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Summary 

Hydrogen-deficient tltars are divided rnainly into thrf'e groups based on their carbon abl.m­

dance - the carbon normal group, the carboll rich group, and the carbon strong group. 

The carbon rich group, which shows CjHe f'o.J 1 % by llumber, is further sub-divided into 

hydrogen-deficient carbon stars, R CrH stars, extreme helium stars, and helium sub-dwarf 

0+ stars. Tbe position of these stars ill the log g--Iog Teff plane indicates that their pro­

genitors are probably of low k\,ml intermcdia,te masses. The evolutionay link within this 

group is not. yd wdl-establislwd. In this thesis we study the chemical composition of the 

at.mospheres of these sta.rs wit.h a view to ('xploring the possible evolutionay link between 

R erB st.ars, cool extreme hC'lillIn sta.rs, H,nel hot extreme heliu!ll stars and their kinship 

with ot.her post-AGB stars. 

Tlw t.hesis consists of seveIl cha.pt.{'l's, ('(l,ch with :·.;t'vcral sections and subsections. In 

the' find, elia,pter we giv(' a gellend description or tile various groups of hydrogen-deficient 

Rt.arR, a.l1<l discliss tile evolut.iollary S(~qll<'II("(~ of low ami intnl'mediate ma.ss stars a.s these 

(l,n' probahly til<' progenit.ors of itydrog('IHleficicllt sta.rs. We a.IRo discuss briefly the 

1Illclcosynt.hesis taking plac(' ill t.he st.a.r, (wd til(' various st.ages during which the processed 

mat.eria.! is hrought to the surface during t.he course 0[" itA evolution. The t.wo scenarios -

filia.l helium slwll flash a,lId Ill<'rgillg of two whit.(~ dW(l,rfR "- which are proposed to expla.in 

til<' rorma.tioll of hydrog('l1-ddicicnt st(l.rs and til('ir ohsPI'ved chemical ('.omp08itiol1 are then 

revicw(,d. We describe til(' olnwrvatiolls, the data, reduction procedure, a.nd the details 

followed ill tIl(-' spedra.1 IiI)(' idelltifica.t.ion in (~!ta.pt('r 2. A brief d(~scription of the model 

a.t.1\I0Sph(~r<'8 0[" lIonna.l al\d itydrog<'lI-ddici(,ll1. s1.ars, and (l,ll overview of the construction 

of hydrogen-deficient !!lo(k-I at.lllospher('s llHCd ill our ablllldallCe analysis are presented in 

Cha.pt.er:L Th(~ a.1>\lI1<1a,1I(,(, amt\ysis proc('c\t\J"(' r()llow(~d in the present work is discussed in 

ciet.a,il ill Cha.pt,('r ,1. III Chapt('r G, w<' IH·('S('Il1. a.1l illv('stiga,Lioll of t.he emis:-;ion line spectra 

or MV Sgr, ami discuss the results. III t.he followillg chapter we make a comparison of 

the' derived elemental a,bulIdaIlces of H CrB, (l,nd cool aJlc\ hot extreme helium stars, and 

prcseI1 t an in1.(~rpr('t.a.t ion of the d('ri vecl elemental (Lbltllciances a,nd their i mplica.tions in 

the cOIltext of Ilucleosyutilesis antI evolutionay scena.rios. Finally, the conclusions are 

sllmmarized ill Chapter 7. 
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Chapter 1 

Introduction 

1.1 The hydrogen-deficient star groups 

All sj,(LI's begin t\tf'ir liws cOllverting hydrog<'tl to Iwliu1l1 inside the core (Lnd settle on 

the llla,in S('qu{'uc<\ wlwre they H!><'lId a substantia.! fra,ction of tlwir life-times. During 

their subseqlH'l\t <'voilltion, which p)'()('('('ds at a, much ra.pid ra.(,(" heavier elements, syn­

thesizpc\ (kef> inside Uw co\'('s thl'ol1gh various pl'O(,(~S~WH, (Lre dr(~clged-up and mixed with 

1,h(' origin;'LI hydrogen-rich photospheric Illat,('rial at varying d(~grees. Almost all stars have 

hydrog('ll ag tile' major cOIlHt,iLtWllt of Lhe ph()t.oHphen~ through 01lt their lives. However, 

thel'(' exists a HIlla.1I gr01lp of far-;cina,ting ohj<'cts which do not conform to these norms, 

the hydro!!:('Il-ddicit'lIt group. 

Hydrogcn-d('liciPllt starr-; COllsiHt Illaiuly of hp!i\llll; tit(' oLher ekm.ents, which are re­

ferred t.o (u, 1,1'<1('(' elf'llwn1.r-;, are pr('s(,llt oilly ill HIlla.1I qua,ntitieH. The carbon content in 

thes(' Htars is morc, when compa.r<'d to solar type> Ht.arR. Their photospheres show little or 

no C'videllce' of the P[,(,SCII(,(' of hydrogen; hydrogen is 1111d(~ra,bunda.nt by a fador of 106 

or more in their phot,ospl}('l'('s. fll t,\l(~ hydrog(~ll dOlllin(-1,t,ec\ universe, it is of great interest 

to c\etermitH' til(' Hi,cllar phyr-;ics that gOV('l'IlH tlwse objccts and the scquence of evolution 

that lC'(\,d to their formation. 

The discovery of the group of hyclrog('n-ddici(~llt st.ars may be traced back to Ma.y 1795, 

more than two C(,llttlries ago when Edward Pigott (Pigott 1797) discovered the variability 

of the It Coronal' BOl'ea,lis (R Cr B). He noticed the disappearance and subsequent re­

appearance of a star, later named R C~rB, in the constellation Northern Crown (Latin: 
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Corona Borealis). 

Ludendorff (1906) was the first to notice that the Balmer line H, is weak in R CrB. 

Berman's (193':» pioneering analysis of R erB showed that carbon is overabundant (69%) 

and hydrogen is deficient (27%) ill [{ erB. The first. hydrogen-deficient, helium star HD 

124448 was discovered by Popper (1942). He reported t.he absence of hydrogen lines and 

the presence of sharp and st.rong helium lines, along with lines of C II and 0 II in its 

spectrum. 

Presently, several distinct groups of sta.rs that exhibit hydrogen-deficiency are recog­

nized (Drilling 1996): cool hydrogen-deficient ca.rbon stars, R CrB stars, extreme he­

lium st.a.fs, hydrogen-deficient subdwarf 0 a.nd B stars, non DA-white dwarfs, hydrogen­

deficient binaries, interrnecliate helium st.a.rs, Wolf-Rayet stars and Type I supernovae. 

1.1.1 R CrB stars and cool hydrogen-deficient carbon stars 

The R CrB Rtars are variables which undergo (kdiIH'S in light. by as much as eight ma.g­

uitudes in a few weeks at irl'f'guia.1' int<'rvak The J'(~latively rapid decrease is followed by 

a slower ret.urn to rna.ximuIt1 light., where the sta.t' spends most of its time. The char­

acteristic deep dec.lines are thought to be due to ra.ndom episodes of dust formation in 

thE' stellar envelope (Lol'et.a,u):J4; O'.l\eefe I.H:.J9; Woit.ke et a1. 1996). As the dust cloud 

is pushed far from t.h(~ st.a.r by mdia.t.iort pressure, it. obscures the photosphere a.nd also 

induces cha,llges in t.he Obi'H'rV(~d spectrum. These stars at maximum light show F~G 

11> t.ype SI)(~ct,ra. with st.rong ('a.rholl f(~a.t.l1I'(~H (~XC(~pt t.lw eH hands, and weak or absent 

Balmer linCH. La.mbert. and Ra,o (J ~HH) ha.ve pres(mted a list of a2 n, CrE stars, which 

is eSHentia.l1y a. revised version of that giv(m hy Drilling and Hill (H)86). In addition to 

several R erB St.a.I'S, t.he list of Drillillg a.nd Hill (IDSG) also contains five cool hydrogen­

deficient carbon stars (Hd C), which arc' sped,!'oscopically similar to R CrE st.ars (Warn(~r 

L967; Sch()nberner 1975; Cot.trell a.lld Lambert 1982; Lambert 1986). In t.hese stars large 

declines ill brightlleHH have TwV(~r beell observed; Kilkenny, Mara.ug and Menzies (1 H88) 

have, however, observed sma,ll amplitude light va['iatiolls similar to those shown by some 

R erB stars at maximum light. There a.re three stars, V:348 Sgr, MV Sgr and DY Cen, 

whic.h have been observed to undergo R CrB-type light declines; these stars, however, 

show absorption spectra similar to those of the extreme helium stars rather than R CrB 

stars, and are classified as " hot R CrB " stars. 
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1.1.2 Extreme helium stars and hydrogen-deficient binaries 

The extreme helium stars (EHe) a.re characterized by strong lines of He I, and weak or 

absent Balmer lines (Hunger 197.1). The spectra of EEe stars also show lines of C II, 

C III, N II, 0 II, Al II, Al III, Si II, Si III, S II, S III, etc. 

The catalog of Lmnino'll.s StaTs in the SO'llthe'l'n Milky Way (LSS) by Stephenson and 

Sanduleak (1971) was the re:mlt of Case-Ha.rnbnrg OB sta,r surveys. The catalog lists 5132 

OB stars and supergiants of spectral types B6·G2, identified on Kodak IIa-O photographic 

plates taken with the Curtis Schmidt Telescope and UV-transmitting objective prism at 

the Cerro Tololo Inter-American Observatory. The instrumental setup yielded a resolution 

of about 4 A at H" which allowed rough MK types to be assigned to supergiants of spectral 

types B6-G2. The OB stars, which show nearly continuous spectra, were classified as 

OB+, OB and 08-, in t.he order of increasing Balmer absorption-line strength. The six 

earlier cata.logs of L'ltU/,ino'lls Stars in t.he NO'l'ihen~ Milky Way (LSI - LSVI) were based 

on similar objective-prism plates taken with the large Schmidt telescopes at the Hamburg 

Observatory (Drilling and Bergeroll UJDG). Alt.ogd.ber tllese surveys cover the entire disc 

of the Milky Way clown to phot.ographic III(l,gllit.u<ie 12 (galadic latitudes ± 10° for 1 = 
± 60°, except ill t.he cas(~ of LSIV, where the coverage in galactic latitude was extended 

to ± ;30°). At. the r<'solut.ioll (~4A) ('nlployed in the Case-Hamburg OB star surveys, the 

Hpectra, of Ene stars have ItI'arly fcaturC'\eHH (l,ppearances, and hence are classified as OB+. 

It ha.H thus been possible to obt.aill a. complete sample of EHe stars clown to photographic 

lll(l.gnit.ud(~ 12 by ()bs(~rvillg a.11 of t.he 013+ st.a.rs ill the Ca,se-Hamburg-LSU surveys, which 

cover t.he ent.ire ga.\a.ct.ic diHe, and t.heir c'xt.ensioll to b = ± 30° for 1= ± 60° <:1t a resolution 

of 2 A or better (Drillillg IDS7; Drilling and B(~rgeron 199.5). Eleven new ERe stars were 

discovered a,s a reHlilt. of this survey. BdOl"e this Hurvey, only six "classical" ERe stars 

were known. Ma.cConllell d a.l. (H)70, U)72) discovered two more EHe stars during an 

objective-prism survey. Alt.ogether ther<' are 19 Elle stars listed in Jeffery et a1. (1996) 

excluding subdwa.rf 0 st.ars (sdO) a.nd hydrog(~n-deficient binaries (HdB). 

rrhe four hydrogen-deficient billa,rieH, v Sgr, KS Per, HDl0 320156 and CPD 58° 2721, 

have spectroscopic characteristics ext.remely similar to EHe stars. These systems have 

orbital periods between :30 and :3()Q dl-tys and show late-B type spectra. These are single­

lined spectroscopic binaries and according to Drilling (1986), they differ from single ERe 

stars in the following ways: 

1. considerably high, photospheric abundance ratios of nitrogen-to-carbon, 
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2. strong Ha emission in their spectra, 

3. a large infrared excess, 

4. radial velocities very close to those expected for circular orbits about the galactic center, 

and 

5. the distances from the gala.ctic plane less than 200 pc. 

1.1.3 Hydrogen-deficient subdwarf 0 and B stars 

The number of known helium rich subdwarf 0 (sdO) and hydrogen-deficient subdwarf B 

(sdB) stars has increased as a result or various surveys. The sdO and sdB stars are clafl­

sified into different subgroups based on two parameters: the strengths of the He II lines 

relative to that of He I lines and th(~ streJ\gths of the He lines with respect to that. of H lirlC'H. 

1. srIB stars: These object.s are citara,d,erizeci by sIna.!1 He IIIHe I. Sargent a.nd SearlE' 

(19(i8) originally defined a sdB st.ar as " a st.a.r which has colours corresponding t.o t.hmw or 
a. B star and in which the BalnwI' Jin(~s (l,re abnormally broad for the colour, as coltlpar('(\ 

to Populat.ioll I ma.in-He<pwnce sta.rs. Some, but not all, sdB stars have He [ lincs that 

are weak for their colo1ll'." G t'{'(~I1 et a.I. (198G) have SlI b-divided the classical sel Ws i I1j,o 

t.hree subclasses and (\,dd<'d a rot\l't.h subcla.ss. Since t.heRe four clasRes of sdB st.a.rs cliffc-r 

in the strengt.hs of the He I lillPs rela.tive t.o H, Drilling (1996) proposed t.ha.t t.hey l)(~ 

caII(~d selHl, sdB2, sdB:3 and sdlH ill t.h" or<i<>r of increasing He l/ll. 

2, 8dOB 8/aT8: These ohj('ct.s ha.V<' intel'llwdiate He B/He I. Two class('s ha.vc' hf'(~1\ 

id(~lltified selOB 1 a,ud sdOB2 ba,sed on t.he st.J'('ngth of hydrogen Balmer absorpt.iotls. 

:'J • .'idO stfll'.Q; 0 hject.s beloJlgi ng to 1.11 is IHI hgrol1 p display large He II I He l. 'fwo ('1a.s:~K's 

ha.w) been id(~ntified, sdOI alld Hd02, based em t.he st.rengths of the Balmer (\,bsorpt.ioll 

lilies. A number of sdO st.al'S a.re known to })(' ccntra.l stat's of pla.net.ary 1lebula.('. 

1.1.4 NOll DA-white dwarfs 

White dwarfs can be classified into two distinct spectroscopic sequences. The majority 

are hydrogen rich (type DA) and can be found starting with effective temperatures Tef! 

> 100,000 K all the way down the white dwarf cooling sequence. The rest are hydrogen-
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deficient (type non DA). Non l)A-white dwarfs are helium rich and comprise DO (Tejj 

> 45,000 K), DB (11,000 < Tell < 30,000 K) and DC (Tef! < 11,000 K) white dwarfs 

(Liebert 1986). The spectraJ appearance of the helium rich white dwarfs is determined 

by the ionization balance of the helium plaslna depending on the effective temperature 

of the star. The DO's display a pure He II line spectrum at the hot end and a mixed 

He llHe II spectrum at the cool end, while DB's are characterized by a pure He I line 

spectrum. An effective temperature below ~ 11 ,000 K is too low to excite He I lines, 

making the DC's featureless white dwarfs. Those DO's with detectable traces of metals 

are denoted by DOZ. At the highest. effective temperatures the DO's are connected to the 

helium-, carbon- and oxygen-rich PO 1159 sta.rs (also denoted as DOZ by Wasemael et 

al. L98,5), which are t.he proposed precunwrs of t.he DO white dwarfs. 

1.1.5 Illterillediate helhull stars 

'1'11<, sped,ra, of intermedia.t.c helium st.ars aI'(' similar to t.hose of normal stars of MK 

spectra.l t.yP(~ B2V, bllt. show ai>IlOl'llla.l1y high He' 1/11 line intensity ratios ranging between 

t.hose of norma'! st.ars ami ullit.y (Walhol'll WS;{i I1t1l1g(~r IB86). Walborn (1983) concludes 

t.hat the intermediate heli\llll st.a.rs a.re primarily young, massive stars of Population 1. 

1.1.6 Wolf-Rayet stars 

Wolf-Rayet (W-IO sta.rs were find, dd.(~ct(·d by Wolf alld Rayet (1867) due t,o the presence 

of Rtrong emission lines in t1wir Rp('ctra" These a.t'(~ maRHivc stars that. have evolved very 

faRt, with extensive rna.SR IOHs. They hi-we blown awa.y LllOHt of their out.er H-rich envelope 

exposing t.he ll1att,(~r t.hat ha.H either pxperi<mced complete hydrogen burning, or partial 

heliulll burning. 'rile llIlUHlla.l line ra.t.ioH ill W-R Rpedra indicate t.hat. t.he atmospheres 

of t.hese st.ars have compoRit.iollS far differ<'nt. from flolal' (Smith 197~~; Conti et al. 1983; 

Crowther et a1. 1995abci Koest.(~rke aIld Hamann HW5i Hamann et a\. 1995). Many of 

the W -H. stars have no detectahl(~ hydrogen emission; t.hoRe that do, have a HIHe ratio 

less t.han the solar value by a. fadol' of two or mor(~. The W-R stars fall into three classes: 

1. WN slar's: T~e spectra of these st,a,l's are dominated by the emission lines of He and 

N. Carbon emission is also seen, while emission or absorption features due to hydrogen 

are readily detected in some stars. In the Galaxy approximately half of the W-R stars 
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within 2.5 kpc of the Sun are of this type, but in the LMC they comprise approximately 

80% of the W -R stars known (Massey and Armandroff 1991). In these stars we are seeing 

the products of the CNO cycle a.t the surface. Thus the stars are deficient in H, C and 

o and rich in He and N. The Nil-Ie and CIN ratios deduced are consistent with those 

expected from CNO burning (Crowther et al. 199.5b). It is believed that the progenitors 

of WN stars are less massive than those of we stars. 

2. we stars: The spectra of the stars belonging to this group are dominated by emis­

sion lines due to He, C, and O. No hydrogen emission has been detected. They constitute 

roughly 50% of the W-R stars known in our ga.la,xy. In these stars we are seeing the prod­

ucts of helium burning at the surface. Th(~ C/He mass fraction in these stars is typically 

greater than 0.1, and may (I,pproadl ullity (Hillier u)89; Koesterke and Hamann 1995). 

3. WO stat's: Only 5 ()f these st.a,nl are known (Kingsburgh et a1. 1995). The sequence 

is distinguished from We! st.a.rs by the preS(~llce of st.rong 0 VI AA 3811, 3834 emission. 

The W -H. st,<trs diHcussed <tbovp an~ It iglt mass st.ars and belong t.o Population 1. Among 

the centrctl stars of planet.ary 1I(~hllla,p (CSPN), which are low maHS, Population II objects, 

ther<'~ are two grollpH: hydrog(~Il-ridl and hydrog(~H-def1eient, (Mendez 1991). The difference 

in the surface abundances iH benil\S(~ t.he hydrogen envelope is present in the former group 

while it iH virtua.lIy lost in the lat.ter group. The hydrogen-deficient CSPN show Wolf­

Ra.yct type sp(~d.ra., idcutica.I t.o t.YP(1 W(~, alld are designated as [We]. 

1.2 Carbon abundance in hydrogen-deficient stars 

'rlH' number of hydrogen-deficiellt Htars studied haH tremendously increased in the last 12 

years, thereby a need arose to group these Htars into different categories and to study the 

evolutionary aspects. Hydrogen is depletN\ in theHe sta,rs; the hydrogen abundance may 

vary by several orders of magnitude frolll Htar to star, which makes it difficult. to group 

these sta.rs based on their hyclrogell abundallce. If the grouping of low-mass hydrogen­

deficient stars is done based on the carbon cont.ent, three distinct groups emerge (Jeffery 

1994): 
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(i) The cat'bon-no'l'1nal g'l'O'Up: This group consists of stars of different types, like the 

HdB and the helium-rich sdB stars, and does not appea.r to have carbon enrichment. 

(iO The car'bon-'rich gm'up: This group comprises R CrB stars including the hot R erB 

stars, Hydrogen-deficient carbon sta.rs (HdC), Extreme Helium stars (ERe) and helium 

sub-dwarfs 0+ (He-sdO+) stars. The carbon-to-helium ratios by mass cluster around 

1%, (except for MY Sgr which shows eiRe of ~ 0.1%), and all other heavier elements, 

including nitrogen and oxygen, are present only in tra,ces. 

(iii) The car'ban-strong 91'OUP: The carbon-st.rong group includes Wolf-Rayet central 

stars of planetary nebulae, PC I1G9 stars a,ud O(C) stras. PG 1159 stars, which are 

pu\i;ating whit.e dwarfs (Mc'<:ira,w ('I. a.1. 197H), are also sometimes associated with PN 

(eg. NGe 246). O(C~) stars are sped.roRcopica.lly very similar to PG 1159 (Leuenhagen 

et a.l. 1994), Tlw carbon-t.o-helium ra,t.io hy 1l1RSH is ~ 10%, and also oxygen can be quite 

strong, 0 IHe ~ 0.1. The ('volllt.iol1(l,ry HeqtH'llCC wit.hin this group, most likely, is from 

cool to hot. (Sch()nbel'ller 19~)(i). 

1.3 Evolution of low and intermediate mass stars 

The pOHit.iollS of hy<il'ogc'lI-deficiellt st.a,!'s in t.lw log g-log 'ref! plane indicate that the 

progc'Ilitors of tliese Htars are probably of low alld illtennediate masses. Hence, before 

discllssing the fonnation of hydrogm-dPiicient sta.n!, we will present a brief outline of the 

evolut.ion of low (l,nd interllle<iiaj,(> ma.ss stars. One of the major issues in the study of 

hydrogen-ddicient, st.a.rs is t.llis: a.1. what, st.a.ge dming t.he course of evolution does the 

hydrog(~n-defi("iellcy occur (if a.t. all!)"/ 

All single stars spend most. of t.h(·ir life blll'Iling hydrogen in their cores (~ 1010 years 

for a. IMI~I st.a,1" 1 ~ lOR years for a 5M(;) star; Bowers IH84). Once hydrogen is exhausted in 

the core, t.he st.ar lea.ves the ma.in spqucnce, cr()s~ws the Hertzsprung gap and ascends the 

Red Giant Branch (RGB) with hydrogen burning in t.he shell (see Fig. 1.1). At the tip of 

the RUB the star ignites the Iwlium in t.he core. The ignit.ion happens under degenerate 

conditioIls for st.ars less massive t.han 2.:~MC!), while for more massive stars the core simply 

reaches a.·temperature sufficient for helium burning by the triple-alpha process. 
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Figure 1.1: Evolutionary t.racks foJ' lM,.) a.nd 5M(;) stars plotted on the 10g(Teff}-

10g(LjL(;)) plane (reproduced from Ihem L984, 1985). The dotted line represents the Zero 

Age Main Sequence labelled cUi ~i\MS. A 'b.' means 'begiIlI:i'. 'PNN' stands for 'Plane­

tary Nebula Nucleus" while 'FF' Htanclfl [0\' '!.<'inal Fl<18h'. The Central Stars of Pla.netary 

Nc·'bula.e (CSPN) of t.:34M(~) might ('ontinll(' t.o become a white dwarf or might undergo a 

FF eV<-'ut. For O.65M(;) we ha.ve traced the born-again evolution although not all remnants 

of tha.t mass beCOIlH' born-aga.in (Hee text.). 

The heliurn-blll'lling in the core produces carbon and oxygen. Once the helium in the 

corf' is exhausted, t.he carbon-oxyg(~ll core contI'acts incl'eal:ling the pressure and temper­

ature of the overlaying layers. Now helium ignites in a shell near the core while hydrogen 

shell is pushed out and extinguiflhcd. The st.ar at this stage has a carbon-oxygen de­

generate core, which is not burning, a helium shell source, and a hydrogen shell which 

is not ignited. These layers are protected by a large hydrogen-rich envelope into which 
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the products of the previous nucleosynthesis ha.ve been mixed by the first and/or second 

dredge-ups (Becker and 1ben 1979; 1ben and ll.em,illi 198:3). The star at this stage is 

near the base of the Asymptotic Giant Branch (AGB; L ~ 1 0-2000L1:::), Tef f ~ 4000 K), 

the Early-Asymptotic Giant phase (E-AGB). As the helium shell source clumps its ashes 

on to the helium-exhausted corc, its mass increa.ses (Paczynski 1971) causing an increase 

in luminosity at virtually constant temperature. rrlw star simultaneously expands amI 

acquires a giant structure for the second time. 

When hydrogen shell is re-ignited the star enters the double shell (helium and hydro­

gen) source phase, called the thermally pulsating AGE phase ('r'P-AGB). During this 

phase, Ilcar the tip of the AGB, the sta,r experiences a. series of thermal pulses due to 

the helillill flhell ulldergoing suddt'll thermollllclear rUIlc1way episodes. The number and 

frequency of the::;f' episode::; dq)(,lld 011 the Illa.ss of the sta.r, a.lthough it is not clear exa.ctly 

wha.t relationship ties these qua.ntities (lben 1$)75). Nor is it clea.r just how much mass is 

lost dnring tlw ACB (Reilll(~rS 197[); 11)(,1l a.nd Rood 1970; Knapp et a.l. 1982). AGB sta.rs 

a.)"(~ optica.lly obsclIl'cd by the dust slwlls, whi~:h are fOl'llwd by the enormous arnounts of 

makrial t1w,t is lost by thes(' fa.irly cool obj(~cts. Ba.sed on the properties of circurnstellar 

dust, all estima.t.ion of the amount of tlHt.sS lost dlll'illg the AGB phase is possible. 

The ltla.HS IOfls ra.te continllPs t.o ill('r(\a.S(~ towards t.h(\ end of Uw AGB phase. During 

t.hiH phase the £I-rich outer (\Ilvdop(' is ('ss(~l\tia,l1'y lost. The la.rge ma.ss losH, which is via. 

a powerl"tt! Htellar wind (Bow(,tl a,lld WillHotl 1991), prevents the ('ore from rea.ching the 

Challclras(\khar limit. (IAMI;)) before' ca,rhoH ignit.es 1\I1(ler c1egenera,cy conditions. When 

the (,1lV<'lopc maSH is t.he order of 1O-2M1.), t.1l<' AGB pha.se is Lermina,tcd (Hayashi lirnit), 

and tit!' star (s1.('lIar ('ore) pvolws a,long a. constant luminosit.y tra,ck a.cross the H-R dia.­

gram. Sirnulta.Jl(\ollsly the velocity of tlw st.<>llar wind, which imparts mOlTlelltulll to the 

dust pa,rticks in the (,Ilvelope, iIH'["('as(>s, a.nd the circumsi.ellar tnakria.l ejected previ­

o1lsly iH swept up. SOOtl the stdlar kIJlP(~rature is Hllffieieni.ly high enough to excite the 

sllITOUnditlg gas to produce a planetary IldHt!a (PN). 

EV(,tltu(\,lly all nuclea.r burning ceases a.nd t.he rCtlln(l,llt continnes to contract and cool. 

1\s the core ma.HS docs not exceed the Chandrasekhar limit for low a.nd intermedia.te mass 

stars, the ::;1,ella,1" relic ends up a.::; a. <kgcnera,j,e star. This is the beginning of the evolution 

of a white dwarf (WD) shining only dimly due to the hf~at radiat.ing out. The star has 

reached its fina.l fate when ultimately not even this energy source provides any luminosity. 
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1.4 Photospheric chemical evolution 

One of the most important tracers of stella.r evolution is the photospheric chemical content 

of the star. The nucleosynthesis takes place alternately in the core and in the shells sur­

rounding the core, during the course of its evolution. There are mainly three stages, called 

the dredge-up phases, during which the products of core and shell-burning are brought 

to the surface of the star by con vecti VE' rnixillg. Thus the study of the chemical content 

of the photosphere, the only region accessible for observations, will give us information 

about the location and evolutionary status of t.hese stars in the H-R diagram. 

We limit. our description to the chemica.l evolution of low to intermediate mass stars, 

or in other words, those objects which a.re thOl~ght. to end their lives as cooling white 

dwarfs. 

F'i'l'st d'lY~dge up: During the a,scent. on t.ll<' red-giant branch, the convective envelope brings 

mat.erial, which was sllb.ie('t.(~d t.o hy<irog(m I3hell bul'tling via the eNO-cycles, to the pho­

tosphere: 

The 1'1 N(p,,,), )15 0 rea.ct.ioll has tlw low(~Ht. cross-section, which implies a net increase in 

14 N a.t. t.he' cost or C and O. 'I'll<' t.ota.l SIIIll of CNO nuclei remains constant. Also an 

increa.se in 1:1(7/12(7 ra.t.io occurs in the hy<irogt'll burning layers. 130 ion also serves as a 

l1eutron source via. I:3C(a,ll) lIiO during a. la.t.er st(~lIar evolutionary phase of He burning. 

The outcoIlle of first. d!'(~dge up is an increase ill N at the expense of C, while He and 0 

rellla.ill uncha.nged. 'rhis is rather wdl ('st.a.hliHhed by theory and obervations (Iben, 1991 

a.nd references therein). 

Second dr-edge 'up: This phase of mixing happens during the ascent from the horizontal 

brandl towards the AGB. Again the material from the hydrogen burning shell is brought 

to the surface of the star yielding basically the same enhancement as during the first 

dredge up and also an enhancement in t.he helium abundance (Becker and Iben, 1979). 

Third dredge up: The main nucleosynthetic process and energy source during a thermal 

pulse is the 30-process, 30 --+ 120. As the ensuing reaction 12C(0,,,),) 160 is slower, the 
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final 1'20/ 160 ratio by mass becomes about 2 (Iben and Renzini, 1983). Subsequent a-
1'2(-·' . 

captures 011 ,may also generate a-elements lIke Ne, Mg, Si and S. The rate of this 

reaction is not well determined and is responsible for one of the most important uncer­

tainties in Illiclea,!' astrophysic8. The abundances of medium mass elements and 12C P6Q 

ratio depend critcally on its determination (Weaver and Woosley 1993; Wallerstein et 

a1. 1997). The other irnporta,nt nucleosynthetic processes happening in the He burning 

episodes of a.n AGB star involve neutron production. The two main neutron sources are 

the 2'2Ne(cv,n)'2.5/t{q a.nd the 13C(a,n)[('O reactions. 22Ne is the result of successive a­

captures on 14 N, while 1:3C is synthesised by hydrogen eNO burning. 22 N e( a,n)25 M 9 

reaction is t.hought to be the main source of neut.rons in more massive AGB stars, while 

I:3C( a,Il )W() is more important in low mass objects (Iben and Renzini 1983; Gallino et 

al. HJ89). The '2'2 N c and 1:3(/ iOllS a.re mixed to the helium burning layer during a ther­

ma.l pulse awl the free neutron call b(~ captl1l'ed by Fe seed nuclei, resulting in s-process 

isotopes. Th<' produce of a Uwrma.l pulse call become visible only when the material 

subjected to il<'lil1rn burning et.nel ]l('utl'Oll ca.pture process is brought to the surface during 

the third dl'('d,e;<' lip. A !let. inn<'a.se ill II(~, all increase in C) Nand 0, an enhancement of 

s-process c!cnwIl1.s a.nd proba.hly a.ll increa,se ill a-isotopes are expected. 

1.5 Models of the hydrogen-deficient stars 

Two scenCl,rios a.I'(' put fOl'w(-1,rd to expla.in til{' form('Ltion of HdC, R erB and EHe stars: 

(i) Ilwrging of t.wo whit.e dwa.rfs, a.lso known as the Double Degenerate scenario) and 

(ii) final heliulll-silell flash ill a. sin,e;k Pm.;t-AGI:3 star which bloats the star to giant di­

mellsions, a.lso kllown a.s the bortH\,gaill sCf'na,rio. 

1.5.1 The Double Degenerate scenario (DD scenario) 

The DD s('('!l(l,rio tries to expla.in, ill pa.rticular, the formation of R erB and EHe stars. 

From the knowledge of bina.ry star evolution it. is expected that a small fraction of binary 

8ysterns (~volV(' finally into a pair of cleg<>nerate white dwarfs, consisting of either two he­

liurn whit(~ dwa.rfs or one carbon-oxygen white dwarf) surrounded by helium and hydrogen 

layers, and Olle helium white dwarf, which is less massive than the carbon-oxygen white 

dwarf. Angula.r rnomentum losses via gravitational wave radiations reduce the separation 

of both components, resulting in the shrinking of the orbit. The merging is expected to 
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take place until the lower mass component fills its Roche lobe and transfers material to 

the heavier mass component and in the process gets totally disrupted and engulfed by the 

companion. Subsequently, the merged star undergoes helium shell burning that might 

result in an expansion of its envelope to red giant dimensions, which might last up to rv 

105 years. These ideas were put forward by Webbink (1984), Iben and Tutukov (1985). 

In addition the condition that the core mass of the merged system is less than 1.4M0 has 

to be maint.ained. The calculations of such a merging process by Iben (1990) also show 

that the resulting helium shell burning supergiants of low mass and high luminosity could 

last for a, considerable length of time (l04 - 105 years). In this scenario, the coexistence of 

high abundances of 0 and N at the surface of R OrB stars is explained by invoking some 

mixing between the C-O WD which contains 0 but no N, and the He WD which contains 

N but no C. The mixing t.akes place possibly at the time of merging (Iben and Tutukov 

1985). In t.he above ment.ioned scheme, it is not clear whether a surface C/O> 1 would 

result. The advant.ages of t.his scenario are the generation of low mass helium supergiant.s 

with ratlJ(~r long lifet.imeH, and the (\.bility to account for the absence of 13C, since such 

an isotope is virtually (\,bsent ill bot.h merging WDs. But, it is hard in this scenario to 

account for the surface a,bundance of Hand Li, and perhaps also C observed in R CrB 

stars. 

'T'he ]) D scenario implicit.ly assumes the existence of sufficient number of C-O + He 

WD pa.irH close enough t.o merge in a. time less t.ha,n the Hubble time. Survey by Bragaglia 

et a.\. (1990) indicat.e t.ha.t perhaps 10% of WDs are DD systems, but their relatively long 

periods ma.ke them t.o ta.ke many II 11 bblC' times to merge. 

