
19
 9

0A
pJ

. 
. .

35
0L

. 
. .

5G
 

The Astrophysical Journal, 350:L5-L8,1990 February 10 
© 1990. The American Astronomical Society. All rights reserved. Printed in U.S.A. 

THE ABUNDANCE DISTRIBUTION AND LUMINOSITY FUNCTION OF GLOBULAR 
CLUSTERS IN NGC 1399 

Doug Geisler 
National Optical Astronomy Observatories,1 Cerro Tololo Inter-American Observatory 

AND 
Juan Carlos Forte 

Instituto de Astronomía y Física del Espacio, Buenos Aires 
Received 1989 AugustS; accepted 1989 November 9 

ABSTRACT 

Integrated Washington photometry has been obtained for the globular cluster system of NGC 1399, the 
central elliptical galaxy in the Fornax cluster. A new integrated metallicity index, C-Tu is defined which is 
about 3 times more sensitive to metal abundance than the previous such Washington index. Abundances accu- 
rate to 0.3 dex are derived for ~150 of the brightest globular clusters. The clusters have a broad, flattened 
abundance distribution, with a mean metallicity of [Fe/H] = —0.85 + 0.1, 0.75 dex more metal-poor than the 
halo. A significant fraction of the clusters have an approximately solar abundance, while virtually no clusters 
exist with [Fe/H] < — 2. 

The luminosity function is also determined for ~600 clusters to a limiting magnitude of Tx ~ 23.75 (50% 
completeness limit). The luminosity function clearly shows a turnover at ^ = 23.0 ± 0.15 or F = 23.45 ± 0.16. 
Matching this luminosity function with that for the globular cluster system of the Galaxy and M87 yields a 
distance modulus of 31.0 ± 0.25 for Fornax, 0.5 ± 0.2 mag closer than Virgo. A Hubble constant of 66 ± 14 
Ion s-1 Mpc-1 is derived assuming a canonical value for the Local Group Virgocentric infall velocity. Alter- 
natively, solving for this infall velocity gives a value of 236 km s 1. 
Subject headings : abundances — clusters : globular — luminosity function galaxies : abundances 

galaxies : distances 

I. INTRODUCTION 

Globular cluster systems (GCSs) offer unique opportunities 
to investigate the oldest stellar components of galaxies. A 
detailed knowledge of the properties of the GCS of a galaxy 
can provide important clues to its formation and subsequent 
chemical and dynamical evolution (e.g., May all 1946; van den 
Bergh 1969; Strom et al 1981, hereafter S81). Abundance 
information, in particular, is a powerful tool. It can be used, for 
example, to investigate distinct cluster populations (Zinn 1985) 
and to search for abundance gradients and differences with the 
background galaxy light (S81). 

Evidence is becoming increasingly favorable for the use of 
GCSs as accurate distance indicators as well. The recent study 
by Harris (1988, hereafter H88) is particularly convincing in 
this regard : he presents the results of an extensive CCD survey 
of the GCSs associated with four elliptical galaxies in the Virgo 
Cluster, including the “anomalous” M87 system, and demon- 
strates that all four luminosity functions (LFs) have the same 
turnover and the same Gaussian shape. Hanes and Whittaker 
(1987) have recently argued that one can obtain a distance 
estimate accurate to 15% using globular cluster LFs, even 
when the data fail to reach the turnover luminosity by as much 
as 1 mag. 

The NGC 1399 GCS is a particularly interesting one. This 
galaxy is the central, dominant elliptical galaxy in the Fornax 
cluster. Such galaxies are found to have the most populous 
GCSs known (Harris and Smith 1976; Harris, Smith, and 
Myra 1983). Dawe and Dickens (1976) first detected the NGC 
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1399 GCS. Hanes and Harris (1986) followed this with a more 
extensive photographic study, where they showed that the 
NGC 1399 GCS was indeed very populous, with perhaps the 
highest specific frequency of any galaxy known. Given its prox- 
imity, the NGC 1399 GCS thus provides a very large sample of 
nearby clusters, comparable to its more famous and better 
studied northern hemisphere counterpart—M87 in Virgo. 
Despite these intriguing characteristics, however, a deep CCD 
study of the NGC 1399 GCS has been lacking. The initial 
results of such an investigation are presented here. 

II. OBSERVATIONS AND REDUCTIONS 

NGC 1399 was observed on three nights in 1987 December 
with the CTIO 4 m RCA No. 1 prime focus CCD system. The 
nights were of excellent photometric quality. Data were 
obtained for a 3' x 5' field centered on the galaxy, plus three 
surrounding galaxy frames and a comparison field located 
some 2° north of the galaxy. Results are presented here only for 
the central and comparison fields. The seeing was 1'.'2 for the 
central frame from which the LF was derived. 

