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Abstract

We present a new study of the cluster populations in the blue compact dwarf galaxies (BCD) ESO185-1G13,
ESO338-1G04, and Haroll, based on new and archival high-resolution images taken by the Hubble Space
Telescope, and the first to probe the populations older than ~100 Myr. BCDs are believed to experience intense
bursts of star formation (including at the present day) after long periods of quiescence, but little is known about the
timing, frequency, duration, and strength of these bursts or about their star formation histories in general. We find
that the cluster population in each of the three galaxies studied here has its own unique distribution of colors and
hence a unique cluster and star formation history. From an assumed correlation between the normalization of the
cluster mass function and the star formation rate of the host galaxy, we construct cluster-based star formation
histories over the past ~few x Gyr and find that only Harol1 is currently experiencing a burst (~factor of 10
increase in the rate of star formation for the last ~20 Myr), whereas ESO185 experienced enhanced star formation
(by a factor ~4) between 10 and 40 Myr ago, and ESO338 has had a fairly constant SFH over the past few Gyr.
These findings indicate that not all BCDs are experiencing a burst of star formation at the present day, and that
some have been forming stars and clusters at a fairly steady rate (within a factor of ~2-3) over the past few Gyr.
This scenario is similar to the histories of dwarf irregular and dwarf starburst galaxies, which have star formation
rates that are 10-1000 times lower than those in BCDs.

Unified Astronomy Thesaurus concepts: Galaxy evolution (594)

1. Introduction

Blue compact dwarfs (BCDs) are small, clumpy galaxies that
are experiencing intense star formation (e.g., Sargent 1970;
Kunth et al. 1988; Thuan & Izotov 2005; Bekki et al. 2010).
Some BCDs, like Haro11, have distinct star-forming knots with
physical sizes of a few hundred pc that are dominated by
different-age stars and clusters (Sirressi et al. 2022). Somewhat
unusually for such intensely star-forming galaxies, BCDs do
not contain much dust or many metals (Mas-Hesse &
Kunth 1999), and they are about 1/10 the size (1/100 the
area) of typical spiral galaxies like the Milky Way. These small
galaxies are of particular interest in galaxy evolution because
they share many of the properties observed in high-redshift
galaxies (e.g., Hoopes et al. 2007; Cairds et al. 2010; Chen
et al. 2023; Hainline et al. 2024).

BCDs are believed to have experienced long periods with
little activity punctuated by short-lived, violent bursts of star
formation (Fanelli et al. 1988; Zhao et al. 2011). Analysis of
their integrated light indicates that many of these galaxies are
experiencing an intense burst of star formation right now (e.g.,
Papaderos et al. 2008). This view is supported by previous
analyses of the cluster populations in a number of blue compact

Original content from this work may be used under the terms
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dwarf (BCD) galaxies, where it was suggested that the rate of
cluster and hence star formation peaked in the last 10 Myr in
ESO 185 (Adamo et al. 2011b), ESO338 (Ostlin et al. 2003;
Adamo et al. 2011a), and Haro 11 (Adamo et al. 2010), among
others (e.g., Silich et al. 2002; Contreras Ramos et al. 2011;
Olsen et al. 2021). Two timescales are likely relevant for
bursts: ~5-10 Myr (comparable to the lifetime of massive
stars) and ~few tens of Myr (the crossing time of star-forming
knots). A burst of star formation produces strong feedback in
the form of stellar winds, supernova explosions, etc., that might
disrupt the gas that fuels star formation and extinguish the
starburst on the timescale of a few to ten Myr, according to
observations (e.g., Mas-Hesse & Kunth 1999; Schaerer et al.
1999; Thornley et al. 2000; Tremonti et al. 2001; Harris et al.
2004) and theory (e.g., Tosi et al. 1989; Ferguson &
Babul 1998; Stinson et al. 2007). A longer timescale of
roughly a few tens of Myr may also be possible, as this is the
crossing time of star-forming knots, which have sizes
~few x 100 pc.

We know now that short, intense bursts of star formation are
rare in dwarf irregular and starburst galaxies, which are
forming stars at rates 10—10,000 times lower than BCDs. These
galaxies experience star formation that is continuous within a
factor of 2-3, and with no rapid “self-quenching” (McQuinn
et al. 2010a; Cignoni et al. 2019). Because many normal
galaxies experience variations in their rate of star formation at
this level, in this work we consider a “burst” to be a much more
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Figure 1. Three-color HST images of the blue compact dwarf galaxies in this study. For ESO185 and Harol1, the red channel shows Ho emission, and for ESO338,
this channel shows Pag because no Ho imaging exists. Knots of star formation appear red and highlight the locations where star formation is currently taking place.
The scale bar in the left panel is 5” long, and represents 1.8 kpc, 0.9 kpc, and 2.0 kpc in ESO185, ESO338, and Haro 11, respectively.

Table 1
Blue Compact Dwarf Galaxy Sample

Galaxy Distance Foreground SFR* Area YSFR
Name (Mpc) EB — V) (mag) Mo yr ™) (kpe?) (M., yr " kpe ™)
ESO 185 76 0.048 4.6 12.3 0.38

ESO 338 38 0.076 2.3 2.0 1.15
Harol1 82 0.010 17.4 10.2 1.70
Note.

