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ABSTRACT

We study how stellar velocity dispersion within the Scorpius-Centaurus OB association (Sco-Cen) has evolved over approximately
20 million years, from its formation to the present day. Using data from the Gaia mission along with supplementary stellar radial
velocities, we identified a surprising sequence of abrupt jumps and intervening plateaus in the velocity dispersion correlating with
star formation bursts. These changes in velocity dispersion coincide with the association expanding in size. We measure a present-
day expansion rate of about 10–12 pc Myr−1 and observe that younger star clusters within the association exhibit higher velocities
compared to older ones. This result, along with the stepwise increase in both velocity dispersion and spatial extent over time, suggests
a structured and sequential star formation process rather than a random one. This phased evolution strongly suggests that stellar
feedback is the primary driver of Sco-Cen’s star formation history, expansion, and eventual dispersal. Our findings emphasize the value
of precisely characterizing stellar populations within OB associations, particularly through the creation of detailed, high-resolution
age maps.
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1. Introduction

Understanding the temporal evolution of OB associations is cru-
cial for understanding the role of massive stars in shaping their
environments (e.g., Brown et al. 1997). OB associations repre-
sent an essential, yet transient phase in the life cycle of massive
stars and star-forming regions (e.g., Blaauw 1964a; Wright et al.
2023). The traditional view of OB associations has been signif-
icantly refined with Gaia data (Gaia Collaboration et al. 2016).
Recent Gaia-based studies reveal that OB associations comprise
dozens of largely unbound stellar populations with ages up to
roughly 20 Myr (e.g., Kos et al. 2019; Chen et al. 2020; Kerr
et al. 2021; Ratzenböck et al. 2023b; Hunt & Reffert 2023),
rather than just a few subgroups. Moreover, they are likely linked
to even larger and older cluster families, which could trace their
origins to spiral arm activity (Swiggum et al. 2024, 2025).

A comprehensive characterization of stellar groups within
OB associations is crucial for understanding their formation
mechanisms and boundness state, as they ultimately disperse and
merge with the field star population (e.g., Lynga & Palous 1987;
Kamaya 2004). OB associations also provide insights into star
formation mechanisms, stellar feedback, and early dynamical
evolution. Their velocity dispersion is a key factor, which pro-
vides insights into the internal motions, dynamical states, and
evolutionary histories of stellar populations, eventually shaping
the structure of the Galactic field population (e.g., Lada et al.
1984; Lada & Lada 2003; Kroupa 1995, 2008; de la Fuente Mar-
cos & de la Fuente Marcos 2008; Kuhn et al. 2019).

Although velocity dispersion is widely recognized as a fun-
damental population property, its temporal evolution during the
formation of a single stellar association remains largely unex-
plored. Previous observational studies provide only snapshots in
time, which limit our understanding of how stellar populations
evolve dynamically. The lack of observational data on the tem-
poral evolution of velocity dispersion represents a major gap in
our understanding of stellar population formation.

To address this, we use high-precision Gaia DR3 data (Gaia
Collaboration et al. 2023), supplemented with ancillary radial
velocity (RV) measurements, to investigate the temporal evolu-
tion of velocity dispersion in the Scorpius-Centaurus OB asso-
ciation (Sco-Cen; e.g., Blaauw 1964a,b; Preibisch & Mamajek
2008). This study builds on the recent identification of more
than 30 coeval and comoving stellar clusters1 within Sco-Cen
with ages of approximately 3 to 21 Myr (see Ratzenböck et al.
2023a,b; Miret-Roig et al. 2025, hereafter, R23a, R23b, MR25).
These studies identified spatio-temporal patterns, using high-
resolution age maps, indicative of sequential star formation. This
enabled the identification of cluster chains with well-defined age,
mass, position, and velocity gradients extending outward at the
periphery of the association (see Posch et al. 2023, 2025, here-
after, P23, P25). In this paper, we aim to reconstruct, for the first
time, the temporal evolution of velocity dispersion and internal
motions of an OB association by analysing 32 well-defined clus-
ters in the 6D phase space over a time span of about 20 Myr.

1 We use the term “cluster” in a statistical sense, as in R23a.
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2. Data

We use the Sco-Cen cluster sample from R23a, which was se-
lected with the unsupervised machine-learning tool SigMA (Sig-
nificance Mode Analysis), containing 34 clusters related to Sco-
Cen. We add two clusters from the TW Hydrae association
(TWA), which are connected to Sco-Cen as a cluster chain (see
MR25). The combined sample contains a total of 13,011 stel-
lar members. R23b determined cluster ages by fitting PARSEC
model isochrones (Bressan et al. 2012) with a Bayesian infer-
ence approach. We use the isochronal ages fitted to the Gaia
colour–absolute-magnitude diagram Gabs vs GBP − GRP. MR25
estimate the cluster ages of TWA-a,b consistently with the same
method as R23b. The Sco-Cen clusters cover ages from about 3
to 21 Myr, and are used as time information in our analysis. A
detailed data description is given in Appendices A.1 & A.2.

To study the clusters in 6D phase space, we combine the as-
trometric 5D data with RV data. Gaia DR3 provides RV mea-
surements (Katz et al. 2023) for about 38% of our sources,
however, only about 11% have relatively low uncertainties
(eRV,Gaia < 3.1 km s−1)2 with a median error of about 1.5 km s−1.
Moreover, some of the relatively sparse clusters contain no or
very few stars with Gaia RVs. Hence, we add supplementary RV
data from 22 spectroscopic surveys (see Appendix A.3 & Ta-
ble A.1). After the cross-match, about 50% of the sources have
RV measurements from at least one survey. To determine robust
3D space motions, we apply several cleaning steps, including a
cut using the cluster stability value from R23a, an RV error cut at
eRV < 3.1 km s−1, removal of binary candidates, and a global out-
lier cut and 3σ-clipping, as outlined in detail in Appendix A.4.
Finally, our RV sample contains about 25% of the original stel-
lar sample (3222/13,011). The median RV error is of this sample
is about 0.3 km s−1 (min/max = 0.015/3.05 km s−1). A detailed
overview of the data statistics per cluster is given in Table A.2.

Eventually, we use 32 out of the 36 Sco-Cen clusters. We
find that the sparse cluster µSco has very poor RV statistics,
and we remove it from further analysis in this work. Moreover,
we remove three clusters from the Chamaeleon-Musca-Coalsack
region (Cham-I, Cham-II, Cen-Far). They are slightly detached
from Sco-Cen and probably belong to a background structure,
called the “C” (Edenhofer et al. 2024b). The remaining 32 anal-
ysed clusters contain a total of 12,612 stellar candidate members,
while we also report statistics for the four removed clusters in
Table A.2.

3. Methods

We calculate the velocity dispersion from the stellar members of
the clusters in 3D, using the Galactic Cartesian velocities (UVW,
see Appendix A.2), after applying the quality criteria from Ap-
pendix A.4:

σ3D (km s−1) =
√
σ2

U + σ
2
V + σ

2
W (1)

The one-dimensional velocity dispersions (σU,V,W ) were calcu-
lated via the standard deviation in the three velocity spaces. We
use the time information (cluster ages) to investigate the evolu-
tion of velocity dispersion in 3D. This is possible for the first
time, since we have a coherent sample of clusters, which formed
in a single OB association with a wide range of ages and with
3D information.

2 As in our quality criteria (Appendix A.4); chosen to ensure that also
sparse clusters contain several stars with measured RVs.

We calculate σ3D cumulatively by progressively incorporat-
ing member stars of the next younger stellar population at each
time step for its calculation. In other words, we start the calcu-
lation of the cumulative σ3D with only the stellar members of
the oldest cluster (e Lup), then add the stars of the next youngest
cluster at each step, and finally, we end with all member stars
from all studied clusters. We calculate the cumulative σ3D by
iteratively picking equal subsamples from each cluster at each
timestep, to account for the different cluster sizes, as detailed in
Appendix B.1.

Next, we similarly estimate the spatial stellar build-up of
Sco-Cen in chronological order. To this end, we determine the
maximum cluster extent (S , size in pc) as observed today, by
measuring the minimal distance across the connections using
a k-nearest neighbour graph of the member stars in the XYZ
space. We construct this graph from individual stellar members
as nodes and we use Dijkstra’s algorithm to compute the short-
est paths between any two sources along the edges of this graph.
Thus, at each step, we compute the maximally possible path dis-
tance that you can take between any two pairs of Sco-Cen mem-
ber stars older than the given age step. More details are given
in Appendix B.2. The presented chronological stellar build-up
is not exactly the same as the evolution of size over time, since
we do not include orbital tracebacks of the clusters at this stage.
The present-day change in extent is used as a reference quantity,
and it should give a more quantitative visualization of the spa-
tial build-up as also shown in Fig. 2. We will look into a more
detailed traceback analysis in future work, where various sec-
ond order effects and required assumptions will be taken into ac-
count (e.g., cluster expansion, acceleration from feedback, non-
sphericity, Galactic potential, possible internal gravitational ef-
fects, orbit integration with different Solar parameters).

We further investigate the clusters’ 3D bulk positions and
motions, using the cluster medians in Galactic Cartesian coor-
dinates (XYZ) and velocities (UVW). The corresponding uncer-
tainties are determined by bootstrap sampling from the cluster
members (Appendix B.3). We calculate the position and veloc-
ity vectors for each cluster relative to a chosen centre (XYZctr)
and rest velocity (UVW rest):

r = ((X − Xctr), (Y − Yctr), (Z − Zctr))
v = ((U − Urest), (V − Vrest), (W −Wrest))

(2)

Next, we calculate the relative distances of the clusters (r, vector
norm, in pc) and the relative velocities (v, or speed, in km s−1),
via the Euclidean distance in position and velocity space to the
given reference point.

r = ∥r∥ =
√

(X − Xctr)2 + (Y − Yctr)2 + (Z − Zctr)2

v = ∥v∥ =
√

(U − Urest)2 + (V − Vrest)2 + (W −Wrest)2
(3)

We determine the radial component of the velocities relative to
the chosen reference point as follows:

vr =
r · v

r
(4)

The tangential component is then computed with:

vtan =

√
v2 − v2

r (5)

To define the reference point (centre and rest velocity), we
use three approaches to investigate possible systematics. The
centre of Sco-Cen is not a well-defined point and depends also
on the question at hand (e.g., centre of feedback, centre of mass,
or using older clusters to find the point of first star formation).
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Fig. 1. Temporal evolution of the cumulative 3D velocity dispersion (σ3D, left panel) and present-day cumulative spatial extent (S , right panel),
using the cluster ages as time information. The orange and green shaded areas are the 95% interquartile ranges (2σ bound), highlighting the
uncertainties of the two trends. The symbols are colour-coded by the formation time of the youngest cluster included (correlates with the x-axis).
The four vertical grey bars indicate the four main star formation events in Sco-Cen; periods of increased star formation rate, as discussed in R23b
(see their Fig. 3).

First, we use the median position and motion of the oldest clus-
ter in the region, e Lup (age about 21 Myr), which is located at a
central position. We assume that its velocity is reminiscent of
the original velocity of the primordial star-forming molecular
cloud when the first stars formed. Additionally, we use the clus-
ter ϕLup, another central cluster in Sco-Cen with an age of about
17 Myr, which is connected to two chains of clusters (see P23;
P25). Finally, we use the median motion of the stellar members
of the oldest clusters in Sco-Cen with ages > 15 Myr, denoted
as SC15, to get another estimate of the bulk motion of the early
star-forming region (see similar approaches in P25 and MR25).
More details on the determination of SC15 and a comparison of
the three chosen centres (e Lup, ϕLup, SC15) are given in Ap-
pendix B.4.

