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ABSTRACT

Aims. We investigate the formation and evolutionary trajectory of the Milky Way’s inner and outer galactic regions using stars from
open clusters in the Gaia-ESO OC survey.

Methods. Using numerical simulations from Chempy, we leveraged Markov chain Monte Carlo sampling techniques to derive galactic
evolutionary parameters for each open cluster by fitting measured abundances of elements C, N, O, Mg, Si, Ca, Ti, Fe, Mn, Zn, Y, and
Ba.

Results. We find differing evolutionary histories between the inner and outer regions of the Milky Way that align with variations in
the slope of the initial mass function, the rate of Type la supernovae, and the galactic metallicity gradient traced by open clusters.
Conclusions. Our results support established galactic formation and evolutionary theories, highlighting that the inner Galaxy had a
short and intense early star formation epoch followed by reduced activity. In contrast, the outer Galaxy maintained a more sustained

star formation history.

Key words. Galaxy: evolution — Galaxy: formation — open clusters and associations: general

1. Introduction

Galactic chemical evolution (GCE) allows us to probe the for-
mation and evolution of galaxies by studying the chemical
compositions of stars at different ages and different locations
within the Galaxy (Tinsley & Larson 1978; Timmes et al. 1995;
Pagel & Tautvaisiene 1995, 1997; Matteucci 2001; Kobayashi
et al. 2006). The key physical processes that determine GCE
include the rate of star formation, the initial mass function of
stars, and the yield of elements from different enrichment chan-
nels. The equations for these parameters are solved numerically
to predict the chemical evolution of our Galaxy over time.

However, factors such as stellar age, location, and motion are
also important when inferring the history of the Galaxy using
GCE (Kroupa & Boily 2002; Martin et al. 2004; Bensby et al.
2005; Roskar et al. 2008; Steinmetz 2012; Prantzos et al. 2023),
and there are high uncertainties when determining these values
for individual field stars.

Open clusters help reduce these uncertainties. The stars
within an open cluster are co-eval (Lada & Lada 2003), and as
they formed from the same gas cloud, they are chemically homo-
geneous (Poovelil et al. 2020). Therefore, age, distance, and

* Corresponding author: kyle.boucher.research@gmail . com

chemical signature can be determined for each cluster with a bet-
ter accuracy than for single stars in the field (Magrini & Randich
2014). Additionally, open clusters can be found at a range of
ages, allowing galactic evolution to be tracked across time. Open
clusters are generally found within the disc of the Milky Way
and typically have metallicities of the thin disc (Elmegreen &
Efremov 1997; Joshi 2016; Krause et al. 2020; Piecka & Paunzen
2021).

Open clusters can also be used to quantise the galactic evolu-
tionary parameter space in order to simplify chemical modelling,
so they are a valuable tool for studying the chemical evolution of
the Milky Way (Strobel 1991; Chen et al. 2003; Frinchaboy et al.
2004; Kharchenko et al. 2005). Applying GCE modelling to an
open cluster sample allows the history of chemical enrichment at
the location of each cluster prior to its formation to be inferred
(Sestito et al. 2006; Bragaglia et al. 2008; Sestito et al. 2008;
Stanghellini & Haywood 2010; Reddy et al. 2020).

In this study, we use the open cluster sample within the Gaia-
ESO survey (GES: Gilmore et al. 2022; Randich et al. 2022) to
investigate the formation and evolutionary history of the Milky
Way in the inner and outer galactic regions of the disc. We mod-
elled the GCE using Chempy (Rybizki et al. 2017), which is
described further in Sect. 3. The GES open cluster sample was
designed to provide an unbiased and comprehensive set of open
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clusters with which to investigate the open cluster system of the
Milky Way (Randich et al. 2022). In particular, the selection
was optimised in age, metallicity, galactocentric radial distance,
and mass, and it captures most phases of evolution with ages
between 1 Myr and 8 Gyr. GES observed 40 304 stars across 62
clusters and extracted further data from the ESO archive, adding
1740 stars across another 18 clusters. (See Bragaglia et al. (2022);
Blomme et al. (2022) for further details.)

The GCE code Chempy (Rybizki et al. 2017) is a one-zone
chemical evolution model. The one-zone model treats the entire
galaxy as a single instantaneously well-mixed ‘zone’ of gas,
where all the gas and stars have the same starting chemical
composition and evolve simultaneously over time. This model is
inherently inaccurate in modelling complex environments such
as the Milky Way. However, we reduced the impact of the one-
zone model’s inaccuracy by assuming each open cluster is born
from a unique molecular cloud within the Milky Way, allowing
us to model each open cluster as a single isolated zone that is
part of a complex multi-zone system.

This paper is structured as follows. In Section 2 we detail the
methodology used in selecting the open cluster sample and an
investigation into the dataset. Section 3 provides an outline of
the chemical evolution modelling framework, including assump-
tions, input yields, and computational techniques. In Sect. 4, we
evaluate the open cluster results of each evolutionary parameter
that governs the model’s behaviour. Section 5 provides a gen-
eral discussion of the findings, and in Sect. 6 we summarise the
results and key conclusions.

2. Data

The Gaia-ESO survey included a Milky Way field science pro-
gramme (Gilmore et al. 2022) and calibration star programme
(Pancino et al. 2017) alongside the open cluster science pro-
gramme (Randich et al. 2022). Observations were made using
FLAMES (Pasquini et al. 2002) on the ESO very large tele-
scope (VLT), for which fibres to both GIRAFFE (R ~ 18 000)
and UVES (R ~ 47 000) spectrographs were employed. All data
were processed by dedicated data reduction pipelines for each
instrument (Gilmore et al. 2022), and a range of analysis teams
extracted stellar parameters, chemical abundances, and other
stellar measurements for both the medium and high resolution
spectra. These results were first homogenised by instrument
(Smiljanic et al. 2014; Worley et al. 2024) and then placed into a
single star catalogue (Hourihane et al. 2023).

2.1. Open cluster member selection

The sample of open clusters was taken from the Gaia-
ESO (GES) DRS5 dataset (Randich et al. 2022) with
GES_TYPE=*_OC. It was then reduced to stars in the tempera-
ture range 3000 K < T.g < 7000 K.

The cluster members were selected using the membership
probability (column ‘MEM3D’) calculated through astromet-
ric analysis of the GES open clusters carried out in Jackson
et al. (2021). The targets selected for the GES open cluster
program were split into two observation resolutions (Bragaglia
et al. 2022). The first group of targets were observed at medium
resolution (R ~ 18000) using GIRAFFE and represent a large
unbiased selection. The second group of targets were observed
using UVES at high resolution (R ~ 47000) and represent a
smaller selection of only high-probability open cluster members.
We utilised stars from both groups but selected only those stars
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Table 1. Gaia-ESO sample member selection.

