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ABSTRACT 
We use a new method to attack the question of the "missing" globular clusters in the bulge of M31. Image­

processing techniques were used on 13 videocamera fields to obtain an accurate photometric census of stellar 
objects in M31's bulge down to a limiting B magnitude of 21. This luminosity distribution is comp ared with 
the Bahcall-Soneira model of galactic foreground stars. We find a statistically significant excess of bright 
images in the luminosity range of globular clusters at M31's distance. If our optical candidates prove to be 
globular clusters, they would double the number of known globular clusters in the surveyed region. The colors 
of a subsample of our candidates are the same as those of the known globular clusters. We conclude that the 
previously observed flattening away from a de Vaucouleurs law in the radial distribution of M31 may be an 
observational selection effect. As an offshoot of this analysis, we find no evidence for very luminous stars in 
the inner bulge of M3 l. The lack of such stars indicates that there has not been active star formation (with a 
normal IMF) in the recent past. Coupled with the existence of many planetary nebulae in the bulge, this may 
strengthen the case for a galactic wind in M31 's bulge. 
Subject headings: clusters: globular - galaxies: individual - galaxies: stellar content - stars: formation 

I. INTRODUCTION 

The bulge of M31 1s m many ways the easiest luminous 
stellar spheroid for us to study . The Einstein Observatory dis­
covery (Van Speybroeck et al. 1979) of the large, distinct popu­
lation of point X-ray sources in the M31 bulge has served to 
heighten interest in the details of its structure. To examine the 
relation of these X-ray objects to optical sources, a series of 
photographs of the central part of M31 was obtained with the 
University of Illinois 1.0 m telescope. One of these, a 103a-O 
plate taken at the f/7.5 focus, was used to obtain star counts 
over the M31 field. These counts are presented in Figure 1. 
There is a clear excess of images brighter than B ~ 18 in the 
central 10' region, which coincides with the region of the X-ray 
point sources . Because of the availability of linear, two­
dimensional detectors with large dynamic range, it has become 
possible to make quantitative studies of these stellar images. 
We have taken advantage of these new techniques to make a 
magnitude-limited survey of objects within ~ 1 O' of the nucleus 
of M3 l. In this paper, we will discuss the nature of these objects 
and their implications about the stellar populations present in 
a typical spiral bulge. Our major result is that we find optical 
candidates for the "missing" bulge globular clusters. In the 
second paper of this series, the relation of the objects dis­
covered here to the point X-ray sources will be explored. 
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II. OBSERVATIONS 

Observations were carried out with the KPNO 2.1 m tele­
scope and videocamera on the nights of 1979 October 31 to 
November 3. During the time the data were taken, the size of 
the seeing disk (FWHM) varied between 0':8 and 1':5 as mea­
sured on the videocamera target. Observations were made 
through the standard videocamera BVRI filter set. Exposure 
times ranged from 7 to 40 minutes. The central field (see Fig. 2) 
was observed through a neutral density filter to avoid satura­
tion of the Vidicon target by the nucleus of M31. The density 
and color of this filter were measured by comparison with 
overlapping regions of fields observed without the filter. 
Reduction to standard Kron-Cousins BVRI magnitudes was 
done via observations of standard videocamera /CCD fields in 
NGC 7006, NGC 2419, and M92 (Kitt Peak National Obser­
vatory 1980). 

By taking full advantage of the large dynamic range and 
linearity of the videocamera in the data reduction, we have 
been able to extend the search for stellar and semistellar images 
in the central region of M31 between 1 and 3 mag fainter than 
previous studies. Further, accurate photometry has been 
carried out for most of these images. Table 1 and Figure 2 
summarize the observations used to produce the photometry 
reported here. 

We have divided the 13 fields (each 2' square) into 10 
"survey" fields (Sl-SlO) and three "central" fields (east= E, 
central = C, west = W). The survey fields were short exposures 
(7 minutes) in one color (B), whereas the central field exposures 
were 6 times as long (see Table 1) in two colors (Band/). 

III. DATA REDUCTION 

All videocamera frames were processed by the standard 
KPNO software to remove the instrumental signature and 
average multiple exposures. Further, they were geometrically 
corrected to allow accurate astrometry and photometry of the 
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FIG. I .-Gray-scale representation of star counts from a 103-0 plate of M3 l obt ained with the University of Illinois 1.0 m telescope. All images are brighter than 
the plate limit of B ~ 18. The location of the nucleus is indicat ed by arrow s. Each box is ~4 '.5 x 4'.5. 

images. That is, distortions introduced by the transfer optics 
and the Vidicon target were removed . 

a) Survey Fields 
The 10 " survey fields" were sufficiently far from the nucleus 

to allow the use of simple simulated aperture photometry 
without undue error. Positions and magnitudes for 154 images 

• 

• • • • 
• '--t--S~7 
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FIG. 2.- The 10 survey fields (Sl-SlO) and the three central fields (E, C, W) 
are shown superposed on a finding chart of the brighter stars and large dust 
lanes ofM 31. 

appearing in these fields were measured on the Hewlett 
Packard image-processing system at KPNO using software 
development by H. Butcher. An aperture size of 4':8 was used. 
These magnitudes were converted to the B system via observa ­
tions of the standard fields in M92 and NGC 2419. In order to 
provide a well-distributed set of positions and magnitudes for 
further work on the M31 bulge, we list the results of our photo ­
metry in Table 2 down to a limiting blue magnitude of 21. 

b) Central Fields 

Several attempts were made to use the photometry packages 
available on the interactive picture-processing system (IPPS) 
at KPNO to measure the magnitudes of the visible stellar 
images in the three central fields. It was found that none of 
these routines gave reliable results because the gradient in the 
background was very large. Therefore, we were forced to do 
further processing of these three fields. 

