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A B S T R A C T

Spectrum synthesis techniques have been employed to derive abundances 
in giants, dwarfs and white dwarfs.

For the giants (a weak-G-band star, a carbon-rich Cepheid, and a 
number of extremely metal-weak stars) carbon, nitrogen, and in one instance 

oxygen abundances have been determined using molecular bands of CH, CN, and 
NH.

(i) The weak-G-band star HD 91805 was examined, and found to be 
extremely underabundant in carbon, and slightly (but significantly) over­
abundant in nitrogen. The metal and oxygen abundances were essentially 

solar. From a photometric analysis, the group of weak-G-band stars are in 
the core-helium burning phase of their evolution. On the basis of the 
present data, the peculiar carbon and nitrogen abundances are possibly a 
combined result of mass loss and meridional circulation.

(ii) High dispersion spectra of the carbon-rich Cepheid V553 

Centauri were acquired, from which a curve-of-growth analysis gave a near­

solar iron abundance. The subsequent spectrum synthesis revealed both 

carbon and nitrogen enrichments relative to the metals. For carbon 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. The star could possibly be a loop Cepheid, 
evolving through 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 nitrogen 

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. There also appears to be a slight enhancement 
of nitrogen with increasing luminosity. The luminosities derived for



some of these objects are less than that required for helium-shell flashing, 

and therefore, these peculiar abundances are possibly produced during a 

star's first ascent of the giant branch. Thus the above abundances could 

be attained by a combination of mass loss and a number of hydrogen-shell 

instabilities, which mix material, processed by the CNO cycle, into the 

surface layers.

In addition, two grids of model atmospheres have been constructed.

One grid of cool dwarf and subdwarf models has been used to compute synthetic 

G-bands and MgH features. At certain effective temperatures, and as the 

metal abundance is lowered, both these bands are shown to remain stronger 

than neighbouring pure atomic-line regions. This result adequately inter­

prets the "CH" and "MgH" classifications of Greenstein, without having to 

invoke any peculiar abundances for carbon or magnesium. The strengthening 

of these features with decreasing metal abundance means that CH and MgH 

are abundance discriminants in subdwarf stars with effective temperatures 

< 5500 K and < 4000 K, respectively.

For the other grid, cool H- and He-rich white dwarf models have

been constructed. Molecular hydrogen (Ĥ ) determined the atmospheric

structure of the H-rich models, by altering the adiabatic temperature

gradient such that the conditions for convection became more favourable.

A number of synthetic spectra were computed for both the hydrogen- and

helium-rich models, which demonstrated that the heavily blanketed white

dwarf LP701-29 was a H-rich star, with a T = 4000 K, log g = 8.0, andeft
a metal abundance, [m/H] ~ -3.
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C H A P T E R  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 become a standard tool for 

interpreting photometric data and determining stellar 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,£>; 
Sneden 1974a; Wehrse 1975, 1977). All have a basic model atmosphere 
program with additional subroutines to include the atomic and molecular line 
contributions in the total opacity. Using this opacity, the emergent flux 

can be calculated over a specified wavelength interval. Bell's line-list 
consists of many thousands of lines, and he has the facility to compute 

synthetic spectra between AA-3000 and ~1200oX. These spectra have then 
been matched directly with spectroscopic observations (e.g., Bell and 

Dickens 1974; Dickens and Bell 1976), or convolved with the response function 
of a particular photometric system (DDO, Stromgren, or UBV), and compared 

with photometric colours (Bell and Gustafsson 1975; Bell 1976). Sneden 

(1973, 1974a,b ) , on the other hand, synthesised restricted wavelength 

intervals (AA~40$), which were sensitive to variations in the CNO abundances. 
High dispersion observational data were then required, because continuum 

placement can be difficult when only such a limited spectral region is
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computed. Many other authors 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 synthesis program to compute the DDO 

index <5CN. This program was broadly based on that of Bell (see above) , and 

used Bell's list of atomic and molecular lines. For the determination of 
6CN, Deming required a detailed fit of the wavelength interval AA-4100 to 
~430oX. Mould (1978) constructed synthetic spectra near the Mg b lines at 

A~520oR, using routines supplied to him by Dr. R. L. Kurucz. Using integrated 
galaxy light Mould has shown that the Mg line region can be used as a 

metallicity indicator. Mallia (1977) in his survey of abundances in a 
number of globular clusters, computed synthetic spectra in three wavelength 

intervals, from which he deduced carbon and overall metal abundances. Scalo 
and Ross (1976) have computed representative bandheads for a number of 
diatomic molecules. They adopted a theoretical approach, and computed their 
spectra for very cool (T  ̂< 3000K) red giant model atmospheres, without 

any reference to specific stellar objects.
All of the above work has involved the interpretation of giant or 

dwarf star spectra. By computing synthetic spectra of white dwarf stars 
(Wehrse 1975, 1977), it has been shown that the synthesis technique can 

be applied to all luminosity classes. It is particularly useful in spectral 
regions where unblended lines cannot be measured. Abundance analysis using 

equivalent width measurements of isolated features have been described most 

recently by Hearnshaw (1974), Paradijs and Kester (1976), Lambert and Ries 

1977). Precise abundances can be obtained using the above method, but very 
high resolution and high dispersion data are required, so that one is sure 

that there is not severe blending of the lines being measured. (For some 

molecular features, a blend of two linos of the same species was acceptable.)
This is only possible for bright stars and isolated features, and so far most
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objects and crowded spectral regions, spectrum synthesis enables abundances 

to be derived from blended features.

Most of the observations described in this thesis were made by the 
author, excepting in Chapters 5 and 6 where the synthetic spectra have been 

compared with existing data. Chapters 2 to 6 of this thesis can be divided 
into a study of three groups of evolved objects, all of which have effective 
temperatures (T ^) 5 7000 K (a) Giant/supergiant stars (Chapters 2, 3, 4), 
(b) Dwarf/subdwarf stars (Chapter 5), and (c) H- and the He-rich white 

dwarf stars (Chapter 6). The significance of applying spectrum synthesis 
techniques to each group of objects will only be discussed briefly in the 
following pages, since each of the chapters contains its own introduction. 
However a general outline of the research that is to be undertaken will be 
given here.

II. STUDIES OF EVOLVED STARS 
(a) Mixing in giant stars

There is an ever-increasing amount of observational evidence which 

suggests that in giant stars there has been mixing between nuclear-processed 
material and the surface layers. These data exist for both clusters of 

stars, particularly the globular clusters (e.g. , Zinn 1973, 1977; Bell and 

Dickens 1974; Dickens and Bell 1976; Norris and Zinn 1977; Bessell and 

Norris 1976; Norris and Bessell 1977; McClure and Norris 1977; Mallia 

1977), and field stars (e.g., Sneden 1973, 1974a,fo; Bond 1974; Dearborn, 

Lambert, and Tomkin 1975; Sneden and Bond 1976; Sneden, Lambert, Tomkin, 

and Peterson 1978) . All of the objects discussed above are in a wide 
variety of evolutionary stages, from subgiant stars to luminous giants, 

the latter nearing the end of their nuclear-burning evolution.

There are a number of phases in a star's main-sequence and
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post-main-sequence evolution during which mixing could occur. These are 

(a) the main sequence, (b) the first ascent of the red giant branch, when 
a star is burning hydrogen in a shell, (c) the He-core flash at the tip of 

the giant branch, (d) He-core burning on either a horizontal branch or in a 
"clump" near the giant branch, its exact position depending on both the 
stellar composition and the amount of mass exterior to star's core, and 
(e) during double-shell-source burning on the second ascent of the giant 

branch. Each of the above will be considered as a possible source of mixing.

During the main-sequence phase a composition gradient is produced 

between the surface layers and regions in which CNO processing has occurred 
(see Figures 1 and 2 of Dearborn, Eggleton, and Schramm 1976). Paczynski 

(1973) demonstrated that meridional circulation in rapidly rotating stars 
in the mass range 3-10M^ could result in this abundance gradient being 
smoothed out, and thus the outer layers of the star would be enriched with 
CNO-processed material (low 12C/13C and high N/C ratios).

As a star evolves off the main sequence, there is a deepening 
surface convection zone which enables the mixing of the products of the 

core H-burning phase into the surface layers (see Iben 1967; Faulkner and 
Iben 1967; Dearborn et al, 1976). At its deepest penetration, significant 

amounts of 13C and 3LfN could be mixed up into the atmospheric layers. The 

growth of this convection zone, and hence the end of this mixing phase, is 

halted by the outward movement of the hydrogen-burning shell.
Bolton and Eggleton (1973) and Dearborn, Bolton, and Eggleton (1974) 

have considered a possible process by which material may be mixed into the 
surface layers during H-shell burning. This is not a once-only process, but 

a series of mixing events due to instabilities in the hydrogen burning shell. 

Thun nmall amounts of CNO-proconnod material could contaminate the outer 
envelope during each instability, successively lowering the and
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C/N ratios.

In stars with M < 2.5M^, Iben (1967) has shown that they will undergo 
an explosive He-core flash in an effort to eliminate an electron degeneracy, 

which has been established in the core (see also Schwarzschild and Härm 1962). 
Following the flash there is a large core convection zone which has been 

shown by Härm and Schwarzschild (1964, 1966) to almost reach the hydrogen- 
rich surface layers. Thomas (1967) and Demarque and Mengel (1971) concluded 
similarly. Paczynski and Tremaine (1977) considered that neutrino cooling 
in the central portions produced an off-centre He flash (similar to the work 

of Thomas 1967), and their subsequent evolution could give some mixing, but 
only by allowing the position of the "flash" to be their free parameter. 

However the general consensus (see Iben 1974, and references therein) is that 
it is unlikely that any mixing takes place at or immediately following the 
He-core flash.

Similarly no mixing has been predicted 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 Härm (1965) first produced thermal
instabilities in the helium-burning shell of a 1M Population II model, many©

workers have reproduced their results for a wide range of masses and 
compositions (Iben 1974, and references therein; Mengel 1972; Gingold 1974). 

Calculations involving these instabilities (e.g., Gingold 1974) have shown 
that only a small amount of processed material may reach the outer layers 

following each of these flashes. Specifically Gingold determined a nitrogen 

enrichment factor of only 1.6 after 14 relaxation oscillations, which is not 
sufficient to interpret most of the peculiarities mentioned earlier in this 

section. Thus a number of more exotic schemes (e.g., the deep mixing 

mechanism of Sackmann, Smith, and Despain 1974, and plume mixing of Ulrich
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and Scalo 1972, 1973) have been described which have endeavoured to produce 

some of these peculiarities, including the extreme case of the CH and carbon 
stars, in which C/0 > 1.

The above processes illustrate the evolutionary phases at which 
mixing could occur, but mass loss from the envelope is a mechanism which can 

enhance the effects of any mixing. Mass loss prior to the mixing event will 
produce more significant results for the same amount of mixed material, 

since the dilution factor is smaller. Thus mass loss 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 number of peculiar 
objects. In Chapter 2, the weak-G-band stars are investigated, and both 

spectroscopic and photometric data have been obtained in an effort to 
understand these objects. A carbon and nitrogen abundance analysis of both 
the carbon-rich Cepheid V553 Centauri, and a number of extremely metal-poor 
giants are described in Chapters 3 and 4 respectively. The mixing mechanisms 

discussed in this section have been used to provide a possible interpretation 
of the derived abundances.

(b) Abundances in  subduarfs

Subdwarfs, metal-deficient main-sequence stars, are most likely 

objects which were formed during the very early evolution of the Galaxy. In 
these early phases there has been little, if any contamination from previous 

generations of stars. Abundance analyses of these stars could therefore 
provide additional constraints on the formation of the heavy elements during 

this early evolution. Eggen and Grcenstein have found many apparent subdwarfs 

("red subluminous stars") in their efforts to extend the degenerate sequence 

to cooler temperatures (Eggen and Greenstein 1965; Greenstein 1969, 3 971) .
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For some of these subdwarfs they indicated any spectroscopically peculiar 

features, the most frequent referring to the strength of the CH or MgH bands. 
Greenstein (1969) suggested that the strong CH objects could possibly be 
overabundant in carbon.

Bidelman and Smethells (1976) have indicated in a recent abstract

that the CaH bands at X-6385A are an abundance discriminant. Mould (1976a,b )

constructed CaH band spectra using cool (T __ < 3500 K) dwarf modelef f
atmospheres, which showed that these bands remained stronger than neighbour­
ing features, particularly the TiO bands, as the metal abundance was lowered.

In Chapter 5, CH and MgH bands have been constructed using spectrum 
synthesis techniques. These spectra, together with a detailed discussion of 
the molecular equilibria are used to explain Eggen and Greenstein's "strong 
CH" and "strong MgH" classifications. In addition, the use of these features 
as abundance discriminants is also discussed.

(c) Characteristics of cool white dwarfs

Recently there has been much research devoted to the modelling of 

both cool (Teff 5 7000 K) hydrogen- and helium-rich white dwarf atmospheres 
(Wehrse 1975, 1977; Shipman 1977; Böhm, Carson, Fontaine, and van Horn 
1977). Many of these are a result of new observations (Hintzen and 

Strittmatter 1974; Greenstein 1976), which have shown that there are many 
cool degenerates, contrary to an earlier suggestion (Greenstein 1971). The 

new models have enabled workers to predict the characteristics of cool white 
dwarfs.

<
The spectral uniqueness of cool DA white dwarfs was questioned by 

Hintzen and Strittmatter (1975). They computed Hy and various metal-line 
profiles for a number of cool subdwarf and white dwarf model atmospheres, 
and concluded that there could well be a significant number of white dwarfs 

masquerading as subdwarfs. More recent computations by Wickramasinghe, 

Besscll, and Cottrell (1977) have shown that it is very unlikely that this
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spectroscopic confusion could occur, since at a given effective temperature 

the subdwarfs would have many more visible lines of the Balmer series.
Other spectroscopic properties have been described by Wehrse (1975, 

1977), particularly in the later paper, where he constructed synthetic 

spectra by including up to 850 metal lines in the interval between XA2400 

and 800oR. These illustrated graphically (in particular see Figures 5, 6 
and 7 of Wehrse 1977), the changing appearance of white dwarf spectra as the 
effective temperature, metal abundance, and hydrogen to helium ratio were 
altered.

Chapter 6 of this thesis describes in detail the atmospheric 
characteristics of cool H- and He- rich white dwarf models, with particular 
emphasis on the importance of 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 identified 
by Dahn et at. (1978).

The spectrum synthesis technique used in this thesis has been devel­
oped by the author and is described in Chapters 2 and 5. The giant star 

model atmospheres used in Chapters 2, 3, and 4 have been taken from Bell 

et at. 's (1976) grid of models, while the atomic-line list has been 

constructed from the line data of Kurucz and Peytremann (1975). The model 
atmospheres discussed in Chapters 5 and 6, were converged using the program 

ATLAS5, originally compiled by Kurucz (1970), but which has undergone many 

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



9

REFERENCES

Bell, R. A. 1970a, M.N.R.A.S., 148, 25.

------------------ . 1910b, M.N.R.A.S., 149_, 176.

-------- . 1976, in IAU Symposium No. 72, Abundance Effects in Classification,
ed. B. Hauck and P. C. Keenan (Dordrecht: Reidel), p. 49.

Bell, R. A., and Dickens, R. J. 1974, M.N.R.A.S., 166, 89.

Bell, R. A., and Gustafsson, B. 1975, Albany Conference on Multicolor
Photometry and the Theoretical H-R diagram, ed. A. G. Davis Philip 
(Dudley Obs. Rept. , 9_, 319).

Bell, R. A., Eriksson, K., Gustafsson, B., and Nördlund, R. 1976, Astr. Ap. 
Suppl. , 2_3, 37.

Bessell, M. S., and Norris, J. 1976, Ap.J. (Letters), 208, 369.

Bidelman, W. P., and Smethells, W. G. 1976, in TAN Symposium No. 72, Abundance 
Effects in Classification, ed. B. Hauck and P. C. Keenan (Dordrecht: 
Reidel), p . 205.

Böhm, K.-H., Carson, T. R. , Fontaine, G., and van Horn, H. M. 1977, Ap. J., 
217, 521.

Bolton, A. J. C. , and Eggleton, P. P. 1973, Astr. Ap., 2A_, 429.

Bond, H. E. 1974, Ap. J., 194, 95.

Dahn, C. C., Hintzen, P. M., Liebert, J. W., Stockman, H. S., and Spinrad, H. 
1978, Ap. J., 219, 979.

Dearborn, D. S. P., Bolton, A. J. C., and Eggleton, P. P. 1975, M. N.R.A.S. , 
170, 7P.

Dearborn, D. S. P., Lambert, D. L., and Tomkin, J. 1975, Ap. J., 200, 675.

Dearborn, D. S. P., Eggleton, P. P., and Schramm, D. N. 1976, Ap. J. , 203,
455.

Demarque, P., and Mengel, J. G. 1971, Ap. J., 164, 317.

Doming, D. 1978, Ap. J., 222, 246.

Dickens, R. J., and Bell, R. A. 1976, Ap. J., 207, 506.

Eggen, 0. J., and Greenstein, J. L. 1965, Ap. J., 142, 925.

Faulkner, J., and Iben, I. Jr. 1967, Nature, 215, 46.

Gingold, R. A. 1974, Ap. J. , 193_, 177.



IQ

Greenstein, J. L. 1969, in Lou) Luminosity Stars, ed. S. Kumar (New York: 
Gordon and Breach), p. 281.

-------- . 1971, in TAU Symposium No. 42, White Dioarfs, ed. w. J. Luyten
(Dordrecht: Reidel), p. 46.

-------- . 1976, A. J., 81, 323.

Härm, R. , and Schwarzschild, M. 1964, Ap. J. , 139, 594.

-------- . 1966, Ap. J. , 145_, 496.

Hearnshaw, J. B. 1974, Astr. Ap. , 34_, 263.

Hintzen, P. M., and Strittmatter, P. A. 1974, Ap.J. (Letters), 193, Llll.

-------- . 1975, Ap.J. (Letters), 202., L37.

Iben, I. Jr. 1967, Ann. Rev. Astr. Ap. , 5_, 571.

-------- . 1974, Ann. Rev. Astr. Ap. , 12_, 215.

Kurucz, R. L. 1970, SAO Spec. Rept., No. 309.

Kurucz, R. L., and Peytremann, E. 1975, SAO Spec. Rept., No. 362.

Lambert, D. L., and Ries, L. M. 1977, Ap. J., 217, 508.

Mallia, E. A. 1977, Astr. Ap., 60, 195.

McClure, R. D., and Norris, J. 1977, Ap.J. (Letters), 217, L101.

Mengel, J. G. 1972, Ph.D Thesis, Yale University.

Mould, J. R. 1976a, Ap. J. , 207, 535.

-------- . 1976&, Astr. Ap., 48, 443.

-------- . 1978, Ap. J. , _220, 434.

Norris, J., and Bessell, M. S. 1977, Ap.J. (Letters), 211, L91.

Norris, J., and Zinn, R. 1977, Ap. J., 215, 74.

Paczynski, B. 1973, Acta Astr. , 23_, 191.

Paczynski, B., and Tremaine, S. D. 1977, Ap. J., 216, 57.

Paradijs, J. van, and Kester, D. 1976, Astr. Ap. , 5_3, 1.

Sackmann, I.-J., Smith, R. L., Despain, K. H. 1974, Ap. J., 187, 555. 

Scale, J. M. , and Rosa, J. K. 1976, Astr. Ap. , 48, 219.

Schwarzschild, M., and Härm, R. 1962, Ap. J ., 136, 158.



11

-------- . 1965, Ap. J. , 14_2, 855.

Shipman, H. L. 1977, ^p. J., 213, 138.

Sneden, C. 1973, /Ip. J. , 184, 839.

-------- . 1974a, Ph.D Thesis, University of Texas at Austin.

-------- . 1974k, Ap. J. , 189, 493.

Sneden, C., and Bond, H. E. 1976, Ap. J., 204, 810.

Sneden, C., Lambert, D. L., Tomkin, J., and Peterson, R. C. 1978, Ap. J. , 
222, 585.

Thomas, H. C. 1967, Z. Astr. , 61_, 420.

Ulrich, R. H., and Scalo, J. M. 1972, Ap. J., 176, L37.

-------- . 1973, Ap. J. , 183, 151.

Wehrse, R. 1975, Astr. Ap. , 39_, 169.

