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ABSTRACT
The morphology of H II regions around young star clusters provides insight into the time-
scales and physical processes that clear a cluster’s natal gas. We study ∼700 young clusters
(≤10 Myr) in three nearby spiral galaxies (NGC 7793, NGC 4395, and NGC 1313) using
Hubble Space Telescope (HST) imaging from LEGUS (Legacy ExtraGalactic Ultraviolet
Survey). Clusters are classified by their H α morphology (concentrated, partially exposed,
no-emission) and whether they have neighbouring clusters (which could affect the clearing
time-scales). Through visual inspection of the HST images, and analysis of ages, reddenings,
and stellar masses from spectral energy distributions fitting, together with the (U − B), (V −
I) colours, we find (1) the median ages indicate a progression from concentrated (∼3 Myr),
to partially exposed (∼4 Myr), to no H α emission (>5 Myr), consistent with the expected
temporal evolution of H II regions and previous results. However, (2) similarities in the age
distributions for clusters with concentrated and partially exposed H α morphologies imply
a short time-scale for gas clearing (�1 Myr). Also, (3) our cluster sample’s median mass is
∼1000 M�, and a significant fraction (∼ 20 per cent) contain one or more bright red sources
(presumably supergiants), which can mimic reddening effects. Finally, (4) the median E(B −
V) values for clusters with concentrated H α and those without H α emission appear to be more
similar than expected (∼0.18 versus ∼0.14, respectively), but when accounting for stochastic
effects, clusters without H α emission are less reddened. To mitigate stochastic effects, we
experiment with synthesizing more massive clusters by stacking fluxes of clusters within each
H α morphological class. Composite isolated clusters also reveal a colour and age progression
for H α morphological classes, consistent with analysis of the individual clusters.

Key words: ISM: H II regions – ISM: evolution – galaxies: star clusters – galaxies: ISM.

1 IN T RO D U C T I O N

The study of young star clusters is crucial for understanding the
formation and evolution of stars in general, as most of the star
formation in our universe occurs in a clustered fashion (Lada &
Lada 2003). Star clusters are born in clouds of cold gas that are

� E-mail: shann004@ucr.edu

subsequently ionized by massive OB-type stars formed within the
clusters, resulting in nebular H α emission.

Stellar feedback within these star-forming regions significantly
affects the size, shape, and extent of this H α emission (e.g.
Kennicutt 1984; Churchwell et al. 2006; Whitmore et al. 2011;
Anderson et al. 2014). By examining the morphology of these H II

regions across a large cluster sample, we can investigate questions
such as (1) Is there an evolutionary pattern found amongst different
morphological types? (2) If so, what is the time-scale associated
with the evolution? (3) What physical processes drive the evolution?
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(4) What other properties are correlated with H II region morphology
and why?

Previous studies have examined correlations between H α mor-
phology and star cluster properties, derived from the fitting of spec-
tral energy distributions (SEDs) to HST photometry. For example,
Whitmore et al. (2011) investigated the use of H α morphologies
of the star cluster population in M83 to constrain cluster ages. This
led to a classification scheme for H α morphologies representing
different stages in a cluster’s evolution (from concentrated H α

to a gradually more blown-out region). Whitmore et al. argue
that this classification scheme provides a viable method for dating
young (∼1–10 Myr) clusters. Hollyhead et al. (2015) also examined
the young (≤10 Myr), massive (≥ 5000 M�) clusters of M83 by
including data from six additional HST fields. From the H α

morphologies, they inferred how much time clusters spent in an
‘embedded’ state, thereby providing insight into the time-scales
associated with gas clearing for their sample. In addition to finding
an evolutionary pattern generally consistent with the results of
Whitmore et al. (2011), they concluded that the gas removal process
began in most clusters at ages of 2–3 Myr, implying that supernovae
(SNe) could not be the sole driver. Using a different approach by
comparing ALMA CO detections of giant molecular clouds (GMCs)
with the positions of star clusters in NGC 7793, Grasha et al. (2018)
found that the time-scale for star clusters to dissociate from their
natal clouds is similarly very short, between 2 and 3 Myr, roughly
consistent with the time-scales found based on ALMA CO data for
the Antennae galaxies (Matthews et al. 2018).

Here, we study the H α morphologies of the ionized gas surround-
ing star clusters in a sample of three nearby spiral galaxies (NGC
1313, NGC 4395, NGC 7793) and retain the more common low-
mass clusters in our analysis. Observed star cluster mass functions
appear to be well fit by power laws of the form dN/dM ∝ M−2

(e.g. Williams & McKee 1997; Zhang et al. 1999; Larsen 2002;
Bastian et al. 2011; Fall & Chandar 2012; Fouesneau et al. 2012),
implying that clusters in the mass range of 102.5–103.5 M� are
nearly 10 times as numerous as those in the range of 103.5–105.5

M�. However, analyses of lower mass clusters have been shown
to be affected by the stochastic sampling of the upper part of the
stellar mass function (e.g. Barbaro & Bertelli 1977; Girardi & Bica
1993; Lançon & Mouhcine 2000; Bruzual A. 2002; Cerviño &
Luridiana 2006; Deveikis et al. 2008), making it challenging to study
their physical properties. In this low-mass regime, the predicted
luminosity and colour distributions can be far from Gaussian even
when the total cluster mass exceeds 105 M�, as they depend strongly
on the mass distribution of stars in the cluster (Fouesneau & Lançon
2010; Fouesneau et al. 2012).

This paper examines these stochastic sampling effects obser-
vationally and aims to address the following questions: (1) Is
there evidence for stochastic effects in the properties of clusters
(colour, age, mass, reddening)? (2) What potential methods could
be employed to mitigate against stochastic effects and provide
better constraints on cluster properties? Addressing these questions
will provide important insight into the nature of star clusters, and
possible strategies for future studies of low-mass star clusters, which
constitute the bulk of the population.

In Section 2, we summarize the observations and the star cluster
catalogues used in the study. Section 3 describes the visual clas-
sification scheme used for H α morphologies. Section 4 examines
the cluster age and reddening distributions as a function of H α

morphological class. In Section 5, we investigate the effects of
stochastic sampling of the stellar initial mass function (IMF) and
examine methods to mitigate against its impact. In Section 6, we

discuss the implications of our results for H α morphology evolution
and compare our study with previous works. Section 7 provides an
overall summary of the work as well as potential future studies.

2 DATA

2.1 Observations

We use data from the Legacy ExtraGalactic UV Survey (LEGUS;
Calzetti et al. 2015), which has collected HST imaging with the Wide
Field Camera 3 (F275W, F336W, F438W, F555W, and F814W)
for 50 nearby (within ∼12 Mpc) galaxies spanning a range of
properties. WFC3 observations taken specifically for the LEGUS
programme in Cycle 21 (GO-13364) are combined with ACS data
taken in previous cycles by other programmes to provide full five-
band coverage for the LEGUS sample. We also use data from the
LEGUS-H α follow-up survey (GO-13773; PI: R. Chandar), where
a narrow-band filter covering the H α emission line (F657N) and
a medium-band filter sampling the line-free continuum (F547M)
were used to image the 25 LEGUS galaxies with the highest star
formation rates. To produce H α emission-line images,1 the drizzled
and aligned F657N images are continuum subtracted using an image
formed from a combination of F814W and F547M, appropriately
scaled using their AB zero-points.

For this study, we have selected the three nearest (d ≈ 4 Mpc)
spiral galaxies (six HST pointings) from the LEGUS survey: NGC
1313 (E and W pointings), NGC 4395 (N and S pointings), and NGC
7793 (E and W pointings), all of which have HST H α emission line
and continuum imaging. We choose the three nearest galaxies to
maximize resolution for H α morphological classification. Fig. 1
shows the HST footprints for each of the pointings for the three
galaxies in this study.

Details on filters, exposure times, and other pertinent information
on selection techniques and properties of these galaxies can be found
in Calzetti et al. (2015).

2.2 Star cluster catalogues

Catalogues of the photometric and physical properties of star
clusters for the majority of LEGUS galaxies have been developed
and publicly released by the LEGUS team (https://legus.stsci.edu).2

Here, we provide a short overview of the selection criteria, as we use
these catalogues to select young star clusters for our analysis. A full
description of the selection methods, photometry, and derivation of
cluster masses, ages, and reddening via SED fitting are given in
Adamo et al. (2017) and Cook et al. (2019).

The star clusters in LEGUS were selected using the following
criteria:

(i) Detection in at least four filters (UBVI, UV-BVI, or UV-UBVI)
with photometric error less than 0.3 mag.

(ii) MV ≤ −6.0 (using the F555W filter).
(iii) A concentration index (CI) threshold, where CI = mag

(1 pixel) − mag (3 pixel) in F555W to separate point sources from
extended sources. For the three galaxies here, the CI threshold is
between ≥1.2 and 1.4, depending on distance of the galaxy and the
camera used to obtain the F555W imaging (i.e. ACS or WFC3).

1Note that the emission-line images also contain flux from the adjacent [N II]
6548,84 line.
2Catalogues for NGC 4395 are based on updated models and will be posted
in a future release.
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Figure 1. HST footprints on digitized sky survey (DSS) images for each of
the six fields used in this study: NGC 1313-E, NGC 1313-W, NGC 4395-
N, NGC 4395-S, NGC 7793-W, and NGC 7793-E. Red outlines represent
WFC3 images and orange outlines, where available, represent previously
available ACS images. The field of view of WFC3 is 162 arcsec × 162 arcsec.

