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Abstract. In this third paper of our series on near-IR and optical photometry of globular cluster systems in early-type galaxies

we concentrate on the photometric results for NGC 5846 and NGC 7192, two group ellipticals, and on a first comparison
between the globular cluster systems investigated so far. In NGC 5846 the colour-colour diagram shows clear bi-modality in
(V = K), which is confirmed by a KMM test. The mean colour of both peaks were estimated Yo-b&),e = 2.57 + 0.06

and V — K)eq = 3.18 + 0.06. The situation in NGC 7192 isfiérent, in that the colour-colour diagram gives no evidence for

a distinct second population of globular clusters. Using simulated colour distributions of globular cluster systems, we make a
first step in quantifying the cumulative age distribution in globular cluster systems. Also here the result for NGC 5846 leads us
to the conclusion that its metal-rich globular cluster population contains two globular cluster populations aiah dige by

several Gyr. The age structure for NGC 7192 shows instead strong similarity with a single-age population.

Key words. galaxies: star clusters — galaxies: individual: NGC 5846, NGC 7192

1. Introduction Starting with Peebles & Dicke (1968) who assumed globular
. : clusters to be the first objects formed in the early universe,

25 zhsxqv';nbylgn;?y AStE(rjr:Zi dzrlnzge t?e 1':;:3_61?"1:; (Z; %tja number of possible formation scenarios increased drasti-
S » NS P » RUnau c|ally since then. One of the main issues is to explain the multi-

Whitmore 2001a,b; Larsen et al. 2001; Kissler-Patig et ?ﬁodality found in colour-colour diagrams of globular cluster
2002) globular cluster systems are a very powerful tool In

alaxy formation and evolution studies. Although there isS stems. In general it is agreed thaffetient globular cluster
galaxy . ’ gn ; pulations are produced during strong star formation events,
wide agreement about the existence of sub-populations in cl S

. : e . t the nature of these events remains under debate. Besides
ter systems regarding their metallicity and their age, the d $ie merger scenario, favoured by Ashman & Zepf (1993) (see
cussion about the origin of those populations is still ongoingr '

so Ashman & Zepf 1992; Whitmore et al. 1993; Whitmore &
Send gprint requests toM. Hempel, e-mailmhempel@eso.org Schweizer 1995; Schweizer et al. 1996; Kissler-Patig 2000),
* Based on observations at the Very Large Telescope of tHeere is a number of alternatives, i.e. the accretion scenario

European Southern Observatory, Chile (Program 63.N-0287). (CO6té et al. 1998; ©f€ et al. 2002; Hilker et al. 1999) or the

** Based on observations made with the NABSA Hubble monolithic collapse (Forbes et al. 1997a; Kissler-Patig et al.

Space Telescope, obtained from the data archive at the Spag®8, and references therein). From the photometric point of

Telescope Science Institute. STScl is operated by the associationigfy it has been shown that the multi-modality of the colour

Universities for Research in Astronomy, Inc. under the NASA COlyistrihution is a common feature of globular cluster systems
tract NAS 5-26555.
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(Gebhardt & Kissler-Patig 1999). In particular, the existence Béble 1. General information about the host galaxies NGC 5846
a blue, old and metal-poor cluster population (Ashman & Birahd NGC 7192. The references are (1): de Vaucouleurs et al. 1991,
1993; Burgarella et al. 2001) is a general feature. Regardit@g Schlegel et al. 1998, (3): Buta & Williams 1995, (4): Frogel et al.
the red sub-population the almost only consensus which H&d8, (5): Tonry et al. 2001.

been reached so far, is about the large varieties between dif

ferent cluster systems. This includes the possible existence of Property NGC 5846 NGC 7192 Reference
sub-populations within the red population which is interpreted g , (J2000) 15n06mM29s 22h06m50s (1)
as a sign of dferent star formation events in later stages of the . (J2000)  +01°3625" —641857" (1)
galaxy evolution. Bro 10.87 1219 (1)

The main problem in specifying and datingfdrent star Es_v 0.055 0.034 (2
formation events arises from the age-metallicity degeneracy of (B - V), 0.96 092 (1)
the most commonly used optical colours. So far the bulk of (V- Deso 1.28+0.01 124+001 (3)
high-quality photometric investigations have been performed (V - K)ero 351+001 4)
usingHubble Space Telescope (HS}he optical wavelength (M- M)y 3198+ 020 3289032 ()
regime (Forbes et al. 1998; Kundu & Whitmore 1998; Gebhardt Mv -2207+020 -2162+035 (1) (5)

