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ABSTRACT

Context. Most stars form in clusters, but only a small fraction are thought to remain gravitationally bound for longer than ~10 Myr.
Aims. Cluster formation and dispersal can be investigated by analysing the spatial and kinematic structure in nearby young systems,
particularly, by analysing expansion.

Methods. We combined Gaia DR3 five-parameter astrometry with calibrated radial velocities for 23 nearby (<1 kpc) young (<60 Myr)
clusters.

Results. We characterised the plane-of-sky structure of the clusters using the Q-parameter and angular dispersion parameter methods.
We measured the plane-of-sky expansion using several methods. We determined the plane-of-sky orientations along which the expan-
sion was maximised. We estimated expansion timescales and trace-back ages and compared them to the isochronal ages. We searched
for correlations between the cluster properties and discuss sample-wide trends.

Conclusions. Most young clusters are more smoothly structured in their centres where the dynamical interaction rate is highest, while
hierarchical structure can survive in the sparse outskirts for >10 Myr. The majority of nearby young clusters exhibit clear signatures
of expansion in the plane of sky, which in many cases is significantly anisotropic, even at ages >30 Myr. We find evidence that the
directions of maximum expansion of older clusters tend to be oriented closer to parallel with the Galactic plane. The high degree of
spatial structure and significant expansion anisotropy imply that the majority of these young clusters formed with significant spatial
and kinematic substructure and not as dense, monolithic clusters. The kinematic ages estimated from expansion timescales and on-sky
trace-back generally agree well with estimates inferred from stellar evolution models for clusters <10 Myr old. However, many clusters
with older isochronal ages appear to have significantly younger kinematic ages. We discuss potential reasons for this discrepancy,

including a prolonged embedded and/or gravitationally bound phase in the early stages of the clusters.

Key words. surveys — stars: kinematics and dynamics — stars: pre-main sequence — open clusters and associations: general

1. Introduction

Most stars form in clusters (e.g. Lada & Lada 2003;
Gutermuth et al. 2009; Quintana et al. 2025), which are thus the
building blocks of galaxies and the nurseries of most planetary
systems. Hundreds to thousands of sibling stars are born from
collapsing gas clumps inside giant molecular clouds (GMCs),
creating embedded clusters with initial structure and kinemat-
ics inherited from clumpy and turbulent natal gas (e.g. Kuhn
et al. 2014; Sills et al. 2018). When a cluster forms massive
stars, their stellar feedback begins to disperse the surrounding
molecular gas, which then causes the loss of most of the bind-
ing cluster mass (e.g. Kroupa et al. 2001; Goodwin & Bastian
2006). For many young clusters, the mutual gravity of the stel-
lar population is insufficient to keep the cluster bound, and
thus, the cluster begins to expand and eventually disperse into
the Galactic field, as reported by many observational studies
(e.g. Kuhn et al. 2019; Wright et al. 2019; Armstrong et al. 2020;
Guilherme-Garcia et al. 2023; Della Croce et al. 2024; Wright
et al. 2024; Armstrong & Tan 2024; Cheshire et al. 2026).
Observable signatures of cluster expansion and dissolution
have become measurable for many nearby clusters and stellar
associations through the ultra-precise astrometry available from
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the Gaia mission (Gaia Collaboration 2021a). It has also become
possible to measure the expansion rates and trajectories of indi-
vidual stars to sufficient precision to enable robust kinematic age
estimates, that is, constraints on cluster age based on the motion
of cluster member stars (e.g. Miret-Roig et al. 2020; Armstrong
& Tan 2024; Fajrin et al. 2025). Kinematic ages offer constraints
independent of stellar evolution models, of which there are many
flavours that differ in treatment of magnetic activity and loca-
tion of the birth-line (e.g. Baraffe et al. 2015; Marigo et al.
2017; Somers et al. 2020), and contain many uncertainties when
used to interpret observational data, such as binarity, extinction,
and variability, leading to large uncertainties in ages derived for
young stellar populations (e.g. Ratzenbdck et al. 2023; Cheshire
et al. 2026). Thus, the timescales of star formation, gas expul-
sion, and cluster dissolution potentially can be cross-checked by
comparing ages derived from these different approaches (e.g.
Miret-Roig et al. 2024; Armstrong & Tan 2024; Cheshire et al.
2026).

Previously, we employed in Armstrong & Tan (2024) (i.e.,
Paper I, which we also refer to as AT24) a variety of techniques
to investigate the internal substructure and kinematics of the
A Ori cluster using the cluster membership list of Cantat-Gaudin
et al. (2020). Using the Q-parameter (Cartwright & Whitworth
2004) and angular dispersion parameter (ADP) (Da Rio et al.
2014), we found evidence that the cluster contains significant
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substructure outside the smooth central cluster core. We also
found strong evidence of asymmetric expansion and determined
the direction at which the expansion rate is at a maximum. We
inverted the maximum expansion rate of 0.144%%% km/s/pc to

~0.003
give an expansion timescale of 6.94f8'%i Myr, which we com-
pared to other kinematic age methods applied to this cluster
(Squicciarini et al. 2021; Quintana & Wright 2022; Pelkonen
et al. 2024) and literature age estimates (Kounkel et al. 2018;
Zari et al. 2019; Cao et al. 2022). We also found a significant
asymmetry in the velocity dispersions and signatures of clus-
ter rotation in the plane of sky. These results together led us to
conclude that the A Ori cluster likely formed in a sparse, sub-
structured configuration and is not simply the dispersing remnant
of an initially bound, monolithic cluster that began to expand
after the dispersal of its parent molecular cloud. The asymmetric
kinematic signatures and the discovery of a group of candidate
ejected cluster members that we considered tentative evidence of
a sub-cluster ejection (Polak et al. 2024) suggest a more complex
dynamical history for the A Ori cluster. Scenarios for inducing
complex dynamics in star-forming gas include triggering of grav-
itational instability via GMC-GMC collisions (e.g. Tan 2000;
Wu et al. 2017) or feedback-driven shell collisions (e.g. Inutsuka
et al. 2015).

In Cheshire et al. (2026) (i.e., Paper II, which we also refer
to as CAT26), we investigated the structure and kinematics of
the young clusters NGC 2264 and Collinder 95 using a sam-
ple of young stellar objects (YSOs) confirmed by spectra from
HectoSpec (EW(Li), EW(Ha)), and Gaia DR3 variability flags
(Marton et al. 2023). We found that NGC 2264 contains a sig-
nificant level of substructure, including two dense likely bound
sub-clusters, which we denoted NGC 2264 N and S, while
Collinder 95 is sparse and likely wholly unbound. All clusters
showed some evidence of expansion, but this is most signifi-
cant in Collinder 95. We also calculated kinematic trace-back
ages for YSOs belonging to these clusters and compared them
to ages inferred from several stellar evolution models (Baraffe
et al. 2015; Marigo et al. 2017; Somers et al. 2020) using either
Gaia DR3 BP-RP or G-RP colour. We found that trace-back ages
for YSOs in NGC 2264 N and S clusters are generally younger
than the model ages, implying that these YSOs formed within the
bound cluster cores and subsequently became unbound, while
trace-back ages for YSOs in Collinder 95 are often older than
model ages, which might imply that they formed in an initially
sparse configuration outside the cluster core, or otherwise, that
stellar evolution models systematically underestimate the ages
for these stars.

We here apply the structural and kinematic analysis tech-
niques described in AT24 and CAT26 to a larger sample of
nearby (<1 kpc) young (560 Myr) clusters. We estimate clus-
ter distances using Gaia DR3 parallaxes, investigate the cluster
substructure, search for evidence of expansion, measure kine-
matic anisotropy, and estimate kinematic ages. We then compare
the results across the sample and search for correlations between
structural and kinematic measures and with cluster age and mass.
We discuss our results in the context of the recent literature and
draw conclusions about the formation and early evolution of star
clusters.

2. Data

As in AT24, we begin with the open cluster catalogue of
Cantat-Gaudin et al. (2020), which provides mean positions,
proper motions, distances and ages for 2017 open clusters, as well
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as the list of individual members from the Gaia DR2 catalogue
and their cluster membership probabilities. The cluster param-
eters are based on >0.7 probability cluster members selected
using the UPMASK method (Krone-Martins & Moitinho 2014)
applied to data from Gaia DR2. In order to have a clean sam-
ple of cluster members with high precision astrometry, we match
cluster members with Gaia DR3, which has improved astromet-
ric precision over DR2, and then filter out sources with Gaia DR3
RUWE> 1.4, the recommended threshold for astrometric quality
(Gaia Collaboration 2021a).

2.1. Cluster sample

In order to investigate how detailed structure and kinematic
trends within clusters may vary with cluster age, mass and
dynamical history, we need to select a sample of clusters with
arange of ages and environments, but which each contain a suf-
ficiently large number of cluster members with precise, quality
astrometry (and complementary RVs) to enable us to to measure
kinematic trends with the necessary precision. For this reason,
we select only clusters with >80 cluster members with quality
astrometry (RUWE >1.4), which have a median distance <1 kpc,
ensuring that proper motion uncertainties are kept small relative
to internal cluster velocities and the on-sky area of the clus-
ter, that have >5 RVs available in the Tsantaki et al. (2022)
compilation with which to obtain a robust cluster average RV,
and which have literature age estimates <60 Myr. This gives
us a sample of 23 clusters in the Cantat-Gaudin et al. (2020)
catalogue.

Our cluster sample includes Platais 8, o Ori, NGC 2541B,
Melotte 20 (a Persei), IC 2391, Gulliver 6, Pozzo 1 (y Vel),
IC 2602, NGC 2232, NGC 1977, NGC 2264, IC 2395, Alessi 20,
Collinder 359, Gulliver 9, ASCC 16 (Briceno 1), ASCC 21,
IC 348, NGC 1980, Collinder 135, NGC 2547, and ASCC 19.
We also include the AT24 results for Collinder 69 (A Ori) in the
sample.

Notable nearby young clusters included in the Cantat-Gaudin
et al. (2020) catalogue, but which do not have sufficient RVs
in Survey of Surveys (Tsantaki et al. 2022) are IC 1396,
Collinder 95, Collinder 197, Alessi 43, and so on. Further-
more, notable nearby young clusters which are missing from the
Cantat-Gaudin et al. (2020) catalogue include the Orion Neb-
ula Cluster, NGC 2024 (Flame Nebula Cluster), 25 Ori, Rho
Ophiuchus, Chamaeleon I, ASCC 50, and so on.

We calculate the mean sky positions (in RA, Dec and [,
b) and proper motions from our sample of high-probability
members, and we estimate uncertainties on these values with
a bootstrapping approach, calculating these means and medi-
ans from 100 000 randomly selected (with replacement) samples
of cluster members and taking the 16th and 84th percentiles of
the posterior distributions as the uncertainties. These values are
given in Table D.1.

2.2. Radlal velocities

We match cluster members to the Survey of Surveys (Tsantaki
et al. 2022) compilation of radial velocities, which combines
radial velocities (RVs) from large-scale spectroscopic surveys
including Gaia, APOGEE, GALAH, Gaia-ESO, RAVE and
LAMOST into a single cross-calibrated sample, shifted to the
Gaia reference frame. The catalogue also includes flags for the
quality of RVs for individual sources flagRV and for likely
binary systems with large discrepancies between multiple RV
measurements flagBinary. We exclude from our sample all
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Fig. 1. Scatter plot of the median cluster RVs that we calculated from
RVs available in Tsantaki et al. (2022) vs. cluster average RVs from
Hunt & Reffert (2024).

RVs with flagBinary = binary and flagRV = 2, leaving only
sufficiently reliable single-source RVs for determining cluster-
average RVs.

As in AT24, we only require that clusters have a sufficient
number of RVs to determine an average RV for each cluster for
the purpose of correcting for projection effects (see Sect. 4.1).
For each cluster we report the number of usable RVs for cluster
members, the cluster median RV with its uncertainties and the
cluster RV in the local standard of rest (LSR) in Table D.1.

Cluster-average RVs are available in the Hunt & Reffert
(2024) catalogue for the majority of our clusters (with the excep-
tion of NGC 1977, which is not included in their catalogue). In
Fig. 1, we plot their cluster RVs against those we calculate from
RVs available in Tsantaki et al. (2022). Generally, there is good
agreement, with most cluster RVs consistent between catalogues
within their uncertainties. However, there is a systematic trend
that our median cluster RV are typically ~5 km s™! greater than
the Hunt & Reffert (2024) catalogue values. A possible reason
for this discrepancy is that the Hunt & Reffert (2024) catalogue
RVs are calculated only using RVs from the Gaia DR3 catalogue,
and do not include RVs from other spectroscopic surveys which
are included in the Tsantaki et al. (2022) catalogue. Gaia RVs
are known to be unreliable for young stars in particular (e.g. see
Kounkel et al. 2022, 2023) and have large uncertainties. More-
over, there is no filtering for likely binary systems in Hunt &
Reffert (2024). It is for these reasons that we continue our anal-
ysis with cluster RVs calculated using the Tsantaki et al. (2022)
catalogue.

