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ABSTRACT 

Observations are presented of equivalent widths for strong spectral features with A > 5000 Â 
in the nuclei of five galaxies (M31, M32, M81, NGC 4472, and NGC 3115) as well as the radial 
gradients of line strength within these galaxies. A theoretical model for predicting the strengths 
of features in the integrated light of galaxies is also presented. It is concluded, on the basis of 
this limited sample of galaxies, that the changes in spectral features between galactic nuclei and 
within galaxies arise from a single causal factor, which is the overall metallicity of the galaxy. 
The range in nuclear abundance spanned by the five galaxies is a factor of 4. There is no evidence 
for nonsolar ratios among the elements with lines that have been studied, namely, Ca, Na, 
Mg, and Fe; specifically, the approximate constancy of the Fe blends within and between 
galaxies has a natural explanation. Furthermore, the nuclear metallicity ordering is the same 
as the ordering of Mv. 
Subject headings: abundances — galaxies: nuclei — galaxies: stellar content 

I. INTRODUCTION 

Our present conceptions of the formation and 
chemical history of galaxies imply the buildup of the 
heavy elements as the galaxy collapses. Therefore a 
metallicity gradient in galaxies, except perhaps in 
irregulars and other very low-mass systems, is often 
assumed to exist as a function of radius for some or 
most elements, with the highest metallicity being 
found in the nucleus itself. The existence of this 
metallicity gradient has been inferred from observed 
color gradients in galaxies (e.g., de Vaucouleurs 1961 ; 
Tifft 1969; Strom et al 1976), and a calibration of 
expected integrated color as a function of metallicity 
has been given by Aaronson et al. (1978, hereafter 
ACMM). Observations of line-strength gradients are 
much more difficult and hence much fewer. With the 
use of narrow-band photometry, radial gradients 
have been detected, principally in CN and in the Na i 
doublet 5889-5895 Â (McClure 1969; Spinrad et al. 
1971; Spinrad, Smith, and Taylor 1972). Gradients in 
line strength based on image-tube spectra treated as 
photometric indices have been given by Welch and 
Forrester (1972), while Joly and Andrillat (1973) and 
Faber (1977) present equivalent width measurements 
based on photographic and photoelectric spectra, 
respectively. The previous results have, in general, 
been restricted to wavelengths bluer than 6000 Â. 

In order to separate metallicity enhancements from 
possible changes in the composite population, we 
present in § II observational data taken with a multi- 
element linear array detector for the lines Na i 
(5889-5895 Â; denoted Na D), Na i (8183-8195 Â; 

* Operated by the Association of Universities for Research 
in Astronomy, Inc., under contract with the National Science 
Foundation. 

denoted Na 1R), Ca n (8498, 8542, and 8662 Â; 
denoted Ca T), Mg i (5169-5183 Â; denoted Mg 6), 
and other weaker blends, principally of Fe i, for M31, 
M32, and NGC 3115, and, for a limited set of ob- 
servational data, M81 and NGC 4472. In §111 a 
theoretical model of the spectral features in the 
integrated light is developed, based on the models of 
ACMM. In § IV we consider the interpretation, in a 
manner similar to that of Cohen (1978), of the results 
for the nuclei alone, while in § V we try to determine 
from the observed radial line gradients which (if not 
all) elements are varying in abundance. 

II. OBSERVATIONS 

The data were acquired with a 100 x 100 pixel 
CID array in a Dewar cooled to liquid nitrogen on the 
gold spectrograph at the Kitt Peak National Observa- 
tory 2.1 m telescope, with the Nye lens as a camera, 
during four nights in 1977 November. The original 
dispersion was 83 Â mm-1, which translates to 5.2 Â 
pixel“1 along the [spectrum and to 5''3 pixel"1 along 
the slit. Unfortunately, due to constraints on rotation 
of the spectrograph, the slit was always oriented in 
the east-west direction and could not be aligned with 
the major or minor axes of the galaxies. The full width 
at half-maximum of neon or argon comparison lines 
was 1.2 pixels. These spectra are identical in character 
to those of class C of Cohen (1978), where a descrip- 
tion of the CID system can be found, although a 
significant improvement in the electronic stability of 
the device has occurred in the interim. 

The reduction of these spectra proceeded in two 
steps. We note that, because of imprecise centering 
of the array with respect to the projected spectrograph 
decker, an area 30 columns wide was beyond the edge 
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PIXEL 
Fig. 1.—Representative CID data are shown for a K giant 

and three galaxies. The counts per pixel are shown for each 
object, and the vertical scale is approximately the same in 
residual intensity for each spectrum. The scan of 47 Aur is 
the average of two columns of a single frame, as are the M31 
and NGC 3115 scans. The M32 spectrum is from a single 
column of one frame. 

of the large decker used here and hence not exposed 
to any light. The spectrum for a star was 2.5 columns 
wide at FWHM, and its center shifted by less than 1 
column over the entire array from row 1 to row 100. 
First, the no-light frame was subtracted from the 
picture, then the whole array was shifted by a constant 
so that no light corresponded to zero counts (i.e., the 
mean electronic drift problems averaged over the 
entire array were removed, although the dark count, 
as such, is so small that it cannot be detected). The 
frames were then divided by the flat-field calibration 

taken with a quartz iodide lamp. Finally, the remaining 
odd-even effect was removed by using an algorithm 
from the approximately 30 columns x 100 rows which 
had not been exposed to light (usually fewer than 10 
counts). This part of the reduction, which we may 
consider the conversion to a linear intensity scale, was 
performed on the KPNO Interactive Picture Processing 
System. Representative spectra of a K giant and three 
galaxies obtained from single frames are shown in 
Figure 1. The high signal-to-noise ratio of the data is 
apparent and is a result of the A/D conversion being 
set at one count per 500 electrons. 

The next phase was the measurement of the strength 
of the spectral features. By using a minicomputer and 
a graphics terminal, we measured the equivalent width 
of each feature on each column of the picture that had 
more than 30 counts. Naturally the weaker features 
could not be measured at such low count levels. For 
M31 only, adjacent columns were averaged, and then 
the features were measured. Thus the equivalent 
widths here are numerical integrations of the area 
within the feature where the continuum is represented 
by a straight line between two points, one on each side 
of the feature. In practice, because we have avoided 
the extremely crowded blue region of the spectrum, 
the choice of the continuum was not a problem until 
count rates fell below 50, at which time some residual 
electronic problems in the CID array became 
apparent. 

