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Introduction
• The term of “infant mortality” is firstly proposed by Lada & Lada, 2003.   

However, the beginning of this question can be tracked back to Wilking & 
Lada (1983) on the study of star formation efficiency (SFE).

• About 90-95% of embedded clusters must emerge from molecular cloud as 
unbound cluster.

• The observations toward star formation regions give the maximum SFE 
~30%. 
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2001; Kroupa & Boily 2002; Lada, Margulis & Dearborn 1984). As described

above, clusters form in massive dense cores of molecular gas that are strongly

self-gravitating. Star formation is an inherently destructive process for the GMC,

and upon formation, new stars will immediately begin to disrupt their surrounding

gaseous environments. The birth of high-mass stars can be particularly destructive

and leads not only to the rapid disruption of a cluster-forming core, but also to

the complete dispersal of an entire GMC (e.g., Whitworth 1979). Moreover, out-

flows generated by a population of low-mass stars are also capable of disrupting a

massive cloud core in a relatively short time (e.g., Matzner & McKee 2000). For

example, Figure 16 shows a deep infrared image of the massive molecular cloud

core containing the young, deeply embedded protocluster cluster NGC1333. Here,

numerous jets, visible in the image, and outflows generated by low-mass protostars

have already significantly altered the structure of the star-forming cloud core. As

a result of these effects, star formation is a relatively inefficient process. The grav-

itational glue that binds the system of stars and gas in an embedded cluster may be

largely provided by the gas. Stars are then expected to orbit in a deep potential well

of the dense core with orbital velocities (i.e., σ ≈ (G[Mstars + Mgas]/R)
0.5) char-

acteristic of the virial velocities of the dense gaseous material. As it emerges from

a cloud, the evolution of an embedded stellar cluster is consequently sensitively

coupled to the evolution of its surrounding gas.

The two physical parameters that determine the evolution of an emerging em-

bedded cluster are the SFE and the timescale of gas dispersal from the cluster. The

SFE [SFE = Mstars/(Mgas + Mstars)] is a fundamental parameter of both the star-

and cluster-formation processes. Because the measurement of the SFE requires a

reliable and systematic determination of both the gaseous and stellar mass within

a core, accurate SFE measurements are not generally available for cluster-forming

regions. In Table 2, we list the SFEs for the sample of nearby embedded clusters

(drawn from Table 1) that appear to be fully embedded and for which reasonable

empirical determinations for the gaseous and stellar mass exist. The SFEs range

from approximately 10 to 30%. These efficiencies are typical of those sometimes

TABLE 2 Star-formation efficiencies for nearby embedded clusters

Cluster name Core mass (M") Stellar mass (M") SFE References

Serpens 300 27 0.08 Olmi & Testi 2002

Rho Oph 550 53 0.09 Wilking & Lada 1983

NGC 1333 950 79 0.08 Warin et al. 1996

Mon R2 1000 341 0.25 Wolf et al. 1990

NGC 2024 430 182 0.33 E.A. Lada et al. 1991a,b

NGC 2068 266 113 0.30 E.A. Lada et al. 1991a,b

NGC 2071 456 62 0.12 E.A. Lada et al. 1991a,b
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The Star formation Efficiency
Wilking & Lada, 1983,  ApJ, 274, 698-716 

Mi: the total mass

    : the stellar mass 

Ri: the cloud radius

• If we remove all gas suddenly and leave stars.  
The escape velocity is given by Viral Theorem 
can be written as  Vesp. 

• To  keep this system bounded,  it is required 
that Vi < Vesp.  This gives an important result on 
stellar mass and total mass.  

MiV
2
i =

GMi

Ri

Vi =
√

GMi

Ri

Vesp =
√

2GM!

Ri

M!

M!

Mi
> 0.5

M!

M! + Mgas
> 0.5
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What is the time scale of 
cluster disruption? 
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N-body Simulation
Goodwin & Bastian, 2006, MNRAS, 373,752-758

• N-body simulation with post-gas expulsion.

• Density function of stars. 

• Instead of mass produced in star formation 
eSFE, , is defined in term of energy.  T: 
kinetic energy, : potential energy.

• No external tidal field and mass loss during 
stellar evolution.  

• No IMF, all stars are equal-mass particles. 

• The core radius is also defined (Elson, Fall & 
Freeman, 1987). 

• Note: the typical size (corona) of an open 
cluster is ~6 pc. 
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clusters and address the caveats in the current study. In Section 3 we
present the results of the simulations placing particular emphasis on
the dynamical state of young clusters and on the effects of ‘infant
weight loss’ and ‘infant mortality’. We summarize our results in
Section 4.

2 S I M U L AT I O N S

We have simulated the N-body dynamics of a cluster post-gas expul-
sion using the GRAPE-5A special-purpose hardware at the Univer-
sity of Cardiff (Kawai et al. 2000) using a simple N-body integrator
code.

2.1 Initial conditions

Star clusters were modelled as a Plummer (1911) sphere with a
density distribution ρ(r) of the form

ρ(r ) = 3Mp

4πR3
P

1
[1 + (r/RP)2]5/2

(1)

where MP is the total mass of the cluster, and RP is the Plummer
radius (the half-mass radius is rhalf ∼ 1.3RP). The initial positions
and velocities of the particles were constructed using the method of
Aarseth, Hénon & Wielen (1974). The cluster changes rapidly after
gas expulsion and so the exact form of the initial density distribution
is unimportant as the cluster loses memory of this configuration very
quickly (see e.g. Goodwin 1997a).

A number of authors have modelled the effect of gas expulsion
on star clusters (e.g. Lada, Margulis & Dearborn 1984; Goodwin
1997a,b; Geyer & Burkert 2001; Kroupa, Aarseth & Hurley 2001;
Kroupa & Boily 2002; Boily & Kroupa 2003a,b). If the gas re-
moval time-scale is less than a crossing time (as it is expected to
be, especially in massive clusters – see Goodwin 1997a; Melioli
& de Gouveia Dal Pino 2006) then it is effectively instantaneous
and the system can be modelled as one that is initially out of virial
equilibrium (this avoids modelling the gas as an external potential
(e.g. Goodwin 1997a,b; Kroupa et al. 2001).

We define an effective SFE (eSFE), ε which is a measure of how
far out of virial equilibrium the cluster is after gas expulsion. We
define the virial ratio as Q = T/|#|, where T is the kinetic energy,
and # the potential energy (so a system in virial equilibrium has
Q = 0.5).

A cluster with an eSFE of ε initially has a velocity dispersion√
1/ε too large to be in virial equilibrium. For example, a 105 M#

GMC with a radius of ∼1 pc would have a velocity dispersion in
virial equilibrium of ∼20 km s−1. If it formed stars at 50 per cent
efficiency, and those stars were in virial equilibrium with the total
potential of the stars and gas initially then, after gas expulsion, the
virial ratio of the stars would be Q = 1.2 It should be noted that if
stars do not form in virial equilibrium with the gas the eSFE is not a
direct measure of the SFE. Indeed, it is possible for clusters to have
eSFEs in excess of 100 per cent. For example, if the stars formed
from the above GMC with a velocity dispersion of only 10 km s−1

from the GMC (thus less than the 15 km s−1 required to be in virial
equilibrium after gas expulsion), the eSFE would be 225 per cent
and the cluster would contract after gas expulsion (in fact it would
be contracting before gas expulsion). However, as we shall see, all
the evidence points towards eSFEs being less than 100 per cent.

2 The potential after gas expulsion is a factor of ε2 smaller, while the kinetic
energy is a factor of ε lower, thus the virial ratio goes as ε−1.

As canonical initial conditions we choose a cluster with RP =
3.5 pc and MP/ε = 5 × 104 M#. The results however scale (as per
N-body units) as we do not include an external tidal field or stellar
evolution which would set a physical time-scale. Excluding these
effects is probably not important as clusters are so far out of virial
equilibrium due to gas expulsion that these effects will be small
perturbations on the overall behaviour of the system (see below).
Thus we expect the results seen here to be applicable to clusters of
all sizes.3

Simulations were conducted using N = 30 000 equal-mass par-
ticles. Tests show that the results are insensitive to both N and the
softening length of the gravitational interactions for any reasonable
values. This convergence is unsurprising as the simulations follow
the violent relaxation of the cluster to a new equilibrium, a situation
in which two-body encounters are fairly unimportant and it is the
bulk behaviour of the potential that dominates the evolution.

