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By HALTON C. ARP

Abstract. Magnitudes and colors of about 2000 stars in seven globular clusters have been measured. The resulting
color-magnitude diagrams show that the form and population of the blue or horizontal sequence differ most from cluster
to cluster. The number of RR Lyrae cepheids in a given cluster is correlated with the population gradient across the
RR Lyrae gap in the horizontal sequence. Some evidence is presented that the place of the giant sequence in the color-
magnitude diagram is correlated with the spectral characteristics of the giants and the characteristics of the variable

stars present in the cluster.

Estimates of field stars to be expected indicate that at least some of the stars in the diagrams which fall off the major
sequences are cluster members. Finally, the assumption that the RR Lyrae cepheids in all the clusters have the same

absolute magnitudes and normal colors is reviewed.

1.0 Iniroduction.

The first magnitudes and colors in globular
clusters (Shapley 1917, Hachenberg 1939, Green-
stein 1939, Cuffey 1943) showed the bright stars
to be different from stars previously encountered
in the neighborhood of the sun, in galactic clus-
ters, and arms of spiral nebulae. After Baade
(1944) used them in his demonstration of the
two kinds of populations, these same globular-
cluster stars became the working definition of
population type II. More extensive observations
of globular clusters were therefore desirable in
order to study the range in characteristics of this
population type.

New photometric techniques have improved
the accuracy of magnitude scales and particu-
larly the difference quantity of color index. On
the assumption that RR Lyrae variables in all
clusters have the same intrinsic luminosity and
color, absolute magnitudes and normal color
indices of stars in different clusters can be inter-
compared very accurately. Since RR Lyrae vari-
ables appear to occur exclusively in a well-defined
gap in the horizontal sequence of the color-
magnitude diagram, it becomes possible to com-
pare diagrams by simply superposing them at
this gap.
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With M3 and M9g2 (Arp, Baum, and Sandage,
1952 and 1953), such a procedure showed a small
but significant displacement in color index be-
tween the respective giant branches. The present
work was designed to study for a significant
number of clusters not only the exact places of
type II sequences in the color-magnitude dia-
gram, but also for each sequence its density of
stars, discreteness and possible fine-structure, as
well as the relation to these sequences of variable
stars and color-spectrum anomalies. The mate-
rial presented here for M5, M13, M10, M15, and
Mz2, in conjunction with the published work on
M3 and Moz, brings to a total of seven the
number of globular-cluster color-magnitude dia-
grams having a comparable sample of stars on a
homogeneous photometric system.

The results mark some progress on several
fundamental problems. First, the absolute mag-
nitudes of the brighter stars in the type II globu-
lar clusters have been calibrated relative to the
RR Lyrae cepheids for a statistically reliable
sample of stars. The globular-cluster giants, of
course, are the brightest non-variable distance
criterion in pure type Il systems. Secondly, data
on evolution and initial conditions begin to accu-
mulate in the physical differences and similari-
ties between clusters. Finally, such a sample of
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globular clusters furnishes a reliable standard for
comparison with other possible kinds of type II
population such as the nucleus of the galaxy and
certain nearby external systems.

2.0 Observational Procedure.

Photographic measures were made on IIa-O
plates behind a GGr1 filter, and photovisual on
103a-D plates behind a GGi1 filter. Photoelec-
tric calibration in each cluster ensured systematic
accuracies of a few hundredths of a magnitude.
These photoelectric sequences, color equations,
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and measuring techniques are the same as de-
scribed in a previous paper on type II cepheids
(Arp 1955).

Except for M1o, plates were taken at the
Newtonian focus of the 100-inch telescope. The
aperture was diaphragmed to 58 inches which
gave a field of 7’ radius free from comatic errors
of more than 0.01 mag. M10 was measured on
plates taken at the 60-inch which was dia-
phragmed to 32 inches, giving a usable field of
115 radius.

The above procedure gives individual iris-
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Figure 1. Identification chart for M5. Numbers refer to Table I.
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Figure 2. Identification chart for M13. Numbers refer to Table I.

photometer measures under the best conditions
having probable errors of 0.02 for my,, 0.03 for
Myy, ON plates taken at the 60-inch. Plates taken
with the 100-inch give measures of somewhat
greater accuracy, around 0.015 and 0.02, respec-
tively.

2.1 Selection of stars. In each cluster an an-
nulus centered on the cluster was chosen in which
to measure the stars. The inner limit was placed
as close to the center as possible without incurring
measurable effects of background light. A limit-
ing photovisual magnitude about one magnitude

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System

fainter than the RR Lyrae stars was estimated
and the outer circle was then drawn so that the
total number of stars in the annulus, to this
limiting magnitude, was about 300. All single,
uncrowded stars were then measured. This pro-
cedure furnished diagrams which were as free as
possible from non-cluster stars.

A few stars fainter than the limit were inevi-
tably included and sometimes additional faint
blue stars were purposely picked to outline the
horizontal sequence to fainter limits. Conse-
quently the number of stars varies from diagram


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1955AJ.....60..317A&amp;db_key=AST

FT955AT.- - 260 Z317A

320 THE ASTRONOMICAL JOURNAL 60, No. 1232

to diagram. Table I1I, however, gives the exact center of the gap in the horizontal sequence is
number of stars in each diagram brighter than considered equivalent to this point, and one or
M,, = +0.7 mag. (0.6 mag. below the gap in both criteria were used to establish the zero
the horizontal sequence), enabling percentage point in each cluster. The adopted moduli are
populations of any features to be compared be- summarized in Table V and discussed for indi-
tween clusters. With the exception of Mgz the vidual clusters in Section 3.

diagrams contain samples sufficiently comparable

to allow visual intercomparison. 3.0 Color-Magnitude Diagrams.

2.2 Zero point and reddening. The absolute Final magnitudes and colors of all stars meas-
magnitude of the RR Lyrae stars at mean light ured in five clusters are catalogued in Table I.
was assumed to be M, = 0.0, M,y = —o0.I mag. An identification chart is provided for each clus-

As described in a previous paper (Arp 1955) the ter (Figures 1—5). The catalogue of M3 stars has
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Figure 3. Identification chart for M10. Numbers refer to Table I.
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Figure 4. Identification chart for M15. Numbers refer to Table I.

been previously published (Sandage 1953), while
that for Mg2 will appear in the future when an
attempt to bring the number of bright stars to
around 300 will be made. Table III specifies for
each cluster the bounds of the annuli, and the
number of stars measured.

The adopted position of the gap in the hori-
zontal sequence is indicated in each color-magni-
tude diagram (Figures 6—12). The place, at mean
light, of any variable measured is also indicated.
Only special features of each diagram are noted
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in the following descriptions; general properties
of the diagrams are discussed in Section 4.0.

3.1 M3. (Figure 6.) The giant branch of this
cluster extends to redder color index than any of
the others. The population of the brightest half-
magnitude is rather sparse in this sample but
measures made over a larger area mark the ter-
minus at C.I. = 4+1.6 mag. The slope of the
giant branch near the magnitude of the hori-
zontal branch is nearly vertical.

M3 contains the largest number of RR Lyrae
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variables known in any cluster and shows the
greatest population on the red side of the gap of
any of the clusters here. The horizontal sequence
is well defined and the blue end effectively stops
0.7 mag. below the gap.

The zero point of luminosity in this cluster
was judged solely from the gap. Recent meas-
ures by Roberts and Sandage (1955) show this
to coincide accurately with the RR Lyrae stars
at mean light.

3.2 Ms. (Figure 7.) The general aspect of
the M5 diagram is very similar to that of M3.
The displacement of the blue end of the gap from

THE ASTRONOMICAL JOURNAL
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C.I. = 0.0 mag. indicates +0.16 mag. reddening,
however, and makes the terminus of the giant
branch occur at a normal color index of 1.4
mag. Also the giant branch has appreciable slope
at the magnitude of the gap.

Next to M3 and w Centauri, M5 has the largest
number of RR Lyrae cepheids known in a cluster.
The extension of the horizontal sequence to the
red end of the gap, as in M3, is well marked.
The blue end appears to stop about 0.9 mag.
below the gap.

The 25- and 26-day cepheids were too bright
to be included in the diagram. The cross refers

. . M2 .

Fig.5

100

Figure 5. Identification chart for M2. Numbers refer to Table I.
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TABLE I. COLOR-MAGNITUDE CATALOGUE FOR GLOBULAR CLUSTERS

(One measure in each color for all stars unless noted.)

