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makes no significant difference if the King- or power-law model
numbers are used instead. In all cases, the median !dyn

V /!pop
V ’

0:82! 0:07.
The few young massive clusters in the LMC and SMC for

which we have obtained dynamical mass-to-light estimates are
shown as open symbols in Figure 19. Although these tend to fall
nominally above the line !dyn

V " !pop
V , their measured !p; obs in

Table 13 are relatively uncertain, as our associated error bars
attest. In fact, in three of the six cases only upper limits to !p; obs

are given by the original authors. All other points in Figure 19
refer to old (" > 1010 yr) globular-type clusters and, as men-
tioned above, provide a direct check only on that extreme of the
population-synthesis models. Overall, however, we feel confident
that our use of !pop

V in general to infer mass-based cluster prop-
erties from simple surface-brightness modeling is well justified.

6. #-SPACE PARAMETERS
AND GALACTOCENTRIC DISTANCES

We anticipate a main use of our results in Tables 10, 11, and 12
above to be in the definition and interpretation of correlations
between the primary physical properties of star clusters. Ultimately,
such correlations can constrain theories of cluster formation and
evolution. They have been identified and discussed in many
forms in the literature for old, globular clusters in the MilkyWay
and a few other galaxies. So far as we are aware, our work here is
the first to allow for systematic investigation of the effects of
fitting GCs with models other than that of King (1966). It is also
the first to put a significant number of young massive clusters on
a completely equal footing with the old globulars.

Correlations among GCs are typically couched in terms of
a structural ‘‘fundamental plane’’ analogous to that originally
defined by Djorgovski & Davis (1987) and Dressler et al. (1987)

for dynamically hot galaxies. There are at least three equivalent
formulations of the globular cluster fundamental plane in the
literature.

First, Djorgovski (1995) presents strong bivariate correlations
involving !p; 0, r0, $V ; 0, Rh, and h$V ih, showing Galactic GCs to
be an essentially two-parameter family.

Second, McLaughlin (2000) works with!V , Ltot, King-model
c, and global binding energy Eb to arrive, in different form and
with different physical emphasis, at the same basic conclusion.
McLaughlin shows explicitly the equivalence between his and
Djorgovski’s formulations of the GC fundamental plane. In ei-
ther, the Galactocentric positions Rgc of the globulars are an
important external influence; it is well known, for example, that
GC half-mass radii and binding energies correlate significantly
with their location in the Galaxy (Rh / R0:4

gc and Eb / R#0:4
gc : van

den Bergh et al. 1991; McLaughlin 2000).
To bring young massive clusters, such as those we have

modeled in the LMC and SMC, into analyses along these lines,
it is preferable to work in terms ofMtot,"0, and"h—rather than
their luminosity or surface-brightness equivalents—so as to avoid
purely age-related effects. All but one of the required fundamental-
plane variables for our full cluster sample are then given in
Tables 10–12 above. The last—cluster positions within their parent
galaxies—is listed in Table 14, discussed below.

A third equivalent formulation of the fundamental plane is that
of Bender et al. (1992) and Burstein et al. (1997), who manipu-
late the basic observables of velocity dispersion, surface density,
and half-mass radius to define an orthonormal set of derived
parameters,

#1 $ ( log !2
p; 0 % log Rh)=

!!!
2

p
;
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;

#3 $ ( log !2
p; 0 # log"h # log Rh)=

!!!
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p
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and find tight distributions in #3 versus #1 for early-type galaxies
and (separately) for globular clusters. Bender et al. (1992) and
Burstein et al. (1997) actually define this ‘‘# space’’ using the
luminosity intensity Ih averaged over the half-light radius Rh; but
in order to remove the influence of age from comparisons of clus-
ter structures, we instead use the average mass density "h "
!V Ih " Mtot /2%R2

h. Then #1 $ log (!2
p; 0Rh) is related to the to-

tal mass of a system, and #3 $ log (!2
p; 0Rh /Mtot) contains the

exact details of this relationship—that is, information on the in-
ternal density profile. In fact, themass-based#3 of equation (5) can
be viewed as a replacement for King- or Wilson-model concen-
trations c or power-law indices &, or any other model-specific
shape parameter. As such, any trends involving #3 are directly of
relevance to questions concerning cluster (non)homology. The
definition of #2 is chosen simply to make the three # parameters
mutually orthogonal; it results in the correspondence #2 $
log ("3

h) (see Bender et al. 1992, for further discussion).
Table 14 gives the values of #1, #2, and #3 for all the young

and globular clusters that we fit with structural models in x 4.2.
In calculating these parameters, we have used the !p; 0 and "h

values as predicted in Table 12 by our adoption of population-
synthesis mass-to-light ratios. Equations (5) are evaluated for
!p; 0 in units of km s#1,"h inM( pc#2, and Rh in kpc (following
Bender et al. and Burstein et al., who originally had galaxies in
mind).

