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ABSTRACT

We analyze the luminosity function of the globular

clust@€s) belonging to the early-type galaxies ob-

served in the ACS Virgo Cluster Survey. We have obtained mari likelihood estimates for a Gaussian
representation of the globular cluster luminosity funet{@®&CLF) for 89 galaxies. We have also fit the lumi-
nosity functions with an “evolved Schechter function”, waiiis meant to reflect the preferential depletion of
low-mass GCs, primarily by evaporation due to two-bodyxaten, from an initial Schechter mass function
similar to that of young massive clusters in local starlsuestd mergers. We find a highly significant trend
of the GCLF dispersion with galaxy luminosity, in the sense that the GC systems iallengalaxies have
narrower luminosity functions. The GCLF dispersions of @alaxy and M31 are quantitatively in keeping
with this trend, and thus the correlation betweeand galaxy luminosity would seem more fundamental than

older notions that the GCLF dispersion depends on

Hubble. tyjge show that this narrowing of the GCLF

in a Gaussian description is driven by a steepening of thetelumass function above the classic turnover
mass, as one moves to lower-luminosity host galaxies. Inhe@uer-function description, this is reflected
by a steady decrease in the value of the exponential cut-affsnscale. We argue that this behavior at the
high-mass end of the GC mass function is most likely a cormgepiof systematic variations of the initial
cluster mass function rather than long-term dynamicaligiaht. The GCLF turnover maséo is roughly
constant, aMto ~ (2.2+0.4) x 10°M,, in bright galaxies, but it decreases slightly (§y85% on average,
with significant scatter) in dwarf galaxies wilitg ga 2> —18. It could be important to allow for this effect when
using the GCLF as a distance indicator. We show that patigh@erhaps not all, of the variation could arise

from the shorter dynamical friction timescales in less

rvasgalaxies. We probe the variation of the GCLF to

projected galactocentric radii of 20—35 kpc in the Virgorg&aM49 and M87, finding that the turnover point is
essentially constant over these spatial scales. Our fitgobfed Schechter functions imply average dynamical
mass lossesXY) over a Hubble time that vary more thMyo, and systematically but non-monotonically as a
function of galaxy luminosity. If the initial GC mass didititions rose steeply towards low masses as we as-
sume, then these losses fall in the rangel®® M., < A < 10°M, per GC for all of our galaxies. The trends in

A are broadly consistent with observed, small variati

onsefrhean GC half-light radius in ACSVCS galax-

ies, and with rough estimates of the expected scaling ofagecevaporation rates (galaxy densities) versus
total luminosity. We agree with previous suggestions thtte full GCLF is to be understood in more detail,

especially alongside other properties of GC systems,

thiegemeration of GCLF models will have to include

self-consistent treatments of dynamical evolution insiche-dependent galaxy potentials.

Subject headings: galaxies: elliptical and lenticular, cD

1. INTRODUCTION
One of the remarkable features of the systems of globu-

lar clusters (GCs) found around most galaxies is the shapeb
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of their luminosity function, or the relative number of GCs
with any given magnitude. Historically most important has
een the fact that these distributions always appear to peak
turn over, at a GC absolute magnitude aroiigro ~ —7.5
(e.g., Harris 2001), corresponding roughly to a madd-gf ~

2 x 10°My,. The near universality of this magnitude/mass
scale for GCs has motivated the widespread use of the globu-
lar cluster luminosity function (GCLF) as a distance indica
(see Harris 2001; also Ferrarese et al. 2000), and it has also
posed one of the longest-standing challenges to theories of
GC formation and evolution.

In recent years, some significant amount of attention has
also been paid to the way that GCs are distributedhass
around the peak of the GCLF. Traditionally, the full GCLF
has most often been modeled as a Gaussian distribution in
magnitude, corresponding to a lognormal distribution of GC
masses. However, if one focuses only on the distribution of
GCs above the point where the magnitude distribution turns
over, it is found that the mass function can usually be de-
scribed by a power law (Harris & Pudritz 1994), or perhaps
a Schechter (1976) function (Burkert & Smith 2000), which
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is very similar to the mass distributions of giant molecular | bands increases with the mean metallicity of the GCs es-
clouds and the young massive star clusters forming in star-sentially as expected if the GC systems in most galaxies have
bursts and galaxy mergers in the local universe (e.g., ZBang similar age and mass distributions. Larsen et al. (2003)-stu
Fall 1999). The main difference between ancient GCs and theied the GCLF for 17 nearby early-type galaxies. They fitted
present-day sites of star-cluster formationis then thatihss ~ Student'st distributions separately to the subpopulations of
functions of the latter rise steeply upwards towards massesnetal-rich and metal-poor GCs in each galaxy, and found that
much less thaMro ~ 10°M, far exceeding the observed any difference in the derived turnovers was consistent with
frequency of such low-mass GCs. these subpopulations having similar mass and age distribu-
There are two main possibilities to explain this fundamen- tions and the same GCLF turnovwsass scale. Larsen et al.
tal difference. The first is that the conditions of star ahust  also fitted power laws to the mass distributions of GCs in the
formation in the early universe when GCs were assemblingrangeM ~ 10°-10°M,, and found they were well described
may have favored the formation of objects with masses in aby power-law exponents similar to those that fit the mass-func
fairly narrow range aroung 10°—1° M, (to the exclusion, in  tions of young cluster systems.
particular, of much smaller masses). These conditionsavoul In this paper, we study the GCLFs of 89 early-type galax-
no longer prevail in the environments forming young clus- ies observed by HST as part of the ACS Virgo Cluster Sur-
ters in the nearby universe. Some theoretical models alongvey (C6té et al. 2004). This represents the most comprehen-
these lines invoke the- 10° M., Jeans mass at the epoch of sive and homogeneous study of its kind to date. Some of the
recombination (Peebles & Dicke 1968), the detailed proper-results in this paper are also presented in a companion pa-
ties of ~ 10°M, cold clouds in a two-phase protogalactic per (Jordan et al. 2006). In the next section, we briefly de-
medium (Fall & Rees 1985), and reionization-driven com- scribe our data and present our observed GCLFs in a machine-
pression of the gas in subgalacti¢ 10’ M) dark-matter ha-  readable table available for download from the electrodic e
los (Cen 2001). tion of the Astrophysical Journal. In §3 we discuss two dif-
The second possibility is that GCs were in fact born with ferent models that we fit to the GCLFs, and ifl§ 4 we de-
a wide spectrum of masses, like that observed for young staiscribe our (maximume-likelihood) fitting methodology. Sec-
clusters, extending from £010' M., down to~ 10°~10*M, tion[3 presents the fits themselves, wh(lé §6 discusses a num-
or below. A subsequent transformation to the characteristi ber of trends for various GCLF parameters as a function of
mass function of GCs today could then be effected mainly host galaxy luminosity and touches briefly on the issue of
by dynamical processes (relaxation and tidal shockingd) tha GCLF variations within galaxies. 1187 we discuss some as-
are particularly efficient at destroying low-mass clustarer pects of our results in the light of ideas about GC formation
the lifetime of a GC system (e.qg., Fall & Rees 1977; Ostriker and dynamical evolution, focusing in particular on the rela
& Gnedin 1997; Fall & Zhang 2001). Some observational tion between our data and a model of evaporation-dominated
evidence has been reported for such an evolution in the mas§&CLF evolution. In EB we conclude.
functions of young and intermediate-age star clusters, (@eg
Grijs, Bastian & Lamers 2003, Goudfrooij et al. 2004). 2. DATA
If we take the Occam’s-razor view that indeed GCs formed A sample of 100 early-type galaxies in the Virgo cluster
through substantially the same processes as star clusters t was observed for the ACS Virgo Cluster Survey (ACSVCS;
day, then the picture offered by observations of old GCLFs is C6té et al. 2004). Each galaxy was imaged in the F475W (
unavoidably one of survivors. There has been some debate aSloang) and F850LP £ Sloanz) bandpasses for a total of
to whether it was in fact the long-term dynamical mechanisms 750 s and 1210 s respectively, and reductions were performed
just mentioned that were mainly responsible for destroying as described in Jordan et al. (2004a). These data have been
large numbers of low-mass globulars, or whether processesised previously to analyze the surface-brightness pragiles
more related to cluster formation strongly depleted mamy lo  the galaxies and their nuclei (Ferrarese et al. 2006ab, Coté
mass protoclusters on shorter timescales (Fall & Zhang;2001et al. 2006), their surface brightness fluctuations (Meilet a
Vesperini & Zepf 2003). Even the most massive Galactic GCs 2005ab; 2007), and the properties of their populationsanf st
have rather low binding energi& < 10°? erg (McLaughlin  clusters, mainly GCs (Jordan et al. 2004b, Jordan et al.,2005
2000), so that if conditions were not just right, very many Peng et al. 2006a) but also dwarf-globular transition disjec
protoglobular clusters could have been easily destroyétein - (or UCDs, Hasegan et al. 2005) and diffuse star clustersgPe
earliest~ 107 yr of their evolution, through the catastrophic et al. 2006b).
mass loss induced by massive-star winds and supernova ex- One of the main scientific objectives of the ACSVCS is the
plosions (see, e.g., Kroupa & Boily 2002; Fall, Chandar & study of the GC systems of the sample galaxies. We have de-
Whitmore 2005). Furthermore, any clusters that survive thi veloped a procedure by which we select GC candidates from
earliest mass-loss phase intact but with too low a concentrathe totality of observed sources around each galaxy, discar
tion could potentially still dissolve within a relativelyhert ing the inevitable foreground stars and background gadaxie
time of ~ 10°-1@ yr (Chernoff & Weinberg 1990). Homoge- that are contaminants for our purposes. This GC selection
neous observations of large samples of old GCLFs can helpuses a statistical clustering method, described in detaihi
clarify the relative importance of such early evolutionsues other paper in this series (Jordan et al. 2007, in preparatio
longer-term dynamical mass loss in the lives of star clsster in which each source in the field of view of each galaxy is
generally. assigned a probabilitysc that it is a GC. Our samples of GC
The largest previous studies of GCLFs in early-type galax- candidates are then constructed by selecting all souregs th
ies were performed with archival HST/WFPC2 data. Kundu havepgc > 0.5. The results of our classification method are
& Whitmore (2001a, b) studied the GCLF for 28 elliptical illustrated in Figure 1 of Peng et al. (2006a). For every GC
and 29 SO galaxies. They concluded that the turnover magni-candidate we record the background surface brightipesk
tude of the GCLF is an excellent distance indicator, and thatthe host galaxy at the position of the candidate, and we mea-
the difference in the turnover luminosity between thand surez- andg-band magnitudes and a half-light radigs by
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fitting PSF-convolved King (1966) models to the local light field.
distribution of the cluster (Jordan et al. 2005). Photomet- Ofthe 100 galaxiesinthe ACSVCS, we restrict our analysis
ric zeropoints are taken from Sirianni et al. 2005 (see alsoto those that have more than 5 probable GCs, as estimated by
Jordan et al. 2004a), and aperture corrections are apied asubtracting the total number of expected contaminants from
described by Jordan et al. (2007, in preparation). the full list of GC candidates for each galaxy. We additibnal
Note that, as part of the ACSVCS we have measured theeliminated two galaxies for which we could not usefully con-
distances to most of our target galaxies using the methodstrain the GCLF parameters. This results in a final sample of
of surface brightness fluctuations (SBF; Tonry & Schneider 89 galaxies. The GCLF data for these are presented in Table
1988). The reduction procedures for SBF measurements, fedl.
sibility simulations for our observing configuration, aral-c The first column of Tabl€]1 is the galaxy ID in the Virgo
ibration have been presented in Mei et al. (2005ab) and theCluster Catalogue (VCC: Binggeli, Sandage & Tammann
distance catalog is presented in another paper in thissserie 1985; see Table 1 in Coté et al. 2004 for NGC and Messier
(Mei et al. 2007). We use these distances in this pager equivalents). Column (2) contains an apparezhtnd mag-
transform observed GC magnitudes into absolute ones on aiitude defining the midpoint of a bin with width, given in
per galaxy basis whenever we wish to assess GCLF propertiesolumn (3). This binwidth was chosen to be 0.4 for all galax-
in physical (i.e., mass-based) terms or need to compare thées. Columns (4)—(6) of the table then give the total number
GCLFs of two or more galaxies. While some galaxies have N 0f observed sources in this bin; the numbgg,n; of con-
larger distances, the average distance modulus that wegmpl taminants in the bin as estimated from the average of our 17
is (m—M)p =3109+0.03(random} 0.15(systematic), corre-  control fields; and the average completeness fradtiamthe
sponding tdD = 16.5+ 0.1(random}+ 1.1(systematic) Mpc. bin—all applying to the candidate-GC sample defined on the
basis of our GC probability thresholgsc > 0.5. Columns
2.1. GCLF Histograms (7)-(11) repeat this information for the galaxy’'s GC candi-

There are three main ingredients we need to construct adates identified in thg band. Columns (12)-(21) are the

GCLF for any galaxy. First, we have sets of magnitudes, in corresponding— and g-band Qata for an alternate GC sam-
both thez andg bands, for all GC candidates. As mentioned P/€ defined strictly by magnitude cuts and an upper limit of
above, we generally isolate GC candidates from a list of all 7 |< 0064 g,pc (WhI'Ch will mclurc]ie ﬂ;]e IaLge mlajorlty of
detected objects by requiring thagc > 0.5. Note that here '@l GCS; Jordan et al. 2005), rather than by relying on our
and throughout, we usgas shorthand to refer to the F475w Pec Probabilities. This provides a way of checking that se-
filter, andz denotes F850LP. Also, all GC magnitudes in this lecting GC candidates bpec does not introduce any subtle

. : . iases into the GCLFs (see al$d 84 below).
gggig}g\(zg&eﬁ?y been de-reddened (see § 2.7in Jordan et A The data in Tablgl1 can be converted to distributions of ab-

Second, we have the (in)completeness functions in bothSOIUte GC magnitude by applying the individual galaxy dis-

; ; ; i in Mei et al. (2007). If they are used to fit model
bandpasses. Our candidate GCs are marginally resolved Wmiémces givenin . .
the ACS, and thus these completeness functions depend ng CLFs, it should be by comparing the obserbég against
only on the GC apparent magnitudeand its position in its a predicted { x Nmogei+ Neon) @s a function of magnitude.

; This is essentially what we will do here, although we employ
ﬁg;irll;)g%Ilixgétgrg#%ﬂethgcl:og?éjgi\::ek(?rr?z;?_ﬁgshl{[rfrz(é?ﬁglght maximume-likelihood techniques rather than using the bihne

Separate- andg-band completeness functiofém, Ry, Iy) < data. However, before describing our model-fitting mettodo
1 have therefore been calculated from simulations in which OQIV’ We pause ];'(rSt.tﬁ d'sc(‘j%s n SO(;T‘e dbeta'l the mg_dels them-
we first added simulated GCs with sizBs = 1.3,6,10 pc selves. We work with two different distributions in this @ap

and King (1966) concentration parameter 1.5 to actual im- one completely standard, and one that is meant to elucidate
ages from the ACSVCS (making sure to avéid sources alread he connections between observed GC mass distributions and

present), and then reduced the simulated images in an-identiplaus'ble initial conditions and dynamical evolution biges.
cal fashion to the survey data. We next found the fraction of 3. TWO GCLF MODELS

artificial sources that were recovered, as a function oftinpu

magnitude and half-light radius, in each of ten separats bin

of background light intensity. The final product is a three-

dimensional look-up table on which we interpolate to obtain

f for any arbitrary values off, Ry, Ip,).

Last, we have the expected density of contaminants as
function of magnitude for each galaxy, obtained from analy-
sis of archival ACS images (unassociated with the Virgo Clus
ter Survey) of 17 blank, high-latitude control fields, eath o
served with bothg andz filters to depths greater than in the
ACSVCS. We “customized” these data to our survey galaxies
by performing object detections on every control field as if i
contained each galaxy in turn. This procedure is described i
more detail in Peng et al. (20064, their §2.2). The net résult
17 separate estimates of the number of foreground and bac
ground objects, as a function gfandz magnitude, expected
to contaminate the list of candidate GCs in every ACSVCS

The term “globular cluster luminosity function” is custom-
arily used to refer to a directly observed histogram of the
number of GCs per unit magnitude. We follow this stan-
dard useage here, and in addition whenever we refer simply
0 a “luminosity function,” we in fact mean the GCLF, i.e.,
he distribution of magnitudes again. We denote the magni-
tude in any arbitrary bandpass by a lower-caseand thus
the GCLF is essentially the probability distribution fuioct
dN/dm. It is not equivalent to the distribution of true GC
luminosities, since of coursa=C-2.5logL for some con-
stantC, sodN/dL = (dN/dm)|0m/dL| has a functional form
different from that ofdN/dm.

In this paper, when we speak of GC masses, we denote them
Py an upper-caskl and we almost always make the assump-
tion that they are related by a multiplicative constant to GC
luminosities, such thatn = C’ -2.5logM, with C’ another
constant including the logarithm of a mass-to-light ragjerg-

11 We use the distances obtained using the polynomial calbibraire- erally taken to be the same for all GCs in any one system, as is
sented in Mei et al. 2007. the case in the Milky Way; McLaughlin 2000). We refer to the
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number of GCs per unit massN/dM, as a “mass function”
or a “mass distribution.” In the literature, it is sometinaso
called a “mass spectrum.” Its relation to the GCLF is

dN 1 dN am AN
aM “ M dlogm <10 am (1)

dm’

As we have already mentioned, most observed GCLFs
show a “peak” or “turnover” at a cluster magnitude that is
generally rather similar from galaxy to galaxy. One impor-
tant consequence of equatidn (1) is that any such feature i
the GCLF doeswot correspond to a local maximum in the GC
mass distribution: if the first derivative @N/dm with re-
spect tom vanishes at some magnitud®o, then the deriva-
tive of dN/dM with respect taM at the corresponding mass
scaleMrg is strictly negative, i.e., the mass function still rises

ETAL.

However, all of these alternative fitting functions stilbsh
another shortcoming of the Gaussian, which is that there is n
theoretical underpinning to it. Moreover, with the excepti
of the power laws in McLaughlin (1994), there is no obvious
connection with the mass distributions of the young massive
clusters that form in mergers and starbursts in the local uni
verse. We therefore introduce an alternative fitting floret-
based on existing, more detailed studies of initial clustass
functions and their long-term dynamical evolution—to ad-

rpress these issues.

3.2. An Evolved Schechter Function
3.2.1. Initial GC Mass Function

Observations of young star clusters indicate that the numbe
of clusters per unit mass is well described by a power law—

towards GC masses below the point where the GCLF turnsdN /dM o« M~ with 5 ~ 2—or alternatively by a Schechter

over. (More specifically, the logarithmic slope dN/dM
at the GCLF turnover pointiro is always exactly-1; see
McLaughlin 1994 for further discussion.)
3.1. The Standard Model
The function most commonly taken to describe GCLFs is

(1976) function with an index of about 2 in its power-law part
and an exponential cut-off above some large mass scale that
might vary from galaxy to galaxy (e.g., Gieles et al. 2006a).
Perhaps the best-observed mass distribution for a yousg clu
ter system is that in the Antennae galaxies, NGC 4038/4039
(Zzhang & Fall 1999). In this specific case, a pure power-

a Gaussian, which is the easiest way to represent the peake@w form suffices to describe the clusté/dM as it is cur-

appearance of most luminosity functions in terms of number
of clusters per unit magnitude. It is thus our first choicetto fi
to each of the observed GCLFs in this paper. Denoting the
mean GC magnitude = (m) and the dispersioby, = ((m-
)?)Y/2, we have the usual

daN_ 1 _(m-p)?
e @

In terms of GC massed, this standard distribution corre-
sponds to a mass functiaN/dM = (dN/dm)|0m/OM| or,
since m = constant- 2.5 logM (assuming a single mass-to-
light ratio for all clusters in a sample),

dN 1 1 Xp[_ (logM - (log M))?

dM  (In10M /27 oy 202
with om = om/2.5.

As will be evident in what follows, the GCLFs in a large
sample such as ours show a variety of detail that is unlikely
to be conveyed in full by a few-parameter family of distribu-
tions. But it is also clear that a Gaussian captures someeof th
most basic information we are interested in investigating—
the mean and the standard deviation of the GC magnitude
in a galaxy—with a minimal number of parameters. It is also
the historical function of choice for GCLF fitting, and in nyan
cases the fit is indeed remarkably good.

], @)

Nevertheless, the Gaussian does have some practical lim

itations. Secker (1992) showed that the tails of the GCLF
in the Milky Way and M31 are heavier than a Gaussian al-
lows, and he argued that a StudentBstribution (with shape
parameter ~ 5) gives a better match to the data. More im-
portantly, the observed GCLFs in our Galaxy and in M31 are
asymmetric about their peak magnitude, a fact which has been
emphasized most recently by Fall & Zhang (2001). This was
implicit in the work of McLaughlin (1994), who advocated
using piecewise power laws to fit the number of GCs per unit
linear luminosity—or piecewise exponentials to descrhmee t
usual number of GCs per unit magnitude. Baum et al. (1997)
used an asymmetric hyperbolic function to fit the strong peak
and asymmetry in the combined Galactic and M31 GCLF.

rently known; but a Schechter function with an appropri-
ately high cut-off mass also fits perfectly well. Thus, as-
sumingdN/dM x M~ exp-M /M), we find from the data
plotted by Zhang & Fall (1999) that = 2.00+ 0.04 and
log(Mc/Mg) = 6.3'51 for their sample of clusters with ages

2.5-6.3 Myr; and3 = 1.92+0.14 and logf1/Mc) = 5.975:42
for ages 25-160 Myr.

