
arXiv:astro-ph/9506097   19 Jun 1995

T
h
e
O
P
A
L
E
q
u
a
tio

n
o
f
S
ta
te

a
n
d
L
o
w
M
e
ta
llic

ity
Iso

c
h
ro
n
e
s

B
rian

C
h
ab
oyer

C
a
n
a
d
ia
n
In
stitu

te
fo
r
T
h
eo
re
tica

l
A
stro

p
h
y
sic

s,

6
0
S
t.

G
eo
rg
e
S
tree

t,
T
o
ro
n
to
,
O
n
ta
rio

,
C
a
n
a
d
a
M
5
S
1
A
7

E
-M

a
il:

c
h
a
bo
y
e
r@

c
ita

.u
to
ro
n
to
.ca

Y
on
g
{C

h
eol

K
im

D
e
p
a
rtm

e
n
t
o
f
A
stro

n
o
m
y
,
a
n
d
C
e
n
te
r
fo
r
S
o
la
r
a
n
d
S
p
a
ce

R
e
sea

rc
h

Y
a
le
U
n
iv
e
rsity

,
B
o
x
2
0
8
1
0
1

N
e
w
H
a
v
e
n
,
C
T
0
6
5
2
0
{
8
1
0
1

E
-M

a
il:

k
im

@
a
stro

.y
a
le
.ed

u

A
B
S
T
R
A
C
T

T
h
e
Y
ale

stellar
ev
olu

tion
cod

e
h
as

b
een

m
od
i�
ed

to
u
se

th
e
O
P
A
L
eq
u
ation

of
state

tab
les

(R
ogers

1994).
S
tellar

m
od
els

an
d
isoch

ron
es

w
ere

con
stru

cted
for

low
m
etallicity

sy
stem

s
(�

2:8
�

[F
e=H

]
�
�
0:6).

A
b
ove

M
�

0:7
M
�
,
th
e
isoch

ron
es

are
very

sim
ilar

to
th
ose

w
h
ich

are
con

stru
cted

u
sin

g
an

eq
u
ation

of
state

w
h
ich

in
clu

d
es

th
e
an
aly

tical
D
eb
ye-H

�u
ckel

correction
at

h
igh

tem
p
eratu

res.
T
h
e
ab
solu

te
m
agn

itu
d
e
of

th
e
m
ain

seq
u
en
ce

tu
rn
-o�

(M
v (T

O
))

w
ith

th
e
O
P
A
L
or

D
eb
ye-H

�uckel
isoch

ron
es

is
ab
ou
t
0.06

m
agn

itu
d
es

fain
ter,

at
a
giv

en
age,

th
an

M
v (T

O
)
d
eriv

ed
from

isoch
ron

es
w
h
ich

d
o
n
ot

in
clu

d
e
th
e
D
eb
ye-H

�uckel
correction

.
A
s
a
con

seq
u
en
ce,

glob
u
lar

clu
sters

ages
d
erived

u
sin

g
M

v (T
O
)
are

red
u
ced

b
y
6
{
7%

as
com

p
ared

to
th
e
ages

d
eterm

in
ed

from
th
e

stan
d
ard

isoch
ron

es.
B
elow

M
�

0:7
M
�
,
th
e
O
P
A
L
isoch

ron
es

are
sy
stem

atically
h
ot-

ter
(b
y
ap
p
rox

im
ately

0.04
in

B
{V

)
at

a
giv

en
m
agn

itu
d
e
as

com
p
ared

to
th
e
stan

d
ard

,
or

D
eb
ye-H

�uckel
isoch

ron
es.

H
ow

ever,
th
e
low

er
m
ass

m
od
els

fall
ou
t
of

th
e
O
P
A
L
ta-

b
le

ran
ge,

an
d
th
is

cou
ld

b
e
th
e
cau

se
of

th
e
d
i�
eren

ces
in

th
e
location

of
th
e
low

er
m
ain

-seq
u
en
ces.

