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ABSTRACT 

New photoelectric and photographic color-magnitude photometry to V =22 is presented for 
the globular cluster Palomar 12. The C-M diagram morphology most closely resembles 47 
Tucanae, and all combined evidence suggests that Pal 12 is a moderately metal-rich cluster in 
agreement with the recent red-giant abundance studies by Cohen. We derive a preliminary age 
estimate of 11 x 109 years for Pal 12 by fitting our main-sequence data to the Yale isochrones in 
the (Mv, B — F)-plane. At 14 kpc from the galactic center (KHB = 17.1, EB_V = 0.02), Pal 12 
is now easily the most remote of the known “metal-rich” or G-type globular clusters. From new 
estimates of the cluster structural parameters (tidal radius, central concentration, total mass), we 
note that Pal 12 now appears to be near its perigalactic distance and thus may spend most of its 
time even further out in the halo. 

The stellar luminosity function (j){Mv) and its radial dependence within Pal 12 are discussed 
briefly. Although the overall </>-curve is roughly similar to those of other globular clusters (for 
Mv < + 5), evidence of radial population segregation exists : the giant-branch stars are noticeably 
more centrally concentrated than the main-sequence and turnoff stars, suggestive of dynamical 
relaxation effects. 
Subject heading: clusters: globular 

I. INTRODUCTION 

Much recent interest in the observational study of 
globular clusters has centered on the “anomalous” 
Population II systems found in the outermost parts of 
the halo. These objects, which include primarily the 
Palomar clusters and the dwarf spheroidal systems, 
display a combination of uniquely peculiar charac- 
teristics (for summaries, see Harris 1976; Zinn 1978; 
Stetson 1979) which set them strongly apart from the 
great majority of “normal” globular clusters within 
R ä 20 kpc of the galactic center. Even with the 
earliest color-magnitude studies of the outermost halo 
systems (Burbidge and Sandage 1958; Baade and 
Swope 1961 ; Sandage and Wildey 1967), it was clear 
that many of them shared combinations of very low 
metallicity, red horizontal branches, and moderately 
red yet steep giant branches, which were not found 
elsewhere in the Galaxy. 

Suggestions advanced to explain the combined 
properties of such clusters at first included abnormal 

1 Contributions of the Louisiana State University Observatory 
No. 156. 

2 Visiting Astronomer, Cerro Tololo Inter-American Observa- 
tory, supported by the National Science Foundation under contract 
AST 74-04128. 

helium abundances or ratios of CNO and Fe (e.g., 
Sandage and Wildey 1967; Hartwick and McClure 
1972), perhaps resulting from the chance that the most 
distant part of the halo did not participate in the same 
detailed chemical enrichment process as did the inner 
halo region during the initial protogalactic collapse 
phase. Another frequent and increasingly popular 
hypothesis has been that a given anomalous system 
might have much lower age or a significant spread of 
ages among its stars (Rood and Iben 1968; Castellani 
1975 ; Demarque and Hirshfeld 1975 ; Norris and Zinn 
1975; Harris 1976; Searle and Zinn 1978). There is in 
addition the possibility that several of them may 
belong to a separate dynamical subsystem of the halo 
(Kunkel and Demers 19766; Lynden-Bell 1976; 
Hartwick and Sargent 1978; Kunkel 1979) and thus 
may not even have been formed in the same collapse 
phase that is conventionally described as giving birth 
to the normal globular cluster system. These options, 
and others, have remained speculative because of the 
primitive state of the. observational data currently 
available for these distant and difficult-to-study 
objects. 

It is particularly critical that no photometry reach- 
ing the main-sequence turnoff region has yet been 
available for any of the anomalous clusters. Without 
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such data it is extremely difficult to disentangle the 
effects of differing age, helium abundance, and metal- 
licity, all of which affect the morphology of the 
brighter sections of the color-magnitude diagram 
(horizontal branch and giant branch) in complex 
fashion. We therefore began the work reported here 
with the aim of obtaining well-calibrated deep pho- 
tometry for one of the anomalous systems, and with 
the hope that the results could be used to narrow down 
the choice of underlying physical parameters for the 
cluster. 

The object we selected for study was Palomar 12 
(a = 21h43n?7, ô = —21°28/ [1950]; / = 31°, b = 
— 48°), a cluster with no previously published color- 
magnitude diagram (CMD). It is a sparse object struc- 
turally similar to several to several other previously 
known “anomalous” systems (e.g., Pal 3, 4, 13), and 
previous rough estimates (see Harris 1976) placed it 
~ 50 kpc from the galactic center, distant enough to be 
a good candidate for an “anomalous” system but still 
close enough to the Sun that an attempt at main- 
sequence photometry would not be hopeless. Further- 
more, Pal 12 is located in a high-latitude field and so 
any physical conclusions from the data would not be 
affected by large reddening corrections or field-star 
contamination. 

In late 1975 at Cerro Tololo we obtained data 
which proved sufficient to establish the CMD of Pal 12 
to the required faint absolute-magnitude level. In the 
following sections, we describe the photoelectric and 
photographic photometry which we obtained (§11); 
the resulting CMD (§ III) ; the cluster distance, redden- 
ing, and integrated properties (§ IV-VI) ; and finally 
an analysis of its abundance characteristics and age 
determination (§ VII). Rather than yielding clear 
answers to our originally intended questions about 
cluster ages in the outer halo, we shall find below that 
our analysis of Pal 12 has led us into connection with 
a number of other problems related to recent trends 
in globular cluster abundance studies. 

II. OBSERVATIONAL DATA AND REDUCTIONS 

a) Photoelectric Photometry 

During 1975 August and October, we obtained UBV 
photoelectric photometry down to F æ 18, Æ æ 19 for 
42 stars in the Pal 12 field with the CTIO 1.5 m 
telescope. All the measurements were carried out with 
a 1P21 phototube and conventional filters, and were 
transformed to the Johnson UBV system by standard 
and extinction stars taken from the lists of Cousins 
(1973) and Crawford, Golson, and Landolt (1971). 
Typically ~20 different standards were observed each 
night, and both the extinction and transformation 
coefficients were determined each night. The internal 
random errors of the standard stars (for one night) 
were ov = 0.015, oB_v = 0.015, (JlJ_B = 0.030. 

