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What is the ICMF?

Initial Cluster Mass Function (ICMF) = 
Distribution of cluster masses “at birth”.



What is the ICMF?

Initial Cluster Mass Function (ICMF) = 
Distribution of cluster masses “at birth”.

Not very practical: What does “at birth” mean?



What is the ICMF?
Better: 
ICMF = Mean birth rate vs. cluster mass:

ψ(M) =̂
d2N

dM dτ

For large M (>105 - 106 M⊙), birth rate is 
typically ≪1 Myr-1, even in large galaxies.



Observational difficulties
• High masses:

• Low birth rates ➝ rare, poor statistics

• Low masses: 

• Clusters faint, short-lived

• Integrated properties subject to stochastic IMF 
sampling

• Masses are observationally expensive to measure 
(virial masses prohibitive for large samples)



Stochastic IMF sampling 
becomes very important 
below M ~ 104 M⊙.

Stochastic IMF sampling
Mean number of supergiants vs age

Z=Z⊙; Padova 2008 isochrones

(Barbaro & Bertelli 1977;
 Girardi et al. 1995;
 Bruzual 2002;
 Cerviño & Luridiana 2004,2006;
 Maíz-Apellániz 2009;
 Piskunov et al. 2009;
 Fouesneau & Lançon 2010;
 Popescu & Hanson 2010;
 Silva-Villa & Larsen 2011)



Luminosity vs. mass for 
stochastic IMF sampling



Luminosity vs. mass for 
stochastic IMF sampling

isochrone: Bertelli et al. (2009)
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Piskunov et al. 2009

A. E. Piskunov et al.: Why simple stellar population models do not reproduce the colours of Galactic open clusters L7

Fig. 2. Observed colours of 650 Galactic open clusters compared to the-
oretical colours computed from realistic and standard SSP models. The
upper row is for B!V , the bottom one for J!Ks. The left column shows
“integrated colour vs. log t ” diagrams, the right one the distributions
of colour indices. Dots show Galactic open clusters from our sample.
Black dots are young clusters used for constructing the colour distri-
butions, grey dots the older clusters. The curves are the model tracks
constructed in this paper. The dashed curve is for the standard model,
crosses show the realistic one. The observed colour distributions are
shown as filled cyan histograms, the realistic model distribution as the
hatched red ones.

standard SSP models, which means that every small mass inter-
val of the given isochrone emits light according to its Te! and
log g. The total flux that a “theoretical” cluster emits is a result
of the integration over the isochrone, weighted by the given IMF.
It is immediately obvious that luminosity then scales with mass,
once the age (or the isochrone) is fixed. In the discrete approach,
however, only points on the isochrone where stars of a respective
mass are actually present contribute. The random realisations of
the IMF have statistical fluctuations even for a smooth proba-
bility density distribution (i.e., smooth IMF). At the high-mass
end of the mass range, these fluctuations are particularly large
because of low number statistics, and produce gaps in the mass
spectrum. In the case of a single supergiant present in the cluster
at a given instant of time – a case frequently occurring in our
local Galactic clusters – the colour fluctuations might be espe-
cially strong. If the main sequence lifetime of the star closest
in mass to the supergiant exceeds the supergiant’s lifetime, then
after the supergiant’s death the less-massive star remains on the
main sequence, which makes the cluster considerably bluer than
it was before. The sparser the stellar population of a cluster is
(i.e., the lower its total mass) the stronger the colour fluctuations
are in the course of its evolution. After the most massive stars
die, the red giant population of a cluster reaches an equilibrium
and the colour fluctuations of a cluster begin to weaken.

Figure 2 is the counterpart of Fig. 1 for a realistic model
of the scenario described above. The solid line with crosses
and the dashed line shown here correspond to the discrete-IMF
and to the continuous-IMF regimes, respectively, of the same
model. The total initial mass of the model is assumed to be
Mc = 1000 M", and ml = 0.08 M". These parameters were
chosen to provide a fit to the colour distribution in the sim-
plest case of our local young cluster population. The ultimate
upper mass limit mu = 100 M" is defined by the Padova grid

of isochrones, and mu depends on both of the adopted Mc and
ml. For example, for Mc = 1000 M" and ml = 0.01, 0.1, and
1 M", the upper mass limit to the simulated mass spectrum
equals mu # 60, 90, and 100 M". In the latter case, mu is lim-
ited by the adopted evolutionary grid.

For the standard models, this choice of parameters is how-
ever not important. The derived evolutionary track depends on
neither Mc nor ml. The upper mass limit a!ects only the early
stages of the cluster evolution. The only parameter influencing
the standard model is the IMF slope !, although this influence
is not strong. To change substantially the track, one would need
to increase the exponent ! to 4.35. A flattening of the IMF with
respect to the Salpeter value of the slope does not have a strong
e!ect on the colour-age relation. We note that our continuous-
IMF model agrees with the predictions of the GALEV code
and, hence, produces colours redder than the observed colours
at log t < 8.5.

The realistic model with the above parameters produces
a mass spectrum consisting of 3532 stars. In the mass range
5 M" > m > 0.3 M", however, the number of stars is only 599.
This is of the same size as the number of Pleiades members
observed in this mass range, which according to Belikov et al.
(1998) equals 780. Thus, the model appears to be comparable
to the Pleiades. The number of model stars with m > 5 M" is
equal to 20. So, before the model cluster reaches the age of the
Pleiades (log t # 8.1), it has produced 20 red supergiants. The
twenty corresponding “RG-events” are clearly seen in Fig. 2. At
all other times (until log t # 8.1), the cluster is seen as a “main-
sequence cluster” and resides in the MS-domain of the diagram.
If we increase the lower bound ml, the number of massive stars
increases and the fraction of “RG-events” slowly increases, es-
pecially at older ages. But even at ml = 1 M", the “MS-clusters”
are present in the track up to log t # 8.2. On the other hand, de-
creasing ml diminishes the number of “RG-events”. In principle,
from the frequency of red outliers in the “colour versus log t ”
diagram, one can estimate indirectly the parameter ml.

Although the above example provides only an explanation
for the local cluster population of typical mass of order of
103 M", it nevertheless illustrates the e!ect of the discreteness
on extragalactic clusters where the bulk of cluster data comes
from analysing the integrated light. For clusters of mass of the
order of 105 M" Dolphin & Kennicutt (2002) found that this ef-
fect is rather small. This finding was interpreted by some work-
ers (e.g., Bastian et al. 2005) as a justification for neglecting
discreteness. Among other arguments, Bastian et al. (2005) re-
fer to the large masses of the observed extragalactic clusters,
and assume that the e!ect only produces a symmetric spread
around the “true” sequence. However, observations also find
extragalactic clusters with masses typical of Galactic clusters
log Mc = 2!5 (see Mora et al. 2009). Since Fig. 2 shows that
the e!ect is highly asymmetric with respect to the standard SSP
sequence, a study of the e!ect over the entire range of cluster
masses is appropriate.