The dynamical masses of star clusters models are calculated by
‘observing’ the 1D velocity dispersion and calculating a mass using

M = η
Rhlσ

2
1D

G
, (2)

where Rhl is the half-light radius, σ 1D is the 1D (line-of-sight) ve-
locity dispersion, G the gravitational constant, and η is a numerical
constant ∼10 (see Fleck et al. 2006 and references therein). Re-
cently, Fleck et al. (2006) have modelled the effect on the parameter
η used in dynamical mass estimates. They find that η increases dra-
matically due to mass segregation, such that the value typical used
by observers, η = 9.75 should underestimate the true mass of the
clusters. As shown later in Fig. 5 (see also Bastian et al. 2006) the
youngest clusters have masses which appear overestimated with re-
spect to their luminous masses. Therefore the results of Fleck et al.
(2006) seem not to apply to the young massive clusters with dynam-
ical mass measurements (i.e. any cluster shown in Fig. 5) with the
possible exception of M82-F.

2.2 Caveats

2.2.1 Stellar evolution

These simulations do not take into account the mass lost by stel-
lar evolution. In the first few tens of Myr, clusters may lose
>10 per cent of their stellar mass. Goodwin (1997a,b) did include
stellar evolutionary mass-loss and found that it was a fairly minor
perturbation on the expansion (as 10 per cent of the stellar mass is
only a few per cent of the total initial mass). However, mass-loss
from stellar evolution may play a significant role once a cluster has
relaxed into a new equilibrium as it will cause the cluster to expand
further and possibly be disrupted even if the eSFE was high enough
to allow it to survive the initial gas expulsion.

2.2.2 Stellar mass function and mass segregation

We also do not include a mass function. Goodwin (1997a) included
a mass function, whilst Goodwin (1997b) used equal-mass particles.
Again, no significant difference in the results was found. This is be-
cause we assume that there is no energy equipartition in these young
clusters and so all stars, whatever their mass, have the same velocity

3 This assumption will probably fail if cluster masses were fairly small as the
tidal field may then play an important role (see Kroupa et al. 2001), however
for massive clusters it is probably correct.
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Aarseth, Hénon & Wielen (1974). The cluster changes rapidly after
gas expulsion and so the exact form of the initial density distribution
is unimportant as the cluster loses memory of this configuration very
quickly (see e.g. Goodwin 1997a).

A number of authors have modelled the effect of gas expulsion
on star clusters (e.g. Lada, Margulis & Dearborn 1984; Goodwin
1997a,b; Geyer & Burkert 2001; Kroupa, Aarseth & Hurley 2001;
Kroupa & Boily 2002; Boily & Kroupa 2003a,b). If the gas re-
moval time-scale is less than a crossing time (as it is expected to
be, especially in massive clusters – see Goodwin 1997a; Melioli
& de Gouveia Dal Pino 2006) then it is effectively instantaneous
and the system can be modelled as one that is initially out of virial
equilibrium (this avoids modelling the gas as an external potential
(e.g. Goodwin 1997a,b; Kroupa et al. 2001).

We define an effective SFE (eSFE), ε which is a measure of how
far out of virial equilibrium the cluster is after gas expulsion. We
define the virial ratio as Q = T/|#|, where T is the kinetic energy,
and # the potential energy (so a system in virial equilibrium has
Q = 0.5).

A cluster with an eSFE of ε initially has a velocity dispersion√
1/ε too large to be in virial equilibrium. For example, a 105 M#

GMC with a radius of ∼1 pc would have a velocity dispersion in
virial equilibrium of ∼20 km s−1. If it formed stars at 50 per cent
efficiency, and those stars were in virial equilibrium with the total
potential of the stars and gas initially then, after gas expulsion, the
virial ratio of the stars would be Q = 1.2 It should be noted that if
stars do not form in virial equilibrium with the gas the eSFE is not a
direct measure of the SFE. Indeed, it is possible for clusters to have
eSFEs in excess of 100 per cent. For example, if the stars formed
from the above GMC with a velocity dispersion of only 10 km s−1

from the GMC (thus less than the 15 km s−1 required to be in virial
equilibrium after gas expulsion), the eSFE would be 225 per cent
and the cluster would contract after gas expulsion (in fact it would
be contracting before gas expulsion). However, as we shall see, all
the evidence points towards eSFEs being less than 100 per cent.

2 The potential after gas expulsion is a factor of ε2 smaller, while the kinetic
energy is a factor of ε lower, thus the virial ratio goes as ε−1.

As canonical initial conditions we choose a cluster with RP =
3.5 pc and MP/ε = 5 × 104 M#. The results however scale (as per
N-body units) as we do not include an external tidal field or stellar
evolution which would set a physical time-scale. Excluding these
effects is probably not important as clusters are so far out of virial
equilibrium due to gas expulsion that these effects will be small
perturbations on the overall behaviour of the system (see below).
Thus we expect the results seen here to be applicable to clusters of
all sizes.3

Simulations were conducted using N = 30 000 equal-mass par-
ticles. Tests show that the results are insensitive to both N and the
softening length of the gravitational interactions for any reasonable
values. This convergence is unsurprising as the simulations follow
the violent relaxation of the cluster to a new equilibrium, a situation
in which two-body encounters are fairly unimportant and it is the
bulk behaviour of the potential that dominates the evolution.

The dynamical masses of star clusters models are calculated by
‘observing’ the 1D velocity dispersion and calculating a mass using

M = η
Rhlσ

2
1D

G
, (2)

where Rhl is the half-light radius, σ 1D is the 1D (line-of-sight) ve-
locity dispersion, G the gravitational constant, and η is a numerical
constant ∼10 (see Fleck et al. 2006 and references therein). Re-
cently, Fleck et al. (2006) have modelled the effect on the parameter
η used in dynamical mass estimates. They find that η increases dra-
matically due to mass segregation, such that the value typical used
by observers, η = 9.75 should underestimate the true mass of the
clusters. As shown later in Fig. 5 (see also Bastian et al. 2006) the
youngest clusters have masses which appear overestimated with re-
spect to their luminous masses. Therefore the results of Fleck et al.
(2006) seem not to apply to the young massive clusters with dynam-
ical mass measurements (i.e. any cluster shown in Fig. 5) with the
possible exception of M82-F.

2.2 Caveats

2.2.1 Stellar evolution

These simulations do not take into account the mass lost by stel-
lar evolution. In the first few tens of Myr, clusters may lose
>10 per cent of their stellar mass. Goodwin (1997a,b) did include
stellar evolutionary mass-loss and found that it was a fairly minor
perturbation on the expansion (as 10 per cent of the stellar mass is
only a few per cent of the total initial mass). However, mass-loss
from stellar evolution may play a significant role once a cluster has
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Figure 1. The fraction of stars which are pushed over 20 pc of the centre
of mass of the cluster with time for clusters with eSFEs between 10 and
60 per cent. Clusters with eSFEs <30 per cent are unbound and rapidly
disperse into the field, but clusters with slightly higher eSFEs are able to
retain a bound core of stars.

dispersion, and so have the same probability of being lost. In real-
ity, young clusters do appear to be mass segregated (e.g. de Grijs
et al. 2001a,b). This may mean that there is some initial equiparti-
tion and higher mass stars have a lower velocity dispersion. If so,
we would expect low-mass stars to escape preferentially as their ve-
locity dispersion is higher. How significant this effect is depends on
the details of mass segregation and how far down the mass function
it extends (i.e. is it only the highest mass stars that have a lower
velocity dispersion, or does velocity dispersion depend upon mass
for all masses?). However, we feel that this is a second-order effect
as the new escape velocity of the cluster after gas expulsion is a
factor of >4 lower than the initial escape velocity.

3 R E S U LT S

First, we describe the effects of gas expulsion and violent relaxation
on the structure of young massive star clusters. Then we examine
the differences between the dynamical masses and luminosities of
a large number of young clusters and how they might be explained.
Finally we discuss infant mortality and the destruction of clusters.

3.1 The effects of gas expulsion

After gas expulsion stars have far too large a velocity dispersion for
their new potential. As a result, the cluster expands in an attempt
to find a new equilibrium. Those stars with a velocity greater than
the new escape velocity tend to escape the cluster4 (see also Tutkov
1978; Goodwin 1997a,b; Kroupa & Boily 2002; Boily & Kroupa
2003a,b; BG06).