Applied threshold Removed Remaining
Gaia-ESO survey - 114324
Open cluster programme 72361 41963
3000 < Tes < 7000 9523 32440
Member probability > 0.7 23054 9386
Min 3 abundances 5423 3963
S/N > 20 584 3379

Notes. Reduction of the Gaia-ESO DRS open cluster dataset by the
cleaning operations applied in order.

Data selection from Gaia-ESO

logg

T T T T T
7000 6000 5000 4000 3000

Teir (K)

8000

Fig. 1. Sample selection from the Gaia-ESO DRS open cluster dataset.
The base dataset is shown in grey, and the selected data after processing
and cleaning are shown in blue.

with a probability greater than 70% of being cluster members.
This filter removed 71% of the stars.

We then needed to ‘clean’ the GES dataset to select only
high-quality observations with low uncertainties. We also con-
sidered the completeness of the chemical elements that have
been measured among the open cluster members to ensure that
our chemical evolution code uses a similar complete set of
observational constraints.

First, we required each star to have at least three abundance
measurements to be included in our final sample to ensure a more
complete set of abundances. We did this because one of the sci-
ence goals of GES was to measure the lithium abundance of as
many stars as possible, particularly for open cluster stars. The
GES dataset has many stars that only have iron and lithium abun-
dances that have been calculated and no other abundances. This
step removed 58% of the remaining stars.

We then removed low signal-to-noise (S/N) observations. A
high S/N is crucial in spectroscopy, as it enhances the measure-
ment of spectral features, allowing for accurate determination of
stellar properties, including chemical abundances. We selected
only measurements that have an S/N above 20. The S/N threshold
removed 15% of the remaining stars.

The final sample contains 3379 (10.42%) of the initial
32440 stars. Table 1 shows the exact number of stars removed
at each cleaning stage, starting from the raw dataset.

Figure 1 shows a Kiel diagram of all the GES DRS stars
(within our temperature range) in the open cluster survey before
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Fig. 2. Final sample of open cluster stars. Left: galactic location of the open clusters, where the dark-green dotted circle and solid circle denote the
solar radius and the galactic centre, respectively. The inset shows a closer view of the clusters in the solar neighbourhood. Right: open cluster ages
(top), height above the Galactic plane (middle), and metallicity [Fe/H] (bottom), each against galactocentric radius. The colour map of [Fe/H] is

the same for all four plots.

cleaning (grey) and after applying the above cleaning criteria
(blue). The final selection covers a broad range of log g and T,
allowing us to trace the parameter space of the GES sample.

2.2. Open cluster distribution

The entire GES open cluster set had 80 clusters that we reduced
to a final selection of 48 clusters after the cleaning. For each
cluster, we attributed a cluster abundance and uncertainty by
selecting the median abundance and mean absolute deviation of
the cluster members that remain after the data cleaning process.
The use of the median values reduced the impact of remain-
ing outliers in a cluster’s members. Figure 2 displays our final
selection of open clusters, and details on each cluster’s primary
properties as calculated by Randich et al. (2022) can be found in
Table C.1.

The left plot shows the locations of the open clusters within
the Milky Way, while the three plots on the right display some
key properties against their galactocentric radius. The colour
map of [Fe/H] is the same for all four plots. The top-right plot
shows the age of the open clusters, in which we noticed that the
solar neighbourhood (~8 Ry) has a large spread in age covering
the youngest clusters (~0.01 Gyr) and intermediate age clusters
(up to ~1 Gyr). We expected this to provide more information
to deduce the evolution of chemical elements in this region. The
outer Galaxy contains mostly old clusters >1 Gyr. The middle-
right plot shows the height above the Galactic plane, which has
an increasing trend with increasing radius. Many of the open
clusters in the outer Galaxy are |Z| > 100 pc. The bottom-right
plot shows the metallicity [Fe/H] gradient of the Milky Way as
traced by the open clusters. There is also a noticeable flattening
of the gradient from a radius of ~10 kpc. This is a well-known
feature of open clusters (Magrini et al. 2009; Reddy et al. 2016;
Spina et al. 2022; Magrini et al. 2023). We also note that there
is a gap in the data between ~8.5 kpc and ~10 kpc. This is the
fairly empty region between the Sun (in the Orion Spur) and the
outer spiral arm (Perseus).

2.3. Element selection

The Gaia-ESO survey measured 30+ elements in various quan-
tities across the cluster members. Some stars may have only
12 of the 30+ elements available, while other may have all
30+ available. We selected elements to use in the simulations
that characteristically represented the different nucleosynthesis
channels. The Chempy GCE simulation is configured to model
different nucleosynthesis channels: Big Bang nucleosynthesis;
Type Ia supernova (SN Ia); Type II supernova (SN II), including
50% exploding as hypernova; asymptotic giant branch (AGB)
stars; and nucleosynthesis via general stellar evolution.

The initial state of our simulation starts with a pure cloud of
hydrogen (H) and helium (He) gas synthesised from Big Bang
nucleosynthesis. Thus, H and He are required in the simula-
tion and are traced by Chempy. Magnesium (Mg 1), oxygen (O 1),
and silicon (SiI) are mainly produced in SN II, while calcium
(Ca1) and titanium (Ti1) are thought to be produced in approx-
imately equal parts from SN II and SN Ia (Kobayashi et al.
2020). Iron (Fe) and manganese (Mn1) are produced primarily
from SN Ia (Kobayashi et al. 2020; Ting & Weinberg 2022),
though with a non-negligible contribution from SN II. Carbon
(C1) and nitrogen (N derived from the CN molecule) trace the
main sequence and red giant stellar evolution. Zinc (ZnI) was
chosen as the characteristic hypernova element (Kobayashi et al.
2020). Finally, we chose Yttrium (Y 11) as the light s-process and
Barium (Ba11) as the heavy s-process element produced in AGB
stars (Karakas et al. 2007).

Modelling of the r-process production sites such as neu-
tron star mergers (NSMs) and magneto-rotational supernovae
(MRSNe) are not included in the version of Chempy we used.
Because of this, we could not include any element that includes
contributions from the r-process. For example, neodymium is
produced from approximately 56% s-process and 44% r-process
at solar metallicity (Battistini & Bensby 2016), but as r-process
channels are not included in the model, the GCE model will
attempt to produce the entirety of the neodymium abundance
purely from s-process AGB nucleosynthesis, thus biasing the
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Fig. 3. Uncertainty distribution of abundance measurements from the
GES DRS open cluster dataset before (grey) and after (blue) the per-
centile filter was applied.

results towards a model that has an over-abundance of AGBs
contributing to the chemical evolution of the Galaxy. The final
set of elements used in our simulations includes carbon (C),
nitrogen (N), oxygen (O), magnesium (Mg), silicon (Si), cal-
cium (Ca), titanium (T1i), iron (Fe), manganese (Mn), zinc (Zn),
yttrium (Y), and barium (Ba).