& Kissler-Patig 1999; Larsen et al. 2001). It has been shown
(Minniti et al. 1996; Kissler-Patig 2000; Kissler-Patig et al.
2002 (hereatfter cited as Paper |); Puzia et al. 2002 (hereafter determination of their age structure and a first comparison
Paper II)) that combining optical and near-infrared data isad various globular cluster systems. The present paper is or-
more promising method to separate age and metallifigces ganised as follows. In Sect. 2 the observations and the data re-
and to access the relative ages of the globular cluster popwaction procedures are described. Section 3 contains the main
tions. The method relies on a samplirfipet, where th&/-band results of the observations and Sect. 4 describes our approact
is dominated by stars near the turfi{3 O) region, whereas the towards quantifying the age structure in globular cluster sys-
main contribution to th&-band is from giant branch stars (Yitems and the results for both systems. In Sect. 5 we will give
et al. 2001). Whereas the TO is dominated by affieces, the an outlook on the upcoming work.
giant branch shows a high sensitivity to metallicity (Saviane
et al. 2000). This results in a similar dependence\of(1) . i
and i — K) on the age of the clusters, but a higher sensitivi§y OPServations and data reduction
of (V - K) to the metallicity. o 2.1. VLT/ISAAC near-infrared data
In the previous two papers of this series (Papers | and II),
a systematic survey of globular cluster systems of E aftheKsband exposures for both galaxies have been taken in ser-
S0 galaxies in the combined optical and near-infrared wawtce mode (ESO program 63.N-0287) with the Near-Infrared
length range (using th¥, |, andKs bands) has been started. Ibpectrometer And Array Camera (ISAAC) attached to the Unit
Paper |, we compared the globular cluster systems of two ellielescope 1 (Antu) of the European Southern Observatory’s
ticals in the Virgo cluster, namely the giant central galaxy M 8Very Large Telescope (VLT). The field-of-view of ISAAC’s
and an intermediate-luminosity galaxy NGC 4478. We fourl@lockwell infrared array is .8 x 2.5, with a pixel scale
that in those cases, th& ¢ K) colour distribution yielded of 0.147'/pixel. All data were obtained in April and June 1999
roughly consistent conclusions relative to those derived framdifferent nights under varying photometric and seeing con-
the (V-1) colours measured byST. In Paper Il however, the ditions. Standard star observations revealed that the conditions
(V-K) colours of globular clusters in NGC 4365 led us to posvere not photometric during all nights and an adjustment (de-
tulate the existence of a significant population of intermediatgsribed below) was necessary to align all nights onto a photo-
age (2-6 Gyr old), metal-rich globular clusters, which wasnetric system. As in Papers | and Il we will always refer to the
not revealed by theM- 1) colours. This important result hasKs filter asK.
recently been confirmed by deep spectroscopy (Larsen et al. The NGC 5846 data were obtained during the nights of
2003), adding credibility to the results derived from our optiApril 6th, 8th, and 9th 1999 while the NGC 7192 data were
cal + near-infrared imaging program. taken during the nights of June 1st, 2nd, 21st, and 22nd. The
One of the aims of this series is to study the the globulabserving strategy for NGC 5846 data was the following:
cluster systems of galaxies infiirent environments, e.g. gi-10x10 s object 5x(2x10s) sky10x10 s object. The one for
ant ellipticals in centres of clusters as well as rather isolatBif5C 7192: 1&10 s object 2x(6x10 s) sky+ 10x10 s object.
and less luminous galaxies. The present work will focus drhe monitoring of the seeing, magnitude variations, sky level
NGC 5846, a giant EO galaxy in the centre of the Virgo-Librand geometric correction was done by measuring the parame-
Cloud, and on NGC 7192, an isolated elliptical with only onters of four isolated stars in each single frame for both galaxies.
companion. Basic informations on both galaxies are providéddetailed description of the sky subtraction and combination
in Table 1. procedure of th& band data is given in Puzia et al. (2002). The
Both systems have already been studied in the opti¢alVHM of the stellar PSF in the find{-band image is-0.4”
(Forbes et al. 1997b; Gebhardt & Kissler-Patig 1999), arfidr NGC 5846 and~0.5" for NGC 7192. The total exposure
show a very broad\ — ) colour distribution. This work aims times for NGC 5846 and NGC 7192 are 10000 s, and 12000 s,
at the detection of dlierent globular cluster sub-populationsiespectively.
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Fig. 1. Field of view of NGC 5846 (left) and NGC 7192 (right). The ISAAC field was chosen to fit the available archive data také&rRRi€2

onboard the HST. The dashed lines in both frames indicate the HST field and the solid one the corresponding ISAAC image. Dotted circles
show the 4 and 8 kpc distance to the galactic centers, the solid circles the half light radii of the galaxy’s light. The globular cluster samples
were divided in two colour sub-populations. Dots mark objects wigh< (V — 1) < 1.2 and open circles represent clusters in the range
12<(V-1)<15.

2.1.1. Photometry

The photometric calibration of the NGC 5846 and NGC 71

data set was based on the photometry of 3 and 4 near-IR s

dard stars, respectively (Persson et al. 1998).