2.3. Literature ages

The Cantat-Gaudin et al. (2020) cluster catalogue provides age
estimates for clusters based on the best fitting PARSEC v1.2
(Marigo et al. 2017) isochrones to the cluster members selected
by their algorithm. We report these (in million years) for each
cluster in our sample in Table D.1, along with age estimates from
Dias et al. (2021) and Hunt & Reffert (2024) when available,
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Fig. 2. Scatter plot of the isochronal ages from Cantat-Gaudin et al.
(2020) Tis0.cc20 Vs. ages from Hunt & Reffert (2024) 7,4, mro4-

which are other recent cluster catalogues compiled from Gaia
data using different approaches and criteria to determine cluster
membership compared to Cantat-Gaudin et al. (2020). We will
denote these isochronal age estimates as Tig,-

For some clusters there is significant disagreement between
these literature age estimates. For example, the age esti-
mate given for NGC 1977 in Cantat-Gaudin et al. (2020) is
97.7 Myr, whereas in Dias et al. (2021) it is estimated to be
12 Myr and in other works as young as 2-3 Myr (e.g. Getman
et al. 2019; Roman-Zuiiiga et al. 2023). Generally, ages from
Hunt & Reffert (2024) tend to be younger than those from
Cantat-Gaudin et al. (2020), as illustrated in Fig. 2.

2.4. Distances

We derive distances to each cluster using the same approach
as described in Armstrong & Tan (2024). We use a bootstrap-
ping approach, calculating distance from median parallax from
100 000 randomly selected (with replacement) samples of cluster
members and taking the 50th percentile of the posterior distribu-
tions as the cluster distance and the 16th and 84th percentiles as
the distance uncertainties. We apply a parallax zero point cor-
rection (Lindegren et al. 2021) to all cluster members, as well
as a magnitude dependent correction to parallax uncertainties
(El-Badry et al. 2021).

Distances estimated using the probabilistic approach of
Bailer-Jones et al. (2021) are not optimised for stars in clus-
ters, as the priors involved implicitly assume that sources are
field stars. Calculating cluster distance by combining these esti-
mates for multiple cluster members compounds this effect and
thus estimates of distance for clusters using Bailer-Jones et al.
(2021) estimates tend to be biased.

The cluster catalogues of Cantat-Gaudin et al. (2020) and
Hunt & Reffert (2024) also provide estimates of distance, which
are obtained using a Bayesian approach including a prior which
assumes that all cluster members are at the same distance,
and it is noted in Cantat-Gaudin et al. (2019) that this is not
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Fig. 3. Difference between our bootstrap cluster distance estimates
dpoorsirap> median Bailer-Jones et al. (2021) distances (red), and distances
from Hunt & Reffert (2024) (blue) Ad vs. cluster distance dpoorsirap (SE€
Section 2.4).

optimal for nearby clusters where individual parallax uncertain-
ties are smaller than the depth of the cluster. In Figure 3 we
plot our distance estimates for clusters against the difference
in distance between our estimate and the median Bailer-Jones
et al. (2021) distance (red), or between our estimate and the
cluster distance given in Hunt & Reffert (2024) (blue). The gen-
eral trend is that distances from Bailer-Jones et al. (2021) or
Hunt & Reffert (2024), despite their different model priors, are
generally in reasonable agreement with ours, given their uncer-
tainties. This is likely because these clusters are relatively nearby
and the parallaxes of their member stars have relatively small
uncertainties, which thus constrain the distances more strongly
than the model priors. The only significant exceptions are Pozzo
1 and NGC 2451B with Ad > 7pc (Fig. 3). The differences
in these distance estimates is likely due to the significant dif-
ference in cluster membership samples between Cantat-Gaudin
et al. (2020) and Hunt & Reffert (2024) for these clusters, with
the Hunt & Reffert (2024) membership preferentially includ-
ing more cluster members with greater parallaxes. We proceed
with the following analysis using distances estimated via our
bootstrapping approach.

3. Spatial structure
3.1. Cluster centre and core radius

The first step for both the structural and kinematic analyses is
to define the central coordinates of each cluster. We follow the
approach described in Da Rio et al. (2014) and AT24, which
consists of determining the average position for all cluster mem-
bers contained within iteratively smaller apertures, each centred
on the previous aperture’s centre. In each iteration we reduce
the aperture radius by 20%, limiting the minimum aperture size
to a 3 arcmin radius. We estimate the uncertainties of the clus-
ter central coordinates with a bootstrapping approach, where we
randomly resample (with replacement) cluster members equal to
the total number of members in each iteration, and at the end we
take the 16th and 84th percentiles of the posterior distribution
of central coordinates as the uncertainties on the cluster central
coordinates. These are reported for each cluster in Table D.1.
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Fig. 4. Minimum spanning tree for members of Pozzo 1 from Cantat-
Gaudin et al. (2020).

We construct the radial density profile of each cluster, fol-
lowing the approach described in AT24. Cluster members are
binned by increasing radial distance from the cluster centre, R,
in bins of 20 members each. For each bin, the areal density (N.)
is calculated. We then define the core radius of a cluster, R., as
the radius at which the areal density is half the peak density. The
core radius of each cluster is reported in Table D.1, along with
the mean tangential velocities 7y, U, of cluster members within a
cluster’s core.

3.2. Q-parameter

We assess the level of substructure in these clusters using the
Q-Parameter (Cartwright & Whitworth 2004), following the
same approach as AT24. This involves constructing a minimum
spanning tree between the sky coordinates of cluster members
and calculating the mean edge length 7 and the mean edge
length of the complete graph 5. Note that /m is normalised
to M/(N — 1), where N is the number of cluster members
and A is the area of the smallest circle with radius R which
encompasses them. Note also that § is normalised to R. The
Q-Parameter is then the ratio between the normalised /m and
5. Lower values of Q, that is, <0.7, show a greater difference
between the minimum spanning tree and the complete graph of
a cluster, which indicates more substructure, whereas values of
Q closer to 1 indicate that a cluster has a smooth and centrally
concentrated structure.

Generally, it is expected that young clusters and associa-
tions will exhibit greater degrees of substructure, since they are
dynamically less evolved and still retain much of their struc-
ture associated with formation from their natal molecular clouds.
On the other hand, older clusters, which are more dynamically
evolved, will have erased more of their initial structure and will
tend toward smoother distributions. These will also appear to be
more centrally concentrated if the system retains a significant
gravitationally bound core.

Fig. 4 shows the minimum spanning tree for members of
the Pozzo 1 (y Vel) cluster as an example, which yields a Q-
Parameter value of 0.883. This value indicates that Pozzo 1 is
mostly centrally concentrated, but still retains a small amount
of substructure. Out of all of our cluster sample, Melotte 20
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Table 1. Angular dispersion parameter (Gapp e N, (7)) values for each cluster.

Cluster OADP.e4(r) OADP.e8(r)
50 100 150 200 250 300 350 400 450 500 50 100 150 200 250 300 350 400 450 500
A Ori 1.00 2.20 2.36 213 1.34 222 1.71 124 152 132 0.83 1.59 1.71 1.56 1.03 1.79 1.57 1.05 1.29 1.10
Platais 8 145 1.08 2.94 1.19 1.05 2.22
o Ori 0.51 2.98 047 2.20
NGC2451B 0.85 1.05 097 1.20 4.57 0.77 0.85 0.79 1.02 3.33
Melotte 20  0.49 0.89 1.52 1.21 1.07 1.20 0.60 0.82 0.98 1.48 0.55 0.79 1.13 093 0.80 091 0.52 0.78 0.82 1.10
1C 2391 0.66 1.36 0.69 0.53 1.03 0.55
Gulliver 6 0.76 1.69 142 217 2.57 0.60 1.36 1.14 1.58 1.88
Pozzo 1 1.26 049 1.58 0.76 1.72 1.51 1.03 044 114 0.64 140 1.25
IC 2602 043 1.34 1.05 2.09 1.89 0.44 1.00 0.79 1.55 1.46
NGC 2232 0.51 2.63 1.28 0.51 1.89 0.95
NGC 1977 098 4.44 0.78 3.18
NGC 2264 0.39 2.96 0.37 2.13
IC 2395 0.87 1.07 2.32 3.96 5.35 0.70 0.86 1.74 2.80 3.85
Alessi 20 0.98 0.86 0.95 0.63
Coll 359 0.28 2.04 3.11 3.20 3.93 0.39 146 229 226 2.84
Gulliver 9 1.34 1.74 2.80 3.22 1.02 1.33 198 2.37
ASCC 16 0.54 1.14 0.83 0.51 0.83 0.71
ASCC 21 1.11 0.83
IC 348 1.32 1.27 0.95 0.93
ASCC 19 0.41 0.60 0.44 0.61
NGC 1980 0.82 1.95 0.80 1.44
NGC 2547 0.63 1.17 0.60 0.61 092 0.73
Coll 135 094 1.32 148 1.82 2.00 0.67 1.12 111 143 142

Notes. Values of dapp.e N (7) are given for concentric elliptic annuli of 50 cluster members each of either four or eight sectors, calculated following

the approach described in Sect. 3.3.

and Collinder 135 have the joint highest Q-Parameter values of
0.939, while IC 2602 has the lowest at 0.776. The vast majority,
19 out of 23 clusters, have Q-Parameter values between 0.77 and
0.9, which are neither entirely smooth or clumpy.

Overall, the Q-Parameter seems to be largely ineffective at
making distinctions between the structures of the clusters in our
sample by itself. Thus, we perform further structural analysis
with alternative approaches.

3.3. Ellipticity and angular dispersion parameter

We fit an ellipse to the Galactic sky coordinates of members
of each cluster using least squares minimisation of the edge
of the ellipse to the data, given the central coordinates deter-
mined in Sect. 3.1 and using the same approach AT24 applied
to A Ori. We report the orientation of the semi-major axis 6,
and the ellipticity, e, of the best fitting ellipse for each cluster in
Table D.1.

We analyse the structure of clusters in our sample using
the Angular Dispersion Parameter (ADP; dapp N, (7)) (Da Rio
et al. 2014), following the approach of AT24. Cluster mem-
bers are divided into concentric elliptical annuli (of ellipticity
e) using the best-fitting ellipse as described above, which are
then further divided into Ny sectors. The standard deviation
of counts per sector in a given annulus gives dApp.e N, and thus
OADP.eN, () describes the ADP as a function of radial distance
from the cluster centre. Low values of dappen,,, < 1 indicate a
smooth distribution, while high values dappen, > 2.5 indicate
substructured and dynamically young distributions. However, for
direct comparison of dappen,, (r) between clusters, the same
number of cluster members per annulus and the same number
of sectors per annulus should be adopted.

sect

—— 50 member anul Ili, 8 sectors
50 member anul Ili, 4 sectors

100 400 500

200 300
Annuli (No. of members from center)

Fig. 5. Angular dispersion parameter (0app.e N (7)) for Melotte 20 with
eight sectors (red) or four sectors (yellow) per concentric annuli contain-
ing 50 members. The Sapp e N, () Values are calculated for orientations
of sectors rotated 1° at a time, and we plot the 50th (solid lines), 16th,
and 84th percentile values (shaded regions) for each annulus.

We present the ADP values for concentric annuli of 50 clus-
ter members each for each cluster, using either 4 or 8 sectors
per annuli, in Table 1. Clusters without sufficient cluster mem-
bers to fill successive annuli have the corresponding columns left
blank. In Fig. 5 we show the ADP values for annuli of 50 mem-
bers for Melotte 20, using either 4 or 8 sectors. The variance in
ADP values between annuli is consistent between choice of sec-
tors, effectively showing the level of substructure as a function
of radius.

Notably, for 17 out of 23 clusters the ADP value of inner-
most annulus containing the 50 cluster members closest to the
cluster centre (0app.enN,.(50)) is the lowest compared to other
annuli. For another 3 clusters, Alessi 20, IC 348 and NGC 2547,
the dapp N, (50) value is consistent with the lowest value well
within the typical uncertainty of ~0.1. This indicates that for the
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Fig. 6. (a) Left: Q parameter vs. ellipticity e. (b) Middle: mean ADP with four sectors vs. ellipticity e. (¢) Right: mean ADP with four sectors vs. Q

parameter.

majority of young clusters the dense, cluster core is smooth and
dynamically evolved, whilst the sparser outskirts are less evolved
and have retained a greater level of substructure. We expect this
is because the higher stellar density of the cluster closer to cen-
tre naturally creates a higher frequency of interactions between
members, leading to rapid dynamical evolution compared to the
outskirts of the cluster. A similar behavior was seen in the A Ori
cluster by AT24 and in a sample of 22 clusters from the MYS-
tIX survey (Feigelson et al. 2013) in the analysis of Jaehnig et al.
(2015).

Some exceptions to the above general trend are Pozzo 1 and
Platais 8, where dappe N, (50) is greater than dappe N, (100) by
0.77 and 0.37 respectively. The dappen,. () values in Pozzo 1
show large fluctuations, and the maximum and minimum val-
ues for this cluster are at dappeN,. (250) and dappen,. (100)
respectively, while the core dappen,,(50) value remains close
to the mean for this cluster. For Platais 8, the minimum value is
OADP.e N, (100), but the dappen,,(150) value at the outermost
annulus is 2.94, indicating a high level of substructure in the
outskirts of this cluster.

NGC 2451B, IC 2395, Collinder 359, and Gulliver 9 have
O0aDPe4(r) > 3 in their outermost annuli, which indicate very
high levels of substructure in their outskirts.

We also calculate the mean dappea(r) values per cluster,
which are reported in Table D.I. NGC 1977, IC 2395 and
Collinder 359 all have mean dappea(r) > 2.5, indicating that
these clusters are highly substructured, while IC 2391, Alessi
20, ASCC 16, ASCC 19 and NGC 2547 have dappea(r) < 1.0,
indicating that these clusters are smoothly distributed overall.

