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ABSTRACT

We present the results of a planetary nebula (PN) survey of three galaxies in the Fornax Cluster performed
with the Cerro Tololo 4 m telescope and on-band off-band [O mr] A5007 interference filters. In all, we detected
224 PN candidates: 105 in the peculiar SO/Sa galaxy NGC 1316 (Fornax A), 47 in the E2 galaxy NGC 1404,
and 72 in the central cD of the cluster NGC 1399. Using statistically complete samples of planetaries and the
procedures described in previous papers in the series, we derive distances to these galaxies from the planetary
nebula luminosity function (PNLF). Our distance moduli of 31.13, 31.17,and 31.15 to NGC 1316, 1399, and
1404 show that the cluster is tightly clumped, as suggested by Tonry (1991). By summing the observed PNLFs
of the three galaxies, we calculate a mean cluster distance modulus of 31.14 + 0.14 (16.9 + 1.1 Mpc) and esti-
mate a Hubble constant of 75+ 8 km s~! Mpc™?, in excellent agreement with that determined from PN
observations in Virgo. We also compare our PNLF distances to those determined from the D,-¢ method and
show that the internal uncertainties estimated by both groups are essentially correct.

Subject headings: distance scale — galaxies: clusters: individual: Fornax — ISM: individual (NGC 1316, 1399,
1404) — planetary nebulae: general

1. INTRODUCTION

The Fornax Cluster of galaxies is a large, well-mixed cluster
in the southern hemisphere that is similar to the Virgo Cluster
in many respects. Although Fornax is only one-seventh as
large as Virgo, both clusters have a sizable population of both
spiral and elliptical galaxies and are dominated at their cores
by an X-ray bright elliptical galaxy rich in globular clusters.
Also like Virgo, Fornax lies beyond the reach of such tradi-
tional extragalactic distance indicators as Cepheid and RR
Lyrae variables, but within the range of a variety of other
techniques, and has been the host of some well-observed Type
Ia supernovae. Both clusters are distant enough to show sig-
nificant velocity due to their Hubble flow, and thus are impor-
tant landmarks for measuring the Hubble constant. Moreover,
since Fornax is 132° from Virgo on the sky, accurate velocity-
independent distance measurements to both clusters can reveal
much about matter streaming and infall for a large area
around the Local Group.

Various investigators have attempted to find the distance to
Fornax through different methods. Most find it to be at a
distance similar to that of Virgo, but only a few techniques are
capable of determining an independent distance to the cluster.
Of those, the two most reliable methods, the infrared Tully-
Fisher relation (Aaronson et al. 1989) and the surface bright-
ness fluctuation method (Tonry 1991), disagree on the
Fornax/Virgo distance ratio by 0.33 4+ 0.25 mag. Thus, an
improved distance to the cluster is needed for a better under-
standing of the structure of our local region of space.
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The planetary nebula luminosity function (PNLF) is an ideal
tool for investigating this discrepancy. Planetary nebulae
(PNe) can most easily be identified in the early-type galaxies
which define the Fornax Cluster’s core, and, since PNe need
only be observed at one epoch, it is relatively easy to measure
the distances to several galaxies of the cluster. More impor-
tantly, previous tests of the method have shown that the PNLF
is insensitive to a galaxy’s Hubble type and color (Jacoby,
Ciardullo, & Ford 1990 [Paper V]; Ciardullo, Jacoby, &
Harris 1990 [Paper VII]) and only slightly affected by differ-
ences in metallicity (Ciardullo & Jacoby 1992 [Paper VIII]).

In Paper V we used the PNLF to measure a distance of
14.7 + 1.0 Mpc to six galaxies in the Virgo Cluster core. In this
paper, we use the same method to find the distance to three
galaxies in Fornax: NGC 1316 (radio source Fornax A), NGC
1399, and NGC 1404. In § 2, we describe our observations and
reductions and tabulate the astrometric coordinates and
[O m] 45007 magnitudes of the PNe discovered in our
surveys. In § 3, we present the raw PNLFs and review our
procedures for defining statistically complete samples of
objects. Our most likely distances and bolometric-luminosity
specific PN densities are given in § 4. In § 5, we derive the
distance ratio between Fornax and Virgo for different samples
of galaxies and show that the measured radio depends on the
individual objects observed. We then estimate the accuracy of
the PNLF and the D,-o relation and discuss the implications of
our distance to NGC 1316 for the calibration of Type Ia super-
novae. We conclude by using our measurement of the distance
to Fornax to estimate the value of the Hubble constant.

2. OBSERVATIONS AND REDUCTIONS

The PNLF distance method is most easily applied in early-
type galaxies, where variable dust extinction is negligible and
the identification of PN candidates through 15007 emission is
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less likely to be contaminated by high-excitation H 11 regions.
For this reason, two of the three Fornax member galaxies we
selected for observation are ellipticals: NGC 1399, the central
cD of the cluster, and NGC 1404, its nearby companion. The
third galaxy, NGC 1316, is classified as Sap by Sandage &
Tammann (1981) based on its dust lanes, as a cD galaxy by
Schweizer (1980) based on its total luminosity and surface
brightness profile, and as a PLXSOP (a peculiar, semibarred,
intermediate lenticular with an S-shape and a pseudo—outer
ring) by de Vaucouleurs et al. (1991). The distance to this
galaxy is of special interest since it has hosted two well-
observed Type Ia supernovae (1980N and 1981D) and is an
active galaxy; an independent distance estimate can therefore
help calibrate the Type Ia supernova (SN Ia) luminosities and
provide information on the energetics of an active galactic
nucleus (AGN).

Our survey technique was as described in previous papers.
Each galaxy was observed in both a narrow-band filter trans-
mitting ~30 A around the [O m] 45007 emission line (shifted
to match the redshift of the galaxy) and a wider off-band filter
covering ~300 A in the same spectral region. Typical on-band
exposures consisted of three hour-long integrations, while the
off-band exposures were generally one-seventh as long.

Observations of the three target galaxies were performed
with the prime focus imager of the Cerro Tololo Inter-
American Observatory (CTIO) 4 m telescope during runs in
1989 November, 1990 December, and 1991 December. In 1989,
observations of NGC 1404 and NGC 1399 were obtained with
two different TI CCDs (one failed during the run), both of
which afforded a field of view of 4’ and a scale of 0?3 per pixel.
The following year, we attempted to supplement these observa-
tions by observing NGC 1316 with a Tektronix 512 CCD,
which had a slightly larger field of view (4'6) and larger pixels
(0754). Unfortunately, during this run, the seeing was never
better than 176; thus, although PNe were detected, the data did
not allow us to measure a reliable distance. Therefore, in 1991,
we reimaged NGC 1316 and NGC 1399 under better seeing
conditions with a Tektronix 1024 CCD, which had an 8’ field
of view and 0747 per pixel. A log of these observations appears
in Table 1. The survey fields are outlined in Figure 1.

