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ABSTRACT

We have obtained spectroscopy of planetary nebulae in the dwarf irregular galaxy NGC 6822 and the
diffuse elliptical galaxies NGC 185 and NGC 205. We have also introduced a new dwarf irregular metallicity-
luminosity relation based upon a more homogeneous treatment of distances and abundances. Supplementing
our best estimates of the mean oxygen abundance for NGC 185 and NGC 205 with existing data for the
planetary nebula in Fornax, we find that the oxygen abundances in diffuse ellipticals exceed those in compar-
ably luminous dwarf irregulars by at least 1.5 times the dispersion in our new metallicity-luminosity relation.
When we combine our oxygen abundances with iron abundances from the literature, we find that NGC 185,
NGC 205, and Fornax have [O/Fe] ratios that are roughly solar or higher, on average. These [O/Fe] ratios
are larger than those in dwarf irregulars if the [O/Fe] ratios observed in the Magellanic Clouds are typical of
those in other dwarf irregulars, which indicates that the star formation timescale in diffuse ellipticals is much
shorter than that in dwarf irregulars. Therefore, while oxygen abundances allow diffuse ellipticals to be the
evolved remnants of dwarf irregulars, [O/Fe] ratios indicate that an evolutionary connection is unlikely

because they have fundamentally different star formation histories.
Subject headings: galaxies: abundances — galaxies: elliptical and lenticular, cD — galaxies: irregular —

planetary nebulae: general

1. INTRODUCTION

From photometric studies of their core properties, diffuse
elliptical galaxies (i.e., galaxies with elliptical-like stellar popu-
lations, but with exponential surface brightness profiles, such
as NGC 205 or dwarf spheroidal galaxies) appear to be more
closely related to dwarf irregular galaxies than to normal r/4-
law ellipticals (Kormendy 1985; Binggeli & Cameron 1992).
Consequently, it has been proposed that diffuse ellipticals
formed through the removal of the gas in dwarf irregulars
either through ram-pressure stripping, supernova-driven
galactic winds, or star formation (see Kormendy & Djorgovski
1989 and references therein). The anticorrelation of the dwarf
irregular and diffuse elliptical spatial distributions observed in
the Virgo Cluster (Binggeli, Tammann, & Sandage 1987)
argues that an environmental effect is operating to transform
dwarf irregulars into diffuse ellipticals. Dekel & Silk (1986)
have suggested that both diffuse ellipticals and dwarf irregulars
have had much of their original gas expelled by supernova
blast waves but that dwarf irregulars managed to retain some
fraction of their gas. On the other hand, Bothun et al. (1986)
argue that the surface brightness of dwarf irregulars is already
too low to allow them to fade to become diffuse ellipticals.
Clearly, an important test of the genealogy of diffuse ellipticals,
and this paper’s primary objective, is a comparison of the
metallicities in diffuse ellipticals and dwarf irregulars (Wirth &
Gallagher 1984).

Consider the following possible scenario. A dwarf irregular
destined to become a diffuse elliptical forms successive gener-
ations of stars until its gas supply is either exhausted through
star formation or removed by other means, and then it fades as

! Observations reported in this paper were obtained at the Multiple Mirror
Telescope Observatory, a joint facility of the University of Arizona and the
Smithsonian Institution.

2 Visiting Astronomer, Canada-France-Hawaii Telescope, operated by the
National Research Council of Canada, le Centre National de la Recherche
Scientifique de France, and the University of Hawaii.
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its stellar population ages (e.g., Renzini & Buzzoni 1986). In
this scenario, diffuse ellipticals are the “ mature” form of dwarf
irregulars. Diffuse ellipticals formed in this way should follow a
metallicity-luminosity relation similar to that observed for
dwarf irregulars (e.g., Kinman & Davidson 1981; Skillman,
Kennicutt, & Hodge 1989a) but which is shifted to lower lumi-
nosity. Consequently, at a fixed luminosity, diffuse ellipticals
should appear more metal-enriched than dwarf irregulars
because diffuse ellipticals would have evolved from more lumi-
nous dwarf irregulars.

Consider a diffuse elliptical and a dwarf irregular that have
the same luminosity today. If the diffuse elliptical has a higher
metallicity than the dwarf irregular, it is possible, but not
necessary, that it was once a dwarf irregular. If the diffuse
elliptical has a lower metallicity, however, it could never have
been a dwarf irregular similar to those that define the
metallicity-luminosity relation. Thus, a comparison of the
metallicities in diffuse ellipticals and dwarf irregulars can be
used to assess whether it is possible for diffuse ellipticals to
have evolved from dwarf irregulars.

There have been several attempts to address the issue of the
metallicities in diffuse ellipticals and dwarf irregulars (e.g.,
Skillman et al. 1989a), and it has been concluded that diffuse
ellipticals and dwarf irregulars follow the same metallicity-
luminosity relation (i.e., same slope and zero point). This
claimed coincidence of the metallicity-luminosity relations,
however, is strongly dependent on the value of [O/Fe] adopted
for diffuse ellipticals. In diffuse ellipticals, it is the stellar iron
abundance that is known, but in dwarf irregulars, it is the H i1
region oxygen abundance that is known. Using these data to
compare the metallicities of diffuse ellipticals and dwarf irregu-
lars presents a severe problem: an O/Fe ratio must be adopted
to convert the diffuse elliptical iron abundances to oxygen
abundances. Oxygen is the more reliable chemical evolution
indicator because Type II supernovae are its principal
source (Wheeler, Sneden, & Truran 1989). [O/Fe] varies over
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| time within a given galaxy and depends sensitively on its star
formation history (Gilmore & Wyse 1991). For stars in the
[Fe/H] regime occupied by diffuse ellipticals, [O/Fe] ~ +0.45
in the Milky Way (Tomkin et al. 1992), but [O/Fe] ~ —0.3 in
the Magellanic Clouds (Russell & Dopita 1992). This metal-
licity range allows the diffuse elliptical metallicity-luminosity
relation to be shifted up to 6 mag fainter than the dwarf irregu-
lar metallicity-luminosity relation (see § 4.1).

To circumvent the [O Fe] problem, we propose to use plan-
etary nebulae as probes of the stellar oxygen abundance in
both dwarf irregulars and diffuse ellipticals. Bright planetary
nebulae are particularly useful as chemical evolution probes
since they are found in all types of galaxies. Most notably, they
are presently the only direct oxygen abundance probes avail-
able in galaxies without active star formation.

Recently, Richer (1993) showed that bright planetary
nebulae (in [O 11] 15007) in the Magellanic Clouds are good
oxygen abundance probes. This conclusion is based upon two
observations. First H 11 regions and bright planetary nebulae in
the Magellanic Clouds have identical mean oxygen abun-
dances. Second, for oxygen abundances up to at least solar, the
[O m] 45007 fluxes from planetary nebulae increase as the
oxygen abundance increases. Consequently, the oxygen abun-
dances for the brightest planetary nebulae are biased toward
the highest oxygen abundances present in the population
(Richer 1993; Dopita, Jacoby, & Vassiliadis 1992). Given these
properties, bright planetary nebulae must, like H 1 regions,
sample a recent star formation event from a chemical evolution
viewpoint and should be good probes of the latest state of
chemical evolution in galaxies.

Since planetary nebulae are the death phase of intermediate-
mass stars, however, one might worry that the prior evolution
of their progenitors may have modified their original oxygen
abundances. The similarity of the mean oxygen abundances in
Magellanic Cloud planetary nebulae and H 11 regions rules out
the possibility that planetary nebula precursors consume much
of their initial oxygen (Richer 1993). If the precursors con-
sumed any significant fraction of their initial envelope oxygen
abundance to produce nitrogen, their initial abundances must
have exceeded those observed in H 11 regions today. Also, it is
unlikely that precursors produce significant amounts of
oxygen since planetary nebulae follow a neon-oxygen relation
that is almost identical to that followed by extragalactic H 11
regions (Henry 1989; Vigroux, Stasinska, & Comte 1987).
Since Type 1 supernovae dominate the production of both
oxygen and neon (Wheeler et al. 1989), the abundances of these
elements should be strongly correlated if neither is subse-
quently modified. Theoretically, only the most massive
intermediate-mass stars, which undergo the second dredge-up
(Iben & Renzini 1983), are expected to produce planetary
nebulae whose oxygen abundances could differ significantly
from their initial oxygen abundance (type I; see Peimbert &
Torres-Peimbert 1983). While observations do not rule out the
conversion of oxygen to nitrogen in the progenitors of type I
planetary nebulae, they do indicate that this conversion is not
the dominant mode of nitrogen production, since even type I
planetary nebulae appear to follow the normal neon-oxygen
relation (Henry 1989).

In this paper, we will use planetary nebulae to determine
oxygen abundances in the nearby diffuse ellipticals NGC 205
and NGC 185 and compare these abundances with those in
comparably luminous dwarf irregulars. In § 2, we present our
spectroscopic data for planetary nebulae in the diffuse ellip-

ticals NGC 185 and NGC 205 and the dwarf irregular NGC
6822. We use this data in § 3 to derive the oxygen abundance in
NGC 6822. In § 3 we also develop empirical methods that
allow us to set lower limits on the oxygen abundance in NGC
185 and NGC 205. These lower limits are based upon empiri-
cal relations between the nebular oxygen abundance and the
maximum [O m1] 45007 luminosity and [O 1] 15007/H ratio
attained. In § 4, we introduce a new metallicity-luminosity
relation for dwarf irregulars and use our estimates of the
oxygen abundance in NGC 185, NGC 205, and Fornax to
constrain the relationship between diffuse ellipticals and dwarf
irregulars. We also use our oxygen abundance estimates to
constrain the [O/Fe] ratio in diffuse ellipticals and consider its
implications regarding their formation. Finally, we summarize
our conclusions in § 5.

2. OBSERVATIONS AND ANALYSIS

2.1. Observations and Reductions

Our spectroscopic data were obtained at the Multiple
Mirror Telescope (MMT) and the Canda-France-Hawaii Tele-
scope (CFHT). At the MMT, we observed NGC 185 and NGC
205. At the CFHT, we observed NGC 205 and NGC 6822. On
both occasions, clouds and poor seeing hampered observ-
ations, so we only present relative fluxes. Table 1 presents a log
of all of the observations.

Our MMT data were obtained on 1991 October 30 (UT).
The red spectrograph was used with a 150 lines mm ™! grating,
whose blaze wavelength is 4800 A in first order. Coupled with a
1” slit, this setup yielded a resolution of 20 A. The detector was
an 800 x 800 Texas Instruments CCD with 15 um pixels. The
total spectral coverage was 4250-7440 A. The spectra were
flux-calibrated using observations of BD +28°4211 and IC
418. Dome flat fields and arc lamp spectra were acquired at the
beginning and end of the night. The spectrograph slit was
oriented so that it included the two brightest planetary nebulae
in each galaxy.

