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ABSTRACT

We present a comprehensive study of the luminosity function and spatial structure of the globular
cluster system of NGC 4472, the brightest galaxy in Virgo, based on deep wide-field Washington CT;
CCD images. The globular cluster luminosity function shows a peak at T, = 23.3 + 0.1 mag, about 1.5
mag brighter than our 50% completeness limit. Comparing this value with that of the Galactic globular
clusters, we estimate the true distance modulus to NGC 4472 to be (m — M),=312+02
(corresponding to a distance of 17.4 + 1.6 Mpc). With our large sample (=~2000) of bright globular clus-
ters over a wide field, we make a definitive investigation of the spatial structures of the metal-poor and
metal-rich cluster populations and find that they are systematically different: (1) the metal-rich clusters
are more centrally concentrated than the metal-poor clusters; and (2) the metal-rich clusters are elon-
gated roughly along the major axis of the parent galaxy, while the metal-poor clusters are essentially
spherically distributed. In general, the metal-rich clusters closely follow the underlying halo starlight of
NGC 4472 in terms of spatial structure and metallicity, while the metal-poor clusters do not. The global
value of the specific frequency of the globular clusters in NGC 4472 is estimated to be Sy = 4.7 + 0.6.
The local specific frequency increases linearly outward from the center of NGC 4472 until ~ 5’5, beyond
which it levels off at Sy ~ 8.5 until the limit of our data at 7'. The specific frequency of both the metal-
rich and metal-poor populations shows similar behavior. However, Sy of the metal-poor clusters is about
a factor of 2 greater than that of the metal-rich clusters in the outer regions. Implications of these results
for the origin of the globular clusters in NGC 4472 are discussed. These results are consistent with many
of the predictions of both the model of episodic in situ formation plus tidal stripping of globular clusters
given by Forbes et al. and the Ashman & Zepf merger formation model, but each of the models also has

some problems.
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galaxies: individual (NGC 4472, M49) — galaxies: star clusters — globular clusters: general

1. INTRODUCTION

This is the second in a series of papers on Washington
CCD photometry of the globular cluster system (GCS) in
NGC 4472. In Paper I (Geisler, Lee, & Kim 1996), we
obtained a deep color-magnitude diagram of =~ 10,000
objects in a 164 x 16/4 field centered on NGC 4472 and
presented the analysis of the metallicities of about 1800
bright (T; < 23 mag) globular clusters. Our most striking
result was that the metallicity distribution of the globular
clusters was clearly bimodal, showing distinct peaks at
[Fe/H] = —1.3and —0.1 dex.

In this paper, we examine the globular cluster luminosity
function (GCLF) and spatial structure of the NGC 4472
GCS. This study is based on data for a large number of
globular cluster candidates in NGC 4472 obtained from
deep wide-field CCD photometry, while previous studies on
this subject were based either on shallow wide-field pho-
tographic photometry or on deep small-field CCD photo-
metry (Harris & Petrie 1978; Harris & van den Bergh 1981;
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Harris 1986; Cohen 1988; Harris et al. 1991; Couture,
Harris, & Allwright 1991).

The use of the turnover of the GCLF has become increas-
ingly important as a distance indicator. Jacoby et al. (1992)
have shown that this technique is more precise than pre-
viously regarded. The peak of the GCLF in several Virgo
galaxies has been used to derive their distances (e.g., Harris
et al. 1991; Whitmore et al. 1995; Elson & Santiago 1996).

Our large sample should allow us to obtain a more
robust value than derived from previous, smaller scale
studies. Second, Ashman, Conti, & Zepf (1995) have predict-
ed a metallicity dependence of the GCLF peak, with metal-
poor clusters peaking at brighter magnitude than metal-rich
clusters, with the exact values depending on the metallicity
and bandpass. Whitmore et al.’s (1995) Hubble Space Tele-
scope (HST) data on the M87 GCS showed a bimodal
metallicity distribution, and the GCLFs of the two popu-
lations showed peaks that differed by about the amount
predicted by Ashman et al. The presence of another
bimodal GCS allows another critical test of the Ashman et
al. prediction, as cluster populations with significantly dif-
ferent metallicities can be compared directly.

The utility of a global measure of the globular cluster
population in a galaxy, namely, the specific frequency Sy,
has been shown by many studies (e.g., Harris 1991). This
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provides a luminosity-independent means of comparing the
cluster formation efficiencies of different galaxies, a key
ingredient in understanding how the clusters and the gal-
axies themselves are made. Likewise, the spatial structure of
the GCS and how it compares with the galaxy light has
been used since the seminal study of Strom et al. (1981) to
set constraints on the relative formation and chemical evol-
ution histories of these components. The presence of two
distinct globular cluster (GC) populations in NGC 4472
allows us to investigate their specific frequencies and spatial
structures independently. Such investigations are unprece-
dented. Note that HST studies are generally confined to
only a very small inner region of the GCS, while wide-field
ground-based studies such as ours cover virtually the entire
extent of the GCS except for the inner regions, which are
saturated and/or subject to crowding and high background
light levels. Thus, HST and ground-based studies are very
complementary.

This paper is organized as follows: Section 2 describes
briefly the data for the globular clusters used in this study.
Section 3 derives the GCLF and estimates the distance to
NGC 4472. Section 4 estimates the specific frequency of the
GCS in NGC 4472 and investigates its variation with galac-
tocentric radius. Section 5 studies the spatial structure of
the GCS and compares this with the structure of the under-
lying halo starlight of NGC 4472. Section 6 summarizes our
results and compares them with the predictions of various
models of the formation of globular clusters in giant ellip-
tical galaxies. Preliminary results from this study have been
presented in several conference proceedings (Lee, Kim, &
Geisler 1996; Kim, Lee, & Geisler 1996).

2. DATA

We have used the photometric data of the objects in a
164 x 164 field centered on NGC 4472 given in Paper L
The KPNO 4 m prime-focus CCD system was used to
obtain deep Washington system (Canterna 1976) CT,
observations, and the data were reduced with the
DAOPHOT 1II point-spread function—fitting reduction
program. Figure 1 displays the color-magnitude diagram of
the ~ 10,000 measured objects. The remarkable bimodal
vertical structure graphically portrays the two populations
of globular clusters in NGC 4472, and the faint blue hori-
zontal structure represents mostly background galaxies, as
described in detail in Paper 1. Here we have chosen, as the
best globular cluster candidates, those objects with colors of
1.0<C—T, <23 for investigating the GCLF, going
down to our incompleteness limit of T} = 24.6 (see below),
and have used the bright globular clusters, with 19.63
mag < T; < 23 mag, for the analysis of the spatial structure
of the GCS, as marked in Figure 1. These limits (other than
the completeness limit determined below) were derived in
Paper I from a careful analysis of the color, magnitude, and
spatial distribution of our entire sample of objects. We have
relaxed the photometric error requirement for this analysis
to o(C — T;) < 0.15. This increases our final sample of GC
candidates to ~2000.