Measuring the instrumental magnitudes in an apertupe2. HST/WFPC2 optical data

of 6 pixel diameter and applying the same analysis as described

in Puzia et al. (2002), the following calibration relations for théhe HST data were taken from the public HST archive.

photometric nights have been derived NGC 5846 was observed with HS¥ WFPC2 under pro-
gram G0.5920. The total exposure times of the combined im-

Kssas = Kinst + 23.81(+0.018)~ 0.05(x0.009) (1) ages are 6600 s in F555W, and 6900 s in F814W. NGC 7192

K712 = Kinst + 23.83(x0.010)- 0.05(x0.007) (2)

has been imaged with WFPC2 under program GO0.5943
whereKgalaxy is the calibrated magnitudys: is the instrumen-

in F555W and F814W filters with 1300 s and 1000 s of to-
tal magnitude, ang the dfective airmass<£1.23 for NGC 5846

the extinction curves of Cardelli et al. (1989). The correc-
g(tgans for NGC 5846 and NGC 7192 afg = 0.020 mag and

= 0.012 mag.

tal exposure time, respectively. The HST images were re-

and 1.34 for NGC 7192). The error of the zero points (secoRHced _and calibrated following the procedure as described
term in Egs. (1) and (2)) includes photometric errors of ea Ptiﬁlase:; atl. (1t99?’ ZIOO?)' AII8magdnL'c1ud_eslv(\;§re n:easured
single standard star measurement and the errors of the apet)fﬂpé € stxiractor 1001 USIng a 6 and 4-pixel-ciameter aper-

correction analysis. The error of the airmass term is an estimtgféihforchlf PC ag% V\t/F gh'g and tcorrec|;_t|e<|:it with retsp?ct
from the variations in airmass of all single exposures. 0 the Holtzman 05 standard aperture (Holizman et al.

The zero point shifts of the non-photometric nights to phc}_995). Instrumental magnitudes were then transformed to the

tometric conditions has been derived by tracing the magnitu&@gnsonv and | magnitudes according to the prescription

of four isolated stars over all nights. The final photometry w. ven by Holtzman _et al. (1995)'. Al magnlltudes were red-

performed on the overall combined image. For NGC 7192 gning corrected using the following values: = 0.182 and

was first done on two combined images separately. One forﬂgcoﬁg; for GNEGC 58_;‘_'6b?n?“’ = 0.113 andA, = 0.066 for

photometric nights (June 1st and 2nd), and one for the nonh- (sedp-y in Table 1).

photometric nights (June 21st and 22nd). The magnitudes of

both images have been averaged after a zero point correco8 gsejection criteria

of the latter. The true photometric uncertainty, measured by the

scatter of the single measurements is of the ordgfdd4 mag, After combining the optical and near-infrared data using the

mainly due to the strongly varying sky background. GEOMAP task within IRAF, the globular cluster sample in-
Finally, all magnitudes were corrected for Galactic forezludes 184 and 61 objects for NGC 5846 and NGC 7192, re-

ground reddening using the reddening values of Table 1 asukctively. Figure 1 shows the field of view for both galaxies
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and the spatial distribution of the cluster candidates. In orderto The CMD (Fig. 2) reveals evidence for a bimodal
limit the contamination of the sample by background galaxieslour distribution. The KMM test as described by Ashman
or foreground stars and to set a limit onto the photometric erret, al. (1994) confirms this result with a confidence level
general selection criteria have been applied. In our discussain-90% for a bimodal colour distribution. We obtain peak po-
only objects with a photometric erra(V — 1) < 0.1 mag and sitions of Y — K)pjue = 2.57+0.06 and ¥ — K);eq = 3.18+0.06
A(V - K) < 0.1 mag and &WHM of the PSF below 0.25in  for both colour populations with an estimate of correct allo-
theV andl-band are considered. cation value (confidence level) of 0.79 and 0.94 for the blue
and the red peak, respectively. Hereby about 30% of the globu-
lar clusters were assigned to the blue population and 70% to
3. Colour-colour diagrams for NGC 5846 the red. Using the calibration by Kissler-Patig (Paper 1) for
and NGC 7192 old populations, this corresponds to a metallicity of [Hg =

. . . —0.54 + 0.6 dex and ®7 + 0.4 dex for the metal-poor and the
Colour-colour diagrams together with various SSP mocje}]r?etal-rich populations, respectively P

(e.g. in this paper by Bruzual & Charlot 2000) are the basis o _

for age and metallicity estimates.flirent models, at identical ~ Note that our completeness limit is dominated by the
colors, can show dlierences irabso|uteage of about 3 Gyr. K-band, and that we are biased in favour of red clusters
Thus, the SSP approach can only lead to approximiaselute (Paper II; see Fig. 2). Thus, both the ratio of the numbers of
ages for the sub-populations. Howevetativeages can be es-red to blue clusters and the metallicity of the blue peak are
timated accurately enough to separate sub-populations builtQygrestimates.

during major star formation events. _ ~Itis interesting to mention that no multi-modality could
As shown in Puzia et al. (2002), the various modefedi pe found in theV — I colour distribution. This is similar to

mainly in the metal-rich range (approx. [f¢] > —0.8). Ade- the sjtuation in NGC 4365 where the intermediate-age popu-

tailed comparison between theffédrent models in an absolutejation, when projected on thé — | axis, fills the gap between

sense can be found in Maraston et al. (2001). The metal-rigfe two old (metal-rich and metal-poor) sub-populations. When

regime, however, is exactly the one we intend to probe, givediced to bimodality, the\( — 1) peak positions determined

that the intermediate-age populations are expected to be Bythe KMM test are ¥ — pue = 111 and ¥ — )req =

riched in metals. 1.13+0.02. This is in agreement with the results by Gebhardt &
As opposed to the situation for absolute ages, rtla- Kissler-Patig (1999).