Because NGC 1316 is known to have dust lanes and star-
forming regions, our 1990 observations of this galaxy also
included images through a 75 A full width at half-maximum
(FWHM) Hua filter. Since H 11 regions generally have Ho/
[O m] ratios greater than one, while [O m] bright PNe all
have Ho/[O m] < 1, any object visible on both the [O 1]
narrow-band frame and the Ha frame could be identified as a
H 11 region and excluded from the PNLF. In fact, since we

concentrated on identifying PNe in the halo of the galaxy, it
was not necessary to discard any of the PN candidates because
of Ha emission. For the same reason, we believe that our PN
measurements are not affected by variable internal extinction
from the galaxy’s dust lanes.

The initial identification of PN candidates was performed by
blinking sums of several on-band images against the corre-
sponding off-band images. “ Difference ” images, consisting of
summed on-band frames minus their corresponding scaled off-
band frames, were also useful in identifying and cross-checking
potential candidates. The PN candidates appeared as point
sources on the on-band frames, but were completely absent on
the off-band frames, and therefore produced a positive point
on the otherwise flat difference image.

After first identifying the PN candidates on the summed
images, we checked individual on-band frames to ensure that
no cosmic rays were included among the candidates. Objects
that appeared bright on a single frame but were invisible on the
rest of the exposures were discarded from the analysis. For
PNe in NGC 1316 and NGC 1399, data from other years
provided additional confirmation for the candidates. For both
these galaxies, the 1991 frames were the primary source of
photometry, since these images had the highest signal-to-noise
ratio and field coverage. However, many of the PNe identified
on these frames were also visible on images from previous
years—the exceptions being objects that fell outside the survey
fields of the smaller CCD chips and the faintest PNe, which
were near or beyond the completeness limit of the best frames.
Thus, objects that appeared quite bright on our deeper 1991
data but were invisible in the frames of earlier years were also
deleted from our candidate list. After the spurious images were
removed, 105 PN candidates remained in NGC 1316, 72
remained in NGC 1399, and 47 remained in NGC 1404.

In order to calculate the equatorial coordinates of the PN
candidates, we imaged each galaxy through a B and V filter
with a Thompson 1024 CCD on the CTIO 0.6 m Schmidt
telescope. This detector/telescope combination produced
frames with a field of view of 31’ and a scale of 1”8 per pixel. By
co-adding a series of five ~ 150 s exposures for each galaxy, we
produced images that were both large enough to include 10 or
more stars from the Hubble Space Telescope (HST) Guide Star
Catalog and deep enough to show the fainter stars which
appeared in the smaller-format 4 m frames. We then measured
the equatorial coordinates of these faint field stars by compar-
ing their Schmidt frame positions to those of the HST Guide
Stars. The PNe coordinates were then calculated in a similar
fashion, by comparing their coordinates on the 4 m frames to
those of the faint field stars. Based on the rms residuals of our

TABLE 1
SUMMARY OF OBSERVATIONS

Exposure
Field Date Detector Filter (hr) Temperature Seeing
NGC1399east ............. 1989 Nov 28 TI1 5027/30 3 16.5 172
NGC 1399 west............. 1989 Nov 30 TI 2 5027/30 3 16.0 1.3
NGC 1399 center ........... 1990 Dec 19 Tek 512 5027/30 1 17.0 1.4
NGC 1399 center ........... 1991 Dec 6 Tek 1024 5027/30 3 16.5 1.3
NGC1404 .........c..ceent 1989 Nov 29 TI 1 5038/30 3 15.5 1.2
NGC1404 ............c.o.l 1990 Dec 19 Tek 512 5038/30 1 17.0 1.4
NGC 1316 northeast ....... 1990 Dec 17 Tek 512 5038/30 5 14.5 1.7
NGC 1316 southwest ...... 1990 Dec 18 Tek 512 5038/30 4 17.0 1.7
NGC 1316 center ........... 1990 Dec 19 Tek 512 5038/30 1 17.0 1.4
NGC1316center........... 1991 Dec 5 Tek 1024 5038/30 3 16.0 1.3
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FiG. 1b

Fi1G. 1.—The survey fields for NGC 1399, 1404, and 1316 are shown overlaid on sections of our Thompson 1024 CCD images taken with the CTIO 0.6 m Schmidt
telescope. North is at the top, and east is to the left.
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fits to the HST Guide Stars, we estimate the errors in our
Schmidt frame astrometry to be ~074. The relative error
between our field star positions and the PNe, as determined
from the 4 m frames, is somewhat better than this: ~0”2.

Photometry of the PN candidates was performed as in pre-
vious papers. We first used the DAOPHOT photometry
package (Stetson 1987) to determine the point spread function
(PSF) for each field by measuring several isolated stars on the
on-band sum frames. We then used these PSFs to determine
the instrumental A5007 magnitudes of field stars on the
on-band frames and PNe on the difference frames. For both
NGC 1316 and NGC 1399, field star photometry was done in
multiple years, but, because of the poor seeing in 1990, PN
photometry in NGC 1316 could only be performed on the 1991
data. For NGC 1399, magnitude measurements from 1989 and
1991 were combined using the SUPERPHOT analysis
package (Ciardullo et al. 1987), which tied the CCD fields onto
a common photometric system by solving the least-squares
condition required to match the magnitudes of field stars in the
regions of field overlap. All the stellar and PN magnitudes were
then placed on an absolute system by comparing 5” aperture
measurements of the field stars with similar measurements
made of several Stone (1977), Oke (1974), and Stone & Baldwin
(1983) spectrophotometric standards. A comparison of our
large-aperture measurements made in 1989, 1990, and 1991
indicates that the error in our photometric zero point is less
than 0.03 mag.

For the final step in our reductions, we computed the stan-
dard magnitudes for the PNe by modeling the filter transmis-
sion curves (Jacoby et al. 1989, Paper III) and using the
photometric procedures for emission-line objects described by
Jacoby, Quigley, & Africano (1987). The assumed galactic sys-
temic velocities were taken from the Revised Shapley Ames
Catalog (Sandage & Tammann 1981), and the envelope stellar
velocity dispersions were taken from Franx, Illingworth, &
Heckman (1989a) and Jenkins & Scheuer (1980). The filter
transmission curves, currected for the f/2.7 beam of the tele-
scope and the temperature of the filter at the telescope, appear
in Figure 2. A listing of the properties of our program galaxies
is given in Table 2. Because our filters are well matched to the
systemic velocities of the galaxies, small errors in the transmis-
sion curve or the assumed PN velocity dispersion make very
little difference to computed [O 1] 45007 fluxes. We estimate
the error introduced by the uncertainty in the filter calibration
to be ~0.04 mag.

