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ABSTRACT 

Isochrones in the H-R diagram are computed in the range 4.5 > ifboi 2 by using models due to 
Aizenman, Demarque, and Miller, and to Iben. The curves apply for chemical compositions of X — 0.67, 
Z = 0.03 for the first set of models, and X = 0.708, Z — 0.020 for the second. 

The phase of hydrogen exhaustion on the evolving main sequence, and the shallow departure from the 
zero-age main sequence of tracks with !$?/$$© > cause adjacent isochrones to intersect one another 
near Mho\ — +3. Observational data shown suggest that the predicted crossover effect may occur. 

New curves of evolutionary deviation are calculated from the isochrones. Distance moduli for M67 
and NGC 188, derived with these curves, are used to assign absolute luminosities to the cluster stars. 
Comparison of the cluster sequences, converted to Mb0\ and log 7%, with the isochrones, with account 
taken of the chemical composition, gives ages of (5.5 ± 0.5) X 109 years for M67 and (8-10) X 109 years 
for NGC 188. 

A composite C-M diagram for six galactic clusters shows several new features, notable of which is 
the funneling of all giant branches into a small region of the H-R diagram which may be defined by the 
Hayashi fully convective track. 

I. INTRODUCTION 

The ages of M67 and NGC 188 are important in establishing the timing of events in 
the old galactic disk. NGC 188 is the oldest disk cluster found to date, and its age may 
be close to that of the disk itself (Sandage 1962a, Fig. 9). 

A new discussion of ages is possible because of (1) more accurate photometric data 
and better distance moduli for M67 and NGC 188 (Eggen and Sandage 1964, 1969), and 
(2) new sets of evolutionary tracks (cf. Demarque and Larson 1964; Iben 1967; Aizen- 
man, Demarque, and Miller 1969, hereinafter called ADM) for stars in the mass interval 
1.5 > > 0.8 which covers the necessary range of the two clusters. 

Isochrones in the H-R diagram can now be calculated by taking into account the 
difference in the shape of the track as a function of mass. Demarque and Larson (1964) 
were the first to do this for NGC 188 by using a series of models in the range 1.03 > 
95Î/S0ÎO ^ 0.8. Models for two sets of chemical compositions {X = 0.67, Z = 0.03; X = 
0.76, Z = 0.01) were explored by these authors, who used opacities due to Keller and 
Meyerott (1955) and the rates of energy generation of Reeves (1965). Ages between 
9 X 109 and 13 X 109 years were obtained by fitting the calculations to the older obser- 
vations. The new observations (Eggen and Sandage 1969) place NGC 188 brighter by 
0.10 mag in the \Mvy (B — F)0,d-diagram, which will decrease these ages by about *8 
percent for the given chemical composition. 

Iben (1967) calculated three evolutionary tracks for masses of 1.0, 1.25, and 1.5 9D2o 
by using the composition X = 0.708, Z = 0.020. The change of track shape with mass is 
particularly evident and appears to explain the observed difference in slope between the 
subgiant sequences of M67 and NGC 188. From his own fit of the observations to a cal- 
culated zero-age main sequence, Iben obtained T = (11 ± 2) X 109 years for NGC 188, 
and (5.5 ± 1) X 109 years for M67. 
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686 ALLAN SANDAGE AND O. J. EGGEN Vol. 158 

Neither of these sets of models predicted a gap on the evolving main sequence of 
NGC 188. However, new calculations by ABM, who used the opacities of Cox (1965), 
do give a gap in the range of absolute magnitude required by the NGC 188 observations. 
The predicted gap occurred near Mhoi — 4.4 for all chemical compositions considered 
(0.57 < X < 0.77 for Z = 0.03; 0.64 < X < 0.74 for Z - 0.06). 

