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ABSTRACT

Context. Open clusters (OCs) are crucial objects for studying stellar evolution and Galactic dynamics due to the shared origin and
composition of the stars within each cluster. The precision of cluster parameter determination has significantly improved with the
availability of homogeneous photometric Gaia data; however, challenges such as age-metallicity degeneracy and lack of spectroscopic
observations remain.
Aims. We investigate whether metallicities derived from low-resolution Gaia XP spectra can be effectively used to break degeneracies
and improve the accuracy of OC parameter determinations.
Methods. We analysed 20 OCs using isochrone fitting methods on Gaia DR3 photometry and metallicity estimates from several Gaia
XP-based catalogues. We used the synthetic cluster method, implemented through ASteCA, to derive age, distance modulus, and
extinction using the approximate Bayesian computation (ABC).
Results. We compared the parameter estimates of these open clusters to the values obtained in other works through isochrone fitting
with spectroscopically constrained metallicities or through neural network techniques applied only to the photometry. We found the
systematic difference between Gaia XP derived metallicities and those obtained from high-resolution spectroscopy to be 0.1-0.15 dex.
We found a systematic age difference of < 0.03 ± 0.13 dex compared to isochrone fitting using high-resolution spectroscopy, and
< 0.08 ± 0.21 dex compared to neural network-based methods, and a median individual error, σlog(age), of ∼0.065 dex.
Conclusions. Metallicities from Gaia XP spectra prove highly effective in constraining the parameters of open clusters that do not
have a populated red giant branch (RGB), despite the low spectral resolution. When used with stringent quality cuts and incorporated
as priors, they make it possible to determine ages comparable in precision to those based on high-resolution spectroscopy. Moreover,
compared to studies of open clusters that use neural networks without metallicity constraints, our method yields smaller uncertainties.
These results highlight the potential of Gaia data for accurate cluster parameter analysis and detailed Galactic studies, even in the
absence of traditional spectroscopic observations.

Key words. Methods: statistical - Galaxy: open clusters and associations:general - Galaxy: stellar content

1. Introduction

Open clusters (OC) are groups of stars that are located in the
Galactic disc and have a common origin, therefore the same age
and compositions, which makes them invaluable laboratories for
studying stellar evolution and the dynamics of the galaxy. They
used to be identified from the ground-based data (Dias et al.
2002; Kharchenko et al. 2005), which was limited to brighter,
closer and more populated clusters.

The open cluster census was tremendously improved by data
from the Gaia satellite (Gaia Collaboration et al. 2016), as it
provided homogeneous astrometric and photometric data of un-
precedentedly high precision for the whole sky. This led to a
significant increase in the amount of identified OCs based on
their precise positions, proper motions and parallaxes using clus-
tering methods, starting from ∼3000 OCs known pre-Gaia and
more than 7000 known afterwards (e.g. Sim et al. 2019; Liu
& Pang 2019; Monteiro et al. 2019). A large portion of the
newly discovered clusters was caused by the development of
machine learning techniques that were applied to OCs to per-
form ‘blind searches’ (Castro-Ginard et al. 2019). Most notably,
Cantat-Gaudin et al. (2018) compiled a homogeneous catalogue
of 1229 OCs by applying an unsupervised membership deter-
mination algorithm to Gaia Data Release 2 (Gaia Collaboration

et al. 2018). Their method included using a clustering method
DBSCAN on astrometric data and applying a neural network to
the colour-magnitude diagram (CMD) of clusters to validate the
membership. Hunt & Reffert (2021) took this work further first
by comparing various clustering methods and establishing that
instead HDBSCAN shows the most sensitivity to OCs in Gaia
data. In their follow-up work (Hunt & Reffert 2023, hereafter
HR23) they applied HDBSCAN together with the neural net-
work to Gaia DR3 data, thus compiling a comprehensive cata-
logue of 7167 OCs, which is the largest homogeneous OC cata-
logue up to date.

The astrophysical parameters of OCs have also been deter-
mined on a larger scale and with higher precision in the Gaia
era. While the ages of small samples of OCs have been mea-
sured with asteroseismology (Palakkatharappil & Creevey 2023)
and gyrochronology (Angus et al. 2019), the isochrone fitting
method enables the determination of ages for numerous clus-
ters in large amounts, while relying solely on Gaia photometric
data. Cantat-Gaudin et al. (2020) (hereafter CG20) and HR23
determined the ages using artificial neural networks (ANN)
that were trained on synthetic clusters generated from PARSEC
isochrones, while other studies applied isochrone fitting via least
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Fig. 1: CMD of the open cluster IC 4756 from Gaia DR3 pho-
tometry. The isochrones correspond to the derived parameters
based on the metallicity prior from the respective Gaia XP-based
stellar parameters estimates catalogue (see Section 2.2 for the
description of the catalogues), namely ARC (red), ZGR (blue)
and FS (yellow). The grey isochrone corresponds to the fit per-
formed with metallicity as a free parameter.

squares fitting (Sim et al. 2019) or an MCMC-based method
(Bossini et al. 2019) (hereafter B19).

Isochrone fitting is a multi-parametric process during which
the age, metallicity, distance modulus and extinction of a clus-
ter are determined simultaneously. An additional factor is the
age-metallicity degeneracy, which introduces an additional un-
certainty to the age determination. B19 calculated that a [Fe/H]
uncertainty of 0.06 dex leads to an log(age) uncertainty of 0.01
dex, whereas a [Fe/H] uncertainty of 0.3 dex in turn results in the
log(age) error of 0.05 dex. To limit the age uncertainty they fixed
the [Fe/H] value obtained from high-resolution spectra of the
clusters, if the spectra were available. However, not all known
OCs have this luxury.

The expansion of Gaia data continued further, as Gaia DR3
(Gaia Collaboration et al. 2023) has introduced the XP spectra
for 220 million objects. XP spectra are low-resolution spectra
obtained in blue and red Gaia passbands (BP, RP). Despite the
low resolution (R ∼ 20–70) of these spectra, a growing number
of recent studies were able to provide estimates for stellar pa-
rameters using machine learning algorithms. Zhang et al. (2023)
used a forward model to provide estimates for effective tempera-
ture (Teff), surface gravity (log g), and metallicity [Fe/H] for the
whole XP dataset, whereas Andrae et al. (2023b) estimated Teff ,
log g and [M/H] for 220 million objects using the XGboost ma-
chine learning algorithm. Fallows & Sanders (2024) were able
to determine not only these stellar parameters, but also [C/Fe],
[N/Fe] and [α/Fe]. Lucey et al. (2023) also applied XGBoost to
the XP spectra to search for carbon-enhanced stars and provided
probabilities for each object being carbon-enhanced. Moreover,
Kane et al. (2025) identified ∼900 candidates of escapees from

Fig. 2: Metallicities determined from the catalogues ARC, ZGR
and FS of the open cluster NGC 3532 as a function of Gaia
GBP − GRP colour. Empty circles show the estimates that were
discarded after the respective cuts, whereas filled circles show
the values that satisfied the cuts’ criteria. The black line and
the shaded area show the [Fe/H] and σ[Fe/H] determined with
high-resolution spectroscopy by Netopil et al. (2016) and used
by B19, whereas the points with error bars show the weighted
mean [Fe/H] and its dispersion of the respective catalogue. The
percentage indicates the fraction of the stars that were accepted
and used for [Fe/H] determination after the respective cuts.

globular clusters by determining [Al/Fe] and [N/O] from Gaia
XP spectra using a trained neural network. Other examples of
XP spectra exploitation with machine learning methods include
studies by Guiglion et al. (2024); Li et al. (2024); Yao et al.
(2024); Khalatyan et al. (2024); Ye et al. (2025); Hattori (2025),
which show the growing interest in extracting chemical informa-
tion from Gaia data.

