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A B S T R A C T 

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. 

Key words: galaxies: star clusters – galaxies: star formation – galaxies: stellar content. 
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 INTRODUCTION  

warf galaxies are the most common kind of galaxies in the Uni-
erse (A. Fontana et al. 2006 ; A. Grazian et al. 2015 ), and due to
heir shallow potential wells they are highly sensitive to feedback 
rocesses (A. Emerick, G. L. Bryan & M.-M. Mac Low 2018 ; M. L.
. Collins & J. I. Read 2022 ; A. Marasco et al. 2023 ). This means
hat stellar feedback from massive stars (M � 8 M�), including 
inds, ionizing radiation, and supernovae (SNe) can more easily 
rive outflows and shape the structure of the interstellar medium 

ISM) in lower mass galaxies, regulating future star formation. 
ue to the combination of sensitivity to feedback and low gas
asses, dwarf galaxies can blow out much of their available gas
eading to bursty star formation histories (SFHs) characterized 
y periods of high specific star formation rate (sSFR) and strong
alactic winds followed by more quiescent periods, when the gas 
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vailable for star formation is mostly depleted (N. Emami et al.
019 ; S. R. Furlanetto & J. Mirocha 2022 ). Star formation in these
alaxies is often compared to that in high-redshift galaxies due 
o the similarities in physical conditions, such as low metallicity, 
ursty star formation, and irregular morphology (G. Östlin et al. 
014 ; S. M. M. n. Flores, T. Wiklind & R. T. Eufrasio 2021 ; Y. I.
zotov et al. 2021 ). 
Because a large fraction of stars form in clustered environ- 
ents (C. J. Lada & E. A. Lada 2003 ; S. F. Portegies Zwart, S. L.
cMillan & M. Gieles 2010 ; M. R. Krumholz, C. F. McKee & J.
land-Hawthorn 2019 ; P. Girichidis et al. 2020 ), studies targeting
tar clusters allow for highly detailed studies of the effects of 
eedback, making them an excellent laboratory for linking star 
ormation and feedback effects. The cluster mass function (CMF) 
rovides an example of how one can make such links. The CMF
f young star clusters is typically described by a power law, but
t may exhibit truncation at a critical mass Mc , which encodes
nformation about the physical conditions of the ISM at the time
f cluster formation (S. S. Larsen 2009 ; M. Messa et al. 2018 ; A.
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damo et al. 2020 ; L. Della Bruna et al. 2022 ; T. M. Wainer et al.
022 ; J. Tang, K. Grasha & M. R. Krumholz 2024 ). In particular,
heoretical models predict that Mc depends on environmental
roperties such as gas surface density, pressure, and turbulence,
s well as on the efficiency and timing of stellar feedback (M.
eina-Campos & J. M. D. Kruijssen 2017 ). By studying the proper-
ies of star clusters in dwarf starbursts (e.g. age, mass, spatial dis-
ribution), where star formation is highly clustered and feedback
ffects are expected to be particularly strong, spatially resolved
luster mass measurements enable tests of whether Mc is regu-
ated by gas density, turbulence, or feedback-driven disruption.
imilarly, spatially mapping the age of the clusters allows us to
xamine how star formation progressed across the galaxy, i.e. are
he starbursts localized, or global across the entire galaxy. 
Tests of this sort require that we be able to resolve individual
lusters in distant galaxies. Using high-resolution Hubble Space
elescope ( HST ) photometry such resolution up to a distance of 
10 Mpc. We can then supplement such data by the addition
f integral field unit (IFU) spectroscopy, which offers stronger
onstraints by letting us define custom photometric filters that
apture specific spectral features useful in discriminating cluster
roperties. IFU data also allow us to probe local nebular condi-
ions, which can be used to quantify the effects of feedback from
tellar clusters. 
However, studies of this type face a fundamental challenge:
hen studying star clusters, it is common to use simple stel-
ar populations (SSPs) to constrain the properties (e.g. mass
nd age) of unresolved clusters (C. Leitherer et al. 1999 ; G. A.
ázquez & C. Leitherer 2005 ; C. Conroy, J. E. Gunn & M. White
009 ; C. Conroy, M. White & J. E. Gunn 2010 ). Assuming a
luster age, initial mass function (IMF), and stellar evolutionary
racks, the luminosity of the synthetic cluster can be obtained
nd compared with that of the observed clusters. However, this
tarts to fail at masses lower than ∼104 M� (M. R. Krumholz
t al. 2014 , 2015a ; E. R. Stanway & J. J. Eldridge 2023 ), where
lusters are unlikely to fully sample the IMF, and the relation-
hips between photometry and physical properties become non-
eterministic. Thus, in order to conduct accurate studies of star
lusters, it is necessary to account for the stochastic nature of star
ormation. 
Many stellar population synthesis codes have been developed

o tackle this problem. Here, we use the Stochastically Light-
ng Up Galaxies code, slug (R. L. d. Silva, M. Fumagalli & M.
rumholz 2012 ; R. L. da Silva, M. Fumagalli & M. R. Krumholz
014 ; M. R. Krumholz et al. 2015a ), to infer the properties of the
lusters in the nearby (3.25 Mpc; R. B. Tully et al. 2013 ), low
etallicity (12 + log(O/H) = 8.22; M. J. Hamel-Bravo et al. 2024 ),
ow mass [log( M� / M�) = 8.6, A. K. Leroy et al. 2019 ] galaxy NGC
569. This galaxy is undergoing an intense starburst, possibly
riggered by gravitational interactions with a passing H i cloud
r members of its galaxy group (IC 342; J. M. Stil & F. P. Israel
998 , 2002 ; D. A. Hunter et al. 2012 ; M. Johnson 2013 ). It contains
wo supermassive star clusters (SSCs), SSC-A and SSC-B (D. A.
unter et al. 2000 ), with H α-bright bubbles and filaments (M.
. Westmoquette et al. 2007 ), and a high-metallicity region sur-
ounding SSC-B (M. J. Hamel-Bravo et al. 2024 ). These features
oint to strong stellar feedback from the SSCs. The star formation
istory of NGC 1569 has been studied in the past, using many
ifferent methods (see for example L. Greggio et al. 1998 ; P. An-
ers et al. 2004 ; L. Angeretti et al. 2005 ), but these works have all
ssumed that each cluster fully samples the IMF which may lead
o inaccurate age measurements (M. R. Krumholz et al. 2015a ).
NRAS 550, 1–19 (2026)
ur goal here is therefore to revisit the cluster properties in NGC
569 using modern Bayesian inference methods that properly
ccount for these effects, and then to use the resulting inferred
luster properties to characterize the nature of star formation in
his starburst. 
This paper is structured as follows: in Section 2 , we describe

he extraction of cluster photometry from observational data
s well as the parameters used to generate the synthetic star
luster library with slug . In Section 3 , we outline our method
o infer cluster properties from photometry, and describe how
e choose which photometric filters to use in this analysis. We
resent our results in Section 4 , plotting cluster masses and ages
gainst each other as well as investigating whether there are spa-
ial correlations or correlations between cluster and ISM proper-
ies. In Section 5 , we discuss these results and their implications
or cluster formation, and in Section 6 , we summarize the key
esults. 

