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ABSTRACT 
We present the results of a planetary nebula survey of M3Ts bulge performed with the Kitt Peak No. 1 

0.9 m telescope and on-band off-band >15007 filters. We detected a total of 429 planetary nebulae (PNs), of 
which 104 are members of a statistically complete and homogeneous sample covering the top 2.5 mag of the 
planetary nebula luminosity function (PNLF). We show that the PNLF is clearly not a power law, but instead 
has a sharp turnover beginning at an equivalent F-magnitude of M5007 ^ —3.8 and going to zero at 
M*ooi = —4.48. This behavior is most easily explained as arising from a sharp cutoff in the upper mass limit 
of PN central stars in combination with extremely rapid evolutionary time scales for more massive candidate 
progenitors. In addition, our analysis of the PN spatial distribution shows that the density of planetary 
nebulae per unit luminosity is approximately the same in M31’s bulge and disk, and the implied stellar death 
rate is in good agreement with theoretical estimates. 

Both the distinctive shape of the PNLF and the invariance of the luminosity-specific PN number density 
demonstrate that bright planetary nebulae make excellent standard candles. We therefore lay the foundation 
for extragalactic distance estimates by deriving two maximum-likelihood equations: one which takes advan- 
tage of theoretical constraints on the luminosity-specific PN density, and one which is solely dependent on the 
shape of the PNLF. We explore this technique using new CCD [O m] A5007 photometry of planetaries 
observed in the M31 companion galaxies M32, NGC 205, and NGC 185. 
Subject headings: galaxies individual (M31) — galaxies: stellar content — luminosity function — 

nebulae: planetary 

I. INTRODUCTION 

Baade (1955) was the first person to identify planetary 
nebulae (PNs) in M31. Using the Palomar 5 m telescope with 
photographic plates and a 1500 Â broad-band filter, Baade 
detected the [O m] 25007 emission from five planetaries in a 
disk field 96' southwest of M3Ts center. The photographic 
magnitudes of these objects were all between 21.7 < mpg < 
22.2. By using an image tube on the Shane 3 m telescope and 
restricting the filter bandpass to 23 Â, Ford and Jacoby (1978a) 
observed planetaries several magnitudes fainter than this, and, 
in a survey of M31’s bulge, found 311 PN candidates, the 
brightest of which has mv = 20.6. Further large-telescope 
surveys have cataloged planetaries in M32 (Ford, Jenner, and 
Epps 1973; Ford and Jenner 1975; Ford 1983), NGC 205 
(Ford, Jenner, and Epps 1973; Ford 1978), NGC 185 (Ford, 
Jenner, and Epps 1973; Ford, Jacoby, and Jenner 1977), and 
NGC 147 (Ford, Jacoby, and Jenner 1977). 

Although PNs were recognized as potential extragalactic 
standard candles in the early 1960s (Hodge 1966, p. 130) no 
attempt was made to use these objects until Ford and Jenner 
(1978) noted that the absolute [O m] fluxes of the brightest 
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PNs in the Local Group were comparable, and used this fact to 
derive a distance to M81. Jacoby and Lesser (1981) later uti- 
lized this invariance to estimate the distance to the nearby 
dwarf galaxies IC 10, Leo A, Sextans A, Pegasus, and WLM, 
and Lawrie and Graham (1983) derived a distance to 
NGC 300 based on 11 bright PNs in that galaxy. Until now, 
however, no rigorous or systematic investigation of PN-based 
distance estimates has been performed. 

It is an observed fact that the absolute [O m] 25007 lumi- 
nosities of the brightest planetary nebulae in the LMC, the 
SMC, M31, M32, NGC 185, and NGC 147 are all approx- 
imately the same. This suggests that a natural limit exists for 
the luminosity of a planetary. If this is true, then PNs are one 
of the best standard candles. Not only are these objects bright, 
relatively easy to detect, and located in regions with little inter- 
stellar extinction, but the number of planetaries occurring in a 
galaxy is a direct measure of the stellar death rate in the under- 
lying population. Since the luminosity-specific stellar death 
rate is extremely insensitive to details such as the population’s 
age or initial mass function (Renzini and Buzzoni 1986), any 
distance estimate derived from PNs is immediately verifiable 
via the implied number of stellar deaths. 

This is the second in a series of papers concerned with 
obtaining distances using the [O m] 25007 flux from planet- 
aries in galaxies beyond the Local Group. In Paper I, Jacoby 
(1989) discussed the reasons why one can expect an upper limit 
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to the [O ni] flux from planetaries and presented theoretical 
^ planetary nebula luminosity functions (PNLFs). In this paper, 
^ we use new CCD photometry of 429 bulge and inner disk 
S planetaries in M31 to create an empirical PNLF and develop 
2 the procedures required to compute extragalactic distances 

based on maximum-likelihood statistics. We also apply these 
equations to new CCD observations of PNs in M32, 
NGC 205, and NGC 185 in order to demonstrate the tech- 
nique and explore the possible errors. In subsequent papers, we 
will compare the PNLFs of several early-type galaxies in the 
NGC 3379 group, and obtain distances to galaxies such as 
M81, NGC 5128, NGC 3115, and NGC 5866. An overview of 
this program was presented by Ford et al (1988). The prelimi- 
nary distances given in that paper will be superseded by dis- 
tances based on the planetary nebula calibration given here. 

II. OBSERVATIONS AND REDUCTIONS 

An area along M3Ts major axis extending 30!4 to the north- 
east and 10Í2 to the southwest of the nucleus was surveyed with 
an RCA CCD camera at the f/7.5 focus of the Kitt Peak No. 1 
0.9 m telescope. Observations were taken through two filters: 
an [O m] filter corrected for the peculiar velocity of M31 
(central wavelength, 2C = 5004 Â; full width at half-maximum 
[FWHM] = 27 Â) and one of three off-band [O m] filters, 
which were used as a comparison for identification of the 
emission-line sources. The on-band [O m] exposure times 
were 1 hr, while the off-band exposures varied depending on 
the width of the filter. To ensure against the possible misidenti- 
fication of strong absorption line objects as emission-line 
sources, the off-band exposure times were chosen to go 
~ 0.25 mag deeper than the on-band frames. 

The survey region is displayed in Figure 1 (Plate 1). Two 
frames are centered on M31’s nucleus, and another two 
contain the nucleus in either the southwest or the northeast 
corner. The remaining nine frames are arranged along the 
major axis in such a way that each field overlaps the next, thus 
enabling all the images to be placed on a common astrometric 
and photometric system. A log of the observations appears in 
Table 1. 

After the CCD frames were debiased and flat-fielded, every 
[O in] image was blinked against its off-band counterpart to 
detect stellar objects emitting in the 5007 Â line of [O m]. 

Objects that were extended or that appeared in the off-band 
image were rejected as PN candidates. The finder charts and 
coordinates of Ford and Jacoby (1978h) and the coordinates of 
Lawrie and Ford (1982) were then used to identify previously 
discovered PNs or to assign unique identification numbers to 
the new objects. The ID numbers of the current survey are a 
continuation of those of Nolthenius and Ford (1987). 

Of the 244 Ford and Jacoby (19786) PNs included in our 
survey region, 13 could not be detected and four were observa- 
ble on continuum frames. Of the 19 additional PNs reported 
by Lawrie and Ford (1982), four were confirmed with these 
new observations. Table 2 contains the positions and equiva- 
lent K-magnitudes for all the planetaries detected in the 
present survey. Those candidates of the previous surveys which 
could not be confirmed with the CCD, or which proved to be 
continuum sources, are listed in Table 3. 

Raw magnitudes for the planetary nebulae and a set of com- 
parison stars were measured using Stetson’s DAO PHOT pho- 
tometry package. Aperture photometry on each object was 
performed by summing the counts within a 2 pixel (1'.'72) 
radius of the star’s centroid and subtracting the sky, as deter- 
mined from an annulus 10-15 pixels from the star. For objects 
in M31’s outer bulge, this straightforward technique yielded 
acceptable results. However, for planetaries near the nucleus, 
the uncertainty introduced by the rapidly varying galaxy back- 
ground was large. Therefore, to reduce the error, those off- 
band frames containing the nucleus were spatially registered 
and intensity-scaled to match their corresponding on-band 
frames. PN aperture photometry was then performed on the 
[O in] minus off-band difference images. This technique 
removed the background galaxy but left the emission-line 
sources intact and significantly reduced the photometric errors 
in the inner regions. 

After determining raw instrumental magnitudes, standard 
>15007 magnitudes were found using the SUPERPHOT 
analysis package described by Ciardullo et al (1987). This 
program enables a set of overlapping CCD fields to be tied 
onto a common photometric system by solving the least- 
squares condition required to match the magnitudes of stars in 
the regions of field overlap. The zero point of the system was 
then determined by performing large-aperture absolute pho- 
tometry on the foreground stars of fields 1 and 10, and compar- 

TABLE 1 
Log of M31 Planetary Nebula Observations 

Off-Band Filter 

Field a(1975) ¿(1975) UT Date CCD 
Exposure 

(s) 
VFWHM 

(Â) 
Exposure 

(s) 

1.. 
2.. 
3.. 
4.. 
5.. 
6.. 
7.. 
8.. 
9.. 
10. 
11. 
12. 
13. 

0h41m38s0 
0 41 07.2 
0 41 39.3 
0 41 23.0 
0 41 51.7 
0 41 07.4 
0 41 04.1 
0 41 24.0 
0 41 43.7 
0 42 05.0 
0 42 28.0 
0 42 49.8 
0 43 12.0 

4r09'31" 
41 06 25 
41 1144 
41 08 16 
41 16 47 
41 02 13 
41 01 51 
41 07 25 
41 11 17 
41 14 24 
41 17 54 
41 21 14 
41 24 30 

1984 Sep 30 
1984 Oct 31 
1984 Nov 3 
1985 Sep 13 
1985 Sep 13 
1985 Sep 14 
1985 Oct 13 
1985 Oct 15 
1986 Oct 5 
1986 Oct 5 
1986 Oct 7 
1986 Oct 7 
1986 Oct 7 

RCA 1 
RCA 1 
RCA 1 
RCA 3 
RCA 3 
RCA 3 
RCA 3 
RCA 3 
RCA 3 
RCA 3 
RCA 3 
RCA 3 
RCA 3 

3600 
3600 
3600a 

3600 
3600 
3600 
3600 
3600 
3600 
3600 
3600 
3600 
3600 

5297/104 
5297/104 
5297/104 
5307/236 
5307/236 
5307/236 
5307/236 
5307/236 
5279/279 
5279/279 
5279/279 
5279/279 
5279/279 

1200 
1200 
1200 
450 
450 
450 
450 
450 
450 
450 
450 
450 
450 

a A sum of two 1800 s exposures. 
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Fig. 1.—Region covered by our M31 PN CCD survey superposed on a Palomar Schmidt plate of M31’s central 1.5. North is at the top, and east is to the left. The 
frames extend roughly 3(X4 northeast and 1(X2 southwest along the major axis. 