Because of the existence of both radial and azimuthal gra ­
dients in these fields, it was decided that, rather than attempt to 
locally fit the "sky," a global model of the bulge background 
would be made and then subtracted from the raw data, leaving 
only small-scale image structure. After numerous experiments , 
it was found that successive median smoothing, first by column 
then by row, followed by a two-dimensional boxcar smooth 
yielded a quite star-free and smooth frame. The median 
smoothings were done with an 11 pixel window (which had the 
effect of removing sharp peaks), and the box size was 15 x 15 
pixels. This smoothed frame was subtracted from the raw data , 
leaving only structures with scales of less than ~ 10 pixels. A 
somewhat similar technique has been used by Strom et al. 
(1981) in their study of M87 globular clusters. The primary 
difference is that here, because of our smaller image size, we 
were able to smooth the whole picture, not an extracted sub­
picture. Figure 3a shows the central frame before background 
removal, while Figure 3b is the field after processing. 
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TABLE I 
0 
m FIELDS OBSERVED N 

..; EXPOSURES (minu tes) 
0. FIELD NAME 
-,: (see Fig. 2) B V R I If) 
a) 

m 
C ···················· 3 x 14, ND· 1.0 14, ND 2.0 14, ND 2.0 3 x 14, ND 1.0 M 
W,V ..... •. .......... J X 14 14 + 7 14 + 7 J X 14 
E, VI ................ J X 14 14 J X 14 
Sl ................ , .. 7 
S2 . . . . . . . . . . . . . . . . . . . 7 
S3 . . . . . . . . . . . . . . . . . . . 7 
S4 ................... 7 
S5 ................... 7 
S6 ···· ··· ············ 7 
S7 ····· ·············· 7 
S8 . . . . . . . . . . . . . . . . . . . 7 
S9 ................... 7 
Sl0 .................. 7 
FGC 32b ............ 7 7 

' ND = neutral density filter. 
b Field centered on globular cluster 32 ofM31 consortium: Sargent et al. 1977. 

TABLE 2 

PHOTOMETRY AND POSITIONS OF OBJECTS IN THE SURVEY FIELDS 

Other Other 
Field No. Names' R.A. Deel. B Field No. Names' R.A. Deel. B 

S6 8 0•39m33'.12 41° 1'17':1 19.1 S6 4 40'.90 41 ° 1'28':6 20.8 
S5 12 33.12 40 58 29.8 16.9 S6 3 40.82 41 1 9.6 21.1 
S6 16 33.58 41 013. 7 21.3 S6 2 41.07 41 047.1 20.1 
S6 9 FJ-y 33.63 41 111. 9 17.7 S5 2 42.53 40 58 4.3 20.2 
S5 13 33.93 40 58 0.8 18.8 S7 3 42.58 40 57 22.1 19.5 
S6 7 34.08 41 210. 7 18.6 S5 1 42.58 40 58 40.0 19.1 
S6 15 34.44 41 0 25.8 22.2:b S6 1 42.84 41 043.7 19.4 
S5 11 34.59 40 59 34. 7 21.2: S7 2 S8-11 42.93 40 56 53.1 17.3 
S7 8 B-86 34.64 40 57 35.4 16.0° S7 4 42.93 40 57 48.0 20.3 
S6 10 35.10 41 1 5.6 20.7 S8 15 42.14 40 55 42.0 20.6 

S6 14 35.56 41 0 36.8 18.1 S8 12 43.64 40 56 41.5 21.4: 
S5 14 35.71 40 57 57.4 21.0 S7 1 S8-10 44.48 40 56 48.5 19.7 
S6 II 35.97 41 0 59.9 20.9 : S8 13 45.17 40 56 0.0 21.4 
S7 9 36.22 40 57 7.2 20.7 S8 9 45.68 40 56 36.8 20.8 
S7 11 36.52 40 5634.9 16.7 S8 16 46.24 40 55 9.3 19.4 
S6 12 FJ-x 36.58 41 0 51. 8 17.4 S8 8 46.24 40 5657.1 21.7 
S5 10 36.63 405948.0 19.8 S8 18 46.75 40 56 22.6 21.7: 
S7 13 36.93 40 56 42.9 21.4: S8 14 B-106 46.85 40 55 51.9 17.2 
S6 17 37.39 41 0 6.3 21.0 S8 6 46.90 40 57 8.0 19.0 
S5 15 S7-7 37.41 40 57 53.5 19.6 S8 7 46.95 40 56 53.0 20.2 