 The original star formation rates published in Adamo et al. (2011a) have been divided by 1.38 to convert from an assumed Salpeter to the more modern Chabrier

stellar initial mass function.

significant increase, by a factor of ~10 or more, in its star
formation rate. Compared to dwarf irregular and dwarf
starburst galaxies, BCDs have especially compact stellar and
H I distributions (Papaderos et al. 1996; van Zee et al. 1998;
Janowiecki & Salzer 2014; Lelli et al. 2014). It is possible that
this compact distribution enables more efficient bursts that
reach significantly higher rates of star formation.

A number of open questions about the star formation histories
of BCDs remain. Are all BCDs currently experiencing a burst of
star and cluster formation? What is the typical timing, duration,
strength, and frequency of star-forming bursts in BCDs? How do
their SFHs compare with their less intensely star-forming cousins,
dwarf starburst and irregular galaxies? In this work, we address
these questions by determining the first star formation histories of
ESO185-1G13 and ESO338-IG04, hereafter referred to as
ESO185 and ESO338, as well as Harol1, three BCD galaxies
observed with the Hubble Space Telescope (HST) as part of the
“Clusters, Clumps, Gas, and Dust (CCDG) in Extreme Star-
forming Galaxies” project (GO-15649; PI: Chandar). We use the
ages and masses of the star cluster populations to trace the star
formation process, because an increase in the rate of star
formation results in an increase in the mass of the most massive
clusters and in the amplitude of the cluster mass function
(Chandar et al. 2017; Whitmore et al. 2020).

The rest of this paper is organized as follows. We summarize
basic properties of our sample and the cluster catalogs in
Section 2. In Section 3, we present the color—color diagrams,
the mass—age diagrams, and the age distributions of the
clusters. Section 4 focuses on estimating the star formation rate
in different age intervals based on the observed cluster
properties, and Section5 presents the cluster-based star

formation histories of the BCDs, quantifies properties of
bursts, and compares with known SFHs from more moderately
star-forming dwarf galaxies. We summarize our main results in
Section 6.

2. Galaxy Sample and Cluster Catalogs

This work is based on the new, HST-based cluster catalogs
presented by Chandar et al. (2023) for ESO185, ESO338, and
Harol11, also referred to as Paper L. In this section, we summarize
basic properties of each galaxy and of the cluster catalogs; we
refer the interested reader to Paper I for more details.

2.1. Blue Compact Dwarfs

In this work, we use observations of the BCD galaxies
ESO185, ESO338, and Haroll taken with the Hubble Space
Telescope (HST), as part of the CCDG project (GO-15649, PI:
Chandar). These galaxies are known to have formed many
stellar clusters (e.g., Ostlin et al. 2003; Adamo et al
2010, 2011a, 2011b; Sirressi et al. 2022). Figure 1 shows
color images of each galaxy. We adopt the same values for the
distance, star formation rate (SFR), and SFR per area (Xggr)
for each galaxy as in Paper I and compiled in Table 1.

ESO185 has a bright, bar-like structure crossing the center,
and tidal features that suggest it experienced a recent
interaction or merging event. We adopt a distance of 76 Mpc,
and estimate an Ha-based star formation rate® of 4.6 M yr"
and an SFR per unit area or Ygpg =0.38 M, yr 'kpc >

& In Paper I, we corrected the SFRs downward by a factor of 1.38, in order to
convert them to a Chabrier IMF from the assumed Salpeter IMF.



THE ASTROPHYSICAL JOURNAL, 965:95 (11pp), 2024 April 10

ESO 185 5aae 2y . : ESO 338

Chandar et al.

Figure 2. Locations of age-dated clusters in each target galaxy. Blue squares show very young clusters with estimated ages log(7/yr) < 7.0, lime triangles represent
7.0 < log(t/yr) < 8.0, yellow crosses show 8.0 < log(7/yr) < 8.6, and red circles show the locations of clusters with log(7/yr) > 8.6. Younger sources tend to be
more clustered, and older clusters are preferentially found toward the outskirts of each system. The older clusters in the outskirts of ESO338 are particularly striking

and easy to see in the images.

(Adamo et al. 2011a; Chandar et al. 2023). Very young,
recently formed clusters are evident from the strong Ha
emission shown in red in Figure 1.

Recent star formation in ESO338 has been more evenly spread
throughout the galaxy than in ESOI185. This galaxy is located
38 Mpc away, and it has a previously estimated Ha-based star
formation rate of 2.3 M. yr ' and Ygpr = 1.15 M, yr ' kpc 2
(Adamo et al. 2011b; Chandar et al. 2023). An earlier study by
Ostlin et al. (2003) found little-to-no obscuration by dust for even
the youngest clusters formed in this galaxy.

Harol1 has three bright “knots” (labeled A, B, C), which are
dominated by clusters of different ages (Sirressi et al. 2022). The
region to the west of knot “B” has the strongest Ha emission
(shown in red in Figure 1) and has some dust and obscuration,
although we do not identify any new clusters in this area from
our near-infrared imaging. Knot A contains less Ha emission
and slightly older clusters, while Knot C has little Ho emission
and even older clusters. Haroll is located at a distance of
82 Mpc, and it has an estimated Ha-based star formation rate of
174M.yr " and S =170 M. yr 'kpc™? (Adamo et al.
2011a; Chandar et al. 2023).

