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Star cluster formation and evolution in nearby starburst galaxies — II.

Initial conditions
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1 INTRODUCTION

1.1 Star cluster formation in intense starbursts

ABSTRACT

We use the ages, masses and metallicities of the rich young star cluster systems in the nearby
starburst galaxies NGC 3310 and 6745 to derive their cluster formation histories and subsequent
evolution. We further expand our analysis of the systematic uncertainties involved in the use
of broad-band observations to derive these parameters (Paper I) by examining the effects of a
priori assumptions on the individual cluster metallicities. The age (and metallicity) distributions
of both the clusters in the circumnuclear ring in NGC 3310 and of those outside the ring are
statistically indistinguishable, but there is a clear and significant excess of higher-mass clusters
in the ring compared to the non-ring cluster sample. It is likely that the physical conditions
in the starburst ring may be conducive for the formation of higher-mass star clusters, on
average, than in the relatively more quiescent environment of the main galactic disc. For the
NGC 6745 cluster system we derive a median age of ~10 Myr. NGC 6745 contains a significant
population of high-mass ‘super star clusters’, with masses in the range 6.5 < log(M/M@) S
8.0. This detection supports the scenario that such objects form preferentially in the extreme
environments of interacting galaxies. The age of the cluster populations in both NGC 3310
and 6745 is significantly lower than their respective characteristic cluster disruption time-
scales, respectively log(¢4%/yr) = 8.05 and 7.75, for 10* Mg clusters. This allows us to obtain
an independent estimate of the initial cluster mass function slope, & = 2.04(£0.23)* 3 for
NGC 3310, and 1.96(£0.15) & 0.19 for NGC 6745, respectively, for masses M. = 10° Mg
and My > 4 x 10° M. These mass function slopes are consistent with those of other young
star cluster systems in interacting and starburst galaxies.

Key words: galaxies: individual: NGC 3310 — galaxies: individual: NGC 6745 — galaxies:
starburst — galaxies: star clusters.

& Vacca 1996; Watson et al. 1996; Carlson et al. 1998; de Grijs,
O’Connell & Gallagher 2001; de Grijs et al. 2003d). Their sizes,
luminosities and — in several cases — spectroscopic mass estimates
are entirely consistent with what is expected for young Galaxy-type

The production of luminous, compact star clusters seems to be a
hallmark of intense star formation. Such young clusters have been
identified in intense starburst regions in several dozen galaxies, of-
ten involved in interactions (e.g. Holtzman et al. 1992; Whitmore
et al. 1993; O’Connell, Gallagher & Hunter 1994; Conti, Leitherer
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globular clusters (GCs; Meurer 1995; van den Bergh 1995; Ho &
Filippenko 1996a,b; Schweizer & Seitzer 1998; de Grijs et al. 2001;
de Grijs, Bastian & Lamers 2003a).

Itis possible, even likely, that a large fraction of the star formation
in starbursts takes place in the form of such concentrated clusters (see
e.g. de Grijs et al. 2001, 2003d, for a discussion). Young compact
star clusters are therefore important because of what they can tell us
about GC formation and evolution (e.g. destruction mechanisms and
efficiencies). They are also important as probes of the history of star
formation, chemical evolution, initial mass function (IMF) and other
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physical characteristics in starbursts. This is so because each cluster
approximates a coeval, single-metallicity, simple stellar population
(SSP). Such systems are the simplest to model, after individual stars
themselves, and their ages, metallicities and — in some cases — IMFs
can be estimated from their integrated spectra.

In de Grijs et al. (2003c, hereafter Paper I) we developed a re-
liable method to determine cluster ages, masses, metallicities and
extinction values robustly and simultaneously based on imaging
observations in a minimum of four broad-band passbands covering
the entire optical wavelength range from the U to the / band or
their equivalents in non-standard passband systems. We tested our
method using the ~150 clusters in the centre of the nearby star-
burst galaxy NGC 3310, and confirmed the previously suggested
scenario that NGC 3310 underwent a (possibly extended) global
burst of cluster formation ~3 x 107 yr ago, likely triggered by the
last tidal interaction or merger with a low-metallicity, gas-rich dwarf
galaxy (see Paper I).

However, in determining the cluster formation history from the
age distribution of magnitude-limited cluster samples, cluster dis-
ruption must be taken into account. This is because the observed age
distribution is that of the surviving clusters only. In this paper, we
will therefore embark on a further analysis of the formation history
of the NGC 3310 cluster system and its subsequent evolution. We
will also apply our method to the star clusters and star-forming re-
gions in the interacting galaxy NGC 6745 (the Bird’s Head Galaxy),
and interpret its cluster formation history in the context of its recent
tidal encounter and of cluster disruption.

1.2 An empirical description of cluster disruption

As shown by Boutloukos & Lamers (2003, hereafter BL03), and
applied to the fossil starburst cluster sample in M82B by de Grijs,
Bastian & Lamers (2003b), with only a few well-justified assump-
tions, the mass and age distributions of a magnitude-limited sample
of star clusters in a given galaxy can be predicted both accurately
and robustly, despite the complex physical processes underlying the
assumptions (for a full discussion see BL03). If all of the following
conditions are met, then it can be shown easily that the age dis-
tribution of the observed cluster population will obey approximate
power-law behaviours.

(i) The cluster formation rate, dN(M)/dr = SM_“, is constant.

(ii) The slope « of the cluster IMF is constant among cluster
systems, with N(M ) dM o« M* dM.

(iii) Stellar evolution causes SSPs to fade as F, ~ t~¢, as pre-
dicted by theoretical cluster evolution models.

(iv) The cluster disruption time depends on their initial mass as
tas = 195(Ma/10* M)”, where 1§ is the disruption time-scale of
a cluster with initial mass My = 10* Mg.

It is well established, however, that the disruption time-scale
depends not only on mass, but also on the initial cluster density
and internal velocity dispersion (e.g. Spitzer 1957; Chernoft &
Weinberg 1990; de la Fuente Marcos 1997; Portegies Zwart et al.
2001). Following the approach adopted in BLO3 and de Grijs et al.
(2003b), we point out that, if clusters are approximately in pressure
equilibrium with their environment, we can expect the density of all
clusters in a limited volume of a galaxy to be roughly similar, so
that their disruption time-scale will predominantly depend on their
(initial) mass (with the exception of clusters on highly eccentric or-
bits). In the opposite case that the initial cluster density o depends
on their mass M in a power-law fashion, e.g. p ~ M7, with x being

the (arbitrary) power-law exponent, the disruption time-scale will
also depend on mass if 45 ~ Mg o (BLO3).

The observed cluster age distribution will obey the following
approximate power-law behaviours:

(i) dNg/dt o< 2= for young clusters as a result of fading; and
(ii) dN/dr oc '~/ for old clusters as a result of disruption.

Similarly, the mass spectrum of the observed clusters will be:

(1) dNg/dM « Mi{/ 97 for low-mass clusters as a result of
fading; and

(i) dNg/dMy o< ML for high-mass clusters as a result of
disruption.

Thus, both distributions will show a double power law with slopes
determined by «, ¢ and y. The crossing points, f¢yoss and M o5, are
determined by the cluster formation rate and by the 73 time-scale.
In these expressions, N is the total number of clusters in a given
sample, and so dN/dM . and dN/dt are the numbers of clusters
per constant bin in mass and age, respectively.

In BLO3 and de Grijs et al. (2003b) we showed that the observed
age and mass distributions of the star cluster systems in a number of
well-studied galaxies indeed show the predicted double power-law
behaviour, where applicable modified by a non-constant (bursty)
cluster formation rate. From the analysis of these observed distribu-
tions, BLO3 showed that the value of y is approximately constant,
(y = 0.62 £ 0.06), under the very different environmental con-
ditions in their sample galaxies, but the characteristic disruption
time-scales (i.e. t3*) differ significantly from galaxy to galaxy.

In Section 2 we will derive the formation history of the NGC 3310
cluster system; we will distinguish between star clusters in the star-
burst ring and those detected outside (Section 2.1), and interpret our
results in the context of star cluster disruption processes and time-
scales (Section 2.2). We will then discuss the system of young star
clusters and star-forming regions in NGC 6745 in Section 3 in the
context of its very recent tidal encounter with a small companion
galaxy (Section 3.2), and explore the cluster properties in the frame-
work of their disruption history (Sections 3.3 and 3.4). As we will
see, both cluster systems are too young to have already undergone
significant disruption, so that we are in fact observing their proper-
ties in close to initial conditions. We will discuss the derived slopes
for the initial cluster mass functions for both galaxies in the general
context of star cluster formation in Section 4, and then summarize
our results and conclusions in Section 5.

