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ABSTRACT

We explore the kinematics and star formation history of the Scorpius Centaurus (Sco-Cen) OB association following the initial iden-
tification of sequential, linearly aligned chains of clusters. Building upon our characterization of the Corona Australis (CrA) chain,
we now analyze two additional major cluster chains that exhibit similar characteristics: the Lower Centaurus Crux (LCC) and Upper
Scorpius (Upper Sco) chains. All three cluster chains display distinct sequential patterns in (1) the 3D spatial distribution, (2) age,
(3) velocity, and (4) mass. The Upper-Sco chain is the most massive and complex cluster chain, possibly consisting of two or more
overlapping subchains. We discuss the possible formation of cluster chains and argue for a scenario where feedback from the most
massive star formation episode 15 Myr ago initiated the formation of these spatio-temporal cluster sequences. Our results identify
cluster chains as a distinct type of stellar structure with well-defined physical properties, formed in environments capable of sustaining
stellar feedback over timescales of 5—-10 Myr. We find that around 40% of the stellar population in Sco-Cen formed due to triggered
star formation, with 35% forming along the three cluster chains. We conclude that cluster chains could be common structures in OB
associations, particularly in regions that have similar natal environments as Sco-Cen. Beyond their significance for star formation and
stellar feedback, they appear to be promising laboratories for chemical enrichment and the transport of elements from one generation

to the next in the same star-forming region.
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1. Introduction

Stellar feedback plays a crucial role in the assembly of star-
forming regions and the dispersal of the gas (e.g., Elmegreen &
Lada 1977; Elmegreen 2011). Winds and photoionization from
massive stars and supernova (SN) explosions can profoundly
transform the interstellar medium (ISM), compress the gas, and
induce star formation. This is supported by both observations
(e.g., McCray 1983; de Geus 1992; Megeath et al. 1996; Megeath
& Wilson 1997; Preibisch & Zinnecker 1999; Zavagno et al.
2006; Thompson et al. 2012; Getman et al. 2012; Kendrew
et al. 2012; Malinen et al. 2014; Deb et al. 2018; Marshall &
Kerton 2019; Foley et al. 2023) and theoretical models (e.g.,
Klein et al. 1980; Miao et al. 2006; Hosokawa & Inutsuka 2006;
Dale et al. 2007, 2012; Bisbas et al. 2011; Walch et al. 2013;
Rogers & Pittard 2013; Inutsuka et al. 2015; Girichidis et al.
2016; Herrington et al. 2023).

The formation of linear cluster sequences as a result of trig-
gered star formation has been a long-standing prediction (e.g.,
Elmegreen & Lada 1977; Whitworth et al. 1994; Elmegreen
2011). Previous studies have identified broad spatio-temporal
gradients within HII regions using young stellar object (YSO)
classifications (e.g., Getman et al. 2007, 2009). The unprece-
dented precision of the Gaia satellite (Gaia Collaboration 2016),
together with the clustering accuracy of fine-tuned machine

* Corresponding author; laura.posch@univie.ac.at

learning algorithms, now reveal well-defined sequences of young
clusters in time and space with greater accuracy (Ratzenbock
et al. 2023b; hereafter R23b).

The Scorpius-Centaurus OB association (Sco-Cen) (e.g.,
Blaauw 1946, 1964; de Geus et al. 1989; de Zeeuw et al.
1999; Preibisch & Mamajek 2008; Pecaut & Mamajek 2016;
Wright & Mamajek 2018) is the closest OB association to Earth
and a well-established laboratory to study star formation pro-
cesses. Historically, it was divided into three major subgroups:
Upper-Centaurus Lupus (UCL), Lower Centaurus Crux (LCC),
and Upper-Scorpius (Upper-Sco). Previous studies suggest that
stellar feedback from UCL, initiated star formation in Upper-
Sco and LCC and shaped the ISM in Lupus and Ophiuchus
(e.g., Preibisch & Zinnecker 1999; Gaczkowski et al. 2017,
Krause et al. 2018). Bouy & Alves (2015), in their reanalysis of
HIPPARCOS data, proposed that the star-forming clouds sur-
rounding Sco-Cen are remnants of gas left over from the forma-
tion of massive stars, later triggered into star formation by stellar
feedback. With the advent of Gaia (Gaia Collaboration 2018,
2023), substantial spatial and kinematic substructure was found
in each of the three historical groups of Sco-Cen (e.g., Goldman
et al. 2018; Krause et al. 2018; Damiani et al. 2019; Kerr et al.
2021). For example, Upper-Sco was found to comprise around
seven to eight clusters following a distinct age gradient, which
indicates a sequential star formation history (e.g., Squicciarini
et al. 2021; Miret-Roig et al. 2022; Bricefio-Morales & Chanamé
2023).

A175, page 1 of 13

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.


https://www.aanda.org
https://doi.org/10.1051/0004-6361/202451312
https://orcid.org/0000-0003-0024-4227
https://orcid.org/0000-0002-4355-0921
https://orcid.org/0000-0001-5292-0421
https://orcid.org/0000-0002-6215-4270
https://orcid.org/0000-0002-6895-2804
https://orcid.org/0000-0002-0568-5526
https://orcid.org/0000-0001-8235-2939
mailto:laura.posch@univie.ac.at
https://www.edpsciences.org/en/
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org

Posch, L., et al.: A&A, 693, A175 (2025)

LCC

CrA Upper-Sco
80 80 | Age [Myr]
| B Sco o Sco -
80 ¢ Lup ‘ § Sco
. 60 o Cen 60 > Sco
60 ‘ ™ Q v Sco "
(‘ \; 40 40
40 5 Oph ﬂq
‘ \ 220 N2 P ) / - Y 1S
22 v1062-Sco N g ‘ o
= [ T S o 0 0- Antares ) R
‘ = -20 ‘ 7
-20 | n Lup 2 Acrux h i 10
CrA North 10 —40
40 ‘ Sco-Sting Musca-FG é Lup
> — ¢ Ch 200
200 ‘ 0 € Cham n Lup s
EEO CrA Main 50 71 Cham Sco-Body
e, */oo 150
100 > 4
-100 5 0

Fig. 1. 3D visualization of the CrA, LCC, and Upper-Sco cluster chains. The figure shows the distribution of Sco-Cen clusters colored by age (from
R23b). An interactive version of the 3D positions of these cluster chains is available online.

Recently, R23a identified 37 clusters' in Sco-Cen using the
SigMA algorithm. Following this work, Ratzenbock et al. (2023b;
hereafter R23b) computed the ages for each of the Sco-Cen
clusters, providing the largest homogeneously sampled cluster
census for this star formation region. This comprehensive clus-
ter sample allowed R23b and Posch et al. (2023) (hereafter P23)
to uncover linear spatio-temporal sequences of young clusters.
P23 linked the Corona Australis (CrA) clusters to the massive
clusters at the center of Sco-Cen, forming a ~100 pc long linear
sequence, which they called the CrA chain of clusters. Analyz-
ing its kinematics, they found, unexpectedly, accelerated motions
along the CrA chain, with the youngest cluster, located furthest
below the Galactic plane, moving the fastest away from it. P23
proposed that stellar feedback from the older massive clusters in
Sco-Cen was responsible for the acceleration of the CrA clusters
away from the Galactic plane.

In this paper, we extend the analysis to include the LCC
and Upper-Sco cluster chains identified in R23b and investigate
their physical properties. We found further discerning properties
for the cluster chains, establishing them as a new type of stel-
lar structure with well-defined physical properties. Given their
unique configuration, cluster chains are promising laboratories
for stellar feedback and chemical enrichment in OB associa-
tions. By characterizing these well-established stellar structures,
we aim to open a path for the identification of these structures
elsewhere and enhance our understanding of star formation.

The paper is structured as follows. In Sect. 2, we describe the
selection process applied to the data, which was used to obtain
the results outlined in Sect. 3. The results are discussed in Sect. 4
and briefly summarized in Sect. 5. Additional information on
data and methods are described in Appendices A-D.