Ciardullo, Jacoby, Ford, and Neill (see 339,54) 
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TABLE 2 
M31 Planetary Nebulae 

ID oí(1975) 5(1975) N 7715007 s.e.(m) Sample 

1 
2 
3 
5 
6 
7 
8 
9 

10 
12 
13 
14 
15 
16 
17 
18 
20 
21 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 

0 41 23.91 
0 41 23.70 
0 41 21.46 
0 41 20.08 
0 41 20.87 
0 41 21.03 
0 41 21.53 
0 41 22.94 
0 41 24.42 
0 41 25.28 
0 41 25.00 
0 41 24.66 
0 41 24.16 
0 41 18.65 
0 41 17.49 
0 41 17.48 
0 41 20.78 
0 41 22.91 
0 41 26.67 
0 41 31.09 
0 41 32.33 
0 41 33.22 
0 41 35.69 
0 41 29.83 
0 41 31.24 
0 41 33.15 
0 41 36.03 
0 41 31.06 
0 41 35.45 
0 42 03.78 
0 41 16.02 
0 41 15.15 
0 41 14.94 
0 41 15.49 
0 41 14.16 
0 41 13.78 
0 41 10.97 
0 41 10.52 
0 41 08.77 
0 41 09.22 
0 41 10.27 
0 41 05.54 
0 41 05.53 
0 41 06.83 
0 41 04.96 
0 41 07.31 
0 41 11.88 
0 41 12.46 

41 08 28.7 
41 08 11.8 
41 08 13.0 
41 07 40.8 
41 07 36.4 
41 07 43.5 
41 07 48.5 
41 07 53.0 
41 07 56.9 
41 08 09.0 
41 08 15.8 
41 08 42.3 
41 08 49.7 
41 07 59.4 
41 07 36.6 
41 07 23.9 
41 07 24.0 
41 07 10.8 
41 08 43.2 
41 08 15.7 
41 08 11.8 
41 08 12.2 
41 08 09.1 
41 09 12.2 
41 09 21.6 
41 09 08.5 
41 08 57.5 
41 10 04.8 
41 10 35.7 
41 17 42.0 
41 07 21.0 
41 07 38.5 
41 08 13.9 
41 08 30.6 
41 08 44.6 
41 08 21.7 
41 08 36.7 
41 08 20.0 
41 08 12.5 
41 08 02.2 
41 07 45.9 
41 08 18.3 
41 08 06.8 
41 07 03.7 
41 06 21.8 
41 05 51.8 
41 06 52.0 
41 06 32.2 

20.73 
21.40 
21.05 
21.18 
22.41 
21.56 
21.43 
21.47 
21.20 
20.75 
21.48 
22.05 
21.66 
21.79 
20.73 
20.89 
21.55 
21.18 
21.45 
21.31 
21.80 
20.98 
20.85 
20.64 
21.01 
20.70 
20.49 
20.77 
21.75 
23.58 
21.43 
21.01 
22.13 
21.37 
21.88 
21.49 
20.63 
20.43 
21.23 
21.99 
20.60 
20.32 
20.72 
20.31 
20.54 
20.83 
20.99 
21.63 

0.02 
0.03 
0.03 
0.01 
0.04 
0.05 
0.02 
0.02 
0.02 
0.00 
0.01 
0.07 
0.04 

0.00 
0.02 
0.02 
0.01 
0.03 
0.03 
0.01 
0.00 
0.01 
0.02 
0.01 
0.01 
0.01 
0.02 
0.02 

0.02 
0.00 
0.04 
0.02 
0.02 
0.02 
0.01 
0.01 
0.02 
0.01 
0.01 
0.04 
0.01 
0.01 
0.02 
0.02 
0.02 
0.05 

B 
B 

B 
B 

B 
B 

B 
AB 
AB 
AB 
AB 
AB 
AB 
AB 
AB 
AB 

B 
B 
A 

AB 
AB 
AB 

AB 
AB 
AB 
AB 
AB 
AB 
AB 
AB 
AB 
AB 

ID a(i975) 5(1975) N m5oo7 s.e.(m) Sample 

53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
87 
91 
92 
93 
94 
95 
97 
98 
99 

100 
101 
102 
103 
105 
107 
109 
112 
113 

0 41 13.02 
0 41 14.84 
0 41 16.14 
0 41 18.45 
0 41 19.86 
0 41 21.59 
0 41 23.78 
0 41 25.26 
0 41 24.46 
0 41 26.64 
0 41 27.07 
0 41 30.44 
0 41 17.15 
0 41 17.84 
0 41 24.40 
0 41 20.08 
0 41 14.68 
0 41 16.73 
0 41 15.24 
0 41 24.09 
0 41 22.64 
0 41 29.06 
0 41 32.30 
0 41 32.31 
0 41 28.63 
0 41 26.39 
0 41 35.04 
0 41 21.13 
0 41 17.54 
0 41 19.10 
0 41 15.80 
0 40 58.57 
0 41 00.14 
0 41 03.38 
0 41 05.05 
0 41 06.10 
0 40 59.62 
0 41 07.45 
0 41 20.19 
0 41 05.32 
0 41 04.92 
0 41 17.27 
0 41 17.93 
0 41 18.96 
0 41 23.17 
0 41 23.17 
0 41 27.37 
0 41 27.53 

41 06 33.5 
41 06 22.7 
41 06 21.9 
41 05 57.3 
41 05 56.8 
41 06 37.9 
41 07 03.8 
41 06 52.5 
41 06 08.7 
41 07 11.6 
41 06 44.1 
41 06 03.3 
41 06 04.8 
41 06 25.7 
41 05 03.7 
41 04 50.8 
41 03 57.0 
41 06 43.8 
41 06 22.2 
41 07 33.5 
41 07 08.3 
41 07 43.9 
41 07 25.0 
41 07 09.4 
41 06 34.9 
41 06 13.5 
41 09 13.2 
41 08 44.6 
41 08 50.6 
41 09 36.5 
41 08 40.0 
41 08 40.6 
41 07 51.7 
41 07 30.1 
41 07 21.2 
41 07 16.5 
41 05 58.7 
41 05 39.4 
41 05 43.7 
41 07 54.4 
41 06 42.0 
41 10 18.8 
41 10 29.3 
41 10 56.0 
41 11 05.9 
41 11 44.8 
41 10 28.5 
41 11 55.3 

20.43 
20.57 
21.39 
20.94 
21.08 
21.01 
21.72 
21.56 
20.97 
21.10 
21.67 
20.73 
22.23 
22.13 
20.78 
21.81 
20.96 
22.04 
21.96 
21.68 
21.70 
21.85 
21.94 
21.96 
22.01 
22.17 
21.00 
22.73 
22.95 
22.37 
21.66 
22.92 
20.87 
20.95 
21.93 
21.13 
20.61 
21.65 
21.97 
21.72 
22.10 
22.62 
23.02 
22.51 
22.44 
22.67 
22.85 
22.17 

0.00 
0.01 
0.03 
0.01 
0.04 
0.02 
0.04 
0.03 
0.02 

0.01 
0.03 
0.01 
0.05 

0.02 
0.02 
0.04 
0.03 
0.04 
0.03 
0.01 
0.11 
0.00 
0.03 
0.01 
0.16 

0.05 
0.07 

0.01 
0.01 

0.01 
0.00 
0.03 
0.04 

0.07 
0.11 
0.13 
0.07 

AB 
AB 
AB 
AB 
AB 

B 

AB 

AB 
AB 

A 
AB 

AB 

A 
AB 

AB 

AB 
AB 
AB 
AB 
AB 

A 

55 

ing their /15007 magnitudes to those observed for the 
spectrophotometric standards of Oke (1974) and Stone (1977). 
In all, 13 observations of the stars BD +28°4211, BD 
+ 40°4032, Feige 25, and EG 247 were used to convert the 
instrumental PN magnitudes into apparent monochromatic 
fluxes above the Earth’s atmosphere. The scatter in each indi- 
vidual standard star measurement was ~3%. The estimated 
uncertainty in the adopted zero point of the system is less 
thanl%. 

The last step in the reduction consisted of transforming the 
apparent monochromatic fluxes in the A5007 filter into stan- 
dard magnitudes. Following the procedure described by 
Jacoby, Quigley, and Africano (1987), the total [O m] A5007 
flux of each planetary was computed using its apparent mono- 
chromatic flux and a measurement of the filter transmission 

curve. Following Paper I, this flux was then converted into an 
equivalent F-magnitude using the equation 

m5oo7 = —2.5 log F5007 — 13.74 . (1) 
These magnitudes are listed in Table 2. For objects with multi- 
ple measurements, the standard errors in the magnitudes are 
also included. 

The equatorial positions of the planetary nebulae were cal- 
culated by once again taking advantage of the overlap regions 
in the CCD fields and bootstrapping from known astrometric 
standards. First, a set of comparison stars was selected, many 
of which were secondary standards of Ford and Jacoby (19786) 
and Ciardullo et al. (1987). For each CCD frame containing 
four or more stars with known positions, an astrometric solu- 
tion was found and used to compute the coordinates of its 
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TABLE 2—Continued 

Vol. 339 

a ID a(1975) 5(1975) N m5007 s.e.(m) Sample 

114 0 
116 0 
117 0 
120 0 
121 0 
122 0 
123 0 
124 0 
125 0 
126 0 
127 0 
128 0 
129 0 
130 0 
131 0 
132 0 
133 0 
134 0 
135 0 
136 0 
137 0 
139 
140 

0 
0 

141 0 
142 0 
143 0 
144 0 
145 0 
147 0 
148 0 
149 0 
150 0 
151 0 
152 0 
153 0 
154 0 
155 0 
157 0 
159 0 
160 0 
163 0 
164 0 
165 0 
166 0 
167 0 
171 0 
172 0 
173 0 
174 0 
175 0 

41 25.63 
41 32.19 
41 33.90 
41 33.79 
41 33.86 
41 33.90 
41 32.45 
41 38.55 
41 42.90 
41 43.39 
41 43.69 
41 44.30 
41 46.73 
41 43.59 
41 44.98 
41 43.07 
41 46.47 
41 43.81 
41 37.62 
41 34.91 
41 27.85 
41 20.86 
41 15.79 
41 19.10 
41 10.63 
41 16.11 
41 13.99 
41 11.62 
41 03.72 
41 02.80 
41 02.18 
41 07.25 
41 10.35 
41 13.54 
41 19.26 
41 20.65 
41 21.60 
41 22.69 
41 17.88 
41 17.99 
41 25.39 
41 27.01 
41 25.32 
41 26.76 
41 34.11 
41 34.64 
41 38.32 
41 35.73 
41 19.90 
41 33.50 

41 12 46.6 
41 13 10.8 
41 13 50.5 
41 09 20.1 
41 10 47.9 
41 11 00.5 
41 11 41.2 
41 10 30.2 
41 09 25.7 
41 10 01.4 
41 10 16.1 
41 10 25.3 
41 10 31.7 
41 11 03.5 
41 11 09.7 
41 11 16.1 
41 11 48.5 
41 11 51.1 
41 08 36.8 
41 08 46.9 
41 07 14.1 
41 05 56.6 
41 05 31.7 
41 05 54.7 
41 07 45.6 
41 06 14.8 
41 03 52.3 
41 04 54.7 
41 04 18.8 
41 04 03.9 
41 03 59.0 
41 02 37.2 
41 02 01.9 
41 02 48.6 
41 01 46.1 
41 01 09.7 
41 02 34.0 
41 03 58.7 
41 05 11.9 
41 05 38.3 
41 05 35.6 
41 05 41.1 
41 06 47.0 
41 06 29.8 
41 05 16.5 
41 05 56.1 
41 06 30.6 
41 06 39.9 
41 06 10.3 
41 08 03.6 

