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ABSTRACT

We study mass functions of globular clusters derived fié8T/ACSmages of the early-type merger rem-
nant galaxy NGC 1316 which hosts a significant population effatarich globular clusters of intermediate age
(~3 Gyr). For the old, metal-poor (‘blue’) clusters, the pea&ss of the mass functia,, increases with

internal half-mass density, as M, oc p24* whereas it stays approximately constant with galactoizedis-
tanceRyy. The mass functions of these clusters are consistent wiilmgles scenario in which they formed
with a Schechter initial mass function and evolved subseifidy internal two-body relaxation. For the
intermediate-age population of metal-rich (‘red’) clustehe faint end of the previously reported power-law
luminosity function of the clusters witRyy > 9 kpc is due to many of those clusters having réafiger than
the theoretical maximum value imposed by the tidal field 0€ENG16at theirRya. This renders disruption by
two-body relaxation ineffective. Only a few such diffusestiers are found in the inner regions of NGC 1316.
Completeness tests indicate that this is a physical effésihg comparisons with star clusters in other galaxies
and cluster disruption calculations using published msdeé hypothesize that most red clusters in the jgw-
tail of the initial distribution have already been destrdye the inner regions of NGC 1316 by tidal shocking,
and that several remaining logy: clusters will evolve dynamically to become similar to ‘fafiuzzies’ that
exist in several lenticular galaxies. Finally, we discussnature of diffuse red clusters in early-type galaxies.

Subject headingggalaxies: star clusters — globular clusters: general —dgdaindividual (NGC 1316) —
galaxies: interactions

1. INTRODUCTION nearly universally old, with ageg 8 Gyr (e.g. Forbes et al.
Globular star clusters (GCs) have long been recognized a2001; Puzia et al. 2005, 2006; Woodley et al. 2009), similar

important laboratories in the study of the formation andevo (0 the case of GCs in our Galaxy (Marin-Franch et al. 2009).
tion of galaxies for a variety of reasons. Studies of stantor 1S implies that the color bimodality is due mainly to diffe

tion within molecular clouds using infrared observationsdr ~ €Nces in metallicity. The colors and spatial distributiéthe
shown that most, if not all, stars form in clusters with miti ~ 2lue GCs are usually consistent with those of metal-poar hal
masses\. o in tﬁe range ’1@_ 10° M,, (e.g., Lada & Lada GCs in our Galaxy and M31, while red GCs have colors and

2003: Portegies Zwart et al. 2010, and references therein spatial distributions that are similar to those of the “lilg
Whilé most SgtlarSCIUV\SlterS Withg o < 10° M; are thousght to ! )hght of their host galaxies (Geisler et al. 1996; Forbeslet a

disperse into the field population of galaxies within a few Gy 1997; Rhode & Zepf 2001; Goudirooij et al. 2001b; Jordan et

by a variety of disruption processes, the surviving massiveal' 2004; Peng et al. 2006a; Goudrooi et al. 2007). Thus, th

; - - nature of the red metal-rich GCs is likely to hold important
GCs constitute luminous compact sources that can be eaSII)leues to the star formation history of theiryhost galaxigs.

?hbesrﬁ:\éfg %?;:%ﬂ:ttggcrees (r);g\rq?\rlaedrtenggdf r;egr%r))(?r%eg-:bsr.‘ Fu The star formation activity associated with the formation
' P Y9 bp of the bulge component of giant early-type galaxies is gen-

a “simple stellar population” (hereafter SSP), i.e., a ebev : ; ;
: : ; - erally thought to be dominated by vigorous starbursts trig-
population of stars with a single metallicity, whereas tife d f gered by mergers and interactions of gas-rich galaxies, (e.g

fuse light of galaxies is typically composed of a mixture o . . A )
populations. Thus, star clusters represent invaluablegsrof \{\ég%e goﬁéegtka}ggolég asuc?rggrt\/ﬁllé 1;:?316' g/lo'g%s ‘Ig‘nggégqlé';
the SFR and chemical enrichment occurring during the mainima es taken with thelST have shown that nearby alax P
star formation epochs within a galaxy’s assembly history. 9 y 9 y

As to the class of “normal” giant early-type galaxies (E merglerts and %/oung mfrgerl retmnan'_[ﬂ?alaxies host \r/f.’r rl'%h
and SO galaxies, i.e., galaxies whose light is dominated byPPPY'lONS O young star clusters with masses reaching
a “bulge9 component) gdeep imaging stdqdies with theb- yM@ and beyond (e.g., Holtzman et al. 1992; Schweizer et al.
ble Space Telescope (HSvealed that such galaxies typ- iﬁg%g@!g; ((a)tf 3:'8 Slggz); whgpgtr:rset ?eld%:?élg)fr o-rlr—1hteh S?iz )
ically contain rich GC systems with bimodal color distribu- young ciu pred !

: : . . d luminosities were confirmed by spectroscopy (Zepf
tions (Kundu & Whitmore 2001; Larsen et al. 2001; Peng et ors an } ; : ) :
al. 2006a). Follow-up spectroscopy with 8-m class telessop et al. 1995; Schweizer & Seitzer 1998; Maraston et al. 2004;

“ " g : Bastian et al. 2006). Their metallicities tend to be nedarso
showed that both "blue” and *red” GC subpopulations are as expected for clusters formed out of enriched gas in spi-
Electronic address: goudfroo@stsci.edu ral galaxies. As to the_ question whgther or not these young

1Based on observations with the NASA/ESAubble Space Telescope ~ Metal-rich GC populations can survive several Gyr of stella
obtained at the Space Telescope Science Institute, whicheisated by the and/or dynamical evolution (this was brought up by Brodie
Association of Universities for Research in Astronomy, Jnmder NASA et al. 1998) studies of GCs in early-type merger remnants of
contract NAS5-26555 intermediate age (2—4 Gyr) have shown that such metal-rich
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GC populations do survive at least that long with relatively sipative merger with incomplete dynamical relaxation. Gou
minor changes in their mass function down to the detectionfrooij et al. (2001a,b) discovered a significant populatidn
limit (Goudfrooij et al. 2001a,b; Whitmore et al. 2002; Goud- ~ 3-Gyr-old GCs of near-solar metallicity through a compar-
frooij et al. 2004, 2007). It seems natural to interpret ¢hes ison of BVIJHK colors as well as H and Cal triplet line
data in the sense that the bulges of normal giant early-typestrengths with SSP model predictions. It is classified as a
galaxies and their metal-rich GCs formed at high redshift in lenticular galaxy in galaxy catalogs: (lSAB(s)0 in the RC3
a way similar to that observed in gas-rich galaxy mergers to- catalog (de Vaucouleurs et al. 1991) and @& in the RSA
day, as originally predicted by Schweizer (1987) and Ashmancatalog (Sandage & Tammann 1987), and its stellar body is
& Zepf (1992). rotationally supported (e.g., Arnaboldi et al. 1998). In ac
A significant difference between young GC systems in cordance with our earlier work, we adopt a distance of 22.9
mergers and ancient GC systems is the shape of their reMpc for NGC 1316 in this paper. This distance was derived
spective luminosity functions (LFs). Young GC systems in using known tight relations between the light curve shape, |
mergers and young merger remnants have LFs consistent witlminosity, and color of type la supernovae in NGC 1316 (see
power laws: ¢(L) o< L* with a ~ -2 (e.g., Schweizer et al. Goudfrooij et al. 2001b, and references therein).
1996; Miller et al. 1997; Zepf et al. 1999; Zhang & Fall 1999;  In a previous paper (Goudfrooij et al. 2004), we used deep
Fall et al. 2009), without a sign of a peak or “turnover” down photometry taken with the Advanced Camera for Surveys
to the detection limit of the data. Perhaps not surprisingly (ACS) aboardHSTand showed that the inner 50% of the sys-
this distribution is consistent with the mass function of gi tem of intermediate-age GCs of NGC 1316 showed evidence
ant molecular clouds in star forming regions in our Galaxy of the presence of a turnover in its LF, while the GCLF of the
(Elmegreen & Efremov 1997). In contrast, the LFs of GC outer 50% was still consistent with a power-law down to the
systems in “normal” galaxies are well described by Gaus- detection limit. While this provided evidence that longrter
sians in magnitude space (or lognormal luminosity distribu dynamical evolution of GCs formed in mergers of massive
tions), peaking aM ~ -7.4 mag (e.g., Harris 2001; Jordan gas-rich galaxies can indeed transform MFs of “young” clus-
et al. 2007), corresponding roughly to a “turnover’” mass ters to MFs of ancient GC systems, it did not clarify the fate
Mo~ 15x 10° My, If one accepts the view that ancient of the clusters in the outer regions of NGC 1316. A specific
GCs in normal galaxies formed in the early universe through issue in that regard is that GCLFs and GCMFs in the outskirts
essentially the same processes as star clusters in galagy me Of “normal” galaxies typically show very similar shapes and
ers today, then large numbers of low-mass clusters must havéurnovers to those in their inner regions, and the queston i
been destroyed or disrupted in the mean time. Recent studie¥hether and how dynamical evolution of the GCs in the out-
of dynamical evolution of GCs through mechanisms acting on Skirts of NGC 1316 may create a mass function similar to
long time scales (notably two-body relaxation and tidakého ~ those seen in “normal” giant early-type galaxies over the ne
ing) have shown that low-mass ciusters disrupt first as galax ~ 10 Gyr. Using new GC size measurements, this issue is one
ies age, which can evolve a power-law mass function into log- of the main topics being addressed in the current paper.
normal mass functions in a few Gyr (e.g., Fall & Rees 1977; The remainder of this paper is organized as follows. Af-
Fall & Zhang 2001; Prieto & Gnedin 2008, but see Vesperini ter a brief description of the imaging data in Section 2, the
2001). However, there is some debate as to the impact of thedata analysis is presented in Section 3. Section 4 describes
tidal field of the host galaxy on the way GC mass functions relations between radii and other properties of the blue and
(GCMFs) are shaped over time. One school of thought is that’€d GC subpopulations in NGC 1316 and presents their mass
long-term cluster disruption is dominated byternal two-  functions as functions of mass density and galactocer#fic r
body relaxation which is essentially independent of thaltid dius. In Section 5, we apply various dynamical evolution
field of the galaxy. This view is supported by properties ef th model calculations to the red, intermediate-age clusteds a
GCMFs of the Milky Way and the Sombrero galaxy (Chandar €valuate the properties of their resulting mass functions a
et al. 2007; McLaughlin & Fall 2008). Another view is that their distribution in the mass-radius plane. A summary and
the strength of the tidal field must be a significant factor in discussion of the results, including the large number of dif
terms of the impact of two-body relaxation (e.g. Baumgardt fuse red clusters in NGC 1316, is provided in Section 6.
& Makino 2003; Gieles & Baumgardt 2008; Baumgardt et 2. DATA
al. 2008). This in turn seems to be supported by the finding o _ )
that the turnover luminosity of GCLFs of early-type galax- We use theHST/ACSimaging dataset described previ-
ies decreases with decreasing galaxy luminosity (Jordah et ously in Goudfrooij et al. (2004). Briefly, this consists
2007). Studies of GC systems of intermediate-age (1—5 Gyrof several wide-field channel (WFC) images taken with the
old) merger remnants can help clarify the relative imparéan F435W, F555W, and F814W filters with t'otal exposure times
of different dynamical effects on GC systems formed during Of 1860 s, 6980 s, and 4860 s, respectively. The sample of
galaxy interactions. star cluster candidates in NGC 1316 and its subdivision in
Several studies have established firmly that the giant galax “0ld, metal-poor” (“blue”) versus “intermediate-age, raet
NGC 1316 (= Fornax A = Arp 154), the dominant galaxy of rich” (“red”) clusters was adopted from Goudfrooij et al.
a subgroup of the Fornax cluster of galaxies, isoma fide  (2004). For purposes of dynamical evolution calculations,
intermediate-age merger remnant. Its outer envelopedeslu  We assume throughout this paper that the system of “red”
several nonconcentric arcs, tails, and loops that are ket | ~ GCs in NGC 1316 is dominated by GCs of an age of 3
remnants of tidal perturbations, while the inner part of the Gyr, which is the age found for the brightest red GCs us-
spheroid is characterized by a surprisingly high central su ing spectroscopy and multi-color photometry (Goudfroij e
face brightness and small effective radius for the galaky’'s ~ al- 2001a,b). While it is possible that (one of) the progemito
minosity (Schweizer 1980, 1981; Caon et al. 1994). All of galaxies possessed older metal-rich GCs that were “dohated

