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Abstract

Context. Runaway stars are OB-type stars with an unusually high space velocity, and they originate in a stellar cluster. OB runaways are produced by dynamical ejection or by a supernova explosion in a multiple system, and a hybrid scenario is also possible.

Aims. Being the closest OB association to Earth, the Scorpius-Centaurus-Lupus association is an extraordinarily interesting subject of research, and it has been identified as the parent cluster of several known runaway stars. Our aim with this work is to find new runaway candidates originating in the Scorpius-Centaurus-Lupus association and its recently found subgroups using new Gaia data.

Methods. By tracing back in time the flight paths of all known OB-type stars within a 1.7 kpc radius around the Sun and those of the individual subgroups of Scorpius-Centaurus-Lupus, we intend to find close encounters between runaway candidates and the studied subgroups in order to find the likeliest parent group(s) for each candidate. As input data, we largely use Gaia DR3 and HIPPARCOS astrometry as well as radial velocities from the literature.

Results. We present eight runaway candidates originating from Scorpius-Centaurus-Lupus (3D space velocity 20–67 km s−1), of which at least three were previously known as such. Additionally, we find 22 walkaway stars (10–20 km s−1), i.e., “slower” runaway stars that may have been ejected from their parent group by the same mechanisms as their faster counterparts.

Conclusions. We identified five new runaway stars. Among the total number of eight runaway stars (including one, ζ Oph, that is likely produced by the binary supernova scenario), up to two might have been ejected dynamically, whereas most were produced in a binary-supernova scenario. Further traceback studies may find some of the neutron stars born in these supernovae, and some of them are possibly responsible for the 60Fe found in Earth’s crust. We confirm that the runaway star ζ Oph and pulsar PSR B1706-16 originated from Scorpius-Centaurus-Lupus in a recent nearby binary supernova, most probably from subgroup SigMA 15, which has more than one thousand member stars.
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1. Introduction
A few hundred stars of spectral types O and B with unusually high space velocities have been identified as so-called runaway stars, as introduced by Blaauw (1961). They can reach velocities of up to approximately 200 km s−1.
Whereas Blaauw originally used a threshold value of 40 km s−1 to define what constitutes a runaway star as opposed to a normal slower-moving Population iearly-type star, today this velocity cutoff is commonly placed lower than that. By examining observed velocity distributions of early-type stars, it has been determined that these velocity dispersions are not satisfactorily describable by a single Maxwellian curve on the lower end of the stellar velocity spectrum since they commonly exhibit a longer tail toward higher velocities (see, e.g., Stone 1979 and Tetzlaff et al. 2011). Thus, Stone (1979) proposed that there are two groups of early-type stars that can be described using two separate Maxwellian distributions. The first group is the low-velocity group, which contains normal Population istars, whereas the second group is the high-velocity group, which consists of stars with peculiar velocities larger than normal for this stellar population. Obviously, most runaway stars will belong to the high-velocity group. When fitting two Maxwellian distributions to the observed velocities of the members of each of these groups, the two curves will intersect at some point. Tetzlaff et al. (2011) found this intersection at a velocity of 28 km s−1. Stone (1979) plotted similar distributions for a sample of O-type stars and found the intersection of the two Maxwellian curves at 25 km s−1. The threshold velocity for a star to be considered a possible runaway candidate is usually placed in the range of 20–40 km s−1. In this work, we use 20 km s−1, which is still supersonic. Actually, the three-dimensional velocity of a runaway star should exceed the peculiar or escape velocity of the parent cluster.
Today, two mechanisms are known to be responsible for the high space velocities of runaway stars: the binary-supernova scenario (BSS) and the dynamical ejection scenario (DES). Which of these two scenarios is the dominant driving force in the formation of runaway stars is still a subject of debate, but it has been determined that both do indeed occur in nature (see, e.g., Hoogerwerf et al. 2000 and Dinçel et al. 2015).
The BSS was introduced by Zwicky (1957) and was identified as a mechanism producing high runaway velocities by Blaauw (1961). In this scenario, the runaway star was previously part of a binary system in which the more massive component exploded in a supernova. In the majority of cases where a supernova occurs in a binary system with components of spectral types O or B, after the explosion a neutron star with a typical mass of 1.4 M⊙ (Seeds & Backman 2009), a supernova remnant of negligible mass, and the original secondary component of the binary system will be left behind. Blaauw (1961) found that if at least half of the total initial mass leaves the binary system during the supernova explosion, the system will become unbound. Thus, the former secondary is released and continues to move in a straight line at a speed that is comparable to its former orbital velocity, and thus it becomes a runaway star. However, it is also possible that the system breaks apart even if less than half of the total mass is lost. Neutron stars receive strong kicks at birth, resulting in the observed velocities of neutron stars that are as high as several 100 km s−1 (e.g., Hobbs et al. 2005). These kicks are created by asymmetries of the supernova explosion (see, e.g., Janka & Mueller 1994 and Lai 2003). Thus, the neutron star itself is ejected from the initial binary system. With the loss of its companion, the former secondary now moves though space as a runaway star. As a result, the majority of binary systems of massive stars in which one component explodes in a supernova break apart as a consequence of that first supernova (Renzo et al. 2019). Since a certain amount of time is required for stars to burn – and finally exhaust – their fuel and eventually explode in supernova events, a BSS is expected to occur 3–30 Myr after an (OB) association is born. It is worth mentioning that in the case of the BSS, identifying a runaway star’s parent cluster and the cluster age helps reconstruct the evolutionary history of the pre-supernova system by providing important constraints on parameters such as the mass of the supernova progenitor and the mass lost from the system during the supernova (see, e.g., van der Meij et al. 2021, Ekström et al. 2012, and Neuhäuser et al. 2020).
In a DES, gravitational interaction between massive stars leads to the ejection of runaway stars, as first described by Poveda et al. (1967) and Gies & Bolton (1986). This mechanism can occur either in dense clusters or during close encounters of multiple systems. According to Hoogerwerf et al. (2001), and references therein, encounters between two binary systems most efficiently produce dynamically ejected runaway stars. If two such binary systems interact gravitationally, there are four possible outcomes. The first possible result is two binary systems. Another possibility is that three stars form a hierarchical triple system, and the fourth star becomes a single star. A third possible outcome is one binary system and two single stars. The last possibility is that all four involved stars become single stars. Hoogerwerf et al. (2001) and papers cited therein note that the third possible result of one binary and two single stars is the most frequent outcome. Being the most massive component in this scenario, the resulting binary is not expected to move at a high velocity, and thus, only the two resulting single stars would be considered runaway stars, which is why most runaway stars created in a DES should be single stars. Obviously, the higher the binary fraction of a cluster or an association, the more efficient the DES will be. Additionally, high cluster density is also favorable for efficiency. Thus, if an OB association has been determined as the likely origin of a runaway star, it is to be expected that the star was ejected soon after the association’s formation since OB associations are usually expanding. Generally, most DES ejections occur during the first 3 Myr of an association’s lifetime (e.g., Hoogerwerf et al. 2001).
Hoogerwerf et al. (2000) and Hoogerwerf et al. (2001) found one case each for a DES (μ Col, ι Ori, AE Aur from Orion) and for a BSS (ζ Oph) and concluded from these very low number statistics that both scenarios are roughly equally likely. However, recent work by Carretero-Castrillo et al. (2023) – which, similar to our work in this project, utilizes Gaia DR3 data – suggests that the DES is more likely than the BSS. They find that O-type stars are more often runaway stars compared to Be-type stars and that these O-type runaway stars also tend to move at higher velocities than Be-type runaway stars. As is also discussed further in the following paragraphs, especially fast and massive runaways are usually expected from a DES, which is why Carretero-Castrillo et al. (2023) arrive at the conclusion that the DES occurs at a higher frequency than the BSS. Another recent study conducted by Stoop et al. (2024) has also found that the occurrence of the DES may have been underestimated. Here, we aim to significantly improve the statistics regarding which scenario is the likeliest to happen – specifically for the Scorpius-Centaurus-Lupus (Sco-Cen-Lup) star forming complex, the closest such structure.
In addition to the BSS and DES, a combination is also possible, the two-step ejection (Pflamm-Altenburg & Kroupa 2010), where in the first step, a binary is dynamically ejected from its parent cluster, and in the second step, one of the two stars eventually explodes in a supernova. Pflamm-Altenburg & Kroupa (2010) note that the current motion of runaway stars produced in such a two-step scenario would provide no indication of where they were originally ejected. Thus, in this work, we focus on the BSS and DES.
Ejection by the BSS and DES can of course also occur at lower velocities. Many isolated OB-type stars that are observed to move away from possible parent associations have peculiar velocities below certain threshold values for runaway stars, which – as previously discussed – are usually set between 20 km s−1 and 40 km s−1. Based on simulations, Renzo et al. (2019) argue that even most of the stars ejected from disrupted binary systems will be slow. Sometimes these slower stars are referred to as “walkaway stars” (see, e.g., de Mink et al. 2012 and Renzo et al. 2019).
Renzo et al. (2019) conclude from their simulations that the velocity distribution of stars ejected from disrupted binary systems peaks at approximately 6 km s−1. Additionally, they find that the runaway velocities these simulations produce only rarely exceed 60 km s−1, leading them to the conclusion that many of the observed runaway stars with significantly larger peculiar velocities than that may have instead gained these speeds from being dynamically ejected from a cluster.
Since the velocity distribution of ejected stars is continuous, any distinction between runaways and walkaways at a certain velocity threshold is somewhat arbitrary and serves the purpose of emphasizing the fact that slower-moving stars should not be completely discarded as potential candidates, especially in the search for pre-supernova companions of neutron stars or even when identifying now-ejected former members of stellar associations.
The Sco-Cen-Lup association is the closest OB association to Earth. The fact that the association hosts a large number of stars massive enough to explode in supernovae once they have reached the end of their lives suggests it as an interesting possible origin of runaway stars.
Sco-Cen-Lup spans distances of ∼100–150 pc and is approximately ∼100–200 pc wide (de Zeeuw et al. 1999; Wright & Mamajek 2018; Ratzenböck et al. 2023a). Ages of members have been determined to range from 3 Myr to 19 Myr old (Ratzenböck et al. 2023a).
By studying the kinematics and dynamics of the association, Wright & Mamajek (2018) found evidence that Sco-Cen-Lup was not formed as a monolithic complex in a single star formation event. Rather, several smaller-scale bursts in stellar formation at different locations and at different points in time are thought to have produced smaller groups, contributing to Sco-Cen-Lup’s overall structure.
According to Blaauw (1946), Sco-Cen-Lup consists of Upper Scorpius (US), Upper Centaurus-Lupus (UCL), and Lower Centaurus-Crux (LCC), which lie adjacent on the sky.
Wright & Mamajek (2018) find that both US and LCC can reasonably be approximated as spherical in shape, whereas UCL appears more elongated in one direction, making it more oval shaped. Based on data from Gaia’s first data release (Gaia DR1), the authors found mean distances of [image: Mathematical equation: $ 143.0^{+0.3}_{-0.4}\,\text{ pc} $] for US, [image: Mathematical equation: $ 135.9^{+0.5}_{-0.4}\,\text{ pc} $] for UCL, and [image: Mathematical equation: $ 115.2^{+0.3}_{-0.3}\,\text{ pc} $] for LCC.
However, further evidence suggests that Sco-Cen-Lup is even more substructured than that, as US, UCL, and LCC have been found to have median ages of 11 Myr, 16 Myr, and 17 Myr, respectively, but the age distributions of their members are broad (see Pecaut & Mamajek 2016 and Wright & Mamajek 2018).
Additionally, by analyzing the motion of stars within US, UCL, and LCC each, Wright & Mamajek (2018) observed a certain degree of kinematic substructuring within all three groups, where the term “kinematic substructuring” describes the fact that there seem to be established regions within the groups where stars tend to have comparable motions. These regions, however, are different from others in that same group, which effectively creates smaller subgroups within US, UCL, and LCC.
To study this observed substructuring more closely, Ratzenböck et al. (2023b) applied a clustering method called “significance mode analysis (SigMA)” to Sco-Cen-Lup. This method identifies co-spatial and co-moving groups of stars by examining density peaks and density dips within a stellar association. By applying SigMA and studying the ages of the resulting subgroups, Ratzenböck et al. (2023b) and Ratzenböck et al. (2023a) identified a total of 37 small groups, the oldest of which tend to lie at the center of Sco-Cen-Lup, whereas the younger groups are located farther out, implying that the association was formed inside out. Table A.1 lists several properties of those subgroups that are relevant for this project (see Sect. 2.2), as determined by Ratzenböck et al. (2023b) as well as Ratzenböck et al. (2023a). Ratzenböck et al. (2023b) have enumerated the groups with a SigMA identification number, as presented in the first column of the table. Additionally, they have provided group names and the classical substructure the groups belong to, i.e., the traditional three subgroups US, UCL, and LCC. The fifth column of Table A.1 lists the ages of the subgroups. These ages were determined by Ratzenböck et al. (2023a) by fitting model isochrones to absolute magnitudes, MG, of group members plotted over their GBP − GRP color indices from Gaia, where “BP” stands for Gaia’s “blue photometer” and “RP” stands for Gaia’s “red photometer.” Additionally, the right ascension, α, and declination, δ, of the center point of the groups are listed, as well as parallaxes, π, and proper motions in the direction of right ascension ([image: Mathematical equation: $ \mu^{*}_{\alpha} = \mu_{\alpha}\cos{\delta} $]) and declination (μδ) from Ratzenböck et al. (2023b); these parameters are needed for tracing back the past trajectories of the subgroups, as discussed in Sect. 2.3.
By tracing back the individual flight paths of the subgroups of Sco-Cen-Lup and all OB-type stars around them, this work aims to find credible runaway candidates that may have originated in Sco-Cen-Lup. Furthermore, this research is additionally spurred by the recent third data release (Gaia DR3) of the Gaia mission (Gaia Collaboration 2016, 2023; Babusiaux et al. 2023), which offers updated as well as new astrometry, photometry, and spectroscopy data of approximately 1.8 billion sources. For stars with a visual magnitude of 3.6 mag or brighter, data from the HIPPARCOS Catalogue (ESA 1997) was used since these bright stars would saturate the Gaia satellite’s onboard detectors and are thus not included in Gaia’s various data releases.
2. Method
This study focuses on stars within 1.7 kpc of the Sun. Since Sco-Cen-Lup is located roughly at a 115–143 pc distance (Wright & Mamajek 2018), this search radius accounts for regions within as well as around the association. Specifically, 1.7 kpc was chosen because this radius approximately corresponds to the maximum distance a runaway star with a velocity of ∼100 km s−1 (which roughly corresponds to the maximum orbital velocity of very close, very massive binaries) could have covered if it was ejected from the association ∼17 Myr ago (see median ages of US, UCL and LCC in Sect. 1).
2.1. Catalog search: Creating the sample of stars
To create an initial sample, the Gaia DR3 catalog was queried using the advanced search option of ESA’s Gaia Archive1.
In order to not accidentally exclude potentially interesting runaway candidates, minimal constraints were put on objects within the defined search radius:

	
Only Gaia’s third data release catalog was queried.