Table 14 also contains the observed distance, in kpc, of each
cluster from the center of its parent galaxy. These are projected
galactocentric radii for the LMC, SMC, and Fornax clusters, and

Fig. 19.—Ratio of dynamical V-band mass-to-light ratio to population-
synthesis model prediction, as a function of cluster metallicity, for all clusters
with measured central velocity dispersions in Table 13. The dynamical!V used
are those calculated from !p; obs using Wilson-model structural fits to each clus-
ter. Population-synthesis mass-to-light ratios are those predicted by the model of
Bruzual & Charlot (2003) using the disk-star IMF of Chabrier (2003). The bold,
dash-dotted line indicates the median !dyn

V /!pop
V " 0:82, which has a standard

error of ’!0.07.
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FROM POWER-LAW (OR SCHECHTER) TO BELL SHAPE
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ENTER HST+WFPC2
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FIG. 6.ÈTop : vs. from the Gaussian !t to the V - and I-band GCLFs. Middle : Variation of and with the mean V [I color of the cluster system.p
V

p
I

p
V

p
IBottom : Variation of and with the absolute magnitude (mass) of the host galaxy. The width of the GCLF in the V and I bands appear to be wellp

V
p
Icorrelated, while there is a weak trend of the more metal-rich clusters in more luminous galaxies having wider GCLFs.

the GCLF turnover migrates to fainter numbers for more
distant galaxies. We can further check for the internal con-
sistency of the GCLF and its utility as a distance indicator
by comparing the turnovers in V and I. In Figure 8 we plot
the turnover luminosity in the V band versus that in the I
band. It is immediately apparent that and are verym

V
0 m

I
0

tightly correlated. The uncertainties are larger for the
fainter systems, as is only to be expected from the complete-
ness limits.

Ashman, Conti, & Zepf (1995) showed that if the mass
function of GCs is universal, the position of the peak of the
GCLF is slightly dependent on the metallicity ; for the V
and I bands it shifts to fainter magnitudes for more metal-
rich systems, the e†ect being larger in V . In Figure 9 we plot
the variation in versus the mean metallicities fromm

V
0 [ m

I
0

Table 3 for candidates with mag. Wed(m
V
0 [ m

I
0) \ 0.15

have also included M87 (Kundu et al. 1999) in the plots. It is
evident that for both the variable width !ts and the
““ constant width ÏÏ !ts the di†erence between the turnovers
increases with metallicity in a manner consistent with the
Ashman et al. (1995) prediction. The amplitude of this varia-
tion is also consistent with the Ashman et al. values.

But how well do these turnover luminosities trace the
distance to the galaxy? While the recent compilations of
Kavelaars et al. (2000) and Whitmore (1996) show that the
GCLF is an excellent distance indicator Ferrarese et al.
(2000), in their comparison of various distance indicators,

suggest that the utility of the GCLF as a distance indicator
is questionable. In order to test the consistency we compare
the GCLFs with the weighted distance moduli of individual
galaxies calculated by Ferrarese et al and the SBF distances
measured by Neilsen, Tsvetanov, & Ford (1999). We note
that in most cases Neilsen uses the same HST as we do. The
distances measured by these two groups, and the Table 1
distances are listed in Table 6 (cols. [2]È[4]).

To calculate the absolute magnitude of the turnover
luminosity we compared the GCLFs with the best deter-
mined turnovers (i.e., uncertainty less than 0.1 mag) with the
weighted distance moduli of three other distance indicators
from Ferrarese et al. (2000) and Neilsen (1999). The turn-
over magnitudes for both the !xed width and variable
width cases along with the standard deviation and number
of galaxies used in calculating the di†erence are listed in the
upper half of Table 5. It is evident that the GCLF turnover
is in excellent agreement with the distance measurements
using other methods, and that the !xed width Gaussians are
more accurate than the variable width ones. In comparing
the Neilsen values with the Ferrarese et al. numbers (again
restricting the Neilsen sample to those with an uncertainty
of less 0.1 mag for the sake of consistency) we !nd that the
uncertainty in the di†erence, 0.14 mag, is comparable with
the GCLF values (0.11 and 0.14). Thus the GCLF is as
accurate a distance indicator as the SBF. In fact, as the
weighted Ferrarese et al. distances include SBF measure-
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143 GALAXIES (100 IN VIRGO + 43 IN FORNAX).

