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ABSTRACT
The physical properties of star cluster populations offer valuable insights into their birth, evolution, and disruption. However,
individual stars in clusters beyond the nearest neighbours of the Milky Way are unresolved, forcing analyses of star cluster
demographics to rely on integrated light, a process that is fraught with uncertainty. Here infer the demographics of the cluster
population in the benchmark galaxy NGC 628 using data from the Legacy Extra-galactic UV Survey (LEGUS) coupled to a
novel Bayesian forward-modelling technique. Our method allows analysis of a total of 1178 clusters in the LEGUS catalogue,
roughly a factor of 4 more than previous studies that required severe completeness cuts to the data. Our results indicate that the
cluster mass function is truncated at ∼ 104 M�, consistent with proposed relations between truncation mass and star formation
surface density. We find that cluster disruption begins early, ∼ 10Myr after formation, but that it is relatively mild, with clusters
requiring on average 2 − 3 times their present age to disrupt; we do not find any evidence for mass dependent disruption. We
also do not find convincing evidence for any radial variations in these conclusions, though we find suggestive hints that inner
galaxy clusters may be more prone to disruption. Confirming or refuting these hints will require future observations to increase
the sample size of outer galaxy clusters.
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1 INTRODUCTION

The distribution of star clusters’ properties (mass, age, physical size)
and the variation of this distribution with galactic environment pro-
vides crucial clues to the physics of star formation and star cluster
evolution. Moreover, because of the processes responsible for set-
ting this distribution depend on galactic environment, cluster demo-
graphics can also trace the history of galaxy assembly and evolution,
acting as a fossil record of the environments that existed when clus-
ters formed. Given the importance of cluster demographics, it is not
surprising that there have been many attempts to measure them, and
that cluster demographics figure prominently in the science cases for
a number of large surveys of nearby galaxies, such as PHAT (Dal-
canton et al. 2012), PHANGS-HST (Lee et al. 2022), and LEGUS
(Calzetti et al. 2015a); see Krumholz et al. (2019a) for a detailed
review.
Different aspects of cluster demographics probe different physics.

By studying the shape of the cluster mass function (CMF), and in par-
ticular the initial CMF (ICMF) that applies to the youngest clusters,
we can constrain star formation theories and provide an observational
check on simulations. Studies to date show that over much of its
range the ICMF is well-described by a powerlaw 𝑑𝑁/𝑑𝑀 ∝ 𝑀𝛼𝑀

with a slope 𝛼𝑀 ≈ −2 across a wide range of galaxy properties,
corresponding to equal mass per logarithmic bin and suggesting a
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scale-free formation process (e.g., Fall & Chandar 2012; Chandar
et al. 2014). However, the shape of the ICMF at its high-mass end
(' 104𝑀�) remains uncertain. Some authors report that a truncated
distribution such as a Schechter function describes the data better
than the pure power-law (e.g., Bastian et al. 2012; Adamo et al.
2017; Johnson et al. 2017), while others question the statistical sig-
nificance of claimed detections and instead suggest that the dearth
of massive clusters is simply a size-of-sample effect (e.g., Larsen
2002; Mok et al. 2020). If there is a real truncation in the mass func-
tion, its location must depend somehow on the galactic environment,
since rapidly star-forming galaxies with large cluster populations of-
ten harbour clusters with masses larger than the reported truncation
masses in more modestly star-forming galaxies (e.g., Chandar et al.
2015; Linden et al. 2017). The presence of a non-existence of a high-
mass break in the ICMF, its value, and its variation with galactic
environment provide an important clue to the star formation process.

As clusters evolve and disperse from their birthplaces, they expe-
rience mass loss. Various theories govern how they disrupt, ranging
from the “infant mortality” stage of rapid gas removal after star for-
mation (Hills 1980; Baumgardt & Kroupa 2007; Dinnbier & Walch
2020) to long-timescale processes such as two-body relaxation (Fall
& Zhang 2001; Lamers et al. 2010a; Kruĳssen et al. 2012) to pro-
cesses such as external tidal shocking that operate on intermediate
timescales (Lamers et al. 2005b; Bastian et al. 2005; Gieles et al.
2006; Gieles & Renaud 2016; Howard et al. 2017; Fensch et al. 2019;
Webb et al. 2019). In order to place observational constraints on these
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theories, we study the cluster age function (CAF). As with the ICMF,
observations suggest that the CAF is reasonably well-described by
a powerlaw form 𝑑𝑁/𝑑𝑇 ∝ 𝑇 𝛼𝑇 , where 𝑇 is cluster age. However,
the value of 𝛼𝑇 remains highly controversial, at least in part due to
disagreement among observational groups about what constitutes a
cluster (Krumholz et al. 2019a). Despite this uncertainty, the CAF
encodes the timescales of diverse cluster disruptive processes. One
question of particular interest is the form of the joint mass-age dis-
tribution, which gives a complete description of cluster formation
and disruption. If the mass and age distributions are separable, i.e. if
𝑑2𝑁/𝑑𝑀 𝑑𝑇 ∝ (𝑑𝑁/𝑑𝑀) (𝑑𝑁/𝑑𝑇), this implies mass-independent
disruption (MID) of clusters (Fall et al. 2005, 2009; Chandar et al.
2015), while if they are not this implies mass-dependent disrup-
tion (MDD; Lamers et al. 2005a; Gieles et al. 2007; Grudić et al.
2021). Knowing whether MID or MDD holds in a particular galaxy
or sub-galactic region would in turn place strong constraints on the
mechanisms by which clusters disrupt.
Part of the reason that observations have not yet resolved ques-

tions such as the existence and value of a cutoff in the ICMF, the
slope of the CAF, and whether cluster disruption is mass-dependent
or -independent, is that determining the properties of clusters from
observations is not trivial. In order to sample a wide range of envi-
ronments, studies of cluster populations must work with integrated
light rather than resolved stellar populations, since in the crowded
environments of star clusters it is generally only possible to resolve
individual stellar sources for a handful of the most nearby galaxies.
The traditional approach to extracting cluster demographics from this
type of data is to convert the integrated light measurements for each
cluster to physical properties such as mass and age by comparing
the observed photometry to a grid of simple stellar population (SSP)
models and generating a set of best-fitting parameters. One then bins
the clusters by mass and age to obtain mass and age distributions.
However, this approach encounters several difficulties. First, the

binning process usually entails the loss of useful information, and as a
result parameters determined by fitting data to histograms are heavily
biased (Maschberger & Kroupa 2009; El-Badry et al. 2017). Second,
the conventional approach of using 𝜒2 fitting to convert photometry
tomasses and ages implicitly assumes that the uncertainties on cluster
mass and age can be approximated as Gaussian. This is often a poor
assumption, because the mapping between physical properties and
photometry is non-linear and non-monotonic, particularly once one
adds the additional complication of dust extinction. Consequently, a
particular set of photometric measurements may plausibly fit two (or
more) widely-separated loci in physical parameter space, yielding
posterior mass and age distributions with complex non-symmetrical
and multi-modal shapes (de Meulenaer et al. 2014; Fouesneau et al.
2014; Krumholz et al. 2015b; Bialopetravičius et al. 2019). The prob-
lem is exacerbated for low-mass clusters, where stochastic sampling
of the IMF leads to a wide range of possible photometry even for
clusters of fixed mass and age (Piskunov et al. 2009).
However, the most severe issue for measuring cluster demograph-

ics is completeness. The problem is that star clusters become fainter
as one moves to both lower mass and older age, so a magnitude limit
corresponds to a complex shape in the parameter space of age and
mass, meaning that both the mass and age distributions are subject
to large potential biases. The conventional way of handling this is
to discard clusters outside of a limited range of both mass and age
over which completeness is expected to be & 90%, e.g., to retain
only clusters with estimated masses 5, 000 M� and estimated ages
< 200 Myr. Such a drastic truncation of the sample avoids bias, but
at the cost of a large loss of statistical power at both lower masses
and old ages. The former is particularly concerning, since the steep

mass function means that low-mass clusters form the majority of
the available sample; the sample truncation required to avoid bias
from survey magnitude limits therefore often involves discarding the
majority of the data.
The main objective of this paper is to present a complete analy-

sis pipeline and preliminary results for cluster demographics in the
benchmark galaxy NGC 628 using the catalogue of clusters mea-
sured by the Hubble Space Telescope Treasury Program Legacy
Extragalactic Ultraviolet Survey (LEGUS; Calzetti et al. 2015a)
coupled to the novel Bayesian forward modelling method proposed
by Krumholz et al. (2019b) that overcomes the problems identified
above. Specifically, this method naturally copes with complex and
non-deterministicmappings between photometricmeasurements and
physical properties, and it enables us to use a total of 1178 clusters
catalogued by LEGUS with non-zero completeness values, as com-
pared to earlier modelling where severe completeness cuts reduced
the sample to ≈ 300 (Adamo et al. 2017). This paper is structured
as follows: in Section 2, we introduce our target galaxy, cluster cata-
logue, and analysis of completeness. In Section 3, we summarise our
analysis method. We present our results for cluster demographics in
Section 4, and discuss their implications in Section 5. We summarise
the findings and discuss future prospects in Section 4.