ADM gave two models for the same composition (X = 0.67, Z — 0.03) but with 
different masses (1.05 and 0.98 SDîo), and, of course, with different luminosities at the 
start of the main-sequence phase (Áfboi == 4.57 and Mboi = 4.93). The tracks had a 
different shape, as in Iben’s models, and each showed the phenomenon of central hydro- 
gen exhaustion. From their correlations of gap width with chemical composition, ADM 
give Y — 0.38 ± 0.02 for M67, which, with Z = 0.03, leads them to 3.5 X 109 years 
for M67. For NGC 188 these authors quote 4.6 X 109 years. 

We needed the curve of evolutionary deviation to analyze the observational data for 
M67 and NGC 188. The previous curve for old dusters (Sandage 1962&, Table 9) had 
been calculated by using only one evolutionary track, spread with the same shape over 
the (Mboij log Te)-plane. The effect of different track shapes can now be taken into ac- 
count, and we have constructed two sets of isochrones over the H-R diagram in the 
range 4.5 > Mho\ 2 from the models of Iben and ADM. A by-product is a new age 
determination of M67 and NGC 188. The effect of chemical composition on the esti- 
mates is discussed (§ IV). 

II. CALCULATION OF THE ISOCHRONES AND NEW CURVES 
OF EVOLUTIONARY DEVIATION 

Each of the evolutionary tracks was attached to the empirical zero-age main sequence 
(plotted in Mhoi, log T¡) by horizontal shifts, À log with the calculated luminosity, 
¿boi, kept constant. The adopted main sequence is the compromise between that given 
by Sandage (19626, Table 3) and that given by Morton and Adams (1968). The two 
agree quite well over the relevant range. Justification for shifting the model tracks from 
the calculated Te to the adopted main sequence comes from Demarque/s (1968, Figs. 
10 and 11) demonstration that ages are insensitive to differences in model radii, provided 
that Lboi is given correctly. 

Three models (9K = 1.0, 1.25, and 1.5 dJle) are available from Iben’s (1967) calcula- 
tions, while two models with the same composition could be used from ADM. Figure 1 
shows Iben’s three models as da.shed lines attached to the zero-age main sequence at 
iFboi — 2.93, 3.85, and 5.10—values which follow by adopting Mboio = 4.77 (AIorton 
and Adams 1968) and using Iben’s (1967) values of L/Lo read from his Figure 1. 

Graphical interpolation between the three computed models permitted the shapes of 
twenty-eight additional tracks to be found. Such tracks were attached to the main se- 
quence in Figure 1 at the appropriate Mboi at intervals of 0.1 mag between 6.40 > 
Mboi > 2.93. To avoid confusion, we have not shown these tracks. 

An elaborate interpolation for the ages along each of the thirty-one tracks was done 
as follows. The tabulated ages for each of Iben’s (1967, Table 1) three tracks were multi- 
plied by L/W for each track and plotted as the ordinate against the magnitude differ- 
ence, AMhoh from the starting main-sequence luminosities as the abscissa, to form part 
of an interpolation diagram. Absence of strict homology between the models appears in 
this diagram by the different shapes and position of the three model lines. Use of the 
jL/3)Î factor reduces the large variation in age so greatly that the nonhomologous age 
differences can be easily managed. Adoption of a mass-luminosity relation which connects 
the three calculated models (Mboi = 2.93, 3.85, and 5.10, respectively, for 302 = 1.5, 
1.25, and LO 302o) gives L/$Jl for each of the twenty-eight interpolated tracks. For any 
given track, the TL/Wfl value is found for selected AMboi values from the interpolation 
diagram, and multiplication by the appropriate 30Î/L gives ages at the selected AMboi 
on all tracks. These can be connected to produce the isochrones which are shown as 
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heavy lines in Figure L These curves represent the predicted shapes of C-M diagrams 
in the (Tfbou log re)-plane. 