2.4. Abundance uncertainty distributions

Based on inspection of the full GES medium resolution dataset
in Figure 16 of Worley et al. (2024), the highest quality results
(those based on multiple analyses) typically have uncertainties
within 0.5 dex. Some elements, such as Si, Ca, Ti, Y, and Ba used
here, have extended distributions greater than 0.5 dex. Using this
as a preliminary threshold (note also our criterion of S/N>20 in
Table 1), for the elements analysed here, we applied a percentile
filter to limit the maximum uncertainty to be below approxi-
mately 0.5 dex, as can be seen in Fig. 3. This allowed us to
retain a reasonably sized sample of high-quality abundances
while removing those with larger-than-typical uncertainties.

Table 2 lists the key elements, the percentile filter applied,
the resulting maximum uncertainty, the number of measure-
ments removed, and the remaining sample of measurements for
that element. While we aimed for a maximum of 0.5 dex uncer-
tainty, our process of calculating the required percentile cut,
when rounded to the nearest whole number, removed additional
measurements that were already below this threshold. The only
element that breached the 0.5 dex threshold was Ti as a result
of this ‘rounding’ We also note that this abundance cleaning did
not reduce any individual star’s total available measurements to
below our threshold of three.

The typical dispersion on the central value of our final sam-
ple is in the range of 0.04-0.1 dex. This indicates our open
clusters are relatively homogeneous (Bovy 2016; Poovelil et al.
2020; Spina et al. 2022).

3. Chemical evolution modelling

Galactic chemical evolution modelling is complicated and
involves many parameters (Kobayashi & Nakasato 2011;
Matteucci 2021, and references therein). Chemical evolution
codes can simplify the calculation by using a model that restricts
the parameter space, such as the commonly used ‘one-zone
model’ (Talbot & Arnett 1971).

There have been many numerical GCE codes released to
the public. Andrews et al. (2017) released flexCE, a flexible
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Table 2. Gaia-ESO element abundance cleaning.

Element Percentile Uncertainty Removed Remaining
C ogth 0.39 29 1619
N - 0.15 - 234
(0] - 0.15 - 224

Mg 99t 0.27 9 874
Si 90t 0.25 208 1884
Ca g5th 0.47 465 2664
Ti 75t 0.53 561 1684
Fe - 0.20 - 4012

Mn ogth 0.22 16 755
Zn - 0.08 - 548
Y gsth 0.29 139 1055
Ba g5th 0.44 512 2956

Notes. Percentile threshold applied to observational uncertainty on
element abundances. The resulting maximum uncertainty, number
rejected, and number retained are given.

one-zone chemical evolution code. Coté et al. (2017); Coté &
Ritter (2018), released a one-zone model for the Evolution of
GAlaxies (OMEGA) focussing on single stellar populations. Yan
et al. (2017) proposed GalIMF, a one-zone model that uses a
variable integrated galactic initial mass function. Rybizki et al.
(2017) released Chempy, which focuses on parameterised one-
zone models within a Bayesian framework. Johnson & Weinberg
(2020) created a Versatile Integrator for Chemical Evolution
(VICE), a well-documented code that uses IMF-averaged yields
to reduce computation times for both one-zone and multi-zone
models. Additionally, Gjergo et al. (2023) released GalCEM, a
modular chemical evolution code that provides detailed results
on many chemical isotopes.

These GCE codes generally use a fixed set of evolutionary
parameters to run the chemical evolution simulation. We selected
Chempy (Rybizki et al. 2017) for its flexible approach to fit-
ting the observed abundance measurements using the Markov
chain Monte Carlo (MCMC) algorithm, which marginalises over
the free parameters and accounts for configurable yield sets.
This approach allowed us to use open clusters as a tracer for
GCE by fitting galactic formation parameters to the measured
abundances.

We modelled the chemical evolution of each open cluster in
the Gaia-ESO dataset using the Chempy GCE code (Rybizki
et al. 2017). The Chempy code starts with only hydrogen (H) and
helium (He) in the reservoir and evolves to the age of the clus-
ter before terminating. The chemical composition at the stopping
time is compared to the observed values, providing a likelihood
for the MCMC algorithm to optimise.

Chempy traces the three major enrichment channels of SN Ia,
SN II, and AGB stars. The default configuration of Chempy
allows stars to explode as SN Ia with a mass in the range of
1My <m < 8Mgy and as SN II with a mass range of 8 My <
m < 100 My, and we also configured Chempy such that 50%
of the SN II more massive than 25 M explode as hypernova
(Kobayashi et al. 2006). Stars may also evolve into an AGB star
when they have a mass in the range of 0.5 My < m < 8 M.

Chempy uses seven parameters. Three are simple stellar pop-
ulation parameters: the high-mass slope of the IMF, the number
of SN Ia events, and the delay time distribution for SN Ia events.
The remaining four are interstellar medium (ISM) evolution
parameters: the peak of the star formation profile, the efficiency
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Table 3. Chempy default priors and constraints.

Parameter Prior Constraints
Free parameters
QIMF -229+0.2 [-4, -1]
]0g10 (N[a) —275 + 03 [—OO, O]
log,, (SFE) -03+03 [—o0, 0]
S FRpeak 35+1.5 [0, o]
Fixed parameters
logo (t1a) -0.8+0.3 [0, —o0]
Xout 05+0.2 [0, 1]
logyo (frorona) ~ 03£03  [—oc0, —c0]

Notes. Default Chempy parameters (Rybizki et al. 2017), their priors
with Gaussian error, and bounding constraints for our simulations. Pri-
ors and constraints are provided for the fixed parameters for comparison
with our results. These values were not used within the simulation.

of the star formation, the fraction of enriched gas expelled from
the ISM, and the size of the initial gas reservoir.

Of these seven parameters that can be inferred by Chempy,
we chose to focus on the four most sensitive to the fundamental
physical processes parameterised in Chempy. These are the free
parameters in our model:

1. High-mass slope (apvr) of the Kroupa et al. (1993) initial
mass function, which is a power law of the form &(m) o
ma/IMF.

2. Number of SN Ia per M, per 15 Gyr (Ny,) from Maoz et al.
(2010).

3. Peak of the star formation profile (S FRpeax) of the gamma-
distribution with the shape of the parameter fixed to k = 2.

4. Efficiency of star formation SFE, defined by Chempy as

SFE = (total mass of star formation)
" (total mass of ISM Gas)

The gamma-distribution used in Chempy to model the star for-
mation rate changes shape based on the S FRye.x parameter. With
a smaller value, the distribution shows a sharp and short peak in
the early time of formation, followed by a low rate of star forma-
tion for the remainder of the evolution history. However, with a
larger value of the S FRpe. parameter, the shape of the distribu-
tion has a later peak and is more sustained throughout the entire
evolution history.

The three parameters we do not infer are the SN Ia time
delay (11,) of the delay time distribution (DTD) model of Maoz
& Mannucci (2012), the fraction of mass outflowing from the
ISM into the reservoir (xoy), and the scaling factor of the initial
reservoir (feorona). Our testing with these parameters revealed no
changes of these values with the evolution of the MCMC and
tended to remain at the mean of the prior. A similar result was
found by Blancato et al. (2019).