S
u
bject

h
ea

d
in
gs:

glob
u
lar

clu
sters:

gen
eral

{
stars:

in
teriors

{
stars:

ev
olu

tion

1



1. Introduction

Low heavy element abundances and a spherical dis-
tribution about the galactic centre are clear indicators
that globular clusters were among the �rst objects
formed in our galaxy. Consequently it is important
to determine the ages of globular clusters to gain an
understanding of how our galaxy formed and to pro-
vide an estimate for the age of the universe. The ages
of globular clusters are derived by comparing stellar
evolution models to observations of globular cluster
colour magnitude diagrams. Stellar models are con-
structed by solving the basic stellar structure equa-
tions. The solution of the stellar structure equations
require that the opacity, nuclear reaction rates and
equation of state (hereafter EOS) be speci�ed. Stel-
lar evolution models are a good representation of the
true evolution of a star only if the input physics used
in the solution of the stellar structure equations are
accurate. As new calculations for the opacity, reac-
tion rates or EOS become available, it is important
to assess the impact of these improvements on stellar
models. Iglesias & Rogers (1991) calculated a new
set of opacities which were considerably di�erent (in
certain temperature-density regimes) from previous
calculations. These di�erences helped to solve many
long standing problems in stellar astrophysics. The
new opacities did not appreciably alter the ages of
the globular clusters, which are best derived using
the absolute magnitude of the main sequence turn-o�
(Mv(TO), Chaboyer 1995). Recently Rogers (1994)
has made available EOS tables appropriate for stel-
lar conditions. This is the same EOS (hereafter the
OPAL EOS) which was used in the construction of the
Iglesias & Rogers (1991) opacities. In order to investi-
gate the e�ects on the OPAL EOS on age estimates for
globular clusters, the Yale stellar evolution code has
been modi�ed to incorporate the OPAL EOS, and low
metallicity stellar models and isochrones have been
constructed.

The importance of the EOS for stellar evolution
calculations has long been recognized. Eggelton,
Faulkner & Flannery (1973) developed an EOS that
has been widely used in stellar evolution calculations,
though not in the Yale code. At high temperatures
(above 106 K) the standard EOS in the Yale stel-
lar evolution code is the ideal gas law, with radiation
pressure and degeneracy e�ects added in the standard
manner (eg. Schwarzschild 1958). At low tempera-
tures a Saha equation (Saha 1920) which includes the
single ionization of hydrogen, the �rst ionization of
the metals and both ionizations of helium is used as
the EOS. This EOS results in typical globular clus-

ters ages of 15 Gyr. A modi�cation of this standard
EOS includes the e�ect of Coulomb forces by using
the Debye-H�uckel correction. Guenther et al. (1992)
describe the implementation of the Debye-H�uckel cor-
rection into the Yale stellar evolution code. The an-
alytical Debye-H�uckel correction implemented in the
Yale code is only valid for a fully ionized plasma, so
the Saha equation is still used below 106 K. Isochrones
constructed using the Debye-H�uckel correction yield
globular cluster ages which are approximately 1 Gyr
younger than the standard isochrones. However, the
Debye-H�uckel correction is only valid when

� �
p
4�Z3e3�1=2

(kT )3=2
< 0:2 (1)

(see Rogers 1994 for a full discussion). This criterion
is often violated within a stellar plasma. Thus, it
is not clear if including the Debye-H�uckel correction
actually results in an improved EOS.

The OPAL EOS includes corrections for Coulomb
forces which are valid over the entire range of tem-
peratures and densities encountered in standard stel-
lar models, and so represents a considerable improve-
ment over the analytical Debye-H�uckel correction. In
x2 the construction and evolution of the stellar mod-
els is described, while x3 discusses the resulting iso-
chrones. The implications that these isochrones have
for globular cluster ages is described in x4. A brief
summary is presented in x5.

