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Abstract. This study is motivated by two facts: 1. The formation of populous star cluster systems is widely observed to
accompany violent star formation episodes in gas-rich galaxies as e.g. those triggered by strong interactions or merging. 2. The
Globular Cluster (GC) systems of most but not all early-type galaxies show bimodal optical color distributions with fairly
universal blue peaks and somewhat variable red peak colors, yet their Luminosity Functions (LFs) look like simple Gaussians
with apparently universal turn-over magnitudes that are used for distance measurements and the determipaBased bin

a new set of evolutionary synthesis models for SimplsiQigle burst) Stellar PopulationS$Ps) of various metallicities using

the latest Padova isochrones | study the color and luminosity evolution of GC populations over the wavelength rabige from
throughK, providing an extensive grid of models for comparison with observations. | assume the intrinsic widths of the color
distributions and LFs to be constant in time at the values observed today for the Milky Way or M 31 halo GC populations. Taking
the color distributions and LFs of the Milky Way or M 31 halo GC population as a reference for old metal-poor GC populations

in general, | study for which combinations of age and metallicity a secondary GC population formed in some violent star
formation event in the history of its parent galaxy may or may not be detected in the observed GC color distributions. | also
investigate the fect of these secondary GCs on the LFs of the total GC system. Signifi¢keredces are found among the
diagnostic iciencies in various wavelength regions. In particular, we predict the NIR to be able to reveal the presence of
GC subpopulations with ffierent age — metallicity combinations that may perfectly hide within one inconspicuous optical
color peak. If the entire manifold of possible age — metallicity combinations is admitted for a secondary GC population, we
find several cases where the resulting LF of the whole GC system is signific&ettyea and its turn-over could not serve as a
reliable distance indicator. If, on the other hand, we assume some age — metallicity relation for GC populations, the second peak
of the LFs vanishes and models indicate single-peak GC LFs even in GC systems with bimodal color distributions. A broad
but suficient age — metallicity relation is, for example, obtained if the secondary GC populations form in mergers of various
spiral galaxy types from the ISM pre-enriched over the redshift range framd.4 toz 2 0. As a first illustrative example

we apply our models t&%/- and|-band data presented by Larsen et al. (2001) for blue and red peak GCs in three early-type
galaxies. We point out the importance of having multi-band information to independently constrain ages and metallicities of
different GC subpopulations and again stress the diagnostic potenKabaifid data in addition to optical observations. The
models presented here will be used for the interpretation of multi-wavelength data on GC systems in galaxies of various types,
luminosities and environments as well as on young star cluster systems in interacting galaxies and mergers. By independently
constraining ages and metallicities of individual clusters we expect to shed light on both cluster and galaxy formation scenarios.
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1. Introduction Hence, the formation of populous secondary GC systems may

) ) . be expected to have happened almost all over the age of the
In the local Universe, we can witness the formation of — somgniverse.

times populous — star cluster systems in the powerful star-

bursts accompanying many gas_rich Spira| ga|axy mergers (Cf The Origin of eIIIptlcaI gaIaXieS is still a matter of debate.
Schweizer 2002 for a recent review). Many of these clu¥vere their stars formed “all at once” in the early Universe — ei-
ters seem compact (cf. Carlson & Holtzman 2001) and mdher in a monolithic collapse scenario or in some “coordinated
sive enough (cf. Fritze-v. Alvensleben 1999a) to be Globulgfort”in building blocks that later merged together in a largely
Clusters (GCs) able to survive for many Gyr. Formed from prétellar-dynamical process — or did they have significant popu-
enriched gas they will keep standing out in metallicity even tions of stars formed in one major spiral-spiral merger or in a
times when their colors and luminosities will have come clog&ries of hierarchical mergers that still involved enough gas to
to those of old GCs. Spirals were more gas-rich in the pd@wer star formation?

and mergers were more frequent (e.g. levife et al. 2000).  opservations of metallicity and color distributions of
GC systems may give us direct observational evidence
* e-mail:ufritze@uni-sw.gwdg.de about the formation history of their parent galaxies, even
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more so than the galaxies’ integrated light (cf. Zepf 2002)isentangle them into age and metallicity distributions may
Spectroscopy of reasonable numbers of GCs in elliptida¢lp to discriminate between theflgirent suggestions.
or SO galaxies out to Virgo cluster distances is underway In a first step | use results from our new set of evolu-
with 10m class telescopes, but it has to cope with crowtlenary synthesis models for Simple: single burst) Stellar
ing and the bright and spatially variable galaxy background®opulations (SSPs) of various metallicities (Schulz et al. 2002)
GC (V — 1) color distributions from HST observations are beto explore the color evolution of star clusters of various metal-
coming available for large numbers of galaxies (e.g. Gebhalidities in optical and NIR bands. | take the blue peak of
& Kissler-Patig 1999; Larsen et al. 2001). The same is trtiege Milky Way halo GC population with its mean metallicity
for ground-based GC color distributions in the WashingtafiFe/H]) = -1.59 as a reference for the apparently universal
system, which is more sensitive in disentangling ages apdmary population of GCs and analyse a large grid of arbitrary
metallicities of old GCs (e.g. Geisler et al. 1996; Ostrozombinations of the two parameters age and metallicity for a
et al. 1998). Although being significantly less time consumintheoretical secondary GC population to explore in which cases
broad band and even Washington color distributions of GC sysid at which ages this second population will be detectable as a
tems give less direct information about their age and metakcond peak in the color distributions in the various bands and
licity distributions than spectroscopy. The reason is the wefbr which combinations of the parameters age and metallicity
known age — metallicity degeneracy of colors (e.g. Worthelie two GC populations would appear hidden in one narrow or
1994). Empirical calibrations of metallicity in terms of col-broadened color peak.
ors are usually obtained for old GCs in the Milky Way (MW)  Assuming a universal GC mass function (Ashman et al.
or M31 halos and strictly valid only over their metallicity1995), evolutionary synthesis models also allow to study the
range-2.3 < [Fe/H] < -0.5 (e.g. Couture et al. 1990; Barmbyluminosity functions (LFs) of primary and secondary cluster
et al. 2000). populations in various bands in their time evolution. The LFs of
For most luminous elliptical and SO galaxies, the observedPutatively old — GC systems are astrophysical standard can-
GC color distributions are bimodal (Gebhardt & Kissler-Patigl€S With a very long range, out to more than Coma cluster dis-
1999; Larsen et al. 2001; Kundu & Whitmore 2001a,b), sinfances 100 Mpc orm—M x 35). Their turnover magnitudes
ilar to the color distributions of the halo field stars in th€8€m to be fairly universalMy,) = —7.4+ 0.2, and are widely
case of NGC 3115 (Elson 1997; Kundu & Witmore 1998jsed for distance measurements out to 120 Mpc and determi-
and NGC 5128 (Harris et al. 2000). Only a few Iow-IuminositQatiO”S of the Hubble c_onstant (see_ e.g. Ka_velaars_et al. 20_00).
E/SO galaxies, like NGC 4478, show single-peak color dist#C LFS even look unimodal and inconspicuous in galaxies
butions (Gebhardt & Kissler-Patig 1999), central cluster galaghich clearly show bimodal GC color distributions (e.g. M87:
ies sometimes feature broad or multi-peak distributions (Forp&itmore et al. 1995; NGC 1399: Geisler & Forte 1990).
et al. 1997). Gaussians fitted to bimodsl« |) color distri- In a second step | combine these results with the infor-
butions seem to feature a fairly universal blue peak similar faation we have about the redshift evolution of the average
color and dispersion to the one of the MW halo GC populatid®M abundances in spiral galaxies of various types. | will show
(Larsen et al. 2001), while the second peak usually occurdhat the broad age — metallicity relation in the evolution of nor-
redder colors. GCs from the blue peak of the color distributioR1al spiral galaxies acts to appreciably constrain the parameter
as e.g. the old metal-poor halo GCs in the MW or M 31, will b&Pace and only leaves color distributions_ and luminosity func-
referred to as primary GCs in the following, while those frorHONS in agreement with current observations.
the red peak, as e.g. the more metal-rich disk or bulge GCs in The aim of the present study is to provide a multi-
the MW or M 31, will be called secondary GCs. If the red-peakavelength grid of color and luminosity distributions of any
GCs in BS0 galaxies are really younger and more metal-ri§@condary GC population formed at some time in the past for
than the blue-peak GCs, however, still remains to be examirf@nparison with observations.
in detail.

