
19
 6 

9A
pJ

. 
. .

15
5.

 .
97

 3A
 

The Astrophysical Journal, Vol. 155, March 1969 

ON THE INTERPRETATION OF THE COLOR-MAGNITUDE 

DIAGRAMS OF M67 AND NGC 188 

Morris L. Aizenman, Pierre Demarque, and R. H. Miller 
Department of Astronomy and Astrophysics, University of Chicago 

Received July 1, 1968 

ABSTRACT 

A method for determining the helium content F, for a given Z, of old galactic clusters is described. 
This method could be of considerable importance since it is independent of the distance modulus of tiie 
cluster and of color corrections such as those due to interstellar reddening and differential line blanketing. 
It is found that Y is proportional to the width of the gap of the C-M diagram just above the main 
sequence In order to calibrate this effect, a number of theoretical evolutionary tracks was obtained from 
the main sequence to beyond the hydrogen-exhaustion phase for different chemical compositions. A sta- 
tistical analysis of the data of Eggen and Sandage was made which confirms the presence of such a gap 
in M67 and NGC 188 It shows that the gap width has a well-defined value equal to 0.167 ± 0.010 mag 
in M67. This last result yields F = 0 38 ± 0.02 at Z = 0 03 and F = 0.28 ± 0.02 at Z = 0.06. Higher 
F-values would be required if Z is as low as 0 01. The corresponding ages for M67 are about 3.5 X 109 

years for F = 0.38, Z = 0.03, and 2 6 X 109 years for F = 0 28, Z = 0.06. In NGC 188, the gap, al- 
though present, does not appear to be fully developed, which leaves some uncertainty as to its chemical 
composition if this method is used. 

I. INTRODUCTION 

Evolutionary tracks for stars with convective cores exhibit a well-known hook just 
above the main sequence, corresponding to the hydrogen-exhaustion phase of the con- 
vective core (Henyey, LeLevier, and Levée 1955; Haselgrove and Hoyle 1956; Hallgren 
and Demarque 1966; Hallgren 1967; Iben 1967a, b). This rapid phase of evolution results 
in a gap in the stellar distribution in the color-magnitude diagram of a star cluster. 
Eggen and Stoy (1960) noticed such a gap in NGC 2477 and Eggen (1963), in NGC 752. 
In recent years, photoelectric observations of M67 (Eggen and Sandage 1964) and NGC 
188 (Eggen and Sandage 1968) have made possible a detailed comparison of observation 
with theory. The purpose of this paper is to investigate the dependence of the gap width 
on chemical composition and to analyze the stellar distribution in the vicinity of the 
gap observed in M67 and NGC 188 in order to gain some information on the chemical 
composition of their members. 

II. STELLAR MODELS 

Low-mass, Population I stars can convert hydrogen into helium by either the p-p 
chains or the CNO cycle. Stars in the former category have radiative central regions 
whereas those in the latter have convective cores. The dominant process in any given 
star is a function of mass and chemical composition, both of which determine the main- 
sequence position of the star. Stars with radiative central regions on the main sequence 
may develop a convective core prior to hydrogen exhaustion and the onset of shell burn- 
ing. If this occurs, the evolution of such a star is qualitatively the same as that of a star 
with a convective core on the main sequence. As in the case of massive stars (M > 
2Mo) hydrogen exhaustion takes place simultaneously over a significant mass fraction 
of the star, and a small helium core results. As this occurs the discontinuity in mean 
molecular weight between the convective core and the radiative zone which surrounds 
it gives rise to an increase in radius with a resulting drop in effective temperature. The 
effect becomes more noticeable as the core increases in mass. With the exception of a 
thin outer region, contraction of most of the star sets in and continues until a hydrogen- 
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shell source can provide the necessary luminosity. This contraction is on a Kelvin time 
scale. Since the radius remains almost constant while the luminosity increases signifi- 
cantly, there is a rapid increase in the effective temperature of the star. This stage of 
evolution corresponds to a gap just above the main sequence in the C-M diagram of a 
galactic cluster. 

