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RESUMEN

Se presentan observaciones de 118 estrellas subenanas y de algunas estrellas de las
Hyadas en el sistema fotométrico de 13 colores de ancho de banda intermedia-angosta.
Se compara la fotometria de las subenanas con los colores promedio de las Hyadas a tem-
peratura efectiva constante para construir curvas de encubrimiento. En forma similar he-
mos comparado gigantes y subgigantes para derivar curvas de gravedad. Para las tempe-
raturas correspondientes a estrellas tipo F, G o K-tempranas en la secuencia principal, los
indices de 13 colores separan claramente los efectos de temperatura, metalicidad y gravedad
superficial. Los colores 45 — 63 y 58 — 99 sirven para medir la temperatura, 37 — 45 es muy
sensitivo a la metalicidad y G = (35 — 52) — (37 — 45) es un buen indice de gravedad.

Se hace una analogia clara entre las posiciones de las sukenanas en el diagrama (G,
45 — 63) y los diagramas color-magnitud de los ctmulos globulares. Las subenanas mues-
tran una secuencia principal no evolucionada para 45 — 63 > 0.75, una secuencia prin-
cipal evolucionada para 45 — 63 < 0.75, un punto de partida en 45 — 63 ~ 0.59, y una
rama subgigante-gigante. Estos resultados corroboraron independientemente las conclusiones
de Cayrel (1968), Sears y Whitford (1969), y Eggen (1973).

Sin embargo, algunas subenanas evolucionadas son considerablemente mis rojas que
el punto de partida de nuestro cimulo hipotético pero no caen cerca de la envoltura
subgigante-gigante. No se pueden explicar los colores de estas subenanas por enrojecimiento
interestelar, por contaminacién de la fotometria, ni por encubrimiento residual en el indice
G. Estas subenanas frias y evolucionadas indican que los objetos de Poblacién II extrema
se formaron durante un periodo por lo menos de 2 X 10? afios. Se discuten las implicaciones
cosmoldgicas de tal diferencia de edades de las subenanas.

ABSTRACT

The 13-color medium-narrow-band photometric system has been used to observe 118
subdwarfs and a number of Hyades stars. The subdwarf photometry has been compared to
mean Hyades colors at constant effective temperature in order to construct blanketing curves.
By a similar process giants and subgiants have béen used to derive gravity-difference
curves. For the temperature range of F, G, and early-K main sequence stars the 13-color
indices give a clear separation between the effects of temperature, metallicity, and surface
gravity: 45 — 63 and 58 — 99 are good for measuring temperature, 37 — 45 is very
sensitive to metallicity, and G = (35 — 52) — (37 — 45) is a good gravity index.

A clear analogy between the positions of the subdwarfs in the (G, 45 — 63) diagram
and globular cluster color-magnitude diagrams has been drawn. The subdwarfs show an
unevolved main sequence for 45 — 63 > 0.75, an evolving main sequence for 45 — 63 < 0.75,
a turnoff at 45 — 63 ~ 0.59, and a subgiant-giant branch. These results represent a com-
pletely independent corroboration of the conclusions made by Cayrel (1968), Sears and
Whitford (1969), and Eggen (1973).

However, a number of evolved subdwarfs are significantly redder than the turnoff of

‘our hypothetical cluster but do not lie near the subgiant-giant envelope. The colors of

these subdwarfs can not be explained by interstellar reddening, nor by contamination of the

‘photometry, nor by a residual blanketing in the G index. These cooler evolving subdwarfs

indicate that the extreme Population II objects formed over a time interval of at least
2 X 109 years. The cosmological implications of such a range in subdwarf ages are discussed.
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] I. INTRODUCTION

The thirteen-color medium-narrow-band photomet-
ric system was originally designed for the study
of early-type stars (Johnson, Mitchell and Latham
1967) with the seven bluest filter bands matching
closely those chosen by Borgman (1960) for the
study of O, B, and A stars. However, Borgman’s
(1962) own work, as well as the results of Smith
(1968), Mitchell and Johnson (1969), and Schuster
(1976a), has shown that these photometric systems
can also provide very useful data concerning later-
type stars, such as F and G-type subdwarfs and
solar type stars.

The present work was motivated by the photo-
metric, multi-band studies of the spectral-energy
distribution of subdwarfs by Johnson, MacArthur
and Mitchell (1968) and by Johnson and Mitchell
(1968). These works studied the difference in
the spectral-energy curves between subdwarfs and
Hyades main sequence stars of equal effective tem-
perature assuming that the temperature index R — 1
is independent of the stellar atmospheric metal
content. Their results were presented in the form
of blanketing curves such as Figure 7 of Johnson
et al. (1968) and Figure 2 of Johnson and Mitchell
(1968). In this paper we will study the temperature,
metallicity and surface gravity sensitivities of the 13-
color indices by deriving blanketing and gravity-
difference curves. We will make use of the 45 — 63
temperature index as suggested by Johnson and
Mitchell (1968), and metallicity and gravity cor-
rections for this index will come from theoretical
13-color photometry derived from the model atmos-
phere work of Kurucz (1975). In later papers we
will calibrate the appropriate indices, as found in
this paper, for temperature, composition and sur-
face gravity and then use these calibrations to
study the subdwarfs.

II. THE OBSERVATIONS

The 13-color medium-narrow-band photometric
system has been defined by the articles and observa-
tions of Johnson et al. (1967), Mitchell and John-
son (1969), and Johnson and Mitchell (1975).
This system is made up of two parts—an 8 color
(8C) part using filters with effective wavelengths
from 3370A to 6350A and a 6 color (6RC) part

© Universidad Nacional Auténoma de México ¢ Provided by the NASA Astrophysics Data System

using filters from 5830A to 1.1u. The names which
are used for the filters are obtained from their
effective wavelengths; the filter band with an ap-
proximate effective wavelength of 0.33u produces
the 33 magnitude, and so forth. The most recent
absolute energy calibration for the entire 13-color
system has been published by Johnson and Mit-
chell (1975).

The 118 subdwarfs observed in our program
were selected primarily from Eggen’s (1964) Ilist
of high velocity objects with a few others being
added from the works of Roman (1955), Eggen
and Sandage (1959, 1962), Sandage and Eggen
(1959), Sandage and Smith (1963), Strom and
Strom (1967), Johnson et al. (1969) and Gliese
(1969). The 13-color observations of the subdwarfs
and of Hyades stars, given in Tables 1 and 2
respectively, were carried out during 1973 and 1974
using the 152 cm. (60”) and 84 cm (33”) telescopes
of San Pedro Mirtir Observatory in Baja California
(hereinafter referred to as ‘SPM’) with only a few
8C observations coming from Johnson and Mitchell
(1968). In Table 2 about 40% of the 8C photom-
etry comes from ‘SPM’ and about 60% of the
6RC data; the rest comes from other sources (John-
son and Mitchell 1968; Mitchell and Johnson 1969).
‘We encountered no problems in transforming our
subdwarf and Hyades observations onto the stan-
dard 13-color system since we observed with the
original filters and photomultipliers used to define
this system.

In Table 1 column 1 gives the subdwarf name,
column 2 gives the 52 magnitude, columns 3 to
14 the other 12 filters reduced as colors with respect
to the 52 filter, and column 15 the number of blue
(8C) and red (6RC) observations NB and NR
respectively A. ‘D" following the star name in
column 1 indicates that the photometry was con-
taminated by a fainter nearby star which may
contribute one percent or more of the light mea-
sured. In Table 2 the data are presented as in Table
1 except that columns 10 to 14 give the 6RC colors
with respect to filter 58. At the 110 filter the RCA
7102 phototube is about 3 magnitudes less sensitive
than for the other 6RC filters, and for this reason
many of the subdwarfs were not measured at 1.1pu;
and for many that were observed at 1.1y, problems
were encountered. In column 14 of Table 1 a
question mark indicates that the value for the 52 —
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TABLE 3

MILD SUBDWARFS WHOSE 13-COLOR
PHOTOMETRY WAS NOT TAKEN AT
SAN PEDRO MARTIR, B. C.

’SPM’, but their photometry is included in the
following analyses.

The quality of the SPM 13-color data seems to be
good, comparable in quality to the Catalina obser-
vations (Johnson et al. 1967, Mitchell and John-

Name P-% S son 1969), which define this photometric system.
BS 77 0.806 G2V Schuster (1976a) gave the probable errors for the
BS 219D 0.795 GOV standard stars observed at SPM. Also in Table 4
BS 1008 0.945 G5V are listed the probable errors of a single observation
BS 6752D 1.102 KoV for the subdwarfs grouped according to brightness
BS 6927 0.714 F7V — 52 magnitudes for 8C photometry and 58 mag-
BS 8181 0.721 F8V

110 color contains considerable uncertainty, and in
column 15 the number in parentheses gives the
number of 1.1y observations; in Table 2 this num-
ber always equals NR.