2 MEASURING THE INITIAL CLUSTER MASS
FUNCTION SLOPE IN NGC 3310

In Paper I we obtained robust age and mass estimates for ~150
star clusters in the nearby starburst galaxy NGC 3310. We used a
number of passband combinations based on archival Hubble Space
Telescope (HST) observations from the ultraviolet (UV) to the near-
infrared (NIR) to achieve this. In this paper, we will use these age
and mass estimates to derive further details of the clusters’ formation
history and their subsequent evolution.

Fig. 1(a) shows the distribution of the NGC 3310 clusters in the
age versus mass plane. The solid line overplotted on the figure
shows the expected effect of evolutionary fading of an instanta-
neously formed SSP. The fading line shown is based on zero ex-
tinction, and applies to an observed cluster system with a limit-
ing magnitude of V = 21 at the distance of NGC 3310 (m — M =
30.57; see Paper I), and our adopted, Salpeter-type IMF (with

© 2003 RAS, MNRAS 343, 1285-1300
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Figure 1. (a) Distribution of the NGC 3310 clusters in the age versus mass plane. Overplotted is the expected, age-dependent detection limit. This model
prediction is based on a detection limit of mpgoew ~ V = 21 (see text) and (m — M)ngc3z10 = 30.57, assuming no extinction. The features around 10 Myr are
caused by the appearance of red supergiants. (b) and (c) Distributions of, respectively, the ages and masses of the compact clusters in the centre of NGC 3310.
The open histograms, with their associated Poissonian error bars, represent the full cluster sample; the shaded histogram in panel (b) corresponds to the clusters
with masses greater than log(M /M) = 5.0, indicated by the horizontal dotted line in panel (a), and the shaded histogram in panel (c) represents the youngest
clusters, log(Age/yr) < 7.65, corresponding to the data points to the left of the vertical dotted line in panel (a). The uncertainties are of the order of the histogram

bin sizes.

stellar masses m in the range 0.15 < m/Mg < (50-70), the up-
per limit depending on the metallicity and determined by the mass
coverage of the Padova isochrones), predicted by the Gottingen SSP
models (Schulz et al. 2002, updated to include nebular emission by
Anders & Fritze-v. Alvensleben 2003; see also Paper I). The pre-
dicted lower limit agrees very well with our data points.

Because of the way in which we performed our cluster selection
in Paper I, our adopted photometric completeness limit is ultimately
determined by the interplay of two effects. These include the pho-
tometric depth of the shallowest exposure for which we required
genuine source detections (i.e. the F300W image, for which we de-
termined an average 90 per cent completeness fraction at V =~ 22;
see fig. 1 in Paper I) and the further loss of completeness due to the
final, visual verification of the cluster candidates detected automat-
ically. We conservatively estimate this latter step, which dominates
the V-band photometry, to reduce our sample completeness by of
order one more magnitude (see the detailed discussion on complete-
ness effects for the analysis of the M51 cluster system in N. Bastian
etal., in preparation), so that the limiting magnitude at ~90 per cent
completeness for the full sample of NGC 3310 clusters is V =~ 21.

For a nominal extinction of Ay = 0.2 mag (see Paper I), the
detection limit will shift to higher masses by Alog(M./Mp) =~

© 2003 RAS, MNRAS 343, 1285-1300

0.08, which is well within the uncertainties associated with our
mass determinations.

Figs 1(b) and (c) show the distributions of, respectively, the ages
and masses of the compact clusters in the centre of NGC 3310. The
uncertainties in our fitting results are of the order of the histogram bin
sizes (Paper I). The open histograms, with their associated Poisso-
nian error bars, represent the full cluster sample, whereas the shaded
histograms show the effects of adopting a fixed age or mass cut-off.
The shaded histogram in Fig. 1(b) corresponds to the clusters with
masses greater than log(M /M) = 5.0, as indicated by the hor-
izontal dotted line in Fig. 1(a) (arbitrarily chosen), and the shaded
histogram in Fig. 1(c) represents (for an arbitrary age cut-off) the
youngest clusters, log(Age/yr) < 7.65, corresponding to the data
points to the left of the vertical dotted line in Fig. 1(c). The age-
and mass-dependent completeness limit introduces some skewness
into the age and mass distributions compared to fixed age and mass
cut-offs.

2.1 Starburst ring versus non-ring clusters

The morphology over a wide range of wavelengths (from X-rays to
radio waves) of the central regions of NGC 3310 is dominated by a
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bright, relatively dense ring-like structure containing a large number
of actively star-forming regions and young star cluster candidates
(see Paper I for a review). Conselice et al. (2000) suggested a bar-
driven origin for the active starburst in the ring, combined with
the recent infall of a companion galaxy. Such a scenario provides
a natural explanation for the low metallicity observed in the star-
forming knots near the galactic centre (see Paper I for an overview),
while it also explains why we observe concentrated star formation
in star clusters or luminous H 11 regions in such a tightly wound
ring-like structure surrounding the centre (e.g. van der Kruit & de
Bruyn 1976; Telesco & Gatley 1984; Pastoriza et al. 1993; Meurer
etal. 1995; Smith et al. 1996; Conselice et al. 2000; Elmegreen et al.
2002), coinciding with the end of the nuclear bar (Conselice et al.
2000, but see Diaz et al. 2000), but not inside this ring.

2.1.1 A comparison of basic properties

We identified 82 of the 147 star clusters in our sample to coincide
with this circumnuclear ring, with the 65 remaining objects being
located outside this starburst ring. In Fig. 2 we compare the basic
properties of these cluster samples. The peaks in the age distributions
are observed at log(Age/yr) = 7.45 and 7.43 for the clusters in and
outside the ring, respectively, with corresponding Gaussian sigmas,
oG, of 0.40 and 0.38 in logarithmic age space. However, while the
age (and also the metallicity) distributions of both cluster samples
are statistically indistinguishable, the ring clusters appear to peak at
slightly greater masses than those found outside the ring: the mass
distribution of the clusters in the ring peaks at log(M /M@ ring =
5.29, versus 10g(M /M@ )non-ring = 3.13 for the clusters outside
the ring. Their Gaussian sigmas are also significantly different, at
0 Ging = 0.32 and 0 G, non-ring = 0.51, respectively.

We examined whether this difference could be due to a spatial de-
pendence of the completeness fraction, in the sense that one might
expect a lower completeness in the ring area with its higher back-
ground flux than outside the ring. This difference in the mean (log-
arithmic) mass corresponds to a difference in the peak of the cluster
luminosity function (CLF), in any passband, of Am i >~ 0.4 mag,
and the difference in the Gaussian sigmas of the distributions is also
in the sense expected if this were due to different and variable levels
of completeness. We examined the mean surface brightness levels
in and outside the starburst ring, respectively, both in the F606W
image and in the slightly shallower F300W passband. The differ-
ence in the mean surface brightness levels between the starburst ring
and the area outside the ring iS A(X on-ring — Zring) ~ 0.3-0.9 mag

arcsec 2 and ~0.1-0.8 mag arcsec? in the F300W and F606W
images, respectively, based on a per-pixel comparison.

The overabundance of low-mass clusters outside the ring com-
pared to their counterparts in the starburst ring might therefore (at
least partially) be due to a spatial dependence of the completeness
fraction. However, there is a clear and significant excess of higher-
mass clusters (5.25 < log(Ma/M@) < 5.75) in the ring compared
to the non-ring cluster sample, even after taking the systematic un-
certainties in our mass estimates into account (the estimated ~ 1o
systematic uncertainties are of the order of the histogram bin sizes).
Ifboth the ring and the non-ring cluster populations were drawn from
the same parent population, one would not expect to observe such
large differences, and thus it appears that the physical conditions
in the starburst ring, such as caused by the effects of the proposed
bar-driven instabilities, the higher density of the interstellar medium
(ISM), and the associated higher likelihood to encounter significant
propagating shock waves, may be conducive for the formation of
higher-mass star clusters, on average, than in the relatively more
quiescent environment of the main galactic disc. Thus, the origin of
the differences in the global mass distributions at the high-mass end
of the two cluster samples is most likely found in their respective
ISM properties.