In this paper we aim to apply metallicities derived from Gaia
XP spectra to the parameter derivation of Milky Way open clus-
ters and test the possibilities of studying OCs with Gaia data
alone. Having an estimate of metallicity will help lift the age-
metallicity degeneracy, therefore providing more accurate age
estimates. We use a selection of clusters previously studied with
high-resolution spectroscopy and revisit them with the context
of new Gaia data to compare how these age estimates change.

In Section 2 we describe the selection of clusters and the de-
termination of metallicities, and in Section 3 we describe the pro-
cess of the clusters parameters determination. Section 4 presents
the obtained results of dynamical properties for the selected clus-
ters. We discuss the reliability of the input data and the outcome
results in Section 5, and we present the overview of our work in
Section 6.

2. Data selection

2.1. Cluster membership

We started our sample selection from a subset of 37 clusters
from B19 with high-resolution spectroscopy (HRS) measure-
ments of metallicity. Their sample was defined to include clus-
ters that have extinction less than AV < 2.5 mag and are older
than 10 Myr (log(age) > 7 dex) based on the values from Dias
et al. (2002) and Kharchenko et al. (2013). The latter avoids
the potential uncertainty in the age determination that comes
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with fitting isochrones to young clusters without a clearly de-
fined main-sequence turnoff (MSTO). The [Fe/H] measurements
were adopted from Netopil et al. (2016) that includes measure-
ments for 88 OCs derived from high-quality, high-resolution (R
≥ 25000), and high signal-to-noise ratio (S/N ≥ 50) spectra.
These spectra were obtained from various literature sources and
the results were homogenised. This selection allows us to com-
pare the effect of using low-resolution spectroscopy measure-
ments for age determination.

For isochrone fitting to the cluster CMDs, we used Gaia DR3
photometry due to its all-sky coverage and exceptional precision
at the mmag level for the brighter stars. It is available in three
bands: broad G band (330–1050 nm), GBP band (330–680 nm),
and GRP band (630–1050 nm).

To select cluster members, we used the cluster membership
probabilities (MP) derived by Hunt & Reffert (2023). Their cat-
alogue includes stars up to G = 20 mag, in contrast to Cantat-
Gaudin et al. (2018) which is limited to G = 18 mag. As a result,
the Hunt & Reffert (2023) catalogue contains almost two times
as many cluster member stars. Additionally, this catalogue was
compiled using not only a clustering algorithm (HDBSCAN) but
also a Bayesian convolutional neural network trained on cluster
CMDs to verify cluster memberships. In our analysis, we only
included cluster members with MP > 0.5. An example CMD is
shown in Figure 1.

After initial testing, we noticed that in clusters with a heav-
ily populated bottom of the main sequence, the fit was being
skewed, thus diminishing the goodness of fit to the stars in the
area of the MSTO and the red clump. To accommodate for that,
we imposed a magnitude cut on several clusters: G < 15 mag for
NGC 2632, G < 16 mag for NGC 6475, and G < 17 mag for
NGC 2516 and NGC 3532.

2.2. Metallicity

To calculate the metallicities of the open clusters, we used mea-
surements based on Gaia XP spectra from several recently pub-
lished catalogues. Using Gaia XP spectra instead of the higher
resolution Gaia RVS spectra allowed us to increase the num-
ber of measurements per cluster, since the number of stars with
metallicities derived from RVS spectra is 5.6 million in contrast
to 220 million of XP spectra. Due to the very low resolution of
the latter, it becomes problematic to determine the stellar param-
eters using standard methods such as spectral fitting or equiv-
alent width measurements. Therefore, studies utilise machine
learning algorithms that are trained on spectroscopic libraries of
high-resolution surveys in order to extract the stellar parameters
information from the spectra.

We used the results from the following catalogues:
ZGR (Zhang, Green, & Rix 2023) contains approximately

220 million stars. The empirical forward model was trained on
six million LAMOST spectra (R ∼ 1800) and augmented with
2MASS and WISE photometry. Deliverables of the catalogue
include temperature (Teff), surface gravity (log g), metallicity
([Fe/H]), parallax (ϖ), and extinction (E). They report a typi-
cal error of [Fe/H] measurement to be 0.15 dex. We applied the
recommended quality cut that denotes that all three parameters
(Teff, log g, and [Fe/H]) are reliable: quality_flags < 8. An
example of this cut is seen in Figure 2.

ARC (Andrae, Rix, & Chandra 2023b) provides metallicity
[M/H], as well as Teff and log g, for 175 million stellar objects.
This is an improvement upon the previous work of Rix et al.
(2022) that did this work for two million bright giant stars. ARC
utilised the XGBoost algorithm that was trained on 600,000

APOGEE DR17 (Abdurro’uf et al. 2022) spectra (S/N > 50) and
supplemented with CatWISE photometry (Marocco et al. 2021).
The model covers the temperature range from 3107 K to 6867
K, and the metallicity range from -4.37 to +0.5 dex. The training
sample includes main-sequence dwarfs and red giant stars, but
there is limited coverage for [M/H] < -2 dex and Teff< 4000 K,
as well as very few training examples for metal-poor dwarfs with
log g> 3.5 dex and [M/H] < -1 dex. They achieved a precision of
σ([M/H]) = 0.1 dex, making it outstanding quality data for its
size. Following the prescriptions of the study, we applied several
selection cuts:

– 0.5 < GBP - GRP < 2.5,
– G < 17 mag,
– filtering out the OBA stars based on the Gaia Golden OBA

sample (Gaia Collaboration et al. 2023).

FS (Fallows & Sanders 2024) present the predictions of a
machine learning model for stellar atmospheric parameters of
using Gaia BP/RP spectra and broadband photometric colours
from Gaia, 2MASS, and WISE. The model predicts six stel-
lar parameters: Teff , log g, iron [Fe/H], carbon [C/Fe], nitrogen
[N/Fe], and alpha [α/M], along with uncertainties for these pa-
rameters. It was trained on a dataset of APOGEE spectra, which
includes over 650,000 stars. The model’s predictions were val-
idated against APOGEE and LAMOST spectroscopic data, and
Gaia GSP-Phot parameters. The quality of the deliverables, par-
ticularly for metallicity ([Fe/H]), is reported with a median for-
mal uncertainty of 0.068 dex, indicating high precision in the
metallicity predictions. While there are no explicitly recom-
mended cuts for this catalogue, we applied the following limi-
tations:

– GBP - GRP > 0.5,
– σ [Fe/H] < 0.1.

