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ABSTRACT 

A group at Lick Observatory has measured spectral indices for stars, globular clusters, and galaxies. As part 
of a program to compute integrated spectra and colors for clusters and galaxies, we have modeled these 
indices for stars. This comparison is intended in part as a test of the synthetic indices and their value in 
modeling the other objects and in part as an attempt to obtain new insights, such as the dependence of the 
indices on the abundances of individual elements. Since we have shown previously that a 5 Gyr isochrone 
matches the color-magnitude diagram of M67 very well [AJ, 106, 618 (1993)], we have calculated 
synthetic spectral indices for temperature and gravity points along this isochrone. Our values, plotted as 
index versus temperature diagrams, have been compared with observations of M67 stars and field stars, the 
latter mostly being objects whose atmospheric parameters are similar to the isochrone values. These 
comparisons show generally good agreement and indicate that model cluster and galaxy spectra should yield 
valuable insights when compared to the corresponding observations. We studied the changes of the indices 
produced by changes in bandpasses and smoothing, results which may be of value to other observers, and 
to changes in overall metal abundance and in changes of the abundances of individual elements. While these 
latter changes give specific values for results which would be anticipated, such as the dependence of the Na 
D index on sodium abundance, they also show that many other indices vary only weakly with abundance 
or vary a great deal in an unexpected way. For example, the Fe4668 index is very sensitive to changes in 
carbon abundance. In addition, it is difficult to find the Fe abundance using the Lick indices, only one index 
being more sensitive to changes in Fe itself than to changes in the overall metal abundance. © 1995 
American Astronomical Society. 

1. INTRODUCTION 

Over the past two decades, Faber and colleagues at Lick 
Observatory have compiled an extensive and homogeneous 
spectral database for stars, globular clusters, and galaxies. 
The information contained within these spectra has been 
quantified by using a system of 21 spectral indices which 
measure the strength of strong atomic and molecular 
absorption-line features (Worthey et al. 1994, hereafter re- 
ferred to as WFGB94). These indices have been distilled into 
empirical polynomial fitting functions which give index 
strengths as a function of fundamental stellar parameters, 
with an aim toward using these to construct stellar popula- 
tion models (e.g., Buzzoni 1995). 

However, this approach is limited in several important 
ways because the calibration is based on Galactic stars. For 
example, the metallicity range of the original fitting func- 
tions is limited to [Fe/H] between -1 and +0.5 dex 
(WFGB94) although they have recently been extended to 
lower metallicities by Idiart & Freitas Pacheco (1995). More 
importantly, empirical methods do not allow for nonstandard 
abundance ratios in constructing integrated light models de- 
spite strong evidence, for example, that magnesium is sig- 
nificantly enhanced relative to iron in giant elliptical galaxies 
(Worthey et al. 1992) and that cyanogen band strengths in 
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M31 globular cluster spectra are extremely high (see review 
by Tripicco 1993, and references within). 

By using synthetic stellar spectra we can avoid these 
problems and thus our ultimate goal is to produce wholly 
theoretical integrated light spectra which can be compared 
with spectra of galaxies and other composite stellar popula- 
tions. But the individual stellar spectrum models can them- 
selves be used to more carefully determine the sensitivities 
of the absorption features (as seen at moderate resolution) to 
changes in temperature, gravity, and especially to variations 
in individual element abundances. As we will show in this 
paper, spectral indices sometimes behave in unexpected 
ways. 

The Lick stellar data and associated fitting functions also 
provide an excellent basis by which to evaluate the quality of 
the synthetic spectra themselves over a broad range in stellar 
effective temperature and surface gravity. Another important 
aspect of this paper, therefore, is to use the comparison be- 
tween observed and predicted spectral indices to point out 
trouble spots in the synthetic spectra and to guide us in the 
process of fine tuning the critical input atomic and molecular 
data (i.e., oscillator strengths and/or radiative damping con- 
stants). In this way we can decide a priori which spectral 
indices will be most or least reliable in the context of our 
integrated light models. Finally, we have investigated the de- 
pendence of the indices to various quantities, including the 
abundances of individual elements. 

This paper represents the most comprehensive effort to 
date in simulating the full set of Lick/IDS spectral indices 
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and in including element ratio variations. Previous work has 
tended to focus almost entirely on the magnesium features 
around 5175 Â (e.g., Chavez, et al. 1995, and earlier papers 
by the same group) and has generally not included non- 
standard abundance ratios. While McQuitty et al. (1994) 
were able to vary [Mg/Fe] and other element ratios, they too 
restricted themselves to the Mg and Fe features between 
4900 and 5500 Â and their indices were not designed to 
simulate the Lick/IDS system (although they are quite simi- 
lar). 

The remainder of the paper is organized in the following 
fashion. Section 2 describes the calculation of the synthetic 
spectra, their distribution in ^eff and logg, and the proce- 
dures we use in measuring the spectral indices. Examples of 
high-dispersion spectra for the Sun and for Arcturus com- 
pared with our models for these benchmark stars are also 
shown to indicate the quality of the fits of our spectra to the 
corresponding stars. Section 3 presents the detailed index- 
by-index comparisons between theory and observation (on a 
star-by-star basis as well as via the empirically defined poly- 
nomial fitting functions), plus tabulations of the sensitivity of 
each index to various physical and computational param- 
eters. A discussion of the results is given in Sec. 4 (including 
notes on individual indices) and Sec. 5 presents some con- 
cluding remarks. 

2. MODEL CALCULATIONS 

2.1 Synthetic Spectra 

The model results discussed in this paper are based on a 5 
Gyr solar abundance isochrone which we have previously 
shown (Tripicco et al. 1993, hereafter referred to as TDB93) 
to provide a good fit to the color-magnitude diagram for the 
open cluster M67. The construction of the isochrone is de- 
tailed in that paper. We have, however, recomputed all of the 
model atmospheres and synthetic spectra at 56 closely 
spaced intervals along the isochrone so as to include a num- 
ber of improvements which have since been made to our line 
list and to the atomic and molecular data. 

The values of several of the Lick indices depend upon the 
strengths of strong lines, e.g., X4227 of Ca I, the Mg b lines 
and the Na D lines. The broadening of these lines in the Sun 
and other cool dwarfs is dominated by the collisional damp- 
ing. The pressure dependence of this broadening can be used 
to deduce the gravities of stars from the profiles of strong 
lines (Blackwell & Willis 1977). However, the lower pres- 
sures in the atmospheres of giants lead to radiative damping 
becoming a much more significant contributor to the total 
damping. In fact, Edvardsson (1988) points out that the lines 
of the Ca infrared triplet show an inverse dependence on 
gravity, since they have very large radiative damping con- 
stants owing to sharing levels with the H and K lines. Con- 
sequently, we calculated radiative damping constants for 
many additional strong lines of a number of elements, e.g., 
Na-Si, Sc-Cu. The new, electronically readable, multiplet 
table for Fel (Nave et al, 1994) made finding these data 
more convenient for this species than for other elements, 
where the Revised Multiplet Tables (Moore 1945) had to be 
used to find lines arising from the same levels. This change 

in the damping yielded a perceptibly better fit to the profiles 
of some of the strong lines (e.g., the Mg b lines) in the 
spectrum of Arcturus. 

