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ABSTRACT
We present the star cluster catalogues for 17 dwarf and irregular galaxies in the HST Treasury
Program ‘Legacy ExtraGalactic UV Survey’ (LEGUS). Cluster identification and photometry
in this sub-sample are similar to that of the entire LEGUS sample, but special methods were
developed to provide robust catalogues with accurate fluxes due to low cluster statistics.
The colours and ages are largely consistent for two widely used aperture corrections, but
a significant fraction of the clusters are more compact than the average training cluster.
However, the ensemble luminosity, mass, and age distributions are consistent suggesting that
the systematics between the two methods are less than the random errors. When compared
with the clusters from previous dwarf galaxy samples, we find that the LEGUS catalogues are
more complete and provide more accurate total fluxes. Combining all clusters into a composite
dwarf galaxy, we find that the luminosity and mass functions can be described by a power
law with the canonical index of −2 independent of age and global SFR binning. The age
distribution declines as a power law, with an index of ≈− 0.80 ± 0.15, independent of cluster
mass and global SFR binning. This decline of clusters is dominated by cluster disruption
since the combined star formation histories and integrated-light SFRs are both approximately
constant over the last few hundred Myr. Finally, we find little evidence for an upper-mass
cut-off (<2σ ) in the composite cluster mass function, and can rule out a truncation mass
below ≈104.5M� but cannot rule out the existence of a truncation at higher masses.

Key words: galaxies: dwarf – galaxies: irregular – Local Group – galaxies: photometry –
galaxies: star clusters: general – galaxies: spiral.

1 INTRODUCTION

Dwarf galaxies are interesting laboratories with which to study
the process of star formation. The extreme environments found

� E-mail: dcook@ipac.caltech.edu

in dwarfs [low mass, low metallicity, and low star formation
rate (SFR)] can provide leverage to test observational scaling
relationships and predictions from theoretical models. Star clusters
can be especially conspicuous in dwarf galaxies and a prominent
tracer of the star formation process. For example, young massive
clusters (M > 105 M�) are the products of extreme star formation
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periods [i.e. high star formation efficiencies (SFE) >60 per cent;
Turner et al. 2015] and have been found in several local burst-
ing dwarf galaxies (Billett, Hunter & Elmegreen 2002; Johnson,
Indebetouw & Pisano 2003; Johnson et al. 2004; Calzetti et al.
2015a). In addition, several cluster properties appear to scale with
their host–galaxy properties (e.g. the brightest cluster and the total
number of clusters, etc.; Larsen 2002; Whitmore 2003; Goddard,
Bastian & Kennicutt 2010) that can provide clues to the physics of
star formation.

Despite the important environmental conditions found in dwarf
galaxies, their star cluster populations are often challenging to study
due to the low-SFRs and consequently the reduced numbers of
clusters. The low number statistics can add scatter to established
cluster–host relationships and cause difficulties in interpreting the
results even in larger samples of dwarf galaxies (Cook et al.
2012). Thus, providing a large sample of dwarf galaxies whose
star clusters have been uniformly identified and their properties
uniformly derived can provide key insights into the star formation
process.

There are two key factors that can act to reduce the amount of
scatter found in the cluster–host relationships of dwarf galaxies are:
(1) uniform identification of a more complete sample of clusters, and
(2) measuring accurate total fluxes and consequently more accurate
cluster ages and masses. There are other factors that can affect the
accuracy of derived clusters properties (e.g. single stellar population
model uncertainties, stochastic effects for low-mass clusters, and
reddening law uncertainties); however, if implemented uniformly
across a sample of clusters, then the scatter introduced by these
other factors will be reduced.

The first factor that can add scatter into cluster–host relationships
in dwarf galaxies is cluster identification. Traditionally, clusters
have been identified by visually inspecting images to produce a
cluster catalogue. However, this method can result in missed clusters
and contain biases depending on what an individual might identify
as a cluster, which can depend on the size, shape, colour, and
luminosity of the cluster as well as the background and crowding
environments nearby. Automated methods of cluster identification
(Bastian et al. 2012; Whitmore et al. 2014; Adamo et al. 2017) could
improve the completeness of clusters as these methods can flag all
extended objects in the galaxy as cluster candidates. Unfortunately,
these candidates require vetting by human classifiers where, in
some cases, the number of candidates can be large compared to
the number of real clusters. However, the number of candidates
produced in dwarfs will likely be small, thus, making an automated
identification method (with subsequent human vetting) practical in
dwarf galaxies.

