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ABSTRACT 

New photographic UBR photometry of approximately 1700 stellar images surrounding the Virgo 
giant elliptical M87 is presented. The survey covers the radial region T5-9Í0 to 5(limiting)^23.5. 
Comparisons with two adjacent background fields indicate that 70% of our sample consists of 
globular clusters belonging to M87, enabling several statistical studies of the M87 halo to be made. 

Our summarized conclusions are: (a) over the measured radial range, the M87 clusters become 
systematically bluer (more metal-poor) with increasing galactocentric distance; (b) the color gradient 
in the cluster system has the same slope as that for the M87 integrated halo light, but the clusters are 
bluer by A(£/—Æ)æ0.5 at all radii; (c) the cluster luminosities are not correlated with color; and (d) 
the cluster luminosity function that we derive is similar to that observed previously by Hanes and 
appears similar in all radial regions. The various characteristics of the radial color gradient, the 
cluster/halo color difference, and the luminosity function are all virtually identical with the same 
features of our own Milky Way halo clusters once the galactocentric distances are normalized by 
using the scale-free radial measure r/re where re is the de Vaucouleurs radius. 

We argue from these results that galaxies were not likely to have been formed by accumulation of 
globular-cluster-sized masses or by mergers of separate smaller galaxies. Instead, the halos and 
globular cluster systems in widely different major galaxies (M87, the Milky Way) have remarkable 
similarities in their early stages. The intriguing differences between the cluster system itself and the 
underlying halo suggest that the enrichment and dynamical histories of these two subsystems are 
more distinct than previously believed: Globular clusters may be the first luminous tracers to appear 
during galaxy formation. 

Subject headings: clusters: globular— galaxies: evolution— galaxies: individual — 
galaxies: photometry—galaxies: stellar content 

I. introduction 

The utility of globular clusters in investigating the 
structure, dynamics, and evolution of the Milky Way 
halo has motivated a number of astronomers to attempt 
comparable studies of globular cluster systems sur- 
rounding external galaxies. (A recent review of progress 
in this field has been given by Harris and Racine 1979, 
hereafter HR.) These attempts have been made more 
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feasible by the recent dramatic improvements in detec- 
tors and data analysis systems. 

In this contribution, we report the results of a survey 
of the globular cluster system surrounding M87, the 
giant elliptical galaxy in the Virgo cluster. Harris and 
Smith (1976) and HR have estimated that the M87 
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system contains as many as 104 clusters with K<24.5 
mag. This uniquely large population provides, in princi- 
ple, the best-known basis for a number of statistical 
studies. For example, because the brighter end of the 
luminosity function for clusters is more completely 
populated in M87 than in any other known galaxy, M87 
is especially well suited to the study of systematic varia- 
tions of cluster properties with luminosity. (In even the 
largest Local Group galaxies, the total number of clus- 
ters is nearly 2 orders of magnitude smaller.) 

Most important for our present discussion, it should 
be possible to examine the distributions of cluster 
brightnesses and colors, as well as any variations of 
these distributions with galactocentric distance r. If 
integrated colors reflect overall metal-to-hydrogen ratios, 
it would be instructive to compare the radial depen- 
dence of the cluster colors with the integrated colors of 
the underlying galactic halo. This would then permit us 
to discuss whether or not the chemical enrichment histo- 
ries of the cluster and halo population are identical and, 
conceivably, to decide whether there might be more than 
one distinct population in the halo. 

We would also hope to learn from the observed color 
distributions whether or not M87 was most likely formed 
from the merger of many smaller systems. If the merger 
hypothesis is correct, then the M87 globular cluster 
system should contain a considerable range of high- and 
low-metallicity clusters at all radii; this is because any 
initial metallicity gradients in the constituent systems 
would be smeared out in the merger process. If, how- 
ever, the spread in metallicity at a given radius in the 
present M87 halo were small and the metallicity gradi- 
ent large, then a multiple-merger origin for M87 would 
be difficult to defend. 

II. OBSERVATIONAL APPROACH 

To sample a large fraction of the cluster system in a 
reasonable time, we decided that a multicolor, photo- 
graphic survey of the M87 region was the only practical 
method available. Sky-limited (sky densities between 0.6 
and 1.0) plates in £/, B, and R were therefore obtained 
with the Mayall and CTIO 4 m, telescopes as listed in 
Table 1. 

Our choice of a UBR color system was dictated by the 
following considerations : 

TABLE 1 
4 m Plate Material Used in This Survey 

Exp. Time 
Sequence No. Emulsion Filter (min) 

MPF 1905  IIIa-J UG-2 134 
MPF2049  IIIa-J UG-2 135 
MPF 2046  IIIa-J GG-385 50 
CPF 635   IIIa-J GG-385 50 
MPF 1901...... 098-04 RG-610 55 

TABLE 2 
Hale Schmidt Material Used in This Investigation 

Exp. Time 
Plate Sequence No. Emulsion Filter (min) 

PS 22648   1032-0 UG-1 80 
PS 22646   098-04 RG-1 55 

1. The B plates provide the highest signal-to-noise 
ratio for the detection of globular clusters and enable us 
to study the luminosity function to B ~ 23.5 mag in 
M87. 

2. The color index (U—R) has been shown to provide 
a sensitive measure of the metal-to-hydrogen ratio both 
for external galaxies and for globular clusters (see, for 
example, Strom and Strom 1978; Strom et al. 1978). For 
globular clusters in our Galaxy, the range in observed 
(U—R) exceeds 1.0 mag. By comparison, (B—V) varies 
over a range only one-third as great. 

Finally, to measure the halo colors of M87 we re- 
quired areal coverage which exceeds the 50' field of the 
Mayall and CTIO 4 m telescopes, since the halo of M87 
exceeds 1 ° in diameter. Consequently, we obtained a U 
and R plate pair, using the 1.2 m Schmidt telescope at 
the Hale Observatories. The relevant data for this plate 
material are summarized in Table 2. 

III. DATA ANALYSIS 

a) Identification of Sources and Reduction to 
Instrumental Magnitude 

Identifying an appropriate sample of globular clusters 
and accurately measuring their brightness and colors 
represents a formidable challenge because (1) the clus- 
ters are faint (2? >20); (2) they are observed against the 
strong background halo light of the galaxy; and (3) the 
crowding of cluster images is severe, at least in the inner 
regions of the galaxy. These difficulties are well il- 
lustrated in Figure 1 (Plate 4), in which we reproduce a 
B plate of the M87 region. A new series of reduction 
procedures was, therefore, developed specifically to carry 
out accurate photometry of stellar images in crowded, 
background-dominated fields. The steps we followed to 
obtain our final list of cluster brightnesses and colors 
are outhned below; more detailed expositions of the 
routines used in the photographic reduction are availa- 
ble from the authors upon request. 