 DATA  

.1 Observations 

.1.1 KCWI integral field spectroscopy 

GC 1569 was observed using three pointings of the Keck Cos-
ic Web Imager (KCWI, P. Morrissey et al. 2018 ), as part of the
eep near-UV observations of Entrained gas in Turbulent galax-
es (DUVET) survey (A. J. Cameron et al. 2021 ). Two pointings
bserved the disc east of SSC A, but the third was aimed at an
 α filament aligned with the minor axis. The coverage of the
ointings is shown in Fig. 1 . The observational strategy and data
eduction of DUVET targets are described in A. J. Cameron et al.
 2021 ) and D. K. McPherson et al. ( 2023 ), while details on the
bservations and data reduction of NGC 1569 are available in M.
. Hamel-Bravo et al. ( 2024 ), and are summarized below. 
Observations were conducted on 2020 November 14 with a
ean seeing of 1.2 arcsec. Using two different configurations of 
he blue medium-dispersion grating, the ‘blue’ setting, centred
t 4050 Å (3600–4498 Å) and the ‘red’ at 4700 Å (4256–5135 Å).
his gives a continuous wavelength range of 3600–5130 Å, with
 spectral resolution of R ∼ 2000 . Since our analyses are based
n photometry (see Section 4 ), we split the cube into three equal
andpasses of 500 Å each. This gives us custom bands covering
600–4100 Å, 4101–4600 Å, and 4601–5100 Å. In the rest of this
ork, we refer to these bands by their starting wavelengths. In
ddition, we define two narrow-bands centred on the emission
ines [O iii ] λ5007 and H β, each 5 Å wide, as well as one 20
band containing no strong emission lines at 4925–4945 Å,

o allow for continuum normalization of the [O iii ] and H β

ines. 
All observations used the large IFU slicer, resulting in a field of 
iew of 20 arcsec × 30 arcsec and a spaxel size 0.29 arcsec × 1.35
rcsec per pointing. After resampling the spaxels with montage, 1 
he spaxels have size 0.87 arcsec × 0.87 arcsec, approximately
alf the full width at half-maximum (FWHM) of the point spread
unction (PSF). 
At 3.25 Mpc, the distance to NGC 1569, 0.87 arcsec corresponds

o a physical size of ∼13.7 pc. This means that our spatial sam-
ling is much larger than the expected size of star clusters, which

http://montage.ipac.caltech.edu/


Getting to know the star clusters in NGC 1569 3

Figure 1. HST composite image of NGC 1569; red: F658N filter (H α+ [N ii ]), green: F 606 W filter, light blue: F 502 N filter ([O iii ]), and dark blue: F 487 N 

filter (H β). 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 ). 
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ave a mean size of 2–3 pc in most galaxies (J. E. Ryon et al.
017 ; G. Brown & O. Y. Gnedin 2021 ). Additionally, the separation
etween clusters is often smaller than the FWHM of the PSF, 
ausing blending of multiple clusters in the KCWI images. Given 
hese limitations, we cannot identify individual clusters in the 
CWI data. To remedy this, we use co-spatial high-resolution 
hotometry from HST . 

.1.2 HST imaging 

GC 1569 was observed using the Advanced Camera for Surveys 
ide Field Channel (ACS/WFC) broad-band filters F 606 W (4634–
180 Å) and F 814 W (6870–9632 Å) by A. Aloisi ( 2006 ), proposal
D 10885. These data have a pixel size of 0.05 arcsec and a PSF
f � 0 . 1 arcsec , which corresponds to spatial scales of ∼0 . 79 and 
1 . 6 pc, respectively, so most clusters are easily resolved and
arger than one pixel. Including the HST photometry in the anal- 
sis also serves to increase the wavelength coverage of the KCWI 
ata to redder wavelengths, extending it to 9632 Å. This allows us
o obtain more information on low-mass stars as well as younger, 
ore embedded clusters, which are difficult to detect in blue 
avelengths, particularly in the absence of massive stars, and in 
egions of high extinction. 

.2 Photometry 

.2.1 Observed photometry 

s mentioned above, the high spatial resolution HST images are 
sed to deblend clusters in the KCWI data by using HST data to
entroid the cluster coordinates, then extracting photometry for 
hose coordinates from the KCWI data. Our approach is analo- 
ous to those described by S. Kamann, L. Wisotzki & M. M. Roth
 2013 ) and A. F. McLeod et al. ( 2020 ), who use high-resolution
hotometry to resolve individual massive stars within stellar clus- 
ers in order to extract their spectra in lower resolution IFU
ata. 
Our method is as follows. First, we perform aperture photom- 
try to obtain the flux in both HST filters using photutils (L.
radley et al. 2024 ), which allows for background subtraction 
nd convolution of an image with a Gaussian kernel before the
etection takes place. The parameters for background subtrac- 
ion, Gaussian convolution, and subsequent source detection are 
hown in Table 1 . Changing the detection threshold significantly 
MNRAS 550, 1–19 (2026)
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ffects how many sources are identified. Using a threshold of 3 σ
esults in 2300 identified sources in F 606 W and 2074 in F 814 W,
hile using 5 σ results in 1147 and 1159 sources, respectively.
e adopt the 3 σ catalogue for the remainder of this work in
rder to maximize completeness, while subsequent photometric
uality cuts remove spurious detections. We then cross-match
he two source lists using topcat (M. B. Taylor 2005 ), to make
 list that contains only clusters detected in both filters, where
he distance between the detected centroids is limited to < 1 arc-
ec. This corresponds to ∼15 pc at the distance of NGC 1569,
arge enough to account for different morphologies of clusters
n different wavelengths while being small enough to not cause
onfusion between sources that are only detected in one of the
wo filters. This leaves us with 1688 sources that have detections
n both filters. For completeness, this corresponds to 859 sources
f using the 5 σ detection threshold. A comparison of magnitude
istributions in F 814 W, using the two detection thresholds is
hown in the leftmost panel of Fig. 2 . 
Second, using the HST source coordinates, we then extract the
hotometry from the KCWI data. We begin this process by check-
ng World Coordinate System (WCS) alignment of the KCWI im-
ges with respect to HST by convolving the HST F 606 W image to
he resolution of the KCWI data and performing a visual inspec-
ion by blinking the images to ensure that corresponding sources
n the images coincide. Due to crowding and the native size of the
CWI pixels, the clusters are poorly resolved and highly blended.
e attempt to fit the PSF, but find that the field is too crowded for
his to be effective. To obtain KCWI fluxes, we therefore resort to
he simple assumption that all the flux from a single cluster is
ocalized in a single pixel of the KCWI image, as illustrated in
ig. 3 . Under this assumption, the flux that we attribute to each
luster in each of the KCWI custom filters is simply the flux in the
ixel that contains the cluster centroid. This approach implicitly
ssumes that each pixel contains negligible flux from neighbour-
ng pixels, and that each pixel is dominated by the light of the
luster within it. This approach also necessitates that we drop all
ixels that contain more than one cluster centroid, as clearly we
annot separate the light of the two clusters. This cut removes
nly eight sources, but even in cases where centroids do not fall
nto the same pixel, there may be bleeding and blending from
eighbouring sources. We also remove from further analysis any
lusters that fall on the edges of our KCWI data, where blending
s worse; this further reduces our number of sources to 1115. 
Our third and final step, now that we have extracted photom-
try for both HST and KCWI filters, is to correct for foreground
ilky Way extinction. We do so using pyneb (V. Luridiana, C.
orisset & R. A. Shaw 2014 ), with the J. A. Cardelli, G. C. Clay-
on & J. S. Mathis ( 1989 ) extinction law and an extinction of 
V = 1 . 85 (E. F. Schlafly & D. P. Finkbeiner 2011 ). The resulting
xtinction-corrected magnitudes will form the basis for the anal-
sis we present in the remainder of this paper. The extinction-
orrected magnitude distribution in KCWI 3600 and KCWI H β

or the remaining sources is shown in the middle and right panels
f Fig. 2 . 
To further validate the resulting photometry, we compare our
luster sample with catalogues from the HST Legacy Extragalac-
ic UV Survey (LEGUS) for the dwarf galaxies UGC 685 and UGC
249 (D. O. Cook et al. 2019 ), which span a similar range of stellar
asses and star-forming dwarf environments to NGC 1569. UGC
85 is a lower-mass, lower-metallicity irregular/spiral dwarf with
og( M � /M�) = 7.9 and 12 + log(O/H) = 8.0, while UGC 1249