We further investigate the biasing effects from choosing dif-
ferent reference points in our subsequent analysis by using each
of the 32 Sco-Cen clusters once as a reference point. This cre-
ates cases that are not time-ordered or that are starting from a
non-central location, as detailed in Appendix B.5.

4. Results

4.1. Cumulative velocity dispersion and extent

Figure 1 (left panel) shows the cumulative 3D velocity disper-
sion σ3D of Sco-Cen as a function of cluster age (or lookback
time). We observe a general increase in velocity dispersion over
time, with a pattern of jumps and plateaus, reaching a final value
of 4.67±0.04 km s−1. This cumulative value is determined by it-
erating over equally sized sub-samples within each cluster (Ap-
pendix B.1). For comparison, the total σ3D, calculated using all
stellar members of Sco-Cen that meet our quality criteria (with-
out sub-sampling), yields a value of 3.96±0.03 km s−1. The dif-
ferent values of the total 3D velocity dispersion are caused by
the sub-sampling approach that we use for the cumulative σ3D,
in order to give similar weight to each cluster, while in the case

when using all available stars, the more massive clusters might
dominate the total σ3D. Moreover, the iterative sub-sampling ap-
proach likely creates some under-sampling of the velocity space,
which gives more weight to individual measurement errors, ar-
tificially inflating the velocity dispersion, while the shape of the
cumulative trend appears unaffected, as demonstrated in the fol-
lowing paragraph and in more detail in Appendix B.1.

We test the shape of the cumulative trend by calculating
the cumulative σ3D, first, by applying stricter error cuts (eRV <
1 km s−1), and second, by using the UVW medians of the 32 clus-
ters instead of individual stars. In the first case, we get a total
velocity dispersion of 4.46±0.03 km s−1, and in the second case
4.17±0.07 km s−1. Additionally, we test the effect of binaries that
might be contained in our sample, using the Gaia RUWE pa-
rameter to roughly exclude binary candidates, which results in
effectively the same trend as in Fig. 1. Generally, all tests pro-
duce similar increasing trends of the cumulative σ3D over time,
while only the magnitude of σ3D gets shifted (see Appendix B.1
& Fig. B.1)

We conclude that the whole Sco-Cen association has a 3D
velocity dispersion of approximately 4–4.7 km s−1, whereas in-
dividual clusters within the association have significantly smaller
dispersions, on the order of 1–2 km s−1 (we discuss the individ-
ual clusters’ velocity dispersions in future work). We find that
the shape of the cumulative σ3D is largely unaffected by mea-
surement errors or binaries, since only the magnitude of the σ3D
values shifts consistently to somewhat lower values when apply-
ing more conservative cuts (see Fig. B.1).

Figure 1 (right panel) shows similarly the present day
chronological build-up of Sco-Cen (S , pc) as observed today,
also calculated cumulatively starting with the oldest cluster. The
total extent of the association is about 203+7

−12 pc, when calculated
with the method described in Appendix B.2. The size increases
when adding stars from clusters ordered by their age, which is
consistent with the visible spatio-temporal patterns identified in
R23b (Fig. 2) and the cluster chains discussed in P23; P25; and
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Fig. 2. Spatio-kinematical build-up of Sco-Cen, illustrating how velocity dispersion and spatial extent change when using the cluster ages as time
information. The upper panels display the cumulative 3D velocity dispersion and extent, similar to Fig. 1, but shown here in one plot with split
y-axes. At each of the seven time-steps, only the clusters that formed before the indicated formation times are considered. Below each graph, seven
3D age maps depict the spatial distribution of clusters (in XYZ), showing clusters (as age-coloured surfaces) that formed before the indicated time
thresholds, highlighting which clusters contribute to the changes in σ3D. Sub-regions and cluster chains are labelled in the final panel. The 3D
visualizations originate from the studies R23b and MR25; interactive versions are available in the respective publications.

MR25. These studies propose an inside-out formation history,
which was also suggested earlier for Sco-Cen (e.g., Preibisch &
Zinnecker 1999; Gaczkowski et al. 2017; Krause et al. 2018).
Moreover, we see that the cumulative size increases similarly to
the cumulative σ3D, as discussed further in Sect. 5.4.

Figure 2 highlights the evolution of velocity dispersion and
size in more detail. It shows the build-up of Sco-Cen after seven
formation times. In this combined view, it becomes clear that
the increasing velocity dispersion and size of Sco-Cen are con-
nected by an evolutionary pattern, from the inside out. Changes
appear when star formation proceeds to an adjacent gas reser-
voir; notably, the onset of the formation of the cluster chains
correlates with an increase and jump in σ3D. To further investi-
gate the origin of the increase in the velocity dispersion and the
spatio-temporal evolution of Sco-Cen, we look in more detail
into the relative 3D space motions and positions of the Sco-Cen
clusters in the following section.

4.2. Correlation of time, cluster motion, and position

Figure 3 shows the cluster speed (v) versus the time of clus-
ter formation (t), denoted as the look-back time, with the old-
est cluster, e Lup, as a reference point. We find a linear rela-
tion between speed and time, with the resulting fitting param-

eters reported in Table 1. The slope of the relation is about
0.45 km s−1 Myr−1, where younger clusters have a systematically
higher relative speed. The intercept gives about 11 pc Myr−1

(units converted from km s−1), which could be interpreted as ex-
pansion velocity at the present day. However, the speed calcu-
lated in this manner (Eq. (3)) does not give information about
the direction of motion; therefore, we also dissect the relative
motions into a radial and tangential component (Eqs. (4–5)).

Figure 4 shows the radial component of the relative clus-
ter motions (vr) versus relative distance (r), again with e Lup
as reference point. First, we find that the majority of clusters
have positive values in vr, which shows that most of them are
moving away from the central cluster e Lup, while younger clus-
ters tend to have higher radial outward motions. Only one of
the older and the most massive clusters at the centre of Sco-
Cen shows a slightly negative component, which is νCen with
vr ∼ −0.12 km s−1. Second, we find a clear linear trend, where
vr increases with r. We fit a linear regression to the data points,
only using clusters with vr > 0 (excluding e Lup and νCen).
This delivers a slope of about 0.09 km s−1 pc−1, named radial-
motion–distance relation (see Table 1). Hence, clusters at larger
distances from the centre tend to have higher velocities radially
away from it, suggesting an outward expansion, reminiscent of
a Hubble flow. The inverse of the slope gives a time of about
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Table 1. Linear fitting results (slope a, intercept b) of the speed (v) versus time (t) and radial-motion (vr) versus distance (r) relations when using
three different reference points (see Figs. 3, 4, B.2, and B.3).

speed–time relation radial-motion–distance relation
v = b + a · t vr = b + a · r

a = dv
dt b b a = dvr

dr b a−1

Reference Point km s−1 Myr−1 km s−1 pc Myr−1 km s−1 pc−1 km s−1 Myr

e Lup (20.9 Myr) 0.45+0.08
−0.07 10.55+0.87

−0.85 10.8±0.9 0.092+0.009
−0.009 -2.01+0.55

−0.60 10.6+1.2
−1.0

ϕLup (16.9 Myr) 0.42+0.07
−0.06 9.54+0.84

−0.82 9.8±0.9 0.082+0.010
−0.010 -1.28+0.56

−0.54 12.0+1.7
−1.3

SC15 (>15 Myr) 0.34+0.06
−0.06 8.44+0.71

−0.71 8.6±0.7 0.072+0.011
−0.010 -0.91+0.58

−0.68 13.7+2.4
−1.8

Notes. Col. 1 lists the three chosen reference points, with the cluster age in brackets or the age cut in the case of SC15. The slope of the speed–time
relation gives the expansion over time (Col. 2). The intercept of the speed–time relation gives the expansion speed of Sco-Cen at the present day,
given in km s−1 in Col. 3, converted to pc Myr−1 in Col. 4. In Col. 7, the inverse of the slope of the radial-motion–distance relation gives the time
of the possible onset of the expansion.

Fig. 3. Speed–time relation. Relative cluster speed (v) versus lookback
time (t), with the oldest cluster (e Lup) as reference point that is ex-
cluded from the linear fit (black, dashed circle). The symbols are colour-
coded by formation time (or cluster age, see x-axis) and scaled by num-
ber of sources per cluster. The linear fit (grey, solid line) is obtained via
bootstrapping, with the median fitting parameters given in the upper left
corner. The fit uncertainties are plotted as grey shaded areas (1-2-3-σ).

11 Myr. This can be interpreted, to first order, as the approxi-
mate time of the onset of significant radial expansion, assuming
no external forces.

We repeat the same analysis with two alternative reference
frames—using ϕLup and SC15, instead of e Lup (see Sect. 3
and Appendix B.4)—to test the robustness of the identified re-
lations. For these two cases, we find similar trends with slightly
shallower slopes, showing that the expansion patterns are valid
from different reference points that are located at central loca-
tions (see Figs. B.2, B.3, & Table 1).

We further test the linear relations by setting each of the 32
clusters once as a reference point (see Appendix B.5). With this,
we check if the older clusters at central locations (such as e Lup
or ϕLup) are likely a centre of expansion, or if the expansion
pattern is independent of the central area or of the age of the ref-

Fig. 4. Radial-motion–distance relation. Radial component of the rela-
tive cluster motions (vr) versus relative cluster distance (r), with e Lup
as reference point. The symbols are colour-coded by formation time, as
in Fig. 3. A linear fit to the data is shown as a grey solid line, with the
best fitting slope given in the upper left corner, and the 1-2-3-σ fit un-
certainties are plotted as grey shaded areas. The two clusters marked by
black, dashed circles (e Lup, νCen) are excluded from the linear fit.

erence cluster (hence, independent of time). In most cases, the
resulting correlations are less clear, showing more scatter and
flatter slopes when compared to e Lup as reference point. We
also test if the radial motions are positive for the majority of
the clusters as reference points, since negative values indicate
infalling motions. For some cases (mostly when using younger
clusters as reference points), we find that several clusters now
have negative vr, which means that those reference points appear
to create relatively in-falling motions instead of predominantly
expanding motions, which suggests that these clusters are less
likely to be the point of expansion. These test show us that in-
dependent of the reference frame, the association appears to be
expanding radially in most cases, in particular when using clus-
ters with ages > 12 Myr as reference, while the cleanest trend is
created when using e Lup (see more details in Appendix B.5).

Article number, page 5 of 19
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Fig. 5. Position velocity (PV) diagrams for the 32 Sco-Cen clusters using the XU, YV , and ZW spaces. Symbols and colours as in Fig. 3. The
median slopes of the fitted linear regressions (black, solid lines) are given in the upper left corners. The grey shaded areas are the 1-2-3-σ
uncertainty ranges. The inverse of the slope gives a time in Myr, in brackets. The red, dashed slopes are the linear fitting results when using only
25 clusters, after removing seven clusters with peculiar tangential motions, marked with red circles (see Sect. 5.2). In the ZW diagram (right
panel), the vertical grey, dashed line indicates the approximate location of the Galactic mid-plane, assuming that the Sun is located about 21 pc
above (e.g., Bennett & Bovy 2019).

Table 2. Linear regression results for the three PV diagrams (PVD), as
shown in Fig. 5.

PVD Slope (a) Intercept (b) Time (a−1)
km s−1 pc−1 km s−1 Myr

using 32
clusters

XU 0.056+0.006
−0.007 −1.17+0.76

−0.53 17.3+2.4
−1.9

YV 0.061+0.006
−0.006 −2.98+0.46

−0.45 15.9+1.9
−1.5

ZW 0.039+0.009
−0.010 −0.26+0.35

−0.32 25.3+8.9
−5.2

using 25
clusters

XU 0.065+0.004
−0.005 −1.72+0.53

−0.37 15.1+1.2
−1.0

YV 0.055+0.006
−0.007 −3.63+0.44

−0.49 17.9+2.3
−1.9

ZW 0.055+0.008
−0.008 −0.01+0.32

−0.30 17.9+3.4
−2.4

Notes. Top three rows: Results obtained by using all 32 clusters. Bottom
three rows: Results obtained by using only 25 clusters, after removing
seven clusters with peculiar motions.