-------- . 1977, Mem. Soo. Astr. It., AQ_, 13.

Wickramasinghe, D. T., Bessell, M. S., and Cottrell, P. L. 1977, Ap.J. 
(Letters), 217, L65.

Zinn, R. 1973, Ap. J., 182, 183.

-------- . 1977, Ap. J., 218, 96.



12

C H A P T E R  2

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

P. L. Cottrell and J. E. Norris 

ABSTRACT

High dispersion spectra of the weak-G-band star HD 91805, and DDO 

intermediate band photometry of a number of the weak-G-band stars of 

Bidelman and MacConnell have been analyzed, and lead to the following 

results: (i) For HD 91805 [Fe/H] - 0.0, [C/H] ~ -1.4, [N/H] ~ +0.6, [O/H] ~

+0.1. The simplest explanation of these abundance ratios is that material 

processed in the CN cycle (but not the NO cycle) has been introduced into 

the surface layers. (ii) The majority of the Bidelman-MacConnell objects 

are in the same phase of evolution as the Hyades clump stars. They are 

probably core helium burning objects, subsequent to the helium flash.

(iii) Consideration of several mechanisms (the helium core flash, mass loss, 

thermal instability of hydrogen burning shells, the Paczynski mechanism 

of N/C enhancement by meridional circulation) suggests that the Paczynski 

mechanism coupled with moderate mass loss alone invokes no radical postulates

and violates none of the observational constraints.
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I. INTRODUCTION
Stars possessing anomalously weak CH bands (the weak-G-band stars) 

appear to exist in all populations. The peculiarity was first recognized 
by Cannon (1912) and Bidelman (1951) in HR 885, the Population I prototype. 
Eggen (1971) places HD 191046, another member of the class (Greenstein and 

Keenan 1958), in the Arcturus group. The existence of weak-G-band stars in 
the halo was first recognized by Zinn (1973), who discovered them in M92; 

his result appears to extend to all metal-poor globular clusters ( [Fe/H] < 
-1.0) {of. Mallia 1975; Norris and Bessell 1977; Norris and Zinn 1977;
Zinn 1977).

While no field halo stars are yet available for detailed (i.e. high 

dispersion) analysis, more progress can be made in the younger populations. 
Hopefully this will throw light on the phenomenon in Population II. 
Greenstein and Keenan (1958) first demonstrated that HR 885 is deficient in 
CH and CN by factors of ~30 and ~100, respectively. Following the survey 

work of Bidelman and MacConnell (1973), some 40 weak-G-band stars are now 
recognized amongst field stars brighter than tenth magnitude. 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] ~ +0.8, and [O/Fe] ~ -0.1.
There is a growing consensus that the weak-G-band phenomenon in all 

populations results from the mixing of CNO processed material to the surface 
of these stars (Butler, Carbon, and Kraft 1975; Norris and Zinn 1977; Dean 

et. at. 1977; Sneden and Peterson 1977; Carbon et at. 1977). The site and 

details of the mixing process, however, are not yet clear. In an effort 

to provide more information on this problem we have obtained spectroscopic 
and photometric observations of the weak-G-band star HD 91805 together with

intermediate band photometry of a number of the Bidelman-MacConnell objects
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(§11). In particular, we have performed a curve-of-growth, and spectrum 

synthesis analysis of the weak-G-band star HD 91805 to obtain an insight 

into the products of mixing (§1.11); our results are very similar to those 
reported by Sneden and Peterson (1977) for HR 6766. In §IV we present 
evidence, based on DDO intermediate band photometry, that the majority of 
the Bidelman-MacConnell weak-G-band stars are burning helium in their cores 
subsequent to the helium core flash. In the final section we consider 
possible causes of the weak-G-band anomaly, subject to the constraints 
deduced in the earlier sections. Of the mechanisms considered, carbon 
depletion due to meridional circulation (of. Paczynski 1973) requires the 
least radical departure from presently well-understood astrophysical 

processes.

II. OBSERVATIONS 
(a) Spectra

The weak-G-band star HD 91805, together with two Hyades giants 
HD 28307 (cluster) and HD 100407 (group) were observed with a variety of 

gratings and cameras available on the coude spectrograph of the 1.9m 
telescope at Mount Stromlo.

High dispersion spectra to be used in a curve-of-growth analysis 

were obtained by utilizing an echelle grating in combination with the 81cm 

camera and a 2-stage Carnegie image tube. The spectral range covered was 

from AA5200$ to 5500$ with a reciprocal dispersion of ~1.5$mm \  and a 

wavelength range of ~50$ per order. Good wavelength coverage was obtained 
for HD 91805 and HD 100407, but the data for HD 28307 were less extensive, 

and our method of analysis for this star will be discussed in §III(a). We 
also used the echelle grating to obtain spectra in the region of the [01] 

line at 6300.3$; the reciprocal dispersion was ~2.5$mm .
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The echelle grating was not particularly 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 continuum placement quite imprecise. Therefore 
the G-band and the CN molecular feature running blueward of A4216X were 
obtained directly (without image tube) using the B grating in the second 
order and the 81cm camera to give a reciprocal dispersion of lO^mm .

Direct plates were obtained for only HD 91805 and HD 28307. However, for 
HD 100407 an echelle spectrum, with reciprocal dispersion of ~l^mm , was 

obtained in the G-band region. This spectrum had a higher resolution,
~0.4^, than that found for the direct plate spectra. For the latter, the 
resolution was ~0.6R.

The CN feature near A3883^ was acquired with the C grating in the 
third order in combination with the 81cm camera, and the image tube. The 
reciprocal dispersion of this combination was ~7$mm \  2mm of BG3 was used 
to remove overlapping orders.

Finally we obtained spectra of the NH features near A3360 using 

the C grating in the fourth order, together with a Carnegie image tube 
attached to the 40cm camera. The reciprocal dispersion was -loRmm 
Overlapping orders were removed using 2mm of UG5, together with 5mm of a 

liquid CuS04 solution.

For these last two regions, we were able to obtain data for HD 91805, 

and only one of the Hyades giants, HD 100407.

All data were recorded on TIaO emulsion using various methods of 
sensitization. The direct plates were obtained on baked plates, the NH and 

CN features on nitrogen soaked plates, and the echelle plates on hydrogen 
sensitized 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 Gottingen microphotometer 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) Photometry

DDO intermediate band photometry has been obtained for 23 of the 

weak-G-band stars of Bidelman and MacConnell (1973). The observations were 
made with the 0.6m telescope on Siding Spring Mountain in February 1975 and 
January 1977. A 1P21 pulse counting photometer was employed, together with 

the equatorial standards of McClure (1976). The results are given in 
Table 1 where the columns are self-explanatory. In the final row of the 
table we list the mean standard errors of our colors, derived from those 

stars having multiple observations.
In view of the fact that several of the DDO bandpasses include 

features of the CM and CH molecule the data in Table 1 are difficult to 
interpret. We believe, however, that an important result can be distilled

from the results in the IC(45-48), C(42-45)] - plane. We prefer to leave
j

this discussion, however, until we have completed our abundance analysis 
of HD 91805, which we regard as a typical weak-G-band star.

III. ANALYSIS OF HD 91805 WITH RESPECT TO TWO HYADES GIANTS
Our analysis is divided into two sections; (a) a differential 

curve-of-growth analysis using Pagel's (1964) formulation as expressed by 

Griffin (1969) to determine the iron abundance and electron pressure of 

HD 91805, and (b) a detailed analysis of the following features: (1) the

forbidden [Ol] line at A6300.3$, (2) the G-band between AA429oR and 433oR, 
(3) the wavelength Interval AA3870^ to 3885^ which is dominated by 2 

bandhcads of the blue CN system (Av-0), (4) the section of spectrum from 

AA4192A to 4217^ which contains 2 bandheads of the Av => -1 blue CN system,
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TABLE 1

DDO PHOTOMETRY OF 23  WEAK-G-BAND STARS

HD 0 ( 4 5 - 4 8 ) 0 ( 4 2 - 4 5 ) C ( 4 1 - 4 2 ) C ( 3 8 - 4 2 ) n

1 8 6 3 6 1 .  1 3 0 0 . 6 7 6 0 . 1 3 5 - 0 . 3 8 5 1

2 1 0 1 8 1 . 1 0 9 0 . 6 4 0 0 . 1 3 3 - 0 . 5 1 6 1

B D + 5 ° 5 9 3 1 .  2 8 6 0 . 7 7 4 0 . 1 4 1 - 0 . 2 8 1 3

2 6 5 7 5 1 . 2 0 5 0 . 8 3 3 0 . 2 5 0 - 0 . 2 0 9 3

2 8 9 3 2 1 . 1 6 9 0 . 7 2 3 0 . 1 3 6 - 0 . 4 0 6 3

B D - 1 9 ° 9 6 7 1 . 0 2 7 0 . 6 5 6 - 0 . 0 1 9 - 0 . 7 4 5 3

3 1 2 7 4 1 . 1 8 4 0 . 7 2 0 0 . 1 3 3 - 0 . 2 8 8 5

3 1 8 6 9 1 . 1 6 4 0 . 6 9 5 0 . 1 0 1 - 0 . 4 1 1 3

3 6 5 5 2 1 . 1 4 4 0 . 6 6 2 0 . 1 3 0 - 0 . 4 6 7 4

4 0 4 0 2 1 . 1 5 0 0 . 7 0 1 0 . 1 0 5 - 0 . 4 0 0 3

4 9 9 6 0 1 . 2 0 2 0 . 7 3 7 0 . 1 4 4 - 0 . 2 3 2 3

5 4 6 2 7 1 . 1 7 0 0 . 7 3 9 0 . 1 5 6 - 0 . 2 7 3 3

5 6 4 3 8 1 . 1 9 7 0 . 7 4 1 0 . 1 2 4 - 0 . 2 6 7 3

6 7 7 2 8 1 .  2 6 2 0 . 8 4 1 0 . 2 5 8 - 0 . 2 2 2 2

7 8 1 4 6 1 .  2 3 5 0 . 8 4 6 0 . 2 1 8 - 0 . 1 0 8 2

8 2 5 9 5 1 . 1 8 4 0 . 7 7 4 0 . 1 4 8 - 0 . 1 7 2 2

9 1 8 0 5 1 . 1 6 8 0 . 6 9 2 0 . 1 3 2 - 0 . 3 3 1 3

9 4 9 5 6 1 . 1 8 2 0 . 7 1 5 0 . 1 2 2 - 0 . 3 2 5 3

1 0 2 8 5 1 1 .  2 0 8 0 . 7 6 6 0 . 1 2 4 - 0 . 2 3 6 2

C D - 3 7 ° 7 6 1 3 1 . 1 8 2 0 . 7 4 3 0 . 1 2 3 - 0 . 3 0 8 2

1 0 5 7 8 3 1 .  2 4 0 0 . 7 6 4 0 . 1 1 9 - 0 . 2 5 7 3

1 2 0 1 7 0 1 . 1 6 9 0 . 6 7 7 0 . 1 1 8 - 0 . 3 9 9 1

1 2 0 2 1 3 1 . 3 7 5 1 . 0 4 8 0 . 2 2 9 0 . 1 3 9 2

< s . e .> . 0 0 6 . 0 1 0 . 0 0 8 . 0 1 0
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and (5) the region 1X3356$ to 3377$ which encompasses 2 bandheads of the 

NH triplet system (A - x ) . This approach yields C, N and 0 abundances 
in the atmosphere of the weak-G-band star, HD 91805.

(a) 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 moving group according to Eggen 
(1972) and Boyle and McClure (1975). Recently, Eggen (1977) has shown that 

HD 100407 may not be a member of the group. This, however, does not affect 
our analysis, since we determine all our parameters relative to HD 28307, 
a confirmed cluster member. Photometric data for the three stars (Eggen, 
1972) are given in Table 2, together with estimates of their atmospheric 

parameters, a discussion of which follows.

TABLE 2
PHOTOMETRIC AND ATMOSPHERIC DATA

HD
(1)

V
(2)

(r-I)k
(3)

Mbol
(4)

Tef f 
(5)

[Fe/H]
(6)

log ggroup
(7)

log gsp
(8)

28307 *3.83 0.325* 0.60* 5000 0.1+ 2.8 . . .

91805 6.1ol §0.35 • . . 4850 0.0 • . • 2.0
100407 *3.55 *0.35 -0.05* 4850 0.0 2.5 2.2

* From Eggen (1972).
t From Griffin (1969).
i 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
AG = A0. = A0 .exc ion eff

where the effective temperatures have been derived from the broadband color

(R-I) , using the transformations of Eggen (1972) and Johnson (1966) and areK
given in column (5) of Table 2.

Pagel's (1964) formula for the differential horizontal shift, [Xq] 

of neutral lines of a particular element, j, relates this quantity to the 

differential abundance, [N^/H], of that species relative to hydrogen, by

[X0] = [0] + A0(I - 0.74) + [KL/H],

where I_. is the ionisation potential of the element, j. [...] refers to the 

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 curves, and is represented by the solid 

line in Figures 1 and 3.
The Fel curves of growth for HD 91805 and HD 100407 are illustrated 

in Figures la, b, respectively. No relative horizontal shift is seen in 
these figures, and coupled with the identical temperature derived for these 

2 stars, one concludes that they have the same iron abundance. This will be 

shown below to be solar, to within ± 0.2 dex, the accuracy of the method.

Only limited spectroscopic data were obtained for HD 28307. The 

equivalent widths of all available lines on our plates are plotted 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 Fel curve-of-growth for HD 28307 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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(a) HD91805

(b) HD 100407
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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 quality for 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 determine the iron abundances in HD 91805 and HD 100407 

relative to HD 28307. From Griffin (1969), the atmosphere of HD 28307 may 

be represented by the following parameters:

6 = 1.02, log Pe = 2.43 and [Fe/H](HD 28307 _ 0) = +0.1.

Considering the temperature difference between HD 28307 and both HD 91805 

and FID 100407, the shift required to move the curves of growth of the latter 

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

[Fe/H] HD100407) 
HD 91805) - HD 28307

= -0.1,

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 to all elements in the atmosphere

of HD 91805 with the important exceptions of carbon, nitrogen, and oxygen.

The differential electron pressure, [P ], between HD 28307, HD 91805e
and HD 100407 was obtained by using the ionised lines of Ti and Cr. The 

horizontal shift, [x ] in the Till and CrII curves of growth, Figures 3a, b,
T

respectively, was interpreted using Pagel's (1964) relationship between 

this shift and [P^], [n ^/H] and [0], namely,

[X ] = -1.5 [0] + A0(-0.74) - [P ] + [N./H],+ e j

By applying [g] = 2 [P ] - [x + A x ) + 1 . 8 A 0 .  ,e H m  ion

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

metal abundance and xTT and x are the mean degrees of ionisation of H and theH m
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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 contributing metals are singly ionised. This implies values

of 0 and 1 for x and x respectively.H m
For HD 28307 and HD 100407 using bolometric magnitudes from Eggen

(1972) and assuming masses of ~2m for the Hyades giants, one obtains an0

estimate of the gravity, shown in column (7) of Table 2. Adopting HD 28307 

as the primary standard, and using the above curve-of-growth analysis one 

determines spectroscopic gravities for HD 91805 and HD 100407 of 2.0 and 

2.2, respectively. These are also listed in column (8) of Table 2. An 

error, ± 0.4 dex, in the spectroscopic gravity by this method provides 

satisfactory agreement between this and the group membership gravity for 

HD 100407.

(b) Spectrum synthesis of CH3 CN and NH 

Before proceeding to our CNO abundance analysis, the spectrum 

synthesis technique we employed will be described in detail.

(i) Technique

Molecular line lists have been constructed for the (A 2A-X 2II) 

electronic transition of CH and the blue system (B 2Z-X 2Z) of CN, by 

applying small perturbations to the formulations of Krupp (1974) and 

Herzberg (1955), respectively. The wavelength accuracy of all line lists, 

CH around A4300$, CN between AA3860$ and 3883$ for Av = 0, and also from 

AA4180$ to 4216$ for Av = -1, was better than .1$. This gave an extremely 

good representation of the solar spectrum.

The line strengths were calculated in parallel with the wavelength 

determination. The total line strength, f ^l( , of a particular transition

is given by
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N ’N" ~ * el * qv'v" * 2N" + 1 ;N 1 N
where N', N" are respectively the rotational quantum numbers of the upper 

and lower levels of the transition, A is the band origin in 8, A is
- L/ U IN IN

the wavelength (R) of the transition, f _ is the electronic oscillatorel
strength, , is the Franck-Condon factor of the vibrational band, and

[h l] is the normalised Hönl-London factor of the individual rotational n
line. The sources, and in some cases the values of the individual 
components of the line strength are listed in Table 3.

TABLE 3

LINE STRENGTH DATA

Molecule Electronic Oscillator 
Strength (f )

Franck-Condon 
factors (qv,v„)

Hönl-London
factors ( [HL] 1 n

CH Schadee (1964) 
2.8 x 10-3

Childs (1964) Schadee (1964)

CN Liszt and Hesser (1970) 
3.95 x 10-2

Spindler (1965) Schadee (1964)

To the molecular line lists we added atomic lines from Kurucz and 

Peytremann (1975) dependent on the following selection criteria: (1) only

lines of the elements calcium (Z = 20) through to nickel (Z = 28), and 

strontium (Z = 38) to ruthenium (Z = 44), excluding technetium (Z = 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 

line opacity, at a representative temperature of 5000°K in the Sun, was
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greater than that of a line whose measured equivalent width was 15mA 

(Moore, Minnaert, and Houtgast 1966).
Two additional line lists were constructed. The first covered the 

NH feature between AA3355A and 3380A using data from Sneden (1974), while 
the second extended from AA6295& to 6305^ to encompass the [Ol] line at 
A6300.3?.

These line lists were used in conjunction with the model atmosphere 
program, ATLAS, (Kurucz 1970) to produce synthetic stellar spectra. One 
notable change was the incorporation, in data block form, of the molecular 

partition functions for CH, CN, and NH from Tatum (1966). These are more 
explicit than those calculated in ATLAS.

The molecules, H , C , N , H20, CH, NH, OH, CO, NO, CN, were included 
in the equilibrium equations. These molecular species, with the exception 
of H^, are competing for the available C, N, and O, and hence all number 
densities are intrinsically connected.

The continuous opacity sources included were absorption by HI,

H , He , C , h2+, H2 , Mgl, All, Sil, as well as Rayleigh scattering by 
H, He, and H2, and electron scattering. Since the continuous opacity 
changes only slowly with wavelength, and we only compute fluxes over small 
wavelength intervals (<50$), considerable saving in computer time was made 

by only determining this opacity every 25&.
The emergent flux was calculated from the total opacity, line plus 

continuum, at equally spaced wavelength points over the interval requested. 

These fluxes were convolved with a Gaussian profile, whose width was 
determined by the instrument used to obtain the observational data, and 

with which the synthetic spectrum was compared.
Normalisation of all the spectral regions, except for the NH 

feature around 3360A, was accomplished by taking the convolved fluxes and
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searching for the maximum value. All the other fluxes were then scaled 
accordingly. The continuum, or a point identified as a continuum point in 
the Arcturus Atlas (Griffin 1968) , was reached in all bands when the raw 

fluxes were convolved with a Gaussian profile of full h width (full width 

at half maximum, FWHM) < 0.6A. In the region of the NH feature heavy line 

blanketing makes continuum placement impossible, and comparison between 
theory and observation extremely difficult. We shall return to this 
problem in the next section.

All the model atmospheres used in this analysis are those of Bell 
et  al . (1976). Since, however, we are considering specific temperatures, 
gravities, and metal abundances, subsidiary programs were written to 
interpolate within this grid. At this stage we adopted a microturbulent 
velocity of 2 km s \  in line with the majority of the models constructed 
by Bell e t  at . The output from this process was in a form suitable for 
input into ATLAS, for construction of the synthetic spectra.

Some of the semi-empirical gf values of Kurucz and Peytremann (1975) 
varied from values tabulated by other authors, (Blackwell, Ibbertson, 

and Petford 1975; Bridges and Kornblith 1974; May, Ritcher, and Wichelmann 
1974) . Thus the gf values were revised until the synthetic solar spectrum 

fitted the Utrecht Solar 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 errors in the determination of the 

individual line strengths and the molecular partition functions.