22.15 
20.69 
21.75 
22.37 
23.10 
22.26 
22.00 
21.44 
21.80 
22.30 
22.18 
21.21 
21.88 
22.01 
20.96 
22.54 
21.46 
21.65 
21.73 
22.10 
22.33 
22.59 
21.34 
22.24 
21.74 
22.91 
21.90 
22.28 
21.65 
22.40 
21.37 
21.28 
20.92 
21.74 
21.71 
21.01 
20.50 
21.36 
22.60 
22.90 
22.11 
22.05 
22.67 
22.48 
21.11 
22.80 
20.90 
22.81 
22.36 
22.13 

0.03 
0.00 

0.04 

0.03 
0.03 
0.02 
0.04 
0.04 
0.07 
0.02 
0.01 
0.00 
0.01 
0.00 
0.00 

0.02 
0.02 
0.09 
0.12 

0.03 
0.03 
0.06 
0.01 

0.02 
0.11 
0.00 
0.01 
0.01 
0.00 
0.03 
0.00 
0.01 
0.01 
0.11 

0.01 

0.04 
0.16 

0.00 
0.00 

0.01 

AB 

A 

AB 
AB 

A 
A 

AB 
AB 

A 

AB 

A 
AB 

A 
AB 

AB 
A 

AB 
A 

AB 

AB 
A 

ID <*(1975) 5(1975) N 7715007 s.e.(7n) Sample 

176 0 
177 0 
178 0 
179 0 
180 0 
181 0 
182 0 
183 0 
184 0 
189 0 
190 0 
191 0 
195 0 
196 0 
197 0 
198 0 
199 0 
200 0 
201 0 
202 0 
203 0 
204 0 
205 0 
206 0 
207 0 
208 0 
209 0 
210 0 
211 0 
212 0 
213 0 
214 0 
216 0 
217 0 
218 0 
219 0 
220 0 
221 0 
222 0 
223 0 
224 0 
225 0 
227 0 
231 0 
232 0 
233 0 
234 0 
235 0 
237 0 
239 0 

41 31.94 
41 40.09 
41 47.17 
41 41.41 
41 36.65 
41 18.09 
41 00.59 
41 02.25 
41 14.55 
41 35.07 
41 33.01 
41 34.63 
41 43.03 
41 44.78 
41 40.51 
41 38.87 
41 42.03 
41 40.23 
41 40.65 
41 47.16 
41 48.45 
41 50.60 
41 43.83 
41 50.60 
41 53.32 
41 57.07 
41 58.51 
41 55.79 
41 54.90 
41 53.45 
41 55.64 
41 54.31 
42 04.23 
41 55.64 
41 51.78 
41 50.19 
41 42.43 
41 37.04 
41 31.14 
41 30.50 
41 30.31 
41 30.38 
41 27.15 
41 37.32 
41 35.12 
41 35.27 
41 36.05 
41 41.20 
41 50.87 
41 50.01 

41 07 15.4 
41 08 37.4 
41 07 40.9 
41 09 25.1 
41 10 42.3 
41 05 57.2 
41 07 19.4 
41 06 26.3 
41 04 58.3 
41 09 02.5 
41 10 02.6 
41 10 01.9 
41 10 20.4 
41 10 23.9 
41 11 33.4 
41 11 52.3 
41 11 56.0 
41 12 16.0 
41 12 28.2 
41 11 42.5 
41 11 41.4 
41 12 04.2 
41 12 07.2 
41 10 37.2 
41 09 48.6 
41 09 33.7 
41 09 39.3 
41 11 22.8 
41 11 21.0 
41 11 13.7 
41 11 31.1 
41 11 34.0 
41 12 14.3 
41 13 22.4 
41 13 00.5 
41 13 04.6 
41 13 30.8 
41 13 33.7 
41 11 39.5 
41 12 06.6 
41 12 10.4 
41 12 50.9 
41 13 58.0 
41 14 55.7 
41 14 53.2 
41 16 21.4 
41 16 58.8 
41 16 23.1 
41 16 10.1 
41 17 13.9 

23.46 
22.01 
20.48 
22.43 
22.49 
21.85 
21.73 
22.67 
22.95 
22.69 
22.51 
22.85 
22.58 
23.09 
23.59 
22.62 
22.54 
22.81 
22.48 
22.75 
21.77 
23.01 
22.60 
22.31 
22.38 
22.23 
21.24 
21.64 
22.42 
22.47 
22.64 
22.93 
21.11 
22.14 
22.44 
20.79 
22.40 
22.04 
22.40 
23.34 
22.66 
23.41 
23.29 
22.56 
21.72 
21.66 
21.94 
22.87 
21.69 
23.75 

0.29 
0.02 

0.08 
0.07 
0.05 

0.25 
0.13 
0.13 
0.06 
0.07 
0.17 
0.08 
0.06 

0.13 
0.05 
0.01 
0.21 

0.03 
0.01 
0.02 

0.04 

0.05 
0.10 

0.03 
0.19 
0.03 
0.11 

0.07 
0.06 
0.11 
0.14 

A 
A 

AB 

A 

A 

AB 

A 
A 

AB 

0.02 

remaining comparison stars. The comparison star measure- 
ments for all these frames were then combined to yield the 
astrometric positions of what were now tertiary standards. The 
procedure was then repeated until an astrometric solution 
existed for each CCD frame. Finally, the positions of the plan- 
etary nebulae were calculated using these solutions. For the 
planetaries contained in fields 1-10, the astrometric accuracy is 
limited to ~ 1" by uncertainties in the Ford and Jacoby (1987h) 
and Ciardullo et al (1987) secondary standards. Because of the 
lack of astrometric standards in the northeastern fields 11-13, 
the positions of planetaries in these fields may be somewhat 
more uncertain. 

III. DEFINING THE STATISTICAL SAMPLE 

Table 2 contains all 429 planetaries discovered on our 
images. This collection, however, is not a homogeneous 

sample. In M31’s inner regions, faint planetaries are lost in the 
bright background of the galaxy; thus the limiting magnitude 
of the survey is a function of position in the galaxy. Further- 
more, for faint objects, photon noise affects whether or not an 
object is detected, again causing incompleteness. Hence, before 
any analysis could be attempted, a set of criteria had to be 
adopted to define a statistically complete and homogeneous 
sample. 

One way of estimating the variation of incompleteness with 
galaxy surface brightness is through the calculation of the 
expected signal-to-noise ratio of an observation. By adding 
artificial stars onto an Ha frame of M31’s bulge, Ciardullo et 
al (1987) found a linear relationship between the theoretical 
signal-to-noise of a detection and completeness: when a signal- 
to-noise of 9 was achieved, virtually all the objects were 
detected, but when the signal-to-noise dropped to 4, the frac- 
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TABLE 2—Continued 

ID ar(l975) 5(1975) N m5007 s.e.(m) Sample ID o;(i975) 5(1975) N m50o7 s.e.(m) Sample 

240 
241 
242 
243 
244 
245 
246 
249 
250 
251 
252 
253 
254 
270 
274 
275 
276 
278 
279 
280 
281 
282 
283 
284 
285 
286 
287 
288 
291 
292 
293 
295 
296 
316 
323 
328 
330 
372 
373 
374 
375 
376 
377 
378 
379 
380 
381 
382 
383 
384 

0 41 48.47 
0 41 44.71 
0 41 52.03 
0 41 54.37 
0 42 01.06 
0 42 02.20 
0 42 01.94 
0 42 05.14 
0 42 02.41 
0 42 01.94 
0 41 54.35 
0 41 53.86 
0 41 47.43 
0 42 10.97 
0 42 19.32 
0 42 15.49 
0 42 16.93 
0 42 16.85 
0 42 10.27 
0 42 10.76 
0 42 15.63 
0 42 15.87 
0 42 18.21 
0 42 22.57 
0 42 20.97 
0 42 27.28 
0 42 30.74 
0 42 32.61 
0 40 56.44 
0 40 52.85 
0 40 53.72 
0 40 49.35 
0 40 48.29 
0 41 21.96 
0 41 22.96 
0 41 27.09 
0 41 27.30 
0 40 46.11 
0 40 47.58 
0 40 48.11 
0 40 48.09 
0 40 48.55 
0 40 48.88 
0 40 50.38 
0 40 50.97 
0 40 51.66 
0 40 51.68 
0 40 53.53 
0 40 53.69 
0 40 54.30 

41 17 28.2 
41 16 43.9 
41 13 47.8 
41 14 14.1 
41 15 39.3 
41 15 32.1 
41 15 04.0 
41 16 36.9 
41 16 36.5 
41 16 25.4 
41 18 15.5 
41 18 52.4 
41 18 39.8 
41 19 38.0 
41 19 50.8 
41 19 27.0 
41 18 41.5 
41 18 17.9 
41 18 04.8 
41 17 16.7 
41 16 21.8 
41 15 53.5 
41 15 18.2 
41 19 02.6 
41 19 19.1 
41 19 46.5 
41 19 46.0 
41 17 53.0 
41 07 48.4 
41 07 44.8 
41 08 04.8 
41 07 59.0 
41 07 53.0 
41 07 50.8 
41 07 16.8 
41 07 59.6 
41 08 37.6 
41 01 54.7 
41 03 42.3 
41 00 38.5 
41 04 25.5 
41 02 27.7 
40 59 51.8 
41 05 13.1 
41 01 41.7 
41 05 24.2 
41 00 45.3 
41 04 30.9 
41 01 17.5 
41 02 31.6 

20.93 
22.50 
22.29 
22.95 
22.29 
22.33 
22.61 
23.41 
24.12 
22.21 
21.75 
21.35 
22.36 
22.25 
22.17 
22.90 
20.48 
22.16 
23.11 
23.38 
21.52 
22.36 
22.12 
23.41 
22.86 
22.21 
22.65 
21.82 
22.66 
22.04 
22.52 
21.74 
23.05 
23.31 
22.17 
22.49 
22.13 
23.44 
22.29 
22.83 
20.58 
23.01 
23.18 
21.65 
23.66 
20.28 
23.47 
22.90 
23.57 
24.15 

0.05 

0.03 
0.01 
0.06 

0.16 
0.01 

0.01 

0.01 
0.00 

0.04 

0.09 

0.07 
0.01 

0.05 

0.03 

0.12 

0.08 

A 

AB 

AB 

AB 

385 
386 
387 
388 
389 
390 
391 
392 
393 
394 
395 
396 
397 
398 
399 
400 
401 
402 
403 
404 
405 
406 
407 
408 
409 
410 
411 
412 
413 
414 
415 
416 
417 
418 
419 
420 
421 
422 
423 
424 
425 
426 
427 
428 
429 
430 
431 
432 
433 
434 