The equatorial positions, computed [O ] 45007 magni-
tudes, and number of observations for the planetaries in NGC
1316, 1399, and 1404 are given in Tables 3, 4, and 5. PNe which
are included in our statistical sample, as defined below, are
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F1G. 2—The transmission curves for the [O 1] 15007 filters used in this
survey, corrected for the /2.7 beam of the telescope and the temperature of the
outside air. The dashed line shows the filter used to observe NGC 1399; the
solid curve represents the filter used for NGC 1316 and NGC 1404. The
systemic velocities of the three galaxies are marked.

identified with an “S.” Following Paper II,
Msoe7 = —2.5log Fsoo7 — 13.74 . 1)

The mean internal photometric error of these measurements,
as determined by DAOPHOT, is given as a function of magni-
tude in Table 6. (Since the photometric errors for all three
galaxies are similar, they have been combined in the table.)
Table 7 gives the coordinates of the brightest astrometric stan-
dard stars in our fields.

3. DEFINING THE STATISTICAL SAMPLE

Figure 3 shows histograms for the raw planetary nebula
luminosity functions observed for NGC 1316, 1399, and 1404.
It is immediately apparent that the three galaxies are at
roughly the same distance. All three luminosity functions begin
at mso09 ~ 26.6, turn over due to incompleteness at msqq, ~
27.3, and have no obvious overluminous objects requiring a
modification of the empirical PNLF. The samples, however,
are not statistically complete and cannot be analyzed quanti-
tatively. Because the detectability of faint PNe changes with
the background surface brightness, the data are somewhat
biased by the inclusion of bright objects from the inner galactic
regions, where faint PNe are impossible to identify.

In order to select a statistically complete sample of PNe, we
began by including only those objects superposed on regions

TABLE 2

PROPERTIES OF PROGRAM GALAXIES

Hubble Velocity
Galaxy Type (kms™Y) B3 U-vi? Mg, (myss0 = V)
NGC 1316............ Sap 1793 9.31 1.25 0.298°
NGC 1399............ E1l 1447 10.22 1.46 0.334¢ 2.05
NGC 1404............ E2 1929 10.88 1.52 0.317¢ 330

* From the RC3 catalog (de Vaucouleurs et al. 1991).

® From Burstein et al. 1988.

¢ From Gorgas, Efstathiou, & Salamanca 1990.

9 From Davies et al. 1987.
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Fr'_: TABLE 3
:'_,, NGC 1316 PLANETARY NEBULAE
101
o) ID ®(2000) 4(2000) Number  myoy,  Sample ID (2000) 6(2000) Number  mgoo, Sample
2
& 3h22m45%43 —37°10'26"3 2 26.50 S 322m25%52 —37°09'40"8 1 2715 S
L 322 4999 -371011.3 2 26.58 S 322 5581 —370923.4 2 27.16 S
322 49.53 —371122.7 2 26.60 S 322 5574 —371251.3 2 27.16 S
322 4342 —371514.3 2 26.76 S 322 45.71 —37 1414.8 1 27.17 S
322 56.94 —371528.2 1 26.78 S 322 40.19 —370958.0 1 27.17 S
322 3185 —371017.8 1 26.82 S 322 58.56 —37 14 56.5 1 27.18 S
322 54.08 —370938.5 2 26.83 S 322 27.46 —371047.1 1 27.19 S
322 35.68 —371236.2 2 26.84 322 4286 —37 1040.6 1 27.19 S
322 2850 —371514.9 2 26.85 S 322 3218 —371539.5 2 27.19 S
322 3285 —371518.9 2 26.85 S 322 3092 —371435.2 2 27.20 S
322 50.73 —370951.9 1 26.85 S 322 49.39 —370929.3 1 2721
322 34.62 —371309.6 2 26.86 322 24.50 —37 09 50.4 1 27.21
322 46.49 —371009.3 2 26.87 S 322 55.59 —370918.8 2 27.22
322 34.04 —371601.0 2 26.88 S 322 48.01 —371529.0 1 27.23
322 26.64 —37 1159.5 2 26.92 S 322 2637 —370946.6 1 27.23
322 39.26 —37 1440.9 2 2693 S 322 58.01 —371315.0 1 27.24
322 52.52 —370846.8 2 2693 S 322 3537 —370938.3 1 27.24
322 3047 —371434.0 2 2694 S 322 33.62 —37 1147.0 1 27.24
322 55.55 —371432.5 1 26.96 S 322 30.53 —37 1506.7 1 27.25
322 58.80 —371214.0 2 2697 S 322 46.08 —370853.5 2 27.25
322 28.00 —371534.1 2 2697 S 322 30.36 —37 12499 2 27.26
322 53.54 —371115.8 1 26.98 S 322 4374 —371426.1 2 27.26
322 54.14 —37 0859.7 1 26.98 S 322 5395 —37 1421.7 1 2127
3 22 48.60 —371043.2 2 26.98 S 322 2881 —37 1443.7 2 2727
322 30.55 —371524.5 1 26.99 S 322 36.95 —37 1413.1 1 27.28
322 29.57 —371224.5 2 26.99 S 322 50.31 —37 0844.3 2 27.28
322 58.12 —37 1231.6 2 26.99 S 322 53.26 —37 1236.9 2 27.30
322 4525 —371039.3 1 27.00 S 322 59.14 —371515.6 1 2730
322 47.18 —371125.5 2 27.01 322 41.53 —370937.5 1 27.30
322 4251 —371538.5 2 27.01 S 322 53.35 —37 1210.5 2 27.31
322 46.34 —-370917.7 2 27.02 S 322 56.53 —37 1340.1 1 2732
322 56.64 —37 1156.1 1 27.02 S 322 30.18 —37 1537.1 2 2733
322 41.32 —371009.4 2 27.02 S 322 46.23 —37 0853.5 2 27.34
322 3092 —37 1132.6 1 27.03 S 322 33.04 —37 1406.2 2 27.35
322 4328 —371059.2 2 27.03 322 47.30 —371509.5 1 27.36
322 49.87 —370853.5 2 27.03 S 322 51.31 —370848.9 2 27.36
322 43.86 —371436.0 2 27.03 S 322 51.10 —37 1436.7 1 27.39
322 54.14 —370850.4 2 27.04 S 91.......... 322 3329 —371144.1 2 27.39
322 32.86 —371125.0 1 27.04 S 92.. .. 322 31.34 —37 0946.9 1 27.39
322 28.90 —371355.5 2 27.05 S 9., 3223921 —37 1555.9 1 27.40
3 22 40.60 —371010.2 1 27.05 S 9%.......... 322 30.63 —37 1139.6 1 27.40
322 4442 —371020.2 1 27.06 S 95l 322 3048 —37 1259.2 1 2741
322 40.58 —371603.1 2 27.07 S 96.......... 322 28.76 —371355.9 2 2745
322 30.22 —371233.1 2 27.07 S 97 it 3225292 —371235.9 1 2745
322 3258 —370931.8 1 27.08 S 98l 322 41.09 —370952.0 1 27.45
322 33.59 —37 13429 2 27.09 S 9. 322 40.18 —370855.5 1 27.46
322 5219 —371129.0 2 27.09 S 100.......... 322 48.67 —370939.9 2 27.46
322 51.56 —37 1346.5 1 27.10 S 101.......... 322 3345 —371347.0 2 27.53
322 3298 —371137.0 1 27.11 S 102.......... 322 5820 —370947.3 2 27.55
322 4245 —-371626.3 1 27.13 S 103.......... 322 25.68 —371513.9 2 27.56
3 22 40.08 —37 1425.7 1 27.14 S 104.......... 322 5550 —371034.1 2 2157
322 44.82 —371419.9 2 27.15 S 105.......... 322 51.67 —371014.9 2 27.63
322 58.70 —371010.4 1 27.15 S

