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3 UMLARY

The importance of (letermination of elcuentsl
abunduuces iln stellar atwosplicres Tles in Lhie clue it pives
on Lhu nuclear history ol stellar malter and wore genernlly
ol ilie wutter in the whole Gulaxy. ‘The cliemical composi-
tion ul obars of diitferent age groups leads us to an
unuerstunding of the cunemicul history of the Galaxy,
irunordial matter oul ol whiclhh the Goluaxy wns forumed is
bulicvved tu be coumsistlng of wnly hydrogen aud bellium, ‘The
enricument ol the interstellur mutber has resulted frow the
processod pas cjectoed by stars at their advaunced sitages
ol evolutlon. Larye aud swall=-scule chemical inhomogencel-
tive in the Galuxy huave wu itmportant bearlug on the nroblem
of pulactle evoluliovu., ‘e obscived radlal gradicut in the
disk of our Ualuxy, wbundunce anomul ives across the spiral
alrms atg also tne rotlos ol Lhe abundunces of elemeuts
Lomned in primary aud scecondary nucleosyuthicsis provide the

obgervuliionsrl tests For thue models ol paluctic evolutlion.

in the present investi ation, we huve derived the
above meutioned ynantities hy tihe spuctroscopic sbtudics of
clunaicel Cephelds. 'I'uis gyrounp or stars, due to its high
Intringic luminosity, smaller ape ancd the oxisteuce of
poriod=-luminnslity and perlod-nge rolationsuips, is a very

goud cancdidste for the studies of gulactic evoulution,



ii

Tae im,ortouce of cdeterainution od el:muwilol abinunnces
in astruphysicadl objects is reviewed Lu Chapter 1 and the
fNebaous eup loyea Lo the detesoin Eiun ot twe stellur chenicol
compusition wre descriosen in Chopter 2. Chaster 3 describes
thie vbservational cdata for the wwroesent sludy oud the reduc~
tion tecaniguus employue', lhe ppectra nhed in the opregent
investigation were obtalned nsing the 102~cm rTetlictor ol
wavulir Jboervatory Letween 1980=81. ‘thuse gpectra woere
duul ysed using, Lne agubowaved microphotomuter of thie lndian
Lagtitnie of Astruphiyslies, using the micrvcompiter programnmes
gpecially written tor the prusent work. The wmothod of
computation of Lhe thoorelical speclrum is descrlibed Lu
Chupter he The computatlon, based on the torwal solutiou
oif rudlative truusfer, Locovrporatoed the sunplifying assuup-
tions ol Local tucermodynaanlic eyulllbriouw, hydrogtatic
gquil Lbrium and plune~purallel goometry, lhoese assumptlons
are reamouably good 'vr thoe metailic lines of F=G gtors,.

The List ol spuctral lines computed, and thelr gf' values
derived from an invertod solar unalysis, ure glven in the

aAppendix.

The resultunt abunuunce dotlerminations for the Cepheids
T lloavecerotis, '5 Ueninorum, X Sagittarii, Wi Sagittaril and
®V Munocerotis are presented in Chapter 5. 1he uyreement

buetween the obsurved and the computed spectra id shiown in



iid

the (igures, These rosults are (discunsed in Chapter 6. We
decsive au ovunuuuice graaleut ol

T Al
A_hLELQJ = ~J, U506 + V.UUB.

dr

The ran' e in gulactuocuentric distiuwcus ot Lhe Mresent somple
excueds the past spectroscople owtitempls, reudering the

present work more reliuable, The pood agreement between the
praodient dewvived lhere uad the ecopdiier photomctric estiumutes

sliows Lhut bnere are no gystemstic errors in the phobtumstry

G © " [{ g i N
.o . - . . o "ira [ 'e PR - . , o
ol the past investio ator: 'Lﬂ"" [ i ,/)%[‘\_ Qs
A H‘ﬁb . .
¢ i

The star "r, Gon sitows warked overavuntdmces ol w©ll fheo
heavy, eleucuts Lor Lis position in the palactle digks This
overablinuauce ol 3; Gem is wlso voported in the investica-
tion of tuck aud Limbert (1v81). Siwllar overavundasce has
also bhoen uobted in W Sgr. 1o uncerstond this abrupt depur—
ture from the smootlll awbundauce varintion aseross the disk,
Lirthgites of ull tiie Cephelds with kuown spectroscopic
obunuuiices were examined. for v moujority ol the stars with
known spectroscuplc avundauces, Wielon (1Y73) has determlned
the birthsites by the detaniled calculatlions ol pguluctic
orbits of thesc stara, JIor the recmuaining sturs, bivihsites
were deterwined from gpaluctle rotation agsumling an uge
derived from the period-age relativiiship. it was seen that
both ‘E,Gem aud W Sgr were born far from the inner edge of

the spiral arm whore a mejority of bhe stars arc born. A
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prsslile explunation for their overavundauce is acdvocated

in Chapter 6. 4n this plcture, thu massive stars Loru dear
the ifonner edge ol Lhe nplral arm pove awny frowm it as thoy
evolve, 4L tue end of bheisr lite, they exilove as supernovae
and envicli the local interstellar mediun with processed
matter. ‘the slurs 'ﬂ {iem ald # Sgr are probably tormed trom
sucu matlber. abundonces of tue ¢lemont dorived Ln the sresent
fuvestipgabion do nol sitow any signit'icanl correlution with
atomle number. Mlso bhe avuncanuces ralio ol geprocess
clements (ba, La, Co, dm) uves nol show any correlatlon with
oo This tuplies that for the disk popolation thoere is no
enrlehuuut ol geprocoss olomenty relative to Fe, sucih us

hus buen obsurved varlicr tor halo populution, The Juck of
any correlation bLetween [s/b‘cel aund il"u/ll] for dlsk stlars

can be axplalned by the conventionul infall models ol Larson.
We propose that an ulternative explunation that the ratio
[y/Fc] cun also be interpreted as the ratio of the inlev-
mouiddiato-~mags siLars (whlch contribute s=process nucLei) to

I Lgh-mass stars (which countribute tu Fe pliuk nuclei). “Thus
the diiforeul benaviours ol hulo auu Jdisk populations may

indicate a ditference in the masgss spectrumn of siar formstion,

Thuse resulis are discussed in Chapter 7, with an
einphusis on the future prospecis for an improvement of the
technlgues ol analysls as well as for framing extenslive

observationul programues.



CHAPTER 1

INTRODUCTION

1.1 Importance of Abundaince Determination in Astrophysicsg

The motivation for a study of abundances in astrophysical
objects comes both from a desire to make sure that one under-
stands the physical processes leading to the absorption und
emlssion features and from the role played by abundance
studies in understanding the origin of elements and the

evolution of stars, galaxies and the universe,

An inspection of the abundances derived in various
investigations can be used as a test of our understanding of
line-forming processes through the principles of consisteucy
and uniformlty. The consistency principle is a truismj it an
understanding of the line~formation process is complete, then
the different lines of the same object should lead to identicul
abundances. 7The classical examples are the permitted and the
forbidden lines of various elements, especially iron, in the
solar photosphere, The uniformity principle is based on the
presence of well-defined cosmic abundance distribution (seo
Suess and Urey 1956; Cameron 1968), which forms the basis of
the theories of origin of the elements. Abundances of C, N, O,

Na, Mg, Si, S etc. (well-represented in Fraumhofer spectrum)



relative to H are best determined from a study of the solar
spectrum, Many rare-earth elements are best studied in
meteorites., asAbundances of He and Ne are determined from the
corona and solur cosmic rays. Acgording to the uniformity
princlple, the abundance estimates get better when they

look alike in different objects. In spite of the exceptioms
like Ap stars, it has often proved a useful principle. Solar
spectroscopisis tend to measure the success of their abundance
determinations by the agreement of their results with the
Type 1 carbonaceous chondrites. The important work of Auer
and Mihalas (1973) on non-LTE effects of Ne I in B stars was

partly inspired by the unlformity principle,

Abundance studies are useful tools in the study of stellar
evolution, Some years uago very few objects like Wolf-Rayet
stars, helium stars, carbon, S and Ba II stars, Ap and Am
stars were recognized to have anomalous or unusual abundances.
Now almost all classes of stars away from main sequence are
recognized as having modified the composition of their
surface layers in respect of carbon and its isotopes, nitrogen
and sometimes the s-process elements and the isotopes of
oxygen, Anomulies in red gliants are important because Cthey
provide evidernce concerning hydrodynamical effects in stellar
»volution, In metal~deficient giants in globular clusters,
the effects are more drastic. Sweigart and Mengel (1979)

explain it in terms of strong mixing effects in thelr



interiors and so in globular clusters we have a veritable
Jungle of abuudunce wuomalies usually invelving carbon

depletion ‘and nitrogen enhancement,

Studies uf chemlcal composition of the interstellar
mediom (ISM) und the sturs of differemt population groups
are very useful in testlng the models of the chemical evoluw
tion of the Gulaxy. The blg-bang cosmology predicts that at
the time of ganluxy formation the universe consisted only of
H, He and possibly Li, LHeavier elements were syntheslzed in
stars by thermonuclear reactions and the enrichment of the
ISM is due to the muaterial ejected by the fast-evolving stars.
Studles of the abundances in ISM and stars at ditferent parts
in the galactic disc would provide valuable clues to the

sevolution of the Qulaxy.

In the present investigations, we would be interested
in determining the chemical abundances of long=-period Cepheids
in order to study the large-scale inhomogeneities and trends
in the abundunce distribution in the Galaxy as a probe into

its chemical evolution,
1.2 Chemical Evolution o [

The chemical inhomogeneity of the interstellar medium at
a given time is an important factor to be explained by the

models of galactic chemical evolution., The observations



which are relevant to the problem of the enrichment of the

1SM in heavy c¢lements are the following:

1) The siellar metallicities in the solar meighbourhuod
show an age dependence, in the sense that older stars ure
metal poor and younger stars are metal rich (Mayor 1976).
This is inferred from the metal deficiency of the globul ar
clusters and tihe ultra~hlighevelocity stars of the galuctic
halo population whichh are certainly old (Eggen, Lynden-Bell
and Sandage 1962).

2) Long~lived stars of one solar mass or less in the
solar neighbourhood huve a narrow range of heavy metal
abundance., Simple models of galactic evolution predict more
metal=poor sturs than observed., 7This discrepancy is culled

the Gedwarf problem (Schmidt 1963).

3) There is a large~scale radial abundance grudient iu
the Galaxy, as deduced from the metallicity and kinematics
of nearby stars (Mayor 1976; James 1977) and from the oxygen
abundances in H II regions (Peimbert 1979 and references

therein).

k) Similar large-scale abundance gradients are found in
other large galaxies, both elliptical and spiral. Faber
i1977).reported gradients in a large number of normal E aund
SO0 galaxies using CN absorption features at u160ﬂ, MgH + Mg I

'b* band at 51782 and Na I 'D' at 58938, The observations



ot I 1T regions in seven Sc galaxies by Searle (1971) also
lndicuted the presence of an ubundance gradient across tuo
dise of these gulaxles, Most large galaxies share the
propexrty of having greater uwmetallicity (heavy—element
ubundunce) in their ceuntral regions than in the outer partis.
These gradients in the Galaxy as well as in extermnal gaulaxies
luply that inhomogeneities over a large length scale aro

created and survive during galactic evolution,

5) There is an abundance difference between the giunt
and dwarf elliptical galaxies in the sense that the metallicity
in the central regions increases steadily with the mass or
luminosity of the parent galaxy (e.g. Faber 1973, 1977). This
effect and the large~scale gradient in elliptical galaxles
probably results from the systematic flow of enriclhied gas
from newly-formed stars towards the centre during the

formative stages (Larsom 1974).

The busic postulates of models for the chemical evolution
of' gulaxies are that the galaxles are formed by the collapse
of protogalactlc clouds of gus accompanied by star formation.
The protogalactic gas cloud is initially lacking in the
heavy elements from carbon upwards, since the nucleosynthesis
during the big-bang i1s expected to result only in hydrogen,
deuterium, helium and possibly lithium in detectable quantities.

The interstellar gas, then, is believed to be gradually



enriched In heavy elements by the matter coming out of the
stars that have completed their own evolutlon and eject thu
produc ts of nucleosynthesis in the course of their violent

or sluw deaths. 1n ellliptical galaxies and the bulge of
spirals, stellar relaxation tlmes are longer than the age

of the universe, This implies that the spheroidal shape of
these components could not huve resulted from the relaxuilon
of stars., Hence, it has been propesed that these components
ussumed their shape at the time of their foxrmation itself.
This iLs pussible through 'violent relaxation! proposed by
Lynden-Bell (1967), which takes place if the star formation
occurred on a timescale shorter than the collapse of the
system as a whole, This implies that the star formation wus
largely completed a long time ago so that little gas ls Lef't.
On the other hand, in the dilskwlike systems the star foruwutlon
has evidently been delayed for some reason so that substuntial
amounts of gas are still there and we can see the star

formation that is going on at the present time,

1.3 Models of Chemical Kvolution

The important lngredient for the construction of models
of galactic chemical evolution is the local stellar birthrate.
The stellar birthrate is defined as the number of stars
b(m,t) in the muss interval (m, m + dm) born per pc® in the

time interval (%, t + dt). To the first approximation, the



mass~-depéndence and the time~-dependence of the stellar

birthrate can b¢ separated.
b(m, t) dmdt = (m) Y (&) dmat

where %;(t) is the total star formation rale in mass per
pcz per unit tiwe and gﬁ(m) is the initial mass function

whiich 18 the distribution of stellar masses at birth.

The simple models of galactic chemical evolution are

based on the following assumptions:

1) The evolution takes place in a cylindrical shell
coaxial with the galaxy and passing through the Sun, in
isolation with the rest of the gelaxy. The models which

maice this assumption are known as the closed models,

2) The gas is initially unenriched and is gradually

depleted by star formatione

3) The rate of stur formation ¢/varies as a power of
the surface density /u of the gas (the surface density being
the projected volume density of the gas on the galactic

plane),



k) The intevstellar medium is well mixed at all times
and in particular, new stars formed at time t have the

averuge heavy element abundance of gas, Z(t).
5) Initlal mass function gﬁ(m) has a constant foru,

The two lmportant parameters of the models of galactic
evolution are flrstly tlhe fCractlion of mass in each generation
that Ls returned to ISM which we shall call as ‘ﬁ and
secondly the yleld of heavy elements which we will call p,
defined as the total mass fraction of primary synthesis
products ejected In each generation relative to the fraction
that remains locked up in long-lived stars or collapsed
remnants. In lonstantaneous recycling approximation where one
assumes the evolutionary processes to take place instantaneously
compared to the timescale of galactlec evolution, these two
quantities are constants characteristic of IMF adopted. From
the above considerations, the heavy metal abundance Z, in

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

Z = pln (1 + s/g)

where s is the mass locked up in stars or compact remnants
and g 1ls the mass of gas that 1s left, Searle and Sargeint
pointed out that this equation predicts a large scale radiul
abundance gradient in the galactic disc such as already

established observationaly by Searle (1971).



The simple model of galactiec evolution runs into
difficulties because of its incapability to explain the

narrow range of metalliciiy of G AdAwarfs.

As we look across the galaxy at a particular moment of
time, more of the gas has been changed into stars im the
inner region than in the outer reglon. Some authors have
considered the rates of star formation varying with a power
law of the average gas density, with an exponent greater
than one, which can arise from a variety of reasons like the
free-fall timescale, the rate of collisiomns of clouds and so
forth., Such law, when applied to the past hlstory of the
solar neighbourhood using the Simple Model, comes into
conflict with an attempt to reconcile the relative anumber of
large-mass and low-mass stars seen today with a constant and
smooth IMF3 there are too few long~lived dwarf stars, compared
with the number of short=-lived O and B stars, to permit the
average past rate of star formation to have exceeded the
present rate by as much as would 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 one can propose that
the IMF could have varied or it could be discontinuous, with
low-mass and high-mass stars being born in quite separate
sits of events (Eggen 1976)., More simply, the mass of the
gas could have had a phase in the past when it was increasing

owing to infall (Larsom 1974j; Lynden-Bell 1975; Larsom 1976)
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so that one cai have a power law in the gas density for the
rate of star formation, combined with a non-monotonic depen—
dence on time., This form ot departure from Simple Model
provides a natural explanation for the narrow range of
abundance in G dwards; further, it can also account for the
indication that the past rate of star formation has been
talrly anlferm, Thus Larson's '‘(1976) model with decayiung
infall, and the closely related amalytlical model of Lyndene
Bell are the most reasonable models for the evolution of

disk=llke galasles.

1ot The Radiunl Abundence Gradient

1.4,1 Abundance Grudient in Lighter Elements

Observations of i 1[I Regionst

The presence of an abundance gradient of O0/H, N/H and
N/S in external galaxies has been reported by various
observers from the observations of the ISM (Searle 19713
Peimbert 1968; Benvenuti, D'Odorico and Pelmbert 1973;
Shields 1974; Comte 1975). For our galaxy, Peimbert et al
(1978) derived un sbundance gradient for O/N, N/H, N*/s*
and He/H from the phoioelectric observations of five H II
regions covering a galactocentric range from 8.4 to 18.9 kpc.
Hawley (1977) observed thirteen H II regions and found smaller
gradients in O/H and N/H than those found by Peimbert et al

and no gradients in the He/H, S/H and Ne/H abundance ratio.



Barker (1Y74), D'Odorico, Peimbert and Sabbadin (1976),
Allexr (1976) ani Torres-Peimbert and Peimbert (1977) have
studied the abundance gradient in the galaxy from the
observations of Planetary Nebulae (PN). The abundance
gradient can be studied only through type Il PN which are
of population 1 and which have apparently nut been affected

by cuonsiderable helium enrichment due to their own stellar

evolutions

Periods of Cepheids:

It is known that in the (Galaxy as well as in M31 and the

Magellanic Clouds, short period Cepheids are concentrated
towards the outur reglons and long-~period Cepheids towards
the inner regions (Shapley and McKibben 1940; van den Berg
1958; Baade and Swope 1965; Fernie 1968), A possible
explanation is that this effect is due to a radial gradient

in the chemical composition of these galaxies,

It is possible to obtain a crude estimate of the O/H
abundance gradient in the Galaxy by assuming that the O/H
abundance is directly proportional to the Cepheid period
(at a given mass of the Cepheid). Such a relationship has
been identified through a comparison of the observations of
the H ITI regions and Cepheids in the Small Magellanic Cloud
(SMC) and the solar neighbourhood, The assumption that the

Cepheid periods are related to the metal abundances is

11



supported by the results of Gascoigne (1969) and Madore
(1974) who found that the SMC Cepheids are 0.1 mag bluer in
1=V than the Cepheilds in the galaxy. Bell and Parsons

(1972) have explained this difference as due to reduced
line~blanketing in SMC Cepheids or in other words, the
reduction in mutal content in SMC Cepheids by a factor of
four relative to the galactic Cepheids. Fernle (1968) found
for the galaxy a relation between the galactocentric distance

R and the Cepheld period given by

Alog P / AR = =0,05 d kpe™ "

and an average value of log P(d) = 0.97 for the Cepheida of
solar neighbourhood. Arp and Kraft (1961) found an averuge
value of log P(d) = 0.5 for the SMC Cepheids. Peimbert and
Torres~Peimberi (1976) huve found a difference of 0,76 in
the log (O0/H) between the solar vicinity and the SMC H II
regions, One obtains from these results Alog (0/u) /
Alog P(d) = 1.6 and thus a radial gradient in the galaxy

af d log (0/H) / dR = - 0.08 kpc-1.

1.4.2 Abundance Gradient in Heavier Flements:

Grenon (1972), from the Genmeva photometry of G and K
-1
dwarfs, found d log (Fe/H)/dR = - 0.07 kpc . Mayor (1976),
from an analysis of the kinematic and photometric properties

of about 600 F-type main-sequence stars and 600 G and K



glunl stars, has derived two values of the metalllclty
grudient, one for all the objects with eccentriclty of thelr
guluctic orblt in the range 0,05 -« 0,40 and another for Lhe
subget of statlsticully younger objects wilith eccentricily
0.05 = 0,15, ¥rom the observations of Hansun and Kjaergaard
(1971), Mayor has derived gradients in the sodiwn abundance
corresponding to the two eccentriclity groups described above,
Sodium and iron gradients are steeper for tlhe younger subset
than for the complete sample, This result is in agreement
with the absence of a gradient for halo stars derived by
Grenon (1972), but is apparently in contradlction with the
radial metalllicity grudient derived from globular clusters in
the solar neighbourhood which amounts to d log (Fo/H)/dR = -0,
(Kinman 19593 Muyor 1976). Janes and McClure (1972), from
the DDO photometry of 799 K gliant stars, presented the
evidence for a radial gradient in CN strength. The CN
strength is correlated with Fe/H, Janes (1977) covered a
8till larger sample of G and K glant stars and measured the
CN strengths from DDO photometryj he also incorporated the
UBV photometxry of 41 open clusters to estimate the variation

of metallicity across the galactic disk.

Williams (1966), from the narrowband photometry of 52
Copheids with periods longer than 13 days, found that the
Cepheids im the Sagittarius arm appear to be somewhat

netal-rich as compared to those within 1.5 kpec of the Sunj
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the Cepheids in the Cygnus arm, on the other hand, appear

Lo be somewhat metaledeficlent. Harris (1981), using the
Washiington system culours which are designed specifically

to cdetermine slellar abundances in the temperature runge

of Cephelds (Cunterna 1976; llaxris and Canterna 1979),
determined photometric abundances for 102 Cepheids with a
wide range of positionms in the disk of the galaxy. le found
a gradient in the metal abuudance d(A/H)/di = ~0.07 kpc™ |

for the galactic disk, approximately linear over 10 kpc.

Apart from the photometric attempts to determine the
abundance gradient in the galactic disk, accurate spectro=
scoplio abundance determinations have also been tried in the
past, The analysls of Luck (1977a,b, 1978, 1979), Luck and
Lambert (1981), and of Luck and Bond (1980), based on high
dispersion spectra of F and G supergiants, suggests somevhat
greater gradient than other studies, Though their relatively
small range of 3 kpc in distance increases their uncertalnty
in the gradient, such an analysis should ultimately yield
more accurate results as the sample is enlarged to larger
distances. Besides, such detailed analyses &are indispensuble
for the calibration of a photometric reddening-free abundance
index., Various estimates of the abundance gradients in the

galactic disk are aummarized in Tables 1.1 and 1,2.



Table 1.1

Summary of different estimates of Fe abundance gradients

in the Galaxy

S s A S e e iy SIS S VS B SUD AP Y WED D M e o W IR THD G N S T R Y M ) SR G A S VO G Y NP D A e T N G S P U S R e A g W

Objects Method =~d Fe/H / dR Source
0ld disk stars 1 0.04 + 0,03 1
gK and old open 1 0.05 x 0.01 2
¢luy ters
Young disk stars 1 0.10 + 0.02 1
(af and dG)

Young clusters * 1 0.098+ 0,015 3
Cepheids ¥* 1 0.07 + 0.01 5
Supergiants and

Cepheids ] 0.13 + 0,03 6
Cephaids R 0,06 + 0,01 7

* .d log (Z/X)/dr

Method: 1. Photometry 2. Spectroscopy

Source: 1. Mayor (1976) 2. Janes (1979)
3. Panagia and Tosl 4, Panagia and Tosl

(1980) (1981)

5. Harris (1981) 6. Luck (1982)

7. Present study
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The O/H abundance gradient obtained from H II regions is
steeper than that glven by PN. Thls difference, if real,
could be due tv atleust Lhree causes; (a) a different O/H
distribution in the interstellar medium at the time of forinue
tiou of the parent slars of PN; (b) a different O/H in the
shell from that of the original cloud from which the purent
stars of PN are formed; (c) the effect of non-circularity of

the PN orbits uround the cenire of the galaxy,

The Fe/H and Na/H gradients derived from the intermediate
age stars are similar to the O/H gradients derived from PN
which supports the possibllity (a). On the other hand, there
is some observational evidence that suggests that the rate of
enrichment of I'e has been different from that of 0, 8 und A
and consequently thut the Fe/H and O/H are not directly
comparable (Peimbert 19733 Barker 1974; Chevalier 1976q;
Chevalier and Kirshner 1978). Furthermore, based om the
observational evidence, Chevalier has suggested that the le
enrichment is due to SN of type I while that of 0, 5 and Ar

is due to SN of type IIL,

1.5 Local Chemical lnhomogeneities

One of the important mechanisms that can produce
local inhomogeneities is the sequential star formation in
assocliations, the first generation of supernovae enriching

the material out of which further stars immediately form,
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There is considerable evidence that supernova explosions

may lnduce further stur formation, Sancisi (1974) and Knapp
and Kerr (1974) found shells of cold H I, dust and molecules
arvund supernova remnunts; Berkhuijsen (1974) and Herbst and
Assousa (1978) found young siellar assoclations on the adyre

of supernova remnants. L1t las been suggested that the
formution of our own solar system was induced by a supernova,
Even if the gtar formatlon is mot actually triggered by
supernova explosion, the synthesized material from a supernova
could still be incorporated, provided the formation happens
soon afterwards (e.g. instlgated by photolonized H II region
tformations: Elmegreen and Lada 1977) before the inhomogenelity
is destroyed by mixing. If the products of sgeveral supernovae
ure mixed into the mass of a typical observed shell (3 x 103Me),
then the excess over the surrounding metallicity, d4 = 3 x 10"3
would be possible, resulliing in 0~0,1 for the present mcan
disk abundances, OUgelman and Maran (1976) suggest a
repetatlve cycle of sitar formationesupernova may operate
within OB associatlons, but the extent of homogeneity will
depend on how wuell umnd quiokly the supernova mixes into the
interstellar madium before new star formation takes place.

The expanding remnants will probably break up into knots
(Chevalier 1975, 1976 pb;Gull 197#) which may be metal rich,.

IV is not clear whether induced star formation occurs in

these knots before they mix into outer material, or by the



supernova shocking of previously existing cool c¢clouds of

normal abundance.

1.6, Nucleosynthesls in Stellar loteriors

The theory of the syntheels of elements ln stellar
interiors is developed by Cameron (1955) and by Lurbidge,
Burbldge, Fowler and Hoyle (1957, BgFH). Starting with the
hypothenis that all elements have been built from primordial
hydrogen and hel fun, B;Fu postulated as much as eight
different nuclear processes to account for the observed

fuvatures of the cosmic abundance distrlibutlout

1) hydrogen burning to produce heliums

2) helium burning te produce C, O, Ne and perhaps Mg;

3) O -processes in whilch Mgzu, 8128, 332, Ar36 and Cuuo
are produced by successive addition of helium nuclei
to O16 and Nezo, the o(=-particles being freed by

decomposition of heavy nucleij

h) the equilibrium e-process which was suggested to

account for the lron peak elements;

5) s-process in which neutrons are captured at long

timescales ranging from 10 yr to 105

yr for each
neuatron capture, This mode of synthesis is responw
sible for the production of the majority of isotopes

in the range 23 { A £Ui6 and for a considerable

15
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portion of Lsotopes in the runge 63 A  209;

6) r-procuess in which neutrons are captured on a fusli

timescule ~ 0,019 to 10s}

7) the p-process In which proton-rich isotupes are

formed;

8) x-procuss which Ls invoked for the production of

the temperalure-vulnerable light elements.