Getting to know the star clusters in NGC 1569 5

Figure 2. Histograms showing the distribution of magnitudes in three bands: HST ACS F 814 W, KCWI 3600, and KCWI H β using both the 3 σ
(bright/pink) and 5 σ (dark/magenta) detection thresholds. The magnitudes have been corrected for foreground extinction. 

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. 
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s a disturbed irregular dwarf with log( M � /M�) = 9.0 and near-
olar metallicity (12 + log(O/H) = 8.62) (D. O. Cook et al. 2014 ).
ogether, these systems bracket the stellar mass and metallicity 
f NGC 1569, providing a useful comparison for assessing the 
onsistency of the derived cluster photometry. 
As the LEGUS catalogues use Vega magnitudes, we convert our 
uxes to Vega magnitudes using Vega zeropoints from acstools 
P. L. Lim et al. 2020 ). We then compare the absolute magnitudes
f the clusters. A colour–magnitude diagram (CMD) contain- 
ng the LEGUS clusters, the NGC 1569 clusters, and the slug
enerated clusters (see Section 2.3 ) can be seen in the left-hand
anel of Fig. 4 . We see that there is overall good agreement in the
olours of the clusters, but the clusters in NGC 1569 are overall
righter than the others. Although the brightest clusters in the 
wo LEGUS catalogues are brighter than the brightest clusters in 
ur NGC 1569 list. 
A similar CMD for the KCWI photometry is shown in the

ight panel of Fig. 4 (given the custom nature of the KCWI fil-
ers, no survey comparison can be made). Since the KCWI data
oes not have associated Vega magnitude zero-points, we convert 
he fluxes to Vega magnitudes using the cluster_slug func- 
ion convert_photometry , which finds the Vega zeropoint in 
ach band using the Vega spectrum. 
HST photometric uncertainties are computed using the error 
stimation method given in the SExtractor documentation (E. 
ertin & S. Arnouts 1996 ), 

luxerror =
√ ∑ 

i ∈ A 

(
σ 2 
i + pi 

gi 

)
, (1) 

where A is the set of all pixels in the aperture, σ 2 
i is the

oise variance estimated from the local background, pi is the 
ackground-subtracted pixel value, and gi is the effective detector 
ain in e−/ADU . 
For the KCWI data, variance cubes are available; however, for 
ur purposes the formal instrumental uncertainties are not the 
ominant source of error. Instead, the uncertainty is driven by the
xtraction of cluster photometry from the KCWI data cube (e.g. 
perture definition, background subtraction, and spatial blend- 
ng). We therefore adopt fractional photometric uncertainties 
rawn from a Gaussian distribution with a mean of 20 per cent
nd dispersion of 5 per cent, which provides a reasonable repre-
entation of the expected extraction uncertainties. The impact of 
ifferent error assumptions on the derived results is explored in 
ppendix A , where we compare fits obtained using alternative 
ncertainty estimates. 

.3 Synthetic photometry 

hen determining the physical properties of a star cluster, there 
s no unique or deterministic mapping between observed pho- 
ometry and intrinsic parameters. For example, a high flux in 
 band sensitive to massive stars does not necessarily imply a
igh 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 F 814 W, the horizontal 
axis shows the colour defined F 606 W–F 814 W. 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. 
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ampling of the IMF means that a low-mass cluster may oc-
asionally host a few massive stars and produce similar lumi-
osities. In addition, photometric measurements are affected by
egeneracies between parameters such as age and extinction,
oth of which can produce faint and red colours. To interpret
he photometry, we therefore compare the observations to SSP
odels, which represent coeval stellar populations with a single
etallicity while varying parameters such as age, total mass, and
xtinction. By matching the model photometry to the observed
hotometry, we can infer the physical properties of the clusters. 
Here, we use the slug (Stochastically Lighting Up Galaxies)
oftware suite (R. L. d. Silva et al. 2012 ; R. L. da Silva et al. 2014 ;
. R. Krumholz et al. 2015a ) to generate SSPs that stochasti-
ally sample the IMF and to perform Bayesian inference on the
roperties of the observed clusters using the library of SSPs as
 reference. Generating SSPs with slug requires specifying a
umber of parameters describing both the stellar population and
ts environment. The environmental parameters – including the
isual extinction AV , the shape of the extinction curve, and the
raction of ionizing photons absorbed by hydrogen rather than
ust ( φ) – determine the effects of dust attenuation and nebular
mission in the synthetic clusters. The adopted parameter ranges
re motivated by the results of M. J. Hamel-Bravo et al. ( 2024 ),
ho analysed the gas and outflows in NGC 1569 using the same
CWI IFU data employed here. We sample AV from a flat distri-
ution between 0 and 10 mag, adopt the slug LMC extinction
urve [UV–optical from E. L. Fitzpatrick ( 1999 ) and IR from M.
andini et al. ( 1984 )], and set the fraction of ionizing photons
bsorbed by hydrogen to φ = 0 . 73 (C. F. McKee & J. P. Williams
997 ). The LMC extinction law is chosen because the metallicity
f NGC 1569 is comparable to that of the LMC, making it a
easonable approximation for the dust properties in this system. 
The stellar population parameters include the IMF, metallicity,
MF, a choice of stellar evolution tracks, and a time sampling
NRAS 550, 1–19 (2026)
unction to choose the age distribution of our clusters. Here, we
se a Kroupa IMF (P. Kroupa 2002 ) and a simple power-law CMF
 N/ d M ∝ M−2 , ranging from M = 1 × 102 M� to M = 1 × 108 