To estimate the dependence of the discreteness e!ect on clus-
ter age and mass, we have performed a series of Monte Carlo
simulations. We considered a set of cluster models with masses
spread over the range log Mc = 2.0!6.5. For every model of a
particular mass at the starting point, the specific realisation of
the initial mass spectrum was sampled at random from the IMF.
The evolution of the synthetic cluster was then followed up to
log t < 8.3. At every time step, we compared the colours of the
realistic model with its standard counterpart and computed the
colour di!erences " = I(B ! V)r ! I(B ! V)s. Here the sub-
script r represents “realistic”, and s “standard”. For every Mc,
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Ages and masses: stochastic effects

M. Fouesneau and A. Lançon: Estimating star cluster properties

Fig. 7. Estimations based on U, B, V , I, and K band fluxes with 5% noise added to the photometry inputs, allowing an extinction AV from 0
to 3. From top to bottom, the direct fit of the noised populations by our catalogue, the Bayesian estimations and the standard estimations. The
conventions and axis significations are the same as in Fig. 5.

artefacts in the derived age distributions. The model-density
distribution in colour space plays a more important role in
Eq. (4) when there is less contrast in the !2 distribution, i.e.
when K fluxes are absent. Ages in high-density regions along
the de-reddening lines become more attractive. These artefacts

disappear if the amount of reddening is known rather than being
a free parameter.

The artefacts in the age distributions of the standard and the
stochastic method, without the K band, appear oddly similar (left
panels of Fig. 8). In fact, the clusters in features 7.b and 7." are
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Stochastic effects

• Very important for M ≲ 104 M⊙

• Possible ways to mitigate effects on photometry:

• Use weights based on effect of stochasticity in different bands 
(Maíz-Apellaniz 2009)

• Reject clusters with poor fits (Fouesneau & Lançon 2010)

• Generate full model grid of stochastic clusters and search for 
best fit (Popescu & Hanson 2010; Fouesneau & Lançon 2010)



Stochastic effects

• Very important for M ≲ 104 M⊙

• Possible ways to mitigate effects on photometry:

• Use weights based on effect of stochasticity in different bands 
(Maíz-Apellaniz 2009)

• Reject clusters with poor fits (Fouesneau & Lançon 2010)

• Generate full model grid of stochastic clusters and search for 
best fit (Popescu & Hanson 2010; Fouesneau & Lançon 2010)

• Also affect cluster detection via biased size 
measurements (Silva Villa & Larsen 2011)



L82 MASS FUNCTION OF STAR CLUSTERS Vol. 527

Fig. 1.— diagram. The line represents the BC96 population synthesisQ Q1 2
track with the indicated values of and tick marks everylog (t/yr) D log t =
. In this model, the Q-parameters remain constant for . The0.2 log (t/yr) ! 6.4

dots are all the cluster candidates in our sample with estimated masses above
105 M,.

Fig. 2.—Extinction-corrected luminosities of cluster candidates as a function
of their ages. The lines represent the BC96 population synthesis tracks with

, 5.5, 5.0, 4.5, and 4.0. The bars at the top indicate thelog (M/M ) = 6.0,

intervals of age adopted to determine the mass function. The horizontal dotted
line at (extinction-corrected) indicates the upper limit of stellarcM = !9V

contamination.

For the population synthesis track, we use the G. Bruzual &
S. Charlot (1996, unpublished, hereafter BC96) model with the
Salpeter IMF truncated at 0.1 and 125 M, and with solar
metallicity. We regard all pointlike objects brighter than

as cluster candidates, irrespective of their Q-param-M = !9V
eters, because nearly all known stars are fainter than this limit
(Humphreys 1983). Furthermore, we regard fainter pointlike
objects as cluster candidates if they lie within 2DQ = (DQ "1

of the population synthesis track (except for a2 1/2DQ ) = 0.32
few objects with extremely large photometric errors). This pro-
cedure eliminates some but not all stars from our sample (see
Figs. 13 and 14 of Whitmore et al. 1999). However, as shown
below, stellar contamination has little effect on the mass func-
tion that we derive because this is based mainly on the brightest
objects.
For each cluster candidate, we estimate the intrinsic colors,

age t, and mass-to-light ratio from the nearest point onM/L
the population synthesis track in the diagram. A com-Q Q1 2
parison of the intrinsic with the observed colors gives the ex-
tinction , and the intrinsic luminosity and mass M thenA LV V
follow from V and . The mean value of varies from 1.5A AV V
for the youngest clusters ( Myr) to 0.3 for the oldestt ! 10
clusters ( Myr). Because the BC96 population synthesist 1 100
track stops evolving in the diagram at ,Q Q log (t/yr) = 6.41 2
no objects can be assigned ages smaller than this by our pro-
cedure. Instead, the youngest clusters are all assigned ages in
the interval . Furthermore, because the6.4 ! log (t/yr) ! 6.8
track bends sharply at and has a zigzag atlog (t/yr) ! 6.9

, there is some ambiguity in the assignment oflog (t/yr) ! 7.2
ages in this region of the diagram. For these reasons, weQ Q1 2
exclude the intervals andlog (t/yr) ! 6.4 6.8 ! log (t/yr) !

from our determination of the mass function.7.4
We have verified by simulations that the scatter of cluster

candidates away from the population synthesis track in the
diagram is mostly accounted for by photometric errors.Q Q1 2

However, for the youngest objects ( Myr), the scatter ist ! 10
slightly larger, probably because they are affected by nebular
emission and residual extinction. (While or method is designed
to correct for extinction, this is not always perfect, especially

in the dusty regions where the youngest clusters are often
found.) The errors in the Q-parameters lead to typical uncer-
tainties of a factor of 2 in the ages and factors that vary from
1.1 to 1.7 in the luminosities. Fortunately, these uncertainties
tend to cancel out in estimates of the masses, because younger
clusters have lower mass-to-light ratios but higher extinctions.
As a result, the uncertainties in the masses of most cluster
candidates are better than 50%.
Figure 2 shows the luminosity-age relation for the objects

in our sample along with the BC96 population synthesis tracks
for , 5.5, 5.0, 4.5, and 4.0. Evidently, thelog (M/M ) = 6.0,

masses of the cluster candidates range from well below 104
M, to just above 106M,. The apparent gaps in the luminosity-
age relation at and are ar-log (t/yr) ! 6.4 7.0 ! log (t/yr) ! 7.2
tifacts caused by little or no evolution of the population syn-
thesis track in the diagram in these intervals of ageQ Q1 2
(discussed above). Stellar contamination can be neglected
above the horizontal dotted line in Figure 2 at , ancM = !9V
extinction-corrected magnitude that excludes all but the very
brightest stars. For reference, the Large Magellanic Cloud, with
about 4% of the total blue luminosity of the Antennae, has two
stars with , three with! , and none withc cM = !9 10 ! M ! !9V V

(Humphreys 1983). Thus, we might expect "100cM ! !10V
stars (mostly blue supergiants) brighter than in ourcM = !9V
sample of cluster candidates, i.e., contamination at just the"5%
level.

3. MASS FUNCTION OF CLUSTERS

We construct the mass function of cluster candidates in two
intervals of age: and6.4 ! log (t/yr) ! 6.8 7.4 ! log (t/yr) !
, corresponding to Myr and Myr.8.2 2.5 ! t ! 6.3 25 ! t ! 160

These intervals, which are indicated by the bars at the top of
Figure 2, were chosen to avoid the problems discussed in the
previous section. The first allows us to estimate the mass func-
tion down to relatively low masses with a relatively large num-

logM
/M
⊙ = 6

5.5

5

NGC 4038/4039, The Antennae

The Antennae

Zhang & Fall 1999
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Fig. 3.—Completeness-corrected mass function of clus-W(logM) = Mw(M)
ter candidates in two intervals of age: (top) and6.4 ! log (t/yr) ! 6.8 7.4 !