An interesting new effect appears in Figure 1 in the range 2.5 < Mhoi 1Í 3.5. Because 
of (1) the much shallower departure of the higher-mass tracks from the main sequence, 
and (2) the sharper return after the depletion of hydrogen in the core for such tracks, 

LOG Te 

Fig. 1.—Isochrones (heavy lines) calculated from Iben’s (1967) evolutionary tracks (dashed lines) for 
masses of 1, 1.25, and 1.5 902G. The observed zeio-age main sequence is shown as transformed from the 
(My, B — F)-diagram by the relations given elsewhere (Sandage 19625). The phase of core hydrogen ex- 
haustion, evident in the 1.5 and 1 25 902O tracks, causes the isochrones for T — 2, 3, and 4 X 109 years 
to cross each other near the knees at the termination of their main sequence. Ages are in units of 109 years. 

the H-R diagrams cross over near the knee at the termination of the main sequence. Such 
an effect will confuse the monotonie progression of evolving main-sequence slopes with 
age for evolving sequences just below the knee—an effect which might be observable in 
star clusters of intermediate age. 

For an observational test, the Hyades Cluster and extended group (Eggen 1964a, 
1970), NGC 2477 (Eggen and Stoy 1961), and NGC 7789 (Burbidge and Sandage 1958) 
are plotted in Figure 2. Data for the normal points and distance moduli, corrected for 
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reddening and absorption, are taken from the summary in § V. A crossover effect of the 
form predicted in Figure 1 may be present. However, we are cautious of the result 
because observations of both NGC 2477 and NGC 7789 depend on photographic data, 
which, although calibrated from photoelectric measurements, may be subject to 
systematic errors. New photoelectric observations of these and other star clusters of 
intermediate age are needed to confirm the effect. 

The isochrones of Figure 1, together with a similar set from the ADM models, were 
used to derive new curves of evolutionary deviation. Because the shape of the iso- 
chrones is a function of Mboi, the shape of the deviation curves will also be a slow function 
of age. Three curves were computed from ADM’s models and two from Iben’s models 
as follows. Along a chosen isochrone, the magnitude difference (AMboi) is read from the 

Fig. 2.—Observed C-M diagrams for three star clusters of intermediate age taken from data in Table 
3. The crossover effect may be present near the knee at the termination of the main sequence. Gaps on the 
evolving main sequence for the Hyades and NGC 2477 are indicated. 

main sequence at constant log Te for various values of Mho\ (main sequence). The main- 
sequence values of Mboi are converted to My° (main sequence) values by the relation 
AMboi = f(Te). Since AMboi = àMy (i.e., the magnitude differences between the iso- 
chrones and the main sequence are read at constant Te)y the deviation curve follows from 
the MyQ, AMy number pairs. Figure 3 shows two typical curves plotted from the more 
complete listing in Table 1. Use of the curves to obtain distance moduli of clusters is 
described elsewhere (Johnson 1960; Sandage 19625). 

Figure 3 shows that the shape is a function of age. The curve for 3 X 109 years shows 
a dip near AMy = 0.5 at Mf0^ +4, caused by the phase of hydrogen exhaustion in 
the core. Although improvement of Table 1 can be expected when more extensive models 
are availble which show the dip at the luminosity of the NGC 188 gap, use of the present 
curves should not introduce systematic errors in photometric moduli determinations be- 
cause the curves for all models, including the initial model of Hoyle (1959), are so 
similar near the limit AMy = 0. 
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Fig. 3.—Two curves of evolutionary deviation calculated from Fig. 1 for Iben’s models. The dip near 
àMy — 0.5 for the F = 3 X 109 years is caused by the evolutionary phase of core hydrogen exhaustion. 

TABLE 1 

THEORETICAL CURVES OF EVOLUTIONARY DEVIATION 

Aizenman, Demarque, aní> Miller Models Iben’s Models Hoyle Type I 

JW.SXIO*, 

M AM v 

r= 7X109, 

AMv 

12X109, 

.MV0 AMv 

F« 3X109, 

Mv* AM y 

r*. 9X109, 

M y° AM y 

4>MjB>3 

My* AM y 

5.19 
4.84 
4.67 
4.50 
4.36 
4.50 
4.67 
4.84 
5.19 
5.38 
5.78 
6.59 
7.39 
7.47 

2.21 
1.84 
1.64 
1.36 
1.03 
0.64 
0.54 
0.38 
0.23 
0.20 
0.16 
0.09 
0.07 
0.06 