In Table 3 are listed the bright star numbers
(Hoffleit 1964), 45 — 63 indices, and spectral types
of six additional stars with moderately large ultra-
violet excesses. These stars are taken from the sub-
dwarf list of Johnson et al. (1968), and their 13-
color photometry has been obtained from Mitchell
and Johnson (1969) and from Johnson and Mit-
chell (1975). These six stars were not observed at

nitudes for 6RC photometry. All subdwarfs have
been included in these average probable errors
except for two very southern ones which have
been dropped from the brightest groups, and six
very red subdwarfs which have been dropped from
the faintest 8C group. These stars were dropped so
that the results of Table 4 are representative of
the F and G-type subdwarfs. These results indicate
that the ‘SPM’ 6RC photometry is a good as, or
perhaps better than, the Catalina results and that,
except for the 32 magnitude and the 33 — 52 color,
the 8C results are quite similar in quality. A less
stable standard lamp is the reason for the larger
52 errors at 'SPM’ and a dustier observing site
(dustier optics) explains the larger 33 — 52 errors.

TABLE 4
PROBABLE ERRORS OF A SINGLE OBSERVATION FOR THE SUBDWARFS

oo s U RO S 0y
52 0.030 0.028 0.026 0.022 0.034 0.028 .
33-52 0.018 0.019 0.022 0.028 0.031 0.039
35-52 0.013 0.014 0.021 0.020 0.024 ’ 0.033
37-52 0.013 0.013 0.017 0.018 0.020 0.027
40-52 0.009 0.012 0.014 0.014 0.015 0.016
45-52 0.009. 0.013 0.011 0.012 0.012 0.014
52-58 0.012 0.012 0.011 0.013 0.017 0.018
52-63 0.018 0.013 0.013 0.017 0.020 0.027
58 0.027 0.028 0.026 .0.025 0.031 0.027
58! 0.022 0.021 0.029 0.037 0.035 0.044
58-72 0.017 0.024 0.028 0.033 0.033 0.050
58-80 0.017 0.021 0.027 0.031 0.029 0.046
58-86 0.019 0.015 9.030 0:030 0.033 0.045
58-99 0.022 0.020 0.029 0.033 0.036 0.057
58-110 0.045 0.053 0.088 0.098 cene
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Fic. 1. Theoretical 45-63 versus Te curves. Filled circles are for solar abundance, tnangles for 0.1 solar abundance,
and squares 0.01. Log g = 4.0. -

G60 — 48 and G15 — 24 are subdwarfs whose 6RC
observations show probable errors significantly larger
than those of Table 4 or whose 6RC observations
were selectively averaged. For G99 — 31D these
problems resulted because of the contamination of
a nearby star. The others are all fainter than mag-

The subdwarfs —33°4113, G38-1, AGC + 20°
1463 — 148 and AC + 20°1463 — 154 have ultra-
violet errors significantly larger than those given
in Table 4. For —33°4113 this has resulted because
it was observed at very large air masses. The others
are all red subdwarfs with spectral types of sdK5

or sdM2 and so are much fainter in the ultraviolet
than F and G subdwarfs with comparable visual
magnitudes. GQQ — 31D, G115 — 49, +25°2251,
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nitude 52 = 10.5, and the scatter in the 6RC ob-
servations probably results from small instabilities
in the phototube or electronics.
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I1II. MEAN HYADES COLORS

' Using the Hyades photometry “of “Table 2, mean

‘Hyades- colors, as a function of spectral type and

as a function.of the 45 — 63 index have been ob-
tained. Of the 60 Hyades stars in Table 2 excellent
spectral types are available for 51 from the work
of- Morgan -and ‘Hiltner -(1965). Only these spectral
types of Morgan and Hiltner have been used in
deriving the mean colors, and‘only main sequence

stars have been used; all evolved stars' and all Am

stars have been excluded. The mean colors (versus
spectral type) have been derived by merely hand
drawing lines of best fit through 12 different spec-
trum-color diagrams. To make maximum use of the
available data, since some of the Hyades stars have

.8C photometry but do not have an accurate spec-
tral type, the mean colors were also derived as a

function of 45 — 63. Twelve color-color plots (13-
color index versus 45 — 63) were made for this
purpose.  The two sets of mean colors were tied
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and the X’s extreme subdwarfs.

together using a 45 — 63 versus spectray type dia-
gram, and the combined mean colors as a function
of both spectral type and 45 — 63 are given in
Table 5. Comparing the two independently derived
sets of mean colors has given us a good idea for
the accuracy of Table 5. For spectral types A4 to
KO and for colors 35 — 52 to 52 — 99 the proba-
ble errors are of the order of, or less than, 0.01
magnitude. Colors 33 — 52 and 52 — 110 have
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Fie. 3. 45-63 versus R-I. The circles ‘and solid line represent the mean Hyades colors, the plus signs mild subdwarfs

probable errors somewhat larger in the range 0.01
to 0.02. For spectral types K2 and K4 the probable
errors may be twice those quoted above.

IV. THEORETICAL 13-COLOR PHOTOMETRY

The theoretical 13-color photometry used through-
out this paper to obtain blanketing and.gravity correc-
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Fic. 4. 58-99 versus R-I. The symbols are the same as in Figure 3.

tions for the 45 — 63 temperature index and to
provide theoretical blanketing and gravity-differ-
ence curves has come from Kurucz (1975). The
flux-constant, line-blanketed model atmospheres
which give the necessary stellar flux distributions
were calculated wsing the ATLAS computer code
as given and described by Kurucz (1970). Dr. Ku-
rucz was so kind as to convolve the filter-detector
response functions of the 13-color filters (Johnson
et al. 1967 and Mitchell and Johnson 1969) with

© Universidad Nacional Auténoma de México ¢ Provided by the NASA Astrophysics Data System

the emergent flux per wavelength interval distribu-
tions of his models. The resulting theoretical colors
were then normalized to the standard 13-color sys-
tem by fitting a (9400, 3.95, 1X, 2) model to the
13-color observations of Vega (with four 8C and
36 6RC observations). The choice of these param-
eters for Vega has been discussed by Kurucz
(1974). The resulting grid of theoretical 13-color
photometry is like the uvby grid given by Relyea
and Kurucz (1976) with a similar range in effective
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37-45

45-63

Fic. 5. 37-45 versus 45-63. Filled circles are for subdwarfs, X’s for solar-type stars and the

triangles and solid

line for the Hyades mean colors. The other features are explained in the text.

‘temperatures, gravities, and metal contents; the -13-
color grid will be published later.

The great usefulness of these models for the
study of subdwarfs and for the comparison of met-
al-rich and metal-poor stars lies in the “fact that
they are blanketed models for the atmospheres of
stars as cool as types F and G. The blanketing of
approximately 900,000 atomic lines is included by

© Universidad Nacional Auténoma de México ¢ Provided by the NASA Astrophysics Data System

means of a statistical representatlon of -the lme
opacities as described by Strom and Kurucz (1966)
and by Kurucz (1970, 1974). The success of these
models in producing theoretical uvby photometry
to match a great amount of observational -data “is

discussed by Relyea and Kurucz (1976). The only

dlscrepanc1es are noted at cooler temperatures ‘result-
ing from the use of the conventional mixing 1engt'h
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theory in the treatment of convection (Relyea and
Kurucz 1976) and from the lack of molecular
opacities in the models.

According to the observational results of Johnson
and Mitchell (1968) the 45 — 63 temperature in-
dex should be fairly independent of metallicity,
and for this reason the 45 — 63 index has been
used to construct the blanketing curves of this
paper. In following papers the indices 45 — 63
and 58 — 99 will be used to derive effective tem-
peratures for the subdwarfs. Hence, at this point
it is important to make some sort of independent
check on the theoretical blanketing corrections
for the 45 — 63 and 58 — 99 indices. In Figures 1
and 2 are plotted the 45 — 63 and 58 —99 versus
Te curves from the theoretical colors; curves are
drawn for solar abundance (1X, for 0.1X and
for 0.01X; the surface gravity is kept constant at
log g = 4.0 in Figure 1 and at leg g = 4.5 in Fig-
ure 2. In Figures 3 and 4 a direct observational
check of the blanketing of 45 — 63 and 58 — 99
has been made by plotting the color-color diagrams,
45 — 63 versus R — 1 and 58 — 99 versus R — 1,
using mean Hyades colors and several mild and
extreme subdwarfs, The mean Hyades colors come
from Table 5 for 45 — 63 and from Table 2 of
Johnson et al. (1968) for R — I. The R — I values
of the subdwarfs come from this last source and
also from Eggen (1973); the Kron R — I wvalues
of Eggen have been transformed to the Johnson
R — I system. The assumption that the broad-band
index R'— I is independent of the metallicity of
a stellar atmosphere has been documented and
used in a number of recent investigations (John-
son et al. 1968; Johnson and Mitchell 1968; Eggen
1973, 1974). A comparison of Figures 1, 2, 3, and
4 shows that the theoretical blanketing corrections
for 45 — 63 contain no errors greater than about
0.02 magnitude and the corrections for 58 — 99
no errors greater than 0.03 or 0.04 magnitude. The
comparisons also show that if the theoretical blan-
keting corrections are exact, R'— I changes by
+0.01 or +0.02 in going from a Hyades comp051-
tion to a subdwarf composition.