The mass functions of old globular clusters in the Milky
Way and M31 can also be described by power laws with2
for clusters more massive than the GCLF peak (McLaughlin
1994; McLaughlin & Pudritz 1996; Elmegreen & Efremov
1997). And the GC mass distributions in large ellipticals fo
low power laws over restricted high-mass ranges, although
here the slopes are somewhat shallower (McLaughlin 1994;
Harris & Pudritz 1994) and there is clear evidence of cur-
vature indN/dM (McLaughlin & Pudritz 1996) that is bet-
ter described by the exponential cut-off at very high cluste
masses in a Schechter function (e.g., Burkert & Smith 2000).
Theoretical models for GC formation, which aim expressly to
explain these high-mass features of GCLFs and relate them
to the distributions of younger clusters and molecular dsu
have been developed by McLaughlin & Pudritz (1996) and

;Imegreen & Efremov (1997).

The important difference between the mass functions of old
GCs and young massive clusters, then, is not the power-law
or Schechter-function form of the lattper seg; it is the fact
that the frequency of young clusters continues to rise tdwar
the low-mass limits of observations, while the numbers of
GCs fall well below any extrapolated power-law behavior for
M < 2x 10PM,, i.e., for clusters fainter than the classic peak
magnitude of the GCLF. We therefore assume a Schechter
function, N
aMg ™ Mo? exp-Mo/Mc) , (4)
as a description of the initial mass distribution of globula
clusters generally. We emphasize again that the fixed power
law of Mj? at low masses is chosen for compatibility with
current data on systems of young massive clusters. The vari-
able cut-off masd. is required to match the well observed
curvature present &l > 10°M, in the mass distributions of
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old GC systems in large galaxies. This feature is certainly clusters with the same density (for example, those on simila
allowed by the young cluster data, even if it may not be ex- orbits, if py, is set by tides at a well defined perigalacticon),

plicitly required by them. Ltev IS independent of cluster mass as well as time, and if the
A strong possibility to explain the difference between such GCs are coeval in addition, ther,t is a strict constant. The
an initial distribution and the present-ddy/dM is the pref- mass function of such a cluster ensemble with any taige

erential destruction of low-mass globular clusters by &ar  then related to the initial one as in equation (11) of Fall &
of dynamical processes acting on Gyr timescales (see Fall &Zhang (2001):

Zhang 2001; Vesperini 2000, 2001; and references therein).

dN _ dN [OMo| _ dN ©)

3.2.2. Evolution of the Mass Function dM(t) ~ dMo | OM | dMg

Fall & Zhang (2001) give a particularly clear recent Thus, simply making the substitutiddg = M + et in the
overview of the dynamical processes that act to destroy-glob functional form of the original GC mass function gives the
ular clusters on Gyr timescales as they orbit in a fixed galac-evolved distribution. An initially steedN/dMg therefore al-
tic potential. The main destruction mechanisms are dynami-ways evolves to a flat mass functiaii\ /dM(t) ~ constant,
cal friction; shock-heating caused by passages througixgal at sufficiently low massebl < uet. As Fall & Zhang show
bulges and/or disks; and evaporation as a result of two-bodyfor the Milky Way, and as we shall also see for the early-type
relaxation. Only the latter two are important to the devel- ACSVCS galaxies, this gives a good fit to observed GCLFs if
opment of the low-mass end of the GCLF, since dynamical- the cumulative mass-loss tegm,t > 10°M, byt ~ 13 Gyr.
friction timescales grow rapidly towards law, asrgs oc M2, The key physical element of this argument, as far as the
(Cluster disruption due to stellar-evolution mass losssdut GCLFis concerned, is the linear decrease of cluster mahs wit
change the shape of the GC mass function if the stellar IMFtime. While the quickest way to arrive at such a conclusion is
is universal, unless a primordial correlation betweentelus to follow the logic of Fall & Zhang, as just outlined, therear
concentration and mass is invoked; cf. Fall & Zhang 2001 and some caveats to be kept in mind.

Vesperini & Zepf 2003). Tidal shocks can be much more important than evapora-

Tidal shocks drive mass loss on timescatgs o pnPer, tion for some globulars. In particular, clusters with lownde
wherepn o« M/R3 is the mean density of a cluster inside its sities and low concentrations (such that shocks signifigant
half-mass radius, ank; is the typical time between disk or disturb the cores as well as the halos), and/or those on ec-
bulge crossings. Evaporation scales rather differemiyghly centric orbits with very short intervals between successiv

asteyoc M/pi/2. A completely general assessment of the rela- bulge or disk crossings, may never recover fully from even
tive importance of the two processes can therefore be compli ©Ne shock. Rather than re-adjusting quickly to a situation i
cated. However, tidal shocks are rapidly self-limiting iosh ~~ Which 7ey < 76n, such clusters may be kept out of dynamical
realistic situations (Gnedin, Lee, & Ostriker 1999): carst  equilibrium for most of their lives, significantly overflomg
with high enougtp, and on orbits that expose them only to their nominal tidal radii. Their entire evolution could thbe
“slow” and well-separated shocks (i.e., with both the dorat  Strongly shock-driven. This appears to be the case, for exam
of individual shocks and the interv&, longer than an in- Ilajleh with the|V\262|(|)(|)(2)OW'|[]hGalaCtlc g:ol?ular, Paloma(tjr 5; see
o -1/2y . ehnen et al. . The extremely low mass and concen-
?r]rg% i%?ggg?;:'m?édgggng% to)t\rllvglfi?gffigvegﬁgc?(rs] eﬁr]g; o- tration of Palomar 5 make it highly unusual in comparison to
after ey < 75, and in the long term shock-heating presents a the vast majority of known GCs in any galaxy currently, but

: . > many more clusters like its progenitor may well have existed
nggg?agg?]erl&ggfggg ttg dtg;la gﬂgg‘g%%ﬁfggf&;ﬁ;gg;’ the past. This then raises the question of whether conside
to be in this evaporation-driven evolutionary phase (Gnedi ing evaporation-dominated evolution alone gives a coraplet

X X . view of the dynamical re-shaping of the GC mass function.
?LI.Glr?e&);,nszeoeogl)so Figure 1 of Fall & Zhang 2001, and Prieto Here, however, it is important that tiNebody simulations of

Dehnen et al. (2004) show that the late-time evolution oheve
the most strongly shock-dominated clusters is still chigrac

Fall & Zhang (2001) therefore develop a model for the evo-

lution of the Galactic GCLF that depends largely on evapo- . . L
. o . ized by a closely linear decrease of mass with time: rather
ration to erode an initially steegN/dMo (in fact, they adopt thanphybeing cozserved in this case, the half-light rad®ds

a Schechter function, as in el [4], for one of their fiducial . N : .
cases). They assume—as is fairly standard; e.g., see VesS nearly constant in time, and for a given orbit the mass-los

perini (2000, 2001)—that any cluster roughly conserves its r?‘te 'SM/ZF]“ x '\(Aj/ph ﬁt?ﬁ trYVh(IBI(Ce:IErIle ]E’hlys'fal r.eati(.m'”r?
mean half-mass densipy, as it loses mass, at least after any c zimge.s, © ehn resuit for the Eh](f\ao clusters in this phys-
rapid initial adjustments due to stellar mass loss or the firs Ical regime Is the same as equat )

. o . The importance of Fall & Zhang’s (2001) assumption of
tidal shocks, and when the evolution is dominated by evapo- . : PR
ration. The mass-loss rafds then a constantp, for evaporation-driven cluster evolution is its

implication that the mass-loss rate is constant in time.sThi
fiey = —dM/dt & M/t o (M/RE)Y2 ~ constant  (5) has some direct support from N-body simulations (e.g., Ves-
23/ 1/2e3/2 o perini & Heggie 1997; Baumgardt & Makino 2003). (Note the
whereti ~ p™ (V)32 oc MY/ Rﬁ is the relaxationtime atthe  distinction in Baumgardt & Makino between the total cluster
half-mass radiuB,. Under this assumption, the mass of a GC mass loss and that due only to evaporation; see their Figure
at any age is just M(t) = Mg — pet. For any collection of

13 Another process that may fall in this regime is impulsiveciing due to
12 Note that we usgiey to denote the evaporation mass-loss rate in equa- encounters between GCs and massive concentrated objectidnt molec-

tion (B) in order to be consistent with the notation of Fall &ahg (2001). ular clouds; see Lamers & Gieles (2006) for a recent disongsi this. How-
This should not be confused with our use of the symbetwith different ever, this is presumably most relevant to clusters orbitingisks, where the
subscripts—to represent the mean magnitude in a Gaussarigt®n of the shocks can occur in fairly rapid succession. It is not imgarfor the large

GCLF. majority of GCs in galaxy halos.
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6 and related discussion.) But more than this, if evapanatio = To summarize the discussion above, we assume that the
is to be primarily responsible for the strong depletion of a mass-loss rate of any globular cluster is constant in tinog. F
GC mass function at scaldd < uet, then after a Hubble lowing Fall & Zhang (2001), we expect that this will occur
time pet must be roughly of order the current GCLF turnover naturally if the disruption process most relevant to the GCL
massMro ~ 2 x 108 M. Sincejey o pﬁ/z, this argument ul-  inthe long term is evaporation, which plausibly consertes t
timately constrains the average density required of the-glo average densitieg, of individual clusters inside their half-
ulars, which can of course be checked against data. In addimass radii. Thus, we continue to denote the mass-loss rate
tion, satisfying observational limits on the (small) véioa of ~ BY #ev. However, it should be recognized that tidal shocks
GCLFs between different subsets of GCs in any one system—¢an contribute second-order correctiongggand may even,
for example, as a function of galactocentric position—puts iN SOMe extreme cases, dominate evaporation (though the net
constraints on the allowed distribution of initial (and fina  resultarguably could still be a constant tadé /dt).
GC densities. For any set of clusters with similar agésand similar

Fall & Zhang calculate in detail the evolution of the Milky ~~h (@nd on similar orbits, if these significantly affea or
Way GCLF over a Hubble time under the combined influ- @dd tidal-shock contributions tpe,), the cumulative mass
ence of stellar evolution (which, as mentioned above, doesl0SSA = pet is a constant, so that each cluster M) =
not change theshape of dN/dM except in special circum- Mo —A. Combining equatiori{4) for the initial mass distribu-
stances), evaporation, and tidal shocks (which, again; con tion with equation((B) for its evolution then yields an “eved
tribute second-order corrections to the results of evajpora ~ Schechter function”

in their treatment). They relate., pﬁ/z to GC orbits, by d_N o 1 exp<_M_+A> 7 (7)
assuming thapy, is set by tides at the pericenter of a cluster dM — (M+A)? Mc

orbit in a logarithmic potential with a circular speed of 220 with M, allowed to vary between galaxies. Once agairin

km s. They then find the GC orbital distribution that allows  this expression may vary between different sets of GCs, with

both for an average cluster density high enough to give a goodyifferent densities or orbits, in the same galaxy. The t&dai

fit to the GCLF of the Milky Way as a whole, and for a narrow modeling of Fall & Zhang (2001) takes this explicitly into

enough spread ip, to reproduce the observed weak variation account. But in what follows, we fit equatidf (7) to GC data

in Mro with Galactocentric radius (e.g., Harris 2001). taken from large areas over galaxies, which effectivelyrret

ZhU|tlm9t§[|r):_, the GC ?lSt“?Utlonl fllJ)DCUOg tfounddby F;”I& an estimate of the average mass loss per cluster over a Hubble
ang in this way is too strongly biased towards radial or- .. , 1/2 . .

bits with small pericenters to be compatible with the obedrv ?r?i]sei'mf)llir::(i:te g\j‘ég&*ﬁg i\gr(]airs]eer\l/t?glc;rgg?]g gsgl&a;mgﬁ ks,

kinematics anghn distributions of globulars in the Milky Way of GC mean half-mass densities.

and other galaxies—as both they and others (e.g., Vesperini To relate this evolved mass function to the standard obser-

et al. 2003) have pointed out. However, Fall & Zhang also | 4iiqna| definition of a GCLF—the number of GCs per unit

note that the difficulties at this level of detail do not neces magnitude—we writen = C—2.5 logM, § = C—2.5 log A

sarily disprove the basic idea that long-term dynamical evo andm. = C-2.5 log MC,_WhereC is reléted_to thé solar éb-

lution is primarily responsible for the present-day shape 0 ¢ te' magnitude and the typical cluster mass-to-ligho iat
the GCLF at low masses. The problem may lie instead in an appropriate bandpass. The model then reads
the specific relation adopted to link the densities, and thes ro0 4(Wmc).

disruption rates, of GCs to their orbital pericenters. Irtipa d_N x
ular, Fall & Zhang—along with almost all other studies along  dm [10°0:4m) + 10-0.46-m)]

these lines—assume a spherical and time-independent-Galac i )
tic potential. Both assumptions obviously break down in a !N both of equationd (7) and(8), the constants of proportion

realistic, hierarchical cosmology. Once time-variabltagg ality required to normalize the distributions can be evadda
potentials are taken properly into account in more sophisti Numerically.
cated simulations, it could still be found that cluster disr . Figurell illustrates the form of the evolved Schecter func-
tion on Gyr timescales can both explain the low-mass side oftion, in terms of both the mass distributidiN/dM and the
GC mass functions and be consistent with related data on thé>CLF dN/dm. (Note that masdl increases to the right along
present-day cluster orbital properties,distributions, and so  thex-axis in the upper panel, but—as usual—larlyecorre-
on. Recent work in this vein by Prieto & Gnedin (2006) ap- sponds to brighter magnitudes at the left of the axis in the
pears promising, though it is not yet decisive. lower panel.) From the equations above, it is clear that the
We will return to these issues ifi&Y.1. First, however, we MassMc or the magnituden. sets the scale of the function,
describe an analytical form fa@N/dM, which combines the ~ While the ratioA/Mc or the magnitude difference ¢ m)
main idea in Fall & Zhang (2001)—that evaporation causes CONtrols its overall shape. For very small < Mc (faint
cluster masses to decrease linearly with time—with a plausi ¢ > M), the function approaches an unmodified Schechter
ble, Schechter-function form for the initidN/dMo. We fit  (1976) function. This is drawn in Figuie 1 as the bold, broken
the evolved function to the GCLF of the Milky Way, to show CUrves that rise unabated toward low cluster masses or faint
that it provides a good approximation to the fuller, numairic Magnitudes. The magnitudero at which the GCLF peaks
models of Fall & Zhang; and then we fit it to our ACSVCS N ger]eral can be found by setting to zero the derivative of
data, to produce new empirical constraints for detailed-mod €duation(8) with respect tm. This yields
eling of the formation and evolution of GC mass functions 100-8Mo-m) 4 1 -0-4(mMro-m) [1+1o‘0-4(5‘”k)} -107046-m) =
under conditions not specific only to our Galaxy. (9)

the solution to which corresponds to a mass of
_ ~(Mc+2)+/(Mc+A)2+4AMc
= > .

5 exp[-10704m™)] | (8)

3.2.3. Fitting Functionsfor dN/dM and the GCLF M
TO

(10)
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fore significantly broader than the bright half.

= 108 Finally, it is worth considering the widths of the GCLFs
& 100 3 in the lower panel of FigurEl1l in more detail. Far=0,
> 104 the full width at half-maximum (FWHM) ofiIN/dm is unde-
© 108 - fined, since there is no turnover. As the ragM. increases
; 10% = and a well-defined peak appears in the GCLF, the distribution
s 10 clearly becomes narrower and narrower. As we have already
g 1 discussed, even though formallyy/M. can increase with-
= 01 out limit, the turnover magnitude ultimately has a maximum
@ 107 brightnessmro — m.. Similarly, the FWHM of the GCLF
g 107 approaches a firrfower limit of FWHM ~ 2.66 mag. This
10"{0,3‘ ‘ ““1‘8,2‘ = ‘”(‘)“1 = ‘1 = includes a limiting half width at half-maximum of HWHM
M/ﬁ 1.59 mag on the faint side of the GCLF, and a smaller
c HWHM ~ 1.07 mag on the bright side. All of these num-
104 T T bers can be obtained from analysis of eqqa@n (8) by letting
, T 1‘ T ? /,/JP (6-m) — —oo, i.e., A/M¢ — +co. In this limit, the GCLF
10 = approaches a fixed shape and is free only to shift left or right
5 102 | depending on the value of;, ~ mro. This limiting shape is al-
> 0Lk ready essentially achieved with/M; =10 or ( —m.) =-2.5,
Z which is plotted in Figurgll (even though the turnover id stil
e L about 0.18 mag fainter thar in this case).
S o1f 0 As we will see in and§6.1.2, the GCLFs observed in
the ACSVCS are all best fit withh /M. = 0.1, or ¢ —m) <
107 /MN 2.5 mag. This is the case also in the Milky Way.
/A R R R N R Lol
10 -2-10 1 2 3 4 5 6 7 8 3.3. Comparison with the Milky Way GCLF
(m-m,) [mag] Figure[2 plots the GCLF and the corresponding GC mass

FiG. 1.— Top: Evolved Schechter mass functioddl/dM (eq. [7]), for function in the Milky Way. The upper panel of this figure
various values of the ratich /Mc, which fixes the shape of the distribution. ~ Shows the GCLFIN/dm, in terms of clusters per unit abso-
Curves are arbitrarily normalized. The uppermost, brokemecorresponds luteV magnitude, for 143 GCs in the online catalogue of Har-
to A =0, i.e., aregular Schechter (1976) function with a powaer#xponent i 14 ; ; ; .
of 2. For non-zerd\, dN/dM is flat at low massedBottom: GCLFsdN/dm ris (1996): (NOtQ agan that cluster Iumlnosny af‘d mass in
corresponding to the mass functions in the upper panel e Curves crease to the left in this standard magnitude distributiohe

are again arbitrarily normalized, and the parameter cbimmgothe shape is bold, dashed line is the usual Gaussian representatiof2]gq.

the magnitude difference ¢me) = -2.5 log(A/Mc). For any finite § —m), with parameters given by Harris (2001):
the GCLF peaks and turns over at the magnitogg given by equation(9)
(corresponding to the mass in dq.][10]), and the faint sidee0GCLF always wy =—7.4+0.1mag; oy =115+0.10 mag. (12)

approaches the limiting shapé/dm oc 10°%4™, Arrows mark the turnover . . .
points of the models shown here. In the limitmc) — +o0o (.. A < M), The bold solid curve is our fit of the evolved Schechter func-

we have thatmro — &, while in the limit (¢ —me) — —oo (large A > Mc), tion in equation[(B), with
— > - < =
the turnovemyo — me. For A/Mc¢ 2 10 or § —m¢) < -2.5, the GCLF has 5y =-8.0+0.3mag; my =-9.3+0.3 mag. (12)

an essentially fixed shape.
The lighter, broken line rising steeply towards faint magni

From either of equation§](9) dr (110), or from the SequenCetudes is a normal Schechter funct_lon Wrt‘@ as in equation
of curves in Figurd]l, it can be seen that whan< Mc, (I2) but no mass-loss parameter, ide-» cc in equationl(B).
the GCLF peaks at a magnitudeo ~ J, i.e., the turnover 'I_'he shape _of thls curve is therefore typ|cal of the_ distribu-
reasonably approximates the average cluster mass loss in thtion of logarithmic mass for young massive clusters in nearby
model (althoughmyo is formally always fainter thag). As galaxies. _ .
the ratioA /M, increases, the GCLF turnover initially tracks  The lower panel of Figurgl2 contains a log-log represen-

A but eventually approaches an upper limit set by the ex- tation of the Galactic GC mass functiodN/dM. To con-
ponential cut-off scale in the mass functiomro — M. as struct this distribution, we converted the absoltenagni-

(6-me) — =00 (A > M). tude of each GC into an equivalent mass by assuming a mass-

For any fixed value ofA/M,, Figure[l shows that in the to-light ratio of Ty =2 M L3 for all clusters (as implied
limit of low masses,M < A, the mass function in equa- by population-synthesis models; see McLaughlin & van der
tion (7) is essentially flat. As Fall & Zhang (2001) first Marel 2005). The curves here are the mass equivalents of
pointed out, this is a direct consequence of the assumptiorfhose in the upper panel. Thus the bold, dashed curve traces
of a mass-loss rate that is constant in time. It follows gener €duation[(8) with
ically from equation[(b) above, independently of the specifi (logM/Mg)) =5.2+0.04; oy =0.464+0.04 (13)
initial GC mass function. At the other extreme, for very high : . . . .
massedM > A the evolveddN/dM just approaches the as- while the solid curve is equatioll(7) with
sumed underlying initial function witlh = 0. In terms of the log(A/Mg)=54+0.1; logMc/Mp)=59+01 (14)
GCLF, this means thatN/dmtends (always) to an exponen- ang the lighter broken curve is equatiofi] (7) with
tial, dN/dm o 109'4f“_, at magnitudes mgch fainter than the |og (M¢/My) = 59 and A = 0—again, representative of
turnover; and (for initial Schechter function assumed pgre  young cluster mass functions.
the steepedN /dmoc 10°4Mexp [F107%4(™™)] for very bright
magnitudes. The faint half of the GCLF in this model is there- 14 http://jphyswww.mcmaster.caharris/mwgc.dat
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in the local universe, into a typical old GCLF. Both quali-
s tatively and quantitatively, our model fits in Figdrk 2 cerre

L
|

0.4 - ‘ - spond to the various similar plots in Fall & Zhang (2001). In
oy F ] fact, the valueA ~ (2.5+0.5) x 10°M, obtained here for
E,ﬂ 03~ - the Milky Way agrees well with the mass losses required by
E . ] Fall & Zhang for their successful models with the second-
g 02 - { order effects of tidal shocks included. The simple function
J N 1 equation[()) is thus a good approximation to their much fulle
Z 01F - treatment of the GCLF.
o ] It is also worth emphasizing just how clogk is to the
o =T L AR GCLF turnover mass scale. This implies that essentallly
10 _8 _6 4 o globulars currently found in the faint “half” of the GCLF are
absolute V mag remnants of substantially larger initial entities. Eqlgévdly,
any clusters initially less massive than2-3x 10°M,, are
o — inferred to have disappeared completely from the GC system.
E : E Despite any difficulties in detail [83.2.2 and_87.1) that
10-5 N might remain to be resolved in this evaporation-dominated
. 5 view of the GCLF, and of GC systems in general, it is im-
Z qo-s L _ portant just to have at hand a fitting formula like the evolved
= E E Schechter function. In purely phenomenological termstst fi
T 07 . the GCLF of the Milky Way—uwhich is, after all, still the best
Z defined over the largest range of cluster masses—at least as
1078 - well as any other function yet tried in the literature. Intpar-
£ lar, it captures the basic asymmetry of the distributiorauitt
1079103 IR A R R TIEA ¥ sacrificing the small number of parameters and the simplic-

104 10° 108 ity of form that have always been the primary strengths of a
M [M] Gaussian description. But at the same time, it is groundad in
FIG. 2.—Top: Fits of a Gaussian (dashed curve) and an evolved SchechterdEta”ed phyS|Ca| model with well SpeCIerd Input assummeio

function (solid curve) to the Milky Way GCLF, expressed as thormalized) (Fall & Zhang 2001). Fitting it to large datasets, such as tha
number of clusters per unit of absolifemagnitude. The dot-dashed curve  afforded by the ACSVCS, thus offers the chance to directly,
is a Schechter function with the same valueNtyras the solid curve but with quantitatively and economically assess the viabilityfm‘ste

mass-loss parametek set to zero. Bottom: Corresponding observed GC . . ;
mass functiordN/dM, and model fits, derived from the GCLF assuming a ideas, in much more general terms than has been possible to

V-band mass-to-light ratio of R, L\‘/}Q for all clusters (McLaughlin & van date.
der Marel 2005).

