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ABSTRACT

It has been suggested by several authors that the sodium and aluminium abundance variations correlating
with CN-band strength, frequently observed in CN-bimodal globular cluster giants, could be spurious mani-
festations of different temperature structures in the “ CN-strong” and “CN-weak ” stars, caused by different
molecular line blanketing related to the C, N, and O trio. For stellar parameters generally appropriate to
giants in the intermediate metallicity CN-bimodal cluster M4, we demonstrate through new model atmosphere
calculations, employing opacity sampling and spherical geometry, that the observed abundance anomalies
cannot be the result of atmospheric temperature structure. Our results using spherical geometry are compared
to identical calculations performed with plane-parallel geometry: the effects of atmospheric extension on
derived abundances for all lines considered amount to less than 0.1 dex.

Subject headings: globular clusters: general — stars: abundances — stars: atmospheres — stars: evolution —

stars: giant

1. INTRODUCTION

The origins of the now well-documented abundance inho-
mogeneities exhibited by stars within globular clusters remains
a controversial topic; see Smith (1987, 1989), Pilachowski
(1989), and Suntzeff (1989) for recent reviews. One of the most
striking aspects of the puzzle is the bimodal distribution of CN
molecular band strengths observed in many of the interme-
diate metallicity globular clusters (—0.7 > [M/H] > —1.6).
The last decade has witnessed a deepening of this mystery, with
a growing body of evidence suggesting that the enhanced CN-
bands are often accompanied by enhancements in Na 1 and
Al 1 line strength (Peterson 1980; Cottrell & DaCosta 1981;
Norris et al. 1981; Lloyd Evans, Menzies, & Smith 1982;
Norris & Smith 1983; Norris & Pilachowski 1985; Lehnert,
Bell, & Cohen 1991; Smith & Wirth 1991; Drake, Smith, &
Suntzeff 1992). If such line strength variations correspond to
real Na and Al abundance differences in the “ CN-strong” and
“CN-weak ” stars, then these abundances would provide key
constraints for theories attempting to explain the abundance
inhomogeneities.

There are two basic scenarios through which the cluster
abundance inhomogeneities could arise; see, e.g., Smith (1987),
Smith & Wirth (1991), and Suntzeff & Smith (1991) for more
complete discussions. Briefly, in one scenario, often referred to
as the “Mixing Hypothesis,” it is postulated that the abun-
dance anomalies are the natural consequence of dredge-up of
material processed by interior nucleosynthesis (e.g., Sweigart &
Mengel 1979). In the second, the inhomogeneities could arise
through contamination, either prior to the formation of the
cluster stars, by primordial proto-cluster abundance inhomo-
geneities; or during the life of the stars, by accretion of chemi-
cally enriched material. In order to explain enhancements of
Na and Al, the Mixing Hypothesis would require heterodox
stellar evolution theory, since canonical stellar models do not
predict the abundances of these two elements to change on the
surface of a low-mass star as a result of dredge-up (e.g., Iben &
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Renzini 1983). Contamination of the cluster stars by material
external to themselves, either prior to their formation or
during their evolution, would require the contaminant to be
enriched in Na and Al, but not in the other elements which are
observed to be homogeneously distributed. This criterion
severely limits the possible origins of such material—see, e.g.,
Smith & Wirth (1991) and Suntzeff & Smith (1991) for recent
discussions.

Despite the pivotal role Na and Al might play in the
resolution of the enigma, the question of whether the observed
line enhancements correspond to real Na and Al abundance
differences remains controversial. Several authors (e.g., Peter-
son 1976; Cohen 1978; Peterson 1980; Norris & Smith 1983;
Norris & Pilachowski 1985; Pilachowski 1989; Smith 1987,
1989; Smith & Wirth 1991) have suggested two potential
obstacles to a straightforward interpretation in terms of abun-
dance variations: (1) departures from LTE; (2) differences in
atmospheric temperature structure in the CN-strong and
CN-weak stars, caused by the different C-, N-, and O-related
molecular line blanketing.

Non-LTE effects alone would seem an improbable explana-
tion for the line strength differences, since many authors have
now observed equivalent width variations in lines due to weak,
nonresonance transitions in stars with very similar tem-
peratures and luminosities (e.g., Cottrell & Da Costa 1981;
Pilachowski 1989; Lehnert et al. 1991; Smith & Wirth 1991;
Drake et al. 1992; Kraft et al. 1993). Drake et al. (1992) pre-
sented abundances based on the weak Na lines of multiplet 5
near 46160 which differ by 0.3 dex between CN-strong and
CN-weak giants in the CN-bimodal cluster M4. They ruled out
any significance of non-LTE effects, describing the results of
detailed non-LTE calculations for Na which suggested that
relaxing the LTE assumption erodes the Na abundance differ-
ence by only 0.02 dex.