2 DATA DESCRIPTION

Here we summarise the properties of our target galaxy (Section 2.1),
the star cluster catalogue we use as the basis for our study (Sec-
tion 2.2), and our treatment of survey completeness (Section 2.3).

2.1 NGC 628

Our target NGC 628, also known as Messier 74, is a well-studied
grand-design spiral galaxy, located at a distance of 9.9 Mpc (Oli-
vares E. et al. 2010). We choose NGC 628 for this study as its large
size (apparent radius of 5.2’; Gusev et al. 2014) and face-on orienta-
tion allow for a detailed study of the stellar cluster population.We use
observations of NGC 268 taken from the LEGUS survey, a Cycle 21
HST Treasury programme that targeted 50 local galaxies (.15 Mpc)
with the Hubble Space Telescope with broad band filter coverage
from the UV to the near IR. All targets were imaged with either
the Wide Field Camera 3 (WFC3) or the Advanced Camera for Sur-
veys (ACS) in the NUV (WFC3 F275W), U-band (F336W), B-band
(ACS/F435W or WFC3/F438W), V-band (ACS or WFC3/F555W
or F606W), and I-band (ACS or WFC3 F814W). For the remainder
of this paper we follow the conventional Johnson passband naming
convention UV, U, B, V and I without converting to the Johnson
system. As part of the LEGUS survey, NGC 628 is covered by two
pointings; one at the galactic centre (NGC 628c) and the other at the
eastern edge (NGC 628e). We show the LEGUS V-band image of
NGC 628 in Figure 1. Detailed descriptions of the survey and data
reduction are provided in Calzetti et al. (2015b).

2.2 Cluster Catalogue

The photometric star cluster catalogue forNGC628 thatwe use in this
study comes from the LEGUS survey, and we refer readers to Grasha
et al. (2015) and Adamo et al. (2017) for a complete description of
how it is constructed. Here, we provide a brief description of the
parts of the process most pertinent to this study. LEGUS uses a two-
step pipeline for cluster classification. First, an automated cluster
extraction tool is used to extract potential cluster candidates with at
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Figure 1. V-band (F555W) mosaic image of the centre and east fields of
NGC 628 from LEGUS-HST. Symbols show the location of the star clusters,
colored by the cluster classifications (Section 2.2) : class 1 (red circle), class
2 (blue circle), and class 3 (blue circle). For detailed description of cluster
classification method, Section 2.2.

least a 3𝜎 detection in a minimum of 5 contiguous pixels from the
white light images. The cluster candidates are then further refined
and required to have a V-band concentration index (CI; the difference
in magnitude between a radius of 1 and 3 pixels) of > 1.4 mag for
the centre pointing and > 1.3 mag for the east pointing. The CI cut
serves to separate point-like sources (i.e., stars) from more extended
sources (i.e., star clusters). The star cluster candidates are required
to be detected in the V-band and a minimum of at least three of the
other filters, with photometric error 𝜎_ ≤ 0.3 mag in each band.
To create the final cluster catalog, the LEGUS team then visually

inspects all candidates brighter than −6 in the V-band and classifies
them into four morphological categories: (1) centrally concentrated
clusters with spherically symmetric profiles; (2) clusters with asym-
metric radial profiles; (3) multi-peaked clusters with underlying dif-
fuse emission; and (4) non-cluster contaminants, such as background
galaxies, stars, bad pixels, or edge artefacts. In this work, we limit
our analysis to Class 1 (426), 2 (437), and 3 (413) clusters, for a
total sample of 1276; we reduce this to 1275 by removing one cluster
that we found to be a duplicate entry in the LEGUS NGC 628c and
628e catalogues, located in the small region where the fields overlap.
Figure 1 shows the mosaic V-band image of NGC 628 overlaid with
the cluster positions, coloured by their morphological classification.

2.3 Observational Completeness Limits

Because we intend to forward model the cluster population, we re-
quire knowledge of the completeness of the observational catalogue.
Specifically, we require knowledge of the function 𝑃obs (m), which
describes the probability that a hypothetical star cluster with a vector
of magnitudes m in the various LEGUS filters would be included
in the cluster catalogue. To compute this function, we employ the
completeness limits reported by Adamo et al. (2017), who carry out
artificial cluster tests to derive the completeness of the LEGUS au-
tomated catalogue generation procedure in each filter independently.
For each filter 𝐹 and a range of magnitudes 𝑚𝐹 in that filter, they
determine the probability 𝑃obs,𝐹 (𝑚𝐹 ) that a cluster would be re-
covered by the automated extraction procedure. In what follows we

linearly interpolate these tabulated data to obtain a continuous func-
tion 𝑃obs,𝐹 (𝑚𝐹 ) that gives the probability that a cluster of arbitrary
magnitude 𝑚𝐹 in filter 𝐹 will be recovered.
To determine the completeness for a cluster with a vector ofmagni-

tudesm, we use 10,000Monte Carlo trials. In each trial, we randomly
assign each filter 𝐹 to be a detection or a non-detection with prob-
ability 𝑃obs,𝐹 (𝑚𝐹 ) as determined from the interpolated artificial
cluster test results. We then determine from this set of detections and
non-detections if the cluster would be catalogued following the same
criteria used in construction of the actual LEGUS catalogue, i.e., the
cluster is catalogued only if it is (1) detected in V-band and at least
three other bands, and (2) has a visual magnitude 𝑀V ≤ −6. We then
take 𝑃obs (m) to be equal to the fraction of the Monte Carlo trials in
which the cluster is catalogued.
We use this method to calculate the completeness both of our

library of synthetic clusters (see Section 3) and of the actual LEGUS
catalogue. For the latter, we find a total of 97 clusters for which
we estimate 𝑃obs,𝐹 (m) = 0; these can be present in the catalogue
because a small number of clusters with 𝑚V > −6 were added by
hand. To avoid introducing errors in our completeness estimate we
remove these from the sample. We remove a total of 97 clusters
from the sample of NGC 628 due to their zero completeness values,
resulting in a final sample size of 1178 clusters.

3 METHODS

In this section, we describe the pipeline used to derive the cluster de-
mographics, motivated by the forward Bayesian modeling approach
demonstrated in Krumholz et al. (2019b). For reasons of brevity we
only summarise the method, and refer readers to Krumholz et al. for
details.

3.1 Overview of the method

Given a set of unresolved photometric measurements of a cluster
population, how do we infer their underlying demographics? To an-
swer this question, we first propose a joint distribution of mass 𝑀 ,
age 𝑇 , and extinction 𝐴V for the cluster population, which we de-
note as 𝑓 (𝑀,𝑇, 𝐴V | 𝜽), where 𝜽 represents a vector of parameters
describing the joint distribution 𝑓 . For example, if we assume the
mass distribution of clusters is described by a Schechter function
𝑓 (𝑀,𝑇, 𝐴V | 𝜽) ∝ 𝑀𝛼𝑀 exp(−𝑀/𝑀break), then 𝜽 contains the
slope 𝛼𝑀 and break mass 𝑀break of the Schecter function. We de-
scribe the functional forms we consider for 𝑓 (𝑀,𝑇, 𝐴V | 𝜽) and the
parameters they involve in Section 3.3.
We seek to derive the posterior distribution of 𝜽 . We do so in the

usual way for a Bayesian method, but writing the posterior as the
product of a prior and a likelihood function

𝑝post (𝜽 | {m}) ∝ L({m} | 𝜽)𝑝prior (𝜽). (1)

where L({m} | 𝜽) is the likelihood for our set of 𝑁obs photometric
measurements. We defer a discussion of priors to Section 3.3, and
present details of our method of calculating the likelihood function
in Section 3.2, but to summarise the latter here, we compute the
likelihood function using a Gaussian mixture model derived from a
large library of synthetic star clusters; as we change 𝜽 , we adjust the
weights applied to this library, which changes the value of L({m} |
𝜽). Ourmethod can therefore be summarised into the following steps.

