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Abstract

We study the kinematics of the recently discovered Corona Australis (CrA) chain of clusters by examining the 3D space motion of its young stars using Gaia DR3 and APOGEE-2 data. While we observe linear expansion between the clusters in the Cartesian XY directions, the expansion along Z exhibits a curved pattern. To our knowledge, this is the first time such a nonlinear velocity–position relation has been observed for stellar clusters. We propose a scenario to explain our findings, in which the observed gradient is caused by stellar feedback, accelerating the gas away from the Galactic plane. A traceback analysis confirms that the CrA star formation complex was located near the central clusters of the Scorpius Centaurus (Sco-Cen) OB association 10–15 Myr ago. It contains massive stars and thus offers a natural source of feedback. Based on the velocity of the youngest unbound CrA cluster, we estimate that a median number of about two supernovae would have been sufficient to inject the present-day kinetic energy of the CrA molecular cloud. This number agrees with that of recent studies. The head-tail morphology of the CrA molecular cloud further supports the proposed feedback scenario, in which a feedback force pushed the primordial cloud from the Galactic north, leading to the current separation of 100 pc from the center of Sco-Cen. The formation of spatially and temporally well-defined star formation patterns, such as the CrA chain of clusters, is likely a common process in massive star-forming regions.
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⋆ An interactive 3D figure associated to Fig. 1 is available at https://www.aanda.org.



1. Introduction
Knowing the 3D space motion of molecular clouds is critical for understanding their evolution and the process of star formation. Stellar feedback, such as winds from massive stars or supernova (SN) explosions, injects momentum into the surrounding interstellar medium (ISM) and significantly influences the motion of interstellar clouds (e.g., McCray 1983; Walch et al. 2015; Girichidis et al. 2018). Measuring the 3D velocity of the molecular cloud and estimating its mass allows a direct measurement of the cloud momentum. Assuming that the momentum is predominantly a result of feedback for clouds located near young and massive star-forming regions, this method can help determine the amount of feedback energy deposited onto the cloud. Consequently, it provides a clearer understanding of the role of feedback in the propagation of star formation in molecular clouds (e.g., Herrington et al. 2023). With Gaia (Gaia Collaboration 2016) data and complementary data providing additional radial velocity measurements, such as APOGEE1 (Majewski et al. 2017), we can now trace the motion of molecular clouds by tracing the motion of young stars that are still connected to their parental clouds. This method is based on the observation that young stars preserve the motion of their primordial molecular cloud (e.g., Tobin et al. 2009; Hacar et al. 2016). This observation was confirmed by Großschedl et al. (2021) in the Orion southern star formation complex, where they employed this approach to compute cloud orbits using the motion of young clusters. They found coherent cloud motions at the 100 pc scale, suggesting that feedback plays a significant role in shaping this well-known star-forming region.
The Corona Australis (CrA) star formation complex is one of the molecular clouds that lies closest to Earth, at a distance of about 150 pc (Zucker et al. 2020). Its densest region is actively forming stars and harbors a deeply embedded cluster, the Coronet cluster (Taylor & Storey 1984; Neuhäuser & Forbrich 2008). This cluster hosts at least one Class 0 source and several prestellar cores (Sandell et al. 2021; Bresnahan et al. 2018). Galli et al. (2020) revisited the CrA region using Gaia Data Release 2 (DR2) data and identified two kinematically and spatially distinct subgroups of young stars, named “off-” and “on-cloud” populations. The off-cloud population is located toward the Galactic north of the complex, and the historically known on-cloud population is concentrated close to the densest regions of CrA, in which the Coronet cluster is still embedded. Furthermore, Esplin & Luhman (2022) compiled a catalog of young stellar objects (YSOs) in CrA containing off- and on-cloud stars. They found that the clusters are expanding in 3D velocity and position. We investigate this finding in more detail in this Letter. In a study of the immediate solar neighborhood, the clustering algorithm developed by Kerr et al. (2021) identified CrA without distinguishing between its two subgroups.
Recently, Ratzenböck et al. (2023a) (hereafter R23a) published the most complete stellar census of the Scorpio-Centaurus (Sco-Cen) OB association (Blaauw 1946) to date. Sco-Cen is the OB association closest to the Sun. The authors developed a new clustering technique, SigMA, which they applied to Gaia DR3 5D astrometric data of stars surrounding Sco-Cen to find more than 13 000 sources arranged in 37 coeval and comoving clusters2. Due to the sensitivity of their algorithm, R23a were able to uncover the substructure in CrA, of which two clusters, named CrA Main and North, share the majority of stellar members with the off- and on-cloud populations found by Galli et al. (2020), respectively. Ratzenböck et al. (2023b) (hereafter R23b) determined ages for the 37 clusters and found that they are not randomly distributed inside Sco-Cen, but form long coherent chains with well-defined age gradients. One of these chains of clusters is about 100 pc long, ends on the CrA star formation complex, and was labeled the CrA chain.
This Letter aims to investigate the 3D kinematics of this coherent 100 pc long structure consisting of seven clusters with ages between 8 and 17 Myr. This paper is structured as follows: In Sect. 2, we describe the data selection. In Sect. 3, we present our results, and we discuss them in Sect. 4. Finally, we summarize our findings in Sect. 5. Detailed information on our methods can be found in the appendix.
2. Data
Our initial sample contains all the stars identified in R23a within the CrA chain of clusters. These clusters in increasing age order are CrA Main, CrA North, Scorpio Sting (Sco Sting), Scorpio Body (Sco Body), V1062 Sco (Röser et al. 2018), η Lupus, and ϕ Lupus. In Fig. 1, the position and distribution of stellar members for all clusters in our analysis are presented as 3D volumes, each color-coded according to their respective ages3. A summary of the spatial and kinematic properties for all seven clusters is available in Table A.1. The velocity of Sco Body differs considerably from the rest of the groups in the CrA chain, especially in the azimuthal and vertical directions. We consequently rejected it as a member of the CrA chain.
	[image: thumbnail]	Fig. 1. Volume plot of the 3D spatial distribution of the CrA chain of clusters as identified by R23b. An interactive 3D version of the figure is available online. The clusters are color-coded by age. From bottom left to top right and youngest to oldest, they are CrA Main, CrA North, Sco Sting, Sco Body, V1062 Sco, η Lupus, and ϕ Lupus.