1.5.2 The Final helhun-shell Flash scenario (FF scenario) 

Instead of cont.inuing it.s evolllt.ioIl towa.rds white dwarf, a post-AGB star may move 

t.owa.rds AGB aga.in due to a. Filial Helium-Shell Flash, occuring on the white dwarf 

track (Fujimoto 1977; SchoJlbern('~r 197D). In this model about 10% of all the post-AGB 

st.ars an.' pn~dicted to experience a fina.l helium shell flash, after the hydrogen shell has 

extinguished, a,nd while the sta.r is moving towards WD stage. During this phase, the 

convective shell generated by the FF may ingest the residual surface hydrogen of the 

post-AG B star. The hydrogen ingestion provides enough energy to expand the upper half 

of the convective shell to a giant (R CrB) size (Iben and Renzini 1983 and the references 

therein). The duration of the bright post-ingestion phase is about 10% of the typical 
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bright post-AGB phase. Perhaps, during 10% of this time (post-ingestion phase) the star 

is large enough to be called a. gia.nt., while during the rest of the time it is a hot helium 

star or a hot Post-AGB star with WR spectral characteristics; this suggests that lout of 

every 1000 post-AGB stars might exhibi.t R erR characterist.ics. 

In the above scenario, the R erB-surface composition is expected to result in the fol­

lowing way. Along with hydrogen, some 3He will also be ingested in the convective shell, 

as this isotope is expected to be present in nearly one part in thousand by mass in the 

envelope of low mass evolved stars. The reaction 3He( a,,)7Be( e+v)7Li will soon convert 

3He to 7Li via electron capture, a process commonly known as Cameron-Fowler process 

(Cameron and Fowler 1971). The ahility to account for the presence of lithium in some 

R CrB stars is one of the attractive fea.tme::; of FF Rcenario. The precise proportion of 13C 

and 14N produced by the reaction ('hain 12C(p,,)l:3N(e+v)13C(p,,)14N operating at the 

base of the outer convective shell will depend on the act.ual C/R ratio, which is around 

unity. A large abundance of laC iR ('xpected, with t.he 12<.:/13C ratio not too far from the 

equilibrium value, ~ :3.5. This does uot., however, explain the reported absence of isotopic 

Swan bands in R CrB st.ars. Recent st.udies of Sakurai's ohject, which is believed to have 

experienced the final He~shell flash, Rhow isotopic bands of the Swan system, 12Cj13 C '" 

5 (Lambert et a.l. 199~)). The a.bseIlcP of laC ill H. ()rI3 st.ars may be due to the operations 

of the reaction l:~()(}:,Jl)1tiO. Ca.lculatioll by Iben and McDonald (19H5) shows that once 

all t.he hydrogen is virtually hmn('d (illg(~sted) in t.he upper shell (hydrogen shell source), 

the two convective shells (hydrogen shell sonrc(~ (\,nd helium shell source as described in 

s('ct.ion 1.:3) rc~conJlect. The products of hydrogen burning e3C a,nd 14N) are convected 

to t.he hot, st.ill helium hmning ha,s(~ of the re(,ollll(~ct.('d shell. Once the 13C-rich material 

has reached a telllperat.ure ~ 1.5 x lOll K, the reactioJl l:IC(a,n) l OO operates, liberating 

a,gain a lot of erwrgy, and a second shell split.ting episode could take place. Now 13C might 

burn at the base of the upper shell, while helium cont.inues to burn at the base of the 

lower shell. In this way laC can he efficiently removed from the upper shell. The reactioIl 

l:IC(c'(,n) lt3 0 operat.es at a lower tempera.ture compared to t.he a-capture reaction on 14 N, 

which saves the 14N from being distroyed at t.he cost of 1.,(;. Eventually t.he Hash dies 

out, the lower convective shell disappears, and the surface is left rich in 4He, 12C, 14 N, 

possibly with residual traces of unburned hydrogen and 7Li, similar to the compositioIl 

we observe in R CrB stars. The neutrons produced by the a-capt.ure reaction on 13C, 

could be captured by 14N. Those neutrons which escape nitrogen-capture will produce 
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enrichment of s-process elements, as observed in R erR stars (Rao and Lambert 1996). 

The FF scenario still faces the challenge to explain successfully: (i) the expansion of 

the carbon-rich intershell region to 50-100R(~), (ii) dllration of the R OrB phase, once red 

giant dimensions have been achieved, and (iii) til<" very special surface composition of 

R CrB stars. 

It is encouraging to find three objects that Stl bstantiate FF scenario; these are the 

famous old PNe A30 and A 78, and the false-nova V605 Aql. Recent obervations of two 

more objects, FG Sge (Gonzalez ct a1. 19n5) and Sa.kurai object (Asplund et a1. 1997), 

also support t.he FF conjecture. 

The two scenarios described above have theoretical alld observational flaws and need a 

more comprehansive study. The st.udy by Rao and Lambert (1996) indicates that R CrB 

stars (',1,11 be grouped int,o t.wo classes-millority a,nd rmtjority, based on the abundance 

ratios Si/Fe and S/Fe, which are llon-Hoiar. The majority cla.ss R OrB stars shows lower 

Si/Fe and 8/1<'e ra,tios, as compa,wel to the minority ChtSR. The two classes may be the 

outcome of the t.wo scenarios suggested for the format-ioll of R. erB stars. Lambert and 

Rao (1994) earlier speculated t.hat. large S/Fe a.nd SilFe ratios could result from rp-process 

due to the merger of t.wo whit.e dwa.rfs. In all probabilities, both evolutionary scenarios 

might. 1)(' r(:'sponRible for t.he forrrmtion of hydrogen-deficient st.ars. 

1.6 Aim of the thesis 

The observed sllrfa.ce compoRit.iotl off(~I'H a unique oppol'1,IIIlity to study the nucleosynthe­

sis that had occurred deep inside 1.Iw stars in t.he paRt and to t.est our understanding of the 

energy-providing react.ious. Fille analysiH of the spectra, llRing appropriate model atmo­

spheres enables one to obta,in reliable surface ahundances, surface gravities and effective 

temp<:'ratuI'es. Earlier ahundance analYRes of hydrogen-deficient stars were mainly based 

on coal'se-ana.lysis or curve-or-growth method. The first self-consistent spectroscopic anal­

yses using hydrogen-deficient model atmospheres for the classical B-type, EHe star HD 

124448 (Popper's star) and for three It erB stars were performed by Schonberner and 

Wolf (1974) and Schonberner (1975), respectively. The above analyses provided quanti-
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tative estimates of hydrogen-deficiency and overabllnda.nce of helium and carbon in these 

stars. 

ErIe stars can be roughly grouped illto two S('(!1Jellces, one with log(L/M) rv4.5 and 

the other with log(L/M)rv;3.7, when plotted ill the log g--log Te!! plane. Their surface 

temperature ranges from 8000 K to :30,000 K. Some of the EHe stars show low amplitude 

photometric and radial velocity variations with periods ranging from a few hours to a 

few da.ys. EHe stars ha.ve the following abundances: flHe ::::: 0.99, nc ::::: 0.01 and nH ~ 

0.001; nitrogen is enriched relative to iron, when compared with the solar abundance, 0.4 

< [N /Pe] < 1.2; oxygen abundance relatiw' to iron lies in the range, [O/Pe] = -0.6 to 

0.8; the mean silicon a.nd sulphur abullcl(\,nc(~s relative to iron are lSi/Fe] rv [S/Fe] ~ 0.4 

( .J effery 1 H96) . 

R CrB Atars also lie a.long a. lillt' which n~prescllts the locus of constant log(L/M) in 

t.he range :3.1:> to 4.5, when plotted ill til(' log glog 'L.!! plane. Most of the R CrB stars 

lie in the ternp(~rature ra.llge 5000 K to 8000 1\:, and show radia.1 pulsations with periods 

~ 40 da.ys. Tllf~ pulsat.ion amplituc\('s aI"<' la.rgcl' COIll!>c\.red to EHe stars. R CrB stars 

('xhibit a range in ilydrogetl ddiciellcy (nil ::::; O.OOl), a.nd possibly ha.ve C/He ~ 1%. The 

iroll a.bunda,llce is <1. very important indica.tor of the differellt populations, a.nd hence of 

ag(\ The rninority class a.nd majorit.y class H (:rB stC'lrs show a. linear relation in Si/Fe 

rv S/Fe ratios. Th(~ ma.jorit,y class H. CrB sta.rs have lower lSi/Fe] rv [S/Fe] ~ 0.6 ra.tios 

whell compa.red t.o t.h(' minorit.y class. [N/Ff'] ~ I.G for the majority It erB stars. The 

:'i-process elements rela.tive to irOll a.re oV<'ra,i>lIll<iant. in H. (:1'13 s(,axs with respect to solar 

abulldance (Lambert d aL ID99). 

Ilydrogell deficiellcy, llllllillOsit.y-to-ma.ss ra.t.io, C/lk, and abundance pattern suggest 

i:l p()ssibl(~ link betWf'(~1l the two suh-groups, H. CrB and EHe stars. 

III a tenta,tive evolutiona.ry cha.in (IIdC-tH. CrB -+EHe -tHe-sdO+-tnon DA-white 

dwa.rfs)' IldC/R CrB stars aTe seen as pJ"(~Clll"8()rs of hot R CrB /EHe st.ars; these then 

evolve to t.he He-sdO+ stars a.nd then to non DA-·white dwarfs (Jeffery 1994; Schonberner 

1!)9() and r('f('reI1C(~H therein), if OIlC gO(~S by tbei r loc(l,tioll ill the log g--log T ef! plane and 

the a.ssumptioll t.hat. they evolve t.owards hot.ter temperatll1'es. The evolutionary chain 

ITlf'nt.ioned above within the carbon-rich group, proposed by .Jeffery (1994), is not well 

estahlished. In the carbon-rich group a few sub-groups exist, and the interconnections 

bdween t.hese sub-groups are yet. to be established. 

A group of four hydrogen-deticient stars classified as EHe stars of intermediate temper-
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ature (8000 I\: - 1:3,000 K) are available in the list provided by Jeffery et al. (1996). These 

stars overlap with R CrBs in temperature, but do not undergo the light decline which 

is typical of R CrBs. They possibly represent an intermediate stage in the evolutionary 

sequence, R CrB - hot EHe stars. These stars, however, show low amplitude photometric 

and radial velocity variations with periods which are larger than that of hot EHe stars, 

but smaller than that of R C1'B stars (Lawson et a.l. 19£J:J). Two of these intermediate 

group stars (FQ Aqr and L8 IV -140 109) t.hat have been analyzed spectroscopically were 

found to be similar to R CrB stars in t.heir photospheric abundances and LIM (Rao ~~ 

.9L 1996; Lambert et aL 1999). These t.wo stars fall on the line of constant LIM, along 

with R. erB stars and hot EHe stars when plotted in the log g-log Tel! plane, which is 

equivalent to the H-R diagrarn. LiIws of const.a,nt LIM in the log g and log Tell plane are 

representat.ive of t.he evolutiona.ry tra.dul of giant.s contracting towards the white dwarf 

sequence. The location of these st.ars a.cross the H-R diagram implies that these are gi­

ants expa,nding t.owa,rds or contra.cting awa.y f!'OIll t.lw red limit, which occurs at constant 

lurninosi toy (.J dff'ry 1 D96 and tIl<' r('r(~rellc.eR t.h(~rein). 

Since it is likely that. the interIl}(~di(\,t.(, t.(~lllpera,t.ure gHe stars are evolutionarily linked 

to the R. erB and hot EIIe Hta.rs, it. iH quite posHihle tha.t they are transition objects 

evolving either to hot EHe st.a.rs or to It erB HtarH. The main objective of the present 

work was to carry out an extensive abundance (\,nalysis of these intermediate temperature 

sta.rs alld to ('xplore wh(~t.hf'r they exhibit, abunda.nce cha.racteristic.s that lie in between 

those of R CI'B a.nd hot EHe Ht.ars. FiIH~ (-l,naIYRes of t.lw Rpectra of these stars wit.h ap­

propria.t,(' model a.tlllospll('res giv(~ liS cHt.imatf's of rl~JJ' log g, and photospheric elemental 

(\,bullda.ncc's t.hat may provide eont.illuit.y and cotln(~ctioIlS with properties of R CrB and 

EHf' st.ars and t.hus might suggest. ('volutionary connections. Most of the R CrB stars 

show enhancement. of light s-process ('l(~rnents, like Y and Zr, over the heavy s-proc.ess 

element.s, like Ba and La, WIH'Il compa.red wit.h t.he sola.r abundance. This suggests neu­

tron exposures to st.eIlarmat.eria.l with cOlIlposit.ion different from that of solar (Ra.o and 

Lambert IH!JEn. 'rhe phot.ospheric elemental abundances of the intermediate temperature 

EHe sta,rs, in pa,rticular, t.he s-proceflH elemental abundaIlces, are not explored so far. The 

ctbundance ratios S/F'e and Si/F'e when combined wit.h t.he s-process elemental abundances 

provide a.dditional clues to examine t.he possible evolutionary links between these objects, 

hot EHe stars a.nd R OrB variables. The abundances of s-process elements might also 

provide us with additional clues to establish the kinship with other post-AGB stars. 
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MV Sgr, one of t.he three stars classified as hot R erB stars, is known to show several 

prominent emission lines, including frobidclen lines. With a view to investigating the 

distribution of the emitting ga.s and the at.mospheric ma.ss flows in MV Sgr, we also 

planned to carry out a, high resolution study of its emission line spectra. 
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Chapter 2 

Observations, data reductions and 

spectral line identification 

2.1 The sample 

Jeffery ('1, (\.1. (I~H)(i) ha.v(' compiled a list of hydrog('IHldicipnt stars, which includes both 

R CrB Htars and Elk Hta,rH. The [,:IIp Ht.a,rH with t.<'mperatmcs grca.tpl' than l:~,OOO K 

ha.ve beell th<' OhjPct.H of Hevcral HI)('ctroH('opic illVf'stig"dioIlH (.Jdfcry HJ9G and references 

t.hen'ill), while t.1l<' 1,:lIe st.a.rH in t1w t.(~ll1I)('ra.t\ll'(' ra,llg(~ 8,000··· l:~,OOOl{ have recE'iVf'd 

cOJllparat.ivdy Ies's att.ent.ion HP(~ct.ros('opica.lly, (~sp('('ia.lly at high resolut.ion. We Hf'led.ed 

four sta.rH ill the a.bove temp('ra.t.ur<' rallg<' from t.he liHt of .Jeffery d (\1. (199G) - FQ 

i\qr (B J) + 10 ,,!:)fl 1), LS IV 1/[ 0 109, 13 J) 1 0 ;~ll:3R and LS IV .1 0 002 - for a. det.a.iled 

eiclllC'lltal a,bun<iallc(' (1.l1alysiH IlHillg II igh J'(,Hol IltiOIl , high SIN Hpeci.ra" These Ht.a.rs ar<~ 

cookr amollg t.he ('xtrclJw heliulIl HtarH, and overla.p ill telllperature wit.h t.he hotter elld 

of H (;rB sta.rs. 

In addition to 1,11('8(, objects we ha.v(~ ca,rricd out an extensive study of the emission 

lill(, spectra. of MV Sgr (Pandey ('1, a.l. IH9G), which is classified as a hot 11 ()rl3 with an 

efrectivf~ tellq)('raj,me of lGOOO K and similar to gHe stars. 
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2.1.1 FQ Aqr 

FQ Aqr (BD +1 0 4381) was discovered to be a hydrogen-deficient star by Dr.illing (1979). 

He concluded that it has an effective temperature simila,r to that of the hydrogen-deficient 

binary v 8gr (Tell = 1:3000 K), and a compara.tively lower hydrogen abundance. Drilling 

et a1. (1984) have estimated an effective temperature of 9500±400 K, using the ultraviolet 

flux distribution obtained with the International Ultraviolet Explorer (IUE) and broad­

band photometry. Drilling et aL (1984) and Heber and 8chonberner (1981) have estimated 

the EB-v values as 0.1 and 0.2:3, respectively. The recent abundance analysis of FQ Aqr 

by Lambert et a1. (1999) have yielded a Te!! of 8500 K and a log g of 1.5. The reported 

apparent visual magnitude mv is ~)'{i (Jeffery et a1. 1996). FQ Aqr is suspected to be a 

low amplitude, photomet.ric and ra,dial velocity variable (Lawson and Cottrell 1997). 

2.1.2 L8 IV -140 109 

This st.ar Wa.H disc()v(:'red to be (I,ll pxt.reme helium star by Drilling (1979) who determined 

it.s effective ternp(~ratur(' to be Hlight,ly lower than tha,t of the HdB v Sgr. Later, Drilling 

et a.l. ( 1 H84) revised t.he efff~ct.i ve t.('mpera,t.ure of the star to be 8400±500 K, using 

ultraviolet. flux diHtributioll obta.illed wit.h the nrg a.nd broad-band photometry. Drilling 

et (1,1. (l98'1), <Lnd I-Jeber and Sc:b()llherner (1081) derived the reddening towards L8 IV 

-140 IOn as ER-V = 0.2 (l,ndER_1l = OA:J, respedivdy. The recent abundance analysis of 

LS IV ···11\° 109 by La,mbel't. et a1 (IB!)!)) have shOWTl t.hat the Tel! ~ 9000 K and log g ~ 

I.D. The apparent. visua.l lnagllitude of t.lw flta,r is 11.2 (,Jeffery et a1. 1996). Most likely, 

LS IV-14° 1m) is a. low amplitud{', photomet.ric and radia.l velocity variable (Lawson and 

Cottrell 1997). 

2.1.3 BD -1 0 3438 

Thifl is one of the eight fltars descri 1)('<1 by 11 unger (W75) as extreme helium stars. This 

star was founel OIl IIa-O objective' prism plates ta.ken with the University of Michigans's 

Curtis Schmidt-type telescope situat.ed at. Cerro Toiolo, Chile. The spectrum of BD -

10 :34:38 was found to b(~ very simila.r to t.hose of the known hydrogen-deficient B stars 

HD124448, HD168476, and BD +100 2179, which were also observed on IIa-O plates 

(MacConnell et al. 1972). Drilling et al. (1984) have estimated an effective temperature 

of 10900±600 K for this star, using the ultraviolet flux distribution obtained with the 
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IUE and broad-baud photometry. The reddening estirnates are EB _\1 = 0.4 and EB-V 

= 0.55, by Drilling et a.l. (198 /0, a.nd I-Iebel' and Schonherner (1981), respectively. The 

preliminary result of a fine a.nalysis is T'f! = 12500±1000 h. (Schollberner 1978). The 

reported rnv is 10.:3 (Jeffery et a1. 199G). The ob:scrva.t.iollS by Lawson and Cottrell (1997) 

showed that BD--l 0 :H:~8 is a low amplitude, photometric and radial velocity variable, 

like FQ Aqr and LS IV-lAO 10~1. 

2.1.4 LS IV -10 002 

L8 IV .. -l 0 002 was discovered to be a. hydrogclI-ddicient star hy Drilling (1980). He found 

that thE' spectrulll of this object is Ilcarly identical to that of the extreme helium star 

IID168476, for which SCh(:)llbcrllCI' Sz. Wolf (l974) had found Tef! = 1:3500 K. From the 

strCJlgt.hH of 8i If a.nd Mg II lines, which appe<t.r a little stronger in LS IV -10 002, he 

predicted that t.he ('ffective L<.'nl}wJ'(l.tm(' lnight be slightly lower. '['he effective tempera­

tmc tha.t is ('stillla.kd usillg ultrn.viold f1l1x distrihution and hroad-bfCnd photometry is 

11900±,'100 1\ (Drilling d. aJ. 19~H). Drilling PI. aL (1984), and HebE~r and Schonberner 

(1981) found t.!wEH_\l va.lll('s to h(' OAG H.lId O.!)2, r(~sp(,ctively. The report.ed rnv is 11.0 

(Jeffery et a.l. U)!)6). LS IV 10 002 is a.lso a low amplitlldp, photometric. and radial ve­

loci t.y varia-I> Ie, I i k<~ t he rest of t]H' ('001 I': II (' sta.rs JIl(~lIt iOllcd ahove (La,wson and Cottrell 

lD97). Most of the ('ooll'~Ik sta.rs exhihit a. wlocity amplitude of about 2.0 km S-1 and a 

light amplitude of a.bollt o.o:~ mag. 011 t.he ('ontra.ry H. CrB sta.rs have, typically, velocity 

amplitudes or 1 () to:W lOll s-I (I.[)(llight alllplit,u<!('s of 0.2 to O.:J ma.g (L(~wRon a,ncl Cottrell 

1!N7). 

2.1.5 MV Sgr 

MV Sgr, with DY (;<'11 ami V:~/18 Sgr, is (HlP of the select trio of hot It Coronae Borealis 

stars. Its identifica.tion a.s a H CrB va.riable was IHade by Hoffieit (1958). The spectrum 

of MV Sgr at maximum light has been dpS(Tibcd by Herbig (HJ64, 1975a) as that of 

a hydrogen deficient B-type Rtar wit.h s('v('ra.J emission lines prominent in the red and 

a.ttrihutable to Ho, Fe II, He 1, Si II, N I, Ca. II and Or. He suggested that the excitation 

tempera.ture of the Fe II emiHsioIl region is Sli bstantiaJly lower than the colour temperature 

of the star. Rao and Nandy (1982) noticed low excitation lines of Fell, SiII, CI, 01, 

Al II in absorption in the ultraviolet and showed that they varied in strength whereas 
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higher excitation absorption lines (e.g. C II, Al III) did Dot. From the dereddened flux 

distribution from the visual to the ultraviolet, Drilling et aJ. (1984) estimated the star's 

Tel! as 15400±400 K. 

Based on high resolution spect.ra. obta.inecl in the hlue, .JefFery et al. (1988) analyzed the 

photospheric (ahsorption) spectrum at maximum light and concluded from the hydrogen 

and helium lines that, the stax is hydrogen deficient. t.o the same degree as the hot helium 

sta.r HD 124448 (H/He < 1 X10-'1), but Ilitrogen and silicon are underabundant by about 

a factor of ten and carbon is down by a factor of about 100 relative to it. They also 

remarked that all Fe n emission lin(-\s present in their spectrum are split with a peak 

separation of 68 kIll S-l. It wa.s (1,rgllf'cl tha.t the emitting region was optically thick in the 

Fe II lines. Other emission Ii 11<'8 W(~['(~ aUrihuted to Mg JI, Ca II, Ti II and Si 1. Rao et a1. 

(1990) identified forbidden [S II] linf's in Ute blue. 

An illfra.red excess was obH(~rv('d by Feast. and Gla.ss (HJ77), Kilkenny and Whittet 

(198/1), and Walker (l~)8(j). 'I'll<' illfraH\d spectrulll a,ppears to be a composite of two 

black bodit\s, OlW at, 1600 K H.lld a second H,t, 2:~O-SGO K. T'he distribution of the dust 

a.round t.he sta.r is ullknowll bllt. Oll(, pn'SUIlWS the [(iOO K dust is closer to the star than 

the 21)0 K dust.. 

2.2 Observations 

The high resolution opt.ica.l sl)(\ct,ra of I~II(\ sta.rs w()["(~ obt.a.ined on 2,5 July U)96 at the 

W . .1. McDona.ld Observa.tory 2.7-m j,plcscope with the ('()ude cross-dispersed echell(-~ spec­

trogra.ph (Tllll ct, al 199.1). '1'1)(' S[)(\ctl'ograph setup gives a 2-pixd resolving power (R 

=)./ ~).) of 60,000. The ddedor wa.s a. T('ktl"Ollix 2()t18 x 2048 eeD. The recorded spec­

tnllll covered a. wavelength rang<' from :{HOOA to 1 DonoA, but the spectral coverage was 

incomplet.e longward of a.hollt. .1!)()OJ\. A Th-AI' hollow cathode lanlp was observed either 

just. prior to or just aft.er exposl\WS of Hl(' progt'amlll(~ stars to provide wavelength cal­

ibration. In order t.o rem()v(~ the pixfd-t.o-pixel va.ria.tion in the sensitivity of the ccm 
fla.t-field exposur(~S a.rc needed; t.hese were obtained by ohs(~rviIlg a lamp providing a con­

tinuous i:lpedrul1l. Typica.l exposul'(, t.im('s of our programme stars were ;30 minutes, and 

two exposures were co-a.dded a.s it was necessary to improve the signal-to-noise ratio of 

the final spectrum, and to identify and elimina.te cosrnic rays. There was no wavelength 

overla.p in the red orders. To compensate for the missing wavelength regions, observations 
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were made at a slightly different grating setting on 26 July 1996, to get full wavelength 

coverage for two of the programme stars, FQ Aqr and BD _10 3438. The FWHM of the 

Th-Ar comparison lines and the at.mospheric lilles present in the spectra corresponds to 

6.0 km S-l 

The spectra of MY Sgr were obt.ained with the 4-m telescope a,t the Cerro Tololo 

Inter-American Observatory, equipped wit.h a Cassegrain echelle spectrometer and GCD 

detector. The observations were obtained on the night of 22/23 May 1992. The spectrum 

covers the wavelength range M80 A - 6H80 A. The FWHM of the terrestrial [0 Illine at 

.5577 A in the final co-added spectrum conesponds to 9.0 km S-l, or a resolution of 33,000. 

This resolution is confirmed by the widths of the Th lines in exposures of a Th-Ar hollow 

cathode lamp taken immediately following the stellc'l..l· exposures. The signal-to-noise ratio 

in the continuum at the peak of the cchelJe hlaze runs from about 80 at 5.500 A to 85 at 

6800 A. 

2.3 Data reductions 

We ha.ve used the Image Reductioll amI Analysis Fa.cility (IRAF) software packages for 

reducing the spectra of extreme Iwlium sta.rK. IRAI<' is developed and distributed by the 

Natiotla.l Opt.ical AstroIlomy Obsel'v(l.torics and operat.es under the UNIX environment. 

The spectra of MV Sgr were reduced using HESpgC'r and IRAIi' software packages. 

RgSPE~CT is a.n int.era.('t.ive soft.waI'(~ package' t.ha.t was developed at Yainu Bappu Obser­

va.tory in 1985 fol' t.he reduction of astroJlolllic(:),1 Hpect.l'oseopic data. IU~SPECT operates 

on t.he VAX VMS platform a.nd a deHcription of t.he soft.ware can be found in Prabhu et 

a!. (1987) .. For MY Sgl' most. of the haHic l'e<illct.ioIlS and wavelength calibrations were 

clone using RESPECT while the equiva.lellt. widt.h measurements were done using IRAF. 

2.3.1 Basic steps in the reduction 

Tlw bias a.nd da.rk fra.mes a.re first. subt.raded from t.he object spectra a.nd then the fiat 

Held cOl'l'ection is applied OIl the object eCa) images to correct for pixel-to-pixel variation 

in response; these are the preliminary st.eps involved in the reduction of the spectra. The 

bia.s frames taken on each night a.re averaged using the IRAF task zerocombine, and the 

resultant master bias is subtracted from the object frames and the fiat field frames of that 

particular night. The task ccdproc in the GGDRED package is used for the above. The 
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bias subtracted fiat-fields are then combined using the median option in the flatcornbine 

task. The fiat-fields are then normalized using the apn01'm task in the SPECRED package 

in IRAF. The bias subtracted object frames are divided by the normalized master flat 

images, to remove the wavelength dependent pixel-to-pixel variations across the CCD 

chip. The dark current is also subt.racted from the object frames using CCDPROC., 

Now the one dimensional spectrum can be extracted from the object frames which are 

bias-subtracted, fiat-fielded and corrected for dark current. 

2.3.2 Extraction of spectrunl 

The extraction of one-dimensional spectrum involves specifying the location of the object 

on the slit, and the aperture, which is determined by the spatial extent of the object, 

and then t.racing the curvature of t.he object spectrum along the dispersion axis. It is 

necessary to assign appropriate apert.ure to each order because the width of the spectrum 

changes from order to order. In some cases, where the background is high, either due to 

long exposures or due to contamina.tion by moonlight, the background subtraction from 

adjacent pixels within t.he slit is required and the sample regions for estimating the sky 

ba.ckground should be provided. T1H' signal wit.hin the defined apertures (normally 6-10 

pixels) is then slimmed and the ba.ckground is removed. The task apall in SPECRED 

(ECHELLE) paekage allows one t.o p(~rforrn aU the above mentioned operations for ex­

t.racting the one-dimensiona.l spectruIll from the object frame. This task also provides a,u 

option t.o remove cosmic ray hits frolll til(' spectrum. The resulting output from running 

thf~ ta.sk apall is the extracted orw-dimensiona.l star spectrum (eehelle orders) in the form 

of COllnts versus pixel H1Imbers and is free of cosmic ray hit.s. 

2.3.3 Wavelength calibration 

Wavelength calibra.t.ion of the star spectrum requires similarly extracted spectra of the 

comparison source (Thorium--Argon). The emission lines in t.he spectrum of the thorium-­

argon comparison source are identified using t.he atlas of thorium-argon laboratory spectra 

by D'Odorico et. a.l. (1987). The dispersion correction is determined from the wavelength 

calibra.ted spectrum of the comparison source by fitting a legendre polynomial of order 

2 or 3. The above procedure is carried out by using the task identify in SPECRED or 

the ecidentify task in the ECHELLE package. Finally, the object spectrum is wavelength 
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calibrated using the task dispco1' with the corresponding comparison source spectrum as 

the reference. Now we have the stellar spectrum in counts versus wavelength. The stellar 

spectrum is then normalized to the continuum, by fitting a slowly varying function sllch as 

cubic spline to the continuum. The continuum is estimated visually, using the average of 

the highest points in the spectrum, from regions free of emission and absorption features. 

2.3.4 Spectral line identification 

Spectral lines of cool EHe stars were identified using Revised Multiplet Table, RMT 

(Moore 1972), the selected Ta.bles of Atomic Spectra (Moore 1970), Kurucz and Peytre­

man (197.5), and also from the investgations of Hill (1964, 1965) and Heber (1983). For 

confirmation we have checked for different lines and their intensities within a multiplet. 

A Ilumber of C I, C II and He I lines were identified. No lines of He II were found. With 

the notable exception of hydrogen, lines of all element.s, which would be expected and 

observed in early B-t.ype normal stars, have been found. A large number of lines of the 

ionized met.als of t.he iron group are ident.ified. These lines are much stronger when com­

pared with t.hose observed in early B-type normal stars, a not.able feature of the spectra of 

cool Elle stars, and call be at.tributed to the relatively low opacity in the atmosphere due 

to hydrogen deficiency. Om la.rge Hpectra.l covera.ge unSO-ll OOOA) enabled us to identify 

".II importallt elell1Pnt.s ill one or t.wo Htages of ioniz<ttioll. 

2.3.5 Measureluent of equivalent widths 

The equiva.lent. widt.h (W.\) iH the llltirnate measurement that is ma.de in order t.o proceed 

with the det.erminat.ioll of demental a.bnndauces in stella.r photospheres. Equiva.lent width 

is a mca,sure of line strength. The (~qniva.leJlt widt.hs hav(' been measured in two ways using 

the' splot ta.sk in IRAF: 

1) by fitting a, ga.ussia.n profile to the absorptioIl line and 

2) by nwa:mring the tota.l area under the line. 

H the line is symmetric, full widt.h a.t half maximum of the inteIUlity is taken to fit a 

ga,llHsia.n profile. But if the line is not symmetric and has only t.he left or right wing 

of t he profile as a gaussian form then preference is gi ven to that wing and the left ha1£­

widths or right half-widths are used to define the gaussian. The uncertainties in equivalent 

width measures may be due to the incorrect placement of the continuum between each 
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measurement and (or) to the fact that the spectral lines are not perfectly gaussian. Slightly 

blended lines are de-blended using the routines available in the splot package. Gaussians 

were fit to the individual absorption lines and equivalent widths were measured. Severely 

blended lines were not. used in the abundance analysis. 

The estimated error involved in the equivalent width measurement, which is due to 

the inaccuracy in the placement of continuum, is about 10%. 
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Chapter 3 

Model stellar atmospheres 

3.1 Atmospheres of normal stars 

The physical conditions in the atmospheres of stars must. be known in order to account 

for the observed low and high exeitctt.ion lines, and t.he different ionization states of an 

element. The curve of growt.h tech Il iqup, which assmnes that. t.he ratio of line to continuous 

ahsorptioll is COllsta,nt in til(' a.t.mosphere, is not. adequate for comparing the relative 

behaviour of neut.ral, singly iOIll:l.ed, and doubly iouized Iitl($ of an element. Hence, we 

need t.o use a model which allows t.lw v(l,riat.iofls of t.he physica.l parameters with depth. 

'rhe atmospheres of normal stars haV(~ hydrogen a.s t.he major constituent.. The contin­

lIOIlS absorption (cont.inuum opa.city), which det.ennines the Hhape of the spectral energy 

diHt.ributioIl, ill t.hes(' st.a,["s iH ma.inly due to hydrogen, directly or indirectly, and is listed 

below: 

(i) In cool stars (spect.ra.l types K C\,nd M), which occupy the temperature range 4000 K 

- ,1)000 K, the cont.inuum absorption if! mainly due to n-, Ih - and OH-. 

(ii) In F and G t.ype stars of int.ennecliate temperature (approximately 5000 K to 7500 

K), H-, neutral hydrogen and rnet.allic continua in ultraviolet are the major sources of 

continuum opa.cit.y. 

(iii) In intermediate hot stars (B2 to AO), which lie in the temperature range 10,000 K -

20,000 K, neutra.l hydrogen controls t.he continuum opacity. In t.he case of giants electron 

sca.ttering also becomes important. 

(iv) In stars of spectral types 0 to BO, which are hotter than 25,000 K, H I, He I, He II, 
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and electron scattering are major contributors to continuum opacity. 

The abundance of an element in normal stars is conventionally represented relative to 

hydrogen because of its dominant contribution to continuum opacity. 

3.2 Atmospheres of hydrogen-deficient stars 

The cool extreme helium stars, like R CrB stars, are hydrogen poor, but overabundant in 

carbon and nitrogen. However, helium is still the most abundant element. For R OrB stars 

the continuum opacity is mainly determined by carbon through its bound-free and free­

free absorption in the line forming regions. A superposition of the spectra of R OrB stars 

of F-G type temperature range shows that aU C I lines have essentially the same strength 

in all the stars in spite of differences in the Rtella,r parameters (Tefh surface gravity and 

microturbulence), while lines from otlwr clements vary greatly (Rao and Lambert 1996). 