If the cluster formation in the starburst ring were predominantly
due to the bar-driven instabilities suggested by Conselice et al.
(2000), one would, to first order, expect a narrower age distribution
for the clusters in the ring with respect to that of the non-ring clusters
in the general field of the central galactic disc. However, both age
distributions are characterized by a median age of (log(Age/yr)) =~
7.5 (~30 Myr), and an age spread of og(log(Age/yr)) >~ 0.4
(~70 Myr, from ~80-10 Myr ago). Furthermore, if we examine
the age distributions of the clusters in linear age space, it appears
that clusters both in and outside the starburst ring have been forming
approximately constantly, but at a ~2-3 times higher level during
the past ~40 Myr than before. Thus, we conclude that the starburst
producing the NGC 3310 ring clusters has been ongoing for at least
the past 40 Myr, at an approximately constant cluster formation
rate during the burst period. Star cluster formation has proceeded
at a similar rate in the general central disc of the galaxy; owing to
the extreme youth of both samples of starburst-induced star clus-
ters, statistically significant differences between the age distribu-
tions of the ring and non-ring populations have not yet had time
to develop, which implies that we are still observing at least part
of the cluster sample in the environment determined by their initial
conditions.
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Figure 2. Comparison of the basic properties of the ring clusters with those of the non-ring cluster sample.
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2.1.2 Effects of metallicity changes on the systematic uncertainties

Finally, we caution that the peak of cluster formation, while rel-
atively robust (see e.g. Paper I for a discussion), is undoubtedly
broadened by the various uncertainties entering the age-dating pro-
cess. Some of these (systematic) uncertainties were discussed in
detail in Paper I, where we concentrated our discussion on the
choice of passband combination for this type of analysis. Here,
we will try to obtain a further handle on the systematic uncer-
tainties. If the cluster formation in the starburst ring were in-
duced by bar-driven instabilities acting on very short time-scales
(i.e. on time-scales short compared to the median age of the clus-
ter sample), one would not expect the resulting cluster sample to
be characterized by a large range in metallicity. This argument
holds both if the progenitor gas clouds originated from the main
NGC 3310 gas reservoir, and if they came from a low-metallicity
dwarf galaxy that was cannibalized (assuming that such a galaxy
would exhibit a fairly small range in metallicities, as suggested for
this particular interaction; see Paper I). The former case is further
strengthened by observations in other galaxies that old galactic discs
generally show smooth, very slowly declining radial metallicity gra-
dients, such that, at any given small distance range from the galactic
centre (e.g. as in the NGC 3310 starburst ring), the stellar metal-
licity is approximately constant (for the Galaxy see, e.g., Twarog,
Ashman & Anthony-Twarog 1997, and the discussion therein). This
is to some extent already reflected in Fig. 2(c), where we derived
that >80 per cent of the clusters in the ring have metallicities
Z < 0.015.

We will now assume a mean metallicity of Z = 0.008 for the
clusters in the starburst ring, and rederive their age and mass dis-
tributions. This will give us a further handle on the systematic,
model-dependent uncertainties entering the age-dating and mass-
estimation process. In Fig. 3 we show the age and mass distri-
butions obtained under the assumption that the ring clusters all
have a fixed metallicity of Z = 0.008. The peaks in the age and
mass distributions occur at (log(Age/yr)) = 7.34 and (log(M./
M@)) = 5.09, respectively, while the distributions are character-
ized by Gaussian sigmas, 0 G e = 0.50 and oG mass = 0.42. As a
reminder, the age and mass distributions resulting from retaining the
metallicity as a free parameter (Section 2.1.1) were (log(Age/yr)) =~
7.45 and (log(M./M@)) = 5.29, respectively, with 0 44 = 0.40
and oG mass = 0.32. We see that, while the peak values are re-
tained with a reasonable robustness (although there is, as expected,
some effect caused by the age—metallicity degeneracy), both dis-
tributions have broadened significantly. This confirms, therefore,
that (i) it is very important to determine all of the free parame-
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Figure 3. Age and mass distributions of the clusters in the NGC 3310
starburst ring, obtained under the assumption that all clusters have a fixed
metallicity of Z = 0.008.

© 2003 RAS, MNRAS 343, 1285-1300

Star clusters in starburst galaxies — I~ 1289

ters (age, metallicity and extinction, and the corresponding mass
estimates) independently for each individual cluster, instead of as-
suming a generic value for any of these parameters (if a sufficient
number of broad-band passbands covering a large wavelength range
are available); and (ii) the widths of the distributions (assuming a
fixed metallicity) are broader than their intrinsic widths due to the
propagation of model and measurement uncertainties (e.g. de Grijs
et al. 2003b).

For comparison, we also computed the characteristics of the
age and mass distributions for the NGC 3310 clusters outside the
ring, under the same assumption of a fixed metallicity of Z =
0.008 for all clusters. The trend between these new determinations
and those of the fixed-metallicity results for the ring clusters re-
mains similar as for the situation in which we allowed the metal-
licity to be an additional free parameter: the age distribution peaks
again at a similar median age, (log(Age/yr))non-ring = 7.37, with
a Gaussian sigma of 0 non-ring = 0.52. The median of the mass
distribution occurs at a significantly lower mass than for the ring
clusters, (1og(Mc1/M@))non-ring = 4.93, with a Gaussian sigma of
0°G, non-ring = 0.60. Thus, we arrive at similar conclusions as before
for the mass distribution of the non-ring compared to the ring sample
of clusters in NGC 3310.

2.2 The star cluster disruption context

In Fig. 4 we show the formation rate and the mass spectrum of the
entire NGC 3310 cluster sample. These distributions depend on the
cluster formation history and on the cluster disruption time-scale
governing the centre of NGC 3310.

For our analysis of the cluster disruption history in the centre of
NGC 3310 we adopt a slope ¢ = 0.648 for the evolutionary fading of
clusters in the V band, derived from theoretical SSP models (see also
BLO03, de Grijs et al. 2003b). For the mass scaling of the disruption
time-scale we adopt y = 0.62 (BLO03, de Grijs et al. 2003b). We also
assume that the cluster formation rate has been approximately con-
stant during the periods of interest for our analysis, log(Age/yr) <
7.5 and log(Age/yr) 2 7.5. As shown in Section 2.1, this assumption
seems justified, within the uncertainties.

In Fig. 4(a), the long-dashed line for the youngest ages,
log(Age/yr) < 8, is the expected effect of a fading SSP (in the
V band), for a constant ongoing cluster formation rate, shifted verti-
cally to best match the data points for log(Age/yr) < 7.5. The short-
dashed lines in both Figs 4(a) and (b) are the best-fitting power-law
slopes, obtained for the age and mass ranges log(Age/yr) > 7.7
and log(M/M@) > 5.1, while the dotted lines are indicative of
the likely uncertainties in the slopes. The latter were obtained from
subsets of the data points used for the short-dashed fits, determined
over the full ranges. Our results are robust with respect to changes
in the adopted bin size in log(Age/yr) and log(M/M¢). The ver-
tical dashed line in Fig. 4(b) at log(M /M) = 4.4 corresponds
to our completeness limit, for a cluster age of log(Age/yr) = 7.5.
However, since our cluster sample is characterized by a range of
ages up to ~10% yr, it follows that incompleteness plays at least
some role for masses up to log(M/Mg) ~ 4.9 (see the vertical
dotted line in Fig. 4b). For the age distribution the effects of incom-
pleteness are less complicated, since they are determined solely by
(the extension of) the fading line in Fig. 4(a). Moreover, the ef-
fects of the non-constancy of the cluster formation rate are less
transparent and therefore harder to disentangle from the mass dis-
tribution than from the age distribution (see de Grijs et al. 2003b, for
a discussion).
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Figure 4. (a) The cluster formation rate (in number of clusters per Myr) in NGC 3310 as a function of age. The long-dashed line for log(Age/yr) < 8 is
the expected effect of a fading SSP, for a constant ongoing cluster formation rate, shifted vertically to best match the data points for log(Age/yr) < 7.5. The
short-dashed and dotted lines are the best-fitting and maximum-deviating power-law slopes, as described in the text. (b) Mass spectrum of the NGC 3310
clusters (number of clusters per mass bin); line encoding as in panel (a). The vertical dashed line at log(M /M) = 4.4 corresponds to our completeness limit,
for a cluster age of log(Age/yr) = 7.5, while the vertical dotted line corresponds to the same completeness limit at an age of log(Age/yr) = 8.0.

