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ABSTRACT

We present a Bayesian analysis of star clusters in the dwarf starburst galaxy NGC 1569 based on high-resolution Hubble
Space Telescope (HST) imaging combined with integral-field spectroscopy from the Keck Cosmic Web Imager, obtained
as part of the DUVET survey. For each cluster identified, we infer posterior probability distributions for mass and age
using a forward modelling method that properly accounts for uncertainties due to stochastic sampling of the initial mass
function (IMF). We investigate how the inferred properties depend on photometric coverage by repeating the analysis
with different filter combinations, including mock extensions to the ultraviolet (UV) and near-infrared that emulate the
addition of HST UV bands and James Webb Space Telescope imaging. We find that, while inclusion of these wavelength
regimes further breaks age and mass degeneracies, the currently available data yield reasonably strong constraints on
cluster parameters. We compare inferred cluster properties to the conditions of the local interstellar medium, and find
evidence for multiple interesting correlations. The truncation mass of the cluster mass function varies with galactocentric
distance, particularly moving off the disc, consistent with a dependence on the density of the interstellar medium. Cluster
mass positively correlates with metallicity, suggesting that massive clusters preferentially form in pre-enriched gas, and
the ionization state of the gas, reflecting the increased prevalence of high-mass stars in high-mass clusters. These results
demonstrate the power of Bayesian, IMF-aware modelling for resolving cluster populations in nearby starburst dwarfs and
provide new insight into how cluster formation and feedback respond to local galactic conditions.
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available for star formation is mostly depleted (N. Emami et al.

1 INTRODUCTION 2019; S. R. Furlanetto & J. Mirocha 2022). Star formation in these

Dwarf galaxies are the most common kind of galaxies in the Uni-
verse (A. Fontana et al. 2006; A. Grazian et al. 2015), and due to
their shallow potential wells they are highly sensitive to feedback
processes (A. Emerick, G. L. Bryan & M.-M. Mac Low 2018; M. L.
M. Collins & J. I. Read 2022; A. Marasco et al. 2023). This means
that stellar feedback from massive stars (M= 8 M), including
winds, ionizing radiation, and supernovae (SNe) can more easily
drive outflows and shape the structure of the interstellar medium
(ISM) in lower mass galaxies, regulating future star formation.
Due to the combination of sensitivity to feedback and low gas
masses, dwarf galaxies can blow out much of their available gas
leading to bursty star formation histories (SFHs) characterized
by periods of high specific star formation rate (sSFR) and strong
galactic winds followed by more quiescent periods, when the gas
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galaxies is often compared to that in high-redshift galaxies due
to the similarities in physical conditions, such as low metallicity,
bursty star formation, and irregular morphology (G. Ostlin et al.
2014; S. M. M. n. Flores, T. Wiklind & R. T. Eufrasio 2021; Y. L.
Izotov et al. 2021).

Because a large fraction of stars form in clustered environ-
ments (C. J. Lada & E. A. Lada 2003; S. F. Portegies Zwart, S. L.
McMillan & M. Gieles 2010; M. R. Krumholz, C. F. McKee & J.
Bland-Hawthorn 2019; P. Girichidis et al. 2020), studies targeting
star clusters allow for highly detailed studies of the effects of
feedback, making them an excellent laboratory for linking star
formation and feedback effects. The cluster mass function (CMF)
provides an example of how one can make such links. The CMF
of young star clusters is typically described by a power law, but
it may exhibit truncation at a critical mass M., which encodes
information about the physical conditions of the ISM at the time
of cluster formation (S. S. Larsen 2009; M. Messa et al. 2018; A.
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Adamo et al. 2020; L. Della Bruna et al. 2022; T. M. Wainer et al.
2022; J. Tang, K. Grasha & M. R. Krumholz 2024). In particular,
theoretical models predict that M, depends on environmental
properties such as gas surface density, pressure, and turbulence,
as well as on the efficiency and timing of stellar feedback (M.
Reina-Campos & J. M. D. Kruijssen 2017). By studying the proper-
ties of star clusters in dwarf starbursts (e.g. age, mass, spatial dis-
tribution), where star formation is highly clustered and feedback
effects are expected to be particularly strong, spatially resolved
cluster mass measurements enable tests of whether M, is regu-
lated by gas density, turbulence, or feedback-driven disruption.
Similarly, spatially mapping the age of the clusters allows us to
examine how star formation progressed across the galaxy, i.e. are
the starbursts localized, or global across the entire galaxy.

Tests of this sort require that we be able to resolve individual
clusters in distant galaxies. Using high-resolution Hubble Space
Telescope (HST) photometry such resolution up to a distance of
~10 Mpc. We can then supplement such data by the addition
of integral field unit (IFU) spectroscopy, which offers stronger
constraints by letting us define custom photometric filters that
capture specific spectral features useful in discriminating cluster
properties. IFU data also allow us to probe local nebular condi-
tions, which can be used to quantify the effects of feedback from
stellar clusters.

However, studies of this type face a fundamental challenge:
when studying star clusters, it is common to use simple stel-
lar populations (SSPs) to constrain the properties (e.g. mass
and age) of unresolved clusters (C. Leitherer et al. 1999; G. A.
Vazquez & C. Leitherer 2005; C. Conroy, J. E. Gunn & M. White
2009; C. Conroy, M. White & J. E. Gunn 2010). Assuming a
cluster age, initial mass function (IMF), and stellar evolutionary
tracks, the luminosity of the synthetic cluster can be obtained
and compared with that of the observed clusters. However, this
starts to fail at masses lower than ~10* My (M. R. Krumholz
et al. 2014, 2015a; E. R. Stanway & J. J. Eldridge 2023), where
clusters are unlikely to fully sample the IMF, and the relation-
ships between photometry and physical properties become non-
deterministic. Thus, in order to conduct accurate studies of star
clusters, it is necessary to account for the stochastic nature of star
formation.

Many stellar population synthesis codes have been developed
to tackle this problem. Here, we use the Stochastically Light-
ing Up Galaxies code, SLUG (R. L. d. Silva, M. Fumagalli & M.
Krumholz 2012; R. L. da Silva, M. Fumagalli & M. R. Krumholz
2014; M. R. Krumholz et al. 2015a), to infer the properties of the
clusters in the nearby (3.25 Mpc; R. B. Tully et al. 2013), low
metallicity (12 + log(O/H) = 8.22; M. J. Hamel-Bravo et al. 2024),
low mass [log(M,/ Mg) = 8.6, A. K. Leroy et al. 2019] galaxy NGC
1569. This galaxy is undergoing an intense starburst, possibly
triggered by gravitational interactions with a passing H I cloud
or members of its galaxy group (IC 342; J. M. Stil & F. P. Israel
1998, 2002; D. A. Hunter et al. 2012; M. Johnson 2013). It contains
two supermassive star clusters (SSCs), SSC-A and SSC-B (D. A.
Hunter et al. 2000), with Ha-bright bubbles and filaments (M.
S. Westmoquette et al. 2007), and a high-metallicity region sur-
rounding SSC-B (M. J. Hamel-Bravo et al. 2024). These features
point to strong stellar feedback from the SSCs. The star formation
history of NGC 1569 has been studied in the past, using many
different methods (see for example L. Greggio et al. 1998; P. An-
ders et al. 2004; L. Angeretti et al. 2005), but these works have all
assumed that each cluster fully samples the IMF which may lead
to inaccurate age measurements (M. R. Krumholz et al. 2015a).
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Our goal here is therefore to revisit the cluster properties in NGC
1569 using modern Bayesian inference methods that properly
account for these effects, and then to use the resulting inferred
cluster properties to characterize the nature of star formation in
this starburst.

This paper is structured as follows: in Section 2, we describe
the extraction of cluster photometry from observational data
as well as the parameters used to generate the synthetic star
cluster library with SLUG. In Section 3, we outline our method
to infer cluster properties from photometry, and describe how
we choose which photometric filters to use in this analysis. We
present our results in Section 4, plotting cluster masses and ages
against each other as well as investigating whether there are spa-
tial correlations or correlations between cluster and ISM proper-
ties. In Section 5, we discuss these results and their implications
for cluster formation, and in Section 6, we summarize the key
results.

2 DATA

2.1 Observations

2.1.1 KCWTI integral field spectroscopy

NGC 1569 was observed using three pointings of the Keck Cos-
mic Web Imager (KCWI, P. Morrissey et al. 2018), as part of the
Deep near-UV observations of Entrained gas in Turbulent galax-
ies (DUVET) survey (A. J. Cameron et al. 2021). Two pointings
observed the disc east of SSC A, but the third was aimed at an
He filament aligned with the minor axis. The coverage of the
pointings is shown in Fig. 1. The observational strategy and data
reduction of DUVET targets are described in A. J. Cameron et al.
(2021) and D. K. McPherson et al. (2023), while details on the
observations and data reduction of NGC 1569 are available in M.
J. Hamel-Bravo et al. (2024), and are summarized below.

Observations were conducted on 2020 November 14 with a
mean seeing of 1.2 arcsec. Using two different configurations of
the blue medium-dispersion grating, the ‘blue’ setting, centred
at 4050 A (3600-4498 A) and the ‘red’ at 4700 A (4256-5135 A).
This gives a continuous wavelength range of 3600-5130 A, with
a spectral resolution of R~ 2000. Since our analyses are based
on photometry (see Section 4), we split the cube into three equal
bandpasses of 500 A each. This gives us custom bands covering
3600-4100 A, 4101-4600 A, and 4601-5100 A. In the rest of this
work, we refer to these bands by their starting wavelengths. In
addition, we define two narrow-bands centred on the emission
lines [O 1m1]A5007 and HA, each 5 A wide, as well as one 20
A band containing no strong emission lines at 4925-4945 A,
to allow for continuum normalization of the [O 111] and HB
lines.