EACH GALAXY OBSERVED IN THE SLOAN G & Z 
BANDPASSES. 

SAMPLE SPANS A FACTOR OF 720 IN LUMINOSITY.

TYPES E, S0, E, DS0, DE,N.

15,000 GLOBULAR CLUSTERS.

RESULTS PUBLISHED IN 22 REFEREED PUBLICATIONS 
TO DATE.

ACSVCS + ACSFCS PROVIDE SBF DISTANCES FOR 
MOST GALAXIES (BLAKESLEE ET AL. 2009)



(! ! mc) " !2:5, which is plotted in Figure 1 (even though the
turnover is still about 0.18 mag fainter than mc in this case).

As seen in xx 5.2 and 6.1.2, the GCLFs observed in the
ACSVCS are all best fitted with !/Mc k 0:1, or (! ! mc)P
2:5 mag. This is the case also in the Milky Way.

3.3. Comparison with the Milky Way GCLF

Figure 2 plots the GCLF and the corresponding GCmass func-
tion in the Milky Way. The top panel of this figure shows the
GCLF dN /dm, in terms of clusters per unit absolute Vmagnitude,
for 143 GCs in the online catalog of Harris (1996).14 (Note again
that cluster luminosity andmass increase to the left in this standard
magnitude distribution.) The dashed line is the usual Gaussian
representation (eq. [2]) with parameters given by Harris (2001):

"V " !7:4 # 0:1 mag; #V " 1:15 # 0:10 mag: $11%

The solid curve is our fit of the evolved Schechter function in
equation (8), with

!V " !8:0 # 0:3 mag; mc;V " !9:3 # 0:3 mag: $12%

The dot-dashed curve rising steeply toward faint magnitudes is
a normal Schechter function with mc as in equation (12) but no
mass-loss parameter, i.e., ! ! 1 in equation (8). The shape of
this curve is therefore typical of the distribution of logarithmic
mass for young massive clusters in nearby galaxies.
The bottom panel of Figure 2 contains a log-log represen-

tation of the Galactic GC mass function, dN /dM . To construct
this distribution, we converted the absolute Vmagnitude of each
GC into an equivalent mass by assuming a mass-to-light ratio of
"V " 2 M& L!1

& for all clusters (as implied by population syn-
thesis models; see McLaughlin & van der Marel 2005). The
curves here are the mass equivalents of those in the top panel.
Thus, the dashed curve traces equation (3) with

log M=M&$ %h i " 5:2 # 0:04; #M " 0:46 # 0:04; $13%

while the solid curve is equation (7) with

log !=M&$ % " 5:4 # 0:1; log Mc=M&$ % " 5:9 # 0:1; $14%

and the dot-dashed curve is equation (7) with log (Mc/M&) "
5:9 and ! " 0, again representative of young cluster mass
functions.
Although both model fits to the GCLF are acceptable in a sta-

tistical sense, the evolved Schechter function yields a signifi-
cantly lower $2 value. This is because of the clear asymmetry
in the observed GCLF, which appears as a faintward skew in the
top panel and as a failure of the mass function dN /dM to decline
toward lowmasses in the bottom panel. This behavior is described
well by the evolved Schechter function but is necessarily missed
by the Gaussian, which systematically underestimates the number
of clusters with M P 3 ; 104 M&.
As a result of this, the best-fit evolved Schechter function

yields a GCLF peak that is slightly brighter than the Gaussian.
From the parameters given just above and either of equation (9)
or equation (10), we find a turnover magnitude ofmTO " !7:5 #
0:1 in the V band, some 0.1 mag brighter than the Gaussian turn-
over in equation (11). The turnover mass implied by the evolved
Schechter function is thus MTO ’ (1:75 # 0:15) ; 105 M&, just
over 10% more massive than the Gaussian fit returns. The intrin-
sically symmetric Gaussian model is forced to a fainter or lower
mass turnover in order to better fit the relatively stronger low-mass
tail of the observed GCLF. We find similar offsets in general be-
tween theGCLF turnovers from the twomodel fits to ourACSVCS
data (see xx 5 and 6).
We reiterate that the parameter ! in the evolved Schechter