At a given luminosity level, the size of the convective core (if it exists) depends prin- 
cipally on the metal abundance. High Z increases the opacity, leading to steeper radiative 
temperature gradient, which favors convection. Furthermore, high Z enhances the CNO 
cycle which also favors convection. Thus, low Z stars may not develop a convective core. 
Where there is a convective core, one can expect the luminosity difference between the 
beginning and the end of the hydrogen-exhaustion phase (proportional to the size of the 
convective core) to increase with increasing Z. The region of the hydrogen-exhaustion 
phase (HEP) in the C-M diagram will be referred to as the “gap.” 

Fig. 1.—Evolutionary tracks for several models exhibiting a gap. The abscissa is log Teff (increasing 
to the left), and the ordinate is Mboi- All tracks have been normalized to the same main-sequence lumi- 
nosity. Horizontal line for tracks A-E is 0.55 mag brighter than the main sequence; horizontal line for 
tracks F-H is 0.46 mag brighter. Horizontal and sloping lines stress the steady alteration of gap properties 
with composition. Initial compositions for tracks A-E are all Z = 0.03 with F values, respectively, 0.40, 
0.35, 0 30,0.25, and 0.20. Tracks F-H all have Z = 0.06 with Y values, respectively, 0.30,0.25, and 0.20. 

The effect of varying Y for fixed values of Z is easily determined. An increase in Y 
leads to a higher mean molecular weight which in turn raises the internal temperature of 
the star. This favors the CNO cycle which leads to convection. Models with high F 
would show larger gaps than models with the same luminosity and Z but a lower F. 
At the end of the HEP the luminosity of the stars of varying F but constant Z is the 
same if their ZAMS luminosities are the same (Fig. 1). This relationship has been deter- 
mined by means of detailed evolutionary computations. 

One further point remains to be considered. How does the mass of the star affect the 
extent of the gap for a given composition? It is apparent that a certain range of low- 
mass stars will not have convective cores because their temperatures never become high 
enough during core hydrogen burning to provide a significant fraction of the energy 
through the CNO cycle. As the mass increases, the temperature increases and the CNO 
cycle becomes more prominent. Since the transition from p-p to CNO dominance is very 
sensitive to the temperature (Schwarzschild 1958, p. 82, Fig. 10.1), the transition occurs 
over a small range in the mass of the star (of the order of 2 per cent). However, once the 
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mass is high enough to insure the development of a convective core, a further increase 
in mass over a small range will not modify the mass fraction of the core. The reason for 
this is the following: over a small mass range the energy generation and opacity laws are 
very nearly the same, and the resulting models are then very nearly homologous 
(Schwarzschild, 1958, pp. 103 ff.). There is, in fact, evidence that this effect is nearly 
constant for a much greater range in mass (up to at least 5 Mo, Schlesinger 1968). Thus, 
a calibration of F to the size of the gap must be made at a luminosity such that a fully 
developed convective core exists for all relevant values of F. 

Stellar models have been evolved from the main sequence through the HEP and into 
the shell-burning phase for the following composition parameters: 

Z = 0.06 , F = 0.20, 0.25, 0.30; 

Z = 0.03 , F = 0.20, 0.25, 0.30, 0.35, 0.40; 

Z = 0.01, F = 0.25 . 

For each composition, the mass was adjusted so that the main-sequence model was 
approximately the same, with Mboi in the range 4.50-4.55. Details of the evolutionary 

Fig. 2.—Variation of gap width with composition parameters. Ordinate is the width of the gap in 
magnitudes, and abscissa is the helium content, F. Sloping lines represent gaps from the tracks A-H 
of Fig. 1, and dashed lines bracketing them are our estimates of the accuracy of inferring the gap width 
from the models. Horizontal lines represent the values of the gap width (and error estimates) determined 
from observational data on the two clusters. 

tracks are given in Table 1. A Henyey program with logarithmic variables was used 
(Hartwick 1966; Demarque, Hartwick, and Naylor 1968; Schlesinger 1968). The opaci- 
ties were those of Cox (1965); the energy generation rates those of Reeves (1965), in- 
cluding the three p-p chains and the CNÖ cycle treated as discussed by Demarque and 
Schlesinger (1969). In the hydrogen convection zone, the mixing-length theory of Böhm- 
Vitense (1958) and Baker and Kippenhahn (1962) was used, with the mixing length set 
equal to 1 pressure scale height. Although the treatment of the convection zone affects 
the radii of the models, it is irrelevant to the physical development of the stellar core. 