These nuclear processes operate in different stagus of
sturs evolution. It is known that when the stars first form
cut of & gas ol hydrogen and helium, the hydrogen burns
in the core to produce helium and the star is then calloed a
main~-sequence star, When the hydrogen burning ln the core
is exhausted it beglns to contract gravitationally until
the temperature and denslty are large enough for helium to
burn in the core, bLuring this core-contraction stage, the
outer envelope expands and the star becomes a red gluant,
When helium burns ln the core, it creatles carbon aud oxygen
via the triple-alpha reaction, At higher intermnal temperu=~

tures, a succession of x-processes may set In to form 015,

a20 24

N and Mg '+ After depletion im the core, helium may

continue to burn in a shell surrounding the depleted ocore,
This shell is surrounded by a hydrogem~burning shell., At
temperatures of ~u109K, reactions may take place among the

12’ 016 20

c and Ne~ mnuacleis Helium particles camn be made



available through a (7’,Ct) reaction, Mgzh can capture
alpha particles to foum 8128, 532, A36 and Cauo. The chaln
eventually terminates in the iromn group of nmuclel that have
larger stability., During this time an equilibrium concen-
tration is being reached betweem these even~even nuclei,

This process is called the equilibrium process. If the star
is a second generation star, i.e. it contains heavier
elements, neutrons are produced via exergonic reactionm Ne21 *

24 13 L

)
He' = Mg + n or C

+ He = 016 + ne, Heavier elements are

formed via the process of slow and fast neuiron captures.

It is useful to classify the elements according to the
number of stellar generations required for their nucleo-~
synthesis. Primary elements are those that can be formed
directly form H and He inside the star (G‘z, 016, Nezo,
F956 etc.,). Secondary elements are mecessarily formed from
the primary seeds which must have existed in the interstiellar
matter when the star was formed., Examples of such secondary

13’ N14

elements are C and the s-process selements,

Enrichment of the 1ISM is mostly due to the meaterial
ejected by stars in their last stage of evolution. Most
massive stars eject socalled primary nucleosynthesis products
which can be built up directly from hydrogen and helium in
the course of stellar evolution. The elements C, 0, Ne end

most of the nuclear species upto the irom group are formed
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thuin way. BStars of intermediate mass (between one and few
solar masses) eject their excess of material above the
while-dwarf residue as gas that may have undergone some
processing but without enriching it in oxygen or metals,
Stars of about 1 solar mass or less simply form and rewain
there without significant cont;ibution to the ISM as do the
white dwarfs and other compact remmants such as neutron stars

left behind by more massive stars after their death,

1.7 Role of seprocess Llements in the Chemical lvolution of

Galaxies

The s-process nuclei are an interesting probe of
galactic evolution because they are produced via a secondary
process, 1t is not possible to produce s-process nuclei in
a star unless that star already contains some heavy seed
nucleli, The bulk of the heavy element fraction Z iy due to
primary processes, The heavy primary nuclei which are the
products of explosive nucleosynthesis are probably produced
by explosions of massive stars M7 M., The source of
s~process nuclei is normally taken to be in the interiors of
red giant stars (BZFH). However, the details of how the
s~process actually might work in such an astronomical slte
is only beginning to be understood, Ulrich (1973) investiga=-
ved what happens curing the double~shell-source phase of ths

evolution of certain stars, He finds that a reagonable



s-process enviromment occurs between the two shells whenever

a flush mixes clown hydrogen«burning material into heliune
burning region. Ulrich (1974) has estimated that the s~process
synthesls in stch intershell sources can explain the abundance
anomulies observed in ¥G Sagittae. In Ulrich's model, when

the hydrogen is mixed down in the flash, lt is captured by

12

C 73 the N13 thus formed rapidly decays into 013; at the Ligh

temperature inner boundary of the convective cell, the

reaction C'5 (ot y n) 016 produces neutrons. These neutrons

are captured by the ironwpeak nuclel that serve as seeds for
the s-prucess, The s~process nuclei bullt up in the intershell
reglon gradually leak out Iinto the outer envelope where they
can be radiated away into the interstellar wedium via the red
gliant's steller winde It may also be possible that the
initershell region itself gets ejected during the later stuges

nf stellar evolution.,

As we have already seen, the ilron peak and s~process
slements are formed due to two fundamentally differemt
nucleosynthesis processes, former resulting from explosive
nucleosynthesis within supernovae and the latter due to slow
neutron capture by heavy elements during advanced
non-catastrophic evolution. These procssses occur in
different mass ranges of the siar and depend in differexnt
ways on the star's initial composition, The abundance

ratio of the s-process and iron peak elements may, therefore,
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set important cunstraints on the theories of stellar and

galactic evolution,

1.8 Cepheids as probes for the Chemical Constitution of the
Galactic Lisk

As a group, the classical Cepheids (referred to hereafter
as Cepheids for ithe sake of brevity) have five properties
wliich makes them perhaps the most suitable class of stars for

studying the abundance variations in the galaxy:

1) Cepheids are intrimsically luminuous objects. Their
high intrinsic luminosity enables one to observe them at

considerable range of distances.

2) They comprise of a homogeneous population, their
masses, ages and luminosilties are closely related to Llheir
periods, and the total range in age is much less than tho age

of the galactic disk,

3) Period-luminosity-colour relationship of Sandage and
Tummann (1969) helps one to determine their distances with a
sufficient degres of accuracy. The intrinsic luminosity of
nonvariable supergiants is inferred on the basis of the
luminosity class and the spectral type. The accuracy of
thi?e estimates is rather low and is only slighly improved

by an application of model atmospheres,



i) Cephelds have a temperature range in which the
speclra show enocugh number of metallle lines. Yet their
temperatures arv not tuo hot as to make the non-LTE et'teocls
very serious, whille not too low for the convection to

become importantc,

5) All the Cepheids with periods larger than 10 days
are quite young and hence their atmospheric abundances reflect

thosue of the interstellar medium out of which they are born.

Because of these advautages, we choose to study the
chenmical abundances of selected Cepheids in the present

investigatlon.
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CHAPTER 2

DETERMINATION OF CHEMICAL COMPOSITION OF STELLAR ATMOSPHERES

2¢«1. Introduction

The first star to be studied spectroscopically was
obviously the nearest one - the sun, KFarly attempts to
determine the solar chemical composition were based on eye
estimutes of lLine intensities. Bussell, Adams and Moore
(1928) pointed out that Rowland's eye estimates of the
intensities of Fraunhofer linea could provide a wealth of
information when they are calibrated for the number of
absorbers, Before the development of a theoretical relation
between the energy absorbed by a line and the number of atoms
acting to produce it, Lhey demonstrated the importance of un
empirical calibration of the arbitrary scale of Rowland
intensities. Their calibration was aimed to determine
directly the relative number of atoms effective in producing
lines of various intensitlies. The calibratlion was effected
with the ald of multiplets in atomic spectra, the relative
strength of whose lines could be predicted theoretically. A
striking result of the work of Russell, Adams and Moore was
:he demonstration of the enoxrmous differences in the number

of atoms acting to produce lines of various Rowland intenw

sities, They showed that millions of times as many atoms
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were active in producing the violet ¥eIl line at 37203
(Rowland intensity of 40) as for a line Just visible on Lhic
spoctrogram of the sun (Rowland Intemslty - 3). 7The
lmportant applications of' Rowland's calibration to stellar
spoctra (L Ori, o Sco, o Boo, Y Cyg) were made almost
imnediately by Adams uand Russell (1928) and to the solar
spectrum by Russell (1929)., With the hypothesis of thiormmo-
dynumic equilibrium - which enabled them to use the lonlsa-
tion and dissoclation equation - and a further assumption
that atoms at diifferent levels are equally effective in
pruducing a line, they derived a relation that conuected the
relative number of atuomy acting to produce a given line in
different stars with the relative total number of atoms of

a given element, ithe excitution potential, the electron
pressures, the lonlzation potentials and tlhe temperatures,
The vast difference in the umounts of metallic¢ vapours ubove
the photosphervs of. different types of stars was thus

demonstrated.

2,2, The Curve of Growth

Although eye eslimates of line intenslties and the
straightforward thieoriuvs of ionization and excitation went
a long way towards (lie lnterpretation of astellar spectra,
further progress was required on the theory of line formation

and quantitative measures of line intensity. Unsdld (1955)
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approached the problem through the measurement and inter-—
pretation of liune proflles, whereas Volgt, Minnaert and
Slob studied the equivalent width of lines by means of u
relationship now known as the curve of growth. The curve
of growth is a relationship between the equivalent width of
& line aund number otf atoms acting to produce it, or more
preclsely the quantity Nf where N is the number of ubsorbeoers
und £ is the opcillator strength. Equivalent width is a
measure of the intenslty of the lime, It is generally
expressed as the total amount of emergy subiracted from the
adjacent continuum, We express the intemsity at any point
in the line In termp of the continuous spectrum, i.e.

L, =§F then the effective width of the linc

1 ina/Fo ontinuum’
in frequency units is

[+ 4
W, = .((1- fy ) dw. ee (2.1)
o
dince N = c/u aucl CD\ =—c-; dy y the equivalent
t%

width in Angstrom unit is

WA = —.—c-—-wu.

:)I-

Barly calculations of curve of growth (Voigt 19123
Minnaert and Mulders 1931; Minnaert and Slob 1931) were wadu

with very simple models. Often the whele line-forming
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reglon was characterised by a single temperature and gas
pressure. Curve of growth calculations of Menzel (1936)

and Unséld (1953) wers based on Schuster-Schwarzschild (8-S)
model wherein LLe weitire contlnuous absorption is assumed
to originate in a photosphere overlaid by a reversing

layer which produces all the absorption lines without any
continuous absorption., “The atmosphere, with its temperature
and pressure gradients, may be replacéd by an isothermul
strutum of uniform density. The temperature and pressure
correspond very closely to their values at an optical depth
T = 0,5 in the atmosphere, In Schuster-Schwarzschild model,

an approximation formula for [, as given below can be used,

Y,, = .5-_ 1
v Fe T+ 7

Where Fl ls the flux ln the line, Fc is the flux in noarby
continuum and T, = NOX, is the optical depth in the line,
X, being the atomic coefficient of line absoxrption at the
frequency Y and N the number of atoms causing the line
absorptions Line absorption coefficient plays a fundamental
role in deteraining the shape of a spectral line, Several
different physical effects enter the structuring of the
final absorption coetficient. FEach 'of these effects has
associlated with it a function describing the variation in
wtrength of the line absorption with wavelength acreoss the
line, i.e. each one of these processes has its own absorption

coefficient. Some of the processes are (1) matural
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broadening, (2) pressure broadening and (3) thermal
brouadening, The natural broadening and all the significant
bromndening procusses have the same wavelength dependeunce In
their individual absorption coefficlent. The basic form of
these absorption coefficients is that of the disperslon
prof'ile, The thermal broadening reflects the Maxwellian
velocity distribution of the absorbing atoms and ions via
the Doppler effect. While combining these absorption
coeltficients, all theme distributions must be convolved
together to obtain the combined result., Convoluiion of the
disporsion prot'iles results in a new dispersion profile with
P ='Zlﬁ% } whore FU are the half widths of individual
profﬂles. The convolution of the dispersion and Gausslan
profiles is the Voigt function. The normalized Volgt

functlon can be axpressed as

b —y; d
— Q e ane 2
U (O:V) - 'nalzf(v-y);-}' a* Y

o

where a and v are the damping parameter and Dopplexr veloclty,
respectively, We will consider these guantities in greater
detail in the next chapter, where the calculation of absorption

coet't'iclent is described,
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Menzel has suggested writing the equaiion for o,

In the form

"'(E‘g“{' qu'ﬁ exp{ : U V)} z,rrr1 (JV)"] o (2.2)

where | is the damping constant, With the understianding
that the first term will be employed in the Doppler core
of' the line and the second in the absorption wingsj here,

C, 1is the most probable velocity,

The meaning of the curve of growth can now be illus-
trated. Suppose that in the atmosphere of a star we
inlroduce an increasingly greater concentration of an
element say, iron. When the number of atoms is small No, & 1,
the line appears as only a tiny dip in tbe continuum, curve
A of the Figure (2.1b), As the n;mber increases, the line
broudens slightly and becomes deeper. In the S~8 model of
a pure scattering atmosphere, the cemtral intensity
approaches zero as N is inoreased. For the lines formud by
pure absorption, the minimum residual flux is fixed by tle
temperature distribution. Then, for an appreciable runge
of No, , where ¢, 1s the atomic absorption coefficlent at
the line centre (w =, ), the equivalent width changes
slowly with increasing N, As N continues to increase,

however, ebsorption in the damping domain becomes important
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Figure 2.1 (a) A typical curve of growth and (b) the change
in the appearance of a line in different regions
of the curve of growth (Gray 1976).
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and the line develops the characteristic wings. Figure
(2.1a) shows tiie charucteristic relation between the
equivalent width of a line, W, and the number of atoms

actlng to produce it:

%)

Do
Ny, |
wvzfu— r)dv = JT:@?.T,,C“' .« (203)

9

The change in the appearance of the line is shown in

¥igure (2.1b).

Menzel introduced a fictitlous optical depth at the

centre of the line

2.
Te <
xg= Nog = No=f == = vo (204)

and considered the three domains of X,

1) Equations (2.2) - (2.4%) yield

9
Wy Lo Ko 4 2o ) for x, <
2omvmex (-3 ) °
and
Wa _ Lo x ¢ Xo <&
T_ﬁc ° for Xo

2) For the intermediate values of X,, when X,>71

but not so great that the effect of damping becomes
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important, WA / X grows more slowly with X, in accordance

with the expression given by Menzel:

Moo oge (nxd® [ 1T he ]
py c

3) Finallywhen X, is very large the second term in
the equation of atomic absorption coefticient bhecomes

Lumportant and

M-

n o () ()

Using the above functiounal behaviours in the three
domains, one may compute a family of curves for different
values of /v, + When the number of absorbing atoms is small,
the equivalent width is proportional to Nf. This region is
known as the stralght-line or Doppler portion of the curve
Qf growth. As the number of active atoms increases, the
fine saturates and W grows more siowly than Nf until a flat
region is reached where the increase 1s slow. Indeed, this
portion is known as the flat portion of the curve of growtl.
Here, the number of absorbers 1s sufficient for the Doppler
c.re of the line to be complete, but absorption at wings has
not yet set in, Whem the number of acting atoms Nf has

become very large, the damping or square~root portion of
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curve of growth begins, where the equivalent width is

proportional to fﬁfﬁz.

Menzel's and Unsild's formulations both regard the
spuclral lines as formed in a layor of absorbing atoms
overlying a sharply def lned photosphere, But most spectral
lines, however, originate prilncipally in the same layer aus
does the continuous spectrum and for these the Milne-
fddington (M~E) approximatlon of a conmstant ratio of liune-
to=continuous absorption cevefficient is more gatisfactory,
Ingtead of X, which involves the number of atoms above the
photosphere, in M-f£ model, one utilizes the ratio of the
line absorption coeft'iclient per gram of the stellar maiterlal
at the centre of the line (1) to the goefficient of
continuous absgorptlon (K.). Curves of growth based on this
hypothesis have beeun cquputed by Stromgren (1940), Goldberg
and Pierce (1948), Wrubel (1949) and others. Wrubel computed
the curve of growth based on Chandrashekhar's exact solution
of the transfer equatlon for lines formed according to the
ME model, His curves of growth have been used in many

abundance deteruwinations,

There are appreciable differences between the curves
of growth computed on the M-E and S-8 models in the damping
portions; the damping constants derived from the S-S model

are smaller by a factoxr of two.
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The widespread use of electronic computers since
nineteen sixties mude it possible to replace these single-
layer models with depth~dependent models, Once such
detailed model is calculated for a particular star (say,
Sun), it may be scaled in optical depth to suit another
star. This technique is described by Cayrel and Jugaku
(1963) and applied by Gray (1967).

Because of the prolonged use of very usimple models
to calculate the curve of growth, some astronomers imply a
single layer model whenever they refer to the curve of
growth, 1In revallty, the curve of growth is a concept which
applies under extremely general conditiomns. Depending upon
the physical condltion and the particular tramsition giwing
rise to an absorptlon line, the appropriate curve of growth
will have its own shape, and one of the baslc problems is
the determination of this shape. It is only when equivalent
widths themselves are not clearly defined, as in the case of

severe blending, that the curve of growth is not useful,

2:3. _The Differential Curve-~of-Growth Method

For an application of absolute curve of growth, oune
must know the mechanism of line formation, atmospherio
structure and a set of f-values (the atomic oscillator
strengths), and more or less proceed with the first principles.

The difficulty with this fundemental approach is that the
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f values of all the transitions are necessary, a requirement
very much difficult to fulfill in reality. Further, the
calculations of the other parameters like the absorption
coefficients and dumping constants, need to be carried ovut
for all the lines cunsidered. A simpler differential method
has become fairly popular which circumvents these difficule=
ties. In thls method, one compares the spectrum of a
programne star with a standard star for whlch the chemical
composition T, FQ and ﬁg are presumably known. The selected
standard star muast be similar to the programme star in
spectral type and lumjinos ity class or in other words the
atmospheric parameters of the two stars should not differ
cons iderably. To illustrate the method, let us consider a

star whose tsuperature does not differ greatly from that of

the Sun, If M-£ model is employed, one uses as abclusa
log qo = log Nr,a + logd' = log Ky «r (2.5)

where Nr s is the number of atoms per gram of the stellar
1 4

material capable of absorbing the line in question, Nr,s

can bs expressed in terms of Boltzmann's equation

Log Nr,a = Log N_ + Log €r,8 ~ log au(T)-~ 6%, oo (2.6)
o, =T f 1 and vl:(%bi +g=)‘
¢ e Ay, M

Using the superscripts % and © to denote the quantities for

the star and the Sun respectively, we obtain for each
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spectral line

¥* ¥, %
2 o Viu¥(r)
lo —‘:)——- = 1 _I_\I_'_a.k — (Q*—G ) - lo ==
7 qf ngJﬁ xns I Ve ul(m
* (¥ 1)
_ f— KA (e 2
Og K)@ pee,.-r) o (2.7)

where © = 5040/T, Notice tuat not only the numerical

cons tants, but also the gf values cancel out. Now qz* and
qoe may be read for each.line in' the Sun and the star from
the curve of growth with Log }Wf./_ as ordimnate, the curve

being assumed to be the same for the Sun and the atar, To

simplify the notation let us write any quantity ; as

log 7 = LY¢]-
97;@

Equation (2.7) now reduces to

-

[nl=INT - Xr,s(e;teo) - [vuml-Lil: o (2.8)

For each element, we group the line according to the excitu~
tion potential and for each of these groups we determine

the shift necessary to fit the empirical curve to the
theoretical curve both for the Sun and the star. The
&ifference in log provides for each of these groups the
value of qu. 1r T* and 'I‘e does not differ greatly, then

[k, 7 will be virtually independent of ) and will depend
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mostly on the ratiuv P:/Pg. If one plots log (Nr - 0X )
agalnst X , the slope of the line gives e, Knowing the
temperature of the Sun and the star, we can evaluate the
term  va(T). P:/Ps can then be determined from Saha's aund
Boltzmann's equationss Knowing all these quantities, we
can interpret [q] in terms of [Nr] and in turn, [Nr] in

termg of the actual abundance ratio.

In the past, it was practice to assume that most of the
MK stundard stars have the same chemical composition. This
provided a grid-work of stars with varying temperature and
pressure whichh could be used to determine differential
abundances over a wlde range of physical conditions. But,
there are growlng indications that the_ abundances of all the
elements are not cunstant for stars of dlfferent spectrul
types. Thus, the abundance of the standard stars need to be
determined from the first principles. Further, the differ-
ential method cam be used only to estimate smnall differences
in abundances. Many stars like a high-velocity wtars or Ap
and Am stars that have chemlical composition so much
different from the »tandard MK types, cannot be compared with
these standard stars. Besldes, the need for accurate f values
is not really elimlnated, The standard curve of growth for
the reference star is to be comnstructed asing the known £
values, Though f valueées cancel out in differemtial analysis,

the relative f values must be known for some set of lines
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obaerved in the reference star and they must range suffi-

clently in strength to define the curve of growth for the

reference star.

2.4, Fine Analysis

Iln the silngle~layer curve-of-growth procedure, Lt is
supposed that all essentlal propefties of the spectrum caun
be represented by a single value of temperature and pressure.
But, it 1s scarcely to be expected that the lines of low aud
high excliltatlon are formed in the same atmospheric layers.
In the refined treautments of stellar atmospheres, the
variation of temperature, pressure etc. with depth are taken
into consideration, For the Sun, T (’B ) (vhere A is some
specific wavelength, say, A = 50008) Ras been obtalned using
the energy disiribution at the centre of the Sun's disc aund
the limb darkening data. Once the temperature distribution
is adopted, Ps and Pa can be calculated as a functlon of
optical depth froem the condition of hydrostatic equllibrium.
Various workers have comnstructed model solar atmospheres
based on empirical and/or theoretical considerations
(Holweger and Miiller 1974 ; Gingerich e%t al 1971; Vernazza,
Avrett and Loeser 1976). For other stars, theoretical moudels
have generally been used., These theoretical models ars
calculated using fellowing assumptions? (1) Plane parallel
geometry, (2) Hydrostatic eguilibrium, and (3) the sum of

the radiative and convective fluxes is depth and time-
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independent, for ¥F-G supergiants Parsons (196Y) has
computed model atwospheres, Models of 0 B A F G stars by
Kurucz (1979) and of cooler stars by Gustafsson et al

(1975) covering a large range in gravitles, are currently

in use,

The determinatlon of composition of a stellar atmos-
phere using detailed models proceeds by successive approxi-~
mautions. First, a curve-ol'-growth analysis supplies un
approximate composition and temperature. MNext, a grid of
model atmospheres is calculated and using them the theore-
tical line intensitlies ol selected model-sensitive lines are
computed. For example,' for a star whose temperature is
about 22,000K one might employ lines of Si II, Si 1II and
81 IV which appear simultaneously in the spectrum, Also,
the model should predict correctly the hydrogen line profiles,
the discontinuity at the Balmer limit, and the energy
distribution in the continuous spectrum, Once a suitable
model has been identified or interpolated, a calculatlon of
the theoretical equlvalent widths is carried out and
abundances are derived from a comparison of the observed

and predicted equivalent widths.

2.5 Method of Spectrum Synthesis

The most complete studies are dome on high-quality

data by computing simultaneocusly all the lines over a
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portion of the spectrum. To apply this method of spectrum
synthesis, most (if not all) of the observed lines should

be identified and must have known gf values. Then, using

a suitable wmodel atmosphere and atomic parameters of ull
lines falling in the region of interest, the spectrum is
computed. The individual abundences (or perhaps the
temperature and pressure) are adjusted until a good fit is
obtained. Lven when the lines are blended together, one

8 imply computes the blend and the comparison is made with

the data., The method of spectrum synthesis is more reliable,
in principle, because it takes into account all the known
absorption features and tries 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 latter process requires a
precise location of the continuum and the extrapolation of
the profile of each line, because in reality nome of the
spectral lines shows the complete profile, the wings being
generally blended with the meighbouring lines. In the curve-
of-growth method the lines falling on the linear portion of
the curve of growth are used. In order to measure the
equivalent width of these weak lines, one requires a very
high resolution, since the blending due to neighbouring lines
is often disastrous at lower dilspersions even in the rela-
tively clean spectral reglohs., Moxreover, the possibility

of defining the continuum decreases drastically with
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decreasing resolution. Further, the crowding of the spectral
lines is 80 severe lu late-type stars that the synthetic
spectrum becomes indlspensable evem when the study ls based
on a high dispersions The synthetic spectra also make it
posslible to delermine accurate abundances from the low=
dlspersion spectra and even from the colours without a
cumbersome empirical calibration based on stars studied with
higher spectiral resolution which may not always be available,
The method of spectrum synthesis incorporates the use of
cdetalled model atmospheres and 1t is mecessary that detailed
calculations be made f'or all spectral features providing
information about the structure of the star's atmosphere. In
the method of spectrum synthesis, the calculations are not
confined to weak lines alone. Important luminosity indicaw
tors are generally based on strong and frequently bleuded
features, 1ln order to reproduce them, it is necessary to
calculate a wide region of the spectrum point by point. LITE
spectrum synthesis is described by Ross and Aller (1968) who
applied it for a determination of Cr I abundance in the

solar atmosphere.

2.6 Computation of the Theoretical Spectrum

The flow of radiation through the stellur atmosphere is
described by the equation of radiative transfer. The

equation of radiative transfer in a plane~parallel atmospherse
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(the thickness of photosphere Ax & radius R of the

star) is glven by

dn,
COSe -c-ﬁ:; = Iy+ Sv . . (2’9)

Here, © is the angle betiween the direction of the beam and
normal to the radiating surface., 8, 1is source function
which is the ratio of emission coefficlent to absorption
coefficient, I, Ls the specific intemsity and T, the

optical deptlh,

The integrated form for emergent intensity is given by

-(t ) secd
I,08) IS Gt ™) sae dty, . .« (2.10)

Tlre specific intensity is relevant for solar work where
intensity measurement camn be made as a function of &, Foxr
most of the stars, however, we must deal with flux. 7The
emergent flux ls given by

o

Fv(0> = 2'”’[8:}(-—":)') Ez_(.'tv)dtyr ee (2.141)

]

Where Ez(t,) is the exponential integral of the form

£ () = f o\w oo (2.12)
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We cun infer from eguation (2.12) that the surface flux Ls
cowposed of the sum of the source function at eamch depth
multiplied by un extinction factor E2( t, ) appropriute to
that depthj the sum is taken over all depths contributing a
significant amount of radiation at the surface, If we
denote continuum absorption coefficient by K/\ and continuum

source function by S)\ the emergent flux In continuum will

be given by

o
Fy (0) = zfs,, (7)) E,(1) dTy - . (2.13)

2,6,1 The Continuum flux contribution function

If K, is the continuous absorptiom coefficient at a
reference wavelength r(say 50003), the geometrical depth

can be defined as

d!. = —-d-q—?— ) (2-1’4)
K,P
The optical depth ’73 and hemce the continuous absorption
coufficient K)\ at any arbltrary wavelength can be

expressed in terms of '7; and K. by

di = dn - dm ve (2.15)

K.,/o K'\F
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Hence,
Ty
1
Ke ()
0
or log Ty
=B

Using equation (2,16), the expression for emergent

continuum flux can be written ams

OB zfs) (7) , () 55 dlogr

. loge ee (2417)

The amount of light contributed to the surface flux as =
function of depth in the atmosphere is specified by the
integrand of equation (2.17). This integrand is known as
flux-contributlon function. It shows at what depth the
surface flux originates and where, for example, T (7; ) must
be defined in order to compute the surface flux, Figure
(2.2) shows the flux~contribution function for different
vavelengths in the spectrum of a solar model., It is clear
from the figure that the radiation at 8000% 1s formed higher
in the atmosphere than the radiation at 50008, This
reflects in part the smaller absorption at 50002. A good
illustration of the concept of the depth of formation arises
in a discusslon of the behaviour of the model flux above

and below the Balmer discontinuity. As shown im Figure (2.3),
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the flux at 36§0X arises in significantly deeper layers than
the flux at 36#03. The depth of formation is dependent upon
the temperature of the model, Changes such as shown in

Figure (2.4) are typical,

2.6.2 The line spectrum

A line in the stellar spectrum is characterised by its
profiile which is the observed distribution of. energy as a
function of frequency (or wavelength). Excepting the Sum,
we observe for all other stars only the flux integrated over

the entire disc of the star. We measure the line flux F

1
with respect to the continuum flux Fo and describe the
profile in terms of 1ts absorption depth

=
D, = 1-R, = (-2 e (2.18)

Fe
where R, is the residual flux.