The first cut was dictated by a sharp decline in [Fe/H] for the
hottest stars of the MS observed in almost every cluster in the
sample (for example, see Figure 2) and is caused by the model
being undertrained with OB stars. The second cut was based on
the reported median [Fe/H] uncertainty of the catalogue.

Other catalogues of metallicities based on Gaia XP spectra
were considered:

GSP-Phot (Andrae et al. 2023a) is a module in the Gaia pro-
cessing pipeline that aims to determine stellar parameters using
only Gaia photometry, parallaxes, and BP/RP spectra. However,
the [M/H] values exhibit strong systematics and are not recom-
mended for use by the Gaia collaboration. Moreover, Bianchini
& Mastrobuono-Battisti (2024) showed the influence of these
systematics in the globular cluster NGC 5904, which was previ-
ously reported to host populations of two metallicities based on
the GSP-Phot data. Comparisons with high-quality ARC metal-
licity values revealed that the cluster is, in fact, monometallic.

Pristine (Martin et al. 2024) presented synthetic CaHK-
based metallicities for 220 million stars by training a neural net-
work on CaHK metallicities derived from the Pristine survey. We
do not use this otherwise extensive catalogue since it was cali-
brated for metal-poor stars ([Fe/H] < -0.3 dex), which is lower
than the metallicity values of the clusters in our sample.

For the analysis of the HRS sample, we only considered open
clusters with more than 100 measurements in both the Zhang
et al. (2023), Andrae et al. (2023b) and Fallows & Sanders
(2024) catalogues in order to ensure the statistical significance
of the derived metallicities. After applying these cuts, our final
sample consisted of 20 open clusters.
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Fig. 3: Top panels: Metallicity of individual OCs of the sample derived from three Gaia XP-based catalogues (on the Y axis)
presented against that from three high-resolution spectroscopic surveys (on the X axes of the left, middle and right plots). Bottom:
Difference between the two values for each cluster. The same colour-coding scheme applies as in Fig. 1. The 1:1 relation is shown
by the diagonal black line in the top plot and, respectively, by the horizontal line indicating zero difference in the bottom plot. The
number in the top corner indicates the median difference and the root mean square difference (RMSD) of the respective catalogue.

Fig. 4: Iron abundance dispersion σ[Fe/H] against metallicity
[Fe/H] for individual open clusters. The same colour-coding
scheme applies as in Fig. 1.

.

3. Cluster parameters

We used the ASteCA (Automated Stellar Cluster Analysis) pack-
age (Perren et al. 2015) to analyse the cluster properties. It is
based on the ‘synthetic CMD method’, in which a synthetic clus-
ter is generated based on a provided isochrone and cluster pa-
rameters, and then compared to the observational data. The best
model in this process is determined with Bayesian statistics and
is described by four parameters: [Fe/H], age, distance modulus
and extinction AV . We used the 0.5.8 version of the code, which
supports the use of approximate Bayesian computation (ABC)
via the implementation of pyABC (Schälte et al. 2022).

As input for the code, we used the G and GBP − GRP
magnitudes, their corresponding errors, and a set of PARSEC

1.2S1 isochrones in the Gaia EDR3 photometric system. For the
isochrones, we used a grid of 7.2 dex < log(age) < 10.1 dex with
a step of 0.01 dex, and -2.1 < [Fe/H] < 0.5 with a step of 0.05
dex.

Although ASteCA includes a decontamination algorithm
which then assigns a membership probability to each source, we
used the MPs provided with Hunt & Reffert (2023) catalogue. To
populate the isochrone of a synthetic cluster we used the initial
mass function (IMF) derived by Kroupa (2002). In contrast to the
BASE-9 code (von Hippel et al. 2006), which was used by B19,
ASteCA allows one to include binary systems in the synthetic
cluster. To accommodate for the binary distribution we used the
standard values of α = 0.5 and β = 0.15, where the probability
of a star being in a binary system is determined by the formula:

P = α + βlog10(M), (1)

and where M is the mass of the system expressed in M⊙.
We provided the priors for the parameters since it is a nec-

essary component of the Bayesian method. The prior of the dis-
tance modulus was provided as a Gaussian function, the standard
deviation ω of which was 0.3 mag, and the mean was specified
by utilising the median parallaxes of the cluster available with
Gaia via the following equation:

(m − M) = −5 log(ϖ̃) − 5, (2)

where (m − M)0 is the distance modulus and ϖ̃ is the median
value of the parallax of the stars included as cluster members.
The prior of the extinction AV was flat and limited to a maxi-
mum of 1.4 mag, which is stricter than the 2.5 mag limit used by
B19. This choice was made to narrow the parameter space while
still safely covering the full range of AV values observed in our
selected subsample, based on B19 measurements. The prior for
age was not limited and the age could vary across the grid values.
Lastly, for the prior of metallicity we used one of the following:
1) the fixed [Fe/H] value used by B19,
2) the derived [Fe/H] values of clusters and their respective

1 http://stev.oapd.inaf.it/cgi-bin/cmd
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Fig. 5: Metallicity of individual OCs of the HRS sample deter-
mined as a free parameter in the procedure. The grey colour de-
notes this work; the green colour shows the predictions of the
ANN of Cavallo et al. (2024). Figure layout is the same as in Fig.
4: X axis shows the [Fe/H] from high-resolution spectroscopy,
the bottom plot shows the difference between the values, and the
black line indicates 1:1 relation on the top plot and difference of
zero in the bottom plot. Clusters with three or fewer red giant
branch (RGB) stars are marked with an X symbol. The num-
ber in the bottom left corner indicates the median difference and
RMSD.

.

σ[Fe/H] from the ZGR, ARC, or FS survey,
3) no prior provided and the metallicity was a free parameter.

We performed each run using the pyABC algorithm with a
population size of 100 particles per iteration and a maximum of
20 iterations allowed. We established the acceptance threshold
at ϵ = 0.01, which determines the maximum allowed distance
between the simulated and observed datasets for a sample to be
accepted.
In order to correctly accommodate for extinction in Gaia photo-
metric bands during the isochrone fitting process, we utilised the
conversion of coefficients a..m from Gaia (E)DR3 auxiliary data2

available in ASteCA:

Am

AV
= a1m + a2mX + a3mX2 + a4mX3 + a5mAV + a6mA2

V

+ a7mA3
V + a8mAV X + a9mAV X2 + a10mXA2

V , (3)

where m is G, GBP or GRP, and X is GBP −GRP.

4. Results

4.1. Comparison of [Fe/H] with spectroscopic surveys

First, we investigated the distribution of [Fe/H] measurements
from each catalogue in each of the clusters of the sample. The
median rate of stars in each cluster that have measurements in
the ARC, ZGR, and FS catalogues is 72%, 84%, and 75%, re-
spectively. After the cuts applied to these catalogues, the final
number of stars for which the [Fe/H] measurements are accepted
2 https://www.cosmos.esa.int/web/gaia/
edr3-extinction-law

drops to a median of 50%, 49%, and 38%, respectively. The dif-
ference of ∼ 10% between the FS catalogue and the other two
already demonstrates the resulting strictness of the cuts applied
to the values of FS.