S5 9 37.54 40 59 26. 7 21.9: S8 5 FJ-q 47.36 405710.9 16.9 
S7 . 12 37.95 40 56 35. 4 20.6 S8 4 47.61 40 57 1.6 19.6 
S6 13 37.61 41 0 55. 2 20.4 S8 19 47.66 40 55 35.2 21.4 
S5 8 38.66 40 59 34. 7 20.1 S8 17 47.86 405510.5 19.2 
S5 6 38.66 40 5912.8 20.5 S8 3 B-114 50.15 40 5618.4 18.0 
S7 17 38.71 40 56 6. 7 20.9 S8 2 50.56 40 55 24.3 18.4 
S7 18 39.02 40 5549.9 18.2 S8 I 51.32 405516.8 20.2 
S7 6 39.07 40 57 24. 5 20.9 S9 11 55.91 40 56 7.3 20.2 
S6 5 39.58 41 144. 8 20.6 S9 13 58.74 40 54 37.4 20.4 
S5 5 39.68 40 58 58.4 20.1 S9 10 58.85 40 5612.5 20.2 

S7 JO 39.83 40 57 59. 0 20.0 S9 12 58.90 40 54 52.4 20.8 
S5 4 FJ-m; FJ-z2 39.88 40 58 29. 0 16.2° S9 8 59.15 40 5536.8 17.3 
S6 6 39.89 41 2 7. 9 21.4: S9 9 B-126 59.61 405616.5 18.0 
S5 3 39.93 40 58 20.4 20.1 S9 7 0•4om 0.02 40 5519.5 18.4 
S7 15 39.98 40 56 19.4 20.6 S9 6 1.59 40 55 23.0 20.5 
S6 10 39.99 41 0 33. 4 18.1 S9 5 2.30 40 5515.5 20.3 
S5 7 30.14 40 5938. 1 19.1 S9 3 2.86 40 55 42.6 17.6 
S7 5 40.39 40 57 15.8 18.9 S9 4 B-128 3.67 40 54 47.2 17.9 
S7 14 B-D53 40.44 40 56 16.4 19.4 S9 2 4.54 40 55 43. 7 19.2 
S7 16 40.79 40 56 9.0 20.7 S9 1 5.56 40 55 35.1 18.9d 
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TABLE 2-Continued 

Othe r Other 
Field No. Name s• R.A. Deel. B Field No. Na mes• R.A. Deel. B 

S10 9 Y99 40°56' 1•:4 19.3 S4 17 20'.75 40°58'24''.3 20.4 
S2 12 B-262 6.00 41 3 1.8 18.7 S4 20 20.80 40 5745.2 20.6 
S10 7 6.04 405710.5 18.4 S4 21 20.85 40 57 38.3 22.3: 
SlO 8 FJ-a 6.65 40 56 6.0 16.6' S4 16 20.95 40 58 1.9 19.4 
S2 13 FJ-h 6.92 41 132.0 16.7' S4 18 21.10 40 58 35.8 20.3 
SlO 6 7.36 40 57 7.1 18.6 S3 13 21.45 40 59 32.6 17.6 
S2 14 9.11 41 1 51.5 21.3: 
S2 11 B-136 9.41 41 3 9.1 17.8 S4 15 21.71 40 58 21.5 18.0 
SIO 10 9.91 40 55 49.9 20.7 S3 7 21.75 41 026.7 20.6 
S10 5 10.31 40 5641.2 19.5 S4 14 22.48 40 5846.8 17.0 

S4 8 22.48 40 56 42.4 20.0 
S2 10 B-138 11.35 41 2 9.4 18.0 Sl 6 22.59 41 3 4.8 17.7 
SlO 11 11.68 40 55 34.9 20.7 S4 9 22.73 40 5719.3 16.6 
SlO 4 11.79 40 5618.7 18.8 S3 6 22.77 41 0 30.2 20.5 
S2 9 B-139 12.16 41 156.2 18.4 S4 10 23.24 40 57 23.9 26.0 
S2 8 B-D84 12.21 41 146.3 19.5 Sl 5 23.30 41 2 55.0 20.4 
S2 7 12.57 41 148. 7 21.2 Sl 1 23.70 41 1 52.3 18.7 
SlO 3 12.86 40 5619.3 19.0 
S2 6 13.33 41 114.7 18.1 S3 5 M31C-204 23.79 41 0 27.3 16.6 
SIO 2 13.97 40 5718.6 17.9 S4 11 24.10 405810.0 20.4 
S2 4 FJ-a 15.06 41 2 22.1 16.7' S4 7 24.31 40 5642.9 19.9 

S4 13 24.56 40 58 36.4 20.9 
S2 3 15.31 41 140.0 19.6 SI 3 24.72 41 120.6 20.6 
S2 5 B-143 15.37 41 2 53.1 17.1 S4 12 25.07 40 58 30.1 20.5 
S10 12 15.50 40 57 27.2 20.3 SI 4 25.54 41 2 34.9 18.7 
S2 2 16.54 41 119.8 17.2 Sl 2 FJ-d; B-152 25.69 41 149.9 17.1 
S10 1 16.87 40 56 20.4 16.2 S4 4 26.19 40 5748.0 20.5 
Sl 9 S2-l; FJ-b 16.91 41 2 50.1 16.6' S4 3 B-153 26.29 40 58 24.9 17.1 
S3 10 17.17 41 021.5 20.3 
S3 9 17.73 41 1 0.1 18.8 S3 3 26.33 41 0 31.8 19.0 
Sl 8 18.82 41 131.5 19.9 S3 2 26.59 41 016.4 16.3' 
S3 8 19.16 41 0 55.5 19.7 S3 4 26.74 41 045.7 20.0 