Since the color distribution of the globular clusters in
NGC 4472 is clearly bimodal with a minimum at C — T; ~
1.65, and an age difference sufficiently large to explain the
observed color difference is very unlikely (Paper I), we
assume the colors reflect metallicity and have divided the
final sample into two groups accordingly: the blue globular
clusters (1.0 < C — T; < 1.65; 1257 objects) and the red
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FiG. 1.—T, vs. C — T, diagram of all objects from Paper I. The bound-
aries for the blue globular clusters (BGCs) and red globular clusters
(RGC:s), as defined in Paper I, are marked by the boxes. The middle hori-
zontal line marks the lower limit of our bright GC sample used to study the
GCS spatial structure, while the bottom line indicates the completeness
limit of our photometry.

globular clusters (1.65 < C — T; < 2.3; 764 objects) (see
Paper I). The mean metallicities of each of these two groups
are respectively [Fe/H] = —1.3 and —0.1 dex. These two
groups are referred to as BGCs (blue or metal-poor GCs)
and RGCs (red or metal-rich GCs), respectively, hereafter.
The number ratio of the metal-rich GCs to metal-poor GCs
is 0.6. Inspection of the color-magnitude diagram and lumi-
nosity function in the next section indicates that the con-
tamination due to background galaxies and foreground
stars is minor (less than 10%) in the final sample of the
bright globular clusters with T; < 23 mag (see also Paper I).

3. GLOBULAR CLUSTER LUMINOSITY FUNCTION

3.1. Completeness Tests

We have tested the completeness of our photometry
using artificial-star experiments with the aid of the
ADDSTAR routine in DAOPHOT II. We have added
20,000 artificial stars into 10 copies of the original images
(2000 stars per image) and have estimated the completeness
of our photometry by calculating the recovery probability
of the added stars. Table 1 lists the completeness as a func-
tion of magnitude. The completeness in Table 1 is defined as
f = N(recovered stars)/N(added stars).

The incompleteness varies depending on position in the
image and is especially large in the central region, because
of the saturation due to the bright nucleus of NGC 4472,
and in the outer region, as a result of image quality degra-
dation from the large, poorly corrected 4 m prime-focus
CCD field. Therefore we have limited our final sample to
the globular clusters located within the galactocentric
radius range 50" < r < 420" for the following analysis. The
lower limit has been increased over that used in Paper I to
ensure uniform completeness over the range.

Table 1 shows that our photometry is almost complete
up to T; ~ 24 mag and C ~ 25 mag, and the limiting mag-
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TABLE 1
COMPLETENESS OF THE PHOTOMETRY

Magnitude f A 4 Magnitude f A 4
C: T;:

20.28...... 1.00 0.002 0.005 18.17...... 1.00 —0.002 0.000
20.78...... 1.00 0.000 0.004 18.67...... 1.00 —0.001 0.003
21.28...... 1.00 0.001 0.005 19.17...... 1.00 0.000 0.004
21.78...... 1.00 0.002 0.009 19.67...... 1.00 0.001 0.006
2228...... 1.00 0.003 0.010 20.17...... 1.00 0.001 0.007
22.78...... 1.00 0.002 0.017 20.67...... 1.00 0.000 0.008
23.28...... 1.00 0.004 0.026 21.17...... 1.00 0.002 0.014
23.78...... 0.99 0.000 0.040 21.67...... 1.00 0.005 0.020
2428...... 0.98 0.003 0.061 2217...... 1.00 0.005 0.035
2478...... 0.96 0.002 0.093 2267...... 0.98 0.003 0.057
25.28...... 0.84 —0.002 0.142 2317...... 0.96 0.006 0.082
25.78...... 0.61 —0.047 0.207 23.67...... 0.95 0.007 0.128
26.28...... 0.33 —0.178 0.297 24.17...... 0.78 —0.002 0.180
26.78...... 0.13 —0.390 0.316 24.67...... 0.47 —0.100 0.277

25.17...... 0.21 —0.334 0.311

25.67...... 0.09 —0.638 0.292

nitudes, defined as the 50% completeness level, are T} j;,, ~
24.6 mag and C;;,,, ~ 25.9 mag. Table 1 also lists the mean
differences of the magnitudes of the added and recovered
stars (A), which show that this quantity is generally small
until one approaches the limiting magnitude. We also
include the mean photometric errors (the rms of the differ-
ences, o). These values agree well with the internal errors
returned by DAOPHOT.

3.2. The Globular Cluster Luminosity Function

We have derived the luminosity function of this sample,
and the results are shown in Figure 2 and listed in Table 2A.
Before discussing these results, we must first note the limi-
tations of our data. The area covered by this sample is only
152 arcmin?, although the CCD field covered 269 arcmin?
and reaches r > 8 from the center of the galaxy. Unfor-
tunately, we have had to limit our sample to this smaller
radial range because of the increasingly poor image quality
beyond this. Therefore, we are only able to study the GCS

from ~1' to 7. Indeed, because of this same problem, we
are unable to derive any measure of the background con-
tamination since we are unable to perform useful photo-
metry in a region far enough from the galaxy to lie beyond
the extent of the GCS (note that Harris 1986 estimates the
GCs to extend out to r ~ 20) despite our efforts to do so.
We were also unable to observe a separate comparison field
as a result of time constraints. In addition, the strongly
varying image quality prohibited us from performing the
usual image classification analysis. We attempted to use the
various image moments defined by Harris et al. (1991) to
differentiate GCs from resolved background galaxies, but
our attempts proved unsatisfactory. Therefore we could not
discard resolved objects from our analysis or subtract the
contribution due to field populations from the derived lumi-
nosity function of the globular clusters. Instead we have
investigated roughly the contamination effect on the
resulting luminosity function of the globular cluster candi-
dates as follows.

TABLE 2
A. LuMINOSITY FUNCTION OF ALL MEASURED GLOBULAR CLUSTERS IN NGC 4472

T, N(T)) T, N(TY) T, N(T) T, N(T))
195...... 6 207...... 34 219...... 102 | 231..... 195
197...... 10 209...... 48 2.1...... 99 | 233...... 214
199...... 11 201 62 223...... 134 | 235..... 193
201...... 11 213...... 64 225...... 146 | 237...... 165
203...... 21 215...... 76 27...... 168
205...... 20 217...... 9% 229...... 163

B. LumiNosITY FUNCTION OF BLUE AND RED GLOBULAR CLUSTERS

IN NGC 4472
N(Ty) N(Ty)

Ty BGC RGC T, BGC RGC
19.65...... 6.0 33 21.75...... 42.7 54.7
19.95...... 8.0 2.7 2205...... 50.0 50.0
20.25...... 10.7 7.3 22.35...... 571 719
20.55...... 11.3 12.7 2265...... 734 91.8
20.85...... 253 20.0 2295...... 81.2 89.5
2115...... 39.3 253 23.25...... 105.0 106.4
2145...... 38.0 32.7 23.55...... 96.6 79.8
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FI1G. 2—(a) T, luminosity functions of the globular clusters in NGC
4472 before completeness correction (pentagons, 1.0 < C — T, < 2.3; tri-
angles, 1.3 < C — T, < 2.3; squares, 1.65 < C — T, < 2.3). The dashed line
represents the luminosity function of the blue objects with 0.2 < C — T; <
0.8, which are mostly background galaxies. (b)) Completeness-corrected
luminosity functions. Note that our results have not been corrected for
background contamination and are unreliable for T; > 23.8. (¢) Compari-
son of our results (triangles) with previous studies. The circles and crosses
represent the g-band data given by Cohen (1988) and the B-band data
given by Harris et al. (1991), respectively. These two sets of data were
arbitrarily moved along the vertical direction to match with ours around
T, = 23 mag, and along the horizontal direction according to the magni-
tude relations as described in the text. We have limited our data to T, <
23.8. (d) R luminosity function of the Galactic globular clusters (solid histo-
gram, halo globular clusters; dotted histogram, both halo and disk globular
clusters).