For every cluster in the sample, we calculated the weighted
mean metallicity value from the ZGR and FS catalogues, us-
ing the provided errors. For the ARC catalogue, as it does
not contain information about errors, we only calculated the
mean metallicity. While these surveys provide estimates of ei-
ther [M/H] (ARC) or [Fe/H] (ZGR, FS), in the further analysis
we refer to both of them as [Fe/H], since the standard deviation
of these values exceeds the typical alpha-enhancement.

To assess the reliability and potential biases of these mea-
surements, we compared them with those obtained from high-
resolution spectroscopic surveys and used in the HRS sample
of B19 (see left panel of Figure 3). According to these estimates,
the [Fe/H] of the cluster sample derived from Gaia XP-based cat-
alogues is systematically lower than HRS values. This difference
varies between the three catalogues that were used. The median
difference between HRS and ARC [Fe/H] estimates equals to
−0.15± 0.16 dex, comparable to −0.09± 0.14 dex difference be-
tween HRS and ZGR [Fe/H] values. The FS catalogue, in turn,
shows a far better agreement with the HRS values. The median
difference between HRS and FS is −0.05 ± 0.09 dex.

While the HRS sample of B19 is based on high-resolution
spectroscopic measurements from Netopil et al. (2016), the num-
ber of measured stars per cluster is quite limited. Namely, 15 out
of 20 clusters in our sample have <5 measurements in Netopil
et al. (2016). This is in stark contrast with the average number
of 350 stars from the ARC and ZGR catalogues and 250 stars
from the FS catalogue, after applying the cuts. To ensure the ro-
bustness and consistency in our results, we compared them to
the more recent and extensive studies of the metallicity of open
clusters with high-resolution spectroscopy: Gaia-ESO and Spina
et al. (2022).

The Gaia-ESO survey (GES, Magrini et al. (2023); Randich
et al. (2022)) intended to complement the astrometry of Gaia
with high-precision radial velocities and abundances using both
GIRAFFE (R ∼ 20000) and UVES (R ∼ 47000) spectrographs.
A part of the survey was specifically dedicated to open clusters
and comprised 62 clusters accompanied by ESO archival spectra
for another 18 clusters, in total covering an extensive range of
ages (0.001–10 Gyr). The main sample has been observed with
both spectrographs, whereas the clusters in the ESO archive only
have UVES spectroscopy available. We found only five open
clusters in our sample that overlap with the GES OC survey:
NGC 2516, NGC 3532, NGC 6633, and two archival clusters,
NGC 5822 and NGC 2682. While the number of measurements
for non-archival data is greater than 700 per cluster, the archival
clusters have 4 and 131 measurements, respectively. In total, the
average error σ([Fe/H]) of this sample is 0.04 dex, which is in-
dicative of the high quality of the spectra and benefits from the
large number of measurements per cluster. However, this level
of precision is available for only a small number of clusters, lim-
iting its broader applicability.

Despite covering a narrower range of [Fe/H], the results
shown in middle panel of Figure 3 are similar to the previous
comparison with B19 both in terms of accuracy and precision:
[Fe/H] derived from the FS catalogue persistently shows excel-
lent agreement and an RMSD of 0.05 dex. In contrast, the other
two catalogues differ from Gaia-ESO measurements by approx-
imately 0.1 dex.

Given the limited overlap of our cluster sample with GES,
we also compared the derived metallicities with the catalogue of
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Fig. 6: Parameter estimates for age, distance modulus and extinction (rows, Y axis) of the OCs determined with different [Fe/H]
prior information (columns) compared to those from B19 on the X axis. The red, blue, and yellow colours correspond to runs with
metallicity prior based on ARC, ZGR and FS catalogues, respectively, whereas black and grey symbols, respectively, depict the
runs with the fixed HRS [Fe/H] prior and no prior at all. The legend in the upper corner of the figures shows the median absolute
difference and the RMSD of the respective parameter. The OCs with three or fewer RGB stars are marked with an X symbol.

the metallicity of 251 OCs by Spina et al. (2022) (see right panel
of Figure 3). They traced the Galactic metallicity gradient by us-
ing homogenised [Fe/H] from high-resolution spectroscopic sur-
veys: APOGEE, GES, GALAH, OCCASO, and SPA. We find
that 9 out of 20 clusters from our sample have metallicities in
Spina et al. (2022). From this selection, the results are consistent
with the previous comparisons, as ARC shows a noticeable sys-
tematic difference of approximately −0.1 dex, and FS shows a
small RMSD of less than 0.05 dex.

The standard error σ([Fe/H]) exhibits a clear [Fe/H] depen-
dence (Fig.4) and is more pronounced in ZGR and ARC cat-
alogues (see Section 5). The median σ([Fe/H]) derived from
these catalogues for an individual cluster are 0.12 dex and 0.13
dex, respectively, which are comparable to the reported precision
of 0.15 dex and 0.10 dex for the whole catalogues. FS shows a
smaller median σ([Fe/H]) of 0.07 dex, which once more reflects
the quality of the data combined with the imposed maximum of
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Fig. 7: Error of the fitted age parameter, calculated from the 84th
and 16th percentiles of the posterior distribution, σlog(age) against
the log(age) (50th percentile) for individual open clusters of the
sample. The same colour-coding scheme applies as in Fig. 6.

0.1 dex for uncertainties for [Fe/H] measurements of individual
cluster members.

4.2. [Fe/H] as a free parameter

One of the three regimes in which we determined the clusters’
parameters is by not providing a [Fe/H] prior at all, leaving it
as a free parameter, and allowing it to range across the whole
grid. This test was done in order to evaluate how, if at all, nec-
essary the [Fe/H] prior is and how its accuracy in turn affects
other parameters. While we do discuss these parameters in the
next section, this regime does leave the [Fe/H] estimates found
from the best fit as corollary.

As is clearly seen in Figure 5, the [Fe/H] obtained as a pa-
rameter in the CMD fitting shows considerably less accurate re-
sults than when it is derived from Gaia XP-based catalogues.
When compared to the [Fe/H] from the HRS sample (shown on
the x axis), these values have a significantly larger RMSD of
0.29 dex, which is nearly double the RMSD achieved using XP-
based [Fe/H], which is detailed in Section 4.1. This demonstrates
that leaving metallicity unconstrained in the fit leads to degraded
performance.

We also compared these results to a neural network-based
(NN) study, where [Fe/H] was also determined as a free param-
eter. Recent study of Cavallo et al. (2024) has shown how to
determine the parameters of 5400 open clusters, along with de-
termining the metallicity. They used an approach in which the
information about a cluster is extracted in the form of features
from the photometry using the QuadTree algorithm, and these
features are in turn passed to the ANN trained on a grid of syn-
thetic clusters. We refer to the original paper for a more detailed
explanation of the technique.

While the method of Cavallo et al. (2024) allows for the re-
trieval of some [Fe/H] information from the photometry of open
clusters without using the spectra, it has shown an RMSD of
0.35 dex when verified against the study of Dias et al. (2021) and
was reported to show ‘mild correlation’ with the values of Spina
et al. (2022). For our sample, we extracted the [Fe/H] values
from Cavallo et al. (2024) and compared them to the HRS data:
the resulting RMSD is 0.22 dex, which is similar to the free-fit

approach but also shows a large systematic offset of ∼0.2 dex,
with [Fe/H] of some clusters overestimated by as much as 0.5
dex. This result highlights that XP-derived metallicities, despite
the low resolution of the spectra, provide far better constraints
on [Fe/H] than fitting it as a free parameter or relying solely on
photometric machine-learning estimates.