6.45 
5.99 
5.58 
5.38 
5.20 
5.02 
4.98 
5.12 
5.30 
5.66 
6.32 
6.68 
7.46 

2.56 
2.22 
1.84 
1.64 
1.38 
1.04 
0.72 
0.55 
0.40 
0.28 
0.18 
0.14 
0.10 

6.91 
6.45 
6.21 
5.99 
5.78 
5.91 
6.04 
6.45 
6.90 
7,42 

2.11 
1.74 
1.54 
1.32 
0.98 
0.68 
0.58 
0.34 
0.24 
0.19 

6.21 
5.78 
5.37 
5.02 
4.67 
4.32 
3.97 
3.80 
3.66 
3.65 
3.66 
3.70 
3.97 
4.16 
4.32 
4.67 
4.82 
5.44 
6.21 

3.28 
3.02 
2.74 
2.46 
2.16 
1.82 
1.40 
1.14 
0.86 
0.65 
0.55 
0.50 
0.55 
0.54 
0.32 
0.20 
0.16 
0.08 
0.04 

7.13 
6.68 
6.21 
5.78 
5.58 
5.37 
5.20 
5.02 
4.94 
4.92 
4.95 
5.05 
5.16 
5.49 
5.68 
6.07 
6.64 

3.01 
2.67 
2.38 
2.06 
1.88 
1.69 
1.49 
1.22 
1.01 
0.89 
0.78 
0.67 
0.56 
0.36 
0.3Q 
0.20 
0.14 

5.08 
4.54 
4.33 
4.29 
4.33 
4.54 
5.08 
5.30 
5.64 
5.87 
6.24 
6.91 
7.46 

2.18 
1.49 
1.08 
0.85 
0.60 
0.39 
0.24 
0.20 
0.16 
0.12 
0.09 
0.08 
0.06 
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690 ALLAN SANDAGE AND O. J. EGGEN VoL 158 

III. AGES OF M67 AND NGC 188 FOR FIXED CHEMICAL COMPOSITION 

The C-M diagrams of M67 and NGC 188 can be compared with the two sets of iso- 
chrones by transforming the observational data into the (Mboi, log re)-plane. To be 
consistent with the calculations in § II? we must adopt the same AMboi = j{B — V) and 
log Te ~ g{B — V) functions which were used to transform the adopted age-zero main 
sequence from (My, J5 — F) to (Mboi, log Te) (Sandage 19626, Table 3). This is because 
the observational data themselves were originally fitted to this sequence. 

The reddening-free and absorption-free normal points [F0, {B — F)o] for M67 and 
NGC 188 are listed in the summary table given in § V (Table 3). To correct the redden- 
ing-free colors to the line-strength system of the Hyades, we have added 0.03 mag to 

TABLE 2 

Normal Mhoh log Te Points for M67 and NGC 188 

NGC 188 
10.85 

log Te 

3.37 
3.54 
3.61 
3.58 
3.66 
3.74 
3.91 
4.10 

3.670 
3.678 
3.700 
3.725 
3.740 
3.756 
3.765 
3.760 

J4.24 
\4.43 
4.54 
4.96 
5.26 
5.79 
6.00 
6.32 
6.72 

3.753 
3.750 
3.750 
3.740 
3.720 
3.695 
3.679 
3.660 
3.641 

M67 
{»1-100== 9.38 

if bol* 

2.57 
3.14 
3.13 
3.01 
2.98 
3.13 

/3.28 
\3.48 
3.63 
3.93 
4.22 
4.58 
5.21 
5.70 
6.14 
6.46 

log Te 

3.675 
3.694 
3.706 
3.740 
3.775 
3.789 
3.7891 
3.785/ 
3.785 
3.785 
3.780 
3.760 
3.727 
3.702 
3.680 
3.662 

* Based on the empirical values for the zero-age main sequence. If the 
chemical compositions differ from X = 0.70, F — 0,27, and Z — 0 03 which 
is adopted to apply to this sequence, the tabulated values of i-fbol should be 
changed by equation (7). 