In Figures 2a and 2b, we have plotted the luminosity
function of the blue objects (0.2 < C — T; < 0.8), which are
mostly background galaxies (dashed line). We have chosen
this color range to avoid any contamination effect due to
the faint blue globular clusters in deriving the luminosity
function of the background galaxies. Figures 2a and 2b
show that the luminosity function of the blue galaxies is
negligible up to T; ~ 23 mag but increases rapidly faint-
ward from T; ~ 23.2 mag, showing a turnover at T; ~ 24.9
mag, which is close to the magnitude limit of our photo-
metry. This turnover is undoubtedly due to the incomplete-
ness of our photometry. It is of course impossible to
individually distinguish globular clusters from unresolved
background galaxies within our GCS color and magnitude
limits. The color-magnitude diagram of faint field galaxies
(T} = 23 mag) in other fields shows that their color range is
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typically —0.2 < C — T; < 1.6. Therefore we conclude (1)
that the contribution due to the field populations is, at
most, minor, in the sample of the bright (T; < 23 mag)
globular clusters and in the sample of the RGCs up to the
faint magnitude limit, but (2) that the field contamination
starts to become significant faintward of T; ~ 23.2 mag in
the BGCs.

Figures 2a and 2b display the luminosity function of the
globular cluster candidates with 1.0 < C — T; < 2.3. The
fainter part (7; > 23.8 mag) of this luminosity function is
clearly affected by the contamination due to the back-
ground galaxies, as shown by the asymmetry around the
peak. The contamination effect due to the background gal-
axies is reduced in the sample from which the bluest objects
were removed. The luminosity functions of the objects with
1.3 < C— T, <23 and the RGCs in Figures 2a and 2b
illustrate this effect very well. Therefore, we have limited our
GCLF analysis to objects brighter than T} = 23.8 with
colors of 1.3 < C — T; < 2.3. Using these criteria, we feel
that our data are sufficient to investigate the turnover in the
GCLF, which lies at a bright enough magnitude that the
various limitations are tractable.

Even though the luminosity functions of the various GC
samples in Figure 2b show somewhat different shapes at the
faint end, all three show clearly a peak at the same magni-
tude of T} = 23.3 + 0.1 mag. The bright part of the derived
luminosity function of the globular clusters is well fitted by
a Gaussian function with a peak at T; = 23.3 mag and a
width ¢ = 1.3, as shown in Figure 3. For this exercise, we
fixed the width at a value typical of those found in giant
elliptical GCSs (e.g., Whitmore et al. 1995), since we had the
smallest leverage on this quantity, and derived a formal
value of 23.31 + 0.07 for the peak. Fixing the width at 1.4
increased the peak by only 0.03 mag.

Previous studies of the luminosity functions of the globu-
lar clusters in NGC 4472 were based on deep small-field
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Fi1G. 3—Comparison of the luminosity functions for the GCs with
13<C—T, <23 (triangles), the BGCs with 13 <C—T, <1.65
(circles), and the RGCs (crosses). The heavy solid line represents a
Gaussian fit to the luminosity function of the globular clusters with
13 < C— T, <23and hasapeak at T; = 23.31 magand o = 1.3.
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photometry (Cohen 1988; Harris et al. 1991). Cohen (1988)
presented the g-band luminosity function of the globular
clusters located in the radial range 30” <r < 300", and
Harris et al. (1991) presented B-band luminosity functions
of globular clusters in a 4.1 x 3/4 field centered on the
nucleus of NGC 4472. We have compared these with ours
in Figure 2c. We have applied rough color relations appro-
priate for these globular clusters to convert g and B magni-
tudes into T; magnitudes for the purpose of comparison:
T, ~B—12 and T; ~ g — 0.55 (Cohen 1988; Djorgovski
& Meylan 1993). Figure 2¢ shows that the three sets of
luminosity functions agree well in general, except for the
fact that Cohen’s shows some excess in the range 23 <
T; < 24 mag compared with the other two. However, ours
are based on a much larger number of globular clusters and
deeper photometry than the others, but they do suffer from
the inability to perform image classification and back-
ground analysis. Also note that the Ajhar, Blakeslee, &
Tonry (1994) data on NGC 4472 reveal a turnover at
R(~T,) ~ 23.3,in excellent agreement with our result.

3.3. Peak Luminosity Difference between the
BGCs and RGCs

We have investigated whether there is any systematic dif-
ference in the peak value of the luminosity functions of the
BGCs and RGCs. The luminosity functions of the BGCs
and RGCs are given in Table 2B and displayed in Figure 3.
For the BGCs in Figure 3, we have counted only globular
clusters with colors of 1.3 < C — T; < 1.65 instead of 1.0 <
C — T, < 1.65 to reduce the field galaxy contamination at
the faint end. The number of globular clusters in this sample
is similar to that of the RGCs, so that the two samples can
be compared directly on a statistical basis. We have cor-
rected these samples for the T; incompleteness but not for C
incompleteness, and therefore it is likely that we are losing
some of the reddest, faintest clusters. Figure 3 shows (1) that
the shapes of the bright part of the luminosity function of
the BGCs and RGCs are similar; (2) that the faint part of
the luminosity function of the BGCs is more significantly
affected by faint galaxies than that of the RGCs; and (3) that
both the luminosity functions of the BGCs and RGCs show
a peak at the same magnitude, T, = 23.3 mag. We are
unable to quantify rigorously the similarity of these two
peaks because of the various problems but estimate that
they are the same to within ~0.15 mag.

Therefore it appears that there is little, if any, difference in
the peak luminosities of the GCLFs of the BGCs and
RGC:s. This result is not consistent with the theoretical pre-
diction by Ashman et al. (1995). According to the relations
between peak luminosity and metallicity given by them, the
peak luminosity of the RGCs should be 0.3 mag fainter in
T; than that of the BGCs in the case of NGC 4472, which is
not seen in Figure 3. This difference should be even larger in
the more metallicity-sensitive C filter. We have investigated
this effect but are unable to make any useful comparison
because of the data limitations.

In the case of M87, the cD galaxy in Virgo, the observ-
ational results published so far are somewhat confusing.
Elson & Santiago (1996) suggested from the study of 254
globular clusters in a field 2:5 from the center of M87 that
the peak luminosity of the BGCs is 0.3 mag brighter than
that of the RGCs. However, this conclusion is based on a
small number of globular clusters. On the other hand,
Whitmore et al. (1995) found only half this difference
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between the two populations from their study of 1032
globular clusters in a field less than 1.7 from the center of
MS87. The latter is consistent with our results on NGC 4472.