Data were obtained on the Washington photometric system 
(Canterna 1976). For the central field, exposures totaling 2700 s 
in C, 1800 s in M, and 3600 s in ^ were obtained. The Wash- 
ington system was chosen because of its broad bands and its 
ability to derive accurate abundances efficiently (Harris and 
Canterna 1977). Photometry of the stellar images was per- 
formed (after first removing the smooth background galaxy 
light empirically through median filtering) using a version of 
the DAOPHOT/ALLSTAR program (Stetson 1987) kindly 
provided by C. Pritchet. The instrumental photometry was 
then transformed to the standard Washington system by 
means of aperture photometry derived for 34 standards. The 
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Fig. 1.—Ti vs. M — Tx color-magnitude diagram for the central NGC 1399 
field. Most of the objects at intermediate colors are globular clusters. 

rms residuals for the transformation of these standards were 
0.027 in C-M, 0.008 in M — 7^, and 0.013 in Tv 

The Tx versus M—7^ color-magnitude diagram for the 
central field is shown in Figure 1. There is a strong enhance- 
ment of objects with intermediate colors in the central frame 
over the comparison field. In particular, there are only four 
objects in the comparison field with 0.5 < M-T^ < 1 and 
20 < Ti < 22, while 183 are found in the galaxy frame. After 
background correction, we estimate that ~ 1000 clusters in the 
central frame alone were detected. Clearly, the NGC 1399 GCS 
is a very populous one. 

In order to investigate the effects of crowding and incom- 
pleteness and to determine better the errors (random and 
systematic) as a function of magnitude, artificial stars were 
generated with the ADDSTAR routine and photometry 
obtained for them in exactly the same manner as for the 
program objects. Twenty stars were added in each of 10 
separate trials at a given magnitude, for a variety of magni- 
tudes, ranging from the brightest to the faintest clusters 
observed. 

III. CLUSTER ABUNDANCES 
Harris and Canterna (1977) first showed the utility of inte- 

grated Washington colors for determining globular cluster 
abundances. They formed a reddening-free index, 0CMT, analo- 
gous to van den Bergh’s (1967) Q index for integrated UBV 
photometry. Hesser and Shawl (1985) found that QCMT was well 
correlated with their integrated spectral types for galactic 
globulars. 

However, gCMT suffers from a rather low abundance sensi- 
tivity, varying by only 0.26 mag from the most metal-rich to 
the most metal-poor Galactic globular clusters. Given this 
abundance sensitivity, typical errors encountered for the 
brighter NGC 1399 clusters (^0.08 in C — M and M—T^) yield 
an abundance error of ~0.8 dex in QCMT. This is clearly pro- 
hibitive if accurate abundances are desired. In addition, 
random errors in the M photometry (often the worst) lead to 
errors in the two color indices, C — M and M—Tu that act in 
the same sense in the abundance derivation, leading to additive 

Vol. 350 

abundance errors for ßCMT, thus increasing the already pro- 
hibitive abundance uncertainty. 

We thus sought an index which is more metallicity sensitive 
and in which random photometric error does not lead to corre- 
lated abundance errors. Such an index is the C-7; color. 
Figure 2 presents our abundance calibration for this new index 
using the Galactic globular cluster photometry of Harris and 
Canterna (1977) and the [Fe/H] values and reddenings from 
Zinn (1985) and Armandroff and Zinn (1988). Except for three 
clusters (NGC 288, NGC 6522, and NGC 6712—shown in 
parentheses), a line provides a good fit to all of the data. A 
least-squares regression yields [Fe/H] = 2.35(C-T1)0 - 4.39, 
with a correlation coefficient of 0.95. The 48 clusters have a 
mean standard deviation of 0.19 dex, only slightly more than 
expected from the errors in the two quantities. Performing the 
same calculation for gCMT gives [Fe/H] = 6.76QCMT - 4.43 
with a = 0.15. 

Thus, C — 7] can measure metallicity to 0.2 dex, only slightly 
worse than Qcmj, but it is about 3 times more metallicity 
sensitive. We emphasize, though, that the C-T^ index is not 
reddening-free. The total reddening E{C — 7]) = 2.0E(B— V). 
However, C—7^ is the preferred index for measuring abun- 
dances of clusters in distant galaxies where the reddening is 
either well known and/or small and nonvariable across the 
galaxy, as is the case for NGC 1399 [£(£- V) < 0.03—Hanes 
and Harris 1986]. The photometric errors in C—7] (~0.1) 
now imply an abundance error of only 0.3 dex. The C—7] 
index has a total range of 0.84 mag, which compares well with 
that for other integrated photometric abundance indices, such 
as ß39 (Zinn 1980—total range 0.54 mag) and (7-F (Reed, 
Hesser, and Shawl 1988—total range 0.86 mag). 