In Table 1 we list the pictures available for each 
spectral region, where the exposure time and the 
count rate of a pixel centered on the nucleus at a 
continuum wavelength for each picture are also 
indicated. Tables 2A-2C list the measured equivalent 
widths (in Â) as a function of pixels from the nucleus, 
where separate measurements of fVÄ from each avail- 
able picture have been averaged. (The number of 
frames for each line is indicated in the third row.) 
Values in parentheses are given where the feature was 
not measured on one of the two or two of the three 
available pictures at that offset from the nucleus. A 
continuum light profile at 5900 Â, as a function of 
pixels from the nucleus, is included in Table 3 for 
each galaxy. 

TABLE 1 
Journal of Observations 

Spectral 
Region 

(Â) 

M31 

Time Max. 
(min) Count* 

M32 

Time 
(min) 

Max. 
Count 

NGC 3115 

Time 
(min) 

Max. 
Count 

M81 

Time Max. 
(min) Count 

NGC 4472 

Time Max. 
(min) Count 

5000-5500.. 
5600-6100.. 

8050-8550.. 

8300-8800.. 

50 
25 
35 
45 
35 

30 
25 

170 
225 
310 
420 
265 

Í25 
170 

25 
15 
15 

*45 
30 
30 
25 

115 
185 
145 

290 
235 
190 
190 

50 40 
40 90 
35 75 

50 
35 

50 
65 

25 

30 

155 

95 

35 

20 

55 

25 

* A/D conversion was always 1 count per 500 electrons. 
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TABLE 2C 
Radial Gradients of Equivalent Widths for NGC 3115, M81, and NGC 4472 

Line 
Ident. 
No. of 
Frames 

Mg B 
Mg I 

Na D 
Na I 

8498 k 
Ca II 

NGC 3115 
8542 À 
Ca II 

8662 k 5270 k 5709 k 5783 k 
Ca II Fe I Fe I Fe I 

-4 
-3 
-2 
-1 

nuc 
nuc 

+ 1 
+2 
+3 
+4 
+ 5 
+6 

3 .68 
5.44 
4.44 
4.63 
4.88 
5.49 
4.80 
4.66 
3.93 
3.32 
2.34 

(3. 
3. 
3. 
4. 
4. 
4. 

75) 
69 
70 
08 
57 
22 

3.73 
(4.01) 
(3.25) 

1.68 
1.55 
1.80 
1.65 

(1.65) 
(2.21) 

3.30 
2.99 
3.18 
3 .40 

(2.74) 
(3.92) 

2.47 
2.53 
2.24 

(1.97) 

2.21 
1.90 
1.02 
1.38 
1.40 

1.63 
1.29 
1.75 
1.83 

0.57 
0.75 

(1.08) 

(0.31) 
0.47 

Line 
Ident. 
No. of 
Frames 

Na D 
Na I 

8498 k 
Ca II 

1 

8542 k 
Ca II 

1 

M81 

8662 k 
Ca II 

8468 k 
Fe I 

5857 k 
Ca I 

1 

5783 k 
Fe I 

1 

5709 k 
Fe I 

1 

-3 
-2 
-1 

nuc 
nuc 

+ 1 
+2 
+3 

3.87 
4.78 
4.87 
6.47 
7.27 
6.39 
4.91 
4.08 

1.18 

4.43 
3.67 
3.62 
2.35 
2.82 
3.02 

2.18 
1.79 
2.23 
2.18 

1.22 1.23 
1.22 

0.82 
0.85 
0.74 
0.50 
0.67 
0.52 

0.90 
0.59 
0.42 
0.51 
0.65 

Line Na D 
Ident. Na I 
No.* of , 
Frames 

NGC 4472 

8498 k 5842 k 8662 k 
Ca II Ca II Ca II 

1 11 

5783 k 
Fe I 

1 

-4 5.57 
-3 6.23 
-2 5.49 
-1 5.58 

nuc 5.70 
+1 5.59 
+2 5.27 
+3 6.18 
+4 4.59 

2.14 2.97 2.28 
0.82 

The infrared Na doublet was corrected as accurately 
as possible for the presence of atmospheric H20 ab- 
sorption by using WÁ for terrestrial features measured 
from CID array spectra of B stars and of a few early 
K giants. The accuracy of the Na IR measurements 
is less than that of other features because of the 
substantial contribution of terrestrial absorption to 
the observed absorption in the galaxy spectra. 

An indication of the accuracy of the entire process 
can be obtained by considering WA of the water-vapor 
blend at 8227 Â, which is also included in Table 2. 
This feature, with JVA = 0.8-1.0Â, depending on the 

night considered, displayed a 25% variation in 
over the center 20 pixels of M31 from only one 
picture. WÁ for the stronger features is thus expected 
to be accurate to ± 15% from two pictures, except 
for Na IR. 

HI. A MODEL FOR SPECTRAL FEATURES IN THE 
INTEGRATED LIGHT 

a) The Population Model and WK Calibrations 

We develop here a scheme for predicting the 
strength of absorption features in the integrated light 
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TABLE 3 
Continuum Light Profiles at 5900 Â 

Pixel M31 Pixel M32 NGC3115 NGC4472 M81 

-14.... 
-12.... 
-10.... 
-8.... 
-6.... 
-4.... 
-2.... 

Nuc. ... 
+ 2.... 
+ 4.... 
+ 6.... 
+ 8.... 

+ 10.... 
+ 12.... 
+ 14.... 
+ 16.... 
+ 18.... 
+ 20.... 

0.11 
0.14 
0.17 
0.21 
0.27 
0.37 
0.58 
1.00 
0.84 
0.54 
0.43 
0.36 
0.31 
0.29 
0.24 
0.21 
0.19 
0.16 

-5... 
-4.... 
-3.... 
-2.... 
-1.... 
Nuc. . . 
+ 1.... 
+ 2.... 
+ 3.... 
+ 4... 
+ 5... 