�. The age distribution of the synthetic clusters follows a power
aw, where d N/ d T ∝ −1 , ranging from t = 0 . 1 Myr to t = 15 Gyr.
he shapes of these functions are not required to be realistic, and
re weighted to place more synthetic clusters where stochasticity
s more relevant, i.e. at lower masses and younger ages. We adopt
he Padova stellar evolution tracks including AGB stars with a
etallicity of Z = 0 . 2 Z�, compatible with the known metallicity
f NGC 1569. 
With these parameters we generate 106 clusters with
hotometry in the same bandpasses as our observed data, with
he addition of a number of James Webb Space Telescope /Near-
nfrared Camera (JWST/NIRCAM) bands: F 070 W, F 090 W,
 115 W, F 150 W, F 200 W, F 227 W, F 356 W, and F 444 W, and the
ST Ultraviolet-Visible (UVIS) bands: F 275 W and F 438 W.
hese filters are included to assess and quantify to what extent
dditional data from JWST and HST would allow obtaining
etter constraints of cluster properties (see Section 3.3 ) if these
ere available. As the KCWI data are flux calibrated to account
or the response curve, we define the pass-through as a constant
00 per cent over the wavelength range of the KCWI bands in
ur synthetic photometry. 
The synthetic photometry generated by slug is shown in
MDs in Fig. 4 as the grey-scale shaded contours, along with
he observed photometry of NGC 1569 in both figures, as well
s photometry from the literature for comparison purposes in
he figure on the left (see Section 2.2.1 ). The observed pho-
ometry overlaps quite well with the synthetic over most of 
he colour space, with the exception of the reddest clusters,
hich may be due to these being affected by additional extinc-
ion or differential reddening which is not replicated by our
odels. 
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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 
Q0 (right). Broad red bands ( F 814 W) are most sensitive to cluster mass 
but weakly dependent on age and Q0 , while narrow-band H β is strongly 
age- and Q0 -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. 
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 FILTER  SELECTION  

 critical decision in the process of deriving posterior probability 
istributions for physical cluster properties (age, mass, extinc- 
ion, etc.) is which photometric bands to include in the likelihood 
alculation, since each band contributes different information 
bout the underlying stellar population. Examination of the syn- 
hetic photometry (Fig. 5 ) shows that all filters brighten with
ncreasing cluster mass and fade with age, with the age sensitivity
trongest in the narrow-band H β filter and weakest in the red
 814 W band. H β also correlates most strongly with the ionising
hoton flux Q0 , while broad-bands such as F 814 W trace the con-
inuum emission from longer-lived, lower-mass stars, providing 
obust constraints on stellar mass. These trends illustrate how 

ifferent bands probe complementary aspects of the cluster popu- 
ation, motivating the use of both broad- and intermediate-width 
lters in the fitting. Narrow-band filters such as H β while highly
ensitive to young, massive stars, are excluded from the final 
tting set. This choice is motivated by practical considerations: 
he KCWI pixel size is large enough that nebular emission can 
e blended between multiple clusters, and in older clusters H β

an appear in absorption, for which the slug stellar atmosphere 
ibraries have limited spectral resolution and therefore may not 
redict the flux accurately. Focusing on broad- and intermediate- 
idth bands allows us to constrain cluster properties robustly 
hile avoiding potential biases from spectral-resolution limita- 
ions or spatial blending. 
In the following section, we outline the process of selecting 

he combination of photometric filters used to derive the physical 
roperties of the clusters. In Section 3.1 , we describe the genera-
ion of mock observations used for testing purposes. We describe 
he method of obtaining cluster properties from the photometry 
n Section 3.2 , before testing each filter set on the mock observa-
ions in Section 3.3.1 and on the observed data in Section 3.3.2 . 

.1 Mock-observed catalogue 

n addition to the available filters, we also investigate the poten-
ial benefit of including additional bluer and redder photometry 
rom HST and JWST , respectively. To do so, our reference library
lso includes the HST /UVIS bands F 275 W and F 438 W, and the
WST /NIRCam bands F 070 W, F 200 W, F 227 W, and F 444 W. These
ands would serve to better constrain the ages of the youngest
bluest) clusters, as well as allowing for better constraints on 
he lower-mass and/or embedded population with the IR from 

IRCam. 
To test how well we can recover cluster properties using differ-
nt filter combinations, we generate an additional set of 1000 syn-
hetic clusters, in each filter, and treat this set as an observational
ample by adding photometric uncertainties. For the synthetic 
CWI magnitudes, the uncertainties are computed in the same 
anner as for the real observations, while the HST and JWST un-
ertainties are sampled from a Gaussian with μ = 0 . 05 per cent
nd σ = 0 . 02 per cent . 

.2 Inference method 

o derive the physical properties – mass, age, and extinction – of 
he observed clusters, we use the slug companion python mod- 
le cluster_slug . Cluster properties are derived via Bayesian 
nference on the photometry to estimate the physical properties 
f the observed clusters using the simulated library as a kind of 
training set’. For this we need to provide priors to be used for
he Bayesian analysis. We assume the same priors used in M. R.
rumholz et al. ( 2015a ) 

pprior (x ) ∝ M−1 T−0 . 5 , (2) 

where x is (log M, log T , Av ). This prior assumes a cluster mass
istribution d N/ d M ∝ M−2 , in line with what is expected from
bservations of young star clusters (A. Bik et al. 2003 ; S. F. P.
wart, S. L. W. McMillan & M. Gieles 2010 ; M. Fouesneau et al.
012 ; C. Schulz, J. Pflamm-Altenburg & P. Kroupa 2015 ; M. R.
rumholz et al. 2019 ). The age distribution is a bit more complex,
s below 106 . 5 yr cluster dispersion is unlikely to be a factor, while
bove this age, there is debate on whether the distribution is
at in age ( d N/ d T ∝ T0 ), or flat in log age ( d N/ d T ∝ T−1 ). A
ompromise of d N/ d T ∝ T−0 . 5 is used. We assume a flat prior
or the extinction AV . A more detailed motivation of these priors
s given in M. R. Krumholz et al. ( 2015a ). It is worth noting that
he derived cluster properties can be quite sensitive to the choice
f priors when the cluster colours are such that the posterior
istribution has multiple peaks, although the mass distribution 
s quite robust for masses from 103 to 106 M�(M. R. Krumholz 
t al. 2015b ). 
With these priors, we use cluster_slug to obtain posterior 
robability distributions for the physical properties of the clus- 
ers. Each property can be obtained individually or in conjunction
ith others. For each cluster, we infer the mass and age, and de-
ermine the 10 most photometrically similar clusters. The cluster 
roperties can be inferred within the 3D space of log M, log T ,
nd Av , yielding a 3D posterior PDF, or marginalized over one
r two of these dimensions, yielding 1D or 2D marginal PDFs.
n this work, we infer both marginal 1D PDFs for each quantity
ndividually, and 2D PDFs for each pair of quantities. For each
luster, we therefore obtain six PDFs: three 1D PDFs when the
MNRAS 550, 1–19 (2026)
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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. 
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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∼106 yr, whether the peak or the 
median is used. 
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roperties are fit individually, and three 2D PDFs. In this work,
e present results using the simultaneous fit of mass and age,
ielding a 2D posterior PDF, which we can then marginalize
ver each axis to obtain marginal posteriors for age and mass. In
rinciple, cluster extinction could be included as an additional
ree parameter in the slug fitting. We tested this by performing
ts in which extinction was inferred simultaneously with cluster
ge and mass. However, the resulting extinction estimates were
eakly constrained and did not show clear trends with other
luster properties. Since the inclusion of extinction substantially
ncreases the computational cost of the inference while not ma-
erially affecting the derived age–mass distributions, we restrict
he analysis presented here to the 2D inference in age and mass.
e show an example of a 2D mass–age posterior for one cluster
n Fig. 6 where the properties of the 10 best photometrically
atched synthetic clusters are indicated with crosses. To get the
osterior of the full sample when we have obtained 2D PDFs for
ll our clusters, we normalize each posterior PDF and take the
ean. 
cluster_slug returns probability distributions for each pa-

ameter, not a single ‘best-fit’ solution. In this context, the median
s a natural point estimator because it represents the value that
ivides the posterior mass in half and is therefore less sensi-
ive to skewness, multimodality, or long tails than a maximum-
ikelihood or best-matching solution. This is particularly impor-
ant for low- and intermediate mass clusters, where stochastic
NRAS 550, 1–19 (2026)
ampling of the IMF may produce highly non-Gaussian poste-
iors. 