V. BLANKETING CURVES

The work of Johnson and Mitchell (1968) in-
dicated that the 37 — 45, 45 -~ 63 diagram should

© Universidad Nacional Auténoma de México ¢ Provided by the NASA Astrophysics Data System

allow “nearly the maximum discrimination among
stars of differing metal content”. The 37 — 45
index contains nearly the full blanketing -effect,
and, as we have confirmed above, 45 — 63 is a
good temperature index with a very small sensitivity
to metallicity. In Figure 5 we have plotted the
37 — 45, 45 — 63 diagram for the subdwarfs, the
Hyades mean colors, and early-G dwarfs (Schuster
1976a). The dot-dash line in Figure 5 is a red-
dening line; all reddening lines for the 8C photom-
etry have been obtained from the work of Borg-
man (1961). The dashed line represents the locus
with an ultraviolet excess, §(37 — 45), of +0.15
where §(37 — 45) is defined as the difference be-
tween the Hyades mean 37 — 45 and a star’s 37 — 45
at constant 45 — 63. We see that indeed the sub-
dwarfs are well separated from the Hyades and
from early-G field dwarfs and that the dashed line
represents a reasonable criterion for selecting metal-
poor stars in this temperature range (0.60 < 45:—
63 < 1.04) as suggested by Schuster (1976a). The
63 only subdwarfs which lie below the dashed line,
such as the group of six at approximately 45 —
63 = 0.65 and 37 — 45 = + 0.05, have been called
subdwarfs because their parallaxes placed them be-
low the main sequence in a (Mbol, Te) diagram,
or some equivalent color-magnitude diagram, and
not because they have been classified subdwarfs
spectroscopically. We note in Figure 5 that the more
extreme subdwarfs can easily have excesses, §(37 —
45) of + 0.4 or + 0.5.

The luminosity (or gravity) sensitivity of the
37 — 45, 45 — 63 diagram has been discussed pre-
viously (Schuster 1976a and 19765). This diagram
is not very sensitive to luminosity for the range
06 <45 — 63 <095 with nearly all field sub-
giants, giants, and supergiants lying within 0.15
magnitude of the mean Hyades main sequence,
nearly in the same region of the diagram as the
field dwarfs. (We argue that exceptions such as
BS5409 with Sp = G2III, 45 — 63 = 0.900 and
8(37 — 45) > 0.15 and BS98 with Sp = G2IV,
45 — 63'= 0.837, and §(37 — 45) > 0.15 are in
fact both metal-poor and evolved.) For 45 — 63 >
0.95 the 37 — 45 color becomes more sensitive to
luminosity; increasing luminosity mimicks decreas-
ing metallicity. In general then for 0.6 < 45 — 63 <
0.95 stars lying above the dashed line in Figure 5
can be selected as candidates for being metal poor
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i while for 45— 63 > 0.95 evolving stars can be
confused with metal-poor ones.

In Figure 5 seven groups of subdwarfs, have
been encircled and numbered. (The stars marked
‘A’ and ‘B’ will be discussed later). The averaged
blanketing curves of these groups will be obtained
in the following manner. Many of the early-G
dwarfs and several of the subdwarfs in Figure 5
have had their compositions measured spectro-
scopically. (For example, see Morel et al. 1976). By
composition we are referring primarily to the loga-
rithmic iron to hydrogen ratio, [Fe/H]. Using the
stars with measured compositions we have estimated
the compositions of all stars plotted in Figure 5;
a star's 8(37 — 45) depends very strongly upon its
composition. Then using Figure I we have corrected
a subdwarf’s 45 — 63 to (45 — 63)s, the value it
would have with a solar composition. The com-
position estimates made from Figure 5 need not
be very accurate since the blanketing corrections
for 45 — 63, as shown in Figure 1, are all small,
usually +0.02 or smaller. Now, assuming that
(45 — 63)s is the same as for a Hyades compo-
sition, which is not in error by more than a few
thousandths of a magnitude, we interpolate in
Table 5 for the Hyades mean colors with the
same Te as the subdwarf. The differences between
these Hyades mean colors and the subdwarf’s ob-
served colors are plotted versus the effective wave-
lengths of the filters to give a blanketing curve.

In all of these analyses no reddening corrections
have been applied to the subdwarf photometry.
Most subdwarfs lie within 100 parsecs and so re-
quire little or no reddening corrections. A few may

be as far away as 250 parsecs and are probably
slightly reddened. Reddening-free indices can be
derived in the manner of Stromgren (1966). For
example, using the results of Borgman (1961) and
of Whitford (1958) we find that C = (37 — 45) —
0.6(45 — 63) can be used as a reddening-free
composition parameter which still retains a large
sensitivity to metallicity. But, all suitable 13-color
temperature indices when dereddened lose their
temperature sensitivity. Alternatively statistical red-
dening corrections exist, as shown by Sandage’s
(1964) discussion of the use of Parenago’s (1940)
reddening equation, but these are of no use for
analyzing individual stars and of limited use for
analyzing small numbers of stars as in the seven
groups of Figure 5.

The lowest effective temperature for the stellar
atmospheric models of Kurucz is 5500° which
corresponds to 45 — 63 = 0.86 at a solar abundance
and 0.84 at 0.01 solar abundance. Hence we can-
not directly use these models to obtain blanketing
corrections for the stars in groups 4, 5 and 7 of
Figure 5. However, in Figures 1 and 3 we see clear
evidence that the blanketing corrections of 45 — 63
remain fairly constant over the interval +0.7 <
45 — 63 < +1.0. So the blanketing corrections of
the models have been extrapolated with good con-
fidence to 45 — 63 ~ +1.0 which corresponds to
Te ~ 5250°.

In Figures 6 and 7 are plotted the observational
blanketing curves of the seven groups of subdwarfs,
and in Table 6 are given the mean characteristics
of these groups. The compositions of Table 6 were
obtained in the manner mentioned above, using

TABLE 6
THE GROUPS OF SUBDWARFS IN FIGURES 6 AND 7

Group No. No. of Stars (To) ave - [Fe/Hly,, =~ A(37 — 52),..

1 9 6210 — 143 0.235

2 18 6000 - 1.38 0.299

3 11 5730 — 148 0.391

4 6 5170 < =20 0.635

5 5 5510 - 1.38 0.422

6 9 5750 - 0.37 0.193

LT . 9 5320 © e 0'63 ,,,,,, o 0247 .

"~ BS 4550 1 5180 - 1.30 0.342

© Universidad Nacional Auténoma de México ¢ Provided by the NASA Astrophysics Data System
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Fic. 7. The average observational blahketing curves for the subdwarfs of groups 5 (crosses) 6 (circles) and 7
(triangles). The squares give the blanketing curve for BS4550, which is one of the subdwarfs from group 7 and is
also a thirteen-color standard. The shift of the horizontal lines and the scale of the ordinate axis are both 0.1

magnitude.

the ultraviolet excesses from Figure 5, and the
temperatures come from- Figures 1 and 2 and from
observational - calibrations of 45 — 63 and 58 — 99
to be given in a later paper. We have plotted only
average blanketing curves since the aim is to study
the sensitivity of the 13-color indices; later the individ-
ual curves of some: interesting subdwarfs will be given.
In Figures' 6 and 7 the straight horizontal lines
represent ‘the energy distribution of a Hyades main
sequence’ star: while the plotted points represent the

relative distribution of the subdwarfs. The curves
which pass through the points are drawn only to
help the eye detect relationships and do not repre-
sent interpolations of the data. To a good first ap-
proximation we can assume that these observational
blanketing curves show only effects of metallicity
sincé the subdwarfs have compositions greatly dif-
ferent from the Hyades, but small surface gravity
effects are also included as will be discussed later.
In Figure 8 are plotted theoretical blanketing curves;
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Fig. 8. Theoretical blanketing curves.
show thé blanketing ‘effect at Te = 6500°,
TE = 5500°.
both 0.1 magnitude.-

these are obtained by subtracting the 0.1X and
0.01 X colors from the 1X colors at constant Te
and constant log g. These theoretical curves show
only effects of comniposition. '

From Figures 5 to 8 we can draw the following
cohclusmns (). The shapes of the blanketing cuirves
remain remarkably similar over the range of Te’s
and compositions represented by ‘the’ seven . groups
implying that a single 13-color -inetallicity index
will be -sufficient over the full temperature range

Aot (A

Squares are for 0.1 solar abundance and circles 0.01. The lower two curves
the middle two curves at Te = 6000°, and the upper two curves at
For all ‘curves log g =4.5.  The shift of the horizontal lines and the scale of the ordinate axis are