0.12 
0.27 
0.58 
1.00 
0.74 
0.46 
0.18 

0.26 
0.53 
0.71 
0.89 
0.95 
1.00 
0.87 
0.72 
0.46 
0.29 

0.32 
0.47 
0.72 
0.88 
1.00 
0.89 
0.76 
0.52 
0.37 

0.14 
0.27 
0.55 
0.94 
1.00 
0.76 
0.44 
0.23 

of a galaxy. This requires two basic components: a 
population model, and a relationship between stellar 
parameters and fVÁ for the spectral features. The 
population model is that of ACMM, which is based 
on the evolutionary tracks of Ciardullo and Demarque 
(1977). A single burst of star formation 13 x 109 

years ago is assumed. The population model is a 
function of metallicity Z (where Z0 = 1.0) and also 
depends on the slope of the initial mass function s, 
where s = l + x in the notation of Tinsley (1972). A 
helium content Y = 0.30 is assumed. Further details 
of the population model and predicted integrated 
broad-band colors from U to K can be found in 
ACMM. Since in this model there are no young stars, 
we cannot expect to successfully apply our scheme 
to spectral features shortward of 5000 Â where one 
might expect the Population I contribution to the 
integrated light to be both nonnegligible and a 
function of distance from the galaxy nucleus. 

The problem of predicting WÁ from the basic 
stellar parameters is divided into two parts by first 
considering the variation in WA at solar metallicity as 
Teff and g vary (i.e., in bright, normal field giants and 
dwarfs) and then evaluating separately the effect of 
varying Z. The spectral features we are considering 
at this time are Na D, Na IR, Mg 6, FeH (the band 
at 9910 Â), and Y,WX for the three lines of the near- 
infrared Ca ii triplet (denoted Ca T). The strengths 
of these lines are expressed as functions of Teff, with 
a separate parametrization for giants and for dwarfs. 
The source of the observational data for the functions 
used to predict the strength of each feature is indicated 
below. 

Na D.—The calibration of Na D is taken from a 
compilation by Tinsley (1967) with spectral types 
converted to 7^ via Johnson (1966). A limited number 
of bright K giants were observed with the CID, and 
the for their D lines agrees with the calibration to 
within ± 0.4 Â for each star. 

Na IR and FeH.—The calibration of Na IR and 

FeH is taken from Cohen (1978).1 The strength of 
Na IR and FeH in stars with F — K < 4.0 is neg- 
ligible and therefore these data alone are sufficient. 
Note that these observations were secured largely 
with a CID, and hence there is no question of matching 
resolutions between the calibration spectra and the 
CID spectra. For FeH we calibrate the percent of 
absorption at 9920 Â at a resolution comparable to 
that of the CID by using the observations of Cohen 
(1978). 

Mg b.—The calibration of Mg b for stars hotter 
than Tea = 5600 K was taken from the compilation 
of Tinsley (1967). For cooler stars, Figure 2 of Mould 
(1978) was used. Since this refers to a narrow-band 
photometric index, the predicted WK for Mg b were 
scaled by a constant (which was 1.6) to fit the solar 
Wx (Moore, Minnaert, and Houtgast 1966). This 
scaling constant also makes the predicted Mg b agree 
well with the CID measurements of spectra of a few 
bright K giants. 

Ca T.—The calibration of Ca T as a function of 
Tea for giants and dwarfs is taken from Cohen (1978), 
which is mostly at a resolution comparable to the 
CID galaxy observations. Unfortunately, this leaves 
a large gap for stars earlier than K0 where the Ca T 
is still quite strong. This gap was filled by an educated 
guess combined with the solar data from Moore et 
al. Fortunately, the contribution to the integrated 
light at 8500 Â from dwarfs of spectral types earlier 
than the Sun is not very significant, and the available 
observations indicate that giants reach their maximum 
Ca T strength at a TeU within the range covered by 
the data of Cohen (1978). 

1 The author now realizes that the class C data only for 
WK of the infrared Na i doublet in Cohen (1978) contain an 
inadequate correction for terrestrial H20 absorption. The 
following modifications were made here to the data in Table 1 
of Cohen (1978): +04°4048 (^A-1.0Â); +45°2505 
(Wx - 1.0 Â); YZ CMi {Wx - 0.3 Â); Wolf 359 (Wx - 
0.5 Â). 
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b) Metallidty Effects for Strong Lines 

We can now use the predicted contribution to the 
integrated light at a continuum point near each 
spectral feature from our population model combined 
with the Wx calibrations described above to predict 
the in the integrated light of various spectral 
features if the stars were of solar metallicity, where Wx 
in the integrated light is given by Mboi) x 
CF(A, Mboi), and CF (the contribution function) 
is determined from the population model and is the 
percentage contribution to the integrated light in the 
continuum at a given À by stars in each Teii and Mboi 
increment. Note that we can do this for varying Z 
insofar as metallicity aifects the mean-sequence and 
giant-branch Teu and luminosity, but we cannot yet 
take into account the effect of varying Z on the Wx 
of an individual star. The results of such calculations 
for Z = 0.5 and 2.0 are given in Table 4 for ^ = 0, 
2.35, and 4.0. To aid in computing the necessary 
contribution functions, the galaxy models of ACMM 
were extended to include the Johnson (1966) I color 
(Aeff ä 9000 Â) by using his V — I versus V — K 
calibrations. The adopted contribution functions were 
as follows : that of V for Na D and Mg b, a weighted 
mean between V and I for Na IR, a mean between 
V and I weighted heavily toward / for Ca T, and a 
weighted mean between I and J for FeH. The good fits 
(except in U — V) obtained from the population 
model of ACMM to integrated colors of globular 
clusters and nuclei of early-type galaxies give us great 
confidence in the accuracy of our contribution func- 
tions, since we do not require them at any blue or 
ultraviolet wavelengths. 

We must now consider the effect of varying Z on 
the WK for an individual giant or dwarf of fixed Tea- 
We shall follow the approach of Cohen (1978) and 
define, for each line i under consideration, the metal- 

licity multiplication factor2 MMF(z), 

(1) 

where gz is the surface gravity, which varies for a 
fixed Te« due to the shift of the giant branch in 
luminosity and mass as Z is changed. (We assume 
either no mass loss or a mass loss proportional to the 
original mass here.) 