The sequence stars established in the Pal 12 field are 
identified in the finder charts of Figures 1 and 2. Their 
photoelectric colors and magnitudes are given in Table 

1, along with the number of nights n that each was 
measured. In Table 2 we summarize the expected 
internal errors for the photoelectric measurements as a 
function of V magnitude range; the listed ff’s are the 
standard errors for a single measurement as estimated 
from the night-to-night variations and should there- 
fore be divided by h1/2 when applied to individual 
stars in Table 1. Since the Pal 12 field is at relatively 
high latitude, contamination of the photon counts by 
faint background stars (F > 20) proved to be virtually 
absent, so that the internal photometric errors for the 
sequence stars are due principally to photon statistics. 

b) Photographic Photometry 

During the same observing runs at Cerro Tololo we 
obtained a series of photographic plates in B and F 

TABLE 1 
Photoelectric Sequence Stars 

Star V B-V U - B 

1   14.58 1.58 -f 1.80 4 
2      14.83 1.51 +1.58: 2 
3    17.87: 0.34: ... 1 
4   17.84 0.82 +0.29: 2 
5    17.82 0.75 +0.21: 2 
6     12.36 0.58 +0.01 5 
7     11.68 0.86 +0.57 5 
8......  14.22 0.85 +0.44 5 
9   11.21 0.77 +0.37 7 

10    11.03 0.32 +0.09 5 
11   10.87 0.82 +0.38 2 
12   16.59 0.77: +0.02 2 
13    12.99 0.77 +0.45 4 
14   16.89 0.84 +0.16 1 
15   13.68 1.66 +1.20 4 
16   12.59 0.58 -0.03 3 
17   14.67 0.62 +0.04 2 
18   16.00 0.78 +0.09: 2 
19    11.22 0.59 +0.05 3 
20   11.63 1.17 +1.18 3 
21   10.52 1.14 +1.07 3 
22     9.60 1.46 +1.29 2 
23      15.61 1.58 +1.28: 1 
24     14.62 0.80 +0.17: 2 
25.. ..   12.26 0.65 +0.04 3 
26     14.30 0.65 +0.05 2 
27    12.28 0.76 +0.28 3 
28   13.98: 1.35 +1.35 2 
29    14.18 0.55 -0.07 2 
30..   13.41 0.90 +0.54 3 
31.    15.27 0.78 +0.35 2 
32.. .  11.92 1.08 +0.99 3 
33   17.05 0.60 +0.08 1 
34     11.25 0.48 +0.01 2 
35   11.44 1.06 +0.96 2 
36.. .    12.97 0.60 +0.08 2 
37     14.88 0.61 +0.00 2 
38..    13.00 0.58 +0.00 2 
39    12.36 1.26 +1.14 2 
40    13.63 0.71 +0.20 2 
41   13.05 0.61 +0.06 2 
42   15.76 0.63 +0.03 2 
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Fig. 1.—Wide-field photoelectric standards for Palomar 12. The star numbers are as listed in Table 1. This photographie reproduction, 
and the others in Figures 2-4 are from plate no. 1212 (103aD -F GG385) taken with the CTIO 4 m telescope. 
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Fig. 2.—Inner photoelectric standards for Palomar 12 
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Fig. 4.—Identification chart for stars in rings 3 and 4. The radii of the four rings, in minutes of arc, are = 0'7, R2 = \'A, R3 = 2'2, Æ4 = 4'0. 
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TABLE 2 
Internal Errors of the Photometry 

TABLE 3 
Photographic Plate Material 

V Range Gy Gg_y &u-b 

Photoelectric Photometry 

<13    0.020 0.017 0.030 
13-15   0.030 0.017 0.036 

>15      0.08: 0.10: 0.08: 

Photographic Photometry 

<18    0.02 0.03 
18- 19   0.03 0.04 
19- 20   0.04 0.05 

>20   0.05 0.06 

with the 4 m and 1.5 m telescopes which proved deep 
enough to carry out the intended color-magnitude 
study. A summary of the plate material used is listed in 
Table 3. With the exception of one BV 4 m plate pair, 
all exposures were made with the auxiliary 6 inch 
CTIO “Racine prism” mounted on the telescope. This 
prism was used to produce faint secondary images of 
all the brighter stars in the field (Racine 1969). 

Since Pal 12 has such low stellar density, it was 
possible to carry out iris photometry of the photo- 
graphic plates all the way in to the cluster center. We 
marked the cluster area into four concentric rings and 
labeled all uncrowded stars, down to the limit of 
the deepest plates, for subsequent measurement; the 
selected program stars are identified on the charts of 
Figures 3 and 4. We measured the plates with the 
Cuffey iris photometer at the University of Waterloo 
and completed the reductions with a computer pro- 
gram using the procedure described by Stetson and 
Harris (1977).3 

The secondary images produced by the Racine 
prism proved to be of excellent photometric quality 
and were used to fix the magnitude scale of the photo- 
graphic calibration curves for F >18 and 2?> 19, 
down to the plate limits. The magnitude difference Am 
between the primary and secondary images of the 
photoelectric standards was determined by drawing up 
calibration curves separately for each individual plate 
and then adopting the average Am for the final reduc- 
tion of the entire set of plates. For the 4 m plates we 
found Am = 6.80 ± 0.05, and for the 1.5 m plates Am 
= 4.70 ± 0.05, which agree with the expected values 
from the relative sizes of the prism and primary mirror 
in each telescope. We found no differences in Am larger 
than 0.1 mag from plate to plate, or between any two 
plates of different colors. Because the secondary-image 
calibration is critically important to our present study, 

3 A substantially revised and thoroughly documented version of 
this reduction program is now available on request from W. E. H. It 
is suitable for 2- or 3-color photographic photometry on quite a 
general basis. 

Plate Telescope 
Number (m) Emulsion Filter 

Exposure 
(min) 

1211a 

1212a 

2255 
2279 
2298 
2328 
2329 
2340 
2256 
2278 
2330 
2331 
2341 
2692 
2698 
2693 

4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
1.5 
1.5 
1.5 

103aD 
103aO 
IlaO 
IlaO 
IlaO 
IlaO 
IlaO 
IlaO 
IlaD 
IlaD 
IlaD 
IlaD 
IlaD 
103aD 
103aD 
103aO 

GG495 
GG385 
GG385 
GG385 
GG385 
GG385 
GG385 
GG385 
GG495 
GG495 
GG495 
GG495 
GG495 
GG14 
GG14 
GG385 

15 
15 
20 
30 
45 
30 
15 
30 
20 
30 
30 
15 
30 

120 
60 
60 

Without Racine prism. 

we present sample calibration curves (iris reading 
versus photographic magnitude) in Figure 5 as an 
example of their use. Here, the plotted iris reading is 
the mean value for each standard star averaged over all 
plates in the given color (cf. Stetson and Harris 1977), 
and the plotted magnitudes are in the natural photo- 
graphic system of the plates (see below). 

Figure 5 demonstrates that the relation between 
magnitude and iris reading has been internally well 
defined over the entire range of interest, and that the 
adopted Am value is satisfactorily determined even 
though only a 1 mag overlap between the primary and 
secondary images is available. (For the 1.5 m plates, of 
course, more than 3 mag of overlap are available since 
Am is correspondingly smaller.) We may also note 
from Figure 5 that it is evidently possible, with quite 
conventional plate material and measuring techniques, 
to carry out precise photographic photometry over an 
intensity range of at least 12 magnitudes. 

It is clear that the systematic accuracy of the photo- 
graphic photometry for F > 19 also depends heavily 
on the secondary-image technique, i.e., on the photo- 
metric quality of the images and the validity of assum- 
ing a Am value which is constant with magnitude. 
However, no systematic color errors in the final data 
larger than A(B — F) « 0.05 due to the secondary- 
image calibration above should be present: this is 
because the Racine prism is achromatic, so that any 
minor residuals with color in a graph of [(£ — F)pg — 
(B — F)^] versus F for the standard stars (including 
all the faint secondary images) can be removed by 
requiring the color of each secondary image to be the 
same as its primary. As for the Am value itself, 
virtually identical results of Am = 6.8 to 6.9 have been 
obtained for the CTIO prism and 4 m telescope by 
other authors, with the expected minor variations due 
to different parts of the primary mirror surface being 
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Fig. 5.—Calibration curves for the iris photometry of the photographic plates, showing the use of the secondary images created by 
the Racine prism. The photographic magnitude (B or Fpg) of each standard star is plotted against its mean iris reading averaged over all 
plates in the color concerned. Standard stars are plotted as dots and their secondary images as triangles. The vertical scale representing the 
iris reading is arbitrary, but directed so that faint stars are at top. 

sampled by the prism in different runs (Hodge 1977, 
private communication ; Carney 1980; Christian and 
Janes 1979; Kunkel and Demers 1976a). The excellent 
plate-to-plate agreement for Am, as well as the internal 
consistency of certain features in the resulting CMD 
(see § III below), also give confidence that no magni- 
tude errors larger than AFæO.lmag are present. 
Nevertheless, there is no doubt that additional direct 
photoelectric faint calibration would be highly 
desirable. 