	
The search radius was defined as a parallax range. All targets should have parallaxes π ≥ 0.588 mas.



	
In order to mostly limit the sample to stars of spectral types O and B, the absolute magnitude of the targets should satisfy the condition MG ≤ 0.65 mag. This limit represents the threshold value between spectral types B and A as cited by Drilling & Landolt (2000).




In order to include as many potential candidates as possible, no further quality criteria were applied at this point; e.g., no constraints were put upon the Renormalized Unit Weight Error (RUWE). In Appendix B, the exact queries posed to the Gaia Archive are listed.
For Criterion 3, the absolute magnitude was defined using the distance modulus
[image: Mathematical equation: $$ \begin{aligned} M_{\text{G}} = m_{\text{G}} - {5}\,\mathrm{mag}\times \log _{10}(r\,\text{[pc]}) + {5}\,\mathrm{mag} - A_{\text{G}}, \end{aligned} $$](1)
where mG is the apparent magnitude and AG is the extinction parameter.
Criterion 3 does not completely exclude all spectral types other than O and B due to the fact that giants and supergiants of other spectral types can be equally as bright. This results in a certain contamination of the sample with stars of all spectral types, which will be addressed in Sect. 2.4.
Instead of adding an additional constraint such as a blue-white color index to exclude post-main-sequence giants, we left them in on purpose since they could include young runaway stars.
Querying the Gaia DR3 Archive according to the criteria above returned a sample of 597 052 stars.
For all stars within the search radius that are brighter than mG = 3.6 mag, ESA’s HIPPARCOS catalog was queried using the VizieR Information System (Ochsenbein 1996).
Here, the exact same search radius as described in Criterion 2 was used. This time, a constraint was put upon the apparent magnitude, requiring it to be smaller than or equal to the previously mentioned value of 3.6 mag.
We used the new HIPPARCOS data reduction by van Leeuwen (2007) for those stars, if available; otherwise, we used the ESA data (e.g., for γ Crv and α2 CVn).
This search of the HIPPARCOS catalog added 327 stars to the sample to be analyzed.
2.2. Additional properties of the subgroups of Sco-Cen-Lup
In order to identify potential origins of runaway star candidates as precisely as possible, the extensive studies of the structure of Sco-Cen-Lup by Ratzenböck et al. (2023b) were used as a basis. The first 25 of their identified subgroups are listed in Table A.1, since in this work, only those subgroups directly associated with Sco-Cen-Lup were considered, i.e., the groups with SigMA identification numbers 1–25. Groups that lie adjacent to Sco-Cen-Lup, but are not recognized as members of the association – i.e., groups with SigMA numbers 26–37, which belong to the molecular cloud complexes Pipe, Corona Australis and Chameleon, as well as to the separate North-east group – were excluded from this study.
2.2.1. Subgroup radii
The considered subgroups were approximated to be spherical in shape, which appears reasonable based on the subgroup structures determined by Ratzenböck et al. (2023b) and Ratzenböck et al. (2023a).
In order to determine radii for these groups, distance distributions of member stars were studied for each one of the 25 groups. The individual distances were taken from the VizieR catalog “Sco-Cen cluster information” by Ratzenböck et al. (2023b) and the resulting distributions are shown in Figs. C.1–C.3.
These distributions were approximated as Gaussian. As a measure of the widths of these distributions, i.e., the diameters of the subgroups, the full widths at half maximum (FWHM) of the distributions were employed. The resulting subgroup radii are listed in Table A.1.
In addition to distances, and thus parallaxes, Ratzenböck et al. (2023b) have already determined proper motions in directions of both right ascension and declination for each group (Gaia DR3). They are listed in Table A.1. In order to take the group radius into account when determining whether a runaway candidate and a specific group had a close encounter, the group radii were incorporated into the uncertainties of the parallaxes. Since runaway stars could originate from any point in such a subgroup, for the traceback discussed in Sect. 2.3.2, these new parallax uncertainties that incorporate the group radii were used. The exact values are listed in Table A.1.
It should be noted that defining the subgroup radii as FWHM/2 (see Sect. 2.2.1) indirectly favors those regions of each subgroup that are rather close to the respective subgroup’s center point as possible origin of a runaway or walkaway candidate. However, since these are also expected to be the more densely populated regions (in particular with respect to the more massive stars), they should in fact eject more runaway and walkaway stars than the outskirts of a subgroup. Here, we use the relatively small radii in order to be conservative. Also, mass segregation would be another argument to use the relatively small radii.
2.2.2. Median radial velocities
As will be discussed in Sect. 2.3, in addition to parallaxes and proper motions, radial velocities are needed to calculate the flight paths of each subgroup. Median radial velocities were determined by plotting distributions of the individual radial velocities of the member stars of each group. To obtain these radial velocities of the group members, Gaia DR3 was primarily queried using the group membership lists from Ratzenboeck et al. (2023). For stars that had no radial velocity available in Gaia DR3, the SIMBAD database was queried to supplement the sample. We have verified all values used from SIMBAD as true measurements.
For each group, a radial velocity distribution was studied using this data. These distributions are shown in Figs. D.1–D.3. For the calculation of the traced-back flight path of each group, the resulting median radial velocity was used with the median absolute deviation (MAD) of the corresponding distribution as its margin of error.
The choice of using the median radial velocities with their MAD values as uncertainties for the traceback was made because these quantities are not as strongly affected by outliers as e.g. mean values and standard deviations.
The resulting radial velocities of the subgroups are listed in Table A.1.
2.3. Tracing back of flight paths
The stellar parameters of possible runaway candidates that are required for tracing back their past trajectories, i.e., their positions, parallaxes, proper motions and radial velocities, were primarily taken from Gaia DR3. In the case of bright stars (≤3.6 mag), coordinates, parallaxes and proper motions from the HIPPARCOS catalog (ESA 1997) and radial velocities from the “Extended HIPPARCOS Compilation (XHIP)” by Anderson & Francis (2012) were used. In cases where selected Gaia stars had no radial velocities available in DR3, these missing radial velocities were also retrieved from the XHIP catalog. If neither Gaia DR3 nor XHIP offered a radial velocity, the SIMBAD database (Wenger et al. 2000) was searched for additional sources. This still left 23 666 stars for which no radial velocities could be found. Consequently, these stars had to be excluded from any form of analysis. An additional 13 stars were missing radial velocity values as well; however, these stars could be observed at the University Observatory in Großschwabhausen to obtain radial velocities from their spectra. A detailed analysis of the observational data can be found in Bätz et al. (2025). However, none of these observed stars are runaway or walkaway stars.
For the traceback of the flight paths of the subgroups of Sco-Cen-Lup, the positions, parallaxes, and proper motions from Ratzenböck et al. (2023b) were used, which are listed in Table A.1. Additionally, the radial velocities described in Sect. 2.2.2 were employed, which are listed in Table A.1, as well.
2.3.1. First selection
In order to identify a subsample of the most promising candidates among the total sample, a code was used that calculates flight paths of stars and subgroups in the form of skew lines in a Cartesian, Galactocentric frame. This code runs in the programming language R. As input parameters, this code uses the Galactocentric coordinates X, Y and Z, as well as the Galactocentric velocities U, V and W. These coordinates and velocity components were calculated using the Python package Astropy (see Astropy Collaboration 2013, Astropy Collaboration 2018, and Astropy Collaboration 2022). For its calculations, Astropy uses the following additional parameters:

	
The International Celestial Reference System (ICRS) coordinates of the Galactic center: αGC = 266.4051°, δGC = −28.936175.



	
The solar distance from the Galactic center: dGC = 8.3 kpc.



	
The solar velocity – which the velocity vectors of the stars are corrected for – in the Cartesian, Galactocentric frame:

(U⊙, V⊙, W⊙) = (11.1, 232.24, 7.25) km s−1.



	
The solar height above the Galactic midplane: z⊙ = 27.0 pc.




If the minimum distance between the trajectory of a star and that of a subgroup is ≤18 pc (since 18 pc roughly corresponds to the largest subgroup radius of the sample; see Table A.1) and if that close approach occurred in the past, this star is selected as a runaway candidate.
At this point, this subsample of promising candidates comprises 860 stars.
This code neither takes the Galactic potential into account – which is justified in terms of creating a first selection of stars for a more detailed analysis since relatively short distances are studied – nor does it consider any uncertainties of the input parameters. Thus, the output of this code is only an initial selection that requires further study. Therefore, this selection was then fed into the traceback software described in the next section, which does take the influence of the Galactic potential as well as uncertainties of stellar parameters into account.
2.3.2. Traceback
In order to identify which Sco-Cen-Lup subgroups are the likeliest points of origin for the sample of selected stars as described in the previous section, the traceback code developed by Neuhäuser et al. (2020) was used. This C++ software calculates a star’s past trajectory under the influence of the Galactic potential ϕ by numerically integrating its equation of motion backward in time, where the Galactic potential consists of three additive terms that account for the individual potentials of disk, bulge and halo.
As input parameters, this traceback code uses right ascension and declination as position coordinates of the objects, their parallaxes as well as their radial velocities and their proper motions in directions of right ascension and declination, where it uses the three velocity components to calculate the corresponding three-dimensional velocity. For all stars in the selected sample as well as all 25 subgroups, all of these parameters are fed into the software with uncertainties.
The integration of the orbits in question is done in steps: Here, the trajectories of a selection of stars are compared to those of the 25 subgroups of Sco-Cen-Lup. So, after each integrated step, the separation between star and subgroup is calculated, resulting in a certain minimum separation between the two objects.
For this project, a total number of simulated trajectories per star-subgroup pair of 1000 was chosen. The number of steps for each orbit was set to 50 000 and the step width was set to 1000 yr.
Obviously, in order to be considered a possible runaway candidate that originated in a certain group, the star in question was required to have been located within the group at some point in the past, i.e., the minimum separation between a star and the center point of a subgroup was required to be smaller than, or at least equal to, the radius of that group.
For each star that is run through this code, the software returns the number of calculated encounters with each group out of the given total of 1000 simulated trajectories, as well as the time at which the close approach of star and group occurred and the mean minimum distance between the star and the center of the respective group.
During the Monte Carlo simulation of the trajectories of a star and a subgroup, the code calculates the mean minimum distance between these two objects as follows: For each orbit pair that satisfies the condition that the star in question was located within the analyzed subgroup at some point in time, the difference between the position vector of the star and the position vector of the subgroup at the time of their closest encounter is calculated. Then, the sum of all resulting vectors are divided by their number, i.e., an average position vector is calculated. This is the so-called mean minimum separation vector. It has three components, which all have a certain standard deviation. The length of this mean minimum separation vector is the “mean minimum separation.” Thus, the calculation of the mean minimum separation takes all matching orbits into account instead of e.g. just one “best case.”
2.4. Runaway candidate selection
The traceback code discussed in Sect. 2.3.2 returns a certain number of calculated trajectories that result in close approaches between a star and a subgroup out of a total of 1000 simulated flight paths per star-subgroup pair, as well as at what point in time the encounter between star and group occurred and how close their respective orbits brought them to each other.
While there was no outright velocity threshold placed on the sample of candidates that resulted from the traceback described in Sect. 2.3.2 at this point, i.e., runaway as well as walkaway candidates were accepted, some quality criteria still needed to be imposed on that sample in order to identify the most promising candidates. The criteria we imposed are as follows:

	
Removal of stars with no close encounters: Stars for which the traceback software calculated zero close encounters with any of the subgroups were removed from the sample. Evidently, these stars did not originate from Sco-Cen-Lup.