2. Stellar Models

The OPAL EOS tables were integrated into the
Yale stellar evolution code using the interpolation
routines supplied by Rogers. Stellar models (and
isochrones) were then constructed using 3 di�erent
EOS: (1) the standard EOS described in the intro-
duction; (2) the standard EOS with the analytical
Debye-H�uckel correction at high temperatures, and
(3) the OPAL EOS. For each EOS, a series of stel-
lar models with masses ranging from M = 0:5 M�

to � 1:0 M� (in 0:05M� increments) were evolved
from the zero-age main sequence to the sub-giant
branch. Numerical diÆculties related to the OPAL
EOS prevented us from evolving models on the giant
branch. The numerical tolerances, and input physics
(aside from the EOS) were identical for all evolu-
tionary runs. In order to span the range of metal-
licities encountered in the globular cluster system,
models were evolved with Z = 6 � 10�5, 2 � 10�4,
6 � 10�4, 2 � 10�3, 4 � 10�3, and 7 � 10�3, corre-
sponding to [Fe=H] = �2:8; � 2:3; � 1:8; � 1:3 all
with [�=Fe] = +0:40; [Fe=H] = �0:9, [�=Fe] = +0:30;
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and [Fe=H] = �0:6, [�=Fe] = +0:20. The models
use a scaled solar composition, and the e�ect of �-
element enhancement has been taken into account by
modifying the relationship between Z and [Fe=H], as
prescribed by Salaris, ChieÆ & Straniero (1993).

All models included the e�ects of 4He di�usion,
using the di�usion coeÆcients of Michaud & ProÆtt
(1993). A mixing length of � = 1:7 was used in all of
the models. The various EOS require mixing lengths
which di�er by less than 2% from each other for a
solar calibrated model, so it was not deemed necessary
to use di�erent mixing lengths in the low metallicity
models. The other input physics used in the models
are the standard ones for the Yale code, as described
by Chaboyer (1995).

The e�ect of the OPAL EOS on the structure of
the stellar models is illustrated in Figure 1a, which
compares the run of temperature and density for
M = 0:5 and 0:8M� stellar models using the OPAL
and Debye-H�uckel EOS. The di�erences between the
two EOS are small. Unfortunately, the M = 0:5M�

model falls outside the OPAL EOS around logT = 5.
When the models fall outside the OPAL tables, the
standard EOS has been substituted. Figure 1b plots
the di�erence in density (��=�) as a function of tem-
perature, where the pressure and temperature have
been taken from the Debye-H�uckel models. We see
that for a given temperature and pressure the OPAL
EOS gives densities which typically di�er by 2 � 4%
from the Debye-H�uckel case. This plot also makes
it clear where the M = 0:5M� model falls out-
side the table, for these regions are identi�ed by
the solid line at ��=� = 0 in Figure 1b. We have
made similar plots for other masses, and stages of
evolution, and have determined that all models with
M �> 0:75M� stay within the OPAL EOS tables
throughout their evolution. Lower mass models fall
outside the tables near the zero-age main sequence
(ZAMS), but are usually entirely within the OPAL
tables as they evolve o� of the ZAMS. Unfortunately,
for low mass models (M �< 0:7M� ), it is the ZAMS
models which are most important, as such low mass
stars are still essentially unevolved, even in globular
clusters. For this reason, we must view with caution
properties of the OPAL EOS models and isochrones
below M ' 0:7M� , for they may be a�ected by the
fact that the EOS abruptly changes to the standard
one in part of the model.

The e�ects of the Debye-H�uckel and OPAL EOS
on stellar evolutionary tracks is shown in Figure 2
(M = 0:6M� ) and Figure 3 (M = 0:8M� ). Fig-
ure 2 demonstrates that the low mass OPAL models
are shifted to hotter e�ective temperatures near the