4. FITTING METHODOLOGY AND TECHNICAL

Although both model fits to the GCLF are acceptable in CONSIDERATIONS
a statistical sense, the evolved Schechter function yialds 4.1. MaximumtLikelihood Fitting
significantly lowerx? value. This is because of the clear  Given either of the models just discussed—or, of course,
asymmetry in the observed GCLF, which appears as a faint-any other—we wish to estimate a set of parameters for the in-
ward skew in the top panel and as a failure of the masstrinsic GCLF of a cluster sample using the method of max-
function dN/dM to decline toward low masses in the bot- imum likelihood, following an approach similar to that of
tom panel. This behavior is described well by the evolved Secker & Harris (1993). To do so, we make use of all the
Schechter function but is necessarily missed by the Gaussia observational material described [0 82.1.
which systematically underestimates the number of claster  First, we denote the set of GC magnitudes and uncertainties
with M < 3x 10*M,,. in any galaxy, in either theor theg band, by{m;,en;}. Sec-

As a result of this, the best-fit evolved Schechter func- ond, we write the three-dimensional completeness function
tion yields a GCLF peak which is slightly brighter than the discussed above d¢ém, Ry, l,,), which again depends not only
Gaussian. From the parameters given just above and eitheon GC apparent magnitude but also on a cluster’s half-lght r
of equations[{9) or[{10), we find a turnover magnitude of dius and the background (“sky” and galaxy) light intensity a
mro = -7.5+ 0.1 in theV band, some 0.1 mag brighter than the position of the cluster. Third, from our 17 control fields
the Gaussian turnover in equatién](11). The turnover massare able to estimate the luminosity function of contamisamt
implied by the evolved Schechter function is thMso ~ the field of any ACSVCS galaxy. We call this functib(m),
(1.75+0.15) x 10°M,, just over 10% more massive than the and we determine it by constructing a normal-kernel density
Gaussian fit returns. The intrinsically symmetric Gaussian estimate, with bandwidth chosen using cross-validatiee (s
model is forced to a fainter or lower-mass turnover in ordert Silverman 1986, §8 2.4, 3.4). Finally, this further allows u
better fit the relatively stronger low-mass tail of the obser  to estimate the net fractional contamination in the GC sam-
GCLF. We find similar offsets in general between the GCLF ple of each galaxy3 = Nc/N, whereNc = (1/17)Zi1:71 Nc,i
turnovers from the two model fits to our ACSVCS data (see with N¢; the total number of contaminants present inititie
g5 and Bb below). customized control field, and is the total number of all GC

We reiterate that the paramet&rin the evolved Schechter candidates in the sample.
function represents the average total mass loss per cluster Now, given this observational input, we assume that an in-
(presumably due mostly to evaporation) that is required to trinsic GCLF is described by some functi®{m|©), where
transform an initial mass function like that of young cluste  © is the set of model parameters to be fitted. The choices
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for G that we explore in this paper were discussed in detail obtained in these trials and use the variance in them to evalu
in §3. Thus, for example, for the Gaussian model of equationate the additional uncertainty arising from cosmic vareaat

@), © = {u,om}, while for the evolved Schechter function of the background contamination.

equation[(B)© = {4,m.}. We further assume that magnitude

measurement errors are Gaussian distributed, so that-ein th 4.2. Bias Tests

absence of contamination—the probability of finding an ap-
parent magnituden for a GC with given effective radiuR,,
galaxy backgroundy, and magnitude uncertaingy, would

be

Maximum-likelihood estimators are biased in general. It
is thus important when deriving conclusions to test the bias
properties of the estimator used, under circumstance$asimi
to the ones under study. We have done this specifically for

— the benchmark case of Gaussian fits to the GCLF. After ob-

Gr (MO, Ry, b, em) = A [h(mlem) © GIMO)] F(m, R, Ib)’l taining mean magnitudes and dispersions from our maximum-
whereh(mlem) = (27¢2) Y/2expln?/2¢2); ® denotes convo- IikeIi_hood routine for the 89 ACSVCS.gaIaxies, we analyzed
lution; and the normalizatiod—a function of the GCLF pa- 20 Simulated datasets per galaxy, using the following proce
rameters® and the GC propertieBy, I, and eq—is fixed dure. First, we subtracted the number of contamin&itsn
by requiring that the integral @Br over the entire magnitude the galaxy from the total numbét of GC candidates there,
range covered by the observations be uHity. to estimate the expected populatibigc of bona fide GCs.

If a fraction 3 of sources in a galaxy are contaminants, then We then randomly drew a sample Nc magnitudes from
the probability of having a bona fide GC with magnitude @ Gaussian distribution with a meantaken to be the fitted
(and giverR,, etc.) is reduced to @B)Gr, and thus the like- ~ Mmaximum-likelihood estimate for that galaxy, and a disper-
lihood that a set of GCLF model parametérsan accountfor ~ sion chosen fronry = 0.4,0.7,1 or 1.3 mag. (We did 5 sim-

N total objects with observed magnitudgs } and properties ulations for each of these dispersions, giving the total®f 2

{Rni,lbi,em;} is simulations per galaxy.) The randomly generated objeets re
I placed theNgc objects in that galaxy’s sample with the high-
N estpec values. The values d®, andly of the latter objects
£(0,B)= H [(1—B)GT(m|®, Rnis lbis €mi) +Bb(m)] (16) plus the simulated magnitude are used to determine the com-
=1 pleteness valué for each source. A uniform random deviate
is then computed and if that is larger than the valué tfie
in which it is assumed that the luminosity functibfm) of  source is discarded, a new magnitude drawn from the Gaus-
contaminants is also normalized. sian and the process repeated until the condition is met. In

For any chosen functional forr®(m|©) of the intrinsic  this way the effects of completeness are taken into account.
GCLF, we specify some initial parameter valu@scompute  The maximum-likelihood procedure was finally run on each
Gr andb for each observed object in a galaxy, and maximize simulated sample and the output parameters compared to the
on © the product in equatio (16). In principle, it is possi- input ones.
ble simultaneously to determine the contamination fraitio The results of these simulations in théand are summa-
this way, but in practice we found this to be a rather unstablerized in FiguréB. There may be slight biases in the recovered
procedure (even small inadequacies in the chosen model foparameters, witfAom/om) ~—-0.03 and(Au/om) ~-0.03,

G can lead to a maximum-likelihood solution that converges although there are no significant trends in these average off
to quite unreasonable values f6). Thus, we instead made sets with galaxy luminosity (i.e., sample size). Moreoties,
direct use of our prior information from the 17 C(lntrol fields statistical significance of these biases is not higt8¢), and
and fixed this fraction to the rather precise averBgbhat we so we choose not to correct for them. As a result, it is possi-
have measured for each galaxy. ble that our output best-fit parameters are biased at thé leve

The uncertainties in the fitted parametérsare estimated  of 3% of the GCLF dispersion; but with the possible excep-
by using the covariance matrix calculated at the point of max tion only of the most populous GC system (that of M87=VCC
imum likelihood (e.g., Lupton 1993). These uncertaintiesi  1316), this turns out always to be smaller than the formal un-
clude the effects of possible correlation between the param certainties on the GCLF parameters (seel85.1). Note that the
eters, but they do not include the additional, unavoidahle u scatter of the retrieved parameters compared with the input
certainty arising from cosmic variance in the formbéin) and ones increases towards fainter galaxy magnitudes bedasise t

the expected numbét of contaminants in any field. As such, candidate-GC sample size is decreasing, and the variance in
they constitute lower limits to the total uncertainty. Tisigot ~ the estimates of both andy scales as-1/N.

a significant issue for GCLF fits to cluster samples combined _

from several galaxies (see below), but it can be important fo 4.3. Effects of Selection Procedure

fits to individual galaxies. o As we mentioned in[§2, the procedure we used to construct
To deal with this, when we fit any individual GC system, we 3 sample of GC candidates for each galaxy involved assigning
re—_run our maXImum—Ilkellhood_algprlthm 17 times, eachetlm a probabi"typGC to each source and a||owing into the sam-
using the background contamination fractiras estimated  ple only those objects witlpsc > 0.5. This may influence
from a different one of our 17 control fields (versus usiig  the resulting observed luminosity function and conseduent
from an average of all control fields to obtain the nominatbes affect the derived parameters of any fitted model. In order to
fit). We record the different sets of best-fit GCLF parameters check that we do not unduly bias our GCLF fitting by this se-
lection technique, we also constructed alternate carehGa
15 In principle there should be another factor multiplyiBg proportional samples that do not use the selectiorp@a but 0n|y app|y a
to the marginalization oveR, of the joint GC distribution irm andR;, times magnitude cut and an upper limit B < 5 pc (Cf the second
an indicator function which is 1 over the area that satisfies > 0.5. We 9 . Pp s~ p. I
neglect this factor here, which is justifiedposteriori by the agreement of ~ nalf of Table[1 in BZ11). The ma;gthde d|5tr|_bl;|t|0ns of SU(_:h
results using GC samples constructed using different mfefunctions. samples are free of any selection effects arising from using
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FiG. 3.—Top: Fractional difference\o,/o, between input and recovered
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sions assumeds(= 0.4,0.7,1.0,1.3). Bottom: Difference A/, between
input and recovered Gaussian meafor the same simulated GCSs as in the
upper panel.

the pgc values and are useful for testing the robustness of any

result. Thus, when we fit GCLFs to any of our data, we have
verified that consistent conclusions are obtained usifrgeeit
of our sample definitions.

4.4, Binned Samples

While we always perform GCLF fits to individual galaxies,
some of the fainter systems suffer from small-number statis
tics and/or excessive contamination. We thus construtiled s
more GC samples by combining all candidate clusters from a

some minimum. Going down the list of our target galaxies
sorted by appare® magnitude, we accumulate galaxies until

the expected number of bona fide GCs (i.e., the total number,

of candidates minus the number of contaminants estimate
from our customized control fields) 5 200. Although many
of the brighter galaxies satisfy this condition by themes|v

we refer to the samples defined in this way as “binned” sam-

ples’® There are 24 of them in all, and they are used[ih §6
particularly, to assess trends in GCLF parameters as admnct
of galaxy luminosity without the significant scatter caubgd
the small numbers of GCs in faint systems.

16 We excluded 5 galaxies when constructing the binned samméesely
VCC 798, VCC 1192, VCC 1199, VCC 1297 and VCC 1327. The first was
excluded due to the presence of a strong excess of diffustecdu(Peng et al.
2006b) and the rest because of their proximity to either M8VI49, making
their GC systems dominated by those of their giant neightsre E6.B. We
additionally excluded all galaxies without available SB&tahces.

JORDAN ET AL.

Our SBF analysis has shown that some of the ACSVCS
galaxies have distance moduli significantly different friva
mean (h—M)o = 3109 mag for Virgo (Mei et al. 2007), and
thus simply combining the apparent magnitudes of GCs from
different galaxies with no correction could artificiallyfliate
the dispersion of any composite GCLF. To avoid this, we do
the binning by first using the SBF distances to transform all
candidate GC luminosities to the value they would have at a
distance of 31.1 madX= 16.5 Mpc).

5. MODEL FITS

In this section we present the results of our maximum-
likelihood fitting of Gaussians and evolved Schechter func-
tions to the GCLFs in the Virgo Cluster Survey. Recall that
any alternative model may be fit to the GCLF histograms in
Table1, which can be downloaded from the electronic edition
of the Astrophysical Journal.

5.1. Gaussian Fits

The parameter estimates for an intrinsic Gaussian fitted to
our 89 individual GCLFs are given in Tablilé 2. There we list
each galaxy’s ID number in the VCC and its total apparent
magnitudeBgy,, both taken from Binggeli, Sandage & Tam-
mann (1985). Following this are the maximum-likelihood
values of the mean GC magnitude and dispersion and their
uncertainties in thg-band (14, 04), the same quantities in the

z-band (i, 0;), the fractionB of the sample that is expected
to be contamination, and the total numbkof all objects (in-
cluding contaminants and uncorrected for incompleteriass)
the galaxy’s candidate-GC sample. The last column of Ta-
ble[2 gives comments on a few galaxies with noteworthy as-
pects. Note that the uncertainties in the Gaussian parasnete
include contributions from cosmic variance in the shape and
normalization of the contamination luminosity functibfm)
(see B4.1).

In Figure[4 we present histograms of the observed GCLFs
along with the best fitting maximum-likelihood models. The
galaxies are arranged in order of decreasing appdgit
magnitude (i.e., the same order as in Tdble 2), and there are
two panels per galaxy: one presenting thleand data and
model fits, and one for thg band. The bin width chosen for
display purposes here is not the same for all galaxies, but fo
lows the ruleh = 2(1QR)INY/3, where (QR) is the interquartile
range of the magnitude distribution aNds the total number
of objects in each GC sample (Izenman 1991).

: - X S There are four curves drawn in every panel of Figure 4.
many galaxies as required to reach a total sample size abov

Fhe long-dashed curve is the best-fit intrinsic GaussianiGCL
given by equation[{2) with the parameters listed in Table 2.
The dotted curve is this intrinsic model multiplied by therco
leteness functionf(m, Ry, Ip), after marginalizing the latter
ver the distribution ofR, and I, for the observed sources
in each galaxy/ The solid gray curve is our kernel-density
estimate of the expected contaminant luminosity functien.
nally, the solid black curve is the sum of the solid gray and
dotted curves; it is the net distribution for which the likel
hood in equatior {16) above is maximized.

17 In order to marginalizef (m, Ry, Ip) one needs to know the distributions
of Ry and Ip—information which is not availabla priori. Using the full
observed distributions d®, andly is not possible, because they are affected
by completeness (e.g., faint GCs with lafgeare less likely to be detected).
We therefore marginalizé assuming that the underlying distributions in of
R, andly, are given by the observed distributions for objects satigfy <
225 andg < 237, which gives samples of objects that can be considered
complete with high confidence, anywhere in any of our gataxie
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ol 1 binned GC samples, as the results from fitting to all 89 galax-

{ ies separately lead to similar conclusions.

A ; In all these fits, we enforced the constraint that the fitted
— ol (average) mass loss be less than ten times the exponential
L cut-off mass scal#l.: A/M; < 10, or ¢ —mc) > —2.5 in mag-

4 nitude terms. This was done because, as was discusded]in §3.2
il 1 1 (see Figuré&ll), for such large ratios Afto M, the evolved
Schechter function has essentially attained a univensgt-li

o g o5 . s 2 ‘ ‘ ‘ ing shape. The likelihood surface then becomes very flat for

0.8 1 1.2

o oo any greate\ /M, and the fitting procedure has difficulty con-

FIG. 5.— (Left) Estimate of Gaussian dispersion in thband,oz, versus verging if this paraijter is allowed to vary to arb|tra_1r|igl_m
the same quantity in thg-band, oq, for the GCLFs of our sample galax-  values. The majority of our evolved Schechter function fits d
ies. Uncertainties aresl The line marks the one-to-one correspondence converge to\ /M, values that satisfy our imposed constraint;

between these two quantitiesight) Difference between estimates of Gaus- in only one case does the “best-fit” model have the Iimiting
sian means in thg- andz-bands ug — 11z, versus the mean coldgg-z) of the

GC systems of our sample galaxies. Uncertainties arelhe line marks the A/MC =10. ) . . .
one-to-one correspondence between these two quantities. We show in Figur€l7 the binned-sample GCLF histograms,

along with model curves analogous to those in Figure 6.
Since we have two realizations of the GCLF for every Again, then, the intrinsic evolved-Schechter model GCLF is
galaxy—one in thez band and one in thg band—we are the long-dashed curve; this model multiplied by the margina

able to check the internal consistency of our model paramete iZ28d_completeness function is the dotted curve; a kernel-
estimates. Thus, in Figuf 5 we compare the measured Gaudensity estimate of the contaminant luminosty function is
sian means and dispersions in the two bands. The Ieft-hant%hown as the solid gray curve; and the net best-fitting model
panel of this plot shows the scatter @f vs. o about a line ~ (Sum of dotted and solid gray curves) is drawn as a solid black
of equality, while the right-hand panel shows the differeimc ~ CUrve- Also as in Figuriel6, we use crosses in Figlire 7 to show
fitted means g — 1) vs. the average G@E2) color in each  the GCLFs inferred in every galaxy bin when we define GC
galaxy (from Peng et al. 2006a), again compared to a line ofS2MPples by simple magnitude cuts éRglimits, rather than
equality. Both cases show excellent agreement between th&Y USing oupec probabilities.

maximum-likelihood results for the two bandpasses. We con- Comparing Figurél7 with Figurgl 6, it is apparent that an
clude that the measurements are internally consistentand t €volved Schechter function describes the GCLFs of bright
our uncertainty estimates are reasonable. galaxies about as well as a Gaussian does. In some of the

Finally, we also fit Gaussians to our 24 “binned” GC sam- fainter galaxies there is possibly a tendency for the Sdieech

ples, constructed by combining the candidates in as manyfunction to overestimate the relative number of faint G, b
galaxies as necessary to reach net sample sizes of at leadyis difficult to assess how serious this might be. The worst

200 (see [§414). The IDs and total magnitudes of the ga|ax_d|sagreements between the model fits and the data tend to oc-
ies going into each of these bins are summarized in TableCUr in the very faintest extents of the histograms for thedhan
B, along with the best-fiz- and g-band Gaussian parame- ful of the fair_ltest gala>_<y bins at the end o_f Figlie 7. Indeed,
ters for each binned GCLF and the best-fit parameters for thefn€ largest d|screpanC|§s appear at magnitudes wherawonta
evolved Schechter function discussed i §3 (see just below)Nants account fog, 50% of the total observed population.
In Figure[® we display the binned GCLFs in histogram format, Any impression of success or failure fany model in these
along with a number of curves representing the maximum- €xtreme regimes of the GCLFs must be tempered by the real-
likelihood Gaussian fits. The curves in every panel have ex-iZation that the fitting itself is something of a challengelen
actly the same meaning as in the individual GCLF fits of Fig- SUch conditions. o .
ure[4. We additionally show in this Figure (as the crosses in This is further illustrated by contrasting, in both Figures
each magnitude bin of each histogram) alternative GCLFs ford @ndL6, the GCLFs for cluster samples selected by magni-
the binned-galaxy samples, obtained by defining GCs on thetude andR, only (crosses in the figures), to those for sam-
basis of absolute magnitude and an upper limit on the half-Ples selected on the basismic probabilities (bars). The for-
light radiusR, (§4.3)18 mer samples generally tend to put more objects in the fdintes
In €8 below, we will compare GCLF systematics as a func- GCLF bins, an effect particularly apparent in t_he famtgst
tion of galaxy properties for these binned samples vs. the fit 9alaxies. The low-mass end of the GCLF for faint galaxies
to individual galaxies. We also note here, without showing 'S thus not tightly constrained by our observations; there |
further details, that repeating the exercises of this Beats- a fundamental uncertainty, due to contamination, that aann

ing the samples of GC candidates selected only by magnitudd’® 0vercome by any selection procedure. (Note that some of
andRy, rather than by @cc criterion, leads to results that are the more extreme discrepancies between the different GCLF

consistent in all ways with those we present below. definitions—such as in the faintest magnitude bin of BG 20—
are due to the presence in some galaxies of a strong excess of
5.2. Fits of Evolved Schechter Functions diffuse clusters that are classified as contaminants whiag us

. . Poc to construct the sample; see Peng et al. 2006b). But it is
We have performed fits of the evolved Schechter function g worth recalling, in this context, that the “overaburte”

in equation[(8)—or equivalently, the more transparent equa qf |o\-mass clusters in the evolved Schechter functionavs.

tion (7)—to the GCLFs of our individual galaxies and binned Gaygsjan, is in fact a demonstrably better description f th
samples. Here we discuss only the results of fitting the 24 Milky Way GCLF: see Figurgl2.