The apparent universality of the primary GC color distribip, Evolutionary synthesis of GC populations
tion —interms ofV —1) ando(V —1) — appearing in essentially ) o
all GC systems in very dierent types of galaxies (Larsen et al2-1. SSPs of various metallicities

2001; Brodp et al. 2000) will be used as a basic assumptloruging Padova isochrones including the thermally pulsing
our analysis. AGB phase (TP-AGB) and assuming a Salpeter IMF extend-
While there is agreement on the fact that any GC populatiomg from 0.15 to 89V, we obtain the time evolution of spectra

is produced in some violent phase of SF, the precise circu(@ A-160um), colors, luminosities\...K), and stellar mass
stances are less clear. From observations of the ongoing or tesg from ages X 108-15 x 10° yr for SSPs of 5 dferent
recent formation of populous secondary GC systems in mengetallicities [F¢H] = -1.7,-0.7, -0.4, 0,+0.4 (Schulz et al.
ing galaxies and merger remnants it seems clear that merd82). Inclusion of the TP-AGB phase in the stellar evolution-
of gas-rich galaxies can lead to the formation of new GC pogry tracks is very important for th& (- 1) and {/ — K) colors
ulations. Other scenarios, however, have as well been invokatiigesz6 x 107 yr (see also Maraston et al. 2001), more so for
like e.g. in situ two phase GC formation (Forbes et al. 1997) bigher metallicities than for lower ones. Fgy it makes colors
hierarchical assembly (@& et al. 2000). To have color distribu-redder by>0.3magin ¥ — ) and by>1 mag in ¥ — K) atages
tions in several bands, including UV and NIR, and successfullyc 10°—1 x 10° yr. This means that ages determined for young
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star clusters in several interacting galaxies or merger remnamspective color (cf. Barmby et al. 2000, Table 8). Thus, | im-
from HST (V — ) colors and models without TP-AGB are sigplicitly assume that my model cluster populations have a scatter
nificantly overestimated (cf. Schulz et al. 2002). in metallicity comparable to that of the MW halo GCs and that

Without going into details, we only recall here that — conthe scatter induced on the colors has been constant during their
pared to solar metallicity — SSPs at lower metallicities amvolution. Towards very young ages of order 1 to few Gyr, the
brighter inUBVRIand fainter inK, are bluer and have lowercolor evolution of SSPs generally is less metallicity dependent.
mass loss, loweM/Lgy and higherM/Lk values through- This means that the widths | assume for the color peaks of very
out their evolution (Fritze-v. A. 2000). Models are shown tgoung cluster populations are slightly overestimated.

not only correctly reproduce the observed GC colors after The question, for which separation in color (or magnitude,
12-13 Gyr of evolution but also the empirical calibrationgge sect. 2.2.2) two Gaussian-type GC populations may be re-
of colors vs metallicity, like B—V) or (V1) vs. [FgH],  solved observationally depends on the number of clusters ob-
for MW and M31 GCs. We showed that while for old clusgeryed and on the observational accuracy. Ashman et al. (1994)
ters the color — metallicity relations are fairly linear over thgnow that with sample sizes of 100-200, typical of currently
metallicity range of MW halo GCs2.3 < [Fe/H] < -0.5,they ayailable data, a photometric precision of a factor 2.5-3.0 less
become significantly non-linear, however, towards metalliGihan the expected separation is required for a reliable detection
ties [Fe’H] > 0.5 and this holds true for Johns®tST broad o rejection of bimodality using the best available algorithms
band colors as well as for Stroemgren,nbut less so for (K\uM statistics and dip probability). For sample sizes as large
Washington (G- T1) (cf. Schulz et al. 2002, Figs. 9, 10).535 500-1000 objects, two peaks as close togethex #s20b-
Clusters with [F¢H] > —0.5 will show colors significantly red- seryational uncertainty may safely be separated. Larsen et al.'s
der than those obtained from extrapolation of the empirical C?Q001) data, e.g., hav&(V — 1) < 0.1 atVim ~ 25 mag for
ibration. This implies that metallicities [[El]] > —0.5 derived systems where bimodality is clearly detected. Assuming typi-
from colors using extrapolations of the empirical calibrations;) accuraciea(V — 1) < 0.1 mag, the two peaks have to be

will be significantly overestimated. E.g. for an old GC withseparated by 0.2%.30 mag to be unambiguously resolved.
(V - I¢) = 1.2 the metallicity extrapolated from the observed

calibration would be~3 x Z;, while in fact it only has solar
metallicity, i.e. three times lower. Observationally, this theore2.2.2. Luminosity functions
ical result is supported by spectroscopy of individual GCs in
NGC 1399 (Kissler-Patig et al. 1999). For a given mass, SSP models also describe the luminosity
Moreover, theoretical color—metallicity relations are show@volution in terms of absolute luminosities or magnitudes of
to be significantly dferent for ages younger than 10 Gyr. Botfa star cluster of given metallicity. In addition to the small ob-
effects, the age dependence and the non-linearity fgi{Fe  servational uncertainties and age and metallicityedences
—0.5, are important for the interpretation of the higher metakmong halo GCs, the width of their LF is largely dominated
licity young and intermediate age star cluster populations dpy the cluster mass function. The mass function of MW GCs
served in interacting galaxies, merger remnants, and dynai@ilog-normal with(log(Mgc/Mo)) = 5.47 ando(log Mgc) =
cally young elliptical and SO galaxies. 0.50. For our purpose their LF is satisfactorily described by a
Gaussian witiMy) ~ —=7.3 mag,oc(My) ~ 1.3 mag (Ashman
et al. 1995). It is clear that secular destructidfeets heav-
ily act upon a GC population (e.g. Harris 1991). All clusters
2.2 1. Color distributions experience stellar evolutionary mass loss reducing their initial
mass by 18620% over a Hubble time, depending on their IMF
SSP models describe the time evolution of colors of irfFritze-v. A. 1998). Low mass clusters are prone to destruc-
dividual star clusters of given metallicity. To simulate aion by evaporation and tidal shocking. High mass clusters are
cluster population, | assume that this cluster population — sipreferentially destroyed by dynamical friction (e.g. Vesperini
ilar to the MW halo GC system — features a Gaussian distfi997, 1998, 2000, 2001). The mass function of a GC sys-
bution around the mean color appropriate for its metallicitem at its birth unfortunately is still unknown. Luminosity
and age. The width of the observed color distribution of Mand henceM/L —) evolution is very strong in early stages
and M 31 halo GCs is determined by observational uncertajg-g. AMy = 2.5 to 2 mag between 4 Myr and 40 Myr for
ties and age dierences to a small degree, and, largely, by tfiee/H] = -1.7 and 0, respectively, and even more if gaseous
spread of individual GC metallicities around the mean valuesission contributions during the the earliest stages is included
([Fe/H]YMW halo — _1 59 and([Fe/H])M31 halo = _1.43 (G3té  (cf. Anders & Fritze-v. Alvensleben 2003). This strong early
1999; Barmby et al. 2000). This spread of metallicity is bevl/L-evolution acts to distort the shape of the LF with respect
lieved to reflect inhomogeneities in gas phase abundancesoahat of the mass function through age spreféeots in young
their birth. GC systems observed in the process of formation, as e.g. in
For simplicity and lack of better knowledge | describe thGC 403839 (Meurer 1995; Meurer et al. 1995; Fritze-v. A.
color distribution of a model cluster population of a gived999a). The “true” shape of its LF, and, hence, its mass spec-
metallicity by a Gaussian around its mean color — as givemum are still a matter of debate (cf. e.g. Zhang & Fall 1999;
by SSP models for its metallicity and age — with a dispersidfritze-v. A. 1999a). General agreement, however, is reached
identical to that observed for the MW and M 31 GCs for thain the fact that the strongest evolution of the mass function

2.2. Modelling GC populations
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and intrinsic LF € referred to a uniform age) due to dynamicagvolutionary phases. At [FFel] = —0.4, they are already redder
effects occurs within the first-43 Gyr. than MW GCs at ages3 Gyr and go on reddening thereafter to
We chose to assume a mass function identical in shape K = 3 at 12 Gyr. At high metallicity [FgH] = +0.4 model
to the one observed for MW GCs for our model cluster sy§lusters are already redder than old MW halo GCs 0y mag
tems, invariant in time for simplicity and lack of better knowlat ages-0.3 Gyr. Around 12 Gyr, they will reacll — K ~ 4.
edge. Hence, LFs of model GC populations are described by Note that certain combinations in age and metallicity, that
Gaussians with turn-over magnitudé@d,), 4 = U...K, as are indistinguishable in optical colors due to the well-known
given by our SSP models for a cluster of given age, metalliage — metallicity degeneracy, do split up WW{K). This is seen

ity, and a mass correspondingtog M)“Gﬂg’. Widthsa(M,) are e.g. for clusters with [FH] = —-0.4 and ages around 5 Gyr
assumed to be identical to those observed for M 31 GCs in thieclusters with [F¢H] = +0.4 and ages around 1 Gyr. For
respective wavelength band$gy Barmby et al. (2001). very low metallicity clusters [FH] = —1.7 the opposite is

To visualise the color distributions and LFs of two theorettrue. They show very uniformM - K) values at all ages while
cal GC populations, we further assume that both populatio$litting up in optical colors.
have comparable numbers of clusters. This, of course, needWe draw the following conclusions from this part of our
not be the case in any of thefflirent GC formation scenariosanalysis: 1.) An observed unimodal GC color distribution need
mentioned above. Color distributions observed for a large nunet necessarily imply that all GCs have the same age and metal-
ber of galaxies (e.g. Gebhardt & Kissler-Patig 1999; Larséinity. Two (or more) GC populations may hide within one
etal. 2001; Kundu & Whitmore 2001a,b) indeed contain exarpeak. 2.) In case of an observed bimodal GC color distri-
ples of 2 GC color populations of fierent richness, althoughbution it is not a priori clear if a red or blue peak is due to
the numbers do not fler by large factors. Systems with twoan oldefyounger or metal-ricimetal-poor cluster population.
GC populations of vastly lierent richness — if they exist —Observations in the NIR help to decide in some cases, individ-
will in any case be hard to detect observationally. ual cluster spectroscopy may be required for particularly tricky

ones.