All the lines of interest are very strong over the 
range of Teii that contributes significantly to the 
integrated light, and furthermore we are considering 
only a small range in Z, from 0.5 to 2.0. Hence we 
will assume that all the lines under consideration are 
on the damping part of the curve of growth all the 
time. This assumption is worse, but still acceptable, 
for Na IR, as it is the weakest feature considered. We 
may then obtain purely theoretical values for the 
MMFs from Cayrel and Jugaku (1963) and from 
Deutsch (1966), by using the model-atmosphere cal- 
culations for K giants of Cohen, Frogel, and Persson 
(1978) as a guide to the ionization of the relevant ions. 
To evaluate gz, we note that the predicted change 
along the giant branch in Mbol for a fixed Ten from 
Z = 0.5 to Z = 2.0 from Ciardullo and Demarque 
(1977) is ~0.9 mag, and the mass changes by a factor 
of 1.15, so that the resulting change in surface gravity 
is approximately 0.40 dex or a factor of 2.5. Although 
the values of a and ß given by Cayrel and Jugaku 
(1963) and by Deutsch (1966) differ slightly, and one 
cannot represent the changes in giants and in dwarfs 
by exactly the same values, since in the first case the 

2 Note that the MMF tabulated in Cohen (1978) included 
a correction for the shift of the giant branch in Teit as Z 
varied, whereas this factor is separately treated in the more 
detailed and exact analysis presented here. 

TABLE 4 
Predicted Strengths* of Spectral Features in Integrated Light using Solar 

Metallicity Wx Calibrations 

Feature FeH Na D Na IR Mg¿> Ca T 
Strength (% abs.) (,WA [Â]) (IVA [Â]) (WA [Â]) (WA [Â]) 

Z=2 

s 0.0 1.5 3.60 0.13 5.12 6.80 
2.35 2.4 4.12 0.28 5.26 6.45 
4.0 9.3 6.05 1.76 5.58 4.79 

Z = 0.5 

s 0.0 0.4 2.96 0.03 4.37 6.99 
2.35 1.2 3.89 0.16 4.64 6.47 
4.0 7.4 7.37 1.27 5.41 4.70 

* Includes shift of giant branch but not effect of varying Z on spectra of stars of 
constant Teli \ see test for detailed explanation. 
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TABLE 5 
MMF Values 

411 

Observations 

Line 
Simple Theory* 

MMF MMF 
No. of 
Stars 

Model- 
Atmosphere 
Predictions Adopted 

Na D  
NaIR  
CaT  
FeH  
Mg b  
Damped Fe i. 
Weak Fe i  

0.5 
0.5 
0.0 
0.5 

0.0-0.5 
0.0-0.5 but less than Mg b 

0.5-1.0 

0.45 ± 0.2 7 

0.2 ±0.1 *2* 

Ó.25 ’ Í ’ 0.22 ± 0.05f 

0.45 
0.45 
0.1 
0.45 
0.22 
0.10 

* Cayrel and Jugaku 1963 and Deutsch 1966. 
t Mould 1978. 

damping is mostly radiative, while in the second it 
is collisional, the values listed in the first column of 
Table 5 represent reasonable approximations for the 
MMF values as deduced from purely theoretical 
parametrizations of the relevant opacities. As Fe is 
more neutral than Mg throughout the K giant atmo- 
sphere, we obtain the theoretical values given in 
Table 5 for later use for an Fe i line on the damping 
part of the curve of growth and a weak Fe i line on the 
linear part of the curve of growth. 

A second approach is to use observations of 
metal-poor giants and subdwarfs, for which a detailed 
abundance analysis is available, and derive empirical 
values of MMF(f) from WK in these stars compared to 
WK predicted by our Z = 1 calibrations at the same 
^eff* Obviously, one must avoid stars so metal- 
deficient that the feature becomes too weak and it is 
no longer on the damping part of the curve of growth, 
but in practice this is not a serious problem except 
for Fe i features. Unfortunately, the amount of 
suitable observational data is severely limited for the 
near-infrared spectral features ; one obtains the results 
listed in column (2) of Table 5. The single entry in the 
final column lists the MMF derived from Table 1 of 
Mould (1978) based on synthetic spectra for a grid of 
model atmospheres of varying Z. An observational 
and computational effort to fill in the gaps in Table 5 

would be very useful. At present the limited available 
data are in good agreement with the predictions of 
simple theory (column [1]). We therefore adopt the 
numbers in the final column of Table 5 for later use. 
We apply the adopted MMF values to the tabulations 
of Table 4 to obtain the final predicted strengths of 
spectral features in integrated light shown in Table 6. 

c) Weaker Features (Including Ft i Blends) 

At this point we should note that the extension to 
features of moderate strength (0.3-1.0Â) of the pro- 
cedure described above is not straightforward. This 
is because the assumption that the feature is on the 
damping part of the curve of growth all the time (or 
at least all the time that the contribution function is 
large) is no longer valid, unless the feature has zero 
strength in giants and is very strong in late-type 
dwarfs (i.e., Na IR). For moderately strong features 
(such as those of Fe i) without the strong gravity 
dependence described above, the MMF are not con- 
stant and must be expressed as functions of WK. 
Because of the importance of weaker blends, specif- 
ically those of Fe i, in determining which elements 
actually are varying, we must explore this problem. 

