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or t';ul.uct.Lc f:lvt>Lul.iuu. '!'Iltoo Ubl:H.'.1'VC;H! 't'uc.Jlal l~l'udit'llt iu the 

disk of' our l.inL..tAY, ulJllndUIlCe tlilOlllc.lltC:leJ UCrORf'I the spirl,tl 

tU'1II1:J ulHI 1l1:olo LIU' rlltlotll o!' L.llt: I-l/.)ulH-iurluuH o.f ..,leJIlGIJJtH 

f(u'lIlt'd ill llt"llllory .. lud I:I(.lCQl.l...tm"y llllC.loosYllt.hc.l:lil:l I-lJ'uvlde the 

utJl:ltir'vLltioll,'1 tC'l'4tf'l J'or tlJu mOtialb ()1' ",1:.1.1 uotlo avu] nt Lon. 

in tho 11~'<"tWrlt lrlvea!ltl~,tltlc)n, \ve huvtl cJurtvou t.he.: 

D.ho'V$ IUEHJt1,)n~d C!'''tlltlttf:ll:l hy t;.l.lf:l ~lJUctro!lc\)pJc l:I(,ud.L~s of' 

cl ... nsJ.Cl'l (}"'~)helJ~. This t,rrolljoJ 01 f'ltEJ't'If, duu to lteJ hiZh 

Lntrinsic lum1.rwslty, slRuller l:ICI.. u.ucl tllO oxtstcJ..lce "r 

11o't' .locJ- L um lUt)s.i ty A!ld .I.~ur Lod-n~e 't'(d nt iont!ll.Lips, 11::1 fl v~ry 

Good cAnMi~~tA for th~ studi~s of tiulactic evulution. 
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ill ... ,,:.·n:;L""l'h,>;sic::t • ..1. uiJjt:lCt.b 11:> l'f'vl~\"cnJ 111 ' .. al"l~te't" 1 .tlld 1.1l~ 

.'!t.·td()ll!'l t.'lhJ.'l.uy~CI ill tlh: dc~tt·.L·If.l/J" tlun .)1' til/? ::.tcllar chC:"nict,,, 

t; IlIl.olJt-..Ltiu!l UJ.'C d"'::,CL'i,:>tHI til ~h;';Jt'=ll.' 2. l,;lt.,.)t;E,·r.3 <h"scribl:'s 

illVOl'3ti..,;.lt..iuli I" • .:'r~ ul,t •. illt.J IIsil'c. tbu lo2-~lll 'I'ut'1.ct..o1.1 01 

.1.,N:..llll' 0ul.>c·1'V'nt.ul'Y l,.,l-'tl",'c • .'Ol1 l~~U-("'l. 'l·ht.ll:ll~ IiPC<:tJ'iI Wtll'E\ 

dl.hJ1YI:o(·ld IlSillt• Lnu UUl.ullldl.l-d IItLCI'UIJllUtulllut"J' uJ:' t.llt.: Judi.Hl 

.L'u:iLlt.lIl"c ot' .\.btrulhysiCI:>, Ill:ilUL tllC micrucUlDllllLtU' Jlrul'~'rl1ntmN5 

!:IjleO Lally 'Wt'it.t.ell t'Ut, tll~ .,r\IIH.\llt wUl"l(.. Tho lI1tJthod 01' 

OUUl,)ut.utlt).ll oj' I.bo tl.AUl)l'uLj,alJ KJ,lUct..l"um il:i descriuC.l<i 11£ 

C1uil,tur II. 'l.'hl.: CCJlIllllltdtiull, I.Hll:Jud U11 t.ll(:.) l'O,L'.lU:!.l soLutioll 

or ,t'I.lIlL,.lt.iVtJ tl· ... nd·c·l .. , lIlCU1'pOJ'HI.Oc.J ('lu' HLlnl'li.t'yillg Hh1iU'lIj)-

t iUllh ut' Locfll t.uorllluc.JYlIi:l.1I1 j C thj U U Ltl'riulll, hyut'of:l t.Htio 

*:I(! I j 11 1.1.>1' ium 'dArj l,l U!lti- !Jural 1 ",j 4::UOIIH:ttl"Y. 'l'busa GI"II:I U'lljJ t, iunl:l 

Ul't' ru C'I 1'1 0 tH:lb Ly t~uoc: 1'ut' t.110 sn~ teA'll.Lo t Laus u.t' .11'-0 f:I t.urtll. 

1'11(:1 lJbt 0.1' 1':S1HJctrdi i1nas cUIlli)uted, und tl10i.l:' g!' valutJs 

Llerlvod i'rom Uil invertod :ojOl .. ~l' UJwlytds, ur'~ S'Lvea in tl.Le 

.aJ,JjJentl.Lx.. 

'l'he resul t:lnt UUUlluUllce dot.o't"mi.nat1onl:i for the Coplleids 

'1' UO:loceroti,s, '5 tleminoruul, .x. Qflt,!,i ttarii., Wt, Sf:l{~'ittHrii tmLl 

~V l'hHlcJC..:erotis i:l.ro presented in Chapter ,. 'l'b~ Mb'rl::lement 

btltwf.;en the obsl.:rvcd ~lld the computed slJectra 1::1 sho'Wn in 
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the l' il.!.ur€:s. 'l'll<::~e rO~ll1 ts. a.t'e d i.~c'll,sed i.lL Ub.Ell'teL' 6. ~oJe 

'i'ht-· roll' e in f' .... tlclctuC .. :Iltl~ic (lilSt(lu.c .. :t.:s 01' 1.110 ~)l't'st)nt SOI1JI)la 

l)h 0 t ')Ull" tr y '" .. . . . ....... 

f ( '7 (o. h ." '.':1 ..... l (. ~ ,,( ,J 

-- .. --'" 

hU<lv)'.ell.Jlloucs 'cm.' il.s \)(.)~l'I. ... "u til tho ,.':aLa(~Lic dhk.. '1'111.1:5 

tLlre ,t'roID thu slJ1uoLb alJUlJuuuCt~ v<:lt'lntltlH lICT'OHS the uislc., 

uirthsltos or ~Ill t.llt.' O~flh~Ll.l1S wLtb kuowtl slJcctrosoopic 

c.lUlllJUULlCt!S Wf'ro tlx.u11Iiuoc.l •. J!'O.l.' u mloljor1ty 01' Llu~ stat'~ with 

th~ blrthsites b'y the detullcd clilculutlollR 01' uuluctic 

oruitR 01' th~so stE.lrl!4. Jl01' th~ rOIIlc.d.lli.:nU Ht~TS, b1.1'Lhsites 

derived f'rum tilo LJurioc1-a.68 relatluJlbhi,l:). .J.t 'Was seen tb.at 

both ~ Uem aJ,lu Vi Se:r wE;lre }JOL'O t'y,r frum tbtl innor ede-e of.' 

tho SlJi1:'al ariD whure a maJ ori 1.y or the I:l tax's a.rc Uorll. A. 
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I:lVvl V,". ~L tw:. t,·w.l uf 1..11Ui.a."' ] U.~, tllOy ~X ,10l·e as SUP""'t'llovae 

tlllCU hIUI.I.~I'. 

J'·o. 'J'IIL:::. illlJI1 L.I.'S I.IILII. rot' the disle popu.lai"jull thCJJ:"'u il:l nu 

I,W:I bl.lllfJ oU::'I)t'vud 1J~lr·licr l'O[' l1ulu .t.>~)pulutiun. 'l'ho Jtwl<. o.t' 

HUY CU1'J:"d,u I. lUll Ul.,.tWl..ltHl L IfI/il'fIt j wid l}l'o/ll] fOl' d Ltlk H t.UTS 

call lio ox,,1 ullll·.j U)' Lhu cunYunLlonu.l 1nfll.ll mo~oll:l 01 Lursoll. 

Wu prUtlUI:SC that ilU ult.urrlc.Ltiv,") uxpluuatloll thut tl,\.tI ratio 

[::./b·t:] curl ul.Hu lHJ iut.l.q)J.'(:Ite:.·d HI:! Llltl rat.ic.l u1' Lhl:l illl..f:tl.'

mud lnto-mo:.u:ls I:l Lllrs (W'll(~h I:Url t.ribu LA B-1)I'UCOHS t1UC I. ... i) to 

the <JiJ:fureu t. IJl:ltmviuur',; (Ii' hu lo 1:I.l.iCJ uiak lJOJJU t "t.l011::l Iliay 

illdi('~l!It,e a <.lUt'erellce in thu mass speotru.m of' titer formf.:ttion. 

'.l'Il.use retiul Llfl I:l...['e uisc tlr:» sed in Chap-tar 7, with an 

elnphvsis 011 tl1~ tutU.I.'e tJrospects for au. impruvement of the 

t,eotl.U LquElti oJ.' Id.JlalyslH as well as t'or framin¥ ex teut1live 

o bservat iOIll:.t.l proa!SroID1It8S. 
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LN TROJ.) lJOTION 

'.1 Importanoe of' AuulldalLc~ Determination i.n As trol)h~b I as 

The motivation J:.'or a att1dy of abWldances in as trophYl:lical 

obj~ots comes ~,)oth f'rom a de:s.ire to make sure that one unuer-

/:j Lands the phytJioal proce::ulelll leading to the absor.vtioll and 

erni:»sion featured and .from tne role played by abundance 

studies in under.tanding the origin of elements and the 

evol~tion of stars, galaxied and the ~iverse. 

An inspection ot the abwadanoes derived in variou~ 

investigation .. can be t12:1od. as a test of oar understandillg' of' 

1 ina-forluing proct:ultUUJ through the prine iples of cons lI::steu.cy 

and uniform! ty. The conl:S i. tanoy principle is a trLlislIlJ i1' an 

understCA.ndi.ng ot the 1ine-form:at*,on process is complete, then 

the different lines of the same objeot ahot11d lead to identicul 

abwadances. Tne 01&1II8ioa1 examples are the permitted wld the 

forbidden 1inel:l ot Vari0t18 elements, .specially iron, in the 

solar photosphere. 'the t1nitormity prine ip1e is based 01,1. the 

presenoe ot well-defined co.mic abund~ce distribLltion (see 

SLl ••• and Urey 1956, Cam.ron 1968), which forms the basis of 

the theories ot origin of the element.. Abwndances or 0, N, 0, 

Na, Mg, 8i, S etc. (well-repre.ented in Frau.hoter spectrum) 



relatiVtt to 11 ar,.. bel::lt determined from a study of the solar 

speotrum. Mauy rare-el:l.rth elements are best studied in 

meteorLte~. JolbundancetJ ot He and Ne are determined from the 

corOlla and l::IoJ.ar cosmic rays. Acpording to the uniforrnity 

lJrinc lple, the abutldallc.H;, ef:jtimates get better when tlley 
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look ali~e in uitferent objects. In spite of the exceptions 

like Ap star~, it hal::l o£t~n proved a ~sefu1 principle. Solar 

»vectrol:lcopists tend to ulea~ure the success of their abundance 

determinatiuns by the l:I.greemell.t ot their result. with the 

'I'ype 1 carbonaceoul!I chondrites. The important work of Auer 

and Mihalas (197.3) on nOIl-LTE effects of Ne :I in B stars was 

partly inl:Jp1r~d by the uniformity principle. 

Abundulce stUdies are useful tools in the study of stellar 

evolution. Some years agu very few object,S like Wol£-.Etayet 

stars, beliull stars, carbon, S and Ba II stars, Ap and .Am 

stars were reoognized to have anomalou8 or unusual abundances. 

Now almost all classes of stars away from main sequence are 

recognized as havinB modified the compOSition of their 

surface layerti in respect of carbon and its isotopes, nitrogen 

and sometimes the s-process elements and the i8oto~e8 of 

oxygen. An.ouuJ.11es in red giants are important bCltcauttlit they 

provide aviderlce concerning hydrodynamical effects in 18 tellu 

ot'.volu t ion.. :In metal-def'.1c1a.nt giants in globular clus tars, 

the etfects are more drastic. Sweigart and Mengel (1979) 

explain it in terms of strong mixing effects in their 



interiors and so :ill globular clusters we have a verito.l.Jle 

J u.ngle 0:£ abUlldunce u.uomo.l ies usual.l.y involving oarbon 

depletion ~nd nitrug~u enbanoement. 

Studies of chemlcal cOluposition of the interetellsT' 

mediutu (ISM) und t.htl ~ tu.r~ of' different population grouPbl 

are very ~serul in te$tin~ the model.s 0:£ the ohemical uvolu

tion ot tile Galaxy. The big-bang cosmology prediots that _t 

the time ot' gnltlxy t'oT'luat.ioA t.be universe consisted only of 

H, lie and pOtlsibly Li. Ue~vier element. were syntheslzed in 

s tars by the.t'lnonuclear reaotions and the enrichment ot the 
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.J.SM is due to the r,u:l.terial ejected by the f'ast-evolving stars. 

SttldLes ot' tho abuJldauce~ in :ISM and .tars at dU'f'erent parts 

in the galactic disc would ~rovlde valuable clues to the 

e vo 1 u t :i,on 0 f' tbe (,11.1..1 axy. 

In the present investifations, we would be tnteresttld 

in deteTmining the cb_mical abundances of long-period Cepheids 

in order to at-tldy t.h~ large-8cale inhomogeneities SI1U trends 

in the abundwJce di8trib~tlon in the Galaxy .s a probe into 

its chemical evolution. 

1.2 Chemtcal IDvolyt1oA ot Gat!!ie, 

The chemical inhomogeneity o~ t •• interstellar medium at 

a given time ia an ilnportant :factor to be explained by the 

.Gdel' Gf galactio ok.mical evol~tion. Tome observations 



\/hLah are relt·vant to the problem of the enrichment ot th~ 

J.SH in heavy t·J elDent~ I:I.l'e th~ following& 

1) The 81.~llw.· Ulttta.1.l.icltiea in the solar neighbourhood 

tlhow an agoe dtl!,)ersdtU1Ctt, in the sense that older atat"t1 Ul"e 

metal poor anc.L youngoetr s tartl are metal rich (Mayor 1976) .. 

This is inferJ'ed .f'rolJl th.e metal deficiency 01' the gluuul t:l.t" 

clusters and the ultra.-high-velocity star. of the ga.1.l:I.ctie 

halo population whicll are certainly old (Eggen, Lynden-D~ll 

and Sandage 1962). 

2) Long-Jived sta~. of one solar mass or less in the 

_olar neighbourhood baY. a narrow range ot heavy metal 

abundance. Simple model~ ot galaotic evolution predict mor~ 

metal-poor sta.rs than ob'H~rvedt This discrepancy itJ cu..Lled 

the G-dwart pI'oblem (Schlnidt 1963). 

3) Tbere itl a large-soale radial abundance graaieut iu 

the yalaxy, as deduced trolD tbe Dletallicity and. kineulaticllS 

of nearby stars (Mayor 1976, JaDes 1977) and from the oxygen 

abundances in 11 Il: regions (Peimbert 1979 and. reterenoell 

therein) • 
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4) Similar large-scale abundance gradiellts are found ill 

other large galaxies, both elliptical and spiral. Faber 

\1977) .reported gradients in a large number of normal E and 

SO galaxies ~.ing C~ absorption features at 41601, MgK + Mg I 

'b' band at "78i and Na I 'D' at ,893i. The observations 



01' H II regionb i.u Cieven So gaLaxies by Searl.e (1971) a~tSO 

Luciicuted the pr06tsenCl:t 01' all abLlndance gradittut acrosts tllu 

dil:H~ ('.Ii' these gaLaxieta. Mati t large galaxies tihare tbe 

J)J·Opt.:l· ty or havill~ gl'eat~r lile tall ie i ty (heavy-eieOlent 

abundl,t,lloe) in ttu!i.r oeutral l'egions than in the outer pa:r:·1.Ci. 

These gradients in the Galaxy as well as in external galaxie~ 

.Lwply that inholrlugeneLties ovor a l.arge length scale aru 

crea Led and tJurv lve during galactic evolution. 

5) There itJ an abundance difference between the giant 

allc.1 u:war£ ell ipt Leal galaxies in the sense that the metal.l io i ty 

in ~b.e central rag.Lons illcreases steadily with. the mass or 

lUlllillOtJit.y of' tll.e parellt galaxy (e.g. Faber 1973, 1977). Thi~ 

effect and the large-scale gradient in elliptical galaxie~ 

,lJrobw.bly resultll trom the systematic flow of enr:i.cllt.td gab 

trom newly-tormed stars towards tne oentre during the 

fOl'lnative lItages (LarISon 1974). 

The bas io pos tulates of IDodel. tor the cnemieal evolllt.io.u. 

ot' gtt.laxiets are that tile galaxles are formed by the collal-»l:iIe 

ot protogalact.ic cloud" gf gas accompanied by star f"ormat.ion. 

The IJrotogaiactlo gal:J cloud is initially lacking in thti 

lutavy e1 ements from oarbon upwards t 8 ince the nilcleosYl1thflll!ds 

during the big-bang is e1pected to result only in hydrOg$D. 

deu.teriurn, helium and pot:Ssibly l.ithium in detectable quall,tities. 

The interstellar ga~, then, is believed to be gradually 



ttllriched In heavy ~ ltlulttnts by the matter couling out ot' th~ 

at tlr:lt·1:t tbat have cOnl.I:Jle tect their own evolutiun and ejee I. tluJ 

pl'odLlC ttl ut' llucleotlyn tluus t.. i.ll the course o.t~ tbeir v 101'=11\ I. 

ur t:lluw deathl:l. l.n ell Lpt Leal galaxies and the bu.lgf:l oJ' 

sp! ['Ulil, t:I tellar l'elaxca.tioll t.iroelS are longer thWl thd agtt 

ot t.hu universe. 'l'hitS implicus th.at the spheroidal shapf:I ot 

thEist! components could not huve resulted f'robl thtll relaxu.1..lun 

u1' I:JtlU'S. lienctI, it L1B.tI been proposed that tbf;lse compo.nttnts 

III.st:lulll~cl their a:sIJl:Lve at tile tilDe of their tonlatioD. itself. 

This is ~us81ule through 'violent relaxation' proVosed by 

Lyndeu-Hell (19b7), whicb takes place if' the star tormation 

occu.rred on a timelSoalu tih~rter than the collapse ot the 

tlystell1 as a whol e. Tb Ls impl ies that the :star formation VUIli 

largtllly completed a long time ago so that ltttle gas 1111 laft. 

On the other hanel, in ths dltlk-li.ke systems thf::t 8 tar rOl'Ulut Lor.l. 

has tlvidently btllen delayed for some reason »0 tnat Mubstantial 

lLlUounts ot gas are __ till tber'e and we can see the star 

fOJ:'Dla'tioD. tnllt il5 going O.D. at the present tin.e. 

1., Models of Cbf::tmical ~volutlon 

The important ingredient for tbe construction of modeld 

ot galactiC ahe.leal evolution i8 the local ~tellar birthrate. 

The stellar birthrate ill defined as the number of' star. 

b(m,t) in the mraul:S inttllrva.l, (m, ID + daa) born per pc2 La the 

time interval. (t, t + dt). To the first appro:a:lmation, the 



matSs-dependence aud the time-dependence of the stellar 

bi,rthrate can b~ sfl,[larated .. 

b ( m. t) dmd t = ¢ ( rn) r ( t) dmd t 

wberil:il r (t) its the to Lal star formation rat..e in mass .J:Ier 

pc2 per un.it tilue and ¢ (In) is the initial. mass f'unctioll 

which itS the dititribution of stellar masses at birth. 

'l'he simpl.e modeltS ot." galactic chemical evo'lution are 

butied on the fol.lowing ass~mption.' 

1) The eVolution takes plaoe in a cyl.indrical shell 

coaxial with thu galaxy and passing througb the Sun, in 

isolation with the rest of the galaxy. The models which 

male. t:b.i. asswuptiol1 are knQwn as the c1 (tsed models. 

2) The gas is initially wnenriched and i8 gradually 

depleted by star formation. 

3) The rate of star formation ~varies as a power ot 

the lSur:face density f of' the gas (the surf'ace density heinIE 

the projected volUme density of the gas on the galactic 

plane) • 
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4) '['he intd't'S telJ.ar JIledium is well mixttd at a.ll t ililetl 

and :in partioular, new stars formed at time t have thtt 

HYUruI:Ce heavy element. abundance of gas, Z(t) • 

. 5) InitiaJ Ulft/:ll:$ fUllction ¢(rn) has a c:ontJtallt j'urlIIo 

The two important parom~ters ot the moddltJ of galactLc 

~volution are firstly the traotion of mass in eaoh genex'atiun 

that. la returXltld to J.Q.M which. VIS shall call as f3 and 

l:I~couc..l..Ly the yield ot' heavy elenlent" 'Which we wi1l oall lJ, 

de.t'intld as the total mass l.'raction of' primary synthesis 

products ejeote~ in each generation relative to the fraction 

t.hat remains 10cked up in. long-l.ived stars or collaptJed 

remnants. In instardal'leOUS recycling approximation where one 

assumes the evolutionary processes to take lllace instantaneously 

compared to the timescale of' gal.actlc evolution, these two 

quantities are constants characteristic of IMF adopted. From 

the above considerations, tne heavy metal abundanoe Z, in 

the gas or in newly tormed stars, at a given time is given by 

:l • p J.n (, + eJ / g) 

where s is the mass locked up in star. or compact remn~l~S 

and B is the mae. of gas tbat is left. Searle and Sargeht 

pointed o~t that this eq~ation predicts a l.arge scale radi~l 

abundance gradient in the galactio disc .~ch as already 

established observationaly by Searle (1971). 



'the simple model ot' galac tic evolution runs into 

dl££iculties because of its incapability to explain the 

.narrow r&mge o.t' metallicity 0:1' G dwarfs. 

AS we look acros~ the galaxy at a particular moment or 

time, more 0:1' the,gas has been changed into stars in the 

inner region than in the outer region. Some authors have 

COllsidered the rates or ::Itar f'ormation varying with a power 

law /Jf th~ averag'$ ga~ dena. i ty, with an exponent greater 

than one, which can arise :trom a variety of reasons like tile 

t'ree-f'a.Ll tilnescale, the rate of collisio11s of clouds and !So 

forth. Suo:h law, wben applied to the past hlstory of the 

Bolar neighbourhood using the S~mple Model. comes into 

conflict with all attenlpt to reconcile the relative .n.ulnber ot' 

large-mass and low-mass stars seeD. today with a constan.t and 

smooth IMFJ there are too :tew long-lived dwart star¥, compared 

with the number of short-lived 0 and B atars, to permit the 

average past rate of star :formation to bave exceeded the 

p,resent rate by as 1I1Qcb .s wou.ld be required by a power law 

in the gas density with an exponent of even one, let alone 

more than one. To soLve this probLem ODe can propose that 

tbe IMF could have varied or it COLlld be cliscontinu.oua. with 

low-mass and hi~h-mas. stara being bor.n in q~ite separate 

8~t8 of event. (Eggen 1976). More simply, the mass or the 

cas cOl:lld have had a phase in the past when it was increasing 

owing to infall (Larson 1974, Lynden-Sell 1975. ~ar8on 1~76) 
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50 that one ca.n have a power.' la.w in the galD density for tllti 

ratu 01' star t'urmat ion, combined wi th a nOrl-monotouic c.loptm

c.itmce on tillle. 'J'11 L::I t'orm of departure frolll ~impie MocJol. 

pC'ov.Lc.les III natul.'al etXplLLllatiolil. :tor the narrow range of 

I:t.uurulttnce in G clwardlll; :rurther, it can also account £uz." tllu 

illdicat ion thEiI. the pa.s t rate of star tormut.lun has uetin 

i'a.lrly unlforlrl. 'rhu~ LarISon til .( 1976) model with decayi116 

Lnt'/:lll, and. thu clo=:lely related 8l'lalyt 1c a1 rnodel ot LYlldoll

Hell are the OlO=:lt rea.tlonable modeltll tor the evolution oj:' 

dl/zll<.-l.Lke gall:U.iell:i. 

1.4 'I'lle Radiu.l A.bundanc et Graclie:u:t 

1.4.1 Abunda.nce Grudlant in Lighter Elem~lt8 

ObservatloJ:l1!II o.f H 1.£ Regional 

'the presenoe ot an aUWldance gradient of' O/H, N/H LlUC.l 

N/s in external ga!axiQ~ has been reported by variou~ 

observers troln the obtlervations of the ISM (Searle 1971; 

Peimbert 1968; aenven~ti, D'Odorioo and Pelmbert 1973; 

S'hie1cllll 1974; CO'llte 1975). ~"or our galaxy, Peimbert tit a1 

(197t.i) derived an abulu1a.nee gradient for OIN, :NIH, ~+ /9+ 
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and Htt/H :from the phol,oe.Lec trio observa tll)na of' :five 11 II 

regions covering a galactocentrio range ~rom 8.4 to 18.9 kpc. 

H~wley (1977) obtierved thirteen B II reglons and found smaller 

gradients in aiR and NIH than those to~nd by Peimbert et a1 

and no gradient. in the Ke/H. SiB and Ne/H abundance ratio. 



Barker (1~'74) .. O'Odorico. Peimbt:trt and Sabbadin (1976), 

Atlal' (1976) 8.lld 'rorres-lJeirubort and Pelmbel"t (1977) have 

stlldied the alJun.danoe gradleut in the galaxy from the 

observations of Planetary ~~bulae (PN). Tht:t al>undance 

gradient can be studied only through type I1 PN which are 

of population ~ and wllich have apparently nut been aff"t!lctad 

lJy considerable heliulD enrichment due to thf:iir own stellar 

evolu.tion. 

lerioda ot CephtilidHI 

It is knowu that in the qalaxy as well as in. M31 and. tbe 

Magallanic Clouds, abort period Cepheid. are concentrated 

towards the outur reglonH and long-period Cf:ipheidH towards 

the innt!lr region.s (I:>b.apley a.nd McKibben 1940. van. den BtiI:L"g 

1958, Baade and Swope 1965' Fernie 1968). A possible 

explanation is that this elfect is due to a radial gradient 

in the chemical compoeition of theae galaxies. 

It is PQ8siule to obtain ~ orude estimace of the ala 

abuudanoe gradient in the Galaxy by a •• uming that the alB 

abundance is directly proportional to the Cepheid geriod 

(at a given mas. ot the Cepheid). Such a relationship bus 

been identified through a comparison ot the observation~ ot 

the H II regions and Cepheids in the Small Magellanic Oloud 

(SMC) and the solar neighbourhood. The assumption that the 

Cepheid periods are related to the metal abundanoe. 1. 

11 



supported by th~ re~ul ttl of Gascoigne (1969) and Madore 

( 19714) 'Who t'ounu tba Ii the ::;twlC Cel>heids are 0.1 mag bluer ill 

B-V thl:lD. tb~ CU(.lheidtJ in the galaxy. Be1.1. and Par~Olll$ 

(1972) have eXlJ1.ained this diJ'ference as due to redUCbd 

line-blanketing in f)MC Cepheids or in other words, tIle 

reduction in toutal content in SMC Cepheids by a facto~ ot 

:four relative to the galactic Cepheids e FeL'nle (1968) f'oulld 

tor the galaxy 1ft relation between the gala.ctocentric distarlC~ 

a and the Ceph~id poriod giVUll by 

l:::.. log P / AR 

and an average value oJ: log P(d) -= 0.97 for the Cepbeid~ of' 

solar ne ighboUJ.'hood. .A.rp aud. Kra:ft (1961) found an aVel't.llru 

value at log P(d) = 0.5 ~or the SMe Cepheids. Peimbert ~ld 

Torres-Peimber1. (1976) hl:lve found a dit'ference of 0.76 in 

the log (o/H) between the soler vicinity mlu the SMC H 11 

regions. One obtains from these result. Alog (O/ll) / 

fj. log p( d) = 1.6 and tbul:J a radial gradient in the galaxy 

-1 d log (O/U) / dR = - 0.08 kpc • 

1.4.2 Abundance Gradient ~n Heavier Elementsl 

Grenon (1972), .trom the Ge:neva photoloetry 01: G and K. 

dwarts, found d log (Fe/H)/dR • - 0.07 kpC- 1• Mayor (1976). 

:from an analysis or the kinematic and photolnetric propertie::; 

ot abo~t 600 F-type main-sequence .tars and 600 G and K 

12 



gia.nt. atarl5, hu.. derived two va~ues of the rlletallicity 

gr~dLent, one tor all the objects with eccentricity ur Lhcic 

ga.llu~liic orbit In the ra.n~·tt 0.0,5 - 0.40 and another for t..hu 

l:Iubl:l~t of statiitieally younuer objects with eccentrict,t..y 

0.05 - 0.15. 'II'rum the ob~ervations ot" Hanson and Kja.ttr~aD.r<.1 

( 11J71 ), f!.layor !las derived gradients in the sodiulD abuJldanctt 

corrttsponding to the two eccentricity groups described above. 

Sod1.l.lm and iron g'radl~nts are III teeper for tile younger l:Iubsttt 

than tor the complettl saulpJ.e. This result is in agreenltt.rLi. 

13 

'Witll the absenctt of a gra.d.ient for halo stars derived by 

CirenoD. (1972), uut is appld.rently in contradiction with ttle 

radial metallicLty gr~dlellt derived frOID globular clusters ill 

the Molar neighuournood whioh amoW1ts to d log (Fo/U)/cJ.R = ... 0.1 

(Kinman 19591 Mayor 1976). Janes and McCl.uJ.'e (1972), frOID 

the DDO photometry o£ 799 K gl~t star_, presented the 

evidence tor a radial gradient in ON strength. The ON 

strengtb is correlated with Fe/H. Jan •• (1977) covered a 

still larger s~nple of G and K giant stars and measured the 

CN strencths from DDO photometry. he alao inoorporated tbe 

UHV photometry ot 41 open cl.uster. to estimate the variatio~ 

of metal11city aero •• the galaotic disk. 

Williams (1966), from the Darrow~and photometry ot 52 

Cepheids with perio~s longer thaa 13 days. found that thQ 

Cepheid. 1m the Sacittariu8 arm appear to be 80mewhat 

metal-rich aa compared to those within 1.5 kpc of the Sun; 



the Cepheids iu the Cygnus farm, on the oth.;,r hand, appear 

,"0 be soraewh.at metal-de'fic!ent. Harris (1~81), Utiillg the 

Wabhlngtun syilStttln culours which are designed specifically 

to de tttrmlne a I.ell.ar abundances ill the telDpttratur~ rf:lllg~ 

ot CttplLelds (Ci.L.Dterll~ 1976, Uarris and. CanterAa 1979). 

det~rmined photometric abundances for 102 Oepheids ~ith a 

wide range ot posl t ions in the disk C)f the ga~axy. He round 

a gradiea t in Lbe Ille t.al t,lhul.ldance d.(A./H) / dUo = -0.07 k-J:)c- ' 

tor the galactic d.illk, appx'oximately 1 inear over 10 kpc. 

14 

Apart :from the photometric attempts to determine the 

abundance graulent in the galactic disk, accurate spectro

scopic abl1D.dance deterlDinations have also been tried in the 

patlt. The analyaJ. .. o£ Luck. (1977.,0, 1978, 1979), Luck aIui 

Lamb .. rt (1981), and ot Lllck and Bond. (1980), oased on 111gh 

dia!,eraioD. spectra or F aald G supergiants, suggests .uulewbat 

greater gradient tliLan other studi.e. 'l'hoL1.&'h their relativel.y 

... all range of J kpc :Ln diatanoe increa.es their u:ncerta1.nty 

in the gradient, such an analysis should ultimately yieJ.d 

more acollrate rewult. as the sample is enlarged to larger 

dietances. Be~ide., 8~ch detailed analyses are indispensMbla 

for the calibration o£ a 'photometrio red~enine-free abundanc~ 

index'. Vari.ous •• taat •• of the abundance gradien.t. in the 

galactic disk are aummari~ed ia Tabl •• 1.1 and 1.2. 



'J'abl ~ 1. 1 

QUnlOUU'Y of' dif£erent 81:1 t.illJates of' Fe abLU1dal'loe gradieutl:l 

in the Galaxy 

--~~~~~-----~--~-~~---~~~---------~~----~------~-~-~--~~ 
Obj~ct. Method -d Fe/R / dU SourOt; 

Old disk sta.rs 1 0.04 .:!:. 0,0:3 1 

gK and old open 1 0.05.± 0.01 2 
clulli tars , 

Young disk stars 1 O.10.± 0.02 1 
(db"' a.lld dG) 

Young clu.ster8 * 1 O.098.± 0.015 .3 
0.09.5.1 0.034 4 

Cepheid ..... 1 0.07 .± 0.01 .5 

Supergiant. and 
Cepheid. 2 O.l:3,± 0.0:3 6 

Cepheid. 2 0.06 + 0.01 - 7 

-~--------~~---~-~--~---~~~~-~------~-~-~~-~~~-----~----

* -d log (Z/X)/dR 

M~~h.oda , . Paotometry 2. Spectroscopy 

Sourcel 1 • Mayor (1976) 2. Jaaea (1979) ,. Panag!a a:rld. To.!. 4. Panacia and Toei 
(19~0) ( 1981) 

.5. Harri. (1981) 6 • Luck (1982) 

T. Pre •• at 8tudy 
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The o/H alJundal1«::e gradient obtained from H I.I reglons itl 

III tl:U:tper than tlH~t &'lv8n by PN. This di:f:f'erence, 1£ reaJ, 

could b~ d.ue t" atleutlt three causes; (a) i1. different 0/11. 

did Lr1.bution itl the intertiltell.ar medium at the tirne of J"OL'UIU

tio.u ot tl'1e pat"btllt tI "artl 01' PH; (b) a di:f.t'erent O/U ill th~ 

shell trom that of the origin.al cl.olld from which t.he parent 

tltars of PN ar .. i'ormed; (c) the effect 01' non-circulaJ.'lty of 

tue PH orbits ul'ound the centre of the galaxy. 

1'1 

The Eels and Na/B gradients derived :t'roul the ill.terulediate 

age _tars are ~imilar to the O/H gradients derived from PN 

which support~ the possibility (a). On the other hand, th~re 

is tlOlDe Observational evidenoe that suggellits that the rate of' 

enrichment of JI'a has been di.fferent from that of 0, S lAnd A. 

and consequently that tba Jle/B and O/'d are not directly 

comparable (Pelrnbart 197'; Barker 1974; Cheval.1er 19760..; 

Chevalier and Kirshner 1978). Furthermore. based on Lila 

ob8~rvat1onal evidence, ChevaJ.ier haa 81.1ggeated that the .I!'e 

enrichment is due to SN 01.' type I while that of 0, S l:tud Ar 

fa due to SN of type II. 

1., Local. Chemical ~nbomogeneitie. 

Oue ot tho important mechanisms that can produce 

local inhomogeneities is the sequential atar fQrmation in 

associationa, the first generation ot 81.1pernOvae enriching 

the material out of which further .tars immediately form. 



Thertl is considerab.Le evic.:tenoe that silpernova explosloru:1 

Ulf:ly induce .f'url.LLer tStar 1'o,J:'mation. SancitSi (1974) alld K.ru:l.pP 

and Kerr (1974) .round II&hel~s of cold H 1, dust and lllo1~c:ult)1:I 

aruuud sUJ:)ernova r~lIuu:l.nt~; .8erkhlliJsen. (1971,,) and Hec-bst unu 

A.t:ltSOut:la (1978) fouud. y(')Utl~~ lII1.ellar assoc Latlons on the tu..tU'tI 

ot' supernova remnantlll. J.t bas been sugget:lted that 1.110 

forDlution or OU1- own t:lolar system was induced by a lliupel'uova. 

~ven if the ~tar formation illl not aotua.Lly triggered by 

!:Supernova eX.ll~ol:lion, tIle synthesized materia.L CrolD a sUJ:Jctrnuvu 

could still be incorpos'ated, provided the i'ormation happen,. 

soon a.f'terwards (e.g. instigated by photoionized H II rogion 

1"ormationel Elmegreen and Lada 1977) befora the inllomogeneity 

bt destroyed by mixl:ng. .If the product. oi' several SL1perllOVatll 

are mi.x.ed into the lDI:lI:IS 01' a typical observed I:6hell (3 x 'lo3M~), 

th.en the exceSb over t.he I:Illrrol1n.ding metallicity, ~ ;: :3 x. 10-':' 

wou.~d be p08t:1ible, resulting in cr ..... 0.1 for the presel1t moan 

disk abundances. ~gelman and Maran (1976) suCgest a 

r~petat.Lve cycle of ~tar formatio~8upernova may operate 

within 0.8 al!l8uciatlon!ll, bl.1t the extent of humogeneity will 

depend on how wdll MAd qlliQk~y the supernova mixes into the 

inttllrstellar lDediwn before new star formation takes pl.ace. 

The expanding remnBnt~ will probably break up intu knotw 

(Cheval.ier 197.5. 1976p;Gull 1974) which may be metal ric:t'h 

Iv' is not clear whether induced .tar formation occurs in 

these knots before they mix into ol.1ter material. or by the 



I!I u.pernova shockLng of' Vrevt.ol.1sly existing cool cloud» oj' 

l1.0rolal. abWlldance. 

1.6. Nuc~eoU·lItl1.etJia ill Stellar lnteriors 

The theory o~ the l!Iynthesis o~ e~ements In ~te~lar 

1uteriors is d~veloped by Cam~ron (1955) and by liurbidge, 

l:lu:t'b ldge. Fowler and Hoyl.e (1957 t .a2:rH). Startin8 'Wi til the 

llY,l)othellJis that all eleluentllll have been blllU.t from p1-illlordial 
. ~ 

hyurogen and hellwn, Jj7H L3ostulated. as IDllen as eight 

diJ'£erent nuclear l>rucetisea to account for the observed 

fUEitures of thu cosmic uburuJance distrlbl1t:iotu 

1) hrdrog&:lll burning to produce he! illlll; 

2) 

3) 

helium bUTning to ~r~duce 0, 0, Ne and perhap~ M«; 

24 28 )2)6 40 ex. -prOCe!IIS61!1 in which Me ,S itS ,Ar &l.nd Ca 

are produced by lSucoetisive ad.di t ion 01' he~illJn nuclei 

10 20 to 0 and ~e t tb.e ex-particles being f'reed. by 

4) the equil.ibrlulu a-prooe •• "Which vas 8uggel:6ted to 

acco~t tor the iron peak e~.ment8J 

,) .-proo •• 8 in which neutron. are captu.red Mt long 

tJ.rBesoale& rMnginc from 10 yr to 105 'IT' for &a.ch. 

ne~tron capture. This mode of .ynthesis 18 r~8pon-

aible for the prod~ction of the majority of i8otope~ 

in the range ~3 '" A. ~ 46 and for IL consiclerable 

18 



portion of LsotO,fl81S in the r&Ulge 6:3~ .A~209; 

6) r-pr()c~us. iu wbich nelltrons are cflptured Oll u r<l,b L 

time8cu,le "'-'0.0111 to lOs. 