2.3. Color evolution of GC populations

) _ ) 2.4. Luminosity evolution of GC populations
In our first step, we compare the time evolution of GCSSP)

model colors of various metallicities with the observetihe dispersion of the observed MW GC color distribution is a
mean colors of MW halo GCs from Barmby et al’s (2000)esult of observational uncertainties and of the scatter in metal-
compilation. licity around the meaf{Fe/H]) of the MW clusters. The width
Figure 1 presents the time evolution of color distribution@f the Gaussian well approximating the MW GC LF is also af-
U-V,B-V,V-I,andV - K for SSPs of various metallici- fected by these twoffects but certainly dominated by the mass
ties [Fe/H] = —1.7 (1st column), [F¢H] = —0.4 (2nd column), function of MW GCs.
and [FgH] = +0.4 (3rd column) compared to the correspond- SSP models give the evolution of absolute luminosi-
ing observed MW halo GC color distributions. ties Mygvrik as a function of the total mass initially turned
We use the mean colors and color dispersions for MW G@¥0 stars. To study the time evolution of cluster LFs at various
as given by Barmby et al. (200Q) — V) = 0.89,0(U — V) = metallicities, we assume a mass function similar to that of the
031,(B-V) = 0.71,0(B - V) = 0.12,(V - |) = 094, MW GCs (Ashman et al. 1995) and gauge the luminobity
oV -1) = 011,(V - K) = 224, 0(V - K) = 0.26. The of an SSP with [FgH] = -1.34, the mean metallicity of all
normalisation of the maximum number of clusterd\g = 10 MW GCs, at an age of 12 Gyr to the observed MW GC turn-
at(U — V), (B-V), ..., respectively, is arbitrary but the samé@ver(My,) = —=7.3 mag that corresponds to a mean GC mass
for all cases. We construct cluster population models assumffg-3 x 10° M, (Ashman & Zepf 1998).
that they have the same color dispersions as the observed onegigure 2 shows the observed MW GC LFs in three dif-
throughout their evolution. ferent wavelength bandd, V, andK together with the time
Figure 1 shows how model cluster populations mowvolution of our model cluster LFs for threefféirent metal-
through the dierent color diagrams as they age from 0.licities. TheU- and K-band LFs for MW GCs are obtained
to 12 Gyr. In the optical colort) — V, B -V, andV - |, from that in theV-band by a combination ofMy) = -7.3
very low metallicity clusters ([F&H] = —1.7) do not quite With the observedU — V) = 0.89 and(V - K) = 2.24
reach those of MW halo GCg[Fe/H]) = -1.59, cf. Gt¢ Wwhich give (My) = -6.4 and(Mx) = -9.5 mag. Barmby
1999) at 12 Gyr, although they come very close in the latéf al. (2001) analyse M31 halo GC LFs in the wavelength
stages of their evolution. Intermediate metallicity clusteBandsU, B, V, R, J, and K and show that the disper-
([Fe/H] = —0.4) also start out very blue but evolve rapidly tosionso(My,), o(My,), ando(Mg,) are identical within the un-
wards MW GC colors within only 42 Gyr. They show red- certainties and that, indee@) - V) — ((My,) — (My,)) = 0.02
der colors than MW GCs at agess Gyr. Metal-rich model and({V — K) — ((My,) — (M,)) = 0.04.
clusters ([F¢H] = +0.4) already show MW GC colors at ages Low metallicity model cluster populations with
around 1 Gyr and become significantly redder later-on/ ln  [Fe/H] = —-1.7 start out very bright early in their evolu-
K, only the [F¢H] = —1.7 clusters start out slightly bluer thantion with (My) ~ -10.2, (My) ~ —-105, and(Mk) ~ -124
today’s MW halo GCs, almost reaching their colors in latat an age of 0.3 Gyr, fade at a rate decreasing in time



U. Fritze-v. Alvensleben: Secondary Globular Cluster populations 519

[Fe/H]=-1.7 [Fe/H]=-0.4 [Fe/H]=+0.4
12 — : : : 12 — ———
I ] i . N | —— 0.3Gyr
10 | 10 Apean 1| 1Gyr
8 i 8 - — - 2Gyr
= = 8 = F — — 5Gyr
S S 6 7 e 6 — - - 8Gyr
< Z 4 [ ] z 4 [ —— 12Gyr
I I —— MW GCs
27 ] 2
0 : 0
3
12 — — 12 — S
10 10
— 8 8
&) S 6} S 6}
z zZ b zZ L
4 4
2 2
0 0
B-V
12 1 12 ————r—— 12
10 b 10 - 10 R
~ 8 1 - 8f ~ 85 T
S 6 1 S 6F S 6| WAk
z z z t Ay
4 : 4 4 A
2 ] 2 - 2 | i VAR
L Sy M
0 0 0 e
0 0 0 0.5 15
V-I
12 7\ w w —] 12 [ 12 [ ]
10 - 5 . 10 + 10 - PR ]
il L i //\\ 4
8 ) 8| 81 Ao
= L1/ = = r AT |
S 6t iy 1 & 6F S 6t Apphy g
< o\ z =z °f S\
4 p 1 4 4t C ]
4/ [ TR
2 - i\ . 2 - 2 - AN
7 \\ r AR N
0 £ L= L 0 0 . L NS
1 2 3 4 5 1 1 2 3 4 5
V-K V=K

Fig. 1. Color evolution of a secondary GC population of various metallicitiegffe= —1.7 (1st column), [FgH] = -0.4 (2nd column),
[Fe/H] = +0.4 (3rd column) in U - V), (B-V), (V - 1) and  — K). The thick solid line shows the corresponding MW halo GC color
distributions for reference.

and reach the MW GCs'(My,), (My,), and (Mg,) are fainter than MW GCs by more than 2 and 1 mag, respec-

around 12 Gyr. Intermediate metallicity cluster populaiely, in U andV. Again, in{Mg) they fade less than the lower

tions with [Fe&H] = —0.4 show a very similar evolution in metallicity clusters and end up0.7 mag brighter in(Mg)

early stages<2 Gyr in U, V, andK to the low metallicity than MW GCs.

ones. At an age of5 Gyr they have reached the MW GCs’

(My,) and (My,) and fade slightly more later on. At an . o

age of 12 Gyr, intermediate metallicity clusters will bg'5' Comparing color distributions and LFs

fainter by ~1 and 0.5 mag iMy) and(My), respectively, comparing color distributions and LFs of two theoretical clus-

than MW GCs while in(M), they remain slightly brighter ter populations, all possibilities are seen to appear depend-

at 12 Gyr than MW GCs. ing on the specific combination of ages and metallicities. We
At high metallicity [F&’H] = +0.4, model cluster popula- choose to discuss this for cluster populations of various metal-

tions become less luminous {My) and{My/) than MW GCs licities and ages in comparison to the observed color distribu-

already at ages of 8 and 5 Gyr, respectively. At 12 Gyr thdipns and LFs of MW GCs, our reference system.



520 U. Fritze-v. Alvensleben: Secondary Globular Cluster populations

[Fe/H]=-1.7 [Fe/H]=-0.4 [Fe/H]=+0.4

— 0.3 Gyr
''''' 1Gyr
- — - 2Gyr
— — 5Gyr
— - 8Gyr
— 12 Gyr

:o\ — MW GCg

Z

@

=z

S

P

o L i
-5 -15 -10 -5
M_K M_K

Fig. 2. Luminosity evolution of a secondary GC population of various metallicitiegHife- —1.7 (1st column), [FgH] = —0.4 (2nd column),
[Fe/H] = +0.4 (3rd column) inMy (top panel3, My (middle panelsand My (bottom panels The thick solid line shows the corresponding

MW GC LFs for reference.

