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ABSTRACT

Spectrum synthesis techniques have been employed to derivé abundances

in giants, dwarfs and white dwarfs.

For the giants (a,weak~G;band‘star, a carbon-rich Cepheid, and a
number ofvextremely me£al—weak stars) carbon; nitrggen, and in one instance.
oxygen abundances have been determinéd,using molecﬁlar bands of CH, CN, and
NH.

(i) '$he weak~G-band starbHD 91805 was examihed, and found to be
extfemely undéfabuﬁdant’in carbon, and slightly (but significantly) over;
abundant in nitrogen. The metal and oxygen abundances were essential;y
, solar. From a photometric analysis; the group of weak-G-band stars are in
. the core-helium burning phase of their evdluti;n.. On the basis of the
ﬁresent data, the peculiar carbon and nitrogen abundanqes are possibly a
combined result of mass loss and meridional circulation.

(ii) ‘High dispersion spectra of the éarbon—rich Cepheidrv553
Centaﬁri‘were acquired, from which a curve-of-growth an&lysis gave-a near-—
solar i;on abundance.‘ The subsequent spectrum synthesis revealed both
carboﬁ and ﬁitroéen enrichments relative to the metals. For éarbon.to be
enriched in the surface layers as a result of evolutionary processes, the
>Star'must‘have mixed sometime after the He-core flash stage, possibly
'during’helium—shell flashing. Thé star could possibly_be a loop Cepheid,
evolviﬁg thrdugh~the instability strip. Significant mass loss is required
to produce a loop Cepheid at the luminosity of this object.

(iii) For the extremely metal-poor giants,‘carbon and nitrogeh
abundances have been determined.  The carbon to nitrogen ratio for the
objects studied is shown to obey the following least squares relation,
[c/N] = 0.5(log g) - 1.3. fhere also appears to be a slight enhancement

of nitrogen with increasing luminosity. The luminosities derived for




some of these objects are less than tha£ required for helium-shell flashing,
and therefore, these peculiar abundances are possibly produced‘during a
star's first ascent of thé giant branch. Thus thé above abundahces‘could
be atfained by a combination of mass léss and a numbér;oﬁ hydrogen-shell
inétabilities,‘which mix material, p;oéessed by the CNO cycle, info»the
surface>layefs. |

In addition,:two grids -of model'atmospherés haQe'been’conStructed.
One grid of cool dwarf and subdwarf modeis has'been'used to compute synthétic
' G-bands and MgH features. At certain effeétive temperatures, and as the
metal abundance is lowered,'both these bands are shown to remﬁin stronger
than neighbduring pure atbmic—line»regions. This result adequatelybinter—
prets the "CH" and “MgH" classifications of Gréenstein, withoutvhaving to
invoke any peculiér abundances for carbon or magnesium. The strengthéning_
of these feétures witﬁ decreasing metal abundance means that CH and MgH
are abundance -discriminants in subdwarf stars with effective temperatures
< 5500 K and < 4000 X, respectively.

Fof:thewéther grid, cool H- and He—fich white dwarf models have
‘been constructed. Molgcuiar hydrogen (ﬁz) determined the atmospheric
strﬁcture of the H-rich models, by,aitering‘the adiébatic temperature
gradient such thaf the conditions for convection became more favourable.
A number of synthetic épectra were computed for both the hydrogen—vand
- helium-rich models, which demonstrated that the heavily blanketed White

dwarf LP701-29 was a H-rich star, with a Te = 4000 K, log g = 8.0, and

‘ ff
a métal-ébundance, Mm/H] ~ -3.
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CHAPTER 1

INTRODUCTION

In this thesis a spectrum synthesis technique is employed to derive
abundances in the atmospheres of evolved stars which have a wide range of
luminosities. Both the technique and its application to the various types

of objects will be discussed here.

I. SPECTRUM SYNTHESIS
The spectrum synthesis technique has bécome a:standard tool for

interpreting photometric data and determiningAstellar abundances. - There are
a number of researchers who have developed synthesis programs, which have
been used in the analysis of widely varying types of data (e.g., Bell 1970a,b;
Sneden 1974a; Wehrse 1975, 1977). All haQe a basic model atmosphere

progfam with additional subroutines to inciuée'the atdmic and molecular line
contributions in the total opacity. Using this‘opacity, the emergent flux
can be éalculatéd over a specified wavelength interval. Bell's line-list
consists of many thousands‘of lines, and he has the facilityvtO'compute
'synthétic spectra bethen XA~3000 and ~12000%. Theée spectra have theﬁ
vbeen matched directly with speétroscdpic observations‘(e.gQ, Bell and

Dickens 1974; Dickens and Bell 1976), or convolved with the response fﬁnétion
of a particular photometric system (DDO, Strémgren,-or UBV) , and'coﬁpared
with photometric colours (Bell and Gustéféson 1975; Bell 1976). Sneden
(1973, '1974a,b), on the other hand, synthesised restricted wavelength
intervals (AA~4OX),thich were sensitive to variations in the CNO abundances.
"High dispersion observational data were then required, becaqse continuum

placement can be difficult when only such a limited spectral region is




" computed. Many other authofs have used the synthesis techniques, and some
of these will now be’discussed briefly to indicate this method's diversity.
Deming (1978) has developed a syﬁthesis program to compute'thé DDO
‘index GéN. This program was broadlg based on that of Beil (see above), and
used Béll's.liét of atomic and molé;ﬁlai lines. ‘Fof the detefmiﬁation of
6CN, Deming required a detailed fit of the waveiength interval AA~4IOQ to
~43OOX. Mould (1978) consﬁructed syhthetic spéctra;neér the'Mg b lines at
A~52OOX, usiﬁg routines suppliéd,to him by Dr. R. L. Kuruéz.; Using ihtégrated
galaxy_iight Mould has shown that the Mé line region can. be used“as a
metallicity indicator. Mallié'(l977) in his survey of‘abundances in a
number of globular clusters, computed synthetic spectra in three wavelehgth
»intervals,vfrom which he ‘deduced carbonAand overali metal ébundances. Scalo
and Ross (1976) have computed representative bandheads for a number of :
diatomic molecules. They adbpted a theoretical approach;vand computed their

spectra for very cool (Te < 3000K) red giant model atmospheres, without

ff .
any reference to specific stellar objects.

All‘of the above work has involved the interpretation of giant or
dwarf,star spectra. By computing synthetic spectré of white dwarf stars
(Wehrse 1975, 19775, it has been shown that the éynthesis fechnique can
be applied to all luminqsity classes. It is éarticularlj useful in spectral
regions where ﬁnblended lines cannot be measured. Abundancé anélysis using
 equivalent width measurements of isolated features have been described most
recently by Hearnshaw (1974), Paradijs and Kester (1976), Lambert and Ries
1977). Precise abundéncés can be‘obtéined using the above method, but very
high. resolution and high dispersion data afg required, so that one is sure
that tﬁere is not severe blending of the liﬁes being measured. (For some

molccular features, a blend of two lines of the same species was acceptable.)

Thig is only possible for brighf stars and isolated features, and so far most




ocbjects and crowded spectral regions, spectrum synthesis enables abundances
to_be derived from blendedlfeatures.

Most of the observaﬁions<described in this thesié were made by the
‘author, excepting in Chapters 5 and~6 where the synthetic'spect:a have been
compared with e#isting data. Chapters*2’to 6 of this thésis'éan be divided
>into a study of three groups of evolved objects, all of which have effective

temperatures (T __) < 7000 K (a) Giant/supergiant stars (Chapters 2, 3, 4),

eff’ -~

(b) Dwarf/subdwarf’stars (Chapter 5); and (c¢) H- and the Hgfrich white .
~ dwarf stars (Chéptér 6). The significance of applyingvépectrum syntheSisv
techniques to each group of objects will only be disﬁussed briefly in the
following pages, since each of the chapters céntains its own introduction;

However a general outline of the research that is to be undertaken will be

given here.

II. STUDIESvOF'EVOLVED STARS -
| (a) Mixing in giant stars

There is an ever-increasing amount of observationai.evidence which
suggests that ip giant stérs there has been mixing between nucleér-processed
material and the sufface layers. These data exist for both clusters Qf
‘stars, particularly thelélobular clusters (e.g;, Zinn 1973, 1977; Bell'énd
Dickens 1974;' Dickens and Bell 1976; Norris and Zinn 1977; vBessellvaﬁd
Norris 1976; Norris and Bessell 1977; Mquure and Norris 1977; Mallia
1977), and field stars (e.gf, Sneden»l973, 1974a,b; Bénd 1974; Dearborn,
Lambert, and Tomkin 1975; Sneden and Bond 1976; Sneden, Lambert, Tomkin,
and Petersonbl978). All of the objects diécussed above are in a wide
variety of evolutionary stages, from subgiant stars to luminous giants,
the latter nearing the end of their nuclear-burningAevolution.

There are a number of phases in a star's main-sequence and



pgst—main-sequence evolution during’which mixing could occur. These are

(a) the main sequenée, (b) . the first ascent of the red giant branéh, when

a star is burning hydrogen in a shell, (¢) tﬁe He-qore flash at the_tipbof
the giant branch, (d) He-core burhipg on either a horizontal branch or in a',
"clump” near ﬁhe giaﬂt branch, its exact,pésitién dépending bn both the
stellar composition and the amount of mass exterior to staf's éore; and

(e) during—double—shell-source burning on the second ascent of ﬁhe'giant
branch. Each of the above will be considered as a poésiblefsource of mixing.

During the main?séqﬁence_phase a composition'éradiént:is produced‘
between the‘sﬁrface layers and regions in which CNO processing has occurred

(see Figures 1 and 2 of Dearborn, Eggleton, ahd Schramm 1976) . PaczYﬁskik
(1973) demonstrated that meridional circulation in rapidly rctéting starsk
in»the mass rangeAB—‘l(‘)Mo could Fesult in this abundance gradient beingA
smoothed out, and thus the outer layei:s of the stér wéuld be enriched with
_CNO-processed-méterial (lowAlZC/IBC and high N/C ratios).

| As a star evolves off the main sequence; there'is é deepening
surface cdnvection zone whiéh enables the mixing of the products of the
core H-burning phase'into'the surface layers (see Iben 1967; Faulkﬁer éﬁd
Iben 1967; Deafbopn et al. 1976). At its deepest penetration, significant
amounts of !3¢ and %N could‘be ﬁixed‘up into the atmospheric layérs. The
growth of this convection zone, and hence the end of this mixing phase,_is
halted by éhe outward movement of the hydrogen-burning shell.

Bolton and Eggleton (1973) and Dearborn, Bolfon, and Eggleton (1974)
vhaVe-considered-a possible process by which material may be mixed into the
surféce layers dufing H-shell burning. This is not a once-only process, but
a gseries of mixing events due to instabilities in the hydrogen burning.shell.
Thus omall amounts of CNO-proceossed material could contaminate- the outer

envelope during cach instability, successively lowering the 12C/13C and




C/N ratios.

In stafs witp'M < 2.5M®, Iben (1967f has shown fhat.they will undergo
an éxplosive He-core flash in an.effort to eliminate én'electron degeneracy,
SWhich has been established in the core fsee also Schwarzschild and Hdrm 1962).
Following the flaéh there is a lérgé core convection zone whigh has been
shown by Hdrm and Schwarzschild (1964,-1966) tolalmost.feach the hydrogen-
rich surface layefs. Thomas (1967) and»Demérque and Méngel (1971)‘concluded
- similarly. Pagzyﬁski and Tremaine (1977) considered thatfneutrino coqling
in the central portions produced an off—centfe‘He flash (similar to the work
_qf Thomas 1967), and their subsequent evolution couid giv¢ some.mixing, but
only by éllowing the position of the “fiash" to be their free parameter.
Howe§er the general consensus (see Iben 1974, and references therein) is that
it is unlikely that any mixing takes piace at or immediately:following the
He-core flash. | |

Similarly no mixing has‘beeniprediéfed during the quiescent phase of.
- core-He burning (Iben 1974), and thus we now consider the evolution on the
second ascent of the.giant branch.

Since Schwarzschild and Hirm (1965) first prdduced thermal
instabilities.in the helium-burning shell of a lM0 Pqpﬁlation IT model, many
workers have reproduced their results fo: a wide range bf massgs and’
compositions (Iben 1974, and references therein; Méngel 1972; Gingold 1974).
Calculations involving these instabilities (e.g., Gingoid 1974) have shown
that only a small aﬁount of processed material may reach the outer layers
following each of these flashes. Specifically Gingold determined a nittogen
enrichment factor of only 1.6 after 14 relaxation oscillations, which is not
sufficient to interpret most of the peculiarities mentioned earlier in this
gection. Thug a number of more cxotic schemes (e.g., the deep>mixing.

mechanism of Sackmann, Smith, and Despain 1974, and plume mixing of Ulrich




and Scalo 1972( 1973) have been described which have.endeavoured to»produce
some of these peculiarities, including the éxtreme case of the CH aﬁg carbon
stars, in which C/0 ; 1.
| The above procésées illustrate the evolutionary phases at whiéh

mixing could occur, but masé lossvf£;m the envelope is a mechanism which éan
.enhance the effects of any_mixiﬁg. Mass loss prior.tovthé hixingvevent will
.produce more significant results for the same amount of mixed material,
since the dilution factor ié smaller. Thus mass ioss must, and'has through~
out this thesis, always been considered in conjunction with any of the
above processes. | |

In the present research, mixing at any one of the above evolutionary
phases has been considered in the interpretation of a humber of peculiar
objects. In Chapter 2, the weak*G—band stars are investigated, and both
spectroscopic:and'photometrié data have been obtained in an effort-to
understand these objects. A carbon’énd nitrogen abundance analysis of both
the qérbon—rich Cepheid V553vCeﬁtauri, and a number of extremély ﬁetal—poor
giants are described in Chapters 3 and 4 respectively. The mixing'mechanisms
'diécussed‘in thié section have 5een used to provide a possible intérpretation,
of the derived abundances. 7

(b) ‘Abundancésiin subdwarfs

Subdwarfs, metal—deficien£ main-sequenée stars, are most likely'
‘objects wﬁich were formed during the very early evolution of the Galaxy. In-
thése early phases there has been little; if any ééntamination»from previous
generatiqns of sﬁars; Abundance analyses of these stars could therefore
provide additional constraints on thé formation of the heavy elements duriﬁg
this early evolution. Eggeh and Greenstein have found many apparent subdwérfs
("red subluminous stars") iﬁ their efforts to extend the degeneraterseqﬁence

to cooler temperatures (Eggen and Greenstein 1965; Greenstein 1969, 1971).




For some of these subdwarfs they indicated any spectfoscopically peculiar
features, the most frequent referring to thevstrength of the CH or MgH bands.
Greenstein (1969) suégested that the strong CH objects could poseibiy be
oﬁerabundent in carbon. |

Bidelman and Smethells (197é) havexindieeted in»a recent abetracﬁ
that the‘CaH bands at X~63BSR are an abundance discriminant. Moﬁld (1976a,b)

< 3500 K). dwarf model-

constructed CaH band spectra using cool (Teff

atmospheres, which showed that these bende:remained stronger than neighbour¥
ing features, particuiariy the TiO bands, as the metai abuhdanee was loﬁered.
In Chapter 5, CH and MgH baﬁds have been. constructed using spectrum
synthesis techniquee. These spectra, together with a detailed discussion of
the moleeular equilibria are used to explain Eggen and Greeneteiﬁ'sb“strong
CH" and "strong MgH" classifications. 1In edditioﬁ, the use of theSe‘features
as abundance discriminahts is also discussed.
(e) Charactéristics.of cool white dwarfs
Recently there has been mﬁch research devoted to the'modelling'of :

‘both cool (Teff < 7000 X) hydrogen- and helium-rich white dwerf atmospheres
(Wehfse 1975, 1977; Shipman 1977;, Bohm, Carson, Fentaine, and van Hbrn
1977) . Many of these are a result ef new observations'(Hintzen and
Stritfmatter 1974; ,Greenstein 1976), wﬁich have shown that there are many
cool degeneratee, contrary to an earlier suggestion (Greenstein 1971). fhe
ﬁewvmodels have enabled workers to‘predict the characterisﬁics of cool white
" dwarfs.

~ The spectral &niqueness of coel DA white dwarfs was questioned by
'Hintzen and Strittmatter (1975). They computed Hy and varieus metal-line
profiles fof a nﬁmber of cool subdwarf and white dwarf model atmospheres,
and concluded thet there could well be a significant number of white dwarfs

masquerading as subdwarfs. More recent computations by Wickramasinghe,

Bessell, and Cottrell (1977) have shown that it is very unlikely that this



spectroscopic confusion could occur, since at a given effective temperature
the subdwarfs wbuld have many more visible lines of the Balmer series.
Other specéréscopic properties have beenvdescribed by:Weh:se f1975,
1977), particularly in tﬁe later paper, where he constructed synthetic.
spectra by including up to.850 metainlines in the intervai between AA2406
~and 80002.1 These illustrated graphicaliy (ih paiticﬁlar éee Figures 5, 6
and 7 of Wehrse 1977), tﬁe changing appearance ofvwhite,dwarf spectra as the
effective temperature, metal’abundance, énd'hydrogen to helium ratio were
: aitered. | |
Chapﬁer 6 of this thesis describes in detail the étmospheric'
éharécteristics of cool H- and He~ rich white dwarf models, Qith.particUlar

emphasis on the importance of H2

molecule formation. In the latter portions
of this chapter, a number of synthetic spectra were constructed using -some
of the models computed for this study. These were used in the interpretation

" of 'a heavily line-blanketed white dwarf, LP701-29 which has been idéntified

by Dahn et al. (1978).

Thé spectrum synthesis:technique used in this thesis has been devel-
oped by the aﬁthor and is described in Chapters 2 énd 5; The giant star
modei atmosphérgs used in Chapters 2, 3; and 4 have beéh taken from Bell
et ai.;s (1976) grid of médels, while_the atoﬁic;line list has been
constructed from the line data of Kurucz énd Peytreﬁénn (1975). The model
atmospheresrdiscussed in Chapters 5 and 6, were cdnverged'using the program
ATLASS, originally éompiled by Kurucz (1970),vbﬁt which has'undergoné many .

modifications, principally made by Dr. J. R. Mould.
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CHAPTETR 2

HD 91805 AND THE NATURE OF THE BIDELMAN-MACCONNELL
WEAK~G-BAND STARS

P. L. Cottrell and J. E. Norris
ABSTRACT.

High dispéréion spectra of the wéaqu;band stér HD 91865, and DDO
intermediate band photometry of é'ﬁuﬁﬁer of the'wéak—G—band‘stars of
Bidelman and MacConnell have been analyzed, and lead to the.following
iesults: (1) For HD 91805, [Fe/H] ~ 0.0, [c/a]l ~ -1.4, [N/H]} - +0.6, [o/H] ~
+0.1. The simplés# explanation of these abundance ratios is that material
prpcessed in the CN cycle (but not the NO cycle) has beenvintroduced into
the surface layers. (ii) The majority of the Bidelman—MaéConnell objects
are in the same phase of e&olution as the Hyades clump stars. Tﬁey are
probably core he1ium burning objects;rsubsequent to the helium fiash.

(iii) Cdnsidération of several mechanisms (the hélium,core flash, mass loss,
thermal instability of hydrogen burning shells, thé Paczyhski méchanism

of N/C enhancement bf meridional circﬁlation) suggests thét’the.Péczyﬁski
mechanism cOup;ed with moderate mass loss alone invokes no radical posfulates

and violates none of the observational constraints.
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I. INTRODUCTION

Stars possessing anomalouslyLWeak CH bands (the wéék-G;band stars) .
appear to exist in all populations. The éeculiarity was first recognized
by Cannon (1912),and Bidelmén (1951) in HR 885, the Populétion‘I prototype.
Eggen. (1971) places HD 191046, another member of the class (Greenstein and
Keenan 1958); in the Arcturus~group;' Tﬁe existence.qf weak-G—band'stars ih‘
the halo was firét recognized by Zinn (1973), who disqovered them in M92;
hié‘result appears to extend to all metal-pooxr globulaf clusters ([Fe/H] <
-1.0) (ef. Mallia i975;» Norris and Bessell 1977; Norris and Zinn 1977;
Zinn 1977). |

While no field halo stars arevyet avaiiable for detailedk(i.e; high
dispersidn) analysis,‘mdre progress can be made in‘the younger populations.
H§pefully this willithrow'light’on thg phenomenon.in Population IT.
Greenstein and Keenan (1958) first demonst;ated that HR 885 is deficient in
'CH and,CN>by factors of ~30 and ~lOO,’respective1y. Following the‘survéy
work .of Bidelman and MacConnell (1973), some 40 weak-G-band stars are now
recognized amongst field stars brighter than tenth magﬁitude. One of these,
HR 6766, has recently been analyzed by Dean, Lee, and O'Brien (1977) and
by Sneden and Peterson (1977). The latter authors find [Fe/H] ~ -0.25,
[C/Fe]‘“ -1.3, [N/Fe]l ~ +0.8, andvtO/Fe] ~ ~0.1.

Thére is a g;owing consensus that the weak-G-band phenomenon in-all
populatibns resulté from the mixing of CNO procéssed.material to thé‘surface
of these stars (Butler, Carbon, and Kraft 1975; Norris and Zinn 1977; Dean
et,ql. 1977; Sneden and Peterson 1977; Carboniet al. i977). The site and
details of the mixing process, however, are not yet cleaf.  In an effort
>to provide more information on this prbblem‘we have obtained spectroscopic
and photometric observations of the weak-G-band star HD 91805 together Qith

intermediate band photometry of a number of the Bidelman-MacConnell objects
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(§II). 1In particular, we have performed a curve—of—growth, and spectrum.
synthesis analysis of the weak-G-band star HD 91805'@0 obtain anﬂinsight
into the products of»ﬁixing'(§III); our-reSuits are &ery similar toxthose
reported by Sneden and Peterson (19?7) for HR 6766. Io §IV we present
evidence, based on DDO intermediaﬁe b;nd photometry, that the majority of
the Bidelman-MacConnell weak-G-band stars are burning helium in their coros
 subsequent to the helium core flash. In the final section Qe consider
possible causes of the weak-G-band anomaly, subjoct to‘the constrainfs
deduced in the earlier sections. Of the mechanisms considered, caroon
deplétionvdue to meridional circulation (ef. Paczyhski 1973)2requires £he
least radical departure from presently well;understood astrophysical

processes.

II. OBSERVATIONS
(a) Spectra
The weakéGQband star'HD 91805, together with two Hyades giaﬁts
‘ HD 28307‘(c1uster) and HD 100467 (group) were observed with a.variéty of
gratings and cameras availaole on the coudé spectrograph of the 1.9m
felescOpe at Mount Stromlo. |
vHigh dispersion spectra to be used in a curve-of-growth ahéleis
wereiobtained by utilizing én échello grating in combination with the 8lcm
camera and a 2-stage Carﬁegie image tube. The sQectral range covered was
from XA52OOX to 55002 with a reciprocal dispersion of fl.Sgﬁm_l, and a
wavelength range of ~SOX‘per order. Good wavelongth coveragé was obtained
for HD 91805 and HD 100407, but the data for HD 28307 wefe less extensiQe,
and our method of analysis for this star will be discussed in §III(a). We
also used the échelle grating to obtain spectra in the region of the [0I]

. line at 6300.32; the reciprocal dispersion was ~2.Sxmni.l.
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The échelle grating was not particulariy useful in obtaining spectra
of the blue molecular features. Not only is its response . function curved
along a given order, but there are few (if any) continuum points in each
order, making any effort at continhum placement quite imprecise. Therefore
the G-band and the. CN molecular feature running bluewafd of A42162'were~
obtained directly (without image tube) using the B grating in the second

' , - y . . g =1
order and the 8lcm camera to give a reciprocal dispersion of 10 m .
Direct plateé were obtained for only HD 91805 and HD 28307. ' However, for
 HD 100407 an échelle spectrum, with‘reciprocal dispersion of ~lgmm—l, was
' obtained in the G-band region. This spectrum had a higher resolution,
“0.42, than that found for the direct plate spectra. ‘For the latter, the
~resolution was ~0.68.

The CN feature near A3883%-Was acquired with the C grating in the
third order iﬁ combination with the 8lcm camera, and the image‘tﬁbe. The

. . . . . '~g -1 .
reciprocal dispersion of this combination was ~7 . 2mm of BG3 was used
to remove overlapping orders.