The continuulll opacity in t.he linc-forming regions is eompletely dominated by the 

photoionizat.ion of C I, and he1lce the C I linc strength is independent of the carbon 

abuIldance. Assuming t.he C.! I line t.o be w('a,k and hence on the linear part of the curve­

of-growth, we have 

for the case of C J lilies. Here, W,\, [II, h:c and NOl denote the equivalent width, t.he 

line opacity, t.he colltinuulll opacity and t.he number denRity of neutral carbon atoms, 

respectively. The same is t.he case for t.he hydr()g(~n Iinc st.rengt.h in normal stars, which 

is i Ilscnsi ti ve to the Il1l1nbC'r (h'l1Hi ty of hydrogen a.tomH, becMlse hydrogen (I-I - or H) is 

the major source of continuous opa,cit.y. i<'1I1'thermoI'f', in t.he case of R CrB stars, carbon 

is the most irnportallt. electron donor, and hellce indirectly affects the contribution from 

two ot.her important COlltimlllln opacit.y HOllrceR: Ih)- (mainly in infrared) and electron 

Rcattering (Asplund Hl97a.). 

The C I lines observed in the R erB sta.rs have a minor dependence on T~ff because 

the lower excitation potential of t.hese linCH is only slightly smaller than the energy needed 

for the photoionization of C I. Since the same ionization stage provides the continuous 

opacity, the C I lines are also insellHitive to the adopted surfa.ce gra.vity of the star. 

Analysis of the spectra of hydrogen-deficient stars requires model atmospheres with 

appropriate chemical composition. The chemical composition of these stars gives an 
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idea of the major sources of continuous opacity, which helps in constructing the model 

atmospheres. In this section we discuss the construction of hydrogen-deficient model at­

mospheres for different temperatures and list the important sources of continuum opacity 

taken into account while computing these model atmospheres. 

3.2.1 Construction of lllodel atnlospheres 

In constructing the hydrogen-deficient model atmospheres, the following issues are to be 

considered: 

(i) Helium is the most abundant elernent, but the opacity is made up by other elements, 

in most cases by the photoionization of neutral carbon. 

(ii) Due to the rather low opacity, the observed lines of many elements are quite strong 

and cause importa,l1t blanket.ing effects. 

(iii) The existing theory of broadening of lines of helium, especially that of ionized helium, 

need to be considerably improved. The sta.rk broadening of highly ionized carbon or 

oxygen is still IlIlccrtaiu. 

(iv) Most. objects are eit.her quite hot and/or quit.e t~xte1\ded and demand a full non-LTE 

t.reatment a1ld in some cases plane parallel approxirnation Inay not be valid. 

(v) The CSPN with Wolf-Ita,yet. spect.ra. ha,ve expanding envelopes and need a special 

treat.ment. illcorpora.ting expansion velocity. 

Our s(l,mple sta.rs he-we a range in efI"ective t.empera.t.ure (TeJf = 8,000 K to 13,000 

K). For the a.lHllldallce analysis or st.a,rs wit.h '1.',." :::; D,IiOO K, we used the new line­

blanketed models d~scribed by Asplund et. a,1. (I H97a.), kindly made available by Dr. 

Martin Asplund. For st.a.rs wit.h 'LJJ ~ 10,000 K, model a.tmospheres computed by 

.Jeffery and Heber (I !Htl) wen~ killdly ma.de ava,ilahlp by Dr. Simon Jeffery. 

The rnode! at.mospheres he-we been ("()JlIPut(~d wit.h t.he usual assumptions that (1) the 

energy flux is consta.nt, amI (2) t.he atmoHpilercs consist of plane-para.llel la.yers in hy­

drost.a,tic a.ndlocal t.hermodynamic equilibrium (LTI~). Local thermodynamic equilibrium 

essent.ia.lly rnea,1lH that the populations of the at.oms (\,nd ions in different energy levels 

obey the Saha-Bolt;1,lnann sta.tistics. 

The LTE assumption is relatively a. poor descripti~n of the out.er atmospheric layers 

of these stars, and hence some of the very strong lines do require non-LTE treatments. 

Nevertheless, the LTE approach is used, and care has been taken to avoid strong lines. 

LTE is an adequate approximation to weak lines formed in deep atmosphere. 
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Unfortunately, the temperature ranges considered by Asplund et a1. and Jeffery et a1. 

(private communications) in the construction of model atmospheres do not overlap. 

3.2.2 Models for Teff < 9,500 K 

The important features of this model are the inclusion of the effects of line-blanketing, 

and new values for continuum opacities. The term line-blanketing describes the influence 

of thousands to millions of spectral lines on the shape of the continuum. The above 

grid of models are calculated for temperatures in the range 5000 K ~ T ef f ~ 9500 K 

and gravities in the range -0.5 ~ log 9 ~ 2.0 [cgs]. The microturbulence is adopted to 

be eturb = 5 km S-1. The abundances used for the standard grid are mainly taken from 

Lambert and Rao (19~J4), and are norma.lized to log "EPini = 12.15, where J.li is the atomic 

weight of a.n element i, a.nd n; its lIumber density. 'rhe numerical code solves the radiative 

transfer equation under the conditioll of hydrm;tatic equilibrium with appropriate opacity 

sampling. The program is a.ll ext.enst.ion of t.he original MAReS-code (Gustafsson et a1. 

1975). As a.ln>ady mentioned, in hydrogen-poor sta.rs the opacity is mainly determined 

by carbon through it.s bound-fn-'(' alld free-r\'e<·~ abHorpt.ioll in the line-forming regions. 

Also, carbon is the most. irnpol't.ant, elect.ron donor and t.herefore its abundance affects the 

contributions from the' other lIlajor opacit.y HOIII"CeH, like He- and electron scattering. All 

these opacity sources and t\wir erred:.; 011 the eluprgent. spectra have been included in the 

model, <'I.long with th(~ efrects of ('\ect.roll H('a.t.1.(~ring (\.ud Rayleigh scattering. In addition 

t.o these, t.1l(> effedH of Home of t.he import.a.llt. JIlolecula.r line opacities are also included in 

t.he calcula.tions. 

3.2.3 Models for T,.ff > 10,000 K 

.Jeffery and I1ebpl' (199:l) cOlllpu1.c'd a. grid of nlOddH for hydrogen-deficient stars using 

the UrE st.(:'llar atrnosphere code cleHcribed hy Wolf (HJn) and by Schonberner and Wolf 

(1974). The opacit.y ca.lcula.tiom; we're made a.ft.er t.akillg int.o account t.he effects of line­

blanket.ing using the t.ables of opacit.y dist.ribution fllllct.ions for helium- and carbon-rich 

material. The line format.ion ca.lcula.tions wer(~ ca.rried out with the Belfast LTE line­

formation code (DuHon, Lennoll a.nd Conlon 1989, uIlpublished) which was extended to 

operate with hydrogen-deficient mixtures and opacities appropriate to the model atmo­

spheres. The low densities and the scattering dominated continuous opacities encountered 
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in the atmospheres of hydrogen-deficient supergiants demanded two major modifications 

to the Belfast code. These are the use of better partition functions in the Saha equation 

and the inclusion of scattering terms in the radiative transfer equations. 

3.2.4 Continuous opacities 

It is esential t,hat all important sources of continuous opacities are identified and included 

in the model atmosphere calculations for a meaningful elemental abundance analysis. 

Bound-free absorption of H, He, C, N, 0, Mg, AI, Si, Ca and Fe, both for neutral and 

singly ionized species, are included ill the models. Free-free opacity of the negative ions of 

helium, carbon, nitrogen a,nd oxygen (l,re also taken into account. While considering the 

radiative transfer in the stellar atmospheres, electron scattering and Rayleigh scattering 

(against H, He and C) are included ill t.hp source function Sv = (/\'vBv + O"I/Jv)/(/'t,v + (Tv), 

where the first term represents thermal emisHion and the second the scattering contribu­

t.ion. Atomir and molecula,r line oJ>a,cit,i(~s an' a.lHo illcluded. Models with temperatures 

::; !J500 K use cOlltinullln opacities frolll Opacity project (Seaton et al. 1994 and refer­

ences therein), while models wit.h tpIllpCl'a,ttln~H ~ 10000 K use opacities from Kurucz 

(1970) and Peach (1970). Free-fr{)e opacity of lIe I, C I a.nd C II (Peach 1970) have been 

incorp()rated together wi th t.hose for J[ and 11-, rrtj(~He cue found to be important only 

in the infra,red a.nd ill t.h(~ d{~eper l'egiollR of til(' at.lllospi}(·re where. temperature is very high. 

Usillg the a,bov(~ d('scribpd modfd a,ttllOSpbC'l'(IH, t.he line st.rength is numerically calcu­

lat.ed for ea.ch line a.lld compa.red wit.h it.s OhHPrV(·d st.rengt.h. The details of fine a.nalysis 

a.nd a.bdllnda,nce det.errllina,t.ioll of individua.l st.ars is deHcribed in the next chapter. 
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Chapter 4 

Abundance analysis of EHe stars 

4.1 Normalization of abundances 

In the case of l1orrna.I stars, we calculatc' the kdHIll(\all(,(' of a.llY element X with respect to 

hydrogcll. The ahlllldance or any c1e1l1ent X is given by Nx/N}{, which is its fractional 

abundance rela.tive to hydrogen, where Nx awl Nll an' the nUlnberofX a,toms and number 

of hydrogen atoms per ell hi (" ccuti 1lH'j,el", res pect.i vely. For norrnal stars in the temperature 

domaill of H. CrB stars and cool Elle sta.rs the ('oll1,illtlO\lS opacity is governed by hydrogen, 

TIH'l'efo]'c, in the cas(~ of llonna.! sta.rs, for (t, pa.rticula.r species X, the line strength ~ Iv/ Kc 

ex: Nx /N u . This implies t.hat. ill norma,1 sta.rs t.ll<' line strength of a particular species is a 

direct measure of it.s fra.ct.iolla.1 a.!>llIHla.ll(,C rda,t.iv(' t.o hydrogen, Similarly, in the context 

of It erB st.a.rs a.nd cool EEe Htars, w(' talw the lill(' strength of a particular species as a 

mea,sure of its a,lHIIlda.II(,(~. Sill(,(~ tllf's(' stars a.re hydroge!l-poor, the continuum opa.city is 

!lOt. controlled by hydrogell, but. hy the phot.oionir-atioll of ll(>,utral carbon (Searle 1961; 

Schollbel'Il('r 197G). lIeliulll, tholIgh t.hc lIIost almIl<iant. element in these sta.rs, is a minor 

source or continuum opacity, unless t.he C/I1e is wry sIllall; however, it provides t.he gas 

IH'C'StHln'. Therefore, in the case of H (:1'13 sta.rs, for a. part.icula.r element X, the observed 

line strengt.h S(X) is given by Nx/NCI = Nx/Nc'. 

The ma.ss fraction Z(X), which is (t, meaSll!,(' of the fra,ctional abundance of a particular 

elernent X, is given by 
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where, /-li is the a.tomic ma.ss of element 'i and the summation in the denominator is 

conserved t.hrough all sta.ges of nuclear burning. The derived abundances are normalized 

to log ~l-liNi = 12.1.5. To convert the observed line strength S(X) = NxlNc (only if carbon 

is the source of continuum opacity) to the more fundamental quantity, the mass fraction 

Z(X), it is necessary to determine or to assume the carbon to helium ratio (NcINHe = 

C/Re), since Re is likely to be the most abundant element. Hence equation (1) may be 

written in terms of the observable quantity S(X) and C/Re (~ 1) to give, 

Z(X) = 1:1}7" 17'c S(X) ........ (2). 

For cool ERe stars it is necessary to estirnate to wha.t extent carbon relative to helium 

contributes to the continuolls opa,ci t.y so a,s to find which of the two species is the leading 

contributor. Thus, t.he caI'bon abtUldaIlC(~ and hence eiRe is an important parameter to 

be determined. 

The role of the C/He la,l'gdy disapp<:'ars whilt' c.ollsidering the abundance ratios involv­

ing element.s other thau eMbOli and helium, 

Z(Xd _ I.!:.Kl.. 8(Xd ('») 
Z(X ) - ,-",(,. ) •.•..• ,) . 
,~ II,X~'> "\~ 

Tlw above describ(·d abulHiallcc rq)\'(~sellt.at.i()ll is rollow(~d for the EHe stars which fall at 

tlw cool end (se(~ s(~ct.i()11 il.:l) (Iml arc' simila.r to F·G typeR erB sta,rs. 

[-'or the Elle st.ars which fall at the hot. end (S(~(' Hf'ct.ioll 4.3), He I is the major source 

of continulIlll opa,('ity (H{~(~ s('dioll '1.~). Sillce h(~lillm is aJso the most ahundant species in 

tJwse stars, t.he lin(~ strength of any Spc>ci('H is a dirpct. measure of its fractional abundance, 

X/He. The ablln<ia,IlC<'H fillnlly deriw'<i for tiWS(' stars C\,re alHo normalized to log 'E/-liNi = 

12.15. 

In EHe stars which fall (l,t t.h(· cool Pilei, a, I(\,rg<' number of He I lines are available 

in t.heir spectra" The liIle strength of 11(' [ iH fI, direct measure of He/C as C I controls 

the continuum opacity at t.his end. rrherefo1'(" a, direct spectroscopic estimate of C/He is 

pOHsible for till" stars which li(~ at the cooler (~nd IIRing He Ililles. Similarly, in the case of 

EHe stars which fall a.t the hot end, C I (I,nd C [I lin(~s provide us a direct spectroscopic 

est.imate of C/He, Rillce it iH He I that contro[1'! U1<' continuum opacity at the hot end. 
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4.2 Dominant sources of continuous opacity 

We ha.ve calculated the incli vidua.l contributions of important sources to the continuous 

opa.city as a function of optica.! depth (Wa.rner 1967). The continuous opa.city calculations 

were rna,de for the following model atmospheres: 

(i) Teff == 9500 E, log g = 1.0 and C/He == 1%, 

(ii) Tef! = 11000 1\, log g = 1.0 and C/He = 1%, and 

(iii) Tefj = 1:3000 K, log g = 2.0 and C/He = 1%. 

The above model atmospheres were chosen beca.use they cover the range of Tef f and log 

g showIl hy the programme Rta,rs (see R('dioll 4.t1.2). Figures 4.1,4.2 and 4.3 show the 

variatioll of contilluolls opacity noS a. fUllctioll of optic-a.! depth clue to the major contributors 

for the ahove 1l1Odei atmospheres at. GOOO A. 

I 
tlO 

'" S 
() 

~" 
:>., 
:::: 
() 
(1j 

0.. 
0 

VJ 
;:l 
0 
;:l 
c 

:;:; 
~ 
0 

U 

O1J 

.3 

o 

'J ,-

-4 

6 ,~ .. 

I , 

He I 

/ e'­
I 

I 
,,' " C I -_. 

. J L l. _ J 

t1 

~~----

" 

2 
log T Ro •• (Optical Depth) 

2 

Figmet I: Domina,lIt. SOUl'C('S of continuolls opacit.y as a fUIlction of depth for the model 

atmosplwl'e: T"Jf = ~)!)OO K, log g = 1.0 and ejITe = 1 %. 

Figure 4.1. shows tha.t e- and C I are t.he major sourc(~s of continuous opacity in the 
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line forming regions (log T = -2 to log T = 0), and the electron scattering dominates over 

photoionizatioll of C 1. Most of the carbon is in singly ionized state and contributes ,50% 

of the j,ota,l fl'('(~ electrons. 

He I sta.rts dominating as a source of continuous opacity for depths corresponding to 

log T greater t.Iw,n -0.5. At log T = -0.25, C I and He I contribute to the continuous 

opacity equally. He I lines, which are expected to form between log T = -1 and 0, are 

direct indicators of lIe/C in the case of FQ Aqr and L8 IV -14° 109. On the other hand, 

for the hotter stars, namely BD --P :3438 and L8 IV -1° 002, it is evident from Figures 

4.2 and ·1.:l that He T cont.rols the continuum opacity, and hence C I and C II lines are 

expected to provid(, a. direct estimate of C/Ee. 

4.3 Carbon to helium ratio 
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We superpose the spectra of V379.5 Sgr (R CrB-type, T eff = 8000 K), FQ Aqr and L8 IV 

-140 109 in Figure 4.4, where we find that the C I lines (,,\,,\ 5817.7, ,5864.95 A ) have ap­

proximately the same strength in a.ll these stars. This implies that the continuous opacity 

in the line-forming regions of the two cool EHe stars is also dominated by photoionization 

of C I, and hence the C I line strength is not sensitive to carbon abundance. For esti­

mating the major sources of continuum opacity in cool EHe stars, the carbon to helium 

ratio must be known a priori. A spectroscopic determination of carbon to helium ratio 

for cool EHe stars is also essential (i) in the context of their evolutionary status, and (ii) 

in estimating the contribut.ion to t.he continuum opacity due to C I and He I, separately. 

The carbon to helium ra.t.io can be guessed if a similarity of ERe stars with the hot 

R erB stars, where the ratio is det.ermined from C II, C III and He I lines, is assumed. 

In t.he spectra of R. erB Htars, which occupy the temperature range from 6000 K to 

8000 K, olle observes mallY C I linc'H. The fea.ture (\,t 5876 'A observed in their spectra is 

the only evidenee for the pres('nee of He I, and the estimat.ioll of earbon to helium ratio for 

R. OrB stars is ba,Hed (~Ili.il'('ly 011 the strellgt.h of thiH feature. Unfortunately, this feature 

is not. a good indicator of C/lI(> for t.he following I"{~a.s()ns (La.mbert et al. 1999): 

(i) hI the ('(,ll1perctture doma.in or HerB stars, the 5876 A feature is a blend of 0 I lines; 

C I contributc's C\,ppreciably 1.0 1.he st1'(~llg1.h of tollis r(~at.ure for the cooler R OrB stars. 

(ii) The C(\,rbOIl t.o lwlium ra.tio d('l'iv~~d from t.hiH feature is very sensitive to the adopted 

Tf>jf and log g. for 'e,,] ~ 7000 K, t.1l<' eqlliv(l,lc'nt widt.h of the .5876 A feature computed 

for C/lk = 1% agree's well with t.ha.t c()lllpll kd for e/lIe· = :J%, if Tef] is raised by about 

GOO 1\, result.ing in la,rge llllccrt,a.i!ltips. 

(iii) Ii<- [ 5876 A lill(' with it.s high (~x('it.a.t.i()11 potellt.i<d forms ill t.he deepest layers of the 

[>h()t.osph('I'C~, and hc'nee is highly sa.tl\J'a,t.(~d, eV(~ll if it. appea.rs weak. 

SillC'(' it. is thought. t.ha.t. hot. ['~1I(' st.a.rs III ight. be rda,t.cd t.o R CrB sta.rs, Rao a,nd 

Lambert (l9~)()) aIld Lamlwrt. et <tl. (l!H)!» a,HsllIlwd tha.t. t.hey possibly have the same 

carhon t.o helium ra.tio. The e/ll(' iH din,(·tly estima,t(~d in hot EHe sta,rs from C II and 

He I lineH, and it is approximat.ely 1% (.Jefr(~ry HHJG). 

AH already ment.ioned, O\ll' programme Ht.ars are of intennediat.e temperatures which 

lie in hetwe(~n the cool R erB st.a.rH a.lld hot [<~He sta.rs. 'These stars show C I, C II 

and He [ lines in their spectra. In principle, (~stimati11g e/Fle would be possible from 

the a.bove lines. The fea.ture at .187() A has negligible contribution from C I lines in the 

temperature domain of these stars, and hence will be a good indicator of C/He, provided 
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carbon controls the continuum opacity of these stars. 

One of the most important issues that we have attempted to address in the present 

work is the determina,tion of C/He in cool ERe stars. The C/He can be fixed if we 

observe lines of C I, C II, C III, etc. a,nd helium in their spectrum. Before we calculate 

the abundance using a particular species of an element, it is necessary to confirm that 

this species is not a major source of continuum opacity. For example, to calculate the 

carbon abundance from C I"lines one must ensure that C I should not be the major source 

of continuuIll opacity. Alternatively, if we want to calculate carbon abundance from G II 

lines, then neither C II nor C I should be the dominant contributor to the continuous 

opacity. This is because the C II lines are essentially the result of photoionization of C I. 

The same argument is va.lid in the det.ermina,tioll of helium abundance using He I lines. 

In the case of hot EIIe sta,rs He I cont.rols t.he continuum opacity, and hence the carbon 

lines (mostly C II) give us t.he direct. est.ima.te of C /I-Ie. Similarly, in the cases where G I 

cont.rols the contillumn opacity, He I litle'S will provide an estimate of He/C. 

We have observed C 1, C II awl He I lin(~s in the Hpeetra of t.he programme stars. In the 

temperature domain of these st.a.rH (HODOK to 140()() K) we have computed the equivalent 

widths (see section 4.4.1 f()J' th(' atomic data., lls(~d) of Rome of the C I, C II and He I lines 

which are OhHerV(x\ in t.h(~H(, Hta.I'H a.Cl'OHH a. grid of log g and T;lf for different values of 

e/lle. The a.im iH t.o ~d,l1dy how t.he sj,I'('ngthH of t.h(~He lines vary across the grid. The 

lines t.hat. haw heC'lI cOIlHic\f'J'ed (1,1'(': 

(i) C I (AA 4770, ii:~80, GOlD, G07G, ();l:m, 7H(i A) 

(ii) C II ()"),, :191t).!J7, :Hl20.68, (it>n.O!), GGH2.H!i A) 

(iii) He r (U, !jOW, 50i1~, 587G, G(j7~ A) 

Thf~ predided equivalent widt.hs of t.}}('He Jilles a.re plotted aga,inst Teil for different 

values of C/He (O.:{%, 1.0% and :to%) alld log g (1.0, 1.5 and 2.0) in F'igures 4..5, 4.6, 

11.8 a.nd 4.9. From the Figures ,1.5 and !Ln, w(~ fin<l that. t.he equivalent widths of G I 

lines are essent.ia.lly the sanw for (~/He va.llwH of 1.0% and :3.0% a,t the cooler end (T efi 

= 8000 K to 10000 K) for Jog g 1.5 a.nd 2.0. But for lower gravities, say log g = 1.0, the 

equivalent widths of G I lines start. to show a dependence on G/Ee as the temperature 
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increases. The changes in the equivalent widths in fact depend on the C/He itself, in 

the sense that the larger the changes the smaller the e IRe. The equi valent widths of 

C I lines corresponding to eiRe = 0.:3% are very different from those corresponding to 

e/He = 1.0% and C/Re = 3.0%. This is due to the fact that for C IRe ~ 1%, C I 

is the major source of continuum opacity and for eiRe < 1%, the contribution to the 

contin~lOus opacity due to e I reduces considerably with decreasing C/He. For eiRe 5 
0.3%, electron scattering starts dominating the continuum opacity . 
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0.3%, 1.0% and 3.0%, respectively. 
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Figure' ,1.6: S('(~ Fig\lre il.S for ca.ption 
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III prill('iple OJl(' could ('stillla.tc C I lIe oC J';IIc sta.rl'l Cl.t the cool end from the equivalent 

widths or C I lillC'S, ifthpy have' C/He < 1%1 (see 1"ig1ll't's 4.,) and 4.6). For stars in the 

f-lanw t(,lllp('ra.tun~ ra.llg<' wit.h (~/H(' ~ I %, it is !lOt. pOf-lsible to estimate the C/He precisely 

from th(' equiva.l(>llt widths of (: IIi nCR 1)('c(\.IU.;(' 1.h<' Ii Jl(' strengths do not show appreciable 

cha.nges with iTlCTf'(1.fW in C/llP. The' variat.ions ill the predicted equivalent widths of C I 

lines in the temp('l'atme range 8!)OO -- 10000 I\ with tlw c!utnges in the input C/Re, as 

evident from all inspectioIl of Figures 4.5 a,nd 4.6, a.re graphically represented in Figure 

4.7. Instead of plotting the equivalent widths thernselv(~s, the eiRe that one would derive 
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from them are shown a.long the y-a.xis. It is clear from Figure 4.7 that in the temperature 

range 8500- 10000 K, the ell-Ie estimated f'rom the equivalent widths of' C I lines would 

be always 1% irrespective of the actual surface C/He if it is grea.ter than 1% because the 

strengths of C I lines get saturated above this value. 

0.5 

o ___ L_. __ L. ._..1 ___ -'-._..l_-'_ .. _...L ___ l.--'-_._ ... .l_-L....J._..L......--L .. _-L........L..-.."--'--'--.-J 

o 2 3 4 

(CjH'!)'npu,(%) 

Figure 4.7: (~/I1c Llla.t would he estimn.tccl Crom tile C I line equivalent widths 

(C:/Ue),stilllrttfd, plot.t.f'd a.ga.illHt the (\.rtlla.l e/Ile (C/lle)'in1IHI, for stars in the tempera.-

ture rallge 8500 10000 1\. 

At higher teillpera.ture::; (10000 1\ to ),1000 E) IllOtc;t of the carbon is in the form of' 

C II n>sulting ill a cl(>crea.sc ill t.he equiva.lent widths of C I lines with an increase in the 

ternpera.tuJ'(:' (F'igures 4.5 and ·1.G). The <'quivaJellL widths of C I and C II lines are sensitive 

to the adopted C: /Ile in thi::; temperature r<Ulge and hence provide a. direct estimate of 

C/lIe. 

For hydrogen-deficient sta.rs which are cooler than 8500 K, like R CrB stars, C /Re 
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cannot be estima.ted from the equiva.lent widths of C I lines as these are independent of 

the ejI-Ie. 
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Figure ·LS: Predicj,ed eq1liva.lellt widths or C II linCH plott.ed (l.gainst TefJ for log g values 

of 1.0, US a.nd 2.0. The solid, doUed a,nd daHlwd liTl(~H n~present models with eiRe of 

O.:J(XI , 1.0% a.I\d ~l.O(YcI, resp(>ctiveiy. 

rrl}(~ equivalent widths ()f C II lines are also imi<'IlSiLive t.o the adopted C/He (0.3%, 

1.0% a.nd :~.O%) at the cool ('ml, as discuHsed for C I lilles (see Figure 4.8). 

On the contrary, the equivalent widths of He I lines becomes insensitive to the adopted 

eiRe (0.:3%, 1.0% and :3.0%) in the temperature range 11 flOO K to 14000 K. The equivalent 
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widths of He I lines are very sensitive to the adopted C/He (0.3%, 1.0% and 3.0%) in the 

temperature range 8000 -. 12000 K (see Figure 4.9). The equivalent widths of He I lines 

decreases for temperatures 2: 13000 l{ due to the ionization of He I. 
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Figure 4.9: P['(~did(~d equiva.lent. widths of lIe I lines plotted against TeJ f for log g values 

of 1.0, 1.5 a.nd 2.0. The solid, clotted a,nd clashed lines represent models with e/He of 

0.:3%, 1.0% and :LO%, respectively. 

It is clea.r from the above results tha.t the C IHe can be estimatf-d using C I and e II 
lines for the programme stars which lie in the hot end, and He I lines can be used to 

determine C IHe for those which lie in the cool end. 
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4.4 Abundance analysis 

In our abundance analysis we have used new line-blanketed model atmospheres con­

structed by Asplund et al. (1997a) for stars with temperatures ::s 9500 K. For higher 

temperatures, model atmospheres were provided by Jeffery (Jeffery and Heber 1992). 

The line strengths were calculated using 'Eqwrun' and 'Spectrum' radiative transfer codes. 

The Eqwrun and Spectrum codes use the model stellar atmospheres of Asplund (1997a) 

for temperatures ::s 9500 K and of Jeffery and Heber (1992) f~r temperatures 2::: 10000 K, 

respectively. In Ollr analysis GlEe of 0.3%, 1.0% and 3.0% models have been used (see 

section 4.4.2 for eiRe determination). 

The fine analysis of the stella.r spectra involves the determination of Tell, surface grav­

ity (log g), microturbulence (() and photospheric elemental abundances of the star using 

model a.tl1lospheres and at.omic da.ta in the following way: 

(1) The' rnicroturlndence i~ deri ved by requiring that lines of all strengths for a partic­

ular species give the same value of abundance. The derived e is found to be independent 

of T(:ff, log g a.nd CllIe, adopt.eel for the model atmosphere (see Figures 4.10 to 4.19). 

(2) '1:';/'1' if-! ('stit1lat.cd hy requiring that the lines of a particular species of differing ex­

cita.tion poj,entials shollid predict the same elemental abundance. The estimated Texc is 

found to be indep<'ll<iC'llt of t.llP adopted log g a.nd C IHe for the model atmosphere (see 

Figures ,I.:W to ,L2!»). 

(:~) Tile surfacp gravity is eHtimated such that the model atmosphere gives the same 

predicted a.blln<iallC('H for lH'lItral, Hingly, and doubly ionized lines of a given element. 

[n our ana.iYHiH of FQ Aqr and BD-IO 3438, we find that the ionization equilibria are 

in<iqwllcicnt of the (l,cloptecl C/lle for the model atmosphere. 

'1'11(' a.hnndmlcc' a.nalysis is done with the new line-blanketed model atmospheres de­

scri bed i 11 Cha.pt(~r :L 
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F igllre '1.11: H('iat.ive a.l>llll<i,ulces from Fe II lines for FQ Aqr, plotted against their 

E,q. Widths for different values of e, showing the estimated e is independent of the C/He 

used. The rnodel llRed is T{;fJ=8500 K, log g=O.,5 and CjHe=O.3%. 
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Figure 11.12: Relative a.bundanc('H [1'OIn Fe II lines for FQ Aqr, plotted against their 

Eq. WidthH for diJfererlt values of e, showing the estimated ~ is independent of the C /He 

used. '['he model used iR T f 'fJ=8500 1<, log g=O.5 a.nd C/He=l %. 
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Figure 4.l:3: [{,dative abundallces from Fe II lines for FQ Aqr, plotted against their 

Eq. Widths for different values of ~, showing the esti mated ~ is independent of the C /He 

used. The model used is TeJf =8500 I<, log g=1.5 and C jHe= 1 %. 
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Figure 4.14: Rc·ja.tive abunda.nces from Fe II lines for FQ Aqr, plotted against their 

Eq.Widt.lul for diffpl'(~nt values of e, showing t.he estimated e is independent of the G/He 

used. Tlw model used is r]\f!=~)OOO K, log g=l.O and C/Be=l%. 
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Figure 4.1.5: Abundances from Fe II lines for BD·l 03438, plotted aga.inst their Eq. Widths 

for different va.lues of e, showing the estimat.ed e is independent of the GjBe used. The 

model used is TeJf=11.500 K, log g=2.0 a.nd CjHe=3%. 
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Figure 4.1G: Abundances from Fe II lines for BD -10 3438, plotted against their Eq.Widths 

for different. valnes of e, showing the estimated ~ is independent of the G/He used. The 

model used is TeJJ=llGOO K, log g=2.0 and C/He=O.3%. 
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Figure 4.17: Abuncia,Ilces from Fe II lines for BD -1 0 3438, plotted against their Eq.Widths 

for different values of ~, showing the estimated e is independent of the C/He used. The 

model used is TeJ J=12000 K, log g=2.0 and C/He=l %. 
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Figure 4.18: Abundances from Fe II lincs for 13D --10 :3438, plotted against. their }1jq. Widt.hs 

for difFerent va.lues of ~, showing thf' estima.ted ~ is independent of the C/II<: II[-;('(\. TIlt' 

modclllseci is T"Jj=11500 1\, log g=2.0 a.nd C/He=l%. 
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Figure 4.19: Abunda.nces from Fe II lines for BD·--Jo 3438, plotted a.gainst their Eq. Widths 

for different values of e, showing the estimated ~ is independent of the CIBe used. ThE' 

model used is Teff =11.500 K, log g=l.O and G/He=l %. 
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Figure ,1.20: Relative abulldances from F~~ II lines for Fq Aqr, plotted against their XL for 

different. values of 'rrff, showing the cstirnated Tc;!,c is independent of the adopted log g 
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Figure 4.21: Relative abunda.nces from Fe II lines for F'q Aqr, plotted against their XL for 

diHerent values of Tej f' showing the estima,ted Texc is independent of the adopted log g 

a.nd C/He. 'rhe adopted log g and G/He are 0.5 and :3%, respectively. 
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Figure 4.22: Relative abundances from Fe II lines for Fq Aqr, plotted against their XL for 

different. values of T ejJ , showing the estimated T exc is independent of the adopted log g 

and C/H(~. The a.dopted log g and C/He a.re 1.5 and 0.3%, respectively. 
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Figure 4.2:3: Relative abundances from Fe II lines for Fq Aqr, plotted against their XL for 

different values of Tef f, showing the estimated T exc is independent of the adopted log g 

and e/He. The adopted log g and e/He are 0 .. 5 and 3%, respectively. 

53 



12 1"-T-'-" I 
T",,-7000 Ie 1",,-8000 K TIOIj"S600 l< 

• II 

i . ~, .. ' . , I;-~ 

~ 10 

~ 
~ • 

-~ • • , • • • • , 
" " X, 

12 

'I' ...... gOOO K T.,,"9500 K f..,_10000 I( 

• II 

L . 4, .. '. :....~, . .. ' . .... *:- 'r 
! 
! • 

........~ 

• , • • • • • • x, X. x, 

Figure 4.24: Relative abundances from Fe II lines for Fq Aqr, plotted against their XL for 

different values of T ef f, showing the estimated T exc is independent of the adopted log g 

and C/Re. The adopted log g and C/He are 2.0 and 1 %, respectively. 
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Figure 4.25: Relative abundances from Fe II lines for Fq Aqr, plotted against their XL for 

different values of T ef j, showing the estimated T exc is independent of the adopted log g 

and C/Re. The adopted log g and C/He are 1.0 and 1 %, respectively. 
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4.4.1 Atomic data 

The gf-values and excitation potentials for the lines used in our LTE analysis were taken 

from the compilations by R. E. Luck (private communication), C. Simon Jeffery (private 

communication), Thevenin (1989, 1990) and Kurucz and Peytreman (1975). Because of 

the wide spectral coverage used, we could identify several C I lines in our sample stars. 