M2
No. mp, m,, CL No. my,, my, CL No. m,, my, ClL No. m,, my, C.L
Sector I 74 16,19 16,18 + .01 51 16,57 1592 + .65 28 1597 16.03 - .06
1 1656 15.85 + .71 75 16,07 16.09 - .02 52 17.54 17.01 + .53 29 17.55 16.89 + .66
2 17.37 16.68 + .69 76 15.76 14.96 + .80 53 16.05 16.12 - .07 30 15.05 1430 +.75
3 16.16 1581 + .35 7 15,09 14.13 + .96 54 16.61 15,93 + .68, 31 16,03 16.08 - .05
4 17.20 16.54 + .66 78 16.73 16.15 + .58 55 16.07 1524 + .83 32 1497 14,01 + .96
5 1645 15.69 + .76 79 16,10 15.10 +1.00 56 16.46 15.66 + .80 33 16.38 15783 + .65
6 1585 1514 + .71 80 16.55 15,86 + .69 57 16.02 16.08 - .06 34 15.04 14,06 + .98
7 16.58 16.81. - .23 81 16.37 16.66 -~ .29 58 16.00 16.04 - .04 35 17.59 16.81 + .78
8 16.62 1588 + .74 82 16.63 15.91 4+ .72 59 14,51 13.22 +1.29 36 16.22 16.35 - .13
9 15.64 1490 + .74 83 14,69 13.60 +1.09 60 17.11 16,51 + .60 37 16,13 16.23 - .10
10 16,64 1594 + .70 84 1572 15,02 + .70 61 16.52 15.80 + .72 38 16.74 16,05 + .69
11 1599 1520 + .79 85 15.92 15.98 - .06 62 17.14 16.49 + .65 39 16,10 16,18 - .08
12 16.05 16.14 - .09 86 1595 16,12 - .17 63 17.17 16.52 + .65 40 16,15 1633 - .18
13 17.28 16.60 + .68 87 16,19 16,33 - .14 64 16.07 16,12 - .05 41 16.72 15,76 + .96
14 16.19 16,28 - .09 88 16,75 16,02 + .73 65 1582 15.04 + .78 42 15.68 14.73 + .95
15 1597 16.03 - .06 89 17.19 16.59 + .60 66 16.40 15.63 + .77 43 15.22 14,13 +1,09
16 16,92 16.33 4+ .59 90 15.17 14,19 + .98 67 16,56 1581 + .75 44 1593 1598 - .05
17 17.09 16.45 + .64 91 16.06 15.32 + .74 68 1679 16.07 + .72 45 14.96 13,95 +1,01
18 1707 16.36 + .71 92 17.39 16.81 + .58 69 14,47 13,19 +1.28 46 16,89 16.20 + .69
19 17.14 16.52 + .62 93 17.51 16.86 + .65 70 15.72 1492 + .80 47 15,68 14,96 + .72
20 1546 1475 4+ .71 94 15,55 14,81 + .74 71 15.82 15.04 + .78 48 16.09 16,08 + .01
21 17.18 16.62 + .56 95 16.16 15.36 + .80 72 1591 1514 4+ .77 49 16,44 16,69 - .25
22 15,78 14,94 + .84 78 1743 1673 + .70 50 17.29 16,47 + .82
23 1474 13.74 +1.00 Sector II 74 15,61 14.98 + .63 51 17.01 16.39 + .62
24 1712 1641 + .71 1 16,22 1549 + .73 75 16.23 15.50 + .73 52 16,13 16.10 + .03
25 16.31 18.57 - .26 2 1722 16.66 + .56 76 16.14 16.39 - .25 53 15,97° 15,16 + .81
26 1758 16.98 + .60 3 16.73 16,20 + .53 77 16.66 15.92 4+ .74 54 17.04 16,41 + .63
27 15,82 1523 + .59 4 17.62 17,02 + .60 78 16.37 16.71 - .34 56 14.44 13.17 +1.27
28 16,51 16.85 - .34 5 17.46 16.87 + .59 79 1591 1589 + .02 56 16.16 1542 + .74
29 17.44 16.98 + .46 6 16.59 16.04 + .55 80 16.00 16.11 - .11 57 16,02 16.07 - .05
30 1570 14.79 + .91 7 16.00 16.02 - .02 81 16.40 16.81 - .41 58 16.38 15.66 + .72
31 16,53 15.87 + .66 8 17.17 16,55 + .62 82 16,06 16.22 - .16 59 16,21 16.30 - .09
32 16,48 1576 + .72 9 1645 1568 + .77 83 17.42 16.84 + .58 60 16.37 16.59 - .22
33 16,11 15.62 + .49 10 15.12 14,16 + .96 84 16.52 15.81 + .71 61 15,78 14.95 + .83
34 16.53 16.79 - .26 11 1571 14.87 + .84 85 1593 16.10 - .17 62 16,94 16.23 + .71
35 16.45 16,75 - .30 12 16.66 15.91 + .75 86 16.74 16.12 + .62 63 16,13 16.26 - .13
36 16.64 16.00 + .64 13 17.19 16.67 + .52 87 16.63 1579 + .84 64 17,28 16,74 + .54
37 16.64 1591 + .73 14 16,04 16,10 - .06 88 16.76 16.15 + .61 65 17.37 16.92 + .45
38 17.42 16.75 + .67 15 16,04 16,13 - .09 89 15.28 14.36 + .92 66 16.44 16.62 - ,18
39 1635 1577 + .58 16 16,15 1541 + .74 90 16.02 16.15 - .13 67 17.28 16.56 + .70
40 1517 14.38 + .79 17 16,63 1594 + .69 91 1587 15.88 - .01 68 1526 14.44 + .82
41 16,41 15.75 + .66 18 16,27 15,63 + .64 92 16.09 16.19 - .10 69 16,83 16,12 + .71
42 17.20 16.59 + .61 19 14,91 13.89 +1.02 93 16.45 1589 + .56 70 16.59 1593 + .66
43 1543 14,53 + .90 20 16.97 16.37 + .60 94 15,07 14.81 + .26 71 14,92 14,17 + .75
44 1522 14.31 + .91 21 16.83 16.23 + .80 95 15.03 14.07 + .96 72 16.69 16.03 + .66
45 16.54 16.77 - .23 22 16.26 15.56 + .70 73 16.03 15.96 + .07
46 17.09 16.39 + .70 23 15,83 15,95 - .12 Sector III 74 17,52 16,75 + .17
47 14.82 13.93 + .89 24 15.76 1517 + .59 1 1533 1440 + .93 75 17.38 16.83 + .55
48 17.06 16.76 + .30 25 16.67 16,87 - .20 2 16.20 1573 + .47 76 16,47 1583 + .64
49 17.56 16.94 + .62 26 16,68 16.89 - .21 3 16.11 16.19 - .08 7 16,12 16.17 - .05
50 16.02 1524 + .78 27 15,07 14,16 + .91 4 16.48 16.63 - .15 78 17.08 16.31 + .72
51 16.04 16.34 - .30 28 16.24 16,59 - .35 5 177 173+ 4 79 17.23 16.63 + .60
52 17.09 16.38 + .71 29 16.16 15.35 + .81 6 17.29 16.73 + .56 80 17.43 16.67 + .76
53 16.51 15.83 + .68 30 14.87 13.92 + .95 7 1617 1630 - .13 81 14,93 14.00 + .93
54 16.12 1627 - .15 31 14,63 13.52 +1.11 8 1647 1571 + .76 82 16.12 16.17 - .05
55 16,02 16.32 - .30 32 16.31 1557 + .74 9 17.33 16.37 + .96 83 16.41 16,56 - .15
56 17.38 16.79 + .59 33 15.02 14,08 + .94 10 16.49 1575 + .74 84 16.11 15.36 + .75
57 15.82 15.24 + .58 34 1622 1581 + .41 11 17.19 16.55 + .64 85 15.83 15.19 + .64
58 15,69 14.85 + .84 35 16.51 16.75 - .24 12 16.64 15.87 + .77 86 14.71 13.62 +1.09
59 14,99 1519 - .20 36 17.22 16.56 + .68 13 15,55 1477 + .78
60 1563 14.82 + .81 37 15.11 14,51 + .60 14 1574 15.72 + .02 Sector IV
61 16.97 16.32 + .65 38 16.67 15.97 + .70 15 15.59 14.60 + .99 1 17.12 16.53 + .59
62 1574 1517 + .57 39 16.41 16.66 - .25 16 17.30 16.72 + .58 2 16.04 1531 + .73
63 1530 14.87 + .43 40 16.42 15,87 + .75 17 1697 16.49 + .48 3 16.78 16.01 4+ .77
64 16,75 16.06 + .69 41 16.82 16.16 + .66 18 15,98 15,08 + .90 4 16.11 16.12 - .01
65 14.61 13.48 +1.13 42 16,93 16,30 + .63 19 1469 13.68 +1.01 5 16,08 16.09 - .01
66 16.33 15.62 + .71 43 1749 16.82 +..67 20 15.50 14.70 + .80 6 16.01 1615 - .14
67 16.12 16,24 - .12 44 16,57 1588 + .69 21 16.96 16.27 + .69 7 17,18 16.25 + .93
68 16.63 15.97 + .66 45 16.96 16.39 + .57 22 17.29 16.62 + .67 8 17,13 16.31 '+ .82
69 16,88 16.26 + .62 46 17.07 16,53 + .54 23 15,94 1517 + .77 9 16,08 1622 - .14
70 16,08 16.11 - .03 47 16,26 15,62 + .64 24 16.62 16.68 - .08 10 15.88 15.00 + .88
71 16.17 16.37 - .20 48 17.55 16.81 + .74 26 16.09 1537 + .72 11 14,84 13.81 +1.03
72 17.13 16.60 + .53 49 1742 1679 + .63 26 16.63 1583 + .80 12 16.03 16,14 - .11
73 17.08 16.3¢ + .74 50 17.38 16.73 + .65 27 1645 16,62 - .17 13 16.04 16.02 + .02.
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.80 62 15,14 15.07
1.49 63 15,27 14.64
.89 64 15,78 14,97
.58 65 16.70 15,91
.87 66 16.27 15.46
.86 67 16.08 15,31
.06 68 15,69 14,90
.05 69 15,08 14,13
.8 70 16,67 15,97
.18 71 16.89 16.31
.90 72 15,21 15.24.
.65 73 16.03 15.14.
.57 74 14,71 13,75
.42 75 16,75 16,08
.03 6 15,44 15,01
.88 77 16.69 16,01
1,10 78 14,94 14,87

16.42 15,68
15.17 15.18
16.25 15,52
1407 13,51
16.41 15.64
14,86 14.12
15,02 14.25
15.66 14,77
1577 14,93
15.63  14.71
1516 14,13 +1.03
14.83 14,03 + .80
15,00 14,95 + .14
15,33 1530 + .03
15.93 15,05 + .88
14,11 12,79  +1,32
1470 14,57 + .13

37 15,76 16,03
38 16,56 15.88
39 14,19 - 13,07
40 15,55 14.80
41 15.19 15,22
42 16,29 15,60
43 14,85 13.94
44 14,83 14.85
45 15,47 14,97
46 16,67 15,86
47 15,64 14,87
48 15,10 14,95
49 15,57 14,72
50 14,68 13,69
51 15,41 15.43
52 16,11 15,33
53 15.07 14,93