Figure 1 shows the evolutionary tracks for Z = 0.03 and for Z = 0.06. The corre- 
sponding calibration curves for the gap width as a function of F for each Z are given in 
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• ••••••••••• 
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Figure 2 and Table 2. For Z — 0.01 and F = 0.25, the gap does not exist at the luminos- 
ity level considered, which suggests that the models are below the narrow transition 
region in which the convective core develops, or that much higher values of F are needed. 
Models with masses slightly greater than those in the transition region already show a 
fully developed gap. 

III. ANALYSIS OF THE EGGEN-SANDAGE DATA 

Because the isochrones obtained from evolutionary studies are very narrow, it is 
tempting to ascribe the scatter in observational color-magnitude diagrams to random 
observational errors. Presumably systematic effects, over such a small part of the color- 
magnitude plane as is used to study the gap (AF ^ 1 mag, A(B — F) ^ 0.1 mag), 
will merely displace the region, or perhaps warp it somehow. In any event, such sys- 
tematic effects are probably not important for this purpose. A study was carried out using 
the M67 and NGC 188 data of Eggen and Sandage (1964,1968) to see how well the width 
of the gaps could be determined. 

TABLE 2 

The Correlation of Gap Size to 
Chemical Composition 

AJWbol (Gap) 

Z = 0 03 Z = 0.06 

0,20 
.25 
.30 
35 

0 40 

0 085+0 007 
.112 
134 
162 

0 186 

0 140+0 07 
.161 

0 190 

a) M67 

In the absence of precise information concerning random observational measurement 
errors, we assumed that the errors in B- and F-measurements were uncorrelated and 
that the relative sizes of the errors were given by a mean ratio of F to B in the small 
part of the diagram containing the gap. Accordingly, we took <ôB2> = 1.6<ôF2> and 
(ôBôV) = 0, leaving <ôF2> as a free parameter to be determined by other means.1 On 
a color-magnitude diagram, an observational error in B produces a horizontal displace- 
ment of the point representing a star, while an error in F produces a diagonal displace- 
ment. At the relative scale used by Eggen and Sandage (1964) for their plots (B — F 
scale five times as large as F-scale), a standard deviation departure from “true” position 
permits the point representing a star to lie in an elliptical region whose major axis is 
inclined at 2\° to the horizontal (upward to the right), whose axis ratio is about 8.5, 
and whose major semiaxis is approximately the measurements dispersion, <3F2)1/2. This 
inclination of the error ellipse (covariance ellipse), approximately along the boundaries 
of the gap, makes the gap seem real, rather than an illusion of the color-magnitude plot. 
A fairly careful comparison of the horizontal scatter of points (along the major axis of 
the ellipse) leads to an estimate of (ôF2)J/2 ^ 0.012-0.013 mag. Note that this estimate 
is based only on the scatter of observed points, with the assumptions stated earlier: 
(a) that the true locus in the color-magnitude diagram is a narrow line, while the ob- 

1 The results that follow from these guesses agree with the conclusions of Sandage (1962, Appendix A). 
These restrictions are removed in the later discussion. 
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served width is totally ascribable to observational errors, and (b) that the relationships 
among the various sources of error are as described above. 