2. Data

We analyzed the cluster chains using a subset (19) of the 34 clus-
ters that R23b associated with Sco-Cen. The clusters included
in this study as part of a cluster chain are shown in Fig. 1,

' We use “cluster” in the statistical sense of the word, meaning, an
enhancement over a background (R23a). This avoids creating a new
term for the spatially and kinematically coherent stellar groups in Sco-
Cen without the need to establish cluster boundness, an observationally
non-trivial task. None of the R23a clusters, except for the few embedded
ones, is expected to be gravitationally bound.
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which illustrates their 3D distribution and positions within each
chain. The volumes are color-coded according to the cluster ages
(R23b). The cluster selection for each chain follows the clas-
sification scheme outlined in R23b, which delineates distinct
regions including CrA, LCC, and Upper-Sco. For the CrA chain,
we used the same clusters as P23, where we added older clusters
whose kinematic properties align with the motion of the CrA
chain, extending the chain to the center of Sco-Cen. Similarly,
we added ¢ Lupus (¢ Lup) and n Lupus (n Lup) to the Upper-
Sco chain. We excluded US-foreground from our analysis, as its
age and velocity were inconsistent with the rest of the Upper-
Sco chain. The spatial and kinematic properties for all clusters
within each cluster chain are summarized in Table A.2. We adopt
the cluster ages from R23b, fitted to PARSEC v1.2S (hereafter
Parsec; Bressan et al. 2012; Chen et al. 2015; Marigo et al.
2017) model isochrones, and focus on the relative age differences
between clusters.

For an accurate kinematic analysis, compiling a large sample
of radial velocities is essential, as well as limiting this selec-
tion to stars with precise velocity measurements. We combined
radial velocity data from the Sloan Digital Sky Survey (SSDS)
APOGEE-2 DR17 (Abdurro’uf et al. 2022) and GALAH DR3
(Buder et al. 2021), with radial velocity data from Gaia DR3
(Gaia Collaboration 2023; Katz et al. 2023), when available.
For the APOGEE-2 radial velocity error, we added the nom-
inal uncertainty (VERR) in quadrature to the scatter-value for
stars with more than one visit (VSCATTER). For stars with mul-
tiple radial velocity measurements within these three surveys,
we selected the radial velocity with the smallest measurement
uncertainty.

We selected a subsample of stars based on their radial
velocities and corresponding uncertainties to exclude poor mea-
surements that would impede a precise kinematic analysis. The
kinematic sample was restricted to stars with radial veloc-
ity errors smaller than 1kms~'. Within this sample, 97% of
radial velocity measurements in Sco-Cen fall between —50 and
50kms~!, and we excluded stars with radial velocity mea-
surements outside this range, removing extreme outliers from
the sample. Without them, the standard deviation of the radial
velocity distribution for each cluster is well-constrained, with
o < 12kms™! and an average standard deviation of around
6kms~!. As the analysis is focused on high-confidence cluster
members, we further excluded stars with radial velocities exceed-
ing the one-sigma threshold from the remaining radial velocity
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Table 1. Summary of the physical parameters defining the chains of clusters in Sco-Cen.

Cluster chain Natars Average acceleration M. cloud Reference RVco Pres. cloud Nsn (207)
(kms~! Myr‘l) Mp) (kms™")  (Mgkms™

CrA 579 (3491) 0.6 +0.1 9000 ) 57+14 25000 2.4(0.4,9.1)

LCC 558 (2363) 0.8 +0.2 50-300 2) 44+09 - -

Upper-Sco 3320 (5203) 04+0.1 11 000 Appendix C.1  41=+1.2 70000 3.2(0.1,9.1)

Upper-Sco I 1115 (2998) 0.7+0.2

Upper-Sco 11 1670 05+0.1 33+05

Notes. In Column 2, we list the number of stars formed along each cluster chain excluding the clusters older than 15 Myr, with values in parenthesis
indicating the count when all clusters are included. The average acceleration and its uncertainty in column 3 are computed as the median and median
absolute deviation, respectively, of the posterior probability distribution from the linear regression. The residual gas mass at the end of each cluster
chain is given in Column 4, with their corresponding references in Column 5. In Column 6, we list the radial velocity measured for the CO gas
(Dame et al. 2001) within the residual gas structures of the cluster chains (see Appendix B for details). Columns 7 and 8 lists the current cloud
momentum (see Sect. 3.5 for details) and the median and 2o -interval of the number of SNe needed to account for this momentum, respectively. In
the case of the LCC chain, we refrain from a momentum estimation, see Sect. 3.5. (1) Alves et al. (2014); Posch et al. (2023), (2) Boulanger et al.

(1998).

distribution of each cluster. This ensures a narrow velocity dis-
tribution for all clusters, excluding outliers. Clusters with fewer
than ten measurements exhibit minimal variation in their radial
velocities, all within a couple of km s~! of each other, making
further filtering unnecessary. We converted the observed coor-
dinates and velocities of this data set to heliocentric Galactic
Cartesian coordinates and velocities (X, Y, Z, U, V, and W) using
the astropy Python library (Astropy Collaboration 2022).

3. Results

This section describes the main characteristics of cluster chains:
coherent sequences in position, age, speed, and mass. In addi-
tion, we present the residual gas structures at the end of all three
cluster chains and estimate the cloud momentum.

3.1. Linear spatio-temporal alignment

The spatio-temporal alignment of the chains of clusters can be
seen in Fig. 1, with older clusters indicated in red and younger
clusters in blue. In the CrA and LCC chains (left and middle pan-
els), we observe a distinct and well-ordered age gradient along
each cluster chain, from the older progenitor clusters at the center
to younger clusters at the outskirts of Sco-Cen. The Upper-Sco
chain also shares the basic structure in which older clusters are in
the inner regions of Sco-Cen and younger clusters extend from
the center outwards. However, the detailed morphology of this
cluster chain is more complicated, and several clusters overlap
spatially. We tentatively divided the Upper-Sco chain into two
subchains that differ in their kinematic and mass properties, and
describe this procedure in the following sections. We discuss the
peculiarities of the Upper-Sco chain in Sect. 4.2.

3.2. Cluster acceleration

An important characteristic of cluster chains is that they exhibit
a correlation between cluster speed and age, in which the
youngest clusters, furthest from the center of Sco-Cen, are mov-
ing away at higher velocities. This relation is shown in Fig. 2,
where we plot the relative speed of each cluster against the
time of cluster formation. The relative cluster speed was com-
puted as the vector modulus of the relative cluster velocity with
respect to that of the progenitor clusters (PrC) within each chain

(I((UVW) — (UVW)pc|). This computation was done statistically
and we refer to Appendix A for details on the method. Fig. 2
shows the median of the relative speed distribution, with error
bars representing the median absolute deviation. The average
motion of clusters in Sco-Cen older than 15Myr (SC-15) was
used as an alternative reference frame and we list cluster speed
measured relative to both reference frames in Table A.1.

Figure 2 shows that the cluster speed relative to the progeni-
tor cluster’s motion increases with decreasing cluster age. This
correlation indicates an acceleration along each cluster chain,
and the youngest clusters move away the fastest from the ori-
gin of each chain. We applied a Bayesian linear regression to the
data points in Fig. 2 to estimate this acceleration, along with an
associated uncertainty (detailed in Appendix A.1). The slope of
the regression line gives the average acceleration for each cluster
chain, as the acceleration of each cluster chain likely varied over
time. The resulting acceleration is listed in Table 1 and the full
set of regression parameters is given in Table A.3.

The average acceleration in Upper-Sco is slightly lower
(dashed light-gray line) compared to that of the CrA and LCC
chains but remains compatible with both. Based on the speed
and mass relations (Sect. 3.3), we visually identified two con-
secutive sequences with varying slopes. We tentatively divided
the Upper-Sco chain into two subchains: Upper-Sco I, which
is older (12-18 Myr, diamonds) and has a higher acceleration,
and Upper-Sco II, which is younger (5—-11 Myr, squares) and has
a lower acceleration. The average acceleration of the two sub-
chains in Upper-Sco are comparable to those of the CrA and
LCC chains. We plot the fits to both subchains in Fig. 2. We also
find that  Cham deviates from the general relative speed-age
relation in LCC. Excluding this cluster from the fit reduces the
acceleration of the LCC chain to about 0.7 kms~! Myr~! (dashed
light-gray line), which is still slightly above the average for all
chains of clusters.