4.3. Comparison of cluster parameters with B19

The values of log(age), distance modulus (dm) and extinction AV
that were determined for the clusters in the sample are the me-
dian values of the respective posterior distribution, whereas the
reported uncertainties are the 16th and 84th quantiles. We show
these estimates as rows in Figure 6, where the columns show
different [Fe/H] prior assumptions. The median absolute differ-
ences and RMSD of these parameters with B19 are presented in
Table 1.

4.3.1. Age

Since our sample is based on the HRS sample of B19, we first
analysed the cluster parameters that were derived with the [Fe/H]
being fixed at the same values as in their analysis (top left panel
of Figure 6). Before analysing the effect of various metallicity
assumptions on the determination of ages, we evaluated possible
discrepancies that arise due to differences between the method-
ologies of our work and their study.

The ages demonstrate a reasonable agreement with the ages
of B19, with a median difference of 0.02 dex and an RMSD of
0.11 dex. The clusters that show the biggest difference in the
ages are those without a significant red giant population, which
in turn tend to be on the younger side of the covered age range
(log age < 8.5 dex). This result is similar in accuracy to how the
B19 HRS sample compares to the well-established catalogues
of MWSC and DAML, with differences of ∆ log age = 0.04 ±
0.10 dex and 0.05 ± 0.11 dex, respectively (see Table 4 in their
work).

While in this run the [Fe/H] prior is the same as in their work,
as well as the PARSEC isochrones and the [Fe/H] and age steps
of the isochrone grid, the discrepancies between the results can
be attributed to the algorithms used for isochrone fitting. We use
pyABC as implemented by ASteCA, whereas B19 fit the param-
eters with MCMC via BASE-9. Moreover, while we allow AV to
vary across the whole range of values, they use prior AV infor-
mation from DAML and MWSC catalogues and limit the prior
within σAV =

1
3 AV .

We then considered how a [Fe/H] based on Gaia XP, instead
of high-resolution spectroscopy, alters the age determination of
the clusters (top middle panel of Figure 6). The results show
reasonable agreement and significant dispersion, with the me-
dian differences between the ages not exceeding 0.05 dex. The
ages derived using the [Fe/H] from the FS catalogue show bet-
ter agreement with the HRS sample, with an RMSD of 0.11
dex, than those derived with ARC or ZGR values (0.13 dex).
The accuracy of the ages using the FS catalogue is equal to
the ages derived with metallicities from high-resolution spec-
troscopy, demonstrating the potential of Gaia XP-based metal-
licities.

Lastly, we inspected the ages derived from the isochrone fits
with no [Fe/H] prior, shown in the top right panel of Figure 6.
Since the [Fe/H] derived from these fits has a substantial RMSD
(see Section 4.2), the age estimates also show a considerably
larger RMSD of ∼ 0.2 dex in contrast to the fits with [Fe/H]
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Table 1: Median absolute difference and the RMSD of the parameter estimates determined with different metallicity priors with
respect to B19 values.

HRS [Fe/H] Gaia XP [Fe/H] No [Fe/H] assumption
ARC ZGR FS

∆ log(age)
All 0.02 ± 0.11 0.03 ± 0.13 0.04 ± 0.13 0.01 ± 0.11 −0.03 ± 0.19
RGB 0.05 ± 0.07 0.10 ± 0.13 0.10 ± 0.14 0.07 ± 0.09 0.02 ± 0.11
No RGB −0.09 ± 0.14 −0.01 ± 0.14 −0.05 ± 0.13 0.00 ± 0.14 −0.09 ± 0.25

∆ dm
All −0.10 ± 0.16 −0.16 ± 0.22 −0.15 ± 0.21 −0.15 ± 0.18 −0.02 ± 0.23
RGB −0.10 ± 0.18 −0.14 ± 0.22 −0.15 ± 0.20 −0.17 ± 0.19 −0.03 ± 0.17
No RGB −0.10 ± 0.13 −0.17 ± 0.21 −0.16 ± 0.21 −0.12 ± 0.17 0.00 ± 0.29

∆ AV

All 0.07 ± 0.15 0.12 ± 0.22 0.06 ± 0.18 0.07 ± 0.17 0.04 ± 0.15
RGB 0.05 ± 0.09 0.12 ± 0.21 0.02 ± 0.14 0.02 ± 0.11 0.01 ± 0.09
No RGB 0.17 ± 0.21 0.16 ± 0.23 0.11 ± 0.22 0.12 ± 0.22 0.07 ± 0.21

∆ [Fe/H]
All — −0.15 ± 0.16 −0.09 ± 0.14 −0.05 ± 0.09 0.16 ± 0.29
RGB — −0.19 ± 0.18 −0.12 ± 0.16 −0.06 ± 0.09 0.20 ± 0.25
No RGB — −0.11 ± 0.13 −0.07 ± 0.13 −0.03 ± 0.07 0.03 ± 0.34

Notes. The results for all clusters are also shown in Fig. 6, and the results of the Gaia XP metallicities are shown in Fig. 3. They are also separated
into two groups, based on the presence of RGB stars (‘RGB’: >3 stars, ‘No RGB’: ⩽3 stars).

prior information. The main contributors to this dispersion are
young clusters with no defined post-main sequence (MS) stars,
as expected, whereas older clusters show a small difference in
age. This is seen in Table 1, where the ‘No RGB’ subgroup ex-
hibits the largest RMSD of 0.25 dex in log(age) when no metal-
licity prior is used while clusters with RGB stars remain largely
unaffected by using different metallicity priors. These findings
suggest that the inclusion of a metallicity prior is particularly
beneficial for clusters lacking evolved stars, as it significantly
enhances the accuracy of their age estimates.

The comparisons outlined above establish the accuracy of
the ages that we derived. In order to assess their precision, we
calculated the median σlog(age) from the individual age estimates
(see Fig. 7). The median σlog(age) of the ARC, ZGR, and FS cata-
logues is 0.062 dex, 0.065 dex, and 0.069 dex, respectively. If we
only take into consideration the clusters with >3 post-MS stars,
the respective averageσlog(age) decreases to 0.056 dex, 0.050 dex,
and 0.040 dex. This is comparable to the medianσlog(age) for esti-
mates obtained without a [Fe/H] prior (0.056 dex). The precision
of the ages derived with the HRS [Fe/H] is 0.008 dex, which is
an order of magnitude lower and is dictated by the fixed value
of [Fe/H], which in turn reduces the degeneracy between the fit
parameters.

4.3.2. dm and AV

We also compared the other two parameters of the fitting pro-
cedure: distance modulus and extinction AV (middle and bottom
rows of Figure 6 respectively). When derived from fits with dif-
ferent [Fe/H] assumptions, distance modulus demonstrates the
same trend of dispersion in comparison to the values of B19,
as the fits with Gaia XP-based [Fe/H] show bigger dispersion
than with fixed HRS [Fe/H] (0.16 mag) but smaller than with no
[Fe/H] prior at all (0.23 mag). Fits that used the FS catalogue
have a smaller RMSD between the three catalogues, in contrast
to the fits that used [Fe/H] of the ARC catalogue. Similar to
log(age) estimates, the dm estimates for clusters without RGB
stars (see Table 1) show the largest improvement from including
Gaia XP-based priors, as RMSD drops from 0.29 mag without
the prior to 0.17 for the FS catalogue. Clusters with RGB stars,
however, show minimal improvement of the dm estimate.