	
Removal of non-OB-type stars from the sample: As we mentioned in Sect. 2.1, the sample of stars is contaminated with stars of spectral types other than O and B to a certain degree. Thus, the spectral type of each star in the sample was retrieved from the “Catalogue of Stellar Spectral Classifications” by Skiff (2014), where the latest entry was always used. Additionally, the color index GBP − GRP should be smaller than 0.5 mag. Traditionally, runaway stars are OB-type stars. In addition to stars of spectral classes O and B, supergiants and bright giants of any spectral type, i.e., any O-, B-, A-, F-, G-, K-, or M-type star with luminosity class ior ii, were kept in the sample because they could be bonus runaways from Sco-Cen-Lup. Any other stars were subsequently eliminated.



	
Comparison of the time of the calculated star-subgroup encounters and the respective subgroup age: Another obvious requirement is the fact that a certain subgroup can only be the parent cluster of a runaway or walkaway candidate if it has already been existing at the time of the calculated close encounter. Thus, any encounters between stars and groups that happened before the respective group came into existence were removed from the results. For that, the subgroup ages listed in Table A.1 were used and the respective age uncertainties of the clusters were taken into account.




Since this project specifically aims at identifying credible stars that probably have their origin in Sco-Cen-Lup, a certain threshold value needs to be placed upon the number of star-subgroup encounters calculated by the traceback code. In order to establish that threshold, the distribution of calculated encounters of the remaining candidates was studied; see Fig. 1. The mean value of the plotted encounter numbers is 50.8. The threshold value was then placed conservatively at approximately three times that mean value, i.e., at 150 encounters per 1000 orbits. This ensures that the selection of candidates that likely originate from Sco-Cen-Lup stands out significantly from the rest of the sample. The histogram (see Fig. 1) further shows that the number of calculated encounters decreases sharply at first, but then rises slightly again just after the cut at 150 encounters per 1000 orbits, which justifies the identified threshold value.
	[image: Thumbnail: Fig. 1. Refer to the following caption and surrounding text.]	Fig. 1. Number of calculated encounters per 1000 simulated orbits of the remaining candidates. Upper panel: Bar chart of the calculated encounters of every star-subgroup pair. Lower panel: Histogram displaying how often a certain number of encounters occurs in the sample. The identified threshold of 150 encounters per 1000 simulated orbits is indicated by a dashed red line.



After applying the criteria detailed in this section, 97 stars remained in the sample. For these, we have then performed many more traceback calculations, namely 300 000 per runaway-subgroup pair. Out of these, eight runaway candidates and 22 walkaway candidates were selected for their velocities (see Sect. 3).
3. Results
Out of the remaining 97 stars, eight runaway candidates and 22 walkaway candidates were selected to be presented here as follows: A runaway velocity threshold of 20 km s−1 was adopted (see also Sect. 1), where the three-dimensional velocities vpec,3D of the runaway and walkaway candidates were calculated in a Cartesian, Galactocentric frame and in relation to the velocities of the respective subgroups they encountered, i.e.,
[image: Mathematical equation: $$ \begin{aligned} {v_{\text{pec,3D}} = \sqrt{(\text{ U}_{\text{group}} - \text{ U}_{\text{star}})^{2} + (\text{ V}_{\text{group}} - \text{ V}_{\text{star}})^{2} + (\text{ W}_{\text{group}} - \text{ W}_{\text{star}})^{2}}.} \end{aligned} $$](2)
If vpec,3D of a candidate reached or exceeded 20 km s−1 with respect to at least one subgroup, this star was counted as a runaway candidate. Stars with 10 km s−1 ≤ vpec,3D < 20 km s−1 with respect to at least one subgroup were counted as walkaway candidates.
3.1. Identified runaway candidates
Table 1 lists the identified runaway candidates along with their close encounters with Sco-Cen-Lup’s subgroups as calculated by the traceback code (see Sect. 2.3.2). Each subgroup is identified by the SigMA numbers defined by Ratzenböck et al. (2023b) and listed along with its age (Ratzenböck et al. 2023a) for reference. Further, the table shows the number of calculated close encounters per 1000 simulated orbits (Nenc) for each star-subgroup pair, as well as the corresponding mean minimum distance ([image: Mathematical equation: $ \overline{s}_{\text{min}} $]) between the star and the center point of the respective subgroup and how long ago these approaches occurred ([image: Mathematical equation: $ t(\overline{s}_{\text{min}}) $]). The three-dimensional peculiar velocity (vpec,3D) of each star with respect to the respective encountered subgroup was calculated with Eq. (2). The Galactocentric velocity components U, V and W of each candidate as well as each subgroup are listed in Appendix G. Additionally, each candidate is provided with a flag that indicates whether it is a known runaway star, where the following references were checked: the catalog “Young runaway stars within 3 kpc” by Tetzlaff et al. (2011), which lists runaway candidates, as well as Hoogerwerf et al. (2001), Mdzinarishvili (2004), Mdzinarishvili & Chargeishvili (2005), Maíz Apellániz et al. (2018), and Carretero-Castrillo et al. (2023). Since the BSS and DES occur on different timescales (see Sect. 1), Table 1 also includes a flag that indicates which scenario is the likeliest for each star-subgroup pair.
Table 1. 
Runaway stars according to the traced-back flight paths.

Note that all of the runaway candidates are now outside their suggested subgroups of origin, which would indeed be expected for runaways.
In a future study, we will trace back these new runaway stars together with all known young neutron stars (with known distance, age and proper motion) and all known young associations (as in Neuhäuser et al. 2020) in order to find cases in which a runaway and a neutron star used to be at the same location inside a young association at the same time, which would then be evidence of a supernova in a binary star.
There are three candidates in the sample that are significantly faster than the other stars; they are shown separately in Table E.1. In all three cases, the extremely high three-dimensional space velocity mainly stems from a noticeably large radial velocity; see also Appendix F.2.
Not much appears to be known about these three stars; apparently, Gaia DR3 4096398244806369792 and Gaia DR3 4111239113458529152 even were completely unknown prior to Gaia’s third data release. In addition to their questionably high velocities, these two stars are also significant outliers on the color-magnitude diagram compared to the other runaway and walkaway candidates as well as members of Sco-Cen-Lup (see Sect. 3.7); they do not satisfy GBP − GRP < 0.5 mag, as Criterion 2 in Sect. 2.4 dictates. Also, extinction values are noticeably large for these two stars (see Appendix H). However, the third star of questionable runaway status (Cl* NGC 2264 VAS 133) fits well on the color-magnitude diagram.
Although runaway velocities as high as those of the stars presented in Table E.1 are not necessarily impossible, in extreme cases such as these, it cannot be ruled out that the respective radial velocity measurement is incorrect and that the velocities displayed here are subsequently inaccurate. Indeed, for all three stars, the Gaia data are problematic.
Gaia DR3 4096398244806369792: The quality of the astrometric solution is poor (RUWE = 7.500). Double peaks in 28% of the scans indicate binarity with a separation below 0.5 arcsec. The median radial velocity is based on only three epochs over a period of 882 days and has a large uncertainty. In two of the epochs, the spectra had to be deblended to eliminate contamination from a nearby source. In sum, the reported radial velocity is dubious.
Gaia DR3 4111239113458529152: The excess noise is statistically significant (D = 5). Double peaks in 19% of the scans hint at binarity. The very large radial velocity is based on six epochs taken over 463 days, of which five epochs had to be deblended. Again, the radial velocity may not be very credible.
Cl* NGC 2264 VAS 133, i.e., star VAS 133 in the cluster NGC 2264: Here, the data could well be affected by crowded field problems due to the many other stars of the cluster. In the Washington Visual Double Star Catalog (WDS; Mason et al. 2001), many visual companion candidates are listed.
Since all this evidence reinforces the assumption that the radial velocities of these three stars may be incorrect, they should not be regarded as good runaway candidates until more research is conducted.
3.2. Identified walkaway candidates
In addition, we found 22 walkaway star candidates, which were possibly ejected with velocities ranging from 10 to 20 km s−1 from the subgroups in Sco-Cen-Lup. Since they are all still inside one of those subgroups, we consider them as candidates, but they are less credible than the runaway stars in Table 1.
These are the walkaway candidates: HD 97583, HD 101189, HD 150742, HD 146905, HD 146954, HD 140285 A, HD 149886, HD 145792, HD 108250, HD 107696, HD 110506, H Cen, HD 126759, HD 126135, HD 144844, ν Sco A, δ Cen, β Cru, ϵ Cen, τ Sco, i Sco, and ζ Cen.
3.3. A note on excluded candidates
With the nominal (and relatively high) radial velocity values of HD 66778 and HD 44354 from the SIMBAD database, they can also be traced back to SigMA groups, but their radial velocities from APOGEE-2-DR17 (Abdurro’uf et al. 2022) and LAMOST (Cui et al. 2012) are different (they are probably spectroscopic binaries). Therefore, we do not include them as runaways or walkaways here.
3.4. Random pairing
For each pairing of a runaway star and suggested subgroup listed in Table 1, we specify the number of stars in that subgroup and the number of traceback runs with close encounters in the past. These two parameters are needed to judge the credibility of the suggested pairing.
In addition to the traceback with the measured astrometric parameters (and the radial velocity) of the stars and subgroups, we have then also performed further simulated tracebacks with random input data:
A natural question arises: Are the observed close encounters between runaway candidate stars and stellar groups statistically significant or are they merely coincidental? To address this, we analyzed the 3D velocity vector directions as a probe of candidate randomness. The orientation of velocity components (velocity cones in 3D space) is crucial in determining the likelihood of successful traceback encounters.
To quantify the reliability, we performed traceback calculations with partly random input data: we maintained the absolute velocity, but assigned velocity components with random directions. We randomly sampled the values for position, proper motion, parallax, and radial velocity, using the mean values and covariance matrices of each runaway candidate star and stellar group through Monte Carlo simulations, where we ran a total of 300 000 simulations per star-subgroup pair. Next, we generated random directions of the 3D velocity of these vectors by drawing uniform random values of two angles, φ from 0 to π and θ from 0 to 2π. They can be considered as the co-latitude of a sphere and the longitude in order to cover all possible directions in 3D.
If the number of successful traceback runs in this randomized dataset closely matches with the observed cases, the star-subgroup pair might not be real, but instead, this result could have been produced by chance. In contrast, if the observed number of encounters is much greater than that number of randomized cases, this indicates that our results are statistically acceptable, i.e., that the considered runaway star and the stellar group were at the same place at the same time in the past (see second-to-last column in Table 1).
Note that the approach mentioned above corresponds to a pessimistic case of the problem, i.e., randomizing purely the directions of the 3D velocity vectors of a runaway candidate star and a parental stellar group.
Then, we again traced back the stars and the subgroups to estimate the number of random close encounters in 300 000 simulated orbits.
In Table 1, we list the ratio between the number of true close encounters and the number of random pairings (Penc/Prnd). The larger this number, the more likely it is that this star indeed originated in that subgroup.
However, as mentioned, the number of member stars in the subgroups and the number of close encounters also have to be taken into account when judging the credibility of the pair.
3.5. A note on multiplicity of runaway stars
Both runaway and walkaway stars are expected to be single stars in most cases. For example, in a DES of μ Col, ι Ori, and AE Aur from Orion (Hoogerwerf et al. 2000, 2001), the two single stars μ Col and AE Aur have high velocities, whereas the low-velocity star ι Ori is a multiple star (Heyne et al. 2020).
Supernova ejection preferentially unbinds single or very close binary stars. If a supernova happens in a hierarchical triple and if the most massive star that is to go supernova has a significantly larger separation from the orbiting close binary at the time of the supernova, the close binary can be ejected. This close binary would preferentially be observable as a spectroscopic binary. Wide visual binaries are not expected among runaways.
However, in order to be unbiased and in spite of these expectations, we did not exclude any stars from the analysis a priori. Actually, most OB-type stars are multiple stars.
For all the credible runaway and walkaway stars found here (see Table 1 and Sect. 3.2), we have then a posteriori studied their multiplicity from the literature: Among the eight runaway stars, only four have entries in the WDS (Mason et al. 2001). For these four runaway stars with WDS entries (γ Crv, α2 CVn, β Lib and 66 Eri), we find that their WDS companions all have projected separations of more than 50 au, i.e., very wide. Additionally, the walkaway candidate ζ Cen and the runaway candidate HD 160093 are also listed as possible spectroscopic binaries in SIMBAD (see Chini et al. 2012 and Kılıçoğlu et al. 2016, respectively). In the case of ζ Cen, it should be noted that while the radial velocity measurements since the 1940s always give 6.5 km s−1, there are two deviations from 1914 and 1928, each having larger uncertainties.
In the case of HD 160093, Kılıçoğlu et al. (2016) found it to be a spectroscopic binary and a member of the M6 open cluster; these findings make it less likely that this star is a runaway from SigMA 10.
We can still consider most of our runaway candidates as likely single stars or wide binaries.
3.6. A note on the identification of the likeliest parent subgroups and the case of ζ Oph
For most of the runaway and walkaway stars found in this study (Table 1), we found and list more than just one subgroup from which the respective star may have been ejected. One can decide which is the most credible solution by using the following criteria:

	
The flight time since the runaway candidate left the subgroup must not be larger than the subgroup age.