(bottom). The vertical and horizontal bars indicate the 1 jlog (t/yr) ! 8.2
Poisson uncertainties and the bin sizes, respectively. The arrows labeled S
indicate the stellar contamination limit ( ), and the arrows labeled CcM ! !9V

indicate the 50% completeness limit ( ). The solid lines are power laws,V ! 24
, with and , respectively, forbw(M) " M b = !1.95! 0.03 b = !2.00! 0.08

the younger and older clusters. The dashed line represents a lognormal mass
function, derived from a Gaussian distribution of magnitudes with a mean

and dispersion (Harris 1991) and a fixed mass-to-AM S = !7.3 j(M ) = 1.2V V

light ratio of .M/L = 2V

ber of objects, while the second provides a check on the con-
sistency of our procedure. In constructing the mass function,
we must correct for incompleteness in our sample. This depends
on the brightness of the objects, whether they are on the PC
or WF chips, and the local background and/or crowding. For
each cluster candidate, we adopt the completeness factor de-
termined by Whitmore et al. (1999) using a false-star method.
Our sample as a whole is about 50% complete at ,V = 24
corresponding to forlog (M/M ) ! 3.9 6.4 ! log (t/yr) ! 6.8,

and for . Above theselog (M/M ) ! 4.4 7.4 ! log (t/yr) ! 8.2,

limits, the younger and older subsamples contain 1140 and 477
objects, respectively.
Figure 3 shows the completeness-corrected mass functions

of the cluster candidates in the two intervals of age. The stellar
contamination limits are labeled “S,” while the completeness
limits are labeled “C.” Stellar contamination is negligible for
the younger subsample, but it could begin to affect the older
subsample for . Evidently, the mass func-log (M/M ) ! 4.7,

tions for the two subsamples are nearly indistinguishable above
the completeness limits. They can be represented by a pow-
er law, , with forbw(M) " M b = !1.95! 0.03 6.4 !

and forlog (t/yr) ! 6.8 b = !2.00! 0.08 7.4 ! log (t/yr) !
. These are based on weighted least-square fits of the form8.2

.log w = b logM" const
We have checked that our results are robust with respect to

the adopted population synthesis tracks. First, we repeated the
entire analysis with the BC96 models but with a different IMF
(Scalo vs. Salpeter) and different metallicities (0.4 and 2.5 Z,

vs. 1.0 Z,). Second, we repeated the analysis with the Leitherer
et al. (1999) models with the Salpeter IMF and solar metallicity.
In the first case, the mass function was virtually the same; in
the second case, it was slightly steeper, with . Web = !2.1
have also checked that our results are not biased by observa-
tional errors by randomly reassigning ages to all cluster can-
didates younger than . In this case, we obtainlog (t/yr) = 6.8

.b = !1.9
Figure 3 shows a comparison between the mass function of

the young star clusters in the Antennae determined here and
the mass function of old globular clusters (indicated by the
dashed curves). The latter was derived from the usual Gaussian
distribution of magnitudes and a fixed mass-to-light ratio,

. Within the observational uncertainties, it appearsM/L = 2V

that the two mass functions may be similar for M " 2#
. However, for , they are completely5 510 M M ! 2# 10 M, ,

different; that for the young clusters in the Antennae increases
rapidly, while that for the old globular clusters decreases rap-
idly. Whitmore et al. (1999) found that the luminosity function
of the star clusters in the Antennae could be described by two
power laws joined by a weak bend (with anda = !1.7 a =1 2

), and there may also be hints of curvature in the mass!2.6
function that we have derived. However, any such deviations
in the latter from a single power law have low statistical sig-
nificance (!2 j). Alternatively, the bend in the luminosity func-
tion may result from the fading of clusters that formed over a
period of a few hundred megayears with a power-law mass
function truncated near 106 M,.
Our results differ substantially from those based on earlier

observations of the Antennae with the WFPC1 on HST (Meurer
1995; Fritze–von Alvensleben 1999). To understand this dif-
ference, we have performed two tests. First, we artificially trun-
cated our sample at , the same limit adopted byM = !9.6V

Fritze–von Alvensleben, and then repeated the entire analysis
described above. (Note that after corrections for extinction,

corresponds approximately to tocM = !9.6 M = !9.9V V

!11.1). In this case, we obtained a mass function similar to
the lognormal one found by Fritze–von Alvensleben. Second,
we performed a simulation in which clusters were drawn from
a power-law mass function (with ) and a uniform ageb = !2
distribution. The luminosities of the clusters were then com-
puted from the BC96 population synthesis models. For simu-
lated clusters brighter than , the mass function againM = !9.6V

resembled the one found by Fritze–von Alvensleben. The rea-
son for this is that, because the clusters fade, those with high
masses can be observed over a wide range of ages, whereas
those with low masses can be observed only when they are
young. As a result, low-mass clusters are underrepresented in
the observed mass function, which therefore declines toward
both high and low masses.

4. DISCUSSION

We have found that the mass function of young star clusters
in the Antennae is well represented by a power law, w(M) "

, over the range . This is similar to the!2 4 6M 10 ! M ! 10 M,

power-law mass function of diffuse and molecular clouds in
the Milky Way (Dickey & Garwood 1989; Solomon & Rivolo
1989). However, it differs radically from the lognormal mass
function of old globular clusters, which peaks at a few times
105 M, and declines rapidly toward both higher and lower
masses. It is widely believed that galaxies formed hierarchically
by the merging of smaller galaxies and/or subgalactic frag-

Zhang & Fall 1999

dN

dM
∝M−2

;M > 104M⊙

The CMF of clusters in The Antennae

α = −1.95± 0.03

α = −2.00± 0.08
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Shape of the ICMF

*Cluster samples likely contaminated 
by complexes / associations



Shape of the ICMF

• Several studies: dN/dM ~ M-2, over some mass range:
• Milky Way open and embedded clusters 

(Elmegreen & Efremov 1997; Lada & Lada 2003; Selman & Melnick 2008);      log M/M⊙≲3

• Large Magellanic Cloud 
(Hunter et al. 2003; de Grijs & Anders 2006; Chandar et al. 2010);          3≲log M/M⊙≲5

• M51 (Bik et al. 2002; Chandar et al. 2011);                                  3≲log M/M⊙≲5

• Antennae (Zhang & Fall 2005; Fall et al.2009):                            4≲log M/M⊙≲6

• Several spirals + irr (Dowell et al. 2008)*: dN/dM ~ M-1.8 for 4≲log M/M⊙

• Starbursts: NGC 6745*/NGC 3310 (de Grijs et al. 2003):      5≲log M/M⊙

*Cluster samples likely contaminated 
by complexes / associations
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NGC 3627: dN/dL ~ L-2.43 for MV<-8
(Dolpin & Kennicutt 2002)

M. R. Haas et al.: ACS imaging of star clusters in M 51. II. 941

Fig. 2. The LF (number of clusters divided by the bin width) of the
identified clusters in M 51 in MF435W . The double power law fits are
performed on all of these clusters. Only clusters with a galactocentric
distance <9 kpc are in this sample. The number of clusters in the sample
is indicated in all panels. The top panel is the whole sample. The lower
three are samples, in number more or less equally divided, at di!erent
galactocentric radii. Both slopes and the magnitude of the bend are in-
dicated (vertical dashed line). The dot-dashed line in the upper panel is
the LF for clusters with re! > 2 pc.