Finally, we note a curious feature seen clearly in Figure 1:
in the brightest magnitude of the GCLF, there are about
twice as many BGCs as RGCs. This feature appears to be
stronger than expected from the differences in population
sizes but requires more study.

3.4. Distanceto NGC 4472

We have estimated the distance to NGC 4472 using the
peak value of the luminosity function of the globular clus-
ters obtained in the previous section, T; = 23.3 + 0.1 mag,
in comparison with the luminosity function of the globular
clusters in our Galaxy. Figure 2d displays the R-band lumi-
nosity function of the Galactic globular clusters, which is
derived from the compiled data of Djorgovski & Meylan
(1993) and Harris (1996). We have plotted this figure in such
a way that the position of the peaks in the GCLFs for NGC
4472 and our Galaxy are at the same location in the hori-
zontal scale. We have adopted the metallicity-luminosity
relation of the RR Lyrae variables of M, = 0.17[Fe/H]
+ 0.82, as discussed in Lee, Freedman, & Madore (1993), in
deriving the absolute magnitudes of the Galactic globular
clusters. In Figure 2d, we have plotted the luminosity func-
tions for two samples: one for the halo globular clusters, the
other for both halo and disk globular clusters. The lumi-
nosity functions of both samples of the Galactic globular
clusters show clearly a peak at My = —7.9 + 0.1 mag (the
difference between R and T; magnitudes is negligible;
Geisler 1996).

Comparing these peak values of the GCLFs, we derive a
distance estimate of (m — M), =312+ 0.2 for zero
reddening (Burstein & Heiles 1982), which corresponds to a
distance of 17.4 + 1.6 Mpc. This distance estimate is consis-
tent with the value based on the B-band GCLF (Harris et
al. 1991), (m — M), = 31.3, and the estimate based on the
surface brightness fluctuation method, (m — M), = 31.18
(Tonry 1990). However, our estimate is much larger than
the value derived using the planetary nebula luminosity
function, (m — M), = 30.7 + 0.19 (Jacoby, Ciardullo, &
Ford 1990). Note that Ciardullo, Jacoby, & Tonry (1993)
presented later, in a comparative study of the planetary
nebula luminosity function and surface brightness fluctua-
tion distance scales, updated values based on these two
methods for NGC 4472: (m — M), = 30.84 + 0.11 and
30.78 + 0.07, respectively, which are significantly smaller
than ours.

Our distance estimate for NGC 4472 is very similar to
that for M87, the cD galaxy in the core of Virgo, ~4° away
to the north of NGC 4472 (Lee & Geisler 1993a, 1993b;
Whitmore et al. 1995). Lee & Geisler (1993b) estimated,
from deep Washington CCD photometry, a peak GCLF
value of T} = 23.4 + 0.2 mag (corresponding approximately
to V = 23.85 mag). This estimate was confirmed later by
more comprehensive data based on HST observations of
over 1000 globular clusters in the central region of M87
from Whitmore et al. (1995), who derived Vo = 23.72
+ 0.06 mag. Considering the foreground reddening of
E(B—V)=0.02 for M87 (Burstein & Heiles 1984) and
adopting the same peak luminosity of the Galactic globular
clusters as used for NGC 4472, we obtain an estimate for
the distance modulus of MS87 from the HST data,
(m — M), = 31.2 + 0.1. This value is slightly larger than
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that from Whitmore et al. (1995), because they adopted a 0.1
mag fainter value for the peak luminosity of the Galactic
globular clusters than used in this study.

These results show that NGC 4472 and M87 are basically
at the same distance from us, d = 17.4 + 1.6 Mpc, even
though they are 4° apart on the sky. Adopting this value for
the distance to Virgo yields estimates for the Hubble con-
stant, Hy,=68 + 6 km s~ ! for the Virgo velocity of
1179 + 17 km s~ * (Jerjen & Tammann 1993), or H, = 81
+9 km s~ ! for a Virgo velocity of 1404 + 80 km s !
(Huchra 1988).

4. SPECIFIC FREQUENCY

The specific frequency, Sy, of the GCS of a galaxy is the
total number of globular clusters (N,,,) per unit galaxy lumi-
nosity (M, = — 15 mag), defined as Sy = N,,, 100-4Mv7+15)
(Harris & van den Bergh 1981). It represents the global
efficiency of globular cluster formation over the history of
the parent galaxy. We have estimated the specific frequency
for NGC 4472 using the luminosity functions of the globu-
lar clusters given in the previous section, as follows.

First, we calculate the total number of clusters that would
have been observed in the CCD images if the observations
were deep enough to cover the faintest clusters. Assuming
that the luminosity function is symmetric around the peak,
we estimate the total number of globular clusters by doub-
ling the number of observed clusters brighter than the peak
luminosity, obtaining a value of 4116 clusters. Second, we
estimate the correction due to lack of areal coverage for the
central (< 50”) area and outer (r > 420”) area of NGC 4472,
using a power law and a de Vaucouleurs law for the radial
profiles of the surface number density of the globular clus-
ters obtained in the following section. We extrapolate the
observed profiles out to 10'.

We next estimate roughly the background level in our
data, considering the following: (1) The background level
for NGC 4472 given by Harris (1986) is 4.3 objects per
square arcminute for the magnitude limit of V' = 23.3 mag
(corresponding to T; ~ 22.8 mag). (2) In creating the globu-
lar cluster sample with colors 1.0 < C — T; < 2.3, we have
already subtracted the non-globular cluster candidates
with colors C — T; less than 1.0 or greater than 2.3. There-
fore we need to subtract only the field objects within the
color range of the selected globular clusters from the globu-
lar cluster sample. Considering these two points, we derive
roughly 2.4 objects per square arcminute for the back-
ground level in our data. However, this value is much
higher than the number density for the very outer area of
the field (500" < r < 550”), where some globular clusters are
included. Therefore, this value is considered as an upper
limit to the background level.

Finally, we derive the fully corrected total number of
globular clusters in NGC 4472, obtaining 6700 + 600 and
5500 + 500 for the power law and de Vaucouleurs law,
respectively. The mean of these two values is 6100 + 800,
which is adopted as N, for the NGC 4472 GCS.

The total ¥ magnitude of NGC 4472 is VT = 8.41 mag
(de Vaucouleurs et al. 1991), which corresponds to an absol-
ute magnitude of MY = —22.8 mag for the distance deter-
mined in the previous section, d = 17.4 + 1.6 Mpc. From
the total number of globular clusters and the absolute mag-
nitude of NGC 4472, we derive a value for the specific
frequency of Sy =4.7+ 0.6. A change in the distance
modulus of +0.1 corresponds to a decrease in the specific

30 F— - McLaughlin et al.(1994, m-M=31.0) ]
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F1G. 4—Radial variation of the local specific frequency. The dotted line
represents the results given by McLaughlin, Harris, & Hanes (1994), and
the solid line represents the same results adjusted for the distance modulus
of NGC 4472 obtained in this study. Open circles are for the BGCs, crosses
for RGCs, and filled circles for the combined sample. Error bars include
both Poisson errors in the GC counts and errors in the surface photo-
metry.

frequency of —0.4.