(B — F)o for both dusters based on the ultraviolet excess discussed elsewhere (Eggen 
and Sandage 1964, 1969), These corrected colors and the Fo magnitudes have been con- 
verted to values of Mboi and log Te by using (1) moduli of {m — M)0 ™ 9,38 for M67 
and {m — M)0 -- 10.85 for NGC 188 derived previously and (2) the adopted color, 
AMboi5 and temperature relations. The results for subgiants and stars near the main 
sequence are listed in Table 2. The gap regions for both clusters are enclosed in braces 
in this table. 

Figure 4 shows the resulting (Mboi, log Te)-diagrams superposed on the isochrones 
from the ADM models. Figure 5 shows the same for Iben’s tracks. In general, the 
duster diagrams agree well with the shapes of the isochrones. Iben’s tracks produce the 
downward slope of the M67 subgiants, while the ADM isochrones agree with the shape 
of NGC 188 subgiants. 

Ages for the clusters depend slightly on where the isochrones are read. The ages from 
Figure 4 are T (5.0 ± 0.5) X 109 years for M67 and T ^ 7.7 X 109 years for NGC 
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188. Figure 5 (IbeiTs tracks) gives T (5.3 ± 0.5) X 109 years for M67 and T 
(9.5 ± 0.5) X 109 years for NGC 188. The quoted errors refer only to the interval over 
which the various segments of the sub giant branches intersect the isochrones. They do 
not include errors in our assignment of absolute luminosities, nor systematic uncer- 
tainties in the models. 

Fig. 4.—Observed H-R diagrams for M67 and NGC 188 from Table 2 superposed on the isochrones 
from models due to Aizenman, Demarque, and Miller. 

The ages from the two sets of models agree for M67, but not for NGC 188. This is 
because the spacings of the isochrones differ between Figures 4 and 5 for unexplained 
reasons. Approximate equations oí T ~ f(L) can be fitted graphically to the diagrams 
by reading the subgiant luminosities of each isochrone at a point A log Te ~ 0.04 red- 
ward of the bluest log Te reached at the knee at the termination of the main sequence. 
Figure 4 for the ADM models gives 

log F(years) - QM5Mhoi + 8.727 for 4.7 > Mhoi > 2.9 
or ' (1) 

log T(years) = 0,250AfV + 8.910 for 4.7 > Mv > 2.8 , 
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with X = 0.67, Y — 0.30, Z = 0.03, while Figure 5 for the Iben models gives 

log F(years) = 0.455Mboi + 8.344 for 3.8 > Mhoi > 2.1 
or (2) 

log r(years) = 0.406.Mr + 8.461 for 4.0 > Mv > 2,1 , 

for X = 0.708, F = 0.272, Z = 0.02. 
The two sets of isochrones coincide in age near Mboi ^ 2.8 or T = 4 X 109 years, but 

differ by a factor of 1.5 at Mboi :=: +4. We are uncertain which of the models corresponds 
more closely with reality. On the one hand, the ADM models produce the NGC 188 gap 
while Iben’s models do not. On the other hand, Iben’s models cover the entire relevant 
range of the H-R diagram, but we were forced to extrapolate the ADM models upward 
into the region occupied by M67. Because of this uncertainty we shall discuss both sets 
of ages in the next section. 
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IV. THE EFFECT OF CHEMICAL COMPOSITION ON THE AGES 

a) The Problem 

The ages in § III refer to the fixed chemical compositions of X = 0.67, Z = 0.03 for 
the ADM models and X = 0.708, Z = 0.02 for Iben?s models. It is well known that age 
estimates depend sensitively on the composition for at least two reasons. (1) The ages 
along evolutionary tracks which pass through a given CMboi, log re)-point of the H-R dia- 
gram but which have different values of X and Z are not the same owing to differences 
in the models. This can be called the theoretician’s problem. (2) For clusters whose dis- 
tances are found by the method of photometric parallax, the modulus depends on the 
position of the adopted main sequence, which is itself a function of X and Z (for early 
results from dimensional analysis, cf. Strömgren 1952, eq. [12]; Sandage and Eggen 
1959, eqs. [12] and [17]; Sandage and Gratton 1963, eqs. [1.35] and [1.39]; and others; for 
detailed model calculations, cf. Faulkner and Griffiths 1963; Kelsall and Strömgren 
1965; Demarque 1967; Faulkner 1967; Demarque and Schlesinger 1969; and others). 
Therefore, the observer’s assignment of If y for cluster stars depends on X and Z, This 
can be called the observer’s problem.1 