For comparison, we computed the acceleration along the
chains with the velocities measured relative to the average
motion of SC-15 (see Appendix A). We observe that only
the acceleration along the LCC chain slightly changed by
0.1kms~! Myr~'. This can be attributed to the velocity of o Cen
deviating from to the average motion of SC-15, whereas the
velocity of ¢ Lup aligns more closely with it.

The average acceleration of all chains, independent of ref-
erence frame, is about 0.6kms~' Myr~! leading to an increase
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Fig. 2. Cluster speed relative to the motion of the progenitor clusters of
each chain, plotted against the time of cluster formation. We estimate
the average acceleration along each cluster chain with linear regres-
sion curves (solid gray lines), including two alternative fits to the data
(dashed light-gray lines). See Sect. 3.2 for details. We list the gradients
in Table 1 and all fitting parameters in Table A.3. In the bottom panel,
we indicate the two subchains Upper-Sco I and Upper-Sco 1I with dia-
monds and squares, respectively.

in cluster speed of about 6 km s~! over the 10 Myr during which
the cluster chains were formed. The acceleration along cluster
chains contributes to the general increase in cluster speed versus
age as found by GrofBschedl et al in prep. for the entire Sco-Cen
association.

3.3. Decline in cluster mass

The correlation between cluster mass and age is another impor-
tant characteristic of cluster chains. In Fig. 3 we show the number
of cluster members plotted against the time of cluster formation.
We use the number of cluster members as an approximation for
the cluster mass to avoid uncertainties associated with comput-
ing individual stellar masses through isochrone fitting. The total
number of cluster members can then be approximated into a clus-
ter mass by multiplying it with an average stellar mass factor of
about 0.42 Mg, based on the initial mass function from Kroupa
(2001). We adopted a Poissonian error, VX , as uncertainty
estimation for the number of stars.

Figure 3 shows a distinct decrease in cluster mass with
age for each cluster chain. To quantify this average decrease
in star formation rate, we fitted linear regression curves to the
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Fig. 3. Number of stars per cluster versus the time of cluster forma-
tion. For Upper-Sco, we indicate the two subchains Upper-Sco I and
Upper-Sco II with diamonds and squares, respectively. Linear regres-
sion curves indicate the average decrease in cluster mass for each chain,
with fitting parameters being listed in Table A.3.

data. The fitting parameters for each cluster chain are listed in
Table A.3. We find an average decrease in cluster size of about
—180 stars Myr~!, and multiplying this value by an average stel-
lar mass of about 0.42 Mg, this translates to a decrease in star
formation rate of approximately —80 My Myr~!.

We observe a larger dispersion for the cluster mass trend
within the Upper-Sco chain of clusters. However, this scatter is
significantly reduced when we split the mass-age relation into
the two subchains previously defined based on cluster accelera-
tion. Upper-Sco I shows a mass decrease from ¢ Lup to p Sco
and Antares (about —70 My Myr™!), followed by a second mass
relation that begins with higher masses in § Sco and o Sco and
decreases until v Sco (about —60 My Myr™"). p Oph seems to
be the inception of another mass sequence. This supports the
previously established existence of two subchains in Upper-Sco,
possibly with another currently forming.

3.4. Residual gas structures

Figure 4 shows the residual gas structures associated with the
youngest cluster of each cluster chain. They share the same
wind-blown morphology, with dense heads and dispersed tails,
and host at least one YSO within the cloud’s head.
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Fig. 4. Images of the cometary-shaped residual gas structures at the end of each cluster chain. The Corona Australis and the Ophiuchus molecular
clouds at the end of the CrA and Upper-Sco chais are shown with Planck 857 GHz images (Planck Collaboration XI 2014; Planck Collaboration
XI 2020) in the left and right panels, respectively. In the center panel, the residual molecular cloud at the end of the LCC chain, the Blue Cloud
(Boulanger et al. 1998; Nehmé et al. 2008), is shown in HI gas emission using the HI4PI data at about 5kms~' (HI4PI Collaboration 2016).
Image dimensions are adapted to show the same physical 30x40 pc ratio at varying distances, using the distance to the youngest associated clusters
CrA Main (155 pc), € Cham (102 pc), and p Oph (139 pc). The stellar density distributions of the associated clusters of each chain are indicated

with contour lines (5, 25, 50, and 75%) on top.

The CrA molecular cloud and the Ophiuchus molecular
cloud are the two remaining clouds associated with CrA Main
and p Oph, respectively, and are shown in Fig. 4 using Planck
857 GHz data. Both remnant clouds are currently forming a new
star cluster, the Coronet and p Oph (L1688) clusters, respectively
(e.g., Coronet cluster Neuhduser & Forbrich 2008; Sandell et al.
2021; Sabatini et al. 2024) (e.g., p Oph (L1688) cluster Casanova
et al. 1995; Lombardi et al. 2008; Ladjelate et al. 2020; Grasser
etal. 2021, Alves et al. in prep.). The molecular cloud Barnard 40
(B40), located at (1, b) ~ (356, 22)° in the right panel of Fig. 4, is
likely the remnant structure of the v Sco cluster, with the B-type
star v Sco illuminating the surrounding gas.

Contrary to the CrA and Ophiuchus molecular clouds, the
residual gas structure at the end of the LCC chain is not clearly
distinguishable from the background clouds in the Planck map.
In a study of the Chameleon molecular clouds, Boulanger et al.
(1998) discussed a faint foreground gas cloud with a velocity
different from that of the Chameleon clouds in the background.
Nehmé et al. (2008) later conducted a detailed study of this
diffuse structure, naming it the Blue Cloud, and suggesting a
connection to LCC. The Blue Cloud is located at the end of
the LCC chain and hosts the embedded YSO T Cha (Franchini
et al. 1992; Covino et al. 1997; Mizuno et al. 2001; Schisano
et al. 2009; Hendler et al. 2018), which is commonly associ-
ated with € Cham (Lopez Marti et al. 2013; Murphy et al. 2013;
Dickson-Vandervelde et al. 2021; Varga et al. 2024). We con-
firm the radial velocity difference between the Blue Cloud and
the Chameleon molecular clouds in the background using CO
data from Dame et al. (2001) and HI data from the HI4PI sur-
vey (HI4PI Collaboration 2016). While the Blue Cloud is visible
in a narrow velocity range between 4 and 5Kms~! in both CO
and HI data, the Chameleon clouds show wider ranges in CO
data: 0—4kms~! for Cham II and Cham III, and 3-6 km s~ for
Cham I. In Fig. 4, the Blue Cloud is shown in HI emission, with
Cham I to the right. Additionally, R23a further suggests that the
YSO T Cha is a member of € Cham similar to previous stud-
ies. Combined, these observations strongly suggest that the Blue
Cloud is the residual gas structure of the LCC chain.

The radial velocities of the youngest clusters of each cluster
chain align with those of their associated molecular clouds. The
radial velocities of CrA Main, € Cham, v Sco, and p Oph match
those of the CrA molecular cloud, the Blue Cloud, the B40
molecular cloud, and the Ophiuchus molecular cloud within the
uncertainties, respectively. Details are outlined in Appendix B.
The consistency between cloud and cluster motion supports the
assumed connection between young clusters and their parent
molecular clouds and complements similar observations of other
regions (e.g., Tobin et al. 2009; Hacar et al. 2016; GroBschedl
et al. 2021).

3.5. Momentum analysis of cluster chains

Similarly to Grof3schedl et al. (2021) and P23, we estimated the
momentum that the Ophiuchus cloud has today, based on its cur-
rent mass and the average velocity of its associated young stars.
Additionally, we estimated the number of SNe needed to account
for this momentum, as the impact of SN explosions likely dom-
inated stellar feedback processes. While P23 considered stellar
winds from B-type stars in their analysis, they found the contri-
bution to be negligible. We refer to Appendix C for more details
on the probabilistic computation of each estimate. The results are
summarized in Table 1.

We estimated a mass of about 11 000 M, for the Ophiuchus
molecular cloud based on the 3D dust maps from Leike et al.
(2020) and Edenhofer et al. (2024a). We determined a relative
velocity of ~6kms™! for p Oph with respect to both reference
frames, ¢ Lup and SC-15, and adopted this as the velocity of the
molecular cloud. We obtained a median momentum of around
70000 km s~! M, for the Ophiuchus molecular cloud, multiply-
ing the mass by the velocity. Assuming a cloud size of 8-10pc
and a distance to the source of feedback of 15 + 5pc, this
momentum estimate can be attributed to a median number of
approximately three SN explosions, with 95% of the distribution
lying between one and nine SNe.