The short-dashed line in Fig. 4(a), which shows the effect of
cluster disruption, has a predicted slope of (1 — «)/y and an ob-
served slope of —2.64(£0.14) £ 0.47, where the first uncertainty
represents the formal uncertainty in the fit and the second the likely
uncertainty resulting from our choice of fitting range (i.e. the dotted
fits in Figs 4a and b). If we adopt a cluster IMF slope of a = 2.0
(see Section 4), we find that the slope of the cluster disruption law is
y =~ 0.38-0.46, with ¢ 4, &x M Zl This value is smaller than the mean
value of y >~ (.62 found by BLO3 from cluster samples in different
galaxies. The crossing point of the two power-law fits is at 10g 7;oss
=~ 7.7. Substituting this value in equation (15) of BL0O3, we find that
the characteristic disruption time of a 10* M cluster is log 1§* =
7.9. This implies that the disruption time-scale of clusters with an
initial mass greater than 10° M, will be greater than 2 x 10% yr.
The slope of the mass distribution in Fig. 4(b), for clusters more
massive than 10° M is —2.04(£0.23)*0.13, where the first uncer-
tainty represents the formal uncertainty in the fit and the second
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the likely uncertainty resulting from our choice of fitting range. All
these clusters are younger than 2 x 10% yr. (In fact, all our sample
clusters, except one, are younger than this age.) Thus, disruption has
not yet affected the mass distribution of these massive clusters and
hence the observed slope of the mass distribution is the slope of the
cluster IMF. We note that this new value of the NGC 3310 cluster
IMF slope closely matches both our earlier CLF slope determina-
tion of @ = 1.8 £ 0.4 obtained from the cluster mass function in
Paper I, and the best estimate of Elmegreen et al. (2002), 2.2 <
a <24,

Finally, in Fig. 5 we compare the clusters in the ring with those
outside the ring. Within the observational uncertainties, we do not
detect any differences in the slopes of either the age or the mass
distributions. This is another argument highlighting the very young
age of this cluster system compared to the expected characteristic
disruption time-scale, even in the higher-density environment of the
starburst ring.

log( M, / Mg )

e Clusters outside ring (65)

Figure 5. Comparison of the cluster formation rates and mass spectra of the clusters in versus outside the NGC 3310 starburst ring. The age ranges in which
stellar evolutionary fading and cluster disruption dominate are indicated; the vertical dash-dotted line in panel (b) indicates our completeness limit for a cluster
age of log(Age/yr) = 7.5, while the vertical dotted line corresponds to the same completeness limit, but at an age of log(Age/yr) = 8.0.
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Table 1. Overview of the HST observations of NGC 6745.

Filter Exposure time (s) ORIENT“ (deg)
F336W 2400, 7 x 2800 145.52
F555W 2 x 1100 145.52

2 x 1300 145.52
F675W 4 x 1300 145.52
F814W 4 x 1300 145.52

“Orientation of the images (taken from the image header),
measured north through east with respect to the V3 axis (i.e.
the X =Y diagonal of the WF3 CCD + 180°).

3 STAR FORMATION IN THE BIRD’S
HEAD GALAXY

3.1 Observations and data preparation

Optical observations of NGC 6745 in the minimum of four pass-
bands spanning the entire wavelength range from the U (F336W) to
the I band (F814W) were obtained between 1996 March 18 and 20,
as part of HST GO programme 6276 (PI Westphal), using the Wide
Field Planetary Camera 2 (WFPC2). Multiple exposures were ob-
tained through each filter to facilitate the removal of cosmic rays; the
galactic centre was placed on the WF3 chip (pixel size 0.0997 arc-
sec) in all cases. An overview of the available HST observations is
given in Table 1.

Pipeline image reduction and calibration of the WFPC2 im-
ages were done with standard procedures provided as part of the
IRAF/STSDAS package,' using the updated and corrected on-orbit flat
fields and related reference files most appropriate for the observa-
tions.

‘We obtained source lists and, subsequently, source photometry for
all of our NGC 6745 observations following procedures identical to
the ones described in detail in Paper 1. For NGC 6745, at a dis-
tance D =~ 68 Mpc [m — M = 34.17; assuming a systemic velocity
v, @ = 4545 + 60 km s~ (Falco et al. 1999), a 208 km s~ cor-
rection for infall of the Local Group towards the Virgo cluster, and
Ho=70km s~ Mpc~'], all compact clusters and most star-forming
regions appear as point-like sources. The final list of verified cluster
candidates detected at at least four times the background rms noise
level in all four passbands contains 177 objects.

We estimated the completeness of our source lists by using syn-
thetic source fields consisting of point spread functions (PSFs). We
created artificial source fields for input magnitudes between 20.0 and
28.0 mag, in steps of 0.5 mag, independently for each of the F336W,
F555W and F814W passbands. We then applied the same source de-
tection routines used for our science images to the fields containing
the combined galaxy image and the artificial sources. The results of
this exercise are shown in Fig. 6. These formal completeness curves
were corrected for the effects of blending or superposition of multi-
ple randomly placed artificial PSFs as well as for the superposition
of artificial PSFs on genuine objects. A detailed description of the
procedures employed to obtain these completeness curves was given
in Paper L.

'The Image Reduction and Analysis Facility (IRAF) is distributed by the
National Optical Astronomy Observatories, which is operated by the Asso-
ciation of Universities for Research in Astronomy, Inc., under cooperative
agreement with the National Science Foundation. STSDAS, the Space Tele-
scope Science Data Analysis System, contains tasks complementary to the
existing IRAF tasks. We used version 2.2 (2000 August) for the data reduction
performed in this paper.
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Figure 6. Formal completeness curves for the full WFPC2 field of view
of the NGC 6745 observations. The different line styles refer to different
passbands, as indicated in the figure.

We found that the effects of image crowding are small: only <1.5-
2.5 per cent of the simulated objects were not retrieved due to crowd-
ing, either in the artificial or in the combined frames. However, the
effects of the bright and irregular background and dust lanes are
large, resulting in variable completeness fractions across the galaxy
images. As a general rule, however, the curves in Fig. 6 show that
the formal completeness drops below ~90 per cent for F336W >
23.5 mag, for F555W 2 25.5 mag and for F814W 2> 26 mag; the ac-
tual completeness limits are probably somewhat shallower, resulting
from our selection criteria (cf. N. Bastian et al., in preparation).

Foreground stars are not a source of confusion. The standard
Milky Way star-count models (e.g. Ratnatunga & Bahcall 1985)
predict roughly 1-2 foreground stars for the equivalent standard fil-
ter of F555W < 24 in our field of view. Background objects may pose
a (small) problem, however, in particular among the fainter sources,
since we did not impose any roundness or sharpness constraints on
our extended source detections, in order not to omit unrelaxed young
clusters and star-forming regions from our final sample. However,
such objects should be easily identifiable once we have obtained
aperture photometry for our complete source lists, as they are ex-
pected to have significantly different colours. Background galaxies
at redshifts greater than about 0.1 are expected to have extremely
red (mp3zew — Meg1aw) colours compared to their local counterparts
and the young star clusters and star-forming regions expected in
NGC 6745.

We will discuss the derived parameters and their implications for
the evolution of the galaxy’s star cluster system in Sections 3.3 and
3.4, respectively.

Additionally, H 1 21-cm observations (at ~1.399 GHz) were ob-
tained with all 27 antennae of the Very Large Array (VLA) in C
configuration, on 2000 May 28, with an on-source exposure time of
24765 s (~7h). Primary calibrators were observed at the beginning
and end; secondary (phase) calibrator integrations were uniformly
interspersed throughout the run. The (u, v) plane coverage was al-
most perfectly isotropic, and 8192 CLEAN cycles [with uniform (i,
v) weighting] yielded an essentially symmetric ~13.75 arcsec full
width at half-maximum (FWHM) beam. The thirty-one ~42.5 km
s~! channels were centred on 4541 km s~! (channel 16), with chan-
nels 11 through 21 containing all of the H 1 emission. Continuum
subtraction was accomplished in (u, v) space. We will discuss these
observations in detail in Section 3.2.