All observations used the large IFU slicer, resulting in a field of
view of 20 arcsec x 30 arcsec and a spaxel size 0.29 arcsec x 1.35
arcsec per pointing. After resampling the spaxels with montage,!
the spaxels have size 0.87 arcsec x 0.87 arcsec, approximately
half the full width at half-maximum (FWHM) of the point spread
function (PSF).

At 3.25 Mpc, the distance to NGC 1569, 0.87 arcsec corresponds
to a physical size of ~13.7 pc. This means that our spatial sam-
pling is much larger than the expected size of star clusters, which

Thttp://montage.ipac.caltech.edu/
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Figure 1. HST composite image of NGC 1569; red: F658N filter (He+ [N 11]), green: F606W filter, light blue: F502N filter ([O 111]), and dark blue: F487N
filter (HB). The three rectangles show our three KCWI positions. The KCWI data cover 54 arcsec (~800 pc) across the major axis and 48 arcsec (~700 pc)
across the minor axis. The inlay in the bottom right shows a three-colour image constructed from our KCWI data using our three broad-bands as RGB,
(red: KCWI 4601, green: KCWI 4101, blue: KCWI 3600). See also fig. 1 in M. J. Hamel-Bravo et al. (2024).

have a mean size of 2-3 pc in most galaxies (J. E. Ryon et al.
2017; G. Brown & O.Y. Gnedin 2021). Additionally, the separation
between clusters is often smaller than the FWHM of the PSF,
causing blending of multiple clusters in the KCWI images. Given
these limitations, we cannot identify individual clusters in the
KCWI data. To remedy this, we use co-spatial high-resolution
photometry from HST.

2.1.2 HST imaging

NGC 1569 was observed using the Advanced Camera for Surveys
Wide Field Channel (ACS/WFC) broad-band filters F606 W (4634—
7180 A) and F814W (6870-9632 A) by A. Aloisi (2006), proposal
ID 10885. These data have a pixel size of 0.05 arcsec and a PSF
of < 0.1arcsec, which corresponds to spatial scales of ~0.79 and
~1.6 pc, respectively, so most clusters are easily resolved and
larger than one pixel. Including the HST photometry in the anal-
ysis also serves to increase the wavelength coverage of the KCWI
data to redder wavelengths, extending it to 9632 A. This allows us
to obtain more information on low-mass stars as well as younger,
more embedded clusters, which are difficult to detect in blue

wavelengths, particularly in the absence of massive stars, and in
regions of high extinction.

2.2 Photometry

2.2.1 Observed photometry

As mentioned above, the high spatial resolution HST images are
used to deblend clusters in the KCWI data by using HST data to
centroid the cluster coordinates, then extracting photometry for
those coordinates from the KCWI data. Our approach is analo-
gous to those described by S. Kamann, L. Wisotzki & M. M. Roth
(2013) and A. F. McLeod et al. (2020), who use high-resolution
photometry to resolve individual massive stars within stellar clus-
ters in order to extract their spectra in lower resolution IFU
data.

Our method is as follows. First, we perform aperture photom-
etry to obtain the flux in both HST filters using PHOTUTILS (L.
Bradley et al. 2024), which allows for background subtraction
and convolution of an image with a Gaussian kernel before the
detection takes place. The parameters for background subtrac-
tion, Gaussian convolution, and subsequent source detection are
shown in Table 1. Changing the detection threshold significantly

MNRAS 550, 1-19 (2026)
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The method used to estimate the background value. The SExtractorBackground estimator uses the formula for background estimation

The size of the box used to estimate the local background at each pixel, in units of pixels. Chosen to be significantly larger than the
used in SEXTRACTOR (E. Bertin & S. Arnouts 1996)%.

largest source, while still estimating the background locally.
The size of the median filter applied to the background map. The value is set to ensure our background is not overestimated due to

extended sources without smoothing out all background variation.

Description

Table 1. Description and motivation of the parameters used for point source detection and aperture photometry using PHOTUTILS.
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SExtractorBackground

The FWHM of the Gaussian kernel used in the convolution of the image. Set to roughly match the PSF of the HST images to smooth

out any bright point sources.

fwhm

The size of the Gaussian kernel used in the convolution of the image. Chosen to be slightly larger than the FWHM as to not blend out

smaller sources, while also preventing sources from blending together.

size

The minimum number of pixels required for a source to be detected in the convolved image. Four pixels correspond roughly to a

npixels

round cluster with a diameter of ~1.4 pc. After convolving, smaller sources may appear a few pixels larger, but the total flux remains

the same.

The threshold flux a pixel must have to be counted as part of a source. The value corresponds to a factor of the local background RMS,

i.e. the flux of the source must be 5 o higher than the background.

thresh

Note.“Background is equal to (2.5x median) - (1.5x mean) in the box. Unless (mean-median)/ope > 0.3, in which case the median is used.

affects how many sources are identified. Using a threshold of 3o
results in 2300 identified sources in F606W and 2074 in F814W,
while using 50 results in 1147 and 1159 sources, respectively.
We adopt the 30 catalogue for the remainder of this work in
order to maximize completeness, while subsequent photometric
quality cuts remove spurious detections. We then cross-match
the two source lists using TOPCAT (M. B. Taylor 2005), to make
a list that contains only clusters detected in both filters, where
the distance between the detected centroids is limited to <1 arc-
sec. This corresponds to ~15 pc at the distance of NGC 1569,
large enough to account for different morphologies of clusters
in different wavelengths while being small enough to not cause
confusion between sources that are only detected in one of the
two filters. This leaves us with 1688 sources that have detections
in both filters. For completeness, this corresponds to 859 sources
if using the 50 detection threshold. A comparison of magnitude
distributions in F814W, using the two detection thresholds is
shown in the leftmost panel of Fig. 2.

Second, using the HST source coordinates, we then extract the
photometry from the KCWI data. We begin this process by check-
ing World Coordinate System (WCS) alignment of the KCWI im-
ages with respect to HST by convolving the HST F606W image to
the resolution of the KCWI data and performing a visual inspec-
tion by blinking the images to ensure that corresponding sources
in the images coincide. Due to crowding and the native size of the
KCWI pixels, the clusters are poorly resolved and highly blended.
We attempt to fit the PSF, but find that the field is too crowded for
this to be effective. To obtain KCWI fluxes, we therefore resort to
the simple assumption that all the flux from a single cluster is
localized in a single pixel of the KCWI image, as illustrated in
Fig. 3. Under this assumption, the flux that we attribute to each
cluster in each of the KCWI custom filters is simply the flux in the
pixel that contains the cluster centroid. This approach implicitly
assumes that each pixel contains negligible flux from neighbour-
ing pixels, and that each pixel is dominated by the light of the
cluster within it. This approach also necessitates that we drop all
pixels that contain more than one cluster centroid, as clearly we
cannot separate the light of the two clusters. This cut removes
only eight sources, but even in cases where centroids do not fall
into the same pixel, there may be bleeding and blending from
neighbouring sources. We also remove from further analysis any
clusters that fall on the edges of our KCWI data, where blending
is worse; this further reduces our number of sources to 1115.

Our third and final step, now that we have extracted photom-
etry for both HST and KCWI filters, is to correct for foreground
Milky Way extinction. We do so using PYNEB (V. Luridiana, C.
Morisset & R. A. Shaw 2014), with the J. A. Cardelli, G. C. Clay-
ton & J. S. Mathis (1989) extinction law and an extinction of
Ay = 1.85 (E. F. Schlafly & D. P. Finkbeiner 2011). The resulting
extinction-corrected magnitudes will form the basis for the anal-
ysis we present in the remainder of this paper. The extinction-
corrected magnitude distribution in KCWI 3600 and KCWI HB
for the remaining sources is shown in the middle and right panels
of Fig. 2.

To further validate the resulting photometry, we compare our
cluster sample with catalogues from the HST Legacy Extragalac-
tic UV Survey (LEGUS) for the dwarf galaxies UGC 685 and UGC
1249 (D. O. Cook et al. 2019), which span a similar range of stellar
masses and star-forming dwarf environments to NGC 1569. UGC
685 is a lower-mass, lower-metallicity irregular/spiral dwarf with
log(Mx/Mg) = 7.9 and 12 + log(O/H) = 8.0, while UGC 1249
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Figure 2. Histograms showing the distribution of magnitudes in three bands: HST ACS F814W, KCWI 3600, and KCWI Hp using both the 3o
(bright/pink) and 50 (dark/magenta) detection thresholds. The magnitudes have been corrected for foreground extinction.

Clusters
resolved

Flux is summed
over aperture

Clusters in
one pixel
Assume flux is

fully contained in
the pixel

Figure 3. A schematic comparing the methods of aperture photometry
extraction in the high spatial resolution HST (upper panel) and lower
resolution custom KCWI (lower panel) filters.

is a disturbed irregular dwarf with log(M*/Mg) = 9.0 and near-
solar metallicity (12 + log(O/H) = 8.62) (D. O. Cook et al. 2014).
Together, these systems bracket the stellar mass and metallicity
of NGC 1569, providing a useful comparison for assessing the
consistency of the derived cluster photometry.

As the LEGUS catalogues use Vega magnitudes, we convert our
fluxes to Vega magnitudes using Vega zeropoints from ACSTOOLS
(P.L. Lim et al. 2020). We then compare the absolute magnitudes
of the clusters. A colour-magnitude diagram (CMD) contain-
ing the LEGUS clusters, the NGC 1569 clusters, and the SLUG

generated clusters (see Section 2.3) can be seen in the left-hand
panel of Fig. 4. We see that there is overall good agreement in the
colours of the clusters, but the clusters in NGC 1569 are overall
brighter than the others. Although the brightest clusters in the
two LEGUS catalogues are brighter than the brightest clusters in
our NGC 1569 list.