function represents the average total mass loss per cluster (pre-
sumably due mostly to evaporation) that is required to transform
an initial mass function ( IMF) like that of young clusters in the
local universe into a typical old GCLF. Both qualitatively and
quantitatively, our model fits in Figure 2 correspond to the vari-
ous similar plots in Fall & Zhang (2001). In fact, the value! ’
(2:5 # 0:5) ; 105 M& obtained here for the Milky Way agrees
well with the mass losses required by Fall & Zhang (2001) for
their successfulmodelswith the second-order effects of tidal shocks
included. The simple function in equation (7) is thus a good ap-
proximation to their much fuller treatment of the GCLF.
It is also worth emphasizing just how close! is to the GCLF

turnover mass scale. This implies that essentially all globulars
currently found in the faint ‘‘half ’’ of the GCLF are remnants of
substantially larger initial entities. Equivalently, any clusters ini-
tially less massive than ’(2Y3) ; 105 M& are inferred to have
disappeared completely from the GC system.

Fig. 2.—Top: Fits of a Gaussian (dashed curve) and an evolved Schechter
function (solid curve) to the Milky Way GCLF, expressed as the (normalized)
number of clusters per unit of absolute V magnitude. The dot-dashed curve is a
Schechter function with the same value forMc as the solid curve but with mass-
loss parameter! set to zero. Bottom: Corresponding observed GCmass function
dN /dM and model fits derived from the GCLF assuming a V-band mass-to-light
ratio of 2 M& L!1

V ;& for all clusters (McLaughlin & van der Marel 2005).

14 Available at http://physwww.mcmaster.ca /~harris/mwgc.dat.
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Fig. 17.— Histograms and Gaussian fits for the GCLFs of GCs in the field of view of
four companions of M87 (=VCC 1316) and M49 (=VCC 1226) that lie farther away than

6 Re from the companion galaxy, where Re is the e!ective radius of the companion and is
determined as described in the text. For each field we present the z-band and g-band GCLFs

side by side. The VCC name of the companion galaxy is indicated in the upper left corner
of the left panel, where we also indicate the total number N of sources with pGC ! 0.5
and the bin-width h used when constructing the histograms. In each panel we show the

best fitting model (solid black curve), the intrinsic Gaussian component (dashed curve), the
Gaussian component multiplied by the completeness fraction (dotted curve), and a kernel-

density estimate of the expected contamination in the sample (solid gray curve). The solid
black curve is the sum of the solid gray and dotted curves. Details of the fits are given in

Table 6.
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data, and thus the correlation of ! with MB,gal would appear to be more fundamental than

the older view, that GCLF dispersions depend on galaxy Hubble type (Harris 1991).

At this point it should be noted that the GCs in brighter galaxies are known to have

broader color distributions, and hence larger dispersions in metallicity, than those in fainter
galaxies (e.g., Peng et al. 2006a). But cluster mass-to-light ratios, !, are functions of [Fe/H]

in general, so there will be some galaxy-dependent spread in their values. Since the variance
in an observed luminosity distribution is related to that in the mass distribution, by the usual
!2(log L) = !2(log M) + !2(log !), this then suggests the possibility that the trend we see

in the GCLF !z and !g vs. galaxy luminosity might result from systematics in !(log !)
vs. MB,gal on top of a more nearly constant !(log M). In fact, this idea was recently invoked

by Waters et al. (2006) as a potential explanation for the fact that the I-band GCLF of M87
is broader than that of the Milky Way; and by Strader et al. (2006) as a possible reason

for the narrower composite GCLF of a subsample of ACSVCS dwarfs versus the GCLFs of
Virgo giants. However, neither of those works checked these claims quantitatively. We have
done so here (see also Jordán et al. 2006), and we find that the explanation is not tenable.

As we will discuss further in §6.1.2, GC mass-to-light ratios in the longer-wavelength z

band vary by less than ±10% over the entire range !2 " [Fe/H] " 0, which includes the
large majority of clusters. Thus !(log !z) < 0.04 no matter what the details of the GC
metallicity distribution are—making for an utterly negligible “correction” to the observed

!(log Lz) = !z/2.5 for all of our GCLFs. In the shorter-wavelength g band, mass-to-light
ratios are more sensitive to cluster colors. But here the close agreement of our g- and z-band

GCLF dispersions shows immediately that the former must be reflecting the properties of the
GC mass functions just as closely as the latter are. Indeed, more detailed calculations, which

include the observed specifics of the color distributions in our galaxies (Peng et al. 2006a),
confirm that the spread in expected GC !g values contributes # 0.02 mag to the total
observed GCLF dispersion—an amount well within the observational uncertainties on !g in

the first place9. Thus, we proceed knowing that the correlations between GCLF dispersion
and galaxy luminosity that we are discussing here are very accurate reflections of equivalent

trends in the more fundamental GC mass distributions.