.3 Assessing filter set-ups 

.3.1 Testing on mock observations 

e use cluster_slug together with the synthetic library
f 106 clusters, to derive PDFs for age and mass, and com-
are the inferred versus actual properties for each of the mock
bserved clusters. As will be described below, with this we can
uantify how well the inferred properties match the true values
iven a choice of used photometric filter, providing motivation for
hich filter set to choose to derive the most reliable constraints. 
A first comparison using the two available HST filters as well as
CWI broad- and narrow-bands (i.e. all available filters), and us-
ng the peak value of the PDF and the median of the distributions
o infer cluster properties, is shown in Fig. 7 . We see that there
s a bunching of ages just below 106 yr. Looking at the central
olumn of Fig. 5 , we see that below these ages, there is no change
n the magnitude in any of our bands until this age, so as the
ikelihood function is flat, the posterior PDF is simply the prior.
ence, the values here are simply the median/peak of the prior in
his age range. We also see a few catastrophic misses, where the
rue age is � 106 but the inferred age is far older. These are likely
o be young clusters where there is no massive star, meaning they
ack nebular emission. Although there are examples of this in the
eference library as well, these are a minority and as such slug
ill assume that in the absence of nebular emission, the cluster is
ld. This is a correct assumption a majority of the time, but there
re some cases where this causes these catastrophic misses. For
hese reasons, we cannot put strong constraints on these young
ges with our current data. 
We then run the inference for multiple combinations of our
lters, to showcase the value of including the different bands in
etrieving true cluster parameters. We test five different combina-
ions of the available filters: 
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(i) HST /ACS only ( F 606 W and F 814 W) 
(ii) 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-
ring: 

(i) JWST /NIRCam ( F 0707 W, F 200 W, F 227 W, and F 444 W) 
(ii) HST /UVIS ( F 275 W and F 438 W) 
(iii) All available filters + NIRCam and UVIS 

Fig. 8 shows the results of all filter combinations as a com-
arison between the Bayesian inference parameters to the true 
arameter values of the synthetic cluster library slug . 
It is very clear from the figure that increasing the spectral
overage of the data greatly reduces the scatter between the true
roperties and those inferred. To quantify this reduced scatter we 
efine a distance in physical parameter space, 

p =
√ ∑ 

i 

(pi,true − pi,inf )2 , (3) 

here pi,inf is the 50th percentile value (median) in the 1D 

arginal PDFs and the true value parameter pi and pi,true is the 
alue read from the library for the same cluster. Dp is evaluated 
or each cluster in the library, and we then use the mean as a
epresentation of the scatter for each filter set. These numbers 
an then be used to quantify how well each set of filters constrains
he properties of the clusters. The mean Dp for each set of filters
s presented in Table 2 . 

.3.2 Testing on real data 

e run the inference for the same filter sets on the real data,
xcluding, of course, those set-ups containing unavailable UVIS 
r NIRCAM bands. As a measure for the performance of a given
ombination of filters we monitor the proportion of cluster that 
re not fit. Poorly fit clusters are those clusters that have no peak
n their posterior PDF after Bayesian inference, defined by setting 
he minimum height of the peak over the baseline to be over 0.01
n the 1D marginal PDF for both mass and age. This does not
ccur when using synthetic data, but must be considered when 
t comes to choosing which filter set to use, so we have run the
nference on each of the filter sets and record the number of 
lusters that have no peaks in their PDFs. We then also want to
liminate any filter sets that too strongly assign clusters an age 
f < 106 yr. For this reason we also quantify the number of very 
oung clusters once poorly fit clusters are removed. Both of these
re displayed in Table 2 . 
These results clearly demonstrate the added value of including 
oth IR and UV photometry for reducing scatter and alleviating 
he age degeneracy. We also find that, although the inclusion of 
arrow-band filters leads to tighter constraints on cluster prop- 
rties, nearly half of the clusters cannot be successfully fit with
his combination of filters. This is likely due to the relatively 
arge pixel size of the KCWI data, which can cause the nebu-
ar emission to be spatially blended. As a result, the narrow-
and flux associated with a given cluster may be significantly 
ontaminated by ionizing radiation from neighbouring clusters, 
eading to the assignment of nebular luminosities to the wrong 
ource. 
.4 Quality flags 

rior to presenting the results of the Bayesian inference in the
ext section, we determine quality flags for the inferred clus- 
ers in order to assess how well the observed photometry is re-
roduced by the synthetic cluster library. Due to the uncertain 
ature of the photometry from the IFU data, it is important to
dentify which clusters are well represented by the models and 
herefore have reliably constrained physical properties. To do so, 
e compute an error-normalized photometric distance between 
ach observed cluster and its potential matches in the synthetic 
ibrary, using only the broad-band magnitudes. Following M. R. 
rumholz et al. ( 2015a ), this distance is defined as 

M 

=
√ √ √ √ 

1 
N 

∑ 

i 

(Mi,obs −Mi, j )2 

�Mi,obs 
, (4) 

where N is the number of photometric filters, Mi,obs is the 
agnitude of the observed cluster in filter i , �Mi,obs is the un-
ertainty on that magnitude, and Mi, j is the magnitude of the 
jth synthetic cluster in the same filter. For each observed cluster,
e compute DM 

relative to every synthetic cluster in the library, 
nd use the resulting distribution of distances to assign a quality
ag. Clusters with at least five library matches satisfying DM 

≤ 1 ,
orresponding to matches within the 1 σ photometric uncertainty, 
re assigned a quality flag Q = 0 . Clusters that do not meet this
riterion but have at least five matches with DM 

≤ 2 are assigned
 = 1 . All remaining clusters are assigned Q = 2 , indicating that
he observed photometry is poorly reproduced by the model li- 
rary. In the analysis that follows, we focus primarily on clusters
ith Q = 0 and Q = 1 , while clusters with Q = 2 are excluded
rom further consideration. After inference and the removal of 
oorly fit clusters, this procedure yields 432 clusters with Q = 0 ,
55 with Q = 1 , and 228 with Q = 2 . 

 ANALYSIS  

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

.1 Properties of observed clusters 

ig. 9 shows the results of the Bayesian inference of age and
ass using the ACS filters and the broad KCWI bands, with
arginalized distributions in the margins. Due to the artificial 
unching of clusters at ages � 106 yr (see Section 3.3 ), we ap-
ly an additional age cut in the right-hand panel, including 
MNRAS 550, 1–19 (2026)
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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 F 606 W and F 814 W, 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 ∼106 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 ( < 106 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 
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nly clusters with inferred ages > 106 yr. This allows variations
cross the age distribution to be more clearly seen while re-
ucing the influence of potentially spurious very young ages.
he resulting distribution appears multimodal, suggesting three
ain periods of cluster formation. We identify a young compo-
ent centred at 105 . 7 yr ( ∼ 0 . 5 Myr), an intermediate popula-
ion at 107 . 3 yr ( ∼ 21 Myr) and an older episode at 108 . 3 yr ( ∼
00 Myr). The number of clusters associated with the youngest
eak may be overestimated due to the known pile-up of solu-
ions at very young ages; however, since this feature extends
eyond 106 yr, we retain it as a possible recent burst of star
ormation. 
Previous studies of the SFH of NGC 1569 have also identified
ultiple episodes of enhanced star formation. L. Angeretti et al.