Table 3 shows the default Gaussian priors and the constraints
for all seven parameters. We note that the fixed parameters were
selected as the mean of their prior and were unchanging through-
out each simulation. These priors and limits were selected from
the literature specific to that parameter as they apply to the global
Milky Way (refer to Table 1 in Rybizki et al. 2017).

For our fiducial simulation, we selected the default yield
tables provided in Chempy for SN II and SN Ia from Nomoto
et al. (2013) and Seitenzahl et al. (2013), respectively. For AGB
nucleosynthesis, we selected the yields provided by Karakas &

Lugaro (2016) so we could include the characteristic s-process
element, barium, which is not included in the AGB yields of
Karakas (2010) used by default in Chempy.

Each Chempy simulation was run with 100 Myr time inter-
vals per simulation iteration with a maximum time of 13.6 Gyr.
The choice of this parameter is known to have a minor effect
on the results (Rybizki et al. 2017), but our tests showed it was
not enough to significantly change the outcome of our analysis.
Chempy terminates the simulation once it reaches the age of the
cluster.

The MCMC was run with Nyakers = 20 walkers for a max-
imum of 1000 iterations, giving an overall maximum of 20 000
samples in the MCMC chain. It is expected that the end sec-
tion of the MCMC chain is the part that converges about the
final value. Thus, the best-fit value was taken as the median
value of the converged section of the chain. The upper and lower
uncertainty in our fit parameters was taken as the 14th and 86th
percentile of the posterior.

To determine if the MCMC chain has converged, we imple-
ment the autocorrelation time, 7 (Goodman & Weare 2010).
For every Ny = 100 iterations, we evaluated if the length of
the chain was greater than L = 100 times the autocorrelation
time. We also checked if the change in the autocorrelation time,
AT = |1, — T,|/ T, between checks was less than d = 5%, where
T, is the autocorrelation time at the n™ iteration. Both of these
checks provided a strong indication that the MCMC had con-
verged and was unlikely to change further. The stopping criterion
was implemented as

(MNyalkers > Tol) A (AT < d), ()

where Nyaikers 18 the number of walkers. The quantity n/Nyakers 1S
the current length of the Markov chain. The values Ny, L, and
d are configurable within the code. (See Appendix A for further
details on the MCMC convergence.)

To validate our choices, we performed tests for the conver-
gence of the MCMC chains, shown in Appendix A; the model
accuracy with alternative yield sets, shown in Appendix B; and
the model accuracy with an alternative element selection, shown
in Appendix C.

4. Evolutionary parameters

In the following sections, we interpret our results with respect to
each of the free parameters in our analysis: IMF high-mass slope,
rate of SN Ia, star formation rate, and star formation efficiency.
We also discuss the outliers of the analysis.

Furthermore, we interpret our results based on the ages of
the open clusters. We split the sample of open clusters into four
categories: “Young’, where the age is less than 200 Myr; ‘Mid-
dle’, where the age is between 200 Myr and 1 Gyr; ‘Old’, where
the age is between 1 Gyr and 3 Gyr; and ‘Relic’, where the age
is greater than 3 Gyr.

4.1. IMF high-mass slope

It is generally assumed in the literature that the slope of the IMF
is constant throughout the Galaxy (Tinsley 1980; Holmberg et al.
2007); however, our results show that a trend is potentially indi-
cated, although there is sufficient scatter for this result not to
be definitive. We found an overall downward trend in the IMF
high-mass slope anvr from the inner to the outer Galaxy (Fig. 4),
with a global gradient of AAC”IT“;”' = —-0.020 = 0.011 per kpc. Inner

Galaxy clusters have apvr = 5—2.5, but the IMF then steepens to
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Fig. 4. High-mass slope, apg, of the IMF versus galactocentric radius, R

4c> for each open cluster. The clusters are coloured by their metallicity

[Fe/H] and categorised into four age groups. Error bars are the upper and lower bounds of the inferred parameter from the MCMC algorithm. The
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Fig. 5. Same as Fig. 4 but for the rate of SNIa (V,,). The Ny, trend is Aloi+g(:v’”) = —0.031 + 0.014 SN Ia events per M, per 15 Gyr per kpc.

amr = —2.6 for the old and relic clusters in the outer Galaxy.
The majority of the clusters show a steeper IMF compared to the
prior distribution (apyp = —2.29 £ 0.2).

Similar results to ours have been found in recent studies such
as Horta et al. (2022). The steepening of the IMF could be caused
by many different effects (Kroupa et al. 2013), for example, radial
migration (Minchev et al. 2013; Prantzos et al. 2023) or gas infall
(Chiappini et al. 1997; Spitoni et al. 2019). In this study, we did
not explore these effects further due to limitations in Chempy.
A time-evolving IMF could also be considered; however, this is
not something that can be evaluated within Chempy, as it uses
the same IMF at all times of the evolutionary history. Further
enhancements to the Chempy code are required to investigate
these effects.

4.2. Rate of SN la

The number of SN Ia per M, per 15 Gyr (Ny,) closely follows
the shape of the metallicity gradient traced by the open clus-
ters, as can be seen in Fig. 2. A decreasing rate of SN Ia in
the inner Galaxy (6.0 < R, < 7.0 kpc) is followed by a plateau
in the outer Galaxy (Fig. 5). The metallicity gradient that is
seen today in the Milky Way correlates with the number of
SN Ia occurring during the formation of the Galaxy. Overall,
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we find a linear trend with respect to the galactocentric radius

of AIO%T“;IV’“) = —0.031 £ 0.014 SN Ia events per Mg, per 15 Gyr

per kpc.

When compared to the prior distribution of log,, (Ny,) =
—2.75 + 0.3, the results are relatively close to this value, with a
slight bias towards a lower SN Ia rate. The young clusters at solar
Ry have a large spread in their results, which appear to be in all
of the free parameters for the clusters in the solar neighbourhood.

4.3. Star formation rate

Figure 6 shows that the S FRp, parameter is the least certain
in our model, with the largest errors across the free parame-
ters. This is due to the spread in the MCMC chain for this
parameter, described in Appendix A. However, we find trends
that are similar to that of the other parameters. Firstly, there
is a slight overall positive slope with the inner Galaxy near
logo (S FRpeax) = 0.55, which is near the mean of our prior
distribution of 3.5 + 1.5 Gyr (log,, (3.5) = 0.55), increasing to
SFRpeak = 5 Gyr (logo (S FRpeak) = 0.7) in the outer Galaxy.
Alogio (S FRyea) _
AR

gc

This overall linear trend has a global gradient of
0.014 + 0.005 Gyr per kpc.
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Alogj (S FRpeak) _

. = 0.014 + 0.005 Gyr per kpc.
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Fig. 7. Same as Fig. 4 but for the star formation efficiency (SFE) parameter. The SFE trend is w = —0.010 = 0.016 per kpc.