Very low metallicity clusters at young ages show bothyoungage of1 Gyr showdJ -V, B-V andV - | distributions
color distributions and LFs distinctly fierent from those fairly similar to those of old MW GCs, while theV — K dis-
of MW GCs. Intermediate metallicity clusters at young agesijbution is already significantly redder. Their LFs i, V,
around 1 Gyr, show color distributions id — V, B — V, and even more so i, still peak at much brighter magni-
V — |, andV - K that do not difer significantly from those tudes. Theiltd —V, B-V, andV -1 colors start to become
of MW GCs while their LFs, inJ, V andK, are all clearly dif- significantly redder than those of MW GCs tatz 2 Gyr.
ferent from their MW analogues. They peak at brigtd,), Around 2 Gyr a clear dierence to MW GCs is still seen
(My) and{M). At older ages of 812 Gyr, however, such anin (M), but no longer inMy) or (My).
?ntermediate _me_tqllicity cluster population shows distributions So for two theoretical GC populations, an old and moder-
in all colors significantly dferent from those of the MW GCS 540y metal-poor one like those of the MW or M 31 halos and a
while their LFs now are very similar to those of the MW GC§g0nd ne with an arbitrary combination of age and metallic-
in VandK, but slightly fainter inJ. High metallicity clusters at ity, all situations are possible: bimodal color distributions and
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bimodal LFs, single-peak color distributions and, at the samesolution nor dynamics and only consider one gas phase.
time, bimodal LFs, single-peak color distributions and singl&Vhile the finite and metallicity-dependent stellar lifetimes are
peak LFs, and bimodal color distributions together with singléilly taken into account, we assume instantaneous and perfect
peak LFs. mixing of the recycled enriched gas into the reservoir.

If this were true in reality, it would put into question the
method of distance determination using GC LFs. It seems, L
however, to be at variance with the observational situation?- GC formation in mergers

where even in systems with clearly bimodal GC color diStr}\'lumerous observational examples are known where in the

butions like M87 or NGC 4472, the LFs look unimodal an‘EJowerfuI starbursts accompanying mergers of gas-rich spirals

f_airly Porr::al. we Wilfl Cl?me gack tglthis. issuef and '}IS i_rr_1p|ic populous systems of young star clusters are born (NGC 7252,
tions for the range of allowed combinations of metallicities ands - 3921° NGC 40389, ...). Many, if not most, of these

ages in Sect. 5.3. compact bright young star clusters probably are young GCs
(cf. Schweizer 2002 for a recent review; Carlson & Holtzman

3. Spiral-spiral mergers at various redshifts 2001). Based on the detailed analysis of the starburst and the
and the formation of GCs properties of the progenitor galaxies in NGC 7252 we predicted
abundances for the young clusters in this Sc — Sc merger rem-
3.1. Redshift evolution of undisturbed galaxies nant of23 Z, (Fritze-v. A. & Gerhard 1994b). Spectroscopy

. . . . . of the brightest clusters, i.e. those formed towards the end
Evolutionary synthesis models parametrise galaxies of variolsy o oviended starburst yielded abundariges Z with
spec_tral types by_the_lr respective star formr_:ltl_on (SF) h's.ton%%'me indication ofr-element enhancement from the burst it-
Starting from an initial gas cloud and specifying a SF hISto@’eh‘ (Schweizer & Seitzer 1993, 1998; Fritze-v. A. & Burkert

and an IMF, our models simultaneously yield the spectrophfg%, Maraston et al. 2001) in good agreement with model
tometric evolution of the stellar population and the chemj- "’

e ictions. N hat th hat | |
cal evolution in terms of ISM abundances, both as a funperICtlonS ote that the strong burst that largely consumed

. ) . ; {fie available gas in the inner part of this post-burst galaxy
tion of t|m§ and, for any kind Of_ cosmological model, aIS(E’t':lpidlyincreased the ISM metallicity (cf. Fig. 12 in Fritze-v. A.
as a function of redshift. Following both aspects of galaxz Gerhard 1994a)

evolution simultaneously allows us to describe the evolution . ) . . )
Together with the primary GC populations inherited from

in a chemically consistent way, i.e. to monitor for every in- . X '
dividual star its initial metallicity as given by the gas phasii® Merging galaxies, these secondary GC populations formed

abundance at birth, and to follow each star on a stellar eJB-Strong starbursts should be detectable around merger rem-
lutionary track and with yields appropriate for its metallicig'@nts- If not hidden within the color distribution of the pri-
(Fritze-v. A. 1999b). This produces results in good agreeméfgy one by a conspiracy between its younger age an_d higher
with observed stellar metallicity distributions, template spectfaétallicity, such a secondary GC population may testify to a
from UV through optical, colors frort throughK, and char- mergefstarburst origin of |_ts pz_arentgalaxy, even at times when
acteristic HIl region abundances of local galaxy types as wajest othe chert_racers like tidal featyres, bIU(_e colors, Balmer
as with the observed redshift evolution of luminosities and cdiPSerption lines, fine structure, etc. will have disappeared.
ors (Mdller et al. 1999). Comparison with precise individual In the following, I will use the redshift evolution of the
element abundances measured from high resolution spectrES in our spiral galaxy models to investigate the metallicities
Damped Lyr absorbers for a series of elements (Fe, Si, Zn, & theoretical secondary populations of GCs forming from the
Ni, S, Al, Mn) shows good agreement with the redshift evdSM in spiral — spiral mergers at various redshifts. Combining
lution of the absolute abundances in our spiral models oveftés With SSP models for the respective metallicities, the time
redshift range fronz > 4 toz ~ 0.4. By z = 0, models di- evolution of colors and characteristic luminosities of these sec-
rectly match observed characteristic Hll region abundances @idary GCs are obtained. For simplicity | will restrict myself to
Lindner et al. 1999 for details). The current discussion if pef2€rgers among equal type galaxies, i.e., Sa— Sa, . . ., Sd — Sd.
haps not all Damped lay absorbers are the progenitors of to-  The redshift evolution of ISM abundances for various spiral
day’s spiral galaxies does ndtact our conclusions concerningtypes, as presented in Fig. 3 for the example oftfffeshows
ages and metallicities of secondary GCs as long as our conthat only a limited range of combinations of metallicity and
uous SF histories remain valid approximations to the averagge for secondary GCs is expected to result from mergers of
SF histories of (all the building blocks of) the respective spiralbbrmal spirals. Despite a significant amount of scatter at fixed
types. In any case, the requirement for models to simultameeshift, introduced by the metallicity fiiirences among dif-
ously match both the average spectral and chemical properfeent spiral types, a broad cosmic age — metallicity relation
of specific galaxy types (E, SO, Sa, . . ., Sd) allows for sigs observed (cf. Fritze-v. A. 2001). The ISM metallicity in spi-
nificantly tighter constraints on the characteristic SF historiesls increases slowly with decreasing redshift. In Lindner et al.
than either aspect alone and leads us to believe that we reagtf99) we show, that, indeed, our models bracket the range of
ably understand the redshift evolution of the average ISM abubamped Lyr abundance obervations, not only for iron, but for
dances in spiral galaxies over significant lookback times.  all of the 8 elements (Fe, Zn, Si, Cr, Ni, Al, S, Mn) for which
Note, however, that our models at this stage still are simeasonable numbers of abundance determinations exist, over
plified global 1-zone closed-box models without any spatitiie redshift range .@ < z < 4.4 and match the characteristic



522 U. Fritze-v. Alvensleben: Secondary Globular Cluster populations

00 Table 1. Present age of secondary star clusters forming in merg-
ers at diferent redshift for 3 dferent cosmologies (K Qo, Q) =
(50, 1.0, 0), (75, 0.1, 0), (65, 0.3, 0.7), respectively, and a redshift of
galaxy formatiorz > 5.
_10 |- .
Redshift GC Age [Gyr] GC Age [Gyr] GC Age [Gyr]
_ z (50, 1.0, 0) (75 0.1, 0) (65 0.3, 0.7)
g 207 1 40 11.9 10.0 13.2
3.0 11.4 9.4 12.6
= N . 2.0 10.5 8.4 11.4
L IR, 15 9.7 7.6 10.3
T s o 1.0 8.4 6.4 8.6
T Sk 0.5 5.9 4.3 5.6
~4.0 ‘ ‘ \ \ 0.2 3.1 2.2 2.7
0.0 1.0 2.0 3.0 4.0 5.0