We have used the gf-values of C I lines from Opacity project (Seaton et al. 1994; Luo and 

Pradhan 1989; Hibbert et al. 1993) for consistency with the analysis of FQ Aqr and LS 

IV -140 109 by Lambert et al. (1999). The C I lines and gf-values used for our abundance 

analysis are given in the Tables 4.6 and 4.7. The sources of gf-values are listed in Tables 

4.6 to 4.9. The Stark broadening and radiation broadening coefficients were mostly taken 

from the compilation by Jeffery (1994). 

4.4.2 Tel" log g, ~ and C jHe 

As already indicated the microturbulence parameter e was adjusted until the derived 

abundances from the same species were independent of line strength, represented by (log 

WAf)..)· 
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Figure 4.26: Relative abundances from Fe II lines for LS IV _14° 109, plotted against 

their line strength, represented by (log W AI)..) for different values of e· 
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Figure 4,27: Relative abundances from Ti II lines for L8 IV -140 109, plotted against 

their line strength, represented by (log W >./)..,) for different values of e, 
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Figure 4.28: Relative abundances from Cr II lines for L8 IV -140 109, plotted against 

their line strength, represented by (log W >./)..,) for different values of r 
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Figure 4.29: Relative abundances from C I lines for LS IV -140 109, plotted against their 

line strength, represented by (log W).J 'A) for different values of e. 
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Figure 4.30: Relative abundances from Fe II lines for FQ Aqr, plotted against their line 

strength, represented by (log W A/ 'A) for different values of e. 
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Figure 4.31: Relative abundances from Ti II lines for FQ Aqr, plotted against their line 

strength, represented by (log W >.1 'A) for different values of r 
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Figure 4.32: Relative abundances from Cr II lines for FQ Aqr, plotted against their line 

strength, represented by (log W >.1 'A) for different values of e· 
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Figure 4.33: Relative abundances from C I lines for FQ Aqr, plotted against their line 

strength, represented by (log W)J)") for different values of e. 
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Figure 4.34: Abundances from Fe II lines for BD _10 3438, plotted against their line 

strength, represented by (log W >.1).,) for different values of e, 
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Figure 4,35: Abundances from Ti II lines for BD _10 3438, plotted against their line 

strength, represented by (log W>..f >.) for different values of e. 
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Figure 4.36: Abundances from Cr II lines for BD _10 3438, plotted against their line 

strength, represented by (log W AI >.) for different values of e· 
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Figure 4.37: Abundances from C I lines for BD - ro 3438, plotted against their line 

strength, represented by (log W >./ >.) for different values of e . 
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Figure 4.38: Abundances from Fe II lines for L8 IV _10 002, plotted against their line 

strength, represented by (log W >./ >.) for different values of e· 
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Figure 4.39: Abundances from S II lines for L8 IV -10 002, plotted against their line 

strength, represented by (log W,\I)...) for different values of r 
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Figure 4.40: Abundances from N II lines for L8 IV _10 002, plotted against their line 

strength, represented by (log W >.1)...) for different values of ~. 
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Figure 4.41: Abundances from C I lines for LS IV -P 002, plotted against their line 

strength, represented by (log W >..1 >..) for different values of e. 

For FQ Aqr, LS IV -140 109 and BD _10 3438, we used Fe II, Ti II, Or II and 0 I 

lines, and for LS IV -10 002, we used Fe II, S II, N II and 0 I lines for determining the 

microturbulent velocity e. The above species were chosen because many of their lines 

with a wide range in equivalent widths were available. 

In the case of LS IV -140 109, Fe II, Ti II and Or II lines give us a value of e = 6 

km 8-1 , and 0 I lines a value of e = 7 km S-1 (see Figures 4.26 to 4.29). We adopt the 

awrage microturbulent velocity e in LS IV -140 109 as 6.5 ± 0.5 km S-l) for all species. 

For FQ Aqr, BD -1° 3438 and LS IV -P 002 we estimate the microturbulent velocity e 
as 7.5 ± 0.5 km S-I) 10.0 ± 1.0 km S-1 and 10.0 ± 1.0 km S-I, respectively, for all species 

(see Figures 4.30 to 4.33, 4.34 to 4.37, and 4.38 to 4.41). 

Since the ionization equilibrium depends on both surface gravity and temperature, we 

can find a set of solutions in log g and Tell which satisfies the equilibrium condition. 

The ionization equilibrium of the following species (when sufficient lines are available) are 

used to estimate Tel I and log g: S IllS I, Si IIIISi II/Si I, N II/N I, Al IIII Al III Al I, 

o II/C I, Fe IIIIFe IIIFe I, Mg II/Mg I and 0 II/O 1. The solutions of TefJ and log g 

obtained for the programme stars are shown in Figures 4.42, 4.43, 4.44 and 4.45. These 

figures also show lines of constant 10g(L/M) corresponding to 3.75 and 4.5, where most of 
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the hot EHe stars lie (Jeffery 1996). Note that we have not used these lines of constant 

10g(LjM) in determining the Tell and log g for these stars, instead we have used Te,rc '" 

Tel I and ionization equilibria for estimating the Tel I and log g. The reason for using T~u 

is that the lines representing the solutions from the ionization equilibria of various species 

run almost parallel to each other in the T ef f - log g plane for the programme stars. 

One of the reasons for the various loci not intersecting in the Tel f - log g plane, and 

hence not giving a unique set of solutions, could be that we have used ionization equilibria 

of various species with very little difference in the ionization potentials. The other possible 

expla,llation is that the ionization equilibria for various species are satisfied at different 

depths in the stellar atmosphere. It could also be due to the observational uncertainty in 

the equivalent width measurement. One can also argue that the model atmospheres used 

do not adequately represent the actual stellar atmospheres. 

The T e3,c is obtained generally by employing a species having a large number of lines 

covering a range in excitation potential. The equivalent widths (W).) of Fe II lines are 

plotted against their lower excitation potentials (XL) in Figures 4.46 to 4.49. These figures 

show the wide range in XL and W).. measured for Fe II lines in our sample stars. Since 

Fe II lin(,s have a wide range in excitation potential, we chose Fe II lines for determining 

the excitation ternperature. The excitation temperature was adjusted until the derived 

abunda.nces from Fe II lines were independent of the lower excitation potential. In deter­

milling rl\'il' log g and e, models with C/Be of 1% have been used. For FQ Aqr and 13D 

_1° :~,j;H';, models of CjHe equal to 0.:3% and ~~.O% have also been used for the ionizatioll 

ba.lall ('('. 

FQ Aqr 

We ha.ve t1s('d Fe II lines with equivalent widths less than 200 rnA while determining 

the '1\ .. 1'(' to reduce the line to line scatter in the abundances. The Text obtained using 

the excita.tion equilibria of Fe II lines is 87fjO±250 K. The ionization balance of S Il/S I 

is gi veil a larger weight because the lines of S II and S I identified in the spectra for 

abunda.nce determination are weak. C lI/e I ionization balance is given a smaller weight 

because of the carbon problem (see section 6.1.4). A smaller weight is also given to the 

iOllir,a.tioIl balance of Al III Al I because we have only one line of Al I and the source of 

gf-values for Al II lines is not reliable. Equal weights are given to the ionization balance of 

N I1jN I, Mg II/Mg I and Fe II/Fe 1. Using the Texc derived from the excitation balance 
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Figure 4.42: Final T ef f and log g of FQ Aqr with error bars. 
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Figure 4.43: Final Teff and log g of L8 IV -140 109 with error bars. 
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Figure 4.44: Final T ef I and log g of BD -10 3438 with error bal's. 
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Figure 4.45: Final Tel! and log g of L8 IV -P 002 with error bars. 
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Figure 4.46: The equivalent widths (W,\) of Fe II lines plotted against their XL showing 

the wide range in XL and rneasured W" for FQ Aqr. 
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Figure 4.47: The equivalent widths (W,\) of Fe II lines plotted against their XL showing 

the wide range in XL and measured W" for L8 IV -140 109. 

67 



500 , , I , ,..--r-

x 
x 

400 x 

x 
x x 

x 
x 

:<300 x 
.§. 0 x 

XX 
x 

= ? x 
" x XX .; 

OJ( 

$200 x 

x l\ x 
x 

x ~ 

1 x 
100 

x 
x 

o -'-..... ~.~,~-'I-'-, . ..1---1.,....._L_.J..._~-',--'--'-1 -"_-'-...J.--i 

o 2 4 6 10 12 
X, (e.v.) 

Figure 4.48: The equivalent widths (W>,) of Fe II lines plotted against their XL showing 

the wide range in XL and measured W>, for BD -1 0 34:~8. 
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Figure 4.49: The equivalent widths (W>.) of Fe II lines plotted against their XL showing 

the wide range in XL and measured W>. for L8 IV -10 002. 
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of Fe II lines and the ionization balance of various species (see Figures 4.42 and 4.51), we 

arrived at the most probable Teff and log g which are given in Table 4.1. 

The wings of He I A 5876 A triplet line depend upon the electron density, and hence 

upon the surface gravity. We have computed the He I line profiles for various models. 

Model with Teff = 8500 K and log g = 0.5 reproduces the wings as well as the core of 

He I A 5876 A. For C /He = 1%, the synthetic profile of He I A 6678 A with the above 

parameters matches the observed profile better than those with the models, T ef f = 9000 

K, log g = 0.5, 1.0 and 1.5 (Figures 4.54 and 4.55). The uncertainty in T ef f and log 

g determined from the excitation and ionization equilibria can be constrained from the 

gravity sensitive He I profiles. We finally estimate T ef f = 8500 K and log g = 0.5 for FQ 

Aqr. 

The He I lines and the C II lines are affected by Stark broadening and radiation 

broadening (see section 4.4.1 for references). The Stark broadening seems to be more 

important relative to radiation broadening for both He I and C II lines. The lines of the 

other species are less affected by these broadening effects except for zero excitation lines. 

The data for computing He I profiles is obtained from various sources. The gf-values 

are taken from Taylor et al. (private communication), radiation broadening coefficients 

from Wiese et al. (1966), and electron broadening coefficients from the combination of 

Griem et al. (1962), Benett and Chiem (1971), Bassalo et al. (1980), Dimitrijevic and 

Sahal-Brechot (1984), and Kelleher (1981). The effects of ion broadening are also included 

in the broadening due to electrons. 

LS IV -140 109 

The T exc estimated using excitation balance of Fe II lines is in the range 9500±250 K 

(Figure 4.50). Equal weights are given to the ionization balance of N II/N I, Fe II/Fe I, 

Si III Si I and S Il/S I. Here again, C II/C I ionization balance is given a smaller weight 

because of the possibility of carbon problem as mentioned earlier. The final adopted Tef f 

and log g using the ionization and excitation equilibria (Figures 4.43 and 4.50) is given 

in Table 4.1. 

BD -1° 3438 

From the excitation equilibria of Fe II lines, we estimate the T exc of the star to be in 

the range 11750±250 K. Equal weights are given to the ionization balance of N II/N I, 
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Figure 4.54: Observed and synthesized He I A .5876 A triplet line profile of FQ Aqr. 
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Figure 4.55: Observed and synthesized He I A 6678 A line profile of FQ Aqr. 
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Fe II/Fe I and C II/C 1. The final Tef f and log g which we arrive at, using the excitation 

and ionization balance criteria (Figures 4.52 and 4.44), are given in Table 4.1. 

LS IV -r 002 

The derived Texc from the excitation balance of Fe II lines is 13000 K. Equal weights are 

given to the ionization balance of 0 II/O I, N II/N I, Fe III/Fe II and C II/C 1. Smaller 

weights are given to the ionization balance of Si III/Si II and Al III/AI II because the 

lines available are very few and the sources of gf-values for these lines are not reliable. 

The estimated T ef! and log g using the excitation and ionization balance criteria (Figures 

4.53 and 4.45), are given in Table 4.1. 

Table 4.1 

The derived stellar parameters 

Star Tef! log g e CjHe R.V rotation 

K egs units km 8-1 km 8-1 km 8-1 

FQ Aqr 8750±250 0.75±0.25 7.5±0.5 1.0% 16±3 (59) 20 

LS IV -14° 109 9600±200 1.00±O.20 6.5±0.5 1.0% 5±2 (47) 15 

BD -1° 3438 11750±250 2.30±0.40 1O±1.0 0.3% -22±2 (45) 15 

LS IV -1° 002 13000±250 1.75±O.25 10±1.0 0.5% -20±3 (22) 20 

Determination of C jHe 

For fixing C /He, we adopted the following procedure. Once the T eJ J and log g of the star 

have been determined, we synthesized the theoretical He I profiles using the corresponding 

grid for different C/He after taking into account Stark broadening, radiation broadening 

and blending due to other lines. The C/He value is determined from the fit of the syn­

thesized theoretical He I profiles with the observed He I profiles. We used 'Spectrum' 

radiative transfer code for spectrum synthesis. In most of the cases we have used only 

those He I lines that have good signal-to-noise ratio. We avoided using He I lines in the 

blue as far as possible because of the poor signal-to-noise ratio of the observed spectra. . 

All the synthesized spectra were convolved with a Gaussian profile to give a good fit to 

typical unblended line profiles. Only weak and unblended lines of trace elements were used 

to fix the full width at half maximum (FWHM) of the Gaussian profile. Note that we have 
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not used the carbon and helium lines for fixing the FWHM of the Gaussian profile. We find 

that the FWHM of the Gaussian profile of the stellar lines used is more than the FWHM 

of the instrumental profile. We attribute this extra broadening to macroturbulence or 

rotation (Table 4.1). 

In the case of FQ Aqr, we have also computed the equivalent widths of the observed 

He I lines using (Eqwrun' for different C IHe, and found that the predicted equivalent 

widths match best with the measured equivalent widths of the observed He I lines for 

C/Re = 1% (Table 4.2). The helium abundance derived from these lines is 11.53 ± 0.17, 

which gives the C/Re as 1 %±0.4%. 

Table 4.2 

ReI line Eq. Widths and abundance for FQ Aqra 

HeI Eq. Widthb 

Wavelength (A) rnA 

3888.65 318 

:3926.53 145 

39M.n 190 

4120.81 160 

4471.48 325 

471:3.14 187 

a For T"ff = 8500 K and log g = 0.5 

b Computed for CjfIe = 3% 

C Computed for CjHe = 1% 

d Observed 

Eq. WidthC Eq. Widthd 

rnA rnA 

350 368 

165 185 

220 210 

190 200 

410 375 

250 267 

e Normalized such that log L,/-Lini = 12.15 where J-li is the atomic weight 

Abundancee 

11.6 

11.7 

11.4 

11.5 

11.3 

11.7 

In the case of FQ Aqr, we have synthesized He I profiles of AA 5048,5876, 6678 A while 

for L8 IV --14° 109 we have synthesized He I profiles of AA 3872, 5048 A (Figures 4.56 to 

4.60). In the case of L8 IV-14° 109 and L8 IV -1 ° 002, He I AA 5876, 6678 A are not 

covered in our spectra, and Re I A 7065 A line is blended with terrestrial H20 lines. 

From He I profiles, we find that the C/Re is 1 %±0.4% in FQ Aqr and 0.5% to 1 % in 
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Figure 4.56: Observed and synthesized He I), 5047.74 A line profile of FQ Aqr. The He I 

line profiles are synthesized using model of T ef f = 8500 K and log g = 0.5, for different 

values of C/He. 
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Figure 4.57: Observed and synthesized He I A 5876 A triplet line profile of FQ Aqr. The 

He I line profiles are synthesized using model of T eJ f = 8500 K and log g = 0.5, for 

different values of C/He. 
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Figure 4.58: Observed and synthesized He I .A 6678 A line profile of FQ Aqr. The He I 

line profiles are synthesized using model of Tefj = 8500 K and log g = 0.5, for di'fferent 

values of C/Re. 
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Figure 4.59: Observed and synthesized He I .A 3871.82 A line profile of LS IV -140 109. 

The He I line profiles are synthesized using model of Teff = 9500 K and log g = 1.0, for 

different values of C IRe. 
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Figure 4.60: Observed and synthesized He I A 5047.74 A line profile of L8 IV -140 109. 

The He I line profiles are synthesized using model of T ef f = 9500 K and log g = 1.0, for 

different va.lues of C/Be. 
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Figure 4.61: Observed and synthesized He I A 5047.74 A line profile of BD _10 3438. The 

He I line profiles are synthesized using model of T ef f = 11500 K and log g = 1.5, for 

different values of C/He. The uncertainty on the ordinate is shown by the error bar. 
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0.8 

Figure 4.62: Observed and synthesized He I ,\ 5876 A triplet line profile of BD _10 3438. 

The He I line profiles are synthesized using model of T eJ! = 11500 K and log g = 1.5, for 

different values of C/Re. The uncertainty on the ordinate is shown by the error bar. 
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Figure 4.63: Observed and synthesized Re I ,\ 5047.74 A line profile of L8 IV _10 002. 

The He I line profiles are synthesized using model of T ef J = 13000 K and log g = 1.5, for 

different values of C/Re. 
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L8 IV --14° 109 (Figures 4.56 to 4.60). 

In the case of BD -1 ° 3438 and LS IV -1 ° 002, we find that the observed He I profiles 

match reasonably well with the synthesized He I profiles for any given C/He (0.3%, 1.0% 

and 3.0%). The strengths of synthesized Re I profiles are independent of the adopted C /He 

for the hotter stars (see also section 4.2 and 4.3), as clearly demonstrated in Figures 4.61, 

4.62 and 4.63. 

Using the Re I profiles, we find that a C/He of 1 % for FQ Aqr and LS IV -14° 109. BD 

_1° 3438 and LS IV -1° 002 have C/Re of 0.3% and 0.5%, respectively; these values are 

determined using the equivalent widths of C I and C II lines, and not from He I profiles 

(see section 4.2 and 4.3). 

4.5 Abundances 

The final abundances were calculated using models of e/Re == 1 % in the case of FQ Aqr 

and 1.,S IV--14° 109, and 0.3% and 0.5% for BD --1 ° 3438 and LS IV -1 ° 002, respectively. 

The lines used for the abundance analysis are listed in Tables 4.6, 4.7, 4.8 and 4.9 for 

FQ Aqr, LS IV --14° 109, BD-1° 3438 and LS IV _1° 002, respectively. These tables 

also list the lower excitation potential (xd, gf-values, measured equivalent widths and 

the a.bundance derived for each line. 

For the adopted stellar parameters, the individual elemental abundances/listed in Table 

1[.;) are given as log ni, normalized to such that log LJ/-linj == 12.15. The abundances 

determined from the neutral and ionized species of an element are also listed. The He 

abundance is determined from the computed profiles of He 1. In the case of FQ Aqr and LS 

IV 14° 109 we have determined the abundance of helium, also from the equivalent widths 

of He I lines. The errors quoted are mainly due to line-to-line scatter of the abundances. 

As a comparison the solar abundances from Grevesse et a1. (1996) are also shown in Table 

4.:L 
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Table 4.4a 

Errors due to uncertainty in the stellar parameters 

Species FQ Aqr L8 IV -140 109 

.6.Tefl = -500 .6.1og g = +0.5 .6. Tell = -500 .6.1og g = +0.5 

[OK] (cgs] [OK] {cgs] 

.6.(log n) 6(1og n) ,6.(log n) 6(1og n) 

HI +0.09 +0.03 -0.10 -0.10 

C 1/ C II -0.25/ +0.61 -0.17/ +0.12 -0.27 /+0.22 -0.17/+0.10 

N 1/ N II 0.00/ +0.30 -0.01/ +0.17 -0.14/+0.22 -0.11/ +0.12 

01 +0.04 0.00 -0.12 -0.08 

NeI +0.46 +0.24 +0.29 +0.15 

NaI -0.28 -0.18 -0.26 -0.17 

Mg I/Mg II -0.43/ +0.10 -0.23/ +0.06 -0.50/-0.04 -0.31/0.00 

Al 1/ Al II/ Ai III -0.39/+0.21/ -0.18/+0.15/ /-0.09/ +0.38 / +0.01 / +0.27 

Si I/Si II -0.27/-0.:36 -0.20/ +0.12 -0.29/+0.13 -0.14/ +0.09 

PH +0.22 +0.20 +0.19 +0.19 

S I/S II -0.2,5/ +0.28 -0.16/+0.19 -0.27/ +0. 21 -0.17/+0.16 

Ca I/Ca II -0.8~3/-0.26 -0.46/-0.15 -0.86/-0.50 -0.53/-0.22 

Sc II -0.31\ -0.04 -0.46 -0.13 

TiII -0.22 +0.03 -0.33 -0.06 

Cr l/Cr II -O.5l/-G.07 -0.22/ +0.09 /-0.15 /+0.05 

Mn II -0.04 +0.08 -0.10 +0.05 

Fe lIFe II -0.46/-0.0:3 -0.20/ +0.12 -0.48/-0.10 -0.24/ +0.08 

Sr II -0.,57 -0.19 -0.57 -0.20 

YII -0.53 -0.18 

Zr II -0.30 -0.01 -0.43 -0.10 

Ba Il -0.56 -0.19 -0.51 -0.20 

4.6 Error Analysis 

The major sources of error in deriving the abundances are the line-to-line scatter of the 

abundances and uncertainty in the adopted stellar parametrs (Tel f' log g and O· The 

stellar parameters estimated are accurate within, typically, .6. T ef I = ±300 K, 610g g 
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= ±0.5 [cgs] and 6.e = ±1 km 8-1 . The errors in abundances corresponding to these 

uncertainties are given in Tables 4.4a and 4.4b; the errors due to the uncertainty in ~ are 

negligible when compared to that due to uncertainties in the other parameters. 

Table 4.4b 

Errors due to uncertainty in the stellar parameters 

Species BD -1° 3438 L8 IV _10 002 

6.Teff = -500 610g g = +0.5 6.Teff = -500 6.1og g = +0.5 
[OK] [cgs] [OK] [cgs] 

6.(log n) 6(1og n) 6.(log n) 6(log n) 

HI +0.22 -0.32 -0.16 -0.30 

C 1/ C II -0.22/-0.04 -0.31/-0.10 -0.09/+0.04 -0.20/+0.05 

N 1/ N II +0.24/-0.07 -0.30/ +0.12 -0.15/+0.04 -0.23/+0.06 

o I/O II +0.23/ -0.34/ -0.14/+0.06 -0.23/+0.09 

Ne I -0.04 +0.09 -0.10 -0.07 

Na I +O.H) -0.29 -0.12 -0.21 

MgII +0.25 -0.29 -0.18 -0.23 

Al II/ Al III +0.10/-0.14 -0.01/+0.02 -0.12/+0.05 -0.18/+0.10 

Si II/Si III +0.18/-0.08 -0.14/+0.18 -0.18/+0.04 -0.18/+0.10 

PII +0.06 +0.06 -0.07 -0.05 

811 -o.oa +0.08 -0.01 +0.02 

Ca II +0.:36 -0.17 -0.66 -0.11 

Till +0.:{8 -0040 -0.24 -0.24 

Cr II +0.~36 -0.35 

Mn II +0.31 +0.31 

Fe liFe II/Fe III +o.m / +0.:~5/ -0.22/-0.m~/ /-0.16/-0.01 /-0.21/+0.10 

81' II +0.37 -0.19 -0.19 -0.20 

Ba II +0.3~3 -0.19 -0.18 -0.20 

Abundance ratios are generally less subjected to these uncertainties because most el­

ements are sensitive to the stellar parameters in the same way. The abundance ratios 

[X/Fe] for the programme stars are given in Table 4.5. 
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Table 4.5 

The abundance ratios [X/Fe] for cool ERe stars 

FQ Aqr L8 IV -14 0 109 BD -10 3438 L8 IV -1 0 002 

Tef! oK 8500 9500 11500 13000 
log g (cgs units) 0.5 1.0 2.0 2.0 

e/He 1% 1% 0.3% 0.5% 
e km 8- 1 8.0 6.0 10.0 10.0 

[R/Fe] -3.6 -5.3 -5.6 -3.7 

[C/Fe] 2.8 1.3 1.3 2.0 

[N/Fe] 1.3 1.1 1.3 1.4 

rOlFe] 2.2 0.1 0.3 1.1 

[Ne/Fe] 2.1 1.8 1.5 2.1 

[Na/Fe] 1.3 1.0 0.8 1.4 

[MgjFe] 0.3 -0.1 0.1 0.5 

[AI/Fe] 0.1 0.7 0.3 0.1 

lSi/Fe] 0.9 0.8 0.5 1.0 

[P /Fe] 0.9 O.~~ 0.6 0.8 

[S/Fe] 1.0 0.9 0.5 0.7 

rCa/Fe] -0.3 -0.~3 -0.1 0.6 

[Sc/Fe] 1.0 0.6 

[TijFe] 0.2 -0.2 0.4 0.9 

[er/Fe] 0.2 -0.1 0.0 

[Mn/Fe] 0.9 0.3 0.4 

[Ni/Fe] 0.9 

[Sr jFe] -0.5 0.1 0.6 

[Y /Fe] 0.2 

[ZrjF'e] 0.3 -0.2 

[Ba/Fe] 0.4 0.1 

The final abundances derived from neutral and ionized species of an element are sep-

arately given in Table 4.3 for our programme stars. 
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In the case of BD -1 () 3438 and L8 IV -10 002, Al II amd Al III lines do not give the 

same abundance of AI. Since only one or two Al III lines are observed in these stars, we 

have used Al II lines for the abundance determination. In the spectra of LS IV -140 109 

and BD _10 3438, Al II lines are strong and saturated, and the abundance of Al derived 

using these lines is uncertain. 

In the spectrum of L8 IV -140 109, both 8i I and 8i II lines are observed, and we 

derived the same abundance of 8i llsing 8i I and Si II lines. Since the Si I lines present 

in L8 IV -140 109 are weak and lie on the linear part of the curve of growth, we use 

these lines for abundance determination. In the spectrum of FQ Aqr no 8i I lines were 

observed. Strong Si II lines are present and these lines {aU on the flat part of the curve 

of growth. The abundance of 8i derived using these lines is uncertain and can be treated 

as an upper limit. The abundance of 8i is down by more than 1 dex in FQ Aqr than 

in L8 IV -140 109 which is hotter than FQ Aqr by approximately 1000 K. Due to the 

underabundance of 8i in FQ Aqr, the 8i I lines in FQ Aqr might be very weak and hence 

difficult to observe. We do not see any 8i III lines in the spectra of L8 IV -140 109 and 

FQ Aqr because most of the 8i is in singly ionized state. 

In the spectra of BD --10 :3438 and LS IV _10 002, both 8i II and 8i III lines are 

observed. 8i I lines are not present in their l:!pectra. Since these stars are hotter than L8 

IV -14 0 109 and FQ Aq r, most of the S i is in singly ionized state and also some amount 

in doubly ionized state. The Si II lines are very strong in these stars. Therefore we have 

not llsed Si II lines for abundance determination, instead we have used weak 8i III lines. 

The 8i III lines available for almndance determination are only one or two and hence the 

a.bundance of Si derived using these lines is ullcertain. 

The ea abundance derived for our programme stars is only an upper limit because the 

Ca II lines observed in their spectra are very strong and saturated. 

The abundances derived using 'Spectrum' and 'Eqwrun' are in agreement within 0.1 

clex for most of the species. We find that the abundances derived using the former are 

a.lways lower than those derived using the latter. This difference is probably due to the 

deLta used for continuous opacity being from two different sources, as described in section 

:3.2.4. 

The model atmospheres of Asplund et al. and Jeffery et al. (private communications) 

deal with different temperature ranges which do not overlap. We have extrapolated the 

model atmospheres constructed by Jeffery et al. to 9500 K. The derived abundances using 
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this extrapolated model atmosphere agree with those derived using the model atmosphere 

of temperature 9500 K constructed by Asplund et al. within 0.05 dex. 

The derived abundances are discussed in t)lel),ext'chapter ,f. 
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Table 4.6 

Lines used to derive elemental abundances for' FQ Aqr 

A(A. ) x(eV) log gf W(mA) Abundance" Referenceb 

HI 

No. of lines:l 

6562.8 10.2 0.71 580. 6.35 Luck 

He I 

No. of lines:8 

3888.65 19.73 -0.70 368 11.59 Jeffery 

3926.53 21.13 -1.65 185 11.75 Jeffery 

3964.73 20.61 -1.30 210 11.39 Jeffery 

4120.81 20.87 -1.52 200 11.58 Jeffery 

4471.48 20.87 0.04 375 11.33 Jeffery 

4713.14 20.87 -1.07 267 11.73 Jeffery 

5047.74 14.06 -0.62 Synth" 11.54 Jeffery 

5815.62 20.96 0.74 SynthC 11.54 Jeffery 

6618.15 21.21 0.33 SynthC 11.54 Jeffery 

Mean: 11.53±O.21 

C I 

No. of lines=49 

5813.51 8.87 -2.73 128 9.42 op 
5817.70 8.85 -2.86 69 9.16 op 
5819.50 8.85 -2.73 132 9.44 op 
5850.25 8.77 -2.68 97 9.13 op 
5864.95 8.77 -3.55 47 9.60 op 
5877.31 8.77 -2.14 135 8.81 op 
5963.99 B.BS -2.64 145 H.29 op 
63:~5.70 8.77 -2.80 63 9.02 op 
6337.20 8.77 -2.a3 100 8.82 op 
!\a42.32 8.77 -2.11 laO 8.17 or 
6378.79 8.77 -3.29 68 9.55 op 
fl568.71 9.00 -2.17 167 9.18 or 
6.591.4.5 8.85 -2.'11 95 8.92 op 
6595.24 8.85 -2.41 78 8.81 or 
fl611.35 8.85 -1.84 196 8.90 op 
6641.96 9.03 -aA(, 30 9.48 op 
6650.97 8.85 -a.52 35 9.51 OP 
6711.29 8.,,)4 -2.69 98 9.04 op 
4735.17 7.95 -3.15 122 9.28 op 
4812.84 7.48 -3.38 152 9.36 op 
4890.65 7.49 -3.3S 100 9.06 op 
4898.63 7.49 -3.74 78 9.30 op 
5540.76 8.64 -2.38 142 9.01 op 
5547.27 8.64 -2.25 196 9.16 op 
5996.06 8.64 -2.61 78 8.85 op 
6002.98 8.65 -2.17 191 9.05 op 
6018.40 8.85 -2.27 146 9.06 op 
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Table 4.6 (continued) 

Lines used to derive elemental abundances jar FQ Aqr 

"\(A) x(eV) log gf W(mA) Abundance a Referenceb 

6113.15 8.85 -2.63 120 9.28 OP 
6115.85 8.85 -2.51 ISO 9.31 OP 
6120.82 8.85 -2.41 141 9.17 OP 
6413.55 8.77 -2.00 178 8.91 OP 
6688.78 8.85 -2.13 163 9.03 OP 
6671.82 8.85 -1.66 224 8.87 OP 
7108.94 8.64 -1.59 295 9.04 OP 
7115.19 8.64 -0.94 446 9.11 OP 
7116.99 8.65 -0.91 453 9.12 OP 
7476.18 8.77 -1.57 290 9.06 OP 
7848.25 8.85 -1.73 218 8.87 OP 
4371.33 7.68 -1.96 320 9.04 OP 
4770.00 7.48 -2.44 307 9.22 OP 
4771.72 7.49 -1.87 475 9.66 OP 
4775.87 7.49 -2.30 337 9.27 OP 
4932.00 7.68 -1.66 402 9.10 OP 
5052.12 7.68 -1.30 460 9.05 OF 
5551.59 8.64 -1.90 284 9.25 OF 
6001.13 8.64 -2.06 260 9.29 OF 
6007.18 8.64 -2.06 226 fLU OP 
6010.68 8,64 -1.94 253 9.13 OP 
6587.75 8,M -1.00 458 9.17 OP 
Mean: ~),14:::1:0.22 

OIl 

No. of lines=2 

3918,98 16.33 -0,55 277 1l.47 Jeffery 

3920.G8 16.:l3 -(),24 :lQO 9.:l~~ Jeffery 

Mean: 9.40:::1:0,1 

N I 

No. of lin(ls=5 

4099.94 10.63 -1.25 50 6.91 Luck 

6M4.96 11.71 -0,91 46 7.13 Luck 

742:lJn 10.28 -o,m 220 7.12 Luck 

7442.28 10.29 ·O,~-n :109 7.29 Luck 

8216.28 10.29 0.16 462 7 .. 31 Luck 

Mean: 7.1.5:::1:0,16 

NIl 

No, of lines=2 

3995.00 18.42 0,2 25 7.33 Luck 

5679.56 18.4 0.24 18 7.36 Luck 

Mean: 7.34±.0.02 
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Table 4.6 (continued) 

Lines used to derive elemental abundances for PQ Aqr 

'\(1 ) x(eV) log gf W(mA) Abunda.nceo Referenceb 

OI 

No. oflines=8 

5330.66 10.69 -0.97 384 8.91 Luck 

5436.83 10.69 -1.5 301 8.92 Luck 

5554.94 10.94 -1.89 230 9.05 Kur 75 

6158.19 10.69 -0.29 513 9.00 Luck 

6453.60 10.74 -1.35 388 9.34 Luck 

7473.23 14.06 -0.37 142 9.01 Luck 

7771.96 9.11 0.32 928 8.84 Ltlck 

7774.18 9.11 0.17 931 9.01 Luck 

Mea.n: S.OHa.15 

Ne I 

No. oflines=14 

5764.42 18.48 -0.31 93 8.54 Luck 

5852.49 16.78 -0.44 101 7.90 Luck 

5881.90 16.55 ·0.67 84 7.79 Kur 75 

6030.00 16.6 -1.04 56 7.84 Kur 75 

6074.34 16.6 -0.47 118 8.11 Luck 

6143.06 16.55 0.17 153 7.86 Luck 

616~3.59 16.64 -0.48 88 7.80 Luck 

6217.28 16.5,; -0.78 74 7,90 Luck 

6266.1i0 1tl.64 -0.18 148 8.25 Luck 

6334.43 16.55 ·0.79 121 8.54 Luck 

6382.99 16.6 ·0.09 155 8.27 Luck 

6402.25 16.55 0.35 209 8.35 Luck 

6506.53 W.S 0.16 1 tl:3 8.15 Luck 

7032.41 16.55 ·0.14 132 8.26 Luck 

Mean: 8.11:1:0.27 

Na I 

No. of lines=2 

5682.65 2.1 -0.71 57 5.76 Luck 

8194.84 2.1 0.53 219 5.31 Luck 

Mean: 5.53:1:0.32 

MgI 

No. of lines=5 

~l829.35 2.7 -0.05 190 5.38 Luck 

3832.30 2.7 0.70 310 5.40 Luck 

5167.32 2.7 -0.86 117 5.60 Luck 

5172.68 2.7 -0.38 200 5.52 Luck 

5183.60 2.7 -0.16 224 5.39 Luck 

Mean: 5.46±0.10 

88 



Table 4.6 (continued) 