We constructed a sample of high-confidence cluster members. We used the stability criterion4 reported in R23a as a first selection criterion. We adopted stability > 11% for CrA Main, North, and Sco Sting, as indicated in R23b for stable cluster members. We applied a more restrictive stability cut of stability > 25% for the other clusters to reduce the number of kinematic and spatial outliers.
To study the kinematics of our cluster selection, we combined the Gaia 5D astrometry with radial velocities from Gaia DR3 (Gaia Collaboration 2023; Katz et al. 2023) and APOGEE-2 from the Sloan Digital Sky Survey (SDSS) DR17 (Abdurro’uf et al. 2022). A comprehensive description of the data selection can be found in Appendix B. The data selection was designed to obtain a precise 3D velocity sample, which is essential for a detailed kinematic analysis. We transformed the Gaia and APOGEE-2 measurements to heliocentric Galactic Cartesian coordinates and velocities (X,  Y,  Z,  U,  V,  W). The velocity and position coordinates U and X correspond to the Galactic radial direction and increase toward the Galactic center, V and Y correspond to the azimuthal axis and increase along Galactic rotation, and W and Z correspond to the vertical axis, increasing toward the Galactic north pole.
3. Results
We computed the cluster orbits of the CrA chain with galpy (Bovy 2015); see Appendix E for details. We find that the younger cluster in the CrA chain, CrA Main, North, and Sco Sting, originated close to the core of Sco-Cen. This confirms previous work finding the CrA star formation complex to be part of the Sco-Cen association (e.g., Mamajek & Feigelson 2001; Kerr et al. 2021; Ratzenböck et al. 2023a).
In Fig. 2, we plot the heliocentric 3D velocity of stars as a function of their heliocentric position. Gravitationally unbound systems born with an initial dispersion in velocities will expand linearly over time as a consequence of their initial velocity dispersion. Galactic differential rotation and disk heating also contribute to the cluster expansion (e.g., Blaauw 1956; Asiain et al. 1999; Torres et al. 2006; Fernández et al. 2008; Mamajek & Bell 2014; Kuhn et al. 2019; Miret-Roig et al. 2020). To quantify the expansion, we applied a Bayesian linear regression routine to the data (see Appendix D for details), and we report the coefficients in Table D.1.
	[image: thumbnail]	Fig. 2. Position–velocity diagrams of the CrA chain of clusters, excluding Sco Body, in heliocentric Cartesian positions and velocities. We plot regression lines in solid gray and list the fitting parameters in Table D.1. In the bottom panel, we indicate WLSR, 0 for comparison, and the Galactic plane is at about Z = −20.8 pc, based on Bennett & Bovy (2019).



We observe linear expansion in both the U versus X and V versus Y spaces. The U and X uncertainties are larger on average because they are dominated by the radial velocity and parallax measurement uncertainties, respectively (for details, see Appendix B). We compared these linear expansion gradients of the CrA chain to gradients derived from the stellar velocity field in the solar vicinity (Nelson & Widrow 2022). We find that the CrA chain is expanding faster than predicted if its motion were dominated solely by Galactic rotation (see Appendix D for details).
A visual inspection of Fig. 2 reveals that the W versus Z relation does not follow a linear expansion (bottom panel of Fig. 2). The linear fit does not represent the observed data trend well. Instead, the data follow a curved function, implying a complex motion along the vertical axis. The youngest clusters, CrA Main and North, deviate most from a linear position–velocity gradient, with CrA Main moving faster to the Galactic south pole than CrA North. We discuss the source of this curved position–velocity trend of the CrA chain in the following section.
Figure A.1 shows the morphology of the CrA molecular cloud as observed by Planck (Planck Collaboration XI 2014), which exhibits a distinct comet-like structure. The head of the cloud contains the Coronet cluster and CrA Main, and the tail, which extends in the opposite direction of the CrA chain, is largely devoid of star formation activity.
4. Discussion
We propose that the curved position–velocity trend in the W versus Z space can be explained by an external force that accelerates the motion of the molecular cloud. This scenario is supported by the younger cluster, CrA Main, which lies farther below the Galactic plane, but moves away from it faster than CrA North. Without external forces in the Galactic potential, the cloud would slow down after crossing the Galactic plane. This deceleration would result in clusters that are positioned farther from the plane moving away from it at a slower pace, which is in contrast to what we observe. Additionally, the shape of the CrA molecular cloud suggests the influence of a force originating from the direction of the Sco-Cen OB association.
Consequently, our interpretation is that we observe a result of stellar feedback, although proper numerical modeling of the motion in the CrA chain is needed to fully understand the origin of the position–velocity pattern. This will be addressed in a follow-up study.
4.1. Gradient resulting from a feedback force
In the proposed scenario, we consider a cloud that is situated near young clusters containing OB-type stars. In addition to the Galactic gravitational potential, the cloud experiences stellar feedback from massive stars, such as continuous stellar winds and intermittent SN explosions. These forces will accelerate the cloud away from the feedback source. Moreover, the feedback forces will also shape the cloud by compressing the top layers into a dense head and dispersing the gas into a tail. As a result of the compression, the cloud will form stars. Each cluster born from this cloud retains the memory of the cloud motion during cluster formation. After they are born, stars will not feel the feedback forces. At the same time, the remainder of the cloud continues to experience these forces, causing it to accelerate farther away from the feedback source. We sketch this scenario in Fig. 3. Multiple clusters born from the same accelerated cloud would create a pattern resembling constant acceleration, forming a quadratic curve in position–velocity space. However, because SN feedback occurs intermittently, acceleration is unlikely to be constant. In this Letter, the term “cloud acceleration” is used to describe the increase in momentum resulting from multiple feedback events rather than in the context of the rocket effect, as described in Oort & Spitzer (1955).
	[image: thumbnail]	Fig. 3. Simplified illustration of the proposed model: a cloud experiences external forces from massive stars, shown in blue, that push it away. This force compresses the cloud, giving it a comet-like shape. Stars then form at the head of the cloud, moving at a velocity v1. As the cloud continues to accelerate, this cycle repeats, leading to the formation of a second group of stars with a higher velocity, v2.