1. The plates were traced with the Kitt Peak National 
Observatory (KPNO) PDS microdensitometer. The 
adopted slit size was 20X20 jtim, and each chosen area 
was sampled at 15 jtim intervals. For a 4 m prime-focus 
plate scale of 18'.'5 mm-1, 15 /am corresponds to 0'.'27. 
This sampling size was comfortably smaller than the 
seeing disks on our plates, typically 1'.' 5-2'.'0. 
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2. The resulting density-position rasters were con- 
verted to intensity-position matrices, using a function of 
the form 

l.ogI=a0+axD + a2\og{\-\Q-D)+Wa¿D-a*\ 

which relates density D to intensity I. The routines 
incorporated in the DTOI package (Strom et al 1977) at 
the KPNO Interactive Picture Processing System (IPPS) 
were used to achieve the conversion. 

3. The intensity-position rasters (originally 3000 pixels 
square) were filtered by convolving them with a 3X3 
matrix of weights of the form 

0.086 0.121 0.086 
0.121 0.172 0.121 
0.086 0.121 0.086. 

This operation attenuated the granulation noise at the 
highest spatial frequencies without appreciably degrad- 
ing resolution (the convolving kernel was only 0'.' 81 
wide). The operation of forming the weighted sum of 
pixel values also reduced the quantization of the signal 
due to the original analog-to-digital converter in the 
PDS microdensitometer. Next, a new 300-square image 
was formed by taking every 10th pixel from the 3000- 
square filtered image. This smaller image was filtered 
with a 15-square median window filter. In this opera- 
tion, at each pixel of the 300-square image the 225 
surrounding pixels were extracted, sorted, and the mid- 
dle value in the sorted list (the median) was delivered as 
the output pixel value at that location. This nonlinear 
lowpass filter ignored all objects in the scene whose 
diameters were less than about 100 pixels (or 28") in the 
original 3000-square image. Its output was, therefore, 
effectively a smoothed image of the envelope of M87, 
containing none of the smaller star images. Residual 
noise in the median estimate was suppressed by convolv- 
ing the 300-square image with a 7-square kernel whose 
weights were chosen by a digital filter design program. 
This last operation suppressed spatial frequencies less 
than 0.2 in normalized units (i.e., periods less than 50 
pixels in the 3000-square image). 

4. The 300-square filtered image was enlarged by a 
factor of 10, using bi-cubic interpolation (4 pixels in 
each direction), and subtracted from the 3000-square 
image which had been computed by the initial 3X3 
convolution. Figure 2 (Plate 5) illustrates the appearance 
of the images before and after subtraction. For r>l'5, 
this technique effectively eliminated the contribution of 
the background galaxy. 

5. We then used an automatic “peak-finding” routine 
to locate candidate stellar images. An image was consid- 
ered a valid candidate if it contained more than five 
contiguous pixels with intensities above 2.5 times the 
standard deviation of the local background noise 

Vol. 245 

fluctuations. We then matched the candidate lists from 
plates MPF 2049 (U) and MPF 2046 (B) to obtain a 
master list suitable for deriving U~B colors. Similarly, a 
merged list was derived from plates MPF 2046 and 
MPF 1901 from which B—R colors were obtained. 
Finally, we compared the candidate lists from the B 
plates MPF 2046 and CPF 635. This merged list, based 
on the two plates yielding the highest signal-to-noise 
ratio, provided the basis for a discussion of the cluster 
luminosity function. Obvious extended (nonstellar) 
images (d>yf) were identified by visual inspection and 
removed from all lists. 

6. The brightness for each image on the master list 
was sampled by placing a 2" 22 radius (8 pixels) 
(numerical) circular aperture around its center and com- 
puting the total intensity within the aperture. An outer 
annulus of inner radius 4" 45 and outer radius 5" 84 (16 
and 21 pixels) was used to sample the sky around each 
image. 

For isolated objects, the distribution of pixel intensi- 
ties within the local sky annulus should be ap- 
proximately Gaussian. However, when other images 
contaminate the sky annulus, the distribution of sky 
intensities is biased or “skewed” toward higher intensi- 
ties. Consequently, we adopted the mode of the sky 
intensities (Wells 1979) rather than the mean in order to 
improve the estimate of the true sky value in crowded 
regions. The effectiveness of this approach is illustrated 
in Figure 3, where a histogram of intensity values for a 
typical sky annulus is illustrated. A Gaussian distribu- 
tion centered on the mode is presented as a visual aid to 
understanding the utility of the procedure. The “skew” 
of the distribution toward higher intensities, computed 

Fig. 3.—In this figure we plot the frequency distribution of 
intensities measured within a sky annulus. Superposed on the plot 
is a Gaussian centered on the mean of the distribution. Note the 
“skew” of the intensity distribution toward higher intensities caused 
by the presence, within the sky annulus, of a number of nearby 
sources. The mode of the intensity distribution represents a better 
estimate of the true sky (see text). 

STROM ETAL. 
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as 

[mean—mode] 
skew = , 

^sky 

was stored for each image so that we could later ex- 
amine errors in the derived magnitudes as a function of 
skew level. 

7. A table (Table 3) of position and brightness was 
assembled from photometry of all sources on the master 
lists. In Table 3 it will be noted that the number of 
sources actually measured for U and R are smaller than 
the number of sources resulting from comparison of the 
two B plates, since the U and R material had lower 
signal-to-noise. The column headings in this table are 
self-explanatory, except to say that the x and y coordi- 
nates were measured from the southeast comer of the 
scanned square area (13(95 on a side), and that the 
coordinates of the galaxy center are x=423'.' 5, y = 
426'.'!. 

b) Calibration 

Our original instrumental magnitudes (w, b, r) were 
measured as described above. To transform these into 
true £/, B, and R values, we compared our measured 
brightnesses for 38 objects identified on the five plates 
in common with Hanes’ (1971) list. Because Hanes did 
not measure R magnitudes, we were forced to use his 
measured £/, 2?, and V colors to predict R. This predict- 
ion was made by using the observed color-color rela- 
tions published by Johnson (1966). R values were 
computed only over that range in B—V color where 
differences in luminosity class have negligible effects on 
the color-color relations. 

In Table 4 we list the Hanes standards, his observed 
magnitudes, the R magnitudes estimated from the ob- 
served colors, and our instmmental magnitudes. The 
coordinate system is identical to that of Table 3. From a 
comparison of the instmmental and observed magni- 
tudes in Table 4, we adopted the following transforma- 
tions: 

U' = u+3J6, 

£'=1.116+2.67, 

R' = r+2.10. 

The zero points for the U' and B' magnitudes corre- 
spond to plates MPF 1905 and MPF 2046. Instmmental 
magnitudes measured on plates MPF 2049 and CPF 635 
were reduced to the system of the former plates. The 
quantities Usted in the table are averages from these two 
plate pairs. An assessment of the quahty of the transfor- 
mation can be made from examination of Figure 4 in 
which the instmmental and “true” system measurements 
are compared. The estimated errors in the transforma- 

tion are listed in Table 5. Although the data presented in 
Table 4 and Figure 4 suggest that our instmmental 
measurements could be transformed into UBR with high 
internal precision, the systematic accuracy of our zero 
points plainly depends heavily on Hanes’ system (which 
was cahbrated through secondary-image extensions of a 
photoelectric sequence in the field). A more direct check 
on our zero points would be highly desirable. 