All candidates are visually inspected by three LEGUS team
members, and placed into the following classes:

Class = 1: Symmetric, compact cluster
Class = 2: Concentrated object with some degree of asymmetry;

possible colour gradient
Class = 3: Multiple peak system; compact association; could be

confused with spurious sources if there are nearby stars along the
line of sight

Class = 4: Spurious detection (e.g. foreground/background
sources, single bright stars, artefacts)

Photometry is performed with apertures with radii of 4, 5, and
6 pixels for clusters in NGC 4395, NGC 7793, and NGC 1313,
respectively. At the adopted distances of 4.30, 3.44, and 4.39 Mpc
(Calzetti et al. 2015), these apertures subtend 3.3, 3.3, and 5.1 pc,
respectively, given a WFC3 UVIS pixel scale of 0.04 arcseconds per
pixel. To measure and subtract the background, a 1 pixel-wide sky
annulus at a 7 pixel radius is used. An average aperture correction
is estimated as the difference between the magnitude of the source
measured at 20 pixels (with a 1 pixel-wide sky annulus at a 21 pixel
radius) minus the magnitude of the source obtained using the smaller
(4, 5, and 6 pixel) aperture for a set of bright isolated clusters.
The total cluster magnitudes are corrected for foreground Galactic
extinction (Schlafly & Finkbeiner 2011).

Cluster SEDs are fitted based on the HST photometry with
Yggdrasil SSP models (Zackrisson et al. 2011), which include
nebular flux via photoionization modelling with CLOUDY, assuming
a covering fraction of 0.5.3 The model grid used in the fitting is
based on 46 time progressive steps from 1 Myr to 10 Gyr, and 150
fixed steps in reddening from 0.00 to 1.50. The ‘best values’ used
in this work are those corresponding to the minimum χ2 value. For
each galaxy, the present-day metallicity of its young populations as
derived from nebular abundances (listed in Calzetti et al. 2015) is
adopted. This corresponds to a metallicity of Z = 0.02 (solar) for
clusters in NGC 7793 and NGC 1313, while those in NGC 4395
assume a metallicity of Z = 0.004.

The errors of the ages, masses, and reddenings used in this
study are based on the minimum and maximum values of the SED-
fitted parameters. Based on 1σ confidence levels of Lampton et al.
(1976), all age and reddening values with corresponding χ2 ≤ χ2

min

+ 2.3 are found, and from these values, minima and maxima are
determined. In the cases where no other grid solution in the SED-
fitting procedure are found, the errors are half the size of the age
step (1 Myr) or reddening step (0.01).

A total of 12 catalogues have been produced for each galaxy
based on two stellar evolution models (Geneva and Padova), three
extinction models (Milky Way extinction, starburst extinction,
and differential starburst extinction), and two aperture correction
methods (CI based and average aperture correction). In this work,
we use the LEGUS ‘reference’ catalogues (Adamo et al. 2017),
based on the Padova stellar evolution models, Milky Way extinction,
and using standard average aperture correction, but it should be
noted that the Geneva models are generally considered to better
describe the youngest population of stars, and differences in the
results of our analysis are discussed later in this paper. It should
also be noted that the SED-fitting results used in this analysis are
only based on the broad-band photometry and are independent of
the narrow- and medium-band photometry. Information from the
H α imaging only enters the analysis once, in the classification of
the cluster H α morphologies.

For our study, we produce a sample of verified clusters by
selecting all objects with mode class of 1, 2, 3 and excluding sources
whose H α images were partially cut off by the edge of the field of
view. We then narrow our sample down to those with best-fitted ages
of 10 Myr or younger, leaving us with a total of 654 final cluster
targets across all six pointings. Table 1 shows the total number of
objects in the overall catalogues, as well as in our young cluster
sample, for the galaxies in this study.

3 H α M O R P H O L O G Y C L A S S I F I C AT I O N

To aid our visual classification process, two sets of 150 pc × 150 pc
postage stamps were created for each cluster. One set of stamps was
made from an RGB image of the galaxy using combined NUV and
U bands for the blue channel, combined V and I bands for the green
channel, and the continuum-subtracted H α narrow-band for the
red channel. The second set of postage stamps was created solely

3To validate the use of the models that include nebular emission to infer the
ensemble properties of our star cluster sample, H α equivalent widths (EWs)
are measured for isolated clusters with concentrated H α morphologies. For
ages less than 4 Myr, the model values of log(EW[H α] (Å)) range from
∼2.7 to 3.25. The measured values are consistent within the measurement
uncertainties: log(EW[H α] (Å)) ranges from 2.6 to 3.6 with a median of
3.1. More detailed model validation is advised if examining the properties
of individual objects, as opposed to the ensemble properties of interest here.
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Table 1. Number counts of total detections, visually verified clusters (LEGUS mode class = 1,
2, or 3), verified clusters younger than 10 Myr, and verified clusters greater than 5000 M� for
each of the six fields of view. Masses and ages are determined by comparing the measured broad-
band photometry with the Yggdrasil models, and assuming Milky Way extinction, Padova stellar
evolutionary tracks for an appropriate metallicity, and the average aperture correction procedure
described in Adamo et al. (2017).

Galaxy Total detections Verified clusters ≤10 Myr ≥5000 M�

NGC 1313W 3784 486 177 1
NGC 1313E 5284 259 111 2
NGC 4395N 291 39 23 14
NGC 4395S 837 137 112 18
NGC 7793W 2794 221 119 0
NGC 7793E 899 191 112 7

Totals 13889 1333 654 42

Figure 2. RGB postage stamps exemplifying the three H II morphology
classifications. The red in the images corresponds to continuum-subtracted
H α. In each stamp, the object ID is located in the upper left, age in the
lower left, and mass (in M�) in the lower right. White circles with radii of
7.5 pc are drawn around the stamp’s target cluster. Cyan circles represent
the photometric aperture radii (∼4 pc). Clockwise from the upper left panel:
Object 84 from NGC 4395-N has an estimated age of 3 Myr and is classified
as concentrated. Object 1255 from NGC 1313-E is also estimated to be 3
Myr and classified as partially exposed. Object 2674 from NGC 1313-E is
∼4 Myr and is classified as no-emission. Object 764 from NGC 1313-E is
also ∼4 Myr and also classified as no-emission and is the only non-isolated
cluster shown here. All postage stamps are oriented north-up, east-left.

from the continuum-subtracted H α narrow-band image. Whereas
the narrow-band images clearly display the shape and extent of the
H II regions, the RGB images are useful in showing the target cluster
and its neighbours in relation to the surrounding gas.

As illustrated in Fig. 2, each individual stamp includes small cyan
circles to indicate the positions of all clusters (including those older
than 10 Myr). The radii of these circles represent the aperture
sizes used for photometry in that particular field; i.e. whereas
apertures with 6-pixel radii were used for sources in NGC 1313,
4- and 5-pixel radius apertures were used for NGC 4395 and NGC
7793, respectively (see Section 2.2). These aperture sizes roughly

correspond to a physical radius of 4 pc. In addition, a white circle
of radius 7.5 pc is drawn around the central target as a reference to
help determine the compactness of the H II region.

For reference, an O5 star producing ∼5 × 1049 Lyman continuum
photons per second4 would create an idealized Strömgren sphere
with a radius between ∼1.1 and 110 pc for gas densities between
ne ≈ np = 1 cm−3 (larger sphere) and ne ≈ np = 103 cm−3 (smaller
sphere). In the same range of gas densities, a B0 star producing
∼5 × 1047 ionizing photons per second would create a Strömgren
radius between ∼0.25 and 25 pc. These numbers assume a uniform
ISM rather than a more realistic clumpy ISM, but are used here as
a guide.

Our morphological classification scheme is based on one used
by Hollyhead et al. (2015), who defined three classes based on the
presence and shape of the H α emission, similar to that of Whitmore
et al. (2011):

(1) concentrated, where the target star cluster has a compact H II

region and where there are no discernable bubbles or areas around
the cluster which lack H α emission,

(2) partially exposed, where the target cluster shows bubble
like/filamentary morphology covering part of the cluster and,

(3) no emission, where the target cluster does not appear to be
associated with H α. There is no H α emission within ∼20 pc of the
cluster. The majority (62 per cent) are clusters without any visible
H α emission in their 150 parsec-wide postage stamps.

An important consideration in classifying clusters by their H α

morphology is the detection limit for H α and the stars required
to produce the ionizing radiation. The most straightforward way to
characterize the sensitivity of the H α images is to compute the total
flux of a point source at a specified detection limit. For the H α

images used in this study, we find that the 5σ point source detection
limit is between 5.0 × 10−17 and 5.5 × 10−17 erg cm−2 s−1. At
a distance of 4 Mpc, this gives an observed (i.e. no extinction
corrections applied) luminosity of ∼1.5 × 1035 erg−1. Given the
model grid of Smith et al. (2002), this luminosity corresponds to the
ionizing flux of a B0.5V star (∼ 10 M�), with the usual assumptions:
solar metallicity, Case B recombination, nebular temperatures and
densities of 104 K and 100 cm−3, respectively, and that the nebular
region is radiation bounded.

In addition to these three H α morphological classes, each cluster
is also identified as either isolated or non-isolated. Gouliermis
(2018) compiled survey data for several thousand unbound stellar

4Osterbrock & Ferland (2006).
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Table 2. Number counts of clusters in each of the three morphology classes (concentrated, partially exposed, no-emission) and further
separated into isolated and non-isolated categories depending on the presence of neighbouring clusters within 75 pc. The total number of
clusters (and their percentage of the total 654) and the number of clusters greater than or equal to 5000 M� in each of the six bins are
provided in the bottom two rows.

Concentrated Partially exposed No emission
Galaxy Isolated Non-isolated Isolated Non-isolated Isolated Non-isolated

NGC 1313W 5 25 1 20 39 87
NGC 1313E 10 15 1 25 29 31
NGC 4395N 6 0 1 0 14 2
NGC 4395S 9 16 4 23 20 40
NGC 7793W 10 20 3 19 37 30
NGC 7793E 11 15 4 11 47 24

Totals 51 (7.8 per cent) 91 (13.9 per cent) 14 (2.1 per cent) 98 (15.0 per cent) 186 (28.4 per
cent)

214 (32.7 per cent)

≥5000 M� 0 5 0 7 13 17

systems in Local Group galaxies and found that the average size
of these stellar associations is ∼70–90 pc. Comparably, we define
an isolated cluster to be one that does not have any neighbouring
clusters within 75 pc. This is done to control for the potential
impact of neighbouring clusters on the clearing of a target cluster’s
gas, which may have a confounding effect on correlations between
cluster properties and the H α morphology.