The standard stars also spread over a wide enough 
range of colors that reliable values of the transforma- 
tions from photographic to photoelectric magnitudes 
(color equations) could be measured. If we write the 
photographic magnitudes as mpg = mpe -h k(B — F), 
then the transformation constants k for our plate 
material were found to be A;F=—0.09, A:5 = 0.02 
(4 m plates) and kv = —0.10, kB = 0.10 (1.5 m plates) 
with estimated errors of ±0.02 for each. 

The final (V, B — V) values for all 700 program stars 
are listed in Table 4, and the expected internal errors 
of the photographic photometr y are summarized again 
in Table 2. In Table 4, the first digit of each star 
identification number is its ring number (ring 1 inner- 

most), the second digit specifies its quadrant (1 
through 4 in each ring as labeled on the finder charts), 
and the last two digits give the star number within the 
ring and quadrant. 

III. THE COLOR-MAGNITUDE DIAGRAM 

The CMDs in rings 1-4, from the 4 m plate material 
only, are displayed separately in Figures 6a-d. 
Because of the sparseness of the cluster, no one ring 
gives a complete or well defined impression of all 
the principal CMD sequences (giant and horizontal 
branches, subgiants, turnoff, and main sequence), but 
the main-sequence turnoff does appear clearly at V » 
20, 2? — V ä 0.6 in all four diagrams. The low fore- 
ground field star density means that the vast majority 
of all stars except in ring 4 (the largest and outermost 
ring) are cluster members. 

Although there do not seem to be any noticeable 
systematic trends in magnitude or color between dif- 
ferent rings (since the mean locations of all the CMD 
features are virtually identical in all rings), the data 
in ring 1 have slightly higher random errors and hence 
more scatter compared with the other diagrams. Ring 
1 also has a brighter effective limit ( F ~ 21 as opposed 
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> itnj- cviK3^ir»o cr>o-í cv.UMr>ü»oyütvjK ü*-J'o^HO'tt;ü‘ON.ir'oaja o^'cvju^ü'»-«▼-«ü'N.^ ^vt: vlcvín. 
I VÍ. -4’U»'CJ'-4"tr'«JU>-^trO'0>'X)LritrN vC,0»-l aJü'N.01ü‘L0^~*LT'^O J'vjOKO'fiü-tlT'U' vD'í OvL J'N-u^vOKr^ UJ # •«••••* ••••• ••••••••••••••••••• •••••••••♦••••••••••••• ▼-) vi v-i I vivivl vi vi 

a» a> n. ou o ^ üt> en K* <xí fo o vi vi ul. u> (V ir>r<: cvj vi cvj <vj ça o» un vü c/ir» n» vi; m u> vd o'á* ir* ao ví> n- 4^ «u wu vi) ^ ro vi j-vi cvj er cd OvDvDvtavvlvivl4,N.vlC\jP0C\Jfr'ir^r(\jCNuvDljr\K0’vi>í^íüUvl(VKaJo0'N0J'0^0'vlvl0'OvDvÚLP\4ir*0<avlLr.(\J(>0'»HOvD 
vi O O'vi O •-< Vi vi O CD vi vi <J’vi vi CD <T O-rH vi ir o œ v» vi o ’ O V< IT* K ■*-< vi) VÛ (?'O en vi vi O CT O C O C=5 ir* o en vi vi vi en UD (NJfVvlfNjlVJ<VjtVJ(VjCVfS.lCVjro vKVJfNufVJ vl(\j(VJfVJ vl(SJvirJC\JvlfNJ tV)(\Jvlvl<VJ vi vlvico vlfSJCVJCutNjCVCVJ vlfVJfVJ vlMÍVJvIfVjroCV vl^ 

ür. <1 •“ í/i 

(\j ro ir* vo K öd a» o vi (Nj ro ir vT N-ao O'o vi cv» K) ^Míhd K ä> œ «3 vi cm fo ir* vo K «o a* o vi cv j re 4 ir* vD N co <y* o vi esj ^ ? 4-ir* vO o o o o o o o o vi vi v» vi v» vi vi vi vi vi c\j ro cvj csj cvj cvj c^j cvj no CNj ro K ^ Kro K. fo fo 4"4 4 4 4-4 4 4* 4 4 ir* irir* ir* ir* ir* ir* 
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> K.cvjcsjO'rooovoroví)ocúcpi*oviovifvjir*cvjfsj»o4 4 cnoK. ir* vi o vi ir* vjd 4 ir* 4 vi N-nj ir* ir* o vi ir* ooflocr^ao vDr*of>w o <vj vi • c\jví)\jDir*4flo*£)ir*iJMr*N. 4vOir*vDajir*K.4 ooü‘ir*vDir*ir*n!viif* »jo 40 *x>Lr*ir* 4 aovmrvû^vD N-ir vocvj vi 4 *jd 4 4 cvj ir N.KN» 
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Cerr N. vior^vl4 V*4K> Vta O Ai; vi4cdK N. o ir*4 K! eDKtVau4vl40'ö*n' vCU^K" cdK-CMO^CVK k vDC?ir*Of^.a v«K 4Qui) ro o 4 cví nj <0 o ^i) viir* «o su fn K. ir* o 4 cvi en vi ir* up K «o N. es 4 4 «o <M ir* vD co o o o en ir* ic fe vi fo fo co N. cm mtr* o vi vi o cvj 4 «? 
ir*OOOOOOO0'O<J*OOOO vio vico via*0«X)(r'OvlCr*CD(^vjD vlCDCr*CD*X>eOCDOeO Vi vi vICDCDO vIOOOCDO vi vloo v» C\J CM Cvi CM CVJ OJ CNJ vi CVI vi CVI nj CM OJ CM CVJ CM vi rj vi CVi vi vi cvj CVj vi CVJ vi vi CVJ CVi vi cv vi vi CSi Cü vi nj C\i OJ CVJ (VJ OJ CNJ CM CM CM CNJ OJ OJ Oü rj CVi 
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Fig. 6a-d.—Color-magnitude diagrams for the individual rings 1-4. These results are from the 4 m plates only; the final data for the 
bright (V < 19) stars differ slightly from these diagrams since the 1.5 m plates are averaged in. 

to 22 for rings 2 and 3) than in the more open outer 
regions. Most of the star images fainter than F ~ 20 in 
ring 1 either crowd each other noticeably or lie on a 
slightly higher background density, so the photometry 
could not be pushed deeper with safety. The plates 
from the 1.5 m, which had brighter limits than the 4 m 
plates by ~2 mag and were thus virtually free from 
crowding problems, were used primarily to correct the 
photometry for the brighter stars (V < 19), especially 
in ring 1. 

