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Abstract

This study aims to establish an internally homogeneous set of structural, astrophysical, and kinematical parameters for King open
clusters and to assess their role as tracers of the Galactic thin disc. We present a homogeneous structural, astrophysical, and kinematical
analysis of 27 King open clusters using high-precision Gaia DR3 astrometry, photometry, and spectroscopy. Probable members are
selected through astrometric criteria, from which mean trigonometric parallaxes and proper motions are derived, while structural param-
eters are obtained by fitting King surface-density profiles. Cluster reddenings, distances, metallicities, and ages are determined via a
homogeneous Markov Chain Monte Carlo isochrone-fitting approach applied to Gaia colour-magnitude diagrams. The derived param-
eters span E GBP GRP 0 113-1 933 mag, metallicities of Fe H 0 40 to 0 28 dex, ages from 17 to 6166 Myr, and heliocentric
distances between 739 and 6272 pc. A comparison between astrometric and isochrone-based distances yields a median parallax difference
of 13las, indicating a good level of internal consistency between the photometric and astrometric distance scales within the adopted
homogeneous framework. Using the resulting homogeneous parameter set, we then investigate the spatial distribution and orbital prop-
erties of the King clusters within the Galactic disc.The radial metallicity behaviour of the King clusters is also examined using three com-
plementary Galactic distance definitions and compared with the metallicity-radius relations obtained independently from 164
spectroscopically analysed open clusters from the literature. The King-cluster gradients are close to 0 060 dex kpc−1 and are broadly
consistent with those of the external reference sample, indicating that the homogeneously analysed King clusters follow the negative
metallicity-radius trend traced by the broader thin-disc open-cluster population. Flatter gradients are found for young clusters, suggest-
ing more homogeneous chemical enrichment at recent epochs. When dynamical constraints are applied to reduce the effects of radial
migration and orbital blurring, the inferred gradient remains close to 0 059 dex kpc−1. The use of a strictly homogeneous analysis
framework reduces inter-study systematics and provides a consistent astrophysical, chemical, kinematical, and orbital reference dataset
for the King open-cluster sample.
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1. Introduction

Most stars in the Milky Way Galaxy are believed to
have formed in open star clusters, which constitute young,
physically associated Population I groupings within the
Galaxy (Lada and Lada, 2003; Moraux, 2016). Open clus-
ters (OCs) are gravitationally bound systems formed by the
collapse of molecular clouds, leading to stellar populations
with nearly common distances, ages, and chemical compo-
sitions. These properties make OCs fundamental tracers of
the Galactic disc, providing key constraints on its struc-
ture, kinematics, and evolutionary history (Gilmore et al.,
2012; Moraux, 2016). Their fundamental parameters are
typically derived through isochrone fitting to colour–mag-
nitude diagrams (CMDs), enabling reliable determination
of distances, reddening, and ages.

Large catalogues compiling OC parameters (Dias et al.,
2002; Kharchenko et al., 2005; Kharchenko et al., 2013;
Cantat-Gaudin et al., 2018; Liu and Pang, 2019; Dias
et al., 2021; Hunt and Reffert, 2024) have enabled
population-level studies of the Galactic disc. However,
combining results from heterogeneous analyses introduces
systematic differences that can limit the precision of
large-scale Galactic investigations (Bukowiecki et al.,
2011; Kharchenko et al., 2013; Tadross, 2014; Loktin and
Popova, 2017; Reddy et al., 2020; Joshi and Malhotra,
2023). In this context, the availability of homogeneous,
high-precision data from the Gaia mission (Gaia
Collaboration et al., 2016; Gaia Collaboration et al.,
2018; Gaia Collaboration et al., 2021; Gaia
Collaboration et al., 2023) represents a major step forward,
significantly improving membership determination and the
reliability of derived cluster parameters (Soubiran et al.,
2019; Tarricq et al., 2021; Hunt and Reffert, 2024).

A key strength of Gaia is the availability of trigonomet-
ric parallaxes, providing a direct distance scale across the
Galactic disc. Nevertheless, these parallaxes are affected
by small but non-negligible systematic errors, commonly
expressed as a parallax zero-point offset, which depends
on magnitude, colour, and sky position (e.g., Lindegren
et al., 2021; Akbulut et al., 2021). Since accurate distances
underpin all derived cluster parameters and subsequent
Galactic interpretations, ensuring an internally consistent
distance scale is essential for any homogeneous OC
analysis.

OCs are also among the most powerful tracers of the
Galactic radial metallicity gradient, one of the key observ-
ables constraining chemical evolution models. Observa-
tions consistently indicate a negative gradient in the inner
2

disc, typically between 0 05 and 0 12 dex kpc−1, with
possible flattening in the outer regions (e.g., Donor et al.,
2020; Netopil et al., 2016; Jacobson et al., 2016). However,
the observed dispersion reflects not only measurement
uncertainties but also the effects of age differences, sam-
pling, and dynamical processes such as radial migration.
In particular, churning and blurring can displace clusters
from their birth radii, complicating the interpretation of
present-day gradients (Sellwood and Binney, 2002;
Schönrich and Binney, 2009; Minchev et al., 2013). For this
reason, analyses that incorporate guiding radii or recon-
structed birth locations provide a more physically mean-
ingful characterization of the Galactic disc.

The King clusters represent a distinct subset of Galactic
OCs that remain relatively underexplored within a inter-
nally homogeneous Gaia-based framework. Rather than
analysing these systems individually, treating them as a
uniform sample enables a systematic investigation that
minimizes inter-study systematics and allows direct com-
parison with other OC populations. This approach also
places the King clusters within a broader, coherent frame-
work for studying Galactic structure in the Gaia era. In this
context, the present study may also be regarded as a mod-
est tribute to Ivan R. King (1925–2021), whose empirical
formulation of cluster density profiles continues to under-
pin modern analyses of stellar systems.

The primary aim of this study is threefold. First, we
establish a strictly homogeneous set of structural, astro-
physical, and kinematical parameters for all 27 catalogued
King OCs using Gaia DR3 astrometry and photometry,
applying a unified MCMC isochrone-fitting framework
that enables direct inter-cluster comparisons free of
methodological systematics. Second, we assess the internal
consistency of the Gaia DR3 parallax scale for Galactic-
plane clusters by comparing trigonometric parallaxes with
independent MCMC-based photometric distances. Third,
we use the resulting homogeneous King-cluster parameter
set to examine the radial metallicity behaviour of this OC
subgroup within the broader chemical structure of the
Galactic thin disc. The King sample is not intended to inde-
pendently redefine the global Galactic radial metallicity
gradient, because its size is limited compared with recent
large OC catalogues. Instead, we derive metallicity-radius
relations for the King clusters and compare them with
those obtained from the 164 spectroscopically analysed
OCs of Otto et al. (2026), which are used as an external ref-
erence sample. This approach allows us to assess whether
the homogeneously derived King-cluster metallicities fol-
low the chemical pattern traced by recent large OC studies.
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To account for possible dynamical effects associated with
radial migration, the analysis is performed using three
complementary definitions of Galactocentric distance: the
present-day Galactocentric radius (Rgc), the guiding radius
(Rgui), and the model-based early orbital/birth-radius (Rteo).
In this framework, the King sample provides a homoge-
neous benchmark for evaluating the chemical and dynam-
ical consistency of this poorly consolidated OC subgroup
within the Galactic thin disc, while the Otto et al. (2026)
sample serves as an independent reference against which
the King-cluster trends are assessed.

The analysis pipeline consists of (i) membership determi-
nation using Gaia DR3 astrometry, (ii) structural parame-
ter estimation via radial density profiles, (iii) MCMC-based
derivation of astrophysical parameters from CMDs, (iv)
kinematic and orbital analysis, and (v) investigation of
the Galactic metallicity gradient using the resulting homo-
geneous parameter set.
Fig. 1. Positions of 27 King OCs on the Milky Way Galaxy.

Fig. 2. Identification maps for King 2 (left panel) and King 12 (right panel). T
leftwards.
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2. Data

In this study, we selected the 27 King OCs from recently
published catalogues (Cantat-Gaudin et al., 2020; Hunt
and Reffert, 2024). Their positions in the Milky Way
Galaxy are shown in Fig. 1. For each King OC, we selected
stars from the Gaia DR3 (Gaia Collaboration et al., 2023)
database using the central coordinates reported by Cantat-
Gaudin et al. (2020). Following this, catalogues of these
clusters were constructed for 40 40 arcmin cluster fields
by using astrometric, photometric, and spectroscopic data
of Gaia DR3. However, the analysis was not restricted to
stars that simultaneously have complete astrometric, pho-
tometric, and spectroscopic data. Astrometric and photo-
metric parameters were primarily used for membership
determination and CMD analyses, while spectroscopic
data (when available) were incorporated only in the rele-
vant parts of the analysis. Therefore, stars lacking spectro-
scopic measurements were still included in the astrometric
and photometric analyses.

This uniform field size ensures a homogeneous selection
function across the sample and provides a sufficiently wide
surrounding region for field-star characterization. For all
clusters, the derived limiting radii lie well within the
adopted fields, indicating that the structural fits are not
affected by field boundaries. Any extremely sparse outlying
members in the nearest systems do not influence the
derived structural or fundamental cluster parameters. To
illustrate the analyses performed in this paper, we focus
on King 2 and King 12 as examples, representing the oldest
and youngest clusters in our sample, respectively. These
two systems highlight the broad age range of the 27 King
OCs studied. The number of stars within the applied cluster
areas spans from 5,905 to 211,958, with 91,523 stars
detected for King 2 and 12,861 for King 12. Their identifi-
cation charts are shown in Fig. 2.
he field of view of the charts is 40 40 . North is towards up, and East is
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Fig. 3. Stellar counts of King 2 and King 12 for per magnitude bin in G

bands. The vertical red dashed lines show the adopted faint limiting
apparent magnitudes G bands.
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The catalogues for the King OCs contain the stellar
equatorial coordinates (a d), apparent G magnitude and
GBP GRP colour index, proper-motion components
(la cos d ld), trigonometric parallax (-) along with the
radial velocity (V R) and membership probability (P) as cal-
culated in the study. Before starting the analyses, as
described in the following sections, we limited the photo-
metric data to stars with reliable magnitudes and colour
indices by applying a faint G-band limiting magnitude
based on the completeness of the data. This selection was
achieved by estimating the faint G limiting magnitudes
for each cluster. To do this, we constructed the number
of stars as a function of G magnitudes, as shown for King
2 and King 12 in Fig. 3. In the figure, the number of stars
increases toward the fainter magnitudes and drops after
reaching a maximum. This point of ‘‘turn over” or maxi-
mum was defined as the faint G limiting magnitude for a
given cluster. These limits are G 20 5 mag for all the
King OCs in this study, and the uncertainties for faint limit
magnitude in the G magnitudes and the colour indices
GBP GRP reach 0.005 and 0.102 mag when we consider
the data of all the King OCs.