Our hypothesis in classifying the H α morphology of the young
clusters in such a manner is that they represent H II region evolu-
tionary stages. We are interested in testing for possible correlations
between the H α morphology and cluster age, reddening, and mass.
Fig. 2 shows RGB postage stamps of examples from each of the
three H α morphological classes, with the cluster ID in a given
pointing labelled in the upper left-hand corner, its estimated age (in
Myr) in the lower left-hand corner, and its estimated mass (in M�)
in the bottom right-hand corner. The isolated object in the upper left-
hand panel (ID 84) is classified as concentrated, as the H II region has
a size comparable to the 7.5 pc radius circular marker and is fairly
compact. The upper right-hand panel shows an isolated cluster with
H α morphology classified as partially exposed (ID 1255), as there
is little emission at the centre of the H II region at the position of
the cluster, creating an apparent bubble. The lower left-hand panel
shows an isolated cluster without H α emission (ID 2674), as there is
no H II region clearly associated with the cluster. Finally, the lower
right-hand panel also shows a cluster with morphology classified
as no emission (ID 764), as the H α is tens of parsecs away in
every direction and it is not clear whether the cluster is contributing
ionizing radiation responsible for the H α emission; this is also an
example of a non-isolated cluster as there are several other clusters
in the vicinity. We note that while our H α classification does not
distinguish between the two no-emission examples in Fig. 2, the
majority (> 60 per cent) of isolated clusters in this class showed no
clear H II region associated with the cluster, resembling object ID
2674.

The number of clusters in each H α class and isolation category
is shown in Table 2. The majority of clusters are classified as
no-emission (∼ 60 per cent). Although the fractions of isolated
and non-isolated clusters are comparable for the concentrated and
no-emission classes, it is noteworthy that the partially exposed
clusters of our sample show a much greater ratio of non-isolated
to isolated clusters (∼7:1). This possible reasons for this can
be further examined in future work, upon expansion of the data
set.

4 R ESULTS

In this section, we examine the ages, masses, and reddening of
clusters in each morphological class and isolation category based on
both the Padova and Geneva stellar evolutionary models. The mean
and median age, reddening, and mass for each of these categories
are summarized in Table 3. The following subsections detail the
characteristics of the age and reddening distributions.

4.1 Age statistics by morphological class

A key aspect in our analysis of young clusters is examining the age
distributions as a function of H α morphological class. These ages
can establish whether or not the morphological classes constitute
an evolutionary sequence for H II regions. Fig. 3 shows the age
distributions for each of the H α morphological classes based on our
reference catalogue; the left and right plots show the distributions
for the 251 isolated clusters and the 403 non-isolated clusters,
respectively.

For the isolated Padova-based cluster sample, we find that the
median best age [first quartile, third quartile] of the 51 clusters
with concentrated H II regions is 3.0 [2.0, 4.0] Myr, while the
ages for the 14 partially exposed clusters and 186 clusters with
no H α emission are 4.0 [2.3, 5.0] Myr and 5.0 [4.0, 8.0] Myr,
respectively. The non-isolated clusters provide roughly consistent
results, with median best ages of 3.0 [1.0, 4.0] Myr, 4.0 [3.0, 5.0]
Myr, and 4.0 [3.0, 6.0] Myr for the 91 concentrated, 98 partially
exposed, and 214 no-emission H α morphologies, respectively. It
is also important to note here that the median ages determined
for clusters with no H α emission represent lower limits, due
to the initial selection that eliminated clusters with estimated
ages older than 10 Myr. While the Padova model shows some
differences in the median ages that could possibly indicate an age
progression, the Geneva model shows fewer differences, with equal
median ages for the concentrated and partially exposed classes in
both the isolated and not-isolated samples (3.0 Myr). Regardless
of isolation criteria or stellar population model, the mean age
of each morphological class does indicate a progression from
concentrated to partially exposed to no-emission H α morphologies
as expected, though the age differences are small, and often less
than the SED time-step of 1 Myr. We compare the widths of these
distributions to the individual age uncertainties at the end of this
section.
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Table 3. Mean and median age, reddening, and mass for the clusters aggregated over all six fields in each of the three morphology classes, isolation category,
and stellar population model (Padova versus Geneva). The standard deviations of each distribution is also provided.

Padova Geneva
H α class Isolated? N Mean age (Myr) Median age (Myr) StDev N Mean age (Myr) Median age (Myr) StDev

Concentrated Isolated 51 3.3 3.0 [2.0, 4.0] 1.6 51 2.6 3.0 [2.0, 3.0] 1.0
Non-isolated 91 3.1 3.0 [1.0, 4.0] 1.7 91 2.7 3.0 [2.0, 3.0] 1.4

Partially Isolated 14 3.9 4.0 [2.3, 5.0] 2.1 14 3.0 3.0 [3.0, 3.0] 0.9
Exposed Non-isolated 98 4.1 4.0 [3.0, 5.0] 2.1 98 3.2 3.0 [3.0, 3.0] 1.3
No emission Isolated 186 5.8 5.0 [4.0, 8.0] 2.5 201 5.1 5.0 [3.0, 6.0] 2.2

Non-isolated 214 4.7 4.0 [3.0, 6.0] 2.4 229 4.0 3.0 [3.0, 5.0] 2.0

Hα Class Isolated? N Mean E(B − V) Median E(B − V) StDev N Mean E(B − V) Median E(B − V) StDev

Concentrated Isolated 51 0.19 0.17 [0.08, 0.28] 0.16 51 0.21 0.19 [0.08, 0.29] 0.16
Non-isolated 91 0.18 0.13 [0.05, 0.26] 0.15 91 0.17 0.14 [0.05, 0.27] 0.14

Partially Isolated 14 0.10 0.07 [0.01, 0.15] 0.11 14 0.10 0.06 [0.01, 0.11] 0.14
Exposed Non-isolated 98 0.08 0.05 [0.00, 0.11] 0.13 98 0.09 0.04 [0.00, 0.10] 0.19
No Emission Isolated 186 0.20 0.14 [0.05, 0.25] 0.22 201 0.17 0.13 [0.05, 0.23] 0.18

Non-isolated 214 0.14 0.08 [0.02, 0.18] 0.19 229 0.16 0.09 [0.03, 0.21] 0.22

H α class Isolated? N Mean mass ( M�) Median mass ( M�) StDev N Mean mass ( M�) Median mass ( M�) StDev

Concentrated Isolated 51 1.1 E3 9.0 E2 [4.0E2, 1.5E3] 9.0 E2 51 1.0 E3 7.0 E2 [4.0E2, 1.3E3] 8.0 E2
Non-isolated 91 2.4 E3 1.0 E3 [6.0E2, 2.1E3] 5.7 E3 91 2.4 E3 9.0 E2 [5.0E2, 2.1E3] 6.2 E3

Partially Isolated 14 8.0 E2 6.0 E2 [5.0E2, 1.3E3] 5.0 E2 14 9.0 E2 4.0 E2 [3.0E2, 1.1E3] 1.5 E3
Exposed Non-isolated 98 1.9 E3 1.0 E3 [5.0E2, 1.8E3] 3.0 E3 98 2.0 E3 9.0 E2 [4.0E2, 1.6E3] 4.1 E3
No emission Isolated 186 2.2 E3 1.0 E3 [6.0E2, 2.0E3] 3.9 E3 201 1.4 E3 7.0 E2 [4.0E2, 1.5E3] 2.0 E3

Non-isolated 214 2.5 E3 1.2 E3 [7.0E2, 2.0E3] 5.6 E3 229 2.8 E3 1.0 E3 [6.0E2, 1.9E3] 6.3 E3

Figure 3. Histograms showing the age distribution of clusters across all the fields in the sample, using the Padova stellar evolutionary model. The left-hand
panel shows the 251 isolated clusters in the sample; the right-hand panel shows the 403 clusters with neighbouring clusters within 75 pc. The solid blue, green,
and red lines represent clusters with H α emission that is concentrated, partially exposed, and absent (i.e. no emission), respectively. The number of clusters as
well as the median cluster ages [first quartile, third quartile] for each of the three classes is displayed in the legend. Vertical dashed lines represent the medians
for each class.

To test whether the age distributions for the three H α morpho-
logical classes are significantly different, we perform Kolmogorov–
Smirnov (KS) tests in order to determine the probability that each
class of objects originates from the same parent distribution, with
the results summarized in Table 4. We perform the test for both
isolated and non-isolated cluster samples, as well as the two samples
combined, to improve the overall number statistics.

Overall, when the cluster population is divided into isolated and
non-isolated samples, we cannot reject the hypothesis that the age
distributions for clusters with partially exposed H α morphologies

have been drawn from the same parent sample as clusters with
concentrated or absent H α. As would be expected, however,
the clusters with no H α emission are found to be statistically
different from those with concentrated H α. When the isolated
and non-isolated samples are combined to increase the sample
sizes, the statistical differences between the age distributions of the
concentrated and partially exposed classes versus the distribution
for clusters without H α are significant at ≥3σ confidence, while
the p-values remain at the ∼2σ confidence level between the age
distributions for clusters with concentrated and partially exposed
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Table 4. KS test results comparing the age distributions of each H α morphological class (1
= concentrated, 2 = partially exposed, 3 = no emission). p-Values represent the corresponding
probabilities that two samples share the same parent distribution; p5σ represents a p-value that
corresponds to a confidence level greater than 5σ .

Isolated Not isolated Total sample
H α class Padova Geneva Padova Geneva Padova Geneva

1 versus 2 0.967 0.889 0.039 0.036 0.020 0.028
1 versus 3 <p5σ <p5σ <p5σ 3.00E−04 <p5σ <p5σ

2 versus 3 0.024 1.00E−05 0.097 0.006 5.00E−05 <p5σ

Figure 4. Distribution of errors in Padova-based cluster age for all 654 clus-
ters, where the errors are the differences between each cluster’s minimum
and maximum age. Darkness represents a greater density of points.