(i) We generate a library composed of synthetic clusters with
weights based on a proposed distribution of cluster physical proper-
ties and the observational completeness of the survey.
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(ii) Using the newly created library, we produce a synthetic dis-
tribution in photometric space, which will be used to compare with
the observations.
(iii) We adjust the model parameters 𝜽 to maximise the resem-

blance between the observations and the photometric distribution, as
parameterised by the likelihood function. As we do so, we map out
the posterior distribution.

We carry out the final step of this procedure using a Markov Chain
Monte Carlo (MCMC) method as implemented in the software pack-
age emcee (Foreman-Mackey et al. 2013). For all the calculations
presented in this paper we use 4000 iterations of 100 walkers, dis-
carding the first 300 iterations for burn-in; both visual inspection
of the posteriors and quantitative evaluation of the auto-correlation
time indicates that the chains are well-converged. We describe the
first two steps of themethod – generating and re-weighting the library,
in Section 3.2.

3.2 Calculation of the likelihood function

As discussed above, we compute the likelihood function using the
Gaussianmixturemodel described in Krumholz et al. (2019b), which
operates on a library of 𝑁lib synthetic clusters, each of which is
characterised by a mass 𝑀 , age 𝑇 , extinction 𝐴V, and a vector of
photometric magnitudesm in each of the filters used in the observa-
tions. The full library is further described by a vector of photometric
bandwidths h, which we set to 0.1 mag in all filters; see Krumholz
et al. (2015b) and Krumholz et al. (2019b) for detailed discussion of
the meaning of the bandwidth and the motivation for choosing this
value. We provide details regarding the library we use in this work
in Appendix A.
Given the library, Krumholz et al. (2019b) show that the likelihood

function for the parameters 𝜽 can be written as (their equation 12)

L({m} | 𝜽) ∝
𝑁obs∏
𝑖=1

A(𝜽)
𝑁lib∑︁
𝑗=1

𝑤 𝑗 (𝜽)N (m𝑖 | m 𝑗 , h′
𝑖)
 , (2)

where 𝑤 𝑗 (𝜽) is the statistical weight of the 𝑗 th library cluster (which
depends on the parameters 𝜽 as described below),m𝑖 andm 𝑗 are the
vectors of magnitudes for the 𝑖th observed and 𝑗 th library clusters,
respectively,A(𝜽) = [∑𝑁lib

𝑗=1 𝑤 𝑗 (𝜽)]−1 is a normalisation factor, and
N(x | x0,𝝈) is the standard multidimensional Gaussian distribution
centred at x0 and with width 𝝈, evaluated at position x. The quantity
h′
𝑖
is given by h′

𝑖
= (h2+𝝈2

𝑖
)1/2, where𝝈𝑖 the observational error on

themagnitude of cluster 𝑖; the quantitiesh′
𝑖
,h, and𝝈𝑖 are vectorswith

one element per filter, and the expression for h′
𝑖
should be understood

as applying separately to each filter. In practicewe evaluate equation 2
numerically using the cluster_slug module of the slug software
suite, which implements a tree-based order 𝑁obs ln 𝑁lib algorithm
for performing the calculation that is much faster than a naive brute
force evaluation, which would have a computational cost of order
𝑁obs𝑁lib
The quantity in square brackets in equation 2 is the distribution of

photometric magnitudes for the cluster library evaluated at the vector
of magnitudes m𝑖 for the 𝑖th observed cluster. This distribution, and
thus the likelihood function as whole, depends on the parameters
describing the cluster population 𝜽 only through the weight functions
𝑤 𝑗 (𝜽) that describe the statistical weight of each library cluster.
The relationship between weights and 𝜽 is given by (equation 9 of
Krumholz et al. 2019b)

𝑤 𝑗 (𝜽) = 𝑃obs (m 𝑗 )
𝑓 (𝑀 𝑗 , 𝑇 𝑗 , 𝐴V, 𝑗 | 𝜽)
𝑝lib (𝑀 𝑗 , 𝑇 𝑗 , 𝐴V, 𝑗 )

. (3)

The denominator 𝑝lib(𝑀 𝑗 ,𝑇𝑗 ,𝐴V, 𝑗 ) is the distribution function de-
scribing the sampling density of the library (see Appendix A), while
the numerator 𝑓 (𝑀 𝑗 , 𝑇 𝑗 , 𝐴V, 𝑗 | 𝜽) is distribution of the physical
properties given 𝜽 , and the pre-factor 𝑃obs (m 𝑗 ) is the probability
that a cluster with vector of magnitude m 𝑗 would be included in
the LEGUS catalogue. The terms in equation 3 can be intuitively
understood as follows. The factor 𝑃obs (m 𝑗 ) accounts for the fact
that only a fraction of clusters with magnitudes m 𝑗 will be ob-
served due to the completeness limits; we compute this probabil-
ity as described in Section 2.3. The denominator is the probabil-
ity density for drawing clusters with a particular combination of
physical parameters (𝑀 𝑗 , 𝑇 𝑗 , 𝐴V, 𝑗 ) while constructing the library.
Finally, the numerator represents the true probability density for a
cluster population described by the parameter set 𝜽 , so that the ra-
tio 𝑓 (𝑀 𝑗 , 𝑇 𝑗 , 𝐴V, 𝑗 | 𝜽)/𝑝lib (𝑀 𝑗 , 𝑇 𝑗 , 𝐴V, 𝑗 ) represents the factor by
which we must up- or down-weight the library so that clusters in
the library have the same mass, age, and extinction distribution as
clusters in reality; if this weight factor is unity, then our library is
sampled from the same distribution of cluster properties as the real
population.
Intuitively, then, our method consists of iteratively adjusting the

parameters 𝜽 and thus the weights 𝑤 𝑗 (𝜽) so as to bring the predicted
photometric distribution into as close agreement as possible with the
observed one. This will in turn adjust the mass and age distributions,
since these are determined by the same vector of parameters 𝜽 as
the luminosity distribution. Again, we remind readers that this is
just an intuitive description of the underlying process; formal proof
that equation 2 is the correct likelihood function to accomplish this
adjustment, along with some details of how we handle complications
like clusters where some filters are missing due to the fields of view
in the different filters not being perfectly overlapping, is provided in
Krumholz et al. (2019b).

3.3 Demographic models and priors

Cluster demographics depend on cluster formation and destruction
mechanisms, and thus the set of candidate parametric model dis-
tributions 𝑓 (𝑀,𝑇, 𝐴V | 𝜽) we consider is necessarily informed by
theoretical expectation. In this work, we consider the twomost promi-
nentmodels: mass-independent destruction (MID; Section 3.3.1; Fall
et al. 2005, 2009; Chandar et al. 2015) and mass-dependent destruc-
tion/disruption (MDD; Section 3.3.2; Lamers et al. 2005a; Gieles
et al. 2007; Grudić et al. 2021). We couple both of these to a para-
metric model for the distribution of extinctions (Section 3.3.3).