Redshift z

Fig. 3. Redshift evolution of average ISM abundances fofedi depend on details of the merger. We therefore refrain from us-
ent spiral models Sa, Sh, Sc, Sd ang,(B., Q) = (50, 1.0, 0). ingthe model gas content as a boundary condition for the num-
Thin lines show the Sa model in two other cosmologieber of secondary GC that can be formed in mergers. The ques-
(Ho, Qo, Q) = (75, 0.1, 0) and (65 0.3, 0.7). tion, how many of those secondary GCs can survive for how
long in the environment of a merger is another open issue.
SSP models have shown that metalliciffeets on the evo-
ISM abundances of local spirals at= 0. Also seen in Fig. 3 |ution of a GC depend both on wavelengtblor and on age.
is the dfect of a change in the cosmological parameters on thence, it is the interplay of age and metallicity that determines
redshift evolution of the ISM abundances. The transformatiae color and luminosity evolution of a secondary GC popula-
from time to redshift, of course, depends on the cosmologien in a way that is specific for each wavelength region.
cal parameters adopted, but among cosmologies currently dis-
cussed, like (lH=50,Q, = 1,Q4 = 0), (H, = 75,Q, = 0.1,
Qx =0),and (H = 65,Q, = 0.3,Q, = 0.7), the changes are
small, much smaller in fact than thefidirences among neigh-
boring spiral types. In this section, we present the color and luminosity evolution

Hence, secondary GCs formed out of this gas duringsecondary GC populations forming in spiral — spiral mergers
merger-induced starbursts are predicted to be the more medalarious redshifts. We combine the redshift evolution of spiral
rich the later the merger occurs, i.e. the younger the newM abundances with SSP models for the color and luminosity
formed GCs are at the present time, and the earlier the speatkallution of star clusters of various metallicities. We have to
type of the merging galaxies. Note that relaxing the closed-bkmow the ages that these clusters will have obtained by0
approximation and, e.g., admitting for infall of primordial gaso predict their present-day colors and luminosities for com-
at a rate either constant or continuously decreasing with gearison with observations. The relation between the time from
creasing redshift does not drasticallffezt our results. Once cluster formation at some redshiftntil today depends on the
SFRs are readjusted to again give agreement with present-dagice of the cosmological parametéts Q,, andA, and, at
galaxy properties, the broad cosmic age — metallicity relatitiigh redshift to some degree on the assumed redshift of galaxy
is essentially recovered. formationz, as well.

In our closed-box models, the gas content is meant to de- Table 1 shows the dependence of the relation between the
scribe the average total gas content in the corresponding galeegshift of formation of secondary GCs and their present-day
type, i.e. to include the Hl observed beyond the optical radiusage on the choice of the cosmological parameters within their
spiral disks. Nevertheless and in agreement with observatiorsitrently discussed ranges. Among models with (= 50,
decreases to low values as early-type galaxies reach ISM atfdp= 1, Aq = 0), (Ho = 75,Q0 = 0.1, A, = 0), and H, = 65,
dancesZ(% —1)- Z,. If these early-type galaxies merged nof2, = 0.3, A, = 0.7) age diferences at fixed redshift rarely
too long ago, no strong bursts and not much secondary cligach 25% and are much smaller at most redshifts. Hence, our
ter formation are expected due to the shortage of gas supfsigults are not strongly dependent on the specific cosmological
for SF. Galaxies of a given type may feature a wide range mfodel as long as it allows for an age of the old GC population
gas-to-stellar mass ratios and our models reproduce typical w&flabout 12 Gyr.
ues. The amount of gas beyond (and sometimes far beyond)
the optical r_ad|us, in particular, is not very well known yet foEl.l. Color evolution
representative samples of galaxies. How much of this gas may
move inward, how much of it may be involved in the starburdi Fig. 4 we present the colors iBE V), (V — 1), and  — K)
and what is the ratio of field star to cluster star formation mdgat an average secondary GC formed in spiral-spiral mergers

4. Colors and luminosities of secondary GCs
formed in spiral-spiral mergers
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at various timesedshifts will have attained by today. As we Colours of Secondary GCs
have seen in Sect. 2.3 thad ¢ V) color distributions do not 100 ‘ at the present time

give much more information beyond that containedBn-(V)

we do not discusd{ — V) here any further.

We also plot in Fig. 4 the mean colors together with ,1313,3,+‘, ,,,,,,,,,,,,,,,,,,,,,,,
their 1o ranges of the Milky Way halo GC system whichwe ~ °*®[ o ° , e ]
guoted as a reference for the universal primary GC population Pata a} ML SR
to explore in which cases secondary GC populations formed e, ba e
in a variety of galaxy mergers may be discriminated fromthe 7 oeo:-_______~ Y S
primary one pre-existing in the merging spirals and assumed * s
to be similar to the blue GC populations in the MW or M 31. P A
We recall that the abundances of our merging spiral models are ;| o5 N
average abundances of the respective galaxy types as measured *5d
at 1Ry. In case of particularly bright spirals, cluster formation
constrained to very central regions, or self-enrichment during
an extended starburst, GC abundances may be somewhat higher °*o0 10 20 30 20 5.0
and colors hence somewhat redder, in case of lower than aver- Cololeltj;hi(f)[fOfSGeal(?gyn'\(;Z?;gG Cs
age luminosity spirals or if formed out of material from be- atthe present time
yond~1 R secondary GCs may have slightly lower metallic- 1.40
ity and hence bluer colors than our simplified models predict.

GCs formed in an Sa — Sa merger at~ 0.2, i.e.
only ~3 Gyr ago, are predicted by our models to have a metal- % ..
licity [Fe/H] ~ —0.2 and, hence, to haveB(- V) ~ 0.86. PRI
Until z~ 1the higher ages that clusters then will have achieved | A YA
by today are balanced by their lower metallicities to keep _ AR E AL %e
(B - V) ~ constant. For clusters formed at> 1 the metal- = * N s, .
licity decrease wins against the age increase in terms of the osof e .
(B - V) evolution and clusters get bluer. GCs forming in merg- *ox ‘4 .
ers of the significantly less metal-enriched Sd — Sd mergers will +sa *
have much bluer colors, around ¢ V) ~ 0.65, if they form L e ) .
later tharz ~ 1.3 and even bluer if they form earlier than that. — A

Itis seen that for most types of galaxy mergersatl.5 the 0.40 ‘ ‘ ‘ L«
predicted B — V) color falls within the color range of the pri- 0o YO e calmy ;-grging 40 50
mary population. Only for mergers (of preferentially later spi- Colours of Secondary GCs
ral types) at redshifts 2 2.5 secondary GCs are expected to be at the present time
significantly bluer in B — V) than MW halo GCs. The low gas 350 ‘ ‘ ‘
content of early-type spirals at 1 will probably preclude the
format_lon of important populations of GCs significantly redder [ o o, .
today in 8 — V) than MW GCs. . * .

We conclude that in most cases it will be impossible to 2% e
identify a secondary GC population formed in spiral-spiral 250 -~ a2 2 —® g4 4]
mergers fronB — V color distributions of GCs associated with ¥ F e a0 .
their merger remnants. g o, Ta .

Comparison with the results fo(- 1) and § — K) col- 20 p—m e **%"”‘"*;*""""""’
ors reveals considerablefidirences. In those colors, there are s ¢
many more cases in which the color distributions of GCs as- | | o * :
sociated with a merger remnant are expected to reveal the sec- e
ondary GC population. .

In (V —1), relatively late mergers of early-type spirals 100 |- 5 55 5 m oo
atzz 0.5-1, i.e. before their gas content gets too low, may Redshift of Galaxy Merging

well produce GC populations with present-day colors reddﬁ@A.Presentday color®V), (V—1), and {/~K) of secondary GCs

than those of the primary pqpulatlon. GCs formlng in Iate'typfgrmed in mergers of various galaxy types occuring #tedent red-
mergers az 2 1-2 are predicted to be bluer iV(- 1) than  gpifis. Horizontal lines mark mean colors of MW GCs (solid) and their
the primary ones. For Sa — Sa mergerg atl, the increase 1 ; ranges (dashed lines). For individual GCs in M 31, e.g., observa-
of metallicity with decreasing redshift is seen to be overconignal color uncertainties as given by Barmby et al. (2000):001

in its reddening fect by the dominant blueing due to the sudn (B— V) and ¥ - I) and+0.02 in (V — K), comparable to the size
cessively lower present ages. Towards 2 cluster metallici- of our symbols.

ties get very low implying bluer colors despite their relatively
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high present ages. We conclude that chances to reveal a sec- Luminosities of Secondary GCs
ondary GC population in a merger remnant are slightly better
in V — I than inB — V. Depending on the redshift and type of

the merging galaxies, secondary GCs today may either be bluer * .
or redder inV — | than the primary population.