H α morphologies. These results hold regardless of the adopted
stellar extinction model, except the confidence level drops to ∼1σ

in distinguishing the distributions of clusters with concentrated
and partially exposed H α morphologies when the starburst or
differential-starburst extinction models are used.

To determine if the width of the distributions represent real
variations in the cluster ages of each morphological class, we must
compare the widths to the errors. Fig. 4 displays the errors in cluster
age, which is shown as the difference between the maximum and
minimum age, plotted against the best estimates. While we see
the mean error is buoyed up to ∼4 Myr due to extreme outliers,
particularly due to the start of the red supergiant loop at 7 Myr in
the SED models, the median error in age (1 Myr) is smaller than
10 of the 12 distributions’ standard deviations, indicating that the
errors are likely insufficient in describing the distribution widths.
These results will be further discussed in Section 6.1.

4.2 Reddening statistics by morphological class

The second parameter we examine is the reddening of the clusters
in each morphological class, as a measure of dust in the region.
Fig. 5 shows reddening histograms based on E(B − V) values
derived from five-band SED fitting for clusters across all six fields
assuming Milky Way extinction (Cardelli, Clayton & Mathis 1989),
and divided into isolated (left) and non-isolated samples (right).

Interestingly, both isolated and non-isolated samples show that
the clusters with partially exposed H II regions have the smallest
median reddening, while the isolated concentrated and isolated no-
emission H α morphologies have higher cluster reddening values.
Regardless of the isolation category, stellar population model,

extinction model, or using the mean or median values, we find
consistent results.

Upon examination of the KS-test results of cluster reddening,
the distributions are not found to be statistically different when
the clusters are divided into isolated and non-isolated samples.
After combining the samples, however, the KS tests show that all
distributions are significantly different (>3σ ) except for clusters
with concentrated and no-emission H α morphologies, which are
different at a ∼2σ level, and these results are consistent across all
stellar evolution and extinction models. The results of the KS tests
are listed in Table 5.

Fig. 6 displays the error in cluster reddening, which is shown
as the difference between the maximum and minimum reddening,
plotted against the best estimates for each cluster. We find that both
the mean error (0.08) and median error (0.06) are smaller than the
standard deviation of every distribution (ranging from 0.11 to 0.22),
regardless of isolation category or stellar population model, again
indicating that the error is insufficient in describing the width of the
distributions. We will discuss these results in Section 6.3.

5 STO CHASTI CI TY

Our sample is dominated by low-mass clusters. The median mass
of our entire cluster sample is 1100 M�, with over 90 per cent
being less massive than 5000 M� (see also Table 3), the limit used
by Hollyhead et al. (2015) to minimize the impacts of stochastic
(i.e. random) sampling in their analysis of clusters in M83. At such
masses, the IMF is not fully sampled and the relationship between
physical and photometric properties is non-deterministic, which
leads to a broad posterior probability distribution function (PDF)
that is not well characterized by a single best fit (e.g. Fouesneau &
Lançon 2010; Krumholz et al. 2015). Here, we look for evidence of
this stochasticity and explore methods to mitigate against its impact.

5.1 Colour–colour analysis

Colour-colour plots are useful tools in examining the quality of
SED age estimates relative to a model as well as highlighting
any potential outlier clusters. As examined by Fouesneau et al.
(2012), the predicted optical fluxes of a Monte Carlo sample of star
clusters are spread quite widely in colour–colour space, especially
for clusters below 104 M�, where 96 per cent of our sample lies.
This is due to the fact that the integrated flux of such lower mass
clusters can be greatly influenced by the presence or absence of a
few bright stars introduced by stochastic sampling of the IMF.

Fig. 7 shows observed (U − B) versus (V − I) plots for all
654 young clusters across all six fields, split into isolated and
non-isolated samples. There are a few notable features that are
immediately apparent in these plots. As expected from the median
age of each morphological class, we find clusters with no H α
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H α morphologies of star clusters 4655

Figure 5. E(B − V) histograms for all clusters across all the fields in the sample, using the Padova stellar evolutionary model. The left plot shows the 251
isolated clusters in the sample, while the right plot shows the 403 clusters with neighbouring clusters within 75 pc. The solid blue, green, and red lines represent
clusters with H α emission that is concentrated, partially exposed, and absent, respectively. The number of clusters as well as the median reddening [first
quartile, third quartile] for each of the three classes is displayed in the legend. Vertical dashed lines represent the medians for each class.

Table 5. KS test results comparing the reddening distributions of each H α morphological class
(1 = concentrated, 2 = partially exposed, 3 = no emission). p-Values represent the corresponding
probabilities that two samples share the same parent distribution.

Isolated Not isolated Total sample
H α class Padova Geneva Padova Geneva Padova Geneva

1 versus 2 0.107 0.006 7.00E−06 4.00E−06 <p5σ <p5σ

1 versus 3 0.665 0.092 0.016 0.089 0.016 0.021
2 versus 3 0.290 0.014 0.013 0.002 9.00E-05 1.00E-06

Figure 6. Distribution of errors in Padova-based cluster reddening for all
654 clusters, where the errors are the differences between each cluster’s
minimum and maximum reddening. Darkness represents a greater density
of points.

emission at the older end of the model predictions (red Xs), while
the clusters with concentrated (blue circles) and partially exposed
(green triangles) H α classes roughly overlap at the youngest end.
In addition, while each class displays some spread in colour space,
we see that clusters with no H α emission have the largest degree
of colour spread. While the degree of spread may be surprising
given that the clusters were selected to be younger than 10 Myr, it is

qualitatively similar to the spread found in the stochastic sampling
model produced by Fouesneau et al. (2012, fig. 2).

5.2 Influence of red supergiants

The clusters in our sample without H α emission display a similar
spread in (U − B) versus (V − I) space to that observed by Fouesneau
et al. (2012). This prompts us to re-inspect the postage stamps of
each cluster in order to gain insight into the colour spread. Fig. 8
displays the postage stamps of two of the redder clusters with no
H α emission.

We find that the flux from clusters without H α emission is
significantly affected by the presence of bright red sources, which
are presumably red supergiants. Of all the isolated clusters without
H α emission, we find that each cluster located to the lower right of
the 10 Myr point on the model (V − I > 0.5, U − B < −0.5) was
found to have at least one of these red sources within the photometric
aperture. Overall, of all 400 clusters without H α emission in our
sample, 134 (33 per cent) contained one or more bright red point
source.

Fig. 9 shows colour-colour diagrams for all clusters without H α

emission in our sample. We see that those without a red source are
much less spread out and have a loci much closer to the model track.
Those with a red source display a large spread towards the reddest
(V −I) colours, consistent with the expectation that the integrated
flux of lower mass clusters is greatly affected by the presence (or
absence) of a few individual bright sources.

We also find that these clusters containing one or more bright red
source are correlated with higher cluster reddening. Fig. 10 shows
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4656 S. Hannon et al.

Figure 7. (U − B) versus (V − I) diagrams for all 654 clusters across all six fields. U, B, V, and I represent the F336W, F435W (NGC 1313) or F438W (NGC
4395, NGC 7793), F555W, and F814W filters, respectively. The 251 isolated clusters are shown in the left plot, while the 403 non-isolated clusters are plotted
on the right. Z = 0.02 (solid line) and Z = 0.004 (dashed line) Yggdrasil model tracks are overplotted (Zackrisson et al. 2011). Blue circles, green triangles,
and red Xs represent clusters with H α morphologies classified as concentrated, partially exposed, and no-emission, respectively. An AV = 1.0 reddening vector
is displayed in the upper right corner of each plot. Large, black-outlined circular points represent the composite clusters from each field, provided here as an
illustrative reference (see Section 5.3).

Figure 8. RGB images of isolated clusters with no H α emission that
appears red in V − I due to the presence of one or more bright red sources
within the aperture radius. These stamps have been modified to highlight
the red sources (B = B, G = V, R = I) instead of (absent) H α.

the E(B − V) distributions based on our reference catalogue for
all 400 clusters without H α emission, separately displaying the
samples with and without bright red sources. We find that the 134
clusters containing a red source have an apparent median reddening
value (0.24) more than three times that of the 266 clusters without
one (0.07) and over 30 per cent greater than the median reddening
value of isolated clusters with concentrated H α (∼0.18). Analysis of
clusters in NGC 4449 by Whitmore et al. (in preparation) similarly
revealed a significant fraction of clusters whose red colours are due
to the presence of a dominating red source.

Within the no H α emission class, applying a KS test to the
reddening distributions of clusters with a red source versus clusters
without a red source reveals a confidence level greater than 5σ that
the two are not drawn from the same parent distribution.

5.3 Mitigating stochastic sampling effects

The uncertainty in the determination of physical properties of low-
mass clusters due to stochastic sampling is a particular challenge
for our study. To provide better constraints on cluster properties
despite the low masses of our cluster sample, we examine two
potential methods of minimizing stochastic sampling effects. First,
we simply limit the analysis to clusters above the threshold mass
used by Hollyhead et al. (2015), i.e. ≥5000 M�. Fig. 11 shows
colour–colour plots of all verified clusters with masses ≥5000 M�,
again divided by morphological class and isolation.

While simply selecting only clusters with masses ≥ 5000 M�
results in a very small sample (13 isolated, 29 non-isolated clusters),
the little data remaining is consistent with what we found for all
clusters (Fig. 7), and still displays a significant spread in (U − B)
versus (V − I) space. Thus even when limiting to these higher mass
clusters, stochasticity may still significantly impact the observed
cluster properties: clusters with best-fitting ages ≤ 10 Myr can still
be quite red and, in fact, all 13 of the isolated clusters above 5000
M� are amongst those found to contain one or more bright red
source.