To take account of the color term in B resulting from 
use of the IIIa-J + GG-385 filter (J magnitude), we 
corrected our colors according to the following prescrip- 
tions: 

(U-B) = (U,-B')-022 [(U'-RO-O.OS], 

(B—R) = (R'-R') + 0.19 [(R'-R') -1.31 ], 

if BlccJl-y03 (B — V) (Schweizer 1976; Harris and 
Smith 1981). 

Note that where we did not have any measured 
colors, a standard globular cluster color of (R —F)=0.65 
[(f/—R)=+0.08, (R—R)=1.31] was adopted in deriv- 
ing the R' transformation Usted above. 

An independent check on our color zero points was 
obtained from surface photometry of the M87 halo. 
De Vaucouleurs (1969) has published measurements of 
U—B and B — V colors from analysis of photoelectric 
scans of the halo. In addition, FAST-SCAN photometry 
(Strom et al. 1977) in the U and R bands taken through 
a 16" aperture could be used to provide the mn of 
(U—R) against galactocentric distance for r< 120" along 
the east-to-west axis of the galaxy. These measurements 
were compared with suitable numerical aperture pho- 
tometry carried out on the £/, R, and R plate material 
Usted in Table 1. From these data, we derive the follow- 
ing transformations: 

(i/-R) = (i/-R)I+1.06, 

( U—B ) = ( U—B )j—0.83, 

(R—R) = (R—R)j +1.87. 

Note that the subscript I signifies our “instrumental” 
system. By comparison, for a globular cluster of typical 
brightness R=22.0, we derive from the caUbration 
based on Hanes’ photometry = +1.07, cu_B = 
—0.83, and c5_Ä = + 1.95. To within 0.08 mag, the 
values agree with those obtained from the U and R 
FAST-SCAN photometry. It should also be noted that 
the color transformation obtained from surface photom- 
etry of the halo permits accurate differential comparison 
of the halo and globular cluster colors. 

As a final check on the color zero points, we com- 
pared (Fig. 5) the locus of our observed colors in the 
(U—B),(U—R) and (U—B),(B—R) planes with the 
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TABLE 4 
Positions, Instrumental and Standard Magnitudes for Calibration Stars 

Hanes No. I.D. No. (arcsec) 
Y 

(arcsec) 
u(MPF 2049) 

(mag) 
b(MPF 2046) 

( mag ) 
r(MPF 1901) 

(mag) 
Hanes Magnitudes 
U B R 

1-40... 
1-50... 
1-76... 
1-84... 
1-98... 
I- 130.. 
II- 40.. 
11-41.. 
11-93. . 
11-106. 
11-111. 
11-128. 
11-134. 
11-179. 
11-180. 
11-183. 
11-184. 
11-189. 
II- 196. 
III- 45. 
III-46. 
III-70. 
III-72. 
III-97. 
III-119 
III-122 
III-137 
III-226 
III- 239 
IV- 67.. 
IV-90.. 
IV-93.. 
IV-116. 
IV-133. 

348 
444 
588 
663 
809 

1398 
1385 
1214 
1334 
1388 
1541 
1535 
1540 
1529 
1437 
1430 
1278 
1263 

908 
882 

1153 
1217 
1307 
1572 
1581 
1501 

1653 
547 
804 
797 
321 
151 

396.5 
329.1 
280.8 
254.3 
182.7 
214.7 
341.8 
332.7 
165.3 
209.8 
228.9 
371.7 
397.9 
144.1 
145.3 
126.7 
119.7 

65.9 
37.8 

590.9 
604.6 
561.6 
557.1 
448.7 
500, 
516, 
583.9 
586. 
455. 
556.6 
586.2 
601.2 
617.4 
513.3 

222.2 
267.3 
321.1 
348.6 
400.1 
251.9 
622.8 
616.7 
540.9 
591.3 
618.8 
709.3 
701.3 
704.4 
696.8 
645.1 
642.1 
567.5 
561.3 
444.8 
433.6 
523.3 
543.3 
581.3 
726. 
734. 
683. 
798. 
783. 
306.2 
397.8 
395.6 
206.1 
113.7 

16.76 
16.68 
17.51 
15.89 
17.64 
17.71 
17.40 
17.50 
15.53 
17.66 
17.32 
17.85 
17.28 
16.61 
17.26 
17.83 
17.56 
16.77 
17.27 
17.66 
17.72 
18.30 
18.37 
17.65 
18.11 
17.28 
17.00 
18.06 
17.16 
16.29 
16.77 
17.68 
17.21 
15.67 

15.82 
16.25 
16.59 
15.25 
16.70 
16.90 
16.65 
16.47 
15.07 
16.64 
16.38 
15.78 
16.09 
15.67 
16.38 
16.86 
16.38 
15.92 
16.36 
16.72 
16.94 
16.81 
17.44 
16.53 
17.01 
16.12 
16.25 
17.19 
15.02 

15.66 
16.71 
16.47 
15.27 

16.28 
16.79 
17.18 
15.84 
17.32 
17.56 
17.23 
17.15 
15.82 
17.08 
16.81 
15.22 
16.57 
16.20 
17.09 
17.16 
16.99 
16.60 
17.02 
17.53 
17.35 
17.19 
17.70 
16.92 
17.67 
16.61 
16.77 
17.82 

16.07 
17.18 
17. 19 
16.11 

20.51 
21.01 
21.25 
19.72 
21.35 
21.50 
21.33 
21.12 
19.45 
21.39 
21.02 
21.50 
21.07 
20.46 
21.19 
21.44 
21.03 
20.63 
20.94 
21.25 
21.40 
21.64 
22.19 
21.33 
21.23 
20.75 
20.88 
21.85 
20.62 
20.11 
20.47 
21.64 
21.01 
19.59 

20.30 
21.23 
21.21 
19.65 
21.29 
21.46 
21.29 
21.06 
19.42 
21.30 
20.94 
20.38 
20.64 
20.10 
20.89 
21.81 
20.89 
20.56 
21.07 
21.34 
21.50 
21.44 
21.76 
21.18 
21.46 
20.56 
20.79 
21.78 
19.65 

20.15 
21.56 
21.01 
19.58 

18.83 
19.03 
19.70 
18.55 
19.72 
20.26 
20.12 
19.78 
18.38 
19.93 
19.62 
17.81 
19.09 
18.43 
19.87 

19.64 
19.39 
19.80 
20.17 
20.16 
19.86 
20.54 
19.71 
20.21 
19.09 
19.52 
20.51 

18.33 
20.52 
19.91 
18.91 

Fig. 4.—A comparison of our instrumental magnitudes and the standard magnitudes of Hanes. 
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HALO GLOBULAR CLUSTERS OF M87 

TABLE 5 
Estimated Mean Errors in 

Transformation 

aB aU-B aU-R aB-R 
(mag) (mag) (mag) (mag) 

0.02 0.03 0.04 0.04 

main-sequence and giant branch color-color relations 
derived by Johnson (1966). In this comparison, we 
selected only those stellar objects with Æ<20.5 mag. If 
the distance modulus to M87 is (m—Af) = 31.5 {d—20 
Mpc), we should, by restricting our sample to this 