The most straightforward way to consider the 
metallicity variation of weak (0.2-1.0Â) Fe i blends, 

TABLE 6 
Predicted Strengths of Spectral Features in Integrated Light 

Feature FeH Na D NaIR Mg 6 CaT 
Strength (% abs.) (Wx [Â]) (PFA [Â]) (WA[M) (WÄ [Â]) 

Z = 2 

0.0 2.0 4.92 0.18 5.96 7.29 
2.35 3.3 5.63 0.39 6.13 6.91 
4.0 10.1 8.26 2.40 6.50 5.13 

Z = 0.5 

0.0 0.3 2.17 0.02 3.75 6.52 
2.35 0.9 2.85 0.09 3.98 6.04 
4.0 5.4 5.40 0.93 4.65 4.39 
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TABLE 7 
fVA for Weak Lines 

Vol. 228 

Line 
No. OF 
Lines 

^a(Â) 

Arcturus Ml3 Stars MMF 

5206.0  
5269.5   
5328.0-5328.5. 
5371.5   

Cri 
Fei 
Fei 
Fei 

0.37 
0.70 
0.73 
0.40 

0.32 
0.45 
0.57 
0.30 

0.06 
0.17 
0.10 
0.11 

and one which will give insight into the underlying 
changes, is to consider the behavior of weak Fe or 
Cr lines in Arcturus and in M13 giants of similar 
Tqu- Crude measurements of four such lines were 
made for several stars in M13 from 4 m echelle 
spectra taken by us, while the Arcturus WK are from 
crude measurements of the Arcturus atlas (Griffin 
1968). The results are listed in Table 7, together with 
the implied MMF values if Arcturus has a 1.1 dex 
higher metallicity than the M13 stars. The metallicity 
changes of all these lines except 5269.5 are very small. 
This is presumably because the flat part of the curve 
of growth in giants is very long (e.g., Figs. 8-12 of 
Aller 1963), so that a large abundance change will 
produce only a slight effect on Wh. The behavior of 
the iwo stronger lines (5269.5 and 5328) is at first 
sight contradictory, but when one notes that 5328 is 
actually a blend of two lines, each of which is un- 
doubtedly on the flat part of the curve of growth, its 
low MMF, when compared with that of 5269.5, is 
explained. In integrated spectra of galaxies, we there- 
fore expect all features which are blends of individual 
lines with strengths in the range 0.1-0.4 Â to be fairly 
insensitive to small metallicity variations. Thus, over 
the range of metallicity one might expect in galaxies, 
accuracies presently achievable (±1570 in W*) may 
well prove inadequate to detect any variation in Wx, 
even though the abundance of each of the elements 
with lines in the blend is systematically varying. 

The case of the Fe i feature 5270 A is unique, or 
almost so, as it is the only weak blend observed here 
with a single dominant line which is strong enough to 
be on the damping part of the curve of growth in K 
giants. Therefore a more careful treatment of the 
blend was attempted, using curves of growth appro- 
priate for giants and for dwarfs of varying metallicities. 
Two predictions of the strength of the 5270 Â Fe i 
feature were made. In the first (case A) the observa- 
tions of Pritchet and van den Bergh (1977) were used 
to interpolate the behavior of the feature for Teii < 
4000 K (where the last reliable giant and dwarf model 
atmospheres were available). Thus, below 4000 K, the 
feature was assumed to increase in strength in dwarfs 
and decrease in strength in giants. In the second 
(case B) the feature was assumed to increase to a 
saturation value of 6 Â in dwarfs and in giants. Above 
Teff = 4000 K for giants and for all dwarfs, the two 
cases used identical parametrizations for WK. The 
MMF values for the three components used to 
simulate the 5270 Â blend were also parametrized as 

functions of Teu for giants and for dwarfs, based on 
the Wx for Z = 1 at each Teii and on the behavior of 
computed curves of growth at that ^eff- 

The metallicity sensitivity MS shall be defined as 

MS 
W^Z = 2.0) 
WK{Z = 0.5) 

where WK(Z = 2.0) is the predicted Wx for the feature 
in the integrated light of the Z = 2.0 population 
model, and WK{Z = 0.5) is the same for the metal- 
poor model galaxy. By going from case B to case A 
in predicting the 5270 Â blend in M giants, MS can 
be reduced by over 407o. Mould’s (1978) calculation 
followed that of case B, except that he did not assume 
any enhancement of the saturation value in metal- 
rich M giants, whereas our calculation did. Thus a 
value of MS determined from his results is inter- 
mediate between our case A and case B. Although 
case B is not consistent with Pritchet and van den 
Bergh’s (1977) observations, it provides the most 
optimistic possible situation for detecting Fe metal- 
licity enhancements through the use of the 5270 Â 
Fe i blend, and in this case for s = 2.35, MS = 0.66. 
However, one should note that assumption of a 
larger drop in the strength of 5270 À in late M giants 
than that of case A, which assumed a drop in Wh for 
this feature of 40% from 7^ = 4000 K to Teii = 
3000 K for giants (to give a final MS of 0.37 for 
s = 2.35), can be made without contradicting the 
available observational data to produce an even lower 
value of MS. Thus an observational error of ± 18% 
in the strength of the 5270 Â blend would suffice to 
obscure any increase in the strength of the feature as 
the overall metallicity of the galaxy changed from 
Z = 0.5 to Z = 2.0. The observational material is 
too fragmentary at this time to say whether the true 
situation in M giants is an even steeper dropoff than 
is assumed for case A. This reduction in MS in case A 
results from two contributing effects : in the higher- 
metallicity models there is a general shift of the giant 
branch toward cooler TeiU thus smaller Wh in case A, 
and if one reduces Wx in the M giants, one also reduces 
the MMF value appropriate for that 7^, as MMF, in 
general, tends to decrease as the line weakens toward 
the flat part of the curve of growth. 