tive age predictions for given colors are relatively similar from

model to model. Since we focus on theative age dating of

globular cluster systems the choice of a specific model is &@. NGC 7192

crucial and we use the model of Bruzual & Charlot (2000)

throughout the following analysis. Referring to the CMD and the colour-colour diagram for
As we will show in the following two subsections the reNGC 7192 given in Figs. 4 and 5, thefidirence to the

sults of the KMM test (McLachlan & Basford 1988, updateglobular cluster system of NGC 5846 can be seen: while

version 2001) and the derived metallicities are found to diNGC 5846 exhibits a strong spread perpendicular to the

fer significantly from expected values and even seem to beisachrones, NGC 7192 is more homogeneously populated

contradiction to what visual inspection of the colour-colour d&along the isochrone.

agrams tells us. Considering the relatively small sample size, tha small number of objects do not allow one to draw

the photometric errors i{ ~ K) and the limited depth of the 4 conclusions from the KMM test in terms of the existence

observations (shifting the peak position toward red colors) tQe ~;iour bimodality. The colour-colour plot for NGC 7192
results of the KMM test, as described by McLachlan & Basforgl, .4 suggest the existence of two populations dfertint

(1988), have to be discussed with much caution. Since t'ﬂﬁ%tallicity (i.e., a “metal-poor” population with(— 1) < 1.1
work concentrates on relative ages at this stage we will only 4 - K) < 2.8 and a “metal-rich” population with{— 1) >
mention the results of the KMM and leave the discussion fgro and ¥ - K) > 2.8) but the small number statistics do not

later. allow one to support this firmly statistically.

Formally, the colour for the two peaks of the distribu-
3.1. NGC 5846 tion projected on the&/ — K axis is returned by KMM to be
— K) = 2.83 and 2.89 (with 90% of the objects assigned to
e first peak), if a bimodal distribution is assumed. Since the
ifference in colour between the two peaks is well below the
tometric error it seems far-fetched to assume the existence
two distinct globular cluster sub-populations.

The colour-magnitude diagram (hereafter CMD) and tr(
colour-colour diagrams for NGC 5846 are given in Figs.
and 3. The histogram in the upper part of the CMD sho
the complete set of clusters as a solid histogram wheré
the selected objects, following the selection criteria given
Sect. 2.3, are shown by the hatched histogram. As expected theTherefore we assume that the NGC 7192 globular cluster
selection criteriaiect mostly the objects in the very red colousystem consists only of one dominant population. Following
range, since the photometric errors are larger and backgrotimg calibration values by Kissler-Patig (Paper I) we derive a
galaxies possibly contaminate the sample. peak metallicity of [FéH] = —0.57 + 0.37.
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Table 2. Fit parameter for model isochrones (Bruzual 2000) for a logarithmi¥/fit () = Alog(V — K) + B.

Isochrone (Gyr) 1 2 3 5 7 10 13 15

A 0.5645 0.7136 0.7674 0.7795 0.7922 0.8134 0.8423 0.8573

B 0.3296 0.2809 0.2633 0.2765 0.2826 0.2766 0.2596 0.2502

] range (27 < (V — K) < 3.8), assuming that it is occupied by
14 | —— 15 Gyr o “old” and “intermediate” age objects. We do not consider bluer

T oo ///,./'/ clusters (D < (V - K) < 2.7), assuming that these are only
o 22? s “old” objects.

r e - .. .

16yr et : For now, we assume cases similar to NGC 5846 (see Fig. 3)

12
r in terms of sample size and photometric errors. For a first exem-
| plary case, we assume 50% of the red population to be 15 Gyr
4 old and 50% to be 3 Gyr old. These numbers are not assumed
to reflect the “true” situation, but rather serve to demonstrate
| the method at this point. We will probe models withfdrent
i ratios in the future (see Sect. 5.2). Further, it will become clear
below that we are not directly comparing observed and sim-
ulated colour-colour diagrams but rather their cumulative age
distributions, i.e., properties of the distributions still need to be
“calibrated”.

The final modeled systems contain 43 old, blue objects (not
considered further) and 120 red objects homogeneously dis-
tributed within theV — K rangé. The red population was di-
vided into an old (15 Gyr) and young (3 Gyr) population with
Fig. 6. SSP isochrone fit fol(—1) vs. (V- K) colour-colour diagrams. 60 objects each.

The symbols are colours given by the SSP models (Bruzual 2000) e In a second stepwe attach to eacW — K data point a

for 1 Gyr (open triangle), 3 Gyr (solid triangle), 5 Gyr (open square)i ) error drawn randomly from our observed list &V —

10 Gyr (s_olid ;qqare) anc_i 15 Gyr (dot§). The lines represent the re%)terrors for NGC 5846, and then smear in a Monte-Carlo ap-
of a logarithmic fit to the isochrones with ¢ 1) = Alog(V = K) + B. - yrq4ch each/ — K point with up to=3 times its associated
The fit parameteré andB are given in Table 2. error (i.e. allowing up to & errors in very rare cases). These
newV — K values are stored with theiwlerror and used for
the further process.

e The third step consists of associating\d— | colour to
each newV — K colour. To do this, we perform a least-square
fit to the SSP model isochrones (in this case from Bruzual &
o . ) i _ Charlot 2000) by a logarithmic function\{(- 1) = Alog(V -