Harris (1986, 1991) estimated the total number of globu-
lar clusters in NGC 4472 to be 7400 + 2100, from the
observed number of clusters with V < 23.3 mag,
2300 + 400. He derived a specific frequency Sy = 5.0 + 1.4
from these data for (m — M), = 31.3. Our results are consis-
tent with Harris’s within the errors of the estimates, but
ours have smaller errors than Harris’s and are derived from
a larger sample of clusters.

We have investigated the radial variation of the local
specific frequency, as shown in Figure 4, which is also listed
in Table 3. The surface photometry of the halo used in this
diagram is described in Kim, Lee, & Geisler (1997). Figure 4
also displays the results given by McLaughlin, Harris, &
Hanes (1994), which were based on integrating the power
law obtained from the luminosity function data of Harris
(1986). McLaughlin et al. adopted a value for the distance
modulus of (m — M), = 31.0, which is 0.2 smaller than ours.
Our results are consistent with McLaughlin et al.’s for an
intermediate distance modulus except in the outer regions,
where our values fall substantially below his. McLaughlin et

TABLE 3

RADIAL VARIATION OF THE LOCAL SPECIFIC FREQUENCY
OF THE GLOBULAR CLUSTERS IN NGC 4472

R R

(arcsec) Sy (arcsec) Sy
72....... 1.59 + 0.09 283...... 5.78 + 0.34
107...... 2.56 +0.14 313...... 7.40 + 0.44
137...... 3.77 £ 0.21 339...... 8.60 + 0.52
167...... 4.01 +£0.23 368...... 8.87 + 0.55
1%...... 5.15+0.29 398...... 8.71 £ 0.57
224...... 5.20 + 0.30 433...... 8.66 + 0.57
252...... 5.88 + 0.34
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al’s values of Sy continue to increase even more than lin-
early with distance out to at least 20/, reaching a value of
~32 at this radius. But note that this result is based on
photographic GC and surface photometry data, and the
latter only extend to 10". Given these limitations, we feel
that the McLaughlin et al. specific-frequency values beyond
~ 8 are very uncertain and, in the outer parts, represent a
very large extrapolation. We find instead that S, increases
linearly with distance only out to ~ 55, beyond which Sy
levels off with a value of only about 8.5, some 4 times lower
than the value derived by McLaughlin et al. for the outer-
most regions. Although our radial coverage does not extend
beyond 7, it is difficult to believe that the local Sy would
begin to increase again at some point. Note that McLaugh-
lin et al.’s actual data for M87 show a very similar behavior
to that we find for NGC 4472—a linear rise with radius out
to about 7' with no further significant increase out to the
limit of their data, at about 9'. The implications of these
differences are quite important for some models of GC for-
mation, as will be discussed in § 6.

Our data allow us to investigate for the first time how the
local specific frequencies of the two GC populations vary
with radius, as also shown in Figure 4. We see that both the
RGCs and the BGCs increase their specific frequency lin-
early with radius from the central regions out to ~ 5.5 and
then level off with no further significant increase. Both of
the populations have a very similar specific frequency in the
inner regions, but the BGC specific frequency increases
more rapidly with radius than that of the RGCs, such that
in the outer regions the specific frequency of the BGCs is
roughly twice that of the RGCs. Thus, if a galaxy with a
GCS similar to that of NGC 4472 were subject to stripping,
the stripped material would have a specific frequency of
~ 8.5 and BGCs would outnumber RGCs by about a factor
of 2.

5. SPATIAL STRUCTURE OF THE GLOBULAR
CLUSTER SYSTEM

5.1. Overall Structure

We have investigated the spatial structure of the GCS in
NGC 4472 using the final sample of the bright globular
clusters with T; < 23. Figure 5 displays the spatial positions
of these objects. Two important features are immediately
seen in Figure 5: (1) the globular cluster candidates (Fig. 5a)
are centrally concentrated, while the non—globular cluster
objects (Fig. 5Sb—with colors C — T; < 1.00r C — T, > 2.3)
are uniformly distributed over the field; (2) the spatial dis-
tribution of the BGCs (Fig. 5¢) is clearly different from that
of the RGCs (Fig. 5d), in the sense that the latter is more
spatially concentrated than the former. We also note a
strong clumping of both the BGCs and RGCs in the inner
northwestern and western directions, respectively. Similar
clumpiness has been seen before in both the M87 and NGC
1399 GCSs (C. J. Pritchet 1996, private communication) but
is presently not explained.

To investigate in detail the spatial structure of the globu-
lar cluster systems as seen in Figure 5, we have created
globular cluster number density maps by counting globular
clusters in a 24" x 24" reseau. Figure 6 illustrates the
resulting cluster density contour maps. Note that the
central region of 3 x 3 reseaux in Figure 6 is masked
because of the saturated nucleus of NGC 4472. Figures 6a
and 6b show that the spatial structure of the entire GCS is
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almost spherical in the outer area and somewhat elongated
in the inner region, while the structure of the halo starlight
of NGC 4472 is significantly elongated overall (with ellip-
ticity ~0.2 and position angle 150°~160°). Thus the overall
structure of the entire GCS is different from that of the halo
starlight.

Previously Harris & Petrie (1978), from a photographic
study of a region with 2’ < r < 20/, suggested that the GCS
in NGC 4472 is almost spherically symmetric, while Cohen
(1988) argued (from CCD data in a region with 05 < r < 5')
that the GCS has the same ellipticity and position angle as
the halo light. Our result indicates that the opposite conclu-
sions given by these two studies are probably due to the
mostly different radial ranges of NGC 4472 studied by
them.

In addition, Figures 6¢ and 6d show striking evidence
that the spatial structures of the BGCs and RGCs are sys-
tematically different: (1) the RGCs are more centrally con-
centrated than the BGCs (note that the contour levels are
the same in Figs. 6¢ and 6d); and (2) the spatial structure of
the RGC:s is significantly elongated roughly along the major
axis of the halo of NGC 4472, while that of the BGCs is
almost spherical. With a large sample of globular clusters in
a wide field, we find for the first time that there are system-
atic differences in the spatial structure of the BGCs and
RGCs in a giant elliptical galaxy. This is further strong
evidence for the existence of two distinct populations of
GCs in such a galaxy. Quantitative analysis of the spatial
structure of the GCS follows.

5.2. Radial Structure

We have determined the structural parameters of the
RGCs and BGCs, fitting ellipses to the number density
maps of the globular clusters created as above. We have
used the ellipse-fitting routine ELLIPSE in IRAF/STSDAS
for this purpose. Figure 7 displays the variation of the
surface number density, color, ellipticity, and position angle
with respect to the projected galactocentric radius for the
two populations, and these results are listed in Tables 4
and 5.