A good indication that the second of the above
“obstacles "—atmospheric temperature structure differences
due to molecular blanketing—is not significant was given by
Campbell & Smith (1987). Line blanketing affects both the
deep atmospheric layers through backwarming, and the higher
layers through, e.g., surface cooling—see Gustafsson et al.
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(1975) and Carbon (1979) for lucid discussions. Thus even weak
lines formed in deep photospheric layers might potentially be
affected by differences in line blanketing. Campbell and Smith
argued that the 17699 K 1 resonance line should also be sensi-
tive to the same structure effects as the lines of Na 1 and Al 1
which are observed to be correlated with CN-band strength.
They observed the 47699 K 1 line in a total of 13 stars in the
globular clusters M4, 47 Tuc and NGC 6752, along with lines
due to Na, Al and several other species, and found no signifi-
cant variation in K line strength between CN-strong and
CN-weak stars. They concluded that there were no significant
atmospheric structure differences between CN-rich and
CN-poor globular cluster giants. While fairly convincing, there
is still some room for doubt in this conclusion. The K 1 17699
line is both significantly stronger than the weak Na 1 and Al 1
subordinate lines and weaker than the Na and Al resonance
lines, and, furthermore, the continuous absorption coefficient
gradually increases toward the near infrared, tending to move
the depth of line formation higher toward longer wavelengths:
in short, the K 1 line samples a different range of atmospheric
depth than the Na and Al lines at shorter wavelengths. Differ-
ent atmospheric structures in the CN-weak and -strong stars
might not then affect the K, Na, and Al lines in exactly the
same fashion, and the result of Campbell & Smith (1987), while
a good indicator of the insignificance of atmospheric structure
variations, is not a definitive test. The problem still awaits a
more rigorous theoretical model atmosphere investigation.

In this paper, we present the results of new opacity sampling
spherical model atmosphere calculations, employing recent
molecular and atomic line data (Plez, Brett, & Nordlund 1992).
A grid of models representing typical CN-strong and CN-weak
intermediate metallicity globular cluster giants have been com-
puted. These have been used to calculate the effects of the
different C-, N-, and O-related molecular blanketing in the
CN-strong and CN-weak stars on spectroscopic measurements
of Na, Al, Ca, and Fe abundances. We demonstrate conclu-
sively that atmospheric temperature structure effects are not
responsible for the abundance variations commonly observed
in CN-bimodal globular clusters. Our calculations also enable
us to estimate the effects of atmospheric extension on globular
cluster abundance measurements. We show that the differences
between abundances derived in plane parallel and spherical
geometries are likely to be less than 0.1 dex.

2. METHOD

2.1. Model Atmospheres

In order to investigate the possible effects of differential
molecular blanketing on atmospheric temperature structure,
we have calculated models for two different sets of C, N, and O
abundances typical of those found in CN-strong and CN-weak
giants of the intermediate metallicity bimodal globular clus-
ters. Note that the atomic and ionic line blanketing, which is
dominated by the iron group species, is not affected directly by
these elements, which all exhibit relatively sparse line spectra.
Iron group species are generally observed to be homoge-
neously distributed in CN-bimodal clusters (e.g., see Smith
1987), and so the only influence of C, N, and O abundance
variations on the atomic and ionic line blanketing will be
through any changes in atmospheric structure resulting from
molecular blanketing variations.

Our model atmosphere code, SOSMARCS, is derived from
the MARCS suite of programs originally developed by Gus-

tafsson et al. (1975), and subsequently has been updated to
include the effects of spherical geometry and to calculate the
effects of line blanketing using opacity sampling techniques
(Plez et al. 1992). As a test, we also calculated some models in
plane-parallel geometry using the same code, in order to esti-
mate the influence of atmospheric extension on the derived
abundances. Whilst “ traditional” MARCS models, or models
adopted from the grid of MARCS models published by Bell et
al. (1976), have long been the model atmosphere mainstay of
globular cluster abundance studies, these have been computed
using opacity distribution functions (ODFs) calculated for
limited, fixed patterns of C, N, and O abundances. Using such
models, it is not possible to account rigorously in the model
structure for a chemical composition which differs from that
for which the limited set of ODF's was calculated. The opacity
sampling approach circumvents this restriction by explicitly
calculating the line and continuous opacity for any given com-
position. The nemesis of this method is that a sufficiently large
number of frequency points to provide an accurate sampling of
the stellar flux is required. In previous years the problem was
tractable using only the most powerful computers. However,
the rapid evolution of computer hardware in recent years has
now reduced this quasi-intractable problem to one of relatively
modest computational effort.