Consider the theoretician’s problem first. It arises because the mass at a given 
luminosity is a function of X and Z through its dependence on the mean molecular weight. 
The time for a star to reach a given evolutionary state at some specified L will depend 
on the amount of mass burned, and therefore on X and Z. 

An approximate functional dependence can be estimated from homology considera- 
tions such as first given by Hoyle (1964). Neglecting the Z dependence, Hoyle’s table 
shows that the age ratio between two evolved stars which have the same observed Mhoi 
but different values of X is 

Ti/Tt = (Xi/Xg)17 . (3) 

Similar considerations using Faulkner’s quasi-homology relations, which are based on 
calculated main sequences (Faulkner and Griffiths 1963), suggest 

T oc XlM{Z + 0.012)0’2 (4) 

at constant L. These expressions can be only approximate due to the second-order effect 
of a change in the shape of tracks for different values of X and Z. 

The most reliable estimate of the second-order effect would come from calculated 
models which are carried into the subgiant region. Sufficient models with different X 
and Z do not exist, although certain of the ADM tracks have been carried far enough to 
make crude estimates. Reading the ages along each of the ADM tracks (which start at 
the same main-sequence Mho\ value) at a point AMboi = 0.8 brighter than the starting 
point gives 

T cc x^Z0-22 . (5) 

Or, more realistically, one can allow for a lower limit of the Z-dependence caused by the 
dominance of the bound-free opacity of hydrogen and helium for sufficiently low Z by 

T oc Xl™(Z + 0.012)0*28 for 1.3 < m/me < 0.9 . (6) 

But the problem is not yet solved satisfactorily. Equation (6) is tentative and is sub- 
ject to revision when new models are available. 

1 For those special cases where My is known by any nonphotometric method, such as trigonometric 
or moving-group parallaxes, the problem is not relevant and need not be considered. 
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b) Application to M 67 and NGC 188 

To solve the observer^ problem, we must know the chemical composition of M67 
and NGC 188, and the adopted zero-age main sequence (ZAMS). Morton and Adams 
(1968) have compared the theoretical main-sequence models of Kelsall and Strömgren 
(1965) with the empirical zero-age main sequence adopted here. They conclude that X = 
0.70, F = 0.27, and Z = 0.03 gives the best fit, but they comment that “neither the 
observations nor our traxisformations are accurate enough to eliminate the Z ~ 0.02 
case” for the ZAMS. We adopt Z = 0.03 on the following basis. 

It is known that the Sun has a slight ultraviolet excess relative to the ZAMS by an 
amount which requires log (Fe/H)ZAMs — log (Fe/H)o^ +0.2, or Zzams/Zo ” 1.6 
(Eggen 19646, Fig. 19). Evolving models fitted to the Sun give X = 0.71, Z — 0.02 
(Sears 1964), X “ 0.70, Z — 0.02 (Demarque and Percy 1964), and X = 0.72, Z ~ 
0.02 (Weymann and Sears 1965). Furthermore, Gaustad (1964) finds X ~ 0.72, Z = 
0.02 from a study of solar cosmic rays. The four quoted solar values are all Z ™ 0.02, 
which, when combined with Zzkwb/Zo — 1.6, gives Zzams “ 0.03, a value in agree- 
ment with Morton and Adams (1968) and Morton (1968). We therefore accept X = 0.70, 
Y = 0.27, and Z — 0.03 for the adopted position of the ZAMS. 