ZAMS as compared to the Debye-H�uckel models. By
the time the models reach the turn-o� (and the model
is entirely within the OPAL table), the OPAL and
Debye-H�uckel evolutionary tracks are nearly identi-
cal. This suggests that the shift near the ZAMS may
be due to the fact that the model is falling outside the
OPAL table around logT = 5. Figure 3 shows that
for higher mass models, the evolution is nearly identi-
cal for the OPAL and Debye-H�uckel cases. Thus, the
turn-o� properties of isochrones constructed from the
OPAL or Debye-H�uckel models should be similar. In
order to demonstrate the possible e�ect that falling
out of the OPAL tables has on the low mass mod-
els, Figure 3 plots a model in which the OPAL EOS
has been used except for logT = 4:4� 5:2, in which
case the standard EOS was substituted. Note that
this model is shifted in cooler e�ective temperature as
compared to the pure OPAL, or Debye-H�uckel cases.
This shift is in the opposite direction than that which
occurs in the low mass models. However, it does
demonstrate that evolutionary tracks can be substan-
tially modi�ed if the OPAL EOS is not used in the
entire model. Thus, the shift in e�ective temperature
found in the low mass OPAL models may be due to
the fact that these models fall outside the OPAL EOS
tables around logT = 5.

3. Isochrones

Isochrones were constructed by interpolating the
evolutionary tracks using the method of equal evo-
lutionary points (Prather 1976) for the di�erent Z
values and EOS discussed above. The isochrones
spanned the age range 8 { 22 Gyr, in 1 Gyr incre-
ments. The colour transformation of Green, Demar-
que & King (1987) was used to transform from the
theoretical luminosities and temperatures to the UB-
VRI system. Figure 4 plots the 14 Gyr, [Fe=H] =
�1:3 isochrones for the di�erent EOS. Brighter than
MV ' 5:2, the Debye-H�uckel and OPAL isochrones
are very similar. They are somewhat redder, and
have a fainter main sequence turn-o� magnitude as
compared to the standard isochrones. Fainter than
MV ' 5:2, the standard and Debye-H�uckel isochrones
are very similar. The OPAL isochrones are some-
what hotter (at a given magnitude) as compared to
the other isochrones along the lower main sequence.
The above statements are true for all of the isochrones
we have constructed. The isochrones are always quite
similar aroundMV = 5:2. This corresponds to a mass
of roughly 0:7M� . This critical mass is a function
of the metallicity and age of the isochrone, and the
varies between 0:67 and 0:74M� . This is a similar
mass range to where the stellar models fall out of the
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OPAL EOS tables (around logT = 5). As discussed
in the previous section, the change in location of the
lower main sequence in the OPAL isochrones (as com-
pared to the standard or Debye-H�uckel isochrones) is
likely due to the fact that we have been forced to
use the standard EOS around logT = 5 for the lower
mass models.

In order to determine which set of isochrones most
closely match the observations of globular clusters,
we have �t the isochrones to the �ducial sequences of
M92 (Stetson & Harris 1988), and NGC 288 (Bolte
1992). The �t to M92 (with [Fe=H] = �2:3) is shown
in Figure 5. The best �t to the data was found us-
ing the objective near point estimator technique of
Flannery & Johnson (1982; see also Durrell & Harris
1993). In performing this �t, the distance modulus
was allowed to vary by �0:1 mag from its nominal
value of 14:52, and the reddening to vary between 0.0
and 0.05 (its nominal value is 0.02). For all three sets
of isochrones, the best �t was found with an age of
17 Gyr. The standard isochrones are best able to re-
produce the shape of the observed CMD. The Debye-
H�uckel isochrones (not shown) produced a �t which
was nearly as good. The OPAL isochrones do not �t
the data as well; this is due to the fact that the slope
of the lower main sequence (�V=�(B � V )) is too
steep in the OPAL isochrones. Although not shown
here, very similar results are found for the �t to NGC
288.

The fact that the OPAL isochrones do not �t
the observations as well as the standard, or Debye-
H�uckel isochrones does not imply that the OPAL EOS
is inferior to the standard or Debye-H�uckel EOS. The
shape of the isochrones is inuenced by our colour
calibration, choice of mixing length, surface bound-
ary conditions, as well as the fact that the lower
mass models fall out of the OPAL EOS tables. All
that may be concluded from Figure 5 is that for our
choice of input physics, the standard isochrones are
best able to reproduce the morphology of observed
colour-magnitude diagrams.