As for the extinction AV , it is consistently overestimated in
all three types of fits for two clusters with AV > 0.6 mag in B19
and an unpopulated RGB. All three types of fits show a positive
offset, with that of the ARC catalogue being the largest. Notably,
the RMSD of the AV of clusters with HRS [Fe/H] and no [Fe/H]
prior is the same. The presence of RGB stars has a clear influence
on the accuracy of the extinction estimate, as clusters with RGB
stars have a significantly lower RMSD (0.09 mag) compared to
those without (0.21 mag). However, Gaia XP-based priors do
not appear to improve the precision of AV in either group, in
contrast to log(age) and dm parameters. For clusters with RGB
stars, the use of Gaia XP [Fe/H] actually increases the dispersion
in extinction estimates. We examine this issue in the next section.

4.4. Correlation analysis

In the previous section we evaluated the accuracy of the param-
eters independently of each other. However, since isochrone fit-
ting is a multi-parameter fit, we analysed the correlations be-
tween the offsets in all fitted parameters.

For the solutions without a metallicity prior (Fig. 8a), we find
a strong negative correlation between ∆log(age) and ∆dm (Pear-
son correlation coefficient r = −0.92, p < 0.001). This is to be
expected, since increasing the age shifts the MSTO lower and
decreasing the distance modulus shifts the isochrone upwards in
the CMD, thus compensating each other. This degeneracy has
also been noted in other isochrone-fitting works (e.g. Ying et al.
(2023)). Two clusters with no RGB (NGC 1912 and NGC 6475,
marked as green) stand out from this clear trend by having a
large ∆log(age) and were not included in the correlation calcu-
lations. These clusters also show significant offsets in the other
two parameters, and, in case of NGC 6475, also ∆[Fe/H]fit. Al-
though their isochrones appear consistent with the photometric
data upon visual inspection (Figure B.1), the absence of an RGB
substantially reduces the reliability of the fits.

The metallicity offset ∆[Fe/H]fit with respect to the B19 val-
ues also shows noticeable correlations with all other parameters:
with log(age) (r = −0.66, p = 0.003), dm (r = +0.71, p =
0.001), and AV (r = −0.73, p < 0.001). An isochrone with a
higher [Fe/H] will have a redder main sequence and RGB, which
can be compensated by increasing AV , lowering the turn-off age,
or shifting the dm. As mentioned in Section 4.3.2, AV values in
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(a) (b)

Fig. 8: Corner plot of parameter offsets relative to B19 for the solutions performed (a) without a [Fe/H] prior and (b) with a [Fe/H]
prior calculated from the FS catalogue. Two clusters with exceptionally large ∆log(age) are marked with green markers and are
excluded from the correlation calculation in the plot (a). The dashed lines show linear fits to the data, and the Pearson correlation
coefficient r is shown for each pair of parameters. Clusters with unpopulated RGB are shown with an X marker.

this regime exhibit less scatter compared to the fits with Gaia
XP prior. In the absence of a [Fe/H] constraint, the fit is free
to adjust the metallicity jointly with AV , so the [Fe/H] estimate
can absorb the uncertainties. Whereas when [Fe/H] prior is pro-
vided, the degeneracy forces this tension into AV , increasing its
dispersion.

For the solutions with a [Fe/H] prior from the FS catalogue
(Fig. 8b), the ∆log(age)–∆dm correlation persists, but with a
weaker slope (r = −0.72, p < 0.001), while other strong cor-
relations are weakened. The extinction offsets are also reduced
and remain close to those of the high-resolution spectroscopy
solutions, reflecting the small systematic offset in [Fe/H] with
respect to B19.

The ARC catalogue (Figure B.2a) shows a correlation of
r = −0.55 (p = 0.11) between ∆[Fe/H]XP and ∆AV , in contrast
to r = −0.33 (p = 0.16) for the FS catalogue. This is consis-
tent with ARC’s larger median metallicity offset (−0.1 dex rel-
ative to FS, see Table 1), which in turn propagates into larger
extinction offsets. The ZGR catalogue shows similar behaviour
but with slightly weaker correlations (r = −0.50, p = 0.24 be-
tween ∆[Fe/H]XP and ∆AV ), see Figure B.2b.

The fits that used the HRS [Fe/H] prior (Figure B.3) do
not show a correlation between ∆log(age) and ∆dm, but instead
some correlation between ∆log(age) and ∆AV (r = −0.60, p =
0.005). However, the clusters driving these offsets are those lack-
ing a well-populated RGB, whereas for other clusters these off-
sets are not correlated.

These correlations demonstrate the presence of log(age)-dm
degeneracy in isochrone fitting, as well as highlight that [Fe/H]
errors are a primary source of extinction biases. The strength
of these correlations varies between the adopted [Fe/H] priors:
the ARC prior showed the strongest metallicity–extinction cou-
pling, whereas the FS was closest to the benchmark values of
B19. Adopting these priors helps diminishing the strong corre-

lations between all four parameters seen in the regime with no
[Fe/H] prior at all.

4.5. Comparison of cluster parameters with NN studies

To further evaluate the impact of incorporating a metallicity prior
([Fe/H]) in our parameter estimates, we compared our results
with three recent studies that derive cluster parameters using
trained neural networks: CG20, HR23, and Cavallo et al. (2024).
These studies did not rely on spectroscopic information for in-
dividual clusters but instead obtained parameters directly from
their machine-learning approaches, bypassing the need for stan-
dard isochrone fitting procedures. We demonstrate these results
in Figure 9, in a similar fashion: rows show the three parameters
obtained in the fit, whereas columns denote the study to which
the comparison was made.

CG20 (left column) employed a neural network trained on
347 reference clusters, 269 of which were also part of the B19
sample. They do not derive or fix [Fe/H] as one of the input pa-
rameters, instead their network was trained on a grid that covered
a large range of metallicities. The agreement in the cluster ages
between CG20 and our work is good, with a comparable level
of accuracy to the agreement we observed with B19. This is ex-
pected due to the overlap in training data used by their network.

However, the distance modulus (dm) values derived by CG20
show a significant negative systematic offset and dispersion com-
pared to our results. The extinction values also exhibit a large
offset and RMSD, indicating discrepancies in their estimation
for clusters of not just high, but also low extinction.

HR23 (middle column) included metallicity information in
their analysis in the same implicit way as CG20. The cluster ages
derived in their work show poorer agreement with ours with a
dispersion of ∼0.2 dex. This highlights the limitations of their
approach for precise age determinations.
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Fig. 9: Parameter estimates for age, distance modulus and extinction (rows, Y axis) of the OCs determined with a [Fe/H] prior based
on Gaia XP metallicity compared to those estimates reported by the studies of CG20, HR23, and Cavallo et al. (2024) on the X
axis. The same colour-coding scheme applies as in Fig. 6. The legend in the upper corner of the figures shows the median absolute
difference and the RMSD of the respective parameter. The OCs with three or fewer RGB stars are marked with an X symbol.