where the galaxy background is unimportant relative to the
brightness of the night sky. Because all our runs were on or
near New Moon, the sky brightness during our observations
was my, ~ 21.6 mag arcsec” 2 (Allen 1976, p. 134). Thus, by
using the surface photometry of Franx, Illingworth, &
Heckman (1989b) and Sparks et al. (1991) to select only those
PNe located where the galactic surface brightness X, > 22
mag arcsec ~ 2, we eliminated the principle source of distortion
in the PNLF. In NGC 1316, this criterion excluded five PNe
with an isophotal radius r,,, < 110”; in NGC 1399, 10 objects
with ry,, < 60" were excluded; and in NGC 1404, seven objects
with r,,, < 45” were eliminated from the analysis.

We next estimated the magnitude limit of our complete

sample by combining theoretical estimates of the system
throughput and image quality with the expected signal-to-
noise ratio of a PN detection. By adding artificial stars to a
CCD image of the bulge of M31, Ciardullo et al. (1987) found
that incompleteness was only important when the calculated
signal-to-noise ratio of the detections was <9. This result was
confirmed by Hui et al. (1993), who used DAOPHOT error
estimates on a sample of halo PNe in NGC 5128 to estimate a
signal-to-noise ratio of ~ 10 for objects at the completeness
limit. For our Fornax observations, we therefore assumed this
limiting signal-to-noise ratio and used our seeing measure-
ments and the CTIO detector efficiencies to estimate our com-
pleteness limit in each galaxy. For all three galaxies, this
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TABLE 4

o) NGC 1399 PLANETARY NEBULAE
1
?!: ID (2000) 6(2000) Number  msgq, Sample ID (2000) 6(2000) Number  myqq, Sample
Lo, 3838m26°92 —35°26'51"5 1 26.54 3038m20%02 —35°29'56"9 1 2717 S
2. 3 38 26.57 —352646.7 1 26.54 3 38 40.92 —352355.1 1 27.17 S
3o 3 38 30.34 —352329.5 1 26.64 S 338 47.13 —352803.1 2 2717 S
4.......... 3 38 24.68 —352740.5 2 26.70 S 338 3445 —352550.0 2 27.18 S
Seeiiinns 338 31.71 —352719.7 2 26.75 338 4449 —352747.9 2 27.18 S
6.ivennnn. 3 38 27.76 —352622.4 1 26.76 3 38 18.87 —352602.3 2 27.18 S
Teveinnnn. 3 38 4093 —352754.5 2 26.78 S 3 38 25.76 —352359.3 1 27.18 S
8. 3 38 23.06 —352639.2 2 26.78 S 338 13.52 —352952.9 1 27.20 S
9. 3 38 23.79 —352950.4 1 26.81 S 338 3470 —352915.9 1 27.21
10.......... 3 38 34.03 —352656.1 1 26.84 S 3 38 30.57 —352832.8 2 2721
... 338 21.28 —352738.2 2 26.85 S 3 38 38.51 —352907.9 1 27.24
| 3 38 41.39 —353109.7 1 26.85 S 338 42.16 —352759.6 2 2724
13.......... 338 34.20 —352435.6 1 26.87 S 3 38 28.89 —352751.1 1 2725
14.......... 3 38 27.09 —352527.5 2 26.87 S 3 38 46.92 —352429.9 1 2727
15.......... 3 38 28.67 —352749.8 1 26.89 338 3297 —352532.9 2 27.27
16.......... 3 38 33.31 —353032.2 1 26.94 S 3 38 40.58 —353054.7 1 27.27
17, 3 38 36.14 —352611.9 2 26.95 S 338 3020 —352858.9 2 27.28
18.......... 338 27.19 —352513.7 2 26.96 S 338 2771 —352619.6 1 27.28
19.......... 338 21.28 —352715.1 1 2697 S 338 27.27 —352400.7 1 27.29
20.......... 338 24.65 —-352627.4 1 26.98 S 338 29.22 —352625.3 1 27.30
21 3 38 39.53 —352921.7 1 26.99 S 338 17.27 —352413.9 1 27.31
2. 338 14.70 —352703.9 2 27.02 S 3 38 33.11 —352838.2 2 2732
23 3 38 46.48 —352724.0 2 27.02 S 3 38 32.68 —352932.6 1 2732
24.......... 338 3529 —352809.8 2 27.02 S 338 49.27 —352510.2 1 27.38
25 i 3 38 34.98 —352553.2 2 27.02 N 3 38 24.62 —352503.1 1 27.38
26.......... 3 38 23.67 —352712.3 1 27.03 S 338 3294 —352559.7 2 27.39
27 s 338 4245 —352513.8 1 27.06 S 338 39.72 —352428.2 1 27.40
28t 338 23.93 —352743.6 1 27.08 S 338 34.80 —352358.9 1 27.41
29 e, 338 19.32 —352817.8 2 27.10 S 338 15.89 —352957.1 1 27.41
30.......... 338 3231 —352732.0 2 2713 66.......... 3 38 23.08 —352822.5 1 27.42
K) DU 338 35.20 —352938.7 1 27.13 S 67..ccennnn. 338 1370 —352541.5 1 27.43
2. 3 38 41.40 —352848.3 1 27.14 S 68.......... 338 41.92 —352755.2 2 2748
33 3 38 30.73 —3512826.7 1 27.14 S 69.......... 3 38 40.10 —352743.9 2 27.49
4. 3 38 21.46 —352814.0 2 27.15 S 70.......... 3 38 34.99 —352928.0 1 27.52
35 3 38 18.02 —352459.5 1 27.15 S Tlooonn. 3 38 18.58 —352527.8 1 27.52
36.......... 3 38 28.51 —352741.5 1 27.16 T2.iiiiii. 3 38 48.16 —352502.3 1 27.57
TABLE 5
NGC 1404 PLANETARY NEBULAE
ID «(2000) 4(2000) Number  mgo,, Sample ID (2000) 6(2000) Number  mso,,  Sample
338 57.11 —353505.1 1 26.75 S 25 e, 338 57.39 —353641.0 1 27.36
338 47.11 —353422.3 1 26.77 S 26.......... 338 5700 —353338.9 1 2737
3 38 49.07 —353524.2 1 26.79 27 e 3 38 45.54 —353608.9 1 27.38
338 52.13 —353639.4 1 26.79 S 28t 3 38 46.07 —353634.9 1 27.39
3 38 48.94 —3535220 1 26.83 29 it 3 38 52.08 —353445.3 1 2739
338 53.19 —353619.9 1 26.90 30.......... 338 53.29 —353616.4 1 2741
338 5592, —353544.6 1 26.96 S 3., 338 5719 —353554.8 1 27.42
3 38 50.07 —353506.3 1 26.98 32, 338 52.13 —353452.5 1 27.44
338 5245 —353431.9 1 26.99 S 33 338 57.41 —-353411.0 1 27.44
338 4630 —353359.3 1 27.01 S 4. 338 5840  —353520.8 1 27.45
3 38 59.85 —353551.0 1 27.01 S 35 . 3 38 47.25 —353628.7 1 27.45
3 38 57.64 —353634.2 1 27.02 S 36.......... 3 38 49.75 —353406.6 1 27.53
338 5470 —353629.0 1 27.04 S 370, 3 38 58.08 —353328.3 1 27.53
3 38 48.60 —353555.8 1 27.06 S 38 3 38 57.67 —353615.9 1 27.54
3 38 54.90 —353624.0 1 ©27.09 S 39 338 53.80 —353503.0 1 27.54
3 38 58.40 —353633.7 1 27.11 S 40.......... 3 38 50.47 —353432.9 1 27.55
3 38 53.53 —353457.2 1 2712 S 41 3 38 44.98 —353605.3 1 27.56
3 38 50.13 —353612.5 1 27.16 42.......... 338 4744 —353634.5 1 27.59
3 38 54.16 —353444.4 1 27.18 S 43, 338 59.13 —353630.1 1 27.64
339 00.21 —353507.3 1 27.21 4.......... 3 38 49.51 —353503.8 1 27.68
3 38 4581 —353432.5 1 2725 45.......... 338 5230 —353354.0 1 27.70
3 38 57.18 —353510.7 1 27.26 46.......... 3 38 55.52 —353636.7 1 27.78
338 49.83 —353604.2 1 27.32 47.......... 338 43.53 —353409.6 1 27.98
3 38 55.63 —353548.9 1 27.33
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TABLE 6 BOFT T T rrrrorrd T T T L
[ ]
PN PHOTOMETRIC ERROR VERSUS MAGNITUDE 20 L NGC 1316 R . . B
Magnitude Mean 1 ¢ Error Number 10 |- . ° B
26.65...c.uieeiiieninnn. 0.09 3 51 ]
26.80....cciiiiiiiennnn. 0.10 18 oL J
2695...cciiiiiieeis 0.12 40 *
2710 i 0.13 36 1 ° P—
2725 i 0.14 39 PR SRR A S S B N
2740...cceiiiiiiiians 0.15 31 8 e
27.55 ..................... 017 16 E 20 NGC 1399 [ ] ° _
Q .
g 10 . -
theoretical limit occurred at my;,, ~ 27.3, near where the raw AL . B
PNLFs begin to decrease. To be conservative, we therefore s
estimate our completeness limit to be msqy; ~ 27.2; changing 8 2 . -
this value by 0.1 mag in either direction does not significantly F 1L |
affect any of our results or conclusions. 2 N T B
To confirm this estimate of the completeness limit, we com- L L L
pared the distribution of PNe with my,y, < 27.2 in NGC 1399 20 NGC 1404 . 7
and NGC 1404 with the luminosity profiles of those galaxies. 10 . e
As previous papers in the series have shown, the distribution of 5 i
PN should roughly follow that of the light; if not, then the PN
sample is probably contaminated. To perform this test, the 2 o
surface photometry of Franx, Illingworth, & Heckman (1989b), . .
Il l | I J B S I | I | | ] 11|
TABLE 7 26.0 26.5 27.0 7.5