3. Structural parameters

To determine the limiting radii of the King OCs and
obtain their structural parameters, we utilized Radial Den-
sity Profile (RDP) analyses using Gaia DR3 data within 40
arcmin of the cluster centers given by Cantat-Gaudin et al.
(2020). Considering the stars brighter than the G limiting
magnitude, we divided the field of view into concentric rings
and calculated the stellar number density (q r ) for each ith
4

ring as Ri Ni Ai, where Ni is the number of stars in that
ring and Ai is the ring area. We used Poisson statistics

(1 N , where N indicates the number of stars) to calculate
the uncertainties in the stellar number densities. To visualize
the radial density profile, we fitted the empirical RDP of
King (1962) to the calculated stellar number densities. This
expression is an approximation to the empirical King
surface-density profile and is mainly applicable to the central
region of the cluster, sufficiently far from the tidal radius.

q r f bg

f 0

1 r rc
2

1

where r represents the radius, f bg the background stellar

density, f 0 the central stellar density, and rc the core radius
of the OC. Finding the best fitting models involved v2 min-
imization. RDPs of the King 2 and King 12 OCs are shown
in Fig. 4, where a smooth, continuous line is the best-fit
solution of the empirical King profile. The correlation coef-

ficients (R2) of the best-fit solutions are higher than 0.90 for
all of the King OCs. The estimated structural parameters
for each cluster are listed in Table Appendix C.

We determined limiting radii robslim visually according to
the RDPs of each OC. We considered the radius at which
the RDP flattens and begins to merge with the background
stellar density as being the extent of an OC. The estimated
limiting radii for all the studied King OCs were in the range
of 8 6 robslim 6 25 arcmin. For King 2 and King 12, these val-
ues were determined as 15 and 10 arcmin, respectively.
Observed radii for all King OCs are also listed in
Table Appendix C.

The concentration parameter C log rlim rc is a key
indicator of the structural properties of OCs, providing
insights into their internal stellar distributions. Here, rlim
is the limiting radius, adopted as robslim in this study. The
parameter C is also useful for distinguishing OCs from
the background field stars, as it quantifies the degree of
central concentration of the cluster (Richstone and
Tremaine, 1986). We calculated the C concentration
parameter for all King OCs, finding the range of these val-
ues to be within 0 21 6 CK 2 01. For King 2 and King 12,
the C parameter was calculated to be 1.49 and 2.01, respec-
tively. The C values calculated for the King OCs are listed
in Table Appendix C. When the distribution of clusters
across the Galactic quadrants on the Galactic plane is
examined, it is found that three OCs are located in the first
quadrant, with a median C value of 0.77. The second quad-
rant contains 22 OCs, for which the median C value is cal-
culated to be 1.035. In the third quadrant, only two OCs
are identified, yielding a median C value of 1.11.

An evaluation based on Galactic quadrants reveals that
clusters located in regions farther from the Galactic center
exhibit systematically higher C values compared to those
situated in the inner Galactic regions. This trend is consis-
tent with previous studies demonstrating that dynamical
processes such as enhanced tidal forces, interactions with
molecular clouds, and disc shocking become increasingly
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Fig. 4. The stellar density distribution of King 2 and King 12. The fitted black curve shows the empirical RDP profile. of King (1962), whereas the
horizontal gray band represents the background stellar density. The 1r King fit uncertainty is pictured by the red-shaded area.

Fig. 5. Histograms of the Gaia-based membership probabilities for
sources within the observational limiting radii (robslim ) of the two clusters.
The upper panel shows King 2, while the lower panel shows King 12.
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significant toward the inner Galaxy, strongly influencing
the structural evolution of OCs (e.g., Spitzer, 1958; Gieles
et al., 2006; Lamers and Gieles, 2006).

4. Membership analyses and astrometric parameters

The presence of background/foreground stars across a
studied OC affects the reliable estimation of astrophysical
parameters, being contaminants. Proper-motion compo-
nents of stars are one useful tool to separate OC members
from field stars. Thanks to the precise astrometric data of
Gaia DR3, members of the OC can be identified reliably.
We used the Photometric Membership Assignment in stel-
lar Cluster (UPMASK; Krone-Martins and Moitinho, 2014)
method on Gaia DR3 astrometric data to calculate mem-
bership probabilities of individual stars located in the direc-
tion of studied clusters. This method was performed
previously by our group and various researchers for OCs
(e.g., Cantat-Gaudin et al., 2018; Cantat-Gaudin et al.,
2020; Castro-Ginard et al., 2018; Wang et al., 2022;
Yontan et al., 2021; Yontan et al., 2022; Yontan and
Canbay, 2023; Çınar et al., 2024; Çakmak et al., 2024;
Tas�demir and Çınar, 2025).

UPMASK is based on the k-means clustering method. This
technique accounts for measurements of proper-motion
components, together with trigonometric parallaxes and
their uncertainties, and detects similar groups of stars,
providing statistical membership probabilities for these
groups. Detailed background on UPMASK can be found in
Krone-Martins and Moitinho (2014). We calculated the
membership probabilities (P) of each detected star by using
their astrometric parameters and uncertainties
(a d la cos d ld -) along with 100 iterations of UPMASK.
Then, we selected the stars with probabilities P P 0 5 as
possible cluster members. In addition to the statistical
method, we selected member stars based on photometric
criteria. This took into account the possible binary star
5

contamination in the main sequence, an effect which widens
the main sequence of OCs. We considered the distribution
of OC stars with membership probabilities P P 0 5 on Gaia

photometry-based CMDs and identified the lower bound of
the cluster’s main sequence by fitting PARSEC models
(Bressan et al., 2012). After this, we shifted the lower bound
by 0 75 mag through the brighter stars and determined the
upper bound for the main sequence of the clusters that
cover the possible binary star contamination. In addition
to this criterion, stars with membership probabilities
P P 0 5, brighter than the G limiting magnitude, and
located within the observationally determined limiting
radius (robslim ) were classified as being probable cluster stars
and used in further analyses in this study. With these limi-
tations described above, we identified 474 and 141 most
probable member stars for King 2 and King 12, respectively
(for the number of most probable member stars of the 27
King OCs, see Table Appendix C). Fig. 5 shows the his-
tograms of the computed membership probabilities for stars
brighter than the G-band completeness limit and located
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within the robslim radius of King 2 and King 12. Thus, the his-
tograms refer to the same spatial and photometric sample
used for the final membership selection. Within these sam-
ples, stars satisfying P P 0 5 constitute approximately 9%
and 5% of all stars with 0 P 6 1 for King 2 and King
12, respectively. The relatively small fractions of high-
probability members indicate that both cluster regions are
strongly affected by field-star contamination.

To picture the proper-motion (PM) distribution of the
most probable cluster members versus the field stars, we
plotted vector point diagrams (VPDs) and calculated mean
PM components for each studied cluster. We concluded
that the PM components of the most probable member
stars are found to be within a radius of at most 0.5 mas
yr−1 from the mean PM components of the King OCs in
which they are located.

The VPDs of the King 2 and King 12 OCs are shown in
the left and right panels of Fig. 6, respectively. It can be
seen from the panels that both OCs are embedded in the
field stars (gray circles); however, the concentration of
most probable member stars (P P 0 5) (the colour-scaled
circles) indicates that the clusters are distinct from the field
stars. The mean PM values, which are presented by the
intersection of the blue dashed lines in Fig. 6, were
obtained from the most probable OC members, and the
results are listed in Table Appendix C for each King OC.
We derived mean PM values for King 2 as
la cos d 1 398 0 005 and ld 0 876 0 008 mas
yr−1 and for King 12 as la cos d 3 437 0 003and
ld 1 471 0 003 mas yr−1. These results match well
with the values of Cantat-Gaudin et al. (2020).

The mean trigonometric parallax of each OC was deter-
mined from the most probable member stars (P P 0 5)
with relative parallax errors (r- -) smaller than 0.25.
For each OC, we constructed a histogram of trigonometric
parallaxes and fitted a Gaussian function to this distribu-
tion, as shown in Fig. 7. For King 2, the trigonometric
Fig. 6. Left and right panels show the VPDs for the King 2 and King 12, res
colour-scaled circles. The zoomed-in boxes indicate the distribution of the OCs
shows the point of the mean PM values of the OCs.

6

parallax histogram reveals the presence of a second popu-
lation beyond approximately 0.3 mas. The analyses indi-
cate that this structure is characterized by relative
parallax errors larger than 0.15, and therefore does not sta-
tistically affect the mean trigonometric parallax value of
King 2. We also applied the linear equation of
d pc 1000 - (mas) to the estimated mean trigonometric
parallaxes and calculated the astrometric distances (d-) for
each King OC. The mean trigonometric parallaxes for
King 2 and King 12 were derived as - 0 164 0 032and
- 0 327 0 025 mas, respectively. The corresponding
astrometric distances are d- 6098 1190 and
d- 3058 234 pc. The histograms of the trigonometric
parallaxes are shown in Fig. 7 for King 2 and King 12.