In view of the importance of the G band in this study, the 
wavelengths of the A-X CH lines have been reexamined. 
Some of these were originally obtained from Gero (1941). A 
number of wavelength changes were made earlier, using the 
work of Krupp (1973). Additional improvements were made 
for this paper using the newer data of Bembenek et al. 
(1990) and Bemath et al. (1991). However, it is still neces- 
sary to use calculated wavelengths for some lines, e.g., for 
the Q branch lines of the (1,1) bandhead and for lines with 
higher rotational quantum numbers. Such lines are seen in 
the solar spectrum but their wavelengths are not available 
from laboratory data. Comparison of observed and computed 
solar spectra showed that better agreement between them 
would be obtained by altering a few of the calculated wave- 
lengths by a few hundredths of an Angstrom, and these small 
changes were consequently made. In addition, we used the 
A-X oscillator strengths (/00, /n, and/22) from Larsson & 
Siegbahn (1983, 1986) instead of values based on Franck- 
Condon factor calculations. 

As before, plane-parallel, flux-constant model atmo- 
spheres were computed using the marcs program (Gustafs- 
son et al. 1975). The model atmospheres were then used as 
input to the SSG program (Bell & Gustafsson 1978, 1989; 
Gustafsson & Bell 1979) which generated spectra between 
3000 and 12 000 Â with a flux point spacing of 0.1 À. Runs 
with 0.01 Â spacing were found, in general, to lead to insig- 
nificant differences in the final spectral indices (see Sec. 3). 
Although the improvements to our input data as detailed 
above were important in matching certain individual absorp- 
tion features, they had very little effect on the broadband 
colors. That is, our newly computed isochrone colors and 
magnitudes still match the color-magnitude diagram of M67 
quite nicely (see TDB93, Fig. 2). 

Because an important aspect of this paper is to examine 
the effect of nonsolar abundance ratios, we have recomputed 
the model atmospheres and synthetic spectra with various 
element enhancements. New models were run with the abun- 
dances of carbon, nitrogen, oxygen, magnesium, iron, cal- 
cium, sodium, silicon, chromium, titanium, manganese, 
nickel, and vanadium each doubled in turn. The effects of the 
carbon abundance change, which just produces carbon stars, 
are about twice as great as those caused by using [C/M]= 
+0.15 at all but the lowest temperatures. An additional se- 
quence was generated where we doubled the abundances for 
all of the metals (i.e., [M/H]=+0.3). Note, however, that all 
cases were based on the same isochrone, i.e., the ^eff and 
log g remained fixed. In this way we isolate the abundance 
effects at a given temperature and surface gravity. Also, we 
have adopted the same opacity distribution function (ODF) 
in computing the model atmospheres for the individual ele- 
ment enhancements, with the exception of the [M/H]=+0.3 
case where an ODF appropriate for twice the solar metallic- 
ity was used. Finally, we ran extra models at three points 
along the red giant branch to simulate the result of simple 
mixing (C—>N) which is seen to occur in giants (Kjaergaard 
et al. 1982). We have not included this effect in all models 
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on the giant branch since we do not know how it depends in 
detail on Ttif and log g\ the three points are simply included 
as a rough guide to the importance of mixing on the spectral 
indices. 

Our spectrum models have been calculated using a 
smooth variation in microturbulent velocity with luminosity, 
ranging from 1.0 km/s for dwarfs to 2.5 km/s for the bright- 
est giants. Because changes in microturbulence can signifi- 
cantly affect some of the spectral indices we have also com- 
puted alternate model sequences where the microturbulent 
velocity has been altered by ±1 km/s from the default 
(luminosity-dependent) value. The impact of these variations 
on the spectral indices are tabulated in Sec. 3. 

2.2 Spectral Index Measurement 

Prior to measuring the Lick/IDS spectral indices we have 
taken care to match the characteristics of the IDS spectra as 
closely as possible. The high-resolution synthetic stellar 
spectra were first smoothed using a gaussian with FWHM of 
8.2 Â, which is typical of the resolution of IDS spectra (G. 
Worthey, private communication). The smoothed spectra 
were then resampled at intervals of 1.25 Â to match the IDS 
pixel spacing. A response function was then applied to simu- 
late the spectral response of the observational system. This 
function was determined by matching IDS spectra for a num- 
ber of M67 stars (kindly provided by G. Worthey) with our 
models for those same objects. Finally, the 21 spectral indi- 
ces between 4000 and 6400 Â discussed by WFGB94 were 
measured from the synthetic spectra following the definitions 
in that paper. This set of baseline indices are what are used in 
the next section to compare with the IDS data and empirical 
fitting functions. 

As discussed by WFGB94, there are unpredictable wave- 
length shifts and stretches in the IDS spectra. Although the 
Lick group have done an admirable job in reducing all of 
their observational material to the same scale, there remains 
some uncertainty in the spectral resolution and wavelength 
limits for each index, making it difficult for others to repro- 
duce the Lick system. G. Worthey (private communication) 
has suggested wavelength offsets for each index based on 
comparisons between IDS and CCD spectra for specific ob- 
jects and these have been adopted in making our baseline 
measurements. However, to estimate the size and direction of 
any errors caused by the uncertainties in wavelength calibra- 
tion and spectral resolution we have repeated the index mea- 
surements while varying these parameters. We have also 
tried to gauge the importance of the spectral response func- 
tion used by repeating the index measurements, first with no 
correction applied (i.e., leaving the spectra on a true flux 
scale) and then once again with the continuum removed en- 
tirely. In general these variations are of borderline signifi- 
cance because most of the spectral indices are measured over 
a relatively short wavelength interval. In some cases, how- 
ever, there is an observationally significant effect. All of 
these are tabulated in Sec. 3. 

5165 5170 5175 5180o 5185 5190 5195 
Wavelength(A) 

Fig. 1. The synthetic and observed spectra for the wavelength region of the 
Mg b lines are compared for the Sun (upper panel, data from the Kurucz 
1984 Atlas) and Arcturus (lower panel, the data being a digital copy of the 
Griffin 1968 Atlas). The synthetic spectrum is the upper one of each pair. 
The upper horizontal marking refers to the continuum level of the lower 
spectrum and the 50% level of the upper spectrum, the lower marking refers 
to the 50% level of the lower spectrum and the zero level of the upper 
spectrum. 

2.3 Matching High-Resolution Spectra of the Sun and 
Arcturus 

The spectral indices derived from synthetic spectra are 
used here in two distinct ways. On one hand, we use the 
models to explore the properties of the indices and their sen- 
sitivities to various physical and computational parameters. 
But on the other hand, systematic offsets between observed 
and predicted indices often serve to point out spectral regions 
where the models are deficient in some way. Whenever that 
was evident, we referred to observed high-resolution spectra 
for the Sun (Kurucz et al. 1984) and for Arcturus (Griffin 
1968) and made careful line-by-line comparisons with our 
models for those objects to search for the specific cause of 
the discrepancy. (Some wavelength regions of the Arcturus 
atlas were digitized for purposes of these comparisons.) It is 
very important that we use both a cool giant star and a hotter 
dwarf in these comparisons because their line spectra look 
quite different and reflect separate physical conditions. For 
example, an error in the radiative damping constant for a 
particular strong line may have a significant impact on its 
strength and profile in Arcturus while pressure broadening in 
the Sun dominates and thus camouflages the problem. In 
addition, molecular lines become much stronger and more 
important in the spectrum of Arcturus. 