3.3.1 The mass-independent disruption (MID) model

In the MID model, the rate at which star clusters are destroyed is
independent of cluster mass. The cluster mass function therefore has
the same shape at all ages, and the distribution function 𝑓 (𝑀,𝑇, 𝐴V |
𝜽) can be separated into two distinct functions, one describing the
mass distribution 𝑝𝑀 (𝑀) and one the age distribution 𝑝𝑇 (𝑇). Given
the observational evidence that the mass function is a (possibly)
truncated powerlaw, we will adopt a functional form for 𝑝𝑀 (𝑀)
given by a Schechter function,

𝑝𝑀 (𝑀) ∝ 𝑀𝛼𝑀 exp
(
− 𝑀

𝑀break

)
. (4)

For the age distribution, photometry cannot differentiate between
a bound an unbound cluster, so the age distribution is required to be
flat for times that are shorter than the physical time required for the
stars in a cluster to disperse; of course the distribution can also be
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flat out to older ages if the mechanisms responsible for disruption
do not begin until some time after a cluster forms. Regardless of its
physical, origin, we call the time at which cluster disruption begins
𝑇MID. After this time, clusters will disrupt, and we approximate the
age distribution as a powerlaw. We therefore have

𝑝𝑇 (𝑇) ∝
{
1, if 𝑇 < 𝑇MID(

𝑇
𝑇MID

)𝛼𝑇
, if 𝑇 > 𝑇MID

. (5)

Thus the joint mass-age distribution in the MID model is

d2𝑁
d𝑀 d𝑇

∝ 𝑀𝛼𝑀 exp
(
− 𝑀

𝑀break

)
max (𝑇,𝑇MID )𝛼𝑇 . (6)

The MID model therefore has 4 free physical parameters that we
place in our vector 𝜽: 𝛼𝑀 , log𝑀break, 𝛼𝑇 , and log𝑇MID. We adopt
flat priors on 𝛼𝑀 from −4 to 0 and 𝛼𝑇 from −3 to 0, reflecting
a broad range around previous literature values; we will see that
these choices have little effect, as our MCMC never approaches these
boundaries. The priors on log𝑀break and log𝑇MID require somewhat
more thought. As for log𝑀break, we impose a flat prior from 2 to
7 because with we barely see clusters with masses more massive
than 106.5𝑀� . The lower mass limit of 2 in log scale is to ensure a
reasonable MCMC walker range. For log(𝑇MID/yr) we impose flat
priors from 5 to 10 based on physical plausibility. At the lower end,
clusters cannot disperse on less than a crossing timescale, and even
the densest clusters detected in LEGUS have crossing timescales well
above 105 yr. The upper limit is roughly the age of the Universe.

3.3.2 The mass-dependent disruption (MDD) model

For the MDD model, clusters lose mass at a rate that varies as a pure
power-law function of their current mass (Gieles et al. 2007; Grudić
et al. 2021), d𝑀/ d𝑇 ∝ −𝑀𝛾MDD . For such a mass loss rate, the
present-day mass of a cluster born with initial mass 𝑀𝑖 at age 𝑇 is

𝑀 = 𝑀i

[
1 − 𝛾MDD

(
𝑀0
𝑀i

)𝛾MDD 𝑇

𝑇MDD,0

]1/𝛾MDD
, (7)

where 𝑇MDD,0 represents the time required for a cluster with mass
𝑀0 to have fully disrupted, defined as having reached a present-day
mass 𝑀 = 0. The joint mass-age distribution therefore obeys

d2𝑁
d𝑀 d𝑇

∝ d2𝑁
d𝑀i d𝑇

d𝑀
d𝑀i

. (8)

If the distribution of initial masses 𝑀𝑖 follows the Schechter function
form given by equation 4, then we have

d2𝑁
d𝑀 d𝑇

∝ 𝑀𝛼𝑀 [𝛼𝑀+1−𝛾MDD exp
(
−[ 𝑀

𝑀break

)
, (9)

where

[(𝑀,𝑇) =
[
1 + 𝛾MDD

(
𝑀0
𝑀

)𝛾MDD 𝑇

𝑇MDD,0

]1/𝛾MDD
(10)

is the ratio of the initial and present-day cluster masses for a cluster
of present-day mass 𝑀 and age 𝑇 .
The MDD model therefore has four free parameters: 𝛼𝑀 ,

log𝑀break, 𝛾mdd, and 𝑇MDD,0; note that 𝑀0 is not a separate pa-
rameter, because the mass-age distribution depends only on the com-
bination of parameters 𝑀𝛾MDD

0 /𝑇MDD,0. We therefore without loss
of generality choose 𝑀0 = 100 M� in what follows. However, for
reader convenience we will also report the commonly-used 𝑡4 pa-
rameter, which is simply the disruption time for a cluster of mass
104 M�; this is given by 𝑡4 = 102𝛾MDD𝑇MDD,0. We adopt the same

priors on 𝛼𝑀 and log𝑀break as in the MID model (Section 3.3.1).
For 𝛾MDD, previous observational estimates and 𝑁-body simulations
give values in the range 0.6−0.7 (Lamers et al. 2010b), and we adopt
broad priors that include this range: we take 𝛾MDD to be flat from 0 to
1. These limits stem from physical considerations: if 𝛾MDD < 0 then
low-mass clusters lose mass more slowly than massive ones, contrary
to the physical expectations of the model, while if 𝛾MDD ≥ 1 then no
clusters ever disrupt because there is no 𝑇 for which 𝑀 = 0. Finally,
we adopt flat priors on log(𝑇MDD,0/yr) from 4 to 10; these limits
are broad enough not to matter, because none of our walkers ever
approach them.

3.3.3 Dust extinction

The exact functional shape of the distribution of dust extinctions
𝑝𝐴V (𝐴V) is unknown, so we model it as non-parametrically as pos-
sible. Following Krumholz et al. (2019b), we adopt a simple piece-
wise linear form over the range 𝐴V = 0− 3mag characterised by six
free parameters (𝑝𝐴V,𝑖 , 0 ≤ 𝑖 ≤ 6) to be fit, representing the value
of the PDF at 𝐴V = 𝑖 Δ𝐴V mag with Δ𝐴V = 0.5 mag. Thus the
functional form we adopt for the extinction distribution is

𝑝𝐴V (𝐴V) ∝ (11){
𝑝𝐴V ,𝑖 +

(
𝑝𝐴V ,𝑖+1 − 𝑝𝐴V ,𝑖

) ( 𝐴V
Δ𝐴V

− 𝑖

)
, 𝑖 <

𝐴V
Δ𝐴V

≤ 𝑖 + 1
0, 𝐴V > 3mag

We treat 𝑝𝐴V,𝑖 for 𝑖 = 0−5 as parameters of our model to be fit, with
𝑝𝐴V ,6 fixed by the requirement that the total area under the PDF be
unity. We set the priors on 𝑝𝐴V,𝑖 to be flat for all values > 0, subject
to the requirement that 𝑝𝐴V,𝑖 > 0 remain positive for all 𝐴V.
Combining this with the mass and age distributions, our final

functional form to be fit is

𝑓 (𝑀,𝑇, 𝐴V | 𝜽) ∝ d2𝑁
d𝑀 d𝑇

𝑝𝐴V (𝐴V), (12)

with d2𝑁/d𝑀 d𝑇 given by equation 6 or equation 9 for the MID or
MDD models, respectively.

3.4 Model selection using Akaike weights

The method described thus far allows us to compute the posterior
PDFs of the model parameters 𝜽 for both the MID andMDDmodels.
To determine whether the MID or MDD model provides a better
fit and more accurate description of the data, we use the Akaike
information criterion (AIC) to assess the fit quality provided by non-
nested models. For models tested using AIC, we first identify the
walker with the highest likelihood, then compute,

AIC(MID,MDD) = 2𝑘 − 2 ln L̂(MID,MDD), (13)

where 𝑘 represents the number of free parameters in the models,
and L̂ is the maximum of the likelihood function. In our case, 𝑘
is 11 for both the MID and MDD models, with four parameters
describing the joint mass-age distribution (𝛼𝑀 , 𝑀break, and either
𝛼𝑇 and 𝑇MID or 𝛾MDD and 𝑇MDD,0, six parameters representing the
dust extinction shape, and one extra parameter to describe the total
number of clusters present in the galaxy.
For the model comparison, we calculate the Akaike weights for

either the MID or MDD model as

𝑤MID/MDD =

𝑒
−ΔMID/MDD
2

𝑒−ΔMID
2 + 𝑒−ΔMDD

2

. (14)
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The AIC measures the amount of information in the data preserved
by a given model., with the relative Akaike weight 𝑤 of one model
indicating the confidence level at which we can claim that it preserves
more information than the other models considered. The model with
the highest Akaike weight is our best fit and thus the preferred model.