To delineate the entire cluster more clearly, we 
formed a composite CMD comprising all stars in rings 
2 and 3, plus stars brighter than V = 19 in ring 1. The 

result is in Figure 7, and the mean lines for the CMD 
sequences are listed in Table 5.4 

In general, the CMD morphology of Pal 12 re- 
sembles that of the prototype “metal-rich” cluster 
47 Tue (Hesser and Hartwick 1977). Several specific 
features of Figures 6 and 7 are notable : 

1) The HB—which is clearly seen only in the 

4 The composite diagram of Figure 7 completely supersedes a 
preliminary version we presented earlier (Harris and Canterna 
1978). The small systematic differences between the two versions, 
and hence in the derived physical properties of the cluster, result 
mainly from a greatly improved plate-to-plate reduction in the 
present work. 
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Fig. 7.—Composite CMD for Pal 12, including all stars from 
rings 2 and 3 plus brighter (V < 19) stars from ring 1. This diagram 
best shows the principal sequences of the cluster. 

composite diagram—is evidently a degenerate “red 
stub” of seven to eight stars at V = 17.1, B — V = 0.75. 
No blue HB stars or RR Lyrae variables are noticeable 
anywhere. The color range spanned by the HB is only 
A(Æ — V) = 0.04, and within the errors of measure- 
ment its stars are photometrically virtually identical ; in 
this respect Pal 12 more nearly resembles old open 
clusters such as M67 (Racine 1971) or NGC 2420 
(McClure, Forrester, and Gibson 1974) than most red 
globular clusters. 

2) The cluster stars above the HB form a surpris- 
ingly well-marked sequence of only six to seven red 
giants, and (perhaps) two asymptotic-branch stars 
above the red end of the HB. The giant branch (GB) 
itself is parametrized by a slope S (Hartwick 1968) of 
3.7, a height AV (Sandage and Wallerstein 1960) of 
2.20, and a base color (B — V)0tg (Sandage and Smith 

TABLE 5 
Mean Lines For Pal 12 Color-Magnitude Diagram 

V B-V V B-V 

14.60. 
15.00. 
15.55. 
15.85. 
16.32. 
17.15. 
18.00. 
18.50. 

1.60 
1.40 
1.20 
1.10 
1.00 
0.90 
0.85 
0.83 

19.00. 
19.60. 
19.75. 
19.82. 
20.00. 
20.30 . 
20.75 . 
21.50. 

0.82 
0.80 
0.70 
0.60 
0.55 
0.54 
0.60 
0.70 

Horizontal Branch 

17.05. 0.79 17.15. 0.71 

1966) of 0.89. All three of these parameters as well as 
the red HB are indicative of relatively high heavy- 
element abundance, similar to the prototype of this 
class, 47 Tue (cf. Hesser and Hartwick 1977). 

3) The different rings contain noticeably different 
proportions of bright and faint cluster stars. Further 
comments on this radial dependence of the cluster 
luminosity function will be made in § VI. 

4) The main-sequence turnoff point (where B — V is 
a minimum) appears at Kto = 20.3 ± 0.2, (B — V\0 
= 0.54 ± 0.03 and the magnitude difference between 
HB and turnoff is then Kto_HB = 3.2 ± 0.2. This valuéis 
quite similar to corresponding numbers from other 
globular clusters with well-defined main sequences 
(Sandage 1970; Hesser and Hartwick 1977) and sug- 
gests immediately that Pal 12 must be at least roughly 
the same age as other globular clusters. (The HB lumi- 
nosity decreases more slowly with time than does the 
turnoff, but the abundance effects on each are similar, 
so Ft0_HB is primarily a function of age; cf. Hartwick 
and Vanden Berg 1973 ; Iben 1971 ; Sweigart and Gross 
1976.) The magnitude difference Kt0_HB also acts as a 
(weak) consistency check on the adopted value of 
Am = 6.8 for the secondary-image calibration, since 
the determination of ^HB relies only on the primary 
photoelectric standards, while Vio relies instead on the 
secondary image standards. 

The general scatter in B — F of the points in Figure 7 
increases markedly just at the turnoff, V ~ 20. This is 
due not only to the general increase of random error 
with magnitude but also to the smaller number of 
plates used. The main-sequence photometry relies on 
only the three deepest plates in each color, whereas 
from the base of the giant branch upward, all 16 plates 
(Table 3) could be used. 

5) In Figure 7, half-a-dozen stars are seen to stand 
off the upper left of the turnoff (around V = 19.9, 
B — V = 0.43) and can properly be called blue strag- 
glers. Most of them are from ring 3. None of their 
images on the photographic plates appear crowded or 
asymmetric, they are obviously well above the plate 
limit, and we can find no reasons to doubt the 
photometry at the level of A(B — V) < 0.05 mag. 
If their locations are valid, Pal 12 would join M3 
(Sandage 1970) and possibly NGC 6352 (Hartwick 
and Hesser 1972) and M71 (Arp and Hartwick 1971) 
in the small group of globular clusters believed to con- 
tain blue stragglers. If they are single stars in the 
normal course of evolution (which we believe unlikely), 
then the isochrone fits discussed in § VII below would 
imply they must be at most 5-6 x 109 years old, less 
than half the best estimate of the cluster age itself. 
Other working hypotheses for blue stragglers which 
invoke binary mass transfer or delayed evolution are 
well known and need not be reviewed here (see McCrea 
1964; Strom, Strom, and Bregman 1971 ; Carney and 
Peterson 1979; Carney 1979; Wheeler 1979). 

6) In ring 4 a group of stars attached to the lower 
right of the main sequence (F>21,Æ — Fæ0.8) 
appears which is not present in the other rings. Instead 
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of being field stars, we believe these are likely to be the 
faint extension of the main sequence, shifted over by 
small photographic errors near the limit. Selective 
removals of individual plates or realistic variations in 
the reduction parameters did not affect their position 
strongly, but ring 4 was measured and reduced separ- 
ately from the others and so different results near the 
limit are quite possible. We are unable to make any fur- 
ther judgments without a more thorough photometric 
calibration below V ~ 21 than we have at present. 

7) From inspection of magnitude residuals on our 
total of eight plates in each color we were able to find 
no definite variable stars in this study, and it appears 
most likely that the cluster has none. Three stars were 
proposed by Kinman and Rosino (1962) as cluster 
variables: of these, their stars 1 and 2 are our 4112 
and 4118, and their star 3 was too faint to be measured 
reliably here. On our plates of best seeing, all three 
appear to be at least slightly nonstellar, and there are 
many other faint galaxy images in the same region. 
Variable 3 is particularly notable since, according to 
Kinman and Rosino, it appears near the detection limit 
(B ~ 22) on all 16 of their plates except one, where it 
was at 2? ~ 18.5. At its position there is an almost 
undetectable galaxy image on our plates, and thus the 
variable may simply have been a supernova in the 
extremely distant galaxy that we now see there. In any 
case, the Kinman-Rosino stars are much too faint to be 
considered possible cluster variables (even the first two 
showed no especially large residuals and are below 
V = 20). 