Finally we obtained spectra of the NH features near 23360 using
the C grating ihAthe fbﬁrth‘order, together with a Carnegie image tube
| . . R g -1
attached to the 40cm camera. The reciprocal dispersion was ~10 .
Overlapping orders were removed using 2mm of UG5, together with 5mm of a

liquid Cuso, solution.

4 . .

. For thése last two regions, we were ablé‘to'obtainrdata'for HD 91805,
and only one of the Hyades giénts, HD 100407.

All data were recorded on IIa0O emulsionrusihg various methods of
sensitization. The direct plates were obtained on bakéd plates, the NH and
CN features on.nitrogen soaked plates, and the échelle élates on hydrogen

gsensitized emulsions., Intensity calibrations were taken on separate plates,

except for the direct plate which carried its own calibration, and all were
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used to program the'Gottingeﬁ micfophotometer to give intensity tracings of
the above spectra. Line strength measurements from these tracings, which

form the basis of our curve-of-growth analysis, are given in the Appendix.

(b) Photome try.-

.DDO_inﬁermediate band photometry has been obtained for 23 of the.
weak-G-band stars of Bidelman and MacConnell (1973). The‘obserQations were
made with‘the 0.6m telescope on $iding Spring Mountain in Fébruary'l975 and
January 1977. A iP21 pulse counting photometer was émPIOYed; together with
the equa?orial sﬁaﬁdards of McClure (1976). The results are given in
‘Table 1 where the columns are self-explanatory. 1In the final row of the
table we list the ﬁean standard‘errors ofvour colors, derived from tﬁose
stars having multiple observations. .

In view of the fact that several of the DDO bandpasses'incluae
features of the CN and CH molecule the data in Table'l are difficult to
: interpret. We believe, however, that an important reSult can be distilled

ffom.the results in ﬁhe [c(45-48), C(42-45)] - plane. We prefer tb leave
this di;cussion, hoﬁever, until we have>completed'our abundance‘analysis

of HD 91805, which we regard as a typical weak-G-band starf

ITT. ANALYSIS OF HD 91805 WITH RESPECT TO TWO HYADES GIANTS
Our analysis is divided into two sections;  (a) é differential
curve-of-growth analysié using Pagel's (1964) formulation as expressed by
Griffin (1969) to determine the iron abundance and electroﬁ pressure of
_HD 91805, and (b) a detailed analysis of the following features: (1) the
forbidden [01] line at 26300.3%, (2) the G-band between AA4290% and 43308,
(3) the wavelength interval 2238708 to 3885% which is dominated by 2
bandheads of the bluo CN gystom (Av=0), (4) thc soction of spectrum from

%14192X to 42172 which contains 2 bandheads of the Av = ~1 blue CN system,
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HD C(45-48) C(42-45) C(41-42) . C(38-42) n
18636 1.130 0.676 0.135 -0.385 1
21018 1.109 0.640 0.133 -0.516 1
- Bp+5°593 1.286 0.774 0.141 -0.281 3
26575 1.205 0.833 0.250 -0.209 3
28932 1.169 0.723 0.136 ~0.406 3
BD-197967 1.027 0.656 ;-o.oi9 -0.745 3
31274 1.184 0.720 0.133 -0.288 5
31869 1.164 0.695 0.101 -0.411 3
36552 1.144 0.662 10.130 -0.467 4
40402 1.150 0.701 0.105 ~0.400 - 3
49960 1.202 . 0.737 0.144 -0.232 3
54627 1.170 0.739 0.156 -0.273 3
56438 1.197 0.741 0.124 -0.267 3
67728 1.262 0.841 0.258 -0.222 2
78146 1.235 0.846 0.218 -0.108 2
82595 1.184 0.774  0.148 ~0.172 2
91805 1.168 0.692 0.132 -0.331 3
94956 1.182 0.715 0.122 ~0.325 3
102851 1.208 0.766 0.124  -0.236 2
cp-37°7613 1.182 0.743 0.123 ~0.308 2
105783 1.240 0.764 0.119 ~0.257 3
120170 1.169 0.677 0.118 -0.399 1
120213 1.375 1.048 0.229 0.139 2
<s.e.> ‘ .006 .010 .008 .010
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and (5) the region AA33568 to 33778 which encompasses 2 bandheads of the
NH triplet system (A 31 - X 3%). This approach yields C, N and O abundances

in the atmosphere'of fhe weak-G-band star, HD 91805.

(@) Curve-of-growth analysis

HD 91805 has been compared with two stars, HD 28307 and HD 100407.
Both are members of the Hyades cluster or‘mbving group éccording to Eggen
(1972) énd Boyle and McClure (1975). Recently, Eggen (1977) has shown that
HD 100407 may not be a hembér of the group. Thié, howevér, does'not afféct
oﬁr analysis, since wé determine all our parametgrs'relative to HDv28307,
a confirmed cluster member. Photometric data fof’thé‘three stars (Eggen,
l972)_are'given in Table 2, togéther with estimates of  their atmospheric

parameters, a discussion of which follows.

TABLE 2

PHOTOMETRIC AND ATMOSPHERIC DATA

. (R-I M - T : 1 lo
.HD v )K bol eff [Fe/H] o9 ggroup J gSp
(1) ‘ (2) (3 (4) (5) (6) (7) : (8)
‘ * * * . +

28307 3.83 0.325 0.60 5000 0.1 2.8 ...
91805 "6;10¢ 0.35° ... 4850 0.0 ... 2.0
* . * * . X ) .

100407 . 3.55 0.35 -0.05 4850 0.0 2.5 2.2

* ‘ : .
From Eggen (1972).

¥ From Griffin (1969).
¥ From Dean et al. (1977).

From Eggen (private communication) and the present authors.
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In our curve-of-growth treatment we make the basic assumption,
following Griffin (1969), that

Aeexc = Aeion = Aeeff'

where the effective temperatures'have been derived from the broadband color
(ﬁrI)K, using the transformations of Eggen (1972) and Johnson (1966) and are
given in column (5) of Table 2.

Pagel's (1964) formula for the differential hdrizontalbsﬁift, [qu
of neutral lines of a particular element, ﬂ, relates this quantity to the

differential abundanée, [Nj/H], of that species relativé to hydrogen, by
[xo] = [0] + Ao(1, - 0.74) + '[Nj/H],

where Ij is the ionisation pqtential of the element, j. [...] refers tovthe
logarithmic difference in each parameter.

The Arcturus curve-of-growth (van de Held's curve from Griffin and
Griffin 1967) was fitted to all our cufves, and is fepfésented by the solid
line in Figures 1 and 3. |

The Fel curves of growth for HD 91805 and HD 100407 ére illustratéd
in Figures 1la, b, respectively. ’No relative horizohtal shift is seen in
these figures, and coupled with the identical temperature derived for these
2 stars, one conciudes that they have the same iron abundance. This will:be
shown below to beisélar, to within * 0.2 dex, the accuracy of the method.

Only limited spectroscopic data were obtaiﬁed for HD 28307. The
equivalent widths of all available lines on our plates are piotted in
Figure 2 against the values given by Griffin (1969). The agreement is
~good, and attests to the reliability of our line strength measurements. We
have accordingly constructed the FeI curve-of-growth for HD 2é3b7 using
Griffin's equivalent widths for the lines used previously in HD 91805 and

HD 100407, and show the result in Figure lc.




FIG. 1. - Fel Curves of growth. (a) HD 91805, (b) HD 100407, (c) HD 28307.
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FIG. 2. - Comparison of equivalent widths for HD 28307. [cN] = .

Cottrell and Norris (this work); [Griffin] = Griffin (1969).
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The available data were not of sufficient qualityvfor differential
vertical shift measurements to be made, so that a microturbulent velocity
could not be inferred. This will be considered further when we discuss the
model atmospheres. We assume here that-the microturbulence‘is the same in
all three stars.

We now detefmine the iroﬁ abundancés in HD 91805 and’Hb 100407
relative to HD 28307. From Gfiffin'(1969), the atmosphere of HD 28307 may
be represented by the following parameters:

6 = 1.02, log P = 2.43 and [Fe/H] = +0.1.

(HD 28307 - 0)
Considering the temperature difference between HD 28307 and both HD 91805 .
and HD 100407, the shift required to move the curves of growth df the latter

2 stars onto that of HD 28307 results in a differential iron.abundance,

[Fe/H]  (up100a0n, D 28307 70t
- HD 91805 . |

and thus a solar iron abundance for the weak G-band star, HD 91805. The
abundances for all 3 stars are given in column (6) of Table 2. In what
follows we assume that this result applies ﬁo all elements in the aﬁmosphere
. of ﬁD 91805 with the important exceptions of carbon, nitrogen, and oxygen.

The differential elect;on pressure, [Pe], between HD 28307, HD 91805
and HD 100407 was obtained by using the‘ionised lines of Ti and Cr. The
horizontal shift, [X+] in the TiII and CrII curves of growth, Figures 3a, b, .
respectively, was interpreted using Pagel's (1964) relationship between
.this shift and [Pe], [Nj/H] and [6], namely,

[x+] = ~1.5 te] + AB(-0.74) - [Pe]'+ [Nj/H].‘

By applying [g] = 2[Pe] - [xH +ax ] + 1.8 Aeion,A

one can obtain the differential spectroscopic gravity, where A is the overall

metal abundance and Xy and X, are the mean degrees of ionisation of H and the.
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metals. The line forming regions of the atmospheres considered in this
analysis;are sufficiently cool that all the hydrogen is neutral and all
the electron contribu£ing metals are singly ionised. This implies Values
of 0 and 1 for x, and x_ respectively.

For HD 28307 and HD 100407 u;ing‘bblometric magnitudes from Eggen
(1972) and assuming masses df ~2M®.for the Hyades giants, one obtainsvan
estimate of the gravity, shown in column (7) of Table 2. Adopting HD 28307
as the primary standard, and using thé above‘curvé—bfvgrowth anaiysis.one
détermines spectroécOpicigravitiés for HD 91805 and HD 100407 of 2.0 and
2.2, respecti&elf. These are also listed in column (8) of Table 2. An-
error, * 0.4 dex, in the SPectroscopic gravity bf'this method providés
satisfactory agreement between this and the‘group membérsﬁip gravity for

' HD 100407.

(b) Spectrum synthesis of CH, CN and NH
Before prbceeding to our CNO abundance analysis, the spectrum

- synthesis technique we employed will be described in detail.

(i) Technique

Molecular line lists’have been construcfed for the (A 2p-x 2H)
electronic transition of CH and the blue sYstem (BIZZ-X 23) of CN, by
applying small pértufbations to the formulations of Krupp (1974) and
Herzbefg (1955),’respectively. The wavelength accuracy of all line lists,
CH around'A43OOR, CN betﬁeen AA386OR and 38833‘for Av = 0, andAalso from
AA41802 to>42162 for>Av = -1, was better than..lg. This gave an extremely
good representation of the sélar spectrﬁm.

The line strengths were éalculatéd in parallel with the wavelengthA
determination. The total line strength, fN'N"’ of a particular transition

is given by




25

_ A ' (HL]
£ - 00 n

NN A fe1 - Tyn " w17

where N', N" are respectivély the rotational quantum numbers of the upper

and lower . levels of the transition, A vis the band origin in X, A is

200 N'N"

the wavelength (R) of the transition, fel is the electronic-oscillator
strength, A, m is. the Franck-Condon factbr of the vibrational band, and
[HL]n is the normalised H&nl-London factor of the individual rotgtional
line. The sourceé,.and in some cases ﬁhe valﬁeé of the individual

components of the line strength are listed in Table 3.

TABLE 3

LINE STRENGTH DATA

Molecule Electronic Oscillatox. Franck-Condon ' Honl-London

. Strength (f_;) | factors (q . n) | factors’([HL]n)

CH - Schadee (1964) Childs (1964) Schadee” (1964)

2.8 x 10°° '

CN Liszt and Hesser (1970) Spindler (1965) =  Schadee (1964)
3.95 x 102 ‘

To the molecular line lists we added atomic lines from Kurucz and
Pey;remann (1975) dependent»on the following selection criteria: (1) only
lines of the elements calcium (Z = 20) through to nickel (2 = 28), and
strontiuﬁ (Z = 38) to ruthenium (Z = 44), excluding. technetium (Z2 = 43)
were included, (2) only neutral and‘singly ionised lines of the above
elements were retained, (3)‘all lines which had low excitation potentials
greater than 5ev were excluded, and (4)‘lines were included only if their

o, .
line opacity, at a representative temperature of 5000 K in the Sun, was
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greater than that of a line Qhose measured equivalent width was lSmg
(Moore, Minnaert, and Houtgast 1966).

Two aaditionai'line lists were constructed. :The firét covered the
NH feéture;between_)k33553 and 33808 using data frbm Sneden (i974), while
the second extended froh AA62953 to 63058 tb encompass. the [OI] line at
- 26300.3%. | | |

These line lists were used in conjunction with the model atmosphefe'
‘program, ATLAS, (Kurucz 1970) to produce synthetic stellar spectra. One
notable change was the incorporation, in data block form, of the mblecular
partition functions for CH, CN, and NH from Tatum_(l966). Théée are more
vexplicit than those calculated in ATLAS.

The molecules, Hyr Cyy N, H 0, CH, NH, OH, CO, NO, CN, were included

2

in the equilibrium equations. These molecular species, with the'exception
of.Hz; are cémpeting for the availaﬁie C, N, and O, and hence all number-
densitieS'are intrinsically connected.

The continuous opacity éoﬁrées‘includéd werelabsprpfion by HI,
H—,'He_, C-, HZT"Hz-' MgI, AlI, SiI, as well as Rayleigh scattering by
H, He, aﬁd 32, and.electron scattering. Sincé the continuous opacity |
changeskoniy slowly with wavelength, and we only compute fluxes OVer_smalI
‘wavelength intervals (<502),'considerab1e saving in computer time Qas ﬁade'
by only determining this opacity every'258.

The emergent flux was calculated from the tbtél opacity; line plus
continuum, at equally spaced wavelength points over the interval requésted.
These fluxes were convolved with a Gaussian profiie, whoée width was
‘determined‘by the instrument used to obtain the obsexrvational data, and
with which the synthetic spectrum was compared.

Normalisation of all the spectral regions, except for the NH

feature around 33608, was accomplished by taking the convolved fluxes and
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searching for the maximum value. All the other fluxeé were tﬁen scaled
accordingly. The continuum, or a poiﬁt identified as a continuum poiﬁt in
the Arcturus Atlas (Griffin 1968), was reached in ail bands when the raw
fluxes were convolved withvg Gaussian profile of fﬁll L width (full width
at half maximum, FWHM) < 0.62;_ In'éhe regién of the NH feature heavy iine
blanketing makes continuum placement impossible,»and compariéén between
theory and observation,extfeﬁely diffiqult. We shall retufnito_this
;probiem‘in theAnext section. . .

All tﬁe model_amespheres»used in.ﬁhis analysis are those of Bell
et al. (1976). Since, however, we areiconsidering specific temﬁeratufes,
" gravities, and metal ébundances,‘subsidiary ﬁrograms were written to
interpolate within this grid; ‘At this étége we adopted a miéroturbuient
velocity of 2 km é-l, in’line with the majority of the models constructed
by Bell‘et al. The ouﬁput from this process was in a form sﬁitable fdr
input into. ATLAS, for construction of the synthetic specfré. |

Some of the semi-empirical gf values of Kuruéz_and Peytremann (1975)
. varied from vaiues tabulated by other authors, (Blaékweli, Ibbertson,
and Petford 1975; Bridges and Kornblith 1974; ﬁay, Ritcher, and Wichelmann
1974). Thus the gf values were revised until the synﬁhetic'solar spectrum
fittedAfheAUtrecht Solér Atlas (Minnaert, Mulders, and Houtgast 1940). As
well as these adjustments to the atomic gf values the molecular bands had -
to be normalised, such‘that the solar spectrum was reproduced. 'These
normalisation factors reflect the efroré in the determination of the’

individual line strengths and the molecular partition functions.

(i) C, N, and O abundance. analysis
The above spectrum synthesis technique has been used to determine
C;.N and O abundances in the weak-G-band star, HD 91805, as well as the two

Hyades giant stars, HD 28307 and-HD 100407.




28

In late-type stars where CNb'abundances are solar, or near solar,
carbon and‘oxygen‘are intriﬁsically connected.in‘equilibrium with CO.'
This situation pertaiﬁs to»thé Hyades giants, but in fﬁe weak-G-band star
we have a‘simplifiéd situation. In'the latter, because Qf thgldeficiency
of carbon,.wﬁich wé.initiélly estimaée to be a factor of 10; C and O become
decoupled. For eXample,vchanging the C abundance by a factor of 2, from
one ténth £Q one twentieth normal, affects thev[OI].line‘at X6300.3R'by'~
less than 1 percent. |

‘We begin tﬁis analysis with our oxygen abundance determination,
the results of which are tabulated in column (4) of Table 4. The [0I] 1line
equivalent widths are given in the Appendix. All abundances 'in thié table
are logafithmic and relativevto_the’Sun for which we adopted the vaIues>§f

Lambert (1968). For the Hyades cluster member, HD 28307, we have assumed

[o/H] = [Fe/H] as the [0I] line in our spectrum was blended with a ScII line

TABLE 4

CNO ABUNDANCES

to o
HD [c/u] Fon/m : [o/x]
(1) (2) 4 (3) (4)
28307 © 40.1 % 0.2 -0.1 + 0.3 +0.1"
91805 -1.4 + 0.3 +0.6 * 0.4 . 40.1 £ 0.2
100407 -0.2 + 0.3 -0.3 + 0.4 © -0.2 % 0.2

>We assume [0/H] = [Fe/H] (see text).

Errors in [C/H] determinations include uncertainty in the oxygen abundance,
plus intrinsic errors associated with the fitting of the synthetic G-bands
to the observational data.

¢ Errors in N/H include intrinsic errors due to the' fitting of the synthetic
spectra to the observations, as well as accumulated errors from the oxygen
and carbon abundance determinations.
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at A~6300.78. 1In the‘tracings of HD 91805 and HD 100407 this line was about
the same strength as the measured [0I] line.

From the curve-of-growth analysis, the gravity proauces the largest
source of error, *0.4 dex. We therefore investigatéa its éffect on each of
our C, N, and O abundance determinations. In the weak—G—band star ﬁodel
atmosphere, Alog g = 0.4 has a 20 percent effect on the computed [OI]IIine
strength, which transforms to an error in the O abundance of *0.15 dex.

Thus, within the limits of the method, nérmal'okygen abundances were
obtained for HD 100407 and, in particular, HD 91805, the weak-G-band star.

Next the C abﬁndénées were computed using CH lines withinvthe C—band.
For HD 91805 we estimate an abundance -1.4 dex relative to the Sun. That
is, carbon in this weak-G-band star is underabﬁndant by é factor of ~25.
Figuies 4a, b, and c show both the oﬁserved»and synthetic G-bands for the
’C abundances chosen for HD 91805, HD 28307, and HD 100407, respectively.
These abundances are shown quantitatively in column (2)'of Table 4.

Aésigning a C abundance to the weak-G-band star is made difficult
by the weakness>of the CH features. In Figure 4a We include a synthetic
spectrum from which the contribution of the CH molecule has been removed.
The arrows in this figure indicate the spectral regions which are most
sensitive to changes in £he abundance. Uéing these regions we esfimaté that
[c/H] ~ -1.4 gives the best fit to the observations. Deriving the C
abundance in HD 91805 involved an intrinsic fitting error thch was larger
than those involved in determining either théko or the N abundances. This
error propagates into the uncertainty with which we can estimate the N
abundance. However, it is important to note that our procedufe produces
dgood argument between theory and observation for both HD 28307 and HD 100407
for abundances very close to solar. Gravity variations, Alog g = 0.4, havé

little effect, < 1 percent, on the synthetic spectra, a result previously



‘FIG. 4. - Observed and synthétic spectra for the G-band. (a) HD 91805,
_additional line (dots) is synthetic spectrum with no CH‘iines,

(b) HD 28307, (c¢) HD 100407. The fluxes in:(a) and (b) wefe

convolved with a Gaussian profile with FWHM = O.SX, For (c),

a profile with FWHM = 0.4% was used (see text §II).
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obtained by Schadee (1968).

Having evaluated carbon and oxygen abundances for the three stars,
we now proceed to our determination of the nitrogen abundances, using the’
CN features around 142008 (Av = -1), énd 38802»(AV'= 0). With the
abundances shown in column (3) of Table 4, Figures 5a, b give the regions
around two bandheéds‘of the Av = -1 system for Hb 91805~aﬁd HD 28307,
respectively. To eméhasize the weakness of these CN bands in HD 91805 we
have also shown a synthetic spectrum from which the CN contribution has
been omittéd. Figures 6a, b illustrate oﬁr results for the speqtral region
from‘Al3870g to 3885% for HD 91805 and HD 100407, respeétively. vBecéusé of
the greater intrinsic strengths of the Av = 0 bénds this region érovides é
better discriminant for determining the nitrogepAabuhdance. From oﬁr
analysis of these two regiéns we find that nitrogen is enhanced in
HD 91805 by a factor ~4 relative to’the Sun, whereas abundénces obtained-
for.the two comparison stars show no deviation frbm hormality to within thé
errors estimated.

It should be noted that a change in gravity of 0.4 dex alters the

above features by only about 2 percent. Over such a small range in gravity

the luminosity effect exhibited by the CN molecule is’not apparent. Hence
since neither CH nor CN features are significantly affectedvby small changes
in the gravity, once this parameter and an O abundance have been adopted,

no additional errors are introduced from this source in determinihg the

C and N abundances.

Finally, we discuss therNH‘feature in the near ultra-violet. N
abundances were not determined directly from this region as not only was
continuum placement hopeless, but also fhe blending of the features made
identification of individual NH features impossible. Thus, this spectral

region was used only as a check on the results obtained using the above



FIG. 5. - Blue CN band for Av = -1 system. Observations and synthetic
spectra, (a) HD 91805, with dotted line representing sYnthetic
spectrum with all the CN lines removed, (b) HD 28307.

Convolving profile had FWHM = 0.63.
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FIG. 6. - Blue CN band for Av = 0 for (a) HD 91805, (b) HD 100407.

Convolving profile had FWHM = 0.6%.
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CN features.

HD 91805 and HD 100407 have the same effective temperature and
metal abundance, excluding C, N and O, and only Alog g = 0.2, which has
little effect on the NH feature. Thus, the observationé‘of these two stars
in this region can be compared directly,'as shown in Figure 7. The eﬁhancéd
N abundance inAthe weak-G-band star.is»apparent, but a quantiﬁative estimate
is difficult. The observed and synthetic spectra of these 2‘stars with the
nitrogen.abundance adopted from the CN features are shown in Figures Sa; b,
respectively. All the spectra shown in Figures 7 and 8, are normalised to
the same point,_l~3356g. “Although the continuum was not reachéd-at this
'wavelength, normalisation at this point meant that we analysed all the data
in a similar manne?.

The diécrepancy in Figure 8 could result from a number of effects.
For the dispersions‘(log/mm) and resolutions (~lg) which we obtained,
individual NH lines were not isolated. The measurable features are at
VA~3360£ and A~33702, with NH contributing only a portion of this absorption.
Higher dispersion observations of this region'would alleviaﬁe the situation,
but background fogging on the photographic plate by ion nbise in the iﬁage
tube would prohibit the use of the éoﬁdé échelle. Therefore, the éresent
data is the best currently obtainable at Mount Stromlo.

The other area where differences could arise is in the modél
atmospheric structure, particularly in the very outer surface layers, where
the feature at A~3360 is forming. This would affect the weak-G-band star
more than the Hyades giant, because of the higherrN abundance and hence
stronger NH lines in the former.

We also briefly investigated the lack of surfaée cooling by CO in
HD 91805, which would result from its carbon deficiency (¢f. Gustafsson

et al. 1975). We increased the surface temperatures according to

Figure 8 of Gustafsson et al., making no attempt to adjust the other




FIG. 7. - Observations for HD 91805 and HD 100407 at the near-ultra-

violet NH feature.
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FIG. 8. - NH feature showing observed and synthetic spectra, (a) HD 91805,

and (b) HD 100407. Convolving profile had FWHM = 1.58.
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parameters, i.e. Pe’Pg' etc. We found only a slight difference in the NH»
feature, ~1 percent. 1In view of the ad hoc nature of our method, however,
it would be premature to place emphasis on this resulﬁ. More work on the
atmospheric structure of sfars with peculiar CNO abundances is necessary
before this probleﬁ can be clarified.