these features indicate that NGC 1316 is the product of a dist0 NGC 1316 during the merger, the LF of the red GCs does
not show any sign of the presence of a significant number of
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“old” GCs such as a turnover nel) ~ —7.4 mag (see Goud-
frooij et al. 2004). Instead, the LF of the red GCs continues 5
to rise to the completeness limit of the data similar to the si
uation in other merger remnants. Hence we deem it unlikely
that NGC 1316 hostsignificantnumbers of old red GCs for-
merly associated with merger progenitor galaxies. However
the impact of the presence of a small fraction of old mewtt-ri
GCs to the results shown in this paper will be discussed where
relevant.
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3. ANALYSIS ! .
3.1. Size Measurements 0 5 10

GC structural parameters were derived using e PEal- T, rsssw (PC)
gorithm (Larsen 1999), which fits the object’s surface bigh  FiG. 1.—ry rsssw/"h, Fsraw (the ratio ofr, values measured in the F555W
ness proie with analyical models comelved with a sub- 2309 b el o et i S
sampled F.)SF' Since GCs att the C.“Stance of NGC 1.316 ar nly showr?forrh_,:555\}v/rh‘,:814wto avoid clutter. There does not seem to
only marginally resolved, reliable size measurementsirequ pe a significant systematic difference betwegmalues measured in F555W
a very good knowledge of the ACS PSF at the time of obser-and F814w.
vation. While many studies build empirical PSFs from sev- o
eral well-exposed stars in the field of view for this purpose, minor axes. The measured valuesrpfwere multiplied by
the ACS images of NGC 1316 do not contain enough sucha factor 4/3 to account for projection effects (Spitzer 1987
stars to create a robust set of PSFs. Hence we have to relyn order to render correct values of signal-to-noise ra8itN)
on external PSF libraries. To test the influence of the PSFfor the fits, we added the local background level back into
library chosen, we performed a comparison betwgeval- ~ the model-subtracted image (using theNOISE task within
ues measured using PSFs created by means of two method$RAF) for each object prior to runningsHAPE on it. Ob-
(i) the TINY TiM package (Krist & Hook 2004) which takes jects fit by ISHAPE with S/N > 50 were considered for the
into account the field-dependent aberration of the ACS/WFC remaining analysis. Several studies found this S/N coimstra
camera, filter passhand effects, charge diffusion variatio ~sufficient to yield reliable half-light radii when using rheds
and varying pixel area due to the significant field distortion such assHAPE (e.g., Larsen 1999; Harris 2009; T. H. Puzia
in the ACS/WFC field of view. The ten times subsampled et al. 2012, in preparatiof) _
Tiny Tim PSF was evaluated at the position of each point-like To test for systematic differences between sizes mea-
object in the image and convolved with the charge diffusion sured in the F555W and F814W images, we plot the ratio
kernel. (i) the empirical grid of ACS PSFs of Anderson & I'n Fsssw/I'n Fa1aw VErSUSTy rsssw in Figure 1 for all clusters
King (2006). Since the latter PSFs are created for individ- measured with S/N- 50 in both passbands. Weighting by in-
ual ACS+_f 1 t.fits images rather than images combined Verse variance, the weighted mean valug:sssw/I'n, Fsraw) =
with MULTIDRIZZLE, we used Maurizio Paolillo'#ultiking ~ 0.98+0.02. We thus assume that there is no significant sys-
suite of scripts (which we modified to work on filters other tematic difference between sizes measured in F555W versus
than F606W) to create a grid of empirical PSFs at the loca- F814W for this dataset. In the following, we concentrate on
tion of each GC candidate in blank versions of each individ- Sizes measured in the F555W image becgi)sthe F555W
ual input_f1t.fits ACS image. These images were then image reaches the highest S/N ratio for cluster candidates i
combined by MultiDrizzle in the exact same way as the final the color parameter space of interest &jdF555W images
NGC 1316 image. These PSFs were then subsampled by &vere taken using the highest number of distinct spatial off-
factor 10 in order for them to be used appropriately within sets (6 “dithers”) between individual images which renders
ISHAPE, using polynomial interpolation. We refer to these the highest spatial resolution after image combinationgisi
PSFs agPSFsn the following discussion. These two sets of the MULTIDRIZZLE task available within PYRAF/STSDAS.
PSFs were then used withisHAPE to fit the objects’ profiles ~ The constraint of S/N> 50 in the F555W image yielded a to-
with King (1962) model concentration paramet€gs= r/r. tql of 424 GCS, 212 of WhICh are “red” and 212 are ‘fblue".
(wherery is the tidal radius and is the core radius) of 5, 15, Fig. 2 depicts a comparison between thevalues derived
30, and 100. GC structural parameters were calculated usingrom the best-fit TNy Tim PSFs and those derived from the
theCx value that yielded the lowese. ePSE’. Thery values derived from thePSFsare system-

The effect of the fitting radius (parameterrrab within ~ atically smaller than those derived from thenV Tim PSFs
ISHAPE) on the derived cluster radii was assessed by usingPy 045+ 0.05 pixel. Effects of this order of magnitude (dif-
values of 4, 6, 10, and 15 pixels. While larger valuesief  ferences of 0.4 — 0.5 pixel) were also seen in previous stud-
TRAD are in principle preferable over smaller ones (especially i€S UsingHST/ACSmages that compared GC sizes derived
for more extended sources), we found that the associated inWith TINYTim PSFs versus empirical PSFs (e.g., Spitler et
crease in fitting uncertainties for fainter sources rendeiss  al. 2006; Georgiev et al. 2009). This discrepancy is likelg d
advantage negligible. Similar to Carlson & Holtzman (2Q01) 1o effects that are not incorporated inNV Tim such as tele-
we find thatFITRAD > 6 pixels yield consistent, values ~ Scope focus changes among and duH&JT orbits (*breath-
within the uncertainties, even for the largest GCs foundiimt ~ ing") as well as slight broadening of the effective PSF due to
study (which are mainly the faifter ones, see Sect. 4.2andbe , We note that a much higher value of S/N is required to determing K
yond.)' Hencg we adO[HITR_AD =6 plxels for this s.tUdy' GC model concentration indices robustly for marginally resdlwbjects (S/N
half-light radii r, were derived from the geometric mean of >'150, see Carlson & Holtzman 2001). Hence, the best-fit valfie&o
the FWHM values measured along the semi-major and semi-determined here for each GC should typically be regardedtimsates.
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FIG. 2.— Comparison betweemn values of GC candidates in NGC 1316
derived using PSFs fromPSF(abscissa) and iy TiM. The solid line de-
picts a 1:1 relation, while the dashed line shows the befitétto the data.
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FIG. 3.— Panel (a) err (rp) (the standard deviation of,) versusV mag-
nitude for GC candidates with size measurements from the F55&ate.
Panel (b) err (rp)/rn versusv magnitude for the same objects.

the effect of image combination. With this in mind, we adopt
the structural parameters of GCs measured usingR&ss.
Finally, Figure 3 depicts the formal standard deviationyof
as a function of magnitude calculated from tlseiAPE out-
put, both in an absolute sense and relative to the valugs of
Standard deviations were calculated usipgAPE parameter
CORRERR= YES, meaning that correlated errors between dif-
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FIG. 4.— Aperture correction from a measurement radius of 3 pitels
“infinity” as a function of star cluster half-light radiug at the distance of
NGC 1316. Squares represent F435W data, circles repreS864\F data,
and diamonds represent F814W data. For visualization pasptise F555W
and F814W data are offset from the F435W data in the Y diradiyp+0.1
and +0.2 mag, respectively. These offsets are indicated tigdibnes near
the bottom left of the plot. Dashed lines indicate polynorfitalto the data.
Note the significant increase of aperture corrections fostekrs withr,, > 4
pc. See §3.2.1.

The effect of varying GC sizes to photometric aperture
corrections at the distance of NGC 1316 was determined
by using theMultiking package (see §3.1 above) to create
a grid of ePSFconvolved King (1962) models located uni-
formly throughout the ACS/WFC field of view for all three
ACS/WEFC filters used in this dataset. In this regard we uged
valuesof 0, 1, 2, 3, 5, 7, 10, 15, and 20 pc and King concentra-
tion parameter€x =5, 15, 30, and 100. Aperture corrections
were calculated from an aperture radius of 3 pixels (as used
by Goudfrooij et al. 2004 for example) to 50 pixels. We found
that the effect of varyin@x to these aperture corrections at a
givenry, was negligible relative to the effect of varyimg it-
self. The aperture corrections for the variaysvalues are
plotted in Fig. 4. Note that the total intensities of #eSF5
are normalized to unity within a radius of 10 ACS/WFC pix-
els (Anderson & King 2006). Hence, the aperture correction
values from a radius of 10 pixels to infinity listed by Siriann
et al. (2005) were added to the measured values to arrive at th
“final” aperture correction values plotted in Fig. 4. Apegu
corrections for all clusters were applied by means of 5tteor
polynomial least-square fits of aperture correction vergus
These fits are shown in Fig. 4 as dashed lines.

Note the significant increase of aperture correction values
for clusters withr,, 2 4 pc, which has a relevant impact on
such clusters’ derived luminosities and masses when com-
pared with “average-sized” clusters which havg t,/pc <
4. This turns out to have a significant impact for the case of

ferentISHAPE parameters were taken into account. Table 1 NGC 1316: The clusters used by Goudfrooij et al. (2004) to

lists magnitudes, colorsy, values, ancCk values for all GC
candidates used in this paper.