In contrast, the dm values from HR23 align well with our re-
sults and even show better agreement compared to the B19 sam-
ple. However, similar to CG20, the extinction values AV follow
a similar pattern of significant offsets and large dispersion.

As previously discussed, Cavallo et al. (2024) (left column)
utilised neural networks to estimate cluster parameters. Their age
estimates, particularly for young clusters and those lacking a sig-
nificant RGB population, show large discrepancies and a high
level of scatter. This issue is consistent with the challenges high-
lighted in the CG20 and HR23 analyses. The overestimation of

ages was also noted by Cavallo et al. (2024) during the scientific
verification of their whole dataset.

The distance modulus results from Cavallo et al. (2024) are
similar in accuracy to those derived from B19. The extinction
values AV show considerable scatter, especially for young clus-
ters with no RGB population, reinforcing the limitations of their
methodology in handling such cases.

In summary, these comparisons underscore the importance
of incorporating reliable metallicity priors, such as those derived
from high-resolution spectroscopy or Gaia XP, to enhance the
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accuracy and consistency of cluster parameter estimates. While
neural network-based approaches offer promising alternatives
considering the demands of large datasets and an ever-growing
number of clusters, they face significant challenges, particularly
in estimating ages, metallicity and extinction values for specific
types of clusters. As a potential solution, one can use the [Fe/H]
values based on Gaia XP spectra as priors in the NN.

5. Discussion

In this study we relied exclusively on Gaia DR3 data, including
Gaia photometry, parallax, and studies that use Gaia XP spectra,
for deriving cluster metallicities and use them in age determi-
nation through isochrone fitting. While Gaia data provides ex-
tensive coverage and unprecedented astrometric precision, the
low resolution of the XP spectra introduces several challenges in
accurately estimating stellar parameters, particularly in metallic-
ities. Machine learning techniques allow us to extract metallicity
information from these XP spectra, but they are in turn limited
by the parameter range of the training data.

The [M/H] that we obtained from the ARC catalogue shows
a far larger negative offset compared to the values derived from
high-resolution spectroscopy in contrast with the ZGR and FS
catalogues. The algorithm of ARC was undertrained for hot
stars, since the reliable Teff range of the training data is 3107 K
to 6867 K, which corresponds to the unreddened BP−RP colour
indices between 0.5 and 2.3. The imposed cut of BP − RP > 0.5
mag does eliminate most of these hot stars that show lower
metallicities than the rest; however, that is not the case for sev-
eral clusters in the sample. In the clusters with higher AV , the
observed BP − RP value is affected by the extinction, which in
turn makes the hot stars appear redder and pass the cut, thereby
lowering the derived [Fe/H] and increasing the corresponding
error (see IC 2714 in Fig. A.1).

We tested a stricter colour range of 0.8 < BP − RP < 1.2 to
see if it would improve the metallicity estimates. However, the
median improvement for ARC was ∼0.04 dex, which is negli-
gible within the catalogue uncertainty. Moreover, this cut dras-
tically decreased the amount of usable members, which in turn
cut in half our sample of clusters with >100 members in each
catalogue.

We performed another test in which we first corrected the
BP − RP values using the AV values determined in B19 and the
conversion (3), then we repeated the process of metallicity deter-
mination. The AV correction did only improve both the median
difference and RMSD of ARC [Fe/H] by ∼0.02 dex, which is
negligible and does not subsequently lead to significant differ-
ences in cluster ages, as seen in the results obtained with three
XP-based metallicity catalogues. This demonstrates that our ini-
tial approach allows us to derive reliable cluster parameters using
only Gaia data, in contrast to B19, which based the AV prior on
DAML and MWSC catalogues.

Another reason for the random error of [Fe/H] measurements
is the main population of the open clusters in the sample, which
is main sequence stars. Andrae et al. (2023b) report an error of
∼0.33 dex at G ∼ 17, which is caused by the noise in the XP
spectra that have a lower S/N ratio with increasing magnitude.

The FS catalogue was also trained on the APOGEE data,
much like ARC, yet it consistently shows better agreement with
the results of B19 both in derived metallicities and cluster param-
eters. While ARC and ZGR predict [M/H], FS’s methodology
predicts [Fe/H] along with [C/Fe], [N/Fe] and [α/M] and with a
better precision, as it uses uncertainty estimation and addition-
ally uses 2MASS photometry to break temperature degeneracies.

In this study we equated [M/H] to [Fe/H] for these catalogues,
which led to noticeable discrepancies in the results.

Between the derived cluster parameters, the largest discrep-
ancies with literature values were seen in AV , which could be
caused by a combination of factors. First, in our fitting procedure
with ASteCA we include unresolved binaries, which can mimic
the effects of extinction by making stars appear redder, if not ac-
counted for. Meanwhile, the BASE-9 code used by B19 did not
include binary systems. Second, the majority of clusters in our
sample have relatively low extinction values (AV < 0.5), where
even small differences in photometry or assumptions can lead
to large relative deviations from other studies. Third, the largest
discrepancies between our AV estimates and those of B19 are
found at AV > 0.5 and persist across all solutions, independent
of whether they used a Gaia XP prior, an HRS prior, or no metal-
licity prior. These extinction estimates lie outside the uncertainty
threshold of σAV =

1
3 AV adopted by B19, which was not ap-

plied in our analysis. Introducing an extinction prior from an
independent source and marginalising over it would help to re-
duce these discrepancies. Finally, some clusters lack a red giant
branch or red clump, which typically provide strong constraints
on extinction in CMD fitting. In their absence, extinction esti-
mates become more sensitive to the placement and shape of the
main sequence,

Lastly, we imposed a floor of 50% for the membership prob-
ability of the cluster members to be included in the analysis. This
allowed us to include the most amount of stars for [Fe/H] deter-
mination. However, this cut in turn included individual stars or
groups of stars that did not resemble cluster members upon a vi-
sual inspection of the CMD (see NGC 3532 in Fig. B.1), but we
did not exclude them to preserve the consistency of the method-
ology. Since ASteCA does not include assigning weights to the
stars depending on their MP, their presence could potentially af-
fect the goodness of the fit and the fit parameters.

6. Conclusion

We conducted an analysis of 20 Milky Way open clusters, fo-
cusing on their metallicity and cluster parameter determination
using data from the Gaia mission alone. We used three exist-
ing catalogues that determined stellar parameters from all avail-
able 220 million Gaia XP spectra, from which we derived the
[Fe/H] values of open clusters, observing differences of 0.1 dex
for the ZGR catalogue, 0.15 dex for the ARC catalogue and 0.07
dex for the FS catalogue when matched against high-resolution
spectroscopy values. The median errors in [Fe/H] measurements
per cluster using these catalogues were found to be 0.12 dex,
0.13 dex, and 0.07 dex, respectively. These findings indicate that
while the Gaia XP spectra yield reliable metallicity estimates,
they exhibit systematic differences from traditional methods,
particularly at lower metallicities. Moreover, the better agree-
ment of FS metallicities was achieved by imposing a stricter cut
on the accepted metallicity values in the clusters of the study.