7) the p-!,rOCetHi in wlJ..lch proton-rich it'lOtuP~8 itl'C 

f'orrlled; 

8) x-proctll:lll 'Which il:l invoked for tb~ ,lJroductlon oX 

the telll.lJerature-vulnfdrable ligh.t:: elementt'lo 

Tb~ •• XlucJ oar prOC68tfe~ operate ill. uU'f'erent stag(;ltl ot' 

8 t.tlr's evolution. It is kl'lOwn that wheA the IIItars fi.rst Corrn 

out of' III l'a8 oj' hydrog'e.n nnd helium, the hydx'ogen burn=:! 

in the core to produce hel iunl and the star 1 eJ tb.en caliod a 

ma.i,n-sequence !:Itar. When tlte hydrogen bur.nJ.ng in tbe cure 

1.s exhausted it begins to contraot gravitat.ionally unt'! J. 

the ttotmperaturtt and dens i ty are l.arge enollgb tor' hel :lUlll tu 

bl.\rn in the core. LJuring this oore-contraction stage, the 

ou.ter .nve~ope ex.pands aud the star becomes a red gil.lnt. 

When helium bl1rn8 in the core, it create~ carbon tLud o1y~tUl. 

~!a the triple-alpha r~tict!olL. ~t higher internal temperu
Hi 

turell1, a succeeJlIloD. of x-prooesse. lDay set !n to form 0 , 

Ne20 and Mg24 , Att~r depletion in the core, helium may 

continue to bl.\rn in a ahell 8urrQunding the depl$ted core. 

This .hell is surrounded by a hydrogen-burning shell. At 

temperatures of ,......, 109K, reactions may tak .. place amoug the 

0 12 , 0 '6 and Ne20 nttclei. Ueliwa particles can be made 

20 
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( 2~ available through a 7' I C() reaction. Mg can capturflt 

alph.a particles to fOl'm S12ij , s.32 , .&.36 and Oa40 • 'the chain 

eventually termtnatt'~ in the iron. group of' l'luclei that hl:l.v~ 

larger stability. During thiti time an equilibriull cunc(tu-

tratioJ1 i8 beiner reacbed betweeJil thes. evell-even nuclei. 

This procE:ss is called the eqUilibrium procoll5s. I.e the tltur 

is a second generation star, i.e. it cOll.taLns beavier 

elements, neutrontl are produc~d via exergonic reaction Ne21 + 

1, 24 1 J 4 16 He == Mg + n or C + He == 0 + n. Heavier elemellttl are 

formed via the jJrocetis o.t~ slow and fast neutron captu.res. 

It i. useful to classify the elements according to tho 

nwnb~r of stellHr generations required for their nuoleo-

synthesis. Primary elelR~nts are those tl1at can be fornlt.lu 

directly form H and He inside the Mtar (0 12, 0 16 , Ne20 , 

.56 ) Fe etc.. Seco:n.dary element. are necessarily formed trom 

the primary seeds which mu.st have existed in the interstellar 

matter whea the star was formed. Examples of such secondary 

elements are 0 13, N14 and the s-process elements. 

Enrichment of the ISM is mGstly due to the material 

ejected by stars in their last stage of evol~tion. Mo~t 

massive .tara eject Bocalled primary nucleosynthesis product. 

which can be bu1lt up directly from hydrogen and ~eliu.m in 

the course of stellar evolmtion. The element. 0, 0, Ne uld 

moat ot the nuclear specie. ~pto the iron gro~p are tormed 



thiH vay. Stars or 1m terluediate mass (between one aud :rev 

lIo1~r masses) ejeot their exce •• of material above tbe 

whi Le-dwar.f res iduCi atJ gas that may have 1111dergolile SODIU 

processing but without enriching it in oxygen or metals. 

S tars or about 1 sCJ~ar lUaiiSti or l,e8. 8 imply f'orm and rewabl 

there without asigni:ficant contribution to the ISM as do tlle 

white ciwarf's and otller compact remnants such as neutron iiStarl» 

lef't bell.iD.d by wore matu$lve stars after the ir deatho 

1 .. 7 Rolti or s-proceaul ~J.ellnents in the Chemical .lCvol.qtlon of 

Galaxies 

The s-procesl:I nuclei are an interesting probe or 

galaotic evolut:Lol1 becaus. they are produced via a secondary 

process. It i~ not po~.lble to produce a-process nuoJ.ui In 

a .tar unlesl thaG star already contaiRa 80me heavy se~d 

nucle:L. The bulk of the heavy Ble_ent fraction Z 11:1 due to 

primary processea. Tbe heavy primary :nuc~ei whicb are th.~ 

products of' explosive Aucleoaymtheeie are probably produced 

by Bxploaions of DlaBBive .tars M) 7 Me- 'the sou.rce of' 

a-proce •• nu.clei i. IlcrJnally' taken to be in the interiors of 

red giant .tara (B2:rH). .However. :the details of' how tb .. 

a-prooess actllally IIl:LSh.t work in suob an •• tronolnieal tJl.t. 

i. only be.inning to be underatood, VIrion (1973) inveetiga

~ed what hap»eAs dllr1Qc the dOllble-ehel1.8ouroe phaae of ~b9 

e'Volllt1olL of' certain etara. ae f'iQds that a rea.'onable 



a-procell. enviJ'oruneu t OOCll.rl5 between the two shelll:5 wball~v~r 

a. r~aBh mixes clown hydrog~u,-bu.:t'niI1C Inat~r il:ll into ht#l i unl

bllrnl,lli region. U.Lr1ch (1~7ij) hD.1!5 ell5tirnattld that thu lj-pJ:tlC.:l"~h:l 

synthesis in l!IlIch irlt.ers1aell sources ca:n tl.xpl aln tlu:! ulJuUdU,llI .. H~ 

IUlornalies observed. in .I!'G Sagittae. In Ulric,h's model., wh~n 

the hydrogen is mixed clown in the :fla.h, it ies ca.pturfHJ. by 

e 12, the N 1, thll.s formed ral.)idly decays into C 1.3; at tht) 111gb 

temperature inner boundary o£ the c():o.vectivCII oell, the 

reaction C 1.:3 (ex, :0.) 0 16 produces l1ell.tro.nef. ThelSe Ileutrou~ 

are captured by the iron-peak nuclei that serve aa seeds for 

tbe s-prucess. 1.'be II-process nllelei blllil t up in the in t.erbh.ell 

reglon gradually leak: out into the outer 4.tnvelope 'Where tl1uy 

oan be rad.iated a.way into the interst.11MX' lIIed1wn via th", rtt<l 

giant's stel.lar wind. It may allo be poslllible that tllfJ 

i:nLershe1l region itself' ge'ta ejected durinc tbe later z;ti'Uttl:5 

of stellar evolution. 

AS we have already seen. the irom p~ak and 8-proc.~. 

element. are formed due 'to 'two fundamenbally dilf_rent 

nucleosynthe.is process.a, former r •• ~tiDg trom exploaiv4.t 

Ducleolynthesia withLn _uperAov •• and tne latter due to *low 

neutron capture by heavy elemeata during advanced 

non-catastrophic evolution. Th ••• proc •• se. occur 1. 

different mass ranges of' the .tar and d..pand :La. differell b 

waya on the .'tar'. initial compo.it10~. Th~ abundanc. 

ratio of the a-proceS8 and iron peak .l.m.nt~ may, therefore, 
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Hat important Cl.lllstraints on the theories of stellar and 

galactic evoluti~n. 

1.8 CepheidH a~ probeII' for the Ohemical. Con~ ti tut i on of th~ 

Galac tic Ali.!!!: 

As a group, the classioal Cepheid.s (referred to hereafter 

as Oepheids 1'CDr the Halee or brevity) have f'ive propf:lrtitls 

vh LclL makes then, perhaps the most suitab1e class of: stltX'S for 

studying the abundance variations in the gal axy a 

1) Cepheids are intrinsically luwinuous objects. Their 

l1igh intrinsic lUlllinosity enables ODe to observe them at 

considerable range of distances. 

2) 'l'hey cOlDprise of' a homogeneou.s population, their 

"laSSeS, ages and luminosities are closely related to t.heir 

periods, and the total range in Ilge i8 much 1es .. than thCJ a~u 

of the gal actio disk. 

3) Period-lliluinosity-oolollr relatiGD.shlp ot Sandage and 

'l'I:I.Dlmann (1969) helps one 1;0 determine their clistances with a 

sufficient degree ot acouraoy. The intrinsic luminosity 01' 

nonvariable supergiant. 1. interred on the basis of: the 

lurninosity elall" and the spectral type. The aocuracy ot 

these estimates is rather low and is only slighly improv.d 

by an application of model atmollpheres. 



4) Cepheidu bave I;l temperature range illl which the 

tSpttC ira !:Iaow ellough lUJ.l1lbttr ot: JIletallJ.c linetl. Yet their 

2"· lJ 

tOllll)(! l'at uC'es art! no t ttlU ho t as to make the non-LTJI: tI f.t'(Jc c,tI 

Vtt~"Y lIerJ.ous. while lLOt tuo low tor the convection to 

becc,ulle importan Ii • 

.5) AJ.l the Cephe iels with periods larger than 10 dayts 

are quite young and hence tneir atmospheric ab~ndaQoel:l rof1ect 

tholllu of the in ters tellar Rleclium out of wbicn they are burll. 

Hecause of these M.uva.u,tages, we ChOOS8 to study tlu.l 

cbumicaJ. abWlCiaucttet of .. elected Oepheid. in the present 

investigation. 
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CBAPT~R 2 

DE'l'.b:ltMINATION Ob~ CHWM.rCAL CO~1POSIT.rON OF STELLAR .A.'1·MO$PH~l{.lCS 

2.1. IutroductLon 

The first star to be studied spectroscopically W~~ 

obviously the neare~t one - the sun. ~arly attempts to 

determin.e the solar cbemioal composition were based on eye 

e~timate. ot line inten~ities. Russell, Adams and Moore 

(1928) pointed out that Rowland's eye estimates of the 

intensities of Fraunhorer ltnea could provide a wealth o~ 

inf'orlaation whtln they are caLibrated for t,be 111111lber 01: 

absorbers. S~fore tbe development of a theoretical relation 

between the energy absorbed by a line and tb.e nu.lDber uf atoillS 

acting to produoe it, they de(nonstrated the illlportancf;S of: !::ttl 

empirical calibration of the arbitrary fca+8 ot Rowl~ld 

inten~itie&. Their calibration vaa aimed to determine 

directly the relative number of atoms effective in producln~ 

'lines of' varioul:5 inten8ities. The calibratLon was ef'f'ected 

with thtt aid of multiplets in atomic speotra, tee relative 

strength ot whose line. could be predioted theoretioally. .A 

striking result or tne work ot Rus.ell, Adams and Moore was 

the demonstration ot the enormous dif~ereDces in the number 

ot atoms Belting to prodlJu:e linea 0'£ variolils Bovl8t1ci inten-

siti... They showed that mill10.1 of times .s many atoms 
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were active in producil1g the violet VeX line at '720i 

(Howland inttme:lity of' 140) abl for a line JUl.it visible on i.l1«J 

spoc trogranl u£ the 1:1 Ull (Rowland lntens 1 t;y - :3) 0 '1'hu 

important appJ iCLl.t.iollb oj' i<.owland's calibration to stul.lat' 

HpCC era (r:J... Ori, ex. ~CO, ex. Boo, i Cyg) "Were roacie almul:I t 

imlllttdlately by AdalRti il.lld ltu/lt5ell (192t:j) and to the solor 

spec trum by HUluiell (1929). With the hypo thes 11:5 or thormo-

dynulIlic equl1 ilJr tum - wh:l.oh enabled them to use the ionlsa-

tiOD and disl:loc ll:ltion eQuation - and a fLlrther assumption 

that. atollll:s at dU'.t'erent levell:l are equally eif'ao tive in 

producing' a .Lino, they Uttrived a relation that conl.l.ected the 

relative nwnber oJ.' atulBtI acting to produce a given line in 

dU':f'erent • tarti 'Witb the relative total nUlnber ot.' atolnl::l of' 

a given elelnellt., tho e::x.citu.tlon lJotential, the ell:totroI1 

'1'he vas t dif'i'el.'ellCe in the amolUlts of rnetalJ io vapourtl above 

the photospheros ot'· dif'f'erent types ot stars was thu.s 

demonstrated. 

'l'he Ourvti ot Orowt11 , 

Although eye e¥i.iuaates of' line intensities 8.Ll.d tnl.t 

l\iItraightt'orwBJ:'d theoriul:S ot' ionization and excitation wen.t 

a long way towardtl the interpretation of stellar .p&ctra, 

ttLrther progress was reQ.u.ired on the theory of' line f'ox'matt"n 

and quantitative measures ot line intensity. Un.ald (19'5) 
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IipproachecJ the },JE'obl eln through the measurement i:ln.d il'lter-

pretation o£ line pro£Lleb, wb~reas Voigt, MinnaerL und 

olo\.) studied tbtl equ Lvalenl: width of lineti by meantil of' til 

rtllationship flOW known as tbe curve ot growth. 'lobe curvu 

of growth 1~ a relati.onship bet'Ween the equivalent width or 

a. li.l.l.e and nwnuer ut' atom~ acting to 'produce it, or more 

prec Lsely the quantity lilt' where IN is the number ot' tllH!lo.r'burtf 

wld t" is the ObC illiltor strength. Equivalent width il:l a 

measure of the intenslty of the line. It is generally 

expressed as the total amount of emergy subtracted trom 'thti 

Cl.djacent continuum. We express the inteJll.lfity at any point 

in the lin~ in terrne. ot" the contiuu.olls spectrulU, i.e. 

rlJ =:r line/F o(wtinuuDl' then the effective width of' the 1. ill(J 

ill 1'requelloy W'I its 1s 

= f ~1 - r,,) du. • • 

o 

~ince A • C/'JJ au" dv , the equ.ivaltUl t 

width in lng.tram u.nit ia 

:: w)) · 

Early calculations of ourve of growth (Voigt 1912; 

Minnaert and Mulders 19)1; Mi:anaert and. Slob 19.31) were IUa.U .. 

with very simple models. Otten the whole line-forming 



2S 

reglon 'Was ckult'acterisdU by a single temperature and ga~ 

pretU5ure. CUT'VII:! ot' gl'o\llth ealoulationl:5 of Men2el (1936) 

and (Jnaol d (1955) wel'" ballSed on Schuster-Schvarzschilu (~-S) 

model wbereiu I.lu~ 4:tutire continuous absorption is assumed 

to originate III a pile,) tos}Jhere overlaid by a revertl ing 

layer whieb. produces all. the absorptiol'l lines withoLlt any 

continuou.s abtlorpt lon. '1'he atmosphere, wi th its temptu."ature 

and press ure grl:.ldif:lnttl, may be replaced by an i80 tllerllll.ll 

I:i trl:ituDl of unit'onn dens i ty. The temperature and prestlure 

corrttspond vel'Y clotlely to their values at an. optical depth 

1'"' 1:11 0.5 in the atmotlpJ:n:tre. ln Schuater-Sc!lwarzschild IDodel, 

an approximation i'ormula for rlJ as given below can be Llsed • 

rv = . FL 
Fe: 

Where J!' 1 lIB the t:Lux 1n the line, Fe is the f'll.1x in u.um'by 

continl.1ulD and '1'"2.1 • N CX;u is the optical dep th in the 1 il1ti, 

(Xv be in, the atomic coet':f'ic ient of' line absorption at the 

frequency ).J and N the nlllUber ot atoms causing the line 

absorption. Line absorption coefficient pl~ys a fundamental 

role in determining thtl shape of a spectral line. Several 

different physical effects enter the str~cturlng of' th~ 

.tina! absorpt .Lon coet'fic ien t. Each 'of these ef'i'eets haw 

associated with it a f'unoticn desoribing the variatlou it.&. 

-:.trength of the line absorption with wavelength aer"&UI the 

line, i.e. eauh one of these prooesses haa its own absorption 

coefficient. Some of the processes are (1) natural 



30 

bl"oHd.ening, (2) pr~a~ure broadening and (3) therlnal 

broi:td~.llt.ng. '1'll~ llC1tural broadening and. all the !Signi:ficant 

b,t'(Ji1dening proCl:u:uUH:J bav$ the sarae wavelength depende11ce in 

the:l.r illd.iv idl1al aUl!llor p t ioll. e oerCie ient. 'l'he batS 1e :forln of 

tb~~e absorptlml coe££ieients is that of the dispersion 

pro1'ile. The tharrrlal broadening re:f'lects the Maxwell iall 

velocity distribution ot the absorbing atoms and iOllS via 

ttl~ Uoppler e:t'Cec t. While combining these aoeor,Ption 

cott.L':t' 10 ients, all thelde distriutltiol1a muet be convolved 

together to obt.ain the combined. realllt. Convolution o£ the 

clitSpurasion prot'Lles rebul ta in a new diaper" ion profile wi th 

P ~ T~J • whore ~J are the half widths of individual 

profiles. 'l'he convol.ution of the ciiapEtrsloll and GllullUd.all 

profiles is tbtt Voig't i'urlc tl.on. The norma.lized Vo 19t 

! I1J1.e t lOll. 0 an. be eXp.t'&:Ia:I S ed 88 

wb,el·e a and v are t:tle dalll,Ping parameter and Dopplel' "Ve.1:ocity, 

rttspecti'Vely. We will. consider these quamtititu!I in ,*,rea.t.r 

detail in the next chapter, where the calculation of absol:'ptiol1 

coe~rlclent is desoribed. 



in t.b.e rorm 

where T' is th,=, clamping constant. With the understancJ.ing 

t.b.at the first terra will be elnployed in the Doppler COl'tJ 

of the 1 ine alld. thd titt&.:ond in the absorption vingl::l; hel'~, 

Co ia:s the mOllt probable velocity. 

'the mtllaning of the cllrYe of growth can now be illu.s-

trat.ec.i. SUppOt:lB t.lllll t in the atilloapbere of a 8 tar we 

iut.roduce an lucretll:singly greater conc~ntration ot: an 
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element say, irun. When tbe nwnber oi' atouul is small N cx~« I, 

the line appe6ir'M 81:1 only a tiny dip in the continl1tlln, curVt; 

.It. ot.' the Figllre (:a.1b). A. the number increased, ttle J.inti 

broadens slightly alld become. deeper. I:m. the S-S mocli.Jl ot' 

a }Jure soattering atlnotl!).n.ere. the central intensity 

aplJroacbel!l zero aas oN is lnerealled. For the line. forlllt:ld ..,y 

llure abtiorption, the DlinilnWII residual' flu.x. is fixed 1:Jy tlua 

telilperatilre dit:ltribu.tion. Then, £or an apl)recia1:Jle runge 

oJ.' N ()(o , where <XCI if6 the atomic absorption coe..f'fiolent at 

the line centre ('" = lJc ). the equivalent width ohangelS 
\ 

slowly with increasing N. As N contin~es to increase, 

however, abBorp.tio:n. in the damping d.omain becCDmee impcrtant 
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Figure 2.1 (a) A typioal curve of growth and (b) the change 
in the appearance of a line in different regions 
of the eurve of growth (Gray 1976). 



and the line develops the characteristic wings. Figure 

(2. 1 a) tlhOW8 tlLl:~ charl:l.cteritl tic relation between the 

eqt.livalollt width. of' a line, W, and the number of atoms 

acting to produce itl 

o 

The change in the appearance of the l1ne is shown ill 

.I!'igure (2.1b). 

Menzel introduced a fictitious optioal depth at the 

centre of the line 
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•• (2.4) 

aJ:ld conlJidered t1:le three domains of )< I o 

1) Equations (2.2) - (2.4) yield 

and 

foY' Xo <<.. 1 

2) For the intermediate values of' Xo ' when Xo >'71 

but not 80 great that the effeot of' damping beoomes 
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important, w>. / A grows more ~lowly with 

with the ~xpreb~ion giv~n by Menzel. 

x in accordi:lncC:l o 

;:;. 2~-
e.. 

J) Finally whel\ Xo il:5 very large the second term in 

the equation 01' atomic absorption. Qoe:tt'icient b~comes 

J7( 
--" 

Ua.ing the ll1uove t~l.ulC tiou.al behaviours in the thr~e 

doJUtl. ins, one MillY comj.)u te fA tamily of curvets for dii'f'el'en't. 

values ot r/~D. When th~ number of absorbing ato~s is ~mall, 

the equivalent width is proportion~l to Nt. This region is 

known as the straight-line or Doppler portion of the curve 

qt growth. 4. the .n.ulnber Q1' active atoms increases, the 

~inti saturateas 8.l'l.U 'i grows more slowly than N:f' I2.ntil a :f'.1at 

region 1s reached where the increa •• i8 slow. Indeed, this 

portion is known aa the flat pox-tion &t the curve of gX'owth.. 

Here, the number at absorbers is su:tficient :tor the Doppler 

c~re of the line to be complete, but absorption at wings has 

not yet set in. Vbea the numbex- of acting atom. Nt has 

become very large, the damping or 8q~ar.-root portion of 



eurve ot growtll b~gins. where the equivalent width itl 

px'olJortiunal to JNF"'F. 

~hmzel t /IS I:Uld Utlttold'lII formulations both regard the 

b )Joe I.raJ. J. in~s tl.tI forll1tJd in a layor o:t: ab::sorbing a &0111& 
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over'Lying a sharply defined photosphere. But mObt SptlC trCl.L 
I 

1 intls. however, origin.ate princ ipally in the saBle 1 aytlr c.ul 

dO~aJ the contilluolltl spectrum and tor tb.ese the Milne-

.itcJ.dir.Lgton (M-J!)) appl~ox:l.rna. tion of' a cons tan t ratio or 1 ille-

to-contilluoutl abfSOTl't:i.on coefficient is more satil:lf'Cletory~ 

lntl tead o:f Xo which illvol ves the m.umber of' atoms above the 

photosphere, in M-E IRodel, one uti,lizes the ratio 01.' the 

lino absorption coe.t't'j.cieut per gram of' thE) stellar ma1.ttrl,u.l 

at tbe centre of the line (1 0 ) to the 90e££ioient of 

continuoulil abaJorJ:)tl.on (J<. ). Cllrves of' growth bUllied au ttdl:l 

hypothesis have beeu cqlUputed by Stromgren (1940). GoJ.db(lrg 

and. Pierce (194ts). Wrubel (1949) and others.. Wrubttl COlIIl)uted 

the curve of' growth ba_ed on Chandrashekhar's exaot .ol~tion 

of the transfer ~quatlon ~or lines ~ormed according to th~ 

H~ Model. His curves of growth bave been Uded in many 

atJunuanee de~erlllinations. 

There are appreciable differe.cea between the curve~ 

or gro'Wth COlnpLited on the M.lt and S-S models in the darupinQ' 

portions J the dam~ing constant. derived trom the S-S looelel 

are dmaller by a :faotor of two. 
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The widtUiprt=ad ul::le 01' electronic COIDputers since 

nineteen sixtiel::l muu~ it po~sible to replace the~e single

lay~r models with cleptll-depenc.lent models. Once &uch 

detuiled model is calculated for a particular star (dDY, 

~un), it may be scaled in optical depth to ~uit another 

.. tar. Th.is techllique is described by Cayrel and Jugaku 

(1963) and applied by Gray (1967). 

Because of the prol.onged ulle of' very tiimpl.a mocJel~ 

to calculate t.he curve o£ growth, Bome astronomers imply a 

slagle layer Dlodel whenever they refer to the curve of 

growth. In rl:tality, the cUI've Qf' growth is a cOllcept which 

aL>p.L iea under extremely gtUll.eral condit iOllS. Dependi.n« apoD 

tbf:ll physical condi tioD alld the part iCLllar traJlls it ion gi'\llolng 

rise to an abtiorptlon lin.e, the appropriate curve of growth 

will have ita own shape, and one ot the basic probleiliti is 

the determination of' this shape. It is only when equivalent 

widths themselves are not clearly defined, as in the case ot 

severe blending, that th.ct curve of growth is not llsei'ul., 

2"0 The Difterelltial C~rve-of:Growth Method 

For an ap»lication o£ absolute curve of' growth, one 

muat know the mechanism of line formation, atmospherio 

.tructure and a set o£ f-values (the atomic oscillator 

strengths). and more or less proceed with the first princlples. 

The diffioulty with this fundamental approach is that the 
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f' values of' all ths tra.n.t:I i tions are neosbsary, a rtlquiI'l:tJlIlUl t. 

very much di{'.t"icul t to :t"uU'ill in reality. It'urther. thC:t 

calculat lons of th~ 0 t.her parameters lik.s the alJtforp t.l on 

coet'f'icients an.d UtAUlping constants, need to be carried ullt 

for all the lines oonsidsred. A simpler differential method 

haa become fairly popular which oircumvents these di££iclll-

ties. lJl this method, one compares the spectrum of ti 

p-rogramme star with a standard star f'or which the chemical 

o oDl.llosi t ion '1', P tot I.\nd 15 g are presllmably known. The sttlec ted 

standard star mlltll. be similar to tn.e programme star in 

*pectral. type aud lumlnotSity class or in other lIIords the 

atmospheric pHrameteI'1I ot the two stars should not di:fi'er 

considerably. To i\'lutitrate the method, let 118 consider a 

• tar whose telllperatu.re does not difter greatly from tha t ot 

t118 SLln. If M-E Rlodel is employed. ODe 118e8 as abc ii!lltlQ 

- log K),J •• (2.,) 

where N is the nwnber e1' atoms per gram of thf:t ,. tellar 
r •• 

material capable o~ absorbin~ the line in question. N r,s 

can bs expresBed in terms of Boltzmann's equation 

Log N II Log Nro + Log g - log Il( T) - ex r , r,. r,8 

Qnd 

Using the s~per.crlpt. * and a to deDote the q~antitie8 for 

the star and the Sun retSgectitely, we obta~ for each 
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spectral line 

where e = 5040/'1'. Notice that not only the nUlflf:)rical 

C01'l.stants, but a190 the g£ values cancel Ollt. Now ~: alld 

o 
~o may be read for each. line in the Sun and the star trom 

the curve ot growth with Log ~V 88 ordinate, the curve 

ueing asslilmec!l to be th.e same for the Sun and the scar. To 

silQplify the notation let us write any C!),uantity S as 

loa ~ = l ~ J . 
.:J t,({) 

~quation (~.7) ,now reduces to 

•• (2.H) 

For each element, ve group tbe line according to the excitl4-

tioD potential and for each. of these groups we determine 

the sll.itt neoellsary to fit the empirical curve co the 

theoretical curve both for the Sun and the .tar. The 

~~£ferenoe in log prov~d.s tor eaoh ot these groups the 

value of [~~. If '1'* and TG does not differ greatly, then 

[~1 will 'be virtllally independent o:f' ~ al1.d will deptmd 
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wo~tly on the ratlu p*/p0 • If one plots log (N - ~X ) e e r 

agalnst X , the slu})e ot' the line gives a*. lCDoW'ing the 

ttHliperatut"e of tlu~ ::)un and the star, we can. evaluate tho 

tel'ru vu.(l'). ..,:/1)= can then be deterillined from Sana' b d.lld 

UoltzDlanll's equat1011lh KJ.l.owing all these Clnantities, we 

can interpret [11 in terms of' [Nr l and in. tllrn. [Nr l iIl 

terms of the actual abundance ratio. 

in. the Pliltlt, l~ was practice to assume that DiOSe of' the 

MK I:IItl::l.ndat'd tJta..rtJ .bave tbe SElnte ,chemical COJuposition. 'l'his 

prov ide d a gr id-wor k of • ta.r's 'With varying t elopera t ure alld 

p.r'e:::lI;ure which could bo nsed tCJ determine differel1.tiai 

a.but1daIl0~1IS over a wide x"ange of physical con.dltions. Hut, 

there are growing indications that the .... abundan.ces ot all th~ 

eloments tlre not cu.ns tan.t ·for stars of dltf'erent spec trl::lL 

types. Tl'lu8, tilt;) a.bund.ance of the standard stars need. to be 

determined. frora the first primciple8. Further, the dU'Cer-

ential method can b~ used only tc .stimate small dLffereucea 

in abundance.. Many titarlll like a high-veJ.ootty ,.t;ars or Ap 

and Am esttctrl::l that have chemlcal composition 80 Dllloh 

different froll\ th(;l III taD.clard MK. types. canxlot be cOlnpar~d wL th 

these standard .tar.. aesides, the need tor acourate t value. 

is not really elilnina.ted. The standard ctJ.rve of growth tor 

ttle reference star is to be co:nstrnoted. 118iD.8 th~ mown £ 

values. Though t values cancel out in differamtial analy~is, 

the relative t values m~st be kROWD tor some set of linel::l 



observed in th.l* reference star and they must range suffi

oiently in strung-th to dei'ina the curve of growth for the 

l'l:t f'eranc est ar .. 

2 .. 4.. ~'ine Anal ysit:l 
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In the sing1e-l~yer curve-o~-growth procedure, lt i~ 

supposed that all e::ssentia1 llroperties o£ the .. pec trulIl call 

be represent~d by f:l siugle value of temperature and pressure. , 

But, it iti scaroely to be expected that the lines of low ~id 

high excl tat lon are torlned in tho same atmosphtiric layers • 

.!n the re.t'ined trel::l.tlbtUl tal' or IS tellar atmospheres. the 

variation 01' tl:tllll)erature, pressure etc. wlth depth are tak.en. 

into consideration. 'b"or the Sun, T (~ ) (wbere). is SOlDe 

spocific wavelength, say, ~. soooX) has been obtained using 

tilt) energy dis1..ribution at the centre of the Sun l fII di.so lIl11d 

the limb darkeni.ng data. Once the temperature distribution 

is adopted, P and P can be calc~ated a. a tunction of 
g e 

op~ical depth from the oondition of hydrostatic equilibri~m. 

~arious workers have coaatr~cted model solar atmospheres 

baaed on empirical aud/or theoretical oonsiderations 

(Holweger and Huller 1974 J Gingerich et a1 1971; Verna~za, 

Avrett and Loeser 1976). .tor other stars t theoretical. Dluuels 

have generally been used. These theoretical models are 

calculated a.i~c fo11owi~g assumption.' (~) Plane parallel 

geometry. (2) Hydroatacic equilibrium, and ()) the sum of 

the radiative and conveotive flux •• is depth and time-
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independent. J!'or l1'-G supe:!rgiallts .Parsons (196!1) has 

CORIl.Hlted Iliodel atmotipherc:Ia:l, MOdels of 0 .I:J .A. F G star~ by 

Kuru.cz (1979) and uf cooJ.er stars by GIl~ ta.r~son. et I:ll 

(1975) covering a Large ranue in gravitie~, are curre:!nt.J.y 

in Il~e. 

Ttle determinac iun of corlipolS i tion u.r a stellar atmol:l

phere Ilsing detaile:!d models prooeeds by dllccessive approxi

mations. Fir~tt a curve-of-growth analysiM supplie~ Wl 

appruximate oOIl\'pusitio.u and temperature. .Next, a grid of 

model atrno8pheres is calcUlated and u., ing them the tbeore

tical line intensities or selected model-sensitive lines are 

computed. For example. \ t'OJ:' a .tar whose teolperature itS 

about 22,POOK One m18ht employ linea Qf 5i II, 6i 1£1 and 

S i IV wh ioh apptUlr 9 i m ul t tllleolA8ly in the S J,Jec trwil. Ail:l 0, 

tbllt model sl'lou.ld JIL'e<.1 io t correctly the hydrogen line:! J,Jrot'ilell. 

the discontinuity at the Balmer limit, and the energy 

distribution in the continuous speotrum. Once a suitable 

model has been 1dentitiea or interpolated, a calculation of 

the theoretical eq~lvQlent widths is carried o~t and 

abundance» are derived frOM a comparison of the observed 

and predicted equivaleAt widths. 

2.5 Method ot' Speotfum Syntbes18 

The most oomplete st~4ie. are done on high-quality 

data by comp"ting lIiraul taneol.l81y &11 the 1 inea over a. 
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portion of the liJ:)ectruan. To appl.y thi& lIleth~d of spectruJl.1 

liynthe~ is, IDOl:5t (if no tall) of' the observed ~ ines Slloul d 

be iden t if' Led i::Uld nlU~ t lLa ve known g£ values. Then, Uti in.g 

a sui taule Dlouel a.tmosphore and atomic pararneters of all 

l.ines falling in the region ot interest, the spectrum is 

computed. Tna individual ab~dance. (or perhaps the 

temperature and pressure) are adjusted until a good fit 1s 

obtained. .b:ven when the lines are blended together, one 

tiirrlply computes the blt:md and the comparison is made witb 

tlla data. Tbe Dlethod of' spectrlll\ synthesis is more reliable, 

in principle, because it takes into account all the known 

absor1lt1ol'l. features and tr,ie. to reproduce the observed 

spectrum as precisely as possible without attempting to 

compare the observed equivalent widths of individual lines 

with the computed ones. The l.atter process requir~s a 

precise looation ot the contiD~~~ and the extrapolation of 

the profile ot each line, beca~s. ia reality none of the 

spectral lines !:Sbolls the compl.ete profi~., the wiILgs bein" 

generally bleDded with the, neighbouring lines. In the curve

of-growth method the 1 inea £'a11.:lnS on tl.Le linear portion or 

the cu.rve of growtb are u.sed. In order tCf) measure the 

equivalent width of the~e weak lines, one ~eq~ires a v~ry 

high reaolut:t.on, since the b~ending due to D.ighbo~ring lillelS 

is often disastrous at lower dispersions eTen in the rel.¥

ttvely clean spectral regions. Moreover, the possibility 

of defining the contin~UM deerea ••• drastical.ly with 
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decreaa:ling J,·etlolution. )'urther,' the crowding of the tllJeotr~l 

1 incus is sO ,nvere 111 ll:tte-type stars that the tlynthetJc 

tlpectruQ'1 btUJOlue» indllllpe:a:uUlble eveD. when the study 1~ baau:td 

on. a blgh dltlpersioL'l. The synthetic spoctra also ulak'tI :I.t 

pOtlslble to det.erluill.e aocurate abundances trolD the low

dlspersion tipectra and even from the colo~rs without a 

cumbersome empirical calibration based on I:IItarlll studied witb 

higher spectral resol~tiom which may not always be available. 

1,'he method of tll)ec trum tSyntheais inc orporates the UtUI ot 

d~ta lled modlill atlllosl,)lleres and it is necellllary that detailed 

calculatlontl b~ olade i'or a~l spectral :features providing 

information about th~ structure ef the star's atmosphere. In 

the metnod of spectrum synthesis, the calculations are not 

confined to weak LineM alone. Important 1~inQ8ity indica

tors are gel'U:lral~y baaed on stroll'; and .freql.1etl.tly bJ.l:uu.1ed 

features. In order to reproduce them, it is necetstsary to 

calcl1late a wide region o£ the 8pectru.m point by poiut. L'l',E 

spectrum aynthesiH is described by Ross and Aller (19o~) who 

appl ied it i'or Ii deterRlinat ion of Or :t abundance in thu 

solar atmospbere. 

18.6 COIllJ.?utatiop of' the Tb.oretio.! Speotrum 

The flow of radiation througa the stellHr atmosphere is 

d~scribed by th~ equation of radiative transfer. The 

equation of radiative transfer in a plane-parallel atmotsphere 



(the thiokn~sli of' pboto.l4pllere 

~Lar) is gi~$n by 

b..)( « x'adiua .Ii 0:1:.' the 
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= - IlJ + S1) • 
•• (2.9) 

Kere, e is the ang1e between the direotion of the beam wnd 

norma1 to 'the rad1a.tin" .urfaoe. SlJ is source :f'ullctiol1 

willeb 1s the ratio o£ emiss ion coeffioient to absorp t io.n 

coeffic.Lent, I'll 11:5 the specific iD.teJ;lsity and ""vtbe 

opti,ca.l dep I"b. 

'l'he integrated. t'orm for emergent intensity i~ given by 

_ (,-tl) - cr~) se.c e 
e stic.e cH::)) • •• (2.10) 

',1'lte ~pecif'ic inteD.. tty is relevant f'or solar work whtlro 

intensity meaaurement can be made aa a fun~tion of e. For 

most ot the stars, however, we must d.eal with tlLlx. '1'lle 

elnergent flux. is giveu by 

1>0 

F" (0) =- '2 ~ J SlI (-i,,) E:..l-I:.,,) d tv , •• (2.11) 

o 

dw. •• (2.12) 

o 
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\ie can illf.r from 8qllation (2. 12) that the ISllrt'ace flux b 

fHHl1pol:ied o.t' th~ !:IUlla oi' the source .tunc t ion a.t elilcb dttlJ tb 

mu.ttlplieu uy ~n extiLlction faotor ~2( tlJ) ap...,ropl~Jt£t~ to 

t.hat dttpth; t.h~ alum il:l taken over all depths contrlLut lng a 

~ignificant amount o~ radiation at the surface. L£ W~ 

denote continuum abllorption. coe.tficiell.t by K). and continuum 

sourc e fune tio,n by S';. tile emergent flux. in cunt i:u.IlUlli will 

we given by 

1)6 

F~ (0) = 2 f $" C",) EJ7)) d'r~ . 

o 

2.6,1 The Conttnuuan flll¥. contribution function 

If Kr 1s the continlJ.0l18 absorption coefficiellt at a 

ref'erence wavelength r(say 5000i), the geometrical depth 

can be defined .s 

•• (2.14) 

'l'he optical. depth 7?, and hemc. tbe continll0l18 ablllorptior.l 

co~f:f'icient KA at any arbitrary wavelen.tb can be 

expressed :Ln termfd of' 1y and Kr by 

•• (2.1.5) 
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Hence, 
Tv 

'1A 
~ f' /If;. (-t.'() dtY' 

kr Cit) 
0 

Or' tOB Tr 

'1~ -f K" CT,l) -cyd!O!r/: y • 

- I{r (Tr) J..oge. •• (2.16) 
-1)0 

Using l;:I<quattoA. (2.16)" the expres»ion for emergent 

continuum flux can be written as 

F (0) = 1S (rrv) E (~) ~ T!. d laq'T;- . 
~ ). r '2. )I u- L 

"'r' 0ge.. 