A similar CMD for the KCWI photometry is shown in the
right panel of Fig. 4 (given the custom nature of the KCWI fil-
ters, no survey comparison can be made). Since the KCWI data
does not have associated Vega magnitude zero-points, we convert
the fluxes to Vega magnitudes using the cluster_ slug func-
tion convert photometry, which finds the Vega zeropoint in
each band using the Vega spectrum.

HST photometric uncertainties are computed using the error
estimation method given in the SEXTRACTOR documentation (E.
Bertin & S. Arnouts 1996),

Fluxerror = Z (aiz + ?) €))

icA !

where A is the set of all pixels in the aperture, o7 is the
noise variance estimated from the local background, p; is the
background-subtracted pixel value, and g; is the effective detector
gain in e” /ADU.

For the KCWI data, variance cubes are available; however, for
our purposes the formal instrumental uncertainties are not the
dominant source of error. Instead, the uncertainty is driven by the
extraction of cluster photometry from the KCWI data cube (e.g.
aperture definition, background subtraction, and spatial blend-
ing). We therefore adopt fractional photometric uncertainties
drawn from a Gaussian distribution with a mean of 20 per cent
and dispersion of 5 per cent, which provides a reasonable repre-
sentation of the expected extraction uncertainties. The impact of
different error assumptions on the derived results is explored in
Appendix A, where we compare fits obtained using alternative
uncertainty estimates.

2.3 Synthetic photometry

When determining the physical properties of a star cluster, there
is no unique or deterministic mapping between observed pho-
tometry and intrinsic parameters. For example, a high flux in
a band sensitive to massive stars does not necessarily imply a
high cluster mass: while this may hold statistically, stochastic

MNRAS 550, 1-19 (2026)
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Figure 4. Left: CMD showing the photometry of clusters in NGC 1569 (circles) and the LEGUS clusters in UGC 1249 (crosses), and UGC 685 (squares).
The contours in the background show the density of the simulated cluster library. The vertical axis shows the absolute magnitude in F814W, the horizontal
axis shows the colour defined F606W-F814W. The marginal plots are density histograms of each of the catalogues over both axes. Right: CMD comparing
the extracted KCWI photometry to the synthetic photometry. The vertical axis shows the magnitude in KCWI 4101, and the horizontal shows a colour
defined by KCWI 3600-KCWI 4601. The pink points show our observed photometry, while the contours show the simulated library. In both panels, the
overall colour distribution is comparable between the observed and synthetic photometry.

sampling of the IMF means that a low-mass cluster may oc-
casionally host a few massive stars and produce similar lumi-
nosities. In addition, photometric measurements are affected by
degeneracies between parameters such as age and extinction,
both of which can produce faint and red colours. To interpret
the photometry, we therefore compare the observations to SSP
models, which represent coeval stellar populations with a single
metallicity while varying parameters such as age, total mass, and
extinction. By matching the model photometry to the observed
photometry, we can infer the physical properties of the clusters.
Here, we use the SLUG (Stochastically Lighting Up Galaxies)
software suite (R. L. d. Silva et al. 2012; R. L. da Silva et al. 2014;
M. R. Krumholz et al. 2015a) to generate SSPs that stochasti-
cally sample the IMF and to perform Bayesian inference on the
properties of the observed clusters using the library of SSPs as
a reference. Generating SSPs with SLUG requires specifying a
number of parameters describing both the stellar population and
its environment. The environmental parameters — including the
visual extinction Ay, the shape of the extinction curve, and the
fraction of ionizing photons absorbed by hydrogen rather than
dust (¢) - determine the effects of dust attenuation and nebular
emission in the synthetic clusters. The adopted parameter ranges
are motivated by the results of M. J. Hamel-Bravo et al. (2024),
who analysed the gas and outflows in NGC 1569 using the same
KCWI IFU data employed here. We sample Ay from a flat distri-
bution between 0 and 10 mag, adopt the SLUG LMC extinction
curve [UV-optical from E. L. Fitzpatrick (1999) and IR from M.
Landini et al. (1984)], and set the fraction of ionizing photons
absorbed by hydrogen to ¢ = 0.73 (C. F. McKee & J. P. Williams
1997). The LMC extinction law is chosen because the metallicity
of NGC 1569 is comparable to that of the LMC, making it a
reasonable approximation for the dust properties in this system.
The stellar population parameters include the IMF, metallicity,
CMF, a choice of stellar evolution tracks, and a time sampling

MNRAS 550, 1-19 (2026)

function to choose the age distribution of our clusters. Here, we
use a Kroupa IMF (P. Kroupa 2002) and a simple power-law CMF
dN/dM o« M2, ranging from M =1 x 10> Mg to M =1 x 108
Mg . The age distribution of the synthetic clusters follows a power
law, where dN/dT o —1, ranging from ¢t = 0.1 Myrtot = 15 Gyr.
The shapes of these functions are not required to be realistic, and
are weighted to place more synthetic clusters where stochasticity
is more relevant, i.e. at lower masses and younger ages. We adopt
the Padova stellar evolution tracks including AGB stars with a
metallicity of Z = 0.2 Z, compatible with the known metallicity
of NGC 1569.

With these parameters we generate 10° clusters with
photometry in the same bandpasses as our observed data, with
the addition of a number of James Webb Space Telescope/Near-
Infrared Camera (JWST/NIRCAM) bands: FO70W, F090W,
F115W, F150W, F200W, F227W, F356W, and F444W, and the
HST Ultraviolet-Visible (UVIS) bands: F275W and F438W.
These filters are included to assess and quantify to what extent
additional data from JWST and HST would allow obtaining
better constraints of cluster properties (see Section 3.3) if these
were available. As the KCWI data are flux calibrated to account
for the response curve, we define the pass-through as a constant
100 per cent over the wavelength range of the KCWI bands in
our synthetic photometry.

The synthetic photometry generated by SLUG is shown in
CMDs in Fig. 4 as the grey-scale shaded contours, along with
the observed photometry of NGC 1569 in both figures, as well
as photometry from the literature for comparison purposes in
the figure on the left (see Section 2.2.1). The observed pho-
tometry overlaps quite well with the synthetic over most of
the colour space, with the exception of the reddest clusters,
which may be due to these being affected by additional extinc-
tion or differential reddening which is not replicated by our
models.
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Figure 5. Correlations between synthetic cluster magnitudes and intrin-
sic properties from SLUG simulations, including nebular emission and
extinction. Each panel shows the magnitude in a different band as a
function of cluster mass (left), age (middle), and ionizing photon flux
Qo (right). Broad red bands (F814W) are most sensitive to cluster mass
but weakly dependent on age and Qo, while narrow-band Hp is strongly
age- and Qp-sensitive. Intermediate-width blue bands (e.g. KCWI 3600)
provide complementary information. These correlations illustrate why
broad and intermediate-width bands are sufficient to robustly constrain
cluster properties, motivating our final filter selection.

3 FILTER SELECTION

A critical decision in the process of deriving posterior probability
distributions for physical cluster properties (age, mass, extinc-
tion, etc.) is which photometric bands to include in the likelihood
calculation, since each band contributes different information
about the underlying stellar population. Examination of the syn-
thetic photometry (Fig. 5) shows that all filters brighten with
increasing cluster mass and fade with age, with the age sensitivity
strongest in the narrow-band Hp filter and weakest in the red
F814W band. Hp also correlates most strongly with the ionising
photon flux Qo, while broad-bands such as F814W trace the con-
tinuum emission from longer-lived, lower-mass stars, providing
robust constraints on stellar mass. These trends illustrate how
different bands probe complementary aspects of the cluster popu-
lation, motivating the use of both broad- and intermediate-width
filters in the fitting. Narrow-band filters such as HB while highly
sensitive to young, massive stars, are excluded from the final
fitting set. This choice is motivated by practical considerations:
the KCWI pixel size is large enough that nebular emission can
be blended between multiple clusters, and in older clusters HS
can appear in absorption, for which the SLUG stellar atmosphere
libraries have limited spectral resolution and therefore may not
predict the flux accurately. Focusing on broad- and intermediate-
width bands allows us to constrain cluster properties robustly
while avoiding potential biases from spectral-resolution limita-
tions or spatial blending.

In the following section, we outline the process of selecting
the combination of photometric filters used to derive the physical
properties of the clusters. In Section 3.1, we describe the genera-
tion of mock observations used for testing purposes. We describe
the method of obtaining cluster properties from the photometry

Getting to know the star clusters in NGC 1569 7

in Section 3.2, before testing each filter set on the mock observa-
tions in Section 3.3.1 and on the observed data in Section 3.3.2.

3.1 Mock-observed catalogue

In addition to the available filters, we also investigate the poten-
tial benefit of including additional bluer and redder photometry
from HST and JWST, respectively. To do so, our reference library
also includes the HST/UVIS bands F275W and F438W, and the
JWST/NIRCam bands FO70W, F200W, F227W, and F444W. These
bands would serve to better constrain the ages of the youngest
(bluest) clusters, as well as allowing for better constraints on
the lower-mass and/or embedded population with the IR from
NIRCam.

To test how well we can recover cluster properties using differ-
ent filter combinations, we generate an additional set of 1000 syn-
thetic clusters, in each filter, and treat this set as an observational
sample by adding photometric uncertainties. For the synthetic
KCWI magnitudes, the uncertainties are computed in the same
manner as for the real observations, while the HST and JWST un-
certainties are sampled from a Gaussian with 4 = 0.05 per cent
and o = 0.02 per cent.

