.01( 0.07)( 8)
0.16( 0"05)( 4)

-0.04( 0.i1)( зi

-0.46( 0.14)( 3)

Sc2
Ti1
Ti2
ч1
ч2
Сг1
Cr2
Мп1
Fе1
Fе2
Ni1
CuI-
ZпТ
Y2
Zt2
Ва2
La2
Се2
P12
Nd2
Еч2

-0.0s( 0.06)(21i

-0.11( 0.04)(12)

_0,0s( 0.07х бi

-0.22( 0.09х 4)
0.00( 0.01)(3б)
_0.02( 0.04х 9)
-0.40( 0.06)(20)

0.09( 0.00)( 1)

-0.25( 0.15)( 2i
_0.30( 0.27)( 4)

0.з7( 0.00)( 1i
0.76( 0.00х 1

0.41( 0.10)( 4)
0.21( 0.17)( 4)
0.28( 0.03)(17)

0.87( 0.10)( 6)
_0.12( 0.05)(21)

0.06( 0.10х 6)

1.50( 0.0sXl4i
0.82( 0.12)( 4)

_0,50( 0.09)( 2)
0.00( 0.02)(37)
-0.0l( 0.09)( 9)
0.45( 0.05)(13)

0.61( 0.00)( 1)

_0.24( 0.14)( зi

Al1 0.0s( 0.04)( 3) - 0.05( 0,00)( 1)

Si1 0.12( 0.03)(18) 1.1б( 0.06)( 6) 0.19( 0.02)(13)
U.Ub( U,UU)( l)
0.19( 0.02)(13) 0,s5( 0.02)(12) 0.42( 0.02)(13)Si1 0.12( 0.03)(18)

Si2 _0.0s( 0.00)( 1) 1,02( 0.00)( 1) 0.09( 0.00х 1) 0.51( 0.00)( 1)Siz -0.06( U.UU)( r) LUZ( U.UU,( I,1 U.uy( U.UU.,\ I,1 : urФr\ U,Uw.,\ t,,

S1 -o.ar( o.ra)( з) 2.з5( 0.07х 7) 0.75( 0.05)( 6) 1.09( 0.08х з) 0.2з( 0.17х 4)

0.45( 0.02)( 2)
0.19( 0.04)( 7)

Са1 0.10a0.0зi(i9) о.заlо.оэllts1 0.26( 0.0з)(1s) 0.19( 0.04хlз) 0.24( 0.04х19)
Са2
Sc2 0.18( 0,04)( 6) -0.32( 0.04)( 3) -0.i1( 0.02х s) 0.13( 0.04)( 7) 0,04( 0,05х 8)

Til о.зо(о.озiфо) 0.01( 0.04)( 9) 0.16( 0.02)(22) 0.67( 0.02)(15) 0.2з( 0.05)(14)

Ti2 о.зв'( o.oo)i r) 0.0б( 0.03)( 7) 0.15( 0.04)( 9) 0,1s( 0.04)( 9) 0.31( 0.03)( 8)

vl 0.з7a0.02i(15) -0.05( 0.0зх10) L.22( 0.0з)( 6) 0.12( 0.05х 6)

сr1 0.1зС0.05i(10) -о.зв1 0.0з)( 5) -0.16( 0.04х 9) -0.04( 0.06х 6) 0.00( 0.04)( 7)

Мп1 -0.04( 0.03)( 3) - -0.4S( 0.03)( 5) 0.50( 0.07)( 5) -0.26( 0,00)( 5)

Fеl 0.00(0.01i(b4) о.оо1 0,01)(34) 0.00( 0.01)(72) 0.00( 0.01)(36) 0.00( 0.01)(76)

Fе2 -0.02i 0,05)( 7) 0.01( 0.03)(14) 0.00( 0.02)(16) -0.02( 0.04)( 8) 0.01( 0.04)(17)

Ni1 -0.02С0.0зi(ls) о.оа1 0.06х 4) -0.12( 0.02)(2s) 0.26( 0.04)(12) 0.02( 0.04)(17)

Cul o.rai o.oo)i r) -0.40( 0.00)( 1) -0.56( 0.02)( 2) - -0.з0( 0.04)( з)

Zп1 - 0.32( 0.00х 1) -0.02( 0.02)( 3) - _0,01( 0,00)( 1)

Y2 0.36( 0.03)( 2) -0.33( 0.01)( 3) -0.05( 0.04)( 5) -0,06( 0.04)( 3) _0.14( 0.03х 5)

Ва2 0.25( 0.0SХ 3) -1.03( 0.00)( 3) 0.32( 0.10)( 3) -0.15( 0.10)( 3) 0,30( 0,06)( 3)