In Fig. 1 we show the mass of escaped stars with time for dif-
ferent eSFEs. If the eSFE is <30 per cent then the cluster becomes
completely unbound within a few tens of Myr as it is incapable of
reaching a new equilibrium. For greater eSFEs the cluster manages
to retain a bound core but may lose a very significant fraction of

4 In reality it is not quite this simple as (a) stars can redistribute energy
through two-body encounters and (b) the escape velocity changes as the
cluster loses stars. However to a first approximation this is what occurs.

Figure 2. The evolution of the core radius as measured from the a and γ

parameters of the best-fitting EFF profile (see text) with time for clusters
with eSFEs between 10 and 60 per cent. Note that measuring the core radii
of low-eSFE clusters at late times becomes very difficult due to the low
numbers of stars still within a nominal 20 pc radius cluster, therefore we do
not plot low-eSFE clusters beyond 30 Myr as the values of the core radius
become meaningless.

its initial stellar mass (see also Goodwin 1997a,b; Kroupa & Boily
2002; Boily & Kroupa 2003a,b; BG06). It is these escaping stars that
create the excess of light at large radii that BG06 show is observed
in a number of young clusters and is the most obvious signature of
violent relaxation after gas expulsion.

The expansion of the clusters, in an attempt to reach a new equi-
librium, changes the core (and other) radii of clusters as illustrated
in Fig. 2. This figure shows the core radii measured by fitting an
EFF profile (Elson, Fall & Freeman 1987) to the surface brightness
profile of the form

µ(r ) = µ(0)

(
1 + r 2

a2

)−γ /2

, (3)

where µ(0) is the central surface brightness, γ is a measure of the
steepness of the outer parts of the profile, and a is related to the
core radius such that rc ∼ a(22/γ − 1)1/2. Note that after 20–30 Myr,
for low-eSFE clusters, the lack of stars within the nominal 20 pc
cluster radius makes determinations of the core radius very noisy
and effectively meaningless. By such an age, low-eSFE clusters have
a very low surface brightness and we doubt if such objects would
ever be observable above the background.

Clearly, the core radii increase as the clusters expand. How-
ever, much of the increase in the core radii of clusters with eSFE
∼40 per cent is due to fitting the EFF profile to the entire clus-
ter, including the tail of escaping stars. In Fig. 3 we show the sur-
face brightness profiles of a 40 per cent eSFE cluster after 20 and
60 Myr together with their best-fitting EFF profiles. At 20 Myr, the
best-fitting EFF profile is clearly not a good fit, this is due to at-
tempting to fit an equilibrium model to a non-equilibrium cluster.
The fit overestimates the core radius as it tries to fit the excess light
at large radii with a = 3.2 pc and γ = 1.9 giving rc = 3.4 pc. By
60 Myr most of the excess light at large radii have gone, as those
stars have become physically detached from the cluster, but the in-
ner structure of the cluster is very similar. However, now the profile

C© 2006 The Authors. Journal compilation C© 2006 RAS, MNRAS 373, 752–758
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on the structure of young massive star clusters. Then we examine
the differences between the dynamical masses and luminosities of
a large number of young clusters and how they might be explained.
Finally we discuss infant mortality and the destruction of clusters.

3.1 The effects of gas expulsion

After gas expulsion stars have far too large a velocity dispersion for
their new potential. As a result, the cluster expands in an attempt
to find a new equilibrium. Those stars with a velocity greater than
the new escape velocity tend to escape the cluster4 (see also Tutkov
1978; Goodwin 1997a,b; Kroupa & Boily 2002; Boily & Kroupa
2003a,b; BG06).

In Fig. 1 we show the mass of escaped stars with time for dif-
ferent eSFEs. If the eSFE is <30 per cent then the cluster becomes
completely unbound within a few tens of Myr as it is incapable of
reaching a new equilibrium. For greater eSFEs the cluster manages
to retain a bound core but may lose a very significant fraction of

4 In reality it is not quite this simple as (a) stars can redistribute energy
through two-body encounters and (b) the escape velocity changes as the
cluster loses stars. However to a first approximation this is what occurs.

Figure 2. The evolution of the core radius as measured from the a and γ

parameters of the best-fitting EFF profile (see text) with time for clusters
with eSFEs between 10 and 60 per cent. Note that measuring the core radii
of low-eSFE clusters at late times becomes very difficult due to the low
numbers of stars still within a nominal 20 pc radius cluster, therefore we do
not plot low-eSFE clusters beyond 30 Myr as the values of the core radius
become meaningless.

its initial stellar mass (see also Goodwin 1997a,b; Kroupa & Boily
2002; Boily & Kroupa 2003a,b; BG06). It is these escaping stars that
create the excess of light at large radii that BG06 show is observed
in a number of young clusters and is the most obvious signature of
violent relaxation after gas expulsion.

The expansion of the clusters, in an attempt to reach a new equi-
librium, changes the core (and other) radii of clusters as illustrated
in Fig. 2. This figure shows the core radii measured by fitting an
EFF profile (Elson, Fall & Freeman 1987) to the surface brightness
profile of the form

µ(r ) = µ(0)

(
1 + r 2

a2

)−γ /2

, (3)

where µ(0) is the central surface brightness, γ is a measure of the
steepness of the outer parts of the profile, and a is related to the
core radius such that rc ∼ a(22/γ − 1)1/2. Note that after 20–30 Myr,
for low-eSFE clusters, the lack of stars within the nominal 20 pc
cluster radius makes determinations of the core radius very noisy
and effectively meaningless. By such an age, low-eSFE clusters have
a very low surface brightness and we doubt if such objects would
ever be observable above the background.

Clearly, the core radii increase as the clusters expand. How-
ever, much of the increase in the core radii of clusters with eSFE
∼40 per cent is due to fitting the EFF profile to the entire clus-
ter, including the tail of escaping stars. In Fig. 3 we show the sur-
face brightness profiles of a 40 per cent eSFE cluster after 20 and
60 Myr together with their best-fitting EFF profiles. At 20 Myr, the
best-fitting EFF profile is clearly not a good fit, this is due to at-
tempting to fit an equilibrium model to a non-equilibrium cluster.
The fit overestimates the core radius as it tries to fit the excess light
at large radii with a = 3.2 pc and γ = 1.9 giving rc = 3.4 pc. By
60 Myr most of the excess light at large radii have gone, as those
stars have become physically detached from the cluster, but the in-
ner structure of the cluster is very similar. However, now the profile
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a very low surface brightness and we doubt if such objects would
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∼40 per cent is due to fitting the EFF profile to the entire clus-
ter, including the tail of escaping stars. In Fig. 3 we show the sur-
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60 Myr together with their best-fitting EFF profiles. At 20 Myr, the
best-fitting EFF profile is clearly not a good fit, this is due to at-
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The fit overestimates the core radius as it tries to fit the excess light
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• Cluster with eSFE < 30% becomes unbounded after few tens 
Myr as it is incapable to reach a equilibrium.

• For cluster with larger sSFE, it remain a bounded core but may 
lost a significant fraction of mass. 

• The core radius increase as the cluster expand.  The bump of 
high eSFE curve is due to the star at outskirts.  By 60 Myr, most 
of the excess light have gone, as these stars become physically 
detached from the cluster.  

• The dynamical mass (measured from velocity dispersion) is not 
a good measure of true mass during the expansion phase (Fig. 
4). 

• Comparing with the simulation result and observed data, the 
lower limit of infant mortality rate ~50% can be set for younr 
clusters (Fig. 5). 
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Figure 3. The surface brightness profile of a 40 per cent eSFE cluster at
20 Myr (filled circles) and 60 Myr (open circles) with the best-fitting (least-
squares fit) EFF profiles for each cluster (full and dashed lines, respectively).
The surface brightness is scaled arbitrarily from the surface mass density.

does not have to fit the excess light the best fit becomes a = 6.7 pc
and γ = 3.65 giving rc = 2.1 pc.5

This clearly illustrates that, during the period that there is a signif-
icant contribution to the luminosity from escaping stars, the param-
eters obtained from profile fitting may have little to do with any final
parameter. This may be avoided by not fitting profiles to the outer
regions of clusters. A significant improvement occurs if the fitting
is to luminosity rather than magnitude as this tends to weight the
central regions more heavily. Similar effects can occur with other
parameters – in particular the γ parameter from the EFF profile (see
Goodwin 1997b).