3.2 The interaction geometry and its consequences

The optical appearance of the NGC 6745 system, and in par-
ticular the locations of the numerous bright blue star-forming
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complexes, are suggestive of a tidal passage by the small northern
companion galaxy (NGC 6745c; nomenclature from Karachentsev,
Karachentseva & Shcherbanovskii 1978) across the eastern edge
of the main galaxy, NGC 6745a. The high relative velocities of the
two colliding galaxies likely caused ram pressures at the surface of
contact between the interacting interstellar clouds in both galaxies,
which — in turn — are responsible for the triggering of enhanced star
formation, most notably in the interaction zone in between the two
galaxies, NGC 6745b.

We analysed our VLA H 1 observations with a principal aim
to assess whether we could confirm this scenario, at least quali-
tatively, and if we could, therefore, derive the interaction time-scale
from our cluster analysis. The interaction-induced cluster forma-
tion scenario is at least qualitatively supported by the H 1 zeroth-
moment map of the system, shown overlaid on the optical WFPC2
image in Fig. 7, and the H 1 velocity (first-moment) map of Fig. 8.
First, we point out that there is no evidence for H 1 emission from
the northern galaxy. This is consistent with the absence of signif-
icant recent star formation observed in this component (but see
Section 3.3.2).

The slight distortions in the symmetry of the overall H 1 distribu-
tion along and perpendicular to the direction of elongation may, in
fact, be consistent with tidal effects by a small, low-mass intruder
(i.e. NGC 6745c). At the northern end of the H 1 distribution the rel-
evant time-scales are probably so short that we would not expect to
see any significant amounts of tidally stretched H 1 gas, which seems
to be the case. At the southern end of the system, on the other hand,
where the time elapsed since the alleged south-to-north passage of
the intruder is much longer, we see the expected (asymmetric) ex-

tension of the lower contours of the H 1 distribution, as well as a
high velocity of approach at the very bottom of our field of view,
which may be qualitatively consistent with a trajectory of approach
for the intruder. This interpretation is quantitatively supported by
CO (1-0) line observations of this system by Zhu et al. (1999), who
find a similar velocity gradient between the southern component
and the centre of the main galaxy.

The velocity data (Fig. 8) were fitted with a Brandt function
(Brandt 1960; Brandt & Belton 1962), weighting the velocities with
the square of the intensity data (Fig. 7). The residual map showed
excellent agreement over all but the lowest-intensity regions.
The best-fitting parameters include (i) systemic velocity, v, o =
4528 km s~! at 4 arcsec west and 2 arcsec south of the optical nu-
cleus; (ii) position angle of the line of nodes = 36 degrees; (iii)
inclination of the fundamental plane of the galaxy i = 47 degrees;
and (iv) half-amplitude value = 185 km s~! reached at ~32 arcsec
from the location of the kinematic centre. The sense of the rotation
of the H 1 means that the perturbing galaxy, NGC 6745c¢, is in a
prograde orbit, which favours a strong and rapid gravity-wave re-
sponse in the affected galaxy, NGC 6745a.

VLA continuum observations at 1.425 GHz (Condon et al.
1996) show a more compact morphology, which more closely fol-
lows the system’s stellar distribution and far-infrared appearance
(IRAS; e.g. Bushouse, Werner & Lamb 1988; Condon, Anderson &
Broderick 1995; Sanders et al. 1995). As opposed to our ~1.4-GHz
line observations that predominantly trace the cold Hi component,
the continuum flux has a non-thermal origin, as evidenced by the
1.4-5 GHz spectral index of between +0.75 and +0.83 (Condon,
Frayer & Broderick 1991; Condon et al. 1995).
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Figure 7. NGC 6745 H 1 distribution shown as contours superimposed on a negative logarithmic reproduction of the FS55W HST/WFPC2 image of the galaxy.
The VLA/C beam size is 13.75 arcsec (FWHM) and is indicated in the lower left corner. Contour intervals are 10 per cent of the maximum flux density of the
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, except for the lowest contour, which is at 5 per cent of the maximum. Note the east—west asymmetry, the

stretching of the lowest contours to the south, and the absence of detectable emission from the northern galaxy. For reference, the (J2000) centre coordinates
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Figure 8. NGC 6745 H 1 radial velocity distribution shown as contours superimposed on a negative logarithmic reproduction of the FS55W HST/WFPC2
image of the galaxy. The VLA/C beam size is 13.75 arcsec (FWHM) and is indicated in the lower left corner. Contours are at intervals of 20 km s~! beginning
at 4400 km s~ for the smallest entire contour south-west of the centre enclosing the minimum of 4388 km s~! and ending with the smallest entire contour
north-east of the centre enclosing the maximum of 4661 km s~'. The ‘boxy” outer line encloses map data >8.14 x 10~* Jy beam~! (30') used in the moment
calculations. The contours exhibit, in general, the splayed structure that is characteristic of rotating discs common in late-type spiral galaxies.

3.3 Properties of the star-forming regions

Since the morphology and appearance of the NGC 6745 system are
consistent with the scenario favouring a very recent tidal encounter
and its associated triggered star and star cluster formation, we will
now use the main properties of the star clusters and star-forming
complexes, such as their ages, masses and metallicities, to derive
boundary conditions for the physical conditions governing such mi-
nor merger events.

With the lessons learnt from Paper I in mind, we applied a similar
three-dimensional x? minimization (with respect to the Anders &
Fritze-v. Alvensleben 2003 models) to the spectral energy distribu-
tions (SEDs) of our star cluster candidates and star-forming com-
plexes to obtain the most likely combination of age, mass, metal-
licity Z and internal extinction E(B — V) [assuming a Calzetti
et al. (2000) starburst galaxy-type extinction law for the internal ex-
tinction] for each individual object. Galactic foreground extinction
towards NGC 6745 was taken from Schlegel, Finkbeiner & Davis
(1998). The resulting age, mass, metallicity and extinction distribu-
tions for the NGC 6745 objects are shown in Fig. 9.

3.3.1 Effects of the age-metallicity degeneracy

Based on the knowledge gained in Paper I, we suspected that
the strong peak at young ages (log(Age/yr) ~ 6.8; see Fig. 9a)
might be an artefact caused by the age—metallicity degeneracy.
Therefore, we display these particular clusters as the shaded his-
tograms in Figs 9(b), (c) and (d). It is clear from an examina-
tion of the NGC 6745 cluster metallicity distribution in Fig. 9(c)

© 2003 RAS, MNRAS 343, 1285-1300

that the clusters in the young-age peak indeed comprise a higher-
than-average metallicity peak, thus highlighting the caution re-
quired to avoid confusion arising from this degeneracy. As a con-
sequence of the underestimated ages for the clusters affected by
the age-metallicity degeneracy, their masses are also biased to-
wards lower-than-average masses. If we now turn this argument
around, and examine the properties of the clusters in the second
metallicity peak at 0.015 < Z < 0.020, we find that those clus-
ters do indeed dominate the young-age peak (as expected; not
shown), and are generally biased towards younger ages overall.
This confirms the importance of the age—metallicity degeneracy
for the broad-band filters used in this paper, and for the young
ages of the star clusters and star-forming complexes in NGC 6745.
The mass and extinction properties of the clusters in this sec-
ondary metallicity peak are consistent with those of the full cluster
sample.

3.3.2 Case for a fixed mean metallicity

In the inset of Fig. 9(c) we show the metallicity distribution of
the entire cluster sample once again, with the clusters from the
interaction zone in between the two galaxies highlighted as the in-
ner, shaded histogram. This shaded histogram is characterized by
two clear peaks in metallicity. However, if these clusters were all
formed approximately coevally (as implied by their derived ages)
and in a tightly confined spatial area, their metallicities must be very
similar; a clearly double-peaked distribution is therefore physically
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Figure 9. Age, mass, metallicity and extinction distributions of the clusters in NGC 6745, based on our four-passband fitting technique used to determine
age, metallicity and extinction estimates simultaneously. Although the main properties of these distributions are reasonably correct, the shaded histograms are
affected significantly by the age—metallicity degeneracy: the shaded histograms, corresponding to the young-age peak in panel (a), show a distinct second peak
at close-to-solar metallicity (panel c), compared to the other clusters that peak at much lower metallicities. The shaded histogram in the inset in panel (c) is the
metallicity distribution of the clusters in the most actively star-forming region connecting the main galaxy with its smaller companion.

unrealistic and therefore most likely another artefact caused by the
age—metallicity degeneracy.