3.2. Impact of Varying Cluster Size to Observables
3.2.1. Aperture Corrections

calculate aperture corrections were the 35 brightestensist
(with V < 23.0 mag). While those clusters obviously render
the highest-quality aperture corrections as intendedjritst

out that theimy, distribution is not representative for the clus-
ter system as a whole. This is illustrated in Fig. 5: Clusters
with r,, = 4 pc are quite common among the cluster system as
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TABLE 1
PHOTOMETRY, ASTROMETRY, AND SIZES OFGC CANDIDATES IN NGC 1318.
ID  ID2go1p RA DEC \% V-l r Ck
wnm @ (3) 4 (5) (6) (7) (8)
1 114 50.6770102 -37.2111334 18.60# 0.002 1.093+ 0.002 6.23+0.18 30
2 50.6781450 -37.2045648 19.578-0.002 1.013+0.002 2.03+-0.10 30
3 210 50.6585913 -37.2186257 20.078 0.002 1.003+0.002 1.70+0.03 30
4 110 50.6522255 -37.1822058 20.578 0.004 1.044+ 0.006 4.74+0.14 30
5 50.6923963 —-37.2013999 20.60% 0.004 1.055+0.006 1.40+0.05 30

NOTE. — Column (1): Object ID (sorted by magnitude). (2): Object ID in Goudfrooij et al. (2001b). (3)da(4): Right ascension (RA) and Declination
(DEC) (both in degrees) in J2000 equinox. For referencectivedinates of the center of NGC 1316 on the F555W ACS imageAs DEC) = (50.6739027,
—37.2079400). (5)V mag (Vega-based). (6)—I color in mag. (7): Measured half-light radius in pc. (8): Kiogncentration index yielding the lowegt.

aTable 1 is published in its entirety in the electronic editif The Astro-
physical Journal A portion is shown here for guidance regarding its form
and content.

L L A | T T T T
50 F All clusters versus - g 1 gl \:‘\ B
i ] 9 | N
_ those with V < 23.0 S = e
1) L © i \ R
S 40 | ] = \ om0 ®
.0 ] ) \ " \ \\\
S | ] ¢ ! L
30 g 0-5r \ VUL
b~ N ] 9 \ \ \ L]
© ] ® N
i ] — \ AR
23 [ 1 g i\ \ \\\ \!
<2 20 I ] 5) ‘. 'n " AN
g 1 © (a) N RN LE
Z ] | -t [ v :E!
] 1r L .
g Hiﬁli;kl\‘
e if\‘ .
_— L I_l " I— § ! \\ \.‘\\
\
10 15 20 3 Ui
u LN
Ty (pC) 0 05 L h‘ ! | |
FiG. 5.— Distributions of half-light radii for all star clustein NGC 1316 g [ \\ \\‘.
with reliable size measurements (light-grey histogram) andhfe star clus- "q'j VA \
ters withV < 23 mag (black histogram). Note that the latter distribution 2, Lo Y
misrepresents the former fof 2 4 pc. l.e., average aperture corrections de- £ LR =
rived from the brightest clusters yield significantly uneiimated aperture S ‘-‘-"\ \
corrections for clusters with, > 4 pc. O (b) ENLE
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awhole (see also Masters et al. 2010) whereas they happen to 22 23 o4 o5 26 o7

be strongly underrepresented among clusters Witk 23.0 v
mag. Obviously, the measurement of half-light radii can be | functions for th N ;
very important in photometry studies of star clusters tnat a . '8 8-— Completeness functions for the ACS photometry of stastefs

. in NGC 1316 as function ofotal magnitude andy,. A typical background
marginally resolved (see also Kundu 2008). level of 200 &/pix was used for this exampl@anel (a) Completeness frac-

tions forry, values (in pc) of 2 (black symbols), 3 (red), 5 (green), 7 (bl@®
(cyan), 15 (magenta), and 20 (grey). The dashed lines dématdmplete-

. . . . . ness function (equation 1) fit to the daRanel (b) Same data as in panel (a),
Given the varying cluster sizes and their possible system-but now the magnitudes fo, > 2 pc have been shifted by the difference in

atics with galactocentric distance, we investigated tlei-in aperture corrections between that for thevalue in question and that fog
ence of varying cluster sizes to completeness correctigns b = 2 P¢- See discussion in Sect. 3.2.2.

repeating the artificial object tests done in Goudfrooijlet a
(2004), but now using thilultiking package to add simulated
GCs withr, =1, 2, 3, 5, 7, 10, 15, and 20 pc afg = 30

measured completeness fractidify) by the following func-
to the final NGC 1316 images in the F555W and F814W fil- ac(V = Vim)
ters. The background levels and (total) magnitude intsrval

tion:
1
fV)==|(1- ,
: . (V) 2 ( \/1+a§(\/—\/|im)2>
employed for the completeness tests were identical to those

used in Goudfrooij et al. (2004), as were the parameters usedvhereVj, is the 50% completeness limit M and the pa-

for the DAOFIND task within IRAF. The resulting complete- rametera, is a measure of the steepness of the completeness

ness functions and their dependence on GC size are illedtrat function neaM;,. Panel (a) of Fig. 6 depicts the curved/)

in Fig. 6 for a typical background level of 200/pix per indi- that were fit to the simulated data of the variaysvalues

vidual 1100 s exposure. mentioned above, using a least-squares fitting routineter-de
Completeness values were parameterized by fitting theminea. andVi,,. These fits were performed for 5 background

3.2.2. Completeness Corrections

(1)
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levels encompassing the observed values, equally spaced iare fainter and more extended than the (far more numerous)
log (background). Completeness fractions of all individua cluster candidates in the NGC 1316 images.

clusters were then determined from théimagnitudes, back- To evaluate the probability that a given cluster candidate
ground levels, and, values. Values forn andVjy, in the in the NGC 1316 images is physically associated with NGC
function f (V) were determined by means of bilinear interpo- 1316, we apply a two-dimensional Gaussian smoothing ker-
lation in log (background) versus log,J parameter space. nel to the data in logf) versusV parameter space to pro-
As shown by panel (a) of Fig. 6, the dependence of the duce density distributions of the numbers of cluster candi-
completeness fraction on half-light radius is significair. dates and contaminants per unit area usingkhe2p al-

guantitative termsvii,, ranges from 26.2 for, = 2 pc to 23.8  gorithm (Venables & Ripley 2002). Probability valups=

for r, = 20 pc, roughly by 2.4 mag per dex ig. However, p(log(ry),V) for cluster candidates being physically asso-
when comparing this result to the completeness values nsed i ciated with NGC 1316 are then calculated from the ratio
Goudfrooij et al. (2004), one should keep in mind that Goud- Fyi316/Folank WhereFyizi6 andFyiank are the two-dimensional
frooij et al. (2004) used a cluster profile based on the beigiht  density distributions of cluster candidates in NGC 1316 and
35 clusters for their artificial objects. That cluster pefilad in the blank fields, respectively. For the remainder of tlais p
arn,~ 2 pc (see Fig. 5). Since the brightness of artificial ob- per, we define “clusters” as objects with> 0.67, i.e., objects
jects is scaled by thefotal (integrated) magnitude prior to be-  with Fy1316 > 2 X Fyjank-

ing inserted in an image while the photometric measurements
are done with an aperture radius of 3 pixels (both here and 4. SIZE DEMOGRAPHY OF THE CLUSTER SUBPOPULATIONS

in Goudfrooij et al. 2004), a proper comparison between the Inthis Section we illustrate the size-related propertidh®
completeness values determined in this paper versus those imetal-poor (blue) and metal-rich (red) cluster subpoparhast
Goudfrooij et al. (2004) should take the aperture correstio in NGC 1316 and attempt to put them in context by compar-
for clusters of different sizes into account. Hence we shift ing them to clusters in our Galaxy, younger merger remnant
the magnitudes in panel (a) of Fig. 6 by the size-dependentgalaxies, and “normal”, old giant early-type galaxies.
aperture correction values shown in Fig. 4, relative to ¢hos . :
appropriate for, = 2 pc. The result is shown in panel (b) of 4.1. Dependence on Galactocentric Radius

Fig. 6. Note that the “net” size dependence of completeness The top and middle panels of Fig. 8 plot versus pro-
values is much reduced relative to the results shown in panejected galactocentric radilRy, for blue and red clusters in

(a): Viim effectively changes by only 0.6 mag per dexin NGC 1316. To avoid biases related to varying incomplete-
ination b K d Galaxi ness as functions af, and Ry, only clusters brighter than
3.3. Contamination by Background Galaxies V = 253 mag are considered (cf. panel b of Fig. 6). In panel

Contamination by compact background galaxies is always(b) of Fig. 8 we plot running medians of thg distribution
a potentially critical issue in extragalactic star clusteerdies. as function orRy,. As can be seen, median sizes of the blue
To address this, we select images from 4 blank, high-lagitud GCs aref, ~2.5—3.5 pc with only a slight dependence on
control fields that used ACS/WFC over the course of 3 HST Ryy. This is similar to the situation seen for metal-poor GCs
orbits (~ 2.3 hours) with the F555W and F814W filters from in “normal” early-type galaxies (e.g., Spitler et al. 206%r-
the HST archive. These observations were taken as paralletis 2009; Madrid et al. 2009). However, the situation for the
images in HST Program GO-11691, and are well suited to thered GCs in NGC 1316 is markedly different from that in “nor-
purpose of probing the background contamination in our-clus mal” ellipticals. In NGC 1316, the red GCs withia 5 kpc
ter sample. Each of these sets ofimages were then run througfrom the galaxy center have sizes similar to those of the blue
the same image combination, object detection and selectionGCs. OutsideRy, = 5 kpc however, the median size of the
and aperture photometry procedures as those employed byed GCs increases steadily with increasing galactoceraric
Goudfrooij et al. (2004) for the NGC 1316 images, with one dius, reachingn ~ 7.5 pc atRya ~ 12 kpc. In stark contrast,
exception. Since none of these control fields included largesizes of red GCs in “normal” ellipticals are typically 20%
foreground galaxies, the compact-source photometry isethe smallerthan blue GCs (e.g., Kundu & Whitmore 1998; Puzia
control fields goes deeper than in the NGC 1316 images.et al. 1999; Jordan et al. 2005; Masters et al. 2010). The size
Hence we performed the detection of cluster candidates as ifatio of blue versus red GCs in “normal” ellipticals does not
NGC 1316 were included in each blank field. To this end, we change significantly witRy, (Paolillo et al. 2011; T. H. Puzia
used the “model” images generated during the object detec-et al. 2012, in preparation).
tion procedure for the NGC 1316 images (see Goudfrooij et To put this result in context, recall that the bulk of red GCs
al. 2004) from which we calculated images representing thein NGC 1316 most likely represent an intermediate-age pop-
Poisson noise associated with the diffuse light of NGC 1316, ulation (age~ 3 Gyr, cf. Goudfrooij et al. 2001a,b; Bastian
using theMkNOISE program within IRAF. The latter noise et al. 2006). Assuming that to be the case, long-term clus-
images were added to the blank fields (after scaling by theter disruption mechanisms such as two-body relaxation and
square root of the exposure times) prior to running the detec tidal shocks will have been active foruch(some 7—10 Gyr)
tion procedure. less long than for “old” red GCs in “normal” ellipticals. In

The level of background contamination of the “blue” and particular, late-epoch cluster contraction due to accativd
“red” cluster subsamples is illustrated in Figure 7 which effects of two-body relaxation (e.g., Mackey et al. 2008gHe
shows size-magnitude diagrams for the data and controfield gie & Giersz 2008; Vesperini et al. 2009) will not yet have
The top panels show “blue” candidate clusters while the bot- taken place. As such, one might expect the size demography
tom panels show “red” candidate clusters. The control field of the red GCs in NGC 1316 to bear similarities to that of
photometry tables have been randomly sampled so as to onlyounger cluster systems in otherwise similar environments
plot 1/4 of the objects found in the 4 blank fields. Typically, While size measurements of young GCs in massive merger
the relatively small number of “cluster candidates” found i remnant galaxies are still quite sparse in the literatune, t
the control fields (which are most likely background galaxie available data do show strong similarities to the red GCs in
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FIG. 7.— Size-magnitude diagrams of cluster candidates in NG® &84 blank fields. Panel (a) shows the “blue” (metal-poodtelucandidates in the NGC
1316 images while panel (b) does so for the “red” (metal-ri¢h$ter candidates. Panel (c) shows a random selection aff i “blue” objects detected in 4
blank sky control fields that were customized for the deptbhied in the NGC 1316 image. Panel (d) is similar to panel (c)nbutfor 2/4 of the “red” objects
detected in the 4 control fields (to decrease stochasti@ymnbol colors and types (see boxed-in legends for each fyémels) reflect the probability that the
object in question is physically associated with NGC 131 8iscussion in Sect. 3.3.