The second factor that can add cluster–host relationship scatter
is inaccurate total fluxes and cluster properties. It is clear that high
resolution imaging is required across at least four photometric bands
to obtain clean photometry and accurate physical properties of
clusters in nearby galaxies (Anders et al. 2004; Bastian et al. 2014).
Even with high resolution imaging, the aperture correction used for
clusters can produce significantly different total fluxes (Chandar
et al. 2010) and the subsequently derived physical properties (age,
mass, and extinction).

In this paper, we examine various methods to identify and
measure total fluxes of clusters in a sample of 17 dwarf and irregular
galaxies from the Legacy ExtraGalactic UV Survey (LEGUS;
Calzetti et al. 2015b) where high-resolution HST images in five
bands have been acquired by LEGUS for each of these dwarfs.
We focus on the comparisons between automated and human-based
identification as well as which photometric methods produce accu-

rate total cluster fluxes and consequently produce accurate physical
properties (i.e. age, mass, and extinction). We then compare our
results of identification and photometry with those from previous
cluster studies in dwarf galaxies. Finally, we conclude by examining
the basic properties of clusters in these extreme environments and
test if these properties change with galaxy-wide properties.

2 DATA AND SAMPLE

In this section, we describe the LEGUS dwarf and irregular galaxy
sub-sample and how it compares to the full LEGUS sample. The
data and properties of the entire LEGUS sample are fully described
in Calzetti et al. (2015b), but we provide an overview here. The
LEGUS sample consists of 50 nearby galaxies within a distance of
12 Mpc to facilitate the study of both individual stars and star clus-
ters. A combination of new WFC3 and existing ACS HST imaging
constitute the LEGUS data resulting in five bands for each galaxy
that cover near UV and optical wavelengths. The HST filters avail-
able in the LEGUS galaxies are F275W, F336W, F438W/F435W,
F555W/F606W, and F814W, and are hereafter referred to as NUV,
U, B, V, I, respectively. The global properties of the full LEGUS
sample span a range in SFR (−2.30 < log(SFR; M�yr−1) <

0.84), stellar mass (7.3 < log(M�; M�) < 11.1), and SFR density
(−3.1 < log(�SFR; M� yr−1 kpc

−2
) < −1.5). The normalized ar-

eas used for SFR densities are the D25 isophotal ellipses from
RC3 (de Vaucouleurs et al. 1991) as tabulated by NASA/IPAC
Extragalactic Database (NED).1

The dwarf and irregular galaxy sub-sample were chosen based on
the absence of obvious spiral arms and dust lanes in the HST colour
images. As a result of this morphological selection, the galaxies
studied here have irregular morphologies and may not strictly be
considered dwarf galaxies. However, the majority (15 out of 17)
have stellar masses below log(M� ≤ 9 M�) (see Fig. 1). There are 23
galaxies in the LEGUS sample that meet the morphological criteria,
and all 23 global galaxy properties are presented in the subsequent
paragraphs of this section. However, in the cluster analysis sections
of this study (Section 3 and beyond) we utilize only the 17 dwarfs
available in the public cluster catalogue release of 2018 June.

We used published physical properties to verify that the dwarf
sample (N = 23) tended to have low SFRs, low stellar masses (M�),
and low metallicities; these properties are presented in Table 1.
The FUV-derived SFRs are taken from Lee et al. (2009) and
Calzetti et al. (2015b). The stellar masses are taken from Cook
et al. (2014) and are computed from mass-to-light ratios of the
Spitzer 3.6 µm fluxes from Dale et al. (2009). The metallicities
are taken from the compilation of Cook et al. (2014), where
oxygen abundances derived from direct methods are favoured,
but do contain strong-line measurements when direct method
values were not available. The global properties of the dwarf
sub-sample span a range in SFR (−2.30 < log(SFR; M� yr−1) <

−0.03), stellar mass (7.3 < log(M�; M�) < 9.5), and SFR density
(−3.1 < log(�SFR; M� yr−1 kpc

−2
) < −1.5); note that the dwarfs

span the full range of �SFR as the full LEGUS sample.
Fig. 1 illustrates the galaxy-wide physical properties of both the

full LEGUS sample and the dwarf sub-sample. Panel ‘a’ shows the
distribution of the SFR versus galaxy morphological type (T), where
the dwarf sub-sample tends to populate the later-type and lower SFR
range of the entire sample. Panel ‘b’ shows the distribution of the
SFR versus �SFR, where the dwarf sub-sample spans a large range

1https://ned.ipac.caltech.edu
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Star clusters in the LEGUS dwarf galaxies 4899

Figure 1. A four-panel plot showing a comparison of physical properties between the LEGUS dwarfs and spirals. Each plot shows the global SFR versus
morphology, SFR density, stellar mass, and gas-phase metallicity. The LEGUS dwarfs tend to have lower SFRs, SFR densities, stellar masses, and metallicities.

of �SFR. Panels ‘c’ and ‘d’ show the distribution of SFR versus
stellar mass and metallicity, respectively. The dwarf sub-sample
tends to have lower stellar mass and metallicity.