The basic idea in using optical and near-infrared photomewj + B). The particular fit parametes and B are given in

in globular cluster studies is to lift the age-metallicity degeRrype 2. Figure 6 shows the isochrones as given by Bruzual
eracy and to resolve possible age sub-populations of glob 00) and our fits to the isochrones (solid lines).

clusters. The minor drawback with respect to using optical col- 1 fits are then used to compute for eath K point the

ors alone is an increased photometric error mainly Causedé?%responding/—l point, once the age was chosen. In our case

the infrared observations, i.e., in theband. This, however, is \ e sed the 15 Gyr fit for the 60 old artificial clusters, and the
more than compensated for by the larger diagnostic power3oéyr fit for the other 60 (young) artificial clusters.

the optical — near-infrared combination (see Papers | and I). | Finally, in the fourth step we associate a measurement
A separation in the colour-colour plot of sub-populations Wit@rrorA(V - ,I) to each ¥ — 1) data point in a similar way as

different metallicities becomes easier, and a separation in ?@re(V—K) We now have a set of 120 objects (60 old, 60 young)

at avigllvgn met'Fallltt:ltygblecomehs ];etis'bf,‘ i ; thWith associated\ — K) and § — I) colors and errors.
¢ investigate below what the diagnostic power of the o, example of such artificial colour-colour distributions,

method is in terms of separating sub-populations @edent we show in Fig. 7 the modeled colour-colour diagram of a

ages. To do so, we investigated artificial colour-colour dis- | . .
oo . ) 1 I I Id (1
tributions of composite populations based on the Bruzual urely 15 Gyr old population and a composite old (15 Gyr)

Charlot (2000) isochrones. These artificial systems were buil |y, experimented also with Gaussian distributions within this

as f0”0WSf o o colour range, but the final results of the experiment did nedsig-
e In afirst step we create an artificial — K distribution of nificantly and we have no better physical justification for a Gaussian
metal-rich globular clusters. We populate the réd- K) colour than for a homogeneous colour distribution.

V-I [mag]

06

0.4

V-K [mag]

4. Determining the age structure from
colour-colour diagrams

4.1. Colour distributions
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Lo prTT T T 4.2. Cumulative age structure

The separation of the isochrones in Fig. 6 and tifferénce be-
tween the distributions in Fig. 7 (upper panels) motivated us to
use the optical-near infrared photometry in order to try to sepa-
rate globular cluster populations offtéirent ages. This appears
from the above plots to be at least possible to adiedinces

of 10 Gyr or more (with respect to 15 Gyr for the oldest clus-
ters). Therefore we decided to take the analysis one step further
and to make a first attempt towards determining the age struc-
ture of the globular cluster systems.

We first attempted to compare directly the observed
i 1 and the artificial colour-colour distributions, but this turned
80 1 out to be too complicated. Two dimensional statistical tests
60 - 4 are required in that case and the typical number of data
wh ‘\,\; points is not leading to any statistically significant results.

F 1 We experimented with 2-dimensiondittest, 2-dimensional
. 1 o 50:50% 7 Kolmogorov-Smirnov tests, but in order to constrain the tests
P B I W ol it 1l somewhat, one needs to put rather artificial constraints and the

o5 10 15 o 5 10 15 physical meaning of the final results is dubious.
isochrone T [Gyr] isochrone T [Gyr]
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V-1 [mag]

08 [

06 bl b b P
15 2 25 3 35 4 15 2 25 3 35 4

V-K [mag] V-K [mag]

120 [T 120 T
¢ 100 [~ 4 100 F -
80 F E

60 s
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GC older than T in

40 E

20 100:0 % .

N
o

We therefore decided to focus on 1-dimensional represen-

Eci)?c')7'r g:lzr‘;?f?c:rt;vs_npg?g‘:sesgggv &%g(gnv;a%n_aﬁ ;Ogg“mzo tations of the age structure. The dimension was chosen to max-

ur di i ulati : : L ; "

50% old (15 Gyr) and 50% young (3 Gyr) cluster population (rigrslI| Izﬁ the age gradient along it, i.e., “perpendicular” to the
9f rones.

panel). In the lower panels, the cumulative age structure (see Sect. P
for both cases is given as the mean of 1000 such simulations. The Briefly, we associate to every cluster in our observed or arti-
50%-level is marked as a solid line. ficial distribution an “age greater tha¢i when it lies above the
isochrone of that agX in the colour-colour diagram. We start
with the youngest isochrone (0 or 3 Gyr, see below) for which

i most cluster will lie above, and then move up isochrone by
wor ] isochrone (in the steps 1, 2, 3, 5, 7, 10, 13, 15 Gyr). Hereby the
notation “0 Gyr” refers to objects below the 1 Gyr isochrone.
The result is an inverted cumulative distributions as shown in
sor ] Fig. 8 for artificial distributions and in Fig. 9 for the observed
distributions of all our galaxies analyzed so far. The cumula-
tive age distribution can be represented in absolute numbers

12
£
g1
5 oo 7 (left panel) or normalized to the total number of objects (at an
S | arbitrary bin, right panel).
g \\\ ]
8 a0 8
E 15 Gyr 1 4.2.1. Artificial data sets
= 15/10 Gyr *
187 Gyr ] As described above, the first set of simulations was done for
20 | 15/5Gyr T . . .
A ] combinations of a 15 Gyr old sub-population and an equal
15/2 Gyr 1 number of intermediate-age objects (1, 2, 3, 5, 7, 10 Gyr).
whiey o] The results are shown in Fig. 8. Each curve shows the mean
o 5 10 15 age structure as evaluated from 1000 models for that given age
isochrone T [Gyr] CompOSition .