4 RESULTS

In this section, we report our fit parameters and model comparison
results (Section 4.1), along with comparisons between models and
observed photometry to verify that our best-fitting models do a rea-
sonable job at reproducing the observations (Section 4.2). To search
for variations in cluster population demographics with galactocen-
tric radius, we also separately analyse clusters in the inner and outer
galaxy (Section 4.3).

4.1 Full Catalogue Fits

Wefirst analyse the full LEGUSNGC628 catalogue using themethod
described in Section 3. We summarise the marginal posteriors we
derive on all model parameters in the first block in Table 1. Our
model comparison yields 𝑤(MID) = 0.9997 and 𝑤(MDD) = 3 ×
10−4, suggesting that the MID model does a substantially better job
capturing the variations in the data, and we will therefore focus on
this as our preferred model from this point forward.
Figure 2 shows the posterior PDFs of 𝛼𝑀 , log𝑀break, 𝛼𝑇 , and

log𝑇MID we obtain from our fit. In this plot, the extent of the axes
reflects the full range of model parameters allowed by our priors, so
we can immediately read off where parameters are well-constrained
by the data, versus where they are unconstrained and occupy the full
range of values allowed by our priors. These figures have a few note-
worthy features. First, they suggest that cluster disruption inNGC628
is relatively mild; the most likely scenario is that disruption begins
after𝑇MID ≈ 107 yr but the is relatively slow (𝛼𝑇 ≈ −0.5), though an
alternate scenario where cluster disruption is faster but begins later
(𝛼𝑇 ≈ −1 but 𝑇MID ≈ 108 yr) is marginally allowed. In the former
scenario, our median values of 𝛼𝑇 ≈ −0.45 and log(𝑇MID/yr) ≈ 6.8
correspond to cluster disruption starting within 1 − 2 crossing times
of formation (𝑇MID ≈ 6 Myr), and thereafter occurring at a rate
such that the cluster disruption time is ≈ 2.2 times the current clus-
ter age (Krumholz et al. 2019a). Similarly, the fits provide strong
evidence that a truncated Schechter-form CMF fits the data better
than the pure power-law, with log(𝑀break/M�) = 3.88+0.08−0.06 (68%
confidence interval), but that the powerlaw slope at lower masses is
relatively shallow, 𝛼𝑀 ≈ −1. As with cluster disruption, there is a
tail of probability at higher 𝑀break and steeper CMF (𝛼𝑀 ≈ −2), but
this tail contains little probability mass.
Because our analysis method allows us to reach considerably

smaller cluster mass than many previous studies, and because we
find a relatively small value of 𝑀break, it is helpful to report an alter-
native measure of the mass function slope that will be more readily
comparable to literature results. For this reason, we also compute the
slope of the mass distribution at a mass of 104 M� ,

𝛼𝑀4 ≡
𝑑 log 𝑁
𝑑 log𝑀

����
𝑀=104𝑀�

= 𝛼𝑀 − 10
4M�

𝑀break
.

This ismore directly comparable than𝛼𝑀 to theCMFslopes reported
in previous studies where the cluster sample is truncated at masses
slightly below 104 M� (e.g., Chandar et al. 2014; Adamo et al.
2017), and thus the CMF slope is measured only at higher masses.
Our results imply 𝛼𝑀4 = −2.07+0.09−0.28 (68% confidence), in good
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Figure 2.Corner plot showing the one-dimensional and two-dimensional his-
tograms of the posterior PDFs of the parameters 𝛼𝑀 , log𝑀break, 𝛼𝑇 , and log
𝑇MID for the full LEGUS NGC 628 catalogue. We omit the nuisance param-
eters describing the distribution of extinctions 𝐴𝑉 . The 1D blue histograms
show one-dimensional marginal PDFs for each parameter, while the colour
maps show log probability densities in various 2D cuts through parameter
space. The outermost contour level in the 2D plots is set so as to enclose 99%
of the samples, and black dots show individual MCMC samples outside this
threshold. The extent of each axis is rounded according to the prior range to
achieve optimal visualisation.

agreement with the values of 𝛼𝑀 ≈ −2 found in most previous
studies (e.g., see Figure 5 of Krumholz et al. 2019a for a summary
of observations).

4.2 Photometric Comparisons

Before accepting the results of our fits, wemust validate that ourmod-
els adequately recover the observed luminosity distribution, since
matching this distribution is the goal of our forwardmodel. In order to
visualise the comparisons between the distributions of observations
and the library, we first plot the 1D cluster luminosity distributions
in the five LEGUS bands, showing both the measured distribution
and the luminosity distribution we predict using the model parame-
ters. The model prediction follows immediately from our expression
for the likelihood function in terms of our Gaussian mixture model
(equation 2), and is simply

𝑝(𝑚) ∝
𝑁lib∑︁
𝑗=1

𝑤 𝑗 (𝜽)N (𝑚 | 𝑚 𝑗 , ℎ), (15)
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Catalogue Model 𝑤 𝛼𝑀 log (𝑀break/𝑀�) 𝛼𝑀4 𝛼𝑇 log (𝑇MID/yr) log(𝑇MDD,0/yr) 𝛾MDD 𝑡4 (Myr)

All
MID 0.9997 −1.03+0.10−0.29 3.88+0.08−0.06 −2.07+0.09−0.28 −0.45+0.04−0.07 6.78+0.42−0.06 − − −
MDD 0.0003 −1.40+0.07−0.08 4.00+0.05−0.05 − − − 6.65+0.10−0.07 0.98+0.02−0.04 268+37−29

{𝑟 ≤ 𝑅50 }
MID 1.0000 −0.54+0.18−0.53 3.65+0.42−0.07 −1.64+0.16−0.45 −0.70+0.06−0.19 6.78+0.29−0.05 − − −
MDD < 10−11 −1.20+0.14−0.13 3.87+0.08−0.08 − − − 6.42+0.11−0.07 0.97+0.02−0.05 151+22−18

{𝑟 > 𝑅50 }
MID 0.9988 −1.12+0.13−0.35 4.07+0.11−0.08 −2.10+0.12−0.32 −0.45+0.06−1.41 6.85+1.44−0.14 − − −
MDD 0.0012 −1.36+0.09−0.09 4.13+0.07−0.06 − − − 6.75+0.20−0.14 0.93+0.05−0.10 274+52−44

{𝑟 ≤ 𝑅𝑐 }
MID 1.0000 −0.90+0.09−0.09 3.91+0.05−0.05 −1.92+0.08−0.07 −0.57+0.03−0.04 6.76+0.05−0.04 − − −
MDD < 10−11 −1.36+0.07−0.07 4.05+0.04−0.04 − − − 6.48+0.07−0.05 0.98+0.01−0.03 183+19−17

{𝑟 > 𝑅𝑐 }
MID 0.9713 −1.47+0.33−0.27 4.04+0.25−0.17 −2.46+0.30−0.22 −0.46+0.27−1.74 8.23+0.42−0.06 − − −
MDD 0.0287 −1.58+0.23−0.23 4.06+0.31−0.16 − − − 8.58+0.88−1.08 0.62+0.29−0.43 2463

+20082
−1905

{𝑝obs ≥ 90%} MID − −1.42+0.11−0.12 3.89+0.05−0.5 −2.44+0.1−0.1 −+0.03
−0.04 6.75+0.04−0.04 − − −

Table 1. Fitting results. The first column indicates the subset of the LEGUS catalogue used in the fit, the second indicates the type of model fit (MID or MDD),
the third gives the Akaike weight for that model, and the remaining columns give marginal posterior PDFs derived for each model parameter, reported as
𝑞50

+(𝑞84−𝑞50 )
−(𝑞50−𝑞16 )

, where 𝑞𝑁 denotes the estimated 𝑁 th percentile. Thus our central values are the median of the PDF, and the ranges shown correspond to the 68%
confidence interval. The co-rotation radius is denoted by 𝑅𝑐 , and the median galactocentric radius is denoted by 𝑅50.