0 40 54.35 
0 40 54.53 
0 40 56.43 
0 40 57.05 
0 40 57.88 
0 40 58.19 
0 40 58.22 
0 40 58.71 
0 40 58.96 
0 40 59.26 
0 40 59.49 
0 40 59.87 
0 40 59.98 
0 41 00.37 
0 41 00.71 
0 41 00.97 
0 41 01.46 
0 41 01.64 
0 41 01.77 
0 41 02.44 
0 41 02.49 
0 41 02.94 
0 41 03.24 
0 41 03.68 
0 41 03.70 
0 41 04.79 
0 41 05.38 
0 41 05.99 
0 41 06.10 
0 41 06.25 
0 41 06.42 
0 41 06.56 
0 41 06.58 
0 41 06.64 
0 41 06.74 
0 41 08.05 
0 41 08.49 
0 41 09.10 
0 41 09.10 
0 41 09.74 
0 41 10.15 
0 41 11.69 
0 41 11.90 
0 41 11.87 
0 41 12.27 
0 41 12.74 
0 41 12.95 
0 41 13.48 
0 41 13.54 
0 41 14.80 

41 02 54.5 
41 03 30.4 
41 06 44.2 
41 01 54.1 
41 07 21.8 
40 59 45.8 
41 04 28.9 
41 03 15.5 
41 01 30.2 
41 05 15.2 
41 01 42.0 
41 03 13.4 
41 04 49.7 
41 00 19.5 
41 01 42.3 
41 05 24.9 
41 01 10.7 
41 00 17.3 
41 02 57.8 
41 02 36.0 
41 08 33.3 
41 03 49.7 
41 03 48.0 
41 07 48.2 
41 02 53.4 
41 01 31.9 
41 06 49.1 
41 09 23.3 
41 01 43.5 
41 01 21.8 
41 07 01.2 
41 00 37.1 
41 07 22.1 
41 01 44.6 
41 03 24.6 
41 05 55.2 
41 09 40.5 
41 02 16.6 
41 06 12.7 
41 09 19.5 
41 10 15.5 
41 01 55.9 
41 08 35.7 
41 08 18.4 
41 01 02.4 
41 00 03.0 
41 09 15.1 
41 10 10.6 
41 05 37.4 
41 10 09.9 

2 22.44 
1 23.24 

20.77 
22.75 
22.51 
20.61 
22.59 
23.41 
22.11 

1 23.41 
1 21.59 
2 21.39 
1 22.81 
2 22.60 

24.41 
21.99 
22.61 
21.89 
23.45 
22.95 

1 23.78 
1 22.71 
1 22.90 

23.28 
22.83 
21.14 
23.67 
23.59 
21.21 
21.42 
23.21 
23.40 
23.04 
23.19 
22.36 
23.36 

1 23.48 
2 22.68 
1 23.03 
2 23.18 
1 23.71 
2 23.01 
2 22.98 
1 22.59 
2 22.75 
1 22.92 
2 23.05 
1 23.64 
2 22.53 
1 24.05 

0.01 

0.04 

0.01 
0.11 
0.05 

0.03 

0.03 
0.09 

0.03 
0.01 

0.12 
0.01 
0.03 
0.02 
0.03 
0.08 
0.05 
0.02 

0.04 

0.01 
0.11 

0.03 

0.04 

0.04 

AB 
AB 

AB 
A 

AB 

57 

tion of objects found approached zero. This same rule can be 
applied to the A5007 observations. By using M3Ts observed 
luminosity profile (Kent 1987), and scaling Ciardullo et a/.’s 
(1987) net system throughput to that expected for the CCD 
and A5007 filter, the completeness at any isophote can be com- 
puted (cf. eq. [5] of Ciardullo et al. 1987). From this analysis, 
the sample of PNs should be complete to ~22.8 mag for iso- 
photal distances greater than 90" from M3Ts nucleus; if 
objects as close as 15" from the nucleus are included, the com- 
pleteness limit should only be ~22.1. Therefore, to remove the 
effects of incompleteness, two samples were defined: for the 
analyses of the entire PNLF, all objects closer than 90" from 
the nucleus were excluded and m5007 = 22.7 was adopted as 
the magnitude completeness limit; for work concentrating on 
the bright end of the planetary nebula luminosity function, 
however, objects with isophotal distances as close as 15" from 

M3Ts nucleus were included, but the magnitude limit of the 
sample was set at msoov = 22.0. As can be seen in Figure 2, 
these are conservative limits; the observed luminosity function 
formed from all the data does not turn over until m5007 > 23. 
Still, by staying comfortably above these thresholds, we ensure 
that none of our conclusions are biased by sampling errors. 

A second source of uncertainty in the PNLF is caused by 
extinction. This comes from two sources. Because M31 has 
such a large angular size on the sky, the extinction due to dust 
in our own Galaxy changes significantly with position in M31. 
Fortunately, this is not a problem in our sample, since our 
survey region extends only -40' in length. The more serious 
contamination comes from the dust internal to M31. Because 
our survey was aimed primarily at M31’s bulge, the areas of 
M31 which have the heaviest obscuration, the spiral arms and 
the disk, have in large been avoided. However, small patches of 
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TABLE 2—Continued 

Vol. 339 

a ID 0f(i975) 5(1975) N msoo? s.e.(m) Sample 

435 0 
436 0 
437 0 
438 0 
439 0 
440 0 
441 0 
442 0 
443 0 
444 0 
445 0 
446 0 
447 0 
448 0 
449 0 
450 0 
451 0 
452 0 
453 0 
454 0 
455 0 
456 0 
457 0 
458 0 
459 0 
460 0 
461 0 
462 0 
463 0 
464 0 
465 0 
466 0 
467 0 
468 0 
469 0 
470 0 
471 0 
472 0 
473 0 
474 0 
475 0 
476 0 
477 0 
478 0 
479 0 
480 0 
481 0 
482 0 
483 0 
484 0 

41 15.19 
41 15.28 
41 15.90 
41 16.11 
41 16.30 
41 16.43 
41 16.75 
41 17.30 
41 17.76 
41 18.15 
41 18.35 
41 18.47 
41 19.05 
41 19.18 
41 19.25 
41 20.59 
41 21.64 
41 21.73 
41 22.23 
41 23.52 
41 23.74 
41 24.96 
41 25.04 
41 25.32 
41 25.34 
41 25.95 
41 26.04 
41 28.22 
41 28.23 
41 28.28 
41 28.49 
41 29.40 
41 29.73 
41 29.92 
41 30.30 
41 30.55 
41 30.53 
41 31.42 
41 31.62 
41 31.79 
41 31.90 
41 31.94 
41 32.79 
41 32.98 
41 33.37 
41 34.08 
41 34.63 
41 34.80 
41 36.16 
41 37.27 

41 00 56.6 
41 05 25.7 
41 01 42.7 
41 01 46.1 
41 03 05.2 
41 05 57.1 
41 05 46.7 
41 08 07.3 
41 07 39.1 
41 03 20.9 
41 09 11.9 
41 04 14.4 
41 10 08.2 
41 09 59.5 
41 06 49.0 
41 01 34.2 
41 00 47.6 
41 05 16.4 
41 10 00.8 
41 07 48.2 
41 10 12.5 
41 03 20.2 
41 03 27.2 
41 03 14.8 
41 12 48.8 
41 09 21.6 
41 07 41.7 
41 07 43.6 
41 07 22.0 
41 10 22.8 
41 09 23.7 
41 07 51.2 
41 08 53.0 
41 07 40.7 
41 09 01.0 
41 08 34.5 
41 09 03.2 
41 05 47.5 
41 08 49.5 
41 06 52.0 
41 05 24.5 
41 06 04.8 
41 08 49.6 
41 08 59.7 
41 17 36.9 
41 10 41.4 
41 06 18.3 
41 07 22.9 
41 06 53.8 
41 11 50.8 

23.66 
22.97 
22.54 
22.31 
22.78 
22.68 
23.07 
21.54 
22.33 
22.69 
22.70 
23.63 
22.87 
22.57 
22.80 
22.10 
22.53 
23.17 
23.50 
22.14 
23.09 
23.05 
23.22 
23.20 
22.74 
22.73 
22.93 
21.79 
22.95 
23.32 
22.00 
23.27 
23.11 
22.99 
22.71 
23.16 
24.08 
23.26 
23.08 
22.94 
23.40 
23.20 
23.03 
22.68 
23.02 
23.50 
23.97 
23.25 
23.59 
23.71 

0.09 

0 

5 

9 

3 

A 
A 

A 

B 

ID c*(l975) 5(1975) N 7715007 s.e.(m) Sample 

485 0 
486 0 
487 0 
488 0 
489 0 
490 0 
491 0 
492 0 
493 0 
494 0 
495 0 
496 0 
497 0 
498 0 
499 0 
500 0 
501 0 
502 0 
503 0 
504 0 
505 0 
506 0 
507 0 
508 0 
509 0 
510 0 
511 0 
512 0 
513 0 
514 0 
515 0 
516 0 
517 0 
518 0 
519 0 
520 0 
521 0 
522 0 
523 0 
525 0 
526 0 
527 0 
528 0 
529 0 
530 0 
531 0 
532 0 
533 0 
534 0 
535 0 

41 37.88 
41 38.01 
41 38.98 
41 39.34 
41 40.26 
41 40.30 
41 40.67 
41 41.56 
41 42.26 
41 44.05 
41 44.09 
41 45.62 
41 45.58 
41 45.63 
41 45.83 
41 47.13 
41 50.08 
41 50.57 
41 52.78 
41 52.99 
41 56.35 
41 57.17 
41 57.26 
41 59.01 
41 59.17 
42 01.17 
42 02.33 
42 03.45 
42 05.72 
42 08.09 
42 08.84 
42 11.30 
42 12.32 
42 13.02 
42 14.60 
42 14.88 
42 15.01 
42 17.00 
42 20.06 
42 22.82 
42 32.68 
42 34.83 
42 35.81 
42 35.99 
42 36.42 
42 37.26 
42 40.26 
42 40.63 
42 42.04 
42 43.72 

41 13 21.8 
41 08 40.9 
41 18 07.9 
41 10 21.3 
41 08 47.7 
41 16 02.3 
41 17 58.6 
41 13 12.2 
41 06 30.9 
41 11 01.5 
41 09 38.3 
41 07 18.0 
41 07 35.0 
41 07 25.4 
41 09 29.9 
41 13 42.1 
41 15 34.6 
41 08 31.3 
41 13 28.4 
41 10 15.8 
41 07 27.4 
41 11 03.7 
41 10 54.6 
41 15 07.5 
41 11 35.2 
41 15 35.0 
41 12 12.4 
41 14 28.7 
41 14 48.6 
41 16 55.0 
41 19 17.5 
41 13 52.8 
41 14 44.7 
41 14 18.0 
41 15 24.0 
41 14 26.0 
41 15 42.4 
41 14 45.7 
41 14 35.2 
41 15 43.4 
41 17 57.6 
41 19 05.9 
41 16 18.1 
41 22 34.7 
41 19 08.3 
41 18 04.8 
41 19 52.9 
41 23 06.6 
41 23 08.3 
41 17 49.2 

23.23 
23.44 
23.70 
23.54 
22.83 
23.48 
22.79 
22.99 
22.85 
23.80 
23.34 
23.73 
23.30 
22.89 
23.41 
24.42 
23.90 
22.37 
25.87 
23.18 
22.79 
23.34 
22.22 
25.28 
23.32 
26.79 
22.82 
22.96 
24.50 
23.78 
24.03 
24.22 
26.05 
21.63 
23.29 
22.04 
23.37 
21.86 
23.61 
24.12 
24.03 
22.93 
23.10 
23.53 
22.19 
23.38 
21.63 
24.19 
24.23 
23.26 

8 

7 

6 

5 

4 

3 

3 

2 

dust do exist in the region, and have been identified both by 
unsharp masking techniques (Johnson and Hanna 1972 and 
Hodge 1980; Gallagher and Hunter 1981; McElroy 1983) and 
by color (Kent 1983; Ciardullo et al. 1988). While it is impossi- 
ble to correct completely for this internal extinction without a 
detailed spectroscopic study of each object, subsamples of the 
planetaries lying in relatively unobscured regions of the galaxy 
can be defined. In order to do this, the positions of the planet- 
ary nebulae were superposed upon an extremely high contrast 
display of the B — 26200 color map of Ciardullo et al (1988). 
Those objects which were projected onto areas 0.025 mag 
redder than the apparent color of the bulge, or which fell 
outside the region included in the color map, were excluded 
from the samples. 