We have thus used the C—7] index to derive abundances 
accurate to 0.3 dex for the clusters in NGC 1399. We selected 
only bright (7] < 22.3) clusters with good photometry (a of any 
index < 0.2). This also ensures a cluster sample contaminated 
by stars or galaxies at only the few percent level. The abun- 
dance distribution for the selected 145 clusters is displayed in 

Fig. 2.—Metallicity calibration for the (C—TJq index, using Galactic 
globular clusters. Note the large range in color. 

AND FORTE 
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Fig. 3.—Abundance distribution for the globular clusters in NGC 1399 
(above) and the Galaxy (below). The abundance for the NGC 1399 halo is also 
shown. 

Figure 3. This is one of the largest samples of quantitative 
abundance estimates available for any GCS (note that these 
results supercede the preliminary analysis presented in Geisler 
and Forte 1989). For comparison, the distribution for Galactic 
globulars (121 clusters) using the data of Zinn (1985) and 
Armandroff and Zinn (1988) is also shown. 

In general, the globulars in NGC 1399 cover a range of 
metallicities similar to those in the Galaxy. However, the 
shapes of the distributions are quite different. While the Galac- 
tic globulars exhibit a bimodal distribution, due to distinct 
halo and disk subsystems (Zinn 1985), the NGC 1399 distribu- 
tion is much broader, essentially flat across the whole range of 
abundances. (Note, however, that the larger abundance errors 
for the NGC 1399 clusters—-0.3 vs. 0.15 dex—would prefer- 
entially smooth any peaks.) Second, a greater fraction of the 
NGC 1399 clusters have abundances near solar. The abun- 
dance derived for these clusters is more uncertain, however, as 
it requires an extrapolation of the calibration. In any case, 
NGC 1399 does appear likely to contain more metal-rich clus- 
ters than does the Galaxy, with the most extreme having 
[Fe/H] ~ -1-0.3. This also appears to be the case in the two 
other best studied elliptical galaxies—NGC 5128 (Harris, 
Harris, and Hesser 1988) and M87 (S81). Third, NGC 1399, 
like the Galaxy, shows a rather abrupt cutoff at the metal-poor 
tail. However, this cutoff occurs at a metallicity ( ~ — 2) some- 
what higher than that in the Galaxy ( ~ — 2.25). 

The mean (C—TJq color of the NGC 1399 globulars is 
1.51 ± 0.03 (s.e. of the mean), indicating a mean metallicity of 
—0.85 ± 0.07. We have also determined the mean colors for 
the background halo light of the galaxy. We find (C—T^o = 
1.83 ± 0.05, yielding [Fe/H] = -0.09 ±0.12. Thus, NGC 
1399 is similar to M87 and other bright Virgo ellipticals in that 
the globular clusters are bluer than the halo light at a given 
radius (S81; Forte, Strom, and Strom 1981; Cohen 1988; 
Wagner, Richtler, and Hopp 1989). S81 derive a difference in 
metal abundance of ~0.6 dex between the clusters and the 
halo light in M87, similar to our value of 0.75 dex for NGC 
1399. The mean metal abundance for Milky Way globular 
clusters is —1.32 ± 0.05 (Armandroff and Zinn 1988). Cohen 
(1988) finds the median metallicity of M87 globulars to be 
~ —0.9 from integrated Gunn photometry, very similar to our 
value for the NGC 1399 clusters. However, Couture, Harris, 
and Allwright (1990) find a mean metallicity of —1.1 ± 0.25 for 

M87 globulars, and Wagner, Richtler, and Hopp (1989) con- 
clude that the NGC 1399 clusters are significantly redder 
(~0.1 in the mean in B—V) than their M87 counterparts. 

IV. THE LUMINOSITY FUNCTION 

The first step in deriving a LF is to simply count the number 
of objects in Figure 1 within different magnitude bins. In order 
to ensure the purest cluster sample, only objects with interme- 
diate colors were included. Note that the limit of the photo- 
metry is 7; ~ 23.8. For a typical globular cluster, this is 
equivalent to F ~ 24.3 or Æ ~ 25. 

This raw LF must first be corrected for any systematic errors 
in the photometry, as well as incompleteness, as determined 
from the ADDSTAR experiments. Finally, the number of 
background objects must be subtracted. Our results show that 
these effects are all only a few percent at 7^ ~ 23 (the turnover 
magnitude that we derive—see below) but become increasingly 
significant as the limiting magnitude is approached. 