Surface number density—Figure 7a shows the radial pro-
files of the surface number density of the globular cluster
systems we have derived. In Figure 8a we compare our
results for the entire GCS with Harris’s (1986) based on
photographic counts of a wide field and Harris et al.’s (1991)
based on CCD photometry of a small field close to the
center of NGC 4472. In Figure 8a, we have plotted the
globular clusters brighter than T; < 22.85 mag, which is the
limiting magnitude of the data in Harris (1986), and cor-
rected our data for the background level derived above.
These figures show that our results are roughly consistent
with the other two in the overlapping radial range. We have
fitted the radial profiles of the entire GCS with T; < 22.85
mag using a power law and a de Vaucouleurs law: log
ogc = (1.60 + 0.04) — (1.23 £+ 0.06) log r(arcmin) and log
0c = (3.16 +£ 0.12) — (1.62 + 0.08)r'/* for the range
70" <r < 400”. These coefficients are not significantly
affected if we change from the T' < 22.85 mag sample to the
T, < 23.0 mag sample. In addition, Figure 7a shows that
the surface number density of the RGCs decreases faster
than that of the BGCs. We have fitted the radial profiles of
the BGCs and RGCs based on the original sample with
T, <230 mag (ie, uncorrected for background
contamination), using the de Vaucouleurs law and a power
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F1G. 5—Positions of the measured objects with T; < 23 mag in the field. A plus sign represents the center of NGC 4472, and the circles with radii of 63
pixels (=50") and 875 pixels (=420") represent the boundary of the region used for the final sample in this study. (a) All globular clusters; (b) very blue
(crosses) or very red (triangles) objects that are foreground stars or background galaxies; (c) the BGCs; (d) the RGCs.

law, as shown in Figure 8b: log 65c = (2.43 + 0.15) — (1.13
+ 0.10)r1/# [and (1.36 + 0.05) — (0.88 + 0.08) log ] for the
BGCs and log o¢c = (3.05 + 0.12) — (1.72 + 0.09)r'/* [and
(1.39 + 0.04) — (1.28 £+ 0.07) log r] for the RGCs. We have

TABLE 4

RADIAL SURFACE DENSITY OF THE GLOBULAR CLUSTER SYSTEM IN NGC 4472

R R R
(arcsec) Oge (arcsec) Oge (arcsec) Oge
All: BGC: RGC:
54....... 314 +31 61....... 146 + 1.8 50....... 151 +25
97 ....... 243 +24 11...... 120 £ 1.5 84....... 153 +26
131...... 212 +21 146...... 118+ 1.5 111...... 102 + 1.7
164...... 153+ 15 181...... 7.6 + 1.0 138...... 9.7+ 1.6
196...... 144+ 14 215...... 85+11 165...... 67+ 1.1
227...... 123+12 245...... 6.8 +0.9 19...... 53+09
257...... 114+ 1.1 277...... 62+ 0.8 228...... 44 +0.7
289...... 84108 308...... 5.6+ 0.7 260...... 39+07
324...... 77408 338...... 52+07 29%...... 28405
357...... 7.7+ 08 369...... 47+ 0.6 334...... 2.6 +04
391...... 6.1 +0.6 404...... 34 +04 371...... 23+04
430...... 46+ 0.5 440...... 1.9+02 414...... 1.7+ 03

Note.—The surface densities are given in units of number per arcmin? for the sample

with T} < 23.0 mag.

no information on the background levels for the BGCs and
RGC:s. In order to make a crude first-order correction, we
assume the ratio of the background level for the BGCs
and RGCs is 1 and use the rough value for the back-
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F1G. 6.—Gray-scale map of (a) a short-exposure T; CCD image of NGC 4472, and surface number density maps for the globular clusters with T; < 23
mag: (b) the entire GCS; (c) the BGCs; (d) the RGCs. The contour levels are 3.1, 6.3, 8.8, 12.5, 17.5, 25.0, 31.3, and 43.8 objects arcmin ~ ? for (b) and 1.9, 3.8, 6.3,

9.4,12.5, and 15.6 objects arcmin 2 for (c) and (d).

ground levels for the T; < 22.85 mag sample. Figures
7a and 8c show the radial profiles after subtracting
the background level from the number density for the
BGCs and RGCs. Fitting similarly to these data, we

obtain log ogc = (275 +0.17) — (1.42 + 0.12)r'/* [and
(1.40 4+ 0.06) — (1.12 + 0.09) log r] for the BGCs and log
66c = (3.66 + 0.19) — (2.28 + 0.14)r*/* [and (1.47 £ 0.06)
— (1.73 £ 0.11) log r] for the RGCs. Thus, the two popu-

TABLE 5

STRUCTURAL PARAMETERS OF THE GLOBULAR CLUSTER SYSTEM IN NGC 4472

ELLIPTICITY PosITION ANGLE (deg)
R
(arcsec) All BGC RGC All BGC RGC
72....... 0.03 + 0.04 0.05 + 0.05 0.07 + 0.04 135 + 36 184 + 29 113 + 15
120...... 0.12 + 0.06 0.05 + 0.08 0.06 + 0.07 134 + 14 106 + 47 143 + 34
168...... 0.11 + 0.07 0.26 + 0.08 0.06 + 0.06 144 + 18 124 + 10 151 + 32
216...... 0.17 + 0.07 0.28 + 0.08 0.12 + 0.09 153 + 14 132 + 10 156 + 23
264...... 0.20 £+ 0.08 0.08 + 0.09 0.21 + 0.09 149 + 12 137+ 35 143 + 14
312...... 0.14 + 0.07 0.03 +0.10 0.24 + 0.09 132 + 15 20 + 83 135+ 12
360...... 0.19 + 0.06 0.13 + 0.07 0.28 + 0.09 149 + 10 165 + 16 137+ 11
408...... 0.20 + 0.04 0.08 + 0.09 0.31 + 0.07 151+ 6 184 + 34 141 + 8

456...... 0.13 + 0.08 0.05 + 0.11 0.31 £+ 0.06 164 + 21 205 + 62 144 + 6
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Fi1G. 7—Radial variations of the surface number density, color, ellipticity, and position angle of the globular clusters in NGC 4472. The filled circles, open
circles, and crosses represent respectively the entire GCS, the BGCs, and the RGCs. Also shown as small squares with error bars are the surface brightness
and other parameters for the halo light of NGC 4472. In (a), the raw data points, as well as the background-subtracted data (solid, dotted, and dashed lines,

respectively), are shown.

lations have a spatial structure that differs at the ~ 6 o level.
Color—Figure 7b shows that the median colors of the
entire GCS show a strong radial gradient, while the RGCs
and BGCs individually each show little, if any, radial gra-
dient. The slopes [ =d[Fe/H]/d log r(arcmin)] determined
in Paper I are —041+0.03 for the entire GCS,
—0.15 4+ 0.03 for the BGCs, and —0.12 + 0.06 for the
RGCs. This indicates that the large radial gradient of the
median colors of the entire GCS is simply due to the
varying radial mixture of the two populations, rather than
to dissipative processes, as discussed in detail in Paper 1.
Ellipticity.—Figure 7c shows that the mean ellipticity of
the entire GCS is almost constant around the value of 0.16.
The mean ellipticity of the RGCs increases from ~0.06
continuously outward up to ~0.3 at r = 410”. On the other
hand, the ellipticity of the BGCs is almost constant around
the value of 0.07, except for the range 150" <r < 240",
where the ellipticities are as large as 0.27. The ellipticity for
this range varies abruptly from nearby values. This varia-
tion is considered to be due to some local enhancement of

the number density in the southeastern direction, as seen in
Figure 6c¢.