ASTROMETRIC REFERENCE STARS

Galaxy ID (2000) 6(2000)
NGC 1316............ a 3822m50537 —37°12'37"0
b 322 58.07 —371135.4
c 322 53.89 —371015.4
d 322 49.01 —370926.0
e 322 43.02 —37 0900.0
f 322 39.66 —371007.8
g 322 38.40 —37 1445.8
h 322 3722 —371433.2
i 322 31.66 —37 1351.7
j 3222513 —37 1247.6
k 322 3353 —371512.7
1 322 34.89 —37 1512.5
m 222 2339 —371543.8
n 322 2336 —37 1419.8
o 322 34.51 —-371032.7
p 322 3427 —371002.3
q 322 30.82 —371007.5
r 322 36.53 —37 1056.3
s 322 4599 —371315.4
NGC 1399.......... a 3 38 2045 —3527415
b 338 24.81 —352818.2
c 3 38 28.38 —352539.9
d 3 38 46.49 —352514.9
e 3 38 37.06 —352521.9
f 338 31.13 —352810.3
g 3 38 33.54 —3524588
h 3 38 26.84 —352449.1
i 3 38 33.82 —352557.3
j 338 3520 —352740.4
k 3 38 39.26 —352806.3
NGC 1404.......... a 338 43.53 —353349.9
b 3 38 43.62 —353505.6
c 338 41.71 —353650.5
d 3 38 41.96 —353313.6
e 338 57.35 —353405.9
f 338 51.32 —353436.3
g 3 38 50.14 —353532.1
h 338 57.83 —353408.5
i 3 38 52.60 —353518.9

Apparent A5007 magnitude

F1G. 3—The raw planetary nebula luminosity functions of NGC 1316,
1399, and 1404. Magnitudes are defined as in Paper I, where myyo, = —2.5 log
F 5007 — 13.74. Although the samples are heterogeneous and contain many
objects past the nominal completeness limit of msq, ~ 27.3, the similarity in
the curves demonstrates that all three galaxies are at about the same distance.

Sparks et al. (1991), Kibblewhite et al. (1989), and Schombert
(1986) were used to model each galaxy as a series of concentric
elliptical isophotes with varying axial ratios and position
angles. The isophotal radial distance of each planetary from
the center of its parent galaxy was then calculated by finding
the semimajor axis of the isophote upon which it was super-
posed. The distribution of these distances was compared to the
luminosity profile along the major axis of the galaxy, corrected
for the fraction of light enclosed in the survey regions. As
Figure 4 illustrates, the distribution of PNe in the outer parts
of both galaxies does indeed follow the light. In the central
regions, PNe are lost due to the bright background of the
galaxy; however, once outside the area of incompleteness, our
PN sample looks reasonably homogeneous.

4. THE DISTANCE TO THE FORNAX CLUSTER

The PNLF distances to NGC 1316, 1399, and 1404 and their
formal uncertainties were calculated by convolving the empiri-
cal function

N(M) oc 20'307M[1 _ e3(M‘—M)] (2)

with the photometric errors of Table 6 and fitting the resultant
curve to the observed PNLFs via the method of maximum
likelihood (Ciardullo et al. 1989; Paper II). As in previous
papers of the series, we adopted M* = —4.48, based on the
Cepheid-based M31 distance of 710 kpc (1986) and foreground
extinction of E(B— V) = 0.11 (McClure & Racine 1969). With
more modern values for M31’s distance (770 kpc; Freedman &
Madore 1990) and extinction [E(B—V) = 0.08; Burstein &
Heiles 19847, our distances would increase by ~3%.
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FIG. 4—Two histograms showing the distribution of isophotal radii for
PN candidates in NGC 1399 and NGC 1404 with ms,, < 27.2. The solid lines
display the amount of V luminosity surveyed in each galaxy, again vs. iso-
photal radius. Within ~60” in NGC 1399 and ~45” in NGC 1404 incomplete-
ness is important, as PNe are being lost amid the bright background. Once
outside this area, however, the distribution of PNe follows that of the light
reasonably well.