441 

magnitude range, include very few M87 clusters, since 
globular clusters with < —10 are likely to be rare or 
absent. Note first that the shapes of the observed and 
standard color-color relations are virtually identical, 
suggesting the absence of any significant color terms 
that might have been overlooked. Second, the Johnson 
relations were shifted by A(i/—2?) =—0.10 mag and 
A(j5—jR)=A(i/—R) =—0.20 mag in order to effect the 
illustrated match. Hence, we must make our observed 
(U—B), (U—R), and (5—R) values redder by these 
amounts. We suspect that the required (U—R) and 
(B—R) shifts result in part from adopting (U—R) and 
(B—R) colors appropriate to main-sequence stars in 

Fig. 5.—Bottom: A plot of our observed (U-B), (B-R) relations for objects with £<20.5 mag. Superposed on this plot are the Johnson 
(1966) color-color relations for main-sequence and giant branch stars. Note that the Johnson sequence has been shifted blueward by 0.10 mag 
in (U-B) and by 0.20 mag in (B-R). Top: Same as bottom, except for (U~B) and (U~R). Note that the Johnson sequences have been 
shifted blueward by 0.10 mag in (U-B) and by 0.20 mag in (£/-£). 
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predicting the R magnitudes for the Hanes standards. In 
fact, most of the Hanes standards used to effect our R 
predictions may be M87 globular clusters rather than 
main-sequence stars. Examination of the colors of 
galactic globular clusters suggests that they he redder 
than the Johnson main sequence by ~0.20 mag in the 
(U-B%(B-R) and (U-B),(B-R) planes, thereby 
accounting for the zero-point shift. We also note that 
Hanes (1971) suspected a possible zero-point error of 
0.20 mag in (U—B) in the same direction as deduced 
here. 

We cannot, without additional observations, provide 
a better estimate of the color zero points, and have 
chosen to publish magnitudes and colors based on the 
Hanes standards. Reobservation of the Hanes standards 
along with the magnitudes reproduced here (Table 4) 
should permit future observers to place our magnitudes 
on a more secure absolute system. However, we believe 
that our additional checks suggest zero-point uncertain- 
ties of no more than 0.10 mag in (U—B) and 0.20 mag 
in(t/-R) and(B-R). 

Note that for r<T4 no clusters are included. The 
galaxy background and crowding problems in this re- 
gion are too severe to permit accurate photometric mea- 
surements. Analysis of the cluster population in this 
inner region must await application of linear detectors 
located at foci of large telescopes at which large plate 
scales can be achieved. 

c) Error Analysis 

1. From a comparison of the two B plates, we were 
able to derive an estimate of the standard error per 
single measurement o(B) as a function of B magnitude. 
In Figure 6 we plot the instrumental blue magnitudes 
obtained from plate MPF 2046 against those derived 
from plate CPF 635, and in Table 6 we list o(B) as a 
function of 5 at 1.0 mag intervals. 

2. A similar comparison for the two U plates, MPF 
1905 and MPF 2049, is illustrated in Figure 7; the 
resulting values of o(U) are given in Table 6. 

3. Unfortunately, we were unable to effect a similar 
direct comparison for R, since only one plate was avail- 
able.5 However, from the U and B plate pairs, we noted 
that a good estimate of a was given by a(sky)/2.7. Here 
a2(sky) is the variance of the intensities measured within 
the sky annulus. The corresponding o(R) values are 
listed in Table 6. 

4. We list in Table 7 the estimated standard errors in 
color, o(U—R\ o(U—B\ and o(B—R) as a function of 
B magnitudes. 

5 Subsequent to the completion of this paper, we were fortunate 
to obtain from Dr. T. D. Kinman an additional R plate (127-04 
emulsion plus RG-610 filter) of M87. Comparison of the instru- 
mental magnitudes derived from Dr. Kinman’s plate and our own 
enabled us to confirm the integrity of the /^-magnitude scale. The 
results of the comparison are similar to those obtained for the U 
and B material. 

Vol. 245 

5. Because the contribution of the background light 
of the galaxy and the crowding of cluster images both 
vary with galactocentric distance r, we also computed 
errors as a function of r. In Table 8 we list the error 
estimates for the indicated ranges in r. 

6. We finally examined the errors as a function of the 
skew parameter defined in § ilia. There was no evi- 
dence of a significant increase in the measured a values 
as a function of skew. We therefore conclude that the 
mode estimator has been fairly successful in predicting 
sky values. 

d) “Background” Corrections 

Not all images included in the master list are true 
members of the M87 globular cluster system; some are 
faint stars in the halo of our Galaxy, and some are very 
distant galaxies, so small and faint as to appear stellar. 
In order to estimate this field contamination, we sam- 
pled two fields (1000 pixels square) located in the 
“comers” of our 4 m plates (see Fig. 8, Plate 6). The 
mean galactocentric distance of these fields is 18'7. We 
selected images from these fields by using the proce- 
dures outlined in § Ilia and reduced them, using the 
prescription described above. 

From these measurements, we derived the number of 
stars as a function of magnitude and color. A crude 
check on the background counts was effected by com- 
paring the run with radius of cluster surface density to 
the R band surface brightness counts. If the two rela- 
tions are normalized at r=2'5, we note that at r—\W.l 
we expect that clusters will contribute at a level less than 
10% of the background counts. The resulting back- 
ground counts and colors are listed in Table 9. 

e) Completeness of the Survey 

In Figure 9 we plot for five radial zones the frequency 
distribution of the images identified from (a) the B plate 
match and (b) the subset of objects (crosshatched area) 
that could be measured in all three colors: U, B, and R. 
From this figure, we deduce that for B<22.5 the color 
sample is about 65% complete. We should note that the 
decrease in the number of matches between the U and B 
pair for 2? >22.0 results from the higher ratio of sky to 
object in the U band compared with the B band. For the 
B, R pair, the decrease in the number of matches for 
faint clusters results primarily from the decreased signal- 
to-noise ratio of the 098-04 as compared with the IIIa-J 
emulsion. Were a 127 emulsion used, the R band sensi- 
tivity would have been improved. 

Another test of the completeness of our blue list 
comes from the visual inspection of the plates. This 
shows that about 8% of the images that can be seen on 
both plates were not detected by the finding routine. 
Some of these images have a complex structure and their 
centroids are poorly defined. On the other hand, the 

STROM ETAL. 
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MPF 2046 

Fig. 6. — A plot of the instrumental magnitudes derived from two B plates (MPF 2046 and CPF 635). For the transformation coefficients 
from instrumental magnitudes to the B system, refer to the text. 

analysis of the images that did not match shows a fairly 
uniform distribution and no concentration toward the 
galaxy center. This means that the efficiency of our 
finding routines is independent of the position on the 
plate. 