In (V —K), which in SSP models older thar2 Gyr is A R
seen to strongly split up with metallicity while remaining al- ® A ik xx %
most constant in time to-12 Gyr, dfects are even stronger. M
Essentially all mergers of earlier spiral typegzat 2 will leave
GCs significantly redder than the primary population due t
their higher metallicity. High-redshift mergers ¥ 1.5-2) of osa
later spiral types will leave GCs significantly bluer than the * o sb
primary population due to their very low metallicity. Hence, %[ *sd
chances to detect a secondary GC population in merger rem-
nants are significantly better vi — K than in the optical colors
and secondary GCs again may either be bluer or redder than -s.00 : : : :

. . 0.0 1.0 2.0 3.0 4.0 5.0
the primary population. Redshift at Merging

While mergers of early and intermediate spiral types Sa and Luminosities of Secondary GCs
Sb over the redshift range from® 0.5 throughz ~ 2 produce
secondary GCs with/ — | £ 1.1, none of our models really
reaches the averag¥ — | )eq ~ 1.2 color of the red GC sub- «
population in £SO galaxies (cf. Sect. 6). The same holds true in
V — K, for which our models reach3.0 at maximum, while the —9.50 ¢ *
red peak GCs in M87, NGC 3115, NGC 4365, and NGC 5846
are reported to sho@ — K)eq = 3.2, 3.0, 3.2, and 3.2, respec- =
tively by Kissler-Patig et al. (2002), Puzia et al. (2002), ancE
Hempel et al. (2002). This slight discrepancy is due to the fact
that our models can only give lower limits to the metallicity of
secondary GCs in three respects: first, our models do not con-
sider any enrichment during the burst but assume for simplicity -1050 r
that all clusters form with the gaseous metallicity at the onset
of the burst. Within burst durations of order®lyd some degree
of additional enrichment may well happen, although the cool- _,, ‘ ‘ ‘ ‘
ing timescales for the gas areffiult to assess. Second, our 00 1o o it at Mer;;’g 4.0 50
galaxy model metallicities refer to the average gas phase abun-
dance in an average luminosity spiral of its type. Spirals mdr#. 5. Present day luminosities M andK of secondary GCs formed
luminous than average will have higher gaseous abundané&gnergers of various galaxy types occuring affetient redshifts.
Third, spirals are known to have metallicity gradients and fjorizontal lines mark meacy,) and(M,) of MW GCs. For in-
secondary GC formation is concentrated to the inner regigiydua! GCs in M31, e.g., observational luminosities are uncertain

. . . y £0.13 mag inMy and by +0.20 mag inMk (cf. Barmby et al.

and dogs not involve m.u.Ch gas from beyondfketive .radlus 2001), while the intrinsic dispersion in the MW and M 31 GC LFs
of the dIS.kS, the metallicity of our secondary GCs will also b@a(Mv) ~ 1.3 mag (Ashman et al. 1995).
underestimated.
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4.2. Luminosity evolution L
y luminosities close tgMy, ). In all other cases, clusters are

Similarly as in Fig. 4 for the colors we present in Fig. 5 the [expected to be brighter than MW GCs in tieband by today.
minosities inV andK of clusters forming in mergers of various  In the K-band, the situation is fferent. Clusters pro-
spiral types at dferent redshifts. Normalisation of all modelsluced in mergers of all kinds of spirals in the redshift in-
is such that clusters with [FFel] = —1.35, the mean metallicity terval 2< z < 3 will have present-da-luminosities compa-
of MW GCs, also shoWMVO>gE’:VS= —7.3 atan age of 12 Gyr. rable to those of MW GCs. Due to the inverse metallicity
Figure 5 shows that for mergers of any type of galaxié&nd of K-band luminosity compared td, almost all merg-
there is a relatively broad redshift range{Z < 2) that pro- €rs atzs 1.5 produce clusters that are significantly brighter
duces clusters with comparabieband luminosity. Mergers than the average MW GC by today. Only very high redshift
occuring earlier or later than this produce clusters that, by t#ergers £= 3) — of late-type galaxies in particular — are ex-
day, are brighter due to lower metallicities or younger ages, Rected to produce GCs fainter theik, )L
spectively. Only early-type spiral mergers (Sa — Sh) in the red- The same reasons as given in the previous sections that im-
shift range B < z < 3 produce clusters which by today showply that our secondary cluster metallicities are lower limits lead
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us to expect that olr- andK-band luminosities are bright and5.2. Luminosity functions of GC systems in merger
faint limits, respectively. remnants

In Fig. 7 we show the present-d&y andK-band LFs of sec-
o ] ondary GCs formed in mergers of various spiral types @¢di
S. Qolor and luminosity evolution of GC systems ent redshifts. In th&/-band secondary GC LFsftér very little
In merger remnants from primary ones for Sa and Sb mergers, no matter at which
While in the previous section, we investigated the mean céﬁ—dSh'& th,\e}%,/\, obcctl;r.fGCs formeld in Sd me;geri a(rje brt|ghter
ors and luminosities of secondary GCs forming in mergers 1an (My, )¢, both for very early mergers at~ 4 (due to
now want to compare the color distributions and LFs of s,evt\cfle very low metallicity despite their old ages) and late ones
pa . . ; aﬁz ~ 0.2 (due to their young ages at still rather low metallic-
ondary GC populat|0n_s formed in mergers_of various splrﬁy). In K, GCs formed in late mergers, aroune 0.2, are sig-
types at di‘fgrent redshifts to those (?f the primary G.C Pop uﬁificantly brighter tharMk )%&., no matter what galaxy types
lation inherited from the merging spirals to find out in which re involved. If for reasons discussed above secondary GCs

cases bimodal distributions might be detected observationa\ﬂﬁ :
should be more metal-rich than our models assume, we expect

and n which cases a secondary po_pulann may .h'd.e amaidir v- andK-band turn-overs to occur at slightly fainter and
the primary one or just broaden their respective dIStI’IbutIOI'bS..

We will see that this is dierent for diferent colors, making fighter magnitudes, respectively.
multiband imaging including NIR a powerful approach to dis-
entangle GC populations. 5.3. Comparing color distributions and LFs

. As in Sect. 2 We again assume th"’?t both C.;C.popmebmparingthe LFs for secondary GCs forming in spiral-spiral
tions have the same intrinsic widths in their color distributions

e : mergers in Fig. 7 with those for secondary GCs with any arbi-

and LFs and neglect statistical and sampling errors. And ag 0, binati f d llicitv in Fig. 2 i
for the sake of clarity in the presentation and lack of betterra y com |nat|(_)no age and meta |_C|ty|n 9. 2, We see_strl i
ng differences in botN andK. Despite its considerable width

knowledge we assume that both populations contain compafe age — metallicity relation of spiral galaxies (cf. Fig. 3) acts
ble numbers of clusters.
to exclude most of the cases where the present-day LFs of sec-
ondary GC populations stronglyftér from the MW GC LFs,
5.1. Color distributions of GC Systems in merger both inV and K. This is not true for the color distributions.
remnants Comparing color distributions for secondary GCs with arbi-
trary combinations of age and metallicity (Fig. 1) and those
In Fig. 6 we present the present-day color distributiorier GCs produced in galaxy mergers (Fig. 6), we see that the
in (B-V), (V-1), and ¥ - K) predicted for secondary GCsmanifold of distributions is dferent, in particular itv — K, but
that formed in spiral—spiral mergers at various redshifts. et drastically reduced like in case of LFs.
also plot the observed color distributions of MW halo GCs as a Now let us compare the color distributions and LFs for sec-
reference for the primary GC populationin our mergers. We seedary GCs born in galaxy mergers. In contrast to the situation
that GCs formed in very early mergers< 4) are always bluer for arbitrary combinations of ages and metallicities (Sect. 2.5)
by today than MW GCs in any color, no matter what kind afshere bimodal LFs were found in cases where the color dis-
spiral type was involved in the merger. This is due to the vetsibutions were either bimodal or even single-peaked, we here
low metallicity [Fe/H] < —2 that these GCs have, which issee thatv-band LFs appear single-peaked in most cases, in-
in fact lower than that of the MW GCs. Born with increasingluding those which clearly show bimodal color distributions.
metallicity towards lower redshift, these secondary GCs th@nly in case of either extremely early mergers ofSkegalax-
end up redder despite the lower ages they can achieve uiei atz = 3 or 4 or of Sd — Sd mergers — at all epochs —
z= 0. This dfect is, of course, stronger in earlier spiral typea secondary brighter peak might marginally be identified in
because of their stronger enrichment. GCs forming in Sd — fidh GC systems observed with good photometric accuracy
mergers always remain bluerBr- V andV — | than MW GCs (1o errors < 0.2 mag).
and reach at most the MW GCZ - K color because of the slow  This result is a consequence of the restricted range of age
enrichment in those galaxies. — metallicity combinations in spiral mergers, i.e. of what we
Figure 6 shows that the color distributions of secondagglled the cosmic age — metallicity relation for spiral galaxies.
GC systems are bluer than those of the MW GCs for all velyis very important since it “saves” the method of distance de-
early mergers az ~ 4 and Sd-Sd mergers at> 2, they are termination using GC LFs and, in particular, their “universal”
hidden in the primary GC color distributions for Sa-Sa merddrn-over magnitude&My, ) — at least if the bimodal GC distri-
ers atz ~ 3, Sb-Sb mergers at:8z > 2, and Sd-Sd mergers atbution is caused by a spiral-spiral merger.
z ~ 0.2. Color distributions of secondary GCs finally are red- We note that other scenarios for the formation of secondary
der than those of MW GCs for Sa-Sa mergerz at2 and GCs populations than the spiral — spiral merger scenario may
Sb-Sb mergers @< 1, most notably iV — K. We recall that also leave the LF of the resulting total GC population unaf-
for reasons detailed in Sect. 4.1. our secondary GC mdel daeted, provided the secondary GCs form from material that
ors are expected to mark the blue limit of the true secondamymehow obeyed an age — metallicity relation similar to the
GC color distributions. one we are using here.
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Fig. 6. Color distributions inB - V), (V - I) and § - K) of secondary GC populations in mergers of various spiral typedfateint redshifts.
Sa — Sa mergers (1st column), Sb — Sb mergers (2nd column), Sd — Sd mergers (3rd column). The thick solid line shows the correspot
MW halo GC color distributions for reference.