Examples of the final fit between the observed and com- 
puted spectra for the Sun and Arcturus are given in Fig. 1 
and Fig. 2. The former shows the spectral region around the 
Mg I “Z?” triplet and Mg H (A-X) system, while the latter 
contains the area around the Hß line. The generally excellent 
match in Fig. 1 for both strong and weak atomic lines as well 
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4850 4855 4860 4865 0 4870 4875 4880 
Wavelength(A) 

Fig. 2. As Fig. 1, the wavelength region containing the Hß line. The weak- 
ness of the synthetic H/3 spectrum for Arcturus is apparent. 

as for the complex molecular absorption structure leads one 
to anticipate good agreement between observed and pre- 
dicted Mg1? Mg2, and Mg b indices. This will in fact be 
shown to be the case in the following section. Figure 2 dem- 
onstrates that while the fit around the YLß region is reason- 
ably good for the Sun, the Balmer line itself in the Arcturus 
model is clearly too weak. But because this line is only a 
small contributor to the H/3 index one might expect only a 
small but noticeable shortfall in the spectral indices for giant 
stars; this too will be seen in Sec. 3. 

While the fits we show to the spectra of the Sun and 
Arcturus only concern the line spectra, we are also consider- 
ing the overall fit of our models for these objects to the 
absolute fluxes (Bell & Tripicco 1996). As noted above, the 
present work has little dependence on these absolute fluxes. 

3. RESULTS 

Our comparison between theory and observation has two 
aspects. First, we have chosen 53 stars from the Lick/IDS 
database. These were chosen on the basis of their tabulated 
metallicities, -0.1^[Fe/H]^+0.1. Almost all of these are 
field stars, although there are a few dwarfs from the Coma 
cluster included. Members of the cluster NGC 188 were ex- 
cluded on the basis of the sometimes large and unexplained 
residuals in their indices (WFGB94). All of the M67 stars 
present in the database are included, since our models are 
drawn from an isochrone which nicely fits that cluster. (Note 
that we have included two M67 clump stars in the sample.) A 
few cool dwarfs whose metallicities are not listed were also 
included to fill out the sequence at the cool end. The final 
sample is plotted in the fundamental Teft—\og g plane along 
with the model sequence in Fig. 3. The temperatures used for 
the stars are those from the Lick/IDS database, which may 

Fig. 3. A 5 Gyr Pop I isochrone, which matches the M67 color-magnitude 
diagram, is shown as a solid line for post-turnoff stars and a dashed line for 
pre-turnoff ones. Teff, log g points from this ioschrone are used as the basis 
for the index calculations shown in Figs. 4-25. Member stars of M67 are 
plotted as circles, field stars as squares, filled symbols denoting giants and 
open ones dwarfs. The same symbols are used in later figures. Two M67 
clump stars are included. 

differ slightly from those which we would derive from our 
models. 

The second way we compare our model sequence to ob- 
servation is simply by plugging the model temperatures and 
gravities (for [Fe/H]=0) into the empirical polynomial fitting 
functions as given in Tables 2 and 3 of WFGB94, thereby 
projecting our isochrone into spectral index vs. temperature 
space. The empirical fitting functions have been derived in 
terms of ^eff> log g, and [Fe/H], using stars of all abundances 
and assuming that the relative abundances of all elements 
vary in the same way. 

Figures 4-24 show the baseline model sequence (dashed 
line below the main-sequence turnoff, solid line brighter than 
the turnoff) compared with the solar abundance stellar 
sample (filled points for giants and open points for dwarfs) 
and fitting functions (dot-dashed lines) for each of the 21 
spectral indices. An error bar on each plot shows the typical 
observation ±lcr error bar for that index (from WFGB94, 
Table 1). As discussed above, at three points along the red 
giant branch (around 4960, 4688, and 4256 K) the carbon 
and nitrogen abundances have been altered to simulate 
simple mixing ([C/Hj^-O^, [NTH]*«+0.4) as observed for 
Pop I giants (see Tripicco & Bell 1991, and references cited 
therein). In cases where a spectral index is sensitive to car- 
bon and/or nitrogen abundance these points show up as a 
“jag” in the model giant branch. Note that such extensive 
mixing is almost certainly not expected at the base of the 
RGB and is therefore an overestimate in the case of the 4960 
K giant. 

Changes to these baseline model spectral index sequences 
are given in tabular form in terms of the index variations (in 
units of the typical observational error for that index as given 
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Fig. 4. This diagram shows the CN, index plotted vs Teff The symbols are 
the stars of Fig. 3, while the solid and dashed lines are the isochrone. The 
jags in the RGB part of the isochrone are caused by three spectra computed 
with [C/Fe]=—0.2, [N/Fe]=0.4, approximating the abundances seen in Pop 
I giants by Kjaergaard et al. 1982. The remaining lines are the fitting func- 
tions of Worthey et al 1994. The preturnoff portion is coded with a single 
dot-dash line and the post-turnoff portion with a triple dot-dash line. Their 
estimated rms error for the index is indicated by the errorbar. 

by WFGB94). These are listed at three representative points 
along the model sequence: a cool dwarf (reff^4575 K, log g 
^4.6), a turnoff star (reff^6200 K, logg^4.1), and a cool 
giant (7^=^4255 K, logg^l.9). Tables 1-3 relate the re- 
sponse of the indices to changes in either the computation of 
the synthetic spectra (e.g., microturbulent velocity or flux 
point spacing) or in the measurement of the indices them- 
selves (e.g., smoothing, continuum shape or wavelength off- 

Fig. 6. As Fig. 4, the index being Ca4227. 

set). Tables 4-6 quantify the index responses to abundance 
variations. These tables allow one to see at a glance which 
spectral indices are most sensitive to the abundance of a 
particular element or, alternatively, which chemical species 
dominate a particular index. Three other elements (Mn, V, 
Ni) were also tested, but found not to affect any of the spec- 
tral indices anywhere along the model sequence and so are 
not included in Tables 4-6. In all of the tables, a positive 
number indicates that the index increases with the particular 
quantity while a negative index represents a negative depen- 
dence. 

4. DISCUSSION 

Previous discussions of the effect of changes of abun- 
dance and microturbulent velocity on spectral indices and 

Fig. 5. As Fig. 4, the index being CN2. Fig. 7. As Fig. 4, the index being G4300. 
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Fig. 8. As Fig. 4, the index being Fe4383. 

colors (e.g., Conti & Deutsch 1967) have pointed out that the 
abundance changes affect primarily the weak lines on the 
linear part of the curve of growth and the strong lines on the 
square root part. The lines of intermediate strength, on the 
flat part of the curve, are much more affected by microtur- 
bulent velocity changes than abundance changes. These fac- 
tors underlie the values shown in the tables, albeit in a com- 
plex way. For example, a line which is strong in the spectrum 
of a cool giant may be intermediate in the spectrum of a 
hotter dwarf, while changes affect lines in the pseudocon- 
tinuum bands as well as the feature bands. 

Subsequently, Gustafsson et al. (1974; GKA74) measured 
pairs of narrowband indices in G and K giants. The wave- 
length interval of one index was chosen so that it contained 

Fig. 10. As Fig. 4, the index being Fe4531. 

lines primarily on the flat part of the curve of growth, the 
other contained primarily weaker lines. Analysis of this data 
yielded the microturbulent velocities and abundances of the 
stars. 

From Tables 4-6 it is apparent that the Ca4227, Mg2, Mg 
and Na D indices, with very strong lines in the feature 

band, are very dependent upon the abundance of the element 
forming the dominant line or lines. An overall abundance 
change produces a smaller change in the index than does the 
same change in the dominant element, since all the line ab- 
sorption in the pseudocontinuum bands is affected in the 
former case and not in the latter. An abundance change caus- 
ing the introduction of a large number of weak lines, such as 
the C2 lines in the feature band of the Fe4668 and Mg! 