In the following paragraphs, we discuss this scenario in more detail and propose that V1062 Sco, η Lupus, or ϕ Lupus, or a combination of all three, are the likely source of feedback for the formation of the CrA Main, North, and possibly also of the Sco Sting clusters.
4.2. CrA as part of the Sco-Cen association
The Sco-Cen OB association likely injects feedback into its larger environment, in which the CrA molecular cloud is located. In R23b, the authors identified multiple star formation episodes in Sco-Cen, with a main burst of star formation about 15 Myr ago. Over the past 15 Myr, around 15 SN events occurred in this region, originating from the Sco-Cen OB population (Zucker et al. 2022). The Sco-Cen OB association currently still harbors more than 100 B-type stars. A recent study lists 181 B-type stars as members of the Sco-Cen OB association (Gratton et al. 2023). Their membership selection was based on previous studies (Rizzuto et al. 2011; Janson et al. 2021).
To investigate the relation between the younger and older clusters in the CrA chain, we computed the distances between the cluster centers of CrA Main, North, and Sco Sting, and each of the clusters V1062 Sco, η Lupus, and ϕ Lupus as a function of traceback time. We plot the results in Fig. 4 and list the minimum distances and times of minimum distance in Table E.1. We find that the primordial cloud of the three younger clusters converges with the older clusters 10–15 Myr ago at an average minimum separation of about 30 pc. Furthermore, we find that the times of minimum distances between the younger clusters and the clusters they encounter correlate with the age of the encountered clusters: The oldest cluster, ϕ Lupus, is at its minimum distance earlier than η Lupus or V1062 Sco, suggesting a gradual expansion. This can also be seen in the top panels of Fig. 4, where the distribution of the times of minimum distances peaks sequentially. We note that this result is more uncertain for Sco Sting because the orbit of this cluster was calculated with only seven cluster members, leading to larger uncertainties. Finally, we find that the onset of star formation in the young group of clusters matches the determined minimum distance to V1062 Sco within the age uncertainties. This alignment is evident in the peak positions of the probability distribution in the upper panels, coinciding with the cluster ages, as denoted by the star markers in the main panels. In contrast, the closest encounters with η and ϕ Lupus appear to have occurred prior to the onset of star formation. This would allow time for the molecular cloud to contract as a result of feedback acting on the gas before star formation is initiated.
	[image: thumbnail]	Fig. 4. Distance between the older and more massive clusters ϕ Lupus, η Lupus, and V1062 Sco and each of the younger clusters CrA Main, North, and Sco Sting over the past 18 Myr. Ages and their corresponding uncertainties for CrA Main, North, and Sco Sting are indicated with a star. Prior to star formation, the motion of these clusters corresponds to that of their primordial clouds. The ages of the reference clusters are indicated with the vertical dashed lines. All ages are taken from R23b and we list them in Table A.1. At the top, we show the distribution of the times of minimum separation; the distribution of Sco Sting is widespread and hardly visible.