where𝑚 is the magnitude in the filter of interest,𝑚 𝑗 is the magnitude
of the 𝑗 th library cluster in that filter, and ℎ is the library bandwidth.
We show this comparison in Figure 3. As the figure shows, our best-
fitting model generally matches the observed luminosity distribution
except for at the most luminous end of the distribution.
Since our method attempts to fit the full five-dimensional pho-

tometric distribution at once, we can also check for agreement be-
tween model and observations in multiple dimensions. To this end,
we present three colour-colour plots illustrating the agreement be-
tween the observed and model-predicted colour distributions in Fig-
ure 4, Figure 5 and Figure 6. As with the luminosity distribution,
we compute the colour distribution directly from the Gaussian mix-
ture model, using an expression analogous to equation 15. These
figures also show reasonably good agreement between the observed
and model-predicted colour distributions, and suggest that our best-
fit model provides a reasonable representation of the distribution of
observations in 5D photometric space.
The largest deviations between our model and the observations is

for the most luminous clusters at the bluest colours; we can see this
fromour slight underprediction of theUV (F275W) andU luminosity
functions in Figure 3, and from the tail of observed clusters extending
to higher UV - U (F275W-F336W) than our models in Figure 4. One
possible explanation for this discrepancy is that our model library
assumes Solar metallicity, while NGC 628 is slightly sub-Solar (e.g.,
Berg et al. 2013, 2015). Krumholz et al. (2015b) show thatmetallicity
variations at this level have relatively little effect when inferring
cluster masses or ages, but it is conceivable that because our library
is somewhat more metal-rich than the data, it does not quite extend
as far to the blue as the observations. In any event, the effects of this
discrepancy on population-level statistics should be small, since they
involve only a handful of clusters out of our full catalogue of > 1000.

4.3 Inner versus Outer Galaxy Clusters

Having presented the full catalogue fits, we now search for radial
variations in cluster demographics. For this purpose we assign every
cluster in the LEGUS catalogue a galactocentric radius, taking the

centre of NGC 628 to be at RA = 24.17◦, DEC = 15.78◦, and
adopting an inclination 𝑖 = 25.2◦ and position angle PA = 25◦
from North (Grasha et al. 2015, 2017). We use the centre location,
inclination, and position angle to deproject the cluster coordinates
from RA/DEC to a galactocentric coordinate system. Once clusters
have been assigned radii, we divide the catalogue in two ways: first
simply by making two sub-catalogues of equal size containing the
inner and outer halves of the sample, and second by making two
sub-catalogues containing clusters inside and outside the galactic
co-rotation radius. The advantage of the former approach is that it
ensures that we have equal statistical power in both regions, and
thus do not miss radial variations because our inner or outer galaxy
sample is too small to see them. The advantage of the latter approach
is that co-rotation marks a physically-motivated radius where we
might expect to see a change in cluster behaviour, as opposed to the
galactocentric radius that marks an equal number division, which is
solely a function of the size and location of the LEGUS pointings.

4.3.1 Equal Number Division

For our first analysis we divide the LEGUS cluster sample into two
radial bins each containing an equal number of clusters. The median
radius that makes this even division is 𝑅50 = 3.53 kpc. We fit MID
and MDD models to both the subset of clusters with 𝑟 ≤ 𝑅50 and
those with 𝑟 > 𝑅50 and report the results the second and third blocks
of rows in Table 1. As with the full catalogues, our model comparison
strongly prefers the MID model in both the inner and outer regions,
and so we focus on it.
We compare the marginal posterior PDFs of 𝛼𝑀4 and 𝑀break in

the inner and outer regions Figure 7. We notice that the posterior
mass distributions of the inner bin (indicated by the red contours) are
bimodal, corresponding to two probability peaks in the parameter
space, one at 𝛼𝑀4 ≈ −1.8 and log(𝑀break/M�) ≈ 3.8, the second
at 𝛼𝑀4 ≈ −2.5 and log(𝑀break/M�) & 5, while the posterior for
the outer region is closer to unimodal, centred at 𝛼𝑀4 ≈ −2 and
log(𝑀break/M�) ≈ 4.2. Despite this difference, however, the 2𝜎
confidence contours for the two regions overlap, so there is weak but
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Figure 3. Comparison between observed and model-predicted luminosity
functions in UV, U, B, V, I bands. Filled circles with error bars show the
luminosity distribution of the LEGUS catalogue, divided into 20 uniformly
spaced bins; distributions are normalised to have unit integral, and error bars
show the Poisson uncertainty in each bin. The black lines in the figure show
model-predicted photometric distributions computed using the 50th percentile
values for all model parameters, while the grey bands around these lines show
the interquartile range for the models.
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Figure 4. Comparison of predicted and observed colour distributions for our
best-fitting model. The central panel shows the predicted colour distribution
computed using the 50th percentile values of all parameters as the background
heatmap, while blue circles show every 15th cluster in the LEGUS catalogue.
The flanking panels compare 1D histograms of observed (red bars) and pre-
dicted colour PDFs (blue bars). In order to visualize the Poisson error of data,
we plot the 84th percentile upper limit on the observational distribution as a
solid red line.
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Figure 5. Same as Figure 4, except we show U-B versus B-V in colour-colour
space here.

not strongly convincing evidence for a difference in mass function
between the two regions.
Figure 8 provides an analogous plot for the two parameters – 𝛼𝑇

and 𝑇MID – that describe the CAF. The qualitative conclusion to be
drawn from this Figure is similar to that for the mass PDFs as shown
in Figure 7, i.e., the posterior PDFs for the inner and outer radial
bins are largely separated, but show a small region of overlap, in this
case at 𝑇break ≈ 6 Myr and 𝛼𝑇 ≈ −0.7. This result suggests that we
cannot rule out the possibility of two regions having identical age
distributions, but is suggestive of one. To the extent that there is a
difference, it is that the inner galaxy clusters show steeper 𝛼𝑇 and/or
smaller 𝑇MID, suggesting the clusters closer to the galactic centre
undergo more severe disruption than those farther away.
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Figure 6. Same as Figure 4, except we show B-V versus V-I in colour-colour
space.

4.3.2 Co-rotation Radius Division

An alternative way of separating the cluster population is into those
inside and outside the galactic co-rotation radius at 𝑅𝑐 = 6.3 kpc
where the spiral pattern and orbiting clusters move at equal speed
(Sakhibov et al. 2021). To the extent that encounters with molecular
clouds or other structures associated with the spiral arms influence
cluster formation or disruption, we might expect to see changes in
cluster population demographics across co-rotation. Making this di-
vision, we have 1159 clusters inside 𝑅𝑐 and 117 clusters outside
𝑅𝑐 .
Figure 9 and Figure 10 show the inferred posteriors for the clusters

located inside and outside the co-rotation radius; we again concen-
trate on the MID model, because model comparison prefers it to
MDD. Here we see differences between the inner and outer galaxy
posterior PDFs that are qualitatively consistent with those we ob-
served for a division of the sample into two equal parts. However,
the small number of clusters in the outer galaxy sample when we
divide at co-rotation ensures that the posterior PDFs are very broad,
and, particularly for the age distribution, largely just reflect our pri-
ors. Given the very broad outer galaxy posteriors, we cannot rule
out the possibility that the cluster demographics inside and outside
co-rotation are the same. Doing so would likely require significantly
more outer-galaxy clusters than the LEGUS catalogue provides.

5 DISCUSSION

Here we discuss some implications of our findings. We begin with an
additional verification check on our method (Section 5.1), and then
discuss our findings regarding truncation of the cluster mass distri-
bution (Section 5.2) and the cluster age distribution (Section 5.3).

5.1 Method robustness against completeness uncertainty

In Section 2.3 we explain our method to derive the completeness
function 𝑃obs (m) for the data and the library. Knowledge of this
function, coupled to our forward-modelling techniques, allows us
to avoid the traditional method of excluding clusters with masses
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Figure 7. 2D marginal posterior joint PDF of the parameters 𝛼𝑀4 and
log𝑀break that describe the CMF, for clusters inside (red) and outsidie (blue)
the median cluster galactocentric radius. Blue and red contour lines in the
central panel correspond to loci that enclose 68%, 95%, and 99% of the
MCMC samples, and thus correspond approximately to 1𝜎, 2𝜎 and 3𝜎 sig-
nificance confidence levels. The histograms flanking the central panel show
the corersponding 1D marginal PDFs of 𝛼𝑀4 and log𝑀break for the inner
(red) and outer (blue) galaxy samples.