The C, N, and O abundances, together with the atmospheric
parameters T ¢, log g, and metallicity (represented here by the
abundance of iron relative to the solar value, [Fe/H]), that we
adopted for the model atmosphere calculations are listed in
Table 1. We chose to adopt atmospheric parameters and abun-
dances which were close to those found from recent studies of
giants in the CN-bimodal globular cluster M4: atmospheric
parameters were taken from Drake et al. (1993), C and N abun-
dances were taken from Suntzeff & Smith (1991), and the O
abundances were taken from Drake et al. (1992). Drake et al.
found the iron abundance of M4 to be very close to [Fe/
H] = —1. However, in order to probe the differential effects of
molecular blanketing down to lower metallicities, we also cal-
culated the same set of models with all abundances reduced by
0.5 dex (ie., scaled to [Fe/H] = —1.5). In the case of M4,
Drake et al. found the abundance of Ca, an a-element, to be
enhanced relative to Fe by +0.25 dex. It is likely that the
abundances of the other a-elements, including Mg and Si
(which are a major source of electrons in late-type stellar
photospheres) are also enhanced relative to Fe by a similar

TABLE 1

THE ATMOSPHERIC PARAMETERS AND C, N, AND O ABUNDANCES ADOPTED
FOR THE MODEL ATMOSPHERE CALCULATIONS®

T logg [Fe/H] C/H N/H O/H Geometry® Code
4400, 1.3.... -1.0 6.60 7.60 8.10 Sph 44S10S
7.10 7.10 8.30 Sph 44W10S
7.10 7.10 8.30 PP 44W10P
—1.5 6.10 7.10 7.60 Sph 44S15S
6.60 6.60 7.80 Sph 44W15S
3900, 0.8.... -1.0 6.60 7.60 8.10 Sph 39S10S
7.10 7.10 8.30 Sph 39W10S
7.10 7.10 8.30 PP 39W10P
—1.5 6.10 7.10 7.60 Sph 398158
6.60 6.60 7.80 Sph 39W15S

* The abundances with respect to Fe abundance, relative to solar, adopted
for the a-elements was [o/Fe] = +0.25.

® Spherical and plane-parallel geometries are indicated by the abbrevia-
tions “ Sph ” and “ PP,” respectively.
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amount (e.g., see Wheeler, Sneden, & Truran 1989), and we
have therefore adopted abundances relative to Fe for these
elements equivalent to [a/Fe] = +0.25.

For the spherically symmetric models an additional param-
eter is required. We chose M/My = 0.8 for both series of
models, which leads to M, = —1.67 for the T,; = 4400 K
models and M, = —2.40 for the T ;; = 3900 K models.

2.2. Abundances

We considered the elements Na, Al, O, Ca, and Fe. Our
method, in essence, involved calculating abundances for these
elements from given “observed ” equivalent widths for each of
the model atmospheres in our grid. Whilst Na and Al are
commonly seen to vary between CN-strong and CN-weak
stars, Fe and Ca are generally observed to be homogeneously
distributed, within experimental uncertainties, in the interme-
diate metallicity CN-bimodal clusters (e.g., Smith 1987). If line
blanketing effects do induce significant changes in theoretical
Na and Al line strengths calculated for the CN-strong and
CN-weak star models, then we would not expect to see simi-
larly large changes in Ca and Fe lines. These latter elements,
then, serve as a control.