S4 5 26.90 40 56 58.5 21.2: 
Sl 7 B-148 19.53 41 139.6 16.7 S4 6 26.90 40 5655.1 21.2: 
S4 22 19.58 40 57 29.6 20.2 S3 1 B-154 28.16 40 59 38.3 [8.Jd 

S3 11 19.87 41 010.0 20.5 S4 1 28.98 40 5746.9 16.3' 
S4 19 19.98 40 58 40.4 20.1 S4 2 29.14 405841.6 19.6 

• Other names: B = Battistini et al. 1980. FJ = Ford and Jacoby 1978. M316 = Sargent et al. 1977. 
h A colon indicates that image is too faint. 
' Image is saturated. 
d Image near edge of field. 

The dust features in Figure 3b show very clearly the striking 
feature pointed out by Johnson and Hanna (1972): the dust 
lanes extend to within seconds of arc of the nucleus. Our 
computer-enhanced frame reproduces most of the features seen 
in Johnson and Hanna's photographically enhanced Figure 1. 
Our data are somewhat deeper than Johnson and Hanna's and 
show features even closer to the nucleus than their photo. We 
will return to a detailed study of the dust and a comparison 
with the work of Hodge (1980) and Gallagher and Hunter 
(1981) in a future paper. 

This smoothing and subtraction was done for all three 
central fields in all filters. The resulting E and W fields are 
shown in Figures 4a and 4b. The standard 2CAP simulated 
aperture photometry routine was then used to produce photo­
metry using a 2'.'5 aperture and 5"-9" sky annulus. The results 
were found to be quite reproducible and consistent from one 
exposure to another. Table 3 is a summary of this photometry 
for the 49 detectable images in the central fields (limiting mag­
nitude ~ 21). The numbers assigned to the stellar images refer 
to the finding charts in Figure 5. The statistical uncertainty in 
most of these magnitudes is in the range 0.01-0.07 mag, 
depending on image brightness. However, because of poorly 
determined transformation equations, systematic effects pro-

duced by the processing of the central frames, and the rather 
severe spatial undersampling problem (because of exception­
ally good seeing, image size was often ::5 2 pixels, and with 
roughly 10% dead space between pixels in one direction, the 
centering of the image with respect to the detector grid led to 
variations in the signal of close to 0.1 mag), the error in the 
stated magnitudes is probably closer to ± 0.2. An additional 
source of error in the final sample of object magnitudes arises 
from the difference in the aperture sizes used in the central and 
survey fields. Because of the finite size of the image of a typical 
globular cluster, there may be up to 0.15 mag (for the case of a 
compact cluster with core radius close to l") systematic differ­
ence between the magnitudes of the central and survey fields. 
After our reduction of data was completed, we received a pre­
print from Buonanno et al. (1982) which lists magnitudes for 
M31 globular clusters in the Bologna survey (Battistini et al. 
1980). The overlap of our Table 3 with their sample is six 
objects. In all but one of these objects our B magnitudes agree 
with theirs to less than 0.1 mag, which is within our errors. 

A few images have particular problems in photometry and 
are so noted in the tables. There are three principal sources of 
possible major photometric errors. The brightest images satu ­
rate the videocamera and have bad values for intensity in their 

© American Astronomical Societv • Provided bv the NASA Astronhvsics Data Svstem 



:;,: 
0 .,. 
..... 

0 
(l\ 

N 

..., 
~ 
"' 00 
(l\ 

..... 

FtG. 3a.- The central frame (C) before subtraction of the bulge light. This picture is comparable to the best published photographs of the bulge region of M3 I. 
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FIG. 3b.- The same frame after removal or the bulge. Note the many stellar images and the detailed dust distr ibut ion. Compare with the photographic technique 
or Johnson and Hanna (1972). 

145 

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



0 
(l\ 

"' 
..., 
~ 
"' 00 
(l\ 

..... 

FIG. 4a.-Frame W with the bulge removed 
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FIG. 4b.- from frame E with the bulge removed 
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TA BLE 3 
0 
0\ PHOTOMETRY AND POSITIONS OF O BJECTS IN THE THREE CENTRAL FIELDS <'I 

..; 1950 COO!tOI ATES 
p., O rnE !t 
,,: 