Fig. 9. As Fig. 4, the index being Ca4455. Fig. 11. As Fig. 4, the index being Fe4668. 
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Fig. 12. As Fig. 4, the index being H/3 4861. 

indices, as well as the Mg H lines for the Mg! and Mg2 

indices, also has a dramatic effect. 
On the other hand, indices formed from feature bands 

where most of the lines are on the flat part of the curve of 
growth, such as G4300 and some of the Fe indices, depend 
on the microturbulent velocity. In fact, in the spectra of the 
turn off stars and giants which are expected to dominate the 
light of galaxies, the only Fe index which is more strongly 
affected by a doubling of the Fe abundance than a doubling 
of the overall metal abundance is Fe4383. In fact, the results 
shown in Tables 4 and 5 suggest that it is very difficult to 
find the abundance of Fe alone from the Lick spectral indi- 
ces. 

Fig. 14. As Fig. 4, the index being Mgt. 

In order to calculate our indices, we have adopted a par- 
ticular variation of microturbulent velocity with Teff and 
log g, the values increasing with decreasing log g. This varia- 
tion is based in part on the results of GKA74. The data in 
Tables 1-3 allow the reader to check the dependence of the 
indices on the value chosen. It is clear that some indices 
(e.g., Fe5270, Fe5335, and Fe5406, for example) are much 
more dependent on the value of the microturbulence than are 
others. The fit of these particular indices to the observations 
in Figs. 17-19 indicates that the values we use are reason- 
ably correct. An error of 1 km/s for the cooler models would 
displace our calculations by two or three times the standard 
error, giving a noticeably poorer fit. 

CNj, CN2.—These indices measure the strength of the 

Fig. 13. As Fig. 4, the index being Fe5015. Fig. 15. As Fig. 4, the index being Mg2. 
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Fig. 16. As Fig. 4, the index being Mg b. 

CN X4150 absorption band and differ only in the placement 
of the blue pseudocontinuum band. Figures 4 and 5 show the 
model sequences to match the observations quite well, par- 
ticularly in the divergence of dwarfs and giants. The coolest 
giant models appear to systematically overestimate the indi- 
ces, but this is not very surprising given the strong depen- 
dence of the CN indices on the abundances of carbon, nitro- 
gen, and oxygen and the uncertainties in the degree and type 
of internal mixing expected in evolved stars. In addition, 
Tables 1-3 show that these two indices are among the most 
sensitive to continuum shape (since they are near the blue 
end of the IDS range) and to the flux point spacing used in 
computing the models (presumably due to the large number 
of weak CN lines which make up the absorption band). 

Fig. 17. As Fig. 4, the index being Fe5270. 

Fig. 18. As Fig. 4, the index being Fe5335. 

Ca4227.—The model sequence is systematically high 
compared to most of the stars in the sample and especially 
compared to the fitting function for the giants. There are a 
number of possible explanations, since this index is quite 
sensitive to bandpass placement and to spectral resolution 
(Tables 1-3, cols 6-9). However, a more likely reason is 
that the models were calculated with a combination of Ca 
abundance and gf value which are slightly too high, by 
about 0.2 dex. As column 9 of Tables 4-6 shows, the 
Ca4227 index is quite sensitive to calcium abundance and a 
reduction of 0.2 dex should reduce the index by 0.6-0.7 À in 
the cool stars. 

G4300.—This index is, as expected, very sensitive to the 
abundances of carbon and oxygen. This can be seen in the 

Fig. 19. As Fig. 4, the index being Fe5406. 
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Fig. 20. As Fig. 4, the index being Fe5709. 

RGB “jags” representing the (C—>N) mixed models, as well 
as in columns 4 and 6 of Tables 4-6. Note that there is also 
significant sensitivity to Ti abundance and, to a lesser extent, 
Fe. The coolest giant models continue to rise while the ob- 
servations stay flat or turn down. This may again tell us 
something about the progression of mixing along the RGB. 

Fe4383.—As expected, iron is the dominant chemical 
species in this index. Carbon and magnesium also affect the 
strength. Tables 1-3 indicate a significant dependence on the 
microturbulent velocity used in computing the synthetic 
spectra. This index shows the greatest dependence of all the 
Fe indices on a change in iron abundance as opposed to a 
change in overall metal abundance. This must occur because 
of the strength of the X4383 line of Fe itself, since its 

Fig. 22. As Fig. 4, the index being Na5895. 

strength is comparable to that of the Mg b and Na D lines. 
Ca4455.—While there is a small systematic offset be- 

tween the models and observations for this index, Tables 1-3 
reveal strong dependence on the bandpass placement which 
could account for it. Perhaps the most interesting feature 
about Ca4455 is that it is nearly insensitive to the abundance 
of calcium! In fact, the index displays very little variation 
with respect to any single element or to overall metallicity. 
The dominant contributors appear to be Fe and Cr. 

Fe4531.—The abundance of Ti dominates the behavior of 
this index. The fit between the models and observations is 
quite good throughout. 

Fe4668.—The extreme displacement of the mixed giant 
branch models with respect to the unmixed sequence in Fig. 

Fig. 21. As Fig. 4, the index being Fe5782. Fig. 23. As Fig. 4, the index being TiO]. 
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Fig. 24. As Fig. 4, the index being Ti02. 

11 hints at the extraordinary sensitivity which this index has 
to carbon abundance. This is due to the Av= 1 Swan bands 
of C2 which blanket the feature bandpass. Tables 4-6 reveal 
there to be only a weak dependence on iron abundance. We 
expand on the behavior of this index in Fig. 25, where we 
plot the entire model sequence for enhanced oxygen, iron, 

overall metallicity and finally for carbon. Because doubling 
carbon pushes its abundance slightly beyond that of oxygen 
(thus creating carbon stars) we have also included an extra 
sequence where [C/H]=+0.15. Note how the Fe-enhanced 
sequence barely differs from the baseline sequence. How- 
ever, the carbon-enhanced sequences jump up sharply while 
the oxygen-enhanced models cause the index to drop signifi- 
cantly (since the extra oxygen ties up more of the carbon in 
CO). 

This dependence of Fe4668 on carbon abundance may 
have important observational consequences since Luck & 
Challener (1995) have suggested that the strong CN bands in 
strong line stars such as //, Leo are caused by [C/Fej^O.l. 
Since they deduce their carbon abundance from C2 lines, it is 
apparent that this index will give unreliable results for metal- 
rich stars with [C/FeJ^O.l. While Luck & Challener estimate 
such metal-rich stars are rare in our Galaxy, being perhaps 
15% of the total, this number is uncertain and such stars 
maybe more prevalent in other galaxies. 

Since this index is so dependent on C abundance and 
depends very weakly on Fe abundance, it might well be re- 
named. 