To further test the statistical significance of the correlation
of speed with time (Fig. 3), we randomize the order of the time-
axis, as detailed in the Appendix B.5. We find that the probability
of obtaining a similar linear relation is below 4σ. In other words,
random (not time-ordered) cases tend to produce shallower or
reverse slopes and/or larger scatter. This suggests that the Sco-
Cen clusters did not form randomly and independently from each
other, but rather sequentially via propagated star formation.

Additionally, we explore the expansion patterns using three
position-velocity diagrams (PVD) in the three Cartesian direc-
tions, shown in Fig. 5. We use the clusters’ median positions,
XYZ, and space motions relative to the local standard of rest
(LSR), UVWLSR, named XU, YV , and ZW diagrams. The XU
and YV diagrams show positive correlations of position with ve-
locity, which again suggests a large-scale expansion of the whole
region. The ZW diagram shows more scatter and a less clear
trend, while position and velocity are generally positively cor-
related. We fit linear regressions to the data in the three spaces
and report the medians and uncertainties in Table 2 (determined
via bootstrapping).

Looking at the ZW diagram in more detail (right panel in
Fig. 5), we find that some clusters appear to be outliers, located
mainly in the Upper Scorpius (USco) region. The discrepancy

in the motion of these clusters correlates with an additional tan-
gential component of motion relative to the reference point, ob-
served for seven clusters, which is discussed in more detail in
Sect. 5.2. When we remove these seven clusters, we find a clearer
correlation and expansion pattern in ZW, while the trends in XU
and YV remain similar (see Fig. 5 & Table 2). Nevertheless, we
find that the radial component of motion versus relative distance
of these seven odd clusters follows the same trend as the rest of
the Sco-Cen clusters, as can be seen in Fig. 4.

5. Discussion

In this paper, we present the first measurement of the tempo-
ral evolution of stellar velocity dispersion within a young stel-
lar population. By using high-precision Gaia data supplemented
with additional RV data, we identified an unexpected series of
jumps and plateaus in the evolution of the velocity dispersion
over the formation period of the Sco-Cen OB association (ap-
proximately 20 Myr). These findings suggest that star formation
within Sco-Cen did not occur randomly but is structured and
sequential. The simplest interpretation of our results suggests a
scenario in which stellar feedback plays a significant role in in-
fluencing the observed dynamic evolution of stellar populations
within the association.

The surprising sequence of abrupt jumps and intervening
plateaus in the cumulative σ3D of the Sco-Cen association, the
central finding of this paper, correlate with four distinct star for-
mation bursts. The four periods of heightened star formation
rate, as identified in R23b, are marked by vertical grey bars in
Figs. 1 & 2. These periods are separated by about 5 Myr. These
findings suggest a structured and sequential formation process
for Sco-Cen, likely driven by stellar feedback. As illustrated in
Fig. 2, the jumps occur when star formation transitions spatially
to an adjacent region. The observed jumps can be interpreted as
the addition of a new ensemble of younger clusters; these addi-
tional young clusters have been formed from a nearby gas reser-
voir (close to the existing population of stars) with a marginally
different velocity.

The concept of bursts in star formation and the complex age
structures within Sco-Cen has been a subject of extensive re-
search in previous works. For instance, Slesnick et al. (2008)
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investigated the USco subgroup, concluding that its low-mass
population formed in a single burst approximately 5 Myr ago,
with an age spread of less than 3 Myr, after accounting for ob-
servational uncertainties. While this suggested a relatively co-
eval formation at the time, the apparent age spread observed
in their Hertzsprung-Russell diagrams highlighted the complex-
ities of age determination. More recently, Pecaut & Mamajek
(2016) conducted a comprehensive study across all three Sco-
Cen subgroups, demonstrating that none of them are consistent
with simple, coeval populations formed in single bursts. Instead,
they found strong evidence for age gradients and a “multitude
of smaller star formation episodes” throughout the association,
suggesting a more complex and prolonged star formation history
(recently confirmed, e.g., by R23b). Their work emphasized the
presence of substructure and found larger intrinsic age spreads
(e.g., ±7 Myr for USco) when using revised age scales and ac-
counting for various observational effects. Our current findings
provide novel kinematic evidence for these multi-episodic or
burst-like star formation events, demonstrating how these bursts
manifest as distinct ‘stepwise’ increases in the collective veloc-
ity dispersion and spatial expansion of the association over time.
This directly reinforces the understanding that Sco-Cen’s evolu-
tion is not monolithic but rather a phased assembly of spatially
and kinematically distinct stellar populations.

This sequential progression in space and time, characterized
by radially ordered outward motions rather than random (Figs. 3
& 4), suggests the presence of a coordinating agent. A plausi-
ble agent to create the observed order in cluster positions, ages,
and motions, particularly in a region of star formation known
for producing massive stars, is stellar feedback. This mecha-
nism can elucidate the inside-out arrangement of events, which
is not easily reproduced. For instance, we find that the corre-
lations break down if we would arrange the clusters randomly
and not by formation time, or if we use other reference points
instead of the older clusters that are largely located at central lo-
cations (see randomized trials in Appendix B.5). Furthermore,
by effectively accelerating nearby gas reservoirs, the feedback
scenario accounts for the observation that the youngest clusters
exhibit the highest velocities relative to the older, more massive
clusters (Fig. 3). This scenario is already outlined for the four
cluster chains, as discussed in P23; P25; or MR25, which find
acceleration from older to younger clusters, with the youngest
moving away the fastest from the centre of Sco-Cen. The sim-
plest scenario that aligns with these observations posits that feed-
back from prior episodes of star formation compresses and ac-
celerates adjacent gas reservoirs of the primordial Sco-Cen gas
cloud, ultimately leading to the formation of new stars (e.g., de
Avillez & Breitschwerdt 2005; Großschedl et al. 2021; P23; P25;
Alves et al. 2025). This mechanism essentially embodies the
Elmegreen & Lada (1977) scenario in action, which naturally
ends when the capacity to compress molecular gas into collaps-
ing dense cores is exhausted.

The plateaus observed in the cumulative velocity dispersion
(Fig. 1) warrant further investigation. These plateaus are not per-
fectly flat and exhibit, on average, subtle increases in velocity
dispersion between the transitions. In this context, plateaus sug-
gest the presence of a relatively coherent reservoir of gas forming
a group of clusters, analogous to “peas in a pod” (see also Fig. 2).
In this analogy, the jumps in σ3D over time can be seen as star
formation transitioning into a new “gas pod”, at slightly different
average velocity, either primordial or, likely, affected by feed-
back. It remains to be studied how much of the next “pod” was
created by fragmentation of the primordial gas cloud and how
much of it was assembled by feedback from the previous star

formation episode. The CrA, LCC, and USco chains of clusters,
representing the later stages of the formation of the association,
clearly require a more dominant role for feedback, to be able to
explain the observed accelerations (P23; P25; MR25). It seems
reasonable to posit that the impact of feedback on the forma-
tion is not constant over the formation of an OB association, but
coupled to the simultaneous presence of massive stars and their
feedback output.

The three to four periods of enhanced star-formation rate
found in the star formation history of Sco-Cen, as reported in
R23b3, could be interpreted as observational evidence in sup-
port of the so-called “Type-I triggering”, discussed in Dale et al.
(2015a). This type of star formation triggering, although posited
to be theoretically unlikely, describes a temporal increase in the
star formation rate, which is attributed to the presence of massive
stars able to shape their environments, not unlike the scenario
proposed above.

Looking at the cumulative Size in Fig. 1 (right panel), we
find a general increasing trend of Sco-Cen’s extent. This be-
haviour might remind one of the time-size relation reported
in Efremov & Elmegreen (1998, hereafter Ef&El98) (i.e.,
tSF(Myr) ∼ S (pc)0.5), see also Elmegreen & Efremov (1998).
This is, however, a correlation where the timescale of star for-
mation was plotted versus the size of a region, where the regions
reach from dense cores, over clusters and OB associations, to
whole complexes within spiral arms. This is not the same mea-
surement, since we look at the stellar build-up of one OB as-
sociation that is composed of clusters of different ages. Each of
these clusters might have a similar star formation time scale from
birth until all gas is removed, while Ef&El98 look into different
hierarchical structures that are connected to star formation. Fu-
ture work is needed to better understand such correlations and
to fully uncover the spatial and temporal evolution of the stellar
build-up in Sco-Cen.

5.1. Expansion of Sco-Cen

Using Gaia DR1, Wright & Mamajek (2018) found no evidence
of expansion in Sco-Cen. With Gaia DR3, we revisit this ques-
tion by examining the relative motions of the 32 Sco-Cen clus-
ters. This updated view of Sco-Cen covers a larger area than pre-
vious studies (such as Wright & Mamajek 2018), which allows
us, together with the higher precision of Gaia DR3, to reinves-
tigate the internal motions of the region. We find clear evidence
for expansion, with a present-day speed of about 10 pc Myr−1,
which likely started around 11–14 Myr ago (Fig. 3–4, Table 1).
Similar expansion patterns have been found for individual clus-
ter chains (P23; P25; MR25), while we confirm expansion for
the whole Sco-Cen region.

Additionally, we find that not only the speed but in particu-
lar the radial component of the motions shows a clear expansion
of the whole region, similar to a Hubble flow (Fig. 4). These
spatio-kinematic patterns in Sco-Cen, as presented in Figs. 2–
4, are consistent with the hypothesis that the assembly of the
Sco-Cen association happened sequentially and propagated from
the inside out (R23b). The onset of expansion fits the age of
the older clusters in Sco-Cen. Moreover, these older clusters are
more massive and are the main source of stellar feedback in Sco-
Cen; hence, they probably influenced the accumulation or even
the momenta of the remaining clouds before they started to form

3 The youngest period of enhanced star formation is less pronounced
in our work, since we excluded the two Chamaeleon clusters, which are
part of R23b.
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Fig. 6. Radial component of the relative cluster motions (vr) versus
the tangential component (vtan) (left panel), and versus formation time
(right panel), with e Lup as reference point. Symbols and colours are
as in Fig. 3. The grey, dashed line in the left panel is a 1-to-1 line. The
dark-grey, dashed line in the right panel shows a linear fit to data of 23
clusters, after removing the seven red-circled and the two black-dashed-
circled clusters. The solid, light-grey line at vr = 0, in both panels,
marks the transition from radial outward (> 0) to inward (< 0) motion.

stars (e.g., Fuchs et al. 2006; Breitschwerdt et al. 2016; Krause
et al. 2018; Großschedl et al. 2021)

Other mechanisms, like the relaxation due to gas dispersal
and the general influence of Galactic dynamics, should also be
taken into account (e.g., differential rotation or shear). We inves-
tigated the PV-diagrams in the three Galactic directions, XYZ
(see Fig. 5 & Table 2). We find that the expansion patterns are
largely comparable with each other within the uncertainties in
the three dimensions. Especially when removing seven clusters
with somewhat peculiar motions (see details in Sect. 5.2), we
see almost isotropic expansion. If anything, there appears to be
a slightly faster expansion in the X-direction when removing the
seven odd clusters. Considering the effect of Galactic dynamics,
one would rather expect a larger value in the Y-direction. This
suggests that the Sco-Cen association is not (yet) strongly af-
fected by Galactic dynamics and that we still observe the dynam-
ics imprinted from the association’s formation history. A sim-
ilar conclusion is presented in MR25, where no strong effects
of Galactic dynamics are observed for the TWA cluster chain.
Detailed modelling is warranted to disentangle the different in-
fluences.