. The fitted magnitude-equivalents and m; of the mass
18 Note that these alternative GCLFs do not have exactly the sammbers -
of objects as the bar histograms corresponding to GC samefased by scalesA andMC’ '_n each of thez_andg bands, are recorded
pac > 0.5. for each of our binned GCLFs in Tall¢ 3. 10186 we discuss
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FIG. 6.— Histograms and Gaussian fits to the GCLFs for our birgedxy samples. For each sample, nameciB@h n=0,...,23, we present theband
andg-band GCLFs side by side. The identifier of the galaxy bin dédated in the upper left corner of the left panel, where vge a@dicate the numbet of all
sources in the histogram (as chosen by requipgg > 0.5) and the bin-width used when constructing the histograms. In each panel we #teobest fitting
model (solid black curve), the intrinsic Gaussian compoi@ashed curve), the Gaussian component multiplied bydhgteteness fraction (dotted curve) and
a kernel-density estimate of the expected contaminatidineisample (solid gray curve). The solid black curve is the sfithe solid gray and dotted curves.The
galaxy bins are ordered by decreasing mean app&éaind luminosity of the galaxies that went into the samplestraction. Crosses in all panels show the
histograms that result when GC candidates are selectededrasis of cuts in magnitude and half-light radius; $ee] 8At®@ parameters of all fits are given in

Table3.



22

30 40 20 40 60

20

10

20 30 40

10

20 40
T

40

20

40

20

e

e e e

JORDAN ET AL.

[ ] % ]
oL T ! ]
<+ [ 1 \ ]

L 4 | 4

L 4 b 4
oL T ]
ML ] ]

[ ] % ]
oL T ]
L ] ]

[ ] ]
oL T ]

L [ - I g | I

r Tttt 1 |
o L 4 -
I ] ]
o[ T ]
ML ] ]
oL I ]
QO ] ]
oL I ]

[ ] \L’

L T | LD

T T T L
77 x
o ~
< T \X N
"X
x
f ] \
o L 4
S
z =
o
g 1 M

L ] St
o L 4
«

x
| | X ]

[ LI A B R R B R ]

| ] No ]
o[ T ]
7 ] m

[ 1 (Y 1
oL I ]
ML 1 ' ]

[ ] 4 ]
af t {1
oL T *{

[ (T L | 1“ 1

T T T T T
] . ]
oL 4
54
i \ [x
QL .
«
<1V
L | ]
prp— ;1N i\

18 20 22 24 26

z [AB mag] g [AB mag]

Fig. 6. —Continued



GLOBULAR CLUSTER LUMINOSITY FUNCTIONS 23

——T— T T - T T T T 3 o —T——T— T — T T T —
©

X
x|

N = 764 1 1 r N = 308 1 x

100
T
|
T
!
x

h = 0.35 ] ] h = 0.48

—20.1

X

Il +
ANTRE
§
4 \m i
H— A
Il 1 ﬁ
T L T T N Il
] m ]
. S8 " d I MJ i
24 26 18 20 22 24 18 20 22 24 26 18 20 22 24 26
z [AB mag] g [AB mag] z [AB mag] g [AB mag]
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the numbeN of all sources in the histogram (as chosen by requipgg > 0.5) and the bin-width used when constructing the histograms. In each panel we
show the best fitting model (solid black curve), the intrinsvolved Schechter component (dashed curve), the evolsleelcBter component multiplied by the
completeness fraction (dotted curve) and a kernel-demesitiynate of the expected contamination in the sample (godig curve). The solid black curve is the
sum of the solid gray and dotted curves. The galaxy bins atered by decreasing mean appar+iiand luminosity of the galaxies that went into the sample
construction. Crosses in all panels show the histogranigékalt when GC candidates are selected on the basis ofrcotagnitude and half-light radius; see
§4.3. The parameters of all fits are given in Tdlle 3.
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of dN/dM for low GC masses, or universalty 10°4™ in
terms ofdN/dm for magnitudes much fainter than the peak
, ] of the GCLF. As aresult, the faint side of the GCLF is always
P . broaderthan any Gaussian, and so if the two models give com-
i 1 parable descriptions of the bright halves of all GCLFs, the
o FWHM of the evolved Schechter functions must always be
LN ] larger than those of the Gaussian fits. Moreover, for very nar
. ] row observed GCLFs, fit by small Gaussian (primarily to
reproduce the steepness of the bright side of the GCLF, as dis
cussed below), the evolved Schechter function fits areditit
by a minimum FWHM of~2.66 mag (E3.R), explaining the
oo 1 tendency towards a plateau at the left side of the lower panel
r 1 of Figure[8.

-9 —8.5 -8 6. TRENDS BETWEEN AND WITHIN GALAXIES

o (Gaussian) [mag] Having fitted two different GCLF models to each of our in-
dividual galaxies and binned samples, we now outline some
systematic variations in the properties of GC mass distribu
tions indicated by this work. First, we examine the depen-
dence of GCLF parameters on host galaxy luminosity; then—
I . ] even though the ACSVCS data are notideal for this purpose—
r A ] we look for any evidence of GCLF trends with radius inside

1 the two brightest Virgo galaxies, M49 (VCC 1226) and M87
L ] (VCC 1316).

6.1. Variations with Galaxy Luminosity
6.1.1. Gaussian Parameters

Figurd® shows one of the main results of this paper: GCLFs
are narrower in lower-luminosity galaxies (see also Joetan
al. 2006).

The upper panel of this figure plots the Gaussian disper-
sion that best fits the-band GCLF, as a function of absolute
galaxy magnitud®g g4 for our 89 individual galaxies. Filled
_ _ circles represent galaxies with measured (SBF) distanck mo
FIG. 8.— Upper pand: Comparison of the absoluteband magnitude ji - while open triangles correspond to galaxies for which

of the GCLF turnover, as inferred from the maximum-likebldofitting of dist dulus i ilabl d f hich
intrinsic evolved Schechter functions versus that inféfrem Gaussian fits,. N0 dISlance mModaulus IS avallable and tor which we assume

Lower pand: Comparison of the FWHM of the intrinsizband GCLFs, as  (mM—M)o = 311 (consistent with the average Virgo distance
returned by the Gaussian and evolved Schechter fits. Sipidés for the fits modulus of Mei et al. 2007) to CompUMB_ga|- The lower

to ourg-band GCLFs look the same as thesizand results. panel shows the analogous result for girand GC data. The
straight lines drawn in the panels are convenient linear-cha

in detail the conversion of these to masses and also considefcterzations of therm-Ms ga trends:
dependences ak andM. on galaxy luminosity. 07=(1.124+0.01)-(0.093+0.006)Mpga+20)  (17)
Just before looking at these issues, Figure 8 comparegng
the turnover magnitudes and full-widths at half maximum
(FWHM) for the binned-band GCLFs as returned by the fits g =(1.14+£0.01)-(0.100+ 0.007)Mg gar*+ 20).  (18)
of evolved Schechter functions (see édg. [9]), against theesa While it has been reported before that there is a tendency for
quantities implied by our Gaussian fits. For the turnovers, the GCLFs in lower luminosity galaxies to show somewhat
there is a slight offset, in that the fitted Schechter funtdio lower dispersions (e.g., Kundu & Whitmore 2001a), the ho-
tend to peak at slightly brighter magnitudes (typical diffe  mogeneity of our sample and analysis make this the most con-
ence< 0.1 mag, corresponding to a turnover mass scale thatvincing demonstration to date of the existence of a congnou
is < 10% larger than implied by the Gaussian fits). This is trend over a factor of 400 in galaxy luminosity. It is partic-
very similar to the offset in the two fitted turnover magniégd  ularly noteworthy that the fainter galaxies in our samplé—a
for the Milky Way GCLF in §3.B. As we discussed there, the of which are early type—have very modes} < 1, values
discrepancy is a result of the intrinsic symmetry assumed inmore usually associated with the GCLFs of late-type galax-
the Gaussian model, vs. the faint-end asymmetry built o t ies. In fact we have also plotted on Figlide 9 Weband
evolved Schechter function. GCLF dispersions (Harris 2001) and absolute bulge luminosi
The FWHMs differ more substantially between the two ties of the Milky Way (large filled star d¥lg 4o = —18.8; de
functional forms, with the evolved-Schechter fits being-typ Vaucouleurs & Pence 1978) and M31 (large filled triangle at
ically ~0.5 mag broader (or about 0.2 dex in terms of mass) Mg ga = —=19.2; from Kent 1989, but assuming a distance of
than the Gaussian fits. But this is again only to be expected810 kpc). Clearly these fall well in the midst of our new data,
from the asymmetry of the former function vs. the symmetry and thus the correlation ef with Mg ga Would appear to be
of the Gaussian. As was noted at the end[0f183.2, the shapenore fundamental than the older view, that GCLF dispersions
of the evolved Schechter function is universally flat in term depend on galaxy Hubble type (Harris 1991).
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ACSVCS dwarfs versus the GCLFs of Virgo giants. How-
ever, neither of those works checked these claims quantita-
1 tively. We have done so here (see also Jordan et al. 2006), and
{ 1 we find that the explanation is not tenable.

A . As we will discuss further in[86.1.2, GC mass-to-light ra-
;i } t 1 tios in the longer-wavelengthband vary by less that#t10%
I é {* | over the entire range2 < [Fe/H] < 0, which includes the

1.5

| large majority of clusters. Thus(log T,) < 0.04 no mat-

i ter what the details of the GC metallicity distribution are—
L 1 making for an utterly negligible “correction” to the obsedv
4 1 o(logl;) = 0,/2.5 for all of our GCLFs. In the shorter-
~l. wavelengthg band, mass-to-light ratios are more sensitive to
3 cluster colors. But here the close agreement of gpuand
z-band GCLF dispersions shows immediately that the former
must be reflecting the properties of the GC mass functiors jus
as closely as the latter are. Indeed, more detailed caicntat
which include the observed specifics of the color distrifmsi
w * w ' w * w * in our galaxies (Peng et al. 2006a), confirm that the spread in
| | expected GCYy values contributes- 0.02 mag to the total
I | observed GCLF dispersion—an amount well within the ob-

{ %

0.5

] servational uncertainties an in the first placé’. Thus, we

- proceed knowing that the correlations between GCLF disper-
t 1 sion and galaxy luminosity that we are discussing here are
l }* 1 very accurate reflections of equivalent trends in the mane fu

1.5

damental GC mass distributions.
Because of the symmetry assumed in the model, the trend
% ﬁ\ & | of decreasing Gaussian, in Figure[9 might appear to imply

1 a steepening of the GCLF on both sides of the turnover mass.
% g 1 However, as we have already discussed, if we take the more

=~ 3 physically based, evolved-Schechter function of equaf@n
or () to describe the distribution of GC masses, tladn
GCLFs must have the same basic shape (and thus half-width)
for clusters fainter than about the turnover magnitude—in
L 1 which case the trends in Figure 9 can only be driven by sys-
o U s | s | : : tematics in the bright side of the GCLF. Indeed, as was men-
-2 —<0 —18 -16 tioned in §8 above (and discussed at length by, e.g., McLaugh
M lin & Pudritz 1996), it has long been clear that power-law-rep
resentations of the GC mass function above the turnover mass
, E; g 35; TSZ}SSSCL;;ﬂ;persi“é?ﬁ;eé”ffTﬁé’o{?a’“reGa;’.Ziﬁ'; ff'ésr f/(v)htgﬁ in the Milky Way and M31 are significantly steeper than those
we have avéilable SBQIJ: dist:ﬁgcaés while ogen trianglesgreprejalaxies for in M87, M49, and other b”ght elllptlcaIS; there is no “_umve
which we do not and for which we have assumed a distance modln- sal” power-law slope for present-day GC mass functions.
M)o = 311. The dashed line is the linear relation betwegnand Mg ga) Given these points, we have also performed maximum-

in equation [(Il7).Bottom: Same comparison, but for the intrinsic Gaussian likelihood fits of pure power-law mass distribu-

dispersion of theg-band GCLFsgg. Dashed line is equatiofi {IL8). In both - -3. - -
panels the star shows values for the MW and the triangle septe M31. The tions (dN/dM x M 5' or, in terms of magn'tUde’

outliers atMg gai ~ ~21.2 andMg gai =~ ~19.9 in both panels are VCC 798  dN/dm o< 10°4¥-DM) to GCs between~ 0.5-2.5 mag
and VCC 2095, galaxies which have an excess of faint, difitaeclusters brighter than the turnover magnitude in the cluster samples
(Peng et al. 2006b). of our individual galaxies. (Such subsamples are both
highly complete and essentially uncontaminated in all of
At this point it should be noted that the GCs in brighter our galaxies). The best-fit for the 66 galaxies in which
galaxies are known to have broader color distributions, andwe were able to measure it are presented in Table 4. The
hence larger dispersions in metallicity, than those inté&in  results from fitting to the- andg-band data are similar, and
galaxies (e.g., Peng et al. 2006a). But cluster mass-ta-lig thus we show only the former here, in the upper panel of
ratios, Y, are functions of [Fe/H] in general, so there will be Figure[I0. This confirms that the high-mass end of the GCLF
some galaxy-dependent spread in their values. Since tie var steepens systematically for decreasing galaxy luminosity
ance in an observed luminosity distribution is related &t th independently of how the low-mass GC distribution behaves.
in the mass distribution, by the usugl(logL) = ¢?(log M) + In Figure[I0 we also plot a star and triangle showijig
o?(log T), this then suggests the possibility that the trend we values for the Milky Way and M31 respectively, measured
see in the GCLFr, andog vs. galaxy luminosity might re-  in the same mass regime using the data from Harris (1996)
sult from systematics iar(log T) vs. Mg ga On top of a more  and Reed et al. (1994) assumingvVaband mass-to-light
nearly constant-(log M). In fact, this idea was recently in- ratioM/Ly = 2. The lower panel of Figufe L0 then plots the
voked by Waters et al. (2006) as a potential explanation for fitted power-law exponent for high GC masses against the
the fact that thd-band GCLF of M87 is broader than that
of the Milky Way; and by Strader et al. (2006) as a possible 19 We note that the median value afg- o) for our sample galaxies is
reason for the narrower composite GCLF of a subsample of0-02 mag.

0.5

B, gal
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by dynamical processed(&FF.2)—in which case it seems most

likely that the systematic variations in Figufés 9 AnH 1Qefe

flecting a fundamental tendency to form massive star clsister

in greaterelative numbers in more massive galaxies.

<+ F 4 Moving now to the GCLF turnover magnitude, in Figlre 11

we show the absoluig, andyg as functions of host galaxy ab-

o I solute magnitud®lg ga. In both panels of this figure, horizon-

I ] tal lines are drawn at the levels of the typical turnoveraigé

ellipticals: excluding VCC 798, which has an anomalously

o b 4 }H} 4 large excess of faint, diffuse star clusters (Peng et al6B)0
badh H the average Gaussian turnovers for ACSVCS galaxies with

Mgga < —18 are

7\ L I L I L I . | <,LLZ> -8.4+0.2
-22 —20 -18 -18 (ug) = —7.2£0.2.

B, gal The turnover in the Milky Way is shown as a large filled star
and that in M31 is represented by a large filled triangle, as in
Figure[9. We estimated these turnovers from\theand val-
o : : ues given in Table 13 of Harris (2001), by applying-{/) and
' 1 (V -2 colors calculated for 13-Gyr old clusters with [f¢] =

I ] —1.4 for the Milky Way (Harris 2001) and [Fé&d] = -1.2 for

(Mg ga < —18) (29)

M31 (Barmby et al. 2000) using the PEGASE population-
synthesis model (Fioc & Rocca-Volmerange 1997).
Thezband turnovers in the upper panel of Figuré 11 show
I ] a tendency to scatter systematically above (fainter thiae) t
o~ I . bright-galaxy value for systems witlg ga 2 —18, but there
T ] are no such systematics in tgeband turnovers in the lower
panel. Interpreting these results is most easily done imger

I Tt i

I T 4% .
© [ Hﬁ ] of equivalent turnovemass scales, and thus we defer further
o

1.5

4 i

discussion to [§6.112, where we use the PEGASE model to

convert all of our GCLF parameters to their mass equivalents
i ‘ ‘ 1 We note here, however, that the near constangy, af Figure

° ° ‘ 4 ‘ [I1is equivalent to the well known “universality” of the GCLF

8, turnover in the more commonly us&tband (since oug is

the HST F475W filter, which is close to stand&il

FIG. 10.—Upper panel shows the slopg; of the power law that best fits : : ; : : :
the zband GCLF data for GC masses A% < (M/Mo) < 2 x 10P, against Before discussing masses in detail, we plot in Figuie 12 the

host galaxy absolutB magnitude. The star and triangle sh@walues for Gau§3|an means and dlsperS|ons ofziband GCLFS_'” our
the Milky Way and M31 respectively, measured in the same meagme us- 24 binned samples, vs. the average absolute magnitude of the
ing the data from Harris (1996) and Reed et al. (1994) asgyimif-band galaxies in each bin (see Talple 3). The straight lines in each
mass-to-light ratidVl /Ly = 2 Mg LQ}Q. Lower panel shows the correlation panel are just those from the upper panels of FE@S 11hnd 9,
between this power-law index and the dispersignn a Gaussian represen- Characterizing the fits to all 89 individual galaxies Thisre
tation of the GCLF. These graphs illustrate that the systieniaarrowing” ] ; ) .
of the GCLF for decreasing galaxy luminosity, as seen in.Bgnd 12, is a parison shows that the results from our single- and blnne_d-
real phenomenon rather than an artifact of the GaussianImibdbows up galaxy GC samples are completely consistent, so that our bin
clearly as a steepening of the (largely complete and relgtivontamination- ning process has served—as intended—to decrease the scatte
free) high-mass e_nd_of observed GCLFs. Corresponding faotee g-band in the observed behavior qm‘ando— at low galaxy luminosi-
GCLFs are very similar to these. . . - -
ties. It also confirms the results of our simulations [in_B4.2
above, which showed that our maximum-likelihood model fit-

Gaussian GCLF dispersion from Figlile 9, showing that thereting is not significantly biased by size-of-sample effects.

is indeed a clear correlation between these two parameter$lot like Figure 12, but using our Gaussian fits to the individ
in the sense that a narrower Gaussiameflects a steeper ualand binne@-band GCLFs, leads to the same conclusions.
high-mass power-lavs.

The regularity and the high significance of the narrowing of 6.1.2. Mass Scales
the GCLF as a function of galaxy luminosity—or the steepen-  To better understand the GCLF trends discussed above, and
ing of the mass distribution above the classic turnovertpein  to mesh the Gaussian-based results with those from fits of the
places a new and stringent constraint on theories of the for-more physically motivated evolved-Schechter functioris it
mation and evolution of the mass function of GCs. In one advantageous to work in terms of GC mass, rather #eard
sense, this is then on a par with the modest amount of varia-g magnitudes. To make this switch, we rely on population-
tion seen in the turnover mass. An important difference may synthesis model calculations of € Z) colors andg- and z-
be that the GCLF turnover could be imprinted to some large band mass-to-light ratios as functions of metallicity feirt-
extent by long-term dynamical evolution (Fall & Zhang 2001; ple” (single-burst) stellar populations.
though see, e.g., Vesperini 2000, 2001, and Vesperini & Zepf The modelwe use is version 2.0 of the PEGASE code (Fioc
2003 for a differing view, and[&7.1 below for a discussion & Rocca-Volmerange 1997), which we have run by inputting
of caveats). By contrast, most analyses agree that the shapthe stellar initial mass function of Kennicutt (1983) to com
of dN/dm above the turnover is largely resistant to change pute cluster masses agdandz luminosities as functions of
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FiG. 11.—Top: Absolute magnitudg:, of the GCLF turnover, versus FIG. 12.—z-band GCLF turnover magnitudepper panel) and dispersion
Mg gal, inferred from Gaussian fits to trreband GCLFs. Filled symbols are  (lower panel) inferred from the Gaussian fits to the binned-galaxy sasple
galaxies for which we have available SBF distances whiledpangles rep- in Fig.[6. The horizontal line in the upper panel is the same -8.4 that
resent galaxies for which we do not and for which we have asslamistance characterizes the bright galaxies in the upper panel ofElgThe line in the
modulus of (n—M)g = 311. The dashed line is at, = -8.4, the average for lower panel is the fit of equatiof {IL7) to the Gaussian dispessobtained
galaxies brighter thaMg g4 = -18. Fainter galaxies have turnover magni- from fitting all 89 of our galaxies individually (cf. Fig]9)In both panels
tudes that tend to scatter fainter than thBottom: Same comparison, for the star shows values for the MW and the triangle represeBts Mote that
the g-band magnitude of the GCLF turnover. Horizontal linguig= —7.2. VCC 798, the bright outlier galaxy in Fids. 9 dnd 11, has be@iueed from
In both panels the star shows values for the MW and the tiargpresents our “binned” samples due to its excess of faint, diffuse shasters.