This increase in core radii due to the expansion of clusters could
well account for the increase in the observed core radii of very
young clusters (see Elson et al. 1989; Elson 1991, especially fig.
14; Mackey & Gilmore 2003). Core radii generally increase with
age as would be expected, in particular core radii seem to increase
dramatically in the first few Myr (however this is based on just one
point – R136). There is also very mild evidence that the core radii
start to level-off after ∼50 Myr as would be expected. However it is
difficult to draw any conclusions from this data alone as we do not
know what the initial core radii were, nor if they were all the same
(but see Goodwin 1997b).

The rapid evolution of the core radii illustrates an important point.
When measuring the properties of young star clusters many mea-
surements are of instantaneous values which may not have a simple
connection to a ‘final’ value (i.e. the value when a new equilibrium
has been reached). Measurements of the core radius of a cluster at
20 Myr may give a value that is far in excess of the core radius
that cluster will have at 50 Myr. Indeed, measurements of parame-
ters such as a characteristic radius need not give any clues as to the
eSFE or final fate of a cluster unless all clusters were initially the
same (e.g. see Goodwin 1997b for an attempt to combine parameters
to estimate the final fate of young LMC clusters).

The simplest way to determine the eSFE of young clusters is
to compare the dynamical and luminous masses. One of the main
points made by BG06 was that the dynamical masses of clusters are

5 There is still a small amount of excess light at large radii even after 60 Myr.
The attempt to fit the excess light in both profiles results in the overestimate
of the central surface brightness in both cases.

Figure 4. The ratio of dynamical mass to ‘true’ mass (the mass within
20 pc of the cluster centre) against time after gas expulsion for eSFEs between
10 and 60 per cent. Note that the dynamical masses of disrupting (eSFEs of
10–30 per cent) clusters become rather meaningless after ∼20 Myr due to
the low number of stars within 20 pc of the nominal cluster centre.

not an accurate measure of their true masses during the expansion
phase. In Fig. 4 we show the evolution of the ratio of dynamical mass
to true mass (the actual mass of stars within 20 pc of the cluster) for
clusters with eSFEs of 10–60 per cent. Clearly, the lower the eSFE
– and so the higher the initial virial ratio – the worse the dynamical
mass becomes as a measure of the true mass.

3.2 Dynamical mass versus luminous mass

In Fig. 5 we show the ratio of dynamical mass to luminosity (DMtL)
for a selection of clusters against their age (updated from fig. 5
of Bastian et al. 2006). The solid line shows the expected DMtL
for virialized clusters (i.e. those for which the dynamical mass is
the true mass) with a Kroupa (2002) IMF from the simple stellar
population models (SSPs) of Maraston (2005). The luminosity of the
cluster changes as it ages due to stellar evolution which is included
in the calculation of the canonical IMF line. Clearly, for young
clusters, the DMtL is often significantly below this canonical value.
Older clusters, however, lie very close to this line (Bastian et al.
2006). The discrepancy between the expected and observed DMtL
has been taken as an indication of a non-standard IMF within some
of these clusters. We, however, interpret this as a signature of violent
relaxation.

Older clusters are expected to be in virial equilibrium having
survived their gas expulsion episode. That they lie on the standard
IMF DMtL line suggests that they have a standard IMF. This gives us
confidence that our assumption of a standard IMF for young clusters
is correct. It may be that young clusters with unusual IMFs destroy
themselves and so are not present in the old sample. However to lie
below the canonical line in Fig. 5 (as all but two clusters do) their
IMF would have to be bottom heavy (i.e. less light for their mass
than expected) which would mean that they would be more likely
to survive as the effects of stellar evolution would be significantly
less dramatic.

Given that we expect dynamical masses to overestimate the true
mass of a young cluster it is possible to use the luminous mass
(making the apparently reasonable assumption of a standard IMF)
to determine how wrong the dynamical mass is, and hence the
eSFE, and so final fate, of the cluster. We also mark in Fig. 5 the
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Figure 5. The light-to-mass ratio of young clusters. This figure is colour in
the online article on Synergy. The circles (blue) are taken from Bastian et al.
(2006) and references therein, the triangles with errors (green) are LMC
clusters (McLaughlin & van der Marel 2005), the upside down triangle
(brown) is for NGC 6946−1447 corrected for internal extinction (Larsen,
Brodie & Hunter 2006), and the squares (cyan) are from Östlin, Cumming
& Bergvall (2006). The triangle without errors is the tentative upper limit
for cluster R136 in 30 Dor (Bosch et al. 2001; Hunter et al. 1995). The
solid (black) line is the prediction of SSPs with a Kroupa (2002) stellar IMF
and solar metallicity from the SSPs of Maraston (2005). The dashed and
dash–dotted lines (red) are the SSP model tracks folded with the effects of
rapid gas removal following non-100 per cent SFEs (i.e. Fig 4). Dashed lines
represent the SFEs where the clusters will become completely unbound. We
have assumed that the residual gas has been removed instantly at an age of
2 Myr.

expected evolutionary paths of clusters with eSFEs between 10 and
60 per cent, that is, the canonical IMF SSP evolution folded with the
results of Fig. 4. As the dynamical mass overestimates the true mass
(see Fig. 4), the DMtL will lie below the canonical line. Note that
the evolutionary paths for different eSFEs start at 2 Myr to account
for the time-lag between star formation and gas expulsion (i.e. our
simulations begin at gas expulsion).

If our interpretation is correct, the young (<50 Myr) clusters
plotted in Fig. 5 formed with a wide range of eSFEs, somewhere
between 20 and 100 per cent. We reiterate that the eSFE is not
necessarily a raw measure of the SFE – rather it measures the degree
to which the cluster is out of equilibrium after gas expulsion (see
Section 2.1).

As clusters age they either are destroyed (eSFE < 30 per cent), or
relax into (a new) virial equilibrium. Therefore clusters older than
∼50–100 Myr are expected to lie close to the canonical DMtL line
as is found in Fig. 5. In some cases, even older clusters may become
perturbed (by tidal or impulsive interactions, e.g. Gieles et al. 2006)
pushing them out of equilibrium causing them to move away from
the canonical DMtL line, however we would expect this to be fairly
rare.

We note that M82-F is the one cluster that does not fit into this
picture. It lies significantly above the canonical line which would
suggest that it has an unusual top-heavy IMF (Smith & Gallagher
2001), is contracting, or possibly that its age estimate is incorrect
(see BG06). The two LMC clusters (NGC 1850 and NGC 2157)
with ages of ∼30–40 Myr in the middle of Fig. 5 are also rather
unusual as their eSFE from their position in the figure is estimated

to be ∼35 per cent – right on the border-line between survival and
destruction.6

3.3 Infant mortality

It is known that many young clusters must be destroyed. Observa-
tions of the age distribution of clusters in many galaxies show that
the number of clusters in a given (linear) age bin decreases sig-
nificantly with age. In particular, very young (<20 Myr) clusters
are significantly overabundant. Unless the cluster formation rate in
galaxies is significantly higher now than in the past then many young
clusters cannot survive into old age and suffer a high ‘infant mor-
tality’ (e.g. Lada & Lada 2003; Bastian et al. 2005; Fall, Chandar
& Whitmore 2005). Gas expulsion would seem an extremely good
candidate for the mechanism that causes (at least a significant frac-
tion of) infant mortality.

Clusters with eSFEs below ∼30 per cent cannot survive gas ex-
pulsion. They are unable to find a new equilibrium and are de-
stroyed (see also Goodwin 1997a,b; Kroupa & Boily 2002; Boily &
Kroupa 2003a,b). Such destruction occurs in 10–30 Myr (see Fig. 1).
The destructive expansion of low-eSFE clusters is sufficiently rapid
that clusters will likely become completely unobservable within
a few tens of Myr, as an increase in radius by a factor of 3 will
cause the surface brightness to decline by ∼2.5 mag (see Fall et al.
2005).