( i i )  Cy Nj and 0 abundance analysis

The above spectrum synthesis technique has been used to determine 
C, N and 0 abundances in the weak-G-band star, HD 91805, as well as the two

Hyades giant stars, HD 28307 and HD 100407.
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In late-type stars where CNO abundances are solar, or near solar, 

carbon and oxygen are intrinsically connected in equilibrium with CO.
This situation pertains to the Hyades giants, but in the weak-G-band star 
we have a simplified situation. In the latter, because of the deficiency 

of carbon, which we initially estimate to be a factor of 10, C and 0 become 

decoupled. For example, changing the C abundance by a factor of 2, from 
one tenth to one twentieth normal, affects the [Ol] line at 16300.3^ by 

less than 1 percent.
We begin this analysis with our oxygen abundance determination, 

the results of which are tabulated in column (4) of Table 4. The [Ol] line 
equivalent widths are given in the Appendix. All abundances in this table 
are logarithmic and relative to the Sun for which we adopted the values of 
Lambert (1968). For the Hyades cluster member, HD 28307, we have assumed 
[0/h ] = [Fe/H] as the [Ol] line in our spectrum was blended with a Sell line

TABLE 4
CNO ABUNDANCES

HD
(1)

+ [C/H] 
(2)

i [N/H] 
(3)

[O/H]
(4)

28307 +0.1 ± 0.2 -0.1 ± 0.3
*

+0.1

91805 -1.4 ± 0.3 +0.6 ± 0.4 +0.1 ± 0.2

100407 -0.2 ± 0.3 -0.3 ± 0.4 -0.2 ± 0.2

* We assume [O/I-l] = [Fe/Ii] (see text) .f Errors in [C/Il] determinations include uncertainty in the oxygen abundance, 
plus intrinsic errors associated with the fitting of the synthetic G-bands 
to the observational data.I 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-6300.7A. In the tracings of HD 91805 and HD 100407 this line was about 

the same strength as the measured [Ol] line.

From the curve-of-growth analysis, the gravity produces the largest 
source of error, ±0.4 dex. We therefore investigated its effect on each of 

our C, N, and 0 abundance determinations. In the weak-G-band star model 

atmosphere, Alog g = 0.4 has a 20 percent effect on the computed [Ol] line 

strength, which transforms to an error in the O abundance of ±0.15 dex.

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

Next the C abundances were computed using CH lines within the G-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 underabundant by a factor of ~25. 

Figures 4a, b, and c show both the observed 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.

Assigning 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 the abundance. Using these regions we estimate that 

[C/H] ~ -1.4 gives the best fit to the observations. Deriving the C 

abundance in HD 91805 involved an intrinsic fitting error which was larger 

than those involved in determining either the O 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 procedure produces 

good argument between theory and observation for both HD 28307 and HD 100407 

for abundances very close to solar. Gravity variations, Alog g = 0.4, have 

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



FIG. 4. - Observed and synthetic spectra for the G-band. (a) HD 91805,

additional line (dots) is synthetic spectrum with no CH lines, 
(b) HD 28307, (c) HD 100407. The fluxes in (a) and (b) were
convolved with a Gaussian profile with FWHM = 0.6^. For (c), 
a profile with FWHM = 0.4A was used (see text §11).
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....... CH lines removed
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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 A4200A (Av = -1), and 3880A (Av = 0). With the 

abundances shown in column (3) of Table 4, Figures 5a, b give the regions 

around two bandheads of the Av = -1 system for HD 91805 and HD 28307, 

respectively. To emphasize the weakness of these CN bands in HD 91805 we 

have also shown a synthetic spectrum from which the CN contribution has 

been omitted. Figures 6a, b illustrate our results for the spectral region 
from AA3870Ä to 3885A for HD 91805 and HD 100407, respectively. Because of 

the greater intrinsic strengths of the Av = 0 bands this region provides a 
better discriminant for determining the nitrogen abundance. From our 

analysis of these two regions we find that nitrogen is enhanced in 
HD 91805 by a factor ~4 relative to the Sun, whereas abundances obtained 
for the two comparison stars show no deviation from normality to within the 
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 affected by small changes 

in the gravity, once this parameter and an O abundance have been adopted, 

no additional errors are introduced from this source in determining the 

C and N abundances.

Finally, we discuss the NH feature in the near ultra-violet. N 

abundances were not determined directly from this region as not only was 

continuum placement hopeless, but also the 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 = 0.6A.
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FIG. 6. - Blue CN band for Av = 0 for (a) HD 91805, (b) HD 100407.
Convolving profile had FWHM 0.6A.
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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 observations of these two stars 

in this region can be compared directly, as shown in Figure 7. The enhanced 

N abundance in the weak-G-band star is apparent, but a quantitative 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 8a, b, 

respectively. All the spectra shown in Figures 7 and 8, are normalised to 

the same point, A-3356A. Although the continuum was not reached at this 

wavelength, normalisation at this point meant that we analysed all the data 

in a similar manner.
The discrepancy in Figure 8 could result from a number of effects. 

For the dispersions (lOA/mm) and resolutions (~l8) which we obtained, 
individual NH lines were not isolated. The measurable features are at 

A~3360A and A~337oX, with NH contributing only a portion of this absorption. 
Higher dispersion observations of this region would alleviate the situation, 

but background fogging on the photographic plate by ion noise in the image 
tube would prohibit the use of the coude echelle. Therefore, the present 

data is the best currently obtainable at Mount Stromlo.

The other area where differences could arise is in the model 
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 higher N abundance and hence 

stronger NH lines in the former.

We also briefly investigated the lack of surface cooling by CO in 

HD 91805, which would result from its carbon deficiency [of. Gustafsson 

et o,l. 1975) . We increased the surface temperatures according to 

Figure 8 of Gustafsson et at. , 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 = 1.5A.
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parameters, i.e. P^,P^, etc. We fcmnd only a slight difference in the NH 

feature, ~1 percent. In view of the ad hoc nature of our method, however, 

it would be premature to place emphasis on this result. More work on the 

atmospheric structure of stars with peculiar CNO abundances is necessary 

before this problem 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 cycle has 
not operated. In view of the fact that a similar result has been obtained 

for HR 6766 by Sneden and Peterson (1977), it seems reasonable to assume 

that this is a general property of the Bidelman-MacConnell weak-G-band stars. 

We shall now consider the possible evolutionary phases at which this 
peculiarity might be produced.

IV. THE EVOLUTIONARY STATUS OF THE BIDELMAN-MACCONNELL
WEAK-G-BAND STARS

Figure 9 shows the DDO observations from Table 1 in the 

[C(45-48), C (42-45)] - plane, where only stars with multiple observations 

have been plotted, together with the Population I sequences of Osborn (1971). 

The most striking feature is the concentration of points at [c(45-48), 

C(42-45)] ~ (1.18, 0.72).1 We have also plotted in the figure the Hyades 

group members (Eggen 1972) for which Boyle and McClure (1975) find Hyades 

like CN band strengths (6CN > 0.05). These are stars which one may consider

1 Two 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 (of. 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 abundance grounds. Here 

too we see a strong grouping (the well known clump), at [<3(45-48), C(42-45)]

~ (1.17, 0.82). We suggest that the two groups seen in Figure 9 represent 

the same evolutionary phase, with the difference in position being caused by 

differences in CH blocking. We reason as follows: There are many CH lines

in the 42 bandpass, but virtually none in either the 45 or 48 bandpasses.

The color C (45-48) will thus be unaffected by CH-blocking differences, while 

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 of the effect by 

comparing our spectra 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 (of. §IIa) 

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

spectra, together with the response functions of our 42 and 45 filters, to 

estimate the change induced in C (42-45) by the CH blocking around A425oR.

We find that HD 91805 is 0.18 and 0.04 mag bluer in the 42 and 45 bands 

respectively, leading to a C (42-45) color bluer by 0.14 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
nin Figure 9 is the core helium burning phase which follows the helium flash 

(of. 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 (of. Eggen 1972), it obtains that they have reddenings 
eYu-V) < 0.1 (of. FitzGerald 1968, esp. Figure 1) which will have little 
effect on our conclusions.

2
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Given, however, that most of the weak-G-band stars are burning helium in

their core, it goes without saying that helium shell flashes can have little
to do with G-band weakness. The same conclusion has previously been reached

for Population II stars by Norris and Zinn (1977). We may also place

important constraints on the masses and structure of the weak-G-band stars.

To have experienced a core helium flash their total mass must have been less

than 2.2M (Iben 1967), while their helium core mass must be ~0.4 to 0.5M © ©
(of. Sweigart and Gross 1977). A lower limit to the total mass may be
inferred from the horizontal branch models of Gross (1973). For a metal
abundance Z ~ 0.02 his results suggest that in order for such stars to fall
in a clump near the giant branch, rather than at higher temperatures on a

horizontal branch, the ratio of core mass to total mass must be smaller than
''0.85. Adopting the above core mass limits, this leads to a lower limit to
total mass of ~0.5 to 0.6M . We thus have an allowed mass range 0.5 < M/Mo ©

S 2.2. The most important point that may be culled from this discussion,

however, is that the weak-G-band stars have considerable envelope masses,
lying in the range 0.1 to 1.8M . Assuming that the weak-G-band phenomenon©

is not confined to the atmosphere, but extends throughout the envelope, 
any production mechanism must have been able to process virtually all of the 

envelope carbon into nitrogen. This result must be achieved without 
processing oxygen, which - according to both Sneden and Peterson (1977) and 

the present work - is normal in these stars. That is, only the CN cycle may 
be invoked.

There seems little reason to suspect that G-band weakness is induced 
during the clump phase. In the next section we confine our attention to 

three other possible sites - the helium core flash, the red 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 difficult to reconcile the observed CNO abundances and 

the inferred lower limit to the envelope masses with any once-only, short- 

duration, phenomenon such as the helium core flash. Unless the envelope 

is largely processed through the CN cycle at the time of the flash, which 

seems to us unlikely, the original carbon will still be seen in the outer 

layers. If the envelopes contain at least 15 percent of the total mass, 

and if before mixing the carbon abundance was normal (i.e. ~ solar), then 

the final carbon abundance cannot be less than ~ 15 percent solar. This 

is considerably larger than the observed carbon abundance.

It is perhaps important to note that this result somewhat contrasts 

the opinion expressed by Norris and Zinn (1977) in their discussion Of the 

weak-G-band effect in Population II stars. Since, however, we have no 

estimates of abundances in the Population II objects, we cannot yet rule 

out the helium core flash as the relevant phase in globular cluster 

evolution.

(h) 'Ihe giant branch

There is a growing opinion that existing stellar evolution 

computations underestimate the amount of nuclearly-processed material 

which is convectively mixed to the surface during the red giant phase.
19 i oObserved l^C/ C ratios are consistently lower than predicted (Dearborn, 

Eggleton, and Schramm 1976, and references therein). The observed range 

in G-band strength on the lower giant branch of several globular clusters 

(Norris and Zinn 1977) is also suggestive of such a shortcoming. According 

to Dearborn, Eggleton, and Schramm (1976), and Norris and Zinn (1977) the 

most likely explanation of these phenomena lies in some combination of mass 

loss and possible hydrogen shell instability. We consider each in turn.



42

(i) Mass loss

Dearborn, Kozlowski, and Schramm (1976) have made the case that 
extensive mass loss is required in the immediate post main sequence phase 
to explain a range of astronomical observations. According to Iben (1967) 

a 2.25M0 star possesses a large nitrogen-rich, carbon-depleted region 

exterior to the hydrogen burning regions as it leaves the main sequence. 
Since at this mass most energy generation on the main sequence occurs in 
the CN cycle, the oxygen abundance in this region is normal. Extensive 

mass loss at this stage could thus lead to the abundances seen in the 

weak-G-band stars. The Bidelman-MacConnell sample would be the stars in 
which the mass loss is most extreme. To explain the observations, mass 
must be lost right down to the enriched regions. The mass fraction 
involved is ~0.5, and although such a possibility is not dismissed by 
Dearborn, Kozlowski, and Schramm (197 6) in the context of the 1?C/^C 
problem, it seems to us a rather radical solution.

(ii) Instability of the hydrogen burning shell

Repeated thermal instability in the hydrogen burning shell, and 
subsequent convective mixing of CN processed material to the surface could 
also enhance the N/C ratio above that found in the standard computations 

(of. Bolton and Eggleton 1973; Dearborn, Bolton, and Eggleton 1975). If, 

however, thermal instability exists as a universal phenomenon in all stars, 

one would not expect to find a large range in G-band strengths. A coupling 

of variable mass loss and thermal instability, on the other hand, might 
overcome this problem.

The present observations place important constraints on this 
mechanism. At the center of the hydrogen burning shell conditions are 

favourable for the ON cycle to be in equilibrium; only in the outer layers 

of the shell could one expect a normal oxygen abundance (Sweigart and
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Gross 1977). If we insist on maintaining a normal surface oxygen abundance,

any mixing must therefore occur only from the outer layers of the shell.
Let us suppose that the upper one fifth of the shell is mixed to the surface

during each instability, and that the envelope mass that must be processed
by repeating the instability is 0.1M - the lower limit inferred in §IV.o
From Iben (1967) we estimate that a typical red giant of intermediate

luminosity would have a shell of mass ~0.003M . Then assuming that all©

carbon has been transformed to nitrogen in the material to be mixed up, we 

estimate that some 500 instabilities are required to reduce the surface 

abundance to one twentieth its original value.
Dearborn, Bolton, and Eggleton (1975), on the other hand, expect 

-100 shell instabilities during the giant branch evolution of a 0.75M^ 
Population II star. They note further that fewer instabilities are 
expected in more massive stars because of their more rapid evolution on 
the giant branch. We conclude that the present estimates, while rough, 
offer little support for thermal instability as the cause of G-band 
weakness.

(c) The main sequence and meridional mixing

Paczynski (1973) has predicted that meridional circulation in

rapidly rotating 3-10M@ stars can bring CN processed material from just

outside the convective core to the surface layers. In his 3M model, in©

particular, the N/C ratio increases to 200 during the main sequence

lifetime. For masses less than or equal to 1,5M the mechanism fails too
work because of molecular weight gradients set up by the p-p cycle. No
models were computed in the intermediate mass range, 1.5 < M/M < 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 giants (for HD 91805 oar spectra show no line broadening
relative to the Hyades giants HD 28307 and HD 100407). Little imagination
is required to see how such stars could be produced by the Paczynski

mechanism. First, the abundance anomaly is produced during the main

sequence phase of rapidly rotating stars having masses greater than some

critical value, lying in the range 1.5 to 3M . The Bidelman-MacConnell©
weak-G-band stars probably represent the extreme N/C enhancement and most 

likely correspond to the most rapidly-rotating main sequence stars. The 
oxygen abundance, of course, would be normal. Second, the red giant phase 
is accompanied by considerable loss of mass and angular momentum, 
reducing the mass (if necessary) below that necessary for the helium core 

flash, and the angular momentum to the low value presently observed. The 
association of rotation and loss of mass and angular momentum in the red 
giant phase is not new, and has been previously invoked to explain the low 
rotational velocities universally observed in late type giants, some of 
which must have been rapidly rotating while on the main sequence (Kraft 
1970; Strittmatter and Norris 1971).

Of the several mechanisms we have considered, meridional mixing 
alone invokes no radical postulates and violates none of the observational 

constraints. It should be noted, however, that such a process cannot be 
invoked to explain the G-band weakness observed in globular cluster giants, 

which have masses considerably smaller than those considered here.
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C H A P T E R  3

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

P. L. Cottrell 

SUMMARY

A spectroscopic and photometric analysis of the carbon-rich 

Cepheid V553 Centauri has been undertaken, and the following results were 

obtained: using spectrum synthesis techniques, [C/Fe] = +0.8 and [N/Fe] = 

+0.5, while from a differential curve-of-growth analysis [Fe/H] = -0.1; 

all values relative to the Sun. Finally, this research considers the 

nuclear processes and evolutionary status of a variable star having the 

above abundances. The near-solar composition means that V553 Cen must have 

an extremely small envelope to be evolving in the instability strip 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 

object has evolved to a position above the horizontal branch and is 

currently either a suprahorizontal branch star or a loop Cepheid. The 

latter explanation provides a more turbulent site for the carbon and

nitrogen enhancements to be attained.
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I. INTRODUCTION
Strong bands of C , CH, and CN were first noted in the spectra 

of V553 Centauri (HD 129981 = CoD -31°11449) by 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 strong-lined spectrum 

and its low radial velocity, the latter authors suggested that this star 

appeared to belong to Population I. However, light curves by the above 
authors and Landolt (1975) indicated that V553 Cen more closely resembled 
Cepheids in the globular clusters. This similarity is twofold: (a) the
presence of a shoulder on the fall from maximum light, and (b) the hump on 
the rise to maximum light.

In the present work both a photometric and a detailed spectroscopic 
analysis were undertaken on this peculiar Cepheid. The photometric results 
are discussed in §IIIa, where data are included on the light and (R-I) 

colour curves. A discussion and estimate of the reddening was also 
incorporated in this section. This enabled a temperature table to be 

derived, which was used in §ill£> to deduce the overall abundance and then 
in §lllc to construct synthetic spectra of some of the carbon molecular 

bands, viz., CH and CN. Finally in §IV the implication of the abundances 
derived in §111 was considered with respect to current evolutionary 

theories.

II. OBSERVATIONS
(a) Photometry

Broad-band VRI photometry was obtained in 1976 July and August and 

1977 March using a GaAs photomultiplier tube attached to the single-channel

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

a number of late-type B stars within a few degrees of this star were also 
observed in order to derive the amount of reddening. In columns (1) to (4) 

of Table 1 the identification, right ascension, declination and spectral 
type of all these stars are given. To transform these photometric 

observations on to a standard system, the E-region standards of Cousins 
(1973, 1974) were included in the observing program. An estimate of the 

reddening was extracted from intermediate band uvbyß photometry of the B 

stars in Table 1, acquired by Dr. M. S. Bessell using the 40cm telescope at 
Siding Spring in 1978 February.

(b) Spectra

Extensive high dispersion observations were obtained for V553 Cen, 

as well as several spectra of a comparison star, the short period 6 Scuti 
variable, p Puppis, which is a subgiant of similar temperature to V553 Cen 

(see Bessell 1969). All spectroscopic measurements were acquired at the 
coude focus of the 1.9m telescope at Mount Stromlo.

For the differential curve-of-growth analysis between V553 Cen and 
p Puppis spectra were recorded using the dchelle grating, the 40cm camera, 

and a Carnegie image tube. This gave good wavelength coverage between 
AA~4750 and -5100$, with a reciprocal plate dispersion of ~3.6$mm \  Within 

each spectral order the total wavelength coverage was approximately 80$. 
However, only about 50$ of this was of high enough quality for accurate 

equivalent width measurements to be made. The remainder was either under- 
or over-exposed because of the curved response function of the echelle 

grating system.
In addition to the above spectroscopic plates used in the curve-of- 

growth treatment, spectra were taken in blue spectral regions which covered 

the major molecular features of CI1 and CN, viz., the G-band for CH, and the
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TABLE 2

EQUIVALENT WIDTHS

W W- log /X - log /X
X Mult X p Puppis V553 Cen X Mult X Puppis V553 Cen

4745.13 67 2.21 5.26 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 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 
combination as above. The reciprocal dispersion in this instance was ~3.3&mm_1.

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 strengths.

As well as the spectra using the echelle grating, several blue spectra 

were taken using the B grating, the 81cm camera, and the two-stage Carnegie 

image tube. This combination gave a reciprocal dispersion of ~loRmm  ̂on the 

plate.
Hydrogen sensitized IlaO emulsions were used to record all the 

npootroscopic data, and they were traced on the Gottingen microphotomoter

which was programmed with an intensity 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 echelle plates are shown in Table 2, 

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

III. RESULTS
(a) Photometry

Light and colour curves were constructed from the VRI photometry of 

V553 Cen. The uvby$ photometry of the B stars has been used in obtaining 

an estimate of the reddening, E(B-V). This latter parameter will be 

discussed later in this section. The infrared (R-I) colours of V553 Cen 

have been dereddened, which gave intrinsic colours and thus a temperature 

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

(i) Light ccnd colour curves

The V magnitudes and observed (R-I) colours are tabulated in 
columns (3) and (4) of Table 3 and are also shown in Figures la and lb, 
respectively. The Julian Day and phase are respectively shown in columns 

(1) and (2) of this Table. The phase was determined using the ephemeris 

adopted by Lloyd-Evans et at. (1972), viz.,
Max = 2441124^28 + 2^06051 x E, 

dwhere 2.06051 is the period of V553 Cen, and E is an integer. The above 

relation then gives the J.D. of maximum light. In Figure la the data of 

Dean et at. (1977) were also included, and the good agreement attests to 

the reliability of the present observations.