2.,6.3  The line transfer eguation

The transfer equation (2.9) holds for line as well
continuum radiation, provided the variables are suitlably
defined. If K denotes the line absorption coetficient and
Jl the line emission coefficient and if k, and Jo are the

corresponding parameters for continuum, by defining
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cl'Tv'-‘— (K¢+Kc)/°dx‘ «o (2.19)

and source function
S = JL+Jc
y = —c
K¢ + Ka
ve can write

di,
dT,

The integral form of' the transfer equation still holds.

= - Iu+ Su-

The surface flux would be given by

F(0) = 2'"[5.)(7,,) E, (T) dm,. .. (2.20)

0

The equivalent width of a line can be expressecd as

e
W = f:D(AA)dAA, ee (2.21),
- Do

vhere A )\ is the wavelength displacement from the line centre
and D (A)) is the line depth at a displacement A) o D (4X)

is related to residual flux by

D (AA) = 1 =k (AN) oo (2.22)
Vhere
o bo
R (AaA) =I;'-_EO) fsv(ql'f‘qa) Ez(q'i.{.q'é)d("qd-%). o (2.23)
¢

o
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Here, the continuum flux is defined by

F.(0) = 'Zfsc (1) Ea(Te)d . oo (2.24)
o

$,(Te) ana s, (T, + T. ) ere the scurce functions of the

continuum and the line~plus—=continuum respectively. Hence,

_ 2 : -
D(ap) = =05 { ofscor,_) E, (7. ) dT.

o .
- J‘S,,Crrtmz) E,(T+Te) d(T +Te). .« (2.25)
(o]

If the stellar atmosphere ls assumed to be in local thermo~
dynamical equilibrium, then the source functions are merely
Planck's function B (T ). If the temperature distribution
in the steller atmosphere is known as a function of 'Tl‘, (a

reference optical depth wcale), then, using

Ty
Te =f Xe d,
Ky
(7}

d(T+T,) = {1+%idn,

we obtain

D(AX) = E%)fg)cq-o_) { E;_(Tc.) -

- [14-_3.1.:( E,_(’T’t_*r"f'c_) }d‘r . . (2-26)
[
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In the situations where the portlon of the model
spectrum belng computed includes several lines, it iy only
necessary to add the absorption coefficients of all the
contributing lines., Then KA in equation (2.26) is replaced
by the sum of line absorptiomn coefficients with each K,
evaluated at proper A)A , the wavelength difference from the
centre of the line to the position of interest. Now, by

defining X = log (’n ) and dx = d , the depth equation

Ty

can be written as

= .___,___2____-—- q;KC T
DLAX) = 04303 FCCO)fT,' B,(T)
—~%

X{EJ?;_)-—Y_1+%£]E2(’Q+'7;)} dx - (2.27)

where
2 Ke(Tr)
- T ae . 8
Fl0) = o | T B¢ ) E, (7)) dx. (2.28)

—Bo

Integrand of equatlon (2.27) is called the contribution

function to the line depth (GD). We can thus write

Do

D(ar) = ch(A)\,x) dx. oo (2.29)
~Be

Slight variations exist in the literature in the

definition of the contribution functions., Foxr examplse,
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contribution functlon for residual flux C, (A),x) and
contribution function to equivalent width Cy (Aax, x )

are used by different workers. The concept of the
contribution function was first introduced by Ten Bruggencate,
Lust~Kulka and Voigt (1955) and has been used by numerous
investlgators (e.g., Goldberg and Pierce 1959; Edmonds,
Michard and Servajean 1965). 7These contribution functions
provide an indication of the contribution to the aspect of
spectral line formation coming from diftferent layers of the
stars. Equation (2.28) is perfectly general; Lt applies to
strong as well as weak lines and provides 1n a simple way

for the depth dependence of parameters,

Contribution function of the ftorm used in equation
(2.27) will be megative at small optical depths since
(Kc+ KQ)/Kc is always greater than omne, When 7, Ls of the
order of unity, the self absorption term E, (71'+qh ) goes
rapidly to zero decreasing the importance of the negative
term and the contributiom functiom becomes positive, The
integral of the conmtribution function from O to say T ¥ gives
the line depth that would be observed if the atmosphere from
T¥ to  were missing. Negative part of the contribution
function tells us that without the deeper layer we would be
observing emission lines - which is not surprising. It 1is
only when these layers are observed with a hotter continuum

behind, that one gets absorption lines.
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CHAPTEK 3

OBSERVATIONS AND DATA REDUCTIONS

3.1 Selection of Programme Starss

Galactic distributlon of all Cepheids brighter than
m_ = 9.0 was studied to select thu stars suitable for
abundance gradient determination. Figure(3.1) shows the
distribution of programme stars in the galactlc plane,
Young open clusters and H II regions are also shown Lun the
same figure to bring out the apiral arms. We selected the
stars which lie spproximately along a stralght line {rom
1 = 20° to 1 = 200°., The stars SV Mon and T Mon are chosen
towards the galactic antlcentre whille X Sgr and WZ Sgr are
chosen towards galactic centre., ¢ Gem was taken as repre-
sentative of the local arm population. The sample ol stars

encompasses a range of 4,2 kpc around the sun - 2,5 kpe

towards galactic anticentre and 1.7 kpc towards galactic

centre,

Table 3.1 contains the basic data for the programme
stars. The coordinates, magnitudes, mean spectral types und
luminosity classes are taken from the General Catalogue of
Variable stars of Kukarkin et al (1969). “The distances
listed in the table are calculated using P-L-C relationship

of Sandage and Tammann (1968) and using the colour excesses
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published by Nikolov and Ivanov (1974)., The periods and

epochs of the minima were taken from Schaltenbrand and

Tammann (1971).

Long-period Cepheids of the disk population are known
to be relatively young objects., Kippenhuhn and Swmith (1969),
from the evolutlonary tracks for massive stars, derived a
relationship between the age and the perlod of Cepheids,
According to their calculations, all Cepheids with periods
greater than 15 d should be as young or younger than 2 x 107
yr and for the Cepheids of 11.2 d period, the average uge
estimate was ~ 3 x 107 yre While selecting the programme
stars, we preferred Cepheids with periods longer than ~10 d
and excepting X Sgr (P = 7.0125 d) all ol them satisty this

condition.

J.2 Details of Observational Data

All the spectirogrums used in the present investi,atiovn
were obtained with the 102-~cm reflector telescope of Kavalur
Observatory, The spectrograph used at the Cassegrain focus
is designed by late Professor M.,K.V, Bappu and fabricated
at the lndian Institute of Astrophysics. The collimator
mirror of the spectrograph has a focal length of 70cm. ‘The
reflection grating with 1800 grooves mn~! blazed at 50008 in
the first order, when used with a camera of 50cm in focal

length gives a dispersion of 11.32 mm-1. Bright stars like
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X Sgr, T Mon and ¥ Gem were observed at this dispersion,

The same system with a camera of 25cm tocal length gives a

dispersion of 22.6& mm“l.

A Varo B605 single~stage image-—intensifier tube is
placed at the foous of the camera and the spectra were
recorded either on IIa-d or on 103a-D plates in contact
with the fibre-optic output window of the image tube., The
grating was used at positive angles (i.e. blaze direction
towards the collimator). Such an arrangement reduces the

light loss at the grating considerably (Hollars and
Reitsema 1974).

Durations of the exposures were lLimited by the imayge-
tube background nolse which reaches a density ot 0,05 ubove
chemical fog in 150 minutes in the winter (ambient tewmpera=

ture ~18°C) and in 90 minutes in spring (ambient

temperature ~ 25°C).

The slit width of the spectrograph was adjusted for
each camera in such a way that the projected slit width on
the plate was 20/um. The star was trailed along the length
of the slit to get a wellwwidened spectrum., The widening
varied from O.3mm to U,5mm depending upon the brightmess of
the star. One can record a O.,4mm wide spectrum of a star
of 6,5 mag in 90 minutes with the 50cm camera. With the

25cm camera we can reach a magnitude of 8,0 with the same



60

widening, Table 3.2 lists the details of the observational
data, The last two columns contain the duratlon of the
exposure as a fractlon of the pulsatlon period and the mean
pPhase at the middle of exposure. Since all of our programme
stars have suificlently long periods and the exposure times
of less than 150 minutes, it is rgasonable to asswne that

there was no phase change in the star during the exposure.

For each spectrogram, a calibration plate was simulta-
neously exposed in an auxiliary calibratlon spectrograph,
The calibration set up consists of a Hilger quartz spectrograph,
a rotating sector and a Tungsten filament source. The
calibration and stellaxr spectrograms are developed together

for four minutes in Kodak UDA-19b developer at 20°C,

3.3 Reductions of the Photographic Spectra

An image is stored in the photographic plate in the
form of blackened silver grains in varying degree of
blackening. To determine the intensity of the radiatlon
that blackened the photographic grains, one needs to know
the response of the photographic material to the incldent
light., The response of a photographlc ¢uulsion is described
through what is called the characteristic curve of the
emulsion, A good calibratlon should be able to show the
plate response for a considerable range of light

intensitles,
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The degree of blackening is usually expressed by
optical demnsity of the photographic silver deposit. Suppose
Io is the light intensity falling on a photographic image
and only a fraction It is transmitted through it; then,
It/lo is the transmittance T of the plute., For a clear
plate which is not exposed to any light before developing,
1t = Io' or we can say the transmittance T = 1, If the

plate 1is darkened so much that lt =z O, then T = 0,

¥arlier, observers used percentage deflection (either
T x 100 or (1-T) x 100) as a measure of optical density and
plotted it against the exposure E (I x t where t is the
duration of exposure und [ the intensity of light); but
such a curve would show saturation within a very small range
of densities. Hurter and Driffield plotted optical density
D = log 1/T againgt the logarithm of exposure. With this
new parameter, tlie saturation was reached at much higher
densities, 7This curve was adopted by a number of observers
and the term characteristic curve became almost synonymous
with the one proposed by Hurter and Lriffield (HD curve).
The well-known shape of the curve 1ls responsible for the
general concept that the response of a photographic plate is
inherently non-linear, Various attempts were made by
different groups of observers to fit suitable functions to
this non-linear curve, Baker (192%) introduced a function

D, = log (10D-1) (which is now known as 'the Baker density)
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that gave a linear curve even at a very low density (where
the toe used to appear in the HD curve) and the saturation
came at much higher densities. de Vaucouleurs (1968)

called 10°-1 as opaucitance (W) because ot its relation

to opacity (w = % -1). He constructed characteristic

curves tor several emulsions using this parametexr plotted
on a logarithmic wscales Thouse curves are strictly linear atl

low and intermediate densities which are of practical

importance in Astronomical photometry.

We have used lhe Baker density (logw ) tor our calibra-
tion curves. Flgure(3.2) shows calibration curve tor the
plate o 1361, One can clearly see the absence of toe in
the low~density region and a slight deviation from non-
linearity comes only after D = 1.2. Since our plates were
never darker than D = 0,6, a straight-line least-squares fitl

(excluding the highest densities) was adequate.

Smootheningt The image stored in a photographic emulsion

is a degraded picture of the original information. The most
severe degradation affected by this form of storage ims the
addition of grain noise. One cannot get rid of the nolise

by simply increasing the signal, since the noise is an
increasing function of photographic density., Illence, it is
necessary to devise an ef'fective method of mnoise removal from

the record before the information is analysed,
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Figure 3.2 (a) Density steps in the calibration plate and

(b) the characteristic curve determined from them.
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Fortunately, in frequency domain the photographic noise
decreases with increasing wavelength, 7Thus, it is possible
to retrieve the information at longer wavelengths and discard
the one at shorter wavelengths which is affected by noise,
The best way of noise removal lies in the frequency domain
wvhere one can use the pre-knowledge of the shapes of the

noise function and the signal function to sepurate the two.

A very much simpler technique is to cut off the trequen~
cies higher than the ones transmitted by the wpparatuas
function (instrumental and detector), 7This is the technique
of low-pass filtering utilized in its simplest form by a
conventional researcher by drawing a smooth curve by hand
over the analog records, This method generally meets the

problem of delicate balance between skill and subjectivitye

The digital low-pass filters which are méZre objective
and fairly quick even with the simplest of modern digitizing
equipment are constracted on the principle of the weighted
running average, The running average with equal weights has
side~lobes in the frequency domain and hence degrades the
overall resolution. A ftriangular functlon is very much
better. This is egquivalent of a hanning window used in
Fourier analysis, A further improvement is a hamaing window
wi'ich has weights 0.23, U.54, 0.23 in the data domain, when
J=-point averages are used. Since our apparatus function has

a half-width of hO/um (see section 3.5) and the digitization
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interval is 8/1m the 3=point triangular profile smoothens

the spectra suificiently without degrading the resolution.

Signal-to-Nuise Ratio: 4 quantity which represents the
precision with which the incident radiant energy is deter-
mined is the signal-to-noise ratio. Consicder an experiment
in which identical exposures are given to a number of
plates. The denslty of any specified image will not exactly
be the same on each plate because of the factors such as
granularity and non-unifornlty., These density differences
form a normal distribution with a well-defined mean D and
standard deviation <jb, and with a corresponding mean log I
and uncertainty d&og B The preclision in log I£ is closely
related to the signal-to-noise ratio (8/N). /0, is rela-
ted to density fluctuutions 6,4, by the local slope of the

D

characteristic curve 7,

S _E__ 1 o Q.h3h3  _ 0.4343Y
N Og Glna 610@ E p

Signal-to-noise ratio is an extremely useful guantity as
it allows us to estimate the fractional precision with
which the exposure in auy image element 1ls determined from
a single measurement. A S/N ratio of 10 means that the
determination of exposure is uncertain by 10% and a S/N

ratio of 1000 corresponds to O.1% precision,



Let us now counsider the effect of background exposure
on the signal-to-noise ratio., By background exposure we
mean the plate density which is caused by undesirable
light such as the sky background or imuge-tube background.
The undesirable intemsity which is not caused by exposure
to light is referred to as plate fog which contributes to
the noise but not tv the signal; this comtribution is

automatically included in the determination of Gbo

Background exposure EB 1s mixed with the stellar
exposure Ec. The net S/N is related to the background and

the total exposure ET = ms + EB by the relation:

s (§) - 22 ()
T
In our spectrograms, the density of image-tube
background was always between 0.02 and 0.0k, It affectis
S/N by 5 to 10%. After applying thiscorrection, the S/N
of our spectrograms is generally ~120 and never below 100

even for the fainter stars. After applying a 3-point

smoothening, S/N improves further by a factor JE'or by 41%,

since the effective number of polnts used in obtaining the
average value is 2,

-t

3. Digitization and Reduction of the Raw bData

The stellar spectrograms were traced on the Carl

Zeiss microphotometer. The microphotometer is automated
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utilizing a microcomputer HCL MICRO 2200 (Viswenath 1981).

The hardware of tiils automated microphotometer con-
sints of a positlon sensor, digitlzer system interface and
control logic, microcomputer, microdala intertace (MDL)

and a floppy disk attachment (FDA).

Positional sensor is an incremental shaft encoder
which gives 500 pulses per revolution with gquadrature output,
This is coupled to a gear inside the poitentiometric recorder
of the microphotometer such that it gives one pulse for every
S/Am linear displacement of thie photographic plate., This
palse is the basic clock for the system and the digitization

and data transfer is done on the arrival of this pulse,

The digitizer system Ls an analogue=to-digital converter
(A/D) of three decimal digits and digitizes the analogue
voltage from the potentiometric recorder of microphotometer.
MICRO 2200 is a desk-top computer with 2000 programming
steps and 200 data registers. MDl is a digital input/output
point through which MICKRU 2200 handles Lhe memory backup;
each floppy disk has the capacity to store 30,000 programmling

steps and 3000 data points,

Various programmes (written in a language similax to
BASIC) required at different stages of reduction are stored
in different locations of the disk. A typical run of the

spectrophotometric reductions is described below:



1)

ii)
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Using the programme to log the deflectloms, the
calibration plate is digitized and the defleciions

(measured from the dark level) are stored in the

disk.

A rountine calculates the average L, 5D and logw

for a specified number of points.

iii) By plotting these densities aguinst the plate

iv)

position we can see various density steps as shown
in Figure (3.2a). 7The values of 6 help in
evaluating $/N as a function of photographic density
or logu) as the height and width of the slit of the
microphotometer are kept the same for the calibra-
tion plate as for the stellar spectrograma. The
average logw of each step is determined the next.

The characteristic curve is determnined using a

cuarve-fitting routine,

The stellar spectrum is also digitized using the
programne to log the deflections, Another routine
searches for the minimum deflections in each set of
100 points., The continuum ig defined by choosing
from the highest points only those that have

reached the continuum,

The unexposed portion of the plate just above and

below the stellar spectrum is also traced and
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digitized in a similar way in order to determine
the image~tube background., The average value of
the background ls determined at every 1 mm on the
plate, The image tube background is non-uniform,
being lesser at the edges of the plate and increa-

sing towards the centre.

vi) The deflections corresponding to the stellar spectrum
are smoothened by a three-point triéngular 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 using the coefficieuts of the
power-law fit obtained earlier. The image-~tube
background is subtracted from these intensities
which are then converted to .L/Ic using the

predetermined continuawn,

The Final Spectrum Plotsi Since the microphotometer readings
are at arbitrary steps in wavelength, the data must be
transferred to standard wavelength steps, Firstly, using

the intensity values as a function of plate position, the
spectral lines were identified using a routine which

searches for lines deeper than a specified depths A
Y-coefficient lLeast-squares-fit is made to these wavelengths
es a function of plate position. Accuracy of such a fit was
found to be about *+ 3 data points which is less than the

resolution., With plate position - wavelength conversion
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constant known, the intensities are lnterpolated to regular
steps in wavelength (say U.18), This enables one to
compare the observed spectrum with the calculated spectrum

with greater ease,

Equivelent Widths: The abundance analysis reported in this
investigation is based on the gemeral fit of the observed
spectrum and the computed spe¢ctrum. Thas, the equivalent
widths of the individual lines is gemerally not necessary.
However, equivalent widths of some lincs are useful in
improving various atmospheric parameters and in the error
analysis. Thus, the equivalent widths help in the spectro-

scopic estimation of atmospheric parameters,

When the individual spectral lines do not reach the
continuum because of crowding, and the blending lLs not yet
too severe to affect the central depths of the individual
absorption lines, the equivalent widths can be indirectly
estimated if a calibration between the central depths and
the equivalent widiths is first determined using unblended
lines. Hence, a representatlive sanple of the narrowest
lines in the spectrum were measured for their equivalent
widths using a trapezoidal integration method. A least-
squares straight-line fit to these equivalent widths is
made as a function of their residual intensities, Figure
(3.3) shows such a function for the plate & 1161 of T Mon,

The residual of other lines needed in the estimation of
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Figure 3.3 The relationship between the equivalent widths and

the central depths of absorption lines of Fe.



atmospheric parameters are converted to the equivalent

widths using a similar relationshiiLp. Equivalent widths
estimated in such a fashion would be moie accurate than
the ones obtained by extrapolating the wings to the

continuume

3.5 The Instrumental Profile

Distortlon of the stellar spectrum can be caased by
inadequate spectral purity, detector resolutlon, diffrac-
tion and otlier aberrations. Measurement of the instrumental
profile tells us how much degradation occurs and to some
extent allows us to reconstruct the original Llmage prior to

blurring.

Consrder a light source giving an infinitely narrow
spectral line, Such a line can be denoted by 8'(,K-)°)
where ko is the central wavelengtlhh, The profile of this
O-function source measured with the instrument of interest
is the instrumental profile I ( A )e A general spectrum can
be viewed as a synthesls of functions with their heights
modulated by the flux F (A ). Bach of these S-functions
gives an 1 (A ) in the output spectrum each shifted to the
wavelength of the 5'-functxon. The data actually recorded
is .fhen the sum of these shifted I (A )'s, so that the

observed spectrum is

73
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w0

BN = fm*m £ (3 dh,

- Do

or
DA = 1(A) % FOM).

The data is the convolution of the instruuental
profile with the true flux spectrum, When a spectral line
is intrinsically broader (such as due to rotation in early
type stars) than the instrumental proflle, it is easy to
deconvolve the observed protile from the instrumental one
and get the true profile, However, when the stellar liane
widths are comparable to the instrumental profile the
iterative methods of deconvolution fail and the Fouriler
methods give rise to sidelobes. It is hence more convenient
to convolve the theoretical spectrum with the instrumental

profile and then compare it with the observed spectrum,

An iron-argon hollow-cathode lamp was used as a
comparison source for the stellar spectrograms. We selected
weak unblended lines of this souxrce for determining the
instrumental profile., These comparison lines were traced
on the microphotometer and intensity profiles were determined.
Fae line centre X, was determined by parabolic interpolation.
A linear fit between log I and ( X —x°)2 waa obtained for

deriving the parameters of the Gaussian profile, Figure (3.4)
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shows the log 1 wvs ( x—xo)2 relationship for three such
lines, The ordinates are normalised such that log I = 1,0

at the line centre, Short-wavelength and long-wavelenglh
wings of each line are shown by different symbols as
explained in the figure caption. 1t is clear from the

above figure that the instrumental profile can be represented
by a Gaussian fairly well without significant asymuetry,

The half-width of the apparatus profile corresponds to 0.92
at the dispersion 22,68 m™ | and 0.453 at the dispersion of

11.BX mm_l.

With these preliminary reductions of raw data, we are
now ready to compare the observed spectrum with the theore-
tical spectrum, and deduce the atmospheric parameters and

the chemical composition of these stars,
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CHAPTEK 4

METHOD OF ANALYSIS

4.1 Description of the Computer Programme

In this Chapter we will demonstrate the method of
deriving the abundances of elements in stellar atmospheres
using the spectrum synthesis method. In the synthesis
method we attempt to duplicate the appearance of certain
portions of the observed spectrum using a model atmosphere
for the star and parameters of all known contributors to

the line opacity in the region of interest,

Sneden's Spectrum Synthesis programme has been used
after slight modification. Figure (4.1) glves the schematic
block diagram of the program. JInput to this programme
consists of a model atmosphere and line parameters of all
the relevant lines. Model atmospheres usually describe the
variations of temperature, gas and electron pressure, and
microturbulent velocities as a function of optical depth at a
reference ‘wavelength (say 50008). The continuum opaclities
are calculated in sabroutine OPACIT. Due to its overwlielming
dominance in the stellar atmosphere, major comtribution to
continuous absorption comes from hydrogen in its wvarious forms.
Other smaller contributions due to helium absorption, and

hydrogen and helium Rayleigh scattering are also included.
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Figure 4.1 Block diagram of the synthesis programme.
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These opacity formulations are such that opacity per neutral
hydrogen (or neutral helium) atom is celculated. The total
number density of hydrugen can be wriiten as a sum of the

number densities of all the species made from hydrogen.
N(H), . = a(8°) + n(H") + a(H7) + n(H}) eo (4a1)
and for heliun, usling the same analpgy,

N(He) . = n (He°) + n(He"). co (B.2)

The number density of each component in equation (4.1) can be
written as a function of neatral H and electron number densi-
ties by means of Suha equation, These equations relating the
component number densities to the total number densities of
hydrogen and helium are solved lLteratively using Newton-Raphson
technique and the number demsities of all components are
derived, We will briefly summarise various important contri-
butors to continuum opacity in the following sections,

While describing the formulation of these absorption
cpefficients, frequency dependence of absorption coefficients
is implicitly assumed and hence we drop the subscript A for

the sake of brevity.

Negative Hydrogen: The hydrogen atom is capable of holding
awsecond electron in a bound state because the simple
electron-proton combination is highly polarized., The

ionization potential of H ion is 0.754 eV, The extra
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electron needed to form H coumes from ionized metals, In
solar photosphere, H 1is proved to be the major source of
continuous absorption, At temperatures higher thanm those

in the solar photosphere H~ is deiomised to such an extent
that it ceases to be a strong absorber., On the other hand,
for the cooler stars the supply of free electronsis much less

for H  ion to exist as a strong absorber.

H™ bound-free absorption coefficient H(H-bf) can be

expressed by
K_(u"bf) = n(H") a(u"bf) (1 - hv/kT) eo (Be3)

where a (H-bf) i1s the atomic absorption coefficlent with the
units of cm> per absorber. (1 = hyu/kT) is the stimulated
emission factorj; the absorption actually produced is lowered
by the factor (1 - hy /kT) because of the stlmulated emission,
The polynomial approximation to a (H-hf) is gliven by

Gingerich (1964) is as follows:

-3 13
a(E™_.) = 6.801 x 10729 . -5-'-35———8; o - , l.481x10 ",

V2
-5.519 x 1027 _ 4.808 x 10"
3 * 4
Y v
14

foru)/2.111x 10 and

- -1 13
a(E"Pf) = 3.695 x 10-16 4 =1:251 x 107 1.052; 10
v v
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14
for 2.111 x 10 < V él.8259 x 1014 where 1,8259 x 101h is
the ionisation-limit fregquency, corresponding to the

ionisation potential 0,754 eV for the negative hydrogen ion,

H™ free~free absorption coefficient K (H—ff) is

given by

K (B ,,) =n(Hl)a_ F, (T) o (Wolt)

where F, (T) is given by

Y

54,3748 x 1071 2.5993 x 1077
+ -
v2 V2

which is a fit to the dipole-length calculations by Stilley

and Callaway (1970).

Neutral Hydrogen: Both the bound-free and free-free transi-

tions contribute to contlnuous absorption, Bound-free
absorption is more important than free-free absorption,
Bound-free transition can occur from any level. to continuum,
The number density in each level can be calculated by

Bqltzmann equatlon

n_ = n(HI) &n e~Eq/kT

n m o (1“5)

2
2 Z
wherxe &, = 2n~ and En = 13.595 ?:117;2).
Bound-free absorption coefficient has .the form

K(a,p) = o o, [1-e"¥ /%17, v (4e6)
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Polynomial approximations to cxn as given by Giugeraich

(1969) is as follows

o o 2:815 x 1020 22 [, z? z“]
n - 5 3 n * Bn Y + Gn 2
n Y v
2
for V2 3.28805 x 1015 X % .
n
The polynomial coefficients are as follows:
n An Bn Cn

1 V.9916  2.719 x 107 -2.268 x

2 1. 105 -2.375 x x

3 1.101 -9,863 x x

L 1. 101 -5.765 x 1013 4.593 x 10°7
5 1.102 -3.909 x x

6 1.0986 -2,704 x x

7

For levels above 9, the summation over levels is treated

as an integral over n, and we obtain

29
n(HI 2,815 x 10 ~hy /kT) _kT
K(H,p) = U%HI% x 3 (1 - e 13.595

x [_;13595(1- L) fer_ 9-13.595/1&]'

n

Hydrggen Moleculet Hydrogen molecules appear in large numbers

in coo0l stars, H; is a significant absorber in the ultra-

violet spectral region. H; absorption has been studled by



83

Bates (1951) and Matsushima (1964). Polynomial approximation
to Bates' re¢sults for the sum of bound—free and free-free

transitions is given by Kurucz (1970).