	
The larger the number of close encounters, the more likely the solution.



	
The larger the fraction of true close encounters to random close encounters (also listed in Table 1), the more likely the solution.



	
In the case of a DES, the difference between flight time and subgroup age must not be larger than approximately 4 Myr.



	
In the case of a BSS, the difference between flight time and subgroup age must be larger than approximately 3 Myr (first possible supernova after star formation).



	
The larger the number of stars in the subgroup, the more likely the solution.



	
In the case of a BSS, the initial mass function of the subgroup must allow for at least one supernova. In particular, the runaway candidate must not be much more massive or much brighter than the most massive star currently residing in the subgroup. This can be checked in the Hertzsprung-Russell diagrams in Appendix J. If the runaway star is among or near the most massive stars (i.e., among the brightest stars of the subgroup) and if the brightest stars in the subgroup (including the runaway candidate) are at least as bright as MG = −1.2 mag (which corresponds to the absolute brightness of B3vstars as per www.pas.rochester.edu/~emamajek/EEM_dwarf_UBVIJHK_colors_Teff.txt), then supernovae were possible. Effectively, we need at least roughly 270 stars in a subgroup to allow for at least one supernova (see Kroupa 2001). However, it is worth mentioning that, in some cases, a phase of mass transfer in a binary system may increase the mass of the mass gainer to a mass higher than 8 M⊙.




All criteria together decide whether a scenario is likely and, if there were several possible solutions, which ones are more credible. In some cases, after its original ejection from one of the subgroups, the respective runaway star may also have flown through one or more of the other subgroups.
There are only two cases where these numbers tend to favor one of the different solutions listed in Table 1, namely: λ CMa from SigMA 21 and 66 Eri from SigMA 14. The case of γ Crv is more complex: The high number of stars in SigMA 15 would prefer this solution as BSS, but for a dynamical ejection, one may not need that many stars, so that SigMA 13 with a high true-to-random close encounter ratio may also instead be the correct solution, here as DES.
We explain the procedure with ζ Oph as an example (last star in Table 1). The flight path of this runaway star can cross the subgroups SigMA 9, 15, 19, 20, and 21, depending on when it was ejected (see Fig. I.1). For example, if it were ejected from SigMA 21 in LCC, it would then have flown through the other subgroups to reach its current location. Or, on the other extreme, if it originated from SigMA 9 in US, it would not have flown through any of the other subgroups. However, in the latter case, the origin from SigMA 9 can be excluded due to the low number of stars in SigMA 9 (276), and hence its initial mass function. It is improbable that two supernova progenitors have formed in SigMA 9 (i.e., its current most massive star is too low in mass; Fig. J.2), as two sufficiently massive supernova progenitors are needed for the pre-supernova binary that ejected both a neutron star and ζ Oph as a runaway star, which as an O9.2ivstar is also a supernova progenitor. The same holds for SigMA 19 (246 stars). In Fig. I.1, we include SigMA 9 as an example of a subgroup through which a runaway star can fly after the ejection in a different subgroup, but we leave out SigMA 19 (and 20) for clarity. Without SigMA 9 and 19 (too low in mass), we are then left with SigMA 15 in UCL and SigMA 20 and 21 in LCC. Figure I.1, however, includes SigMA 9, 15, and 21 to show the concept that even if the origin would be in SigMA 15, the flight path also crosses SigMA 9 and 21. The case of SigMA 19 with only 246 stars but a relatively large ratio of true-to-random encounters (Table 1) shows that this criterion alone would be problematic. If ζ Oph originated from, for example, SigMA 15, an extrapolation of its current flight path beyond its origin would lead through SigMA 19 (as well as 20 and 21). Indeed, the respective flight time listed in Table 1 for each scenario for ζ Oph is the shortest for SigMA 9 in US, and it is longer for those subgroups that are located farther away from the current position of ζ Oph. That is, the listed flight time is largest for SigMA 19, 20, and 21 in LCC. Additionally, with larger flight times, the uncertainties in traceback calculations increase, as well. SigMA 9 is the oldest subgroup of Upper Scorpius and has a similar age as SigMA 15; these two groups are located next to each other on sky.
The seven criteria listed above are therefore still not sufficient to decide which is the correct scenario. In order to determine the true flight path and true origin, one would have to find either other runaway stars, which were at the same time at the same place (DES), or a neutron star, which may have been at the same time at the same place (BSS). This was done, e.g., in Neuhäuser et al. (2020) based on HIPPARCOS data, where they found ζ Oph together with the radio pulsar PSR B1706-16 to have originated in a binary supernova that occurred in UCL (1.78 ± 0.21) Myr ago. Figure I.1 is an adapted version of Fig. 2 in Neuhäuser et al. (2020). It shows the closest approach of ζ Oph and the pulsar PSR B1706-16 as well as their flight paths since their encounter.
In our Fig. I.1 we have added the subgroups 9 (US), 15 (UCL), and 21 (LCC) with their current location (right, dotted circles) and their respective location in the past at the time of the closest encounter with ζ Oph (left, full circles) together with the flight path of the center of the subgroups for the respective time spans. In principle, SigMA 15 in UCL is consistent with the earlier results from Neuhäuser et al. (2020): The flight time of ζ Oph (1.60 ± 0.14) Myr from SigMA 15 (Table 1, for the closest approach between runaway and subgroup center) is consistent with both approximately 1.58 Myr (closest approach) and (1.78 ± 0.21) Myr (median of all 117 best, closest cases) from Neuhäuser et al. (2020) for UCL. The median of the distances used as input in the traceback run that led to close approaches of ζ Oph with SigMA 15 is (99.6 ± 12.7) pc, which is also consistent with (107 ± 4) pc (UCL; Neuhäuser et al. 2020).
While it would have been beyond the scope of this study to trace back all known neutron stars with sufficiently known properties (i.e., distances and proper motions) together with all 25 SigMA subgroups and all our eight runaway stars (future publication), we have done such calculations for ζ Oph to show the principle.
We used the properties of ζ Oph (too bright for Gaia) from HIPPARCOS (van Leeuwen 2007) as in Neuhäuser et al. (2020) and our Tables F.1 and G.2, then the subgroups SigMA 9, 15, 19, 20, and 21 with the properties from Table A.1, as well as the neutron star B1706-16 with its known distance and proper motion (as in Neuhäuser et al. 2020). We traced them back through the Galactic potential for 22.5 Myr (which is the oldest possible age of the oldest subgroup; see Table A.1) just as described in Neuhäuser et al. (2020) with 3 million Monte Carlo runs for each combination by varying the neutron star radial velocities following the Hobbs et al. (2005) distribution and the other observables (except the coordinates) within their measurement uncertainties. For the radii of the subgroups, to be conservative, the values in Table A.1 were used, even though they can be seen as lower limits.
Subgroups SigMA 9 and 19 can be excluded anyway because they do not even contain a sufficient number of stars for at least two supernova progenitors that are needed for the pre-supernova binary with ζ Oph. For the other subgroups, the number of close encounters between ζ Oph and pulsar B1706-16 inside the respective subgroup (with a separation of up to 10 pc between runaway and neutron star) was 661, 41, and 171 for subgroups SigMA 15, 20, and 21, respectively. With similar parameters, but random mixing, we also calculated the number of apparent encounters by chance and obtained zero (per 3 million runs) for all three SigMAs. Hence, it is most likely that there was a close encounter between ζ Oph and B1706-16 within SigMA 15, i.e., a supernova in a binary which ejected both (and 60Fe). The closest encounter between ζ Oph and B1706-16 found was within 0.02 pc (0.95 Myr ago), and the mean of all the minimum separations of all 661 cases within 10 pc was just 0.99 pc (all inside SigMA 15). See Fig. 2 for the best case (and all 661 cases within 10 pc). After its ejection from SigMA 15 in UCL, ζ Oph has flown through SigMA 9 in US (Figs. 2 and I.1); SigMA 9 is called “US foreground” in Ratzenböck et al. (2023b). An alternative possibility is an origin of ζ Oph and B1706-16 in SigMA 21, which has approximately four times fewer encounters, but a similar small number of random encounters (small number statistics). Note that, as seen in Fig. I.1, SigMA 15 and 21 did overlap in space some 1.5 Myr ago. SigMA 15 is more likely as supernova location, also because there is a cavity in the interstellar medium density (so-called hotspot 2 in Capitanio et al. 2017), which was at l = −16° ±6° and b = 20° ±6° some 1.5 Myr (Neuhäuser et al. 2020), which is consistent with SigMA 15, but not with SigMA 21; see also Fig. I.1.
	[image: Thumbnail: Fig. 2. Refer to the following caption and surrounding text.]	Fig. 2. Close approaches of PSR B1706-16 and ζ Oph in SigMA 15. Lower panel: Flight paths (colored lines) for the closest approach of PSR B1706-16 and ζ Oph (best case) projected on the sky (Galactic longitude l versus Galactic latitude b at epoch of date). The paths start at their current positions (left) and are subsequently marked by small crosses after every 0.5 Myr of flight time. They end at the closest approach within 0.1 pc of each other 1.5 Myr before present (center). SigMA 15 is shown with an orange circle both 1.5 Myr ago (full line) and now (dashed). The gray dots show the 661 closest approaches of PSR B1706-16 and SigMA 15 (i.e., within 10 pc of each other). Upper panel: Distance, D, versus Galactic longitude, l, for the past flight paths. UCL’s position some 1.5 Myr ago is shown as a full green circle, and its current location is represented by the dotted green circle. These are for the best case in Neuhäuser et al. (2020).



In sum, we found that the runaway star ζ Oph and the pulsar B1706-16 were ejected from SigMA 15 inside UCL by a supernova at a distance of 100.0 ± 5.2 pc 1.45 ± 0.21 Myr ago. These values are consistent with the earlier results in Neuhäuser et al. (2020) for UCL as a whole: supernova at a distance of 107 ± 4 pc 1.78 ± 0.21 Myr ago. This supernova may well have contributed to the approximately two-million-year-old 60Fe found in the Earth’s crust (Wallner et al. 2016). The evolution of ζ Oph and the supernova progenitor were later studied in more detail by Renzo & Götberg (2021).
Thus, our work in this project has helped confirm the result that ζ Oph has its origin in UCL, as found by Neuhäuser et al. (2020). On the basis of Sco-Cen-Lup’s substructuring, as determined by Ratzenböck et al. (2023b), we could somewhat refine the results from Neuhäuser et al. (2020). According to our results, SigMA 15, which is part of UCL, is the likeliest point of origin of this runaway star.
To identify the true place of origin of the other runaway stars, further traceback studies are needed. Studies simultaneously tracing back the flight paths of these new runaways, all neutron stars with sufficient astrometric parameters, and the Sco-Cen-Lup subgroups would be of interest. For DES runaway candidates, studies would have to trace them back simultaneously with other known runaways and the respective subgroups.
3.7. Color-magnitude diagrams
In order to test how likely it is for each identified runaway candidate that it indeed used to be part of Sco-Cen-Lup, the respective positions of the candidates on the color-magnitude diagram (CMD) can be compared to those of recognized members of the association. Thus, it can be determined if they fit the overall distribution of Sco-Cen-Lup members on the CMD or if they are significant outliers.
Such a CMD is shown in Fig. 3. For the Sco-Cen-Lup members indicated by the blue symbols in the plot, the membership lists of all 25 analyzed subgroups provided by Ratzenboeck et al. (2023) were used to obtain parallaxes, apparent magnitudes and extinction parameters from Gaia DR3, from which the absolute magnitudes were calculated using Eq. (1). Obviously, only those association members for which all of these parameters are available in Gaia DR3 are plotted. The plotted data for the identified runaway candidates is listed in Appendix H.
	[image: Thumbnail: Fig. 3. Refer to the following caption and surrounding text.]	Fig. 3. Member stars of Sco-Cen-Lup (small gray dots), the identified runaway candidates (red crosses), and the three questionable runaway candidates (large blue dots; see Sect. 3.1) on the color-magnitude diagram.