Examination of Fig. 5 shows that of the 12 clusters younger than
50 Myr at least seven of them had eSFEs of <30 per cent and
so would be expected to be destroyed before they reach 100 Myr.
This provides a lower limit on the infant mortality in this sample of
∼50 per cent. However, the biases of this sample are impossible to
quantify as we rely on those clusters for which there are dynam-
ical mass estimates. These clusters tend to be bright which may
suggest a bias towards high eSFE clusters if there is any trend of
eSFE with mass (e.g. Elmegreen & Efremov 1997), but an exam-
ination of the data shows no significant trends (i.e. eSFE with lu-
minosity or velocity dispersion). We note however, that the agree-
ment between this estimate of the infant mortality rate agrees well
with other estimates, suggesting that the sample may not be very
biased.

3.4 Infant weight loss

As shown in Fig. 1 even clusters that can survive gas expulsion
may lose a significant fraction of their stellar mass within the first
∼40 Myr. Thus the star cluster mass function (CMF) may change
drastically even over time-scales as short as this if the eSFE and clus-
ter mass are correlated (see also Kroupa & Boily 2002), which may
be expected from cluster formation models (Elmegreen & Efremov
1997).

If studies are restricted to the youngest clusters (<10 Myr) they
will measure the initial CMF with which clusters form. If clusters
with a range of ages are included, then the effects of rapid infant
weight loss, early destruction through gas expulsion, and slower
destruction/weight loss by stellar evolution and/or tidal fields must
be accounted for. Models of a full cluster population, such as those
presented in Gieles et al. (2005), which fit cluster parameters in age
and mass space simultaneously, are a promising way to measure
whether there is a mass dependence in the (e)SFE.

6 Goodwin (1997b) estimates the eSFE of NGC 2157 to be 45 per cent, not
too dissimilar to the 35 per cent suggested here.
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How the cluster mass effect the 
cluster mortality? 
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• Observation indicated ~70% of clusters in M51 do not survive past 20 
Myr, roughly independent of cluster mass.

• Observational data shows that the time disruption time scale of 
extragalactic cluster can be ~ Gyr.

• Major questions:

• is the cluster disruption independent of cluster mass and 
environment?

• What is the relative fraction mass in bound and long lived (>10 Myr) 
cluster.

N-body Simulation, no need!
Gieles & Bastian, 2008, A&A, 482, 165-171
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• fMID=0.9: 90% of clusters are destroyed in 
each age dex.

166 M. Gieles and N. Bastian: An alternative method to study star cluster disruption

The interpretation of Chandar et al. (2006) is surprising for
two reasons: a) it is in disagreement with earlier studies on the
dN/dt distribution of SMC clusters, who found a flat dN/dt up to
∼1 Gyr (Hodge 1987; Chiosi et al. 2006) and b) they are the first
to suggest a disruption scenario in which the life-time of star
clusters during the first Gyr does not depend on their mass or
local environment. This contradicts the existing theoretical un-
derstanding of cluster disruption. Clusters in the SMC should
survive much longer than clusters with similar masses in the
Antennae galaxies, due to the much lower tidal field strength and
molecular cloud density in the SMC (e.g. Spitzer 1958; Wielen
1988; Vesperini & Heggie 1997; Baumgardt & Makino 2003;
Gieles et al. 2006c). From comparisons between the age and
mass distributions of clusters in different galaxies this scenario is
also supported by observations (e.g. Elson & Fall 1985; Hodge
1987; Boutloukos & Lamers 2003; Lamers et al. 2005b). The
decline of the dN/dt distribution of SMC clusters reported by
Chandar et al. (2006) is most probably the result of detection in-
completeness since they derive the slope of the dN/dt distribu-
tion from a fit to the full cluster sample, without making a mass
cut. Gieles et al. (2007) showed that a mass limited sub-sample
has a flat dN/dt up to 1 Gyr. This is because at older ages clusters
are intrinsically fainter, causing the number of observed clusters
in the full (luminosity limited) sample to drop with increasing
age.

The interpretation of results based on dN/dt distributions
will always be heavily dependent on how incompleteness is de-
termined or corrected for. To remedy these shortcomings we
have developed a method that can serve as an independent check
of the universal MID scenario proposed by Fall et al. (2005),
Chandar et al. (2006) and Whitmore et al. (2007) and the tradi-
tional disruption scenario in which the disruption time depends
on mass.

Our new method is based on a few very elementary assump-
tions and needs only a handful of massive clusters at various
ages, i.e. well above the detection limit, avoiding problems with
incompleteness of faint clusters at old ages. An additional ad-
vantage of our method is that age dating of massive clusters is
more accurate than for clusters with lower masses since the stel-
lar IMF is well populated, so stochastic fluctuations in the cluster
colours due to IMF sampling are small. The method is similar,
but under different assumptions, to that used by Maschberger &
Kroupa (2007) who used the most massive cluster as a function
of age to derive the star formation history of galaxies. It is fun-
damentally similar to the study of Hunter et al. (2003) who used
the most massive cluster per logarithmic age bin to constrain the
initial mass function of clusters.

Using the size-of-sample effect of cluster populations, in par-
ticular the most massive cluster per logarithmic time interval, we
will address the following points in this paper:

– is cluster disruption independent of cluster mass and envi-
ronment?

– how does the observed relation between the most cluster
found and the linear time interval probed depend on cluster
disruption and the cluster formation history of the galaxy?

– what is the relative fraction of stellar mass in bound and long
lived (!10 Myr) clusters?

The proposed method is meant to compliment, and provide an
independent check, of existing methods, which are normally
based on the observed age distribution of full cluster popula-
tions.

In Sect. 2 we present the statistical considerations of the size-
of-sample effect and compare the expected behavior to observed

cluster populations in Sect. 3. A discussion and our conclusions
are presented in Sects. 4 and 5, respectively.

2. The maximum cluster mass from statistical
considerations: size-of-sample effect

2.1. The mass of the most massive cluster

We assume that masses of clusters follow from random sampling
of a power-law cluster initial mass function (CIMF):

φ(M) =
dN
dM
= A M−α, (1)

with α # 2 (Zhang & Fall 1999; Bik et al. 2003; Whitmore 2003;
de Grijs et al. 2003; Gieles et al. 2006a).

For α ≤ 2 the total mass diverges to infinity when integrating
to infinity, so a maximum mass has to be chosen, which can be
interpreted as a physical maximum above which no clusters can
exist. We will refer to this mass as Mup (i.e. the upper limit)
and to the most massive cluster observed, i.e. the most massive
cluster actually formed, as Mmax.

The value of Mmax depends on the constant A in Eq. (1) and
can be found by integrating φ(M) from Mmax to Mup and setting
this equal to 1. For α > 1 and Mup % Mmax, which is probably
true for most galaxies, this results in A = (α−1) M α−1

max . For α = 2
this reduces to A = Mmax. The relation between Mup and Mmax
depends on the number of clusters formed (N) which is propor-
tional to A. The larger N, the closer the statistically probable
Mmax will be to Mup. We can relate Mmax to N as

N =

∫ Mup

Mmin
A M−α dM (2)

# Mα−1
max

Mα−1
min

,α > 1 (3)

# Mmax

Mmin
,α = 2, (4)

where in the last steps we again assumed Mup/Mmax % 1. For a
constant Mmin we see from Eq. (3) that Mmax scales with N as

Mmax ∝ N1/(α−1). (5)

The scaling of Mmax with N for clusters (Eq. (5)) is analogous
to what Oey & Clarke (2005) found for stars. Assuming a con-
stant cluster formation rate (CFR), dN/dt = const., the number of
clusters in each equal logarithmic time interval, Nbin, increases
linearly with age, since

Nbin ∝
dN

d ln(t)
= t

dN
dt

(6)

and so Nbin(t) ∝ t. The same holds for dN/d log(t) apart from an
additional constant ln(10). Therefore Mmax in logarithmic age
bins scales as

Mmax ∝ N1/(α−1)
bin ∝ t1/(α−1). (7)

The above derivation was based on a constant CFR and no dis-
ruption. Hunter et al. (2003) already noticed that a power-law
relation for the CFR with age (CFR ∝ tη, with η negative for a
CFR that was lower in the past) would change the relation for
Mmax to

Mmax ∝ t(1+η)/(α−1). (8)
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The proposed method is meant to compliment, and provide an
independent check, of existing methods, which are normally
based on the observed age distribution of full cluster popula-
tions.
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For α ≤ 2 the total mass diverges to infinity when integrating
to infinity, so a maximum mass has to be chosen, which can be
interpreted as a physical maximum above which no clusters can
exist. We will refer to this mass as Mup (i.e. the upper limit)
and to the most massive cluster observed, i.e. the most massive
cluster actually formed, as Mmax.