Uß.—The agreement between theory and observation is 
quite good for this index for temperatures above 5100 K. At 
cooler temperatures the models are systematically too weak 
for the H/3 line itself (see Fig. 2), owing to neglect of non- 
LTE effects. Though there are many other lines in the feature 
bandpass, Tables 4-6 indicate that there is very little metal- 

Table 1. Spectral index response: Cool dwarf (4575/4.6). 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 

Microturbulence Offset FWHM Continuum Resolution 

Index lo Error +1 km/s —1 km/s -J-3Â —3Â 10.2Â 6.2Â Flat Flux 0.01Â/pt 

CNi 
CN2 
Ca4227 
G4300 
Fe4383 
Ca4455 
Fe4531 
Fe4668 
H/? 
Fe5015 
Mgi 
Mg2 
Mg b 
Fe5270 
Fe5335 
Fe5406 
Fe5709 
Fe5782 
NaD 
TiOi 
Ti02 

0.04 
0.12 
5.33 
6.83 

10.09 
1.89 
4.28 
2.34 

-0.10 
2.72 
0.33 
0.53 
7.12 
4.79 
4.05 
3.01 
1.01 
0.68 
8.11 

-0.00 
0.02 

0.021 
0.023 
0.270 
0.390 
0.530 
0.250 
0.420 
0.640 
0.220 
0.460 
0.007 
0.008 
0.230 
0.280 
0.260 
0.200 
0.180 
0.200 
0.240 
0.007 
0.006 

1.0 
1.5 
1.7 
0.8 
4.2 
1.9 
1.6 
0.4 

-0.6 
1.6 
2.6 
5.2 
1.1 
2.4 
3.5 
1.9 
0.9 
0.5 
3.4 
0.4 
0.6 

-0.3 
-0.5 
-1.2 
-0.4 
-2.5 
-1.2 
-0.8 
-0.1 

0.3 
-1.2 
-1.5 
-2.6 
-0.6 
-1.3 
-2.0 
-1.1 
-0.6 
-0.2 
-1.6 
-0.3 
-0.4 

0.1 
0.5 
0.7 
1.0 
1.0 
6.3 
1.3 

-0.1 
-2.1 

0.9 
-0.1 

1.0 
-0.2 
-2.7 
-3.3 
-1.4 

0.1 
0.0 

-0.7 
0.5 
0.4 

-0.8 
-2.4 
-5.7 
-1.3 
-5.4 
-8.0 
-3.8 
-0.5 

3.2 
-4.9 
-0.6 
-2.3 
-1.9 
-0.5 
-1.2 
-1.4 
-1.0 
-1.0 
-0.4 
-0.5 
-0.5 

-0.3 
-0.9 
-1.9 
-0.1 
-1.0 
-1.1 
-0.6 
-0.2 

0.0 
-0.9 
-0.4 
-0.3 
-1.1 
-0.9 
-1.4 
-1.5 
-0.2 
-0.3 
-0.4 
-0.0 
-0.0 

0.4 
0.9 
1.7 
0.4 
0.8 
1.2 
0.6 
0.1 

-0.0 
1.1 
0.3 
0.5 
0.8 
0.9 
1.2 
1.2 
0.2 
0.2 
0.3 

-0.0 
0.0 

1 
1 

-0. 
-0, 

0 
-0 

0. 
0. 
0. 
0 

-1 
-0, 

0 
-0 
-0 

0 
-0 
-0. 

0 
0 

-0 

1.0 
1.5 
0.0 

-0.3 
0.0 

-0.1 
0.1 
0.5 
0.1 
0.1 

-1.4 
-1.4 
-0.0 
-0.1 
-0.0 
-0.0 
-0.0 
-0.0 

0.0 
0.6 

-0.5 

1.1 
1.0 
0.2 

-0.8 
0.1 
0.3 
0.2 

-0.3 
-0.3 
-0.1 
-0.2 
-0.7 
-0.6 
-0.0 

0.1 
-0.5 
-0.1 
-0.2 

0.2 
0.1 

-0.2 

Notes to Table 1. 
Column 2 gives the computed index value, column 3 gives the (observed) standard error, and columns 4-12 
give the effect of the changes in units of the standard error. 
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Table 2. Spectral index response3: Turnoff star (6200/4.1). 

3045 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 

Microturbulence Offset FWHM Continuum Resolution 

Index Iq Error +1 km/s —1 km/s +3Â -3Â 10.2Â 6.2Â Flat Flux 0.01Â/pt 

CNi 
CN2 
Ca4227 
G4300 
Fe4383 
Ca4455 
Fe4531 
Fe4668 

Fe5015 
Mgi 
Mg2 
Mg b 
Fe5270 
Fe5335 
Fe5406 
Fe5709 
Fe5782 
Na5895 
TiOi 
Ti02 

-0.09 
-0.06 
0.58 
2.98 
1.61 
0.47 
1.76 
0.77 
3.79 
2.42 
0.01 
0.07 
1.25 
1.31 
0.93 
0.63 
0.37 
0.16 
0.66 

-0.01 
0.01 

0.021 
0.023 
0.270 
0.390 
0.530 
0.250 
0.420 
0.640 
0.220 
0.460 
0.007 
0.008 
0.230 
0.280 
0.260 
0.200 
0.180 
0.200 
0.240 
0.007 
0.006 

0.2 
0.3 
0.4 
1.4 
1.2 
1.4 
1.6 
0.3 
0.1 
2.0 
0.3 
1.0 
0.6 
1.1 
0.8 
0.3 
0.7 

-0.0 
0.4 
0.2 
0.0 

-0.1 
-0.1 
-0.2 
-0.5 
-0.8 
-1.2 
-0.9 
-0.1 
-0.2 
-1.1 
-0.1 
-0.6 

0.0 
-0.7 
-0.4 
-0.2 
-0.3 

0.0 
-0.1 
-0.2 
-0.2 

-0.6 
0.1 
0.0 
0.5 
0.4 
1.7 

-0.1 
0.3 

-0.7 
-0.1 

0.0 
-0.2 
-1.3 
-1.2 
-0.1 
-0.6 

0.1 
-0.1 
-0.3 

0.1 
0.2 

0.1 -0.1 
-1.0 -0.3 
-0.7 -0.3 
-1.4 -0.4 
-1.6 -0.3 
-1.8 -0.2 
-0.8 -0.3 
-0.5 -0.0 

0.1 -0.3 
-1.2 -0.3 
-0.0 -0.0 

0.2 -0.1 
0.8 -0.3 
0.2 -0.2 

-0.9 -0.4 
0.1 -0.2 

-0.3 -0.1 
-0.2 -0.1 

0.3 -0.0 
-0.1 -0.0 
-0.3 -0.0 

0.1 
0.3 
0.2 
0.4 
0.2 
0.3 
0.3 
0.0 
0.2 

0.0 -0.1 
0.2 0.1 
0.0 
0.1 

0.2 
0.3 
0.2 
0.0 
0.1 
0.1 

-0.0 
0.0 

0.0 
0.1 

0.1 -0.1 
0.1 -0.0 
0.1 
0.5 
0.0 

0.4 -0.0 
0.0 -0.8 -0.8 
0.1 -0.9 -0.9 
0.2 -0.2 

0.1 
0.5 
0.0 
0.0 

-0.0 
-0.1 -0.0 

0.1 -0.0 
0.2 -0.0 

-0.0 -0.0 
0.2 -0.0 
0.4 
0.9 

0.0 
0.7 

-0.4 -0.3 

-0.0 
0.2 
0.2 

-0.2 
0.2 
0.6 
0.4 
0.4 
0.2 
0.2 
0.4 

-0.1 
0.1 

-0.0 
-0.0 
-0.4 

0.3 
0.0 
0.4 
0.4 

-0.1 

asee note to Table 1 

Table 3. Spectral index response3: Cool giant (4255/1.9). 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 