(ii) Reddening

In the present work two reddening estimates 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) Light curve for V553 Centauri, with observations from Dean

et at. (1977) (A), and the author (®).
(b) The variation in the observed R-I colour with phase.
(c) Effective temperature T against phase. This temperaturee

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

VRI OBSERVATIONS FOR V553 CENTAURI

Julian Date
2440000 + 

(1)

Phase

(2)

V

(3)

(R-I)

(4)

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 0.374
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 concluded that reddening material is present in two forms: 

(1) concentrated in clouds and (2) a relatively uniform layer about 500pc 
thick, with the Sun approximately at the centre. However, the Sun is south 

of the centre with respect to the clouds. The uniform layer reddens material 
according to

E(B-V) = CL082 D ,
where D is the distance (in kpc) which the starlight travels within this layer. 

For V553 Cen, assuming <M^> ~ -1.0, the above formula gives E(B-V) = oTo5, 

shown in column (1) of Table 4.
Second, in column (2) of Table 4, E(B-V) = 0T06 was determined using 

the uvbyß filter system of Strbmgren (1966). The individual colours for 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

*Uniform
Layer
(1)

Intermediate 
Band Photometry, 

(2)

Cosec , TFormula
(3)

Intrinsic 
Colours T 

(4)

0?05 0?06 o • 3 O 00 0?14

* From Kron (1978).
+ From Arp (1962).
T From Johnson (1966).

to these stars, column (10) of this table, are smaller than that derived for 
V553 Cen, this method for determining the reddening gave a reliable lower 

limit, similar to the value obtained using the formula of Kron (1978). In 
their discussion Lloyd-Evans et at. (1972) adopted a value of E (B-V) = 0™10. 
This was based on two estimates, (1) the cosec formula of Arp (1962) and 
(2) the intrinsic colours of Johnson (1966). Both of these are shown 

respectively in columns (3) and (4) of Table 4. However, the relationship 
of Kron (1978) appears superior to (1) above, while the intermediate band 

photometry provides a better estimate of the reddening than trying to match 
an intrinsic colour to V553 Cen.

Thus, for the reddening in the direction of V553 Cen, E(B-V) = 0.06 

was adopted, which is a weighted mean of the Strömgren photometry and Kron's 

formula, a larger weight being assigned to the observational data.

Before we consider the abundances in the atmospheres of both V553 

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

used in the model atmosphere calculations.

(b) Atmospheric parameters 

(i) Effective temperature

An effective temperature, T^ = 6600 K, was derived for p Puppis from
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TABLE 5
ATMOSPHERIC PARAMETERS

Star
(1)

Te
(2)

Texc
(3)

log g 
(4)

[Fe/Il]
(5)

[C/Fe]
(6)

[N/Fe]
(7)

p Puppis 6600 6300 3.41 +0.36+ -0.3 ± 0.2 -  X
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 *-0. 1 +0.6 ± 0.3 +0.5 ± 0.4

From Bessell (1969).
tf No value determined (see text).
k Value adopted from Phase = 0.00 observations, 

the (I-K) measurement of Neugebauer and Leighton (1969), and the (R-I) colour 
of Iriarte et at. (1965).

For V553 Cen the effective temperature can be derived using Johnson's

(1966) (R-I) -T^ scales for supergiants. The observed (R-I)'s are in Cousins' 
(1974) system,but they can easily be transformed to Johnson colours using 
relationships given by Bessell (1977) and Eggen (1974). Consequently, if one 

adopts the reddening determined in § 1 1 1 a(ii) , namely E(B-V) ~ 0 T 0 6 ,  the 

variation in effective temperature with phase can be extracted from these 

observations. This is shown in Figure lc.

(ii) Gravity

The values chosen for this parameter are shown in column (4) of 

Table 5. For p Puppis, a value of log g = 3.4 was adopted following Bessell's
(1967) research, in which he used undisturbed atmospheric calculations.

The surface gravity for V553 Cen was determined using two basic
2 4relationships, namely that the luminosity, L “ R T and the gravity,e
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g a M/R where M, R, and T are respectively the mass, radius and effective0

temperature of the star. With respect to the Sun,
log g = log M/M + 4 log T - log L/L - 10.61,® e ®

where g is in cgs units. This required independent estimates of both the mass 
and luminosity.

Christy (1966) illustrated that the phase of the "hump" on the light
curves of RR Lyrae stars was related to the mass, and was independent of

helium abundance. For V553 Cen this "hump" occurs at a phase of 0.70 (see
Figure la) corresponding to a mass of -0.5 M . Assuming an absolute magnitude©

of -1, the low systemic radial velocity for V553 Cen gives a large velocity 
component in the direction perpendicular to the galactic plane, which in turn 

suggests that this object is a member of the old disk population. This 
conclusion is supported by V553 Cen's height of ~300pc above the galactic 
plane.

Although Lloyd-Evans et al. (1972) considered V553 Cen to be a member
of the disk population, they also noted this star's similarity to Type II
Cepheids, in particular BL Her, viz., minimum radial velocity occurring very

close to maximum light, and the ultra-violet excess between phases 0.5 and
0.8. In addition they point out that only short period stars of this type

have been discovered. This latter condition also prevails in the dwarf
spheroidal galaxies (see Norris and Zinn 1975) and in NGC 121, a red globular

cluster in the Small Magellanic Cloud. Thus in order to derive a luminosity

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 luminosity (log

L/L ) ~ 2.4 is assumed, from which using (1) above, a gravity (log g) of ©
~ 2 is derived.

The temperatures and gravities discussed above will be used in üllld 

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

abundances.

(c) Iron Abundance Determination

In this analysis a differential curve-of-growth treatment between 

p Puppis and V553 Cen was employed. This has been described previously by 

Cottrell and Norris (1978), and follows the method of Pagel (1964). In 

particular the assumption A0^ = ^®exc WaS ma<̂ e * In Ta^le 5 the parameters 
for both stars are tabulated.

Since spectroscopic observations of p Puppis covered a large wave­

length interval, it was possible to make a comparison between the equivalent 

width measurements of this work and those of Bessell (1969), who also carried 

out a curve-of-growth analysis on this star. This comparison is shown in 
Figure 2 for about 35 lines which we had in common, and illustrates that the 
present measurements are on the same system as those of Bessell. 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 the 
atmospheric microturbulence of ~6 km s  ̂was adopted for p Puppis.

For V553 Cen there were several echelle 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] j V553 Cen - p Puppis j- ~ -0.45 was determined. Thus V553 

Cen has a [Fe/H] - -0.10 relative to the Sun. The error associated with this 

parameter is a factor of 2, principally due to the errors associated with 

fitting the curve-of-growth from Bessell (1969) to the data shown in 

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



FIG. 2. - Comparison of equivalent width measurements for p Pvippis 

from Bessell (1969) and the author (PLC). The line has a

slope of 1 and passes through the origin.
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P Puppis
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—Log / T '  [ Bessell]



FIG. 3. - Fel curves of growth for (a) V553 Centauri and (b) p Puppis.
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velocity, 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 v̂_ 

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 made before we could progress to 

the determination of the carbon 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, and (2) that the models of Bell, 
Eriksson, Gustafsson, Nördlund (1976) for which a microturbulent velocity, 

v = 2 km s  ̂was generally adopted, could be used for stars in which the 

parameter had values up to 6 km s \  This is justified from Figure 10 of 

Gustafsson, Bell, Eriksson, and Nttrdlund (1975) where a change in v from 2 

to 5 km s  ̂resulted in AT's of less than 50 K. In addition, for V553 Cen 
it was assumed (1) that the atmospheric structure of the Bell et at. (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 [Ol] line at A-6300.3 X.

For example in the Sun (T - 5780 K) the equivalent width of this line is
0

only 5mA. Thus [O/Fe] =0.0 was adopted. Next the carbon abundance for 

both the stars under investigation was derived 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 AA4305 to 4325A,

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 

AA4305 and 4325A. (a) p Puppis v/ith v̂ _ = 6 km s
(b) Synthetic spectra with same parameters except v . Two 
values of v^, 2 and 4 km s "S the latter has the deeper 
lines. (c), (d) , and (e) V553 Cen at phases of 0.0, 0.6, 
and 0.45 respectively. All three synthetic spectra have v^ = 

4 km s \  Synthetic spectra in (a) to (d) have been 

convolved with a Gaussian whose FWHM = 0.5 A. In (e) the 
FWHM = 0.9 8. 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. From Figure 4a, p Puppis has a slight carbon deficiency 

relative to iron. 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 observational data. A microturbulent 

velocity of 6 km s (Bessell 1969) was used to construct this synthetic 
spectrum.

Before continuing with the comparison of synthetic and observed

G-bands of V553 Cen, we must determine a value of v to be used for this
' -1object. Figure 4b shows synthetic spectra with v s  of 2 and 4 km s . The 

latter gives a better fit to the observations as shown in Figure 4c and 4d. 
These figures illustrate V553 Cen at phases of ~0.0 and ~0.6 respectively, 

which approximately correspond to the maximum and minimum atmospheric 
temperatures. Osmer (.1970) in his study of F supergiants of luminosity 
classes la and lb, derived microturbulent velocities of ~5 km s \  Thus the 
adoption of 4 km s for V553 Cen, classified as belonging to class II, appears 
j ustificd.

Figures 4c, 4d and 4e yield C abundances of +0.9 dex, +1.0 dex, and 
+0.6 dex respectively, relative to the iron abundance. Thus carbon is over­
abundant in the atmosphere of V553 Cen by a factor of -7 relative to iron.

All the synthetic spectra illustrated so far, except Figure 4e, 

have been convolved with a Gaussian of full width at half maximum (FWHM) 
equal to 0.5oR, which compares favourably with the width of individual 

spectral lines obtained using the echelle system. For Figure 4e a FWHM =

0.90A was used to match the synthetic spectrum with observations of V553 Cen 

obtained with a normal grating system, 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 blueward from A3883A 

and the Av = -1 band, with bandheads at AX-4216 and "4 1 9 7 /L  Figures 5 and 6 

illustrate the results for the Av = -1 and Av = 0 bands, 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 X-3880A being underexposed and (2) the high 

effective temperature (T = 6600 K) and intrinsic weakness of the Av = -1 

bands (a factor of ~10 weaker than the Av = 0 bands). Similarly, at maximum 

light V553 Cen has no observable CN features in the wavelength range AA4205 
to 422oS.

However, Figure 5 displays the result for V553 Cen at a phase of -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 = 0.90A.
Finally in Figure 6a, a synthetic spectrum of the Av = 0 blue CN 

system is compared with coude echelle 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 = 0.90A. This latter figure illustrates an effect 
previously noted by Cottrell and Norris (1978). For very strong features, 

that is those which are formed in the top two or three depth points of the 

model atmosphere, large anomalies will result in the central depth. Thus, 

in order to derive a nitrogen abundance from a band of this type, one should 

consider features which are formed at larger optical depths, and features 
2 - 3 R 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 nitrogen 

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 parameters at each of 

these phases.

Two error 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 Alog g = +0.5 required the C 

abundance to be lowered by 0.2 dex, and the nitrogen to be enhanced by an 

additional 0.1 dex relative to iron. A A [a /H] = -0.3 leads to an increase 

in v from 4 to 6 km s \  as well as an increase in the carbon and nitrogen 

abundances by 0.4 and 0.3 dex, respectively. Neither of these error estimates 

alter the major result of this research, namely that both carbon and nitrogen 

are enhanced in the atmosphere of V553 Cen.

Before concluding this section some comment must be made concerning 

the s-process elements barium and strontium. The echelle plates obtained 

for this analysis did not enable examination of the Ball lines at either 

AX-4554 or 4934^. The only s-process line accessible on these plates was 

the SrII line at 14215.5^, which coincides with a Av = -1 bandhead of CN.

The observed spectra of p Puppis and V553 Cen, the latter at maximum light, 

correspond to almost identical effective temperatures, and at A-4215 there 

appeared to be no significant enhancement of this line in the Cepheid.

However, additional spectra should be obtained to investigate these species, 

before a conclusion can be reached concerning the abundance of barium and 

strontium.

From the above discussion, carbon and nitrogen are enhanced in the 

atmosphere of V553 Cen by +0.7 and +0.4 dex respectively, relative to the 

Sun, while the s-process element strontium (on the basis of a single line) 

appears to be normal. The implications of these abundances on the

evolutionary status of this star will be considered in [ilV.



70

IV. EVOLUTIONARY CONSIDERATIONS 
In an attempt to interpret the results derived for V553 Cen, let us 

begin with a summary of the properties of this Cepheid. From §111, the 

overall metal abundance, except for carbon and nitrogen, is slightly deficient 

in V553 Cen relative to the Sun. Carbon and nitrogen are enhanced relative 

to solar abundances by factors of 5 and 3 respectively. On the basis of 
current evolutionary theory of single stars this would require material, 

processed by both the triple - a and CN processes, to be mixed into the surface 
layers. This scheme of enrichment was discussed recently by Bessell and Norris 
(1976) as one scenario for the abundance peculiarities in m Cen. For triple - 
ex processing the star must have evolved beyond the red giant branch phase.

From §IIl£> the present mass of V553 Cen was estimated to be -0.5Mo
(following Christy 1966). However, following the He-flash a star with solar

composition must have an extremely small envelope mass to evolve as far blue-
ward as the instability strip. According to Gross (1973), a 0.50M solaro
composition star with a core mass of 0.45M would have its helium-core burningo
(horizontal branch, HB) evolution to the blue of the instability strip. 

Subsequent evolution off the IIB into the region of the suprahorizontal branch 

(above horizontal branch, AHB) could produce stars with solar abundance, and 

even variables with periods longer than those of the RR Lyraes. Thus V553 

Cen could be the progeny of the strong-lined RR Lyrae stars of Preston (1959). 

The evolution of these stars has been considered by Kraft (1972). Kraft's 
interpretation was that they started with masses much larger than their 

globular cluster counterparts, but lost more mass during their evolution to 

the HB. However, to attain a carbon-nitrogen-rich atmosphere at this stage, 

enriched material would have to be mixed either at the He-flash or during the 
quiescent He-burning stage on the HB. The latter has not been demonstrated in 

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 nitrogen. Thus we have to consider a later stage of evolution, 

namely the asymptotic giant branch (AGB), to explain the abundances derived 

for V553 Cen.

A 0.5M HB star with an envelope mass of -0.05M could pass through © - ©
the instability strip at a log L/L of ~2 if it continues to lose mass as it©
evolves up the AGB. Theoretical calculations (Mengel 1973; Gingold 1974) 

have shown that stars with envelope masses of -0.01 - 0.02M^ evolve away from 

the AGB, towards the white dwarf region. Thus, V553 Cen could be a loop 

Cepheid (as defined by Kraft 1972) evolving through the instability strip 

with a luminosity only slightly above the AHB. The anomalous carbon and 

nitrogen abundances could have been obtained during He-shell flashes on the 

AGB, following CN-processing on the products of the triple - a reaction.

Only relatively small amounts of this enriched material are required to be 

mixed into the envelope as these layers contain so little mass (< 0.05M^).

If these types of Cepheids loop off at comparatively low luminosity, this 

could explain why no carbon-rich Cepheids have been discovered at longer 

periods, i.e. > 2 (see Lloyd-Evans et al. 1972).

Although the above scenario provides an interpretation of the 

abundances obtained in §111, it is necessary to 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 lost mass to a secondary star, or 

some property of this star has induced it to lose mass at a greater rate than 

other objects. While the binary star proposition could be investigated 

further by a detailed photometric and radial velocity search for secular 

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 lie 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 layers.

Finally, let us consider that a star is completely mixed at the

helium core flash. The subsequent evolution of these objects has been

considered by two groups of researchers. Petersen (1972) evolved helium

dominated models in the log L - log T plane, and these show that a 0.7M stare ©
with an hydrogen mass fraction of 0.2 will evolve off the He-rich main 

sequence and through the instability strip with a luminosity similar to that 

of V553 Cen. The enhanced C and N abundances are respectively accounted for 

by the triple - a reaction at the core flash and subsequent CNO processing.

A slightly different approach was investigated by Paczynski and Tremaine 

(1977) , who artificially produced off-centre helium core flashes. These led 

to mixing of the helium core with the envelope, and although no details of 

these objects' movements in the HR diagram are given these authors suggested 

that this process could produce the subgiant CH stars discussed by Sneden 

and Bond (1976). These objects could in turn by the progenitors of stars like 

V553 Cen. Further model calculations using He-dominated atmospheres could 

provide additional constraints on the amount of helium enrichment required 

before helium opacities, namely He , become the principal source of continuum 

opacity. However, both the production of fully mixed models and off-centre 

core flashes have not been constructed without altering currently accepted, 

basic input physics.

Consequently although extensive mass loss is required in the inter­

pretation of V553 Cen as a loopCepheid, 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 results were determined: (1) the iron abundance in this
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star is close to solar; (2) the carbon and nitrogen abundances are enhanced 
by factors of 5 and 3 respectively relative to the Sun, and (3) the solar 

abundance for iron applies equally well to the other elements, as shown in 
the synthetic spectra constructed in the neighbourhood of the molecular 

features. From the above investigation, V553 Cen is thus a carbon-nitrogen- 

rich Cepheid with a near-solar metal abundance.

Finally it is suggested that V553 Cen is most appropriately inter­
preted as a loop Cepheid with a luminosity only slightly higher than the 

suprahorizontal branch. The carbon and nitrogen enrichments are a result of 
He-shell flashes, prior to the stars final evolution away from the giant branch 

on its way to becoming a white dwarf.
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C H A P T E R  4

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

P. L. Cottrell 

ABSTRACT

Seven extremely metal-weak giant stars have been analysed. Five 
of these were selected from the objective prism survey of Bidelman and 
MacConnell. Carbon and nitrogen abundances were determined for all seven 
stars by constructing synthetic spectra of regions which contain many lines 
of the CH, CN, and NH molecules. 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 (relative to the metals) was 
determined as the gravity was reduced (i.e., with increasing luminosity).
The above relationship can be interpreted in a similar manner to the 

12c/1 Ĉ ratios discussed by Dearborn, Eggleton, and Schramm, namely that 

as stars evolve to higher luminosities, there is mixing of CNO-processed 
material into the outer layers. 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 properties of objects which were probably formed during 

the early evolution of the Galaxy. Dwarf stars, in which no products of 

nuclear processing are expected in the outer layers, will therefore still 

be exhibiting their primordial abundances. However, giants have evolved 
sufficiently that their outer layers could have become contaminated with 

the products of interior burning. Many schemes have been discussed which 
have endeavoured to interpret various extreme surface abundance anomalies, 

viz., CH stars (both giant and subgiant), and Ball stars (see Sackman,
Smith and Despain 1973; Ulrich and Scalo 1972, 1973). In addition, there 

are a number of giant stars having more subtle peculiarities in their 
atmospheric layers. Such peculiarities include the variation in the 12C/^C 
ratio as a function of the star's position on the giant branch (Dearborn, 
Lambert, and Tomkin 1975), the CN strong stars in the globular cluster M5 
(Osborn, 1971; Zinn 1977), and the weak-G-band stars in both globular 
clusters (Zinn 1973, 1977), and the field (Cottrell and Norris 1978; Sneden 

et at. 1978) .

The extremely metal-deficient population II field star HD 122563 

has been the subject of many abundance analyses (Wallerstein et at. 1963; 
Wallerstein and Heifer 1966; Pagel 1965; Ball and Pagel 1967; Wolfram 

1972; Sneden 1973). Wallerstein et at. (1963) 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 Heifer 1966). The most recent fine analysis 

(Wolfram 1972^ confirmed this latter result, that is [Fe/H] = -2.7 ± 0.3. 

Wolfram also derived a C abundance from his observations, [C/Fe] = -0.4 ± 0.4. 