8OQO 70000

of the subdwarfs. (b) As suggested by Johnson and
Mitchell  (1968) the 37 — 45 index seems to be
excellent for measuring metallicity since it contains
nearly the full sensitivity to composition changes:
Other indices such as 35 — 58 or 37 — 58 have
slightly greater sensitivities but have other disad-
vantages, such as seénsitivity to surface gravity or
larger accidental errors of observation. The 37 filter
is- especially suited for measuring [Fe/H] since it
contains within its 'half-intensity width - (Johnson
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2 et al. 1967) a large number of both weak and

strong Fe I lines (see Seitter 1970). (c) The filters
45 thru 110 would all be useful for creating tem-
perature-sensitive indices since these have little sen-
sitivity to the overall metallicity effect. Filter 52
is seen to contain somewhat more blanketing than
the other filters in this group due to the presence
of a number of strong Mg I lines (AA5167, 5173,
and 5184). (d) Most stars of Figure 5 also have
UBV photometry, and we see that the 37 — 45
versus 45 — 63 diagram has more sensitivity to
metallicity than the U — B versus B — V diagram.
Stars having a range in §(U — B) from 0.00 to
+0.25 will have approximately a range in 8(37 —
45) of 0.00 to +0.40. (e) The theoretical blanket-
ing curves agree very well with the observational
ones except for the 33 and 35 filters at the coolest
temperatures. A comparison of Figure 8 with the
blanketing curves of groups 2 and 5 shows this
clearly. Also, the 33 — 52 and 35 — 52 colors of
the (5770, 4.44, 1X, 2) model, which supposed'y
represents the Sun, show a similar discrepancy
from the derived 13-color solar photometry of
Mitchell (1975; also Schuster 1976a). These dif-
ferences probably result from the factors discussed
by Relyea and Kurucz (1976).

VI. GRAVITY-DIFFERENCE CURVES

In Figures 9 and 10 are plotted observational
gravity-difference curves and in Figure 11 theoret-
ical curves. The observational curves have been
obtained in the same manner as the blanketing curves
except that giant or subgiant stars, not subdwarfs,
have been compared to the Hyades main sequence
at constant Te, and 45 — 63 has been corrected
for gravity differences using the models. The 13-
color photometry of the giants and subgiants comes
from. Johnson and Mitchell (1975) and from Table
2. The surface gravities need for interpolating the
corrections have been estimated from Allen (1973);
this rather crude method should not lead to any
significant errors since the 45 — 63 gravity correc-
tions are all small (<0.03 magnitude). At Te =
5500°- the'. correction is zero,” and so for all stars
with!: Te < 5500° no gravity correcticn has been
applied. Since the 45 — 63 corrections are small
and change slowly with temperature, this approxi-

© Universidad Nacional Auténoma de México ¢ Provided by the NASA Astrophysics Data System

mation should not lead to any problems as long
as molecular absorptions do not enter into the
45 — 63 index. For the thecretical curves the log
g = 4.5 models are compared to'the log g = 3.0 ones
at constant Te and constant compositioﬁ.

By comparing the curves of Figures 9 thru 11
we can conclude the following: (a) The important
thing to note is the behavior of filters 33, 35 and
37. Decreasing the surface gravity always makes filters
33 and 35 fainter with respect to filter 37. These
filters Span the Balmer discontinuity which is sen-
sitive to surface gravity for F stars. However, this
behavior of filters 33 and 35 with respect to
37 appears in all of the figures and so must hold
over an even wider temperature range—at least
from the Te of FOIII stars to the Te of KOIIL
(b) The observational gravity-difference curves
show primarily surface gravity differences, but blan-
keting effects are also present. This clear'y dem-
onstrated in the lower part of Figure 10 where
two field giants (both G9III) and two Hyadss giants
(GOIII and KOIII) have bzen compared to the
Hyades main sequence. The field giants clearly
show excess with respect to the Hyades giants for
filters 33, 35, 37 and 40. In Figure 12 we have
constructed an observational blanketing curve for
cool giants by subtracting the average colors of
BS6075 and BS6703 from the average colors of the
Hyades giants, H28 and H71. This represents a
comparison at nearly identical (45 — 63)’s, hence
nearly identical Te’s. We note that the blanketing
curve of Figure 12 is fairly similar in shape to the
subdwarf blanketing. (c) A comparison of the theo-
retical and observational curves shows no' significant
discrepancies. (d) There are several indices which
may . be gravity sensitive depending on the tem-
perature range. A good compromise seems to be
the index (35 — 52) — (37 — 45) which has several
advantages. First, it retains its luminosity sensitivity
over a wider temperature range than a simple two
filter index; (35 — 52) is sensitive for the hotter
stars while (37 — 45) is not, but for cooler stars
(35 — 52) is less.sensitive ‘and (37 — 45) starts
becoming sensitive. Second, the blanketing of this
index is nearly zero since the blanketing of (35 —
52)' nearly eancels that of- (37 =45) ;'this remains
true over ‘a’ fairly-wide terhperature range 'as shown
by the unchanging: shapes of ‘the ‘blanketing - curves.
Third, ima (35 — 52):— (37 — 45) versus.45 — 63


http://adsabs.harvard.edu/abs/1979RMxAA...4..233S

[0
0,

RVKAA”." 27 773

o
T~

!

254 PHOTOMETRY OF SUBDWARF STARS

¥ 13

Gravi_ty,v Differences

2000 8000
h)

~eff

8000 10000

(A)

Fic. 9. Observational gravity-difference curves. In the lower part of the figure are plotted two F giants; squares
represent - BS4031 (FOITI, 45 — 63 = 0.453) and circles BS2930 (F3III, 0.567). In the middle part of the figure
circles represent BS5235 (GOIV, 0.764) and squares BS8905 (F8IV, 0.789). At the top circles are plotted for
BS6623 (G5IV, 0.919), triangles for BS2803 (F8II, 0.976) and squares for BS7479 (GOII, 0.997). The scale of

the ordinate axis is 0.1 magnitude.

diagram lines of constant luminosity are nearly hor-
izontal. (See Figure' 13). Hence to determine a
star’s luminosity class it is not important to measure
very accurately its temperature, which compensates
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in part for the larger accidental errors of the four-
color (35 —52) — (37 — 45) index. In the follow-
ing sections the index (35 — 52) — (37 — 45) will
be designated by the letter ‘G’.


http://adsabs.harvard.edu/abs/1979RMxAA...4..233S

W. J. SCHUSTER

255

Gravity Differences

2000 8000

8000 70000

Nt A)

Fig. 10. Observational gravity-difference curves for G giants. In- the lower part of the figure circles represent the

Hyades giant, H71

(GOIII, 45 — 63 = 1.166), squares the Hyades giant, H28 (KOIII, 1.196), triangles BS6075

(GIIII, 1.194, and X’s BS6703 (GOIIIL, 1.155), In the upper part circles represent BS5409 (G2III, 0.900), squares

BS1829 (G5III, 1.022), triangles BS442 (G8III,
nate axis is 0.1 magnitude.

VII. THE G VERSUS 45 — 63 DIAGRAM

The preceding analyses have shown that in the
range 0.6 <45 —63 <095 the 37 —45 versus

45 — 63 diagram represents closely a one-to-one

transformation of the composition-temperature plane,
with little contamination by surface gravity effects.
Also, we have seen that in the range of F and G
dwarfs -and giants the G versus 45 — 63 diagram
should correspond closely to the gravity-temperature
plane, being nearly independent of blanketing ef-
fects. Hence these two diagrams provide very power-
ful tools for studying metallicity and evolutionary
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1.1220), and X’s BS5997 (gG2, 1.050). The scale of the ordi-

effects in late-F and G stars. Specifically we can
use the G versus 45 — 63 diagram to study the
degree-of-evolution versus effective temperature sta-
tus of the extreme subdwarfs and then compare
our results with those of Sears and Whitford (1969),
Cayrel (1968) and Eggen (1973), who worked in
the absolute bolometric ‘magnitude - versus effective
temperature plane (or equivalent absolute magni-
tude, infrared color plane).

In Figure 13 we have plotted a G versus 45 — 63
diagram including the Hyades mean colors from
Table 5 and subgiants and giants from the work
of Johnson and Mitchell (1975) and "Schuster
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Fic. 11.. Theoretical gravity-difference curves. Circles are for solar abundance and squares 0.01 solar abundance.
The lower two curves show the effect of gravity at Te = 6500°, the middle two curves Te = 6000°, and the upper
two curves Te = 5500°. The shift of the horizontal lines and the scale of the ordinate axis are both 0.1 magnitude.

(1976a). This diagram does indeed seem to be
very luminosity sensitive. For 45 — 63 < + 0.58 and
for 45— 63 > + 1.00 there is a good separation
between the Hyades main sequence, the subgiants,
and the giants. In the range +0.60°< 45 — 63 < +
1.0 there are on'y two giants but a number of
subgiants, and these maintain a good separation from
the Hyades. At 45 — 63 = 0.77 (~GO0) there is
at least a 0.1 magnitude separation between the
Hyades main sequence and the mean subgiant line.
It should also be mentioned that most of the F and
G field dwarfs (not plotted in Figure 13) lie slightly
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above the line defined by the mean Hyades colors.
This is not too surprising since the field stars in
general belong to an older population with ages
similar to the Sun’s (4.5 X 10° years) than the
Hyades with an age of about 5 X 10® years (Eggen
1974).