The ~DOunt ot light contrlb~ted to the Burface flux ad k 

fune tion oi' depth. in the atmosphere is spec ified by tb~ 

integrand 01.' equation (2.17). This integrand iii knOWJl a& 

tlu1-contributlon £~ction. It shows at what depth the 

surtace flux originate. and where, 'tor example, T ( ~ ) must 

be defined in order to compute the surface flux. 8igure 

(2.2) shove the flux-contrib~tion :f~ction for difterent 

wavelengths in tue spectrum ot a solar model. It ia clear 

trom the figure that tbe radiation at 8000i is formed l'J.igher 

in the atmosphere than tbe radiatioa at 50001. Thid 

reflects in part the amaller absorption at 50001. A good 

illustration ot' the ooncept ot the deptb of formation ari 8~8 

in a discuss Lon ot the behaviGur of the m~d.l flux above 

and below the Balmer di.contin~ity. .a .bo~n ia Fieur. (2.3), 



N 
E S u ..... 
Cl 

~ 
Lf) 

I 

0 0 - 8000A .. 
0 
~ 
C'I 
0 

"'0 
....... 

Lt 0 

"'0 3660A 

o~--------------~--~~----~ 
-3 ·2 .1 o 

Lo 9 to 

1 

Figure 2.2 Continunm flux contribution functions 
at various wavelenqths for a solar 
model (Gray 1976). 
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thu £lu.x at 36~?i arises in significantly deeper layerli than 

thu ~1ux at 36~ol. The depth of formation is dependent upon 

tht.! teillperl:lture 01' the model. Ohanges sllch as shown in 

Figure (2.4) are typical. 

2.6.2 The line 8pectr~m 

A line in the stellar spectrum is charaoterised by its 

l:Jro1'11e which is the obse.t·ved distribution of- ene;t'gy as a 

function of frequency (or wave1ength). ~xcepting the Sun, 

we observe for all other stars 0111y the flux: integrated over 

the elltire dif:lo ot the star. We measure the line f'l~x F 1 

with r~spect to the cQntin~um flux Fc and describe the 

profile in terms of its absorption depth 

1-RlI = 1-3-
Fe 

where ltv is the residual f'l.u:x.. 

2.6.1 The line trQns~er equation 

•• (2.18) 

The transfer equation (2.9) holds for l.ine as yell 

continu~m rad1ation, provided the variables are suitably 

defined.. If K( denotes the line absorption coet'ficlent and 

Jl the line e.nission coe:f':t io ient and if Ke and Jo are the 

corresponding parameters for oontinmum, by defi~ing 
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and source ~waction 

we can write 

The integral torlB ot' the transfer eql1ation still holds. 

~he sl1rtace flttx wOI1Ld be Biven by 

1)0 

F)O) :: 217 fS~ ('1".) E ... (T.) d'l"IJ' •• (.2.20) 

o 

The equiva~ent width of a line can be expressed 88 

/)til 

w - f D (A,>.) dAr., 

-00 

where Ll 'A is the wavelength displacement from tha 1 ine centre 

and 0 (A~) 1s the line depth at .. elisplacement A'A. D (Ai>I) 

is related to residual flux by 

D (~~) =- 1 - Jil. (A~) •• (2022) 

1f·h.ere 

•• (2.23) 



Here, the continuum flux is defined by 

&tI 

FoLO) ~ 2. f S, (7.) E,. C 'T.)d 'T,. 

o 
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•• (2.24) 

:; 1) ( Tc.) and:; ')I (Tt + 'Tc. ) are the source j'lUlct ionl:f (li: tbe 

eontinu~M ~ld the line-plus-continuum respectively. Rence. 

D(<1).) ~ F~O) l !Stc:r,) E~t7,)dT, 
o 

l>o - J Sl/('T't+'Tc ) E:z.(7f+rrc)d(Tf,+'Tc )' •• (2.25') 

o 
If the stellar atnlosphere l~ aS81llDed to be in local therrno-

dYllall'lical equilibrLum, thea the source functions are merely 

J:llanck:,' fiI function .8 ('T'). It the temperature distribution 

in the st.llar atmosphere is known as a fwaction of ~ (a 

reference optical depth ~o~le). then, u~ing 

and 

we obtain 

D UtA) 

""1 r"c:.. = f Kc. d'Ty 
K., 

o 

•• (2.26) -
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In the situations where the portion of the !Dodel 

spectrum being computed includes several !in~s, it it::! only 

necessary to add the absorption coefficients of all the 

contributing lines. Then Kr, in equation (2.26) is replaced 

by the sum of .Lin~ absorption coefficieIlts wi.th each K..,., 

evaluated at proper A'A • the wavelength difference from the 

centre of the line to the posLtion of int~rest. ~ow, by 

defining )<:.= log ( 'r ) aud dx , the depth equation 

can be written as 

where 

•• (2.28) 

-&I 

I.ntegrand 01' equation (2.27) is call ed the contribution 

function to the line depth (CD). We can thus write 

l>o 

D C<l ~) =- f e. ( AA, x) d)( , •• (2.29) 

-114 

Slight variations exist in the literature in the 

definition of the contribution tunctions. For example, 



contribution function for residual flux CH. (.6.A" X) and 

contribution func tioD. to equivalent width. Cw (AA, X ) 
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are u~ed by dlfferent workers. The concept of th~ 

contribution function was first Introcluced by Ten Bruggencat~, 

Lust-Kulka and Voigt (1955) and ha.~ been used by numerOllS 

investigators (e.g. Goldberg and Pierc~ 1959; Edmondb, 

Michard and Servajttan 1'9(5). 'l'hese contribution runctions 

prov:Lde all indlcat ion o!' the contribu tion to the atipect of 

spec tral line format ion coming from d U'i'erent layers o:C' the 

stars. Equation (2.28) is perfectly general; it appLie~ to 

strong all 'Well as wea!" l.ines and provides l.n a siITlple 'Way 

for the depth dependence of parameters. 

Contribution fUnction o£ the i'orm ul!led in equation 

(2.27) will. be negative at small optical depth.s since 

( Kc. + K,Q } / Kc. is always greater than one 0 When Te is of th~ 

order of ll.D.ity, the self abl5orptioXl term E2 (7, + 'Ie:. ) goes 

ra'pidly to zero decreasing the importance oi' the negative 

term and the con tr ibllt ion function bc:c OJllOti posi tiveo 'l'he 

integral of the cOD.tribl1tion function :t'ram 0 to say cr* gives 

the 1 ine depth that woald be observed if' th.e atmosphere :t'rol1l 

rr* to !xl were mi&sing. Negative part of' the contribution 

function tells us that without the deeper layer we would be 

observing emission lines - which is not s~rpri8ingo It is 

only when these layers are observed with a hotter oontinuum 

behind, that one gets absorption lines. 



OHAPTEl< J 

OBSEHVATIONS Al\ID DA'!'A lllillUC'fIO.NS 

3.1 tielectlon ot: Programme Stars: 

Galactic distribution ot' all Cepheids brighter than 

m = 9.0 was studied to select thu stars suitable for v 

abundance g'radie1l.t determination. Figure(3.1) shows t.he 

distribution of' programme stars in thf.l galactic plcu.l.e. 

Young open clusters and H I.I regionb are also shown iu the 

same figure to bring out the spiral arnll:i. We l:ielected the 

stars which lie i:lVproximately along a .l;tru1e;ht line from 

1 = 20° to 1 = 200°. The stars SV MOil and T Mon are chosen 

towards the galactic anticentre whilo X ~gr ~\d WZ ::)gr are 

c11o&eo towards gal~ctlc oentre. ~ Gelll was taken a~ rel)re

sentative of th~ local arm population. '1'11e l::Iampie of stars 

encompasses a range of 4.2 kpc around the sun - 2.5 kpc 

towards galactic anticentre and 1.7 kpc towards galactic 

centre. 

Table 3.1 cqntain.s th~ basic data i'or tho progrtL1Rrne 

stars. l.'.b.e coordinates, magnitudes, lIIean tll.)ectral typ~tJ und 

lwninosity clal:uses are taken :from th~ General Catalogue oC 

Variable stars of Kukarkin et al (1909). The distances 

listed in the table are calculated using l'-L-C relati(u'uship 

of' Sandage and Tanlmann (1968) and ul:ling the colour exceases 
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published by N1kolov and Ivanov (1974). 'l.'ht:! periods and 

epochs of: the minlma were taken from ~chaltenbralld and 

'l'ammann (1~71). 

Long-period Cepheids of the disk population are known 

to be reLatively yo~ng objects. Kippenhuhn ~ld ~mith (1969), 

from the evoLutlonary tracks for Inassive stars, derived a 

relationship between the age and the p~riod 0:(' Cephtdcls. 

According to th~ir calcuL~tion~J all Cephelds with periods 

greater than 15 d should be as young or youneer th.an 2 x 107 

yr and for the Cepheids of 11.2 d period, tilo average age 

ebtimate was ""-'3 x 107 yr. While selecting tilt:! ),)rogralllille 

1::1 tars , we prel'err~d Cepheids with pel'10<.1s long'er thall "'" 10 d 

and excepting X Sgr (p = 7.0125 d) all 01' tlJ.ern satist'y ill i.s 

condition. 

3.2 Details of Ob~ervationb1 Data 

were obtained wi til the 102-c01 re:f"l.ec tor telescope oJ:.' Kavalur 

Observatory. The spectrograph used at the Cassegrain focutl 

il::l designed by l.ate Proi'essor M.K. V. l::Sappu alld f'abricnted 

at the 1ndian In~t1tute oE AstropbysicHe Tl1~ colL~nator 

mlrror of the spectrogra~h has a focal length of 70om. '~he 

-1 0 
ref~ection grat ing with 1800 grooves nun b~azed at 5000A ill 

the first order, when used with a caloera of 50cin in .local 

l.ength gives a dispersion of 11.31 mu- 1• Bright stars like 
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X Sgr I T Mon and 'r, Gem were observed a.t thi:::. d.J.sperl:i 101'1. 

'fhe same sy::stern with a caloera o£ 25cIII i'ocal length gLvtll:iI tl. 

dispers10n of 22.61 mm- 1• 

A Varo ~605 sinale-.stage image-intensifier tube b 

placed at tne ~oous of the camera and the ::spectra w~re 

recorded eittler on IIa-D or on 10)a-D p.Lates ill oontact 

with the fibre-optic output window 01' the ima.ge tub~. 'l"he 

grating was used at P0tiitlve angles (i.e. blaze dir~otlon 

towardSl tbe collimator). Suoh an arrangement reduces the 

ligb.t loss at the grating oonsiderably (Hollars and 

.ite i tsema 1974). 

Durations of the exp0tiures were lirllited by the ilnng-e-

tube bacl<ground noit:le which reaches a density oi' 0.05 ubove 

chemical fog in 150 minuteti in the winter (ambieut t.ollll)era

ture --18°e) and in 90 minutes in spring (ambient 

temperature ~ 25°0). 

The alit width of' tne 8,Peclirogra,1lh waIJ adjusted i'or 

each camera in suoh a way that the projected slit width on 

the plate was 20t-m. The star was trailt:Jcl aloou- the length. 

0'£ the slit to gat a we~1-widened apectruulo rJ.'lu~ widellLllg 

varied f'roln O.3rnm to O.,5mJD depending upon th..a brighhl.til:lS or 

the star. One can reoord a 0.4mm wide speotrum ot a star 

o£ 6.5 mag in 90 minutes 'With the 500111 OlllUora.. With thtj 

25cm camera we can rea.ch a magnit~de ot 8.0 with the bame 
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widening. Table 3.2 lists the details o~ the observational 

data. The last two columns contain the duration of' the 

exposurd a~ a fraction of the pu1sation p~riod ruld the muan 

phase at the middle o.t' exposure 0 Since all of our progrCl.nune 

stars have ll»ui1:'iciantly long periods arld the exp0:;Jure t Lmes 

of' less than 150 minute::., it is r~asonuble to assume that 

there was no phase change in the st.ar during the exp0l:iurao 

F or each spec trog-ranl, a calioratl.oll plate was s iIoul ta

neous1y exposed in an auxiliary calibration spectrograph. 
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The calibration set up consists o£ a Hilger quartz spectrograph, 

a rotating sector and a Tungsten tilameut (rJource. The 

calibration and stellar bpectrogrwns are d~veloped togeth~r 

tor four minutes in Kodak ~A-19b developor at 20°C. 

3.3 Reductions of the Photographic Spectra 

An image is stored in the photograpbic plate ill ttu; 

form of blackened silver grains in varying degree at 

blackening. To determine the Lntensity of the radiation 

that blackened the photographic grains, one needs to know 

the response of the photographic material to the incident 

1 igh.t. The response of a pho tograpbic OI1IU.1~ i(,);11 iti dtHlcribad. 

through what is called the characteristic curve ot tho 

emulsion. A good ca1ibration sho~ld be able to show the 

plate response £or a considerable range of light 

intensities. 
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The degree o~ blackening is usually expressed by 

optical density or th~ photographic silver depo~it. Suppose 

10 iEo the light interl.l:5ity falling on a photographic irnage 

alld only a fract 1011 I t is tran~m L tted tfu·ougb. it; then, 

It/Io i~ the transillittance T of the plate. .If'or a clear 

plate which i6 not exposed to any light befure developing, 

It = 1 0 , or we can say th~ traJ.lsrnittance T = 1. If' the 

plate i~ darkened SO much that ~t = Ot then T = O. 

Earlier, ob~~rverl:5 used percentage deflection (either 

T x 100 or (l-T) x 100) as a. measure of optical pensity and 

plotted it against the expasure E (I x t where t is the 

duration of expo6ure and r the intensity of light); but 

such a curve would 6how saturation within a very small range 

of densities. Hurter anu Driffield plotted optical density 

D = log liT against the logarithm of f;lxpo::lure. With th.is 

new parameter, the saturation was reached at Dlucll h1.ghar 

densities. This curve was adopted by a number of observers 

and the term characteristic curve became almost synonymous 

wl.th the one propo!:led by Hurter and lJriftield (ND cllrve). 

The well-known shape ot the c~rve i~ respondible for the 

general ooncept th~t the re~ponse o£ a photographic piaLe il:5 

1.nherently non-linear. Various attempts were made by 

dif~erent gromps of observers to Cit suitable £~ction~ to 

this non-linear curve. Haker (192S) introduced a fllnction' 

Dl = log (10D_l) (which is now known as 'the .Baker den~ity) 
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that gave a linear curve even at a very low denslty (where 

the toe used to a~pear ill the HD curve) and the ~aturation 

came at much higher den~ities. de Vaucouleur~ (1968) 
J) 

c all.ed 10 -1 as opELci tanoe (w) because at' i Ls rela t. ion 

to opac i ty (w = f. -1). He 0 ons trllc tt!u charac ter btl c 

curves t'or several ~llIultiions using tllitS parameter plottl;lu 

on a logarithmic I:Icale. '.rh~se curves are ~trictly linear at 

low and intermediate densities which are or practical 

importance in Astronomical. photometry. 

We have used the J:laker density (logW ) i'or our calibra

tion curves. )' 19ure (3.2) slJOWI!:J cal ibrat ion curve t'or tne 

plate 5 1361. One can clel:irly see the absence of toe iXl 
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the lov-density regiol!. and a sl.ight deviatioll from non-

linearity cOUles only after 0 == 1.2. Since our plates were 

never darker than II = 0.6, a straight-line le~l!:Jt-squares tit 

(excluding the lligheat dellsities) vas adeqllate. 

Smoothening' 1'he iml:l.~e stored ill. a pho tographlc elliulsioll 

is a degraded picture of' th.e original in:£"ormation. The Jno~t 

severe degradation affeoted by t~i~ form ot ~tora~e i~ thd 

addition of grain noise. One cannot get rid o£ the noise 

by silnply increasing the Signal, since tbtt noise is an 

increasing f"unction oi' photugraphic density. lienee, it itl 

necessary to devise an effective method of noise relnoval fr\)Dl 

the record Defore the information is analysed. 



,.6 
61361 SYMon 

1.4 

'.2 
1 ·8 

1.0 
1·6 

0.8 
'·4 

0.6 

t '·2 
0.4 

(a) 
. 

0 1·0 . -
0.2 

0.8 :"'''' 
0.0 

0.6 - -0.2 
0.4 .-. 

....... -0.4 
0.2 

. 
,,-

-" .. _. -0.6 
0.0 -

1·6 1.& 

Plate position .. Log I 
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Fortuna tely, in l'rtiquency domain the photographic no lse 

decreases vi t11 increas ing WaVttleIlgth. 'i'bus, it is pos::s l.ble 

to retrieve th.e l.nforUlC::itio.n at lont:er wd.velengthb and dit::lcClrd 

the oue at shorter w2veltmgtht::l wh.ich is aftect~d by noisti o 

The best way of' noitie reluQval lies in tbt:l :frequency domn in 

where one can use the pre-knowledge o:f tbe shapes of the 

nOll:le :fwlction and the slgnal function to sttpl4rate the two. 

A very much simp~er technique is to cut o;f'i' the frequen

cies high~r than the ones trallsmlt..ted by the I4p,paratus 

function (instrumental. aJ.1.d detector). 'l'hil5 11:1 the technique 

of low-pass filtering utilized in its simplest ~orm by a 

conventional researcher by dl'aving a smooth. curve by hand 

over the ana~og record. '£1'1is ruethocJ. g'enerally mee'ts the 

problem of delicate bala.rlce between skill and subjectivityo 

The digital low-pass fil ters which are IncCre objective 

and fairly quick even with the ~i1m'plest of nloctern digitizing 

equipolent are constrllcted on the princiyle 0'£ the weighted 

runnl.ng average. '1'he running average with equH,l weights bati 

side-lobes in the frequency domain and hence degrades the 

overall res01ution. A triangular functiGn is very much 

better. This is eqllivalent of a hanning window used in 

Four ier aJ1alY8 18. A further improvement is a halIllling window 

wnrich has wel.ghts 0.2,3, U.54, 0.2,3 iu the data domain, wllen 

.3-point averages are used. Since ollr apvaratu~ function has 

a half-width o£ 40~m lsee section ).5) and the d1gitizatlon 



interval is 8fm the 3-poiut triangular profile smoothenb 

the &pectra su~fic~ently without degrading the resolutioAo 

5 J.gnal-to-Noi~e katio: A quantity wbicb reJ:)rt:lsents tha 

precision with which the incident radiant energy is deter-

mined is the signal-to-noise ratio. Consider an. eX,I,)erimeni. 

in which identical eXjJo,bures are given to a number of' 

plates. The density of ally spf'c1fitld image will not exactly 

be the same on each plate because of the factors ~uch as 
, 

granulari ty and non-ull.lf'orml ty. These dens! ty di:Ct'ertlnces 

forOl a normal dis tribut ion wi th a weil-de:f"ined mean D and 

standard deviation ClO' and with a corr~sponding mean log E 

and ~ncertaJ.nty c)log~. The precision in log ~ is closely 

related to the signal-to-noise ratio (siN). Jt./()~ is rela

ted to density fluctuutions ern' by the local slope o~ thu 

characteri~tic cu.rve i. 

1 = 
0.4343 

elloe; .E 
= 

S:\.gnal-to-noi~e r~tio is all extremely useful qUlf.lntity as 

it allows U6 to estimate the fractional preCision with 

which the exposure in allY image element is determined from 

a single measurelnent. A ::;/N ratio of 10 means that the 

deterndnation of exposure is uncertain by 10% and a SiN 

ratio of 1000 corresponds to O.l~ precision. 
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Let u& now COIlS ider tbe e.ff'ect 01' bacl{ground expos ure 

on the signal-to-noibe ratio. By buckgrOtlL1.d eX,l)osure we 

mean thf:l plate den&lty whicll ib caused by undesiJ"alJle 

light such as tbe sl~y uuckgruund or image-tubE:! b~cl.;:grouncJ.. 

The undesirable intenbl.ty which i::. not cau/:Jed by expo~ure 

to lLght is re£erred to as plate rog which contribut~~ to 

the noibe but not tu thf:l tlJ.gllal; thi::o contribut.ion 1b 

autolDatically included in the determination or """n0 

Backgrounu eXJ,)osux'e E.a 1.1:5 m1.xed with tbe I:Jtel1.ar 

exposure ~S. The ne t 'dIN i tI related to the 'background and 

the total exposure ~T = ~~ + ~B by the rel~tion: 

.~) 

In our sJ,Jectrograms, the density o£ image-tube 

background was always between 0.02 and 0.04. It affects 

SiN by 5 to 10~. After applying this correction, the SiN 

of' ou.r spectrograms is generally ..-0120 E:t.fld never below 100 

even for thE:l f'ainter stars. Af'ter applying a 3-point 

smoothening, S/N improves further by a £i;ictor J2 or by 41", 

since the effective number 01' points used in obtain ing the 

average value is 2. 

"'" 3.4 Digitization and Heduction of the Raw Oata 

The stellar· spectrograms were traced on the Carl 

Zeiss microphotometer. The mierophotometer is automated 
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utilizing a microcomputer HeL Ml.C.H.O 2200 (Viswanath 1981)0 

'1'he hardware of tllif:a a!J, toma Led micl'ophotometer con

sibts of a position ~ensor, digitizer ~ybtem luterrac~ an~ 

control logie, microcumputer, mlcrodaLa inLerrace (MOL) 

and a floppy disk at tachlllent (li'VA). 

Positional ::Iensor is an incremental tJha:t't encoder 
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which gives 500 pulbe::l p~r revolution with quadraLure outputo 

This is coupled to a gear inside the potentiometric recorder 

01' the microphotometer such tbat it gives OIle pul.be for avery 

8 f Ql linear displacemen L of the photographic plute. 'this 

pulse is the basic clock for the system and the digitization 

an.d data tranl5:f:'er is done on the arrival 01' this pulse. 

The dlgitizer system 1s an analogue-to-dlgital COllverter 

(A/D) of three decima.l digits and digit.izes the analogue 

voltage from the potentiometric recorder ot miorophotometer. 

MICRO 2200 is a desk-top computer with 2000 prograullning 

steps and 200 data registers. MDl is a digital. input/output 

po 1nt through which MLCktU 2200 handles t.h.e Dlemory baokup; 

each floppy disk has the cavacity to store ,30,000 prograllllnlng 

steps and 3000 data pOints. 

Various progTammes (written in a language similar to 

BASIC) required at di~£erent stages of reduction are stored 

in dit~erent locations of the disk. A typioal run o£ the 

spectroph~tometric red~ctions is described below: 



i) Using the prograrnme to log the def'lectlons. the 

calibration plaLe is digitized and the dtiflection~ 

(measured :from tile dark. l.evel) Ci1'e stored in the 

disk. 

1i) A rOlltine calculates. t.he average lJ, ()D and logw 

:fot" a sp'ecii'iec.l nllmbar of points. 

iii) ~y plotting these densitios agl:linbt the plate 

position Wti can see VariOllS denbity ~teps as sho~ 

in .Figllre (3.2a). 'i'he values or 00 help in 

evaluating siN as a .function of 1>hotograptlic dena:;lty 

or log tU as the heigbt and width of' the alit ot thti 

micropllotomE;ter aJ:'e kept the same Cor the calibra

tion plate alii f'or tho stel.1.ar spectrog'ralDs. The 

average log W 01' each step is aeterlllintid the next 0 

The characterif:ltlc curve is determined u.sing a 

curve-fitting routine. 

iv) The ~tellar spectrum its also digitized I1sing tht: 

programme to log tho de:fl.ections. Anoth.er rOl1tine 

searches £or thE; minimum de£lections in each set of 

100 points. The continuum is defined by choobing 

£rom the highest points oXl.ly those that have 

reached the continuum. 

v) The unexposed portion of the plate just above and 

below the stellar spectrum is also traced ana 
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digitized in a sLm11ar way in order to determine 

the image-tube background. The average value of 

the background .1.s deterrnined at every 1 rom on the 

plate. The image tube background is non-uniform, 

being leSDer at the edges of the plate and increa

sing towards the centre. 
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vi) The de~lections corresponding to the stellar spectrum 

are smoothened by a three-point tri'angu1ar smoothen

ing function using the weights 0.25. 0.5 and u.25. 

These smoothened deflections are converted to logw 

and then to log I by Ilsing the coefficiellts or the 

power-law tit obtained earlier. The ima~e-tube 

background is ~uotracted from these intensitle~ 

which are then converted to ~/Ic using the 

predetermined conti~uum. 

The Final. Spectrwn l:llotsl Since the microphotometer readings 

are at arbitrary steps in wavelength. the data must be 

transferred to standard wavelength steps. Firstly, using 

th~ intensity values as a £unctio~ of plate po~iiion, the 

spectral 1ines were identU'led using a routine vllich 

searches for lines deeper than a specified depth. A 

4-coefficient least-equares-fit is made to these wavelengths 

a~a function of p1ate posLtion. Accuracy of such a tlt was 

found to be about ~ J data pOints which is 1ess th~ tne 

resolution. With plate positioa - wave1ength conversion 



conbtant ~lown, the in~ens1ties are interpolated to regul&r 

~teps in wavel~ngth (say o.li). This enables one to 

compare the obberved spectrum with the calculated spect.rum 

with greater ease. 

Equivalent Widths: Tha abundance analysis reported Ln this 

investigation is uased on the geDeral fit of" the observed 

spec trum and the c omputeu s~~c trulll. 'l'hlus, the equl.val.t:mt 

w1dths of the individual line~ is generally not necessaryo 

Ho~ever, equivalent widths or some linos are useful. in 

improving various atmo'spheric 'paralneters and in the error 

analysis. Thus, the equivalent widths help in tho spectro

scopic estimation of atmospheric parameters. 

When the individual speotral ~ines do not reach the 

continuum because ot crowding, and the blending is not yet 

too severe to ai'fect th.e central de,Ptba of tno individual 

ab~orp t ion lines, the equivalexlt widths c an be indirectly 

est!ll1ated if a calibration between the central depths and 

the equivalent widths is first determined using unblend~d 

lines. Hence, a representatlve s~mple of the narrowest 

lines in the s'pectrum were measured for their e~uivalent 

widths ~sing a trapezoida~ integration method. A le~st

squares straight-line tit to these equival~at widths 1s 

made as a function of their residual intensities. Fig~re 

(3.3) shows such a :function for the plate 011&1 ot 't Mon. 

The residual of other lines needed in the estimation of 
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Fi~re 3.3 The relationship between the equivalent widths and 
the central depths of absorption lines of Fe. 



atDlosph~ric parameterf:l are converted to the equivalent 

wl.dths u~ ing a siulilal' rela t ionslup. ~quivalerJ.t widths 

estl.lllat~d ill sllcil a j'a~hion wOllld be Dl01'e accurate than 

the ones obtail.l.~d by extrapolating the wingl:J to thl3 

continuum. 

3.5 The Instrumental Profile 

Distortion of tbd stellar spectrum can b~ caused by 

inadequate &p~ct~al purity, detector resolution, diffrac

tion and otl.ler i:Lberratlons. Measurement of the instrumental 

pro.file tells us how much degradation occurs I:tlld to some 

extent allows us to recontitruct the o~iginal image ],)t'ior to 

bl. urr ing. 

Conlu.der a light source giving all infinitely l1a.rroW' 

spectral line. Such a line can be denoted by & (A - )..0 ) 

where Ao is the central wavelength. The pro:f'ile of tbil:5 

b-functlon source measured with the instrument ot intet'est 

is the ina trumen tal profile I (A ). A general spec: trl1m can. 

be viewed as a synthesis ot £unctions with tneit' hei~hts 

modula ted by the :£'luJL ]' (A ). f!:ach of these c3 -func t:l.ona 

gives an I (A) in the Ol1tPl1t spectrum eaoh ahi:f'ted to tile 

wavelength of the 8 -fllI1ctLon. Tb~ data actually recorded 

is ,.,,:j;nen the sum of these shifted I (?\), 8, 80 that the 

observed spectrum is 
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'llo 

D ()I) - f I( A -).) I' 0,. ) d A. 
-/)0 

or 
D (.>.) 1 (A) *" F(A). 

'the data is the convolution o.t' tile Instrwuelltal 

profile wi tl'l the true :f'lux spec trwu. When a spec tral 1 ine 

is intrin~1cally broader (such as due to rotation in early 

type stars) thall the instrumontal proflle, it is easy to 

deconvolve the observed pro£ile from the instrumental one 

and get the true prof Lle. However, when the stellar li~le 

widths are comparable to the instrumental profile the 

iterative methods ot deconvolution fail and the Fouriur 

methods give rise to sidelobes. It is hence more convenient 

to convolve the theoretical spectrum with the in~trumental 

pro£ile and th~rl cOll'lpare it with the oblilorved :spectrum. 

An iron-argon hollow-cathode lamp was used as a 

comparison source :for the stellar .pectro~rams. We selected 

weak unblended lines of this source for determining the 

i.nstrumental proflle. 'I'hose cornparison lines vere traced 

on the microphotometer and intensity profiles were determined. 

'Pele line centre XD was determined by parabolic iJlterpolation. 

A. linear fit between log I and (x _)('0)2 was obtained for 

deriving the parameters of the Gaussian pro:f.'iJ.e. b"igure (:3.4) 
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shows the log 1. 
2 

vs l X-Xo) relationship for three such 

lines. The ord1.nates are .normalised such that log I = 1.0 

at the lin~ centre. Short-wavelengt~ and long-wavelenff~h 

wings of' each line are t:lhown by dl:Cferent tsymbo!s al:l 

explained in th~ f'igure caption. .Lt is clear .from the 

above figure tbat the instrumental profi.le can be reprel:ient~d 

by a Gaussl.an f'c:l.l.rly well without significatlt asymulOtry. 

The half-widtb o£ the apl:>aratus profile corresponds to 0.92-

at the dispersion 22.bi mln- 1 and o.4.5i at the dispersion 01' 

11.3i mm -1. 

With these preliminary reductions of raw data, we are 

now ready to cOlnpare the obtferved spectrum 'With the theore-

tical. spectrunl, and deduce the atmosphttric parameters and 

the chemical CORlposition of' these stars. 
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CHA.P'l'Ek 4 

MWTHOl.) OF ANAL YS.IS 

4.1 Descriptlon of the Computer Progralllllle 

In this Cha~ter we will demonstrate the method o~ 

deriving the abundances of elementtl in stellar atmospherel:l 

using the spectrum synthesis method. .In the synthe~ls 

method we attempt to duplicate the appearance of' certain 

portions o£ the observed spectrum using a mouel atmosphere 

for the star and parame ters of' all kno'Wll contributors to 

the line opacity in the region of' interest. 

Sneden' b Spectrwn Synthesis programme has been used 

after slight modLfication. Figure (4.1) gives the schematic 

bl.ock diagram o.f' the program. .Input to this prograrnrne 

consists of a model. atmosphere and l.ine parameters of all 

the relevant lines. Model atmospheres usually describe the 

variations or temperature, gas and electron pressure, and 

m.icroturbulent veloci.ties as a f~ction of optical depth at a 

reference 'wavelength (say 5QQOi). The continuum opacities 
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are calculated in 8ubrolltine OPACrt. Due to its overwl1elming 

domi.nance in the stellar atmosphere, major contribu.tion to 

cO'1.a.tinuou.s absorption comes :from hydrogen in its vari.ous fOrl/ls. 

Other smaller contributions due to helium absor~tion. and 

hydrogen and hel.ium Rayleigh scattering are also incll1ded. 
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Figure 4.1 Block diagram of the ~thesis programme. 



These opacity !'oTDLulal:.ioDs are such that opacitr per ndutral 

hydrogen (or neutral hellum) atom itJ calculated. '1'hd total 

number density of hyurugen can be wriLten us a sum of tllt~ 

number densitieb of all the species made from hydrogen • 

•• (4Dl) 

and for heliuln, uslng the !:IalDe analpgy, 

•• (4.2) 
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The nUlDbdr denslty of each component in equation (4.1) can be 

written as a f'unction of neutral 1:1 and electron number densi

ties by means of Suha equation. Thel:le equations relatin~ the 

conlponent number dens i t l.t:~S to the total Dumber dent! i't..ietJ ot 

hydrogen and h~lium are solved iteratively using Newton-Raphson 

technique and the number dens i ties of all cOlllponen ts are 

derived. We will briefly summarise various important contri

butors to continuum opacity in the following sections. 

While describing tbe formulation of these absorption 

c~ef'f'icients, frequency dependence of absorption coefficients 

i.s impl ici tly aSSouloed and hence we drop tne subscript ).. for 

the sake of brevity. 

Negative Hydrogenl The hydrogen atom is capable of' holding 

a~econd electron in a bound state because the simple 

electron-proton combination is highly polarized. The 

ionization potential of H- ion is 0.754 eVe The extra 



el.ec tron needed to :f'orrn K- comes from ioni:.Ged metals. In 

solar photosphere, H- i60 proved to be the major source ot.' 

continuous absorption. At temperatur&1:S higher than those 

in the solar photosphere H- is deionised to such an extent 

that it ceases to be a strong absorber. On the other hand, 

for the cooler stars the supply oC Cree electro~is m~ch less 

for H- ion to exist as a strong absorber. 

H- bound-Eree ausorption coe£ticient K(a-bf) can b~ 

expressed by 

where a (H-bf') is the atoloic absorption coet£" 1c leJ.lt wi tb. the 

I1nits oC cm2 per absorber. (1 - hU/kT) is the 8tiDl~lated 

emission factor; the absorption actually prod~ced is lowered 

80 

by the factor (1 - hv /k'l\) because of the stllnulated emission. 

The polynomial approximation to a (H-bf ) is given by 

Gingerich (1964) is as f'ollowsl 

-5.519 x 1027 + 
))3 

14 
f' or 1)). 2. 1 1 1 x 10 and 

4.808 x 1041 

V 4 

1.481 x 1013 
+ '\)2 + 

-1.251 x 10- 1 + 1.052 x 1013 

)) '))2 



14 / 14 14 for 2.111 x 10 < 1J ::::: 1.~259 x 10 where 1.825~ x 10 i~ 

the ionisation-limit £'r~quency, corresponding to the 

ionisation potential 0.754 eV for the negative hydrogen ion. 

H- free-free absorption coe.fficiellt K (H"'f £,) il:l 

given by 

where F~ (T) i~ given by 

•• (4.4) 

2.5993 x 10-7 
))2 

wllich is a fit to the dipole-J.ength calculations by Stillq 

and Callaway (1970). 

Neu.tral Hydrogena Both the bound-free and free-free transi-

tiona COl1.tr ibll te to cont bl.UOU8 absorpt ion. ~ound-free 

absorption is more important than free-free absorption. 

Bound-free transition can ocour from any level, to continuum. 

The number densLty in each level oan be calculated by 

~cltzmann equatIon 
\ 
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o. (4.5) 

Bo~d-free absorption coefficient has ~he form 

o. (4.6) 



Polynomia.L approximations to OL n as given by Gillgerl.ch 

(1909) is as fo.Llows 

C(. 2.~15 x 102~ Z2 [An + .B 
Z2 z~ 1 = .. C -n 

n 5 ))3 n ).J n lJ2 

for )}~ 3.28805 x 10 15 x 
Z2 
2'-
n 

The po~ynomial coef£icie!lts are as £ollows: 

~------------------------~------------------------------n C 
n 

~-------~--------------~--------------~-----~--~--------
1 U.~916 2.719 x 10 1:3 -2.268 x 1030 

2 1.105 -2.375 x 10 14 4.077 x 10 18 

:3 1. 101 -9.863 x 10 '3 1.035 x 1028 

4 I. 101 -5.765 x 10 ' :3 4.593 x 1027 

5 1.102 -3.909 x 10 '3 2.:371 x 1027 

6 1.0986 -2.704 x 10 '3 1.229 x 1027 

7 1 0 0 

~---~--~-----------~------------~------------~-~----~---

For levels above 9, thea ~u.mllkation over levels is treated 

as an integra! over n, and we obtain 

n~RI~ 2.815 x 1029 (1 -h'll /1Cr) .leT 
K. (abf') = U U1 x:3 - e 13.595 

82 

Hyd&Qgen Molecu.le& Hydrogen moleou.les appear in large nu.mbers 

+ in cool stars. H2 is a significant absorber i~ the u.lt~a-

violet spectral region. H~ absorption has been stu.dled by 
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Bates (1951) aud ~latsushima (1964). Polynomial approximation 

to .Bates' r<"sults .for the sum ot' bound-free and :free-:free 

trallsitions ib given by Kurucz ('~70). 

where 

b' t T) = exp [- ~ -.3.02,3 x 103 + 'J. 7797 x 102 ln ')) 
)) kT 

- 1.824~6 x 10' (In,)))2 + ).9207 x 10- 1 (lnv») 

with 

Rayleigh Scattering by H~ alld He I 

HI Rayleigh Scatterings Us ing the cross-section given by 

Dalgarno (1 ~62) 

K (HI)R ay 
5 7YY 10 13 1.4.22 x 10-6 '+ = n(HI) (. ,.}! •. + - ).g 

where win (A, B) means the smal1er of A and B is adopted. 
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He I Rayl.~lgh Scatter L.ug: '1'ho cross-section is given by 

Dalgarno (1962). 

2 

A2 (A2 - 2.90 x 10-5) .• (4.9) 

where A = 2.997925 x 10 18 
min ( 1) , 5. 15 x 10 15) • 

Negatlve Helium ionl The bound-free absorption 11::1 generally 

found to be nagllglble for He- becau~e there is only onc bound 

level with excitation potentlul of 1geV. For tree-free 

absorption, Carbon, Gingerio~l LUld Latham (1!:J69) gave a 

pol.ynomial £it to thu calcul.ation~ o£ John (1968). 

where F~ (T) = aT + b + cIT 

with 

).)97 x 10-46 - ~.216 x 10-:31 
a = 1,) 

b = -4.116 x 10-42 + 1. 061 x 10-26 

'l.J 

-23 
c = 5.081 x 10-37 _ 8·124 x 10 

)) 

1.0J2 x 10-15 
+ v 2 

8.1J~ x 10-11 
+ 

v 2 

•• (4.10) 

When all the absorption coefficients are calculated, they 

are multiplied by NH or NHe as apvropriate and added to get 

total continuous absorption coefficient 1<:,;'. 