For the residual cloud at the end of the LCC chain, we con-
sidered mass measurements reported by Boulanger et al. (1998)
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that include the cloud’s head and tail. They measured the molec-
ular hydrogen mass (~300 M) based on 100 pm radiation and
the atomic hydrogen mass from the same area (~50 Mg). The
molecular hydrogen measurement is highly uncertain because
the Chameleon molecular clouds dominate the background. We
cannot estimate the momentum of the Blue Cloud because most
of its mass is dispersed against the background, making it dif-
ficult to obtain a reliable mass estimate. However, based on
momentum conservation, we can infer the mass of the Blue
Cloud by assuming that the cluster chains experienced similar
momentum injection. Given the similarity between the LCC and
CrA chains, we adopted the momentum of the CrA molecular
cloud (25000 km s~' My ~") as an upper limit for the momentum
of the Blue Cloud. Using the velocity of € Cham relative to that
of o Cen and SC-15 as the current cloud velocity (~5-7 kms™),
we estimated a potential cloud mass of 3500-5000 M. This esti-
mate is significantly larger than the maximum observed mass by
Boulanger et al. (1998), suggesting that up to 95% of the gas
mass was dispersed below a threshold where cloud boundaries
become difficult to define.

4. Discussion

The CrA cluster chain was the first coherent structure of sequen-
tial cluster formation with a detailed characterization of its
kinematics and origin (P23). Here, we investigate two additional
cluster chains, LCC and Upper-Sco, which show similar char-
acteristics to the CrA chain. Our analysis reveals well-defined
patterns: (1) an approximate linear spatial distribution, (2) a
sequential age gradient, (3) a speed gradient increasing with
time, and (4) a mass gradient that decreases from older to
younger clusters. Collectively, these properties seem to define
a new type of stellar structure that is an important compo-
nent of OB associations in an evolutionary stage similar to that
of Sco-Cen. We propose that each of the three chains — CrA,
LCC, and Upper-Sco — represents different versions of the same
phenomenon: triggered star formation along residual gas struc-
tures driven by stellar feedback, with differences attributed to
the variation in properties of the progenitor cloud and feedback
forces.

In addition to the three cluster chains examined in this study,
Miret-Roig et al. (2024) have recently identified the well-known
TW Hydra association as another cluster chain in Sco-Cen. This
new chain shares the same spatio-temporal and kinematic prop-
erties discussed in this work. Recently, Pang et al. (2021) and
Kerr et al. (2021, 2024) identified large-scale spatio-temporal
cluster sequences in the Gamma Vel, Sco-Cen, and the Cepheus-
Hercules complexes, reminiscent of the results presented here,
although at limited resolution for the more distant regions. It is
then safe to speculate that the formation of cluster chains is a
common mode of star formation in stellar associations that con-
tain massive stars, which are capable of sustaining feedback over
timescales of 5-10 Myr. Finally, given the well-defined temporal
structure of cluster chains, they appear to be ideal laboratories
for studying chemical enrichment in star-forming regions (e.g.,
Spina et al. 2017; Kos et al. 2021).

4.1. Formation of cluster chains

The occurrence of multiple similar stellar structures exhibit-
ing the same physical properties suggests a common forma-
tion mechanism. In this section, we expand and generalize the
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formation scenario of the CrA chain described in P23 to explain
the physical properties of all three cluster chains in Sco-Cen.
This scenario is largely based on previous models for triggered
star formation (Elmegreen & Lada 1977; Whitworth et al. 1994).
However, we focus here on describing a specific mode in which
feedback creates cometary-shaped clouds, or pillars, compresses
and pushes them away, creating cluster sequences over time. This
process proceeds from the center of an association towards its
periphery.

In this scenario, we start with the residual molecular gas sur-
rounding the clusters formed in the main star formation event
of an OB association. Stellar feedback from these massive clus-
ters, including stellar winds (ram pressure), radiation pressure,
photoionization, and SN explosions, create an ISM flow (e.g.,
Redfield & Linsky 2008; Nehmé et al. 2008; Piecka et al. 2024),
sustained over several million years, which acts as an anisotropic
pressure on the remaining molecular gas clouds. In this paper,
we will not distinguish which type of feedback plays the dom-
inant role in Sco-Cen. These forces (i) push the gas away from
the source of feedback and (ii) compress the part of the cloud
that is closest to the source of feedback. As a result, the gas is
shaped into a cometary cloud, with the dense head shielding
a collapsing core from disruptive ultraviolet radiation and thus
enabling star formation. This process is similar to the formation
of pillars found in HII regions (e.g., Hosokawa & Inutsuka 2006;
Dale et al. 2007; Bisbas et al. 2011; Elmegreen 2011; Rogers &
Pittard 2014; Hartigan et al. 2015), although there are few signs
of ionized gas surrounding the remnant gas clouds in Sco-Cen
(e.g., Nehmé et al. 2008; Alves et al., in prep.). This may suggest
that different processes, such as winds and supernovae (SNe),
rather than photoionization, are currently the primary processes
in Sco-Cen.

Over time, the cloud is continuously affected by this feed-
back flow, unlike the stars it formed. This feedback leads to
the sequential formation of clusters until the gas is either fully
depleted or dispersed. In this sequence, younger clusters exhibit
lower masses due to the diminishing gas reservoir available
for star formation. This observation agrees with the correlation
between the cloud mass and the star formation rate (Schmidt
1959; Lada et al. 2012; Roccatagliata et al. 2013; Zamora-Avilés
& Vazquez-Semadeni 2014). Once a cluster emerges from its
progenitor cloud, its motion is no longer influenced by the feed-
back flow, thus reflecting the cloud’s velocity at the time of
the cluster’s formation. Consequently, younger clusters exhibit
higher velocities away from the feedback source. This scenario
naturally reproduces the observed sequential spatio-temporal
nature of cluster chains in Sco-Cen and also explains the speed
and mass gradients.

Additional evidence for Sco-Cen’s ability to sustain a long-
lived feedback flow comes from observations tracing recently
ejected runaway stars, likely arising from supernova explo-
sions in Sco-Cen. Neuhduser et al. (2020) traced a couple of
post-SN candidate neutron stars to Upper-Sco and LCC (likely
o Cen), suggesting they exploded around 2 Myr ago. In Upper-
Sco, Bricefio-Morales & Chanamé (2023) predicted four SN
explosions within the past 10 Myr, including the one that caused
the runaway star { Oph. Previous studies agree on a number
of around 10-20 SN explosions in Sco-Cen, creating the Local
Bubble (e.g., Fuchs et al. 2006; Krause et al. 2018; Zucker
et al. 2022; Swiggum et al. 2024). In a follow-up paper, we will
investigate the relative roles of stellar feedback and the Galactic
potential (e.g., Konietzka et al. 2024) and quantify their impact
on the observed acceleration in cluster chains.
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4.2. Variations within cluster chains

Although all cluster chains were likely formed via the same
mechanism, we observe some differences in their properties,
such as acceleration rates, the number of stars formed and the
decrease in star formation rate, current estimated momentum,
and their potential for continuing star formation. These varia-
tions may be attributed to different environmental conditions,
such as the initial cloud mass, the distance from the sources
of feedback, and the amount of feedback experienced by each
cloud.

The CrA and LCC chains have similar ages and number of
stars, but the gas reservoir at the end of the CrA chain currently
retains, on average, approximately 50 times more mass than the
Blue Cloud at the end of LCC (Boulanger et al. 1998; Alves et al.
2014; Posch et al. 2023). Additionally, while the CrA molecu-
lar cloud continues to form stars (e.g., Taylor & Storey 1984;
Neuhdauser & Forbrich 2008; Tachihara et al. 2024; Sabatini et al.
2024), only 10% of the residual gas associated with the LCC
chain is currently molecular (Boulanger et al. 1998), indicating
that star formation is effectively finished. T Cha, still embed-
ded within the cloud’s head, might be the final star formed in the
LCC chain. The Upper-Sco chain is the most massive of the three
cluster chains, having formed at least 3300 stars after the main
star formation event in Sco-Cen 15 Myr ago. It has the largest
remaining gas reservoir of the three chains, and substantial star
formation is currently taking place at the head of the Ophiuchus
clouds (L1688 (p Oph core), L1689, L1709, e.g., Alves et al., in
prep.).