K (Hy) = n(HI) n(HIL) Fy (T) (1-e"h”/"T) os (4.7)
where
£y (1) = exp [- B = 3.023 x 10° + 3.7797 x 102 1nv
kT

- 1.82496 x 10" (1nv)? + 3.9207 x 10~ (1ny)3

- 3.1672 x 107 (1nu)u

with

B, = -7.342 x 1072 4+ =2.409 x 10~9y + 1.028 x 10~30u?2

- 4.290 x 10746 61 4

v3 &+ 1.224 x 10 - 1,351 x 10~77y3

Rayleigh Scattering by Hl and He I

HI Rayleigh Scatteringt Using the cross-section given by

Dalgarno (1962)

13 -6

where % = 2.997925 x 1018

min( V,2.922 x 1013)

where min (A, B) means the smaller of A and B is adopted.



He I Rayleigh Scattering: The cross-section is given by

Dalgarno (1962).

~14 5
(He I)Ray = n(He I) 5'u84Af 10 [} + 2'““); 02,

32()2 - 2.90 x 10-5) ee (4e9)

18
2.997925 x 10
vhere A = Ci(V,5.15 x 1015) °

Negative Helium ion: The bound-free absorption is generally
found to be negliglble for He  because there is only onc bound
level with excitation potential of 19eV, For free-free
absorption, Carbon, Gingerich and Lathaw (1969) guve a

polynomial fit to the calculations of John (1968).

F{(He-)ff = n (He I)n, F,, (T) ee (He10)

where Fy (T) = aT + b + ¢/T
with

-31 -15
a = 3.397 x 1046 _ 5:216 x 1077 | 7.039 x 10

v v
-26 ~11
b = <4.116 x 102 , 1.067 x 10 = 8.13525710
b v
- : 22659 x 10 _
¢ = 5.081 x 10727 - £.724 x 10 _ 5.6 zx 107"
Vv v

When all the absorption coefficients are calculated, they
are mualtiplied by NH or NHe as appropriate and added to get

total continuous absorption coefficient K%.
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Following Sneden (1974), we will demote the continuous
absorption coefficient as K, and line absorption coefficient
by Ky for convenience, Numerical integration subroutine
HELENA integrates KA over the atmospheric levels in order

to get the continuum optlcal depth 7} « JIn the calculation
of a given line, we need continuum optical depths 7} at an

arbitrary wavelength. By definition,
d’T'A -— KA/D dl e e (l".11)

Where KA is the continuum opacity at wavelength ) and P

1s the density of the muterial and dl the increment of deptlh

aTy
Ky
and T, are the continuum absorption coelfficients and

in the atmosphere. We can also write dl = where K,

continuum optical depth at referemce wavelength, Now,

T

K)Ctr) t. .
7} = Ky (ty) d r ee (4.12)

At first, the continuum absorption coefficient and optical
depth is calculated at the reference wavelength and the

value of T, is calculated using equation (k.12).

Subroutine EQLIB solves the molecular equilibrium
equation for all the relevant molecules at all the atmospheric
depths, and calculates the free atomic density of all
molecule-forming atoms. Input data to this subroutine

contains the polynomial constants which are obtained by doing
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least-squares fit to Tsuji's (1964) table of the logrithm

of dissociation constants as a function of temperature., In
our input data, we have the molecule identification number
followed by four polynomial constants. The dissociation
Potential is calculated using the appropriate constants found
with their identification number, Subroutine SUNDER examines
each molecule and returns iLts compoment parts and subroutine
DISCOV counts the number of times a particular atom appears in

a molecule. Subroutine EQLIB solves simul taneocusly equations

of the form

zZ
"

i

2
L]

n, + 2 na,,nn,/K oo (lotly)
oY PPy

Where Ni is the number density the element 1 would have had

if there were no molecules, n, is the actual number density

i
of i3 KiJ is the dissociation constant of molecule ij and nij
is the number of times atom i appears in molecule ij., For
the solution of this set of equations, tlie Newton-Raphson

method was employed. Briefly, given a set of equations ?kx)

where X. = (x1 y X

o oo X ) are the initial guesses to

?
2, o
i

the variable x and = (f1, fz, f3, cae fm), we solve the

system of linear equatiomns

A(D) S =75 (%)



~
for the increment 8 :—'—(51, 52, 63’ 8“ scsos gﬂ'I)o
Matrix A is given by

CE T
Aij (x) = axJ (x),

~S
1.e. matrix A is the matrix generated by differentiating

each function fi by each varliable xj and evaluating it at

r~

~ ~
X. Then, & = =f (;) Pl (?cl)

~/ o~ ~

x + 8 .

and xnew old

~/ ~

3 i - <€
The process is repeated till xl,new xi,old y for all

Xy In our problem X are the number densities of different

atoms or ions,

At this stage, the spectrum commands and line data are
called for, We have to specify the starting and ending
wavelength of the computations, the step size between two
spectrum calculations and the limit on the either side of the
step point for which the contribution due to neighbouring

lines will be included in the spectrum calculations,

The line data consists of wavelength of the line (&),
identification of an atom, given in the style of ATLAS (i.e.
the integral part 1s the atomic number of the element and
the number after decimal point shows the ionisation state,
Thys Fel = 26.0, FeIl = 26.1 etc.), atomic mass of the atom
in a.,m.u,., xa, 7%' the first and second ionisation potential

(eV) of the transition and the gf value i.e. the statistical

87
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welght multiplied by the oscillator strength of the line 1i.
In subroutine PARTFN the partition functlions at each Level

of model atmosphere for various atoms are calculated using

an expression

Log U = Const 1 + Const 2 x T + Const 3 x T2

+ Const ’-I-sz o (ha15)

where the constants are those appropriate to that particular
ion under consideration. These constants were derived from
the least~-squares fit of the temperature versus log U, from
the partition function data contained in the following
sources: Drawin and Felembok (1965) for H, He, Be, C, N, U,
Na, Mg, Al, 541, Ca, Ti, Cr, l'e, Co, Ni, Zn, Sr, 4r and Baj
Bolton (1970) for $i, Mn and V; Kurucz (1970) for rare-earth
elements, The temperature range of the fits are roughly from
2000 K to 20000 K and the fitting accuracy is always 1.5
per cent, These constants are stored in the subroutine as
data with an identification number in ATLAS astyle followed
by\twelve coefficlents, four for each lonisation state

beginning with the neutral state,

Line absorption coefficleat is calculated in subroutine
NEARLY, We have the standard formula

- 2

Ky = N 7-:’-‘%; Aqu ‘—_1 - e-hcAkT]U(a,v) . eo (4.186)
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In this equation, we have the physical constant 'nea/mc,

the number density of the absorber N and oscillator strength
of transition, f, the Doppler width AV, in frequency
units, the correction for induced emission 1--e'h’)/kT and
normalized Voigt-protile function U(a,v). The Doppler

width is given by

svy =1 [ A e oo (517)

where E is microturbulent velocity and M is the mass of the
absorber., Normallzed Voigt function U(a,v) can be expressed

as

Do EY
;'
Ula,v)= —9-;,1 _i__iz_.—- =L H(e,v) (4.18)
(v-y)4a* 77 teoATe

-

where H(a,v) is known as Hjerting's function. The approxima-
tion formula for H(a,v) for varlous combinations of a and v

has been taken from Voigt (1965). The stated errors are less
than one per cent. The variables are the damping parameters

a and Doppler velocity v. They are given by

M + T+ T oo (4.19)
27 )'\-'[%?:1- E"}i
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where rn’ rﬁ’ Fw are natural, Stark, and Van der Waals

broadening half-widthis and Doppler veloclty v is given by

A

- 7 . oo (4.20)
I

For
Simee Van der Waals broadening Ea—tmnit i -SURENet s o mmmwt-

et owksy TG e aaeesiprerad P the celwulsibons,
fthe following formula from Unséld (1955) for daamping half

width was used

T O.h

0.6
v = 17.0 x 06 x V

x N(HI). es (lo21)

Here, V is the mean relative velocity for an atom of mass M,

given by
M - SE NI L (4.22)
= [’T! (M + MH) ’ .e .
Cg = 1.6 x 10 ~33 [( ) - (X:L—E:L'l) :[ oo (4.23)

Z 1is the charge of the atom

Ze = 1 for neutral atom, 2 for singly~ionised ion etc.
)(.i = the ionisation potential
E s B = the excitation potemntials of the lower and
i,1 i,un
o upper states for line i,

Calculation of all these parameters are done for each layer

of the model atmosphere, For the calculation of number
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density of absorber in the lower state of trangition, Saha

and Boltzmann's equations were used. Consider an atom i :

N + N + N

Ni,totar = Ni,x * Ny, ix i,I4%°

Now the Saha equation is

3/2
Hi,j-nne _ (277— m; kT) 2 Ui +1 e-m,d/kT

- 'y (’4-.2}4‘)
i, h Y1,4
so that
N 15 U 4
i, i+ 4,830 x 10 L, vl 5 3/2 = 1,16 x 10, /T
N, = n U e L, d
i,J e i,J -
LI ) (4!25)
Then we may write
Ni,tot =N:L,I + Ni,I.[ Q1 ‘e (4-26)

b~
4,890 x 10> Ji,Tar o 3/2 - 1,16 x 10* X4, 11

where Q1 = 1 +

Re Uy, 1z T
Then
N N, . (1 + 4 Q1) =N, . Q2
i,tot = L,I N = 74,1

i,I

where Q2 is the guantity in the braockett. Above equations

ar® solved to yleld Ni 1° the number of neutral atoms, Also

N = N (.l.q..!'..l.:_[. + Ql)
i,tot i,IX Ni,lI
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s80 that
N
N, o i,tot - Ni tot
tyld (Q1+Niv£/ﬁlolp (NivI/Niy-LI) (1+Ni,1.l Q1/Ni,I)
- Nia1 Nitot
N1 Q2

Finally, for a particular state of an atom we have from

Boltzmann equation,

&1 E /KT

N. . =N 1,4,z _-Bi,§,r ) (4.

id.r Ly U ° v (4.27)
?

Logaritimic abundances for all the elements from 4 = 1

to Z = 65, scaled to hydrogen are also given as inpuat data.

Ni’d = ABUNDANCE x NH, . . oo (4,28)

With these considerations the number of absorbers (XNUM)

relevant for the particular line can be written as

cnuy o DUNDANCS x NHyop . -1,1605 x 10" B
- Q2 x U(1) T
.o (4.29)
for neutral atom, N'i II
ABUNDANCE x NH x N, 4
_ tot 1,I -1:1605 x 10 £1
o (4.30)

for ionized atom, The absorption coefficlent at line centre

is given by
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| = e M;g{ (1_5“/)\“).

oo (La31)

The line absorption coefficient at a distance AA from the

line centre is calculated by

'.)‘ = 10 x U (a.,v). e (4.32)

Line opacities and optical depths at wavelength, say ) ,
is calculated in subroutine TAUKAY, Contributions from all
the lines falling ln the wavelength range MN—-A\ to A+A4AA
are considereds The limit AA is specified in the input line

data. At each level, | line optical depth given by

Ky = E— lJ (I) x U (aJ(I)v\l) o ()"'-33)

is calculated.,

Now we are ready to calculate the emergent fluxes ibn the
line and continuume The emorgent continuum flux as dellned

\

in Chapter 2 is given by

o
F (o) = 2fsh(¢,\) E,(T3)dT;-
0

The source functions in LTE calculations are merely Planck
functions B (T). Planck function at a wavelength A is

calculated in subroutine SOURCE by Planck's radiation law
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2hv? dv .
B,(T) v = =5~ JamT_ oo (ba34)
With
7\: % QY\d ]dv| = _Q.’.d,\
wé have

d)
e _dA .
BTy AN = EF S T

.o (4.35)

If ) is expressed in R,

2ne® _ 1.19089 x 1073

A3 - A5
and

he  _ 1.43879 x 108

) KT T ¢
Finally we get

B, (1) = 119089 x 107 1 - (4.36)

A N A5 o 1o B3BTI/AT | e

The exponential integrals are calculated in Function

Subroutine EXPINT, Formally,
» ]

-xt -t
En (x) = f etn dt = xn'ﬂ f Q_;EQE . 0o U“-37)

x

-
1
Now
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En' (x) =

O)‘Q)

b
e b5
n =
X t
1

We can derive a recurrence formula
E_(x) = 1 [e"x - x B (x)] (4.38)
n n-‘ n-.‘ L ] [ ) 03

This allows one to get En(x) from E1(x). E1(x) is calculated
from the polynomial approximations of Abramowitz and Stegun
(1965), where, for different ranges of x, 0<x <1, 1<x <100
and x 7100, difterent approximations are given, The errors
are stated to be less than 2.0 x 107/, In our computations,
first E1(x) is calculated by appropriate formula and then En(x)
is calculated using the recurrence relation (4.38)., Since the
spectrum range covered 'Ls small, we can use a single wavelength
for the continuous opaclity calculations, Ceuntral wavelength
of the portion of the spectrum to be computed was adopted for
a calculation of the continuum flux

NTAU FTn] s (T (1)
T (L) B LTI Bl (- .
F(0) = f““” 2ot 2 dxy (1)

O 4343 K, LI)
1 e e (‘4.39)

where X, = log 7, .

Now we are ready to compute the spectrum depths., For the
starting wavelength, the calculations of line opacity and
optical depths at this wavelength is done for all atmospheric

levels, Contribution curve of depth as defined in Chapter 3
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is calculated by

Te (1) K, (1) B, LT (T)] { e, [- T, (D]
04343 Fp(0) K, (D

c¢cp () =

L Hull) ] B LT -] %

K)CI) . (4.’40)

Then the line depth is

NTAU
D(N) =f eo(L)a x_(L).
1
The depth calculations to next wavelength

WAVE = WAVE + STEP

are done in a similar way and the entire spectral region of

interest ls computed,

The computed spectrum is convolved to apparatus functlon
in subroutine CUNGAU, The instrumental profile as described
in Chapter 2 can be expressed by a Gaussian profile, In this
subroutine the input data is the full width at half wmaximum
of the instrumental profile, The subroutine generates a
Gaussian profile and convolves the computed spectrum with this
profile. The convolved spectrum is fipally compared with the
observed spectrum, Subroutine PLOT plots the computed spectrun
with the help of line printer, Hence it is not an accurate

representation, but useful only for visual inspection.
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k.2 Justification of simplifying assumptlons

In the method of spectrum synthesis adopted in this
work, following simplii'ying assumptions about the atmos-

Pheres of stars have been made:

1) Plane-parallel atmosphere: The extent of the
atmosphere is much smaller than the radius of the star
(£%B'< 0.1), so that we caen consider plane-parallel geometry
instead of concentric spheres. Low-gravity stars (supergiants
and giants) have extended atmnospheres and validity of the
assumption can be questioned. de Jager (1972), de Jager and
Neven (1975), de Jager (1980) and Vardya (1982) have calculated
the limiting value of gravity 8nin below which the plane-
parallel approximation does mot holds For the temperature
range of our interest 5000°K-6000°K the €nin calculated by
Vardya (1982) is ~6 whlle none of our programme stars have
€ <10, Thus the assumption of plane-parallel geometry is a

reasonable one,

Further, in Figure (4.2), we show the contribution
function for the equivalent width as a function of optical
depth for two lines of reIl (E1 = 0.0 eV, and 3.2 eV), We
can see from the figure that the actual contribution to the
line formation (or the depth of formation) comes from a

oy

narrow range in optical depth mainly betweem {log7 = =0.3

to + 0,8). The contribution function CD (7" ) was calculated
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using a model Teff = 5500K, Log g = 1.0 from the grid of
model atmospheres of Kurucz (1979). In these models,
geometrical heights corresponding to different values of
optical depths are also tabulated, Full width at half maximum
of the contribution function in Figure (4.2) corresponds to
B4B60 km in geometrical height scale, If the radius of the
star is 60 Ry, which is typical of galactic Cephelids, the
ratio of the line~forming region to radius of the star is

~ 0,0002, Thus it is reiterated that the use of plane-

parallel atmospheric layer will not introduce any serious

error in our calculations,

2) The local thermodynamic egquilibriwn: The atmosphere
of the star is assumed to be in local thermodynamic equili-
brium (LTE); i.e. the relations such as Boltzmann's equation,
Planck's formula and Kirchoff's law hold al a given point at
the local temperature ot the point, All tlhe metallic lines
are formed in the layers of optical depth T= O.1 to 10, In
these layexrs, the collislonal processes are dominant as cowmpared
to the radiative processes. Therefore, for these photospheric

or near-photospheric lines the LTE formulation is good enoughe

3) The hydrostatic equilibrium: The atmosphere of the
star is assumed to be in hydrostatic equilibrium; this implies
tkut there is no large-scale acceleration comparable to the

surface gravity; hence the pressure balances the gravitational
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attraction. JIn the pulsating atimospheres of the Cepheids, the
validity of such an assumption can always be questioneds For
all the programme siars, the duration of the exposures were
less than 1 per cent of the star's pulsation reriod, So, it
is unlikely that there was any change in temperature and
pressure of the star during the observation, Besides,
Schmidt (1971) has pointed out that for Cepheids with period
larger than 10 days, spectroscopically determined surtace
gravity values are in agreement with those derived from theair
massess The masses indicated by evolutionary tracks of
Hoﬁzmeister'(1967) or I[ben (1967) can be used together with
the radii obtained by Wesselink's method. ‘The gravity can

be calculated from

GM
Bepr = R2 - R

which holds if hydrostatic equilibrium is valid, (i.e. if

R is a constant throughout the atmosphere). Schmidt (1971)
compared spectroscopically derived gravitles with those obtain-
ed from evolutionary masses. For Cepheids S Nor and

M Aql (P = 9.75d and 7.18 d, respectively), he found a
disagreement between the two gravity determinations. For
Cepheids of longer period (Y oph:t P = 17.12 d), there was no
significant difference between the two estimates of gravity.
Rodgers and Bell (1968) have compared the demsity variations

of several Cepheids. 1ln the case of long-period Cepheid
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1 Car, there is no apparent density variation larger than

the errors in density estimations. The star 1 Car is a
long~period Cepheid and huas a small amplitude of light varia-
tions. It is possible that the atmosphere Ls always in
hydrostatic equilibrium and a constancy of gravity and
density is expected, However, long-period Cepheids SV Vul
and K Pav have a sudden increase in the denslty near maximum
light superimposed upon the gradual variatlons with & second
maximum near minimum light. The sudden increase in density
comes at the same phase Iin each case as a strong outbtward
acceleration. Over the rest of the cycle, the varlation in
the density of the atmosphere is very slow. Lt appears from
the above discussion that in long-period Cepheids of small
amplitudes, the gravity does not vary much over the cycle

and comsequently 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
gravity varies during the short interval of. outward accteleraw
tion and stays nearly constant rest of the time. The
atmospheres of short-period Cepheids do not appear to achieve
hydrostatic equilibrium during a large part of their cycles
and the relation between gravity and acceleration is not
obvious for them, KXeller and Mutschlegfer (1970)calculated
a h{fdrodynamic model -of a 11.5 d Cepheid, They also calcula-

ted hydrostatic, constant-flux atmospheres with parameters
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geff and Teff taken from the hydrodynamic mocdels at selected

Phases. The structure of these atmospheres compare well
with the hydrodynamic models; the (B-V) colour predicted by
the hydrostatic atmospheres and hydrodynamic models show
favourable agreement. These considerations imply that for
long-period Cepheids (P>10 d), properly-chosen hydrostatic
atmospheres can adequately predict the observable properties
of Cepheids. Excepting X Sgr (P = 7.01 d) all our stars have
Periocds > 10 d. The light curve of X Sgr is very smooth
without any suggestion of humps. All the stars were observed
in a phase range where the acceleration of the atmosphere is
close to its minimum. We believe that for the¢ phase at which
the observations were made, the assumption of hydrostatic

equilibrium is not unrealistic for X Sgr stuar also.

4.3 Determination of Atmospheric Parameters

Many model atmospheres are available in the literature
and numerous programmes to calculate them, These models all
dePend on values of three parameters: the effective tempera-~
ture (Te)’ the surface gravity (log g) and chemical composi-
tion, The abundance worker who is beginning a spectral
synthesis is expected to have an approximate idea of what
these parameters are for the type of stars considered. A
gr.’ﬁiwork of models is selected which is distributed over the

range of uncertainties in the initial estimates of Te’ log g
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and abundance. Calculations are made for all these models
and final results are taken from the partlcular model which

gives the best fit of the theory with observations,.

The ideal spectroscopic information for a reasonable
estimate of thg atmospheric parameters is the measurement of
relative energy distribution in the continuous spectrum,

What is available generally is not the energy distribution
curve but the stellar colours whlich are essentially the

energy distribution observed with broad band-pass filters., By

a comparison of the magnitudes measured 1n differemnt parts of
the spectrum, a measurement is made of the shape of the stellar
energy distribution, The difference between the magnitudes

in two bands, defined as the colour between the two effective
wavelengths, gives a first-degree shape, or the slope ol the

energy distribution,

4,3.1 Estimation of Approximate Atmospheric Parameters frow

Colours

It is necessary to correct the observed colours for the
interstellar reddening, before using them to derive atmospheric
parameters., Any uncertainiy in the intrinsic colour will
affect the atmospheric parameters derived using them. An
eryor of 0,1 mag in E(B-V) corresponds to about 300K in the

temperature scale,



Existing photometry ol Cephelids, though extens.ive,
is very inhomogeneous and mostly has been made us lng broud-
band photometric systems. These systems are not very well
sulited for accurate reddening determinations. Stars with
different spectral energy distributions obscured by the same
amount of interstellar dust will show different colour
excesses in such broad bauds. One can, in principle, correct
for broad-band non-lincarities, but the correction terms are
not sufficiently well defined and -~ in the case of Cepheids -
not only vary from one star to another but also depend on the

pPhase of light varlations.

Pel (1976) has published Walraven five-colour photometry
for 150 Cepheids in the southern Milky Way., The quantity and
quality of this data is outstanding and must represent the
most extensive uniform, high accuracy body of dala ever obtain-
ed on Cepheids. The properties and stability of the VBLUW
system, and the calibration of VBLUW colours in terms of
physical parameters by means of theoretical spectra, have
beén discussed by Lub and Pel (1977). It was demonstrated by
these authors that the effect of reddening on VBLUW is highly
linear because the VBLUW bands are sufflciently narrow. In
particular, the slopes of the reddening lines are independent
of the observed energy distribution which implies that the
same correction term can be used for all the phases of a

Cepheid. This greatly simplifies the reddening correction as



compared to broad~band systems where complicated differential

corrections are neceded,

Pel (1978) has derived temperatures, gravities, bolo-
metric light curves, radius variations and equilibrium values
of these quantities for 98 Cepheids with P> 11 d, using the
model atmmosphere spectra from Kurucz (1975) and the intrinsic
colours of these Cepheids, The method adopted by Pel (1978)
to derive the colour excesses is to shift the observed points
in the two~colour diagram along the reddemning lines (corres-
ponding to the known interstellar extinction law) onto their
intrinsic unreddened positions. Additional information 1is
thus needed to define the intrinsic position. Pel has maue
independent determination of the required intrinsic Cepheid
locus, The two-colour cdiagram most suitable for thls purpose
is (V-B) - (B-L) dlagram. 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 curves and the differences in amplitudes
for the stars of dlfferent periods, the loops of most Cepheids
look very similar in shape and orlentation, Observations of
stars of different luminosity clusses reveal that for spectral
types later than FO there is practically no luminosity effect
in whe (V~B) - (B-L) diagrams. Theoretical colours derived

by using Kurucz model atmosphere fluxes (Lub and Pel 1977)
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confirm this by demonstrating that all constant-gravity lines
for Te<:7500°K nearly couincide., These rcasonings indicate
that all unreddened Cephelds occupy a well-defined locus in
(Vv-B) -« (B-L) diagram ond that the observed loops must have
been shifted away from this locus by different amount of
reddening. By shifting the loops buck onto the locus one can
determine the colour excesses. To fix tlie unreddened position
of this locus Pel (1978) used (1) the reddening of the bright-
est and least-reddened Cepheid ‘ﬂ Dor, (2) the reddening of
thre least-reddened cluster Cepheid 8 Nor, (3) positions of the
brightest Ib and Yab supergiants in (V-B) - (B-L) diagram,

and (4) the theoretical (V-B) and (B-L).

The (V-B) - (B-U) diagram is best sulted for a derivation
of physical parameters due to its sensitivity to temperature
as well as gravity and because it separates the two parameters
well. Pel constructed a theoretical (V-8) - (B-U) diagram
using Kurucz models. Following analytical expressions were
fitted to the grid of theoretical colours and holometric

corrections:

&, = 0.812 + 1.008 (v-u)* + 8.5 {(v-a)* - 0.0123

(V-B) = 0,216
(B~U) ~ C.157 }

*
with (V-B) = 0.337
2

Log,g = 1.340 - 16.1 (8-0)" - 7.0 {(B-U)*f
1,61
with (B-U)* = (B-U) - 0.50% - 1.2 x %_'99 ~ 0.852]¢

# 0,015 (8, = 0.852);
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and

B.C. = 0,834 ([ee - u.695|)3/2 + 0.035 (log g)

-9, (V.027 log g = V.053) = 0,156,

6 = 2040

e Te

In the region covered by the Cepheid loops, these relatlouns
Tit the exact values of the descrete grid points to within

0.0015 in Ge and 0.05 in log &

Pel has computed this grid using tho model atmosphlieres
due to Kurucz ('re = 5500 - T7OO0OK and log g = 0.5 -~ 3) and
extrapolated the analytical relations down to Te = 5000K
to cover the complete loops of Cepheids with P <11 de “7Though
a majority of our programme stars have puriods longer than
this value, the phases on the descending branch of the light
curve at which the observations were made have T}S’-&OOK and
hence do not generally involve extrapolation. The initial
estimates of Te and log g were hence obtalned using the

analytical expressions quoted alove,

k.3.2 Improvement of the Atmosgpheric Parameters using

Spectrum Synthesis

The photometrically-derived atmospheric parameters provide
a first guess to the star's atmosphere, Thls guess la
by computing
improvedLg large number of lines (for an element say Fe)

covering a large range in equivalent widths, exoltation
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potentials and atleast two ionisation stages, for sllightly
differing atmospheric parameters until the computed spec trum
agrees with the observed one consistently for all the lines.
Ditferent atmospheric parameters affect the strength of the
lines in different ways; this fact helps us in improving each
atmospheric parameter independent of the others. The

parameters were improved in the following order:

(1) Microturbulence: The motions of photospheric gas elements
is broadly called turbulence., If the element of moving gas is
large compared to the mean free path of a light quantum the
turbulent motion is called macroturbulence. Macroturbulence
does not affect the equivalent widths of the lines but the
line profiles are brovadeneds When the individual elements

of the moving gas are small compared to the mean free path of
a light quantum we will have microturbulence. Here, the
elements of gas moving with different velocities absorb at
different distances from the centre of the line. Absorptlion
can occur over a greater range in wavelength because of the
Doppler shifts introduced by the turbulence. If the line is
not weak and saturation effects are present at the core of the
line, broadeninyg introduced by the microturbulence reduces

the amount of saturation allowing the eguivalent width of

the line to increase. The effect of microturbulence on the

curve~of-growth is to raise the flat portlon above the one
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produced by thermal motions alone. ‘The microturbulence is
taken as a free parameter in abundance analysis by the
curve-of-growth technlique and is determined from the shift
required along the y-axis for the theoretical and observed
curves of growth to agree. In our approach, we computed the
equivalent widths for a large number of Fel lines covering a
good range in equivalent widths, using the models with Te and
Log g determined photometrically and for a range of trial
values of microturbulence velocity. Since it is known from
the previouns studies (e.g. Schmidt 1971; Schmidt, Rosendhal
and Jewsbury 1974; Luck and Lambert 1981) that the abundance
of iron peak elements in Cepheids is not very much different
from the solar value, we have assumed the solar iron
abundance as a starting value. 7The microturbulence velocity
for which tlie lines of different intensitles agree with the

observed ones was finally adopted.