Unfortunately, color maps are not always the optimal way 

of discovering dust. When dust is embedded in a galaxy, star- 
light emitted foreground to the obscuration will dilute any 
reddening which may occur. For example, a dust patch with an 
intrinsic differential extinction of E(B— V) = 0.39, if located in 
the center of a galaxy, will cause an observer to measure a 
B—V color which is 0.08 mag redder than the surroundings. 
Any additional dust in the cloud only makes the area appear 
bluer, since the additional extinction reduces the relative con- 
tribution of the reddened light and allows the color of the 
foreground stars to dominate. Therefore, in order to avoid the 
effects of dust clouds embedded deep in M3Ts bulge, a tech- 
nique is needed which is sensitive to total rather than differen- 
tial obscuration. Such a technique is the method of enhancing 
faint structures with unsharp masking. 

Unsharp pictures of M31’s bulge have existed for some time 
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TABLE 2—Continued 

a ID a(i975) 5(1975) N m5007 s.e.(m) Sample 

536 0 
537 0 
538 0 
539 0 
540 0 
541 0 
542 0 
544 0 
545 0 
546 0 
547 0 
548 0 
549 0 
550 0 
551 0 
552 0 
553 0 

42 44.47 
42 44.96 
42 45.44 
42 45.89 
42 46.01 
42 47.29 
42 48.76 
42 50.09 
42 50.90 
42 52.30 
42 52.79 
42 53.22 
42 53.91 
42 54.78 
42 55.41 
42 55.58 
42 56.80 

41 19 55.2 
41 17 21.2 
41 22 30.2 
41 23 08.6 
41 18 57.8 
41 19 01.5 
41 23 18.1 
41 23 04.0 
41 21 59.4 
41 19 53.8 
41 20 56.1 
41 19 05.0 
41 23 08.3 
41 21 38.1 
41 25 32.5 
41 22 01.6 
41 18 56.6 

2 22.65 
1 21.20 
1 24.19 
1 22.59 
2 23.88 
2 21.44 
1 24.03 

0.04 

0.05 
0.02 

1 24.53 
1 21.80 
1 23.69 
1 23.86 
1 21.90 
2 23.60 
1 22.60 
1 21.76 
1 23.55 
1 24.01 

0.09 

ID a(l975) 5(1975) N m5oo7 s.e.(m) Sample 

554 0 
555 0 
556 0 
557 0 
558 0 
559 0 
560 0 
561 0 
562 0 
563 0 
564 0 
565 0 
566 0 
567 0 
568 0 
569 0 

42 57.39 
43 02.14 
43 02.25 
43 02.68 
43 03.15 
43 04.04 
43 07.53 
43 07.89 
43 08.67 
43 12.26 
43 16.51 
43 17.25 
43 19.39 
43 22.92 
43 27.80 
43 27.99 

41 22 10.7 
41 21 36.4 
41 22 16.6 
41 23 35.7 
41 21 42.9 
41 25 05.0 
41 24 35.2 
41 24 25.8 
41 25 31.8 
41 25 19.5 
41 23 21.4 
41 24 59.8 
41 23 54.2 
41 23 39.8 
41 22 58.1 
41 23 41.1 

1 23.69 
1 20.64 
2 23.78 
1 21.27 
1 22.20 
1 20.48 
1 21.57 
1 23.83 
1 23.92 
1 20.89 
1 22.56 
1 23.49 
1 22.03 

21.95 
20.62 
21.69 

03 

(Johnson and Hanna 1972; McElroy 1983). However, because 
of the difficulty involved in comparing these pictures accu- 
rately with the positions of our several hundred planetaries, 
these reproductions were not used. Instead, we created our 
own digital unsharp mask by applying an 8"1 FWHM Gauss- 
ian filter to Ciardullo et a/.’s (1988) B image of M31’s central 
region. This mask was then divided into the original, enabling 
a comparison of the locations of the dust features with the 
planetary nebula positions. As a result of this comparison, 
seven additional PNs were excluded from our samples. 

After correcting for incompleteness and possible dust 
obscuration, 104 PNs brighter than m5007 = 22.7 remained 
in our complete sample. These are marked in Table 2 with 
the letter A. The 76 planetaries marked in Table 2 with the 
letter B comprise the complete set of bright planetaries, with 
m5ooi < 22.0. 

IV. THE SHAPE OF THE PLANETARY NEBULA 
LUMINOSITY FUNCTION 

Figure 3 displays the observed PNLF derived from the 
sample of bright planetaries (sample B described above). 
Immediately obvious from the figure is that, for the brightest 

TABLE 3 
Unconfirmed Planetary Nebulae from 

Ford and Jacoby 1978 

Identification This Survey 

4 ... 
11 .. 
19.. 
22.. 
73.. 
88.. 
96.. 
108. 
146. 
158. 
185. 
187. 
190. 
191. 
193. 
194. 
294. 

Not seen 
Not seen 
Not seen 
Not seen 
Not seen 
Seen in continuum 
Seen in continuum 
Not seen 
Not seen 
Not seen 
Not seen 
Not seen 
Seen in continuum 
Seen in continuum 
Not seen 
Not seen 
Not seen 

planetaries, the luminosity function is not a power law—there 
is a rapid falloff which is potentially an excellent standard 
candle. In fact, as Figure 2 suggests, N(m) for the top 0.5 mag is 
very nearly a line, with an intercept at m5007 « 20.2. At appar- 
ent magnitudes fainter than m5001 = 20.8, however, the curve 
flattens, and is more like the luminosity function found by 
Jacoby (1980) for planetaries in the Magellanic Clouds. 

The solid line in Figure 3 shows Paper Ts theoretical lumi- 
nosity function derived from an ensemble of helium-burning 
central stars with a mean mass of 0.61 M0 and a Gaussian 
dispersion of 0.02 M0. In order to compare the model’s abso- 
lute fluxes to the apparent magnitudes of M31’s planetaries, 
both a distance and an estimate for the total 25007 extinction 
toward M31 were needed. For the distance to M31, we 
adopted Welch et a/.’s (1986) value of 710 kpc, which is based 
on the infrared photometry of Cepheids. This value is in good 
agreement with the RR Lyrae-based distance determination of 
740 kpc (Pritchet and van den Bergh 1987), and the halo giant 
distance estimate of 760 kpc (Mould and Kristian 1986). To 
correct for extinction, we combined Seaton’s (1979) Galactic 
extinction law with McClure and Racine’s (1969) estimate of 
E(B—V) = 0.11 for the differential extinction in the direction 
of M31’s bulge. The resulting apparent distance modulus of 
(m — M) = 24.65 was then used to shift the theoretical curve 
onto Figure 3. Despite the limitations in the models, at the 
bright end of the luminosity function the predicted falloff is in 
good agreement with the observations. The PNLF of M31 
clearly supports the idea of a firm upper limit on the [O m] 
luminosity of planetary nebulae. This behavior can be most 
easily explained as arising from a sharp cutoff in the upper 
mass limit of planetary nebula central stars in combination 
with extremely rapid evolutionary time scales for more massive 
candidate progenitors (Paper I). 

Although the completeness limit of the observations extends 
only ~2.5 mag, it is possible to estimate the shape of the entire 
PNLF by combining these results with those found by Jacoby 
(1980) for the Magellanic Clouds. According to Jacoby, the 
faint end of the PNLF agrees with the theoretical luminosity 
function of Henize and Westerlund (1963) in which a planetary 
nebula is idealized as a uniformly expanding homogeneous gas 
sphere ionized by a nonevolving central star. The data from 
M31 suggest, however, that at the bright end of the luminosity 
function, the evolution of the central star is important, as is the 
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Fig. 2.—M31’s PNLF derived using all the data, regardless of position in the galaxy or internal reddening. The data have been binned into 0.2 mag intervals. The 

solid line is a modified Henize and Westerlund (1963) model luminosity function, with a magnitude cutoff at m* — 20.17. The falloff at magnitudes w5007 > 23 is due 
to incompleteness. 

Fig. 3.—M31’s PNLF derived from a homogeneous sample of PNs with m5007 < 22.0 located in relatively dust-free regions of the bulge. The data have been 
binned into 0.2 mag intervals and plotted in log space. The solid line is the theoretical curve of Jacoby (1989) created from a set of PN central star evolutionary 
models with a mean mass of M = 0.61 M0 and a variance of a(M) = 0.02 M0. For the brightest PNs the luminosity function is clearly not a power law, supporting 
the use of planetaries as standard candles. 
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distribution of central star masses. Consequently an accurate 

^ representation of the true PNLF requires two components: 
§ one which models the envelope expansion and slow PN fade 
S rate, and another which reproduces the high mass cutoff. A 
2 formulation which combines the simple Henize and West- 

erlund (1963) model with a sharp exponential truncation is 
given below : 

N(M) oc e0 301M(l - e3(M*-M)) . (2) 

Figure 4 combines the two samples of M31 planetaries and 
compares the observed luminosity function with a fit to equa- 
tion (2). This empirical PNLF is also plotted in Figure 2. 

Paper I has shown that the [O m] ¿5007 luminosity 
expected from a planetary nebula is rather insensitive to metal- 
licity, since the emitted flux goes only as the square root of the 
oxygen abundance. A subsequent paper on the NGC 3379 
group (Ciardullo, Jacoby, and Ford 1989) will show that the 
rapid decline at the bright end of the PNLF appears to be the 
same in all early-type galaxies. This being the case, the value 
M*, as defined, represents the absolute ¿5007 magnitude of the 
brightest planetary nebula which can exist in any galaxy. It is 
thus, a standard candle. From Figure 4, the apparent magni- 
tude of m* in M31 is m5007 = 20.17. Applying the foreground 
extinction described above, and adopting 710 kpc as the dis- 
tance to M31, this limit is equivalent to an absolute 
M* = -4.48. 