5.3. Azimuthal Structure

We have investigated the azimuthal distribution of the
globular clusters. Figure 7d shows that the mean position
angles of the entire GCS and the RGCs are similar, with a
value of about 150°. The position angles of the BGCs vary
from ~100° to ~180°. The significance of this large varia-
tion is small, considering the difficulty of accurate determi-
nation of the position angles for small ellipticities, as in this
case. Figure 9 displays azimuthal variations of the globular
cluster number density for galactocentric radii of
70" <r < 420". It shows that the entirce GCS has an
obvious peak at a position angle of ~155° and that the
RGCs have a peak at the same value, while the BGCs show
an almost uniform distribution. The presence of only this
one peak instead of two in Figure 9 is due to the asymmetric
distribution of the globular clusters extended along the
southeastern direction.
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F1G. 8.—(a) Comparison of this study and previous studies of the radial
variation of the surface number density of the globular clusters in NGC
4472. Squares, the entire GCS with T; < 22.85 mag in this study after
background subtraction; open triangles, Harris (1986); filled triangles,
Harris et al. (1991). Note that we have shown here only globular clusters
brighter than T, = 22.85 mag, which is the limiting magnitude of the
Harris’s (1986) data, while the limiting magnitude of the Harris et al’s
(1991) data is T; ~ 23.24 mag. The solid line and dotted line represent the
fits with a power law and a de Vaucouleurs law, respectively. (b)) Compari-
son of the radial profiles of the metal-poor GCS (circles) and metal-rich
GCS (crosses) with T; < 23 mag, with no background subtraction. The
dotted lines represent the fits with a de Vaucouleurs law. (¢) Comparison of
the radial profiles of the metal-poor GCS (circles) and metal-rich GCS
(crosses) with T; < 23 mag, from which the background level was roughly
subtracted. The dotted lines represent the fits with a de Vaucouleurs law.

5.4. Comparison of the Globular Cluster Populations
with the Halo Light

We have compared the structural parameters of the
globular cluster populations with those of the halo starlight
of NGC 4472. The galaxy surface photometry is given in
Kim et al. (1997). Note that our new results for the outer
halo have changed significantly from those given in Paper I,
because of a small change in the adopted C and T, back-
ground levels. Figure 7 reveals several significant features,
as follows: (1) The radial profiles of the number density of
the GCS are flatter than that of the halo, being spatially
more extended than the halo. Note that the BGCs are sig-
nificantly more extended than the halo, while the RGCs are
only marginally more extended. The T; surface brightness
profiles are fitted using the de Vaucouleurs law and a power
law, log pr, = (13.89 + 0.01) + (6.33 + 0.01)r'/* and log
Hr, = (20.08 £+ 0.00) + (4.59 + 0.01) log r (Kim et al. 1997).
This slope of the halo is slightly steeper than the slope of the
RGCs based on the background-subtracted sample.

GLOBULARS OF NGC 4472. 1L 957

20|||||||||||||

70" <R < 420"

O [#/arcmin’]

0 T TR U B R
0 100 200 300

P.A.[°]

FI1G. 9.—Azimuthal variation of the surface number density of the
globular clusters with 70” < r < 420". The filled circles, open circles, and
crosses represent respectively the entire GCS, the BGCs, and the RGCs.

However, the background level used for the RGCs is con-
sidered to be an overestimate, as discussed in § 4. Better
estimation of the background level based on wider field
imaging data is needed to obtain a more reliable estimate of
the slope of the RGCs. (2) The median color of the RGCs is
remarkably similar to that of the halo, while the median
color of the BGCs is much bluer (by ~0.5) than that of the
halo. (3) The mean ellipticity of the entire GCS is slightly
smaller than that of the halo. The ellipticity of the RGCs
becomes larger than that of the halo in the outer region,
r > 300", while the ellipticity of the BGCs is generally much
smaller than that of the halo. (4) The mean position angle of
the entire GCS is similar to that of the halo for r > 200". In
general, we see that the RGCs are more similar to the halo
stars of NGC 4472 in terms of spatial structure and colors
than are the BGCs.

6. SUMMARY AND DISCUSSION

Although it is risky to test galaxy formation models
based on a single case, the fact is that our study of the NGC
4472 GCS represents the best data yet available, which
combine both deep wide-field photometry, to ensure large
samples and large radial coverage, and a wide color baseline
that allows high metallicity precision. In particular, we have
large numbers of both RGCs and BGCs with which to
study their properties individually for the first time. Thus,
although we strongly urge similar studies (and are carrying
out such studies), we will examine the NGC 4472 GCS in
some detail and compare our results with several GCS and
galaxy formation models.

First, we summarize the salient observed characteristics
of the NGC 4472 GCS as found in Paper I and this study:

1. The median metallicity of the entire GCS is
[Fe/H] = —0.9 4+ 0.2 dex.

2. The GCS consists of two distinct populations, one
metal-poor ([Fe/H] ~ —1.3 dex) and one metal-rich
([Fe/H] ~ —0.1 dex), with metallicity spreads in each
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population consistent with that of the halo GCs in our
Galaxy [o([Fe/H]) ~ 0.35 dex].

3. The number ratio Nggc/Ngge = 0.6.

4. The luminosity function of the globular clusters shows
apeak at T; = 23.3 + 0.1 mag.

5. The total number of globular clusters in NGC 4472
within r ~ 10’ is estimated to be 6100 + 800, and the global
specific frequency is Sy = 4.7 &+ 0.6. The local specific fre-
quency increases linearly with radius from ~1.5atr =1'to
~8.5 at r ~ 55 but does not increase further beyond this
distance, to at least 7'. Both the RGCs and the BGCs show
similar radial trends, with the local specific frequency of the
BGC:s increasing more rapidly with radius such that in the
outer regions there are about twice as many BGCs as
RGCs.

6. The RGCs are more centrally concentrated than the
BGCs. The BGCs are significantly more extended than the
halo, while the RGCs are marginally more extended than
the halo.

7. The metallicity gradient of the entire GCS is A[Fe/H]/
A log r = —0.41 £+ 0.03, but most of this gradient appears
to be due to the varying radial concentration of the two
populations and not to dissipative processes, since neither
the RGCs nor the BGCs show significant gradients.

8. The color of the RGCs is remarkably similar to that of
the halo starlight, while the color of the BGCs is much bluer
than that of the halo starlight, indicating a metallicity differ-
ence of [Fe/H] ~ 1.2 dex.

9. The spatial structure of the entire GCS is almost
spherical in the outer region and somewhat elongated in the
inner region. The BGCs are distributed almost spherically,
while the RGCs are elongated along the major axis of the
halo starlight.

These results can be used as constraints on models for the
origin of globular clusters. There have been several models
suggested, a brief summary of which is given in Ashman &
Zepf (1998) and Forbes, Brodie, & Grillmair (1997, hereafter
FBGY97). Here we consider only two models: the gaseous
merger model (Ashman & Zepf 1992, hereafter AZ92; Zepf
& Ashman 1993; see also Hernquist & Bolte 1993) and the
episodic in situ formation plus tidal stripping model
(FBG97).