4. Globular Cluster Ages

Fitting of isochrones to observed colour magni-
tude diagrams is subject to numerous theoretical un-
certainties (colour calibration, mixing length theory,
model atmospheres, etc). For this reason, it is best
to determine the ages of globular clusters using the
absolute magnitude of the main sequence turn-o�
(Mv(TO)). This luminosity based age indicator is
subject to far fewer theoretical uncertainties than age
indicators which use colour information. For each

set of isochrones, Mv(TO) was determined by tak-
ing the average magnitude of the bluest point on the
isochrones. For each metallicity, the age in Gyr (t9)
was �t as a function of Mv(TO) using an equation of
the form:

t9 = �0 + �1Mv(TO) + �2Mv(TO)
2
: (2)

This simple quadratic �t did an excellent job of re-
producing the mean trend in the calculated Mv(TO),
while removing some of the `wiggles' introduced by
the isochrone construction program. Table 1 give the
coeÆcients of the �t for the standard and OPAL iso-
chrones. As Figure 4 demonstrates, Mv(TO) for the
Debye-H�uckel and OPAL isochrones are very similar,
so the �t coeÆcients for the Debye-H�uckel isochrones
have not been included in Table 1.

Figure 6 plots the �t of age as a function of
Mv(TO) for the [Fe=H] = �1:3 isochrones. This plot
demonstrates the similarity in Mv(TO) for the Debye-
H�uckel and OPAL isochrones. For a given value of
Mv(TO) the standard isochrones imply ages that are
approximately 0:5� 1:5 Gyr older than the OPAL or
Debye-H�uckel isochrones. It is worthwhile noting that
the greatest age reduction occurs for the oldest iso-
chrones. The trends seen here are true for all metallic-
ities that have been calculated. Thus, globular cluster
ages determined using Mv(TO) will be approximately
1 Gyr younger with the Debye-H�uckel or OPAL iso-
chrones, as compared to the standard isochrones.

In order to apply our isochrones to actual data, it is
necessary to convert observed magnitudes into abso-
lute magnitudes. This may be accomplished in an red-
dening independent way by comparing the di�erence
between Mv(TO) and the magnitude of the horizontal
branch (in the RR Lyr instability strip). This age de-
termination technique is referred to as �V(TO�HB)
. In order to use �V(TO � HB) to determine the
ages, we must specify the absolute magnitude of the
RR Lyr stars (MV (RR)). There are a number of dif-
ferent ways to determine MV (RR), all of which �nd
that MV (RR) = � [Fe=H] +  where � is the slope
with metallicity, and  is the zero-point. Estimates
for the slope vary from 0.15 to 0.30. For this study,
a value of � = 0:20 has been chosen, which is in rea-
sonable agreement with Baade-Wesslink and infrared
ux methods for �eld RR Lyr stars (Carney, Storm
& Jones 1992; Skillen et al. 1993), and theoretical
calculations (Lee 1990). For the zero-point, a value
of  = 0:94 has been chosen. This value is simply the
average of the values determined by Walker (1992)
who observed LMC RR Lyrs (using the SN1987A dis-
tance to the LMC) and Layden et al. (1995) who
determined MV (RR) using statistical parallax obser-
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Table 1

Modeling Coefficients

Standard OPAL

[Fe=H] �1 �2 �3 �1 �2 �3

�2:82 60.595 �38:353 6.945 61:079 �37:933 6:730
�2:29 72:007 �43:525 7:319 85:839 �50:317 8:088
�1:82 73:431 �43:722 7:160 79:331 �45:804 7:252
�1:29 101:546 �56:583 8:469 84:699 �47:586 7:240
�0:91 96:273 �53:127 7:873 94:421 �51:422 7:532
�0:59 93:204 �51:140 7:531 89:324 �48:428 7:071

vations. Thus, the following formulae was used to de-
termine the absolute magnitude of the RR Lyr stars:

MV (RR) = 0:20 [Fe=H] + 0:94: (3)

The Mv(TO) values determined from the isochrones
are combined with equation (3) to determine �V(TO�
HB) as a function of metallicity and age (in Gyr). The
resulting grid was modeled using an equation of the
form

t9 = ao + a1�V+ a2�V2 + a3[Fe=H]