3.2. Variations with galactocentric distance

The total sample is large enough to cut it in three, more or
less equally sized (in number of clusters), galactocentric dis-
tance “bins”, without losing too much statistical confidence. The

Fig. 3. Same as Fig. 2, but now for F555W.

limits are chosen at 3 and 5.5 kpc. For the distance dependencies
of LF parameters, only clusters within a circle with galactocen-
tric distance smaller than 9 kpc are used, in order to be sure
that all the clusters belong to M 51 and not to its companion
NGC5195. In the resulting three regions the luminosity func-
tions are shown in Figs. 2, 3 and 4 for F435W, F555W and
F814W respectively. The results of the double power law fits
are shown in Table 4.

We find that the location of the bend shifts to fainter magni-
tudes for greater galactocentric distance for all filters. The bend
magnitudes in the di!erent filters get brighter for redder filters.

M. R. Haas et al.: ACS imaging of star clusters in M 51. II. 941

Fig. 2. The LF (number of clusters divided by the bin width) of the
identified clusters in M 51 in MF435W . The double power law fits are
performed on all of these clusters. Only clusters with a galactocentric
distance <9 kpc are in this sample. The number of clusters in the sample
is indicated in all panels. The top panel is the whole sample. The lower
three are samples, in number more or less equally divided, at di!erent
galactocentric radii. Both slopes and the magnitude of the bend are in-
dicated (vertical dashed line). The dot-dashed line in the upper panel is
the LF for clusters with re! > 2 pc.

3.2. Variations with galactocentric distance

The total sample is large enough to cut it in three, more or
less equally sized (in number of clusters), galactocentric dis-
tance “bins”, without losing too much statistical confidence. The

Fig. 3. Same as Fig. 2, but now for F555W.

limits are chosen at 3 and 5.5 kpc. For the distance dependencies
of LF parameters, only clusters within a circle with galactocen-
tric distance smaller than 9 kpc are used, in order to be sure
that all the clusters belong to M 51 and not to its companion
NGC5195. In the resulting three regions the luminosity func-
tions are shown in Figs. 2, 3 and 4 for F435W, F555W and
F814W respectively. The results of the double power law fits
are shown in Table 4.

We find that the location of the bend shifts to fainter magni-
tudes for greater galactocentric distance for all filters. The bend
magnitudes in the di!erent filters get brighter for redder filters.

Haas et al. (2008); 
Hwang & Lee (2008)

Larsen (2002)

for LV in units of L! and MV,! = 4.8. For NGC 1313 and
NGC 5236 there are two entries for fits in the range
"8 < MV < "6 and "9 < MV < "7.5, respectively. These
fits again suggest a steepening at brighter magnitudes,
although this is formally detected only at the #1 ! level in
NGC 1313 and at even lower significance in NGC 5236.

Column (7) gives the surface densities of clusters at

MV = "8, !"8
cl , based on the LF fits. An absolute magni-

tude ofMV = "8 is useful as a fiducial point for comparison
of the cluster densities because it allows Milky Way and
LMC data to be compared with data for more distant gal-
axies. The cluster densities in Table 5 were obtained simply
by normalizing number counts to the WFPC2 field of view,
but because the pointings cover di!erent sections of their
host galaxies, it should be kept in mind that these cluster
densities are not necessarily representative for each galaxy
as a whole. Significant local variations are present even
within the WFPC2 frames. The data for the Milky Way
open cluster luminosity function are taken from van den
Bergh & Lafontaine (1984) and refer to the solar neighbor-
hood, while many of the WFPC2 pointings cover regions
closer to the center of the galaxies. The Bica et al. (1996)
catalog covers about 5$ % 5$ of the LMC.

Comparison with the Milky Way data confirms the
notion that the cluster system of our Galaxy is comparable
to those of other spiral galaxies with modest star formation
rates (NGC 628, 3184 and 6744), but poorer than that of the
LMC and NGC 6946 (see Table 6 for !SFR values). It is also
worth noting that the LMC cluster system by no means
appears to be extreme. Although richer than that of the
Milky Way, it falls short of galaxies such as NGC 1313,
5236, and 6946. It is interesting (though hardly surprising)
to note that !SFR and !"8

cl scale with each other. A conclu-
sion as to whether or not the relation is linear, however, is
not really warranted by the current data, but other studies
suggest that the e"ciency of cluster formation relative to
field stars increases with !SFR (LR2000). Specifically,
BHE02 found that the total U-band luminosity of all clus-
ters L(U) normalized to the galaxy area A scales with !SFR
as L(U)/A # !1:4

SFR.
As mentioned above, some of the objects included in the

cluster lists may be contaminants. To check how much this
e!ect and completeness issues might influence the LF fits,
the data sets were visually inspected and objects suspected
to be nonclusters were manually removed from the cluster
lists. As an example, this resulted in the removal of 76 of 370
objects in the three NGC 6946 fields, which were typically
located within crowded regions of the images and most
likely blends of two or several stars. The dotted and dashed
lines in Figures 9 and 10 show the contamination-corrected
LFs, with and without correction for incompleteness. The
incompleteness corrections have very little e!ect on the LF
fits, and the vast majority of uncertain cluster identifications
are in the faintest bins. Some of the objects that were
rejected during the visual inspection might be real clusters,
so the dashed lines may be considered a pessimistic estimate
of the contamination. In most cases the LF fits were not
strongly a!ected by the visual inspection and removal of
suspected contaminants, with the "-values typically becom-
ing flatter by #0.1. The contamination corrections might
bring the slopes of some of the observed LFs closer to that
of the LMC. The changes in!"8

cl were also modest, generally
resulting in a decrease of less than #25% relative to the val-
ues in Table 5. One galaxy where the visual inspection
caused significant depletion at the faint end of the LF is
NGC 1313, but note that the limiting magnitude in this gal-
axy is fainter than in most of the other galaxies studied here.
This, combined with significant crowding in the central
pointing (where most cluster candidates are located), made
the identification of many of the faintest sources in this
galaxy ambiguous.

Fig. 10.—Same as Fig. 9
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β=-2.14±0.12
NGC 6744

for LV in units of L! and MV,! = 4.8. For NGC 1313 and
NGC 5236 there are two entries for fits in the range
"8 < MV < "6 and "9 < MV < "7.5, respectively. These
fits again suggest a steepening at brighter magnitudes,
although this is formally detected only at the #1 ! level in
NGC 1313 and at even lower significance in NGC 5236.

Column (7) gives the surface densities of clusters at

MV = "8, !"8
cl , based on the LF fits. An absolute magni-

tude ofMV = "8 is useful as a fiducial point for comparison
of the cluster densities because it allows Milky Way and
LMC data to be compared with data for more distant gal-
axies. The cluster densities in Table 5 were obtained simply
by normalizing number counts to the WFPC2 field of view,
but because the pointings cover di!erent sections of their
host galaxies, it should be kept in mind that these cluster
densities are not necessarily representative for each galaxy
as a whole. Significant local variations are present even
within the WFPC2 frames. The data for the Milky Way
open cluster luminosity function are taken from van den
Bergh & Lafontaine (1984) and refer to the solar neighbor-
hood, while many of the WFPC2 pointings cover regions
closer to the center of the galaxies. The Bica et al. (1996)
catalog covers about 5$ % 5$ of the LMC.