Following Sneden (1974), we wi~l denote the continuous 

absorlJtion coef'f 1c J.ent as K;.. and 1 ine absorption coe!'f'icient 

by Kl) for conveniellce. Numerical integration subroutine 

HELENA integrates K.~ over the atmospheric level.tI in order 

to get the continuum optical depth ~A. In the calculation 

of a given line, we need continuum optical depths 7). at an 

arbitrary wavelength. By definition, 
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d 7/1 = •• (4.11) 

Where K;. is the continuum opacity at wavele:t1l~th ) and p 

i::l the density of the ruuterial and dl the increment or deptll 

in the atmosphere. We can also write dl = d~r where Ky 
K-tf' 

and 'y- are the continuum abtlorption coei'ticients and 

continuum optical depth at ref'erence wavelengtho Now, 

o 

•• (4.12) 

At first, the cont~nuum absor~tion coef'ficient and optical 

depth is calculated at the reference wavelength and the 

val.ue of" ~ is calculated using equation (4.12). 

Subroutine EQLIB solves the molecular equilibrium 

equation f"or all the relevant molecules at all the atmospheric 

depths, and calculates the free atomic density of all 

mOlecule-forming atoms. Input data to ~hi~ subroutine 

contains the polynomial constants which are obtained by dOing 



86 

1east-squareb £it to Tsuji's (1964) table or the logrithm 

of' dissoc1ation constante:s as a £unction ot' temperature. In 

our input data, we have tho lIIol.ecul.e ic.Jenti.f'1catlon nUlllber 

roLl.owed by four polynomial constants. The dissociation 

potential. is calcul.ated using the appropriate con6tants found 

with their identification number. Subroutill.e SUND~R examines 

each mol.ecul.e and returns its component parts and subroutine 

DISCOV counts the number oi' times a particular atom appears in 

a molecul.e. Subroutine EQLIB so1ves simul.taneously equations 

of' the :rorm 

Ni = n 1 + 2- niJ Nij Of (4.1:3) 
i 

and 

Ni = n~ +L. nij.ninj/Kij 
ij 

•• (4.14) 

Where Ni is the number density the element i would have had 

if' there were no molecules, n 1 is the actu.al number density 

of' 1; Kij is the dissociation constant of' molecule ij and n ij 

ib the numbElr of times a tom i appears in nlolec ule ij 0 For 

thle so.Lu.tion 01' thib set ot' eqllations, tae Newt,on-Raphson 
roJ 

method was employed. .Briefly, given a set o:f equations f'(x) 

where X~ ( x 
o = xl' 2' 

,...; 0 ,-v0 

the variabl.e x and 1: 

••• 

= (:f 1 , 

system of 1inear equations 

'" 
A (i') c5 

,.oJ -.J = £ (x) 

x ) are the initial guesses to 
mo 

1:2 , £3' ••• :fm), we solve the 



,..J 

:for the increment 8 ;:;;. (61 , 82 , 83 , S4 ••••• S m). 

Matrix A is given by 

r.J 

'd:fi N 

= ~ (x), 
vXJ 

i.e. matrix A i~ the matrix gen~rated by dif~erentiating 

each function fi by each variable Xj and evaluuting it at 

rJ ~S"'" (roJ) "'-1 (NX ) x. Then, = -:f x A 

and 
rJ 

X new 

The process is r~peated till "" x -i,new 
,..J 

xi. In our probl.elD x are the number dens it ies of' diff'erent 

atoms or ions. 

At this st~ge, the ~ptictrum commands and line data are 

called for. We have to speci:fy the starting and ending 

wavelength o:f the computatJ.ons, the step si:Ge between two 

spectrum calculatJ.ons and the limit on the either side of the 

step point :for VhLCh the contribution due to neighbouring 

~ines will be included in the spectrum calculations. 

The l1.ne data consists of' wavelength ot' th6 1 ine (i), 

identIfication of an atom, given in the style of ATLAS (i.e. 

the integral. part L8 the atomic number of the element and 

the number after decifllal point shows the ionisation state. 

Th~ FeI = 26.0, FeII = 26.1 eta.), atomio mass of the atom 

in a.m.u., X,,~. the f'irst and second ionisation potential 

(eV) of the transition and the gf value i.e. the statil:Stioal 
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weight multiplied by the osoillator strt:)ngth of the line i. 

In ~ubroutine PAal~N the partition funotions at eaoh level 

of model atrno&phere for variou~ atoms are caloulated using' 

all expreb s ion 

2 Log U = Const 1 + Con~t 2 x T + Const 3 x T 

+ Const 4 x T3 

where the con~tants are thobe appropriate to that particular 

ion under con~ ideration. These cons tants were derived from 

the least-square& fit of tlu,1 temperature versus log \1, from 

the partition function data contained in the following 

sourceSI Draw-in and ,It'elenbol\. (1965) for H, He, Be, 0, N, u, 

N a, Kg, Al, S i, C a, 'r i, Cr, Jj' e, Co, N.L, :tn, Sr, ~r and B a J 

Bo1ton (1~70) for Si, Mn auu V; Kurucz (1970) for rare-earth 
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el emen ts. Thti tempera tUl."e' ral'lge of: the fits are roughly from 

2000 K to 20000 K. and the fitting accuraoy iti always ~1.5 

per cent. These constants are stored in the subroutine as 

data with an identi'fication number in ATLAS style followed 

by'twelve coeffioients, four for each ionisation state 

beginning with the neutral state. 

Line absorption coefficiant is calculated 1n subroutine 

NEARLY. We have the standard formula 

~ 
me 

[ 1 - e-hcAkTJ u( a.,v} •• (4.16) 



In this equat10n, we have the physical oonstant '1T e2/mo, 

the number density o~ the absorbor N and o~cil~ator dtr~ngth 

0'£ transition, f, thldl Doppler widt.l'l AlJD in .f'requenoy 

units t the corrao tion for induoed emission 1_e-h 1,) /k'1' and 

normalized Voigt-proi'ile :f"unction U(a,v). The Doppler 

width is given by 
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•• (4.17) 

where -; is microturiJulent velocity ami M i.l:i the mass of thC':l 

absorber. Normalized Voigt function U(a,v) oall. be exproljt:led 

as 

llo ~ 

Q f -'if d U ( a., V) ::.. ---ai.. e 'I 
'TI' (v _ y) l + a). 

-'60 

:::.1- /-l(o.,v) 
.fiT ... (4 .. 18) 

where H( a,v) is knOWl'l as Ujerting' s tunotiono The allproxima

tion tormula for U(atv} for varl.out! combinatione of a and v 

has been taken from Voigt (1965).. The stated errors are letlti 

than one per cent. The variables are the damping parameters 

a and Doppler velocity v. They are given by 

Q -
•• (4.19) 



where r n' rs ' rW dre nat~ral. Stark, and Van aer ~aal~ 

broadening balf-widtb~ and Doppl~r velocity v i& given by 
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V= •• (4.;20) 

fOY 

S4;a0.e Van der 'Waals broadelling ........ __ d t aria!" ... -.lit:-

the :following f'ormLlla from Unsold (1955) foJ:' damping half 

width was used 

•• (4021) 

Here, V is the mean relative velocity :for an atom of ma.ss M, 

given by 

v = [ 8'11KT 1 1 l!-(M + ~) , 

Z is the charge 01' the atom 
~ 

•• (4.22) 

Ze = 1 for neutral atom, 2 for eir~1y-ioni~ed ion etc. 

Xi = the ioni~ation ~otential 

E E = the excitation potentials o£ tne lowor and 
i,1.' i.u 

LIpper states for line i. 

Calcu1.ation of all these parameters are done for each layer 

of the model atmosphere. For the calculation ot number 
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density of absorber in the lower state ot trarlsition, Saha 

and Boltzmann'b equation~ were ubed. Consider all atom i : 

Now the Saha equation is 

( 
3/2 

N i . In 27T m kT) .• J-+ e _ e 

Ni · - h 2 
-'XJ., j / k'£ 

e •• (4.24) 
,J 

so that 

N 
i,j+1 
N. j 1., 

= 
4.830 x 10 15 

ne 

Then we may write 

N1,tot = N1 ,I + Ni,II Q1 

•• (4.25) 

•• (4.26) 

U 1. I J.J. T 'J / 2 - 1. 1 6 :x. 1 04 X i I I I 
U e '" 

1,11 4 

Then 

Ni,I! 
N 1 = N i I (1 -+ N Q 1) = N 1 ,1. Q2 ,tot, i,I 

where Q2 is the ~uantity in the braokett. Above aquationa 

a~ solved to yield Ni • I , the number of neutral atoms, 

N 
= N 1, II (--!.d -+ Q 1) N 1, tot Ni,lI 

Also 



Sf.) that 

N 1., IJ. = (Ql+N. r/N. ' . .£) 
Jo,.&. 1,..&. 

N i,tot 

= 
.N 
l.tot 

Q2 • 

= 

Finally, ~or a particular state o~ an atom we have trom 

Bultzmann equation, 
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= N i, j •• (4.27) 

LogaritiulIlc &..bunuall~es t'or all the elamerlt. from :& .= 1 

to Z = 65, scall!d to hydrogen are also given as il1.pll.t <lata. 

•• (4. 2~) 

With thdse considerations ti'lu llumbur of abs,orbers (X.NUJ.l) 

relevant £or the particuJ.~r line oan be written aa 

XNUM = 

for neutral 

and X.NIDrl = 

~UNVANC~ x NHtot 
Q2 x U( 1) 

a tOlD, 

.A.l:l UN IJAl'IJ C~ .x .NHtot 
Q2 x u(:d 

x 

e -1, 1605 x 104 E 1 
T 

•• (4.29) 

N i.II 

!li~I. "'1!160~ x 104 .Iel • T 

, . (4.30) 

~or ionized atom. The absorption ooe~tioient at lin.e centre 

is given by 
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•• (4.:31) 

'l'he line absorp tion coe:t'fic ien.t at a dil:itl:l.D.ce 6).. :from the 

1ine centre i6 calc~lated by 

l~ = 10 x U la,v). •• (4.32) 

Line opac i ties and OJ:.lt ica1 depths at wave1ellgth, tiay A • 

is ca1culated in subroutine TAUKAP. Contributions trom all 

the 1ines fa11ing ln tbe wavelength range 

are consldered. 'the limit tl)' is speoifiC3d in tile input. line 

data. At eaoh level, j 1 ine optioal depth given by 

.. (4.))) 

is oalculated. 

Now ve are ready to calculate the emergent tl~xes in the 

1.1n.e and con t i.nuuw. '!'h.-=!:!IUl ~rgell t; con. t inllufu l' l~x. &1:1> de.1.' illed 

in Chapter 2 is given by 

~ (0) = 2. f~A ('t).) E,. ('T). ) d'r" . 
o 

The source functions in L~~ calculations are merely Planck 

f"unctions B). (T). ~1anck function at a wavelength A is 

calc~lated in subroutine SOU~CE by Planck's radiation lav 



With 

~ = ~ Ql'"\d 
"lJ 

ve have 

dv 
h-u/ki 1 e -

ld1J1 =- ~ dA 
)..). 

B).(T)dA 
2hc. e.. d,A _ • 

= );3 -,. nC:/l\kT 1 A e -

If " is expressed in 1, 

2hc2 1.12082 x 103.5 
AS = AS 

and 

he 1.4J81i x 108 - = • ~kT 

Finally we get 

B r.. (T) 1. 12Q82 x 1035 1 • 
A5 1.43879/?lT 1 e -
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•• (4.34) 

.• (4. 35) 

• (4.36) • • 

The expo~ential integra1e are ,calculated tn 'Funotion 

Subroutine ,I!;'x'P:tNT. ForlIlally, 

l\tJ -J e-xt 
- t~ dt 

1 
Now 

n-l x 



95 

1>0 
bel 

I o J .-ddt = fe-xtdt En• 1 (x). ~n (x) = = ox t 11 t n 

1 1 

We can derive a recurrence forrDula 

E (x) 1 [ -x £n-1 (x) J • (4.38) = - e -:x. n n-1 •• 

This allows one to get En(x) from E 1(x). E 1(x) is calculated 

from the polynolnial a.pproximations of Abr&'ulowitz and Stegun 

( 196,5), where, i'or differenli ranges of :x.. 0 < x (1, 1 <x ~100 

and .x "') 100, di.t'i'erent apiJro.x.imations are given. Th.e errors 

are stated to be less than 2.0 x 10-7. In our computations, 

first l!}, (x) is calculated by apvropriate furmul a and tbell .l!}n (x) 

is calcul~ted using the rucurrenoe relation (4.38). Since the 

spectruDI range cover4:ld 'is srnall, we can use a single wavel~ncth 

for the continuous opac i ty culculations. C4:'Ill cral wavelength 

of' the portion ot the ~pectrum to be computed ~a~ adopt~u for 

a calculation o~ the continuum flU% 

•• (4.)9) 

where 

Now we are ready to compute the spectrum deptns. For tne 

st~ting wavelength, the calculations ot line opacity and 

optical depths at this wavelength is done ~or all atmospheric 

~evels. Contribution c~rva ot depth as de~in.d 1n Chapter) 
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is ca1cu~ated by 

C. 'D (:0 :: 

•• (4..40) 

Then the line depth i~ 

bI'l'.A.U 
D(N) = ~ CU(L)d Xr(L). 

1 

The depth calcu~at1ons to next wavelength 

WAVE = WAVE + ST~P 

are done in a similar way and the entire spectral region of 

interest is computed. 

Thti C ompl1ted s,Pec trllm is convolved to appara.tus f'U!lct iOll 

in sl1brou tine CU,NGAU. The instrll.lnental profile as descr lbtid 

in Chapter 2 can be expressed by a Gallssinn profile. In tl1is 

subroutlne the input data is the full width at halt maximum 

of the instr~mental pr~£ileo The sll.brolltiue generate* a 

Gall.ssian profile and convolves the computed spectrum with this 

pro~ile. The convo1ved spectrum is finally compared with the 

observed spectrum. Subroutine PLOT plots the computed s,Pectrum 

with the he~p of line printer. Hence it is not an accurate 

represen~ation, bl1t u~eful o~y for viau.l inspection. 
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4.2 Jllsti£ Lcation of' sinl!lli.fY1ng a!:isumptlons 

In the method or spectrum synthebis adopted in this 

work, following slmplU'y ing a:usumptiollf:l about the atmos-

pheres of stars have been madel 

t) Plane-parallel atmosphere I The exten t of the 

atmosphere is much smaller than the radiu~ o~ the star 
AR (:a- < 0.1), so that we can consider plane-parallel geometry 

instead or concentric spheres. Low-gravity stars (supergiants 

and giants) have extended atmospheres and validity or the 

assumption can be questioned. de Jager (197.2), de Jager aIld 

Neven (1975), de Jager (1980) and Vardya (1~82) have calcqlated 

the limiting va~ue of gravity g i below which the planem n 

parallel approximation does not hold. For the temperatu~e 

range o.f our interest 5000oK-6oo0oK the g i calculated by m n 

Vardya (1982) it:5 "" 6 while none of our programme stars have 

g <10. Thus the assumption of plane-parallel geometry il:l a 

reasonab1e one. 

Further, in Figure (4.2), we show the contribution 

fu.nction for the equivalent width a. a .function ot optical 

depth for two lines of ,It'eI (El =-= 0.0 eV, and 3.2 eV). W'e 

can' see from th~ figure that the actua1 contribution to the 

1 ine formation (or the depth of formation) comes frolQ a .. 
narrow range in optical depth mainly between (log" = -0.3 

to + 0.8). The contriblltion :function CD (r) was calclllated 
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using a model 'lla:f.f = 5500K, Log g = 1.0 f'rom the grid ot' 

model atmosphere::. of' Kuruc:t (1979). Ln these IDodels, 

geometrical heights corresponding to dif'ferent values of 

optical depths are also talJu~ated. Full 'Width at half' lIIaximum 

of the contribution function in Figure (4.2) correspondb to 

84860 km in geometrical height /:Jca~e. I:f tht:l radius of' the 

star is 60 R0 , which is typical of' galactic Cepheids, the 

ratio or the line-forminK region to radius of the star is 

-0.0002. Thus it is reiterated tnai tnt:! use o~ pl&ne

parallel atmospheric luy~r will not intruduce any st:lriou& 

error in our calcul~tions. 

2) The local the.l'Dlodynalllic equilibrium: The I::I.tmoSl)hure 

of' the star is as!>umed to be in local tbt:!rruodynamic equili

brium (LTE); i.e. the relationf:l such as .Bolt~1I1annts equation, 

Planck's :formula and Kirchoff" s law hold at a given polnt at 

the local temperatul."'e ot' the point. All the metall ic 1 inel:l 
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are f'orftled in the layers of optical depth '/= 0.1 to 10. In 

these layt:lrs, the collisional processt:ls are dominant as compared 

tct the radiative processes. There1:'ore, :f'or these pbotosphcric 

or near-photospheric lines the LTb.} :formulu:t ion. is good. ell.ougho 

3) The hydrostatic equilibrium: 'fhe atmosphere ot' th~ 

star is assumed to be in hydrostatic equilibril1m; this implies 

tat there is no large-scale acceleration cOIDparable to the 

surface gravity; hence the pressure balances the gravitational 
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attraction. Ln the pul.sating atmospheres 01' the Cepheidb, the 

validity of such an assumption can al.ways be questioned. .Ii" or 

all the programme stars, the durat ion 01' the exposures were 

less than 1 per cent or the star's pulsation peTiod. So, it 

is unl. ikel.y that thtlre was any cha:rl~'e in temperature allU 

pressure of the star during the observation. Besides, 

Schmidt (1971) has pointed out that for C~pheids with period 

larger than 10 days, spectrosoopically determined suri'ace 

gravity val.ues are in. agreement with those derived frow thol.r 

masses. The masses indlcated by evol.utionary tracks ot 

Hof~eister'(1967) or iben (1967) can be used together with 

the radii obtained by Wesl::Jel ink's method o '.1'he gravity can 

be calculated £rom 

which holds if hydros tatic equ11 ibrium if:> val id. (1. e. if 

R is a cons tant throughout the atmosphere). Sclunidt (1971) 

compared spectroscopicall.y derived gravities witb those obtain-
I 

ea from evolutionary masses. For Cepheias S Nor and 

1 Aql (p = 9.75d and 7.18 d, respectively), he found a 

disagreemeut between the two gravity determinationlh ,h"or 

Cepheids of l.onger period (Y ophl ~ = 17.12 d), there was no 

significant difference between the two estimates or gravity. 

Rodgers and Bell (1968) have oompared the density variations 

of several. Cepheids. 1n the case o£ long-period Cepheid 
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1 Car, th~re is no apparent density var~atlon larger than 

the errors in density estlmations. The star 1 Car is a 

long-per~od Cepheid and has a smal~ anlpli tude of llg11t va..L"ia

tions. It is possible that the atmosphere ls always in 

hydrostatic eq~ilibrium and a constancy of gravity and 

density is expecttld. However, ~ong-period Cepheids SV Vul 

and K.. Pav have a sudden increase in the density near maXilPUnl 

light s~perimpo&ed upon the gradua~ variations w~th a second 

maximum near m1nllDum ligh.t. The sudden increase in denl:Jity 

comes at the same phase in each case as a strong o~tward 

acceleration. Over the rest ot' the cycle, the variation in 

the density of the atmo8vhere i& very slow. ~t appears ~r.ow 

the above discllssion that in long-period Cepheid. of.' sOlall 

ampl.itudes, the gravity does not vary !Ducll. ovor the cycle 

and consequently the atmosphere is in quasi-hydrostatic 

equilibrium most of the time. In the case of long-period 

Cepheids with large amplitudes, it is possible that the 

gravi.ty varies during tbe bhort interval or. outward accelera

tio~ and stays nearly constant rest of the time. The 

atmospheres of short-perlod Cepheid~ do not appear to achieve 

hydrostatiC equilibrium during a large part ot: their cycles 

and the relation between gravity and accel~ration 1s not 

obvious for them. Keller and Mut.chl~er (1970)calculated 

a h~drodynamic model -of.' a 11., d Cepheid. Tbey also calcula

ted hydrostatic, con&tant-fl~x atmospheres with parameters 
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geff and Teff taken from the hydrodynamic models at selected 

phases. The structure of these atmospherel:l compare we~~ 

wi.th the hydrodynamic models; the (.a-V) colour predicted by 

the hydrostatic atmospht:lrel!f and hydrodynamic: models show 

f"avou.rable agreement. 'l'hese considerationl:l imply that for 

~ong-period Cepheids (p> 10 d), properly-ohosen hydrostatic 

atmospherel:l can adequately predict the obl:lervable properties 

of" Cepheids. Excepting X Sgr (p = 7.01 d) al~ our stars have 

periods > 10 d. The light curve of X Sgr il:l very smooth 

wi thou t any suggestion of humps. All the stars vere observed 

in a phase range wht:lre the acceleration of the atmosphere is 

c~ose to its mininlum. W'e be~ieve that for th~ phase at which 

the observations were made, the assumption of hydrol:ltatl.c 

equi~ibrium is not unrealistic for X Sgr star also o 

4.3 Determination of Atmospheric Parameters 

Many model atmosphtirtis are avai~able in the ~iterature 

and numerous programmes to calcul.ate them. These models all 

defend on values of three parameters. th~ e£fective tempera

t ure (T ), the sl1rface gravity (log g) and chemical compos ie 

t ion. The abundance worker who is beginning a spt:lctral 

synthesis is expected to have an approximate idea of what 

these parameters are for the typ~ of' stars considered. A 

~ 
gr~awork of models i~ selected which is distributed over the 

range of uncertainties in the initial estirnates of ".I'e' log g 



and abundance. Calculations are made fo!.' all these mOdels 

and final resul ts are taken ;from the particular rnodel which 

gives the best fit o.f tbe theory with obsl::lrvutions. 

The ideal spectroscopic information t'or a reasonable 

estimate of the atmospheric parameters is the measurement of 

relative energy distribution in the continuous sp~ctrum. 

What is availaule generally is not the energy distribution 

curve but the stellar colours which are essentially the 
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energy distribution observed with broad band-pass filters • .I:Iy 

a comparison of the IDl:lgnitudes measured l.n di.fferent parts of 

the spectrum, a meatSurement is made of' thu shape of the stellar 

energy distribution. 'I'he dif.fereuce between the magnitudes 

in two bands, defined as the colour between the two e~rectivu 

wavelengths, gives a f'irst-degree shape, or the slope 01' the 

energy distribution. 

4. J. 1 Es t imation 01' Approxilna te Atmospherlc Parameters from 

Colours 

It is necessary to correct the Observed colours for thu 

interstellar reddening, bei'ore using them to derive atmosph~ric 

parameters. Any uncert..ainty in the intrinsic colou1' will 

affect the atulospheric parame ters derivec.l using tntlm. An 

er~or of 0.1 Inag in E(B_V) corresponds to about :JOOK in the 

temperature scale. 



EXisting photomtj try 01' Cepheid::" though extens J.v~, 

is very illho[llogoneou& and mObt.Ly has beeu ma.de us Lng broad

band photometric Slysterns. 'J.'hese systel1l~ are not very w~ll 

suited for accurat~ reddening determinations. Star~ with 

di~ferent spectral energy dibtributiuns ~bscured by the s~ntl 

amount of interstellar dl.1St will show dJ.!'Cerent colour 

excesses in such broad bauds. One can, in principle, correct 

for broad-band non-lincaritius, but the correction term:; are 

not sufficiently we1l defintjd and - in the case of Cepheids _ 

not only vary from on~ star to a!lother but also depend on the 

phase of light varlations. 

Pel (1976) has published Walraven five-COlour photometry 

for 150 Cepheids in the southE:lrn Milky Wayo The qUaIltity and 

quality of this data is outstanding and must represent the 

most extensive uniform, high accuracy body of dal;a ever obtain

ed on Cepheids. 1be properties and stability of the VBLUW 

system, and the calibrat1.on of VBLUW colours in terms ot' 

physl.cal parameters by lIleans of theoretical spec tra, have 

been discussed by Lub and Pel (1977). It was demonstra~ed by 

these authors that the effect of reddening on VBLUW is highly 

1inear because the VBLUW' bands are sufflcientl.y narrow. In 

particular, the slopes of the reddening lines are indep~ndent 

of the observed energy di&tribution which implies that the 

same correction term can be u~ed for all the phases of a 

Cepheid. This greatly simplifies the reddening correction as 
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compared to broad-bclJld t:J.Y~ttunl:l whore complicated differential 

corrections are n~ed~d • 

.Pel (197ts) has derived telJlperatures, gravitie&, bulo

metric light curvl;::Hs, radius variations and equilibrluln values 

of' these quantities i'or 98 Cepheids with .P> 11 d, using the 

lDode~ atlnosphere sl.Juctra froln Kurucz (1975) and the intrinsl.c 

colours of these Cepheids. The method adopted by Pel (1918) 

to derive the colour exce~ses ib to t:Jhift the observed points 

in the two-colour diagram along the reddening line& (corres

ponding to the kl',lOWU interstellar extinctJ.oll law) onto their 

intrinsic unreudelled positiot1~. Additional iXlformation is 

thus needed to def'inu the .Lntrins ic pOl:li tion. .Pel hat; rnaue 

independent deteJ:'lIlinatiuXl of tb.e requir~d intrinsic Cepheid 

locus. Tbe two-colour di~gram most suLta~le Eor this ~urpol:le 

is (V-B) - (fl-L) dil:lgrarn. Cepheids, during their cycles, 

describe long narrow loops in the (V-B) - (B-L) plane. Apart 

from the irregularitLes that are associated with the secondary 

bumps of' the light curv~s and the dif£erences in all'lpJ.i"tudes 

for the stars of dlfferent periods, the loops of most Cepheids 

J.ook very similar in shape and orlentation. Observations of 

stars of' different luminosity cl~s8e8 reveal that for spectral 

types later than FO there 1s practically no luminosity effect 

in 4he (V-B) - (B-L) dLagr&Ds. Theoretical oolours derived 

by ~sing K~rucz model atmosphere f'luxes (Lub and Pel 1977) 
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confirlll this by demonstratl.nff that all constant-gravity lines 

tor T < 75000 K near~y coincide. These reasoninB's indicate e 

that all unredc.lelled Ce\:-lhtdl.ls occuVY a well-defined 10cl11:1 in 

(v-a) - (B-L) diagram D.lld that the observed loops must have 

been shifted away from this locus by dlfferent amount of 

reddening. By shi£ting th~ 100p8 back onto the locus one can 

determine the colour exce~seb. To fix the unreddened pObition 

of this locul;S Pel (1~78) used (1) the red<.lening of th~ bright

est and l~ast-reddened Oepheid p Dor, (2) the reddening of 

the least-reddened clu~tar (;epheid S Nor, (3) positioru; of tht; 

brightest Ib and'Iab tSupcrgiant.s in (V-l:I) - (B-L) diagralll, 

and (4) the theoretical (V-B) and (B-L). 

The (V-B) - (B-U) <.I.ingrttlll is beliit suited for a derl,vation 

ot physical Ild.rametertS due to its sensitivity to temperature 

as well as gravity and bec8ul:5e it separates thQ two parailletars 

well. Pel constructed a theoretical (V-B) - (B-U) diagram 

~sing Kurucz models. Following analytical expressions were 

£i tted to tne grid o i.' theore tical colours anc.1 bolometric 

corrections; 

e 
e 

* = 0.812 + 1.008 (V-~) 

* with (v-a) = 0.337 - 0.216 
0.157 ' 2 

* 7.0 {(B-U)*j Log,.g = 1.)40 - 16.1 (B-U) -
.. 

with (B-U) = (B-U) - 0.,504 - 1.2 x \Iea - U.S52\i 

+ 0.015 (ee - 0.852); 

1.61 



and 

B.C. = 0.8]4 (l~ - u.6951 )3/2 + 0.035 (log g) e 

e e 

log g - U.053) - 0.156. 

In the region covered by tb~ Cepheid loop~, the~e relatious 

fit the exact values of th~ descrete grid polnts to within 

0.0015 in a aDd 0.05 in log ~. e 

Pel has cOlnputed thls grid. using t.hu mouel C:l.tlllo~p.hure.tl 

du~ to Kurucz ('1' = 5500 - 7000K and ~og H = 0.5 - 3) Ull.d. e 

extrapolated the analytical relations down to T = 5000X e 
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to cover the complete loops or Cepbeids with F <11 d. Though 

a rnajorl.ty of our programme stars nuve \:JCJJ:'iodti lOl1Ber than 

this vallle, the phasel:i on the descending branch of thu lia-ht 

curve at which tha obl:iervations were mac.le have '1' ~5400K. alld 

hence do not generall.y involve extrapollll\tion.. T.b.~ initial 

estimates of T and log g were hence obtained using the e 

analytical expressions quoted auova. 

4.. J. 2 Improvement of' the Atmosphoric Paralllf.5ters u4!ir1e 

~ectr~ Synthesis 

The photometri.cally-derived atlnOS1)heric parametertl providu 

a. :firs t glless to the star' ti a tmos.ph~re. 'l,'b, LII gl1ess 1s 
by c.ompu.tl ng 

improved(a l.arge nwnber 0:C lines (tor an E:tlE:tment say b'e) 

covering a l.arge r&lge in equivalent widths, exoltattun 
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potentials and atleast two ionisation stage~, for sllghtly 

dU'fering atmosphf:lric parallleters until th~ computed spec trum 

agrees with the obstlrved one consistently for all the lines. 

Dii'ferent atmospheric yarailicters a.ffect the strenu-th oi' the 

lines in dif£erent ways; this fact helps us in improving each 

atmosphttric parameter indepenuent o£ the others. The 

parameters were improved in the following order: 

(1) Microturuulence: The motions of photospheric gas eiements 

is broadly called turbulenctt. If the elttment of moving gas is 

large compared to the mean free path ot: alight quantum the 

turbulent motion is called mu,croturbulenoe. Macroturbulence 

does not affect the equivalent widths ot tria 1 ines but the 

line profil.es are broadened. When the individual eleJntlnttl 

o£ tl:le moving gas are small compared to tbe mean free path of 

a light quantum we will have mioroturbulence. Here, the 

elements of gas moving with dlfferent velooities abtlorb at 

dit:ferent distances from the centre ot the line. Absorption 

can occur over a greater range in wavelength because of the 

Doppler shifts introduced by the tUrbulence. It: the line is 

not weak and saturation effects are present nt the core of the 

line, broadenin~ introduced by tbe microturbul~nce reduoes 

the amount of saturation allowing the equivalent width of 

the line to increase. The e.f'f'ect of rnioroturbulence on the 

curve-af-growth is to raise the flat portlon above the one 
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produced by thermal Dlot ion~ alone. '£.he micro turbulence is 

taken as a l'ree pararneter in abundance analysis by the 

curve-of'-growth technique and is determined ,from the shi:rt 

required along the y-axis i'or the theoret lcal and obe:;erved 

curves of growt.h to agree. In our approach, we computed the 

equivalent widths for a large number o~ FeI lines cover~ng a 

good range in equivalent widths, using the models with T and 
e 

Log g determined photometrically and for a range of trial 

valiles or: microturbule.tlce velocity. Since it is known :from 

the previous studies (e.g. Scbml<.lt 1971; Bchrnidt, ltosendhal 

and Jewsbury 1974; Luck and Lanlbert 1981) that the abundance 

of iron peak elelllcntti ill Utilph.~iuti is :\:lot very much dit'ferent 

from the solar value, we have as~umed the ~olar iron 

abundance as a starting value. 'l'b.e ruicroturbulence velocity 

for which the lineb 0.1" di!'1'erent intensltLeti agree with th~ 

observed oues wati finally adopted. 

(2) Effective te[nperature: 'l'he telnperatuot"e controls the line 

strengths very strongly. The temperature sensitivity oan btil 

8~en through tho exponentiul an~ power de~enden~es with Te 

in the excitation and ionu:lation equations. As the tempera

ture is varied, most lines go througb. a max.llnum in strengtho 

Usually the incr~ase in strength with temperature 16 due 

to an increase in excitation. The deorease beyond the maximum 

results in some cases from the increase in cClntinuous opacity 

of the negative hy,drogen ion ~hiQh in tQrn arises from an 
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increase in electron prest;ure. In some other cases, the 

decrease resultl::l .frum the lonisation of the absorbiIl~' species. 

Normally the temp~rature d~rived f'ruro ountinuum 0010U1'/:l is 

not very accurate. In order to ilU.f:Jrove the t.'tltimat.e, lines 

of a particular element, suy J.ron, coverina; t:l lc.l"~e rauge ill 

excitation pOLential are computed. AbLUJda,uctttl derlved i'rorn 

individual l.inul::I are exarnlnec..l to !:leo if they show a correlb.-

t10n with the excitation potent.ial; such a corr&lation is 

expected i£ thC:l atmosphuric terllp~rature i::. incorrectly c11ol:len. 

The eliml.uation 01' l:Iuch a correlation with excitation potential 

would lead to tJ.tl imlJroved choice oE T • e 

(3) Surface Gravity: Chl:l.11~eS in the pressul"'o can challge the 

rat io of 1 ine absorption to th~ cont inuum opti01 ty. '1'l1e 

pressure 1t1 related to thu surface gravity through equt:ltions 

P g = C, x gl/3 and P e = Co 2 x gl/3 • 'rhtlre.t'ore, tho presl:)ure 

dependence can be translated l.nto a gravity dependellce. Lines 

formed by any ion or atom whC:lre mOl::>t of the element is in 

the neighbouring iClnisation stage are inselll:litive to chanBet5 

in pressure (and hEwce in gravlty); but line$ corre~ponc..ling 

to the dOlninant l.oni~ation stage are prefIJsure sensitive. For 

examp~e, in the case oi' the t:;olar-type starts. mos t or the iron 

is singly iOll i~ed and, therei'ore, Fe II lines are more senl:li-

tive to pressure oompared to Fe :I ~ ines. Onoe the ternperature 

is accilrately determlned, tile va~u~ of gravity can be 
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determined by requiring that the lines or n~utral and 

ionised iron lead to the.&ame value o'f abundance. 

4.4. A&sembling the lin~ data 

Among tht:l ll.nt:l pc.l.ralue cerb required in our invest igations 

the wavelengths were takell i'rom Moore. Mlnnaert and Houtgast 

(1966) and the excitation potentials :from the Revised 

Multiplet Table (~loore 1945). Accurate g£' valuC::ls for all 

the linEis of interest are very difficult to get. Tbough a 

nwnber o£ investigutions exist (particulurly for elements 

1 ike iron, chromium etc.) there are la.rge di:t':!:'erellces in gf 

values determined i'or th~ ~ame line in diJ'ferent il1vesti~ations 

and for some weak lines gf values have not b&en calculated at 

all. The most accu1'at.e g1' values determined so far is uy 

Blackwell EmU Shall.is (Oxford grQup) who claim an accuracy 

or O.5~ in their gf values. These investigators have exveri-

men tally deternl ined the g£ values :for a large number oi' b'e and 

Ti lines. Such high-precision gf values are not available for 

other elements; even for l."e and Ti there are very few I ines in 

tbe spectral region of our interel\lt for which high-accuracy g£' 

values are known. Consiuering these problems, we bave employed 

here, solur gf values obtained from an inverted solar analysis. 

Solar abundances were taken i'rom the new table o£ ,l:)agel (1977) 

arid the solar photospheric model of Holweger and Muller (1974) 

was adopted with a depth indep~ndent microturbulent velocity 

-1 of 1.0 kms • The trial g~ values were taken frOM the 
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compilation o£ Kurucz and ~eytremann (1975); they have 

determined semi-empirical g1"' vaiues of' iron lines and a11:50 

compiled the gf' valut;t:j 01' 0 ther element,s J'rom th~ 11. terature. 

We have given the equival.ent widths of' Moore, Minnaert 

and Houtgast (1~66) as input to a single-line ver~ion of tha 

spectrum synthes loS programme. 1n thl~ prog'rarnme, gt' values 

are altered b~ small. amount~ till the computed equivalent 

widths agre~ with the ob&~rv~d ones. 

The Ube o£ these solar oscillator strengths makes this 

study essen tial.l.y a d d'ferential one with respec t to Sun. 

The use of model-atmospharic technique removes the dif'fi,pul

ties encountertld otherwise in comparing with a standard of 

d1.ssimilar spectral typ~ ~ld luminosity. The ob~erved solar 

spectrum f'rom the Atlas of' Bolar Spectrum by Minnaert, Mulders 

and Routgast (1940) is compared with the theoretically 

computed spectrum in Figlolre (4.3). One can see froln the 

:figure that the agreement is very good. 

The s-process elements are ul:5ually represented by very 

£ew, weak and often blended lines. Very few abunuance 

deterraina t loons of these el.eroen t.s are availaule in the 

literature and some of these determinations are based on a 

single line; accuracy of such investigations is always very 

low. Keeping these factors in mind, a number of small 

portions of the spectrum (each portion covering si to 15i 
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region) were ~elected having as many lines of Ea, La, Ce, 

Sm and other s-process elements as possible. 1n Appendix, 

we give the libt of' the constituent lines :t'or the various 

spectral regions computed. The fix'st colulIlII give& the wave-

le.ngth of the lille aduptt::d from Moore, ~1illnaert and lioutgast 

(196b). The second colulkln gives the atomic identi.fication 

of the element together w~th the ionisation state of' the 

element in the style of ATLAS (Kurucz 1970) 0 The integral. 

part of' this number i~ the atomic Ilumber, and the .first 

decimal. the ionization state. The third column gLves the 

atomic mass in &DU. Fourth and fifth col.umns give the first 

and second lonisatlo~ potentials of tho atom respectivelyo 

Sixth and seventh col.umns give the excitation potentials ot 

th.e lower and upper l.c:ve1 respectively. 'I'he eigh.th coluilln 

gives the adopted gf values. 