Based on these arguments, it is most likely that the NGC 6745
young cluster system is best approximated by a metallicity con-
sistent with that of the low-metallicity peak in Fig. 9(c), at Z <
0.015. Therefore, we reapplied our SED fitting routines to the ob-
servational data, assuming a more appropriate fixed metallicity of
Z = 0.008 for all clusters. The resulting age and mass distribu-
tions, are shown in Figs 10(b) and (c). We also show (in Fig. 10a)
the locations of the clusters in the age versus mass plane with re-
spect to our ~90 per cent completeness limit at mgsssw =~ 23.5 mag
(imposed by the shallow depth of the F336W observations; cf.
Fig. 6). The new distribution of extinction estimates, based on the
Z = 0.008 assumption, does not differ significantly from that of
Fig. 9(d).

[We note that, while this procedure probably results in the most re-
alistic cluster parameters for the NGC 6745 system (due to the avail-
ability of only four optical passbands), the situation for NGC 3310
is different. Because of the availability of observations of the
NGC 3310 cluster system covering a larger number of passbands
and a greater wavelength range, we concluded that fitting all of
our free parameters simultaneously resulted in the best parameter
estimates. ]

There is an enhancement of cluster formation around log(Age/
yr) 2 7, which is therefore our best estimate of the interaction time-
scale. The clusters younger than log(Age/yr) >~ 7.4 (~25 Myr) are
all located either in the interaction zone NGC 6745b (see the shaded
histogram in Fig. 10b), or among the sprinkling of blue objects
resembling a spiral arm on the eastern edge of the main galactic
disc. This is consistent with tidally triggered star (cluster) formation
along the proposed trajectory of the companion galaxy across the
main disc component of NGC 6745 (see Section 3.2). The lower age
cut-off at log(Age/yr) = 6.6 (4 Myr) is artificial, and corresponds to
the youngest ages included in our SSP models (Schulz et al. 2002;
Anders & Fritze-v. Alvensleben 2003); a fraction of our NGC 6745
cluster sample may therefore have even younger ages. Thus, it seems
likely that the interaction began to have a significant effect on the star
(cluster) formation history some 25 Myr ago, and has been ongoing
until the present.

We detected three compact clusters that are clearly associated
with the companion galaxy itself; they are unlikely to originate
from the interaction-induced starburst region, NGC 6745b, based
on their large projected distances from the interaction zone. Two
of these have ages of ~100 and ~140 Myr, and are located in the
general field of its disc. The third, located near the centre of the
companion galaxy, is of similar age as the starburst in NGC 6745a
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Figure 10. (a) Distribution of the NGC 6745 clusters in the age versus mass plane, assuming a fixed metallicity of Z = 0.008 for all clusters. The full circles
represent the clusters in the most actively star-forming region, i.e. NGC 6745b. Overplotted is the expected, age-dependent detection limit, predicted by the
Anders & Fritze-v. Alvensleben (2003) models for the appropriate stellar IMF. This model prediction is based on a detection limit of mg336w = 23.5 and (m —
M)NGce745 = 34.17, assuming no extinction. (b) and (c¢) Distributions of, respectively, the ages and masses of the compact clusters in NGC 6745. The shaded
histograms show the distributions of the clusters in NGC 6745b. The uncertainties are of the order of the histogram bin sizes.

and b, ~8 Myr. Close inspection of the overall colour distribution
of the field star population in NGC 6745¢ reveals a bluer centre,
which might therefore imply that the tidal interaction with the main
NGC 6745 galaxy has also induced enhanced star formation in the
companion galaxy, but at a much lower level due to the absence of
significant amounts of gas (see Section 3.2). The little available gas
in NGC 6745¢ might not have been sufficient for the formation of
star clusters.

There is no clear spatial dependence of the cluster masses, al-
though the lowest-mass clusters appear to originate in the lowest-
density regions. This is most likely an observational selection effect,
however. Although the galaxy’s distance, combined with the pho-
tometric depth of the observations, prevents us from probing below
log(M4/M¢) = 5.0 for clusters older than ~10 Myr, we point
out that there is a significant population of high-mass clusters or
cluster complexes, with masses in the range 6.5 < log(Mq/M@)
< 8.0. We have checked the reality and signal-to-noise ratio of the
SED of each of these objects individually, and have only retained
those objects that appear real beyond any reasonable doubt. These
clusters do not have counterparts among the Galactic GCs (e.g.
Mandushev, Staneva & Spassova 1991; Pryor & Meylan 1993). In
fact, these masses are similar to or exceed the spectroscopically con-
firmed mass estimates of the so-called ‘super star clusters’ (SSCs) in

© 2003 RAS, MNRAS 343, 1285-1300

M82 (M82-F; Smith & Gallagher 2001), and the Antennae galaxies
(Mengel et al. 2002). Our detection of similarly massive SSCs in
NGC 6745, which are mostly located in the intense interaction zone,
NGC 6745b, supports the scenario that such objects form preferen-
tially in the extreme environments of interacting galaxies.

We caution, however, that these massive SSC candidates may not
be gravitationally bound objects, but more diffuse star-forming re-
gions or aggregates of multiple unresolved clusters instead. Even
with the unprecedented HST spatial resolution, we cannot distin-
guish between these possibilities. Nevertheless, we measure an ef-
fective radius for the most massive object (M ~ 5.9 x 108 Mg) of
only R ~ 16 pc. However, this object appears very elongated, or
may in fact be a double cluster. We should keep in mind, of course,
that this high-mass estimate is a strong function of the (low) metal-
licity assumed; if we had assumed solar metallicity for this object,
the derived age would have been significantly smaller (~10-20 Myr
versus ~1 Gyr), and the mass could be smaller by a factor of 2 10.
Even so, if we could confirm this mass estimate spectroscopically,
either of the subcomponents would be the most massive cluster
known to date, significantly exceeding cluster W3 in NGC 7252,
which has a mass of about (3-18) x 10" M, depending on the age,
metallicity and IMF assumed (Schweizer & Seitzer 1998; Maraston
et al. 2001).
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Figure 11. (a) The cluster formation rate (in number of clusters per Myr) in NGC 6745 as a function of age. The long-dashed line for log(Age/yr) < 8.0 is
the expected effect of a fading SSP, for a constant ongoing cluster formation rate, shifted vertically to best match the data points for log(Age/yr) < 7.25, and
limited by the completeness of our F336W observations. The short-dashed and dotted lines are our best fit for greater ages and the maximum likely deviation
from this best fit, respectively. (b) Mass spectrum of the NGC 6745 clusters (number of clusters per mass bin); line encoding as in panel (a). The vertical dashed
line at log(M¢1/M@) = 4.75 corresponds to our 90 per cent completeness limit for a cluster age of log(Age/yr) = 7.0. The vertical dotted line corresponds to

the same completeness limit, but for a cluster age of log(Age/yr) = 8.0.

3.4 The initial cluster mass distribution

Asfor NGC 3310, in Figs 11(a) and (b) we show the NGC 6745 clus-
ter formation rate (per linear time period) and its mass spectrum,
respectively. For our analysis of the cluster disruption time-scales
in NGC 6745, we will make the same assumptions as described in
Section 2.2. The long-dashed line in Fig. 11(a) for the youngest
ages, log(Age/yr) < 8, is the expected effect of a fading SSP in
the F336W filter (which determines our sample completeness for
this galaxy), for a constant ongoing cluster formation rate, shifted
vertically to best match the data points for log(Age/yr) < 7.25, and
limited by the completeness in the F336W observations. For this
band, the predicted fading line is horizontal at log(Age/yr) < 6.5
and has a slope of —1.12 for older clusters, in the parameter space of
Fig. 11(a). The short-dashed lines in both Figs 11(a) and (b) are the
best-fitting power-law slopes, obtained for the age and mass ranges
log(Age/yr) > 7.4 and log(M /M) > 5.6, while the dotted lines
indicate the likely uncertainties in the slopes. The latter were ob-
tained from subsets of the data points used for the short-dashed fits,
which were determined over the full ranges. The vertical dashed
and dotted lines in Fig. 11(b) at log(M /M) =4.75 and log(M ./
M@) = 5.4 correspond to our formal completeness limit, for a peak
young cluster age of log(Age/yr) = 7.0 and for the significant frac-
tion of sample clusters with ages up to log(Age/yr) = 8.0, respec-
tively. Thus, it follows that incompleteness plays at least some role
for masses up to log(M/M@) ~ 5.4.