16,47 15,67
13.84 12,35
16.29 15,40
15.45 14,87
15,62 14,75
15,78 14,92
15,05 14,99
15,27 15,32
15,73 14,95
15,81 15,03
15.18 14,38
17.10 16.45
15.32 14,75
15.43 15,01
14,90 14.87
15,81 14,93
15.24 14,14
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M2 (continued)
No. My m,, C.L No. mye my, C.L No. mp, myy C.L No., mye myy C.L
Sector IV (cont.) 34 15,97 15.89 + .08 55 16.53 15,72 + .81 76 14,95 14,07 + .88
14 16,02 16.05 - .03 35 17.04 16.26 + .78 56 16.62 16,81 - .19 M 16.42 15,76 + .66
15 16,00 16.06 - .06 36 15.59 14.99 + .60 57 15,63 14.79 + .84 78 16.47 15,718 + .69
16 17.35 16,61 + .74 37 15.83 14.84 + .99 58 17.33 16.79 + .54 79 14,53 13.32 +1.21
17 14,49 13.27 +1.22 38 17.11 16.46 + .65 59 17.13 16.47 + .66 80 15,42 14,60 + .82
18 16.10 16.08 + .02 39 15.68 15.05 + .63 60 16,01 16.23 - .22 81 15.81 14,97 + .84
19 16.77 16.02 + .75 40 16,44 15,69 + .75 61 15,96 16.04 - .08 82 16,53 15.717 + .76
20 15,03 14,01 +1.02 41 16.61 15.83 + .78 62 16,55 15.81 4+ ,74 83 1479 13,77 +1.02
21 15.87 15.11 + .76 42 14,90 14.09 + .81 63 16.81 16.05 + .76 84 16.41 16.67 - .26
22 15,19 14,30 + .89 43 14.78 13.92 + .86 64 15,97 16.11 - .14 85 16.52 16.77 - .25
23 16.14 16.30 - .16 44 16.21 15,39 + .82 65 16.21 16.46 - .25 86 16.69 15,96 + .73
24 16.47 15,70 + .77 45 16.62 1598 + .64 66 17.28 16.33 + .95 87 16.16 16,28 - .12
25 17.09 16.48 + .61 46 16.18 16.37 - .19 67 16,07 16.33 - .26 88 16.22 15,75 + .47
26 16.53 15,72 + .81 47 16.66 16.07 + .59 68 16.24 15.54 + .70 89 16.07 16,12 - .05
27 16.46 16,69 - .23 48 15,97 16.18 - .21 69 16.51 15,79 + ,72 90 15.64 15,18 + .46
28 17.07 16.43 + .64 49 17.21 16.58 + .63 70 16.08 16,17 - .09 91 17,14 16.37 + .77
29 16,23 15.88 + .35 50 16.14 16.29 - .15 71 16.91 16.08 + .83 92 17.55 16.62 + .93
30 17.45 16.68 + .77 51 16.22 16.38 - .16 72  16.11 16.11 .00 93 15.26 14,34 + .92
31 15.93 15.14 + .79 52 15,54 1472 + .82 73 16.68 15,91 4+ .77 94 16.22 16,43 - .21
32 16.73 16.05 + .68 53 15.68 14.93 + .75 74 16.85 15.88 4+ .97 95 15,97 15.39 + .58
33 15.78 15,81 - .03 54 16.35 15.62 + .73 75 15.43 14,56 + .87 96 14.51 14,61 - ,10
M5
Sector I 54 16.17 15,33 + .84 25 15,46 14.97 + .49 79 16.41 15,74 + .67
1 14,82 14,08 + .74 55 14,43 13.60 + .83 26 16,64 1591 + 73 80 15,03 14.18 + .85
2 14,73 13.68 +1.05 56 15,70 14.84 + .86 27 15,13 14,12 +1,01 81 15,00 15.06 - .06
3 14,80 13.97 + .83 57 15,46 14.57 + .89 28 15,43 14,47 + 96 82 15,05 14,92 + .13
4 14,37 13.25 +1.,12 58 14,25 13.15 +1.10 29 16,07 15,28 + .79 83 15.68 14,89 + .79
5 14,93 13,95 + ,98 59 15,43 14.41 +1,02 30 15,12 14,99 + .13 84 15.87 15.03 + .84
6 15,55 15,76 - ,21 60 15,01 15,03 - ,02 31 15,57 14,59 + .98 85 13,83 12,33 +1.50
7 15.61 15,56 + .05 61 14,42 13,35 +1.07 32 16,66 15.88 + .78 86 14,31 13,31 +1,00
8 15,55 14,65 + .90 62 16,18 15,30 '+ .78 33 15,85 15,02 + .83 87 15.62 15,718 - .16
9 16,03 15,13 + .90 63 15,21 15,27 - .06 34 15,714 14.88 + .86 88 15.88 15,10 + ,78
10 15.60 14,82 + .78 64 15.82 14,99 + .83 35 16,75 15.97 + .78 89 15.45 14,94 + .51
11 15,59 15.66 - .07 65 15.83 15.05 + .78 36 16.24 15.43 + .81 90 16,38 15,69 + .69
12 14,81 14,06 + .75 66 15,32 15,41 - .09 37 15,583 15.62 - .09 91 16,27 15,75 + .52
13 15,38 14,90 + .48 67 14,63 13,90 + .73 38 15,33 14,92 + .41 92 15,08 15,11 - .03
14 14.16 12,98 +1,18 68 13.87 12,32 +1,55 39 15,23 14,18 +1,05 93 15,12 14,23 + .89
15 14.80 14,13 + .67 69 15,35 -15.45 - .10 40 16,69 16,04 + .65
16 15,19 15,21 - .02 70 15.22 15.22 | .00 41 15,12 15,16 - .04 Sector III
17T 14,79 14,62 + .17 71 14,18 13,04 +1.14 42 16.10 15,33 + .1 1 16,23 15,49 + .74
18 17.12 16,46 + .66 72 15.33 15.40 - .07 ﬁ ig-g(l) ig-gz + .Zé g }g.gg ig.% +l.g§
19 16,36 15,58 + .78 73 16,03 15.27 + .76 g 3 + . g o +1,
20 1374 12.43 +1.31 74 14,86 13.97 + .89 45 1544 14.67 + .77 4 1612 1542 +.80
21 1476 13.74 +1.02 75 15.36 14,786 + .60 46 15.03 1509 - ,06 5 1640 1559 + .81
22 16,15 1527 + .88 76 16,12 1533 + .19 47 16,71 16,06 + .65 6 15.62 1477 + .85
23 16,15 1536 + .79 7 15,88 1511 + .77 48 16,18 1552 % .66 7 15,65 14,80 + .85
24 15,11 1503 + .08 78 16,49 1576 + .13 49 16.28 15,58 + .70 8 1511 1494 + .17
25 14,63 13.45 +1.08 79 16,04 15.27 + .17 50 14.83 13.84 + .99 9 15,55 14.70 + .85
26 16.23 15.38 .85 80 14.87 13.96 + .91 51 14,92 14,01 + .91 10 15.67 15.61 + .06
27 16.66 15,95 1 81 -14.61 13.60 +1.01 52 15.3¢ 14.78 + .56 11 16.63 15,81 + .82
28 16,55 15.90 .65 53 15,30 15.34 - .04 12 15,33 1445 + .88
29 1570 1585 - .15 Sector I 54 1510 14,16 + .94 13 15,67 14,81 + .86
30 16.37 15.69 .68 1 15,22 14.37 .85 55 16,11 15,18 + .93 14 16,27 15,51 + ,76
31 15.57 14,78 9 2 16.52 15.68 .84 56 15,00 14,87 + .13 15 15,08 14,20 + .88
32 16.87 16,22 .65 3 16,43 15,59 .84 57 15,32 14,85 + .47 16 14.88 14,19 + .69
33 16.63 15.95 .68 4 16,76 16.06 .10 58 15.78 14,92 + .86 17 15,03 15,01 + .02
34 15,28 15,44 .16 5 16.01 15.16 .85 59 14,34 13.21 +1.13 18 14,28 13.31 + .97
35 14,95 13,98 .97 6 16.82 15.93 .89 60 15,72 14.92 + .80 19 15,03 14,05 + .98
86 15.44 14.62 .82 7 15,77 14.79 .98 61 14,39 13.40 + .99 20 16,56 15,87 + .69
8 + +
9 + -
10 + +
+ +
+ +
+ +
+ +
+ +
+ +
+ +
+
+
+
+
+
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M5 (continued) )
No, my, mpy C.L No. mp, mpy C.L No. mp, mpy C.L No. mye  Mpy C.L
Sector III (cont.) 72 15,69 15,70 - .01 21 15,50 15,61 - .11 55 16,17 15,36 + .81
38 15,13 15,07 + .08 73 15,13 1499 + .14 22 15,59 14,74 + .85 56 14,21 13,09 +1.12
39 16,09 1530 + .79 74 16,78 16,07 + .T1 23 15,74 14,89 + .85 57 15,23 15,31 - .08
40- 16,31 15,56 + .75 75 16,49 15,63 + .86 24 15,83 15,05 + .78 58 15,39 15,57 - .18
41 1575 14,94 + .81 76 16,54 15,72 + .82 25 16.46 15.65 + .81 59 13,92 12,69 +1,23
42 16,11 15,33 + .78 77 16,12 15,34 + .78 26 14,40 13,56 + .84 60 15,15 15,05 + .10
43 15,15 15,12 + .03 78 14,01 12,61 +1.40 27 15,79 14,99 + .80 61 16,36 15,65 + .71
44 16,74 1597 + .77 79 16,60 15.87 + .73 28 15,23 14,36 + .87 62 16,17 15,43 + .74
45 16,71 1591 + .80 80 16.37 15,66 + .71 29 16,24 15,44 + .80 63 15,97 15,27 + .10
46 15,22 15,25 - .03 81 16.79 16.04 + .75 30 14,39 13.50 + .89 64 15,99 15,18 + .81
47 17,09 16,33 + .76 82 16,48 15,66 + .82 31 15,06 15.06 .00 65 14.38 13,90 + .48
48 15,26 14,41 + .85 83 15,30 15,38 - .08 32 15,75 14.91 + .84 66 16,30 15,66 + .64
49 15,70 14,83 + .87 33 14,85 14,16 + .69 67 15,47 14,65 + .82
50 14,05 12,88 +1,17 Sector IV 34 14,18 13,04 +1.14 68 15.07 15,09 - .02
51 15,97 15,12 + .85 1 1513 14,99 + .14 35 15.65 14.82 + .83 69 15,54 15,08 + .46
52 14,90 13,93 + .97 2 1545 1548 - .03 36 14.83 13,88 + .95 70 16,04 1529 + .75
53 14,39 13,50 + .89 3 15,67 14,78 + .89 37 15,36 14,56 + .80 71 16,43 1580 + .63
54 16,86 16,12 + ,74 4 14,95 13.90 +1.05 38 16,45 15.66 + .79 72 14,07 12,92 +1.15
£5 15,38 15,39 - .01 5 15,12 14,99 + .13 39 16,48 15,81 + .67 73 14,66 13,90 + .76
56 14,31 13,32 + .99 6 1512 14,17 + .95 40 15,51 14,60 + .91 74 14,51 13,47 +1,04
57 16,12 1533 + .79 7 16,56 15,78 + .78 41 15,88 15,07 + .81 75 15,66 14,89 + 17
58 15,84 15,88 - .04 8 15,14 15.08 + .06 42 16,17 15,39 + .78 76 16.79 16,10 + .69
59 14,84 13,80 +1,04 9 1521 1471 + .50 43 15,81 15,02 + .79 77 16.60 15,89 + .71
60 15,78 14.87 + .91 10 15,15 14,29 + .86 44 15,71 14,92 + .79 78 14,08 13,64 + .44
61 16,19 15,37 + .82 11 14,93 14,04 + .89 45 16,59 15,80 + .79 79 1596 15,26 + .70
62 15,18 14,22 + ,96 12 14,48 13.41 +1.07 46 15,11 14,87 + .24 80 15,71 14,97 + .74
63 16,71 15,93 + .78 13 16,11 15,37 + .74 47 13.81 12,35 +1.46 81 13,69 12,12 +1.,57
84 16,04 15,22 + .82 14 16,60 15.85 + .75 48 16,34 15,57 + .77 82 14,32 13,22 +1.10
65 15.25 15.21 + .04 15 16,66 15.87 + .79 49 14,18 13,09 +1.09 83 16.58 15,93 + .65
66 14,96 14,00 + .96 16 16,66 15.87 + .79 50 15,78 16,02 - .24 84 16,59 15,87 + .72
67 14,52 13,37 +1,15 17 15,57 15,69 - .12 51 15,38 14,88 + .50 85 16,06 15,36 + .70
68 15.45 15,38 + .07 18 16,63 15.83 + .80 52 16,69 16.07 + .62 86 15.37 14,94 + .41
69 15,09 14,93 + .18 19 13,96 12,58 +1.38 53 15,83 15.07 + .76 87 15,42 15,04 + .38
70 16,07 15.25 + .82 20 15,11 15.06 + .09 54 16,12 1544 + .68 88 15,53 14,75 + .78
71 15,31 15.26 + .05
M10
Sector I 40 15,54 1547 + .07 Sector I 40 15.60 15.40 + .20
1 16,39 1569 + .70 41 16,48 15.56 + .92 1 16,45 1559 + .86 41 16,76 15,58 +1,18
2 13,52 11,73 41,79 42 14,63 13.49 +1.14 2 15,06 13.86 +1,20 42 15,37 15,08 + .29
3 15,10 14,83 + .27 43 16,19 15.03 +1.16 3 1548 1520 + .28 43 15,83 14,71 +1.12
4 15,56 14,64 + .92 44 15,91 14.99 + .92 4 16.08 15,17 + .91 44 15,40 15,18 + .22
5 16,79 15,73 +1,08 45 14.72 13.56 +1.16 5 15.34 15.08 + .26 45 16,65 15,66 - .01
6 15,69 15,48 + .21 46 15,28 15,00 + .28 6 15,58 14,54 +1,04 46 15,95 15,00 + .95
7 16,43 1560 + .83 47 16,64 1581 + .83 7 15,78 14,82 + .96 47 16,50 15,63 + .87
8 16,06 15,32 + .74 48 15,10 13.91 +1.19 8 15,49 15,38 + .11 48 15,68 15,57 + ,11
9 14,68 13,57 +1.11 49 15,35 14.38 + .97 9 15,62 15,25 + .27 49 15,19 14,06 +1,13
10 15,76 14,78 + .98 50 15,96 15.60 <+ .36 10 16,47 15.67 + ,80 50 13.85 12,39 +1,46
11 14,90 13,76 +1,14 51 13,86 12,53 +1.33 11 15,29 14,10 +1,19 51 16,12 15,97 + .18
12 14,24 12,91 +1,33 52 16,71 15,97 + .74 12 16,17 15.51 + .66 52 15,15 14,02 +1.13
13 15,53 14,51 +1,02 53 16,44 15,81 + .63 13 15,63 15,34 + .29 53 16,18 15,37 + .81
14 15,91 15,01 + .90 54 1579 14,95 + .84 14 15,38 15,29 + .09 54 15,78 15.61 + .17
15 14,16 12,83 +1,33 55 15,74 14.77 + .97 15 15,14 14,03 +1.11 55 15,21 14,05 +1.16
16 15,64 15,26 + .38 56 14,70 13,57 +1,13 16 15,78 14,80 + .98 56 15,45 15,18 + .27
17 15,59 15,33 + .26 57 15,92 15,06 + .86 17 16,92 15,92 +1.00 57 15,33 14,29 +1.04
18 14,55 13,34 +1.21 58 16.29 15.49 + .80 18 16,64 15,72 + .92 58 16,01 15.18 + .83
19 16,10 1527 + .83 59 16,63 15,82 + ,81 19 16,10 15,36 + .74 59 16.92 15,94 - .02
20 16,83 15.81 +1.02 60 14,28 13.00 +1.28 20 15,57 15.44 + .13 60 15,79 14.82 + .97
21 15,40 15,47 - .07 61 14.26 12,99 +1.27 21 15,25 14,93 + .32 61 16.79 15.89 + .90
22 15,81 15,11 + .20 62 16,33 15,54 + .79 22 16.89 15,95 + .94 62 16,64 15,70 + .94
23 15,68 14,71 + .82 63 14,38 13.58 + .80 23 16,56 15,62 + .94 63 15,92 15.86 + .06
28 14,62 13,46 +1,16 64 16,22 15.45 + .77 24 13.62 11,94 +1.68 64 16,00 15.69 + .31
25 14,41 13,07 +1.34 65 17.5: 16.01 +1.49: 25 15,58 15,43 + .15 65 15,66 14,65 +1.01
26 16,22 15,32 + .90 66 16,22 15.33 + .89 26 16,04 15.81 + .23 66 16,79 15,86 + .93
27 16,04 15,92 + .12 67 16.28 1535 + .93 27 17,01 16.10 + .91 67 15,34 14,26 +1.08
28 15,36 14,38 + .98 68 16,68 15.82 + .86 28 16,08 16,10 - .02 68 15,13 14.04 +1.09
29 15,08 14,87 + .21 69 15,95 15,13 + .82 29 17.05 15,91 +1,14 69 16,94 15.89 +1,05
30 15,70 14,64 +1.06 70 15,08 13,86 +1.22 30 16.26 1544 + .82 70 16,49 15,58 + .91
31 15,57 15,28 + .29 71 15,88 15,49 + .09 31 16.00 15,69 + .31 71 15,24 14,62 + .62
32 13,87 13,78 + .09 72 16,61 15.86 + .65 32 14,98 14,05 + .93 72 12.61 11.85 + .76
33 18,36 13,47 - .11 73 16,47 15.79 + .68 33 15,74 15,42 + .32 73 16.06 16.06 .00
34 14,27 13,97 + .30 74 15,67 14,81 + .86 34 16,48 15,48 +1.00 74 15,03 13.94 +1.09
35 14,61 13.40 +1.21 75 16,62 15.79 + .83 35 15,98 15.02 + .96 75 16,45 15,59 + .86
36 16,29 1543 + .86 76 15,87 14,99 + .88 36 14,51 13,24 +1,27 76 14,42 13.24 +1.18
37 16.44 15,66 + .78 77  15.43 15.37 + .08 37 14,44 13.44 +1,00 77 16,56 15,58 + .98
38 16.27 16,01 + .26 78 15,51 14,68 + .83 38 15,72 15,57 + .15 78 16,63 15,72 + .91
39 15,27 14.24 +1,03 79 16,46 15,73 + .73 39 15,99 15,04 + .95 79 15,87 14,62 + .75
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M 10 (continued)
No, mpe myy C.L No. mp, myy C.L No. mye myy C.L No. mye My C.I