IV. FOREGROUND REDDENING AND DISTANCE 

The galactic foreground reddening of Pal 12 can be 
estimated {independently of any properties of the 
cluster itself which are under discussion here), either 
from the color-color relation for the foreground field 
stars or from the cosecant law. In Figure 8 the 
{U — B, B — V) diagram for the photoelectric stand- 
ards of Table 1 is shown. Allowing for the obvious 
presence of metal-poor giants and subdwarfs at this 
high latitude, we obtain a simple upper limit of 

0.03. The cosecant law (cf. Harris 1976 and 
references cited) for globular clusters yields a value of 
0.02 ± 0.02. The two estimates are consistent, and we 
adopt Eb_v = Q.02 for the following discussion. 
Because the cluster reddening is essentially negligible, 
our conclusions concerning the various physical prop- 
erties of Pal 12 (age, distance, abundances, etc.) cannot 
be seriously affected by uncertainties in absorption 
corrections alone. 

The distance may be estimated by using MF(HB) = 
0.9 + 0.3 from the main-sequence fit (§ VII), which 
then gives {m — M)v = 16.2 ± 0.35. With AV/EB_ v = 
3.2 we obtain a true distance of 17 kpc from the Sun, 
and Rgc = 14 kpc from the galactic center if RQ = 
9 kpc (Harris 1976). This measurement of distance 
directly from the CMD is smaller by factors of 2 or 
more than previous estimates (e.g., Arp 1965; Harris 
1976). The two reasons for this large discrepancy are, 

Fig. 8.—Two-color diagram for the photoelectric standard stars. 
Filled circles are bright standards (V < 14), open circles fainter ones, 
and triangles are the two red giants believed to be members of Pal 12. 
The intrinsic unreddened lines for luminosity classes V and III 
(Fitzgerald 1969) are drawn in. 

first, that the use of the old 25 brightest stars method 
was invalid since (as is now clear) Pal 12 has only a 
handful of bright giants; and second, the three faint 
Kinman-Rosino “variables” were assumed to be RR 
Lyrae members. Both caused significant overestimates 
of the cluster distance. Comparable errors in current 
distance estimates for other outlying clusters without 
CMD’s are entirely possible. 

V. ABUNDANCE PARAMETERS 

Aside from the CMD itself (§ VII below), we are able 
to obtain information on the chemical composition of 
the Pal 12 stars in several ways at various levels of 
sophistication: 

1) The ultraviolet excess ô(U — B) for two cluster 
giants (stars 1 and 2 in Table 1) is +0.16, which is 
similar to S(U — B) for the giants in clusters of inter- 
mediate or moderately high metallicity such as M3, 
Ml3, or even 47 Tue. Because of the crude nature of 
ô{U — B), by this method we can obtain only a very 
rough estimate [Fe/H] ~ —1.5. 

2) Spectra of the same stars 1 and 2 have been taken 
by Cowley, Hartwick, and Sargent (1978). Their abun- 
dance indices, based on a combination of the metallic 
line strengths between H<5 and the Ca n H line, the 
Mg ¿7 lines at 25180, and the H and K lines, also 
suggest a moderately low [Fe/H], though more metal- 
rich than M92 or Ml5. But no precise estimates are 
possible here either, since their grid of “standard” 
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clusters is not extensive. Their spectra suggest in addi- 
tion that the CN band strengths are enhanced, similar 
to the “CN-strong” giants in NGC 7006, and that the 
CH-band strengths are higher than in NGC 7006. 

3) Can terna and Schommer (1978) measured the 
four brightest cluster giants with the CMT^ ^ broad- 
band photometric system. Their average [Fe/H] over 
all four stars is —1.2 ± 0.5 but is highly uncertain 
because the individual measured values run from 0.0 to 
— 2.5. (The mean [Fe/H] = —1.7 which Canterna and 
Schommer actually quote [see their Table 2] was ob- 
tained from only the three lowest values; but there 
seems to be no reason at present to exclude any of them 
since all four are equally likely to be members from the 
C-M diagram.) Three of the giants in their list also 
show evidence for enhanced CN and/or CH, though 
the Washington system cannot distinguish between 
these two features. However, it is clear that none of the 
data in points (l)-(3) above provide much critically 
useful information on the composition of Pal 12 except 
to say that it is probably not extremely metal-poor and 
that there is some hint of ZCNO enrichment. 

4) Cohen et al. (1980) have recently reported, from 
infrared CO-band photometry and optical spectros- 
copy of the same four Canterna-Schommer stars, that 
the Pal 12 giants are closely similar to those in M71, 
in both overall metal-line strength and CO band 
strength. This work provides the first definitive evi- 
dence that Pal 12 in fact belongs toward the upper 
end of the metallicity scale for globular clusters. 

5) Most recently (1979 October) we have obtained 
a large new collection of CTIO vidicon spectra (resolu- 
tion 3 Â per pixel) for giants in several globular clusters 
covering the metallicity range from Ml5 up to 47 Tue. 
Though full results will be described elsewhere, for six 
Pal 12 stars in the set we find {a) their Ca line 
strengths place Pal 12 noticeably but slightly (æ0.2 
dex) on the metal-poor side of 47 Tue, and {b) the 
ultraviolet (¿3880) CN band strengths are virtually 
identical with those in 47 Tue, as is the CH band. 

The newer and more detailed spectroscopic data 
summarized in points (4) and (5) take precedence over 
the previous approximate indicators, and rather than 
assigning Pal 12 to the “anomalous” class of outer- 
halo objects as we had originally anticipated, we must 
place it in with the more familiar “metal-rich” group 
of globular clusters. But it remains an intriguing object 
for quite different reasons : at 14 kpc from the galactic 
center it is easily the most distant of all the clusters 
in its abundance group. 

The actual [Fe/H] value for Pal 12 must then be 
specified by analogy with the prototypes 47 Tue or 
M71. The recent and important high-dispersion com- 
position analyses of Cohen (1979) and Pilachowski 
(1979) yield [Fe/H] = -1.2 for M71 and 47 Tue. In 
addition, they find significant enhancement of oxygen, 
[O/Fe] ~ +0.5, in both these standard clusters. 
Although no direct measurement of [O/H] for Pal 12 
itself is available yet, we suspect from the combined 
weight of evidence discussed above, and from its estab- 
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fished similarity with M71 and 47 Tue, that the same 
relative CNO enrichment will turn out to hold for 
Pal 12 as well. The main-sequence isochrone fit (§ VII 
below) gives additional indirect support to this view. 
The decoupling of ZCNO from ZFe for the “metal- 
rich” globular clusters presents a compelling new 
problem in understanding the nucleosynthesis history 
of the halo. A strongly related argument appears to be 
in the recent abundance work on field halo stars by 
Sneden, Lambert, and Whitaker (1979). They find that 
[O/Fe] is essentially zero for stars with [Fe/H] > 
— 0.5, but that in the range —0.5 < [Fe/H] < —2.0, 
[O/Fe] jumps to a roughly constant value of +0.5, in 
agreement with the new globular cluster analyses. 
These combined results already suggest that the halo is 
chemically much more distinct from the oldest parts of 
the disk (including the oldest and most metal-poor 
known open clusters) than was previously realized. 
Some implications of this on the main-sequence fitting 
and age determination of Pal 12 will be discussed 
below. 