+ a4[Fe=H]
2 + a5�V[Fe=H] (4)

and globular cluster ages were determined using the
above equation for each EOS. Table 2 lists the ages
for 40 globular clusters with observed �V(TO�HB)
values which are within the metallicity range of our
set of isochrones. The observed �V(TO � HB) are
taken primarily from the compilation of Chaboyer,
Sarajedini & Demarque (1992). A few measurements
are from the compilation of Walker (1992). The ob-
served �V(TO�HB) for NGC 6535 is from Sarajedini
(1994), and that of NGC 6652 is from Ortolani, Bica
& Barbuy (1994). The cluster metallicities are taken
primarily from Zinn & West (1984), with a few ex-
ceptions as noted by Chaboyer et al. (1992). The
error in the derived age was determined by propagat-
ing through the errors in �V(TO�HB) and [Fe=H] as
determined by the observers. The average age of the
globular clusters is 13.90 Gyr for the standard iso-
chrones, 13.03 Gyr for the Debye-H�uckel isochrones
and 12.97 Gyr for the OPAL isochrones. Thus, as
expected, the OPAL EOS results in ages similar to
the Debye-H�uckel EOS, both of which about 0.9 Gyr
younger than the standard isochrones. Note that
there is evidence for an age range within the globular
clusters, so the average ages quoted above should not

be taken as `the' age of the globular clusters. The dif-
ference in age as determined by the OPAL and stan-
dard isochrones is plotted as a function of metallicity
and age in Figure 7. It is clear that the largest age
reductions occur for the oldest clusters. The age re-
duction is not as well correlated with metallicity, al-
though the largest age reductions tend to occur for
the most metal-poor clusters; this is likely due to the
fact that the metal-poor clusters also tend to be the
oldest clusters. As the zero-point of our ages is set by
the zero-point in the MV (RR) relation (eq. 3), larger
age reductions will occur if a brighter zero-point for
MV (RR) is adopted.

5. Summary

The OPAL EOS tables from Rogers (1994) have
been integrated into the Yale stellar evolution code.
Stellar models and isochrones were constructed with
the standard EOS, an equation of state which in-
cludes the Debye-H�uckel correction at high tempera-
tures, and the OPAL EOS. These calculations covered
a range in metallicity (�2:8 � [Fe=H]� 0:6) and age
(8 { 22 Gyr) appropriate for the study of globular
clusters. Lower mass models (below M �< 0:7M� )
with the OPAL EOS are shifted to hotter e�ective
temperatures as compared to the standard or Debye-
H�uckel models. However, the lower mass models fall
out of the OPAL EOS tables around logT = 5. A
test was performed whereby a 0:8M� stellar model
(which is normally entirely within the OPAL EOS ta-
bles) was evolved with the OPAL EOS except near
logT = 5, where the standard EOS was substituted.
This evolutionary track was shifted to cooler e�ective
temperature. Although the shift was in the opposite
direction from that found in the lower mass models, it
nevertheless points out that the cause of the shift in
the H-R diagram for lower mass stars could be due to
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Table 2

Globular Cluster Ages

Standard Debye-H�uckel OPAL
NGC Name [Fe=H] �V Age (Gyr) Age (Gyr) Age (Gyr)