2.2. Source Detection and Photometry

HST images of ESO185, ESO338, and Harol1 are available
in broad- and narrowband filters from the near-ultraviolet to the
near-infrared. The observations used in this work are a mix of
new and archival images. We use images in the following
filters: NUV (F275W), U (F336W), B (ACS /F435W or WFC3/
F438W) V (F555W), Ha (F658N), and I (F814W). P (F130N)
and H (F160W) imaging taken with the WFPC3/IR camera as
part of GO-15649 was not used in our age dating, because
including these bands increased the uncertainties in the age-
dating results (summarized below), likely due to the poorer
resolution. Individual exposures are processed through the
standard Pyraf/[0]STSDAS CALACS or CALWFC3 software,
which performs initial data quality flagging, bias subtraction,
gain correction, and bias stripe removal, corrects for CTE
losses, and subtracts dark current. It then performs flat-fielding
and photometric calibration on the images. The individual files
are aligned and drizzled onto a common grid to create one
image for each filter, with the V-band image used as the

reference. The images are all oriented with north up and east to
the left, and they are shown in Figure 1.

At the distances of the three BCDs, stellar clusters appear as
point-like sources. The DAOFIND detection algorithm was
used to select point-like sources down to a 3o detection limit.
Aperture photometry in all broadband filters was performed in
a two-pixel radius with background radii of 7 and 9 pixels. We
convert the apparent magnitudes to the VEGAMAG system,
but refer to them as the NUV, U, B, V, I, and Ha filters for
simplicity. Filter-dependent aperture corrections were deter-
mined from isolated sources and applied to obtain the total
apparent magnitude for each cluster.

The main contaminants to the source lists are foreground stars
and background galaxies. Most foreground stars are identified
through GAIA astrometry. We performed a final visual
inspection of all detected sources to remove any remaining
contaminants. Some background galaxies are seen toward the
outskirts of each system, and ESO185 and Harol1 each contain
objects that appear to be nuclei or nuclear clusters (a single
object at the dynamical center of ESO185, and three very bright
point sources in Haro11). We do not include these sources in our
catalogs. The final cluster catalogs contain 213/596 (ESO185),
300/399 (ESO338), and 180/536 (Haroll) candidate clusters
brighter than my = 24.5/27.0 mag. The locations of the clusters
in our final sample are shown in Figure 2.

2.3. Cluster Age and Mass Estimates

A detailed description of the age and mass estimates of the
clusters was given in a companion work (Chandar et al. 2023),
so we provide only a summary here. We estimated the age (7)
and extinction (Ay) for each cluster by performing a least-y fit
comparing the observed cluster magnitudes (NUV, U, B, V, I,
and Ha) with predictions from the 1/5 x solar BCO3 population
model, where the measurement in each filter is weighted by the
inverse of its photometric uncertainty. Adamo et al.
(2010, 2011a) adopted a similar metallicity for these galaxies
in their analysis of their cluster systems. The allowed cluster
ages range from log (7/yr)=6.0 to 10.2, and the range of
E(B — V) runs from 0.0 mag up to a maximum value. For all
clusters in ESOI185 and ESO338, we adopt a maximum
E(B — V) value of 0.1 mag, because their colors closely follow
the predicted evolutionary tracks, indicating they are hardly
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affected by dust. We adopt the same maximum E(B — V) for
clusters in Harol1, except those in the dusty region around
knot B, where we adopt a maximum E(B — V) = 0.5 mag, since
some of these clusters have Ha emission but redder colors.

Haroll is the dustiest of the BCDs in our study, so it
provides a good test for the results of our age dating. Figure 2
shows that clusters in knot B predominantly have ages younger
than 10 Myr, those in knot A have ages just older than this,
~10-40 Myr, and those in knotC are older still, with ages
~50-400 Myr. This age progression can be clearly seen in
Figure 1, where essentially no Ha emission is seen in
association with the clusters in knot C, weak Ha emission is
observed in knot A but not directly associated with most
clusters, and strong Ho emission is evident throughout knot B.
Optical spectroscopy also supports these relative age estimates
for the three knots (Sirressi et al. 2022).

We also ran our age-dating method with a maximum
E(B —V)=1.0 and 1.5 mag. We find that the age estimates for
clusters with clear Ha emission in ESO185 and Haroll are
almost always <6 Myr, regardless of the maximum allowed
E(B — V)°. This correct but nonetheless counterintuitive age-
dating result occurs because strong Ha emission tends to
dominate over the fainter short-wavelength measurements in
the fits. The main change in the age-dating results when the
maximum E(B— V) is set to 1.0 or 1.5 is that a number of
clearly older clusters (based on their integrated colors, locations
in less-crowded regions, and lack of dust or Ha emission) are
erroneously assigned young ages ~7-10Myr and E(B — V)
values greater than 0.5 mag, instead of ages older than
~100 Myr (see also Whitmore et al. 2020, 2023).

The mass of each cluster is estimated from the observed V-
band luminosity, corrected for extinction. The (present-day)
age-dependent mass-to-light ratios (M/Ly) are predicted by the
models, assuming the distances compiled in Table 1. The BC03
models assume a fully sampled Chabrier (2003) stellar IMF
with a range of masses between 0.1and100 M.

We made several detailed checks in PaperI and found that
our method and assumptions result in good age estimates for
the overall population, with no obvious systematic errors or
biases. In Figure 2, we show the locations of clusters with
different ages. Clusters tend to clump together when they are
very young, and spread out over time. Older clusters are found
preferentially toward the outskirts of the BCDs: ESO338, in
particular, has a strong population of bright red, older clusters
in the outskirts. While we may be missing faded, older clusters
in the regions with bright backgrounds, we would not miss
young clusters outside of these regions.