Before this computation can be performed, however, we
need an estimate of the foreground extinction toward Fornax
at 15007 A. Since the center of the Fornax Cluster has a Galac-
tic latitude of b" ~ —53°, we would expect the Galactic extinc-
tion in the direction of Fornax to be low, and indeed it is. The
global reddening estimates of Sandage (1973), Burstein &
McDonald (1975), and de Vaucouleurs, de Vaucouleurs, &
Corwin (1976; RC2) all yield E(B— V) values of between 0.006
and 0.051 for the three galaxies considered in this paper, while
the reddening maps of Burstein & Heiles (1982) show no evi-
dence of extinction at all in the direction of Fornax. Moreover,
the 21 cm based extinction values of Burstein & Heiles (1984)
are all negative for the galaxies in question, indicating little, if
any, attenuation in their direction. Based on these numbers
(and their likely errors), we assumed for our distance calcu-
lations a foreground extinction to Fornax of exactly zero. We
note, however, that since the total extinction at 5007 A is given
by Aspo7 = 3.56E(B— V) (Seaton 1979), the quoted uncertainty
of 0.015 in E(B— V) of the Burstein & Heiles (1984) extinctions
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F1G. 5—The planetary nebula luminosity functions for NGC 1316, 1399,
and 1404 derived from complete samples of PNe. The solid lines show the
empirical PNLF convolved with the mean photometric error vs. magnitude
relation and translated to the most likely apparent distance modulus of each
galaxy. Open circles show PNe below the completeness limit which have not
been included in the fit.

propagates directly into an uncertainty of 0.05 mag in the
derived distance moduli.

The maximum likelihood fits to our statistical sample of
planetaries are summarized in Table 8 and appear in Figure 5.
The curves are remarkably similar. NGC 1399, the central
galaxy of the cluster, has a most likely distance modulus of
31.17 (17.1 Mpc), with a formal fitting error of +0.05, —0.07.
Within the error, NGC 1404’s distance modulus is identical,
with u = 31.15%3:97, and although NGC 1316 is projected well
away from the cluster core, it also has the same distance of
u=231.13%335 This tight clustering is in contrast to the
spread in distance seen in Virgo (Paper V), and agrees with the
conclusions of Tonry (1991) that Fornax is a very tightly
grouped system.

Because the dispersion in distance to our three Fornax gal-

TABLE 8

SUMMARY FOR FORNAX GALAXIES

Parameter NGC 1316 NGC 1399 NGC 1404

PN magnitude completeness limit ................ 27.2 27.2 27.2
Inner isophotal radius for sample ................. 110" 60" 45"

CAMpled +* et 9.72 10.46 10.48
Py e eenennenenneniaeneaneananaes 9.02 9.66 10.55
Total number of PNe found ............ 105 72 47
Number of PNe in complete sample ... e 58 37 19
Most likely distance modulus (#g) ........ovennen. 31.13 31.17 31.15
Most likely distance (Mpc) ...........cceeuennen. 16.8 + 04 17.1 £ 0.5 170 + 0.7
Most likely specific PN density (¢, 5) -............ 109 x 107° 134 x 10™° 148 x 10™°
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axies appears to be small, we can compute an improved dis-
tance to the cluster by summing the PN distributions and
computing a most likely distance for the entire sample. This is
done in Figure 6. From the figure, it is apparent that the PNLF
for the three galaxies is exceptionally well-determined and
matches the empirical law extremely well. Computed in this
way, the most likely distance modulus of Fornax is 31.14 (16.9
Mpc), with a formal uncertainty +0.03, —0.04. A
Kolmogorov-Smirnov test on the sample shows that the
observed PNLF is indistinguishable from that predicted from
the empirical law. A power-law luminosity function, such as
that proposed by Bottinelli et al. (1991), however, is excluded at
the 99% confidence level.

The distance errors quoted above represent only the formal
uncertainties associated with the PNLF fitting procedure, not
the total error in the computed distances. To obtain the latter
quantity, the uncertainty in the maximum likelihood solution
must be combined with that of the photometric zero point
(0.03 mag), the filter calibration (0.04 mag), the definition of the
PNLF (0.05 mag), the distance to M31 (0.10 mag), and the
Galactic extinction (0.05 mag). The total error in our distance
determination is therefore 0.14 mag,

In addition to the distance modulus, we obtain a second
quantity from the fitting of the PNLF: the total PN population
within our sampled area. When normalized to the bolometric
luminosity, this number becomes «, the luminosity-specific PN
density. From theoretical considerations, this quantity, which
is related to the galaxy’s evolutionary flux and stellar death
rate, should be insensitive to galaxy parameters such as age
and metallicity (Renzini & Buzzoni 1986). However, as pointed
out by Peimbert (1990) and discussed in Hui et al. (1993) and in
Paper VII, a does appear to depend on the galaxy color.

In order to normalize our PN number to the total lumi-
nosity, we need to know the enclosed bolometric luminosity
within the area of completeness in each of our survey fields.
For NGC 1399 and 1404, we used the published surface photo-
metry of Franx, Illingworth, & Heckman (1989b), Sparks et al.
(1991), Kibblewhite et al. (1989), and Schombert (1986) to sum

IIIIII'III'ITIIII T 1

50 - ]
Fornax PN
oo (Combined) |
10 —
5 _
2 _
1+ ]
1 ‘ | | | ! [

26.0

F1G. 6—The combined PNLF of NGC 1316, 1399, and 1404, excluding
those objects outside the regions of completeness. The solid curve is the model
PNLF, convolved with the photometric error function and translated to the
most likely apparent distance modulus of the cluster. Open circles show PNe
below the completeness limit which have not been included in the fit. The data
are exceedingly well-fit with the model PNLF, while a power-law luminosity
function is excluded at the 99% confidence level.

26.5 27.0 27.5
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the total ¥ luminosity contained within our survey fields,
excluding the region of incompleteness. We then computed
bolometric corrections for the galaxies from the ultraviolet,
optical, and infrared colors of Burstein et al. (1988), Poulain
(1986, 1988), and Persson, Frogel, & Aaronson (1979) and used
these to determine the total bolometric magnitudes listed in
Table 8.