Our CFHT data were obtained on 1992 August 22-23 using
the MOS/SIS imaging spectrograph in multiobject (MOS)
mode. MOS/SIS is a multiobject, imaging, grism spectrograph
(see Le Févre et al. 1994 for a description) that uses focal plane
masks constructed from previously acquired images. The
masks are created on-line using a YAG laser. The object slits
were chosen to be 1” wide by 14” long. We used a 600 lines
mm ! grism (B600) that gave a dispersion of 105 A mm ! and
a central wavelength of 4950 A. The detector was the STIS
(Tektronix) 1024 x 1024 CCD, which has 21 uym pixels. The
spatial scale at the detector was 0743 pixel . The spectral
coverage varied for each object, depending on the object’s loca-
tion within the field of view. The wavelength coverage was
effectively truncated blueward of ~4300 A because of the CCD
response and redward of ~6740 A because of object posi-

TABLE 1
OBSERVATION LoG

Exposure Time

Date Observatory Object (s) N?

1991 October 30...... MMT NGC 185 1800 3
NGC 205 2700 2

1992 August 23 ....... CFHT NGC 6822 1200 3
NGC 6822 1800 2

NGC 205 1200 2

* Number of exposures.

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


http://adsabs.harvard.edu/abs/1995ApJ...445..642R

*6L61 SKaryduny 29 ySiog usp uea wolj 3uIUsppay ,
‘winnoads TN 941 wodj oH/L00sY [1i1 O] uodn paseq Aysusjut Y ,

‘wnnoads L HAD 243 woyj Suruappay ,
‘P86 SO[IPH 7 uldising woyy SUIUSPpPSY o
‘Suruappai 9y} pue A)ISuUL)Ul ¥ Sy} WOl pAjewnsy .

: PO 3P0 $820 8800 oS00 e Uu-—aa
o e S 8¢ S €S LT €9 Ll 69 e e €859 [ N1
ST 08T ST 88 € 08T  ¥¢ ol TII 9sT T p99T e "H
.. .o v VM v Oﬁ 0— w OM w e “en eee  sesses WVW@< _”umzu
o 4 ST € w € S € 9 9 154 9 w 14 91 14 9 vttt 9.8SY 1 9H
9T . $80T LI PPIT €11 S9IT 611 6TC1 88  6C€1 88 8LET  VIT €971  #IT 8LZ1  VET 69T  ¥EIT sLer Loosy [mr O]
S 9 S vLe  9¢ e LE 98¢ 6T 9  6C LEy  9¢ 86  9€ oy v LIy b sy 6s6¥Y [ O]
T 001 ¢ 00T ¥I 001 1 00l 6 00T 6 00T €I 001 €I 00l ST 00T ST (1,1) SR gJH
z e z pe ¢ o ¢ e 989bY 11 3H
€ ¥T 4 1T 9 1T S 81 S SEF4 141 9 €9epy [ O]
€ 6€ € €€ L €€ 9 8T (4 S X 5 4! 9¢ ©AH
9 oz c oz h E - oH
(4 I Ad9 d I I Aq9 d I I A9 d I I 40 d b (4 I Aq9 d NOILLVOLILLNAA]
(LHAD) (LHAD) (LHAD) (LHAD) (LHAD)
€€S ‘TT89 DON 91S ‘7789 OON 01 Nd ‘S0T OON 9 Nd ‘602 OON $ Nd ‘507 DON
4S€0°0 aS€0°0 1S€0°0 15€0°0 aSE00 Tttt U—aa
4 91 14 91 - 14 w 14 €T S 91 S LT 9L8SY 1 9H
€8 Ly LL8 89T S9ST 89T TLST S8 OL6 S8 vL6 9 9IS 9 8IS 8  TBIT 8 1] SR Loosy [ O]
9T LT 91 8L 8L 9y 8L L 8T 6l 8T oze 1T 091 1T 91 LT 99 LT L9 6s6vY [ O]
L 00 L 00T #¥T 001 T 00T T¢I o001 QI 00T LT 001 LI 00l OI 00T O (11) S 9JH
e Ry cen “en ces “es e cee e e e e s s e ﬁ— wﬁ ﬂﬂ wﬂ .. .MWMV.W H=~OH_
e b5 €1 ge e H
Ie I 49 d j (4 I d9 d Ie I 49 d I (4 I d9 d 0 I d0 d NOLLVOILINAA]
(LHAD) (LHAD) (LHAD) (LHAD) (LHAD)
6 Nd ‘50T DON 8 Nd ‘507 OON L Nd ‘50T OON € Nd ‘507 DON T Nd ‘507 DON
aS€00 28800 e : aS€0°0 e 4S61°0 . wro
8 08T €S olE 99 08T 89 16T €L 08T 16 0S¢ € 08T 8¢ 1234
LoV S8ST  LO¥ €6ST €T LETI ST 16T 0€E  88€T  T€€ P6ET 0T  9L01  9TT €OIT 8 0EL 19 oLL
6Z1 98y 611 L8 68 SOF 06 8o  TEel 8IS TET 06S 66  THE 001 8¢ T SST €T §9T
9€ 001  9¢ 001 001 <007 001 001 001 001 IT 001 1 001
I I d9 d I I d9 d 10 I e d 10 I d0 d I¢ I 49 d NOLLVOMILNAA]
(LHAD) (LAW) (LIAW) (LANW) (LIAW)
¥ Nd ‘507 DON 9 Nd ‘507 OON S Nd ‘607 OON 7 Nd ‘S81 OON T Nd ‘S81 DON

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data Systen;

SALLISNALIN] ANI]

¢ 4T14dVL


http://adsabs.harvard.edu/abs/1995ApJ...445..642R

3) D 4457 T642R!

{1995

DWARF GALAXY METALLICITY-LUMINOSITY RELATION 645

tioning. Typically, the Hy-He 1 15876 spectral range was
observed at a dispersion of 2.2 A pixel 1. Spectra were cali-
brated using observations of Hiltner 102 and Feige 110. Arc
lamp spectra and flat-field exposures of the spectrograph’s
internal map were interspersed among the observations of each
object.

The spectra were reduced using the routines in IRAF? fol-
lowing the procedures described in the IRAF documents by
Anderson (1987) (“noao.twodspec” package, for NGC 205 at
the MMT) and Massey, Valdes, & Barnes (1992)
(“noao.imred.specred ” package, for the other data). First, all of
the images were corrected for overscan bias, zero-level (bias
pattern), and pixel-to-pixel response variations. At this point,
the MMT images of NGC 205 were aligned and co-added
before extracting one-dimensional spectra. These spectra were
then flux-calibrated using the standard star observations. For
the other data, individual object spectra were first extracted
and calibrated. Then, the spectra from each image were com-
bined to produce the final spectra for each object.

2.2. Line Intensities

Table 2 presents the line intensities for all of the planetary
nebulae observed. The object names and finder charts may be
found in Ford, Jenner, & Epps (1973) for NGC 185 and NGC
205 and Killen & Dufour (1982) for NGC 6822. We confirm
that the stellar object S16 in the Killen & Dufour (1982) cata-
logue of diffuse nebulae and emission-line stars is a planetary
nebula. This object is unresolved in direct CFHT images,
having a full width at half maximum ~ 173, and it shows strong
He 11 14686 emission in its spectrum. Thus, S16 doubles the
number of known planetary nebulae in NGC 6822.

For each object, Table 2 lists the observed line ratios, F, the
reddening-corrected line ratios, I, and their errors §F and 41,
respectively. The Schild (1977) reddening law (R = 3.2) was
used to correct for reddening. In all cases, we assumed an
intrinsic Ha/Hp ratio of 2.8 (Osterbrock 1989), which is valid
for electron temperatures and densities of approximately
15,000 K and 4000 cm ~3, respectively, conditions typical for
bright planetary nebulae in the Magellanic Clouds (e.g., Mea-
theringham & Dopita 1991a, b). We did not use the Hy/Hp
ratio to derive reddenings (see below). The observed and
reddening corrected line intensities are related by

FR) . I

8 7 Hp) = °8 Jp)

where A(4) is the reddening at wavelength A from Schild (1977).
If the Ha/HP ratio could not be measured from the spectrum,
we adopted reddening values from Burstein & Heiles (1984) for
NGC 185 and NGC 205, but from van den Bergh & Hump-
hreys (1979) for NGC 6822.

The line intensities were measured using a locally imple-
mented software package (McCall 1982). The line intensities
were measured relative to Hp for the CFHT data, but relative
to Ha for the MMT data. The only reliable HB detection
among our MMT data is that for PN 1 in NGC 185, but it is
weak. For the MMT data, we calculated line ratios relative to
Hp after adopting the reddenings listed in Table 2 and
assuming Ho/Hf = 2.8.

Comparing our CFHT data for S33 in NGC 6822 with those
of Dufour & Talent (1980), it appears that our flux calibration

— 04EB-V)[AX) — AHPT, (1)

3 IRAF is distributed by the National Optical Astronomy Observatories,
which is operated by the Associated Universities for Research in Astronomy,
Inc., under contract to the National Science Foundation.

is incorrect between Ho and Hp. For S33, we observe system-
atically lower line intensities between Hé and Hp than do
Dufour & Talent (1980). The reddenings implied by our Hy/Hp
ratios for S33 and S16 are unreasonably large compared to
other reddening estimates for NGC 6822. We have been unable
to determine the source of this calibration problem, but it is
not underlying Balmer absorption from stars in NGC 6822.
The planetary nebulae were observed through short slits, so
the sky subtraction would have accounted for any underlying
stellar absorption. Furthermore, Balmer absorption would
cause Hé/Hp to be even more discrepant than Hy/Hp, which it
is not. Fortunately, the [O 1] lines are adjacent to hydrogen
lines, so their relative intensities are unaffected by this cali-
bration problem because the intrinsic ratios of the hydrogen
lines are known. However, this flux calibration problem pre-
vents us from using Hy/Hp ratios to determine foreground
reddenings.

Apart from the Hd to Hf wavelength region, we believe that
our flux calibration is free of problems. As a check on our flux
calibration at the MMT, we obtained a spectrum of IC 418.
Our observed Ha/Hp ratio for IC 418 was 3.67, very similar to
other measurements in the literature (e.g., Kohoutek & Martin
1981; Torres-Peimbert & Peimbert 1977). PN 6 in NGC 205 is
the only object we observed at both telescopes, and the [O 1r]
A5007/Ho line ratios from both data sets are the same within
errors. Thus, we conclude that the CFHT flux calibration is
correct between Hf and Ha, and we believe that our Ha-based
reddening estimates are trustworthy.