3.2 Inference method

To derive the physical properties — mass, age, and extinction — of
the observed clusters, we use the SLUG companion PYTHON mod-
ule cluster slug. Cluster properties are derived via Bayesian
inference on the photometry to estimate the physical properties
of the observed clusters using the simulated library as a kind of
‘training set’. For this we need to provide priors to be used for
the Bayesian analysis. We assume the same priors used in M. R.
Krumbholz et al. (2015a)

pprior(x) oM™t TﬁOASs (2)

where x is (log M, log T, A,). This prior assumes a cluster mass
distribution dN/dM oc M~2, in line with what is expected from
observations of young star clusters (A. Bik et al. 2003; S. F. P.
Zwart, S. L. W. McMillan & M. Gieles 2010; M. Fouesneau et al.
2012; C. Schulz, J. Pflamm-Altenburg & P. Kroupa 2015; M. R.
Krumbholz et al. 2019). The age distribution is a bit more complex,
as below 10% yr cluster dispersion is unlikely to be a factor, while
above this age, there is debate on whether the distribution is
flat in age (AN/dT o T°), or flat in log age (dN/dT o« T71). A
compromise of dN/dT o T7%3 is used. We assume a flat prior
for the extinction Ay. A more detailed motivation of these priors
is given in M. R. Krumholz et al. (2015a). It is worth noting that
the derived cluster properties can be quite sensitive to the choice
of priors when the cluster colours are such that the posterior
distribution has multiple peaks, although the mass distribution
is quite robust for masses from 10°to 10° Mo (M. R. Krumholz
et al. 2015b).

With these priors, we use cluster_ slug to obtain posterior
probability distributions for the physical properties of the clus-
ters. Each property can be obtained individually or in conjunction
with others. For each cluster, we infer the mass and age, and de-
termine the 10 most photometrically similar clusters. The cluster
properties can be inferred within the 3D space of log M, log T,
and A,, yielding a 3D posterior PDF, or marginalized over one
or two of these dimensions, yielding 1D or 2D marginal PDFs.
In this work, we infer both marginal 1D PDFs for each quantity
individually, and 2D PDFs for each pair of quantities. For each
cluster, we therefore obtain six PDFs: three 1D PDFs when the
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Figure 6. Corner plot showing results of Bayesian inference for one
cluster. Each of the marginal plots has a black solid line showing their
median and two pink lines for the 25th and 75th percentiles. From this
we see that using the median along with these percentiles is a good
representation of the distribution, including much of the two separate
peaks in the age distribution, while using the peak value would simply
set the age at the higher of the two peaks. The crosses in the contour plot
show the properties of the 10 most photometrically similar clusters in our
simulated library, with the most opaque markers being the best matches.

properties are fit individually, and three 2D PDFs. In this work,
we present results using the simultaneous fit of mass and age,
yielding a 2D posterior PDF, which we can then marginalize
over each axis to obtain marginal posteriors for age and mass. In
principle, cluster extinction could be included as an additional
free parameter in the SLUG fitting. We tested this by performing
fits in which extinction was inferred simultaneously with cluster
age and mass. However, the resulting extinction estimates were
weakly constrained and did not show clear trends with other
cluster properties. Since the inclusion of extinction substantially
increases the computational cost of the inference while not ma-
terially affecting the derived age-mass distributions, we restrict
the analysis presented here to the 2D inference in age and mass.
We show an example of a 2D mass—age posterior for one cluster
in Fig. 6 where the properties of the 10 best photometrically
matched synthetic clusters are indicated with crosses. To get the
posterior of the full sample when we have obtained 2D PDFs for
all our clusters, we normalize each posterior PDF and take the
mean.

cluster_ slug returns probability distributions for each pa-
rameter, not a single ‘best-fit’ solution. In this context, the median
is a natural point estimator because it represents the value that
divides the posterior mass in half and is therefore less sensi-
tive to skewness, multimodality, or long tails than a maximum-
likelihood or best-matching solution. This is particularly impor-
tant for low- and intermediate mass clusters, where stochastic
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Figure 7. Scatter plot comparing the inferred age of the synthetic cluster
population to the ages from the generated catalogue using all available
photometric filters (i.e. HST/ACS and KCWI broad- and narrow-band).
The black dashed line shows the 1:1 line. The triangles show points deter-
mined as a median of the distribution, and circles show the results when
using the peak. We see that although the age is generally well constrained,
there is a grouping of the inferred age at ~10° yr, whether the peak or the
median is used.

sampling of the IMF may produce highly non-Gaussian poste-
riors.

3.3 Assessing filter set-ups

3.3.1 Testing on mock observations

We use cluster slug together with the synthetic library
of 10° clusters, to derive PDFs for age and mass, and com-
pare the inferred versus actual properties for each of the mock
observed clusters. As will be described below, with this we can
quantify how well the inferred properties match the true values
given a choice of used photometric filter, providing motivation for
which filter set to choose to derive the most reliable constraints.

A first comparison using the two available HST filters as well as
KCWI broad- and narrow-bands (i.e. all available filters), and us-
ing the peak value of the PDF and the median of the distributions
to infer cluster properties, is shown in Fig. 7. We see that there
is a bunching of ages just below 10° yr. Looking at the central
column of Fig. 5, we see that below these ages, there is no change
in the magnitude in any of our bands until this age, so as the
likelihood function is flat, the posterior PDF is simply the prior.
Hence, the values here are simply the median/peak of the prior in
this age range. We also see a few catastrophic misses, where the
true age is <10° but the inferred age is far older. These are likely
to be young clusters where there is no massive star, meaning they
lack nebular emission. Although there are examples of this in the
reference library as well, these are a minority and as such SLUG
will assume that in the absence of nebular emission, the cluster is
old. This is a correct assumption a majority of the time, but there
are some cases where this causes these catastrophic misses. For
these reasons, we cannot put strong constraints on these young
ages with our current data.

We then run the inference for multiple combinations of our
filters, to showcase the value of including the different bands in
retrieving true cluster parameters. We test five different combina-
tions of the available filters:
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(i) HST/ACS only (F606W and F814W)

(i) KCWI (broad-band filters) only

(iii) KCWI broad- and narrow-band filters

(iv) No narrow-band: HST and KCWI broad-bands only
(v) All: HST and KCWI broad- and narrow-bands

We also test the value of including additional filters by consid-
ering:

(i) JWST/NIRCam (FO707W, F200W, F227W, and F444W)
(ii) HST/UVIS (F275W and F438W)
(iii) All available filters + NIRCam and UVIS

Fig. 8 shows the results of all filter combinations as a com-
parison between the Bayesian inference parameters to the true
parameter values of the synthetic cluster library SLUG.

It is very clear from the figure that increasing the spectral
coverage of the data greatly reduces the scatter between the true
properties and those inferred. To quantify this reduced scatter we
define a distance in physical parameter space,

Dp = [Z(pi,true - pi.inf)zv (3)

where p;ins is the 50th percentile value (median) in the 1D
marginal PDFs and the true value parameter p; and p; ye is the
value read from the library for the same cluster. D, is evaluated
for each cluster in the library, and we then use the mean as a
representation of the scatter for each filter set. These numbers
can then be used to quantify how well each set of filters constrains
the properties of the clusters. The mean D), for each set of filters
is presented in Table 2.

3.3.2 Testing on real data

We run the inference for the same filter sets on the real data,
excluding, of course, those set-ups containing unavailable UVIS
or NIRCAM bands. As a measure for the performance of a given
combination of filters we monitor the proportion of cluster that
are not fit. Poorly fit clusters are those clusters that have no peak
in their posterior PDF after Bayesian inference, defined by setting
the minimum height of the peak over the baseline to be over 0.01
in the 1D marginal PDF for both mass and age. This does not
occur when using synthetic data, but must be considered when
it comes to choosing which filter set to use, so we have run the
inference on each of the filter sets and record the number of
clusters that have no peaks in their PDFs. We then also want to
eliminate any filter sets that too strongly assign clusters an age
of <10° yr. For this reason we also quantify the number of very
young clusters once poorly fit clusters are removed. Both of these
are displayed in Table 2.

These results clearly demonstrate the added value of including
both IR and UV photometry for reducing scatter and alleviating
the age degeneracy. We also find that, although the inclusion of
narrow-band filters leads to tighter constraints on cluster prop-
erties, nearly half of the clusters cannot be successfully fit with
this combination of filters. This is likely due to the relatively
large pixel size of the KCWI data, which can cause the nebu-
lar emission to be spatially blended. As a result, the narrow-
band flux associated with a given cluster may be significantly
contaminated by ionizing radiation from neighbouring clusters,
leading to the assignment of nebular luminosities to the wrong
source.
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3.4 Quality flags

Prior to presenting the results of the Bayesian inference in the
next section, we determine quality flags for the inferred clus-
ters in order to assess how well the observed photometry is re-
produced by the synthetic cluster library. Due to the uncertain
nature of the photometry from the IFU data, it is important to
identify which clusters are well represented by the models and
therefore have reliably constrained physical properties. To do so,
we compute an error-normalized photometric distance between
each observed cluster and its potential matches in the synthetic
library, using only the broad-band magnitudes. Following M. R.
Krumbholz et al. (2015a), this distance is defined as

1 (Miops — M; j)?
Dy = | &y Mo M) @
M N Z AMi,obs

where N is the number of photometric filters, M; ops is the
magnitude of the observed cluster in filter i, AM; s is the un-
certainty on that magnitude, and M, ; is the magnitude of the
Jjth synthetic cluster in the same filter. For each observed cluster,
we compute Dy, relative to every synthetic cluster in the library,
and use the resulting distribution of distances to assign a quality
flag. Clusters with at least five library matches satisfying Dy, < 1,
corresponding to matches within the 1o photometric uncertainty,
are assigned a quality flag Q = 0. Clusters that do not meet this
criterion but have at least five matches with Dy, < 2 are assigned
Q = 1. All remaining clusters are assigned Q = 2, indicating that
the observed photometry is poorly reproduced by the model li-
brary. In the analysis that follows, we focus primarily on clusters
with Q = 0 and Q = 1, while clusters with Q = 2 are excluded
from further consideration. After inference and the removal of
poorly fit clusters, this procedure yields 432 clusters with Q = 0,
455 with Q = 1, and 228 with Q = 2.