In Fig. 6, we compare the ellipticity, e, the Q-parameter and
the mean ADP using 4 sectors (dappe4(r)) values for all clus-
ters in the sample. There is no significant correlation between
the three measures, which is expected in the case of ADP vs e
as they are determined based on the same best-fit ellipse. How-
ever, the lack of correlation between the Q-parameter and ADP
in particular indicates the ineffectiveness of the Q-parameter at
making distinctions between the levels of structure in cluster in
this sample.

4. Kinematics

By investigating the kinematics of young clusters we can learn
about the initial conditions of their formation and what mecha-
nisms determine their subsequent dynamical evolution. In partic-
ular, recent studies have found that many, if not the majority of,
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Fig. 7. Spatial distribution of the members of ASCC 19 from Cantat-
Gaudin et al. (2020). The vectors indicate the proper motion relative to
the cluster. Points are colour-coded based on the position angle of the
proper motion vector (see the colour wheel in the top left as a key). The
magnitude scale (mas yr~!) of proper motion vectors is indicated by the
scale bar in the bottom right.

young clusters are unbound and in the process of expanding and
dispersing into the Galactic field (e.g. Kuhn et al. 2019; Wright
et al. 2019; Armstrong et al. 2020; Guilherme-Garcia et al. 2023;
Wright et al. 2024; Armstrong & Tan 2024). However, the expan-
sion rate in these clusters is often anisotropic, which, along with
the significant spatial substructure detected, suggests that the
process is more complex than the simple residual gas expulsion
model. The timescale of expansion is also useful as a kinematic
age estimate.

In this section, we apply the kinematic analyses presented in
AT?24 to our larger sample of nearby young clusters to identify
expansion trends and derive kinematic age estimates.

4.1. Tangential velocities and virtual expansion correction

Figure 7 shows the sky positions of the members of ASCC 19
with vectors indicating their proper motions relative to the
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cluster mean, colour-coded based on the position angle of the
vector. From a plot like this we can already see signs of expan-
sion, as many cluster members have proper motion vectors
consistent with moving away from the cluster centre. However,
to accurately measure the kinematics of the cluster, we need to
account for projection effects.

As in AT?24, the first step of our kinematic analysis is to
transform observed proper motions into tangential velocities,
to avoid projection effects caused by the curvature of the sky
coordinate system, incorporating a correction for the virtual
expansion effect using a cluster median RV following the equa-
tions of Brown et al. (1997). This transformation is done with a
Bayesian approach with unconstrained priors, sampling the pos-
terior distribution with the MCMC sampler (Foreman-Mackey
et al. 2013), as described in AT24. After discarding the first half
of our iterations as burn-in, we take the 16th and 84th percentiles
as 1o uncertainties. We report the mean tangential velocities in
Galactic coordinates (7, 0p,) for the core members of each cluster
in Table D.1.

4.2. Expansion velocities

A simple indicator for cluster expansion is the median clus-
ter expansion velocity, vy, that is, the median components of
velocities that are directed radially from the cluster centre. As
described in AT24, we measure the cluster expansion velocity
by taking the median expansion velocity component of all cluster
members, with uncertainties (16th and 84th percentile) estimated
via Monte Carlo sampling. These cluster expansion velocities
and uncertainties for each cluster are presented in Table D.1.

Our largest expansion velocity Doy 1S 0.976f8:8§§ km s~! for
the o Ori cluster. The smallest is —0.029%0.932 km s™! for IC 348,
which is consistent with no expansion or even slight contrac-
tion. These are all well within the range of expansion velocities
calculated by Kuhn et al. (2019) for their sample of young clus-
ters, which range from 2.07 = 1.10 km s~! for G353.1 + 0.6 to
—2.06 = 1.00 km s~! for M17, and thus none of our expansion
velocities are beyond the range expected based on previous liter-
ature. There is notable improvement in the uncertainties, from a
typical precision of ~0.3 km s~! in Kuhn et al. (2019) to a typical
precision of ~0.03 km s~! in our analysis. Much of this is due to
the improved precision of Gaia DR3 astrometry over DR2, but
also partly because our sample contains less distant clusters on
average than Kuhn et al. (2019).

4.3. Velocity position angle

We also investigate the distribution of directions in which cluster
members are moving relative to the cluster centre, by calculating
the difference in angle, A6, between a cluster member’s plane-of-
sky velocity vector and its position relative to the cluster centre,
that is, the Velocity Position Angle. If a star is moving directly
away from the cluster centre it has A = 0°. Thus the distribution
of A for stars expanding from an initially compact cluster should
show a peak close to 0°.

In Fig. 8, we show histograms of A6 for members of o Ori
using uncorrected Gaia EDR3 proper motions (blue) and vir-
tual expansion corrected tangential velocities (red). The typical
uncertainty on this angle is <15°. The peak around 0° shows
that the majority of cluster members are moving directly out-
ward from the centre of the cluster, though in this case the peak
of the distribution is smaller for tangential velocities than uncor-
rected proper motions. We find that 66% of cluster members have
|AG] < 45° and 80% |A6] < 90°, showing that the majority of
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Fig. 8. Histogram of the velocity position angle, i.e. the difference in
angle, A6, between proper motion vector and cluster member position
vector relative to the cluster centre for members of o Ori (blue his-
togram). The equivalent histogram using virtual expansion corrected
tangential velocity vectors is shown in red.

cluster members are moving outward from the centre, that is,
strong evidence that this cluster is unbound and expanding from
a more compact initial configuration.

In Figs. D.1, D.2, D.3, and D.4 we show A6 histograms for
each cluster in our sample. Not all clusters have as clearly defined
central peaks as either o Ori or A Ori, which is also reflected in
the fractions of cluster members with [Af| < 45° or <90° given
for all clusters in Table D.1. However, most clusters still have
a sufficient peak to be considered evidence for expansion. We
also note the differences in distributions of A8 in these figures
calculated using uncorrected proper motions (blue) and virtual
expansion corrected tangential velocities (red). In many clus-
ters the significance of central peaks in these histograms changes
between the corrected and uncorrected velocities, illustrating the
importance of the virtual expansion correction when identifying
plane-of-sky kinematic signatures in nearby clusters.

4.4. Radial expansion rate

By comparing the expansion velocity, vy, of cluster mem-
bers to their radial distance from the cluster centre, R, we can
establish radial expansion gradients, for example, measured in
km s7! pc~!. These gradients can then be inverted to give
expansion timescales (see Sect. 4.6).

We sort cluster members into bins of 50 members each, using
the same concentric elliptical annuli as for our ADP analysis
(Sect. 3.3). We calculate the median vy, of cluster members
in each bin for 10 000 iterations, each time randomly sampling
uncertainties in vy for individual cluster members per bin, and
then taking the 50th percentile value of the posterior distribu-
tion as the median vy, and the 16th and 84th percentiles as the
negative and positive standard errors, respectively. These median
Uy Values and their standard errors are reported in Table D.2. In
Fig. 9 we plot v,y against R for cluster members of A Ori (red),
similar to Figure 10 of AT24, with the median v,y per SO member
bin plotted (blue) at the median radial distance R for members of
each bin, and with the standard deviation of expansion velocities
oy, Per bin given by grey error bars.
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Fig. 9. Expansion velocity, vy, vs. radial distance from the cluster
centre, R, for cluster members of A Ori (red), with a median expan-
sion velocity o, (km s™') per concentric elliptical annulus containing
50 cluster members each (blue; Table D.2) and the expansion velocity
dispersion o, per concentric elliptical annulus containing 50 cluster
members each (grey).

Notably, from Table D.2 it is apparent that the median v,y per
bin increases with distance from the cluster centre R for most
clusters. Exceptions to this are Alessi 20 and ASCC 21, which
do not have enough cluster members from Cantat-Gaudin et al.
(2020) to populate more than one bin each, that is, they have
<100 YSOs, and NGC 2547 where there is a slight decrease
in median vy, towards the edge of the cluster. Moreover, IC
348 and Pozzo 1 have significantly negative median v,y in their
innermost bins, indicating contraction of their cores.

Though the median vy, values generally increase with dis-
tance, this is not always monotonic. In NGC 2451B, for example,
the median voy decreases from 0.17 + 0.09 km s~ to 0.04 +
0.02 km s~! between the 3rd and 4th concentric annuli. However,
in no case is such a decrease of >3 significance.

Following the method described in AT24, we also estimate
best-fitting linear rates of expansion via Bayesian inference,
using MCMC to sample the posterior distribution function. The
model parameters include the linear gradient, y-axis intercept
and fractional amount by which uncertainties are underesti-
mated. In this analysis we assume that errors follow a Gaussian
distribution and are independent. We also use linear least squares
to estimate the maximum likelihood. We perform 2000 iterations
with 200 walkers and discard the first half as burn-in, reporting
the 50th, 16th and 84th percentiles of the posterior distribution
as linear best-fit parameters and their respective uncertainties,
which we report in Table D.1.

4.5. Direction of maximum expansion and expansion
asymmetry

As AT24 established in A Ori, along with other recent stud-
ies (Wright et al. 2024; Armstrong et al. 2025), expansion in
young clusters and star-forming regions is often anisotropic. For
OB associations in particular this anisotropy has been argued to
provide evidence against the classical model of expansion from
a monolithic compact cluster following residual gas expulsion
(Wright & Mamajek 2018; Armstrong et al. 2022, 2025). Since
the expansion rate is greater or smaller in different directions,
it indicates that the initial configurations of these systems are
not monolithic, but substructured. Thus, the level of anisotropy,
as well as the direction in which expansion is at its maximum,
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Fig. 10. Positional spread (blue) and expansion rate (red) with uncer-
tainties vs. position angle from the Galactic plane for members of IC
2395. The direction of maximum expansion is shown to be at —46°
below the Galactic plane with increasing longitude, while minimum
expansion is in the direction 70° above the Galactic plane. The rates
of maximum and minimum expansion are different at the >40 confi-
dence level, making the plane-of-sky expansion of IC 2395 significantly
anisotropic.

can provide information of the star formation history and early
evolution of these populations.

To find the direction of maximum expansion, following
AT24 for the A Ori cluster, we calculate the 1D expansion rate
along a given orientation axis (/ vs v;) (using the MCMC method,
described above in Sect. 4.4), then rotate the axis by 2° and
repeat until we have calculated rates of expansion for axes rotated
by up to 180°.

As an example, we plot the expansion rate against axis ori-
entation for IC 2395 in Fig. 10. For this cluster we find the
maximum expansion rate to be 0.146f8'8%2 km s~'pc~! along an
axis that is at —46° clockwise from the Galactic plane, which is
plotted in Fig. 11. We note this is a 90~ detection of expansion
for this cluster. We report the maximum and minimum expan-
sion rates and their plane-of-sky orientations for each cluster in
Table D.1.

For seven clusters in our sample, the minimum expansion
rate is significantly negative, which indicates an overall cluster
contraction in this direction, but in all cases the maximum expan-
sion rate is significantly positive. This means that clusters can be
simultaneously expanding in one direction whilst contracting in
another.

Clusters vary in the significance of expansion asymmetry.
The most significant asymmetries (> 1007) are found in the most
nearby clusters, Melotte 20, IC 2602, Platais 8 & IC 2391, despite
having relatively small maximum rates of expansion. This is
due to their relatively large number of cluster members and
large spread of cluster members on the sky, which make the
measured expansion rates for these cluster more precise, thus
improving the significance of their asymmetry. These clusters
are also among the oldest in our sample, all being 75, > 25 Myr.
While not being as significant as in the 7,5, > 25 Myr clusters
mentioned before, younger clusters (7;,, < 10 Myr) such as A4
Ori, Gulliver 6, Pozzo 1 & ASCC 21 still exhibit expansion
asymmetry at the >50 significance level. These metrics of max-
imum and minimum expansion rates and degree of asymmetry
are constraints on cluster formation models.
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Fig. 11. Position vs. velocity in the direction of maximum expansion for
members of IC 2395 with the best-fit linear gradient and 1o~ errors of
0.1461'8:8}2 km s~' pc™!, which indicates a significant expansion trend

: : ot 0.843
with a corresponding expansion timescale of 6.849* 72 Myr.

4.6. Expansion timescales

From the linear gradients fitted to R and v,,, and their uncer-
tainties, we derived the corresponding expansion timescales
T1D,linear» Which we report in Table D.1.

Only 10 clusters in our sample have positive 1D linear
expansion rates of > 20 significance. Of these, 4 Ori, ASCC
19, Pozzo 1, Collinder 135 & Platais 8 have radial expan-
sion timescales 7 p in good agreement with their isochronal
ages from Hunt & Reffert (2024) Tisuro4 (5.64%03' Myr,

7.75f‘2‘:g Myr, 9.74%387 Myr, 2.5.58fé§§§5 Myr & 27.65%¢4 Myr,
respectively). However, o Ori, IC 2395, ASCC 21, ASCC 16
& Gulliver 9 have expansion ages much greater than their

isochronal ages Tip > Tisonr24 (5.85%] 72 Myr, 60.18*5)-1, Myr,

29.233%‘;9 Myr, 29.23&%‘61 Myr & 17.053:22 Myr, respectively).
This shows that fitting 1D radial expansion models to young
clusters, without allowing for anisotropy, does not always pro-
vide robust evidence for expansion that may be evident through
other measures, such as expansion velocities 7,,, (Sect. 4.2) or
radial expansion which accounts for anisotropy (see Sect. 4.5).
Even when a 1D radial expansion rate is significantly positive,
moreover, the associated expansion timescale Tp jipeqr Will nOt
necessarily agree well with other age estimates. For clusters
where expansion rates are anisotropic, there will likely be con-
siderable scatter in v, for cluster members as a function of R,
which makes their associated timescales less reliable, as AT24
concluded for A Ori (see also the scatter of v, in Fig. 9).