The points representing the various stars may be slid along the 2j° (regression) line 
to the isochrone. For convenience, we chose the vertical line B — V = constant, to repre- 
sent the isochrone. Stars with two or more observations from Tables 1 and 2 of Eggen 
and Sandage (1964), for which 12.55 < F < 13.55 and 0.55 < B — V < 0.635 were in- 
cluded. When the number of stars that project onto this line, fainter than a given V- 
magnitude, is plotted as a function of F, a diagram containing two approximately 
straight-line segments results, with different slopes on the two sides of the gap (Fig. 3). 
An (integral) distribution of this type results if the probability of finding stars along the 
line B — V = constant iä uniform with one value above the gap, is zero in the gap, and 
uniform with a second value below the gap. 

10 20 30 10 20 30 
N N 

Fig. 3 Fig. 4 

Fig. 3.—Observational integral distribution of magnitudes of stars for M67. Ordinate is the magni- 
tude, V, from Eggen and Sandage (1964), with the measurements projected onto the line B — V = 0.55 
as indicated in the text. Abscissa is the number of stars from the gap region that are fainter than V. 
Gap occurs between stars 20 and 21. 

Fig. 4.—Observational integral distribution of magnitudes of stars for NGC 188. Data are from 
Eggen and Sandage (1968). Projection is onto the line B — V = 0.65, and gap appears between stars 10 
and 11. 

There is, of course, no a priori reason to assume such a distribution. The hypothesis 
about the parent distribution consisting of two straight lines can be tested, and any re- 
sults obtained are then purely observational. The only prejudice injected by comparison 
with evolutionary calculations is that it is meaningful to project all the representative 
points onto a curve. 

The width of the gap may be determined by making two separate least-squares fits to 
straight lines—one to the group of stars above the gap and the other to the group below 
the gap. The hypothesis of uniform distribution in each of the two regions, when tested 
by the chi-square criterion, is significant at the 10 per cent level (for assumed <0F2> = 
0.012). The “width” of the gap, as projected onto the line B — V = constant is 0.167 ± 
0.010 mag. The gap appears to be real when a careful treatment of the observational 
errors is attempted. The result is independent of the slope of the regression line (the 2j° 
line) over rather wide limits. The relative densities of stars above and below the gap is 
1.4 ± 0.2, with higher density on the bright side of the gap. 

This method appears to be the most efficient way to use the observational data for 
comparison with evolutionary models. The expected distributions of stars along a 
B — V = constant line, as worked out from models, has the same two-straight-line char- 
acter as the observed distribution; but the calculated distribution is not zero in the .gap 
(although it falls to about ^ of the value outside the gap). Because of the similarities 
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of the model distributions, a maximum-likelihood fit is not sensitive for choosing among 
models with a gap narrower than the observed gap. Direct comparison of gap width is 
preferable. 

b) NGC 188 

A similar study was carried out for NGC 188 by using data kindly supplied by Eggen 
and Sandage (1968). This cluster does not work out nearly as well as M67. The gap is 
not as distinct. Stars with 15.0 < V < 15.9 and 0.66 <£ — F<Ô.76 were included. 
The results obtained are as follows: the width of the gap is 0.085 ± 0.023 mag, and the 
measurements errors work out to <ôF2)1/2 ^ 0.023 mag. This cluster is observationally 
more difficult—the gap is at V ~ 15.63, and there are few well-observed stars. Stars 
from NGC 188 with only one measurement were included, making it necessary to weight 
each by its number of measurements. The observational data are shown in Figure 4. 

c) Discussion 

The ratio of slopes of the lines in the number versus magnitude plot of Figure 3 for 
M67 is different from that predicted from the models—the model predictions have a 
ratio of about J in the sense quoted above (where the observed ratio is about 1.4 ± 0.2). 
This discrepancy might arise from some kind of observational selection effect, or it 
might be attributed to modification of the mass spectrum through evaporation of stars 
from the cluster. To ascribe this difference to evaporation alone would require that 
evaporation alter the initial mass spectrum in a very strange way. We cannot explain 
this discrepancy but do not regard this difference as important because it depends 
sensitively on fine details of the models and of observational effects. 