The value of Mmax depends on the constant A in Eq. (1) and
can be found by integrating φ(M) from Mmax to Mup and setting
this equal to 1. For α > 1 and Mup % Mmax, which is probably
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Using the size-of-sample effect of cluster populations, in par-
ticular the most massive cluster per logarithmic time interval, we
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In Sect. 2 we present the statistical considerations of the size-
of-sample effect and compare the expected behavior to observed

cluster populations in Sect. 3. A discussion and our conclusions
are presented in Sects. 4 and 5, respectively.

2. The maximum cluster mass from statistical
considerations: size-of-sample effect

2.1. The mass of the most massive cluster

We assume that masses of clusters follow from random sampling
of a power-law cluster initial mass function (CIMF):

φ(M) =
dN
dM
= A M−α, (1)

with α # 2 (Zhang & Fall 1999; Bik et al. 2003; Whitmore 2003;
de Grijs et al. 2003; Gieles et al. 2006a).

For α ≤ 2 the total mass diverges to infinity when integrating
to infinity, so a maximum mass has to be chosen, which can be
interpreted as a physical maximum above which no clusters can
exist. We will refer to this mass as Mup (i.e. the upper limit)
and to the most massive cluster observed, i.e. the most massive
cluster actually formed, as Mmax.

The value of Mmax depends on the constant A in Eq. (1) and
can be found by integrating φ(M) from Mmax to Mup and setting
this equal to 1. For α > 1 and Mup % Mmax, which is probably
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max . For α = 2
this reduces to A = Mmax. The relation between Mup and Mmax
depends on the number of clusters formed (N) which is propor-
tional to A. The larger N, the closer the statistically probable
Mmax will be to Mup. We can relate Mmax to N as

N =

∫ Mup

Mmin
A M−α dM (2)

# Mα−1
max

Mα−1
min

,α > 1 (3)

# Mmax

Mmin
,α = 2, (4)

where in the last steps we again assumed Mup/Mmax % 1. For a
constant Mmin we see from Eq. (3) that Mmax scales with N as

Mmax ∝ N1/(α−1). (5)

The scaling of Mmax with N for clusters (Eq. (5)) is analogous
to what Oey & Clarke (2005) found for stars. Assuming a con-
stant cluster formation rate (CFR), dN/dt = const., the number of
clusters in each equal logarithmic time interval, Nbin, increases
linearly with age, since

Nbin ∝
dN

d ln(t)
= t

dN
dt

(6)

and so Nbin(t) ∝ t. The same holds for dN/d log(t) apart from an
additional constant ln(10). Therefore Mmax in logarithmic age
bins scales as

Mmax ∝ N1/(α−1)
bin ∝ t1/(α−1). (7)

The above derivation was based on a constant CFR and no dis-
ruption. Hunter et al. (2003) already noticed that a power-law
relation for the CFR with age (CFR ∝ tη, with η negative for a
CFR that was lower in the past) would change the relation for
Mmax to

Mmax ∝ t(1+η)/(α−1). (8)
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The scaling of Mmax with age appears since Nbin increases in
equal sized logarithim age bins. Our assumptions are funda-
mentally different from those of Maschberger & Kroupa (2007),
since in their model Mmax is set by the star formation rate and a
time-scale of formation of an entire cluster population of 10 Myr.
Though they do randomly sample Mmax from a probability den-
sity function, allowing some influence of the size of the sample,
they on average predict a constant Mmax in logarithmic age bins
for a constant CFR, rather than the increase predicted by Eq. (7).
Also, they assume a cluster disruption law and solve for the clus-
ter formation history. We, on the other hand, take the cluster for-
mation rate as constant and test a theory of cluster disruption.

For the moment we consider the simplified scenario of a con-
stant CFR and no mass-dependent disruption (Eq. (7)). In the
next section (Sect. 2.2) we will add the MID scenario to this. In
Sect. 4 we discuss the effects of mass-dependent disruption and
variations in the cluster formation history.

2.2. The effect of mass-independent dissolution on Mmax

We consider the scenario proposed by Fall et al. (2005); Chandar
et al. (2006) and Whitmore et al. (2007), in which each age dex
a fixed fraction of the number of clusters gets destroyed, inde-
pendent of the cluster mass. We refer to this fraction as fMID.
They argue that 90% of the clusters are destroyed each age dex,
so fMID = 0.9. This reduction in number results in an expres-
sion for the remaining clusters as a function of time of the form
dN/dt ∝ tλ, with λ = log(1 − fMID), which is t−1 for fMID = 0.9.
For fMID = 0, 0.5 and 0.8 we find λ = 0,−0.3 and −0.7, in agree-
ment with the values quoted by Whitmore et al. (2007). From
this relation for dN/dt and Eq. (6) we find that the number of
clusters per logarithmic age bin, Nbin, depends on fMID as

Nbin ∝
dN

d log(t)
∝ t1+log(1− fMID). (9)

We now substitute this expression in Eq. (5) for N to find the
trend of Mmax with age when MID is included:

Mmax ∝ t(1+log(1− fMID))/(α−1), (10)

which gives the result as in Eq. (8) for no disruption ( fMID = 0)
and a constant CFR (η = 0). From a comparison between
Eqs. (8) and (10) it is directly visible that there is a degener-
acy between a CFR that has been increasing (η < 0) and MID.
MID reduces the number of clusters with increasing age. Due to
the mass-independent nature of this disruption model, it is im-
possible to distinguish between an increasing CFR and MID.

In a plot of log(Mmax) vs. log(age) we thus expect a slope

slope =
1 + log(1 − fMID)

α − 1
(11)

= +1 for fMID = 0, α = 2, (12)
= 0 for fMID = 0.9 and allα. (13)

In Fig. 1 we show the predicted slopes following from Eq. (11)
for three different values for α. For the universal fMID = 0.9
scenario, which was proposed by Whitmore et al. (2007), the
predicted slope is 0 for all values of α. For lower values of fMID,
we expect noticeably different slopes than +1, providing an in-
dependent strong constraint on the acceptable values of fMID.

Fig. 1. Predicted slopes for log(Mmax) vs. log(age) for different MID
fractions ( fMID) and three different indices of the CIMF (α) (Eq. (11)).

3. Comparison to the observations

3.1. Description of the data used

We collect cluster ages and masses in seven different galaxies
from the literature: the Milky Way (solar neighbourhood), SMC,
LMC, M 33, M 83, M 51 and the Antennae galaxies. Here we
briefly mention the origin of the data and we refer the reader
to these papers for details on the data reduction and age fitting
techniques.

For the clusters in the solar neighbourhood we use ages
from the catalogue of Kharchenko et al. (2005) and correspond-
ing masses derived and kindly provided to us by Lamers et al.
(2005a). The mass estimates are derived from the number of
stars with high membership probability and an extrapolation of
the stellar initial mass function. We limit ourselves to the 209
clusters in the catalogue that are within a distance of 1 kpc from
the sun, for which the mass estimates are believed to be accurate
and the sample is not severely affected by distance incomplete-
ness.

For the SMC and the LMC we use the results of Hunter et al.
(2003), who kindly provided us with a table of ages and lumi-
nosities of 191 SMC clusters and 748 LMC clusters. We derived
the masses of the clusters using the age-dependent mass-to-light
ratios of the GALEV models (Schulz et al. 2002; Anders &
Fritze-v. Alvensleben 2003) with Z = 0.004 for the SMC and
Z = 0.008 for the LMC. For NGC 5236 (M 83) we used the
ages and masses derived by Mora et al. (2008, in prep.), who
kindly provided us with a table containing ages and masses of
219 clusters. For M 33 we used a recent catalogue of 201 clusters
published by Sarajedini & Mancone (2007). The M 51 data were
taken from Bastian et al. (2005). We derive the ages and masses
of Antennae clusters from Fig. 2 of Zhang & Fall (1999), and
converted luminosities to masses using the Bruzual & Charlot
(1996, unpublished) SSP models, which were used by Zhang &
Fall (1999) to derive the ages.