3. Results
3.1. Color-Color Diagrams

The color—color diagrams of cluster populations can reveal
important information about the star formation histories of their
host galaxies. We show the NUV-B versus V-I color—color
diagrams of all detected clusters in ESO 185 (left panel), ESO
338 (middle panel), and Haroll (right panel) as gray circles,
and clusters brighter than my of 24.5 mag as black circles, in
Figure 3. Cluster colors have been corrected for the foreground
reddening values given in Table 1. The arrow in the right panel

® The exception being a handful of very young but clearly reddened clusters

in the dustiest region of Haroll, which requires an E(B — V) =0.5, as
described in Paper I.

Chandar et al.

shows the direction and amount that additional reddening of
E(B —V)=0.4 mag would move a cluster in this diagram,
assuming a Milky Way—type extinction law (Fitzpatrick 1999).

Each panel also shows predictions from the Bruzual &
Charlot (2003) stellar population models for 1/5 x solar (solid
line) and solar metallicity (dashed line). The models predict the
color (and luminosity) evolution of clusters starting soon after
their birth at 1 Myr (upper left), through the ages of globular
clusters around ~12 Gyr in the lower right. The different
metallicity models are reasonably similar at younger ages, but
they diverge appreciably starting around a few x 100 Myr, with
bluer colors for a given age predicted at lower metallicity, the
well-known age—metallicity degeneracy.

Intriguingly, there are notable differences in the colors of the
cluster populations in the three BCDs studied here. A few key
features are highlighted by the red circles in the top panels of
Figure 3. ESO 338 has a rich population of clusters with colors
between model ages of few x100Myr and few Gyr, unlike
either ESO 185 or Haro 11 (see the circled cluster population in
the top middle panel of Figure 3). These are also seen in Figure 2
(middle panel) as the red circles found throughout—but
preferentially on the outskirts of—the galaxy. An inspection of
the images confirms that these are redder, older clusters rather
than background galaxies. A number of clusters in ESO185 have
colors that clump near the ~100 Myr model (circled in the top
left panel of Figure 3), and the vast majority of bright clusters in
Haroll have colors that coincide with models younger than
~30 Myr. As we will see below, these features observed in the
color—color diagrams translate to the ages and masses of the
cluster populations. There is a scatter of points, mostly faint
clusters represented by gray dots that lie above the model
predictions in a region of color—color space that cannot be
explained by extinction due to dust. We examined these sources
and almost all are quite faint with large uncertainties in the NUV
photometry. These large uncertainties will downweight the NUV
measurements in the age dating.

3.2. Mass—-Age Diagram

In the bottom panels of Figure 3, we plot our age and mass
results for the cluster populations of ESO185, ESO338, and
Haroll, based on the SED fitting method described in the
previous section. The dashed curve along the bottom of each
distribution represents the approximate completeness limit of
My~ — 8. This line essentially shows the fading of clusters
over time, as luminosity-limited samples do not detect older
clusters at lower mass, because they are significantly fainter
than younger clusters at similar masses.

The mass—age diagrams have a number of small-scale
features, with pileups at specific ages and small gaps at others.
The broad distribution of cluster masses and ages, however, is
not greatly affected by these small-scale features. The cluster
populations in the three BCDs studied here show differences in
their age—mass distributions, suggesting they have experience
distinct cluster and hence star formation histories over the past
few Gyr. These differences reflect the key features we
highlighted in their color—color diagrams. In Section4, we
determine the star formation rate in different age intervals for
each galaxy. We adopt the following age intervals as our
default: log (1/yr) = 6-7, log (7/yr) = 7-8, log (7/yr) = 8-8.6,
and log (7/yr) = 8.6-9.5. If the cluster population looks fairly
smooth across each age interval in the bottom panels of
Figure 3 (for example, ESO338), we use the default age
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Figure 3. NUV-B vs. V-I color—color diagrams for the cluster populations in ESO185-1G13, ESO338-IG04, and Haro 11 are shown in the top panels, and the
corresponding mass—age plots are shown in the bottom panels. Some key differences between the three blue compact dwarf galaxies are highlighted by the red circles
and connected to the same cluster population in the age—mass diagrams. See text for more details.

intervals. If instead we see clear changes in the age—mass
diagram (for example, the most massive clusters in Haroll
have ages between log (7/yr) ~ 6.7-7.3), we customize the age
interval so that these features do not get averaged out or
diluted. This approach allows us to better quantify the timing,
duration, and intensity of any bursts or enhancements in the star
formation rate, which can occur at different times in different
galaxies.

1. ESO185 experienced strong cluster formation
~15-40Myr ago (blue circle), and significantly less
formation earlier than ~few x 100 Myr ago. The clusters
circled in red in the top left panel of Figure 3 correspond
to an interval when cluster formation appears to have
been enhanced relative to younger and older age
intervals. Based on the age—mass diagram, we divide
the cluster population into the following age intervals:
log (7/yr) of 6.0-7.0, 7.0-7.6, 7.6-8.2, 8.2-8.6, and

8.6-9.5. The star formation rate will be estimated
separately for each of these intervals in Section 4.

. ESO338 has experienced much more continuous cluster

formation than ESO185 over the past few Gyr, especially
at ages older than 2100 Myr. The highest masses reached
by clusters in ESO338 are similar to those observed in
spiral galaxies. We use the default age intervals for this
cluster population: log (r/yr) of 6.0-7.0, 7.0-8.0,
8.0-8.6, and 8.6-9.5.