Microturbulence Offset FWHM Continuum Resolution 

Index Iq Error 4-1 km/s —1 km/s +3Â —3Â 10.2Â 6.2Â Flat Flux 0.01Â/pt 

CNi 
CN2 
Ca4227 
G4300 
Fe4383 
Ca4455 
Fe4531 
Fe4668 
H/? 
Fe5015 
Mgi 
Mg2 
Mg b 
Fe5270 
Fe5335 
Fe5406 
Fe5709 
Fe5782 
NaD 
TiOi 
Ti02 

0.28 
0.39 
3.39 
8.00 
9.02 
2.28 
3.59 
8.62 
0.05 
4.79 
0.25 
0.36 
3.65 
4.49 
3.40 
2.60 
1.59 
1.12 
3.93 
0.01 
0.05 

0.021 
0.023 
0.270 
0.390 
0.530 
0.250 
0.420 
0.640 
0.220 
0.460 
0.007 
0.008 
0.230 
0.280 
0.260 
0.200 
0.180 
0.200 
0.240 
0.007 
0.006 

0.7 
0.8 
1.1 
2.0 
1.7 
2.5 
2.3 
0.3 
1.4 
2.9 
2.2 
2.9 

-0.5 
2.3 
3.4 
3.0 
1.7 
1.3 
2.4 
0.1 
1.8 

-2.5 
-3.1 
-1.3 
-1.4 
-3.0 
-3.7 
-2.2 
-0.7 

0.6 
-3.5 
-2.7 
-3.2 

0.3 
-2.8 
-3.2 
-1.1 
-1.9 
-0.7 
-2.3 
-1.0 
-1.3 

-0.5 
-0.2 
-0.7 

0.7 
-0.3 

1.4 
1.6 

-0.1 
-1.7 
-0.3 
-0.7 

0.6 
0.2 

-0.5 
-2.8 

0.4 
0.4 
0.0 

-0.7 
0.4 
0.3 

-0.6 -0.3 
-1.9 -0.9 
-3.4 -1.6 
-1.5 -0.3 
-3.5 -1.1 
-4.2 -1.2 
-3.6 -0.4 
-0.9 -0.3 

3.0 0.1 
-3.3 -1.0 

0.1 -0.3 
-1.7 -0.2 
-1.4 -0.6 
-1.9 -0.9 
-1.4 -1.3 
-2.8 -1.2 
-1.9 -0.4 
-1.8 -0.5 
-0.0 -0.3 
-0.4 -0.0 
-0.6 -0.1 

0.4 
0.9 
1.4 
0.5 
0.9 
1.2 -0.0 
0.4 
0.2 
0.0 
1.1 
0.3 
0.3 
0.4 
0.9 

0.6 0.4 
1.3 0.9 

-0.0 -0.0 
-0.4 -0.3 
-0.1 -0.1 

-0.0 
0.1 
0.3 
0.0 
0.1 

0.2 
0.4 
0.0 
0.1 

-1.1 -1.5 
-1.1 -1.5 
-0.1 -0.0 

0.2 
1.2 -0.0 
1.0 0.0 
0.4 -0.0 -0.0 
0.4 0.0 -0.0 

0.1 
0.7 
0.5 

0.3 
-0.0 

0.0 

-0.1 
-0.0 
-0.0 

0.0 
0.5 

-0.5 

-1.0 
-1.7 

0.4 
-0.3 
-0.9 
-0.9 

1.1 
-0.7 

0.6 
-0.6 

0.4 
-0.7 
-0.8 
-0.4 

0.2 
0.4 

-0.1 
0.0 
0.2 

-0.3 
0.0 

asee note to Table 1 
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Table 4. Spectral index response to abundance changes: Cool dwarf (4575/4.6). 

(I) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) 

Index I0 Error C N O Mg Fe Ca Na Si Cr Ti [M/H] 

CNi 0.04 0.021 7.9 1.5 -1.4 -0.2 -0.2 -0.4 -0.1 1.3 -1.2 0.2 0.5 
CN2 0.12 0.023 7.6 1.5 -1.5 -0.5 -0.1 -0.4 -0.2 1.9 -1.1 0.3 0.8 
Ca4227 5.33 0.270 -3.5 -0.4 0.7 -0.2 -0.1 3.9 -0.2 -0.2 -0.3 0.1 1.7 
G4300 6.83 0.390 6.8 0.0 -2.0 -0.5 -1.1 0.7 -0.2 0.2 -0.2 1.7 0.6 
Fe4383 10.09 0.530 1.4 0.1 -0.1 -1.5 5.3 -1.0 -0.4 -0.8 -0.2 0.3 1.2 
Ca4455 1.89 0.250 -0.3 -0.0 0.1 -0.3 -0.5 0.2 -0.1 -0.3 0.6 0.2 0.8 
Fe4531 4.28 0.420 -0.6 0.0 0.1 -0.8 0.7 -0.0 0.0 -0.9 0.5 2.0 1.2 
Fe4668 2.34 0.640 14.4 -0.0 -1.1 -0.3 0.8 0.2 0.0 -1.2 -0.4 0.3 1.1 
H/? -0.10 0.220 0.2 0.1 -0.1 -1.6 0.0 0.0 0.1 0.2 -0.3 -0.5 -0.7 
Fe5015 2.72 0.460 0.1 0.2 0.1 -2.7 0.9 0.0 0.1 0.0 -0.0 2.5 0.9 
Mgi 0.33 0.007 12.4 -0.1 -1.0 14.6 -4.4 -1.6 -1.2 -1.1 -0.8 1.5 4.2 
Mg2 0.53 0.008 6.2 0.1 -0.6 12.2 -2.8 -1.1 -1.1 -0.9 -0.7 1.6 4.8 
Mg b 7.12 0.230 0.8 0.2 0.1 6.3 -1.3 -0.3 -0.6 -0.1 -2.2 0.4 1.5 
Fe5270 4.79 0.280 0.1 -0.0 -0.1 -1.1 2.8 0.7 -0.1 -0.3 -0.1 0.3 1.6 
Fe5335 4.05 0.260 -0.4 0.0 0.1 -1.1 3.0 -0.2 -0.3 -0.3 1.0 0.5 1.7 
Fe5406 3.01 0.200 0.1 0.0 0.0 -1.0 3.0 -0.2 -0.3 -0.2 0.5 0.2 1.5 
Fe5709 1.01 0.180 -0.5 -0.0 0.0 -0.0 0.7 -0.0 -0.4 -0.1 0.2 0.3 0.8 
Fe5782 0.68 0.200 0.1 -0.0 0.1 0.0 -0.1 -0.1 -0.0 0.0 0.8 -0.0 0.7 
Na D 8.11 0.240 -0.1 0.1 0.1 -1.1 -0.5 -0.6 7.6 -0.1 -0.1 0.5 4.6 
TiOi -0.00 0.007 1.1 0.1 -0.0 -0.0 0.0 -0.0 -0.0 0.0 -0.0 0.2 0.0 
Ti02 0.02 0.006 0.9 -0.0 0.1 -0.1 0.5 -0.4 -0.1 0.0 -0.0 0.2 0.6 

Notes to Table 4. 
Column 2 gives the computed index value, column 3 gives the (observed) standard error, columns 4-13 give 
the effect of the changes in units of the standard error as the element abundance is increased by 0.3 dex, and 
column 14 gives the effect (again in units of the standard error) for an increase in overall metallicity by 0.3 dex 