Sneden (1973), using these parameters, obtained a nitrogen abundance,
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[N/Fe] = +1.2 ± 0.5. Sneden assumed [O/Fe] = 0. However, Lambert, Sneden, 

and Ries (1974) have since determined an oxygen abundance, using a coude 

echelle scanner in the region of the [Ol] line at A-6300.3X. From this 

feature an overabundance of oxygen relative to iron was derived, quantitat­

ively, [O/Fe] = +0.6. No redetermination of the carbon and nitrogen 

abundances was made. Lambert et at. (1974) briefly discussed the evolution­

ary implication of their result, and concluded that the enhancement of 

oxygen must have been primordial, since CNO nuclear-burning 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, having gravities, log g, between 1.3 and 3.8.

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

< 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 as indicating that the products 

of CNO burning had been mixed into the surface layers, with the mixing 

becoming significant at a log g = 2.4. If one makes some assumption about

the mass, namely log M/M = 0 for these population II giants, a luminosity,©

log L/L " 2 is determined. Examination of Figure 3 of Dearborn et at. o
(1975) shows that this is the same luminosity at which the 12C/*3C ratio in 

red giant stars, is consistently being observed with values (~15) signifi­

cantly lower than the solar value (-90). Theoretical calculations, involving 

burning via the CNO cycle, indicate that both the lowering of the *2C/^C 

ratio and a decrease in the value of C/N are produced (see Dearborn, Eggleton, 

and Schramm 1976), although their calculations cannot interpret the extremely 

low 12C/13C values (-5-10), observed in a few stars.

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

analysed. In particular, carbon and nitrogen abundances have been determined 

(ÖIV). The observational data, both spectroscopec and photometric (RT and
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DDO), are described in §11, with the DDO photometry being the basis for the 

gravity and metal abundance determinations (§111). Finally, the abundance 
results are discussed (§V) with particular reference to the work of Sneden 

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

II. OBSERVATIONS
In this analysis, the program stars have come principally from the 

extensive tabulations of Bidelman and MacConnell (1973) . Generally, stars 
in their Table V, which had an extreme degree of metal-line weakening, were 
selected. All the stars studied here are shown in column (1) of Table 1.
Two previously studied weak-lined stars were also included, viz., HD 122563 
and HD 165195. A carbon and nitrogen abundance analysis of HD 122563 enabled 
a comparison with other determinations (see Sneden 1973). Alexander (1971), 

in his search for metal-deficient stars in the Cape Photographic Catalogue, 
had 2 stars in common with Bidelman and MacConnell (1973). One of these,
HD 184711, was analysed in this research. According to Bidelman and 

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

(a) Spectra

Using the coude focus of the 1.9m telescope at Mount Stromlo, and 

various combinations of gratings and cameras, spectroscopic data were 
acquired which were centred on two ..wavelength regions. These regions 

contained molecular bands which are sensitive to changes in the carbon and 
nitrogen abundances. In particular, spectra around X~430oR (the G-band) 

and the CN features at A~388oR were obtained. The dispersion of the 

observational data was dependent on the brightness of each object at the 
chosen wavelength. For example, for HD 122563 the coude echelle and the 
400111 camera combination gave a reciprocal dispersion of ~3-4A mm \

However for all other objects, reciprocal dispersions between ~7 and ~14A
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mm were obtained using either the B or C gratings, in combination with 

either the 40cm or 81cm cameras. For two stars, HD 122563 and HD 21022, 
spectroscopic data of the NH features near A~3360$ were acquired using the 
cassegrain spectrograph on the 1.9m telescope at Mount Stromlo. For this 

data the reciprocal dispersion was ~33A mm and the resolution was 
slightly lower than that obtained using the coude focus with a reciprocal 

dispersion of ~14R mm \  Image intensifier tubes were attached to all 
cameras. The spectra were recorded on either nitrogen or hydrogen sensitised 

IlaO emulsions. Where possible, two spectra of each region were obtained for
I

each star. Having traced the spectrograms, using the Göttingen microphoto­
meter (which was programmed with an intensity calibration), the measured 
residual intensities were punched into a computer. For a given star and 
wavelength interval, the intensities were added numerically, and then spline 
interpolated to give a smooth spectrum. The spectral observations were then 
in a form which could be compared directly with the instrumentally convolved 

spectrum synthesis data of the same wavelength region.
For one of the objects, HD 84903, an IPCS spectrum near the CN 

features at A-3883R was acquired by Dr. M. S. Bessell, using the 3.9m Anglo- 
Australian Telescope. This observation had a reciprocal dispersion of 

~5^ mm \  and to match the resolution, the synthetic spectrum was convolved 
with a Gaussian having a full width at half maximum (FWHM) of 0.3&.

(b) Photometry

DDO photometry was acquired for all the program stars, except

HD 122563, by Bessell and Norris (1978). The observed C(45-48), C(42-45),
and C(38-42) colours are given in columns (2) to (4) of Table 1. Some of

the stars in this table have (R-I) colours from Eggen (1974). TheK
remainder were observed using the 76cm telescope at Mt. Stromlo, employing 

a single-channel photon-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) (Eggen 1974), and are shown in column (5) of Table 1. This enabled J
an effective temperature to be derived, using an estimate of the reddening

E(B-V), and the T - (R-I) calibration of Johnson (1966). et t J
Norris, Bessell, and Pickles (1978) have embarked upon a detailed 

DDO analysis of a large number of stars from Bidelman and MacConnell's (1973) 
lists of weak-lined objects. From the DDO photometry, an absolute magnitude, 
M , and a metal abundance, [m/h ] have been extracted, using the theory 
developed by Osborn (1971). ([M/H] is the logarithmic difference in the
abundance of all metals between the star under investigation and the Sun.)

Bessell and Norris (1978) have also determined a reddening in the 

direction of one star, +6°648, and E(B-V) for another, HD 165195 has been 
taken from Wallerstein et at. (1963). For all other stars, 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 which 
starlight has to travel through a uniformly absorbing layer, 500pc thick.
The Sun is considered to be at the centre of this layer. E(B-V) adopted 

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

III. ATMOSPHERIC PARAMETERS AND THE REDUCTION TECHNIQUE 
From the photometry described in the previous section, the basic 

atmospheric parameters for each star can be derived. The effective temper­

ature, gravity, and metal abundance for all the program 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) 
colours, while the metal' abundance has been extracted from Figure 3.8 of 

Osborn (1971). To derive a value of the gravity from (column (7) of 

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

ATMOSPHERIC PARAMETERS

Star
(1)

,0 v T ( 10ef f
(2)

log g 
(3)

[M/H]
(4)

HD 21022 4550 1.30 -2.5
+6 648 4400 1.35 -2.7
HD 36702 4200 0.80 -2.0
HD 84903 4100 0.80 -2.7
HD 122563* 4600 1.20 -2.7
HD 165195 4350 1.35 -2.5
HD 184711 3950 0.50 -3.0

Parameters from Wolfram (1972).
ti From Wallerstein and Heifer (1966).

2 4  2 0.4(4.75 - R )
L = 4ttR ö T  ̂ / 9 = GM/R , and L = 10 ° ,

which gives

log g = 4 log T ^ ^  + °*^Mbol + M//M0 ~ 12.52.
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 some assumption has to be made about 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 considered (see Gingold 1974; Schwarschild and Harm 1967). ©
Applying the upper limit, log M/M = 0, 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 abundance 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 constructed by Bell, 
Eriksson, Gustafsson, and Nördlund (1976). These were subsequently used to
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compute synthetic spectra in the following wavelength intervals: (1)
ÄA4300 - 433oX to determine the carbon abundance, (2) AA3860 - 3885A to
derive a nitrogen abundance, and finally for stars where the observational
data were acquired, (3) XX3355 - 3380A for an additional estimate of the

nitrogen abundance. The synthesis technique has been described in more detail

by Cottrell and Norris (1978) and Cottrell (1978).

In this abundance analysis two assumptions have been made in the
construction of the synthetic spectra: (1) that [0/M] = 0, and (2) that

a microturbulent velocity, v̂_ of 2 km s  ̂can be applied to all stars. The
observational data is not of high enough resolution for these parameters to
be derived. Variations in v will be considered in the discussion of errorst
(§IVe). Sneden (1974) considered variations in the oxygen abundance, and 
consequently they will not be considered further in this research.

IV. MOLECULAR BAND ANALYSIS 

(a) Carbon and nitrogen abundances 

In the determination of these abundances, the following sequence 

was employed. The fluxes for the G-band were computed for the parameters 
shown in Table 2, and initially,

[C/M] = [N/M] = 0.
(We recall from the previous section that [O/M] = 0 has been adopted.)

These fluxes were then convolved with the appropriate instrumental profile 
and superimposed on the observational data. The carbon abundance was then 

adjusted until a good fit to the observations was procured. If Nil 
observations had been acquired, synthesis of this feature now proceeded, 

first adopting [N/M] = 0, and subsequently altering this value (if required), 
to obtain an acceptable fit to the observations. The NH region is contam­

inated by atomic lines, and the spectroscopic data are of low resolution,
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s o  t h e  b l u e  Av = 0 CN f e a t u r e s  were  u s e d  t o  d e r i v e  an  a d d i t i o n a l  n i t r o g e n  

a b u n d a n c e .  I n  f a c t ,  t h e s e  l a t t e r  f e a t u r e s  w e re  t h e  s o l e  s o u r c e  o f  t h e  

n i t r o g e n  a b u n d a n c e  i n  a l l  e x c e p t  HD 122563 an d  HD 21022.

U s i n g  t h e  ab o v e  s e q u e n c e ,  c a r b o n  an d  n i t r o g e n  a b u n d a n c e s  w e r e  d e t e r ­

m in ed  f o r  a l l  t h e  s t a r s  shown i n  T a b l e  1 ,  an d  a r e  d i s p l a y e d  i n  T a b l e  3.  To 

i n v e s t i g a t e  an y  s y s t e m a t i c  e r r o r s  b e t w e e n  t h i s  w ork  a n d  t h a t  o f  S neden  (1 9 7 3 ,  

1974) , t h e  o b s e r v e d  an d  s y n t h e t i c  s p e c t r a  f o r  HD 122563 a r e  shown ( F i g u r e  1 ) .  

A s h o r t  d e s c r i p t i o n  o f  t h e  a b u n d a n c e  r e s u l t s  f o r  t h i s  s t a r  i s  g i v e n  i n  t h e  

f o l l o w i n g  p a r a g r a p h s .  Comments on a l l  t h e  o t h e r  o b j e c t s  w i l l  b e  g i v e n  i n  

§IVb, and i n  § IV c ,  t h e  e r r o r s  w i l l  b e  d i s c u s s e d  i n  d e t a i l .

TABLE 3

CARBON AND NITROGEN ABUNDANCES

S t a r [C/M] [N/M] [C/N]
(1) (2) (3) (4)

HD 21022 

+ 6°648

- 0 . 1 + 0 . 4 - 0 . 5

- 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 + 0 . 9 f - 1 .  3

HD 165195 - 0 . 6 + 0 . 4 - 1 . 0

HD 1 8 4 7 1 1 # - 0 .  6 +0.  4 - 1 . 0

U s i n g  M/H = - 2 . 4 ,  i n s t e a d o f  - 2 . 7 ( s e e t e x t ,
§iv£>).

*
From G-band , CN f e a t u r e s  ( s e e  t e x t , §iva) •

i
U s i n g  ( 1 , 1 ) b a n d  o f  NH, CN f e a t u r e s ( s e e t e x t ,
filVa) .

U s i n g  M/H = - 2 . 7 ,  i n s t e a d  o f  - 3 . 0  ( s e e  t e x t ,  
SIV b ) .
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Figures la-d show respectively the observed and synthetic spectra of
the G-band, NH feature, and two Av = 0 CN bands for HD 122563. As seen in

Table 3, carbon is only slightly deficient, while nitrogen is not enhanced

by as large a factor as determined by Sneden (1973). The errors associated

with these values are illustrated well in Figures lc and Id. In Figure lc

the nitrogen abundance has been determined using the CN features, having

adopted the carbon abundance from the G-band. However, in Figure Id, having

established a nitrogen abundance from the NH features (principally the
(1,1) band near A-3370A), the carbon abundance was derived using the CN

bandheads. All the abundance determinations are within the error bars given

by Sneden (1973). The (0,0) band of the NH feature, at a wavelength of

~3360A, shows a similar effect to that described by Cottrell and Norris (1978),

that is for features formed in the top two or three depth points of the model
atmosphere, large errors resulted in the central depth.

There was one difference between this analysis and that undertaken
by Sneden (1973, 1974). It concerned the dissociation potential (D ) of CN,o
for which a value of 7.89 eV was used in the present work, compared with 

7.55 eV adopted by Sneden. The higher value is now believed to be closer 

to the correct value (see Arnold and Nicholls 1973). This effect was shown 

in Figure 4a of Sneden (1973), in which the higher Dq produced the stronger 

features. Thus if Sneden had adopted the higher value of he would have 

had to lower his N abundance to fit the CN features around AA~3871 and ~3883A. 

This would mean that both his and the present observations would 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 deriving the C and N abundances.

HD 21022 — The G-band, Av = 0 CN around A~388oS, and the NH features



FIG. 1. - Observed and synthetic spectra for HD 122563. (a) The G-band

region, (b) the near ultra-violet NH features, (c) and (d) 
the Av = 0 CN features. Each of the curves is identified.

The abundances for the computed spectra are given in the legend 

The synthetic spectra in (a), (c), and (d) were convolved with

an instrumental profile with a full width at half maximum 

(FWHM) of 0.3A. The convolved profile in (b) had a FWHM = 1.0A
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HD 122563

OBSERVED 
cm / h : = - 2 . 7  
CC/MT = - 0 . 1

432543154305
WAVELENGTH (A)

HD 122563

OBSERVED 
CM/H]  = - 2 . 7  
CN/M]  = + 0 . 9

3365
WAVELENGTH (A)

3355
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HD 122563

- OBSERVED
c m/h : = -2.7.
[C/M] = -0.1, CN/M] = +0.6

O l ___ I___ L i t i i i 1 i i I i i i i i

3865 3875
WAVELENGTH (A)

3885

I

3865

HD 122563

---  OBSERVED
---  [ M/H ] = -2.7,

[C/M3 = -0.4. CN/M] = +0.9

o l ___ l___ l___ I___ l___ l___ l___ l___ I___ i i t i i i i
3875

WAVELENGTH (A)
3885
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are shown in Figures 2a-c. This object has only a small carbon deficiency 

(relative to the 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, 

although a complete match was not obtained for all features.

+6°648 —  Using the metal abundance shown 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 nitrogen abundances. The fit was still not 

perfect, with the error probably due to an uncertainty in either the 

effective temperature, as a result of the large E(B-V), or the microturbu­

lence. In fact, despite the high galactic latitude (30° below the plane),

E (B-V) = 0.25, which transformed to a AT ^  ~ 500 K. If this reddening 
had been overestimated, the cooler temperatures would give stronger neutral 
lines, and therefore a better fit to the observational data. Synthetic 
spectra of the G-band and CN feature were reconstructed using the following 

atmospheric parameters,

T __ = 4100 K, log g = 1.30, [M/H] = -2.7,eft
which required a slight readjustment of the C and N abundances, namely 

A[C/M] = -0.2 and A [N/m ] = +0.1. 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-4323A and the region AA~4310 - 

~4313A, which are both sensitive carbon abundance determinators. The metal 

lines gave a good fit for [M/H] = -2.0, while nitrogen was slightly under- 

abundant. This was the only object in the group of stars under investigation 

for which a deficiency of nitrogen, 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

(FVJHM = 0.5A) , (b) CN features around X-3880A (FVJHM = 0.9A) ,

(c) NH features (FWHM = l.o8).
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HD 21022

OBSERVED 
CM/HD = - 2 . 5  
CC/MD = - 0 . 1

4310 43204300 4330
WAVELENGTH (A)

HD 21022

OBSERVED 
CM/HD = - 2 . 5 .
CC/MD = - 0 . 1 .  CN/MD + 0 . 4

3860 3870
WAVELENGTH (A)

3880

co
z
UJ

_J
c
r>
o
CO
UJ
oc

HD 21022

OBSERVED 
CM/HD = - 2 . 5  
CN/MD = + 0 .4

3355 3365
WAVELENGTH (A)

3375



FIG. 3. - Observed and synthetic spectra for HD 84903.(a) G-band

(FWHM = 0.9A), (b) and (c) Av = 0 CN features. In (b) , the
synthetic spectrum is compared with data obtained using the 
coude at Mount Stromlo (FWHM = l.oS), whereas higher resolution 
IPCS data (FWHM = 0.3^), acquired using the 3.9m AAT, was the 

comparison in (c). The dotted curves in (a) and (b) are 

computed spectra from which all the CH and CN line contrib­
utions have been removed.
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HD 84903

OBSERVED 
C M/H3 = - 2 . 7 . 
CC/M 3 = - 1 . 1  
all CH lines removed

4300 4310 4320 4330
WAVELENGTH (A)

COz
UJ

c
:o
a
CO
UJ
QC

HD 84903

OBSERVED 
CM/HD = - 2 . 7 .
CC/M3 = - 1 . 1 .  CN/M3 
all CH, CN lines removed

+ 0 . 4

3860 38803870
WAVELENGTH (A)

HD 84903

OBSERVED 
C M/H 3 = - 2 . 7 .
CC/M 3 = - 1 . 1 .  CN/M ] + 0 . 4

3370
WAVELENGTH (A)

3860 3880
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this star. Also shown on Figures 3a and 3b are the computed spectra from

which all the CH and CN contributions have been removed. Thus, although 
the molecular features are weak, they are a major contributor to the opacity 

in these regions. Figure 3c illustrates the same wavelength interval as 

Figure 3b, but shows the IPCS data, which gives better resolution than the 

camera/grating combinations employed in obtaining most of the other 
observations. One point which should be noted is the good fit to all the 
strong metal lines (in particular AX~3872, -3878^) in the IPCS data, 
compared to the poor fit to these same lines in the spectra obtained using 

the coude focus of the 1.9m telescope at Mt. Stromlo. Additional observations 
should be obtained to investigate this anomaly. This star, which is a 
typical member of this group, will be considered further in the error 

analysis (§ IVo).
HD 165195 — An extremely good fit was obtained using the atmospheric 

parameters shown in Table 2, and the C, N abundances of Table 3. Hence, the 
metal abundance from Wallerstein and Heifer (1966) is well justified. These 
authors also indicated that this star was peculiar in the <5(U-B) - [Fe/H]- 

plane. However, if the reddening, E(B-V) was reduced from 0.25 to 0.18 
this anomaly vanished. In the present analysis, the larger reddening, which 

gives a hotter effective temperature produces synthetic spectra which closely 
resemble the observations. Recent work by Bohm-Vitense and Szkody (1974) 

has shown that HD 165195 does not have a peculiar ultra-violet excess for 
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 photometry, it is 

the most metal-poor star which has ever been analysed. However it should 
be noted that the abundance for this star was obtained by extrapolating 

outside the <Sc(38-42) - [Fe/Hj calibration of Osborn (1971). From the C
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and N analysis, carbon is overdeficient by a factor 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 abundance, and micro­

turbulence were varied in an effort to clarify the situation. For a gravity, 
log g = 0.85 and a [m/H] = -3.0, a fit to both the G-band and A-3883X CN 

band was obtained for [C/M] = -0.7 and [N/M] = +0.6. With a [M/H] = -2.7 
and a log g = 0.50, [C/M] = -0.6 and [N/M] = +0.4. These latter determin­

ations are the values given in Table 3. All of the above values were 
derived for a microturbulent velocity, of 2 km s \  However, was
increased to 3 km s ^, with [M/H] = -3.0 and log g = 0.50, and a better fit 
was obtained to the observations, in particular the metal lines, since this 
increase does not affect the strength of the molecular lines (see §IVc).
An increase in the microturbulent velocity could be justified since this 

object has the highest luminosity, and thus the most extended, and possibly 
the most turbulent atmosphere.

(c) Error analysis

The errors associated with the determination of the carbon and 

nitrogen abundances were investigated by altering the atmospheric parameters 
of one star, HD 84903, which can be considered to be typical of this group 

of objects. The gravity, metal abundance, and microturbulence were all 

changed by a factor of 2(.3 dex), while the effective temperature was varied 

by ±250 K. Only one parameter was changed at any one time. The results of 

this analysis are illustrated in Table 4. The change required in each 
abundance is considered independently of the other two.

From Table 4 it can be seen that the carbon abundance determination 
is almost independent of changes in the temperature, gravity, and [M/H].