Figure 13 has been drawn to calibrate the G
versus 45 — 63 diagram. Lines of constant luminosity
classification, according to the MK system, have
been sketched. The mean Hyades main szquence ‘col-
ors have been used to define the locus for luminosity
class V while field giants and subgiants were used
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Fie. 12. An observational blanketing curve for cool giants. H28 plus H71 are compared to BS6075 -plus BS6703. '

for luminosity classes III and IV. For the giants
and subgiants only those with ‘certain’ luminosity
classifications, as” given by Jaschek et al. (1964)
and Kennedy and Buscombe (1974), were plotted.
By ‘certain’ we mean that the majority of recent
classifications agree as to the luminosity class (but
not necessarily the spectral type). Special weight
was given to classifications by W. W. Morgan. Also,
intermediate " types such as IV.—V or III — IV
were not plotted. For 45 — 63 < 0.60 there are
limited observations and so we have used both the
ebservations and the theoretical 13-color photometry
for sketching in the lines of constant luminosity
class. The solid lines of Figure 13 represent the
average main sequence, the average subgiants and
the average giants while the dotted lines give the
loci that separate the faintest subgiants from the
brightest dwarfs (not plotted) and the faintest giants
from the brightest subgiants. The separation of types
is fairly clear. Out of 124 stars with certain spec-
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troscopic luminosity classifications, only eleven have
photometric classifications that are different.

In Figure 14 we have replotted the G versus
45 — 63 diagram of Figure 13 but now only the
extreme subdwarfs with [Fe/H] < — 1.0 are plotted.
The Hyades main sequence line and the subgiant
and giant lines have been reproduced exactly as in
Figure 13. The dashed lines of Figure 14 mark out
five groups of subdwarfs plus an outer envelope for
the entire set of subdwarfs (excluding only two
‘blue stragglers’). The five numbered regions in-
clude nearly the same subdwarfs as regions one to
five of Figure 5; the only difference being that
G183 — 11D and G206 — 34D have been excluded
from group 2 due to the contamination of their
photometry. Also plotted at 45 — 63 = 1.270 and
G = 0.546 is the red giant HD122563 which has an
extreme metal deficiency (Wallerstein et al. 1963).

Several interesting points are éasily noted in fig-
ure 14. First, as discussed by Schuster (1976a4), the
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Fie. 13. G versus 45 — 63. The triangles and lowest solid line represent the Hyades’ main sequence mean colors,
the open circles are for subgiants (IV), and the filled squares giants (III). '

two stars near the envelope at point ‘> +41°3735
and —9°5491 are obviously not subdwarfs but rather
metal-poor giants. These are the ‘subdwarfs’ marked
‘A’ and ‘B’ in Figure 5. Second, one can see that
there is a rather sudden cutoff of the subdwarfs
at 45 — 63 = 0.59; only two of the extreme sub-
dwarfs, +25°1981 and —12°2669D, have 45 — 63 <
0.59. This cutoff is equally apparent using B — V,
and Sandage (1964) and Dixon (1963, 1965) have
suggested that this cutoff is analogous to the main
sequence turnoff of globular clusters; that is sub-
dwarfs which originally had 45 — 63 < 0.59 have
evolved to become metal deficient red giants. Sandage
(1964) even went so far as to suggest that the two
stars +25°1981 and —12°2669D, which are also
bluer than the cutoff in B — V, are equivalent to
the blue stragglers seen in scme globular clusters
(such as M3). Third, rem mbering that a displace-
ment to more positive G values implies decreasing
gravity, we conclude that at least three of the sub-
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dwarfs in groups 1 and 2 (—13°482, —17°484, and
+44°1910) are in fact metal-poor subgiants which
are evolving away from the cutoff. The evolution
of these subdwarfs lends support to the idea that
the cutoff is analogous to a globular cluster turnoff.
And fourth, we note in Figure 14 the surprising
fact that there exist a number of subdwarfs redder
than the turnoff that appear evolved.

~ We want to emphasize the analogy between Fig-
ure 14 and a globular cluster color-magnitude dia-
gram. Unfortunately no 13-color photometry of
individual globular cluster stars exists, and so we
must argue by analogy rather than with a direct
comparison. The index 45 — 63 measures primarily
the effective temperature and so for' a given popu-
lation type (or metallicity) can be mapped onto
B — V. The G index measures primarily the surface
gravities of stars while V or Mv gives an indication
of the stellar luminosity. We know that at constant
Te (and for unique mass-luminosity relations) the
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Fre. 14. G’ versus 45 — 63 for the extreme metal-poor objects (‘[Fe/H}<v— 1.0). The filled circles are for the ex-

treme subdwarfs plus HD122563 (at 45 — 63 = 1.270 and G = 0.546). Other features of this diagram are either

the same as in Figure 13 or are explained in the text.

surface gravity is a monotonically decreasing func-
tion of the luminosity, Hence, there should be a
one-to-one mapping of points in the G versus 45 — 63
diagram to points in the V versus B — V diagram
for extreme Population II objects. '

The faintest observed stars in a given globular

cluster are the cooler dwarfs (B'— V > 0.6) ‘which
lie' along the unevolved Population II main se-
quence. We claim that the subdwarfs along and
slightly above (within 0.06'— 0.07 magnitude) the
line ‘ab’ of Figure 14, especially those with 45 — 63 >
0.8, correspond to these unevolved globular cluster
stars. As we observe consecutively brighter stars in
a globular cluster, we move up the ain sequence
until we reach a point where the stars begin deviat-
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ing from the unevolved sequence. Finally we reach
the turnoff where the stars are one to two magnitudes
brighter than the unevolved sequence. We argue
that the subdwarfs along and slightly above the
line ‘bc’ of Figure 14 correspond to these globular
cluster stars which have evolved away from the
Population II zero-age line. The part of the envelope
‘ed’ is the turnoff of our ‘globular cluster’, and the
segment ‘def borders the subgiant-giant branch. If
this interpretation is correct, all subdwarfs in groups
1 and 2 are significantly evolved. We propose that
for 0.60 < 45 — 63 < 0.75 the lower envelope of
the unevolved Population II sequence in Figure 14
would run parallel to and perhaps 0.04 — 0.08 mag-
nitude beneath the Hyades main sequence line,
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similar to the envelope for 45 — 63 > 0.75, and
that just as the cutoff ‘cd’ implies a rather abrupt

cessation in the past of the formation of metal-

poor field stars (Dixon 1965, 1966), so does the
well defined evolving envelope ‘bc’.

The conclusions of Cayrel (1968), Sears and
Whitford (1969), and Eggen (1973). agree well
with the above results. The (Mbol, Te) diagrams of
these investigators. show that the hotter subdwarfs
are evolved and fall among the disk and Population
I dwarfs while the cooler subdwarfs form a sequence
distinctly below the disk and Population I sequences.
In Figure 14 the subdwarfs near point ‘@’ have
temperatures in the range 5000 — 5200°, the sub-
dwarfs near point ‘b’ temperatures of 5850 '— 6000°,
and the turnoff ‘cd’ corresponds to a temperature
of about 6400°. Both Cayrel and Eggen show that
for effective temperatures less than about 5500 —
5600°  (corresponding to 45 — 63 = 0.85) the sep~
arate subdwarf sequence is observed, and so sub-
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Observational blanketing curves for — 9°5491 (circles) and for + 41°3735 (squares).

dwarfs cooler than these temperatures are probably
little evolved. This includes most of the subdwarfs
in Figure 14 along the line ‘ab’. Also, Cayrel con-
cluded that in the (Mbol, Te) diagram the sub-
dwarf sequence crosses the Hyades main sequence
due to evolution at Te = 6200°, and he sketched
a subdwarf turnoff in the range 6200 — 6300°. The
B — V cutoff of Sandage (1964) when corrected
to a_Hyades composition corresponds also to a turn-
off in the temperature range 6200 — 6300° (John-
son 1966). These values agree well with the tem-
perature that we -have derived for the turnoff of
Figure 14. However, the five stars which define the
turnoff of Eggen’s (1973, Figure 4) halo sequence
have temperatures in the range 5500 — 6000°. In
fact, three of these stars are plotted in Figure 14
falling in group 3 and in the redder half of group
2, well to the right of the turnoff. The subdwarf
—10°4149 (HD140283) is the most evolved sub-
dwarf in group 3 of Figure 14 and is the second-
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Fic. 16. Observational blanketing curves for BS4550 (circles), for +31°1684 (squares) and for G115-22 (triangles).

£t

most. evolved subdwarf in Eggén’sf' halo sequence.

We must now return to the problem of the redder
subdwarfs in Figure 14 which appear to be evolving.