Comparing our MMT and CFHT data, it is obvious that the
latter enjoy higher signal-to-noise ratios.' As a result, we
adopted the CFHT line ratios for PN 5 and PN 6 in NGC 205.

Our reddening for PN 1 in NGC 185 is larger than the
foreground reddening estimated by Burstein & Heiles (1984),
but is otherwise not unusual given that planetary nebulae
suffer from internal reddening. PN 10 in NGC 205 may also
suffer a similar amount of internal reddening, but PN 5 and
PN 6 in NGC 205 apparently suffer very little internal
reddening since their reddenings are comparable to the
Burstein & Heiles (1984) foreground value. The two planetary
nebulae in NGC 6822 also appear to suffer little reddening
owing to either internal dust or dust within NGC 6822.

3. OXYGEN ABUNDANCES

3.1. The Planetary Nebulae in NGC 6822

We detected the temperature-sensitive [O 111] 44363 line in
both planetary nebulae in NGC 6822. For our electron tem-
perature calculations, we adopted an electron density of 4000
cm™3, which is typical for bright planetary nebulae in the
Magellanic Clouds (Meatheringham & Dopita 1991a, b). From
the line intensities in Table 2, we find an [O m] temperature of
17,100 + 2800 K in S16 and 17,600 + 1200 K in S33. Using
Dufour & Talent’s (1980) data for S33, we find an [O 1]
temperature of 19,200 + 1600 K for our adopted electron
density. Although these temperatures only barely agree, the
exact cause of their difference is not obvious. All temperatures
were computed using the code FIVEL (De Robertis, Dufour, &
Hunt 1987).

Our abundance calculations follow the ionization correction
factor (ICF) approach of Torres-Peimbert & Peimbert (1977)
and are described in Richer (1993). For S33, we adopted
Dufour & Talent’s (1980) [O 1] 13727, He 11 14686, and He 1
A5876 line intensities. From these data, we find 12 + log (O/
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H) = 8.10 + 0.08 for S33. For S16, we obtain 12 + log (O**/
H) = 8.01 + 0.16 (we did not observe any lines of O*). The
main source of error in these abundances is the uncertainty in
the [O m] 44363 line strength, which dominates the error in
the temperature. Changing the density by an order of magni-
tude in these abundance calculations changes the derived
oxygen abundances by 0.02 and 0.04 dex in S16 and S33,
respectively.

These planetary nebula abundances are similar to those
observed in H 11 regions in NGC 6822. In H 1 regions with
measured temperatures, the mean oxygen abundance is
12 + log (O/H) = 8.23 (see Table 5). Thus, as in the Magellanic
Clouds, H 11 regions and bright planetary nebulae have similar
mean oxygen abundances.

3.2. The Planetary Nebulae PN 2 and PN 5 in NGC 205

Our best [O 1] 14363 detection was for PN 2 in NGC 205.
Even for this object, we can only determine a lower limit to the
oxygen abundance since we did not observe any lines of O*.
We find that the electron temperature is 13,300 + 3300 K, so
12 + log (O%*/H) = 8.21 + 0.20. For PN 5, our [O 1] 14363
line intensity is best regarded as an upper limit. Thus, we find
an upper limit of 15,300 K for the electron temperature and a
lower limit for the abundance of 12 + log (O%*/H) > 8.11. For
both of these objects, the ICF should be small since we did not
detect He 11 14686. The corollary, however, is that the O
contribution is likely to be significant. As usual, we adopted an
electron density of 4000 cm 3 for all of these calculations.

3.3. Empirical Abundance Techniques
3.3.1. Justification

For both planetary nebulae in NGC 185 and all of those in
NGC 205, save PN 2, we did not detect [O 1] 14363, so we

Vol. 445

cannot derive their electron temperatures or oxygen abun-
dances directly. Consequently, we shall derive lower limits to
the abundances in these objects through empirical techniques
based upon the properties of planetary nebulae in the Milky
Way and the Magellanic Clouds. To obtain our lower limits,
we make use of the observations that, for these planetary
nebulae, the maximum [O m] A5007 luminosities and the
maximum [O 1] A5007/Hp ratios attained are functions of the
nebular oxygen abundance. The details of these two techniques
will be developed in the following two sections, but here we
would like to demonstrate that it is reasonable to obtain
oxygen abundance limits using the calibration of these tech-
niques based upon planetary nebulae in the Milky Way and
the Magellanic Clouds (the data samples will be defined in the
following section).

As a planetary nebula evolves, both its [O 1] 15007 lumi-
nosity and its [O m] A5007/Hp ratio will change as a result of
its central star’s evolution. Consequently, it is important to
investigate whether the temperatures and luminosities of the
planetary nebula central stars in NGC 185 and NGC 205 are
similar to those in the Milky Way and the Magellanic Clouds.
This issue is particularly worrisome because the planetary
nebulae in NGC 185 and NGC 205 undoubtedly arise from an
older stellar population than those from which the planetary
nebulae in the Magellanic Clouds and the Milky Way arise. To
help address this issue, Figure 1 presents the reddening-
corrected [O 1] A5007/Hp ratios plotted as a function of the
total HB luminosities for all Milky Way and extragalactic
planetary nebulae for which these data exist. The region to the
right of the diagonal line in Figure 1 includes all objects whose
[O m] A5007 luminosities are within 2 mag of the brightest
planetary nebula in the LMC. In Figure 1, the HB luminosities
for the planetary nebulae in NGC 185 and NGC 205 were
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FIG. 1.—A comparison of the global properties of planetary nebulae in diffuse ellipticals with those in star-forming systems. Planetary nebulae in different
galaxies are represented by different symbols, as indicated in the legend. The diagonal line separates bright and faint objects: those to the right of the line all have
[O m] 25007 luminosities within 2 mag of that for the brightest planetary nebula in the LMC. The two arrows denote the two evolutionary tracks discussed in the

text.
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calculated using our spectral data and the [O 1] 15007 fluxes

& from Ciardullo et al. (1989), adopting the distance moduli

given in Table 5, and foreground reddenings of 0.19 mag and
0.035 mag for NGC 185 and NGC 205, respectively (Burstein
& Heiles 1984).

Figure 1 is similar to an H-R diagram for planetary nebula
central stars. Insofar as planetary nebulae are optically thick to
ionizing radiation (see Mendez, Kudritzki, & Herrero 1992 for
a discussion), the Hf luminosity is a measure of the central
star’s ionizing luminosity. The [O 1] A5007/Hf ratio, mean-
while, is sensitive to the central star temperature for tem-
peratures below ~ 10° K, although it is also sensitive to the
nebular oxygen abundance (see § 3.3.3). In Figure 1, the central
star evolution should cause the HB luminosities and [O 1]
A5007/Hp ratios to vary in the manner shown by the arrows.
Despite significant scatter, the region occupied by planetary
nebulae in Figure 1 is similar to that expected.

In Figure 1, the planetary nebulae in NGC 185 and NGC
205 are not conspicuously anomalous in any way, so their
properties are not grossly different from those of bright planet-
ary nebulae in the Galaxy and the Magellanic Clouds. As a
result, it is not unreasonable to constrain the abundances of
planetary nebulae in NGC 185 and NGC 205 using limits
derived from the maximum [O m] A5007 luminosities and
[O m] A5007/Hp ratios observed in Milky Way and Magella-
nic Cloud planetary nebulae.

3.3.2. Oxygen Abundances from [O 1] A5007 Fluxes

The first method we will use to obtain lower limits to the
oxygen abundances for planetary nebulae in NGC 185 and
NGC 205 is based upon the work of Richer (1993), who found
that the maximum [O 1] 15007 luminosity observed in
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Magellanic Cloud planetary nebulae varied as a function of the
nebular oxygen abundance. To demonstrate the generality of
this relation, the [O 1r] 45007 luminosities of the planetary
nebulae shown in Figure 1 are plotted as a function of their
oxygen abundance in Figure 2. The symbols have the same
meaning as in Figue 1.

Our empirical abundance techniques are calibrated using
the following samples of planetary nebulae in the Magellanic
Clouds and the Milky Way. The Magellanic Cloud planetary
nebula data comprises the compilation from Richer (1993) sup-
plemented by the data from Vassiliadis et al. (1992) and Jacoby
& Kaler (1993). We computed abundances for the Vassiliadis
et al. (1992) objects using the ionization correction factor
scheme described earlier. The Galactic planetary nebulae are a
subset of those studied by Méndez et al. (1992) (those for which
oxygen abundances exist). For these, we adopted the
extinction-corrected Hf luminosities and [O 1] A5007/Hp
ratios given by Méndez et al. (1993). Further, to help gauge the
generality of our calibrations, we have included data for plan-
etary nebulae in M31, NGC 6822, and the Fornax diffuse ellip-
tical. The spectral data for planetary nebulae in M31 were
taken from Jacoby & Ford (1986), while their luminosities were
derived from the [O 1] 15007 fluxes in Ford & Jacoby (1978)
and Ciardullo et al. (1989). For S33 in NGC 6822, we adopted
the oxygen abundance obtained above and the Hf flux from
Dufour & Talent (1980). The data for the planetary nebula in
Fornax were taken from Maran et al. (1984). To calculate
absolute luminosities, we adopted the distance moduli listed in
either Table 5 or the Appendix, the Schild (1977) reddening
law, corrected to a ratio of total-to-selective extinction of
R =3.07, and foreground Galactic reddenings, E(B— V), of
0.019 mag, 0.035 mag, 0.093 mag, 0.033 mag, and 0.42 mag for
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F1G. 2.—This figure shows the basis of our [O 1] 45007 luminosity-based oxygen abundances. The line is a relation that Dopita et al. (1992) derived from a series
of nebular models. Here, we have shifted their relation so that it fits the maximum [O 1] 45007 flux observed as a function of oxygen abundance for Magellanic
Cloud planetary nebulae. Our luminosity-based oxygen abundance limits are computed by assuming that a planetary nebula has the lowest oxygen abundance

allowed for its [O 1] 45007 flux.
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the SMC, the LMC, M31, Fornax, and NGC 6822, respectively
(McNamara & Feltz 1980; McClure & Racine 1969; van den
Bergh 1969; Burstein & Heiles 1984; Buonanno et al. 1985;
van den Bergh & Humphreys 1979).