The adoption of this main sequence and its composition as the standard with which 
clusters with different compositions are to be compared requires that the times along the 
isochrones in Figures 4 and 5 be changed according to equation (6). The ages marked in 
Figure 4 should be increased by 7 percent because of the change from X = 0.67 to 
X = 0.70. The ages in Figure 5 should be increased by 6 percent because of the change 
of X from 0.708 to 0.70 and of Z from 0.02 to 0.03. Therefore, if M67 and NGC 188 had 
X = 0.70, F “ 0.27, Z — 0.03, our derived distance moduli would be correct because 
these compositions agree with those of the ZAMS. The cluster ages would be (5.3 ± 
0.5) X 109 and (8.3 ± 0.5) X 1Ö9 years, respectively, from Figure 4, and (5.6 + 0.5) X 
109 and (10 ± 0.5) X 109 years from Figure 5 if equation (6) is used to correct for the 
composition differences. 

But the correct ages depend on the actual values of X, F, and Z for the clusters. The 
Z for M67 and NGC 188 can be estimated from the observed ultraviolet excess. The 
observations show that A(J3 — F)bi “ 0.03 for both clusters (Eggen and Sandage 1964, 
1969), which requires that log (Fe/H)Ms log (Fe/H)c] ~ +0.14 by the previous 
calibration (Eggen 19646, Fig, 19). Therefore, ZeT.iss “ 0.022. 

The effect on the position of the ZAMS of decreasing Z from 0.03 to 0.022 while 
keeping X fixed is small. Faulkner’s (1967) approximation for the H-R diagram is 

L cc (X + 0.4)2,67(Z + 0.010)°‘455 /(re) . (7) 

Consequently, the correct main sequence for M67 and NGC 188 will be only 0.11 mag 
fainter than the adopted ZAMS if Z alone is varied. Our adopted absolute magnitudes 
in Table 2 would then be too bright by this amoufit if only the Z effect applies. If the 
My values are fainter by 0.11 mag in Figures 4 and 5, the ages will be increased by about 
8 percent (cf. eqs. [1] and [2]) by this observer’s problem, but the difference will be nearly 
compensated for by a 6 percent decrease in ages by the theoretician’s problem of equa- 
tion (6) with Z decreased from 0.03 to 0.022. 

The same type of compensation holds for variations in X if, again, the theoretician’s 
and observer’s effects are combined. Suppose, for example, that X = 0.5 rather than 
0.7, and that Z is kept the same. Equation (7) shows that the correct main sequence 
would be 0.58 mag fainter than our adopted ZAMS. All cluster stars would then be 
fainter by this amount. Equations (1) and (2) make the ages longer by a factor of ^1.5 
because of the observer’s problem, while the theoretician’s equation (6) makes the ages 
shorter by a factor ^(O^/O.S)17 ™ 1.7, which nearly compensates. The curious conclu- 
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sion is? therefore, that if equations (1), (2), (6), and (7) are combined, ages that are ob- 
tained in a first trial by using the position and composition of the adopted ZAMS are 
nearly independent of small changes in the chemical composition.2 We do not expect the 
effect to apply to globular clusters in exactly the same manner because of the larger 
range of the Z-variation and the possible difference in the sign of the Z-dependence 
in equation (6) (Simoda and Iben 1968). 

It would appear from these considerations that the values T ^ 5.5 X 109 years for 
M67 and T (8-10) X 1Ö9 years for NGC 188 follow from the data as interpreted with 
the present models, and that the values are relatively insensitive to chemical composi- 
tion. The ages agree well with those obtained previously by Demarque and Larson 
(1964) and by Iben (1967). They are greater than those obtained by ADM, but some of 
the difference is due to the much larger reddening corrections used by these authors 
than by us. 

It should be noted that we recognize in connection with the theoretician^ problem 
that, although models with the adopted composition reproduce the Hyades main se- 
quence brighter than the Sun, they do not reproduce the observed mass-luminosity 
relation for fainter Hyades stars (Eggen 1969&). Morton and Adams have already noted 
that, although the Kelsall-Strömgren and the Iben models agree in reproducing the 
observed zero-age main sequence, the mass-luminosity relations differ up to 0.25 mag. 