Therefore we emphasize that, at the present time, 
the observational fact (Faber 1977) that the 5270 Â 
blend is constant (with an error of ± 15%) cannot be 
used to infer that the Fe abundance is not varying 
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systematically between galaxies. Until more observa- 
tions (now in progress) define the behavior of the 
5270 Â feature in M giants, constraints on Fe abun- 
dances from the feature at 5270 Â will be impossible 
to evaluate. Furthermore, if the behavior of the blend 
is that of case A or worse, as Pritchet and van den 
Bergh’s (1977) observations suggest, observations of 
very high accuracy ( ± 10% in fVÄ) may well be re- 
quired to detect variations in the 5270 Â feature due 
to Fe abundance variations over the range of metal- 
licities found in galactic nuclei. 

d) Problems in the Assumptions 
An area of concern is the effect, as Z is enhanced, 

of possible cooling of the outer part of the stellar 
atmosphere where the strong lines are formed and 
thus of increasing the predicted line strength. This 
would distort the simple relationships given by 
equation (1), which was derived without considering 
this circumstance. Such an effect forms the basis for 
the proposed explanation offered by Peterson (1976) 
that super-metal-rich (SMR) stars have merely high 
CNO abundances. However, this interpretation that 
SMR stars have only enhanced C and N has been 
challenged by Deming (1978) as well as by the photom- 
etry of Gustafsson, Kjaergaard, and Andersen (1974), 
who believe that SMR stars are really overall metal- 
rich. We shall assume that the latter interpretation of 
SMR stars is, in fact, correct (see Deming 1978 for a 
more complete discussion of this controversial point). 
Furthermore, Hearnshaw (1972) has presented evi- 
dence that strong-lined field dwarfs are actually 
metal-rich. We note that the contribution to the 
integrated light at V from stars which are not suscep- 
tible to possible boundary cooling problems (i.e., 

from stars near the turnoff and from those giants too 
cool, according to Peterson, to show the boundary 
cooling) is very substantial (45% for Na D and 807o 
for Mg 6).3 Therefore, given that strong-lined dwarfs 
are actually metal-rich, we do not consider this 
problem to be serious. One should, however, realize 
that we have assumed SMR giants are also metal-rich, 
and furthermore, that differential metallicity-driven 
boundary cooling, if it occurs, does not substantially 
affect the strength of the absorption features under 
consideration. 

IV. ABUNDANCES IN GALACTIC NUCLEI 

We now turn to the implications of the observa- 
tional results of Tables 2A-2C of line strengths in 
galactic nuclei. We consider here, if there is a notice- 
able radial gradient, only the observations at the 
nuclear pixel, and, in other cases, take the mean of 
three pixels centered on the nucleus. In Figure 2 we 
display WK in the nuclei of five galaxies for the strong 
features plus the three best-observed weaker ones, 
namely, those in the region of the D lines for which 
we have the maximum number of frames to average. 
Estimates of the errors of WK are indicated for Na D 
in M32, which are typical of the data, except for the 
larger errors (also indicated) associated with Na IR. 

A problem would arise if the velocity dispersion 
variation between the sample galaxies seriously 
affected the line profile at our resolution and hence 
the measured WK values. However, the FWHM of 
Na D at the nucleus is 3.4, 3.2, 4.2, 3.6, and 2.9 pixels, 

3 A different TQiî cutoff for boundary cooling to become 
unimportant is given by Peterson (1976) for these two lines; 
thus the contribution is so different in these two cases. 

Fig. 2.—The values of the logarithm of W* (in Â) for various features are indicated for the nuclei of galaxies. The uncertainties 
are, in all cases, approximately that shown on the plot for the Na D feature in M32, except that of Na IR where the uncertainty 
is much larger. 
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respectively, for M81, M31, NGC 4472, NGC 3315, 
and M32. The difference in the nuclear velocity 
dispersion between M31 and M32 is SOkms"1 

(Sargent et al. 1977), while at 5.1 Â pixel-1, the 
corresponding difference is 80 ± 25 km s-1. Thus we 
may calculate that the total range in velocity dispersion 
is less than 350 km s-1, with all but one of the galaxies 
within a range of 180 km s -1. Furthermore, although 
the galaxy with the largest velocity dispersion (NGC 
4472) does not have strong Na D, it does have the 
largest observed Ca T. Therefore it does not seem that 
at this resolution the effect of this variation in velocity 
dispersion will be significant for strong features, 
although the effect on weaker features may be larger. 
A more careful modeling of the effects of this param- 
eter is left for future investigations. 

We now consider the strengths of the features and 
compare them to the model predictions of Table 6. 
First, we note that Ca T is essentially constant at 
6.9 Â (± 107o). Thus the light of these galaxies is, in 
all cases, giant-dominated with values of s larger than 
3.0 eliminated. Because the Ca T strength is essentially 
abundance-independent, it is perhaps more suitable 
than CO in determining the value of s. Unfortunately, 
neither has much sensitivity once the integrated light 
is giant-dominated (s < 3). Note that the ranking of 
the galaxies in Mg b is the same as that of Na D. 

To convert these rankings to a more quantitative 
abundance, we consider the extreme galaxies M81 
(for which observations of only a few spectral features 
were obtained) and M32 in our line-strength ranking 
together with M31. Figures 3<z-3c show the ratio of 
the observed strength of the features in the nuclei 
(from Tables 2A-2C of this paper and FeH from 
Cohen and Phillips 1979) to the predicted strengths 
as a function of s îox Z — 2.0 and 0.5. The very large 
uncertainty in Na IR for M32 is not indicated. By 
looking for intersections of the lines near WÁ

0h8l 
BY>red == 1, it is clear that the range spanned by these 
nuclei is from twice to half the solar metallicity,4 and 
that the lines representing all the features intersect at 

4 The metallicity scale is uncertain by the uncertainty in 
the ACMM calibration, which assumes 47 Tue to have 
Z = 0.5. The range of metallicities for galaxies found here 
(i.e., a factor of 4) is unaffected by this uncertainty. 

a single point to within the observational errors. 
Furthermore, the nonvariation of the 5783 and 5709 Â 
Fe-Cr blends is completely consistent with the above 
statement (see Table 5 and § IIIc), as is the detectable 
variation of Ca i 5857 Â but not of Ca T (a Ca n 
feature). Thus, from the galactic nuclei, we conclude, 
on the basis of the spectrum from 5000 to 8800 Â, 
that the range in metallicity is from twice (M81, M31) 
to half solar (M32), and that there is no evidence of 
any nonsolar ratios among the elements Na, Ca, Mg, 
and Fe in these E galactic nuclei. A value of s between 
2 and 3 is consistent with all the data. 

If we now rank the galaxies by mass or by absolute 
magnitude (by using the compilation of Burbidge and 
Burbidge 1975) and compare this to the metallicity 
ranking of Figure 2, it is apparent that NGC 4472 is 
anomalous. It is the most massive and the most 
luminous galaxy of the sample, but it does not have 
the strongest lines. We will return to this point in 
§V, where we will show that this can plausibly be 
explained by a distance effect, as 1 pixel corresponds 
to a larger area at this more distant galaxy. 