By utilising the ASteCA code, we estimated the parameters
of open clusters by comparing synthetic clusters generated with
PARSEC isochrones. Our results show a good agreement with
the values of B19. This method allowed us to determine clus-
ter ages with the comparable accuracy to their study that re-
quired costly and time-consuming spectroscopic observations to
lift the age-metallicity degeneracy. Our approach effectively re-
duced uncertainties and degeneracies between the parameters by
incorporating [Fe/H] as a prior, enhancing the accuracy of our
age determinations primarily for open clusters without a popu-
lated RGB. The results indicate an improvement in age determi-
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nation accuracy compared to the ages determined with a neural
network by CG20, HR23 and Cavallo et al. (2024). However, the
estimates of extinction and distance modulus do not demonstrate
a significant uncertainty reduction.

Our findings demonstrate the potential of utilising only Gaia
data for studying the parameters of Milky Way open clusters,
after applying sufficient cuts to the Gaia XP metallicity esti-
mates, thereby enhancing our understanding of stellar evolution
within these groupings. Looking forwards, this method can be
expanded to the whole sky to encompass all clusters. Moreover,
the estimations of [α/Fe] from Gaia XP spectra (Guiglion et al.
2024) can help in further constraints of the chemical composi-
tion of the open clusters and its influence of the cluster parame-
ters and the evolution of the galaxy. While these methods remain
model-dependent, the integration of asteroseismology and chem-
ical clocks to determine the ages will further refine the method-
ologies of cluster age determination.

7. Data availability

Tables B.1 and B.2 with the derived cluster parameters are
only available in electronic form at the CDS via anonymous ftp
to https://cdsarc.cds.unistra.fr/ (130.79.128.5) or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/.
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Appendix A: [Fe/H] estimates

Figures A.1 and A.2 show the [Fe/H] estimates from the catalogues ARC, ZGR, and FS for individual stars of each cluster in our
sample.

Fig. A.1: [Fe/H] estimates from three catalogues shown as a function of Gaia GBP −GRP colour for each cluster of the sample. The
same colour-coding scheme and legend description apply as in Fig. 2. The black line and the shaded area represent the HRS [Fe/H]
and σ[Fe/H] determined by Netopil et al. (2016) and used by B19. The points with error bars show the weighted mean [Fe/H] and
its dispersion of the respective catalogue, these values are listed in Table B.1. Melotte 71 does not depict the error of the HRS [Fe/H]
measurement since Netopil et al. (2016) obtained it from one star.

Article number, page 13 of 17



A&A proofs: manuscript no. oc-gaia

Fig. A.2: [Fe/H] estimates from three catalogues shown as a function of Gaia GBP −GRP colour for each cluster of the sample. The
same colour-coding scheme and legend description apply as in Fig. A.1.
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Appendix B: Cluster parameters

Parameters of 20 OCs derived with our analysis and the isochrones corresponding to the respective sets of parameters.

Table B.1: List of clusters and their [Fe/H] estimates subsequently used as prior assumptions.

Cluster RA Dec [Fe/H]* [Fe/H] σ [Fe/H]
(deg) (deg) (dex) (dex)

IC 2714 169.369 -62.734 ARC -0.254 0.199
ZGR -0.291 0.183
FS -0.112 0.081
None 0.256 -
HRS 0.02 -

IC 4756 279.627 5.437 ARC -0.17 0.129
ZGR -0.13 0.097
FS -0.057 0.069
None 0.374 -
HRS 0 -

Melotte 71 114.377 -12.058 ARC -0.334 0.178
ZGR -0.137 0.157
FS -0.117 0.09
None 0.093 -
HRS -0.27 -

... ... ... ... ... ...

Notes. [Fe/H]* indicates if the metallicity was derived from a Gaia XP-based catalogue (ARC, ZGR, FS), or adopted as a HRS value from Bossini
et al. (2019). ‘None’ indicates that [Fe/H] was a free fit parameter, and the 50th percentile of its PDF is listed. The entire table is available at the
CDS.

Table B.2: Cluster parameters AV , dm and log(age) derived using the specified [Fe/H]* prior assumption.

Cluster [Fe/H]* AV AV16 AV84 dm dm16 dm84 log age log age16 log age84
(mag) (mag) (mag) (mag) (mag) (mag) (dex) (dex) (dex)

IC 2714 ARC 1.182 1.146 1.23 10.31 10.218 10.368 8.678 8.581 8.707
ZGR 1.211 1.148 1.253 10.307 10.238 10.341 8.661 8.448 8.720
FS 1.188 1.145 1.232 10.324 10.286 10.396 8.674 8.473 8.704
None 1.075 0.983 1.191 10.577 10.475 10.656 8.671 7.859 8.729
HRS 1.029 1.008 1.15 10.318 10.298 10.375 8.657 8.656 8.659

IC 4756 ARC 0.953 0.716 1.1 8.267 8.152 8.43 8.770 8.766 9.033
ZGR 0.784 0.667 0.996 8.2 8.135 8.295 9.031 8.767 9.034
FS 0.617 0.559 0.648 8.226 8.194 8.254 9.013 8.966 9.014
None 0.396 0.302 0.472 8.441 8.332 8.511 8.946 8.917 8.994
HRS 0.566 0.539 0.611 8.231 8.209 8.249 9.003 9.001 9.004

Melotte 71 ARC 0.514 0.471 0.55 11.486 11.404 11.529 9.131 9.107 9.152
ZGR 0.468 0.415 0.496 11.576 11.533 11.609 9.088 9.069 9.099
FS 0.468 0.448 0.493 11.568 11.528 11.604 9.088 9.075 9.094
None 0.437 0.326 0.484 11.702 11.56 11.82 8.994 8.967 9.083
HRS 0.537 0.523 0.547 11.472 11.45 11.539 9.138 9.136 9.141

... ... ... ... ... ... ... ... ... ... ...

Notes. The [Fe/H]* notation is defined as in Table B.1. The 50th, 16th and 84th percentile of the PDF for each cluster parameter is reported. The
entire table is available at the CDS.
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Fig. B.1: CMDs of the sample of OCs with photometric data from Gaia. The isochrones match the cluster parameters derived by
using [Fe/H] of ZGR (blue), ARC (red), and FS (yellow) catalogues; the depicted values show the difference between the parameters
(columns) estimated by using the respective prior and B19 values of the same parameter.
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(a) (b)

Fig. B.2: Same as Figure 8 but for (a) ARC catalogue and (b) ZGR catalogue.

Fig. B.3: Same as Figure 8 but for solutions with [Fe/H] fixed to the HRS values from B19. The [Fe/H] offset is not displayed, as it
is zero.

Article number, page 17 of 17


	Introduction
	Data selection
	Cluster membership
	Metallicity

	Cluster parameters
	Results
	Comparison of [Fe/H] with spectroscopic surveys
	[Fe/H] as a free parameter
	Comparison of cluster parameters with B19
	Age
	dm and AV

	Correlation analysis
	Comparison of cluster parameters with NN studies

	Discussion
	Conclusion
	Data availability
	[Fe/H] estimates
	Cluster parameters