The spectral region 4550i-45b41 proved to bliS extremely 

important in our illvestigations. Sa II 45.54.0)6 i& an asse't 

:for the investiC'ations becCiuse, for the 6pecL.ral. types o.f 

Cepheids, this 1il18 is relat lvely unbl.eoded. Shor'tward of 

this l.ine, the f'irl:Jt conspicuous line is 'i'i I:r 4552.29 which 

is not likely to affect the equival.ent width and. the central 

depth of' the Ba II line. In the longer wavel.er1gth side, 

Or II 4552.02 l.ine (multiplet 44) is present. IntenSity of' ... 
'1\..Ot 

this l.ine is~more than 50% of the Ba II ~ine. Fortunately, 
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tbere are two more Cr II lines ariSing from the same multiplet 
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in the samt:! wavelength region (Or .LI 455~.tJ50 and Or II 

4581.204). l'hese 11ne& ca.n be u&ed to predict the behaviour 

bf' Cr II 4.555.02. Once i:1 suitallle value ot' chromium abun-

dance is deter'nlin~d uS1Ilg oth~r lines, the I:5p~ctral regiun 

around 4554i can be computed with di1',t'erent bariuDl abundances 

till a satisf'actory agreement is reached. ~a II 4550.0,36 

line has the advantage that very accurate g:C values are deter

mined by Holweger and Muller(1974). 

Some invet:!tigat.orti uo not reconlluend I.ho use of 4554.0,36 

line because o~ its strength. This line does not fallon 

the 1 inear port iun o.t' curve or growth. bu t on .t'la t port iOll 

where the lines are sUlJP0l:led to be mora sens it ive to nllcro-

turbulence. However, acc UI'ate value o£ rnicroturbulenc~ call 

be determined :Crain the 1 ines of' ele~lleXlts 1 ike ~'e, Cr and 'l'i, 

prior to the barium abundance determination, and heru.:e tbe 

accuracy of the abundance estimates can be improved. Instead 

of being disadvantage, the strength of the line becomes an 

asset in low-dibper& ion sPt:lctx:a where woak 1 int:lllf c1.l'e ablost 
\ 

l 0'6 t due t 0 th~ crowd ing ot' 1 ine s • 

-I::~'ve... 
In 4550.oi to 4564.oi spectral reglon El~ee are also 

important lines o£ Ce II at 4560.280i, 4560.966i &ld 4562.J67i 

(resonance l.ine). 'I'he line at 4.562.367i it:! almost unblended. 

Its equivalent width is I'"V 80mj, i. e. tbis line· is on th~ 1 incar 

portion o~ the curve of growth ~ld hence is very sensitive to 
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abundance. The contalllill.oting lines which might interf'ere 

with these three lineb of Ce lL are the following: (1) Fe I 

4560.097 line Whl-CIl is rathtlr weak for low-gravity atrno:sphtlre::l 

(log g = 1.0 - 2.0) ll.ktl Cepheius and hellol'; tlOt likely to 

affect Ce II 4560.280 line very serioubly. At solur gravities 

(log g = 4.4) the ¥e 1 lin~ bocomeb as ~trong as Ce II line. 

(2) Another contalllu1.atiug 1 ine which comel:i in bt:!tween thel:id 

Oe Ii lines is ,1I'e I 4561.417 which 1::1 evell weaker than J:t'e 1 

4560.097. It continueb to b~ weak for all gravity values. 

Solar equivalent width for this line i~ 1.3mi and even in the 

Photometric .A.tlal:l of' ::ipectra.1. Lines of' Procyon (It'5Ib) and 

rJ.. Boo it is not cons~icuous. 'l'he atomic parameters oJ: all 

these lines are iucluded in the 1:i!)cctruJIl synthesis oalculu-

t ions reported here. S inca t.lltotre is a large number of' 

unblended ~'eI and Fe 11 line::! in t.h.f) S,lJec tl'U., the auu.mluJlco 

o£ Fe is uetermined very accurately i'rom thorn anc.l the effect 

of these lines could be eliminated. 

ThE:! resonance line Ce II 4562.367 is quite lsolated 

and - at the dispersion o./:' 11.3-R. mm- 1 - il:i ona 01' the RlOl:lt 

suitable ~ine~ tor auundance determination of Ce. 

At the disperl:lion ot 22.6i nun-l, wh.ich we ha.ve eUlklloyed 

for the falnter stars, Ce I~ 4560.280 and 4560.906 have 

merged together. but thi~ mixed feature can still be useu 

for deriving the abundance of' Ce. Cowley (1970) has suggested 
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the use of curve of growtll :t.'or a blend 1tseU'. Blellds are 

much easier to deal witlll.n the method oi' &pectrum synthosiso 

At the dl.sperslon ot 22.6i mru- 1• Ce II 4562.367 maketl 

its presence felt as a hump in the wing o~ Ti 11 ~5b3.7b6 

and if the abundanue o£ Ti is ~ixed using other liue& of Ti. 

the hump at 4S62.3b7 stlll provides the information on th~ 

Ce abundance. 

The utility of other lines or Ce £1 (e.g. 4486.917 and 

4628.160) is ll.lnited to higb dispersion spectra. 

For Sm the important linos are due to Sm II 4329.03~, 

4334.166, 4362.038, 4420.526, 4577.694 and 4616.720. All 

these lines can b~ Iltsed at higher dispersions, but at lower 

displ!rsionl:j ~m .I.I 4334.166 and 4)62.0)8 are t.he ,only onetl 

that can be Ilsed. '!'hI! for:ner line is blended with La .rr 

4)33.764, but the contribution of these two lines to the 

blend can be separated out. 

o -1 even at 22.6A mm dispersion. It bas no strong neighbouring 

line to affect it. Ce 11 4)61.668 at its shorter wavelength 

side is extrem~ly weak and Or .II 4362.9) ijt the longer 

wavelength s.ide is albo very insigni£Lcl:l.llto 



ABUNllANCli: ANALYSJ::i Oli' .£.Nj).l VIDUAL l!.1!.:PHELDB 

5.1 Introductibn 

Detailed spectroscopic lnvestigattons of several bright 

Cepheids have been maue dur~ng the la~t two decades by a 

number of' workers covering the entire cyolo oj:.' l)ulsatlon~ of 

individual Cepheids. Atmo::.pheric parameters (telfilJerature, 

gravity, elc=o tron pr~f:lsure and elc=mental aburlliances) o i.' U'l' 

lIB 

Aur at different pha~es of Lts pulsation cycl~ were determined 

by Bappu and Raghavan (1~69) l1aing the differential curve-o.f-

growth method. 'I'hey have also derived the radial veloclt..y 

curve o£ thtl ::i tar, and .L t::. radius us ing the Wessel.Lnk me tl.l.o4-. 

Van llaradijs (1971) deterUliued m~tal abundances oi' 8 Cep 

at nine phases using the curve-of-gro~th method. Curve-of-
Sc: h.wwtxscJ".ll..cl 

growth analysis of' "1 Aql was made by ~chwarzschildLand 

Adams (1948). Coarse and fine analys is of K. PaY, f3 Dor and 

1 Car were made by Hodgers anc.l Bell (196), 1964a, b, 1968). 

and Bell and Rodgers (1967). ~ron abundance 01' southern 

Cepheids S Nor, Y Oph, U Sgr ~~d ~ Aql were determined by 

Schmidt (1971) us ing the curve-of-growth Qlld model-atmosphere 

techniques. 'rhe atlRospheres of RT Aur, '1.' Mon and X eyg 'Were 

analys~d by ScrunidtJRosen~lal and Jewsbl1ry (1~74) using 

similar techniques with the intention o~ comparing the 

ab~dances of these Cepheids with the non-variable supergiants 



that occupy the same region in the HR. diagram as the 

Cepheids. 

Three of our programme stC:lrs bave beeu studied by Luck. 

and Larnbert (1981) using the spectruru-sYllihesb Jn~tl10d. 

Luck has de terlllined the abundances of' C J .N; U, and a few 

heavier elements Ilsing high-resolution ret loon spectra in the 

red and near-infrared spectral region. 'l'he resolution 01' 

these speotra obtained u~ing coud' reticon speotrometer is 

o.2i wh.ioh is bet ter than ~he rei!:lolu t 1011 of O. 4i o i.' t.11e 

present investigations. Also, the red reglon of the speotrum 

is much less crowded compared to the spectral reglon covered 

here which made theit' analysis easier. However, the blue 

region has many more irnlJortall t lines ot' hoavy elements as 

cOlnpared to the red region. ln IIIpite of th~ aomewhat lower 

resolution of' our spectrograms and entirely different tlpectral 

region of study, it is very satisfying to note the clo~e 

agreement between the abundances derived by us ~ld Luck and 

Lalnbert. 'l'his success of the ml:lthod 01' S!,)f~ctrUlD synthusis 

in dealing with the problems related to blending of linud 

has lent su})port to our application of' this method at still 

lower resolutions. 

For a demonstration of our abundance analysis, we will 

describe the analysis of T Mon in greater detail. This star 

was observed not only at the dispersion ot' 1103i mm- 1 at 

which X ~gr and ~ Gem were observed. but also at the 
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dispersl.on of 22.6i 1n1ll- 1 at which distant und hence fainter 

Cepheids SV Mon and W:G ::igr were obberved. Since the bailie 

spectral region was usud for all the star~, ~e will bhow the 

calculated and observed line intensities 0[' the test linus 

only for T Mon and f'or the rest o£ the ~tars we will. de mOllo

trate the agreement with the help of :t·i~ures. The stars 

12u 

~ Gem, T 1-'100 and .x. ::igr 'Were al~o studied by Luck snu Lambert 

(1981) whose ma.in interest wa.s in the C.NO l:Lbundallces. However, 

they have also determined th~ abWldancef::l of heavier elementl::l 

and we will compare the abundances o£ thv common elements 

later in the chap ter. 

The solar abundances ut:>~d in the present invel::ltitJatlont:> 

are taken from the ::501ar abwldauce table of l'agel (1977). 

Model atmospheres in tbe temperature range o£ 4000.K to 5500K 

are from the grid of' Gus tafl:Sson et a1 (1975) while those in 

the range of 5500K to 6500K are from Kurucz (1979)0 

5.2 T Monocerotis - A Uetailed ~xample 

T Monocerotis is a bright Cepheid (mv = 60 0 ) with a 

p~sation period of 27.0205 d. Vue to its brightnusf::I, it 

was included lon a number of photometric invttl:iti~atioD.::5; 

important among them is the work of Wisniewski and Johnf::lon 

(1968) who determined UBV~IJKL light curves for twenty 

c1' as sic al C ephe ids. The 1 igh t curve of T Mon il::l highl. Y 

asymmetric but the variations in light are smootb with no 



suggestion of abrupt hUUlpS. 

Th~ li~ht-curve paraulete.t's (mcl.inly pariod and epoch of 

maximum light) used in our study are from Schaltenbrand and 

'1'ammann (1971). These authors cornbin~d numerous photom~trlc 

observatioI1S of a li:l.rge number of s'alaotic Cepheids, after 

reduction to U.BV system where the observation~ were made in 

different sy~tems. The light-curve parameters were deter

mined by Fouri~r analy~is o~ tnese observatlons. 

Radial velooity curves for T Mon have been derived by 

Sanford (1956) and Wallerstein (1972). Evans (1976a) 

determined simultaneous light and radial velocity curves for 

T Mon anlong other Cephe iUb, because the phase matching of 

light and radial velocity curves is crucial in Weaselinkls 

method of radius. c..leterminations. Ul:ling these observations, 

Wessel1nk radii for several Cepheius were determined by 

Evans (1976b). The value of the radius of T Mon determined 

by Evans is 144 R~. 
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Photometric ~stirnates of Atmospherio l'arameterSI Photometric 

colours of stars should be first correct~d for interstellar 

extinction b~£ore using them to derive atmos~heric parameters. 

The col~ur excess J:!:(~-V) o£ '1' .f.IOl1. bas been calculated by a 

number of investigators {Kraft 1961 i Sandage and 'tarmnann 

1968; .ParSOl1.S 1971; Schmidt 1972 b;£I'ernie 1970; vao den bergh 

1977). As pointed out by ~atterson and ~etf (1979), the 



values o~ colour e1COS& determined by various, ob~ervers 

ranges troDI E(B-V) = O. 1~ to 0.58 1 Thtl temperature of a 

star at any phase L~ orten d~termined ~SiDg the r~l&tion 

between (.I:S-V) and e.f'f~ctive talllperllLture, as propo::.ed by 

Kraft (1961) and ~upportcd by Parsons (1971): 
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In s~ch a case, the di~ftlrence in the effecti~e temptiratures 

derived using the two extrem~ values of colour eXC~~ti of 

T Mon could btl as Inuch as 750K. 

A.notl1er factor w.tlioh oould a:C'fect the photometrically 

deterDlined telllporature is the prusencti of c olDpa.o iOJlII. .All the 

companion of a Cttpheid 1t1 normally bluer th.an tbe Ce]>heid 

1 tself', the aoc uracy of t.bes intrinsic B-V colour 11:$ al'i'ected 

and so is the tenlpt:lratures derived f'rom them. A compQnion 

has been predicted for l' Mon photometric~lly by Pel (197H) 

:from the peculiarities in the intrinsio Oepheid 10CU8 for tllt} 

star; henoe Pel regarded the calculated values of ~(B-V) with 

stlspic ion. l'bo presence of' it. blUE! compar.Lion for T ~lon has 

been confirnlEtd by ~larlsk.a, lJosellek IUld .Feldman (1~80) froID 

the u~travlolet ~pectra o€ this star observed with tbe 

~nternat1onal Ultraviolet ~xplorer. ~t is olear thut the 

vem~erature8 o:f T Mon derived using blue colours or colour 

indices are likely to b~ inacourate. 
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Parsons (1971) has derived the terullerature, surface 

gra¥ity and colour exce&s £or a large number o£ Cepheids 

(includl.n~ T MOll) and yellow supergiants by comparing UVBGJ:U 

colours for these stars wlth the theoretical fluxes be had 

earlier computed from model atmosphores (Parsons 1969). 

Schmidt (1972b) has deterlllinod e:f:f'ective temperatures for a 

large number of' Caphei<.ls £rom cont inuum photometry. The slope 

0.1' Paschen cont inuulD was meas ured f'or these stars, and tell1pero.-

tures and .line-blockin~ coeff'iciel1.Ls were determinc=d thr(.lugh 

a c ompar lson with the model-atlllospheric ellergy dib tribut ion. 

The use of H-alpha prof i1e to determine the tenlpel~ature of 

the stars is also su~gested by Schm~dt (1972a). ~el (1978) 

determined atmospheric J:.luri:uueters of' a large nurnbt':lr of southern 

Cepheids using VBLU\V photom~tric data and 'the model-atlnospheric 

fluxes of Kurucz (1975). 

:In our investigations, we have assumed the atmospheric 

parameters derived by ~el (1978) as a starting value. For 

the phase 0.219 of our s,lJcctrogram (01161), the parameters 

derived by ~el for T Mon are Te = 5l00K, log g = 0.8. These 

estimates were improved spectroscopically by an analysis of 

a large number 01' ,fa L and Fe .LX 1 ines. 1'atJle 5.' g lvetJ the 

list of test lines of l"e I and Fe I.L 'Which were computed for a 

grid of models in the temperature range of 4500K to 6500K. 

log g ranging between 0.5 and 2.5. and the mioroturbulellt 

-1 
veloc~t~es ranging between 3 and 7 km s • Since the iron 



'l'able 5.1 

List of the iroll 11.IleS computed over a grid of' model 

----------------------------------------------------
-------------------------------------------~--------

4Li27.312 
4602.94Li 
4602.008 
4632.918 
4352.748 

4630.128 
4401.451 
4358.512 
4517.530 
4625.052 

45ti7.137 
4584.~24 
4484.240 
4611.285 
4485.683 

Fe II line:, 

4413.6~~ 
4416. ts 17 
4583.840 
4515.327 
4582.833 

4576.327 
4472.930 
4508.283 
·4620.513 

O.U.5 
1.40 
1.60 
1061 
2.21 

2.27 
2.83 
2.94 
3.06 
».23 

3 • .57 
3.60 
3.00 
3.64 
J.69 

2.68 
2.77 
2.79 
2.82 
2.83 

2.83 
2.83 
2.84 
2.82 

2.s4 
Li. 16 
4.28 
Li.26 
5.05 

Li.93 
,5.59 
5.77 
5. 79 
5·90 

6.25 
6.28 
6.35 
6.:31 
6.40 

5.46 
5.,56 
,5.,52 
5.52 
5.,52 

5.52 
5.5~ 
,5.59 
,5.49 

-----------------------~------~--------~~---~~~----------~ 
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abundance 01;' class ica~ Cepbe ids are known to be not. very 

dif'f'erent from th~ so~ar valuE:: t the solar J.ron atJuIlda.nce 

was assllnled in computing the::.e lines. At i'1.I'S t, th~ mlcro-

turblllence veloc i ty was cleterrnined by exalllinj,ng ,iI'e 1 1 inas 

of varl.OIlS streneths. '1'ho r inC'll value 01 the rnicrotu.L'bll!ullt.:e 

was selected as tilt:) one at which there was no trend iu W b -
o :::. 

W' depending on tht:! s trenc;th oJ.' the lin.:. 'l'h<:l t~lnpUrl)tul"u comp 

was then det~rmlned by requiring no trent! in Wob "" - W w1th ... cump 

excitation potential 01' the line. .At each of' the appropl"iate 

mode~ grid pOints tho s.lopt: oi' the relutlon be tween th~ exci-

tation potential alld W b - \i Wi::l.S derived and the proper o s comp 

eff'ective temperature was tben obtaint:ld by determinine tht:! 

temperature at which th~ s.lope would be zero. The gravity 'WI::tS 

determined by requl.ring b'e 1 and It''e II lines to lead to tl.1t:!1 

same value of tht: abundance. 'l'he final a t.lllospher!c puriimcters 

derived for T Mon at a phase ot 0.219 areS Te = 5500K, 
-1 

log g = 1.25 and v t = 5.0 krn s • 

The atmo:::.pheric param(:l ters oj:' T Mon estimated by 

di.fferent workerf::l at di(':t.'er~nt phases ot tlle star a'l'e comJ:)ared 

in Figure (S.l). Our estimates or the atmospheric parameters 

are also plotted in the bam~ tigure. The temperatures derived 

by Schmidt (1972b) are seen to be systematically hotter by 

abollt 700K, while the telnperatures derived by Pel (1978) are 

cool&r by 250K. Our tem~eraturee are in fair agreement with 

the spectroscopic tell1peratures derived by Luck and Lambert 
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Figure 5.1 Atmospheric parameters of T Mon as a function of phase 
of the light ourve, estimated by different investigators. 
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( 1981) and temperatures derived by Parsons (1971) .crom 'the 

matching of' observed UVl.:lGltl colou.,t'& to the model atmol:tphere 

fluxes. Also th~ grav.Lti~s derived by Pel aud Parsoll::' aJ:"tt in 

close ag'reernellt W.Lth the gravit.ies derived in the pre~ent 

investigation (b.log g = .± 0.5) but the gravities deterullnud 

by Schmidt, 1{osendbal ~:md Jewsuury (1974) are hlg-hur by 

A log g = 1.6., 'l'he ~robabl.~ ruabun :for th is is thli:l.t the 

temperature determined by ~chmidt (1972b) are too hig~ aud 

1.n order to maintain tho ionisation balance Schmidt, llosendhal 

and Jewsbury were forced to adopt higher gravities. 

Derived Abundances: H.aving determined tho atmospheric pal"'a-

meters, selected regions 0.1.' "he star's f:lp~ctrulll were computed 

for a rang'e in chern LCcJ.l abunclallces 'Which differed .t'ronl the 

sol.ar val.ue by -0.3 to +0.3 dex in steps or 0.05 dex. 

Abundances of all. th~ elements 'Were varied by the same rae tor. 

The best-fit abunoances w&re thuf:l determined. Ln Table 5.2 

we show the agreement between the observed and computed 

equivalent widths of b"e 1111es f'or the spectrogTam 01161. '.L'he 

observed equivalent widths are either m~asured directly or 

derived from thE:! res1.dllal intE:!nf:lities /i:l.t thtl .Lille centrll:! atf 

described 1.n Chapter 3. '£11e test lines are computeu for a 

model. yith the parameters Te = 5500K, log g = 1.25, v t = 5.0 
-1 

km 8 and Fe = 7.53. Here and in what follows, the abundance 

A of an element A is the logr i thmic abllXldance relative to 

H = 12.0. 
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In the last two columns or Table 5.2, we give per-

centage di.fference between the obs~rved and computed 

equival~nt widths 

A- W = 100 (W b W ) /W' o s - comp obs 

and the similar derivation in central depth 

Cll = 100 (C~ b - CD )/CD o s comp obs o 

It i.s seen that the mean ueviations are close to z~ro for 

both Fe I and Fe II l.1nes independent of whether W or CD was 

compared. Also the over;:dl standard error of the fit il:i 6.0% 

in CD and 8.2~ in W. l.t slJ.oul<.l. be noted that the central 

depths can be deterlTlin~d more aocurately tban the equivalent 

widths. Hence, the error in CD rerlocts the true error of the 

fit and the additional 5.6% error LJ(8~2)2 - (6.2)2J in the 

eqL1ivaleut :widths aris~s from the inaccuracies in the few 

eqL1ivalent widths that wer~ directly IDeasured. 

Next, the abunu81J.ces of..' dirferent elements were altered 

by di.t:f"erent amounts until the bOl:it fit 0:(' th~ observed. 

spectrum and th~ computed spoctrurn WIiS obtained. ,It .... igurus 

(5.2) and (5.,3) show two sections of the s,Pectrograms ~ 1161 

of T Mon. The continuous line is the observed spectrum 

wl::t9reas the broken line is the computed one. The identifica-

tiona and wavelengths of some important lines are also given 
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in the :figure. 'rhe £J.naL abuncJunues are libted 1.n Tl'abJ.e 505. 

[,lt~eJ al.Jundanc e compu ted by Luck and l.lulIlbert (19~ 1) for 'I' Mon 

is higher than our as tlma te by 0.09 dux.; [ce/Fe] cuulputed by 

Luck. is also hig-her by t.h~ Sellll'" amount o 

In Table 5.3 we present (at the phases of observations) 

atmospheric pd.rameters al'lU Fe abundances .tOl~ our programme 

stars der~ved in uur inve&t~gation. In Table ,.6, moan abun-

dances o1~ l,I'e, Cr, 're awl ~-procel:ls elemenc::s 'i, 1:Ia, La, Ca, !::jln 

for '1' Han, 'S Gem, cUld X Sg-;r- derived in the pr~senl" lnvest..Lga-

tions are givt:tu. M.ean abutluance of these elemcnLI:::I 81:1 de't'ived 

by Luck anu Lambert (1!:;181) 11:1 aLso given to compure tht:t results 

of the two invel:! ti~!,ations. 

5.3 Other ::itl':U'''s Obbtlrved at .Higher ltesulutiot1: 

( 1) Ze ta Geminorum: 'J.'h~ Cevhe id :s Gem 11:::1 th~ prototypl:! of 

Eggen's (19.51) type 0 Cepheius with a nearly sinul:loic.lal light 

curve and a purlod oj' 10.1.5 d. l'hotoelectrie light curves 

were publ.Lshed by aarr~s (1953) and by Wisniewski and Johnson 

( 1908). Rauial veJ.ocity curves huve 'been determined. by 

C alnpbell (1!10 1), J EtC t)uf:le.n (1 ~2b) anu J!,VWltll (197ba). UI:I Lzlg' 

the light and ratiial-velocity curve obtained sil1lultull~uualy, 

the rad~us hab been determined by .ll}vans (1976b). Scari~e (1970) 

h~ aetermined th~ rauJ.al velocity curve with better ~ccuracy. 

The raa~us calculated by ~v~ns ('~76b) is 68 RG whioh is in 

:fair agreement with the radiutil deteruJined by ~'ernie (19bti) 
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Tabl~ 5.3 

.l.)er~v~d model atlilosphere J:)arameters i'or the Cepheids 

-----------------------------~-------~----------------~ 

X Sgr 0.25~ 6200 2.U 5.0 7.bO 
0.:394 6000 2.0 :30 5 7.52-

S Gem 0.2:3~ 5700 1.75 b.0 7.75 
0.427 5500 2.0 4.5 7.b5 

SV Mon U.2~b 5~OO 1.5 5.0 7.40 
0.:334 5000 1.5 5.0 7.40 

WZ Sgr 0.219 5000 1.0 5.0 7.65 
U.941 6000 1.5 5 .. 5 7.65 

T MilO 0.219 5-'1..10 , .0 5. 0 7.5.3 
0.255 5400 1.0 Lt.5 7·55 

----------------------------~-----~~-------------~~----i 



{R :::.71 .ttl:» and by ::icarl'e (.I:<. = 07.6 .Re ). ~cart'e (1~76) has 

al.so reported a decrease in the period of -S Gem ut the rate 

-1 of 3.12 ~ O.o~ b yr • 

kaLltela and Joshi (1~7b) determ.Lneu the temperatLlre and 

gravity oi~ --S Gem at dift'ereut llho.ses by comparing' the 

conti.a.uwn energy distr.l.oution oj;' the star 'Wit!} the model. 

atrnosphere £lu.x.es of .I;larS01"lS (I~09). Sc.b.ulidt (1~72b) h;;&.s 

de tel"mined the telllpt:lrature at th'I'ee ~hase~ by comparing the 
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measured slopes oi' tile Paschen cOl'ltinuum f'or the star aIld i'or 

rnodel. atllluspllere fLuxes. ~quival.ent widths of the h~avy 

element lines in 5~ooi b~ooi reg-ion have been pLlbJ.ished by 

Schmidt, l(osen.C1hc:ll aud JewllIlbury (1~74b). Luck: au.d L~Ul.bert 

( 19tH) have detel'lu.ined the b.bu.u.uW'loes ot' C, N, 0 ancJ. neav ier 

elements us l.,tlg' the !netllod ot' tlpao trwll sYlltbes is. 

Compart:ld to our speotroscopio determLuation~, the 

telllperaturel:5 derived by liautela and J OSlli ar~ syti tema t ic&J.ly 

higher by 4oUK, tbe ones deriv~d by Parsons ure cooler ~y 200K, 

w:q.ile the estilnates 01' Luok ure i~ :t'uir a~';reemant w1tJ:l ours. 

Tb.e gravities d(:lrived uy J:taute.La and Joshi, .l:'arl:5ons, tllld 
" 

Luok: are a.Ll in J.'air agreeme.ut witb OLlr el:ltimates t± u.S,): 

Our observed a.uu computldd sp(:Ictra aL'e shown in Flgurtts (5.4) 

and (5.5) and derived alJunuanoes are li~ted in. Table ,5.,. 
l.'hb'iroll. abundance d.eterlllined bY' .L..uck and. Lambtlrt (1981) is 

0.13 dex bigher than our estima.tes while their L ce/I'~ is 

higher by 0.07 dex. 
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l2) X Sagittariia .x.:igT is a bright southern Cepheid. Ul:IV 

photometry of' this CeplleLu was done by Mitchell et al (1~b4). 

Wil:miewski aud Johnson (196~) hct.ve determitlttd the light curves 

in UUVl-UJK.L baJ.1.ds. Wl:1lraven, l'inberg~n unJ Walraven (196~) 

and .Pel ( 1976) have d.etermined tale ll.gh.t curves iu U.I:.ILUW 

system. Light uurvel:5 oJ:' X Sgr are asymuletric. Pel (1~78) has 

reported some .l:Jec u.l im' i t ius in the two-colour loop in the (.tI-L) 

- (V-B) diag~'alll which is genorally ubod to <.J.e termi.u.t:u.i the 

colour excess. l!)vans (1908) exaQlineu radial velocity curves 

deriv~d by VarLOUI:5 invel:5tigators (e.g. Joy 1937; ~tibus 1955), 

but did not .J:' ind allY ::;ue.g~1:5 t ion of' a b 1nai'Y compal.'l Lon. liigb

resolutl.on spectrophot.omet.l'Y in the ultraviolet (e.g. Mc.\ril:5ka, 

Doschek and ~'eldman 1980) is more dec ieive in indicating' the 

prebence of i'al.nt photometric COll1.1Ja1110.1lS to Cepheiutil; aIL 

attempt needs to be mulle in this direc tio.u. Rauius o.t' oX. ::igr 

determined from p~riod-raulutl relatio.nshi,P 1tl 57.6 itl:)* 

lJespite being OXle of' the briglltest CelJheids in tho 

south,=,rn tll<.y, .x. l:)gr has not, lJc;lfdn ::;tu<.lied i.ll. a ~Teat det..t:l.ll. 

Schmidt (1~71), Schmiut, kosendhal and Je~sbury (1974) derived 

Cttulospheric paraloetera anti abwlC.J.a.clces of iron Jr)eak elelUCdnts .t'or 

several bright l:5outhern Ce~heids. but not of X Sgr. Abunuanoe~ 

of' CNO and other heavier elements derived by Luol( and Lambert 

(l981) are tl:u~ first estimates oi' abun<la.nces so far. Our 

determl.nation of auundances are listed in ~able ,.,. Iron 

abundance determLned by Luck and Lambert is lower than ours 
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by 0.05 dex. 'I'he observed aud cOlnputed 6,ptlctra are shown in 

5.4. Star~ ob~erv~d at Lower Disu~r~ion 

(1) T Monocerotisl T Monocerotis was observed at the di~~er-

. 0 -1 60 -1 sloons of 11.3A mID as well as 22. A rnm • Cornparl.sontS of the 

s~ectrograms obta~nud at the two dis~ersion~ hel~ed us consi-

deral:.l.ly in selecting' tbe features wbich are useful even at the 

lower resolution. we would like to stress that lowerinff the 

dis~ersion does not nec~ssarlly i"~ly the lo~s ot accurhcy 

since, in th~ method 0.1' spectrulIl sYllthesil:l, a spectral regloon 

is computed as Ii whole and we do not re4uire the equivalent 

widths of indivl.dual liuel:i. 'l'he mos\; et:lsential requirement in 

the method of s.p~ctrum sYllthesis is tbat. all sl)ectrul lines 

which lie in the tS,tJec \;,t'a1 region UlUbt be identified and 

must have knO'Wll atomic const&.nts. In Table 5.4, we present the 

observed and cOlnputed central depths of iron lines which were 

used in iml,>roving the estimate&» ot' the atll1os,I:')herlc l.H.irttrrleters. 

The lines for lowe.\.' dls~ersi(Jn were selected on the following 

criteria: 

1) The l.in~s which are main contributors to blends with 

no strong lines in the close neighbourhood to affect their 

ce~tral depths were preferred. 

2) If a feature is made up of 1 ioes of the sam~ element 

wLth no significant uifference between the excitation 
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'l'able 5.4 

Fe 1ines used in inl,LJrovJ.rlU the paralDeter~ or 'f .lVlon bused 

on 1ow-disVer~ion svectra 

Central l.h:~pth o-C 
% ..IDl 

Observed COJn!>uted 

4427.312 0.05 2 0 84 0.390 U.350 + 10.2 
441.5.13.5 1.60 4.40 0.47.5 0.500 - 17.8 
4352.748 2.21 5.05 0.300 0.310 3.3 
4476.030 2.84 5.59 0.137 0.170 - 17.6 
4358.517 2.94 5.77 u.427 0.440 3.0 

4401.4.51 2.83 5.63 0.534 0.575 7.4 
4360.797 3.63 6.46 0.230 0.210 + 8.7 
4413.699 2.68 5.46 U.27.5 0.270 + 1.8 
4583.840 2.79 5.52 0.445 0.425 '" 1.!.4 
4515.327 2.82 5.52 0.310 0.280 + 9 0 6 

4.576.339 2.8) 5.59 0.187 00200 6.~ 
4472.920 2.83 5.59 0.200 0.190 + 5.0 
4508.283 2.84 5.56 0.225 0.200 + 11. 1 
45.5.5.892 2.84 5.52 0.470 0.480 + 02. 1 

meal') = -1.184 

f$' = 9.3237 

------------~-----------------~~-------~~~------------ --
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potentia~s of contr.Lbut.Lng ~.LlleS, then the blend can be treated 

as a sl.ngle line. Cowley (1~70) has l:Iu~ .. ge.!:lted the Ul:ie oi' 

b~end equl.vale.Llt wl.d ths even in t.he curve-of-growth t~chnique. 

Our inves tl.gatioll :su!J,b>ort his idea. Ce Il 1 ines 4560.280 .md 

4560.900 which are s~en well resolved in Jti€,'ure (5.2) pr~'sent 

themselv~& as a s.Lngle feature at lower diS,b>ers.Lon. Th~ lower 

excitation potentials of these lines (0.43 and 0.20 eV) are not 

sl.gnificantly dii':ferent. '.l'his teature is use.cul for a decer-

ml.nat iun oi.' Ce .:..bul1.clance. 

Abundances derived i'rom che lo'W-dispersion s,LJectra of 

'1'\ Mon ('fable 5.5) agree well with the ones derived at hig'her 

dispersio.!!. 'l'he obt:>ervecl and cOlllJ,>uted low-dil::lpers ion spuctra 

sho'W'D. in It'igures (5.~) all.lJ l,.10) demonstrate the utl.lity of 

the method even at lower resolutions. 

(2) SV Monoc-erotis I :;V lvlon is a relatively faint Cepheid 

(m = 8.0). Its U~V light curves are obtained by Mitchell 
v 

et al (1964) and ~ggen (1~b9). J...ight curves in V.tSLUW system 

are obtained by Walraven, 'l'ilnbergen and Walraven (196La) and 

Pel (1976). T:sarevsky (1967) found some SUi€gestion ot slight 

varia tion in period. 'l'.h e 1 igllt curv~s are highly asyuullutr 1c. 

However, l;Iel. did not .rind any peclll.:Larity in l.B-L) - (V-H) 

diagram whl.ch could be attributed to the presence of' a cOlllpa

n.Lon. Radial ve~ocity curve ~or ~V Mon vas derived by Joy 

(1937) using prismatiC spectra. No further spectrosco~ic 
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investl.ga'Cion is dOlle .for this star. I£ we use radius 

relationship derivtld by .1!,;VaL1S (197bb) t;h~ rudiUl:l of the I:)tar 

turnS! out to be 1{ = 87 l(G. :::iJ:lech'oscopic abWl<.lanceb of.' thilS 

star are Cletex'luined l'or tiJ.t! l'irl:lt time in our inv~stlttd.tion 

and are listeu in 'l'abl~ 5.5. Observed and computed /Spectra 

are shown in Figure s (5. 11) aud (5. 12) 1:l.L1U. (5. 1 J) • 

3) W~ S~gittariil W~ :::igr is ~elieved to be a member of S~r-OB4 

associat.LOll ('l'allullann 1~70). Light curvef:i 01' t.hil:J Cepheid in 

UBV J,.llJ.otometrl.c bybttlln are uutol.'lIIintld by Mitchell et al' (1';04). 

Light curVtll:J l.n V.J:lLUW' colour bYl:lttllll are obt.a.l.ned by W'alr..tven, 

'1'i-n.ber~·en and Wal.ru.ven (1~64). Colour e.x.ce!:ll::lel::l are cJeterminE;u 

by .Pel using (.J::I-L) - (V-J:l) diag'rarn and htl diu not report any 

peculiarity in tha intrinsic Cepheid 10CIIS which could be 

attributa~ to th~ pr~bellCO o£ a compau.Lon. K~diul-vtllocity 

ourve was der ived by J'oy ( 1~J7). ::ipec trot:lc up ic abulldaXlc~l:I 

are determined for the first time in our investigations. 

Derived abundances are lil:lt.~u in Table 5.5. Ouserveu and 

oomputed spectra cJ.J.'e f:illown in,l4'igurtls (s.l/d. (5.1;) uno (5.10). 

5. 5 ~rror .A.ualY8 is 

'there are two lutin sources 01' error in the ubunuances 

derived here. 

1) The errors in the in~ut paraMeter~ liKe the observ&d 

equivalen.t width and the gf values manifest themselves as the 
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154 

1 ine-to-l ine sC..J.t t.er. '1'11is error car! bo evaluated s tat 1.::;

tical1y when the nUll1b~r o.t' lines is large. ~'or tl:l~ elE::meut 

lik~ iron for which a lc:l.rg-e nuu.lbE::r ol' 11.IleS (n (20) could be 

measured, a typical t:lta.ndard deviation alJout tll~ mean 

abundance is .:t 0.08 dex. b'or Or and 'l'i a less number or 

lines (15 0 n ,?12) are available arld the s.tan<.iar<.l deviation 

illcreases to .± u. 1 dex. J:o'or the elementb with t'~wer than 

five lines, the errors are more <.ii..t':f.'icu.lt to asset:ls t:>ince th~ 

sta.o.c..lard deviatlon lose::! it.s statistical mearling. '1'.00 errora 

in su.ch cases .l,)robalJly lie in the range u1' .± U.20 - U.25 c1ex. 

2) 'rhe uncer tu1ntit:s in tbe mOdel atJuot:ll)ber ic vari-uneters 

would alao introduce error::;, but t:luch el'r01.'S would u<:J 

sys tema tic ra tllt~r tll all rWH.h.>1u. b'or an e s Ii Lmn t; ion 01.' t bub f:j 

errors, we COlllPU ted t:lel ec ted 1"~ 1 ines 1'01' tile Vair~ 01' model 

atmospheres with 

i) the t:l81ne gravity and microturbulellt veloc i ty, but 

dif~erent temperatures, 

i1) the Sc:.l.l11e telll,PtlrL..turtl an.d ~ravity, but cJ.i:C1'erent 

Inicroturbultm1i veloc itles., 

iii) the sallie tell1j,)tl.r'..tture and microturbulellt velocity, 

but dU'ferent gravities. 