The CNO abundances for HD 91805 in Table 4 are most readily
explained in terms of the mixing to the surface of material processed in
the CN cycle. The normal oxygen abundance implies that'the NO cyclé has
not operated. In view of the fact tﬁat a similar result has been thained
for HR 6766 by Sneden and Peterson (1977), it seems reasonable to assume
that tﬁis is a general property of the Bidelman-MacCénnell Qeak—G—band stars.
We shall now consider the possible evolutionary-phases at'which this

peculiarity might be produced.

IVv. THE EVOLUTIONARY‘STATUS OF THE BIDELMAN—MACCONNELL
WEAK~-G-BAND STARS
Figure 9 shows"the DDO obéervations‘from Table 1 in the

[C(45—48),1C(42;45)] - plane, where only stars with multiple observations
have been plotted, together withrthe Population I sequences of Osborn (1971).
The most striking feature is the ééncentration of points at [c(45-48),
Cc(42-45)]1 ~ (1.18, 0.72).} We have also plotted in thé figuré the Hyades
group members (Eggen 1972) for which Boyle and McClure (1975) find Hyades

like CN band strengths (SCN > 0.05). These are stars which one may consider

1 7wo stars in Table 1 deserve further investigation. BD + 5°593 could be
metal weak, according to its position in both Figure 9 and in the
[c(45-48), C(38~42)] - plane. If true, it would be the brightest
Population II weak-G-band star. BD-19°967 appears to be a dwarf in all
DDO planes, and has the colors of a G4V star (e¢f. Osborn 1971). It is
difficult to understand G-band weakness in such an object.
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to be Hyades group members on both kinematic and-abundénce grounds. Here
too we see a stfong grouping (the weil'knownbclump), at [C(45-48), C(42-45)]
~ (1.17, 0.82). We §uggestrthat the two groups seen in Figure 9 represenﬁ
the same evolutionary phase, wiﬁh the difference in position being caused by
differences in CH blockingf We reasgn as follows: There are many CH lines
in the 42 bandﬁass, but virtually none in either the 45 or 48 bandpasseé;
The color C(45—48) will thus be unaffectéd by CH-Elocking differences,'wﬁile
in the weak-G-band stars (which have less blocking in the 42 bandpass)
C(42-45) will be somewhat bluer. We may estimate the size oﬁbthe effect by

comparing ourAspectra of the weak-G-~band star HD 91805 and the Hyades

cluster member HD 28307, each of which is typical of the two groupings seen

~in Figure 9. In particular we have blue spectra of the two stars (cf. §8IIa)

- taken consecutively with the same equipment. We have used tracings of these

spectra, together with the response functions of our 42 aﬁd 45‘filters, to
estimate the change induced in C(42-45) by the CH blocking around A42508.
We find that HD 91805 is 0.18 and 0.04»még bluer in the 42 -and 45 bands
respecti&ely, leading to a C(42-45) color bluer by 0514 mag. The observed

difference between the two stars is 0.12 mag (Table 1; Boyle and McClure

1975).

The most likely evolutionary phase of the stars in the two clumps
in Figure 9 is the core helium burniﬁg phasé which follows the helium flash?

(¢f. Cannon 1970; Faulkner and Cannon 1973). We are unable to say whether

‘the cooler and more luminous weak-G-band stars in Figure 9 are the

progenitors or progeny of the‘clump, and will not discuss these stars further.

It should be noted that we have applied no reddening corrections to our
observations. If the majority of our stars are clump objects having

M ~ 0.7 (¢f. Eggen 1972), it obtains that they have reddenings

EYB-V) $ 0.1 (¢f. FitzGerald 1968, esp. Figurc 1) which will have little
effect on our conclusions.
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Given, however, that most of the weak-G-band stars are burning heliuﬁ in
their core, it goes without saying that helium shell flashes can have.little
to do with G-band weékness. The same conclusion has previously:been reached‘
for Population II stars by Norris and Zinn (1977). We may aléo place
important constraints on tﬁe masses ;nd structure of the»weak—G—band stars.

) Té have ekperienced a core helium flash tﬂeir fotai mass must have been less
‘than 2.2M (Iben 19675, while their helium core mass m@st be ~0.4 to 0.5M_
(cf. Sweigart and Gross 1977). A léwer 1imit to the total mass may be
:inferrea~from the horizontai brancﬁ models ovaross (1973). For a metal
abundance Z ~ 0.02 his_fesults suggest that in-orderkfor such stars to fall
in»a clump near the Qiant brénch, rather than at highé# temperatures on a
horizontal branch, the ratioc of core masé to total mass mﬁst’bevsmaller than
~0.85. Adoéting the_above core mass limits, this leads to a lowef limit to
total mass of ~0.5 tp O.6Mo. We thus have an allowed mass range 0.5 < M/M@
S 2.2. The most importént pbint that may beAculled from this disCussion,v

khowever, is that thevweak—G-band stars have considerable envelope mésses,
lyiné'in the rangé 0.1 to 1.8M®. AésUming that #he weak—G—bénd phenpmengn‘
is notICOnfinéd to the atmosphere, but extends throughout the envelope,
any;production.mechanism must have béeh able to process virtually all of the
envelope carbon into nitrogen; This‘result must be achieved without
processing oxygen, which —'écc6rding to both Sneden and Petéréon (1§77) and
the ﬁresent work - ié normal in these stars. That is, only the CN cycle may

"be invoked. | o

There seems little reason to suspect that G—bana weakness is induced
dufing the clump phaée. In the next section we confine our attention to.
three other possible sites -~ the helium core flash, theAred giant branch,

and the main sequence.
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V. THE ORIGIN OF THE WEAK-G-BAND PHENOMENON

(a) The helium core flash

It seems diffiéult to reconcile the observed CﬁO'abundances and
the‘inferred lower limit-to the envelope masses with any Qnée—dnly} short—
duration;'pheﬁomenon suéh as the helium core flash. Unless the envelqpe
isklafgelyvproCéssed'throﬁgh the CN cycle at the time of thé flash, which .
seems to us unlikely, the original carbon'will:still bévseeh in the‘outer
layers. If the envelopes'contain at least 15 peréent of the totalvmags,
and if before mixing the caibon abundance was normél (i.é. ~>50'1avr).,vthen
the final carbon abﬁndance cannot be less than ~ 15 percent solar. This
is cpnéiderably la;ger than the observed carbon abundance.

It‘is_perhaps impqrtant to note that this result ;omewhat cqntrasts
the opinion expreésed by Norris and Zinn (1977) in their discpssion of the
‘weak—G—band_effect in Population II stars. Since, howeve;,‘we have no
estimates of abundances.in the Population II objects, we cannot yet rule
out the helium core flash as the relevanf phase in globular_clusﬁer

evolution.

(b) The giant braﬁch

There is a growing opinion that existingvétellar evolution
computations underestimate the amount‘of nuclearly—proce§Sed material.
which is convectively mixed to the sufface dufing the red gianf phase.
Observed 12¢/13¢c ratios are consistently lower than predicted (Dearborn,
Eggleton, and Schrémm 1976, and references therein).  Thé_obsefvedvrang¢
“in G—band strength on the lower giant branch of several globular clusters
(Norris and Zinn 1977) is also suggestive of such a Shortcdming. According
to Dearborn, Eggleton, and Schramm (1976), ané Norris .and Zinn (1977) the
most likely explanation of these phenomena lies in some combination of mass

loss and possible hydrogen shell instability. We.considef each in turn.
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() Mass loss

Dearborn,‘Kozlowski, éna’Schramm (1976) have made the case that
extensive mass loss is required in the immediate post main séquence.phase
to explain a.range of astronomical 6?servatioﬁs, Accordiﬁg to Iben (1967)
a 2.25M® star possesses a lérge nitrogen-rich, carbon;ﬁepléted regién
exterior to the hydrogen burning regions as it leaves thevmain séquence.
Since at this méss mostvenéﬁgy’generatiqn on the main sequence occufs in
the CN cyéle, the oxygen abundance in this region is normal.  Extensive
mass loss at ﬁhis stégg‘could'thus‘lead:to the abundances seen in the
weak-G-band stars. The Bidelman~-MacConnell sample would bé thé stars in
which the‘mass loss is,moét extreme. To explain thé obéeréations,'masé
‘must be.lost right down to the enriched regions. The.mass fraction
involved is ~0.5, énd althoﬁgh such a possibility is not dismissed by
' Dearborn; Kozlowski, and Schrammb(1976) in the context of  the 12C/13C'

problem, it seems to us a rather radical solution.

(21) Instability‘of the hydrbgen burning shell
Repeated thermal instability in the hydrogen burning shell, and
“'subsequent convective mixiﬂg of CN processed material to the surface could
also enhance the N/C ratio above ‘that found ih the standard cdmputations
(ef. Bolton and Eggleton 1973; Dearborn, Bolton; and.Eggletoﬁ 1975). 1If,
hbwever; thermai instability exists as a universal phehomenon invall.stars;
- one would not expect to find a large range iﬁ G—band strengths. A couplingl
of variable mass loss and thermal instability, on the other hand, might
overcoﬁe thié problem. |
~ The preseﬁt obServations place important~constraints on thisg
mechanism. At the center of the hydrogen burning shell conditions are
favourable for the ON cyéle to bhe in>equilibrium; only in the outer layers

of the shell could one expect a normal oxygen abundance (Sweigart‘and
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Gross 1977i. ‘If we insistion maintaining a normal surface oXygen-abundaﬁce,
~ any mixing musf therefore occur only from the outer layers of'fhe éhell.
Le£ us suppoée that the upper one fifﬁh of the shell is mixed to the surface
during each instabilit?, and‘that the envelope mass that must be‘processed
by repeating the instability is O.lMO»— the lower limit inferred in‘§IV.
From‘Iben (1967) we estimate that a typical»redigiant,of intermédia;e
1uminosity would have a'éhell‘of mass ~0.003M®. Then assuming‘that all;
carbon has been transformed to nitrogen in the material to>be mixed up, wg:ﬂ
estimate that sdme SOO instabiliﬁies are required to reduqe the éufface
abundance to one twentieth its origihal value.

Dearbogn,'Bolton, and Eggleton (1975), on the other hahd, expect
~~100 shell instabilities during- the giant branch evolutién of a>0,75M0v
Population II star. They note'further that fewer instabilities are
expected in more massive stars because of their more rapid evolﬁtion on
the giant branch. We conclude that tﬁe préseﬁt estimates, while-rouéh,
offer little support for thermal instability as the ééuse'of G-band

weakness.

(c) The main sequence and meridional mixing‘

Paczyﬁskiv(l973)~has predicted that mefidional circulation in
rapidly rotating 3-;OM® stars can bring.CN'processed material‘from just
outside the convective core ta thé surface laYeré. In his 3Mo model, in.
particular, the N/C ratio increases to 200 during thé main sequence
life£ime. For masses less'than or eqpal to 1,5Mo'the mechanism fails to
- work because of molecular weight gradients set up by the p-p cyéle. No
ﬁodels were computea in‘the intermediate mass range, 1.5 $ M/Mé s 3.0.

The weak-G-band stars, on the other hand, have N/C ~ 25, masses

less than ~2.25M@, and the low rotational velocities generally associated
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with late type giantsv(for HD 91805 our spectra show no liﬁe broédening
relative to the Hyadés giahts Hb 28307 and HD 100407) .. Littie imagination
is required to see héw such stars coula be produced by the Paczyhski
mechanism. First, the abundance anomaly is produced during .the main
sequence phase of rapidly‘rptéting sééré having ﬁaéses greater than'somev
critical value, lying in the ranée 1.5 to 3M®. The Bidelmah-MacCoﬁﬁeil
weak—G;band_stars probably repreéent the extreme N/C enhancemen£ and most
“.likely correspond to the most rapidly-rotating main seqﬁence stars. The
oxygen abundance, of course, would be normal.  Second, the red giant.phase
 is accompanied by coﬁsiderable loss of mass ard angular momentum,

reducing the mass {(if necessary) below that necessary for the helium core
flash, énd the angular momentum to the low value presently observed, The .
association of rotation and loss of maés and angular moméntum in the‘réd
giant phase is not new, and has been breviously invoked to.explain>the low
rotational veloéities universally observed in late type giants, some of’
.which must have been rabidly rotating while on the main sequence (Kraft
1970; Strittmatter and Norris 1971).

Of the several mechanisms we have considered, meridional mixing
aiqne invokes no radical postulates’andAviolAtes none of the observational
constraints. It shouldibe noted, however, that such a process cannot be
invoked to expiain the G-band weakness observed in globular cluster giants,

‘which have masses considerably:smaller than those considered here,
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CHAPTETR 3

CARBON AND NITROGEN ABUNDANCES IN THE CARBON-RICH
CEPHEID V553 CENTAURI

"P. L. Cottrell
SUMMARY

Ajépectroscopic and pﬁotometric‘analysis 6f the carbon-rich
>Cepheid V553 Centauri has been undertaken, and the folloWihg results were
obtained: using spectrum synthesis techniques, [C/Fe] ék+0.8 and [N/Fe] =
+O;5,'while from a diffefehtial curﬁe—of-growth aﬁalfsis [Fe/H] = -b.l;
all values relative to the Sun. Fihally, this résearéh‘éohsiders'the
nucleaf proéesses and evolutionary status of a variable star having the
above abundances. The near-solar composition means  that V553 Cen must have
anvextremely‘sﬁall énvelope'to be.evolving in the instability stpip with
its derived luminosity, log,L/L@ of ~2. The most plausible interpretation
of V553 Cen is as the progeny of the strong-lined RR Lyrae stars. This
‘iject haé evolved to a pdsition above the horizontal bfanch and is -
éurrently eithér a guprahorizontal branch star or a loop Cepheid. The
latter explanation provides a more tﬁrbulent site for the carbonrand

nitrogen enhancements to be attained.
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I. INTRODUCTION

Strong bands of C2, CH, and CN were first noted in the SPectra
.of V553 Centauri (HD 129981 = CoD -31011449) b§ Herbig (1952). 'In recent
work Lloyd-Evans, Wisse, and Wisse (1972) have shown low‘dispersion'spectra
which illustrated the strong carbon bands in V553 Cen relative to a Cepheid
of similar temperature, V381 Cen. From V553 Cen's stroné—linedvspectrum
and its Iow radial velocity, the iatter éuthors suggested that this star
_appeared to belong to Population I. However, 1igh£ cﬁrves by the‘ab§ve
authofs and Landolt (1975) indicated,that V553‘Cen more ciqsely resembled
Cepheids in the globular clusters. This similari£yvis twofdid; (a) the
presence of a shoulder on the fall from maximum light, and (b) the'huﬁp,on
ﬁhe.rise to maximum light.

In.fhe preSeﬁt wofk both a photometric and a detailed spectroscopic
analysis were undertaken on this peculiar Cepheid. The photometric results
are discussed‘inlﬁllIa,'Qhere data are inclﬁded on the light and (R-I)
colour curves. A discussion and estimate of the reddening was aiso
incorporated inAthis section. This enabled a temperature table to be
‘derived, which was used in $IIIb to deduce the overall abuﬁdance aﬁd then
‘in §IiIc to construct'SYnthetié spectra of some'ofithe Earbon molecular
_bands, viz., CH and CN. Finally in §IV the implication of the abundances
derived in §IIT was considered with respect to current evolutionary

theories.

II. OBSERVATIONS
(a) Photometry
Broad-band VRI photometry was obtained in 1976VJuly and August and
1977 Maréh using a GaAs photomultiplier tube attached to the singiefchannel

photon counting system on the 76cm telescope at Mount Strohlb. The filter
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set used was the same as that described by Bgssell (1976) and has been
specifically designed for use with a GaAs tube. In addition ﬁo V553 Cen,

a numbef of late-type B stars within a few degreesvof this star were also
observed in order to derive the amoﬁnt of reddening. In columns (1) to (4)
of'Table 1 the idenﬁification, right—ascenéion, declinatioﬁ‘and spgctral
type of all these stars are given. To transform these phoﬁometric
observatioﬁs on to a standard system, the EQregion standards of Cousinsv
(1973, 1974) were inclgded in the observinq.pfogram._ An estimate of the .
reddeniﬁg was extracted from intermediate band uvbyB photometfy of.the B
stars in Table 1, acquired by Dr.'M; S.véessell using the 400m téiescope at

$iding Spring in 1978 February.

(b) Spectra |

Extensive high dispersion §bservations were obtained fér V553 Cen;
as well as several spectra of a comparison'star,'the éhort‘pefiod S Scuti
variable, p Puppis, which is a subgiant of simiiar.temperature to V553 Cen
(see Beséell 1969). All spectroscopicAmeasurements were acquired at the
coudé focus of thell.9m telescope at M&untvSterlo.

For the differential durve-ofégrowth anaiysis between V553 Cen and
p Puppis specﬁra were recorded using the échelle,grating, the 40cm camera,.
and a Carnegie image tube. This,gavé good wavelength coverage between
AA~47SO and ~51002, wiﬁh.a reciprocal plate disperéidn of ~3.62mm—l.v Within
each spectral order the total wavelength coverage QasrapprOXimaéely 808.
However, only about 508 of this was of high énough quality for accurate
equivalent width meaéurements to be made. The remainder was eithef under -
oerver—exposed because of the curved responée function of the échelle
Vgrating system.

In addition to the‘above s§éctroscopic plates ﬁsed in the curve-of-
growth treatment, spectra were taken,in'blue spectral regions which covered

the major molecular features of CH and CN, viz., the G-band for CH, and the
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TABLE 2

EQUIVALENT WIDTHS

| - 1og" /2 | - log'n
A Mult X P Puppis V553 Cen- A Mult X p, Puppis V553 Cen
4745.13 67 2.21 5.26 v 4982.51 1067 4.09 4.24
71.70 .~ 67 2.19 5.02 83.26 - 1067 4.14 4.38 4.51
76.08 635 3.30 5.01 .86 1066 4.09 4.16
79.44 720 3.40 5.16 85.26 984 ' 3.91 4.56 C o 4.77
. 85.96 1044 4.12 5.22 : .55 318" 2.85 4.31 . - 4.48.
86.81 467 3.00 4.21 .~ 86.24 1070 4.20 4.83 ‘ 5.26
87.84 384 2.99 5.25 ‘ . .90 1092 4.24 5.23 :
89.65 . 753 3.53 4.44 : ‘ 88.96 1066 4.14 .4.66 4.66
-4848.90 114 2.27 4.45 4,59 91.85 1094 4.20 5.33 5.01
68.38 38 1.55 5.24 : 94.13 16 0.91 4.68 4.72
4871.32 318 2.85 4.30 4.32 5049.83 114 2.27 4.66 4.65
72.14 318 2.87 4.32 4.41  67.16 1092 4.20 4.82 4.91
75.89 687 3.32 4.87 " 5.01 68.77 383 2.93 4.40 4.47
85.44 966 3.86 4.74 . 4.76 74.76 1094 4.20 4.31 4.53
86.34 1066 4.14 5.02 4.83 76.29 1089 4.28 4.55 4,71
88.65 1066 4.09 4.77 4.76 83.34 16 0.95 4.64 - 4.54
90.76 318 2.86 4.38 ’ 4.52 90.79 1090 4.24 4.61 4.71
91.50 318 2.86 4.36 4.42 5109.66 1089 4.28 4.77 4.82

4946.39 687 3.35 4.71 ’ 4.62 10.41 1 0.00 4.49 4.68

Av = 0 and -1 bands for CN. These spectra were acquired using the same
. , : s . . s ‘ Xmm—l
combination as above. The reciprocal dispersion in this instance was ~3.3 .
For V553 .Cen a large number of spectra were procured, covering all
phases between maximum and minimum light. This enabled the largest temp-
erature variation to be observed, and consequently the greatest changes in
band stréngths..
As well as the spectra using the échelle grating; several blue spectra .
were taken using the B grating, the 8lcm camera, and the two-stage Carnegie
. ' . e ' . .. - 10Rmn™ L
image tube. This combination gave a reciprocal dispersion of. ~10 on the
plate.
Hydrogen sensitized ITaO emulsions were used to.record all the
spectroscopic data, and they were traced on the Gbttingen microphotometer

which was programmed with an intcnsity‘calibration. The latter was acquired
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using the same systems as have been described above. The line Strengths
measured from the tracings of the redder échelle plates are shown in Table 2,

and will be used in the construction of the curves of growth.

ITT. RESULTS
(a) Photometry
Light and colour curves were éonstructed from the VRi photometry of
V553 Cen. The uvbyB phbtometry of the B stars has been used in obtaining
an estimate of the reddening, E(B-V). This latter parameter will be
discussea later in this section. The infrared (R-I) colours of V553 Cen
ﬂave been dereddened, which gave intrinsic célouré and thus é témperature

scale for this star. Let us now consider the photometry in more detail.

(1) Light and colour curves
The V magnitudes and observed‘(RrI) colours are tabulatéd in

columns (3) and (4) of Table 3 and are also shown in Figures la and 1b,
respectively. The Julian Day and phase are respectively shown in columns
(1) and (2) of this Table. The éhase was determiped using therephemeris
adopted by Lloyd-Evans et al. (1972), viz., .

| Max = 2441124%8 + 2906051 x E,
where 2?06051 is the period of V553 Cen, and E is an integer. The above
relation‘thén gives the J.D. of maximum light. In Figure la the‘data of
Dean et al. (1977) were also included, and the good agreément attests to

the reliability of the present observations.A

(i) Reddening
In the present work two reddening estimateé were made: one was
dependent on observational data, while the other was determined using a
relation derived by Kron (1978). We shall consider each estimate in the

following paragraphs.




FIG. 1. - (a)

(b)
{c)

Light curve for V553 Centauri, with observations from Dean

et . al. (1977) (A), and the author (e).

The variation in the observed R-I colour with phase.
Effective temperature Te against phase. This temperature

is determined from the dereddened R-I observations.
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TABLE 3

VRI'OBSERVATIONS FOR V553 CENTAURI

Julian Date Phase v (R-I)

2440000 + - o
(1) (2) (3) )
2980.918 0.0569 8.234 . 0.315
2986.905 0.9630 8.230  0.299
2986.971 0.9950 8.237 0.304
3001.955 0.2670 8.397 0.344
' 3003.937 0.2293 . 8.356 0.341
3003.967 0.2556 8.378 0.344
3004.899 0.6957  8.590 0.348
3004.954  0.7227 8.597 0.346
3008.928 0.6511 . 8.627 0.355
3009.883 0.1145 8.260 0.317
3009.924 0.1344 8.271 0.328
3258.000 0.5300 8.708 0.375
3258.077 0.5674 8.744. 10.374
3258.145 0.6004 8.755 0.373
3259.002 0.0164 8.254 0.321
3259.069 0.0488 8.240 0.310
3259.161 - 0.0936 8.271 0.314
3260.059 0.5290  8.718 0.377

3260.125 0.5610 8.767 0.373

First, Kron concludea that reddening material is presenﬁ in two forms:
" (1) concentrated in clouds and (2) a relatively,uniform layer'abouﬁ 500pc E
thick, with the Sun approximately a£ the centre. However, the Sun is south
' of the centre with respect to the clouds. - The uﬁiform.layer feddens material
accordiné to

E(B-v) = 07082 D ,

"where D is the distance (in kpc) which the starlightrtravels within this layer.
For V553 Cen, assuming <M >~ -1.0, the above formula gives E(B-V) = 0?65,
' shown in column (1) of Tablé 4.

Second, in colﬁmn (2) of Table 4, E(B—v)r: 0?06 was defermined'using,
.the uvbyB.filter system of StrBmgren (1966)._»The individual colours fof the

‘B stars are shown in columns (6) to (9) of Table 1. Although the distances
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TABLE 4

E(B-V) ESTIMATES

N .
~Uniform Intermediate - Cosec Intrinsic
Layer Band Photometry Formula Colours,I
(1) (2) : (3) (4)
0 o5 0706 0-08 o oM

ES
From Kron (1978).

TlFrom Arp (1962).
' i From Johnson (1966).

to these stars, column (10) of this table, are smaller than that.deriQed for

V553 Cen, this method forvdeterminingAthé reddening gave a reliable‘lower

liﬁit, similar to the value obtained using the formula of Kronv(1978). ‘In.