Sector II (cont.) 26 15,73 14,77 + .96 80 16.28 15.26 +1.02 33 15.68 15,49 +,19
0 16,89 15.88 +1.01 27 14,61 13,37 +1.24 81 14.98 13.68 +1.30 34 15,62 15,43 + .19
81 15,77 15,79 - .02 28 15.99 14.99 +1.00 82 15,30 15.16 + .14 35 15,94 15,18 . + .76
82 15,05 14.77 + .28 29 14,49 13,13 +1,36 83 15,71 14.69 +1,02 36 15.66 14,71 + .95
83 15,17 14,53 + .64 . 30 16,76 15,81 + .85 84 16,61 15.38 +1,23 37 15,17 14,74 + .43
84 15,90 15.78 + ,12 31 16,52 15,60 + .92 85 14,13 12,76 +1.37 38 16.62 15,60 +1,02
85 15,23 14,18 +1.05 32 15,10 14,82 + .28 86 16.97 15.87 +1.10 39 15,96 14,96 +1.00
86 15.94 14.99 + .95 33 15,57 14,51 +1.06 87 16,76 15.87 + .89 40 15,49 - 14,88 + .61
87 15,59 14.48 +1,11 34 14,87 13,82 +1,05 88 15,67 14.72 + .95 41 15,97 15,14 + .83
88 15,82 15.63 + .19 35 16.66 15,72 + ,94 89 16,95 16.00 + .95 42 15,70 15,50 + .20
89 var No.3 36 15.16 14.72 + .44 90 15.76 14.77 + .99 43 16,04 15,19 + .85
90 15,50 14.37 +1,13 37 16,92 15,90 +1,02 91 14.28 13.09 +1,19 44 12,60 11,57 +1,03
91 16,38 15,60 + .78 38 15.70 14,62 +1,08 92 15,05 14,07 + .98 45 15,33 14,18 +1.15
92 16,82 15,90 + .92 39 16.97 15.83 +1.14 93 14.26 12.87 +1.39 46 16,82 15,90 + .92
93 17.03 15.89 +1.14 40 15,64 14,58 +1.06 94 15.45 14.63 + .82 47 16.22 15,38 + .84
94 15.54 14.46 +1,08 41 16,54 15,62 + .92 95 15,92 14.91 +1,01 48 15,90 14.97 + .93
95 15,61 14.62 + .99 42 16,67 15,62 +1,05 96 16.58 15,57 +1,01 49 15,57 14,47 +1,10
96 16.63 15,77 + .86 43 16,98 15,86 +1,12 97 14,02 12.64 +1.38 50 14.77 14,23 + .54
97 16,45 15.62 + .83 44 15,72 15.52 + .20 98 15.87 15.03 + .84 51 16.60 15,72 + .88
98 14,96 13,78 +1,18 45 16,71 15,87 + .84 99 15,12 14,18 + .94 52 16.40 15.47 + .93
99 16,87 16.05 + .82 46 15,62 14,62 +1,00 53 15,71 14.83 + .88
100 16,68 15.86 + .82 47 15,40 14,38 +1,02 Sector IV 54 14,42 13,39 +1.03
101 15.86 14.98 + .88 48 14,52 14,37 + .15 1 15,76 1477 + 99 55 16,61 15,61 +1,00
102 16.65 15.714 + .91 49 16,38 15,57 + .81 2 15,72 15,57 + .15 56 16.38 15,50 + .88
103 16,04 15.05 + .99 50 15,01 13.94 +1,07 3 15,76 15.48 + .28 57 15,18 15,22 - .04
104 14,71 13.43 +1.28 51 15,68 15,52 + .16 4 14,86 13.67 +1.19 58 16.40 15.48 + .92
105 14.25 12,82 +1.43 52 16,02 15,96 + .06 5 15.77 14.64 +1.13 59 14.61 13.43 +1.18
106 15,21 15,06 + .15 53 14,89 13,80 +1,09 6 15,49 14.43 +1,06 60 16.62 15,86 + .76
54 14,64 13,34 +1.30 7 14,80 13,99 + .81 61 16,02 15,08 + .94
Sector I 55 14,17 12,94 +1.23 8 14,31 13,19 +1,12 62 16.61 15.89 + .72
1 15,12 14,74 + .38 56 14,97 13,89 +1,08 9 16,05 15.33 + .72 63 15.71 15,66 + .05
2 14,63 13,29 +1.34 57 16,30 15,40 + .90 10 15,98 15,07 + .91 64 14,77 13.87 + .90
3 15,49 15.27 + .22 58 15,56 15,32 + .24 11 16,30 15,53 + .77 65 15.60 15,51 + .09
4 15,66 14,74 + ,92 59 15,40 14,33 +1,07 12 16,18 15.34 + .84 66 15,31 15,06 + .25
5 14,10 12,71 +1.,39 60 16,07 15,20 + .87 13 16,58 15.87 + .71 67 15,32 14,29 +1,03
6 15,65 14,62 +1.03 61 16,41 15,67 + .74 14 15,92 14,94 + .98 68 15,42 14.38 +1,04
7 16,30 15,56 + .74 62 15,64 1550 + .14 15 13.81 12,37 +1.44 69 16,62 15.34 +1,28
8 15.85 14.93 + .92. 63 15,23 14.05 +1,18 16 15,28 15.07 + .21 70 15,52 15,39 + ,13
9 15,62 15,39 + .23 64 16.56 15.78 + ,78 17 14,95 13,74 +1.21 71 16,66 15,94 + ,72
10 16,07 15.33 + .74 65 16.51 15,90 + .61 18 15,87 15,65 + .22 72 15,56 15,49 + ,07
11 15,99 15,67 + .32 66 16,56 15,59 + .97 19 15,04 13.87 +1.17 73 15,69 15,61 + .08
12 16,20 15,34 + .88 67 16,30 15,44 + .86 20 15.10 13.90 +1,20 74 16,59 15,77 + .82
13 15,25 14,97 + .28 68 14.75 13,77 + .98 21 16,42 15.48 + .94 75 16,22  16.10: + .12:
14 15,68 14,66 +1,02 69 16,79 15,90 + .89 22 16,48 15,50 + .98 76 15.72 14,81 + .91
15 14,97 13,66 +1.31 70 15.24 14,94 + .30 23 14.80 13.48 +1.32 77 16,08 15,13 + .95
16 13,70 12,10 +1.60 71 15,14 14,78 + .36 24 16,71 1576 + .95 78 15,88 14,78 +1,10
17 15,82 14.86 + ,96 72 15.82 15,79 + .08 25 15,31 14,18 +1,13 79 15,36 14,41 + ,95
18 15,69 14,71 + .98 73 14,21 12,83 +1,38 26 15,78 15,56 + ,22 80 15,05 15.06 - .01
19 15,40 14,49 + .91 74 16,76 15,65 +1,11 27 16,31 15,36 + .95 81 16,57 15,81 + .76
20 15.49 14.45 +1,04 75 15,94 15,76 + .18 28 16.43 15,50 + .93 82 15,50 14.52 + .98
21 13,56 11,79 +177 76 15,24 15.05 + .19 29 15,52 14,40 +1.12 83 15,53 15,53 .00
22 15,74 1479 + .95 77 1569 14,62 +1,07 30 14.21 12,77 +1.,44 84 16,11 15,49 + .62
23 15,84 14,77 +1.07 78 16,87 15,01 +1.86 31 16,57 15.67 + .90 85 14,83 13,72 +1.11
24 15,17 1491 + .26 79 16,61 15,58 +1,08 32 16.79 16,05 + .74 86 14.38 13,13 +1.25
26 16.41 1549 + .92 87 15,01 13.94 +1.07
M13
Sector 1 20 16,17 15.42 + .76 40 15,69 15,02 + .67 *60 14,95 14,13 + .82
1 15,81 14,88 + .93 21 1493 15,07 - .14 *41 15,03 14,47 + .56 61 16.13 15,62 + ,51
*2 14,99 14.21 + .78 22 15,58 14,92 + .66 *42 13,95 12.85 +1.10 62 15,34 14,67 + .67
3 1524 15.34 - .10 *23 14,02 13,07 + .95 *43 14,48 14,18 + .30 63 15,38 15,61 - .23
4 15,65 15,75 - .10 *24 13,88 12,77 +1.11 44 15,47 14.87 + .60 *64  14.99 14,94 + .05
5 16,10 1533 + .77 25 16,70 16.05: + .65: *45 15,25 14,63 + .72 *65 14,82 13,99 + .83
6 15,30 14.57 + .73 26 15,99 15,41 + .58 *46 15,22 14.61 + .61 66 15,33 15,52 - .19
7 15,10 15.20 - .10 27 15,63 14,90 + .73 *47 15,09 15.24 - .15 67 15,09 14,36 + ,73
8 1547 15,72 - .25 28 1541 14,57 + .84 *48 13.51 11.91 +1.60 68 15.83 15,19 + .64
9 16,21 15.60 + .61 29 15.68 15.08 + .60 *49 14,74 13.89 + .85 69 15.62 14,94 + .68
10 1511 1530 =~ .19 30 15,66 15,00 + .66 *50 14.01 12,94 +1.07 70 15.56 14,98 + .58
11 15,31 15.62 - .31 31 15,04 14,33 + .71 51 15,75 15.85 - .10 *71 1472 14.66 + .06
*12  14.41 1347 + .94 32 15,64 14,92 + .72 52 15,10 16,20 -+ ,10 72 15,24 14,49 + .75
*13 13,71 12,42 41,29 *33 14,76 14,80 - .04 *53  14.12 13.26 + .86 73 15,12 15,25 - .13
14 15,99 15.35 + .64 *+34 15,27 14.56 + .71 *54  14.41 13,67 + .74 74 15,20 15,40 - .20
*15 15,18 15,22 - .04 *35 14,74 1391 + .83 55 16,49 15.67 - ,18 75 15.62 15,81 - .29
*16 15.11 14,60 + .51 36 1542 14,74 + .68 56 15,10 15,19 - .09 *76 14,58 13,74 + .84
*17 15,29 15,35 - .06 *37 14,85 13.99 + .86 57 15.06 15.16 - .11 *T7 14,16 13.08 +1,08
*18 14,70 13,84 + .88 38 1526 14.53 + .73 58 15,78 15.20 + .58 *78 14,90 14,91 - ,01
*19 14,69 13,77 + .92 *39 15,02 14,18 + .84 59 15,34 15,63 - .19 79 15,11 15,30 - .19