Our S FRpeqx results show a difference between the inner and
outer Galaxy, where the inner Galaxy shows a more intense star
formation early in the formation, while the outer Galaxy has
a more sustained star formation. Which is consistent with the
observed metallicity gradient and the rate of SNIa results.

4.4. Star formation efficiency

The star formation efficiency (SFE) results shown in Fig. 7 dis-
play inefficient star formation across the Milky Way, with the
majority of the clusters around log;, (S FE) =~ —0.85. The out-
liers have an increased SFE; however, the uncertainties are large
compared with the other results. All the results, bar a few out-
liers in the inner Galaxy, are more inefficient than our prior

of log,, (SFE) = —0.3. We find SFE has a linear gradient of

w = -0.010 + 0.016 per kpc.

Chempy defines the SFE as SFE =
(sum of SFR) / (sum of ISM Gas), which directly relates
how much mass is contained within stars to how much mass
is in the ISM. If the SFE is low, then the star formation is
inefficient, meaning the ISM contains much more gas than what
has been formed into stars. Conversely, if the SFE is high, it
implies efficient star formation, meaning the star formation has
used more of the available nearby ISM gas.

Our low SFE results across the entire Galaxy may be an
effect of using open clusters as our point of reference. Open
clusters are formed in star-forming regions, and these regions

naturally have a lot of gas and dust in them to form the observed
open cluster members. Thus, we may expect to see low SFE so
that our model properly emulates the star-forming regions where
open clusters were born.

4.5. Outliers

The shaded regions in Figs. 4, 5, 6, and 7 denote one o from the
mean trend. Any clusters outside of these regions are classified
as ‘outliers’. While 1 — o is not significant, we used this to inves-
tigate if there is real physical diversity or just limits of what the
modelling delivers.

IMF outliers

In the outer Galaxy, there is a group of four open clusters with a
flattening IMF over 1 kpc (10.5 < Ry < 11.5 kpc) from approx-
imately —2.4 to —2.0. This group appears to lead to another
open cluster at ~13 kpc with a shallow IMF. These five clus-
ters are Haffner 10, NGC2425, Berkeley 32, Berkeley 39, and
ESO 92-05. Clusters Haffner 10, NGC2425, and Berkeley 32 are
kinematically hot with a velocity of V;,, > 70 kms~!, indicating
that they may be part of the galactic thick disc. Berkeley 39 is a
massive open cluster, but it does not show any obvious pecu-
liarities to suggest it being an outlier (Bragaglia et al. 2022).
ESO 92-05, however, is far from the Galactic plane at |Z| =
1.6 kpc. Ortolani et al. (2008) suggests ESO 92-05 could be
formed as a result of the accretion with a dwarf galaxy in which
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the activity may have triggered additional localised star forma-
tion from the resultant mixed gas cloud. Thus, ESO 92-05 is
likely not formed from the same thick and thin discs as the other
Milky Way clusters.

Two additional outliers have a steep IMF: y Velorum, a
young 20 Myr near solar radius, and Berkeley 22, an old 2.4 Gyr
cluster Ry = 14.3 kpc. Jeffries et al. (2014) notes that y Velorum
has two stellar populations within its cluster members, namely, a
dense inner cluster population and a low-mass dispersed popula-
tion that surrounds the inner cluster. This could be a reason for
v Velorum being an outlier in our results. Berkeley 22 has also
been suggested to be a result of an accretion event by Frinchaboy
et al. (2004); however, Di Fabrizio et al. (2005) reviewed Berke-
ley 22 and found a lack of evidence for Berkeley 22 being
abnormal.

SNIla outliers

In the outer Galaxy clusters, we found three outlier clusters with
a lower SNIa rate than the trend: NGC2243, ESO 92-05, and
Berkeley 22. ESO 92-05 and Berkeley 22 have been discussed
already as potentially being a result of a galactic accretion event.
NGC2243 is a metal-poor, [Fe/H] = —0.45 + 0.05, cluster far
from the Galactic plane, |Z] = 1.15 kpc, with a high velocity,
Vier ~ 80 kms™!, making it kinematically similar to the thick
disc population. NGC2243 has also been widely studied for the
so-called ‘lithium dip’ in open clusters (Frangois et al. 2014;
Anthony-Twarog et al. 2021).

In the inner Galaxy, we found one outlier with the lowest
SNIa rate, log,q (Na) = —3.93f8:8§: Berkeley 44. It is a metal-
rich, [Fe/H] = 0.22 + 0.09, inner Galaxy cluster. Carraro et al.
(2006) investigated whether Berkeley 44 can be attributed to an
accretion event or whether this cluster could be explained by the
thick disc and halo population. Their results are not conclusive,
but they still provided us with the information that Berkeley 44
is likely not a regular thin disc open cluster.

SFR outliers

We found a sharp increase and deviation from the trend in the
region 10.5 < R,. < 11.5 kpc, similar to the apvp parameter.
The outliers in this region are NGC2243, NGC2420, NGC2425,
Berkeley 32, Trumpler 5, and Berkeley 39. NGC2243, Berke-
ley 32, and Berkeley 39 have been identified as outliers in the
other parameters already.

NGC2420 and NGC2425 are two old clusters with |Z] < 1kpc
and are kinematically hot, with V,,, > 70 kms~'. Donati et al.
(2015) investigated Trumpler 5 and found it has no peculiarities
in stellar parameters. However, the chemical abundances of Mg,
Nd, and Al match the ratios similar to the thick disc, while other
elements such as Ni, Ca, Y, and Na are more similar to that of
the thin disc. This makes Trumper 5 a chemical anomaly.

Three clusters have a low S FRpe.x value relative to the over-
all population: Berkeley 44, NGC6281, and Berkeley 22. Berke-
ley 44 and 22 have both been discussed as clusters potentially
resulting from an accretion event. NGC628]1 is an intermediate-
aged (200 Myr) cluster near the solar galactocentric radius with
solar metallicity. The location and velocity of NGC6281 make it
likely to be a thin disc cluster.

SFE outliers

There are two metal-rich inner Galaxy outliers: Berkeley 44,
which has been discussed already, and NGC6802, a 660 Myr
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slightly metal-enriched cluster, [Fe/H] = 0.14 + 0.04, which has
a high V,,; * 75 kms~'. NGC6802 is used as a target for cali-
brating abundances in the Gaia-ESO open cluster survey, and it
shows no additional peculiarities (Tang et al. 2017).

Near the solar galactocentric radius, there are two out-
liers with efficient star formation: NGC6281 and NGC3532.
NGC6281 has been mentioned before, showing thin-disc-like
properties and no other peculiarities. Fritzewski et al. (2021) and
references within that work establish NGC3532 as a benchmark
open cluster, indicating that this cluster is not indicative of being
an outlier in the results.