Fig. 8. Age distribution for mixed cluster populations assuming half The realistic photometric errors create a spread in the
of the objects being 15 Gyr old and half of them being respectively golour-colour diagram such that even a pure 15 Gyr system
2,3,5,70r 10 Gyrold. The 50% level is marked by a solid line.  does not show 100% of the clusters to be older than 15 Gyr.
Instead, the spread in th¥ € 1) vs. (V — K) diagram leads to
a gentle fall-df with isochrone age.

However, this fall-& clearly changes when a second,
younger sub-population gets mixed in. By the time one mixes
and young (3 Gyr) clusters as well as the resulting age distritaud, 2, 3 Gyr population in the system, the faff-becomes
tion (lower panels). This distributions should be compared wery steep around 2, 3, 4 Gyr, and the curves cross the 50%
the observed data for NGC 5846 in Fig. 3. level well before the 10 Gyr mark.
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Fig. 9. Age distribution for dfferent galaxies (see text). The absolute number counts (left panel) are normalised to the total numbers of clusters
in the sample (right panel). It is clearly seen that two systems (NGC 5846, NGC 4365) are significiatBntifrom NGC 4478, M 87,

NGC 7192 and NGC 3115. This is interpreted as NGC 5846 and NGC 4365 hosting intermediate-age sub-population (which was confirmed
spectroscopically for NGC 4365). The 50% level is marked by a solid line.

4.2.2. Observed data sets M T T
r _ 15 cyr | [ . thoyr ]

The result for the artificial distributions can be compared with, " [ ] - PEAL
. . . ap LT A 2 cyre] ah & A 2 gyt

the obgerved_ age dls.trlbutlons of the globular cluster systegsl_z; ////‘Z/? ¢ g el .fk//jf/f "

(see Fig. 9) in galaxies analyzed so far (M 87, NGC 4478, , {a//j'/ w 10m ] , é/_//,”/ L e tén
NGC 4365, NGC 3115, NGC 5846 and NGC 7192). T 1;///5/'/4;.*{-7'{»'/ 1T AT
Taking first the observed data alone, we notice a clear sifmi-__ /f/ ' 1 7 ///f/ ]

ilarity between NGC 5846 and NGC 4365, as opposed to the ¢ 1 -
4 other systems (see right panel of Fig. 9). Both galaxies fall- 06 s+t foliind 0 o bt Db
gﬁfsteelpcl)yeat early isochrone age and cross the 50% line well ~(V-K), [mag] ' ~(V-K), [mag] ’
efore yr.

ig.10. (V - I) vs. (v — K) colour-colour diagram for the

. . . . ubble Deep Field-South usingftérentK completeness limits: left,
leads immediately to the interpretation that both must hos objects withK < 215, right all objects withk < 210 (bracket-

significant frgctlon of |ntermed|ate-gge clusters within their rg g our completeness limit for NGC 5846). The box marks the colour

sub-population. For NGC 4365, this was suspected alreadyiige in y - 1) and ¢ — K) used for the determination of the globu-

Paper Il and has since then been confirmed spectroscopicgii¥luster age structure as described in Sect. 4.2. Both diagrams show

(Larsen et al. 2002). that the highest contamination of our sample is expected below the
In contrast, the age distribution of NGC 7192, NGC 3113,Gyr isochrone. The isochrones superimposed are from Bruzual &

NGC 4478 and M 87 seems to be more consistent with what f@arlot SSP models (2000).

would expect for a single age and olell0 Gyr) population.

When compared to the results of artificial distributions, th

notapply aFWHM selection (having only the list of objects) so
that the contamination is expected to be an overestimate. Even
in that case, however, we show below that tffee is negligi-
Contamination of background objects is a potential problem e for cases such as NGC 5846.
our analysis and we briefly investigate its impact below. Figure 10 shows the colour-colour diagram of the HDF-S.
As above for the artificial distributions, we adopDepending on magnitude selection, we have between 25
a situation similar to the observations of NGC 584@nd 40 background objects in our colour selection box. The
We used the Hubble Deep Field South (available aesulting cumulative age distribution for the HDF-S sample
www.stecf.org/hstprogrammes/ISAAC), which presents is shown in Fig. 11 and assigns about 50% of the objects to
two advantages: it covers exactly the same (WFPC2) field @fpopulation younger than 3 Gyr. Further, from the colour-
view as our observation, and it has a deep enokigband colour plots, it becomes clear that the majority of these ob-
observation to match our ISAAC observations of the globulgcts actually lie below the 2 Gyr line, being bluer M £ K)
cluster systemsi < 21.5 mag). The HDF-S sample was furand ¢ — I) than the intermediate-age, metal-rich globular
ther selected in colours as for our samples. However, we couldsters in NGC 5846. It is most probably dominated by a

4.3. Contamination of background objects
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a
o

100 [ < metal-rich, intermediate-age population in addition to an old,
E Eo\ 1 metal-rich one.