* Four measures in each color,
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No. Mpe My, C.I No6. my  MWpy C.L N86. my My C.I Nd. my  Hpy C.L
Sector I 54 15,39 14,77 + .62 21 15,56 14.85 + .71 *17 14,85 13,99 + .86
80 16,06 15,50 + .56 *55 15.05 15.14 - .09 22 15,88 15.25 + .63 *18 14,57 13,69 + .88
81 15,97 15,37 + .60 56 15,98 15,33 + .65 23 15.82 15,18 + .64 *19 14,47 13.58 + .89
82 16,31 15.68 + .63 *57 13,78 12,62 +1.16 24 15,23 15,41 - .18 20 15,32 14,56 + .76
*83 14,85 14.07 + .78 58 15,92 15.37 + .55 *25 14,78 14,16 + .62 21 15,59 14,95 + .64
*84 14,87 14.88 - .01 59 16,07 15,43 + .64 *26 14.95 14,90 + .05 *22 14,69 13,79 + .90
*85 14,99 14.26 + .73 60 15.70 15,04 + .66 27 15,81 16,05: - .24: 23  15.41 15,61 - .20
*86 14.06 13.01 +1.05 61 15.26 15.43 - .17 28 15,67 14,94 + .73 *24 14,72 14,04 + .68
87 15.41 1473 + .68 *62 15.44 15,58 - .14 29 15.36 14.69 + .67 *25 13.53 12,01 +1.52
88 16.09 1579 + .30 63 15,22 14,50 + 72 *30 14.12 13,06 +1.06 26 15.77 15,05 + .72
*89 14,99 1496 + .03 64 15,69 15.08 + .61 31 15,44 1471 + .13 *27 14,58 13,92 + .66
90 15.14 15.26 - .12 *65 15,28 15.37 - .09 32 1545 15,57 - .12 *28 13,99 12,88 +1.11
91 15,76 15,12 + .64 66 15.65 14.91 + .74 *33 12,64 12,98 - .34 29 15.51 14,83 + .68
92 15,12 14,40 + .72 *67 13,60 12,06 +1,54 34 15,09 14.35 + .74 *30 15.25 15,32 -~ .07
93 15,59 14,97 + .62 68 14.89 14,99 - .10 35 15,51 15,72 - .21 31 15,92 15,38 + .54
94 15,47 15,61 - .14 69 15.64 14.99 + .65 *36 14.73 13.86 + .87 32 15.83 15.36 + .47
70 15,74 15,17 + .57 *37 13.84 12,67 +1,17 33 15.39 14.88 + .51
Sector I 71 15,71 15,16 + .55 38 15,29 15.47 - .18 *34 14,07 13.04 +1.03
1 1530 14,53 + .77 *72 14,64 14,08 + .56 39 15,03 14,30 + .73 *35 1399 13.03 + .96
2 1571 15,82 - .11 73 15,07 15,17 - .10 40 15,51 14.80 + .71 *36 14.40 13.63 + .77
3 16,04 1532 + .72 74 15,51 14.84 + .67 *41 14,11 13,23 + .88 *37 14.24 13.25 + .99
4 1528 14,56 + ,72 75 16,27 15,52 + .75 42 15,14 1525 - .11 *38 14.76 14.18 + .58
5 15,26 15.37 - .11 *6 13,64 12,40 +1.24 *43 14,78 13,96 + .82 *39 14,97 15.02 - .05
6 1514 14,36 + ,78 77 15,30 1546 - .16 44 15,40 14,61 + .79 40 15.92 15,30 + .62
7 15,02 1427 + .75 78 1577 16.1 : - .3 : *45 14,39 13.48 + 91 41 15,49 14,91 + .58
8 15,67 1579 - .12 79 15,43 14,76 + .67 46 15,93 15.32 + .61 42 15,19 15.32 - .13
*9 14,87 14.03 + .84 80 15,19 1532 - .13 47 15,91 1523 + .68 43 15,17 14,45 + .72
10 15,08 14.26 + .82 81 15,77 15.12 + .65 48 16,19 15,62 + .57 44 15,64 14,97 + .67
11 16.43 15,46 + .97 82 15,78 15.14 + .64 *49 15.17 15.23 - .06 45 14,98 15,07 - .09
12 16,08 15,50 + .58 83 14,84 1498 - .14 *50 14,38 13.43 + .95 *46 14,84 14,76 + .08
13 15,97 15.36 + .61 84 15.67 14.99 + .68 *51 14.22 13.20 +1.02 *47 14,88 14.11 4+ 77
*14 14,57 13,93 + .64 85 15.35 14.85 + .50 *52 13,74 12,53 +1.21 *48 Irr, var,
15 15,88 15.26 + .66 86 15,87 15.23 + .64 53 15,27 15,45 - ,18 *49 13,93 12,80 +1.13
16 15,67 15.01 + .66 *87 14,18 13,19 + .99 54 14.98 14.33 + .65 50 15,76 15,14 + .62
17 1541 15.64 - .23 88 15.09 15.22 - .13 55 15,16 14,45 + .71 51 15.24 14.45 + .79
18 15,18 15,29 - .11 89 15,42 14,79 + .63 *56 13,48 11,97 +1,51 *52 13,92 13.89 + .03
19 15.33 15.43 - .10 *90 13.51 12.01 +1.50 57 15.53 14.82 + .71 *53 13,70 12.54 +1.16
*20 15,30 1539 - ,09 91 15,90 15.39 + .51 *58 16.02 15.06 - .04 *54 15,08 15,09 - .01
21 15,52 14,86 + .66 92 15,58 14,95 + .63 *59  13.70 12.46 +1.24 55 15.06 15.15 - .09
*22 15,26 15.36 - .10 93 15,56 15.05 + .51 60 15,72 15.89 - .17 56 15,40 14.79 + .61
*23 14,74 13,93 + .81 *94 14,45 13,53 + .92 61 15.44 14,72 + 72 57 15,61 15,17 + .44
24 16,02 15.46 + .56 *95 14.62 13,74 + .88 62 15,48 14,79 + .69 58 16.07 15.42 + .65
26 15,45 15.82 - .37 96 15,62 14,99 + .63 *63 13.48 12,14 +1.34 *59 14,63 14,03 + .60
*26 15,40 15.33 + .07 97 15,06 15,17 - .11 *64 1470 14,12 + .58 *60 13.14 12,54 + .60
27 15.33 14.64 + .69 98 15,48 15.69 - .21 65 15,90 15.16 + .74 *61 13,97 12,91 +1.06
*28 14,38 13,56 + .82 99 15,17 15,27 - .10 66 15,24 15.52 - ,28 62 15,68 15.15 + .53
29 15,54 15.76 - ,22 100 15.86 15.42 + .44 67 16,12 1547 + .65 *63 15,11 15,21 - .10
*30 14,71 13.85 + .86 *101 14,99 14,20 + .79 68 14,99 15,12 - .13 64 15,55 14.86 + .69
31 15,47 1472 + .75 102 15,56 14.87 + .69 69 15,96 16.08: - .12 65 15,97 15,33 + .64
32 16,10 15.52 + .58 70 15,19 15,29 - .10 *66 14.98 15.05 - .07
*33 13,79 12,54 +1.25 Sector II 71 15.41 14,67 + .74 67 15.29 14,56 + .73
*34  13.59 12.20 +1.39 *1 15,03 15,13 - .10 *72 1579 15,10 + .69 68 15.19 14.46 + .73
*35 14,38 13.43 + .95 2 15,40 14,70 + .70 73 13,56 12,25 +1,31 69 15.18 14,57 + .61
36 15,74 15.17 + .57 3 15,43 14.69 + .74 70 1571 15,07 + .64
37 15,65 14,98 + .67 4 15,28 1543 - .15 Sector IV *71 15,12 15,16 - .04
38 15.01 15,13 - .12 5 15.09 15.23 - .14 1 15,42 14,61 + ,81 72 15.90 15,34 + .56
39 1537 15.60 - .23 6 15.41 14,65 + .76 *2 1492 14,09 + .83 73 15,12 15.24 - .12
*40 13,78 12,70 +1.08 *7 14,32 13,31 41,01 3 1543 14.69 + .74 74 16.03 15,53 + .50
*41 14.69 13.80 + .89 8 15.07 15.17 - .10 * 4 14,47 13.57 + .90 7% 15,07 15.17 - .10
*42 1475 14.09 + .88 *9 14.66 13.87 + .79 5 15,07 14,27 + .80 76 15.63 15.04 + .59
43 1529 15,50 - .21 10 1543 14,77 + .66 6 15,18 14.35 + .83 77 15,25 14,57 + .68
44 16.03 1549 + .54 *11 15,00 15,03 - .03 7 15,40 14,67 + .73 *78 14,84 14,03 + .81
45 16.07 15.47 + .60 *12 14,37 1349 + .88 8 15,34 14.48 + .86 79 15.88 15.29 + .59
46 15.36 15.52 - .16 13 15.53 1573 - .20 9 1594 15.36 + .58 *80 15.01 14,23 + .78
47 15,03 15,24 - .21 14 15,87 15.,3¢ + .53 10 15,02 15,16 - .14 81 15,18 15,32 - .14
*48 13.67 13.69 - .02 15 15.74 15.11 + .63 11 16,10 15,52 + .58 82 16.07 15,53 + .54
*49 14,63 13.81 + .82 *16  15.09 15.21 - .12 12 15,57 15,02 + .55 *83 15,01 15,08 - .07
*50 14,82 13.98 + .84 17 15.76 15,92 - .16 13 15,26 14,50 + .76 84 15.33 14,70 + .63
*s1 14,97 14,15 + .82 *18  13.87 12.70 +1,17 14 15,66 15,79 - .13 85 15,87 15.48 + .39
52 15,08 14,41 + .67 19 15.89 15.34 + .55 *15 13,86 12.88 + .98 86 15.79 15.10 + .69
53 15.63 15,06 + .57 20 16.21 15.65 + .56 *16 14.89 14.09 + .80 87 16.19 15,58 + .61
M15
Sector I 4 1576 15,88 - .12 8 16,07 15,58 + .49 12 13,97 12,65 +1.32
1 15.82 1585 - .08 5 1594 15,33 + .61 9 15,78 15.78 .00 13 16,97 16.43 + .54
2 16.89 16,31 + .58 6 14,43 13.48 + .95 10 16,12 15,59 + .53 14 15,87 15,99 - .12
3 16.09 15,54 + .55 7 15,87 15.62 + .25 11 15,78 15.93 - .15 15 16,52 16.75 - .23