(2) Effective temperature: ‘lhe temperature controls the line

strengths very strongly. The temperature sensitivity can be
sten through the exponential and power dependences with ’1‘e

in the excitation ancd ionisation equations. As the tempera-
ture is varied, most lines go through a maximum in strength.
Usually the incr.ase in strength with temperature is due

to an increase in excitation. The decrease beyond the maximum
results in some cases from the increase in continuous opacity

of the negative hydrogen ion which in turn arises from an



increase in electron pressure. In some other cases, the
decrease results from the lonisation of the absorbing species.
Normally the temperature derived frum continuum colours is

not very accurate. In order to improve the estilmate, lines

of a particular element, say iron, covering a large rauge in
excitation potential are computed. Abundances derived Lrom
individual lines are examined to see il they show a correla-
tion with the excitation potential; such a correlation is
expected if the atmosphuric temperature is incorrectly clhosen.
The elimination of such a correlation with excitation poteatial

would lead to an improved clhoice of Te'

(3) Surface Gravity: Changes Ln the pressure cam chiange the

ratio of line absorption tu the continuum opacity. The
pressure is related to the surface gravity througli equations

X g1/3.

P =06, x g1/3 and Pe =C Therefore, the pressuare

e 1 2
dependence can be translated into a gravity dependence. Lines
formed by any ion or atom where most of the element is in
the neighbouring ionisation stage are insensitive to changes
in pressure (and hence in gravity); bui lines corresponding
to the dominant ionization stage are pressure sensitive. For
example, in the case of the solar-type stars, most of the iron
is singly ionized and, therefore, Fe Il lines are more sensi-

tive to pressure compared to Fe I lines. Once the temperature

is accurately determined, the value of gravity can be
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determined by requiring that the lines of neutral and

ionised irom lead to thes same value of abundance.

b, Assembling the line data

Among the line parameters required in our investigations
the wavelengths were taken from Moore, Minnaert and lloutgast
(1966) and the excitation potentials from the Revised
Multiplet Table (Moore 1945). Accurate gf values for all
the lines of interest uare very difficult to get. Though a
number of investigutions exist (particulurly for elements
like iron, chromium etc.) there are large dit'ferences In gf
values determined for the same line in different investigations
and for some weak lines gf wvalues have not been calculated at
2all, The most accurate gf values determined so far is by
Blackwell and Shallls (Oxford group) who claim an accuracy
of 0.,5% in their gf values, These investigators have experi~
mentally determined the gf wvalues for a large number of Fe and
T4 lines. Such high-precision gf values are not available for
other elements; even for i'e and Ti there are very few lines in
the spectral region of our interest for which high~accuracy gf
values are known. Considering these problems, we have employed
here, solur gf values obtained from an inverted solar analysis.
Solar abundances were tuken I'rom the new table of Pagel (1977)
and the solar photospheric model of Holweger and Miiller (1974)
was adopted with a depth indepéndent microturbulent veloclty

of 1,0 kms-1. The trial gf values were taken from the
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compilation of Kurucz and Peytremann (1975); they have
determined semi-empirical g values of iron lines and also

compiled the gf values of other elements from the literature.

We have glven the equivalent widths of Moore, Minnaert
and Houtgast (1966) as input to a single-line version of the
spectrum synthesis programme. 1ln this programme, gf values
are altered by small amounts till the computed equivalent

widths agree with the observed ones,

The use of these solar oscillator strengths makes this
study essentially a differential one with respect to Sun,
The use of model-atmospheric technigque removes the difficul-
ties encountered otherwise in comparing with a stamdard of
dissimilar spectral type and luminosity. The observed solar
spectrum from the Atlas of Solar Spectrum by Minnaert, Mulders
and Houtgast (1940) is compared with the theoretically
computed spectrum in Figure (4.3)s One can see from the

Tfigure that the agreement is very good,

The s-process elements are usually represented by very
few, weak and often blended lines. Very few abundance
deterninations of these elemenis are available 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 53 to 153
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region) were selected having as many lines of Ba, La, Ce,

Sm and other s-process elements as posslble. In Appendix,
we give the list of the constituent lines for the various
spectral regions compuled. The fixrst column gives the wave-
length of tlhe line adopted from Moore, Minnaert and loutgast
(1966). The second column gives the atomic identification
of the element together with the ionisation state of the
element in the style of ATLAS (Kurucz 1970). The integral
part of this nuamber is the atomic number, and the first
decimal tlie ionization state. The third column gives the
atomic mass in amu, Fourth and fifth columns give the first
and second ionisation potentials of the atom respectively,
Sixth and seventh columns give the excitation potentials of
the lower and upper le¢vel respectively, The eighth column

gives the adopted gf values.

The spectral region h5502-456kx proved to be extremely
important in our investigations. Ba IX 4554.036 is an asset
for the investigations because, for the speclral types of
Cephelids, this line is relatively unblended. Shortward of
this line, the first conspicuous line is Ti II 4552.29 which
is not likely to affect the equivalent width and the central
depth of the Ba II line. In the longer wavelength slde,

Cr IX 4552.02 line (multiplet 44) is present. Intensity of

not
this line isjmore than 50% of the Ba II line, Fortunately,
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there are two more Cxr Il lines arising from the same multiplet



in the same wavelength region (Cr lI 4558.050 and Cr IX
4588,204). These lines can be used to predict the behaviour
of Cr II 4555.02. Once a sulitable value of chromium abun-
dance is determined using other lines, the spectral region
around 45548 can be computed with dif'ferent barium abundances
till a satisfactory agreement is reached. Ba II 4550.036

line has the advantage that very accurate gf values are deter-

mined by Holweger and Mdller(1974).

Some investigatiors Jo not recomuend Lhe use of 4554.036
line because of its strength., This line does not fall on
the linear portion ot curve ol growth but on flat portion
where the lines are supposed to be more sensitive to micro-
turbulence. However, accurate value of microturbulence can
be determined from the lines of elements like Fe, Cr and Ti,
prior to the barium abundance determination, and hence the
accuracy of the abundance eatimates can be improved. Instead
of being disadvantage, the strength of the line becomes an
asset in low-dispersion spectra where weak lines are almost
léht due to the crowding of lines.

theve
In 4550.02 to h564.02 spectral reglon &haree are also

important lines of Ce II at 4560.2808%, 4560.9668 and 4562.367%
(resonance line), The line at 4562.367% is almost unblended.
Its equivalent width is ﬂJSOmX, j,e. this line is on the linear

portion of the curve of growth and hence is very sensitive to
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abundance. The contaminating lines which might interfere
with these three lines of Ce lL are the following: (1) Fe I
4560.097 line which is rather weak for low-gravity atmospheres
(1og g = 1.0 = 2.0) Like Cepheids and hence not likely to
affect Ce II 4560.280 line very seriously. At solar gravities
(log & = 4.4) the ¥Fe I Line becomes as strong as Ce 1I line.
(2) Another contaminating line which comes in between these

Ce Il lines is te I LU561.417 which is even weaker than le 1
L560.097. 1t continues tuv be weak for all gravity values.
Solar equivalent width for this line is I.BmR and even Ln the
Photometric Atlas of Spectral Lines of Procyon (¥F5Ib) and

& Boo it is not conspicuous. The atomic parameters of all
thege lines are included in the spectrum synthesis calculu-
tions reported here, Since tnere is a lurge number of
unblended el and Fe Il lines in the spectra, the avbundunce
of Fe is determined very accurately from them and the effect

of these lines could be eliminatede.

The resonance line Ce II 4562,367 is quite isolated
and - at the dispersion of 11.3% mm~ ' - is one of the most

suitable lines for abundance determination of Ce.

At the dispersion of 22.62 mm.1, which we have employed
for the falnter stars, Ce II 4560,280 and 4560.966 have
merged together, but this mixed feature can still be used

for deriving the abundance of Ce. Cowley (1970) has suggested
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the use of curve of growih for a blend itself, Blends are

much easier to deal within the method of spectrum synthosis,

At the dispersion of 22.6% mm'1, Ce IXI 4562.367 makes
its presence felt as a hump in the wing of Ti I1 4563,766
aud if the abundance of Ti is f'ixed using other lines of Ti,
the hump at 4562.367 still provides the information on the

Ce abundance,

The utility of other lines of Ce Il (e.g. 4486.917 and

4628.160) is limited to high dispersion spectra.

For Sm the important lines are due to Sm II 4329.038,
4334%.166, 4362.038, 4420.526, 4577.694 and 4616.,720. All
these lines can be used at higher dispersions, but at lower
dispersions Sm II 4334,166 and 4362.038 ure the only ones
that can be used, The former line is blended with La LI
4333.764, but the contribution of these two lines to the
blend can be separated out. The line 4362.038 is very useful
even at 22.6% mm"1 dispersion. It has no strong neighbouring
line to affect it., Ce I1I 4361.668 at its shorter wavelenglh
side is extremely weak and Cr [II 4362.93 at the longer

wavelength side is also very insignificaat,
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CUAPTER 5
ABUNDANCYE ANALYSIS OF INDLVIDUAL CLPHELDS

5.1 Introductibn

Detailed spectroscopic investigations of several bright
Cepheids have been made during the last two decades by a
number of workers covering the entire cycle of pulsations of
individual Cepheids. Atmospheric parameters (temperature,
gravity, electron pressure and elemental abundances) of RT
Aur at different phases of 1ts pulsation cycle were determined
by Bappu and Raghavan (1969) using the differential curve=-of=~
growth method. They have also derived the radial velocity
curve of the star, and lts radius using the Wesselink method.
Van Paradijs (1971) determined metal abundances of S cep
at nine phases using the curve-of-growth method. Curve-of-

Schwarzschild
growth analysis of q Aql was made by Schwarzschild/and
Adams (1948), Coarse and fine analysis of K Pav, ﬁ,Dor and
1 Car were made by kodgers and Bell (1963, 1964a,b, 1968),
and Bell and Rodgers (1967). Jlron abundance of southern
Cepheids S Nor, Y Oph, U Sgr and n Aql were determined by
Schmidt (1971) using the curve-of-growth and model-atmosphere
techniques, The atmospheres of RT Aur, T Mon and X Cyg were
analysed by Schmidt,Rosendhal and Jewsbury (1974) using
similar techniques with the intention of comparing the

abundances of these Cepheids with the non~variable supergiants
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that occupy the same region in the HR diagram as the

Cepheids.

Three of our programume stars have been studled by Luck
and Lambert (1981) using the spectrum-—-synihesls method,
Luck has determined the abundances of C, N, U, and a few
heavier elements using high-resolution reticon spectra in the
red and near-infrared spectral region. ‘The resolution of
these spectra obtained using coudé reticon spectrometer is
0.28 which is better than the resolution of 0,48 of the
present investigations. Also, the red reglon of the spectrum
is much less crowded compared to the spectral reglon covered
here which made their analysis easier. However, the blue
region has many more important lines of hcavy elements as
compared to the red region, In spite of the somewhat lower
resolution of our spectrograms and entirely differemt spectral
region of study, it is very satisfying to note the close
agreement between the abundances derived by us and Luck and
Lambert. This success of the method ol gpectrum synthesis
in dealing with the problems related to blending of lines
has lent support 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 of 11.3% mn 1 at

which X Sgr and i; Gem were observed, but also at the
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dispersion of 22.6X mm"1 at which distant and hence fainter
Cepheids SV Mon and W4 Sgr were observed. Since the same
spectral region was used for all the stars, we will show the
calculated and observed line intensities ol the test lines
only for T Mon and for the rest of the stars we will demons-
trate the agreement with the help of figures. The stars

ﬁ(}em, T Mon and X Sgr were also studied by Luck and Lambert
(1981) whose main interest was in the CNU abundances. ilowever,
they have alsuv determined the abundances of heavier elements
and we will compare the abundances of the common elements

later in the chapter,

The solar abundances used in the present investigations
are taken from the solar abundaunce table of Pagel (1977).
Model atmospheres in the temperature range of 4000K to 5500K
are from the grid of Gustalsson et al (1975) while those in

the range of 5500K to 6500K are from Kurucz (1979).

52 T Monocerotis ~ A letalled Example

T Monocerotis ls a bright Cepheid (mv = 6,0) with a
pulsation period of 27.0205 des Due to its brightness, it
was included in a number of photometric investigations;
important among them is the work of Wisniewski and Johnson
(1968) who determined UBVRIJKL light curves for twenty
cYassical Cepheids. The light curve of T Mon is highly

asymmetric but the variations in light are smooth with no
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suggestion of abrupt huumps.

The light-curve parameters (mainly period and epoch of
maximum light) used in our study are from Schaltenbrand and
Tammann (1971). These authors combined numerous photometric
observations of a lurge number of galactic Cepheids, after
reduction to UBV system where the observations were made in
different systems. The light-curve parameters were deter-

mined by Fourier analysis of these observatlons,

Radial velocity 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 among other Cepheids, because the phase matching of
light and radial velocity curves is crucial in Wesselink's
method of radius determinations. Using these observations,
Wesselink radii for several Cephelds were determined by
Bvans (1976b). The value of the radius of T Mon determined

by Evans is 144 R,.

Photometric Estimates of Atwospheric Parameterst Photometric

colours of stars should be first corrected for interstellar
extinction before using them to derive atmospheric parameters.
The colour excess E(B-V) of T Mon has been calculated by a
number of investigators (Kraft 1961; Sandage and Tammann
1968; Parsons 1971; Schmicdt 1972bjFernie 19705 van den Bergh

1977). As pointed out by Pattersom end Neff (1979), the
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values of colour excess determined by various observers
ranges from E(B-V) = 0,18 to 0,58 ! The temperature of a
star at any phase is often determined using the relation
between (B-V) and effective temperature, as proposed by

Kraft (1961) and supported by Parsoms (1971):
Log T o, = 3+886 - o.175(n-v)o.

In such a case, the difference in the effective temperatures
derived using the two extreme values of colour excess of

T Mon could be as much as 750K,

Another factor which could affect the photometrically
determined tempurature is the presence of companions., As the
companion of a Cepheid 1s normally bluer than the Cepheid
itself, the accuracy of the intrinsic B-V colour is affected
and so is the temperatures derived from them. A companlon
has been predicted for 1 Mon photumetrically by Pel (1978)
from the peculiarities in the intrinsic Cepheid locus for the
star; hence Pel regarded the calculated values of E(B=V) wlth
suspicion. The presence of a blue companion for T Mon has
been confirmed by Mariska, Doschek and Feldman (1980) from
the ultraviolet spectra of this star observed with the
International Ultraviolet Explorer. It is clear that the
temperatures of T Mon derived using blue colours or colour

indices are likely to bg inaccurate,



Parsons (1971) has derived the temperature, surface
gravity and colour excess for a large number of Cepheids
(including T Mon) and yellow supergiants by comparing UVBGRI
colours for lhese stars with the theoretical fluxes he had
earlier computed from model atmosphores (Parsons 1969) .

Schmidt (1972b) has determincd effective tempocratures for a
large number of Cepheids from continuum photometry. The slope
of Paschen continuum was measured for these stars, and tempera-
tures and line-blocking coefficients were determined through

a comparlison with the model-atimospheric energy distribution.
The nse of H-alpha profile to determine the tenmperature of

the stars is also suggested by Schmidt (1972a). Pel (1978)
determined atmosplieric purameters of a large number of southern
Cepheids using VBLUW photometric data and ‘the model-atmospheric

fluxes of Kurucz (1975).

In our investigations, weé have assumed the atmogpheric
parameters derived by Pel (1978) as a starting value. For
the phuase 0,219 of our spectrogram ( 81161), the parameters
dérived by Pel for T Mon are T, = 5100K, log & = O.8. These
estimates were improved spectroscopically by an analysis of
a large number ol fe L and Fe 1I lines. 7Table 5.1 gives the
list of test lines of }e I and Fe 1l 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 microturbulent

velocities ranging between 3 and 7 km 3-1. Since the iron



Table 5.1

List of tlie iron lines computed over a grid of model

atmosphere to determine atinosphieric parumeters

Fe 1 lines

L427.312 0.05 2.84
L602.94Y4 1. 40 4,16
L602.008 1.60 4,28
4L632.918 1.61 4,26
4352,748 2.21 5.05
4630.128 2.27 k.93
L4o1.451 2.83 5.59
L358.512 2.94 577
L517.530 3.06 579
L625.052 3.23 5.90
L587.137 3.57 6.25
L84 ,3824 3,60 6,28
LL8L ., 240 3460 6.35
4611.285 3,64 6.31
L485.683 3¢ 69 6.40
Fe II lines

L413,694 2.68 5.46
L416.817 2.77 556
L515.327 2.82 5.52
4582.837 2.83 5.52
L576.327 2.83 5052
4472.930 2.83 559
L4508.283 2.84 5.59
%“620.513 2,82 5.49
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abundance of classical Cepheids are known to be not very
different from the sovlar value, the solar 1ron abundance

was assumed in computing these lines, At first, the micro-
turbulence velocity was determined by examining Fe 1 lines

of various strengths, 7The¢ final value of the microturbuleuce
was selected as the one at which there was no trend in Wo -

bs

wcomp depending on the strength of the linv, The temperastare

was then determined by requiring no tremnd in wobs - wcump with
excitation potentlal of the line. At eaclh of the appropriate
model grid points tliec slope ol the relution between the exci-
tation potential aud wobs - wcomp was derived and tlie proper
effective temperature was then obtained by determining the
temperature at which the slope would be zero, The gravity was
determined by requiring Fe 1 and Fe 1I llnes to lead fto the
same value of the abundunce., 7The final atmospheric puarameters
derived for T Mon at a phase of 0,219 aret Te = 5500K,

-

log g = 125 and v_ = 5,0 km 8 &

t

The atmospheric paramecters of T Mon estimated by
different workers at diflterent phases of the star are compared
in Figure (5.1). Our estimates of the atmospheric parameters
are also plotted in the same figure., The temperatures derived
by Schmidt (1972b) are seen to be systematically hotter by
about 700K, while the temperatures derived by Pel (1978) are
cooler by 250K, Our temperatures are in fair agreement with

the spectroscopic temperatures derived by Luck and Lambert
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(1981) and temperatures derived by Parsons (1971) from the
matching of observed UVBGKL colours to the model atmosphere
fluxes. Also the gravities derived by Pel and Parsons are in
close agreement with the gravities derived in the present
investigation (A log g = + 045) but the gravities determined
by Schmidt, Rosendhal and Jewsbury (1974) are higher by

A log g = 1.6+ The probable reasun for this is that the
temperature determined by Schmidt (1972b) are too high and

in order to maintain the ionisation balance Schmidt, Rosendhal

and Jewsbury were forced to adopt higher gravities.

Derived Abundances: Having determined the atmospheric para-
meters, selected regions ol' Lhe stor's spectrum were computed
for a range in chemical abundances which differed from the
solar value by =0.3 to +0.3 dex in steps of U.05 dex.
Abundances of all the elements were varied by the same factor,
The best-fit abundances were thus determined. In Table 5.2

we show the agreement between the observed and computed
equivalent widths of Fe lines for the spectrogram § 1161. The
observed equivalent widths are either measured directly or
derived from the residual intensities at the line centre us
described in Chapter 3. The test lines are computed for a
model with the parameters Te = 5500K, log g = 1.25, Ve = 5.0
km 3-1 and Fe = 7.53. Here and in what follows, the abundance
A of an element A is the logrithmic abundance relative to

H = 12.0l
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In the last two columns of Table 5.2, we give per-
centage difference between the observed and computed

equivalent widths

AW = 100 (wobs - wcomp)/wobs

and the similar derivation in central depth

A CD = 100 (Cbobs = C‘Ucomp)/cnobse

It is seen that the mean deviations are close to zero for
both Fe I and Fe II lines independent of whether W or CD was
compared. Also the overall standard error of the fit 15_6.0%
in CD and 8,2% in W. 1t should be noted that the central
depths can be determined morc¢ accurately than the equivalent
widths, Hence, the error in CD reflects the true error of the
fit and the additional 5,6% error NT&:;)Z - (6.2)2] in the

equivalent widths arises from the inaccuracies in the few

equivalent widths that were directly measured.

Next, the abundauces of different elements were altered
by different amounts until the boest flt of the observed
spectrum and the computed spectrum was obtained. Figures
(5.2) and (5.3) show two sections of the spectrograms & 1161
of T Mon. The continuous line is the observed spectrum
whwreas the broken line is the computed onme. The identifica-

tions and wavelengths of some important lines are also given
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in the figure. The final abundunces are listed 1n Table 505.
[Fé] abundance computed by Luck and Lambert (1981) for T Mon

is higher than our estimate by 0,09 dox; [Pe/ng coumputed by

Luck 1is also higher by the same amount,

In Table 5.3 we present (at the phases of observations)
atmospheric parameters and Fe abundances for our prugramme
stars derived In our investigation. In Table 5.6, mean abun-
dances of Fe, Cr, Te and s-process elements Y, HBa, La, Ce, Sm
for T Mon, S Gem, and X Sgr derived in the presenl investiga-
tions are given, Meu abundance of these elements as derived
by Luck and Lambert (1981) is also given to compure the results

of the two investigations,

5.3 Other Stars Observed at Higher Resolution:

(1) Zeta Geminorum: The Cepheid T Gem Ls the prototype of

Eggen's (1951) type C Cepheids with a nearly sinusoidal light
curve and a perlod of 10,15 d. Photoelectric light curves
were published by Harris (1953) and by Wisniewskli and Johnson
(1968). Radial velocity curves huve been determined by
Campbell (1901), Jacvbsen (1926) and Lvans (197ba). Using

the light and rauial-velocity curve obtained simultaneously,
the radius has been determined by Bvans (1976b), Scarfe (1976)
hgs aetermined the radial veloclty curve with better accuracy.
The raaius calculated by kvans (1976b) is 68 R, which is in

fair agreement with the radius determined by Fernie {1968)



Table 5.3

Derived model atumosphere parameters for the Cepheids

G S G G e W s D S o S G P e D D W G A Sk S WS ege S g Gty Sl SR S Y SR #000 g T S S M S5t gt B D R GO s S St Bt e Gt e P
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SV Mon

WZ Sgr

T Mon

7.060
7.52

7.75
7.65

7.40
740

7.65
7.65

7.53
755
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(R=71 r,) and by Scarfe (K = 67.6 Ry)e sScarte (1976) has
also reported a decrease ln the perlod of X Gem ut the rate

of 3.12 + OU.U8 » yr"1.

Rauntela and Joshi (197b) determined the tewmperature and
gravity of -§ Gem at dittereunt phases by comparing the
continuum energy distribution of the star with the model
atmosphere fluxes of Parsons (1969). Schuwidt (1972b) has
determined the tewperature at three phases by comparing the
measured slopes ol the Paschen continuum for the star and for
model atmusphere fluxes. Hguivaleant widths of the heavy
element lines in SBOOR ~ 68004 region have been published by
Schmidt, Rosendhal aud Jewsbury (1974b). Luck aud Lumbert
(1981) nave determined the mbundunces of C, N, O and heavier

elements using the method of spectrun synthesis.

Compared to our spectroscopic determinations, the
temperatures derived by Rautela and Joshi are systematically
higher by 400K, the ones derived by Parsons are cooler by 200K,
while the estimates of Luck are in falr agreement with ours.
The gravities derived by Hautela agd Joslhi, Parsons, and
Luck are all in lair agreement with our estimates (=+ 0.5):

Our observed anu computed spectra are shown in Flgures (5.4)
and (5.5) and derived abundances are listed in Table 5.5.
Th& iron abundance determined by bLuck and Lambert (1981) ls
0.13 dex higher than our estimates while their LOe/EeJ ie

higher by 0.07 dex.
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(2) X Sagittariii X Sgr is a briglt southern Cepheid. UBV
photometry of this Cepheid was done by Mitchell et al (196k).
Wisniewski and Johnson (1968) have determived the light curves
in USVRIJKL bands. Wulraven, Tinbergen and Walraven (1964)
and Pel (1976) have determined the light curves in UBLUW
system, Light curves of X Syr are asymmetric., Pel (1978) has
reported some peculiaritics in the two-colour loop in the (B-L)
-~ (V-B) diagram whicli is generally used to determiuned the
colour excess. Evans (1968) examined radial velocity curves
derived by various investigators (e.g. Joy 1937; StibLs 1955),
but did not find any suggestion of a blnary companion. High-
resolution spectropliotometry in the ultraviolet (e.g. Mariska,
Doschek and Feldman 1980) is more decislve in indicating the
presence of faint photometric companlons to Cepheids; an
attempt needs to be made in this direction, Radius of X Sgr

determined from period-rauius relationship is 57.6 Ry.

Despite being one of the brightust Cepheids in the
southern sky, X Sgr has not buen studied in a great detulil,
Schmidt (1971), Schmidt, kosendhal and Jewsbury (1974) derived
atmospheric parameters and abunuances of iren peak eleuwents far
several bright southern Cepheids, but not of X Sgr. aAbundances
of CNO and other heavier elements derived by Luck and Lambert
(1981) are the first estimates of abundances so far. Our
determination of abundances are listed in Table 5.5. Iroun

abundance determined by Luck and Lambert is lower than ours
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by 0.05 dex., The observed and computed spectra are shiown in

Figures(5.6), (5.7) and (5.8).

5.4, Stars observed at Lower Dispersion

(1) T _Monocerotis: T Monocerotis was observed at the disper-~

sions of 11.BX mm“1 as well as 22.63 mm-1. Comparisons of the
spectrograms obtained at the two dispersions helped us consi-
derably in selecting the features which are useful even at the
lower resolution. We would like to stress that lowering the
dispersion does notl necessarily ilmply the loss ot accuracy
since, in the method of spectrum synthesis, a spectral region
is computed as a whole and we do not reyuire the equivalont
widths of individual lines. 7The most essential requirement in
the method of spectrum synthesgis is that all spectrul lines
which lie in the speciral reglon must be identified and

must have known atomic comstants, In Table 5.4, we present the
observed and computed central depths of irom lines which were
used in improving the estlmates of' the atmospheric purumeters.
The lines for lowelr dispersion were selected on the following

criterias

1) The lines which are main contributors to blends with
no strong lines in the close meighbourhood to affect their

central depths were preferred.