VI. LUMINOSITY FUNCTION AND 
INTEGRATED PROPERTIES 

Because the C-M data in Pal 12 cover such a wide 
magnitude range, it is possible to investigate the cluster 
luminosity function The basic questions as to 
how </> (and hence stellar mass distribution) is affected 
by such integrated cluster properties as total popula- 
tion, central concentration, or metallicity are still 
largely unanswered, particularly for the faint main 
sequence, so the present data for Pal 12 may eventually 
contribute to such studies. 

Even a casual inspection of the CMDs in Figure 6 
hints that an interesting radial trend exists in the 
luminosity distribution of cluster members. Almost all 
the red giants above the HB fie in ring 1 ; rings 2 and 
3 contain almost nothing but main-sequence and sub- 
giant stars ; while in ring 4 nothing easily distinguish- 
able from the spread of field stars can be seen except 
for the main-sequence turnoff. (Incidentally, it is plain 
that virtually all the bright stars (14 < F < 18) in rings 
1-3 must be cluster members. Even if we assume all 
such stars in ring 4 are field objects, and scale their 
numbers down by the ratios of ring areas, we conclude 
that at most one such field star should fie in each of 
rings 1 and 2, and five in ring 3. Thus, it seems neces- 
sary to accept the thin extension of the giant branch 
to the upper right corner in Figures 6a and 7 as being 
a real feature of the cluster.) 

Despite the small total numbers of cluster stars, 
the outward trend of progressively losing the bright 
giants appears significant. Using the cluster structural 
parameters (see below), we find that ring 1 alone con- 
tains only 25% of the total cluster fight (and indeed 
only 107o of the total surface area for rings 1-3), yet it 
also has six of the eight red giants above the HB. 
Applying conventional x2 or small-number statistical 
tests suggests that this is not due to chance at more 
than 957o confidence. In addition, the ratio of the 

PAL 12 
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number of subgiant and turnoff stars seen in Figure 6 
(i.e., stars in the interval 19.5 < F < 20.2) to cluster 
giants (K < 19) increases from ~4 in ring 1 to ~5 
in ring 2, ~10 in ring 3, and >15 in ring 4. 
(Similar effects are seen if the main-sequence stars 
(20 < K < 21) are compared with the giants, though 
the photometry becomes progressively more incom- 
plete for them.) Because the main sequence is so much 
more heavily populated than the giant branch to begin 
with, this ratio will be a sensitive function of any real 
radial changes in their relative numbers. 

The first explanation that might logically be sug- 
gested for this radial stratification of the different types 
of stars would be dynamical relaxation, since the 
central relaxation time for Pal 12 as calculated by the 
method of Peterson and King (1975) is ~ 109 years, 
and stellar lifetimes along the giant branch are com- 
parably long. In this case the giants evolving up the 
Hayashi line would have to be more massive than the 
main-sequence stars below the turnoff, in order to sink 
toward the cluster center over a few relaxation times. 
But the actual expected mass difference between turn- 
off and giant-branch tip is believed on theoretical 
grounds to be small (<0.05 Mö; see Ciardullo and 
Demarque 1977), and it is therefore hard to see how the 
relaxation process could be effective enough. We are 
unable to suggest any other very natural mechanisms 
to produce the observed effect but can only suggest 
that similar effects be searched for in other globular 
clusters of relatively open or sparse structure (e.g., 
NGC 5053, NGC 6809, Pal 5, or even co Cen). It is 
worth stressing that Pal 12 provides a rare chance to 
evaluate these radial trends in the luminosity function, 
since the entire CMD down to the main sequence is 
measurable at every radius. In the great majority of 
globular clusters, the main sequence is unobservable in 
the cluster center because of either distance or prohib- 
itive crowding, and any conclusions about stellar 
population trends with radius have had to rely only on 
subsets of the bright stars (giant or HB) or on the 
application of theoretical structural models (e.g., 
Woolf 1964 ; Dickens and Rolland 1972 ; Da Costa and 
Freeman 1976; Spitzer and Shull 1975; Gunn and 
Griffin 1979; Angeletti and Giannone 1979). Thus Pal 
12 is particularly useful in demonstrating the effects of 
stellar dynamical processes on the stellar distribution 
within the cluster, due to the very characteristics which 
make it otherwise undistinguished. 

In Table 6 we list the cumulative luminosity function 
in each ring (rings 2 and 3 are arbitrarily combined 
since little difference appears between them). N is the 
total number of stars brighter than magnitude V ; the 
last column is a normalized sum over rings 1-3 to 
provide an approximate “average” luminosity func- 
tion for rough comparison with other clusters. We con- 
structed this last column as the direct sum of rings 1-3 
for V < 20.2, and for V > 20.4 as the sum of rings 2 
and 3 (multiplied by the scale factor of 1.78 to match 
up the total at F = 20.2). This approach was used since 
for F > 20, the totals in ring 1 become significantly 

TABLE 6 
Luminosity Function Data 

A(< F) By Ring 

1 2 + 3 
Normalized1' 

Total 

14.6 . 
14.8 . 
15.0 . 
15.2 . 
15.4 . 
15.6 . 
15.8 . 
16.0 . 
16.2 . 
16.4 . 
16.6 . 
16.8 . 
17.0 . 
17.2 . 
17.4 . 
17.6 . 
17.8 . 
18.0 . 
18.2 . 
18.4 . 
18.6 . 
18.8 . 
19.0 . 
19.2 . 
19.4 . 
19.6 . 
19.8 . 
20.0 . 
20.2 . 
20.4 . 
20.6 . 
20.8 . 
21.0 . 
21.2 . 
21.4 . 
21.6 . 
21.8 . 
22.0 . 
22.2 . 

0 
1 
1 
1 
2 
2 
2 
3 
4 
4 
5 
5 
6 
9 
9 
9 

12 
14 
14 
15 
16 
18 
21 
21 
24 
28 
40 
50 
65 
77 
90 
99 

106 
111 
115 
119 
120 

, 120 
. 120 

2 
2 
3 
3 
7 
9 
9 

11 
13 
15 
17 
17 
18 
20 
25 
29 
33 
46 
63 
83 

108 
135 
166 
202 
248 
286 
319 
343 
352 
354 

1 
1 
1 
1 
2 
3 
4 
6 
8 

11 
14 
16 
17 
17 
18 
19 
20 
21 
22 
25 
26 
27 
30 
33 
39 
50 
52 
63 
76 
84 

103 
126 
147 
181 
207 
214 
215 

1 
2 
2 
2 
3 
3 
3 
4 
5 
6 
7 
8 
9 

16 
18 
18 
23 
27 
29 
32 
33 
36 
41 
46 
53 
61 
86 

113 
148 
193 
241 
296 
360 
442 
510 
569 
612 
628 
631 

" Equals direct sum of rings 13 for F < 20.2; after that, rings 
2 + 3 multiplied by normalization factor 1.78 to account for ring 1 
incompleteness. See text. No corrections are made for field stars. 

incomplete (approximately one-third of all the faint 
stars in ring 1 were too crowded to be measured, as 
can be seen from inspection of Figure 3). Hence only 
rings 2 and 3 were adopted as representing a valid total 
for the fainter stars; ring 4 is, of course, heavily con- 
taminated with field stars at all magnitudes and was 
not used. 