Hie small temperature and gravity dependence of the G-band have been shown 

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

ERROR ANALYSIS FOR HD 84903

Atmospheric Parameter 
(1)

A[C/M] 
{2)

A [N/M] 
(3)

A[M/H] 
(4)

AT _ _ = +250K +0.05 +0.50 +0.10
eff ”

Alog g = +0.3 -0.05+ +0.05 +0.05

A[M/H] =+0.3 -0.05+ -0.30+ -

Alog £ = +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 interesting. As the metal abundance is lowered in these cool model 
atmospheres, the dominant continuous opacity source, H is also decreased, 

since it is dependent on 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 opacity, remains almost constant as the metal 

abundance is altered by a factor of 2. Consequently, the carbon abundances 

indicated in Table 3 are probably accurate to about ±0.2 in the logarithm. 

However, this does not take into account any errors which could be introduced 
due to variations in the oxygen abundance. This error estimate was not 

examined in this research, as it has been done previously by Sneden (1974; 
in particular see Table 5). For a star of about the same temperature, gravity 

and metal abundance as HD 84903, Sneden gave A[C/M] ~ ±0.30 for a A log 0 = 
±0.50.

In contrast to the carbon abundance, nitrogen is much more sensitive 

to changes in some of the atmospheric parameters. The notable exception is 

the only slight A [N/M] for a A log g = 0.3, even though CN is normally a 
luminosity indicator. Over a factor of 2 in the gravity 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 energy of CN {of. CH, = 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, determined from CH, is 

unaffected by changes in the overall metal abundance. If the abundance of 

nitrogen was derived from NH features, a similar conclusion could be 

applied to this element. However, the paucity, and lower resolution of 

the NH observations, compared with the CN bands, meant that one has to rely 

on the CN features. As the metal abundance is lowered, the CN number density 

declines as the square of the metal abundance, whereas the continuous opacity 
(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 for 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 will be discussed further in §V.
The overall metal abundance is the only parameter which is signif­

icantly affected by the microturbulence, since the molecular lines, from 

which [C/M] and [N/M] are derived, are on the linear portion of the curve- 

of-growth (see Sneden 1974). However, the original choice of = 2 km s ^, 

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] v s . [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 nitrogen abundance must be 

enhanced by a similar factor. Thus for reliable nitrogen 

abundances, a reasonable fit is required between the observed 

and computed atomic lines.

- [M/H] 

those

vs. log g for the giants analysed in this work,®, and 

investigated by Sneden (1974),0.

FIG. 5 .
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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 analysed a small sample of extremely metal-poor 

giants, in order to investigate the possible effects of mixing in highly 

evolved objects. Sneden (1974) undertook a similar investigation, but he 

considered objects which had a larger range in gravity, 1.2 < log g < 3.8. 

However, three of his objects had similar gravities to those considered in 

this wTork. One star, HD 122563 was common to both studies. All of these 

stars are shown in the [M/H]-log g plane (Figure 5), where the [M/H] and 

log g's for the program stars have been taken from Table 2. By identifying 
individual points in Figure 4, there is a general trend for the objects with 

the lowest gravities to be those with the largest nitrogen enhancement.
This last relationship, [N/m ] versus log g, is shown in Figure 6. Thus for 
conclusions to be drawn from the abundance results obtained in the previous 

section, the effect shown in Figure 5, that the lowest metal abundance 
objects have the smallest gravities, has to be considered. This is well- 
illustrated 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 sample of stars which have been 
analysed.

In addition to the nitrogen enhancement, [C/N] shows a strong 

correlation with gravity (Figure 7); the lower the 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 at. 
(1976) in their investigation of the C/iJC ratio in red giant stars.



FIG. 6. - [n/m ] v s . 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, §1Vb).

FIG. 7. - [C/n ] v s . log g for the program stars. The error bar is as
for Fig. 6.
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They found that with increasing luminosity this ratio decreased from near

solar values (-90) at log L/L ~ 0.5 to values of ~10 at log L/L ~ 3.0.© ©
The connection between 12C/13C and C/N was also discussed by 

Dearborn et at. (1976). During main-sequence evolution, 12C is burned via 

the CNO cycle. One of the products of this burning is C. However, the 

ultimate product is N. As the star evolves off the main sequence, a deep­

ening surface convection layer can mix both 1 3C and N into the outer layers, 

producing both low 12C/13C and low C/N. For Dearborn et at.'s (1976) 

group of stars, this once only deep penetration of the surface convective 

zone is not sufficient to produce the extremely low 12C/13C ratios of -5-10 

observed in some of their objects. The above authors considered that mass 

loss and hydrogen-shell instabilities could reproduce their observations, 

without having to invoke abnormally low 12C/13C ratios in the interstellar 

medium. However, the artificial nature of these instabilities must always 

be remembered.

For the above arguments to be applied to the objects studied here, 

it is necessary to establish that the program stars have luminosities lower 

than that required for He-shell flashing. Using

log L/Lq = 0.4(4.75 - ) ,

and the M 's from column (7) of Table 1, we obtain luminosities between v
"2.5 and ~3.3. Theoretical calculations for 0.6 M and 1 M Population II© ©

stars by Gingold (1974) and Schwarzschild and Härm (1967), indicate that 

helium-shell flashes begin at luminosities, log L/L of ~3 and ~2.7,
O  '

respectively. 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 reasoning to that discussed by Dearborn et at. 

(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 flashes

could be the process by which some of these stars obtained their peculiar
abundances. Gingold (1974) was only able to produce a small change in the

surface C and N abundances in the evolution of his 0.6 M Population II model©

through 14 relaxation oscillation cycles. Thus either an increase in the

efficiency of the mixing or substantial mass loss (or 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 combination of
mixing on both the first and second giant branches could also produce low

carbon and enhanced nitrogen abundances in the surface layers. A larger
sample of stars is required before the solution can be finally resolved,
but if a two-phase process is operating, there should be a larger scatter
in the [c/N]-log g plane for log g < 0.80, compared with > 0.80, since
objects with log L/L > 3 could be in either phase of evolution.

©  ~

VI. CONCLUSIONS
Using spectrum synthesis techniques, the carbon and nitrogen 

abundances have been determined in seven extremely metal-poor giants, 
selected mainly from the lists of Bidelman and MacConnell (1973). Consider­

ing the stars as a group, the C/N ratio exhibits a correlation 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 bo a result of mixing during the first ascent of the red giant
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branch. Thus the discussions of Dearborn et at. (1976), who investigated the
12c/13c ratio for stars in this evolutionary phase, appear to be relevant in

the interpretation of the above results, since both 13C and N are formed

from 12C in the CNO-buming cycle. This produces low 12C/13C, enhanced
nitrogen and a low C/N ratio. The variation with decreasing gravity

(increasing luminosity) may be produced, according to Dearborn et at. (1976),
by a combination of mass loss and hydrogen-shell instabilities, where each
instability mixes some of the CNO-processed material into the surface layers.
However, for objects more luminous than log L/L ~ 3, the observed abundances©
could be a result of helium-shell flashes and/or the processes discussed 
above. Thus in a larger sample of objects, a large scatter in the [C/N]-log 
g relationship for log g < 0.8 could indicate that both processes are 
involved.
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C H A P T E R  5

EXTREME SUBDWARFS. I MOLECULAR BAND STRENGTHS:
A THEORETICAL APPROACH

P. L. Cottrell 

ABSTRACT

For subdwarf stars with effective temperatures < 5500 K, the G-band

region, which is a conglomerate of many atomic and molecular (CH) lines, is

shown by spectrum synthesis to be an extremely sensitive metal abundance
discriminator. In particular, some of the spectra computed for metal-
deficient model atmospheres in the wavelength interval 4290 to 4330A show
that this feature is stronger than that for the normal abundance model at
the same effective temperature and gravity. Thus the "CH strong" red
subluminous stars classified by Greenstein, can be adequately interpreted as

belonging to this group of stars, rather than unevolved stars having an

overabundance of carbon. The behaviour of CO, OH, and H^O molecules in

determining the amount of free carbon available for CH formation in stellar

atmospheres is discussed for a grid of flux-constant model atmospheres.
Synthetic G-bands constructed with this grid of dwarf and subdwarf model

atmospheres enable metal abundances to be derived for subdwarf stars with
effective temperatures between 4000 K and 6000 K. In addition, molecular

bands of magnesium hydride were constructed for some of the coolest model

atmospheres and these show that this feature is a similar metal abundance

discriminator for subdwarfs with T __ < 4000 K.ef f
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I. INTRODUCTION
Greenstein (1971) discussed spectra of a number of large ultra­

violet excess, high proper motion stars which he investigated in his search 

for possible degenerate objects. Although his research did not reveal many 

new degenerates, he commented on any peculiarities which he noticed in the 

spectra which he had obtained for these red subluminous stars. The most 

frequent remark concerned the strength of the G-band, which is an absorption 

feature near 430oR and consists of a large number of atomic and molecular 

(CH) lines. Greenstein had both "CH strong" and "CM weak" categories for 

these metal-deficient main-sequence or subdwarf stars. In some of the cooler 

sample of these stars, with B-V's ~ 1.4, he noticed that the MgH bands of 

the A 2n - X 2T. system or the Mg b line region, which is situated near the 

(0,0) and (1,1) bandheads of this MgH system, were stronger than expected 

for a star's spectral type and metal abundance. This latter parameter was 

interpreted from other metal-line features. In a recent abstract, Bidelman 

and Smethells (1976) proposed that CaH and MgH bands are metal abundance 

discriminants, since they found considerable variation in CaH band strengths 

with stars of the same (TiO-band) spectral type for K and M dwarf stars 

identified on objective-prism plates. Hence Greenstein's (1971) comments 

about the MgH bands possibly refer to this metal abundance effect.

In the present work G-band and MgH-band synthetic spectra (§111) 

were computed for a grid of dwarf and subdwarf model atmospheres (§11).

These spectra were then used to interpret Greenstein's "CH" and "MgH" 

classifications. These could either correspond to carbon and magnesium 

abundance anomalies (e.g., GH7-21 [Wegner 1975] and G77-61 [Dahn et at. 1977] 

for the "CH" designations) or could be explained by molecular association 

effects in the atmospheres of these stars. This was investigated by a 

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

atmospheres.
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II. MODEL ATMOSPHERES AND THE SPECTRUM SYNTHESIS TECHNIQUE
The flux-constant model atmospheres used in this analysis were 

constructed in a 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 (Bessell, 
Cottrell, and Wickramasinghe (1978, hereafter WBC II). The basic parameters 
are shown in columns (1), (2), and (3) of Table 1, where [A/h ] is the

lograithmic abundance of all elements, except H and He, relative to the solar 

abundances of Lambert (1968). In particular, C, N, and 0 abundances are 
varied in unison with the overall metal abundance. A number of model 
atmospheres have also been included from Mould's (1976) grid of M-dwarfs, in 
particular, the cooler metal-rich models. In his treatment Mould included 
line blanketing, TiO, and H^O opacity sources, and consequently his models 
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 equilibrium equations: H^,
HO, CH, CH2, NH, OH, CO, C02, CN, NO, N ^  MgH, MgO.

Subdwarf analyses {of. Hearnshaw 1976) indicate that log g = 5 is 
a representative value for the gravity of stars at the cool end, T ^  <

5000 K, of the subdwarf sequence. However, for hotter and possibly more 

evolved subdwarfs, e.g., HD 140283 and HD 19445, with T  ̂~ 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 synthetic spectra for 

both log g = 4 and 5 at effective temperatures of 4000 K, 4500 K, and 5000 K, 

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 4330^, which generally has a large
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amount of molecular, CH, absorption, and (2) the region between 5115 and 
5215A, in which we included the Mg b lines, and the lines of the Av = 0
vibrational transitions of the MgH A 2n - X 2Z system. At these wave­

lengths H is the dominant continuous opacity source in all the model

atmospheres, including the coolest models at T ,, = 3500 K. However, foreft
all except the normal abundance, [a/H] = 0 models, with T __ < 4000 K, theeft
H9 dipole opacity determines the atmospheric structure, since in the metal- 

deficient models there are very few metals which can provide electrons for H 

to form. The atmospheric structure of all the models in this grid will be 

discussed further in WBC II. One significant modification to the synthesis 
program used by Cottrell and Norris (1978) was the division of the line 

list into three segments, (1) strong metal lines, e.g., 4307.9^, 4325.8A 
for the G-band, and the Mg b lines for the MgH feature, (2) weak metal lines, 
and (3) all the molecular lines, CH lines for the G-band and MgH lines for 
the synthetic spectra between 5115 and 5215A. For the MgH region, no weak 

metal lines were included, since our main purpose in computing this feature 

was to illustrate the great difference between the molecular feature and any 

atomic feature, i.e., the Mg b lines. The above segmentation enabled each 
portion of the line list to be treated differently as in a 4000 K normal 

abundance dwarf the strong lines have contributions at least 10^ away from 

their line centers, while the molecular lines only have significant 

contributions (>0.5%) within ~ 0.5^ of the central wavelength.

III. SYNTHETIC SPECTRA
(a) G-band spectra

As a consequence of the observations of Greenstein (1971) (see §1), 

we computed G-band synthetic spectra for our grid of model atmospheres 

shown in Table 1. Four synthetic spectra are shown in Figure 1, two each
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at T  ̂= 4000 K and 5000 K, and illustrate a major result of this research, 

namely, that the G-band strengthens or at least remains stronger than 

neighbouring purely atomic spectral regions as the metal abundance is 

lowered in cool, T ^  < 5500 K, dwarf atmospheres. In Figure 1 we have 

superimposed the metal-line component on the total G-band feature to 

emphasise the effect of metal abundance variations on the molecular 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 appear in a future 

paper of this series.
The equivalent width of the G-band between 4290 and 4330^ was 

computed for all the models in Table 1, and is shown in column (4) of this 

table. Also shown in column (6) of Table 1 is the molecular (i.e. CH) 

component of the G-band for most of these models. 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, to illustrate our 

results in detail.
Firstly, at T __ = 4000 K, the total equivalent width of the G-band ef f

exhibits a complicated variation with decreasing metal abundance: the,

strength at first decreasing as the abundance goes from normal, [a/h ] = 0, to 

[A/M] = -2, then increasing over the next two orders of magnitude, and finally 

decreasing again as the abundance is lowered to [a/h] = -5. This complexity 

can be understood by examining Figure 2b at T ^  = 4000 K, showing that the 

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 a function of effective 

temperature (a) Total G-band strength. The equivalent width 
for the same region has been measured on the solar spectrum 
(Minnaert, Mulders, and Houtgast, 1940) and is shown in the 

Figure. This indicates the errors associated with these 
synthetic spectra. (b) The molecular, CH, component of the 

G-band. Metal abundances, [A/h ] are shown on each of the 
curves. Open symbols correspond to log 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 

apparent as at 4000 K, molecular absorption over the first factor of 100 in 

metal abundance has a similar compensating function. Thus at this higher 
temperature, although the overall strength of the G-band decreases with a 

lowering of the abundance, the rate of decrease is not as steep as the 
weakening of the metal lines in adjacent regions of the spectrum (WBC II).

The equivalent widths plotted in Figures 2a and 2b are evaluated
directly from the fluxes computed using our synthesis program. However, for

comparison with data acquired at the telescope we have convolved these

fluxes with a Gaussian profile which has a full width at half maximum (FWHM)
of 2A. The results are tabulated in column (5) of Table 1. The consequence

of this convolution over such a small wavelength range is to depress the
'continuum' points, thus decreasing the theoretical strength of the G-band.
This decrease is most extreme in the cool (T __ < 4500 K) metal-rich modelef f
atmospheres, as there are strong metal lines throughout the interval 4290 to 

4330^. However, in the metal-poor models, for example the T ^  = 4000 K, 
log g = 5.0, [A/H] = -4 model, the equivalent widths before and after

convolution, columns (4) and (5) of Table 1 vary by less than one percent.
In the above model -70% of the absorption is produced' by CH lines, and as 

there are none of these lines in the interval 4315 to 4323^, as well as the 
lack of strong metal lines in this same interval, the emergent fluxes in 

this region remain unaffected by the convolution.
The gravity effect discussed in §11, that log g = 5 is the best 

estimate for cool subdwarfs, has only a minimal effect on our G-band 

strengths at both 4500 K and 5000 K. However, the lower gravity model at 
4000 K has a total G-band strength which is only about 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 abundances at this 

and cooler temperatures.

We conclude that for dwarf-type gravities, log g = 4 to 5, and 

effective temperatures < 5500 K one can expect the G-band region to be 

stronger than neighbouring features in metal-deficient stars, provided most 

elemental abundances, in particular carbon and oxygen, behave in a similar 

manner. Thus the subluminous stars classified by Greenstein (1971) as having 

strong CH for their spectral type may not necessarily be overabundant in 

carbon (Greenstein 1969), but could belong to a group of stars for which we 

have computed synthetic spectra from our grid of model atmospheres. In 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~5200^, and these bands were another distinguishing feature which 

Greenstein (1971) noted in some red subluminous stars.

In Figure 3 we show four representative MgH synthetic spectra at

T = 3500 K and 4000 K, with [a/h ] = 0 and -2. These spectra, together ef f
with the band strengths shown in column (7) and (8) of Table 1 indicate 

that MgH bands in this temperature regime behave in a similar manner to the 

G-bands at temperatures of ^5000 K. That is, absorption by the MgH molecule 

for T ^  < 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 
-2normal to 10 actually results in a marginal strengthening of the MgH 

component. The Mg b lines, however, are reduced to 75% of their value at 

normal abundance. The effect at 4000 K is more subtle, but the decreasing 

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, this 

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.

IV. DISCUSSION OF MOLECULAR EQUILIBRIA 
The variation in band strengths discussed in the previous section can 

be explained by scrutiny of the number densities of the relevant species in 

each of the model atmospheres. The molecular line strength can be expressed 
as

^line Nline----------- CC ----------K   ̂ N^cts cts

where K-, . , K are respectively the line and continuous opacities, andline cts
IsL . , N are the number densities of species forming 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 K to 

interpret the variation in strength of the G-band molecular component. Since 

H is the dominant continuous opacity source in all our models at A~4300A, 

the relative strengths of the CH component of the 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 (Rosseland mean
-3optical depth, t , from 10 to 1). These are shown in Figures 4a,b ROSS

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

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 t remains almost constant as theROSS
metal abundance varies, and so the great increase in line strength is a

consequence of the large increase in the CH number density, a factor > 100
4in the 4000 K models on lowering the metal abundance by 10 from [a/H] = 0,

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 molecular band strengths tabulated in

column (6) of Table 1, we can estimate where the CH lines make the largest

contribution to the opacity, assuming that the dependence is independent of

the metal abundance. Since the [A/H] = -5 model at T ., = 4000 K has aeft
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 ofROSS
this function for the 4000 K models. For T __ = 5000 K the depth ofef 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 examination of the number densities reveals the cause of 

this rapid increase in the CH number density. The explanation of the above 

effect at our two chosen temperatures, which has so far followed a similar 
argument, diverges at this point in the discussion. Thus we will consider 

each independently, followed by a brief comment about other temperatures 

in our grid.

(i) = 4000 K

Figure 5 shows a plot of the major species influencing the CH

formation at T  ̂= 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, t - 0.05.RObo
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However, in addition, H^O and OH (the latter not shown in Figure 4) 

formation at these cool atmospheric temperatures have started to decrease 
the amount of free oxygen available. By [A/M] = -3, H^O and CO number 
densities are of the same order of magnitude throughout the outer layers of 
the atmosphere. Also the N(OH) is only a factor of 3 more deficient than 

the N(H^O)• Thus OH and H^O have reduced the amount of free oxygen at
3T = 0.05 by a factor of ~300 while the metal abundance was lowered by 10 .ROSS

Over the same range in abundance, the amount of free carbon has increased
~20 times. This is a consequence of the declining importance of CO relative
to OH and H^O with metal abundance, since the formation of CO depends on the
product of the partial pressures of free carbon, p^ and oxygen, p^, whereas

2H O  and OH depend on p x (p ) and p x p , respectively. Since the partial Z O H o H
pressure of hydrogen increases with decreasing metal abundance (see the
Appendix), H^O and OH become more favored species. Additionally, H^O
formation will be favored over OH association as the gas pressure increases
in the metal-deficient models, since the dissociation potential of 0H(D^ =
4.4ev) is significantly less than that of H^O (D = 9.5ev).