Table 5. Spectral index response3 to abundance changes: Turnoff star (6200/4.1). 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) 

Index I0 Error C N O Mg Fe Ca Na Si Cr Ti [M/H] 

CNi -0.09 0.021 -0.1 0.3 0.0 0.1 0.1 -0.1 -0.1 -0.1 -0.0 0.0 0.0 
CN2 -0.06 0.023 -0.1 0.3 0.0 0.0 0.1 -0.1 -0.1 0.0 -0.0 0.0 0.2 
Ca4227 0.58 0.270 -0.3 -0.1 0.1 0.0 0.4 0.5 -0.1 0.1 -0.1 -0.0 0.6 
G4300 2.98 0.390 3.1 0.0 -0.0 -0.5 -0.3 0.1 -0.1 -0.7 -0.2 0.4 0.8 
Fe4383 1.61 0.530 0.8 0.1 0.0 0.1 0.9 -0.4 -0.3 -0.1 0.1 0.4 1.0 
Ca4455 0.47 0.250 0.0 -0.0 0.0 -0.0 0.0 -0.0 0.0 0.1 0.2 -0.1 0.7 
Fe4531 1.76 0.420 0.1 0.0 0.1 -0.0 0.3 -0.0 0.0 -0.0 0.2 0.3 0.7 
Fe4668 0.77 0.640 2.4 -0.1 0.0 -0.1 0.4 -0.1 0.1 -0.2 -0.1 0.2 1.6 
H/? 3.79 0.220 0.1 0.0 0.1 0.1 -0.2 0.0 0.2 0.1 -0.2 0.2 0.5 
Fe5015 2.42 0.460 -0.1 -0.0 -0.2 -0.1 0.5 0.0 0.1 -0.3 -0.4 0.1 1.1 
Mgi 0.01 0.007 3.4 0.1 -0.1 0.2 -0.5 0.1 -0.2 -0.4 -0.2 0.1 1.2 
Mg2 0.07 0.008 1.1 -0.2 0.1 2.0 -0.2 0.3 0.2 -0.7 -0.2 0.1 1.7 
Mg b 1.25 0.230 -0.5 -0.3 -0.2 2.4 -0.4 0.2 0.3 -0.6 -0.3 -0.4 0.5 
Fe5270 1.31 0.280 0.1 0.1 0.2 -0.1 0.7 0.5 -0.1 0.2 0.1 0.3 1.3 
Fe5335 0.93 0.260 0.1 0.0 0.0 -0.2 1.0 0.1 0.0 0.2 0.1 0.2 0.6 
Fe5406 0.63 0.200 0.3 0.2 0.1 0.3 0.9 -0.2 -0.2 0.2 0.6 0.3 1.1 
Fe5709 0.37 0.180 -0.0 • 0.0 -0.0 0.1 0.6 0.1 -0.2 -0.0 0.1 0.1 0.6 
Fe5782 0.16 0.200 0.2 0.3 0.1 0.1 0.1 -0.2 -0.2 0.2 0.5 0.2 0.7 
Na D 0.66 0.240 0.4 0.5 0.5 0.2 0.1 -0.4 0.4 0.2 0.7 0.4 0.9 
TiOi -0.01 0.007 -0.1 0.5 0.2 0.3 0.2 -0.1 -0.4 0.0 0.1 0.4 0.0 
Ti02 0.01 0.006 -0.2 0.2 -0.1 0.1 0.4 -0.0 0.1 -0.1 0.0 -0.0 0.1 

asee note to Table 4 
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Table 6. Spectral index response*1 to abundance changes: Cool giant (4255/1.9). 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) 

Index Iq Error C N O Mg Fe Ca Na Si Cr Ti [M/H] 

CNi 0.28 
CN2 0.39 
Ca4227 3.39 
G4300 8.00 
Fe4383 9.02 
Ca4455 2.28 
Fe4531 3.59 
Fe4668 8.62 
B.ß 0.05 
Fe5015 4.79 
Mgi 0.25 
Mg2 0.36 
Mg b 3.65 
Fe5270 4.49 
Fe5335 3.40 
Fe5406 2.60 
Fe5709 1.59 
Fe5782 1.12 
Na D 3.93 
TiOi 0.01 
Ti02 0.05 

0.021 14.6 
0.023 14.1 
0.270 -4.5 
0.390 4.6 
0.530 1.1 
0.250 -0.6 
0.420 0.0 
0.640 25.2 
0.220 0.4 
0.460 0.0 
0.007 26.1 
0.008 4.9 
0.230 -3.5 
0.280 1.4 
0.260 -1.0 
0.200 0.3 
0.180 -1.1 
0.200 -0.2 
0.240 1.0 
0.007 2.8 
0.006 5.8 

4.3 -3.9 
4.3 -3.8 

-0.8 1.5 
0.1 -1.6 

-0.1 -0.4 
-0.1 0.1 

0.2 0.1 
0.1 -4.0 

-0.0 -0.1 
-0.0 0.1 
-0.2 -4.1 
-0.1 -1.7 

0.0 0.1 
0.3 -0.2 

-0.1 0.1 
0.1 -0.1 

-0.1 0.1 
-0.0 0.0 

0.3 -0.1 
0.5 -0.5 
0.7 -0.5 

-1.2 -0.4 
-1.4 -0.5 

0.1 0.5 
-0.3 -0.8 
-1.1 3.1 
-0.1 -0.9 
-0.1 0.2 
-0.9 0.1 
-0.7 0.3 
-1.4 1.0 

9.1 -3.1 
10.4 -2.3 
6.0 -1.3 

-0.9 1.7 
-0.6 2.4 
-0.5 2.0 

0.1 0.5 
0.0 0.0 

-0.7 -0.2 
-0.1 -0.3 
-0.2 0.5 

-0.5 -0.2 
-0.6 -0.2 

4.3 -0.1 
0.3 -0.2 

-0.4 -0.1 
0.0 -0.1 

-0.0 0.1 
-0.1 -0.2 
-0.0 0.0 

0.1 0.1 
-0.6 -0.4 
-0.5 -0.4 
-0.2 -0.4 

0.1 -0.1 
-0.0 -0.1 
-0.1 -0.1 
-0.0 -0.2 
-0.0 -0.0 
-0.2 4.3 
-0.0 0.0 
-0.2 0.1 

1.0 -0.8 
1.5 -0.7 

-0.0 -0.1 
0.3 -0.4 

-0.7 -0.0 
-0.1 0.6 
-0.6 0.4 
-1.6 -0.2 

0.1 -0.4 
-0.2 -0.0 
-1.6 -0.3 
-1.3 -0.4 
-0.4 -2.0 
-0.3 0.1 
-0.2 0.5 
-0.2 0.4 
-0.0 0.2 

0.1 1.0 
-0.2 0.0 
-0.2 -0.1 
-0.2 -0.1 

0.3 3.4 
0.4 3.7 

-0.0 3.2 
1.2 0.6 
0.2 1.7 
0.4 1.2 
1.1 1.2 
0.5 4.0 

-0.1 -0.4 
1.1 1.2 
0.7 6.7 
0.9 6.1 
0.1 1.3 
0.2 1.8 
0.2 1.9 
0.1 1.5 
0.3 1.2 

-0.2 1.1 
0.2 4.1 
0.0 0.2 
0.1 1.1 

asee note to Table 4 

licity sensitivity in the H/3 index. In fact it is the only index 
where an increase in overall metallicity causes the index to 
drop. The dominant metal appears to be Mg, probably via 
Mg H absorption in the pseudocontinuum bands. 