Forlog(Age/yr) > 7.25 we find abest-fitting slope of (1 —«)/y =
—1.86(40.20)*02! where the first uncertainty represents the formal
uncertainty in the fit and the second the likely uncertainty resulting
from our choice of fitting range (i.e. the dotted fits in Fig. 11a).
Assuming that @ = 2.0 (see below) we find that y = 0.54 £ 0.06,
close to the mean value of 0.62 derived by BLO3 for cluster samples
in four galaxies.

The crossing point of the two power laws of the age distribution is
atlog(?ross/yT) = 7.3. Substituting these values into equation (15) of
BLO03, we obtain a characteristic disruption time-scale for 10* Mo
clusters of log(t3%yr) = 7.75. This implies that the disruption time-
scale of clusters more massive than ~4 x 10° M is longer than

5.5 x 10% yr. All clusters in our sample, with one exception,
are younger than this. The mass distribution of clusters more
massive than 4 x 10° M, shown in Fig. 11(a), has a slope of
—1.96(£0.15) & 0.19, where the first uncertainty again represents
the formal uncertainty in the fit and the second the likely uncer-
tainty resulting from our choice of fitting range (i.e. the dotted fits
in Fig. 11b). Since these massive clusters have not yet suffered dis-
ruption, the measured slope represents that of the cluster IMF of
NGC 6745.

4 THE INITIAL CLUSTER MASS FUNCTION

For star cluster systems as young as the tidally induced cluster pop-
ulations in NGC 3310 and 6745, for which the age of the starburst in
which they were formed is significantly smaller than their respec-
tive characteristic cluster disruption time-scales, we have shown
that the application of the empirical cluster disruption models of
BLO3 results in an independent estimate of the initial cluster mass
function slope, . For the NGC 3310 and 6745 cluster systems, o« =
2.04(£0.23)"043 and 1.96(£0.15) £ 0.19, respectively, for masses
My 2 10° M@ and My 2 4 x 10° M.

The slopes of the CLFs of young star cluster systems, and to a
lesser extent those of their mass functions as well, have been studied
extensively — in particular since the launch of the HST — in a wide
variety of star-forming environments, including interacting and star-
burst galaxies, circumnuclear starburst rings and also ‘normal’ spiral
and irregular galaxies by means of the H 11 region luminosity function
(regarding the latter, see e.g. Kennicutt & Hodge 1980; Kennicutt,
Edgar & Hodge 1989; Arsenault, Roy & Boulesteix 1990; Cepa &
Beckman 1990; Caldwell et al. 1991; Banfi et al. 1993; Elmegreen
& Salzer 1999; and simulations by Oey & Clarke 1998). In Table 2,
we give an overview of the CLF (and, in a few cases, of the mass
function) slopes based on determinations available in the literature,
both for young cluster systems in interacting and starburst galaxies,
and for cluster populations in circumnuclear starburst rings.

In addition to these galaxies, Meurer et al. (1995) found that
the CLF slope of the combined sample of SSCs in nine starburst
galaxies, for Mpyow < —14, is consistent with o = 2; Maoz et al.
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Table 2. Cluster luminosity and mass function slopes based on previous determinations in the literature.

Star clusters in starburst galaxies — I 1297

Reference

Galaxy Slope (—a) Notes
A. Interacting and starburst galaxies
NGC 1275 ~ =2 My < —12
~ =2 MB < -8
NGC 1316 —1.7£0.1 3 Gyr old merger remnant
NGC 3256 ~—1.8 Mp < —95M; < -105
NGC 3610 —1.78 £ 0.05 V < 26; red, metal-rich clusters
—1.90 £ 0.07 Corrected for observational scatter
NGC 3921 —2.14+03 My <85
—2.01 £0.22 Corrected for contamination by old GCs
NGC4038/39 —1.78 £ 0.05 —15.5 < My < —10; no completeness corrections
—2.124+0.04 —14 < My < —8, but contaminated by stars
—2.6+£0.2 —14 < My < —10.4, corrected for contamination by stars
—1.7+£0.2 —10.4 < My < —8, corrected for contamination by stars
—1.9540.03 6.4 < log(Age/yr) < 6.8; 10* < M < 10° Mg
—2.00 £ 0.08 7.4 < log(Age/yr) < 8.2; 10* < My < 106 Mg
NGC 7252 ~ =2 My < —12
—1.90 £ 0.04 My < —8, inner sample
—1.80 £ 0.07 My < —8, outer sample
M51 -2.1403 2.5 x 103 < Mg < 5 x 10* Mg; log(Age/yr) <7
—2.0+0.05 2.5 x 10® < Mg <2 x 10* Mg; log(Age/yr) <7
MS82 B —12+£03 My < —11
—144+02 8.6 < log(Age/yr) < 9.1
B. Circumnuclear starburst rings
NGC 1097 ~ =2 —14 <My < -11
NGC 1512 ~=2 103 < Mg < 10° Mg
NGC2997 ~ =2
—1.97 £0.03 My < -9
NGC3310 —2.240.03 Mp < —10.5
—2.4£0.04 From HST K-band data
—1.75+£0.03 Large-scale cluster complexes, K band
—-1.8+04 17.7 < mpeoew < 20.2
NGC 5248 ~=2 10> < Ma < 10° Mg
NGC 6951 —2.12 £ 0.04 My < -9
ESO 565-11 —2.18 £ 0.06 My < —8.9; cluster ages 4—6 Myr

Holtzman et al. (1992)
Carlson et al. (1998)
Goudfroojj et al. (2001)
‘Whitmore et al. (2002)
Zepf et al. (1999)
Whitmore et al. (2002)

Schweizer et al. (1996)

Whitmore & Schweizer (1995)
Whitmore et al. (1999)

Zhang & Fall (1999)

Whitmore et al. (1993)
Miller et al. (1997)

Bik et al. (2003)

de Grijs et al. (2001)
Parmentier et al. (2003)

Barth et al. (1995)
Maoz et al. (2001)
Maoz et al. (1996)
Elmegreen et al. (1999)
Elmegreen et al. (2002)

Paper 1

Maoz et al. (2001)
Elmegreen et al. (1999)
Buta et al. (1999)

(1996) constructed the combined CLF for the circumnuclear ring
clusters in NGC 1433, 1512 and 2997, based on UV observations,
and reached a similar conclusion for the high-luminosity end of
their CLF. Finally, Crocker, Baugus & Buta (1996) analysed the H 1t
region luminosity function in 32 (pseudo-)ringed SO-Sc galaxies,
and found a mean (@) = 1.95 4 0.25.

Thus, in all but a few cases (e.g. M82B), the CLF and, where
derived, the mass function slopes of the young clusters are sim-
ilar (¢ ~ 2) among a wide variety of galaxies, including those
in which the star and cluster formation process is dominated by
strong tidal forces, and systems of a more quiescent nature (e.g.
normal spiral and irregular galaxies; Kennicutt et al. 1989; Banfi
et al. 1993; Elmegreen & Salzer 1999). One should keep in mind
that the observed CLF is the result of both the original mass dis-
tribution of the young star clusters and the giant molecular clouds
(GMCs) from which they originated, and subsequent cluster disrup-
tion processes (e.g. Harris & Pudritz 1994; Bik et al. 2003; BLO3;
de Grijs et al. 2003b); in de Grijs et al. (2003b) and Parmentier,
de Grijs & Gilmore (2003) we showed that the M82B cluster sys-
tem must have undergone significant disruption due to the unusu-
ally short characteristic cluster disruption time-scale, log(#4is /yr) =~
7.540.62 log(M/10* M@) (de Grijs et al. 2003b), so that the ob-
served shallow(er) CLF and mass function slopes do not represent
the initial cluster mass function slope any more. However, in most

© 2003 RAS, MNRAS 343, 1285-1300

other young cluster systems known, the expected characteristic clus-
ter disruption time-scales are well in excess of the median age of the
cluster system, so that at least the high-luminosity (high-mass) end
of the CLF (and cluster mass function) probably remains unaffected
by significant alterations caused by disruption (e.g. Buta, Crocker
& Byrd 1999; Zhang & Fall 1999; Bik et al. 2003; Paper I). In this
paper, we have derived very similar mass function slopes, and have
also properly accounted for the effects of cluster disruption.