" their discussion Lloyd-Evans et al. (1972) adopted a value of E(B-V) = OTlO.
This was based on two estimates, (1) the cosec formula of Arp (1§62)'and
(2) Vthe intrinsic colours of‘Johnson (1966). Both of theée are shouwn
respectively in éolumns (3)Aand (4) of Table 4. Howgver, the rélationship

of Kron (1978) appears superior'to'(l):ébove, while the intermediate band
photometry proviaes a better estimate of £he reddening than trying tozmatch

“an intrinsic colbur to V553 Cen.

Thus, for the reddening in the direction of V553 Cen, E(B-V) % 0?06
vwasbadopted, which is a weighted mean of the Strbmgren photometry and Kron'g
formula, ablarger weight being assigned to the obseryationél data.

Before we consider:the abundances iﬁ the atmospheres of botth553

Cen and p Puppis, effective temperatures and gravities are required to be

used in the model atmosphere calculations.
(b) Atmospheric parameters
(Z) Efjéctive‘temperature

An effective temperature, Te = 6600 K, was derived for p Puppis from



TABLE 5

ATMOSPHERIC PARAMETERS

Star Te Toxc log g [Fe/H] . [C/Fe] [N/Fe]

T @ 3 @ () ©
1.

o Puppis 6600 6300 3.4 +0.36" ~0.3 £ 0.2 -1

V553 Centauri

Phase =
(1) . 0.00 6500 6200 2.0 -0.1 * 0.3 +0.9 £ 0.3 +0.5 £ 0.4
’ . . . * . . -
(2) - 0.61 5925 , 2.0 -0.1 +1.0 £ 0.3
(3) 0.45 5850 2.0 .-O.l +0.6 * 0.3 +0.5 + 0.4

T From Bessell (1969).
I No value determined (see text). ..

vf Valge adopted from Phése = 0.00 observations. .

the (I—K) measurement 6f Neugebauer andALeighton (1969) , andbthe (R-I) colour
éf Iriarte et al. (1965).

‘For V553 Cen the effective temperature can be derived using Johnson's
(1966) (RrI) —fe scales for sﬁpergiants. ‘The obseryed (R-I)'s arerin Cousins'
(1974) system,but‘thgy can eaéily be transformed to‘Johnsoﬁ coiours‘using
relationéhips given by Bessell (1977) and Eggen (1974);"Consequehtly, ifvonev‘
adoﬁts the‘reddeniﬁg.determined in §IIIa(ii), namely E(B-V) ~ 0706, the |
variation in effective temperaturé with phase can be eﬁtracted from these

. observations. This is shown in Figure lc.

(i1) Gravity
- The values cﬁosen for this parameter are shown in column (4) of
‘Tablé 5. Fér o) Puppié, a value of log g = 3.4 waé adopted . following Béssell's
(1967) research, in which he used undisturbed'atmospheric calculationg.
The surface gravity for V553 Cen was determined using two basic-

. 3o . . 2 4 . , .
relationships, namely that the luminosity, L =« R Te and the gravity,
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g « M/R2 where M, R, and Te are respectively the mass, raaius and effective
temperature of the staf. With‘respectbﬁo the Suh,

log g = log M/Mé + 4 .1og Te - log L/_Lo - 10.61,
where g is in cgs units. This required indgpendent estimates ofvboth the mass
’andAluminosity.

Chri5£y (1966) illustrated that the phase‘ofvthe.“hﬁmp"ion the light
curves of RR Lyrae stars was related to the mass, aﬁd was-independent of
Heliﬁm abundance. For V553 Cen thié."hump" occurs at a phase of'O.?OV(see
figure lé) cdrresponding to aimass of ~0.5 Mo' Assuming an absoluté magnitude
of —l} the iowvsystemic radial velocity for V553 Cen'gives a large velocity
component iﬁ the direction perpendicﬁlarvto the galactic plane, which in turn
suggests that this object is a member.of the old disk populatiqn; 'This
conclusion is supportéd by V553 Cen's. height of ~300pc above the galactic
plane. -

Although L10yd-Evéns et al. (1972) gonsideredvv553 Cen to;be A;member
of the disk population, they,also'nbted this star's similarity to Type II
‘Cepheids, in particular BL Her, viz., ﬁinimum radial velocity occurring very
close to maximum 1i§ht, and the ultra—violet excess between phases 0.5 and
0.8. .In‘addition'they point out that only shortrperiod‘stars of thié type
"~ have beeh discdvered.» This latter condition also prevails.in,the dwarf |
spheroidal galaxies (see Norris and Zinn 1975) and in NGC 121, a réd globular
cluster in the Small Magellanic Cloud.. Thus in order to derive a lumiﬁosity
for this object let us assume that it obeys the P-L law‘of the dwarf spheroidal
galaxies. Thus from Figure 2 of Norris and Zinn (1975), a'lumin0sity (log
L/L@) ~ 2.4 is assumed, from which ﬁsing (l)'above,‘a gravity (log g) of
~ 2 is derived.

The temperatures and gfavities discussed above will be used in §IIIc

to derive a metal abundance, and in §IiId»to match the observed spectra with
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synthetic spectra of»regions sensitive to changes in the carbon and nitrogen‘

abundances.

(¢) Iron Abundance Detemination

In this analysis a differential curve-of-growth treatment between
o] ngpis and V553 Cen.was employed. This has beep described.previously by
Cottrell and Norris (1978), and follows the method of Pagel (1964). 1In
particular the assumption Aee = Aeexc was made. In Table 5 the parameters
fér both stars are tabulated.
| Since spectréscopic observations of p Puppis éovered a. large wave-
length interval, it was possible to make a comparisonvbetween the equivalenﬁ
width measﬁrements of this work and those of Bessell (1969), who aiso carried
out a curve—of~growth analysis on this sta?. This comparison is shown in
Figure 2 for about 35 lines which we had in common, and illﬁstfates that thev
present measurements are on the same system as those of Bessell;v Thus his
value of the iron abundance, namely [Fe/H] = +0.36 relative to the Sun, was
adopted for this analysis. In addition, Bessell's (1969) value of thg
atmospheric microturbulence'of‘~6 km s--l was adopted for p Puppis.

For V553 Cen there were several échelle plates whose mean phase of
exposure was centred around maximum light. These were used in the
differential analysis of this star relative to p Puppis. The Fel. curves—of-
' growth for both stars are shown in Figures 3a and 3b. From the horizontal
shift required to move the V553 Cen curve on to that of P Puppis, and the
marginally different temperature structure of these two stars, an iron ‘
abundance, [Fe/H] {V553 Ceﬁ -p Puppis} ~ —0.45 was determined. Thus V553
Cenrhas a [Fe/H] ~ -0.10 relative to the Sun. The error assoéiated wifh this
parameter is a factor of 2, principally due to the errors associated with
fitting the curve-of-growth from Bessell (1969)vto the data shown in

Figures 3a and 3b. No vertical shift and consequently no microturbulent



FIG. 2. - Comparison of equivalent width measurements for p Puppis
from Bessell (1969) and the author (PLC). The line has a

slope of 1 and passes through the origin.
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FIG. 3. - Fel curves of growth for (a) V553 Centauri and (b) P Puppis.
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velocity, Ve could be obtained from the V553 Cen and p Puppis curves—of-
growth, because of the large scatter in Figures 3a and 3b. The value of v

will be discussed in relation to the models used in the construction}of the

synthetic spectra.

(d) C and N abundances using spectrum synthesis

A number of assumptions had to be ﬁade before we could progress td
the determination of the carben and-nitrogen abundances. These.were: (1)
that the iron abundance obtained in the last section could be applied to all
elements except carbon and nitrogen, ana (2) that thevmodeis of Bell,
Eriksson, Gustafsson, N8rdlund (1976) for which a microturbulen£ velocity,
v, = 2 km s_l was generally adopted, could be used for stars in which the
parameter had values up to 6 km s—l. This is justified from Figure 10 of
Gustafsson, Bell, Eriksson, and N&fdlund (1975) where a change in Ve from 2
to 5 km s—l‘resulted in AT's of lessvthan 50 K. In addition, for V553 Cen
it was assumed (1) that the atmospheric structure of the Bell et al. (1976)
models was suitable for use in stars with peculiar C and N abundances and
(2) that at any given phase the star could be represented by a static
atmosphere. |

An oxygen abundance could not be determined in either V553 Cen or
P Puppis, because of the extreme weakness of the [0I] line at A~6300.3 R.
For example in the Sun (Te ~ 5780 X) Fhe equivalent width of this line is
only 5mA. Thus [0/Fe] = 0.0 was adopted. WNext the carbon abundance for
both the stars under investigation was defived using the G-band. The
synthesis technique employed here has been developed by the author, and has
been described by Cottrell and Norris (1978) and Cottrell (1978).

In Figure 4, the synthetic and observed G-band spectra for both
P Puppis and V553 Cen are shown in the wavelength interval AX4305 to 43258,

in which the regions most sensitive to changes in the carbon abundance are




FIG. 4. - Synthetic and observed spectra of the G-band region between
AM4305 and 43258. (a) p Puppis with v, = 6 kn -

(b) Synthetic spectra with same parameters except vt. Two
values of Ver 2 and 4 km's—l; the latter has the deeper
lines. (c), (d), and (e) V553 Cen at phases of 0.0, 0.6,

Aand 0.45 respectively. BAll three synthetic spectra have vt =
4 km s_l. Synthetic specpra in (a) to (d) have been
convolved with a Gaussian whose FWHM = 0.5 2. 1In (e) the
FWHM = 0.9 X. The curves in each Figure are indicated. The

wavelength intervals most sensitive to carbon abundance

changes are indicated by arrows.
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indicated. The C abundances derived from these figures are shown in column

(6) of Table 5. AFrom Figure 4a, p Puppis has,abslight cerbon deficiency
relative to ifon. The weakness of the CH‘features at this effective
temperature made it difficult for a precise C abundance to be evaluated,
but this value gives a good fit to the_observationalVdata.' A.mieroturbulent
velocity of 6 km-s-l (Bessell 1969) was used to’construct this synthetie
spectrum;
Before continuing withAthe coﬁperison of sYnthetic and‘observed
G-bands of V553 Cen, we must determine a value of v, to be used for this
object. - Figure 4b shows syntbetic specfra with v;s of 2 and 4 km s'l; The
latter gives a better fit to the.obServations as shown in Figure 4c and 4d. -
These figures illustrate V553 Cen at pheses of ~0.0 and ~0.6 respectively,
which epproximately correspond to the maximum and minimum atmospheric
. temperatures. Osmer (1970) in his study of.F supergiants of luminesity
elasses Ia and Tb, derived microturbulent velocities of ~5 km s—l. Thus the
adoption of 4 km,s_l for V553 Cen, classified as belonging to;class II, appears
- justified. | |
Figures 4c, 4d and 4e vyield C.abundances of +0.9 de%, +l;0 de#, and
. +6.6 dex respectively, relative toAthe iron abundance. - Thus carbon is over-
abundant in the atmosphere of V553 Cen by a factor of ~7 relative to.iron.
All the synthetic spectfa illustrated so far, except Figurer4e, 
have been coevolved.withva Gaussian of full width‘at haif:maximum (FWHM)
equal to Q.SOX, which compares favourably with the width of individual
spectral lines obtained using fhe échelle systeﬁ. For Figure 4e a FWHMA=
: 0.908 was usea'to match the synthetic spectrum with observations of V553 Cen
obtained with a normal'grating systeﬁ, which had a significantly lower

resolution.

Next the nitrogen abundance was derived using the strongest features
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of the blue CN system, namely the Av = 0 band running 5lueward_from>13883g
and the Av = -1 band, with bandheads at AA~4216 and ~41972. Figures 5 and 6
illustrate the results for the Av = -1 and Av = 0 bandé, respectively. The
N abundances extracted from these curves are tabulated in column (7) of Table
5. For p Puppis no nitrogen abundance could be estimated, as a result of
(1) the photographic plates at A~38802 being underexposed and (2) the high
effective temperature (Te = 6600 K)‘and intrinsic weakness of the Av = -1
bands (a factor of ~10 weaker than the Av = 0 bandsi. Similarly, at-maximum
light V553 Cen has no observable CN features ih the wavelength range AA4205
to 42208. | |
waever, Figure 5 displays the result for V553 Cen ét a phasé 6f ~0.45,
with the synthetic spectrum parameters shown in Table 5. As with Figure 4e,
this figure has been convolved with a Gaussian whose FWHM = 0.908.

Finally in FigureGa;la synthetic spectrum of the Av = 6 blue CN
system is comparéd with coudé.échelle data of V553 Cen at a phase of ~0.0.
At a phase of ~0.45, theoretical and observed data are superimposed in
figure 6b, where the FWHM = 0.908. This latter figure illustrates an effect
previously noted by Cottrell and Norris (1978). der very strong features,
that is those whiChvére formed in the top two of three depth points of.the
model atmosphere, large anomalies will result in the central deéth. Thus,
in order to derive a nitrogen abundance from a band of this tfpe, oné should
consider features which are formed at larger thical depths, and features
2-3 X away from the bandhead.

From the CN spectra in Figures 5 and 6a, a nitrogen enhancement of a
factor of ~4 relative to iron was determined. Therefore the synthesis
technique applied here gave an enrichment of both carbon and'nitrbgen
relative to iron, by factors of approximately 7 and 4 respectively. These

anomalous abundances were determined at both maximum and minimum light, and
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consequently reflect the good choice of atmospheric parameteré at each of
these phases.

Two errof analyses were undertaken to determine the affect on the
C and N abundances as well as the microturbulent velocity with changes in
the gravity and overall metal‘abundance; A.Alég g = ;O.S requi?ed the C
.abundancé to be lowered by 0.2 dex, and the hitfégen to be-énhancea by an
additional 0.1 dek'rélative to iron. A A[A/H] = -0.3 leads to an increase
in vt from 4 to 6 km s_l, as Qell as an.increase in the carbénband'nitrogen
.abundances by 0.4 and 0.3 dex, respecti&ely. Neither of these error estimates
altef the major result of this research, namelyrthat bofh carbon and'nitrdgen
are enhanced in tﬁe atmosphere of V553 Cen.

Before concluding.this section somé commeént muét be'made concerning -
the s-process elementé barium and strontium. The écheile plates obtained
for this analysiévdid ﬁot enable examination of thé BaiI lines at'either
-AA~4554lor 4934K8. The only s-process line accessible on these plates was
the SrII line at A4215.5%, which coincides with a Av = -1 bandhead of CN.
‘The dbserved’spectra of p Pﬁppis and V553 Cen, tﬁe latter at maximum light,
corréSpond to almost identical effective temperatures, and at A~4215 there
§ppeared'to be.no significant enhancémént of‘this line in the Cepheid;
llowever, aaditional~spectra should be obtained to investigate these species,
befére a conclusion can be reached concerning fhe abundance‘of barium and
strohtium. |

From'the above discuésion, carbon and nitrogen’are enhanced in the
atmosphere of V553 Cen by +0.7 and +0.4 dex reépectivcly,'relative £o the
Sun, while thé s—prdcess element strontium (on the basis of‘a singlevliﬁé)
appears to be normal. The implications of these abundances on the

evolutionary status of this star will be considered in §IV.
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IV. EVOLUTiONARY CONSIDERATIONS
In an attempt to interpret the results derived for V553 Cen, let us
begin with a summary of fhe properties of this Cepheid. From §III, the
overall metal abundance, except for carbon and nitrogen, is slightly deficient
in V553 Cen relative to the Sun. Carboniand nitrogen are enhanced relative
- to solar abundances by factofs ofv5 and 3‘respectively. On the basis of
current evolutionary theory of single stars this wguld,requireyméterial}
proceséed by both the triple - a and CN processes, to be mixed into the surface
layers. 'This scheme of enrichment was discussed recently by Beéséll and Norris
(1976) as one scenario‘for the abundance ﬁecﬁliarities iﬂ w Cen. . For triplé -
a processing the star must have evolved beyond the red giént branch phase.
From §IIIb the presentAmass of V553 Cen was estimated to be ~0.5Mé

(following Christy l966).v However, following the He-flash a étar with solar
- composition must have an'e#tremely small‘envelope mass to;evolve'as far blue-
ward as the instability strip. According to Gross (1973), a O.SOMO solar
compoéition‘stafvwith-a core mass of O;45M® would have its heliﬁmégore burning
(horizontal branch, HB) evolution to the blue of thevinstability strip,
Subsequent-evolution>off the HIB into the'région of thé Suprahorizontal,brahcﬁ
(aboverhorizontal branch, AHB) could producetstars with solar abundapce, ana
even vériables with periods longer than those of'the RR Lyraes. Thus V553

Cen could be the prdgenf of the stfong—lined RR Lyrae stars of Preston (1959).
The evolution of these s£ars'has been considered by Kraft (1972). Kraft's
- interpretation was that they started with masses'much lé;ger than their
‘globular,cluster counterparts, but lost more mass during their evolution to
fhe HB. However, to attain a carbon-nitrogen-rich atmosphere at this'stage,
enriched méterial would have to be mixed either at the He-flash or durihg fhe
quiescent He-burning stage on the HB. The 1at£er'has not. been demonstratéd iq

any evolution calculations to date. The former, which could produce the
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required carbon enrichments, would not have sufficient time to process the
carbon to nitrogeh. Thus we havevto consider a later stage of evolution,
namely the asymptotié giant branch (AGB), to explaih the abundances. derived
for V553 Cen. |

A O.SMe HB star with an enve}ope mass of ~0.05M®’c§uld pass thréugh
the instability strip at a log L/LO of ~2 if it continues ﬁo lose mass' as it
evolves up the AGB. ‘Theorétical calculations (Mengel 1973; Gingbld 1974)
have shown that stars with envelope masses of ~0.01 - 0.02Mo éyolve away from
the AGB, towards the white dwarf regioﬁ; Thus,vV553‘Cen could be a loop
Cepheid (as-definea by'Kraft.1972) evoiving th?éugh'tﬁevinstabiliﬁy‘stripv
with a luminosity only sliéhtly above the AHB.»VTHe anomaléus carbon and
nitrbgeh abundances could have been obtained dﬁring He?sﬁell»flashes'on the
AGB, following CN-processing on the products of thé triple - o rééction.‘
Only relatively small amounts of this enriched matefial are required to be
mixed into the enVelopeias these layers contain so litt}e mass (< O.OSMQ).
If these,typés of Cepheids loop‘off at comparatively low luminosity, this
could éxplain why no carbon-rich Cepheids haﬁe beeh discoverea at longer
periods,‘i.e; > 2d (see Lloyd-Evans et aZ.‘l972).

| .Although;the above scenario provides an interpretation of the

’ abunéances'obtained in 8III, it is necessarylto consider how large amounts
of mass can be lost from the envelope of a star. V553 Cen could either be
a member of a binary system in which it lést'mass to a secondary star, or
some propefty of this star has induced,it to lose ﬁass at a greater rate than
other objects; While the binary star proposition could be investigated.
furtﬁer by a detailéd photometric and radial velogity search for sécular
variations in the light and radial velocity curves of V553 Cen, a more
fruitful exercise would be to follow the evolution of a solar composition

star through the He flash, He-core and He-shell burning, with large amounts of
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mass loss to investigate the phases at which CN-rich material can be mixed
into_the outer layeré.

Finally, let us consider that a star is completély mixed at the
helium core flash. The subsequent evolution of these objects has beeh
considered by two groups of researchers. Petersen (1972) evolved.heiium
dominated models in the log'L - log Te plane; and thesé shovahat a O.7M® Star
with an hydrogen mass fraction of 0.2 will evolve off the He-rich main
sequence and thfough the instability strip with‘a luminésit? similar fo that
of V553 Cen. 'fhe énhanced C and N abundances are respécﬁively»accounted for
by the triple - o reacﬁion at the core flash and subsequént CNO processing.
A‘sliéhtly different approach was invéstigated by ?éézyﬁskivand Tremaine
(l977), who aftificially produced 6ff-centre helium core flashes. These led
to mixing of the helium core with the envelope, and although no details of
these obiects' movements in the HR diagram aré-given these authors suggested
that this process could produce the subgiant CH stars discuésed_by Sﬁeden
and Bond (1976) . These objects could in turn by the progenitors of stars like
V553 Cen. Further model calculations using‘He—doﬁinéted'gtmospheres couid
provide additional cbnstraints‘on the amount of helium enrichment required
before hélium»dpacities, namely He—, become the principal sourqe of continuum
opacity.‘ However, both the productidn of fﬁlly mixed models and off-centre
core flashes have not been‘constructed without altering currently accepted,
basic input physics.

lConsequently although extensive mass loss is required in the inter-
bfetation of V553>Cen.as a lepCephéid, this explanation alleviates the

problem of the apparent non-existence of longer period carbon-rich Cepheids.

V. SUMMARY
In this research the carbon-rich Cepheid V553 Centauri was analysed

and the following reéul?s were determined: (1) the iron abundance‘in this



73

star is close to solar; (2) the carbon and nitrogeﬁ abundances are enhanced
by factors of‘5 and 3 respectively relative to the Sun, and (3) the solar
abundaﬁce for iron applies equallyiwell to the other elements, as shown in
‘the synthetic spectra constructed in the néighboufhood of the-molecular
features. From the above investigation, V553 Cen is thus a carbonénitrogen-
rich Cepheid with a near-solar metal abundance.

Finally it is suggested that V553'Cen'is most épprqp?iately inter-
preted as a léop,Cepheid with a luminosity bnly slightly higher than the
suprahbriiontal branch. The carbon and nitrogen enriéhments are a.fesult of
;He—shell flashes, prior to.the stars finai evolution away from the_giant branch

on its way to becoming a white dwarf.
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CHAPTETR 4

EXTREMELY METAL-WEAK STARS: CARBON AND NITROGEN
ABUNDANCES IN GIANTS

P. L. Cottrell
"‘ABSTRACT

Seven extremely metai—Weak giant étafé havevbeen'analyéed.' Five
of these were Selectedvfrom the objective prism survey of Bidelman and
MacConnell. Carbon and nitrogen abundéncés.were determined for all seven
stars by constructing synthetic spectra of regions Which céntainvmanyvlines
of ﬁhe CH, CN, and NH moleculeﬁ; 'The following correlation between the
carbon to nitrogen ratio and gravity was obtained:

[c/N] = 0.5(log g) - 1.3.
In addition, a slight enhancement of nitrogen‘(relativé to thé‘metalé) was
aetérmined as the gtavity was reduced (i.e;, with increasing luminosity).
'_I‘he above relationship can be- interpreted in a similar manner té the
‘12C/13C ratios discussed by Dearb@rn, Eggleton, and Schramm; namely that
as stars evolve toiﬁigher 1umino§ities, fhere is mixing 6f CNO—processed
material into the outer 1§yers. The evolutionary phase at which mixing can

occur, as well as the nature of the mixing processes, are briefly discussed.
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I. INTRODUCTION
The detailed analysis_of_metal—poor stars provides an opportunity

to investigate the pr;pefties of objects which were éroﬁably formed dufing
the early evolution of the Galaxy. Dwarf stars, in which no ‘products of
nuclear processing are expected in t;e outer layers, will thereforé still
be exhibiting their primordial abundances. However, giants have evolved
sgfficiently that their outer laYers could have become contaminafed with
the products of interior burning. Many échemeS‘have been discussed which
have éndeavoured to interpret various extreme surface abundénce énomalies,
viz., CH stars (both giant and subgiant), and BaiI stars-(see‘Sackman,
Smith and'Despain.l973; Uirich and Scalo_l972; 1973). In addition,,there
are a number of giaﬁt stars having more subtle peculiarities in their
atmospheric layers. Such peculiarities include the variation in the'lzc/lac
ratio as a function of the star's positipn on the giant branch (Deafborn,
Lambert, and Tomkin 1975), the CN. strong stars in‘the globular cluster M5
kOsborn, 1971; 2Zinn 1977), and the weak-G-band stars.invboth globular
clusters (Zinn 1973, 1977), aﬁd the field (Cottrell»ahd Norris 1978; Sneden
et al. 1978).
| The extremely métal—deficient population II field star HD 122563

has been the subject of many abundance analyses (Wallerstein»et’al. 1963;
Wallerstein and Helfer 1966; Pagel 1965; Ball énd Pagel 1967;‘ Wolfram
1972; Sneden 1973). Wallerstein et al. (l963)'determined‘that this star
was deficient in iron by a factor‘of 800 relative to the Sun. A reanalysis
.of the data, using an improved temperature estimate, reduced this deficiency
to 500 (Wallerstein‘and Helfer 1966). The most recent fine analysis
(Wolfram 1972) confirmed this latter result, fhat is [Fe/H] = ;2.7 + 0.3.
Wolfram also derived a C abundance from his observations, [C/ng'= -0.4 + 0.4.