Lines used to derive elemental abundances j07' FQ Aqr 

'\(A. ) x(eV) log gf W(mA. ) Abundance" Referenceb 

MgII 

No. of lines=6 

3848.24 8.83 -1.60 175 6.29 Luck 

4390.58 9.96 -0.53 248 6.23 Luck 

4428.00 9.95 -1.21 128 6.08 Luck 

4433.99 9.96 -0.90 176 6.09 Luck 

7877.06 9.99 0.39 362 6.00 Luck 

7896.38 10.0 0.65 450 6.29 Luck 

Mean: 6.16±0.12 

All 

No. of lines::1 

3944.01 0.0 -0.62 83 4.21 Luck 

AlII 

No. of lines=4 

4663.05 10.55 -0.28 145 4.sa Luck 

5593.23 13.2 0.41 40 4.56 Kur 75 

6226.18 13.01 0.05 44 4.97 Kut' 7,5 

6837.14 13.02 O.OS 34 4.\)0 Kur 7,5 

Mean: 4.81±O.18 

Si II 

No. of lines=6 

3853.66 6.83 ·1.52 335 6.42 Kur 75 

3862.59 6.83 ·0.82 415 6.32 Kul' 75 

4128.0" 9.79 0.31 ~)85 6.61 Luck 

4130.88 9.S 0.46 403 6.57 Luck 

5056.02 10.m 0.44 458 6.S6 Luck 

5978.9:l 10.07 -0.06 285 ti.26 Luck 

Mean: 6.51±0.22 

PII 

No. of lineH=2 

6024.17 10.71 0.18 49 4.48 Kur 75 

6034.01 10.69 -0.14 16 4.13 Kur 75 

Mean: 4.3±O.24 

S I 

No. of lines=3 

6743 .. 58 7.83 -O.S5 \0 6.14 Lude 

6748.79 7.83 -0.53 24 6.1S Luck 

6757.16 7.84 -0.24 33 6.05 Luck 

Mean: 6.12±O.O7 
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Table 4.6 (continued) 

Lines used to derive elemental abundances for FQ Aqr 

>.(A) x(eV) log gf W(mA) Abundance" Referenceb 

SIl 

No. of lines=7 

4815.52 13.61 -0.05 83 6.16 Luck 

4917.15 13.94 -0.40 25 5.78 Luck 

5453.81 13.61 0.56 110 5.97 Kur 75 

5473.59 13.53 -0.12 50 5.85 Kur 75 

5509.67 13.56 -0,12 55 5,95 Kur 75 

5606.11 13.67 0.16 65 5.90 Kur 75 

5659.95 13.62 -0,07 76 6,26 Kur 75 

Mean: 5.98±0.17 

C& I 

No. of lines = 1 

4226.73 0.0 0.60 40 3.92 Luck 

C& II 

No. of lines = 1 

8248.80 7.51 0.57 161 4,18 Luck 

Sc II 

No. of lines=7 

4314.08 0.62 -0.34 330 2.14 Luck 

4320.75 0.6 -0.47 290 2,02 Luck 

4374.46 0.62 -0.67 268 2.10 Luck 

4400.35 0,6 -0.78 217 1.95 Luck 

4420.67 0,62 -2.52 18 2.29 Luck 

5239.82 1.45 -0.94 94 2.02 Luck 

5,~26.81 1.76 -0.22 210 2.02 Luck 

Mean: 2.08±0.11 

Ti II 

Nc>. of lines=49 

~\776.06 1.57 -l.:~4 149 3.15 Luck 

3882.28 1.11 -1.71 157 3.22 Luck 

3900.55 1.13 -0.45 427 3.69 Luck 

3913.46 1.11 -0.3\ 367 3.12 Luck 

3932.01 1.13 -1.78 172 3.36 Luck 

4028.33 1.88 -1.00 223 3.33 Luck 

4053.81 1.88 -1.21 184 3.33 Luck 

4163.64 2.58 -0.40 256 3.34 Luck 

4171.90 2.59 -0.56 210 3.26 Luck 

4287.89 1.08 -2.02 124 3,25 Kur 75 

4290.22 1.16 -1.12 255 3.04 Luck 

4300.05 1.18 -0.40 335 2.80 Luck 

4301.17 1.16 -1.24 191 2.84 Kur 75 

4307.90 1.16 -1.10 223 2.85 Luck 

4312.86 1.18 -1.16 240 3.01 Luck 

4314.98 1.16 ·1.13 215 2.84 Luck 
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Table 4.6 (continued) 

Lines used to derive elemental abundances for FQ Aqr 

\(A) x(eV) log gf W(mA) Abundance" Refel'enceb 

4337.92 1.08 -1.13 263 3.02 Luck 

4395.03 1.08 -0.51 365 2.99 Luck 

4399.77 1.23 -1.27 199 2.93 Luck 

4407.68 1.22 -2.47 24 2.92 Luck 

4411.08 3.08 -1.06 127 3.62 Luck 

4417.72 1.16 -1.43 231 3.19 Luck 

4421.95 2.05 -1.77 61 3.23 Luck 

4441.73 1.18 -2.41 48 3.16 Luck 

4443.80 1.08 -0.70 308 2.81 Luck 

4450.49 1.08 -2.14 168 3.55 Luck 

4468.49 1.13 -0.60 332 2.88 Luck 

4488.32 3.11 -0.46 127 3.03 Kur 75 

4493.53 1.08 -2.83 44 3.46 Luck 

4501.27 1.11 -0.76 309 2.88 Luck 

4529.46 1.56 -2.03 95 3.38 Luck 

4533.97 1.23 -0.77 429 3.68 Luck 

4544.01 1.24 -2.40 33 2.99 Luck 

4563.76 1.22 -0.96 276 2.95 Luck 

4571.97 1.56 -0.53 285 2.81 Luck 

4708.66 1.25 -2.37 40 3.05 Luck 

4779.99 2.04 -1.37 104 3.07 Luck 

4798.54 1.08 -2.67 67 3.48 Luck 

4805.10 2.05 -1.10 152 3.05 Luck 

4874.02 3.08 -0.79 75 2.99 Luck 

4911.21 3.11 -0.34 113 2.79 Luck 

5188.70 1.57 -1.21 175 2.90 Luck 

Mean: 3.12±0.25 

Cr I 

No. of lines=49 

4254.35 0.0 -0.11 45 3.93 Luck 

Cl' II 

No. of Iines=30 

3865.59 5.3 -0.78 106 3.66 Kul' 7.5 

3979.51 5.65 -0.73 78 3.60 Kul' 75 

4038.03 6.46 -0.56 46 3.61 Kul' 7.5 

4086.14 3.7 -2.42 25 3.49 Kul' 75 

4252.62 3.84 -2.02 83 3.76 Kul' 75 

4261.92 3.85 -1.53 138 3.61 Kul' 75 

4275.57 3.84 -1.71 119 3.67 Kur 7.') 

4539.62 4.02 -2..53 30 3.82 Luck. 

4555.02 4.05 -1.38 173 3.72 Luck. 

4558.66 4.06 -0.66 310 3.78 Luck. 
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Table 4.6 (continued) 

Lines used to derive elemental abundances j01' FQ Aqr 

.\(A) x(eV) log gf W(mA) Abundance" Referenceb 

4565.78 4.02 -2.11 60 3.74 Luck 

4588.22 4.05 -0.63 284 3.58 Luck 

4589.89 4.05 -1.22 166 3.51 Luck 

4592.09 4.06 -1.22 143 3.41 Luck 

4616.64 4.05 -1.29 124 3.36 Luck 

4618.83 4.06 -1.11 228 3.73 Luck 

4634.11 4.05 -1.24 186 3.63 Luck 

4824.13 3.85 -1.22 245 3.78 Luck 

4848.24 3.85 -1.14 210 3.51 Luck 

4864.32 3.84 -1.37 182 3.59 Kur 75 

4876.41 3.84 -1.46 192 3.73 Luck 

4884.57 3.84 -2.08 62 3.6 Luck 

5237.34 4.06 -1.16 218 3.68 Lucie 

5246.75 3.7 -2.48 40 3.67 Luck 

5249.40 3.74 -2.62 37 3.8 Luck 

5274.99 4.05 -1.29 243 3.93 Kur 75 

5310.70 4.05 -2.28 49 3.79 Luck 

5313.59 4.06 -1.65 132 3.73 Luck 

5334.88 4.05 -1.56 114 3.54 Kllr 75 

5478.35 4.16 -1.91 72 3.68 Kur 75 

M~/!'Il: 3.66:1:0.13 

Mil II 

N n. of lines=:~ 

42110.47 1.84 -4.25 44 4.32 Kllr 75 

4202.25 5.3ti -2.23 45 4.47 Kur 75 

11122.44 10.14 D.95 50 4.08 Kur 75 

Mean: 4.29:1:0.20 

Fe I 
No. of lines=7 

,:18'25.88 0.91 -0.04 87 4.82 Luck 

:3827.82 1.55 0.06 79 5.09 Luck 

:1809.91 (J.a -0.71 100 4.94 Luck 

:1886.28 0.05 -1.08 65 5.10 Luck 

4271. 76 1,48 -0.16 60 5.03 Luck 

4:383.55 1.48 0.20 106 4.96 Luck 

4404.75 1.5S -0.14 75 5.15 Luck 

Mean: 5.01±0.1l 

Fe II 

No. of lines=59 

3779.58 2.53 -3.78 94 5.44 Kur 75 

:3781.51 4.48 -2.78 85 5.55 Kl1l' 75 

3783.35 2.27 -3.16 190 5.24 Kur 75 

3821.92 2.33 -3.83 105 5.42 Kur 75 
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Table 4.6 (continued) 

Lines used to derive elemental abundances for FQ Aqr 

>.(A) x(eY) log gf W(mA) Abundance" Referenceb 

3824.91 2.57 -3.41 163 5.50 Luck 

3872.76 2.69 -3.32 157 5.43 Kur 75 

3896.11 2.63 -4.04 70 5.55 Kur 75 

3914.48 1.66 -4.05 170 5.57 Luck 

3938.29 1.66 -3.89 168 5.40 Luck 

3938.97 5.89 ·1.85 120 5.66 Luck 

3945.21 1.69 -4.25 110 5.44 Luck 

3974.16 2.69 -3.51 129 5.43 Luck 

4048.83 5.54 -2.14 115 5.68 Kur75 

4122.64 2.57 -3.38 181 5.48 Luck 

4124.79 2.53 -4.20 58 5.50 Luck 

4138.21 4.71 -3.18 40 5.58 Kur 75 

4173.45 2.57 -2.18 330 5.21 Luck 

4258.15 2.69 -3.40 170 5.49 Luck 

4273.32 2.69 -3.34 152 5.32 Luck 

4296.57 2.69 -3.01 234 5.45 Luck 

4303.17 2.69 -2.49 310 5.40 Luck 

4351.76 2.69 -2.10 376 5.45 Luck 

4369.40 2.77 -3.67 140 5.62 Luck 

4385.38 2.77 -2.57 240 5.07 Luck 

4413.60 2.66 -3.87 78 5.37 Luck 

4416.82 2.77 -2.60 308 5.51 Luck 

4472.92 2.83 -3.43 130 5.35 Luck 

4489.19 2.82 -2.97 224 5.39 Luck 

4491.40 2.84 -2.70 230 5.16 Luck 

4515.34 2.83 -2.48 299 5.34 Luck 

4520.23 2.79 -2.60 295 5.41 Luck 

4541.52 2.84 -3.05 212 5.40 Luck 

4555.89 2.82 -2.29 360 5.52 Luck 

4580.06 2.S7 -3.72 100 5.30 Kur 75 

4582.83 2.83 -3.10 192 5.33 Luck 

4620.51 2.82 -3.28 155 5.31 Luck 

4629.34 2.79 -2.37 363 5.58 Luck 

4635.33 5.93 -1.65 146 5.51 Luck 

4648.93 2.57 -4.39 45 5.52 Kur 75 

4666.75 2.82 -3.33 175 5.46 Luck 

4731.44 2.88 -3.36 162 5.46 Luck 

4871.27 2.69 -4.06 65 5.44 Kur 75 

4993.35 2.79 -3.65 140 5.56 Luck 

5074.06 6.78 -1.97 39 5.49 Kur 75 

5254.92 3.22 -3.23 148 5.44 Kur 75 

5272.41 5.93 -2.03 80 5.45 Luck 

5275.99 3.19 -1.94 336 5.14 Luck 

5284.09 2.88 -3.19 164 5.27 Luck 
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Table 4.6 (continued) 

Lines used to derive elemental abundances for PQ Aqr 

.\(A. ) x(eV) log gf W(mA. ) Abundance" Referenceb 

5362.86 3.19 -2.74 248 5.44 Kur 75 

5425.27 3.19 -3.36 139 5,49 Luck 

5534.86 3.23 -2.93 245 5.64 Luck 

6147.73 3.87 -2.72 148 5.33 Kur 75 

6149.24 3.87 -2.92 146 5.52 Luck 

6175.16 6.2 -1.98 55 5.37 Kur 75 

6179.38 5.54 -2.81 45 5.70 Luck 

6247.56 3.87 -2.51 204 5.41 Luck 

6331.97 6.19 -1.98 50 5.31 Kur 75 

6446.43 6.2 -2.16 43 5.43 Luck 

4508.28 2.84 -2.21 323 5.23 Luck 

Mea.n: S.43±0.13 

NilI 

No. of lines=3 

3849.58 4.01 -1.88 177 4.32 Kur 75 

4015.5 4.01 -2.42 95 4.27 Kur 75 

4192.07 4.01 -3.06 37 4.34 Kur 75 

Mean: 4.31±0.03 

Rr II 

No. of lines=2 

4077.72 0.0 0.15 180 0.45 Luck 

4215.54 0.0 -0.16 112 0.41 Luck 

Meal!: 0.43±0.O3 

hi' II 

No. of lines=2 

414!l.22 0.80 0.08 51 0.6 Thev 89,90 

4:159.74 1.23 -0.25 30 0.94 Thev 89,90 

Mellon: 0.77±0.24 

Aa II 

No. of lines=1 

'11i.'i4.04 0.0 0.12 50 0.39 Luck 

a Norlll(l.lized such tha.t logEJLini = 12.15 

b SonfCt'H of gf-values 

r Spectru/ll synthesis 
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Jeffery 

Kur 75 

Luck 

OP 

Thev 89,90 

C. Simon Jeffery (private communication) 

Kurucz & Petryemann, 1975 

R. E. Luck (priva.te communication) 

Opa.city Project (see section 4.4.1) 

Thevenin 1989, 1990 
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Table 4.7 

Lines used to derive elemental abundances for LS IV -140 109 

A(A) xCeV) log gf W(mA) Abulldallcea Referenceb 

HI 

No. oflilles=1 

6562.80 10.2 0.71 515 6.30 Luck 

He I 

No. of lines=2 

3871.82 21.13 -1.92 SynthC 11.54 Jeffery 

5047.74 14.06 -0.62 SynthC 11.54 Jeffery 

01 

No. of lines=40 

4734.26 7.95 -2.37 191 9.36 OF 
4735.17 7.95 -3.15 123 9.G7 OP 
4766.62 7.48 -2.62 199 9.40 OF 
4817.37 7.48 -3.04 182 9.69 OP 
4890.65 7.49 -3.35 110 9.52 OP 
5023.85 7.95 -2.21 175 9.07 OP 
5547.27 8.64 -2.25 131 9.19 OP 
5963.99 8.65 -2.64 150 9.71 OP 
6002.98 8.65 -2.17 152 9.25 OF 
6007.18 8.64 -2.06 157 8.17 OP 
6010.68 8.64 -1.94 178 9.19 OF 
6078.40 8.85 -2.27 107 9.17 OF 
6335.70 8.77 -2.8 106 9.66 OF 
6337.20 8.n -2.33 133 9.37 OP 
6397.98 8.77 -1.78 180 9.14 OP 
6568.71 9.00 -2.17 150 9.47 OF 
6595.24 8.85 -2.41 90 9.21 OF 
6611.35 8.85 -1.84 174 9.22 OF 
6711.29 8.54 -2.69 95 9.36 OP 
7108.94 8.64 -1.59 274 9.50 OP 
711 1.48 8.64 -1.09 340 9.41 OF 
7113.18 8.65 -o.n 364 9.25 OF 
7115.19 8.64 -0.94 350 9.32 OP 
7116.99 8.65 -0.91 344 9.26 OP 
7119.67 8.64 -1.15 334 9.43 OP 
7476.18 8.77 -1.57 291 9.65 OP 
7483.44 8.77 -1.37 229 9.07 OP 
7662.43 8.77 -1.28 255 9.14 OP 
7685.20 8.77 -1.52 237 9.26 OP 
7832.63 B.85 -1.81 204 9.36 OP 
7860.89 B.B5 -1.15 291 9.22 OP 
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Table 4.7 (continued) 

Lines 'lLsed to derive elemental abllndances for LS IV -140 109 

,\(A) 

4371.:3:3 

4770.00 

4771. 72 

4775.87 

4932.00 

5039.07 

5793.12 

5052.12 

6587.75 

Mean: 

ell 

No. of lilws:=:3 

3D20.(;8 

(l578.05 

fl582.8r; 

Mean: 

N I 
No. of Jilll'H= I () 

'lllH9.l.l4 

411'1.00 

,II51.·H; 

'IDI4.l.lU 

·W:.l').O:1 

f;(;,I'U)!; 

6(W.i.!)Z 

742:U;:1 

7,H2.:28 

NIl 

No. of I ill,,';::::;) 

:\nU.'i.l)() 

.h)()7.1;) 

·11; I :l.H7 

,H>4:Wn 

5HIH>':':!1 

01 

N(). of lillf'H=8 

5:3:l0.()() 

54:35.7B 

\(eV) loggf W(mA) 

7.G8 -1.96 261 

7.48 -2.44 255 

7.49 -1.87 309 

7,49 -2.3 241 

7.68 -1.66 317 

7.£15 -1.79 308 

7.DS -Z.06 210 

7.G8 -1.3 335 

8.54 -1.00 332 

Hi .:~:l -() .24 

1,1.45 -0.04 

1,1 AS -0.34 

10.!;:l 

lOJ;,1 

1D.2U 

IO.G'1 

lO.fH 

ll.fi" 

II. 71 

11.7 

J().28 

lO.:.:lt) 

-1.25 

-1.9.~ 

-1.87 

-2.26 

-1.94 

-1.75 

-O.9l 

-1.;;9 

-(Ui! 

-o.:n 

18,42 0.2 

18.:38 -D.S 

18.:W -0.64 

18.4 -().:.l5 

18.:~f) -D.,5S 

10.li9 -0.97 

10.69 -1.65 

97 

340 

502 

450 

208 

100 

173 

115 

163 

180 

255 

138 

476 

505 

155 

78 

72 

93 

78 

234 

192 

Abundance" Refel'enceb 

9.39 OP 

9.62 OP 

9.46 OP 

9.38 OP 

9.39 OP 

9.60 OP 

9.13 OP 

9.15 OP 

9.23 OP 

9.35±0.18 

9.46 

9.44 

9.56 

9.48±0.06 

8.42 

8.:30 

8.57 

8.64 

8.66 

9.09 

8.89 

8.75 

9.16 

9.05 

8.75±O.29 

9.16 

8.81 

8.87 

8.90 

9.10 

8.97±O.lS 

8.42 

8.77 

Yan 87 

Dahal'i 84 

Dahari 84 

Luck 

Luck 

Luck 

Luck 

Luck 

I(ul' 75 

Luck 

Luck 
Luck 

Luck 

Luck 

Luck 

Luck 
Luck 

Luck 

Luck 
Luck 



Table 4.7 (continued) 

Lines used to derive elemental ab'undances for LS IV - Lr 109 

'\(A ) x(eV) log gf W(mA) Abundance" Referenceb 

6155.99 10.69 -0.66 250 8.21 Luck 

6156.78 10.69 -0.44 290 8.28 Luck 

(H58.19 10.69 -0.29 366 8.68 Luck 

7771.96 9,11 0.36 620 8.44 Luck 

7774.18 9.11 0.22 578 8.41 Luck 

7775.40 9.11 0.0 523 8.33 Luck 

Mean: 8.44±0.19 

Nel 

No. of lines=13 

.5852.49 16,78 -0.44 261 9,50 LllCk 

n8S1.90 16.55 -0.67 262 9,62 Kur 75 

GO:30.00 16.6 -1.04 190 9.29 Kul' 75 

G074.34 16.6 -0.47 257 9.44 LllCk 

1>14:3.06 16.55 0.17 371 9.64 LllCk 

liHl3.59 16.64 -0.48 247 9,39 Lucie 

1;217.28 16.55 -0.78 224 9.43 Luck 

1>21l1l.50 16.64 -0.18 310 9.69 Luck 

(;:n4,43 16.55 -0.79 284 10,05 LueJc 

1;:382.09 16.6 -0,09 308 9.58 [Juck 

1i402.25 16.55 0.35 388 9.62 Luck 

li!ilJt>.S3 16.6 0.16 365 9.74 Luck 

i032.41 16.55 -0.14 317 9.83 Luck 

M"II11: 9.60±0.20 

Nit I 

No. of lines=4 

'lE.iI.l4.80 2.1 -1.52 6!) 7.02 Luck 

')E.iH2.{)5 2.1 -0.71 135 6.70 Luck 

G I fi4.2cl 2.1 -1.57 70 7.08 Luck 

XII.H.84 2.1 0.53 340 6.58 Luck 

Melin: 6.84±O.24 

Mg I 

No. of lines=49 

;'lsa.HO 2.7 -0.16 299 6.84 Luck 

'17ll2.99 4.3~3 -0.38 158 7.17 Luck 

M,',m: 7.00±0.23 

Mg II 

No. of lines=3 

:H,WU4 8.83 -1.6 275 7.57 Luck 

'1428.00 9.95 -1.21 248 7.34 Luck 

Ha:1.99 9.96 -0.9 303 7.53 Luck 

Mean: 7.4810.12 
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Table 4.7 (continued) 

Lines used to derive elemental abundances for LS IV -140 109 

,\(A) x(eV) log gf W(mA) Abundancea Referenceb 

AlII 

No. of lines=7 

4663.05 10.55 -0.28 368 7.00 Luck 

5593.23 13.2 0.41 282 7.04 Kur 75 

6226.18 13.01 0.05 264 7.17 Kur 75 

6823.48 13.02 -0.14 271 7.51 Kur 75 

6837.14 13.02 0.08 296 7.52 Kur 75 

7042.06 11.27 0.35 444 7.24 Kul' 75 

7063.64 11.27 -0.35 370 7.50 Kul' 75 

Mean: 7.28±0.23 

Al III 

No. of lines=2 

5696.47 15.64 -0.24 89 6.65 Kur 75 

5593.23 13.2 0.41 282 6.80 Kur 75 

Mean: 6.73±0.10 

Si I 

No. of lines=5 

5708.44 4.93 -1.47 44 7.50 Luck 

()145.08 5.61 -1.48 35 7.77 Luck 

G155.14 5.62 -0.75 80 7.51 Tom. 97 

7!J:l2.20 5.96 -0.47 96 7.51 Luck 

8556.77 .5.87 -0.19 230 7.47 Luck 

Mean: 7.60±0.13 

Si II 

No. of lines=2 

,1(J7fl.78 9.83 0.02 282 7.99 Kur 75 

5$);;7.61 10.07 -0.3 '114 7.77 Luck 

1I1l29.82 12.88 ·0.27 207 7.50 Luck 

Mean: 7.n±O.24 

Pll 

No. of lines=3 

"'HJ9.72 10.76 ·0.47 74 5.33 I<ur 75 

liO:~4.()1 10.69 ·0.14 132 5.66 I<ur 75 

IIIG5.56 10.76 -0.4 100 5.66 I<ur 75 

Mean: 5.55±0.19 

S I 

No. of lines:4 

11052.66 7.87 ·0.63 85 7.28 Luck 

1;743.58 7.83 ·0.85 120 7.77 Luck 

6748.79 7.83 ·0.53 140 7.6 Luck 

6757.16 7.84 ·0.24 211 7.81 Luck 

Mean: 7.62±O.24 

99 



Table 4.7 (continued) 

Lines used to derive elemental abundances for LS IV -140 109 

.\(A. ) x(eV) log gf W(mA) Abundancea Referenceb 

SII 
No. of lines:12 

4153.10 15.83 0.4 118 7.11 Kur 75 

4716.23 13.56 -0.52 124 7.00 [.Juck 

4779.11 13.61 -1.65 94 7.83 Kur 75 

4815.52 13.61 -0.05 191 7.31 Kur 75 

4917.15 13.94 -0.4 140 7.28 Luck 

5428.64 13.53 -0.01 199 7.39 Luck 

5432.77 13.56 0.31 300 8.05 Luck 

5453.81 13.61 0.56 329 8.05 Kur 75 

5473.59 13.53 -0.12 205 7.56 Kllr 75 

.5.509.67 13.56 -0.12 230 7.84 Kllr 75 

5606.11 13.67 0.16 266 7.97 Kur 75 

5664.73 13.6 -0.3 135 7.04 Kur 75 

Me8.n: 7.54±O.4o 

en I 
No. of lines=l 

42213.73 0.0 0.6 85 5.55 Luck 

Cii. II 

No. of lines=2 

8.042.08 1.69 -0.49 896 S.75 Km' 75 

8Gli2.14 1.69 -0.7.5 779 5.44 Kur 75 

Mt'l~n: 5.60±O.22 

S .. II 

No. of lines=;, 

'H()O.:~fi 0.6 -0.78 231 :i.Of:i Luck 

,\:10".71 0.69 -1.52 200 :3.60 Luck 

Iili04.()() 1.55 -1.53 89 3.35 Luck 

"!i84.19 1.5 -1.25 1:35 3.35 Luck 

:'!i2(;.81 1.76 -0.22 250 3.15 Luck 

M"1II1: 3,,30±O.21 

Ti II 

NI>. of linea=25 

:\771i.06 1.57 -1.34 228 4.51 Luck 

:\8:~(U)8 0.6 -1.93 178 4.03 Luck 

:\1\82.28 1.11 -1.71 157 3.98 Luck 

:llJ I :1.46 1.11 -0.31 350 4.29 Luck 

:W:12.01 1.13 -1.78 230 4.61 Luck 

4:100.0S 1.18 -0.4 359 4.21 Luck 

4:101.93 1.16 -1.24 250 4.09 Kur 75 

4316.81 2.04 -1.42 153 4.14 Luck 

4350.83 2.05 -1.4 156 4.14 Luck 

4421.95 2.05 -1.77 166 4.55 Luck 

4441.73 1.18 -2.41 160 4.60 Luck 
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Table 4.7 (continued) 

Lines used to derive elemental abundances for L8 IV -140 109 

.\(A) x(eV) log gf W(mA) Abundance" Referenceb 

4488.32 3.11 -0.46 221 4.27 Kur 75 

4544.01 1.24 -2.4 94 4.22 Luck 

4545.14 1.13 -1.81 148 3.89 Luck 

4563.76 1.22 -0.96 329 4.39 Luck 

4571.97 1.56 -0.53 340 4.27 Luck 

4708.66 1.25 -2.37 142 4.46 Luck 

4779.99 2.04 -1.37 228 4.49 Luck 

4798.54 1.08 -2.67 128 4.57 Luck 

4874.02 3.08 -0.79 188 4.28 Luck 

4911.21 3.11 -0.34 262 4.37 Luck 

5072.30 3.11 -0.75 253 4.68 Luck 

5418.80 i.57 -2.11 l15 4.18 Luck 

4501.27 1.11 -0.76 323 4.12 Luck 

4443.80 1.08 -0.7 350 4.26 Luck 

Mean: 4.aO±0.21 

Or II 
No. of lines=30 

3865.59 ,U -0.78 200 4.78 Kul' 75 

3911.32 4.92 -2.06 157 5.44 K\u' 75 

3979.51 5.65 -0,73 224 5.12 Kur 75 

4038.03 6.46 -0.56 182 S.Ot Kul' 75 

4195.41 5.3 -2.32 126 5.62 Kur 75 

4256.16 6.46 -1.39 104 5.19 Kill 75 

4261.92 3.85 -1.53 246 4.91 Kur 75 

4275.57 3.84 -1.71 241 5.03 Kur 75 

45:39.62 4.02 -2.5:3 155 5.22 Luck 

4555.02 4.05 -1.38 271 5.00 Luck 

4558.66 '1.06 -0.66 394 5.37 Luck 

4565.78 4.02 -2.11 212 5.22 Luck 

4616.G4 4.05 -1.29 296 5.10 Luck 

4618.8:3 4.06 -1.11 292 4.87 Luck 

46:34.11 4.05 -1.24 290 4.97 Luck 

4812.35 3.85 -1.8 225 4.86 Luck 

4824.13 3.85 -1.22 325 5.06 Luck 

4836.22 3.84 -2,25 248 5.48 Luck 

4848.24 3.85 -1.14 300 4.77 Luck 

4864.32 3.84 -1.37 283 4.87 Xur 75 

4876.41 3.84 -1.46 335 5.36 Luck 

4884.57 3.84 -2.08 208 4.99 Luck 

5246.75 3.7 -2.48 114 4.66 Luck 

5249.40 3.74 -2.62 198 5.36 Luck 

5274.99 4.05 -1.29 311 5.05 Xur 75 

5334.88 4.05 -1.56 260 4.93 Xur 75 
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Table 4.7 (continued) 

Lines used to derive elemental abundanceB for LS IV -it 109 

.\(A) x(eV) log gf W(mA) Abunda.nce" Reference" 

5420.90 3.74 -2.58 124 4.83 Luck 

5620.63 6.46 -1.14 153 5.18 Kur 75 

4589.89 4.05 -1.22 278 4.88 I,uck 

4592.09 4.06 -1.22 277 4.88 Luck 

Mean: 5.07±O.24 

Mn II 

No. of lines=l1 

5297.06 9.82 0.62 207 5.67 Kur 75 

4206.38 5.37 -1.57 168 5.11 I<ur 75 

4260.47 1.84 ·4.25 1·13 5.52 Kur 75 

4292.25 5.36 ·2.23 145 5.57 Kur 75 

4727.90 5.35 -2.07 134 5.27 I<Ul' 75 

4730.36 5.35 -2.15 90 5.04 I<ur 75 

4755.73 5.37 ·1.24 215 5.07 Kur 75 

4764.70 5.37 ·1.35 203 5.0S I<m 75 

6122.44 10.14 0.95 226 5.68 Kill' 75 

7415.78 a.Sf) ·2.2 295 5.32 Kill' 75 

7432.27 3.SH -2.5 187 4.95 Kul' 75 

Mean: .5.30±0.27 

Fe I 

No. of lines=7 

:3840.44 0.99 -O.SI 170 6.67 Luck 

:38.59.91 0.0 ·0.71 230 6.76 Luck 

:3886.28 0.0.1 ·1.08 ISO 6.50 Luck 

4045.81 1.'18 0.28 260 6.90 Luck 

4()7J.74 1.6 ·0.02 20e 6.77 Luck 

4271.J() 2.44 ·0.:35 129 7.00 LuC'.k 

·1-104.75 1.55 -0.14 225 6.91 Luck 

M~an: 6.79±O.17 

Fe Il 

No. of lines::::47 

:3779 . .18 2.53 -3.78 214 6.79 I<ur 75 

:3781.51 4.48 -2.78 220 7.01 Kur75 

:3824.91 2.57 -3.41 265 6.89 Luck 

389fL 11 2.K3 -4.04 180 S.74 Kur 75 

:3B30.31 1.69 -4.03 300 7.24 I<ur 7.5 

:lfJ:l8.97 5.89 -1.85 209 6.72 Luck 

:lH4S.21 1.69 -4.25 260 7.10 Luck 

4046.81 4.48 -4.1 100 7.19 Kur 75 

4088.75 2.83 -4.81 124 7.14 Kur 75 

4122.64 2.57 -3.38 265 6.71 Luck 

4124.79 2.53 -4.2 181 6.78 Luck 

4177.70 2.53 -3.75 290 7.25 Kur75 

4273.32 2.69 -3.34 273 6.76 Luck 
I 
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Table 4.7 (cont inued) 

Lines used to derive elemental abundances Jor LS IV -140 109 

'\(A) x(eV) log gf W(mA) Abundance" Referenceb 

4303.17 2.69 -2.49 386 6.94 Luck 
4351.76 2.69 -2.1 413 6.71 Luck 
4416.82 2.77 -2.6 365 6.87 Luck 
4449.66 7.89 -1.59 137 6.79 Kur 75 
4491.40 2.84 -2.7 329 6.62 Luck 
4520.23 2.79 -2.6 381 6.97 Luck 
4522.63 2.83 -2.03 413 6.67 Luck 
4555.89 2.82 -2.29 450 7.13 Luck 
4576.33 2.83 ·3.04 317 6.80 Luck 
4582.83 2.83 -3.1 314 6.83 Luck 
4583.83 2.79 -2.02 533 7.22 Luck 
4598.53 7.77 -1.5 221 7.36 Kur 75 
4601.34 2.88 -4.43 171 7.03 Kur 75 