We compared our astrometric results with those of
Cantat-Gaudin et al. (2020) to assess the consistency of
our measurements. Fig. 8 presents the outcomes of this com-
parison, where the abscissa corresponds to the mean PM
components, in RA and DEC directions, and trigonometric
parallaxes derived in this study, while the ordinate represents
the values reported by Cantat-Gaudin et al. (2020). The
mean differences, calculated as our results minus those of
Cantat-Gaudin et al. (2020), are 0 020 mas yr−1 0 047
mas yr−1 and 24las for Dla cos d (panel a), Dld (panel b)
and D- (panel c), respectively. The corresponding standard
deviations are rla cos d 0 034 mas yr−1 rld 0 038 mas
yr−1 and r- 16las. The astrometric data obtained from
GaiaDR3 exhibit greater consistency and reduced systematic
errors compared to Gaia DR2. The extended 34-month
observational period of Gaia DR3, in contrast to the
22 months covered by Gaia DR2, contributes to improved
precision and accuracy. In our comparison with Cantat-
Gaudin et al. (2020), the observed median parallax difference
(D- 24 16las) between GaiaDR3 and GaiaDR2, while
small, appears to be systematic. This may indicate the pres-
ence of a small-scale zero-point offset in Gaia DR3, indicat-
ing that source-dependent corrections are more appropriate
pectively. The most probable cluster members (P P 0 5) are presented by
according to field stars (gray circles). The intersection of blue dashed lines
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Fig. 7. Trigonometric parallax histograms for King 2 and King 12. The
plots are based on cluster stars with membership probabilities P P 0 5,
located within the clusters’ limiting radii and with r- - 60.25. The red
dashed curves represent Gaussian fits. N is the number of stars. .

1 http://stev.oapd.inaf.it/cgi-bin/cmd
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than a single, fixed correction. For precise astrometric stud-
ies, such as those involving OCs, additional analyses using
Gaia DR3’s parallax zero-point correction models should
be conducted, and the error analyses should be reassessed
accordingly.

5. MCMC-based astrophysical parameter estimation

Accurate determination of fundamental astrophysical
parameters such as age, distance, reddening, metallicity,
and mass is essential for constraining stellar-evolution
models and improving our understanding of the chemical
and dynamical evolution of the Galaxy. The analysis of
7

photometric and spectroscopic data using isochrone-
fitting techniques and probabilistic methods enables robust
estimation of these parameters. Recent advances in wide-
field sky surveys and high-precision astrometric measure-
ments have significantly enhanced the accuracy with which
the physical properties of OCs can be derived (e.g.,
Speagle, 2019; Spitoni et al., 2020; Tas�demir and Yontan,
2023; Karagöz et al., 2025; Tas�demir et al., 2025;
Tas�demir et al., 2026). Consequently, the application of
homogeneous and consistent methodologies in parameter
determination has become a critical requirement for reli-
able large-scale Galactic studies. A detailed description of
the adopted methodology is provided in our previous stud-
ies (e.g., Bilir et al., 2006; Bilir et al., 2010; Bilir et al., 2016;
Bilir et al., 2026; Yontan et al., 2015; Yontan et al., 2019;
Bostancı et al., 2015; Bostancı et al., 2018; Ak et al.,
2016; Ak et al., 2024; Canbay et al., 2026).

To obtain a homogeneous set of astrophysical parame-
ters for the 27 King OCs, we apply a Markov Chain Monte
Carlo (MCMC) isochrone–fitting procedure to their Gaia

DR3 CMDs. This approach enables the distance (d),
extinction in the G band (AG), age (s), and metallicity (Z)
of each cluster to be constrained simultaneously while
accounting for parameter covariances intrinsic to stellar-
evolution models. By deriving all parameters within a sin-
gle methodological scheme, this analysis provides a uni-
form set of cluster properties that avoids the
heterogeneity introduced by combining results from differ-
ent literature sources. The following subsections describe
the construction of the isochrone grid, the likelihood for-
mulation, and the sampling strategy adopted to obtain
the final posterior distributions of the astrophysical
parameters.

The method is built upon a pre-computed grid of PARSEC

stellar isochrones created through the CMD 3.9 interface1

(Bressan et al., 2012). The grid covers a broad range of evo-
lutionary stages, with log s sampled from 6 to 10.13 in
intervals of 0.02 dex, and heavy-element mass fraction Z

spanning 0 to 0.03 with steps of 0.0005. This resolution
provides adequate coverage of the parameter space rele-
vant to the King OCs, which contains young to
intermediate-age systems with varying chemical composi-
tions. As the MCMC sampler explores a continuous
parameter space, interpolated isochrones are required for
values lying between the tabulated grid points. We perform
this interpolation using Delaunay triangulation imple-
mented in the Scipy library (Virtanen et al., 2020). This
approach ensures that the isochrone grid is smoothly
sampled and minimizes artifacts that can arise when using
coarse or irregular grids. The free parameters of the model
are (d AG s Z) sampled within broad priors designed to
encompass all astrophysically plausible solutions
0 6 d kpc 6 30 and 0 6 AG mag 6 10 with log s and Z

restricted to the isochrone grid. These broad limits
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Fig. 8. Comparison of the mean PM components in RA (panel a) and DEC (panel b) directions as well as trigonometric parallax (panel c) of 27 King OCs,
calculated using Gaia DR3 astrometric data, with those derived from Gaia DR2 data by Cantat-Gaudin et al. (2020). The dashed blue line represents the .
one-to-one line.

2 https://github.com/jobovy/isodist/blob/master/isodist/Isochrone.py
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guarantee that physically plausible solutions for all clusters
remain within the explored domain, while the posterior dis-
tribution naturally concentrates around the parameter
combinations favored by the observations.

For each trial parameter set, synthetic magnitudes are
computed in the Gaia G GBP, and GRP passbands via:

mX MX s Z 5 log d 5 AX 2

where MX s Z is obtained from the interpolated iso-
chrones, and the extinction in each band is expressed as
AX kXAG using extinction coefficients kX derived from
the reddening laws of Cardelli et al. (1989) and
O’Donnell (1994) for RV 3 1. This forward-modeling step
ensures that the observed CMD is compared directly with
synthetic photometry that reflects the full set of input
parameters.

Assuming Gaussian uncertainties in the Gaia photome-
try, the likelihood of observing magnitudes mX i for star i

is (see also, Tanık Öztürk et al., 2025; Tas�demir et al.,
2026):

P mX i h
1

2pr2
X i

exp
mX i mX i

2

2r2
X i

3

where mX i is the model-predicted magnitude. The full like-
lihood for all stars and bands is:

L h
N stars

i 1 X G GBP GRP

P mX i h 4

and the log-likelihood used for numerical optimization is:

lnL h
N stars

i 1 X

mX i mX i
2

2r2
X i

ln 2prX i 5

This formulation naturally gives less weight to low-S/N
photometry and reduces the impact of outliers. Posterior
distributions are explored using the affine-invariant ensem-
ble sampler EMCEE (Foreman-Mackey et al., 2013). For
each cluster, an ensemble of walkers is initialized near rea-
sonable astrophysical starting points and evolved for 5000
8

steps following a burn-in phase. Convergence is assessed
through the stabilization of autocorrelation times and
visual inspection of chain evolution. Final parameter esti-
mates are adopted as the median of the marginalized pos-
terior distributions, with uncertainties given by the 16th
and 84th percentiles.

The upper panels of Fig. 9 illustrate the MCMC-derived
isochrone fits for King 2 and King 12. Membership proba-
bilities are indicated by symbol colour, while low-
probability stars (P 0 5) and field stars (P 0) are shown
in grey. The blue curves denote the best-fitting isochrones,
and the orange curves represent the 1r uncertainty envel-
opes. The two-dimensional posterior projections display
contour levels corresponding to approximately 68 90 ,
and 95 of the marginalized probability. In the one-
dimensional marginalized distributions, the 16th, 50th,
and 84th percentiles are indicated by vertical lines, marking
the median and the associated 1r confidence intervals, as
shown in the lower panels of Fig. 9. The corresponding
CMDs and MCMC-derived best-fitting isochrones for the
remaining King OCs, excluding King 2 and King 12, are
presented in Figure Appendix B.

The MCMC returns metallicity in terms of heavy-
element mass fraction Z, which we convert to logarithmic
[Fe/H] using the PARSEC-consistent formulation imple-
mented by Bovy’s equations2. The conversion uses an
intermediate variable Zx together with the solar heavy–ele-
ment abundance Z and is given by (see also Gokmen
et al., 2023; Yontan, 2023; Yontan et al., 2023):

Zx

Z

0 7515 2 78 Z
6

followed by the calculation of the OC iron abundances:

Fe H log Zx log
Z

1 0 248 2 78 Z
7
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Fig. 9. CMDs of the King 2 and King 12 OCs showing the member stars. Stars with P P 0 5 are shown in different colours, while field stars are displayed
as grey circles. The best-fitting PARSEC isochrones are shown as blue curves, and the age uncertainties are indicated by orange curves (upper panels). The
corner diagram illustrating the posterior distributions of the inferred astrophysical parameters for King 2 and King 12 derived from the MCMC analysis.
The solid purple lines indicate the median values of the parameters, while the dashed purple lines represent the corresponding 16th and 84th percentile
confidence intervals (lower panels). .
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We adopt Z 0 0152 for the solar metallicity (Bressan
et al., 2012). These relations allow the MCMC-derived Z

values to be mapped onto the [Fe/H] scale used in Galactic
chemical evolution studies.

To convert the extinction and distance parameters
obtained from the MCMC analysis into the colour excess
9

E GBP GRP and the distance modulus lG, we use the
relations AG 1 8626 E GBP GRP (Canbay et al.,
2023) and lG 5 log d 5 AG. These transformations
ensure consistency between the extinction-corrected
MCMC distances and the photometric CMD fits. Using
these relations, the inferred mass fractions for King 2 and
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King 12 correspond to metallicities consistent with the
ranges obtained from the posterior distributions. The
Galactocentric X Y Z coordinates (where X Y and Z

are the distances towards the Galactic center, toward the
Galactic rotation, and toward the Galactic north pole,
respectively) of the OCs were also calculated (see also,

Iyisan et al., 2025; Canbay et al., 2025; Çalıs�kan and
Gökmen, 2025). We used isochrone-based distances and
the Galactic coordinates (l b) of all clusters to perform
the calculations. The parameter estimates for all clusters
under study are listed in Table Appendix C.