In our second strategy to address the impact of stochasticity, we
stack the fluxes of all individual clusters according to their H α

morphologies (i.e. isolated/non-isolated and concentrated/partially
exposed/no-emission). Here, we create 36 composite clusters –
one for each morphological class, isolation type, and within each
field (6 bins × 6 fields). We note that NGC 4395N does not have
non-isolated clusters with concentrated or partially exposed H α

morphologies, and three other bins contain only a single cluster
(see Table 6) leaving us with 31 composite clusters. We sum
the SED-determined masses of each of these composite clusters
as an initial check on the composite mass. The summed masses
range from 2.7 × 103 M� to 1.8 × 105 M� (see Table 6). For
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H α morphologies of star clusters 4657

Figure 9. (U − B) versus (V − I) diagrams for all clusters without H α emission across all six fields. The left plot displays all 400 clusters, the middle plot
displays the 266 clusters containing no red source, and the right plot displays the 134 clusters containing a red source.

Figure 10. E(B − V) histograms of clusters without H α emission across
all six fields. The dashed line represents the 134 clusters that were found to
contain a red point source, while the solid line represents the 266 clusters
not found to contain a red source. The median reddening of each category
is provided in the legend and is plotted with vertical lines.

reference, 26 are above the 5000 M� limit used by Hollyhead et al.
(2015).

Photometry for each of the NUV, U, B, V, and I bands are
taken from the reference LEGUS catalogue and converted into
flux, utilizing the known zero-points for each of the eight HST
filters: F = 10−0.4(m−mz), where mz is the zero-point magnitude.
The cluster fluxes are summed in each of the 31 bins to produce
the flux in the composite cluster. Photometric errors for composite
clusters that are calculated by adding the constituent cluster errors in
quadrature result in poor SED fitting. However, by using the median
error for each composite cluster, the χ2 values for the SED fitting
are comparable to the individual cluster χ2 values: the median χ2 is
2.1 and 1.4 for composite and individual clusters, respectively. The

results of the fitting performed with the median errors are presented
in Table 6 and provide the basis for our analysis.

We plot the stacked fluxes of these composite clusters in (U −
B) versus (V − I) space to examine their new positions relative
to the model tracks (Fig. 12). Despite the significant percentage
of individual clusters containing red sources (see Fig. 9 for their
impact), the composite cluster sample is better behaved as they
appear much closer to the model, likely due to the fact that
stacking clusters diminishes the randomness in IMF sampling. The
composite clusters with concentrated H II regions display some
spread along the reddening vector while still being located at the
youngest end of the model track. The composite isolated clusters
without H α emission are located much closer to the model relative
to their individual constituents, also displaying a much tighter locus
found at the older end of the model, near the 10 Myr point. While the
composite non-isolated clusters without H α also display a tighter
locus than their constituent clusters, they generally appear closer to
the younger end of the model than the isolated sample. The clusters
with partially exposed morphologies suffer the most from small-
number statistics, but ignoring the composite clusters which were
made up of so few clusters that their aggregate masses remained
well below the M� threshold, the rest still roughly overlap with
clusters with concentrated H α, if not lie between the other two
classes.

Whether or not we include the few clusters above 5000 M�
as part of these composite clusters did not significantly affect our
overall conclusions. In (U − B) versus (V − I) space, Fig. 12
displays composite clusters that include all individual clusters
(Fig. 12, left-hand panels) with composite clusters that exclude
the 42 individual clusters above 5000 M� (Fig. 12, right-hand
panels). In this comparison, we find no significant colour change in
the concentrated and partially exposed H α classes. The greatest
difference is in the clusters with no H α emission, where the
lower mass composite clusters appear slightly less red than their
more-massive counterparts. Regardless of the inclusion of indi-
vidual clusters above 5000 M�, the evolutionary pattern remains
consistent.
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4658 S. Hannon et al.

Figure 11. (U − B) versus (V− I) diagrams for all 42 clusters above the stochastic limit across all six fields. The 13 isolated clusters greater than 5000 M�
are plotted on the left and the 29 non-isolated clusters greater than 5000 M� are plotted on the right. Blue circles, green triangles, and red Xs represent clusters
with H α morphologies classified as concentrated, partially exposed, and no-emission, respectively.

5.4 Measurement of the physical parameters for composite
clusters

We use SED fitting to calculate the age, mass, and reddening of each
of our 31 composite clusters using the same method used to produce
the physical cluster properties for the LEGUS catalogues (Adamo
et al. 2017). The results of the SED fitting are shown for all 31
composite clusters in Table 6, where the number of clusters making
up each composite is also provided. Median age and reddening
values are reported with their first and third quartiles while summed
SED mass errors are calculated by adding all individual errors in
quadrature. Errors in composite SED age, reddening, and mass each
represent their individual SED error.

In examining the ages of the composite clusters, we first find a
progression consistent with the analysis of the individual clusters: on
average, the concentrated class comprises the youngest composite
clusters (3.7 Myr isolated; 2.0 Myr non-isolated), the class without
H α emission is the oldest (12.2 Myr isolated; 6.2 Myr non-isolated),
and the partially exposed class lies between the two (6.3 Myr
isolated; 4.6 Myr non-isolated), but the few data points we have
overall show small differences between clusters with concentrated
and partially exposed morphologies. It is also notable that 5 of
the 6 composite clusters without H α emission have ages between
10 and 20 Myr, despite being comprised of apparently young
(≤10 Myr) clusters. While the SED fitting of composite clusters
assumes a single stellar population age, we are in fact stacking
clusters with a range of ages, particularly for the no-emission
class. Regardless of this fact, we see an older age for composite
isolated clusters without H α than the apparent median age of their
constituents.

Fig. 13 shows plots comparing the SED-fit age, reddening, and
mass of the composite clusters with the mean age, reddening, and
mass of their constituent clusters. We find the masses determined
from SED fitting for the composite clusters correlate well with their
aggregate masses across all fields, classes, and isolation. There also
seems to be a correlation between the age of composite isolated
clusters versus the median values of their constituents for those

with H α (concentrated and partially exposed classes), and we find
similar agreement in those classes for reddening as well, albeit with
wide distributions. Where we see the greatest discrepancy in cluster
properties is in the ages and reddenings of clusters classified as
no-emission. For the isolated sample, the mean and median ages of
all individual clusters with no H α are ∼5 Myr, while the mean and
median ages of the composite isolated clusters with no emission are
∼12 Myr, and all composite isolated clusters have best ages ≥ the
mean or median age of their constituent clusters. Correspondingly,
the median reddening of isolated clusters drops significantly from
0.14 for the constituent clusters to ∼0.03 for the composite clusters,
and all isolated composite clusters have less reddening than the
median of their constituents.

The non-isolated sample of composite clusters without H α,
however, shows mixed results. While two of the composite clusters
have significantly older ages and smaller reddening than the median
values of their constituent clusters, as is the case for the isolated
sample, three composite clusters show the opposite result, namely
that they have younger ages (�2x; all 1–2 Myr) and correspondingly
larger reddening (>2x) than the medians of their constituents. This
is puzzling because, although they do appear closer to the younger
end of the model than the isolated sample in (U − B) versus (V −
I) space (Fig. 12), the reddening vector would not appear to trace
them back to the 1 Myr point in the model but rather �3 Myr. The
implications of these results will be further discussed in Section 6.1.

6 D ISCUSSION

6.1 H α morphology evolution and time-scales

Examination of the age distributions of the individual star clusters
as a function of H α morphological class (Section 4.1) shows that
although the distributions are broad and overlap each other, the
mean and median ages provide evidence for a temporal progression
in H α morphology. The star clusters with concentrated H α have
the youngest average ages (∼3 Myr), those with partially exposed
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Table 6. SED-fitting results of all 31 composite clusters, separated into age results (top three tables), reddening results (middle three tables), and mass results
(lower three tables). For each of the three metrics, the top table lists the six concentrated composite clusters, the middle table lists the six partially exposed
composite clusters, and the bottom table lists the six no-emission composite clusters, each divided into isolated and non-isolated categories. The median age,
median reddening, and sum total mass of individual clusters in each of the 31 composite clusters is provided adjacent to the corresponding composite SED
result.

Isolated, concentrated Non-isolated, concentrated

Number of Median SED age Composite SED age Number of Median SED Age Composite SED age
Field clusters [25 per cent, 75 per cent]

(Myr)
± Error (Myr) clusters [25 per cent, 75 per cent]

(Myr)
± Error (Myr)

NGC 1313W 5 3.0 [3.0, 4.0] 4.0 ± 0.5 25 3.5 [3.0, 4.0] 3.0 ± 0.5
NGC 1313E 10 4.0 [4.0, 4.0] 4.0 ± 0.5 15 4.0 [2.0, 4.0] 1.0 ± 1.0
NGC 4395N 6 5.0 [3.5, 5.0] 5.0 ± 0.5 0 – –
NGC 4395S 9 5.0 [3.0, 5.0] 5.0 ± 0.5 16 3.0 [3.0, 5.0] 3.0 ± 0.5
NGC 7793W 10 3.0 [1.3, 4.0] 2.0 ± 1.0 20 3.0 [2.0, 3.0] 2.0 ± 0.5
NGC 7793E 11 2.0 [1.0, 2.0] 2.0 ± 0.5 15 1.0 [1.0, 2.0] 1.0 ± 0.5

Isolated, partially exposed Non-isolated, partially exposed
Number of Median SED age Composite SED age Number of Median SED age Composite SED age

Field clusters [25 per cent, 75 per cent]
(Myr)

± Error (Myr) clusters [25 per cent, 75 per cent]
(Myr)

± Error (Myr)