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

atmospheric layers, x ~ 0.01 to ~1, become associated in H O  molecules.ROS S Z

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

in the metal abundance does not result in the release of any more carbon, 
in fact the abundance of all species decreases with metal abundance from 
[a/H] = -4. This latter result 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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(ii) T jyjy = 5000 K
e f f

At this temperature the molecular equilibria have become considerably 

simpler. The temperatures are too hot to retain large amounts of OH and H^O 

molecules in the atmosphere, so CO association is the only influencing species 

in determining the amount of free carbon available for the formation of CH.

The situation is illustrated in Figure 6. At [a/H] = 0, carbon is depleted 

by CO formation. However, as one lowers the metal abundance to [A/H] = -2, 

carbon is released as conditions for CO association become less favorable.

The total amount of free carbon does not increase as occurred in the 4000 K 

models, but its rate of decrease is slowed, allowing for increased CH 

formation at [A/H] = -2. This realises the effect described in §111, where 

the G-band's rate of weakening at this temperature gives the appearance of a 

feature which will be stronger than neighbouring, purely atomic, absorption 

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 the atomic number densities and the metal-line strengths. In these 

oxygen-rich model atmospheres the N(O) - N(C) at a given depth has 

stabilised at X(O) - X(C), i.e. the difference in the overall abundance of 

oxygen and carbon.

(Hi) Other temperatures

Carbon monoxide is still an influence at T  ̂= 5500 K in depleting 

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 

compensating result described in §111 for the T = 5000 K case. By 

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

G-band in metal-weak, [A/H] = -2, dwarf atmospheres is ~1A, and this 

feature is no longer observable in the spectrum.



5000 K, log g = 4.0FIG. 6. - Same as for Figure 5, except for the T ^

models.
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At T  ̂= 4500 K one obtains, as expected, a situation midway 

between the two temperatures which we have discussed in detail. That is, 
a greater compensating effect is observed than at 5000 K, but still not the 

complex reversals apparent at 4000 K.

Finally a few comments about the G-band strengths at T  ̂= 3500 K. 

Those computed for the [a/h ] =. 0 and -2 models are predominantly absorption 
by strong atomic lines. These lines have broad wings which cause strong 
depression of the continuum over this small wavelength interval. Thus only 
the general trend of an increased molecular component, with similar 

conclusions to those reached in the 4000 K example, can be culled from the 
data at 3500 K.

(iv) Summary

One can conclude from the above analysis that provided a reasonable 
temperature estimate is adopted for a star, using a photometric system 
appropriate to the spectral type, a metal abundance can be derived by 

using Table 1 from this work for the G-band region and the metal-line 
strengths tabulated by WBC II. This assumes that the light elements, carbon 

and oxygen, behave in a similar manner to the heavier elements, in particular 

calcium and iron. Large deviations between these two determinations would 

probably indicate anomalous primordial carbon abundances and thus would 

require closer examination to derive individual abundances for the light 

elements.
However, for T __ < 4000 K the metal lines are still a large ef f

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) , who considered
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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, we have formed the 

ratio N (MgH)/N (Mgl) at a number of depth points throughout our atmospheres.

The results are shown in Figure 7a,b for T  ̂= 3500 K and 4000 K, respectively. 
Since both the atomic (Mg b ) and molecular (MgH) lines occupy the same region 

of the spectrum, we do not have to consider which continuous opacity source 

is dominant.

Figure 7 indicates that with decreasing metal abundance the number 

density of MgH does not decrease as rapidly as the number density of neutral 
magnesium, and consequently the MgH bands will appear stronger than the 

atomic lines, in particular, the Mg b lines. This will give the "strong 
MgH" classification noted 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 Mould 

(1976) for TiO bands in the vicinity of molecular bands of another metallic 

hydride CaH. In the cool metal-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 increasing component is intrinsically 

connected with the changing structure of the model atmospheres with metal 

abundance, and will be discussed in detail in WBC II.

Thus, from the above 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 of subluminous stars (Greenstein 1969; Eggen and 
Greenstein 1965).

V. CONCLUSIONS
We conclude from this research that the G-band region strengthens 

or at least appears stronger than neighbouring purely atomic-line regions, 
as one lowers the metal abundance in dwarf model atmospheres with effective 

temperatures < 5500 K. This is consistent with the observations of 
Greenstein (1971) and is due to the rapidly varying abundance of the CH 

molecule with decreasing metal abundance. Also we have shown that bands of 
MgH are a similar discriminant in extremely metal-weak stars in the 

temperature regime, T  ̂$ 4000 K, where the G-band region in metal-deficient 
models, [a/H] ~ -2, is still dominated by metal lines.

Thus, provided a good temperature estimate is available, we have a 
discriminant for selecting metal-deficient stars, as well as a method for 

determining photospheric metal abundances.
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 grid of model atmospheres considered in this work.
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C H A P T E R  6

A MODEL ATMOSPHERE STUDY OF 
COOL WHITE DWARFS

I. INTRODUCTION
The spectral characteristics of cool white dwarfs have been

investigated in several recent papers by Hintzen and Strittmatter (1975)

(hereafter HS) , Wickramasinghe, Bessell, and Cottrell (1977) (hereafter
WBCI), Shipman (1977), and Wehrse (1977). HS constructed metal-line and

Hy profiles from cool (T > 6000K) white dwarf and subdwarf modele ~
atmospheres. From these profiles they concluded that degenerate stars may
be confused spectroscopically with subdwarfs. However WBCI, who constructed

4 8 - 2even cooler models with gravities of 10 and 10 cm s , demonstrated that 
lines of the Balmer series were a gravity indicator down to an effective 
temperature, T , of -5000 K. Subdwarfs at this temperature would have many 
more hydrogen lines than the white dwarfs, with the latter possibly only 
showing a weak line of Hct on data acquired with current instrumentation. 

Similar conclusions were reached by Shipman (1977), who constructed pure 
hydrogen white dwarf model atmospheres in the temperature range 4000 K to 

8000 K. Both Shipman and WBCI showed how the convective region expanded in 

the cool high gravity models, as molecular hydrogen became the dominant 

species in these atmospheres.
Finally Wehrse (1977) , constructed synthetic spectra for a number of 

H- and He-rich white dwarf model atmospheres in the range 5000 K < <

7000 K. Using these spectra he tabulated the visibility characteristics of 
NalP, Mglb, CaI(A4226A), CaII(ff 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 model 

atmospheres, which I have constructed, will be discussed. These models 

encompass those used by both WBCI and Cottrell, Bessell, and Wickramasinghe 
(1977)(hereafter WBCII). This latter paper, which was an analysis of the 
heavily line-blanketed white dwarf LP701-29 is included in this chapter.

This research employed the synthetic spectrum technique, which has been 

developed by the author and was described in earlier chapters of this thesis 
(see Chapters 2, 5). Lastly some preliminary He-rich white dwarf models 
were also converged and their structure and some synthetic spectra are 
discussed in §IIl£> and §1 v£> respectively.

II. MODEL ATMOSPHERES
All the models were constructed using the computer program ATLAS5

(Kurucz 1970), with modifications made by Dr. J. R. Mould. H-rich

atmospheres were converged in the temperature range, 3500 K <: T £ 7000 K,e
8 *  2and gravities of 10 cm s . The metal abundances, [M/TOT], were relative 

to the total number of atoms, and ranged from normal, [M/TOT] =0, to 10  ̂

times the solar abundance, [M/TOT] = -6. The He/H ratio was set equal to 

0.1. For the He-rich white dwarf models only a limited number of models
I

were computed, at T s of 4000 K, 5500 K, and 7000 K, and the same gravities0
5as above. The He/II ratio was 10 , while the metal abundances, relative to

-3 -5the total abundance of all elements were 10 and 10 for the hotter models,
__ 3 _0

and ranged from 10 to 10 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 at. (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 §111 and §IV.

The following continuous opacity sources were included in all the 

model calculations: absorption by HI, H , , He , Cl, Mgl, All, and

Sil, as well as Rayleigh scattering by H, He, and and electron scattering. 

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 H molecular opacity (Doyle 1968), and the pressure 

induced H^ dipole opacity (Linsky 1969). The latter was discussed by 

Shipman (1977) where, for his 4000 K model he stated that it was the dominant 

opacity source in the region where most of the radiation was emitted. The 

quasi H^ opacity does not have any effect on the model structure, since its 

dominant effect is at blue wavelengths (< 350oX) and thus its importance in 
the white dwarfs is in determining the strength of the metal lines at short 
wavelengths, and in the computation of violet continuum colours.

In the equilibrium equations, the following molecules were included: 

H^, CO, C2, CN, and N . The models were then converged to flux constancy 

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

and convective regions respectively.

III. 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 Duccrfs 

( i )  Model S tru c tu re

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 < < 7000 K.

Let us consider the T(x) relations. These curves become flatter,

i.e. the differential temperature between an optical depth x, of -2.5 and 0

becomes smaller, as T is lowered from 7000 K to 5000 K. In addition, as ise
shown dramatically in Figure 2a, the. T(x) also becomes flatter as the metal 
abundance is decreased. Both these can be interpreted as the increasing 

importance of convection, which transports energy much more efficiently than 
radiation. This has been discussed by both Wehrse (1975) and WBCI. To 

determine whether a region is convective, the model atmosphere program ATLAS 
compares the adiabatic temperature gradient (V ) with the actual temperature 
gradient (V) of the model. If

V  < V  ,A
the region is considered to be convective. The values of V,V at x =A ROSS
0.01 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 V .2 A
Using the temperatures and gas pressures in the above table, and Figure 1 of
Wehrse (1974), one sees that exhibits a complex variation with both
effective temperature and metal abundance. Decreasing [m/TOT] implies an

increase in the gas pressure and consequently increased formation.

This enhanced formation of H produces conditions under which

convective energy transport become more favourable. The position of the
onset of convection is indicated in Figures la to 6a. In fact, the actual

temperature gradient in the atmospheres asymptotes towards the adiabatic

gradient as both the effective temperature and metal abundance are decreased

(see Table 1: V,V for x = 1.0), i.e. the efficiency of convectionA ROSS
increases in unison with the formation of H .2

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 e e
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outer layers, log x < 1.5 have become much cooler, and the adiabatic

gradient in the latter model has been established throughout almost the

whole atmosphere. This also explains the lack of change in temperature
structure at 3500 K as the metal abundance is changed by a factor of 100.

The cause of this temperature gradient is the gradual movement of convection

into the outer layers as the atmospheric pressures, (see b's of Figures 1

to 6) increase. The change from radiative to convective equilibrium in the
outer layers is shown in Figure 5a, as the metal abundance is lowered from
0 to -4 at an effective temperature of 4000 K.

The ratio of gas to electron pressure, log P /P illustrates theg e
effect of convection on the ionisation conditions. The models at T = 4000 Ke
(Figure 5c) will be used as examples. As the convective region grows with a

decrease in the metal abundance, the temperature of the surface layers is
lowered relative to the more metal-rich models. This decrease in temperature
means a lower degree of ionisation, hence a smaller electron pressure and an
upward trend in the P /P (x) relation at low optical depths. However, the

ionisation conditions in some of the coolest, most metal-deficient models
must be treated with a little caution as the P of ~10 dynes cm  ̂ imply a

_8particle spacing of ~2.5 x 10 cm. This is only -5 times the Bohr radius,
and thus some pressure ionisation would be expected.

Summarizing, Figures 1 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 increase in convective energy transport as

a result of increased H formation. In addition, a decrease in the degree

of ionisation in the outer layers of the cooler models (T < 4500K) results,e v
as a consequence of the establishment of convection throughout the whole 
atmosphere (log t -3 to 1-1). 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 H formation on these opacities.

(ii) Opacity Sources

Using a print option existing within the original code, the ATLAS5 

program lists the strength of all the opacity sources as a function of 
both optical depth and wavelength. Thus the strongest opacity in the region 

where most of the radiation is emitted can be determined, and the changing 

fortunes of all opacities can be investigated as both the temperature and 

metal abundance are varied.

At T = 6000 K and 7000 K, H is by far the dominant source of e
-2continuous opacity in both the normal and 10 metal abundance 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 K model, the elec­
trons are supplied 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, other opacity sources, that is 

apart from H , become increasingly important. 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

The most important opacity sources at T^ = 5000 K and 4000 K are shown 

in Figures 7 and 8, respectively. In particular the dipole opacity (Linsky

1969) determines the atmospheric structure in the H-rich white dwarfs with
3 'metal deficiencies greater than 10 and T s < 4000 K. The increasinge

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



FIG. 7. - Dominant opacity sources for the TEFF = 5000 K models at tROSS
1. (a) [M/TOT] = 0, (b) [M/TOT] = -2.
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FIG. 8 - Dominant opacity sources for the TEFF = 4000 K models at tross
1. (a) [M/TOT] = 0, (b) [M/TOT] = -3, (c) [M/TOT] - 6 .
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effect on the line strengths, since the t o ta t continuous opacity remains 
approximately constant as the metal abundance is lowered from 10 to 10 

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

(b) ReViwn-r-ich White Dioarfs 

( i )  Model S tru c tu re

Figures 9 to 11 illustrate the T(x), P (x) , and P /P (x) relations9 g e
5for the He-rich white dwarfs, where the He/H number ratio is 10 . For some

of these model atmospheres (indicated by an asterisk in the Figures), which
3had metal deficiencies greater than 10 , model convergence was difficult.

Small temperature corrections (AT's ~ 5K) had a large effect on the errors

(sometimes > 100%), as a flux constant solution was approached. These models
are therefore not as reliable as others in the grid. However at 5500 K, good

-3 -5convergence was obtained for both the 10 and 10 metal abundance 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 surface layers
as both the temperature and metal abundance are lowered. The position of
the onset of convection is indicated in Figures 9a to 11a.

However, Böhm e t  a t . (1977) produced model envelopes in which
-2convective energy transport was supported out to x ~ 10 . More importantly,

the convection commences at successively smaller optical depths as the 

temperature was lowered. The T(x) of their T^ = 4000 K, pure-He model is 
shown in Figure 11a. By comparison, the models which I constructed have 

structures which do not change dramatically with temperature 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 favourable. For the models which I 

have constructed, the atmospheric temperatures are not hot enough for 

significant amounts of helium to be ionized, and the low hydrogen abundance
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(He/H = 10 ) means that there are not large amounts of ionised or molecular

hydrogen. This latter species had the most significant effect on convection
in the H-rich white dwarfs. Thus, my neglect of pressure ionisation

(included by Böhm et at. 1977), could have significant effects on the

convective flux, by altering the position of ionisation zones.

Next, let us investigate the pressures in these helium-dominated

atmospheres (b's of Figures 9 to 11). As a result of the more transparent
He opacity, the gas pressures are significantly higher than in the equivalent

11 -2hydrogen models. A representative value is ~10 dynes cm , which
“8corresponds to a particle spacing of ~ 1.3 x 10 cm. This is similar to

_ Q
the atomic radius of He, 1.8 x 10 cm, which is the half distance of closest 
approach of atomic centres in the crystalline state. Thus according to the 
model atmospheres constructed in this analysis, the atoms will be packed 
close together, and under these conditions pressure ionisation would be 
expected. However this was not considered in the current research. Thus, 

conclusions concerning the ionisation equilibria in these models will be 
unrealistic, and the elctron pressures will be too low. In particular, 

although the very high gas pressures imply strong line broadening, the ratio 

of neutral to ionised line strengths will not be reliable.

To conclude this section, the dominant opacity sources which 

determine the structure of the He-rich white dwarf model atmospheres will be 

discussed.

(ii) Opacity Sources

Inspection of the continuum opacities for all the He-rich models 
which were computed in this analysis, reveals that He is the only significant 

opacity. More specifically, He is the strongest continuum opacity by about 
4 orders of magnitude in all but the coolest most metal-deficient model 

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, dipole opacity will be the next most important opacity in the

wavelength region where most of the star's energy is being radiated, namely 

at ~ly. Thus as the metal abundance is lowered from 10 , this opacity will

determine the atmospheric 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. AX~3000 to -5000A.

The source of electrons for the He opacity in these atmospheres 

changes significantly as both the effective temperature and metal abundance 

are lowered.

At T^ = 7000 K and [M/TOT] = -3, the electrons come approximately 

equally from hydrogen and the metals (principally Mg, Si, and Fe). However,

hydrogen becomes by far the dominant electron supplier as the metals are
-5reduced to 10 . The same trend is evident at 5500 K, but the cooler

atmospheric conditions mean that it is more difficult for H to be ionised.
-3Thus for the metal-rich (10 ) model, electrons come from the metals, but

by [M/TOT] = -5, the metals are sufficiently poor that both hydrogen and 

the metals are providing the same number of electrons. As the effective 

temperature is lowered still further to 4000 K, conditions are just too 

cool for significant amounts of hydrogen to be ionised and thus even in the 

most metal-deficient model (10 ^), the electrons are still provided by the 

elements Na, Mg, Al, Fe, Si, K, and Ca. Therefore as the metals are reduced, 

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 H^ dipole opacity at T^ = 4000 K, as the 

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



FIG. 12. - Dominant opacity sources for the He-rich 4000 K models. (a)

[M/TOT] -3 (b) [M/TOT] = -6.
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IV. SYNTHETIC SPECTRA
(a) Spectrum synthesis of the heavily-blanketed 

white dwarf LP701-29

(i) 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.

(ii) Introduction and observations 

The spectrum synthesis technique has enabled abundance determinations 
in spectral regions which are too crowded for individual line measurements. 

This synthesis method has been applied to cool stars with a wide 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, G165-7 (Hintzen and Tapia 1975; 
Greenstein 1976) and LP701-29 (Dahn et al. 1978) have been discovered which 

show strong line-blanketing in the blue spectral regions. This strong 
absorption, which can be identified with low excitation potential metal 

lines, provides an opportunity to extend the spectrum synthesis analysis 
to white dwarf spectra.

The former star, G165-7, has been interpreted as a cool He-rich
degenerate star (Hintzen and Tapia 1975) from the absence of hydrogen lines

at its effective temperature, T , of 7000° K (Greenstein 1976). However,e
for cool, T < 5000° K, H-rich white dwarfs, both Shipman (1977) and WBCI e
have shown that the hydrogen lines would not be detectable on observational 

material obtained with current instrumentation. Thus, H- and He-rich 
white dwarfs in this temperature regime 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 at. (1977). They obtained a ~ 4200° K by fitting a
black-body curve to their scanner observations, in particular in the region
AA5500^ to 750oR. However their energy distribution indicated a < 4000° K
when compared with the continuum fluxes of Shipman's (1977) zero metal,

H-rich model atmosphere with = 4000° K and log g = 8.0. For our abundance
oanalysis we assume a H-rich atmospheric composition and adopt a = 4000 K 

for LP701-29. We discuss the H-rich assumption and this temperature estimate 
further in {iv) . The effects of a I-Ie-rich atmosphere are also considered 

in this section.
Using log g = 8, appropriate for H-rich white dwarf atmospheres (of.

Wehrse 1975) and a T = 4000° K, we constructed model atmospheres with varyinge
metal abundance, as described by WBCI. Finally, using a spectrum synthesis 

technique {Hi), we estimate the metal abundance, [M/TOT], for LP701-29, by 
comparison of this spectrum with the observational data of Dahn et at. (1978) 
(their Figure 3).

(Hi) Spectrum synthesis technique

Atomic lines used to construct the representative synthetic spectrum

were limited to those lines whose equivalent widths were greater than 150mX

in the solar atlas (Moore et at. 1966). Clearly this procedure for
determining the violet-blanketing spectrum relies on the extensive broadening

of the strong lines, e.g. Call, Cal, produced by the extremely high gas

pressures (log P ~ 8-9) in these model stellar atmospheres, but neglects the 9
contribution of the many weaker lines, both atomic and molecular (e.g. CN). 

Hence the blanketing effects are, in general, underestimated. 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 linos of Mg, Si, Ca, Ti,
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Cr, Mn, Fe, and Ni, in the wavelength interval from AA3400A to 5400A, the 

limits of the high resolution blue spectrum shown by Dahn et at. (1978).

The gf values for this list were taken from the extensive tabulations of 

Kurucz and Peytremann (1975).

We then calculated the line opacity, and hence emergent flux, by 

employing a similar technique to that described by Cottrell and Norris (1978), 

using a modified version of the ATLAS model atmosphere program (Kurucz 1970). 

Two significant changes were made.