For NGC 1316, however, this procedure could not be used;
while surface photometry is available for the galaxy’s inner
arcminute (Sparks et al. 1991), our statistical sample does not
begin until a radius of 1:8 is reached. To find the luminosity
sampled from this galaxy, we used our wide-field summed
CCD image from the Tololo Schmidt telescope to measure the
total V luminosity on our 4 m frames. After excluding a circu-
lar area 1:8 around the nucleus of the galaxy and interpolating
over the field stars, we estimated the most probable value for
the background sky using areas on the frame far away from
any cluster galaxy. We then subtracted this value from the
image and summed the remaining counts in those sections of
the frame covered by our 4 m image to obtain the instrumental
V magnitude of the galaxy. To convert this to a standard
magnitude, we determined the B and V magnitudes of five field
stars on our frame by comparing their large-aperture instru-
mental magnitudes with those of 31 Landolt (1973, 1983) stan-
dard stars contained on three other Schmidt fields taken
during the night. The enclosed V-band galactic luminosity was
then calculated by comparing the number of counts enclosed
in our survey region to those of two field stars of similar B— V
color. To this number, we then added a bolometric correction,
determined from the infrared and visual photometry of
Persson et al. (1979) and Poulain et al. (1988), to obtain the
bolometric magnitude appearing in Table 8.

As a check on this procedure, we also computed NGC 1316’s
total V magnitude via the same method, but with the inclusion
of the central 1:8. The value V = 8.50 is entirely in agreement
with the value V = 8.53 quoted in the RC3 catalog and indi-
cates that our CCD magnitude for the galaxy is accurate.

Figure 7 displays the probability contours of our maximum
likelihood solutions for NGC 1316, 1399, and 1404, in both
distance modulus and specific PN density. For convenience, as
in previous papers of the series, « has been normalized to
represent the number of planetaries within 2.5 mag of m*. A
similar plot for the Fornax cluster as a whole appears in Figure
8. The most likely values of u and « are listed in Table 8.

5. THE FORNAX/VIRGO DISTANCE RATIO

Although the Fornax Cluster is roughly one-seventh the size
of Virgo, the structure and galactic populations of the two
clusters are similar. This makes the two systems especially
amenable to the measurement of their distance ratio, and this
number has been computed by several methods. However,
before these values can be compared, some discussion is
needed about foreground Galactic extinction.

Currently, the extinction estimates commonly used in the
literature are those based on H 1 emission and galaxy counts
by Burstein & Heiles (1984). Unfortunately, these may be
subject to uncertainties. In the Virgo Cluster core, Burstein &
Heiles tabulate B-band extinctions toward 123 objects listed in
the atlas of Tully (1988); the average value of these measure-
ments is 0.035 mag, with a formal error of the mean of 0.004
mag. However, for Fornax, the average Burstein & Heiles
extinction to 21 galaxies is Az = —0.071 + 0.006 (error of the
mean). This negative value may arise from an abnormally high
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- - our Fornax/Virgo distance ratio to those derived from other
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o 3 methods which require a galaxy sample essentially different
10 - from our own: spiral galaxies for the IR Tully-Fisher relation,
C ' | | . dwarf ellipticals for the surface-brightness method of Bothun,
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Fi1G. 7.—Maximum likelihood confidence contours for NGC 1316, 1399,
and 1404 derived from fitting the empirical PNLF (convolved with the photo-
metric error function) to complete samples of PNe in each galaxy. The abscissa
is the true distance modulus; the ordinate is the number of PNe within 2.5 mag
of the magnitude cutoff, normalized to the amount of bolometric luminosity
surveyed. We have assumed that there is no foreground extinction to the
galaxies. The contours of probability (shown at intervals of 0.5 o) arise from
the uncertainty in fitting the model PNLF to the observed PNLF: horizontal
errors reflect the uncertainty in the fitting the distance modulus, whereas verti-
cal errors are caused by uncertainties in normalizing to the observed number
of PNe.

gas-to-dust ratio in the region, and makes a reliable compari-
son of the extinction to the two clusters especially difficult. This
being the case, in our comparison we adopt extinctions to the
two clusters that are identically zero. Note that if we were to
adopt 0.035 mag as the B-band extinction to Virgo and treat
the Fornax reddening as zero (as recommended by Burstein &

NGC 1316 and NGC 4419 for SNe Ia. A more complete com-
parison of PNLF and SN Ia distances will soon be possible for
a number of galaxies, but for the present we have simplified the
comparison by using one presumed core galaxy from each
cluster. For all these methods we have simply compared the
average cluster distance modulus given by the authors with our
own mean cluster distance.

The methods listed in the lower part of Table 9 cover a
sample of ellipticals similar to our own; for each of these, we
have recomputed our average distance using only galaxies
common to both samples. For the globular cluster luminosity
function (GCLF), the galaxies we used for comparison are
NGC 1399 in Fornax and NGC 4486, 4649, and 4472 in Virgo.
(The distance ratio given by Bridges, Hanes, & Harris 1991
also included NGC 4365, but since that galaxy has a small
globular cluster population (Harris et al. 1991), its contribution
to the total Virgo GCLF is negligible.) For the D,-o relation,

TABLE 9

FORNAX/VIRGO DISTANCE COMPARISON

PNLF
Method HrorHvir Hpor—Hvir
IRTF (Aaronsonetal. 1989) .........covviviiiiiiiiiiiinninnnns —-025+0.23 +0.24 + 0.10
dE galaxies (Bothun, Caldwell, & Schombert 1989) ........... —0.16 + 0.16 +0.24 + 0.10
L-X (Ferguson & Sandage 1988) +0.00 + 0.22 +0.24 + 0.10
Type Ia SNe (Hamuy et al. 1991) +0.09 + 0.14 +0.24 + 0.10
GCLF (Bridges, Hanes, & Harris 1991) ........................ —0.01 + 0.46 +0.31 +0.12
D,-o(Faberetal. 1989) ..........cciieiiiiiiiiiiiniiiiiinnnn, +0.25 + 031 +0.31 +0.11
SBF (Tonry 1991) ..v.uiieiiieii e +0.08 + 0.11 +0.29 + 0.10

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


http://adsabs.harvard.edu/abs/1993ApJ...416...62M

72 McMILLAN, CIARDULLO, & JACOBY

our numbers reflect the averages of seven galaxies: NGC 1399
and 1404 in Fornax and NGC 4374, 4406, 4472, 4486, and 4649
in Virgo. The same seven galaxies, along with NGC 1316, are
also used in our comparison with the surface brightness fluc-
tuation (SBF) method.

As Table 9 shows, the PNLF method has a small internal
error and produces a Fornax/Virgo distance ratio somewhat
larger than that found by the other methods, although the
measurement is still consistent within the errors. Two of the
methods (IR Tully-Fisher and dwarf ellipticals) explicitly dis-
agree with the PNLF distance ratio. However, the Tully-Fisher
relation uses spiral galaxies, which are further from the cluster
cores and may be contaminated by background members
(Pierce & Tully 1988; Teerikorpi et al. 1992), and the dwarf
elliptical surface brightness method has not been used exten-
sively as a distance estimator. The methods claiming the lowest
errors (type Ia SNe and surface brightness fluctuations) agree
more closely with our results.