We particularly note the most significant impact from feedback along the vertical axis, which indicates that the feedback event primarily operated in this direction. However, we observe the impact in all dimensions because the steeper linear gradients along the X- and Y-axes compared to the solar neighborhood average can be explained by stellar feedback as well. In a study of the Cygnus OB associations, Quintana & Wright (2021) similarly proposed that stellar feedback generated the velocity-position gradient, whereas Quintana & Wright (2022) argued that this expansion can also be explained by the turbulence of the primordial cloud. Drew et al. (2021) attributed similarly inclined position–velocity gradients on larger scales to Galactic rotation.
In an attempt to quantify the curved position–velocity pattern in the W versus Z space, we find that a subsection of the CrA chain, namely CrA Main, CrA North, and Sco Sting, can be fit well with a quadratic equation (see Fig. D.1). This quadratic fit includes the younger clusters that were likely born from the cloud during its acceleration. However, the feedback force was likely not constant, but varied over time, creating a more complex pattern in the position–velocity space, which is what we find for the CrA chain. Based on this fit, it remains unclear which of the older and more massive clusters, likely having contained multiple massive stars, acted as the primary feedback source. Quantifying the overall trend will require modeling the dynamics of all CrA chain clusters.
The wind-blown shape of the CrA molecular cloud (see Fig. A.1) further indicates influence from an external force that pushes from the Galactic north against the top of the cloud and compresses it, which is the likely reason for the comet-like morphology of the cloud. In a study investigating the impact of stellar feedback on dust clumps, Kirchschlager et al. (2023) found shapes very similar to the CrA molecular cloud for large magnetic field strengths and high gas densities. The simulated shock impacts the dust clump by compressing the exposed side, stripping off material from outer shells, blowing it away, accelerating and fragmenting it to form a nonsymmetric structure. Morphological structures similar to the CrA molecular cloud and the dust clumps in Kirchschlager et al. (2023) were found by Rogers & Pittard (2014). They simulated massive stellar feedback that affects the remnant molecular material following star formation. While these simulations produce structures that are several orders of magnitude smaller than we observe in the CrA star formation complex, we tentatively propose the outcome to scale self-similarly under similar conditions. Further modeling is needed to confirm our assumptions. In both studies, the compressed heads of these comet-like structures point toward the source of feedback. In the case of CrA, the dense head of the molecular cloud points toward the Sco-Cen OB association.
A study by Herrington et al. (2023) highlights the importance of stellar feedback from previous generations of stars in driving gas motion on larger scales and structuring the ISM. 3D dust maps (e.g., Leike et al. 2020; Edenhofer et al. 2023) show low-density bubbles ubiquitously distributed in the ISM. The shape of the CrA molecular cloud might additionally be affected by compression from the expanding shell described in Bracco et al. (2020). However, we find that the clusters that could be affected by it, CrA Main and North, do not display obvious kinematic effects caused by this bubble.
4.3. Momentum estimation
As described in Großschedl et al. (2021), we can estimate the cloud motion from the 3D velocities of its associated young stars and calculate the cloud momentum with its mass. Using the momentum of the CrA molecular cloud, we can make an educated guess on the feedback force needed to accelerate the cloud under the feedback scenario. For a detailed analysis, see Appendix C, where we also evaluate the possibility of momentum from winds of B-type supergiants (Appendix C.3).
We applied Monte Carlo-type sampling to all parameters and obtained a probability distribution of the necessary number of SNe (see Fig. C.1). First, we calculated the current momentum of the CrA molecular cloud based on the cloud mass and velocity, resulting in a medium momentum of 25 000 M⊙ km s−1. The estimated number of SNe then depends on the distance between the cloud and the SN explosion, and furthermore, on the surface area fraction of the SN sphere hitting the cloud. By adopting a total SN momentum of 2−4 × 105 M⊙ km s−1 (e.g., Iffrig & Hennebelle 2015; Kim & Ostriker 2015; Walch & Naab 2015; Haid et al. 2016) that is distributed over the surface of the SN sphere, we received a median number of about two SN explosions that are needed to inject the momentum that the CrA molecular cloud has today. This rough estimate neglects factors such as additional influence from stellar winds and photoionizing radiation that affects the surrounding ISM and the cloud itself prior to SN explosions.
Based on the findings of Zucker et al. (2022) and R23b, two SN explosions in close proximity to CrA are accounted for. These observations further support the theory that feedback is a plausible mechanism for accelerating the cloud and producing the observed curved gradient.
5. Conclusions
We investigate the 3D kinematics of a spatially coherent structure in Sco-Cen, including the clusters CrA Main, CrA North, Sco Sting, η Lupus, ϕ Lupus, and V1062 Sco. We find a curved position–velocity gradient for the CrA chain of clusters along the vertical axis, W versus Z, instead of linear cluster expansion. To explain this unexpected trend, we propose the following possible scenario.
The observables can be reproduced by a scenario in which a molecular cloud is subject to a force pushing from the Galactic north and compressing it. The likely origin of this force is feedback from massive stars, such as SN explosions and stellar winds originating in Sco-Cen. The traceback analysis shows that about 10–15 Myr ago, CrA Main, North, and Sco Sting were at a distance of about 30 pc to the massive older clusters in the CrA chain, namely V1062 Sco, η and ϕ Lupus, which are candidates for the origin of stellar feedback. Based on the momentum analysis, our estimation indicates that about two SNe would suffice to account for the current momentum of the CrA molecular cloud and push it approximately 100 pc beyond the association as a consequence. The wind-blown appearance of the CrA molecular cloud further supports this scenario.
It is highly likely that chains of young star clusters experiencing acceleration are prevalent in star-forming regions throughout the Milky Way: The Sco-Cen region is a common star-forming OB association, harboring massive stars much like numerous other star-forming regions. The motion of the CrA star formation complex, as determined from Gaia and APOGEE-2 data, is a powerful probe of the effects of stellar feedback on gas structures. Future measurements in other star formation environments will help constrain the role of feedback in driving star formation. Complete numerical modeling of the motion of the CrA cloud, fed by the observational constraints in this work, will offer insight into the physical conditions that allow the formation of chains of clusters.
Interactive Figure

Interactive 3D version of Fig. 1 
 (Refer to website)


1 The Apache Point Observatory Galactic Evolution Experiment.


2 In this Letter, we use the word “cluster” in the statistical sense, namely, an enhancement over a background, like in R23a. This avoids creating a new term for the spatial/kinematical coherent structures in CrA. None of the CrA clusters, except the embedded Coronet cluster, are expected to be gravitationally bound.


3 Interactive 3D version of the Fig. 1 can be viewed online.


4 A measure of how frequently individual sources appear across multiple clustering solutions within the cluster ensemble. Stars with high stability values are found to belong to the same cluster more often.


5 To infer the mass from 2MASS K-band extinction maps the authors used M = d2μβK∫ΩAK(⃗Θ)d2Θ
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Appendix A:  Auxiliary Tables and Figures
In this appendix section, we provide additional material to support the findings we presented in this letter.
Table A.1 lists spatial and kinematic properties as well as ages of the seven clusters we discuss.
Table A.1. 
Summary of the average positional and kinematic properties of the clusters that were initially selected to be part of the CrA chain.

Figure A.1 shows the wind-blown shape of the CrA molecular cloud and the relative position of the CrA clusters in Galactic coordinates. The top of the cloud is denser, possibly influenced by a feedback force originating from the Galactic north and compressing the molecular cloud. The clusters are indicated with stellar density contours (5%, 25%, 50%, and 75%) on top.
	[image: thumbnail]	Fig. A.1. Cutout of the Planck E(B-V) dust map (Planck Collaboration XI 2014) showing the wind-blown appearance of the CrA molecular cloud. We overplot stellar densities of the clusters CrA Main, North, and Sco Sting with contour lines for reference.