As well as the radial expansion gradients, we also consider
estimating cluster expansion ages by calculating a radial expan-
sion age per star from R/v,,, and taking the median value as the
cluster expansion age. We do this in a Monte Carlo approach
with 10 000 iterations, each time sampling the uncertainties on R
and v,,, for each star. From the posterior distribution of median
R/v,,: ages, we take the 50th percentile as the cluster age, and the
16th and 84th percentile values as the lower and upper uncertain-
ties respectively. We do this both for all members per cluster and
also only for cluster members with |A6| < 45°. The resulting ages
T1\D,median> T1D,median,|Ag}<45> and their respective uncertainties are
reported per cluster in Table D.1.

Median ages using all cluster members are significantly pos-
itive for all clusters, except for IC 348, which has a median
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Fig. 12. Cluster ages from Hunt & Reffert (2024) vs. Tipmedian ageS
for all cluster members (blue) and for cluster members with |A6| < 45°
alone (red).

Uour consistent with zero or slight contraction (Sect. 4.2). How-
ever, the ages themselves do not necessarily correlate well with
isochronal age estimates from the cluster catalog, as shown
in Fig. 12 (blue points). The median ages estimated using
only cluster members with |[AG] < 45° (red) show better agree-
ment with isochronal ages, especially for the younger clusters
Tiso.ur24 < 10 Myr. However, there are still a number of clusters
with isochronal ages Tjs groa > 20 Myr where 71p median,agi<45°
are much smaller. This may be evidence that these clusters are
expanding, but began doing so later on in their evolution, that is,
perhaps because of a prolonged period of gradual cluster forma-
tion in a gas-rich, bound state (e.g. Farias et al. 2019; Farias &
Tan 2023).

In order to derive more reliable expansion timescales than
those calculated without accounting for anisotropy (Sect. 4.4),
we derive expansion timescales for each cluster from the expan-
sion rate in the direction of maximum expansion 7, (Sect. 4.5),
which are given in Table D.1.

For many clusters these expansion timescales are in good
agreement with their isochronal ages (Cantat-Gaudin et al. 2020;
Dias et al. 2021; Hunt & Reffert 2024), that is, Tmax = Tiso» €Spe-
cially for clusters with 7j,, < 10 Myr. The agreement between
the expansion timescale and isochronal age for A Ori was dis-
cussed in AT24, where the expansion timescale ~7 Myr is close
to various isochronal age estimates of 4—-6 Myr (Zari et al. 2019;
Cao et al. 2022). However, some clusters, particularly those with
Tiso > 25 Myr, tend to have expansion timescales much smaller
than their isochronal ages. Again, this may indicate that they
have started expanding later in their evolution and not imme-
diately after gas expulsion. We discuss this possibility further in
Section 5.

In particular, we consider the 10 clusters for which we cal-
culated 1D radial expansion timescales, 71p (Sect. 4.4), as they
had positive 1D linear expansion rates of > 20" significance. We
note that for the 5 clusters with 7;p in good agreement with
Tiso.HR24, timescales derived from the maximum expansion rates
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Fig. 13. Maximum expansion timescale T,,.; VS. T1p median ages for clus-
ter members with |[Af] < 45°.

Tmax are also in good agreement with 7;5, gr24, except for Platais
8 where 7, < Tiso,HR24 and A Ori where 7,,,, > Tiso,HR24- On
the other hand, for the 5 clusters with 71p > Tis, mro4, timescales
derived from the maximum expansion rates are significantly
smaller and in better agreement with isochronal age, except for
Gulliver 9 where both Tip, Tiax > Tiso.r24, and o Ori where
Tmax < Tiso.HR24- The expansion timescales of Gulliver 9 are
in much better agreement with the isochronal age estimated in
Cantat-Gaudin et al. (2020) rather than in Hunt & Reffert (2024)
(17.8 Myr rather 10.1 Myr), but it is the only cluster out of these
10 where this is the case.

The expansion timescales 7, are in better agreement with
T1D.median|r0<45°,» as shown in Fig. 13. The agreement is best
for clusters with maximum expansion timescales <10 Myr, but
for clusters with maximum expansion timescales > 10Myr
T1D.medianA0l<45° tend to be relatively underestimated.

An alternative method of estimating kinematic age is via
trace-back. By estimating the relative positions of cluster mem-
bers in the past, we can estimate when a cluster will have been in
its most compact configuration, yielding a kinematic age for the
cluster. Following the approach described in Armstrong & Tan
(2024), we calculate 2D Cartesian past positions X(¢), Y(¢), for
cluster members with a linear approximation in 0.1 Myr steps,
according to their relative tangential velocities. At each step we
estimate the cluster size using MST total length (Squicciarini
et al. 2021) and sum of distances (Quintana & Wright 2022)
between members. We do this with a Monte Carlo approach,
randomly sampling from observational uncertainties for 1000
iterations and taking lo uncertainties on the past cluster size
metrics from the 84th and 16th percentiles of the posterior dis-
tribution. We also apply several filters on cluster members for
calculating past cluster size, removing 30" or 20" velocity outliers
and the 32% longest branches for the MST metric, which are
plotted in green, blue and black in Fig. 14 using IC 2602 as an
example, with red for the full sample of cluster members.

However, as is discussed in Section 5.7.1 of Armstrong et al.
(2025), these estimates of size will be inflated by scatter due to
observational uncertainties in parallax and proper motions which
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are propagated through the trace-back calculation. Following the
approach described in Armstrong et al. (2025), we estimate the
inflation of the size metrics due to uncertainties by performing
numerical simulations, where we create a synthetic population of
n stars equal to the number of cluster members for a given clus-
ter, and place them at the origin of a 2D Cartesian space. We then
add perturbations in 2D positions and velocities randomly sam-
pled from the observed position and velocity uncertainties to the
synthetic population of stars and calculate the size metrics. We
perform 10 000 iterations of this simulation at each time step and
take the median of the posterior distributions of Dsum(t) and
MS Tlength(t) as the predicted inflation of the size estimates,
and the 16th and 84th percentiles values as the 10 uncertainties.
We then subtract these inflation factors from the size metrics
calculated at each step of the trace-back analysis. This is also
done for each filtered subset of cluster members. We show the
corrected trace-back size of IC 2602 in Fig. 15 as an example.

The resulting corrected trace-back timescales 775 are older
than the uncorrected timescales 7759 by varying amounts, as
illustrated in Fig. 16. The oldest trace-back timescale is now
10 = 0.1 Myr for Pozzo 1 (y Vel). We report both the corrected
and uncorrected trace-back timescales in Table D.1 for the no-
outlier case (red) using the sum of distances metric Quintana &
Wright (2022).

In Fig. 17 we plot cluster isochronal ages, 75, (Cantat-Gaudin
et al. 2020; Hunt & Reffert 2024) against the expansion timescale
derived from the maximum cluster expansion rate Tn.x (left),
and against the trace-back timescale 775 (middle & right), with
respective uncertainties. Generally, isochronal ages from Hunt
& Reffert (2024) tend to be younger for these clusters than ages
from Cantat-Gaudin et al. (2020). We also see that trace-back
timescales are always younger than expansion timescales.

Many clusters have expansion timescales consistent with
their isochronal ages, that is, T = Tiso (Fig. 17a) even up to
relatively old ages; NGC 2451B has an isochronal age of 27.5
Myr from Hunt & Reffert (2024) and an expansion timescale
of 27.027*3219 Myr and Collinder 359 has an isochronal age of
37.2 Myr from Cantat-Gaudin et al. (2020) and an expansion
timescale of 38.461”_’2:8% Myr. A close agreement between kine-
matic age (such as an expansion timescale) and isochronal age
is consistent with the cluster becoming gravitationally unbound
shortly after formation.

However, there are also many clusters in our sample with
expansion timescales much shorter than their isochronal ages
Tmax < Tiso- Platais 8, for example, has isochronal ages of 30.2
and 31.2 Myr respectively from Cantat-Gaudin et al. (2020)
and Hunt & Reffert (2024), but its maximum expansion rate of
0.199f8:882 km s7! pc™! implies a timescale of 5.025t8:ii$ Myr.
The trace-back timescale of Platais 8 is 775 = 6.2 £ 0.1 Myr, and
the median 1D age iS T1p median,|a01<45° = 6.78f8§g Myr, both also
in reasonable agreement with the expansion timescale. The sig-
natures of expansion for Platais 8 are very significant, but the
timescale indicates that this expansion only began ~25 Myr into
its evolution.

For clusters with measured 7{p as well as 7,,,c, Tax 1S 1N
most cases in better agreement with isochronal ages 7;,, except
for Platais 8, and in most cases 7;p and 7,,, are in better agree-
ment with isochronal ages from Hunt & Reffert (2024) rather
than from Cantat-Gaudin et al. (2020), except for Gulliver 9.

In Fig. 17 (left), we show isochronal ages from
Hunt & Reffert (2024) 7,5, nr24 against trace-back timescales
7rp for clusters with ages up to 12 Myr. Five of these clus-
ters have trace-back timescales in good agreement with their
isochronal ages, while 8 others have trace-back timescales
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Fig. 14. 2D cluster size trace-back for IC 2602. Left: minimum spanning-tree total length as a function of trace-back time with no filter for
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outliers (blue).

significantly smaller than isochronal ages 775 < Tis mr24. This
offset between isochronal age and kinematic age has been
seen in other regions, particularly among subgroups of Upper
Scorpius (Miret-Roig et al. 2024), where it has been claimed
as evidence for an embedded phase in early cluster evolution.
In this scenario, a cluster forms in a molecular cloud and
the surrounding gas accounts for the majority of the cluster’s
binding mass, keeping the cluster gravitationally bound before
feedback from massive stars begin to dispel the gas and the
cluster begins to expand from the loss of binding mass. The
offsets between trace-back timescale and isochronal age we see
for these 8 clusters in our sample would then indicate embedded
phases typically between ~3—6 Myr.

However, the linear trace-back ages, 77, that we calculate do
not always agree with the expansion timescales, 7, for these
clusters. Some difference may be expected between these two
kinematic age methods simply due to the spatial and kinematic
structure of the cluster members. In Fig. C.1, we show a simple
illustrative example where a 2D arrangement of four stars with
different relative velocities per row result in different kinematic
age estimates via linear trace-back (left column) or the gradient
of maximum expansion (right column). Ultimately, the differ-
ence is due to the implicit assumptions in each method of what
the initial configuration of stars is likely to be.

On the other hand, the oldest trace-back age is 775 = 10 +
0.1 Myr for Pozzo 1 (y Vel). Many clusters in our sample have
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Fig. 16. Trace-back timescales with the correction for size inflation
due to astrometric uncertainties 7Trp against uncorrected trace-back
timescales T7p0.

older isochronal ages and expansion timescales than this, but the
trace-back timescales remain 775 < 10 Myr, as seen in Fig. 17
(lower panel). A possible reason is that these trace-back calcu-
lations do not account for Galactic orbits, and are thus linear
approximations, and so for older clusters this approximation
underestimates expansion timescales. In order to perform precise
dynamical trace-back calculations for every cluster, we would
need precise spectroscopic RVs for the majority of their clus-
ter members, which in many cases are not currently available.
However, for a few clusters in our sample with quality RVs for
> 40 cluster members (A Ori, Pozzo 1, Melotte 20 & NGC 2547)
we perform 3D trace-back calculations following the approach
described in Armstrong et al. (2022, 2025) (for further details,
see Appendix A). Overall, we find no evidence that trace-back
with orbital equations increases the kinematic age estimates for
these clusters. We also perform numerical simulations of the
trace-back calculations using mock clusters with velocities and
respective uncertainties sampled from our cluster membership
lists, but with positions set to give the mock clusters a true
expansion age of 20 Myr. We perform these simulations using
velocities and respective uncertainties sampled from Melotte 20,
A Ori and NGC 2264 (for further details, see Appendix B). In all
cases, these simulations produce 775~20 Myr, showing that the
apparent 10 Myr upper limit in our results is not an artifact of
the method, and we therefore argue that our 2D linear trace-back
calculations are accurate given the available observational data.

For nearby clusters in close proximity to GMCs, the gravita-
tional potential of the GMC may have a greater influence than the
Galactic potential. For example, the Galactocentric acceleration
of the Solar system is ~2.3 x 1071 m s72 (Xu et al. 2012; Gaia
Collaboration 2021b), whereas the acceleration due to a GMC of
mass 10% M at 10 pc is ~1 x 107 m s72. Simulation work by
Zamora-Avilés et al. (2019) indicate that the gravitational poten-
tial of dense gas dispersed by feedback in the early evolution of a
star cluster can pull the stellar population outwards and acceler-
ate expansion, and in particular, that asymmetric gas expulsion
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would lead to asymmetric cluster expansion. Further observa-
tional studies of dense gas structures in the vicinities of young
clusters is needed to better constrain such effects and inform the
interpretation of expansion signatures in young clusters and their
respective timescales.