FIELD No. NAMES. R.A. Deel. 8 8 - J LJ") 
ro 
0\ w I FJ-1 0"39"'48' 9 41° 0' 3" 16.7 1.6 rl 

w 2 B-112 49.l 41 l 16 17.7b 2.7 
w 3 FJ-k 49.2 40 59 24 ~ >15.0' d 

w 4 50.3 41 1 5 19.7 2.3 
w 5 B-261 51.9 41 114 18.8b 1.6 
w 6 B-119 52.0 41 1 9 18.5 2.3 
w 7 53.7 40 59 33 18.6 1.6 
w 8 54.9 41 0 33 18.3 2.3 
w 9 55.4 40 59 41 <20.0' d 

w 10 56.0 41 0 57 18.5 1.0 

C I LF-d 58.0 40 5921 17.7 0.6 
C 2 59.5 40 5944 ~18.0? d 

C 3 59.8 40 59 55 
C 4 nucleus 0h40m 0~0 40 59 43 
C 5 0 .9 41 00 34 <19.0 
C 6 2.0 40 59 23 <19.0 
C 7 3.3 40 59 39 < 19.0 
C 8 FJ-e, LF-a 3.7 40 59 12 15.8 1.0 
C 9 3.9 40 59 35 <19.0 
C 10 3.9 40 58 49 <19.0 
C 11 4.2 40 5<'123 18.7 1.2 
C 12 4.5 41 00 03 <19.0 d 

C 13 B-D 75, A-Bl, LF-c 4.5 40 58 48 15.3 1.7 
C 14 4.6 410015 18.8 1.0 
C 15 4.6 40 59 49 d 

C 16 5.2 40 59 16 18.4 1.3 
C 17 B-1 31, FJ-f , A-Cl 6.5 41 0042 16.3b 2.1 
C 18 6.6 40 59 56 < 19.0 
C 19 B-1 32 7.1 40 59 15 18.7 1.5 
C 20 7.4 40 59 18 18.6 2.8 

E 1 9.8 40 58 55 19.4 1.3 
E 2 B-D80 JO.I 40_ 59 47 18.8 0.1 
E 3 11.4 40 58 8 20.5 2.2 
E 4 13.4 40 59 38 20.2 1.3 
E 5 14.2 40 58 29 19.8 1.6 
E 6 B- 144 15.6 40 59 39 18.1 1.5 
E 7 15.7 40 58 18 17.5 1.1 
E 8 15.9 40 58 30 21.2 2.4 
E 9 B-D90, S3-17 17.0 40 59 44 18.7 1.6 
E 10 17.2 40 58 50 <20.0 
E 11 17.3 40 58 29 20.1 1.5 
E 12 17.3 40 58 40 <20.0 
E 13 S3-16 17.5 40 59 40 20.0 1.6 
E 14 18.2 40 58 46 <20.0 d 

E 15 18.6 40 58 38 <20.0 
E 16 B- 146, S3-18 18.7 40 58 57 18.3 1.6 
E 17 FJ -xx, S3-15 19.5 40 59 38 16.7 d 

E 18 S3- 12 19.7 40 59 53 16.7 
E 19 S3- 14 20.3 40 59 35 19.1 

• O ther names: B = Battistini et al. 1980. JF = Ford and Jacoby 1978. 
A= Alloin, Pelu t, and Bijaoui 1976. LF = Lawrie and Ford 1982. S3 = Image also 
in sur vey field 3(see Table 3). M31C = Sargent et al. 1977. 

• Image near ed ge of field. 
' Image is satu ra ted. 
d Image too nea r nucleu s. 
• < = image to o faint. 

© American Astronomical Societv • Provided bv the NASA Astronhvsics Data Svstem 



:;: 
0 ... 
.--< 

0 
m 
N 

.., 
ft 
IJ") 
00 
m 
.--< 

MISSING BU LG E GLOB UL AR CLU STE RS IN M 3 I 149 

I 

41°01'00" 

~ • 5 
l4 

• 2 7 

w 
. 6 

,---17• 7 . 10 
C • 5 •8 

e l4 

41°00°00 " • 12 • l 
• 18 E 18• •3 

~ l. 11 
.9 2• • 15 4+ • 2 •9 • • 6 • 4 9 •• 7 19 13 •7 

40°59'00 

20 • ll • 6 l • • 3 
•• 16. 

• 8 \ 

" 
19 

16• le 
14• •10 13 •• 10 

15• •12 

n• •8 •5 

•7 

" 40058'00 •3 

F1G. 5.- An accurate finding chart for stellar images on frames W, C, E. The numbers refer to the entries of Ta ble 3. 

central pixels. The software does not take this into account 
when integrating the image. Some images were very near the 
ends of the videocamera frames . It is likely that the magnitudes 
given are in error because of faulty background subtraction. 
Finally, the very faintest images are difficult for the software to 
sort out from the sky. Their photometric values are quite 
suspect and are often given as upper limits in Table 3. 

c) Positions 
The R.A. and dee!. of all optical fields were fitted by com­

puter at the Harvard-Smithsonian Center for Astrophysics by 
Leon Van Speybroeck. In each field, the R.A. and dee!. for 
known Bologna globular clusters (Battistini et al. 1980) and 
astrometric reference stars (Ford-Jacoby 1978; Lawrie and 
Ford 1982) were used as input positions. A fit was made using 
the known scale of0':57 per pixel to convert (x, y) pixel number 
to (R.A., decl.) coordinates. The residuals in most cases were 1" 
or less. The positions in survey fields 4 and 10 were determined 
with only one input each, and those of survey fields 7 and 9 had 
only two inputs, so one should be careful in using those coordi­
nates. The resulting positions in Tables 2 and 3 provide a 
reference grid for future work on M31 's bulge, such as per­
forming coincidence searches with X-ray sources (Paper II). 