A 'comparison of the varlut i.ons in the eom»uted equivalttnt 

widtl:ls for the three cases mentioned above, with the 



:l'able 5.6 

Comparison 01' abundances derived in thil:3 I:3tudy witb t.l'lOb~ 

of Luck and Lambert (l~Bl) 

-----------------------------~---------------------------
lUement Sg'r 

L -L G ir l.dh t:lr 
~Gem 

L-L Giridhar L-L 
'I' boloJl 
Giridhar 

------------------------~-----------------------~--------

'1'i +0.03 +0.13 +0.25 +0.10 +V.l1 +U.O 

Or +u,36 +V.20 +0.20 +0 0 27 foO.O!L +u.u7 
.b~e +U.02 +0.U7 +U.):J +u.20 +U.12 +0.u3 

J:ia -u.20 +U.25 -0.09 

La +O.31l -0.10 +0.48 +0.50 -0.10 

Ce -0.20 +0.21 +0.1.5 +0.06 +0.05 

Sm -u.20 +0.25 

--------------~----------~---~-------~-~--------~-------~ 
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observational sCClttcr (e~tilllated to be 10%), leads us to 

bel ieve tha t th~ accuracy o.f the c.ldoV tod ol'1'ec tive t.elll,llera-

ture is 250K.. tlLc:..t ot' log g 0.25 6U'ld thut. oi' llJicrotul~kJul~nt 

-1 
velocity 0.5 kill s • ',1'he uep0l.l.de.Llcc 01' cUl1llJuted equiv~lC::,llt 

widths on the ChalJ.geb in the assumed atmosphE:x'ic pa.r&.UlC ters 

are shown l.n'l'Clbltt 5.7. '1'he equivaleut width:!:! .for the lines 

given in Column 11 of 'fable 5.7 are corn,l)utt:'J .for allloc.lel with 

-1 
T e = 5 500K, log g' = 2. u, v t = 5. 0 km s ,as sum ing b 01 ar 

abundance. 'I'he percentage v~riat.Lons o,L" equivalent widths 

-1 due to an increase 01' v t by 1 km s , tern.I:Jerature by 200 !C, 

log g by 0.5 and abUlluallces by 0.1 dex &ore given in 

successive colufuJls. 

Error ill abundi:l.l.Ictls arising' i'roln the Cl'x'or in atlllutI,llh(:lric 

'paraDlt~ters is not a gciubbl.aU bWll o:t' the errors due to tbu 

individual paralR(:)ters.. 'the parameters interact wi th each 

other; an error in the estimation of one pl::lrameter a.ffects 

the estl.lUates of other pari:lfJ1eters~ 'l'he net ef'.rect on the 

derived aoundaJlces 'Would be consi<..erably reduced when we 

employ a prinCiple of consl.stency that the lines with a large 

range of' excitation ,l:)otl::lntJ.altl, et.j,uiva.lell.t widths and 

dit'feren't ionization tltat(:)s should lead us to th~ sarne 

ab undanc e S • 

Thus we be~ieve that the errors estilnated from internal 

consistency represent the errors of this analysis well. 
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0UA'p'J.'1l;.!i 0 

b.l CU!n\.H.lc.ttiou <.lad lllt.urcolllpcLl'l.SUn 9'£ ::)Pllct..rul:icopic 

Abundunces 

We haVd $Ullllllarl.zod In 'l'able 6.1, tb.~ basic data for 

the Cephal-us for which 1:1 pee troscojlic abUllUtU.LCaS hav~ bl~c:sn 

derl.ved by u,L,L'l'erulll;; WOrkE:ll'::5. 'J.'he explaaa t j on at' dii.'t'erant 

oolUIIll'l.S is clS follo,,,!:,: t 1) nWlle oj' tlla s LaX', (2) galac Lic 

longitud~, () gaiactl.c iat1tuue, (4) pulsation variod in 

days, (5) rneall vi~Ll..J.l InuU'.llitude, (b) dis Cuuce .froln the ::;un., 

(7) galac toceutric d'lstllrlce derived using a tlis'Lanco ot' 

B.5 kpc to till:! ~ul.Cl.ct LI,; ceatre. fl'he s,l:)ectro::5copic ubundances 

oomputed from vaL'lCJul:I sourcel:l anc.l alsCJ tho ,sLlec trol:lc:oJ:.lic 

abundances derivl:.\u in tIle llrUI:H!lot inv~stigation are given in 

Tabl.e 6.2. 1'111::1 eX.l}J..c,lJWLl.Ull 0:1:' the var.iou::5 colurnul:I is as 

f oll.ows: (1) nallle 01' tlle star, (2) J. ogar!. th.lIIic abunclance at 

Fe with rt::s,l:)ect tv its solar value, (3) - (Ij) the ratiol:i of 

1 ogari thmic alJullc..lauces oj: ~, 'ua, La, Ce and 8m relat ive to 

b"e as cOllll)areU to the s(')J.ar vaLue; i.e. 

= x ... X )G 
Log (~a) - Log lfe 

Colul1I.n (~) givos thE::l reference numbe:tr for the varioul:i SOurced 

from which the aounda.:nces were compiled. these 8011rCeS 



'l'al.Jle 0.1 

Babl.C data for (.;t'!Vheidb wJ.t.h known s,lJect..robcopio abulluullces 

-------------------------------------~---------------------
.star ~ b 

~erJ.ou 

dUYl::i 
III 

V' 
r go 

-------------.----------------------------------------------
wz Sgr 
::) V Vul 

::) !\lor 
Y uph 
U ::)gr 
W Sg-r 
.x: ti&r 
.x Cyg 
~ .Aq~ 
'1' Vul 

.uT Cyg 
~ Car 
~ Dor 
Z Cep 

Q lJ Cas 
'.; Geln 

1<.'1' Aur 
'l'U Ca::; 
liS .p up 

T .(\I10n 
SV Mon 

12.10 
63.!;)~ 

327.75 
20.60 
13.70 

1.1I0 
1. uU 

76.~7 
40.;)3 
72. 13 

7b.5l.j 
283.20 
271.74 
105.20 
13:3.47 
l~ 5.74 
1~3.l4 
11~.92 
252.4u 
203.63 
203.b3 

-01 • ~JO 
uu.30 

-U5. J~ 
+10.J~ 
-U4.45 
-4.0 
UU.22 

- 4.20 
-13.U7 
-'10.15 

-10.7/:) 
-0'7.00 
-3~.7B 
+Ou.5 
O~.51 

I I • ~~ 
~.~ 

-11.40 
-00.20 
-02.56 
-03.70 

21. ~497 
~ 5.0350 
~.7549 

17.12320 
0.74 L'9 
'1.59471 
7.01225 

16.38000 
7.17()64 
4.43558 

2.49~30 
:35. 5~ 120 

9.84200 
5.33634 
1.~4930 

10.15082 
.).72826 
2.13~J 

41. 3876 
27.0205 
15.2321 

9.0U 
6.73 
u. 1 1 
7. 15 
6.35 
4.70 
4.79 
6.05 
4.UB 
5.4 ) 

b.Oo 
4.33 
4.03 
4.94 
6. )8 
.3.0~ 
5.48 
7.38 
7.59 
5.59 
8.30 

1.82 
2.12 
0.91 
U.708 
(.).06 
0.43 
U • .37 
0.37 
0.27 
0.59 

0.43 
0.43 
0.32 
0.20 
0.33 
0.35 
0.4'0 
1.00 
1.71 
1.20 
2054 

6.73 
7·tW 
7·74 
7 • I)l~ 
'7.~6 
~.U7 
8. 1J 
~.32 
8.2Y 
~ • .3) 

~.41 
8.41 
ts. 4 Y 
8.57 
1).7:3 
0.8) 
B.95 
9.02 
9.16 
9.01 
10.~7~ 

~--~-----------~-------~-~-~--------~~~-~-~---~-----------
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for each ra1'a .. t:'ellco IltllllUUr al'e fJ Lven at. tilE:! bot. tUlTI of' the 

tabl e. 
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Abundancu;. uJ.' c:I. /'t;lW oj' tllobe bturs nave b(;>tUl e&tLlI1at.ud 

by u numbur ur L11VC:lb t.igat.oJ'::;. l'htl uJ..i'l'artlllC~S LlJ. the c:l.bUll

dance eat i..mateSl l:Jy Ul.1'l ~J,'~J.l t. W'orktlrs rei'let: t the di r..t'ereuces 

in the methods ~rul.J1oyed mud the qua! ity of t.he observCltlonal 

data • 

.1.n tlltl il.lv\~::;t.il~IIt.LorJb oL' J.todl~er::; and JJe!l (19b3, l~b~), 

ihll-'.l;JU a.nd Lt21g'llo.'l.Vall ( t~b~), -=iclulll<.lt; (1~71), and .:ichrulut, 

liOl::l~.1ldlla1 alld JuW'!:dJUI'Y (1~74), thE:l atlilosl.Jhuric a'buncJUL"lce::; 

h~ve been derivu~ at u.iL'fur~nt pbab~1::l of thu pUibatLon cycle. 

('l\h~ auundauc,=,s 1.i.::I t..uu Ll1 'L'ab1tl 6.2 I::U'C tllC:l mCc.:ln Va.lll~b). 

1.1.. hus bet:ll bOt;lLI Llll.LL tile i.lbl.lll(.lUllC~1:S dtlri"(~d at diJ'!'eI't,mt 

plu::l.sas do 110 t. Ut\l'~U UU t.'W(.HH1 tht.Ulll::lclvcl:5. 'l'ho anllJli tud .. ) 01' 

variat ionSt aruuud thtl Il1~UU value is ....... 0.2.5 de.x.. Such v .... ria

t.LUJ.lS in al.JulH..lu.llC~ ~st1.lIlHtCl:l result t'l'um t.h~ Lnaccurucies in 

thC:l ~stiJUatC:l1:S oJ.' atlUo::l,LJhur LC pa1",~lrleterd. At thtt pila::les 

between llliuilUUIII t.u IIlltXllUU11l i.e. the risiug uranch uf the 

liKht curve wh(Jre c ... tmubi.>llerLc jJrovertie::; are cbanging rapidly, 

the tfJ:lec trurn 01' ttu: s Lax' UU~d no t rel:lemlJl e thl:L t of a not'mal 

ye~~ow superg'iallt for it::. t.uUlveruturtl (Kra.1't 1~67). In t.htl 

:falling branuh of.' the light curve where there is no rayid 

vt..?iation J.ll the atlllol::lvll.e1"e 01 tb~ stal', the bpectruUl closely 

resemb~es that of a yellu~ dupttr~iant. The portion of the 

(V-B) - (b-L) loov (dee Cha~ter 4, ~ection 3) corresponding 



to the fal1l.!lf~ brunch l,:' veI'y Illuch ::, ill1 L l • .lr J'or all tho 

Cephei(.lb. 'rhu~ t tllc::Ol:l p1im>l...l::O al'~ mOb t I::iui t..lbl E:l ('or tlll:l 

abundanoe det.l:lrllll.natlvll::'. W L tlJ the ~t:lro lllluHU lll:il:S l(~ll.l.ld 1.0 

th~ light 11Ib-X.JJllWIl, the l.loJ:t.ioIl oj.' I.lw <.lObCOWJiU{l' bI'HrJuh 

c1o::ou to the IIWWl ul'ightllO.:-.::. l(:jv~.L j' .. d J.::. III t.he z'uu,!.!o 

u.2 - u.4 J.n IJhul::ie • .iu cU./:' iLJ.vest.i~·Ll.1..l(JU, Wtl havtl oUborvt.ld 

163 

almost al.L thtl I:i tar:s L.ll tlLiH phastl rHugu (.ll!.ce rJ t 1'01:' W:L; !::it;l' 

for which ont! of the two l:I1H::lU t.r0rll"I.tIlH::l WW:I t .. ll ... eu u t u VhcL::Io 

of O.~41; Ut.hI::I' ::.pout.L"'Oel'cLiIl Wo.I.1::i tuktlJ.l ut t.11t:~ phul:Itl o.t' U.21~ • 

.1 t is otten l CJIUp t.~l' 5) th.1 t. (,;r a.u<.l .ltv UUUUclUllCel:i ueree in 

both th.e cal::iel:l auu ou.Ly ['1'1.1 dl.l'f'ers cOlll::ii<.lerauly. \'I~ huve 

absumed the vCliut! 01' ['I'll deJ:'ivucJ tlt r,I = u.219 in prOfU.1'tHlOC 

to the value uerivl:lu at ¢ = 0.941. 

~arl iet"' iu'Ve l:S t. ii',ol t iOJ\l:S ol.' b.t'iUh t OU1Jludd:s lJy H.OUgUl"'b 

and. Bell (1~b3, 19b~) anu 1.:II£P.l.JU uu.el ltGigilcJVUll (1~6~) .r'u~(J.r'1,od 

marked wlderaIJUlHlu.u~:e ot' ~-process e~elUell I.e 111 t.he CelJhe Lu 

I:l'tlllobphtlrel:i. llOWUVtll', X'tl<"'UIl t UbunWUllcu d~turlll.Lnb tio,u 0 I' b 

ld.rgt= u.umbul' uf c.;cpht:iu:::. Lay Luck. tll.UJ LumbC:lrt. (I~til) US Lllg' 

the slJec t.rum I::iyn thol::i i:s t,t.H,)ll!l.Lqu.~ does no to con.t'lrlll thi:s trend. 

Ai though, rolat ive to ,ko U. t.,Llt~ ::S-lJrucel::5~ t;.l tlllIau L/:I Ce and Nd 

are low-ur thulJ. tht.l :so.La.r vn1uu, t;h(:) <.t1l.'t'<='.L'o./lce ib :::.ul<..lom 

excetlding -U.J dex. La 1:::. overabundunt Ln /:Iorno o~ 'the :::.turs. 

In our starl::i d.1so we t'iuu t.hClt I s/1""'e1 il::i lower tlUU.l th..., solar 

value and the di.ft'erenoo:s artt S Lillilar to those oLJserved by 

Luck. and LallIbel.'t ll~~l), lluver ex.ceeding -U • .3 dex. 
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The abwl.dauce "t'ut LO [.x:/~'~J L'or VarLOLlt:l element::, deriv~d 

in this ~tucly I:I.l'~ 1 i::. todd Ul 'l'..I.ble b.3. 'rho J.ocJiv ldual eiom13nts 

£u~J. in two grollJJ::'; (1) the light..~r ~lolllen.Lb wlth 20<:Goe;;:24 

an.d (ii) the htlc.lvier ellHllentb with 56< ~< 62, with yttrium 

f'cl~i iug in bctwE:len. 

We !lave plott~d in j;I'ig'uL'e (b.l) tile uurived [Xlt'e] a.~ a 

f'unction of d.tolilic nUlubar:lo. The cl.erived abWlc.J:J.rH':~S for 

d L1·1'~rell.t V"t'ogl'ullllIle e,ta"t'::, c:u'e t:ihOWll u:::; iIlg d LL'.L'eront ::'YUlboll:l .. 

tt"'or tile sl::I.lIljJle 01' s Lu.!'::, c \Jus iuered, lIl(iUll c:tlJu,Ut,lauce for each 

element is I:I.lso shown with.± 1 ~ el"ror bar::,. 'l'he&e llIt:an valuas 

art:l s.light.Ly shifted Ul the :lo directiun bO at) to rnailltulD. 

cl.ari ty. 'rhe InI.:Wl aULUldan.ce levtllt:i .fOI' 1Jo th the g-rou,Vs o.L' 

el.eluents (light and heavy) arC! t)hown by clashod lines .. 

Within the errors of e::,timation, thel'e at'e 110 systematic 

dii'l'erences bet'Ween [X/b'e] ./:'or di£ferent 1:5 liar::" except for 'a 

possibl.e underabundance ot' 'fi and Ca in WZ f)gr and 't; Gelll, 

[X/Fe] has a tendency to lnCreatle with. ~ l'or the lLghter 

el.ements and ,l,)ObS illly a sl.Lght decreatllng trend .t.'oX' 'hoavier 

el.ements. Ca is overCl.e.f'J.c.Ltll'lt in all the stars, a.nd more 

conspicu.ousl.y in .x. Sgr anIJ -z:; Gem. '1'i is de.t'icitm.t by a small 

alDount and Cr is overabundant compared to tne Sun. However, 

these differences are not sign'U'icantly above the scatter in. 

thti? inCl.ividual abundances. 
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Figt\re 6.1 Observed abundance ratios. X/P'e as a function of 

atomic number. 



Yttrl.Ulli a.buL1dalH.'~ WI:U5 de terlJlined only !\n'" '1' [1.1011 d.llcl 

:::;V iIolon. Th~ two va1u~s. ot' [Y/,lI'el hc:1 a UII:HHI u1' -v.Ub5. 1'110 

haav.Lex' b-prOCel;)s ~.ltHl1ell t.b ::.how a g~Il~ra.l ULldtlJ'auwlcJUll.CI.:!, tho 

uVt:lruti~ valut:l 01' L S/.l1'~J b~l.llg -U. 09. 'l'hu,s tlll't'E:I L!::l UO 

(').2 'l'he .ltadial Abull<.lHClC~ GL'ncJiant iu _!l\~_ 

,ll"l~gurelb.2) !::lh<.lwl:S tlu~ 10catLon ill tho l.$a.!actic Vlcmo 1,)1' 

the I::ltars l'or Wllich thl.:! 1:i.I:J~c tro!::lc01,.) ic c:lbul.Hj'.I.1w~!::l ar~ IIVU1-

.Labl~. 'rhe ou t! lno of the bVec tru.L f'~l:lturet:> ar~ tl:;lJitm t'rolll 

HUlnJ:)hreys (l~7H) who us.u<.l. tbe tl.ssooLatioll,s <.It' yOUllg' starl:i, 

H. .Li regiolJ.!::l and young c LU!::lla~l'S to truce thl-l optical fHat..llrul:I. 

in b'l.gure(6.3) we have p1ottou. [Fe/H] .for t1lt' staL'b at' 'l'ablo 

6.1 as a function of theLr lJ'a!actooentric distance (r ). A 
0:> gc 

BcaJ.actocentric dL.!::ltance 01.' 8.5 k,lJc .has I..H~en r.1b!::lUIll~cJ 1."or thG 

sun ill calculating t.h~st) discwlces • .L>ifCeJ.'t:mt syUlbo.L!::l hhV~ 

b~en usecl for di.L'!'erent illvestii$ator::5. 'l'bls 811au.le!::l U!::l to 

see the ~ystemCl.tlc dU'!'eJ:'~llces between varioul6 inve!::lti~tlti(,ms, 

as sOUl~ of the 16 tarl6 have baNn incluuec.l ill t.wo 01:' tllrtH:I 

investigatiollS. 1f we fl.t a straight .Line to thi~ ciata wa 

get th~ relation of the rorm 

.J 1"e/lo1J = (- 1).053 ..t o.u14) rgc. +0. 50 ..:t 0.12 (.n = :3U) 

'W' i th a correlat ion coet l' io ient of !I' = -0.359. 'fhe correIa t ion 
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Figure 6.2 The galactic distribution of Cephelds. Spiral aDmS 
are traced from Humphreys (1978). sun1s position is 
shown by e symbol. 



0·2 -
-+~ 

0·11-

- 0.1-

-0·2':' 

-0.3-

-O·4t-

• 
• • 
o 

~- 0 (t 

A 

• • 
+ o 

• 
~ i _. • 
• -'" + MA .~. -. ___ 

• • 
• • 

'* 
o 

-" 

o Sc hmidt 
• Luck 
/). Rodge rs &. Bell 
A Van Po radlj s 

,*Bappu&Raghavon 
+ G iridhar 

-----+ 

169 

-O·5 _____ ~I ______ ~I~ __ ~t __ ~I ______ ~I~ ____ ~I~ ____ ~ 

7.0 8.0 9.0 10.0 11.0 

Galactocent;ric distance(kpc) 
;,;,,; 

Figure 6.3 The radial abundance gradieBt in Fe. SUn's galacto-

cent~ic position is shown by an arrow. 



is thus rather IN'ecil<.. 'l'h~re J.~ a 10% J:,lrubuuility thc1t tllis 

correlat~on .lb IJu.r:'tdy du~ to random ~f'1~ectb. l1arrib (19t:S1) 

determiuou pho t'.>IIII." tl' ic i.J tlUr.ldulH~es 01' a J.arg(' llumb or of' 

cuver a wide rUJ..I.g~ ai' (Jos it.Lon in the gal.ac Lic disc (5 ta 

15 kpc i'rom the gall:lc t.1.C ce.lll..re). Harris c.JerJ.ved an 

abundance g'rad i I~nt 

d LA/H) 
dr 

gc 
= ... U. 07. 

Us ing the iron u.lJuuoallc tib d~rived .from ~Ul)Ol'g'ial'ltb and 

CtiVhtddb ix! th~ ~urliur stu<.l.i~s (Luck. anu Lumbart 191:31; 

Luck al1d J:lond 1~>I:~O) Luck l19ts2) derived a t"l-.Luial alJullcJl:illCfJ 

gr .. ldient dJr.l!'~/UJ = -u.13 .± 0.03 which 1s I::Ite~pe..t' tha.'u 
go 

allY uuund .... .uce gr'l:1.uit:mt u~turlllllll:Hl sO t'.:ll..... Pht~·el and b:dl1lutld~ 

na t ion ui tllC:I l'w.liul abUIlUl::1llCe gradiollt, 1::I1uoe the l:I .. tlllosJ:.lh~rio 

abundances of tht:lse st.l::ll'l:io cuuld be Ulodi.t'1ad due to Illixing 

with the interiors. w~ 1'e~1 it il::l the sinall range in tno 

galactocentr1.o distlol..lloe t 7.7 - 10.6 k~c) cov~red by Luok 

which makel:! the c.leriVf::C1 UbwldlOlllce g-raClient ratb.E:tl' LUloertuln. 

'£h.u J,Jresent illVt~btigut.io!l covers a larij"er rUrlSG 01,' g'~\l'JO to-

cell tr io d i:::. tarlCt~ (6.7 - 10./j kpc) than tlu:l.t of Ll.1.ck. \11:1 ing 

the~ iron abLUldallces allU e:x.cluding Gem wbich. ie:J Known to 

'be me'tal rich :for itf:l positlon in the solar neigllbour.I:J.(.)()d 

(Luck and Lambert 19tH). we derive the rC:llation (Figll.,re 6.2). 



171 

lJJ'U/H J ~ -u.U50 .± u.uu~ r +0.53 + u.U7 
gc - (n ;:: 4) 

'With a cOL'rcluliou co~t'1'iclullt o.t' -0.970 (3~& chance that the 

currelat.iotl il::l I::IpUrlOU&). 'l'his t!~'auiellt lob sllal10wf.:lr 

tllUl'J. t..hc gl"',t<.ll.t~U t der iv~ci uy l"uck (1982) uut in clos~ ogrol::

Ul~LLL 'W1.t.11 LlJu (.IIHi dUJ.'ivuu tJy Janes (1979) ul::ling lJDu IJhoto-

metry of .. l 1arl-'u nUIIII.Hl!' 01' .K giallt.b, al'lcl also 'With the 

~l::Itil1latel:l of' Uc.lJ.'rl~ t 19~1). 'l'hil::l value also agrees with thl:: 

ouu clurlv~<..I i'rolll Lhu to t.ul suul1.Jl.e 01' ,30 ,lJoirJ tl::l, lnclul:I1.ve 01' 

Luck' b I::IUluplc:, I:Illb:;,t.GllltluLl.Il~ our cl.a.LUI thut adding the:! two 

fartlu::;,t Ctl}Jhl::ic.1S iUl1'1'OVf::1::I Lhe deriveu ~ra<..lie.l1t. 

6.3 Local OhC:tulicul ..lllholU0f'.·t:!l1~ities in b'e 

Star torml:l t. loll. ill d ll::lks 01' galaxies i~ explained by 

Lin, YUIUl allcl ::ihu (l~b~) U:::I due to density-wave cOlllprClf:ll::liolL. 

CO.1'lstant. allt~uJU.L· veloclty..cL through a disk of stars a.nd 
p 

gas rota t long di! .L'el'UJ'l t, il.l.l Ly wi tb an D.llgula.r veloc i ty,.C)... (k) 

at a gCl,la.ctoc(;wtric cll.:;,tb.nc~ it. t:iince..o-'7.J\...p' tile gas 

s',treams throut$x, till: c.JeJ)f:liLy wave at the inner ed~e, and 

consequelltly, t.he t!n~ ulouc.ls art:l COlnyrt:lssed and form ~tars. 

High mC:lSS star::. explode and enrich the interstellar medium 

ilJ a few ruilllon yeul'b after their formation. A star with 

a. 1 ire time of ,..J 5 x 10° yr would move by an o.ngle "'" 4° or 

by a. distance c.d',.....Ju.5~ kpc across the spiral arm (at an 

assumed gi:2..la.ctClcentric distance of 8.5 k.,Po) before l.t 



btCtr~ i'orluatiol.. 'l'he sh~lJ.b ot: cold 11 Ll, du=:.t and 

uy QE:Ulclosi (1~'il4J, Wlc.J .KnllpP and KeJ.'r l1974). lI~rkhuijsf:jn 

( I !:J74) anc.l Htu'ul:3 t und Ab:. 0 us Il (1 ~ 77) .l'uuud y uung b tttl L au· 

.ll.vttn i.f tlUJ tito.l~· !'Ol'U1Stloll 1.tI not iui tl~t~c.l by slll.ll.,"r

uovao tlle InatoJ,·ial syu tbes ill.ud ullx'ing eX,ploaivE: llllcleol:Syn-

thus lb loll tile sUll'~rl1ovn 'W.LJ.l enrich thl;:j .ll::ifl.J and henc~ t.lJ~ 

nex t gent::rat1.on tltaJ"s U' thtl ,=:,turl:ll ar~ J'orlllt;)d ai'ter a time 

-cllo.l t if» shor tel' thWl tba tllOtl .for thib ill..bulIloge:net ty to tl'ldt 

III Lxed wi tll l:SurJ'OUlld.Llll:, mec.tlwu. 'I'hub it 1t1 iUllJorttlU t to know 

ill ord.er to btL.c.ly tllb locaJ. chclnical illholllOgul.I.l:Iltius. 

A knowleut:.e ot' tl'J.t.: nt::ub oj' I:$ta.r.'l:S is Ll1u RlOb1. illll)OI'I,a,nt 

prttreI.1Ul.b1.te £or an estilliation oj:' their birtllsitutl. 

ll'ortuna tuly, tilt) CI.~e of a C ellhe id C!!:in be uo teL"nlin~c.l froID 

i,ta pulbation porLod. A.i}l~tsnhahn ancJ l::illlitb (1909) derivod a 

p~riod-age relr:. tioJltlhip fCJl' olas91oa~ O'='f:lheic.ls, trow tlH:t 

sttlllcLr evolution theOl"Y. '.L'be caJ.culatLunl:S 'Wertl buseu on 

b1.ullar luodels witll CUllIlJObltions X. = 0.002 8ml Z = U.U4IJ 

W'ithol1t any mE:l.~tI 10'=:'5. AnEJlytioal ruvrtl9~utution of th~i.r 

rtlbul ts as givbn by 'ramulanll (1970) is Log 1" 7 = 1. 10 - U.o.51 

log ,1J, where rr 7 is the l:Igtl in 107 yr an.d P is tb.e pul~lltlon 
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perl-oct in uay:::.. l\.lj;)j,Jt::uhallll c.Uld ::::huiLll ebLjlJlHt.~u ~ ~·d.tldom 

tlrJ.'OL' 01'.:t 15~ Cor thu der.Lv(;d age uuo 1,0 CoW illtJ.~ill::.ic 

bcat,tel' J.ll Lilt! ~tlrlod caubtJu lJy LlJO lHultlvLu CJ'ob:::.iug ul' 

tllu lU.bt..cd . .nllty st.r1V untl due tu Lhe Verl.ou chant-~t)::. witilJ.ll 

each crObb iug. it' urt,h~r, a.ll t!vcu Lual :::. LJ1'aud hI tlH::! chemical 

cOJll.lJobition and 'tILe tlf'fect of mass iosb muy load to system .... -

t Ie errors wi t11 rebpect to ob::.t!rva tions. .LJlclus i on uf llll 

thuse erft!ctb may incr~~se the error estJ.maLes to ~ 30_g 

~frernov (lY7~) deriveti a st!wi-t!wvirlcal verl0d-aue rtllation

ship ubi.u~' the data on b4 Gevhtllds in clusters. 'l'he uttO of 

thustl Ce.l:Jhol.d::. WEll'a do tC::lI'\IIillOU i'rom tlle ai,;f:::liJ of the clu:s ters 

esLlllIateu u:sJ.l'l~ tho t.hoorutlc.u colOUl:·-IUUi~Hit.udf:) uic.lL.;'!'c.t1IlS 

dOl'ivtlu by lJi.x.oll, J:t'oru I:.LIlU lwlH=rts0.11 (1~'72), 1I'X'01l1 the Uc.l.t.u 

ou C~j,)lloidl:l in 2~ CJUSt.c:::!l'S ill !I.l.u.g'ulli:udc (~louds, the U4.lUXY 

eLnU 1-131, a C01UpUl:I i Le .i.Jt:lr lou-uBe l'e.l t:l tl onb IJ ip was el:l t..ulll ibllod 

ns 

Log 'I 7 = 1.157 - 0.b77 log ~ 

.± U.37 .± 0.47 

'flu.s rE:l~a C J.onslJl.,l) agrE:le~ c1 0::. ely wi tb th,=, thlJore ticaJ. ouu 0 

We have l.isLed in'l'abl.E:I b.4, the' agE:l~ caJ.cu.l.ateu ul:Sing t.be 

semi-elll.l..)1ricaJ. IJeriod-ace relation$.b.ip of ,.U;,t'remov. 

uetailttd ccl.lcula t iOllS 01' birth.-s i tea or sell:lcttld 

Cepheids have been made by wielen (1~73) by nWIIer:LcaJ.ly 
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'l'~blt) 6.4 

Ag':b, Ul.rtltb.Ltt:lS uuc.\ uuuadC;tuce resicJuaL:.. fox' CejJhf:: ids 

-------~-------.--------~~------~---~-~--~---~~~-~~----~-----""t:.. 

::J • .N I.) • ::i td.r 
r Ag'e A ..; (...C)...-n..p)~ 

AV~(~ gc 
.x. 107 Yl' 

------------------------------------------------------------
1 W:t. ::igor ti.T) 1.779 tH.75 - u.U05 
') ,... :J 111 01' 't. ',q '.J. v'll :.tIl • ~() U.U 
:3 'f Uph 7.~4 2.()~~ lb. 59· O.uB 
4 U ::ig.I' 7.1j() '.J.~43 :31.18 u.o 
5 K.1J~v CS.ulj J.2.~7 24.u~ - u.42 

0 :x. ::igor ~. l'.J J.UOO 27.~9 - 0.05 
7 w Sg'r 8.07 ).638 26.5:3 + 0.2 
H X Cy~ Ij.J2 .2. I ()2 15. 17 + 0.U83 
~ 'Y\ Aql B.)O ).7HO ~b.6b - 1,,).02 

1CJ '.r Vul t:I.J4 5.230 JO.55 - u012 

11 .1.>'1' eyg !:S.Li1 7.721 52.94 
12 1 Ca.l' ~.41 1 • 2.79 ij. '7'l ... u.U5 
13 ~ .lJor t::.50 3.U53 20.46 - u.05 
14 g Ccy /:S·S7 4.620 ;0.40 0.0 - v.U5 
15 !:)u (Jill.::. 13.73 ~. 136 57.69 

16 "'5 Uf::1lI ~.83 2.989 lB.40 + U.2~ 
+ 1,,).16 

17 ]:t'l' Aur f:S.9b 5. tH~9 35.04 + U.U3 - 0.23 - u.40 
1'H 'l'U Cus 9.(JJ ~057~ 50.12 - 0.20 

I 

19 us 1:1 U.,I:) ~. 10 1. 151 <>.52 - u.O~ 
20 '1\ i"lon ~.bl 1 .541 7.72 + U.13 

+ u.04 
+ U.1B 

21 ;; 1/ HOI! 10.~74 2.271 17.96 - U.02 

~~------------------------------~--~~-~-~~--------~~-~~-=== 
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~Ilt-=-grat1.ng the galactic orbits ui' Cephe.lu/::) uachwc:l.rdb in 

t..l.lllt:! Ub lug thl:l prt.ls~.nt. I)OSJ.tLODb au<.1 bl)ac'u vel",c.ltie~. 

'lht: sJ:Jit'al l'Lolc.1 of Ll.LtI \If:llll:JlLy Wi:lVf:l wal::l c.tll"lo illClutJud In 

Lito,/::) in 1.11.1.: birtll.s~ L,t1::l Sl'ibtl uutJ tu 1.11(.1 I.mc~H'L'\J.ol iu::. 111 '.1_',"0 

.tU1 errOL' lll. at.e by 107 yr cOl.'rf:lSflolH.ls to dl1 el']'OJ: o.r I k!11.,; 

1..t1 Ldrt!l~.lte, o.f which U .. I kpc 'WouLl.I. b\:! lH.:L'lJtWc.Jlcu.l.,U, \;u Llw 

::,pit'al al'lIl. 111 conLrul:lt, el.'ror.s ill l:3j,Jucu velocitJ.1:l1::l of Lhu 

Ce.L-Jhel.tls by.± 5 kill 6- 1 aL':t'ect tlle birtbslt:oS l>y 0.3 kpc uuu 

1.1lcluslu.Ll 0.1' LI10 grl:tvltutluual .t'ielc.l 01' th~ s.pirC::l.l dC::lObity 

Wc.\.vj;t chung·e.s lohe l>lrtbsite by U.2 kJJC in 5 x 107 yr. '1'hu1::I 

l'or the yOUll~'U~ t ot thu C~plleids (uge f:::y J x 107 yr), O.l.1u muy 

nUt!ll:lct thl:ls~ u,c'J.·UJ.'b UL·.Lll ubtaill tbe lJl.L'LhbLtes with re,t;pe~:t. 

IJ Y uu u.ugl e 

We have ebtlinatccJ. l.n this C'c.sbion the birth/::iites ui' four 

YU1JllE~ic.ls trolll 'hl.ulf:l tI.1 whicll f:U'e not iu Wi~lell.·s J.ibt 

(~ Op11, X Cy~, ~V Hon, jA!Jav) • We have ul;o~d a vuLuti oJ.' 

-1 -1 ) 13.5 kill s klJC ,fur thf:.l vutt~rn l::Ipced l 'iuun 1~69 anu 

-1 
a constant rotut.i..oll veluclt:y of 212.5 klll l::I ,t'or the soLur 

nE:!i~'hboul'llood (...n.. = 25 kIll 1:!I- 1 kpc-' i'roUL Oort's CO.l:ll:ltLLntti 

antl .H.e = ~ • .5 kpc). '!'U Ci.:lfS which is a.Lbo .not in W'ielell'r::I 

~ ist il:j too old to derivts ELLJ accurate tJ irttll~ i te ill this 
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w~ helVe pLatt~d 1.11 .b'igure (b.4) tilt:! hLrthsitt:!l:i wJ.th 

i'rOm \iie~elll b List.. 'i'hc.~ outlino ai' thu Hjllru! J'tlaturf::~ 

~agJ.ttarius - C!arJ.n1::l arm. Accorllini to Liu, Yllall anti ::Ihu 

l19b~) 1ll0&t ot' th~ J.1tlCLl.-lJy Cephel.l.ls !,i'obul.Jly orLg'UH.l.tC::H.l In 

~agl.ttCl.riuo Ct.L"'llI ur i.11 tho l.Jtlrl:iiLll:i arUl. Unly the yOUllgtl~t 

CejJluuus d.re prubaLJl.y uurll in the l.ocal. L't:=&ltll.re. ,l!'igure (fJ.4) 

con~irrus this conclusion. 

W.1.th tllu clata Ull birt.lul.Ltl::lb, we CCUl btUc.fy thC::l chemical 

relatively youug' obJectb, their atIClOt:il'beri.c ubundunCtlb rot'llJct 

the aUW1<.lanCes 0.1' thtl ~ab C10llOS out o£ which th~y are COl'IIIOd. 

l.t is of l.ll.te,L'I=st to btudy the uel.>arture 01' abunuallceb La 

these stars wi t.h res,Pect to the smouthullell radial abundance 

distrl.bution ill thtl galaJC.Y. Using tbt:l ralatlo.Ilsbi,l) doterlnined 

by us (i'igure 6.3) we ba.ve rneasux'eu the ot!,Llurture A L:e/l~ of 

the }l'e abundan.:es of' the Cepheius il.l. 'table u. 1. 'Xhe.f:le values 

artl listed in'l'able 6.4 :('or Ce.1Jheids \l/il.!1 relia'bla abull'h::lnc~ 

deterllll.nat.1.ons. '.L'h.is relj,uirement allowed us to l.tlcluu~ 0111y 

t'.tle abwldances der lved by Lucie and Lambl:lrt (l~En), .I:Iappu I:i,I'ld 

1ta~l1avan. (1~69J t Va:n. Paradijs (1971) and the pre:asont 

investigation. 
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Figure 6.4 Birthsites of Cepheids with respeot to the spiral 
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identify the stars t.hrough Table 6.4. 

• 
130 

• 
120 

• 110 

• 100 

• 90 

• 
80 

• 10 

• 
60 

• 
50 



1.1.. J.~ c.luat' .ft'UIJI 'i'able 6.4 and .t!'J.guro (b.4) that c:ln 

OVl:'rWlll~lllll.ll~ Illujo.l'lty oj' &t&.C's that forlU ut tiJe .1.rlner Uded 

ot' tll .. , Qpirct.1 oJ.T11l1:1 havu normc.ll abuntlullUeQ l'OT t.heir gulaL.t.o-

(.;tluL['ic ,lJO::.j tlOU. 'l'b.tl uVdl'abu11.UaLlCe oj' \~ tigl' ancJ 'S Litllll J.~ 

lI1u::,(, J.l1'~)ul1.lJly uue tv Lht'il.' f:)ositioll at tIlt! uutt:lr tlugt:l vl' t:hu 
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::I1Jirul Ul'111. '!'he:se stars may have bt}eu born urtd,C' t.ilt! IlU,l::lQ1.Ve 

oS Lal's 1'orultlcJ ut thl:: inllur euge ha.d \~x.iJloduu as buperuovue in 

thu viciuJ.ty of their birLh::li.te!::l. 'l'hd lo\~er-thun-ex.I:Ja~tud 

ul.lUndallCel:l u.t' l' Vul "lllU H.'l' Aur are puzzll.llg. ~f cuni'irlllecJ, 

t.llI~y lllay LncJl.C 01 te till:! ,t>rel::leuce o i.' local J.llh0111 o g't:Ine it ie::. tho. t 

UL'I,i llot lIIixt:ld awuy ev(.'n over a few galactic rotationl::lo 

.lI'ou-peak L1Ucltll. a,l't:I .formed by UXj,)] o::;iv.:l nUI~ltHl:':tYJlthl~::. LQ 

within l::Iuj,,)ex'llOVl::Le wlLeroal::l S-1>I'OCUI::II:I eltUllUllt.1::I ax'e .forUltld l.ly 

::slow lleu tron Cl::LIJture l.Jy hcCl.vy elemel1.ts ill tba iuteriorQ 0(' 

red. giCtntl:l. '!\lle:s~ two jJrocesses operata in l:ltarb of differont 

lUCl.SoI:l rauge (2-4 ME) !'uC' rec..l g'iantb and ~-15 ~10 tor SU1Jorllovt:t,tJ 

1W1th tht! prosout. ullct:lrt.o.lllty about 1.&-8 Hie,) atar'tI ending as 

l)lrlllotary nt'uulac or l:5uJ:>l:!.t"novae). l'bus. t.he abunda.Jlce rat1.0 

G/,b'e] ut dH'"t'erent times in Lbe galCtc tic history and the 

vari.a.tl.Oll o£ [l:S/.I:t'eJ acro::ll:5 tht:l ~a~ac tic IJif:;c may Vt'ovldo 

1.1ll,tJortaIlt co.n&traintl:5 on tile theori~s of' gdlCl.ctic evo.lutio,u. 