Figure 4 shows the corrected LF for the NGC 1399 globular 
clusters. The total sample size is ~600. A clear turnover near 
Ti = 23 exists and has been surpassed by about 3/4 of a magni- 
tude before the 50% completeness limit (7] ~ 23.75) is reached. 
A Gaussian with <t = 1.2 (indicated by our data) and peak 
magnitude = 23.0 provides a reasonable fit to the LF. We note 
that independent BV data by Bridges, Hanes, and Harris 
(1990) confirm this turnover. 

We can now derive the distance to NGC 1399 and the 
Fornax cluster by fitting the LF to that of a GCS whose dis- 
tance is known. The assumptions and advantages of this 
method, as well as convincing support, are presented by H88. 
We will first use the Galaxy as the comparison GCS. However, 
we will use the latest value for (MK)peak of —7.50 + 0.13 
derived by Armandroff (1989) for Galactic globulars, slightly 
different from Harris’s value of — 7.6. 

The peak magnitude we derive for the NGC 1399 GCS is 
Ti = 23.0 ± 0.15 or F = 23.45 ±0.16. Assuming a reddening 
E(B—V) of 0.03 (Hanes and Harris 1986), the true distance 
modulus is (m — M)0 = 30.85 ± 0.22 or 14.8 ±1.6 Mpc. Note 
that the formal error is only about 10%. However, the possible 
errors associated with matching the GCSs of a relatively iso- 
lated spiral and a giant ellipical galaxy at the center of a large 
cluster of galaxies are difficult to assess. 

One would expect a more reasonable comparison to be 
obtained between the globular cluster LFs of NGC 1399 and 

T1 
Fig. 4.—The 7; luminosity function for NGC 1399 globular clusters. The 

data have been corrected for systematic photometric errors, incompleteness, 
and background contamination. Root N error bars are shown. The curve is a 
Gaussian with peak magnitude = 23.0 and o = 1.2. 
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M87, given their very similar luminosities, galactic environ- 
ments, globular cluster specific frequencies, and possibly even 
detailed GCS abundance distributions. A relative Fornax- 
Virgo distance based on globular cluster LFs should minimize 
any systematic errors in this method. By normalizing our LF 
to that of H88 for the composite LF of four Virgo ellipticals 
(including M87, whose LF is very similar to those for the other 
three galaxies), we find an excellent match between the LFs if 
Fornax is 0.5 + 0.2 mag closer in distance modulus. This rela- 
tive Fornax-Virgo distance is in good agreement with that of 
Bothun, Caldwell, and Schombert (1989) and Bridges, Hanes, 
and Harris (1990). However, Dressier et al (1987) and Pierce 
(1989) find the two clusters to be at virtually the same distance. 
Using Harris’s distance of 31.6 ± 0.22 for Virgo then gives 
(m — M)0 = 31.1+0.3 for Fornax. We will take the mean of 
these two (somewhat) independent determinations and adopt 
(m — M)0 = 31.0 + 0.25 for Fornax, or 15.8 + 2 Mpc. 

Given the distance to the Fornax cluster and its radial veloc- 
ity (1261 + 50 km s-1—Dressier et al 1987), we can imme- 
diately solve for the Hubble constant, after correcting for the 
total motion of the Local Group toward the Virgo Cluster 

AND FORTE 

(331 ± 41 km s“1—Aaronson et al 1982). A value of 66 + 14 
km s 1 Mpc “1 is obtained, in good agreement with the value 
of 64 + 7 which H88 derives from the GCSs in Virgo 
[corrected to (MK)peak = —7.5]. Alternatively, we can derive 
the Virgocentric infall velocity of the Local Group by using 
Harris’s distance to Virgo of 20.9 Mpc and assuming that 
Fornax does not participate in this flow. We find 236 km s-1 

for the pattern infall velocity (corrected for a random motion of 
81 km s 1—Aaronson, et al 1982). This agrees well with most 
previous values, e.g., the Aaronson et al value (250 + 64 km 
s_ x) and that of van den Bergh (1981—252 km s"1). 

We would like to acknowledge the help and advice of Chris 
Pritchet, especially for providing his computer programs. 
Thanks are also due to M. G. Lee for his help with the abun- 
dance calibration and to Terry Bridges, Bill Harris, Dave 
Hanes, and Stefan Wagner for communication of their results 
in advance of publication. This Letter was significantly 
improved due to the thoughtful suggestions of Hugh Harris 
and Jim Hesser. 
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