La2 o.soi o.ooi( зi '- 
0.10( 0.11)( з) - 0,15( 0.04)( 4)

Се2 - 0.15( 0,02)( 3) _0.05( 0.04)( 5) - 0,6i( 0,03)( 2)

P12
Nd2
Eu2 0,49( 0.01х 2

- 0.23( 0.07)( 2)
- -0.22( 0.02)( 4)

]
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lv{iт
ь)I,Ia1

I\4gi
Al1
Si]
а;о

S1
L-a1
Са2
q -,)

Ti1
Ti2
v1
\,/,

Сri
(-.,)

Nln1
Fе1
}'е2
Ni1
Cui
ZTl1
lZ
7,т1

Ва2
La,2
Се2
P12

а

Nd2 0.53( 0.07)( 4) 0.73( 0.01)( 2) _0.06( 0.02)( 4)

_9g?*_ 0"8_q( 0.02)( 2)"_ 0.62( 0.02)( 2 j 0,.J1( 9ji8)( 2)

0.91( 0.06)(s)
0.82( 0.00)( 1)
1.70( 0,05)( 7)
0.40( 0.02)(18)

_0.27( 0.02)( 6)
0.06( 0.04)(12)
-0.0б( 0.0,i)( 9)
0.65( 0.06)( i0)
0.60( 0.02)( 2)

_0.з5( 0.04)l 5)
0.02( 0.i1)( 3)

-0.12( 0,07)( з)
0.00(0.01)(4.1)
0.0r ( 0.05)(12)
0.20( 0,05)(11)
_0.05( 0.51)( r)
0.14( 0.0з)( 2)

_0.77( 0.03)( 2)

_1.r8( 0.03)( 3)
0.3з( 0,02)( з)
0.38( 0.02)( 3)
0,65( 0,02)( 2)

-0.04( 0.03)( 5)
0.04( 0,11)( 3)
0.06( 0.03) (28)
0.03( 0.с6)( 2)

-0.07( 0.05)( 6)
0.] i( 0,05)(20)
|J.i2( 0.06)( 2)

-0.11( 0.05)( 4)
0.13( 0.04)(]5)
-0,01( 0.06)( 8)
0.07( 0.09)( 6)

_(:].18(0,10)( 4)
0,0з( 0.04)(i5)
-0 11( 0.05)( 7)
0,06( 0,04)( 9)
0.00( 0.01)(77)
0.01( 0.02)(22)
0,01( 0.02)(28)
0.21( 0.12)( з)

_0,1{( 0.02)( 2)
0.18( 0.04)( 4)

-0.1i( 0.з3)( 2)
0 20( 0,12)( 3)

-0.15( 0.00)( 1)

and get tсl the iпtеrstеllаr шесliurп with secorlcl-
type suреrпоча outbuгsts. Тhеrеfоrе опе Inay ех-
pect the abundance of Na and Al to ire correlated
with tttat оf \,{g. Оп the other harrd, the Na and
А1 sl.ntlresis is a]so dependerrt on the пеutrоп excess
(hепr:е оп llietallicit1,). Tirus iI relation of the type
[iia, AI/\1g] :ol\Is/H] *const mау Ье suggested,
1\,,hеге а ) 0 (Nissen and Schuster, 1997). Fig.7
shorтs the гelationship between the abundances of
odd-Z elenleIits, Na and Ai, relative to a-eiements
[Na,A}/cr] arid the abundance of a-elements [а/Н].
Тhе best straight-line fit to tlre data оп dwarf stars
is [Na,Al/o] : 0.21 [а/н]-0.16 апd to the data оп
оihеr stars is [Na,;tl/a] : О,17[о/Н] + 0.08.

4.2. Iгоrr grоuр elements

This grоuр inclrrdes Сr, h,{rr, Fе, Ni, Iighter eieme]rts
Sc, 'Ii, and heavier eiements Cu and Zrr. АЬuп-
dances of sоше irоп peak elements (Сr, Sc ancl Cu)
аrе Sulnцarized in Fig.8a с. The abunciances of Sc,
\,In arrd Ni соrrеsропd to that of iron: the mеап
values аrе [Sс/FЪ] : -0.07dex, [h4rr/Fcэ] : _0.0l clex
arrd [Ni/Fe]=-1-0,02clex. In the metallicity rапgе
*1.а ý[Fе/III( 0 сhrоmium ftlilows after irоп; at
lоwеr me'uallicities it is observed to Ье slightty defi-
cient. Tlre abuTrdances of cu and zn were estimated
oniy frоm two-ttrree lines accessible to mеаsurеmепt.
This, apparently, accourrts fоr the great spread of the