Sneden (1973), using these parameters, obtained a nitrdgen ébundance;
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[N/Fe] = +1.2 % 0.5. Snéden assumed [0/Fe] = 0. Howe?er, Lambert, ‘Sneden,
and Ries (1974) have since determined an oxygen abundance, using- a coudé
échelle scannerAin the region of the tOI] line at A~6300.32. From this
feature an overabundance of oxygeq relative to iron was derived}lquaﬁtitat-
ively, [o/Fe] = +0.6. No redetermination of the carbon and nitrogen
abundances was made. Lambert et al. (1974) briefly discussed thé evolutiop—
ary implication of their result, and COncludeé that the eﬁhancement of
_oxygen must have been primordiél, since CNO nuclear—bﬁrﬁing,processes lead
only to the destruction, not the formation of oxygen.
Sneden (1974) determined carbon and nitrogen abundances in 10 add-

itional metal-poor stars,vhaving gravities, logvg, between 1.3 and 3.8.

Using spectrum synthesis techniques he found that the giants, with log g's

A

2.4 had [c/N] < -1.0, whereas for gravities larger than this value, [C/N]

> +0.0.  He interpreted the low C/N values aé indicating thét the prbducts

of CNO burning had been mixed intobthe surface léyefé, with the mixing‘v
~becoming significant at a 1o§ g =.2.4. If one ﬁakes somé assumption about
the mass, namely 1o§ M/Mo = 0 for these population II giants, a luminosity,
»logAL/LO ~ 2 is determined. Examination of Figuré 3 of Dearborn et al.

(1975) shows that this is the saﬁe luminosity at which the 12C/'l_3C ratio in
red.giént stars, is consisténtiy being observed wifh values (~15) signifi—
cantly ;ower than the solar value (~90). Theoreticai calculations} invoiving
burning via tﬁe‘CNO cycle, indicate that both the 10Wering of theIlZC/13C
ratio and a decrease in the value of C/N are produced (see Dearborﬁ, Eggleton,.
and Schramm 1976), althoughbtheir calculations cannét interpret the eXtréﬁely
low'12C/13C values (~5-10), observea in a.few stars.

In the present work a larger sample of stars with log g < 2 has been

analysed. In pérticular,’carbon and nitrogen abundances have been determined

(§1IV). The observational data, both spectroscopic and photometric (RT and
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DDO) , are described in 8II, with the DDO photometry being the basis for the
gravity and metal abundance determinations (85III). Finally, the abundance
results are discussed (§V) with particular reference to the work of Sneden

(1974) and Dearborn et al. (1976).

II. OBSERVATIONS

In‘this analysis, the program stars have'comeuprincipally from ﬁhe
extensivevtabulations of Bidelman and MacConnell (1973). Génerally, stars
in their Tablenv, which had an extreme degree of metal;lihe wéakeﬁing; were
,selected. All the stars studied here are showh’in.column (l)'of Table 1.
Two previously studied weak-lined stars were also includedrﬂviz.; HD 122563
and HD 165195. A ¢arbon and nitrogen abundance analysis of HD 122565 enabled
a comparison with other'determinétions (see Sneden l973f. Alexander (1971),
in his search for métal—deficient stars in the Cape Photqgraphic'Catalogue,
had 2 stars in common with Bidelman and MacConnell (19%35. One of these,
ﬁD 184711, was anélysed in ﬁhiS»reséarch. According to Bidelﬁén and

MacConnell, this star had only a moderate degree of metal-line weakening.

(a) ‘Spectra

Using the coudé focus of thé 1.9m telescope at Mount Stromlo, and
various combinétions of gratings and cameras, spectroscopic data were
acquired which were centred on twdawaQelength regions. These regions
contained molecﬁlaf’bands which are sensitive to changes in the carbon and
hitrogenlabundances. In particular, spectra around~l~43068 (the G;bana)
and the CN features at A~3880£ were obtained. The disperéion'qf the
-observational data was dependent on the brightness of each object a£ the
chosen wavelength; - For example, for HD 122563 the coudé échelle ahd the
40cm camera combinaltion gave a reciprocal dispersion of ~3-4% mm_l.

However for all other objects, reciprocal dispersions between ~7 and ~14R
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mm 1 weré obtained using either the B or C gratings, in combination with
either the 40cm or 8lcm cameras. For two stérs, HD 122563 and HD.21022,
spectroscopic data of the NH features near A~3360% were acquiréd using the
cassegrain spectrograph dn the 1.9m telescope at Mount Stromlo. For this
data the reciprocal dispersion was ~§3% mm—l, and.the résolutiénﬂwas

slightly lower than that obtained ﬁsing the cdudé focus with a reciprocal
.dispersion of‘~l4x mm—l. Image intensifier tubes were attached to all
cameras. The spectra Qere recOfded.on’either nitrogenvor hydr¢gen sensitised
IIaoremulsions. Where possible, two‘spectra of eéch region were obtained for
éach star. vHaviné'traced the spectfogramsz using the Cattingen microphoto-
meter (which was programmed with én intensity calibration), the'measured
_residual‘intensities were punched into a computef. For a giveh star and
wavelength interval; the intensities were added nﬁmerically, aﬁd then spline
interpolated to give a smooth spectrum.b The Spectral observations were then
in a form which could be compared directly with the'iﬁétrumentally convolved
spectrum synthesis aéta of the same wavelength region.

For one of the objects, HD 84903, an IPCS spectrum near the CN
features at A~3883X]was acquired by Dr. M. S. Bessell,‘usihg the 3.9m Anglo-
Australién Télescope.A This observation had a reciprocal dispersion of
~52'mm—l’ and to match the resoiution, the synthetié spectrum was convolved

with a Gaussian having a full width at half maximum (FWHM) ofio.BX.

(b) Photometﬁr'y
DDO photometry was acquired for.ali the program stars, éxcept
HD 122563, by Bessell and Norris (1978). The observed C(45-48), C(42-45),
éndﬂc(38-42) colours are given in columns {(2) to (4) of Table 1. Sbmé of
the stars in this table have (R—I)K colourg from Eggen (1974).. The
remainder were observed using the 76cm telescope at Mt. Stromlo, employing

a single-channel phoﬁon—counting system, with a GaAs photomultiplier tube
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and the RI filters of Bessell (1976). All the observations were transformed
to (R—I)J (Eggen 1974), and are shown in column (5) of Table 1. This enabled
an effective temperature to be derived, using an estimaﬁe of the reddening

E(B-V), and the Te - (RF-I)J calibration of Johnson (1966).

£f

Norris, BesSell,'and_Pickles (1978) have embarked upon a detailed
DDO analysis of a large number of stars~from Bidelman and MadConhell‘s (1273)
lists of weak-lined objects. = From the DDO photometry, an absolutg magnitude,
Mv’ and a metal abundance, [M/H] have been extracted, usiﬁg the theory
develéped by Osborn (1971).’ ([M/H] is the logafithmic difference»in the
-abundancevof all metals between the star under investigation and the Sun.)

Beséell and Norris (l978)_héve aiso determined ‘a reddening in the
direction of one star, +60648, and E(B-V) for another, HD 165195 has been N
taken from Wallerstein et al. (1963). For all other stérs, for which no
reddening was available, the statistical»method of Kron (1978) was used.
This gives a lower limit of the reddening, dependent on the distance'whiéh
starlight has to travel through a uniforml&»absorbing layer; 500pc thick.
'The Sun is considered to be at the centre of this léyef. E (B-V) adépted

- for each star are shown in column (6) of Table 1.

IIi. ATMOSPHERIC PARAMETERS'AND THEFREDUCTION TECHNIQUE
From the photometry described in the previous séction,‘the basic

atmospheric parameters for each star can be derived. The effective teﬁper—'
ature, gravity, and meta; abundance for all the prbgram stars are shown in
columns (2), (3), and (4) of Table 2. The effective temperatures have been
determined by applying the reddening corrections to the observed (R—I)J
colours; while thé metal abundance has been extracted from Figure 3.8 of
Osborn (1971). To ‘derive a valge of the gravity from M& (column (7) of

Table 1), the following relationships were applied,
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TABLE 2

ATMOSPHERIC PARAMETERS

Star T er (°x) log g byl
(1) » () - (3) | (4)

HD 21022 4550 130 -2.5
+6°648 . 4400 | C1.35 -2.7
HD 36702 | 4200 ~ 0.80 - 2.0
HD 84903 14100 0.80 - =2.7
HD 122563 4600 ‘ 1.20 - =2.7
HD 165195 4350 1.35 st
HD 184711 3950 - o0.50 -3.0

R
Parameters from Wolfram (1972).

# From Wallerstein and Helfer (1966).

: 0.4(4.75 - )
2 4 2 -
L =40 T ", g =GR, and L =10 | "o ,
which gives

log g =4 log T .. + 0.4 + log M/M - 12.52.
og g og o Mbol log M/Mo v 2.52

ff
.Bolometric,corrections for Population II giants have been taken from Bohm-
Vitense (1973, 1975), and are given in column (8) of Table 1. To evaluate

this expression somerassumption has to be madevabout the mass of these stars.
From the low metal abundance (column (4) of Table 2) and the large radial
velocities (column (9) of Table 1), these objects can be considered to
- belong to the halo population (Population II). Thus masses in'the range

"0.6 to 1.0 M@ can be cqnsidered (see Gingold 1974;A‘Schwar§child and Harm 1967) .
Applying the upper limit, ‘log M/M® = Q, the'gravities,'shown in column (3)
of Table 2, are obtained. The error in this parameter is of the order of

0.3 dex. The metal abundahce is uncertain by a slightly larger factor.

Using the parameters given in Table 2, model atmospheres were inter-

polated or extrapolated from within the extensive grid constpuctcd by Bell,

Eriksson, Gustafsson, and Nordlund (1976). These were subsequehtly used to
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compute synthetic spectra in the following wavelength inﬁervals: (1)

-

AX4300 - 4330% to determine the carbon abundance, (2) AA3860 - 38853 to
deri&e a nitrogen abdndance, and finally for stars where the observational
data were acqﬁired, (3) XA3355 - 33803 for»an'additional estimate of the
nitrogen abundance. The synthesis téchnique'haé beén described in more'detéil
by Cottrell and Norris (1978) and Cottrell (1978).

"In this abundance aﬁalysiévtwo assumptiohs have been made in the
construction of the synthetic spectra: (1) that [o/M] = O, and (2) that
a microturbulent’ ve»lo_c;ty, ﬁt of 2‘ km s'-l can be applied to all stars. The
observaﬁional'data is not of high enough'reséiutioﬁ for these paramgters to
be derived. Variations in Vt will‘be considered iﬁ.the discu?sioﬁ 6f errors
(8IVe). . Sneden- (1974) considefedvvariations in the’oxygen abundance, aﬁd .

consequently they will not be considered further in this research.

Iv. MOLECULAR BAND ANALYSIS
(a) Carbon andAnitrogen‘abundances
‘In the determination of these ébundanées, the following;sequence
was employed.’ The fluxes for the G-band were computed for the parémeters
shown in Table 2, andAinitially, |
[c/m] = -[N/M] = 0.
(We recall from the previéus section that [0/M] = 0 has been‘adoptéd.)
These flukes were then convolved with the appropriate instrumental profile
and supérimposed on the'observétional data. The carbon abundance was then‘
adjusted until a good fit to the observations was procuxed. If NH
observations had been acqui#ed, syntﬁesis of this feature now proceeded;
first adopting [N/M] = 0, and subsequently éltering tﬁis value (if required),
to obtain an acceptable fit to the observations. The NH regioh is contam-

inated by atomic lines, and the spectroscopic data are of low resolution,
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so the blue Av = 0 CN features wére used'£o derive an additional nitrogen
abundance. Ih fact,'thesé latter features were the sole source of the
nitrogen abundancg in all except HD 122563 and HD 21022,
Using the above sequence, ca?bon and-nitfogen abundances were deter- ‘

~mined for all the staré'shown>in Tabie 1, and are displayedAiniTable 3.‘ To

ihvestigate any systemafic errors between this work and that'of Snedeﬁ (1973,
>1974), the observed and syﬁthetic épectra for HD 122563 are Shown‘(figﬁre 1).
A short description of the abundancé results forrthis sﬁar is;given in.thé
fdllowing paragraphs. Comhents on all the other objects will be giVen_in

§1vb, and in §IVe, ‘the errors will be discussed in detail.

TABLE 3

CARBON AND NITROGEN ABUNDANCES

Star | | fc/m] : [n/m] - [c/N].

(1) | (2) B (4)

HD 21022 . -0.1" +0.4 . -0.5

+6%648"° -0.1 0.2 . -0.3
HD 36702 . -0.6 -0.2 -0.4
HD 84903 . -1.1 +0.4 - -1.5

 HD 122563 -0.1 +0.6" -0.7
-0.4 Cw0.9T 0 -13
HD 165195 -~ -0.6 ~ +0.4 -1.0
up 184711" . -0.6 +0. 4 -1.0
: Using M/Hv = -2.4, instead of -2.7 (see>£ext,
§IVDY. : ‘

o From G-band, CN features (seé text, §IVa).
+‘Using (1,1) band of NH, CN features (see text,
§IVQ) . - ..

¥ Using M/H = -2.7, instead of -3.0 (see text,

§1IVD).



. 86

Figures la-d show respectively the observed andvsynthetic spectra of
the G-band, NH feature, and two Av = 0 CN bands for HDv122563. As seen iﬁ
Table 3, carbon is only élightly deficient, while nitrogen is.not enhanced
by as large a factor‘as determined by Sneden (1973). fhe errors associated
with these values are illustrated weil in Figures lc and id.v In Figure lc
the nitrogen abundance has been determined‘using the CN features, having
adopted the carbon abundance from the G-bénd. Héwever, in Figure 14, haviﬁg
established a nitrogen abundance from the NH features (principally the
(1,1) band,nearAX~337OX), the carbon abundance was‘derived using the CNV
bandheads. All the abundance determinations are within the’errorvbars given
by Sneden (1973). The (0,0) band of the NH feature, at a wavelength of
~33602,,shows a similar effect to that described by Cottrell and Norris (1978),‘v
that is for features formed in the'top two or three dépth pbints of‘the model
atmosphere, large errors resulted in fhe cenfral depth.

There was one difference between‘this analysis and that undertaken
by Sneden (1973( 1974). It concerned the dissociation potential (DO) pf CN,
for which a value of 7.89 eV was used in the present wofk, cémpared with‘
7.55 eV adopted by Sneden. The higher value is now believed fo be closer
to the correct value (see"Arnold and Nicholls 1973). This effect was shown
in Figuré 4a of Sneden (1973), in whiéh the higher Do produced the stronger
features. Thus if Sneden had adopted the highgr value of D0 he would héve

had to lower his N abundance tofit the CN features around AA~3871 and ~3883%.
This would mean that Both his and the present observationsquuld be more

closely aligned.

(b) Comments on the C and N abundances in individual stars.
In this section, some observed and synthetic spectra will be included
to illustrate the fit obtained in dexriving the C and N abundances.

HD 21022 — The G-band, Av = 0 CN around k~38802, and the NH features




FIG. 1. - Observed and synthetic spectra for ﬁD 122563.. (a) The G—band.
region, (b)‘the near ultra-violet NH features, (c) and‘(d)
the Av = 0 CN features. Eéch of the curves is identified,
The abundances for‘thevcomputed'spectra are giVen'in the legend.
The synthetic spéctra'in (é), {(c), and (4) were convolved witﬁb
an instrumental profile with a full width at hélf maximum

(FWHM) of 0.32. The convolved profile in (b) had a FWHM = l.Og.
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are shown in Figures 2a-c. This object has only a small carbon deficiency
(relativevto tﬁe metals), and a slight enrichment of nitrogen, the latter .
result obtained using both the CN and NH features. The metal abundance
derived from the DDO photometry gave a reasonable fit to the atomic lines,
althoﬁgh a complete ﬁatch was not obtained for all features.

+6°648 — Using the metal abundance shéwn in Table 2, the synthesised
atomic lines were much weaker than the observed metal line profiles. There-
fore, the [M/H] was increased by a factor of 2, and this was used in the
calculation of the carbon and nitfogen abundances. The fit was still not
perfect, with the error probably dﬁe to an uncertainty in either the
effeétive temperatﬁré, as a result of the large E(B—V);‘or the microturbu-
lence.‘ In fact, despite the high galactic latitude (30o below the plane),

E(B-V) = 0.25, which transformed to avATeff

= 500 K. If this reddening
had been overestimated, the coolex temperaturés would give stronger neutral
lines, and therefore a bettér fit to thé obser&ational data. Synthetic
spectra of the G-band and CN feature were reconstructed using the followiﬁg>
atmospheric parameters,

Teff = 4100 K, log g = 1.30, [M/H] = -2.7,
which required a slight reédjustment of the C and N abundances, namelyv‘
Alc/M] = ~0.2 and A[N/M] = 40.1. Further data should be obtained to deter-
mine the effective temperature of this star.

HD 36702 — In determining the carbon abundance, a balance had.to be
made between fitting the bandhead at A~4323R and the region AA~4310 -
~43132; which are both sensitive carbon abundance determinators. The metal
lines gavé a good fit for [M/H] = —2.0,bwhile nitrogen was slightly under¥
abundant. This was the only object in the group of staré under investigation

for which a deficiency of nitrogeh, relative to the metals, was obtained.

HD 84903 — Figures 3a-c show the synthetic and observed spectra of



FIG. 2. — Observed and synthetic spectra for HD 21022. (a) G-band
(FwHM = 0.58), (b) CN features around A~3880% (FWHM = 0.9%),

(c) NH features (FWHM = 1.0%).
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FIG. 3. = Observéd and syntﬁetic spectra for HD>84903.(a) G-band
(FWHM = 0.93), (b) and (c) Av = 0 CN features‘. In (b), the
synthetic spectrum is compared with data obtained using the
coudé at Mount Stromlo (FWHM = l.OX), whefeas higher resolution
I?CS data (FWHM = 0;3XL acquired using the 3.9m AAT, wés the
comparison in (c). The dotted curves in (a) and (b) are
computedAépectra from which all the CH and CN line contriﬁ—

utions have been removed.
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this star. Also shown on Figures 3a and 3b are the computed spectra from

vwhich all the CH and CN contributions have been removéd. Thus, although
the molecular features afe weak, they are a major contributor to the épacity
'in these regions. Figure 3¢ illustrates the same anelength interval as
Figure Sb,vbut shows the IPCS data, ;hich gives better re#olution‘than-the‘
camera/gratihg combinations employed in thaining most df:the other
observations. One point which shéﬁld be_noted is the éood fit to all the
strong metal lines (in particular AA~3872, ~38788) in the IPCS data,
'. compared to the poor fit to these same lines in the spectra obtained ﬁsing
the coudé focus of the 1.9m telescope at Mt. Stromlo. Additional observations
_should be obtained to investigate this anohaly. vThis sﬁar, which is a
typical member of this group, will be considered further in the error
anaiysiSv(§IVc).
| HD 165195 — An extremely good fit was‘obtéiﬁed using the atmoépheiic

parameters shown in Tablé 2; and the C, N:abundances of Téblé 3; Hencé, the
metal abundance from Wéllerstein and Helfer (1966) is wellljdétifiedf These
authors also indicated that this star was peculiar in the §(U-B) - [Fe/H]-
plane; However, if thevreddening, E(B—V) was reduced from,0.25 to 0.18 |
this anomaly vanished. Iq the present analysis, the larger reddening, which
gives a hotter effective temperature produces synthetic spectra which closely
résemble'the observations. Recent work by’thm—Vitenée and Szkody (1974);
has shown that HD 165195 does not have a peculiar ultra-violet excesskfor
" the metal abundance adopted, namely [M/H] = -2.5.

HD 184711 — This object is the most metal-deficient star in this
program ([M/H] = -3.0). In fact, on the basis of the DDO phbtémetry, it is
the most metal-poor star which has ever been analyséd. vHowevef it should
be nbted that the abundance for this star was obtained by extrapoiating

outside the §C(38-42) - [Fe/H] calibration .of Osborn (1971). From the C
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and N analysis, carbon is overdeficient by a facﬁor of ~2( while nitrogen is
overabundant by a factor of ~10. However‘the,computed metal~line strengths
did not fit the observations, so the graVity, metal abundanée, and micro- -
turbulence were varied'in an effort to clarify the situation.  For a graﬁity,
log g = 0.85.and a [M/H] = -3.0, a_fit to bothjthe G-band and A~3883R% cN
_band'was obtained for [c/M] = -0.7 and [N/M] = +0.6. With a [M/H]v=b-2.7
and a log g = 0.50, [c/M] = -0.6 aﬁd [N/M] = +O.4. These lattét deteimin—v
ations are the values given in Table 3;, All of the above valpéslﬁere
derived for a microturbulent Velocity,vEt, of 2 kh s-l. Héwe%e?( Et'was
increased to 3 km s ¥, with [M/H] = -3.0 and log g = 0.50, and a better fit
wés obtainedvto the observations, in particulaf the metal lines, since this
. increase does not affect the strength of the moiecular liﬂes (see §Ive).

An increase in the microtdrbulentAvelocify could be justifiedvsince this

_ object has.the.highest luminosity, and thus the most.extéhded,'aﬁd possibly

the most turbulent atmosphefe.

(e)  Error analysis

The errors associated with fhe determination'of the carbon and
nit;ogén abundances were investigated by altering the atmosphéric parameters
. of one star, HDi84903, which canrbé considered to be typical of this group
of objects. The gravity, metal abundance, and microturbuleﬁce were all
changed by a féctor of 2(.3 dex), while the effective temperature was varied
by 250 K. Only one parameﬁer was changed at any one time. 'Thé resulté of
this analysis are illustrated in Tablé 4. The change required in each
abundance is considered independently of the other two.r

From Table 4 it can be seen that the carbon abundanéerdeterminaﬁion
is almOSt independent of changes in thg temperature, gravity, and [M/H].
The small temperature and gravity dependence of the G-band have been shown

previously by Schadee (1968), hut the insensitivity to changes in [M/H] is
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TABLE 4

ERROR ANALYSIS FOR HD 84903

Atmospheric Parameter , Alc/m] _ AlN/MY  A[myH]
(1) {2) . : (3) : (4)
AT __ = +250K +0.05 _ ~ +0.50 ~ 40.10
eff - ‘ _ - ‘ - .
Alog g = +0.3 ' £0.05 ©40.05 ~ 40.05
‘A[M/H] = 40.3 -0.05 . 70.30 T
Alog‘Et'= +0.3 , ~0.00 - - 0.00 -0.50

Note: The order of the,sign'for‘each abundance corresponds to the order
shown for each atmospheric parameter.

more intgresting. As the metal ébundance is lowered in thése cool model
atmospheres, the dominant c0n£inu§us opacit& source, H is also décreaéed,%
since it is depéndent oﬁ the metals for its supply of'electrons. In
addition, the number density of CH molecules declines in unison with the
metals;_ Thus the molecular line strength, which is determined by the ratio
of line to continuous opdcity, remains almost constant as ﬁhe metal
abundance is altered by a factor 6f‘2. Conseqﬁentiy, the carbon abundances
indicated in Table 3 are probably accurate to about-iom2 in the logafithm.
However, this does not take into account any errors which could be introduced
'aue té variations in the okygen abundance. This error estimate was not
examined in this research, as it has been done previously by Sneden (1974;
in partiéulaf'see Table 5). For a star of about the same temperaturé, gravity
‘and metal abundance as HD 84903, Sneden gave A[C/M] ~ #0.30 for aVA log O =
ib.SO.k
In contrast to the carbon abundance, nitrogen is much more sensitive
to changes ih some of the atmospheric parameters. The notable exceptioh is
the only slight A[N/M] for a A log g = 0.3, even though CN is,normaliy a

luminosity indicator. Over a factor of 2 in the Qravity this effect is
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not apparent.