5.2. Peculiar tangential motions of seven clusters

Figure 6 compares the radial component and the tangential com-
ponent of the motions relative to e Lup (vr vs vtan, left panel). We
see that for most clusters the radial component dominates over
the tangential component, while older clusters tend to have gen-
erally lower relative velocities in both radial and tangential direc-
tions. The older clusters are largely located at central locations,
similar to e Lup, and their formation was likely less influenced
by feedback, since they are the source of most massive stars.
Hence, the expansion pattern of the older clusters is more likely
dominated by gas dispersal and dynamical relaxation, probably
influenced by their internal feedback.

There are seven younger clusters (ages< 12 Myr), in and
around USco, which also have a significant tangential compo-
nent, concerning ρOph, ν Sco, δ Sco, β Sco, Lup 1-4, and also

B59. This is not completely unexpected, since massive stars ex-
ist in USco, and there is some evidence of additional forces in
this region (e.g., Neuhäuser et al. 2020; Squicciarini et al. 2021;
Miret-Roig et al. 2022b; Alves et al. 2025).

The right panel of Fig. 6 is similar to the speed–time re-
lation in Fig. 3, while here only the radial component is plot-
ted versus time. We find a similar increase in relative velocity
with time, while there appear to be some outliers. These out-
liers are the same clusters that also have a significant tangen-
tial component, as marked by the red circles. We fit a linear re-
gression to the data of 23 clusters, after removing the seven odd
clusters, and the two clusters e Lup (reference point) and νCen.
The latter is one of the most massive clusters in Sco-Cen and
it shows here a minor negative value in vr. The linear fit deliv-
ers a slope of 0.58 ± 0.09 km s−1 Myr−1. This expansion speed
is somewhat higher than the one from the speed–time relation
(cf., 0.45 ± 0.08 km s−1 Myr−1), while consistent within the un-
certainties. An expansion between 5–7 km s−1 Myr−1 was also
found for the individual cluster chains in P23; P25 or MR25.
This highlights that the expansion is consistent in different di-
rections of the association. The intercept in Fig. 6 delivers a ve-
locity of about 12.1 ± 1.1 km s−1 (12.3 ± 1.2 pc Myr−1), which
could be interpreted as the present-day outward expansion speed
of the association, when ignoring peculiar motions. This value
is higher but consistent within the uncertainties when com-
pared to the value delivered from the speed-time relation (cf.,
10.8 ± 0.9 pc Myr−1, see Fig. 3 & Table 1).

As mentioned above (Sect.4.2), we find that the seven clus-
ters with peculiar tangential motions also appear to be outliers in
the ZW PV-diagram in Fig. 5. If we remove these seven clus-
ters, we see a cleaner linear trend in ZW for the remaining
25 clusters. Fitting linear regressions to the data in the three
PV-diagrams using all 32 clusters delivers expansion veloci-
ties between about 0.04–0.07 km s−1 pc−1. When using only the
25 clusters, we get more consensus, with expansion velocities
around 0.06 km s−1 pc−1 (Table 2), suggesting isotropic expan-
sion.

The inverse of the slopes from the three PV-diagrams gives
in most cases a time of about 15–18 Myr (espacially when only
using 25 clusters), which could be tentatively interpreted as the
onset of expansion. This is slightly earlier than the time delivered
by the radial expansion in Figs. 4 or B.3, which is about 11–
14 Myr due to the somewhat higher expansion velocity. One rea-
son could be that the radial-motion–distance relation depicts all
outward motions relative to a rest frame, while the PV-diagrams
are showing only the three selected directions of motion in XYZ.
Regardless of the method, we see in all cases that the various
estimated expansion velocities are generally in agreement with
the age of Sco-Cen, where the oldest cluster has an age of about
21 Myr. Hence, the expansion has probably set in a few Myr after
the first clusters have formed.

Taking a closer look at the ZW diagram in Fig. 5, we find
that the seven odd clusters toward USco appear to be moving
relatively “downward”; hence, they appear to be moving rela-
tively faster toward the Galactic mid-plane compared to the older
bulk clusters of Sco-Cen, while at the same time being at rela-
tively high Z positions (see vertical grey, dashed line in Fig. 5).
This could be an indication of Galactic dynamics, where the pull
of the gravitational potential was able to reverse the motions of
clusters at higher Galactic Z, which would imply that these clus-
ters might have been at higher Z positions in the past. These
relative motions are not observed for older clusters at similar Z
positions. On the other hand, it could be a sign of a more com-
plex formation history towards USco, Lupus, and Pipe (B59),
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Fig. 7. Relative cluster distances versus formation time, with e Lup as
reference point. Symbols and colours as in Fig. 3. Two linear relations
are fitted, once for all clusters (dashed, light-grey line), and once for 25
clusters (solid, black line) after removing the seven, red-circled clusters;
see also Fig. 6. The gray shaded areas show the 1-2-σ uncertainty ranges
around the median slope when using 25 clusters.

which was also suggested in recent studies (e.g., Miret-Roig
et al. 2022b; P25; Alves et al. 2025). Moreover, when consid-
ering the other two clusters toward the Pipe nebula (Pipe-North
and θOph), we find that they also appear to be standing out by
having somewhat higher relative motions when compared to the
rest of the older clusters with ages > 15 Myr. A more detailed
analysis of the peculiar motions in these regions is part of future
work (e.g., S. Hutschenreuter et al., subm. to A&A).

5.3. Radial propagation speed of star formation

Looking at the relations in Figs. 3 and 4, we find that we
can combine the resulting linear relations from the speed–time
(dv/dt) and radial-motion–distance (dvr/dr) relations, to deter-
mine the radial propagation speed of star formation (dr/dt). In
this case, we are ignoring that we first have the speed (v) and
second only the radial component of the motions (vr); then we
can write:

dr
dt
≈

dv/dt
dvr/dr

≈
0.45 (km/s)/Myr
0.09 (km/s)/pc

≈ 4.9
pc

Myr
≈ 4.8

km
s

(6)

When using instead the dvr/dt relation from Fig. 6 (right panel),
then we can compare the same quantities; we get:

dr
dt
=

dvr/dt
dvr/dr

=
0.58 (km/s)/Myr
0.09 (km/s)/pc

≈ 6.3
pc

Myr
≈ 6.1

km
s

(7)

However, in the latter case, the seven odd clusters are not in-
cluded in the value of dvr/dt. Additionally, we directly plot
the relative cluster distances versus time to get dr/dt, shown
in Fig. 7. Again, we find that the seven odd clusters appear to
be outliers, while the rest of the clusters follow a linear rela-
tion. When ignoring the odd clusters, we get a relation of about
6.2 pc Myr−1 (6.0 km s−1), similar to Eq. (7).

We find that the radial propagation speed of star formation
(assuming isotropic expansion) roughly matches or is higher
than the total, present-day velocity dispersion of the entire sys-
tem with σ3D ∼ (4 to 4.7) km/s. This implies that the system is

dominated by expansion, rather than random motions, and that it
was initially dynamically cold.

5.4. Comparison to Larson’s relation

Figure 1 shows that the stellar 3D velocity dispersion of Sco-
Cen increased similarly as the spatial extent over the past
20 Myr. In Fig. 8, we investigate the relation of the cumu-
lative σ3D and S in log-space, which delivers the following
correlation: σ3D ≃ 0.14 ± 0.03 S 0.66±0.03. The exponent of about
0.66 km s−1 pc−1 is somewhat higher, but reminiscent of the
canonical Larson’s relation.

Larson (1981) reported that molecular clouds follow a ve-
locity–dispersion–size relation of σ3D (km s−1) = 1.1 S (pc)0.38,
with σ3D =

√
3σ, as determined from observed CO line-

widths, and S the projected cloud size (maximum linear di-
mension). Solomon et al. (1987) later found a steeper index of
σ (km s−1) ≈ S (pc)0.5, a form that remains widely used (e.g.,
Heyer et al. 2009; Ballesteros-Paredes et al. 2011). This rela-
tion is often interpreted as a universal imprint of ISM turbu-
lence (e.g., Heyer & Brunt 2004). Efremov & Elmegreen (1998)
and Elmegreen & Efremov (1998) extended this picture by link-
ing the linewidth–size relation (σ ∼ 0.7S 0.5) to star formation
timescales (tSF ∼ S 0.5), suggesting that star formation durations
are comparable to turbulent crossing times and that the process
is hierarchical and turbulence-driven. Our measurements differ
in that we trace 3D stellar velocity dispersions after dynami-
cal evolution, with “size” defined from the chronological build-
up of clusters. Direct quantitative comparison is therefore not
straightforward, and differences in slope and normalization are
expected.

The correlation in Fig. 8 is challenging to construct, as data
points are unevenly distributed and show plateaus and jumps
(Fig. 1). Different methods for calculating cumulative σ3D and
size yield exponents in the range 0.3–1, underscoring systematic
uncertainties. This prevents a definitive interpretation of whether
our relation is directly comparable to Larson’s relation.

Recent work on the expanding Cygnus OB association found
consistency with Larson’s relation and argued for a turbulent ori-
gin without the need for additional feedback (Quintana & Wright
2022). More generally, ISM turbulence may be driven by grav-
ity, shear, converging flows, or stellar feedback (outflows, winds,
radiation, supernovae), though the dominant mechanism remains
debated (e.g., Krumholz & Burkhart 2016; Padoan et al. 2016a,b,
2020; Ibáñez-Mejía et al. 2017; Seifried et al. 2018; Izquierdo
et al. 2021).

If Larson’s relation reflects turbulence, and if primordial
cloud kinematics remain imprinted in Sco-Cen (e.g., Qian et al.
2012, 2018; Quintana & Wright 2022), one might expect the stel-
lar motions to arise from turbulent processes and the hierarchical
structure of the primordial cloud. However, our findings suggest
otherwise: the increase in velocity dispersion and cluster speed
is time-ordered and sequential, a structure difficult to reconcile
with pure turbulence or a random occurrence of star formation
progression. Randomized tests show that the observed relation
between cluster age and velocity is reproduced only with very
low probability, supporting a causal sequence more consistent
with feedback-driven star formation.

Moreover, turbulence alone should generate a wide variety
of kinematic states, whereas we observe systematic, step-wise
changes in dispersion and speed that align with episodes of in-
creased star formation. These transitions are better explained by
a process capable of imparting ordered momentum, such as stel-
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Fig. 8. Relation between cumulative 3D velocity dispersion (σ3D) and
cumulative size (S ), plotted in log-space and colour-coded by formation
time of the youngest included cluster, as in Fig. 1. The median slope is
shown as a grey, dashed line, and the 1-2-3-σ uncertainty ranges as grey
shaded areas.

lar feedback. While simulations indicate that large-scale turbu-
lent modes can dominate stellar velocity structures, they also
warn against using stellar kinematics as a direct tracer of cloud
dynamics (e.g., Offner et al. 2009). Other studies point to feed-
back—particularly from supernovae—as a main driver of turbu-
lence in Milky Way–like galaxies (e.g., Padoan et al. 2016a,b,
2017, 2020), suggesting that turbulence and feedback are not
mutually exclusive but closely linked.

Finally, given these uncertainties, the similarity between
Fig. 8 and Larson’s relation may be coincidental. While the
scaling is suggestive, it should be interpreted with caution and
clearly requires further investigation.

5.5. The importance of high resolution age maps

Our work underscores the importance of identifying the sub-
structure and age distribution within a stellar association. When
populations within an association are mixed, which is often un-
avoidable when studying more distant regions, the observed ve-
locity dispersion may be misconstrued. Even Sco-Cen, the clos-
est OB association to Earth, was traditionally divided into only
three subgroups with three different ages (see Appendix A.1).
Thanks to Gaia, we now know that Sco-Cen comprises more
than 30 individual stellar populations, each with distinct motions
and ages, and with relatively low internal velocity dispersions
per cluster.