NGC 1313W 1 – – 20 4.5 [3.8, 7.0] 1.0 ± 0.5
NGC 1313E 1 – – 25 4.0 [3.0, 4.0] 3.0 ± 0.5
NGC 4395N 1 – – 0 – –
NGC 4395S 4 5.0 [5.0, 6.3] 15.0 ± 0.5 23 5.0 [5.0, 5.0] 15.0 ± 0.5
NGC 7793W 3 2.0 [2.0, 3.0] 2.0 ± 0.5 19 3.0 [2.0, 3.0] 2.0 ± 0.5
NGC 7793E 4 2.5 [1.8, 3.3] 2.0 ± 0.5 11 2.0 [2.0, 3.0] 2.0 ± 0.5

Isolated, no H α emission Non-isolated, no H α emission
Number of Median SED age Composite SED age Number of Median SED age Composite SED age

Field clusters [25 per cent, 75 per ecnt]
(Myr)

± Error (Myr) clusters [25 per cent, 75 per cent]
(Myr)

± Error (Myr)

NGC 1313W 39 5.0 [4.0, 8.0] 15.0 ± 0.5 87 4.0 [3.0, 7.0] 13.0 ± 0.5
NGC 1313E 29 6.0 [4.0, 7.0] 12.0 ± 0.5 31 4.0 [3.0, 4.0] 1.0 ± 0.5
NGC 4395N 14 8.5 [5.3, 10.0] 10.0 ± 0.5 2 5.0 [5.0, 5.0] 5.0 ± 0.5
NGC 4395S 20 6.0 [5.0, 10.0] 10.0 ± 0.5 40 5.0 [5.0, 6.0] 15.0 ± 0.5
NGC 7793W 37 5.0 [2.0, 6.0] 6.0 ± 0.5 30 3.0 [3.0, 5.0] 2.0 ± 0.5
NGC 7793E 47 5.0 [4.0, 8.0] 20.0 ± 3.5 24 4.0 [2.0, 4.3] 1.0 ± 0.5

Isolated, concentrated Non-isolated, concentrated
Number of median SED Composite SED Number of median SED Composite SED

Field clusters E(B − V) [25 per cent,
75 per cent]

E(B − V) ± Error clusters E(B − V) [25 per cent,
75 per cent]

E(B − V) ± Error

NGC 1313W 5 0.26 [0.11, 0.30] 0.15 ± 0.01 25 0.13 [0.09, 0.27] 0.23 ± 0.01
NGC 1313E 10 0.22 [0.17, 0.26] 0.10 ± 0.01 15 0.22 [0.16, 0.30] 0.12 ± 0.03
NGC 4395N 6 0.05 [0.02, 0.15] 0.13 ± 0.01 0 – –
NGC 4395S 9 0.01 [0.00, 0.08] 0.06 ± 0.01 16 0.03 [0.00, 0.15] 0.02 ± 0.01
NGC 7793W 10 0.28 [0.13, 0.38] 0.26 ± 0.02 20 0.11 [0.05, 0.17] 0.11 ± 0.01
NGC 7793E 11 0.20 [0.12, 0.37] 0.22 ± 0.02 15 0.20 [0.10, 0.42] 0.22 ± 0.01

Isolated, partially exposed Non-isolated, partially exposed
Number of median SED Composite SED Number of median SED Composite SED

Field clusters E(B − V) [25 per cent,
75 per cent]

E(B − V) ± Error clusters E(B − V) [25 per cent,
75 per cent]

E(B − V) ± Error

NGC 1313W 1 – – 20 0.06 [0.03, 0.12] 0.16 ± 0.02
NGC 1313E 1 – – 25 0.09 [0.03, 0.13] 0.13 ± 0.01
NGC 4395N 1 – – 0 – –
NGC 4395S 4 0.00 [0.00, 0.04] 0.00 ± 0.01 23 0.00 [0.00, 0.00] 0.00 ± 0.01
NGC 7793W 3 0.06 [0.04, 0.07] 0.07 ± 0.01 19 0.07 [0.00, 0.14] 0.13 ± 0.01
NGC 7793E 4 0.14 [0.11, 0.22] 0.18 ± 0.02 11 0.06 [0.03, 0.13] 0.08 ± 0.02

Isolated, No H α emission Non-isolated, no H α emission
Number of median SED Composite SED Number of median SED Composite SED

Field clusters E(B − V) [25 per cent,
75 per cent]

E(B − V) ± Error clusters E(B − V) [25 per cent,
75 per cent]

E(B − V) ± Error

NGC 1313W 39 0.26 [0.13, 0.46] 0.13 ± 0.01 87 0.14 [0.05, 0.21] 0.00 ± 0.01
NGC 1313E 29 0.18 [0.08, 0.33] 0.06 ± 0.01 31 0.08 [0.04, 0.19] 0.27 ± 0.01
NGC 4395N 14 0.08 [0.04, 0.14] 0.00 ± 0.01 2 0.01 [0.01, 0.02] 0.00 ± 0.01
NGC 4395S 20 0.01 [0.00, 0.06] 0.00 ± 0.01 40 0.00 [0.00, 0.06] 0.00 ± 0.01
NGC 7793W 37 0.10 [0.05, 0.17] 0.05 ± 0.01 30 0.10 [0.06, 0.14] 0.21 ± 0.01
NGC 7793E 47 0.13 [0.05, 0.22] 0.00 ± 0.01 24 0.07 [0.04, 0.19] 0.16 ± 0.01
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Table 6 – continued

Isolated, concentrated Non-isolated, concentrated

Isolated, concentrated Non-isolated, concentrated
Number of Summed SED Composite SED Number of Summed SED Composite SED

Field clusters Mass ± Error Mass ± Error clusters Mass ± Error Mass ± Error
NGC 1313W 5 7.6 ± .4 E3 9.6 ± .3 E3 25 7.5 ± .3 E4 5.1 ± .1 E4
NGC 1313E 10 1.2 ± .1 E4 1.0 ± .1 E4 15 1.0 ± .1 E5 7.7 ± 2.1 E4
NGC 4395N 6 3.8 ± .3 E3 4.8 ± .2 E3 0 – –
NGC 4395S 9 3.9 ± .1 E3 4.1 ± .1 E3 16 8.0 ± .3 E3 6.0 ± .5 E3
NGC 7793W 10 1.1 ± .1 E4 7.2 ± .1 E3 20 1.6 ± .1 E4 1.8 ± .2 E4
NGC 7793E 11 1.9 ± .2 E4 1.7 ± .2 E4 15 2.5 ± .2 E4 2.2 ± .4 E4

Isolated, partially exposed Non-isolated, partially exposed
Number of Summed SED Composite SED Number of Summed SED Composite SED

Field clusters Mass ± Error Mass ± Error clusters Mass ± Error Mass ± Error
NGC 1313W 1 – – 20 6.0 ± .4 E4 7.2 ± .7 E4
NGC 1313E 1 – – 25 5.2 ± .3 E4 4.6 ± .1 E4
NGC 4395N 1 – – 0 – –
NGC 4395S 4 2.7 ± .3 E3 5.7 ± .1 E3 23 2.6 ± .1 E4 7.0 ± .1 E4
NGC 7793W 3 5.1 ± .1 E3 8.3 ± .3 E3 19 2.3 ± .1 E4 2.6 ± .1 E4
NGC 7793E 4 4.8 ± .4 E3 4.4 ± .2 E3 11 2.6 ± .4 E4 3.0 ± .4 E4

Isolated, no H α emission Non-isolated, no H α emission
Number of Summed SED Composite SED Number of Summed SED Composite SED

Field clusters Mass ± Error Mass ± Error clusters Mass ± Error Mass ± Error
NGC 1313W 39 1.8 ± .2 E5 1.6 ± .1 E5 87 2.6 ± .2 E5 2.4 ± .1 E5
NGC 1313E 29 8.8 ± 1.8 E4 9.5 ± .2 E4 31 1.1 ± .3 E5 1.4 ± .1 E5
NGC 4395N 14 2.1 ± .1 E4 1.7 ± .1 E4 2 3.8 ± .3 E3 3.7 ± .1 E3
NGC 4395S 20 3.4 ± .2 E4 3.4 ± .1 E4 40 1.0 ± .1 E5 1.6 ± .1 E5
NGC 7793W 37 3.0 ± .6 E4 1.1 ± .1 E4 30 3.2 ± .4 E4 6.1 ± .1 E4
NGC 7793E 47 5.9 ± .4 E4 7.3 ± 2.2 E4 24 2.8 ± .1 E4 3.8 ± .1 E4

Figure 12. (U − B) versus (V − I) diagrams for all 31 composite clusters. The left and right columns display composite clusters, respectively, including and
excluding individual clusters above 5000 M�. The top row shows the 18 isolated composite clusters and the bottom row shows the 16 non-isolated composite
clusters. Blue, green, and red points represent composite clusters with H II regions that are concentrated, partially exposed, and absent, respectively. Error bars
represent the constituent cluster errors added in quadrature. The four composite clusters that have aggregate masses well below the 5000 M� limit are marked
with a black X. The larger, black-outlined circles are provided for reference and represent the unweighted mean position of each morphological class across all
six fields. It is important to note that these mean positions are not exact, as the V-band for NGC 4395 and NGC 7793 is covered by F438W, while NGC 1313
uses F435W.
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H α morphologies of star clusters 4661

Figure 13. Cluster age, reddening, and mass plots comparing the composite cluster SED results with the median constituent cluster SED values. Blue, green,
and red points represent concentrated, partially exposed, and no-emission H α morphologies, respectively. Top row: SED age of composite clusters versus
median SED age of their constituents. Middle row: SED reddening of composite clusters versus median SED reddening of their constituents. Bottom row:
SED mass of composite clusters versus summed SED mass of their constituents. The left and right columns display the isolated and non-isolated samples,
respectively. Horizontal error bars for age and reddening represent the 25 per cent and 75 per cent quartile values for constituent clusters; horizontal errors
for mass depict the standard deviation in the distribution. Vertical error bars represent the SED error for the composite cluster.

morphology are older (∼4 Myr), and those with no H α emission
are the most evolved (>5 Myr). Consistent results are found when
the sample is divided into clusters that are isolated, and those that
have a neighbour (within 75 pc).