We compared astrophysical parameters AV d, and
log s estimated in this study with the results of Cantat-
Gaudin et al. (2020), which Fig. 10 presents in panels a,
b, and c, respectively. The mean differences and standard
deviations, calculated as our results minus those of
Cantat-Gaudin et al. (2020), are DAV 0 098 0 199
mag, Dd 151 299 pc, and D log s 0 041
0 249 yr. Astrophysical parameter comparisons show that
the mean offsets are generally small and lie within the range
expected from methodological differences between studies.
The relatively large standard deviations, particularly in dis-
tance and extinction, are likely caused by differences in
membership selection, extinction laws, and isochrone sets
adopted in the compared catalogs. Regarding age esti-
mates, clusters with log s 8 5 show better agreement
between the two studies, whereas clusters with
log s 8 5 exhibit a significantly larger scatter. This
increased dispersion is most likely due to the higher sensi-
tivity of young cluster parameter determinations to mem-
bership selection, since differences in the inclusion or
exclusion of faint and kinematically marginal stars between
the two studies can significantly affect isochrone fitting
results. In contrast, older clusters show more consistent
agreement, reflecting more stable and well-defined member
distributions, which leads to more reliable parameter esti-
mates. Overall, this comparison provides an internal con-
sistency check and supports the reliability of the derived
Fig. 10. Comparison of the calculated V-band extinction (a), distance (b), and
data by Cantat-Gaudin et al. (2020). The blue dashed line represents the one-
0.83627.
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astrophysical parameters within a homogeneous analysis
framework.
6. Internal consistency of the Gaia DR3 parallax scale

Small but non-negligible zero-point offsets are known to
affect Gaia EDR3 and DR3 trigonometric parallaxes at the
level of a few tens of las, with amplitudes depending on
tracer type and sky position (e.g., Lindegren et al., 2021;
Riess et al., 2021; Ding et al., 2024). Rather than attempt-
ing to derive an independent correction for this effect, our
goal here is to assess whether the parallaxes of the King
OCs are consistent with expectations within a homoge-
neous analysis framework.

In this study, we transformed the MCMC-based dis-
tances (dMCMC) of the 27 King OCs into trigonometric par-
allaxes using the relation -MCMC mas 1000 dMCMC (pc),
and compared these values with the corresponding Gaia

DR3 parallaxes -GaiaDR3. The parallax difference for each
cluster was defined as D- -GaiaDR3 -MCMC.

Although the MCMC distances are not directly derived
from Gaia astrometric parallaxes, this comparison provides
a meaningful internal consistency check of the trigonomet-
ric parallax scale. We emphasize that this analysis should
not be interpreted as an independent external calibration
of the Gaia parallax zero-point, as the MCMC-based dis-
tances rely on stellar evolution models and are therefore
subject to systematic uncertainties related to isochrone
physics, extinction, and parameter degeneracies. Conse-
quently, the results presented here should be regarded as
an internal consistency test within a homogeneous frame-
work rather than an absolute calibration of the Gaia paral-
lax scale.

For illustration, the inferred MCMC parallaxes for

King 2 and King 12 are -MCMC 0 168 0 005
0 006 mas and

0 368 0 030
0 033 mas, yielding D- 4 11

12 las and 41 33
36 las,

respectively.
age (c) values of the 27 King OCs with the results derived from Gaia DR2
to-one line. The V-band extinction calculated using equation of AV=ArmG/
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To quantify the behaviour of the parallax differences
across the full sample, we computed D- for all 27 King
OCs (Table 1). The resulting values span the range
41 6 D- las 6 29. The sample yields a median offset

of D- 13las, a mean value of 14 1las, and a
standard deviation of 15 3las. In addition to the classical
mean and standard deviation, we characterise the
dispersion using the 16th–84th percentile interval as a
non-parametric measure of spread. This interval is

28 4 5 2 las, corresponding to a half-width of
11 6las. Furthermore, no statistically significant correla-

tion is found between D- and Galactic latitude (Spearman
q 0 07 p 0 73), indicating that the observed offset
does not exhibit a measurable dependence on Galactic lat-
itude within the b K 6 range covered by the sample.

Overall, the King OC ensemble indicates a median par-
allax difference of approximately 13las with a dispersion
of 12–15las, consistent with recent determinations for
Galactic-plane samples (Ding et al., 2024). The agreement
of the derived offset with literature values suggests that
no additional large systematic bias is introduced by the
adopted MCMC-based distance scale. These results pro-
vide an internally consistent characterization of the Gaia

DR3 parallax scale for the King OCs and support the reli-
ability of the adopted distance scale within the context of
our homogeneous analysis.
Table 1
Comparison of trigonometric parallaxes (-MCMC) estimated from MCMC
analyses (dMCMC) and Gaia DR3 (-GaiaDR3). D- is the difference between
-GaiaDR3 and -MCMC, given in las.

Cluster dMCMC -MCMC -GaiaDR3 D-
(pc) (mas) (mas) (las)

King 01 1795 160
188 0 557 0 045

0 065 0 550 0 002 07 47
67

King 02 5947 202
189 0 168 0 005

0 006 0 164 0 006 04 11
12

King 03 5222 177
201 0 191 0 006

0 008 0 170 0 003 21 09
11

King 04 2517 258
270 0 397 0 037

0 048 0 395 0 005 02 42
53

King 05 2208 280
291 0 453 0 051

0 069 0 413 0 003 40 54
72

King 06 739 11
11 1 353 0 020

0 021 1 382 0 003 29 23
24

King 07 3020 103
91 0 331 0 011

0 010 0 318 0 005 13 16
15

King 08 4828 269
289 0 207 0 011

0 013 0 184 0 009 23 20
22

King 09 6272 133
147 0 159 0 003

0 004 0 147 0 011 12 14
15

King 10 3452 115
79 0 290 0 010

0 006 0 283 0 003 07 13
09

King 11 3023 278
311 0 331 0 028

0 038 0 306 0 003 25 31
41

King 12 2719 237
223 0 368 0 030

0 033 0 327 0 003 41 33
36

King 13 3678 244
251 0 272 0 017

0 020 0 256 0 002 16 19
22

King 14 2515 356
347 0 398 0 050

0 063 0 393 0 004 05 54
67

King 15 3080 51
59 0 325 0 006

0 006 0 307 0 006 18 12
12

King 16 2685 226
243 0 372 0 028

0 038 0 339 0 003 33 31
41

King 17 3713 464
471 0 269 0 030

0 039 0 256 0 005 13 35
44

King 18 2811 209
217 0 356 0 025

0 030 0 338 0 003 18 28
33

King 19 2599 252
261 0 385 0 034

0 043 0 364 0 004 21 38
47

King 20 1973 133
124 0 507 0 032

0 034 0 519 0 004 12 36
38

King 21 2919 198
206 0 343 0 022

0 026 0 337 0 005 06 27
31

King 22 5222 510
480 0 191 0 017

0 020 0 185 0 003 06 20
23

King 23 3487 144
160 0 287 0 012

0 014 0 279 0 004 08 16
18

King 24 3876 89
139 0 258 0 006

0 010 0 235 0 003 23 09
13

King 25 2772 202
240 0 361 0 025

0 034 0 329 0 006 32 31
40

King 26 2321 154
163 0 431 0 027

0 032 0 423 0 005 08 32
37

King 27 4542 253
264 0 220 0 011

0 014 0 191 0 005 29 16
19
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7. Kinematics and the galactic orbital parameters

7.1. Radial velocities

Accurate determination of the space velocities and
Galactic orbital parameters of the King OCs requires
robust estimates of their mean radial velocities (V R). In this
study, the analysis was not limited to radial velocity mea-
surements from the Gaia DR3 catalogue (Gaia
Collaboration et al., 2023). Instead, additional radial veloc-
ity data were incorporated from the compilation of
Tsantaki et al. (2022), which includes measurements from
large-scale spectroscopic surveys such as LAMOST and
APOGEE. Candidate stars were selected through cross-
matching the radial velocity catalogues with the OC mem-
bership lists, followed by the application of stringent quality
criteria. In particular, only stars with membership probabil-
ities of P P 0 5 and reliable astrometric solutions, charac-
terized by RUWE 6 1 4, were retained for further analysis.

As a result of this procedure, 370 OC member stars with
available radial velocity measurements were identified in
the Gaia DR3 catalogue. In addition, the Tsantaki et al.
(2022) catalogue contributed radial velocity data for 33
stars, including 19 from APOGEE and 14 from LAMOST.
For King 20, no radial velocity measurements were avail-
able for any of the identified member stars; consequently,
mean radial velocities could not be determined for King
20. Therefore, a total of 26 King OCs with measurable
radial velocities were included in the kinematic and dynam-
ical orbital analyses. Among these OCs, five (King 4, 14,
16, 17, and 26) have radial velocity estimates based on a
single member star, while King 11 contains the largest
number of member stars with radial velocity measure-
ments, totalling 69. Using the criteria mentioned above,
we detected 11 and 2 member stars for the mean radial
velocity calculations in King 2 and King 12, respectively.
The mean V R with uncertainties of clusters was computed
according to expressions given by Carrera et al. (2022) that
are based on the weighted mean and standard deviation.
Hence, we determined the mean radial velocities as
V R 110 36 9 87 and V R 41 26 0 17 km s−1,
for King 2 and King 12, respectively. For clusters contain-
ing only one member star with radial velocity measure-
ments, we adopted the corresponding radial velocity as
the OC’s radial velocity.

Recently, Hunt and Reffert (2024) presented V R values
estimated using one star for the King 21 OC. Since this star
is located outside the 1 mas yr−1 radius of the cluster’s
mean PM components and the trigonometric parallax val-
ues significantly differ from the mean values estimated in
this study, we did not consider this as an OC member.
Additionally, because V R measurements for King 20 in
the literature are lacking, we excluded this cluster from
the kinematic analyses.

In this study, the mean V R was calculated for only 26 of
the analyzed King OCs, using a total of 403 OC member
stars (see also Table Appendix C). The estimated V R values
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for these clusters were compared with the V R of member
stars compiled from the Gaia DR2 catalog by Tarricq
et al. (2021), and this comparison is presented in Fig. 11.
In their study, Tarricq et al. (2021) estimated the mean
radial velocities of 22 King OCs using 132 cluster member
stars. In the catalog of Tarricq et al. (2021), data were
available for only 22 of the 26 King OCs analyzed in this
study, and the comparison of V R from both studies is
shown in Fig. 11.

Overall, the mean radial velocity values obtained in both
studies show a good agreement with the one-to-one rela-
tion. However, two OCs, King 2 (2 member stars) and
King 21 (6 member stars), exhibit significant deviations
from this relation. This discrepancy may be attributed to
the limited number of cluster member stars used by
Tarricq et al. (2021) in determining the radial velocities
of both OCs. The use of a small sample of member stars
may lead to increased uncertainties and possible systematic
offsets. The mean difference between the radial velocity val-
ues derived from the two Gaia catalogs and the correspond-
ing standard deviation is found to be 1.02 and 12.57 km
s−1, respectively. These relatively small offsets and their dis-
persion indicate that the overall agreement between the two
datasets is satisfactory. Consequently, the radial velocity
values calculated from the mean velocities of cluster mem-
ber stars, together with the corresponding number of stars
used in each calculation, are provided in the electronically
available table.