Appendix B:  Data selection
We initially included all the stars that were identified as part of the CrA chain by R23a, but removed outliers with the stability criterion from R23a as described in Sect. 2. We then combined radial velocity data from Gaia DR3 (Gaia Collaboration 2023; Katz et al. 2023) and APOGEE-2 from SDSS DR17 (Abdurro’uf et al. 2022).
For the APOGEE-2 radial velocity error, we added the nominal uncertainty (VERR) in quadrature to the scatter for stars with more than one visit (VSCATTER). We rejected APOGEE-2 stars with VSCATTER values higher than 3 km s−1 as well as stars whose radial velocity measurement difference between Gaia and APOGEE-2 was larger than 3 km s−1. When the Gaia DR3 radial velocity errors of the stars were larger than the measurement difference between the Gaia and APOGEE-2 radial velocities, we kept them in the sample. Both criteria reject binary star candidates or poor measurements that would impede a precise kinematic analysis. We used the measurement with the smallest error for stars with both Gaia and APOGEE-2 radial velocity measurements.
As a next step, we excluded stars based on their radial velocity errors. We restricted our sample for the kinematic analysis to stars with radial velocity errors < 1 km s−1 and for the traceback analysis to stars with radial velocity errors < 3 km s−1. The number of stars with radial velocities per cluster before and after the error cuts is listed in Table A.1.
We transformed the Gaia DR3 astrometry and our restricted selection of radial velocities to heliocentric Galactic Cartesian coordinates and velocities (X, Y, Z, U, V, W) using astropy SkyCoord (Astropy Collaboration 2022). We employed a Monte Carlo approach to propagate the uncertainties from observed coordinates into heliocentric Galactic Cartesian coordinates, sampling from joint normal distributions centered on the observed measurements and corresponding astrometric covariances. We combined the 5D astrometric covariance information provided by Gaia with the radial velocity uncertainty information, assuming no correlation between the two subspaces. The final Cartesian coordinates, velocities, and corresponding uncertainties are the means and standard deviations of 1000 samples per star.
After the conversion into heliocentric Galactic Cartesian coordinates, we further rejected 12, 9, and 10 stars for the more massive clusters V1062 Sco, η Lupus, and ϕ Lupus, respectively. This is based on 2-sigma clipping in all velocity-velocity spaces (U vs. V, U vs. W, and V vs. W) for the sample of stars with radial velocity errors < 3 km s−1. We note that the line of sight to CrA almost coincides with the Galactic Cartesian X-axis, and therefore, the U-velocity is dominated by the radial velocity uncertainty. These uncertainties are larger than the V- and W-velocity uncertainties because the Gaia proper motion measurements with a lower uncertainty dominate the latter. Additionally, CrA Main exhibits larger than average uncertainties in its X-coordinate, likely due to the higher extinction from the CrA molecular cloud that compromises precise parallax measurements.
The average position and velocity uncertainties per cluster are given in Table A.1.