0.23( 0.07)( 3)

0.43( 0.0;j)( 9)
0,34{ 0.00)( i)
0.81( 0.04)( 3)
0.07( 0.06)(]0)

"0.26( 0.04)( 9)
_0.01( 0.06)( 8)
0"20( 0.10)( 7)
0.86( 0.02)( 6)
1,01{ 0.00)( 1)

0,09( 0.08)( 7)
0,1з( 0.07)( 5)

0.00( 0,02)(17)
-0.02( 0 0б)(11)
_0.19( 0.03)(] 6)
0.17( 0.05)( 2)

0.2.1( 0.03)( з)
_0.00( 0,08)( 3)

0.36( 0.08)( 5)
0.39( 0.05)( 3)
0.з7( 0.06)( 9)
0.25( 0,00)( 1)

i.47( 0.]0)( 3)
0.3з( 0.03)(25)

0,51( 0.06)( 5)

-0.1r( 0.06)( 5)
0.40( 0,05)(10)
0.29( 0,06)( 7)
0.85( 0.06)(r1)
1.25( tj,09)( з)

-0.00( 0.04)( 7)
0.11( 0.06)( 2)
0.i3( 0.07)( 6)
0"00( 0.0])(72)
0.01(0.04)(i6)
0.04( 0.05)(i3)
0.с.1( 0.18)(2)

-0.02( U.(jз)( 2)
0,.i1( 0.08)( 3)
0.03( 0.r0)( 3)

0.62( 0,07)( 4)

stars, rvhile Ti, оп the сопtrаrу, shоws the sо]аr atlurp
dance for these trvo stars. The data of other authors
(Gratton а,пс1 Sneden, 1991; X,Iagain, 1989 fоr tita-
nitrпr апd Gratton an,l Sneden" 1988; \lagain. 1987
fоr silicon) аrе consistent with оurs. altliough Si fгоrrr
their results does not exceed 0.85 dex, lчhilе the Ti
abundance does not fall below. 0.2dex fоr ttre most
metal-deficient stагs.

When determirring the шеап abundance of а-
process elements, sulpirur rvas disregarded: this rvas
рrimаrilу due to the large spread of tlre results оЬ-
tained аrrd очеrаЬuпdапсеs arnounting to х 2dex fоr
the most шеtаl-рооr stars of оur sarnple (see Fig. бЬ).
This mау part}y Ье due to the insufficiently ассurаtе
oscillator strengths we hаче used ill the caicuiations
as rvell as tcl the lаrgе еrrоrs in the equivalerrt widths
of the measlrred iines, which is first of ali assclciated
rvith the weakness of lines in the spectra of the stars
studied.

Odd Z elernents Na and Al. The [Al/Fe]
апd [ItIa/Fe] ratios span а гапgе of apprcrximatei5,
1dex (Fig. бс, open and fiIled symbols, respectii,ely)
with а large disреrsiоп irr t}re interval of metallic:-
ity of -3 < [Fе/Н] ( 0 dex. There is а srrrall очеr-
abundarrce of +0.11 and *0,06dex fог the a,ver-
aged abundances of [Аl/Fе] and [Nа/Fе], геsрес-
tir.ely, T}re two eleTnents, аs r.veIl a,s шаgпеsirrrп,
ат,е пеаriу completely synthesized in шrassive stars

'Table 2: Con,tiltued,
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Figure бz Еuеп- апd oild-Z light еIеmепt аЬuпdапсе

trепds; (а) aueraged аЬuпdапсе of Mg, S,i,, Са, апd,

Ti relatiue to irоп; (Ь) sulрhu,r; (с) sodiu,m, апd аIu,

miпium. The ilata tor stars шi,th log g ) 3 аrе ilenoted

Ьу circles, шith log g < 3 - Ьу squаrеs.

Figuге 8: АЬuпduъсеs oJ ,i.rоп

fu,псt,iоп of m,etullici,ty [Fе/Н];
sаrпе as i,п Fig, 6.
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4.3. s- and r-рrосеss еlеmепts

The elements of this group аrе synthesized iri the

рroсеssеs of пеutrоп сарturе: in the rеасtiоrrs of т-

proceýs, if the timе of netrtron captrrre is соmраrаЬlе

with the time of B-decay, and of S-process, if addi-

tion of neutrons occurs Ьу several оrdеrs of magni-

tude slower. All these elements are syntlresized in the

reactions of both s- and r-processes hut such elements

as Y and Ва аrе synthesized шаiпlу in thе s-process,

whereas Err _-- in tlre r-рrосеss (Gratton and Sneden,

1994). Since these t,пo рrосеSSеs take place ргеdоmi-
папtlу in the course of evolution of stars of diffеrеп:

maSSeS, tlre abundance of the elements of this grоuр is

of рrimе irпроrtапсе in the construction of the c}rem-

ical evolution model of the Galaxy.