In the gaseous merger model, an elliptical galaxy is
formed by the merging of two or more gas-rich spiral gal-
axies. The spiral galaxies have enriched gas in the disk and
metal-poor globular clusters in the halo. New globular clus-
ters are formed from the enriched gas during the merger/
interaction process. The resulting elliptical galaxy then has
two GC populations: the younger, more metal-rich, and
spatially more concentrated clusters formed as a result of
the merger, and the original, metal-poor, more spatially
extended GCs formed in the progenitor spirals. It is gener-
ally true that typical cluster elliptical galaxies have a factor
of =2 higher specific frequency than spirals. (However, we
note the need for more complete studies of even nearby
galaxies, using large-area detectors in order to study the
entire GCS to fainter magnitude levels than in previous
studies and, thus, improve existing values of Sy.) In order to
account for the factor of =2 higher specific frequency of
elliptical galaxies compared with spirals, which is a key idea
of the merger model as proposed by AZ92, at least as many
new RGCs are needed to be made in the merger as were
originally present in the combined total of BGCs in the
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progenitor spirals.

This merger model has been very successful in explaining
several observed qualitative characteristics of the globular
clusters in giant elliptical galaxies and interacting galaxies:
for example, the presence of young massive clusters in inter-
acting galaxies (e.g., Whitmore & Schweizer 1995), the
bimodal (or multimodal) metallicity distributions in a
number of GCSs (Paper I; FBG97), and the lack of metal-
licity gradients in either of the two populations but the
presence of a gradient in the overall GCS (e.g., Paper I).
However, some of the quantitative predictions of the AZ92
model have not been borne out by recent observations. This
was recently pointed out by FBG97. In particular, the
number of RGCs found in most multimodal elliptical gal-
axies known is insufficient to explain the specific-frequency
differences between typical spirals and ellipticals. In addi-
tion, the global specific frequency is roughly anticorrelated
with the number ratio Nyge/Ngge, Opposite to the predic-
tion of AZ92.

To explain such findings, FBG97 proposed another
model, the episodic in situ formation plus tidal stripping
model. In this model, metal-poor globular clusters are
formed first at an early stage in the initial collapse of the
protogalactic cloud with only minor star formation. After
some time (x4 Gyr) of quiescence, metal-rich globular clus-
ters are formed out of more enriched gas, roughly contem-
poraneously with most of the galaxy stars, during the major
collapse of the protogalactic cloud, which then forms an
elliptical galaxy with two GC populations. Most of the
globular clusters are formed in the first formation episode
and should not be structurally related to the halo light,
while the newly formed globular clusters are closely coupled
to the galaxy and share a common chemical enrichment
history and structural characteristics.

We will discuss each of our above salient points relevant
to these two theories in turn.

Point 2—The existence of multimodal GC populations
in giant elliptical galaxies is now known to be widespread
(Paper I; FBG97) and perhaps universal. The merger model
predicted this, which is one of its major successes, while
FBG97 use this as an initial theorem from which they derive
their model. As pointed out by FBG97, the existence of
multimodality rules out simple monolithic collapse models
since these would form only a single population of GCs.
However, the similar metallicity spreads in each population
and the constancy of the metallicity difference between
them in different galaxies are something that requires both
additional observational confirmation (this indeed applies
to all of our points) and theoretical explanation. For
example, a giant elliptical galaxy having suffered many
mergers would be expected to possess very broad metal-
licity ranges, as opposed to the distinct, rather narrow
peaks that are seen.

Point 3—As in our data on NGC 4472, of the ~ 13 well-
studied giant elliptical galaxies to date (FBG97; Geisler &
Lee 1998; Lee & Geisler 1998), only two have
Nroc/Npge = 1, as required by the merger model. Most
cases show a ratio of only ~0.5, a factor of 2 or more lower
than needed to explain the specific-frequency differences.
This is an obvious blow to the original AZ92 model.

Point 5—The in situ scenario predicts that higher
specific-frequency values should be associated with the
BGCs, since they formed at a time when cluster formation
dominated star formation, and this agrees with our finding
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of a higher specific frequency for the BGCs in the outer
regions of the NGC 4472 GCS. However, FBG97 also
invoke stripping of the outer regions of nearby galaxies to
account for the unusually high specific-frequency values
associated with some cD galaxies, such as M87, and refer to
McLaughlin et al’s (1994) work to state that the outer
regions of some elliptical galaxies, and NGC 4472 in partic-
ular, have a very high specific frequency, as much as in the
outer regions of M87. However, we have seen that the outer
regions of NGC 4472 probably have a specific frequency
about 4 times lower than the value derived by McLaughlin
et al., which makes it much more difficult to build up large
specific frequency galaxies from stripping of the outer
regions of a GCS like that of NGC 4472.

Point 6—Both models predict that the RGCs will be
more centrally concentrated than the BGCs. The in situ
model further predicts that the RGCs should have the same
spatial distribution as the galaxy halo. The RGCs are mar-
ginally more extended than the halo light.

Point 7—Both models predict a metallicity gradient in
the overall GCS due to the varying concentration of the two
populations. The in situ model would further predict that
the RGCs should also show a gradient due to dissipation,
which is not seen in NGC 4472.

Point 8—Both models successfully predict the close
agreement of the metallicity of the RGCs and the galaxy
light, and the offset of these from the BGCs.

Point 9—Both models would predict a roughly spherical
distribution of the BGCs. FBG97 also predict that the
RGCs will closely match the ellipticity of the underlying
galaxy, as seen in NGC 4472. The merger model would also
suggest that these distributions should be similar, but
results may depend on details of the merger.

FBGY7 also predicted that the RGCs should show some
rotation, depending on the amount of dissipation, while the
BGCs should have no rotation and a large velocity disper-
sion. Kinematic studies of a large number of the BGCs and
RGCs in NGC 4472 are required to test these predictions
(Mould et al. 1990 measured the velocities of 26 globular
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clusters in NGC 4472, but the number of clusters is too
small to study the differences between the metal-poor and
metal-rich systems). Such studies are indeed now becoming
available; for example, Sharples et al. (1998) have obtained
spectra of 57 GCs in NGC 4472, with roughly equal
numbers of BGCs and RGCs. They find no sign of rotation
in either population, and a strong hint that the BGCs have
a higher velocity dispersion than the RGCs.

Thus, we see that both models have some successes, as
well as failures, when compared with observations. FBG97
point out several other problems with the merger model.
However, as they admit, their scenario lacks an explanation
for why star and cluster formation was shut down for
several gigayears and why it was then reinitiated. In our
view, it is now becoming increasingly clear that mergers are
involved in the formation of many giant elliptical galaxies
and that a natural explanation of the onset of the second
generation of star and cluster formation is provided by
mergers. However, it is also now quite clear that this second
generation of clusters was in general insufficient to make up
the difference in specific frequency between typical spirals
and ellipticals. Thus, the AZ92 merger model may well
explain the second-epoch trigger mechanism, but ironically,
we may still be left with the original problem they tried to
solve—how to account for the specific-frequency difference.
The question of the origin of the high specific frequency
GCSs remains outstanding.
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