Thus, overall, while isochronal ages and kinematic ages are
often found to be in good agreement for young clusters, many
systems also show large discrepancies. Some clusters have kine-
matic ages slightly lower than isochronal ages, which could be
attributed to an embedded phase (e.g. Miret-Roig et al. 2024),
while others have kinematic ages much lower (with a delay
>10Myr). One possibility is that clusters with ages ~20 —
60 Myr that are detected in the analysis of Gaia data by Cantat-
Gaudin et al. (2020) are ones that have remained gravitational
bound for a more prolonged period and are only recently seen to
be expanding. Other recent investigations into the timescales of
cluster emergence have suggested dependence on other cluster
properties, namely total mass (Pedrini et al. 2026), which could
go some way to explaining the variation seen in young nearby
clusters.

It should also be noted that cluster age estimates from stellar
evolution models 7, are still uncertain. Isochronal age esti-
mates are dependent on choice of stellar evolution models (e.g.
magnetic or non-magnetic), choice of photometric colour (see
Ratzenbock et al. 2023; Cheshire et al. 2026), cluster member-
ship and isochrone-fitting approach (considering the differences
in ages for this sample from Cantat-Gaudin et al. 2020; Hunt &
Reffert 2024) as well as observational factors including extinc-
tion, variability and unresolved binarity. Kinematic ages also
vary between approaches, either 1D 75 or anisotropic expan-
sion timescales 7,,,y, linear or orbital trace-back 775. Kinematic
age estimates also neglect N-body dynamics in the cluster, and
approximate the past motion of cluster members as linear. For a
cluster that has a sparse configuration at the onset of expansion
this may be a good approximation, but less so for a cluster that
was significantly more compact in the past.

5. Discussion

We discuss the results of our spatial and kinematic analyses and
compare them to results from other relevant literature.

5.1. Evidence for expansion

Out of 23 clusters, 18 have expansion velocities 0y, Which are
positive at the 50 significance level or greater. Of the remaining
five clusters, ASCC 21 and NGC 1980 have expansion velocities
oyt Which are positive at the 40 significance level and NGC 2547
at the 20 significance level. Only NGC 2232 and IC 348 have
expansion velocities Uoye consistent with zero. None of our clus-
ters have expansion velocities 7y, that are significantly negative
indicating contraction.

Out of 23 clusters, 19 have at least 50% of their member stars
moving away from the cluster centre on the plane of sky. The
remaining four clusters are NGC 2451B, NGC 2232, IC 348 &
NGC 2547, which have 40%, 42%, 39% & 47% of their members
consistent with moving away from the cluster centre, respec-
tively. In addition, A Ori, o Ori, ASCC 16 & ASCC 19 each have
at least 70% of their members moving away from their centres,
with at least 50% of their members having tangential velocities
directed <45 deg relative to their position angle around the clus-
ter centre, indicating strong radial expansion. In Figs. D.1, D.2,
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Fig. 17. (a) Left: expansion age based on the maximum expansion rate per cluster, T,,, vs. isochronal age, Tis,, with estimates shown from Hunt
& Reffert (2024) (red symbols) and Cantat-Gaudin et al. (2020) (blue symbols). (b) Middle: linear trace-back age, Trg, vs. isochronal age, Tis,.

(c) Right: as (b), but zooming in to 0-12 Myr ages.

D.3, and D.4 we show A6 histograms for each cluster in our sam-
ple. In many cases a peak at Af ~ 0° is clearly visible, indicating
cluster members moving radially away from the cluster centre.

Out of 23 clusters, 19 have significantly positive maximum
expansion rates at the 5o~ level. Of the remaining four clusters,
NGC 2264 has a positive maximum expansion rate of 40 signifi-
cance, NGC 2232 and IC 348 have positive maximum expansion
rates of 30 significance, and NGC 1980 has a positive maximum
expansion rate of 2.5¢0" significance.

Notably, o Ori has the strongest signatures of expansion in
the sample, having the largest proportion of members consistent
with moving away from the centre (80%), the greatest expansion
velocity (voy = 0.989 +0.029 km s~!) and the greatest maximum
expansion rate (0.604 + 0.03 km s~'pc'). It is also the youngest
cluster in the sample according to the age estimates of the Hunt
& Reffert (2024) catalog Tig yro4, at 3.7 Myr.

Out of 23 clusters, 3 have significantly negative minimum
expansion rates at the 5o level; Platais 8, NGC 2451B & Melotte
20, IC 2602 has a negative minimum expansion rate of 4o signif-
icance, NGC 2547 and IC 348 have negative minimum expansion
rates of 20 significance, and NGC 1977 has a negative minimum
expansion rate of 1.50 significance. However, in all these clus-
ters, with the exception of NGC 2451B, the magnitude of their
positive maximum expansion rates are greater than their neg-
ative minimum expansion rates. Notably, the clusters with the
most significantly negative minimum expansion rates, Platais 8,
NGC 2451B, Melotte 20 & IC 2602, are among the oldest clus-
ters in the sample, with Hunt & Reffert (2024) age estimates of
31.2,27.5, 55.6 and 25.9 Myr, respectively.

Out of 23 clusters, 7 have significantly positive minimum
expansion rates at the 5o level. Additionally, according to our
kinematic trace-back analysis (Sect. 4.6), all clusters except for
NGC 2264 and IC 348 were significantly more compact in the
past than their present-day configuration. All of these results give
clear evidence that the majority of nearby young clusters are in
the process of expanding.

Despite this evidence, the 1D linear expansion trends
(Sect. 4.4) fitted to radial distance from the cluster centre, R,
against expansion velocity, vy, often do not show evidence for
significant expansion. Only Platais 8, o Ori, ASCC 16, Gulliver 9
and A Ori have 1D expansion trends which are positive at the 30
level. This is likely due to the scatter of v,,, values for cluster
members at a given distance R, which in turn is due to anisotropy

in cluster expansion (Sect. 4.4). Thus, we will focus on expan-
sion rates determined from the direction of maximum expansion
in the following discussion.

5.2. Expansion anisotropy

Out of 23 clusters, 13 have significantly anisotropic expan-
sion rates at the 5o level and 6 have significantly anisotropic
expansion rates at the 30 level. Of the remaining four clusters,
NGC 2232, Alessi 20 & ASCC 19 have anisotropic expansion
rates of 20" significance, while NGC 1980 is the only cluster with
no significant evidence for expansion anisotropy.

This indicates that, not only are the majority of young clus-
ters expanding, but they are expanding anisotropically. Thus
expansion rates and expansion timescales derived from them
vary depending on the direction in which they are measured
across a cluster. There is even the possibility that methods of
detecting expansion without accounting for anisotropy risk miss-
ing these signatures altogether. For example, Guilherme-Garcia
et al. (2023) analysed 1237 clusters with membership from
Cantat-Gaudin et al. (2019) and found clear evidence for expan-
sion in 14 of them, but failed to detect expansion in clusters such
as IC 2602, for which we find clear evidence. We note in Sect. 4.4
that only 10 of our cluster sample have significant positive 1D
expansion trends, while all of our clusters show positive expan-
sion trends in the direction of maximum expansion of at least 20"
significance.

5.3. Age trends

In Table 2, we present Kendalls’ 7 coefficients and their respec-
tive p-values (in brackets) for pair-wise combinations of cluster
parameters. Results indicating strong evidence for correlations
are highlighted in red, and moderate evidence for correlations are
highlighted in yellow. For Kendalls’ T coefficient, values 0.00—
0.06 are considered to indicate negligible correlation, 0.06-0.26
weak correlation, 0.26-0.49 moderate correlation, 0.49-0.71
strong correlation and >0.71 very strong correlation, while
negative coefficients indicate inverse correlations of varying
strength.

In particular, we find evidence for strong correlations
between cluster age Ty, yro4 and each of cluster core radius R,
and expansion asymmetry, while we find evidence for strong
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Table 2. Cluster property correlations.

R, Agepros D ADP Uout Max Exp N IMax
Exp Asym  mem-  Exp
Rate bers Ang|
R,
Agenroa
D -0.25
(0.091)
ADP -0.02 -0.07 0.29
(0.916) (0.652) (0.057)
Vout 0.02 -0.20 0.18 0.16
(0.895) (0.185) (0.224) (0.291)
Max Exp Rate -029 -0.38 0.01 0.02
(0.054) (0.014) (0.958) (0.874)
Exp Asym —-0.31 0.14 -0.03  -0.07
(0.039) (0.342) (0.853) (0.653)
N members 0.24 0.31 -0.06  0.06 0.01 -0.27
(0.107) (0.045) (0.711) (0.711) (0.979) (0.077)
[Max Exp Ang| -0.15 0.04 -0.12  0.08 0.21 -0.36
(0.315) (0.771)  (0.443) (0.579) (0.169) (0.017)

Notes. Kendall’s 7 coefficients with p-values in brackets for combinations of cluster parameters; core radius (R,), isochronal age from (Hunt &
Reffert 2024) (Agenr24), cluster distance (D), mean ADP with 4 sectors, expansion velocity (7,,;), maximum expansion rate, expansion anisotropy,
number of cluster members and orientation of the direction of maximum expansion. Results indicating strong evidence for correlations are
highlighted in red, and moderate evidence for correlations are highlighted in yellow. Negative values of 7 indicate inverse correlations.

negative correlations between cluster age and each of cluster dis-
tance D and the absolute value of orientation angle of maximum
expansion.

In Fig. 18, we plot cluster ages from Hunt & Reffert (2024)
Tiso.HR24 against the core radius R, for each cluster measured fol-
lowing the approach described in Sect. 3.1. We perform rank
correlation tests and find a Kendall correlation coefficient of 0.52
with a p-value 0.001 and a Spearman rank coefficient of 0.69
with a p-value of 0.0003. These indicate a strong correlation
between a cluster’s age and its core radius R.. A similar cor-
relation has been identified in previous studies (Pfalzner 2009;
Getman et al. 2018; Wright et al. 2024) between age and cluster
(effective) radius, which is usually interpreted as a direct con-
sequence of clusters expanding over time. With this strong age
dependency also for core radius, we infer that even the densest
concentration of cluster members at the core gradually relaxes
and becomes unbound, or less tightly bound, over time, and that
in many cases clusters will completely dissolve into the field.

We perform rank correlation tests on cluster ages from Hunt
& Reffert (2024) 750, 1r24 against expansion timescales 7,4, (see
Fig. 17 upper) and we find a Kendall correlation coefficient of
0.38 with a p-value 0.014 and a Spearman rank coefficient of
0.486 with a p-value of 0.0217. These indicate a mild correlation
between a cluster’s age and its expansion timescale across the
sample. As the expansion timescale is the inverse of the maxi-
mum expansion rate, this correlation is given as —0.38 (0.014) in
Table 2 between Agepgrr4 and MaxExpRate. This is a stronger
correlation than that found by Wright et al. (2024) who reported
a weak correlation between expansion timescale and age with a
p-value of 0.25 from their cluster sample. The main reason for
the stronger correlation is likely the difference in cluster sam-
ple, as the sample studied by Wright et al. (2024) was restricted
to spectroscopic members of clusters observed in the Gaia-ESO
survey (Randich et al. 2013). Thus their sample contained fewer
clusters with fewer members on average than our sample, and
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Fig. 18. Cluster ages from Hunt & Reffert (2024) (7,5, 1r24) against core
radii R, for each cluster.

often at greater distances (7 of their 18 clusters are at distances
>900 pc, further away than any cluster in our sample), which all
lead to our expansion rates and timescales being more precise on
average.

In Fig. 19, we plot cluster ages from Hunt & Reffert (2024)
Tiso.HR24 against the expansion asymmetry for each cluster mea-
sured following the approach described in Sect. 4.5. We perform
rank correlation tests and find a Kendall correlation coefficient
of 0.51 with a p-value 0.001 and a Spearman rank coefficient of
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Fig. 19. Cluster ages from Hunt & Reffert (2024) (i nr24) against
expansion asymmetry for each cluster.

0.69 with a p-value of 0.0003. These indicate a strong correla-
tion between a cluster’s age and the asymmetry of its expansion
signatures, which indicates that the dynamical evolution of these
clusters may be impacted by external forces, such as Galactic
potential, causing them to become more kinematically asymmet-
ric over time. This may be a similar mechanism to that which
produces tidal tails over ~100 Myr timescales, as have been
found in many nearby clusters (Risbud et al. 2025).

5.4. Sample-wide trends

In Fig. 20 we plot the fraction of cluster members with veloc-
ities oriented at Af < |45°| relative to the cluster centre against
the expansion velocity for each cluster measured following the
approach described in Sect. 4.2. We perform rank correlation
tests and find a Kendall correlation coefficient of 0.61 with a
p-value 0.0001 and a Spearman rank coefficient of 0.755 with
a p-value of 0.00003. These indicate a very strong correlation
between the proportion of cluster members moving away from
the cluster centre and the cluster expansion velocity, which fur-
ther supports the use of both of these properties as measures of
cluster expansion.

In Table 2, there are is a mild correlation between mean ADP
and cluster distance D, but otherwise there is no evidence for cor-
relation between mean ADP and any other cluster property. In
particular, this indicates that the average level of structure across
clusters in this sample is not primarily dependent on age 7;, or
the cluster expansion rate. Rather, structure can be preserved in
older (>20Myr) clusters and younger clusters (<10 Myr) may
become smoothly distributed on short timescales in different
cases. This may depend more strongly on the cluster’s internal
kinematic properties apart from expansion, such as the velocity
dispersion.