Because of the symmetry assumed in the model, the trend of decreasing Gaussian !m

in Figure 9 might appear to imply a steepening of the GCLF on both sides of the turnover
mass. However, as we have already discussed, if we take the more physically based, evolved-

Schechter function of equation (8) or (7) to describe the distribution of GC masses, then
all GCLFs must have the same basic shape (and thus half-width) for clusters fainter than

9We note that the median value of (!g ! !z) for our sample galaxies is 0.02 mag.
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Fig. 3.—Slope of the power law that best fits our z-band GCLF data, , forbz

masses , plotted against host galaxy absolute5 63# 10 ! (M/M ) ! 2# 10,

magnitude, . The large star and triangle show b-values for the Milky WayMB, gal

and M31, respectively, measured in the same mass regime using the data from
Harris (1996) and Reed et al. (1994) assuming a V-band mass-to-light ratio

. The bright side of the GCLF is steeper in fainter galaxies.M/L p 2V

the GCLF become progressively steeper in fainter galaxies.
However, various observational uncertainties make it difficult
to determine precisely the form of the faintest tail of the GCLF.
Thus, in J06 we show that good fits to our GCLFs can also be
obtained using an alternate model with a universal exponential
shape at magnitudes fainter than the turnover and that the down-
ward scatter in for faint galaxies persists in such a modelMTO

and so is not an artifact of any assumed Gaussian symmetry.
Here we concern ourselves only with the brighter half of the
GCLF, which is observationally better defined.
We have performed maximum likelihood fits of exponential

models (corresponding to power-law mass0.4(b !1)zzdN/dz ! 10
distributions, ) to the GCLFs at absolute mag-!bzdN/dM ! M
nitudes (cluster masses ! –5!8.7 " z " !10.8 3# 10 2#

) in 66 of our galaxies. Such distributions accurately610 M,

describe the bright sides of giant galaxy GCLFs (Harris &
Pudritz 1994; Larsen et al. 2001), and with , they alsob ! 2z

give good matches to the mass functions of young star clusters
in nearby mergers and starbursts (Zhang & Fall 1999).
Figure 3 shows the results of this exercise. There is a clear

steepening in the power-law exponent, from in brightb ! 1.8z

galaxies to in the faintest systems. However the faintb ! 3z

side of the GCLF behaves in detail, the bright side alone sug-
gests that smaller galaxies were unable to form very massive
clusters in the same relative proportions as giant galaxies.
A potential complication here is dynamical friction. A cluster

of mass on an orbit of radius r in a galaxy with circularM
speed will spiral into the center of the galaxy on a timescaleVc

(Binney & Tremaine 1987). In the Milky Way!1 2t ! M r Vdf c

and larger galaxies, Gyr for all but the very mostt 1 13df

massive clusters at small radii, and thus dynamical friction does
not significantly affect their GCLFs (e.g., Fall & Zhang 2001).
In dwarfs with low , however, can be interestingly shortV tc df

for smaller GCs at larger r, suggesting, perhaps, that the process
might significantly deplete the bright side of the GCLF in small
galaxies and contribute to the type of trend seen in Figure 3.
However, Vesperini (2000, 2001) has modeled the GCLF evo-
lution over a Hubble time in galaxies with a wide range of
mass, and his results strongly suggest that dynamical friction
does not suffice to explain our observations. In particular, the
widths of the Gaussian GCLFs in his models do not decrease,
even in dwarf galaxies, to anywhere near the extent seen in
the data. Thus, any significant galaxy-to-galaxy variations in
the shape of the GCLF above the turnover mass probably reflect
initial conditions (see J06 for further discussion).
In summary, the gradual narrowing of the GCLF as a func-

tion of galaxy luminosity, or the steepening of the mass dis-
tribution above the classic turnover point, presents a new con-
straint for theories of GC formation and evolution. In our view,
it is the cluster formation process in particular that is likely to
be most relevant to the observed behavior at the high-mass end
of the GCLF. Exactly what factors might lead to more massive
galaxies forming massive clusters in greater relative numbers,
is an open question of some interest.