The foregoing discussion represents a change of philosophy from procedures used by 
all observers, including ourselves, during the past ten years in which the ZAMS position 
has not been permitted to change with changing X and Z. Justification for the older 
procedure seemed to be provided by the correction of the low-Z subdwarfs to the adopted 
ZAMS after blanketing corrections (Eggen and Sandage 1962). We now believe, with 
others, that the ZAMS must be permitted to vary with X and Z, as shown primarily by 
the results of Cayrel (1968) and Strom, Cohen, and Strom (1967), together with the 
observational result that Y is high (^30 percent) for Population II stars with low Z 
(Christy 1966; Sandage 1969). The “observed” high value of F is inconsistent with the 
theoretical demand (cf. eq. [7]) for low values of F in stars of low Z if our previous re- 
sults (Eggen and Sandage 1962) had been correct. We hope to rediscuss the problem, 
using UBVRI data for all extreme subdwarfs with large trigonometric parallaxes (in- 
cluding several new ones), to see if these points of view can be reconciled. 

V. A NEW COMPOSITE C-M DIAGRAM FOR CLUSTERS OLDER THAN Mil 

Enough new information has been obtained for galactic clusters to extend an earlier 
version (Sandage 1957) of the composite color-magnitude diagram. New distance moduli 
have been obtained by using the curves in Table 1 for Mil (Johnson, Sandage, and 
Wahlquist 1956), NGC 2477 (Eggen and Stoy 1961), NGC 7789 (Burbidge and Sandage 
1958), and NGC 3680 (Eggen 1969a). Normal points for these clusters, together with 
data for the extended Hyades group (Eggen 1970) and for M67 and NGC 188, are listed 
in Table 3. The adopted moduli and the reddening are given for each cluster in the head- 
ing to the table. Where gaps on the evolving main sequence have been observed, the 
data are enclosed in braces at the end of each column. 

Figure 6 shows the data using (m — M)o = 9.38 for M67, 10.85 for NGC 188, and 
9.50 for NGC 3680, which are values obtained if line weakening of A(B — F)bi = 0.03 is 
used in the analysis. The principal new features of Figure 6 are (1) the extension of the 
giant branches of M67 and NGC 188 to brighter absolute magnitudes than previously 
given, (2) the extension of the giant branch of the Hyades extended group, (3) the gen- 
eral coalescence of all giant branches toward what may be a single region defined by the 
Hayashi convective track, (4) the possible existence of the crossover effect at the knee 
at the termination of the main sequence near Mv— +2.5 to +3, (5) the existence of gaps 

2 Again, this is not true for stars whose My are known from trigonometric parallaxes, because no use 
is made of the standard main sequence. Equation (7) is then not germane; only equation (6) applies. 
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on the evolving main sequence, and (6) the narrowing of the Hertzsprung gap as 
becomes fainter, reaching zero width at about the position of M67. Ages from equations 
(1) and (2) are shown along the right-hand border. 

Spinrad and Taylor (1967) have suggested that members of M67 and NGC 188, as 
well as some old stars in the field, have metal abundances greater than those of Hyades 

(B-v)0 

Fig. 6.—Composite C-M diagram for six galactic clusters fitted to the zero-age main sequence by the 
method of photometric moduli. The ages calculated from equations (1) and (2) are shown on the right- 
hand border from the models of ADM and of Iben (1967). The extension of the giant branch of NGC 
188 depends on only a few stars and is shown as an open region. 

stars. Under the assumption that the greater abundances apply to main-sequence stars, 
a new version of Figure 6 was prepared, but it is not reproduced here. The main result 
obtained by assuming à{B — F)bi = —0.04 (stronger lines) is that the moduli become 
{m = M)0 = 9.90 for NGC 3680, 9.80 for M67, and 11.20 for NGC 188. Stars in these 
clusters become intrinsically brighter than in Figure 6, and have correspondingly shorter 
ages (eqs. [1] and [2]). This interpretation is, however, suspect by the arguments given 
in the preceding paper (Eggen and Sandage 1969). 
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