Fe5015.—This is arguably the poorest fit we have en- 
countered between the model sequences and the observa- 
tions. The model sequence is systematically too low by ^1 

Fig. 25. The values of the Fe4668 index, plotted vs Teff > are shown for a 
number of different chemical compositions as coded in the figure legend. 
[M/H] refers to overall metallicity, while [X/H] in the other cases refers to 
element X only. 

Â for reasons we have not been able to determine. The fit of 
our synthetic solar spectrum to the observational data in the 
wavelength region of this index is as good as it is in other 
wavelength regions. The dominant metals are Ti and Mg and 
they operate in opposite directions. 

Mgi, Mg2, Mg b.—These are among the most important 
and widely used of the Lick/IDS indices and so it is gratify- 
ing to see how nicely the model sequences fit the observa- 
tions in Figs. 14-16. Examination of Tables 4-6 shows how 
complicated these indices are: while they are, of course, very 
sensitive to Mg abundance they also depend strongly on car- 
bon (again through the C2 Swan bands), iron and several 
other species. In fact, there is even a dependence on Mg 
isotope ratio for the cooler objects. 

Fe5270, Fe5335, Fe5406.—These three iron indices are 
quite similar and all are fitted well by the models. Fe is by 
far the dominant contributor to the metallicity sensitivity. 

Fe5709.—This index is also nicely fitted by the models, 
but Tables 4-6 show that the overall metallicity sensitivity is 
lower than the three previous Fe indices. This is probably 
caused by the small positive dependence on Fe being bal- 
anced by the nearly equal negative sensitivity to carbon. 

Fe5782.—The model sequence is somewhat low system- 
atically, but the observational error bar (Fig. 21) is large. The 
only element which seems to affect this index significantly is 
Cr. The index is nearly independent of Fe. 

Na Z).—The agreement between theory and observation is 
quite good for this index except for the coolest dwarfs, for 
which the models seem to predict values which are too high. 
The dominant element here is, unsurprisingly, Na. 
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TiO!, Ti02.—While we have modeled these indices, we 
have not included TiO lines in our current models, and so we 
expect to see the model predictions falling far short of the 
observations as temperatures approach 4000 K. However, 
these diagrams should provide excellent guidance as we re- 
fine our TiO linelist and reimplement this species, which 
dominates the spectra of M stars. 

5. CONCLUSIONS 

As stated earlier, this paper was written in part to check 
our calculations of the Lick indices, in part to see where our 
initial calculations needed improvement for this specific pur- 
pose and in part to see how change in the abundances of 
particular species would affect the synthetic indices. 

Our initial calculations were based on the N line list used 
by Bell et al (1994). These authors have compared synthetic 
and observed solar spectra over the wavelength range 3000- 
12 000 Â and give examples of the fits which they have 
obtained. We carried out some further improvements to this 
line list by making changes to gf values and to the wave- 
lengths of some lines in order to improve the fit to the solar 
spectrum. At this time, since we also needed our models to 
match the spectrum of cooler giants, we also began a com- 
parison with the spectrum of Arcturus. We also improved our 
treatment of the radiative damping. Comparison of entries in 
Tables 4, 5, and 6 show that changes which are hard to detect 
at the temperature of the Sun are greatly magnified at lower 
temperatures, e.g., a change in the log gf of the Ca I 4227 
line of 0.3 dex causes a change in the Ca4227 index for the 
6200/4.1 model of 0.14 À and this jumps to 1.2 and 1.0 Â for 
the cool giant and dwarf, respectively. This work can be 
considered as our initial calculations. 

Comparisons of our initial calculations with the Lick in- 
dices then disagreed more than expected in some cases. 
While it was subsequently found that this could sometimes 
be due to errors in the bandpasses used, we carried out fur- 
ther improvements to the line list using more stringent crite- 
ria for the fits (a process similar to weeding in that it need 
never end). Examples of the resulting spectra are shown as 
Figs. 1 and 2 for the Sun and Arcturus. 

We consider the fit of our synthetic indices to the obser- 
vations to offer gratifying support for future work on inte- 
grated spectra. However, it is also clear that some indices are 
much more valuable than others in integrated spectrum work, 
while previously unexpected pitfalls may also exist in the 
response of certain indices to individual chemical species. 
One way of summarizing the sensitivities of the indices to 
the different element abundances is to ask which abundance 
changes cause index variations of more than twice the stan- 
dard error. Few such changes are seen for the turnoff star 
(reff/log g=6200/4.1)—G4300, Fe4668, and Mg! being af- 
fected by the carbon change and Mg2 and Mg b by the Mg 
change (Mg! is much less affected since it contains only very 
weak MgH lines but not the stronger Mg i lines). The cooler 
models show richer effects. Changes in the carbon abun- 

dance affect CNi, CN2, Ca4227, G4300, Fe4668, Mgi, Mg2 

(and Mg b in cool giants), and the TiO indices. Changes in 
the oxygen abundance will also affect these indices. In addi- 
tion, nitrogen abundance changes affect CNi and CN2, while 
changing the overall metal abundance changes CN!, CN2, 
Fe4668, Mgi, Mg2, Mg b (in cool giants), and Na D. While 
changes in Ca, Mg, and Na affect Ca4227, Mgi, Mg2, Mg b, 
and Na D, the Fe4383 index depends more on the Fe abun- 
dance than on [M/H]. 

It is obvious that the abundance of C is an important 
factor in many of these indices, via the strength of CN, CH, 
and C2 lines. The abundance of oxygen will also be impor- 
tant in cool stars, since it controls the depletion of C via CO 
formation. The interpretation of many indices, particularly in 
integrated spectra, will also be complicated by the observed 
variation (Kjaergaard et al 1982) of carbon abundance with 
evolutionary status in K giants and possible initial variations 
of [C/Fe]. Figure 11 suggests that the depletion of the C2 

lines by a change of 0.2 dex produces the same index change 
as a factor of 0.3 dex in overall metal abundance for the 
Fe4668 index. 

Our conclusions on the dependence of Fe4668 on the C 
abundance suggest that it is risky to use this index alone in 
an attempt to find the abundance of galaxies, as was at- 
tempted for M32 by Jones & Worthey (1995). The variation 
of carbon abundance with evolutionary state and the un- 
known percentage of strong CN stars cause uncertainty in the 
value of the overall metal abundance which is deduced. It 
seems preferable to use either the 4383 index, with its 
cleaner sensitivity to abundance, or a combination of indices. 
It may also be necessary to supplement the Lick indices with 
additional data, such as observations of the CO bands. 

It is also apparent from Table 3 that an increase in micro- 
turbulent velocity of 1 km/s causes a greater change in most 
indices than does a doubling of the overall metal abundance. 
The exceptions are CNi, CN2, Fe4668, Mgi, Mg2, Mg b, 
and Na D. Since microturbulence is believed to increase with 
decreasing gravity, these indices should be preferred for 
abundance determinations of stars of unknown gravity. How- 
ever, we recognize that these indices primarily give abun- 
dances of specific elements, namely, C, N, Mg, and Na. 

Finally, due to the large volume of data, we have chosen 
not to tabulate the full array of calculated spectral indices 
here. However, we will provide these data upon request so 
that any potentially useful combinations of indices (for ex- 
ample, [MgFe] and (Fe), Gonzalez 1993) may be derived 
from the original quantities which we have computed. 
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