Support for program GO-9401 was provided through a grant
from the Space Telescope Science Institute, which is operated
by the Association of Universities for Research in Astronomy,
Inc., under NASA contract NAS5-26555.
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∆(m−M)GCLF = 0.2± 0.04 ∆(m−M)SBF = 0.42± 0.03
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Figure 3. GCLF histograms for the Virgo and Fornax sample galaxies. For each
one of them we present the z- and g-band GCLFs side by side. The VCC/FCC
name and B-band magnitude of the galaxy are indicated in the upper left corner
of the left panel, where we also indicate the total number of sources N in each
histogram and the bin width h used to construct it (h is calculated as described in
the text). In addition, we show the best-fit model (solid black curve), the intrinsic
Gaussian component (dashed curve), the Gaussian component multiplied by the
expected completeness (dotted curve), and a kernel density estimate of the
expected contamination in the sample (solid gray curve). The solid black curve
is the sum of the solid gray and dotted curves. The galaxies are ordered by
decreasing apparent B-band total luminosity, reading down from the upper left
corner. The parameters of the fits are given in Tables 1 and 2.

(A color version and an extended version of this figure are available in the online
journal.)

!g = (1.09 ± 0.03) ! (0.10 ± 0.01)(Mz,gal + 22). (9)

This translates into a 0.05–0.1 mag difference in dispersion at
Mz " 22, and also shows that the linear fits derived from both
sets of data are equivalent within the uncertainties.

As discussed in Jordán et al. (2006), it is rather straightfor-
ward to link this trend in luminosity dispersion with a similar
trend in the mass distribution of GCs. It is well known that giant
galaxies tend on average to have more metal-rich GC popula-
tions when compared to dwarfs, showing also larger dispersions
in metallicity (see, e.g., Peng et al. 2006). This result, added to
the dependence of the cluster mass-to-light ratios (!) on metal-
licity, opens the possibility that the observed dispersion in the
value of ! might be metallicity-driven. These variations in !
have a strong dependence on wavelength. In bluer filters (the
g band in our case), variations of a factor of 2 or more in !
can be observed in the typical metallicity range of GCs (!2 !
[Fe/H] ! 0). At redder wavelengths this variation becomes less
dramatic, as shown by old stellar population models (e.g., PE-
GASE population synthesis models; Fioc & Rocca-Volmerange
1997). In particular the expected variation in ! as a conse-
quence of changes of ! in our z-band measurements should not

Figure 4. Left: estimate of Gaussian dispersion in the z band, !z, vs. the same
quantity in the g band, !g , for the GCLFs of our Fornax sample. Uncertainties are
1! . The line marks the one-to-one correspondence between these two quantities.
Right: difference between estimates of Gaussian means in the g and z bands,
µg ! µz, vs. the mean color #g ! z$ of the GC systems of our sample galaxies.
Uncertainties are 1! . The line marks the one-to-one correspondence between
these two quantities.

Table 3
Literature Compilation of Relative Distance Modulus Between

Virgo and Fornax Clusters

Method "(m ! M) Reference

Cepheids 0.47 ± 0.20 1
Fund. plane 0.45 ± 0.15 2

0.52 ± 0.17 3
PNLF 0.35 ± 0.21 4, 5

0.30 ± 0.10 6
GCLF 0.08 ± 0.09 7

0.13 ± 0.11 8
0.09 ± 0.27 6
0.17 ± 0.28 9

SBF 0.42 ± 0.03 10

Note. The cited references are (1) Freedman et al. 2001; (2)
D’Onofrio et al. 1997; (3) Kelson et al. 2000; (4) Ciardullo et al.
1998; (5) McMillan et al. 1993; (6) Ferrarese et al. 2000a; (7) Kohle
et al. 1996; (8) Blakeslee & Tonry 1996; (9) Richtler 2003; (10)
Blakeslee et al. 2009.

be higher than "4%, which means that the spread in the value
of ! observed in the upper panel of Figure 5 reflects almost
entirely a trend in the mass distribution of GCs. Moreover, the
very similar values obtained for ! in the z and g bands immedi-
ately show that the trend of ! with MB cannot be generated by
metallicity-driven changes in !.

5. A RELATIVE VIRGO–FORNAX DISTANCE
ESTIMATION

Several methods have been used in order to obtain accurate
distance estimations for both the Virgo and Fornax clusters, a
task that is in general more easily achieved in the case of Fornax
due to its more compact nature. The Virgo cluster extends for
over 100 deg2 in the sky, showing a complex and irregular
structure, with galaxies of different morphological type showing
different spatial and kinematic distributions. Working under
these conditions, the various distance estimators have reached
different levels of accuracy (see Ferrarese et al. 2000a, 2000b).
We will discuss now a compilation of results from the literature,
which are also summarized in Table 3.