M31. The outliers aMp ga ~ —21.2 andMp ga ~ —19.9 in both panels are

VCC 798 and VCC 2095, galaxies which have an excess of faffusd star : -1 -1
clusters (Peng et al. 2006b). tonically from g ~ 1.9 Mg L to Tg ~ 2.7 M L. Note

that if any of our GCs were much younger than 13 Gyr, then
the numerical values of these mass-to-light ratios wouldeal
age for several fixed values of [Fe/H]. The results, at an as-lower (by ~ 30%—40% at an age of 8 Gyr, for example), but
sumed uniform GC age of 13 Gyr, are illustrated in Figure 13, the basic constancy 6f, and the systematic increase b§
which plots the mass-to-light ratidéq and Y in solar units  for redder/more metal-rich GC systems would remain.
and the -2 color against [Fe/H]. Given the average«2) This has immediate implications for our plots of the GCLF
of the GCs in any of our galaxies (from Peng et al. 2006a), we turnover magnitudes in Figuréslil dnd 12 above. In partic-
interpolate on these PEGASE model curves to estimate averular, the GCs are systematically bluer, on average, in lower
ageg andz mass-to-light ratios. Table 5 lists the mean GC |uminosity galaxies (e.g., Peng et al. 2006a; see also Table
color in each galaxy and thd /L values we have derived. ). Assuming that this reflects a correlation between aver-
Itis clear from Figur¢ 113 and Taklé 5 that theand mass-  age cluster metallicity and galaxy luminosity (rather tioae
to-light ratio varies by only a modest amount for most GCs between cluster age ak ga)), the typicaly must be some-
in our samples: we generally have8(S ((g—2)) < 1.2in  what lower for GCs in faint galaxies than in bright galaxies,
these cluster systems, and thud5l< T, < 1.55 Mg Lél. while T is essentially the same. The fact that the Gaussian
A z-band luminosity is therefore a very good proxy for to- GC p, scatters slightly faintward towards faintdg 4o Should
tal cluster mass. By contrast, over the same range of GC colothen reflect a modest downward scatter in the turnoves
or metallicity, theg-band mass-to-light ratio increases mono- scale. But in theg band, this would be balanced to at least
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FIG. 13.— Predicted mass-to-light rati (upper Panel) in solar units in FiG. 14.— Turnovemass Mo (upper panel) and dispersion of logarithmic
thez (dotted line) and (dashed line) bands, ang<z) color (lower panel), all mass fower panel) implied by our Gaussian fits to the andz-band GCLFs
as functions of metallicity for a 13-Gyr old simple stellavpulation accord- of individual galaxies. The turnover masses are obtaineu the magnitudes

ing to the PEGASE population-synthesis model (Fioc & Rodolmerange pg and iz by applying the PEGASE model mass-to-light ratios sumredriz
1997) assuming a Kennicutt (1983) stellar IMF. The arrowsath panels  in'Fig.[I3 and TablEl5. The dispersion in logarithmic massis= o/2.5 or
indicate the minimum and maximum average GC [Fe/H] in the ¥CS 02/2.5. In both plots, results from thgzband data are represented by circles,
galaxies, as inferred from their meag2) colors (see Tablgl5). and results from the-band by crosses. In the upper part of both panels we
show the typical behaviour of error bars as a functioMgfya. The outlying

i _ta-li ; points atMg ~ -21.2 in both panels correspond to VCC 798, a galaxy which
zﬁgnuﬁ des%[iae;;[’nt()));etl’s‘?egggfszidgcwoass to Ilght ratio, 1an d has a strong excess of faint, diffuse star clusters (Perlg 20@6b).
L . . - '.I“lﬂga" . . .
This interpretation of the situation is confirmed in Figure

[14, where in the upper panel we plot the Gaussian turnoverreflect metallicity variations, since if GCs had very simila

masses, derived from the and g-band GCLF fits as just  metallicities but much younger ages in fainter galaxies zth

described, vs. parent galaxy absolute magnitude. The avandg-band estimates dflto would differ by as much as the

erage turnover magnitudes in equatipnl (19) and the typicalfitted turnover magnitudes if §6.1.1.

GC mass-to-light ratios in Tablé 5 together imply an average  For completeness, in the lower panel of Figure 14, we show

turnover mass of theg- andz-band based estimates of the Gaussian dispersion

- of logarithmic GC masses. Sineg does not depend on the

(Mro) = (2.2£0.4) x 10°Mq, (20) cluster mass-to-light ratio, but is just the magnitude éisfon

for the brightest ACSVCS galaxies witlg o < —18 (here divided by 2.5, this plot is completely equivalent to Fig@te

we have taken the absolute magnitude of the sun to be 4.51 inThus we have also drawn in equatiénl(17) above, multiplied

thez-band and 5.10 ig). The consistency in most systems by 0.4.

between the turnover masses estimated from the two band- An interesting corollary to all of this is that the reliabil-

passes shows that, indeed, fdg 4 > —18, there is an over- ity of the GCLF as a distance indicator would appear to be

all tendency to find more GC systems with turnover massessomewhat bandpass-dependent, at least when applied to sub-

somewhat below the average for giant ellipticals, by as muchL. galaxies withMg 4o 2 —19. We have just argued that the

as a factor of 2 in some cases. It also implies that the de-near-universality of the turnover magnitude in gxand—

pendence of GG(g-2)) on galaxy luminosity does primarily  and thus in the very closely relat¥dband—is at some level
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FIG. 15.—Left: GCLF turnover maslyo, inferred from the maximum-likelihood estimate of Gaussiaas a function oMg g4 for binned-galaxy samples.
Mro has been inferred from using the PEGASE model, as summarized in [Eig. 13 and Tabledss€s indicate values bfrg obtained fromy.g, while circles
are the values oMto obtained fromu,. (Right) GCLF turnover mas#ro versus galaxy absolute magnitude, as inferred from the fliewalved Schechter
function to the binned-galaxy samples (using Bt [9] and REE model mass-to-light ratios). The trend of decreasiig with decreasing galaxy mass is as
in the left panel, showing again that the choice of functidoem does not affect our results. Note that VCC 798, resjibador the outlying points at bright
Mg gal ~ —21.2 in Fig.[13, has been excluded from our “binned” samples diits excess of faint, diffuse star clusters.

the fortuitive consequence of quantitatively similar ¢gsxses  decreasing galaxy luminosity. In terms of the structurehef t
in both the turnover mass and the typical GC mass-to-light mass function (eq[]7]), this corresponds to a steepeoféll-
ratio in smaller galaxies. At longer wavelengths, however, in the frequency of GCs more massive than the turnover point.
mass-to-light ratios are not so sensitive to GC metallieityd It is therefore equivalent to our findings in Figufés 9 ant 10
variations in the turnover mass carry over more directlg int that the Gaussias is narrower, and the high-mass power law
variations in turnover magnitude. We will explore this is- (3 steeper, for the GCLFs in fainter galaxies. As we discuss in
sue in more detail in future work. However, any such prag- g4, features such as this likely reflect the initial conatitaf
matic concerns about the precision of the GCLF peak magni-the GC mass distribution. Thus, if GC systems were indeed
tude as a standard candle should not detract from the mairborn with Schechter-like mass functions, it would seem that
point of physical interest here: although the differenaes i the “truncation” mass scald. was higher in larger galaxies
GCLF turnover mass that we find are real, they are never-right from the point of cluster formation.
theless relatively modest. While the galaxies in the ACSVCS The graph ofA vs. galaxy luminosity in the lower panel of
range over a factor of 400 in luminosity,Mto never falls Figurd 16 shows, first, that it is roughly comparable to (tjtou
more than~ 30%-40% away from the (Gaussian) average of slightly larger than) the GCLF turnover mass in generalsThi
2.2 x 10°M, for the giant ellipticals. is certainly not unexpected, given the characteristicshef t
In the left panel of FigurE_15 we show the turnover massesmodel itself (see the discussion i 83.2). In physical terms
derived from the Gaussian GCLF means for our binned- though, if the model is taken at face value, the corresporelen
galaxy GC samples. This again highlights the tendency toreflects the fundamental role that evaporation is assumed to
slightly less massive GCLF peaks, on average, in lower- play in defining any turnover point at all (see our discussion
luminosity galaxies. In the right panel of this figure we also in §3, and the more detailed exposition of Fall & Zhang 2001).
show Mg as derived from our fits of an evolved Schechter Beyond this, our fits imply that there is a tendency foto
function to the same GCLFs (see e@s$. [9] dnd [10]). The closeincrease as galaxy luminosity decreases, but this is not-a pa
similarity of the two graphs in Figufe_1l5 is entirely in keep- ticularly regular trend. All in all, there appears to be alfai
ing with the slight average offset between the Gaussian andharrow range of GC mass los§,~ 2-10x 10°M,, required
extended-Schechter turnover magnitudes in Fiflire 8 aboveto account for our GCLF observations over a large range of
It also illustrates that our main results are not overly eepe galaxy luminosity.
dent on the particular choice of model to fit the GCLFs. Note that several of the faintest galaxy bins in Figuré 16
Last, in Figurd_1b we show the GC mass scalks(the have A/M; ~ 2, to be compared witl\ /M. ~ 0.1 for the
high-mass exponential cut-off) an¥l (interpreted as the av-  brightest systems. This reflects once again the systenaatic n
erage mass lost per GC by evaporation) for our fits of evolvedrowing of the GCLF, due to the steepeningidf/dM for high
Schechter functions to the binned-galaxy GCLFs, as inferre cluster masses, in fainter galaxies.
from their magnitude equivalents. andé in Table[3. The In §7 we will further discuss the variations Mo, Mc, and
upper panel of the figure first plok. vs. Mg ga;, using solid A with galaxy luminosity, and how they relate to questions of
points to represent fits to GC samples selected on the basi&C formation and dynamical evolution.
of our probabilitiespgc and open symbols for fits to samples
defined only by cuts on magnitude and GC effective radius . . .
(see BAB). There is a clear, systematic decreasé.afith 6.2. GCLF Turnoversin the Faintest Galaxies
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FIG. 16.—Top: Cut-off mass scal®cz, inferred from our fits of evolved
Schechter functions to theband GCLFs of binned-galaxy cluster samples,
versusMp ga. Bottom: Average mass loss per globular clustéy, versus
Mg gal, from fits of evolved Schechter functions to teand GCLFs of the
binned-galaxy samples. In both panels, filled points ardifeto GC sam-
ples defined by the criteriopgc > 0.5 while open symbols are for samples
constructed using only cuts in magnitude and half-lighiuadsee E413). It
is clear that selection effects can be safely ignored whesstigating broad
trends inMc andA. The stars in the two panels show the valuedgfand
A from fits to the Milky Way GCLF (eq[T14]). The dotted lines imetlower
panel show the rough expected scaling2fvs. Mg g indicated by equa-
tions [25) and[(26) in[&7l1. In order to show the scaling wesharbitrarily
assumed that = 25 x 10°M, atMg gq = -21.

In all of our galaxies there is evidence for the presence of
a peak in the GCLF. Recently, van den Bergh (2006) claimed
that the combined GCLF for a sample of local dwarf galaxies

fainter thanMy g > —16 doesnot show a turnover, but con-

tinues to increase to GC masses as lowd€* M. These

galaxy luminosities translate 8bandMg ga 2 —15.2, which

is essentially the magnitude limit of our ACSVCS sample.
Even though we do not probe down to the galaxy luminosi-

ties where van den Bergh (2006) claims a drastically differ-

ent GCLF behavior, it is nonetheless worth noting that the

turnover mass in our faintest galaxies is still fairly cldee
the “canonical’Mto ~ 2 x 10°M,. There is no hint of any
systematics that would causéro to fall to 10*M, or less

served here (e.g., see Figl14). It is thus likely relevaat th
the results of van den Bergh (2006) are based mostly on data
from Sharina et al. (2005), who do not account for any poten-
tial contamination in their lists of candidate GCs in thedbc
dwarfs. Any GCLF derived from these data must therefore be
regarded as quite uncertain, at the faint end especiallgc-Sp
troscopic confirmation of the Sharina et al. GC candidates is
required.

6.3. Variations with Galactocentric Radius

To achieve a fuller understanding of the GCLF, and in par-
ticular the competing influences of cluster formation and dy
namical evolution on it, we would like to know how it might
vary in form as a function of position in its parent galaxy. It
has long been understood that the turnover of the Milky Way
GCLF is essentially invariant with Galactocentric radies(,
Harris 2001), and multiple studies of the M87 GCLF have
concluded that its overall shape is basically the same frem t
center of the galaxy out to several effective radii (McLaligh
Harris, & Hanes 1994; Harris, Harris, & McLaughlin 1998;
Kundu et al. 1999). Beyond this, however, little is known
about the generic situation in most galaxies.

For the most part, our data are not well-suited to address thi
question, due to the small field of view of the ACS. However,
we are afforded serendipitously long baselines of galattoc
tric radius in M87 and M49, by the inclusion in the ACSVCS
of a number of low-luminosity galaxies that are projected
close to each of these large galaxies. We refer to these-galax
ies as “companions,” even though they might not be physi-
cally associated with their “hosts.” The majority of the GCs
observed in the fields of these smaller systems belong to the
giants. While each companion does have some GCs of its
own, their numbers will be reduced to negligible levels, eom
pared to the M87 or M49 globulars, outside some sufficiently
large radius in the low-luminosity galaxy. Thus, we take our
original GC samples for the companions present in the survey
and consider only those cluster candidates that are founel mo
than 6 effective radii from the companion cent&tSince the
effective radii of the GC spatial distributions are genlgral2
times larger than those of the underlying galaxy light (Peng
et al. 2006, in preparation), this corresponds to excluding
sources that are within about 3 GC-system scale radii frem th
companion centers. This should effectively eliminat80%
of each companion’s native GCs, leaving us with fairly clean
samples of extra M49 and M87 globulars, located tens of kpc
away from the giant galaxy centers.

We restrict our analysis to companions that have more
than 50 GC candidates left after this selection. These
are VCC 1199 (companion to M49, projectetbdaway);
VCC 1192 (M49, 42); VCC 1297 (M87, 73); and VCC 1327
(M87, 7'5). Note that 1= 4.8 kpc for an average distance of
D =16.5 Mpc to Virgo.

In Figure[1T we show the luminosity functions and Gaus-
sian fits for the resulting GC samples in the four fields neigh-
bouring M87 and M49. In Tablg 6 we list the best-fit param-
eters and the meay € 2) colors and mass-to-light ratios as-
sumed to convert the results to mass. The results are summa-
rized in Figurd_1B, where we show the GCLF turnovers and

20 Because the light profiles of the companion galaxies mighe eeen
affected by an interaction with their giant host (in the ctimsy were physi-
cally associated), we use the median effective radius &@$ galaxies with
magnitides within & mag of each companion galaxy, instead of their mea-
sured one (the effective radii of all ACSVCS galaxies hawrbmeasured by

in galaxies just 1 mag fainter than the smallest systems ob-Ferrarese et al. 2006a).
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dispersions as a function of galactocentric distance in M87
and M49 separately. Evidently, none of the Gaussian GCLF Q&
parameters shows significant Bc) variation over the 20—-35
kpc baselines probed. Fits of evolved Schechter functions t
these GCLFs confirm thaito in particular does not change.
As we discuss further in[§4.1, this lack of any significant ra-
dial trend inMto with galactocentric distance is hard to recon-
cile with a picture in which the GCLF turnover is determined
solely by dynamical effects (primarily evaporation) agtiom

a universal power-law like initial cluster mass functiomkv

ing in a fixed, time-independent galaxy potential. (In féfct,

it varies at all, Mo may even get slightly more massive with
increasing radius in Fig,_18. While we do not claim that any
such trend is in fact detected here, it would dpposite to
naive expectations.)
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7. DISCUSSION

We have found interesting trends in three mass scales of gl
physical interest in connection with GC luminosity funciso

The GCLF turnover or peak mass takes a valud/ie =
(2.2+0.4) x 10°M, in most bright galaxies, but shows some
downward scatter in dwarfs fainter thifg go 2 —18. In M87
and M49, the data are consistent with a more or less constant
Mo to projected galactocentric radii of 20—35 kpc.

The higher-mass scaM. in an evolved Schechter func-
tion, which marks the onset of an exponential cut-off in the
number of clusters per unit mass, grows steasihaller in
fainter galaxies. This drives a systematic narrowing of the
dispersion in more traditional Gaussian fits to the GCLF, or
equivalently a steepening of pure power-law fits to the mass
functiondN/dM at cluster massdd > Mo.

And the massA in the evolved Schechter function, which
controls the shape of the low-mass end of the GC mass distri-
bution and is instrumental in settiddro, varies by factors of
a few—although not entirely monotonically—as a function of
galaxy luminosity.

We now discuss these results in terms of their implications z [AB mag] g [AB mag]
for GC formation and dynamical evolution. We begin by fo- Fic. 17.— Histograms and Gaussian fits for the GCLFs of GCs in e fi
cusing onA in the evolved Schechter function, which, in the ©f view of four companions of M87 (=VCC 1316) and M49 (=VCC 622
context of Fall & Zhang's (2001) dynamicl theory for the 1t ie ferher auay thani@ from the companon sely, whef s e
GCLF, is meant to measure the average amount of mass l0Stor each field we present theband andg-band GCLFs side by side. The
per globular cluster in a galaxy, over a Hubble time of evolu- VCC name of the companion galaxy is indicated in the uppérciefner of
ton. We then move on t1; anciio, asking specifically o _ € f gane, uhere e o e e ot urtien souces wth
what _extent the observeq variations in these hlgh.-mas_s qhargg(c:hipa.nel we show the best fitting model (solid bla%k curwe),ir?trinsié
acteristics of the GCLF mlght be caused by dynamlcal frictio  Gaussian component (dashed curve), the Gaussian compuntipiied by
rather than initial conditions. the completeness fraction (dotted curve), and a kernedijeestimate of the

expected contamination in the sample (solid gray curve)e 3dlid black
curve is the sum of the solid gray and dotted curves. Detéitheofits are

7.1. Evaporation and the Low-Mass Sde of the GCLF given in Tabld®.

The defining feature of the evolved Schechter function in
equation[{V)—which we have found to fit the GC mass distri- turnover massMto does not vary as much or as systemati-
butions of galaxies in the ACSVCS just as well as the tra- cally asA does in the ACSVCS sample (cf. Figufes 15 and
ditional, but ad hoc, lognormal form—is the flat shape of [18). This is because the value of the upper-mass cutpff
dN/dM in the limit of low masses. This asymptotic flat- also influenceddro (see E3R), antl; varies in such a way
ness always follows naturally from a time-independent rate as to largely counteract the variationAf keepingMto more
of cluster mass loss, regardless of the assumed initial formsteady as a function ®flg ga.
of dN/dMy (Fall & Zhang 2001, and[83.2.2 above). The ex-  SinceMro is observed to be so nearly constant indepen-
act values of the average cumulative mass losses per GC fodently of any functional fitting—at least in large galaxies—
the galaxies in our sample are, however, more specific to thethis balance between variationsfmandM, might be viewed
assumption thadN/dMg o< Mg? exp(-Mo/Mc)—a form cho- simply as a necessary condition to make evolved Schechter
sen to match the observed mass functions of young massivéunctions match the data at all. But more interesting is that
clusters in local mergers and starbursts. if the physical arguments behind the fitting function areselo

It is worth noting that, even though the average massAoss to correct, our results imply that the near-universalityhaf
in an evolved Schechter function is key to setting the GCLF GCLF turnover in bright galaxiedMg gai < —18) is in some
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FiG. 18.— (Left) GCLF turnover masdito as a function of projected galactocentric distaRgein M49=VCC 1226 (top) and M87=VCC 1316 (bottom).
Filled symbols refer t@-band measurements bfro while open symbols refer tg-band ones. Right) Gaussian dispersion of logarithmic cluster massgs,
as a function of projected galactocentric distaRgein M49=VCC1226 (top) and M87=VCC1316 (bottom). Filled syotsorefer toz-band measurements while
open symbols refer tg-band ones. In the M49 panels, the leftmost pairs of poirfes te the GCLF parameters derived from the central ACS pistin the
main body of the galaxy; the next pair out correspond to thepamion VCC 1192; and the rightmost pair correspond to timepemion VCC 1199. In the
M87 panels, the leftmost pairs of points refer to the GCLFapaeters derived from the central ACS pointings in the maulylaf the galaxy; the next pair out
correspond to the companion VCC 1297; and the rightmostogpaiespond to the companion VCC 1327.

sense a coincidence resulting from steeper inttsll/dM
(with lower M) in fainter systems being eroded by faster
mass-loss rates (yielding largay).

galaxy potentiaf* However, if p, is taken to be set by a well
definedry, in a steady-state, singular isothermal sphere, then
we also have (from egs. [4] and [15] of Fall & Zhang 2001)

As we discussed if&3.2, some amount of cluster mass loss a
may result from tidal shocks, but we expect that in general ze/(theo)~2.9 x 10* M, Gyr?t (rp/kpc) (Vc/220 km §1)

the largest part comes from two-body relaxation and evapora
tion, at a rate determined by the mean cluster density inside

its half-mass radiuguey, pﬁ/z. This basic dependence holds
independently of any host galaxy properties, so if the elust
evaporation rate varies systematically as a functioMg§a,

it presumably reflects systematics in the typjaabf the clus-
ter systems. Then, if GCs are tidally limited, such thatrthei
average densities are determined by the galaxy densityensi
their orbits (e.g., King 1962), variations in their chaeet

x [1=In(rp/ro)] % . (22)

In the last term on the right-hand side, which is derived by In
nanen, Harris, & Webbink (1983}, is the radius of a circular
orbit with the same energy as an arbitrary orbit wigh< re.