,b"'or lDetal-def'icJ..sInt sttlrs or halo J:.Iovulation, ::>pite and 

opitc (197~) found the s-process element blirium and to 
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Ct:lrtcl.l.n t:!.x.t.ent. - ytt.rlulII to ue OVtH~d~f'i.c.L(,lJIt. '!'lJl.1:J OVtn:-

del.,a t!'al::l el:J when L~,l increase::, olud L>ecoUl(~S 

L'or \ Ii' til J ,/ -1 • 5. ~'J.~om a.n tl.l.1ul y b.i.~ o.t' .... hOlllo-
If 

of:o'U~OUb ~ruu.1J u L' old Dlt:! tal-voor .b' ancJ G IS LCl.L'~ i.11 I..htl 

~aluct.1.c d.i;:,k, dugginb blld. IJlllil:l.lus ll~71.t) found a corrcJa-

'i'bey in t~.t'l)t '0 tt.1U ttl 1 IS co r r~ 1 ~.L-

t.Lon as all evlucJ.lC~ that;; heavitlr' (~-1>rOCCl::lb) metal;:, ot' t.ho 

iu t.Ul'f::I tel L ar IIIf.:1d.LUlll in thtl disk have incrl.H:'l.&(Hi morc rl::lploly 

than tho oVdr,lLl UlU tcl.l aULlJldaJlce, during' Lile tUlle inLervcll 

(~ovtllr~d by thl-J l'ot'lllutJ.Oll or these tjtarl:J. 

i:.I.uuudallctl I.).t' tj-procestj elc..une.uttj Bat La, Co and Sm. 'l\h~:iu 

t:llem~11tl:5 ~rtl:;eut th~Ulb~Lve!:S in very rew 11.Ilctj ill th~ st~llul' 

I:iJ:.lec tra. '1'hi.:. l'ac t. .l..u.crcasel:J ttltl ullcex'tl-tLUt.y or Lll,u 

illdex S (s = * LiG i/F~) hal:il been l:iIug'gesttld uy l:1ugg'ius cl.l1d 

Williams (1~711). 'l'hese composite indices belva th.o adv .. .ulLag~ 

01' reduced SCi:\. to tel.' , tnuug'h t..he in:Corrua t iU11 aLJou L indiviljuui 

e).tlIMHl.ts i~ lOl:lt. In 'l'&.ble 6.5, we g'ive ~J,- [Baill'a] , 

[Ce/.I!"'eJ ct.llU ~m/b'~ for our llrog'ram starl:il c:I11U t.he cOIllpot:;it'=l 

l. uti i.e e S 

aud 

S 2 

= 

= 
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'l'u lJl~ 6.5 

AbuncJaLlCE:!::' o.t' I::I-Pl'OCtHSS elemell ts III Cephe ius 

----~----------------------------~-------------------------
::; tar [~[Ba/lt'Ei] [La/it'a] [Oe/.I!'eJ [om/lf'el ;:), ::)2 

-----------------------------------------------------------
WZ ~gr +0. 1.5 O.U -0.1 -u.2 -0.u5 -u.O~ -U.Ut:l 

X Sgr +v.O'7 -u.u~ -0.27 -U.27 -0.:21 

~ Gelu +0.20 -0.25 -0.05 +0.U3 -u.U!) 

'l~ Hon +0. 0:~ ... 0.07 -u.13 +0.03 -U.12 -0.037 -u.ou1 

::;v Mon -U.10 U.U +U.03 -U.17 -u. 10 -0.06 -u.09 

-----------------------------------------------~---------~-



11'or t.wo C)l' OUt' :;ot.:.tr:::>, La ~d:Jlllldtu.l.cel:l were not c..lerivec1 1:10 

only ~ could b~ c..lete~mine~. 2 
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WI:: huve ::Ih~\vn iu ,li'ie'ul'~ l6.,5) tlle vari'-li.lon oj' ::;2 wlth 

l!cJ.1U~toCtllltl'lC IlJ.l:ltE.lnCI:l. J.t 10 ouviou::l i'ruIU tht) l'J.tlu.L~e that 

tllUL'U is no trcHc1 in ::)2 \v1 t lJ g'l:Llac t..ocell tr 1c rJ1s LUllce which 

1.Iuplieo that thu I'd-to oJ:' ollr1cJ:ulletlt of s-procl':lss elelllF'lht::. i::. 

e l:I::.ea t J.a!) y 'thtl ::'UII1~ as t ha t ot.' [~J In t he ~a 1 ac tic l.Jlau.e. 

li'rurn.ltig'ui'e lo.h) wo bef:: thut::)2 1s not corx'clutuu. WLth\'1fJo 

.iu th~ 5 llllJJlo models 0..1.' ~alactic evolution wilj.ch t:I,('e 

I.Htl:llHl 0[1 t.hc ab:;ulnvtio,Uo oj' f::volution il.l. il:lolated wol.l-Ulixou. 

ZOIlus 'Wit.h no Lilltiu.l t:llll.'iclullOllt, us Lho I:IYl:Item tlvolvel:l, t.he 

'\lith t.f.ll::l ill~.lLlbJon or prompt J.uitlu.! I::Ilu'ichllluut to 

aC~OUll t for the I.)UbOl'Vel1 ll.al'.l,'OW rUllUe 0.1' Ill&:; t.all ic l t.y u1::\ t,l'i.!. 

uu'tiloln l'or G dw..t.rf' s1..aJ.'s, tho aUWl.c.J.ullCOl:l o.r 1:I-I,JL'ocess 

e1 emen t arc no Longer eX.I.,ec ttl c..I to vary so .1:' ~LS t; but s t III 

the vreuictt=c.1 ..... IJun<.lance::, variation for s-yrocu::Is e.LelUtmts is 

.Lr.L otb.~r 'Word.s, tllt=ra shoulu 

be aVos 1. t. ive currel tI. t J.ull be tween LS /li'e J ci.rlcJ [ra/a]. The 

corrtllationc OIJCUiIleo by clJ:)lte and ~b'ite (1~7li) utlcl HugEr1ns 

EUHI Inllil:UlIs t 1~74} may ,.t'uvour the enrichments predicted 

uy a cl.I£1!J1e rnod.-ll, uut tho absence oJ.' any significant corrt:-

Ulooel. 
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Figure 6.5 A plot of [s/Fe] as a function of galactocentric 
distance. 
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LustU<-ld oj' ~l c..:Lu::,ud I::IYbtelll, the muueL!) with tL ::,teudy 

i.ll,f'al1 ul uU.lIJ'UCtt::;b(Jc! lllat.oJ.~l.al lJ.ave bOOtl uovelopttu lJy 

Lar~un (1~7~, 1~7()) • .Lll t.hu~~ lIlod~ll::l, the Obbt~l'V\)d 

nlutd.lll.city dlbl..ritJutl.Ollh CUll ue" eK.plaizlt'!u \'l1.Ll.i.out. 

i.nitlal eJtrl.cJilu~ll.t). 'i'he ini'u.lLillg' UlutI:t.J-j,JOu.r' gas lJl'oduCdS 

a dilu.t.ion tll'J ~ct which couuteract::; tllu tHu'iclunEHlc of J.:::iN 

<-I.lld henco utI i~::'YI1l1Jto t.ic VUl'J..,d;;j.on or [ .Ireland [a 1 arf:l 
..,:r "HJ 

'l'llUb tIle rCitlo [s/b'eJ does lloL ch&..lJ./,:'1::! al't~r [sJ 
11 

j.)rc::Hjic tt:!u. 

uud L~J llc.1Ve l·(,H:l.cIH)(..l tLltHr atSYltaj .. d;otic VC:l.lutls. '.the lacl<: of 
\1" 

cor1'~lat tUll ht'tw(=t::n [S/Ii'e J aud Lf'e/1Q ,for th.e y OUl.l.;~ disl<: 

t:W\ 
starb t'uund ill t..hu VI'e~eut LlJ.vt:!l::!ti~atiull f..a.vuurs liI1i'Ul~ 

rnouel ot' ga.l uc' tic ~vol u t Lou.. 

An a~LUrllc.1tive E:uc..lJlal.l~l;iorl can b~ bUl::it3d on. the 

hYlJothas 1.b 0 t: a V~ 1. alJJ..e lui t La.l mass function. Whe1.'\:,ub 

f ~'e]. i:s P~'OUU("'(:H.l .Lll ~.x.1.J Los ive r.luc.Leo/:Jynth~s 11:5 Jon tSUvEl.['llova 

ex.p.Lob ionb 01' lII.lS= LV t:: S ta.L'I::!, S-lJrocel::is tllelUentl::i are 

syntheslzf:!u LLJ tbE:! ir.Lt~l·nleui.ate mas::I oS tarl:J. 'l'bus L s/.I!'~ 
ra-cio in "l.::;H I:tt a g'ivuu tirntl is relatod to the rat-Lo u£ 

interlUedlat,e to h1Ch tnclbS sta.r.l:l. 

in old dlU.l youue', l:n;aJ~1:I Ulc.1y Vrov ide useful lll:f'orlllutlon OIl 

the variat ionb ~n I!IU' in the course of galac tic f:lvo.Lution. 

J .. IJ. a ::,imple intuitivt:: Wd.Y, we OWl. ::lay that thu fast ellrich-

ment of ~-pruce~~ nucJ..ei in the old halu »opulation stars 

is due to an :!.norel:it:5e in the intermediate stars alit cOU1vareci. 
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to th~ tLigll-llIdb::; sl-urb at. tlltj time 01' l..htj formal-lon or thu 

.t1..L'tor tile) format.ioll of tll~ dlt>k, 

1.u'L' I! I' 1..110111 t.ll .. loll L.U.L'UIc.::dl.H to/oJ ItI.J.::H:1 & Cflr::;. 11 EHJC.H~ , L ho 

,J.l.JllUt(<.tJ.lc.:U ul' t;;-proce:-.b U1U.,II:'LLtt;; J'ur tIlt.' llibk oLJJ~U I-~ du .. :b 

uut bJlOW tile btuddY <:tn.l.'lchuletLJI.. L::lS e.xbiuloLcd by J.Lulo ~: .. t.aI'b. 

It :::i!loulu be bOL'IlC:!l in IIILnLl t.h.at tbu as~ulllpl..io.ll of a const.flUt 

.Llll.t..Lnl rnUbS j'uncl.lull ho.b bUCll nU:ttlE:! in the~ mollels 0" ChtHllical 

(;VUllttJ.Oll ol ~I.~tlu.lunb ouly Olll- 01' i~lloralJ.ce 011 ::,tur fOl'IIIa.t-lull 

,l.Jl'I.H':c..':->SI:l::'. 'rite dtHl::.ity Wi:i,VU CcLl'l cOlllprel'lb tb(:l cul.t.! uJ./:.k, gus 

uluUU::l In t..JJe yuung dislt. anti form Inassive star::.. .:)ucb 

COllU.Lt.1c)IlS may HOL exi::.t in LIlI::l al:H:iellC~ U(' c:I. dCllslty wuve. 

'l'hu:::i the IniL.iaL IIHlbb i'llllctlon at the tlmu 01' the i'CJrmntLoll 

of' halo may rel=Llly huve ld.c.I.{.e:Hl mabsive btUr:'I:" SlmLlHr 

I:Iffect lIIay hl:lve bt:H::Ul !,rC:ll:>(:lllt ill tile (JJLl di.sk also. l.,(' Lhu 

old dl.sk could produce rnusbive stars, its chl:tlllical evoLut.io!.L 

may have ul:lc=n u L1 u cucl by ini'al.l. 

0.5 ::)unullary of' Conclusiuns 

'l'hrec= IlIaJOl' C oncl.us iou::. have bE:!tHl drawn from t.he 1,r~I:IOllt 

b Ludy of' tile abundi.LO.ces loll c.:~.I:lht:dd atllloSlJhures; 

1) 'i'here 1.~, a gradien t in [i.'e/B J in the disk bl:l t,w~l:ll1 tllu 

galactoCE:!llt.r:'l.C dl.&tunces 6.74 - 10.87 kpc. 'the vt':llue of 

the grudient -0.053 .±. O.Ol,)~ derived by us agrees with tht:! 

goE:nt:tral Sah1.l:'le of" Ce.t>hei.ds f'or which spectroscol:1ic o.bu.Lluance~ 



I:U'~ aV<.ll.ll:l.ult:l, fUHl ~J /:II) \V'J.l.h th~ 1I1101..01l11,;&r1.C g·J.'UdLt:lnt 

l-u.u7) dt:lJ.'LVtH.J by l!tIJ:'J'l.SI (19~1). 'l'hu 1:It.~epur aru.l.lien.t. 

uut'.I.L.ll.od by Lucl( (1<)~2) ll:l Liuo to a sw[\pL~ lillLLtou OVI~r i\ 

blll .. d 1 ro.l.lll~u of' f~alac Luc.; dn Lx' lC d.l.~ I.ancez:s. 

2) 'l'hl$['e iti ~u itHilco.Liun tonal; t.L z:sacolluary btar 

:formal-lUl'l tcdlo.eb lJ.Lal:e .LlOu.r the ou tor I::!d!,,1::l oi" the blJiral 

pat tern, t'rom thf:: illterl:l Le 1 iar mat tel~ .Lucal 1y E:nJ.~ l.chud by 

l:Iupornova exp.LobJ.on$. 

3) Till::! b-tJr()C~ss I::lru:icluuent o£ tilO young g.:tlactic disk 

La!\"dS place at. tile sarnl::l rate as th~ ita tl.CJrichruent., l.ndicat

l..ng tht.L t tho h l.Uh n1<.1.tiS l::Itarl:l art! pruuald y j'orlll~u at a h ight:-r 

rutu ill the yoLUl~ U.l.z::.J<.. than .Ln the halo, uuJ proiJa1.l1y in Lhu 

olu disk too. 

18G 
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~llCct:Sn:1'ul IAIJ1)llcl.1.tLon u1' the:: mothod 01' ~J:.II~ctruIIi .::.yntl.w.::.l.::. 

11\ dt'd.Lin~ wl.th j)roIJ1~1Il~ o,t' blenuJ..l1B 01' '::'.J:.Iectral lines which 

h .. u so L't r lJuf:HI U IJlkjOJ' lwndlcHl,1 in the cOlAvelltiunnl 

,\bUlJdLlLJC~ do t.orlllilltltlon~,. For tbe star:s. wi th spectrc.l~ type 

1,1 LC1· LLL • .l.rJ llv, the crowuutt! of lines becollles incrttasJ.ngly 

I:HJV~l'(t. '.J.'hi":l J,J.t'oulelll cau.uot be solved l.Jy only illCrel:,u::iint,!' the 

c.J LbPU.1'I:I~U.1l. 1n I:t tLVOll ::ipectral reglol.l, ii' the .frttquoncy of 

1 LllfJo!> L~ lUJ.\.tlr tlJUll tllU reciiJrucal 01' the 11lJ~ wl.c.lt.h, aLl 

th~ J.!UUb of Clio r0l!lI.w~ will be intriuohlclrl.Ly blt:'llth·U • .J.llc..l 

Such U o!>Ll..uut.Lu.l1 1.::. very COllllllOIl itl intE:!rntediate uncl la'&~-type 

b t&.ro!> U~l)ttC! u,l. iy ill ChE:! blue rGg1o.ll 01' tile ~~ttC Ll"UIII which 

coutaillt!l u 1.'u't-'e JlUliUlOr' oi' importc:lIlt I.l1o'tallic lines. Further. 

,t'(Jl· '&h,u elulJuJllts like s-procetils elements which J:Jre::;ent 

Lhl:llluiul ves in i'ery few, I:.Anc..l o/teu bleuded :('~aturel:5. the 

o -1 
ulJuUUH..I.1ce cl~·Cl;:lrlR1Jli.ll.loEl at a. dil:l,l,H::rl:liun of 22.6A (11111 eUI,toIlo1dd 

.1.11 th~ 1.)l'Ub1ilUt LflVtlS Ligation would have been Wl l.ln!JobsilJle 

t./a.::..L.. W1 thou t tbu Sl)l:~c trum l:Iyn1.bClsl.s techn1.que. 
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Altern~t~ly one lli~y advocate the u::.e or r~d s~~ctrftl 

!"bi!lon wllt'rtl t.lll"l IJL""lld lnt~ ai' tb.!:! t:il:Jec.; tr.1l i LlIus. i::. cOll~idl'.r-

.tUly ll:.l::,,s. U' we ulJundorJ blue I::i(,ltlctral rHtSlOn in t'avollL OJ' 

Cllt: l'ed OLlt.l, w,~ woulJ mi::.::. 1.11l}'ortaut liIH~::. ot' a largb 

nlJmbt~I' 01 t.ll~IIIJl.ltb. 'j'IIUb 1..1w IDE:d .. ilOd 01' l:>[H!I.:tl'UlIl ::.yntht.:::.lS 

whlch nllowt:i t'Ul,' tlJ~ el'l'ec ts oi' ulellUinl.'. uud hell.ct.l doel:> not 

UtlUlUl.lc.i a hl.~h ,'ebol U L J.Oll is Ull iIl.uJ..t:ijJtln l:>uul t'! tool in thl:! 

ntudy uf btelloll' ctll .. nnic.;ul C()UIJ)o&J.tlon. 

Our cum,!Jllut.lull u1' tIle eXJ.::.tJ.ng s.j,lectroscopic abunuclnces 

l'or the Ce[Jlleids (:iec tion 0.1) shows that spec trobco,l;)l.C 

utJWJ.c.l~.1lCOf:l at'fJ known Cor CJnly 21 Ceph.eids. Mostly the 

t:eiJhtHdb brlghc!:!t" thH.n visua.l magnitude 7.U are Sllectro-

sCCJ(,liCC:l.lly ~tudiecl. 1'he r(}af:lCJn :f:'or t.tl11::l 1::. obvious. .ii'or a 

e:ive.u cOlllui.lu;l.t. LCJn o.t' tdlesco,pe and bj,lec c.['~l ruso.lut.ion, 

t.ht:re il:l a liuat1.nti brlt,hLlJobs .fainter thun which we C[:lrUlot 

OUl::5 erve wi th a r~a::lOllal.l.lt:l exposure t ilIlf~. ,ii'urther, lOJ.l."er 

eX}Josure~ a/lou I <.J be avo iued for the variable staL's where th~ 

U tlliO f:I P he ric pal" alii 0 t t:lr~ CJUHlg e W'i tll t. ime. J.r the fainter 

Gepheid& aL'E:! to lJe obsurvt:=d at the sallie dispersion, one 

rt:lquires tcleseopes wi ttl lurger a.perturt1s. U~in!S the method 

01' ~pec truRl I::iynthe::.i::., t..he llet:lU of extrcllIt::1.y high ui~peI·::.ioll 

it:i removed. 'l'hu6, faJ.nter and hence fur I..h~I' Oe!lheia.::I coulu 

be ol>~brved spl3ctrosco[ .. ical!y with a moderi::lte-Sl.:;(.,E:! telt!lscCJj,le ..... 
using a f:I!1gbtly lower resolution. With the 102-cm telel::icope 

at h..avalur, 'We h~ve de terruined spectroscopic abundallces of 
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c.;:~.ph~il.h, u.s f .. lllLt. Cl.b til =- ~.2. The toLul nUlllbar 0.1' 
v 

cli:l.bb~Cc:Ll CaVIl! L<.I& \oil. th IIIV < ~.5 i~ &rUUlld yu. all tht::f:\e 

Cf..·piu::ic.ib l."Ul bl.:: btuLlii.:<.J. w.Ltll a 1-111 t.(;jl"f:lCul)e wlth l:lI1 

uln:>lll'V LUt:, t.. illlt;' vi' Jo-4u .l1l.l:,'hts. 

'tlll: chemical evolutIon of our Gala.x.y. CE:lI)IH~ids ab a group 

llu.ve the ~H.1vantagef:l ot' b1tih intri.n::;ic luminosity and. billetll 

<.I.go, ClS al~o t..1J(~ eX.Lbtenco 0.1' ,bJl:lriod-luuI1DobiLy rl:llatio.l1 

wL. iOIl elU::Ll..ll us Ul::o to c.11:: t~rminE:l the ir di s t.UllCCS more o.cc urC2 tt::ly. 

A guod covt:!rat,e of e;'<."lclC tOCtlll tr ic di:::othnce hi:l,s enabl ed u:::o 

to tit:: LtH'mine a rel. LalJle uuuuc.1uncE:I ~'radie.tl t. ~arl ier gra(.lil;wt 

tit:! tl:lrmill.a t .Lona which hav(:j covered a ll:j,J.·g~ railge ill ~ul at: to-

cuutrlc tiiSt,&llC(jS I:1re bl:1.sE:lu 011 .l:Jhotumetric 'techniques. '!'ht:: 

accuracy 01' i:>.u.ol.olu~tric alJu.tl(.ic:l.uct:l~ ib much lowt:lr thun in 

l.1"1t:: ca::;e 01' spec tI'obcoplc ul::!terminations. 'J.'be g'.l'ac.tielJt 

obtal.ne<1 i'rom a smaller sample by Luck. (19~2) is very bteeil_ 

Thl.~ ib most l1~ely due to insu£~ici~nt cov~ragE:l of gal&oto-

centrl..O dlst.unces while thl:! alJundances 0.1' UltJlvidubl stars 

ai'e yUll.e accur .... t.~. '1l1i::l f'uct el11,Phasizes the nt-'ed 1"or a 

good oovera~e o.t" ~I;.\.li:.lc tocf:llli;r 1.0 dis ti:tJ:lce~ • 

.rn orct.er to ,sl..uc.:ly tht:l chemical evolution 0.1" the halo, 

metal-deficient high-veluc1.ty stars O:lre oU~"i'e.tltly utled. An 

aoa.l'ldance grud1ent ,t)erpeJldioular to the 1-I1a11e of the Galaxy 

is discovered by Trefzg~r ~1981). W VirgLnis stars whlch 

belong to h",lo population also :Collow their own period-



LUlrll.llOS Lty l'elllt.LOIl~. Une cun obtaIn mOl'~ Ciccurcl Lu 

dLst.l'lbutl.on 01' chellll.ci:l.l. cOUlJ,lositioll 'p~rllf:'nc1icula'l' to the 

dl.::·d • ..tl'H.:e::. C£lll IJ'J lL~t.oCJlJIIlOci. 

ltiec1..ioll 6.3), 1.1.' cULl1.'l.rlllcc.I, could J,JruvJ(..Ie valualJla lnfo!'-

IJlU,tl..O.ll on LILa tll.eoriE)~ 01' StUl' formation. ACCO!'c1iug' to LintI':> 

(j~l'lsity 'W..tVt! CllIlUL'Y, cUlIlj,.1rE$S& Lon o.f gas clouul::I at tLl.I.~ iUllur 

tHJgu 01' t.ht! sJ:Jil'uL arm due to the jJropcl.~aL iUIl 0.1' ~ den::; ity 

wav~ LnducC::lS stur £orJlJation. 'lhese newLy born st~rs, du~ 

to the dl.l't'erem .. a LIl angulur veloc ity u£ the pat t.:ru £Lnd 

lIItd:'t!rLul a:C1~ulal' vt!locl.ty, oril't away .frum thC::l ::IJ,>i.r.'i.l.l 

J,JC:i."tLe.r·n by .... velocity (.tl.._.n ). 
p 

U.b 1.U k,Pc l'lUUl the spira.L arlll. It i~ pObf:llbl.t:I that 

thtl::.e supernova axylosioos lIlay .Lnduce furthC::lr star i'ol'rno.t.ion 

(:)ancLl:5i 1~74, J\.napp and ll..err 1974), or stars may .form by 

SOu.t:I otn.:,t' process from the interstellar maLte]." enrl.chC:)d by 

this mater.Lal l.h.dmunds 1~77). 'lhese possibillties lOuy be 

confirmed by studyin~ the a!Jundances in the Cephoid ancl 

~uv~rgLant atmobpheres relative to thC::lir births1te~ with 

re::oyect to the &lJiral vatt.tlrn. 'We have shown that the over-

aOl!'l.tdance exl.l1biteu by ~ Cem and W f:)gr can indeed be 

ex~lained il.l. this .fashion. 'i'he salilple of stars should be 

enlarged to study this phenoutenon bet ter. in this uirttc tion, 

lBu 



tht:! lnrt.lusl t.tlS W J. tit rebP~C L to the spiral 'put tern are at; 

illl.po r l i:lr.l t U/::S tlw U!JUJlutlIlC \:loS thl'l1lbel VE::IS. Accurate births~teb 

CUll U~ Ut·l' LVl:lel ( w ieltHl 1~7J) only with good k.nowlodg~ el at' 

Lliu dibLuJlct:::., l:I!H\fl t:= valocLt:;itl~ anu chI:: of' tl.tl:l age::. bLurs. 

'l'll t:: Lhuul'l.I L.1 c.d lJi:l.l' £1111 ~ L C.H' ::. 1 iktl the pel r; t';t=ru l::I.l1U lIIatel'll:d 

V~lCJC.LLi~b, cuu.l ul::.o LllC:l I:oJ,lJ.ral grl::l.vil..al..iuJlal potelltJ.c:l.l 

l"l.Ut::el Lo bl.' illllJruVtlu. '!'h~'l:oe lUouE:ll J,Jl::lrulIleLeJ'l:I are dalJeudtlllt 

U1H J11 Ltw .... bbUlilt:!d uil'l L.illc.:t: Lu the galac.: tl.C centra. 'l'h1l:1 

eli ~ t,lJlC..:e i b tt,E:1I0I'C1l1y ul:osUlued to be 10 kyc while lUodl:lrn 

u::.Lllllc.1Lul:o u,t't:! closo to ~.5 kvc. The l:I-Vrocoss ubundallces 

llt.HHl to Ul"l (joterllllned L)(~tLor, usin~; a largtlr nUlllbor of lines 

(J.llU ~.x. t.oud L11g 1.0 il lUl'i:OI' sblllple. The galac tic dl.::.tribu tion 

01' L tlll"a], ~bj.)oQ.ially Ll.b uc;pelJdence on Ll"e/a], would proviol:l 

lHI!JoJ'tant COIl::. L1.'diut::. OLl tho lUodels of gcllactic evolut.l.on. 

Accurate &l,)wldanc& uutormi.lLat iOllS r=quire good models 

i'or 1 Llltl-i'orlll ir1u reC'ion~ i. e. model atmos~heres. A nWlluer 

ot selnl.-elllviricl:l.l relatl.ons based on the ~irnb darlc.ening uata 

huve bl:lE:ln constructed :t'or the Sun. ~\or other stars., onl.y 

th.t:ol"tltic·ttl model& l:l.l"'e avail.able. 'I'he stral.ghtl'orward W'dY 

of checking' the adequacy of a luodel. atmos.phere is by comparing 

t lle .fluxes IJrec.1 1c ted by them at tIil'feren t wavelengths with 

c,) b bervtold f lu.x.es. lie (,ail~d cOluJ:.lar i~on tor G-K b tart; shows 1:1. 

good agreorue.CJ.t ill gener'l:Il, but there is Cl. discrepancy in the 

ultraviolet regl.on. The fluxes ~redicted by theorutical 

lIkodelb are higher thWl thtl obberveCl. ones. 'l'hitil dU':t:'ereuce 
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bucorn~l:> largt=t' Ltl I't,".i ~j.-Ultl:>. '!'he receLl/.. s/..ucly 01' Arctl.H'u::; 

{l"rll:>k f:j/.. 0.:1.1 I~I~O) ::;ll~g'l'sL~ thcl.t it i!ot a1~o ::.igUJ..t'lCc:\'Ut. J..Jl 

l;tlJunuunu~. '.L1a::l <.lJ.l:>~rl:::jJCI.llCy ll:> nl:::g'11giblc fut' lJOpuLati.o.u Ll 

S:lt;aX'l:>. MOst (J!ubaLlly, thib dil:>crtll'c.Llll~Y ul'L::HH:I <Jue to an 

Ul.l.COlls~d~.l't!(j 0l,£I.ci1.y ::;UU.I'I..lO wJJicll is t)tHl::.LLjve to 1I1uto.llicLty • 

.!l hCLZU oi' weak S!lEC tral llllet;; no t included in ex: terlS ivo line 

loll:> i.. u::it::Hl Ln 1..1,0 1II0de l a tllll)::;phere cC:I..lcul atlotl, as slllIgustE:lU 

LJy Uolweg'er t '~70), could be the dource oi' this e>..trE:i opacity. 

'.L'1J.u e1'1'ec /.. on lhe teluporature structure::. oj' this extra 
. 

olJacity as estllnut(~U by Gusta£sson at ~l (1975) may be 'Vl0Ub ... 

ArJ attempt to study these wtlak lines in laboratory slJt::Ictru ot' 

iru,u shou.ld LI:! undt:lrtdk.eu • 

.Lll tho s'p~c trCtl lino c!:ll.culat.LOllt:l, a correct trtHtLrnuut 

of 11.ne bl.'oclderlLug procodses i~ cl:>seJJ.t i.:l.l. Van dur Waals 
U, 1,0", r v(..1-

broc.l.derll.ng is most dominant i'OI' all .,phot.uSl)horic 1i1105.+ b'or 
~ttYS .<JIu.. ¥u~ "Y\a.:b.. .... c1 ~'W\p;1"'\~ ~'I'I'\l.~ ~ Vtl/I1 ~ 1tJa....!l.t c:ta.. ..... p~. 

hydrogell 11.n&l:S, I:Otark broad'enillp; il:5 also important. ,iI'or the 

calculai..1on or d~u~lng hdl£-wJ..dths ror Van der Waa1& broaden-

11J~ the £orml11El g-ivell by Un:::lold (1~ 55) is used in the present 

iuvestlg:ation. Holwe~t:lr ~1971) sU~'B'es/..tH..l u hi~tler vd.lue for 

tb~ int~raction COllstdnt °6" .Ln the uett!rUJiIld.taoll of l:Iolur 

.N a abundances, Ho1wt!ger J:ound ttl.at thls 1.lrt,;t!r vclll1~ e1 ~nlir~kl.ted 

&h~ scatt.tlr in tht::) deri'ved. a/;;lundances f'or a lluJnb~r of Na 1. 

lines for whicb other EltolnLc parame,ters were acourately kn()wn. 

We feel that detailtlld ca1cu'1.ations of a.tt'r',$.ction as weil 



revulsive intOJ'dctJ.on yot.ent..id.ls bt!twl$en t.h~ pcrturber 

and 10W"ur Clud 1L1)liOr l.,~rlU o£' the yertu,C'bed td.~lQerlt aJ'e 

re'-Iuired ttl bol ve 1.:IU,:I ~rouleul. 

W e huv~ ubod sol ar gf valul$l;i l'or the 1 J.nel:l used ill 

thti ,llresttllt il1ves tig'd. t 1.0no 'l'hese value::s al'e derived u=s ing 

solc:lr equivaletlc wit.lths I'::I.ll.d u gooc..l model 01' bolax' atlllOslJllere. 

Ilowever. in th~l list. or wtLV~lenl.Stlls oj.' th.e linel:l in the 

I:iO~ar speo trUIn (Mool"e, Mil'l.lLaort anu Liout~i:u" t 1900), SOlUU 

weak lil.lel:l rel'uC!Lin UJ.ll.ut!,utlJ'iod. .Ln our calcu~atiolll:t, W'tl 

have omitted ttlc I:IjH!ct.rd.l .L·~glons WJ.t.ll bucll wllc.nown .feat.urE:lI:I. 

'i'hus we had to luC\vc ou t =SOUlO irnpo,rtall1.. 1 iues ot' s-,LJroct:t/:l1:i 

tilernull.t.s due to tht) ~)l'c.:tsetlct! of unJ.cte.u.tU'i.ed lines 111 t..htJir 

clol:le neighbour'hood • .lJetcJ.i~ed laboratory invl;Istigatlolls of 

a nw"ber or elements aro re~uired ~or the idonti£lcatiou o~ 

these li11eS. 

We have indicated a 1'ew Ste.I:JS whIch would lead to the 

determlnation of accurate abundances o The importance o£ 

a.ccurate atJunda.c.l.ce ebtlllH'.I.tion need. bar<.lly be exa&'i!!.oru.bed. .A 

radl.cal challge l,u thtl un<.lC:!x's tanding 01' nucleosy.n.thea is in 

sta:r:s E:lnd of chemical evolution of the Galaxy may aplJear whell 

more accura te aLJUllUaUC e Ob t.lulates ,t'or ~ tdl'S of' di,t'feren t o.B'tI 

grllups are ava.l.~&b~e as a fUllction of their galactocen t.:r to 

pGiis i tion. 
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A P }J ~N D.LX. 