In Figure 10 we plot our data for the surface density 
of clusters brighter than 2?=22.5 as a function of radius. 
Superposed on this plot are the comparable results of 
Hanes (1977a). The almost exact agreement suggests 
that, at least to this brightness level, both of our surveys 
are essentially complete. Also noted are our estimated 

TABLE 6 
Errors in Magnitude as a Function 

of Cluster Apparent Brightness 

Magnitude aB aR 
(U,B,R) (mag) (mag) (mag) 

19    0.02 0.02 0.06 
20   0.03 0.03 0.15 
21   0.08 0.05 0.37 
22   0.19 0.07 0.94 

background counts as well as Hanes’s background. Note 
that the Hanes results were derived not from a region 
surrounding M87 but rather from the average of several 
other “galaxy-free” fields in the Virgo cluster. 

/) Halo Colors as a Function of Galactocentric 
Distance 

To obtain the run of galaxy surface brightness and 
color with radius, we adopted the reduction procedures 
first described by Strom and Strom (1978). We list in 
Table 10 the values of ¡i(U) and ¡i(R) as a function of 
r—{abY where a and b are the dimensions of the 
semimajor and semiminor axes. The ratio of these quan- 
tities as a function of b is given in Table 11. Note that 
the effective sampling aperture used in our reductions 
corresponds to 30". In Table 10 we also list values of the 
color, (JJ—R) as a function of r (along with an estimate 
of the error in this quantity). We expect an error no 
larger than ±0.10 mag in the transformation between 
the instrumental and true U and R systems. 

As a further check on the observed color gradient, we 
obtained U and R profiles from photoelectric scans of 
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MPF 2049 

Fig. 7.—Same as Fig. 5, except for the U plates (MPF 2049 and MPF 1905). 

TABLE 7 
Mean Color Errors as a Function of B Magnitude21 

°u-r 
(mag) 

°B-R 
(mag) 

0.03 
0.05 
0.14 
0.35 
0.85 

0.02 
0.05 
0.12 
0.30 
0.77 

°U-B 
(mag) 

19 
20 
21 
22 
23 

0.03 
0.04 
0.09 
0.20 
0.45 

Adopting <(£/-£)) ^0.1, <(£/-/?)> «1.6, ((B-R)) 
æ 1.5 as typical cluster colors. 

TABLE 8 
Magnitude Errors as a Function of the 
Distance to the Center of the Galaxy 

for t/=£=22.5 and Ä = 21.5 

('•> °u °B Or 
(arcmin) (mag) (mag) (mag) 

2.3   0.31 0.14 0.78 
4.1   0.30 0.11 0.60 
6.0   0.30 0.11 0.57 
8.3   0.29 0.11 0.53 

the galaxy with the FAST-SCAN technique described 
by Strom et al. (1977). In Figure 11, we compare the 
photoelectric and photographic color-radius relations; 
note that these relations have been arbitrarily normal- 
ized at r= 120" after shifting the curves by A(£/—R) = 
0.10 mag. We regard the agreement as satisfactory. We 
also compare (Fig. 12) the (U—R) color-radius relation 
with that deduced from de Vaucouleurs’s (1969) 
observations of (U—V) in the M87 halo. We trans- 
formed these colors to the (U—R) system by using an 
equation (§ Va) derived from unpublished UBVR 
observations of a selection of galactic globular clusters 
by the authors. The agreement between our (U—R) 
colors and those of de Vaucouleurs is satisfactory for 
r<300"; at larger radii, the disagreement is significant 
Because we lack further observations, we are unable to 
discuss the relative merits of these data. 

IV. ANALYSIS 

a) The Run of Cluster Color as a Function of 
Galactocentric Distance 

In Table 12 we list the mean colors and the errors in 
the mean for all clusters brighter than 2?=23.0, t/=23.0, 
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B Range 

TABLE 9 
Background Counts and Colors3 

(U-B) Range N (U-R) Range N (B-R) Range 

19.0+19.5.. 
19.5 *20.0.. 
20.0-^20.5. . 
20.5>21.0.. 
21.0 >21•5.. 
21.5 >22.0.. 
22.0 >22.5.. 
22.5 >23.0.. 
23.0 >23.5.. 
23.5 >24.0 . . 

1 
5 
4 
6 
4 

15 
18 
25 
26 
22 

-1.0 >-0.75. 
-0.75 >-0•50. 
-0•50 >-0•25• 
-0.25> 0.0.. 
0.0 > 0.25. 
0.25> 0.50. 
0.50> 0.75. 
0.75> 1.00. 

0 0.0 >0.25.. 
5 0.25 >0.50.. 

16 0.50 >0.75.. 
13 0.75 >1.00.• 
18 1.00>1.25 . . 

8 1.25>1.50.. 
2 1.50 >1.75.• 
0 1.75>2.00.• 

2.00 >2.25.. 
2.25 >2.50.. 
2.50 >2.75.. 
2.75 >3.00.• 

0 0.0 >0.25.. 
1 0.25>0.50.. 
6 0.50 >0.75.. 
5 0.75>1.00.. 
7 1.00 >1.25.. 
7 1.25 >1.50.. 
6 1.50 >1.75.. 
4 1.75>2.00.. 
0 
1 
1 
1 

aNote that these counts refer to an area of 43.0 arcmin2, sampled at 
a mean distance from the galaxy center of 1817. 

445 

and R = 22.0 as a function of galactocentric distance r. 
It is important to realize that the mean colors have been 
corrected for the contribution of background objects by 

Fig. 9.—The frequency distribution in five annular zones (see 
Table 12) of globular clusters found from matching the stellar 
objects found on (a) two B plates and (b) our best Í/, 5, and R 
plates (crosshatched areas). Note that the ordinates have been 
normalized such that the area in each zone is assumed equal to that 
in Zone 1 (see Table 12). 

using the data presented in Table 9. Their expected 
numbers at each radius are explicitly listed in Table 12. 

We conclude from this table that the clusters located 
at larger galactocentric distance tend to be bluer. 

We plot in Figure 12 the run of mean cluster colors as 
a function of log r. Superposed on this plot are the 
relationships between color and radius derived for the 
smooth halo component in M87. The colors used are 
derived from de Vaucouleurs’s (1969) observations as 
well as our own (see the discussion in the previous 
section). We conclude that the color gradients in the halo 
and in the globular cluster system are identical to within 
the errors of observation. However, there appears to be a 
shift of A(U-R)=0.50, A(i/-5)=0.30, and A(Æ-R) 
= 0.20 between the cluster colors and those of the halo. 
We beheve (see § III/?) that the errors in our zero-point 
determination are not large enough to account for the 
above differences. We note again that the color zero 
points derived from surface photometry of the M87 halo 

2 4 6 8 
r(orc min) 

Fig. 10.—The table surface density a (number arcmin-2) of 
globular clusters (Æ<22.5 mag) as a function of radius. Super- 
posed on this plot are the results derived by Hanes. The solid line 
represents the background count level adopted in this study; the 
dashed line is the background estimated by Hanes. 
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TABLE 10 
Photographic Surface Photometry of M87 

r ii(U) y(R) (U - R) 
(arcsec) (mag arcsec”2) (mag arcsec“2) (mag) 

30  21.05 18.54 2.5U0.02 
45  21.67 19.29 2.38±0.02 
60  22.17 19.84 2.33±0.02 
75  22.53 20.27 2.26±0.02 
90  22.82 20.61 2.2Ü0.03 