. Haro 11 experienced its strongest cluster formation only

recently, with the most massive clusters forming
approximately 15-20 Myr ago. In fact, the population
includes clusters with some of the highest masses known
in the nearby Universe, comparable to those found in
NGC 1365 (Whitmore et al. 2023), the Antennae
(Whitmore et al. 2010), and NGC 3256 (Mulia et al.
2016), all of which are systems with high rates of star
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Figure 4. The shapes of the cluster mass functions in <10 Myr (blue), 10-100 Myr (green), and 100-400 Myr clusters (red) do not depend on age for our target
galaxies, since we do not see older clusters (red) flatten toward lower masses, as expected if mass-dependent disruption dominates the shape of the cluster mass
function. The best-fit power-law indices (3 for each distribution are as follows. ESO185: —1.89 £+ 0.19 (1-10 Myr), —1.79 + 0.23 (10-100 Myr), and —1.82 + 0.18
(100-400 Myr). ESO338: —1.91 +£0.11 (1-10 Myr), —1.95 £0.16 (10-100 Myr), and —2.01 &+ 0.25 (100-400 Myr). Haroll: —1.69 £+ 0.08 (1-10 Myr),

—1.49 £ 0.11 (10-100 Myr), and —1.73 4= 0.21 (100-400 Myr).

formation. We study the Harol1 cluster population in the
following age intervals: log (7/yr) of 6.0-7.3, 7.3-8.0,
8.0-8.6, and 8.6-9.5.

3.3. Mass and Age Distributions

The cluster mass and age distributions and their relationships
to one another provide important insight into the formation and
evolution of the clusters (e.g., Bastian et al. 2005; Chandar
et al. 2010; Fall et al. 2010; Fall & Chandar 2012).

In Figure 4, we present the mass functions for star clusters in
three intervals of age, 1-10 Myr (blue), 10-100 Myr (green),
and 100-400 Myr (red), for each of our galaxies. Each mass
function is well described by a simple power law,
dN /dlogM ~ MP+!, and all but one have a best-fit value
within f=—19+0.2 (compiled in Table 2). The one
exception is for clusters formed between 10 and 100 Myr ago
in Haroll, which have a somewhat flatter distribution with
8= —1.50+£0.11. This could be, at least in part, because there
are several very massive clusters (approaching ~10" M..),
which flatten the upper end of the distribution. Another
possibility is that the difficulty in identifying fainter, lower-
mass clusters in galaxies beyond =50 Mpc due to crowding can
result in a power-law index that is flatter by ~0.3 (Lahén et al.
2022). Overall, however, the shapes of the cluster mass
functions are quite similar at different ages, and they are
approximately independent of age.

Lahén et al. (2022) also find that, during an intense star-
forming event, the most massive clusters may have masses that
are overestimated by a factor up to ~3 in galaxies beyond
50 Mpc. Because clusters disperse over time, we do not expect
this bias to persist for more than a few tens of Myr. We assess
the impact this bias may have on 10-100 Myr clusters in

Table 2
Power-law Index () for Cluster Mass Function Fits
Galaxy o) Jo] 5]
Name 1-10 Myr 10-100 Myr 100400 Myr
ESO 185 —1.89 £0.19 —1.79 £0.23 —1.82 £0.18
ESO 338 —1.91 £0.11 —1.95 £ 0.16 —2.01 £0.25
Harol 1 —1.69 £+ 0.08 —1.49 £ 0.11 —1.73 £0.21

Note. The power-law index is determined from a least-squares fit to log
(dN/dlogM) = (B + 1)logM+ const.

Haroll by performing a simple experiment where we assume
that each of the 10 most massive clusters are actually made up
of three equal-mass clusters. The experimental catalog gives a
mass function that has a power-law index that is steeper
by =0.2.

The observed age distribution reflects the combined forma-
tion and disruption histories of the clusters. If clusters form at a
constant rate with little-to-no disruption, their age distribution,
x (1) < dN/dr o< 77, will be flat, with vy~0. If mass-
dependent disruption is important in shaping cluster demo-
graphics, lower-mass clusters will disrupt earlier than their
higher-mass counterparts, leading to a steeper power-law index
for lower-mass clusters. For constant formation and mass-
independent disruption, v <0, with no dependence of  on
cluster mass. Alternatively, 7 <0 could also arise from an
increasing rate of cluster formation from the past to the present.

Figure 5 shows cluster age distributions in the indicated mass
intervals for each BCD. We have used bin sizes in log 7 that are
a compromise between bridging small-scale features in the M—1
diagram and small-number statistics, while also restricting the
plotted ranges to stay above the luminosity limit of each cluster
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Figure 5. The cluster age distributions do not depend on mass, because their shapes are approximately similar in different mass ranges (indicated). If mass-dependent
disruption affected the observed cluster population, lower-mass clusters should have a steeper age distribution than their higher-mass counterparts. The lines show
power laws, dN /dr o 77, with the best-fitting exponents written by each distribution.

Table 3
Power-law Index () for Cluster Age Distribution Fits
Galaxy Mass Range 1 " Mass Range 2 Y2 Mass Range 3 Y
Name log(M/M.,) log(M/M..) log(M/M..)
ESO 185 >4.9 —1.06 +0.19 4.6 —49 —1.02 £ 0.21 43 -46 —0.99 £+ 0.25
ESO 338 >5.0 —1.13+£0.29 4.7-50 —0.82 £ 0.29 44 —47 —1.14 +£0.32
Harol1 >5.5 —1.40 £ 0.04 52-55 —0.99 £ 0.20 50-52 —1.24+0.14

Note. The power-law index is determined from a least-squares fit to log(dN /d logT) = (y)logr+ const.

sample. All plotted distributions decline continuously starting at
very young ages. This is not surprising, given the distribution of
cluster colors discussed in Section2. We perform a linear fit to
each distribution for the power-law index ~ as log
dN/dt = ~ x log(r/yr). We find that all three BCDs have
steep age distributions, with typical values of y=—1.0+0.2
(compiled in Table 3). Haroll has the steepest cluster age
distribution, dominated by the youngest data points. This likely
reflects the intense, ongoing star and cluster formation in this
galaxy. Although the uncertainties are fairly large for some of
the distributions, we do not find any obvious differences for the
power-law index < in the different mass intervals within any of
the galaxies. We conclude that shapes of the cluster age
distributions are approximately independent of their masses.