Richer (1993) noted that the maximum [O 1] 45007 lumi-
nosity varied with abundance according to a relation that
Dopita et al. (1992) derived from a set of nebular models. Shift-
ing their relation to agree with the maximum [O 1r] 15007
luminosities observed for Magellanic Cloud planetary nebulae,
the maximum attainable [O m] 45007 luminosity, log
L(5007) .5, depends upon oxygen abundance according to

log L(5007),,,, = 11.46 + 5.47x — 0.301x?
+ 0.4(ume — 18372), ()

where x = 12 + log (O/H) and y; yc is the distance modulus of
the LMC (here, we use uyc = 18.372; see the Appendix). Thus,
a measurement of the [O n1] A5007 luminosity yields a lower
limit to the oxygen abundance. Equation (2) is shown as a solid
line in Figure 2. Henceforth, we shall refer to the oxygen abun-
dance limits given by equation (2) as luminosity limits.

Three objects significantly exceed the limit defined by equa-
tion (2) and are found above the line in Figure 2: SMP 62 in the
LMC, S33 in NGC 6822, and NGC 7027. Hubble Space Tele-
scope observations show that LMC SMP 62 has a very bright
central star (Blades et al. 1992), which may explain its position
in Figure 2. As noted earlier, the [O m] 45007 luminosity for
S33 in NGC 6822 is based upon a spectroscopic Hf flux
(§ 3.3.1), so it could easily be significantly in error (see Jacoby
& Kaler 1993 for a good discussion). Finally, Masson (1989)
quotes an uncertainty of 17% on the distance for NGC 7027,
which can easily account for its position. Thus, equation (2)
appears to give a reliable limit to the maximum [O u1] 15007
luminosity achievable in the oxygen abundance range spanned
by the objects in Figure 2.

Although equation (2) is based upon the expected efficiency
with which planetary nebulae emit [O 11] 15007 (Dopita et al.
1992) and despite the good match between equation (2) and the
upper envelope in Figure 2, one might worry that the upper
envelope in Figure 2 is due to a systematic variation in age
rather than oxygen abundance. Because the oxygen abundance
in the interstellar medium increases with time, the most
oxygen-rich planetary nebulae arise from the youngest pro-
genitors. Thus, the progenitors of oxygen-rich planetary
nebulae are more massive than the progenitors of planetary
nebulae with lower abundances. If the properties of planetary
nebula central stars are sensitive to the progenitor mass, the
upper envelope in Figure 2 could be the result of systematic
differences in progenitor mass rather than the result of a
change in abundance. Fortunately, in addition to the dis-
cussion in the previous section, two other pieces of evidence
indicate that [O m] A5007 luminosities are not sensitive to the
age of the progenitor population.

The similarity of the [O 1] A5007 luminosities of planetary
nebulae in the SMC and LMC in the abundance range where
they overlap, 8.0 < 12 + log (O/H) < 8.3, is the first indication
that [O 1] A5007 luminosities do not depend upon the age of
their progenitors. The SMC planetary nebulae in this abun-
dance range have abundances near the interstellar medium
oxygen abundance, so they are undoubtedly products of recent
star formation. The LMC planetary nebulae with these abun-
dances, particularly those with abundances near 12 + log (O/
H) ~ 8.0, have abundances considerably lower than the
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interstellar medium value (Richer 1993), so they must come
from an older star formation event. Thus, the LMC planetary
nebulae with abundances near 12 + log (O/H) ~ 8.0 must have
less massive progenitors than the SMC planetary nebulae with
this abundance. Despite this, these LMC and SMC planetary
nebulae have similar maximum [O m] A5007 luminosities.
Consequently, the age of the planetary nebula progenitors does
not seem to affect the maximum [O 11] 415007 luminosity.

The luminosities of planetary nebulae in M31’s bulge also
argue that the age of the stellar population producing the plan-
etary nebulae does not affect [O ur] A5007 luminosities. In
M31, the (absolute) peak luminosity of the planetary nebulae
luminosity function (PNLF) is M¥,,, = —4.44 mag while, in
the LMC, it is M¥,,; = —4.15 mag [adopting p, = 24.286
mag, E(B—V) = 0.093 mag, and m¥,,, = 20.17 mag for M31,
o = 18.372 mag, E(B—V) = 0.035 mag, and m¥,,; = 14.35
mag for the LMC, and the Schild 1977 reddening law adjusted
to R =3.07: see Appendix; Ciardullo et al. 1989; Jacoby,
Walker, & Ciardullo 1990]. Thus, despite the older stellar
population in the bulge of M31, its PNLF reaches higher lumi-
nosities than does that of the LMC. Undoubtedly, the oxygen
abundances in the bulge of M31 are higher than those in the
LMC. Equation (2) would predict a peak luminosity difference
of the magnitude observed between the LMC and M31 if
M31’s bulge planetary nebulae have a mean oxygen abun-
dance of 12 + log (O/H) ~ 8.8 dex, a reasonable estimate given
preliminary spectral data (Kaler 1994).

Therefore, the available evidence indicates that our lumi-
nosity limits should be applicable to the planetary nebulae in
NGC 185 and NGC 205 even though these objects arise from a
stellar population that is undoubtedly older than that from
which the planetary nebulae in the Milky Way and Magellanic
Clouds arise.

3.3.3. Oxygen Abundances from [O 1] A5007/Hp Ratios

It is also possible to obtain a lower limit to the oxygen
abundance using the observed [O 1] A15007/Hp ratio. Figure 3
shows the basis of this method. In this figure, the reddening-
corrected [O mr] A5007/Hf ratio is plotted as a function of
oxygen abundance for extragalactic and Milky Way planetary
nebulae. In addition to the objects in Méndez et al. (1993), our
Milky Way planetary nebula sample includes the data from
Torres-Peimbert & Peimbert (1977), Aller & Keyes (1987),
Kingsburgh (1992), the halo objects from Henry (1989), and the
objects from Webster (1988) for which [O m] temperatures
could be obtained. This collection of Milky Way data is in no
way comprehensive, but it does sample a wide variety of
objects with relatively little overlap. The data for all of these
objects were adopted directly from the literature without modi-
fication or reanalysis. When there were several measurements
of the oxygen abundance and [O 1] A5007/Hf ratio for one
object, the most recent was usually chosen. As was the case for
the [O m] A5007 luminosities (Fig. 2), the [O m] A5007/Hp
ratio has a well-defined upper limit at a given oxygen abun-
dance.

To define the upper envelope drawn by the solid curve in
Figure 3, the data were first divided into abundance bins 0.1
dex wide. Next, we computed the mean [O 1] A5007/Hp ratio
for all points within 0.3 dex of the largest value in each bin. We
then fit a quadratic to the mean [O 111] 15007/Hp ratio in each
bin, using only values within 0.3 dex of the maximum value to
compute the means. This 0.3 dex cutoff was chosen by examin-
ing a histogram of the [O 1] A5007/Hp ratios with respect to
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F1G. 3.—This figure demonstrates the principle underlying our [O m] A5007/Hp-based oxygen abundances. The derivation of the line drawn as an upper limit is
described in the text. Again, we arrive at our [O m] A5007/Hp-based abundance limits by assuming that a planetary nebula has the lowest oxygen abundance

permitted for its observed [O 1] A5007/Hp ratio.

the largest value in each bin. A histogram of these relative
[O m1] A5007/Hp ratios shows a very peaked distribution with
73% of the points within 0.3 dex of the maximum value, but
with a long tail to lower [O m] A5007/Hp ratios. The mean of
the relative [O ] 15007/Hp ratios within the first 0.3 dex was
—0.145. To obtain the relation betwen the maximum observed
[O 1] A5007/Hp ratio and abundance, we shifted the quadra-
tic fit to the mean [O 11] 15007/Hp ratios upward by 0.145 dex.
The resulting relation is given by

log [O m] 45007/HpB = (— 10.05 + 7.26)
+ (247 + 1.73)x + (—0.135 + 0.103)x>, (3)

where x = 12 + log (O/H). The fit was performed over the
range 7.7 < 12 + log (O/H) < 9.1, the range over which there
were at least three objects per abundance bin. To check for
galaxy-to-galaxy variations, we computed the mean relative
[O m] A5007/Hp ratio within the top 0.3 dex separately for the
Milky Way, the LMC, and the SMC. The resulting values were
—0.15, —0.13, and —0.16, respectively. Results of Student’s
t-tests show that the SMC mean is significantly different from
the mean for the LMC, so we excluded the SMC data set in the
derivation of equation (3). Henceforth, we shall refer to the
oxygen abundance limits given by equation (3) as ratio limits.

As Figure 3 shows, very few points exceed the upper limit
given by equation (3). Over the abundance range we used to
define our upper limit, 7.7 < 12 + log (O/H) < 9.1, only 12 out
of 175 planetary nebulae exceed this limit. If we model the
distribution of points exceeding the bin means with the normal
distribution, our upper limit corresponds approximately to a
1.5 o limit.

Since the [O 1] A5007/H ratio is independent of distance,
it is simpler to use as an abundance indicator than the [O 1]

A5007 luminosity. Eliminating the distance constraint is benefi-
cial because it allows us to use Milky Way planetary nebulae
to define the behavior of the [O 1] 15007/Hf ratio at high
oxygen abundances. In addition, the [O m] A5007/Hp ratio is
almost independent of reddening, e.g., a reddening of 1 mag
increases the [O 1] 15007/Hp ratio by only 0.06 dex (Schild
1977 reddening law). Another benefit of the [O ur] 15007/Hp
ratio is that it is relatively unaffected by whether the nebula is
optically thick or thin. Limited tests, using the nebular model-
ing code CLOUDY (Ferland 1991), indicate that log [O ni]
A5007/Hp is not significantly affected by bounding until the
nebula is truncated in the inner half of the O%* zone. Thus,
equation (3) is even applicable for nebulae that are very opti-
cally thin.

A minor drawback of the ratio limits compared to the lumi-
nosity limits is that equation (3) has a shallower slope. Thus,
small errors in [O m] A5007/Hp will have a greater effect on
the abundance limits derived from equation (3) than similar
errors would have upon limits based upon equation (2).
However, errors in [O m] A5007/Hf are much smaller than
errors in [O 1] 45007 luminosities, particularly when system-
atic errors associated with distance moduli and reddening are
considered.