6. DISCUSSION

With the addition of NGC 1316, 1399, and 1404, the number
of galaxies with PNLF distance determinations has grown suf-
ficiently large that it is possible to perform global comparisons
with other methods and test for the presence of systematic
errors. A detailed comparison with the surface brightness fluc-
tuation method has recently been presented by Ciardullo,
Jacoby, & Tonry (1993); a similar comparison with the D,-o
relation is also possible.

Figure 9 plots distances measured with the D,-o relation
(Faber et al. 1989) against our PNLF distances for three gal-
axies in Fornax (this paper), five galaxies in Virgo (Paper V),
two galaxies in the Leo I Group (Paper IV; Ciardullo, Jacoby,
& Ford 1989), and the field SO galaxy NGC 3115. To facilitate
the comparison, the PNLF distances have been revised to
match the extinction values used in the determination of D,
The best fitting line has a slope of 91 + 28 km s~ Mpc™*,
while the scatter about this line is 0.34 mag in distance
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FiG. 9—A comparison of PNLF distances with those derived from the
D,-o method. Open circles are measurements of elliptical and SO galaxies from
Faber et al. (1989); the solid points, which are shown for illustrative purposes
only, are the spiral calibrators of Dressler (1987). The error bars represent the
formal uncertainties in the PNLF fits. A regression through zero has a most
likely slope of 91 + 28 km s~ Mpc™!; the scatter about the line is 0.34 mag.
The data suggest that the error estimates for the both the PNLF and D, -
method are reasonable.
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F1G. 10.—The individual PNLF distance modulus minus Tully-Fisher
group distance modulus for galaxies in the Fornax, Virgo, Triangulum (NGC
1023), and Leo I Groups as a function of absolute B magnitude. The dashed
line shows the slope of the correlation proposed by Bottinelli et al. (1991),
which is not supported by the data. The depth of the Virgo Cluster is clearly
apparent.

modulus. As discussed above, the errors in the PNLF measure-
ments are estimated at 0.10 mag, while Jacoby et al. (1992)
predict an error of 0.45 mag for the D,-o relation. Within the
90% confidence level, the observed scatter is consistent with
the prediction of 0.46 mag for the dispersion between the two
methods; if anything, the quoted errors for the two methods
may be overestimated.

Bottinelli et al. (1991) have questioned the reliability of the
PNLF distance measurements by proposing the existence of a
correlation between galaxy luminosity and PNLF distance.
Figure 10 shows a comparison of these parameters for galaxies
of four clusters; Fornax (this paper); Virgo (Paper V); the Leo I
Group (Paper 1V); and the Triangulum Spur, or NGC 1023
Group (Paper VII). The ordinate of the plot shows the PNLF
distance moduli for individual galaxies minus a mean Tully-
Fisher distance to each group. These group distances are based
on four galaxies in Fornax (NGC 1326, 1365, 1406, and 1425),
NGC 3368 in Leo, and NGC 891 in Triangulum (Bottinelli et
al. 1985). The Virgo distance is taken at 16.5 Mpc, based on the
analysis in Teerikorpi et al. (1992). The dashed line shows the
slope of the proposed correlation between luminosity and
PNLF distance. An error in the Tully-Fisher cluster distances
could move any group of points up or down on the plot but
would not change the relationships between points within a
group.

The plot shows, as found by Tonry (1991), that the Fornax
core is extremely tight, while the Virgo cluster has significant
depth. NGC 4406 and NGC 4374 lie somewhat beyond the rest
of the Virgo core. NGC 1023 and NGC 891 are found at the
same distance despite their differing magnitudes and Hubble
types. Only among the three members of Leo I is there any
trend of distance with absolute magnitude. However, the
members of Fornax, with their similar distances and large
spread in absolute magnitude, give strong evidence against the
existence of a correlation.

Using the distance measured with the PNLF, it is also pos-
sible to begin a calibration of a longer range distance indica-
tor: Type Ia SNe. In 1980 and 1981, two SNe Ia (1980N and
1981D) were observed just 3 months apart in NGC 1316. Pho-
tographic and photoelectric UBV photometry published by
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Hamuy et al. (1991) show that the two SNe had extremely
similar light and color curves, which were also very much like
those of the SN Ia prototype SN 1981B in Virgo. The infrared
JHK observations of Elias et al. (1985) were also very consis-
tent between the two. SN 1980N and SN 1981D had maximum
magnitudes of 12.48 and 12.40, respectively, in V and 13.31 and
13.35 in H. With our measured distance to NGC 1316 of 16.9
Mpc, this yields average absolute peak magnitudes of — 18.65
in ¥ and —17.8 in H. The V-band value is in good agreement
with Pierce, Ressler, & Shure’s (1992) calibration of 1937C but
is 1 mag fainter than the calibration by Sandage et al. (1992). It
is still unclear how large the intrinsic dispersion in SN Ia peak
magnitudes might be (Phillips 1993), but finding more accurate
distances to galaxies that also hosted well-observed SNe is
crucial to the calibration of SNe Ia as distance indicators and
also to the understanding of SNe in general. We hope to use
the PNLF to study several more SN galaxies in the near future.

7. THE HUBBLE CONSTANT

In Paper V, we estimated a value for the Hubble constant
based on a PNLF distance to the Virgo Cluster. However,
Virgo is not the ideal location to perform this measurement;
because the line-of-sight depth of the cluster is significant (even
for the core ellipticals), it is difficult to assign a single distance
to the cluster (Paper V; Tonry, Ajhar, & Luppino 1990; Jacoby
et al. 1992). Fornax, however, is a tightly grouped system, as
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our measurements and the measurements of Tonry (1991)
demonstrate. Thus, it is a much cleaner group to use for a
measurement of the Hubble constant.

While it is possible to obtain the Hubble constant directly
from Fornax, uncertainties in the local velocity field limit the
usefulness of this type of determination. A more secure route to
H,, which avoids the problems of local peculiar velocities,
comes from scaling from Fornax galaxies to the galaxies of
Coma. From the D,-o relation, the distance ratio between
Coma and Fornax is 5.25 + 0.38 (Faber et al. 1989). If the
velocity of Coma in the microwave background frame is
7185 + 60 km s~ ! (Faber et al. 1989, corrected by Smoot et al.
1991), then our distance to Fornax implies a Hubble constant
of Hy = 81 + 8 km s~ Mpc ™. Similarly, if we use the Coma-
Fornax distance ratio of 6.14 + 0.63 found by Aaronson et al.
(1989) from the IR Tully-Fisher relation, then the estimated
Hubble constant becomes H, = 69 + 8 km s~! Mpc~ 1. Our
combined value of Hy =~ 75 + 8 km s ! Mpc ™! from Fornax is
thus in excellent agreement with that computed from the Virgo
PNLF distance measurements (Paper V).

We would like to thank Mark Phillips for his valuable assist-
ance during our December 1991 run. This work was supported
in part by NASA grant NAGW-3159 and NSF grant AST92-
57833.
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