As expected from their spectral type, the identified candidates are among the hottest and brightest stars plotted. The identified candidates overall fit well with the members of Sco-Cen-Lup; most are distributed rather narrowly, which might suggest that the runaway candidates are similar in age to the members of Sco-Cen-Lup and have indeed formed within the association. There are, however, two runaway candidates with color indices GBP − GRP > 1 whose positions on the CMD consequently deviate more strongly from that of the others.
As discussed in Sect. 3.1, these outliers are stars of already questionable runaway status.
In Appendix J, a CMD for each individual subgroup is shown along with the identified runaway candidates they are possibly the parent cluster of (see Table 1). Obviously, for many candidates, the traceback code has calculated encounters with multiple groups. However, on the bright end of the CMDs, group members as well as most runaway candidates are distributed very narrowly. Thus, it is not directly possible to find just one most likely parent cluster for candidates with multiple encounters from studying the CMDs as in Appendix J.
3.8. Comparison with previous work
We compared our work to previous similar studies, such as Hoogerwerf et al. (2000) and Hoogerwerf et al. (2001), whose authors compiled runaway stars (and neutron stars) and traced them back to find their places of origin in either a dynamical or supernova ejection. For a possible origin in Sco-Cen-Lup, they list the following five runaway stars: HD 88661, j Cen, V716 Cen, κ1 Aps and ζ Oph.
As mentioned, ζ Oph is also a runaway star likely originating from Sco-Cen-Lup according to our work.
Among the others, we found j Cen to originate from α Cen (SigMA 21) but did not accept it as either a runaway or walkaway star, since its peculiar velocity with respect to that group was only 6.14 km s−1. However, we did not wish to completely neglect to mention j Cen, since its space velocity – though low – may still exceed the escape velocity of its parent cluster.
The three others do not originate from subgroups SigMA 1–25 according to the new Gaia astrometry and/or current radial velocities: we used 31.0 ± 3.0 km s−1 for HD 88661 (Thackeray et al. 1973), −10.3 ± 6.9 km s−1 for V716 Cen (Bakış et al. 2008), and 16.5 ± 5.0 km s−1 for κ1 Aps (Jilinski et al. 2010).
The additional runaway stars found in our study should be taken into account in future studies on the present mass functions in Sco-Cen-Lup or its subgroups, for example by comparison with the initial mass function to conclude on the number and properties of previous supernovae (as, e.g., in Breitschwerdt et al. 2016 and Schulreich et al. 2023).
4. Conclusion
This work aimed at identifying new runaway stars ejected from the closest OB association, Scorpius-Centaurus-Lupus. Using software introduced in Neuhäuser et al. (2020) and data from Gaia and HIPPARCOS, we traced back in time the flight paths of all known OB-type stars within a radius of 1.7 kpc around the Sun and those of the subgroups of Sco-Cen-Lup in order to find close encounters between runaway candidates and subgroups and thus the potential parent cluster of each runaway candidate. We confirmed that our calculated close encounters of each star-subgroup pair are statistically significant and could not have just been produced by random chance. Additionally, we adopted a runaway velocity threshold of 20 km s−1 for the three-dimensional velocity of the star with respect to the subgroup it might have been ejected from. Stars with velocities ranging from 10 to 20 km s−1 were accepted as walkaway candidates (i.e., “slower” runaway stars that were ejected from their parent group by the same mechanisms as their faster counterparts).
Thus, we were able to identify the following eight runaway stars: λ CMa, HD 160093, 66 Eri, γ Gru, γ Crv, α2 CVn, β Lib, and ζ Oph. Out of these, γ Gru, γ Crv, and ζ Oph were previously known as runaway stars. We also identified 22 walkaway candidates.
For all identified runaway stars, we checked whether their position on the color-magnitude diagram matches the positions of the member stars of the suggested parent subgroup, which, if comparable, would suggest that the runaway star and the subgroup members follow a similar evolutionary path. This further substantiates the possibility of the runaway star indeed originating from the suggested group.
Out of all our identified runaway stars, up to two might have been ejected dynamically from their parent cluster. However, the majority of our runaway stars are more likely to have been produced in a binary-supernova scenario. With these findings, we hope to contribute to the statistics of how often each scenario occurs in nature.
Among the previously known runaway stars that have also been identified as such in this work is ζ Oph. Neuhäuser et al. (2020) found that this star was ejected in a BSS from a location within UCL 1.78 ± 0.21 Myr ago, and they also identified the pulsar B1706-16 as the former companion of ζ Oph. In our study, we identified SigMA 15 as the likeliest parent cluster of ζ Oph and PSR B1706-16, which is indeed one of the richest subgroups within UCL. According to our methods, the ejection of ζ Oph occurred 1.45 ± 0.21 Myr ago. Thus, we were able to confirm and further refine the results from Neuhäuser et al. (2020).
Further studies are possible to investigate runaway stars originating from Sco-Cen-Lup. For example, one could run traceback simulations of the runaway stars identified in this work together with all known neutron stars in order to potentially find the former companion of a runaway star produced in a BSS, akin to the case of ζ Oph and PSR B1706-16.
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Appendix A:  Substructuring of Sco-Cen-Lup
Table A.1. 
Subgroups of Sco-Cen-Lup as identified by Ratzenböck et al. (2023b).


Appendix B:  Catalog search queries
The complete spherical volume of space to be searched was split into three smaller regions for each of which separate search queries were written. The innermost region is a spherical volume that contains all objects with parallaxes π ≥ 8.6 mas, which corresponds to a search radius of approximately 116.28 pc. The second region is a spherical shell around the first region and contains stars with parallaxes 6.03 mas ≤ π < 8.6 mas, i.e., stars with distances between 116.28 pc and 165.84 pc. The third region forms a spherical shell around the smaller two regions and spans the parallax interval of 0.588 mas ≤ π < 6.03 mas, or correspondingly, distances from 165.84 pc up to the maximum search radius of 1.7 kpc.
This was done for purely technical reasons: The two innermost regions are rather small compared to the whole volume of space within 1.7 kpc and consequently contain only a small fraction of the sample, which made these two regions ideal subsamples to test all employed methods first and to verify that no problems occur without having to run large datasets through the whole process all at once.
B.1. Gaia DR3
The queries posed to the Gaia Archive are listed below with syntax and formatting according to the standards of the Astronomical Data Query Language (ADQL).
Region 1:
SELECT *
FROM gaiadr3.gaia_source
WHERE parallax >  = 8.6
AND phot_g_mean_mag - 5.0*LOG10(distance_gspphot) + 5.0-ag_gspphot_upper <  = 0.65
Region 2:
SELECT *
FROM gaiadr3.gaia_source
WHERE parallax > = 6.03
AND parallax < 8.6
AND phot_g_mean_mag - 5.0*LOG10(distance_gspphot) + 5.0-ag_gspphot_upper <  = 0.65
Region 3:
SELECT *
FROM gaiadr3.gaia_source
WHERE parallax >  = 0.588
AND parallax < 6.03
AND phot_g_mean_mag - 5.0*LOG10(distance_gspphot) + 5.0-ag_gspphot_upper <  = 0.65
The last line of each query is the distance modulus solved for the absolute magnitude (see Eq. (1)), which per Criterion 3 in Sect. 2.1 is required to satisfy MG ≤ 0.65 mag. Here, phot_g_mean_mag is the G-band mean magnitude, distance_gspphot is the distance determined from BP/RP spectra, and ag_gspphot_upper is the upper confidence level (84%) of the G-band extinction determined from BP/RP spectra. The upper limit of the absorption parameter was used in order to directly account for its error interval, retrieving the maximum number of stars.
B.2. HIPPARCOS
Only two constraints were employed for the HIPPARCOS search: the parallax (HIPPARCOS designation: Plx) ranges were defined for each region and the photometric magnitude in the optical V-band between 500 nm and 600 nm (HIPPARCOS designation: Vmag) was required to be smaller than or equal to 3.6 mag, resulting in the following HIPPARCOS queries:
Region 1:
Vmag <  = 3.6
Plx >  = 8.6 Region 2:
Vmag <  = 3.6
Plx 6.03..8.6 Region 3:
Vmag <  = 3.6
Plx 0.588..6.03

Appendix C:  Subgroup radii
As discussed in Sect. 2.2.1, the individual subgroups were approximated to be spherical in shape. Subsequently, distance distributions of the group members were plotted for each subgroup and the FWHM values of these distributions were then used as subgroup radii. All subgroup radii are listed in Table A.1.
Below, the corresponding distributions are shown: For each group, the number of stars per distance interval are plotted. The resulting distributions can be approximated as Gaussian. In each plot, the mean and median distances are indicated for reference.
	[image: Thumbnail: Fig. C.1. Refer to the following caption and surrounding text.]	Fig. C.1. Distance distributions of the members of subgroups SigMA 1 - SigMA 12 with data from Ratzenböck et al. (2023b).



	[image: Thumbnail: Fig. C.2. Refer to the following caption and surrounding text.]	Fig. C.2. Distance distributions of the members of subgroups SigMA 13 - SigMA 24 with data from Ratzenböck et al. (2023b).



	[image: Thumbnail: Fig. C.3. Refer to the following caption and surrounding text.]	Fig. C.3. Distance distributions of the members of subgroup SigMA 25 with data from Ratzenböck et al. (2023b).




Appendix D:  Median radial velocities of the subgroups
As discussed in Sect. 2.2.2, the median radial velocities of the 25 analyzed subgroups have been determined from plotting the individual radial velocities of the respective group members as distributions. The resulting median values – along with the median absolute deviations of each dispersion as errors – were used for simulating the trajectories of the subgroups. All resulting median radial velocities are listed in Table A.1.
Below, the radial velocity distributions of all subgroups are shown. In each plot, the median radial velocity is indicated for reference.
	[image: Thumbnail: Fig. D.1. Refer to the following caption and surrounding text.]	Fig. D.1. Radial velocity distributions of the members of subgroups SigMA 1 - SigMA 6 plotted primarily with data from Gaia DR3 and supplemented with data from the SIMBAD database.



	[image: Thumbnail: Fig. D.2. Refer to the following caption and surrounding text.]	Fig. D.2. Radial velocity distributions of the members of subgroups SigMA 7 - SigMA 18 plotted primarily with data from Gaia DR3 and supplemented with data from the SIMBAD database.



	[image: Thumbnail: Fig. D.3. Refer to the following caption and surrounding text.]	Fig. D.3. Radial velocity distributions of the members of subgroups SigMA 19 - SigMA 25 plotted primarily with data from Gaia DR3 and supplemented with data from the SIMBAD database.




Appendix E:  List of candidates with doubtful runaway status
The table below lists the candidate stars of questionable runaway stars that are discussed in Sect. 3.1.
Table E.1. 
Questionable runaway candidates. There are three stars in the sample with space velocities that are significantly larger than those of the other candidates.


Appendix F:  Astrometric properties
The tables in this appendix show the astrometric data of the identified runaway candidates that was used for the tracebacks.
F.1. Runaway candidates
Table F.1. 
Astrometric parameters of the identified runaway candidates.

F.2. Candidates with doubtful runaway status
Table F.2. 
Astrometric parameters of the questionable runaway candidates.


Appendix G:  Galactocentric coordinates and velocities
G.1. Subgroups
Table G.1 shows the Galactocentric coordinates X, Y and Z as well as the Galactocentric velocity components U, V and W of the subgroups of Sco-Cen-Lup. These coordinates and velocities were calculated from the parameters presented in Table A.1.
Table G.1. 
Galactocentric coordinates (X, Y, Z) and velocities (U, V, W) of the subgroups of Sco-Cen-Lup.

G.2. Runaway candidates
Table G.2 shows the Galactocentric coordinates X, Y and Z as well as the Galactocentric velocity components U, V and W of the runaway candidates listed in Table 1. These coordinates and velocities were calculated from the parameters presented in Appendix F.1.
Table G.2. 
Galactocentric coordinates (X, Y, Z) and velocities (U, V, W) of the runaway candidates.

G.3. Candidates with doubtful runaway status
Table G.3 shows the Galactocentric coordinates X, Y and Z as well as the Galactocentric velocity components U, V and W of the questionable runaway candidates listed in Table E.1. These coordinates and velocities were calculated from the parameters presented in Appendix F.2.
Table G.3. 
Galactocentric coordinates (X, Y, Z) and velocities (U, V, W) of the questionable runaway candidates.


Appendix H:  Colors and magnitudes
In Sect. 3.7 and in Appendix J, the positions of the identified runaway candidates on various color-magnitude diagrams are shown. The tables in this appendix show the plotted data. The absolute magnitudes, MG, were calculated according to Eq. (1). Since the color index GBP − GRP is a quantity that is specific to the Gaia satellite and since the data for some of the stars (γ Gru, γ Crv, α2 CVn, β Lib, ζ Oph) was taken from the HIPPARCOS catalog – which offers the Johnson B − V color index as an equivalent. The following conversion (Wischnewski 2022; van Leeuwen et al. 2022) between these two photometric systems was employed:
[image: Mathematical equation: $$ \begin{aligned} B-V = -0.04152 + 0.070164\ x + 0.1448\ x^{2} - 0.05292\ x^{3} + 0.006061\ x^{4}, \end{aligned} $$](H.1)
where x = GBP − GRP.
H.1. Runaway candidates
Table H.1. 
Photometric data of the runaway candidates.

H.2. Candidates with doubtful runaway status
Table H.2. 
Photometric data of the three questionable runaway candidates.


Appendix I:  Flight paths of ζ Oph and PSR B1706-16
Figure I.1 shows the flight paths of the runaway star ζ Oph and pulsar B1706-16 in relation to the past and present positions of UCL as a whole as well as subgroups SigMA 9, 15, and 21. See Sect. 3.6 for details.
	[image: Thumbnail: Fig. I.1. Refer to the following caption and surrounding text.]	Fig. I.1. Close approaches of PSR B1706-16 and ζ Oph (adapted from Fig. 2 of Neuhäuser et al. 2020). Lower panel: Flight paths (colored lines) for the closest approach of PSR B1706-16 and ζ Oph (best case) projected on the sky (Galactic longitude l versus Galactic latitude b at epoch of date). The paths start at their current positions (left) and are subsequently marked by small crosses after every 0.5 Myr of flight time. They end at the closest approach within 0.5 pc of each other 1.58 Myr before present (center). UCL’s position 1.58 Myr ago is shown as a full green circle and its current location is represented by the dotted green circle. The gray dots show the 117 closest approaches of PSR B1706-16 and ζ Oph (i.e., within 10 pc of each other) inside UCL. Upper panel: Distance, D, versus Galactic longitude, l, for the past flight paths. The lines from ζ Oph and the pulsar do not start directly at their nominal positions (dots) because here, we show the distances that were used as input in that particular run (best case among three million runs with varying input using the measurement uncertainties). All this was for UCL as a whole instead of its SigMA subgroups. See Neuhäuser et al. (2020) for further details. According to our new calculations, we have added the location of the subgroups SigMA 9, 15, and 21 – in each case both their current positions (dotted circles) and at the time of the closest encounter with ζ Oph (full circles). We can see that the flight path of ζ Oph traced back in time led it through SigMA 9 (US) first, then SigMa 15 in UCL, and then, if further extrapolated, also through SigMA 21 (as well as 19 and 20) in LCC. Next, we have also added the neutron star PSR B1706-16 in the traceback calculations; for the results, see Fig. 2 and Sect. 3.6 for more details.