3.3.4. Limit Choice and How to Use It

Generally, the luminosity and ratio limits on the oxygen
abundance for any given planetary nebula will be different.
This is not surprising, considering how planetary nebula
central stars evolve. The luminosity limit to the oxygen abun-
dance (eq. [2]) will be closest to the actual abundance for a
planetary nebula that is at its peak [O 1] 25007 luminosity.
Likewise, the ratio limit (eq. [3]) is closest to the actual abun-
dance for planetary nebulae with [O 1] 15007/Hp ratios at the
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TABLE 3
OXYGEN ABUNDANCE LIMITS

Method LMC SMC Milky Way NGC 205 NGC 185 Fornax

Number of planetary nebulae .......... 49 16 12 9 20r3 1

Mean luminosity limit................... 7.82 7.74 7.96 8.02 7.83 7.28
Mean ratio limit ................c.ocel 7.82 741 8.03 8.06 7.70 7.27
Mean maximum of limits ............... 797 7.78 8.17 8.23 7.28
Observed planetary nebula mean ....... 8.28 8.15 8.60 =821 8.38
Observed — maximum ................... 0.31 0.38 0.42
Estimated planetary nebula mean...... 8.34 8.15 8.54 8.60 8.20 7.98

maximum allowed. Figure 1 shows that these maxima do not
occur simultaneously.

The simplest approach to obtain a lower limit to the mean
oxygen abundance in a galaxy is to take the mean of the indi-
vidual lower limits for all of the planetary nebulae. The mean
of the lower limits will be a lower limit to the mean, provided
that the individual lower limits are all lower than the actual
abundances. To test this technique, we applied it to the Magel-
lanic Cloud and the Milky Way data sets. Within each data set,
we considered all planetary nebulae within 2 mag of the bright-
est, since this is approximately the luminosity range spanned
by the planetary nebulae in NGC 205. This is also, roughly, the
completeness limit of the three data sets (Jacoby et al. 1990;
Méndez et al. 1993). For these objects, we computed lower
limits to the oxygen abundance based upon their [O 1r] 15007
luminosities and [O 11] A5007/Hp ratios. Using these data, we
selected the larger of the two limits for each planetary nebula,
the maximum limits, and used these to compute a lower limit to
the mean oxygen abundance for each galaxy. Table 3 lists the
mean maximum limit along with separate means for the lumi-
nosity and ratio limits. In addition, the actual mean abundance
for the luminosity range is given. In all three cases, selecting the
larger of the individual lower limits for each object and taking
the mean of these gives the lower limit closest to the actual
mean abundance. On average, however, even this best estimate
is still 0.37 dex below the actual abundance (Table 3).

The difference between the actual abundance and the lower
limit is largest for our Milky Way sample, which is the most
metal-rich. At high abundances, the slopes of equations (2) and
(3) are shallower. Thus, it clearly helps to have large planetary
nebula samples at high oxygen abundances.

3.4. Empirical Oxygen Abundances in NGC 185 and NGC 205

Table 4 lists our abundance limits for each planetary nebula
we observed in NGC 185 and NGC 205. The fifth column in
Table 4 lists the luminosity limits, while the sixth column lists
the ratio limits. For reference, Table 4 also lists the [O 1]
A5007 luminosity and the [O ur] A5007/Hp ratios for each
planetary nebula. The [O m] A5007 luminosities listed for the
planetary nebulae in NGC 185 and NGC 205 in Table 4 are
from Ciardullo et al. (1989).

Following our experience with the Milky Way and Magella-
nic Cloud data sets, we computed the mean maximum limit for
the nine planetary nebulae in NGC 205. The lower limit to the
mean oxygen abundance in NGC 205 derived from this tech-
nique is 12 +log (O/H) > 8.23, which is listed in Table 3 (Mean
Maximum of Limits). Table 3 also lists the lower limits to mean
oxygen abundance for the planetary nebulae in NGC 205
derived from the luminosity and ratio limits. Note that these
lower limits for NGC 205 are in excellent agreement with
the lower limit for PN 2 based upon the measurement of [O 111]
24363, which is listed as the “ Observed PN Mean ” in Table 3.

Although these empirical techniques can be applied to the
nine planetary nebulae in NGC 205 with confidence, PN 1 in
NGC 185 presents an obstacle to their application to the two
planetary nebulae in NGC 185. The [O n1] 45007 luminosity of
PN 1 in NGC 185 exceeds the maximum luminosity predicted
by equation (2), so it is impossible to derive a luminosity limit
for this object. Consequently, PN 1 was excluded in computing
the luminosity limit given in Table 3. However, to increase the
sample size, the other two planetary nebulae in NGC 185 with
[O m] A5007 luminosities within 2 mag of that of PN 1 were
included in the calculation of the luminosity limit. Thus, the
ratio limit includes both PN 1 and PN 2, but the luminosity
limit includes PN 2, PN 3, and PN 5, even though there is no
spectroscopy for the latter two. The mean of the luminosity
limits, 12+1log (O/H) > 7.83, is larger than the mean of the
ratio limits for NGC 185, so the luminosity limit will be
adopted as the lower limit to the mean abundance for the
planetary nebulae in NGC 185.

We believe that our lower limits of 12+log (O/H) > 7.83
and 12 +log (O/H) > 8.23 for NGC 185 and NGC 205, respec-
tively, are excessively conservative. In the Milky Way and the
Magellanic Clouds, the actual mean oxygen abundances are,
on average, 0.37 dex higher than the largest of the lower limits.
We can think of no reason why a similar difference should not
exist for NGC 185 and NGC 205, particularly since the mean
oxygen abundances implied by our lower limits are similar to

TABLE 4
DATA FOR EXTRAGALACTIC PLANETARY NEBULAE

12 +1log (O/H)®
1(5007) log L(5007 ————
GALAXY PN [IHp=1] (ergss™Y) L(5007) 5007/HB
Fornax® ....... 5.80 35.33 7.28 7.27
NGC 185...... 1 7.30 36.32 9.09 7.48
2 10.76 35.89 791 7.92
3 e 35.78 7.76 ..
5 ... 35.84 7.83 ..
NGC 205...... 2 11.82 35.78 7.76 8.05
3 5.16 35.52 7.46 717
4 15.85 36.04 8.13 8.65
5 12.69 36.24 8.58 8.16
6 12.63 36.12 8.29 8.15
7 9.69 36.00 8.07 779
8 15.65 35.99 8.05 8.61
9 8.73 36.05 8.15 7.67
10 13.29 35.74 7.71 8.24

® Calculated from the galaxy distances in Table 5, the reddenings given in
the text, the [O m 15007 fluxes of Ciardullo et al. 1989 for NGC 185 and NGC
205, and the HB flux and [O m] A5007/Hp ratio from Maran et al. 1984 for
Fornax.

® Empirical lower limits to the oxygen abundance based upon equations (2)
and (3).

¢ All data from Maran et al. 1984.
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those in the Milky Way and Magellanic Cloud data sets. Thus,
we believe that increasing our lower limits by 0.37 dex, to
12+1log (O/H) = 8.20 and 12+1log (O/H) = 8.60 in NGC 185
and NGC 205, respectively, provides the most reasonable esti-
mates of the mean oxygen abundances in their planetary
nebulae. The case for a high mean oxygen abundance in NGC
205 is particularly compelling, since its abundance limits in
Table 3 are all slightly larger than those for the Milky Way
sample, whose actual abundance is 12 +log (O/H) = 8.60. Fur-
thermore, a high abundance for NGC 205 would lend support
to the work of Davidge (1992), who found that the metallicity
of asymptotic giant branch (AGB) stars in NGC 205 appeared
to be near solar.

3.5. Fornax

The Fornax diffuse elliptical is the only other diffuse ellip-
tical for which there is spectral information for its planetary
nebula “ population.” The most complete chemical abundance
analysis of its planetary nebula is that of Maran et al. (1984),
who obtained 12 +log (O/H) = 8.38. However, we would like
to guard against the possibility that the oxygen abundance in
this planetary nebula may be atypically high compared to the
stellar population. To do this, we note that, for planetary
nebulae within 2 mag of the brightest, the abundance disper-
sion is ¢ = 0.20 dex in the LMC, ¢ = 0.16 dex in the SMC
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(Richer 1993), and ¢ = 0.16 dex for our Milky Way sample.
Also, of the planetary nebulae within 2 mag of the brightest in
the Milky Way, the LMC, and the SMC, SMP 19 in the SMC
exceeds the mean oxygen abundance by the largest amount,
1.9 o. Therefore, if we allow that the planetary nebula in
Fornax is a 2 ¢ point and set o = 0.20 dex, we obtain an
estimate of the mean abundance in Fornax of 12+log (O/
H) > 7.98. We adopt this limit as our best estimate of the mean
oxygen abundance for stars in the Fornax diffuse elliptical.
Table 3 lists this limit as our “Estimated PN Mean.” Table 3
also lists the other empirical limits. To compute the luminosity
and ratio limits, we adopted Maran et al.’s (1984) Hpf flux and
[O 1] A5007/Hp ratio.

4. DISCUSSION

4.1. Comparison with Dwarf Irregulars

The most straightforward way to determine whether diffuse
ellipticals can evolve from dwarf irregulars is to determine
whether they follow the same metallicity-luminosity relation.
Since this comparison is so important, we have determined a
new dwarf irregular metallicity-luminosity relation using only
the best available data for dwarf irregulars. To qualify, a dwarf
irregular must have had a well-determined distance and an
oxygen abundance based upon a measured [O 1] tem-
perature. These data for the qualifying galaxies are listed in

TABLE 5

ABUNDANCES AND LUMINOSITIES OF DWARF IRREGULARS AND DIFFUSE ELLIPTICALS

Galaxy 12 +log (O/H) Sources DM?® Sources M,y Distance Method®
7.98 Table 3 20.61 22 —11.69 HB
7.63 7, 16 25.16 23 —10.52 Blue stars
792 9 217.65 24 —16.13 Cepheids in NGC 3031
IC10.............. 822 6 25.40 25 —16.79 Blue stars
7.71 18 24.27 26 —14.42 Cepheids
8.08 9, 18 27.65 24 —16.85 Cepheids in NGC 3031
8.09 3 27.11 27 —15.64 Red stars
7.36 14 25717 28 —1293 Blue stars
8.35 15 18.37 29 —17.73 SN 1987A
8.02 8 26.87 30 —16.17 Blue stars
8.16 18 26.19 25 —16.34 Blue stars
NGC 185......... 8.20 Table 3 2398 31 —14.61 HB
NGC 205 ......... 8.60 Table 3 24.68 32 —15.89 HB
7.92 59,12, 18 27.26 26 —15.79 Cepheids in NGC 2403
8.06 8 2525 33 —14.82 TRGB
8.23 9, 18, 19 28.03 34 —-17.82 Blue stars
8.01 13,20 21.55 35, 36 —15.60 Mean of SBF and PNLF for NGC 5128
8.34 13, 18, 21 25.73 37 —18.07 Carbon stars
8.23 6,10, 11,17, 18 23.39 26, 38, 39 —14.88 Mean of TRGB and Cepheids
7.55 14 2533 26 —13.53 Cepheids
8.12 7 25.38 26 —-13.73 Cepheids
8.03 15 18.85 40 —16.35 Cepheids
7.86 19 27.65 24 —13.24 Cepheids in NGC 3031
7.80 17 24.67 26, 41 —13.73 Mean of TRGB and Cepheids

Notes.—Abundance sources: (1) French 1980; (2) Gonzalez-Riestra, Rego, & Zamorano 1988; (3) Heydari-Meyalari, Melnick, & Martin
1990; (4) Kinman & Davidson 1981; (5) Kennicutt, Balick, & Heckman 1980; (6) Lequeux et al. 1979; (7) Moles, Aparicio, & Masegosa 1990; (8)
M. McCall & M. Richer, unpublished results; (9) Masegosa, Moles, & del Olmo 1991; (10) Peimbert & Spinrad 1970; (11) Pagel, Edmunds, &
Smith 1980; (12) Peimbert, Pena, & Torres-Peimbert 1986; (13) Stasinska, Comte, & Vigroux 1986; (14) Skillman et al. 1989a; (15) Russell &
Dopita 1992; (16) Skillman et al. 1988; (17) Skillman, Terlevich, & Melnick 1989b; (18) Talent 1980; (19) Tully et al. 1981; (20) Terlevich et al.