For example, Comeron et al. (1998) reported line-of-sight
velocity dispersions of up to 60 km s−1 for the Cygnus superbub-
ble and up to 15 km s−1 for the Canis Major OB1 association.
They interpret these values as evidence for energetic expansion
during the formation of these OB associations. Although this
scenario is qualitatively consistent with our findings, we measure
a significantly lower velocity dispersion for the entire Sco-Cen
region, around 4 km s−1. These relatively high velocity disper-
sions, reported by Comeron et al. (1998), could be real or could
be due to various factors, such as the selection of radial veloc-
ities, instrumental limitations, or treatment of outliers and con-
tamination. A likely contributor to the discrepancy is the pres-
ence of binary systems. In more distant clusters, the observed
sample is typically dominated by massive stars, which are more

likely to be multiples, even with careful selection, and thus in-
troduce additional dispersion in the measured velocities.

Regardless of the differences of the final, total values of σ3D,
we highlight in our work the importance of dissecting an associ-
ation into stellar populations, with low velocity dispersions indi-
vidually (of the order 1–2 km s−1) and with different ages. This
allows us to produce high-resolution age maps and study the evo-
lution of velocity dispersion in detail (Fig. 2). We conclude that
the relatively high velocity dispersion of an OB association is the
product of mixing stellar populations within one region. Still, the
discrepancy in the measured velocity dispersions needs more at-
tention in future studies.

In conclusion, the presence of subpopulations and detailed
age gradients found for the closest OB association to Earth
should be considered when studying more distant regions or
modelling the evolution of OB associations. Our results, along
with those of others (e.g., Kerr et al. 2021; Chen et al. 2020;
Hunt & Reffert 2023), indicate that OB associations should not
be treated as a single stellar population (e.g., Brown et al. 1997),
nor simply as a collection of a few subgroups (e.g., de Zeeuw
et al. 1999), but rather as complex structures (e.g., Pecaut & Ma-
majek 2016; Wright & Mamajek 2018) composed of sequen-
tially forming subpopulations (R23b; P25; MR25).

6. Summary & Conclusions

This study presents the first reconstruction of the time evolution
of stellar velocity dispersion in a young OB association, using
Sco–Cen as a case study. By combining high-precision Gaia
DR3 astrometry with supplementary radial velocity measure-
ments, we analysed the kinematics of 32 stellar clusters spanning
ages from about 3 to 21 Myr.

We find a stepwise increase in the cumulative 3D velocity
dispersion over time, together with a systematic inside-out build-
up of the Sco-Cen association. These patterns support a struc-
tured, sequential formation scenario, in which feedback from
massive stars originating from older clusters likely shaped the
formation and early kinematics of younger populations. The ob-
served jumps in velocity dispersion align with known bursts of
star formation (approximately separated by 5 Myr), indicating
that Sco-Cen assembled in phases from spatially and kinemati-
cally distinct gas reservoirs.

The motions of the Sco-Cen clusters reveal a well-defined
expansion pattern, with a present-day rate of approximately 10–
12 pc Myr−1. The expansion likely began 11–13 Myr ago, as
indicated by the outward motions, which are correlated with
distance from the centre. The nearly isotropic velocity distribu-
tion suggests that internal dynamics and stellar feedback dom-
inate over Galactic shear or differential rotation on the relevant
timescales and spatial scales.

Our findings highlight the importance of high-resolution age
maps and detailed kinematic substructure analysis in the study
of OB associations. Simplistically treating these associations as
single, homogeneous populations risks obscuring their complex
formation pathways and underestimating their internal kinematic
diversity. The sequential formation and expanding structure of
Sco-Cen demonstrates the value of resolved, multi-epoch analy-
ses for tracing the dynamical evolution and feedback processes
in star-forming regions.
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Appendix A: Used data and parameters

A.1. The Sco-Cen cluster sample

As in R23b, we consider only 34 out of the total 37 SigMA
selected clusters from R23a as probable members of the Sco-
Cen association4. The 34 clusters contain a total of 12,972 stel-
lar members. An overview is given in Table A.2, where we list
the cluster names, ages, and number statistics. Moreover, each
cluster is assigned to a traditional region (TR), as defined in
2D projection. The TRs include the classical Blaauw (1946) re-
gions Upper-Scorpius (US), Upper Centaurus Lupus (UCL), and
Lower Centaurus Crux (LCC), which have often been treated as
the three stellar sub-groups of Sco-Cen (e.g., de Zeeuw et al.
1999; Mamajek & Feigelson 2001; Preibisch & Mamajek 2008).
R23a included clusters toward Pipe, Corona Australis (CrA), and
Chamaeleon (Cham), and to the Galactic North-East (NE) of
Sco-Cen. The two clusters in the TW Hydrae association (TWA-
a, TWA-b) were added to Sco-Cen by MR25, while stellar mem-
bers were previously reported in Gagné et al. (2018a) or Luhman
(2023). The 36 clusters contain a total of 13,011 stellar members.

In our analysis, we do not include the Chamaeleon clus-
ters (Cham-I, Cham-II, Cen-Far), since these are connected to a
background structure, as discussed in Edenhofer et al. (2024b).
The authors identified a “C” structure in a 3D dust map (Eden-
hofer et al. 2024a). The shell-like structure was likely created by
a supernova, creating a rim that contains the Chameleon, Musca,
and Coalsack clouds, located at the back of the main Sco-Cen
complex. The history of this structure is likely connected to Sco-
Cen, where remaining gas was possibly influenced by massive
stellar feedback originating from the OB association. Neverthe-
less, we remove the clusters that are associated with the “C”
structure from our current analysis, since the relative motions
show peculiarities compared to the rest of the Sco-Cen clusters,
and they are also located slightly detached from the main body
of Sco-Cen. Moreover, we do not include the cluster µ Sco in our
analysis, since it has poor RV statistics; only two stellar members
pass our RV quality criteria (Appendix A.4), which additionally
show a large dispersion in RV space.

We combine the SigMA Sco-Cen sample with the TWA sam-
ple (66 stellar members). We find that 27 sources are in com-
mon, which are candidate members of σCen, a cluster which is
connected to TWA in a cluster chain. The overlapping sources
have low statistical stability for σCen, as given by the SigMA
algorithm, and they are scattered suspiciously in front of the
cluster along the line-of-sight, which makes it more likely that
these sources belong to TWA (see also MR25). Hence, these 27
sources are counted to TWA from here on. TWA was tentatively
split into two clusters in MR25, named TWA-a and TWA-b, con-
taining 44 and 22 stellar members, respectively.

Eventually, we analyse 32 Sco-Cen clusters in this paper that
contain a total of 12,612 stellar members, with 12,546 retrieved
from the 30 SigMA Sco-Cen clusters (R23a) and 66 from the two
TWA clusters (MR25). For completeness, we also report statis-
tics for the four removed SigMA clusters in Table A.2.

A.2. Parameters and parameter transformations

We use the astrometric parameters from Gaia DR3 and supple-
mentary radial velocity data:

– α, δ (deg): Right ascension and Declination

4 Three clusters are likely unrelated: Norma-North, Oph-SE, and Oph-
NF (see R23b).

– l, b (deg): Galactic longitude and latitude
– ϖ (mas): parallax⇒ d (pc): distance (1/ϖ)
– µα, µδ (mas yr−1): proper motions along α and δ (for simplic-

ity we denote here µα cos(δ) as µα)
– µl, µb (mas yr−1): proper motions along l and b (for simplic-

ity we denote here µl cos(b) as µl)
– vRV (km s−1): Heliocentric radial velocity (line-of-sight mo-

tion relative to the Sun, determined from spectra)

In this work, we use the inverse of the parallax as a distance es-
timate, which is reasonable for targets within about 200 pc from
the Sun and for sources with low uncertainties (see R23a).

The velocities are corrected for the standard solar motion
(Schönrich et al. 2010), hence transformed to velocities rel-
ative to the local standard of rest (LSR) with the help of
astropy.coordinates (Astropy Collaboration et al. 2013,
2018, 2022). They are given as µα,lsr, µδ,lsr, µl,lsr, µb,lsr (mas/yr)
and vRV,lsr (km/s). The transformation from µx to µx,lsr can alter-
natively be achieved by the transformations outlined in Poleski
(2013). The tangential velocities (vα, vδ, vl, vb, or vα,lsr, vδ,lsr,
vl,lsr, vb,lsr) are derived from proper motions and parallaxes as
follows:

vx (km s−1) = 4.74047 · µx/ϖ (A.1)

The proper motion can be entered heliocentric or LSR-corrected
in the above formula, while the latter results in tangential veloc-
ities in the LSR frame. XYZ are the Heliocentric Galactic Carte-
sian coordinates in parsec (pc):

X = d cos(l) cos(b), Y = d sin(l) cos(b), Z = d sin(b) (A.2)

X is positive toward the Galactic centre, Y is positive in the di-
rection of Galactic rotation, and Z is positive toward the Galac-
tic North Pole. The corresponding Heliocentric Galactic Carte-
sian velocities in the directions of XYZ are given as UVW (in
km s−1):

U = vRV cos(l) cos(b) − vl sin(l) − vb cos(l) sin(b)
V = vRV sin(l) cos(b) + vl cos(l) − vb sin(l) sin(b)
W = vRV sin(b) + vb cos(b)

(A.3)

When substituting the given velocities with vRV,lsr, vl,lsr, and
vb,lsr, we get the Cartesian velocities relative to the local standard
of rest (LSR), denoted as ULSR, VLSR, and WLSR (km s−1). Alter-
natively, UVWLSR is calculated from UVW by adding the values
of the standard Solar motion from Schönrich et al. (2010). In
our analysis, one can use both the Heliocentric or LSR corrected
Galactic Cartesian velocities, since it does not make a difference
when investigating relative motions within a region.

To get uncertainties for the derived parameters, we use an er-
ror sampling approach. We sample from the various parameters
by randomly drawing from Gaussians, using the measurements
and their uncertainties as the mean and standard deviation. For
instance, to get the uncertainties of the tangential velocities, we
use Eq. (A.1) and we sample over the parallaxes and proper mo-
tions, and their uncertainties. We then use the median and stan-
dard deviation as the derived parameters and their uncertainties.

A.3. The radial velocity surveys

Table A.1 lists 22 radial velocity surveys or literature studies that
are combined in this work to get more complete 6D phase space
information per cluster. The RV surveys are combined with the
Gaia DR3 catalogue (13 011 sources) by using the source IDs
or sky cross-matches. A Gaia source_id match is possible for
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catalogues that contain information on Gaia, 2MASS, or HIP
IDs, which can be matched within the Gaia archive (see also
Appendix A in R23a). For other catalogues, we use a 1′′ cross-
match radius, using the closest match.

The list in Table A.1 includes several well-known large-scale
surveys and also smaller-scale spectroscopic studies. This cre-
ates a heterogeneous RV sample, observed with different in-
struments at different resolutions, and processed with different
pipelines. Hence, we are dealing with variable data coverage and
possible systematic differences between the RV measurements.
Moreover, the measurement uncertainties could have additional
systematics and might have been estimated differently, further
complicating a comparison at face value. One way forward could
be to use an already homogenized catalogue, like the Survey of
Surveys (SoS) by Tsantaki et al. (2022), which is a compila-
tion of six spectroscopic surveys (Gaia DR2, APOGEE DR16,
GALAH DR2, Gaia-ESO DR3, LAMOST DR5, RAVE DR6).
However, most of the data releases (DR) of the included surveys
have already been superseded by more recent releases. Hence,
we decided to use the most recent DRs and other original litera-
ture data, which were not used by SoS.