We now consider the published broad-band 
photometry for these galaxies and apply the metallicity 
calibration of ACMM to see if the results are con- 
sistent with the abundance ranking of Figure 1. Ex- 
cluding U, as spirals and ellipticals are likely to have 
U — V colors that are not directly comparable due to 
the presence in the former of large numbers of young 
stars, the available photometry is summarized in 
Table 8. The reddening model was taken to be that of 
Sandage (1973), and the / — K photometry was trans- 
formed to the Johnson (1966) system used in ACMM. 
The expected differences in V — K and J — K colors 
are not large compared with reddening problems and 
with problems of correctly matching the V and K 
apertures, but the data of Frogel et al. (1978) are 
consistent with the proposed rankings. Furthermore, 
the nuclear B — V measurements of Sandage, Becklin, 
and Neugebauer (1969) and Strom et al. (1978), 
where these two problems are less severe, also support 
the nuclear metallicity ranking suggested in Figure 1. 
The nuclear V — /color observed in M31 by Sandage 
et al. can be reproduced by our Z = 2 model, which 
has a predicted V — / of 1.87 for the integrated light, 

TABLE 8 
Unreddened Galactic Colors* 

Galaxy 
(B - V)e 
(RCBG) B-Vm 

(V- K)0.s 
(Frogel et al. 

1978) (V-K)n 

(/ - K)o.s 
(Frogel et al. 

1978) 

M81   
M31  
NGC 4472. 
NGC 3115. 
M32  

0.94 
0.94 
0.95 
0.98 
0.88 

l.lOf 
1.04 

i.oo§ 
0.97f 

3.38 
3.30 
3.14 

3.51J 
3.22Í 

3.30§ 
0.98 
1.01 
0.77 

* Sandage 1973 reddening-free polar-cap model used in all cases, 
t Sandage et al. 
t Aaronson 1977. 
§ Strom et al. 1976. 
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S 
Fig. 3a 

Fig. 3b 

Fig. 3.—(a) The logarithm of ratio of fVA
ob3 to fVA

pred is 
plotted as a function of s (the parameter defining the initial 
luminosity function) for various features in the spectrum of 
the nucleus of M31. The fVA

pred have been computed for the 
predicted integrated light for two cases, Z = 2.0 (a metal- 
rich case) and Z = 0.5. The observational errors alone are 
indicated at one point on the line for each feature in either 
the low or high metallicity case, (b) Same as Fig. 3a but for 
M81. (c) Same as Fig. 3a but for M32. The very large 
observational error of Na IR has not been shown. 

while the Z = 0.5 model has a predicted F — 7 of 
1.60 (for s = 2.35). With the use of the ACMM 
calibration, the change in V — K from M32 to M81 
corresponds to an increase from approximately solar 
to 3 times solar metallicity, also in good qualitative 
agreement with the change deduced from the spectra 
via Figures 3a-3c. 

V. RADIAL GRADIENTS IN GALAXIES 

The existence of radial gradients in WÁ for some, 
but not all, spectral features is clearly established by 
the data of Tables 2A-2C. Furthermore, the features 
which show the strongest radial gradients are those 
which exhibit the strongest variation between galaxies. 
We plot in Figure 4 the radial gradients in M31 and 
M32 for Na D and Mg b. The radial dropoff in Na D 

j i i i i L 
0 2 4 0 2 4 

s 
Fig. 3c 

seen in M31 is in good agreement with the photometric 
index gradient of Spinrad et al. (1971). As there is 
only one frame for the Mg b region, whereas several 
are available for Na D, we note that the slope of the 
radial gradients in M31 and M32 appears to be the 
same for Na D, while the slope of Mg b may be 
shallower than that of Na D. It is important to note 
that in no galaxy is there good evidence for a radial 
variation of Ca T or of the weak Fe and Cr blends at 
5709 and 5783 Â. However, for M31 there is good 
evidence that Na IR and the 5857 Â Ca i blend do 
have a real radial gradient in Wx. It is therefore 
apparent that the fundamental factors driving the 
radial gradients seen in Figure 4 and Tables 2A-2C 
are probably the same as those controlling the changes 
in nuclear WK seen in Figure 2. Similar conclusions 
have been reached by Faber (1977). Through our 
model of WK variations with metallicity developed in 
§m, we ascribe all these variations to overall metal- 
licity variations, with no evidence for nonsolar ratios 
among the elements giving rise to the features studied 
to date. The less rapid decline in Mg b than in Na D 
with distance from the nucleus seen in the present 
data and also those of Faber (1977) is predicted by the 
theoretical discussion of § III and is completely con- 
sistent with no change in the Na/Mg ratio with radius. 
A variation in metallicity of a factor of 4 over the 
region from the nucleus to r = 300 pc is derived from 
Figure 4 and Table 6 based on Na D. To explore 
further the hypothesis that the form of the Na D- 
radius relation is approximately constant in galaxies, 
as Faber (1977) has suggested, we consider M81 and 
NGC 3115. In both cases, because of the difference 
between the distance moduli of the galaxies, 1 pixel 
in them corresponds to approximately 5 pixels in 
M31 and M32. The radial gradient in M81 has been 
plotted in Figure 1 on this scale, and the slope, while 
slightly shallower, is close to that for M31 and M32. 
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Pixel (M8I only) 
-3 -2 -I NUC +1 +2 +3 

Fig. 4—Radial variations of as a function of pixels from the nucleus for Na D and Mg b are shown for M31 and M32. 
Radial variations in Na D only are shown for M81 on a scale in pixels (indicated at the top of the plot), corrected for the larger 
distance of this galaxy. The number of frames available for Na D is three for M31 and two for M32, while only one frame is 
available for Mg b in these galaxies. 

The apparent slight flattening of the curve may well 
be due to convolution effects, since the spectrum for 
a point source is 2.5 pixels wide. 