We find that, overall, the cluster age distributions in ESO185,
ESO338, and Harol1 have declining shapes similar to those in
irregular, spiral, and merging galaxies (Fall & Chandar 2012),
modulo increases in age intervals where there are clear
enhancements in the cluster populations. This suggests that the
cluster disruption histories are similar to those found for cluster
populations in other galaxies, and for these BCDs the differences
mostly reflect differences in their formation histories.

4. Estimates of Star Formation Rate

The masses and ages of clusters can be used to estimate the
star formation rate of their host galaxy under the assumptions
that star and cluster formation are proportional to one another

and that the mass and age distributions are independent of one
another. Chandar et al. (2015, 2017) showed that, when the
observed cluster mass function for eight very different galaxies
is divided by the star formation rate, the resulting distributions
lie nearly on top of one another, at least for clusters with ages
up to ~400 Myr, and possibly up to a few Gyr. By essentially
reversing this approach, we have developed a new method to
estimate the rate of star formation from the observed cluster
mass function in specified age intervals (Chandar et al.
2021, 2023).

In this method, the rate of star formation (within a specific
age interval) is determined from the vertical normalization of
the cluster mass function, with a higher normalization
attributed to a higher rate of star formation. As a consequence,
the masses of the most massive clusters generally correlate with
the normalization of each mass function, with higher normal-
izations and hence rates of star formation resulting in more
massive clusters, because each distribution follows a power law
with = — 2 (see Section 3.3). One strength of this approach is
that it uses the majority of the observed cluster population to
determine the SFH.

The cluster populations in the BCDs studied in this work
have a proportionality between stars and clusters, similar to that
found in galaxies studied by Chandar et al. (2015, 2017). Our
method to estimate star formation rate in a given age interval is
demonstrated in Figure 6. In the left panel, we show the
observed mass function for clusters in a specified age interval
(in this case, 1-10 Myr) for our calibration galaxies: the SMC
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Figure 6. This figure demonstrates the CMF/SFR method used to estimate the star formation rate from the cluster mass functions in different age intervals. In the left
panels, we show the observed mass functions of clusters in eight calibration galaxies, in the 1-10 Myr age intervals, and that for ESO185-IG13 in black squares. The
right panels show that, when the CMFs of the calibration galaxies are divided by their SFRs, the resulting CMF/ SFR distributions lie nearly on top of one another
other. The data points for ESO185-1G13 are the same in both panels. In the right panel, the dashed line shows the best fit to 1-10 Myr clusters in ESO185-1G13, which

1

lies above the dotted line showing the best fit to the eight calibration galaxies or an SFR of 1 M. yr . The dotted calibration line has a power-law index

= —2.01=£0.02 and a y-intercept of 643.4 & 24.4.

and LMC (irregulars), NGC4214 and NGC 4449 (dwarf
starbursts), M83 and MS51 (spirals), and Antennae and
NGC 3256 (mergers). The Ha-based SFRs in these galaxies
(compiled in Table 1 in Chandar et al. 2017) span a factor of
nearly 1000, which is reflected in their very different vertical
scales. The right panel shows that, when divided by SFR, the
cluster mass functions for these very different galaxies collapse
to form essentially a single relation.

The calibration to estimate SFR from an observed CMF can
be determined for any age interval as follows. The cluster mass
function for each of the eight calibration galaxies is constructed
and divided by the SFR. A single power-law fit to all data
points is performed to establish the best-fit values and statistical
errors for the power index (3 and the y-intercept or vertical
normalization. This normalization value corresponds to an SFR
of 1 M, yr " and is different for different age intervals.

The vertical offset of an observed cluster mass function
relative to the 1 M, calibration line determines the SFR and its
associated uncertainties, which depend on errors in the
observed CMF and in the calibration itself. The statistical
uncertainty for the best-fit normalization of the CMF/SFR for
all eight calibration galaxies is ~3.5%, with variations at the
1% level for age intervals used in this work. We assess the
validity of these statistical uncertainties from a simple “boot-
strap” experiment, where we calculate the best-fit y-intercept or
normalization using seven (instead of eight) of the calibration
galaxies for all combinations. The standard deviation of y for
this set is comparable to (within 50%, sometimes smaller and
sometimes larger than) the statistical uncertainties for y from
fits using all eight calibration galaxies. For example, for the age
interval log (7/yr) = 6.0-7.0, the power-law fit to CMF/SFR
for all eight calibration galaxies is y = 643 £ 23, whereas the
standard deviation from the bootstrap experiment is 33. This

test suggests that the statistical uncertainty in the fit to the
normalization value y is reasonable.