оur rеsults for hear.y element аьuпdапсеs аг;

summarized in Fig.9a-c. Неrе "s--process" mеапs th:

averagecl abundances of Y, Zr and Ва, arrd "lan-

thanoides" IпеапS the averaged abundances ofLa, Се,

Рr, anci Ncl. Determination of the }reav1, metal irЬuг-

dances is particrrlarly impeded due to the srrrall nuTr:-

ьеr of lines suitable for analysis. In the case of metal
poor stars the -qituation is additionally complicate,:

Ьу the fact that Ьесаusе of the low metallicity, th,
lines of these metals аrе very weak. Fig.9a indicate,

_1 о [а,,'Н] 1

Figurе 7: [Na,Al/a] us. [а/Н] uith the ваmе sуmЬоls

аs usеd iп Fig.6.

data obtained, especially fоt Zп. Nevertheless, it can

Ье stated with апу аssurапсе that [Cu/Fe] increases

gradually frоm в -0.25 dex to zеrо with growing

metallicity. zinc is likely to Ье observed in excess

throughout the whole raTrge of metallicities: the mеап

[Zn/Fe] : *0.22 dex.
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Гigurе i]: lieally еiеrпе,пt аЬuп,d,апсе trеп,ds; (а) оаеr-
а,,йеd tz!зъпdап,сеs of Y, Ва ап,d Zr; (Ь) aueraged аЬ,uп-
dаrtrеэ ot Lo,, Се, Pr апd Nd,; (с) Еu; sylltbo!,s used
*rc the sаlпе аý iп Fig. 6.
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a

raa
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Figurе L8: {BiEu] us. [Еu/Н]; sуmЬоIs usеd аrе the
sапж; as ,iп {lig. 6,

thar thc s-рrrсеýs eiements abundance is close to the
sоlar ,,,а}це i* the range *2.2 < [}'е/Н] ( 0 dex, t}re
ax,ierage rralue [s/Fe] : 0.04 dex; ivhile fоr ехtrеrпсlу
Ti,lctatr-pcor stаrs the quantity [slFe] decreases to чеrз;
]cltn,.,,;r,tues.

'I tre ачс:rаgе аlэuпdапсеs of lanthanoides (Fig, 9Ь)
iiзсrс:аsеs rTitir dropping metallicity in t}re interva]
frсrп tJ io -,Zciex and then drops to the approxi-
mаiс:lу- sоiаr л,а,luе fог most mеtаl-рооr stars. Tire
|IlulF'c] Iaii0 initia,Ily risеs as metallicity declines anci

*t,

_1

*j.
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then, protrabtry, is r:onsta:rt irr t}re nreLa,llicitv range
*3 < [Ее/Н] < -2 dex (Fig.9c),

Fig. I0, w}rеrе t,he abundatrr:e of s-ргсlсеss el,e-
rnents rеlаtiче to Еl:, Гs/Еu], is shorvn ,;s. [Еu/Н],
suggests that Eir is а рurе t*рrосеss element. Тhе
erlhancemerrt of s- рrOсеSs Tr:jtlr respect to eirropium
(F'i.q. 10) rvlren passittg frоm the sta,rs of ехtrепrе }ra,]r.l

poprrlation to оlэjесts of tlle oid ciisk agrees neil иith
the gетiегаi sr:}reme that thc: S-рrоссБs iS пltlrе irnpor-
tarrt, as t:otnpared io the г-process, with approaching
the phase of galaxy disk forrrratir;n.

ь. Uoncluslol}S
T}ie рареr ргеSепts пеw resitlt.q ori thе chemic:ai ct;m-
position of t]re hаlо popuiation oЫairred on t;}re Ьа-
sis crf high-гeso]Lltion есhеllе sресtrа. The para,meters
of stеllаr атпlоsрhегеs det,eгrnirred troni sресt rоsсо1l;,
clata aloiic: .rrС: gс:Ilегаlir, сli{lЪгетit frgrn t}ro.ce l.i:rsi:d
оп photonetrr,. Tire еfiЪсtir.е т,еrпрс:rаturе anrj nieii,r,l-
licity tuгП о1].1 t() ]le sтsteiTlatir:a,lir, lrig}l,еr; tile ра,rt
of зtаrs classified as iiaicl siibcirvaгfi froni photorrretry
data rnost iiltel1, Ьеlоrrg to hаlо arrti disk bupergialrts,
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