The turnoff ‘cd’ of Figure 14 corresponds to a
temperature - of ‘approximately 6400°, the siibdwarfs
of group 3 which appear to be evolving fall in the
temperature range 5400 — 5850°, and the stars of
group 4 have a range of 5000 = 5300°. If we now
consult glcbular cluster isochrones from the metal-
deficient stellar models of Demarque (1967), Iben
and: Faulkner (1968), Rood and Iben (1968), Iben
and Rood (1970), and Wagner (1974), we obtain
an age in' the range (12 — 16) X 10° years for the
turnoff, ages of 18 X 10° or greater for the evolving
subdwarfs of group 3, and ages greater than 20 X-10°
years for group 4. We have taken'the helium abun-.
dance in the range Y = 0.2 to 0.3 which seems
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_reasonable consideting the discussion of Iben (1974)

“and the results of Cayrel ( 1968), Strom and Strom

(1967), and Schuster (1976b). According to the
ultraviolet excesses, the metal content used has been
Z =10 to 10 There arise two difficulties with
these ages. First, the ages of group 4 arec uncom-
fortably large iii;ce the most recent determination
of the Hubble time (Sandage and Tammann 1975)
is in the range (17 — 20) X 10° years. Second, the
ages of the subdwarfs in groups 3 and 4 when com-
pared to the turnoff age imply that the subdwarfs
were formed over a time interval of at least 2 X 10°
ycars.. This contradicts the theory of Eggen, Lyndzn-
Bell and Sandage (1962) which claims that these
metal-poor stars formed in only a few times 108
years - S . .
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Fic. 17. Observational blanketing curves for +44°1910 (circles), for --13°3683 (squares), and for —10°4149
(crosses). The triangles represent a ‘blanketing curve for +13°3683 after 'dereddening using the interstellar red-
dening curve of Whitford (1958) and E(45 — 63) = + 0.18,

The most logical explanation for the six stars of
group 4 is interstellar reddening. In both Figures 5
and 14 the reddening arrows show that these sub-
dwarfs could have intrinsic colors which would place
them with the subdwarfs of groups 2 or 3 if the
observed colors include a reddening excess of E(45 —
63) = 0.10 —0.30. The distribution and distances
for four of these subdwarfs are not incompatible
with this interpretation. These stars lie within 20°
of the galactic plane and have lines of sight passing
through, or along the edges of, the reddening clouds
sketched by Fitzgerald (1968). The distances for
the subdwarfs were obtained using the UBV photom-
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etry of Eggen (1964) with the subdwarf sequences
of Eggen and Sandage (1962) and using the 13-
color photometry with the subdwarf sequence of
Schuster (1976b). To explain the colors of these
four subdwarfs in Figure 14, we need color excesses
only one to three times the values found by Fitz-
gerald (1968) for the local clouds. This is certainly
plausible due to the known patchiness of the: inter-
stellar absorption, The other two subdwarfs of
group 4 lie more than 40° and more than 85 pcs.
from the galactic plane, not in regicns studied in
detail by Fitzgerald. Figure 5 of Fitzgerald (1968)
shows that both of these subdwarfs lie in directions
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with 45 — 63 excesses less than 0.13 at a distance
of 500 pcs. These two subdwarfs have distances less
than 150 pcs.

However, we cannot readily use this reddening
argument to explain the evolved stars of group 3.
The two most evolved subdwarfs of group 3, —10°
4149 and —21°4009, are within 40 pc. of the Sun
and fall in regions of negligible reddening according
to Figure 1 of Fitzgerald (1968). Of the eight sub-
dwarfs in group 3 which fall above the Population
I main sequence line in Figure 14, only —21°5703
and —13°3834 are possibly reddened, falling in
regions with 45 — 63 excesses of 0.03 — 0.04. All
eight of these subdwarfs are more than 25° from
the galactic plane; four lie somewhat further from
the plane than the regions studied in detail by Fitz-
gerald. :

To check whether contamination by a fainter
red companion can serve as an explanation for the
stars of groups 3 and 4, we have used stars from
groups 1, 2, and 3 respectively, to represent the
primary components, and several of the redder sub-
dwarfs as the contaminating stars. The absolute 52
magnitudes for the stars were found by fitting them
to the subdwarf sequence of Schuster (1976b). We
found that in Figure 14 such contamination will
shift a star horizontally, making 45—63 redder but
leaving G nearly unchanged. In Figure 5 such
contamination mimicks approximately - interstellar
reddening. However, this explanation for the sub-
dwarfs of groups 3 and 4 suffers two serious defi-
ciencies. First, in order to produce the required
change in 45 — 63 requires a contaminating star
which is overluminous by 1.0 to 2.5 magnitudes
with respect to the subdwarf sequence of the primary.
Second, if the contaminating star is not very red, it
should be observable either visually or spectroscopi-
cally. If the contaminating star is very red, it can
be two or more visual magnitudes fainter than the
primary and still cause the required change in
45 — 63, but in this case the resulting blanketing
curve for the contaminated photometry would show
a sizable infrared excess, specifically in filters 80,
86, and 99. Such an excess is not observed for.the
stars of groups 3 and 4; for example, see Figure 6.
Contamination cannot be used to explain the sub-
dwarfs of groups 3 and 4. '

- To check for a residual blanketing in the G index
we have plotted (not shown) 8G versus §(37 — 45)
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for all of the subdwarfs in the range 0.74 < 45 —
63 < 0.86, including those of group 3, and for all
of the subdwarfs in the color range of group 4,
092 < 45 — 63 < 1.04. The ultraviolet excess,
3(37 — 45), will give a good measure of the total
blanketing, and the parameter 8G is defined as the
difference between a star’s G value and the Hyades’
main sequence value at constant 45 — 63. For sub-
dwarfs with 0.74 < 45 — 63 < 0.86 our plot shows
no significant correlation between 8G and §(37 —
45). ‘Also, any blanketing correction for G would
not just apply for 0.74 < 45 — 63 < 0.86 but for
the subdwarfs in the adjacent groups 2 and 5 as
well. Hence the lower envelope ‘abc’ of Figure 14
would also be moved by any blanketing correction,
and the subdwarfs of group 3 would continue to
apper evolved with respect to this lower envelope.

For subdwarfs with 45-63’s similar to group 4
the interpretation is not so straightforward. Exclud-
ing the stars of group 4 there appears to be little
correlation between 8G and §(37-45). Eleven stars
with [Fe/H] > — 1.0 have the average values
8(37-45) = + 0.202 and 8G = — 0.022, and 8 sub-
dwarfs with [Fe/H]< — 1.0 but not in group 4 have
8(37-45) = +0.358 and 8G = — 0.035. Perhaps
3G changes by approximately —0.001 due to blan-
keting for each change of +0.01 in § (37-45). Howev-
er the six stars of group 4 have the averages §(37-
45) = + 0.643 and 8G = + 0.042. These values
suggest that the G ‘index has little residual blanket-
ing in this temperature range as shown by the 19
stars not in group 4, and that the 8G and §(37-45)
values of group 4 are affected by something else,
such as interstellar reddening. In Figures 5 and 14
the reddening lines show that both 8G and §(37-45)
will be increased by interstellar reddening.

One might argue that the evolved stars of group
3 in Figure 14 have evolved from the turnoff at
‘cd’. We discredit this possibility as follows. The

- two most evelved subdwarfs of group 2, —17°484

and +44°1910, and the two most evolved subdwarfs
of group 3, —10°4149 and '—21°4009, have been fit
to the subgiant branches of M92 and M15 (Sandage
1969), with appropriate corrections for interstel'ar
reddening. The subdwarf B-V values come from Eg-
gen (1964). We find that —10°4149 and —21°4009
should have an Mv about 0.4 magnitude brighter
than —17°484 and +44°1910 if all four belong to
the same metal-poor subgiant sequence. Next, using
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this Mv difference, bolometric cotrections from John-
son (1966), and the subdwarfs’ effective temperatures
we - calculate that the log g’s of —10°4149 and
—21°4009 should be about 0.32 smaller than those
of —17°484 and +44°1910, Also, the data contained
in Allen (1973) ‘indicates that the surface gravity
along the subgiant line of Figure 14 is nearly: con-
stant for 0.65<45-63<0.85, and the theoretical 13-
color photometry shows that the metal-poor, con-
stant gravity lines have slopes similar to, or greater
than; this subgiant line. Finally, the theoretical pho-
tometry shows that at G2 (45-63 = 0.80) a change
of —0.50 for log g gives a change. of +0.05 to
+0.07 in the G index. Combining these results we
conclude that when —17°484 and +44°1910 have
evolved along their appropriate subgiant sequence to
a 45 — 63 of approximately 0.80, they shou'd be at
least 0.03 to 0.05 magnitude above the subgiant line
of Figure 14 with G values of +0.18 to +0.20. In
contrast —10°4149 and "—21°4009 have G values-of
~+0.128 and /+0.116. These results suggest' that
—17°484 and +44°1910 will evolve along a'line in
Figure 14 slightly below the dotted envelope ‘de” and
that —10°4149 and —21°4009 belong to an evolving
sequence different from that of 'the’ subdwarfs leav-
ing" the turhoff at ‘cd’.

