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A. WIrTH, >3 L. L. SMARR,*>* AND T. L. BRUNO®
Department of Astronomy, University of Illinois
Received 1982 August 2; accepted 1984 September 10

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 compared 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 M31. 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 is in 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 ~ 10’ of the nucleus
of M31. 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 078 and 175 as mea-
sured on the videocamera target. Observations were made
through the standard videocamera BV RI 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 BV RI 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 (S1-S10) 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 (B and I).

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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TABLE 2—Continued

Other Other
Field No. Names® R.A, Decl. B Field No. Naimes® R.A. Decl. ‘B
S10 9 599 40°56' 174 193 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 40 5710.5 184 S4 21 20.85 40 57383 22.3:
S10 8 FJ-a 6.65 40 56 6.0 16.6° S4 16 20.95 40 58 1.9 194
S2 13 FJ-h 6.92 41 132.0 16.7° S4 18 21.10 40 58 35.8 20.3
S10 6 7.36 40 57 7.1 18.6 S3 13 21.45 40 59 32.6 17.6
S2 14 9.11 41 151.5 21.3:
S2 11 B-136 9.41 41 3 9.1 17.8 S4 15 21.71 40 58 21.5 18.0
S10 10 991 40 5549.9 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 S1 6 22.59 41 3 4.8 17.7
S10 11 11.68 40 5534.9 20.7 S4 9 22.73 40 5719.3 16.6
S10 4 11.79 40 56 18.7 18.8 S3 6 22.77 41 030.2 20.5
S2 9 B-139 12.16 41 156.2 184 S4 10 23.24 40 5723.9 26.0
S2 8 B-D84 12.21 41 146.3 19.5 S1 5 23.30 41 255.0 204
S2 7 12.57 41 148.7 21.2 S1 1 23.70 41 1523 18.7
S10 3 12.86 40 5619.3 19.0
S2 6 13.33 41 114.7 18.1 S3 5 M31C-204 23.79 41 027.3 16.6
S10 2 13.97 40 5718.6 17.9 S4 11 24.10 40 5810.0 20.4
S2 4 FJ-a 15.06 41 222.1 16.7° S4 7 24.31 40 5642.9 19.9
S4 13 24.56 40 58 36.4 20.9
Y 3 15.31 41 140.0 19.6 S1 3 24.72 41 120.6 20.6
S2 5 B-143 15.37 41 253.1 17.1 S4 12 25.07 40 5830.1 20.5
S10 12 15.50 40 5727.2 20.3 S1 4 25.54 41 2349 18.7
S2 2 16.54 41 119.8 17.2 St 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
S1 9 S2-1; FJ-b 16.91 41 250.1 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 41 031.8 19.0
S1 8 18.82 41 131.5 19.9 S3 2 26.59 41 016.4 16.3¢
S3 8 19.16 41 055.5 19.7 S3 4 26.74 41 045.7 20.0
S4 5 26.90 40 56 58.5 21.2:
S1 7 B-148 19.53 41 139.6 16.7 S4 6 26.90 40 56 55.1 21.2:
S4 22 19.58 40 5729.6 20.2 S3 1 B-154 28.16 40 5938.3 18.14
S3 11 19.87 41 010.0 20.5 S4 1 28.98 40 5746.9 16.3¢
S4 19 19.98 40 5840.4 20.1 S4 2 29.14 40 58 41.6 19.6

2 Other names: B = Battistini et al. 1980. FJ = Ford and Jacoby 1978. M316 = Sargent et al. 1977.

® A colon indicates that image is too faint.
¢ Image is saturated.
4 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 275 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 <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 1”) 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
abjects. 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
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- It is clear that there are excess stellar images over the pre-
sl dicted foreground star counts. Further, these excesses are sig-
] nificant at the 1-3 sigma level per bin. Over the range from
asl- All Fields 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
i objects. This is clearly a significant excess of images. The excess
401 "/ counts are binned in Figure 7. The histogram peaks at the
i N appropriate value, with the appropriate width for M31 globu-
3 321 &\\\\* ¥ lar clusters. The 19 known globular clusters are all contained in
€ / / our excess image bins. We therefore tentatively conclude that
Z 24} 4 our optical images contain ~20 new candidates for the
5 3 “missing” globular clusters down to a blue magnitude limit
N missing” g
16}- &\\\\\\\\\ of 20. o
| D Several features of our results should be noted. First, in the
ol | survey fields (Fig. 6a), it is the brighter magnitudes at which
. most of our new candidates are found. Also, we are far enough
r_.: 1 away from the nucleus that the bulge light is not a major
M1 problem. We can only conclude that our candidates are quite
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FI1G. 6¢

F1G. 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°7,1 = 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”)% ~ 0.015 deg?
in our survey fields. Above and below the BS model line are

* lines indicating BS + N'/2 and BS — N'/2, A similar histogram

for the three central fields is shown in Figure 6b and for the
combined 13 fields in Figure 6¢. All stars that overlapped
between the fields have been removed in the combination.
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compact globular clusters which are intrinsically bright (M =
—8.5). An example of such a cluster in our Galaxy is M15.
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
(M, ~ —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 6¢
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® 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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