3.2. Observed trends of (logMmax) vs. log(age)

In Fig. 2 we show Mmax as a function of log(age) in bins of
0.5 dex as open circles. We also show the third most massive
cluster in each age bin (Mmax,3rd) as filled circles, which is ex-
pected to follow the same relations as the most massive, though
with less scatter. We note that the trends for the second, fourth
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The scaling of Mmax with age appears since Nbin increases in
equal sized logarithim age bins. Our assumptions are funda-
mentally different from those of Maschberger & Kroupa (2007),
since in their model Mmax is set by the star formation rate and a
time-scale of formation of an entire cluster population of 10 Myr.
Though they do randomly sample Mmax from a probability den-
sity function, allowing some influence of the size of the sample,
they on average predict a constant Mmax in logarithmic age bins
for a constant CFR, rather than the increase predicted by Eq. (7).
Also, they assume a cluster disruption law and solve for the clus-
ter formation history. We, on the other hand, take the cluster for-
mation rate as constant and test a theory of cluster disruption.

For the moment we consider the simplified scenario of a con-
stant CFR and no mass-dependent disruption (Eq. (7)). In the
next section (Sect. 2.2) we will add the MID scenario to this. In
Sect. 4 we discuss the effects of mass-dependent disruption and
variations in the cluster formation history.

2.2. The effect of mass-independent dissolution on Mmax

We consider the scenario proposed by Fall et al. (2005); Chandar
et al. (2006) and Whitmore et al. (2007), in which each age dex
a fixed fraction of the number of clusters gets destroyed, inde-
pendent of the cluster mass. We refer to this fraction as fMID.
They argue that 90% of the clusters are destroyed each age dex,
so fMID = 0.9. This reduction in number results in an expres-
sion for the remaining clusters as a function of time of the form
dN/dt ∝ tλ, with λ = log(1 − fMID), which is t−1 for fMID = 0.9.
For fMID = 0, 0.5 and 0.8 we find λ = 0,−0.3 and −0.7, in agree-
ment with the values quoted by Whitmore et al. (2007). From
this relation for dN/dt and Eq. (6) we find that the number of
clusters per logarithmic age bin, Nbin, depends on fMID as

Nbin ∝
dN

d log(t)
∝ t1+log(1− fMID). (9)

We now substitute this expression in Eq. (5) for N to find the
trend of Mmax with age when MID is included:

Mmax ∝ t(1+log(1− fMID))/(α−1), (10)

which gives the result as in Eq. (8) for no disruption ( fMID = 0)
and a constant CFR (η = 0). From a comparison between
Eqs. (8) and (10) it is directly visible that there is a degener-
acy between a CFR that has been increasing (η < 0) and MID.
MID reduces the number of clusters with increasing age. Due to
the mass-independent nature of this disruption model, it is im-
possible to distinguish between an increasing CFR and MID.

In a plot of log(Mmax) vs. log(age) we thus expect a slope

slope =
1 + log(1 − fMID)

α − 1
(11)

= +1 for fMID = 0, α = 2, (12)
= 0 for fMID = 0.9 and allα. (13)

In Fig. 1 we show the predicted slopes following from Eq. (11)
for three different values for α. For the universal fMID = 0.9
scenario, which was proposed by Whitmore et al. (2007), the
predicted slope is 0 for all values of α. For lower values of fMID,
we expect noticeably different slopes than +1, providing an in-
dependent strong constraint on the acceptable values of fMID.

Fig. 1. Predicted slopes for log(Mmax) vs. log(age) for different MID
fractions ( fMID) and three different indices of the CIMF (α) (Eq. (11)).

3. Comparison to the observations

3.1. Description of the data used

We collect cluster ages and masses in seven different galaxies
from the literature: the Milky Way (solar neighbourhood), SMC,
LMC, M 33, M 83, M 51 and the Antennae galaxies. Here we
briefly mention the origin of the data and we refer the reader
to these papers for details on the data reduction and age fitting
techniques.

For the clusters in the solar neighbourhood we use ages
from the catalogue of Kharchenko et al. (2005) and correspond-
ing masses derived and kindly provided to us by Lamers et al.
(2005a). The mass estimates are derived from the number of
stars with high membership probability and an extrapolation of
the stellar initial mass function. We limit ourselves to the 209
clusters in the catalogue that are within a distance of 1 kpc from
the sun, for which the mass estimates are believed to be accurate
and the sample is not severely affected by distance incomplete-
ness.

For the SMC and the LMC we use the results of Hunter et al.
(2003), who kindly provided us with a table of ages and lumi-
nosities of 191 SMC clusters and 748 LMC clusters. We derived
the masses of the clusters using the age-dependent mass-to-light
ratios of the GALEV models (Schulz et al. 2002; Anders &
Fritze-v. Alvensleben 2003) with Z = 0.004 for the SMC and
Z = 0.008 for the LMC. For NGC 5236 (M 83) we used the
ages and masses derived by Mora et al. (2008, in prep.), who
kindly provided us with a table containing ages and masses of
219 clusters. For M 33 we used a recent catalogue of 201 clusters
published by Sarajedini & Mancone (2007). The M 51 data were
taken from Bastian et al. (2005). We derive the ages and masses
of Antennae clusters from Fig. 2 of Zhang & Fall (1999), and
converted luminosities to masses using the Bruzual & Charlot
(1996, unpublished) SSP models, which were used by Zhang &
Fall (1999) to derive the ages.

3.2. Observed trends of (logMmax) vs. log(age)

In Fig. 2 we show Mmax as a function of log(age) in bins of
0.5 dex as open circles. We also show the third most massive
cluster in each age bin (Mmax,3rd) as filled circles, which is ex-
pected to follow the same relations as the most massive, though
with less scatter. We note that the trends for the second, fourth
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The scaling of Mmax with age appears since Nbin increases in
equal sized logarithim age bins. Our assumptions are funda-
mentally different from those of Maschberger & Kroupa (2007),
since in their model Mmax is set by the star formation rate and a
time-scale of formation of an entire cluster population of 10 Myr.
Though they do randomly sample Mmax from a probability den-
sity function, allowing some influence of the size of the sample,
they on average predict a constant Mmax in logarithmic age bins
for a constant CFR, rather than the increase predicted by Eq. (7).
Also, they assume a cluster disruption law and solve for the clus-
ter formation history. We, on the other hand, take the cluster for-
mation rate as constant and test a theory of cluster disruption.

For the moment we consider the simplified scenario of a con-
stant CFR and no mass-dependent disruption (Eq. (7)). In the
next section (Sect. 2.2) we will add the MID scenario to this. In
Sect. 4 we discuss the effects of mass-dependent disruption and
variations in the cluster formation history.

2.2. The effect of mass-independent dissolution on Mmax

We consider the scenario proposed by Fall et al. (2005); Chandar
et al. (2006) and Whitmore et al. (2007), in which each age dex
a fixed fraction of the number of clusters gets destroyed, inde-
pendent of the cluster mass. We refer to this fraction as fMID.
They argue that 90% of the clusters are destroyed each age dex,
so fMID = 0.9. This reduction in number results in an expres-
sion for the remaining clusters as a function of time of the form
dN/dt ∝ tλ, with λ = log(1 − fMID), which is t−1 for fMID = 0.9.
For fMID = 0, 0.5 and 0.8 we find λ = 0,−0.3 and −0.7, in agree-
ment with the values quoted by Whitmore et al. (2007). From
this relation for dN/dt and Eq. (6) we find that the number of
clusters per logarithmic age bin, Nbin, depends on fMID as

Nbin ∝
dN

d log(t)
∝ t1+log(1− fMID). (9)

We now substitute this expression in Eq. (5) for N to find the
trend of Mmax with age when MID is included:

Mmax ∝ t(1+log(1− fMID))/(α−1), (10)

which gives the result as in Eq. (8) for no disruption ( fMID = 0)
and a constant CFR (η = 0). From a comparison between
Eqs. (8) and (10) it is directly visible that there is a degener-
acy between a CFR that has been increasing (η < 0) and MID.
MID reduces the number of clusters with increasing age. Due to
the mass-independent nature of this disruption model, it is im-
possible to distinguish between an increasing CFR and MID.