The HST Key Project to measure the Hubble constant
aimed at obtaining accurate distances to galaxies using the
period–luminosity relation for Cepheid variables (their final re-
sults are presented in Freedman et al. 2001). It included the
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DEEP: 30 ORBITS OF HST+WFPC2 ON M87.
WATERS ET AL 2006; DEEPER ACS DATASET NOW EXISTS.

us to accept our hypothesis ( p-value ! 0:26), indicating that the
variances of the two distributions are consistent with each other.
The t-test also allows us to accept the hypothesis ( p-value ! 0:94),
suggesting that the location of the turnover is the same for both
as well. The combination of these two results leads to the con-
clusion that our luminosity function is consistent with that pre-
viously published for M87.

We can repeat this procedure for the Milky Way clusters, and
see if this luminosity function also matches. We used the catalog
of galactic globular clusters of Harris (1996), and adopted a dis-
tance toM87of 16Mpc (Macri et al. 1999).Wefind that aGaussian
fit to the binned Milky Way luminosity function yields hV i !
23:70 and ! ! 1:18. Running the same tests as above with the
same hypotheses, we can conclude that the turnovers are the
same (t-test p-value ! 0:99), but that the variances are signifi-
cantly different (F-test p-value ! 8 ; 10"3). This can be seen in
Figure 6, which illustrates that the Milky Way distribution is
significantly narrower.

This difference in the dispersions may be related to the differ-
ences in the cluster color distributions between the galaxies. M87
has a strongly bimodal color distribution, with roughly equal
numbers of red and blue clusters. These two populations serve
to spread out the total luminosity function, as the blue popula-
tion tends to be brighter than the red (hVbluei ! 23:27, hVredi !
23:62). This separation serves to increase the total luminosity
function dispersion. The shape of the luminosity function remains
a smooth Gaussian, as the dispersions of both of these popula-
tions are larger than the separation in the means. Because the
blue population dominates the Milky Way system, there is cor-
respondingly little effect from the spread of cluster colors on the
dispersion of the luminosity function.

4. MASS FUNCTION

As our data probe well beyond the turnover of the GCLF, we
can use it to gauge howwell current cluster evolutionmodels track
the observations. Theory predicts that dynamical evolution is the
dominant factor in the shape of the current luminosity function. To

compare to theoretical models, we need to convert the luminosities
into masses. We adopt a mass-to-light ratio (M /L) of 3 based on
work on the structural parameters (C. Z.Waters & S. E. Zepf, 2006,
in preparation) as our fiducial value. Changes in this value do not
change the relative fit quality between the observed mass function
and the theoretical models that we compare to. However, changes
will alter the mass-loss rates that we calculate from our data, such
that all of the rates that we calculate should be scaled by a factor
(M /L)/3.

Fig. 5.—Completeness-corrected luminosity functions for our inner and outer radius bins, with the boundary between the bins at 4.4 kpc. The median completeness as a
function of magnitude for each sample is plotted as a solid line.

Fig. 6.—Comparison of our globular cluster mass function for M87 (squares)
to the mass function of the Milky Way (triangles), based on the globular cluster
catalog of Harris (1996).
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FAINTER GALAXIES: NEARBY DWARFS WITH M_V > -16 
GEORGIEV ET AL 2009.

HST/ACS observations and dynamical properties of globular clusters 887

massive early-type galaxies. To explore this effect, we investigate
stellar evolution fading according to the SSP model of Bruzual &
Charlot (2003). Passive aging of a SSP from 3 to 14 Gyr reddens its
(V ! I)0 colour by "0.15 mag and fades its V-band luminosity by
"1.5 mag. This is illustrated in Fig. 5 with evolutionary tracks for
two metallicities ([Fe/H] = !2.25 and !1.64 dex) and two cluster
masses (Mcl = 3 # 104 and 5 # 104 M$). If some of the bluest GCs
in our sample are indeed younger clusters (with t ! 4 Gyr), they
will end up on the faint end of the luminosity function at an age
of 14 Gyr. However, those clusters would have to have unusually
low metallicities ([Fe/H] % !2.0), an interesting result that calls for
spectroscopic confirmation. Previous spectroscopic analyses of GCs
in other dwarf galaxies show that their blue colours are, in general,
consistent with old ages and low metallicities. However, some of
these clusters show spectroscopic intermediate ages ("4 Gyr), in
particular, in dIrrs (Puzia & Sharina 2008). An alternative (though
perhaps less likely) explanation for the lack of old, metal-poor, low-
mass clusters in dIrr galaxies may be selective reddening of such
objects. The reddening vector in the CMDs of Fig. 5 shows that a
reddening of EB!V = 0.2 mag is enough to dislocate intrinsically
bGCs to the rGC subsample. The age and reddening effects should
be tested with spectroscopic observations.