104 47 Tuc �0:71� 0:08 3:61� 0:10 14:29� 1:9 13:20� 1:7 13:23� 1:7
288 �1:40� 0:12 3:60� 0:12 14:82� 1:9 13:91� 1:7 13:83� 1:7
362 �1:27� 0:07 3:42� 0:14 12:41� 2:4 11:59� 2:2 11:55� 2:2
1261 �1:31� 0:09 3:44� 0:12 12:40� 1:6 11:68� 1:5 11:62� 1:5
1851 �1:36� 0:09 3:45� 0:10 12:58� 1:4 11:85� 1:2 11:79� 1:2
1904 M79 �1:69� 0:09 3:45� 0:12 13:01� 1:7 12:23� 1:5 12:16� 1:5
2298 �1:85� 0:11 3:49� 0:21 13:84� 3:0 12:97� 2:8 12:90� 2:8
2808 �1:37� 0:09 3:50� 0:14 13:29� 2:0 12:50� 1:8 12:43� 1:8
3201 �1:61� 0:12 3:39� 0:17 12:10� 2:2 11:40� 2:0 11:34� 2:0
4147 �1:80� 0:26 3:60� 0:12 15:43� 2:0 14:44� 1:8 14:36� 1:8
4590 M68 �2:09� 0:11 3:42� 0:10 13:30� 1:4 12:47� 1:3 12:41� 1:3
5024 M53 �2:04� 0:08 3:56� 0:14 15:24� 2:2 14:26� 2:0 14:19� 2:0
5053 �2:41� 0:06 3:48� 0:12 14:84� 1:8 13:88� 1:6 13:83� 1:6
5272 M3 �1:66� 0:06 3:54� 0:09 14:26� 1:4 13:38� 1:2 13:30� 1:2
5466 �2:22� 0:36 3:58� 0:12 15:94� 2:1 14:89� 1:9 14:83� 1:9
5897 �1:68� 0:11 3:60� 0:18 15:23� 2:9 14:26� 2:6 14:18� 2:6
5904 M5 �1:40� 0:06 3:49� 0:11 13:18� 1:6 12:40� 1:4 12:33� 1:4
6101 �1:81� 0:15 3:40� 0:12 12:53� 1:6 11:78� 1:5 11:72� 1:4
6121 M4 �1:33� 0:10 3:55� 0:16 13:97� 2:4 13:13� 2:2 13:06� 2:2
6171 M107 �0:99� 0:06 3:60� 0:18 14:40� 2:8 13:55� 2:6 13:50� 2:5
6205 M13 �1:65� 0:06 3:55� 0:21 14:40� 3:2 13:50� 2:9 13:43� 2:9
6218 M12 �1:34� 0:09 3:45� 0:14 12:56� 1:9 11:83� 1:7 11:77� 1:7
6254 M10 �1:75� 0:08 3:75� 0:15 17:92� 2:7 16:73� 2:5 16:65� 2:5
6341 M92 �2:24� 0:08 3:65� 0:12 17:15� 2:1 16:00� 1:9 15:94� 1:9
6397 �1:91� 0:14 3:64� 0:14 16:29� 2:4 15:22� 2:2 15:15� 2:2
6584 �1:54� 0:15 3:47� 0:12 13:08� 1:7 12:29� 1:5 12:23� 1:5
6535 �1:75� 0:15 3:66� 0:19 16:33� 3:2 15:27� 3:0 15:19� 3:0
6652 �0:89� 0:15 3:35� 0:16 10:28� 2:3 9:52� 2:1 9:53� 2:1
6752 �1:54� 0:09 3:65� 0:16 15:82� 2:7 14:82� 2:4 14:74� 2:4
6809 M55 �1:82� 0:15 3:55� 0:10 14:68� 1:6 13:75� 1:4 13:67� 1:4
7006 �1:59� 0:07 3:55� 0:12 14:31� 1:8 13:42� 1:7 13:35� 1:7
7078 M15 �2:15� 0:08 3:54� 0:16 15:16� 2:5 14:18� 2:3 14:11� 2:3
7099 M30 �2:13� 0:13 3:53� 0:14 14:96� 2:2 14:00� 2:0 13:93� 2:0
7492 �1:82� 0:30 3:61� 0:14 15:62� 2:3 14:62� 2:1 14:54� 2:1

Ter8 �1:99� 0:08 3:65� 0:12 16:61� 2:0 15:52� 1:9 15:44� 1:9
Rup106 �1:69� 0:05 3:15� 0:12 10:20� 1:6 10:06� 1:6 9:94� 1:5
Pal5 �1:47� 0:29 3:40� 0:14 12:05� 1:8 11:36� 1:7 11:30� 1:7
Pal12 �1:14� 0:20 3:30� 0:12 10:11� 1:8 9:38� 1:7 9:38� 1:7
IC4499 �1:50� 0:20 3:25� 0:15 10:33� 1:6 9:78� 1:5 9:74� 1:4
Arp2 �1:70� 0:11 3:29� 0:10 11:02� 1:1 10:40� 1:0 10:35� 1:0
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the fact that these models fall outside the OPAL EOS
tables. This question can only be answered de�ni-
tively if the coverage of OPAL EOS tables is expanded
so that low mass stars do not fall out of the tables.
This is of some importance, as it was determined that
the OPAL isochrones do not match the shape of ob-
served colour magnitudes diagrams on the lower main
sequence,