 2005 ) use HST photometry and the synthetic CMD technique
pplied to resolved stars to identify two recent major episodes
f star formation occurring between 1 . 3 × 107 −3 . 7 × 107 yr and
 × 107 −1 . 5 × 108 yr. These time intervals are broadly consis-
ent with the two older peaks in our cluster age distribution at
2 × 107 and ∼ 2 × 108 yr. While the CMD approach used in
. Angeretti et al. ( 2005 ) and the stochastic sampling Bayesian
NRAS 550, 1–19 (2026)
nference method used here probe different tracers and are sub-
ect to different systematic uncertainties, the qualitative consis-
ency between the two results supports a picture in which NGC
569 has experienced multiple recent episodes of enhanced star
ormation over the past few hundred Myr. Although our analysis
uggests somewhat more pronounced structure in the age dis-
ribution, our inferred peaks are also broadly consistent with P.
nders et al. ( 2004 ), who use multiband HST photometry and
volutionary synthesis modelling of cluster spectral energy dis-
ributions (SEDs), finding that the majority of clusters formed
uring a strong recent burst beginning ∼25 Myr ago, with a
maller population of older clusters extending to ages of order
100 Myr. 
To investigate potential variations in cluster properties over

he lifetime of NGC 1569, we divide the clusters into arbi-
rary age bins roughly corresponding to the identified star for-
ation episodes: young clusters with ages < 106 . 5 yr, interme-
iate clusters between 107 and 107 . 5 yr, and old clusters be-
ween 108 and 108 . 5 yr. The cluster mass distributions in these
ins are shown in Fig. 10 , revealing apparent differences between
tar 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 106 yr to highlight the other two peaks. In either case we clearly see multiple age peaks, 
at 105.7 , 107.3 , and 108.3 yr, with the older two lining up with the results of L. Angeretti et al. ( 2005 ). 

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. 
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tatistically significant, we perform Kolmogorov–Smirnov (KS) 
ests, which evaluate the probability that two samples are drawn 
rom the same underlying distribution. Comparing the young and 
ntermediate clusters yields p = 3 . 9 × 10−8 , the intermediate and
ld clusters give p = 0 . 42 , and the young and old clusters give
p = 1 . 26 × 10−5 . It is important to emphasize that the KS test
oes not account for observational limitations, and some appar- 
nt differences may therefore be influenced by selection effects. 
or example, the scarcity of low-mass, old clusters largely reflects 
heir faintness and our limited detection sensitivity. Nevertheless, 
ther differences, such as the location of the mass distribution
eaks, suggest that the cluster mass function may genuinely vary 
etween star formation episodes. 
Qualitatively, Fig. 10 shows that the old population has the 
ighest mean cluster mass, the young population the lowest, and 
he intermediate is in between these two. Taken together, these re-
ults provide tentative evidence that the star formation history of 
GC 1569 is not only temporally structured but may also involve
ariations in the typical masses of clusters formed during differ- 
nt episodes where more recent episodes form progressively less 
assive clusters. A more detailed interpretation of these trends, 
ccounting for selection effects and cluster disruption, is deferred 
o Section 5 . 

.2 Spatial analysis 

n addition to studying how cluster properties relate to one an-
ther, we investigate if they vary spatially across the galaxy. To
his end, we make spatial maps, overplotting the locations of 
lusters. We first examine the connection between position of the 
lusters and their mass. 
In Fig. 11 , the clusters are plotted over a KCWI integrated-light
ap and coloured by mass. In Fig. 12 , we show cluster mass as a
unction of projected distance from the galactic centre, taken to 
e the location of SSC B. We consider the azimuthal distance as
ell as distances along axes parallel and perpendicular to the disc. 
 clear gradient in cluster mass is apparent, most pronounced 
erpendicular to the disc, along the galaxy’s outflow. Distances 
re projected and not corrected for inclination, which would in- 
roduce additional uncertainties. 
MNRAS 550, 1–19 (2026)
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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 M�. 

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 10−3 dex pc−1 . 

Data set Distance Along disc Perp. to disc 

HST only −1 ± 0 . 2 −1 ± 0 . 09 −4 ± 0 . 1 
Q = 0 −1 ± 0 . 2 −1 ± 0 . 2 −2 ± 0 . 2 
Q = 1 −1 ± 0 . 1 −0 . 7 ± 0 . 1 −3 ± 0 . 2 
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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. 
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To test whether the observed trends could be driven by obser-
ational effects, we consider that clusters near the galaxy centre
re more likely to have their fluxes overestimated due to elevated
ackground levels in the KCWI data, and faint clusters may be
ndetected. To mitigate these effects, we repeat the analysis us-
ng only the HST photometry, which employs smaller apertures
nd is less sensitive to background contamination. We quantify
he gradient by performing unweighted linear fits to each data
et along the three distance measures. The resulting slopes are
isted in Table 3 . For example, using HST -only data, the slope
NRAS 550, 1–19 (2026)

igure 12. The cluster mass plotted over the distance from SSC B. The magenta
ink points show the masses inferred by also including the KCWI broad-bands
ave Q = 1 . The brown dashed line shows a linear fit to the KCWI data with Q
rror bars are shown in the top right of the central frame, both lines have the 
cross all three panels, with the slope being steepest when moving perpendicula
f cluster mass versus azimuthal distance and along the disc
s −1 × 10−3 pc−1 , and perpendicular to the disc is −4 × 10−3 

c−1 . Similar slopes are obtained when considering only clus-
ers with quality flags Q = 0 or Q = 1 . The consistently steeper
lope perpendicular to the disc indicates that the mass gradient
long this direction is robust and not solely an observational
rtefact. 
Even considering potential incompleteness, such as unde-

ected low-mass clusters in bright central regions, there is a clear
aucity of high-mass clusters in the outskirts. We also note a
ystematic difference between Q = 0 and Q = 1 clusters: Q = 0
lusters generally have slightly lower masses. This may result
rom higher-mass clusters being physically larger, with flux less
ikely to be fully captured in a single pixel, and preferentially
ocated in denser, higher-background regions, which can increase
easurement uncertainty. 
A similar analysis is performed for the derived cluster ages. The
ap is shown in Fig. 13 , where the clusters are now coloured by
heir age. No obvious variations with galactocentric distance are
dentified from Fig. 14 . Further, we also investigate whether there
 crosses show the mass inferred using only the ACS/ HST photometry, the 
. The points with outlines show clusters with Q = 0 , while those without 
 = 1 , and the black dotted line is a fit to those with Q = 0 . The average 
95 per cent confidence interval shaded. We see a clear negative gradient 
r to the disc, suggesting a change in the trunaction mass Mc 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. 
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s spatial variation within each star formation episode identified 
n Section 4.1 . To do this we examine their spatial dependence
eparately. This is shown in Fig. 15 , where we fit lines to each
tar formation episode (age bin) separately. The fitted slopes of 
hese lines are reported in Table 4 . We find a shallow negative
radient within each age bin, particularly for the oldest episode, 
otentially suggesting star formation moving from the inside out. 
t is, however, important to note the large uncertainties on the
nferred age and of the linear fits. 