The evolutionary tracks of § II suggest that Z could be determined if the height of 
the top of the gap over the main sequence could be measured. This situation is compli- 
cated, since no (observational) main sequence should exist near the gap. We attempted a 
purely observational approach to the determination of the magnitude of the main se- 
quence at the same 2? — F as the gap by linear extrapolation using those stars sufficiently 
far below the gap to have avoided much evolutionary modification. With M67, very few 
candidates remain (six); a least-squares linear extrapolation through them leaves the 
main sequence too far below the gap but also has the main-sequence magnitude at the 
2? — F of the gap uncertain by ±0.15 mag—nearly twice the size of the effect sought. In 
principle, this determination might be sharpened by using knowledge of the shape and 
location of the main sequence; but then the method would no longer rest wholly on 
observational determinations within this cluster. It would no longer provide a way to 
sidestep the difficulties and uncertainties of differential line-blanketing, absorption and 
reddening corrections, and so on. 

IV. COMPABISON WITH THEORY 

The observed gap width as determined by the method of the previous section has been 
plotted in Figure 2. We obtain the following for M67: Z — 0.03, F = 0.38 ± 0.02; 
Z = 0.06, Y — 0.28 ± 0.02. For intermediate values of Z, linear interpolation, Y = 
(0.491 —• 3.6Z) ± 0.02, may be used. 

For NGC 188 we obtain the following: Z = 0.03, F = 0.20 ± 0.04. For Z between 
0.02 and 0.04, the linear relation, F = (0.307 — 3.6Z) ± 0.04, may be used. 

V. THE AGE OE M67 

Estimates of the age of a galactic cluster depend on: (1) the chemical composition of 
the cluster, which affects the evolutionary tracks of the individual members; and (2) the 
distance modulus of the cluster, which determines the value of Mho\ at the observed 
turnoff. Since the distance modulus depends on the position of the adopted main se- 
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quence, it is also a function of the chemical composition (Demarque and Schlesinger 
I969). 

Eggen and Sandage (1964) pointed out the difficulty of separating the effects of dif- 
ferential line blanketing from interstellar reddening on three-color photometric data. 
The slopes of the blanketing and the reddening lines do not differ markedly in the 
[{U — jB), (B — F)]-plane. In spite of this they were able to obtain values of b{U — B) 
and E{B — V) consistent with their data. They adopted the values oi d(U — B) = 
+0.035 and E(B — V) = +0.06. We can make use of these data together with evolu- 
tionary calculations in order to estimate the age of M67 on the assumption that (a) 
Z67 = 0.03 or (b) Z67 = 0.06. We will not consider the case Z67 = 0.01. 

a) Z67 = 0.03: This value of Z leads to F = 0.38 ± 0.02. The composition of M67 
may be compared with the chemical composition of the Sun. Present estimates for Zo 
range from 0.015 to 0.03. Consider both extreme cases: (i) Zo = 0.03: If the stars in 
M67 have a mild ultraviolet excess with respect to the Hyades (Eggen and Sandage 
1964), then they must have a solar metal content, since the Sun also has a slight ultra- 
violet excess with respect to the Hyades. Hence, Z67 = Zo = 0.03. One can then use the 
Eggen-Sandage data-fitting with fair accuracy, and the turnoff point is at Mv = 3.4; 
Mboi = 3.34. This leads to an age estimate of 3.5 X 109 years, (ii) Zo = 0.015: Since no 
gap was found with Z = 0.01, F = 0.25, we take Z67 = 2Zo = 0.03, in agreement with 
Spinrad (1967). We find d(U — B) = —0.03 and E{B — V) = 0.14. Furthermore, since 
in this case the M67 main sequence is then about 0.25 mag above the Hyades main se- 
quence, the M67 turnoff point is located at Mv = 2.73 or Mboi = 2.67, and the corre- 
sponding age is about 2 X 109 years. 

b) Z67 = 0.06: This value of Z leads to F = 0.28 ± 0.02. Such a high value of Z 
implies a high value of Zo, say 0.03, and we then have Z67 = 2Zo. The fitting procedure 
is the same as in subsection aii, so that the turnoff occurs at Afboi = 2.67, and the age 
of the cluster is 2.6 X 109 years. However, an examination of the evolutionary tracks for 
Z = 0.06 (Fig. 1) shows that they move more quickly toward low effective temperatures 
than do the Z = 0.03 tracks. This indicates that Z = 0.06 is probably too high an esti- 
mate for the metal content of M67, since the observed color-magnitude diagram re- 
sembles the Z = 0.03 evolutionary tracks. 