In Fig. 21, we plot a histogram of orientation angle of maxi-
mum expansion rate for clusters in our sample. These orientation
angles appear consistent with being uniformly distributed, that
is, there is no obvious preferential direction in which young clus-
ters typically expand. This may indicate that the direction of
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Fig. 20. Fraction of cluster members with A9 < |45°| against expansion
velocity 3,,, for each cluster.
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rate.

maximum expansion for young clusters is dependent on their ini-
tial structure and velocities inherited from their parent molecular
cloud, or local tidal forces from nearby molecular clouds, rather
than Galactic tidal forces in the way that tidal tails are produced
in older open clusters (Risbud et al. 2025). There is also evi-
dence for this in Fig. 22 where we plot the orientation angle of
maximum expansion against cluster age from Hunt & Reffert
(2024). Younger (75, < 20 Myr) clusters have a wide range of
orientation angles, but the orientations seemingly tend toward
0° (parallel to the Galactic plane) for older clusters. Indeed, in
Table 2 we report a strong negative correlation (Kendall; —0.48,
p-value; 0.002) between cluster age and the absolute value of ori-
entation angle of maximum expansion. This may indicate that,
over time, Galactic tidal forces begin to dominate the continued
expansion of clusters and the orientation of that expansion tends
towards being parallel with the Galactic plane.

5.5. Comparison to Wright et al. (2024)

Wright et al. (2024) studied the kinematics of 18 young clus-
ters and associations observed as part of the Gaia-ESO survey
(Randich et al. 2013), using cluster membership as determined
by spectroscopic youth criteria such as equivalent-widths of Li.
They measured expansion trends and found that the majority of
their clusters showed significant evidence for expansion, and that
the majority of these were expanding anisotropically.
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Only 3 of our clusters overlap with the sample analysed
by Wright et al. (2024); NGC 2264 (S Mon cluster), Pozzo 1
(Gamma Vel) and A Ori (including B30 and B35 clusters) as
analysed in AT24. Other clusters they examined either are not
present in the Cantat-Gaudin et al. (2020) catalogue (e.g. Rho
Ophiuchus), are more distant than the 1kpc limit we impose (e.g.
NGC 2244) or have too few RVs in Tsantaki et al. (2022) (e.g.
Collinder 197).

For NGC 2264, our sample of cluster members (149) here
is smaller than that of Wright et al. (2024) (244). However,
the main expansion trends remain in excellent agreement; 0,,; =
0.333f8:82 km s~' and 0.40f8:8é km s~!, and the maximum expan-
sion rates 0.316*09%% kms™'pc™! and 0357094 km s 'pc!,
respectively. Thus the expansion timescale of ~3 Myr is robust
between membership samples. The directions of maximum
expansion given in Wright et al. (2024) are reported as ori-
entation angle relative to the RA (@) axis, whereas we report
orientation angle relative to the axis of galactic longitude I. After
transforming these orientation angles into the same reference
frame, we find that our result for the orientation angle of maxi-
mum expansion in NGC 2264 is offset from that of Wright et al.
(2024) by ~45°, though this is a difference of <20 significance
given the orientation uncertainties.

For Pozzo 1, our sample of cluster members (312) is sig-
nificantly larger than that of Wright et al. (2024) (97), likely
due to the small FOV in which the Gaia-ESO survey observed
this cluster, but also the distinction between the cluster and the
overlapping Vela OB2 association made in Wright et al. (2024),
following the criteria described in Armstrong et al. (2020),
which the Cantat-Gaudin et al. (2020) catalogue does not make.
As a result, there is a notable difference (of 30~ significance) in

the cluster expansion velocities; Dy, = 0.16”_’8‘8%2 kms~! com-

pared to —0.06*%% km s~!. On the other hand, the maximum

-0.01
; : . +0.005 —1 -1
expansion rates are in good agreement; 0.0777; -2 km s~ pc

compared to 0.05'20% km s™'pc~!. This may indicate that the
maximum expansion rate is more robust to differences in cluster
membership samples than the expansion velocity. This maxi-
mum expansion rate is also in good agreement with the rate
of 0.062*3912 km s™'pc™! found in the Cartesian X direction
by Armstrong et al. (2022). However, our result for the orien-
tation angle of maximum expansion in Pozzo 1 is offset from
that of Wright et al. (2024) by ~37°, which is a difference of
>20 significance.

For A Ori, our sample of cluster members (563) is also signif-
icantly larger than that of Wright et al. (2024), even considering
that we include Barnard 30 & 35 with A Ori (Armstrong &
Tan 2024) while Wright et al. (2024) separate them (144, 57
and 57 members respectively for a total of 258). Again there
is a notable difference (this time of 70 significance) in the

cluster expansion velocities; 0, = 0.71170:921 km s™' compared

to 0.24f8:8? km s~!. But similarly to Pozzo 1, the maximum
1

expansion rates are in better agreement; 0.144*0-9% km s™'pc™
compared to 0.2*093 km s™'pc™!, again hinting that the maxi-
mum expansion rate is the more robust expansion indicator. Our
result for the orientation angle of maximum expansion in A Ori is
offset from that of Wright et al. (2024) by ~13°, which are thus

in good agreement.

5.6. Comparison to Kuhn et al. (2019)

Kuhn et al. (2019) analysed the kinematics of 28 young clus-
ters and associations observed as part of the MYStIX survey
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(Feigelson et al. 2013), which identified members on the basis
of IR and X-ray criteria and cross-matched these to Gaia DR2
sources. They found evidence for expansion in a majority (75%)
of their sample.

Of our sample of clusters only NGC 2264 (S Mon) and
IC 348 overlap with the sample of Kuhn et al. (2019). Again,
this is because clusters they examined either are not present
in the Cantat-Gaudin et al. (2020) catalogue (e.g. Orion Neb-
ula Cluster), are more distant than the 1 kpc limit we impose
(e.g. NGC 6530) or have too few RVs in Tsantaki et al. (2022)
(e.g. NGC 1333).

For NGC 2264, our sample of cluster members (149) here
is smaller than that of Kuhn et al. (2019) (242). However,
the expansion velocities remain in excellent agreement; ,,, =
0.33370% km s™' and 0.39*0'13 km s™".

Moreover, for IC 348, our sample of cluster members (132)
here is smaller than that of Kuhn et al. (2019) (180). How-
ever, the expansion velocities remain consistent within their
relatively large uncertainties; 7,,, = —0.035*%%43 kms™! and

-0.043
0.16*018 kms™".

As these comparisons between our results and those of
Wright et al. (2024) and Kuhn et al. (2019) suggest, analyses
using greatly differing cluster membership samples with dif-
ferent selection criteria and biases in many cases still produce
good agreement for metrics of cluster expansion. We acknowl-
edge the caveats that possible contamination and incompleteness
of cluster membership may affect the significance of detected
expansion signatures, but new Gaia-based cluster membership
catalogues (such as Hunt & Reffert 2023) which generally
expand the membership lists compared to the more conserva-
tive selection of Cantat-Gaudin et al. (2020) will preferentially
add new cluster members which are distributed sparsely and
further from the cluster centre and will be kinematically dis-
tinct from the cluster average. The inclusion of such members
will likely increase the detectability of expansion signatures for
future studies.

5.7 Cluster formation and dissolution

There is a growing body of evidence that young stellar clusters
are not typically dense and monolithic, but rather form with sig-
nificant spatial (e.g. Kuhn et al. 2014; Arnold & Wright 2024)
and kinematic structure (as traced by anisotropic velocity disper-
sions; e.g., Wright et al. 2024). The spatial structure begins to be
erased as the clusters evolve dynamically, which happens more
quickly in the dense cores of clusters where the frequency of
dynamical interactions is higher (Jaechnig et al. 2015). However,
in many cases clusters can preserve their spatial structure outside
their dense cores up to >10Myr timescales (e.g. NGC 2451B,
Collinder 359, and Gulliver 9; Table D.1). This is likely aided by
cluster expansion causing cluster members to move apart from
each other and reducing the frequency of dynamical interactions.

Recent kinematic studies making use of precise astrometry
from Gaia are now consistently showing that the majority of
young clusters are expanding (Kuhn et al. 2019; Wright et al.
2019; Armstrong et al. 2020; Guilherme-Garcia et al. 2023; Della
Croce et al. 2024; Wright et al. 2024; Cheshire et al. 2026) and
that in many cases this cluster expansion is anisotropic, that
is, clusters expand at greater rates in a preferred direction, as
we showed here. Clusters that exhibit rapid expansion (o~ Ori)
are likely to dissolve quickly (<10Myr), while clusters with
slower expansion rates may survive as distinct populations for
longer (20-50 Myr). For young clusters, the orientation of the
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Fig. 22. Cluster ages from Hunt & Reffert (2024) (75 nr24) against the
orientation angle of the maximum expansion rate.

maximum expansion rate is likely determined by the turbulent
kinematics of their natal molecular cloud, but there is some
evidence that this orientation moves closer to parallel with the
Galactic plane over time (Fig. 22).

6. Summary

— We calculated cluster median RVs using the RV catalogue
of Tsantaki et al. (2022) and found that they are ~5 km s~!
greater in general than cluster RVs from Hunt & Reffert
(2024), who only used RVs from Gaia. We attribute this to
the unreliability of Gaia RV measurements for young stars;

— We estimated cluster distances using the bootstrapping
approach of Armstrong & Tan (2024) on the Gaia DR3 par-
allaxes of individual cluster members. In general, our cluster
distances are larger than those of Hunt & Reffert (2024)
by an amount that increases non-linearly with distance. We
attribute this to the unsuitability of prior assumptions in the
approach of Hunt & Reffert (2024) for nearby clusters where
individual parallax uncertainties are smaller than the cluster
depth;

— We calculated cluster core radii R, using the approach
described in Tarricq et al. (2022). We found a wide range of
core radii for clusters in our sample, from 0.34 pc to 4.35 pc,
which increase in general with cluster age 75 mr24;

— We quantified the cluster substructure using the Q-parameter
and ADP methods. Most young clusters in our sample have
smoother distributions towards their centres, while their out-
skirts retain significantly more clumpy substructure. This
agrees with the findings of Jaehnig et al. (2015), who anal-
ysed clusters observed in the MYStIX survey and concluded
that the dense cluster centres quickly become smooth due to
the high rate of dynamical interactions between members,
which erase the initial structure over short timescales, com-
pared to the sparse outskirts, in which interactions between
cluster members are less frequent;

— NGC 1977, IC 2395, and Collinder 359 all have a mean

Oappea(r) > 2.5, indicating that these clusters are dynami-
cally less evolved overall and still retain much of their initial
structure;

IC 2391, Alessi 20, ASCC 16, ASCC 19, and NGC 2547
have dappe4(r) < 1.0, which indicates that these clusters are
smoothly distributed overall and are sufficiently dynamically
evolved to have erased much of their initial structure;

We investigated the structure (ADP) as a function of radial
distance from the centre of each cluster R. For most clus-
ters, the level of substructure generally increases with radial
distance R, and the central cluster sectors are often most
smoothly distributed. This indicates that the dense clus-
ter cores undergo rapid dynamical evolution and erase
their initial structure on short timescales (a few million
years), whereas the sparse cluster outskirts or haloes remain
dynamically unevolved for longer timescales (tens of million
years);

The majority of nearby young clusters that we analysed
show strong evidence of expansion, with the exceptions of
NGC 2232, IC 348, and NGC 1980, based on their expansion
velocities 3,,, and expansion rates;

The expansion trends of most clusters are significantly
anisotropic, 13 at the 50 level at least, and another 6 at the
30 level at least;

We calculated expansion timescales from the maximum
expansion rate T, of each cluster and found that many of
them agree well with isochronal ages 7y, given in either the
catalogues of Cantat-Gaudin et al. (2020) or Hunt & Reffert
(2024), mostly for clusters younger than 10 Myr, but in some
cases, also >20 Myr, such as for NGC 2451B and Collinder
359;

Many other clusters in our sample show significant evi-
dence of expansion, but their expansion timescales are far
shorter than their isochronal ages T,.x < Tiso. We con-
sider that expansion in these clusters might not have begun
immediately following residual gas expulsion in their early
evolution, but either became unbound gradually as they
evolved dynamically, or experienced catastrophic events,
such as encounters with molecular clouds, which caused
them to become unbound later in their evolution;

The expansion timescale of NGC 2232 is far longer than
its isochronal age. A possible explanation for this is that
NGC 2232 formed in a sparse configuration, much like
an OB association. Since the expansion timescale assumes
that expansion begins from a compact configuration, a clus-
ter expanding from an initially sparse configuration would
cause an expansion timescale to overestimate the cluster age.
However, NGC 2232 also shows some of the weakest evi-
dence of expansion in our sample with regard to expansion
velocities 7,,,, A6 and linear expansion rates (Sect. 5.1), so
this timescale might not be a reliable age indicator for this
cluster;

Most clusters are consistent with having been more compact
in the past according to our linear trace-back calculations,
and we calculated trace-back ages 7rp from the time at
which clusters would have been at their most compact in the
past. However, these linear trace-back calculations appear to
reach an upper limit of ~10 Myr for clusters in our sample,
even though many have ages that were derived from stellar
evolution models 7;5, > 10 Myr;

The correlations between measures for expansion, such as
the fraction of cluster members moving away from the centre
and the cluster expansion velocity 0,,, correlate strongly (e.g.
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Fig. 20), providing evidence that each of these measures is a

valid method of identifying cluster expansion;

— The orientations in which clusters have their maximum
expansion rate are consistent with being uniformly dis-
tributed (Fig. 21), indicating that the anisotropy might be
dependent on the turbulent motion inherited from the natal
molecular cloud at formation. We also note a strong nega-
tive correlation with the orientation of maximum expansion
and the age of the cluster (Fig. 22), indicating that older
clusters tend to expand preferentially parallel to the Galactic
plane. This might arise from the effect of the Galactic poten-
tial, which might create tidal tails in clusters over ~100 Myr
timescales (Risbud et al. 2025).