.3 Correlations with gas properties 

e now investigate the presence of correlations between the 
hysical properties of the clusters and those of the surrounding 
as. For this, we use KCWI gas property maps produced for M. J.
amel-Bravo et al. ( 2024 ). 
First, we compare gas-phase metallicity and cluster mass by 
xtracting 12 + log(O/H) values from the pixels the clusters are lo-
ated in. We show this comparison in Fig. 16 , where the left panel
hows a metallicity map, with the location of clusters marked and 
oloured by their mass, and the right panel shows cluster mass
gainst metallicity. 
While the scatter is large, we qualitatively find that the highest
ass clusters tend to be in regions of higher metallicity. Quantify-
ng the correlation with the Pearson correlation coefficient (PCC) 
etween the cluster mass and metallicity, we obtain PCC = 0.18, 
nd a p -value for the null hypothesis of 2 . 6 × 10−8 , meaning it
s very likely that the mass of the clusters is correlated with the
etallicity of the surrounding gas. 
Next, looking now at the ionization state of the gas, we use the

O iii ] λ5007 and [O ii ] λ3727 maps provided by M. J. Hamel-Bravo
t al. ( 2024 ) to make a map of the log([O iii ] λ5007/[O ii ] λ3727),
og(O32), to serve as a proxy of the ionization state of the gas. We
an then repeat the mapping process as before, using the log(O32) 
n place of the metallicity (Fig. 17 ). 
In these figures there is a clear relationship between cluster 
ass and ionization state. Doing an unweighted linear fit to each 
et of points ( Q = 0 and Q = 1 ), we get the Q = 0 slope 1 ± 0 . 2
nd the Q = 1 slope 2 ± 0 . 1 . 
Lastly, we plot the same ISM properties against cluster age. 
e show the age–metallicity comparison in Fig. 18 . We see no
pparent trend between the two parameters. Similarly, for the 
onization state (Fig. 19 ) we find no clear correlation. 
 DISCUSSION  

.1 Cluster masses 

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

.2 Radial trends 

he analysis reveals a clear negative correlation between clus- 
er mass and galactocentric distance in NGC 1569. As shown 
n Fig. 12 and quantified in Table 3 , the cluster mass decreases
ystematically with increasing distance from SSC B, which we 
dopt as the galaxy centre. The trend is robust across both
uality flags, and persists even when using only HST photom- 
try, demonstrating that this is not an artefact of background 
ontamination or blending in the KCWI data, though these ef- 
ects may contribute to the systematic offset between quality 
ags. 
Interestingly, we find a directional dependence of the radial 
ass gradient. That is, analysing the gradient separately along 
nd perpendicular to the galactic disc (with the perpendicular 
irection being that along the starburst-driven outflow of the 
MNRAS 550, 1–19 (2026)
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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 10−5 dex pc−1 . 

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 
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alaxy), we find a steeper slope perpendicular to the disc than
long it. This anisotropic gradient suggests that the truncation
ass of the CMF is not simply a function of galactocentric radius,
ut rather depends on the local gas density or pressure environ-
ent. 
This finding is consistent with previous observations of radial
ass gradients in other galaxies. L. Della Bruna et al. ( 2022 )
nd that the mass of young star clusters in M83 decreases with
alactocentric distance, with A. Adamo et al. ( 2015 ) reporting a
orrelation between the truncation mass and the local gas surface
ensity. Our results extend this picture by demonstrating that the
radient is not purely radial, but also depends on the direction
elative to the disc plane, with the steepest decline occurring
long the minor axis where gas densities are lower in the channel
f the outflow. 
The physical interpretation of this mass gradient can be un-
erstood within the framework of feedback-regulated cluster for-
ation. M. Reina-Campos & J. M. D. Kruijssen ( 2017 ) developed
nalytical models showing that the truncation mass of the CMF
epends on the balance between the feedback time-scale and
he free -fall time -scale of the parent molecular cloud. In lower
ensity environments, stellar feedback acts on shorter time-scales
han the cloud collapse time, causing the cloud to be disrupted
efore it can convert a significant fraction of its mass into stars.
his limits the maximum cluster mass that can form. In higher
ensity regions, the stronger gravitational binding energy of the
ollapsing cloud allows it to resist disruption longer, enabling
ore mass to be converted into stars before feedback disperses
he remaining gas. The steeper gradient perpendicular to the
isc, where gas densities are lower due to the outflow and lower
NRAS 550, 1–19 (2026)
ertical gravitational potential, supports this interpretation: clus-
ers forming in the lower-density gas above and below the disc
re more readily disrupted, leading to lower maximum cluster
asses. 
The fact that we observe a lack of high-mass clusters in the
utskirts even if lower-mass clusters might be undetected due to
rowding effects further supports the interpretation that this is a
hysical truncation rather than a detection limit. If the gradient
ere purely due to incompleteness, we would expect to see some
igh-mass clusters in the outskirts, but these are notably absent. 
In contrast to the clear mass gradient, we find no significant
patial trends in cluster age (Fig. 14 ) with galactocentric distance.
he lack of an age gradient suggests that star formation has oc-
urred across the galaxy over similar time-scales, consistent with
he multiple star formation episodes identified in Section 4.2 and
revious work. 
These results demonstrate that cluster formation in NGC 1569

s regulated by local environmental conditions. The anisotropic
ass gradient, with its steeper decline along the outflow of the
alaxy, provides observational evidence that feedback-mediated
as density plays a crucial role in setting the maximum cluster
ass that can form in dwarf starburst galaxies. 

.3 Connection to ISM properties 

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

.3.1 Cluster mass and gas-phase metallicity 

e find a weak positive correlation between cluster mass and the
ocal gas-phase metallicity, as shown in Fig. 16 . The highest mass
lusters are preferentially located in regions of elevated metallic-
ty, 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. 

Figure 17. Left: As Fig. 16 but using log(O32) from M. J. Hamel-Bravo et al. ( 2024 ) in place of the 12 + log(O/H). Right: Scatter plot showing the mass 
over the log(O32). The outlined points show clusters with Q = 0 while those without an outline have Q = 1. The outlined points show clusters with Q = 

0 while those without an outline have Q = 1. The brown dashed line shows an unweighted linear fit to the Q = 0 points and the black dotted line a fit to 
Q = 1. There is a clear positive gradient, with higher mass clusters residing in areas of high ionization. 

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. 
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, compared to the galaxy-wide average of ∼8.22 (M. J. Hamel- 
ravo et al. 2024 ). While this correlation may suggest that massive
luster formation is favoured in gas that has been locally pre-
nriched by previous generations of star formation and feedback, 
etallicity itself is likely not the direct causal agent for higher
luster mass. Instead, the elevated metallicity in the vicinity of 
SC B likely results from the enrichment of the local ISM by
tellar winds and supernova ejecta from SSC B itself as well as and
MNRAS 550, 1–19 (2026)
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Figure 19. Left: As Fig. 18 (left) but showing log(O32) in place of the 12 + log(O/H) metallicity. Right: As Fig. 18 (right) but showing log(O32) on the 
horizontal axis in place of the 12 + log(O/H) metallicity. 
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he surrounding massive clusters over multiple star formation
pisodes. 

.3.2 Cluster mass and degree of ionization 

he relation between cluster mass and the ionization param-
ter of the surrounding gas, proxied by log(O32) = log([O
ii ] λ5007/[O ii ] λ3727), reveals a positive correlation (Fig. 17 ).
igher mass clusters (and the hot stars within them) are asso-
iated with higher ionization parameters, indicating that more
assive clusters produce stronger radiation fields capable of ion-
zing their surroundings to higher degrees. The relationship be-
ween cluster mass and ionizing photon flux Q0 is evident in
he synthetic cluster library (Fig. 5 ), where we see a positive
orrelation between mass and Q0 . The observed correlation with
og(O32) thus reflects the direct connection between cluster mass
nd the production of ionizing radiation. 
However, we note that the ionization parameter also depends
n the gas density and geometry of the ionized gas, that is, on
he optical depth of the regions. The correlation we observe may
herefore be influenced by the fact that massive clusters tend to
orm in denser gas regions, where the higher gas density could
lso contribute to higher ionization parameters for a given ion-
zing photon flux. Nevertheless, the spatial correlation between
igh cluster masses and high log(O32) values supports the inter-
retation that massive clusters are the primary drivers of the high
onization state in these regions. 