Appendix J:  Color-magnitude diagrams of the individual subgroups
As discussed in Sect. 3.7, one of the methods employed by us to judge how likely it is that our identified runaway candidates indeed once belonged to the respective subgroups of Sco-Cen-Lup is to compare their position on the color-magnitude diagram to those of confirmed members of the respective groups. If the position of the runaway star is comparable to the positions of the subgroup members, it is likely that the runaway star follows a similar evolutionary path as the stars within the respective subgroup. Below, the identified runaways are plotted on the color-magnitude diagrams of the individual subgroups. Here, we only plot the subgroups that allow for at least one supernova and for which at least one runaway candidate was found.
	[image: Thumbnail: Fig. J.1. Refer to the following caption and surrounding text.]	Fig. J.1. Color-magnitude diagrams for subgroups SigMA 5, 8, 9, 10, 13, and 14. The runaways (large red crosses) and questionable runaways (large blue dots; see Sect. 3.1) that encountered these subgroups are shown along with the member stars (gray dots) of each subgroup. For these plots, the membership lists of the subgroups provided by Ratzenboeck et al. (2023) were used to obtain parallaxes, apparent magnitudes, and extinction parameters from Gaia DR3, from which the absolute magnitudes were calculated using Eq. (1). The plotted data for the identified runaway candidates is listed in Appendix H.



	[image: Thumbnail: Fig. J.2. Refer to the following caption and surrounding text.]	Fig. J.2. Color-magnitude diagrams for subgroups SigMA 15, 17, 19, 20, and 21. The runaways (large red crosses) and questionable runaways (large blue dots; see Sect. 3.1) that encountered these subgroups are shown along with the member stars (gray dots) of each subgroup. For these plots, the membership lists of the subgroups provided by Ratzenboeck et al. (2023) were used to obtain parallaxes, apparent magnitudes, and extinction parameters from Gaia DR3, from which the absolute magnitudes were calculated using Eq. (1). The plotted data for the identified runaway candidates is listed in Appendix H.
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	[image: Thumbnail: Fig. 1. Refer to the following caption and surrounding text.]	Fig. 1. Number of calculated encounters per 1000 simulated orbits of the remaining candidates. Upper panel: Bar chart of the calculated encounters of every star-subgroup pair. Lower panel: Histogram displaying how often a certain number of encounters occurs in the sample. The identified threshold of 150 encounters per 1000 simulated orbits is indicated by a dashed red line.
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	[image: Thumbnail: Fig. 2. Refer to the following caption and surrounding text.]	Fig. 2. Close approaches of PSR B1706-16 and ζ Oph in SigMA 15. Lower panel: Flight paths (colored lines) for the closest approach of PSR B1706-16 and ζ Oph (best case) projected on the sky (Galactic longitude l versus Galactic latitude b at epoch of date). The paths start at their current positions (left) and are subsequently marked by small crosses after every 0.5 Myr of flight time. They end at the closest approach within 0.1 pc of each other 1.5 Myr before present (center). SigMA 15 is shown with an orange circle both 1.5 Myr ago (full line) and now (dashed). The gray dots show the 661 closest approaches of PSR B1706-16 and SigMA 15 (i.e., within 10 pc of each other). Upper panel: Distance, D, versus Galactic longitude, l, for the past flight paths. UCL’s position some 1.5 Myr ago is shown as a full green circle, and its current location is represented by the dotted green circle. These are for the best case in Neuhäuser et al. (2020).
In the text



	[image: Thumbnail: Fig. 3. Refer to the following caption and surrounding text.]	Fig. 3. Member stars of Sco-Cen-Lup (small gray dots), the identified runaway candidates (red crosses), and the three questionable runaway candidates (large blue dots; see Sect. 3.1) on the color-magnitude diagram.
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	[image: Thumbnail: Fig. C.1. Refer to the following caption and surrounding text.]	Fig. C.1. Distance distributions of the members of subgroups SigMA 1 - SigMA 12 with data from Ratzenböck et al. (2023b).
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	[image: Thumbnail: Fig. C.2. Refer to the following caption and surrounding text.]	Fig. C.2. Distance distributions of the members of subgroups SigMA 13 - SigMA 24 with data from Ratzenböck et al. (2023b).
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	[image: Thumbnail: Fig. C.3. Refer to the following caption and surrounding text.]	Fig. C.3. Distance distributions of the members of subgroup SigMA 25 with data from Ratzenböck et al. (2023b).
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	[image: Thumbnail: Fig. D.1. Refer to the following caption and surrounding text.]	Fig. D.1. Radial velocity distributions of the members of subgroups SigMA 1 - SigMA 6 plotted primarily with data from Gaia DR3 and supplemented with data from the SIMBAD database.
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	[image: Thumbnail: Fig. D.2. Refer to the following caption and surrounding text.]	Fig. D.2. Radial velocity distributions of the members of subgroups SigMA 7 - SigMA 18 plotted primarily with data from Gaia DR3 and supplemented with data from the SIMBAD database.
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	[image: Thumbnail: Fig. D.3. Refer to the following caption and surrounding text.]	Fig. D.3. Radial velocity distributions of the members of subgroups SigMA 19 - SigMA 25 plotted primarily with data from Gaia DR3 and supplemented with data from the SIMBAD database.
In the text



	[image: Thumbnail: Fig. I.1. Refer to the following caption and surrounding text.]	Fig. I.1. Close approaches of PSR B1706-16 and ζ Oph (adapted from Fig. 2 of Neuhäuser et al. 2020). Lower panel: Flight paths (colored lines) for the closest approach of PSR B1706-16 and ζ Oph (best case) projected on the sky (Galactic longitude l versus Galactic latitude b at epoch of date). The paths start at their current positions (left) and are subsequently marked by small crosses after every 0.5 Myr of flight time. They end at the closest approach within 0.5 pc of each other 1.58 Myr before present (center). UCL’s position 1.58 Myr ago is shown as a full green circle and its current location is represented by the dotted green circle. The gray dots show the 117 closest approaches of PSR B1706-16 and ζ Oph (i.e., within 10 pc of each other) inside UCL. Upper panel: Distance, D, versus Galactic longitude, l, for the past flight paths. The lines from ζ Oph and the pulsar do not start directly at their nominal positions (dots) because here, we show the distances that were used as input in that particular run (best case among three million runs with varying input using the measurement uncertainties). All this was for UCL as a whole instead of its SigMA subgroups. See Neuhäuser et al. (2020) for further details. According to our new calculations, we have added the location of the subgroups SigMA 9, 15, and 21 – in each case both their current positions (dotted circles) and at the time of the closest encounter with ζ Oph (full circles). We can see that the flight path of ζ Oph traced back in time led it through SigMA 9 (US) first, then SigMa 15 in UCL, and then, if further extrapolated, also through SigMA 21 (as well as 19 and 20) in LCC. Next, we have also added the neutron star PSR B1706-16 in the traceback calculations; for the results, see Fig. 2 and Sect. 3.6 for more details.
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	[image: Thumbnail: Fig. J.1. Refer to the following caption and surrounding text.]	Fig. J.1. Color-magnitude diagrams for subgroups SigMA 5, 8, 9, 10, 13, and 14. The runaways (large red crosses) and questionable runaways (large blue dots; see Sect. 3.1) that encountered these subgroups are shown along with the member stars (gray dots) of each subgroup. For these plots, the membership lists of the subgroups provided by Ratzenboeck et al. (2023) were used to obtain parallaxes, apparent magnitudes, and extinction parameters from Gaia DR3, from which the absolute magnitudes were calculated using Eq. (1). The plotted data for the identified runaway candidates is listed in Appendix H.
In the text



	[image: Thumbnail: Fig. J.2. Refer to the following caption and surrounding text.]	Fig. J.2. Color-magnitude diagrams for subgroups SigMA 15, 17, 19, 20, and 21. The runaways (large red crosses) and questionable runaways (large blue dots; see Sect. 3.1) that encountered these subgroups are shown along with the member stars (gray dots) of each subgroup. For these plots, the membership lists of the subgroups provided by Ratzenboeck et al. (2023) were used to obtain parallaxes, apparent magnitudes, and extinction parameters from Gaia DR3, from which the absolute magnitudes were calculated using Eq. (1). The plotted data for the identified runaway candidates is listed in Appendix H.
In the text





    
      Fig. 1. 

      
        [image: Fig. 1. Refer to the following caption and surrounding text.]
      

      
        Number of calculated encounters per 1000 simulated orbits of the remaining candidates. Upper panel: Bar chart of the calculated encounters of every star-subgroup pair. Lower panel: Histogram displaying how often a certain number of encounters occurs in the sample. The identified threshold of 150 encounters per 1000 simulated orbits is indicated by a dashed red line.

      

    

  
    
      Table 1. 

      Runaway stars according to the traced-back flight paths.

      
        


	Star
	SigMA
	No. of
	Group age
	Nenc
	[image: Mathematical equation: $ \overline{s}_{\text{min}} $]
	[image: Mathematical equation: $ t(\overline{s}_{\text{min}}) $]
	vpec,3D
	Penc/Prnd
	Scenario



	
	
	stars
	[Myr]
	[per 1000]
	[pc]
	[Myr]
	[km/s]
	
	





	λ CMa
	21
	1805
	[image: Mathematical equation: $ 15.5_{-0.5}^{+0.6} $]
	243
	4.77
	4.60 ± 1.35
	28.03
	119.17
	BSS



	λ CMa
	17
	516
	[image: Mathematical equation: $ 20.9_{-0.8}^{+0.7} $]
	188
	2.41
	5.41 ± 1.24
	32.17
	93.54
	BSS



	λ CMa
	15
	1114
	[image: Mathematical equation: $ 16.9_{-0.6}^{+0.9} $]
	163
	4.09
	5.61 ± 1.22
	30.85
	97.57
	BSS



	




	HD 160093
	10
	1029
	[image: Mathematical equation: $ 15.0_{-1.4}^{+0.9} $]
	172
	2.74
	6.68 ± 0.79
	43.64
	747.54
	BSS



	




	66 Eri
	8
	373
	[image: Mathematical equation: $ 14.7_{-0.7}^{+0.8} $]
	211
	1.78
	8.20 ± 1.65
	22.82
	136.12
	BSS



	66 Eri
	17
	516
	[image: Mathematical equation: $ 20.9_{-0.8}^{+0.7} $]
	172
	1.23
	7.48 ± 2.14
	24.09
	86.14
	BSS



	66 Eri
	14
	769
	[image: Mathematical equation: $ 15.3_{-0.3}^{+0.6} $]
	166
	1.63
	7.35 ± 1.52
	23.03
	162.36
	BSS



	




	γ Gru
	8
	373
	[image: Mathematical equation: $ 14.7_{-0.7}^{+0.8} $]
	266
	4.27
	2.38 ± 0.48
	29.58
	80.78
	BSS



	γ Gru
	13
	226
	[image: Mathematical equation: $ 6.0_{-0.9}^{+0.6} $]
	233
	0.72
	5.79 ± 0.58
	29.93
	346.36
	DES



	γ Gru
	14
	769
	[image: Mathematical equation: $ 15.3_{-0.3}^{+0.6} $]
	186
	3.81
	4.52 ± 0.57
	32.54
	59.18
	BSS



	




	γ Crv
	15
	1114
	[image: Mathematical equation: $ 16.9_{-0.6}^{+0.9} $]
	515
	2.75
	2.60 ± 0.74
	31.16
	78.48
	BSS



	γ Crv
	13
	226
	[image: Mathematical equation: $ 6.0_{-0.9}^{+0.6} $]
	305
	0.29
	3.98 ± 0.45
	32.02
	281.48
	DES



	γ Crv
	14
	769
	[image: Mathematical equation: $ 15.3_{-0.3}^{+0.6} $]
	201
	6.41
	3.25 ± 0.65
	32.00
	66.70
	BSS



	γ Crv
	17
	516
	[image: Mathematical equation: $ 20.9_{-0.8}^{+0.7} $]
	172
	4.94
	4.03 ± 0.88
	32.76
	20.94
	BSS



	




	α2 CVn
	8
	373
	[image: Mathematical equation: $ 14.7_{-0.7}^{+0.8} $]
	153
	4.58
	4.95 ± 0.73
	31.08
	38.10
	BSS



	




	β Lib
	9
	276
	[image: Mathematical equation: $ 19.1_{-1.3}^{+2.4} $]
	201
	4.11
	2.38 ± 0.48
	34.19
	24.96
	BSS