In K-band LFs, however, secondary GCs should be der all ages the relations steepen at [A¢ > -0.5, for
tected more easily, at least for rather recent mergers and thdslensofHST colors 8- V), (V - 1), (V - K) as well as for
that produced high metallicity clusters. Stroemgremy, (but not for Washington C-T1) (cf. Schulz et al.

Again we see that multi-band imaging of large enoug@poz, Figs. 9, 10). Hence, unless a GC system is known to be
GC populations with good photometric accuracy may allow fJd in its entirety ¢ 10 Gyr), additional NIR data are required to
extract information about cluster formation epochs and metégsolve the age-metallicity degeneracy, not only for broad-band
licities and, hence, shed light on the violent star formatidiplors, butalso for Washington or Stroemgren photometry. Our
epochs of their parent galaxies. Filter systems particularly seémsP models include these filter systems and allow the results of
sitive to metallicity (in late evolutionary stages) and age lik&is paper to be readily extended in this respect.

e.g. the Washington or Stroemgren systems may even be bet-

ter s.uited for.this purpose. We caution, however, that the COBy Future prospects

ventional calibrations, e.g. of the Washington color C-T1 or

of Stroemgrenm, in terms of metallicity [F¢gH], are empiri- Within the framework of an ESST-ECF ASTROVIRTEL
cally derived from MW GC data, i.e. valid only for GCs as olgroject (Pl R. de Grijs) we are currently collecting multi-
as~12 Gyr and with metallicities [F#H] < —0.5. Comparison wavelength LFs and color distributions for GC and young star
with theoretical calibrations obtained from SSP evolutionagiuster systems in a large variety of nearby galaxies from bona
synthesis models by Schulz et al. (2002) show that 1. for cldgde old E and SO galaxies/&0s with fine structure or kine-
ter agess10 Gyr the calibrations change significantly and 2natic peculiarities, merger remnants, all through interacting
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Fig. 7. Luminosity evolution inV (top panely andK (lower panel} of secondary GC populations in mergers of various spiral typesfatelt
redshifts. Sa — Sa mergers (1st column), Sb — Sb mergers (2nd column), Sd — Sd mergers (3rd column). The thick solid line shows the
corresponding MW GC LFs for reference.

galaxies with ongoing starbursts. This will provide a uniqué. First comparison with observations
database to explore the universality or environmental depen-
dence of GC LFs, the number of distinct cluster populations @éile the detailed comparison of the models presented here
well as their respective metallicities and ages, and should with multi-wavelength data for star cluster systems will be the
timately give information about the violent star formation hissubject of a series of forthcoming papers (cf. Anders et al.
tories of all these galaxies and, hence, shed light upon gala3803a,b), we present a very first example here for illustration.
formatien scen_arios. The work presented here is meantto be theWe choose to use some of tieand|-band data presented
theoretical basis for our analysis of the ASTROVIRTEL databy Larsen et al. (2001) for their sample of 17 local early-type
It is also very important to obtain spectra of reasonabifylaxies. They find that in nearly all cases two Gaussians al-
numbers of GCs both in systems with bimodal and with rigaw for a significantly better fit to th&/ — | distributions of
unimodal color distributions, to reveal if they contairfrdi- the cluster systems than a Sing|e one. They have three ga|ax_
ent metallicity subpopulations that — for specific ages — m@ys in their sample with clear bimodality in th¥ ¢ I) color
perfectly hide within one inconspicuous peak of the color digistribution, more than 100 GCs in each of the two peaks,
tribution, as we have shown. This is well feasible now oyndV-band LFs Separate|y determined for GCs from the red
to more than Virgo cluster distances e.g. with VLT multiand blue peaks: NGC 4472, NGC 4486, and NGC 4649. Their
object spectroscopy over large fields and of GCs preselectfge peakV - I) values span the very small range from 0.943
on HST images. to 0.954, their red peakV — 1) values range from 1.196
We feel that these first and very simplified models providbrough 1.207. Larsen et al. fitfunctions to the blue- and red-
a useful tool for the interpretation of GC color distributionpeak GC populations separately. They chose tdgs&enctions
and LFs. They clearly need to be extended to mergers amamgjead of Gaussians but show that this does fiettthe turn-
galaxies of diferent types, including gas-rich irregular, dwarfover magnitudes resulting from the fit. For the 3 galaxies we se-
and LSB galaxies. lected above, they presetitly, ) values for blue- and red-peak
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Table 2. Observed properties of blue- and red-peak GCs in 3 galaxigsble 3. Predicted properties for blue- and red-peak GCs from our
from Larsen et al. 's (2001) sample. models for dfferent possible combinations of metallicity and age
([Fe/H], age [Gyr]) for the red-peak GCs.

NGC (V-1), (V-Iy Ny N AMy

4472 0.943 1.207 277 255 05 ([FeH], age [Gyr]) AMv)pred (V= K)pred

4486 0951  1.196 334 375 0.22 Blue Red Blue Red

4649 0954 1206 176 169 0.26 (-14,12) (=03, 12) 04 24 32

(-14, 12) (+04,25)  -0.3 24 36

(-14,12) ( Q 4) -0.1 24 33

clusters obtained from a two-parameter ¥(;), o(My)) and (-14,12) (=04, 7) 01 24 3.0

a one-parameter fit withr fixed ato(My) = 1.1 mag, the dis-
persion for MW GCs (Secker 1992). They argue that in view
of outlying data points, inaccurate contamination/and¢om-
pleteness corrections, etc., the one-parameter fit probablygiﬁﬁfgmtudesl In all three galaxies, NGC 4472, NGC 4486,
more accurate turn-over magnitudes. Therefore we use thggeC 4649, the red-peak GCs are observed to be fainter
values foKMy). than the blue-peak ones hyMy = 0.5, 0.2, and 0.3 mag,

In Table 2 we summarize the meaW { K) colors of respectively (cf. Table 2). This may be used to rule out the
the blue and red GC populationéy — K)p and (V — K);, metal-rich and young red cluster solutions0{, 0.25 Gyr)
their respective numberdl, and N;, and the dierences and (Q 4 Gyr) since their mode{My) are predicted to be
AMy = (My)red — (Mv)biue in the turn-over magnitudes of theprighter by 0.3 and 0.1 mag, respectively (cf. Table 3). Most
separate LFs of the blue- and red-peak GCs for those thegehe red cluster solutions-0.4, 7...13 Gyr) implying that
galaxies from Larsen et al. 's work. red clusters should be fainter than blue ones by 0.1 (7 Gyr)

Assuming an age of 12 Gyr for the blue peak clusters inte 0.6 mag (13 Gyr) are compatible with the observed turn-over
plies metallicities — as derived from our models — of [Ag=  differences. This clearly shows that the availability of distinct
-1.39. .. -143. If they had the same age of 12 Gyr as thigFs for the blue and red GC subpopulations significantly re-
blue clusters, we would derive metallicities for the red clustegisices the number of acceptable metallicity—age combinations,
in the range-0.27 . . . —0.33. Barmby et al.'s (2000) empiri- as already pointed out by Puzia et al. (1999), provided that both

(14, 12) (0.4, 13) 06 24 31

cal relation for MW GCs leads to [Fel] = -1.36...-141 subpopulations have the same characteristic cluster masses.
for the blue and [FEH] = -0.30. .. —-0.39 for the red GCs, While our models predictV — K), ~ 2.4 for the blue-
respectively. peak GCs at ages 12 . . . 14 Gyr and metallicities Hje=

Hence, the/ — | colors of the blue peaks in all three galax~1.4. . .—1.5, their predictions foxV — K), for the red-peak
ies are well compatible with an age of 12 Gyr and metaCs diverge significantly among thefidirent metallicity — age
licities very close to the mean metallicity of the M 31 hal@airs that are compatible with the obserysd- 1),.