1991; (21) Webster & Smith 1983.

Distance modulus sources: (22) Buonanno et al. 1985; (23) Aparico, Garcia-Pelaya, & Moles 1988; (24) NGC 3031, see Appendix; (25)
Karachentsev & Tikhonov 1994; (26) Madore & Freedman 1991; (27) Heydari-Malayeri et al. 1990; (28) Sandage 1986; (29) see Appendix; (30)
Lee & Madore 1993; (31) Saha & Hoessel 1990; (32) Saha, Hoessel, & Krist 1992;(33) Lee 1993; (34) Sandage & Tammann 1982; (35) Hui et al.
1993;(36) Tonry & Schechter 1990; (37) Pritchet et al. 1987; (38) McAlary & Welch 1985; (39) Lee, Freedman, & Madore 1993a; (40) Freedman

1988;(41) Lee, Freedman, & Madore 1993b.
2 Distance modulus.

® Distance method codes are as follows: “blue stars” denotes the brightest three blue stars; “HB” denotes the horizontal branch stars;
“PNLF ” denotes the planetary nebula luminosity function; “red stars” denotes the brightest three red stars; “ SBF ” denotes surface brightness

fluctuations; “ TRGB ” denotes the tip of the red giant branch.
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Table 5 along with our adopted absolute B magnitudes, the
sources for the distance moduli and abundances, and the
method by which each galaxy’s distance was established. Our
adopted distances are all based upon stellar properties. Our
rationale and calibration of these distances are discussed in the
Appendix, and we refer the reader there for these details.
Absolute B magnitudes are founded upon the apparent B mag-
nitudes given in de Vaucouleurs et al. (1991). Abundances for
the dwarf irregulars were computed following the prescription
given in § 3.1. For ease of comparison, Table 5 also lists the
same data for Fornax, NGC 185, and NGC 205.

Our dwarf irregular metallicity-luminosity relation is shown
in Figure 4. The principal difference between our metallicity-
luminosity relation and that of Skillman et al. (1989a) is that
we find more scatter at low luminosities, though we find less at
high luminosities. The onset of this scatter seems to occur
abruptly at Mz~ —15 and seems to be one-sided: the scatter
in low-luminosity galaxies, My > —15, is toward high abun-
dances. This characteristic implies that the scatter is not a
result of poor [O mi] 14363 detections since this would more
likely bias the electron temperatures to high values and lead to
lower abundances. A least-squares fit to the more luminous
galaxies, My < —15, yields a relation that is similar to that of
Skillman et al. (1989a),

12+1log (O/H) = (5.67 + 0.48) + (—0.147 + 0.029)M, , (4)

but which is shifted to slightly lower luminosities so that we
find somewhat higher abundances at the same luminosity. The
dispersion about this metallicity-luminosity relation is 0.08
mag for My < —15. Equation (4) is plotted as a solid line in
Figure 4.

In Figure 4 we have also plotted NGC 185, NGC 205, and
Fornax using our adopted mean oxygen abundances. Clearly,
the oxygen abundances in these diffuse ellipticals are system-

8.75
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atically higher than those of similarly luminous dwarf irregu-
lars. On average, their oxygen abundances exceed the
abundances predicted by equation (4) by 0.5 dex. Even using
our conservative lower limits from Table 3, the oxygen abun-
dances in NGC 185, NGC 205, and Fornax would exceed
those in comparably luminous dwarf irregulars by 0.13 dex, 1.5
times the dispersion in equation (4). Given how extremely con-
servative these lower limits are, we find it inescapable that
diffuse ellipticals have higher abundances than similarly lumi-
nous dwarf irregulars.

The fundamental result of Figure 4 is that our adopted
abundances, by themselves, allow that diffuse ellipticals may
evolve from dwarf irregulars. If one adopts the view that diffuse
ellipticals evolve from irregulars, one can calculate the amount
by which diffuse ellipticals have faded. Based upon our
adopted abundances for NGC 185, NGC 205, and Fornax,
these galaxies have faded by at least 3 to 4 mag, on average.
Note, however, that if the stars in Fornax have an oxygen
abundance similar to that measured for its planetary nebula,
Fornax has faded by more than 6 mag. Four magnitudes of
fading can occur within 1 Gyr and 6 mag within a few Gyr (e.g.,
Bruzual & Charlot 1993). These timescales are reasonable
lower limits to the ages for the bulk of the stars in NGC 185,
NGC 205, and Fornax (e.g., Hodge 1989; Mould, Kristian, &
Da Costa 1984; Eskridge 1987).

4.2. [O/Fe] and the Formation of Diffuse Ellipticals

Our estimates of the oxygen abundances in Fornax, NGC
185, and NGC 205 allow us to derive [O/Fe] ratios for the
stars in these galaxies. The abundance data are collected in
Table 6 along with similar data for stars in the Magellanic
Clouds and the Milky Way halo. Unfortunately, the oxygen
and iron abundances for Fornax, NGC 185, and NGC 205 in
Table 6 do not apply to the same stars. Our oxygen abun-

.}NGC 205

8.50

8.25

8.00

12+log(O/H)

7.75

7.50

O dwarf irregulars
—@— diffuse ellipticals

7‘25 1 - 1 1

Fornax

-14 -13 -12 -1 -10 -9
Mg

F1G. 4—Our metallicity-luminosity relation for dwarf irregular galaxies. The open squares represent the dwarf irregulars from Table 5 while the line is a linear
least-squares fit to this data for My < —15. NGC 185, NGC 205, and Fornax are plotted using our preferred abundances (Table 3).
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TABLE 6

[O/Fe] 1N Di1FrUSE ELLIPTICALS

[Fe/H] (dex)*

12+1log (O/H) Z/Z;*

GALAXY (Adopted) Mean Maximum Source u® (Eq. [4]) [O/H]* [O/Fe]*
Fornax ................ 7.98 —1.40 —-0.70 1 —0.95 —0.25 +0.16
NGC 185 ............. 8.20 —-1.23 —0.90 2 —-0.73 +0.17 £ 0.17
NGC 205 ............. 8.60 —0.85 -0.35 3 . .. —033 +0.02 +0.21
Fornax ................ 7.98 —1.40 1 0.77 047 —1.28 +0.12 + 0.16
NGC 185 ............. 8.20 —1.23 2 0.56 043 —1.10 +0.13 £ 0.19
NGC 205 ............. 8.60 —0.85 3 0.11 0.27 —0.90 —0.05 + 0.32
Milky Way halo...... 8.38 ~—1 4 .. +0.45 +0.10
LMC ..o, 8.35 —0.30 5 —0.58 —-0.28 + 0.15
SMC.....c.ooviiennt 8.03 —0.69 5 —-0.90 —021+0.16

Notes.—Abundance sources: (1) Buonanno et al. 1985; (2) Lee, Freedman, & Madore 1993a; (3) Mould, Kristian, & Da Costa 1984;

(4) Tomkin et al. 1992; (5) Russell & Dopita 1992.

* [A/B] = log [n(A)/n(B)] — log [n(A)/n(B)] , n(X) being the number density of element X.
b The gas mass fraction when star formation stopped. Calculated using an oxygen yield y = 0.004 (see text).
¢ The ratio of the mean stellar oxygen abundance to that when star formation stopped.

dances are those for the most metal-rich stars in these galaxies,
but the iron abundances are a mean for all stars. Thus, we must
modify one of the abundances to compare them fairly. Since
the [O/Fe] ratio contains important information concerning
the star formation history, we take two approaches to derive
the [O/Fe] ratios.

Our first approach is to modify the iron abundances. When
the studies referenced in Table 6 quote a maximum iron abun-
dance, this maximum is given in Table 6. Otherwise, we form a
maximum iron abundance by adding the abundance disper-
sion to the mean abundance. The drawback here is that the
reliability of the iron abundance dispersions is unknown. All of
these iron abundances are derived from color-magnitude dia-
grams of stars in these galaxies; thus, although the iron abun-
dances themselves may be reliably determined, observational
errors could significantly affect the dispersions. Nonetheless, if
we use these maximum iron abundances in the stellar popu-
lations for Fornax, NGC 185, and NGC 205, we obtain the
first set of [O/Fe] ratios listed in the last column of Table 6. On
average, these [O/Fe] ratios are near the solar value. [For
comparisons with the Sun, we use the Anders & Grevesse 1989
solar oxygen abundance, 12 +log (O/H) = 8.93.]

Our second approach to obtain [O/Fe] ratios is to modify
our oxygen abundance estimates. To do this we must rely on
chemical evolution models to relate our “last epoch” oxygen
abundances to the mean oxygen abundance for all stars. For
simplicity, we assume that diffuse ellipticals evolve according
to the closed box model until the time when they lose their gas.
In this scenario, our oxygen abundances reflect the abundance
in the interstellar medium just before the onset of gas loss. In
the closed box model, the mass fraction of stars, S, whose
abundances by mass, Z, are less than the last-epoch abun-
dances, Z,, is given by (Audouze & Tinsley 1976, eq. [3])

S 11— pia
—_ = _”1_ , (5)
Sy I —p

where S, and p, are the last-epoch star and gas mass fractions,
respectively. We define the mear stellar oxygen abundance to
be the abundance at which the stellar mass fraction is one-half
of the total stellar mass fraction, i.e., the abundance for which
the right-hand side of equation (5) evaluates to 0.5. To use
equation (5), we must estimate the gas mass fraction when the
gas was lost. We do this using the relation between the gas

mass fraction and the oxygen mass fraction for the closed-box
model,

Zy=ynp! (6)

(Audouze & Tinsley 1976, eq. [1]), where y is the yield of
oxygen. Unfortunately, the yield is uncertain, but observations
and theoretical studies generally find 0.002 < y < 0.02 (e.g.,
Lequeux et al. 1979; Koppen & Arimoto 1991). Here we use
y = 0.004, the “observed” value from Lequeux et al. (1979).
Fortunately, our choice of yield does not significantly affect the
[O/Fe] ratios we derive. Using y = 0.004, equation (6) is used
to determine the gas mass fraction at which star formation
stopped. This gas mass fraction is then used in equation (5) to
solve for the mean oxygen abundance for the stars in each
galaxy. The resulting values of u,, Z/Z,, and [O/Fe] are listed
as the second set of results in Table 6.