1 o 1 We developed a new method to quantify the age struc-
60 [ 4 ture of the globular cluster systems studied so far, based on
a comparison of the cumulative age distributions of the ob-
served and modeled optical—near-infrared colour-colour di-
agrams. This method appears powerful enough to detect
RIS ﬁﬁ; R TR e intermediate-age sub-population within globular cluster sys-

0 5 10 15 0 5 10 15 tems.

isochrone T [Gyr] isochrone T [Gyr] Ouir first conclusions for the galaxies studied so far are that
Fig. 11. Age structure of the HDF-South objects using the proceduRPth NGC 4365 and NGC 5846 have a cumulative age dis-
given in Sect. 4.2. Left and right panels show the absolute and relatfioution of the metal-rich globular clusters that isfdrent
age distributions respectively. The colour selected sampleskvith from those of the 4 other galaxies (NGC 3115, NGC 4478,
215 andK < 210 are shown as solid and dashed curves, respectivdyGC 7192 and M 87). The former are better modeled by a
The 50% level is marked by a solid line. composite metal-rich population including an old (15 Gyr) as
well as a significant young (1-5 Gyr) population. The others, in
contrast, are very similar to the model for pure old populations
and are thus best explained by being dominated by old objects.

NGC 7192 sifers from small number statistics, but the
current dataset is, with respect to the colour-colour diagram
and the age structure, more consistent with only one sub-
population. Compared to the globular cluster systems investi-
gated so far, NGC 7192 most closely resembles NGC 3115.

e For M 87 and NGC 4478 the results given in Paper | were
® othrene T[Gy] * eomwemet ey ot fully conclusive. NGC 4478 also Sars from small num-

ber statistics. M 87 appears now more clearly dominated by
Fig. 12. Influence of background contamination on the age structugo sub-populations diering in metallicity, but with a metal-

of the system in NGC 5846. The left and right panels show the ab%h population dominated by old objects (see also dord’
lute and relative cumulative age distributions, respectively. The uncer 2002)

rected distribution is shown as a solid curve. The distribution corrected ) ]
for background contamination ¢ < 215 andK < 21.0 are shown We need to emphasize again that the method cannot, cur-
as long dashed and short dashed lines, respectively. rently, produce reliablabsolutenumbers, neither in terms of

ages, nor in terms of ratios between th&etient populations.
star-forming galaxy population that would be rejected by odihe results in this paper should therefore be considered as qual-
FWHM criteria. itative for now, and will be better quantified in the future.
The dfect of contamination on NGC 5846 is shown in
Fig. 12. There, we plot the uncorrected (absolute and relative) )
age distributions, as well as the ones corrected for badk?- Future work on age dating

f]hrgquecg?nitsarrr:]lgfltliﬁglus_:_nh%th;rtg;—iias;?nurcgézz?;sigsaﬁ%e upcoming papers will analyze the remaining galaxies in
gina. g oo Sur dataset (in total 11 galaxies). This will allow us to dis-

drag the age distribution towards younger ages, m'm'Ckmgcass the results in the light of galaxy properties. In particu-

slightly younger sub-population, e.g. the interslect_ion.with ﬂf r, we will look at trends with galaxy size and environment.
50%-level occurs at a larger age. Thus, “old” distribution su e local density (Tully 1988) covered by our galaxy sample
as for M 87, NGC 3115 etc would appear even older Wh%nans from 0.08 Mpé (NGC 3115) to 4.17 Mpc (M 87) and

corrected for contamination. In the cases of NGC 4365 and . . . ;
NGC 5846 (large numbers of clusters) tiféset of this (over- eﬁvwonmental flects appear to be an important ingredient to

. T . alaxy formation and evolution.
estimated) contamination is small and does not influence I%e Y

conclusion that these systems host a significant intermediate-On the modeling side, our goalis to improve the quantita-
age population. tive information of our method. We are developingZtest to

find the best solution in the two parameter space of the mod-
5. Conclusions and future work els: ratio olgdyoung and age of the young population, which are
slightly degenerate. We also plan, with the help of spectroscopy
and wide field photometry, to be able to better calibrate the

In this paper, we presented results of our optical—nedRodelsin terms of absolute age.

infrared study of the globular cluster systems of NGC 5846 Also, we are exploring the dependence of the results on a
and NGC 7192. While the latter does not show any signifparticular SSP model and we will repeat the determination of

cant anomaly, the former shows a case very similar to thattbe age structure using SSP models by Maraston (2000) and
NGC 4365 (see Paper Il) with good evidence for a significaWazdekis (1999). Further, we will investigate in more detail the
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5.1. Conclusions
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effect of background contamination. This latter aspects will ssler-Patig, M., Forbes, D. A., & Minniti, D. 1998, MNRAS, 298,
the subject of a separate paper. 1123