Appendix C:  LSR-corrected radial velocity and momentum estimation
We estimated the current momentum of the CrA molecular cloud to infer the necessary number of SN explosions needed to explain the cloud momentum. The estimation was carried out using a Monte Carlo-type sampling of the parameters.
C.1. LSR-corrected radial velocity
We find that CrA Main matches the velocity of the CO gas in the molecular cloud. For this comparison, we converted the mean heliocentric radial velocity of CrA Main (−1.3 ± 1.3 km s−1) into the radial velocity relative to the local standard of rest (LSR). For the conversion, we employed a Monte Carlo-type sampling with marginal normal distributions based on the observables and their uncertainties. Because the measurement of the solar motion from Kerr & Lynden-Bell (1986) defined the LSR when Dame et al. (2001) published the composite CO survey of the CrA molecular cloud, we used this definition of the LSR for the radial velocity comparison. As a result, we determined a radial velocity relative to the LSR of 5.9 ± 0.3 km s−1. Within the uncertainties, this value is consistent with the radial velocity measurement corrected for solar motion of the CO gas within the CrA molecular cloud, as inferred by Dame et al. (2001) at 5.7 ± 1.4 km s−1. The consistency in the motion between CrA Main and the CO gas within the molecular cloud suggests that the young stars within the CrA star formation complex retain the motion history of the cloud for several Myr (see also Großschedl et al. 2021). This supports our use of the motion of the CrA Main cluster as an approximation for the current motion of the CrA molecular cloud.
C.2. Momentum estimation
First, we calculated the current momentum of the CrA molecular cloud, before we estimated how many SN explosions or how much stellar wind we need to achieve the estimated cloud momentum.
As a mass estimate of the CrA molecular cloud, we used the cloud masses inferred by Alves et al. (2014)5, 7060 M⊙ as total mass, 4200 M⊙ as mass with AK > 0.1 mag, and 950 M⊙ as mass with AK > 0.2 mag. The extinction thresholds correspond to different gas densities. AK ≳ 0.16 mag is the critical density threshold for forming molecular CO gas (e.g., Alves et al. 1999). We corrected these estimates for the recently improved cloud distance. AK represents the extinction in the K band observed by the authors,
[image: thumbnail](C.1)
with the old distance measurement dA14 = 130 pc (Casey et al. 1998; Alves et al. 2014) and the updated distance dZ20 = 150 pc (Zucker et al. 2020). The corrected mass was computed by multiplying the old mass by the correction factor.
We obtained a corrected mass of 9500 M⊙ for the total cloud mass (5700 M⊙ and 1300 M⊙ for the denser gas). We generated 10 000 values from a gamma distribution with parameters that were determined based on the mean (5700 M⊙) and standard deviation (3400 M⊙) of the corrected mass estimates. Applying the gamma function ensured that all sampled values are greater than zero.
The velocity of CrA Main was used as an approximation of the current absolute velocity of the cloud. We used three different reference frames as rest velocity. Each reference cluster was selected as a potential source of feedback, thus showing the difference in the motion of the CrA molecular cloud to that of the potential feedback source. First, we used the motion of ϕ Lupus ((UVW)LSR = (-5.7, -19.5, -5.1)) as rest frame because it is the oldest cluster in the CrA chain and a potential source of feedback. As a second rest frame, we used the motion of V1062 Sco ((UVW)LSR = (-5.5, -19.7, -5.0)) because this cluster is a possible feedback source as well. As a third rest frame, we used the average motion of all stars in Sco-Cen for comparison, but excluded clusters younger than 12 Myr ((UVW)LSR = (-6.0, -19.5, -5.3)). The motion of the younger clusters was likely affected by feedback as well. This resulted in relative velocities for the CrA molecular cloud of 5.1 km s−1, 5.2 km s−1, and 5.0 km s−1, respectively. We sampled 10 000 values from a normal distribution with a mean (5.1 km s−1) and standard deviation (0.1 km s−1) of the relative velocities.
We then computed the momentum as P = M ⋅ v and obtained a distribution of the cloud momentum with a median of 25000 M⊙ km s−1.
Next, we estimated how many SNe are needed to explain the current momentum of the cloud while considering that only a fraction of the cloud surface is exposed to the SN shell. Based on the tracebacks we computed for the CrA chain clusters, 10–15 Myr ago, CrA North was at a distance of 30 pc from the more massive clusters at the center of Sco-Cen. We used a normal distribution centered on this distance, with a standard deviation of 5 pc, as the radius of the SN sphere at the time it hit the primordial CrA cloud and derived a surface area of the SN shell (Asp = 4π ⋅ r2). We find a current cloud radius of roughly 5 pc. Assuming the CrA molecular cloud was larger in the past, we approximated the cloud radius with a uniform distribution between 10–12 pc, with which we calculated a circular area (Ac = π ⋅ r2) that was exposed to the SN shell. This area accounts for a fraction of the total surface area of the sphere. The distribution peaks at about 0.03, and consequently, we estimated that this fraction of the total SN momentum output was injected into the cloud. We used a range of PSN, total = 2−4 × 105 M⊙ km s−1 as the total SN momentum output, which we adopted from (e.g., Iffrig & Hennebelle 2015; Kim & Ostriker 2015; Walch & Naab 2015; Haid et al. 2016). These values are primarily contingent on the density of the ambient medium and the location of the explosion relative to the molecular cloud. A lower-density medium and an explosion occurring within the molecular cloud result in higher momentum transfer. Again, we sampled 10,000 values from a uniform distribution between the given range of 2−4 × 105 M⊙ km s−1 as we wished to refrain from assuming a predominant density or the location of the explosion relative to the molecular cloud. Dividing the current momentum of the cloud by the fraction of the total SN momentum output that is transferred to the cloud gives the number of SNe that are needed to account for this momentum.
The median of the needed number of SNe is at about two SNe to explain the current momentum of the CrA molecular cloud, with a 95% probability range spanning from less than one to about nine SNe.
In this statistical approach, we covered a range of parameters, but the resulting number of SNe can vary further based on some additional factors. Our assumption of 100% efficiency in transferring momentum from the SN to the cloud motion is not a realistic representation. Furthermore, before SN explosions occur, both stellar winds and photoionizing radiation erode potential surrounding molecular material away, creating channels through which the hot gas can escape. This process redirects momentum away from the surrounding clouds (e.g., Rogers & Pittard 2013, 2014).
C.3. Stellar winds from B-type stars
Because the Sco-Cen OB association includes several B-type stars (e.g., de Geus et al. 1989; de Zeeuw et al. 1999; Gratton et al. 2023), we also explored the possibility of stellar winds as a constant source for momentum injection into their environment. We averaged the observed data, their mass-loss rate, and terminal velocities of 14 B-type supergiants published by Kudritzki et al. (1999) that are unrelated to the Sco-Cen region as an upper limit in our approximation. Using P = M ⋅ v, we obtained a total momentum output of ∼ 4600 M⊙ km s−1 over a time period of 10 Myr. We considered that the progenitor of the CrA molecular cloud is exposed to a fraction of the sphere of the stellar wind. Again, we placed a star at a distance of 30 pc that exposes the cloud to about 3% of the total momentum of the stellar wind. As a result, we find that between about 50 and 350 B-type supergiants with constant winds over the past 10 Myr are needed to inject the momentum the CrA molecular cloud has today. Several B-type stars lie at varying distances to the CrA molecular cloud in Sco-Cen (Gratton et al. 2023). However, even when we placed massive stars at a distance of 10 pc, the required number ranges between 6 and 40, depending on the cloud momentum. Although stellar winds likely contribute to the injected momentum, we conclude that they alone cannot cause the motion of the CrA cloud.
	[image: thumbnail]	Fig. C.1. Probability distribution of the number of SN explosions needed to explain the current momentum of the CrA molecular cloud. The median number of SNe necessary is about two, with 95% of values lying between 0.4 and 9.1.




Appendix D:  Bayesian linear regression of the position-velocity relations and Bayesian model comparison
We employed a Bayesian linear regression routine to the cluster data to quantify the expansion between the clusters. Using the PyMCPython library (Salvatier et al. 2016), we fit a linear model with 1000 draws using relatively uninformative priors, that is, zero-centered Gaussian priors with a standard deviation of 20 on all regression parameters. Because the problem has relatively few dimensions, this does not affect the outcome of the inference. The fitting parameters are listed in Tab. D.1, and the fits using the median of all sampled parameters are plotted in Fig. 2.
Table D.1. 
Fit parameters from a Bayesian linear regression to all clusters in the upper two panels of Fig. 2.

In addition to the Bayesian linear regression that we applied to all CrA chain data in all dimensions, we also fit a quadratic curve in the W versus Z space to a subsection of CrA chain clusters, namely CrA Main, North, and Sco Sting. We show this in Fig. D.1 and visually find this to be a good fit. The fit function is f(x) = − 0.003x2 − 0.044x − 5.507.
	[image: thumbnail]	Fig. D.1. Bayesian quadratic fit to the stars of the clusters CrA Main, North, and Sco Sting, shown as black dots. The regression curve with the median of all sampled parameters is plotted as a solid cyan line, a 100 random fitted curves are shown as light gray lines. The Bayesian model comparison significantly prefers the quadratic over a linear fit.