.3.3 Cluster age and ISM properties 

n contrast to the correlations observed for cluster mass, we find
o significant trends between cluster age and either metallicity
r ionization parameter (Fig. 18 ). The lack of an age–metallicity
orrelation suggests that clusters of all ages are forming in gas
ith similar metallicity, consistent with the idea that the metallic-
ty gradient is primarily spatial rather than temporal. This could
ndicate that enrichment occurs on time-scales longer than the
ge spread of our cluster sample, or that enriched gas is efficiently
ixed throughout the SFRs. 
The absence of a correlation between age and ionization pa-

ameter is somewhat surprising, as younger clusters would be
NRAS 550, 1–19 (2026)
xpected to contain more massive stars and produce stronger
adiation fields. However, this may reflect the fact that log(O32)
races the current ionization state, which could be influenced by
he cumulative effect of multiple clusters in crowded regions, or
y the time delay between cluster formation and the establish-
ent of a photoionization equilibrium in the surrounding gas.
dditionally, the age resolution of our analysis, particularly for
lusters younger than ∼3 Myr, may limit our ability to detect age-
ependent trends in ionization. 

.3.4 Implications for cluster formation 

aken together, these correlations provide a picture of cluster for-
ation in NGC 1569 regulated by local ISM conditions. Massive
lusters form preferentially in regions of high gas density (where
uper star clusters like SSC B can form, and as evidenced by
he radial mass gradient), high metallicity, and produce strong
adiation fields that maintain high ionization parameters in their
urroundings. This suggests a positive feedback loop: massive
lusters form in dense, enriched gas, enrich their surroundings
urther through stellar winds and SNe, and create conditions that
ay favour subsequent massive cluster formation. 
The spatial concentration of these favourable conditions near
SC B, where we observe the highest cluster masses, highest
etallicities, and highest ionization parameters, indicates that
his region represents a particularly active site of cluster forma-
ion and feedback. The fact that this region has sustained mul-
iple generations of massive cluster formation (as evidenced by
he range of cluster ages) suggests that feedback from massive
lusters can create and maintain conditions conducive to further
assive cluster formation, at least in the dense central regions of 
warf starburst galaxies. 
These results demonstrate the power of combining high-

esolution photometry with IFU spectroscopy to directly link
luster demographics to the physical conditions of their birth
nvironments. The correlations we observe provide observational
upport for theoretical models in which cluster formation is regu-
ated by a complex interplay between gas density, metallicity, and
eedback processes. 
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 SUMMARY  

sing a combination of high-resolution HST photometry and IFU 

pectrophotometric data from KCWI covering the wavelength 
ange from ∼3600 to ∼9600 Å, we have derived star cluster phys-
cal properties in the nearby dwarf starburst galaxy NGC 1569 us-
ng Bayesian inference and synthetic photometry of stochastically 
ampled star clusters. Our key findings are as follows: 

(i) In the wavelength range covered by the HST and KCWI 
ata, the optimal combination of filters in terms of recovering 
eliable cluster parameters versus number of clusters that could 
ot be fit at all is HST /ACS combined with the three KCWI broad-
and filters. 
(ii) Further, we show that additional bluer coverage with HST 
nd NIR coverage with JWST /NIRCam – that is, with coverage 
rom the UV to ∼5 µm is crucial to break the degeneracy between
ge and colour. 
(iii) We successfully recover two known episodes of star for- 
ation reported in the literature, and, while caveats need to be 
aken into consideration, we also report a younger episode of star
ormation younger than 106 . 5 yr. 
(iv) The distribution of cluster masses differs between young, 

ntermediate, and old populations, with statistically significant 
ifferences between the youngest and older age bins. Within 
aveats, this tentatively suggests that NGC 1569’s SFH is not only 
pisodic but may also involve variations in the typical masses of 
lusters formed during different bursts, consistent with environ- 
ental modulation of the cluster mass function. 
(v) We find a negative trend of cluster mass with radial distance

rom the super star cluster SSC B, as well as a steeper negative
rend along the galactic outflow of NGC 1569. We interpret this as
eedback-mediated gas density enabling high-mass cluster forma- 
ion close to the main source of feedback, and truncating cluster
asses in the lower density gas, in particular along the outflow
avity. 
(vi) Together with the previous, we find a weak positive trend 
f cluster mass with gas-phase metallicity, which possibly sug- 
ests that massive clusters form in gas that has been locally 
re-enriched by sustained star formation and feedback. This is 
urther supported by the fact that the highest metallicities are 
bserved close to SSC B where we also observe higher cluster
asses. 
(vii) We also find a positive trend of cluster mass with the
egree of ionization of the surrounding gas, likely reflecting the 
act that higher mass clusters contain higher mass stars capable 
f producing stronger radiation fields. 

The methods and analyses used in this paper demonstrate 
hat optical IFU spectroscopy and co-spatial high-resolution pho- 
ometry, combined with stochastic cluster population modelling, 
nable us to link cluster demographics directly to feedback- 
egulated star formation, providing a powerful avenue for dis- 
ecting the physics of dwarf starbursts. Taken together, these 
esults contribute to providing a picture in which star cluster 
ormation in dwarf starburst galaxies is regulated by a spatially 
nd directionally varying interplay between gas density, feedback 
ffectiveness, and stochasticity, and show that resolved cluster 
opulations can be used as quantitative tracers of how feedback 
culpts the ISM and limits cluster growth in low-mass galaxies 
cross the local Universe. 
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Figure A1. A plot comparing 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 σ = 5 per cent . Although there are 
slight differences between individual values, the overall distributions are 
consistent between error types. 

Figure A2. Same as Fig. A1 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 σ = 5 per cent . Despite differences between individual 
values, the overall distributions are largely consistent between error sizes. 
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0 per cent. The values shown here are simply the median of the
arginal 1D distributions of mass and age for each cluster. 
Comparing the Gaussian sampled errors with the constant er- 

or, we see that using the constant errors rather than the Gaus-
ians, has very little effect on the fitted results, although the
esults do not match exactly, the overall distribution of points 
emains the same. The variations in the obtained properties are 
maller than the spread of the posterior PDFs. 
Comparing the Gaussians, we see that although there are 
mall differences in the returned values, the overall distributions 
The Author(s) 2026. 
ublished by Oxford University Press on behalf of Royal Astronomical Society. This is an Open 
 https://creativecommons.org/licenses/by/4.0/ ), which permits unrestricted reuse, distribution, a
emain largely the same and there seems to be no reason to
ick one over the other. Increasing the errors from 10 per cent
o 20 per cent, going from 28 per cent to 11 per cent having no
onstraints on their properties, but increasing from 20 per cent 
o 30 per cent gives us an additional 4 per cent of clusters being
onstrained (7 per cent not fit), but does also increase the spread
f values obtained, the uncertainty on results and requires more 
omputation time for Bayesian inference. 
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