V. THE SPECIFIC PLANETARY NEBULA DENSITY 

From stellar evolution theory, it is expected that the 
luminosity-specific stellar death rate of a galaxy should be 
invariant to the precise state of the underlying stellar popu- 
lation. Renzini and Buzzoni (1986) have shown that this quan- 
tity is remarkably independent of both age and initial mass 

function: for populations older than ~109yr, this number 
varies by less than a factor of ~1.6, and under no circum- 
stances does it change by more than a factor of 5. Since a large 
majority of the stars in any old or intermediate-age stellar 
population become planetary nebulae, this constancy in the 
stellar death rate should be equivalent to an invariance in the 
rate of planetary nebula production. If this is the case, the 
number density of planetaries per unit bolometric luminosity 
should be approximately the same in every galaxy. 

There is some evidence that this is indeed the case. From the 
number of planetaries detected in their image-tube fields, Ford 
and Jacoby (1978a) concluded that the ratio of PNs per unit B 
light in M3Ts bulge and inner disk must not change much with 
radius. Ford et al (1988) demonstrated a similar invariance in 
NGC 5128, where over 200 PNs have been detected at radial 
distances between 5 and 20 kpc. In a comparison of planetary 
nebula densities in different galaxies, Jacoby (1980) estimated 
that the number of PNs per unit V luminosity in Local Group 
galaxies is constant to within a factor of 3. Although our 
present planetary nebula survey was directed primarily at 
M3Ts bulge, the outermost fields sample enough of the disk so 
that it is possible to test for any large discrepancy in the 
luminosity-specific number density of planetaries. 

In order to estimate the PN radial distribution, the Gunn 
r-band surface photometry of Kent (1987) was used to model 
M31 as a series of concentric elliptical isophotes with varying 
axial ratios and position angles. The isophotal radial distance 
of each planetary was calculated by finding the semimajor axis 
of the isophote upon which it was superposed. The distribution 
of these distances was then compared with the luminosity 
along M3Ts major axis corrected for the fraction of light 
covered in our survey. 

Figure 5 compares the differential radial distribution of 

Fig. 4.—M31’s PNLF derived from a homogeneous sample of planetaries plotted against a modified Henize and Westerlund (1963) model. The data have been 
binned into 0.2 mag intervals. The apparent PN magnitude cutoff is m* = 20.17, which translates into M* = -4.48. A comparison with Fig. 2 shows that the 
presence of a small amount of dust does not severely disturb the shape or magnitude cutoff of the observed PNLF. 
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Fig. 5.—Distribution of the isophotal radii of M31 planetaries. In the top panel the solid line displays the amount of light contained in the survey region vs. 
isophotal radius. The bottom panel gives the variation of the luminosity-specific PN number density. There is no significant difference in this PN density between 
M3l’s bulge and inner disk. 

planetaries to that portion of M3rs light sampled in our 13 
survey fields. In order to sample as much of the disk as pos- 
sible, as well as test the assumptions about incompleteness 
detailed in § III, all planetaries brighter than m5001 = 22.7 
have been included in the histogram. Two properties are 
immediately obvious from the figure. First, as expected, incom- 
pleteness is important in the central regions, as evidenced by a 
decrease in the luminosity-specific number density of planet- 
aries within the central arcminute. Second, although the 
amount of luminosity sampled at large radii is small, there is 
no evidence for a difference in the specific number density of 
planetary nebulae between M3 Ts bulge and disk. When nor- 
malized to the background luminosity, the rate of planetary 
nebular production and hence the stellar death rate appear to 
be the same in both M3Ts bulge and its inner disk populations. 

If indeed, the luminosity-specific stellar death rate is invari- 
ant, then the number of planetaries per unit luminosity is an 
important quantity, both as a distance indicator (Jacoby and 
Lesser 1981) and as a check on stellar evolution theory. Unfor- 
tunately, M31 is not the ideal place to perform this measure- 
ment, since its irregular internal extinction can alter the PNLF 
and decrease the number of bright planetaries detected. Never- 
theless, by confining the calculation to a region of M31’s bulge 

which is relatively dust-free, an estimate for a lower limit on the 
luminosity-specific planetary nebula number density can be 
made. 

Although a few small dust patches can be seen in M31’s 
bulge, an examination of the Ciardullo et al (1988) color map 
shows that the worst areas of extinction originate in M31’s 
inner spiral arm, which projects a few arcminutes northwest 
and southeast of the nucleus. Hence, for the calculation of PN 
densities, these regions and fields further into M31’s disk were 
excluded. When combined with the necessity of excluding the 
area immediately surrounding M3Ts nucleus, this left two 
regions of interest. For determining the density of planetaries 
0.5, 1, and 1.5 mag down M3Ts PNLF, only the annulus 
between 15" < riso < 285" from M31’s nucleus was included in 
the calculation. When counting planetaries to fainter levels, the 
region of interest was further constrained to isophotal dis- 
tances between 90" < riso < 285". 

Table 4 gives the number density of bright planetaries found 
in M31 per unit B, V, R, and bolometric light. The absolute 
bolometric magnitudes quoted in the table were computed in 
the following manner. After calculating the integrated appar- 
ent F-magnitudes of the survey annuli using the photometry 
and transformations of Kent (1987), corresponding absolute 

TABLE 4 
M31 Luminosity-specific Planetary Nebula Densities 

(M* — M) 
Number of 

PNs mv M, bol 
PN/(Lb)0 
( x 10-9) 

PN/(Lk)0 
( x 10-9) 

PN/(L*)g 
( x 10-9) 

PNAL^ 
( x 10-9) 

0.5. 
1.0. 
1.5. 
2.0. 
2.5. 

10 
33 
58 
68 
94 

5.31 
5.31 
5.31 
5.72 
5.72 

-20.09 
-20.09 
-20.09 
-19.68 
-19.68 

2.9 
9.4 

16.6 
28.4 
39.3 

2.2 
7.4 

13.0 
22.3 
30.8 

1.9 
6.3 

11.1 
19.0 
26.3 

1.2 
3.9 
6.9 

11.8 
16.3 
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magnitudes were found by correcting for M31’s 
^ E(B— V) = 0.11 extinction and assuming a distance of 710 kpc 
§ (cf. § IV). The spectral energy distribution of M31’s bulge was 
S then estimated by combining the UV and optical energy dis- 
2 tribution of Coleman, Wu, and Weedman (1980) with the infra- 

red photometric magnitudes of Sandage, Becklin, and 
Neugebauer (1969). Similarly, a set of stellar energy distribu- 
tions was created by merging optical spectra (Jacoby, Hunter, 
and Christian 1984) with ultraviolet spectra (Wu et al. 1983) 
and infrared magnitudes (Johnson 1966) for late-type stars 
with equivalent spectral types. A bolometric correction appli- 
cable to M31’s bulge was then calculated by comparing M31’s 
V bandpass flux with its total emitted flux, and normalizing 
this number to the corresponding values obtained for the stars. 
The resulting bolometric correction, —0.80 mag (similar to 
that of a late K star), was then added to the absolute F- 
magnitudes to yield the bolometric magnitudes of the survey 
regions. 

The luminosity-specific PN number density listed in Table 4 
for B light is in very good agreement with that found by Nol- 
thenius and Ford (1987) in M3Ts outer disk and halo. For PNs 
within 2.36 mag of M*, our data imply a PN/(LÄ)0 value of 
3.6 x 10“8. This compares well with the value of ~3.8 x 10" 8 

derived from Nolthenius and Ford’s data for PNs with project- 
ed distances between 15 and 20 kpc. This agreement is added 
support for the constancy of the luminosity-specific PN 
density. 

It should be emphasized here that the numbers tabulated in 
Table 4 are lower limits, since, as detailed above, some dust 
does exist in M31’s bulge. A total of 49 bright planetaries 
(m5oo7 < 22.0) project onto the southwest (near side) of M31’s 
bulge, while only 31 are located on the far side. For the fainter 
sample of planetaries, the discrepancy is found in the same 
direction, although the amplitude is much less: 53 PNs are 
found on the near side, compared with 45 on the far side. This 
asymmetry can most easily be explained by assuming that dust, 
located in or near the plane of M31, is affecting the observed 
magnitudes of background PNs. Although small amounts of 
dust may not affect the shape of the PNLF dramatically 
(compare the luminosity functions of Figs. 2 and 4), it will 
cause the total PN population to be underestimated. 

The data in Table 4 were also extrapolated to place a lower 
limit on the specific stellar death rate. First, the 98 planetaries 
between 90" < riso < 285" which have magnitudes brighter 
than the completeness limit of m5007 = 22.7 were used to define 
the constant of proportionality of equation (2). This equation 
was then integrated down 8 mag from M*, thereby accounting 
for the faintest known Galactic planetary, and yielding ~970 
for the total number of planetaries in that portion of M31’s 
bulge. Dividing this number by a mean PN lifetime of 
25,000 yr (Pottasch 1984) and normalizing to the bolometric 
luminosity sampled then results in a luminosity-specific stellar 
death rate of ~5.7 x 10“12 stars yr“1 Lq1. This is roughly a 
factor of 3 less than the theoretical death rate derived by 
Renzini and Buzzoni (1986). Considering that (1) the PN den- 
sities in Table 4 represent lower limits, (2) a 5 mag (factor of 
~ 10) extrapolation was performed, and (3) some stars never 
enter the PN phase (Schönberner 1983; Kudritzki, Mendez, 
and Simon 1983; Heber et al. 1983; Drilling and Schönberner 
1983), our observed stellar death rate is in good agreement 
with the models. Note that this rate, when combined with a 
Galactic Mv = —20.6 (de Vaucouleurs and Pence 1978) 
implies a PN population in the Galaxy of ~ 4000. 

VI. THE PLANETARY NEBULA LUMINOSITY FUNCTION AS A 
STANDARD CANDLE 

The most common method of comparing an observational 
luminosity function with a model is to bin the results, correct 
for observational uncertainty with the Eddington (1913) 
expansion, and fit the resulting histogram using the method of 
least squares. When the number of objects observed is large, 
there is no problem with this procedure. However, as the 
number of objects decreases, the effects of the finite bin size 
become more pronounced. One is faced with the problem of 
choosing bins large enough to overcome the errors of poor 
counting statistics, yet narrow enough to contain magnitude 
information. At Virgo Cluster distances, the number of detect- 
able planetaries is small enough so that the process of binning 
reduces the accuracy of any distance determination. 

An alternative and superior way of fitting an observational 
luminosity function is through the method of maximum likeli- 
hood (Hanes and Whittaker 1987). In this technique, the 
underlying universal luminosity function, </>(M), is treated as a 
probability distribution function; hence, if Poisson statistics 
hold, the probability of observing n planetaries in any magni- 
tude interval is 

p(n) = 
[A(M)dM]ng “ A(M)dM 

(3) 

where 2(M) is the number of planetaries expected from the true 
luminosity function. In the limit where the magnitude interval 
dM becomes infinitesimal, each bin contains either zero or one 
object, and the net probability of observing a given distribu- 
tion </>(m) is 

P = exp j* 1 ^ x 

N 
X n « X - n)dm , (4) ¿=1 

where a is the luminosity-specific number density of planet- 
aries, mgal is the integrated galaxy magnitude in the survey 
region, N is the number of PNs detected, ml is the completeness 
limit of the sample, C is the constant defining the bolometric 
magnitude scale zero point, and p is the apparent distance 
modulus (m — M). The condition of maximum likelihood dic- 
tates that the partial derivatives of ln P with respect to the 
independent variables a and p be zero; therefore, by differenti- 
ating with respect to these variables and combining the results, 
the following “best-fit” condition for the distance p can be 
derived : 

N 
E 

1 ô 
#n¡ - fi) dfi 

[0K - ¿¿)] 

4>(m)dm . (5) 

Once p is found, the distance to the galaxy follows directly 
after correcting for the interstellar extinction A50o7. This equa- 
tion can be used for objects of any type as long as they are 
drawn from a known luminosity function. 