To support this conclusion quantitatively, we performed a model comparison and used a Bayesian regression code using the PyMC library (Salvatier et al. 2016). First, we fit a linear and quadratic model to the data using the same priors as described previously. Using samples drawn from the posterior and the computed log point-wise posterior predictive density, we can subsequently apply the leave-one-out cross-validation (LOO-CV, Magnusson et al. 2020) and the widely-applicable information criterion (WAIC, Watanabe 2013) for the model selection. This approach allows us to establish a statistical preference for either of the fitting functions applied to the data. Using the LOO-CV, the model is evaluated based on its expected predictive accuracy on data points that are not used in fitting the model. The WAIC takes both the model goodness of fit to the data and the model complexity into consideration, providing a more nuanced view of model performance. In the vertical dimension and for the subsection of three clusters in the CrA chain CrA Main, North, and Sco Sting, we find that the model comparison significantly favors the quadratic fit. This indicates that a constant feedback force affects the motion of their primordial cloud. Nevertheless, the fit does not clarify which of the older and more massive clusters, that is, V1062 Sco, or η Lupus and ϕ Lupus, serves as the primary source of stellar feedback.
D.1. Comparing the linear position-velocity gradients to the expected Milky Way dynamics
We used the Oort constants to estimate the anticipated position-velocity gradient in the solar neighborhood, assuming that only Galactic forces affect the clusters, and compared them to the observed linear expansion gradients. Based on previous publications, Nelson & Widrow (2022) specified δvx/δx≡ K + C and δvy/δy≡ K - C as the definition of the Oort constants. They computed the stellar velocity field in the vicinity of the Sun and derived values for the Oort constants from this by differentiating the velocity field. For a selected volume around the position of the Sun with a radius of 500 pc, they found K and C to be −2.3 ± 0.5 and −2.9 ± 0.8 km s−1 kpc−1, respectively. We compared the CrA chain U versus X and V versus Y gradients (Table D.1, ∼ 41 ± 17 and 38 ± 4 km s−1 kpc−1, respectively) to the Galactic position-velocity gradients (−5.2 ± 0.9 and 0.6 ± 0.9 km s−1 kpc−1, respectively) and find that the former are larger by an order of magnitude. We conclude that the CrA chain expands faster than it would if it were induced by Galactic rotation alone.

Appendix E:  Traceback analysis
For the orbital tracebacks, we used the Galactic potential by Bovy (2015) as implemented in galpy (MWPotential2014). All tracebacks were calculated using the Astropy 4.0 default values, including the standard solar motion relative to the LSR from Schönrich et al. (2010), (U, V, W)LSR = (-11.1, 12.24, 7.25) km s−1, and the galactocentric solar position of (XG, YG, ZG) = (8122.0, 0.0, 20.8) pc (GRAVITY Collaboration 2018; Bennett & Bovy 2019). Here, we used all stars with radial velocity errors < 3 km s−1 and bootstrapped over the cluster members with replacement to obtain 1000 orbits for each cluster. Then, we calculated the Euclidean distance between the clusters for all sampled orbits at time steps of 0.1 Myr between −20 − 0 Myr and calculated the median and median absolute deviation as the confidence intervals. Figure 4 shows the median distances between the older and more massive clusters, V1062 Sco, η Lupus, and ϕ Lupus, to each of the younger clusters, CrA Main, CrA North, and Sco Sting, over time. The minimum distances and the times of minimum distance are given in Table E.1.
Table E.1. 
Median of the minimum distances (Col. 3) at the respective time (Col. 4) between CrA Main, North, Sco Sting and the clusters V1062 Sco and η and ϕ Lupus.

It is important to note that an accelerated motion or push toward any direction would lead to an incorrect orbit computation of a cloud. When a vertical push downward from feedback is accounted for, the orbit inclination would decrease, leading to a shallower oscillation. Additionally, assuming the current motion as the constant cluster motion will lead to a position that overshoots its actual initial position because the traceback does not consider acceleration. Therefore, the given tracebacks and minimum distances between clusters should be only seen as a rough approximation, and the true uncertainties are likely larger than the given confidence intervals. In future work, we will model a scenario that includes acceleration due to massive stellar feedback to understand its effect on the cluster orbits on timescales of several Myr.
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	[image: thumbnail]	Fig. 1. Volume plot of the 3D spatial distribution of the CrA chain of clusters as identified by R23b. An interactive 3D version of the figure is available online. The clusters are color-coded by age. From bottom left to top right and youngest to oldest, they are CrA Main, CrA North, Sco Sting, Sco Body, V1062 Sco, η Lupus, and ϕ Lupus.
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	[image: thumbnail]	Fig. 2. Position–velocity diagrams of the CrA chain of clusters, excluding Sco Body, in heliocentric Cartesian positions and velocities. We plot regression lines in solid gray and list the fitting parameters in Table D.1. In the bottom panel, we indicate WLSR, 0 for comparison, and the Galactic plane is at about Z = −20.8 pc, based on Bennett & Bovy (2019).
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	[image: thumbnail]	Fig. 3. Simplified illustration of the proposed model: a cloud experiences external forces from massive stars, shown in blue, that push it away. This force compresses the cloud, giving it a comet-like shape. Stars then form at the head of the cloud, moving at a velocity v1. As the cloud continues to accelerate, this cycle repeats, leading to the formation of a second group of stars with a higher velocity, v2.
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	[image: thumbnail]	Fig. 4. Distance between the older and more massive clusters ϕ Lupus, η Lupus, and V1062 Sco and each of the younger clusters CrA Main, North, and Sco Sting over the past 18 Myr. Ages and their corresponding uncertainties for CrA Main, North, and Sco Sting are indicated with a star. Prior to star formation, the motion of these clusters corresponds to that of their primordial clouds. The ages of the reference clusters are indicated with the vertical dashed lines. All ages are taken from R23b and we list them in Table A.1. At the top, we show the distribution of the times of minimum separation; the distribution of Sco Sting is widespread and hardly visible.
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	[image: thumbnail]	Fig. A.1. Cutout of the Planck E(B-V) dust map (Planck Collaboration XI 2014) showing the wind-blown appearance of the CrA molecular cloud. We overplot stellar densities of the clusters CrA Main, North, and Sco Sting with contour lines for reference.
In the text



	[image: thumbnail]	Fig. C.1. Probability distribution of the number of SN explosions needed to explain the current momentum of the CrA molecular cloud. The median number of SNe necessary is about two, with 95% of values lying between 0.4 and 9.1.
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	[image: thumbnail]	Fig. D.1. Bayesian quadratic fit to the stars of the clusters CrA Main, North, and Sco Sting, shown as black dots. The regression curve with the median of all sampled parameters is plotted as a solid cyan line, a 100 random fitted curves are shown as light gray lines. The Bayesian model comparison significantly prefers the quadratic over a linear fit.
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      Fig. 3. 