In the outer Galaxy, R, > 10 kpc, we observed what appears
to be two sequences of results. The more efficient population
sits at the upper edge of the shaded region and consists of open
clusters: NGC2243, Berkeley 36, NGC2141, Berkeley 22, Berke-
ley 21, and Berkeley 31. NGC2243 and Berkeley 22 have been
found as outliers already.

Berkeley 36, 21, and 31 are all slightly metal poor [Fe/H] ~
—0.2, have a low velocity, and are situated close to the Galactic
plane and thus likely formed from the thin disc. However, Gozha
et al. (2012) found Berkeley 21 and 31 to have highly eccentric
high orbits, suggesting these open clusters may be formed from
the thick-disc or may have an origin not related to the Milky Way.

5. General discussion

Our results in Figs. 4, 5, 6, and 7 are consistent with recent
studies using field stars (Hayden et al. 2015; Buck 2020) and
open clusters (Spina et al. 2022). These studies suggest that the
inner and outer galactic regions may have different evolutionary
histories.

The results in the outer Galaxy contain most of the out-
liers with different evolutionary histories. Many of these outliers
have supporting evidence of being a result of accretion events,
which triggered star formation in externally contaminated clouds
of gas.

These outliers affect our interpretation of trends against Ry,
which is why we reviewed them individually in Sect. 4.5. They
nonetheless present an interesting sample of clusters that could
hold valuable insights into the Galaxy’s evolutionary history, but
this is left for a future study to investigate further.

As SN Ia are responsible for a large fraction of iron, we
expected to see a trend in the SN Ia that matches the metallicity
gradient traced by the open clusters of the Galaxy (Magrini et al.
2009, 2023; Palla et al. 2024). Our results appear to match the
observed metallicity gradient with respect to Ry for both the star
formation rate (an anti-correlate) and the SN Ia rate (a correlate).

All four of our free parameters show a variation in the solar
neighbourhood. The group of open clusters in this region appear
to be shifted away from the overall trend. This observation may
suggest a unique local environment, potentially influenced by
intrinsic dispersions in key physics, such as the process of star
formation, mixing efficiency, or chemical enrichment.

One reason may be that near R, ~ 8 kpc is a transition
region where the metallicity gradient in open clusters forms a
‘knee’ and begins to plateau for the outer Galaxy (Bensby et al.
2011; Spina et al. 2022). This transition region is a region of mix-
ing between thin and thick discs (Hayden et al. 2015; Haywood
et al. 2024), where the solar neighbourhood shows two distinct
populations in their [@/Fe] abundances. However, this variance
in results should also be apparent in the inner Galaxy, where
both the thick and thin discs are mixing, which our results do not
show.
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The disc structure and dust in the Galactic plane obscure
young open clusters in the inner and outer regions, complicating
the ability to correlate stellar populations across these different
regions. The solar neighbourhood, where both young and old
populations coexist, allows for a more integrated view across the
stellar ages.

When averaged over age, the metallicity and [a/Fe] variance
are consistent with the global trends observed in Figs. 4-7. This
reinforces that despite local complexities and small-scale vari-
ations, the large-scale trends observed agree with the broader
Galactic evolution.

From inspecting the four model parameters for inter-
dependencies, we found that the results indicate the slope of the
IMF, avr, is positively correlated with the rate of SNIa, Ny,, and
weakly correlated with the rate of star formation, S FRpeax. The
correlation with Ny, may be due to the formalism of SN Ia DTD,
which is used to calculate the rate of SN Ia that depends on the
IMF (Maoz et al. 2010; Matteucci 2021). The correlation of apvg
with S FRy. indicates two relations. First, a formation history
with sustained star formation has a top-heavy IMF, which forms
more high-mass stars. Secondly, an intense star formation his-
tory over a short period may be a formation history that favours
a bottom-heavy IMF, thus producing less massive stars. The Ny,
is also positively correlated with S FRpeax, which may be due
to a higher star formation history having a higher probability of
producing progenitor systems that lead to SN Ia explosions.

We also find that the SFE is anti-correlated with all other
parameters. This is due to the SFE parameter directly control-
ling how much gas is available in the system for star formation,
whereas the amvr, Ny, and S FRyeac control the production
of heavy elements. If SFE is low, there is a large amount of
unused gas diluting the ISM and reducing star formation, thus
the other parameters need to compensate to match the observed
abundances. Similar anti-correlations are found in the Chempy
paper (Rybizki et al. 2017, Sect. 5.2.1, Fig. 12), and the anti-
correlations have been found by Blancato et al. (2019) and Horta
et al. (2022) using field stars.

6. Conclusions

In this paper, we have explored how the evolutionary parameters
of the Galaxy change between the inner and outer Galaxy. We
selected stars from the open cluster program in the Gaia-ESO
spectroscopic survey (Randich et al. 2022; Bragaglia et al. 2022;
Gilmore et al. 2022). We removed the abundance measurements
with large uncertainties or a low signal-to-noise to ensure a high-
quality sample of measurements. We selected only those stars
with a high membership probability and that had a nearly com-
plete set of abundances in the elements C, N, O, Mg, Si, Ca, Ti,
Fe, Mn, Zn, Y, and Ba. Our selection criteria reduced the Gaia-
ESO open cluster sample of 32 440 stars to 3379-10.42% of the
observed stars, where 71% of the stars were not cluster mem-
bers. This reduced the total 80 open clusters to 48 usable clusters.
We used the one-zone chemical evolution code, Chempy, to find
the best-fit evolutionary parameters that predict the measured
abundances of our selected open clusters.

Our results reveal that the inner and outer regions of the
Galaxy have different formation and evolutionary histories. This
difference may be explained by a mixing of the thick disc with
the thin disc in the inner Galaxy, contaminating the chemical
composition of the star-forming region in which the open cluster
formed. The solar neighbourhood appears as a unique transi-
tional region where mixing between galactic discs (thin and thick

discs, and the inner and outer Galaxy) occurs, making the solar
R, an intriguing region for testing the model assumptions.

The inner Galaxy in our model agrees with the formation as
proposed in the literature (values can be found in Table 3) except
for the star formation efficiency, which may be a bias of using
open clusters. The outer Galaxy in our model deviates from the
older literature, suggesting that the chemical evolution in this
region may be altered by external events such as accretion from
satellite dwarf galaxies.