Comparison with the Milky Way data confirms the
notion that the cluster system of our Galaxy is comparable
to those of other spiral galaxies with modest star formation
rates (NGC 628, 3184 and 6744), but poorer than that of the
LMC and NGC 6946 (see Table 6 for !SFR values). It is also
worth noting that the LMC cluster system by no means
appears to be extreme. Although richer than that of the
Milky Way, it falls short of galaxies such as NGC 1313,
5236, and 6946. It is interesting (though hardly surprising)
to note that !SFR and !"8

cl scale with each other. A conclu-
sion as to whether or not the relation is linear, however, is
not really warranted by the current data, but other studies
suggest that the e"ciency of cluster formation relative to
field stars increases with !SFR (LR2000). Specifically,
BHE02 found that the total U-band luminosity of all clus-
ters L(U) normalized to the galaxy area A scales with !SFR
as L(U)/A # !1:4

SFR.
As mentioned above, some of the objects included in the

cluster lists may be contaminants. To check how much this
e!ect and completeness issues might influence the LF fits,
the data sets were visually inspected and objects suspected
to be nonclusters were manually removed from the cluster
lists. As an example, this resulted in the removal of 76 of 370
objects in the three NGC 6946 fields, which were typically
located within crowded regions of the images and most
likely blends of two or several stars. The dotted and dashed
lines in Figures 9 and 10 show the contamination-corrected
LFs, with and without correction for incompleteness. The
incompleteness corrections have very little e!ect on the LF
fits, and the vast majority of uncertain cluster identifications
are in the faintest bins. Some of the objects that were
rejected during the visual inspection might be real clusters,
so the dashed lines may be considered a pessimistic estimate
of the contamination. In most cases the LF fits were not
strongly a!ected by the visual inspection and removal of
suspected contaminants, with the "-values typically becom-
ing flatter by #0.1. The contamination corrections might
bring the slopes of some of the observed LFs closer to that
of the LMC. The changes in!"8

cl were also modest, generally
resulting in a decrease of less than #25% relative to the val-
ues in Table 5. One galaxy where the visual inspection
caused significant depletion at the faint end of the LF is
NGC 1313, but note that the limiting magnitude in this gal-
axy is fainter than in most of the other galaxies studied here.
This, combined with significant crowding in the central
pointing (where most cluster candidates are located), made
the identification of many of the faintest sources in this
galaxy ambiguous.

Fig. 10.—Same as Fig. 9
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β=-2.42±0.12
NGC 6946

for LV in units of L! and MV,! = 4.8. For NGC 1313 and
NGC 5236 there are two entries for fits in the range
"8 < MV < "6 and "9 < MV < "7.5, respectively. These
fits again suggest a steepening at brighter magnitudes,
although this is formally detected only at the #1 ! level in
NGC 1313 and at even lower significance in NGC 5236.

Column (7) gives the surface densities of clusters at

MV = "8, !"8
cl , based on the LF fits. An absolute magni-

tude ofMV = "8 is useful as a fiducial point for comparison
of the cluster densities because it allows Milky Way and
LMC data to be compared with data for more distant gal-
axies. The cluster densities in Table 5 were obtained simply
by normalizing number counts to the WFPC2 field of view,
but because the pointings cover di!erent sections of their
host galaxies, it should be kept in mind that these cluster
densities are not necessarily representative for each galaxy
as a whole. Significant local variations are present even
within the WFPC2 frames. The data for the Milky Way
open cluster luminosity function are taken from van den
Bergh & Lafontaine (1984) and refer to the solar neighbor-
hood, while many of the WFPC2 pointings cover regions
closer to the center of the galaxies. The Bica et al. (1996)
catalog covers about 5$ % 5$ of the LMC.

Comparison with the Milky Way data confirms the
notion that the cluster system of our Galaxy is comparable
to those of other spiral galaxies with modest star formation
rates (NGC 628, 3184 and 6744), but poorer than that of the
LMC and NGC 6946 (see Table 6 for !SFR values). It is also
worth noting that the LMC cluster system by no means
appears to be extreme. Although richer than that of the
Milky Way, it falls short of galaxies such as NGC 1313,
5236, and 6946. It is interesting (though hardly surprising)
to note that !SFR and !"8

cl scale with each other. A conclu-
sion as to whether or not the relation is linear, however, is
not really warranted by the current data, but other studies
suggest that the e"ciency of cluster formation relative to
field stars increases with !SFR (LR2000). Specifically,
BHE02 found that the total U-band luminosity of all clus-
ters L(U) normalized to the galaxy area A scales with !SFR
as L(U)/A # !1:4

SFR.
As mentioned above, some of the objects included in the

cluster lists may be contaminants. To check how much this
e!ect and completeness issues might influence the LF fits,
the data sets were visually inspected and objects suspected
to be nonclusters were manually removed from the cluster
lists. As an example, this resulted in the removal of 76 of 370
objects in the three NGC 6946 fields, which were typically
located within crowded regions of the images and most
likely blends of two or several stars. The dotted and dashed
lines in Figures 9 and 10 show the contamination-corrected
LFs, with and without correction for incompleteness. The
incompleteness corrections have very little e!ect on the LF
fits, and the vast majority of uncertain cluster identifications
are in the faintest bins. Some of the objects that were
rejected during the visual inspection might be real clusters,
so the dashed lines may be considered a pessimistic estimate
of the contamination. In most cases the LF fits were not
strongly a!ected by the visual inspection and removal of
suspected contaminants, with the "-values typically becom-
ing flatter by #0.1. The contamination corrections might
bring the slopes of some of the observed LFs closer to that
of the LMC. The changes in!"8

cl were also modest, generally
resulting in a decrease of less than #25% relative to the val-
ues in Table 5. One galaxy where the visual inspection
caused significant depletion at the faint end of the LF is
NGC 1313, but note that the limiting magnitude in this gal-
axy is fainter than in most of the other galaxies studied here.
This, combined with significant crowding in the central
pointing (where most cluster candidates are located), made
the identification of many of the faintest sources in this
galaxy ambiguous.

Fig. 10.—Same as Fig. 9
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β=-2.01±0.08
LMC

β=-2.51±0.06
M51

Some observed LFs
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Figure 1. Sample of published indices of power law fit results to LFs of young
star clusters as a function of the fit range. The results are taken from: Larsen
(2002): six spirals and the LMC; Mora et al. (2007): NGC 45; Gieles et al. (2006b);
Haas et al. (2008) and Hwang & Lee (2008): M51; Whitmore et al. (1999): Anten-
nae; Dolphin & Kennicutt (2002): NGC 3627.