Small systematic variations between surveys are not highly
critical when averaging the motions per cluster to get each clus-
ter’s median or mean motion, while for the calculation of the
velocity dispersion, we aim at higher quality. Hence, we ap-
ply quality criteria, outlined in Appendix A.4, and we compare
the individually measured RVs to each other to identify possi-
ble systematic shifts between the surveys (for this, we matched
the full external catalogues with Gaia DR3). Binaries could also
cause discrepancies between measurements from different sur-
veys, however, we would not expect a systematic shift in one
direction between two surveys. We use Gaia DR3 RVs as zero-
point, since this is the largest survey in our list, covering the
whole sky; hence, we can compare it to the full available cata-
logues of the other surveys. We only identify significant global
shifts in four cases: APOGEE2, GALAH, RAVE, and PCRV. For
the rest of the surveys, we either do not find a significant shift or
there are not enough sources in common to identify a clear trend.
The average shifts are given in Table A.1 as ∆RV. We do not cor-
rect for these shifts, since we did not test for dependencies (rel-
ative to Teff , log g, or metallicity; see, e.g., Tsantaki et al. 2022),
which would go beyond the scope of this paper. To account for
this additional uncertainty, we add the shift quadratically to the
measurement uncertainties of these four surveys. Concerning the
measurement uncertainties in general, we do not consider any
systematics between the surveys, and we use the reported RV
uncertainties (eRV) for simplicity, and we correct them only in

the four mentioned cases (i.e., eRV,corr =

√
e2

RV + ∆RV2).

A.4. Quality criteria

We use the stability criterion per stellar cluster member that is
provided in the SigMA catalogue (R23a). This criterion indicates
how often individual sources appear throughout the ensemble of
clustering solutions per cluster, denoted as stability in the range
from 0–100%; hence, sources with low stability are less reliable
cluster members. The maximum stability per cluster is variable,
while generally higher for richer clusters, since they have been
more often retained by SigMA. Hence, we apply a variable sta-
bility cut per cluster, which is set as follows. R23a find that
stars in more “stable” clusters (generally the richer and more
massive ones) have generally higher stability values (≳80%).
R23a suggest that a cut at about stability> 11% would be

a reasonable discriminator for such clusters to select more re-
liable stellar cluster members. We decide to create a variable
stability cut to account for the fact that the stability values of
stars within sparser clusters are generally lower. First, we cal-
culate the median stability per cluster, and then we use 10% of
the median as the threshold, which gives less conservative val-
ues than the suggested 11%. The resulting value is used as the
individual stability threshold per cluster: stab_threshold =
median_stability (per cluster) ·0.1. This value is listed in Ta-
ble A.2 (Col. 5). We then only keep stars with: stability >
stab_threshold. This procedure gives lower stability thresh-
olds than 11% for all clusters, which ensures that we only re-
move the most obvious outliers, which is in particular critical
for the less prominent clusters. This variable stability cut is ap-
plied both on the positional and the velocity data, while the latter
requires additional quality checks for the RV data, as follows.

The sample size of the 3D velocity data (UVW) strongly de-
pends on the available RV data (Table A.1). We find that about
50% of the sources (6529/13 011) have been targeted by at least
one RV survey. Considering these sources, there are about 34%
that have been targeted by more than one survey (2194/6529).
This sample can be used to identify binary candidates. Addition-
ally, we investigate the Gaia DR3 RUWE parameter (Castro-
Ginard et al. 2024) that indicates if a source is a probable binary
or multiple stellar system, further discussed in Appendix B.1.

To get a clean sample of RVs per cluster and at the same time
retain significant numbers of sources, we apply the following
quality criteria. In a first step, we retain only sources with low
RV uncertainties, using a cut at eRV < 3.1 km s−1. We decided
on a relatively non-conservative cut to ensure that clusters with
few RV measurements contain significant numbers of sources
with RV information.

For sources observed by APOGEE2, we use the provided
scatter parameter (VSCATTER), which is available if a source
has been observed more than once within APOGEE2. We add
the VSCATTER parameter to the APOGEE2 RV errors (VERR)
as follows: VERRcorr =

√
VERR2 + VSCATTER2 + ∆RV2. ∆RV is

the global shift between Gaia and APOGEE RVs that we have
identified in the previous section. Using the corrected RV errors,
sources with larger scatter (potential binary candidates) get au-
tomatically removed when applying the error cut from above.
Sources without VSCATTER information, which were observed
only once by APOGEE2, lack this information, and their errors
might be underestimated. At this stage, we can not know about
any additional scatter for such sources (if only observed once).

For sources with multiple observations from different sur-
veys, we first calculate the weighted mean and weighted stan-
dard deviation as follows:

v̄RVw =

∑
wivRVi∑

wi
,

eRVw =

√∑
wi(vRVi − v̄RVw)2∑

wi
·

N
N − 1

,

(A.4)

where wi = 1/e2
RVi are the weights. For our analysis, if a source

was observed multiple times, we are using the RV measurement
from the survey with the lowest error (vRVbest). The weighted
mean and standard deviation are used to test for significant de-
viations between the surveys, to remove potential binary or mul-
tiple candidates (similar to the scatter in APOGEE2). We keep
sources with |vRVbest − v̄RVw| < 3 km s−1 and eRVw < 3.1 km s−1.
We decided for this cut to be comparable to the used RV error
cut introduced above.
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Table A.1. Data references for radial velocities.

Number of sources

Ref. References Region Survey Name / Notes / Comments All Matched Used ∆RV

1 Gaia Collaboration et al. (2023), Katz
et al. (2023)

All-Sky Gaia DR3 33,812,183 4919 (3230) 2298 (919) 0

2 Majewski et al. (2017), Santana et al.
(2021), Abdurro’uf et al. (2022)

USco, sub-parts of
Sco-Cen

APOGEE2 SDSS DR17 722,905 1190 (341) 1021 (285) -0.28

3 De Silva et al. (2015); Buder et al.
(2021, 2024)

Parts of Southern
Hemisphere

GALAH DR4 (Galactic Archaeology with HERMES) 906,661 1900 (529) 1529 (387) -0.22

4 Gilmore et al. (2012), Sacco et al.
(2017), Jackson et al. (2022)

Targeted clusters Gaia-ESO iDR6 (GES) 107,779 125 (29) 112 (27) 0

5 Kunder et al. (2017), Steinmetz et al.
(2020a)

Southern
Hemisphere

RAVE DR6 (The Radial Velocity Experiment) 451,636 135 (9) 105 (2) 0.34

6 Gontcharov (2006) All-Sky PCRV (Pulkovo Compilation of Radial Velocities) for 35,495
Hipparcos stars, standard stars compiled from other
literature, homogenized RVs

35,495 111 (48) 60 (20) 0.1

7 Torres et al. (2006) Southern
Hemisphere

SACY (Search for associations containing young stars), 1511
observed by them, 115 from other literature

1626 241 (29) 208 (22) 0

8 Jilinski et al. (2006) Sco-Cen B-stars in Sco-Cen 119 25 (10) 14 (6) 0

9 Chen et al. (2011) Sco-Cen Magellan MIKE and Spitzer MIPS Study 192 91 (11) 74 (7) 0

10 Dahm et al. (2012) USco HIRES for 50 members, MIKE for 44 members 131 79 (10) 67 (10) 0

11 Miret-Roig et al. (2022b) USco Compilation of observed and archival spectra,
R∼20,000–115,000

157 154 (9) 123 (4) 0

12 Fang et al. (2023) USco Collected from Keck/HIRES Optical Survey, R∼34,000,
typical RV-uncertainty ∼ 1.4 km/s

115 97 (5) 90 (3) 0

13 James et al. (2006) Cham, Lup, CrA ESO/FEROS, R∼32,000 53 22 (0) 20 (0) 0

14 Guenther et al. (2007) Cham, Lup, CrA,
Oph

ESO/FEROS, R∼48,000 96 39 (1) 32 (1) 0

15 Wichmann et al. (1999) Lupus ROSAT-discovered WTTS near Lupus 71 45 (2) 34 (2) 0

16 Galli et al. (2013) Lupus, Oph Kinematic study of the Lupus star-forming region 52 42 (4) 42 (4) 0

17 Joergens & Guenther (2001) Cham I UVES spectra at 6000–10,400 Å (R∼40,000) 12 11 (5) 11 (5) 0

18 Nguyen et al. (2012) Cham I MIKE spectra at 4800–9400 Å (R∼60,000) 67 46 (4) 43 (4) 0

19 Biazzo et al. (2012) Cham II UVES/GIRAFFE 83 29 (22) 19 (16) 0

20 Murphy et al. (2013) eps Cham WiFeS multi-epoch spectroscopy, R∼7000 45 20 (9) 20 (9) 0

21 Luhman (2023) TWA Literature compilation from 16 references (we excluded Gaia
DR3 and GALAH DR2)

38 37 (16) 21 (14) 0

22 Miret-Roig et al. (2025) TWA Archival compilation of spectra from ESO, CFHT, and
NOIRLab, named RVispec

24 24 (2) 14 (2) 0

Notes. The first seven references are large spectroscopic survey programs or RV compilations, partially covering the whole sky or a full hemisphere.
The rest are targeted observations collected from the mentioned literature, loosely grouped by observed region. Col. 5 lists the total number of
sources available in each survey. Col. 6 & 7 list the number of sources matched with the Sco-Cen sample and the number of used RVs; in brackets,
we give the number of sources that only have an RV measurement from this survey but not in any of the other surveys. Col. 8 gives the global RV
shift between the given survey and Gaia DR3 RVs, if identified.

After these applied cuts, there are still some RVs per cluster
that are clearly scattered beyond their median velocities. Sig-
nificant deviations in the motions of single stars from the bulk
motion of the parent cluster could have several reasons, such
as unresolved binaries, mismatches, or contamination from un-
related stellar populations or field stars. To clean the RV sam-
ple per cluster, we exclude potential contaminants or outliers
first via a global outlier cut and second via sigma clipping.
We use the LSR corrected RVs (vRV,lsr); they show less scatter,
since artificial trends are removed that appear when using the
heliocentric RVs. First, we find that sources scattered beyond
−2.5 ≤ vRV,lsr (km s−1) ≤ 18.0 are general outliers when consid-
ering the RV distribution of the whole Sco-Cen association, and
we globally remove sources beyond these boundaries. Next, we
remove outliers with significant deviations from the bulk mo-
tion of each cluster by applying sigma clipping at 3σ around
each cluster’s median-vRV,lsr. In most cases, this additional step
removes only a few outliers or none.

Finally, the combined quality criteria, including the stabil-
ity cut, the error cuts, removal of binary candidates, and sigma-
clipping, leave 3222 (25%) sources out of 13,011. The individ-
ual numbers and fractions per cluster are given in Table A.2.

We compare the weighted mean with the finally selected best
RVs per source (when observed multiple times) after applying
the mentioned quality criteria. We do not find a significant devi-
ation for the majority of these sources: MEDIAN(vRVbest − v̄RVw) =
(0.003+0.134

−0.162) km/s., underlining the robustness of these selected
RV values.

Appendix B: Detailed methods descriptions

B.1. Calculating the cumulative velocity dispersion

Here, we give more details on the construction of Fig. 1, which
shows the change of the cumulative 3D velocity dispersion with
cluster formation time (or cluster age). The cumulative σ3D is
calculated chronologically by incorporating the stellar members
of the clusters that lie within a certain time threshold. In more
detail, we start to calculate σ3D by using the stellar members of
the oldest cluster, e Lup, and then add chronologically at each
time step the stars of the next youngest cluster, until we reach
the final time step that contains all stars in Sco-Cen, from old to
young. At each time step, we calculate the total velocity disper-
sion of the stellar members that formed before the time threshold
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Table A.2. Overview of 36 stellar clusters toward Sco-Cen from R23a (SigMA selected clusters) and MR25 (TWA clusters), including radial
velocity data statistics, sorted by cluster age.