. 5000 M� and ages & 200 Myr, and in turn allowing us to use
essentially all of the LEGUS catalogue, rather than only ≈ 25% of it
as in previous work (e.g., Adamo et al. 2017). However, our approach
is sensitive to our completeness estimates, which therefore represent
a potential source of systematic error. To test this possibility, we
repeat the numerical experiments with a more conservative approach
of only including clusters where we estimate the completeness is
≥ 90%. This reduces the sample to 1120 clusters, but ensures that
𝑃obs (m) never varies by more than 10%, and thus errors in it have
little effect.
We compare the mass and age parameters we derive using this

reduced catalogue to those we obtain from the full catalogue in
Figure 11 and Figure 12, respectively. We find that the regions of
allowed parameter space for both the parameters describing mass
(𝛼𝑀4 , log𝑀break) and those describing age (𝛼𝑇 , log𝑇MID) are con-
sistent. The probability peaks are slightly more concentrated for the
high completeness sample, but are almost entirely overlapping with
the probability maxima we obtain for the full catalogue; the results
are consistent at the 1𝜎 level. We see the similarity of the differ-
ent physical parameters as shown in Figures 11 and 12. Notably,
we found consistent overlapping regions in these three plots. In addi-
tion, the red contours fitted with high completeness values have close
probability peaks but are more concentrated than the entire catalogue
consisting of the fainter clusters. We therefore conclude that possible
systematic errors in the completeness function have at most a trivial
impact on the outcome.
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Figure 8. Same as Figure 7, expect we show the marginal PDFs of the
parameters describing the CAF, 𝛼𝑇 and log𝑇MID, rather than the parameters
describing the CMF.
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Figure 9. Same as Figure 7, but for clusters divided into those inside and
outside the co-rotation radius 𝑅𝑐 , rather than inside and outside the median
radius 𝑅50.

−1.8 −1.2 −0.6 0.0
αT

6.4

7.2

8.0

8.8

lo
g

(T
M

ID
/y

r)

r ≤ Rc
r > Rc

0

4

8

P
D

F

0 3

PDF

Figure 10. Same as Figure 8, but for clusters divided into those inside and
outside the co-rotation radius 𝑅𝑐 , rather than inside and outside the median
radius 𝑅50.
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Figure 11. Same as Figure 7, but comparing the results for the full LEGUS
catalogue (blue) to those obtained using only clusters in part of luminosity
space where the estimated completeness is > 90%.
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Figure 12. Same as Figure 11, expect we show age distributions illustrated
by 2D PDF of 𝛼𝑇 versus log (𝑇MID/yr) .

5.2 CMF with a high mass truncation

Our results favour a CMF that is truncated at a relatively small
mass, 𝑀break ≈ 104 M� , and are strongly incompatible with a pure
powerlaw with a slope 𝛼𝑀 ≈ −2 – to the extent that our results
leave any room for a non-truncated mass function, they allow this
possibility only if the powerlaw slope 𝛼𝑀 is significantly steeper
than −2. It is therefore interesting to compare our 𝑀break to values
reported in the literature. Previous studies of CMF in spiral galaxies
such asM83 (Adamo et al. 2015), NGC 628 (Adamo et al. 2017), and
M51 (Messa et al. 2018) all found that Schechter functions provided
better fits to the CMF than pure powerlaws, but with exponential
truncations in mass at ≈ 105𝑀� , roughly an order of magnitude
higher than our value. Indeed, our break mass is roughly an order of
magnitude smaller than the value obtained by Adamo et al. (2017)
from the same underlying photometric catalogue.
One possible explanation for this difference is that the previous

studies that reported a higher 𝑀break ∼ 105𝑀� use mass-and age-
limited samples, 𝑀 > 5000M� and 𝑇 ≤ 200Myr. These mass and
age cuts induce large uncertainties in the truncation mass estimate
because they require that the majority of the data be discarded. In-
deed, it is worth stressing that it would be essentially impossible for
Adamo et al.’s study of NGC 628 to have detected a break in the
mass function at 𝑀break ≈ 7600M� as we find, simply because this
value of 𝑀break is nearly the same as the mass at which they truncate
their sample; the could not have detected a change in CMF slope
below this mass. Consequently, CMFs reported in earlier studies
should be understood as describing only the CMF of the remaining
heavy clusters after the bulk of the population has been removed.
This procedure may generate a high truncation mass, whereas in our
study these massive clusters, which are greatly outnumbered by the
low-mass ones, have much less weight in the fitting. Consistent with
this hypothesis, we note that the only two other published studies

of the extragalactic CMF that have mass sensitivity comparable to
ours (because they target galaxies close enough to resolve individual
stars) also report breaks in the mass function closer to 104 than 105
M� – Johnson et al. (2017) find 𝑀break ≈ 8500 M� in M31, while
Wainer et al. (2022) find 1.7×104M� inM33. This strongly suggests
that in at least some cases there are real features in CMFs at masses
below the range accessible to traditional, non-Bayesian integrated
light techniques.
Besides this statistical effect, the difference between our results

and the higher break masses found in some previous studies may
also reflect real changes in the cluster population due to galaxies’
physical conditions. Johnson et al. (2017) propose a relation between
the break mass and the star formation rate density 〈ΣSFR〉, perhaps
due to both varying systematically with mean interstellar pressure;
Wainer et al. (2022) extend this proposal by adding new data. In order
to place our fitted break mass into this context, we add our value for
𝑀break in NGC 628 to Wainer et al.’s compilation in Figure 13; for
this purpose we adopt a star formation rate density for NGC 628 from
Santoro et al. (2022). As the figure shows, our best-fit break mass is
generally consistent with the relation fit by Johnson et al.,

log
𝑀break
M�

= (1.07±0.10) log 〈ΣSFR〉
M� yr−1 kpc−2

+(6.82±0.20). (16)

This provides a possible physical explanation for why our break
mass for NGC 628 is lower than the break masses typically found in
galaxies like M51 andM83: NGC 628 has a lower star formation rate
per unit area, presumably indicative of a lower interstellar pressure.

5.3 Implications for cluster disruption

We find that mass-independent disruption (MID) is a better descrip-
tion of the cluster age distribution than mass-dependent disruption
(MDD) in all regions, but that the disruption rate is relatively mod-
est, 𝛼𝑇 ≈ −0.45. As with our results for the CMF, it is interesting to
put this result into the context of previous studies. As summarised
by Krumholz et al. (2019a), the results of these studies have tended
to depend strongly on the method of cluster catalogue construction,
with authors who use “exclusive” catalogues that exclude objects that
do not have compact, round morphologies favouring MDD and weak
disruption, while those who use “inclusive” catalogues without such
morphological filters favouring MID and more rapid cluster disrup-
tion, 𝛼𝑇 ≈ −1. This difference arises because the morphological
filters tend to preferentially affect the youngest clusters, so applying
them flattens the age distribution. There is a great deal of debate
in the literature, which we shall not revisit here, about the extent
to which morphological filters artificially remove real star clusters
from the sample, versus the extent to which a failure to filter leads
to catalogues including large numbers of unbound associations that
were never bound to begin with.
Because we include LEGUS class 3 sources in our catalogue, and

thus are not applying morphological filters, one would naively have
expected our results to more closely match those coming from the
inclusive catalogues. However, our actual result – MID but weak
disruption – sits partway between the inclusive and exclusive results,
and this is likely at least in part because our method allows us to
investigate significantly older ages than in previous studies. This
makes us much less sensitive to the young ages where the uncertainty
about morphological filtering is most acute. Our statistical signal is
not dominated by the small number of clusters with ages . 100Myr,
but by the much larger number of clusters at somewhat older ages,
where identification of clusters much less ambiguous since at these
ages all bound stellar systems are relaxed. Thus the situation here is
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Figure 13. Comparison of break masses 𝑀break and star formation rate sur-
face densities ΣSFR for a sample of nearby galaxies. Black points show the
compilation ofWainer et al. (2022), while the black line shows the best-fit lin-
ear relation obtained by Johnson et al. (2017); they grey band shows the 84%
confidence interval around the relation. “M74(A2017)” denotes the truncated
mass derived in Adamo et al. (2017) to make it distinct from the mass cut-off
reported in our study. The red point shows our result for the full NGC 628
catalogue, with error bars indicating the 84% confidence interval. We take
our value of ΣSFR for NGC 628 from Santoro et al. (2022).