NGC 1316. Trancho et al. (2007) measured half-light radii of 4.2. Luminosity-Radius Relation

10-20 pc for young GCs in the outskirts of NGC 3256, arem-  panels (a) and (b) of Fig. 9 lot versusMy for the same
nant of a recent galaxy merger which Toomre (1977) placed o ,gterg a(s )those(s)hown giJn F%. 8. With r\égard to the blue
in the middle of his sequence of disk galaxy merger rem”ants-(metal-poor) GCs, previous studies of sizes of GCs in gataxi

These clusters in NGC 3256 have estimated ages &0 found no sianificant relation betwee i
. mand luminosity down
Myr (see also Zepf etal. 1999), and hence they have likely al-; e turno?/er of the GC luminosity function (e.g., I\B//IcLaugh

ready undergone the cluster expansion driven by strong masg, 000 Jordan et al. 2005). Our results for the blue GCs are
loss due to supernova type Il explosions as well as stel@ar ev oqngistent with this. However, our dataset yielded robst

lution in the first few 10 yr (Baumgardt et al. 2008; Vesperini yajes for GCs fainter than the turnover luminosity for old
et al. 2009), which renders them an appropriate COMPariSONyatal.noor GCsNy = '

. : - - = -7.4; see Fig. 9) where we find evi-
with the intermediate-age red GCs in NGC 1316. Other young gence for an increase of the (median) size of blue GCs with

cluster systems in merger remnants with accurate size Me3gecreasing luminosity. Panel (c) of Fig. 9 shows that this in

surements also have size distributions similar to that ef th : ; P ;
> crease isiot due to the increase of with increasingRya for
red GCs in NGC 1316, cf. thee300—-700 Myr old clusters Ryl > 11 kpc for blue GCs shown in Fig. 8. Instead, we in-

in NGC 1275 and NGC 3597 (Carlson & Holtzman 2001), tgrpret this effect as being due to dynamical evoluticthin

Wfith rT|1eanrh values of ?\'2 and 5.4 pc, resp(/actively, and a set GCg j.e. the mass density dependence of cluster evaporatio
of 8 clusters covering the age range JBge/Myr S 700 in e 1o two-body relaxation, as discussed further in Set. 4.
the Antennae galaxies, with a meanof 8.0 pc (Bastian et pojow.

al. 2009). In conclusion, the relatively large sizes seearam As to the red (metal-rich) GCs ;
. 3 - . - , panel (b) of Fig. 9 shows
the red GCs in NGC 1316 seem consistent with them being,, opyious increase of, with decreasing luminosity. How-

intermediate-age counterpartﬁ of bmetal-(rjiqh clustersnfsi;ﬁe ever, before trying to interpret this relation in terms of/gh
younger merger remnants. The observed increase of the mey| effects, we point out that it is likely associated wittet

dianrh'of the red GCs with increasingy, will be discussed correlation between, andRyz shown in panel (b) of Fig. 8.
below in Sect. 5. This is illustrated by panel (c) of Fig. 9 which shows that the
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FIG. 8.— Panel (a) GC half-light radiusy as function of projected galactocentric radRyg, for individual GCs withv < 25.3 mag. Blue and red symbols
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FIG. 9.— Panel (a) GC half-light radiusry, as function oV (or My, see
top abscissa) for individual GCs with < 25.3 mag. Blue and red symbols
or lines represent metal-poor and metal-rich GCs, respégtiiae all pan-
els. The size of the circle scales logarithmically with thesGgalactocentric
radius. Panel (b) Same as panel (a), but now solid lines represent running
median values of,. Dashed lines mark the& 1o error of the meanPanel
(c): Solid lines represent running median values of the galacioic radius
Rgal as function ofV. Dashed lines mark the-10 error of the mean. The
vertical dotted line indicateMy = -7.4, the turnover luminosity for “old”,
metal-poor GC systems. See discussion in Sect. 4.2.

medianRy, also increases significantly with decreasing lumi-
nosity. Note that for GCs wit 2> 21 mag, the mediaRya

is in the range where the rate of increaseyofith increasing
Rgal is significant (see panel (b) of Fig. 8). These relations are
interpreted in terms of dynamical evolution processes é th
next Section.

4.3. Cluster Distribution in the ‘Survival Diagram’

Thery, versus cluster mass diagram is a useful tool to il-
lustrate the ‘survivability’ of star clusters to varioudeémal
and external dissolution mechanisms (e.g. Fall & Rees 1977,
Gnedin & Ostriker 1997; Georgiev et al. 2009). Fig. 10 shows
the distribution of GCs in NGC 1316 with size measurements
in this ‘survival diagram’, separately for blue and red G@s i
panels (a) and (b). For comparison purposes, we include the
same diagram for the Galactic GCs in panel (c). To convert lu-
minosities of GCs in NGC 1316 into masses, we addpLy
values of the SSP synthesis models of Bruzual & Charlot
(2003), using a Chabrier (2003) initial mass function (IMF)
We adopt age = 3 Gyr and [Z/H] = 0.0 for the red GCs (Goud-
frooij et al. 2001a,b) and age = 13 Gyr and [Z/H}-£.6 for
the blue GCs, similar to the average properties of metat-poo
GCs in our Galaxy (e.g. Harris 1996). For the Galactic GCs,
half-light radii and cluster masses were taken from McLaugh
lin & van der Marel (2005) when available, and from Harris
(1996) for the remainder. Symbol sizes scale WRfa, as
shown in the legend in the top right of the Figure.

Fig. 10 includes various lines that depict limits in the mass
radius plane imposed by various dynamical evolution mech-

3 Use of the Maraston (2005) SSP models with a Kroupa (2001) IidiBy
M/Ly values that are- 5% higher; applying the Salpeter (1955) IMF yields
M/Ly values higher by~ 75% relative to Chabrier or Kroupa IMFs.
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FIG. 10.— Half-light radius versus mass (‘survival diagram’) @€s in NGC 1316 and our Galaxy. Symbol size indicates (prefaalactocentric radius as
shown in the legend at the top right. Lines in each panel sgmidimits imposed by dynamical evolution effects at the datamntric radii indicated above the
line in question: Short-dashed lines indicate max. tidaii rddtted lines indicate max. half-light radii, short-dashdotted lines indicate min. radii imposed by
two-body relaxation, and long-dashed-dotted lines indicaax. masses imposed by dynamical frictiBanel (a) Red GCs in NGC 1316 withl < 25.3. Panel
(b): Blue GCs in NGC 1316 witV < 25.3. Panel (c) GCs in our Galaxy. Each subpopulation of Galactic GCs isasgnted by a different symbol, as shown
in the legend. Abbreviations for Galactic GC subpopulaid@H = old halo; YH = young halo; B/D = bulge/disk. See distmsén Sect. 4.3.

anisms. To indicate limits imposed by the tidal field of ry/ry=0.095" Limits rpmaxare drawn in Fig. 10 foRgal = 3,
NGC 1316, we calculate maximum tidal cluster ragihax 7, 10, and 15 kpc (for our Galaxy [i.e., panel c], the latter is

by using the tidal limit for a satellite on a circular orbit: 20 kpc), using dotted lines.
Vs Dash-dotted lines represent limits imposed by cluster-evap
_ {GMg /3 oration due to two-body relaxation:
I't,max— 2V2 al (2)
circ -2/3
(e.g., Binney & Tremaine 1987; Baumgardt & Makino 2003) v (telapS({Myr] )2/3 0.138 M3
where V. is the circular velocity of the galaxy arfyy is -evap N(trer) JGm In (7 % ) al

the galactocentric distance. For the latter, we multipt/db-
served (projected) galactocentric distances by a factef3
to account for an assumed viewing angle of 60Ne use
Veire = 235 km §* for NGC 1316; this represents the rotation . X 2
velocity and velocity dispersion values added in quadeatur :n a S?rP C;T t;le ar?pironp;rtlalt(e r??re r%n? mtetf"i'rcn't%’ ﬁmgooé
using velocities of planetary nebulae and GCs (Arnaboldi etgﬁco 'eclgggo é‘é e}tr?' 't'or clusters Hﬁ o ed(

al. 1998; Goudfrooij et al. 2001bj; maxis shown in Fig. 10 by egge )- S with inliafh < Th.evap WIIl NAVE dIS-
short-dashed lines for three ValueSRat": 3, 7, and 10 kpC. 4 This choice was made for this figure becaG@ge= 30 provides the best

To translater;max values to observed half-light radijmax, fit for the majority of clusters in NGC 1316 and in our Galaxyr Feference,
we use the value af,/r; for King models withCx = 30, i.e., rn/rt values forCx = 15 and 100 are 0.136 and 0.051, respectively.

(3)
for clusters ofnitial massM that survived a timéyapseafter
N(t;e) initial relaxation timesm, is the average stellar mass



10 Paul Goudfrooij

solved after a timégjapse0f dynamical evolution (e.g. Fall &
Zhang 2001). To facilitate the identification of red GCs in
NGC 1316 that are likely to evaporate after 10 additional, Gyr
we ShOWrh evap fOr tejapse= 10 Gyr,N(tre) = 30 (see Gnedin &
Ostriker 1997), andh, = 0.55 in panel (a) of Fig. 10. For pan-
els (b) and (c) of Fig. 10 we udgapse= 13 Gyr, N(tre) = 30,
and m, = 0.49, appropriate for 13 Gyr old populations with
[Z/H] = -1.6. Note however that the GC masses plotted in
Fig. 10 arecurrentmasses whereas!, in equation (3) refers
to initial masses. l.e., one should take into account that GCs
in panels (b) and (c) of Fig. 10 have already undergone some
~ 13 Gyr of dynamical evolution when comparing the clus-
ter data with the lines that indicate limits in the mass-uadi
plane.