We note that the 7 Cham cluster, part of the LCC chain, devi-
ates from the general relations in position and velocity. It has a
slightly older age than € Cham (Lawson et al. 2009; Murphy et al.
2013, R23b) while being the furthest away and moving away
the fastest from Sco-Cen. The gas cloud that formed this clus-
ter might have been a different, smaller cloud in the complex, or
differently affected by the feedback.

We observe little variation in the CrA chain except for the
positional offset of V1062-Sco, and the deviation of Sco-Sting
from the otherwise well-constrained mass relation.

Upper-Sco likely consists of two or more cluster chains

Upper-Sco is the most complex cluster chain, containing six
times more stars than the CrA and LCC chains, with several
clusters overlapping in their 3D positions. We distinguished
between two formation episodes by analyzing this cluster chain’s
speed and mass relations. Upper-Sco I (12—18 Myr) shows a fast
acceleration, likely driven by a large amount of stellar feed-
back from the massive clusters at the center of Sco-Cen that
formed during the main star-forming event around 15 Myr ago.
Starting star formation several million years later, Upper-Sco II
(5-11Myr) shows lower acceleration, possibly due to experi-
encing less stellar feedback. p Oph potentially begins a new
subchain, exhibiting continued acceleration and a substantial gas
reservoir still available for future star formation.

We now discuss a possible scenario to explain the dual speed
and mass relationships in the Upper-Sco chain. Feedback from
the main star formation event in Sco-Cen triggered star forma-
tion in the lower-density gas surrounding the massive clusters
n Lup and ¢ Lup. This gas was rapidly accelerated away from
the feedback source, sequentially forming the Sco-Body, p Sco,
and Antares clusters. Meanwhile, the expanding feedback bub-
ble accumulated molecular material or encountered a cloud in
the Sco-Cen complex, creating the massive progenitor molecular
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cloud of Upper-Sco II. After becoming unstable, it collapsed
and formed o Sco and 6 Sco, which collectively host more
than 1000 stars, enabling the formation of another cluster chain.
The massive stars in these clusters contributed — and some still
contribute — to the feedback flow that accelerated the remain-
ing molecular material, leading to the formation of 8 Sco and
v Sco. The molecular cloud B40 might be the residual gas of
Upper-Sco II.

Investigating the motion of clusters in Upper-Sco, we found
that the Ophiuchus cloud, currently forming the closest embed-
ded stellar cluster to Earth, L1688, was within 3 + 1 pc of the
0 Sco cluster approximately 6 Myr ago. Details on the traceback
are given in Appendix D. This confirms the previous estimate
from Miret-Roig et al. (2022) who found an even closer prox-
imity between ¢ and p Oph, of about 1pc around 5 Myr ago.
Furthermore, we find that p Oph was within 9 + 1 pc of the
B Sco cluster about 6 Myr ago, and within 12 + 1 pc of the o Sco
cluster about 4 Myr ago, approximately when the p Oph cluster
started to form. Both o Sco and 6 Sco currently host massive
stars: d Sco is a B0.2IVe star with an apparent magnitude of
V=2.32mag, and o Sco is a BIIII+B1V star with V=2.89 mag,
likely influencing the gas structure around p Oph (e.g., Alves
et al., in prep.). This proximity to past and present feedback
sources further supports the proposed formation scenario of the
Upper-Sco II subchain. p Oph may be the first cluster in a new
chain of clusters that is forming from the gas currently visible as
L1688, L1689, and L1709.

Recognizing Upper-Sco as a cluster chain aligns with pre-
vious work on the formation of this star-forming region. It has
been proposed that the formation of Upper-Sco, as one group,
was triggered by the central clusters in UCL (e.g., Preibisch
& Zinnecker 1999; Fernandez et al. 2008; Krause et al. 2018).
The discovery of multiple clusters within Upper-Sco has clar-
ified its star formation history, revealing a sequential process
lasting around 10 Myr that created the region’s observed sub-
structure (e.g., Squicciarini et al. 2021; Miret-Roig et al. 2022;
Bricefio-Morales & Chanamé 2023). We find that the conven-
tional Upper-Sco clusters, which we identify as the second
subchain Upper-Sco II, are part of a larger structure that con-
nects them to the massive central clusters of Sco-Cen, implying
sequential star formation for a period of approximately 15 Myr.

In its youngest two clusters, the Upper-Sco chain deviates
from a linear spatial distribution, showing a decrease in dis-
tance from the Galactic plane rather than continuing to extend
away from it. v Sco and p Oph show a strong velocity change
towards the Galactic plane, which suggests a more complex for-
mation scenario. This could be due to the Galactic potential
pulling the gas reservoir back toward the Galactic plane or inter-
actions between the molecular material around 5-6 Myr ago.
These observations indicate the need for further detailed studies.

4.3. The fraction of stars in Sco-Cen that formed through
triggered star formation

The fraction of stars formed through triggered star formation is a
classical and still unresolved question in star formation research.
We are able to address the question in this paper, as our findings
suggest that cluster chains are the product of triggered star for-
mation. Excluding the massive clusters at the beginning of each
cluster chain older than 15 Myr (V1062-Sco, 1 and ¢ Lup, and
o Cen), we find that about 34% (4457 stars) of the total stellar
population of Sco-Cen? (12972 stars) is formed in cluster chains

2 We exclude the three clusters Oph-Southeast, Oph-NorthFar, and
Norma-North since they are likely unrelated to Sco-Cen (R23b).
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as a result of stellar feedback. However, multiple smaller clusters,
such as the Pipe (B59), Chamaeleon, and Lupus 1-4 clusters, are
not part of cluster chains studied here and likely originate from
the vicinity of older massive clusters in Sco-Cen as well (e.g.,
Edenhofer et al. 2024b; Bobylev & Bajkova 2024; Alves et al., in
prep.). If we include these regions, the fraction of triggered star
formation in Sco-Cen increases to 39%. Our results indicate that
a significant fraction of stars are formed concurrently during the
destruction of the remaining cloud structures by stellar feedback.

This percentage is in good agreement with the findings of
Snider et al. (2009) using Spitzer data. They estimated that 25—
50% of stars form via triggered star formation, based on YSO
overdensities associated with compressed gas in HII regions.
Our results exceed those found by Getman et al. (2012) in the
Elephant trunk nebula in which they estimated 14-25% of stars
formed via triggered star formation. Thompson et al. (2012) and
Kendrew et al. (2012) observed the percentage of massive stars
formed through triggered star formation and found fractions of
14-30 and 20%, respectively. However, their results cannot be
directly compared to ours, which include low-mass stars.

We have identified two modes of star-formation in Sco-Cen:
(1) the bulk of the stellar association, including the progenitor
clusters within each chain, formed about 15-18 Myr ago, and
extending from it, (2) the chains of clusters characterized in this
work, each with distinct kinematic signatures (see also P23).
Recent findings suggest that Sco-Cen is the youngest subgroup
within the @ Persei family of clusters, which began forming
approximately 60 Myr ago (Swiggum et al. 2024). This raises
the possibility that the bulk of the association formed due to
feedback from older members of this cluster family. However,
the distinct kinematical properties indicate that if feedback initi-
ated star formation in Sco-Cen, it would be of a different nature
from the feedback processes responsible for forming the cluster
chains. This is speculative at this point and remains to be tested.

5. Conclusion

In this work, we demonstrate that the Sco-Cen OB associa-
tion produced coherent stellar structures through the propagation
of star formation, resulting in chains of clusters. These cluster
chains exhibit relationships across multiple dimensions. From
older to younger clusters, the clusters increase in speed, decrease
in mass, and show a linear spatial sequence from the center
of the association to its outskirts. Although each relationship
may not be conclusive on its own, their combined presence
across all cluster chains strongly supports evidence for feedback-
driven star formation in Sco-Cen, resulting in these new stellar
structures.
The main results of this study are:

— Using Gaia and ancillary archival data, we have charac-
terized three chains of clusters within Sco-Cen, previously
identified in R23b: the CrA, LCC, and Upper-Sco chains.
The CrA chain was previously characterized in P23.