2 Modelling the luminosity function

In order to understand the luminosity function (LF) of star clusters we create semi-
analytic cluster population models. For this the distribution function of initial masses
(Mi) with age needs to be defined first. We define the probability of forming a cluster
with an initial mass between Mi and Mi + dMi at a time between t and t + dt, as
dN/(dMidt). For a Schechter (1976) type CIMF this then gives

dN
dMidt

= AM!2
i exp(!Mi/M"), (4)

where A is a constant that scales with the cluster formation rate (CFR) and M" is the
mass where the exponential drop occurs. Note that we fix the power law index in the
Schechter CIMF to !2.

An equivalent distribution function for the present day masses (M ) of clusters,
dN/(dMdt), can be found from multiplying equation (4) by |!Mi/!M | which de-
scribes the relation between the initial and the present cluster mass to taken into ac-
count cluster dissolution. This was done by Fall & Zhang (2001) and Jordán et al.
(2007) to model the mass function of globular clusters using a constant mass loss rate.
Lamers et al. (2005) and Gieles (2009) apply a mass dependent mass loss rate to model
age and mass distributions of cluster populations using a power law and a Schechter
CIMF, respectively. We refer the aforementioned studies and Larsen (2009) for full
descriptions of the formulae.

An equivalent distribution function of luminosity (L) and t can be acquired by
multiplying dN/(dMdt) by the age dependent mass-to-light ratio (!) (see also Fall
2006; Larsen 2009), such that

Gieles (2009)

Luminosity functions: slope vs. MV

 β 



Insight from LFs

• LFs invariably steeper than dN/dL ~ L-2

• Inconsistent with dN/dM ~ M-2 for all M

• Only way to get steep LFs is if ICMF is steeper, too 
and/or truncated

• MFs possibly truncated at several 105 M⊙ (Gieles et 
al. 2006a,b)



Messier 83

NGC 6946

Two of the cluster-richest, nearby spirals

Larsen & Richtler (1999; 2000)

Ground-based data ➝ relatively shallow,
but allows to cover whole galaxies
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N5236-F1-1: 1.7×105 M⊙ N1313-F3-1: 2.8×105 M⊙

HST/ACS images - note resolution into individual stars!
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CMFs in the Antennae and NGC6946+M83
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Figure 10: Top: Comparison of mass functions of clusters younger than ! 1Gyr in dif-
ferent galaxies. The results are taken from Larsen (2009a) (LMC, cluster rich spirals and
cluster poor spirals); Gieles (2009) (M51); Zhang & Fall (1999) (the Antennae galaxies) and
Vansevičius et al. (2009) (two versions of the M31 cluster mass function). The cluster mass
functions in spirals are compared to a Schechter function (Eq. 18) with M! = 2.5 " 105M"

(dashed curves); for the Antennae, M! = 106M" (dotted curve) is used. Bottom: the cor-
responding logarithmic slopes of the mass functions. The dotted and dashed curves are the
logarithmic slopes of the functions shown in the top panel.
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Portegies Zwart, McMillan, Gieles 2010, ARA&A

More MFs

Spirals:
Generally consistent with 
M* = 2×105 M⊙ Schechter fct.

Antennae:
Cut-off at higher mass (>106 M⊙) α
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The Most Massive YMCs

NGC 7252 - W3: MVir = (8±2)x107 M⊙ , 
Reff ~ 18 pc (Maraston et al.  2004)

NGC 7252 - W30: MVir = (1.6±0.3)x107 M⊙, Reff ~ 9 pc 
NGC 1316 - G114: MVir = (1.6±0.1)x107 M⊙, Reff ~ 4 pc 
(Bastian et al. 2006)

Arp 220 - most massive clusters ~107 M⊙, 
Reff ~ 10 pc (Wilson et al. 2006).

Clusters with M~107 
M⊙ in starbursts ➝ 
ICMF more top-heavy 
than in spiral discs



Large Magellanic Cloud:

Consistent with α=-2 
power-law? 
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Figure 12. Mass function for M83 clusters, based on the Daophot catalog, averaged over the indicated intervals of age. The solid lines show the best fits to the
variable-binning data (filled circles), while the open circles show the fixed-bin data. The given values of ! are for the variable-binning data. See the text for more
details.

10

102

103
Constrain MC
log ! = 8-8.6

106

MC=105

103 104 105 106

Mass (M/M )

10

102

103

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 d
N

/d
M

Constrain !*
log ! = 8-8.6

k=1

!*=2x108

5x108

2x109

Figure 13. Mass function for the log " = 8.0–8.6 yr clusters in M83 is compared
with different predictions for an upper mass cutoff MC (upper panel) and for
different characteristic disruption timescales "! (lower panel). The curves in
the upper panel are Schechter functions, #(M) " M!exp(#M/MC ), with
MC = 1 $ 105 M%, 4 $ 105 M%, and 1 $ 106 M%. The curves in the lower
panel use Equations (B6)–(B8) from Fall et al. (2009) to predict the evolution
of the mass function for a population of log " = 8.0–8.6 yr clusters, with the
indicated disruption timescales "!, for a linear rate of mass loss (k = 1). See
the text for details.

two-body relaxation, will disrupt lower mass clusters earlier
than higher mass clusters (at a constant density). Two-body
relaxation causes clusters to lose mass at an approximately
linear rate (e.g., Fall & Zhang 2001; see McLaughlin & Fall
2008 for a detailed discussion of evaporation rates), giving
a disruption time that depends on the initial mass M0 of the
cluster as "d (M0) = "!(M0/M!)k , with k = 1. Here, "! is the
characteristic time it takes to disrupt a M! = 104 M% cluster.
In Figure 13 (lower panel), we compare the mass function for
log " = 8–8.6 yr clusters for different values of "!: 2 $ 108 yr,
5 $ 108 yr, and 2 $ 109 yr. Because the mass function follows

a power law without flattening at lower masses, we can only
place a lower limit on "! and find "! ! 2 $ 109 yr. This result
does not mean that cluster disruption does not take place until
after 2 $ 109 yr, only that the disruption of clusters on shorter
timescales does not depend strongly on the mass of the clusters.

The results presented here indicate that the cluster age
distribution is approximately independent of mass and that the
cluster mass function is approximately independent of age. This
means that the bivariate distribution of cluster masses and ages,
g(M, " ), can be written as the product of the mass and age
distributions: g(M, " ) " M!" $ , with ! = #1.94 ± 0.16 and
$ = #0.9 ± 0.2. This result for M83 is similar to those found
for the Magellanic Clouds (e.g., Parmentier & de Grijs 2008;
Chandar et al. 2010a) and for the Antennae (Fall et al. 2009),
and indicates that mass-dependent disruption plays little role,
but that mass-independent disruption plays a strong role, in
shaping the masses and ages of clusters in these galaxies for the
first " " few $ 108 yr.

7. SUMMARY AND CONCLUSIONS

We have used observations taken with the newly installed
WFC3 camera onboard the HST to study star clusters in the
nearby spiral galaxy M83. Our main science goals were to
determine the luminosity, mass, and age distributions of the
clusters, and to use these to understand the formation and
disruption of the clusters. In order to accomplish these goals, we
used several different methods to select compact star clusters and
assessed the impact that various assumptions and corrections
have on the shape of the LF.

We found that the LF of star clusters in M83 can be described
by a power law, %(L) " L& , with & = #2.04 ± 0.08. We found
that the selection of the clusters, i.e., the specific criteria that
are used to find and catalog them, does not have a significant
impact on &, with variations on the order of & ± 0.04. Other
issues that impact &, roughly in order of importance are: object
color (±0.08), filter (±0.06), binning (±0.03), and aperture
corrections (±0.01).