VI. THE AGE OF NGC 188 

A series of consistent values for 8(1/ — B) versus E(B — V) were derived by a graphi- 
cal technique using observations of NGC 188 by Eggen and Sandage (1968). The method 
is the same as in § V. 

a) Zis8 = 0.03: Then if Zo = 0.03 we have 8(U — B) = +0.03 and E(B — F) = 
0.10. The turnoff point is at M+i = 3.95, corresponding to an age of 4.6 X 109 years, 
for F = 0.30-0.35. The reason for this choice will be discussed presently. Zo = 0.015 
works out to 8(U — B) = —0.03 and E(B — F) = +0.18. The turnoff point is then 
at Mboi = 3.71, and the age of the cluster is then 3 5 X 109 years. 

b) Zi88 = 0.06: The age of the cluster is 5.5 X 109 years for Fiss = 0.35 and Zo = 
a°3* 

c) Discussion: It seems quite probable that Z = 0.01 can be excluded due to the low 
luminosity of the stars near the gap in NGC 188. 

It was thought (Iben 1967a, b; Demarque 1968; Demarque and Schlesinger 1969) that 
it was not possible to construct a model which had the luminosity of NGC 188 and ex- 
hibited a gap with “normal” compositions. We have found that this is not the case; a 
gap can be produced by using ordinary compositions with the opacity tables given by 
Cox. Figure 5 illustrates this result. The dotted curve is the result of a computation for 
a star of 1.0 Mo having X = 0.67, F = 0.30, and Z = 0.03 by using Keller and Meyerott 
tables (Demarque and Larson 1964); it shows no gap. This same result was found by 
Hallgren (19^7) for the same composition and mass. The solid curve is the evolution of 
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a 0.98 solar-mass star with the same composition as Demarque and Larson, but with Cox 
opacities. The dashed curve is the approximate location of the observed color-magnitude 
diagram of NGC 188 (Sandage 1962). The break in the curve is the location of the gap. 
The computed model has a similar gap (Table 3). 

Now consider some possible interpretations of the gap in NGC 188. Are the stars in 
NGC 188 massive enough to insure a fully developed gap (see § II) or are they just in 
the region where the gap sets in? On the assumption that the gap is fully developed one 
can assign the chemical composition given in § V. But then there remains the problem 
of the difference in composition between NGC 188 and M67, which appear to be very 

Fig. 5.—C-M diagram for NGC 188. Ordinate is M\>o\ and abscissa is log Teu. Solid curve is the 
new model of the text (Table 3; incipient gap); dotted curve is from Demarque and Larson (1964); and 
dashed curve is from observation (Sandage 1962), with the gap shown. 

TABLE 3 

Computed Model with M = 0.98 Mo, =X0 = 0.67, F0 = 0.30, Z0 = 0.03 

Age 
(X10® yr) •^bol log T eff R/RQ log Pc log Tc log Pc Xc Core 

0 00. 
00 
00. 
00. 
00. 
00. 
20. 

5.40 
5.80 
6 00 
6 10 
6 50 
7 00 
8 00. 

9283 
8543 
7690 
6796 
5981 
5224 
5074 
4929 
4573 
4197 
3813 
3237 

4.2494 
4.0655 

7619 
7632 
7651 
7664 
7662 
7649 
7642 

3.7636 
3 7628 
3 7633 
3 7644 
3 7639 
3 7626 
3.7570 

0 9145 
0 9402 
0 9694 
1 0042 
1 0435 
1 0871 
1 0980 

1086 
1313 
1484 
1629 
1967 
2459 

1 3914 

17 2719 
17 3084 
17 3498 
17 3978 
17 4421 
17 4884 
17 4941 

5086 
5462 

17 5956 
17 6536 
17 7231 
17 8225 
18 1050 

17 
17 

1536 
1664 
1812 
1990 
2258 
2526 
2572 
2648 

7 2807 
7 2893 
7 2746 
7 2570 
7 2514 
7.2602 

1 9945 
0489 
1115 
1842 
2593 
3262 
3230 
3474 
4082 
4744 
5583 
6550 
7563 
0134 