IV. THE" MISSING" BULGE GLOBULAR CLUSTERS 

There has been a long effort to detect the globular clusters in 
M31. The two most extensive recent surveys were those of the 
"M31 consortium" (Sargent et al. 1977) and the Bologna 
group (Battistini et al. 1980; Buonanno et al. 1982). Since the 
latter is more recent, we will make most of our comparisons 
with them. The situation is extensively reviewed by Harris and 
Racine (1979). There are two major results of interest to us: the 
radial distribution of globular clusters and their luminosity 
distribution. 

The radial projected density of globular clusters increases 
toward the center as a R114 de Vaucouleurs law (de Vaucou­
leurs and Buta 1978; Harris and Racine 1979). However , as 
shown by the points in our Figure 9 (taken from Harris and 
Racine 1979), is a flattening of the density profile inside 4 kpc 

(20'). This does not happen in our Galaxy (compare Figs. 1 and 
6 of de Vaucouleurs and Buta 1978 and Fig. 8 in Harris and 
Racine 1979). Harris and Racine conclude that part of this 
flattening is real. This led to the question of whether these 
central globular clusters are "missing." Some theoretical 
models (Tremaine , Ostriker, and Spitzer 1975; Tremaine and 
Ostriker 1982) envision the nucleus of M3 l (Light , Danielson , 
and Schwarzschild 1974) as being composed of stars from dis­
rupted bulge globular clusters which spiraled by dynamica l 
friction, thus depleting the numbers of globular clusters in the 
inner bulge. 

The luminosity distribution of globular clusters in M31 is 
still uncertain because of incompleteness. However, there is 
general agreement that it is similar to the Galaxy's , with a peak 
at M v ~ - 7.3 with a standard deviation of~ 1.2 (Racine and 
Shara I 979; Harris and Racine 1979; Battistini et al. 1980). 
Using the average B- V ~ 0.8 for M31 globular clusters 
(Harris and Racine 1979, their Fig . 3), a distance modulus of 
24.4 (de Vaucouleurs and Buta 1978), and a reddening AB~ 
0.4, this implies we should detect globular clusters in our blue 
survey in the range 15.7 < B < 20.9. Since our limiting magni ­
tude is MB~ 21, we should be able to detect most of the M31 
bulge globular clusters in our fields. 

The question is then, how do we tell if our optical images are 
globular clusters? Previous surveys relied on image morphol­
ogy. For instance , the M31 consortium (Sargent et al. 1977) 
selected by eye those "compact , almost stellar images, with a 
definite diffuse border" as their globular cluster candidates . 
The Bologna group differentiated their candidates from star s 
by the greater image spread found in globular clusters. Both of 
these methods agree that there is a deficiency of globular clus­
ters in the general bulge region. These techniques are very 
reasonable approaches to the problem of searching for globu ­
lar clusters. For typical galactic globular clusters at the dis­
tance of M31, we would expect a range in image size (FWHM 
of about 2 core radii, Peterson and King 1975) of 0':4-1':2 . 
Thus, in good seeing conditions, the larger clusters will be 
clearly resolved. However, some fraction of the clusters will 
appear stellar even in moments of exceptional seeing. 
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FIG. 6.---{a) The 154 stellar images in the 10 survey fields binned by appar­
ent blue magnitude. Also shown is the BS model of foreground galactic stars. 
Lines indicating the statistical uncertainty of the BS model are included (see 
text). (b) The same as Fig. 6a for the central fields. (c) The same as Fig. 6a for 
the combined 195 images in all 13 fields. 

Our method does not utilize image morphology. We rely on 
M31's globular clusters to produce an excess of bright images 
in the bulge region over the normal galactic foreground star 
counts. Fortunately, there now exists a theoretical model of the 
density of stellar images in a given magnitude range expected 
at a given galactic latitude and longitude (Bahcall and Soneira 
1980, hereafter the BS model). We use their numbers appropri­
ate for M31 (b = 21 ~7, l = 121 °). The accuracy of their model is 
quoted as 15% when compared with observations. 

In Figure 6a we give a histogram of the 154 B magnitudes 
from the 10 survey fields. The bins are 1 mag wide. The 14 
known (Battistini et al. 1980) globular clusters in our 10 fields 
are shown by shading. The BS model for galactic foreground 
stars is plotted after adjusting to the 10 x (140")2 :::::: 0.015 deg2 

in our survey fields. Above and below the BS model line are 
lines indicating BS+ N 1I2 and BS - N 1I 2 . A similar histogram 
for the three central fields is shown in Figure 6b and for the 
combined 13 fields in Figure 6c. All stars that overlapped 
between the fields have been removed in the combination. 
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19 20 21 22 23 

It is clear that there are excess stellar images over the pre­
dicted foreground star counts . Further, these excesses are sig­
nificant at the 1-3 sigma level per bin. Over the range from 
B = 16.0 to B = 20.9, the BS model predicts 121 stars, with 
dispersion of 11, while we observe 182 images, an excess of 61 
objects. This is clearly a significant excess of images. The excess 
counts are binned in Figure 7. The histogram peaks at the 
appropriate value, with the appropriate width for M31 globu­
lar clusters. The 19 known globular clusters are all contained in 
our excess image bins. We therefore tentatively conclude that 
our optical images contain ~ 20 new candidates for the 
"missing" globular clusters down to a blue magnitude limit 
of 20. 