7.2. Space velocity components and galactic orbit parameters

The metallicity gradient of the Milky Way is usually
investigated from the present-day galactocentric distances
of the celestial objects under study (e.g., Luck et al.,
Fig. 11. The comparison of V R for 22 King OCs calculated using Gaia

DR3 data in this study with those derived by Tarricq et al. (2021) from
Gaia DR2 data.
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2011; Cos�kunoglu et al., 2012; Bilir et al., 2012; Recio-
Blanco et al., 2014; Huang et al., 2015). Consideration of
the Galactic orbital properties of the studied OCs is impor-
tant for the precise interpretation of the metallicity gradi-
ent. For example, the birth radius of an OC may be
different from its current distance from the Galaxy center.
An OC or star may suffer radial migration due to the res-
onance effects caused by the Galactic bar and spiral arms,
or it can move inward or outward from its origin as it fol-
lows an eccentric orbit (Wu et al., 2009; Önal Tas� et al.,
2018; Döner et al., 2023; Viscasillas Vázquez et al., 2023;
Iles et al., 2024; Wang et al., 2024; Çınar et al., 2025).

Orbit integration necessitates knowledge of equatorial
coordinates (a d), heliocentric distance (d), PM compo-
nents (la cos d ld) and radial velocity (V R) parameters.
With these parameters and on the assumption of a certain
gravitational potential, the position of a celestial object in
the Milky Way at a future time or a past time can be deter-
mined by integrating the orbit forward or backward. The
kinematic analyses of the King OCs were performed by

GALPY (the galactic dynamics library) package presented
by Bovy (2015)3 including the MWPOTENTIAL2014 potential
model for the Milky Way. This model aims to provide a
detailed and accurate representation of the gravitational
potential of the Milky Way, taking into account the distri-
bution of mass and its effects on the motion of celestial
objects within the Galaxy. MWPOTENTIAL2014 is implemented
as the combination of bulge, disc, and dark matter halo,
which contribute to the gravitational potential that governs
the dynamics of stars and gas in the Milky Way. The bulge
component is explained as a spherical power-law density
profile by Bovy (2015), which illustrates the mass distribu-
tion of the Milky Way. The disc component is defined as
the gravitational potential of a disc-like structure based
on Galactic dynamics described by Miyamoto and Nagai
(1975). The dark matter halo potential is represented by
the Navarro-Frenk-White profile (Navarro et al., 1996),
considering the mass of this component.

Before performing orbit integration, we calculated the
current galactocentric distance of the 27 King OCs by using

the equation of: Rgc R2
0 d2 cos2 b 2R0d cos l cos b

(Tunçel Güçtekin et al., 2019), where R0 is the galactocen-
tric distance of the Sun (Bovy, 2015; Bovy and Tremaine,
2012), l and b are the Galactic longitude and latitude of
the OCs, respectively, and d is the isochrone distance deter-
mined above for the studied clusters. According to the
results, the nearest and most distant clusters from the
Galactic center are King 25 and King 22, with the distances
of Rgc 6 93 and Rgc 13 28 kpc, respectively. The Rgc

values for King 2 and King 12, which are analyzed in detail
in our study, are calculated to be 12.50 and 9.80 kpc,
respectively.
3 See also, https://galpy.readthedocs.io/
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To perform kinematic analyses for the King OCs we
used their central equatorial coordinates (a d) taken from
Cantat-Gaudin et al. (2020), mean PM components
(la cos d ld) estimated in the study, distances (dMCMC)
derived from isochrones fitting, and mean radial velocities
(V R) with relevant uncertainties calculated from Gaia DR3
data. We assumed galactocentric distance and circular
velocity for the Sun as Rgc 8 34 kpc and V rot 240 km
s−1 (Bobylev and Bajkova, 2014), respectively, and its dis-
tance from the Galactic plane as 27 4 pc (Chen et al.,
2000). Orbit integration was carried out with 1 Myr steps
up to 3 Gyr to achieve a complete orbit, and relevant orbit
parameters were obtained for 26 King OCs with available
V R measurements (except King 20).

The kinematics and orbit analyses resulted in estimates
for the parameters of apogalactic (Ra) and perigalactic
(Rp) distances, guiding radii (Rgui), orbit eccentricity (e),
the maximum vertical distance from Galactic plane
(Zmax), space velocity components (U V W ) and orbital
period (P orb). The guiding radius is defined as the radius
of a circular orbit with the same angular momentum as
the actual orbit of the object, and it provides a measure
of the mean orbital radius in the Galactic potential. The
space velocities and the Galactic orbital parameters for
the 26 King OCs are listed in Table Appendix C. The
results show that the guiding radii of the studied OCs lie
within 6 54 Rgui kpc 14 18. Moreover, we introduced
the traceback early orbital radius (Rteo; birthplace), a
parameter first defined by Akbaba et al. (2024). This
parameter characterizes an object’s orbital configuration
at an earlier time by tracing its orbit backwards, assuming
a static Galactic potential. In determining the birth regions
of the King OCs, the ages derived in Section 5 were taken
into account, and the orbits were integrated backward in
time up to their present ages to infer their possible birth
locations. Unlike the commonly used birth radius, Rteo does
not aim to identify a precise formation location but instead
offers insight into the object’s previous orbital state. The
calculation of Rteo was conducted alongside other kine-
matic and dynamic orbital parameters.

For King 2 and King 12 the space velocity components
(U V W ) were derived as (93 93 4 34 72 66 8 85
15 53 1 39) and (60 76 3 49 16 18 1 89 8 44

0 70) km s−1, respectively. For the Local Standard of Rest
(LSR) correction, we used the values of Cos�kunoglu et al.
(2011) as U V W LSR= 8 83 0 24 14 19 0 34 6 57
0 21 km s−1. These were applied to the 26 King OCs ana-
lyzed in the kinematics study. For King 2 and King 12, the
LSR corrected space velocity components U V W LSR were
estimated to be (102 76 4 35 58 47 8 86 8 96
1 40) and (69 59 3 49 1 99 1 93 1 87 0 72) km
s−1, respectively. The total space velocities SLSR for both
OCs were derived as 118 56 9 97 km s−1 and
69 64 4 06 km s−1, respectively. Schuster et al. (2012) men-
tioned that stars with space velocities within the
13
50 V LSR 180 V LSR 6 50 km s−1 and
V LSR 6 180 km s−1 belong to the thin disc, thick disc and
halo populations of the Galaxy, respectively. According to
the calculated V LSR estimates for both OCs, we conclude that
King 2 and King 12 belong to the thin-disc population. This
finding has also been demonstrated for King 2 by Haroon
et al. (2025). Also, the V LSR estimates for the 26 King OCs
in this kinematics study lie within the 58 47 8 86 km
s−1 (King 2) and 11 76 3 71 km s−1 (King 11). This indi-
cates that all of the 26 King OCs belong to the thin-disc pop-
ulation of the Galaxy.

The resulting Galactic orbits for King 2 and King 12 are
presented in Fig. 12. This figure shows the Rgc Z plane
with the side view of the orbits (see, also Koç et al.,
2022; Yücel et al., 2024; Elsanhoury et al., 2025), while
the right panels represent the Rgc tplanes that define the
change in the galacto-centric distance over time for King
2 (upper panel) and King 12 (lower panel). Yellow-filled
circles and triangles in the panels denote the present-day
and early orbital positions of the clusters, respectively. Pink
and green-dashed lines with similar coloured triangles rep-
resent the orbits and early orbital positions of the clusters
for upper and lower errors of input parameters. The uncer-
tainties of the Galactic orbital parameters of the clusters
were calculated by propagating the observational errors
in the astrometric measurements and radial velocities.
Fig. 12 illustrates that King 2 and King 12 were formed
outside the solar circle with Rteo 12 83 0 81 and
Rteo 10 10 0 35 kpc. Both OCs orbit entirely outside
the solar circle as well. Moreover, analyses indicated that
Kings 25, 26, and 27 were formed within the solar circle
and remained confined there throughout their entire lifes-
pans. However, results showed that remaining clusters
formed outside the solar circle and orbited entirely outside
the region (see also Table Appendix C).

7.3. Comparison with UCC parameters

To assess the novelty and reliability of the parameters
derived in this study, we compared our results with the val-
ues listed in the Unified Cluster Catalogue (UCC; Perren
et al., 2023) for the 27 King OCs. The UCC provides a
comprehensive compilation of published OC information
and lists representative parameters collected from the liter-
ature whenever available. Therefore, it constitutes an
appropriate reference against which the present homoge-
neous Gaia DR3-based analysis can be evaluated. How-
ever, the UCC values necessarily combine results from
different studies and may therefore reflect heterogeneous
membership selections, photometric systems, extinction
assumptions, isochrone sets, and radial-velocity samples.
In contrast, the present work applies the same membership
procedure, photometric filtering, MCMC isochrone-fitting
framework, and kinematical analysis to the full King-
cluster sample.
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Table 2
Statistical comparison between the parameters derived in this study and the corresponding UCC values for the King OCs. The differences are defined as this

study minus UCC.

Parameter N This study UCC This study – UCC

Mean Median Mean Median Mean difference Median difference

la cos d (mas yr−1) 27 1 7726 2 3190 1 7717 2 3012 0 0009 0 0011
ld (mas yr−1) 27 1 4772 1 2610 1 4724 1 2542 0 0048 0 0021
- (mas) 27 0 3478 0 3180 0 3381 0 3065 0 0096 0 0094
d (kpc) 27 3 3309 3 0200 3 2213 2 8700 0 1096 0 1000
AV (mag) 27 2 1630 2 0448 2 2761 2 2100 0 1131 0 1827
log t (dex) 27 8 5179 8 3010 8 5870 8 6405 0 0691 0 0000
Fe H (dex) 27 0 0626 0 0200 0 0521 0 0350 0 0104 0 0400
V R (km s−1) 24 25 5892 37 8250 29 5298 43 9057 3 9406 0 6331

Notes. Mean and median differences were calculated from the individual cluster-by-cluster differences, i.e. DX X thisstudy XUCC, rather than from the
difference between the mean or median values of the two samples. The median relative absolute distance difference quoted in the text was calculated as
median Dd dUCC 5 9%. For V R, the comparison includes only the clusters for which radial velocities are available in both this study and the UCC.