Maximum values for cluster mass imposed by dynamical
friction in the galaxy potential1¢ max) are estimated by us-
ing equation [7-26] of Binney & Tremaine (1987):

 264x 1091 [ Ryi \2/ Ve 1M, 4 5 6 v

InA 2kpc) \250kmst) \ Mg )’ Log (Mge/Mo)

. . . L FIG. 11.— Similar to panel (a) of Fig. 10, except that differeninbpls
where InA is the Coulomb logarithnRga; is the initial galac- now indicate different values of the ratig/rhmax. Open circles indicate
tocentric distance, and, is the velocity of the cluster with  GCs withry,/ri,max < 1.0, small filled circles outlined in black indicate GCs
respect to the host galaxy. Values of the latter two parame-with 1.0 <ry/rhmax < 1.5, large filled circles outlined in black indicate GCs
ters are estimated here by assunﬂagvi - Rgal andVy = Vyire. with 15< rh/rh._max < 2.0, and pluses indicate GCs with/rp max > 2.0.
Values forM are calculated by solving equation (4) for See discussionin Sect. 4.3.

cl,max

M usingtyg = 10 Gyr for the red GCs in NGC 1316, and
tgr = 13 Gyr for the blue GCs in NGC 1316 and the Galactic & Smith 2000). A function that provides an accurate descrip-
GCs. tion of the shape of mass functions of young clusters as well

Overall, the distribution of blue GCs in NGC 1316 in the as the~50% most massive GCs in ancient galaxies is the
mass-radius plane is very similar to that of (metal-pootpha Schechter (1976) functiordN/dM oc M” expM/M.),
GCs in our Galaxy. This is encouraging, since blue GCs in with power-law component ~ -2 and exponential cutoff
galaxies are commonly thought to represent the countespart M. above some large mass that might vary among galax-
halo GCs in our Galaxy. Note that the tail of the distribution ies (e.g., Burkert & Smith 2000; Gieles et al. 2006; Jordan
of Galactic GCs towards low masses and laigealuesisnot et al. 2007, and references therein). This apparent connec-
accessible in the NGC 1316 ACS data given its detection limit tion between the GC mass function at high masses and that
and limited radial coverage. of young clusters and molecular clouds has been explained by

As to the distribution of red GCs in Fig. 10, it can be seen theoretical models (McLaughlin & Pudritz 1996; Elmegreen
that the majority of the clusters are located in “healthy” re & Efremov 1997). The main difference between the mass
gions for a 3-Gyr old population, taking their galactocentr  functions of ancient GCs and young clusters is the fact that
radii into account. Furthermore, there are only a dozen or sothe number of clusters per unit mass interval continuessto ri
GCs that are expected to evaporate completely in the next 1Qike a power law towards the detection limit for young clus-
Gyr due to two-body evaporation, and the effect of dynamical ters, while it stays approximately constant among anci€g G
friction is expected to be negligible. However, several @Cs fainter than the classic peak magnitude of the GC luminos-
the top left region of panel (a) of Fig. 10 haxevalues that ity function. The latter behavior is a signature of longater
are larger than the, max value for theirRya. Thisisillustrated  dynamical evolution driven by two-body relaxation (Fall &
in Fig. 11 which shows the same diagram as panel (a) of Fig.Zhang 2001; Jordan et al. 2007).
10 except that different symbols now indicate the value ef th  Another signature of relaxation-driven dynamical evalnti
ratiorn/rnmax. It seems likely that many of the red GCs with is that the evaporation time scale scales with cluster mass a
'n/Thmax > 1 will experience significant mass loss during ten - r4. ,~/2 \wherepy, = 3M,/87r3 is the mean densit
additional Gyr of tidal shocking. The impact of dynamical jngide the luster's half-mass rcrlal/diusi.1 Under the commor¥as-
evolution mechanisms on the distribution of red GCs in the gymption that star clusters conserve their mean half-mess d
‘survival diagram’ and their mass function will be discusse sty while their dynamical evolution is dominated by evapo-
in Section 5. ration (e.g., Vesperini 2000, 2001; Fall & Zhang 2001), this

means that the peak mas4,, of the mass function of ancient

4.4. Present-Day GC Mass Functions cluster systems would scale with asM, ,0#2. McLaugh-

Observations of young star clusters in merging galaxies andlin & Fall (2008, hereafter MF08) found roughly this depen-
young merger remnants show that the number of clusters pedence ofM, on p, among the old GCs in our Galaxy and
unit mass are well described by a power laM/dAM oc M argued that this presents evidence for a scenario that dynam
with o ~ -2 (e.g., Fall et al. 2009). In the case of ancient GCs cal evolution shaped the mass function of ancient GC systems
in massive “normal” galaxies with hundreds or even thou- and that the dynamical evolution is dominated by two-body
sands of GCs, the mass function decreases more rapidly tharelaxation (see also Chandar et al. 2007, showing similar re
a power law for masses larger thar8 x 10° M, (see Burkert  sults for the Sombrero galaxy).

r, (pc)

!

Ll
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In the context of these recent studies, we reanalyze the maspredicted scaling\ o pﬁ/z for two-body relaxation, given the
functions of the blue and red GCs in NGC 1316 that have exponential cutoff of the Schechter function/at..
robust size measurements in the remainder of this Section. _
The completeness-corrected GC mass functions of the blue 4.4.2. Mass Function of Red GCs
and red GCs with robust size measurements are shown in Figs. Fig. 13 shows that the mass function of the red GCs in NGC
12 and 13, respectively. The mass functions are shown in1316 has much in common with the power-law mass func-
two bins of half-mass density, in the left-hand panels, and  tions of young massive clusters. In fact, the mass function

two bins of projected galactocentric radiBg. in the right- of the fuil sample of 212 red GCs is very well fit by a power
hand panels. We plot the mass functionsd&¥/dlogM = |aw dN/dM x M with o = -1.88+ 0.04, consistent with
(M In10)dN/d M rather thardN/dM so as to create a shape  those found in younger merger remnants and starburst galax-
similar to the familiar GQuminosityfunctions. ies (e.g., Meurer et al. 1995; Fall et al. 2009). Howeveit-spl

. ting the cluster system into two bins af and two bins oRy,
4.4.1. Mass Function of Blue GCs reveals more information about the dynamical state o'?gtde re

The mass functions of the blue GCs in Fig. 12 show the GC system. Performing power-law fits to the mass function of
familiar single-peaked “log-normal” shape of luminosity 0 the four cluster subsamples shows that the value differs
mass functions of GCs in “normal” early-type galaxies, as ex systematically between the subsamples in the sense that the
pected for “ancient” GC systems (see, e.g., Jordan et af)200 slope is steepest for the lowest-density clusters anddtdtie
Furthermore, Fig. 12 shows that the peak mass exhibits a cleathe highest-density clusters, with the two bin&ja showing
dependence opy,, whereas it depends much less strongly on intermediate values af. This suggests that evaporation by
Rga. This is consistent with the situation for cluster mass two-body relaxation has already had a measurable impact on
functions in our Galaxy and the Sombrero galaxy (Chandarthe clusters’ dynamical evolution. The apparent flatterihg
et al. 2007; MF08). the mass function at log\t /M) < 5.0 in the high-density

To enable a systematic comparison between the differentsubsample (i.e., panel [b] of Fig. 13) indicates this as well
peak cluster masses for different rangegpandRyy, we fit To check whether this flattening is at all consistent with the
the data in Fig. 12 by a model mass function. For purposesexpected shape of the cluster mass function at an age of 3
of consistency with recent work on fitting mass functions of Gyr due to two-body relaxation, we adopt the mass density-
“old” star clusters (cf. above), we adopt a sum of so-called dependent mass loss ratg, found above for the full system
“evolved Schechter functions”: of blueGCs in NGC 1316, i.e.,

dN _ A 1 _./\/l+Ai 1/2
W_ZA' (M +A4)? exp( M ) ©) uev:875(M@ng3) Mo Gyr™ ®)

(Jordan et al. 2007; Chandar et al. 2007; MF08) whisre= (see values of and gy, for all blue GCs in Table 2). Insert-
(1evt)i o< /pn i is the cumulative mass loss of clusiefiev IS g equation (8) into equation (5) and assumirg3 Gyr for

the rate of evaporative mass loss by two-body relaxati®,  the red clusters, we fit equation (5) to the two bingirand

the elapsed time (taken to be 13 Gyrin this casejs anor- — the two bins inRyy, Using separate terms for each individual
malization constant for each clustevl is the cutoff mass of  ¢jyster as done in the previous section. Resulting values fo
the Schechter (1976) function, and the sum is over all alsSte 1 for each subsample are listed in Table 2, and the result-
in the population. Following Chandar et al. (2007), we first ing mass function fits are shown in Fig. 13 as dashed curves.
fitted a model with a single term (the median value of\) Note that the fitted mass functions are consistent with tkeg da
in equation (5) to the mass functions for the full sample of including the apparent flattening of the mass function at log
212 blue clusters to produce a “median” mass function which (M /M) < 5.0 in the high-density subsample.

is depicted as the dashed curves in Fig. 12. After finding the This result is consistent with our earlier claims in Goud-
best-fitting values foiM. andA, we determined the value of ~ frooij et al. (2004), even though the latter study used incor
the normalization consta@y in A = jist = Cevjn™/2. Next, rect aperture corrections for the large red clusters, whreh
we fitted models for the two bins ip, and the two bins in ~ mainly Ioiate?]mﬂthe outer rfegk:ons. Fu;thermore, we (r:ian now
Ryal Using separate terms for each cluster in equation (5), us_qluar;tlfyt '?rﬁth'eh attemr(ljg o Ft etrrpastsh “nCt'QtT]'S Strﬁ gerl
ing the values fotM andCe, derived above. These models C'US'Ers With high mass density than those wi .Smg ﬁgga
are shown by solid curves in Fig. 12. The peak mAgs tocentric radii, as expected if two-body relaxation do

corresponding to the turnover magnitude of GC luminosity the dynamical evolution (but see Section 5.2).

functions is found from the values & and. M. by solving 5. DYNAMICAL EVOLUTION OF THE INTERMEDIATE-AGE
dN CLUSTER POPULATION

0 (Iog( ))/8(Iog/\/l) =0 (6) As mentioned in the Introduction, the population of red

dlog M clusters in the 3-Gyr-old merger remnant NGC 1316 provides

for M, to which the solution is an important opportunity to test whether and how the power-
law LFs seen in young merger remnant galaxies may evolve

—(A + /(A + 2447 into the ubiquitous bell-shaped LFs of ancient GCs in “nor-

0= (A+Mc) \/( M) Mc_ 7) mal” galaxies. This topic is addressed in this Section by ap-

2 plying dynamical evolution model calculations from the re-

; X ~ h bin i and cent literature to the observed current properties of thie re
Res”'t'”g, valugs for\y, A and pp for each bin mph, N clusters in NGC 1316. To compare the results with ancient
Rgal are listed in Table 2. It turns out that scales withon  GCs in “normal” galaxies, we let the red clusters evolve dy-
asA x pNhB with 8 =0.44+0.10. This is consistent with the  namically for another 10 Gyr. Mass loss by stellar evolutfon
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FiG. 12.— Mass functions of blue clusters in NGC 1316 with rolsisé measurements. Panels (a) and (b) show data for two rahigak-mass densityy,
in units of M pc3, as indicated in the legend. Panels (c) and (d) show datavipranges of projected galactocentric distaRgg in kpc, as indicated in the
legend. The solid curves were computed from equation (5) bynsing over mass-loss terms for all individual clusters withia tiins ofp, or Rya mentioned
in each panel. For comparison purposes, the dashed curvelippaael was computed from equation (5) with a single termguia median value gy, for the
full sample of 212 blue clusters.