Now, for the Milky Way, recall from §313 (eq[]14]), that
we estimate
A(MW) = (2.5+0.5) x 10°M, (23)

istic pn should correspond in some way to variations in the ¢om oyr fit of an evolved Schechter function to the GCLF. For

host-galaxy densities. The easiest way to quantify any suc

connection is to assume a spherical, time-independentyala
potential with a simple analytical form. Thus, in their mod-
els of the Milky Way GC system, Fall & Zhang (2001) relate
the pp of individual clusters to their orbital pericentargin

a logarithmic potential with a fixed circular spe&, so that

ph o pgal(fp) o< VZ/r5. We address the validity of these partic-
ular (strong) assumptions about the host galaxy below;dsut f

ha e age of 13 Gyr, this implies a mass-loss rate (averaged

over the distribution of clustesy, or, given the assumptions
behind eq.[[2P], over all cluster orbits) of

A(MW)
13 Gyr

Comparing equatiofi_(24) to equatiénl(21) implies an average

=(1.9+0.4)x 10*M, Gyr* .

(ev)(fit) = (24)

the moment we follow Fall & Zhang and most other authors (pn) =~ (3000+ 600)M, pc for GCs in the Milky Way. This

(e.g., Vesperini 2000, 2001; Baumgardt & Makino 2003) in
making them. What do our fitted values for the ACSVCS
galaxies then imply for the distribution of GC densities and
pericenters in these systems?

The evaporation rate of a cluster with observaptejected
half-mass radiui, depends on the density = 3M/(87R3)
roughly as

1/2
Ph
Mg pC—3> ’

pev(theo)~ 345M . Gyr ! < (21)

average falls towards the upper end of the range of clysgter
observed today, but it is within a factor of2—3 of the mean
(e.g., see the data in Harris 1996). Equation (22) furthgf su
gests an average pericenter(of) ~ 2 kpc. This is roughly
the same answer found by Fall & Zhang (2001; see their Fig-
ure 13), which shows that an evolved Schechter function is

21 Equation [[21) follows fromue, = 0.045M /t;, (Hénon 1961; see also
Fall & Zhang 2001), where the half-mass relaxation tirpés given by equa-
tion (8-72) of Binney & Tremaine (1987) with (1) an averagellat mass of
0.7Mg and a Coulomb logarithm In = 12 assumed constant in time, as in
Fall & Zhang, and (2) a generic proportionalii, ~ 0.75r, between the
projected half-mass radil®, and its unprojected counterpaft(e.g., Spitzer

which again is independent of any assumptions on the host1987).
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a reasonable analytical approximation to their full numegri
theory. While such arrp) is slightly small—just aspn) is
slightly high—compared to more direct pericenter estirmate
for Galactic globulars (cf. Innanen et al. 1983; van den Berg
1995), it is again within the range of standard values.

It is not at all obvious a priori that average cluster densi-
ties and pericenters inferred strictly from fits to the Galac
tic GC mass function should agree to within factors of 2
or 3 with values estimated by independent methods. The
fact that they do is an encouraging sign for the basic picture
of evaporation-dominated GCLF evolution. Some residual
corrections—downward in “predictedpn) and up in(r,)—
are evidently required, but at a level that plausibly cowithe
from straightforward refinements in the various steps lead-

ing to equations(21) an@(R2). For example, there is some

room for adjustment of the exact theoretical coefficients fo
the evaporation rat@e, < M/t o pﬁ/ 2 and the pericenter

Mp o< p,ql/z (see, e.g., the discussions in Fall & Zhang 2001).
In addition, we have neglected here any additional mass los
caused by tidal shocks, and we have adopted the idealizatio
of a spherical and time-invariant Galactic potential.

To bring the ACSVCS data into this discussion, we focus
on the basic pattern of variation ih as a function of galaxy
luminosity, shown in the lower panel of Figure 16. Firtin-
creases slightly from the brightedg 4, ~ -21.5 to the fainter
Mggai > —18. The uncertainties and scatterAnare large,
but the mean increase is perhaps a factor@-5. Then, at
fainterMg ga 2 —18, A holds more constant or even decreases
again, possibly by as much as a factor##-3 by the limiting
Mg gai =~ —16 of the survey.

If evaporation is responsible for these variations, then we
should expect them to be mirrored in the behavior of the aver-
age GC half-mass radius as a function of galaxy luminosity:
from equation[(21){ev) o (pn)¥? o (Ry)™/?, and by defi-
nition A  (uey) for coeval clusters. Globulars in Virgo are
marginally resolved with the ACS, and Jordan et al. (2005)
have fit PSF-convolved King (1966) models to estimate in-
trinsic R, values for individual sources (selected as described
in 82 of Jordan et al. 2005) in most of the galaxies that we
have dealt with here. The behavior of me&g) versusMg gal
is shown in Figure 5 of Jordan et al.

A detailed comparison ofR,) and A is not straightfor-
ward, since these quantities were estimated separately fo
GC samples defined differently by Jordan et al. than in this
paper. Nevertheless, it is interesting tH&,;) can be de-
scribed as decreasing towards brighter galaxy luminoaity i
the range-21.5 < Mg ga S —18, whereA increases, and then
turning around to increase somewhat at faiMgrya 2 —18,
where A decreases again. The changeshy) are—as we
would expect—smaller and less clear than thosa jrbut it
is just plausible that there is a net decrease-@5% from
Mg gal = —21.5 t0 Mg g = —18 and a slightly larger increase
from Mg ga = =18 to Mg ga = —16. This would be consistent
with the shallowest trends able to fitversusMg g, in Figure
[18.

We cannot use equatidn {22) to reldteo typical GC peri-

ETAL.

wavelengths (van der Marel 1991; Cappellari et al. 2006),
and thusRerr o< L3¢ by the virial theorem (see also Hage-
gan et al. 2005). Average mass densities therefore increase

towards lowelga, such that equatiof (22) implies

A x (Reff/<|'p>) R;flfVc x (Ref'f/<rp>) L;giSio.os (25)

for bright galaxies. The situation is somewhat different fo
fainter Mg gal 2 —18. For Coma Cluster galaxies in this
regime, Matkowt & Guzman (2005) fin; = v/20 oc L350
while the data in Graham & Guzman (2003) sugdest o<
Loa *2. If these systems are representative of those in Virgo,
then their average densities decrease towards lbygrand
equation[(2PR) leads to

A o (Ret/(rp)) Lga™=0*
for faint dwarfs.

The major unknown in equatiorls {25) andl(26) is the ratio
of galaxyRes to GC(rp), and how it might or might not vary

(26)

Ssystematically as a function of galaxy luminosity. If théiza
Js constant for all systems, then the dotted lines drawneén th

lower panel of Figuré16 show the expected variation of the
mass losg\ versusMg go. These lines are normalized to make
A =25x10°Mg atMgga = -21 and to make the bright- and
faint-galaxy scalings meet Mg 4o = —18. The net increase of

Légﬁ from Mg ga = —21.5 to Mg g = —18 is a factor of about 5,

while the decrease 01835 from Mg gai = =18 toMp ga1 = —16
is a factor of approximately 2.

These changes may be somewhat greater than suggested by

the actual fitted estimates &f. Moreover, anincrease d@f by

a factor of 5 betweeMg ga = —21.5 andMg g5 = —18 would
imply a decrease ifR,) by a factor of 3/ ~ 3, which is
larger than the measurements of Jordan et al. (2005) support
However, this is clearly not an order-of-magnitude prohlem
It could easily be alleviated if the galaxy total mass distfi
tions are not isothermal spheres, oRif/(r,) depends even
weakly on galaxy luminosity, or if uncertainties and saaitte

the galaxy scalings result in small deviations from the romi
nal exponents ohgy in equationd(25) an@(26). Tidal shocks
may also contribute differently to the nAtin different galax-

ies, a complication that we have entirely ignored. Agaianth

it is encouraging that these crude relations come as close as
they do to explaining the systematics in a cluster mass-loss
barameter inferred only from the GCLF—accounting in par-
ticular for the change in dependence®bn galaxy luminos-

ity aroundMg go ~ —18.

Obviously, more rigorous and detailed analyses of individ-
ual galaxies are required to really make (or break) the case i
general that the overall form of an evolved Schechter foncti
for the GC mass function, and the parametegspecially, can
be interpreted physically and self-consistently as thelte$
evolution from an initial GAGIN/dMg Mgz with individual
cluster mass-loss rates that are constant in time. Fromisur d
cussion here, it does seem that this “literal” view of thedien
fits to the Milky Way and ACSVCS GCLFs is at least broadly
compatible with observations of the cluster densities diira
in these galaxies and with the trendsArvs. Lgy, if evapora-

centers and average galaxy densities on a case-by-case bagjyp, js the main disruptive process for clusters as massive a

in the ACSVCS sample as in the Milky Way, singgobser-
vations are not available for all systems. However, scaling

relations can be used to some effect here. Large early-typg;

galaxies withMg o1 < —18 generally obey, = /20 oc LO2°

gal
(e.g., Faber & Jackson 1976M(L)ga ox L35 at optical

MTO ~ 2% 105 M@.

Difficulties do arise, however, when considering the addi-
onal constraint that the GCLF is invariant over wide ramge
of galactocentric radius and GC density in the Milky Way and
other large galaxies. As described above, applicationadeq
tion (22) to the global Galactic GCLF ultimately implies an
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average GC pericenter @f,) ~ 2 kpc, corresponding to about  to within factors of 2—-3 for the most part). For example,
half the effective radius of the bulge. Similarly, our notma globulars in the extreme low-density tails @f distributions,
ization of equation[(25) in Figule 116 impligs,) < 0.5Res mentioned just above, might be much more strongly—and
for the brightest early-type galaxies in Virgo. But observa differently—affected by tidal shocks than any previous GCL
tionally, the GCLF turnoveMro (and thusA) has the same,  calculations have allowed. Such shock-dominated evaiutio
global value for clusters currently found out to at least 10— could still lead to a constant mass-loss rate of its own (see
15 effective radii in the Milky Way (e.g., Harris 2001) and at Dehnen et al. 2004, and &3.R.2 above), which would add di-
least~ 4Res in M87 and M49 (B6.3). This can only be consis- rectly to uey Without otherwise changing any of the main ar-
tent with evaporation-dominated depletion of an intiatlsep guments here.
GC dN/dMp Mgz at low masses, and with the additional In more specific terms, the radial invariance of the GCLF
assumption that the mass lodso r;%, if cluster orbits are  might ultimately be explained by modifying a single anaijia
systematically much more elongated at larger galactoicentr assumption in the current dynamical-evolution modelsamath
radius in all these systems. than discarding the idea altogether. It is the notion of spht

In fact, for the Milky Way and M87 respectively, Fall & and steady-state galaxy potentials that prompts Fall & ghan
Zhang (2001) and Vesperini et al. (2003) have shown that fol- (2001), Vesperini et al. (2003), and almost all other autior
lowing this chain of logic leads to the conclusion that globu use equations (21) and (22) to tie cluster densities toarbit
lars shouldnitially have been on predominantly radial orbits pericenters in these analyses. But, as Fall & Zhang them-
outside about one effective radius in each galaxy. On theroth selves point out, this is of course an extreme simplification
hand, thepresent GC velocity distributions in the Galaxy, in ~ for galaxies that grow through hierarchical merging.
M87, and in M49 are all essentially isotropic—implying or-  Fall & Zhang suggest, for example, that a major merger
bits with typical axis ratios of only,/r, ~ 3—out to the same could obviate the need for extremely radial orbits to distre
spatial scales of severBkg, over which the observed GCLF  clusters with high mean densities, fixed at small and well de-
is invariant (see, e.g., Dinescu, Girard, & van Altena 1999; fined pericenters, over large volumes in a galaxy. Instead, a
Coté et al. 2001, 2003). Fall & Zhang suggest that this dif- merger may efficiently mix two globular cluster systems spa-
ference between (presumed) initial and (observed) present tially and isotropize their velocity distribution. This il
bital properties might be explained by preferential déptet  then work to weaken any radial gradients in the mass loss
of GCs on the most radial orbits. But while the idea remains A and the GCLF turnover mass, which might have resulted
to be tested in detail for the Milky Way, Vesperinietal. (30  from realistic orbital distributions anak,(r,) dependence like
show that—again if the galaxy potential is spherical anétim equation[(2P) in the progenitor galaxies.

independent—it does not suffice to account quantitativedy f In addition to this, multiple minor mergers—which are per-
the combined GCLF and kinematics data in M87. haps more relevant than major mergers for a galaxy like our
Related to this is the average densips) ~ 3000M, pc?, own—should steadily bring in globulars formed with densi-

implied by the more general equatién21) and the required to ties and evaporation rates unrelated, at least initiadlyheir
tal A for Galactic globulars. A similatpy,) is also suggested —new orbits in the main galaxy, making the use of equatioh (22)
for GCs in the brightest Virgo galaxies by thevalues in Fig- less than straightforward. In fact, any use of it at all cdagd
ure[I6. As we mentioned above, such densities are observe@uestionable in this case, since all clusters would cofigtan
for real clusters; but there is a broad distributiorpef with be sampling new pericenters in an evolving potential. Again
an average slightly lower than 3000, pc? and a long tail ~ then, weak spatial variations iA andMro need not imply
to much smaller values of 100 M, pc?. More generally,  highly radial GC orbits. Prieto & Gnedin (2006) have recgnt
the GCs in most large galaxies have half-mass radii that aresimulated the evolution of the GCLF during the hierarchical
largely uncorrelated with cluster mass (e.g., van den Bergh growth of a Milky Way-sized galaxy. Starting from an ini-
Morbey, & Pazder 1991; Jordan et al. 2005, and referencedial cluster mass functiodN /dMo o< M2, which is re-shaped
therein), so thap, apparently always ranges over more than primarily by evaporation—but abandoning equation (22) and
two orders of magnitude. Whem, < 100Mg, pc 2, the total instead adopting evaporation rates from GC densities fixed i
evaporative mass loss per cluster over 13 Gyr fx 10°M, dependently of their orbits—they find that it is possiblegiev
well below the typical averagA and globalMo for entire  Without a recent major merger) to produce a final GC system
GC systems. In the Milky Way at least, the large majority of With an isotropic velocity distribution and a radially imient
such low-density GCs are found at Galactocentric distancesGCLF similar to the observed Galactic distribution.
rgc = 10 kpc, so in a sense the problem is bound up with the A caveat is that the hierarchical-growth simulations most
weak radial variation of the GCLF. favored by Prieto & Gnedin (2006) are ones in which they as-
These points are important, and they need to be resolvedsume that all globular clusters have a common mean density
but they should not be taken as disproof of the idea thatinsideR, (just one that is not set by any orbital pericenter).
long-term dynamical evolution alone might explain the dif- This is still incompatible with the wide range pf observed
ference between the mass functions of old GCs and youndgor the GCs in many galaxies, and it is furthermore not ob-
massive clusters. Ultimately, the near-flatnessidfdM at vious how the cumulative mass lodsx (pn)*/? should then
low masses, which is clearly seen in the Milky Way and is en- vary as a function of galaxy luminosity. On the other hand,
tirely consistent with all of our Virgo GCLFs, only demands Prieto & Gnedin have also run some models allowing for an
that cluster masses decrease linearly in time if the dyremic initial spread of GC densities followed by evaporation ai-co
evolution hypothesis is correct at all (see Fall & Zhang 2001 stantpy. This is at least more reminiscent of regldistribu-
and &3P above). It is not absolutely necessary that evap+ions, and it still produces a GCLF that is not too drasticall
oration account for the full mass-loss rate of every clyster different from the Galactic one. Clearly, more work is re-
even though our discussion here has focused on explorisig thi quired to clarify the dynamical evolution of initial pow&w
possibility (and shown that it does come remarkably close, GC mass functions in time-dependent galaxy potential$y wit
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the totality of relevant observational constraints taken ac-
count: a fladN/dM at low masses; a weak or absent correla-
tion between GC radii and masses; radially invariant GCLFs;
currently isotropic velocity distributions; and mass kEsa
that vary with galaxy luminosity as in Figure]16.

Should all efforts along these lines fail to explain the com-
bined data, the only option left would seem to be that a peak

in the GCLF was established much earlier, by processes more

related to cluster formation. One possible scenario has bee
proposed by Vesperini & Zepf (2003). They suggest that low-
mass globulars were initially less concentrated (with gdar
ratio of half-mass to tidal radius) than high-mass clustéhe
inevitable expansion of all clusters following mass loggeir

by stellar evolution would then cause many low-mass clus-
ters preferentially to overflow their tidal radii, leadingtiu
mately to fast disruption times of a few hundred Myr or less
(Chernoff & Weinberg 1990). This may turn an initial power-
law dN/dMg at low masses into a roughly flat-topped or even
lognormal distribution, wittM1o near its current value, very
early on. Weaker long-term evaporation (i.e., lower cluste
densities or larger and more variable pericenters) cowdd th
suffice to explain the residual difference between theahiti
steep mass function and the final, observed one, even in
static galaxy potential.

ETAL.

dN/dlogM or S(M, 13 Gyr)

log (M/MQ)

FiG. 19.— A simple model for the effects of dynamical friction thre GC
mass function, illustrated in terms of the distributidN/d log M, which is
irectly proportional to the GCLF. The solid curve shows thérsion of an

%volved Schechter function withle = 3.0 x 10° Mg andA = 2.6 x 10° Mg,

(henceMto = 2.2 x 1P M), appropriate for a giant elliptical. This is as-

Observations of the young massive clusters in the Antennaesumed to be the mass function on which dynamical frictionraes. The

galaxies already imply that early disruptiorimglependent of

monotonically decreasindotted curve shows the functio§M,t = 13 Gyr)

cluster mass, at least for clusters more massive than $everded: [30)), calculated for a galaxy withl ga = ~21.75 as described in the

10*M,, and younger than- 10° yr (Zhang & Fall 1999; Falll
et al. 2005). Thus, if the disruption mechanism of Vesperini
& Zepf (2003) is to work, the mass-selective aspect of it ap-
parently must be restricted to timescales of-210 yr or so.
In any case, the success of this or any similar picture furthe

ext. Thedotted bell-shaped curve is the product of tt8gimes the solid
curve; it illustrates the cumulative effect of dynamicattion on the GCLF
in very massive galaxies. The monotonically decreadasied curve shows
the function§(M, t = 13 Gyr) as calculated for a galaxy wiltg ga = -15.75.

The dashed bell-shaped curve is the product of tf8simes the solid curve,
illustrating the net effect of dynamical friction on the GEIln very faint

galaxies. The arrows indicate the position of the final tuemanass for each

relies on an appropriately tuned mass dependence in some keyf the resulting mass functions. There is a slight decraabré, for the low-

GC property being built into cluster systems essentiallgras
initial condition; but this still requires explanation itsélf.

7.2. Dynamical Friction and the High-Mass Sde of the
GCLF

At GC mass scaleldl > A, dynamical friction can in some
cases become more important than evaporation or shocks as
cluster destruction mechanism. A point m&&sriginally on
a circular orbit of radius in a galaxy with a total-mass distri-
bution following a singular isothermal sphere will spiraltd
the galaxy center within a time (Binney & Tremaine 1987)

5.9 Gyr Ve 10°Mg

W( >2<220km§1>( M >’(27)

whereV, is the galaxy’s circular speed andAn~ 10 is the
usual Coulomb logarithm.

It is clear from equatior[(27) that dynamical friction can-
not be a major factor in deciding the evolution of all but the
very most massive tip of the GCLF L, and brighter galax-
ies withV, > 200 km s*. However, the scalinggs o< V. im-
plies that the relevance of dynamical friction can incresige
nificantly for lower luminosity galaxies (e.g., Hernandéz &
Gilmore 1998; Lotz et al. 2001). It is then reasonable to ask
whether a stronger depletion of massive GCs in dwarf galax-
ies might be able to explain the systematic decreabk ekr-
susMg gai in our fits of evolved Schechter functions for these
systems, and possibly even the slight decrease in avbtage
towards the faintestlg ga.

We do not attempt here to find a definitive answer to this
question, but only an indication of the ability of dynamical

r
kpc

Tdf =

luminosity galaxy as a consequence of dynamical frictian,not enough to
account fully for the observed behavior in Aigl 15 or Eid. 12.

friction to produce the observed trends. One particular sub
tlety is that the expression fag; in equation[(2l7) does not al-
low for clusters to evaporate. But a steadily decreasingtetu
allass will lead to a longer total dynamical-friction timeleca

e deal with this complication in the simplest way possible:
the timescaley; for a cluster with initial masMg and present
massM = (Mp — A) is approximated by evaluating equation
(231) at theaverage mass, 1+ A /2).