* Four measures in each color.
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N8, mpe m,y C.L N8. r%g myy C.L N8. my, m,, C.L No, m og moy C.I,
Sector 1 15 15.21 14,63 + .58 2 16,92 16,39 + .53 78 16.26 16,50 - .24
16 16,59 15,96 + .63 16 14,33 13.38 + .95 15,81 15,77 + .04 79 17.57 16.98 + .59
17 16,22 15,62 + .60 17 16,37 15.53 + .84 4 15,79 15.06 + .73 80 16.65 16,19 + .46
18 15,69 15,15 + .54 18 16.96 16,33 + .63 5 16,18 15,92 + .26 81 15,76 15,11 + .65
19 17.07 16.58 + .49 19 17,39 16.67 + .72 6 16.63 15,99 + .64 82 16,63 16.03 + .60
20 15.63 15,03 + .60 20 16,32 16.54 - .22 7T 16.44 16,54 - .10 83 14,67 13,70 «+ .97
21 16,19 15,55 + .64 21 16,75 16.25 + .50 8 1474 13,91 + .83
22 15,64 15,35 + .29 22 16,81 16,27 + .54 9 15.43 14,75 + .68 Sector IV
23 14,93 14,03 + .90 23 1574 15,80 - .06 10 15.87 15.24 + .63 1 1589 16.03 - .14
24 16.00 15,74 + .26 24 1592 15,60 + .32 11 16,31 15,72 + .59 2 15,73 15,79 - .06
25 17,17 16,52 + .65 25 16,67 16,84 - .17 12 15,11 14.26 + .85 3 17.38 16.84 + .54
26 17.32 16,78 + .54 26 16,07 15.85 + .22 13 16,05 15.28 + .77 4 16,57 16,72 - .15
27 17,36 16,72 - .36 27 16,53 16,714 - .21 14 14,29 13,74 + .55 5 16,62 16,30 + .32
28 15,28 14,38 + .90 28 16.64 16,10 + .54 15 15,74 15.87 - .13 6 16,19 1577 + .42
29 16,49 16,39 + .10 29 14,20 13,07 +1,13 16 16,63 16.87 -~ .24 7 16,36 15,92 + .44
30 16,03 15,22 + .81 30 14,32 13.24 +1.08 17 17.65 17.00 + .65 8 17.46 16,87 «+ .59
31 16,49 16.06 + .43 31 14,20 13,09 +1,11 18 16,75 16,78 - .03 9 16.76 17.00 - .24
32 16,87 16,42 + .45 32 16.55 16.35 + .20 19 15,63 14,89 + .74 10 17.04 16,53 + .51
33 15,79 15,07 + .72 33 16,23 15.66 + .57 20 16.83 16,26 + .57 11 15,82 15.22 + .60
34 15,87 15.97 - .10 34 16,42 16.62 - .20 21 16.47 16.65 - .18 12 17,18 16.70 + .48
3% 17.39 16.76 + .63 35 17.43 16.80 + .63 22 17.60 16,87 + .73 13 17,563 16.82 + .71
36 17,42 16.89 + .53 36 15.88 15,98 - .10 23 17,32 16,72 «+ .60 14 17.40 16.88 + .52
37 17.6 16.93 + .67: 37 16.27 15,14 + .53 24 17,53 17,05 + .48 15 16,95 16.37 + .58
38 14,83 14,09 + .74 38 16.93 16.48 + .45 25 17.55 16.82 + .73 16 17.50 16,78 + .72
39 17.03 16.53 + .50 39 16,97 16.42 + .55 26 15,10 14,19 + .91 17 17.61 16,91 + .70
40 17.29 16,80 + .49 40 15,10 14,28 + .82 27 14.25 13,17 +1,08 18 16,54 15,95 + .59
41 14,89 13,98 + .91 41 1592 15.54 + .38 28 15.96 15,63 + .33 19 17.42 16.80 + .62
42 16,27 16.48 - .21 42 14,14 13,04 +1.10 29 17.10 16,56 + .54 20 16.08 15,53 + .55
43 14,58 13,73 + .85 43 15,32 14,72 + .60 30 16.58 16,08 + .50 21 16.81 16,29 + .52
44 17,06 16,52 + ,54 44 15,06 14,46 + .60 31 17.65 16.98 + .67 22 17.00 16,53 + .47
45 16,92 17.02 - .10 45 16,14 15,58 + .56 32 15,55 15,02 + .53 23 16.97 16.47 + .50
46 16.95 16,42 + .53 46 16,60 16,16 + .44 33 14,76 13,96 + .80 24 16,97 16.57 + .40
47 16,64 16,78 - .14 47 17.08 16.51 + .57 34 13,01 12,56 + .45 25 15,87 15,29 + .58
48 15.86 15.21 + .65 48 16.37 15.82 + .55 35 17.40 16,78 + .62 26 17,25 16.82 + .43
49 16,65 15,99 + .66 49 15,71 15,03 + .68 36 17.28 16.83 + .45 27 16,32 15,94 + .38
50 14,43 13.40 +1.03 50 16,31 15,72 + .59 37 15.59 14,92 + .67 28 17.39 16,81 + .58
51 15.81 15,82 - .01 51 15.62 15.03 + .59 38 16.25 15.69 + .56 29 14,99 14.19 + .80
52 15,86 16,05 - .19 52 17.47 16.92 + .55 39 17.06 16.55 + .51 30 15,22 14,46 + .76
53 16.43 15.77 + .66 53 17.04 16.47 + .57 40 17.41 16.81 + .60 31 15.43 14,77 + .66
54 15.78 15.82 - .04 54 15,74 15.89 - .15 41 15,91 15,34 + .57 32 15,98 1540 + .58
55 15.87 16.04 - .17 55 16,55 16,10 + .45 42 17,35 16.72 + .63 33 15.87 15.27 + .60
56 14,72 13,83 + .89 56 15,88 16.02 - .14 43 15,17 15,87 - .10 34 15.81 15,72 + .09
57 15,99 14,73 +1.26 57 17.16 16,68 + .48 44 15.63 14,97 + .66 35 15,24 14,69 + .55
58 15.79 15.92 - .13 58 16.02 15.49 + .53 45 16,37 15.83 + .54 36 15.83 15,18 + .65
59 15,93 15.30 «+ .63 59 15.85 15.95 - .10 46 15,30 14,72 + .58 37 15,72 15,07 «+ .65
60 17.14 16,62 + .52 60 16,63 16.16 + .47 47 16,88 16,26 + .62 38 13,76 12,561 +1.25
61 16.32 15.76 + .56 61 16.27 16,75 - .48 48 14,43 13,39 +1.04 39 16.28 15,61 + .67
62 1505 14.39 + .66 62 17.18 16,82 + .36 49 17.55 16.82 + .73 40 14.90 15.01 - .11
63 14,96 14,12 + .84 63 17,13 16.69 + .44 50 16.58 16,00 + .58 41 15.85 15,92 - ,07
64 1727 16,72 + .55 64 14.42 13.39 +1.03 51 16,12 15,56 + .56 42 16,73 16,20 + .53
65 15,71 15,04 + .67 65 17,12 16,52 + .60 52 15,72 15,76 - .04 43 16,40 15,85 + .55
66 1581 1527 + .54 66 17.46 16,95 + .51 53 15.87 16,04 - .17 44 15.75 15,79 - .04
67 16.54 17.03 - .49 87 16.710 16.19 + .51 54 15.89 15,30 + .59 45 15.98 15,67 + .31
68 16,48 16,14 + .34 68 16.65 16.13 + .52 55 17.18 16,71 + .47 46 16.08 15,51 + .57
69 15,93 1535 + .58 69 17.01 16.43 + .58 56 17.23 16.65 + .58 47 16,56 16,05 + .51
70 16.52 16.81 - .29 70 17.27 16.83 + .44 57 17.44 16.94 + .50 48 15,03 14,30 + .73
71 15,87 16.04 - .17 71 17.03 16,42 + .61 58 16.44 16.75 - .31 49 17.38 16.81 + .57
72 15,62 15,12 + .60 72 16,48 15,99 + .49 59 14,88 14.09 + .79 50 17.28 16,66 + .62
73 16.39 16.75 - .36 73 1518 15,94 - .16 60 16.86 16,40 + .46 51 16,39 15,86 + .54
74 14,73 13.88 + .85 74 15.88 16,00 - .12 61 15.90 1531 + .59 52 17,14 16,65 + .49
75 16,25 1575 + .50 75 14,08 12,87 +1.21 62 16.50 16,03 + .47 53 16,36 15.96 + .40
76 16.13 15.67 + .46 63 15.84 16,01 - .17 54 17.48 16,97 + .51
Sector I M  15.61 15.08 + .53 64 16.26 15,67 + .59 55 17.40 16,86 + .54
1 1593 1535 + .58 78 16.28 15,83 + .45 65 17,55 16.95 + .60 56 15,85 16,06 - .21
2 16,41 1575 + .66 79 16.50 16.61 - .11 66 17.27 16,77 + .50 57 16.69 16.30 + .39
3 16,81 16.25 + .56 80 17.45 16.80 + .65 67 1586 1597 - .11 58 14.46 13,52 + .94
4 17.30 16.81 + .49 81 17.34 16.87 + .47 68 17.23 16,71 + .52 59 17.60 17,10 + .50
5 17.40 16.92 + .48 82 16,78 16,27 + .51 69 16,08 15,51 + .57 60 17.23 16,71 + .52
6 17.31 16.93 + .38 83 16.10 15.53 + .47 70 15,09 1430 + .79 61 17.60 16,95 + .65
7 15.58 15.11 4+ .47 84 17.02 16.56 + .46 71 15,82 15,55 + .27 62 14,95 14,23 «+ .72
8 1538 14.78 + .60 85 17.55 16.95 + .60 72 17,19 16,65 + .54 63 15.83 16,07 - .24
9 1512 14.22 + .90 86 17.38 16.69 + .69 78 17,56 16.91 + .64 64 1510 14,18 + .92
10 15.90 15,91 -~ .01 87 17.48 16.83 + .65 74 16,20 15,75 + .45 65 14,69 13,70 «+ .99
11 1572 1580 - .08 88 17.65 17.1 4+ .55: 75 16.49 15.88 + .61 66 1578 15,88 - .10
12 17.51 16.92 + .59 76 16.79 16.82 + .97 67 16.25 16,42 - .17
13 16.89 16.26 + .63 Sector I 7 15,34 14,54 + .80 68 15,71 1572 - .01
14 15,60 15,33 + .27 1 17.65 1710 + .55
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to a variable which now seems irregular although
it was originally listed with a period of 106 days.

No RR Lyrae stars were measured and the
modulus of the cluster was estimated solely from
the position of the gap.

3.3 Mri3. (Figure 8.) The diagram of this
cluster deviates most from the pattern of the rest
of the clusters investigated here. The most un-
usual feature is the ill-defined gap in the hori-
zontal sequence and the large slope of the blue
end of that sequence. The measures here, as well
as measures of fainter stars by Savedoff, indicate
that this blue branch extends to fainter magni-
tudes than in any of the other clusters inves-
tigated.

Because of the difficulty of identifying the
center of the gap, only RR Lyrae stars were used
to determine the zero point in this cluster. Only
two bona fide RR Lyrae stars could be measured ;
an additional pair, undoubtedly RR Lyrae, are
too close together and too near the center of the
cluster. Two-color light curves for the measurable
pair are shown in Figures 14 and 15; data for
them are collected in Table Ila. Since they have
standard light curves for their respective periods
and since they both give very nearly the same
value for the modulus of the cluster, the zero
point is considered to be accurate within +o0.1
mag. This zero point is confirmed by the fact
that it gives, within a few hundredths of a mag-
nitude, the same absolute magnitude for a 1.4-
day period cepheid in M13 as that of a nearly
identical cepheid in M15. The same is true of a
2.2-day period in M 13 which has an almost exact
counterpart in w Centauri. The zero point, as
judged by the mean position of the two RR Lyrae
stars, gives a reddening of 0.16 mag.

This particular cluster was selected as a test
case in which to determine how far the bifurca-
tion suggested in most of the giant sequences
could be traced. Stars brighter than m,, = 14.4
were measured on four plates, in both colors,
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taken with the 60-inch telescope. The probable
errors for the mean magnitudes marked with an
asterisk in Table I then are of the order of 0.01
mag. or less. It is now seen that in this cluster
the bifurcation can be traced nearly to the end
of the giant sequence although the mean separa-
tion becomes very small toward the bright end
of the sequence.

If the red side of the giant branch is considered
as a separate sequence, it appears that very
narrow sequences can exist i such diagrams.
The total spread, in color index, is only about
0.1 mag. for this feature. This, however, is still
larger than the accidental errors of measurement.
Judging from the diameter of the cluster (the
largest of the seven clusters) the back-to-front
magnitude difference cannot exceed 0.02 mag.
If there is no variable obscuration over the area
measured, and this already must be less than
0.1 mag. in reddening, then the width of the
giant sequence derived for M 13 must be consid-
ered as its intrinsic width.

The radial velocity of the very blue star at
mpvy = 12.98 shows it to be a member of the
cluster (Greenstein and Miinch, unpublished
results).

3.4 Mro. (Figure 9.) Since only one 60-inch
exposure in each color was measured, the acci-
dental error of the plotted points is slightly
greater than that for any of the other diagrams.
The diagram of this cluster most resembles that
of M2.

The cluster is obviously highly reddened, the
position of the gap giving 0.4 mag. reddening.
Since this would indicate between one and two
magnitudes absorption, the real distance modulus
would be around m,, = 13 mag., making this
cluster easily one of the closest known.

Mi1o is the only cluster investigated here which
has no known RR Lyrae variables. Such vari-
ables have been looked for by Oosterhoff, Mrs.
Hogg, and the writer, among others. Despite the

TABLE II. RR LYRAE STARS

Observed epoch

Hogg Mpg Mpv of maximum
No. Type Period Max Min Mean* Max Min Mean* J.D. 2434000.+
a. Mi13
7 c 42388 14.54 15.00 14.79 14.36  14.67 14.55 157.733
8 a .750306 14.35 15.30 14.87 14.20 14.90 14.59 156.709
b. M2
3 a .619705 15.30 16.70 16.09 15.43 16.40 16.01 272.83 &= .03
7 b .594857 15.45 16.84 16.15 15.50 16.44 15.96 305.60 == .06
9 a .60981 15.52 16.86 16.28 15.62 16.66 16.17 272.67 &= .03

* Magnitude at mean intensity.
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fact that the cluster appears loose enough to see
into the very central regions, only the 7.9-day
and 18.8-day cepheids and the irregular variable
have been discovered.

The population of the red side of the horizontal
sequence is sparse, again correlating with the
lack of RR Lyrae stars. Although the number
of stars in the blue branch decreases very close
to the faint end, no definite cut-off was observed
to the M,y = +1.0 mag. limit measured.

O_PHASE -5 [¢]
T T T T T T T T T T T T T T

S Fig.14
Tpg

Mi3 #8
4750306

150

1
O PHASE S5 [3)

Figures 14 and 15. Light curves for RR Lyrae stars
Mi3, No. 7 and No. 8.

3.5 Mogz. (Figure 10.) The diagram for this
cluster contains fewer stars than the rest of the
diagrams, only 177 in the 124" to 475" annulus
in this magnitude range. As a consequence the
RR Lyrae stars plotted in the gap give a better
modulus determination than the blue end of the
gap.