We estimated the masses and ages of the clusters by com-
paring measurements of UBVI, H& magnitudes with new
stellar evolution models from CB09, and presented prelimi-
nary mass and age distributions for the clusters in our field.
The age distribution declines steeply, dN/d" " " $ , with
$ = #0.9 ± 0.2, for clusters more massive than M ! 3 $
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Figure 1. Color image of M83 produced using the HST/WFC3 observations described in this work. The F438W image is shown in blue, the F555W image in green,

and a combination of the F814W and H! images in red.

Figure 2. Color image of the nuclear region of M83.magnitudes, although we do not make any transformations to

the Johnson–Cousins system.We use two different approaches to determine aperture

corrections, which convert our fixed aperture magnitudes to total

magnitudes. Both approaches make use of the concentration

index (C), measured in the V-band image and defined as the

Figure 3. Enlargement of a portion of M83 from Figure 1, showing a typical

non-nuclear region including stars and star clusters.

difference in aperture magnitudes determined using a 3 pixel

and a 0.5 pixel radius. In the first approach, a single value

(0.30) is used for the aperture correction of point sources (i.e.,

objects with C < 2.3), and a different value (0.98) is used for

extended sources (objects with C > 2.3) in each filter. These

mean aperture corrections are determined from the magnitude

difference between apertures of 3 and 12.5 pixels (i.e., 0.!!5)

for a sample of "50 relatively isolated, high signal-to-noise

(S/N) stars and clusters. We assume an additional 0.10 mag is

needed to correct the photometry from 0.!!5 to infinity, based on

M83 (WFC3 early release)

Data consistent with any 
M* > 105 M⊙ 
(Chandar et al. 2010)

α=-1.90±0.10 α=-2.02±0.13α=-1.85±0.13



ICMF upper cut-off 
consistent with other 

constraints?



Gieles et al. (2006)

Upper ICMF limit ➝ Brighter Clusters 
Should be Younger
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Fig. 4. The median absolute magnitude of the brightest (top) and 5th brightest (bottom) cluster versus median age. Results are shown for Schechter
mass functions with Mc = 104, 105, 106 and 107 M⊙ and α = −2 (solid curves), as well as for Mc = 3 × 105 M⊙ and Mc = 1015 M⊙ (dotted curves).
The (red) dashed lines are for constant total number of clusters (n6 = 101, 102, . . . , 105) brighter thanMV = −6. The error bars mark the median
absolute deviation of log(age) and MV for fixed Mc and n6. The triangles mark clusters in irregular galaxies while circles are for spirals (see
Table 1).

scatter, one should not assign much significance to the location
of any particular galaxy in Fig. 4, but for large galaxy samples
it is still possible to draw conclusions about Mc in a statistical
sense. The inconvenience of having to include a large number
of galaxies is counterbalanced by the fact that only the brightest
(or few brightest) clusters have to be identified and age-dated.
Furthermore, it is not a strict requirement that the entire galaxy
is covered; any sub-sample of clusters can equally well be com-
pared with the grids, as long as the sub-sample can be assumed
to be representative of the global cluster population in a galaxy.
Of course, this assumption may not always be justified.

It is important to stress that the grids in Fig. 4 are only
suitable for comparison with galaxies for which it is plausible
that the cluster formation rate has been approximately constant
over the past few Gyrs. More specifically, the cluster popula-
tion should not be dominated by a single strong burst so galaxies
which are currently undergoing strong bursts of star formation,
or have done so in the past (e.g. merger remnants) would require
a custom-made grid tailored for their specific star formation his-
tories. However, variations in the cluster formation rate of a fac-
tor of a few are still acceptable. Among normal disc galaxies,
which are our primary interest here, star- and cluster formation
histories are more likely to have been roughly uniform, at least
on average. For the Milky Way, several studies suggest that vari-

ations of a factor of 2–3 in the star formation rate on time scales
of 108 - 109 years (Rocha-Pinto et al. 2000; Hernandez et al.
2000) are applicable.

2.5. Comparison with observations

Table 1 lists data for the brightest and 5th brightest cluster in a
sample of galaxies. These are mostly spirals, taken from our pre-
vious work, with the addition of a few irregular galaxies. For the
galaxies with data from Larsen (1999, 2002), which are ground-
based with more or less homogeneous detection limits, the last
column lists the total number of clusters detected in each galaxy.
Formally, the detection limit is atMV = −8.5 (MV = −9.5 for
clusters bluer than U−B = −0.4), but significant incompleteness
likely sets in well above these limits. In selecting the cluster sam-
ples in the spirals, objects with Hα emission were excluded so
that the samples mostly consist of clusters older than about 10
Myr.

Overall properties of the cluster systems and the host galax-
ies have been discussed extensively by Larsen & Richtler (2000).
The spiral galaxies span more than an order of magnitude in ab-
solute and area-normalised star formation rate, and are mostly
type Sbc or later. With the exception of NGC 5194, none is in-
volved in any strong on-going interaction. The star formation

6 Søren S. Larsen: The mass function of star clusters

Case A: No disruption

−6

−8

−10

−12

−14

M
V (

br
ig

ht
es

t)

Case B: IMR=0, t4=108 yr Case C: IMR=90%, t4=1015 yr

6.5 7.0 7.5 8.0 8.5 9.0
Log (age / yr)

−6

−8

−10

−12

−14

M
V (

5t
h 

br
ig

ht
es

t)

6.5 7.0 7.5 8.0 8.5 9.0
Log (age / yr)

6.5 7.0 7.5 8.0 8.5 9.0
Log (age / yr)

Fig. 4. The median absolute magnitude of the brightest (top) and 5th brightest (bottom) cluster versus median age. Results are shown for Schechter
mass functions with Mc = 104, 105, 106 and 107 M⊙ and α = −2 (solid curves), as well as for Mc = 3 × 105 M⊙ and Mc = 1015 M⊙ (dotted curves).
The (red) dashed lines are for constant total number of clusters (n6 = 101, 102, . . . , 105) brighter thanMV = −6. The error bars mark the median
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Table 1).

scatter, one should not assign much significance to the location
of any particular galaxy in Fig. 4, but for large galaxy samples
it is still possible to draw conclusions about Mc in a statistical
sense. The inconvenience of having to include a large number
of galaxies is counterbalanced by the fact that only the brightest
(or few brightest) clusters have to be identified and age-dated.
Furthermore, it is not a strict requirement that the entire galaxy
is covered; any sub-sample of clusters can equally well be com-
pared with the grids, as long as the sub-sample can be assumed
to be representative of the global cluster population in a galaxy.
Of course, this assumption may not always be justified.

It is important to stress that the grids in Fig. 4 are only
suitable for comparison with galaxies for which it is plausible
that the cluster formation rate has been approximately constant
over the past few Gyrs. More specifically, the cluster popula-
tion should not be dominated by a single strong burst so galaxies
which are currently undergoing strong bursts of star formation,
or have done so in the past (e.g. merger remnants) would require
a custom-made grid tailored for their specific star formation his-
tories. However, variations in the cluster formation rate of a fac-
tor of a few are still acceptable. Among normal disc galaxies,
which are our primary interest here, star- and cluster formation
histories are more likely to have been roughly uniform, at least
on average. For the Milky Way, several studies suggest that vari-

ations of a factor of 2–3 in the star formation rate on time scales
of 108 - 109 years (Rocha-Pinto et al. 2000; Hernandez et al.
2000) are applicable.