Firstly, the wavelength sampling interval was increased from 0.05A 

to loS. Secondly, in computing the emergent flux at any wavelength point, 

all lines within ±500A were included. Both these changes resulted from the 
extremely broad line profiles produced by the high gas pressures existing 

in the atmospheres of stars with these temperatures and gravities. For 

example, the wings of the Cal line at 14226^ sometimes extend several 
hundred angstroms from the central wavelength.

(iv) Results and discussion

Figure 13a shows two synthetic spectra, constructed from model
atmospheres with T = 4000° K, log g = 8, and [M/TOT] = -2, -3. The majore
features, Cal, Call, and Mgl are indicated, with the remaining structure 

principally due to Fel. In Figure 13b we have superimposed the observation 

from Dahn et at. (1978) upon the synthetic spectrum with [M/TOT] = -3, which 

is our estimate of the metal abundance in LP701-29.

There are three important discriminants for inferring this abundance 

from the synthetic spectra. They are (1) the long wavelength wing of the 

Cal line at A4226R, (2) the plateau between XX4400A and 4500A, and (3) the

region around the MglZ? lines at A-5180A.
The poor fit in the region XX4000A to 4150A is probably due to our 

neglect of the weaker lines and has already been mentioned in § [mi). In



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

with parameters TEFF = 4000 K, log g = 8, and [M/TOT] = - 2,-3 

(upper curve). These spectra are normalised at X5400A. The 
dashed line is the position of the continuum for the unblank­
eted [M/TOT] = -3 model. (b) Observation (dashed line) com­
pared with a synthetic spectrum having parameters TEFF = 4000 

K, log g = 8, [M/TOT] = -3. The observed and synthetic spectra 

are fitted in the region X-4950A. The divergence of the two 
spectra longward of X5100A is an instrumental effect.
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addition, the cores of the strong lines are stronger than observed. These

cores are formed at low optical depths where 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 uncertainties must
be mentioned; (1) the pressure broadening theory, (Unsold 1955), used to

compute the metal line profiles is uncertain at the high gas pressure

(log P ~ 8-9) existing in these metal-deficient white dwarfs, and (2) the 9
observational data, with which our synthetic spectra were compared, have 

not been instrumentally corrected. In general, however, reasonable agreement 

was found with the observations.
Dahn et at. (1978) have suggested that LP701-29 may have a He-rich

atmosphere. We have investigated this possibility by computing cool He-rich

model atmospheres with gravities, log g = 8. The important opacity sources in
these atmospheres are He and Rayleigh scattering by He. The latter becomes
dominant in very metal deficient ([M/TOT] ~ -7) atmospheres. If we compare
the conditions prevailing at a given optical depth of a He-rich atmosphere
with those of a H-rich atmosphere at the same metal abundance, in the former

we have (a) a lower opacity per gram since both He and He Rayleigh
scattering are weaker sources of opacity in comparison to H and H^ dipole

opacity, and (b) higher gas pressures (log P - 10-11) and hence greater9
pressure broadening. Both these imply considerably stronger lines in a 

helium atmosphere, which in turn would indicate a lower metal abundance in 
order to fit the observations of Dahn et at. (1978). Although this lower 

[M/TOT1 gives weaker lines, the increase in pressure broadening, because of 
the lower opacity, gives a synthetic spectrum which is significantly 

different from the observations (see §iv£> for the synthetic spectra 
constructed for some of the lie-rich models). Additionally, the degree of 

ionisation will increase with this decrease in metal abundance, as the



155

metals are still the major electron contributors. This will not only weaken 

the blanketing due to Fel, the principle source of blocking below A3800A, 

but also Cal, A4226^, the strongest line observed in the spectrum. 
Correspondingly, we predict that in a He-rich atmosphere, Call, H and K, will 

become the strongest lines in the spectrum. Although we can dismiss a He- 

rich atmosphere for LP701-29, the gas pressures which we computed for our 

most metal deficient ([M/TOT] = -6) He models, implied an atomic spacing of 
~2^. Thus the theory invoked in these latter computations may be suspect.

Finally a comment about the effective temperature of LP701-29. Our 
adopted value of T^ = 4000° K may be in error by ±200° K, when one compares 

the observed fluxes (Dahn et al. 1978) with the energy distributions of our 
model atmospheres. However, this has no effect on our two major conclusions, 
(a) that LP701-29 is a H-rich white dwarf having (b) a metal abundance, 
[M/TOT] ~ -3.0. Additional infrared fluxes and cool-blanketed model 
atmospheres are required in order that a more precise effective temperature 
be derived for LP701-29.

(v) Conclusions

In the preceding analysis we have attempted to synthesise the spectrum
of LP701-29 assuming a hydrogen-rich composition. Reasonable agreement with

the observations was obtained for a model with T = 4000° K, log g = 8,e
[M/TOT] = -3.0. Although there are uncertainties involved in the model 

computations and we do not obtain a detailed fit to the observations, a 
helium-rich composition does not seem appropriate for this star. Not only 

would the lines be significantly broader, but the degree of ionisation would 
be greater. Thus LP701-29 appears to be a cool counterpart 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, synthetic 

spectra were computed for two of the He-rich model atmospheres at = 4000°

K. They are shown in Figure 14, and they contrast with those shown in 

Figure 13. In particular, as noted in §1Va, the spectra have significantly 

broader lines than those for the H-rich models. However, one must be cautious 

in placing too much significance on the synthetic spectra using the He-rich 

models. Recalling the discussion in §IIl£>, the ionisation equilibria may be 

unrealistic due to the neglect of pressure ionisation in the model atmospheres. 
Consequently the neutral lines are probably too strong, but the greater 

pressure broadening of lines in the He-rich spectra distinguishes them from 

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

V. SUMMARY
The atmospheric structures of cool (effective temperature, T <e

7000° K) H- and He-rich white dwarf model atmospheres have been discussed

in detail. The following conclusions were reached: For the models where
hydrogen was dominant, molecular hydrogen (Ĥ ) became more important as the

temperatures were decreased and the gas pressures increased (the latter
resulting from the lowering of the metal abundance). Large amounts of H^

provided the necessary conditions for increased convective energy transport

in the outer layers. Consequently, in very cool (T < 4000° K) metal-
-3deficient (M/TOT < 10 ) models, the adiabatic temperature gradient was

established throughout the whole atmosphere (-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 contrast, 

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 enhance conditions for convection.
The main sources of continuum opacity have also been considered for

both white dwarf classifications. For H-rich white dwarfs the importance
of H depended critically on the supply of electrons. As was lowered to
4000° K and the metals to 10  ̂their solar value, dipole opacity was
dominant in regions where most of the energy was radiated. For helium white

dwarf models, He was always the dominant opacity.
Finally, synthetic spectra were constructed for both H- and He-rich

model atmospheres at T = 4000° K, and have been compared with the spectrume
of the heavily blanketed white dwarf, LP70i-29. From this comparison it was

-3concluded 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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S U M M A R Y  A N D  F U T U R E  W O R K

In this thesis the spectrum synthesis technique has been used over 
a wide range in luminosities, from cool white dwarfs to peculiar giant 

stars. I will briefly recall the main conclusions of each chapter, 
indicating where additional research could provide a better understanding 

of the composition and evolution of our Galaxy, with the possible extension 
to extragalactic systems. Each of the chapters will be summarised under 

one of the following headings: giants, dwarfs/subdwarfs, white dwarfs.
(a) Giant stars

Using a curve-of-growth analysis, followed by the spectrum synthesis 
program, the iron, carbon, nitrogen and oxygen abundances were determined 

in the weak-G-band star HD 91805. This, and -30 similar objects were 
identified by Bidelman and MacConnell (1973) in their objective prism 
survey. The abundances determined for HD 91805 were

[Fe/H] ~ 0.0, [C/H] ~ -1.4, [N/H] ~ +0.6, [O/H] ~ +0.1.

DDO photometry of the larger group of weak-G-band stars, including HD 91805 
was obtained, and compared with similar photometry of the Hyades group 
members. Coupling this photometry with a comparison of high dispersion 
spectra of HD 91805 and HD 28307 (the latter a Hyades cluster member), it 
was concluded that the weak-G-band objects are probably "clump" stars. At 
this evolutionary phase helium is being burned in the core following 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 required during which the peculiar carbon and nitrogen abundances, 
indicated above, could be attained. A number of mechanisms were considered: 

helium-core flash, mass loss, hydrogen-shell instabilities, 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 explanation to the 

observed abundances.

Since this work was completed, a paper by Sneden et aZ. (1978) was 

published which analysed another weak-G-band star, HR 6766. These authors 

determined CNO abundances, a 32C/33C ratio and a lithium abundance. The 
CNO abundances deviated little from values obtained in the present work. 

Sneden et al.'s (1978) derived abundances were:
[M/H] ~ -0.15; [C/H] ~ -1.49; [NA!] - +0.23; [O/H] ~ -0.38;

12C/13C ~ 4 and log N(Li) ~ +0.75.
They considered two scenarios to interpret their observations.

(i) A higher temperature at the base of the convective envelope, which 
can allow the CNO cycle to process the outer layers. The enhanced lithium 

abundance provides constraints on the time scales of the convective mixing, 
since lithium would be readily destroyed at the temperatures necessary for 
the CNO cycle.
(ii) An inhomogeneous main sequence star which has an extremely carbon- 

poor envelope, but normal abundances in the interior. The latter seems 
somewhat artificial since inhomogeneous models have been hard to construct 

theoretically, and thus the idea of hot bottom atmospheres seems the most 
plausible of their two scenarios. However the Paczynski mechanism, proposed 

by the work presented in this thesis, also adequately interprets the work
of Sneden et at. (1978).

The carbon-rich Cepheid V553 Centauri, was analysed both spectro­

scopically and photometrically, and by using'similar techniques 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 

carbon is only produced via the triple-a process. Additional processing of 
carbon to nitrogen (via the CNO cycle) is required to produce the observed 

enhanced nitrogen abundance. Finally, as a consequence of the near-solar 

iron abundance (which by inspection of the synthetic spectra appears to 

apply equally well to the other heavy elements), V553 Centauri is possibly 

a loop Cepheid, and could be the progeny of the strong-lined RR Lyrae stars. 
For this object to be looping into the instability strip at its comparatively 

low luminosity of ~2, it must have undergone substantial mass loss on the 

giant branch.
The last group of giant stars examined in this thesis were also 

selected from the extensive tabulations of Bidelman and MacConnell (1973). 
These were the extremely weak-metal stars, for which carbon and nitrogen 
abundances were obtained by constructing synthetic spectra of the G-band, 
the Av = 0 blue CN bands, and the NH features around A~336C$. Included in 
this analysis were two previously studied extremely metal-poor stars,
HD 122563 and HD 165195. The following correlation was obtained:

[C/N] = 0.5(log g) - 1.3,
indicating a decrease in carbon to nitrogen ratio as the gravity is reduced. 
In addition, the nitrogen to metal abundance showed a slight positive 
luminosity effect. Thus as the stars evolve to higher luminosities (lower 
gravities), there is an enrichment of nitrogen and a depletion of carbon. 

Since many of the objects appear to have luminosities lower than that 
required for helium-shell flashing, these peculiar abundances are possibly 

produced during evolution on the first giant branch. Therefore, these 

extremely metal-poor objects have probably mixed CNO processed material 

into their outer layers. The work of Dearborn, Lambert, and Tomkin (1975) 
and Dearborn, Eggleton, and Schramm (1976) , where the ^2C/^C ratio was
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shown t o  d e c r e a s e  w i t h  i n c r e a s i n g  l u m i n o s i t y ,  a p p e a r s  s i m i l a r  t o  t h e  

r e s u l t s  o b t a i n e d  i n  t h e  p r e s e n t  r e s e a r c h .  T h u s ,  f o l l o w i n g  D e a rb o rn  e t  a t .  

(1 9 7 6 ) ,  t h e  c o m b i n a t i o n  o f  m ass  l o s s  and  h y d r o g e n - s h e l l  i n s t a b i l i t i e s  on 

t h e  f i r s t  g i a n t  b r a n c h  ca n  p r o d u c e  low 12C / ^ C ,  a s  w e l l  a s  e n h a n c e d  N, and 

low C/N r a t i o s .  An e x t e n s i o n  o f  t h e  p r e s e n t  w ork w o u ld  b e  t o  d e t e r m i n e  

C/N and  C /  C r a t i o s  i n  a  l a r g e r  s a m p le  o f  m e t a l - p o o r  s t a r s ,  t h u s  p r o v i d i n g  

f u r t h e r  e v i d e n c e  f o r  t h e  h y p o t h e s i s  t h a t  CNO c y c l e  m a t e r i a l  h a s  b e e n  m ixed  

i n t o  t h e  s u r f a c e  l a y e r s .  An i n d i c a t i o n  o f  t h e  p h a s e  o f  t h i s  m ix in g  c o u l d  

a l s o  b e  c u l l e d  fro m  m ore e x t e n s i v e  d a t a .

(b) Duarfs/sub dwarfs

F o r  t h i s  l u m i n o s i t y  c l a s s ,  a  g r i d  o f  m odel a t m o s p h e r e s  was c o n s t r u c t e d  

i n  t h e  t e m p e r a t u r e  r a n g e  f ro m  35 00 K t o  6 0 0 0  K. S y n t h e t i c  G -b an d s  and  MgH 

b a n d s  n e a r  AA~430C$ an d  - 5 2 0 0 ^  r e s p e c t i v e l y ,  w e re  co m p u ted  an d  r e v e a l e d  two 

s i g n i f i c a n t  r e s u l t s .

( i )  The G -b an d  r e g i o n  i s  a  m e t a l  a b u n d a n c e  d i s c r i m i n a n t  f o r  s t a r s  w i t h

T < 5500 K. I n  f a c t ,  a t  T .  = 4000 K, t h e  m odel w i t h  [a /H] = -4  h a s  ae f f  e f f

s t r o n g e r  G -band  t h a n  t h e  [A/H] = 0 m o d e l .

( i i )  MgH b a n d s  a r e  an a b u n d a n c e  d i s c r i m i n a n t  f o r  d w a r f / s u b d w a r f  s t a r s  w i t h

T __ < 4000 K. e f f  ~

B o th  o f  t h e s e  r e s u l t s  p r o v i d e  an e x p l a n a t i o n  f o r  t h e  "CH 

s t r o n g "  and  "MgH s t r o n g "  c l a s s i f i c a t i o n s  o f  G r e e n s t e i n  ( 1 9 7 1 ) .  The 

s t r e n g t h e n i n g  o f  t h e s e  m o l e c u l a r  b a n d s  h a s  b e e n  i n v e s t i g a t e d  by  a  d e t a i l e d  

e x a m i n a t i o n  o f  t h e  m o l e c u l a r  e q u i l i b r i a .  I n  p a r t i c u l a r ,  t h e  am ount o f  f r e e  

c a rb o n  a v a i l a b l e  f o r  CH f o r m a t i o n  i s  d e t e r m i n e d  by t h e  b e h a v i o u r  o f  CO, OH, 

an d  H^O i n  t h e s e  m o d e l  a t m o s p h e r e s .  A t n o rm a l  a b u n d a n c e ,  CO fo rm s  r e a d i l y ,  

b u t  a s  t h e  m e t a l  a b u n d a n c e  i s  l o w e r e d  t h i s  s p e c i e s  d e c l i n e s  i n  i m p o r t a n c e  

r e l a t i v e  t o  OH and  H^O. T h i s  d e c l i n e  i n  CO r e l e a s e s  c a r b o n  w h ich  i s  t h e n  

a v a i l a b l e  f o r  CH f o r m a t i o n .  The ab o v e  d i s c r i m i n a n t s  c o u l d  b o t h  b e  u s e d  

i n  o b j e c t i v e  p r i s m  s u r v e y s  t o  i s o l a t e  e x t r e m e l y  m e t a l - d e f i c i e n t  d w a r f s ,
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w h ic h  c a n  t h e n  be  a n a l y s e d  i n  more d e t a i l  t o  u n v e i l  new i n f o r m a t i o n  a b o u t  

t h e  e a r l y  e v o l u t i o n  o f  t h e  G a la x y .

(c) Cool white dwarfs

The s p e c t r u m  s y n t h e s i s  t e c h n i q u e  was a p p l i e d  t o  d e g e n e r a t e  s t a r s  by  

m a t c h i n g  t h e  s y n t h e t i c  b l a n k e t i n g  s p e c t r u m  o f  a  T ^ = 4000 K, l o g  g = 8 . 0 ,  

[m/H ] = - 3 ,  H - r i c h  m odel a t m o s p h e r e ,  w i t h  t h e  o b s e r v e d  s p e c t r u m  o f  t h e  w h i t e  

d w a r f  L P 7 0 1 -2 9 ,  w h ic h  h a s  b e e n  p u b l i s h e d  b y  Dahn e t  a l .  ( 1 9 7 8 ) .  T h u s ,  t h e  

DA s e q u e n c e  o f  w h i t e  d w a r f s  a p p e a r s  t o  e x t e n d  a t  l e a s t  t o  t h i s  t e m p e r a t u r e .

A l a r g e  p o r t i o n  o f  t h i s  c h a p t e r  was d e v o t e d  t o  t h e  d e s c r i p t i o n  o f  

t h e  w h i t e  d w a r f  m odel a t m o s p h e r e s  ( b o th  h y d r o g e n - a n d  h e l i u m - r i c h ) , w h ich  

w e re  c o n s t r u c t e d  i n  t h e  t e m p e r a t u r e  r a n g e ,  3500 K < T ^  5 7000 K. The 

f o l l o w i n g  m a j o r  r e s u l t s  w e re  o b t a i n e d :  f o r  t h e  H - r i c h  m o d e l s ,

( i )  m o l e c u l a r  h y d ro g e n  (H^) becam e i n c r e a s i n g l y  i m p o r t a n t  a s  b o t h  t h e  

t e m p e r a t u r e  an d  m e t a l  a b u n d a n c e  w e re  d e c r e a s e d .

( i i )  L a rg e  am o u n ts  o f  H p r o v i d e d  t h e  n e c e s s a r y  c o n d i t i o n s  f o r  i n c r e a s e d  

c o n v e c t i v e  e n e r g y  t r a n s p o r t  i n  t h e  o u t e r  l a y e r s .

( i i i )  I n c r e a s e d  c o n v e c t i o n  n e a r  t h e  s u r f a c e  m e a n t  t h a t  i n  t h e  c o o l e s t  m o s t  

m e t a l - d e f i c i e n t  m o d e l s ,  t h e  a d i a b a t i c  g r a d i e n t  was e s t a b l i s h e d  t h r o u g h o u t  

t h e  a t m o s p h e r e .  T h i s  g r a d i e n t  p r o d u c e d  a  c o o l i n g  o f  o u t e r  l a y e r s  an d  

t h e r e f o r e  a  d e c r e a s e  i n  t h e  e l e c t r o n  p r e s s u r e ,  and  a  l o w e r in g  o f  t h e  l e v e l  

o f  i o n i s a t i o n .

I n  c o n t r a s t ,  f o r  t h e  H e - r i c h  w h i t e  d w a r f  m o d e ls  t h e r e  w e re  no l a r g e  

c o n v e c t i v e  z o n e s ,  s i n c e  t h e r e  was no a b u n d a n t  s p e c i e s  w h ich  c o u l d  lo w e r  t h e  

a d i a b a t i c  t e m p e r a t u r e  g r a d i e n t .  The s o u r c e s  o f  c o n t in u u m  o p a c i t y  w e re  a l s o  

c o n s i d e r e d  i n  b o t h  c l a s s i f i c a t i o n s  o f  w h i t e  d w a r f s .  H i s  t h e  d o m in a n t  

o p a c i t y  i n  a l l  b u t  t h e  c o o l e s t ,  m o s t  m e t a l - d e f i c i e n t  m o d e l s ,  w h e re  t h e  

H d i p o l e  o p a c i t y  becom es d o m in a n t  a t  w a v e l e n g t h s  w h e re  m o s t  o f  t h e  e n e r g y  

i s  r a d i a t e d .  He i s  a lw a y s  t h e  d o m in a n t  o p a c i t y  i n  t h e  H e - r i c h  m o d e l s .
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In some of the cool lie-rich model atmospheres the gas pressures 

were extremely high. Under these circumstances pressure ionisation should 

be considered. Thus to extend this area of research, it is proposed to 

include pressure ionisation effects, which should produce more realistic

helium models.
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