Kissler-Patig, M. 2000, Rev. Mod. Astron., ed. Schielicke, 13, 13
AcknowledgementsThe authors would like to thank the ESO useKissler-Patig, M., Brodie, P. B., & Minniti, D. 2002, A&A, 391, 441
support group and the ESO science operations for having carried out (Paper 1)
the program in service mode. We are also grateful to Stephane Chakondu, A., & Whitmore, B. C. 1998, AJ, 116, 2841
for providing his population synthesis models prior to publicatiorKundu, A., & Whitmore, B. C. 2001, AJ, 121, 2950
M. Hilker acknowledges support through Proyecto Fondecyt 398003ndu, A., & Whitmore, B. C. 2001, AJ, 122, 1251
THP gratefully acknowledges the support by the Gerbautsche Larsen, S. S., Brodie, J. P., Huchra, J. P., et al. 2001, AJ, 121, 2974
Forschungsgemeinschaft, DRfBoject number Be 10910-2. DM is Larsen, S., Brodie, J. P., Beasley, M. A., et al. 2003, ApJ, in press
supported by FONDAP 15010003 Center for Astrophysics. [astro-ph/0211434]

Maraston, C. 1998, MNRAS, 300, 872

Maraston, C. 2000, priv. communication

References Maraston, C., Greggio, L., & Thomas, D. 2001, Ap&SS, 276, 893
Ashman, K. M., & Zepf, S. E. 1992, ApJ, 384, 50 McLachlan, G. J., & Basford, K. E. 1988, Mixture Models (Marcel
Ashman, K. M., & Bird, C. M. 1993, AJ, 106, 2281 Dekker Inc.)

Ashman, K. M., Bird, C. M., & Zepf, S. E. 1994, AJ, 108, 2348 Minniti, D., Alonso, M. V., Goudfrooij, et al. 1996, ApJ, 467, 221

Ashman, K. M., & Zepf, S. E. 1998, Globular Cluster System§eebles, P.J. E., & Dicke, R. H. 1968, ApJ, 154, 891
(Cambridge: Cambridge University Press) Persson, S. E., Murphy, D. C., Krzeminski, W., et al. 1998, AJ, 116,

Ashman, K. M., & Zepf, S. E. 2001, AJ, 122, 1888 2415 _ _

Bruzual. A. G.. & Charlot. S. 1993. AJ. 405. 538 PUZla, T. H., KlSSIer-Patlg, M., Brodle, J. P., et al. 1999, AJ, 118, 2734
Bruzual, A. G. 2000, private communication Puzia, T. H., Kissler-Patig, M., Brodie, J., et al. 2001, in Extragalactic
Burgarella, D., Kissler-Patig, M., & Buat, V. 2001, AJ, 121, 2647 Star ClUSterS, ed. D. Gelsler, E. K. Grebel, & D. Minniti, AU
Buta, R., & Williams, K. L. 1995, AJ, 109, 543 Symp., 207, 294 _ _

Cardelli, J. A., Clayton, G. C., & Mathis, J. S. 1989, ApJ, 345, 245 Puzia, T. H., Zepf, S. E., Kissler-Patig, et al. 2002, A&A, 391, 453
Coté, P., Marzke, R. O., & West, M. J. 1998, ApJ, 501, 554 (Paper 1) _ N

Coté. P.. West. M. J.. & Marzke. R. O. 2002 ApJ 567. 853 Saviane, |., Rosenberg, A., Piotto, G., & Apar|C|o, A. 2000, A&A,

de Vaucouleurs, G., de Vaucouleurs, A., Corwin, H. G., et al. 1991, 355, 966 ) ] )
Third Ref. Catalogue of Bright Galaxies (New York: Springer) Schlegel, D. A., Finkbeiner, D. P., & Davis, M. 1998, ApJ, 500, 525
Forbes. D. A.. Brodie. J. P.. & Grillmair. C. J. 1997. AJ. 113. 1652 SChWelZer, F., Ml”er, B. W, Whltmore, B. C, et al. 1996, Al, 112,

Forbes, D. A, Brodie, J. P., & Huchra, J. 1997, AJ, 113, 887 1839
Forbes, D. A., Grillmair, C. J., Williger, G. M., et al. 1998, MNRAS,Tonry’ J. L., Dressler, A., Blakeslee, J. P., et al. 2001, ApJ, 546, 681
203. 325 Tully, R. B. 1988, Nearby Galaxies Catalog (Cambridge: Cambridge
Frogel, J. A., Persson, S. E., Matthews, K., et al. 1978, ApJ, 220, 75 University Press)
Gebhardt, K., & Kissler-Patig, M. 1999, AJ, 118, 1526 Vazdekis, A. 1999, ApJ, 513, 224
Hilkel’, M., |nfante, L., & Richtler, T 1999’ A&AS, 138, 55 Whltmore, B. C., SChWelZer, F., Leltherer, C., etal. 1993, 106, 1354
Holtzman, J. A., Burrows, C. J., Casertano, S., et al. 1995, PASP, 1§¢hitmore, B. C., & Schweizer, F. 1995, AJ, 109, 960
1065 Yi, S., Demarque, P., Kim, Y., et al. 2001, ApJS, 136, 417
Jordin, A., Gite, P., West, M. J., et al. 2002, ApJL, accepted Zepf, S. E., & Ashman, K. M. 1993, MNRAS, 264, 611

[astro-ph/0207657]