The strong temperature dependence of the nitrogen abundance
determination, using bands of CN, has been discussed earlier by Sneden (1974).
It is a result of the larger dissociation enérgy of CN (ef. CH, Do =.3.5 eV)
and thus its greater sensitivity to changes in the effective temperature,
via the dissociation equation. |

It was shown that the carbon abundance, determinedbfrom CH, is
unaffected by changes in the overall ﬁetal abundance. If the abundance of'
nitrogen was derived from NH .features, a similar conélusioh could be
applied to this element. Howevér, the paucify,vand lower resolution'of
the NH observations, compared with the CNrbands; meant that one»has to rely
on the CN features. As the metal ébuhdance is loweréd, the CN number density
declines as_the square of the metal abundance, whereas thé continuous opaciﬁy
(H ) is a linear function of [M/H]. Thus, in order to fit the CN bandheads,
one has to increase the N abundance by approximately the same amount that
the metals have been reduced. This effect can be.seen in Figure 4, in which
the nitrogen to overall metal abundance, [N/M]( has been plotted as a
function of [M/H], using values from Table 3 foi all the program stars. The
horizontal and vertical arrows summarize the above discussion. Figure 4
also illustrates a possible correlation between nitrogen enrichment and
metal abundance. This wiil 5e‘discussed further in 8v.

The overall metal abundance is the only parameter which is signif—‘
icantly affected by the microturbulence, since the molecular ;ines, from
thch [c/M] and [N/M] are derived, are on the liﬁear portion of the curve-
of-growth (see Sneden 1974). However, the original choice Qf Et = 2 km s—1'
which gives a good fit to most of the observational data, also compares
favourably with values given by Sneden.(1974).

In summary, the carbon abundances are well determined in this analysis,




FIG. 4. - [N/M] vs. [M/H] for the giants observed in this study. The
horizontal and vertical arrows show that if the metal abund-
ance is reduced by 0.3 dex, the nitrogeh abundance must be
enhanced by a similar factor. Thus for reliable nitrogen
abundances, a reasonable fit is required betweén the 6bserved

and computed atomic lines.

FIG. 5. - [M/H] vs. log g for the giants analysed in this work,@®, and

those investigated by Sneden (1974),0.
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whereas the derived nitrogen abundances are sensitive to changes in the

effective temperature and [M/H].

V. DISCUSSION OF THE CARBON AND NITROGEN ABUNDANCE RESULTS

This research has analyéed a small_sample of extremely metai~poof
giants, in ordef to investigate the possible effects of mixing in highly
evolved objects. Sneden (1974) undertoék a similar‘investigation, but he
considered objects which had a larger range in gravity, 1.2 < log g < 3.8.
Howéver, three of his objects had_similar gravities to those considered iﬁ
this work. ‘dnevstar, HD 122563 was common to both studies. All of these -
stars are shown in the [M/H];log g plane (Fiéure 5), where the [M/H] and
log g's for the program stars have been taken froﬁ Table_z; iBy identifying
individual points in Figure 4,7there is a general trend for the objects with
the lowest gravities to be those with the largest nitrogen enhancement. -
This 1ast relationship, [N/M] versus log g,‘is shown in Figure 6; Thus for
conclﬁsions to be drawn from the abundance results obtained in the previous
sectioﬁ, the effect shown in Figure 5, that the léwest metal abundance
oﬁjects have the smalleét gravities, has to be éonsidéred. This is well-
illustrafed in Figure 4, where‘one could propose that there was a strong
correlation between nitrogen enrichment and metal abundance. This correl-
ation could be misleading due to the small sampie of stars which have been
analysed.

In addition to the nitrogen. enhancement, [C/N] shows a strong
corfelation with gravity (Figure 7); the lower thé gravity, the smaller is
the value of [C/N]. A least squares fit to this data is

[c/N] = 0.5(log g) - 1.3.
This general result appears similar to that obtained by Dearborn et al.

(1976) in their investigation of the 12C/13C ratio in red giant stars.



FIG. 6. - [N/M] vs. log g for the program stars. The error bar is for
HD 184711, and indicates the effect on the abundance for small

changes in the atmospheric parameters (see text, §IVDH).

FIG. 7. - [C/N] vs. log g for the program stars. The error bar is as

for Fig. 6.
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They found that with incfeasing luminosity this ratio decreased frqm near
solar values (~90) at log L/L@ ~ 0.5 to values of ~10 at log-L/L@A“ 3.0.

The connection betweenV12C/13C»and‘C/N-wés also discussed by
Déarbérn et al. (1976). During maiﬁ—sequence e&olution, 12¢ 4s burned‘via
the CNO‘cycle.v One of the products of this burning is 1?C.> However, the
ultimate product:is‘Nl As the‘star.evolves off the main Sequencé, a deep-
ening surface convection layér can mix bothv13C and N‘into the outer layers,
producing both low 12¢/13¢ and low C/N. For Dearborn et al.'s (1976)
groﬁp of stars, this,on¢e~oh1y deep penétratiOn of the.surface‘conQective
zone is not sufficient to produée thé extremely low 1_2C/13C ratiOS'of ~5-10
observed in some of fheif objects.' The above authors coﬂsidered»that mass
loss and ﬁydrogen-shell instabilities could reproducevtheir'obsérvations,
without haviné to invoke>abnormally low'lgc/lsc ratios in the interstellar
medium. However, the artificial nature of these instabilities must'always
be remembered. | |

| For the above argumenﬁs to be applied to the objects,studiedvhere;
it is neceséary to establish that the program stars have luminosities“lowef
than that reqﬁired for He-shell flashing. Using

log L/L = 0.4(4.75 - M ), |

gnd ﬁhe Mv's from;column (7) of Table 1, we thainlluminosities between
~2.5 and ~3.3. Theoretical calculations fof‘0.6 Mo and 1 M@ Pbpulatién II
starg by Gingoid’(l974) and Schwarzschild and Harm (1967), indicate that
hélium—shell flashes begin at luminosities, log L/L@ of ~3 and ~2.7,
respeétively. Thus ‘at least some of the objects in our sample’are not
sufficiently luminous for shell flashing to be the cause of the mixing
phenomenon. Therefore similar rgasoning to that discussed by Dearbofn et al.
(1976) could be applied to some of the Population II stars analysed in‘the

present research.
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However mixing of CNO-processed material during helium-shell flasﬁes
could be the process by whiéh some of these stars obtained their éeculiar »
abundances. Gingold (l974)_was only able to produce a small change in the
surface C and.ﬁ abundances in the evolution of his‘O.G My Poﬁulaﬁion II modei
throﬁgh 14 reiaxation oscillation qyéles- Thus either an increase in‘the
efficiency of the mixing or substantial maésilosé (qr both) would‘be required
to produce conditions under which the abundances observed in this‘analysis
could be obtained:at'this phase of evolution. However a combinatién ofb
mixing on both the first and second giant branches could also produce low
6arbon and enhanced nitrogen abundances in the surface'layefs; A 1érger
sample of stars is required before the solution .can be finaily resolved,
'bﬁt.if a two—phase process is operating, there'éhould be a larger scétter
in the [C/N]-log g plane for log g < 0.80, compared with > 0}86, since

objects with log L/L‘o > 3 could be in either phase of evolution.

VI. CONCLUSIONS
Using spectrum syntheéis techniques, the carbon‘and hitroéeh
abundances have been determined in seven éXtremeiy metal-poor giants,
selected mainly from the lists éf Bidelman and MacConnell (1973).‘ Consider—
ing the stars as.a groﬁp, tﬁe C/N ratio exhibits a correiation with'gravity,

given by the following least squares fit to the data points,
[c/N] = 0.5(log g) - 1.3,

for 0.50 £ log g < 1.35. The higher gravity limit of this relation can be
extended to 2.4, since Sneden's (1974) observations fit the above expression,
within the errors quoted. Some of these objects are probably not sufficiently

luminous for helium-shell flashing to have commenced, so these abundances

would appear to be a result of mixing during the first ascent of the red giant
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" branch. Thus the discussions of Dearborn et al. (1976), who inveétigateé the
;ZC/lac ratio for stars in this evolutionafy phase, appear to be relevant in
the interpretation of the abéve résults, since both 13c and ﬁAare formed
from 12C in the CNO—burning cycle. This produces low‘lzc/;éc,aenhanced
ﬁitrogen and é iow C/N ratié.‘ The Qériation with decreasiﬁg gravity
(increaSihg luminosity) may be produced, aécordihg.to_Dearborn ef‘al. (1976),
“by a combinétion‘of maSs‘loss and hydrogen-shell instaﬁilities, wﬁere each.:b
instability nixes some of the’CNO—procéssed material into the.surface layers.
~ However, for‘objects»hore 1Uminous than log L/L@ ~_3; the observed ébundances
could be a result of helium-shell flashes and/dr the proéesses discussed
dbove. Thus in a largervsample of objects, a 1afge scatter in the [C/N]-log
g relationship for iég g s 0.8 could indicate tﬁat both prdcesses_are

involved.
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CHAPTER 5

'EXTREME SUBDWARFS. I MOLECULAR BAND STRENGTHS :
A THEORETICAL APPROACH '

P. L;vCottrell:
ABSTRACT

For subdwarf:stars.wifh effec£ivé temperatureé < 5500 K,'fhe G-band
region, which is a cdﬂglomerate of many atomic and molecular (CH) lines, is
shown by spectrum synthesis to be ah'extremely sensitive metal abundance
discriminator. In particulaf, some of the spectra computéd for'metal—

- deficient model atmospheres in the wavelength interval 4290vto 4330g‘show

>that this feature is stronger than'that for the normal abundance model at

the same effective‘tempe;ature and gravity. Thus thev"CH strong" red
subluminous stars classified by Greehstein, can be adequately interpreted as

~bélonging to this group of stars;‘rafher than unevolved stars héving an
overabundancé»of carbon. The behaviou? of CoO, OH, and H20 molecules in

Adetermining the amount of free carbon évailable for CH formation in stellar
atmospheres is discussed for a grid'of flux—constént model.atmospheres.
Synthetic G-bands constructed with this grid of dwarf and subdwarf model
atmosphefes enable metal abundahcés to be derived for,subdwarf stars with
effective temperaturgs between 4000 K and 6000 K, In addition, molegular
bands of magnesium hydride were constructed for some of thé coolest model

' atmospheres and these show that this feature is a similar metaiAabundénce

discriminator for subdwarfs with Teff s 4000 K.




105

I. INTRODUCTION
Greenstein (1971) discussed spectra of a humber ofllarge ultra--

violet excess, high pfoper motion stars which ﬁé.investiéated in his search
for possible degenefaté objects. Although his research did not reveal many
néw degene:ates;vhe commented on any’ééculiarities which;he noticed in the
spectra which he had obtained for these red subluminous»stéfé. The most
frequent rémark'concerned the strength of the G-band, which is an absorption
feature near.43008 and consists of a iarge number of atomic and‘molecular
(CH) - 1ines. Greeﬁstein had both "CH strong" and "CH weak" categories forv
these metal-deficient ﬁain—sequence or subdwarf stars. Iﬁ some of the céoler
sample of fhese stars, witﬁ B-V's ~ 1.4, he noticed that the MgH bands of
the a 21 - XIZZ system or the Mg b line fegioh, which is situated near the
(0,0) and (1,1) bandheads of this MgH system, were strongé; than éxpected,
for a star's spectral tyPé and metél abundance, Thié latter parametef was
interpréted fr6m~other metal-line features. 1In a recent abstract, Bidelman
and Smetﬁells (1976) proposed that CaH and MgH bands are metal abundénce
discriminants, since they foupd considerable variation in CaH band stfengths
"with stars of the same (TiO-band) spectral type for,K_énd M dwa?f stars
. identified on objective-prism plates. Hence Greenstein's (1971) comments
- about the MgH bands possibly refer to this metgl abundance effect.

In the bresent work G-band and MgH-band synthetic spectra (§IIi)
were'cdmputed for a grid of dwarf and subdwarf méael atmoéphefes (§II).‘
These spectra weré,then used to interpret Greensﬁein's "CH" andf"MgH"
classifications. These could either. correspond to carbon and magnesiﬁm.:
abundance anomalies (e.g., GH7-21 [Wegner 1975] and G77-61. [Dahn et aZ.‘1977]
for the "CH" designations) or could be explained by mbledular;associatibn |
effects in the atmospheres of these stars. This was‘investigated by a |

detailed analysis of the molecular equilibria (8§IV) in our grid of model

atmospheres.




" evolved subdwarfs, e.g., HD 140283 and HD 19445, with T
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IT. MODEL ATMOSPHERES AND THE SPECTRUM‘SYNTHESIS‘TECHNIQUE

The flux-constant model atmospheres'used in this anaiysis were
constructed inva similar manner to those discussed in Wickramasinghe,
Bessell and Cottrell (1977, hereafter WBC I), using the ATLAS model
atmosphere program (Kurucz 1970),'and will be described elsewhere (Beséell,
Cottrell, and Wickramasinghe (1978, hereafter WBC I1). ThebbaSic parametérs
are shown in columns (;), (2) , and (3)'of‘Table l,'whére [A/H] is the
lograithmic abundance'éf all elements, except H and He,rrelative'to the sola£'
abundances 6f Lambert‘(1968). In particular, C, N, and O abundanceé are
varied in unison with the overall metal abundance. A number of:modgl~
atmospheres have also been included from Mould's (1976) gridrof Mfdwarfs, in
particular, the cooler metal-rich models. 1In his.treatment.Mould included
line blanketing, TiO, and H20 opacity sources, and conéequenfly his mgdels
are more realistic. Mould's models are indicated in Table 1. To derive
molecular number densities of species required by our synthesis program,
the following molecules were included in the eéuilibrium equationsﬁ ﬁHQ,'

H_ O, CH, CH2, NH, OH, CO, COZ' CN, NO, N

2 , MgH, MgO.

2
Subdwar £ analyses (c¢f. Hearnshaw 1976) indicate that log g = 5 is
a representative value for the gravity of stars at the cool end, T-eff S
5000 X,; of thé subdwarf sequence. Howe§er, for hotter and possibly more
£ 5800 K,
log g ~ 4 has been determined to be 'a better estimate of the gravity (Cohen
and Strom 1968). Thus we have computed some G-band synﬁhetic spectra for
both log é = 4 and 5 at effective ﬁemperatures of 4000 K;<4500 K,‘and 5000 X,

to determine the gravity dependence of this feature.

Synthetic spectra were computed by using a similar technique to that

. employed by Cottrell and Norris (1978). The particular regions of interest

were, (1) the G-band between 4290 and 43302, which geﬂerally has a large
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amount of molecular, CH, absorption, and (2) the region between 5115 and
52158, in which we included the Mg b lines, and the lines of the Av = 0
vibrational transitions of the MgH A 2l - X 2% system. At.these.wave-
lengths H is the dominant continuous opacity source in all the model
atmospheres, including the coolest models at Te = 3500»K. However; for

£F ,
all except the normal abundance, [A/H] = 0 models, with Te < 4000 K, the

f£
H2 dipole opacity determines the atmospheric structure, since invthe metal- -
deficient‘models there are very few metals which can provide electrons for "
to form. ThevatmOSPheric structure of all the models in this grid will bev
discussed further in WBC II. One significant_modification té the synthesis
program ﬁsed by Cottrell and Norris (197é)lwas the division of the line.
listrinto three segments, (1) strong metal lines, e.g., 4307.9%, 4325;82
for the G-band, and the Mg b lines for the_MgH featuré, (2) weék metal lines,
and (3) all the molecular lines, CH 1ines for the G-band and MgH lines for
the synthetic spectra between 5115 and 5215&. For the MgH region, no Weék
metal lines were included, since our main purpose in compﬁting this featuré
was to illustrate the gréat difference between the moleculér fea#ure and any.
atomic feature, i.e., the Mg b liﬁes. The above ségmentation enébléd each
portion of the line list to be treated differently as in a 4000 K normal
abundance dwarf thg strong lineé have contributiong at least 108 away from

their line centers; while the molecular lines only have significant

contributions (>0.5%) within -~ O.SX of the central wavelength.

ITIT. SYNTHETIC SPECTRA
(a) G-band spectra
As a consequence of the observations of Greenstein (1971) (see 81},
we computed G-band synthetic spectra fqr 6ur grid of model atmospheres

shown in Table 1. Four synthetic spectra are shown in Figure 1, two each
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at Teff = 4000 K and 5000 K, and illustrate a major result of this researxch,
namely, that the G-band strengthens or at least remains stronger than
neighbouring purely atomic spectral regions as the metal abundance is
1ow§red in cool, Teff < 5500 K, dwarf atmospheres. -In Figure 1 we have
superimposed the metal-line component on thg total G-band ﬁeature to
emphasise the effect of ﬁetal abundance variations on the mblecular component
at these two temperatures. This gives an explanation for Greenstein;s.“CH
strong" objects. A detailed analysis of individual stars from Greenstein's
lists and other'peculiar subdwarfs (e.g., GH7-21) will aﬁpear:in a‘future
paper of this‘series. . |
‘The equivalént width of the G-band between 4290 and 43308 was
computed for all thevmodels in Table 1, and is sﬁown in column (4) of fﬁis
table. Also shown in column (6) of Table 1 is the molecular (i.e. CH)
component of the G-band for most of these‘ﬁodels.v Although this parameter
" cannot be measured in any stellar spectrum, we tabulate it here to show the
large temperature and metal abundance effect on this molecular feature.
These two sets of data are also displayed in Figures 2a,b respectively. We
have chosen two effective temperatures, 4000 K and’5000 K, tovillustréte our
results in detail.

Firstly, at Te = 4000 K, the total equivalent width of the Ckbahd

£f
exhibits a complicated variation with decreasing netal abundance: . the,
strength at first decreasing as the abundance goes from normal, [A/H] =’0, to
[a/H] = -2, then increasing over’the next two orders of magnitude; and finally
decreasiné again as tﬁe abﬁndance is lowered to [A/H] = ;5.‘ This complexity
can be understood by examining Figure 2b at Teff = 4000 K, éhowing that thé
molecular component increases as the metal abundance is lowered from normal

to [A/H] = -4. Thus the CH absorption is compensating, and in some instances

overcompensating, for the decreasing atomic component of the G-band.




FIG. 2. - Synthetic G-band equivalent widths as é function of effective
température (a)’Total'G—baﬁd gtrength. The equivalent width
for the same region has been measured on the solar spectrum
(Minnaert, Mulders, and Houtgast, 1940) and is shown in the
Eigure.‘ This indicates the errors assoéiated with these
synthetic spectra. (b) Thé molecular, CH, component of the
G-band. Metal abundances, [A/H] are shown on each of the
curves. Open symbols correspond to ipg g = 4.0 models, and

closed symbols to log g = 5.0 in both (a) and (b).
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Secondly, at T_.. = 5000 K, although the same complex variation is not
vapparenﬁ'as at 4000 K, molecular'absorptiOn over the first factor of 100 in
metal abuﬁdance has a similar ¢ompensating function{ Thus at‘this higﬁer
temperature, although the overall strength of the G-band decreases with a
lowering of the abundance, the rate of_decrease'is nét:aé.steep as the
weakenihg of the metal liﬁes in adjacent regions of the'spectrum (WBC‘II).

The equivalent:widthé plofted in Figures 2a aﬁd 2b are e&aluated
'directiy from thevflﬁxés computed using our Syﬁthesis progrém. HerVer,ifor
'comparison Qith data acquired at the télescope we have convolved these
fluxes with a Gaussian profile which has a full width at half maximum (FWHM)
of 28. The results are tabulated in column (5) of Table 1. The conseqﬁence
of this convolution ovef such a small wavelength»range is tordepress the
'continuum' poihts, thus decreasing the theoretical strength of the G—bandf

This decrease is most extreme in the cool (Te s 4500 K) metal-rich model

££
atmospheres, as there are strong metal lines throughout the interval 4290 to

43302. However, in the metal-poor models, for example the ‘1‘e . = 4000 K,

££ ‘
log g = 5.0, [aA/H] = -4'model, the equivalent widths before and after
convolution,_colhmnsv(4) and‘(5)bof Table 1 véry by less than oﬁe pércent;
In the above model ~70%‘of the absorption 'is produced{ﬁy CH lines, and‘as
there are none of these lines in the interval 4315 to.4323R,‘as well as the
lack of strong metal lines in this same interval;‘the emergent fluxes in
this région remain unaffected by the convolution..

The gravity effect discussedbinkﬁll, tﬁat\log g = 5 is the bést
estimate for cool subdwarfs, has only a minimal effect én our G-band
strengths at both 4500 K and 5000 K. However, the lower gravity model at
4000,K has a total GQband-strength which is only aboﬁt 75% that of the

log g = 5 model. Since, the atomic-line component is- the largest factor in

this decreasing strength one requires independent estimates of both the
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temperature and the gravity, in order to derive reliable abuﬁdances at this
and cooler temperatures.

We conclude that for dwarf-type gravities, log g = 4 to 5, and
effective temperatures 5 5500 K one can expect the G-band region to.be
stronger than neighbouring featufes in meta}—deficient stars,,provided moét
elemental abundances, in particular carbon and oxygen, behave in a similar
manner. Thus the subluminous stars classified by Gfeenstein (1971) as having
strong CH for their spectral type may not necessaril? be overabundant in
carbon (Greensﬁein 1969), but could belong to a group of‘stars fér thch we
have compuied synthetic spectra from our grid of model atmospheres. vIn the -

next section we show our results for the MgH bands.

(b) MgH spectra

Bands of magnesium hydride are observed in the region of the Mg b
lines at»A~52002, and these bands were another distinguishiné feature which
Greenstein (1971) noted in some red subluminous stars.

In Figure 3 we show four representative MgH synfhétic‘spectra ét
Teff = 3500 K and 4000 K, with [A/H] =0 aﬁd —é.‘ These spectra, together
with the band strengths shown in column (7) and (8) of Table lkindicate
that MgH bands in this temperature regime behave in a’siﬁilar manner to the
G~bands at temperatures of ~5000 K. That is, absorption by the MgH molecule '
for’Teff < 4000 K remains stronger than the absorption by neighbouring
purely atomic-line regions of the spectrum as the metal abundance is lowered.

This is clearly evident at 3500 K, where lowering the abundance from
normal to lO”2 actually results in a marginal strengthening of the MgH
component. The Mg b lines, however, are reduced to 75% of their Valpe at
normal abundance. The effect at 4000‘K is more subtle, but the decreasiﬁg
strength of the molecular component is not as rapid as the decline in the

Mg b line strengths.
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As the temperature is increased to 4500 K the effect disappears,
and the MgH band and Mg b line strengths decline in unison. However; tﬁis
is the regime where CH is becoming a good discriminant. Thus, for effective
temperatures less than 5500 K we have two abundance discriminants, CH for
the hotter stars, and MgH for the cooler ones. In $IV we will discuss the
molecular equilibrium conditions so that we can understand. the cause of the

above effects.

IVv. DISCUSSION OF MOLECﬂLAR EQUILIBRIA
The variation in band strengths discussed in the previous section éan
be explained hy scgutiny of the number densities of the relevant species iﬁ
each of the model atmospheres. The~moleéular iine strength can be expressedA'

as

c% K1:i.ne Nline.
= o
K N !

cts cts

where Kli r K

ne cts are respectively the line and continuous opacities, and

N.. , N are the number densities of species formiﬁg the line and contin-
line cts _ ‘ :

uous opacity. We consider CH and MgH separately.

(a) CH
For this molecule we again use the’models at 4000 K and 5000 X to
interpret the variatioh in strength of the G—baﬁd»molecular component. Sincev
H is the dominant continuoﬁs opacity source in all our models at A~43008,
the relative strengths of the CH component of thé G-band at a given effective
temperature and for varying metal abundance can be compared directly by
forming the ratio N(CH)/N(H ) over a range of optical depths fRosseland mean

. -3 . . )
optical depth, from 10 to 1). These are shown in Figures 4a,b

T
RrROSS'

for Te = 4000 K and 5000 K, respectively. The number densities for all

£ff

relevant species in most of the 4000 K and 5000 K models are given in the

Appendix.
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The N(H—) as a function of TROSS remains almost constant as the

metal abundance varies, and so the great increase in line strength is a
consequence of the large increase in the CH number density, a factér > 100
in the 4000 K models on lowering the metal abundancé'by 104 from [A/H] = O,
i.e. solar abundances. Hence the varying strength of the molecular component
of the G-band, Figure 2b is explained by this rapidly changing ratio.

| By using Figure 4 and the moiecular band sfrengths tabulated in
column (6) of Table 1, we can estimate where the CH lines make theklargest
contribution to the opacity, assuming that the dependence‘is independent of

the metal abundance. Since the [n/H] = -5 model at ‘I‘e = 4000 K has a

£f
computed strength which is midway between that of. the [A/H] = -3 and -4
models, this restricts the depth at which the maximum of the CH contribution

function occurs. From this we conclude that T ~ 0.05 is the peak of

ROSS

this function for the 4000 K models. For Te = 5000 K the depth of

f£f
formation is more difficult to determine but the peak of the distribution
appears to be at approximately the. same value of the mean Rosseland optical
depth.