The uncertainties assigned to the [O/Fe] ratios in Table 6
are calculated as follows. For oxygen and iron abundances
from external sources, the uncertainties quoted in the relevant
references were used. For the diffuse ellipticals, the oxygen
abundances adopted for the interstellar medium were assigned
an uncertainty of 0.06 dex, which is the maximum difference
between the actual mean abundance and the lower limits to the
mean in the Magellanic Clouds and the Milky Way (Table 3).
Finally, the uncertainty assigned to the closed box [O/Fe]
ratios allow the yield to vary over the range 0.002 < y < 0.02.
Only for NGC 205 is the error associated with the yield com-
parable to those from other sources. Because the oxygen abun-
dance of NGC 205 is high, its final gas mass fraction will be
low, so the yield has a larger effect upon the mean oxygen
abundance derived from equation (5). The errors associated
with the closed box [O/Fe] ratios are slightly asymmetric
about the value indicated in Table 6, so only the largest error
(negative) is quoted.

Despite the uncertainty in our [O/Fe] ratios for the diffuse
ellipticals, it is likely that their true values are distinct from
those in the Magellanic Clouds. Figure 5 displays the disparity
between the [O/Fe] ratios in the diffuse ellipticals studied here
and those in the Magellanic Clouds. Theoretical models of the
planetary nebula populations in diffuse ellipticals indicate that
the mean oxygen abundance observed in planetary nebulae
today underestimates the oxygen abundance that persisted in
the interstellar medium when star formation stopped, so the
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FiG. 5—Comparison of the [O/Fe] ratios for the diffuse ellipticals studied here and those for the Magellanic Clouds and the Milky Way halo. The filled symbols
denote the [O/Fe] ratios for the diffuse ellipticals based upon the closed box model of chemical evolution, while the open symbols denote the [O/Fe] ratios using the
maximum [Fe/H]. The plotted error bars include the errors in the oxygen and iron abundances and, for [O/Fe] ratios based upon the closed box model for the
diffuse ellipticals, the effect of allowing the yield of oxygen to vary between 0.002 and 0.02. For clarity, the error bars for the diffuse ellipticals are plotted slightly to
the right of the closed box [O/Fe] ratios. The horizontal line indicates the solar [O/Fe] ratio.

difference between the [O/Fe] ratios for diffuse ellipticals and
dwarf irregulars is actually greater than Figure 5 indicates
(Richer, McCall, & Arimoto 1995).

Unfortunately, the Magellanic Clouds are the only dwarf
irregulars for which we are aware of [Fe/H] values for the
young population, so it is not known whether their [O/Fe]
ratios are typical of those in other dwarf irregulars. However,
since the time-averaged rate of star formation in dwarf irregu-
lars is low, their [O/Fe] ratios are also expected to be low,
though likely with some scatter depending on their exact star
formation history (e.g, Gilmore & Wyse 1991). Figure 4
emphasizes that, if dwarf irregulars evolve into diffuse ellip-
ticals, it is dwarf irregulars like the Magellanic Clouds that will
evolve into diffuse ellipticals like NGC 185 and NGC 205.
Thus, our oxygen abundances argue that diffuse ellipticals
have higher [O/Fe] ratios than dwarf irregulars at a given
[O/H].

While the oxygen abundance in a galaxy’s interstellar
medium is a measure of the fraction of that matter that has
been turned into stars, the [O/Fe] ratio reflects the rate at
which this matter is turned into stars. If the gas is consumed
quickly, a high oxygen abundance can build up through the
action of Type II supernovae, but the iron abundance can
remain low. Consuming the same fraction of gas over a longer
timescale produces a lower [O/Fe] ratio since Type I super-
novae begin to contribute to the iron production without
affecting the oxygen abundance. It would be surprising if the
[O/Fe] ratio in diffuse ellipticals were as low as the solar value,
since this implies that diffuse ellipticals retained their gas long
enough to allow significant iron enrichment from Type I super-
novae. However, even if [O/Fe] is as low as the solar value in
diffuse ellipticals, this is still sufficiently different from what is

observed in the Magellanic Clouds that diffuse ellipticals
cannot simply be dwarf irregulars that have lost their gas.
Since diffuse ellipticals reach a given oxygen abundance at a
higher [O/Fe] than dwarf irregulars, they must have formed
stars more rapidly (note that neither galaxy type need consume
their gas entirely).

Given their [O/Fe] ratios, it is paradoxical that diffuse ellip-
ticals have no gas (or little gas) whereas dwarf irregulars have
significant quantities of gas. At a given oxygen abundance,
dwarf irregulars have lower [O/Fe] ratios than diffuse ellip-
ticals, so the total metal content in the interstellar medium is
largest for dwarf irrregulars. As a result, the total number of
supernovae and the total energy deposited into the interstellar
medium by supernovae must be largest for dwarf irregulars.
Consequently, the quantity of energy deposited cannot be what
controls gas loss in diffuse ellipticals. This suggests that the
rate at which energy is transferred to the interstellar medium
may be the important factor regularing gas loss. In addition,
decreasing the [O/Fe] ratio at a fixed oxygen abundance
increases the total metal content of the gas, enabling it to
dissipate the energy input from supernovae more efficiently.
Thus, a slow energy transfer rate could enhance the likelihood
of retaining gas despite depositing a larger quantity of energy.
However, star formation in diffuse ellipticals need not expel the
remaining gas. Possibly, the higher energy deposition rates in
diffuse ellipticals simply predispose them to other environ-
mental influences that might remove their gas. Conceivably,
the difference between a diffuse elliptical and a dwarf irregular
lies in the history of star formation. Initially, diffuse ellipticals
and dwarf irregulars may be similar, but the star formation
process in diffuse ellipticals is sufficiently rapid that they either
lose their remaining gas or are predisposed to losing it.

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


http://adsabs.harvard.edu/abs/1995ApJ...445..642R

No. 2, 1995

The differences we find between diffuse ellipticals and dwarf
irregulars support inferences from photometric studies. From
optical photometry, Bothun et al. (1986) found that dwarf
irregulars have larger luminosity profile scale lengths and
lower surface brightnesses than those of diffuse ellipticals. (The
dwarf irregulars in their sample have a larger mean B lumi-
nosity than their diffuse ellipticals, so the dwarf irregulars
could fade to become diffuse ellipticals.) James (1991) found
similar differences between the infrared photometric properties
of dwarf irregulars and diffuse ellipticals. Interestingly, Bothun
et al. (1986) suggested that blue compact dwarf galaxies have
photometric properties that make them suitable precursors to
diffuse ellipticals. It is striking that the chief distinguishing
characteristic between blue compact dwarfs and dwarf irregu-
lars is that the star formation rates in the former are much
higher, exactly in the sense required to make diffuse ellipticals.

5. CONCLUSIONS

We have obtained nebular spectroscopy of planetary
nebulae in the dwarf irregular galaxy NGC 6822 and the
diffuse ellipticals NGC 185 and NGC 205. For the planetary
nebula S33 in NGC 6822, we find an oxygen abundance of
12+log (O/H) = 8.10. We have identified S16 in Killen &
Dufour’s (1982) catalogue as a new planetary nebula. For this
object, we obtain 12+log (O2*/H) = 8.01 (we observed no
lines of O™). In NGC 205, we obtain 12 +log (O%*/H) = 8.21
for PN 2 and 12+log (O2*/H) > 8.11 for PN 5 (again, we
observed no lines of O¥).

We did not detect the temperature-sensitive [O 11] 14363
line in any other planetary nebulae in NGC 185 or NGC 205,
so we developed two empirical techniques to obtain lower
limits to their oxygen abundances. These abundance limits are
based upon the observations that the maximum attainable
[O m1] 25007 luminosities and the [O 1] A5007/Hp ratios are
functions of the oxygen abundance. Tests, using planetary
nebulae in the Magellanic Clouds and the Milky Way, show
that we obtain the best lower limit to the mean abundance for
the whole planetary nebula population if we average the larger
of the two lower limits for each individual planetary nebula.
However, even this best estimate underestimates the actual
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mean oxygen abundance in the planetary nebula population
by 0.37 dex.

Although these empirical techniques are based upon planet-
ary nebulae in the Magellanic Clouds and the Milky Way, we
show that the properties of the planetary nebulae in Fornax,
NGC 185, and NGC 205 are not anomalous in any way. Based
upon these empirical techniques, our best estimates of the
mean oxygen abundances are 12+log (O/H) = 8.20, 12 +log
(O/H) = 8.60, and 12+log (O/H) =798 for the planetary
nebulae in NGC 185, NGC 205, and Fornax, respectively.

We have also introduced a new metallicity-luminosity rela-
tion for dwarf irregulars based upon a homogeneous analysis
of distance indicators. We find that NGC 185, NGC 205, and
Fornax all have oxygen abundances that exceed those of com-
parably luminous dwarf irregulars by at least 1.5 times the
dispersion in the metallicity-luminosity relation. Based upon
their distance from the dwarf irregular metallicity-luminosity
relation, these galaxies must have faded by 3 to 4 mag if they
evolved from dwarf irregulars like those observed today.

When we combine our oxygen abundances with iron abun-
dances in the literature we find that NGC 185, NGC 205, and
Fornax have [O/Fe] ratios that, on average, are near or some-
what larger than the solar value. Such [O/Fe] ratios are signifi-
cantly larger than those of dwarf irregulars. The simplest
explanation is that diffuse ellipticals consume their gas more
rapidly than dwarf irregulars before expelling or losing what
remains of it. We suggest that the rapidity with which diffuse
ellipticals consume their gas may be the key difference between
them and dwarf irregulars. Consequently, diffuse ellipticals
cannot be the faded remnants of dwarf irregulars since their
star formation histories are fundamentally different.
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financial support. M. L. M. would like to thank the Natural
Sciences and Engineering Research Council of Canada for its
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APPENDIX
DISTANCES TO LOCAL DWARF GALAXIES

Al. INTRODUCTION

Research into local dwarfs hinges upon reliable distances because peculiar motions are large enough that relative distances
cannot be judged from radial motions. Unfortunately, such distances are hard to come by. When distances are available, users tend
to adopt published values without regard to their background. If more than one estimate is available for a given galaxy, these
estimates are often averaged without regard to whether they are self-consistent. Inconsistencies may result, for example, from
different choices for the galactic extinction, reddening law, or zero point (such as the distance to the LMC). Some measurements in
Kron-Cousins R or I are even corrected for extinction using coefficients for Johnson R and I. Consequently, studies of local dwarf
galaxies are often plagued, and, in the worst cases, biased, by scatter contributed by inhomogeneous distances.