Several features of our results should be noted. First , in the 
survey fields (Fig. 6a), it is the brighter magnitudes at which 
most of our new candidates are found. Also, we are far enough 
away from the nucleus that the bulge light is not a major 
problem. We can only conclude that our candidates are quite 
compact globular clusters which are intrinsically bright (M 8 :::::: 

- 8.5). An example of such a cluster in our Galaxy is M 15. 
Second, the globular clusters in the central bulge fields are 
systematically less luminous than in the survey fields. This may 
be caused by the anticipated tidal stripping of globular clusters 
near the nucleus of M31 or by systematic errors in our photo­
metry . Finally, the peak of excess optical images in the survey 
fields at 20 < B < 21 probably is partially caused by luminous 
(Mv ~ -5) B stars in the inner disk of M31. Spectra of these 
candidates to sort out the luminous stars would complement 
Humphreys's studies of luminous stars in the Local Group 
(e.g., Humphreys 1979). Note that this peak is not seen in the 
three central fields; this is expected, since these fields do not 
intersect the wide ring of young population objects in M31's 
disk. 

There is further evidence that this excess of bright images is 
real, and that the BS model correctly predicts the density of 
foreground stars. This support comes from the star counts pre­
sented in Figure 1. Since the limiting magnitude of these counts 
is ~ 18, the brighter peak of excess images shown in Figure 6c 
should be included. Counts of stellar images were done over 
the whole 55' field of the telescope. Outside the central r ~ 10' 
region, the density of images was quite uniform. Subtraction of 
this background level revealed an excess of ~ 30 images within 
a central region of ~ 150 arcmin 2 of M31, in fair agreement 
with the excess number above B ~ 18.0 calculated from the 
videocamera data using the BS model. 
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FIG. ?.-Histogram of optical images minus the BS model. This gives the 
excess images which should be intrinsic to M31. The peak ± 1 standard devi­
ation of the Harris-Racine (1979) luminosity distribution for M31 globular 
clusters is shown. The scale at the top is the estimated V absolute magnitude of 
these excess images. 

This broad statistical argument can be further checked in the 
central fields, because there we have two-color photometry. 
This allows us to construct the color-magnitude diagram for 
the objects in the central fields (Fig. 8). The majority of objects 
lie in the color range typical of galactic globular clusters (1.2 < 
B - I < 2.5; Kron and Mayall 1958). However , since we would 
expect foreground K stars to inhabit the same region of the 
diagram, color alone is not a sure discriminator of globular 
clusters. Nonetheless, the color-magnitude diagram indicates 
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that it is plausible that our excess images are globular clusters. 
There exist at least two ways to determine the true nature of 
the excess images. One is to obtain radial velocities. A program 
to do just that has been initiated at Whipple Observatory. The 
other is to examine the small-scale structure and the images. 
Data obtained with ~0':5 seeing with a linear detector should 
allow the detection of most globular clusters. 

Finally, if the projected surface density of these suspected 
globular clusters is compared with the inward extrapolation 
of the R 114 law observed for the surface density of globular 
clusters in the outer parts of M31 (Harris and Racine 1979), 
excellent agreement is seen. This is shown in Figure 9. The 
previously known data are reproduced from Harris and Racine 
(their Fig. 8) and represent their reanalysis of the counts of 
Sargent et al. (compare de Vaucouleurs and Buta 1978). The de 
Vaucouleurs law fit is the one given for M31 by Harris and 
Racine (1979). The flattening of the density profile is clearly 
seen. Again, Harris and Racine (1979) conclude that although 
part of this effect is caused by the inability to see globular 
clusters against the rising bulge light, part of it must be real. 
They state that "the central regions would have many easily 
detectable bright clusters if the incompleteness fraction were as 
high" as their curve indicates (emphasis added). 

In Figure 9 we plot two points derived from our survey fields 
and central fields. The inner point represents the density of 
known globular clusters plus our excess images in the three 
central fields. These images are all within 4', or 800 pc, of the 
nucleus. This disk has an area of 2 kpc 2 , of which one-third is 
covered by our fields W, C, and E. In these fields (from Fig. 6b) 
are six known globular clusters and ~ 12 candidates, for a 
density of ~ 27 objects per kpc 2 • We plot this density at a 
radius whose enclosed area is one-half that of the 4' circle. 
Likewise, all 13 fields are within a 6'.5, or 1.3 kpc, radius circle, 
of which one-half is covered by our fields. There are (from Fig. 
6c) 19 known clusters and ~ 20 candidates in our fields, for a 
density of 14 objects per kpc 2 • Again, this value is plotted at the 
half-area radius. In particular, our counts indicate that there 
may be ~ 40 bright objects in the central 6'.5 radius. 