4635.33 5.93 -1.65 285 6.99 Luck 
4648.93 2.57 -4.39 156 6.70 Kur 75 
4666.75 2.82 -3.33 292 6.84 Luck 
4868.82 2.66 -5.16 121 7.26 Kur 75 
4871.27 2.69 -4.06 211 6.81 Kur 75 
4893.78 2.82 ·4.45 174 7.01 Luck 
5197.57 3.22 -2.1 408 6.72 Luck 
5272.41 5.93 -2.03 263 7.09 Luck 

5275.99 3.19 -1.94 433 6.70 Luck 
5325.56 3.21 -2.6 349 6.66 Luck 

5362.86 3.19 -2.74 382 7.07 Kur 75 

5525.14 3.25 -4.61 161 7.28 Kur 75 

5591.38 3.25 -4.68 107 7.00 Kur 75 

5627.49 3.37 -4.36 165 7.13 Luck 

5732.72 3.37 -4.67 90 6_93 Kur 75 

5952.55 5.93 -2.03 275 7.13 Kur 75 

5991.38 3.14 -3.74 300 7.28 Luck 

6147.73 3.87 -2.72 342 7.04 Kur 75 

6331.97 6.19 ·1.98 257 7.09 Kur 75 

11446.43 6.2 ·2.16 204 6.89 Luck 

7462.38 3.87 -2.73 303 6.66 Kur 75 

Mean: 6.95::1:0.21 

Ni I 

No. of lines=4 

6772.36 3.65 -0.98 28 6.80 Luck 

7422.30 3.63 0.07 128 6.63 Luck 

4980.16 3.6 -0.1 97 6.62 Luck 

4459.04 3.31 -0.06 88 6.39 Thev 89,90 

Mean: 6.61±O.17 
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Table 4.7 (continued) 

Lines 'Used to derive elemental abundances for LS IV -140 109 

Sr n 
No. of lines::;] 

4077.72 

4215.54 

Mean: 

YII 
No. of IiMs=3 

4309.62 

4854.87 

4000.13 

Mean: 

Zr II 
No. of Iines=2 

4149.22 

4359.74 

Mean: 

Ba II 

x(eV) log gf 

0.00 0.15 

0.00 -0.16 

0.13 -0.74 

0.99 -0.38 

1.03 -0.09 

0.8 0.08 

1.23 -0.25 

W(mA) Abundancea Referenceb 

310 2.60 Luck 
277 2.53 Luck 

2.56±0.05 

55 1.87 Luck 
35 1.77 Luck 
104 2.09 Luck 

1.91±0.17 

113 1.85 Thev 89,90 

56 1.99 Thev 89,90 

1.92±0.lO 

No. of linea::::::.\ 

4554.04 

49:~4.09 

0.0 0.12 95 1.61 Luck 

O.() -0.16 12 1.68 Luck 

6141. 7:.1 

M~an: 

0.7 , __ ,(..;.l.(..;.l8 ___ 60 ____ 1-:-.8_6-:-__ Lu_c_k __ 

1.72±O.13 

a Norma.lized HUrll that logElljnj ::: 12.15 

b Sotlrc('s ,of gf-v<duNi 

(' Sr)('('trllHl HYlIthesis 

~ferences: 

Kur 7:) 

Luck 

Of' 

Thev 81l,BO 

Tom 97 

Yilll 87 

Kuru('z &. P~tryemal1n\ 1975 

H. E. Luck (private communiration) 

Opacity Projt·ct (see section 4.4.1) 

TIH'v('nin !HH9, 1990 

Tornkin t't, aI., 1997 

Van, Taylor & S!~aton, 1987 
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Table 4.8 

Lines used to derive elemental abundances for BD -10 3438 

>.(A) x(eV) log gf W(rnA) Abundance" Referenceb 

HI 
No. of lines=1 

6562.80 10.15 0.71 234 5.61 Luck 

He I 

No. of Iines:2 

5047.74 14.06 -0.62 SynthC 11.54 Jeffery 

5875.62 20.96 0.74 SynthC 11.54 Jeffery 

Mean: 

or 
No. of lines:28 

3942.22 7.680 -2.398 190 9.09 Kur 75 

4064.20 7.450 -2.699 110 9.22 Heb 83 

4064.20 7.460 -2.699 113 9.2·1 Heb 83 

4371.33 7.680 -2.097 171 8.9:3 Heb 83 

4766.62 7.'150 -2.398 111 8.84 Heb 83 

4770.00 7.450 -2.301 1,57 8.97 Heb 83 

4771.72 7.460 -1.699 233 8.75 Heb 83 

4775.87 7.460 -2.301 154 8.94 Heb 83 

4817.3:3 7.460 -2.52:l 120 £J.O() Heb 83 

4826.73 7.4EIO -2.155 184 8.96 Heb 83 

4890.64 7.490 -3.3.1 as 9.19 Luck 

4B32.00 7.ti50 -1.770 212 8.82 Heb 83 

5793.11 7.950 -2.(l46 105 8.68 Luc:k 

6010.67 8.640 -2.000 115 9.05 Kur 75 

601:3.21 8./350 -1.4(~f) 225 9.()7 Kur 75 

6014.84 8.640 -1. 721 175 9.06 Kur 75 

7108.93 B.64() -1.602 100 9.03 Luck 

7111.47 8.640 -1.071 215 8.62 (,uck 

7113.18 B.H50 -0.762 aDo 8.12 (Juck 

7115.18 B.SSO -O.HOO 287 8.BO Lud{ 

7116.90 8.S50 - l.OBI 270 8.90 Luck 

7119.67 8.640 -1.:~10 294 9.24 [luck 

747<3.17 8.770 -1.638 202 9.20 Luck 

7483.43 8.770 ·1.444 200 8.99 Luck 

7662.43 8.770 ·1.328 175 8.76 Luck 

7685.19 8.770 -1.56fJ 146 B.86 Luck 

7832.62 8.850 ·1.678 146 9.00 Luck 

7860.88 8.850 -1.155 250 8.91 Luck 

Mean: 8.9S±0,17 
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Table 4.8 (continued) 

Lines used to derive elemental abundances for BD _10 3438 

A(A) x(eV) log gf W(mA) Abundance" Referenceb 

OlI 

No. of lines=:4 

3918.98 16 .. 333 -0.545 335 8.82 Yan 87 

3920.69 16.334 -0.244 370 8.73 Yan 87 

4744.77 13.720 -2.523 109 8.35 Dahari 84 

6098.51 22.570 0.243 60 9.05 Dahari 84 

Mean: 8.74±0.3 

NI 

No. of lines=ll 

4099.94 10.630 -1.244 145 8.05 Kur 75 

4114.00 10.640 -1.959 64 8.25 Kur 75 

4151.46 10.290 -1.886 134 8.46 Luck 

4914.90 10.630 -2.301 55 8.46 Luck 

4935.03 10.640 -1.959 109 8.54 Luck 

6644.96 11.710 -0.910 214 8.56 Luck 

6646.52 11.710 -1.585 108 8.70 Luck 

7423.63 10.280 -0.611 435 8.59 Luck 

7442.28 10.290 -0.311 473 8.49 Luck 

8567.74 10.630 -0.699 400 8.40 Kur 75 

8594.01 10.630 -0.300 440 8.16 Kur 75 

Mea.n: 8.4±0.2 

NIl 

No. of lines=!) 

4607.16 18.464 -0.483 119 8.54 Bee 89 

4630.54 18.484 0.093 221 8.70 Bee 89 

464:3.09 18.484 -0.385 122 8.48 Bee 89 

.5666.64 18.461 0.009 187 8.70 Wiese 66 

5679.56 18.4 78 0.279 227 8.71 Wiese 66 

5686.21 18.461 -0.474 110 8.62 Wiese 66 

5710.76 18.483 -0.470 142 8.87 Jeffery 

3955.8.5 18.391 -1.149 80 8.77 Luck 

3995.00 18.498 0.225 215 8.41 Bee 89 

Mean: 8.6±0.15 

01 

No. of lines::6 

53:30.66 10.690 -0.971 232 8.30 Luck 

54:lS.76 10.690 -1.658 151 8.58 Luck 

5436.83 10.690 -1.495 175 8.55 Luck 

6155.99 10.690 -0.701 250 8.15 Heb 83 

6155.99 10.690 -0.701 315 8.46 Heb 83 

6158.19 10.690 -0.332 329 8.16 Heb 83 

Mean: 8.36±0.19 
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Table 4.8 (continued) 

Lines used to derive elemental abundances for BD _10 3438 

>.(A ) x(eV) log gf W(mA) Abunda.nce" Referenceb 

Ne I 

No. of lines=9 

5764.41 18.480 -0.314 299 9.01 Luck 

5881.90 16.550 -0.701 312 8.58 Wiese 66 

6030.00 16.600 -0.987 276 8.e8 Wiese 66 

6074.34 16.600 -0.467 358 8.67 Wiese 66 

6163.59 16.640 -0.476 362 8.72 Luck 

6217.28 16.550 -0.870 300 8.71 Wiese 66 

6266.49 16.640 -0.180 419 8.77 Luck 

6334.43 16.550 -0.388 405 8.85 Wiese 66 

6598.95 16.780 -0.187 442 8.97 Luck 

Mea.n: 8.8:l:0.14 

Noll. I 

No. of lines=1 

8194.83 2.1 0.53 300 6.27 Luck 

Mea.n: 6.27:l:0.00 

MgII 

No. of lines=3 

3848.25 8.830 -1.585 242 6.89 Heb 83 

4428.00 9.950 -1.201 212 6.83 Heb 83 

4434.00 9.960 -0.900 273 6.85 Heb 83 

Mean: 6.86:l:0.03 

Al II 

No. of lines=8 

4663.05 10.550 -0.301 326 5.63 Wiese 66 

8640.70 11.770 0.100 393 5.83 Kur 75 

6226.18 13.010 0.049 230 5.96 Kur 75 

6231.78 13.020 0.400 345 6.23 Kur 75 

6243.36 13.020 0.669 400 6.26 Kur 75 

6823.48 13.020 -0.140 218 6.09 Kur 75 

6837.14 13.020 0.079 262 6.10 Kur 75 

5593.23 13.200 0.410 248 5.76 Kur 75 

Mean: 6.0±0.2 

Al !II 

No. of lines=2 

5696.47 15.642 0.236 172 6.68 Jeffery 

5722.65 15.642 -0.069 118 6.57 Jeffery 

Mea.n: 6.63±0.07 

Si II 

No. of lines=5 

3853.66 6.858 -1.377 420 6,43 Duf 83 

3862.60 6.858 -0.682 520 6.41 Duf 83 
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Table 4.8 (continued) 

Lines used to derive elemental abundances for BD _10 3438 

A(A) x(eV) log gf W(mA) Abundance" Referenceo 

4130.89 9.839 0.545 605 6.52 Bee 90 

5055.98 10.070 0.517 725 6.62 Bee 90 

6829.82 12.880 -0.270 175 6.74 Kur 75 

Mea.n: 6.54:1:0.14 

SilII 

No. of lines=l 

4567.87 19.018 0.06 100 7.21 Bee 90 

Mea.n: 7.21:1:0.00 

PII 
No. of lines=3 

5499.72 10.799 -0.717 82 5.03 Hib 88 

6034.01 10.690 -0.140 166 5.39 Kur75 

6165.56 10.760 -0.400 126 5.46 Kur 75 

Mea.n: 5.3:1:0.23 

SIl 

No. of lines=18 

3923.40 16.130 ·0.328 77 6.87 Jeffery 

3993.52 14.230 ·0.810 135 6.98 Kur 75 

4153.10 25.831 0.681 183 6.52 Jeffery 

4230.98 17.370 ·0.022 45 6.78 Jeffery 

4483.42 15.830 -0.429 117 7.20 Wiese 69 

4486.66 15.800 -0.400 50 6.60 Wiese 69 

4524.95 15.000 0.061 285 7.15 Jeffery 

4716.23 13.560 -0.520 177 6.73 Wiese 69 

4792.02 16.070 -0.120 98 6.88 Wiese 69 

4815.52 13.610 ·0.050 257 6.79 Wiese 69 

4917.20 14.003 -0.400 112 6.78 Jeffery 

4925.32 13.530 -0.471 259 7.18 Luck 

5428.64 13.530 -0.010 267 6.81 Kur 75 

5473.61 13.584 -0.122 250 6.84 Jeffery 

5509.71 13.617 -0.117 296 7.13 Jeffery 

5556.01 13.560 ·0.570 126 6.51 Kur 75 

5606.11 13.733 0.041 315 6.78 Jeffery 

5664.73 13.660 -0.301 198 6.75 Jeffery 

Mea.n: 6.85:1:0.2 

011. II 
No. of lines=2 

8542.08 1.69 -0.492 695 5.57 Kur 75 

8662.14 1.69 -0.754 632 5.43 Kur 75 

Mea.n: 5.5:1:0.1 
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Table 4.8 (continued) 

Lines used to derive elemental abundances for B D _10 3438 

A(A) x(eV) log gf W(mA) Abunda.nce" Referenceb 

Till 

No. of lines=18 

3913.46 1.110 -0.312 290 4.10 Heb 83 

4163.64 2.580 -0.300 233 4,,10 Heb 83 

4171.90 2.590 -0.370 217 4.50 Heb 83 

4290.22 1.160 -1.292 206 4.65 Heb 83 

4301.93 1.160 -1.237 140 4.30 Heb 83 

4312.86 1.180 -1.553 220 4.99 Heb 83 

4314.98 1.160 -1.523 227 4.97 Heb 83 

4399.77 1.230 -1.553 173 4.80 Heb 83 

4421.95 2.050 -1.770 78 4.92 Luck 

4450.49 1.080 -1.921 149 4.96 Beb 83 

4501.27 1.110 -0.762 236 4.21 Heb 83 

4545.14 1.130 -1.824 78 4.49 IJlIck 

4563.76 1.220 -0.959 233 4.44 Luck 

4571.97 1.560 -0.530 246 4.24 Beb 83 

4779.99 2.040 -1.367 134 4.80 Heh 83 

4805.10 2.061 -1.102 215 4.90 Luck 

4874.02 3.080 -0.790 91 4.4fJ Luck 

5072.30 3.110 -0.752 100 4.52 Luck 

Mean: 4.6±0.2S 

Cr II 

No. of lincs=23 

4812.:35 ~i.850 -1.796 174 4.96 Luck 

4824.13 3.S50 -1.222 290 4.S7 Luck 

4848.24 3.850 -1.143 249 4.m Luck 

4864.:12 3.840 -1.:377 217 4.70 Kur 75 

4876.41 :3.840 -1.456 260 4.97 Luck 

5249.40 3.740 -2.699 98 5.33 Luck 

427f>.S7 3.840 -1.721 172 4.90 Kur 75 

4284.21 3.840 -1.854 143 4.93 Kur 75 

4,555.02 4.060 -1..177 218 4.85 Luck 

45.';8.66 4.060 -0.310 378 4.41 Luck 

4565.78 4.020 -2.097 142 5.23 Luck 

4588.22 4.0,50 -0.650 324 4.61 Bel> 8:5 

4,592.09 4.060 -1.222 191 4.58 Luck 

4616.(i4 4.050 -1.292 204 4.69 Luck 

4618.83 4.060 -0.979 287 4.75 Beb 83 

5478.35 4.160 -1.921 191 5.25 Kur 75 

:3865.59 5.300 -0.660 190 4.46 l<ur 75 

3979.51 5.650 -0.733 187 4.92 Kur 75 

4098.44 5.310 -1.469 80 4.92 Kur 75 

4038.03 6.460 -0.558 133 4.87 l<ur 75 
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Table 4.8 (continued) 

Lines used to derive elemental abundances for BD _10 3438 

A{A ) x{eV) log gf W(mA) Abundance" Refel'enceb 

4070.90 6.460 -0.752 188 5.33 Kur 75 

4256.16 6.460 -1.398 76 5.36 Kur 75 

5620.63 6.460 -1.143 86 5.11 Kur 75 

Mean: 4.9±0.27 

Mn II 

No. of lines==4 

4343.98 5.370 -1.097 246 5.19 Kur 75 

4755.72 5.370 -1.244 178 5.00 Kur 75 

4764.70 5.370 -1.357 160 5.03 Kur 75 

6122.43 10.140 0.950 198 5.19 Kur 75 

Mean: 5.10±0.1 

Fe r 
No. of lines::::4 

3840.44 0.990 -0.506 63 7.02 Heb 83 

3859.91 0.000 -0.710 120 7.10 Heb 83 

3886.28 0.050 -1.076 60 7.10 Heb 83 

4071.74 1.600 -0.020 110 7.12 Heb 83 

Mean: 7.08±0.04 

Fe II 

No. of lines::::45 

3914.48 1.660 -4.05 24.') 6.86 Luck 

3930.31 1.690 -4.03 240 6.83 Kur 75 

a938.28 1.6GO -3.89 175 6.39 Luck 

3945.21 1.G90 -4.25 185 6.80 Kul' 75 

3896.11 2.630 -4.04 121) ('\.79 Kur 75 

3974.16 2.6\)() -3.51 182 6.55 Luck 

4119.53 2.530 -4.17 122 6.83 Heb 83 

4122.64 2.570 -:3.38 258 6.68 Heb 83 

4124.79 2 . .5:.~O -4.20 131 6.90 Heb 83 

4177.70 2.5:~O -:3.7.5 240 6.94 Heb 83 

427a.a2 2.690 -3.34 224 6.53 Heb 8a 

4:103.17 2.690 -2 . .123 352 6.30 Kro 87 

4314.29 2.660 -3.000 280 6.3,5 Heb 83 

4a69.40 2.770 -:~.67 223 6.88 Luck 

4413.60 2.660 -3.91 188 6.91 Heb 83 

4416.82 2.770 -2.523 365 6.51 Heb 83 

4489.16 2.820 -3.53 265 6.94 Heb 83 

4515.34 2.830 -2.398 428 6.71 Kro 87 

4520.23 2.790 -2.523 391 6.65 Heb 83 

4522.63 2.830 -2.046 439 6.40 Kro 87 

4582.84 2.830 -3.000 286 6.60 Kro 87 

4648.93 2.570 -4.39 129 7.05 Kur 75 

4666.75 2.820 -3.33 252 6.66 Heb 83 
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Table 4.8 (continued) 

Lines used to de1'ive elemental ab1mdances for BD _10 3438 

'\(A) x(eV) log gf W(mA) Abundance a Referenceb 

4871.27 2.690 -4.05 121 6.73 Kur 75 

4993.35 2.790 -3.65 252 6.94 Luck 

5254.92 3.220 -3.000 208 6.52 Luck 
5362.86 :3.190 -2.699 323 6:51 Kur 75 

5534.86 3.230 -3.000 351 6.84 Luck 
6147.73 3.870 -2.699 284 6.62 Kur 75 

3845.18 4.460 -2.222 274 6.58 Heb 83 

4138.21 4.710 -3.000 164 7.11 Kur 75 

4048.83 5.540 -1.921 247 6.65 Heb 83 

4070.03 5.890 -4.33 135 7.06 Kur 75 

4111.90 5.930 -2.398 113 6.72 Heb 83 

4446.24 5.930 -2.398 74 6.44 Kur 75 

4625.91 5.930 -2.155 194 6.75 Kur 75 

4953.97 5.550 -2.699 164 7.04 Kur 75 

5272.41 5.$)30 -2.041) 232 6.78 Luck 

617B.a7 5 . .'i40 -2.699 167 7.06 Luck 

fll7S.lii (>'200 -2.000 239 6.87 Kur 75 

4:1.'i4.:35 7.!l20 -l.:3H8 170 6.75 Kur 75 
44,I\J.(i(; 7.8BO -1..585 87 6.62 Kur 75 

45!J8.5:\ 7.770 -1.4g5 165 6.88 Heb 83 

:"H7.!):' 10.:':\l 0.H2H 316 6.80 Luck 

:'!lm.7l 10.678 0,689 294 6.69 Luck 

M"ILII: 6.73:1:0.2 

Sl' II 

No. of linl·s=:.! 

4077.7:.! (WOO O.14!) :.l44 2.78 Luck 

421:'.1;'1 (WOO -D.WO 170 2.74 Luck 

M"an: 2.76:1:0.03 

!:ill. II 

No. of lilH's:::: 1 

'1r,r;4.00 O.O()O O.I:.! .10 2.20 Luck 

a Norma.lizpd Hurl! t.lla.t. ll)g~JI'ini = 12.1.1) 

b Sourres of gf·valuPH 

C Spec.trulll synt.hesis 
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Table 4.9 

Lines used to der'ive elemental abundances for LS IV __ 10 002 

:I(A) x(eV) log gf W(mA) Abundance" Reference!> 

H I 
No. of lines=l 

6562.80 10,15 0.71 500 7.05 Luck 

He I 
No. of lines= 1 

5047.74 14,06 ·0,62 SynthC 11.54 Jeffery 

C I 
No. of lines= IS 

4063.57 7.450 ·3.78 73 9,61 Reb 83 

4766.62 7.450 -2.398 64 9.20 rIeb 83 

4770.00 7.4S0 -2.:~01 81 9.21 rIeb 83 

4771. 72 7.460 -1.(i99 184 9.22 Beb 8;~ 

4775.87 7AGO -2.222 92 9.21 Beb 83 

4817.33 7.4GO ·2.523 55 9.25 Heb 83 

4826.7:3 7.4GO -2.301 57 9.05 Heb 83 

(lOI0.67 8.040 -2.000 67 9.36 Kur 75 

HOI:l.21 8.(l50 -1.469 Hj:~ 9.42 Kur 75 

H0l4.M tl,t$40 -1.721 114 9.38 Kur 75 

(iS87.75 8.500 ·1.:137 ID9 H.44 Heb 83 

71 Oil,!):! 8.fi40 ·Um2 111 9.27 Luck 

7l1tU){) tl.fi50 -1.081 2050 9.51 Luck 

747G,17 tl,770 -1.(;;\8 101 9.32 Luck 

!i:380.24 7.080 .2.046 86 9.09 Kur 7S 

M"all: 9.30±O.15 

ell 

No. of liIll's= I I 

:m IIUl8 I (i ,:\:1:1 -0.545 4005 S.H4 Van 87 

:l!.nO,()!J lfi.:n'l ·0.244 4S0 8.88 Van 87 

,j:117.:.!fi 2:.1. 120 ·O.OO!) 107 9.36 Ya.n 87 

,j:W,l.(H) 2:L120 ·O.4D!) 67 9.40 Van 87 

,1:31:2.:\5 2,1.tiSO 0.057 \05 9.37 Ya.ll 87 

,1:17 '1. 27 2'Ui"O O.6:J4 120 9.11 YIIJI 87 

'17:i7.!17 1 :1.7:20 -;UlOO 122 8.76 Dahari 84 

'1744.77 1:1.7:20 ·2.52:~ IMi 8.65 DahllJ'i 84 

'180:2,7U 21.0(JO ·OAll 145 9.2 Yall 87 

6OfJ8,51 n .. r,70 0.243 70 8.94 Dahari 84 

M"all: n.06±O.26 
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Table 4.9 (continued) 

Lines used to derive elemental abundances for L8 IV -10 002 

'\(A) x(eV) log gf W(mA) Abundance" Refereneeb 

NI 

No. of lines=6 

4099.94 10.630 -1.244 42 7.99 KUl' 75 

4151.46 10.290 -1.886 25 8.23 Luck 

4935.03 10.640 -1.959 13 8.14 Luck 

6644.96 11.710 -0.910 56 8.27 Luck 

7423.63 10.280 -0.611 199 8.18 Luck 

7442.28 10.290 -0.311 283 8.23 Luck 

Mean: 8.lHO.l 

NIl 

No. of lines=14 

3955.85 18.391 -1.149 62 8.50 Luck 

3995.00 18.498 0.225 190 8.06 Bee 89 

4041.31 23.128 0.830 42 7.94 Bee 89 

4447.03 20.411 0.238 82 8.12 Bee 89 

4607.16 18.464 -0.483 104 8.33 Bee 89 

4613.87 18.468 -0.607 80 8.27 Bee 89 

4630.54 18.484 0.093 187 8.28 Bee 89 

4643.09 18.484 -0.385 125 8.38 Bee 89 

5045.09 18.460 -0.38B 132 8.48 Bee 89 

5666.64 18.461 0.009 173 8.41 Wiese 66 

5676.02 18.462 -0.340 144 8.59 Jeffery 

5679.56 18.478 0.279 249 8.57 Wiese 66 

5686.21 18.461 -0.474 80 8.29 Wiese 66 

5710.7(; 18.48:~ -O,47D 115 8.55 Jeffery 

Mean: 8.:34±O.2 

o I 
No. of li[les=:~ 

53aO.66 10.690 -0.971 204 8.75 Luck 

6158.19 10.690 -0.332 :124 8.68 Heb 8:3 

6653.8:~ 14.470 -0.400 55 8.96 Luck 

Mean: 8.80±0.15 

OIl 

No. of lines=5 

434,5.5(l 22.973 -0.344 45 8.87 Bee 88 

4349.43 22.993 0.057 89 8.96 Bee 88 

4641.82 22.973 0.093 87 8.99 Bee: 88 

4649.14 22.993 0.340 HI 8,95 Bee 88 

4661.63 22.973 -0.259 45 8.90 Bee 88 

Mean: 8.93±0.05 
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Table 4.9 (continued) 

Lines used to derive elemental abundances for LS IV -10 002 

A(A) x(eV) log gf W(mA) Abundance" Referenceb 

NeI 

No. of lines=9 

5748.29 18.480 -1.018 138 8.79 Luck 

5764.41 18.480 -0.314 271 8.75 Luck 

5852.48 16.780 -0.445 446 9.04 Luck 

5881.90 16.550 -0.701 423 9.07 Wiese 66 

5944.83 16.550 -0.556 450 9.08 Wiese 66 

5965.47 18.650 -1.125 167 9.13 Luck 

6030.00 16.600 -0.987 326 8.88 Wiese 66 

6217.28 16.550 -0.870 351 8.88 Wiese 66 

6598.95 16.780 -0.187 490 9.03 Luck 

Mean: 8.96±0.13 

NaI 

No. of lines=l 

8194.83 0.000 0.529 200 6.45 Luck 

MgII 

No. of lines=6 

3848.25 8.830 -1.585 120 6.97 Heb 83 

4390.60 9.960 -0.500 180 6.62 Heb 83 

4428.00 9.950 -1.201 92 6.87 Heb 83 

4434.00 9.960 -0.900 138 6.82 Heb 83 

4481.13 8.863 0.568 718 6.95 Wiese 66 

4851.10 11.580 -0.682 144 7.32 Kur 75 

Mean: 6.90±0.23 

AlII 

No. of lines=8 

4663.05 10.550 -0.301 190 5.45 Wiese 66 

8640.70 11. 770 0.100 157 5.24 Kur 75 

6226.18 1:3.010 0.049 76 5.58 Kur 75 

6231.78 13.020 0.400 142 5.61 Kur 75 

6243.36 13.020 0.669 160 5.43 Kur 75 

6823.48 13.020 ·0.140 45 5.49 Kur 75 

6837.14 13.020 0.079 16 ,15.55 Kur 75 

5593.23 13.200 0.410 56 5.12 Kur 75 

Mean: 5.43::1:0.17 

Al III 

No. of Iines=4 

4528.91 17.818 ·0.294 103 6.18 TOPbase 

5696.47 15.642 0.236 185 6.48 Jeffery 

5722.65 15.642 ·0.069 131 6.48 Jeffery 

4512.54 17.808 0.405 51 6.07 TOPbase 

Mean: S.30±O.2 

115 



Table 4.9 (continued) 

Lines used to derive elemental abundances jor LS IV -1° 002 

,\(A) x(eV) log gf W(mA) Abundance'" ReferenceD 

Si II 

No. of lines=3 

3853.6f3 6.8,s8 -1.377 232 5.92 Duf83 

41:30.89 9.839 0.545 381 5.95 Bee 90 

5051).98 10.070 0.,s17 380 5.77 Bee 90 

Mean: 5.88±0.09 

Si III 

No. of lillcs=2 

4,sG7.S2 19.018 0.061 1:37 7.27 Bee 90 

4574.7() 19.0IS -0.'116 78 7.31 Bee 90 

Mean: 7.3±O.O3 

PIl 

No. of lillC~~=:3 

54zr..n:1 to.7Un 0.241 ll:~ 5.01 Hib 88 

(l():,H.OI IO.t)lm -0.140 8G 5.19 Kur 75 

H.lH!l . .r)H lO.7EiD -IlAOO 54 .5.22 Kur 75 

MNlll: .5.14±O.11 

:-ill 

No. "I' liw'H:=::lii 

:lDU:.l.!i2 1 ,1. '2:11J -D.81O 75 6,71 Kur 75 

:199:-\.'i'U lti.ISO 0.041) li9 6.48 Wiese 69 

4fJ:l2.1l1 HU80 0.241 100 f>.60 Wiese 69 

"11 fi:l.lU 1!i.880 o.ns! lGS 6.41 Jeffery 

42 I 7.'2:1 I f).8HO -0.1 liO 4(\ 6.44 Wiese 69 

'IZ:10.DB 17.:170 -fJ.()'2'2 no 6.94 Jeffery 

"I2\HA:1 1 fi.07ll O.iifiO l!.lii 6,61 Wiese 69 

,1,\1"1:1.,12 10.:-\:\0 -0.'1'20 81 7,02 Wiese 69 

·1,ISfi.!ifi IIUIOO -DAOO :12 B.50 Wiese 69 

,1;;'2·1.$)" I ii.(JOO O.OBI 174 6,64 Jeffery 

·tHr)(-i.7·1 I :L,,:lll -(J.BIO 114 6.70 Wiese 69 

·li l!i.2:.1 I :Lf){lO -O.52lJ 175 6.74 Wiese 69 

'liU2.(J2 IfUJ70 -0.120 fl:l 6.68 Wi~se 6H 

'ISUi .. 'i:.l I:Ui!D -D.OIi(J '2!.l7 6.74 Wiese 6\1 

4R"2'1.1l7 lti.:WU D.O:.l! 105 6.90 Wiese 69 

4R81i.!.i:l I :UNO -O.G4'2 118 6,73 Kur 75 

'1U17.2D l-l.OO:l -OAOO 175 6.81 Jeffery 

4H'2;'.:r.! l~l.5:.l0 -0,471 248 7.0'1 Luck 

"1:).12.47 1 :1.5:JO -O.96a 115 6.86 Luck 

,W,) I.D'! l:Ui1:.l -0.650 233 1.18 Wiese 66 

;'OOH.54 1:1.61 :1 -0.284 240 6.85 Wiese 66 

fiOI4.0:3 14.0(l3 0.033 244 6.14 Wiese 66 

S027.IH 13.040 -0.721 157 6.64 Luck 
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Table 4.9 (continued) 

Lines used to derive elemental ab7.mdances for LS IV -1° 002 

,\(A) x{eV) log gf W(mA) Abundance" Referenceb 

5103.30 13.668 ·0.108 188 6.45 Wiese 66 

5320.70 15.000 0.459 249 6,75 Luck 

5432.77 13.560 0.310 369 6.88 I<ur 75 

5453.81 13.610 0.560 451 7.08 Kur 75 

5473.61 13.584 -0.122 278 6.87 Jeffery 

5509.71 13.617 -0.117 270 6.84 Jeffery 

5556,01 13.560 -0.570 109 6.47 Kur 75 

5606.11 13.729 0.041 283 6.44 Wiese 66 

5616.63 13.600 -0.471 no 6.40 Kur 75 

5659.95 13.620 -0.070 219 6.56 Kur 75 

5664.73 13.660 -0.301 174 6,59 Jeffery 

5819.22 14.01 -0.759 113 6.88 Kur 75 

Mean: 6.72±0.2 

Ca I 

No. of lines:2 

8542.08 0.000 -0.4!)2 510 5.80 Kur 75 

8662.14 0.000 -0.754 450 5.72 Kur 75 

Mean: 5.76±0.05 

TiII 

No. of lines=5 

3900.55 1.130 -0.631 IS8 4.82 Heb 83 

3913.46 1.110 -0.740 97 4.61 Heb 83 

4443,80 1.080 -1.237 69 4.87 Heb 83 

4563.76 1.220 -0.959 5.5 4.53 Lud( 

4571.97 1.560 -0.740 93 4.74 Heb 83 

Mean: 4.70±0.14 

Fe II 

No, of lines=22 

4048.8:3 5.540 -1.921 45 6.39 Heb 83 

4122.64 2.570 -3.000 50 6048 Heb 83 

4296.57 2.690 -3.000 85 6.43 Heb 8.3 

4303.17 2.690 -2.523 15:3 6.44 Kro 87 

4351.76 2.690 -2.097 217 6.39 Kro 87 

4416.82 2.770 -2.301 150 6.30 Heb83 

4508.28 2.840 -2.301 164 6.37 Heb 83 

4515.34 2.830 -2.398 121 6.23 Kro 87 

4520.23 2.790 -2.523 115 6.33 Heb 83 

4522.63 2.830 -2.046 190 6.22 Kro 87 

4555.89 2.820 -2.301 165 6.34 Kro 87 

4576.33 2.830 -3.000 84 6.49 Heb 8~) 

4583.83 2.790 -1.824 248 6.12 Luck 

4635.33 5.930 -1.409 77 6.32 Heb 83 

4731.44 2.880 -3.000 44 6.20 Heb 83 
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Table 4.9 (continued) 

Lines used to derive elemental abundances Jar LS IV _1° 002 

A(A) 

5081.92 

5169.03 

5197.56 

5234.62 

5247.95 

5275.99 

5961.71 

Mean: 

Fe III 

No. of lines:2 

4419.59 

4395.78 

Mean: 

Sr II 

No. of lines:2 

4077.72 

4215.54 

Mean: 

Ba II 

No. of lines:1 

4554.04 

x(eV) log gf 

7.910 -0.585 

2.891 -0.870 

3.220 -2.097 

3.221 -2.046 

10.531 0.629 

3.190 -1.959 

10.678 0.689 

8.210 -1.699 

8.220 -2.155 

0.000 0.149 

0.000 -0.160 

0.000 0.12 

W(mA) 

56 

364 

121 

200 

100 

191 

115 

103 

74 

64 

20 

7.0 

a Normalized such that logE,uini = 12.1.5 

b Sources of gf-values 

C Spectrum synthesis 

References: 

Bee 88 Becker & Butler, 1988 

Bee 89 Becker & Butler, 1989 

Bee 90 Becker & Butler, 1990 

Dahari 84 Dahari & Osterbrock, 1984 

Duf 83 Dufton et aI., 198a 

Reb 83 Heber, 1983 

Rib 88 Hibbert, 1988 

Jeffery C. Simon Jeffery 

(private communication) 

Kro 87 Kroll & Kock, 1987 

Kur 75 Kurucz & Petryemann, 1975 

Luck 

TOPbase 

Wiese 66 

Wiese 69 

Van 87 
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Abundance" 

6.16 

6.18 

6.05 

6.42 

6.42 

6.25 

6.52 

6.30±0.12 

5.97 

6.28 

6.1S±0.22 

2.81 

2.54 

2.675±0.2 

2.22 

R. E. Luck 

Referenceb 

Kur 7,5 

Luck 

Luck 

I,uck 

Luck 

Kur 75 

Luck 

Jeffery 

.Jeffery 

Luck 

Luck 

Luck 

(privat.e communication) 

Canuto & Mendoza, 1992 

Wiese, Smith & Glennon, 1966 

Wiese, Smith & Miles, 1969 

Van, Taylor & Seaton, 1987 



Chapter 5 

Emission-line spectrum of MV Sgr 

5.1 Description of the spectrum 

The spectrum of MY Sgr is a mix of absorption and emission lines. The absorption 

line component which we attribute to the stellar photosphere is similar to that described 

by Jeffery et al (1988). Absorption lines are mainly due to Al III, Si III, C II (higher 

multiplets), NIl, 0 II, and possibly Ne I. Permitted or forbidden emission lines from the 

following atoms and ions are readily identifiable: H, He I, Li I, C I, C II, [N II], [0 I), Ne I, 

Na I, Mg I, Si II, Ti II, Fe I, Fe II, and Ni 1. Table 5.1 provides a list of the identified emission 

lines. Diffuse interstellar absorption bands (Herbig 1975b) are seen in the spectrum. The 

bands at AA 5487, 5780, 5797, 6011, 6196, 6203, 6269, 6376, 6379, and 6613 are clearly 

present.. 