	




	ζ Oph
	9
	276
	[image: Mathematical equation: $ 19.1_{-1.3}^{+2.4} $]
	393
	1.35
	0.86 ± 0.10
	52.31
	4.68
	BSS



	ζ Oph
	21
	1805
	[image: Mathematical equation: $ 15.5_{-0.5}^{+0.6} $]
	307
	3.29
	2.72 ± 0.24
	55.23
	11.53
	BSS



	ζ Oph
	15
	1114
	[image: Mathematical equation: $ 16.9_{-0.6}^{+0.9} $]
	271
	2.09
	1.60 ± 0.14
	52.99
	5.20
	BSS



	ζ Oph
	19
	246
	[image: Mathematical equation: $ 14.4_{-0.9}^{+0.4} $]
	190
	0.79
	2.38 ± 0.16
	54.29
	15.34
	BSS



	ζ Oph
	20
	1737
	[image: Mathematical equation: $ 15.7_{-0.9}^{+0.3} $]
	162
	6.61
	2.21 ± 0.17
	53.67
	5.64
	BSS





      

      
Notes. The number of calculated close encounters (Nenc) per 1000 simulated orbits is indicated for each star-subgroup pair, along with the mean minimum separation ([image: Mathematical equation: $ \overline{s}_{\text{min}} $]), how far in the past the encounter occurred ([image: Mathematical equation: $ t(\overline{s}_{\text{min}}) $]), the peculiar velocity of the candidates with respect to the corresponding subgroups (vpec,3D) as well as the ratio between the number of true close encounters and the number of random pairings (Penc/Prnd). For each star-subgroup pair, a flag indicates which ejection scenario is the likeliest based on the difference between the subgroup’s age and the time that has passed since the ejection; if the difference is below 3 Myr, it likely was ejected dynamically (DES) and if the difference is 3–4 Myr, it was ejected by either DES or BSS. Otherwise, the ejection was likely caused by the binary supernova scenario (BSS). Note that initially, in order to identify the most promising runaway candidates (i.e., those listed here), 1000 traceback simulations were run per star-subgroup pair. For this selection of candidates, the traceback simulations were repeated, but this time with 300 000 runs for each star-subgroup pair; the column Nenc now lists the number of calculated encounters from these repeated traceback runs scaled down to 1000 simulations in order to maintain comparability with Fig. 1 and our reasoning described in Sect. 2.4. Additionally, for each star, the literature was checked in order to determine whether it was previously known as a runaway star, where Tetzlaff et al. (2011, abbreviated as T11), Hoogerwerf et al. (2001, H01), Mdzinarishvili (2004, which did not include any of the stars presented here), Mdzinarishvili & Chargeishvili (2005, which also did not include any of these stars), Carretero-Castrillo et al. (2023, which did not include the stars presented here, either), and Maíz Apellániz et al. (2018, MA18) were used as references. We note that γ Gru (T11), γ Crv (T11), and ζ Oph (T11, H01, MA18) are indeed known runaway stars or candidates.



    

  
    
      Fig. 2. 

      
        [image: Fig. 2. Refer to the following caption and surrounding text.]
      

      
        Close approaches of PSR B1706-16 and ζ Oph in SigMA 15. Lower panel: Flight paths (colored lines) for the closest approach of PSR B1706-16 and ζ Oph (best case) projected on the sky (Galactic longitude l versus Galactic latitude b at epoch of date). The paths start at their current positions (left) and are subsequently marked by small crosses after every 0.5 Myr of flight time. They end at the closest approach within 0.1 pc of each other 1.5 Myr before present (center). SigMA 15 is shown with an orange circle both 1.5 Myr ago (full line) and now (dashed). The gray dots show the 661 closest approaches of PSR B1706-16 and SigMA 15 (i.e., within 10 pc of each other). Upper panel: Distance, D, versus Galactic longitude, l, for the past flight paths. UCL’s position some 1.5 Myr ago is shown as a full green circle, and its current location is represented by the dotted green circle. These are for the best case in Neuhäuser et al. (2020).

      

    

  
    
      Fig. 3. 

      
        [image: Fig. 3. Refer to the following caption and surrounding text.]
      

      
        Member stars of Sco-Cen-Lup (small gray dots), the identified runaway candidates (red crosses), and the three questionable runaway candidates (large blue dots; see Sect. 3.1) on the color-magnitude diagram.

      

    

  
    
      Table A.1. 

      Subgroups of Sco-Cen-Lup as identified by Ratzenböck et al. (2023b).

      
        


	SigMA
	Reg.
	Group name
	No. of
	BPRP age
	α
	δ
	π
	[image: Mathematical equation: $ \mu^{*}_{\alpha} $]
	μδ
	R
	πtrace
	vrad



	
	
	
	stars
	[Myr]
	[h m s]
	[d m s]
	[mas]
	[mas/yr]
	[mas/yr]
	[pc]
	[mas]
	[km/s]





	1
	US
	ρ Oph/L1688
	338–535
	[image: Mathematical equation: $ 3.8^{+0.4}_{-0.4} $]
	16 26 12.3
	-24 11 22
	[image: Mathematical equation: $ 7.20^{+0.23}_{-0.28} $]
	[image: Mathematical equation: $ -\phantom{0}6.81^{+1.36}_{-1.56} $]
	[image: Mathematical equation: $ -25.91^{+1.78}_{-1.58} $]
	6.57
	7.20 ± 0.61
	[image: Mathematical equation: $ -8.77\pm\phantom{0}2.64 $]



	2
	US
	ν Sco
	98–150
	[image: Mathematical equation: $ 5.8^{+1.8}_{-0.5} $]
	16 11 06.2
	-19 27 17
	[image: Mathematical equation: $ 7.18^{+0.16}_{-0.20} $]
	[image: Mathematical equation: $ -\phantom{0}8.47^{+0.74}_{-0.81} $]
	[image: Mathematical equation: $ -24.50^{+0.76}_{-0.98} $]
	4.90
	7.18 ± 0.43
	[image: Mathematical equation: $ -6.67\pm\phantom{0}2.59 $]



	3
	US
	δ Sco
	485–691
	[image: Mathematical equation: $ 9.8^{+1.2}_{-1.4} $]
	16 01 43.2
	-22 44 26
	[image: Mathematical equation: $ 7.03^{+0.20}_{-0.25} $]
	[image: Mathematical equation: $ -12.24^{+2.04}_{-2.54} $]
	[image: Mathematical equation: $ -23.92^{+1.27}_{-1.35} $]
	6.15
	7.03 ± 0.54
	[image: Mathematical equation: $ -5.77\pm\phantom{0}2.58 $]



	4
	US
	β Sco
	200–285
	[image: Mathematical equation: $ 7.6^{+0.8}_{-0.7} $]
	16 05 41.9
	-19 50 30
	[image: Mathematical equation: $ 6.49^{+0.19}_{-0.25} $]
	[image: Mathematical equation: $ -\phantom{0}9.39^{+1.37}_{-1.07} $]
	[image: Mathematical equation: $ -21.69^{+1.00}_{-1.73} $]
	6.92
	6.49 ± 0.51
	[image: Mathematical equation: $ -4.49\pm\phantom{0}3.28 $]



	5
	US
	σ Sco
	381–544
	[image: Mathematical equation: $ 10.0^{+1.0}_{-0.5} $]
	16 17 49.8
	-25 07 51
	[image: Mathematical equation: $ 6.29^{+0.23}_{-0.26} $]
	[image: Mathematical equation: $ -10.68^{+1.47}_{-1.37} $]
	[image: Mathematical equation: $ -21.79^{+1.34}_{-1.87} $]
	7.67
	6.29 ± 0.57
	[image: Mathematical equation: $ -3.94\pm\phantom{0}4.17 $]



	6
	US
	Antares
	347–502
	[image: Mathematical equation: $ 12.7^{+0.4}_{-1.7} $]
	16 24 38.3
	-24 23 48
	[image: Mathematical equation: $ 7.21^{+0.45}_{-0.44} $]
	[image: Mathematical equation: $ -11.00^{+1.59}_{-1.25} $]
	[image: Mathematical equation: $ -23.31^{+2.15}_{-2.00} $]
	9.70
	7.21 ± 1.06
	[image: Mathematical equation: $ -4.94\pm\phantom{0}4.02 $]



	7
	US
	ρ Sco
	173–240
	[image: Mathematical equation: $ 13.7^{+1.3}_{-0.6} $]
	16 11 11.6
	-26 05 47
	[image: Mathematical equation: $ 7.21^{+0.47}_{-0.36} $]
	[image: Mathematical equation: $ -15.98^{+1.96}_{-2.08} $]
	[image: Mathematical equation: $ -24.14^{+1.65}_{-1.72} $]
	9.89
	7.21 ± 1.10
	[image: Mathematical equation: $ -3.00\pm\phantom{0}4.27 $]



	8
	US
	Scorpio-Body
	262–373
	[image: Mathematical equation: $ 14.7^{+0.8}_{-0.7} $]
	16 49 00.2
	-33 23 25
	[image: Mathematical equation: $ 7.08^{+0.91}_{-0.58} $]
	[image: Mathematical equation: $ -\phantom{0}8.04^{+2.92}_{-1.91} $]
	[image: Mathematical equation: $ -26.82^{+3.67}_{-3.55} $]
	16.92
	7.08 ± 2.16
	[image: Mathematical equation: $ -2.50\pm\phantom{0}3.39 $]



	9
	US
	US-Foreground
	204–276
	[image: Mathematical equation: $ 19.1^{+2.4}_{-1.3} $]
	16 01 05.5
	-24 29 35
	[image: Mathematical equation: $ 9.05^{+0.67}_{-0.74} $]
	[image: Mathematical equation: $ -19.97^{+2.74}_{-2.86} $]
	[image: Mathematical equation: $ -31.25^{+4.09}_{-3.02} $]
	10.86
	9.05 ± 1.82
	[image: Mathematical equation: $ -4.90\pm\phantom{0}2.75 $]



	




	10
	UCL
	V1062-Sco
	760–1029
	[image: Mathematical equation: $ 15.0^{+0.9}_{-1.4} $]
	16 38 49.9
	-39 49 26
	[image: Mathematical equation: $ 5.66^{+0.23}_{-0.24} $]
	[image: Mathematical equation: $ -12.14^{+0.96}_{-2.02} $]
	[image: Mathematical equation: $ -21.15^{+0.93}_{-0.82} $]
	9.80
	5.66 ± 0.59
	[image: Mathematical equation: $ 0.55\pm\phantom{0}4.10 $]



	11
	UCL
	μ Sco
	43–54
	[image: Mathematical equation: $ 17.2^{+0.9}_{-2.4} $]
	16 52 09.9
	-37 59 55
	[image: Mathematical equation: $ 6.07^{+0.20}_{-0.20} $]
	[image: Mathematical equation: $ -11.75^{+0.42}_{-0.83} $]
	[image: Mathematical equation: $ -22.61^{+0.55}_{-0.37} $]
	4.70
	6.07 ± 0.39
	−3.79 ± 12.87



	12
	UCL
	Libra-South
	54–71
	[image: Mathematical equation: $ 20.0^{+2.5}_{-2.2} $]
	15 20 28.6
	-23 36 46
	[image: Mathematical equation: $ 6.34^{+0.30}_{-0.19} $]
	[image: Mathematical equation: $ -14.87^{+1.55}_{-1.76} $]
	[image: Mathematical equation: $ -20.92^{+1.22}_{-1.03} $]
	7.60
	6.34 ± 0.65
	[image: Mathematical equation: $ -3.47\pm\phantom{0}6.25 $]



	13
	UCL
	Lupus 1-4
	137–226
	[image: Mathematical equation: $ 6.0^{+0.6}_{-0.9} $]
	16 08 17.3
	-39 04 03
	[image: Mathematical equation: $ 6.27^{+0.16}_{-0.22} $]
	[image: Mathematical equation: $ -10.54^{+1.51}_{-1.67} $]
	[image: Mathematical equation: $ -23.39^{+1.01}_{-1.02} $]
	8.45
	6.27 ± 0.53
	[image: Mathematical equation: $ 0.12\pm\phantom{0}3.32 $]



	14
	UCL
	η Lup
	580–769
	[image: Mathematical equation: $ 15.3^{+0.6}_{-0.3} $]
	16 05 03.2
	-37 55 20
	[image: Mathematical equation: $ 7.37^{+1.04}_{-0.46} $]
	[image: Mathematical equation: $ -17.63^{+2.28}_{-2.01} $]
	[image: Mathematical equation: $ -27.84^{+2.12}_{-3.93} $]
	15.09
	7.37 ± 2.26
	[image: Mathematical equation: $ 0.75\pm\phantom{0}4.35 $]



	15
	UCL
	ϕ Lup
	792–1114
	[image: Mathematical equation: $ 16.9^{+0.9}_{-0.6} $]
	15 21 47.1
	-35 54 11
	[image: Mathematical equation: $ 7.65^{+1.06}_{-0.78} $]
	[image: Mathematical equation: $ -20.99^{+2.67}_{-4.71} $]
	[image: Mathematical equation: $ -25.60^{+3.00}_{-4.16} $]
	17.33
	7.65 ± 2.61
	[image: Mathematical equation: $ 1.14\pm\phantom{0}4.26 $]