Under the usual assumption that the stellar mass-to-light ratio
does not vary significantly over the age range of a given young clus-
ter system, or after correcting the observed CLF to a common age
(e.g. Meurer 1995; Fritze-v. Alvensleben 1999; de Grijs et al. 2001,
2003a,b), the resulting CLF slope can be interpreted in terms of
the intrinsic cluster mass distribution. The observed mass function
slope, & =~ 2, is very similar to those of the mass functions of Galac-
tic open star clusters (e.g. van den Bergh & Lafontaine 1984; Elson
& Fall 1985), GMCs (e.g. Casoli, Combes & Gerin 1984; Sanders,
Scoville & Solomon 1985; Solomon et al. 1987; Solomon & Rivolo
1989; Williams & McKee 1997) and GMC cores (e.g. Harris &
Pudritz 1994; Williams, de Geus & Blitz 1994; McLaughlin &
Pudritz 1996, and references therein; see also the review by Blitz
1991), and to that of the young compact cluster system in the Large
Magellanic Cloud (LMC; e.g. Elson & Fall 1985; Elmegreen &
Efremov 1997). Thus, it appears that the formation of young
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compact star clusters, such as the ones discussed in the current
series of papers, and of open clusters, GMCs and stellar OB associ-
ations (e.g. Elmegreen & Efremov 1997; Elmegreen 2002) is driven
by similar physical processes, which results naturally from models
advocating that the mass distribution of the progenitor GMCs is
well approximated by a turbulence-driven fractal structure, allow-
ing cloud growth by agglomeration (e.g. Harris & Pudritz 1994;
Elmegreen & Efremov 1997; Elmegreen et al. 1999; Elmegreen
2002).

5 SUMMARY AND CONCLUSIONS

Both NGC 3310 and 6745 are examples of nearby interacting galax-
ies undergoing intense, tidally triggered starbursts. The production
of luminous, compact star clusters seems to be a hallmark of intense
star formation. It is likely that a large fraction of the star formation in
starbursts takes place in the form of such concentrated clusters. The
basic cluster properties, including their sizes, luminosities and — in
several cases — spectroscopic mass estimates, are entirely consistent
with what is expected for young Galaxy-type GCs. Young compact
star clusters are therefore important because of what they can tell
us about GC formation and evolution. They are also important as
probes of the history of star formation, chemical evolution, IMF and
other physical characteristics in starbursts.

In this paper we have used the basic properties of the rich young
star cluster systems in both starburst galaxies, including estimates
of the individual cluster ages, masses, metallicities and extinction
values, to derive the cluster formation history and the subsequent
evolution of the star cluster systems as modified by the effects
of cluster disruption. Cluster disruption processes must be taken
into account for the determination of the cluster formation history
from the age distribution of a magnitude-limited cluster sample, be-
cause the observed age distribution is that of the surviving clusters
only.

For the NGC 3310 star cluster system we used the basic properties
obtained in Paper I, which were based on the detailed comparison of
updated model SSPs (including the contributions of gaseous, neb-
ular emission) with the clusters’ SEDs derived from broad-band
HST imaging observations. We applied our improved understand-
ing of the systematic uncertainties involved in such an exercise
(Paper 1) to determine simultaneously robust cluster ages, masses,
metallicities and extinction values for the tidally induced young
star cluster system in NGC 6745, based on imaging observations
in the minimum of four broad-band passbands covering the entire
optical wavelength range from the HST-equivalent U- to I-band
filters. We further expanded our analysis of the systematic uncer-
tainties involved in this type of analysis by examining the effects
of a priori assumptions of the individual cluster metallicities. We
find that — if observations covering a sufficiently large optical/NIR
wavelength range are available — (i) it is very important to deter-
mine all of the free parameters (age, metallicity and extinction,
and the corresponding mass estimates) independently for each in-
dividual cluster, instead of assuming a generic value for any of
these parameters (such as assuming a fixed metallicity); and (ii)
the widths of the resulting age and mass distributions, under the as-
sumption of a fixed metallicity for all clusters, are broader than their
intrinsic widths, due to the propagation of model and measurement
uncertainties.

The central morphology of NGC 3310 is dominated by a bright
starburst ring containing a large number of young star clusters. The
age (and metallicity) distributions of both the clusters in the ring

and of the sample of clusters outside the ring are statistically indis-
tinguishable, with a peak in the age distribution at log(Age/yr) ~
7.45, but the ring clusters appear to peak at slightly greater masses
than those found outside the ring. The overabundance of low-mass
clusters outside the ring compared to their counterparts in the star-
burst ring might (at least partially) be due to a spatial dependence of
the completeness fraction, but there is a clear and significant excess
of higher-mass clusters in the ring compared to the non-ring cluster
sample, even after taking the systematic uncertainties in our mass
estimates into account. It appears that the physical conditions in the
starburst ring, such as caused by the effects of the proposed bar-
driven instabilities, the higher density of the ISM and the associated
higher likelihood to encounter significant propagating shock waves,
may be conducive for the formation of higher-mass star clusters, on
average, than in the relatively more quiescent environment of the
main galactic disc.

We furthermore conclude that the starburst producing the
NGC 3310 ring clusters has been ongoing for at least the past
40 Myr, at an approximately constant cluster formation rate dur-
ing the burst period. Star cluster formation has proceeded at a
similar rate in the central disc of the galaxy; owing to the ex-
treme youth of both samples of starburst-induced star clusters, sta-
tistically significant differences between the age distributions of
the ring and non-ring populations have not yet had time to de-
velop, which implies that we are still observing at least part of
the cluster sample in the environment determined by their initial
conditions.

For the NGC 6745 cluster system we derive a median age of
~10 Myr, assuming a fixed metallicity of Z = 0.008 to avoid the
significant effects of the age—metallicity degeneracy for these young
ages. Based on the age distribution of the star clusters, and the H 1
morphology of the interacting system as observed with the VLA, we
qualitatively confirm the interaction-induced enhanced star forma-
tion scenario. NGC 6745 contains a significant population of high-
mass clusters, with masses in the range 6.5 < log(Mq/M@p) < 8.0.
These clusters do not have counterparts among the Galactic GCs,
but are similar to or exceed the spectroscopically confirmed mass
estimates of the SSCs in M82 and the Antennae galaxies. Our detec-
tion of such massive SSCs in NGC 6745, which are mostly located
in the intense interaction zone, NGC 6745b, supports the scenario
that such objects form preferentially in the extreme environments
of interacting galaxies.

For star cluster systems as young as the tidally induced cluster
populations in NGC 3310 and 6745, for which the age of the star-
burst in which they were formed is significantly lower than their
respective characteristic cluster disruption time-scales [of, respec-
tively, log(#9%/yr) = 8.05 and 7.75], we have shown that the applica-
tion of the empirical cluster disruption models of BLO3 results in an
independent estimate of the initial cluster mass function slope, o.
For the NGC 3310 and 6745 cluster systems, o = 2.04(£0.23)"013
and 1.96(30.15) + 0.19, respectively, for masses M > 10° Mo
and M 2 4 x 10° M. These mass function slopes are consistent
with those of other young star cluster systems in interacting and
starburst galaxies, of circumnuclear starburst rings, and of the H 11
region luminosity (and mass) functions in ‘normal’ spiral and irreg-
ular galaxies. They are also very similar to the mass function slopes
of Galactic open clusters and (OB) associations, of GMCs and their
cores, and of the young compact clusters in the LMC. It has been
shown previously that this can be understood if the mass function of
the progenitor GMC is approximated by a turbulence-driven fractal
structure, allowing cloud growth by agglomeration.

© 2003 RAS, MNRAS 343, 1285-1300
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