Sample portions of the spectrum are provided in Figures 5.1 and 5.2 to show the 

fascinating mix of absorption and emission profiles. Figure 5.1 shows an emission line 

attributed to the Li 16707 'A doublet and also Cal 6717 'A along with the absorption line 

of 0 II 6721 A. We believe this is the first astrophysical detection of the Li I resonance 

featme at 6707 'A in emission. Figu;e 5.2 shows C II (AA 6780, 6784, 6787, 6791, 6798, 

6800 and 6812 ) in absorption and Ni 16767 'A in emission. Selected emission line profiles 

are displayed in Figures 5.3, 5.4, 5.5 and 5.6. Figure 5.3 shows the emission line of Ha, 

a strong Fe II line, a weak C I line and the prominent Si II at 6347 A. Figure 5.4 shows 

the [N II] and [0 I] profiles. Figure 5.5 shows profile of Li I with those of the Ca I] 6572 

A, Fe 15501 A, and Ni 16767 A. 
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Figure 5.1: Spectrum of MV Sgr showing the Li I 6707 A , Ca I and Ti II lines in emission 

and 0 II 6721 A line in absorption. 

Profiles of four Fe II lines from the multiplet RMT46 are shown in Figure 5.6. The Fe II 

emission lines clearly show two components with a minimum centred at about the stellar 

(photospheric) velocity (see below). Weaker lines (Figure 5.5) tend to show flat-topped 

profiles with a width similar to that of the stronger and double-peaked lines. A central 

minimum may be present but higher signal-to-noise spectra are needed to derive definitive 

profiles for these weaker lines. 

5.2 Radial velocities 

The kLhsorption lines of Al III, Si III, N II, and C II give a velocity of -93 ±4 km S-l which 

we refer to as the stellar velocity. This value agrees well with the earlier measurements 

of-91 ±7 and -96 ±4 km S-1 by Jeffery et al. (1988) and one of --9,5 ±8 km S-1 by Rao 

ct. al (1990). If, as is likely, MV Sgr experiences atmospheric pulsations, their amplitude 

would seem to be just a few kilometres per second. 

The diffuse interstellar bands at 5796, 6195, 6202 and 6613 give a mean radial velocity of 

-8 km s-\ the rest wavelengths are taken from Herbig (1975b). An absorption component 

at this velocity is seen in the N a I D lines. Our spectra show that this N a I D component 

consists of at least 2 unresolved components. There is another absorption component of 
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Figure 5.2: Spectrum of MV Sgr showing the ell ( RMT14) absorption lines and Ni I 

),6767 emission. 

3 

H 16562.8 

1 
+25 f...:.---

Fe II !991.38 

C 16800.6 

Sill 8347092 

1.5 

.100 o 100 
Velocity ( km .-. ) 

Figure .5.3: Comparison of emission lines of Ha, Fe II .\5991 C I .\.5800 and Si II .\6347. 

The zero of the velocity scale refers to the photospheric velocity. The position of the mean 

continuum for each spectrum segment is indicated by the line marked. 
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Figure 5.4: Comparison of forbidden emission lines of 0 I and N II. The abscissa is similar 

to Fig. 5.3. The mean continuum for each spectrum segment is indicated by the line 

marked. 

·100 o 100 
Velocity ( km •• , ) 

Figure 5.5: Comparison of Fe I emission lines from RMT46. The velocity scale is similar 

to Fig. 5.4. The mean continuum for each spectrum segment is marked as in Fig. 5.3. 
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Figure 5.6: Comparison of Li I 6707 A emission line profile and other low excitation weak 

permitted lines. The velocity scale is similar to Fig. 5.4. The mean continuum for ea.ch 

spectrum segment is marked as in Fig. 5.3. 

the Na I D lines at a radial velocity of 29 km S-l. Jeffery et al. (1988) firld absorption 

components for Ca II Ii and K lines (I,t 20 krn 8- 1 which they attribute to the interst.ellar 

medium. This velocity is consistent with a cloud at approx 4 kpe. 

The emission lines are centred on the stellar velocity. Lines wit.h a. clear ('entra,l rnini­

mum between the two emission peaks have their centra.l minimum at 92 ±G kUl s-1 (froll! 

20 lines). In ca.ses where the centra.l minimum is not, obvious, the cent.re of the line co­

incides with the stellar velocity. The velocity sepa.ration between the blue a.nd red peaks 

is 68 ±4 km S-1 from 15 Fe II lines. This splitting agrees wit.h the estima.te of 68 km 

s-1 reported by Jeffery et al. (1988). It would seem that the emission line spectrum has 

not. changed significa.ntly. 

5.3 Emission lines 

We have assumeel that the split lines are formed from two components, reel-shifted and 

blue-shifted, which have been measured independently where possible. The measured 

equivalent widths of the emission lines (both components) have been converted to line 
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fluxes using the UBVRI colors from Landolt (1979) to define the continuum flux. A 

reddening correction of E(B-V) = 0.45 is adopted from Heber and Schonberner (1981) 

who compared the observed and predicted colours. Drilling et al. (1984) give E(B-V) 

=0.38 based on the strength of the 2200 A interstellar bump. Our principal conclusions 

are unaffected by adoption of this slightly lower reddening. Seaton's (1979) reddening 

curve is used to correct the observed fluxes to their unreddened values. 

5.3.1 Forbidden lines 

The [0 I] lines at 5577, 6300, and 6363 A and [N II] 57rj5 A lines are clearly present. 

Their profiles (Figure 5.4) are almost fiat-topped but a central minimum is probably 

present. Since these lines are most probably optically thin, the profiles reflect the velocity 

distribution of the emitting gas. These forbidden lines are diagnostics of this gas. In the 

following analysis we consider the entire line profile and do not attempt to treat the blue 

and red components separately. From Table 5.1 we can say that the blue and the red 

components of the emission lines are symmetric. [0 I] and [N II] emission indicates the 

presence of a nebula around the star. The overall symmetry and similarity of the profiles 

suggest that the physical conditions of the 'blue' and 'reel' gas are not very different. 

In considering the [0 I] lines, we assume the 6363 A line to have its predicted flux 

which is one-third the observed flux of the stronger 6300 A line; the 6363 A line is present 

but difficult to measure accura.tely. Then, the flux ratio involving the [0 I] lines is given 

by 

F"'[OI] - F(6300)+F(fl:l63) - 1 9 ± 0 3 
- F(5577) -. .' . 

Here F(':\) = W(A) Fe(A), with F(A) the fiux in the line, W(A) its equivalent width and 

Fe(A) the continuum flux corrected for interstellar reddening. 

The [N II] lines ha.ve an analogous flux ratio involving the 5755 A line, which is strong 

and rea,ciily measured (Figure .5.4), and the line pair 6548 and 6583 A. Unfortunately, the 

latter pair are blended with other lines: 6548 A with a Fe I line and 6583 A with a C II 

line. A rough estimate of the flux in the 6,548 and 6.583 lines is made in the following way. 

The redward component of the 6548 A line can be seen and measured. We assume that 

the blue component has the same strength, a symmetry clearly satisfied by the majority 

of the emission lines (see Table 5.1. and Figures 5.4, 5.5, and 5.6). Since the relative 

strength of the 6583 A to the 6548 A line is fixed by their Einstein A coefficients, the 
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total flux in the pair of lines is obtained by this procedure. The flux ratio involving the 

[N II] lines is given by 

1.5x 104 

5.0x 103 . 

F[N II] = F(65~(~~:1~583) = 0.45 ± 0.15. 

""'" 

.......... 

F(NIl]=O.45± 0.15 

~ " , 

'" 

. ... .... 

F[0I)=1.9± 0.3 

~~ 

"'" 

o ." . .1 __ • .L_ .... .L .... L._.L.._ ... .l..-....L.._.L ... L._ .• L.-L._ ..• L ... I..-.L ..•.. .I_L.l--l_L_ 

6.4 6.6 6.6 7.0 7.2 7.4 
Log(n.) 

Figure 5.7: The log(ne) - T plane showing the loci corresponding to the flux ratios F[NII] 

and F[O 1]- see text. A combination T f'V 1.5 X 104 K and log(ne) r-I 6.6 satisfies the two 

observcd ratios. 

Osterbrock (1989) provides predictions of F( N II) as a func.tion of the temperature (1') 

anel electron density (ne) of the emitting gas. A solution for the population of the various 

levels of [0 I] and the emitted relative line strengths by them, was formulated along 

the lines of the discussion in Osterbrock (1989). The numerical values of the collision 

strengths and transition probabilities for [0 I] were taken from Mendoza (198:3). Figure 

.).7 represents the log(ne) - T plane for flux ratios of [0 I] (solid lines) anf [N II] (brokcn 

lines). The common region represents the range of solutions as ne = (3 - 7) x 106cm-3 

for T = 8500 - 20000 K. 
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Table 5.1 

Emission lines 

Ident. Equiv.Width3 Fluxb Ilad. vel. Base width 

(mA) (km 8-1 ) (km S-I) 

blue red 

6562.83 HI 1689 1612 3.5 -94.0 214.0 

5875.63 Hel 5.5 -95.0 346.0 

6678.15 Hel 3.3 -100.0 366.0 

6707.78 Lil 195 3.3 139.0 

5969.33 CI 65 35 5.1 -90.0 118.0 

5805.19 CI 59 64 ,5.8 -90.0 130.0 

5800.59 CI 100 109 5.8 -95.0 142.0 

6855.55 CI 52 64 3.1 -87.0 134.0 

6828.12 CI 237 246 3.1 -91.0 137.0 

6655.51 CI 131 79 3.3 -90.0 149.0 

6016.45 CI 54 37 4.9 -93.0 129.0 

600LL:~ CI 49 32 .5.0 -91.0 136.0 

6013.22 CI 52 82 4.9 -89.0 132.0 

666;3.04 CI 54 83 3.3 -99.0 145.0 

6688.79 CI 43 42 3.3 -91.0 131.0 

()(-l71.R4 CI 3.:3 -99.0 212.0 

()(i62.7:3 CI 47 75 ~3 .:3 -85.0 141.0 

6100.46 CI 71 48 4.6 -94.0 128.0 

658:~.45 [NIl] 3 .. 5 

.5754)~0 [NIl] 316 232 6.0 -106.0 140.0 

6548.08 [NIl] 40 :3.05 

G:300.n [01] 312 312 4.1 -81.0 115.0 

6;~6:U~8 [01] 4.0 -102.0 12.5.0 

,5577.3!1 [01] 109 99 7.0 -89.0 12.5.0 

6163.59 NeI 4.4 

6.506.53 NeI 3.6 

a The numbers refer to the blue and red components. 

b Continuum Flux- Units: W cm-2 f,lm-1 x 10-17 
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ldent. Equiv.Widtha Fluxb Rad. vel. Base width 

(mA) (km 5-1 ) (km 5-1) 

blue red 

6074.34 Nel 4.7 

6030.00 NeI 4.9 

6334.43 Nel 4.0 

6143.06 NeI 4.5 

6402.25 NeI 3.8 

6351.86 NeI 3.9 

5881.89 Nel 5.4 

5889.95 NaI 5.4 

5895.92 NaI 5.4 

5528.41 MgI 93 95 7.2 -89.6 135.0 

5978.97 Sill 184 172 5.0 -94.0 190.0 

6347.09 Sill 532 541 3.9 -103.0 195.0 

6572.78 Cal 177 3.5 102.0 

6122.23 Cal 122 4.6 144.0 

64:39.07 Cal 176 3.7 104.0 

5956.70 FeI 180 225 5.1 -73.0 150.0 

5501.47 FeI 92 87 7.4 -77.0 130.0 

5497.52 FeI 59 a8 7.4 -98.0 95.0 

5506.78 .FeI 35 38 7,4 -80.0 100.0 

6:318.02 FeI 484 500 4.0 -100.0 170.0 

6191.56 FeI 90 70 4.4 -113.0 125.0 

6270.24 FeI 195 1:30 4.1 -10;3.0 135.0 

5615.65 FeI 73 54 6.7 -97.0 105.0 

.5586.76 FeI 65 70 6.9 -80.0 115.0 

.s()24.55 Fel 37 26 6.7 -100.0 130.0 

a The numbers refer to the blue and red components. 

b Continuum Flux- Units: W cm- 2 }.lm- 1 x 10-17 
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Ident. Equiv.Width3 Fluxb Ra.d. vel. Base width 

(mA) (kms- 1 ) (km S-I) 

blue red 

6432.65 Fell 637 576 3.8 -92.0 135.0 

6516.05 Fell 688 761 3.6 -92.0 153.0 

6129.71 Fell 123 142 4.5 -92.0 120.0 

5991.38 Fell 475 474 5.0 -92.0 130.0 

6084.11 Fell 276 269 4.7 -92.0 130.0 

6113.33 Fell 165 140 4.6 -92.0 13.5.0 

6116.04 Fell 74 69 4.6 -92.0 12.5.0 

5534.86 Fell 375 368 7.2 -92.0 140.0 

5525.40 Fell 95 105 7.3 -100.0 120.0 

5627.49 Fell 116 122 6.7 -92.0 120.0 

6456.38 FeII 842 746 3.7 -92.0 170.0 

6247.56 Fell 290 320 4.2 -95.0 140.0 

6147.74 Fe II 4.5 -92.0 140.0 

6416.91 Fe II 284 406 :~.8 -92.0 140.0 

6149.24 Fell 4.5 -90.0 140.0 

6407.:~0 FeU 125 226 :U:l -92.0 140.0 

6219.54 FeU 2,~6 198 4.3 -75.0 140.0 

617938 Fell 91 107 4A -92.0 120.0 

.581:U)7 Fe II 103 90 5.7 -92.0 151.4 

6482.21 Fen 53 64 3.7 -80.0 160.0 

6331.97 Fen 149 203 4.0 -95.0 120.0 

617.1.16 Fell 4.4 -92.0 145.0 

6103 . .54 Fen 173 112 4.6 -90.0 130.0 

6627.28 Fell 217 228 3.4 -100.0 135.0 

6108.12 Nil 79 4.6 13:3.0 

6767.78 Nil 158 3.2 127.0 

a The numbers refer to the blue and red components. 

b Continuum Flux- Units: W cm-2 j-Im-1 X 10-17 
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5.3.2 Fe I and Fe II lines 

The relatively large number of measurable Fe I and Fe II lines encouraged us to determine 

their excitation temperatures (Texc). Extraction of Texc from a set of line fluxes is straight 

forward for lines emitted by optically thin gas. Jefferyet al. (1988) suggested, however, 

that the gas emitting the Fe II lines was optically thick. This suggestion was prompted 

largely by their interpretation of the central minimum as a self-reversal. We consider the 

emitting gas to be optically thin if lines from a single multiplet scale with their Einstein 

A coefficients. In the optically thin limit, the line flux is given by 

log {W(>.) Fc('x)} - log gJ + 3 log ,x= log N2/g2 + log C, 

where W('\) is the equivalent width, Fc('x) is the continuum flux corrected for interstellar 

reddening, N2 is the upper level population and g2 is the statistical weight of that level, 

and C is a constant. Within a multiplet the left hand side of the above expression, which 

we denote by G"should be fairly constant unless the gas is optically thick or the excitation 

is exceptionally peculiar (i.e., selective fluorescence is involved). The left hand side will 

not be constant if the lines come from optically thick gas for which the line flux may be 

almost independent of the gJ -values. 

Four lines of the strong Fe II multiplet RMT46 in the red are shown in Figure 5.6. By 

inspection it is seen that the equivalent widths (hence, the line fluxes for these lines of 

similar wavelength) vary greatly across the multiplet, as expected for optically thin lines. 

This qualitative indicator of optical thinness is readily transformed to a quantitative 

measure by computing the left hand side G of the above expression. We adopt the gf -

values given by Giridhar and Ferro (1995); the range in log gJ is from --3.74 for the 

strongest line (5~)91 A ) to -4.56 (6116 A ). We perform the test separately on the blue 

and red components of the lines by computing G(blue) and G(red) for each line. In 

arbitrary units, we find values G(blue) of 1.45, 1.44, 1.55 and 1.4.5 for the lines in the 

order of largest to smallest gJ . Similarly for G(red), they a.re 1.4.5, 1.43, 1.47, and 1.42. 

That the values within a multiplet are equal to within the measurement errors (say ±O.1 

dex) is evidence that the emitting gas is optically thin to the lines; log gf spans a range 

of 0.82 dex across these lines and G would have varied by about this amount if the gas 

were optically thick. 

The excitation temperature T exc is provided by plotting G versus the excitation po­

tential of the upper level (X). This plot for the Fe II lines is shown in Figure 5.8 where 
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Figur(' 5.8: Excitation of the Fe II red and blue emission line components. See text for 

deflnition of G. '\: is the excitation potential of the upper level responsible for an emission 

line. Filled circles represent RMT40, open circles represent RMT46, cross represents 

HMTlt 7, open triangles represent RMT163, open squares represent RMTIH9, HUed squares 

represent RMT210 and filled triangles represent RMT57. 
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Figur(' 5.9: Excita.t.ioll of 1.h(' 1<'<' I rc'cl and blu(~ emission line components. See text for 

definit.ion of G. \ iH t.\H' ('xcitat.i()[l pot(,lltia.l of the upper level responsible for an emission 

line. Filled circles I'Cprc'HC'Ilj, 11MT15, OpC>!l circles represent RMT169 and filled squares 

represent RMT68(j. 
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measurements from 6 multiplets are combined and the excitation potential (X) spans 

about 4 eV. Blue and red components of the lines are shown separately. The line fitted 

to the points corresponds to Texc = 7400 ±400 K. The same temperature fits the red 

and blue components. The gf -values are again taken from Giridhar and Ferro (1995). 

The corresponding plot for the measurable Fe I lines is shown in Figure 5.9 for which 

the gf -values were taken from Giridhar and Ferro (1989) and the estimated excitation 

temperature is Texc = 4850 ±400 K. Since the Fe I profiles are not so obviously double we 

show the plot for the integrated line profile. These results fully confirm Herbig's (1975a) 

suggestion about the excitation and colour temperatures. The total number of Fe II can 

be calculated assuming that the excitation temperature applies to the unobserved a,nd 

populous low lying levels. If the same temperature is assumed for the Fe I lines, the ratio 

N(FeII)/N(FeI) gives De = 9 X 107cm-3 when Saha's equation is adopted with T= 7300 

K. If T= 5000 K is assumed for the excitation and ionization, ne = 2 x 105cm-3 is found. 

These estimates indicate the lower and the upper limits on the electron density of the 

emitting regions. The [N II] and [0 I] lines give us a,l\ estimate to electron density which 

agrees well with the estimated range of electron density from Fe lines. 

5.3.3 Li I emission at 6707 A 

A novel result of this study is the discovery of erniRsioIl at 6707.8 A corresponding to 

Li I resonance doublet. No plausible alternative ident.ification has been found. With the 

presellce of Na I, Ni I ,ea I and other low excitation lines in emission the jdentific(~tion of 

Li I looks Recure. The shape and width of the Li I profile closely resembles t.hat of the 

othpI' low excitation lines. 

An estimate of the abundance of Li/Ca can be made by using the Ca I intercombination 

line' at 6572 A. We assume that the emitting gaH is optically thin to both lines. Certainly 

the profiles are similar in shape and quite similar to the profiles of stronger lines from 

more abundant elernents. If the excitation ternpera,tures are taken to be similar, the 

observed flux ratio with the well determined Einstein A coefficients of the Jines gives log 

N(Li I)/N(CaI) = --4.2. Since Li and Ca atoms have similar first ionization potentials, we 

assume the abundance ratio of the neutral atoms to be the elemental abundance ratio. 

If the Ca abundance is the solar value, log Li = 2.1 for MV Sgr on the usua.l scale on 

which log H =12.0. Compared to the solar abundance the sulphur and silicon abunda.nce 

determined by Jeffery et al. (1988) are deficient by 0.7 dex, if Ca is also deficient to the 
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same extent then log Li = 1.5. Solar Li abuncia,nce is 3.13 (from meteorites). 

5.3.4 HO!, He I and C II profiles 
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H 16562.8 
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Figure 5.10: Comparisoll of ('Illissioll litH' proliles of high excita.tion lilleH of C II, He I, and 

IIC\'. The velocit.y seak is similar t.() Fig. [).,1. 'I'll<' 11I('R,lI ("olltillulllll for ea.ch spectrum 

segment is ma.rkc'd as ill Fig. ;).:J. 

Profiles of Hn, t.hc' I k I ;}iH7!i ami ).(i(i7~, ami t.1l<' ell "\()[)7S IiIH'S are shown in Figure 

5.10. These emissioll profi I('s a.rc cOllsi d('l'<-lllly hroa,del.' tll<LII t.hos{~ of Fe II and other lines; 

the emission in til(' 1"('<1 willg ('xt,ellciH t.o a.bout. 100 km :'I-I ill contrast to 50 km S-1 for the 

FE'II lines. This <iiff(,t'elle<' Hllgg('St.s t.ha.t. II(\' alld t.IH' ot.ll<'r lines given above corne in large 

part from gaH that. iH movillg fa.Ht.('r t.han t.ha.t. providing t.he Fe II and similar lines. Another 

difference between lk I a.lld ell liIlE'S, a.nd t.he Fe II family of lines is the presence of blue 

shifted a.bsorption ill t.he fOl"lllC'r profiles. The He I lines show an absorption component at 

a relative velocity of a.bout.-SO kill s-I appan'llt.ly superimposed on the broad emission. 

The elI ,.\6578 profile Hhows a faint absorpt.ioll component at --20 km 8-1 relative to 

the stellar velocity. This in part may be the photospheric absorption line filled in by 
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lines). An apparent exception is provided by the Na I D lines which have a larger blue 

e"'t's width (120 km 8- 1 ) than other resonance lines for which a width of 0.0 k ~oo» u m 
S-l is representative. We suppose this difference reflects the higher optical depth in the 

Na D lines relative to the weak resonance (e.g., the Cal} 6572 A) or low excitation lines 

'd''''g the points in Figure 5.11. 
proVl 1 .. 
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Chapter 6 

Results and discussion 

6.1 EHe stars 

6.1.1 Elemental abundances 

H: The hydrogen deficic'llCY in these stars gives us a due that the composition of their 

atmospheres have been modified from their origina.l values and are domina.ted by the nu­

clear processed material. The amount of hydrogen present in t.he at.mospheres of FQ Aqr, 

LS IV-Itt 0 109 a,nel B D 10 :HJ8 is approximately 1 dex lower than tha.t present in LS 

IV +6° 002, tlw most hydrogen-deficient candidate am.ong the elevenEHe stars analyzed 

earlier (Jdfery 1996). LS IV 10 002 is hydrogen deficient almost to the same degree as 

LS IV +6° 002. As in the case or minority and majority class It CrB, and hot EHe stars, 

we find that the S abllndiwce, which is also an indicator of metallicity (see section 6.1.8), 

has a range in the progralllIlw stars. From Figure 6.1, which is a plot of HIS against the 

corresponding S, we filld t.hat the minority and majority class R CrB, programme stars 

and hot EHe sta.rs exhibit a range in both HIS and S. The iron group and the (~ group el­

ements might he til(' lea.Rt affected by nuclear processing, and hence nm give us an idea of 

the initial rnetallicity in these stars, provided they are not affected by dust gas Reparation. 

He: From the present spectroscopic analysis, we find that helium is the most abundant 

species present in the atmospheres of the programme stars. Helium is 98% or even more 

by mass in their atmospheres. 



c: Carbon is the most abundant species after helium in the cool ERe stars studied. 

We find that the carbon abundance relative to Fe is enhanced when compared to solar. 

FQ Aqr and L8 IV -10 002 have fe/Fe] ~ 2A dex, similar to minority class R CrB , 
while LS IV -140 109 and BD --P 3438 have [C jFe] ~ 1.3 dex, like majority class R CrB. 

The enhancement of carbon indicates the presence of material processed through triple-a 

burning, assuming that the abundances relative to iron were initially solar. The high 

[C I Fe] ratios in the cases of FQ Aqr and LS IV .. -1 0 002 could be a result of differential 

condensation of iron on to dust grains (Lambert 1996), but no evidences for the presence 
I'ef' 

dust shells around these objects have been found so far (Walker.~1~95). 
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Figure G.l: HIS versus S, showing a range in HIS and S: symbol stars represent cool ERe, 

solid triangles majority class R erB, * minority dass It. CrB, and open squares hot ERe 

:'itars. 

N: Nitrogen abundance relative to Fe is enhanced with respect to solar by approxi· 

mately 1.2 dex. Most of the ERe stars studied so far also show [NjFe] close to 0.9. The 

majority class R CrB are known to share a common [N /Fe] of 1.7. The enhancement in 
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nitrogen indicates that helium must have been produced from hydrogen burning by CNO 

cycle. There is a strong correlation between N and Fe abundances in the present sample 

of cool ERe stars as in the case of R CrB stars. As shown in Figure 6.2, these stars lie 

approximately on the locus of the line corresponding to the complete conversion of the 

sum of CNO nuclei to N for various metallicities (i.e., Fe abundance), which implies that 

the carbon resulting from triple-a: burning has not been further converted to N. The hot 

EHe stars lie below this line implying the incomplete conversion of CNO nuclei to N. On 

the contrary, R CrB stars lie above this line, indicating a. complete conversion of CNO 

nuclei to N and a further conversion of C from triple 0: to N in these stars . 
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Figure 6.2: Abundance of N versus Fe: symbols stars represent cool EHe, solid triangles 

majority class R erB, and open squares hot ERe stars. The Sun is denoted by (0. The 

solid line represents the loclls of the sum of initial C, N, 0 converted to N for variolls Fe 

(metallicity) abundances. The dashed line represents conversion of the initial sum of C 

and N to N. 
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0: rOlFe] is around 0.2 in LS IV -140 109 and BD _10 3438, while it is quite large in 

FQ Aqr and LS IV _10 002. Oxygen abundance relative to Fe is like solar in LS IV --14° 

109 and BD -1° :34:38. A large dispersion in rOlFe] is seen in these cool EHe stars, as in 

the case of R OrB and hot EHe sto,l'S. FQ Aqr a.nd LS IV-,l 0 002 show high [O/Pe] ratios 

like minority class R erB stars. The la.rge dispersion in [O/Fe] ratios could be the result 

of variable dilution of ON cycles am\ alpha processed material, as suggested by Rao a.nd 

Lambert (1996). 

Ne: Neon a.bunda,llce relative to Fe is enhanced with respect to solar. [Ne/Fe] for 

our sample stars ra.llges from l}i to 2.1. Ne is overabundant. in all the EHe stars ana­

lyzed so far. Neon is normally produced by the simple a-capt.ure, 160(a,I')20 Ne. This 

reaction is supposed t.o be' illeffe('t.ive during core helium burning. A second a-capture, 

2°Ne(0'.,1')24Mg during shell hll\'llillg d(>stroys the Ne nuclei. Neon can also be produced 

in early sta.ges 0[' 1l<'lill111 i>llJ'I1illP; h.v t1w reaction, 14N(a,I')18P({3+v) 180(O:,I')22Ne. 

Na: Sodiulll ablilldaw(' relat.iv(' 1.0 Fe is ('nlla,lleed with respect to the solar vahw by 

approximately \ dex ill t.he cool 1,:1 Ie sta.rs prc'S(~I1t1y studied, suggesting the synthesis of 

Na. Na. is possibly sYlltll<'sized llY 1.h(' reactioll n N c(p" ):l~l N a at the site of the ON cycle 

at T ~ 3xlO' 1\ (Ha.o awl Lallli)('rt \D!Hi). Majority class R CrB stars also show an 

enhancement. roughly by t.he Sil.ll}(' alllount. as in t.hese stars. 

Mg: Relative to Fe, ['vIp; is lik(~ solar for a.1l til(' four programme stars. 

AI: Hdativ(' t.o Fe, AI is like solar ill FQ 1\qr, BI) . P a438 and LS IV 1° 002, whil(~ 

in L8 IV-\4° \()~) [AI/\<'e] is n.7. 'I'll(' <'llhall('('l1H'nt in this star could be because of the 

reaction 25Mg(p,,):'lii .. \l. lVlajorit,y H. CrB st.a.rs show [AI/Fe] = 0.5 ± 0.:3. Hot. EHc st.ars 

a.lso show the rC'latiw AI ablll\(la,Il(,(~ lik(, sola.r. 

Si, Sand C(\.: The H ('r B sta.rs show a Ii near relation between the abunda.nces of Si 

and S relative to Fe with [Si/Fe] ~ [S/F('] (Rao and Lambert 1996, Lambert et al. 1999). 

As mentioned ea.rlier j,]1(' H CrB sta.n; are divided into two groups, majority R CrB and 
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Figure 6.3: lSi/Fe] versus [S/Fe] for cool EHe, majority a.nd minority class R CrB and 

hot EHe stars. The symbols are as in Figure 6.2 with addition for minority class R CrB 

stars (*). 

minority H Cr B, according to their lSi/Fe] and [8/Fe] ratios. The majority R GrB stars 

show lSi/Fe] ~ [S/Fe] ~ 0.6, while the minority R CrB stars show much higher lSi/Fe] 

and [S/Fe] ratios (see Figure 6.:3). Our sample of cool EEe stars have [S/Fej of O.8±O.2 

and lSi/Fe] of O.88±0.2. Rf,lativc to Fe, Ca is like solar for all these stars, except for LS 

IV··} 0 002. 

P: [P /Fe] ranges from 0.3 to 0.9 for these stars. Relative to Fe, P is slightly enhanced 

with respect to solar. Phosphorus can be produced from the a-capt,ure 27Al(a.,,,()31p. 

However, there is no evidence that there has been a sufficient production of 27 Al to seed 

this pro~ess. 

s-process elements: Very few lines of light s-process elements, like Sr, Y and Zr, and 

heavy s-process elements, like Ba are present in our sample of cool ERe stars. FQ Aqr 

and L5 IV -140 109 appear to show the abundances of both the light and heavy s-process 

elements, relative to Fe similar to the solar value. Since the s-process elements show a 
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large error of 0.6 dex in their abundances due to the uncertainty in the stellar parameters 

used, it is difficult to be sure whether the s~process elements relative to Fe are really 

enhanced with respect to solar or not. We have only one Ba II line for estimating the 

abundance, and hence it is rather difficult to obtain accurate abundance ratio of light 

s-process elements to heavy s-process elements in the four cool EHe stars considered. In 

majority and minority class R CrB stars, the s-process elements are enriched relative to 

Fe, the light s-elements being more enhanced than the heavy s-elements. 

6.1.2 Comparison with R CrB stars and hot ERe stars 

The mean abundance ratios [X/Fe] for the three groups, majority class R CrB stars, cool 

ERe stars and hot ERe stars are given in the Table 6.1. In the case of R CrB stars, the 

C/He is not determined accurately. Since the abundance ratios such as X/Fe (here X 

excludes C and He) are not sensitive to the adopted C/He as explained in section 4.1, we 

use these ratios for a comparative study. The abundances relative to F'e are given in Table 

6.1. The abundance ratios in the majority cla.ss R. CrB stars are taken from Lambed et 

al. (1999) while those in the hot EHe stars are taken from Jeffery (1996, 1998), Jeffery et 

a1. (1998) and Drilling et al (1998). 

Table 6.1 

Comparison of abundance ratios in It CrB stars, cool EHe stars and hot ERe stars 

E:lement ratio majority R erB stars(l cool I'~He sta.rsb 

[X/Fe] 

[N/Fe] 1.7±O.:~ 

rOlFe] O.4±O.6 

[Na/Fe] O.8±O.1 

[Al/Fe] O.S±O.3 

lSi/Fe] O.6±O.2 

[S/Fe] O.6±O.:3 

rCa/Fe] O.O±O.2 

I'"~ a Mean abundance ratios from Lambert et a1. Clm) 
b Mean abundance ratios from present study. 