(e) 8.1 < Ry, < 15.0
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FiG. 13.— Mass functions of red clusters in NGC 1316 with robizt smeasurements. Panels (a) and (b) show data for two rangetf-oiass densityy, in
units of My pc3, as indicated in the top right. Panels (c) and (d) show datawio ranges of projected galactocentric distaRgg in kpc, as indicated in the top

right. The (red) solid curves represent power-law fits tortiess functions foMgc > 10° M. The value ofx in dN/dM o M is stated at the lower left of
each panel. For comparison purposes, the (black) dotteeé aumach panel represents a power-law fit to the mass fundtitie ull sample of 212 red clusters,
for which o = -1.8840.04. The dotted curve was normalized to the solid curve atlet6/M ) = 5.4 in each panel to facilitate the comparison. Finally, the
(magenta) dashed curves represent fits of equation (5) taathebgt summing over mass-loss terms for all individual clustetkeé samples represented in each
panel. See Sect. 4.4.2 for details.

also taken into account, using the BC0O3 SSP models at solaation is dominated by effects internal to the clusters and ig
metallicity which yield a mass loss of 9% between ages of 3 nore the influence of the tidal field of the galaxy. We use
and 13 Gyr. equation (8) derived above for the blue GCs in NGC 1316
5.1 Evaporation by Two-Body Relaxation to estimate evaporation-driven mass loss for the red GCs ac-
- P y y cording to the MF08 model. The resulting distribution of the
We use two independent models to evaluate the effectsurviving red GCs at an age of 13 Gyr in the mass-radius plane
of evaporation by two-body relaxation to the red GCs in is shown in panel (b) of Fig. 14.
NGC 1316 over the next 10 Gyr. (i) The Baumgardt & Makino (2003) moddBaumgardt &
(i) The McLaughlin & Fall (2008) model We first use the  Makino (2003, hereafter BM03) performed extensive N-body
aforementioned model of MFO8 who argue that the changesimulations of star clusters, taking a (static) Galactlaltfield
in shape of the globular cluster mass function (GCMF) from into account. Similar to MFO8, they assume that GCs fill their
young to old systems is due mainly to evaporation by two- Roche lobe in the tidal field. Adopting a King model with
body relaxation (see also Fall & Zhang 2001). Driven by W, =7 (i.e.,Cx ~ 30), we use their equation (7) to calculate
their finding that the dependence of the peak m&ss of dissolution timesyissin Gyr for each red GC. In casgss> 10
the Galactic GCMF on half-mass density is approximately Gyr, remaining GC masses at an age of 13 Gyr were approx-

M, x pi/?, as predicted for evaporation by internal two-body imated usingMe (13 Gyr) = Q91 M 0(1 - 10/tgis9 Where
relaxation, they suggest that evaporation by two-bodyxrela Meio is the current cluster mass (see BM03). We employ
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FIG. 14.— Survival diagram for the red clusters in NGC 1316 afion of time using dynamical evolution calculations desedilin 8§ 5.1 and 5.2. Panel
(a) shows the same data as Fig. 10a for reference. Panel (8} she surviving clusters at an age of 13 Gyr after applyingsniass due to two-body relaxation
according to the prescriptions of MF08. Panel (c) is simitapanel (b), except that mass loss due to two-body relaxatsrbben applied according to the
prescriptions of BM03. Panels (d) and (e) are similar to pg(i#l and (c), respectively, except that mass loss due tosfdaiks according to prescriptions of
Dehnen et al. (2004) has also been applied. Symbols are shawe legend in the upper right.

circular GC orbits for this exercise, recognizing that diss  5.2. Diffuse Red Clusters and the Influence of Tidal Shocks

lution times vary with orbit eccentricity approximately as While diffuse. low-mass. red clusters such as those seen in
taiss(€) = (1~ €) isy(0) (see BMO3). Panel (c) of Fig. 14 shows G 1316 have hitherto not been identified in nearby “nor-
the distribution of the surviving red GCs at an age of 13 Gyr g g|liptical galaxies, they are known to exist in about a
in the mass-radius plane according to the BMO3 model. dozen nearby lenticular (S0) galaxies (such clusters aneso
Comparing panels (b) and (c) of Fig. 14, one can see that thgjneq called “faint fuzzies™; Larsen & Brodie 2000; Brodie
MFO08 model yields higher mass loss for compact low-mass g | 4rsen 2002; Peng et al. 2006b). Studies of the lenticular
GCs while the BMO3 model yields higher mass loss for larger aaxjes that host such clusters commonly found various sig
GCsata given |_n|t|al mass. However, it is also clear thahbot natures of past interactions with neighboring galaxies@®r
models predict little mass loss for GCs witflc o < 10° M & Larsen 2002; Hwang & Lee 2006, and references therein).
andry, 2 7 pc, especially the MFO8 model. Note that such The presence of several such clusters in the intermedigte-a
diffuse, low-mass clusters are quite common in NGC 1316 merger remnant NGC 1316 seems relevant in this context,
even though they are rare in “normal” elliptical galaxieisT |50 because its body’s dynamisgb ratio is consistent with
is further discussed below. an isotropic rotator (Arnaboldi et al. 1998), which is a tyadi
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signature of lenticular galaxies (e.g., Bender 1988). ' '
The population of such “diffuse” clusters in lenticular - . 1
galaxies is typically fainter than the turnover of the GC lum 3L * .
nosity function (of “normal” galaxies, i.eMy ~ 7.4, equiv- ol I - ]
alent to Mg ~ 1.5 x 10° M), with colors similar to the B [ e T . *
brighter “red” clusters (Brodie & Larsen 2002; Peng et al. S R o % ° . . N
2006b). The situation for diffuse clusters in NGC 1316 igver ~ H R o Cey ...' N ]
similar, except that the mass range of the latter seem to@xte ~ I . 8% .'.-s o
to masses higher by a factor of 2-5 (viz. Fig. 11), which may 1r goee o o0 % e 7
in turn be due to such clusters having been exposed to dy- [ ® et 0 -
namical evolution processes for a significantly shorteetim ol ‘ .| . .
NGC 1316 than in “normal” galaxies. This raises the ques-
tion: could the diffuse red clusters seen in the merger rem- 0 5 10 15
nant NGC 1316 represent the precursors of their counterpart Ryal (kpc)
seen in “normal” lenticular galaxies? If so, what would thei 6. 15.—ry /ry, may as function of galactocentric distance for red clusters
masses be at an age of 13 Gyr? with 4.6 < log(M/Mg) < 4.8. Note the scarcity of “supertidal” clusters

As discussed in the previous Section, evaporation by inter-with rn/rm max 2 2 atRgal < 5 kpc.
nal two-body relaxation is very ineffective for diffuse stu
ters with such low densities. In the absence of dynamical
processes with higher mass loss efficacy for such clustersd o tidal shock I P Gnedin et
the prevalence of such clusters in NGC 1316 would there-2U€ '0 tidal SnOCKSsh SCa es.a%hf“h o (Ie.g., soneain €
fore seem at odds with the significantly lower frequency of & 1999). HereRy |3s/2the period of the cluster's orbit, es-
such clusters in “normal” lenticular galaxies. Howevergg k  timated asPy ~ 27R [ (GM r,,) ™% ~ 27 Rga(VGc/3) ™2,
feature of such clusters in NGC 1316 is that they typically where M_g, is the mass of NGC 1316 inside the galacto-
haverp > r, max i.€., their sizes are larger than the upper limit centric distance of the cluster in question. In this convest
imposed by the tidal field of the host galaxy at thejs (see assumeRy, = 16.4 kpc for Palomar 5, which is the equivalent
Sect. 4.3 and Fig. 11). This indicates that a significantivac  radius of its eccentric orbit (Odenkirchen et al. 2003). The
of the stars in such clusters is located outside the Roclee lob results are shown in panels (d) and (e) of Fig. 14.
of the cluster, i.e., the outer limit of the “bound” part ofcéu Note that the application of the Dehnen et al. (2004) cal-
clusters that is in equilibrium with the tidal field of the hos culations indeed predicts that many of the diffuse red ehgst
galaxy. Disruption of these diffuse clusters by tidal sloik  in NGC 1316 will end up in the area within the survival di-
therefore expected to be significantly faster than for eisst agram known to be occupied by diffuse low-mass clusters in
that are tidally limited, i.e., clusters that do not exteregidnd our Galaxy (several ‘Palomar’-type clusters; see panebfc)
their Roche lobe. To our knowledge, the N-body simulation Fig. 10). Hence, this yields a low-mass tail to the clustessna
study of Dehnen et al. (2004) is the only one to date that ad-function that is lacking when only applying cluster disiopt
dresses the dynamical evolution of this type of “supertidal due to two-body relaxation (especially for the MFO8 model).
low-density star cluster by galactic tides in detail. Dahne  An interesting side consequence of the results of the
et al. model the disruption of the diffuse Galactic cluster Dehnen et al. (2004) simulations is that they would explain
Palomar 5, for whichry ~ 20 pc andry/rhmax~ 2 (see also  why the supertidal clusters with masses close to the low-
Odenkirchen et al. 2003), similar to many diffuse clusters i mass cutoff implied by the constraint of avoiding biases re-
NGC 1316. The simulations of Dehnen et al. (2004) suggestlated to varying incompleteness (i.¥.< 25.3 mag) are only
that clusters withr, /rp max > 1 that move along eccentric or- found in the outer regions of NGC 1316. To illustrate this,
bits never become tidally limit&€d This would mean that their ~ we plot Ry versus the ratiah/rp max in Figure 15 for all
dynamical evolution would be mainly driven by tidal shocks red clusters with 28 >V > 24.8 mag, corresponding to
rather than evaporation by two-body relaxation. For thecas 4.6 < l0g(Mq/Mg) < 4.8. This plot shows clearly that dif-
of Palomar 5 which has a current mass-~of x 10* M,  fuse clusters withrn/rh max = 2 are only found aRga 2 5
Dehnen et al. (2004) find that a cluster with an orbit-avetiage kpc. Taking the median value &, for clusters with 46 <
mass lossVlg = 5x 10 M, Gyr! yields the best fit. Foran  109(Md/Mo) < 4.8 and 18 < I'n/Inmax < 2.2 @s a proxy
assumed age of 13 Gyr for Palomar 5, this implies a mass of(Rgas = 9.0 kpc), we obtain a typical value 0¥/ M o0 =
5.5x 10* M, at an age of 3 Gyr assuming a constant Galac- —0.12 Gyr? from the Dehnen et al. simulations for the case
tic tidal field strength. Note that this mass is just above the of W = 4.2 andrp/rh max = 2.0. For a 3-Gyr-old cluster with
low-mass end of the diffuse clusters in NGC 1316 (with reli- log(M¢/Mg) = 4.80, we then obtain log¥!¢ o/Mg) = 5.06
able size measurements). Using the valuesdtf/ Mg o as at an age ok 1C® yr (i.e., after the bulk of mass loss due
function ofr,/rh max andWp from the simulations of Dehnen  to stellar evolution has already occurred). Figure 16a show
et al. (2004) (using polynomial interpolation), we estimat M versus time for such a cluster for six valuesgf assum-
masses at an age of 13 Gyr for the clusters in NGC 1316jng Mo/ Mo =-0.12 Gyr! atRyy = 9 kpc. The low-mass
with rn/rhmax > 1 for the case of\p = 4.2. To do so, the  cytoff of log(M /M) = 4.6 is indicated by a dotted horizon-