120  23.40 21.25 2.15±0.03 
150  23.96 21.86 2.10±0.04 
300  25.27 23.21 2.06±0.05 
600  26.57 24.58 1.99±0.10 

NOTE: The estimated external error in the 
transformation to the U and R systems is expected to 
be less than 0.10 mag. 

provide a differential measure of cluster and halo colors. 
Hence, we must seriously entertain the notion that 
comparable radial distance the globular cluster system is 
everywhere significantly bluer in the mean than is the 
integrated halo light. In view of the recent results of 
Frogel, Persson, and Cohen (1980), suggesting a possible 
systematic difference between galaxy and globular clus- 
ter colors, we repeat that it would be of considerable 

TABLE 11 
Ellipticity as a Function 

OFrFORM87 

r b/a 
(arcsec) (mag) 

30  0.95 
45.. .... 0.93 
60  0.90 
75.. .... 0.88 
90.. .... 0.86 

120  0.82 
300  0.77a 

aValue assumed for r>300". 
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• • * o 
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Fig. 11.—A comparison of the (U—R), radius relations de- 
rived from FAST-SCAN photoelectric measurements ( filled circles) 
with the relations derived from photographic photometry. 

importance to invest additional effort directly toward 
providing a precise calibration of the color systems. The 
data presented in § lllb are sufficiently detailed, we 
beheve, to permit such work. 

b) Color-Luminosity Relationship for M87 
Globulars 

In Table 13 we present the mean cluster colors as a 
function of luminosity for all clusters within 139<r< 
Z78. We find no evidence for a systematic trend of cluster 
color with luminosity. 

c) Projected Cluster Surface Density 
as a Function of r 

In Figure 13 we present a, the number of clusters per 
square arcmin at 2?limæ22.5 mag as a function of 
galactocentric distance. We also superpose on this plot 
the R surface brightness profile normalized to match the 
cluster curve at r=2'5. We conclude that the projected 
cluster surface density follows the halo surface bright- 
ness distribution over the range of r(l'5<r<9'0) studied 
here. 

We note, however, that at larger radii (r^O') it 
appears that the M87 cluster system may be more 
extended than the halo light and, therefore, has a shal- 
lower density gradient (Harris and Smith 1976; HR). 
Our data do not permit comment regarding this conclu- 
sion, since our background counts have been made at a 
mean radius r~ 18'7. 

d) Cluster Luminosity Function 

We present in Figure 14 a histogram depicting the 
frequency distribution of cluster luminosities. Super- 
posed on this histogram is the distribution obtained by 
Hanes; the scale of the Hanes luminosity function has 
been normalized to the total number of clusters in our 
sample in the range 19.5<2?<22.5 mag. The agreement 
between the two samples is gratifying. 
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Fig. 12.—Plots of the mean (U-B), (B-R), and (U-R) colors for the M87 globular clusters against galactocentric distance. 
Superposed on these plots are the relations between M87 halo color and radius derived from our measurements [(£/—/?)] and those of 
de Vaucouleurs {open circles). Note that the color scale for the globulars appears on the right-hand side of each painel, while the scale for the 
halo colors appears on the left. 
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TABLE 12 
Globular Cluster Colors as a Function of Radius 

Radius range (arcmin).. 
Mean radius (arcmin)... 
Area (arcmin2)....  

(U-R)0bserved  
ÖU-R  
Nobjects  
Nfield  
(U-R)corrected  

(U-B)0bserved  
aU-B   
Nobjects  
Nfield  
(U-B)corrected  
(B-R)observed  
aB-R  
Nobjects   
Nfield  
(B-R)corrected  

Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 

1.39-2.78 
2.05 

18.3 
1.61 

±0.05 
97 
17 

1.66 
0.15 

±0.02 
137 
25 

0.19 
1.37 

±0.03 
97 
17 

1.40 

2.78-4.17 
3.43 

30.3 
1.46 

±0.04 
106 
29 

1.50 
0.07 

±0.02 
154 
41 

0.10 
1.29 

±0.03 
101 
29 

1.32 

4.17-5.56 
4.87 

42.5 
1.45 

±0.05 
92 
41 

1.52 
0.06 

±0.03 
133 
58 

0.12 
1.30 

±0.03 
89 
41 

1.36 

5.56-6.95 
6.25 

54.6 
1.39 

±0.05 
109 
52 

1.42 
0.00 

±0.03 
168 
75 

0.02 
1.24 

±0.04 
102 
52 

1.26 

6.95-9.83 
7.88 

41.7 
1.41 

±0.08 
44 
40 

0.03 
±0.05 

66 
57 

1.19 
±0.05 

43 
40 

Comparison 
Field 

18.7 
43.0 
1.32 

±0.09 
41 
41 

-0.06 
±0.05 

62 
59 

1.21 
±0.06 

36 
37 

NOTE: (U-R)f = 1.36? (U-B)f = -0.02; (B-R)f = 1.22. 

We also plot (Fig. 15) the derived luminosity func- 
tions (corrected for foreground and normalized to Zone 
1) as a function of galactocentric distance. 

From Hanes (1977fc), we adopted a mean apparent 
magnitude 5=23.41 and computed a mean dispersion 
a =1.26. The normal curve corresponding to these 
parameters is shown in Figure 15. By comparing the 
observed luminosity functions in each radial zone with 
the derived normal curve, we conclude that there is no 
significant systematic variation of luminosity function 
with radius. 

v. DISCUSSION 

a) Cluster Colors 

The existence of a gradient both in the mean color of 
the clusters and in the smooth M87 hdlo, combined with 

TABLE 13 
Mean Colors for Different Blue Magnitude Ranges 

B Range B Range 
Color     
Index 20.5-21.5 N 21.5-22.5 N 

((U-B)) ... 0.14±0.07 29 0.13±0.03 84 
((U-R))... 1.51 ±0.07 25 1.54± 0.06 61 
((B-R)) ... 1.39±0.06 31 1.34±0.05 58 

our conclusion that mean color is independent of 
luminosity, permits us to conclude that M87 was likely 
not assembled from preexisting globular clusters. One 
might have imagined that a galaxy-wide abundance 
gradient of the observed sense could have been pro- 
duced had the more massive globular clusters been 

Fig. 13 —A plot of the projected surface density of clusters, 
N(r) for B<22.5, as a function of galactocentric distance. Super- 
posed on this plot is the observed /Might surface brightness 
distribution, normalized to match N(r) at r=2'.5. 
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Fig. 14. — The frequency distribution N(Z?) of M87 globular 
clusters as a function of B. Superposed on this plot is the luminos- 
ity function observed by Hanes. 

systematically more metal-rich. Then relaxation would 
have produced a galaxy in which the heavy, metal-rich 
clusters were confined to the central regions. We must 
conclude, instead, that a single process or series of 
processes systematically enriched both the halo stars 
and the galaxy during the galaxy formation epoch. 