Other investigators have encountered similar prob-
lems  interpreting —10°4149 (HD140283). Cayrel
(1968) mnoted that 'in the Mbol, Te diagram
HD140283 is about 500 degrees cooler than the turn-
off of an -evolution sequence which ‘he sketched
for extreme subdwarfs. However, the parallax of
HD140283 places it well above his subdwarf se-
quence and yet not so far above as to fall on the
appropriate metal-poor subgiant sequence, quite anal-
ogous to the problem found in Figure 14. Strom,
Cohen and Strom (1967) found that in order to fit
HD140283 - (and other similar subdwarfs such as
HD19445) in- the luminosity, effective temperature
plane with the evolutionary ‘tracks of Faulkner and
Iben (1966) and with an age less than 20 X 10°
years, would require Te’s and helium abundances: in-
consistent with other findings; in any case a single-
aged- evolutionary track could not fit well all seven
subdwarfs analyzed. Cohen and Strom (1968), using
model atmospheres, $pectrum ‘scans, and highi-disper-
sion spectroscopic data, obtained log g = 3.3 for
HD140283 and they note that “this seems a rather
low :value  of - surface gravity for a G- subdwarf.”
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Finally, as mentioned above; Eggen (1973) used
the -subdwarfs  HD140283, -HD106038, HD108177,
HD63077, and +72°94 to construct the turhoff of
his- halo 'sequence. Yet HD106038 and HD108177
are found in Figure 14 in the redder half of group
2 with 45 — 63 = 0.722" and 0.698 respectively.-We
estimated -‘HD63077 to have [Fe/H] = — 0.67, and
so it is not plotted in Figure 14, but it would fall in
group 3 with 45 =~ 63 = 0.779. HD140283 'is the
most evolved subdwarf of group 3, and +72°94
Wwas not observed: with "the 13-color- photometers.
The B — V’s- of ‘these -5 subdwarfs range from 0.41
to 0.56° (HD140283 +has B — V =0.49) with the
average being 0.474: The:cutoff in B — V which
Sandage’ (1964) found for stars with §(U-—B) >
0.16 ‘occurs in. the range B = V =034 to 0:38
depending on the 1nterstellar reddemng correctxon
usecf rr -

* The above é.rguments clearly show that the evolv-
mg subdwarfs -are -found: over. a. considerable-.range
of color, B —V or 45— 63, and Figure: 14 plus
the -results: of ‘Cayrel (1968) and Eggen (1973) in-
dicate that these evolving subdwarfs do not all -be-
long to the same age sequence: This result contra-
dicts some facets of the ‘rapid-galactic-collapse model
of Eggen, Lynden-Bell, and Sandage (1962; refer-
red to hereinatter-as “ELS’). Specifically this model
predicts that the subdwarfs formed ‘out of gas-clouds
plummeting - toward the. galactic center during the
stage of galactic collapse and that this galactic col-
lapse -took place rapidly in only a few times 108
years. ELS argue that the -eccentricity of a 'star’s
galactic orbit is an adiabatic -invariant and so con-
clude that since the subdwarfs are now observed ‘to
have highly eccentric orbits, they must-have formed
during such a rapid collapse phase. Our"resuls in-
dicate a much longer :time span for the formation
of these metal-poor- stars. - : :

" We estimate the range of ages in the following
mianner. " The - ‘average "UBV. photometry - (Eggen
1964) for the nine stars of group 1 has been com-
pared to-the average-photometry for the eight most
evolved 'subdwarfs- of greup 3. Using the’ blanketing
corrections -of -Wildey, Burbidge; Sandage and -Bur-
bidge - (1962) -and the temipérature - calibration - of
Johnson (1966). we obtain ‘an- average temperatute
difference of 430° between theé subdwarfs 6f groups
1 'and 3. -Using - 13-¢olor photometry: and Figure 1
we:-obtain an-average temperature difference of 530°.
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According to the isochrones of the metal-deficient
stellar modcls of Demarque (1967), Iben and Faulk-
ner (1968), Rood and Iben (1968), Iben and Rood
(1970) and Wagner (1974) a temperature range of
400-500° for the turnoff implies an age range of
at least 2 X 10° years. The only alternative would
be a rather unreasonable range of initial helium
abundances with the subdwarfs of group 1 having
Y ~ 0,35 and those of group 3, Y ~ 0.

By: comparing globular cluster color-magnitude
diagrams to the time-constant loci of metal-deficient
stellar 'models, Rood and Iben (1968) also conclud-
ed that for uniform helium abundances an age span
of a few times 10° years is implied for the extreme
Population II objects. As a result Rood and Iben
outlined a theory for the early history of the Gal-
axy which better explains the features of Figure 14
than does the theory of ELS. First, Iben and Rood
argued that even if a rapid collapse did occur in
the protogalaxy as in the ELS model, matter at
the periphery of the halo could not take part. Such
stars or gas clouds would need (0.6 — 1.8) X 10°
years to free fall into the disk or galactic core. Sec-
ond, they point out that a slow collapse can also
produce stars in highly eccentric orbits providing
gas pressure is one of the forces maintaining rota-
tional equilibrium. (ELS argued that the gas pres-
sure must be negligible.) Gas clouds which condens-
ed into stars during this slow collapse would have
been released from the gas pressure of the proto-
galaxy and so would have plummeted -toward -its
center in highly eccentric. orbits. Finally ‘at some
point during the slow .collapse the gas density in
the protogalaxy reachcd a high enough value that
a burst of star formation occurred leading to a ‘fast
collapse’ in - the . céntral regions. At:the end of this
phase the disk and central core of the galaxy were
formed. Since some of- the disk material had been
previously processed during the slow collapse phase
and since processed material continued to fall into
the disk from the supernovae, planetary nebulae,
and stellar winds -of  the stars ‘left' behind in- the
halo, the metal abundance of the disk rose very
rapidly, in ‘a’ few times 10® years, as in the two-
zone galactic model of Ostriker and Thuan.(1975).
So, very few metal-poor stars were: formed in the
disk ‘as“is observed. :

The- above model can be used to explain all of
the significant features of Figure 14. The turnoff
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‘ed’ of Figure 14 corresponds to the time interval
back to the central collapse which formed the Gal-
axy’s disk. After the formation of the disk and its
rapid metal enrichment little metal-poor gaseous
matcrial remained in the disk or halo to make more
recent subdwarfs which would be plotted to the
left cf the turnoff in Figure 14. The few ‘blue strag-
glers’, such as +25°1981 and —12°2669D, condens-
ed out of the small amount of gaseous material in
the outer halo which did not take part in the cen-
tral collapse and so had a longer interval of time
to condense into stars before reaching the metal-
enriched disk. The evolved subdwarfs of group 3
formed during the slow collapse phase preceding
the central collapse. These subdwarfs of group 3 are
actually several times 10° years older than those of
groups 1 and 2.

However, the subdwarfs’ kinematics suggest al-
ternate interpretations for Figure 14 and for the
subdwarfs of group 3. Figure 6 of ELS shows #,
the angular momentum of a star in its galactic orbit,
versus 8(U — B). The stars in the solar vicinity
with 8(U — B) >0.16 have h values less than
about 12 X 10? kpc km/sec. From this data ELS
concluded that when the metal-poor stars formed,
the Galaxy was not in its present configuration but
was collapsing, and they estimate the scale of the
collapse. However, ELS plotted the angular mo-
menta ignoring their sign; the A values were plotted
as if all the metal-poor stars have the same sense of
rotation in their galactic orbits. The Bottlinger dia-
gram of Eggen (Figure 1, 1964) shows that this is
not the case;-the stars with §(U-— B) >'0.16 are
nearly equally divided between those with forward
and retrograde orbits. Freeman (1975) points: out
that catalogs of such stars usually are biased toward
objects with low £ values since these are most easily
found in proper motion surveys, but the existing
data suggests that as a group the extreme subdwarfs
do not partake in galactic rotation and so have a
net angular momentum close to zero. At present
the galactic material with zero angular momentum
is found in two locations; one, near the galactic
nucleus and two, in material falling into the Galaxy
from " the intergalactic medium.

So, “one alternative would be that extreme sub-
dwarfs had their origin in the galactic nucleus. Per-
haps duting the early history of the Galaxy ‘the
nucleus had a’ phase lasting several times 10° years
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Fic. 18. Observational blanketing curves for four of the hottest metal-poor objects. Curve 1 represents —12°2669D,
curve 2, +25°1981, curve 3, +30°2536, and curve 4, +25°3344.

when it was very active, ejecting clouds of gas which
would later condense into the metal-poor stars. How-
ever it is not easy to explain why such an active
phase should cease abruptly as required by the turn-
off of Figure 14. Also, Freeman (1975) points out
that few of the subdwarfs have |h| values small
enough to allow penetration to within 1 kpc. of the
galactic center, and yet on the average the subdwarfs
of group 3 do have smaller perigalactic distances
than the other subdwarfs of Figure 14 (Eggen 1964).
Of the eight most evolved subdwarfs in group 3,
five have perigalactic distances less than 1 kpc.
Another alternative would be that the subdwarfs
of group 3 have been captured from the intergalac-
tic material of the Local Group. Gunn (1977) dis-
cusses the formation and evolution of massive galac-
tic halos and shows that such halos might form quite
naturally from infalling material during the evolu-
tion of a galaxy. One of the more likely candidates
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for the nature of this infalling material would be
low-mass stars formed very early in the universe.
However, we would expect that if any such stars are
found in the solar vicinity they would exhibit nearly
hyperbolic orbits with very large apogalactic dis-
tances. The data of Eggen (1964) show that the
subdwarfs of group 3 have an average apogalactic
distance of about 12 kpc. with the largest distance
being 15.4 kpe. .