Let us denote bﬁ/(M,t) the GC mass function that would
be obtained after a timeof GC evolution in the absence of
any dynamical friction. The effects of dynamical frictiorea

easily accounted for by subtracting frolnall clusters with
instantaneous masskksuch that

(M+A/2)> Mmin(r,t) , (28)
whereMn,n follows from equation[(27) by settingy < t:
9)

4.5 x 10°M,,
(InA)/10

r
kpc

<13 Gyr) < >2( Ve
t 220km §*
2
The net, “global” GC mass function (averaged over all GC
orbits, or galactocentric radii) at any tinhés thusdN/dM =

S(M.,t) x ¥(M,t) where
_Jo_ pec(r) H[Mmin(r,t) = (M+ A /2)] 4rrdr
- Jo~ poc(r)4rr2dr '

Mmin(r,t) ~

SM, 1)

(30)
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Herepgac(r) is the space density of GCs (assumed to be inde- ‘ ' ‘ ' ‘

pendent of cluster mass) ahidis the Heaviside step function:
H(X)=1forx>0andH(x) =0 forx < 0.
This raises further points to be dealt with in more care- I [

3x10°

ful calculations along these lines. First, dynamical font
will clearly affect also the spatial distribution of GCs, that
pac(r) will have a dependence on time, which we ignore. Sec-
ond, the effects of dynamical friction could introduce some
dependence on galactocentric position into the GC mass func
tion, which in a complete treatment would be contrasted with
observational limits on any such variations. Third, chaggi
the assumed galaxy potential could significantly affectiize
rived 4 (€.9., Hernandez & Gilmore 1998; Read et al. 2006),
as could relaxing the unrealistic assumption of stricthgui
lar orbits (e.g., Pesce, Capuzzo-Dolcetta, & Vietri 19%h v
den Bosch et al. 1999). Finally, we do not take into account
the fact that the ACS has a fixed field of view, and thus we
are not always observing truly globally averaged GCLFs—
although this point is relevant mainly for the most massive
galaxies, where the effects of dynamical friction are exgec
to be negligible in any case.

These issues notwithstanding, we proceed to estimate the
effects of dynamical friction by evaluatin§M,t) as writ-
ten in equation[(30). We assume that the “friction-free”

¥(M,t) at the present day is well described by the GCLF of
bright ellipticals, where dynamical friction is negligéland
is therefore given by equatiof] (7) with = 2.6 x 10°M, and
M = 3 x 10°M, (see Figuré16 and Tallé 3). To obtain the
final dN/dM including dynamical friction, we then multiply
this by the functiorS(M,t = 13Gyr). In doing so, we always
take the slowly varying Coulomb logarithm in equatién](29)
to be InA = 10.

We assume that for giant galaxies witty < —18 we have

Ve x 0 L8§5 (Faber & Jackson 1976), with a zeropoint cho- I ‘ ! ‘ | ‘ |

sen to giveV, = 484 km s at Mg = -21.75, based on the ve- <2 —-<0 —-18 -16
locity dispersion of M87 (Bender, Saglia & Gerhard 1994). M
We impose a change in this scaling g > -18, so that

0.54+0.1 i 4 . FIG. 20.— Upper panel) GCLF turnover masdro ,, inferred from
dwarfs followVe o o o Lgal _(MatkOVIC & Guzma_n 2005; evolved Schechter fits tbband data for the binned-galaxy GC samples, ver-
cf. §7.1 above). We can then fillyn(r, t) from equation[(29) SusMg ga/ (data are the same as the circles in Eid. 15). The open symbols
for any GC in any galaxy. connected by a solid line are the predicted chandé+ip due to the increas-

i ; iatri ; ing efficiency of dynamical friction in fainter galaxies;estext. Dynamical
To specn‘y the spat|al distribution of GCs and calculate friction might account for part of the observed trend, buthably not all of
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B, gal

S(Mat =13 Gyr), we estimate the galaxy’s effective radidg it. (Lower panel) Evolved Schechter function cut-off mask ; versusMg gaj
using the data from Ferrarese et al. (2006a); then we assumer binned-galaxyz-band samples. The open symbols connected by a solid
that the effective radius of the GC system is just twi:@ line are again our predictions for the changeMa due to stronger dynami-

tcal friction in smaller galaxies. Dynamical friction is nalle to explain the

(Peng etal. 2006, in preparatlon). Fma”y’ we assume tha observed behavior d¥lc as a function of galaxy luminosity.

pac(r) is given by the density profile of Prugniel & Simien
(1997; see also Teizi& Graham 2005), which is an analyti-
cal approximation to the deprojection of a Sersic profi& binned-galaxy GC samples (Figure] 15). The predidikae

law), and we let the Sersic indexbe determined bilg gai as varies quite slowly wittMg ga, but it ultimately decreases by

per equation (25) of Ferrarese et al. (2006a). . ~ 10% from our assumed2x 10°M, in the brightest galax-
The results of the calculations for two representativexyala  jes. This is comparable to the observed decrease 20%

magnitudes,Mg ga = ~21.75 and Mgga) = 1575, are il-  in Myo. Thus, dynamical friction may be responsible for

lustrated in Figuré_19. The figure shows bd¥M,t = some part of the the slow change in GCLF turnover mass with

13 Gyr) (the monotonically decreasing curves) and the func-galaxy magnitude.

tion dN/dlogM (proportional to the GCLF and given by the ™ |n the lower panel of FigurE 20 we show (again, as open
peaked curves) that follows from dynamu_:al friction acting circles connected by a solid line) thé. values inferred by
on the assumed evolved Schechter function. The resultingfitting evolved Schechter functions to our model GC mass
turnover mass scales are indicated with arrows, which showfunctions after calculating the effects of dynamical fat
that the stronger dynamical friction in the fainter galaegds  Evidently, we can expect dynamical friction to cause peshap
to a slightly lower turnover mass scale. . a ~ 30%—-40% decrease in the valueM§ from the bright-

We show the behavior #flto as a function oMsgaiin gen-  est to the faintest galaxies; but this is altogether totelith
eral, in the upper panel of Figure]20 (circles connected by agccount for the factor of 6—7 decrease we actually observe.
solid line) and contrast it with the observed variation i ou Similarly, if we fit power laws to our dynamical-friction mgs
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functions in the range 8 1°M, <M < 2 x 10°Mg, we

obtain rather constant powefs~ 1.7-1.8 for galaxy mag-
nitudes—21.75 < Mg ga < —15.75, which is far from being
able to explain the observational situation in Fidure 10vabo

existence of an upper mass “limit” in young cluster systems
could be reflecting a systematic variation in gas-dynamical
timescales as a function of galaxy mass and/or density.

In any case, the fact that dynamical friction is unable to

We conclude thadlynamical friction cannot account for more
than a small fraction of the observed steepening of the globu-
lar cluster mass function above the GCLF turnover.

account for the steepening of an initially universal masefu
tion as the mass of the host galaxy decreases, combined with
the possible existence in young, relatively unevolvedtelus

These results are essentially in agreement with those ef Vessystems of a mass scale similaiMg in our old GC systems,
perini (2000), who models the effects of evaporation and dy- leads us to favor the view that a significant part of the ob-
namical friction on the GCLF, and predicts only slight de- served morphologgt the highest-mass ends of GCLFs is due

creases in the meaiog M) and the Gaussian dispersioq

to systematics in the initial distributions. The precisteexto

as galaxy luminosity decreases (see his Figure 6), at levelsvhich this part of the initial mass function is still refledti
much smaller than those seen in our data (e.g., Figure 14)the present-day one is still something of an open questien, t
Thus, although we have emphasized the highly simplified na-answer to which will be a crucial ingredient in our understan

ture of our calculations, it nevertheless appears thakgéta

galaxy systematics in the cluster formation processelserat
than dynamical evolution, must be largely responsibletier t

ing of GC formation and evolution. A detailed understanding
of the “microscopic” star-formation processes on rathersh
timescales in very young clusters could well be key to making

observed variation in the detailed form of the GCLF at high much further progress in this direction.

masses.

7.2.1. Initial Conditions

8. SUMMARY AND CONCLUSIONS
We have presented the GCLFs of 89 early-type galaxies

It seems inevitable from the discussion above that thein the Virgo cluster and determined maximum-likelihood es-
observed steepening or narrowing of the GCLF above thetimates for model parameters using fits of Gaussians and a

turnover point Mo ~ 2 x 10°M,, in fainter galaxies—

simple “evolved Schechter function” described [n §3.2. The

whether this is expressed in terms of smaller Schechter-atter reflects the effects of GC disruption (at a constatet ra

function mass scaledl. or steeper power-law indices

or narrower Gaussian dispersioas—must reflect non-

universal initial conditions in the cluster mass distribot

and presumably due mostly to two-body relaxation and evap-
oration) on an initial cluster mass distribution that felled a
Schechter function with a fixed power-law index-<¥ at low

and therefore some fundamental aspect of the star-formatio masses. The evolved mass function tends to a flat shape at

process.

low M and is an accurate analytical approximation to the nu-

Observationally, it is known that the luminosity of the merical distributions produced in the theory of Fall & Zhang
brightest young star cluster in a star-forming galaxy scale (2001). We have tested the robustness of our results by sim-

with the global star formation rate (Billet, Hunter &

ulations, by the construction of GCLFs for galaxies binned

Elmegreen 2002; Larsen 2002). There has been some discusegether to contain a minimum number of clusters, and by us-

sion as to whether this is just a size-of-sample effect (ifeno
clusters are formed, it is statistically more likely to amheé

ing alternate schemes to select GC candidates from catdogu
of observed sources. Our main results and conclusionsare th

higher masses by random sampling of an underlying massfollowing:

distribution that might still be universal) or indicativé a
real, physical limit to the initial cluster mass functiorafisen
2002; Weidner, Kroupa & Larsen 2004).

Gieles et al. (20064, b) argue that there is a physical upper
limit, Mmax to cluster masses in each of NGC 6946, M51, and
the Antennae galaxies (though see Whitmore, Chandar & Fall
2006 for a differing view). The number of clusters found with
M > Mnax falls rapidly to zero in all three cases, but the value
of the upper limit is found by Gieles et al. to vary between
the galaxies, fronMpyax ~ 4-10x 10°M,. Qualitatively, a
parameter likeMmax can be identified wittvl; in a Schechter-
function description of (initial) GC mass functions. Quant
tatively, the range oMmax claimed by Gieles et al. for their
young systems is very similar indeed to our fittdd values
for the old GCs in early-type Virgo galaxies (see Fidurk 16).

It will be interesting to explore this possible connecti@ b
tween globulars and young massive clusters in more detail.
Possibly one route to take is suggested by the theory of the
GCLF developed by Harris & Pudritz (1994), in which a dis-
tribution of cluster masses is built up by collisions betwee
gaseous protoclusters. McLaughlin & Pudritz (1996) sugges
that the total time required to produce very high-mass clus-
ters may be longer for galaxies in lower-density environteen
and this could perhaps be related to our finding of a cut-off
at lowerMc (in our current notation) for the initial GC mass
functions at fainteMg g41. If these types of ideas can be gen-
eralized, then both our GCLF observations and the possible

1. We find a remarkably regular decrease of the disper-

sion of the GCLF as the luminosity of the host galaxy
decreases [(86 and Jordan et al. 2006). Quantitatively,
the maximum-likelihood estimates of the dispersion

of Gaussian fits to the- andg-band data are well de-
scribed by the linear relations presented in equations
(@I7) and [(IB). The dispersions for the GCLFs of the
Milky Way and M31 fall in the midst of our new data
and thus the correlation of with Mg 4o Would appear

to be more fundamental than the older view, that GCLF
widths depend on galaxy Hubble type.

This trend reflects a systematic steepening of the GC
mass function fomassive clusters in particularMl >
3 x 10°M,, above the peak of the GCLF) as the host
galaxy luminosity decreases. When fitting power-law
mass functions to this upper cluster mass regime, the
power-law exponents in a model of the fodN /dM
M~ increase from3 < 2 to 3 > 3 over the range of
galaxy masses in our sample. This steepening is in turn
equivalent to a systematic decrease of the cut-off mass
M. in evolved-Schechter function fits to the GCLFs,
from M ~ 2-3x 10°P M, in the brightest galaxies to
¢~ 3—-4x 10°M, in the faintest systems.

. The GCLF turnover masBlro is slightly smaller in

dwarf systemsNlg = -18), relative to the same quan-
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tity in more massive galaxies. In the latter we have
Mto = (2.24+0.4) x 10°M,,, decreasing tdlro ~ 1.6—

1.7 x 10°M, on average for the faintest galaxies in our
sample—although individual dwarfs scatter between
1x10°My < Mro <2x 10PM,, (86). We show that
this might be at least partly accounted for by the effects
of dynamical friction if all other processes shaping the
mass function were to lead to an invariaio (87.2).

tions and range of mean cluster densities in the same
systems.

. The clear decrease of the GC cut-off maés with
galaxy luminosity in evolved-Schechter function de-
scriptions of the GCLF (§5l2) is too pronounced to be
explained by dynamical friction operating on a univer-
saldN/dM with an initially constaniM in all galaxies
(87.2). It most likely reflects systematic variations at

. We explored radial variations of the GCLF over base- the high-mass end of the initial GC mass function.

lines of 20-35 kpc in M87 (VCC 1316) and M49 (VCC
1226) by studying GCs in the fields of dwarf galaxies . .
close)inyprojeciio% to these giant eIIipticaIE(EgB). we __The present-day mass functions of GCs were likely shaped
find no evidence for a variation of the turnover mass PY @ variety of processes acting on different timescales, in
Mo with galactocentric distance in either galaxy, con- €luding systematic variations in the initial (proto-)dierss
sistent with previous studies of M87 in particular. This Mass function at the high-mass end; long-term dynamical ero
reinforces the importance of the radial invariance of Sion by evaporation, tidal shocks, and dynamical frictem

GCLFs as a constraint on models of GCLF formation 9l0bal relaxation effects in time-varying galaxy potelstiei-
and dynamical evolution. erarchical merging). It is further possible, though notget

tirely clear, that mass-selective early dissolution ofstdus

. Our success in fitting evolved Schechter functions to due to stellar evolution may have played some role in defin-
our data (B5J2) means that the GC mass functions ining the observed mass distributions. Future attempts to un-
early-type Virgo galaxies are consistent with a univer- derstand the whole of the GCLF will clearly have to consider
sally flat shapedN/dM ~ constant, in the limit of low  all of these processes, and their inevitable interplayuiteq
masses—as is also found in the Milky Way (8§3.3 and some detail. Such comprehensive modeling will also have to

Fall & Zhang 2001). If this feature is caused by dy-
namical evolution from a much steeper initial distri-

acknowledge the increasingly complex and stringent empiri
cal constraints that follow from combining direct GCLF ob-

bution, it requires that cluster masses decrease linearlyservations with other GC systematics—such as their straictu

in time. This can plausibly be expected if evaporation
dominates the cluster evolution, although tidal shocks
may also lead to similar behavior.

. Fits of the evolved Schechter function imply that a nar-
row range of average mass losses per GE~ (2—
10) x 10°M, at the outside—is required in all galax-

correlations, and the dynamics of cluster systems—for whic
data are continually accumulating and improving in quality

We thank Mike Fall for critical readings of earlier versions
of this paper, and for helpful discussions. We also thank M.
Kissler-Patig, J. Liske, S. Mieske and S. Zepf for useful dis

ies to account for our observed GCLFs. Such a rangecussions and the referee, Sgren Larsen, for a careful geadin

of A across a factor o& 400 in galaxy luminosity is
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in rough agreement with observed (small) variations in vided through a grant from the Space Telescope Science Insti
the mean half-mass radii of GCs in the ACSVCS galax- tute, which is operated by the Association of Universitias f

ies (Jordan et al. 2005), and with simple scalings of
evaporation rate as a function of host-galaxy luminos-
ity (§2.3). However, more work is required to reconcile
fully the main idea—that long-term dynamical evolu-
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TABLE 1
LUMINOSITY FUNCTION HISTOGRAMS FORGCS AND EXPECTEDCONTAMINANTS?

Sample withpgc > 0.5 Sample withm, < 25.15 ormy < 26.35, andR, < 0”064

VCC my hz Nzt Nzcont f hg  Ngtot Ngcont fg m; hz Nztot  Nzcont f mg hg Ngtot  Ng.cont fg

“m @ & @ (5) ® 0 ® (@© @) @11 (12) (13) (14) (15 (16) (17) (18) (199 (20) (21)
1226 18.0 04 0 0.0 1.00 19.2 04 0 0.0 1.00 18.0 04 0 0.1 1.002 1904 0 0.1 1.00
1226 184 04 0 0.1 1.00 196 04 0 0.1 1.00 184 04 0 0.2 1.006 19.4 0 0.2 1.00
1226 18.8 0.4 2 0.0 1.00 20.0 04 1 0.1 1.00 188 04 0 0.2 1.000 2.4 0 0.2 1.00
1226 19.2 04 5 0.2 1.00 204 04 3 0.1 1.00 19.2 04 5 0.2 1.004 2.4 2 0.1 1.00
1226 196 04 4 0.3 1.00 208 0.4 8 0.4 1.00 196 04 4 0.3 1.008 2.4 8 0.5 1.00
1226 20.0 04 12 0.2 1.00 212 04 11 0.3 1.00 20.0 04 12 0.2 0 12.2 04 10 0.4 1.00
1226 204 04 25 0.4 1.00 216 04 24 0.2 1.00 204 0.4 24 05 0126 04 23 0.4 1.00
1226 20.8 0.4 32 0.2 1.00 22.0 04 33 0.3 1.00 20.8 04 31 04 0 1220 0.4 33 0.3 1.00
1226 21.2 04 57 0.4 1.00 224 04 59 0.5 1.00 21.2 04 57 04 0 12v4 04 58 0.5 1.00
1226 21.6 04 66 0.6 1.00 228 04 60 0.4 1.00 216 04 62 06 0 12»8 04 57 0.4 1.00
1226 22.0 04 91 0.9 1.00 232 04 78 0.6 1.00 220 04 86 0.6 0 123.2 0.4 73 0.5 1.00

1226 224 04 98 0.8 099 236 04 101 13 0.98 224 04 94 0.599 0236 0.4 99 0.8 0.98
1226 228 04 95 1.6 094 240 04 107 1.4 0.90 228 04 90 0.994 024.0 04 100 0.8 0.90

1226 232 04 88 1.4 083 244 04 74 1.8 0.80 232 04 83 12 3034 04 71 1.4 0.80
1226 236 04 70 2.0 072 248 04 78 25 0.71 236 04 65 14 2 0248 0.4 72 2.1 0.71
1226 240 04 61 3.4 0.62 252 04 56 2.9 0.62 240 0.4 60 28 2 0®®.2 04 56 2.5 0.62
1226 244 04 39 3.3 051 256 04 50 2.9 0.52 244 04 38 32 1 0%6 04 47 2.6 0.52
1226 248 04 16 1.6 0.37 260 04 18 1.8 0.37 248 0.4 16 16 7 0%.0 0.4 18 1.7 0.37
1226 252 04 3 0.4 0.19 264 04 3 0.3 0.18 252 04 3 0.4 0.194 28.4 3 0.3 0.18
1316 18.0 04 0 0.0 100 192 04 0 0.0 1.00 180 04 0 0.1 1.002 19.4 0 0.1 1.00

NoOTE. — Key to columns—(1) Galaxy VCC number; (2)—(3) Mean maggit and width of bin in the-band; (4) Total number of objects in bin with probabiliggc > 0.5 of being a globular cluster; (5) Expected number of contamis in bin; (6) GC completeness fraction in bin; (7)-(14)8 as (2)—(6) but for thgtband; (12)-(21)
Same as (2)-(11) but for GC samples constructed by applyitsgie magnitude and half-light radit,, rather than by selecting on the basisppfc.

a Tabld is presented in its entirety in the electronic versibthis paper. A portion is shown here for guidance regaréisform and content.
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TABLE 2