But we have also found a systematic color difference 
between the M87 globulars and the smooth halo back- 
ground. If real, this is difficult to explain: It might 
conceivably arise from a difference in (a) the initial mass 
function, (b) formation epochs, (c) place of origin, or (d) 

449 

the mean composition of the globular clusters and halo 
stars. We can look at these possibilities in turn. 

From the computations presented by Aaronson et al. 
(1978), a change from 0 to 4 in the slope 5 of an initial 
mass function of the form 

d4>(M) 
dM 

=cM~s 

changes (U—B), for example, by only +0.10. This value 
is too small by 0.20 mag to account for the observed 
difference in (JJ—B) between the clusters and the halo 
stars. However, we cannot increase (U—B) for the halo 
beyond this value, since s>4 appears ruled out by the 
infrared CO first overtone-band observations reported 
by Aaronson et al (1978). 

It is difficult to imagine that possibility (b) is correct, 
since it presupposes that two ostensibly similar dynami- 
cal subsystems (the clusters and the halo) have radically 
different ages. To explain the observed difference in 
halo and cluster U—B colors requires an age difference 
of >7X 109 years (Aaronson et al 1978). 

It has been proposed (van den Bergh 1977; HR) that 
the M87 cluster system may owe its origin in part to 
clusters, tidally stripped from other Virgo galaxies, fall- 
ing into the potential well of M87 (possibility [c]). 
However, halo stars as well as clusters should be stripped 
during tidal interactions. Hence, it is difficult to see why 
the smooth halo-star background and the cluster system 
should exhibit color differences unless such differences 
were already present in the stripped parent galaxies. 

Regarding possibility (d), it is difficult to understand 
why globular clusters should undergo different enrich- 
ment histories from the halo stars if the spatial distribu- 
tions (and presumably the dynamical histories of the 
subsystems) are identical In fact, it is more likely that, if 

Fig. 15.—A plot of the M87 globular cluster luminosity function derived for five annular zones located at different galactocentric 
distances. The luminosity functions in each zone have been corrected for contributions of foreground stars and normalized to have the same 
total number of objects as found in Zone 1. A normal curve with Z?=23.4 mag and a — 1.26 mag has been superposed on this plot. We find no 
evidence for a significant radial difference in the observed luminosity function. 
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formed from the same primordial material, the globular 
clusters could be more metal-rich than the nearby halo 
stars since some clusters might retain processed gas and 
become self-enriched. But now, suppose that the globu- 
lar clusters do represent a more spatially distended 
population than do the halo stars (cf. HR). It might then 
be supposed that the globular cluster system was formed 
earlier than the halo stars and therefore exhibits a 
significantly lower heavy element enrichment. 

Certain differences in halo and cluster properties 
within our own Galaxy have been implicitly apparent 
for many years. For example, examination of the H-R 
diagram in Baade’s window (Arp 1965; Butler, Carbon, 
and Kraft 1976) clearly shows that the majority of giant 
stars near the galactic center appear to have intrinsic 
colors redder by 0.2-0.3 mag in (B — V) than the giants 
in the most metal-rich globular clusters. 

Whitford’s (1978) study of the spectral energy distri- 
bution of a selection of patches in Baade’s window 
permits a quantitative check on the difference between 
globular cluster and halo star colors in the Milky Way. 
From his measured G band and Mg b band strengths 
and Faber’s (1973) relations between these index 
strengths and galaxian color, we can predict values of 
(U—V)q for Baade’s window (see Strom et al. 1978) of 
1.39 and 1.38. Alternatively, from Whitford’s monochro- 
matic color index 3785-4250, we predict (U—V)0 —1.41. 
We adopt, therefore, a value of (Í/—F)0 = 1.39 for the 
bulge. From an average of globular cluster colors for 
systems located within 1.5 kpc of the galactic center, we 
obtain ((U—V))^lusters = 1.01. Hence, the difference in 
(U—V) colors between the bulge and the globular clus- 
ters is 0.38 mag. In M87 the observed mean difference in 
(U—R) is 0.50 mag which translates to a (U—V) dif- 
ference of 0.40 mag. Thus, the difference in halo and 
cluster mean colors is remarkably similar in the Milky 
Way and in M87. In short, the combined imphcations 
from our data considerably strengthen the possibihty 
that the globular cluster and halo stars represent two 
distinct subsystems characterized by different chemical 
and possibly dynamical histories. Note that A(I/—K) = 
0.4 corresponds to a difference in [Fe/H] of ~0.6 dex 
(Aaronson et al 1978; Simm et al. 1976). 

Our data also permit a discussion of the likelihood 
that M87 was formed in several “merger” events. Let us 
assume that disk systems are the “universal” galaxy 
form and that E galaxies result from multiple mergers of 
such galaxies. Let us further postulate that an abun- 
dance gradient is produced during the collapse of the 
disk system. When two or more disk galaxies merge, the 
abundance gradients initially present in each globular 
cluster system will become obscured as a consequence of 
orbital mixing in the merged galaxy. Hence, the abun- 
dance gradient in the halo of a galaxy such as M87 (the 
presumed product of multiple mergers) should be smaller 

Fig. 16.—A plot of the globular cluster mean colors against 
the scale-free radius parameter r/re. Superposed are the color- 
radius relations for the Milky Way globular cluster system. 

than that characteristic of the halo of a disk galaxy 
similar to our own. 

In Figure 16 we plot the mean globular cluster colors 
derived for the M87 system (see Table 12) against 
r/re. Here re is the de Vaucouleurs effective radius 
(de Vaucouleurs 1953), which, for M87, is re — 96" 
(de Vaucouleurs and Nieto 1978). Superposed on this 
plot are the color-radius relations for the Milky Way 
globular clusters (Table 14; data from HR). The pub- 
lished colors have been transformed to the (U—R) and 
(B—R) system using relationships between (U—R) and 
(B—R), (U—V) and (B—V) derived from unpublished 
observations of galactic globular clusters by the authors, 
viz., 

(U—R)=\.27(U—V)+0A6, 

( B—R ) = 1.58(2?— V ) -I-0.28. 

Similar transformations can be derived from Kron and 
Mayall’s (1960) observations, if proper adjustment is 
made to the Johnson system. Note that we adopted a 
value re — ^ kpc (HR; de Vaucouleurs 1977) for our 
Galaxy in order to normalize the radial scale. 
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TABLE 14 
Properties of the Milky Way Globular Cluster System 

r/re Ar(kpc) {U~B) o N U-R o B-R o 

0.5 .... 0—>3 0.24±0.15 24 1.74±0.32 1.48±0.19 
1.5   3—>6 0.28 ±0.19 25 1.75±0.38 1.47±0.23 
2.5 .... 6-^9 0 18±0.15 21 1.59±0.36 1.41±0.21 
4.8 .... 9—»20 0.09±0.07 26 1.41 ±0.19 1.31 ±0.11 

The scaled color gradients in each cluster system are 
identical in M87 and in our Galaxy to within the 
observational errors; the zero points differ by less than 
0.10 mag. Note that part of the displacement between 
the two relations could result from uncertainties in the 
values of re for M87 and the Milky Way. There is no 
evidence that the abundance gradient in M87 is relatively 
shallower than in the Milky Way. 