GCs([Fe/H]) = —1.43, as determined by Barmby et al. (2000). If the red-peak GCs are 12 Gyr old as the blue ones and
Raising the ages of the blue peak clusters from 12 to 14 Gyave [F¢H] = -0.3, our models predict they should have
would decrease their metallicities +d.47...-1.53, i.e. close (V - K) = 3.2. If they are very metal-rich and young ([F4] =

to those of the Milky Way halo GCs. +0.4, age= 2.5 Gyr), they should shogV — K) = 3.6. At solar

Whether it is reasonable to assume identical ages for twetallicity and an age of 4 Gyr they should h&ave- K) = 3.3
GC populations clearly distinct i — | is certainly a matter and at [F¢H] = —0.4 and ages of 712 Gyr they are expected
of debate. We therefore explore the range of age — metallicity show(V — K) = 3.0. Hence, K-band observations should
pairs compatible with a red — | color peak aroundVv — 1), ~ allow to significantly further reduce the range of possible age—
1.2. Pushing to the extreme, the red GC population could hawetallicity combinations, no matter if or if not the red- and
a metallicity as high as [Fél] = +0.4 and an age as youngblue-peak GCs have the same characteristic masses.
as~2.5 Gyr. At solar metallicity, it would be-4 Gyr young
and at [F¢H] = —0.4 it may have ages in the range I3 Gyr 7 Conclusions
because th& — | evolution of the SSP is very flat in this age -
range. In the local Universe, the formation of populous systems of

Our models, however, predict both significantlyffei- compact bright star clusters is a characteristic feature of vigor-
ent(V — K) colors and turnover magnitudé®ly) for the red ous starbursts generally accompanying gas-rich galaxy merg-
GCs at the dterent age—metallicity combinations allowed byrs. At least some fraction of these star clusters probably sur-
their(V —1I). In Table 3 we present the predictions of our modsves for many Gyr and forms a secondary GC population in
els for the turn-over dierences AMv)pred @and for the mean addition to the primary one(s) inherited from the merged galax-
(V = K)pred colors of the blue and red GC subpopulations faes. The metallicity of a secondary GC system is determined by
the diferent combinations of metallicity and age compatiblgae enrichment of the gas in the interacting or starburst galaxy
with Larsen et al. 'SV — I);. at the time of the burst. Hence, we expect GC systems to record

In the case of equal age blue- and red-peak clustevaluable information about the violent star formation episodes
our models yield a dference of 0.4 mag in their turn-overin the history of their galaxies.
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Different galaxy formation scenarios implyfférent pre- In a second step we use a very basic age — metallicity re-
dictions for the age and metallicity distributions of GCs. Ifation for the ISM in normal spiral galaxies to predict metal-
the monolithic early collapse scenario, we expect essentidilyities of secondary GCs forming in spiral — spiral mergers
one population of GCs, all of similar age and metallicity. lbver cosmological times. This relation describes the successive
one or a few major gas-rich mergers have built up a galaghemical enrichment of the ISM in simple spiral galaxy mod-
we expect at least two fierent GC populations. Purely stellarls. It is broad, extending from low-metallicity late-type spirals
mergers would only combine the primary GC systems of theé@r high-metallicity early-type ones at any given age, and has
progenitor galaxies. If a galaxy is formed by a prolonged abeen shown earlier to provide agreement with the redshift evo-
cretion process from a number of subgalactic fragments, miuition of the neutral gas abundances in Damped &lgsorbing
tiple GC populations may result and not necessarily a bimodgllaxies as well as to naturally link those to the characteristic
GC color distribution. HIl region abundances in various local spiral galaxy types. On

Color distributions of the majority of GC systems arounthe basis of this broad age — metallicity relation for the ISM in
luminous early-type galaxies are found to be bimodal, theipirals we calculate the color and luminosity evolution of sec-
blue peaks seem to be fairly universal and very similar to thatafidary GC populations assumed to form in the strong starbursts
the Milky Way halo GCs. Luminosity functions of GC systemaccompanying spiral — spiral mergers at various redshifts.
around early-type galaxies, however, are conventionally as- ) )
sumed to feature one fairly uniform turn-over that can be used Again, we study for which of all those mergers a second
for distance measurements and determinations of the Hubfe Population would be detectable in terms of broad band col-
constant. The age — metallicity degeneracy of broad band colBFg @gainst those of the primary population from the progenitor
precludes a direct conversion from color to metallicity. GC su@laxies and we check their LFs. We find that, due to their rel-
populations of dferent ages and metallicities may be hiddedtively low metallicities, GCs formed in late-tpe spiral mergers
within one color peak, and it is a priori not clear if GCs in a re$ill result in a bluer peak in color distributions if they occur
peak are older and as metal-poor as those in the blue peaRig~ 2-3, but hide within the color distribution of the primary
younger and more metal-rich than those. GCs for more recent mergers. Only for mergers of early spiral

In a first step, results from evolutionary synthesis modei¥Pes (Sa — Sb) a < 1-2, the secondary GCs will populate a

for cluster populations of various metallicitites — assuming &hstinctly redder peak.
intrinsic width of the color distribution constant in time at the

value observed for the Milky Way and M 31 — show how theH‘ror the gas in spirals reduces the manifold of possible combina-

f;éor;e:lﬁ?é)c\)/;s fa:(r)i?otr)mh\jv?tf trheéj ’b?f:ez(;“l? %;)Ph?i;ﬁwc%ﬁgns in the shapes of color distributions and LFs. It eliminates
y age, P b y e bimodal LFs and only leaves single-peak LFs, also in cases

halo GC population. We find that colorftrences to the MW where the color distributions clearly are bimodal. This is the

halo GC reference peak are verffdrentin diferentcolorsand i - ohcerved e.g. in NGC 4472 and M 87NGC 4486)
that the NIR is very useful in splitting up two GC populations N i : .

. o . : . and thus “saves” the method of distance measurement using
of different ages and metallicities that in the optical are hidd

o . LFs. We note that this is also true for secondary GC for-
within one color peak. Hence, accurate multi-wavelength pho-_..~ " ; . .
mation in other scenarios than that of spiral — spiral mergers

tqmetry, including NIR, of GC sysFelms will allow to Ia.rgelydiscussed here, provided that the secondary GCs follow an age
disentangle dierent age and metallicity GC subpopulations. ~ metallicity relation similar to the one adopted here.

We also calculate the evolution of GC LFs in various pass-
bands for GC systems of various metallicities assuming that the pqy jjustration we show as a very first example the appli-

width of a luminosity function is constant in time and given b¥ation of our model results to thé— | color distributions and
a universal Gaussian GC mass function like the one observe@land LFs of NGC 4472, NGC 4486, and NGC 4649 pre-
for the MW GCs. Again, we show how the peaks of the LRsanted by Larsen et al. (2001). While the availability of only
move from brighter to fainter magnitudes as a GC populatige color leaves a wide range of possible age—metallicity com-
ages, in a way that depends on the metallicity of the GC sy§inations for the GCs in the red peak of these galaxies, this
tem and on the wavelength band observed. In comparison Wjffge range is already narrowed down by the observed dif-
the MW GC LF we identify combinations of age and metallictarences in thev/-band LEs of the blue- and red-peak GCs.
ity for wh_ich one inconspicuous peak, a broadened one, or tyo_ K colors predicted by our models diverge significantly
peaks might be detected. among the remaining possible age—metallicity combinations.
Comparing color distributions and LFs of secondary GGgygitional K -band observations are thus expected to finally re-
with arbitrary combinations of metallicities and ages with thosg)ye the age—metallicity degeneracy and allow ages and metal-
of the MW halo GCs we find that all possible combinationgities of the secondary GC populations to be separately deter-
may occur: inconspicuous single-peak (optical) colour digjined, hence, shedding light on the formation epochs of their

tributions  and LFs, single-peak color distributions with biparent galaxies and the pre-enrichment histories of the building
modal LFs, bimodal color distributions with single-peak LFggcks.

as well as both — color distributions and LFs — bimodal. Neither

bimodal nor particularly broad GC LFs have been reported so The results presented here are currently used in the interpre-
far for elliptical or SO galaxies. They would be a serious prolbation of multi-color GC LFs and color distributions provided
lem for distance measurements and the determinatiblof by an ES@ST-ECF ASTROVIRTEL project (Pl R. de Grijs).

Intriguingly, the assumption of an age — metallicity relation
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