In future work, we will study other kinematic properties for
this cluster sample in detail, including velocity dispersions and
angular rotation signatures, and compare them to the results we
present here.

The upcoming Gaia DR4 will provide improved precision on
the five-parameter astrometry that will facilitate more precise
measurements of cluster kinematic properties, such as expan-
sion, and allow us to expand the cluster sample to greater
distances. Gaia DR4 will also include a wealth of valuable aux-
iliary data, including non-single star solutions, which will assist
us in identifying binary systems in clusters, which otherwise can
confound kinematic signatures and bias the age estimation.

A better understanding of the Gaia selection function and
cluster selection function will enable us to model cluster incom-
pleteness and determine a more robust membership in future
cluster catalogues, so that kinematically distinct cluster members
are better retained in membership lists.

Further spectroscopic observations of the full populations of
these clusters would provide spectroscopic youth confirmation,
allow us to determine the membership independent of kinemat-
ics, and provide greater RV coverage for a full 3D kinematic
analysis. Upcoming spectroscopic surveys from facilities such
as WEAVE (Dalton et al. 2018) and 4MOST (de Jong et al.
2019) will observe thousands of members of young clusters and
associations.

Acknowledgements. JJ.A. acknowledges support from a Chalmers Initiative on
Cosmic Origins (CICO) postdoctoral fellowship. J.C.T. acknowledges support
from ERC Advanced Grant MSTAR (788829) and SNSA-R grant 2025-00239.
This work has made use of data from the ESA space mission Gaia (http://www.
cosmos.esa.int/gaia), processed by the Gaia Data Processing and Anal-
ysis Consortium (DPAC, http://www.cosmos.esa.int/web/gaia/dpac/
consortium). Funding for DPAC has been provided by national institutions, in
particular the institutions participating in the Gaia Multilateral Agreement. This
research made use of the Simbad and Vizier catalog access tools (provided by
CDS, Strasbourg, France), Astropy (Astropy Collaboration 2013) and TOPCAT
(Taylor 2005).

References

Armstrong, J. J., & Tan, J. C. 2024, A&A, 692, A166

Armstrong, J. J., Wright, N. J., Jeffries, R. D., & Jackson, R. J. 2020, MNRAS,
494, 4794

Armstrong, J. J., Wright, N. ., Jeffries, R. D., Jackson, R. J., & Cantat-Gaudin,
T. 2022, MNRAS, 517, 5704

Armstrong, J. J., Tan, J. C., Wright, N. J., et al. 2025, MNRAS, 543, 2349

Arnold, B., & Wright, N. J. 2024, MNRAS, 531, 1191

Astropy Collaboration (Robitaille, T. P, et al.) 2013, A&A, 558, A33

Bailer-Jones, C. A. L., Rybizki, J., Fouesneau, M., Demleitner, M., & Andrae,
R. 2021, AJ, 161, 147

Baraffe, I., Homeier, D., Allard, F., & Chabrier, G. 2015, A&A, 577, A42

Brown, A. G. A., Dekker, G., & de Zeeuw, P. T. 1997, MNRAS, 285, 479

Cantat-Gaudin, T., Krone-Martins, A., Sedaghat, N., et al. 2019, A&A, 624,
Al126

A9, page 18 of 26

Cantat-Gaudin, T., Anders, F., Castro-Ginard, A., et al. 2020, A&A, 640, A1

Cao, L., Pinsonneault, M. H., Hillenbrand, L. A., & Kuhn, M. A. 2022, ApJ, 924,
84

Cartwright, A., & Whitworth, A. P. 2004, MNRAS, 348, 589

Cheshire, 1., Armstrong, J. J., & Tan, J. C. 2026, A&A, 710, A402

Da Rio, N., Tan, J. C., & Jaehnig, K. 2014, ApJ, 795, 55

Dalton, G., Trager, S., Abrams, D. C., et al. 2018, SPIE Conf. Ser., 10702,
107021B

de Jong, R. S., Agertz, O., Berbel, A. A, et al. 2019, The Messenger, 175, 3

Della Croce, A., Dalessandro, E., Livernois, A., & Vesperini, E. 2024, A&A,
683, A10

Dias, W. S., Monteiro, H., Moitinho, A., et al. 2021, MNRAS, 504, 356

El-Badry, K., Rix, H.-W., & Heintz, T. M. 2021, MNRAS, 506, 2269

Fajrin, M., Armstrong, J. J., Tan, J. C., Farias, J. P, & Eyer, L. 2025, MNRAS,
537, 1320

Farias, J. P., & Tan, J. C. 2023, MNRAS, 523, 2083

Farias, J. P, Tan, J. C., & Chatterjee, S. 2019, MNRAS, 483, 4999

Feigelson, E. D., Townsley, L. K., Broos, P. S., et al. 2013, ApJS, 209, 26

Foreman-Mackey, D., Hogg, D. W., Lang, D., & Goodman, J. 2013, PASP, 125,
306

Gaia Collaboration (Brown, A. G. A, et al.) 2021a, A&A, 649, Al

Gaia Collaboration (Klioner, S. A, et al.) 2021b, A&A, 649, A9

Getman, K. V., Kuhn, M. A, Feigelson, E. D., et al. 2018, MNRAS, 477, 298

Getman, K. V., Feigelson, E. D., Kuhn, M. A., & Garmire, G. P. 2019, MNRAS,
487, 2977

Goodwin, S. P., & Bastian, N. 2006, MNRAS, 373, 752

Guilherme-Garcia, P., Krone-Martins, A., & Moitinho, A. 2023, A&A, 673,
Al128

Gutermuth, R. A., Megeath, S. T., Myers, P. C., et al. 2009, AplJS, 184, 18

Hunt, E. L., & Reffert, S. 2023, A&A, 673, Al14

Hunt, E. L., & Reffert, S. 2024, A&A, 686, A42

Inutsuka, S.-i., Inoue, T., Iwasaki, K., & Hosokawa, T. 2015, A&A, 580, A49

Jaehnig, K. O., Da Rio, N., & Tan, J. C. 2015, ApJ, 798, 126

Kounkel, M., Covey, K., Sudrez, G., et al. 2018, AJ, 156, 84

Kounkel, M., Mcbride, A., Stassun, K. G., & Leigh, N. 2022, MNRAS, 517, 1946

Kounkel, M., Zari, E., Covey, K., et al. 2023, ApJS, 266, 10

Krone-Martins, A., & Moitinho, A. 2014, A&A, 561, A57

Kroupa, P., Aarseth, S., & Hurley, J. 2001, MNRAS, 321, 699

Kuhn, M. A., Feigelson, E. D., Getman, K. V., et al. 2014, ApJ, 787, 107

Kuhn, M. A., Hillenbrand, L. A., Sills, A., Feigelson, E. D., & Getman, K. V.
2019, AplJ, 870, 32

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

Lindegren, L., Bastian, U., Biermann, M., et al. 2021, A&A, 649, A4

Marigo, P., Girardi, L., Bressan, A., et al. 2017, ApJ, 835, 77

Marton, G., Abrahém, P., Rimoldini, L., et al. 2023, A&A, 674, A21

Miret-Roig, N., Galli, P. A. B., Brandner, W., et al. 2020, A&A, 642, A179

Miret-Roig, N., Alves, J., Barrado, D., et al. 2024, Nat. Astron., 8, 216

Pedrini, A., Adamo, A., Calzetti, D., et al. 2026, Nat.
[arXiv:2603.09867]

Pelkonen, V. M., Miret-Roig, N., & Padoan, P. 2024, A&A, 683, A165

Pfalzner, S. 2009, A&A, 498, .37

Polak, B., Mac Low, M.-M., Klessen, R. S., et al. 2024, A&A, 690, A207

Quintana, A. L., & Wright, N. J. 2022, MNRAS, 515, 687

Quintana, A. L., Hunt, E. L., & Parul, H. 2025, A&A, 701, L2

Randich, S., Gilmore, G., & Gaia-ESO Consortium 2013, The Messenger, 154,
47

Ratzenbdck, S., GroB3schedl, J. E., Alves, J., et al. 2023, A&A, 678, A71

Risbud, D., Jadhav, V. V., & Kroupa, P. 2025, A&A, 694, A258

Romdn-Zuiiga, C. G., Kounkel, M., Herndndez, J., et al. 2023, AJ, 165, 51

Sills, A., Rieder, S., Scora, J., McCloskey, J., & Jaffa, S. 2018, MNRAS, 477,
1903

Somers, G., Cao, L., & Pinsonneault, M. H. 2020, ApJ, 891, 29

Squicciarini, V., Gratton, R., Bonavita, M., & Mesa, D. 2021, MNRAS, 507, 1381

Tan, J. C. 2000, ApJ, 536, 173

Tarricq, Y., Soubiran, C., Casamiquela, L., et al. 2022, A&A, 659, A59

Taylor, M. B. 2005, in Astronomical Society of the Pacific Conference Series,
347, Astronomical Data Analysis Software and Systems XIV, eds. P. Shopbell,
M. Britton, & R. Ebert, 29

Tsantaki, M., Pancino, E., Marrese, P., et al. 2022, A&A, 659, A95

Wright, N. J., & Mamajek, E. E. 2018, MNRAS, 476, 381

Wright, N. J., Jeffries, R. D., Jackson, R. J., et al. 2019, MNRAS, 486, 2477

Wright, N. J., Jeffries, R. D., Jackson, R. J., et al. 2024, MNRAS, 533, 705

Wu, B., Tan, J. C., Christie, D., et al. 2017, ApJ, 841, 88

Xu, M. H., Wang, G. L., & Zhao, M. 2012, A&A, 544, A135

Zamora-Avilés, M., Ballesteros-Paredes, J., Hernandez, J., et al. 2019, MNRAS,
488, 3406

Zari, E., Brown, A. G. A., & de Zeeuw, P. T. 2019, A&A, 628, A123

Astron.


http://www.cosmos.esa.int/gaia
http://www.cosmos.esa.int/gaia
http://www.cosmos.esa.int/web/gaia/dpac/consortium
http://www.cosmos.esa.int/web/gaia/dpac/consortium
http://linker.aanda.org/10.1051/0004-6361/202660333/1
http://linker.aanda.org/10.1051/0004-6361/202660333/2
http://linker.aanda.org/10.1051/0004-6361/202660333/2
http://linker.aanda.org/10.1051/0004-6361/202660333/3
http://linker.aanda.org/10.1051/0004-6361/202660333/4
http://linker.aanda.org/10.1051/0004-6361/202660333/5
http://linker.aanda.org/10.1051/0004-6361/202660333/6
http://linker.aanda.org/10.1051/0004-6361/202660333/7
http://linker.aanda.org/10.1051/0004-6361/202660333/8
http://linker.aanda.org/10.1051/0004-6361/202660333/9
http://linker.aanda.org/10.1051/0004-6361/202660333/10
http://linker.aanda.org/10.1051/0004-6361/202660333/10
http://linker.aanda.org/10.1051/0004-6361/202660333/11
http://linker.aanda.org/10.1051/0004-6361/202660333/12
http://linker.aanda.org/10.1051/0004-6361/202660333/12
http://linker.aanda.org/10.1051/0004-6361/202660333/13
http://linker.aanda.org/10.1051/0004-6361/202660333/14
http://linker.aanda.org/10.1051/0004-6361/202660333/15
http://linker.aanda.org/10.1051/0004-6361/202660333/16
http://linker.aanda.org/10.1051/0004-6361/202660333/16
http://linker.aanda.org/10.1051/0004-6361/202660333/17
http://linker.aanda.org/10.1051/0004-6361/202660333/18
http://linker.aanda.org/10.1051/0004-6361/202660333/18
http://linker.aanda.org/10.1051/0004-6361/202660333/19
http://linker.aanda.org/10.1051/0004-6361/202660333/20
http://linker.aanda.org/10.1051/0004-6361/202660333/21
http://linker.aanda.org/10.1051/0004-6361/202660333/21
http://linker.aanda.org/10.1051/0004-6361/202660333/22
http://linker.aanda.org/10.1051/0004-6361/202660333/23
http://linker.aanda.org/10.1051/0004-6361/202660333/24
http://linker.aanda.org/10.1051/0004-6361/202660333/25
http://linker.aanda.org/10.1051/0004-6361/202660333/25
http://linker.aanda.org/10.1051/0004-6361/202660333/26
http://linker.aanda.org/10.1051/0004-6361/202660333/27
http://linker.aanda.org/10.1051/0004-6361/202660333/28
http://linker.aanda.org/10.1051/0004-6361/202660333/29
http://linker.aanda.org/10.1051/0004-6361/202660333/29
http://linker.aanda.org/10.1051/0004-6361/202660333/30
http://linker.aanda.org/10.1051/0004-6361/202660333/31
http://linker.aanda.org/10.1051/0004-6361/202660333/31
http://linker.aanda.org/10.1051/0004-6361/202660333/32
http://linker.aanda.org/10.1051/0004-6361/202660333/33
http://linker.aanda.org/10.1051/0004-6361/202660333/34
http://linker.aanda.org/10.1051/0004-6361/202660333/35
http://linker.aanda.org/10.1051/0004-6361/202660333/36
http://linker.aanda.org/10.1051/0004-6361/202660333/37
http://linker.aanda.org/10.1051/0004-6361/202660333/38
http://linker.aanda.org/10.1051/0004-6361/202660333/39
http://linker.aanda.org/10.1051/0004-6361/202660333/40
http://linker.aanda.org/10.1051/0004-6361/202660333/41
http://linker.aanda.org/10.1051/0004-6361/202660333/42
http://linker.aanda.org/10.1051/0004-6361/202660333/43
http://linker.aanda.org/10.1051/0004-6361/202660333/44
http://linker.aanda.org/10.1051/0004-6361/202660333/45
http://linker.aanda.org/10.1051/0004-6361/202660333/46
http://linker.aanda.org/10.1051/0004-6361/202660333/47
http://linker.aanda.org/10.1051/0004-6361/202660333/48
http://linker.aanda.org/10.1051/0004-6361/202660333/49
https://arxiv.org/abs/2603.09867
http://linker.aanda.org/10.1051/0004-6361/202660333/51
http://linker.aanda.org/10.1051/0004-6361/202660333/52
http://linker.aanda.org/10.1051/0004-6361/202660333/53
http://linker.aanda.org/10.1051/0004-6361/202660333/54
http://linker.aanda.org/10.1051/0004-6361/202660333/55
http://linker.aanda.org/10.1051/0004-6361/202660333/56
http://linker.aanda.org/10.1051/0004-6361/202660333/56
http://linker.aanda.org/10.1051/0004-6361/202660333/57
http://linker.aanda.org/10.1051/0004-6361/202660333/58
http://linker.aanda.org/10.1051/0004-6361/202660333/59
http://linker.aanda.org/10.1051/0004-6361/202660333/60
http://linker.aanda.org/10.1051/0004-6361/202660333/60
http://linker.aanda.org/10.1051/0004-6361/202660333/61
http://linker.aanda.org/10.1051/0004-6361/202660333/62
http://linker.aanda.org/10.1051/0004-6361/202660333/63
http://linker.aanda.org/10.1051/0004-6361/202660333/64
http://linker.aanda.org/10.1051/0004-6361/202660333/65
http://linker.aanda.org/10.1051/0004-6361/202660333/66
http://linker.aanda.org/10.1051/0004-6361/202660333/67
http://linker.aanda.org/10.1051/0004-6361/202660333/68
http://linker.aanda.org/10.1051/0004-6361/202660333/69
http://linker.aanda.org/10.1051/0004-6361/202660333/70
http://linker.aanda.org/10.1051/0004-6361/202660333/71
http://linker.aanda.org/10.1051/0004-6361/202660333/72
http://linker.aanda.org/10.1051/0004-6361/202660333/72
http://linker.aanda.org/10.1051/0004-6361/202660333/73