— All three cluster chains display distinctive features: (1) lin-
ear spatial distributions, (2) speed gradients, (3) sequential
age gradients, and (4) mass profiles that decrease from older
to younger clusters. Additionally, a cometary-shaped cloud
remnant is associated with the youngest cluster of each
cluster chain.

— The Upper-Sco chain exhibits the most complex substruc-
ture. We observe indications of two spatially overlapping
subchains that formed sequentially and the possibility of a
third subchain forming from the Ophiuchus molecular cloud.
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— Around 40% of the stars within Sco-Cen are formed as a
result of triggered star formation, with 35% of the population
forming in the discussed chains of clusters.

— Our results establish cluster chains as a naturally occurring
phenomenon in OB associations, likely created by stellar
feedback.

Finally, Sco-Cen, the nearest OB association to Earth (~100-
200 pc), provides an unparalleled chance to investigate star
formation at high resolution, both spatially and temporally.
The newly identified cluster chains, stellar structures with well-
defined age gradients stretching over 15 Myr, serve as excep-
tional laboratories for exploring the intricate processes of chem-
ical enrichment in star-forming regions.

Data availability

An interactive version of the 3D positions of these cluster chains
is available at https://www.aanda.org
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Appendix A: Properties of chain clusters

In Table A.2, we list the properties of all clusters part of the
cluster chains discussed in this paper. This includes the num-
ber of stars considering different selection criteria, heliocentric
Galactic Cartesian coordinates, distance from Earth, heliocentric
Galactic Cartesian velocities, and the age of each cluster. Clus-
ter speed measured relative to that of the progenitor clusters and
that of the stars within clusters in Sco-Cen older than 15 Myr
(referred to as SC-15) are listed in Table A.1. We characterize
the properties of the group and their respective deviations using
the median and median absolute deviation (MAD), respectively,
due to their robustness to outliers.

We are using two reference systems for the cluster motion
because we cannot uniquely attribute the origin of the feedback
forces to the progenitor clusters of each chain with certainty.
Therefore, we compute the cluster speed relative to the motion
of the oldest progenitor clusters of each chain (¢ Lup and o Cen)
and the average motion of stars in Sco-Cen’s clusters older than
15 Myr (SC-15), as possible contributing feedback sources. SC-
15 also includes the progenitor clusters of each cluster chain. In
Fig. 2, we show the cluster speed relative to the motion of the
progenitor clusters as a reference frame. To estimate the uncer-
tainty of the relative cluster speed and that of Sco-Cen’s average
motion, we applied a bootstrap procedure where we sampled
1 000 realizations of cluster members with replacement. This
generated distributions for each velocity component (UVW);
of the clusters along each chain, their progenitor clusters, and
SC-15. We then subtracted the velocity vector distribution of
the progenitor clusters or SC-15 from the distribution of veloc-
ity vectors of the clusters along each chain. This was done by
(one-to-one) matching the 1 000 realizations from the reference
velocity to that of each cluster in the chains. Subsequently, we
computed the relative speed as the vector modulus of the dif-
ferences (|(UVW); — (UVW)ggg.il) as the relative speed for each
relative velocity vector. Finally, the average relative cluster speed
and the respective uncertainty, as given in Fig. 2 and Table A.1,
are the median and MAD of the resulting distribution.

The average motion of SC-15 and the respective uncertainties
are the median and MAD of the distribution for each velocity
component of a sampled velocity vector UV Wsc. ;s i. This results
in UVWsc.1s = (-6.4 + 1.7,-19.7 + 1.1, -5.5 + 0.8) kms~'.

A.1. Acceleration estimate for the cluster chains

Assuming the sequential formation of clusters from the same
progenitor molecular cloud, we expect to observe an increase in
speed over time along the cluster chain. To estimate this average
acceleration for each cluster chain, we applied a Bayesian linear
regression to the data points in Fig. 2, where x denotes the time
when the cluster was formed, and y denotes the relative cluster
speed. We adopt the Bayesian framework because it yields a
distribution for each fitting parameter instead of point estimates,
giving a meaningful uncertainty for the prediction of the accel-
eration. This was done using the Python library PyMC (Salvatier
et al. 2016) with a simple linear model f(x) = ax + b, where
a is the slope and b is the intercept of the relation. Eventually,
a gives the acceleration in units of kms™' Myr™!, and b is the
extrapolated speed for a cluster born today (x = 0Myr). We
chose priors according to the average parameters of linear Least-
Squares fits previously applied to the data. We chose a Normal
distribution centered on 12kms~!' with a standard deviation of
6kms~! as the prior for the intercept and a Uniform distribution
between 0 and 1kms™'Myr~! as the prior for the slope of
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Table A.1. Relative cluster speed for all clusters in the CrA, LCC, and
Upper-Sco chains.

. [UVW/| [km/s]
cluster chains PrC SC-15
¢ Lup — 0.55+0.18
n Lup 091 +£032 0.93+£0.33
CrA V1062-Sco | 2.13+0.31 2.38 +£0.25
Sco-Sting 192 +£0.52 1.84 +0.47
CrA-North | 342 +0.34 3.27 +£0.30
CrA-Main | 4.99 +0.25 4.84 +£0.18
o Cen — 3.28 £ 0.20
Acrux 1.95+0.18 4.36 +0.19
LCC Musca-fg | 3.70 £ 043 5.79 £0.31
n Cham 587+033 817 +0.36
€ Cham 486 +0.72 6.98 +£0.65
¢ Lup — 0.55+0.18
n Lup 091 +£032 0.93+0.33
Sco-Body | 3.88 £+0.26 3.86+0.24
p Sco 229+0.17 248 +£0.15
Antares 390+ 015 3.96+0.13
Upper-Sco
o Sco 2.88+0.17 2.89 +0.13
0 Sco 421 +£019 4.10=+0.11
B Sco 441 £0.16 444 +0.13
v Sco 562+0.19 552+0.11
p Oph \ 596 +0.19 5.83+£0.11

Notes. The median and MAD of the cluster speed relative to the oldest
progenitor clusters (PrC) of each cluster chain, ¢ Lup and o~ Cen, and
relative to the motion of stars in Sco-Cen’s clusters older than 15 Myr
(SC-15). For details on the computation, see the text in Appendix A.

the relation. We adopted the median and MAD of the resulting
parameter distributions as the final fit parameters. All param-
eters are listed in Table A.3. We confirmed that the linear fit
to the data is preferred over a quadratic fit by using a model
comparison that gives a statistical preference for either of the
fitting functions applied to the data.

A.2. Measuring the depletion in star formation rate

A linear fit to the mass relation reveals the trend in the star for-
mation rate over time along each cluster chain. For estimating
the average mass depletion, we again applied linear Bayesian
regression curves to the data points in Fig. 3. The priors were
also based on the parameters of Least-Squares fits to each
chain, which resulted in an average slope of —150 Myr~' and an
intercept of —1500 stars. A relatively uninformative prior was
selected for the intercept, modeled as a Normal distribution cen-
tered on —1500 stars with a standard deviation of 1500. The
prior for the slope was set to a Uniform distribution between
—-300 and —100 Myr~'. The decrease in mass of the Upper-Sco
chain deviates significantly from the rest of the chains. We used
priors of —100 + 500 stars for the intercept and a uniform distri-
bution between —100 and 0 Myr~! for the slope to fit it. The final
fit parameters were derived using the median and MAD of the
resulting parameter distributions. The complete set of parameters
is provided in Table A.3. By multiplying the number of stars by
an average stellar mass of 0.42 My, as derived from the Kroupa
(2001) mass function, we estimated the change of star formation
rate over time. We computed an average depletion in number of
stars of about —180 Myr~!, corresponding to an average decrease
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Table A.2. Summary of the positional and kinematic properties for all clusters within the CrA, LCC, and Upper-Sco cluster chains.