If the number of planetaries per unit luminosity is truly 
invariant as suggested by theory, the maximum-likelihood 
condition is further constrained, since a is then a constant. 
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Under these circumstances, the distance modulus /z becomes 
^ the lone free parameter, and the best-fit condition becomes 

1 d <! fj 
[#n¡ - /i)] + 0.92 liV 

i=i - n) dp 

= oc x I00-4(C+M_mgal)| (j)(m)dm 
F f mi-p 

h1 J-.4 

(6) 

Note that, from § V, it is the bolometric magnitude of the 
galaxy which is used by theorists in their models. Hence, to use 
equation (6) properly, mgal must represent the apparent bolo- 
metric magnitude of the galaxy corrected for the effects of 
interstellar extinction. 

Although the above formulations are useful, two additional 
complications must be considered. The first is that nowhere in 
the above analysis do the effects of observational error enter. 
In the conventional least-squares fit, the uncertainty in the 
value of each bin can either be included directly in the 
maximum-likelihood estimator or be used to perform a decon- 
volution in the count distribution (Eddington 1913). In the 
above analysis, however, since binning is not done, neither of 
these solutions is possible. Instead, the converse operation 
must be performed. Before comparing the observed luminosity 
function with that of a model, the model must be modified to 
predict what the measurement uncertainties will do to the 
observations. This requires a convolution of the measurement 
error profile (usually assumed to be Gaussian) with the under- 
lying luminosity function. Because the error term changes with 
signal-to-noise (especially near the frame limit), the width of 
the convolution filter must also change with magnitude. In 
practice, this means that the shape of the theoretical probabil- 
ity distribution function, </>, is a function of the distance 
modulus, and therefore the function, its integral, and its deriv- 
ative must be recalculated for every value of ¡i. 

A second consideration is that the above equations require 
that the limiting magnitude be known. This is never the magni- 
tude of the faintest planetary; far before this limit is encoun- 
tered, incompleteness becomes important. In principle, the 
incompleteness as a function of signal-to-noise can be esti- 
mated from known quantities (cf. Ciardullo et al. 1987), and a 
correction factor can be applied to the theoretical probability 
distribution function. In reality, however, this is extremely dan- 
gerous, since a small error can lead to a very wrong result. 
Instead, an estimate of the true completeness limit should be 
made from an examination of the binned magnitude counts, 
and all planetaries fainter than this limit disregarded. 

Equations (5) and (6) yield the most probable value of the 
distance, but they do not assign an error to that value or test 
how well the observed luminosity distribution agrees with the 
theoretical function. The former task, that of placing formal 
confidence limits on a given result, can most easily be per- 
formed through equation (4). In the case of a variable PN 
density, probability contours in (a, /¿)-space can be calculated, 
enabling the variation of n with a to be directly examined. If a 
is held constant, of course, these probability contours become 
one-dimensional curves and can be displayed with simple error 
bars. 

The maximum-likelihood formulations described above do 
not address the question of whether the PNLF is universal or 
whether the observed PNLF of a galaxy agrees with a pre- 
viously derived luminosity function. Fortunately, since samples 
of [O in] A5007 selected planetary nebulae are not affected by 
field contamination, a relatively simple nonparametric test is 
available to test the null hypothesis, that a set of data is incon- 
sistent with a postulated PNLF. For a given distance modulus, 
an observationally determined cumulative planetary nebula 
luminosity function can be compared with a theoretical curve 
via the Kolmogorov-Smirnov test. The resulting statistic is a 
good indicator of how well the observations match the theory, 
and therefore increases the confidence in the maximum- 
likelihood result. 

VII. APPLICATIONS IN THE LOCAL GROUP 

The earliest suggestion that PNs may be useful as standard 
candles originated in the observed constancy of the [O in] 
luminosity for the brightest PNs in the Local Group galaxies 
(Ford and Jenner 1978; Jacoby and Lesser 1981). Those assess- 
ments, however, were based on photographic and photoelec- 
tric measurements in situations where CCD-based 
observations are far superior. Therefore we have reobserved 
the central regions of M32, NGC 205, and NGC 185 to derive 
more accurate photometric measurements of the brightest PNs 
in these galaxies. 

All the galaxies were observed with the Kitt Peak No. 1 
0.9 m telescope in its f/7.5 configuration using an RCA CCD, 
which yielded a scale of 0"86 pixel-1. In addition, M32 was 
also observed with a TI CCD at the f/13.5 focus of the No. 1 
0.9 m and with an RCA CCD on the Kitt Peak 2.1 m tele- 
scope. The improved spatial scales of 0'.'24 and 0"38 pixel -1 

provided better photometric results for those PNs close to the 
center of the bright nucleus (see Ford 1983). A summary of the 
observations is presented in Table 5. A list of the PNs observed 
and their derived [O m] 25007 magnitudes is given in Table 6. 
For NGC 185, the planetary nebula identifications are those of 

TABLE 5 
Log of Local Group Planetary Nebula Observations 

Filter 
KPNO Scale Exposure /.,1'WHM 

Galaxy UT Date Telescope CCD (arcsec pixel-1) (s) (Â) 

NGC 185   1982 Sep 15 0.9 m RCA 1 0.86 3600 5009/23 
NGC 205   1984 Nov 1 0.9 m RCA 1 0.86 3600 5004/27 
NGC 205   1985 Oct 14 0.9 m RCA 3 0.86 3600 5004/27 
M32   1984 Nov 2 0.9 m RCA 1 0.86 3600 5004/27 
M32   1987 Sep 1 2.1 m RCA 1 0.38 900 5012/42 
M32   1987 Sep 1 2.1 m RCA 1 0.38 900 5012/42 
M32   1987 Oct 7 0.9 m TI 2 0.24 3600 5004/27 
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TABLE 6 
Planetary Nebulae in NGC 185, NGC 205, and M32 

a 
Galaxy PN a(1975) ¿(1975) m 5007 Comment 

NGC 185. 

NGC 205. 

M32 

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

10 
11 
12 
13 
14 
15 
16 
17 
19 
21 
24 
25 
26 
27 
28 
Star a 
Star b 
Star d 
Star e 
Star f 
Star g 
Star h 
Star j 
Star k 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
29 
30 

0h37m33s62 
0 37 30.02 
0 37 37.10 
0 37 24.90 
0 37 34.17 
0 38 59.47 
0 39 18.55 
0 39 14.20 
0 38 46.85 
0 38 51.51 
0 38 52.52 
0 38 55.91 
0 38 57.88 
0 38 58.29 
0 39 02.72 
0 39 03.43 
0 38 44.08 
0 38 59.17 
0 39 02.13 
0 39 10.27 
0 38 34.59 
0 39 06.68 
0 38 40.73 
0 39 03.57 
0 38 41.33 
0 38 58.99 
0 39 06.18 
0 38 58.46 
0 38 56.50 
0 39 04.17 
0 39 12.57 
0 38 59.10 
0 38 41.22 
0 38 54.46 
0 38 51.43 
0 38 48.71 
0 39 01.68 
0 39 01.08 
0 41 13.74 
0 41 30.85 
0 41 18.03 
0 41 08.91 
0 41 17.43 
0 41 
0 41 
0 41 
0 41 
0 41 
0 41 
0 41 

18.18 
26.00 
39.88 
17.92 
22.81 
34.78 
32.37 

0 41 22.34 
0 41 18.07 
0 41 14.33 
0 41 04.82 
0 41 09.27 
0 41 14.70 
0 41 
0 41 
0 41 
0 41 
0 41 
0 41 
0 41 
0 41 
0 41 

19.50 
20.06 
27.68 
20.07 
20.36 
20.52 
20.05 
19.76 
33.78 

0 41 00.99 

48°nw:o 
48 11 54.3 
48 11 39.9 
48 11 18.1 
48 11 56.7 
41 3412.7 
41 30 53.0 
41 33 50.0 
41 32 30.8 
41 30 28.6 
41 29 28.5 
41 3019.4 
41 3011.1 
41 30 04.1 
41 29 14.4 
41 3153.2 
41 31 16.9 
41 30 25.3 
41 29 35.6 
41 3049.6 
41 27 06.0 
41 2446.8 
41 3400.7 
41 37 13.3 
41 3546.6 
41 33 28.6 
41 3102.9 
41 30 30.5 
41 31 20.4 
41 30 33.9 
41 33 54.5 
41 33 59.3 
41 33 58.1 
41 36 51.4 
41 27 13.1 
41 29 34.3 
41 3000.1 
41 28 27.4 
40 44 47.6 
40 40 47.1 
40 42 49.4 
40 4451.9 
40 44 27.3 
40 44 30.6 
40 46 00.4 
40 41 18.0 
40 41 28.4 
40 44 35.0 
40 42 48.8 
40 43 54.4 
40 39 55.2 
40 42 47.1 
40 43 15.4 
40 41 28.9 
40 45 10.0 
40 4149.9 
40 43 18.2 
40 43 26.1 
40 42 57.5 
40 43 36.0 
40 43 43.7 
40 43 43.6 
40 43 48.2 
40 43 45.4 
40 42 59.7 
40 42 09.6 

20.34 
21.40 
21.68 
22.78 
21.54 
21.63 
21.81 
22.47 
21.17 
20.67 
20.96 
21.25 
21.29 
21.14 
21.91 
22.28 
24.93 
22.93 

22.68 

22.41 
22.85 
22.90 
23.22 

22.00 

21.04 
21.22 
20.93 
21.31 

22.05 
22.83 
23.28 

>23.3 

22.85 
>23.3 

22.15 
23.33 

>23.3 
22.48 
21.09: 
22.65 
21.61 
21.50 
21.37 
21.39 
20.70 
21.14 
22.57 

Outside CCD survey 

Outside 
Outside 
Outside 
Outside 
Outside 

CCD 
CCD 
CCD 
CCD 
CCD 

survey 
survey 
survey 
survey 
survey 

Outside CCD survey 

Nonmember 

Outside CCD survey 
Outside CCD survey 

Nonmember 
Outside CCD survey 

Nonmember 

Close to nucleus 

Blended with PN 25 
Blended with PN 24 
Close to nucleus 
Close to nucleus 
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Ford, Jacoby, and Jenner (1977); for NGC 205, the identifica- 

^ tion numbers include and continue from those given by Ford, 
< Jenner, and Epps (1973) and Ford (1978). The PNs in M32 are 
S from Ford and Jenner (1975) and Ford (1983). Note that three 
^ of the planetaries projected in the field of M32 have velocity 

measurements which place them in M31’s background spiral 
arm, rather than in the elliptical galaxy (Ford and Jenner 
1975). To facilitate spectroscopic observations, the positions of 
astrometric reference stars in the field of NGC 205 are also 
included in the table. 