Future developments will consider other theoretical mod-
els for the galactic evolutionary parameters, for example, the
impact of a time-varying initial mass function on the GCE code’s
predictive accuracy. Additionally, the other parameters (outflow
fraction, coronal reservoir size, and delay-time distribution delay
parameter) provided by Chempy should be included to investi-
gate their effects and inter-parameter correlations. Furthermore,
utilising data from additional spectroscopic open cluster surveys
and a further complete set of abundance measurements from
another survey will provide more comprehensive observational
constraints for the model.
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Appendix A: MCMC convergence

We tested the model accuracy by selecting three open clusters
that cover a wide range of the dataset: IC4665, NGC6005, and
NGC2243. 1C4665 is a young cluster at ~33 Myr with near
solar metallicity [Fe/H] = 0.01 + 0.05 and located near the Sun
at Ry = 8.0 kpc. NGC6005 is an old open cluster at ~1.26
Gyr that is metal-rich [Fe/H] = 0.22 + 0.03 in the inner Galaxy
Rgye = 6.5 kpc. NGC2243 is an old relic open cluster at ~4.3 Gyr
that is metal-poor [Fe/H] = —0.45 + 0.05 just outside the solar
radius Ry = 10.6 kpc.

We ran MCMC for our four dimensions with Nyakers = 20
walkers for a maximum of 1000 iterations, giving a maximum
of 20000 samples. It is expected that the final portion of the
MCMC chain has converged to a particular value. This con-
verged section of the chain is used to calculate the best-fit value
by taking the median of this section. We need to evaluate whether
the simulation setup and choice of free parameters allow the
MCMC chain to converge.

We used the autocorrelation time 7, Eq. (1), to determine
if the posterior has converged. For every N = 100 iterations,
we evaluate if the length of the chain is greater than L = 100
times the autocorrelation time. We also check if the change in
the autocorrelation time A7 between checks is less than d = 5%.
Both these checks provide a strong indication that the chain has
converged and is unlikely to change further.

In Fig. A.1 we plot the MCMC chains for open clusters
1C4665, NGC6005, and NGC2243. In each of the sub-figures,
the first row shows the entire raw chain, and the second row
shows the converged part of the chain. Columns from left to right
are the posterior, parameter values for the IMF (ajyr), rate of
SNIa (log,, (N14)), star formation efficiency (log,, (S FE)), and
the peak and shape of star formation (log,, (S FRpea)). The cyan
line shows the prior value from Table 3 and the red line shows
the best-fit value.

1C4665 and NGC6005 stopped at ~5000 samples (~250 iter-
ations). NGC2243 stopped at ~3700 samples (~185 iterations).
This is a quarter of the maximum iterations allowed; however,
in testing a full 1000 iterations (no early termination by autocor-
relation) we found no additional variance in the chains and the
results remained the same.

The best-fit value is taken as the median of the converged
part encompassing ~2000 samples. The free parameters apvr
and Ny, show strong convergence in all three clusters. Star for-
mation efficiency converges strongly in IC4665 and NGC6005,
but shows some uncertainty in NGC2243. S FRy,c shows as
the most uncertain parameter in our test clusters. The model as
a whole has converged and the uncertainty in those individual
parameters will manifest as large upper and lower uncertainties
on the best-fit value.

Appendix B: Model accuracy

Using the same test clusters defined in Appendix A, we complete
the MCMC inference with two yield sets to test the sensitivity to
assumptions and input variables by finding the best-fit param-
eters in each case. The “default” yield tables are those of our
fiducial simulation: Nomoto et al. (2013) for SN II, Seitenzahl
et al. (2013) for SN Ia, and Karakas (2016) for AGB nucleosyn-
thesis. The “alternative” yield set changes only the SN II yield
to the yields provided by the Nugrid collaboration (Ritter et al.
2018).

Figure B.1 plots the resulting predictions for both the default
and alternative yield sets. Across all the elements, the default
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MCMC Chain for IC4665

Posterior aw 1010 (Nis) 10930 (SFE) 10910 (SFRpeak)

Raw chain

Converged Part

MCMC Chain for NGC6005

Posterior aw 10930 (Nis) 10g10 (SFRpesk)

10930 (SFE)

Raw chain

Converged Part

MCMC Chain for NGC2243

Posterior Qe 1010 (Nia) 1010 (SFE) 10910 (SFRpeak)

Raw chain

Converged Part

Fig. A.1: Markov chain Monte Carlo chains for open clusters IC4665,
NGC6005, and NGC2243. The first row shows the raw chain and the
second row shows the converged part of the chain. Plots from left to
right are posterior, positions for the IMF oy, rate of SNIa log;, (N;,),
star formation efficiency log,, (S FE), and the peak and shape of star
formation log;, (S FRp.q). The cyan line shows the prior value and the
red line shows the best-fit value.

yield selection has better predictions compared to the alternative
yield set. This shows that the selection of yields is an important
hyperparameter for numerical simulation models (Karakas 2016;
Philcox et al. 2018; Kobayashi & Taylor 2023; Liang et al. 2023).

The iron-peak elements Fe and Ni are now within ~0.1 dex
for the default yields, but Mn is overproduced by ~0.2 dex. The
alternative yields for the iron-peak elements are greater than
~0.3 dex from the observed abundances. For the a-elements the
default yield set still underproduces Ca and Mg, but they are both
within ~0.1 dex. Ti shows as severely underproduced in all three
clusters; Ti and nearby elements in atomic number are underpro-
duced in most numerical models (Kobayashi et al. 2006). Ba is
overproduced with the AGB yields from Karakas (2016) but is
the most accurate of the yield tables we can access.

The results of Fig. B.1 do not match all observations within
observed uncertainties for several elements. However, we could
still extract useful information from the trends in the free
parameters.

The inaccuracies in the abundances are likely due to simpli-
fying assumptions in our chemical evolution model. Chempy is
a one-zone chemical evolution model that is inherently inaccu-
rate in modelling complex environments such as the Milky Way.
We reduce the impact of the one-zone model by assuming each
open cluster is born from a unique molecular cloud within the
Milky Way, allowing us to model each open cluster as a sin-
gle isolated zone that is part of a complex multi-zone system.
Chempy also models only three of the important enrichment
channels and does not include more complex channels such as

AS57, page 11 of 13



Boucher, K., et al.: A&A, 705, A57 (2026)

1C4665: Predicted and Observed Abundances from Best Fit Parameters
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NGC6005: Predicted and Observed Abundances from Best Fit Parameters

Default Yields

04 X observed
2] X E3

§ o T X E3 x

02 { I I X E3 ¥ = X

[FeM]  [Baffe]  [Cffe]  [Caffe]  [Mg/Fel  [Mnffe]  [Nffe]  [Nife]  [Offe]  [Siffe]  [TiFe]l  [Y/fel  [Zn/Fe]

NGC2243: Predicted and Observed Abundances from Best Fit Parameters
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Fig. B.1: Model predictions for open clusters IC4665, NGC6005, and
NGC2243 with the free parameters set to their best-fit values. Observed
abundances in red (cross with error bars denoting abundance uncer-
tainty calculated as per Sect. 2.1) and the prediction from the default
and alternative yield sets in orange (A) and green (V), respectively.

neutron star mergers, black hole interactions, fast rotating, and
highly magnetic stars. This reduces the accuracy of the model
as some chemical elements, such as r-process elements, are not
modelled. Additionally, there are uncertainties in the nucleosyn-
thetic yield calculations due to effects such as stellar rotation and
black hole formation.