In Figure 9 the differential luminosity function (¡) is 
plotted, as derived from the normalized total function 
iY( F) in Table 6. Before plotting </>(solid-line histogram 
in Fig. 9), it was approximately corrected for field stars 
by using ring 4: we assumed all ring 4 stars for F < 19 
to be field stars and half of them for F > 19. After 
compensating for the relative ring areas, these field- 
star totals were subtracted from rings 1-3. In practice, 
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Fig. 9.—Luminosity function for Pal 12. Here 0(F) is the number of cluster stars found in each 0.2 mag bin as shown. Rings 1, 2, and 3 
were used as described in the text to form the 0(F) data. Magnitude levels of the HB and the turnoff (bluest point on the main sequence) 
are indicated. The smooth line drawn over the histogram for Pal 12 is the M3 function (Sandage 1957) scaled down by a factor of 35, 
normalized arbitrarily to 440 stars brighter than F = 21.2. 

since the inner rings have so much smaller area, this 
correction turned out to be small enough to be almost 
negligible at all levels. 

The mean (/)(MV) curve for the classic cluster M3 
(Sandage 1957) is added in Figure 9 for comparison, 
arbitrarily reduced by a factor of 35 to match the 
Pal 12 total ^(21.2) = 440. The slight differences in 
shape between the Pal 12 and M3 curves (in partic- 
ular, the apparent deficiency of bright giants in Pal 12, 
or relative excess of main-sequence stars) are probably 
not significant considering that in both clusters the 
luminosity functions were derived by combining bright 
stars from the inner radial regions with faint ones from 
regions farther out. This procedure is strictly not cor- 
rect since it obscures any intrinsic dependence of </> on 
radius, as discussed above; and without knowing the 
radial effects of dynamical relaxation to begin with it is 
not clear how an average 0( V) over all radii may be 
skewed. The main conclusion from Figure 9 is that the 
luminosity function of Pal 12 does not differ in any 
major way from “standard” globular clusters down to 
the limit of our survey (Mv ~ -h 5). 

For most globular clusters the most efficient way to 
obtain integrated colors and luminosities is through 
direct photoelectric aperture photometry. By contrast, 
the Palomar clusters are so sparse that it is preferable 
to add up the individual stars. Combining all stars in 
rings 1-3 (excluding the few which lie far off the prin- 
cipal sequences), we obtain a total visual magnitude 
V = 12.54 and color 2? —V= 0.90. 

Extrapolating these totals outward to include the 
entire cluster first requires knowing the structural 
parameters of the system. From star counts out to 
r = 20' on our two deepest plates, we determine “core ” 
and “tidal” radii (Peterson and King 1975) of rc æ 
LI ± 03, rf = 7:5 ± 1:0, with log (rjrc) = 0.90 ± 0.2. 
An independent study by Peterson (1976) gave rt æ 
10:7 for Pal 12 from one Hale 200 inch plate. Given 
the many uncertainties involved in star counting, the 

difference does not appear serious to us, but we will 
adopt our own result since our counts went out further 
than Peterson’s (20' as opposed to 160, and we believe 
the field subtraction to be better determined. With 
rt = 7.5 and the King (1966) structural curves, the outer 
radius of ring 3 should then contain ~ 73% of the total 
cluster. Correcting for this and adding a further (nearly 
negligible) 3% to compensate for the unobserved stars 
fainter than V = 22 (Sandage 1957), we finally calcu- 
late an integrated cluster magnitude of Vt = 12.27. 
Both Vt and B—V compare satisfactorily with the 
directly observed values of F ^ 12.42, B — V 0.88 
by Racine (1975), measured photoelectrically through 
a L6 diameter aperture. 

With our adopted distance modulus and reddening, 
the intrinsic luminosity and color of Pal 12 are Mv æ 
— 4.0, {B — V)0 = 0.88. The integrated color is similar 
to the colors of usual “metal-rich” globular clusters 
[e.g., (B — V)0 = 0.85 for 47 Tue] and further strength- 
ens the classification of Pal 12 as one of them. The 
absolute integrated magnitude of —4.0 makes Pal 12 
the second least populous globular cluster known, 
after Pal 13 (see Harris and Racine 1979). With 
M/L ~ 1.5 (Illingworth 1976), the luminosity of Pal 12 
corresponds to a total cluster mass of ~5200Mo, 
hardly bigger than many open clusters. It is also inter- 
esting that the directly observed figure MVt » —4.0 
compares poorly with the value MVt = — 4.8 which we 
would obtain by reducing the luminosity of M3 by the 
same factor of 35 used in Figure 9; however, this 
discrepancy is almost entirely due to the artifact of the 
relative “giant-poor” nature of Pal 12 compared with 
the standard M3 function as mentioned earlier. If we 
had normalized the M3 curve to only the giant branch 
of Pal 12 (e.g., for V < 19.5), then the reduction factor 
would have been ~60 instead of 35. Since the giants 
dominate the integrated light, the discrepancy between 
the measured magnitude and that predicted from the 
scaled M3 luminosity function is completely removed. 
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More generally, it would appear risky to rely on inter- 
comparisons of cluster luminosity functions alone to 
derive accurate integrated magnitudes, especially for 
the sparse clusters with small numbers of giants. 

Knowing the tidal radius and mass of Pal 12 enables 
an approximate estimate of its perigalactic distance Rp 
to be made. With Rp » rt (3.5 Mgal/Mcl)

1/3 (e.g., King 
1962) and Mgal ~ 1011 M0, we obtain Rp& 15 kpc. 
Within the uncertainties this is identical with its 
present galactocentric distance of 14 kpc, and implies 
that we are now observing Pal 12 near its perigalactic 
point. If Pal 12 is indeed a “metal-rich” cluster, it must 
therefore stay considerably farther from the Galactic 
center than any other such clusters, which are generally 
within Rgc ~ 8 kpc (Harris 1976; Harris and Racine 
1979). Unless the orbit of Pal 12 happens to be nearly 
circular, it must in fact spend most of its time even 
farther out in the halo. It now marks the upper limit 
of metallicities found among the globular clusters in 
the halo region 10 kpc < RGC < 20 kpc; and the 
range of metallicities found in this region is therefore 
significantly greater than has previously been realized 
(cf. Searle and Zinn 1978; Harris and Can terna 1979). 

VII. MAIN-SEQUENCE FITTING AND AGE 

Reliable age determinations for globular clusters, by 
direct fits of the observed main-sequence turnoff 
region to theoretical isochrones, are currently possible 
for only a small number of well-studied objects. Most 
age determinations of these few clusters (e.g., Sandage 
1970; Hartwick and Hesser 1974; Böhm-Vitense and 
Szkody 1973; Demarque and McClure 1977) have 
yielded similar ages for all of them within the internal 
errors of fitting and have led to the traditional view- 
point that the epoch of halo formation must have been 
sharplydefined, lasting perhaps ^2 x 109 years or less 
(e.g., Eggen, Lynden-Bell, and Sandage 1962; Searle 
and Zinn 1978). But some other recent discussions 
(Saio 1977; Carney 1980) have advocated a much 
longer cluster formation period, lasting perhaps up to 
half the age of the Galaxy even in the vicinity of the 
Sun, such that the most metal-poor clusters formed 
earliest. The formation models for disk galaxies by 
Larson (1976) suggest also that particularly the outer 
parts of the halo may take several billion years to 
complete their star-formation period, though the 
models do not suggest quite as extensive a period as is 
proposed by Carney (1979). The more specific pos- 
sibility of interpreting the strongly anomalous halo 
systems (Palomar clusters and dwarf spheroidals) as 
“young” Population II objects has also been advanced 
in several papers (see references cited in § I). 