2) If a feature is made up of lines of the same element

with no significant difference between the excitation
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Table 5.4

Fe lines used in improving tlhe paramneters of T Mon bused

on low-dispersion spectra

NP . NS SRS M Gnn S A i N N ST G in S W T T W G ety W W O GG MW T S i RO NN M WA SR e G SO gl S SRS G s A WD VR M S e S g w—

Lh27.312 0.05 2,84 0.390 U.350 + 10,2
LL15.135 1. 60 4,40 0475 0.560 - 17.8
4352, 748 2,21 5.05 0,300 0,310 - 3.3
k476,030 2.84 5.59 0.137 0.170 = 17,6
4358.517 2.94 5¢77 U.hk27 U.440 - 3.0
Lio1.451 2.83 563 0.534 0.575 - Tl
4360.797 3.63 6.46 0.230 0.210 + 8.7
L413.699 2.68 5.46 VeR75 U.270 + 1.8
4583.840 2.79 5452 O. U445 0.425 + L4
4515.327 2,82 5452 0.310 0.280 + 9.6
4L576.339 2.83 5¢59 0.187 Ue200 =~ 6.9
Lbi72.920 2.83 5459 0.200 0.190 + 5.0
4508.283 2.84 5,56 0.225 0,200 + 11.1
k555,892 2.84 5¢52 0.470 0. 480 + 02.1

mean = -10184

& = 9.3237
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potentials of contributing lines, then the blend can be treated
4s a single line., Cowley (19Y70) has suggested the use of
blend equivaleunt widths even in the curve-of-growth techaique.
Our investigation support his idea, Ce IL lines 4560,280 and
4560.906 which are seen well resolved in Figure (5.2) present
themselves as a single feature at lower dispersion. The lower
excitation potentials of these Lines (V.43 and 0.20 eV) are not
significantly different. ‘I'his feature is useful for a deter-

mination of Ce abundance.

Abundances derived trom Lhe low-dlspersion spectra of
T Mon (Table 5.5) agree well with the ones derived at higher
dispersion. 7The observed and computed low-dispersion spectra
shown in Figures (5.9) aud (5.10) demonstrate the utility of

the method even at lower resolutions,

(2) SV _Monocerotist SV Mon is a relatively faint Cepheid

(mv = 8,0). 1Its UBV light curves are obtalned by Mitchell
et al (1964) and Eggen (1969). Light curves in VBLUW system
are obtained by Walraven, Timbergen and Walraven (1964) and
Pel (1976). Tsarevsky (1967) found some suggestion of slight
variation in period. The light curves are highly asymmetric.
However, Pel did not find any peculiarity in (B-L) - (V-B)
diagram which could be attributed to the presence of' a conpa-
nion. Radial velocity curve for SV Mon was derived by Joy

(1937) using prismatic spectra. No further spectroscopic
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investigation is done for this star. If we use radius
relationship derived by bvans (1976b) the radius of the star
turns out to be R = 87 Re. Spectroscoplic abundances of this
star are determined lor the first time ln our investigation
and are listed in Table 5.5. Observed aund computed spectra

are shown in Figures (5.11) aud (5.12) and (5.13).

3) WY Sugittariii W4 Sgr is believed to be a member of Syr-0BA4
association (Tammann 1970). Light curves of ihis Cepheld in
UBV plhiotometric system are determined by Mitchell et al' (1y64).
Light curves in VBLUW colour system are obtained by Walraven,
Tinbergen and Walruven (1964). Colour excesses are determined
by Pel using (B-L) - (V-B) diagram and he dld not report any
peculiarity in the intrinsic Cepheid locus which could be
attributed to the presence ol a compaulon. quiul-velociby
curve wus derived by Juy (1937). Spectroscopic abundances

are determined for the first time in our investigations.
Derived abundances ure listed in Table 5,.5. Observed und

computed spectru ure shown in Figures (5.14), (5.15) and (5.106).

5.5 _Error Aualysis

There are two main sources ot error in the abundances

derived here,

1) The errors in the input parameters lLike the observed

equivalent width and the gf values manifest themselves as the
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line-to-line scutter, This errxor can be evaluated statis-—
tically when the number of lines is large. FHor the element
like iron for which a large nuwber of lines (n >20) could be
measured, a typical standard deviation about the mean
abundance is + 0.08 dex. For Cr and Ti a less number of
lines (15 n 212) are available and the standurd deviation
increases to + U.1 dex. }For the elements with fewer than
five lines, the errors are more difficult to assess since the
standard deviation loses iits statistical meaning. The errors

in such cases probably lie in the range ol + 0,20 « 0,25 dex,

2) The uncertulnties in the model atmospheric parameters
would also introduce errors, but ;uch errors would be
systematic ratlhier thuan random, For an estimation of these
errors, we computed selected Fe lines Lfor the palrs ol model

atmospheres with
i) the same gravity and microturbulent velocity, but
different temperatures,

ii) the same tempervture and gravity, but different

microturbulent velocitles,
iii) the same temperubure and microturbulent veloclity,

but ditrferent gravities,

A ‘comparison of the variations in the computed equivalent

widths for the tlree cases mentioned above, with the



Jable 5.6

Comparison of abundances derived in this study with those
of Luck and Lambert (1981)

Blement | 8%, e leFGegiridhar L-L giﬂiﬁnar
Ti +0.03  +0.13 +0.25 +0.10 +U. 11 +0,0

Cr +U, 38 U, 20 +0,20 +0027 +0,02 +0,07
Fe +U,02 +0.07 +0,.33 +U04 20 +V, 12 +0.,U3
Ba -U. 20 +U. 25 -V, 09
La +0.32, ~0.10 +0.48 +U. 6D -0. 10
Ce -U.20 +U.21 +0.15 +0,06 +0.05

Sm -0, 20 +0, 25
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observational scatter (estimated to be 10%), leads us to
believe that the accuracy of the adopted effective tempera-
ture is 250K, tliat of log g V.25 and thut of microturbulent
velocity O.5 km s-]. LThe depondeunce of computed equivaleat
widths on the changes in the assumed atmospheric parameters
are shown i1n Tuble 5.7. ‘The equivaleut widths for the lines
given in Column 4 of Table 5.7 are compubed for a model with
Te = 5500K, log g = 2.U, v, = 5.0 km s_1, assuming solar
abundance. 7The percentage variations of equivalent widths
due to an increase ol " by 1 km 3-1, temperature by 200 K,
log g by O.5 and abundances by O,1 dex are given in

successive coluuns,

Error in abundauces arising from the error in atmospheric
parameters is not a gdaussiaun sun of the errors due to tho
individual parameters. The parameters interact with each
other; an error in the estimation of one purameter affects
the estinates of other parumeters, The net eflfect on the
derived abundances would be consicuerably reduced when we
employ a principle of consistency that the lines with a large
range of excitation potentials, equivaleut widths and
dif'ferent ionization states should lead us to the same

abundances,

Thus we believe that the errors estimated from internal

consistency represent the errors of this analysis well.



CLAPTER 6

RESULLS AND CUNCLUS LUNS

6.1 Compilation and tutercomparison of Spectruscopic

Abundances

We have sumnarized in Table 6.1, the basic data for
the Cepheids for which spectroscopic abundauces have boeen
derived by dil'terovunt workers. The explanation of dilferent
columns is as tollows: (1) numne of the slar, (2) galactic
longitude, (3) galactic latitude, (4) pulsation period in
days, (5) mean visuul magnitude, (6) distunce from the Sun,
(7) galactoceuntric distance derived using a distance of
B.5 kpc to the galactlic centre. The spectroscopic abundances
computed from variovus sowrces and also the spectroseopic
abundances derived Lo the present investigation are given lin
Table 6.2. 7The explunation of the varlous columus is as
follows: (1) nune of the star, (2) logarithmic abundance of
Fe with respect tu its solar value, (3) - (8) the ratios of
logarithinic abundauces ol Y, La, La, Ce and Sm relative to
Fe as cowpared to the solar value; i.e.

HS;] = Log (';%;;)ir ~ Log (%Q)G

Coluun (Y) gives the reference number for the various sources

from which the abundances were compiled. Ihese sources



Table 6,1
Basic data for Cepheids with known spec troscopic abundunces

P e G R D e A A S Ty (M S e SO Gk AN TS b O D P 0 Y A Sy S Gy s o e o G s o MY A il A S N A D G v M It At S B S e e sma

Star 1 b sz;:d m Ty rgc
WZ Sgr 12.10 -01.30 21.84y7 9,00 1.82 6.73
s Nor 327.75 -U5.,439 Y.7549 6. 11 0.91 7.74%
Y Oph 20.60 +10.438 17.12326 7.15 V.708 7.84
U Sgr 13.70 -04 .45 6.7449 .35 V.66 7.86
W Sgr .00 ~4,0 759471 .70 O.43 8,07
X sSgr 1. 00 UV, 22 7.01225 4.79 V.37 8.13
X Cyg 76.87 - 4,20 16,38660 6.65 0.37 8.32
7 Aql 40.93 -13.U7  T.17064 4,08 V.27 8.29
T Val 72. 13 -10.15 4.43558 5.44 0.59 8.39
LT Cyg 76,54 -10.78 2.49930 6.06 O.43 8,41
l Car 283. 20 -07.00 935,54120 4,33 0.43 8.41
£ Dor 271.7h -32.78 9.84200 4,03 0.32 8.4y
& Cep 105.20 +0u.5 5.33634  4.94 V.26 8,57
SU Cas 133.47 08.51 1.94930 6.8 0.33 8.73
¥ Gemn 195.74 11.89 10.15082 3.68 0.35 5.83
KT Aur 183, 14 8.9 3.72826 5.48 o.ko 8,95
TU Cas 118.92 =-11.40 2.1393 7.38 1.00 9,02

RS Pup 252.40 -00,20 L1.3876 T.59 1.71 9.16
T Mon 203.63 -02.56 27.0205 5459 1.20 9.01
SV Mon 203.063 -03.70 15.2321 8.30 2,54 10,874

1
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for each reference number arve given at the bottom of the

table,

Abundances ol a l'uw of these stars have been estimuted
by a number of wvestigators. The differences in the abuii~
dance eslimates by dilfereunt workers rellect the dittereuces

in the methods vmployed and the quality of the observational

data,

ln the investigations ol Rodgers and Sell (1963, 1v68),
Buppu and Raghavan (1969), Sclunldt (1971), and Schuidt,
Kosendhal and Jewsbury (1974), the atmospheric abundances
huve been derived at ditferent phases of the puisation cycle.
(The abundances lisleu in lable 6.2 are tlie mean values).
1t hus been scewn thal the abundances derived at different
bhases do not upree beibween themselves., The amplitude of
variations around the meun value is ~0,25 dex. Such varia-
tions in wbundunce estuuntes result trom the 1naccurucies in
the estimates ol atmospheric parameters. At the phases
between minimum Lo muximum i.e, the rising branch of the
light curve where atmospheric properties are changing rapidly,
the spectrum of the star does not resemble that of a normal
yellow supergiaut tor its temperature (Xratt 1967). In the
falling branch of the light curve where there is no rapld
veriation in the atmosphere ol the star, the spectrum closely
resembles that of a yellow supergiant, The portion of the

(Vv-B) - (B-L) loop (see Chapter 4, Section 3) corresponding
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to the falling brunch 1s very wmuch similar llor all the
Cepheids. Thus, these phasus are wmost suitable f'or the
ubundance determinativns. With the zero phase assigned Lo
the light maximum, the portion of tho descending branch
close to the mcan brightaoess level falls 1n the range

V.2 = V.4 1n phase. Ln our iuvestigaliou, we have obscrved
almost all the stars wn thls phase range cxcept for WL Sgr
for which one o' the two specirogrums wus taken at a phasc
of U.941; ouvlher spectropgram wus tuken ul the phuse of UV.21Y,
it is seen (Chapler 5) that Cr and "¢ abuncdances ugree in
both the cases aud ouly o] dalfers cons iderably. We have
assumed the value ol' [ 117 derived at ¢ = U.,219 in prelerence

to the value derived at ¥ = 0,941,

Parlier investipations ol bright Cupheids by KRodgoers
and Bell (1963, 1968) and Buppu aund kKaghavan (1969) roported
marked underabuundance of s-process elements'Lu the Cepheid
atmospheres. lowuver, recent abundunce dJdetermination ot a
large aumbel of Cepheids by Luck aud Lanboerl (|981) us Lng
the specirum synthesis teclnique does not conflirm this trend,
Although, relative to be, the s-process elemenls Ce und Nd
are lower thun tlie solar value, the dittesence is seldom
exceeding ~U.3 dex. La is overabundant in gome ol the sturs.
In our stars also we find that [s/Fe] is lower than the solar
value aud the differences are similar to those observed by

Luck and Lambert (1981), never exceeding =U.3 dex.
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The abundance rutio [X/Fe] for various elements derived
in cthis study are listed in Tuble 6.3. “The wndividual elewments
fall ln two groupss (1) the Lighter elements with 20< %< 2k
and (ii) tlie heavier elewments with 56<4< 62, with yttrium

falling in between.

We have plotted in kigure (6.1) the derived [ X/Fel as a
function of atomic nuwber 4. The derived abundunces tor
ditterent prograume stars are showu us ing dilfercent syuwbols,
For the sample ol slurs cousidered, weun abundauce for each
element is also shownwith + 16 error bars. These mean values
are slightly shit'ted wn the 4 directiun 0 as to maintain.
clarity, The mean abundance levels for Loth the groups ol

elements (light and heavy) are shown by dashed lines.

Within the errors of estimation, there are no systematic
differences between [x/Ee] for different stars, except for a
possible underabundance of Ti and Ca in WZ Sgr and Y Gem,
[X/Fe] has a tendency to increase with Z lor the luighter
elements and possibly a slight decreaslng trend for heavier
elements, Ca is overdeflcient in all the stars, aud more
conspicuously in X Sgr and T Gem., 7Ti is deficient by a small
amount and Cr is overabundant compared to the Sun. Huwever,
these differences are not sigmifticantly above the scatter in

the individual abundances.
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Figure 6.1 Observed abundance ratios . X/Fe

atomic number.

as a function of



Yttriwn abundance was determined only for ‘' Mon and
SV Mon. The two values of LY/F&] ha @& meal of -u.V05., lhe
heavier s-process elemeuts show a general uuderabundance, tche
dverage value ol [s/Fé] belng -0.09. ‘Thus there s no
evidence of s-processing or uny otlier aanomaly in tlie abundunces

of the sample stars.

Le2 ‘The Radial Abundance UGradient in .Fe.

Figure(6.2) shows the location in the galactic plunc of
the stars tor which the spectroscopic abuudauces are avule
lable¢. The outlince of the spectral features are taken from
Llunphreys (1978) who uéud the associrations otl' young stars,

H Ii regions and young clusters to truce the optical features.
in ¥igure(6.3)we have plotted [ Fe/i | for the stars of Table
)

galactocentric distance of 8.5 kpc has been assumed for the

6.1 as a function of their galactocentric dlistance (rgc
sun in calculating these distances. Different symbols huve
been used for difierent ilnvestigators. Thls eunables us to
see the systematic ditferences between various investigatious,
as souwe of the stars have been included in iwo or three
investigations. If we fi1t a straight lLine to this data we

get the relation of the lorm
Jre/u] = (- 0,053 x 0.014) Fao.t0030 £ 012 (a = 30)

with a correlation coeflicient of r» = =0,359. The correlation
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Fligure 6.2 The galactic distribution of Cepheids. Spiral arms

are traced from Humphreys (1978). Sun's position is
shown by @ symbol.
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is thus rather weake. There i1s a 10% probubility that this
correlation 1s purely due to random effects. llarris (1981)
deternined photometric ubundunces ol a large number of
Cepheids using Washiugton colour system., These Ceplieids
Cuver a wide ruuge of position in the galactic disc (5 to
15 kpec from the galactic ceunlre). llarris derived an
abundance gradient

a La/d o,

drgc

Usling the iron abundances derived from supcerglants and
Cepheids in the vurlicr studies {(Luck and Lambert 19813

Luck and Bond 19Y80) Luck (1982) derived a radial abundance
grudient H£%£ELH2 = =U,13 + 0,03 which 1ls steeper than

any ubundauceg;rndlent determined so far, Pugel and Edmunds
(1981) nhas questioned the use of supergiunts in the deturwi-
nation of the radial abundance gradicent, siluce the atmospheric
abundances of these stars could be modifled due to mixing
with the interiors. We flesl it is the small range in the
galactocentric distance (7.7 - 10.6 kpc) covered by Luck
which makes the derived abunduance gradient rather uncertuain.
The present investigation covers a larger runge ol gulacto-
ceutric distance (6.7 - 10.8 kpc) than tlhat of Luck. Using
the, iron abundances and excluding Gem which is known to

be metal rich for its position in the solar neiglibourhood

(Luck and Lambert 1981). We derive the relation (Figurs 6.2),



[;Fe/ﬂj}= ~U.U50 + U,008 rgc +0e53 + U.07 (n = 4)

wlth a correlution coefficivnt of =0.970 (3% chance that the
correlation is spuriovus), This gradient is shallower

than the gradient derived by Luck (1982) but in close agree-
menlt with Lho one derived by Janes (1979) using LDU photo=-
metry of o large number of K giants, and ulso with the
estimates of Uarris (1981)., 7This value also agrees with the
one derived rrom the lotul sample of 30 points, lnclusive of
Luck's sample, substantiating our claim that adding the two

farthest Cepheids improves the derived gradient.

6.3 Local Chewical ltubowopencities in Fe

Star formation in disks ol galaxies is explained by
Lin, Yuan and shua (19Y69Y) as due to density-wave coumprossioin.
In this picture, u spirul compression wave propugates at a
constanlt alupul ur VeLUCLtYJD_p througlh a disk of stars and
gas rotating dilflercntiully with an angular velocityJTL(R)
at a galactoceutric cistance k. 51nce.CLj7ILp, the gas
streams througl the densily wave at the inner edge, and
consequently, the pas vlouds are compressed and form stars.
High mass stars explode and enrich the interstellar medium
il a few milllon years after their formation. A star with
a life time of ~ 5 x 106 yr would move by an angle ~ 4% or
by a distunce of~U.58 kpc across the spiral arm (at an

assumed gaulactocentric distance of 8.5 kpe) before it



explodes. bSuct a supernvva explogsion may induce further
stars formation. 7The shells of cold Il 1L, dust and
molecules daround the supernova remnauts have been observed
by sancisi (1974}, and Knapp and Kerr (1974). Berkhuijsen
(I974) and Herbst and 4Asnousa (1977) Found young stellar

associations at the edge ol supernova rewnaubs,

bven LL the star formation is not initlated by super~
novae the material synthesized during explosive nucleosyn~
Lhiests 1n the superuova will enrich the 1ISM and hence the
next generation stars i1t the sturs are {'ormed atf'ter a time
that is shorter thann the time for this iunhumogensity to get
wixed with surrounding medimu., Thos it is important to know
the birthsites ol stars thalt belong to a siugle age group,

in order to study the local chemical inhomogeneirties,

A knowledpe of the ages of stars 1s the most important
prerequlsite for an estimation of their birthsitus,
Fortunately, the age ol a Cepheid can be determined from
its pulsation period. HAippenhahn and Smith (1969} derived a
preriod-uge reletionship Tor classical Cephelds (rom the
stellar evolution theory. “he calculatiuns were bused on
slellar models with cumposltions X = 0.002 and Z = U.0LY
without any mass loss. Analytical representatlon oit' thelr
Tesults as given by Tammann {1970) is Log Taq =116~ U.651

log P, where 7‘7 is the age in 107 yr and P ls the pulsutlion

172
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rerirod in days, hippenhiabin and Smith estimated a random
error of + 15» (Lor the derived age duce Lo an intrinsic
scatter 11 lthe period caused by Lhe multiple cruossiug ol

Lhe instability strip and due tu Lhe period changes within
edclhh crossing. Further, ai eventual spread In the chemical
compousition and the eftect of mass Loss muy lead to systeuwmu—
tic errors with respect to observations. Jluclusion of all
these et'fects mauy increuse the error estimales Lo + 30%.
Biremov (1978) derived a semi-eupirical period-age relation-
ship using the data on b4 Cephelds in clusters. ‘The age of
these Ceplielrds were dotermined Lrom tlie ages of the clusters
esbimated using the theoruvtical colour-mupgnitude diagrams
derived by bixon, Ford and koberitson (1972), Frow the dala
on Ceplieids in 29 clusters in Magollanic clouds, the Gulaxy
and M31, a composite period-uge relationship was established

as

Log T4 = 1.157 = V.077 log ¥

+ V.37 £ O.47

This relationsbip agrees closely with the theoretical one,
We have lisled in Table 6.4, the-ages calculated using the

semi-empirical period-age relationship of kfremov.

Detailed calculations of birth-sites of selected

Cepheids have been made by wWwielen (1973) by numerically



Table 6,4

Ages, birthsites and abundunce reslduals for Cephelds

-__-_—_-__-___~‘--__‘_________-__—‘-___—u___---_—-____—__
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18
19
20

21

U
Ny
T

sV

Gem

Aur

Cas
Pup
Mon

Mon

o't
7 .84
7.80
g.08

BelJ
8.07
8.32
8.30
8e 34

B.l1
Bl 1
B.50
B.57
8.73
B.83

8.90

9.03
9.10
Y.01

B.578
1. 151
1.541

2.271

Pl + 41 i

1+ + + i

4+ L1

V.29
Je 16
V.03
V.23
V.40
0,20
V.0
V.13
UL 04
V.18

V.02
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integrating the galactic orbits of Cephelds bachwards in
Lime Using the present positions and space velocities,

Lhe spival Lield of the uensily wave was also included in
the caleulations. Wielen unotes that the largest uncertilie-
ties In the birthsites arlse due to the uncerlalnlics 111 wlve
A1 error lu ape by 107 yr correspouds to an error of | kpu

in birthsite, of whiclhi V.l kpe would be poerpendicular to the
spiral arm. 1ln conltrust, errors in spuce velocities of Lheo
Cepheids by + 5 km s-1 alf'ect the birthsites by 0.3 kpe wund
wclusiown of the graviiutional tield ot the splral density
wave changes the blrthsite by 0,2 kpe im 5 x 107 yr. ‘Lhus
for the youngust of the Ceplieids (agefy 3 x 107 yr)s onu may
neplect these errors and obtain the Lirllhsites with respect
Lo the gpiral arms by rotuting their prescut radius vectors

by an unyle

7\ = (JL.-—G—I;)'C .

We have estimuted in this fashion the birthslites of four
Cepheids frow Tuole b.1 wihiclh are not In Wielen's list

(Y uph, X Cyg, SV Mon, Wwkav). We have used a value of
13.5 kwm 5-1 k,pc"1 for the puttern spoed ( Yuun 1969) und

a constant rotation veloclity of 212.5 km 3-1 for the solur
neighbourhivod (= 25 ku "l J::.pc.:'1 from Oort's constunts

and Ry = 8.5 kpe). LU Cas which is also not ln Wielen's

list is too old to derive au accurate birthsite iu this



sluplistic way,

We have plotted wu Migure (b6.4) tlhie birthsites with
respect to the spliral pattern deduced as above or obtained
L'rom Wielen's List., The¢ outline ol the aplrul l'eatures
are tuhen once aguin from Juuphreys (1978). The birthsites
ol a large number of Cepheids are seen to Le close Lo Lhe
SaglLttarius - Carina arm. According to Lin, Yuan and Slu
(190Y) most of the nearby Cepheids probably originated in
Sagirttarius arm or in the Persius acwm. Only Che youngest
Ceplierds are probably born in the local leature. Figure (0.4)

confirms thls conmclusion.

With the data on birilhsltep, we can study the chemical
inhomogenerties across the spiral arm, Since Cephelds are
relatively young objects, their atmospheric abundances rotluct
the wubundances of the gas clouds out of which they are formod.
1t is of interest to study the departure ol abunaances in
these stars with respect to the smoothened radial abundance
distribution in the galaxy. Using the relationshlp dotermined
by us (Flgure 6.3) we Lave measured the depurture,Aife/@} of
the Fe abundances of the Cepheids in Table 0.1. These values
are listed in Table 6.4 for Cepheids will reliable abumniance
determinations. 7This requirement allowed us to Include only
the abundances derived by Luck and Lambert (1981), Happu and
Raghavan (1969), Van Paradijs (1971) and the present

investigation,
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Figure 6.4 Birthsites of Cepheids with respect to the spiral
armg sketched by Humphreys (1978). The numbers
identify the stars through Table 6.4.
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1t 1s elear frow Tuble 6.4 und Frguro (6.4) that an
overwhelming majority ol stars thuat foru a4t the Llnner cdpe
ot the spliral arws have normal abundances Lor their galacto-
centric position. The overabundauce oj' W Sgr and < Uewm Ls
wousl provably due to Llhelr position at the outer guge ol the
spiral arm. “1hese stars may have been born uafter Lhe massive
stars formed ut the inuer edge had exploded as buperucvuae iLn
the vicinity of their birlhsites. “The lover-than-expected
abundances ol [' Vul and RY Aur are puzzling. 1f confirmed,
they may 1ndicate the presence of local nhomwogeneities that

uare not mixed away even over a few galactic rotations.

b.4  Variution of [s/Fuj ucross the disce

Ilron-peak nucler are formed by cxplosive nucleuvsynthesls
within supernovue whereas s-procuss elemcuts are formed by
slow neutron capture LYy heavy elements in the interiors of
red giants. These two processes operate in stars of Jdifferent
mass rauge (2-4 M@ Tor red giants andg ¥-15 M@ for superaovae
with the preseul uncerlainty avout 4~8 Mu stars ending as
planetary nebulae or supernovae). Thus, the abundance ratio
[:_s/b‘e] at dilferent times in Lhe galactic history and the
variation of [s/F{] across the galactic disc may provide

important constraints on the theories of galactic evolution.

For metal-deficirent sturs of halo population, Spite and

Spite (1978) found the s—process element burium and to
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Certain extent - yttrium to be overdeficient. 7This over-
def'iciency decieases when [Fe3 increuses and becomes
neglligivble Lor (EHE:B /~1.5. Ftrom an unalysis of a homo=-
seleous group ol old metal-poor ¥ and G sturs in lhe
alactic disk, duggins and Williaws (1974) ftound a corrcla-
tion between Eb/.b‘e] dndEE./:}-}_\_. They inlerpreted Lhis correla~
tion as an evideunce that heavier (B—prOGUbb) metals of the
intevrstellar medium in the disk have incruased more rapidly
than the overall wmetal abuandance, during the time interval

covered by the Lormation of these stars.

ln the present investigation, we have determined the
abundance ot s-process elcmeunts Ba, La, Ce and Sme ‘These
elements preseut themselves in very lew lines in the stellar
spectra, This lact increases tlhe uncextaruity ol Lhe
avandance sstimates., the use of a composiie s=procuss
index 8 (S = 1-;} ZiLsi/F'g)) has been suggested by Huggius and
Williams (1974). 7These composlte indices have the advaunlage
ol reduced scatter, though ithe information aboutl individual
e“].ements is lost. 1ln Table 6.5, we give Eg‘siz], [Ba/l"a ,
[Ce/b‘e] and Em/h‘e] for our program stars aud the composite

indices

1{ (B} |, [cel , (L] , [sm
3 - )
: 1§ (24 ce Sud]
2 = BLLFe] +LFe] + l“e_?g'

and
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Table 6. i
Abundinces ol s-process elements in Cephelds

P D i DD e i S s G e e T W ey S T e A e S e i o i (M e S e A S D et A SV e e S G S T S iy S G . G P GADY D S S M S s

W2 Sgr  +0.135 0.0 =0.1 =~U.2 =0.,U5 =0.0Y =0.08
X Sgr +u, 07 =0.0LY =0,27 =0.27 -0.21
T Gem  +0.20 -U.25 -0.05 0,03 -0, VY
T Mon  +0.V3 +0.07 -J,13 +0.03 =~U.I2 -0.037 =v.0U1

sV Mon -U,10 L.U +U.U3 =U.17 =U,10 =0.06 =u,09
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For two of our sturs, La abundiuices were not derived so

only 52 could be determined.