3 CLUSTER CATALOGUES

In this section, we describe how the cluster catalogues for the
LEGUS dwarf galaxies are constructed. The procedures used to
produce the cluster catalogues follow that of Adamo et al. (2017),
and involve multiple steps: detection of candidates, classification,
photometry and extrapolation to total flux, and SED fitting to obtain
physical properties (e.g. age, mass, and extinction).

One of the main goals of the LEGUS project is to determine
whether the properties of star clusters are dependent on the galactic
environment where they live. Dwarf galaxies offer an environment
distinct from more massive spiral galaxies in which to explore this
possibility. Given the possibility that star clusters in dwarfs may
exhibit different properties, it is not unreasonable to assume that
care must be taken when applying the methods of cluster detection
and characterization developed using the LEGUS spiral galaxies to
dwarfs galaxies to ensure that systematics are not introduced. In
this section, we highlight two additional steps that were taken to
check for possible systematics: a visual search for clusters, and an
alternate method to compute total cluster fluxes.
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Table 1. Properties of the LEGUS dwarf galaxies. Column 1: galaxy name. Columns 2 and 3: J2000 right ascension and declination from NED. Column 4:
galaxy morphological type from Calzetti et al. (2015b). Column 5: Distance in Mpc from Calzetti et al. (2015b). Column 6: The gas-phase metallicity and
error as compiled by Cook et al. (2014). Column 7: The method used to calculate the metallicity in Column 6. Column 8: The SFR based on the FUV fluxes
of Lee et al. (2011) inside the IR-based apertures of Dale et al. (2009) and corrected for internal dust extinction via the Hao et al. (2011) prescription. Column
9: The stellar mass as computed by Cook et al. (2014), which is derived from the Spitzer IRAC channel 1 (3.6 µm) filter. The � symbol represents the dwarf
galaxies whose cluster catalogues are not finalized.

Global properties of the LEGUS dwarf galaxies
Galaxy RA Dec. T D 12 + Log(O/H) Method SFR (FUV + 24 µm) Mstar

Name (J2000.0) (J2000.0) (Mpc) (M� yr−1) (M�)
(1) (2) (3) (4) (5) (6) (7) (8) (9)

UGC685 01:07:25.8 +16:41:35.5 9 4.83 8.00 ± 0.03 4363 Å 3.85e−03 8.82e+07
UGC695 01:07:46.4 +01:03:49.2 6 10.90 7.69 ± 0.12 4363 Å 9.41e−03 1.63e+08
UGC1249 01:47:29.9 +27:20:00.0 9 6.90 8.62 ± 0.20 Strong 9.38e−02 9.76e+08
NGC 1705 04:54:13.7 −53:21:40.9 11 5.10 8.21 ± 0.05 4363 Å 4.84e−02 2.44e+08
ESO486−G021� 05:03:19.6 −25:25:22.6 2 9.50 – – 2.54e−02 1.82e+08
UGC4305 08:19:13.8 +70:42:43.1 10 3.05 7.92 ± 0.10 4363 Å 5.54e−02 3.13e+08
UGC4459 08:34:05.0 +66:10:59.2 10 3.66 7.82 ± 0.09 4363 Å 4.38e−03 1.90e+07
UGC5139 09:40:31.5 +71:11:23.2 10 3.98 7.92 ± 0.05 4363 Å 7.37e−03 4.98e+07
IC559 09:44:43.8 +09:36:54.0 5 5.30 8.07 ± 0.10 4363 Å 2.77e−03 6.92e+07
UGC5340� 09:56:46.2 +28:49:15.3 10 12.70 7.20 ± 0.05 4363 Å 1.55e−02 3.71e+07
NGC 3274� 10:32:17.3 +27:40:08.0 7 6.55 8.01 ± 0.20 Strong 3.89e−02 3.23e+08
NGC 3738 11:35:47.1 +54:31:32.0 10 4.90 8.04 ± 0.06 4363 Å 3.63e−02 5.12e+08
UGC7242� 12:14:09.2 +66:04:45.1 6 5.42 – – 5.67e−03 –
NGC 4248� 12:17:49.9 +47:24:33.1 3 7.80 8.15 ± 0.20 Strong 8.39e−03 7.71e+08
UGC7408 12:21:15.2 +45:48:43.0 9 6.70 – – 1.13e−02 2.19e+08
UGCA281 12:26:15.8 +48:29:38.8 11 5.90 7.80 ± 0.03 4363 Å 1.54e−02 4.18e+07
NGC 4449 12:28:12.0 +44:05:42.3 10 4.31 8.32 ± 0.03 4363 Å 4.53e−01 3.01e+09
NGC 4485� 12:30:31.9 +41:41:33.8 10 7.60 – – 9.26e−02 7.59e+08
NGC 4656 12:43:57.5 +32:10:13.3 9 5.50 8.09 ± 0.05 4363 Å 7.58e−01 2.48e+09
IC4247 13:26:43.4 −30:21:40.8 2 5.11 8.27 ± 0.20 Strong 4.11e−03 5.48e+07
NGC 5238 13:34:45.0 +51:35:57.4 8 4.51 7.96 ± 0.20 Strong 9.77e−03 1.17e+08
NGC 5253 13:39:55.9 −31:38:24.0 11 3.15 8.15 ± 0.10 4363 Å 2.73e−01 8.73e+08
NGC 5477 14:05:33.3 +54:27:39.0 9 6.40 7.95 ± 0.02 4363 Å 2.76e−02 1.55e+08