4 ANALYSIS

In what follows, we present the results of the Bayesian inference
of the properties of the observed clusters. Specifically, in Sec-
tion 4.1 we compare the cluster ages to the star formation history
of the galaxy, and in Section 4.2 we analyse the spatial distri-
bution of cluster masses and ages across NGC 1569. Comparing
the inferred cluster ages to the galaxy’s star formation history
provides an important consistency check between independent
tracers of recent and past star formation episodes. Star clusters
form preferentially during episodes of elevated star formation,
and thus the distribution of cluster ages should broadly reflect the
temporal variation of the SFR. Examining the spatial distribution
of cluster masses and ages allows us to investigate how star forma-
tion has propagated across the galaxy, e.g. spatial gradients in age
as a tracer for feedback effects or dynamical processes, and vari-
ations in cluster mass as a tracer for environmental effects such
as gas density, pressure, or feedback from previous star formation
episodes.

4.1 Properties of observed clusters

Fig. 9 shows the results of the Bayesian inference of age and
mass using the ACS filters and the broad KCWI bands, with
marginalized distributions in the margins. Due to the artificial
bunching of clusters at ages <10° yr (see Section 3.3), we ap-
ply an additional age cut in the right-hand panel, including
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Figure 8. Inferred versus true age for the 1000 simulated observations. From left to right, the top row shows: only ACS F606W and F814W, only the
KCWI broad-bands, KCWI broad-bands and narrow-bands, ACS along with KCWI broad- and narrow-bands. The bottom row shows: ACS with KCWI
broad-bands, JWST NIRCAM bands, HST UVIS bands, ACS, UVIS, and NIRCAM bands. The final three are shown in grey to emphasize that we do not
have access to these bands in our observed data. Similar to Fig. 7 there is a bunching of ages at ~10° yr for all filter sets. We also see that the inclusion
of bands covering wider wavelength ranges serves to greatly reduce the scatter.

Table 2. The parameter distance Dp, the number of poorly fit clusters, and the number of clusters assigned very young ages (< 10° yr)
for the different filter sets presented. Those sets that have N/A in the Poor Fits and Age column do not have real observed data and as
such can not have any poorly fit clusters.

Filter set Dp(dex) Poor fits Very young
HST/ACS + HST/UVIS + JWST 0.39 N/A N/A
ACS + KCWI broad and narrow 0.48 62 per cent 59 per cent
JWST only 0.51 N/A N/A
KCWI broad- and narrow-band 0.57 3 per cent 81 per cent
ACS + KCWI broad-bands 0.59 30 per cent 19 per cent
KCWI broad-band 0.69 1 per cent 2 per cent
HST/ACS only 0.75 6 per cent 18 per cent
HST/UVIS only 0.88 N/A N/A

only clusters with inferred ages >10° yr. This allows variations
across the age distribution to be more clearly seen while re-
ducing the influence of potentially spurious very young ages.
The resulting distribution appears multimodal, suggesting three
main periods of cluster formation. We identify a young compo-
nent centred at 10>7 yr (~ 0.5 Myr), an intermediate popula-
tion at 1073 yr (~ 21 Myr) and an older episode at 103 yr (~
200 Myr). The number of clusters associated with the youngest
peak may be overestimated due to the known pile-up of solu-
tions at very young ages; however, since this feature extends
beyond 10° yr, we retain it as a possible recent burst of star
formation.

Previous studies of the SFH of NGC 1569 have also identified
multiple episodes of enhanced star formation. L. Angeretti et al.
(2005) use HST photometry and the synthetic CMD technique
applied to resolved stars to identify two recent major episodes
of star formation occurring between 1.3 x 10’—3.7 x 107 yr and
4 x 107—1.5 x 10% yr. These time intervals are broadly consis-
tent with the two older peaks in our cluster age distribution at
~ 2 x 107 and ~ 2 x 10® yr. While the CMD approach used in
L. Angeretti et al. (2005) and the stochastic sampling Bayesian

MNRAS 550, 1-19 (2026)

inference method used here probe different tracers and are sub-
ject to different systematic uncertainties, the qualitative consis-
tency between the two results supports a picture in which NGC
1569 has experienced multiple recent episodes of enhanced star
formation over the past few hundred Myr. Although our analysis
suggests somewhat more pronounced structure in the age dis-
tribution, our inferred peaks are also broadly consistent with P.
Anders et al. (2004), who use multiband HST photometry and
evolutionary synthesis modelling of cluster spectral energy dis-
tributions (SEDs), finding that the majority of clusters formed
during a strong recent burst beginning ~25 Myr ago, with a
smaller population of older clusters extending to ages of order
~100 Myr.

To investigate potential variations in cluster properties over
the lifetime of NGC 1569, we divide the clusters into arbi-
trary age bins roughly corresponding to the identified star for-
mation episodes: young clusters with ages <10%° yr, interme-
diate clusters between 107 and 107 yr, and old clusters be-
tween 10% and 10%° yr. The cluster mass distributions in these
bins are shown in Fig. 10, revealing apparent differences between
star formation episodes. To assess whether these differences are
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Figure 9. Contour plots showing the results of Bayesian inference. The vertical axis shows the inferred mass and horizontal shows inferred age. The
marginalized 1D posterior PDFs are shown in the margins. The shaded regions show the two star formation episodes reported in L. Angeretti et al. (2005),
along with a dashed line identifying the centre of a peak at young ages. The plot on the left shows the full data set, while for the plot on the right, we
have removed clusters where the age distribution peaks below 10° yr to highlight the other two peaks. In either case we clearly see multiple age peaks,
at10%7, 1073, and 1082 yr, with the older two lining up with the results of L. Angeretti et al. (2005).
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Figure 10. A histogram comparing the cluster masses in the three iden-
tified bursts of star formation. The young, intermediate, and old, shown
here in pink, magenta, and brown, respectively. The youngest clusters
peak at lower masses than those in the older episodes and the latter two
have more similar mass distributions. Although the lack of low-mass, old
clusters is likely due to observational effects, there is a notable difference
in the peak of the mass distributions.

statistically significant, we perform Kolmogorov-Smirnov (KS)
tests, which evaluate the probability that two samples are drawn
from the same underlying distribution. Comparing the young and
intermediate clusters yields p = 3.9 x 1078, the intermediate and
old clusters give p = 0.42, and the young and old clusters give
p=1.26 x 107>, It is important to emphasize that the KS test
does not account for observational limitations, and some appar-
ent differences may therefore be influenced by selection effects.

For example, the scarcity of low-mass, old clusters largely reflects
their faintness and our limited detection sensitivity. Nevertheless,
other differences, such as the location of the mass distribution
peaks, suggest that the cluster mass function may genuinely vary
between star formation episodes.

Qualitatively, Fig. 10 shows that the old population has the
highest mean cluster mass, the young population the lowest, and
the intermediate is in between these two. Taken together, these re-
sults provide tentative evidence that the star formation history of
NGC 1569 is not only temporally structured but may also involve
variations in the typical masses of clusters formed during differ-
ent episodes where more recent episodes form progressively less
massive clusters. A more detailed interpretation of these trends,
accounting for selection effects and cluster disruption, is deferred
to Section 5.

4.2 Spatial analysis

In addition to studying how cluster properties relate to one an-
other, we investigate if they vary spatially across the galaxy. To
this end, we make spatial maps, overplotting the locations of
clusters. We first examine the connection between position of the
clusters and their mass.

In Fig. 11, the clusters are plotted over a KCWI integrated-light
map and coloured by mass. In Fig. 12, we show cluster mass as a
function of projected distance from the galactic centre, taken to
be the location of SSC B. We consider the azimuthal distance as
well as distances along axes parallel and perpendicular to the disc.
A clear gradient in cluster mass is apparent, most pronounced
perpendicular to the disc, along the galaxy’s outflow. Distances
are projected and not corrected for inclination, which would in-
troduce additional uncertainties.
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Figure 11. A flattened KCWI image with the locations of clusters
marked by points. The outlined points are those clusters that have Q = 0
0, the others have Q = 1. The points are coloured by the inferred mass of
the clusters in Mg.

Table 3. The fitted slopes for log mass over the azimuthal distance, and

over each axis of the disc, for all three shown data sets. All slopes are in

units of 10~3dex pc~!.

Data set Distance Along disc Perp. to disc
HST only —1+£0.2 —1+0.09 —4+0.1
Q=0 —140.2 —140.2 —240.2
Q=1 —-1+£0.1 —-0.7+£0.1 —3+0.2

To test whether the observed trends could be driven by obser-
vational effects, we consider that clusters near the galaxy centre
are more likely to have their fluxes overestimated due to elevated
background levels in the KCWI data, and faint clusters may be
undetected. To mitigate these effects, we repeat the analysis us-
ing only the HST photometry, which employs smaller apertures
and is less sensitive to background contamination. We quantify
the gradient by performing unweighted linear fits to each data
set along the three distance measures. The resulting slopes are
listed in Table 3. For example, using HST-only data, the slope
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Figure 13. A flattened KCWI image with the locations of clusters
marked by points. The outlined points are those clusters that have Q = 0,
the others have Q = 1. The points are coloured by the inferred age of the
cluster.

of cluster mass versus azimuthal distance and along the disc
is —1 x 1073 pc~!, and perpendicular to the disc is —4 x 1073
pc~!. Similar slopes are obtained when considering only clus-
ters with quality flags Q = 0 or Q = 1. The consistently steeper
slope perpendicular to the disc indicates that the mass gradient
along this direction is robust and not solely an observational
artefact.