In the case of Na, we considered the multiplet 5 lines at
A6154 and 46160, the 45683 line of multiplet 6, the near infra-
red line of multiplet 4 at 18183, and the D line at 15890. The
only Al lines considered were the lines of multiplet 5 at 16696
and A6698: since both lines of this multiplet are observable
down to metallicities of [Fe/H] = — 1.5, they are favored over
the resonance lines, which are blended with the wings of the
Ca 11 H and K lines and numerous other spectral features. The
most useful Ca 1lines in late-type stellar spectra for abundance
analyses are those near 2.5 eV excitation, for which Smith and
coworkers have derived a fairly extensive set of atomic data
(Smith & O’Neill 1975; Smith 1981; Smith & Raggett 1981).
For this study we have chosen three of these lines, which cover
a range in line strength. In the case of Fe, we have considered
weak and moderately strong Fe 1 lines of high excitation, a
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low-excitation line of medium strength, and a typical line of
Fe 1. All of these lines, and their germane atomic data, are
listed in Table 2. Oscillator strengths were adopted from:
Wiese & Martin (1980) (Na); Lambert & Luck (1978) (O);
Smith (1981) (Ca). In the case of the Fe 1, Fe 11, and Al 1 lines,
oscillator strengths are from Drake et al. (1993); these were
calculated from the solar flux spectrum (Kurucz et al. 1984)
using the Holweger & Miiller (1974) solar model, a micro-
turbulence of ¢ = 1.5 km s~ ! (Smith 1981), and Fe and Al
abundances of 7.50 and 6.49, respectively. The only collision
broadening parameter (here expressed as — log Cg) of signifi-
cance is that for the Na resonance line. This was taken from
Smith et al. (1985). Values for Ca are from Smith (1981), and
the remainder were derived using the Unsold (1955) relation
and orbital mean-square-radii from the Coulomb approx-
imation (Na, Al, Fe 1) and from Warner (1969) (Fe 1), with
enhancement factors of between 1 and 2. We emphasize that
our choice of atomic data is not critical to the analysis.

For our set of lines, we calculated equivalent widths in the
LTE approximation using the spherical, CN-weak models at
each temperature and global metallicity of our grid: adopting
the model abreviations listed in Table 1, these models were
44W10S, 39W10S, 44W15S, and 39W15S. These equivalent
widths then served as our “observed ” equivalent widths, from
which we calculated abundances for the remaining models in
the grid.

3. RESULTS AND DISCUSSION

3.1. Model Atmospheres
3.1.1. Molecular Blanketing

The temperature structures, T'(tg,), for all of the models in
our grid are illustrated in Figures 1a and 1b. From Figure 1a it
can be seen immediately that the differences in temperature
structure between the various models are not large.

Turning first toward the deep layers, the obvious effect
here is that of metallicity: the more metal-deficient models,

TABLE 2
LINES STUDIED, WITH THE ABUNDANCES ADOPTED FOR EACH ELEMENT, AND EQUIVALENT WIDTHS

EQUIVALENT WIDTH (mA)®

[4/Fe]* 1 £
SPECIES MuLT A) V) loggf —logCs, 44WI0S  39W10S  44Wi15S  39WI15S
Nat............... +0.15
6 5682.663 2.10 -0.70 29.73 91 117 57 88
1 5889.953 0.00 0.117 3049 704 1675 481 1033
5 6154.230 2.10 —1.56 29.77 37 67 14 34
5 6160.753 2.10 —1.26 29.77 56 88 26 53
4 8183.256 2.09 0.220 2997 174 206 138 176
Alr................ +0.50
5 6696.032 3.13 —1.461 30.46 60 88 30 55
5 6698.669 3.13 —1.803 30.46 39 65 16 33
OI covvviiininnnnn +0.30
1F 6300.311 0.00 —-9.75 30.0 54 80 33 55
Fer ............... 0.0
1180 5862.370 4.55 —0.390 30.26 78 79 54 60
1086 5814.814 4.26 —1.818 30.52 25 30 10 15
62 6173.341 2.22 —295 31.24 109 124 87 108
Feum............... 0.0
74 6456.387 3.89 —2.328 31.16 43 22 32 17
Car........o.... +0.25
20 6166.44 2.51 —1.142 29.69 98 128 69 103
18 6439.07 2.51 0.390 30.80 188 233 160 193

* Abundances with respect to their solar values, relative to iron, [ 4/Fe].
® Equivalent widths calculated using the set of CN-weak models (see text).
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F1G. 1.—(a) Atmospheric temperature structures of the different models of the grid; (b) details of the model structures abovelog g, = 0.