The lack of radial variation for Na D in NGC 4472 
and the low nuclear WK are somewhat surprising. 
Welch and Forrester (1972) saw an enhancement of 
Na D in the central 10" only, which we did not see 
because of our poorer spatial resolution. Strom and 
Strom (1978) find no evidence for a radial color 
gradient in this galaxy over the region of interest 
(within 30" of the nucleus). However, we note that 
this is the most distant galaxy in our sample. Faber 
(1977) has suggested that the slope of the radial 
gradient is constant in lF(Na D)-log r coordinates, 
and our data, except for M31, do not extend to large 
enough radii to test this. In M31 the decrease in WK 
appears to slow down beyond r = 40" (see Fig. 4). 
In this manner the apparent lack of a radial gradient 
in Na D in NGC 4472 could be understood. We may 
qualitatively evaluate the effect of such a convolution, 
assuming a nuclear radial gradient actually exists in 
Na D for this galaxy, within the region covered by the 
nuclear pixel at a distance 20 times that of M31 to see 
if the apparently low Wx (Na D) of NGC 4472 can 
be explained. In Table 9 we indicate the extrapolated 
nuclear Wx (Na D) at a linear scale of 1 pixel in M31. 
After this correction, NGC 4472 becomes the galaxy 
with the most metal-rich nucleus, as was expected 
from its mass and luminosity (see § IV). It is apparent 
that comparison of WK among galaxies (or of photo- 
metric indices for spectral features) must be made at 
the same linear aperture, especially when considering 
regions near the nucleus. It is unclear how much of 
the scatter in Figure 2 of Faber (1977) can be due to 
such effects, as the slope of the radial variations of 

different features is expected to be different, depending 
on the composite MMF (i.e., the metallicity sensitivity 
as defined in § IIIc) for each of the features involved. 

Throughout this discussion we have ignored the 
possible difference between slopes of radial variations 
along the major and minor axes of the central regions 
of galaxies, as our data are not adequate for us to 
comment on this point. Since the major axes of all 
the galaxies are inclined, with respect to an east-west 
line, by 52° ± 8°, with the exception of NGC 4472 
which is more inclined, a faster minor-axis dropoff 
will only further increase the nuclear Wx for NGC 
4472. 

We now check the consistency of the radial metal- 
licity variation predicted from our WK measurements 
with the observed radial color gradients in galaxies. 
V — K color gradients are given by Strom et al. (1978) 
along the major and minor axes of NGC 3115. Over 
the region r = 0"-12", they observe, with a 16" 
aperture, a change mV — Kof 0.26 ± 0.05 mag and 
of 0.46 ± 0.15 mag from 0" to 15". The calibration 
of ACMM suggests, from the color change, that an 
overall metallicity change of 0.3-0.5 dex has occurred 

TABLE 9 
Extrapolated Wx (Na D) for Galactic 

Nuclei with a 15 pc Aperture 

Galaxy (Â) 

M81  7.4 
M31  5.9 
NGC 4472  7.5 
NGC 3115  5.0 
M32  3.1 
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over this interval, while the data for NGC 3115 
suggest a change of 0.2-0.3 dex. We view this agree- 
ment as quite reasonable, given the uncertainties 
involved. It is more difficult to compare the multi- 
aperture photometry of Frogel et al. (1978) with 
V — K color changes predicted from our observa- 
tional results, and we note here that only the radial 
dependence of F — is in the expected sense, namely, 
bluer at larger aperture sizes. 

VI. CONCLUSIONS 

Observations of the equivalent widths of strong 
spectral features (Ca T, Na D, Mg b, and Na IR) and 
the weaker Fe and Cr blends have been presented for 
the nuclei of five galaxies (M31, M32, NGC 4472 and 
3115, and M81), as well as their radial gradients 
within these galaxies. These observations have been 
interpreted with the aid of a model for the strength 
of spectral features in the integrated light of galaxies 
which uses the population model of ACMM and is 
ultimately based on the isochrones of Ciardullo and 
Demarque (1977). The following is a summary of the 
important results. 

1. The model predicts very small variations of the 
intermediate-strength Fe blends as the overall metal- 
licity is changed by substantial factors. The observed 
constancy of all such blends (5709 Â, 5783 Â, etc.), 
with the possible exception of the 5270Â Fe blend, 
does not imply nonsolar ratios among the elements 
heavier than H and He. The case of the 5270 Â blend 
is complicated. However, models which fit the avail- 
able stellar data best indicate that in this case, too, 
the blend is expected to increase in strength by a 
factor substantially smaller than previously believed 
as the overall metallicity of the galaxy changes, so 
that the variation in WÁ may be lost in the observa- 
tional error. 

2. The features which vary in strength in these 
galactic nuclei and which show radial variations are 

precisely those which the theoretical model has 
predicted would vary (e.g., Na D, Na IR, Mg b, and 
the 5857 Â Ca i blend vary, while Ca T and the weak 
Fe and Cr blends do not). The magnitude of the 
variations is both observed and predicted to be dif- 
ferent for various features. Comparison of one feature 
with another in galaxies of different distance moduli 
must be done carefully to avoid aperture effects. 

3. The features which show radial variations 
within galaxies are the same as those which show 
variations among galaxies, while those that do not 
vary among the nuclei of the galaxies studied also do 
not show radial variations within these galaxies. The 
strength of the variations in these two situations is 
also in agreement. Thus a single causal factor is 
driving radial variations of spectral features within 
galaxies and also among galaxies. 

4. This causal factor is identified as the overall 
metallicity of the galaxy. There is no evidence to 
support nonsolar ratios among the elements Ca, Na, 
Mg, and Fe. 

5. The form of the variation of Na D with radius 
is approximately the same from galaxy to galaxy in 
the cases studied. 

6. The range in metallicity from M81 to M32 is 
approximately a factor of 4. When corrected for the 
aperture effects, the nuclear metallicity has the same 
ordering as Mv for these five galaxies. Values of s 
between 2 and 3 are supported by our data. 

7. The metallicity gradient within NGC 3115, as 
predicted from our WÁ measurements, agrees well 
with the metallicity gradient predicted by the model 
of ACMM from the V — K color gradients observed 
by Strom et al. (1978). 

The author is grateful to R. Aikens for his work 
on the electronic stability of the CID array and to 
R. Lynds for the use of his software for picture 
processing. 
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