L I.nu Va co UI:I~c.l in ~ynthe::5 i~ ine- t.ho ~pl:l:C tr urn 

liu prl.!sent 1.n t.hll l'(J.llowLJ'lg' tn-blue tilu 11nu c.laCI:l Ilbwi 

j'ot' ::;yntht:lbizin$ vl:I.rious sj.I&cLral region::.. 'l'he coLullt.n::. 01' 

the tables con t,lin tIlt:: J'oJ lowing in.rurmat1.011: 

1) WAVI£LENt,'r.I in X urli l..e ; 

2) l.lJl!lN'l', Idl3utl.t'ice:ltlo.ll 01.' tlle parent atoru oi' the J in" 

'WI'i I..tUll .111 'the S LyJ.e of A'J."LA::> i. e., the number earl l~r 

to tho ueclrnul puint is the atuulic number of' tho utorn 

and the digit at'ter the decimal poiut. repl"'esent.tI thu 

iOIlLsnt.LOn state; for example, 

~e 1 = 26.u, Fe ~~ = 26.1 etc; 

3) MAS~, the utornlc 1l1as::. in amu; 

4) IP(l), the f'irst ioni~ation potential of' the atom ill I:!, V; 

5) .rp (2), thQ seconc.l ioni::.ation potential o i.' tlJ.e atom lll. \:IV; 

6) .h:,P(1) , the excitat ion potential 01' I.. he loWllr stute in oV; 

7) Ell (2) , tha excit;c~tlo'U. potential of the Il.ppl!r at.a.te irl oV; 

8) GF, the btati6tical weight multi'pli~d uy thE# oaoilJ.I:I.t.(.)L' 

st.reul!th :J:f th~ tra.1lsLtion. 
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'l'abl e A. 1 Llne data 

-.-----~~-~-~~-.---------.----.~-----.--.-----------~------.-WAVELENGTH IDENT r-1ASS IP(I) IP(2) EP (0 EP(2) GF 

-----~-----------------------------------------~--------------.-432Q_038 b2.t 150.400 C;.63 11 .07 .18 3.03 .0102'1 
432Q.537 26.0 C;r,.847 1.87 16.16 2.21 '5.0b .00006 
4330.024 23.0 50.941 6,74 14.65 .on 2.8') .11445 
4330.245 22.1 41.900 6.83 '13.85 2.05 4,89 .01069 
4330_708 22.1 47.900 b.83 13.85 1.18 ~.02 .00832 
4330.728 28.0 ~8.710 7.63 18.17 3.7B 6.&3 .01&22 
4330.820 26.0 !:is.S1I7 7.87 16.16 3.02 5.85 .00047 
4330.95(, ?6.0 55.81.17 7.87 16.16 3.25 6.10 .00U,q 
4331.243 27.0 58.933 7.86 17.06 3.41 6.25 .17386 
4331.b51 28.0 58.710 7.63 18.,17 1.61 iI.52 .OOCJt2 
4332.583 2'4.0 51.996 6.77 16.50 3.1L 5.98 .31940 
4332.831 23.0 IjO.9i1l 6.7/' 14.65 .02 2.87 .05081 
4333.206 40.0 91 .220 6,84 13.13 2.40 5.25 .71625 
4333.7b3 57.1 138.906 5.77 11.06 .17 3.05 1.05730 
4334.166 62.1 1~0.400 5.63 11.07 .28 3.12 .00985 
4334.24& 62.t 150.400 5.63 11.07 .28 3.12 .00985 
n3".840 22.0 47.')00 6.83 13.85 .81 3.&6 • 0 17SlI 
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--.-.----------------------~-.----~------------------------~.---wAVELENGTH IDENl MASS IP( 1) IP(2) EP(l ) EP(Z) Gf 

--.-.--.---.------------------------.--~----------------------.-4348.947 ?6.0 55.61.17 7.87 16.1b 2.98 ';.82 .01517 
4349.799 58.1 140.t20 5.47 10 ,87 .70 3.53 1.32580 
4350.840 ?Z.l 47.900 6,83 13,8'5 2.015 4,89 .OIH 70 
4Hl.056 24.0 15 J ,QQ6 6,76 lb.50 .96 3.80 .09120 
1I351.303 & 0.1 t44.240 5.49 10.72 .18 3.02 .79'P5Q 
435t .392 26.0 55.El47 7.67 t6.16 3.1I0 6.24 ,oo2n3 
1I3C;1.554 ?&.o C;S.847 1,87 1&.16 2.c}8 5.81 ,Oi!boll2 
43r:;1.1b4 2& .1 ':;5,847 1.61 16.16 2.69 5.53 .00006 
'I'~Sl. 770 24.0 51.996 &.7& 1&,50 1.03 3.86 .1l8cH 
43~1.q21 12.0 24.30C; 7.64 15.03 4.33 7 .• 16 .62940 
43S2.71.18 26.0 155.847 1.87 16.16 2.21 5.05 ,Oi.l786 
InSC?ASO ?3.0 ';0.9/'1 6.7" 14.65 .07 2.9.2 .12701 
4~S3.q4R ?4.0 1:)1.996 h.76 16.50 3.36 6.20 .35738 
111'J4. 067 22.0 1.17.900 6.B3 13.85 2.16 ·".99 .13849 
II ~S/~. 266 26.0 r;S.847 7,87 16.16 3.93 6.73 .01530 
415".436 S7.1 138.906 5.77 11.06 .91 3.7'3 1. t Q 4tO 
43S4.5t/~ 12.0 21.1,30S 15.l49 10.12 4.33 7.16 .26288 

,113'54.615 21.1 4tl.95b 6.54 12.80 .59 3.44 .23990 
4354.9S1 23.0 50.91H 6.74 14.6'; 1.88 4,,72 3 .. 19140 
Q3'lS.093 20.0 40.080 6.11 11.A1 2.70 5.5'3 .n3918 
II3S'i. Q02 28.0 'i8.1tO 7.63 18.17 3.62 6.41) .0'5180 
435S.Q43 23.0 ~O.9l&1 6.71.& 14.65 .02 2.85 .011)49 
435b.743 £)'1.0 ., 1.Qq& 6.11 16.50 3.00 5.83 1.30"BO 
11357.514 24.0 C;1.9q6 6.76 16 .50 3.35 6.1Q .41380 
4357.530 26.0 'i~.8tl7 7.81 16.16 3.'1" 6.77 .00371 
43';1\.170 bO.l 144.2t10 5.4q 10.72 .32 3.1S n.~0930 

,,358.S1? 26.0 5'5.847 7.87 1&.t6 2.~q 5.17 .0&661 
1.13';8.718 3Q .l RA.q05 6.38 12.24 .10 2.9/& .. 01155 
InSSJ.916 26.0 'is.847 7.87 1& •. 16 3.87 6.70 .01023 
1I3S9.1585 ?8.0 58.710 7.&3 18.17 3.38 6.22 .0"\381 
4359.631 2".0 Sl.QQ6 6.76 16.')0 .9A 3.Al .15"50" 
431)9.744 1.10.1 91.220 6.84 13.13 1.23 4.06 .20158 
4360.Q80 22.0 IH.900 6.82 13.58 2.11" 5.00 .1\3&78 

4360.797 ?&.O 5'>.847 7 .. 87 1&.1& 3.b3 6.46 .02295 
43",.b68 SR.l 1140.120 5.'H 10.87 .53 3.36 .18754 
430?038 62.1 1l.10.tlOO 5.63 11.07 .48 3.l1 .007&4 
41362.099 2".1 C;S.110 7.63 18.17 4.01 &.92 .00752 
436?Q30 24.1 -;1 .. 99& 6.7& 16.50 5.b4 8.47 .0715'00 
4362.Q50 2~.0 51 .. 996 6.76 16.50 2.86 5.b~ .02032 
1I3h3.108 2tl.O 51.9(36 6.7& 16.50 2.95 S.18 .005(1) 

4303.663 58.1 140.120 15.47 10.87 .. 6S 3.48 .01660 

'n04.871 24.0 51 .. 99& 6.76 16.50 3.09 ';.92 .0'014 t 



Tabl~ A.] - Line data: 439B-4402i 

... -------------.-.-.-----------.-------.~----.----.. ----~------~AVELENGTH IDENT MASS IP(t) JP(2) EP(1) EP(2) GF 
-.---~.------.---~--~--~~------.--.+----------.--~-.----.-----.. 4398.020 39.1 88.905 6.38 '12.24 .23 2.93 .05623 
4398.299 22.1 41.900 &.82 13~S8 1.22 4.03 .~0108 
4398.491 23.1 50.940 6.14 14.65 3.33 6.1' .02218 
4396.621 28.0 58.710 7.63 18.11 3.54 6.J~ .03501 
4399.224 58.1 140.120 5.47 10.87 .33 3.11 .l55A8 
4399.602 28.0 58.710 7.63 18.17 3.8~ 6.65 .IU153 
4399.776 22.1 47.900 6.82 12.80 1.24 4,O~ .093qQ 
44DO.185 28.0 Sa.710 7.63 18.17 l.6] 6.41 .OJ~77 
44DO.398 21.t 44.956 6.54 1?80 .61 3.41 .37253 
4400.580 23.0 50.940 6.74 14.65 .26 3.07 
4400.850 60.t 1.4.240 5,49 10.72 .~, ~.87 
4400.850 28.0 SA.7tn 7.63 18.tl" 3~65 6.45 
4401.298 26.0 55.847 7.87 16.16 ·3.60 6.40 
4401.451 26.0 SS.847 7.87 Ib,16 2.83 ~.63 
4Q01.552 28.0 58~710 7.63 18.17 3.1Q S.qq 
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Table A.4 - Line data: 4406-4~2Hi 
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TaOle A.4 (!ontinued 

----_ .... _--.............. _--- .. ------...... _--.. ' .. ,. .. --.--_ .. _---_ .... -----........... .. 
WAVFL~NGiH tO~NT fJASS 1"'0 ) IP(2) fPCl) ~P(c) 

----------~-----~---------.. -------.---.-.. ~------------------.-4421.573 23.0 50.940 ~.1~ 14.6~ .27 3;07 .16~AO 
4~21.7b3 22.0 47.900 6~82 t3,58 2.?J ~.02 1.~Oq60 
4421.944 22~1 4~.900 6~e2 13.58 2.0~ 4.a4 .~1Hab 
4422.505 23~O 50.940 6.14 14.65 1.70 4.S~ .~~5bO 
4422.572 39.1 68.905 6.38 1~.24 .to ~.qt .000t1 
44~2.S76 26.0 55.841 7.87 16.1~ 2.A3 '.6~ _O~173 
44~2.829 22.0 47.900 6.82 J3.58 1.07 3.86 .O~~RO 
442~.973 28.0 ~R.710 7.63 tA.be. 3.66 b,QS .07~~4 
4Q23.140 16.0 ~S.847 7.87 16.16 2.Q2 5.77 ,~ObOb 
Q4?3.263 2J.t.O 51 .. Q96 6 .. 76 ,16.50 3.01 5.80 >.03211, 
4423.647 26.0 155.841 7.A7 lb.th ~.64 6,41 .01827 
4424.071. 24.0 51.996 6.76 ~6.~0 2.10 4.69 .OlQS8 
44?4.20Q 26.0 55~8q~ 7.87 to.16 l.~4 6.12 .002ZQ 
Q~24.294 ~q.O 51.996 6.76 6.50 ~.OO ~.7q ~3q~10 
a42~.tq8 24.0 51.996 6.76 6.50 l.10 5.89 .D~OOO 
lU'25.L144 20.0 .40.060 6:13 il,A7 .1.8R 1~.66 ;6~069 
4'125.064 26~n 55.~7 7.67 16.16 3.57 6.37 :01'\41 
4425.769 26.0 55.847 7.87 r6.1~ 3.2h 6,41 .nOOA~ 
'1425.769 26.0 S5.8~7 7,87 16.16 3.64 b l a1 .00t29 
44~~.8S0 22.0 q7.900 6.82 13.58 1.06 3.BS .BOhSO 
4Q2b.040 23.0 50,940 6.7~ 14.65 .29 5.07 .1?023 
442h.054 2~.O 47.900 6,82 13~~8 1.88 4.66 J17~7a 
q427.'0~ 22.0 47~900 6.82 13.58 1.~0 4.?8 1.17240 
4'127.300 26.0 S5.AQ7 7.~7 16,16 l.6S b.a3 .00077 
QQ?7.312 26;0 55.841 ~.~7 16,16 .05 2.84 .00041 



Tablo A.5 - Line data: 4472-4476X 

.. --------.--.. -----.-... -.-.--.. -... -.-... -.~--.-.-----.--~---. 
WAVELENGTH JOENT, MASS fPC! ) JP(2) fPC t) EP(2) GF . _______ . __ . _____ ... _ ..... _______ . ____ . ____ -----... M--~. _____ ~._ 
4472~704 ~6.0 55.8~1 7.81 16.16 3.64 6.39 .00851 
4472.723 26.0 55.847 7,&1 'l6.U, 3,2'1 6.02 .001ln6 
4472.802 25.0 55.841 7.43 15.64 ~.95 5.74 .286Q7 
Q472.910 26.. 55,841 7~87 t6.1~ 2.8~ 5.59 .00031 
4q74.0~9 23.0 50.941 6,14 J~.65 1.95 4.71 .62180 
4474.755 23.0 50,941 6;74 tQ.65 1.89 4.65 2.20000 
4474.859 t2.0 Q1.900 6.6l 13.85 1.44 4.20 .129PO 
4474.859 22.0 47.900 6,81 l3.83 2.10 4,86 .01047 
4475.306 24.0 51.996 6.71 16.50 2.89 5.64 .03162 
4475.722 39.0 88.90~ 6.08 l2~24 1.40 4.15 .33150 
4476.033 26.0 55.847 7.81 16.16 '2.e4 5.1)9 .03790 
4476.089 26.0 55.847 7.87 16.1& 3.69 6.43 i0881Q 

2uu 



20J. 

'l'aule A.o - Line Data: 1148J-448~X 

.-~---~------~-~--------~.--~-----------------.-----------------w" VELfll(, T H WEN' I-IASS 1"(1) 11-'(2) t:.P ( 1 ) EfoI(2) tal-_________ ~ ____ ~ _____________ .~_.--__ ~ ____ ~ ___ ~ ___________ ~w ____ -

41.183.782 26.0 51).8147 7.e.7 1&.tb 3.64 0.39 .00212 
Q.IIH.qll 27.0 58.913 7.86 17 .00 3.13 5.IHI .20280 
448Q.240 26.0 55.847 7.87 16.10 3.bO 6.35.. .1119& 
41&84.503 27.0 58.933 7.87 17.0b .92 3.68 .00057 
448L&.659 2tl.O 51 .. 996 6~7b 16.50 j.Of! 5.84 .00775 
4485.422 40.1 91.220 6.84 13.13 1.24 3.97 .02211 
4/185.683 26.0 55.8l17 7.87 t6.1b 3.6q 6.43 .1)8317 
IIItRS.97& 2&.0 55.8q7 7.87 1&.16 3.&'5 b.ilO .oo3R9 
41186.914 58.1 140.120 ".47 10.67 .10 3.40 .7507~ 
4487.004 26.0 55.847 7.87 16.16 3.93 6.b1 .001C;9 
448:7.258 39.0 8S.905 6.38 t2.24 1.37 4.11 .36727 
4487.513 39.0 88.905 6.38 12.24 1.30 4.10 .521.1&0 
Q487.747 &'&.0 5'5.847 7.87 S 6.16 3.24 5.98 .1)0121 
4488.061 24.0 51.996 6.76 16.50 2.99 5 .. 73 .05223 
11488.138 26.0, 55.8tH '7.87 If>.16 l.60 6.35 .n2Soo 
11488.32Q 22.1 47.900 6.82 13.53 3.12 5.87 .23QQO 



2U2 

l'abl~ A.7 - Line data: 450o-4518,R 

--~-~---------.~--------.--------~-------------~-~-.-------.--.-WAVELENGTH JIJf:.IIIT r"'ASS TP(1) IP(~) f~(l) E.P(2) GF 
.---------.----~-----~---.-----------------.. ~------.------.--.-4S0&.b08 20.0 tlO.080 6 .. 11 11.ti7 .2.1:j2 S.?6 .00350 

tlS06.747 2~.1 47.900 6.83 13 _ (IS , • 13 3./'\6 .00017 
4506.842 24.0 '51.99b b.77 tb.,!)O 1I .. lt~ 0.91 .63040 
Ll507.100 40.0 (H .220 6.84 13. H .54 3.2B .?3'5Qt 
4507.227 26.0 55.8L17 7.87 1 b. J b 3.11 'i.HU .00031.1 
"'S07.3(11) 20.0 tlO.080 6.1 t 11.87 l.,'52 1).26 .00351 
4S07.~58 20.0 40.080 6.11 11.87 l.52 5.26 .00171 
4-508.011 22.0 47.900 6.83 13.A2 2.78 5.51 .44092 
4508.289 26.1 55.847 7.87 10.1 b 2.64 5.59 .00277 
4:;O~.J28 26.0 '55.847 7.87 16 .110, 2.61 5.78 .0001)3 
4'509.270 c&.o 55.847 7.87 16.1& l.oe; 5.78 .00024 
4Lj09.298 2&.0 55,847 7.87 16.Jb 3.6q 6.42 .00141 
41509.449 20.0 40.080 &.11 11.87 2.52 5.26 .00&10 
4509.99r; 24.0 51.99& 6.76 16.~0 4.53 7.26 .3981]7 
'1509.995 24.0 51.99& 6,76 16.'$0 4.53 7.26 .02049 
4510.160 59.1 140.908 5.42 10.135 .42 3.16 .02049 
~'il0.830 2&.0 ~5.847 7.87 16,1& 3.60 6.42 .00133 
4511.072 26.0 55.847 7.87 16 .1& 3.60 6.42 .00166 
4511.900 24.0 51.996 6.76 u.r;o 3.07 5.61 .26190 
4512.273 20.0 40.080 6.11 11.87 2.51 5.25 .0081)1) 
4'i12.741 22.0 47,900 &.83 13."5 .83 3.57 .t7249 
4512.997 28.0 58.710 7,&3 18.17 3.69 6.42 .02bSl 
4313.582 39.0 88.90es 6.38 12.24 1.90 4.&2 .47860 
1.11)13.720 22.0 47.900 6.83 13.85 1,43 ".16 .03332 
4513.872 28.0 58.710 7.&3 18.17 3.';4 6.27 .00'364 
45'14.18<:1 26.0 55.847 7,63 '16,16 3.03 5,77 .00530 
4514.193 23.0 50.941 6.74 14.65 1.94 4.67 1.10170 
4514.432 24.0 51.996 6.76 a,so 2,en 5.82 .39899 
45U.496 24.0 51.996 &.76 16.50 4. \7 6.90 2 I t 9880 
45t5.118 26.0 55.8/-17 7.87 16.16 2.87 S.bt ,OOOttl 
4515.337 26.1 55.847 7.87 16.16 2.82 -;.52 .0021 4 
4515.440 24.0 51.996 6.76 16,,50 3.01 5.74 105754 
a51S.597 23.0 50.941 6.74 14.65 1.69 4.63 .8C;300 
4516.272 26.0 55.847 7,87 16.16 3.60 &.3H .01349 
45\7.089 27.0 58,933 7 .. 86 17.01 3.13 S.tos .15304-
4517.154 2&.0 '55,847 7.87 lb.lb 3.32 0.00 .00083. 
4517.~30 26.0 55.847 7.87 16.16 3.06 5.79 .01084 



203 

'J.'able A.8 - Lln~ data: 4S.51-457JX 

---~--~~-~--~~~-~-~--------~-----------.---.----~~-~--.----.----WAVELENG-TH l'DEN'- t'\~5S IP (1) IP(2) EP(1 ) EP(2) GF 

-.~------~~---~----~--.--~----------------------------~---------1IC;51.228 28.0 58.710 7.63 I B.U 1I .17 b.A7 .11.:'20 
4551.654 20.0 SS.8117 7.81 16.16 '.94 6.65 .IIIlH71i 
4552.293 22.1 117.900 6.62 13.';8 1.12 3.83 .lIQ!JI\~ 
4552./163 22.0 47.900 6.62 13.5R • A 1.1 '\.S'i • ~ 7!;) 1,1 
Q55'5.010 40.0 91.220 6.6 l l 13.13 .1i2 ~.2l • 11 "Il.:?n 
1.15S3.Q56 23.0 SO .9 /H 6.74 111.65 2.36 S.06 • /10 II 57 
451i3.174 2R.0 58.710 7 .. 63 18.17 3.66 6.35 .1)114(\ 
1I5511.036 56.1 1·H.31~0 5.21 10.00 .00 2.71 1 .47';1111 
.4554.460 26.0 55.847 7.87 16.16 2.86 5.')6 .nll172 
4554.536 4'1.0 101.070 7.37 16.76 • II t 05.52 1. 'I-I 000 
11554.83 /1 ?11.0 51.'196 6.77 16.50 3.10 5.81 .o/Ilon 
115'54.992 ?4.1 51.996 6.77 16.50 4.05 6,76 .11 3400 
4555.069 22.0 47.900 6.82 13.56 2.40 ~. tl .794)"3 
451iS.090 2'4.0 'i 1.996 6.77 16.50 3.tO 5.80 .1c!'u) 
4S55.295 24,0 51.996 6.77 t6.50 3.42 b.13 .0~(lqO 
1l55'i.492 22.0 47.900 6.62 13.56 .64 3,SS .12u~b 
4555..750 26,0 55.847 7.87 16.16 3.27 C;.CJ6 .0111118 
lI5Sr;.892 26.t 55.8 /17 7.87 16.16 2.62 1i.'i2 .0007Q 
4C;56.129 26.0 55. 8tH 7.87 16.16 2.9tj S.tllI .OO'>f,O 
4556.t29 2'6.0 a;~.847 7.87 16.16 3.93 6.611 .nnuto 
lIS1i6.129 26.0 55.eQ7 7.87 16.16 3.~9 6.'30 .1l0?C;7 
4556.169 24.0 51.996 6.77 16.50 3.tO 5.81 • 18 t 97 
4C;56.939 26.0 55.847 7.87 16.16 3.24 5.Q5 .nnt79 
4557.284 26.0 '55.81.17 7.87 16.16 4.0" 6.67 .1'11 v,q 
t&557.857 22.0 47.900 6,82 13.58 2.46 5.17 .n3R90 
4558.092 22.0 47,900 6.82 13.58 2.33 5.01.1 l.2c?O?O 
451)8.092 22.0 1~7. 9()O 6.A2 13.58 2.33 5.04 .1'101371 
4558.103 26.0 SS.847 7.87 16.16 3.64 6.:n .1'10151) 
4558.103 26.0 ~C;.847 7.87 16.16 3.97 6.67 .IlUOOI, 
4558.460 23.1 50.9 /11 6.7L1 14,65 3.79 6.49 .00002 
4SS8.li60 57.1 138.906 1j.58 11.06 .32 3.03 .02'151) 
4558.650 24.1 51.996 6.77 16.50 4.06 6.76 .00bOb 
455'1.930 22,0 47.900 6.82 13.1/)8 1 .~'5 4.16 .o3RaS 
4559.945 28.0 '58.100 7.63 18.17 3.52 6.23 • (}O I! Q2. 
'I560.()97 26.0 55.847 7.87 t6.16 3.59 6.2q .O\~lD 

4560.280 58.1 140.120 5.47 10.87 .43 3.U 1.IOflOO 
4560.720 23.0 50.91.11 6.744 14.65 1.q4 4.65 1.13170 
4560.966 ·58.1 140.120 5.47 10.87 .20 .!.'11 ,';;\21\8 

4561.417 26.0 55.847 7.87 16.t6 2.76 5.53 .00099 
4562.367 58.1 140.120 5.447 10.81 ,00 2.H .60,]';0 
4562.637 22,0 47.900 6.82 13.85 .02 2.73 .1'10130 
4563.237 24.0 51.'196 6 .. 77 ' t6.50 3.85 6.5l1 .10481 
4563.438 22.0 47.900 6,82 13.58 2.43 5,12 • H7'5b 
4563.766 22.1 47.900 6.82 13.85 1.22 3.92 .t'J!:SQ4 
4564.173 24.0 51.996 6.77 16.50 4.78 7.46 .?511.12 
4564.,578 23.1 50.94l 6,7Q 14.65 2.27 II.Q6 .04'JSl 
4564.702 26.0 55.847 7.87 16.1& 3.65 6.11 .OO70l 
4S6Q.828 26.0 55.847 7.87 16.16 3.07 5.76 .nons 



204 

TabJe A.8 - conLinu~J 

---------------------------~--------------------------._--*-----\'.AVFLF.NGTN TOEN r foIASS IP (1) JPC?) £.fl(1) fPC;?) GF -----------------____ . ___________ ~_w. _____________ ~ ________ .--._ 
4565.173 24 .. 0 C;1.99(' 6.77 1&.50 LI.7A 7.46 1.?C,QoO 
4'5bli.516 26.0 I;)S.8IH 7.87 lb.lfl 3.27 5.9" ,OO?6 R 
QSbS.1l30 40.1 91.22D 6.84 13 .. 13 1.17 11.1.11 .00992 
45&5.512 ?I.I.O 51.99(, 6.77 16.~O .911 ~.6a .01096 
4&;65.578 ?7.0 5a.93~ 7.86 17.0b 3.00 5.71 .103r,b 
"1565.668 26.0 1)5.847 7.81- 16.tb 2.,)'S ".25 .00 1104 
4565.729 24.1 51.9'16 6.77 16.50 4.02 6.73 .003qq 
11565.856 58.1 l JlO.l?O 5.1.17 10.87 .61 3.52 .&0580 
II:'Ob.233 62.1 150.lIOO 5.b3 11 .. 07 .33 3.B .00842 
1l'i66.S2l1 26.0 58.847 7.b3 16.h 3.13 5.99 .006\5 
lIS6b.b78 26.0 55.847 7.($7 16.1& 2.55 5.26 .00007 
./1'\66.993 26.0 5~.847 7.87 11,.10 3 .. /10 b.l1 .00196 
~568.3za· 22.1 In.900 6.83 13.8'5 1.22 3.92 .000915 
4568.771 26,0 55,847 7.87 \6.16 3.26 *;.96 .()0,\q5 
4568.855 26.0 55.8/~7 7.87 lb. i 6 3.63 6.33 .00701.4 
'1569.250 27.1 58.933 1.&6 17.06 3.tlO 6.10 .1)0123 
4569.525 24.0 51.996 6.77 16.S0 3.12 7.29 .0031B 
45b9.&18 24.0 '51.996 6.77 16.50 3.12 '5.82 .\obQb 
4570.025 27.0 58.933 7.86 11.06 3.63 6.32 .1 9638 
4570.918 22.0 1.17 ,900 6.82 1:5.85 2.AlO 5.09 .193R5 
4571.102 12.0 2i1.30~ 7.bS 15.03 .00 2.70 .QOllot 
4571.lI44 26.0 55 .. 847 7.81 Ib.16 2.87 15.5& .00&;1\0 
4571.675 24.0 1';1 .996 6,77 16.50 2.~4 1).23 .tll?3 
4571.783 23.0 150.941 6.74 14.65 1.94 4.&4 t.'HA215 
4571.830 24.0 'Jl.996 6.77 16.50 3.83 6.53 . n80" 
4571.982 22.1 41.900 6.82 13.85 1.57 4.27 .2A2'84 
4572.160 24.0 51.996 6.77 16.50 3.31 6.01 .nUbon 
4572.284 58.1 140.120 5.47 10.87 .28 ~.90 2.A31&1\0 



2U0 

Tubl~ A.~ - Line data: 4574-45~4i 

--..... --..... -___ -. ... _____ ... __ ....... ______ ........ _ .. __ .. ___ - - .. __ . " ________ ... __ ..... _._ 
~AVE'LENGTI1 IOE"'T MASS J j:I (J ) IP(l) c.p ( t ) f;P(2) GF 
-~-~.----------~------~------~------~---.~-~~-~~-----------.--.-4574.245 26.0 55.6tl7 7.87 Ib.lb 3.20 S.q/) .OO~bo 
4574./I~0 24~O '51.996 6.77 16.50 3.07 '5.7& .00271 
45711.490 lIQ.1 91.220 6.84 0.13 2.1.t2 C;.12 .tOColIIS 
lISH.12A 26.0 55.a1l7 7.87 l6.t6 2.27 4.97 .OO11t1 
tI'574.c;102 'i7.1 138.906 5.47 10.A7 .17 2.87 .011.12'i 
4S75.121 24.0 51.996 6.71 16.50 3.35 6.0';) ,,08912 
.(I571).8QO 26.0 55.847 7.87 t6.1D 3.29 r;.9" .001;9 
457S .. HOO 26.0 55.847 7.81 16.t6 3.81, 6.56 .ooo~o 
4576.339 26.1 55.847 7.87 16.16 2.8~ 5.511 .000,0 
4576.S5t 22.0 47.900 6.83 13.85 .?32 5.02 .n~oos 
tlS76.78S 24.0 51.996 6.77 16.50 3.nA 5.76 .n2S71 
Cl577. ttHl 23.n 50.9111 6.74 14.65 .00 2.70 .064'52 
4577.694 62.1 150.400 ':;.63 1\ .07 .25 2.94 .00333 
4578.320 24.0 1)1.91)6 6.77 16.50 J.8'3 6.53 .\096'5 
~578.SS9 20.0 40.060 6.11 11 .87 2.'il 5.21 I ,3851 
011578,,730 23,,0 50.91.,11 6.74 14.65 t .. 93 4.63 .52230 
4579.054 ?6.0 55.847 7.87 L6.16 3,87 6.56 .OOOO~ 
4579.070 26.0 55.647 7.87 \6.16 3.26 'i.97 .00333 
4579.187 23.0 50.941 6.74 14.6-;' t • c)tt 4.611 • .?6c;11'J 
4579.344 26.0 55.847 7,87 16.16 3.68 6.37 .002H 
4519.344 26.0 '55.847 7.67 16.16 2.82 5.')2 .0110 ~o 
457~.688 26.0 55.847 7.87 '6.16 3,63 6.32 .OOO'>~ 
4579.825 26.0 1)5.847 7.81 16.16 3.06 1).71) .OO1r1Q 
'1580.056 24.0 51.996 6.77 16.50 .94 3.63 ,,03;1.11 
4580.139 27.0 58.933 7.86 17 .06 .92 3.61 .000 0 9 
4580.39/~ 23.0 50.941 6.74 14.65 ,02 2.71 I 1 I) I'.Q 3 
4580.600 26.0 55.847 7.87 16.16 3.64 6.33 .00"'61 
4580.619 28.0 58.710 7.63 16.17 3.6" 6.:5'3 .15Rr;O 
1.I581.063 24.0 51.996 6.77 16.1)0 3.07 r:..71 .(lU095 
4581.320 39.0 88 .. 9015 6.38 12.24 t.90 1.1.59 .1~9C;S 
4581.40& 20.0 40 .. 080 6.12 U.S7 2.52 ~.Z1 .17727 
1458t.519 26 1 0 55.847 1.87 16.tl> '3.24 5.92 .O~~2C; 
4581.630 27.0 56.933 7.86 17 .06 ~.94 5.bQ .22':;5':1 
4582 .. R''U 26.1 55.847 7,87 16 .. 16 2.8lJ 5."2 .OUO,)5 
4582.952 26.0 55.841 7.87 16.t& 2.A4 ~.53 .OOOtM 
458l.415 22.1 47 .. 900 6.8~ 13.51\ 1.16 3.A5 .OOORO 
lJ';83.724 26,0 55.847 7.81 16.1b ~.1l) 'i.79 .0007b 
4581.839 26.1 55.847 7.87 16,.1& 2.80 S .. qq .Hell? 
4583.992 26.1 55.847 7.87. 16.1t> 2.70 5.3'J .nOUClJt 



2UB 

'l'al.Jl~ A. I ~ ~ Line data: ~ 5Bl~-4bJ2.R 

-----------------~------~-----------~-------------------------~-wAVELENGTH JOENT MASS IPCl ) JP(i') t"P(l) FP(2) GF 

--------~---.~----------------------*-"--------------------.--.-4584.706 2b.O S5.8117 7.tH Ib.l/\ "S.hO 6.?8 • notlH 
tl584.752 2l1.0 ~1.996 f,.77 1101.50 .5.00 ".70 .0037b 
451\4.824 26.0 -:'1).847 7.87 16.16 '5.00 6.28 .01 9n 1 
458C;.8H ?O.O tlO.OBO a ,I 1 11 • A7 2.';j:I 5.21 .615163 
45A5.92~ 20.0 1I0.0BO b .11 11.1\7 2.1i? S. ?l .01166 
Ll585.973 23.0 C;O.941 ". 71~ 14.6, 1.55 !I.OS ./III"H7 
4586.1'~!I 24.0 C;1.9 IJ6 b.17 16.1\0 '.11 1).7q .o7A41 
Ll586.378 21.0 ~O.94t 6.74 HI ,61i .0 /1 2.1'3 .t3AOI.I 
41)87.134 26,0 ~C;.8117 7.87 16.16 3.1l7 h.i'S .Ol1ln 
1I5l'7.723 26.0 5~.847 7.87 16.10 3.9A 6.ft6 .001)511 
4588.204 24.1 51.996 I,. 77 16.50 4.0r:; b.7 /1 • 13182 
4589.953 n.1 47.900 b.~2 1.3.58 I .lq ;.92 ,n t 905 
4591.tlOO 24.0 51.996 b.77 lb,r,O .96 J .115 ,OIIB'5 
4592.057 211.1 r;1.9'J6 ".77 16.50 11.011 6.74 .03&)11 
4C;92.531 ;»8.0 58.710 7.6' \8,16 '\.'i4 b.l3 .43247 
tS&)2.659 26.0 515.847 7.87 16.16 1.~r, 4.2'1 .00458 
4S9'3. ':;JO 26.0 C;5.847 7.87 16.16 'L94 6.62 .00c)'\8 
tl5 Q3.I\3? 24.0 1)1.9&)6 6.77 16.50 3.32 6.1)1) .00891 
45q~.q35 sa.l 140.120 5.47 1 n. 87 ."q 3.'37 1.ROIIOO 
4594.126 23.0 50.9~O ".74 14.65 .07 2.76 .186?1 
4SC)4.639 27.0 58.933 7.86 17.0" 3.63 6.31 • ,9051 
4594.~q4 28.1) 58.tOO 7.63 is .17 3.39 6.08 .02025 
4595.216 26.0 55.847 7.87 16. til 3.63 6,,31 .001&1 
4595.365 26.0 55.A1I7 7.81 lb.16 3.2'1 5.97 .02215 
4595.593 24.0 51,'196 6.77 16.50 4.18 6.8& 1.23026 
45q5.690 26.1 1)5.847 7.87 16.16 2.86 5.53 .noo03 
4596.069 26.0 55.847 7.87 16.16 3.62 6.27 .05669 
41596.392 l6.0 55.84,7 7.87 16.16 3.0~ 6.11 .00702 
4596.905 27.0 58.'133 7.86 17.06 3.03 0.31 ."1019 
11598.125 2b.O 55.847 '1.87 16.16 3.27 5.95 .05604 
4598.364 26.0 55.841 7.87 10.16 3.94 6.62 .00550 
4600.107 24.0 ~1.9q6 6.76 16.50 2.53 5.22 .05927 
4600.190 23.1 50.9ql 6.74' 14.65 2~26 4 .. 94 .03467 
4600.3&4 28.0 58.710 7.63 18.17 3.58 6.2b .1"326 



Table A. 10 contlnued 

---------~-----------~~~---.---------~-----------.--------.----~.AVEL(r~GTH IDf.NT MASS I P (1 ] IP(2) FP (t) EP(2) r.F 

~------~-.~-------------~---------------~------~----~---------.-t/600.7S7 24.0 51.~~{) b.77 16.';0 1.00 3.68 .Ohhn7 
4600.938 20.0 5, .. ~l17 7.A7 lb.lt, 3.2 /' s.en .OOi?52 
LJb01.025 ?1I.0 '511.996 9.. 17 16.S0 1..5 1, 5.22 "nH9QQ 
lIMi.3RQ 76.t 5'i.8l17 7,,87 16.1 b 2.8~ 5.'57 .onOO2 
clbn2.006 26.0 c;I). B/H 7.87 1h.16 1.61 LI.2R .OOOt/1) 
~b02.949 26.0 !>5.8 117 7.67 16.16 1.48 4 .. t6 .OOZC;C; 
lln03.953 20.0 I)S.PoLJ7 7.81 16.16 ".99 5.66 .(01)09 
l~bO~ .500 2L1.0 51.990 6 .. 7& 16.50 3.3? '5.'1'1 .,,7170 
tlbOll.AC)2 26.0 !l5.AI.I7 7.81 16.16 3."3 6.31 .001'12 
'lbOLJ.99& 2A.O '>A.710 7.63 18. t 7 3.£18 6.-15 .20280 
1.j60S.101l ('6.0 ~5.8/H 7.87 16.16 2 .. 86 5.a;3 .00025 
4bOS.3,)7 2'5.0 1:)1,.931\ 7. 't3 IS.611 .q.72 7.3l "./)7140 
£1606.226 28.0 SR.710 7.63 16.17 .3.60 6.26 .10320 

-1.11.06.396 ?tI.O 51.996 6.7b 16.50 (I.U5 7.13 .93940 
14607.087 26.0 5".847 7.87 16.16 l.41 6.08 .000;2 
4607.338 38.0 87.620 5.70 11.03 .00 2.68 .592,90 
4601.b54 ?6.0 SKi.A1I7 7.87 16.16 3.25 s.en .020tlQ 
4607.654 ?6.0 S5.tlLJ7 7.87 16.16 3.97 6.65 .0011-5 
4609.('66 22.1 £17.900 6.82 13.85 1.18 3.86 .00029 
4609.91.2 28.0 58.710 7.&3 18.17 4.09 6.77 .082S1 
11611.010 26.0 55.R47 7.87 16.1& 3.31) 5.96 .002t:;0 
4611.J.9Q 26.0 55.647 7.81 16.16 2.81) 5.52 .00132 
11611.285 26.0 55.847 7.137 16.16 3.65 6.31 .06853 
14613.213 26.0 55.847 7.87 16.16 ~.29 5.95 .02377 
4613.367 21.1.0 51.997 6.77 16.150 .96 3.63 .02691 
46\3.921 40.1 91.220 &.84 13.13 .97 3.&4 .\40'30 
4biU.150 24.0 51.996 b.77 16.50 3 .. 09 5.77 .03037 
4614.216 26.0 55.847 7.87 16.16 3.29 1Ii.96 .n0186 
4614 .53LJ 21.1.0 51.996 6.77 16.150 3.85 6.51 .10101 
4614.583 28.0 S8.1tO 7.63 18.17 3.60 6.24 .00476 
4614.72b 2Q.O 51.qq& 6.76 16.50 3.37 6.04 .0£1'181 
40115.456 62.1 150 .. 400 5 .. 63 11.01 .54 3.21 .0037Q 
4615.720 62.1 150.400 5.63 11.01 .1il 2.8; .0064& 
46.16.t32 2t1.0 1)1 .. QQ6 6.76 16.50 .98 3.66 .01710 
(1&16.62& 24.1 51. QQ6 b.7&. 16.50 4.06 6.74 .02580 
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Tabl~ A. 10 - continued 

-~-~-------------.--------------------------------------------.-WAVELENGTH IDENT MASS IP C 1 ) IP(2) EP(t) FP(2) GF 
--------------------------------_ .. --------------------------~.-11017.276 22.0 q7.9()O 6.82 13.'58 1.75 Q.Q2 .67680 

4617.9b8 28.0 58.710 7.63 lf1.17 3.77 6.43 .012')9 
116t 8 .. 79? 26.0 55.8117 7.87 16.16 2.9Q 5.61 .00631 
~618.791.1 24.1 51.996 6.77 16.50 4,07 6.73 .01525 
46t9.297 2b.O 55.81H 7.87 16.16 3,60 b.2b .01)417 
4b19.525 22.0 47.900 6.82 \3.85 2.33 5.01 .15850 
4619.51)1 2".0 51.996 b.77 16.50 2.99 fj.67 .27040 
1.1619.780 23.0 50.941 6.74 IlI.bC) .04 7.71 .01259 
Q&20.132 26.0 S5.8lt7 7.87 to.l b "\.07 5.73 .00023 
1.1620.347 28.0 58.710 7.63 18.t7 5.6A h,34 .OO6H 
4620.513 26.1 55.1\47 7.A7 16.1& 2.83 5.C;0 .00036 
4620.811 27 .0 58.933 7.86 17 .Ob 2.72 5.38 .00R13 
1I621.0:h 21.1.0 51.996 b.17 lb.50 2. ')il ~.21 .003115 
4621.618 26.0 55.81.17 7.87 16.16 1.96 6.62 .000R3 
1.1621.888 24.0 51.996 6.77 16.CiO 2. 5/~ '>.20 .04244 
1I621.963 24.0 51.996 6.77 16.50 2.S4 5.20 .04203 
1.1621.963 24.0 51.996 ft.77 J6.50 3.83 6.50 .298]0 
4622.1I91 24.0 51.996 6.77 16.50 5.5':) b.21 .'U280 
4622.751 24.0 51.996 6.77 16.50 2.99 5.64 .10661 
4623.101 22.0 47.900 6.82 13.85 1 .74 i,. 4 0 ."-;110 
1.1624.419 23.0 SO.9111 6.74 14.6'; 1.05 3.72 .12178 
11624;901 58.1 140.120 5.1.17 10.87 1.11 3.78 .70790 
1.162S.05C! 26.0 55.847 7.87 16.16 3.23 5.90 .02569 
4625.441 26.0 55 .. 847 1.87 16.16 'l...9a 6.65 .n0120 
462';.771 27.0 58.1l33 7.86 17.06 3.71 6.38 .46173 
4625.920 24.0 51.996 6.77 16.50 3~85 6.5t .37153 
4626.182 24.0 51.996 ft.77 16.50 .96 3.63 .03754 
4626.538 25.0 54-.1l38 7.43 15.64 4.71 7.37 6.~4050 

4627.368 14.0 28.bs6 8.15 16 .. 34 5.08 1.74 .01229 
4627.549 26.0 55.81.17 7.87 16.16 3.30 5.97 .00108 
4628.160 58.1 ltlo..120 5.47 10.81 .52 2.71 1.49980 
,4628.4';7 24.0 51.99& 6.71 16.50 1.14 5.80 .03624 
4629.336 22.0 tl7.900 6.82 13.85 1.73 4.39 .60256 
462CJ.336 26.1 55.847 7.81 16.16 2.81 5.46 .00316 
4629.359 27.0 58 .• 933 1.86 17 .06 3.05 5.11 .05255 
4630.128 26.0 55.847 7.87 16.16 2.28 4.93 .00398 
4631.036 26.0 55.847 7.87 16.16 4.10 6.76 .00253 
4631aQ84 2b.O -S'S. 847 7.81 16.1& 4.5'5 1.20 .01092 
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