VIII. SOME PARTICULAR BLANKETING CURVES

- In Figures 15 thru 18 we give the blanketing
curves of some individual stars. These curves rein-
force the arguments made in the previous sections
and can be used in the interpretation of future 13-
color photometry of high velocity and metal-poor
F and G-type stars. In Figure 15 we give the ‘blan-


http://adsabs.harvard.edu/abs/1979RMxAA...4..233S

W. J. SCHUSTER 267

keting’ curves of —9°5491 and +41°3735, which
are the evolved ‘subdwarfs’ at point ‘e’ of Figure
14 and at points ‘A’ and ‘B’, respectively, of Fig-
ure 5. These curves show a large excess for the
87 — 45 index and also a large depression of the
33 and 35 filters with respect to the 37 filter. From
our previous discussions it is obvious that these stars
are metal-poor and highly evolved, Population II
red giants. In Figure 16 we give the blanketing
curves for three of the subdwarfs, BS4550, +31°1684
and G115-22, which fall along the lower envelope
‘ab’ in Figure 14. For comparison Figure 17 gives
the observational blanketing curves for +44°1910,
—10°4149 and +13°3683, the most evolved sub-
dwarfs from regions 2, 3 and 4 respectively, of Fig-
ure 14, The curve for +13°3683 is also given after
dereddening using the interstellar reddening curve
of Whitford (1958) and assuming E(45 — 63) =
+ 0.18. All of these curves show large 37 — 45 exces-
ses indicating low metacillity, and the curves of Fig-
ure 17 when compared to those of Figure 16 show
depressions of the 33 and 35 filters with respect to
37 indicating a much more advanced state of evolu-
tion for +44°1910, —10°4149, and +13°3683 than
for BS4550, +31°1684 and G115-22. As we have
argued, +13°3683, being in group 4, is probably
reddened, and yet even after dereddening its blan-
keting curve shows evidence of evolution. Probably
the intrinsic colors of +13°3683 would place it
among the evolving subdwarfs of groups 2 or 3.

In Figure 18 are shown the curves for all of
the ‘subdwarfs’ which are bluer than the turnoff
at 45— 63 ~0.59 in Figure 14. There are four
such stars — +25°1981, —12°2669D, + 30°2536,
and +25°3344. As mentioned previously the two
stars ‘+25°1981 and '—12°2669D can be considered
‘blue stragglers’ for the ‘globular cluster’ of Figure
14 (Sandage 1964). Perhaps +30°2536, which has
a smaller metal deficiency ([Fe/H] = — 0.46), is
also in this class. The curve of ‘—12°2669D shows
the effects of contamination by a nearby star, and
the curve of +25°1981 suggests than its surface
gravity is larger than that of Hyades dwarfs of equal

Te. The star +25°3344 (HD161817) has 45 — 63

= 0.293 and G =i+ 0.355, and its curve shows
evidence for a very small surface gravity as well as
extreme metal deficiency. This star, which is thought
to be a Population IT horizontal branch star, has
been analyzed spectroscopically by Kodaira (1973)
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and by Kodaira, Greenstein and Oke (1969) who
found log g ~ 2.9 and [Fe/H] ~ — 1.6.

IX. CONCLUSIONS

One of the important results obtained in these
analyses is the ability of the 13-color photometry to
separate the effects of temperature, metallicity and
surface gravity in the energy distributions of F, G
and K-type stars. This separation is much better
than that obtainable with UBVRI and is as good
or better than that of Stromgren four-color.

The temperature indices 45 —63 and 58 — 99 have
good sensitivities to temperature but small to negli-
gible sensitivities to metallicity and surface gravity.
45 — 63 covers a part of the spectrum similar to
B — V, has much smaller blanketing corrections
(usually 0.02 magnitude or less), has gravity cor-
rections less than 0.03 magnitude, and for FO to K2
dwarfs has a greater range than B — V (see Table
5 and Johnson 1966, Table 2). 58 — 99 covers a part
of the spectrum similar to R — I, has only slightly
larger blanketing corrections (0.04 magnitude or
less), has very small gravity corrections (0.01 to
0.02 magnitude), and for F and G-type dwarfs has
a much greater range than R-— I (see Figure 4).
These indices have been theoretically calibrated to
give Te in Figures 1 and 2 and will be observationally
calibrated after the style of Johnson (1966) and
Mendoza (1969) in a following paper.

The composition index 37 — 45, or its differen-
tial 8(37 — 45), has a very large sensitivity to met-
allicity effects in the energy distributions of F and
G stars. A selection of dwarfs having a range of
0.25 magnitude in 8§ (U — B) will have approximate-
ly a range of 040 in §(37— 45) and approxi-
mately 0.15 in Am; (Stromgren 1963). 37 — 45 is
very sensitive to temperature (see Figure 5) thereby
increasing somewhat the accidental errors of obser-
vation in §(37 — 45). However, §(37 — 45) itself
has only a moderate dependence upon temperature
and for the range 0.6 <45 —63<0.95 a very
small dependence upon gravity; for 45 — 63 > 0.95
decreasing gravity mimicks decreasing metallicity. In
the following paper we will calibrate 8(37 — 45)
in the (87 — 45, 45 — 63) diagram using the [Fe/
H] values. of Morel et al. (1976).

- The G index, (35 — 52)—(37 —45), is very
important for the study of F, G and K-type stars
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in that it is sensitive to surface gravity and insensi-
tive to temperature and composition. Whether or
not there remain any residual blanketing effects
in the G index .is open to further study, but our
preliminary analyses indicate that such effects must
be small.

A second major result of this paper is our ability
to draw a clear analogy between the positions of
the extreme subdwarfs in the G, 45 — 63 diagram
and globular cluster color-magnitude diagrams. Such
comparisons have improved our understanding of the
evolutionary status of the subdwarfs and have corrob-
orated the findings of Cayrel (1968), Sears and
Whitford (1969), and Eggen (1973), who studied
the extreme subdwarfs in the Mbol, Te plane. Since
the G, 45 — 63 diagram does not depend upon
stellar parallaxes (as does the Mbol, Te diagram)
but depends only upon photometric indices, our re-
sult represents a new and completely independent
corroboration of these previous works.

In the (G, 45 — 63) diagram nearly all of the
hotter (Te > 6000°), extreme subdwarfs are evolved
forming a well-defined evolving envelope which ter-
minates in a turnoff at about 45 — 63 = 0.59. Sev-
eral of the extreme subdwarfs, —13°482, —17°494,
and +44°1910, are evolving from this turnoff and
are in fact metal-poor subgiants. A subgiant-giant
branch can be sketched for our hypothetical globu-
lar cluster using '—9°5491 and +41°3735, which
are not subdwarfs but rather metal-poor giants. For
45 — 63 > 0.75 we argue that in the G, 45 — 63
diagram the lower envelope of the extreme sub-
dwarfs bounds the unevolved Population II main
sequence. A number of the extreme subdwarfs are
at least 400° cooler than the turnoff of our hypo-
thetical cluster, and yet appear very much evolved
from this lower envelope, but not so evolved as to
fall near the subgiant-giant branch. The ‘evolved’
subdwarfs of group 4 are certainly explained by
interstellar reddening; evolved subdwarfs at such cool
temperatures are not compatible with the age of the
universe. However, the evolved subdwarfs of group
3 cannot be explained by reddening, nor by contam-
ination of the photometry, nor by residual blan-
keting in the G index. These subdwarfs of group 3
really are evolved and at least 2 X 10° years older
than the subdwarfs evolving from the turnoff.

So Figure 14 presents us with two important
facts concerning the early history of our galaxy.
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First, the oldest metal-poorest stars now observed
did not all form at once but over a time interval
of at least 2 X 10° years. This is shown by the
evolving subdwarfs of group 1, 2 and 3. Second, at
some point in the past the formation of metal-poor
stars stopped rather abruptly, in a few times 10°
years. The sharp cutoff at 45 — 63 = 0.59 is evi-
dence for this. The cosmological implications of these
two facts are important.

The author is especially grateful to H. L. John-
son, S. Strom, and R. I. Mitchell form many fruit-
ful discussions. I also wish to thank A. Poveda for
continuous support and I am certainly indebted to
the excellent staff of the observatory, R. Murillo,
G. Sanchez, E. Lépez, and J. Murillo, whose help
made the observing considerably easier, and N. C.
de Diaz, who helped prepare the final manuscript,
deserve special thanks. The data reductions were
carried out at the Computing Center of the Centro
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