As part of a long-term study of the Galactic neighborhood, an effort has been made to homogenize and refine the distances to
local dwarfs. Given the breakdown of the Tully-Fisher relation at low luminosities, distances have been based only upon indicators
tied to stellar constitutents, or the distance to an associated group in which there is a galaxy for which a distance is tied directly to
stellar constitutents. In fact, in this paper, galaxies lacking such a distance were rejected from the sample.

All distance indicators have been tied to common origins. The latest available data have been employed in deriving distance
moduli. Where available, direct measures of extinction have been adopted. Rigorous account has been taken of the color depen-
dencies of E(B— V) and the ratio of total-to-selective extinction in broadband filters following the foundations laid by Laney &
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Stobie (1993). The entire distance system is managed within a spreadsheet, wherein an update to any pillar is automatically
propagated to all galaxies.

What follows is a brief description of the foundations of the techniques employed to determine the distances used in this paper. A
more detailed account of distance determinations for individual galaxies will be published in a future paper. For uncertainties in the
methods, the reader should refer to the developmental papers.

A2. THE LMC

Distances to many local galaxies are measured with respect to the LMC. Thus, a reliable distance is essential. The best distance to
the LMC is that derived from the ring around SN 1987A (see Panagia et al. 1991). The best estimates for the angular size of the ring
(Plait et al. 1994) and the time of the second caustic (Gould 1994) place the supernova at a distance modulus of 18.346 + 0.040. The
supernova is 0.026 + 0.035 mag closer to the Milky Way than the center of mass of the LMC (McCall 1993, but with the error in the
sign of the tilt of the LMC corrected). The uncertainty covers the effect of allowing the supernova to lie at any depth within the layer
confining 99% of the light of the young disk. Thus, the adopted distance modulus for the LMC is

fme = 18.372 + 0.053 . 0

A3. M31

Some dwarf distances are tied to the distance of M31. The best distance to M31 is provided by multicolor photometry of Cepheids
(Freedman & Madore 1990), which yields the position relative to the LMC. This technique permits a solution for the distance
modulus which is free of the extinction of the very Cepheids under study. Based upon the data of Freedman & Madore (1990), the
adopted LMC distance leads to a distance modulus for M31 given by

tivas = (24.286 + 0.082) + (e — 18.372) . )

A4. M81

In this work, distances based upon the brightest blue and red stars are founded upon the distance to the M81 group. As for M31,
the adopted value comes from multicolor observations of Cepheids in M81 (Madore, Freedman, & Lee 1993) with respect to the
LMC:

fs1 = (27.65 + 021) + (upuc — 18.372).. 9)

AS. CEPHEID VARIABLES

The zero points of Cepheid period-luminosity relations are not well known, so distances from Cepheids are usually measured with
respect to the LMC. When available, distances derived from multicolor observations of Cepheids are preferred, owing to the
simultaneous accounting for extinction. When data are available in only one passband, the merit of the indicator is weighed with
respect to other methods. In all cases, distances are set using the adopted distance to the LMC.

A6. RR LYRAE STARS AND THE HORIZONTAL BRANCH

Observations of RR Lyrae stars and the horizontal branch are helpful in determining the distance to dwarfs which have not
formed stars recently. Care must be taken to account for the sensitivity of the absolute magnitude to metallicity. Walker (1992) has
summarized data for cluster RR Lyrae stars in the LMC, from which a zero point for absolute magnitudes can be derived. Assuming
that absolute magnitudes depend upon metallicity in the manner advocated by Carney, Storm, & Jones (1992), the intensity mean
absolute magnitude of RR Lyrae starsin V is given by

(M) = 0.15[Fe/H] + 0.880 — (jyyc — 18.372) . (10)

In this work, the absolute magnitude of the horizontal branch is equated with the mean absolute magnitude of RR Lyrae stars.

A7. TIP OF THE RED GIANT BRANCH

Recently, it has been demonstrated that the absolute I magnitude of the tip of the red giant branch is a good distance indicator
(Lee, Freedman, & Madore 1993a). In the past, the calibration has been tied to RR Lyrae absolute magnitudes and theoretical
estimates of bolometric corrections. It is preferable to force the distance of M31 to agree with the value adopted above. With the
metallicity sensitivity of RR Lyrae absolute magnitudes as above, the absolute magnitude of the tip of the red giant branch in
Kron-Cousins I is given by

M= Mjys; +0243[(V—-D)° — (V—D%5,] — 021([Fe/H] — [Fe/H]lus1) » (11)

where (V —I)° is the reddening-free (V —1I) color and [Fe/H] is the iron abundance relative to the Sun for the stars at the tip. The
relation is calibrated using the following parameters for the tip of the red giant branch in M31 (Lee, Freedman, & Madore 1993a;
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! Mould & Kristian 1986), which are linked to the adopted distance:
M y3; = —3.881 — (uy3; — 24.286) , (V—D%;, = 1843, [Fe/H]}ys; = —0.38. (12)

A8. SURFACE BRIGHTNESS FLUCTUATIONS

Distances based upon surface brightness fluctuations (Tonry 1991; Tonry & Schechter 1990) are available for the bulges of nearby
spirals with which dwarfs are associated, as well as for a few diffuse and dwarf ellipticals. They are anchored to the distance of M31.
The mean absolute magnitude of fluctuations in Kron-Cousins I is given by

(Mpy =< Mpmzr) + 300V =1)° = (V =Dsi] (13)

where (V —I)° is the reddening-free (V — I color of the galaxy where the fluctuations are measured (not the color of the fluctuations).
The relation is calibrated using the following parameters for surface brightness fluctuations in M31, which are linked to the adopted
distance:

{Mjym31) = — 1150 — (uy3; — 24.286) , (V—=D¥s, = 1.170 . (14)

A9. PLANETARY NEBULAE

The luminosity function of planetary nebulae in the light of [O 1] 15007 is universal enough that the brightest planetary nebulae
in galaxies can be used as a distance indicator (Jacoby 1989; Ciardullo et al. 1989). Planetary nebulae in the bulge of M31 and in the
LMC are among the best studied. Here, distances are anchored to M31 (Ciardullo et al. 1989), and the metallicity sensitivity is
derived using the planetary nebulae in the LMC (Richer 1993, eq. [1]). The absolute magnitude of the brightness limit of the
luminosity function is given by

M§007 = Mg007,M31 + 0.750x2 - 13.675x + k > (15)

where x = 12 + log n(O)/n(H) is the actual oxygen abundance by number, and k is a constant derived from the properties of the
planetary nebulae in the LMC. From Ciardullo et al. (1989),

MZ3oo7,m31 = —4444 — (uy3y — 24.286) . (16)

The zero point in equation (15) can be set by computing the value of M¥,,, corresponding to any particular oxygen abundance.
Thus, given the adopted distance to the LMC and its foreground reddening of 0.035 mag (McNamara & Feltz 1980) and using the
Schild (1977) reddening law adjusted to a ratio of total-to-selective extinction R = 3.07, for x, yc = 8.33,

M%o0, = —4.055 — (e — 18.372) 17)
SO

k = 62.260 mag . (18)

A10. BRIGHTEST BLUE STARS

Sandage & Tammann (1974) pioneered the use of the brightest three blue stars in a galaxy to estimate distances. This method is
inferior to the previous methods described and fails in galaxies lacking active star formation, but often it is the only way that the
distance to a dwarf can be determined. The main problem with its application is that the absolute magnitude of the brightest blue
stars is tied to the luminosity of the host, primarily for statistical reasons. To calibrate this indicator, galaxies in the M81/NGC 2403
group have been examined. By restricting the analysis to galaxies in a group, scatter due to distance errors is reduced. Also, because
it is possible to adopt a common distance for all galaxies, the calibration can be directly linked to the distance of a single galaxy (the
one with the best determined distance, i.c., M81).

Measurements of bright stars in the M81/NGC 2403 group summarized by Karachentsev & Tikhonov (1994) (corrected for
galactic extinction, and, in the case of stars in galaxies with a stage earlier than T = 10, for extragalactic extinction via a cosecant
law) have been used with apparent total magnitudes from de Vaucouleurs et al. (1991) and Pierce & Tully (1992) (all galaxies
corrected for galactic extinction and galaxies with stages earlier than 10 corrected for extragalactic extinction using the algorithm of
Tully & Fouqué 1985 as applied by McCall 1995) to derive a relationship between the absolute magnitude of a galaxy, My, and the
corrected mean apparent magnitude of the brightest three blue stars in B, {B(3))°, relative to the corrected total magnitude of the
galaxy in B, BY. With the zero point set by the adopted distance to M81, the result is

(B(3)»° — B% = —0.6531Mp — 2.618 — 0.6531(ups; — 27.65) . (19)

Thus, one can use the apparent magnitude of the brightest blue stars to solve for the absolute magnitude of a galaxy and thereby
determine the distance. The absolute magnitude of the brightest three blue stars is given by

(M(3)> = 0.3469M 5 — 2.618 + 0.3469(tpgs; — 27.65) . (20)
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All. BRIGHTEST RED STARS

Sandage & Tammann (1974) also pioneered the use of the three brightest red stars as a distance indicator, the mean absolute
magnitude of which appears to be relatively constant. However, the method fails in systems lacking recent star formation, at which
point giants can be mistaken for supergiants. Again the M81/NGC 2403 group has been used to calibrate this indicator. After
correcting for extinction in the manner described for the brightest blue stars, the mean absolute magnitude of the brightest three red

stars in dwarfs fainter than the SMC s given by

{MyQ3)) = —7.65 — (umg1 — 27.65)

My > —17). @1

Al12. CARBON STARS

Carbon stars have been suggested on empirical grounds to be a standard candle (Richer 1981; Pritchet et al. 1987). Although
carbon stars have not been widely applied to determine distances, there are a few observations of particular value to the determi-
nation of distances to local dwarfs. Distances are linked to the LMC. Using the adopted distance to the LMC, the mean absolute

magnitude of carbon stars in Kron-Cousins I is

(M) = —4.72 — (uyyc — 18.372) .
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