Idx SigMA TR Name Stab. Age Number of sources

(Myr) XYZall XYZused (%) UVWall (%) UVWused (%)

1 17 UCL e Lup 8.2 20.9+0.7
−0.8 516 468 ( 90.7) 199 (38.6) 72 (14.0)

2 12 UCL Libra-South 3.9 20.0+2.5
−2.2 71 65 ( 91.5) 26 (36.6) 11 (15.5)

3 9 US US-foreground 4.6 19.1+2.4
−1.3 276 254 ( 92.0) 173 (62.7) 113 (40.9)

4 15 UCL ϕ Lup 6.8 16.9+0.9
−0.6 1114 1047 ( 94.0) 514 (46.1) 242 (21.7)

5 27 Pipe Pipe-North 1.9 15.9+1.6
−2.1 42 40 ( 95.2) 21 (50.0) 9 (21.4)

6 20 UCL ν Cen 7.8 15.7+0.3
−0.9 1737 1522 ( 87.6) 709 (40.8) 290 (16.7)

7 21 LCC σ Cen 9.3 15.5+0.6
−0.5 1778 1618 ( 91.0) 881 (49.6) 445 (25.0)

8 28 Pipe θ Oph 8.8 15.4+0.8
−1.9 98 90 ( 91.8) 40 (40.8) 11 (11.2)

9 14 UCL η Lup 6.4 15.3+0.6
−0.3 769 722 ( 93.9) 386 (50.2) 147 (19.1)

10 10 UCL V1062-Sco 9.9 15.0+0.9
−1.4 1029 963 ( 93.6) 339 (32.9) 126 (12.2)

11 8 US Scorpio-Body 5.7 14.7+0.8
−0.7 373 344 ( 92.2) 147 (39.4) 51 (13.7)

12 31 CrA Scorpio-Sting 1.6 14.5+0.6
−0.6 132 129 ( 97.7) 42 (31.8) 14 (10.6)

13 19 UCL ρ Lup 8.6 14.4+0.4
−0.9 246 235 ( 95.5) 101 (41.1) 49 (19.9)

14 7 US ρ Sco 7.3 13.7+1.3
−0.6 240 227 ( 94.6) 132 (55.0) 84 (35.0)

15 18 UCL UPK606 8.7 13.4+1.4
−0.7 131 115 ( 87.8) 60 (45.8) 27 (20.6)

16 6 US Antares 9.7 12.7+0.4
−1.7 502 468 ( 93.2) 316 (62.9) 212 (42.2)

17 30 CrA CrA-North 9.9 11.6+0.5
−0.8 351 333 ( 94.9) 143 (40.7) 48 (13.7)

18 22 LCC Acrux 9.9 11.2+1.0
−1.0 394 385 ( 97.7) 222 (56.3) 115 (29.2)

19 23 LCC Musca-foreground 9.9 10.2+1.0
−0.7 95 88 ( 92.6) 46 (48.4) 22 (23.2)

20 5 US σ Sco* 9.7 10.0+1.0
−0.5 544 508 ( 93.4) 317 (58.3) 225 (41.4)

21 3 US δ Sco* 9.9 9.8+1.2
−1.4 691 674 ( 97.5) 512 (74.1) 382 (55.3)

22 35 NE L134/L183 1.0 9.6+1.7
−2.2 24 24 (100.0) 8 (33.3) 3 (12.5)

23 25 LCC η Cham 7.8 9.4+1.4
−0.9 30 23 ( 76.7) 15 (50.0) 9 (30.0)

24 – TWA TWA-a 9.9 9.0+2.0
−1.0 44 44 (100.0) 36 (81.8) 25 (56.8)

25 24 LCC ϵ Cham 9.9 8.8+0.6
−0.4 39 36 ( 92.3) 32 (82.1) 25 (64.1)

26 29 CrA CrA-Main 9.9 8.5+2.0
−2.4 96 85 ( 88.5) 72 (75.0) 47 (49.0)

27 4 US β Sco* 9.8 7.6+0.8
−0.7 285 263 ( 92.3) 206 (72.3) 166 (58.2)

28 – TWA TWA-b 9.9 6.0+2.0
−1.0 22 22 (100.0) 22 (100.0) 19 (86.4)

29 13 UCL Lupus 1-4* 7.7 6.0+0.6
−0.9 226 199 ( 88.1) 113 (50.0) 61 (27.0)

30 2 US ν Sco* 10.0 5.8+1.8
−0.5 150 147 ( 98.0) 118 (78.7) 98 (65.3)

31 1 US ρ Oph/L1688* 9.9 3.8+0.4
−0.4 535 507 ( 94.8) 346 (64.7) 250 (46.7)

32 26 Pipe B59* 4.7 3.4+3.1
−0.9 32 28 ( 87.5) 9 (28.1) 4 (12.5)

33 11 UCL µ Sco 9.9 17.2+0.9
−2.4 54 52 ( 96.3) 14 (25.9) 2 ( 3.7)

34 32 Cham Centaurus-Far 0.1 8.5+1.1
−1.3 99 99 (100.0) 25 (25.3) 9 ( 9.1)

35 33 Cham Chamaeleon-I 9.9 3.8+1.9
−0.9 192 184 ( 95.8) 106 (55.2) 89 (46.4)

36 34 Cham Chamaeleon-II 7.7 2.8+0.7
−1.1 54 49 ( 90.7) 32 (59.3) 19 (35.2)

Notes. Col. 1: Running index for the listed clusters, ordered by decreasing age for the top 32 rows. The four clusters at the bottom are not included
in our analysis but are listed here for completeness. Col. 2: SigMA label from R23a. Col. 3: Position of clusters within traditional regions (TR), see
Appendix A.1. Col. 4: Cluster names from R23a or MR25. Col. 5: Stability threshold for each cluster used for quality criteria. Col. 6: Cluster ages
and their uncertainties from R23b and MR25 (PARSEC, BPRP). Cols. 7-10 list the number of sources for: all stellar members per cluster from the
literature; used sources after applying stability cut for the position sample; all stellar members with available RV data; used sources after applying
quality criteria for the velocity sample; the fraction of remaining sources relative to XYZall is given in brackets. The seven clusters marked with *
are identified as “peculiar” concerning their relative motions within Sco-Cen (Sect. 5.2).

as given on the x-axis of Fig. 1, which results in the cumulative
velocity dispersion over a time range of about 20 Myr.

To account for the different sample sizes of each cluster—
several clusters contain only a handful of RVs (see Table A.2)—
we use at each time-step a random subsample of 20 sources per
cluster. This sub-sampling is done to avoid that the dispersion
estimations are dominated by the sample size, which would nat-
urally give more weight to the more massive clusters. The rel-
atively low number of 20 is chosen to account for the fact that

several clusters have very low number statistics, especially when
requiring good RV data quality. If a cluster has fewer than 20
members, then we randomly sample 20 data points with replace-
ment. This up-sampling concerns nine out of the 32 clusters. We
repeat this procedure 1000 times, and each time randomly draw
another 20 stars from each cluster, which delivers a median and
uncertainty for σ3D at each time step, as plotted in Fig. 1. By it-
eratively adding random sub-samples of stellar members of each
cluster one after another, we obtain an increase in velocity dis-
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Fig. B.1. Temporal evolution of the cumulative 3D velocity dispersion.
The upper orange curve is the same as in Fig. 1. The black, dashed
curve shows the cumulative σ3D when applying a cut on the Gaia
RUWE parameter, to test the influence of binaries. The middle blue
curve shows the cumulative σ3D when applying an additional error cut
at eRV ≤ 1 km s−1 on the stellar members of each cluster. The lower ma-
genta curve shows the cumulative σ3D when using the cluster medians.
The black cross marks the total σ3D as calculated from all stars in Sco-
Cen with valid RV measurements. The error bars (shaded regions) show
the 95% interquartile ranges (2σ).

persion, until the total velocity dispersion of the whole associa-
tion is reached with 4.67±0.04 km s−1.

As outlined in Sect. 4, we compare the total σ3D from the
sub-sampling approach to the total σ3D when all available stellar
members of the 32 clusters in Sco-Cen are used for its calcu-
lation. Hence, we use all stars in the 32 clusters that pass our
quality criteria (i.e., 3128 out of 12,612), instead of 20 sub-
samples from each cluster (the latter results in a sample of only
640 stars when the final time-step is reached). We bootstrap over
the 3128 available sources with replacement 10,000 times. The
mean of the bootstrap samples results in a 3D velocity dispersion
of 3.96±0.03 km s−1, which is about 0.7 km/s lower than the final
value of the cumulative σ3D. This difference might be caused by
the undersampling of the velocity space when only using sub-
samples. This might also increase the importance of individual
measurement errors, which could inflate the final σ3D. At the
same time, the total velocity dispersion using all available stars
might be dominated by the most massive clusters, which contain
overall more stars with valid RV measurements.

To test the influence of RV measurement errors, we recal-
culate the cumulative σ3D using two alternative data samples.
First, we apply an additional RV error cut at eRV < 1 km s−1 (and
eRVw < 1 km s−1 if a source was observed by more than one sur-
vey). In some cases, this reduces the number of stellar members
per cluster significantly; for 13 clusters, there are now fewer than
20 members available, and their numbers have to be up-sampled
(for L134/L183, zero sources remain). Nevertheless, when com-
paring the resulting trend to the original one form Fig. 1, we find
that the cumulative velocity dispersion increases similarly over
time, while there is only a shift to overall lower values, on av-

erage about −0.2 km s−1 (see Fig. B.1, blue curve), and the total
σ3D results in 4.46±0.03 km s−1.

Second, we calculate the cumulative velocity dispersion by
using only the median UVW values of the clusters. With this
approach, we remove any internal velocity scatter of each clus-
ter, and we only focus on the more robust cluster velocities;
so we get a measure of the lower limit of σ3D. We randomly
sample of the cluster medians and their uncertainties (assuming
Gaussian errors) to get a measure of uncertainty for the clus-
ters’ cumulative σ3D. Naturally, this approach results in low-
number statistics, especially for the first few time-steps (at the
start, only one velocity is used, from e Lup, hence, it is zero).
Nevertheless, we find that the shape of the curve is similar, as
highlighted in Fig. B.1 (magenta curve), with an average shift of
about −0.5 to −0.6 km s−1. The total 3D velocity dispersion of
all 32 cluster medians results in 4.17±0.07 km s−1.

Finally, we test the potential influence of unresolved binaries
or multiples. We use Gaia’s Renormalised Unit Weight Error
(RUWE), and a variable RUWEvar-lim as given by Castro-Ginard
et al. (2024, see their Appendix A). The suggested RUWEvar-lim
mainly depends on crowding at the location of a star in the field-
of-view of Gaia. We repeat the calculation of the cumulativeσ3D
by additionally requiring RUWE<RUWEvar-lim and compare it
to the cumulative σ3D from Fig. 1. We find that the RUWE cut
does not make a significant difference (Fig. B.1, black, dashed
line). Overall, we only find small variations of about 0.03 km/s
around the original trend. The total σ3D when using the RUWE
cut is then 4.68±0.05 km s−1. We conclude that the influence of
unresolved binaries is negligible concerning our selected UVW
sample and that the influence of RV measurement errors is dom-
inating any potential shifts of σ3D.

Considering these different tests, we conclude that the
present-day velocity dispersion of Sco-Cen is between 4.0–
4.7 km s−1. The measurement errors appear to influence the mag-
nitude of the cumulativeσ3D, while the increasing trend, with the
visible jumps and plateaus in between, appears to be unaffected
and stays essentially the same.