3.1 Cluster identification

3.1.1 Automated cluster candidate detection

The LEGUS cluster pipeline allows the user to tailor parameters for
selection and photometry to appropriate values for each galaxy. The
pipeline begins by utilizing SEXTRACTOR (Bertin & Arnouts 1996)
to identify point and point-like objects in the V-band image to create
an initial catalogue of both stars and star cluster candidates.

A key step in the overall process is the visual identification of
isolated stars and star clusters which serve as training sets to guide
separation of clusters from stars, and to determine appropriate pho-
tometric parameters (e.g. aperture radius and aperture correction;
see Section 3.2). Stars and star clusters are separated based on
the extent of their radial profiles as measured by the concentration
index (CI). In the LEGUS cluster pipeline, CI is defined as the
difference in magnitudes as measured from two radii (1 pixel minus
3 pixels). For each galaxy, a CI separation value is chosen by the
user via comparison of CI histograms for training stars and clusters,
where the high end of the stellar CI histogram helps to set the
stellar-cluster CI threshold. Typical CI thresholds in the LEGUS
dwarfs are 1.2–1.4 mag, similar to the values used for the LEGUS
spirals.

After cluster candidates are identified, a final cut is made by the
LEGUS pipeline after the photometry is completed (see Section 3.2)
where sources with an absolute magnitude fainter than MV = −6
are excluded. Previous studies have shown that separation of stars
and clusters in absolute magnitude occurs in the range of MV = −6
to MV = −8 mag, where stars can be as bright as MV = −8 mag

and clusters can be identified as faint as MV = −6 mag (Larsen
2004; Chandar et al. 2010). Thus, an MV = −6 mag cut is employed
by the LEGUS pipeline to remove potential stellar contamination
while minimizing the loss of potential star clusters.

The total number of cluster candidates found in the LEGUS
dwarfs with this process is 3475. The number of candidates per
galaxy is presented in Table 2 and spans from over a thousand in
NGC 4449 to 18 in NGC 5238.

3.1.2 Classification of cluster candidates

After the automated detection is complete, the resulting sources are
vetted for contaminants (background galaxies, stars, artefacts, etc.)
and classified based on morphology and symmetry.

A full description of the classification scheme can be found
in Adamo et al. (2017) and Kim et al. (in preparation), but we
provide a brief overview here. Classifications were performed by
at least three LEGUS team members, where the final classification
is defined as the mode of all classifications. Class 1 sources are
those that have extended radial profiles with spherical symmetry.
Class 2 sources are those that are extended, but have some degree
of asymmetry in their radial profiles. Class 3 sources are those
with multiple peaks in their radial profiles. Class 4 sources are
those considered to be contaminants (e.g. obvious stars, background
galaxies, random overdensities of nebular emission, etc.). The
morphologies potentially provide insight into the evolutionary status
of the clusters. Class 1 and 2 sources may be gravitationally bound
star clusters while class 3 sources (showing multiple stellar peaks)
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Table 2. Column 1: galaxy name. Column 2: The total number of cluster
candidates found by the LEGUS extraction tool. Column 3: The number
of cluster candidates with a visual classification of 1 and 2. Column 4:
The number of cluster candidates with a visual classification of 3 (stellar
associations). Column 5: The number of cluster candidates with a visual
classification of 4 (contaminants). Column 6: The total number of human-
identified clusters with a visual classification of 1, 2, and 3.