5 This is unlike more “typical” surviving GCs, which featureghierp, and tal line. Note that the Dehnen et al. simulations predict tha
experience tidal shocks on time scales that are long relativeeir dynamical such a cluster would only remain in a magnitude-limited sam-
time. For such clusters, tidal shocks are thought to causéfisant mass loss ~ Ple With V' < 25.3 mag at an age of 3 Gyr fd&a 2 5 kpc,
only during their first few galactic orbits (Gnedin et al. 29%all & Zhang consistent with what we see. This suggests thatabsence
2001) or during galaxy interactions (Kruijssen et al. 201A) an assumed of such low-mass “supertidal” clusters in the inner regions
age of 3 Gyr, the red clusters in NGC 1316 already went thrabigtera. of NGC 1316 is caused by tidal shockiragher than due to

values of/\/'ld/MCLO from Dehnen et al. were scaled for
a given cluster by considering that the mass loss timescale
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FIG. 16.— Panel (a): Dynamical evolution due to tidal shocking accord-
ing to simulations of Dehnen et al. (2004) for a cluster witlirn max = 2
and log(M1.0/M@) = 5.06 for six values of galactocentric dista in
NGC 1316. The values &y in kpc are indicated near the bottom of the plot,
to the right of their respective associated curves. Thezbatal dotted line
indicates the low-mass cutoff of the nominal cluster sample. vntical dot-
ted line indicates an elapsed time of 3 Gyr, the assumed age oéditlusters

in NGC 1316.Panel (b): Similar to panel (a), but for log{1¢ 0/M@) = 5.60.
See discussion in Sect. 5.2.
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(e.g.) completeness-related issues. Incidently, thisdcalso
be the reason why Larsen & Brodie (2000) find a deficit o
“faint fuzzies” in the central regions of the lenticular gay

NGC 1023. For comparison purposes, Figure 16b shows th

same as Figure 16a but for 10g(¢ 0/Me) = 5.6, which yields
a cluster with a mass at age = 3 Gyr that is similar to the max

mum mass attained by diffuse red clusters in NGC 1316. Note

that such clusters are predicted to stay detectable in ttee ou

regions of NGC 1316 for 10-12 Gyr, which is consistent with
them having been detected in the outskirts of some nearby!

“normal” SO galaxies.

We note that the simulations of Dehnen et al. (2004) only

covered a limited parameter spaceMic, /rhmax andW,

and they used a gravitational potential model for our Galaxy
Hence, these results should be used with caution in a quanti

tative sense. Unfortunately, other N-body simulationsd#lt

stripping of clusters that extend beyond their Roche lolee ar

still lacking in the literature to our knowledge. Given the r
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5.3. Resulting Mass Functions of Red GCs

In the context of building mass functions for the red cluster
at an age of 13 Gyr from the dynamical evolution calculations
mentioned above, we recall that so far, we only considered
clusters withv < 25.3 mag in order to avoid biases related to
varying incompleteness for fainter clusters (see Sectith 4
However, it is likely that the assumed magnitude limit has an
impact on the resulting mass function at low masses. To eval-
uate this impact, we build mass functions for two magnitude
limits: V < 25.3 mag (as before) arMd < 25.8 mag. For ref-
erence, the completeness fraction in the latter (faintaster
sample is> 0.20 as opposed tg 0.46, and the minimum S/N
returned by thesHAPEfits is ~ 22 as opposed te 50.

The completeness-corrected cluster mass functions +esult
ing from the calculations mentioned above are shown in
Figs. 17 and 18 (using two-body relaxation prescriptionsifr
MF08 and BMO3, respectively). Mass functions are again
shown for two bins ofy, in the left-hand panels, and two bins
of Ryal in the right-hand panels. The curves drawn in Figs.
17 and 18 represent fits of equation (5) to the cluster masses
evolved to an age of 13 Gyr using cluster disruption due to
both two-body relaxation and tidal shocks (i.e., the fillgohs
bols), performed in a manner identical to that described in
Section 4.4 and shown in Fig. 12. Resulting values.fdg,

A andpy, for each bin inpn andRgyg are again listed in Table 2.

Figs. 17 and 18 show several items of interest. First of all,
the estimated mass functions for an age of 13 Gyr appear
roughly similar to the familiar shape of luminosity or mass
functions of GCs in “normal” early-type galaxies. Secondly
Figs. 17 and 18 both show that,, exhibits a clear depen-
dence orpy, whereas it depends less strongly Rga. This
statement is reinforced by the fact that the dependengg on
is stronger for the sample witti < 25.8 mag than for that

with V < 25.3 mag. Quantitatively, the mass function fits to
¢ the red clusters with/ < 25.8 mag imply thatA o on’ with
B8 =0.41+ 0.10 when applying the MF08 prescriptions for
wo-body relaxation, an@ = 0.44+ 0.10 when applying the
MO3 prescriptions. This is again consistent with the situa
tion for cluster mass functions in our Galaxy and the Som-
brero galaxy (Chandar et al. 2007; MF08) as well as with
our findings for the “blue” metal-poor GCs in NGC 1316 (see
Sect. 4.4 and Fig. 12), and hence with the notion that dynam-
jcal evolution by two-body relaxation is an important mech-
anism in shaping cluster mass functions after the earlyfera o
rapid mass loss by stellar evolution and gas expulsion, (e.g.
MF08). However, the shapes of the estimated mass functions
are significantly better matched to those of the overplotted
model fits (evolved Schechter functions) for the calcutsio
that take into account disruption of the diffuse “supeitida
clusters due to tidal shocks than those that do not. Thisteffe
is illustrated most clearly in Fig. 17a where the calculagio

sults shown here, it seems quite useful to perform such sim-that use the MF08 model of mass loss by two-body relaxation

ulations for clusters with a range of properties encompagssi

those found for the diffuse red clusters in NGC 1316 as well

(i.e., the open squares) are poorly fit by evolved Schechter
functions (Eq. 5) at masses 10° M. This suggests that

as a more appropriate galactic potential (e.g., using a moréh€ observed functional dependenceldf, on p, among an-

massive bulge component). Such calculations would yiéid re
evant (more quantitative) insights into the important dgoes

cient cluster systems it necessarily due to evaporation by
two-body relaxation aloneOur analysis suggests that it may

whether these clusters may indeed evolve into the “extended?® due in part to disruption of very low-density “supertidal

clusters” or “faint fuzzies” found in older lenticular gala
ies which often show lingering evidence of interactionshwit

clusters by tidal shocks. The reason why the effect of disrup
tion of supertidal clusters by tidal shocks can “masquerade

other galaxies (e.g., nearby neighbors, see Brodie & Larser@S that of two-body relaxation in mass function plots is that
2002: Peng et al. 2006b). The nature of diffuse red clussers i both mechanisms are characterized by mass loss ratesehat ar
further discussed in Sect. 6.3. highly linear with time (see Dehnen et al. 2004; Jordan et al.
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FIG. 17.— Predicted mass functions of red clusters in NGC 131@sho panel (c) of Fig. 14 at an age of 13 Gyr, using MF08 prgsioms for mass loss
by two-body relaxation. Panels (a) and (b) show data for wvges of half-mass densipy in units of Mg, pc3, as indicated in the legend. Panels (c) and (d)
show data for two ranges of projected galactocentric dist&g, in kpc as indicated in the legend. Open squares represarntsresingonly mass loss due
to two-body relaxation, while filled (red) circles represegsults that take into account additional mass loss dual&b shocking according to simulations of
Dehnen et al. (2004). The solid (red) curves represent figgjohtion (5) to the filled circles by summing over mass-loss téomall individual clusters within
the bins ofp, or Ry mentioned in each panel. For comparison purposes, the daslaek)(curve in each panel was computed from equation (5) aviimgle
term using the median value pf; for the full sample of 192 surviving red clusters. Finallye filled (grey) triangles and the dotted lines depict the saselts
as the filled circles and the solid lines, respectively, vt for red clusters witl/ < 25.8 instead ol < 25.3. See discussion in Section 5.3.
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FIG. 18.— Same as Fig. 17, but now for the red clusters shown inipécieand (e) of Fig. 14, i.e., using the BMO3 prescriptioosrhass loss by two-body
relaxation.

2007). the GCs withr, 2 5 pc since the tidal shocks in the Dehnen et
Finally, we comment on the impact of the possibility that al. (2004) model are only effective for the latter GCs.

a small fraction of the fainter red GCs in NGC 1316 are in

fact “old” (~ 13 Gyr rather than 3 Gyr old; cf. Section 2) on 6. SUMMARY AND DISCUSSION

the mass functions shown in Figures 17 and 18. Since an- gsingHST/ACSmages, we have conducted size measure-
cient red GCs in “normal” early-type galaxies typically Bav  ments of GCs in the giant 3-Gyr-old merger remnant galaxy
radii of 14 pc (e.g., Jordan et al. 2005; Paolillo etal. 2011 'NGC 1316 to obtain insights on the dynamical status of its
Figure 14 shows that the impact of a small fraction of red «pjye” (metal-poor) and “red” (metal-rich)y GC subpopula-
GCs being old is predicted to be insignificant. Specifically, tjons. Using simulations and calculations of cluster ditian

the dynamical evolution from 3 Gyr to 10 Gyr performed in fom the recent literature, we make predictions on the effec
this Section would have moved of order 7—10 of the red GCs 4t 19 Gyr of dynamical evolution of the red GCs which are as-
with 1 5, < 4 pc incorrectly to lower mass bins, but the g ;med to have an age of 3 Gyr based on earlier work. These
mass function at those lower masses is entirely dominated byegyits are used in the context of evaluating the scenaaio th
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the “red” GCs in “normal” giant early-type galaxies (along for the GC systems of the Milky Way and the Som-
with their bulge component) were formed in a way similar to brero galaxy as mentioned above, we emphasize that it
that observed in gas-rich galaxy mergers today. is not only due to internal two-body relaxation for the
red GCs in NGC 1316With this in mind, we suggest
6.1. Dynamical Status of the Blue GCs that disruption of low-density “supertidal” GCs by tidal

For the blue GCs, we find that their properties are consis- ?hOCkS maylvtl)ls pa}rtly r.esrio(l:(s:ible Ior this scaling rela-
tent with those typically found for blue GCs in “normal” gi- lon among MFS orancien Systems.

ant early-type galaxies. The GC mass function (MF) is con- 6.3. The Nature of Diffuse Red Clusters
sistent with an lognormal distribution, similar to the MF of :
Finally, we comment on the nature and demography of

ancient GCs in normal giant galaxies. The peak mefgsof ; . .
: ; m : the class of diffuse red clusters, which are quite prevalent
the MF of the blue GCs increases with half-mass denaits in NGC 1316. Diffuse clusters with properties (luminosi-