0 6700 
5794 
4830 
3748 
2983 
2093 
1791 
1476 
0802 

.0396 
0122 

.0020 
0000 

0.0000 

Rad. 
Rad. 
Rad. 
Rad. 
Conv. 
Conv. 
Conv. 
Conv. 
Conv. 
Conv. 
Rad. 
Rad. 
Rad. 
Rad. 
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, similar open clusters. The discrepancy is removed, however, by allowing for the possi- 
bility that the gap in NGC 188 is not fully developed. This last possibility seems likely, 
since below Mboi = 4.6, we have been unable to obtain a fully developed gap on a stellar 
model. It is found, as expected, that the occurrence of the gap is very sensitive to the 
mass of the star. For example, the evolutionary track in Figure 5 should be compared 
with track C in Figure 1. The only difference between them is the mass of the stars in- 
volved. The mass of the star given in Figure 5 is 0.98 Mo while that of track C is 1.05 
Mo. The track in Figure 5 does not have a fully developed gap, but it matches the obser- 
vations qualitatively. Stars which have evolved into the gap region of NGC 188 may 
have lower mass than those of M67. Further evidence for this is the fact that NGC 188 
appears to be intrinsically fainter than M67. If the gap is not fully developed, the com- 
position of NGC 188 cannot be determined from Figure 2. Ziss = 0.03, Y = 0.30 is 
preferred because of the shape of the color-magnitude diagram. This agrees closely with 
the chemical composition of M67. The new estimate of Z = 0.03 is at variance with 
earlier suggestions for the metal content of NGC 188 (Demarque and Schlesinger 1969). 

VII. SUMMARY AND DISCUSSION 

The gaps just off the main sequence in the color-magnitude diagrams of M67 and 
NGC 188 are statistically significant and may be used to make an estimate of the 
chemical compositions of these clusters. Furthermore, the high-luminosity end of the 
gap can act as discriminant for Z if it is possible to determine its height above the initial 
main sequence. 

The most consistent picture of the chemical composition of M67 is obtained for the 
range of F = 0.38-0.32 corresponding to a range of Z = 0.03-0.04. The arguments are 
as follows: (1) The shape of the isochrones in the C-M diagram is consistent with the 
observed color-magnitude diagram for Z = 0.03. (2) Spectrophotometric observations 
by Spinrad (1967) indicate that the metal content of red giants in M67 is approximately 
twice the solar value. (3) The metal content of the Sun is now estimated to be between 
0.015 and 0.020 (Lambert 1968; Bahcall, Bahcall, and Shaviv 1968). (4) Lower values of 
Z would require larger values of F, but this is inconsistent with the belief that low Z 
values should not correspond with high values of F for Population I stars. 

This result is independent of any corrections due to differential line blanketing or 
interstellar reddening of the cluster. 

The gap in NGC 188 is not fully developed, so it is difficult to make a precise estimate 
for the cluster composition. Further computations in the region where the gap forms 
should clarify the picture. A model reproduces the gap with a composition of F = 0.30, 
Z = 0.03. This is probably more representative than the composition given in § IV, 
where it is assumed that the gap is fully developed. 

We would like to thank Dr. A. Sandage for providing us with photoelectric observa- 
tions for NGC 188 prior to publication, and Mr. B. M. Schlesinger for helpful discus- 
sions. This work was partially supported by the National Science Foundation under 
contract NSF GP-8109. 

Note added in proof.—The calculations reported in this paper were carried out using 
the Schwarzschild convection criterion, which ignores effects of gradients in mean 
molecular weight. This increases the uncertainty of our results but will not affect the 
arguments and probably will not affect the conclusions appreciably. 
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