somewhat analogous to that for the CMF: it is not such much that our
result is incompatible with past work, as that our Bayesian forward-
modelling approach provides access to parts of parameter space that
were not previously accessible.
It is also interesting to compare our results to those for NGC 628

specifically, for which Adamo et al. (2017) found mass-independent
disruption of clusters in the inner pointing NGC 628c, but mass-
dependent disruption at the outskirts in pointing NGC 628e. Since
we choose to analyse the cluster population as a whole or divide it by
galactocentric radius, rather than by pointing, the samples we analyse
are not completely identical. However, since the clusters belonging
to NGC 628c (the inner region) constitute the great majority of the
population, our model selection result for NGC 628 as a whole is
consistent with the findings of Adamo et al.. There is possibly some
tension in the fact that we favour MID even when we divide our
catalogues by galactocentric radius, while Adamo et al. find MDD in
NGC 628e, but since the divisions are not exactly the same we cannot
make this statement more quantitatively. However, it does reinforce
the point that our method has the advantage that, since we are forward
modelling the completeness in each field, we can easily break up the
clusters by any criterion of our choice to derive the demographics in
different parts of the galaxy.

6 SUMMARY AND CONCLUSION

We use a novel method described by Krumholz et al. (2019b) to de-
rive the demographics of the cluster population of the nearby spiral
galaxy NGC 628 from unresolved photometry measured by the LE-
GUS survey (Calzetti et al. 2015b). This method has the advantage of
integrating diverse observational data imaged using different filters or
depths, without the need for binning or imposing extreme complete-
ness cuts. As a result, our method allows us to analyze the roughly
1200 clusters in NGC 628 catalogued by the LEGUS survey, as op-
posed to the past work that was restricted to include only the most
massive and youngest ∼ 30% of the population. Our method also
obviates the need to assign a unique mass and age to every individual
cluster of the population, and therefore avoids the inevitable informa-
tion loss incurred by reducing complex, sometimes multiply-peaked
posterior probability distributions for individual cluster masses and
ages to single values or even Gaussians. We validate the method by
comparing the photometric distributions that emerge from our fits to
the observed ones and finding good agreement, indicating that our ap-
proach can identify models for the cluster population that reproduce
observations.
Our analysis results in three primary findings. First, we use

the Akaike information criterion to compare two classes of para-
metric models for the time-evolution of the cluster population,
mass-independent disruption (MID) and mass-dependent disruption
(MDD). We find that the MID model fits the data better, both for
the entire NGC 628 cluster catalogue and for all sub-divisions of it
that we consider. We thus conclude that cluster mass and age distri-
butions are at least approximately separable and that the disruption
time scales of the clusters have no dependence on the cluster masses.
Second, we find that cluster mass functions are well-described

by Schechter functions 𝑑𝑁/𝑑𝑀 ∝ 𝑀𝛼𝑀 exp(−𝑀/𝑀break), with a
well-constrained value of 𝑀break ∼ 104 M� , indicating that there
is significant evidence for truncation in the cluster mass function.
Broadly, our finding indicates that the slope of the mass function
changes from 𝛼𝑀 ∼ −1 at 103 M� to ∼ −2 at 104 M� to much
steeper and nearly cut off at ∼ 105 M� . Our truncation mass is
significantly lower than the one determined by Adamo et al. (2017)
for NGC 628 but is in good agreement with those measured for
M31 and M33 by Johnson et al. (2017) and Wainer et al. (2022),
respectively. These studies are based on resolved stellar populations,
and thus are similar to ours in that they can probe significantly lower
cluster masses than earlier studies such as Adamo et al. (2017) based
on integrated light that have found higher truncation masses.
Third, we find that the cluster age distribution in NGC 628 indi-

cates that cluster disruption begins when clusters are relatively young
(age ≈ 5 − 15 Myr), but that disruption is relatively mild thereafter.
The age distribution once disruption starts can be described by a sim-
ple power-law with slope 𝛼𝑇 ≈ −0.4. In past studies, the value of 𝛼𝑇
has proven highly sensitive to the cluster catalogue type used, with
studies using an inclusive cluster catalogues (those that do not in-
clude filters based on morphology) generally finding 𝛼𝑇 ∼ −1 while
those using exclusive catalogues (which are filtered for morphology)
finding 𝛼𝑇 ∼ −0.3. The significance of our study is that even though
we are using an inclusive catalogue, we still find a relatively shallow
age slope.
The three conclusions above are derived from our analysis of all

the clusters in NGC 628 catalogued by LEGUS. However, we also
group clusters by galactocentric radius and search for differences in
cluster demographics with radius.We do not find strongly convincing
evidence for any radial variations, though there are suggestive hints
that inner galaxy clusters are subject to more severe disruption than
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those further out. Our ability to search for radial variations is limited
by the fairly small number of clusters available at larger galactocentric
radii, since the great majority of the available sample comes from
the LEGUS NGC 628c pointing, which targets the galactic centre.
Given the suggestive hints in our analysis, increasing the sample of
outer-galaxy clusters would be a worthwhile effort.
Looking forward, now that we have demonstrated the performance

of our pipeline on NGC 628, we are in a position to apply it to other
cluster catalogues, both those originating from LEGUS and from
other studies. Analysis of a diverse sample of galaxies will allow us to
compare the demographics of cluster populations in various galactic
environments. This in turn opens up the possibility of testing a range
of theoretical models for cluster formation and disruption and their
variation with the galactic environment.
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APPENDIX A: THE CLUSTER LIBRARY

The Krumholz et al. (2019b) approach described in the main text
requires a library of synthetic clusters. We construct a library of
4 × 107 clusters for this purpose using the slug stochastic stellar
population synthesis code (da Silva et al. 2012; Krumholz et al.
2015a). Construction of the library involves two steps. In the first, we
choose a mass 𝑀 , age 𝑇 , and extinction 𝐴V for each cluster from a
specified library distribution 𝑝lib (𝑀,𝑇, 𝐴V). We choose this library
distribution to be

𝑝lib (𝑀,𝑇, 𝐴V) ∝ 𝑝(𝑀)𝑝(𝑇)𝑝 (𝐴V) , (A1)
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with

𝑝(𝑀) ∝


(𝑀/102M�)−1, 102 < 𝑀/M� ≤ 105

10−3 (𝑀/105M�)−2, 105 < 𝑀/M� ≤ 107

0, otherwise

𝑝(𝑇) ∝
{
𝑇−1, 105 < 𝑇/yr < 1.5 × 1010

0, otherwise

𝑝 (𝐴V) ∝
{
const, 0 < 𝐴V < 3 mag
0, otherwise

This distributionmaximises sampling of clusterswith lowmasses and
young ages, where stochastic effects are strongest and thus the largest
number of samples is needed to fully characterise the luminosity
distribution.
The second step is to generate photometric magnitudes for each

cluster. To do so, we run slug using the MIST v1.0 (Choi et al.
2016) tracks at Solar metallicity, coupled to the “starburst99” treat-
ment of stellar atmospheres (Leitherer et al. 1999). We draw stars
from a Chabrier IMF using slug’s “stop nearest” sampling pol-
icy. Full explanations of these choices are provided in Krumholz
et al. (2015a), and in the slug documentation available at https:
//slug2.readthedocs.io/. However, Krumholz et al. (2015b)
show that, within reasonable limits, making alternative choices of
IMF, metallicity, and stellar tracks leads to relatively modest system-
atic variations in the cluster properties that slug infers.

This paper has been typeset from a TEX/LATEX file prepared by the author.
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