Fig. 12. Orbits of King 2 and King 12 in the Z Rgc (left) and Rgc t (right) planes. The filled yellow triangles and circles represent birthplace and current
locations, respectively. The upper and lower input parameters of orbit and birthplace are shown by pink and green filled triangles and relevant dashed
lines. Also, red arrows illustrate the motion vectors.
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A statistical summary of the comparison between this
study and the UCC is given in Table 2, where the mean
and median values of both datasets and their correspond-
ing differences are listed. The astrometric parameters
obtained in this study show very good agreement with
the UCC values. The mean differences, defined as this study
minus UCC, are Dla cos d 0 0009 mas
yr−1 Dld 0 0048 mas yr−1, and D- 0 0096 mas.
The photometric distances are also generally consistent,
with a median difference of 0 10 kpc and a median rela-
tive absolute difference of approximately 5.9%. For the
fundamental astrophysical parameters, we find median dif-
ferences of DAV 0 18 mag, D log t 0 00 dex, and
D Fe H 0 04 dex. The largest discrepancies occur
14
mainly for young or highly reddened clusters, for which
the inferred parameters are particularly sensitive to the
adopted membership list, extinction treatment, and CMD
morphology. These differences are therefore expected when
comparing a homogeneous re-analysis with catalogue val-
ues compiled from multiple independent studies. The
cluster-by-cluster comparisons from which these summary
statistics were calculated are listed in Table Appendix A.

The comparison of radial velocities further illustrates
the importance of a homogeneous member-based reassess-
ment. For some clusters, the UCC/literature radial veloci-
ties are unavailable or are based on very small numbers
of stars. In this study, systemic radial velocities were
derived after applying membership and quality criteria to
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Gaia DR3 and supplementary spectroscopic data. This
allowed us to determine radial velocities for King 12 and
King 16, whereas King 20 was excluded from the kinemat-
ical analysis because no reliable member radial velocity was
found under our adopted criteria. Moreover, for King 21,
the available literature value is based on a star that is
inconsistent with the cluster astrometry in our membership
analysis, and was therefore not adopted as the systemic
cluster radial velocity. These cases demonstrate that the
present analysis is not a simple repetition of catalogue val-
ues, but provides an internally consistent reassessment of
the input parameters required for kinematical and orbital
analyses.

In addition to the fundamental astrophysical parame-
ters, the present study provides kinematical and dynamical
quantities that are not homogeneously available in the
UCC for the King-cluster sample. In particular, we derive
the Galactic space-velocity components U V W , present-
day Galactocentric distances (Rgc), guiding radii (Rgui),
traceback early orbital radii (Rteo), perigalactic and
apogalactic distances (Rp and Ra), orbital eccentricities
(e), maximum vertical distances from the Galactic plane
(Zmax), and orbital periods using the same input parameters
and the same Galactic potential model. These quantities
are essential for interpreting the metallicity distribution
of the King clusters in a chemo-dynamical context, because
the present-day Galactocentric radius alone may not repre-
sent the original formation radius or mean orbital radius of
a cluster. Therefore, the novelty of the present work lies not
only in the homogeneous re-determination of the funda-
mental parameters, but also in providing an internally con-
sistent orbital framework for the full King-cluster sample.

8. Radial metallicity gradient

8.1. Metallicity distribution

Galactic OCs constitute powerful astrophysical labora-
tories for probing the chemical evolution of the Galactic
disc, as they provide reliable estimates of both ages and
chemical abundances. In this study, after determining the
fundamental astrophysical parameters of the investigated
King OCs, their Galactocentric distances were computed
and projected onto the iron abundance-Galactocentric
radius plane. This analysis provides a Galactic–context
framework in which the homogeneously derived metallici-
ties of the King clusters can be evaluated. The King sample
alone is not intended to redefine the global radial metallic-
ity gradient of the Galactic disc. Instead, it is used to exam-
ine whether this historically heterogeneous OC subgroup
follows the metallicity-radius behaviour traced by recent
large OC samples. For this purpose, we compare the
metallicity-radius relations derived for the King clusters
with those obtained from the 164 spectroscopically anal-
ysed OCs of Otto et al. (2026). The two samples are first
analysed separately, allowing the King-cluster gradient to
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be assessed against an external spectroscopic reference. In
addition, physically motivated subsamples are examined
to explore the effects of age and radial migration on the
inferred gradients. For both the King and reference sam-
ples, the present-day Galactocentric distances (Rgc), guiding
radii (Rgui), and model-based early orbital/birth-radius
proxies (Rteo) were used to quantify how the inferred radial
metallicity gradients depend on the adopted definition of
Galactocentric radius.

Radial metallicity gradients in the Galactic disc consti-
tute one of the fundamental observational constraints for
understanding the chemical evolution of the Galaxy. The
data on radial metallicity gradients obtained from various
celestial objects have been compiled by Önal Tas� et al.
(2016). Since this study focuses on metallicity gradients
based on OCs, only metallicity gradients derived from
OCs in the literature were considered to ensure homogene-
ity in the dataset. The findings from these studies are listed
in Table 3. As shown in Table 3, radial metallicity gradients
have been investigated over various Galactocentric dis-
tances (Rgc) and age (s) intervals. In general, the inner disc
exhibits a steeper metallicity gradient, while the outer disc
tends to show a more uniform distribution. Netopil et al.
(2016) estimated the transition radius to be approximately
Rgc 12 kpc, whereas Donor et al. (2020) applied a two-
line model and determined it to be around Rgc 13 9
kpc, although this value is strongly influenced by the
adopted distance scale. Although the King OCs analysed
in this work cover a relatively broad Galactocentric inter-
val, Rgc 6 9-13 3 kpc, the sample of 27 clusters alone is
too limited to provide an independent revision of the global
Galactic radial metallicity gradient. Instead, the King sam-
ple offers a homogeneous set of newly derived astrophysi-
cal, chemical, and kinematical parameters that can be
examined within the broader metallicity structure of the
Galactic disc. Therefore, we used the 164 OC sample anal-
ysed by Otto et al. (2026) as an external spectroscopic ref-
erence. This reference sample, based on high-quality
spectroscopic measurements from the SDSS-V/MWM
DR19 dataset (SDSS Collaboration et al., 2025), provides
a broader observational framework for evaluating the con-
sistency of the King clusters with the metallicity pattern
traced by recent OC studies. This selection is not used to
define a new global gradient from the full combined cata-
logue, while selected physically motivated subsamples were
later used to examine the effects of age and radial migra-
tion. A comparison between the two datasets reveals that
nine King OCs are common to both samples. For these
overlapping clusters, Otto et al. (2026) derived the mean
metallicities using one star in six OCs (King 2, 5, 6, 8, 13,
and 15), two stars in King 23, three stars in King 1, and
six stars in King 7. The comparison between the metallici-
ties obtained in this work and those reported by Otto et al.
(2026) yields a mean offset of 0.02 dex with a standard devi-
ation of 0.13 dex. Given that several of the overlapping
clusters in Otto et al. (2026) are represented by only a small
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Table 3
Radial metallicity gradients estimated from OCs over the past 25 years. Here, d Fe H dRgc represents the radial metallicity gradient, Rgc is the
Galactocentric distance of the OC, s denotes the cluster age, N is the number of OCs used in the analysis, and the reference indicates the corresponding
study.

d Fe H dRgc Rgc s N Ref. d Fe H dRgc Rgc s N Ref.
(dexkpc−1) (kpc) (Gyr) (dexkpc−1) (kpc) (Gyr)

0 060 0 010 7–16 s 0 7 39 01 0 066 0 005 14 – 157 14
0 080 0 001 6–17 – 215 02 0 076 0 009 6–16.5 – 134 15
0 063 0 008 17 – 118 03 0 073 0 002 6–11.5 – 94 16
0 056 0 007 17 s 0 5 488 04 0 032 0 002 11.5–16.0 – 56 16
0 070 0 011 13.5 s 0 5 485 04 0 064 0 007 5–24 – 175 17
0 060 0 002 5–19 s 0 5 – 05 0 054 0 008 5–12 – 503 18
0 052 0 011 6–12 – 67 06 0 062 0 011 6–15 1 9 s 4 136 19
0 015 0 007 12–24 – 12 06 0 058 0 004 12 – 136 19
0 066 0 007 12 – 82 07 0 063 0 006 6–21 1 s 3 62 20
0 061 0 004 7–13 0 5 s 4 5 19 08 0 054 0 004 6–21 – 62 20
0 052 0 003 6.5–13 – 46 09 0 070 0 002 4.0–12.8 – 1837 21
0 077 0 007 6.5–11 – – 09 0 005 0 018 12.8–20.5 – 35 21
0 018 0 009 13 – – 09 0 048 0 009 5–12 s 0 5 – 22
0 050 0 001 6–11 s 2 14 10 0 045 0 006 4–17 – 1131 23
0 056 0 011 6–11 – 18 10 0 069 0 008 5–11.3 – 71 24
0 068 0 004 6–13.9 – 68 11 0 025 0 011 11.3 – 28 24
0 009 0 011 13.9 – 3 11 0 048 0 008 6–12 – 203 25
0 053 0 004 7–15 s 3 183 12 0 075 0 006 6–21 – 164 26
0 074 0 007 7–11.5 s 0 5 225 13 0 068 0 005 6–18 – 164 26
0 059 0 006 14 s 2 133 14 0 070 0 006 5–14 – 215 27
0 089 0 007 14 2 s 4 13 14 – – – – –

01) Friel et al. (2002), 02) Hou et al. (2002), 03) Chen et al. (2003), 04) Wu et al. (2009), 05) Genovali et al. (2014), 06) Reddy et al. (2016), 07) Netopil et al.
(2016), 08) Donor et al. (2018), 09) Carrera et al. (2019), 10) Casamiquela et al. (2019), 11) Donor et al. (2020), 12) Zhong et al. (2020), 13) Zhang et al.
(2021a), 14) Zhang et al. (2021b), 15) Spina et al. (2021), 16) Myers et al. (2022), 17) Spina et al. (2022), 18) Gaia Collaboration et al. (2023), 19) Netopil
et al. (2022), 20) Magrini et al. (2023), 21) Joshi et al. (2024), 22) Cavallo et al. (2024), 23) Zhang et al. (2024), 24) Carbajo-Hijarrubia et al. (2024) 25) Yang
et al. (2025), 26) Otto et al. (2026), 27) Zhang et al. (2026).
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number of spectroscopic members, this level of agreement
indicates that the two metallicity scales are broadly consis-
tent within the expected observational and methodological
uncertainties. Therefore, the Otto et al. (2026) sample pro-
vides a useful external reference for assessing the placement
of the King clusters in the Galactic metallicity-radius plane.