Table 7 illustrates the constancy of the [O m] 25007 lumi- 
nosity of the brightest PNs in six local Group galaxies with 
reasonably well-determined distances. The data for the Magel- 
lanic Cloud PNs are derived from the literature, whereas the 
PN magnitudes for the other galaxies are from the observa- 
tions described in this paper. From the table, the mean abso- 
lute magnitude of the brightest PNs in the galaxies is M500j = 
— 4.08, with a standard deviation of 0.15 mag. This dispersion, 
though comparable to that of other good standard candles, 
such as the optical period-luminosity relationship of Cepheids 
(Pel 1985), is actually an upper limit. In addition to the usual 
uncertainties related to the distances and extinctions toward 
these galaxies, two other factors affect the luminosities of these 
brightest PNs. 

The first source of dispersion in the Local Group average is 
the variation in the metallicities of the progenitor stars. 
Although the [O m] luminosity of a PN will change with metal 
abundance, Paper I does note that this effect is moderated by a 
square-root dependence. For example, the Magellanic Cloud 
PNs (Aller et al 1987) have oxygen abundances which are 
roughly a factor of 2.5-3 lower than those in M31 (Jacoby and 
Ford 1986), yet the [O m] luminosities for the brightest LMC 
and SMC PNs are only 1.33 times smaller than the brightest 
PN in M31. 

A much more important source of scatter in the data of 
Table 7 comes from the statistics of the PNLF itself. Except for 
M31, the galaxies listed in Table 7 are all low-luminosity 
objects, hence the total number of planetaries within each 
galaxy is small and the number of bright PNs smaller still. For 
example, the brightest planetary in NGC 205 is over half a 
magnitude fainter than M*. Yet if we adopt the distance and 
extinction listed in Table 7 and the luminosity function given 

by equation (2), there is approximately a 30% chance that none 
of the 13 PNs in the statistically complete sample will have an 
absolute magnitude brighter than this. A similar condition 
exists for M32—there is a 25% chance that none of the eight 
planetaries in the sample with m5001 < 22.7 will have a lumi- 
nosity within 0.75 mag of M*. M31, however, is perhaps the 
best case study. In the statistically complete sample of 104 
planetaries with m5001 < 22.7, the brightest object is ~0.12 
mag fainter than M*. The probability of this happening, 
however, is almost 60%. A large degree of scatter is therefore 
expected when comparing planetaries drawn from small 
sample sizes. 

A better way of displaying the statistical uncertainty associ- 
ated with the PN observations of M32, NGC 205, and NGC 
185 is through the PNLF maximum-likelihood analysis. 
Before such a calculation can be performed, however, three 
pieces of information must be known. 

As explained in § VI, the completeness limit is crucial for any 
maximum-likelihood analysis, since this value provides the 
normalization for the equations. When large numbers of 
objects are involved, histograms of number versus magnitude 
provide a useful tool for understanding the observational 
limits. However, when the number of objects is small, this lim- 
iting magnitude can sometimes be difficult to calculate. Fortu- 
nately, in the present case, the observing conditions and 
exposure times for M32 and NGC 205 were similar to those 
for M31. Hence M3Ts PN boundary conditions can be 
applied : when the surface brightness of the background galaxy 
is less than mr = 17.5, a conservative upper limit for complete- 
ness is m5007 = 22.1 \ when the background galaxy is as bright 
as mr = 16.2, the completeness limit is closer to m5001 = 22.0. 
While the former condition is appropriate for virtually all of 
NGC 205, NGC 185, and the areas of M32 more than 18" 
away from its nucleus, the latter limit allows planetaries as 
close as 7" from M32’s nucleus to be included. 

The second quantity needed for the maximum-likelihood 
analysis is the integrated bolometric galaxy magnitude con- 
tained in the PN survey fields. In order to calculate this, the 
surface photometry and transformations of Kent (1987) were 
used to estimate the total V luminosity encompassed in the 
survey areas. Bolometric corrections appropriate for each 
galaxy were then computed from the (B — V) colors of Pension 

TABLE 7 
Brightest Planetary Nebulae in Local Group Galaxies 

PN log F(A5007) Distance 
Galaxy Identification (ergs cm-2 s-1) E(B—V) (kpc) M5007 Distance Reference 

M31   380 -13.61 0.11 710 -4.36 Pritchet and van den Bergh 1987; 
Welch et al. 1986 

LMC   P25 —11.30 0.03 50 —4.09 Schommer, Olszewski, and Aaronson 1984; 
Torres, Conti, and Massey 1986 

SMC  N2 —11.70 0.20 60 — 4.10 Da Costa and Mould 1986; 
Mathewson, Ford, and Visvanathan 1986; 
Garmany, Conti, and Massey 1987 

M32   27 —13.78 0.11 710 —3.94 Assumed equal to M31 
NGC 205   5 -13.76 0.06 760 -3.95 Richer, Crabtree, and Pritchet 1984; 

Mould, Kristian, and Da Costa 1984 
NGC 185   1 —13.63 0.17 570 -4.04 Saha and Hoessel 1988 

Notes.—M31—PN identification (ID) and photometry from this paper. LMC—PN ID from Westerlund and Smith 1964; photometry from 
Webster 1969. SMC—PN ID from Henize 1956; photometry from Osmer 1976. M32—PN ID from Ford 1983; photometry from this paper. NGC 
205—PN ID from Ford, Jenner, and Epps 1973; photometry from this paper. NGC 185—PN ID from Ford, Jacoby, and Jenner 1977; photometry 
from this paper. 
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^ (1973), Price and Grasdalen (1983), and Price (1985), and the 
^ infrared colors of Frogel ei al (1978). The total luminosity 
§ sampled in each galaxy, along with the bolometric corrections, 
S and nominal luminosity-specific densities for planetaries in the 
2 top 2.5 mag of the PNLF appear in Table 8. 

The last piece of information required by the discussion in 
§ VI is some knowledge of the photometric measurement error 
versus magnitude. Although, strictly speaking, these errors are 
a function of both the object’s flux and the background surface 
brightness, in practice the latter contribution dominates only 
where the background galaxy is brightest and incompleteness 
is a problem anyway. The problem is therefore tractable, 
though not always easily solved. Fortunately, in this specific 
case, the M31 observations could again be used to simplify the 
task. The 232 M31 planetaries with multiple measurements 
and isophotal radii riso > 15" were binned into 0.25 mag inter- 
vals and the within-class magnitude variance calculated for 
each bin. A smooth curve was then fitted through the data 
defining the expected standard error versus magnitude. This 
error begins at 0.03 mag at m5007 = 20.4, slowly increases to 
0.10 mag at m5001 = 22.0, and then rises rapidly to 0.18 mag at 
w5oo7 “ 22.7. 

Figures 6a-6d display the confidence level contours in (/¿, a)- 
space implied by the distribution of planetary nebula [O m] 
luminosities observed in M31, M32, NGC 205, and NGC 185. 
Note that the contours deviate from circularity in the sense 
that the distance modulus may be smaller if a is allowed to 
assume larger values. Physically, this means that confusion 
arises between a distant luminous galaxy having a small popu- 
lation of planetaries, and a nearby low-luminosity galaxy with 
a large PN population. This effect is dramatically demon- 
strated for the three small ellipticals in Figures 6b-6d. 

The distance modulus to M31 is very tightly constrained, 
even at the 3 g level, to 23.80 < /i0 < 24.40; the luminosity- 

Mo 
Fig. 6.—(a) Maximum-likelihood confidence contours for M31 derived from a complete sample of 104 PNs and assuming the empirical PNLF expressed in eq. 

(2). The abscissa is the true distance modulus, n0; the ordinate is the number of planetaries within 2.5 mag of M* normalized to the absolute bolometric luminosity of 
the survey region. The curves labeled 1, 2, and 3 refer to multiples of a, where 1 <t, 2 g, and 3 g correspond to confidence intervals of 68%, 95%, and 99.7%, 
respectively. Intermediate contours of 0.5 g, 1.5 g, and 2.5 g are also shown. The solution has been constrained to yield a most probable distance modulus of 24.25, 
but the dispersion is representative of what can be expected from PNLF fitting, (b-d) Confidence contours for M31’s companion galaxies, M32, NGC 205, and 
NGC 185. The abscissa is the true distance modulus, n0; the ordinate is the number of planetaries within 2.5 mag of M* normalized to the absolute bolometric 
luminosity of the galaxy. For purposes of this presentation, the diagrams have been enlarged so that some contours close outside the displayed area. Probabilities are 
base on eight, 13, and four PNs for the three galaxies, respectively. Inspection of (b) and (c) suggests that M32 and NGC 205 are at nearly identical distances, while (d) 
demonstrates that NGC 185 is very likely closer. 
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TABLE 8 
Luminosity-specific Densities for Planetary Nebulae within 2.5 Magnitudes of M* 

Number of PNAL^ 
Galaxy (M* - M) PNs mv BC (xlO-9) 

NGC 185   2.5 4 9.65 -0.60 -15.39 39.4 
NGC205   2.5 12 8.84 -0.45 -16.20 50.1 
M32    1.5 9 8.39 -0.80 -17.01 33.7 
M32   2.5 8 8.64 -0.80 -16.75 22.3 

specific number density of PNs is restricted to values between 
8 x 10“9 and 18 x 10-9, although again, owing to the pres- 
ence of dust, the latter quantity may be underestimated. Since 
we defined the zero point of the PNLF using M31, the derived 
value for the most probable distance contains no new informa- 
tion. The dispersion in allowable distances is not entirely inde- 
pendent either, since the form of the PNLF used in the 
maximum-likelihood procedure was, in part, based on M31 
observations. Future papers in this series will present addi- 
tional data from other well-observed galaxies to support the 
adopted PNLF, and therefore strengthen the usefulness of the 
M31 distance limits derived here. 

For M32 and NGC 205 (Figs. 6b and 6c), the most probable 
distances are in good agreement with the values in Table 7, but 
the error contours occupy considerable area in the (/*, a)-plane. 
In the case of NGC 205, the “ best-fit ” value for the specific 
PN number density is almost a factor of 3 higher than that seen 
in M31, but values as low as M31’s are not excluded. A 
Kolmogorov-Smirnov test comparing the observed PNLF of 

each galaxy with the theoretical PNLF also shows agreement, 
with the null hypothesis being rejected at the 99% confidence 
level. Because of the small sample of planetaries in each galaxy, 
however, this is not a powerful result. 

Because of the very small sample (4) of PNs in NGC 185, the 
probability contours for this galaxy are essentially uncon- 
strained with one important exception. For any galaxy with 
identified PNs, there exists a sharp upper limit to the derived 
distance. This results naturally from the hard upper limit to the 
allowable luminosity for all planetaries. We see that the dis- 
tance modulus for NGC 185 is therefore strongly bounded to 
be less than 24.3 at the 3 <t confidence level. Similar limits can 
be seen for the other three galaxies in the figure. 

We wish to thank Morton Roberts for the Palomar Schmidt 
plate reproduced in Figure 1. Thanks also go to Nigel Sharp 
for some helpful insights into the utility of probability con- 
tours. 
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