Appendix C: Chempy likelihood comparison of
fewer elements

We select three elements, Mg, Fe, and Ba, to isolate the mod-
elled enrichment channels to a single element each and therefore
does not consider elements produced from multiple channels.
With only three observational constraints to the model, we may
be concerned with the lack of data representing the complex
chemical composition of open clusters. The three-element simu-
lation has a much higher likelihood compared to the full-element
simulation. This accuracy may be due to a few factors such
as overfitting; overfitting is a concern as we have four free
parameters to fit three observations.

Conversely, the full-element simulation introduces a lot of
variance across the observations. Still, it includes complex chem-
ical compositions which our simple one-zone model and limited
enrichment channels may not fully represent. Further increasing
the element count worsens this effect. Thus, we find the selection
of 12 elements is a balance between these effects.

Table C.1 tabulates each open cluster along with their liter-
ature metallicity [Fe/H], galactocentric radius Ry, age in Myr,
and the number of stellar members selected from our data selec-
tion. The last four columns show a comparison of the likelihoods
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of the model for the default yields and the alternative yields for
both the three-element model and the full-element model.



Table C.1: Open cluster properties and Chempy log likelihoods

Boucher, K., et al.: A&A, 705, A57 (2026)

Cluster [Fe/H] | R, (kpc) | Age (Myr) | # Stars | Log Likelihood (12 elements) | Log Likelihood (3 elements)
Default | Alternative Default | Alternative

BLANCOI1 -0.03 8.3 105 15 -261.7 -468.6 4.7 -0.5
25_ORI 0.00 8.6 13 3 -122.5 -132.3 2.7 3.7
LAM_ORI -0.09 8.7 13 5 - -906.9 54 -4.7
BR21 -0.21 14.7 2138 31 -102.9 -86.3 33 -9.7
CZ24 -0.11 12.3 2692 9 -324.7 -489.6 0.9 9.1
BR22 -0.26 14.3 2455 16 -129.4 -102.9 -0.5 1.5
NGC2141 -0.04 13.3 1862 160 -107.3 -72.0 2.5 0.2
NGC2158 -0.15 12.6 1549 83 -42.5 -87.2 3.1 54
BR73 -0.26 13.7 1413 6 -334.2 -378.6 1.8 -1.5
NGC2232 0.02 8.6 18 1 -144.0 - -0.4 -14.5
NGC2243 -0.45 10.6 4365 281 -41.9 -88.9 -9.7 -10.1
TRUMPLERS5 -0.35 11.2 4266 179 -48.6 -251.6 -8.0 -15.5
NGC2264 -0.10 9.0 3 12 -490.6 -478.1 4.1 -87.1
BR75 -0.34 14.7 1698 5 -312.5 -493.6 4.8 -4.5
BR31 -0.29 15.1 2818 54 -62.1 -66.4 -2.6 -12.4
BR30 -0.13 13.2 295 3 -204.6 -487.5 4.5 -0.6
BR32 -0.31 11.1 4898 126 -133.0 -126.9 -9.6 -13.2
BR36 -0.15 11.7 6761 103 -51.1 -36.4 -26.4 -26.3
NGC2355 -0.13 10.1 1000 65 -24.5 -69.7 2.9 0.3
HAFI10 -0.10 10.8 3802 51 -242.4 -159.8 -3.0 -6.6
CZ30 -0.31 13.8 2884 10 -281.9 -498.0 2.2 -14.9
NGC2425 -0.13 10.9 2399 44 -261.4 -276.0 2.3 0.4
NGC2420 -0.15 10.7 1738 305 -32.3 -42.2 -0.2 -4.1
NGC2451 -0.08 8.4 35 6 -215.5 -247.7 5.2 1.8
BR39 -0.14 11.5 5623 81 -180.4 -224.1 -15.6 93
NGC2516 -0.04 8.3 240 206 -11.1 -273 4.7 0.8
GAMMA2_VEL | -0.02 8.4 20 3 -140.3 -163.2 33 2.7
NGC2547 -0.03 8.4 32 9 -135.8 -265.8 4.5 -25.6
1C2391 -0.06 8.3 29 3 -657.7 -552.9 0.1 3.6
COL197 0.03 8.5 14 1 - -371.7 4.0 -0.6
PISMIS15 0.02 8.6 871 20 -292.3 -1474 3.6 1.0
ES092_05 -0.29 12.8 4467 4 9.1 -8.1 94 -3.0
1C2602 -0.06 8.3 36 10 -118.5 -167.1 5.6 2.3
TRUMPLER 14 -0.01 8.0 3 1 - - 04 4.1
NGC3532 -0.03 8.2 398 314 -43.9 -34.8 4.0 2.5
TRUMPLER20 0.13 7.2 1862 97 -41.4 -48.0 3.0 2.5
NGC4815 0.08 7.1 372 12 -123.0 -328.7 4.7 -0.8
PISMIS18 0.14 6.9 575 10 -156.9 -419.9 4.8 3.6
NGC6005 0.22 6.5 1259 32 -79.0 -117.1 3.7 5.3
TRUMPLER23 0.20 6.3 708 16 -202.2 -401.6 5.6 2.5
NGC6067 0.03 6.8 126 37 -109.7 -78.1 4.1 -6.3
RHO_OPH 0.03 8.0 1 2 -225.2 -326.8 2.4 5.7
NGC6259 0.18 6.2 269 22 -263.7 -347.5 5.5 -3.6
NGC6281 -0.04 7.8 513 28 -196.8 -73.4 4.8 5.8
NGC6405 -0.02 7.9 35 47 -0.0 -25.5 4.6 -2.6
1C4665 0.01 8.0 33 9 -61.3 -67.7 4.8 2.3
RUP134 0.27 6.1 1660 51 -140.3 -303.4 4.9 1.6
NGC6530 -0.02 6.8 2 1 -131.3 -70.1 -6.5 1.4
NGC6633 -0.03 8.0 692 16 -6.9 -20.0 2.9 2.5
NGC6705 0.03 6.5 309 78 -148.8 -244.0 4.0 -6.0
NGC6709 -0.02 7.6 191 37 -35.3 -58.1 4.2 0.4
BRS1 0.22 5.9 1148 17 -90.6 -102.8 5.5 4.7
BR44 0.22 7.0 1445 18 -279.8 -147.4 44 3.7
NGC6802 0.14 7.1 661 18 -230.1 -358.7 4.2 4.1
CHA_I -0.03 8.0 2 9 -224.5 -1216.1 4.6 -63.4

Notes. Literature values (Randich et al. 2022) for metallicity, galactocentric radius, age, and number of stars for each open cluster in our dataset,
first four columns. The last four columns show the likelihoods of the best-fit result from Chempy MCMC for a default yield set and an alternative

yield set each with two simulations; one with three elements and one with our full selection of 12 elements.
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