Further examinationAof the'nﬁmbervdensities reveals the céuée of
this rapid increase in the CH number density. The explanatibn of théfabove
effect at our two chosen temperatures, which has so far followed a similar
argument, diverges at this éoint in the discussion. 'Thus we will consider

each independently, followed by a brief comment'about other ﬁémperatures

in our grid.

(7) T = 4000 K
eff , ,
Figure 5 shows a plot of the major species influencing the CH
formation at Teff = 4000 K, log g = 5.0, and varying metal abundance. At
normal abundance, CO has depleted the free carbon abundance to an enormous

extent, particularly in the region of the peak CH line formation, Tross 0.05.
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However, in addition, H20 and OH (the latter not shown in Figure 4)

formation af these cool atmospheric temperatures havé,étarted to decrease
the amount éf free oxygen available. By [A/H] = -3, H20 and CO number
densities aré of the same order of magnitude throughout tﬁe outer layeré of
thevatmosphere}' Also the N(OH) is oni&Ia factor of 3 more deficient than

the N(HZO), Thus OH and H_O have reduced the amouht of free oxygen at

2 .
TROSS = 0.05 by a factor of ~300 while the metal abﬁndance was lowered by 103.
Over the same range invabundance, the'amount of free carbon has increased

~20 times. This is‘a conseqﬁence»of the deciining»importance of COvrelative_'
to OH and_H20 with metal abundance, since‘the formation of‘CO depends on the

‘ product of the partial preséures of free carbon, pc and oxygen, po, whereas
H,0 and OH depend on pé X (pH)2 and P, * Py respéctively. Since the partial

pressure of hydrogen increases with decreasing metal abundance (see the

Appendix) , H20 and OH become more favored species. Additionally, H20

formation will be favored over OH association as the gas pressure increases
in the metal-deficient models, since the dissociation potential of OH(DO =

4.4ev) is significantly lessrthan that of H.O (Do = 9,.5ev).

2

Thus as the abundance is reduced from [a/H] = -3, more H.O forms and

2

there are fewer oxygen'atoms free for CO formation. Therefore carbon is
available to form bonds with other species, particularly hydrogen. This
situation saturates when almost all the oxygen atoms in the outér_

Aatmospheric layers, ~ 0.01 to ~‘l, become associated in H_O molecules.

2

,The-[A/H] = -5 curves in Figure 5 illuétrate this effect. Further reduction

T
ROSS

in the‘metal abundance does not result in the release of any more carbon,

in fact the abundance of all specieé decreasés witﬁ metal abundahce from
[p/H] = -4. This latter resﬁlt can also be‘inferred‘from the strength of the
molecular component of the G-band (see Figure 2b), which’peaks at [a/H] = -4

for an effective temperature of 4000 K.
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(iz) Teff'z 5000 K

At this temperature the molecular equilibria have become considérabiy
simpler. The temperatures are too hot to retaiﬁ large améunts of OH and Hzo
molecules in the atmosphere, so CO association is the only influencingvspecies
in determining the amount of free carbon availéble for the formation 6f CH.
The situaﬁion is illustrated in Figufe 6. At [aA/H] = 0, carbon is depleted
by €O formation. Howéver, as one lowers the ﬁetal abundaﬁce to [A/H] = —2,
~ carbon is released as éonditions for CO association become less favorable.
The total amount of free éarbén does not increase as occqrred in the 4000 K.
models,'but its rate of decrease is slowed, allowing for incfeased CH‘
formation at [A/H] = -2. This réalises the effect described in §III,.where
the G—band's rate of weakening at thié temperature givés the appearance of a
feature which will be stronger than neighbouring, purely atqﬁic,‘gbsorptidn
features. By [A/H] = -3, CO formation is of no importance and the CH number
densities and consequently the molecular G-band component diminish in unison
with theAatomic number densities and the metal;liﬁe strengths. In these
oxygen-rich model atmospheres the N(0) - N(C) at»a given depth has '
stabilised at X(O) —LX(C), i.e. the difference in the overall abﬁndance df

oxygen and carbon.

(1i11) Other temperatures

= 5500 K in depleting

Carbon monoxide is still an influence at Teff

the amount of free carbon at normal abundance, and releasing it as the
metal abundance is lowered. The effect here is even more subtle than the

conpensating result described in $III for the Teff = 5000 K case. By

Teff = 6000 K the effect is not apparent as the overall strength of the

G-band in metal-weak, [A/H] = -2, dwarf atmospheres is ~lX, and this

feature is no longer observable in the spectrum.




FIG. 6. - Same as for Figure 5, except for the Te = 5000 X, log g = 4.0

ff

models.
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At Teff = 4500 K one obtains, as expected, a situation midway
between the two temperatures‘which we have dichssed in detail. That is,bl
a greater:compensatihg effect is_obsgrved than at 5000 K, but>still not the
complex reversals apparent at 4000 K. |

Finally é few comments about tﬁe G-band strengths at Teff = 3500 K.
Those computed for fhe [a/H] = 0 and -2 models are predominantly absorption
by strong atomic lines. These lines have broad wings which caus¢~strong
depression of the continuum over this:small wavelength interval. Thus only
‘the general trend of an incteasea molecular component, with similar
bconclusions to those reached in the 4000 X éxample, can be cﬁlled ffom,the

data at 3500 K.

(iv)  Summary -

One éan éonclude ffdm the above anélysis that prdvided‘a reasonable
tempefature estimate is Adopted for a star, using a photometric system
'appropriatebto the speétral'type, a metal abundanqe can be deriVed by

using Table 1 from this Qork for the G-band region and the metal-line
.strenéths tabulated by WBC iI. This assumes that the light élements, carbon
and Angen, behave in a similar manner to the heavigr elements,.in particular
calcium and iron. Large deviations between these two determinations would
probably indicate anomalous primordial carbon abuﬁdances and thus would
requiré cléser examination to de;ive individual abundancesvfor the light
‘éiements.

However, for Torg $ 4000 K the metal lines are still a large

ff ‘
component (~60%) of the G-band at [A/H] = -2. Thus one's ability to derive
reliable abundances at these temperatures using the G-band could become
imprecise. This dilemma could be resolved by using another hydride, e.g.,

"MgH, as an abundance indicator in cool, < 4000 K, subdwarfs. This

possibility was also noted by Bidelman and Smethells (1976), wholconsidered
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CaH and MgH to behave similarly. We discuss the MgH number densities in the

next section. )

(b) MgH
To illustrate the‘behaviour of the MgH molecule, relative to the
metals, in'our‘dwarf_and.subdwarf model atmospheres, Qe have formed the
ratio N(MgH)/N(MgI) at a number of dépth points throughout our atmospheres.

The results are shown in Figure 7a,b for Te" = 3500 X and 4000 K, respectively.ik

£f£
Since both the atomic (Mg b) and molecular (MgH) lines occﬁpy the same region
of the spectrum, we do not have to consider which continuous opacity sdurce’
is dominant. |

" Figure 7 indicates that with decreasing metal abundanqe the number
density of MgH does not decrease as rapidly as the number density of neﬁtral
magnesium, and consequently the MgH bands will éppear stronger than the
atomic lines, in pérticular, the Mg b lines. This will give ihe "strong
MgH" classification nofed by Greenstein (1971).

The visibility of MgH also depends on the strength of»TiO, which has
vibrational bands in this region. A similar situation was discussed by Mou1d 
(1976) for TiO bands in the vicinity of molecular bands of another metallic
hydride CaH. In the cool métal—deficient model atmospheres, TiO behaves in
a similar manner to CO at 4000 K, because both species depend on the partial
pressure of two decreasing elements, whereas MgH has one decreasing, Mg, and
one increasing, H, component. This increaéing component is intrinsically
connected with the changing structure ofvthe model atmospheres with metal
abundance, and will be aiscussed in detail in WBC II.

Thus, from the ébove argument, strong MgH bands in the absence of -
TiO features would indicate metal deficiency in . subdwarf stars, provided
this deficiency applied to all elements in the atmosphere of the star. This

was also concluded by Eggen and Greenstein in their discussions of the
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spectroscopic properties OEISubluminous stars (Greenstein 1969; Eggen and

Greenstein 1965)‘

V. CONCLUSIONS

We conciude from this researcﬁ'that the G-band region'strengtheﬁs
or at leaét appears stronger. than neighbouring'pﬁrely atomic-line reéions,
. as one lowers the metal abundance in dwarf model atmospheres with effective
temperatures < 5500 K. This is consistent wifh the observations of
. Greenstein (1971) and is dueito the rapidly varyihg abhndancevoffthe CH
molecule with.decreasihg metal abﬁndance. Also we have shown that bands of
MgH are a similar discriminant in extremely metal-weak stars in the

temperature regime, T $ 4000 X, where the G-band region in metal-deficient

eff »
models, [A/H] ~ -2, is still dominated by‘metal'lines.

Thué, provided a good temperature estimate is available, we have a
discriminant for selgcting metal-deficient étaré, as well és a méthod for
determining photospheric metal_abundanées;

- Future papers in this series will give obserVational‘eVidence which

supports the above results, and will include data on the metal-line strengths

using the same'gridvof model atmospheres considered in this work.
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CHAPTER 6

A MODEL ATMOSPHERE STUDY OF
COOL WHITE DWARFS

I. INTRODUCTION

The’spectral characteristics of cool white dwarfs have been
iinveétigated in several recent papers by Hintzen and Strittﬁatter (1975)
(hereafter HS),.WickramaSinghe, Bessell, and Cottrell (19&7) (hereafter
WBCI), Shipman (1977), and Wehrse (1977). HS constructed metal-line and
' Hy profiles from cool (T 3 6000K) white §wérf and subdwarf model
atmospheres. From these prdfiles they concluded that degeneréte stafs may
be confused specﬁroscopically with subdwarfs. Howevér WBCI, who‘cohétructed

even cooler models with gravities of 104 and'lO8

cm 5—2, demonstrated that
iinés of the Balmer series were a gra&ityiindicator down to an effective
temperature, Te' of ~5006 K. Sﬁbanrfs?at this temperature would have ﬁany
more hydrogen lines than the white dwarfs, withrthe 1atter péssiblonﬁly
showing.a weak line ofbHa on data acqﬁiredeith current instrumentaﬁion.
Similar conclusions were reached by Shipman (1977), who constructed pure
hydrogen white dwarf model atmosphéres in the temperature range 4000 K to
éOOO'K. Both Shipman and WBCI showed how the convective‘regioh'éxpanded in
the-cool high gravity models, as molecular hydrogen became thé dominaht
species in these atmospheres.

Finally Wehrse‘(1977), constructed synthetic spectra for a ﬁumber of
H- and He-rich white dwarf model atmospheres in fhe iange 5000 K £ T £
7000 X. Using these spectra he tabulated the visibility characteristics of

NaID, MgTh, CaI(M4226A), CaII(H and K), and Hy. This provided a broad grid

which will enable researchers in this field to derive the metal abundance
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and the (He/H) ratio from white dwarf spectra, provided some independent
method can be used to determine the effective temperature of these stars.
In this chapter the structure of H-rich white dwarf ﬁodel

atmospheres, which I have‘constructed,'will be discussed. These models
encompass Ehose used by both WBCI égd Cottrell} Bessell, énd Wickraﬁasinghe
(1977)(hereafter WBCII). This latter paper, which was an analysis of fhe
‘heavily line~-blanketed whité dwarf LP701-29 is,inclﬁded in this chapter.
This research employed thé synthetic‘spectrum.technique, which»has been
developed by the'aﬁthor énd was described in eariier chapters of this thésis
(see Chapters 2, 5); 'Lastly some preliminary He-rich whité dwérf models
were also converged.and their’structﬁre and some:sfntheﬁic spectra are

discussed in 8IIIb and §IVb. respectively.

II. MODEL ATMOSPHERES

_All tpe,modelslweré constructed using the computer program ATLASS
(Kurucz 1970), with modifications made by Dr. J. R. Mould. H-rich
atmospherés.were converged in the'temperature fange, 3500 K < TelS 7000 K,
and gravities of 108 cm 5_2. The metal abundances, [M/TOT]; were relative
to the total numbériof’atoms, and ranged from normal, [M/TOT] = O,fto_lo-6
timéé the solar abunaance, [M/TOT] = -6. The.He/H ratio was set equal td
~ 0.1. For the He—rich white dwarf models only a limited number of models
werevcomputéd, at Te's‘of 4000 K, 5500 K, and 7000 K, and the same gravities
as above. - The He/H ratio was 105, while the metal aﬁundances, relative to
the total abundance of all elements were lO—3 amr;i_lon5 for the hottef models,
Aénd ranged from 10-3 to 10_6 for the models at 4000 K; In the present |
calculations'no pressure ionisation effects were included. These have been

discussed most recently by Bohm et al. (1977). The major effect will be to

increase the degree of ionisation in the coolest, most metal-deficient
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models. The implications of my neglect of pressure ionisation will be

discussed further in both §III and §IV.

The following continuous opacity sources were included in all the

. : - ot = - |
model calculations: absorption by HI, H , H2 R H2 , He , CI, MgI, AlI, and

SiI,Aas well as Rayleigh scattering by H, He, and H and electron scattering.

2'
Two additional opacities were included which are particularly important in

the cool high gravity models constructed in this research. These were the

triplet state quasi H2 moleculgr 6pacity (Doyle 1968), and the pressure
induced H2 dipole opacity (Linsky 1969). The latter was discussed by
Shipman (1977) where, for his 4000 K model he stated that it>was the dominaﬁt
opacity source in the region where most of the radiation was emiﬁted;, The
.quasi H2'opacity does not have any effect on the model structure, since its
domingnt effect is at blue wavelenéths (< 35003)‘and thﬁs its importance in
the white dwarfs is in determining the strength of the metal lihes at short
waveleﬁgths, and in the computation of violet continuum colours.

In the equilibrium equations, the foilowing molecules were included§
Hz, CO,‘CZ, CN, and Nz. The models were then converged tb flux constancy

until the flux errors were less than one and five percent in the radiative

and convective regions respectively.

IIT. MODEL CHARACTERISTICS
The structures and dominant opacity sources of all the white dwarf
model atmospheres will be considered in this section. However the H- and

He-rich models will be discussed separately.

(a) H-rich White Dwarfs
(1) Model Structure
. The temperature and pressure structure of most of the H-rich white

dwarf models are shown in Figures 1 to 6, encompassing the temperature range
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~

3500 K £ Te < 7000 K.

Let us consider the T(t) relations. Theée curves become flatter,
i.e. the differential témperature between an.optical depth 1, of -2.5 and 0
becomes smaller, as Te is lowered from 7000 K to 5000 K. 1In addition, as is
shown dramatically in Figure 2a, the T(t) also becomés.flattef as thevﬁetal
abundance is decpeased. "Both éhese can be intérpreted as the'incféasing
importance of‘conveétion, which tfansports eneréy much more efficiehtly thgn
radiation. This has been discussed by both Wehrse (1975) and WBCI. To
determine wﬁethér a region is conﬁective, the model atmosphére program»ATLAS
compares the adiébaéic tempgrature gradient (VA)‘with theAactual temperature

gradieﬁt-(V).of the model. If

| v <V,

A

the region is considered to bé convective. The values of~V,VA at TROSS
0.0l and 1.0 for most of the models illustrated in Figures 1 to 6, are shown

in Table 1. Wehrse (1974) discussed the importance of H, formation on VA.

2
'Using the temperaturesband gas préssures in the above table, and Figure 1 of
Wehrée (1974) , one sees that VA exhibits a complex variation with both -
effeétive ﬁempefature and metal abundance. Decreésing fM/TQT]‘implies an -
increase in the:gas‘pfessure>and‘consequentlfAincreasedvH2‘formation.

This enhanced formation of H2 produces gohditions under which
convéctivevenergy transport become more favourable;. The positibn of the
onset of convection is indicated in Figures la to 6a. Inkfact, the-aétual
tempefature‘gradienﬁ in the atméspheres asymptotes towards the adiaﬁatic‘
gradient as both.the effective temperature and metgllabundance are decreased

(see Table 1:- V,VA‘for T = 1.0), i.e. the efficiency of convection

ROSS

increases in unison with the formation of H2.

This is also illustrated by Figures 4a and 6a. From the normal

‘abundance T, = 4500 K model to the T, = 3500, [M/TOT] = -6 model, the
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outer layers, log T < -1.5 have become much cooler, and the adiabatic

gradient in the latter model has been establishedvthroughout almost the‘
whole atmosphere.’ This also explains the lack of change in temperatore
structure at 3500 K as the metal abundance is chanced by a factor of 100.:
The cause of this temperature gradient is the graduai movement of convection
into the,outer layers as the atmospheric pressures,_Pg (see b'svof Figuree 1
to 6) increase.d The change from radiative to cohvective equilibrium in the
outer layers is shoWn in Figﬁre 5a, as the metal abundance is lowered from

0 to -4 at an effective temperature of 4000 K.

The ratio of'gas to electron preseure, log Pg{Pe-illdstrates the
effect’of’convection on the ionisation conditions. The models at Te‘=»4000 K
(Figure 5c¢) will be'used as exampies. As the conrective region grows with a
decrease in the metal abundance, the temperature of the surface layers is
lowered relatlve to the more metalerlch models. This decrease in temperature
means a lower degree of.ionisation, hence a smaller electron pressure and an
‘upward.trehd'in the P /P (1) relation at low optical depths. However, the
1onlsatlon conditions in some of the coolest, most metal-deflcient models
must be treated w1th a little cautlon as the Pg of 10 dynes cm -2 imply a
particle spacing of ~2.5 x 10—8 cm. This is only ~5 times the Bohrlradius,
»aad»thusbsome pressure iohisation would be expected.

Summarizing,bFiguresrl to 6 illustrate the changing conditions in the
atmospheres of hydrogen-rich white dwarfs, as both the effective temperature
and metal abundance are varied. The general trend in these models as both
these parameters decrease, is. an 1ncrease in convectlre energy transport as
a result of increased H2 formation. In addition, a decrease in the degree

of ionisation in the outer layers of the cooler models (Te < 4500K) results,

as a consequence of the establishment of convection throughout the whole

atmosphere (log T -3 to +1). Under these conditions, the actual temperature
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gradient follows the adiabatic gradient.
In the next section, the dominant opacity sources in these hydrogen-
rich white dwarf model atmospheres will be considered, and in particular

the effect of increased H2 formation on these opacities.

(i1) Opacity Sources

Using a print option existing within the original code, the ATLASS
program lists the strength of all the'opacityvsburces‘as‘a function of |
both optical depth and wavelength. Thus the sﬁrongesf opacity in the region
where most of the radiation is emitted can be determined, ana the»phanging
fortunes of all opacities cén be investigated as both the temperature and
metal abundance are varied. |

At"I'e = 6000 K and 7000 K, H is'by faf the déminant source of
continuous opacity in both the normal and 10_'2 metal abﬁndance models. In
the two models at 7000 K, and the metal-deficient 6000 K model, the electrons
come from hydrogen, whereas in the normal abundance 6000 X ﬁodel, the elec—
trons are sﬁpplied about equally by hydrogen and'the metals, principally
Mg, Si, and Fe. |

As the atmospheric conditions become cooler, and temperatures are not
sufficiently hot for hydrogen to be ionised, ofher bpacity sources, that ié
apart from H_, become increasingly importént. Also, as the metal abundance
is lowered, the electron supply dries up. Thus negative ion opacities, e.g.‘
H and He decline in favour of molecular opacities, principally involving

H,_ .
2

The most important opacity sources at Te = 5000 K and‘4000 K are shown
in Fiéures 7 and 8, respectively. In particular the H2 dipole opacity (Linsky
1969) determines the atmospheric structure in the H-rich white dwarfs withl
metal deficiencies greater than 103 and Te's < 4000 K. The increasing

strength of this opacity with decreasing metal abundance will also have an



FIG. 7. - Dominant opacity sources for the TEFF = 5000 K models.at T

1. (a) [M/Tot] = 0, (b) [M/TOT] = -2.

ROSS
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FIG. 8. - Dominant opacity sources for the TEFF = 4000 K models at TROSS =

1. (a) [M/Tor] = 0, (b) [M/TOT] = -3, . (c) [M/TOT] = -6.
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effect on the line strengths, since the total continuous opacity remains
approximately constant as the metal abundance is lowered from 10-'3 to\lO-6

times the solar abundance at 'I‘e = 4000 K (Figure 8b,c).

(b) Helium-vrich White Dwarfs
() Model Structure

Figures 9 to 11 illustrate the ?(f), ?g(T), and Pé/Pe(T)'reiationé
for the He-rich white dwarfs} where-fhe"He/H number ratio is 105. For some
of these model atmospheres (indicated by an asterisk in the Figures), which
héd metal déficiencies greater than 103, model qonvergencé was difficult. |
Smallftemperature corrections (AT'S = 5K) had‘a large effect on the errors
(sometimes > 100%), as a flux constant solution was approachéd. These models
aie therefore not as reliable as others in the gridf Howeverrat 5500 K, good
convergence was obtained fbr botﬁ the 10—3 and 10-5 metalvabundénce models.

In contrast to the H-rich white dwarf models, the>helium models which
I converged do not have convective zones which expand into the surfacevlayers
as both the temperature and metal abundance are 1owered.. The position of
the onset of convection is indicated in Figures 9%a to 1lla.

However, B8hm et al. (1977) produced model envelopes in which
convective energy transport was supported out to T ~,10_2. More importantly,
the convection commences at successively smaller‘optical depths‘as the
temperature was laowered. The T(t) of their Te = 4000 X, pure-~He model is
shown in Figure lla. By comparison, the models which I constructed hévé
structures which do not change dramatically with'temperatufe or metal
abundance. This can be explained by the absence of any absorption species
or ionisation zone which can decrease the adiabatic temperature gradient,
and consequently make convection more faﬁoﬁrable. Fér the models which I
have constructed, the atmospheric temperatures ére not hoﬁ enough for

significant amounts of helium to be ionized, and the low hydrogen abundance
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5
(He/H = 107) means that there are not large amounts of ionised or molecular

hydrogen. This latter speéies had the most significant effect on convection
in the ﬁ—rich white dwarfs. Thus, my neglect of pressure ionisatioh
(included by BBhm et al. 1977), could have significant effects onvthe.
convective flux, by altering the-positioﬁ of ionisétion zones.

Next, let us inveétigate the préssures in these helium—dominéted
atmospheres (b's of Figures 9 to 11). 'Asva result of thé more tr&nsparent'
He; op&city,bthe’gas pressureé are,significantiy higher than in thé equivaleﬁt
‘hydrogen models. vA representative value is ~1011 dynes cm_z, whiéh
corresponds to avparticlefspacing of ~ 1.3 xilQ—B ¢m. This ié similar to
the atoﬁic radius of He, 1.8 2 iO-B.cm, whiéh is the half distance of closest
: épproach'of atomic centres in the crystalline étate.. Thus aCCOrdingvto.the
model atmospheres constructed in this analyéis, the atoms will be packed
close toéether;'and under these conditions pressure ionisation would be
expected. Ho&ever.tﬁié_was not considered in the current research. Thus;
con01USion§ concerning the ioniéatioﬁ equilibria in_these.mOdels wiil be
unrealistic, and the elctron pfessures will bé too low. In particular,

' althdugh the very high gas pressures imply étrong line b%oadening; the ratio
of neutral to ioniSed line strengths will not be reiiable.