      
        [image: thumbnail]
      

      
        Simplified illustration of the proposed model: a cloud experiences external forces from massive stars, shown in blue, that push it away. This force compresses the cloud, giving it a comet-like shape. Stars then form at the head of the cloud, moving at a velocity v1. As the cloud continues to accelerate, this cycle repeats, leading to the formation of a second group of stars with a higher velocity, v2.
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	CrA Main
	CrA North
	Sco Sting
	Sco Body
	V1062 Sco
	η Lupus
	ϕ Lupus





	number of stars
	total
	96
	351
	132
	373
	1029
	769
	1114



	
	RVs
	56 (23) (33)
	134 (126) (8)
	42 (40) (2)
	143 (139) (4)
	309 (309) (0)
	360 (357) (3)
	455 (455) (0)



	
	eRV< 3
	24 (0) (24)
	32 (26) (6)
	7 (6) (1)
	25 (25) (0)
	58 (58) (0)
	69 (68) (1)
	86 (86) (0)



	
	eRV< 1
	22 (0) (22)
	10 (6) (4)
	5 (4) (1)
	10 (10) (0)
	17 (17) (0)
	30 (29) (1)
	38 (38) (0)



	




	hel Cart. coord. [pc]
	X
	148
	145
	132
	139
	167
	124
	112



	
	σX
	3
	5
	11
	10
	7
	9
	13



	
	Y
	-1
	-3
	-21
	-26
	-54
	-45
	-54



	
	σY
	2
	4
	8
	7
	9
	13
	9



	
	Z
	-47
	-35
	-7
	19
	15
	25
	40



	
	σZ
	2
	7
	9
	12
	5
	9
	9



	




	[pc]
	d*
	155
	149
	134
	141
	177
	136
	131



	




	hel Cart. vel. [km/s]
	U
	-4.5
	-5.5
	-5.9
	-3.1
	-3.9
	-4.6
	-5.0



	
	σU
	1.2
	1.4
	2.3
	1.6
	1.5
	1.5
	3.8



	
	eUavg
	0.3
	0.6
	0.5
	0.7
	0.7
	0.5
	0.5



	
	V
	-17.8
	-17.4
	-19.0
	-16.8
	-19.6
	-19.9
	-19.8



	
	σV
	0.8
	0.6
	0.5
	0.6
	0.4
	1.2
	1.7



	
	eVavg
	0.3
	0.1
	0.1
	0.1
	0.2
	0.2
	0.3



	
	W
	-9.7
	-7.8
	-5.5
	-6.9
	-4.2
	-5.2
	-4.9



	
	σW
	0.7
	1.0
	0.2
	0.7
	0.3
	0.6
	2.1



	
	eWavg
	0.2
	0.2
	0.0
	0.1
	0.1
	0.1
	0.2



	




	[Myr]
	age**
	8.5
	11.9
	14.5
	14.7
	15.0
	15.3
	16.9





      

      
Notes. Rows 1–3 give the number of stars per cluster in total that have radial velocities, and how many stars remain after rejecting binary candidates and applying our error cuts of < 3 km s−1 and < 1 km s−1, respectively. In parentheses, we list the number of stars with radial velocities first from Gaia and second from APOGEE-2. The following statistics of the data are based on the heliocentric Cartesian coordinate system. Rows 4–9 list the mean positions and standard deviation per cluster, excluding binary candidates, low-stability stars, and sigma outliers, but including stars without radial velocity measurements. The cluster distance is taken directly from R23a. The mean standard deviation and average uncertainty of the velocities (rows 12–20) are taken from our sample of stars with radial velocity errors < 1 km s−1. Ages are listed as derived by R23b.



    

  
    
      Fig. A.1. 
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        Cutout of the Planck E(B-V) dust map (Planck Collaboration XI 2014) showing the wind-blown appearance of the CrA molecular cloud. We overplot stellar densities of the clusters CrA Main, North, and Sco Sting with contour lines for reference.

      

    

  
    
      Fig. C.1. 
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        Probability distribution of the number of SN explosions needed to explain the current momentum of the CrA molecular cloud. The median number of SNe necessary is about two, with 95% of values lying between 0.4 and 9.1.

      

    

  
    
      Table D.1. 

      Fit parameters from a Bayesian linear regression to all clusters in the upper two panels of Fig. 2.

      
        


	
	slope
	intercept



	
	km/s/pc
	km/s





	U vs. X
	0.031 ± 0.005
	-8.927 ± 0.610



	V vs. Y
	0.040 ± 0.002
	-17.721 ± 0.095





      

      
Notes. The Bayesian linear regression returns a posterior probability distribution for each fitting parameter; we call them “slope” and “intercept” for the linear fit. The parameter value and its uncertainty are computed as the median and median absolute deviation of the posterior probability distribution, respectively.



    

  
    
      Fig. D.1. 

      
        [image: thumbnail]
      

      
        Bayesian quadratic fit to the stars of the clusters CrA Main, North, and Sco Sting, shown as black dots. The regression curve with the median of all sampled parameters is plotted as a solid cyan line, a 100 random fitted curves are shown as light gray lines. The Bayesian model comparison significantly prefers the quadratic over a linear fit.
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