The diagram generally resembles that of M2
and M10 and the bifurcation of the giant branch
seems to be well marked. Measures from more
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central regions (Arp, Baum, and Sandage 1953)
mark the terminus of the giant branch at C.I. =
+1.4 mag. The blue branch stops about 1 mag.
below the gap.

3.6 Mis.(Figure11.) This diagram represents
the most extreme case of the M2, Mog2 pattern.
The cluster is very centrally condensed but by
measuring as close to the center as background
effects allowed, a diagram almost completely free
from field stars was obtained.

The horizontal sequence in this cluster is very
unusual. There is a moderate population on the
red side of the gap which is correlated with the
fairly large number of RR Lyrae stars known in
this cluster. The blue end of the sequence, how-
ever, is very narrow. The measures in this dia-
gram are from one exposure with the 100-inch in
each color and hence the accuracy is comparable
with that in the rest of the diagrams. This sug-
gests that the observed width of the blue sequence
in other diagrams is the intrinsic width in those
particular clusters and not due to the errors of
measurement.

The small, narrow blue branch stops abruptly
0.3 mag. below the gap. At about a magnitude
below the gap more stars in this sequence are
encountered over a range of about half a magni-
tude. Search for fainter stars in this region seems
to yield nothing (John Schopp, private communi-
cation). Present indications, then, are that the
faint blue-sequence stars form an isolated clump
at about m,, = 16.75 mag.

Although the position of the gap is exceedingly
well determined by the narrow blue sequence, a
few RR Lyrae stars were sampled to see whether
they would fall in the gap. The light curves are
not shown since only about seven or eight points
were obtained on each curve. However, for the
four RR Lyrae stars that had points well dis-
tributed over their cycles, namely, Nos. 9, 32,
53, and 66, this gave mean magnitudes with
sufficient accuracy to plot them in the gap with
the small crosses as indicated in the diagram.
These RR Lyrae stars seem to have rather small
amplitudes, although the number sampled is too
small to show any general conclusion.

3.7 Mz2. (Figure 12.) Since there is about
0.05 mag. reddening indicated for this cluster,

Figures 6-12. Color-magnitude diagrams for globular clusters. Circled crosses represent cepheids, large crosses long-
period or irregular variables, and small crosses RR Lyrae stars. Figure 6: 15-day cepheid; 103-day long-period variable.
Figure 7: Cepheids too bright to be included ; one irregular variable. Figure 8: 97-day long-period ; one irregular variable.
Figure 9: 8- and 18-day cepheids; one irregular variable. Figure 11: 1.4-day cepheid. Figure 12: 15-, 17-, and 19-day

cepheids.

Figure 13. Superposition of all seven color-magnitude diagrams. One line may represent sequence from several clusters
in same region of diagram. Circled crosses indicate cepheids; crosses, long-period and irregular variables. Remaining
points represent stars falling off sequences in individual diagrams.
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Figures 16, 17, and 18. Light curves for RR Lyrae stars
Mz2, No. 3, 7, and 9.

the giant branch extends only to a normal color
index of 1.2 mag. which is the bluest limit of
any of the giant branches investigated here.

The blue portion of the horizontal sequence is
the most heavily populated of any of the seven
clusters, even stronger than in M3. Its faint
limit seems to be at M, = +0.8 mag. although
this is too near the sample limit to be certain.
There is slight evidence for a “‘clump’’ near this
limit as in M1s5. -

The mean position of the three RR Lyrae
cepheids confirms within a few hundredths of a
magnitude the position of the gap as drawn. The
moderate population on the red side of the gap

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System
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which is correlated with the dozen RR Lyrae
stars in the cluster, however, is at a slightly
higher luminosity than in most clusters. This
may signify that the gap is not horizontal in this
cluster but runs at a slight angle to join the few
stars to the red of the gap. Accurate mean mag-
nitudes of all the RR Lyrae stars present would
be required, however, to decide this.

Of the 12 stars listed as RR Lyrae, three were
far enough from the cluster so that they could
be measured on 60-inch plates at this apparent
magnitude without incurring background effects.
The light curves for these three are shown in
Figures 16, 17, 18; data for them are collected
in Table IIb.

4.0 General Properties.

4.1  General form of the diagrams. Comparison
of the whole group of diagrams reveals the follow-
ing pattern. At the bright limit the giant branch
is very narrow. As the giant branch progresses
toward fainter magnitudes, a minority of stars
split off to the blue, increasing their separation
from the main giant branch. The blue side of
this so-called bifurcation of the giant sequence
seems to continue toward the red end of the
horizontal sequence while the remaining stars
turn down to become the vertical part of the
giant branch. There is always a strict gap, how-
ever, at about M,, = —0.6 mag., between the
blue part of the giant sequence and the red side
of the horizontal sequence. Also, at the point
where the blue side of the giant branch stops,
about M,, = —1.0 mag., there is a fill-in of stars
between it and the main part of the giant branch.
This makes for a slight increase in star density
at this point in the diagrams. In this region also
occur a few scattered stars 0.2 and 0.3 mag. to
the blue side of the sequences which could, con-
ceivably, be associated with the behavior of the
sequences at this point.

Further down, at about the magnitude of the
gap, inspection of either the diagrams or Table
III reveals a slight concentration or clumping in
the vertical giant branch. Although this is not
a conspicuous feature, the same pattern is re-
peated in all the clusters.

It is difficult to specify the exact nature of
these details, much less their interpretation, but
they do hint that the diagrams may be more
complicated than the first impression of a simple
inverted ‘‘y"’ form.

4.2 Luminosity functions. Table 111 gives the
numbers of stars in intervals of absolute photo-
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TABLE III. NUMBER OF STARS IN DIAGRAMS IN INTERVALS OF PHOTOVISUAL MAGNITUDE *
M3 Ms Mi3 Mro Moz2 Mis M2
Mpy 100”/-600"" 115'-275" 100’’-300"" 80/’-380"" 124""-475" 70"-150" 100"~290""
—3.4to —3.2 I I 2
—3.2t0 —3.0 3.5 2 2 1
—~3.0to —2.8 2.5 I 1 1 2 3 4
—~2.8to —2.6 1 6 6 I 2 2 2
—2.6to —2.4 6 2 3 2 I 5 4
—2.4to —2.2 4 3 3 I 5 2 7
—2.2to0 —2.0 4 6 I 5 5 4 5 10
—2.0to —1.8 5 4 5 7 3 6 7
~1.8to —1.6 8 9 I 8 5 7 8 6
—1.6to —1.4 8 7 7 8 4 4 I 7
—I.4to—1.2 8 7 3 2 9 5 3 02 I4
—1.2to—1.0 24 19 9 I 10 14 5 15
—1.0to — .8 16 16 2 10 I 12 12 1 11 I 13
— .8to— .6 I I I3 8 15 12 8 13 I
— .6to— .4 o 2 1I9 2 1 8 I 17 2 11 02 16 o 2 7 I2 20
— .4to— .2 3 14 29 5 6 20 15 oI II oI 5 o 7 17 55 33
— .2to 0.0 25 35 19 21 12 26 1 25 5 32 41 6 15 2 1I5 30 19
0.0to + .2 23 26 15 15 2 26 81 15 IS5I 6 20 I 14 26 15
+ .2to .4 8 19 12 25 13 27 13 15 13 II 18 7 24
.4to .6 6 25 8 22 30 22 14 15 8 10 2 15 15 24
.6to .7 16 3 8 14 16 16 15 4: 5: 3 12 7 12
.7 to .8 7 2 12 9 II 8 18 3 9 3 5
.8to .9 15 6 10 6 13 9 15 4
.9to 1.0 2 8 8 5 15 3 21
Total brighter 66 52 256 66 19 212 65 0 222 64 4 189 44 5 128 42 12 168 93 9 247
than My, =o0.7 374 297 287 256 177 222 349

* Stars far to the red of sequences, and variables, omitted.

visual magnitude in the diagrams of each of the
seven clusters. In each column, numbers on the
left refer to stars bluer than C.I. = 0.0 mag., in
the middle to stars redder than this but not so
red as to be included in the giant sequence, and
on the right to stars in the giant sequence. The
sample in all clusters within the annulus meas-
ured is complete to at least M,, = +0.7 mag.
The total number of stars brighter than this limit
is given at the bottom of each column.

Table III may be used to form relative lumi-
nosity functions for the clusters or to compare
percentage populations of various features. Dif-
ferences in the population of the horizontal
sequence from cluster to cluster are most notice-
able. The horizontal sequence in clusters like M3
and M5 has a sharp maximum in its luminosity
function at the magnitude of the gap. In M13
and M 10, however, the function increases towards
fainter magnitudes.

Differences from cluster to cluster between the
relative luminosity functions of the giant branches
also seem to be present but they approach the
statistical significance of the sample and do not

appear to be correlated with other properties of
the clusters.

The differences in the blue-branch luminosity
functions, however, are so large as to make the
total relative luminosity function quite different
in form in the various clusters. Therefore it does
not seem possible to estimate total comparative
populations in globular clusters by making the
luminosity functions from —3 to 41 agree by a
scale factor.

4.3 Integrated absolute magnitudes. By apply-
ing the apparent distance moduli in Table V to
the integrated apparent magnitudes given by
Christie (1940), the absolute photographic mag-
nitudes of the clusters were obtained. They are
listed in the last column of Table VI. The lumi-
nosities of the seven globular clusters range from
My, = —7.6 to —8.9 mag. The absolute magni-
tudes of the brightest clusters known, w Centauri
and 47 Tucanae, are about M,, = —9.5 mag.

The relative luminosity functions of Table I1I
enable an estimate to be made of how stars at
different magnitude levels contribute to this inte-
grated brightness. In photovisual wave lengths,

TABLE IV. NUMBER OF STARS ACROSS GAP IN INTERVALS OF COLOR INDEX

Color index M3 Ms Mi3 Mi1o Mis M2
—0.2to 0.0 51 48 12 41 33 58
0.0 to 4+o0.2*% 105 41° I o 27 7
+o0.2 to +0.4 44 18 [ 4 12 3

* RR Lyrae stars.
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about 50 per cent of the total light of M3
(Sandage 1954) is contributed by stars brighter
than My, = —o0.1 mag., the level of the gap.
For the remaining six clusters even more of the
total light is attributable to stars in this magni-
tude range. In M2, for example, about 75 per
cent seems to come from such stars.

In photographic wave lengths, of course, the
number and distribution of stars in the blue hori-
zontal sequence strongly affects the integrated
magnitude. The integrated color index then de-
pends on the nature of the horizontal sequence
which was shown to vary considerably from clus-
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ter to cluster. In addition, it is estimated that
80 per cent or more of the total luminosity of
these clusters is due to stars in the magnitude
range shown in the diagrams. Since the total
brightness of the cluster is particularly sensitive
to the brightest stars in the giant sequence, the
integrated absolute magnitudes may not be an
accurate gauge of the total number of stars in a
cluster if the luminosity function differs at the
bright end.

4.4 Number of RR Lyrae stars and form of hori-
zontal sequence. Initial results on M3 (Schwarz-
schild 1940, Sandage 1953) and M9z (Arp, Baum,

TABLE V. APPARENT DISTANCE MODULI

Gap and color
limits of gap

RR Lyrae stars

Adopted modulus
and reddening

Estimated
Cluster Mpg Mpv Mpg Mpv Mpg Mpv uncertainty
M3 15.72  15.62 15.72 15.72 +.05
.00to .18 no reddening
Ms 15.24 14.98 15.24 15.08 +.05
.16 to .36 .16 reddening
Mig3 14.83 14.57 14.83 14.67 +.07
(2 vars.) .16 reddening
Mi1o 15.22 14.72 15.22 14.82 +.10
.40 to .60 .40 reddening
Mis 15.90 I5.79 15.89 15.79 15.90 15.89 +.05
(4 vars.) .00 to .20 no reddening
M2 16.17 16.05 16.21  16.03 16.19 16.15 +.10
(3 vars.) .05to .27 .05 reddening
Mog2 15.30 15.12 15.20 15.10 15.20 15.20 +.07
(6 vars.) .00to .20 no reddening

TABLE VI. MAGNITUDES OF BRIGHTEST STARS, INTEGRATED MAGNITUDES, AND FIELD STARS

. Number of field
Brightest star

(end of giant sequence) Mean of 25 brightest stars Integrated %x?i;shg]? iﬁ?r?