To evaluate the radial metallicity behaviour of the King
clusters relative to the external reference sample, the
distributions of clusters in the [Fe/H]-Rgc, [Fe/H]-Rgui,
and [Fe/H]-Rteo planes were examined as a function of clus-
ter age (Fig. 13). In all three projections, both samples
broadly follow the expected negative metallicity trend with
increasing Galactocentric distance. Least-squares linear
regressions were therefore applied separately to the King
sample and to the Otto et al. (2026) reference sample.
The resulting fits are displayed in Fig. 13, while the associ-
ated relations and slope values are listed in Table 4. An
inspection of the fitted relations indicates that the radial
metallicity gradients derived for the King clusters are
consistent with those obtained from the Otto et al. (2026)
reference sample, within the limitations imposed by the
smaller King sample.In the [Fe/H]-Rgc plane, the gradients
were found to be 0 061 dex kpc−1 for this study and
0 063 dex kpc−1 for Otto et al. (2026), values that are fully

consistent with the typical gradients reported in the litera-
ture for the Galactic thin disc (see Table 3). Similarly, the
16
slopes derived in the [Fe/H]-Rgui plane amount to 0 058
dex kpc−1 and 0 063 dex kpc−1, while those obtained in
the [Fe/H]-Rteo plane are 0 060 dex kpc−1 and 0 056
dex kpc−1, respectively. These values are broadly consistent
with the typical gradients reported in the literature for the
Galactic thin disc. These findings indicate that, within the
adopted samples and radius definitions, the inferred slopes
are similar and support the expected negative metallicity-
radius trend in the Galactic thin disc.

In contrast, noticeable differences are observed in the
zero points of the linear relations derived for all three
planes. As widely discussed in the literature, such discrep-
ancies are primarily attributed to systematic offsets arising
from differences in spectroscopic analysis techniques,
model atmosphere assumptions, adopted line lists, solar
reference abundance scales, and sample selection criteria.
In this context, Netopil et al. (2022), in their comprehensive
compilation and homogenization of OC metallicities,
demonstrated in detail that zero-point shifts of the order
of 0 05 0 10 dex frequently occur among different
datasets, and that these offsets predominantly affect the
intercepts rather than the slope values. Accordingly, the
zero-point differences identified between this study and
Otto et al. (2026) are consistent with the level of systematic
uncertainty commonly reported among independent OC
metallicity datasets. These offsets should therefore be
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Fig. 13. Distributions of the King clusters and the OCs compiled by Otto
et al. (2026) on the a) [Fe/H]-Rgc, b) [Fe/H]-Rgui, and c) [Fe/H]-Rteo planes.
The solid lines represent the linear fits, and the color scale shown on the
sides of the panels indicates the cluster ages.
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considered when interpreting the intercepts of the fitted
relations, whereas the comparison of the slopes remains
useful for assessing the relative placement of the King clus-
ters within the Galactic metallicity distribution. The agree-
ment between the separately derived slopes supports the
conclusion that the King clusters are chemically consistent
with the broader thin-disc OC population, without imply-
Table 4
The radial metallicity relations estimated from two OC samples and the statis

Plane Source N Equation

Fe H Rgc [1] 27 Fe H 0 061 0 168 R
Fe H Rgc [2] 164 Fe H 0 063 0 040 R
Fe H Rgui [1] 26 Fe H 0 058 0 164 Rg

Fe H Rgui [2] 164 Fe H 0 063 0 039 Rg

Fe H Rteo [1] 26 Fe H 0 060 0 166 Rt

Fe H Rteo [2] 164 Fe H 0 056 0 038 Rt

Fe H Rgc [1]+[2] 63 Fe H 0 054 0 094 R
Fe H Rgui [1]+[2] 63 Fe H 0 051 0 088 Rg

Fe H Rteo [1]+[2] 63 Fe H 0 047 0 087 Rt

Fe H Rgui [1]+[2] 115 Fe H 0 061 0 049 Rg

Fe H Rgui [1]+[2] 99 Fe H 0 059 0 053 Rg

Notes. [1] denotes the King-cluster sample analysed in this study, and [2] denote
a full combined catalogue fit; they correspond only to physically selected you

17
ing that the King sample alone provides a statistically dom-
inant determination of the global gradient.

Nevertheless, as expected, a noticeable scatter is
observed for some OCs in the metallicity–Galactocentric
distance planes (see Fig. 13). The literature suggests that
such dispersion may arise from a combination of physical
and observational effects, including, in particular, the
derivation of cluster metallicities from a limited number
of member stars, the broad age range spanned by the clus-
ters, and radial migration processes within the Galactic disc
(e.g., Netopil et al., 2016; Anders et al., 2017; Casamiquela
et al., 2021). In particular, the simultaneous consideration
of young and old OC populations can blur the temporal
signatures of chemical evolution, thereby enhancing the
observed scatter in these planes.

To investigate the age dependence of the metallicity-
radius relation, we constructed a physically selected young
subsample consisting of OCs younger than s 300 Myr
drawn from the King and Otto et al. (2026) datasets. This
selection is not used to define a new global gradient from
the full combined catalogue, but to test whether restricting
the analysis to a young population reduces the scatter and
changes the inferred slope. The resulting subsample con-
tains 63 OCs. In the distributions presented in Fig. 14,
the adopted color scale reflects the number of member stars
used to derive the mean cluster metallicities. The linear
regression relations obtained from fits to the OCs in each
plane are summarized in Table 4, and the corresponding
fits are displayed in Fig. 14. Following the application of
this age constraint, the scatter across the planes is signifi-
cantly reduced, leading to radial metallicity gradients that
converge toward more similar values and exhibit increased
consistency in their zero points. For this young subsample,
the slopes of the [Fe/H]-Rgc, [Fe/H]-Rgui, and [Fe/H]-Rteo

relations were determined to be 0 054 0 051, and
0 047 dex kpc−1, respectively. These values are shallower

than those derived from the full King and reference sam-
ples considered separately, and are consistent with the typ-
ical gradient range reported for young OCs in the literature
(e.g., Netopil et al., 2016; Donor et al., 2020; Spina et al.,
2021). The relatively flatter gradients obtained for the
tical results are presented.

R r Remark

gc 0 556 0 016 0.597 0.133 All sample

gc 0 529 0 004 0.787 0.102 All sample

ui 0 530 0 016 0.600 0.135 All sample

ui 0 536 0 004 0.800 0.100 All sample

eo 0 556 0 016 0.612 0.133 All sample

eo 0 463 0 004 0.773 0.105 All sample

gc 0 461 0 010 0.571 0.126 s 6 300 Myr

ui 0 436 0 010 0.583 0.126 s 6 300 Myr

eo 0 394 0 009 0.552 0.129 s 6 300 Myr

ui 0 520 0 005 0.758 0.108 DR 6 0 5

ui 0 506 0 005 0.741 0.111 DR 6 0 5 + ep 6 0 1

s the Otto et al. (2026) reference sample. The [1]+[2] rows do not represent
ng or dynamically restricted subsamples.
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Fig. 14. Distributions of the OCs younger than s 300 Myr in the King
OCs and the sample compiled by Otto et al. (2026) on the a) [Fe/H]-Rgc, b)
[Fe/H]-Rgui, and c) [Fe/H]-Rteo planes are shown. The solid lines represent
the linear fits, and the color scale indicates the logarithm of the number of
member stars used to derive the mean cluster metallicity.
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young cluster population suggest that the chemical evolu-
tion of the Galactic disc over the past few hundred million
years may have proceeded in a more homogeneous manner
and/or that radial mixing processes have played a more
prominent role in shaping the metallicity distribution of
young populations. The changes in the fitted zero points
among the Rgc Rgui, and Rteo planes further illustrate that
the adopted radial coordinate can affect the normalization
of the metallicity relation. This behaviour is consistent with
the expectation that present-day positions, guiding radii,
and estimated birth radii do not necessarily encode identi-
cal chemical information, particularly for clusters that may
have experienced dynamical evolution. Nevertheless,
despite the imposed age constraint, the residual scatter in
the planes does not vanish completely and remains partic-
ularly pronounced for clusters with metallicities derived
from a small number of member stars. Indeed, a close
inspection of Fig. 14 reveals that the majority of the clus-
ters exhibiting the largest dispersion are those for which
the metallicities are based on limited stellar samples. How-
ever, Otto et al. (2026) prioritized high spectroscopic data
quality in constructing their sample and therefore did not
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impose a strict lower limit on the number of member stars
per cluster. While this approach effectively broadens the
sample coverage, it may also contribute to the increased
scatter observed for clusters represented by small stellar
samples. Similar trends have been reported in previous
studies (e.g., Netopil et al., 2016; Donor et al., 2020;
Spina et al., 2021), highlighting that this effect constitutes
an important factor to consider when interpreting radial
metallicity gradients derived from OCs.

A more complete interpretation of the metallicity distri-
bution of Galactic OCs requires consideration of the
dynamical processes experienced by stars and clusters over
time. In this context, radial migration mechanisms within
the disc, particularly the effects of churning and blurring,
play a crucial role in reshaping the observed metallicity dis-
tributions (Sellwood and Binney, 2002; Schönrich and
Binney, 2009; Minchev et al., 2013). Churning refers to
the systematic change in the Galactocentric radii of stars
due to long-term variations in their angular momentum,
whereas blurring describes the transient radial displace-
ments arising from epicyclic motions around the birth radii
along eccentric orbits. Both processes, especially for long-
lived objects such as OCs, can cause present-day locations
to differ from their birth sites, thereby introducing addi-
tional scatter into radial metallicity relations.