AboveM ' 0:7M� , the OPAL and Debye-H�uckel
stellar evolution tracks and isochrones are very sim-
ilar. They predict a main-sequence turn-o� magni-
tude which is fainter at a given age as compared to
the standard isochrones. Hence, age determinations
which are based on the main sequence turn-o� magni-
tude will be systematically younger (by 0.5 { 1.5 Gyr)
for the OPAL or Debye-H�uckel isochrones. The great-
est age reductions occur for the oldest clusters. This
result has been veri�ed by determining �V(TO�HB)
ages for 40 globular clusters (Table 2). The OPAL
and Debye-H�uckel isochrones yield very similar ages,
and are 6 { 7% lower than the standard isochrones.

We would like to thank F. Rogers for providing us
with his EOS tables and interpolation software, and
answering our many questions. Research supported in
part by NASA grants NAG5{1486 and NAGW{2531
to Yale University.
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Figure Captions

Figure 1: The upper panel, (a), plots the run of
temperature and density for M = 0:5 and
0:8M�, Z = 2 � 104 stellar models near the
zero-age main sequence. The solid line is for
models which use the OPAL EOS, while the
dashed line is for models which use the Debye-
H�uckel EOS. The lower panel, (b) plots the
di�erence in density, ��=� � [�Debye�H�uckel �
�OPAL]=�Debye�H�uckel for M = 0:5 and 0:8M�

stellar models. In this plot, the run of temper-
ature and pressure was taken from the Debye-
H�uckel models, so that the di�erences are solely
due to the di�erent EOS. The solid line at
��=� = 0 for the M = 0:5M� model is
due to the fact that the model is outside the
OPAL table around logT = 5, and the Debye-
H�uckel EOS was substituted.

Figure 2: The stellar evolution tracks for the M =
0:6M�, Z = 2 � 104 models with the Debye-
H�uckel EOS and OPAL EOS. Note that near
the turn-o� (where the model is entirely within
the OPAL table), the two tracks nearly coincide.

Figure 3: The stellar evolution tracks for the M =
0:8M�, Z = 2�104 models with di�erent EOS.
The Debye-H�uckel EOS and OPAL EOS evo-
lutionary tracks are nearly identical. A model
where the standard EOS was substituted for the
OPAL EOS for logT = 4:4�5:2 is shown as the
short-dashed line to demonstrate the e�ect that
falling out of the OPAL EOS has on the evolu-
tion of the model (this situation occurs for the
lower mass models).

Figure 4: Isochrones with di�erent EOSs and an age
of 14 Gyr with [Fe=H] = �1:3 are plotted in the
B, B{V plane.

Figure 5: The �t between the isochrones and the
M92 �ducial sequence (solid line connecting the
points) of Stetson & Harris (1988). The dashed
lines are the best �tting isochrones. The left
panel (a) shows the standard isochrone, while
the right panel (b) plots the OPAL isochrone.
The standard isochrones provide an excellent
match to the data, and imply an age of 17 Gyr.
The OPAL isochrones do not match the data as
well.

Figure 6: Age (in Gyr) as a function of the abso-
lute magnitude of the main sequence turn-o�
(Mv(TO)) for the [Fe=H] = �1:3 isochrones.

Note that the the OPAL and Debye-H�uckel iso-
chrones are very similar, while the standard iso-
chrones imply ages that are somewhat older, for
a given Mv(TO).

Figure 7: The reduction in age implied by the OPAL
EOS (AgeStandard � AgeOPAL) is plotted as a
function of metallicity in the left panel (a), and
as a function of the standard age in the right
panel, (b).
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