Even considering potential incompleteness, such as unde-
tected low-mass clusters in bright central regions, there is a clear
paucity of high-mass clusters in the outskirts. We also note a
systematic difference between Q = 0 and Q =1 clusters: Q =0
clusters generally have slightly lower masses. This may result
from higher-mass clusters being physically larger, with flux less
likely to be fully captured in a single pixel, and preferentially
located in denser, higher-background regions, which can increase
measurement uncertainty.

A similar analysis is performed for the derived cluster ages. The
map is shown in Fig. 13, where the clusters are now coloured by
their age. No obvious variations with galactocentric distance are
identified from Fig. 14. Further, we also investigate whether there
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Figure 12. The cluster mass plotted over the distance from SSC B. The magenta crosses show the mass inferred using only the ACS/HST photometry, the
pink points show the masses inferred by also including the KCWI broad-bands. The points with outlines show clusters with Q = 0, while those without
have Q = 1. The brown dashed line shows a linear fit to the KCWI data with Q = 1, and the black dotted line is a fit to those with Q = 0. The average
error bars are shown in the top right of the central frame, both lines have the 95 per cent confidence interval shaded. We see a clear negative gradient
across all three panels, with the slope being steepest when moving perpendicular to the disc, suggesting a change in the trunaction mass M, of the CMF.
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Figure 14. The cluster age plotted over the distance from SSC B. The points with outlines show clusters with Q = 0, while those without have Q = 1.

We see no clear trend with age over the distance.

is spatial variation within each star formation episode identified
in Section 4.1. To do this we examine their spatial dependence
separately. This is shown in Fig. 15, where we fit lines to each
star formation episode (age bin) separately. The fitted slopes of
these lines are reported in Table 4. We find a shallow negative
gradient within each age bin, particularly for the oldest episode,
potentially suggesting star formation moving from the inside out.
It is, however, important to note the large uncertainties on the
inferred age and of the linear fits.

4.3 Correlations with gas properties

We now investigate the presence of correlations between the
physical properties of the clusters and those of the surrounding
gas. For this, we use KCWI gas property maps produced for M. J.
Hamel-Bravo et al. (2024).

First, we compare gas-phase metallicity and cluster mass by
extracting 12 4+ log(O/H) values from the pixels the clusters are lo-
cated in. We show this comparison in Fig. 16, where the left panel
shows a metallicity map, with the location of clusters marked and
coloured by their mass, and the right panel shows cluster mass
against metallicity.

While the scatter is large, we qualitatively find that the highest
mass clusters tend to be in regions of higher metallicity. Quantify-
ing the correlation with the Pearson correlation coefficient (PCC)
between the cluster mass and metallicity, we obtain PCC = 0.18,
and a p-value for the null hypothesis of 2.6 x 108, meaning it
is very likely that the mass of the clusters is correlated with the
metallicity of the surrounding gas.

Next, looking now at the ionization state of the gas, we use the
[O111]A5007 and [O 11]A3727 maps provided by M. J. Hamel-Bravo
et al. (2024) to make a map of the log([O 111]A5007/[O 11]A3727),
log(032), to serve as a proxy of the ionization state of the gas. We
can then repeat the mapping process as before, using the log(032)
in place of the metallicity (Fig. 17).

In these figures there is a clear relationship between cluster
mass and ionization state. Doing an unweighted linear fit to each
set of points (Q = 0 and Q = 1), we get the Q = 0 slope 1 £ 0.2
and the Q = 1slope 2 £0.1.

Lastly, we plot the same ISM properties against cluster age.
We show the age-metallicity comparison in Fig. 18. We see no
apparent trend between the two parameters. Similarly, for the
ionization state (Fig. 19) we find no clear correlation.

5 DISCUSSION

5.1 Cluster masses

In Section 4.1, we showed tentative results indicating a star for-
mation episode-dependent mean cluster mass, where clusters
formed during earlier episodes appear to have higher masses,
on average. While incompleteness at low masses — especially for
older, faint clusters in crowded regions - likely contributes to
some of these trends, the observed shifts in the location of the
mass distribution peaks suggest that the cluster mass function
may genuinely vary between star formation events. Similar en-
vironmental and temporal variations in cluster populations have
been noted in other systems: for example, S. S. Larsen (2009) and
Q. Zhang & S. M. Fall (1999) discuss how cluster mass functions
and formation efficiencies can differ between quiescent and star-
burst environments. Previous studies of NGC 1569’s star forma-
tion history based on resolved stars (L. Angeretti et al. 2005) and
cluster SED fits (P. Anders et al. 2004) already established multi-
ple recent bursts, and our results extend this picture by indicating
that the mass scale of clusters formed may also change over time.
If confirmed with more complete samples and detailed modelling
of selection effects, this would imply that physical conditions —
such as gas density, pressure, or feedback from earlier generations
of clusters - modulate not only the timing but also the nature of
cluster formation in NGC 1569.

5.2 Radial trends

The analysis reveals a clear negative correlation between clus-
ter mass and galactocentric distance in NGC 1569. As shown
in Fig. 12 and quantified in Table 3, the cluster mass decreases
systematically with increasing distance from SSC B, which we
adopt as the galaxy centre. The trend is robust across both
quality flags, and persists even when using only HST photom-
etry, demonstrating that this is not an artefact of background
contamination or blending in the KCWI data, though these ef-
fects may contribute to the systematic offset between quality
flags.

Interestingly, we find a directional dependence of the radial
mass gradient. That is, analysing the gradient separately along
and perpendicular to the galactic disc (with the perpendicular
direction being that along the starburst-driven outflow of the
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Figure 15. Cluster ages plotted over distance from SSC B, binned by star formation episode. The pink points show those points in the youngest bin,
the magenta crosses those in the intermediate bin and the brown triangles those in the oldest bin. The grey points show those clusters that are not
associated with one of the three main star formation episodes identified. The pink dashed line shows a linear fit to the first bin, the red dotted line a fit to
the intermediate, and the brown dash-dotted line the oldest. There is a slight negative slope in the oldest age bin, potentially suggesting star formation
moving outwards, but note also the large uncertainties on the age determination.

Table 4. The fitted slopes for the azimuthal distance, and over each axis,
for all three star formation episodes. Slopes are in units of 10~>dex pc™!.

Episode Distance Along disc Perp. to disc
Young 6£5 0.8+4 10£7
Int. 1.2+6 -3+6 7+9
Old. —13+6 —13+6 —-13+10

galaxy), we find a steeper slope perpendicular to the disc than
along it. This anisotropic gradient suggests that the truncation
mass of the CMF is not simply a function of galactocentric radius,
but rather depends on the local gas density or pressure environ-
ment.

This finding is consistent with previous observations of radial
mass gradients in other galaxies. L. Della Bruna et al. (2022)
find that the mass of young star clusters in M83 decreases with
galactocentric distance, with A. Adamo et al. (2015) reporting a
correlation between the truncation mass and the local gas surface
density. Our results extend this picture by demonstrating that the
gradient is not purely radial, but also depends on the direction
relative to the disc plane, with the steepest decline occurring
along the minor axis where gas densities are lower in the channel
of the outflow.

The physical interpretation of this mass gradient can be un-
derstood within the framework of feedback-regulated cluster for-
mation. M. Reina-Campos & J. M. D. Kruijssen (2017) developed
analytical models showing that the truncation mass of the CMF
depends on the balance between the feedback time-scale and
the free-fall time-scale of the parent molecular cloud. In lower
density environments, stellar feedback acts on shorter time-scales
than the cloud collapse time, causing the cloud to be disrupted
before it can convert a significant fraction of its mass into stars.
This limits the maximum cluster mass that can form. In higher
density regions, the stronger gravitational binding energy of the
collapsing cloud allows it to resist disruption longer, enabling
more mass to be converted into stars before feedback disperses
the remaining gas. The steeper gradient perpendicular to the
disc, where gas densities are lower due to the outflow and lower

MNRAS 550, 1-19 (2026)

vertical gravitational potential, supports this interpretation: clus-
ters forming in the lower-density gas above and below the disc
are more readily disrupted, leading to lower maximum cluster
masses.

The fact that we observe a lack of high-mass clusters in the
outskirts even if lower-mass clusters might be undetected due to
crowding effects further supports the interpretation that this is a
physical truncation rather than a detection limit. If the gradient
were purely due to incompleteness, we would expect to see some
high-mass clusters in the outskirts, but these are notably absent.

In contrast to the clear mass gradient, we find no significant
spatial trends in cluster age (Fig. 14) with galactocentric distance.
The lack of an age gradient suggests that star formation has oc-
curred across the galaxy over similar time-scales, consistent with
the multiple star formation episodes identified in Section 4.2 and
previous work.

These results demonstrate that cluster formation in NGC 1569
is regulated by local environmental conditions. The anisotropic
mass gradient, with its steeper decline along the outflow of the
galaxy, provides observational evidence that feedback-mediated
gas density plays a crucial role in setting the maximum cluster
mass that can form in dwarf starburst galaxies.

5.3 Connection to ISM properties

The co-spatial IFU spectroscopy from KCWI enables us to di-
rectly investigate the relationship between stellar cluster proper-
ties and the conditions of their surrounding ISM. Using the gas-
phase metallicity and ionization parameter maps derived by M.
J. Hamel-Bravo et al. (2024) from the same KCWI observations,
we can examine how cluster formation responds to local ISM
conditions.