As an additional dynamical assessment, we examined
how the inferred metallicity-radius relation changes when
the effects of churning and blurring are reduced through
simple selection criteria. For this purpose, the King and
Otto et al. (2026) datasets were considered together only
after applying physically motivated dynamical constraints.
The differences between the guiding radii (Rgui) and the
model-based early orbital/birth-radius proxies (Rteo) were
computed as DR Rgui Rteo and examined as a function
of cluster age (Fig. 15a). In addition, the model predictions
presented by Frankel et al. (2018, 2020) were overlaid on
the same diagram to facilitate a comparative evaluation
of theoretical radial migration behaviors across different
ages. Considering jointly the distributions of 164 OCs
adopted from Otto et al. (2026) and 26 King OCs kinemat-
ically analyzed in this study, we find that a non-negligible
fraction of clusters are located beyond the theoretical
radial migration limits, with several old clusters (s 2
Gyr) exhibiting displacements of approximately 0.5–2 kpc
(Fig. 15a). This indicates that a substantial subset of OCs
has experienced non-negligible radial displacement over
time. To minimize the influence of radial migration on gra-
dient measurements, we applied the criterion DR 6 0 5 kpc
proposed by Frankel et al. (2020), selecting a total of 115
OCs from both samples that satisfy this condition. When
projected onto the [Fe/H]-Rgui plane (Fig. 15b), this sub-
sample displays a broad Galactocentric radial coverage
spanning 6–16 kpc, while the potential break region around

12 kpc reported in the literature does not emerge promi-
nently. Consequently, the OCs drawn from both catalogs
were jointly analyzed using linear regression, yielding a
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Fig. 15. a) Distribution of the King (circles) and Otto et al. (2026)
(triangles) OCs on the distance–age diagram, including radial migration.
The solid and dashed lines represent the radial migration models proposed
by Frankel et al. (2018) and Frankel et al. (2020), respectively. The shaded
grey region in the upper panel indicates the clusters least affected by radial
migration. (b) Radial metallicity distributions of the King and Otto et al.
(2026) OCs satisfying the condition DR 6 0 5 kpc. (c) Radial metallicity
distributions of the King and Otto et al. (2026) OCs satisfying the
conditions DR 6 0 5 kpc and ep 6 0 1. The solid lines in panels (b) and (c)
indicate the linear fits.
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radial metallicity gradient of −0.061 dex kpc−1 (see
Table 4).

The final dynamical constraint considered in this study
is the blurring effect arising from the orbital eccentricities
of OCs. To mitigate this effect, an additional criterion of
ep 6 0 1 (e.g., Plevne et al., 2015) was imposed on the
sample of 115 OCs, thereby reducing the dataset to 99
OCs. The same analysis performed on this refined subsam-
ple (see Fig. 15c) yield a radial metallicity gradient of
0 059 dex kpc−1 (see Table 4). This result shows that

applying simple cuts intended to reduce the effects of
churning and blurring leads to a slope very similar to that
obtained from the DR 0 5 kpc subsample alone. Thus,
19
within the limitations of the dynamically restricted subsam-
ples, the negative metallicity-radius trend remains stable
under these dynamical selections. This supports the use
of the King clusters as a homogeneous reference subsample
for examining the chemical and dynamical context of the
Galactic thin disc, while avoiding the implication that the
King sample alone provides a new independent determina-
tion of the global metallicity gradient.
9. Summary and conclusions

We have presented a homogeneous Gaia DR3–based
structural, astrophysical, kinematical, and chemical analy-
sis of 27 King OCs. By combining uniform membership
determination with an MCMC isochrone-fitting frame-
work and orbit integration within a consistent Galactic
potential, we established an internally coherent parameter
set for this historically heterogeneous cluster family. The
primary objective of this work was to reassess the King
clusters within a unified Gaia-era context and to evaluate
their behaviour relative to the chemical and dynamical
structure of the Galactic thin disc. King 2 and King 12,
respectively the oldest and youngest members of the sam-
ple, were used throughout the analysis to illustrate key
aspects of the methodology. The full parameter set is listed
in Table Appendix C.

1) Radial density profiles were constructed for all clus-
ters and fitted with the empirical profile of King (1962).
The resulting limiting radii span 8–25 arcmin, and concen-
tration parameters range from C 0 21 to 2.01, consistent
with moderately to strongly centrally concentrated stellar
distributions. The relatively higher C values observed for
OCs in the second and third Galactic quadrants can be
attributed to their reduced exposure to disruptive gravita-
tional effects within the Galactic disc, allowing them to
retain their structural integrity and experience lower
mass-loss rates (Friel, 1995; Piskunov et al., 2007). These
results further support the view that the Galactic environ-
ment plays a crucial role in the dynamical and structural
evolution of OCs.

2) Membership probabilities were determined using the

UPMASK algorithm applied to Gaia DR3 astrometry, fol-
lowed by photometric refinement based on the cluster
CMD loci. This approach yields clean member samples,
with 474 and 141 probable members identified for King 2
and King 12, respectively.

3) Mean proper motions and trigonometric parallaxes
were computed from the high-probability members. For
King 2, we found la cos d 1 398 0 005 and
ld 0 876 0 008 mas yr−1, while King 12 yields
la cos d 3 437 0 003 and ld 1 471 0 003 mas
yr−1. The corresponding parallaxes provide astrometric dis-
tances of d- 6098 1190 pc and 3058 234 pc, respec-
tively, consistent with expectations for clusters in the
outer part of the thin disc.
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4) Distances, ages, extinctions, and heavy-element mass
fractions were derived self-consistently using an affine-
invariant MCMC sampler applied to Gaia CMDs and a
high-resolution grid of PARSEC isochrones. This unified
approach naturally accounts for parameter covariances
and places all clusters on a common scale. The derived
ranges span E GBP GRP 0 113-1.933 mag, [Fe/H] from
0 40 to 0 28 dex, ages from 17 to 6166 Myr, and dis-

tances from 739 to 6272 pc. For King 2 and King 12, we
obtained ages of 4 4 Gyr and 17 Myr, with colour
excesses of 0.532 and 0.784 mag, respectively. The conver-
sion from heavy-element mass fraction Z to [Fe/H] follows
the PARSEC-consistent scheme described in Section 5. While
our findings align well with recent literature for King OCs
(Gokmen et al., 2023; Haroon et al., 2025; Ahmed and
Darwish, 2025; Bisht et al., 2026), systematic offsets may
arise from the diverse analysis methods employed in these
studies. In contrast, the present work utilises a homoge-
neous MCMC isochrone-fitting strategy combined with
uniform membership criteria, thereby reducing method-
ological scatter and offering a consistent parameter set
for the studied King OCs.

5) By transforming the MCMC-based distances into
photometric parallaxes and comparing them with the cor-
responding Gaia DR3 mean cluster parallaxes, we derived
cluster-by-cluster parallax differences defined as
D- -Gaia -MCMC. The individual values span
41 6 D- las 6 29. The ensemble yields a median offset

of D- 13las, a mean value of 14 1las, and a stan-
dard deviation of 15 3las. The 16th–84th percentile inter-
val of 28 4 5 2 las corresponds to a half-width of

11 6las, consistent with a scaled median absolute devia-
tion of 12las, indicating statistical robustness against
outliers. No statistically significant correlation is found
between D- and Galactic latitude (Spearman
q 0 07 p 0 73) within the latitude range covered by
the sample.

This comparison does not constitute an independent cal-
ibration of the Gaia DR3 parallax zero-point; rather, it
provides an internal consistency assessment between the
trigonometric and photometric distance scales within a
homogeneous cluster sample. The inferred median offset
of approximately 13las is fully consistent, within uncer-
tainties, with recent zero-point determinations based on
independent tracers, particularly those obtained for
Galactic-plane sources.

6) Radial velocities were available for 26 of the 27 OCs.
Weighted means were calculated for each system, resulting
in V R 110 36 9 87 km s−1 for King 2 and
41 26 0 17 km s−1 for King 12. Orbit integrations using

GALPY and MWPOTENTIAL2014 show that all clusters with full
phase-space information belong kinematically to the thin
disc. Most King clusters have birth radii and guiding radii
outside the solar circle or remain confined within it,
depending on age and orbital eccentricity; King 2 and King
12 follow orbits entirely exterior to the solar circle.
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7) The radial metallicity behaviour of the King OCs was
examined using three complementary Galactic distance
definitions: the present-day Galactocentric radius (Rgc),
the guiding radius (Rgui), and the model-based early
orbital/birth-radius proxy (Rteo). The gradients derived
from the 27 King clusters are close to 0 060 dex kpc−1

and are consistent, within the limitations of the sample size,
with those obtained independently from the 164 spectro-
scopically analysed OCs of Otto et al. (2026). This agree-
ment indicates that the homogeneously analysed King
clusters follow the same broad metallicity-radius behaviour
as the larger thin-disc OC population.

Physically selected subsamples were then used to exam-
ine the influence of age and radial migration. For OCs
younger than s 300 Myr, the gradients become systemat-
ically flatter, suggesting a more homogeneous recent chem-
ical enrichment and/or a stronger relative influence of
radial mixing in young populations. After applying dynam-
ical constraints intended to reduce the effects of churning
and blurring, the gradient remains close to 0 059 dex
kpc−1, indicating that the negative metallicity-radius trend
is stable under these selections.

The role of the King sample in this analysis is therefore
not to provide an independent replacement for metallicity
gradients derived from large OC catalogues, but to supply
a newly derived, internally homogeneous set of astrophys-
ical, chemical, and orbital parameters for a historically
heterogeneous OC subgroup. When compared with the
Otto et al. (2026) reference sample and with dynamically
selected OC subsamples, the King clusters provide an inde-
pendent homogeneous check on the chemo-dynamical
structure of the Galactic thin disc.

By providing a strictly homogeneous Gaia DR3-based
analysis of the King OCs, this study reduces inter-study
systematics and enables a more reliable interpretation of
their structural, astrophysical, kinematical, and chemical
properties. The comparison with UCC/literature values
shows that our results are generally consistent with pub-
lished parameters, while the remaining differences can be
understood in terms of membership selection, extinction
treatment, CMD morphology, metallicity scale, and
radial-velocity quality control. The consistency between
photometric and astrometric distance scales, together with
the comparison of the King metallicity gradients with an
external spectroscopic OC reference sample, demonstrates
that King clusters are valuable tracers of the present-day
thin disc and establishes them as a useful homogeneous
benchmark for future studies of Galactic structure and
evolution.
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