In Figure 6, the black circles show that the mass function of
1-10 Myr clusters in ESO 185 falls closest to that observed for
MS83 (pink stars) and M51 (yellow triangles), which have
estimated SFRs of 1.6 M. yr~ " and 2.9 M yr ', respectively
(see Chandar et al. 2017 for details). To estimate the rate of star
formation in ESO 185 from 1 to 10 Myr, a power law with the
same index as found from the fit to the combined CMF/SFR
distribution from the calibration galaxies in the same age
interval is fitted to the observed 1-10Myr cluster mass
function. This procedure results in an average SFR of
2.7+ 0.9 M. yr ' for ESO185 over the 1-10 Myr age interval,
quite similar to the SFRs of M83 (1.6M.yr ') and M51
(2.9 M, yr~"). The uncertainties are calculated by propagating
(adding in quadrature) the statistical uncertainties in the
normalization y from the calibration and from the fit to the
observed cluster mass function.

We perform a consistency check of our method by comparing
the cluster-based SFR estimates for the 1-10 Myr age interval
with those determined from the total Ha + infrared luminosity
for each BCD studied here. Both methods use tracers of similar-
age stellar populations. We find good agreement between the
two: our cluster-based method (global Ha+IR luminosity)
returns estimates of the star formation rate of 2.7 + 0.9 M, yr '
(4.6 M. yr ") for ESO185, 1.7+ 0.7 M, yr ' (2.3 M, yr ") for
ES0338, and 17 +5M_ yr ' (17.4 M yr ") for Harol1. In all
three cases, our cluster-based SFR estimates are within a factor
of 1.7 of those determined from the total Ha + IR luminosity of
the host galaxy, giving additional confidence in our cluster-based
method. We apply this method to estimate the SFR in each age
interval listed in Section 3.2 for ESO185, ESO338, and Haro 11.
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Table 4

Star Formation Rate Estimates
Galaxy Age Bin 1 Age Bin 2 Age Bin 3 Age Bin 4 Age Bin 5
Name Norm. SFR Norm. SFR Norm. SFR Norm. SFR Norm. SFR
ESO 185 log (1/yr)=6—17 log (1/yr)=7—-1.6 log (7/yr) =7.6 — 8.2 log (7/yr) =8.2 — 8.6 log (1/yr) =8.6 — 9.5
ESO 185 1051 £ 168 2.7 £ 0.9 680 £4111.5+45 1492 £862.7+ 1.0 1177 £523.0+ 1.7 1520 £490.7 £ 04
ESO 338 log (1/yr)=6—17 log (1/yr)=7—-18 log (1/yr) =8 — 8.6 log (1/yr) =8.6 — 9.5
ESO 338 840 £ 160 1.7 £ 0.7 2169 £3833.2+ 1.3 1359 £ 44 0.8 £ 0.5 1520 +£49 1.6 £ 0.6
Harol1 log (1/yr) =6.0 — 7.3 log (1/yr) =173 - 8.0 log (7/yr) = 8.0 — 8.6 log (1/yr) = 8.6 — 9.5
Harol1 686 + 16 27.6 £ 17.0 1200 £ 37 1.6 £ 0.9 1539 +4724+1.9 1520 +£492.4 + 1.0

Notes. The age bins used for each galaxy are reported on the first line, and the best-fit normalization or y-intercept to the observed CMF and the resulting SFR are

reported on the second line. See text for more details.

The best-fit normalization and uncertainty, as well as the
resulting star formation rate estimate for each age interval, are
compiled in Table 4.

5. Star Formation Histories of Blue Compact Dwarf
Galaxies

We are interested in answering basic questions about the star
formation histories (SFHs) of BCDs, which may inform our
understanding of the star formation histories experienced by
distant, young galaxies. We are interested to know: (1) are all
BCDs currently experiencing a burst of star formation? (2)
What are the frequencies, durations, and strengths of bursts of
star formation in BCDs and how do burst properties compare
with those found in dwarf starbursts and irregulars that are
forming stars at more modest rates? (3) How long and
“quiescent” are periods between bursts in BCDs?

In Figure 7, we present the first star formation histories for
BCD galaxies using the cluster-based method described in the
previous section. ESO338, shown in blue, has experienced a
fairly constant SFH. This is not surprising, given that the
cluster colors are quite continuous, as seen in the upper middle
panel of Figure 3, starting from the very young blue end of the
predicted colors in the upper left and extending down to model
ages of several Gyr toward the lower right. The estimated SFR
of ~1.6-3.2M_ yr " over the past few Gyr is similar to that
found in spiral galaxies like M83 and MS5I1, but occurring
within a radius smaller by a factor of ~10 and an area (and
hence Yggr) smaller by a factor of ~100.

Figure 7 indicates that ESO185 has also experienced a fairly
constant star formation history over the past few Gyr, but with
one enhanced star formation episode that started ~40 Myr ago
and persisted for ~30 Myr. This duration is quite similar to that
of bursts identified in simulations of post-starburst galaxies
(which are on the order of ~25 Myr; see, e.g., French et al.
(2018) and references therein). The star formation rate
increased by a factor of ~4 during this enhanced star-forming
period, from ~2.7 M. yr ' before and after the burst to
~11.5 M, yr " during it. Approximately 1-3 Gyr ago, ESO185
had the lowest rate of star formation out of the three BCDs,
with very few clusters observed around these ages.