We may then ask why all previous surveys (cf. Battistini et al. 
and references therein) for globular clusters in M31 agree that 
there is a deficiency in the central regions. We suggest that this 
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F10. 8.- A color-magnitude plot (B vs. B- /) of the stellar images in the three central fields. The known globular clusters are shown as filled circles. 
F10. 9.- The logarithm of the surface density of globular clusters in M31 as determined by Harris and Racine (circles) fitted to a de Vaucouleurs R 114 Jaw. Our 

data are represented by the squares, indicating that we have found the missing globular clusters in M31. 
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deficiency may be due to a selection effect. In these previous 
.., surveys , image mor phology was the primary criterion used to 
ft separate globular and nonglobular images. In the region of 
~ interest, the background visual survey brightness ranges from 
~ ~20 mag arcsec - 2 to 15 mag arcsec - 2 (Burgess 1976). It seems 

unlikely that extension of images on photographic plates can 
be detected at levels below ~ 5% of the background (Latham 
1974), i.e., below 23 to 20 mag arcsec- 2 for the range of bulge 
surface brightness encountered. If a globular cluster such as 
NGC 6541 is placed on this background, its apparent radius to 
5% of background ranges from 0':8 to 3'.'0 (depending upon its 
distance from the nucleus), based on the dat a of Williams and 
Bahcall (1979). Clearly, plates taken under typical seeing con­
ditions ( ~ 2") will not allow detection of some fraction of the 
clusters near the center of M31 by means of image morphol­
ogy. An additional effect that may be important is the tidal 
truncation of globular clusters near the center of M31, 
reducing their apparent diameters even further. 

V. STELLAR POPULATIO NS 

It has been suggested recently that some spheroida l stellar 
systems have experienced star formation in the recent past 
(<5 x 109 yr) (O'Connell 1980; Gallagher and Mould 1981; 
Mould and Aaronson 1980). The raw materials for star forma­
tion are certainly present. The mass return rate from the old 
stellar population of the bulge can be estimated to be ~ 5 
x 107 M 0 Gyr - 1 (Gallagher and Hunter 1981). There are 
several star formation models which could produce stars 
luminous enough to be detected in our survey . 

If star forma tion with a normal initial mass function (IMF) is 
going on continuously at a sufficiently high rate , there will be 
numerous massive (M ~ 5 M 0 ) blue and red stars luminou s 
enough to be detectable (Humphreys 1979; Becker and lb en 
1979). Examination of the color-magnitude diagram for our 
three central fields, however, reveals that there are no stars 
bluer than B- I = 0 or redder than B - I = 3, in agreement 
with van den Bergh (1981). This would indicate that no stars 
more massive than 5 M 0 have formed in the inner bulge in the 
last few x 108 yr. 

If intermediate-mass stars (M ~3M 0 ) have been formed in 
the last ~ 2.5 x 108 yr, they may reach sufficient luminosities 
on the asymptotic giant branch (AGB) to be observable (Iben 
1977; Renzini and Voli 1980). It should be noted that the exis­
tence of such a luminous AGB phase depends upon metallicity 
(Becker 1979). There are no stars in our color-magnitude 
diagram which would be representative of this luminous AGB 
(B- I ~ 3- 3.5, B > 20.5). We feel that this argument is not as 
strong as for the massive star s, because this region is close to 
the limiting I magnitude of the survey , and we might not be 
detecting the hypothesized AGB stars . 

In conclusion, we find no strong evidence for star formation 

in the centra l kpc of M31 in the range 1.5 M 0 < M < 5 M 0 
during the last 2.5 x 108 yr. This lack of recent formation of 
stars with M > 1.5 M 0 is quite different from the situation 
observed in NGC 205 (Gallagher and Mould 1981). The exis­
tence of many planet ary nebulae in the bu lge ofM 31 (For d and 
Jacoby 1979; Lawrie and Ford 1982) indicates that evolved 
stars do exist in this region. Either the planetary nebul a ejec­
tions are occurring on the red giant branch , or the AGB stars 
are below our detection limit. As pointed out by Gallagher and 
Hunter (1981), there exists a problem in disposing , via the 
process of star formation, of the gas lost by evolved stars in the 
bulge of M31. Either the IMF of the newly formed stars is quite 
unusual (fewer massiv e stars), or the gas does not cool and 
collap se into stars at all. 

VI. CONCLUDING REMARKS 

We have presented here, for the first time, accurate photo­
metry for stellar images near the nucleus of M31. This has been 
made possible by taking advantage of the large dynamic rang e 
and linearity of modern , two-dimensional detectors in our data 
reduction methods. This photometry has led to two interesting 
results. First, on the basis of a statistical argument , we have 
identified a number of objects which are, possibly, the 
"missing" globular clusters the cent ra l bulge region of M31. 
We argue that previous surveys for globular cluster s in this 
region have missed these objects because of the difficulty in 
detecting the nonstellar nature of an image against the bright 
background of the bulge of M31. Second, we find no evidence 
for recent formation of stars with masses greater than ~ 1.5 
M 0 in the bulge. The evidence against the presence of massive 
stars (M > 5 M 0 ) is very strong, while the observed absence of 
luminou s AGB stars does not preclude the presence of 
intermediate-mass star s. This lack of recent star formation may 
support the idea that the gas lost by evolving stars in spher­
oidal stellar systems is driven out of those systems by a galactic 
wind . 
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