1.2±O.1 

O.9±O.8 

1.1±O.2 

Q,3±O.2 

O.8±O,2 

O.8±O,2 

O.O±OA 

E~He sta,rs C 

O.9±O.3 

O.3±O.7 

O.2±OA 

O.4±O .. ) 

O.:~±O.5 

O.4±O.3 

C Mean abundance ratios from Jeffery (1996), Jeffery (1998), Jeffery et al. (1998) and 

Drillingetal. (1998). 
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Hydrogen: If we compare the mean hydrogen abundance of each group-R CrB, cool 

ERe and hot ERe stars-we find that hydrogen deficiency increases in the order of hot 

ERe, cool ERe and R CrB stars, i.e., the hydrogen deficiency increases with decrease 

in temperature. This could be understood as follows: To begin with, hydrogen is the 

major constituent of the star, and the hydrogen deficiency is the result of its evolution. 

Since hydrogen is consumed but never synthesized in the star, the degree of hydrogen 

deficiency reflects its evolutionary status. This phenomenon is observed in Sakurai's 

object, which showed a continuous decrease in hydrogen abundance as it evolved towards 

cooler temperatures (Asplund 1999). Mean hydrogen abundance is 6.3±O.9 for majority 

class R CrB stars (a total of 13 stars), 6.3±O.5 for cool ERe stars (our sample) and 

8.0±O.5 for hot ERe stars (10 objects, Jeffery 1996; Jeffery 1998; .Jeffery et al. 1998; 

Drilling et al. 1998). We have excluded V652 Her, RD 144941, and the t.hree hot. R CrB 

stars DY Cen, MY Sgr and V348 Sgr while averaging. There is a large sca.tter in the 

hydrogen abundance from star to star wit.hin a group, but they seem to show a relation 

with temperature, when mean hydrogen abundance as a group is considered (Figures 6.4 

and 6.5). 

Carbon, nitrogen and oxygen: The carbon to helium ratio for R erB st.ars, cool EHe 

stars and hot EHe stars lies in the range of 0.:3% to 1.0%. Since carbon is the ma,jor 

source of continuum opacity for R erR stars, we can Ilot compare t.he carbon abunda.nce 

of these stars with cool ERe stars and hot EHe st.ars. But it is dear from t.he ca.rbon 

abundance that helium burning (triple (~) has taken place in these stars. 

The average value of [N /Fe] is 1.7±O.3, 1.3±0.1 and O.9±0.3 for majority classR erB, 

cool ERe and hot BIle stars, respectively. Here t.he hot ERe stars refer to the 10 hot 

EHe stars mentioned above. Ap, the temperature decreases from hot BHe to cool EHe to 

majority class R CrB stars, the nitrogen abundance relative to iron increases (see Figure 

G.G). The abundance of nitrogen gives us a clue to the evolutionary status of these stars. 

Enrichment of nitrogen is a result of nuclear processing and mixing. The nuc:lear processed 

material is brought to the surface as a result of mixing (dredge-up). In the course of its 

evolution the star dredges-up more and more nuclear processed material (here nitrogen) 

to the surface at various stages of its evolution. From the trend observed in nitrogen 

abundance relative to iron in these groups, we feel that the sequence of evolution is from 
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EHe stars. The symbols are as in Figure 6.3. 

Cl 8
0 

Cl ... 
0 CI ... 

* * 0 Cl 0 ... * 0 
... A. 

til # 
"- ... 
::t: A. ... 

* ... * ... 
-2 ... 

... 

* 
-4 

3.8 4 4.2 4.4 4.S 

log T.!! 
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Figure 6.6: [N/Fc] versus log Tef! for cool EHe, majority class R erR a.nd hot EHe stars. 

The symbols are as in Figure 6.2. 

hot EHe to cool EHe and then to majority class R CrB stars. Schonberner (1996), a,nd 

Lambert (1996) had earlier suggest.ed that the evolution is from cool to hot stars, but from 

the behaviour of [N/Fe] ratios in these groups of stars, which shows a clear relationship 

with temperature, it appears that as the star evolves it becomes cooler. 

A large sca.tter in the [O/Fe] ratios in the stars makes the ordering of these three groups 

with respect to the oxygen abundance impossible. 

Sodium and aluminium: The material which is severely exposed to hydrogen burning 

results in the enrichment of N a and AI. Relative to Fe, N a is enriched in these objects: 

[N a/Fe] is approximately 1.1 for cool EHe stars and 0.8 for majority class R erB stars. 

Abundance of N a is not available for hot ERe stars. The intrinsic scatter in [N a/ Fe] 

for cool ERe stars is "'" 0.2 dex (see Figure 6.7). Majority class R erB stars also show 

negligi hIe intrinsic scat tel' in [N a/ Fe] ratios. Average value of N a relative to Fe is enriched 

approximately by the same amount in cool EHe and majority class R CrE stars. All the 
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three groups show scatter in [AI/Fe] ratios. Relative to Fe, Al is enhanced approximately 

by the same amount on an average in all the three groups. Na seems to be more enhanced 

when compared with AI, in all the three groups. 
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Figure 6.7: lSi/Fe] versus [Na/Fe] for cool EHe, majority and minority class R erBs and 

hot EHe stars. The syrnbols are as ill Figure 6.3. 

Silicon, sulphur a,nd calcium: It is evident from Figure 6.3 that the programme stars 

also obey a linear relation between [Si/Fe] and [S/Fe], like majority class R erB stars, 

minority class R erB stars and hot EHe stars. The programme stars are more similar to 

majority class R erB stars in [Si/Fe]~[S/Fe] ratios. FQ Aqr and LS IV -P 002, being 

low metallicity stars (low Fe abundance), have slightly higher lSi/Fe] and [S/Fe] ratios 

when compared to majority class R erB stars. The average value of [Si/Fe):::::i[S/Fe] is 0.4 

for hot ERe stars, 0.6 for majority class R erB stars and 0.8 for cool ERe stars. The cool 

ERe stars and majority R CrB stars exhibit a small spread in the values of lSi/Fe] and 

[S/Fe] about their respective averages, while the hot EHe stars show a large spread about 

its average value. In FQ Aqr the abundance of Si is derived from strong and saturated 
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Figure 6.8: lSi/Fe] versus rCa/Fe] for cool EHe, majority and minority class R erB and 

hot EHe stars. The symbols are as in Figure 6.3. 

lines of Si II, and hence is uncertain. rCa/Fe] ratios in the stars studied are like those in 

majority class R erB. LS IV _10 002 is an exception to this. Here it may be noted t.hat it 

is more close to hot EHe stars in ternperature. The rCa/Fe] ratio, which is approximately 

0.6, seen in this star is similar to that seen in hot EEe stars (Figure 6.8). rCa/Fe] ratio 

is larger in hot EHe stars when compared to that in cool EHe and majority class R CrB 

stars. This implies that Ca is either enriched in hot EHe stars or it is deplet.ed in R CrB 

stars as a result of condensation on to dust grains. Ca abundance is estimated using 

strong Ca II AA 8,542, 8662 A lines. Since these lines lie on the flat part of the curve of 

growth the uncertainty in the Ca abundance is more. 
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s-process elements: The abundances of s-process elements are not available for hot 

ERe stars. Out of the four cool ERe stars studied, FQ Aqr and L8 IV -14D 109 show 

abundances of s-process elements relative to Fe very similar to that of sun, indicating 

that the photospheric material has not been exposed to s-processing. The abundances of 

s-process elements in the other two stars, BD _10 3438 and LS IV _1 0 002, are uncertain 

due to the lack of sufficient number of lines and the large errors involved in determining 

the stellar parameters. Relative to Fe, s-process elements are enriched when compared 

with the solar abundance in the case of majority class R CrB stars, implying the presence 

of material exposed to s-process in their photospheres. Since majority class R CrB stars 

show material exposed to s-processing while the cool EHe stars do not, the former might 

be more evolved than the latter. From a consideration of the abundances of s-process 

elements, we suggest that cool ERe stars (FQ Aqr and LS IV -140 109) might evolve to 

majority class R CrB stars. 

6.1.3 Metallicity 

Iron content of the star is an indicator of it.s metallieity. There is a likelyhood that iron 

might have condensed 011 to dust grains at an earlier phase of evolution, thereby depleting 

its initial photospheric iron abundance. Since CI'-nuclei (Mg, Si, S, Ca, etc.) also reflect. 

the metallicity approximately, we use sulphur abundanee as the metallicity indicator as 

it is least depleted (Lambert 1996). In carbon rich atmospheres the sulphur produets 

are few and lower in abundance when compared with the products of ca.rboIl, nitrogen, 

silicon, etc., (Goeres 1996). Therefore, it is quite likely that sulphur is one of the lea.st 

depleted in carbon rich atmospheres. 

La.mbert et a!. (1999) have determined the I1H'tallicity of It CrB stars from Fe/C ratio, 

where C is the spectroscopic carbon abundance derived from C I lines. Since carbon is 

produced in the star a.nd iron could have been affected by the dust gas separation, Fel C 

might not give us the true metallicity of R CrB stars. Using sulphur abundance as the 

rnetallicity indicator, majority class R CrB stars show rnetallicity [Z(8)], ill the range-l.O 

to 0.47. The metallicities [Z(S)] for FQ Aqr, L8 IV ·-14° 109, BD ... JO 3438 and 18 IV-ID 

002 are -1.13,0.37, -0.33 and -0.53, respectively. For hot EHe stars metallicity [Z(S)] lies 

in the range -0.63 to 0.57. We find a continuity in range in the metallicity for majority 

class R erB , cool ERe and hot EHe stars. 
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6.1.4 The "carbon problelu" 

In the case of R erB sta,rs it is found that the abundances derived from the C I line 

strengths are far below (by 0.62 dex) the input abuIldance llsed in the model atmospheres. 

If we use a model atmosphere of input abundance of carbon as 9.,5 dex, the carbon 

abundance derived from C I line strengths t111'118 out to be about 8.9 dex. If one uses a 

model atmosphere of input abundance of carbon as 8.9 dex, the C I line strengths still 

return an abundance which is about O.G clex lower tha,n the input abundance of carbon, 

i.e., 8.3 dex. This difference is defined as "carboTl problem" (Gustafsson and Asplund 
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Figure 6.9: .6. (; (C\nput-Colltp'Ut) versus T e] f for R erB and cool EHe stars. 

1996; Gustafsson 1997; Lambert et aJ. 1999). The "carbon problem" has been nagging 
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the R CrB investigators for quite sometime. In our cool ERe stars we find that the "carbon 

problem", though exists, is not as severe as in the case of R Cr B stars. The strength of 

C I lines in FQ Aqr and LS IV -140 109 give carbon abundance o{9.2 and 9.3, respectively 

(Tables 4.6 and 4.7), for an input carbon abundance of 9.5, which translates to a "carbon 

problem" of 0.3 to 0.2 dex. For BD -10 3438 and L8 IV -P 002 we do not find any 

"carbon problem" because the equivalent widths of carbon lines (C I and C II) give the 

same abundance as the input used for the model atmosphere. The difference between the 

input and output carbon abundances, 6.C, is plotted against the temperature in Figure 

6.9. It can be seen that .6.C, which is significantly large at lower temperatures, decreases 

with increase in temperature, and hence the magnitude of the "problem" is reduced at 

higher temperatures. This behaviour can be interpreted in terms of the role played by 

carbon, which is the major source of continuum opacity at the cool end. 

Lambert et al. (1999) explain the "carbon problem" in terms of underestimation of the 

measured equivalent widths, errors in atomic data for C I, and photoionization of C I not 

being the dominant contributor to the continuous opacity. In the present work we have 

estimated the contributions to the continuum opacity from various sources (C I, He I, 

e-, He- and N I) a.t different temperatures (see section 4.2 and 4.8 and Figures 4.1, 4.2 

and 4.3). We find tha.t the dominant source of continuum opacity changes from C I to e­

to He I, as we go from the cool to the hot end. The discrepancy between the input and 

output carbon ahundance is more severe at the cool end. Thus it appears that the "carbon 

problem" is relatpd to the role of C I as the major source of continuum opacity. In model 

atmospheres whirh a.re hotter than R CrB stars (>8000 K) continuum opacity due to e­

dominates over C I. Probably, the change in the dominant source ()f continuum opacity 

from C I to e- as til(' temperature increases results in reducing the "problem". Lambert et 

al. (1999) argue that the "carbon problem" is due to the atmospheric structure adopted 

in the model atmospheres. 

Rao et al. (1999) have found that "carbon problem" is 0.3 dex when R CrB was 

observed on 199,5 Sep 30, just before a light decline. A value of 0.3 dex is considered to 

be a ~'carbon problem" of low magnitude. They also find that the abundance of other 

elements derived from the 1995 Sep 30 spectra of R OrB are consistently higher than that 

derived at other times by about 0.3 to 0.5 dex. They attribute this difference in chemical 

composition, to the atmospheric disturbance that subsequently initiated the decline. The 

problem could also be in the model atmospheres used because the atmospheric disturbance 
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that subsequently initiated the decline is not taken into account while constructing these 

models. 

6.1.5 Evolutionary aspects 

The discussion on abundances and their interpretation are mainly based on the various 

processes which may have been responsible in producing the observed chemical composi­

tion of these stars. It is clear that these stars are in the late stages of evolution and the 

observed abundances appear to have been affected by nucleosynthesis taking place in the 

course of their evolution. 

Evolutionary scenarios 

The two scenarios, FF and DD, proposed for the origin of R CrB and ERe stars are 

described in section 1.5.1 and 1.5.2. We have also discussed the pros and cons of these two 

scenarios when the predictions based on these models are compared with the observations. 

A direct comparison of observed abundances in the case of cool ERe stars is not possible 

because of the lack of detailed prediction of abundances resulting from these two scenarios. 

DD sc.enario explains the high He and N a.bundances, but fails to account for the 

observed Hand C abundances. Lambert et a\. (1999) speculate tha.t the rp-process might 

synthesize the intermediate mass elements N a -- S. In that case Mg and Ca should also be 

produced in signifkant amounts, but the obsprved Mg/Fe and Ca/Fe ratios are like solar 

for the cool EHe stars. The merging of an He white dwarf and a CoO white dwarf also 

may initiate repeated a-captures producing signific.ant amounts of 28Si and 328 (Lambert 

et a1. 1999). 

FF scenario successfully accounts for the ohserved H, C, N and He abundances, but it 

is not able to f>xplain the non-solar Si/Fe and S/Fe ratios for cool EHe stars. The high 

S/Fe ratio could be explained in terms of dust-gas separation but the high Si/Fe ratio 

cannot be explained by this chemical process. For cool ERe stars the derived e/He is 

0.3% to 1% by Ilumber, much lower than that of C/He ~ 5% to 10% predicted by the FF 

scenario (Schonberner 1996; Iben and MacDonald 1995). Recent calculations by Herwig 

et al. (1999) show the resulting surface mass fraction C/He to be ~ 1. These calculations 

are in agreement with the surface abundance pattern observed in [We] and PG 1159 

stars. 
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It is clear from the above discussion that it is difficult to pinpoint whether cool EHe 

stars are the outcome of DD scenario or FF scenario. Since the FF scenario can eventually 

produce hydrogen-deficient stars with surface composition of e/He ~ 1 by mass (Herwig 

et al. 1999), one would expect to see objects having a surface composition of GIHe R: 

0.01 at an intermediate stage after the final helium shell flash has taken place. Such 

hydrogen-deficient stars with elHe :=::i 0.01 would appear to be similar to R CrB/EHe 

stars in their surface composition. It could be possible that R erB/ERe stars ultimately 

evolve to [WC] and PO 1159 stars. 

Comparison with halo stars 

For BD _10 3438, the Q-elements and iron peak elements are consistent with the composi­

tion of disk and halo dwarfs with [Fe] = -0.8. For FQ Aqr, LS IV -140 109 and LS IV _10 

002, the lSi/Fe] and [S/Fe] ratios are high when compared with disk and halo dwarfs for 

their metallicities (McWilliam 1997). The radial velocities of our cool EHe sta.rs, which 

we have determined using Fe II, lines are listed in Table 4.1. These velocities are much 

lower than those of R OrB stars and hot ERe stars. 

Evol utionary link 

In the log g-log T~J J diagram our sample EHe stars are located along a band bounded 

by the loci of constant log(L/M) values of about 3.75 and 4.5, similar to R CrB and hot 

EHe stars. In Figure 6.10, which shows the log g-log 'l~JJ diagram, symbol stars indicate 

the cool EHe stars, open squares the hot ERe stars, and filled triangles the R erB stars. 

Solid lines in Figure 6.10 show the hydrogen and helium main-sequences, the horizontal 

branch and the Eddington limit for pure Thomson scattering in a helium atmosphere. 

Broken lines show the loci of stars with log LIM values of 3.75 and 4.5. 

From the observed dependence of hydr()gen abundance, nitrogen abundance relative to 

Fe and abundance of s-process elements relative to Fe on temperature, we have already 

mentioned that there is a clear indication of an evolution from hot E~He t.o cool EHe to 

majority class R erB stars. In the log g-log TefJ diagram (Figure 6.10), we find that 

the hot ERe stars, cool EHe stars and majority class R erB stars form a near~continuous 

sequence indicating a possible evolutionary link between them. 
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Figure 6.10: log g-log Teff diagram for cool EHe, R CrB and hot ERe stars. The sym­

bols are as in Figure 6.2. Solid lines show the hydrogen and helium main-sequences, 

the horizontal branch and the Eddington limit for pure Thomson scattering in a helium 

atmosphere. Broken lines show the loci of stars with the given log LIM. 

6.2 MV Sgr 

The double-peaked FeII (and other) emission lines suggest that the emitting gas in MV 

Sgr is confined either to a rotating envelope or to a bipolar flow. In both models the more 

excited lines are presumed to come from the inner regions closest to the star where the 
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rotation velocities or the wind velocities are the highest. Keplerian motion about MY Sgr 

seems a feasible explanation for the velocity separation of the emission lines, red and hI UE' 

components. The expected Keplerian velocities are v (km S-l) ~ 120Rho.5 where Rh is t.he 

distance from the stellar center expressed in stellar radii. We estimate the stellar radi llS 

to be R* ~ 13RG from the assumptions that Mbol c:::: -5 and Tell c:::: 15000](. A circular 

velocity of ±30 km S-1, as indicated by the displacement of the blue and red peaks, is 

attained at Rh '" 15R*. The observed separation includes an unknown projection factor, 

so Rh :::; 15R* is suggested. This gas is well inside the dusty region (Rdust f'V 40R*, Walker 

1985) responsible for the infrared emission characterized by a 1600 K blackbody. The 

fact that the strong emission lines appear doubled suggests that the emitting gas is in a, 

flattened system if the line splitting is due to rotation. In turn, this may suggest that 

there is a preferred direction for the gas outflow from the star. 

In considering alternatives to the rotating envelope, the two peaks (optically thin) of 

the emission profiles could simply imply (indicate) flows in two directions, towards and 

away from the observer irrespective of the presence of the dust-disk (or torus) as long as 

the projected size of the dust-disk is small compared to the resulting flow size. The high 

excitation lines (e.g., He I) may sample the inner volume between the star and the disk, 

and the receding gas on the 'far' side of the disk may be visible. This will account for 

the larger widths of these lines. The blue-shifted absorption in the He I and C II lines 

is probably formed close to the star where the wind is fastest. This model in which one 

component of the dust, presumably the warmer component (T = 1600 K), is concentrated 

into a disk implies a preferred direction for the ejection of gas and dust. The colder dust 

may be more spherically distributed. 
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Chapter 7 

Conclusions and future prospects 

7.1 Cool EHe stars 

Investigations of ERe stars in the disc of the Galaxy by several authors have revealed 

the existence of a small group of cool objects among them. Preliminary analysis existing 

in the literature have indicated that these stars might be transition objects which might 

evolve either to R CrB or to hot ERe stars. In the present investigation, we have obtained 

high resolution, high signal-to-noise ratio spectra of four hydrogen-deficient stars classified 

as ERe stars. These stars, which have effective temperatures in the range 8000 K to 13000 

K, are hotter than R CrB stars but cooler among the ERe stars. The spectra of these stars 

are characterized by neutral carbon lines, singly ionized carbon lines, neutral helium lines, 

and of course weak, or absent Balmer lines. We have carried out a detailed abundance 

analysis which provides us with clues to establish the kinship of these cool ERe stars with 

R Cr B stars and hot ERe stars. 

The continuum opacity, directly or indirectly, in all the normal stars is controlled by 

hydrogen, which is not the case for hydrogen-deficient stars. Therefore, it becomes very 

important to identify the dominant sources of continuum opacity to derive meaningful 

elemental abundances in cool ERe stars. Re and C being the most abundant elements in 

the atmospheres of these stars contribute significantly to the continuum opacity. Earlier 

investigations have shown that photoionization of C I is the major source of continuum 

opacity in the temperature domain of R CrB stars. In our analysis of cool ERe stars, we 

have shown that C I is still the major source of continuum opacity at the cool end (8000 
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K to 10000 K) and He I at the hot end (12000 K to 14000 K) by two independent ways: 

(i) by calculating the individual sources of continuum opacity as a function of optical 

depth (7) in the temperature domain of these stars, and (ii) by a study of the predicted 

equivalent widths of C I, C II and He I lines using model atmospheres across a grid of 

Tel" log g and C/He in the temperature range of these stars. We find that the predicted 

equivalent widths of C I and C II lines are independent of C/He at the cool end while 

the predicted equivalent widths of He I lines are independent of C/He at the hot end. 

We have interpreted such a behavior in terms of the changes in the dominant source of 

continuum opacity with temperature. 

We find that the dominant sources of continuum opacity at the cool end (FQ Aqr and 

LS IV -140 109) are the photoionization of neutral carbon and electron scattering. Most 

of the carbon is in singly ionized state and contributes 50% of the total free electrons. A 

superposition of the spectra of V3795 Sgr (R CrB type, TeJ! = 8000 K), FQ Aqr (cool EHe 

star) and LS IV -140 109 (cool EHe star) shows that the C I lines (,t,\ 5817.7,5864.95 A ) 
have approximately the same strength in all these stars. This implies that the continuous 

opacity in the line-forming regions of FQ Aqr and LS IV -140 109 is dominated by the 

photoionization of C I, making the C I line strength insensitive to carbon abundance. At 

the hot end (for BD -10 3438 and L8 IV -JO 002) photoionization of neutral helium is the 

major source of continuum opacity. 

The spectroscopic determination of carbon to helium ratio for cool EHe stars is essential 

in t.he context of their evolutionary st.atus and in the estimation of continuum opacit.y due 

to C I and He I. Our observat.ions of EHe stars with a fairly wide range in temperature 

(8000 l{ to 14000 K) have helped us in understanding the importance of the dominant 

role played by continuous opacity due to carbon and electrons at the cool end, and due to 

helium at the hot end. Our study has shown how the sources of continuum opacity vary 

across the temperature range. C I being the minor source of continuum opacity at t.he hot 

end, equivalent widths of C I and C II lines could be used to derive unambiguously the 

carbon content of the star. At the cool end C I is the major source of continuum opacity 

and He I lines give us an estimate of He/C and hence the carbon abundance. In principle 

one could estimate C/He of EHe stars in the temperature range 8500 K to 10000 K, from 

the equivalent widths of C I lines, if they have C /He < 1 %. We find that for stars in the 

temperature range 8500 K to 10000 K, it is not possible to estimate the C/He from the 

equivalent widths of C I lines if C/He ~ 1%. The O/He determined for most of these 
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stars from carbon and helium lines lies in the range of 0.3% to 1.0%. 

We have determined the parameters Tef!1 log g and e of these stars. From our analysis 

of cool EHe stars, we find that these stars are similar to R erB stars and hot ERe stars 

in their photospheric abundances. These stars when plotted in the log g - log T eff plane 

fall between the loci of constant 10g(L/M) of 3.7 and 4.5, similar to R OrB and hot EHe 

stars. 

The "carbon problem" has been nagging the R OrB investigators for quite sometime. 

They find that the abundances derived from the C I line strengths are far below (by 0.62 

dex) the input abundance used in the model atmospheres. III our cool EHe stars, we find 

that the "carbon problem" definitely exists, but it is not as severe as ill the case of R OrB 

stars. FQ Aqr and LS IV -140 109 give carbon abundance of 9.2 and 9.3, respectively, 

which translates to a "carbon problem" of 0.25 to 0.:3 <lex. For BD -F 3438 and LS IV 

-10 002 we do not find any "carbon problem" because the equivalent widths of carbOll 

lines (C I and C II) give the same abundance as the input used for the model atmosphere. 

We have shown that the magnitude of "carbon problem" reduces as we go from the cool 

end to hot end. 

Iron content of a. star is an indica,tor of its rnetallicity. There is a possibility that 

iron might have condensed on to dust grains, resulting in artificially reducing the iron 

abundance. Since a-nuclei (Mg, Si, S, Ca, etc.) also reflect the nwtallicity approximately, 

we use the abundance of sulphur, which is probably one of the least depleted as the 

metallicity indicator. The metallicities [Z(S)] for F'Q Aqr, LS IV ,·,14° 109, BD __ 10 3438 

and L8 IV -1° 002 are -l.l~J, 0.:37, -0.33 and -0.5:3, respectively. For cool BEe stars the 

rnetallicity [Z(S)] lies in the range -1.1 to O.a7 and for hot EHe sta,rs it lies in the range 

-0,63 to 0.57. 

Cool EHe stars obey a linear relation betw('cn [Si/f<'e] and [S jFe] , like majority class 

R CrB stars, minority class R Cr B stars and l~He stars. These stars in [SijF'e]:=::i[S jFe] 

ratios, are like majority class R erB stars. 

If we compare the mean hydrogen abundance of stars of each group, R CrB , cool 

EHe and hot EHe stars, we find that hydrogen deficiency increases in the order of hot 

EHe, cool EHe and R CrE stars, i.e., the hydrogen deficiency increases with decrea.sing 

temperature. Since hydrogen is consumed but never synthesized in a star, the amount of 

hydrogen deficiency reflects its evolutionary status. 

The average values of [N/Fe] are 1.7±O.3, 1.3±0.1 and O.9±0.3 for majority class 
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R erB, cool ERe and hot ERe satrs, respectively. As the temperature decreases 'from hot 

ERe to cool EHe to majority class R erB stars, the nitrogen abundance relative to iron 

apparently increases. The abundance of nitrogen gives us a clue to the evolutionary status 

of these stars. Enrichment of nitrogen is a result of nuclear processing and mixing. The 

nuclear processed materia.! is brought to the surface as a result of mixing (dredge-up). In 

the course of its evolution the star dredges-up more and more nuclear processed material 

(here nitrogen) to the surface at various stages of its evolution. From the trend observed 

in the nitrogen abundance relative to iron for these groups, the evolutionary sequence 

appears to be from hot EHe to cool EHe and then to majority class R CrB stars. 

The abundances of s-process elements are not available for hot ERe stars. Out of the 

four cool EHe sta,rs studied, FQ Aqr and L8 IV -140 109 show abundance of s-process 

elements relative t.o Fe, like sola.r. The abundances of s-process elements in the other two 

stars, BD -10 3438 ami LS IV -1 0 002, are not well-determined due to the uncertainity in 

the stellar parameters deriv(-~d. Relative to Fe, a-process elements are enriched compared 

to solar in the ('.a.K(~ of majority class R CrB stars. Looking at the abundances of s-process 

elements, we suggeHt. tha.t t.he coolEHe stars, FQ Aqr and L8 IV -140 109 might evolve 

to majority cla,ss R Cr B stars. Since majority class R CrB stars show material exposed 

to s-processing they might. be m()r(~ evolved than cool ERe stars. 

The main cOllcluHioll of our st.udy is that there are similarities in the observational 

properties and cont.inuit.y in t.he abundance pattern among the three groups of objects; 

Rer B, cool l':lIc' and hot. EI-[p stars, indicating a continuous evolutionary sequence. 

Based on the deriv(,d abulldances in particular the hydrogen abundance, [N /Fe] ratios, 

abundances of s-process element.s, and the location of these stars on log g-log Tef J diagram, 

we suggest tha.t. t.h8 evoln t.ioll is in the direction hot EHe stars-..cool ERe stars-tmajority 

class R CrB st.ars. 

7.2 MV Sgr 

The radial velocit.y measured hy us from the photospheric absorption lines agree with the 

earlier measurements suggesting that the radial velocity of MV Sgr is nearly constant: if 

it pulsates, it does so with a small amplitiudej if it is a spectroscopic binary, the velocity 

amplitude of the visible star is small. 

The emission line spectrum shows MV Sgr supports a wind: the He I lines show blue-
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shifted absorption at an expanSIOn velocity of about 80 km S-l. The line profiles of 

other lines from strong Fe II lines to weaker forbidden lines are centred on the stellar 

velocity with a width that is an increasing function of excitation potential. We tentatively 

associate the emission lines with two flows, towards and away from the observer. We 

cannot exclude the possibility that the emitting gas is concentrated in a rotating (dust­

free) torus; measurements of polarization will be helpful in refining the model. 

A novel result of our study is the detection of the Li I resonance feature at 6707 A in 

emission. We infer an abundance ratio Li/Ca using the Li I 6707 A and the Cal 6752 

A intercombination line. If, as the Fe I and Fe II lines suggest, the excitation is quasi­

thermal, we find a value of -4.2 for log N(Li I)/N( Ca I), and the similarity of ionization 

potentials suggests that this is also the elemental ratio log N(Li)/N(Ca). If the star's 

calcium abundance is solar, we find log Li = 2.1 on the usual scale. Since all stars prior 

to the onset of He core burning destroy or dilute the Li in their outer envelopes to a level 

well below this abundance (log Li ,...., -1 to 1, Brown et a1. 1989), it appears that MV 

Sgr was able to resynthesize Li. Lithium production is observed and predicted to occur 

in the envelopes of intermediate mass stars at high luminosities on the asymptotic giant 

branch (d. Sackmann and Boothroyd 1992; Smith et a1. 1995). The raw material for 

Li production is the 3He synthesized on the main sequence; since the initial step of 3He 

production from hydrogen is controlled by a very slow weak reaction, the main sequence 

phase for low mass stars seems to be the sole practical site for 3Re synthesis. In principle, 

3Be may be processed to 7Li at other sites and other stages of evolution; for example, 

Podsiacllowski, Cannon and Rees (1995) suggest 7Li production to occur in a Thorne­

Zytkow object, a red giant with a neutron star as its core. We infer that MV Sgr has 

evol ved from an intermediate mass AGB star and possibly the Li was produced in the 

final He thermal flash after the star had left the AGB to enter the white dwarf cooling 

track. 

The abundance analysis by Jeffery et a1. (1988) suggests that N is more abundant than 

C, a situation different from other hot hydrogen deficient stars. The super Li rich AGB 

stars observed by Smith and Lambert in LMC are of high luminosities (Mbo! '" -6.5) 

and show N to be more abundant than C. This has been interpreted as a consequence of 

C from the helium burning being further processed by CNO cycles to N (Sackmann and 

Boothroyd 1992). If such a star evolves to hotter regions and becomes hydrogen deficient 

it probably would show a.bundances similar to MV Sgr. 
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Lithium is not an unknown ingredient of R CrBs. Lambert and Rao (1994) report 

lithium to be present and with an abundance similar to that inferred for MV Sgr in 4 out 

of a sample of 18 stars. Lithium is also found in lout of 5 Hydrogen deficient cool carbon 

stars (Warner 1967). Of course, lithium will not be detectable in hot R CrBs unless these 

stars also possess cooler absorbing/emitting regions, as is the ca~e for MY Sgr. 

7.3 Future prospects 

The present analysis does not allow us to either explain the cause of hydrogen deficiency, or 

provide a clear evolutionary link between R CrB stars and EHe stars. There are definite 

indications of an evolutionary link. Further studies of a larger sample are required to 

pinpoint the evolutionary status of these objects and order them sequentially. There are 

only six known cool EHe stars, which were the result of several surveys. These surveys 

have covered mainly the disc of the Galaxy. For a larger sample, it is necessary to conduct, 

an extensive survey of other regions of the Galaxy to look for cool EHe stars. 

An enhancement of s-process elements in a star is an indication that it has gone through 

the Asymptotic Giant Branch phase of evolution and has experienced the third dredge­

up. The temperatures of our stars fall in the range 8000 K to 14000 K. The s-process 

elements in this temperature range will be mostly in second and third ionization states. 

The lines of s-procesH elements in these ionization stateR would be strong even for solar 

composition and would appear in ultraviolet wavelengths. Hence, an extensive analysis 

of high-resolution ultraviolet and optical spectra of a large sample of EHe stars, including 

the candidates uHed in the present study, would be highly desirable. Our analysis of EEe 

stars shows tha.t it is possible to determine Sr, Y, Zr, and Ba abundances from the optical 

spectra. of cool I<~Hf~ stars, that is for Telj ~ 12000 K. Our analysis eventually provides Sr­

Ba abundances only for a few stars - a sample too small to dearly establish an evolu tionary 

link and continuity in the abundances of s-process elements between R CrB and ERe stars. 

We have predicted the equivalent widths of some strong Y III (2327.3 and 2414.6 A) and 

Zr III (1937.2, 1940.2, and 1941.1 A.) lines for ERe stars. The computed equivalent widths 

of these lines are quite large for solar abundances relative to Fe. An underabundance of Y 

and Zr is not shown by cool EHe and R CrB stars and an underabundance of these in hot 

ERe stars would be a surprising result. High resolution ()"/A)" :::::: 30,000) UV spectra for 

ERe stars using HST, could provide the Y and Zr abundances from the lines mentioned 
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above for EHe stars wi th ('ffecti ve tem peratures 9000 :::; T ef f :5 20000 K. There are many 

Fe II and Fe III lines in the region, especially around the Zr III lines. These will provide a 

check on the optical Fe a.bundances. Our predicted equivalent widths of Y III and Zr III, 

and also the synthetic spectra show that these lines can be detectecl in the spectra of 

EHe stars unless the Y and Zr are greatly underabunclant relative to the Fe abundance 

determined from optical spectra. 

Of the many questions una1lswered by our study of MV Sgr, we expect to answer a few 

by extending high resolution spectroscopy across the visible spectrum and beyond. High 

S IN spectra will surely n'vpa.l a.dditional details about the line profiles. Spectra in the 

blue may show lines of heavy element.s which should be enhanced if MV Sgr has evolved 

from an AGB star. The light(~r elements, say Ge-Mo, should be severely enhanced if MV 

Sgr is a Thorne-Zyt.kow object (Biehle 19~J1, 1994; Camton 1993). 
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