[Fe/H] = —1.50, are ~300 K cooler than the [Fe/H] = —1.0
models in the deepest layers. This result is a direct consequence
of the greater efficiency of convection in the more metal-poor
models. As the metallicity of the model is decreased, the ioniza-
tion zone moves outwards because of the depletion in electron
density, and the convective flux reaches closer to the surface,
which leads generally to a more shallow temperature gradient
in these layers—see Gustafsson et al. (1975) for a more com-
plete discussion. The onset of line formation is typically above
log T = 1; therefore, these layers have little effect on derived
abundances.

All of the models have nearly identical temperature struc-
tures at log 1z, = 0, but they begin to differ toward the higher
layers (Fig. 1b). In the case of the spherical models, the tem-
peratures toward the outer layers are controlled to a large
extent by a complex interplay of heating and cooling by CO,

H,O, and TiO line opacities. In general, CO and H,O cool
down the outer layers (see e.g., Gustafsson et al. 1975; Auman
1969), while TiO has a heating effect (see Krupp, Collins, &
Johnson 1978). The CN itself tends to have a backwarming
effect, but the impact on the model structure is less significant.
The CN-weak models are all cooler in the outer layers than the
CN-strong models, primarily because of CO: these models
have higher C abundances, slightly higher O abundances, and
consequently stronger CO bands and more cooling through
CO lines. This anticorrelation of CO and CN band strengths is
in keeping with observations—see, for example, the CO photo-
metry for M4 from Frogel, Persson, & Cohen (1983) and the
CN-strength measurements of Norris (1981) and Suntzeff &
Smith (1991). Heating by TiO and cooling by water vapor can
partly cancel one another, with the balance tending toward a
net cooling effect in favor of H,O, as shown by our calculations
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of models without TiO opacity. This reflects the growing
importance of water opacity relative to TiO or CO at lower
metallicities.

The maximum temperature difference in the outer layers
between CN-weak and CN-strong models for T = 4400 K
amounts to approximately 150 K at log 1z, ~ —4 for
[Fe/H] = — 1.5, and to about half of this for [Fe/H] = —1.0.
For T, = 3900 K, the effects are much smaller, amounting to
less than 50 K for both metallicities.

3.1.2. Spherical versus Plane-Parallel

The effects of extension on atmospheric structure have been
discussed in detail by previous authors (Schmid-Burgk &
Scholz 1975; Watanabe & Kodaira 1978, 1979; Scholz &
Wehrse 1982; Bessell et al. 1989; Plez 1990). In brief, the radi-
ation field in a spherical model becomes diluted with increas-
ing height, an effect which is not accounted for in a
plane-parallel model. The result of this is a general lowering of
the temperature in the outer layers relative to the plane-
parallel case. Our results reflect these effects, the plane-parallel
models (CN-weak and [Fe/H] = —1.0) for both effective tem-
peratures being hotter than their spherical counterparts
towards the higher layers. The models begin to diverge near
log 7., = —1, above which point the plane-parallel case
remains 50—75 K hotter. In spherical symmetry, decreasing
gravity with increasing radius also leads to lower gas pressure
in higher atmospheric regions, although in general this has a
much less significant effect on the derivation of element abun-
dances.

3.2. Abundances
3.2.1. Molecular Blanketing

Our results, represented by the abundance differences,
Alog A (defined as the quantity 10g Acn_srong — 108 Acnwear)s
arising as a result of using the models with different C, N, and
O abundances, are illustrated in Figure 2. We point out two
singularly important aspects of these results: (1) the differences
between abundances derived using CN-strong and CN-weak
models are all very small for both temperatures and metal-
licities considered; (2) Fe and Ca lines—our “control ” lines—
are affected to a similar extent as the lines of Na and Al.

In the case of the hotter models (T, = 4400 K), there is an
obvious trend in A log A with line strength: differences are
small for weak lines on the linear part of the curve of growth,
they reach a maximum for medium-strength lines lying on the
flat part of the curve, and then they drop again for the strong
Na D line. This result is simply a reflection of the depths of
formation of the different strength lines. Very generally, weak
lines are formed mostly in a relatively narrow region in the
atmosphere around log 7 = 0 (e.g., see Fig. 2 of Drake et al.
1992)—mostly above the region where the different model tem-
perature structures diverge. Stronger lines nearing saturation
form a greater fraction of their equivalent widths in higher
layers, where our CN-weak and CN-strong atmospheres have
different temperature structures. Growth in the equivalent
widths of very strong lines (e.g., the Na D lines) occurs pre-
dominantly in the development of collisionally broadened
wings, which again takes place in the deeper layers of the atmo-
sphere, below the region affected by the different molecular
blanketing.