Star cluster statistics in the LEGUS dwarf galaxies
Galaxy N N N N

Candidates Classes 1,2 Class 3 Class 4
(1) (2) (3) (4) (5)

UGC685 20 11 3 6
UGC695 111 11 6 94
UGC1249 220 48 40 132
NGC 1705 96 29 13 54
UGC4305 199 33 27 139
UGC4459 30 7 3 20
UGC5139 39 9 7 23
IC559 43 21 4 18
NGC 3738 435 141 86 208
UGC7408 69 34 11 24
UGCA281 49 11 4 34
NGC 4449 1367 321 177 869
NGC 4656 431 184 78 169
IC4247 45 5 3 37
NGC 5238 18 8 1 9
NGC 5253 231 57 23 151
NGC 5477 72 14 9 49
Total 3475 944 495 2036

are referred to as compact stellar associations, which may be in the
process of being disrupted (Grasha et al. 2015; Adamo et al. 2017).

Fig. 2 shows the HST colour image cut-outs of three example
clusters for classes 1, 2, 3, and 4 from the top to the bottom
panels. Examples from left-to-right in Fig. 2 show representative
CI values near the minimum, average, and maximum for classes
1, 2, and 3. The class 4 examples in Fig. 2 from left-to-right show
a star with a nearby contaminating object, a star that is spatially
coincident with an overdense nebulous region, and a background
galaxy, respectively. The majority of class 4 cluster candidates
are stars whose CI values are inflated due to light from nearby
sources.

Integrated over the LEGUS dwarf galaxy sample, the cluster
pipeline finds 944, 495, and 2036 sources for classes 1–2, 3, and 4,
respectively (i.e. the majority are determined to be contaminants).
The number of confirmed candidates in each class in individual
galaxies is presented in Table 2.

3.1.3 Visual cluster search

A visual search of the HST colour images was also performed to
provide a check on the LEGUS cluster pipeline. One of the authors
(DOC) used images created from the V and I bands to search for
clusters in the LEGUS dwarfs using procedures similar to Cook et al.
(2012). Clusters were identified as: a close grouping of stars within
a few pixels with an unresolved component, or a single extended
source with spherical symmetry. Sources exhibiting evidence of
spiral structure (indicating a background galaxy) were excluded.
The clusters were subsequently classified by multiple LEGUS team
members as classes 1, 2, or 3.

In total, 193 clusters were found in the visual search that were
missing from the catalogue produced by the LEGUS extraction

Figure 2. An HST colour mosaic of example clusters. The four rows present
three examples for classes 1, 2, 3, 4, from top-to-bottom, where the three
examples across the row represent sources with low-CI values (compact),
average, and large CI values. The class 4 examples across the bottom row
represent stars with nearby contamination, a star with contaminating nebular
emission, and a background galaxy.

tool, and these were added to the LEGUS catalogues.2 Fig. 3 is a
plot of absolute V-band magnitude versus CI for clusters found via
the LEGUS pipeline and visual inspection clusters missed by the
pipeline. We find that the majority (74 per cent) of clusters missed
by the LEGUS pipeline are fainter than the MV = −6 cut imposed by
the pipeline. In addition, we find that the LEGUS cluster pipeline
successfully recovers the majority (88 per cent) of clusters to its
stated limits (i.e. those brighter than MV = −6 mag).

The small number of visually identified clusters brighter than
MV = −6 that were missed by the LEGUS pipeline can be explained
by: user defined limits, the 3σ detection limit imposed by the
pipeline, or poor source extraction in high-density environments.
The compact cluster missed at CI ∼ 1.25, MV = −7.2 mag was cut
in the pipeline due to the user imposed CI cut (=1.3). The missing
clusters with the highest CI values (CI > 2.1) were missed due to
larger photometric errors just above the LEGUS pipeline detection
threshold of 0.3 mag (i.e. low surface brightness). The remaining
handful of clusters are located in a rapidly varying background
region in NGC 4449. All of these missing clusters were added into
the final catalogue.

2For users of the LEGUS cluster catalogues, the clusters missed by the
LEGUS pipeline are indicated with a ’manflag’ value equal to one.
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