GAUSSIAN GCLF PARAMETERS FORINDIVIDUAL ACSVCS (ALAXIES

VCC  Bga Iig og Uz oz B N Comments
1) (2 ©)] &) (5) (6) (7 (8) 9)
1226 9.31 2405+0.086 1366+0.061 22789+0.077 1321+0.053 0.023 764
1316 9.58 24184+0.049 1312+0.035 22689+0.041 1242+0.030 0.014 1745
1978 9.81 24062+0.077 1340+£0.058 22747+0.070 1316+0.050 0.022 807
881 10.06 2350+0.097 12744+0.075 2283440093 1238+0.071 0.034 367 e
798 10.09 2520+0.232 17084+0.130 23722+0.179 1562+0.102 0.016 507 Faint excess
763 10.26 2373+0.074 1178+0.055 22836+0.070 11594+0.052 0.035 506 e
731 10.51 2#4034+0.061 1207+0.046 23211+0.059 11994+0.044 0.021 907
1535 10.61 23854+0.097 1079+£0.076 22512+0.092 1063+0.067 0.042 244
1903 10.76 23146+0.089 1192+0.071 22255+0.089 12154+0.073 0.046 308
1632 10.78 23®514+0.103 1423+£0.077 22717+0.095 1390+0.071 0.038 456
1231 11.10 231540090 1103+0.072 22592+0.089 11064+0.069 0.058 254 e
2095 11.18 241294+0.296 1564+0.226 23503+0.333 16154+0.209 0.076 134 Faint excess
1154 11.37 23024+0.092 Q988+0.072 22813+0.094 1001+0.072 0.065 192 e
1062 11.40 2%¥87+0.133 1218+0.110 22548+0.123 1203+0.097 0.066 179
2092 1151 24€09+0.198 111140176 22882+0.186 1135+0.148 0.114 92 e
369 11.80 23%22+0.117 11024+0.102 22447+0.108 1077+0.091 0.068 179 Faint excess
759 11.80 23054+0.121 1120+0.098 22689+0.114 10844+0.090 0.067 172 e
1692 11.82 2B724+0.146 1073+£0.123 22831+0.153 1120+0.117 0.096 136
1030 11.84 233740098 0980+0.078 22621+0.098 1021+0.076 0.072 176
2000 11.94 23182+0.119 11834+0.100 22471+0.109 1159+0.087 0.071 197
685 11.99 23924+0.135 1248+0.110 22584+0.127 12134+0.104 0.085 167
1664 12.02 2%¥75+0.121 1049+0.094 22502+0.110 10094+0.086 0.092 146
654 12.03 2381+0.200 09114+0.192 23053+0.207 0930+0.166 0.194 48
944 12.08 2321+0.140 0868+0.121 22712+0.140 0893+0.114 0.132 91
1938 12.11 23984+0.145 1077+£0.123 22830+0.140 1020+0.130 0.113 101
1279 12.15 2%¥66+0.111 1031+0.088 22612+0.111 1035+0.086 0.097 138
1720 12.29 2%¥72+0.159 0Q798+0.150 22615+0.161 0871+0.141 0.141 71
355 1241 2418+0.364 1221+0.250 23406+0.239 1036+0.168 0.167 62
1619 1250 24#55+0.238 1050+0.207 231784+0.235 1061+0.175 0.165 66
1883 12.57 24354+0.217 1106+£0.175 23066+0.184 1064+0.144 0.124 83
1242 12.60 2341+0.130 Q919+0.115 22624+0.126 0963+0.101 0.105 116
784 12.67 24£99+0.203 0870+0.188 23122+0.179 0813+0.164 0.178 64
1537 12.70 238840279 Q977+£0.279 22789+0.328 1143+0.274 0.256 45
778 12.72 24974+0.215 1081+0.166 23120+0.204 10434+0.147 0.163 74
1321 12.84 240254+0.275 0831+£0.276 23057+0.255 0849+0.223 0.198 50
828 12.84 2317+0.177 10424+0.159 228004+0.147 Q902+0.126 0.143 80
1250 12,91 23%85+0.163 0815+0.147 22611+0.165 0834+0.132 0.200 54
1630 1291 2#01+0406 1310£0.313 23150+0.361 1316+0.252 0.217 57
1146 12.93 23895+0.153 0901+0.185 227574+0.180 0892+0.173 0.148 82
1025 13.06 2#654+0.125 0844+0.117 23357+0.148 0933+0.116 0.143 104
1303 13.10 23%40+0.150 Q780+0.128 22836+0.158 0807+0.122 0.176 61
1913 13.22 2364+£0.137 Q750+0.128 22749+0.144 Q759+0.120 0.180 65 e
1327 13.26 23B864+0.133 1259+0.107 22624+0.118 1211+0.094 0.081 173 VCC1316 Companion
1125 13.30 2301+0.144 Q791+0.144 22650+0.146 0783+0.123 0.179 62 e
1475 13.36 240944+0.159 Q999+0.155 23239+0.190 1112+0.146 0.138 85
1178 13.37 232140148 1002+0.114 22574+0.129 Q953+0.093 0.124 90
1283 13.45 24€58+0.172 0880+0.155 23062+0.179 0930+0.139 0.170 66
1261 13.56 2€0384+0.350 1146+0.342 23058+0.358 1246+0.263 0.217 46
698 13.60 2393+0.096 0832+0.071 22799+0.089 0814+0.064 0.105 119
1422 13.64 231140276 Q703+£0.261 22595+0.236 Q694+0.220 0.256 37
2048 13.81 23181+0.508 09764+0.303 224444+0.340 0893+£0.284 0.420 22
1871 13.86 239740739 1194+0.588 22619+0.690 119040581 0.516 18
9 13.93 23863+0.547 1023+0.378 22833+0.371 0897+0.236 0.246 34
575 1414 2852+0.263 0558+0.219 23881+0.333 0316+0.362 0.386 27
1910 14.17 238740237 1181+£0.198 22655+0.215 1141+0.185 0.180 60
1049 14.20 24104+0564 0559+0.530 23221+0.463 Q671+0.373 0.487 18
856 14.25 23886+0.263 09224+0.189 22797+0.193 0870+0.139 0.211 50
140 1430 24€29+0.321 08004+0.281 23027+0.300 0822+0.196 0.327 29
1355 14.31 24636+£0957 1260+0.714 23696+0.785 1168+0.675 0.468 20
1087 14.31 234140151 Q929+0.120 22722+0.139 0900+0.119 0.162 68 e
1297 14.33 231014+0.119 114040.097 22298+0.106 1083+0.086 0.092 152 VCC1316 Companion
1861 14.37 2%¥88+0.293 1042+0.243 22603+0.225 0953+0.187 0.233 49 e
543 1439 2308+0.235 0Q7014+0.177 22844+0.195 0646+0.139 0.330 28
1431 1451 2432+0190 1050+0.169 231124+0.199 1088+0.149 0.158 71
1528 14.51 235240149 Q717+£0.119 22621+0.136 Q702+0.115 0.221 49
1695 14.53 2408+0.461 Q957+0.481 23462+0.558 1093+0.434 0.380 22
1833 1454 2416+0268 Q700+0.246 22953+0.160 050040.209 0.332 28
437 1454 2342+0.198 0782+0.169 23063+0.179 08454+0.140 0.229 50
2019 14.55 23%434+0.255 0858+0.258 22612+0.236 0849+0.213 0.303 34
200 14.69 2#471+0.326 06724+0.463 23578+0.402 0825+0.359 0.379 25
571 1474 24862+0.684 09384+0.822 24366+1.728 1460+0.956 0.478 17
21 1475 24332+0.802 14274+0.802 23293+0.701 1350+0.478 0.351 26
1488 14.76 243740421 0573+£0.364 23030+0.539 0511+0.392 0.471 19
1499 14.94 2496+0691 1352+0.608 23806+0.674 1325+0.387 0.271 35




TABLE 2 — Continued

VCC  Bga Ig og Uz oz B N Comments
1) (2 ©)] &) (5) (6) (7 (8) 9)
1545 14.96 24€479+0.178 0884+0.175 231484+0.178 0894+0.152 0.189 63 e
1192 15.04 237740091 1070+0.072 22660+0.086 1049+0.067 0.064 213 VCC1226 Companion
1075 15.08 231440240 0553+£0.247 22522+0.197 0515+0.226 0.378 26 e
1440 15.20 24£80+0.278 0887+0.251 23298+0.228 0826+0.175 0.259 38
230 15.20 2357+0.218 05454+0.198 23099+0.336 0581+0.319 0.274 38
2050 15.20 23004+0.436 0281+0536 22964+0.389 0304+0.370 0.459 20
751 15.30 2308+0.267 0493+0.212 22674+0.247 Q501+£0.177 0.495 17
1828 15.33 2B06+0.250 Q701+£0.265 22757+0.283 0664+0.329 0.355 27
1407 15.49 2449+0.144 0666+0.145 23468+0.150 0Q747+0.120 0.186 60
1886 15.49 232740984 0967+1.086 21565+0.520 Q463+0.566 0.622 14 e
1199 15,50 23284+0.102 1163+0.084 22679+0.092 1123+0.072 0.060 228 VCC1226 Companion
1539 15.68 231040213 0826+0.214 22821+0.207 Q901+0.163 0.275 43 e
1185 15.68 2B404+0.197 0691+0.137 22910+0.159 0639+0.113 0.292 33
1489 15.89 2377+0439 0378+0.260 23156+0.381 0482+0526 0.417 22
1661 1597 247740154 Q0225+£0.201 23059+0.417 Q615+0.336 0.477 19

NoOTE. — Key to columns—(1) Galaxy VCC number; (2) GalaBymagnitude from Binggeli et al. (1995); (3)—(4) Maximumdilhood estimates of
the Gaussian megm and dispersiorr of the g-band GCLF; (5)—(6) Same as (3)—(4) but for thband; (7) Fractior3 of the sample that is expected to be
contamination; (8) Total numbe of all objects (including contaminants and uncorrectedificompleteness) witlpgc > 0.5; (9) Comments on individual
galaxies.



TABLE 3

DEFINITION OF BINNED GC SAMPLES AND BEST-FIT GCLF PARAMETERS

Gaussian Fits

Evolved Schechter Function Fits

5roup Ngal <MB,gaI> nglgnm Mg}gé. Nec Mg ag Mz [or 69 Meg 6z Me z
1) 2 3 4) (5) (6) ] (8) 9) (10) (11) (12) (13) (14)
0 1(1226) -21.8 -21.8  -21.8 746 —-7.025+0.086 1366+0.061 -8341+0.077 1321+0.053 -7.150+0.133 -10.0454+0.362 -8.465+0.132 -11.25740.360
1 1(1316) -21.5 -215 -21.5 1721-7.104+0.049 1312+0.035 -8.433+0.041 1242+0.030 -7.287+0.089 -9.850+0.232 -8.690+0.092 -109114+0.232
2 1(1978) -21.3 -21.3  -213 789 -7.0144+0.077 1340+0.058 -8.3294+0.070 1316+0.050 -7.265+0.137 -9.750+0.356 -8.6174+0.146 -10.9284+0.381
3 1(881) -21.2 -21.2 -21.2 355 -7.3344+0.097 1274+0.075 -8.4504+0.093 1238+0.071 -7.5334+0.198 -9877+0.525 -8.607+0.221 -11.043+0.647
4 1(763) -21.1 -21.1  -21.1 488 -7.385+0.074 1178+0.055 -8522+0.070 1159+0.052 -7.786+0.201 -9.3714+0.460 -8.955+0.200 -10.499+0.457
5 1(731) -21.3 -21.3  -21.3 888 -7.431+0061 12074+0.046 -8.623+0.059 11994+0.044 -7.651+0.137 -9.7894+0.339 -8.818+0.134 -11.011+0.337
6 1 (1903) -20.1 -20.1  -20.1 294 -7.434+0.089 11924+0.071 -8.625+0.089 1215+0.073 -7.641+0.209 -9.971+0611 -8.776+0.188 -11418+0.576
7 1(1632) -20.3 -20.3 -20.3 439 -7.0894+0.103 1423+0.077 -8.323+0.095 1390+0.071 -7.198+0.152 -10.393+0.474 -8.4434+0.154 -1151640.469
8 1(1231) -19.8 -19.8 -19.8 239 -7.221+0.090 11034+0.072 -8.344+0.089 1106+0.069 -7.841+0.311 -8.888+0.669 -9.013+0.319 -10.00240.680
9 2 -19.6 -19.7  -19.5 347 -7.196+0.074 1102+0.057 -8.308+0.076 11034+0.057 -7.749+0.279 -8909+0.635 -8.9464+0.294 -9.957+0.647
10 2 -19.4 -195 -19.2 248 -7.282+0.088 11114+0.069 -8.444+0.089 1103+0.069 -8.276+0.424 -85974+0.838 -9.726+0.557 -9.586+4 1.040
11 2 -19.4 -19.4  -194 283 -7.341+0.086 10924+0.066 -8.426+0.089 1096+0.068 -8.485+0.517 -8.478+0974 -9.431+0.453 -9.69640.879
12 2 -19.1 -19.3  -18.9 347 -7.380+0.072 1091+0.055 -8.447+0.071 1092+0.055 -8.2624+0.323 -8.767+0.652 -9.410+0.336 -9.8144+0.667
13 2 -19.0 -19.0 -19.0 212 -7.333+0.084 09824+0.065 -8.446+0.083 0968+0.066 -8.321+0.519 -8.467+1013 -9.596+0.602 -9.4824+1.131
14 2 -19.1 -19.1  -19.0 214 -7.459+0.084 1051+0.065 -8.479+0.085 1042+0.068 -8.02840.335 -9.134+0.766 —-9.212+0.443 -9.9434+0.964
15 4 -18.5 -18.6 -18.3 283 -6.908+0.088 1042+0.067 -7.996+0.086 1032+0.066 -8.1174+0.643 -7.887+1.186 -9.330+0.806 -8.931+1.463
16 5 -18.3 -185 -18.1 257 -7.081+0.089 10124+0.070 -8.146+0.087 0969+0.068 -8.399+0.648 -7.972+1.158 -9.413+0.642 -9.0574+1.157
17 4 -18.2 -18.3 -18.0 208 -7.338+0.087 0949+0.072 -8.330+0.087 0945+0.068 -9.6194+2.113 -7.835+£6.880 —9.929+0.949 -9.095+1.615
18 3 -17.8 -18.0 -17.6 205 -7.263+0.082 0951+0.062 -8.276+0.085 0961+0.065 -8.610+0.675 -8.111+1.202 -9.882+0.802 -9.041+1.371
19 3 -17.7 -17.8  -17.7 197 -7.409+0.079 Q901+0.059 -8421+0.081 Q905+0.060 -10.101+1986 -7.839+7.800 -10.0424+0.896 -9.133+1.512
20 8 -17.1 -175 -16.8 196 -7.149+0.099 0953+0.080 -8.216+0.094 0927+0.072 -8.2474+0.680 -8.025+1.253 -9.371+0.630 -9.161+1.154
21 6 -16.6 -16.8 -16.5 222 -7.217+0.080 Q9434+0.060 -8.240+0.080 0916+0.060 -8.343+0.591 -8.166+1.103 -9.609+0.656 -9.0794+1.155
22 9 -16.4 -16.7 -16.1 193 -7.072+0.086 0875+0.068 -8.043+0.096 0921+0.071 -9.383+1.795 -7.437+4.766 —-8974+0.505 -9.1354+0.951
23 10 -15.7 -16.0 -154 201 -7.1334+0.072 Q749+0.058 -8.090+0.077 Q7624+0.062 -9.7924+0.088 -7.2924+1.956 -10.815+0.092 -8.315+5.536

NoTE. — Key to columns—(1) Identification number of binned gro(®); Number of galaxies that were used in the creation of thisdd group. When only one galaxy present its VCC identifiéndicated; (3)—(5) Average, minimum, and maximMBga| of galaxies in this binned group; (6) Number of expected GZ:(10)

>st-fit Gaussian GCLF parametgisand o in theg- andz-bands; (11)—(14) Best-fit evolved Schechter GCLF parammét@andmg, in theg- andz-bands.
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TABLE 4
BESTFIT POWER LAW EXPONENTS

vee G, By vee 4 g vee 5 g
@ ) ) &) @ &) () @ ®
1226 1804+0.11 172+0.11 654 258+0.76 273+0.72 1178 242+040 182+4+0.38
1316 175+0.07 179+0.07 944 250+0.44 255+0.46 1283 285+0.61 290+0.61
1978 1844+0.11 177+0.11 1938 265+045 2834+0.45 1261 163+055 201+0.52
881 180+0.16 179+0.16 1279 187+028 18540.28 698 242+0.35 238+0.33
798 2154015 195+0.15 1720 269+047 297+0.50 1422 2954+094 407+1.17
763 185+014 187+0.14 355 350+£0.97 275+0.79 2048 1444+0.87 126+0.82
731 1714010 177+£0.10 1619 246+0.72 225+0.71 9 2424082 220+0.77
1535 2034+0.20 194+0.20 1883 318+0.60 2854 0.56 1910 235+052 2074+0.51
1903 1874+0.18 203+0.18 1242 3R5+045 3064+0.45 856 184+0.63 170+0.64
1632 189+0.16 183+0.16 784 377+114 323+1.01 140 3554131 251+121
1231 2224+0.23 213+0.23 1537 213+062 248+0.67 1087 273+054 2504+0.52
2095 179+0.34 185+0.33 778 2074+048 200+£0.48 1861 252+0.71 192+0.62
1154 1814+0.28 202+0.28 1321 367+129 4994197 1431 255+057 2694+0.59
1062 2134+0.26 199+0.26 828 228+0.45 248+0.42 1528 219+0.70 25640.67
2092 230+0.41 235+041 1250 1924052 209+0.49 437 355+0.91 404+1.10
369 2144025 213+£0.25 1630 191+052 1994 0.50 2019 2224+0.70 317+081
759 2324027 219+0.27 1146 233+052 247+0.50 21 232+0.88 2764093
1692 193+0.29 2404+0.29 1025 309+0.75 281+0.66 1499 275+090 269+0.88
1030 193+0.25 213+0.25 1303 255+059 248+0.54 1545 261+074 2574+0.73
2000 207+0.25 216+0.24 1913 303+058 257+0.58 1075 394+131 385+1.28
685 171+025 171+024 1125 278+057 2374+0.58 1539 314+092 269+4+0.85
1664 185+0.29 166+40.28 1475 2374054 255+0.55 1185 563+162 556+1.59

NoTE. — Key to columns—(1) Galaxy VCC number; (2) Best-fit powawlexponent3 for the mass function of GCs betweer0.5-2.5
mag brighter than the turnover magnitude in tieand GCLF; (3) As (2) but for thg-band.
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TABLES5
AVERAGE GC COLORS AND MASS-TO-LIGHT RATIOS

VCC ((g-2) T Yq VCC ((9-2) Tz g VCC ((g-2) Tz Tg
) @ ® @ (€ @) @ @ (€ @ @ @

1226 1.24 147 2.69 1242 111 149 244 1297 1.05 150 2.33

1316 1.23 1.47 2.67 784 1.14 1.48 2.50 1861 1.00 150 224
1978 1.25 147 272 1537 1.00 150 2.24 543 0.94 151 212
881 1.09 149 241 778 1.04 150 231 1431 1.00 150 224
798 1.14 1.48 2.50 1321 1.04 150 231 1528 0.95 151 214
763 111 149 244 828 1.00 150 224 1695 1.01 150 2.26
731 1.19 1.47 259 1250 0.98 151 220 1833 1.01 150 2.26
1535 1.18 1.48 257 1630 1.10 1.49 242 437 0.90 152 2.05
1903 1.18 148 257 1146 1.20 147 261 2019 0.90 152 2.05
1632 1.21 1.47 2.63 1025 0.97 151 2.18 200 0.82 154 191
1231 112 148 2.46 1303 0.94 151 212 571 0.92 152 2.09
2095 1.07 1.49 2.37 1913 1.02 1.50 2.27 21 0.88 152 201
1154 1.12 1.48 2.46 1327 1.06 1.49 235 1488 0.87 1.52 1.99
1062 1.14 148 250 1125 0.93 151 211 1499 0.93 151 211
2092 1.13 1.48 2.48 1475 0.94 151 212 1545 0.93 151 211
369 1.15 148 252 1178 1.06 149 235 1192 1.10 149 242
759 1.10 1.49 242 1283 1.03 150 2.29 1075 0.93 151 211
1692 1.08 1.49 2.39 1261 1.05 1.50 2.33 1440 0.98 151 2.20
1030 1.14 148 250 698 1.00 150 224 230 0.92 152 2.09
2000 1.05 150 2.33 1422 1.09 1.49 241 2050 0.89 1.52 2.03
685 1.07 149 237 2048 1.01 150 2.26 751 0.85 153 1.96
1664 1.18 1.48 257 1871 0.96 151 2.16 1828 0.88 152 2.01
654 0.99 150 2.22 9 1.01 150 2.26 1407 1.02 1.50 2.27
944 1.06 149 235 575 1.00 150 224 1886 0.80 155 1.90
1938 0.99 150 222 1910 1.06 1.49 235 1199 1.13 1.48 2.48
1279 1.04 150 231 1049 0.97 151 218 1539 0.97 151 218
1720 1.08 1.49 2.39 856 1.02 150 2.27 1185 0.92 152 2.09
355 1.09 1.49 241 140 1.00 150 224 1489 0.98 151 220

1619 1.06 149 235 1355 0.92 152 2.09 1661 0.95 151 214
1883 1.06 149 235 1087 0.94 151 212

NoTE. — Key to columns—(1) Galaxy VCC number; (2) Mean G§>-@) color (from data in Peng et al. 2006a); (3)—(4) Average GC
mass-to-light ratio in the andg bands, obtained as described N §8.1.2.

TABLE 6
GAUSSIAN GCLF PARAMETERS FOROUTER GCS OFM87/M49 CoMPANIONS!

VCC Hg Jg Mz oz E N Host <(g—2)> Tg TZ
) @) ®) (4) (®) ® O ®) © @10) @11

1327 23886+0.182 1288+0.144 22777+0.164 1224+0.129 0.070 93 VCC1316 1.104 243 1.49
1199 23805+0.127 122440102 22631+0.117 1175+£0.091 0.053 151 VCC1226 1.100 2.42 1.49
1192 23643140102 10134+0.080 22540+0.099 1011+0.076 0.064 144 VCC1226 1.155 2.54 1.48
1297 23410+0.183 1208+0.142 22320+0.166 1138+0.130 0.103 67 VCC1316 1.090 240 1.49

NoTE. — Key to columns—(1) Galaxy VCC number; (2)—(3) Maximurkelihood estimates of the Gaussian meaand dispersionr
of theg-band GCLF; (4)-(5) Same as (2)—(3) but for thleand; (6) FractiorB of the sample that is expected to be contamination; (7) Total
numberN of all objects withpsc > 0.5 (including contaminants and uncorrected for incomplessjy (8) VCC number of giant elliptical
galaxy close in projection; (9) Mean GG+2) color; (10)—(11) Average GC mass-to-light ratio in thandz bands, obtained as described in
§6.1.2.

a All reported numbers refesnly to those GC candidates that are more th&R.b away from the centers of the galaxies indicated, where
(Re) is the median effective radius of other VCS galaxies thaehmggnitudes within 0.5 mag of the target galaxy.
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