In the case of the cooler models, the difference between the
CN-weak and CN-strong temperature structures is so small
that none of the lines are significantly affected. A small residual
curve-of-growth effect is visible, with a peak in abundance dif-
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Fic. 2.—Differences in abundances, A log A, derived using the CN-strong
and CN-weak models, as defined in the text. The solid and dashed lines serve
to separate the points corresponding to models with metallicities [M/H] =
—1.0 and —1.5, respectively, and to highlight the dependence of A log 4 on
equivalent width; points corresponding to Fe 1 lines are not joined to those
due to neutral species because of their different behavior to the changes in
model structure.

'
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ference, excluding the Fe n line, occurring near log (W/
A) = —4.5. Note that the abundance difference for the Fe 11 line
is positive, rather than negative. This is due to a slight differ-
ence in pressure at line formation depths between the two
models, which noticeably affects a minor species such as Fe 11
through the ionization equilibrium.

3.2.2. Spherical versus Plane-Parallel

The effects of neglecting spherical geometry are illustrated in
Figure 3 and are tabulated for a subset of our lines in Table 3.
Here, A log A is defined as the quantity log App — log Agy,
with the subscripts “PP” and “Sph” having their obvious
meanings. The plane-parallel models are hotter than the corre-
sponding spherical models in the regions of line formation,
and consequently lines due to neutral species yield larger

TABLE 3

THE DIFFERENCES, A log A, BETWEEN ABUNDANCES DERIVED USING
PLANE-PARALLEL AND SPHERICAL GEOMETRIES FOR SELECTED LINES

Alog A*

SPECIES A(A) eV 4400, 1.3 3900, 0.8
Nar....oooooiiiiiiii.. 5889.953  0.00 +0.069 +0.095
6154.230  2.10 +0.040 +0.055

All. 6696.032  3.13 +0.040 +0.050
O, 6300.311  0.00 +0.013 +0.023
Car....oooiiiii 6439.07 2.51 +0.066 +0.059
Fer ... 6173.341 222 +0.086 +0.025
Femm..........o.o.ol. 6456.387  3.89 —0.043 —0.055

* Positive values indicate that a larger abundance is derived using plane-
parallel models.
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FiG. 3.—Differences in abundances, A log A, derived using the CN-weak

spherical and plane-parallel models, as defined in the text. For convenience,
A log A for the Fe 1 line is illustrated with the opposite sign (see Table 3).

abundances under the assumption of plane-parallel geometry,
while lines due to ionized species will in general yield smaller
abundances. These effects are larger than those due to differen-
tial molecular blanketing—a consequence of the temperature
structures of the spherical and plane-parallel models diverging
at greater optical depth than those of the spherical models with
different blanketing. This is also reflected in the (opposite)
effect for the Fe 11 46456 line, whose mean depth of formation is
slightly greater than those of the neutral species. Again the
magnitude of the effect is seen to depend on the line position on
the curve of growth.

These are encouraging results for conventional, plane-
parallel model atmosphere analyses of globular cluster giants:
for none of our lines do we find the effects of atmospheric
extension to be greater than 0.1 dex—significantly smaller than
the errors intrinsic to the majority of the abundance analyses
themselves. In an earlier study, Plez (1990) found effects of the
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same order of magnitude for, e.g., CO and CN lines in the
range 3500 K < T < 4500 K.

4. CONCLUSIONS

We have demonstrated, using the latest spherical model
atmospheres, that the effects of different molecular line
blanketing on the temperature structures of typical CN-strong
and CN-weak intermediate metallicity CN-bimodal globular
cluster giants are small. These results confirm the empirical
deduction of Campbell & Smith (1987). Consequently, none of
the abundance anomalies or line strength differences reported
for CN-bimodal globular clusters can be attributed to atmo-
spheric structure effects.

The effects of neglecting spherical geometry in these spectral
types are relatively small, although somewhat larger than the
effects of the different molecular blanketing. The spherical
models are typically cooler in the outer layers as a result of
dilution of the radiation field caused by extension. For neutral
species, the resulting difference in abundances calculated for
plane-parallel and spherical geometry generally amount to
some 0.05 dex for weak lines, and up to 0.1 dex for stronger
lines, depending on the location of the line on the curve of
growth, in the sense that the plane-parallel models yield the
larger values. For the Fe 11 line considered here, the geometri-
cal effects amounted to approximately 0.05 dex, with the
opposite sign.
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