cluster chains number of stars X Y Z dist. U v \% age
) total RVs final heliocentric Gal. Cartesian coord. [pc] [pc] heliocentric Gal. Cartesian vel. [km/s] [Myr]
¢ Lup 1114 455 53* | 1124+92 -542+68 403=x59 131 552130 -196+£07 -55+1.0 16.9
n Lup 769 360 45* | 124.6+70 -46.7+88 247x6.0 136 -47+09 20010 -52=x05 15.3
CrA V1062-Sco | 1029 309 21" | 1679+45 -513+5.8 144 +27 177 3.6+10  -196+04 42102 15.0
Sco-Sting 132 42 7 131.3+72 -223+53 -1.5+8.1 134 710+ 1.5 -186+1.0 -53+03 14.5
CrA-North 351 134 11" | 1447 +38 2527 -362+43 | 149 -5.6 £0.8 -17.3 £ 0.5 -7.8 £0.7 11.6
CrA-Main 96 56 29* | 1475+2.2 -0.3+0.7 -46.9 + 1.1 155 -43+06 -175+06 -9.6+0.6 8.5
o Cen 1805 822 99* 59.9 + 8.0 -96.1 £ 7.1 171 + 7.6 115 85+1.0 -207=x11 -6.2+0.8 15.5
Acrux 394 190 24~ 53.6+23 91.5+3.5 -3.6+34 106 -93+06 -200+08 -7.7+0.2 11.2
LCC Musca-fg 95 44 8 51.8 2.1 -86.5+2.6 -182+26 | 102 | -102+0.7 -187+18 -8.7+04 10.2
1 Cham 30 14 4 349+04 -847+10 -362=x18 99 -11.7+0.7  -193+02 -106+04 9.4
€ Cham 39 20 4 498+10 -846+17 -279+10 102 | -102+0.7 -197+0.7 -10.5=+1.1 8.8
¢ Lup 1114 455 53* | 1124+92 -542+68 403+59 131 552130 -196+07 -53=x1.0 16.9
n Lup 769 360 45 | 1246 +9.8 -46.7+88 247+6.0 136 -47+09 20010 -52+05 15.3
Sco-Body 373 143 17* 137.7+£70 -261+56 173 +10.5 141 -39+x14  -168+06 -7.6+0.5 14.7
p Sco 240 108 48% | 1292+52 -245+72 429+37 139 43+ 1.1 -181+04 -40x05 13.7
Antares 502 270 131 | 131.7+59 -16.6+4.0 41.3+38 139 -39+ 1.1 -16.0+0.7 -58+0.5 12.7
Upper-Sco
o Sco 544 263 158" | 1493 +49 -23.6+31 49.0+32 159 -42+ 1.0 -17.2 £ 0.7 -6.2+0.5 10.0
6 Sco 691 451 268* | 129.7+28 -225+43 537+30 142 -62+0.7 -162+0.5 -7.6 £ 0.6 9.8
B Sco 285 186 107* | 140.8 +3.8 -16.6+25 61.0+3.2 154 -30x08 -162+04 -68+0.6 7.6
v Sco 150 102 70 | 1279 +24 -123+13 542+13 139 -52+06 -154+04 -90x04 5.8
p Oph | 535 281 155°| 131.6+28 -158+10 40919 | 139 | -57+09 -152+06 -92+08 | 38

Notes. Columns 3-5 list the number of stars per cluster, the number of radial velocities, and the final number of radial velocities after applying
the selection criteria, including the radial velocity uncertainty cut at 1 kms™' and sigma-clipping of the radial velocity distribution. Clusters that
underwent sigma-clipping are marked with an asterisk (*). See Sect. 2 for details. Columns 6-8 list the median and median absolute deviation
(MAD) of each cluster’s position in heliocentric Galactic Cartesian coordinates. The distance to each cluster is given in column 8 and is sourced
directly from R23a. Columns 10-12 list the median and MAD of each velocity component in heliocentric Galactic Cartesian coordinates. The

cluster ages estimated by R23b are given in column 13.

Table A.3. List of parameters resulting from the linear regression of the relative speed-age relation in Fig. 2, with respect to the progenitor clusters
(PrC) within each cluster chain, as well as SC-15, and the mass-age relation shown in Fig. 3.

average acceleration rel. to PrC  average acceleration rel. to SC-15 Mass depletion
slope intercept slope intercept slope intercept
[km/s/Myr] [km/s] [km/s/Myr] [km/s] [#/Myr] [#]
CrA | 0.57 +0.06 10.48 + 0.84 0.49 + 0.08 9.11 + 1.09 | -137£23  -1293 + 320
LCC 0.75 £ 0.12 11.60 = 1.33 0.63 +0.15 12.07 = 1.72 -266 £ 21  -2457 £ 244
excl. 7 Cham | 0.69 +0.12 10.53 + 1.40 0.53 £ 0.11 10.53 + 1.32
Upper-Sco 0.39 £ 0.05 7.76 = 0.70 0.32 +0.05 7.51 £ 0.58 -39+ 12 73 + 143
Upper-Scol | 0.69 +0.15 12.37 £2.23 0.69 + 0.16 13.01 £ 2.33 -175 £26  -1987 + 405
Upper-ScoII | 0.55 +0.16 8.84 + 1.37 0.47 £ 0.09 8.56 £0.74 -134 +£20  -703 + 167

in star formation rate of about —80 Mg Myr~! along the cluster
chains.

Appendix B: Agreement of radial velocities in
clusters and residual clouds

Following the methods of GroBschedl et al. (2021) and P23,
we validated the assumed kinematic connection by comparing
radial velocity measurements of the clouds to the youngest clus-
ters of each chain of clusters. Using CO data from Dame et al.
(2001), we compared the radial velocity of the Ophiuchus cloud
to that of p Oph. The radial velocity of the cloud is deter-
mined by calculating the mean and standard deviation of the
pixels at the location where the cloud overlaps with the youngest
cluster. The converted radial velocities of the clusters are com-
puted as the means and standard deviations of 1 000 samples
drawn randomly from a Normal distribution, which is based

on the means and standard deviations of the heliocentric mea-
surements of the cluster members. Dame et al. (2001) provided
radial velocity measurements relative to the local standard of rest
(LSR), likely using (UVW)gy, = (10.0, 15.4, 7.8) km s~ as solar
motion (Kerr & Lynden-Bell 1986). Consequently, we corrected
our clusters’ heliocentric radial velocity measurement using this
definition of the LSR. In P23, we found that the radial velocity of
the head of the CrA molecular cloud (RV sg =5.7 = 1.4kms™")
matches that of the CrA Main cluster (RVigg =6.0 + 1.3kms™!)
within the uncertainties. For p Oph, we obtained RV ggr = 3.6 =
1.9kms™!, which aligns with the radial velocity measurement
for the Ophiuchus molecular cloud from Dame et al. (2001),
RVisr = 4.1 + 1.2kms™', within the uncertainties. For v Sco,
we computed RVysg = 3.7 + 1.6kms~!, aligning with the radial
velocity of CO gas in the B40 molecular cloud of RV gg =3.3 =
0.5kms™".

In the LCC chain, we compared the radial velocity of e Cham
with that of the Blue Cloud. There is a radial velocity signal of
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the cloud’s dense molecular head in the Dame et al. (2001) CO
survey, measuring RVisg = 4.4 + 0.9 km s~!. This matches the
measurement of Boulanger et al. (1998) (4.8 = 0.9km s71) and
the LSR-corrected radial velocity of € Cham (4.3 + 1.0kms™")
within the uncertainties. Nehmé et al. (2008) reported a slightly
lower radial velocity for the Blue Cloud at 2.8 + 0.2kms!,
which falls outside this range. Neither Boulanger et al. (1998)
nor Nehmé et al. (2008) specified the LSR definition they used,
so we assumed that they used the solar motion measurement of
Kerr & Lynden-Bell (1986), probably common until 2010, when
Schonrich et al. (2010) published the current widely adopted
solar motion measurement.

Appendix C: Momentum analysis of the Ophiuchus
molecular cloud

We can approximate the momentum of a molecular cloud with
its mass and velocity. The cloud velocity can be approximated
as that of its associated young stars, based on the observation
that young stars share the motion of their parent molecular cloud
over several million years (Tobin et al. 2009; Hacar et al. 2016;
GroBschedl et al. 2021). The analysis outlined in this section was
previously conducted for the CrA chain of clusters, as described
in P23. The results of the analysis of the CrA chain and those
for the Upper-Sco chain are listed in Table 1. We refrained from
estimating the cloud momentum of the Blue Cloud at the tip of
the LCC chain because the mass is poorly constrained for this
low-density gas structure.