When KS tests are performed on isolated and non-isolated cluster
sub-samples separately, we find that the null hypothesis that the age
distributions for the clusters with concentrated and partially exposed
H α morphologies are drawn from the same parent sample cannot be
rejected with high certainty (∼2σ ), and the same is true for clusters
without H α and those with partially exposed H α morphologies.
When the samples are combined, however, KS tests reveal greater
confidence levels in the uniqueness of all distributions, and while
the confidence level is only just above 2σ for the distributions of
clusters with concentrated and partially exposed H α morphologies,
which indicates a short clearing time-scale (�1 Myr), each of the

other distributions are found to be statistically different (>3σ ).
This is primarily a consequence of the decreased sizes of the sub-
samples (Table 2). Hence, the overall sample size must be increased
to properly study the possible impact of nearby neighbours on H II

region morphologies and gas clearing time-scales.
Nevertheless, the age distributions for each of the H α mor-

phological classes are wider than the formal uncertainties alone
would allow. This likely indicates that H α morphology (and the gas
removal process) depends on multiple parameters beyond the age of
the parent star cluster (e.g. nearby neighbours/local star formation
density; dependence on metallicity; confining pressure of the
ISM).

The age progression results just discussed are model dependent,
and are based on the Padova models adopted for the LEGUS
‘reference’ catalogues of star cluster properties, and using the
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Milky Way extinction model (Adamo et al. 2017). When ages are
instead derived from SED fitting to Geneva models or alternate
extinction models (i.e. starburst and differential–starburst), the age
distributions of the clusters with concentrated and partially exposed
H α morphologies have consistent means and medians (∼3–
3.5 Myr). KS tests confirm that the null hypothesis that these ages
have been drawn from the same parent sample cannot be rejected
with high certainty (�2σ ). Of course, the statistical differences
between the age distributions for those clusters with H α emission
(whether concentrated or partially exposed) and those with no H α

emission remain significant.
Independent of the age distributions for each of the H α

morphological classes, we can infer the lifetimes of the classes
by examining their relative fractions, assuming that our sample is
statistically representative of all clusters ≤10 Myr. As shown in
Table 7, we see that the time a cluster spends in the concentrated
H α stage is ∼2 Myr for the total sample as well as for the isolated
and non-isolated sub-samples. While there are greater discrepancies
between the isolated and non-isolated samples for the partially
exposed class, we can infer a range of time-scales, ∼0.5–2.5 Myr,
for this stage. This could be due to a number of environmental
factors and perhaps is worthy of future investigation. The ‘length
of time’ spent in the no-emission class is then simply the remaining
time left in the cluster’s first 10 Myr, not the total length of time
spent without H α emission. For the total sample, the implied
average ages for the clusters with concentrated H α and partially
exposed morphologies are ∼1 and ∼3 Myr, which are somewhat
lower than the averages determined from analysis of the age
distribution.

The characteristic ages of the H α morphological classes mea-
sured from SED fitting of the composite clusters (Table 6) yields
a picture which is generally consistent with the analysis of the age
distributions of the individual clusters, and the lifetimes inferred
from the relative fractions of clusters in each class. The composite
clusters with concentrated H α morphologies show the youngest
average ages (∼3 Myr) and those where the cluster is partially
exposed have slightly older ages (∼5 Myr). For the composites
constructed from the isolated clusters with no H α emission, the
ages are between 6 and 20 Myr. Interpretation of the non-isolated
composite clusters without H α emission is less straightforward.
The positions of the non-isolated composite clusters on a colour–
colour diagram (Fig. 12, bottom panels) show that those without
H α emission are generally redder (and presumably older) than the
composites with concentrated or partially exposed H α morpholo-
gies. Yet, three of these composites have SED fit ages of 1–2 Myr,
while the other three have ages between 5 and 15 Myr. More work
is needed to understand why the SED-fit ages for these composites
are so low. If the low ages are robust, a speculation is that this
might be due to the confounding effects cluster neighbours have on
gas clearing (i.e. clusters that are young and still have ionizing OB
stars may have had their gas pushed away by other nearby stellar
populations).

Taken altogether, this analysis suggests that gas clearing be-
gins early (�3 Myr) and occurs quickly (�1 Myr). Such time-
scales provide evidence that young star clusters begin clear-
ing their gaseous surroundings prior to the onset of the first
SNe, due to radiation pressure and winds from their massive
stars. These findings are consistent with a range of previous
results.

In a similar analysis with HST H α images for 91 clusters in
M83, Hollyhead et al. (2015) study found that clusters initially
begin to remove gas at an age of ∼2 Myr, and also found that

the median cluster ages of their equivalent concentrated, partially
exposed, and no-emission H α morphologies to be ∼4, ∼5, and
∼6 Myr, respectively.

Grasha et al. (2018)’s study of the LEGUS galaxy NGC 7793
examines clearing time-scales by associating star clusters with their
nearest GMC based on ALMA CO data. They determine the clearing
time-scale by tracking how the distribution in the age of the cluster
populations changes as a function of their distance from the centre
of every GMC, and thus determine that clusters dissociate from
their GMCs at ages of 2–3 Myr.

Kruijssen et al. (2019) applied a statistical method to the com-
bined observations of molecular gas and H α emission from young
star clusters in NGC 300, and subsequently applied the method to
nine other nearby spiral galaxies in Chevance et al. (in preparation),
in order to characterize the correlation between GMCs and star
formation. For NGC 300, they found that GMCs and H II regions
coexist on average for 1.5 ± 0.2 Myr, while the larger sample
showed coexistence time-scales between 1 and 5 Myr, both of which
support the conclusion that feedback prior to the onset of SN, such
as stellar winds and radiation pressure, plays an important role in
the dispersal of a star cluster’s natal cloud.

Simulations also support this scenario. Kim, Kim & Ostriker
(2018) modelled the dispersal of GMCs by photoionization and
radiation pressure and found a range of cloud destruction times
between 2 and 10 Myr after the onset of radiation feedback. For
their fiducial model (initial cloud radius = 20 pc, mass = 105 M�,
tff = 4.7 Myr), they found that ∼ 50 per cent of their simulation
box (80 pc × 80 pc) was filled with ionized gas within 0.8 Myr after
the first stars were formed, and had mostly cleared all dense gas
within a 10 pc radius of the cluster within 1 tff (4.7 Myr). This was
performed without the aging of the stellar populations and thus these
time-scales serve as lower limits for radiation feedback. However,
this model also does not include SNe, which would produce their
own feedback as early as ∼3 Myr.

Tremblin et al. (2014) used 1D expansion models to investigate
the development of H II regions around young star clusters using
isochrone-based age estimates. By testing their models on the
Rosette, M16, RCW79, and RCW36 H II regions (which would
either have concentrated or partially exposed H α morphologies
in this study), they found their dynamical ages to agree with
photometric ages from previous results, and to support the early
onset of gas clearing by 2 Myr. Furthermore, they found that for
these four H II regions, a larger cloud radius correlated with an
older age. Correlations of age with H II region size has also reported
by Hollyhead et al. (2015) and Whitmore et al. (2011) and would
be interesting to investigate in future work.

It is interesting to note that when we examine the fields indi-
vidually (see Table 6), we see that galaxies with higher metallicity
(NGC 1313, NGC 7793; Z = 0.02) have younger median ages for
clusters with concentrated and partially exposed H α morphologies
(∼2–4 Myr) than those of the lower metallicity galaxy (Z = 0.004),
NGC 4395 (∼5 Myr). A speculation is that longer clearing time-
scales are associated with lower metallicity systems, as winds would
be weaker for lower metallicity stellar populations (Leitherer et al.
1999). Detailed studies of individual young clusters in metal-rich
galaxies such as Westerlund 2 (Zeidler et al. 2015) and NGC 3603,
both of which are located in the Milky Way (Pang, Pasquali &
Grebel 2011) have shown early signs of gas clearing. Images of
these clusters (fig. 2 of Zeidler et al. 2015; fig. 4 of Pang et al. 2011)
show a cavity formed around the central stars of at least ∼1–2 pc
(corresponding to our partially exposed class), while their estimated
ages are ∼1–2 Myr.
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Table 7. Relative fractions of, and inferred length of time spent in, each morphological class for the 251 isolated clusters,
403 non-isolated clusters, and the entire 654 cluster sample.

Isolated Non-isolated Combined

H α class Per cent
Length of stage

(Myr) Per cent
Length of stage

(Myr) Per cent
Length of stage

(Myr)

Concentrated 20.5 2.1 22.5 2.3 21.7 2.2
Partially exposed 5.5 0.6 24.7 2.5 17.3 1.7
No emission 74 7.4 52.8 5.3 61 6.1

Figure 14. Four 150 pc × 150 pc RGB postage stamps of the youngest
(1 Myr) isolated clusters with H II regions classified as no-emission. Cluster
ID is located in the upper left, age in the lower left, and mass (in M�) in
the lower right.

Figure 15. Mass histogram of all 186 isolated clusters without H α

emission. Clusters ≤3 Myr are plotted with a dashed line while clusters
>3 Myr are plotted with a solid line. The number of clusters as well as the
median mass values for these two bins is provided in the legend and the
medians are plotted with vertical lines.

6.2 Cluster mass and stochasticity

Since young clusters should have O-type stars ionizing their natal
gas, it may be surprising that we find clusters that have estimated
ages younger than 3 Myr (before the onset of SNe) with no
immediate H α emission. Fig. 14 shows postage stamps of four
of the youngest of these clusters classified as no-emission, each of
which have SED-determined ages of 1 Myr. There are at least three
possible explanations for this phenomenon: (1) the SED determined
ages for these clusters are incorrect, (2) these low-mass clusters are
young but did not produce an O-type star, or (3) the density of H II

is so low that the surface brightness of the Hα emission is below
our detection limit.