We have shown in Figure (6.5) the variation of S, with
galuctocentric istances, Lt is obvious Lrom the Ligure that
thuere is no trend in 52 with galaclocenfric distance which
Luplies that the rate of enrichment of s-process elements is
essentially the same as that of [%f] Ln the galactic plane,

From Figure (6.6) we see that S5, is not correluted thh‘j%ﬁ].

R

lu the simple models ol galactic evolution which are
busced on Lhe assumptions ol evolution in isolated well-mixed
zonus with no 1nirtial eurictunceut, as tho systewm evolves, Lhe
abundauce ol s=process eleumcnt are predicted Lo vary as
[?e/ﬂjz. With Lhe inclusion of prompt initlul enrichmont to
account for the observeu unarrow range ol metallicily distri-
Lution for G dwurf stiars, bthe abundances of s-process
elenent are no Lonxer expected to vary so fast; but stllil
the predicted abundances variation for s-provcess eleuments 1is
taster thau that Lor Fe/nj. ln other words, there should
be a posilive currelation between Lﬁ/Fe] and EFe/@]. The
correlations obtained by Splte and Spite (1978) und lugglns
aud Williams (1Y74) may ravour the enrichments predicted
by a simple modrl, but the absence of any significant corre¢-
lation for young disk stars cannot be explained Ly a simple

moael,
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Figure 6,5 A plot of [s/Fe] as a function of galactocentric
distance.
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Figure 6.6 A plot of [s/Fe] against [ Fe/H].
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Ingtead o' a clLused system, the models with a steady
infall ot unpl'ocessod materital bave bucn developed by
Larson (1974, 1976). 4un these models, the observed
metallicity disilributions can be explained withoul
requiring an nitial purst of massive stars (VPrompt
initial enriclpuent). ‘'Ihe infalling metal-poor gas pruduces
a dilution efiect which counteracts the enrlchment of LSM
and lhence un asymptotic variation oi‘[l"e] and [_s—_] are
predicted, Thus the ratio Y_:./Fej does not chauge alter [s]
anrd [l«ej Lave reached thelr asywptotic value The lack of‘
correlation b twueen [-s/l*‘uj and E‘e/uj 'or the youwny disk

an

Stars tound in Lhoe present wuvestipation tavours Linl‘ull

model of paluctic evolutlon,

An altiernutive explanation can be based on the
hypothesis of a variable iuitial mass function. Whersus
Er'e} is produced in explousive nucleosynthesis in supernova
explosions ol mussive stars, s-process elements are
synthesized Lu the inlbermediate mass stars. ‘Lhus Es/ll‘ej
ratio in ISs at a given time is related to the ratio of
intermediate tu high mass stars. A cowmparison of (:.a/l"e]
in old aud youwig stars may provide useful ilunformation on
the variations in Il in the course of galactic evolution.
4P a simple intuitive way, we can say that the fast enrich-
ment ol s-prucess nuclei in the old halo populution sturs

is due to an increuse in the intermediate stars as coumpared
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to the highemass stars al the time of the tormalion of the
spheroidal populalion, al'ter the Formalion of the disk,

Loe number of Lighh mass stars produced mipght have boecome
Larper vion Lhe pnlermedliale mass sUars. Hence, Lhe
abundaince ol s=process clewents f'or the dish obgects does

ol snow the stoady ensiclmeul as exblviled by halo stars.

It should be borne in mind Lhat the assuaplion of a constant
initial mass flunction has bucu maue in the models of' chemicul
cvolucion ol gulaxies only oul ot ignorance ou stur formation
processese The density wave can coupress the could disk guas
clouds in the yvung disk and form massive stars. 3Such
couditions may not exist in Lhe abseace ol' a deuslty wave.
Thus the 1nliial mass fuuction at the tlme ol the {formation
of halo may reaily have lacked massive stars. Simiular
effect may have been present in the old disk also. LI Lhe
old disk could produce mussive stars, its chemical evolulion

may have been diluted by infall,

0.5 Summary of Conclusions

Three major conclusious have been drawn from the presont

sludy of the abundunces in Cepheid atmospheres:

1) There is a gradient in CFe/ﬂ] in the disk between the
galactocentric distances 6,74 - 10.87 kpc. The value ol
the grudient -0.053 + 0,008 derived by us agrees with the

general sauple of Cepheids f'or which spectroscopic abunuances



are avallable, and also wilh the photomutric gradient
(=U.U7) derived by Harris (1981). The steeper gradient
obtalned by Luek (1982) is due to a sample Limited over a

siull range of galactocentiric dislances,

2) There is an iudlication that a secoundary star
formallon takes place ncur the oubor edge of the splral
pattern, trom the iuterslellar matter lucally enriched by

supernova explosions.

3) ‘he s~process enrichwment of the young galactic disk
tahes place at tlhe same rate as lhe Fe enrichment, indicat-
10g that the bigh nass stars are probably formed at a higher
rate in the youny disk than in the halo, uud probanvly in the

old disk too,
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CLUAPLEK 7

DLISCUSSION anb #UlUkus PRUSCTS

i the presout investigation we bave dewonstrated a
slccessi'ul appllcution ol the method ol spectrum synthesis
in dealing with problems of blending ol spectral lines which
had so Lir been a uwajor bandicap in the couventional
abuunduaunce delerminations. For the stars with spectrul type
dater than 4o, the crowding of lines becomes increasingly
suvere, This problem cawot be solved Ly only increusing the
dispursion., J1n a given spectral regiou, if the freguency of
lines s larger than the reciprocal of the liue width, all
the Llines of the regirons will be intrinsicully blended, aud
hence ifucrvasing the dispersion will not separate tliese lines.
Such u siluution Is very common in inlermediate wund late-type
stars uspecially lu the blue regloun of the spectrum which
contajns a laige number ol iumportant metallic lines. Furcher,
for the elements like s—-process elements which present
themselves in Vvery few, and often blended features, the
wbundance determinution at a dispersion of 22.62 nuuml employed
L1 the present investigation would have been an unpossible

tash wlthout the specirum gsynthesis technique.
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Alternately one lay advocabe the use of red spectral
feion where L blending of the spectral |ines is consider-
ably less. LI' we abandon blue spectral region in tfavour of
Ehe: red one, we would miss unportant llues ol a large
numbier ol vlemints, ‘I'hiws the method ob specbrum synthestis
which allows tor the eflects of blending aud hence does not
demand a high cesolution is an indispensuble tool in the

»tudy of stelluar chemical compositlon,

Our coumpitation of the existing spectroscopic abundances
L'or the Cepheids (Section 6.1) shows that spectroscopic
abundances are known for only 21 Cepheilds. Mostly the
Cepherds brighcer than visual magnitude 7.0 are spectro-
sCopically studieds The rcason for thigs is obvious, For a
given combination of telescope and speccral rusolution,
there is a limiting brigblucss fainter than which we cannot
observe with & reasonable exposure time. Furiher, lounger
exposures should be avoided for the variable stars where the
abmospheric paramcters chunge with time, LL the fainter
Cepheids are to be obscurved at the sume dispersion, one
requires telescopes with larger apertures. Using the method
of spectrum synthesis, the need of extremely high dispersion
is removed. 7Thus, fainter and hence [lurilher Cepheids could
qﬁ observed spectroscopically with a moderate-size telescupe
using a slightly lower resolution., With the 102-cm telescope

at havalur, we huve determined spectroscopic abundaunces of
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Cepheids as faint as m, - 8.2, The tolul number of
Classical Cepli 1ds with nw<(8.5 is around YU. All these
Ceplhieids can be studicd with a 1-m lelescupe withh an

Observing time ol 30-40 naghts,

We have uscd tlassical Cepheids as probes to s budy
thie chemical evolution of our Galaxy. Cepheids as a group
hhuve the advantages of high intrinsic Lluminosity and swall
dge, as also Lhe existence ol period-luminosity relation
whiich enables us to determine their distauces more accurstely.
4 good coverape of galactocentric distance has enabled us
Co delermine a rel Lable abundance gradient. Larlier gradient
determinations which have covered a lurge range in gulacto-
ceutric distances are bused on photumetric techmnigues. ‘lhe
accuracy ol phoilometric abuudaiices is mucit lower than in
the case ol spectroscopic ueterminations. ‘L'he gradieut
obtained from a smaller sample by Luck (1982) is very steep.
This Ls most linely due to insufticient coverage of galacto-
centric dlstances while the abundences ol individual stars
ale yuile accurute, 1lhis fuct emphasizes tlie neved for a

good coverage of gulactocentric distances.

In order to study the chemical evolution of the halo,
metal-deficient high~-velouclily stars are currently used, An
ablndance gradient perpendicular to the plane of the Galaxy
i.s discovered by Trefzger (1981). W Virginis stars whlch

belong to halo population also follow their own period-



Luaminosily relations. One cun obtaln more accurabe
distribution of chemical composition perpendicular to the
salactic plane oy ulilizing these siars whose accurate

dlslances can b ueterminod,

The chemicail inliomogencvitles acrons Lihe spiral arws
{Sectiun 6.3), if coulirmed, could pruvide valuable infor-
wation on Lhe theories of stur formation. According to Lin's
density wave tncory, compresslon of gas clouds at the inner
¢dyge ol' Lhe spiral arm due to the propagation of a density
wave 1nduces sbtar formation., 'lhese newly born stars, due
to the difterence 1n angulur velocity of the pattern and
haterial anpular velocity, drift away frum the spiral

patlern by a velocity (Jlu-ilb).

The massive stars woulu explode as supernovae at
Usb ~ 1,0 kpe from the spiral arm, 1t is possible that
these supernova explosions may induce further star formation
(Sancisi 1974, nnapp and nerr 1974), or stars may form by
some otner process from the interstellar malter enriched by
this material (bdmunds 1977). ‘lhese poussibilities may be
confirmed by studying the abundances in the Cepheid and
superglrant atmospheres relative to their birthsites with
respect to the spiral pattern. We have shown that the over-
abradance exhibited by § Gem and W Sgr can indeed be
explained in this fashion. ‘“The sample of stars should be

enlarged to study this phenomenon better, JIn this direction,
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the birthsites with réespecl to the spiral patltern are as
lmportant us the abundances thewselves, accurate birthsites
Call be dervived (Wielen 1973) only with a gvod knowledge ot
Lhe distances, space velocities and the ages of the sturs,
‘Lhe thueorelical paramelers like the patbern and mateiial
velocitiles, aud wlso Lhe spiral gravitativnal potential

need LO be improved. These model puruametlers are dependent
UPpoll Lhu ussumed distance Lo the galactic ceutre. This
distance is geunecrally assumed to be 10 kpe while modern
tslimales are close to 845 kpc, The s-process abundauces
lecd to be determined betler, using a larger numbser of lines
und extending Lo a laryer sawple, ‘Lhe galactic distribution
of Ls/Fe], especially ils dependence on [Fe/d], would proviae

lumportant constraints ou the models of galactic evolutione

Accurate abundance detorminations require good models
f'or llne~torming regions i.,e. model atmospheres. A number
of semi-empirical relations based on the limb darkening data
have been constructed tor the Sun, For other stars, only
theoretical models are available. The straightiorward way
of checking the adequacy of a wmodel atmosphere is by comparing
the fluxes predicted by them at different wavelengths with
observed fluxes, DLDelailed cowmparison for G-K stars shows a
good agreemeunt in generul, but there is a discrepancy in the
ultraviolet region. The fluxes predicted by theorutical

models are higher thun the obsexrved ones. 7This differeuce
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becomes larger 1n red giants. “The recent study ol Arcturus
{(Frisk et al 1980) supgesls that it Is also signitrcant wn
Dluv=uliraviolet speciral regron. JIn the cuse ot glants,

the discrepancy s proportioual to the lLogarithmic metal
abundance. ‘Lhis discrepiancy s negligible fur population LL
S5tars. Most probably, this discrepancy arlses due to an
unconsidered opacily souice whicli is sensilive to muetallicity,
A haze of weuk spectral Lines not included in extensive line
list used 1n the wodel atmosphere calculatiou, as saggested
by llulweger (1Y70), could be the source ol this extra opacity.
The effect on the tewperature structures ol this extra
opacity as estiumated by Gustafsson et al (1975) may be ALIOUh.
An attempt to study these weak lines in laboratory spectra of

irva should be undertaketli,

In the spectral line calculatiouns, a correct treatmoeut
of line broadening processes is esseuntial. Van der Waals
Tn low grevety
brouadening Ls most dominant for all pholuspherliec lines., For
S Ades Cephedds matured damping predpminetes Cver Vam dex “ﬁAiJCﬂuwﬂﬁT.
hydrogen lines, stark broadéning is also importent. tor the
culculation of damping half-widths for Van der Waals broaden-
ing the formula given by Uns8lid (1955) is used in the present
investigation. Holweger (1971) suggested u higher value ftor
thie interaction coustanti C6' in the deterwination of solar
Na abundances, Holweger fLound that this ifarger value eliminuted
the scatier in the derived abundances for a number of Na [

Lines for which other atomic parameters were accurately known.

We feel that detailed calculations of attraction as well
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repulsive interaction potentials between the perturber
and lower aud upper Lerm ol the perturbed elzment are

required tov so0lve the problem,

We have usud solar gf values For the lines used iu
the present investigation. ‘lhese values arc derived using
80lar eguivaleut widths and a good model of solar atmosphera.
HHowever, in the list ol’ wavelengtls ol the Lines in the
solar spectrum (Moore, Minnacrt and Uoutgust 1960), sowme
weéak liues remain unidentlficds JLn our calculations, we
have omitted the gpectral reglons with such unknown fealures.
Thus we had to leave out some importani lines of s=-proceps
elements due to the pruseunce of unidentil'ied lines in Lheir
close neighbourhood. Detuliled laboratory investigatlons of
a number of elements are reqguired for the Ldentililcation of

fhese lines.

We have indicated a few steps which would lead to the
determination of accurate abundances, 1The importance of
accurate abundance estimation need hardly be exaggerated. A
radical change in the understanding of nucleosynthesis in
stars and of chemical evolution of the Galaxy may appear when
more accurate abundance estimates for gtars of different age
groups are available as a fuunction of their galactocentric

Ly
]

J
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Line Dacta Used in Synthesiving the Spectrum

We present in the lollowing tables the line data usued

Por synthesizing various spectral regionms. ‘The columns ol

the tables contain the following information:

1)

2)

3)
L)
5)
6)
7)

8)

WAVELENGT] in £ unlis;

LLENT, ldeutification of the parent atom of the line
wrilten in ‘the slyle ol' ATLAS i.e., the number earlicer
to the decimal point Ls the atumic number of the atom
and the (digit at'ter thie decimal point represenis the
ionitsation state; for example,

Fe | = 26U, Fe LL = 26,1 etc;

MASS, the atomic mass in amuj

IP(1), the first ionimsation potential of the atom in eV;
IP(2), the second ionisation potential of the atom La uV;
Ep(1), the excitation potential of Lhe lower stute ln oVj
Er(2), ths excitatlon potential of the upper state in oVj

GF, the statistical weight multiplied by the ogecillalor

strength >f the traunsition,



Table A.1 - 4Line data : 4329-43358

CL X T T
B o 0 M G Ny T 0 R T Y G U S D W P M W G D T Gy D G N A S S W O g

WAVELENGTH IDENT  MASS IP(1) 1P(2) EP(1) EP(2) GF

4329,038 62.1 150,400 5,63 11.07 .18  3.03  .01029
4329,537 26,0 55,847 7,87 16,16 2,21 S5.06 ,00006
4330,024 23,0 50,941 6,74 14,65 .00  2.85 11445
4330,245 22,1 47,900 6,83 (3,85 2,05 4.89 01069
4330.708 22.1 47,900 6,83 13,85 1.18 4,02 00832
4330,728 28,0 S8,710 7,63 18,17 3,78 6,63  ,01622
4330,820 26,0 55,847 7.87 16.16 3,02 S.,85 00047
4330,95¢ 26,0 55,847 T.87 16,16 3,25 6 10  L00769
4331 ,243 27.0 58,933 7.86 17,06 3. 41 6.25 17386
4333 651 28,0 58,710 7,63 18,7 1.67 4,52 ,00912
4332,.583 24,0 51,996 6,77 16.50 311 5.98 «31940
4332,831 23,0 50,941 6,74 14,65 .02 2.87 05081
4333,206 40,0 91,220 6,84 13,13 2.40 5,25 L77625
4333,763 57.1 138.906 5,77 11,06 .17 3,05 1,05730
4338,166 62.1 150,400 S.63 11,07 28 3412 00985
4334246 62.1 150,400 5,63 11,07 «28 3,12 ,00985
4334.840 22.0 47,900 6,83 13.85 <81 3.b66 01784

a1



Tuble A-2 - Line data: 4348-43658
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MASS

IP(1)

1P(2)

EP(1)

EP(2)

GF

KWAVELENGTH IDENT
4348,947 26,0
4349 ,799 58,1
4350,840 22,1
4351 ,056 24,0
4351,303 60.1
4351,392 26,0
4351 ,554 26.0
4351,764 26.1
4351,770 24,0
4351,921 12,0
4352.748 26.0
4352.880 23,0
4353,948 2.0
4354 ,067 22.0
354 266 26,0
4354 ,436 87.1
4354 514 12.0
1354 ,615 2t.1
4354 ,95) 23.0
4355,093 20,0
#1355,902 28,0
4355,943 23.0
4356,743 24,0
4357,514 24,0
4357.530 26,0
4358,170 60.1
4358,51°¢ 6.0
4358,.718 39,1
4353,916 26.0
4359%,585 28,0
4359.631 24.0
4359,744 40,1
4360,480 22.0
4360,797 26,0
4361 ,668 581
4362,038 62,1
4362,099 28,1
4362,930 24 .1
4362,950 24,0
4363,108 24,0
4363,66% 58.1
434,871 24,0

55,847
140,120
47,900
51,996
144,240
55,847
55.847
55,847
51,996
24,305
25.847
50.941
51.996
47,900
55,847
138,906
24,305
44,956
50,941
40,080
58,710
50,941
51.996
51,996
5%.847
44,240
55.847
AR ,905
55,847
58,710
51,996
91,220
47,900
55,847
140,120
140,400
58,710
51.996
51.996
51,996
140,120
51,996

7.87
5.47
6,83
6,76
5.49
7.87
7.87
T.87
6.76
7.64
7.87
6,74
6.76
6,83
7.87
S.77
5,49
6,54
6,74
6,11
7.63
6.74
6,71
6.76
7.87
5,49
7.87
6,38
7.87
7.63
b.76
6,84
6,82
7.87
5,47
5,63
7.63
6.76
6.76
6,76
5.47
6,76

16,16
10,87
13,85
16,50
10,72
16.16
16.16
16.16
16,50
15,03
16,16
14.65
16.50
13,85
16,16
11,06
10,72
12,80
1“.65
11,87
18.17
14,65
16-50
16,50
16,16
10,72
ie.16
12,24
16.16
18,17
16.50
13,13
13,58
16.16
10.87
11,07
18,17
16,50
16,50
16,50
10.87
16.50

2.98

o 70
2,05

196

.18
.40
2.98
2.69
1,03
4,33
2.21

5.82
3.53
4,89
3.80
3,02
6.24
5,81
5.53
3.86
7.16
5,05
2,92
6,20

‘4,99

6,73
3.75
T.16
3.44
4,72
5.53
6.45
2.85
5.83
6.19
6.77
3.15
S«77
2.94
6,70
6.22
3.41
4,06
5.00
6,46
3,36
3.31
6,92
8,47
5.69
S.78
3,48
5.92

01517
1.32580
D4170
09120
< 79459
00203
02642
00006
11891
62940
,04786
12704
.35738
13849
1.19410
, 26288
. 23990
3,19140
.N3918
. 05380
. 01549
1,308AR0
.43380
L00371
6.20930
«N6661
201185
.01023
«03381
«15450"
.20158
LA36TS
. 02295
,18754
00752
.07500
.,02032
.00525
01660
00141



Table A.73 - Line datas 4398-44028%

T O S0 W R P S A A D P P W G G0 S S S S 49 G5 S5 S0 GY T G RS I TSP 45 G5 U o5 Rhp 0V G U b S mp O G AN GN AT O WL B oy G AT iy W

WAVELENGTH

IDENT MASS

IPC1)

IP(2)

EP(1)

EP(2)

GF

-'d—--.---------.-nb-.-q'------p--. 0 ) Y e WD S G D W o Sy S g e WD N A U R MY A TR am M W W

4398,020
4398,299
4398,49}
4398,621
4399224
4399,602
4399,778
4400,18%
4400,398
4400,580
4400,850
4400.850
44p1,298
a401,451
4401,552

39.1 88,905
22,1 47,900
23,1 50,940
28,0 58,710
58,1 140,120
28.0 58,710
22,1 47,900
28.0 58,710
21.1 44,956
23.0 50,940
60,1 144,240
28.0 58,710
26,0 55,847
26,0 55,847
28,0 58,710

6.38
6,82
6,74
7.63
5,47
7.63
6,82
7.63
6.54
6,74
5,49
7.63
7.87
1,87
7.63

'I?.Ell
13,58
14,65
18,17
10,87
18,17
12,80
18,17
12.80
14465
10.72
18,17
16,14
16,16
18,17

#13
1.22
3.33
5,54

.33
3.85
1.24
3,63

Wbl

26

« 05
3.65%

'3'60

2.“3
3,19

2,93
4,03
6,13
6.35
3,13
6.65
4,04
6,43
3.41
3,07
2.87
6,45
6,40
5,63
5499

05623
00108
.02238
03501
35588
.10153
«09399
203577
«37253%

19

k)
{



1306

'1\
able A.4 - Line data: 4406-4428%

4406,153 23,0
45406 .,65 . coioui  ova 4
4“07.275 23,0 50,94} 6,74 }a.es Yl s el
4407 S8.1 140,120 5,74 87 70 351 biphgo
auo7-;52 23,0 50,941 4,74 14,65 S TR
4y 706 26,0 5%,847 7'87 Y i 4t 07748
07.708  Pul0  51.99 677 16.50  s.01 .84 -
4408.208 23,0 301901 6,74 1a.68 .36 3io8 i
.‘L?.S . » 14 65 ) :
A48, a2 gg.g glos_g:'l/ 1.37 16:-16 z-§3 ;'gz 5':22?,3
4408.523  23.0 0.9 S I L
4a08. 523 59_1 1ao' 41 6,74 14,65 27 3,09 L13537
4408,941 3" «910  S.42 10,55 N0 . esrs
2283.125 56:5 ;_;g:zz% g.;;l ;2.65 3.97 g‘gg 2';’:::!3
.248 22 . a5 1o . :
:zgq.sze 22:: :;'388 :,gg :;.as 1.24 2-32 '23&?3
0.306 aa‘o 51.9q . 085 1.23 Q‘OS '00
4at0.306 24,0 51, 6 B.77 16.50 3.01 5.8 . “121
4410525 za.o 51,7]0 7,63 18,17 3.31 6'13 <0483
4410.953 ) 996 6,77  16.50 2.98 . 07430
wiiiesl  Boge e i ge S ldh
23?}-22« 25.0' 54.938 g-z; :g.zg 3,01 5.84 :.oqlo
.934 . 22.1 47,900 6. . 122 alos o113
4ay2,257 ‘e sy .83 13,85 1.22 4,02 .
12257 gb:g gé,:zg 6,77 16,50 1.03 3,82 ':3533
4413,599 26 v 7.87 16,16 4,07 6,87 | !
.1 55:847 7,87 . ‘00013
4a13.59% 2611 ssisaT . 16,16 2,68 5,46 00013
413059 2a0 S1le%  e7T 16150 315 .13 ~66200
2::2'32“ 2h,0 55.8a7' 7-:; ::.:2 ;.gg 6,28 00166
.458 26,0 55,847 1, . 47 2.B6 00100
444,554 40, ' 87 16,16 3,37 6,16
04141890 2500 Sal038 743 5.6  2.h8  5.e7 g
4a1s.1%5  sel0 551887 787  feite  1o60  Aia0 o367
4415,.563 21.1  24.956 6. 280 59 340 Lanir
aais_se3 21,1 4.9 b.;z 12,80 59  3.40  .42917
date.a7s 230 55:'8"7 '7.87 14.65 27 3.06 N 71Y:1)
4a16.828 26.1 33.007 6.8 16,16 2.77 S.56 « 00240
way7. 287 22,0 47,900 7'52 13,58 1.89 8,68 ,75858
iair5as 27l sl Ted 17,06 3.06 5.85  .1700%
17723 2.1 17,900 4.82 13,58 1,16 3,95  ,06390
ialooae  sets seiadr  7.87  esis  2i08  s.77 laoi s
4ais uzo 26,0 S0 1.8 16,16 2.98 5,77  .00114
a419.104  24.0 51,996 6,76 10,87 .86  5.66 5.10900
3419.108 e 55'807 _’.” 16,50 3,00 S.78 06700
1a19.273 AL L A 16,16 3,63 6,41 00270
4419.942  23.0 50.940 6,74 :2'26 28 307 Lozsua
suzo 52t s2.1 150,000 563 11,07 .33 3,13 ,01850
“aal‘lzs 21.1 150:"00 5.63 :f-gg 'gg ;";"[ 00646
TRE ‘ : : . . 01348
27.0 58,933  7.86 17.06 2.91 5,71 23070

[ d



- continued

---'-.----.-.--..-‘---------.-----.-l-...‘-‘-‘-‘-—-----------‘-ﬂl-‘

WAVFLENGTH

1¥(1)

IP(2)

EPC1)

EP(2)

5F

--n—-—---—c:-u--—p--------_"q-----nuw-"..tqﬂ-'-‘_--q--.--------
'

4421 ,573%
du21.76%
4421 ,944
4422,505
4422,572
4422 574
442,829
4422,973%
4423 ,1490
4423 ,263
u423,.847
a424.072
qaqp4,20n0
ah24,2948
4425.148
qu25.,444
4425,664
4425,.769
4425,769
4425,850
4426,040
4426,054
4427,105
427,300
4427 ,312

Table A.L
IDENT  MASS
23,0 50,940
22,0 47,900
22J1 47,900
23,0 50,940
39,1 88,905
26,0 55,847
22,0 47,900
28,0 S5R,710
26,0 55,847
24,0 51,996
26,0 155,847
24,0 51,996
26,0 55,847
‘24,0 51,996
24.0 51,996
20,0 .40,080
26,0 s5,R47
26,0 55,847
26,0 55,847
22,0 47,900
23,0 50,940
22,0 47,900
22,0 47.900
26,0 55,847
26,0 55,847

6. 74
6,82
6,82
6,74
6,38
7.87
6,82
7.63
7.87
6.76
7<A7
6,76
7.87
6.76
6,76
6/13
7.87
7,87
7.87
6,82
6,74
6,82
6,R2
7.A7
T.87