For Pal 12 the main sequence is now clearly enough 
defined that its age can be estimated. To carry this out 
we have adopted the basic approach of Demarque and 
McClure (1977), which is to transform the theoretical 
isochrones (Mbol versus log Teff) into the observa- 
tional plane (Mv versus B — V) and then to compare 
the translated isochrones directly with the CMD. We 
used the recently published Yale isochrones (Ciardullo 

Vol. 239 

and Demarque 1977 ; Demarque 1978), which provide 
the largest available homogeneous set of models and 
cover the necessary abundance and age ranges. 

The best-fitting set of isochrone parameters that we 
could achieve is displayed in Figure 10. The model 
composition is Y = 0.20, Z = 0.004 ([Fe/H] = —0.7), 
the cluster age is seen to be (11 ± 2) x 109 years, and 
the luminosity of the horizontal branch is set at 

= 0.9. The quality of fit relies entirely on (a) 
the lower-main-sequence positioning, combined with 
(b) the color and luminosity level of the turnoff, and 
(c) the luminosity and horizontal slope of the subgiant 
branch (i.e., the portion of the track between the 
turnoff and the base of the red-giant branch). The fit of 
the model giant branch (Hayashi track) to the observa- 
tions is, of course, irrelevant since its temperature can 
be adjusted arbitrarily by varying the model convective 
mixing-length parameter l/H. (The main sequence is 
relatively unaffected by changes in l/H. The isochrones 
in Figure 10 are from models with l/H = 1.6 as trans- 
mitted to us by Demarque [1978], but use of the 
corresponding models with l/H = 1.0 resulted in no 
differences in our conclusions to well within the errors 
of fit.) 

It will also be noticed from Figure 10 that the slope 
of the observed lower main sequence in Pal 12 is 
shallower than that of the isochrone ZAMS, so 
that the majority of the faintest main-sequence stars 
(F > 21) lie to the right of the isochrone line. Quite 
similar effects can be seen in isochrone fits to other 
globular clusters (see, e.g., Carney 1980), and we 

Fig. 10.—Isochrone fit and age determination. The lines drawn 
over the Pal 12 CMD are isochrones (transformed into the observa- 
tional plane) for the composition Z = 0.004, Y = 0.2, and ages of 5, 
7, 9, 11,13, and 15 x 109 y. The luminosity and color scales for the 
cluster have been shifted assuming MK(HB) = 0.9 and EB_ v = 0.02 
in order to match the models. 
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believe that it is most likely due to residual color 
errors in the photometry there. However, we are un- 
able to correct for it specifically without having more 
faint calibration stars. Fortunately, our cluster age 
estimate depends on the fit to the turnoff region, which 
(internally) is much more well established. 

During the fitting procedure, we allowed the heavy- 
element abundance Z to be a free parameter because 
of previous uncertainties in the first abundance indi- 
cators; similarly, we allowed minor (<0.5 mag) verti- 
cal shifts in Mf(HB) around a starting value of 0.6 in 
order to complete the fit. We also arbitrarily restricted 
the helium abundance Y to the range 0.2-0.3, which 
appears appropriate from other studies (Deupree et al 
1911 \ Demarque and McClure 1977), although vari- 
ations in Y exerted only secondary influences on the 
age. From the isochrones alone values of Z < 0.001 
could be quickly ruled out because their main sequences 
were far too blue and the subgiant branch too steep for 
any reasonable match. Forcing a fit to isochrones with 
[Fe/H]æ—1.2 (Z = 0.001), as might be expected 
from the metallicity indicators discussed in § V above, 
required adopting values of the other parameters which 
we regard as inadmissable [i.e., F < 0.1, M^(HB) ~ 2, 
age ^ 20 x 109 years]. We believe it is highly signifi- 
cant that the best isochrone match is obtained for a 
Z-value equivalent to the inferred oxygen abundance 
in Pal 12, [O/H] = -0.7 (see § V). 

Our age estimate of 11 x 109 years is similar to that 
for 47 Tue made by several authors (Hartwick and 
Hesser 1974; Demarque and McClure 1977; Carney 
1980) and agrees with the physical resemblance of the 
two clusters. But we wish to stress that the isochrone 
fit must be regarded as strictly preliminary until a more 
fundamental photometric calibration of the faint main- 
sequence data is made. As is well known (e.g., Sandage 
1970), even small systematic color shifts of A(i? — V) 
< 0.05, which we cannot rule out at present, would 
significantly alter our age estimate. 

A further uncertainty relates to the evidence for the 
“enhanced” (nonsolar) ZCNO abundance. A more valid 
estimate of the cluster age would of course require 
use of evolutionary tracks generated with appropriately 
high nonstandard values of Z(C, N, or 0)/Z(total). 
Some initial models of this type discussed by Renzini 
(1977), Rood (1978), and Demarque (1979) show that 
the effect of enhancing C, N, or O at the same [Fe/H] 
appears to be mainly to redden the main sequence but 
to leave the giant branch almost unchanged (since the 
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energy generation on the main sequence is adjusted, 
but the envelope opacities for the red giants are little 
affected). Some direct observational support for this 
prediction of constant GB temperature at constant 
[Fe/H], regardless of CNO, comes from the work of 
Pilachowski (1978). She concludes that the inter- 
mediate-metallicity clusters M3, M5, M10, and M13 
all have virtually identical [Fe/H] but that M3 and 
M5 have enhanced CO bands compared with the other 
two. Yet all four clusters have identical GB colors, 
(B — V)0 g = 0.81 ±0.02. A remaining puzzle now 
posed by the combination of recent theory and obser- 
vation is to understand just why the giant branches of 
the 47 Tuc-type clusters are so much redder (by 
~0.1 mag) than in the M3-type clusters, given that 
their difference in [Fe/H] is now much smaller than 
was previously believed. Despite the model predic- 
tions, it may be that (B - F)0^ depends on ZCNO as 
well as ZFe. In any case, a set of evolutionary tracks 
computed with enhanced CNO at different initial Z- 
values would be an exceptionally valuable new resource 
for this entire topic (cf. more extensive comments 
by Carney 1980). 

Unfortunately, because Pal 12 has turned out to be 
much nearer than implied by the earlier distance 
estimates, our original question whether distant halo 
objects (Rgc > 30 kpc) might have strong age differ- 
ences cannot yet be answered directly. Age calibrations 
have still not yet been achieved for any clusters outside 
the rather restricted range of 6 kpc < BGC < 15 kpc, 
so that any discussions of globular-cluster age distribu- 
tions that can currently be made will hardly apply to 
the halo as a whole. Main-sequence analyses of the 
intriguing outermost systems will have to await further 
painstaking work (and accurate photometry to F < 24 
in some cases). 
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and to D. Pateman and P. Petrie for irreplaceable tech- 
nical assistance. For financial support we are happy 
to acknowledge the aid of CTIO, Yale University 
Observatory, the University of Washington, and the 
National Research Council of Canada through an 
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