0.44+0.10 H ; ;
Mp o pp whereas it stays approximately constant with yjoq * 5j0rs; sizes) similar to those found here in NGC 1316
were first introduced as “faint fuzzies” by Larsen & Brodie

Rya. As found recently for ancient GCs in the Milky Way
and the Sombrero galaxy (Chandar et al. 2007; McLaughlin 550) and are also sometimes referred to as “extended clus-
ters” (Huxor et al. 2008). While extended clusters are also

& Fall 2008), the mass functions of the blue GCs are consis-
d in halos of nearby spiral galaxies and in dwarf galax-

tent with a simple scenario in which the clusters formed with foun
a Schechter initial mass function and evolved subsequbptly ies, the great majority of the latter are metal-poor (Chaetia

disruption driven mainly by internal two-body relaxatidul 5| ">004: Huxor et ali. 2008: Georgiev et al. 2009, and refer-

see the last paragraph of Section 6.2 below). ences therein), whereas diffuse clusters found in NGC 1316
. and younger merger remnants are metal-rich. We therefore
6.2. Dynamical Status of the Red GCs constrain the following discussion to the casenuétal-rich
For the intermediate-age metal-rich (red) GCs, we find that diffuse GCs, i.e., diffuse GCs witN(~1)y 2 1.05 or @—2) 2>
the faint end of the previously reported luminosity funatio 1.10, similar to the “faint fuzzies” originally introduced by
of the clusters outside a galactocentric radius of 9 kpcgwhi  Larsen & Brodie (2000) and the “diffuse star clusters” dis-
showed a power-law, Goudfrooij et al. 2004) is due to those cussed by Peng et al. (2006b). Here we adopt the acronym
low-mass clusters having half-light radii large enoughdisr DRC (“diffuse red clusters”) to describe this class of obgec
ruption by two-body relaxation to be ineffective. Thisises  As shown by Larsen et al. (2001) and Peng et al. (2006b),
pecially the case when considering the MFO8 prescriptions“normal” giant early-type galaxies that are known to hogt si
for mass loss due to two-body relaxation. Moreover, we find nificant numbers of DRCs share a number of properties that
that the radii of many of these diffuse red GCs are larger thanseem relevant to the nature of DRG$} Their morpholog-
the theoretical maximum value imposed by the tidal field of ical type is virtually always SO rather than &) They ex-
NGC 1316 at theiRya. We therefore suggest that the diffuse hibit various signatures of ongoing or past interactiontwi
“supertidal” clusters in NGC 1316 lose a large fraction @fith ~ neighboring galaxies such as strong fine structure, disturb
mass due to tidal shocks in a way similar to that described bymorphology, the presence of companion spiral galaxies, or
the simulations of Dehnen et al. (2004) which were performed their location as the dominant galaxy of a small galaxy group
to understand the properties of the extended cluster Palomaln contrast, giant SO galaxies in the samples of Larsen et al.
5 in our Galaxy. Application and scaling of the Dehnen et (2001) and Peng et al. (2006b) that do not show such signa-
al. simulations to these “supertidal” clusters in NGC 1316 i tures of past interactions do not possess any significant num
addition to the application of cluster disruption by twodgo  ber of DRCs. This observation is consistent with the sugges-
relaxation yields several findings relevant to the naturdhef  tion by Briins et al. (2009, 2011, and references therein) tha
red GCs: such diffuse clusters may be formed by merging of star atuste
) ) o complexes such as those commonly found in starburst regions
1. Clusters larger than twice the maximum radius imposedwithin galaxy mergers or in the disks of giant spiral galaxie
by the tidal field of NGC 1316 with log{tc/Mg) < (e.g. Bastian et al. 2005). The fact that NGC 1316 possesses
5.1 at an age ofv 1 yr (i.e., after the era of strong  a large number of DRCs also corroborates this idea, given its
mass loss due to stellar evolution) would not survive to nature as an obvious merger remnant and its dynamical nature
an age of 3 Gyr in NGC 1316 if located withRy, < 5 as a rotationally supported galaxy (similar to SO galaxies)
kpc, which is consistent with the observations. Note Several properties of DRCs are consistent with their denser
that such clusters with log{lc;/Mg) 2 4.6 would be counterparts (i.e., red GCs of “normal” size<Ir,/pc < 7),
detectable there according to our completeness calculawhich may help further our understanding of their naturee Th
tions. spatial distribution of DRCs in SO galaxies typically falle
that of the galaxy light: It is very elongated for “late-type
2. Another 10 Gyr of simulated dynamical evolution of S0s such as NGC 1023 and NGC 3384 (Larsen & Brodie
the red GCs yields a MF whose shape is similar to 2000), and more spherical for bulge-dominated SOs such as
the lognormal shape of MFs of ancient GCs in normal M85 (Peng et al. 2006b) as well as NGC 1316 (see Sect. 5.2).
galaxiesthroughout the range of galactocentric dis- Apart from their apparent absence in the innermost regibns o

tances covered by the observatiofitie peak mass1, galaxies, the DRCs seem to be similar in this respect to “nor-
of the simulated MF of the red GCs at an age of 13 Gyr mal” red GCs, which are typically closely associated with th
increases withy, asM, o ph 010 or M, oc p) 44010 bulge component of their host galaxy as well (e.g., Kissler-

when using the prescriptions for mass loss due to two- Patig et al. 1997; Goudfrooij et al. 2001a, 2007; Peng et al.
body relaxation by MFO8 or BM03, respectively. While 2006a). In the scenario where the red GCs and the bulges
this dependence aM,, on py, is consistent with that  of early-type galaxies are formed during dissipative galax
found for the (old) blue GCs in NGC 1316 as well as mergers, this physical association indicates that thegumieg
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tors of the red GCs underwent the same violent relaxation aswith the value of the factor depending on the geometry of the
did the stars of the progenitor galaxies. galaxy encounters. Perhaps the assembly histories of giant
The main difference between DRCs and “normal” red GCs galaxies with their pressure-supported stellar dynamiesew
within a given normal galaxy (apart from their sizes) is that dominated by interactions involving progenitor galaxigtw
DRCs typically have masses lower than the mass associategire-existing bulge components, while rotation-suppogid
with the typical turnover magnitude of the GCLF of “nor- ant SO galaxies may have been assembled mainly (or more
mal” red GCs (Brodie & Larsen 2002; Peng et al. 2006b). predominantly) by means of interactions involving bulgsle
This is the case in NGC 1316 as well, although the DRCs in disk galaxies. The lower gas densities achieved in the iatte
NGC 1316 reach slightly higher masses, perhaps due to theiteractions may have triggered the formation of several DRCs
younger age which renders their masses to be closer to theiwhereas the high-SFR interactions between galaxies wéth pr
initial masses. This difference in mass ranges is relevant b existing bulges may not have.
cause the formation efficiency of young massive clusters in Inthe context of this scenario, the absence of DRCs in many
a certain region has been shown to scale with the star for-giant SO galaxies may be due to gradual disruption of DRCs
mation rate (SFR) in that region (Larsen & Richtler 2000). by tidal shocks as discussed above for NGC 1316. The DRCs
This correlation is likely a consequence of the correlatibe- seen in some SO galaxies may have been formed during rel-
tween SFR and gas density (Kennicutt 1998) and between gasgtively recent dissipative interactions of galaxies thetrubt
density and the star formation efficiency in high-mass céoud host significant bulges. Looking at Figure 16b, “relativiedy
(Efremov 1994; Elmegreen & Efremov 1997). Hence, the cent” in this context would mean less than roughly 7—-9 Gyr
number of GCs of a certain class above a certain mass threshago for a galaxy with a mass similar to NGC 1316, and possi-
old should be proportional to the SFR at the time those GCsbly longer ago for less massive galaxies. For most gianyearl
were formed (see also Larsen 2002; Weidner et al. 2004; Bastype galaxies however, such interactions have likely hapge
tian 2008; Georgiev et al. 2012). Since it is hard to preferen long enough ago for the DRCs to have suffered enough mass
tially destroy massive GCs while preserving low-mass ones,loss to be rendered undetectable (or too faint to obtaialvkdi
we suggest that the typically lower masses of DRCs with re- size information) at the present day, at least in their imaer
spect to “normal” red GCs reflects that the DRCs were formed gions which were typically targeted by th&ST observations.
in sites with lower SFREhan in the formation sites of the “nor-  Time will tell whether DRCs can (still) be detected and iden-
mal” GCs. Perhaps DRCs are formed in gas clouds with rela-tified in the tidally benign outer regions of giant early-¢yp
tively low density with respect to the clouds that produce no galaxies.
mal GCs. This is consistent with the suggestion by Elmegreen
(2008) that DRCs are formed in clouds that are at or near theACKNOWLEDGMENTS. The author thanks Francois
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TABLE 2
PROPERTIES OFEVOLVED SCHECHTERFUNCTION FITS TO CLUSTER SAMPLES.
Sample Subsample pp, A Mp
1) (2) (3) 4) (5)
Blue,V < 25.3 all 164 10x10° 8.4x10*

low-pp, bin 36 55x10* 5.0x10*
high-pp bin 1317 27x10° 19x10°
innerRga bin -~ 229 11x10° 9.1x10*
outerRgg bin 120 70x10* 6.2 x 10*

Red (now)V < 25.3 low-pp, bin 6 62x10° 6.2x10°
high-pp bin 274 44x10* 4.4x10*

innerRga bin -~ 42 17x10* 17x10*

outerRyg bin 10 84x10° 84x10°

Red (13 Gyr, MFO8)Y < 25.3 all 16 10x10° 9.1x10*
low-pp, bin 4 60x10* 57x10

high-pp bin 213 15x10° 13x10°

innerRga bin -~ 115 11x10° 10x 10°

outerRyg bin 9 83x10* 7.7x10%

Red (13 Gyr, BMO3)V < 25.3 all 11 80x10* 7.3x10
low-pp, bin 3 32x10* 31x10*

high-pp bin 283 15x10° 13x10°

innerRyg bin 97 11x10° 1.0x1C°

outerRgg bin 6 61x10* 57x10*

Red (13 Gyr, MFO8)Y < 25.8 low-pp, bin 3 34x10* 33x10°
high-pp bin 115 15x10° 1.3x1C°

innerRgg bin 35 10x10° 9.1x10*

outerRgg bin 7 49x10* 4.7x10%

Red (13 Gyr, BMO3)V < 25.8 low-pp, bin 2 21x10* 20x10
high-pp bin 125 13x10° 1.1x1C°

inner Ry bin 26 90x10* 08x10°

outerRgg bin 5 43x10* 4.1x10*

NoTE. — Column (1): Star cluster sample and limitiignagnitude. ‘MF08’ and ‘BMO03’ refer to models used to apply 10 @fdynamical evolution to the
cluster sample in question. Only surviving clusters are iciemed. See discussion in 88 4.4 and 5.3. (2): Star clusteyasople. (3): Median half-mass density
in M pc3. (4): Median of best-fit mass lost per cluster insM The typical formal uncertainty oA returned by the fits is- 25%. (5) Peak mass associated
with turnover of luminosity function, in M.