14,68
13,58
13,58
14,65
12.24
16,164
13,58

18,68

16.16
46050
16.16
16.50

6.16

6.50

6.50
11,87
16,16
16,16
16,16
13,58
14,65
13.58
13,58
16,16
16,16

.27
2,23
2.05
1.70

w10
2,83
1,07
3.66
2.92
3.01
3. 64
2.10
3.54
3,00
3.10

1,88

3,57
3,26
3.64
1.06

.29
1.84
1.50
3,65

.05

3,07
5,02
4,84
4,50
2,91
5,62
3.86
6,45
5.77
5,80
6ot
4,89
6432
5,79
5,89
h,66
6,37
6,41
6,41
3,85
5.07
4,66
4,28
6,43
2,84

«183R0
1,20960
01888
AB 60
00011
~05%73
05480
07454
100606
‘e 0321*’
« 01827
01958
00229
.349530
« 05000
66069
«01341
«NOORS
00129
« 00A50
12023
17378
b.17240
00077
«0004]

199



Table A.5 - Line data: 4472-44768

I---_-----q----.a-h-ﬂb.—o-‘-—---l--aa.dﬁ—uﬂd-tw'--n--u--huu--uu---

WAVELENGTH IDENT . MASS 1P(1) IPC2) EPC1) EP(2) GF

l.---’---.-- - -.ﬂ------.ﬂ.ﬁ----._-.dﬁ--.-h—.-nn-----.----'------—
4472,704 26,0 S5,847 7,87 16,16 3,64 6,39 00851
4472,723 26,0 55,847 7,87 16,16 3,27 6,02  .00406
4472,802 25,0 55,847 7,43 15,64 2,95 S,74  ,28697
4472,930 26,1 55,847 7,87 16,16 2,84 S,59 .00031
a474,049 23,0 S0,941 6,74 14,65 1,95 4,71 62180
4474,755 23,0 50,941 6,74 44,65 1,89 4,65 2,20000
4474 ,859 2a.0 47,900 6,83 13,85 1,48 4,20 12900
aq74,859 22,0 47,900 6,83 13,83 2,10 4,86 «01047
475,306 24,0 S1,996 6,77 16,50 2,89 5,64 03362
4475,7122 39,0 88,904 6,08 12,24 1,40 4,15 ,33150
4476,033 26.0 55,847 7.87 16416 '2.84 5,59 «03790
4476.,08% 26.0 55.847 7.87 16.18 3-69 643 «08814



Table A.6 - Line Data: A483-4489y%

204

P D G BP L W M OB S YE Ghh WD F W W G R S D G P Y A S B W D i v S R NN G T S W W M IS P U G W ol e W G A R T A D g W G g BB

KAVELEFNGTH

IDENT

MASS

iP(L)

LP(2)

LPC1)

EP(2)

ak

T Ay NS N G B D W A A A R A ) S S G A A ) P S P 4 i e S M S R s D B S S G o S0 D G S R O WP Dy O g O

4483,782
4483 ,911
4484, 240
4484,503
4484,659
4485%5,422
4485,683
4485,976
4486,914
4487,004
44gy.258
4487,513
4487,747
4488,061
4488,138
4488,.329

26,0
27,0
26,0
27.0
24,0
40,1
26,0
26,0
58.1
26,0
39.0
39,0
26,0
24,0
26,0,
22,1

55.847
58,933
55,847
58,933
51,996
91,220
55,847
55,847
140,120
55,847
848,905
88,905
55,847
51,996
55,847
47,900

7.87
7,86
7.87
7,87
6.76
6,84
7.87
7.87
S.47
7.87
6,38
6.38
7.87
6.76
7487
6,82

16,16
17.06
16,10
17,06
16,50
13,13
16,16
16,16
10,87
16,16
12,24
12,24
16.16
16.50
16,16
13.58

3,64
3.13
3.60

.92
5.08
1,24
3.69
3.65

.3’0
3.93
1.37
1.36
3.24
2,99
3.60
.12

6.39
5.84
6,35
3,68
S,84
3.97
6,43
6,490
3,40
6,67
4,11
u.!o
5,98
5.73
6.35
5.87

L,00212
«20289
11196
,00087
00775
N2211
08317
«00389
+75070
00159
«36727
52480
LN0121
.05223
.N2500
«23990



VD Sy D S0 M W B W e G W BRI D U G S N G G N D A A S W e MR ST NS W S A

WAVELENGTH

Table A.7 - Line data: 4506-4518%

TUENT

MASS

TP (1)

IP(e)

EPLY)

EP(2)

fUZ

GF

.----—----.------—----u-u--—-—---------u—-—--—-n-----—‘-oqunq----

45056,608
4506,747
4506 ,842
4507,100
4507 .227
4507.39%
4507.R58
4508,011
4508,289
4509.,128
4509,2790
4509,298
4509 ,449
4509,995
4509,99%
4510,160
4510.830
4511,072
4511,.900
4512,273
4512.741
4512.997
4313,582
as13,720
4513 ,872
4514,189
a4514,193
4514 ,432
4514,496
4515,178
4515,337
451S,440
451%5,597
4516,272
a517,089
4517.154
4517.530

20,0
22,1
24,0
40,0
26,0
20.0
20,0
22,0
26.1
26.0
26.0
26.0
20,0
24,0
24.0
59.1
26.0
26,0
24,0
20,0
22.0
28,0
39.0
22,0
28,0
26.0
23,0
24,0
2“.0
26.0
26.1
24.0
23,0
26,0
27,0
26,0
26,0

40,0890
47,900
51.996
91,220
55,847
40.080
40,080
47.900
55.847
55.847
55.847
55.847
40,080
51,996
51.996
140.908
55.847
55,847
51,996
40,080
47,900
58,710
88,905
47,900
58,710
55,847
50,941
51.996
51,996
55.847
55.847
51.996
50,941
55,847
58,933
55,847
55,847

6,11
6.83
6,77
6,84
7.87
6,11
6,11
6,83
7.87
7.87
7.87
7.87
6.11
6.76
6.76
5,42
7.87
7.87
6,76
6,11
6,83
7.63
6,38
6.83
7.63
7,63
674
6.76
b.76
7T.87
7.87
6,76
6.74
7.87
7.86
7,87
7.87

11,87
13.6%
16,50
13,13
16,16
11,87
11.87
13,82
16.16
16,14
16,16
16.186
11.87
16.%0
16,50
10.55%
16,16
16,16
16,50
11,87
13,85
18,17
12.24
13,85
18,17

16,16

14,65
16,50
16,50
16.16
16.16
16.50
14,65
16,16
17,07
16,16
16,16

2,52
.13
4,14

.54
3. n
2.52
2.52
2.78
2,84
2.61
3.05
3,69
2,52
4.53
4,53

«i2
3.60
31,60
3.07
2,51

.43

. 3.69

1.90
1;“3
3,54
5.03
1.94
2.91
4,17
2.87
2,82
3.01
1.489
3,60
3.13
3.32
3,06

5.26
3.86
6,91
3.2R
5.84
5 .86
S.26&
5.51
5.59
S.78
5.78
6.42
5.26
7.26
7.26
X.16
6.42
6,42
5.81
5.25
1.57
6,42
4,62
4,16
6,27
S.77
4,67
5.82
6,90
S.61
5.52
S.74
4,63
6,38
5.85
6,006
5,79

00350
<00017
635640
23591
+00034
.00351
+00171¢
44092
.00277
.00003
.00024
«00147
. 00610
39857
«02049
.2049
« 00133
.00166
26190
.,00855
.1728%
«02651
«47860
+03332
.00364
«00530
1.10770
« 39899
2,19880
+00014
200219
85300
«01349
+15304
00083,
01084



Table A.8 - Line data: 4551-4573%

b AL 2 B ¥ L2 Y PR —tn -

NAVELENGTH IDENT MASS 1P(1) IPC2) EPC1) EP(2) GF
45%1,228 28,0 58,710 7.63 18,17 4,17 6,87 11220
4551,654 26,0 55,847 7.87 te.16 3,94 6.65  L00K76
4552.293 22,1 N7.,900 6,82 13,58 1.12 3.83  ,00Un3
4552,463 22,0 47.900 6,82 13.58 JRY 1.55 575 14
4553,010 40,0 91,220 6,84 13,13 .52 3,23 NE026
4553,056 23.0 50,941 6.74 14,65 2.36 S,.06 LN0H37
ll5'53-17“ ?_H.o 58-710 7’63 18.17 3-66 6-55 .(lliun
4554,036 56.1 137,340 5,21 10,00 .00 2,71 1.47941
AS54,460 26,0 55,847 7,87 16,16 2,86 5,5  ,nul72
4554 ,536 44,0 101,070 7,37 16,76 LA 3.52 1.41000
4554 834 24,0 51,996 6,77 16,50 3.10 5.81 04700
4554 _,992 24.1 51,996 6,77 16,50 4,05 6,76 03400
4555069 22.0 47.900 6,82 13,58 2,40 5.11 JT9433
4555,090 24,0 51,996 6,77 16,50 3.10 5,80 12303
4555,29S 24,0 51,996 6,77 16,50 3,42 6,13 03090
4555,492 22.0 47.900 6,82 13,58 .84 3,55 12426
4555,750 26.0 55,847 7.87 16,16 3,27 5.96 . 00018
4555,892 26,1 55,847 7.87 16,16 2.82 5.52 L0000 74
4556,129 26,0 55,847 7.87 16,16 2.94 5,64 00260
4556.129 26,0 5%.847 7.87 16,16 3.93 6,64 .nouto
4556,129 26,0 55.847 7.87 16,16 3,%9 6.30 00257
4556,169 24,0 51,996 6,77 16,50 3.10 5.81 .18197
4556,939 26,0 55.847 7.87 16,16 3,24 5.95 N0179
4557,.284 26.0 55,847 7.87 16,16 4,06 6,67 01359
4557,857 22,0 47,900 6,82 13,58 2,46 5.17 03890
4558,092 22.0 47,900 6,82 13,58 2,33 S.04 1,22020
4558,092 22.0 47,900 6,82 13,58 2,33 5.04 L0087
4558,103 26.0 55,847 7,87 16,16 3,64 6,33 ,00158
4558,103 26.0 55,847 7.87 16,16 3,97 6,67 L0008
4558 ,460 23.1 50,941 6,74 14,65 3,79 6,49 L00002
4558 ,460 57.1 138,906 5,58 11,06 .32 3,03  ,02455
4558 ,650 24,1 51,996 6,77 16,50 4,06 6,76 06606
4559,930 22.0 47,900 6,82 13,58 1.45 4,16 .0 3R45
4559,945 28,0 58.100 7.63 18,17 3,52 6,23  .004p2
4560,097 26,0 55.847  7.87 16,16 3,59 6.29 ,01510
4560,2R0 S8.1 140,120 5,47 10,87 .43 3.14 1,10800
4560,720 23.0 50,941 6,74 14,65 1.94 4,65 1.13770
4560.966 58,1 140,120 5.47 10,87 «20 2491 +5H288
4561.417 26,0 55,847 7.87 16.16 2.76 5.53  .00099
4562 ,367 58,1 140,120 S,47 10,87 .00 2,7t .60950
4562,637 22,0 47,900 6,82 13.85 .02 2,73 00130
4563,237 24,0 51,996 &.77° (6,50 3,85 6,54 1648t
4563,438 22,0 47.900 6,82 13,58 2,43 5,12 37756
4563 ,766 22.1 47,900 6,82 13,85 1,22 31.92 ,13804
4564 ,173 24,0 51,996 6,77 16,50 4,78 7.46 25142
4564 ,578 23,1 50,941 6,78 14,65 2,27 4,96 «04351
4564,702 26,0 55,847 7.87 16,16 3,85 6,11 ,00702
4564.828 26,0 55.847 7.87 16,16 3,07 S,76 .00135

-



Table A.8 « continued

204

A D N iy S e M R e S g W D W W S Y W G M A A0 W i N O S Ay S WD - - . - g - . - -

WAVFLENGTH

TDENT

MASS

IP(1)

IP(2)

EP(L)

EP(2)

GF

T D ol W T MBS W W D G e e S0 T OV O D e O G5 OO i O A S e B W N N S Gy R S e g e O W S S g R D g e B ) g O W nad O

456S,173
4565,316
4565,430
4565,512
4565,578
4S65,668
4565,729
4565,856
4566,233
4564 ,524
4566.678
4566.993

4568.324

4568,771
4568,85%
4%569,250
4569,52%
4569,618
4570,025
4570.918
4571,102
4571,444
4571,675
4574,783
4571,830
4571.,982
4572,160
4572,.284

24,0
26,0
40,1
24,0
27,0
26.0
24,1
58,1
62,1
26,0
26-0
26.0
22.1
26.0
26,0
27.1
24,0
2‘3.0
27,0
22,0
12,0
26,0
24,0
23,0
2“.0
22,1
24,0
58,1

51,996
55,847
91,220
51,996
58,933
55,847
51,996
140,120
150,400
58.847
S5.847
55.847
47.900
55,847
S5.847
58,933
51,996
51,996
58,933
47,900
24,305
55,847
51,996
50,941
51,996
47,900
51,996
140,120

6,77
7.87
6,84
6.77
7.86
7,82
6,77
5,47
5,63
7.63
7,87
7.87
6,83
7.87
7,87
7.86
6,77
6,77
7.86
6,82
7.65
7,87
6,77
6,74
6,77
6,82
6,77
5.47

16,50
16,186
13,13
16,59
17 .06
164,16
16.50
10,87
11,07
16.16
16,16
16.16
13,85
16,16
16,16
17.06
16.50
16,50
17.06
13,85
15,03
16,16
16,50
14,65
16,50
13,85
16,50
10,87

4,74
31,27
1,77

JIH
3.00
2.55
4,02

«B1

«33
3,33
2.55
3,40
1.22
3.26
3.63
3.40
3.12
3.12
3,63
2,40

.00
2.87
2.54
1.94
3.83
1.57
3.31

«28

7.46
5.90
n,47
3,68
5.71
5.25
6,73
3.52
3,03
5,99
Se26
6.1
3,92
5.96
6.33
6.10
7.29
5,82
6,32
5.09
2.70
5.56
5.23
4,68
6,53
4,27
6,01
2.90

1.2%900
,00276R8
L 66992
+01096
10356
00004
.00399
60580
00842
00615
00007
.00196
.60095
« 00345
L00704
.00323
06383
. 16498
«19638
W193R3
00001
.00580
11123

1.31825
13804
28234
04600

2.83480
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Table A.Y - Line data: 4574-L534%

IDENT

MABS

IPC1)

IPC2)Y

EPL1)

EP(2)

20

GF

0D D NS 0 e T W S D W G O S T N U A O W 0 T e O Y A N TR G A 8 S e e e T G s D T G T R A ey iy O e B g e Sy

4574 ,24%
4574 ,4%0
4574 .,490
4574 ,728
4574 ,902
4575.121
4575.800
4575.,800
4576,339
4576 ,.551
4576,785
4577.184
4577.6%4
4578,326
4578,559
4578,730
4579,054
4579,070
4579 ,187
4579 ,344
4579,344
4579,688
4579,825
4580,05¢6
4580,.139
4580,39y
4580,.600
4580,619
4581,063
4581.320
4581 406
4581.519
4581 ,630
4582 833
4582 ,952
4583 ,415
4583,724
458%,.839
4583,992

26.0
24,0
40,1
26,0
57.1
24,0
26,0
26.0
26,1
22,0
24,0
23.0
62,1
24,0
20,0
23,0
26,0
26,0
23,0
26,0
26,0
26,0
26,0
24,0
27.0
23,0
2610
28.0
24.0
39.0
20,0
26,0
27,0
26,1
26,0
22.1
26,0
26,1
Zbgl

55.847
51,996
91.220
55.847
138,906
51.996
55,847
55,847
55.847
47,900
51,996
S0.941
150,400
51,996
40,080
50,941
55,847
S5,8u47
50,941
S5,847
SS.847
55,847
55,847
51,996
58.933
50.941
55.847
58,710
51.996
88,905
40,080
55.847
58,933
55.847
55,847
47,900
55.847
55.847
55,847

7.87
6,77
6.84
7.87
5,47
6,77
7,87
7.87
7.87
6,83
6.77
6,74
5,63
6,77
6.11
6,76
7,87
7.87
6.74
7.87
7,87
7.87
7.87
6.77
7.86
6,74
7.87
7.63
6.77
6.38
6.11
7,87
7.86
7,87
7.87
6,82
7.87
7.87
7.87

16,16
16,50
13,13
16,16
10,87
16,50
16.16
16.16
16.16
13,85
16,50
14.65
11,07
16,50
11,87
14,65
16,16
16,16
14,65
16,16
16,16
16,16
16,16
16.50
17.06
14,65
16I16
18,17
16,50
12.24
11,87
16,16
17,06
16,186
16,16
13.5A
16,16
16,16
16,16

3,20
3,07
2.42
2,27

w17
3.35
3,29
3.86
2.83
2.32
3.04

.00

.25
1,83
2,51
1.93
3,87
3,26
1.94
3,68
2.82
3.63
3.06

.94

.92

.02
3.64
3,64
3,07
1.90
2,52
3,24
2,94
2.84
2,84
1.16
3,10
2.80
2.70

5,90
5.76
5,12
4,97
2.87
6,05
5.98
6.56
5.56
5,02
5.76
2.70
2.94
6.53
5,21
4,63
6,56
5,97
4,64
6,37
5,52
6.32
5,75
3,63
T.61
2.71
6433
6.33
5.77
4,59
B,.21
5,92
5,64
5.52
5.53
3,85
5.79
5,49
5,39

.00366
«N0277
«10965
00114
«0lv2s
L08912
+N013%9
00030
00060
.03008
«N2571
06452
.00333
10945
. 13851
52230
.N0005
400333
26915
.00237
Jan080
00054
00109
«03341
-000h9
«15HA3
<00hb61
«15850
<0095
«13954
w17727
03925
22555
L00053%
«00014
<O00R0
L00076
«0N1202
LN0004

¥



Tavle A. 10 ~ Line data: 458h-4o1328

D O S G 0 e N W Ay D G S O U U S o Sy O U G W S e B S e DA R Y e Wk Y ) 1 Py 405 e A N R S o e et DO e A g

MASS

IPC1)

TP (2)

FP(1)

FrP(a)

GF

) doe W g S S g MY T B WY G D NS S M e U M R D AN M W M S e GO0 N M U G N S P G G PN WP OB iy ey S D G N W G W AN G RS W g B

WAVELENGTH IPENT
4S8y, 706 26,0
4584 752 24,0
4584 824 26.0
4585 ,874 20,0
4585,923 20,0
4585,973 23,0
4se6,378 23.0
4587.134 26,0
4587,.723 26,0
4588,204 24 .1
4589.953 22.1
4591.400 24,0
4592.057 24.1
4592.534 8.0
4592.659 26.0
4593 530 26,0
4593 832 24,0
4593,935 58,1
4594 ,126 23.0
4594 ,639 27.0
4594 894 28.0
4595,216 26,0
4595,365 26,0
4595,593 24.0
4595,690 26,1
4596 ,069 26,0
4596,392 2640
i596.90s 27.0
4%98,12§ 26,0
4598,364 26.0
4600,107 24,0
4600.190 23.1
600,364 28,0

55,847
51,996
55,847
40,080
40,080
50,941
51.9496
50,94t
55.847
55,847
51,996
47.900
$1.996
51,996
58,710
55,847
55,847
51,996
140,120
50,940
58,933
58,100
55,847
55,847
51,996
55.847
55,847
55.847
58,933
55,847
55,847
51.996
50,941
58,710

7.87
6,77
7.87
6,11
b.11
6,74
6,17
6,74
T.87
7.87
6'77
6.42
6,717
6,77
7.61%
7.87
7.87
6,77
S.47
6,74
7.86
7.63
7.87
7,87
6,77
7.87
7.87
7.87
7.86
71.87
7.87
6.76

6,74

7.63

16,16
16,50
16,16
11,87
11,87
14,65
16,50
14,65
16.16
16,16
16,50
13,58
16,50
16,50
18,16
16,16
16,16
16,50
10,87
14,65
17,06
18,17
16,16
16,16
16,50
16,16
16416
16,16
17.06
16,16
16.16
16.50
14,65
18,17

3,60
3,00
3.60
2.5?
2.5°
1.35
.11

.04
3,57
3.98
4,08
1.24

.94
4,04
.54
1.5%
3lqn
3,32

h9

.07
3,63
3.39
3,63
3.29
4,18
2.86
3.62
3,65
3.63
3.27
3.%4
2.53
2:26
3.58

6,28
').70
b.28
5,21
5.21
4,05
5.79
2.73%
6,25
6.66
6.74
1.92
3.65
6.7“
6.23
4,24
6.62
6.00
3.37
2,76
6.31
6,08
6,31
5.97
6.86
5,53
6.27
b.11
6.31%
5.95
6,62
S.22
4.94
6,26

[y

[

L004137
00376
. 01901
.565163
01166
L0337
. 07841
. 13804
«01197
. 00554
.13182
01908
01185
03911
3247
» 00458
«00938
. 00891
80400
«18621
«39051
D2028
~00161
»02215
223026
«00003
« 056469
«00702
«h1019
+ 05604
+00550
« 05927
« 03867
16326

RUo



continued

20

ST N S M Y S T D S G D D S8 S T W OO U A B R e K D g S WS et D GRS A B G e Y S A A G G BN G WS e -

WAVELENGTH

IDENT

MASS

TR(1)

1P(2)

FP(1)

EP(2)

nF

VDT A i i S D i S S R A b B B S Ny S W WP s Gy S ¢ Y R W R AR S MR i G Gy A 0 e BV R Y W GG B WD p D W G WS L T B W A e N W T g W S WY

4600,757
4600,938
4601,025
4601 ,380
dénz2 U088
4602,949
4603%,953
H6o04,560
4604 ,852
4604,996
4605,104
4605,357
4606,226
‘4606,396
4607,087
4607,338
4607 ,654
4607 ,654
4609,266
4609,912
4611,070
4611 ,394
a611.285
4613,213
4613.367
4513,921
4614,150
4614.216
4614.534
4614.583
4614,.726
4615.456
24615.720
4616,132
4616 ,628

24
26
24
26
26
26
26
24
26
28
26
25
28
oM
26
38
°6
°b
22
28
26
26
a6
26
ed
40
24
26
24
28
24
62
62
24
24

o0
»0
.0
ol
.0
o0
«0
o0
«0
20
»0
« 0
0
0
-0
«0
.0
.0
ol
.0
«0
0
«0
.0
0
.l
«0
o0
.0
.0
«0
ol
1
. 0
.‘

R1,.996
55,847
51,996
55, 847
55,847
55,847
55,847
51,996
55,847
58,710
L5.847
514,938
58,710
51,996
55.847
87,620
55,847
55 447
47,900
58,710
55,847
55.847
55,847
55,847
51,997
91.220
51,996
55,847
51.996
58,710
51.996
150.400
150,400
51,996
51,996

6,77
7.87
8,77
7.87
7.87
7.87
7.87
6.76
7.87
7463
7.87
7.43
7.63
6.76
7.87
5,70
7.87
7.87
b 82
7.63
7.87
7.87
7.87
7.87
6.77
6.84
6.77
7.87
6.77
7.63
6.76
5,63
5,63
6,76
6,76

16.50
16,16
16,50
16,16
16,16
16,16
16.16&
16.50
16,16
18,17
16.16
15,64
16.17
16,50
16.16
11,03
16,16
16,16
13,85
18,17
16,16
16.16
16,16
16,16
16.50
13.13
16,50
16,16
16.50
18.17
16,590
11.07
11.07
16,50
16,50

1,00
3,24
2.54
2.88
1,61
1.48
2.99
3,32
3.63
3.48
2.86
4.72
3.60
4,45
341

.00
3.25
3,97
1,18
4,09
3,30
2.85
3,65
3.29

96

«97
3,09
3.29
3.85
3.60
3.37

.54

18

4,06

3-68
5.93
5,22
5.57
4,28
4,16
5,66
5.99
6,31
6.415
5.53
7633
6.26
7.13
6,08
2.68
5.9%
6,65
3.86
6,77
5.96
5.52
6,31
5.9%
3.63
3.64
Se77
5.96
6,51
6420
8,00
3.21
2485
3,66
6,74

«0bR0T
.002%2
LhHIYY
0002
L 00040
00255
00069
57770
.00152
«20280
« 00028
$4.67740
+10320
«93940
«00032
«59290
-, 02089
+00115
00029
08251
« 00250
LN0132
06853
.02377
« 02691
« 14030
.03037
00186
+10101
« 00476
«0498%
200379
«00645
01710
.02580

L]

f



Table A.10 - continued

WAVELENGTH

IDENT

MASS

IP(1)

IP(2)

EP(1)

FP(2)

GF

U617,276
4617,968
4618,792
4618,794
4619,297
4619,52%
4619,551
4519,780
&e20,132
4620,347
4620,513
4620,811
4621.033
4621,618
4621,.888
4621 ,963
4621,963%
4622,491
A622,751
4623,101
4624 ,419
4624,901
4625,052
4625,441
44625,.771
2625,920
4626.182
4626,538
4627,368
n627.549
4628.160
4628 457
4629.336
4629,336
4629.359
4630,128
4631,036
4631.484

22,0
28,0
26,0
ad. 1
26,0
22,0
24,0
23,0
26,0
28,0
26.1
27.9
24.0
2640
24,0
24,0
24,0
24,0
24,0
22,0
23.0
58.1
26.0
26,0
27.0
24,0
24,0
25.90
14,0
26.0
58.1
24,0
22,0
26.1
27.0
26,0
26,0
26.0

47,900
58,710
55,847
51,996
55,847
47,900
51.996
50,941
55.847
58.710
55,847
58,9313
51.996
55,847
51,9964
51,996
51,996
51,996
51,996
47,900
S0,941
140,120
55.847
55.847
58,933
51.99¢6
51.996
S4.938
28,086
55.847
140,120
51.996
47,900
55,847
58,933
55,847
55,847
55,847

6,82
7.63
7.87
6,17
7.87
6,82
6,77
6.74
7.87
T.63
7.87
7.86
6.77
7.87
6.77
6.77
6,77
6,77
6,77
6,82
6,74
5,47
7.87
7.87
7.86

. 6,77

©.77
7.43
8,15
7.87
5.47
6,77
6,82
7.87
7.86
7.87
7.87
7.817

13,58
18,17
1e.16
16.50
16.16
13.85
16,50
14,65
16.16
13117
16.16
17.06
16.50
16.16
16,50
16.50
16,50
16,50
16-50
13,85
14,65
10,87
16,16
16,16
17.06
16.50
16.50
15.64
16.34
164,16
10.87
16.50
13.85
16.16
17,06
16,16
16.16
16,16

1,75
3.77
2,94
4,07
3.60
2.33
2,99

.04
31.07
5,68
2.83
2,72
2.54
3.96
2.54
2.54
3.83

4,42
6.43
5.61
6,73
6.26
5,01
5,67
2.71
5.73
6.34
5.50
5.38
5.21
6,62
5,20
5.20
6.50
6,21
5,64
4,40
3.72
3.78
5.90
6,65
6.38
6.51
3.63
7.37
7.74
5.97
2.71
5.80
4,39
5.46
5.71
4,93
6,76
7.20

.67680
.01259
«00631
.01525
«05417
« 15850
« 27040
«01259
.00023
«00637
00036
«00R13
00345
.000R3
04244
L0U4203
.29830
.81280
.10661
«A5110
.12178
+70790
.02569
«N0120
+U6TT73
«37153
«03754
6,74050
01229
,00108
1.49980
03624
«60256
00316
05255
00398
«00253
+01092
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