The mass distribution of clusters without H α emission may
provide some insight. The mass histogram of two age bins in Fig. 15
shows that there is a small difference in median mass between those
younger than 3 Myr (800 M�) and those older than 3 Myr (1200
M�). This could support the notion that the lower mass clusters have
a higher probability to not produce an O-type star to ionize its natal

Figure 16. 150 pc × 150 pc RGB postage stamps of isolated clusters
≥5 Myr with concentrated H II regions. Cluster ID is located in the upper
left, age in the lower left, and mass (in M�) in the lower right.

hydrogen gas. It is also plausible, however, that the low-mass nature
of these clusters contribute to a longer dynamical time-scale for the
formation of each cluster and hence may add another confounding
effect, as our models assume a single stellar population age for the
entire cluster.

We also find clusters with best-fitting ages ≥ 5 Myr that show
concentrated H α morphologies, after the typical 3–4 Myr time-
scale for SNe to begin clearing. Three of the six isolated clusters
with best ages ≥ 5 Myr and concentrated H II regions have their
postage stamps shown in Fig. 16. All of these older concentrated
clusters were found in NGC 4395, the lowest mass galaxy in our
sample, and none were found in NGC 7793 and NGC 1313. The
clusters themselves are relatively lower mass as well (from 200 to
500 M�), thus stochastic effects may introduce larger uncertainties
into the age determinations.

6.3 Cluster reddening and stochasticity

Overall, in all three galaxies, we find relatively low reddening values
for our clusters, where the range of our median E(B − V) values
across the different morphological classes correspond to AV values
between 0.3 and 0.6. Kahre et al. (2018)’s examination of extinction
versus neutral H column density for NGC 7793 revealed similarly
small extinction values, with the vast majority between AV values
of 0.3 and 0.6, consistent with what we find in our cluster sample.

A comparison of the colour–colour plots of our sample with the
massive M83 clusters examined by Whitmore et al. (2011) and
Hollyhead et al. (2015) show interesting differences. In the M83
studies, clusters with concentrated H α emission showed a high
degree of reddening, with some clusters lying near the 10 Gyr point
on the model, while the clusters with no H α emission had the
bluest colours and the tightest locus. As cluster age increases, the
concentration of gas, H α emission, and thus reddening are expected
to decrease (Barlow 1993). This is supported by the observations
of Hollyhead et al. (2015); namely that the clusters of M83 without
H α emission were not nearly as spread out due to reddening as
the clusters with concentrated H α. In our sample, however, we see
that clusters with no H α are the ones that have the reddest colours
because a significant fraction of them contain a bright red source.
Additionally, we find that clusters without H α have reddening
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values that are comparable to those that show concentrated H α

morphologies. This could be a result of overestimated reddening
and corresponding underestimated ages, as also found by Whitmore
et al. (2011) and Whitmore et al. (in preparation) in the analysis of
low-mass clusters without H α in M83 and NGC 4449.

Further for NGC 7793, we have compared the reddening values of
these clusters based on SED fitting with extinction maps made from
the Balmer decrement (H α/H β) using VLT-MUSE (Multi Unit
Spectroscopic Explorer) data (Della Bruna et al. in preparation).
There are 65 clusters in our young cluster sample (≤10 Myr) that
have MUSE coverage. For all 65 clusters, the median best SED-
fit reddening is 0.11 while the median reddening determined with
H α/H β via the MUSE data is 0.36. It is notable that only 7 of these
65 clusters have a best SED-fit E(B − V) greater than the Balmer
calculated E(B − V) and each of those 7 clusters contain a bright
red source. While clearly suffering from small number statistics, the
data do seem to suggest that clusters containing a bright red source
correlate with a larger SED-fitting E(B − V) than the H α/H β

determined E(B − V).
The uniqueness of the reddening distributions of clusters with and

without bright red sources (Fig. 10), and comparison with the local
gas extinction lead us to conclude that the presence of bright red
sources produces a significant impact on the SED-fitting reddening
of a cluster. Thus, we find that our sample of clusters with no H α

emission have red colours, which are not necessarily due to dust,
but rather because there is a bright red source within the aperture.

Lastly, this likely overestimation of reddening for our clusters
appears to be corrected by our stacking procedure. Compared to
their constituent clusters, the older ages and smaller reddening
values for our isolated composite clusters are more consistent with
a cleared-out environment and thus potentially mitigates stochastic
effects. As such, this procedure appears to provide a promising
avenue for analysing isolated clusters with stellar masses below
the stochastic limit. More care must be taken when stacking non-
isolated clusters, which show dichotomous results (see Section 6.1
for this discussion).

7 SU M M A RY A N D F U T U R E WO R K

We examine ∼700 young (≤10 Myr) star clusters in the nearby
spiral galaxies NGC 7793, NGC 1313, and NGC 4395 (d ≈ 4 Mpc).
We study the H α morphology of the H II regions surrounding the
clusters in relation to cluster age, reddening, and mass derived
through SED fitting of HST NUV, U, B, V, I photometry. The
SED-fitting properties are available via the LEGUS star cluster
catalogues that have been publicly released through MAST. The
ultimate objective is to use the H α morphology around young star
clusters to gain insight into the time-scales, and thus the physical
processes at work, in the clearing of a cluster’s natal gas. We classify
the clusters in the sample according to (1) visually determined H α

morphology (concentrated, partially exposed, and no-emission) and
(2) whether they have neighbouring clusters, which could affect the
clearing time-scales. A summary of our main results are as follows:

(i) The distributions of cluster ages for each of the H α mor-
phological classes are consistent with the expected evolutionary
sequence, as also found by studies of young star clusters in M83
(Whitmore et al. 2011; Hollyhead et al. 2015). For the combined
samples of isolated and non-isolated clusters, the median age of
clusters (1) with concentrated H α is the lowest at ∼3 Myr; (2) which
are partially exposed by their H α emission is ∼4 Myr; and (3) with
no H α emission is the highest at >5 Myr. The distinction between
the ages of clusters with concentrated and partially exposed H α

morphologies is model dependent, however. The mean and median
ages of these classes based on the Geneva stellar evolution model (as
opposed to our reference catalogue, which uses the Padova model)
or with alternate extinction models (i.e. starburst or differential-
starburst extinction instead of Milky Way extinction) are consistent
(∼3–3.5 Myr). Overall, this indicates that the clearing time-scale is
short – on the order of or less than our SED time-step of 1 Myr.

(ii) When the isolated and non-isolated samples are treated
separately, KS tests cannot confirm with high certainty (∼2σ )
that the age distributions for all three morphological classes are
statistically different. When the isolated and non-isolated samples
are combined, however, the likelihood that they do not share a
parent distribution is stronger (�3σ ). These results indicate that a
larger sample size is needed to properly study the possible impact
of nearby neighbors on H II region morphologies and gas clearing
time-scales.

(iii) In contrast to previous studies and expectation, which find
that clusters without H α emission are less reddened (e.g. Whitmore
et al. 2011; Hollyhead et al. 2015; Barlow 1993), we find comparable
median E(B − V) values for clusters with concentrated H α and no
H α emission (0.18 versus 0.14, respectively). However, the clusters
with no H α tend to contain bright red point-like sources, and are
significantly redder in the (U − B) versus (V − I) diagram than
clusters with concentrated H α. Given that these clusters have very
low masses (several hundred M�), we posit that this is the result
of stochasticity in IMF sampling, and that the reddening has been
overestimated for clusters containing bright red sources.

Our experiments to mitigate stochastic effects by summing the
fluxes of the clusters in each H α morphological class to synthesize
more massive composite sources have yielded promising results.
From the observed properties of the composite clusters along with
the ages, masses, and reddenings from SED fitting, we find the
fallowing:

(i) The colours of the composite clusters lie close to the evolu-
tionary model track of a single-age population, and in general, have
an age progression consistent with results based on the analysis of
individual clusters.

(ii) The ages and reddening of composite clusters with concen-
trated and partially exposed morphologies are comparable to their
constituents.

(iii) Isolated composite clusters with no H α are over twice as
old (∼12 Myr versus ∼5 Myr) and have significantly less reddening
(∼5x) than their constituent clusters, which is more consistent
with a cleared-out environment. The non-isolated sample, however,
shows mixed results. While two of the composite clusters similarly
have older ages and smaller reddening than their constituents,
three composite clusters show the opposite result, namely having
younger ages (all 1–2 Myr) and larger reddening (>2x) than their
constituents. This is especially puzzling because of their position in
(U − B) versus (V − I) space: while they do appear closer to the
younger end of the model than the isolated sample, the reddening
vector would not appear to trace them back to the 1 Myr point in the
model but rather �3 Myr. We speculate that this could be the result
of confounding effects cluster neighbours have on gas clearing.

In this work, we have designed the analysis to rely on the LEGUS
star cluster catalogues. The star clusters, which are effectively single
aged stellar populations, act as clocks that can be used to time the
evolution of the H II region H α morphologies and clearing of
the gas. While this provides a statistically complete sample of star
clusters for study, it does not allow us to answer questions about
the fraction of the overall H II region population that are associated
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with star clusters, or to check whether the H II regions associated
with the clusters studied here are a representative sample of the
population. Such questions require complete H II region catalogues
to be developed (e.g. Thilker, Braun & Walterbos 2000; Kreckel
et al. 2016), and will be pursued in future work (e.g. Della Bruna
et al. in preparation).

Additionally, one of us (SH) visually classified the H α mor-
phology of the clusters. The usual drawbacks with human visual
classification include the time-consuming nature of the task, and
the relative subjectivity of classification. In the future, a more
quantitative approach, which includes measurement of the CI of
the H α emission, could be pursued. A cursory examination of
concentration indices of H α relative to the total H α flux for
our sample confirms photometric differences between the mor-
phological classes. Machine learning techniques could also be
pursued using the classifications established here as the foundation
of a training sample. Robust training of neural networks would
require larger samples with human classifications than used here.
Such approaches could be used to classify the many thousands of
additional young clusters in the full H α LEGUS galaxy sample,
and facilitate future study of possible environmental dependences
of H II region evolution time-scales.
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