To con?lude this section, the dominant opacity sources which
‘detefmine the structﬁre of the He-rich white dwarf model atmospheres will be

discussed.
(ii) Opacity Sources
Inspection of the continuum opacities for all thé He-rich models
which were computed in this analysis, reveals that He is'the only significant
opacity. More specifically, He is the stfongest continuum opacity by about
4 orders of magnitude in all but the coolest most metal-defiéient modél

atmospheres. At 4000 K the principal -opacity sources are illustrated in
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Figure 12. This shows that in the very metal-deficient atmospheres, [M/TOT]

< -6, H2 dipole opacity will be the next mosf important opacity in the
wavelength region where most of the star's energy is being radiated, namely
at ~1lp. Thus as the metal abundance is lowered from 10—6, this opacity will
determine the afmospheric structure, rather than Rayleigh scattering by
helium, which was predicted by Bues and Wehrse (1976). However scattering
will be the major contributor to the continuum opacity at wavelengths'where
most of the metals have strong lines, Viz._AA~3006 to ~50008. |

The source of electrons for the He opacity in these atmospheres
changes significantly as both the effective temperature and metal abundance
are lowered.

At Te = 7000 K and [M/TOT] = —3; the electrons eome approximately
equally from hydrogen and the metals (principally Mg, Si, aﬁd Fe). However,
hydrogen becomes by far the dominant electron‘eupplier as the metals are
reduced to 10—5. The same trend is evident‘at 5500 K, but the coéoler
atmospheric conditions mean that it is more difficult for H to be ionised.
Thus for‘the metal-rich (10~3) model, electrons come from the metals, bu£
by [M/TOT] = —5,vthe metals are sufficiently poor that both hydrogen and
the metals‘are providing the same number of electrons.‘ As the effective
temperaturevis lowered still further to 4000 X, conditions are juet‘too_
cool for significant amounts of hydrogeh to be ionised and thus even in the
most metal-deficient model (10—6), the electrons are still provided by the
elements Na, Mg, Al, Fe, Si, K, and Ca. Therefore as the metals are ieduced,
the electron supply declines more rapidly than in the hotter, but similar
metal abundance models. This is reflected in the increasing importance of
Rayleigh scattering by He and the H2 dipole opacity at Te = 4000 K, as the

metals are extracted frqm the atmospheres (see Figure 12).



FIG. 12. - Dominant opacity sources for the He=rich 4000 K models.

[Mm/TOoT] = -3, (b) [M/TOT] = -6.

(a)
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'IV. SYNTHETIC SPECTRA .

(a) Spectrum synthesis of the heavily—blanketed ’
white dwarf LP701-29

(2) Abstract
Synthetic spectra are constructed for the white dwarf, LP701-29,
assuming a hydrogen-rich atmospheric composition. - The observed spectrum is.

consistent with a metal abundance, [M/TOT] ~ =3.0.  The possibility of a

helium-rich atmosphere is also discussed.

kii) 'Introdyction and,obsérvatiqns
The-spectruﬁ syﬁthesis technique has enabled abundance determinatibns
in spectral regions wﬁich are toovcrowded for individual line measurements.
This synthesis method has been applied to coblAstars'wifh a Qide range of
luminosities. Generally, cool degenerate spectra can be analysed by
constructing individual line profiles (i.e. van Maanen 2, Wegner 1972).
Recently, however, two white dwarfs, Gl65-7 (Hintzen and. Tapia 1975;
Greenstein 1976) and LP701-29 (Dahn et al. 1978)Ahave been discovered which
show. strong line-blanketing in'ﬁhe blue spectral regions. This strong-
absorption, which can be identified>withAlow excitation potential metal
lines, provides an opportunity to ektend the spectrum synthesis analysis
to white dwarf spectra. |
| The former star, Gl165-7, hésrbeen interpreted as‘a éool He—rich
degenerate’sﬁaf (Hintzen and Tapia 1975) from the absence of hydrogen'lines
at its effective températuré,‘Te, of 7000o K (Greenstein 1976). However,
fof cool, Te~< 50000 K, H-rich white dwarfs, both Shipman (1977) and WBCi
havebshown that the hydrogen lines would not be detectable oﬁ observational
material obtained with current instruméntation, Thus, H~- and He-rich,_
white dwarfs in this temperature regiﬁe would not be distinguishable by

this criterion. Two estimates of the effective temperature of LP701-29
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were made by Dahn et al. (1977). They obtéined a Te-~ 4200° K.by'fitting a
black-body curve to their scanner observafions,_in particular in the region
A55008 to 7500%. ﬁowever their energy_dist;ibhtion ihaidatea a Te < 4006O K
when comparéd with the continuum fluxes of Shipman's (1977) zero metai,‘
H-rich model atmosphere with Te = 4QDOO K and log g = 8.0. Fﬁr our abundande
analyéis we assume avH—rich-atmospheric égmpositién ana adopt a‘Te'E 4OOOO>K
for LP701-29. We discuss the H—rich,assumbtion and this température estimate
further in (Zv). The effects df a He-rich atmosphere are also considered
in this section. |
Using log gj= 8, appropriate fof H-rich white dwarf atmospheres (ef.
Wehrse 1975) and‘a Te'= 400001K, webcdnstructed‘modél atmosphetes with vafying
metal‘abundance, as described by WBCI. Finally, using a specﬁrﬁm.synthesis
vtechniquev(iii),»we‘éstimate the metal abundaﬁcé, [M/TOT]), for LP701-29, by
comparison of this spectrum with the observational data_of Dahn ef aZ. (1978)
(their Figure 3).
(iii) Spectrum synthesis technique

. Atomic lines‘used to éonsﬁruct the representative synthetic-sééctrﬁm
were limited to those lines whose equivalent widths wefe greater thaﬁ 150mx
in the solar atlas (Mooré et al. 1966). Clearly this procedure-for-‘
determining the violet-blanketing spectrum relies 5n the extensive‘broadening
of tﬁe strong 1ines, e.g. CéII, CaIl, pfodﬁced by the extremely high gas
pressures (log Pg ~ §—9)’in these model'stellar atmoépheres, but neglects the -
contribﬁtion of the many weaker lines, both atoﬁic and molecular (e.g. CN).
Hence the_blankéting effects are, in general, undefestimated. The
broadening of the lines at these gas pressures is predominantly by van-der
Waal interactions. The present analysis uses the theory of these encounters

as developed by Unsold (1955).

A final line list included approximately 220 lines of Mg, Si, Ca, Ti,
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Cr, Mn, Fe, and Ni, in the wavelength interval ffomAAA34OOX to 5400%, the
limits of the high resolution blue spectrum.shbwn by Dahn et al. (197?).-
The gf values for this list were téken frombthe extensive tabulaﬁions of
Kurucz and Peytremann (1975). |
We then calculated the line opacity, and hence emérgent flux, by
employing a similar technique to that describéd by Cottrell and Norris (1978),
using a modified version of the ATLAS model atmosphere pfogram (Kurucz 1970).
Two significant changes were ﬁade. |
Firstly, the wavelength sampling intérval was increased from 0.0Sg
to 10&. Secondly, in computing the emergenf‘flux at any wavelength poipt,vi
all lines within iSOOR were'included. Both thesé changés resultéd ffoh the
extremely bfoad line profiles produced by the high gas pressures'existiné
in the atmospheres of stars with these‘temperatures and gravities.: For
example, the wings of the CaI line at X4226X sometimes extend several

hundred‘angstroms from the central wavelength.

(iv) Results and discussion

Figure l13ashows two synthetic sbectra, constructedAfrom model
atmospheres with T, = 4000° K, log g = é, and [M/TOT] = -2, =-3. ‘The'major
features, CaI, CaII, and MgI are indicated,'with the remaining'structure
principally due to FeI. In Figure 13b we have superimposed the'observétion
from Dahn et al. (1978) upon the synthetic spectrum with tM/TOT] - -3, which
is our estimate of the metal abundance iﬁ LP701-29.

There are three important discriﬁinants for inferring this abundance-
from the éynthetic spectra. They are (1) the long wavelength wing of thé
CaI line at A226%, (2) the plateau between A\4400% and 45008, and (3) the
region around the MgIb lines at A~5180%.

The poor fit in the region AA40002 to 41508 is probably due to our

neglect of the weaker lines and has already been mentioned in §{(Z%iZ). 1In



FIG. 13. - Blanketing spectrum of LP701-29. (a) Two synthetic spectra

with parameters TEFF = 4000 X, log g = 8, and [M/TOT] = -2;53
(upper curve). These spectra are norﬁalised at X54008. The
dashed line is the position of the continuum for the unblank-
eted [M/TOT] = -3 model. (b) Observation (dashed lihe) com—
pared with a synthetic spectrum having paramefers TEFF = 4000
K, log g = 8, [M/TOT] = —3. The observed and synthetic spectra
are fitted in the region A~49SOg. ‘The divergence of the two

spectra longward of ASIOOX is an instrumental effect.
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addition, the cores of the strong lines are stronger than observed. These
cores aie formed gt low optical depths wheré the structure of these model
atmospheres is not well determined due- to our neglect of metal-line
blanketing. As well as these anomalies, two additional uncertaintieé must
be mentioned; (1) the pressure broadening £heory, (Unsold 1955)4 used to
compute the metaliline‘profiles is uncertain at:the‘ﬁigh gas pressure

(199 Pg ~ 8=9) exi;ting in these metalédeficient'white qwarfs; and (2) tﬁe
observational data;'withvwhich our synthetié spectfa ﬁere compared, héve

not been insﬁrumentally corrected. - In general, however, réaéonable'agreément
was fQuna with the observations.

“Dahn et al. (1978) have suggested that LP70i—29 may haye a He-rich
atmosphefé. We have inﬁestigated this possibility by computing cbol He-rich
model atmospheres WithAgravities, ipg g = 87 The important'opécity sourceé in
these atméspheres are He and Rayleigh'scattering by He. The latter becomes
- dominant in vefy metal deficieﬁt ({M/TOT] ~ ~7) atmospheres. If we compare
the conditions pfeﬁailing aﬁ a given optical_depth of a He-rich atmosphere
with those of a H-rich atmosphere at-the same metal abuhdance, in the former
we have (a) a lower opacify per gram since both He and He Rayleigh

dipole

_scattering are weaker sources of opacity in comparison to H and H2

opacity, and (b)r higher gas pressures (log',Pg ~ 10-11) and hence greater
preséure broadéhing. Both these imply considerably stronger iines inva
hélium atmosphere, which in turn would indicate a lower ﬁetal abundance in
order to fit the observations of Dahn et al. (1978). Although this lower
[M/TOT] gives weaker lines, the_increase in pressure broadening, because of.
the lower opacity, ines a synthetic spectrum which is significantly
different from the observations (see §IVbH fof the syﬁthetic spectta
constructed for some of the He-rich modelss. Additionally, the degreé of

ionisation will increase with this decrease in metal abundance, as the
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metalé are still the major electron contribufbrs. This will'not oﬁly weaken
the blanketing due to Fel, the principle source of‘blocking_below A3800£, 
but also CaIl, A42262, the strongest line 6bserved in fhe_spectrum.
Corfequndingly, we predict that in a He—rich'atmosphege, CaII,'H and K, will
become the strongest lines in thevspectruﬁ.b'Although we céﬁ dismiss a He- -
rich atmosphere for LP701;29,'thé gaS'pressures which Qevcomputed for our
most metal deficienf k[M/TOT] = —6)_Hé models, implied anvaﬁomic‘spacing of |
~2X. Thus the theoty invoked in thesevlatter computations may be suspect.

. Finally‘a'comment about the,effeétive temperaﬁure-of LP701—29. Cur>
.adopted‘value of Tev= 4000° K may be in error by izooo K, whén one compares
the observed flﬁxes (Dahn ét-al, 1978) with the energy distributions of our
modél atmOspheres.‘ However, this has no effect on dur two major conclusions,
(a) that LP701—29'is a H-rich ﬁhite dwarf'having>(b)‘ a’metal abundance,
[u/T0T] ~ -3.0. Additional infrared fluxes and cool-blanketed model
atﬁospheres are required in order that a ﬁore Qrécise effective temperature
be derived for LP701-29.

( b') Conclusions
In the preceding analysis we have aﬁteméted to synthesise‘the spectrum
of LP701-29 assuming a hydrogen-rich composition. Reasonable agreement with

the'observatibns was obtained for a model with 'I‘e = 4000o K, log g.= 8,
V[M/TOT] = -3.0. Although there are uncertainties involved in the model
computationS»aﬁd we do not obtain a detailed fit t& the observations, a
helium-rich composition does not seem appropriate for this star. ~No£ bnly
would the lines be significantly broader, but the degree of iénisation would
be greater. Thus LP701-29 appears to be a‘coolrcounterpart of the DA

sequence of white dwarfs.
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(b) Synthetic spectra of cool He-rich white dwarfs

As confirmation of the hydrogen-rich nature of LP701-29, syntyetic 
spectra were computed for two of the He-rich model étmospheres at Te = 4000°
K. They are shown in Figure 14, and they contrast with those shown in
Figure 13. 1In particular, as noted in §IVa, the spectra have significantly
broader lines than those for the H-rich models.  However, oné must be cautious
in placing too much significance on the synthetic spectré dsing the He-xrich
models. Recalling the discussion in §IIIb, the ionisation equilibria nay be
unrealistic due to the neglect of pressure ionisation in the model atmosphefes.
Consequently the neutral lines‘are probably too strong, but the greater
pressure broadening of lines in the He—rich’spectra distihguisheé them irom

the comparatively sharp lines constructed for the H-rich models.

V. SUMMARY

The atmbspheric»structures of cool (effective temperature, Tels
7000° K) H- and He-rich whiteldwarf model atmospheres have been discussed
in detail. The following conclusions were reached: For the models where
hydrogen was dominant, molecular hyarogen (H2) became ﬁore important as the
temperétures wére decreased and theigas pressures increased (the latter
resulting from the lowering of the metal abundance). Large amounts of H2
provided the necessary conditions for increased convective energy transport
in the outer layers. Consequently, in very cool (Tevf 4000O K) métal—
deficient (M/TOT < 10—3) ﬁodels,,the adiabatic tempefature gradient was -
established throughout the whole étmosphere (-3 <log T < 1). This led to
a cooling of the outer layers and therefore a decrease in the electron
pressure, and a lowering of the level of ionisation. However, in gontrast,

the He-rich models had no large surface convective zones, since there were

no abundant species at these atmospheric temperatures which could lower the
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adiabatic temperature gradient, and enhan¢evconditions for convection.

The main sourcés'df continuum opacity have also been cohsidered for
both white dwarf classificétions. For H-rich white dwérfs the importance
of H depended criticglly on the supplyvof electrons. As.Te was lowered to

4000° K and the metals to 10_3ftheir éolar value, H_, dipole opacity was

2
dominant in_fegions where most of fhe energy"was'fadiaféd. For helium white
awarf models, He wés always the dominant opécity;

Finailj;.syhthetic spectra were'constfﬁcted fof bdth H- and He-rich
‘ ﬁodel atﬁospherés at Te = 4OOOO_K, and'havé been cdmpared with‘the spectrum
of the heavily blanketed white dwarf, LP701-29. From thisbcoﬁparisonvit waé

_ ' ‘ ‘ . =3
concluded that a hydrogen-dominated composition with a metal abundance 10

that of the Sun, provided the best fit to the Observational.data.
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SUMMARY AND FUTURE WORK

In tﬁis thesis the spectrum synﬁhesis technique has been used over
a wide range in-lumihosities, from cool white dwarfé to peculiarvéiant
stars. I will briefly»recall the main conclusions of each chapter;
indicatiné where additional research could provide a better understandjng,_
of the composition and evolution of our Galaxy, with the possible extension
to extrégalaCtic systems. Each of the.chaptérs Will be summarised under
one of the fpliowing7headings: giants, dwarfs/subdwarfs, Whité dﬁarfs.

| (a) Giant st@s

Usiﬂg'a CUIQefof—grOWth.analysis; followed by the specﬁrum'synthesis
prqgram,'the iron, carboh, nitfogen and oxygen abundances weré determined
in the weak—G—band star HD 91805. This, and ~36 similarbobjects were
identified by Bidelman and MacConnell (1973) in their objective prism
survey. The abundances determined for HD 91805 were‘
| [Fesd] ~ 0.0, [cs/H] ~ -1.4, [N/H] -~ +0.6, [O/H] ~ +0.1.
DDO photometry of the larger group of weak—G—baﬁd stars, including HD 91805
was»obtained, and compared with similar photometry of the Hyades éfoup
members. Coupling this photometry with a comparisén of high dispersion
spectra of HD 91805 and HD 28307 (the latter a Hyades cluster member), it
was concluded that the weak—G—bénd objecﬁs are probably “Clhmp" étars. AAt
this evolutionary phase heliuin is being burned in the cq;ékfollbwiﬁg the
helium flash at the tip of the red giant branch. The quiescent nature of °
the core-helium burning. phase means that a more turbulent.evolutionary
phase is.tequired during which the peculiar carbon and nitrogen abundances,
indicated above, could be éttained. A number of mechanisms were &onsiderea:
helium-core flash, mass loss, hydrogen—shell instébilities, and the -

Paczynski mechanism of N/C enrichment by meridional circulation. The latter
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method, accompanied by some mass loss, gave a suitable exblaﬁation to the
observed abun@ances. |

Since this woik was completed, a'papér by Sneden et.al. (1978) was
published which analysed aﬁother Weak—G-bana star, HR 6766.‘ These authors
détermined CNo abundances, é 12c/13¢ ratio and a li£hium abundance. The
. CNO abundances deviated iittle from values obtained in the-presenf work..
Sneden et al.'s (1978) derived abundances were: |

[M/H] ~ -0.15; [c/H] ~ -1.49; [ﬁ/H-] ~ +b.23; [o/H] ~ -0.38; =
1260/13¢ ~ 4 aﬁd log N(Li) ~ +0.75.

" They consideféd two scenarios to interpret tﬁeir'observations.
(i) A A.higher temperature at the base of the convectivé envelope,'which :
can allow the QNO‘cycle to process the outer layers. The enhanced lithiUm>v
abundance provides constraints'on the ti;e scales of the convective mixing,
since lithium would be féadily destfoyed at the temperatures necessary for
the CNO cycle.
(ii) An inhomogeneous main seqﬁence star which has an extremely carbon-
poor envelope, but néfmalAabundances in,the interior. The latterAséems :
somewhat artificial sincérinhomogenéous models have been haid to construct
rtheorefically, and thus the idea of hot bottom atmosphefes seems‘the most
plausible of their two scenarios; "However the Paczyﬁski mechanism, proposed
by the work presented in this thesis, also adequately interpfets the work:
of Snéden et él.'(i978), C- |

The carbon—rich Cepheid;V553 Centauri, was analysed both spectro?
’séopicaily and photometrically, and by using similar tecﬁniques to those
employed in the analysis of HD 91805. The following abundances were derived
for V553 Centauri: |

[Fe/H] ~ -0.1, [c/Fe] - +0.8, [N/Fe] ~ +0.5.

For the carbon enrichment to have been produced during the star's evolution,
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V553 Centauri must have evolved past the helium-core flash stage, since
earbon is only produced via the ﬁriple—u process. Additional processing of
carbon. to nitrogen (via the CNO cycle) is required'to produce the observed
cnhanced nitfogcn abundance. Finall?, as a'consequence of the near-solar
iron abundance (whlch by 1nspect10n of the synthetic spectra appears to
apply equally well to the other heavy elements), V553 Centaurl is p0551b1y
a_lpop Cepheid, and could be the prdgeny ef the-strong-lined RR Lyrae sFars.
For‘this objectito be looping into the insfebility strip‘atlits comparatively
1ow,luminosity.of ~2, it must have undergone substantiaivmass loss;dn the
giant branch. |
The laet group of giantvstars‘examined in fhis.thesis were aleo

seleqted from the extensive tabulations of Bidelman‘and MecConnell (1973).
These were the extremely weak—metallsfars, for which’earbon and nitrogen»
abundances were obtained by constructin§ synthetic spectre of the G—behd,

the Av = 0 blue CN bands, 'and the NH features aroundyk~33602. Included in
| this analysis were two previously studiedAextremely’metal—poor stars,

HD 122563 and HD 165195. The following correlation was ebteinea:

7’ fe/N] = O.S(log g) - 1.3,

indicating a decreese in carbon tobnitrogen ratio‘as‘the gravity is reduced.
In addition, the nitrogen to metal abundance showed a slight positive
luminosify effect. Thus‘ae‘the stars evolveeto higher luminosities (loﬁer
‘gravities), there is an enrichment of nitrogen and a depletion'of earbon;
Since many of the objects'appearrto have.luminosities lower than that
required for helium-shell flashing, these éeduliar abundances are possibly
produced during evolution on the first giant branch. Therefore, theee
extremely metal-poor objects have probably mixed CNO processed‘materlal
into their outer layers. The work of Dearborn,.Lambert, and Tomkin (1975)

and Dearborn, Eggleton, and Schramm (1976), where the 12C/13C ratio was
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sthn to decrease with increasing luminosity, appecars similar ﬁo the
results obtained in the present research. Thus, following Dearborn et al..
(1976) , the combipation of méss loss and'hydrogen—shell instabilities. on
the first giant branch can produce low 1?C/IBC,Aas well as enhanced N, and
low C/N ratios. An éxtension of the present work would be tb detérmine

C/N and 12C/13C_ ratios in a larger sample of metal-poor stars, thus providing

" further evidencebfor the hypothesis that CNO cycle material has been mixed

~into the surface layers. An indication of the phase of this mixing could

also be culled from more extensive data.i
| (b) Dwarfs/subdwarfs
For this luminosity class, a grid éf model atmospheres was constructed
in the temperature raﬁge from 3500 K tq 6000 K. Syﬁthetic G-bands and.MgH
bands near AA~43008% and ~52008 respectively, were computed and revéaled.two
significant results.

(1) The G-band region is a metal abundance discriminant for stars with

I

< 5500 K. 1In fact, at Te

T e S 4000 X, the model with [A/H] = -4 has a

£f
stronger’G~band'than the [a/H] = 0 model.
(ii) ~MgH bands are an abundance discriminant for dwérf/subdwaﬁf stars wiﬁh
T;ff < 4000 K. | |

Both of these'results provide an explanation for the "CH
strong" and "MgH strong" claSsifications of Greenstein (1971). Thev
strengthening of these molecular bands has been investigated by a detailed
examination of the’molecular équilibria. In particulaf, the amount of free
carbon avéilable for CH formation is determined by the behaviour of CO, OH,
and H20 in these model atmosphereé. At normal abundahée; (el6] forms‘readily;
but as the metal abundance is lowered this species declines in importance
felative to OH and Héo. This decline in CO releases carbon which is then

available for CH formation. The above discriminants could both be used

in objective prism surveys to isolate extremely metal-deficient dwarfs,
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which can then be analysed in more detail to unveil new information about

the early evolution of the Galaxy.
(e). Cool white dwarfs
Thevspectrum synthesis technique was applied to degenerate stars by

ﬁatching the synthetic blanketing spectrum of a Teff = 4000 K; log g = 8;05.
[M/H] = -3, H-rich model atmosphere, with the observea épectrum of the ﬁhité
dwarf LP701-29, which has been pﬁbiiShed by Dahn et al. (1978). Thus, thé‘
DA sééuenée of white dwarfs appears tb»exﬁeﬁd at. least to this temperaﬁu?e. 
‘A large portion of this chaptei Qas devoted to the aescription of4
the white dwarf model atmbspheres (5§th'hydrogen-and heliumrrich), which
were‘constfucted in the temperature range, 3500 K < Teff < 7000 K.. The
following majqr.résults were obtained: for the‘H—rich models,
(1) moleéulaf hydroggn (Hz) became increasingly important as both the

temperature and metal abundance were decreased.

(ii) Large amounts of H

5 provided the necessary conditions for increased

con?ective energy transport in the outer layérs.>‘,
(iii) increéSed convection near . .the surface meant that in the coolest most
metal—deficient models, fhe adiabatic gradient was established throughout
the atmosphéré; This gradient produced a cooling of outer layers and
thérefore a decrease in the electron pressure, and a‘lowering of £he level
of ionisation..

in céntrast, for the He~rich white dwarf models there were no large‘
convective zones, since there wéé no abundant species which couldvlowér the
‘adiabatic teﬁpefature gradient. The sources of continuum opacity were also
coﬁsidefed in both classifications of white dwarfs. H is the dominant
- opacity in all but the.coolést, most metal-deficient models, Qhere the
H2 dipole opacity becomes dominant at wavelengths where most of the energy

is radiated. He is always the dominant opacity in the He-rich models.



165

In some of the coolﬂHe—rich model atméspheres the gas pressurcs
were extremely high. Under these circumstances pressurevionisation should
be considered. Thus t§ extend this area of resecarch, it is proposed.to
ihclude pressure ioniéation effects, wﬁich should produce morquealiétic

‘helium models.
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