Color Color magnitude Mpv =0 in each
Mpe index Mpv Moypg index Mpv Mpg diagram

M3 —1.4 +1.6 —3.0 —1.2 1.2 —2.4 —8.5 10

Ms —1.4 1.4 —2.8 —1.2 +4I1.I1 —2.3 —8.2 2.2
Mi13 —-1.3 +1.4 —2.8 —-1.2 H4I1.1 —2.3 —8.1 2.1
Mi1o —1.7 1.4 —3.1 —1.2 +41.0 —2.2 —7.6 6.8
Moz2 —1.7 1.4 —3.1 —7.9 10.8
Mi1s —2.0 1.3 —3.3 —-1.6 +I1.1  —2.7 —8.6 1.6
M2 —-1.8 +41.2 —3.0 —1.4 1.0 —2.4 —8.9 7.2

and Sandage 1953) indicated that all the RR
Lyrae variables fall in the horizontal sequence
between C.I. = 0.0 and 4o0.2 mag. The RR
Lyrae stars measured in M2 and M15 confirm
this. The gap which was so defined has been
drawn in the diagrams of the clusters. These
show that the color width of 0.2 mag. is satis-
factory and that non-variable stars do not occur
in this region. The few non-variables which in-
fringe over the edge of the gap as drawn are
undoubtedly due either to probable errors of
measurement or are small-amplitude variables
(Walker 1955, Roberts and Sandage 1955).

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System

As noted in the discussion of individual clus-
ters, a large number of RR Lyrae cepheids in a
given cluster is associated with a strong popula-
tion on the red side of the gap. This is expressed
quantitatively in Table IV. Here the number of
stars in each diagram for an interval of 0.2 mag.
in color index is given first for the blue side of
the gap, then for the gap (0.2 mag. wide in color
index and containing only RR Lyrae stars), and
finally for the 0.2 mag. interval in color index to
the red of the gap. Since the sequence is nearly
horizontal in most clusters, this gives an approxi-
mation to the linear density function of stars
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along the sequence. These sets of three numbers
would suggest that a small number of stars on
the red side of the gap signifies a sharply de-
creasing density function towards this end of the
horizontal sequence. Presumably such a decreas-
ing density function furnishes fewer candidates
for variability in the gap. M3 is unusual in that
the maximum star density occurs right in the
RR Lyrae gap. It will be noted that it is not the
total population of the branch but the population
gradient across the gap which seems to correlate
with the number of RR Lyrae stars; the total
population of the branch can be quite large for
clusters having few RR Lyrae stars (e.g. M2).
4.5 Superposition of all seven diagrams. Fig-
ure 13 shows the estimated line sequences from
all the diagrams superposed. Where sequences
coincided one line was used, so that seven lines
are not present in all parts of the diagram.
There are about one hundred stars falling off
the line sequences and plotted as individual
points in Figure 13, whereas the line sequences
represent about 2000 stars. Some of the stars
falling off the sequences are undoubtedly field
stars. In this connection, however, it can be
stated that almost all of these stars that are
bluer than C.I. = 0.0 mag. must be cluster mem-
bers since field stars of this color are very rare.
From Seares’s (1925) counts the number of field
stars to be expected in each diagram above the
magnitude of the horizontal branch is given in
Table VI. Altogether, about 41 field stars should
be present above M, = o0 in the composite dia-
gram of Figure 13. Excluding the stars bluer than
C.I. = o, there are more than 50 stars falling off
the sequences of Figure 13 in this magnitude
range. Allowing for the occurrence of some field
stars in the region of the sequences, an excess of
20 to 30 over the predicted 41 appears to be
present. The type II population, as characterized
by globular clusters, then contains some blue

stars as bright as M,, = —2 mag. as well as
possibly a small number of stars of intermediate
color as bright as M,, = —3 mag.

The type II cepheids are indicated by circled
crosses in Figure 13. They occupy a narrow
region above the RR Lyrae cepheids. It is tempt-
ing to conclude that the high ratio of RR Lyrae
cepheids to cepheids of period greater than one
day (about 40 to 1 in these clusters) is due to the
fact that the strong population of the horizontal
branch places many more stars in the region of
RR Lyrae variability than the scattering of blue
stars above it places in the region of cepheid
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variability with periods greater than one day.
Only a few of the non-variable stars falling in the
region of the type II cepheids have been checked
for possible small-amplitude variation and none
has been individually tested for cluster member-
ship by means of radial velocities.

Of the variables near the bright end of the
giant sequences, the three of reddest mean color
index are long-period variables of 93, 103, and
previously 106 days (it now seems irregular);
the remaining members of this group appear to
be irregular.

5.0 The Giant Sequences.

The absolute photographic and photovisual
magnitude of the terminal point of the giant
sequence in each cluster is listed in Table VI.
This point is approximately equal to the brightest
star in each cluster as can be seen from the dia-
grams. The adjoining columns in Table VI list
the mean magnitude of the 25 brightest stars in
each cluster, normalized to the same number of
stars above M,, = 40.6 mag. as there are in
the M2 diagram, 349. It is apparent that in
these seven clusters there is a range of around
half a magnitude in the absolute magnitude of
both quantities. Distance criteria based on the
brightest stars in such systems, however, would
suffer more from the range in color index of these
brightest stars, since the reddening would be
uncertain by this amount and consequently the
absorption by about four times this range.

In M3 and Mog2 the giant sequences were
originally noted to be displaced parallel to each
other in color index. The displacement of the
giant sequences in the present clusters follows
roughly the same pattern, except in M13. In
Mi13 the bright end of the giant sequence falls
to the faint red side of the composite diagram
(Figure 13) but then crosses over to the blue
limit of the group of vertical branches near the
gap. In M2 the upper end of the giant sequence
falls in the brighter bluer group of giant sequences
and then comes down a little to the red of the
middle of the vertical branches near the gap.
M2, however, contains the sparsest calibration
of the clusters and would be most subject to a
small systematic error at fainter magnitudes.
Therefore M13 is the only cluster which can be
said with certainty to violate the parallel dis-
placement in color index of the giant branches.

5.1 Correlations with position of bright end of
giant sequence. The bright portion of the giant
sequences in M3, M5, and M13 average about
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one-quarter magnitude redder at the same M,,
than in M1o, Mg2, M15, and M2. The giant
sequences in the first group tend toward an
asymptotic limit at bright M, whereas those in
the second group do not bend over much at the
bright end. Nevertheless, the M,, of the ter-
minus gives another measure of the displacement
of the giant branches, since all the giant branches
are much more nearly horizontal when plotted
with photographic magnitude as ordinate. The
first column of Table VII shows that this crite-
rion also tends to group the giant branches; the
M3, Ms, M13 group having M,, = —1.3 to
—1.4 mag. and the remaining four ranging from
—1I1.7 to —2.0 mag. Of course, it is not certain
at this point whether this is an actual grouping
or a chance sample from a gradation of giant-
branch placements. For convenience of discus-
sion, however, they will be considered here to be
two discrete groups.

60, No. 1232

Oosterhoff (1944) has shown that the mean
period of all the RR Lyrae a and b cepheids, in
clusters for which these data are available, has
a value of either 0.51 to 0.55 or 0.62 to 0.65. The
correlation between the mean period of the RR
Lyrae a and b stars in a cluster and the place-
ment of its giant branch is very good as seen in
Table VII.

In the first group, Deutsch (unpublished re-
sults) has noted the spectra of stars in the giant
sequences of M3 and M13 to be ‘“‘normal’ in the
sense that they do not differ radically from high-
velocity giants previously known. Two clusters
in the second group, Mg2 and M 15, however, are
noted to have abnormal spectra in that the metal
lines are excessively weakened.

The three long-period cepheids (Arp, 1955)
which have light-curves most resembling classical
cepheids all occur in clusters of the first group
(M3 and M3). The six W Virginis type cepheids

TABLE VII. CLUSTER CHARACTERISTICS WHICH ARE CORRELATED

Giant branch Mean period
Cluster Mg RRLyra,b
M3 —1.4 .55 (124)
Ms —1.4 .54 (63)
Mi3 —1.3 — ()
Mgy — .51 (17)
Mo2 — .55 (21)
Mean .545
Mog2 —1.7 .63 (9)
Mio —1.7 — (o)
M2 —1.8 .63 (rI1)
Mis —2.0 .65 (31)
M5s3 — .62 (17)
w Cen — .65 (77)
Ma22 — .63 (7)
Mean .643

found in these clusters all occur in the second
group (M10, M2, and w Cen). Finally, the three
long-period variables of near-100-day period come
from M3, M5, and M13. Members of the second
group contain similar stars of both longer and
shorter period, however, so that this correlation
is an uncertain one.

The indicated correlations between the char-
acter of the variable stars, the placement of the
giant sequences, and the nature of the spectra
seem to be both reasonable and definite. The two
distinct and separate groupings which are sug-
gested, however, are puzzling. Even if study of
additional globular clusters confirms this definite
separation rather than a gradation between their
physical properties, there seems to be no present
hint as to its ultimate explanation.
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“Normal”’ Spectra (M3, M13): cepheids
in this group are more nearly like classical
cepheids.

“Abnormal’’ Spectra (Mg2, M15): metal
lines weak. W Virginis and RV Tauri
cepheids in this group.

6.0 Remarks on the Zero Point of Absolute Mag-
nitude.

At the inception of the present comparative
study of globular clusters it was assumed that
the RR Lyrae cepheids in all globular clusters
have identical absolute magnitude and color in-
dices. In retrospect, this assumption seems to
have been partially justified, principally due to
the following circumstances. When the zero point
in each cluster is so chosen: 1) Characteristic
features of all the color-magnitude diagrams
above M,, = +1 occur at about the same abso-
lute magnitude. 2) From different clusters those
cepheids of period longer than one day having
the same period and the same shape of light-
curve, turn out to have the same absolute mag-
nitude. Variation of the absolute magnitudes of
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Figure 19. Velocities of 33 high-velocity dwarfs in and
perpendicular to the plane of the galaxy. Filled circles
represent normal dwarfs; open circles, subdwarfs.

the RR Lyrae stars from cluster to cluster of
more than #+0.1 mag. would have vitiated the
multiple period-luminosity observed (Arp 1955).
3) Long-period variables, around 100 days, turn
out to have closely the same magnitudes (un-
published).

This appears to fix all the RR Lyrae stars at
the same luminosity to within 40.1 mag., i.e.,
the uncertainty involved in estimating individual
zero points.

It was also hoped that an absolute calibration
of the RR Lyrae stars could be obtained by
superposing the main sequence in globular clus-
ters upon the main sequence in the neighborhood
of the sun, since stars as faint as M,y = +5 or
thereabouts presumably have not had time in
which to evolve an appreciable distance in the
color-magnitude plane. This assumed that the
main sequence in the globular clusters provides
a zero point as good as the RR Lyrae stars.
Although the above procedure gave a reasonable
value for the RR Lyrae stars in M3 (Sandage
1953), the main sequence in Mg2 (Arp, Baum
and Sandage, 1953) fell somewhat below that in
M3 and recent measures by Baum (1954) show
the main sequence in M13 to be more than a
magnitude below even that position.

Observationally, however, it is clear that this
situation is to be expected. Fricke (1949) lists
33 high-velocity dwarfs, of which 10 turn out to
be main-sequence dwarfs and 23 subdwarfs.
Among these possible type II objects the ones
which inhabit the halo regions, above the plane
of the galaxy, may be selected on the basis of

plane, W. Figure 19 is constructed from Fricke’s
data and shows how the ratio of subdwarfs to
dwarfs increases as we go to higher velocities
perpendicular to the plane.

Clearly it is the subdwarfs that are the stars
more characteristic of the halo region, much
nearer the region of the globular clusters, since
their observed velocities indicate that they are
the stars which are passing through the solar
neighborhood from those regions. The position
of the globular-cluster main sequence then does
not appear to be necessarily that of the main
sequence in the vicinity of the sun. A fit cannot
be made - unless there is a unique subdwarf
sequence (indicated not to be the case from M3,
Mog2, and M13). The method seems only appli-
cable in the event that specific nearby stars can
be equated to the main sequence in a particular
globular cluster.

The differences in the positions of the main
sequences of the globular clusters in the color-
magnitude diagram might be connected with
initial chemical composition if age cannot be a
factor at such low luminosity. Such chemical
composition differences could conceivably enter
into the differences previously mentioned as ap-
pearing in the spectra of the brighter globular-
cluster stars.
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