2.5. Comparison with observations

Table 1 lists data for the brightest and 5th brightest cluster in a
sample of galaxies. These are mostly spirals, taken from our pre-
vious work, with the addition of a few irregular galaxies. For the
galaxies with data from Larsen (1999, 2002), which are ground-
based with more or less homogeneous detection limits, the last
column lists the total number of clusters detected in each galaxy.
Formally, the detection limit is atMV = −8.5 (MV = −9.5 for
clusters bluer than U−B = −0.4), but significant incompleteness
likely sets in well above these limits. In selecting the cluster sam-
ples in the spirals, objects with Hα emission were excluded so
that the samples mostly consist of clusters older than about 10
Myr.

Overall properties of the cluster systems and the host galax-
ies have been discussed extensively by Larsen & Richtler (2000).
The spiral galaxies span more than an order of magnitude in ab-
solute and area-normalised star formation rate, and are mostly
type Sbc or later. With the exception of NGC 5194, none is in-
volved in any strong on-going interaction. The star formation

Larsen (2009)

Brighter clusters are younger
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Bastian (2008)

ICMF with α=-2 does 
not match observed 
MV(brightest) vs SFR 
relation.

(Weidner et al. 2004)

Lmax ∝ SFR0.748 ⇒ β = −2.3

SFR and cluster formation 761

Table 1. Galaxies and clusters taken from the literature or derived in the current study.

Galaxy Mbrightest
V SFR References
(mag) (M! yr"1)

NGC 7252a "13.4 5.4 Miller et al. (1997), Kneirman et al. (2003)
ESO 0338-IG04 "15.5 3.2 Östlin et al. (1998, 2007), Schmitt et al. (2006)

NGC 6240b "16.4 140 Pasquali, de Grijs & Gallagher (2003), S03
NGC 2207 "13.6 2.2 Elmegreen et al. (2001)
NGC 1275 "15.3 12.4 Holtzman et al. (1992), S03
M82 (A1) "14.8 7 Smith et al. (2006), S03

NGC 7673c "14.7 4.9 Homeier, Gallagher & Pasquali (2002), S03
NGC 6745 "15.0 12.2 de Grijs et al. (2003), S03
NGC 1140 "14.8 0.8 Moll et al. (2007)
NGC 3597 "13.3 10.8 Carlson et al. (1999), S03

IRAS 19115"2124d "16.8 192 Väisänen et al. (2008)

Clusters in individual star-forming regions
NGC 1533 Assn 1 "7.17 0.00037 Werk et al. (2008), Ryan-Weber et al. (2004)
NGC 1533 Assn 2 "5.71 0.00025 ”
NGC 1533 Assn 5 "6.16 0.00018 ”

Clusters presented in this work
NGC 2623 "14.5 51 S03
NGC 3256 "15.7 46 S03

aThe brightest cluster in the central star-forming region of the galaxy (see text for details).
bWe have used the brightest cluster in their sample and corrected for E(B " V) = 0.4 mag which is the average extinction for the main body of the galaxy. We
have also excluded the nuclear star-forming region (three knots) as they are likely to have extended star formation histories (Pasquali, Gallagher & de Grijs
2004).
cCorrected for an extinction (AV ) of 0.2 mag.
dSee text for details on the derivation of Mbrightest

V .

we fill in that gap and show that it is indeed a continuous relation
(see Fig. 1).

In addition, we include the low-luminosity H II regions in the
extreme outskirts of NGC 1533 which have recently been studied
by Werk et al. (2008). These low-SFR regions (10"3.75 M! yr"1)
are a welcome opportunity to test the low-SFR regime and also
test at what physical scale (i.e. galactic, H II region, etc.) does the
relation break down. The points lie at the lower-left of Fig. 1 and
can be seen to follow the extrapolated relation reasonably well.

One additional caveat is that all points in Fig. 1 are in fact lower
limits in the y-direction. The reason for this is that most of the studies
used in the construction of Fig. 1 were based on optical studies, and
hence possibly affected by extinction. Thus, it is impossible to rule
out the possibility that a brighter cluster in the V band was missed
due to extinction effects. However, the tight observed correlation
suggests that this does not significantly bias the results.

3 TH E R E L AT I O N B E T W E E N T H E SF R A N D
THE BR IGHTE ST CL U STE R

The relation between the SFR of a galaxy and the brightest cluster
within it is empirically based, and was originally given a statistical
(i.e. size-of-sample) explanation (Larsen 2002). However, Weidner
et al. (2004) suggested that the underlying cause was that a full, sta-
tistically complete cluster population was formed every #10 Myr,
and that this rapid formation time-scale was at the basis of the ob-
served SFR/cluster relation. For this, the authors assumed that the
most massive cluster in a population is normally also the brightest.

In order to test this assertion, we performed a simple series of
Monte Carlo simulations of cluster populations. We create 100
realizations of a cluster population in a galaxy. The clusters are
drawn stochastically from a mass function (a power law with an
index of "2) with a lower limit of 100 M! and an upper limit

Figure 1. The observed relation between the SFR of a galaxy and the V-band
luminosity of the brightest cluster within the galaxy. Galaxies taken from
Larsen (2002) are shown as filled triangles. Solid circles represent galaxies
from Table 1. Filled stars represent the special cases of NGC 1569 (lower
left) and NGC 7252 (upper right), where instead of the brightest cluster of
the full population, we have chosen the brightest young cluster (<10 Myr).
The diamond represents the third brightest cluster in NGC 34 as the first two
have ages of $150 Myr. The best fit to the data from Weidner et al. (2004) is
shown as a dashed line. Regions occupied by (ultra/hyper) luminous infrared
galaxies are also shown, assuming the relation between infrared luminosity
and SFR of Kennicutt (1998). The dotted line shows the expected relation
for a pure power-law (! = 2) case if all stars formed in bound clusters
(see Section 4 for details). Expected error bars from stochastic sampling
are shown in the upper left of the panel, along with assumed errors in the
SFR.

C% 2008 The Author. Journal compilation C% 2008 RAS, MNRAS 390, 759–768

Brightest clusters: size-of-sample effects
Lmax ∝ SFR (β = −2.0)
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The Lmax vs. SFR relation for Schechter MFs

Lmax ∝ SFR0.748
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• Direct MF determinations 
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• Mean Lmax vs. age trend (brighter clusters younger)
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Summary
• An M-2 power-law ICMF in spirals is contradicted by:

• Luminosity functions (too steep)

• Direct MF determinations 

• Lmax vs. SFR (or N) relation (“size-of-sample effect”)

• Mean Lmax vs. age trend (brighter clusters younger)

• But a Schechter fct with M* ~ 200,000 M⊙ fits well

• The ICMF does not appear to be universal. Cut-off at 
higher masses in starburst/merger environments.

• But: No cluster system has data from the lowest (<102 
M⊙) to the highest (>106 M⊙) masses



Peculiar MF in dwarfs?

(part of) spiral: 
NGC 6946

Dwarf: 
NGC 1705



Peculiar MF in dwarfs?
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