It is possible to estimate the change in abundance 
gradients expected from the merger of two galaxies 
similar to the Milky Way. From White’s (1978) «-body 
simulations of galaxy mergers, we chose to examine 
model H, for which he publishes changes in binding 
energy A£ for test particles (stars) in the merger of two 
initially identical “galaxies” as a function of binding 
energy E. By assuming (a) that |A2s/is|~|Ar/r|, (b) 
that the initial color gradient is that observed in the 
Milky Way A(i/—Z?)/A log r~0.27, and (c) that the 
projected surface density of clusters follows a 1 /r2 law, 
we predict A(f/—2?)/A log r=0.20 in the merged model. 
In other words, the slope is reduced by ~ 25% in a 
single merger. This contrasts with White’s (1980) esti- 
mate of a 21% change based on somewhat different 
models. We can (with some confidence) rule out a 
change of 25% from the comparisons shown in Figure 
16. Note that ~10 galaxies similar to the Milky Way 
would have to merge to produce a system comparable to 
M87, thereby reducing the initial color gradient even 
more. It is, therefore, difficult to beheve that M87 was 
formed by mergers of galaxies similar to our Milky Way. 
However, we note that the effects of any metal produc- 
tion in merger events have been ignored. Moreover, the 
assumption that re provides an appropriate scaling 
parameter is also somewhat uncertain. Given the possi- 
ble zero-point errors, the color-radius relations for the 
M87 and galactic globulars could well be identical. 

As a further check on the merger hypothesis, we note 
that in merged galaxies an increase in color dispersion at 
a given radius is expected. To examine this possibility, 
we have selected M87 clusters in the magnitude range 
20.5<R<21.5 mag; examination of Table 7 and Figure 
9 suggests this range as providing the best compromise 
between the number of clusters and the expected inter- 
nal errors in color determination. 

In Table 15 we list the following information: (a) the 
observed dispersion in each of the colors, (b) the num- 
ber of clusters in the sample, (c) the dispersion 
corrected for the observed color dispersion in the com- 
parison field, and (d) the color dispersion predicted 
from (1) the observed color dispersion at equivalent r/re 

for the Milky Way system and (2) the expected internal 
color dispersion (interpolated from Table 7). Also noted 
is the fraction of stellar-like objects predicted to be 
globular clusters in each zone. 

We conclude from examination of the results for 
Zones 1, 2, and 3 that the observed color dispersions in 
M87 are not significantly different from those pre- 
dicted from the Milky Way system. In Zones 4 and 5, 
the large number of expected foreground stars precludes 
an accurate estimate of color dispersions. Relatively 
small differences (within the expected sampling errors) 
in the adopted dispersions for the comparison field can 
produce large excursions in the deduced cluster color 
dispersions. Hence, a comparison of the M87 system 
with the Milky Way at values of r/re, where the Milky 
Way cluster dispersion drops significantly, is precluded 
at this time. Observations of foreground counts over a 
much larger area, devoid of contaminating M87 clusters, 
will be necessary. Until then, no definitive test of the 
merger hypothesis based on color dispersion will be 
possible. 

At present we can only say that in the inner regions 
(r/re<y) the Milky Way Galaxy and M87 exhibit re- 
markably similar abundance ranges. 

b) Cluster Luminosity Distribution 

The fact that the luminosity function appears to be 
distance independent in the range 1.4<r<9' suggests 
that distance determinations, based on the form of 
cluster luminosity functions, are unlikely to be seriously 
affected by systematic depletion of clusters of a particu- 
lar luminosity range (for example, by tidal destruction). 

VI. CONCLUSIONS 

The basic results of this contribution can be sum- 
marized as follows: 

1. The mean colors of the M87 globular clusters 
become bluer with increasing galactocentric distance 
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TABLE 15 
Color Dispersions as a Function of Radius 

Vol. 245 

Zones 
Zone 1 Zone 2 Zone 3 4 and 5 

obs. a(U-R) . •    0.37 
Nobj  25 

corr. a ( U-R)   0.32 
pred. o(U-R)..  0.42 

obs. a(U-B)  0.19 
Nobj  28 

corr. a(U-B)  0.15 
pred. a(U-B)  0.22 

obs. a(B-R)  0.29 
Nobj   25 

corr. a(B-R)  0.27 
pred. a(B-R)  0.27 

0.50 0.46 0.60 
34 37 49 

0.48 0.37 0.67: 
0.41 0.35 0.26 

0.27 0.23 0.28 
34 38 49 

0.26 0.12 0.22: 
0.21 0.16 0.13 

0.28 0.27 0.40 
34 36 45 

0.22 0.09 0.42: 
0.26 0.24 0.19 

2.14 3.04 4.42 
0.71 0.54 0.36 

r/re  1.28 
Ncl/Nobj  °-82 

NOTE: For the comparison field a(U-R) = 0.55 (39 
objects), a(U-B) = 0.32 (62 objects), a(B-R) =0.39 (39 
objects). 

over the range 1.5<r<9' (90<54 kpc if the distance 
to M87 is 20 Mpc). 

2. The color gradient of the halo stars and of the 
globular cluster system is identical to within the errors 
of observation. However, the mean colors of the globu- 
lar clusters are bluer by 0.50, 0.30, and 0.20 in (U —Ä), 
(U—B), and (B—R), respectively, when compared with 
the smooth halo-star background. 

3. There appears to be no evidence of a systematic 
variation of color with luminosity. Lacking a rela- 
tionship between mass and chemical composition for the 
clusters, it is impossible to explain an abundance gradi- 
ent in the halo if galaxy formation occurred in this 
manner. Hence, we conclude that M87 was not likely to 
have been produced from gravitational assembly of pre- 
viously formed clusters. 

4. The gradient in the mean color of the M87 globu- 
lars is not less steep than that characterizing the galactic 
globular clusters. From this result, we conclude that 
M87 was probably not formed as a result of multiple 
mergers of disk galaxies similar to the Milky Way. 
Furthermore, the observed dispersion in cluster colors is 
no larger in M87 as compared with the Milky Way. This 
conclusion also argues against the likelihood of mergers 
as the process by which M87 was formed. 

5. The difference in color between the clusters and 
the smooth halo component suggests that the chemical 
enrichment history of the two subsystems may be quite 
different. If we accept Harris and Racine’s suggestion 
that the globular cluster system is more distended than 
the smooth halo component, then it seems reasonable to 

presume that the globular clusters were formed prior to 
the halo stars. The globular clusters might, therefore, be 
viewed as a link between the “Population IF’ halo stars 
and the unseen matter thought to extend beyond the 
visible boundaries of galaxies. 

6. The luminosity function found for the M87 cluster 
is similar to that observed previously by Hanes (1911 a) 
and is thus consistent with that found for other Virgo 
and Local Group galaxies. 

7. There is no systematic trend in cluster luminosity 
function with galactocentric distance over the range 
1.5<r<9'. Hence, the use of globular cluster luminosity 
functions to derive distances appears, to first order, 
immune to differential tidal disruption effects. 

8. The projected cluster surface density follows the 
galaxy light distribution over the range 2<r<9\ 
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