5.3.1 Cluster mass and gas-phase metallicity

We find a weak positive correlation between cluster mass and the
local gas-phase metallicity, as shown in Fig. 16. The highest mass
clusters are preferentially located in regions of elevated metallic-
ity, with 12 + log(O/H) values reaching up to ~8.35 near SSC
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Figure 16. Left: A map showing the 12 + log(O/H) metallicity derived by M. J. Hamel-Bravo et al. (2024) overlayed by points showing stellar clusters.
The points are coloured by their stellar mass. Right: Scatter plot showing the mass of clusters plotted over their local metallicity. The outlined points
show clusters with flag Q = 0 while those without an outline have flag Q = 1. Although there is no clear linear trend, we see that the highest mass clusters
tend to be in regions of higher metallicity.
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Figure 18. Left: As Fig. 16 (left) but showing the inferred cluster age in place of the mass. Right: As Fig. 16 (right) but showing inferred cluster age on
the vertical axis in place of the mass.

B, compared to the galaxy-wide average of ~8.22 (M. J. Hamel-
Bravo et al. 2024). While this correlation may suggest that massive
cluster formation is favoured in gas that has been locally pre-
enriched by previous generations of star formation and feedback,

metallicity itself is likely not the direct causal agent for higher
cluster mass. Instead, the elevated metallicity in the vicinity of
SSC B likely results from the enrichment of the local ISM by
stellar winds and supernova ejecta from SSC Bitself as well as and
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Figure 19. Left: As Fig. 18 (left) but showing log(032) in place of the 12 + log(O/H) metallicity. Right: As Fig. 18 (right) but showing log(O032) on the

horizontal axis in place of the 12 + log(O/H) metallicity.

the surrounding massive clusters over multiple star formation
episodes.

5.3.2 Cluster mass and degree of ionization

The relation between cluster mass and the ionization param-
eter of the surrounding gas, proxied by log(032) = log([O
11]A5007/[O 11]A3727), reveals a positive correlation (Fig. 17).
Higher mass clusters (and the hot stars within them) are asso-
ciated with higher ionization parameters, indicating that more
massive clusters produce stronger radiation fields capable of ion-
izing their surroundings to higher degrees. The relationship be-
tween cluster mass and ionizing photon flux Q, is evident in
the synthetic cluster library (Fig. 5), where we see a positive
correlation between mass and Qy. The observed correlation with
log(032) thus reflects the direct connection between cluster mass
and the production of ionizing radiation.

However, we note that the ionization parameter also depends
on the gas density and geometry of the ionized gas, that is, on
the optical depth of the regions. The correlation we observe may
therefore be influenced by the fact that massive clusters tend to
form in denser gas regions, where the higher gas density could
also contribute to higher ionization parameters for a given ion-
izing photon flux. Nevertheless, the spatial correlation between
high cluster masses and high log(032) values supports the inter-
pretation that massive clusters are the primary drivers of the high
ionization state in these regions.

5.3.3 Cluster age and ISM properties

In contrast to the correlations observed for cluster mass, we find
no significant trends between cluster age and either metallicity
or ionization parameter (Fig. 18). The lack of an age-metallicity
correlation suggests that clusters of all ages are forming in gas
with similar metallicity, consistent with the idea that the metallic-
ity gradient is primarily spatial rather than temporal. This could
indicate that enrichment occurs on time-scales longer than the
age spread of our cluster sample, or that enriched gas is efficiently
mixed throughout the SFRs.

The absence of a correlation between age and ionization pa-
rameter is somewhat surprising, as younger clusters would be

MNRAS 550, 1-19 (2026)

expected to contain more massive stars and produce stronger
radiation fields. However, this may reflect the fact that log(032)
traces the current ionization state, which could be influenced by
the cumulative effect of multiple clusters in crowded regions, or
by the time delay between cluster formation and the establish-
ment of a photoionization equilibrium in the surrounding gas.
Additionally, the age resolution of our analysis, particularly for
clusters younger than ~3 Myr, may limit our ability to detect age-
dependent trends in ionization.

5.3.4 Implications for cluster formation

Taken together, these correlations provide a picture of cluster for-
mation in NGC 1569 regulated by local ISM conditions. Massive
clusters form preferentially in regions of high gas density (where
super star clusters like SSC B can form, and as evidenced by
the radial mass gradient), high metallicity, and produce strong
radiation fields that maintain high ionization parameters in their
surroundings. This suggests a positive feedback loop: massive
clusters form in dense, enriched gas, enrich their surroundings
further through stellar winds and SNe, and create conditions that
may favour subsequent massive cluster formation.

The spatial concentration of these favourable conditions near
SSC B, where we observe the highest cluster masses, highest
metallicities, and highest ionization parameters, indicates that
this region represents a particularly active site of cluster forma-
tion and feedback. The fact that this region has sustained mul-
tiple generations of massive cluster formation (as evidenced by
the range of cluster ages) suggests that feedback from massive
clusters can create and maintain conditions conducive to further
massive cluster formation, at least in the dense central regions of
dwarf starburst galaxies.

These results demonstrate the power of combining high-
resolution photometry with IFU spectroscopy to directly link
cluster demographics to the physical conditions of their birth
environments. The correlations we observe provide observational
support for theoretical models in which cluster formation is regu-
lated by a complex interplay between gas density, metallicity, and
feedback processes.
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6 SUMMARY

Using a combination of high-resolution HST photometry and IFU
spectrophotometric data from KCWI covering the wavelength
range from ~3600 to ~9600 A, we have derived star cluster phys-
ical properties in the nearby dwarf starburst galaxy NGC 1569 us-
ing Bayesian inference and synthetic photometry of stochastically
sampled star clusters. Our key findings are as follows:

(i) In the wavelength range covered by the HST and KCWI
data, the optimal combination of filters in terms of recovering
reliable cluster parameters versus number of clusters that could
not be fit at all is HST/ACS combined with the three KCWI broad-
band filters.

(ii) Further, we show that additional bluer coverage with HST
and NIR coverage with JWST/NIRCam - that is, with coverage
from the UV to ~5 um is crucial to break the degeneracy between
age and colour.

(iii) We successfully recover two known episodes of star for-
mation reported in the literature, and, while caveats need to be
taken into consideration, we also report a younger episode of star
formation younger than 10 yr.

(iv) The distribution of cluster masses differs between young,
intermediate, and old populations, with statistically significant
differences between the youngest and older age bins. Within
caveats, this tentatively suggests that NGC 1569’s SFH is not only
episodic but may also involve variations in the typical masses of
clusters formed during different bursts, consistent with environ-
mental modulation of the cluster mass function.

(v) We find a negative trend of cluster mass with radial distance
from the super star cluster SSC B, as well as a steeper negative
trend along the galactic outflow of NGC 1569. We interpret this as
feedback-mediated gas density enabling high-mass cluster forma-
tion close to the main source of feedback, and truncating cluster
masses in the lower density gas, in particular along the outflow
cavity.

(vi) Together with the previous, we find a weak positive trend
of cluster mass with gas-phase metallicity, which possibly sug-
gests that massive clusters form in gas that has been locally
pre-enriched by sustained star formation and feedback. This is
further supported by the fact that the highest metallicities are
observed close to SSC B where we also observe higher cluster
masses.

(vii) We also find a positive trend of cluster mass with the
degree of ionization of the surrounding gas, likely reflecting the
fact that higher mass clusters contain higher mass stars capable
of producing stronger radiation fields.

The methods and analyses used in this paper demonstrate
that optical IFU spectroscopy and co-spatial high-resolution pho-
tometry, combined with stochastic cluster population modelling,
enable us to link cluster demographics directly to feedback-
regulated star formation, providing a powerful avenue for dis-
secting the physics of dwarf starbursts. Taken together, these
results contribute to providing a picture in which star cluster
formation in dwarf starburst galaxies is regulated by a spatially
and directionally varying interplay between gas density, feedback
effectiveness, and stochasticity, and show that resolved cluster
populations can be used as quantitative tracers of how feedback
sculpts the ISM and limits cluster growth in low-mass galaxies
across the local Universe.

Getting to know the star clusters in NGC 1569 17

ACKNOWLEDGEMENTS

This work was supported by Science and Technology Facili-
ties Council grant ST/Y509346/1. Some of the data presented
herein were obtained at Keck Observatory, which is a private
501(c)3 non-profit organization operated as a scientific partner-
ship among the California Institute of Technology, the University
of California, and the National Aeronautics and Space Admin-
istration. The Observatory was made possible by the generous
financial support of the W. M. Keck Foundation. The authors
wish to recognize and acknowledge the very significant cultural
role and reverence that the summit of Maunakea has always had
within the Native Hawaiian community. We are most fortunate
to have the opportunity to conduct observations from this moun-
tain.

This work made use of ASTROPY:?> a community-developed
core PYTHON package and an ecosystem of tools and resources
for astronomy (Astropy Collaboration 2013, 2018, 2022).

DATA AVAILABILITY

All raw KCWI data files are accessible in the Keck Observatory
Archive.?

The HST data were obtained using ESASKky, developed by the
ESAC Science Data Centre (ESDC) team and maintained along-
side other ESA science mission’s archives at ESA’s European
Space Astronomy Centre (ESAC, Madrid, Spain).