C.1. Cloud mass

We estimated the cloud mass of the Ophiuchus molecular cloud
using high-resolution 3D dust maps from Leike et al. (2020)
and Edenhofer et al. (2024a). We verified this approach by cal-
culating the mass of the CrA molecular cloud and comparing
it to existing estimates based on infrared extinction maps. We
selected a box that included the gas structure and summed its
HI density. Following the procedures in Bialy et al. (2021) and
O’Neill et al. (2024), each voxel was converted to the total
hydrogen nuclei density (Ny;) by multiplying with 880cm™!
and 1653 cm™! for the 3D dust maps of Leike et al. (2020) and
Edenhofer et al. (2024a), respectively. Similarly to O’Neill et al.
(2024) and Edenhofer et al. (2024b), we computed the gas mass
in units of kg:

My =pum, C Z Nur,; dV;

Here, u denotes the mass correction factor considering
the average abundance of atomic and molecular hydrogen and
(1.37), my, denotes the mass of a proton, C is the conversion fac-
tor of cm? to pc? ((3.086 x 10'%)?), and dV; is the unit volume of
a voxel within the box in units of pc?.

To verify this method, we applied it to the CrA molecular
cloud using only the Leike et al. (2020) map and compared the
result with the mass derived by Alves et al. (2014) and updated
by Posch et al. (2023). Using a box volume defined by X = [125,
165] pc, Y = [-15, 20] pc, and Z = [-75, -35] pc, we calculated
a mass of approximately 4000 M, which is lower than the mea-
surements reported in the literature, 6000-9000 M. Applying
the method to the Ophiuchus molecular cloud, the dimensions
of the box are X = [120, 150], Y = [-20, 10], and Z = [20, 50]
and we obtained a mass of approximately 11000M, for both
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3D dust maps. Based on the method verification with the CrA
cloud, we considered the cloud mass estimate for the Ophiuchus
cloud to be a conservative lower limit. We adopted a Gamma
distribution for the cloud mass, having an extended tail towards
higher masses. The mass distribution of 10 000 estimates peaks
at the derived cloud mass of 11 000 Mg, with the 2.5 and 97.5
percentiles at 10 000 Mg, and 18 000 M, respectively.

C.2. Estimating cloud momentum

Multiplying the cloud mass by the cloud’s velocity provides
an estimate of the cloud’s momentum (P = M joud * Ucloud). W€
adopted the velocity of p Oph relative to both reference frames
as the cloud’s velocity (~ 6kms™!) since the radial velocity
of p Oph aligns with that of the Ophiuchus cloud. Bootstrap-
ping 10 000 times over the cluster members with replacement
yields a Normal distribution for the cloud velocity. By multiply-
ing the mass and the velocity distributions, we derived a median
cloud momentum of ~ 70000 kms~! My, with the 2.5 and 97.5
percentiles at 60-100 x 10° kms™! My,

Assuming that this cloud momentum was primarily influ-
enced by stellar feedback from the OB association, we can
approximate the required amount of feedback. For simplicity, we
considered only the feedback from SN explosions, as they are
likely the dominant force. P23 estimated that stellar winds have
a minor impact, and photoionization possibly also contributes
only slightly (see Sect. 4.1). We assumed a Uniform distribution
for the radius of the progenitor cloud between 8—10 pc, based
on the current radius of the 3D dust distribution of the Ophi-
uchus molecular cloud as measured in the Leike map (Leike
et al. 2020) (~ 4-5pc). Our traceback analysis shows that most
clusters were closer than 20 pc and some closer than 15 pc dur-
ing the onset of star formation in p Oph (see Fig. D.1 for the
three closest clusters). Therefore, we adopted a Normally dis-
tributed distance between the youngest clusters and the feedback
source of 15 + 5 pc. Again, we used 10 000 realizations for these
distributions. Following the methods outlined in P23, we then
computed the fraction of SN momentum impacting the cloud sur-
face and derived a distribution for the number of SNe required to
account for the cloud momentum. A median number of three SN
explosions is sufficient to account for the current momentum of
the Ophiuchus molecular cloud, with the 2.5 and 97.5 percentiles
at 0.4 and 9.1 SNe.

Appendix D: Orbital traceback of p Oph

For integrating cluster orbits relative to the LSR, we used the
galpy Python library (Bovy 2015) with the default parameters.
The default parameters include MWPotential2014 as the Galac-
tic potential, solar motion relative to the LSR of Schonrich et al.
(2010) (UVWg 1sg) = (-11.1, 12.24, 7.25) kms~', and the posi-
tion of the Sun relative to the Galactic center (XYZg) = (8122.0,
0.0, 20.8) pc (GRAVITY Collaboration 2018; Bennett & Bovy
2019). We estimated the average positions and velocities through
bootstrapping with replacement, using 1 000 realizations. From
the median phase space information of each realization, we inte-
grated the orbits 20 Myr back in time and obtained a distribution
of orbits for all clusters.

Then, we calculated the Euclidean distances between p Oph
and the clusters o Sco, § Sco, and 8 Sco over the past 12 Myr
for each integrated orbit. Figure D.1 shows the average distances
with the according deviation. In the bottom panel of the figure,
we show the median orbital distances to p Oph and its respective
uncertainty estimation using the MAD. In the upper panel, we
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Fig. D.1. Euclidean distance between p Oph and each of the clusters
o Sco, & Sco, and S Sco over the past 12 Myr. Ages and their corre-
sponding uncertainties for o Sco, ¢ Sco, and 8 Sco are indicated with
a star symbol (taken from R23b and given in Table A.2). The vertical
dashed gray line and gray area indicate the age and age uncertainties of
p Oph, respectively. Prior to star formation, the motion of these clusters
corresponds to that of their primordial clouds. In the upper panel, we
show the distribution of times of minimum distance.

Table D.1. Summary table of minimum distances and times at which
the minimum distances occurred between p Oph and the clusters 5 Sco,
6 Sco, and o Sco.

distance to  dpin [pe]  t(dmin) [Myr]

B Sco 91+£0.7 -55+£0.2
6 Sco 31+0.7 -5.7+0.3
o Sco 11.9 £ 0.7 -4.1+0.1

Notes. From the orbits calculated using 1 000 bootstrapped samples,
we derive distributions of minimum distances between the cluster orbits
and the corresponding times of minimum distances. The reported values
and uncertainties are the median and median absolute deviation of these
distributions, respectively.

show the distribution of times of minimum distance. The average
minimum distances and the corresponding average times of the
minimum distance are listed in Table D.1 for each of the three
clusters.

As part of this investigation, we found that approximately
6 Myr ago, p Oph was located within 3 + 3 pc of the § Sco cluster,
within 9 + 2 pc of the 8 Sco cluster, and about 4 Myr ago, within
12 + 1 pc of the o Sco cluster. This confirms previous results
from Miret-Roig et al. (2022). Given that these three clusters host
massive stars, the formation of p Oph shortly after the encounter
supports a scenario in which stellar feedback induced the star
formation process in this cluster.

A175, page 13 of 13



	The physical properties of cluster chains
	1 Introduction
	2 Data
	3 Results
	3.1 Linear spatio-temporal alignment
	3.2 Cluster acceleration
	3.3 Decline in cluster mass
	3.4 Residual gas structures
	3.5 Momentum analysis of cluster chains

	4 Discussion
	4.1 Formation of cluster chains
	4.2 Variations within cluster chains
	4.3 The fraction of stars in Sco-Cen that formed through triggered star formation

	5 Conclusion
	Data availability
	Acknowledgement
	References
	Appendix A: Properties of chain clusters
	A.1 Acceleration estimate for the cluster chains
	A.2 Measuring the depletion in star formation rate

	Appendix B: Agreement of radial velocities in clusters and residual clouds
	Appendix C: Momentum analysis of the Ophiuchus molecular cloud
	C.1 Cloud mass
	C.2 Estimating cloud momentum

	Appendix D: Orbital traceback of  Oph