B.2. Calculating the cumulative size of the region

To estimate the chronological build-up of Sco-Cen, we esti-
mate the change in size (extent in pc) of the region, start-
ing from the oldest to the youngest cluster (used Python pack-
ages: sklearn.neighbors.kneighbors_graph, networkx,
nx.single_source_dijkstra_path_length), similar to the
cumulative σ3D. To estimate the size of a collection of subgroups
at any age step, we determine the largest distance between any
two sources at this step. Since Euclidean distances ignore the
shape of Sco-Cen, we use a graph constructed from individual
members (as nodes) to approximate the manifold of the associ-
ation. We construct the graph via a k-neighbours graph in po-
sitional (XYZ) space and use Dijkstra’s algorithm to compute
shortest paths between any two sources in the graph (Dijkstra
1959). At each age step, we compute the maximum distance for
all possible shortest paths between members of respective sub-
groups.

This is done again cumulatively, by starting with the stellar
members from the oldest cluster, and adding at each age step
stellar members of the next youngest cluster, while we use only
stars that fulfil the stability criterion from Appendix A.4. We it-
erate over randomized subsamples per cluster of equal size to
get an estimate of the uncertainty and to account for the different
cluster sizes. We always add 30 randomly drawn stellar mem-
bers of each cluster at each cumulative time step. For clusters
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Table B.1. Central position and rest velocity of SC15.

Parameter Median Mean STD

X (pc) 106.0±0.6 105.0±0.4 35.4
Y (pc) -71.0±0.6 -70.3±0.3 25.1
Z (pc) 28.4±0.3 28.6±0.2 14.6

U (km/s) -5.98±0.11 -6.05±0.07 2.38
V (km/s) -19.99±0.06 -20.04±0.05 1.67
W (km/s) -5.27±0.04 -5.27±0.03 1.15

Notes. The given Median and Mean are the averaged medians and
means, which were calculated by bootstrapping 5000 times over the
selected stellar members. The given errors are the standard deviations
of the 5000 medians or means. The given STD is the average scatter of
the XYZ or UVW distribution. The UVWLSR values can be derived from
UVW by adding the standard solar motion form Schönrich et al. (2010).

Table B.2. The difference in positions and motions when comparing the
three reference points that are investigated in Figs. 3, 4, B.2, and B.3.

SC15–e Lup SC15–ϕLup e Lup–ϕLup

∆X (pc) −13.4 −6.0 7.4
∆Y (pc) 4.9 −17.3 −22.2
∆Z (pc) −0.7 −11.7 −11.0
∆Center (pc) 14.3 21.7 25.9

∆U (km/s) −1.20 −1.26 −0.07
∆V (km/s) 0.08 −0.22 −1.02
∆W (km/s) −1.19 −0.66 0.53
∆Speed (km/s) 1.87 1.44 1.15

with fewer members, we add the full set of cluster members of
these sparse clusters (no up-sampling, no source appears more
than once). Using at least 30 sources per cluster allows us to
get a similar weight for sparser clusters compared to the richer
clusters. Moreover, using fewer stars significantly reduces the
computation time of Dijkstra. We iterate over this procedure 60
times, which delivers a median extent and its uncertainty per age
step. With this method, the size of Sco-Cen at the present day
cumulates in a value of 203+7

−12 pc.

B.3. Calculating cluster 3D bulk positions and motions

We use the Galactic Cartesian positions (XYZ) and motions
(UVW or UVWLSR) of the stellar members of each cluster to
calculate the clusters’ average properties in the 6D phase space.
For XYZ, we only apply the stability cut as described above. For
UVW, we use the stellar members that pass our additional qual-
ity criteria, with a particular focus on RVs (see Appendix A.4).

The Median and Mean of the clusters’ 3D positions and mo-
tions are determined via bootstrapping with replacement (1000
times) by sampling from the stellar members of each cluster. The
resulting averaged Median, Mean, and standard deviation (STD)
from the bootstrapped distributions are used to determine the 6D
properties of each cluster, reported in an online table (see Ap-
pendix C). The given uncertainties of Median, Mean, and STD
are the standard deviation of the bootstrapped medians, means,
and STDs. For our analysis, we use the medians and their uncer-
tainties.

B.4. Testing different reference points

We investigate three points of reference in more detail, which
are the two clusters e Lup and ϕLup, and SC15. The latter rep-
resents the bulk position and motion of older clusters with ages
> 15 My. From these, we remove two sparse clusters, Pipe-North
and θOph, since they show peculiar motions relative to the rest
of the older clusters. Hence, we use eight clusters for the cal-
culation of SC15, which are e Lup, Libra-South, US-foreground,
ϕ lup, ηLup, V1062-Sco, νCen, and σCen, containing a total of
7290 stellar members. To determine the centre and rest velocity,
we use the Galactic Cartesian positions and motions of the stel-
lar members of the eight clusters with applied quality criteria as
outlined in Appendix A.4. This leaves 6659 stellar members in
XYZ and 1288 in UVW space.

The median and mean position and velocity of SC15 are ob-
tained via bootstrapping (5000 times with replacement) over the
selected stellar XYZ positions or UVW velocities. Table B.1 re-
ports the averages of the bootstrapped medians, means, and stan-
dard deviations in XYZ and UVW. The given uncertainties are
the standard deviations of the medians or means. For similar es-
timates, see P25 and MR25, while they used slightly different
data, in particular concerning the selected RVs. The difference in
position and motion between e Lup, ϕLup, and SC15 are given
in Table B.2.

Figures B.2 & B.3 show the resulting speed–time and radial-
motion–distance relations, when using the two alternative refer-
ence points, ϕLup and SC15, compared to when using the oldest
cluster, e Lup, as used in the main part of the paper (Figs. 3 &
4). We see similar, while slightly shallower, trends of speed with
time and radial motion with distance.

B.5. Testing the robustness of the linear relations

In this section, we test the robustness of the speed–time and
radial-motion–distance relations. In the main part of this paper,
we use as a first choice the oldest cluster, e Lup, as a reference
point. Alternatively, we also set ϕLup or the bulk motion of
SC15 as reference. We find similar correlations (see Figs. 3, 4,
B.2, B.3 & Table 1), while these three reference points are gen-
erally at central locations with similar 3D space motions (see
Table B.2).

We further test these relations by using each of the 32 clus-
ters once as a reference point to calculate the relative speed or
distance. In all cases, the reference cluster is excluded from
the linear fit. We fit linear slopes to the resulting distributions
in the speed–time and radial-motion–distance spaces, and we
test the correlations with the coefficient of determination (r2-
value), the Spearman rank correlation coefficient (SRCC; Spear-
man 1904; Daniel 1990), and the Pearson correlation coefficient
(PCC; Pearson 1895). SRCC tests for monotonic relationships
between two variables and ignores the scale, and PCC evaluates
linear relationships using the physical scales.

For the speed–time relation, we find that the time-ordered
case with e Lup as reference point delivers one of the cleanest
linear trends, with the steepest slope and the highest r2, SRCC,
and PCC values. We find that if using several of the older clus-
ters as reference, we get similar linear trends compared to e Lup;
these are ϕLup, νCen, ηLup, V1062-Sco, Sco-Sting, ρLup,
ρ Sco, and UPK606 (all older than 13 Myr).

For the radial-motion–distance relation, we see a similar be-
haviour, while here e Lup stands out more clearly as the best fit
with the steepest linear slope. Under ideal conditions, the best
reference point (kinematic centre) does correspond to the steep-
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Fig. B.2. Speed–time relation, similar as Fig. 3, but with ϕLup (blue)
or SC15 (orange) as reference points. For comparison, we also show the
slope when e Lup is set as the reference point, from Fig. 3 (black, dashed
line). The resulting median slopes are given in the upper left corner in
the respective colours (see also Table 1). The shaded areas show the 1-σ
uncertainties around the median slopes.

Fig. B.3. Radial-component–distance relation, similar as Fig. 4, but us-
ing ϕLup (blue) or SC15 (orange) as reference points. For comparison,
we also show the slope when e Lup is set as the reference point, from
Fig. 4 (black, dashed line). The resulting median slopes are given in the
upper left corner in the respective colours (see also Table 1). The shaded
areas show the 1-σ uncertainties around the median slopes.

est (and cleanest) positive slope for an approximately isotropic
radial expansion pattern, because any offset from the true cen-
tre introduces non-radial components, which would flatten the
correlation and increase the scatter.

That several of the older clusters appear to be also relatively
good reference points, compared to e Lup, is consistent with the
fact that the older clusters make up the bulk of Sco-Cen, they
have generally similar space motions, and are located at central
locations. The youngest of these older clusters is UPK606, with
an age of about 13–14 Myr. This still fits a formation scenario,
where feedback originating from the older clusters was mainly
affecting younger clusters with ages younger than about 12 Myr,

which approximately marks the onset of the formation of cluster
chains.

Finally, we test if the speed–time relation is indeed strongly
linked to the formation time, since we find linear trends when us-
ing e Lup or several of the older clusters as reference points. To
this end, we randomize the order of the time-axis, while we keep
the speed-order as calculated for a given reference point. We set
each of the 32 clusters once as a reference point, while the refer-
ence cluster is then removed from the correlation. We test if the
time-ordered relations are significant by randomly shuffling the
measured formation times (or cluster ages) on the x-axis. Addi-
tionally, we create a uniform distribution of times between the
formation time limits of the Sco-Cen clusters, (-20.9,-3.4) Myr,
to create cases that are within the physical boundaries of the ob-
served case. This allows us to determine the linear regression
statistics. For a more robust test, we determine the Spearman
rank correlation coefficient (SRCC), which ranks the order of
the values on the x and y-axis, and is now independent of the
true physical scale.

We find that the results from the time-ordered cases—with
e Lup, ϕLup, or SC15 as reference point—are only reproduced
with a probability that is beyond 4σ. The positive linear corre-
lation of time versus speed is not reproduced by the vast ma-
jority of the randomly ordered cases. About half of the random
cases show negative trends (reversed slopes), which we also find
when setting some of the mostly younger clusters as reference
point (concerning Pipe-N, Musca-fg, ηCham, ϵ Cham, TWA-
a,b, δ Sco, ν Sco, ρOph, B59). This test supports the hypothe-
sis that the time-ordered behaviour of the motions in Sco-Cen,
where younger clusters move faster compared to older ones, is
unlikely created by a random process in which clusters would
form independently from each other, but it lies at the bottom of
the formation history of the region.

Appendix C: Online Material

We provide an online source catalogue (to be uploaded to
Vizier), listing all stellar members of the investigated Sco-Cen
clusters, including information on cluster labels and names, ages,
derived parameters, and the used RV data. The final used RV
value is either the measurement with the lowest RV uncertainty
or the only available RV measurement. In column Ref, the re-
spective RV References are listed, which indicate from which
survey the measurement was taken. Additionally, we give the
weighted mean and weighted standard deviation if a source
has more than one RV measurement from different surveys.
This gives information on possible multiples. We also list the
VSCATTER parameter from APOGEE2 if available. Finally, the
derived parameters, including XYZ and UVW, are listed as well
(see also Sect. A.2). We flag the sources that pass our quality
criteria in column used_stab and used_rv. The first is used
for the 5D sample (used_stab = 1) and the second for the 6D
sample (used_rv = 1).

The cluster properties are reported in a second online cata-
logue (to be uploaded to Vizier), containing median, mean, stan-
dard deviation, and their errors for the investigated parameters
(as obtained via bootstrapping), which are the positions and mo-
tions (heliocentric and LSR corrected), including l, b, X, Y, Z,
RV_HEL, RV_LSR, v_l_lsr, v_b_lsr, U, V, W, U_LSR, V_LSR,
W_LSR. Moreover, we list the medians and uncertainties of the
cumulative σ3D and size for each time step, which were used to
construct Figs. 1 and B.1.
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