The probability density estimates, as shown in Fig. 5, for all
galaxy subsamples give the highest probability values in the range
(V ! I)0,! & 0.9–1.0 mag and MV,! & !7.5 to !6.5 mag. Gaussian
fits to the smoothed bGC luminosity function give peak values in the
range MV,TO = !7.6 to !7.0 mag with " GCLF = 1.2– 1.5 mag (see
Section 3.3). The colour distributions of GCs in our sample galaxies
peak at values typically found in other low-mass dwarfs (Seth et al.
2004; Sharina et al. 2005; Georgiev et al. 2006, 2008), and are very
similar to the canonical blue peak colour of rich GCSs in massive
early-type galaxies (e.g. Peng et al. 2008). For comparison, we also
show 10 of the brightest old LMC GCs (McLaughlin & van der
Marel 2005). There are three more LMC clusters that are fainter
than MV = !6.5 mag, however, without available V ! I colours.

3.3 Luminosity functions

Fig. 6 shows the luminosity functions of the blue and rGCs in
the top and bottom subpanels, respectively, which were split at
V ! I = 1.0 mag. Thick curves are Epanechnikov kernel proba-
bility density estimates. We find that the rGCs are biased towards
fainter luminosities compared to the bGC subsample. This indi-
cates that these objects are either strongly affected by background
contamination or intrinsically fainter than their bGC counterparts.
Gaussian fits to the smoothed histogram distributions return
MV,TO = !7.56 ± 0.02 mag and " GCLF = 1.23 ± 0.03 for dIrr,
MV,TO = !7.04 ± 0.02 mag and " GCLF = 1.15 ± 0.02 for dE/dSph
and MV,TO = !7.30 ± 0.01 mag and " GCLF = 1.46 ± 0.02 for Sm
galaxies (note the different sample sizes when comparing subpopu-
lations in Fig. 6). Assuming a typical M/LV = 1.8 obtained for old
metal-poor Magellanic GCs (McLaughlin & van der Marel 2005),
the turnover magnitude translates to a turnover mass mTO ' 1.6 #
105 M$, in excellent agreement with the results of Jordán et al.
(2007).

The GC luminosity function turnover magnitude for dIrrs is
slightly brighter than those for dE/dSph and Sm galaxies, and
it shows significantly broader luminosity function peaks extend-
ing to fainter magnitudes. This may be due to the interplay of
different formation mechanisms and ages/metallicities or perhaps
due to contamination by background galaxies. In general, all MV,TO

values are consistent with the luminosity function turnover magni-
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Figure 6. Luminosity distributions of selected blue and rGCs in the top and
bottom panels, respectively. Each subsample was split at V ! I = 1.0 mag in
bGCs and rGCs. Shaded histograms show the corresponding GC candidates
luminosity distribution, while open histograms are the total samples for
a given host morphology. In all panels, thick and dotted curves are non-
parametric Epanechnikov-kernel probability density estimates. The solid
line open histogram shows in the upper left panel the luminosity distribution
of old LMC GCs for comparison (data from McLaughlin & van der Marel
2005).

tude for metal-poor Galactic GCs (Di Criscienzo et al. 2006), as well
as for GCs in early-type dwarfs (Sharina et al. 2005; Jordán et al.
2007; Miller & Lotz 2007), and virtually identical to the turnover
magnitude of old LMC GCs at MV = !7.50 ± 0.16 mag (data from
McLaughlin & van der Marel 2005).

3.4 Nucleated dwarf irregular Galaxies

Another interesting feature in the CMDs of Fig. 5 is the presence of
a few relatively bright GCs in dIrr and dE/dSph galaxies, which are
similar in colour and magnitude to # Cen and M 54. Those clusters
are located in the nuclear regions of their host galaxies. Such bright
objects do not appear in the Sm subsample. A dedicated study of the
properties of these bright GCs will be presented in a forthcoming
paper of this series.

3.5 Structural parameters

Since the clusters’ half-light radii, rh, and ellipticities, $, are stable
over many relaxation times (e.g. Spitzer & Thuan 1972) and, thus,

C( 2008 The Authors. Journal compilation C( 2008 RAS, MNRAS 392, 879–893



GCLF shape is not universal (for 
masses above the turnover). It 
steepens for less massive 
galaxies. Initial conditions? Most 
likely.

The GCLF turnover shows 
evidence of (small!) variations 
with galaxy mass, environment 
and (perhaps) morphology.

GCLF turnover has systematics of 
~0.2 mag as a distance indicator, 
and internal dispersion ~0.15 
mag.
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