In a plot of log(Mmax) vs. log(age) we thus expect a slope

slope =
1 + log(1 − fMID)

α − 1
(11)

= +1 for fMID = 0, α = 2, (12)
= 0 for fMID = 0.9 and allα. (13)

In Fig. 1 we show the predicted slopes following from Eq. (11)
for three different values for α. For the universal fMID = 0.9
scenario, which was proposed by Whitmore et al. (2007), the
predicted slope is 0 for all values of α. For lower values of fMID,
we expect noticeably different slopes than +1, providing an in-
dependent strong constraint on the acceptable values of fMID.

Fig. 1. Predicted slopes for log(Mmax) vs. log(age) for different MID
fractions ( fMID) and three different indices of the CIMF (α) (Eq. (11)).

3. Comparison to the observations

3.1. Description of the data used

We collect cluster ages and masses in seven different galaxies
from the literature: the Milky Way (solar neighbourhood), SMC,
LMC, M 33, M 83, M 51 and the Antennae galaxies. Here we
briefly mention the origin of the data and we refer the reader
to these papers for details on the data reduction and age fitting
techniques.

For the clusters in the solar neighbourhood we use ages
from the catalogue of Kharchenko et al. (2005) and correspond-
ing masses derived and kindly provided to us by Lamers et al.
(2005a). The mass estimates are derived from the number of
stars with high membership probability and an extrapolation of
the stellar initial mass function. We limit ourselves to the 209
clusters in the catalogue that are within a distance of 1 kpc from
the sun, for which the mass estimates are believed to be accurate
and the sample is not severely affected by distance incomplete-
ness.

For the SMC and the LMC we use the results of Hunter et al.
(2003), who kindly provided us with a table of ages and lumi-
nosities of 191 SMC clusters and 748 LMC clusters. We derived
the masses of the clusters using the age-dependent mass-to-light
ratios of the GALEV models (Schulz et al. 2002; Anders &
Fritze-v. Alvensleben 2003) with Z = 0.004 for the SMC and
Z = 0.008 for the LMC. For NGC 5236 (M 83) we used the
ages and masses derived by Mora et al. (2008, in prep.), who
kindly provided us with a table containing ages and masses of
219 clusters. For M 33 we used a recent catalogue of 201 clusters
published by Sarajedini & Mancone (2007). The M 51 data were
taken from Bastian et al. (2005). We derive the ages and masses
of Antennae clusters from Fig. 2 of Zhang & Fall (1999), and
converted luminosities to masses using the Bruzual & Charlot
(1996, unpublished) SSP models, which were used by Zhang &
Fall (1999) to derive the ages.

3.2. Observed trends of (logMmax) vs. log(age)

In Fig. 2 we show Mmax as a function of log(age) in bins of
0.5 dex as open circles. We also show the third most massive
cluster in each age bin (Mmax,3rd) as filled circles, which is ex-
pected to follow the same relations as the most massive, though
with less scatter. We note that the trends for the second, fourth
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(2005a). The mass estimates are derived from the number of
stars with high membership probability and an extrapolation of
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the sun, for which the mass estimates are believed to be accurate
and the sample is not severely affected by distance incomplete-
ness.

For the SMC and the LMC we use the results of Hunter et al.
(2003), who kindly provided us with a table of ages and lumi-
nosities of 191 SMC clusters and 748 LMC clusters. We derived
the masses of the clusters using the age-dependent mass-to-light
ratios of the GALEV models (Schulz et al. 2002; Anders &
Fritze-v. Alvensleben 2003) with Z = 0.004 for the SMC and
Z = 0.008 for the LMC. For NGC 5236 (M 83) we used the
ages and masses derived by Mora et al. (2008, in prep.), who
kindly provided us with a table containing ages and masses of
219 clusters. For M 33 we used a recent catalogue of 201 clusters
published by Sarajedini & Mancone (2007). The M 51 data were
taken from Bastian et al. (2005). We derive the ages and masses
of Antennae clusters from Fig. 2 of Zhang & Fall (1999), and
converted luminosities to masses using the Bruzual & Charlot
(1996, unpublished) SSP models, which were used by Zhang &
Fall (1999) to derive the ages.

3.2. Observed trends of (logMmax) vs. log(age)

In Fig. 2 we show Mmax as a function of log(age) in bins of
0.5 dex as open circles. We also show the third most massive
cluster in each age bin (Mmax,3rd) as filled circles, which is ex-
pected to follow the same relations as the most massive, though
with less scatter. We note that the trends for the second, fourth
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Fig. 2. Evolution of Mmax with equal size log(age) bins for the seven galaxies in our sample (open circles). The third most massive clusters
(Mmax,3rd) in each bin are shown as filled circles. Fits to log(Mmax,3rd) vs. log(age) on two different age ranges are shown as dashed and full lines.

and fifth most massive cluster are all similar to the trend of
Mmax,3rd. The full lines represent the result of fits of log(Mmax,3rd)
with log(age) over the first 100 Myr and the dashed lines con-
sider a time range of 3 Gyr. The scatter of the data points around
the fit is most likely due to stochastic effects and should not
be interpreted as variations in the CFR. The probability density
function (PDF) of the most massive object drawn from a power-
law distribution has an asymmetric spread around the mean, but
in logarithmic units the shape and width of the PDF is indepen-
dent of the value of Mmax (Larsen 2002; Maschberger & Kroupa
2007). Stochastic effects will therefore not affect our results.

For the solar neighbourhood, SMC, LMC, M 33 and M 83
the observed increase of log(Mmax,3rd) in the first 100 Myr is
consistent with the size of sample prediction without disruption
(Eqs. (7, 12)). The slopes are not exactly +1, but we can con-
strain fMID using Eq. (11) to fMID < 0.2 for the solar neigh-
bourhood, SMC and LMC and fMID < 0.4 for M 33 and M 83.
This rules out the long term 90% ( fMID = 0.9) MID proposed by
Whitmore et al. (2007) as a universal cluster disruption mech-
anism for these galaxies. For this to be true, Mmax had to be
constant with log(age) (Eq. (13)) for all galaxies.

The trends for M 51 and the Antennae are clearly different
from the other five galaxies. The slow or lack of increase of
log(Mmax) for M 51 in the first ∼10–20 Myr is consistent with
the 70% infant mortality, independent of mass, over that time
range as determined by Bastian et al. (2005). After log(age) = 7
the value of Mmax is increasing again, confirming that the in-
fant mortality phase lasts for about 10 Myr only. The flat slope
beyond 100 Myr in M 51 was interpreted as a truncation of the
CIMF around Mup " 5 × 105 M$ (Gieles et al. 2006a,b). Note
that these three phases can not be derived from the trend of Mmax
with log(age) only, since we have only five data points. The trend
does support the results derived from the dN/dt distribution and
the luminosity function by Bastian et al. (2005) and Gieles et al.
(2006a,b)

The flat relation for the Antennae galaxies is consistent with
90% disruption each age dex ( fMID = 0.9) during a Gyr. Note,

however, that if this result is attributed entirely to fMID = 0.9
(Whitmore et al. 2007), which implies that there is no trunca-
tion of the CIMF and that the CFR has been constant over this
age range, which was proposed by Whitmore et al. (2007), then
based on size-of-sample effects we would expect that the galaxy
was producing clusters with masses up to 109 M$ in the oldest
log(age) bin, but they have been destroyed due to MID. This
seems unlikely given what we know about other galactic merg-
ers. Namely, the major burst of star formation in the Antennae
still has to happen,which will be when the nuclei coalesce (e.g.
Cox et al. 2006) and there are no star cluster known with masses
in excess of 108 M$.

3.3. Deriving the formation rate in bound clusters

Under the assumption of a constant formation rate, a power-law
CIMF with index –2 and no disruption of clusters, the values
of Mmax are indicative of the amount of stellar mass formed in
bound clusters. Here we will use the SMC as an example, since it
has been shown that for the clusters in this galaxy the disruption
time-scale is long (Hodge 1987; Boutloukos & Lamers 2003;
Gieles et al. 2007). In addition, this is one of the only galaxies
for which a global star formation rate (SFR) has been determined
and the full galaxy has been imaged for its cluster population.
This is necessary since Mmax scales with the total number of
observed clusters and therefore with the fraction of the galaxy
that has been imaged.

For α = 2 the total mass formed in clusters, Mtot, can be
found from

Mtot =

∫ Mup

Mmin
M φ(M) dM (14)

" Mmax ln
(

Mup

Mmin

)
(15)

" 10 Mmax, (16)
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