Armstrong, J. J. and Tan, J. C.: A&A, 713, A9 (2026)

Appendix A: 3D dynamical trace-back

For clusters with enough members with precise 3D position and velocity information, we transform 5-parameter astrometry and
RVs into 3D Heliocentric Cartesian coordinates X, Y, Z and velocities U, V, W, with their respective uncertainties, and perform
3D dynamical trace-back estimation using orbital equations as described in Armstrong et al. (2022, 2025), for comparison with our
plane-of-sky trace-back (Sect. 4.6). As errors will propagate with increasing timesteps and inflate cluster size metrics, we limit the
cluster members used in this analysis to those with gy < 0.5 kms™!, flag,, < 2 and flagpinary | = binary from Tsantaki et al.
(2022), as well as oy, oy < 8 pc, and incorporate the size metric correction as described in Sect. 4.6.
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Fig. A.1: 2D and 3D cluster size trace-back for A Ori cluster members, with precise 3D velocities, using the correction for estimated
size inflation due to error propagation. Left: Minimum spanning-tree total length as a function of trace-back time with no filter for
outliers (red), 30 velocity outliers removed (green), 20~ velocity outliers removed (blue) and 32% longest branches removed (black)
with their respective uncertainties. Right: Sum of distances for each star to the association subgroup centre as a function of trace-
back time with no filter for outliers (red), 30~ velocity outliers removed (green), 20 velocity outliers removed (blue). 3D trace-back
results show much larger uncertainties, due to the inclusion of parallax and RV uncertainties in the calculations, but generally the
times of minimum cluster size are in good agreement.

For A Ori, we have 67 cluster members that meet these criteria. We show the results of the 3D trace-back calculations for these in
Fig. A.1 with the 2D trace-back results overlaid. The resulting trace-back times vary depending on the filtering of cluster members,
but generally are consistent with the 2D trace-back age of 4.4 + 0.1 Myr within their uncertainties.

For Pozzo 1 we have 62 cluster members that meet the 3D criteria. However, the results are consistent with the cluster being at
its most compact between 0 and 3 Myr ago, much less than the 10 + 0.1 Myr timescale indicated by the 2D trace-back.

For Melotte 20 we have 54 cluster members that meet the 3D criteria. The results are consistent with the cluster being most
compact between 2 and 6 Myr ago, consistent with the 2D trace-back age of 5.5 + 0.1 Myr.

For NGC 2547 we have 44 cluster members that meet the 3D criteria. The results are consistent with the cluster being most
compact between 0 and 3 Myr ago, consistent with the 2D trace-back age of 3.1 = 0.1 Myr.

Overall, the 3D trace-back with orbital equations does not clearly increase the kinematic age estimate 775 compared to the 2D
linear approximations presented in Sect. 4.6.

Appendix B: Numerical simulations for 2D trace-back

We perform numerical simulations to test the apparent ~10 Myr upper limit on 775 and to test the validity of our inflation correc-
tion approach. We perform the trace-back method as presented in Sect. 4.6, using tangential velocities U, V and their respective
uncertainties randomly sampled from cluster members of A Ori, with positions X, Y set as (U, V) x 20/1.023, where 1.023 is the
conversion factor between kms™! and pc Myr~!, and with the true trace-back age set to 20 Myr. We obtain a resulting uncorrected
7rp of 18.8 Myr and a corrected 775 of 19.2 Myr. We also perform this test using velocities and uncertainties from Melotte 20 and
NGC 2264, which give corrected 775 of 19.1 Myr and 17.3 Myr, respectively. These results not only show that the apparent 10 Myr
limit is not due to method, and rather reflects the kinematics of the clusters, but also validates the correction approach we employ to
offset the age bias caused by uncertainty propagation.
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Appendix C: Differences between Linear Expansion Timescales and Minimum Area trace-back

Kinematic ages for clusters derived from different approaches can differ for the same cluster membership sample. This may be due
to differences in underlying assumptions implicit in these approaches and not necessarily because of observational uncertainties in
the data.

We show in Fig. C.1 an illustrative diagram, showing a simplified cluster (containing 4 stars) with simplistic spatial and kinematic
distributions. In this plot, the three rows are three cases; fop where trace-back t > Max Expansion t, middle where trace-back t =
Max Expansion t and bottom where trace-back t < Max Expansion t. We illustrate how these cases can arise only by differences in
the relative velocities of the cluster members.

The left column shows the 2D spatial positions of the cluster members in a Cartesian coordinate system with the origin placed
at the geometric centre of the cluster, with the relative velocities as black vectors. Faint grey and faint green points represent past
positions of stars (going backwards from their motion vectors) to the configurations that would give the minimum MST total length
and minimum total R, the two metrics used to define the minimum cluster size in the trace-back analysis in Sect. 4.6. In the legend
is given the past time when these configurations are reached.

The right column shows position X, versus velocity Uy for these same stars per row, to demonstrate what the corresponding
maximum expansion gradient and timescales would be. In black is plotted the positions and velocities in the direction parallel to
y = 0, in red parallel to y = x and in blue parallel to x = 0. Then the best-fitting linear gradient (by least squares) for each is plotted
in the same colour. In the legend is given the expansion timescale corresponding to each gradient, the lowest (for the maximum
expansion rate) in bold.

The lower row seems to be the case that applies for many of the clusters in the sample we analysed, where the trace-back time
T7rp < Expansion Age Tmax-

7 I 7
2 min total MST; 1.5 Myr A2 min total MST; 1.25 Myr 2 min total MST; 1 Myr
min total R; 2. Myr @ min total R; 1 Myr @ min total R; 0 Myr
1 1 ¢ % 1
AN //’
o
2 o0 0 0 —
o N
—1 -1 , 4? @ -1 e
-2, -2,
-2 -1 0 1 2 -2 -1 0 1 2
X (pc) X (pc)
20— y=0; 2 Myr 2 — y=0; 1 Myr
— y=Xx; 1.41 Myr — y=x; 1.41 Myr
— x=0; 1 Myr — x=0; N/A
1 1
E‘ o (]
=
O 0 0
8 L @
o () o
o
-1 -1
-2 -2
-2 -1 0 1 2 -2 -1 0 1 2
Xo (pc) Xo (pc)

Fig. C.1: Illustrative diagram of a simple cluster where columns show kinematic configurations of members that result in differences
between expansion timescales and trace-back timescales. Upper: 2D positions of cluster members (black) with vectors indicating
relative velocities, and points indicating past configurations at minimum MST total length (faint green) and minimum total R (faint
grey). Lower: Position X versus velocity Uy parallel to axes y = 0, y = x and x = 0, with coloured points indicating the positions
and velocities of cluster members parallel to those axes (black, red & blue, respectively). Coloured lines indicate the best-fit linear
expansion gradients to the coloured points.

Appendix D: Cluster properties and additional plots

We present the main cluster properties derived in this work along with cluster ages from Cantat-Gaudin et al. (2020); Dias et al.
(2021); Hunt & Reffert (2024) in Table D.1. We also present expansion velocity v,,, (km s7h per concentric annulus values for each
cluster in Table D.2, and histograms of A8 for each cluster in the sample in figures D.1, D.2, D.3 and D .4.
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Table D.2: 1D expansion velocity v,,, (km s7h per concentric annulus values for each cluster.

Cluster voue (km s™1) per concentric annulus
50 100 150 200 250 300 350 400 450 500
A0ri 0.02:507 [ 015708 | 012008 | 030708 [ 044rp | 07000 | osorplt | Lostpdl | Leotgdl | 1730
Platais 8 0.19%0% | 0517903 | 0.697093
o Ori 0307002 | 1.23+003
NGC2451B | —0.127098 | —0.04*306 | 0.177050 | 0.04*005 | 0.137052
Melotte 20 0.027093 | 0.07*503 | 0.137002 | 021*503 | 0.137002 | 023*093 | 0.137010 | 032%001 | 0367001 | 047000
IC 2391 0.03700% | 0.10*591 | 0.16702
Gulliver 6 0.087002 | 0.26*006 | 0.227001 | 0.35*006 | 0.29702
Pozzo 1 -0.127003 1 0.141904 | 0.14709 | 0.11*008 | 0287001 | 0.33*007
IC 2602 0.08*303 | 0157093 | 0287001 | 0547002 | 0427004
NGC 2232 —0.057393 | 0.06*502 | 0.070:93
NGC 1977 0.241303 | 0.30%0.92
NGC 2264 0267013 | 0.41%098
IC 2395 0.087037 | 0.10*31% | 0.157007 | 0347096 | 0.43+00
Alessi 20 0.03*0:0¢
Coll 359 -0.10*310 | 0127028 | 0.34709¢ | 030*003 | 037728
Gulliver 9 -0.01*306 | 0.127098 | 0.247011 | 0.53+00
ASCC 16 0.177001 | 0.37+591 | 0.36702
ASCC 21 0.15+0:04
IC 348 -0.17+393 | —-0.05+906
ASCC 19 0.187002 | 0.37+0:0
NGC 1980 -0.017091 | 0.18+3%2
NGC 2547 0.137004 | 0.12*50> | 0.06702
Coll 135 0.077092 | 0.16*503 | 0.177095 | 0.20*505 | 0.3470.8

Notes. 1D expansion velocity v,,, (km s71) values for each cluster. Values are given for concentric elliptic annuli of 50 cluster members each, as
used for measuring the Angular Dispersion Parameter described in Sect. 3.3.
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Fig. D.1: Histogram of A6 calculated using proper motion vectors (blue) or virtual expansion corrected tangential velocity vec-
tors (red) relative to the cluster centre for members of A Ori, Platais 8, o Ori, NGC 2451B, Melotte 20 & IC 2391 (right to left,

descending).
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Fig. D.2: Histogram of A8 calculated using proper motion vectors (blue) or virtual expansion corrected tangential velocity vectors
(red) relative to the cluster centre for members of Gulliver 6, Pozzo 1, IC 2602, NGC 2232, NGC 1977 & NGC 2264 (right to left,

descending).
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Fig. D.3: Histogram of A@ calculated using proper motion vectors (blue) or virtual expansion corrected tangential velocity vectors
(red) relative to the cluster centre for members of IC 2395, Alessi 20, Collinder 359, Gulliver 9, ASCC 16 & ASCC 21 (right to left,

descending).
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Fig. D.4: Histogram of Af calculated using proper motion vectors (blue) or virtual expansion corrected tangential velocity vec-
tors (red) relative to the cluster centre for members of IC 348, ASCC 19, NGC 1980, NGC 2547 & Collinder 135 (right to left,

descending).
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