Harol1 has the highest current rate of star formation out of
the three BCDs studied here, with an average of
27+ 7M. yr " over the past ~20 Myr. We note that this is
higher than we estimated for the 1-10Myr interval in
Section 4, because the most massive clusters—and hence the
highest rate of star formation—occurred closer to ~~20 Myr
ago. This rate is higher than found in some actively merging
systems like the Antennae. Harol1 is also the only one out of
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Figure 7. The cluster-based star formation history of ESO185 (green), ESO338
(blue), and Harol1 (purple), determined as described in Section 5 are shown.
The histories determined for the eight labeled galaxies from integrated light
measurements (not clusters) and presented in Chandar et al. (2017) are shown
for comparison in gray.

these three galaxies that is currently experiencing a sharp
increase or burst of star formation. This burst started ~20 Myr
ago and continues to the present day. At that time, the SFR
increased from ~2M. yr ' to ~27 M. yr ', or by a factor
of ~10.

Overall, our cluster-based SFHs for the three BCDs studied
in this work do not follow the canonical picture, wherein a
BCD experiences long periods of quiescence occasionally
punctuated by an intense burst of star formation. Our results
also indicate that not all BCDs are experiencing a current
“burst” of star formation, and that some may not have
experienced a burst at all over the past ~0.5 Gyr and possibly
the past few Gyr. Although our sample is small, ESO185,
ESO338, and Haroll have each experienced unique star
formation histories. ESO185 experienced a factor-of-four
enhancement in star formation, while Haro 11 experienced a
burst that represents an increase in the star formation rate that is
approximately a factor of 10. While the intensities differ, both
of these star-forming episodes appear to have been short-lived,
lasting only a few tens of millions of years—although the burst
in Harol1 appears to be ongoing, so we do not yet know its
total duration. The star-forming knots in Harol1 have physical
sizes of ~1kpc (Sirressi et al. 2022). Assuming a ‘“‘signal
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speed” of ~30 km gt (Whitmore et al. 1999), these knots have
a crossing time on the order of ~za few tens of Myr, consistent
with the estimated duration of the burst in Harol1.

Our results do not support previous suggestions that
ESO185, ESO338, and Haroll are all currently experiencing
a peak in their rate of star formation that started ~3 Myr ago
(Ostlin et al. 2003; Adamo et al. 2011a). Our conclusion also
seems reasonable based on statistical arguments, given that the
past 10 Myr constitutes just 1/1000 of the ages of galaxies and
the probability of catching a number of galaxies all experien-
cing a burst of star formation in the past few million years is
extremely low.

McQuinn et al. (2010a, 2010b) found that dwarf irregular
and starburst galaxies located within 10 Mpc do not appear to
experience short-lived (=5-10 Myr) “bursts” of star formation,
as had long been believed, but rather they have experienced
fairly constant star formation (within a factor of a few) over
hundreds of Myr. Overall, Cignoni et al. (2019) find fairly
constant SFRs over the past 100 Myr for 23 dwarf star-forming
galaxies studied as part of the LEGUS survey, with enhance-
ments only at the factor of 2-3 level. This conclusion was
based on a very different approach from that used here, and it
relied instead on analyzing the color-magnitude diagrams of
individual stars. Our results indicate that, while BCDs have
higher overall rates of star formation, many have experienced
star formation histories that do not differ dramatically from
their dwarf cousins that have lower rates of star-forming
activity.

6. Conclusions

Blue compact dwarfs (BCDs) are small galaxies with low
metallicity and little dust that are undergoing intense star
formation. The canonical picture for these systems is one where
BCDs experienced long periods of quiescence punctuated by
short-lived, violent bursts of star formation. They are
particularly interesting because they share many properties
with young galaxies at high redshift, so their star formation
histories provide a critical window into the evolution of dwarf
galaxies. The cluster populations of BCDs can provide unique
insight into their star formation histories.

In this work, we have used the ages and masses of the stellar
clusters in ESO185, ESO338, and Harol 1, three BCD galaxies,
to determine their star formation histories over the past ~3 Gyr.
Each galaxy has a unique distribution of cluster colors that
reflects its unique star and cluster formation history. We
estimated the rate of star formation in different age intervals
from a calibration between the well-studied cluster masses and
star formation rates (SFR) in eight nearby star-forming
galaxies. The SFRs estimated from our cluster-based method
in the 1-10 Myr age interval are within a factor of 1.7 of those
determined from the total Ha luminosity of each galaxy. From
estimates in several different intervals, we constructed star
formation histories (SFHs) for each galaxy.

The star formation histories determined for these three BCDs
provide important insight into this class of extreme galaxy. One
conclusion is that the traditional picture of long gaps
punctuated by short, intense bursts, including a burst at the
present day, is not an accurate picture. We find that not all
BCDs are bursting or experiencing their peak rate of star
formation right now, and some BCDs (like ESO338) may not
have experienced a burst or even a factor-of-four enhancement
at all, at least over the past few Gyr. The fairly steady star
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formation histories found for these three BCDs appears similar
to that experienced by dwarf starburst and dwarf irregular
galaxies, two classes of galaxy with star formation rates that are
10-10,000 times lower than ESO185, ESO338, and Harol1.

Harol1 is the only galaxy in this study that is currently
experiencing a peak in its rate of star formation (estimated to be
27+ 7M. yr "), which represents a factor of ~10 increase
over its past rate. ESO185 experienced a much more modest
increase of a factor ~4 in its SFR, starting ~40 Myr ago and
ending ~30Myr later. These systems provide tentative
evidence that increased periods of star formation may persist
for timescales of ~20-30 Myr, consistent with the expected
signal-crossing time of star-forming knots observed in BCDs,
but this should be checked using larger samples.

We conclude that cluster populations are a promising
approach for understanding the evolution of galaxies with
unusual star formation histories.
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