REFERENCES

Adamo A., Kruijssen J. M. D., Bastian N., Silva-Villa E., Ryon J., 2015,
MNRAS, 452, 246

Adamo A. et al., 2020, Space Sci. Rev,, 216, 69

Aloisi A., 2006, Deep Photometry of NGC 1569: Understanding the Clos-
est and Strongest Starburst of the Nearby Universe, HST Proposal ID
10885. Cycle 15

Anders P., de Grijs R., Fritze-v. Alvensleben U., Bissantz N., 2004,
MNRAS, 347,17

Angeretti L., Tosi M., Greggio L., Sabbi E., Aloisi A., Leitherer C., 2005,
AJ, 129, 2203

Astropy Collaboration, 2013, A&A, 558, A33

Astropy Collaboration, 2018, AJ, 156, 123

Astropy Collaboration, 2022, ApJ, 935, 167

Bertin E., Arnouts S., 1996, A&AS, 117, 393

Bik A., Lamers H. J. G. L. M., Bastian N., Panagia N., Romaniello M., 2003,
A&A, 397,473

Bradley L. et al, 2024,
doi:10.5281/zenodo.12585239

Brown G., Gnedin O. Y., 2021, MNRAS, 508, 5935

Cameron A. J. et al., 2021, ApJ, 918, L16

Cardelli J. A., Clayton G. C., Mathis J. S., 1989, AplJ, 345, 245

Collins M. L. M., Read J. I, 2022, Nat. Astron., 6, 647

Conroy C., Gunn J. E., White M., 2009, ApJ, 699, 486

Conroy C., White M., Gunn J. E., 2010, ApJ, 708, 58

Cook D. O. et al., 2014, MNRAS, 445, 899

Cook D. O. et al., 2019, MNRAS, 484, 4397

da Silva R. L., Fumagalli M., Krumholz M. R., 2014, MNRAS, 444, 3275

Della Bruna L. et al., 2022, A&A, 666, A29

Emami N, Siana B., Weisz D. R., Johnson B. D., Ma X., El-Badry K., 2019,
ApJ, 881,71

Emerick A., Bryan G. L., Mac Low M.-M., 2018, ApJ, 865, L22

astropy/photutils:  1.13.0, Zenodo,

Zhttp://www.astropy.org
3https://www2.keck.hawaii.edu/koa/public/koa.php

MNRAS 550, 1-19 (2026)

920z 1sNBny || uo Jasn ONNY Aleiqi] AspiyD 1091100-8a Aq 00% | L28/€2 | LBEIS/Z/0SS /910 /SEIu/WOoo"dNo"olwapede//:sdny Wwolj papeojumoq


http://dx.doi.org/10.1093/mnras/stv1203
http://dx.doi.org/10.1007/s11214-020-00690-x
http://dx.doi.org/10.1111/j.1365-2966.2004.07171.x
http://dx.doi.org/10.1086/429677
http://dx.doi.org/10.1051/0004-6361/201322068
http://dx.doi.org/10.3847/1538-3881/aabc4f
http://dx.doi.org/10.3847/1538-4357/ac7c74
http://dx.doi.org/10.1051/aas:1996164
http://dx.doi.org/10.1051/0004-6361:20021384
http://dx.doi.org/10.1093/mnras/stab2907
http://dx.doi.org/10.3847/2041-8213/ac18ca
http://dx.doi.org/10.1086/167900
http://dx.doi.org/10.1038/s41550-022-01657-4
http://dx.doi.org/10.1088/0004-637X/699/1/486
http://dx.doi.org/10.1088/0004-637X/708/1/58
http://dx.doi.org/10.1093/mnras/stu1787
http://dx.doi.org/10.1093/mnras/stz331
http://dx.doi.org/10.1093/mnras/stu1688
http://dx.doi.org/10.1051/0004-6361/202243395
http://dx.doi.org/10.3847/1538-4357/ab211a
http://dx.doi.org/10.3847/2041-8213/aae315
http://www.astropy.org
https://www2.keck.hawaii.edu/koa/public/koa.php

18  B. Bjorgvinsson et al.

Fitzpatrick E. L., 1999, PASP, 111, 63

Flores S. M. M. n., Wiklind T., Eufrasio R. T., 2021, ApJ, 921, 130

Fontana A. et al., 2006, A&A, 459, 745

Fouesneau M., Lancon A., Chandar R., Whitmore B. C., 2012, ApJ, 750,
60

Furlanetto S. R., Mirocha J., 2022, MNRAS, 511, 3895

Girichidis P. et al., 2020, Space Sci. Rev., 216, 68

Grazian A. et al., 2015, A&A, 575, A96

Greggio L., Tosi M., Clampin M., Marchi G. D., Leitherer C., Nota A.,
Sirianni M., 1998, ApJ, 504, 725

Hamel-Bravo M. J. et al., 2024, MNRAS, 530, 3855

Hunter D. A., O’Connell R. W,, Gallagher J. S., Smecker-Hane T. A., 2000,
AlJ, 120, 2383

Hunter D. A. et al., 2012, AJ, 144, 134

Izotov Y. 1., Guseva N. G., Fricke K. J., Henkel C., Schaerer D., Thuan T.
X., 2021, A&A, 646, A138

Johnson M., 2013, AJ, 145, 146

Kamann S., Wisotzki L., Roth M. M., 2013, A&A, 549, A71

Kroupa P., 2002, Science, 295, 82

Krumholz M. R. et al., 2014, in Beuther H., Klessen R. S., Dullemond C.
P., Henning T., eds, Protostars and Planets VI. Univ. Arizona Press,
Tucson, p. 243

Krumbholz M. R., Fumagalli M., Da Silva R. L., Rendahl T., Parra J., 2015a,
MNRAS, 452, 1447

Krumholz M. R. et al., 2015b, ApJ, 812, 147

Krumholz M. R., McKee C. F., Bland-Hawthorn J., 2019, ARA&A, 57, 227

Lada C.J., Lada E. A., 2003, ARA&A, 41, 57

Landini M., Natta A., Oliva E., Salinari P., Moorwood A. F. M., 1984, A&A,
134, 284

Larsen S. S., 2009, A&A, 494, 539

Leitherer C. et al., 1999, ApJS, 123, 3

Leroy A. K. et al., 2019, ApJS, 244, 24

Lim P. L. et al, 2020, Astrophysics Source Code Library, record
ascl:2011.024

Luridiana V., Morisset C., Shaw R. A., 2014, A&A, 573, A42

Marasco A. et al., 2023, A&A, 670, A92

McKee C. F., Williams J. P., 1997, ApJ, 476, 144

McLeod A. F. et al., 2020, ApJ, 891, 25

McPherson D. K. et al., 2023, MNRAS, 525, 6170

Messa M. et al., 2018, MNRAS, 473, 996

Morrissey P. et al., 2018, ApJ, 864, 93

Ostlin G. et al., 2014, ApJ, 797, 11

Portegies Zwart S. F., McMillan S. L., Gieles M., 2010, ARA&A, 48, 431

Reina-Campos M., Kruijssen J. M. D., 2017, MNRAS, 469, 1282

Ryon J. E. et al., 2017, ApJ, 841, 92

Schlafly E. F., Finkbeiner D. P., 2011, ApJ, 737, 103

Schulz C., Pflamm-Altenburg J., Kroupa P., 2015, A&A, 582, A93

Silva R. L. d., Fumagalli M., Krumholz M., 2012, ApJ, 745, 145

Stanway E. R., Eldridge J. J., 2023, MNRAS, 522, 4430

Stil J. M., Israel F. P., 1998, A&A, 337, 64

Stil J. M., Israel F. P., 2002, A&A, 392, 473

Tang J., Grasha K., Krumholz M. R., 2024, MNRAS, 532, 4583

Taylor M. B., 2005, in Shopbell P., Britton M., Ebert R. eds, ASP Conf.
Ser. Vol. 347, Astronomical Data Analysis Software and Systems XIV.
Astron. Soc. Pac., San Francisco, p. 29

Tully R. B. et al., 2013, AJ, 146, 86

Vazquez G. A., Leitherer C., 2005, ApJ, 621, 695

Wainer T. M. et al., 2022, ApJ, 928, 15

Westmoquette M. S., Exter K. M., Smith L. J., Gallagher J. S., III, 2007,
MNRAS, 381, 894

Zhang Q., Fall S. M., 1999, ApJ, 527, L81

Zwart S. F. P.,, McMillan S. L. W., Gieles M., 2010, ARA&A, 48, 431

APPENDIX A: KCWI ERRORS

To show that the exact errors are not necessary for this work, we
compare results when using different values for the error of the
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Figure Al. A plotcomparing the results of the fitting using two different
types of errors. The x-axis shows the logarithmic age of the clusters, and
the y-axis the logarithm of the mass in Solar masses. The histograms in the
margins show the distribution of the same properties. The magenta (dark)
crosses show the results when a constant 20 per cent error is used, while
the pink (bright) points show results from using errors sampled from a
Gaussian with mean 20 per cent and o = 5 per cent. Although there are
slight differences between individual values, the overall distributions are
consistent between error types.
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Figure A2. Same as Fig. Al except comparing the size of the error
rather than the type of error. The pink points show the results when
errors are sampled from a Gaussian with mean 20 per cent, the magenta
crosses have errors sampled from a Gaussian with mean of 10 per cent, the
brown triangles show results using Gaussian with mean 30 per cent. All
Gaussians have a o = 5 per cent. Despite differences between individual
values, the overall distributions are largely consistent between error sizes.

KCWTI data. A visual comparison is shown in Fig. A1, where a
constant 20 per cent error is compared to errors sampled from a
Gaussian with a mean of 20 per centand ¢ = 5 per cent. and Fig.
A2, where a Gaussian with a mean of 20 percent is compared
with one with a mean of 10 per cent and another with a mean of
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30 per cent. The values shown here are simply the median of the
marginal 1D distributions of mass and age for each cluster.

Comparing the Gaussian sampled errors with the constant er-
ror, we see that using the constant errors rather than the Gaus-
sians, has very little effect on the fitted results, although the
results do not match exactly, the overall distribution of points
remains the same. The variations in the obtained properties are
smaller than the spread of the posterior PDFs.

Comparing the Gaussians, we see that although there are
small differences in the returned values, the overall distributions
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remain largely the same and there seems to be no reason to
pick one over the other. Increasing the errors from 10 per cent
to 20 per cent, going from 28 percent to 11 per cent having no
constraints on their properties, but increasing from 20 per cent
to 30 per cent gives us an additional 4 per cent of clusters being
constrained (7 per cent not fit), but does also increase the spread
of values obtained, the uncertainty on results and requires more
computation time for Bayesian inference.
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