	16
	UCL
	Norma-North
	32–42
	[image: Mathematical equation: $ 42.1^{+9.0}_{-8.9} $]
	15 44 34.0
	-46 47 14
	[image: Mathematical equation: $ 9.44^{+0.80}_{-0.56} $]
	[image: Mathematical equation: $ -27.93^{+2.68}_{-2.41} $]
	[image: Mathematical equation: $ -42.80^{+2.50}_{-4.59} $]
	8.24
	9.44 ± 1.74
	[image: Mathematical equation: $ 2.23\pm\phantom{0}2.07 $]



	17
	UCL
	e Lup
	401–516
	[image: Mathematical equation: $ 20.9^{+0.7}_{-0.8} $]
	15 10 40.0
	-44 40 35
	[image: Mathematical equation: $ 6.89^{+0.65}_{-0.49} $]
	[image: Mathematical equation: $ -20.80^{+2.73}_{-4.62} $]
	[image: Mathematical equation: $ -21.67^{+1.78}_{-1.60} $]
	15.26
	6.89 ± 1.63
	[image: Mathematical equation: $ 6.10\pm\phantom{0}5.11 $]



	18
	UCL
	UPK606
	97–131
	[image: Mathematical equation: $ 13.4^{+1.4}_{-0.7} $]
	14 28 13.5
	-45 55 11
	[image: Mathematical equation: $ 5.92^{+0.27}_{-0.25} $]
	[image: Mathematical equation: $ -20.07^{+1.27}_{-0.73} $]
	[image: Mathematical equation: $ -17.01^{+0.71}_{-1.17} $]
	8.44
	5.92 ± 0.61
	[image: Mathematical equation: $ 7.90\pm\phantom{0}6.06 $]



	19
	UCL
	ρ Lup
	182–246
	[image: Mathematical equation: $ 14.4^{+0.4}_{-0.9} $]
	14 08 59.4
	-51 11 50
	[image: Mathematical equation: $ 8.16^{+0.55}_{-0.57} $]
	[image: Mathematical equation: $ -26.22^{+2.43}_{-2.95} $]
	[image: Mathematical equation: $ -23.13^{+3.50}_{-2.37} $]
	9.63
	8.16 ± 1.35
	[image: Mathematical equation: $ 8.19\pm\phantom{0}3.40 $]



	20
	UCL
	ν Cen
	1265–1737
	[image: Mathematical equation: $ 15.7^{+0.3}_{-0.9} $]
	14 13 18.8
	-42 55 59
	[image: Mathematical equation: $ 7.21^{+0.67}_{-0.69} $]
	[image: Mathematical equation: $ -23.33^{+5.86}_{-4.69} $]
	[image: Mathematical equation: $ -20.27^{+2.26}_{-2.61} $]
	16.52
	7.21 ± 1.85
	[image: Mathematical equation: $ 6.19\pm\phantom{0}5.06 $]



	




	21
	LCC
	σ Cen
	1308–1805
	[image: Mathematical equation: $ 15.5^{+0.6}_{-0.5} $]
	12 42 05.2
	-54 29 49
	[image: Mathematical equation: $ 8.71^{+0.87}_{-1.05} $]
	[image: Mathematical equation: $ -33.23^{+4.14}_{-3.71} $]
	[image: Mathematical equation: $ -13.67^{+3.91}_{-5.10} $]
	17.34
	8.71 ± 2.78
	[image: Mathematical equation: $ 11.82\pm\phantom{0}3.33 $]



	22
	LCC
	Acrux
	276–394
	[image: Mathematical equation: $ 11.2^{+1.0}_{-1.0} $]
	12 26 28.6
	-64 43 22
	[image: Mathematical equation: $ 9.41^{+0.47}_{-0.37} $]
	[image: Mathematical equation: $ -37.73^{+1.83}_{-1.67} $]
	[image: Mathematical equation: $ -11.36^{+2.84}_{-4.43} $]
	5.75
	9.41 ± 1.07
	[image: Mathematical equation: $ 12.66\pm\phantom{0}2.54 $]



	23
	LCC
	Musca-Foreground
	66-95
	[image: Mathematical equation: $ 10.2^{+1.0}_{-0.7} $]
	12 20 29.5
	-73 00 14
	[image: Mathematical equation: $ 9.79^{+0.30}_{-0.40} $]
	[image: Mathematical equation: $ -39.37^{+1.82}_{-1.57} $]
	[image: Mathematical equation: $ -\phantom{0}9.33^{+4.36}_{-3.95} $]
	4.77
	9.79 ± 0.81
	[image: Mathematical equation: $ 12.74\pm\phantom{0}2.32 $]



	24
	LCC
	ϵ Cham
	23–39
	[image: Mathematical equation: $ 8.8^{+0.6}_{-0.4} $]
	12 00 40.6
	-78 35 08
	[image: Mathematical equation: $ 9.81^{+0.18}_{-0.26} $]
	[image: Mathematical equation: $ -41.23^{+2.27}_{-0.87} $]
	[image: Mathematical equation: $ -\phantom{0}6.05^{+2.04}_{-2.99} $]
	3.87
	9.81 ± 0.60
	[image: Mathematical equation: $ 14.56\pm\phantom{0}1.47 $]



	25
	LCC
	η Cham
	20–30
	[image: Mathematical equation: $ 9.4^{+1.4}_{-0.9} $]
	08 43 08.2
	-79 00 19
	[image: Mathematical equation: $ 10.14^{+0.40}_{-0.13} $]
	[image: Mathematical equation: $ -30.16^{+1.93}_{-4.40} $]
	[image: Mathematical equation: $ 26.86^{+1.24}_{-5.90} $]
	4.33
	10.14 ± 0.90
	[image: Mathematical equation: $ 16.49\pm\phantom{0}1.56 $]





      

      
Notes. The SigMA identification numbers, the traditional region each group belongs to, the group names and the number of member stars of each group are taken from Ratzenböck et al. (2023b). Cluster ages are from Ratzenböck et al. (2023a). Positions (α, δ), parallaxes (π) and proper motions ([image: Mathematical equation: $ \mu^{*}_{\alpha} $], μδ) are from Ratzenböck et al. (2023b) and Ratzenboeck et al. (2023). See Sect. 2.2.1 for an explanation of how the group radii R were determined. πtrace are the parallax values from Ratzenböck et al. (2023b) with larger margins of error that incorporate the respective group radius (see Sect. 2.2.1). See Sect. 2.2.2 for an explanation of how the radial velocities vrad were obtained.



    

  
    
      Fig. C.1. 

      
        [image: Fig. C.1. Refer to the following caption and surrounding text.]
      

      
        Distance distributions of the members of subgroups SigMA 1 - SigMA 12 with data from Ratzenböck et al. (2023b).

      

    

  
    
      Fig. C.2. 

      
        [image: Fig. C.2. Refer to the following caption and surrounding text.]
      

      
        Distance distributions of the members of subgroups SigMA 13 - SigMA 24 with data from Ratzenböck et al. (2023b).

      

    

  
    
      Fig. C.3. 

      
        [image: Fig. C.3. Refer to the following caption and surrounding text.]
      

      
        Distance distributions of the members of subgroup SigMA 25 with data from Ratzenböck et al. (2023b).

      

    

  
    
      Fig. D.1. 

      
        [image: Fig. D.1. Refer to the following caption and surrounding text.]
      

      
        Radial velocity distributions of the members of subgroups SigMA 1 - SigMA 6 plotted primarily with data from Gaia DR3 and supplemented with data from the SIMBAD database.

      

    

  
    
      Fig. D.2. 

      
        [image: Fig. D.2. Refer to the following caption and surrounding text.]
      

      
        Radial velocity distributions of the members of subgroups SigMA 7 - SigMA 18 plotted primarily with data from Gaia DR3 and supplemented with data from the SIMBAD database.

      

    

  
    
      Fig. D.3. 

      
        [image: Fig. D.3. Refer to the following caption and surrounding text.]
      

      
        Radial velocity distributions of the members of subgroups SigMA 19 - SigMA 25 plotted primarily with data from Gaia DR3 and supplemented with data from the SIMBAD database.

      

    

  
    
      Table E.1. 

      Questionable runaway candidates. There are three stars in the sample with space velocities that are significantly larger than those of the other candidates.

      
        


	Star
	SigMA
	Group age
	Nenc
	[image: Mathematical equation: $ \overline{s}_{\text{min}} $]
	[image: Mathematical equation: $ t(\overline{s}_{\text{min}}) $]
	vpec,3D
	vrad
	Ref.



	
	
	[Myr]
	[per 1000]
	[pc]
	[Myr]
	[km/s]
	[km/s]
	vrad





	Cl* NGC 2264 VAS 133
	14
	[image: Mathematical equation: $ 15.3_{-0.3}^{+0.6} $]
	171
	2.05
	6.04±0.75
	108.79
	120.60 ± 2.00
	[b]



	Cl* NGC 2264 VAS 133
	8
	[image: Mathematical equation: $ 14.7_{-0.7}^{+0.8} $]
	168
	4.65
	6.09±0.75
	110.44
	120.60 ± 2.00
	[b]



	




	Gaia DR3 4096398244806369792
	17
	[image: Mathematical equation: $ 20.9_{-0.8}^{+0.7} $]
	197
	1.47
	5.36±0.84
	231.28
	221.33 ± 26.69
	[a]



	Gaia DR3 4096398244806369792
	21
	[image: Mathematical equation: $ 15.5_{-0.5}^{+0.6} $]
	185
	0.93
	5.62±0.88
	234.60
	221.33 ± 26.69
	[a]



	Gaia DR3 4096398244806369792
	10
	[image: Mathematical equation: $ 15.0_{-1.4}^{+0.9} $]
	167
	1.57
	4.85±0.54
	231.08
	221.33 ± 26.69
	[a]



	




	Gaia DR3 4111239113458529152
	5
	[image: Mathematical equation: $ 10.0_{-0.5}^{+1.0} $]
	200
	4.18
	2.18±0.11
	641.88
	635.55 ± 8.26
	[a]



	Gaia DR3 4111239113458529152
	15
	[image: Mathematical equation: $ 16.9_{-0.6}^{+0.9} $]
	198
	10.67
	2.32±0.14
	643.18
	635.55 ± 8.26
	[a]





      

      
Notes. In all three cases, the main reason for these high velocities are the respective radial velocities, which are included in this table along with the corresponding references ([a]: Gaia DR3; [b]: Hourihane et al. 2023). Additionally, the last two of these are also outliers on the color-magnitude diagram. The status as good runaway stars of these candidates remains doubtful until more research is conducted.



    

  
    
      Table F.1. 

      Astrometric parameters of the identified runaway candidates.

      
        


	Star
	α [h m s]
	δ [d m s]
	π [mas]
	[image: Mathematical equation: $ \mu_{\alpha}^{*} $] [mas/yr]
	μδ [mas/yr]
	vrad [km/s]
	Ref. vrad





	λ CMa
	06 28 10.1906
	-32 34 47.8387
	7.41±0.11
	-13.78±0.10
	25.46±0.11
	41.00±4.10
	(2)



	HD 160093
	17 39 28.7275
	-32 12 26.3260
	2.16±0.02
	-1.00±0.02
	-5.88±0.02
	39.23±2.58
	(3)



	66 Eri
	05 06 45.6628
	-04 39 18.6093
	10.73±0.11
	9.31±0.11
	-0.52±0.08
	32.60±2.80
	(2)



	γ Gru
	21 53 55.6541
	-37 21 53.3624
	15.45±0.67
	98.07±0.60
	-13.22±0.40
	0.10±0.40
	(2)



	γ Crv
	12 15 48.4679
	-17 32 31.1413
	19.78±0.81
	-159.58±0.66
	22.31±0.54
	-4.20±2.60
	(2)



	α2 CVn
	12 56 01.8409
	+38 19 05.6862
	29.60±1.04
	-233.43±1.01
	54.98±0.78
	-4.10±0.20
	(2)



	β Lib
	15 17 00.4718
	-09 22 58.3210
	17.62±0.16
	-98.10±0.18
	-19.65±0.15
	-35.60±1.80
	(2)



	ζ Oph
	16 37 09.5300
	-10 34 01.7465
	8.91±0.20
	15.26±0.26
	24.79±0.22
	12.20±3.30
	(5)





      

      
Notes. For the first three stars in this table, coordinates α and δ, parallaxes π as well as proper motions [image: Mathematical equation: $ \mu_{\alpha}^{*} $] and μδ were taken from Gaia DR3; for γ Crv and α2 CVn, the corresponding data was taken from the HIPPARCOS catalog and in the cases of γ Gru, β Lib and ζ Oph, this data was taken from van Leeuwen (2007). References for the presented radial velocities vrad are indicated by the following indices: (2): XHIP; (3): Frinchaboy & Majewski (2008); (5): Zehe et al. (2018).



    

  
    
      Table F.2. 

      Astrometric parameters of the questionable runaway candidates.

      
        


	Star
	α [h m s]
	δ [d m s]
	π [mas]
	[image: Mathematical equation: $ \mu_{\alpha}^{*} $] [mas/yr]
	μδ [mas/yr]
	vrad [km/s]
	Ref. vrad





	Cl* NGC 2264 VAS 133
	06 41 09.9986
	+09 27 46.0740
	1.76±0.20
	-2.48±0.20
	-2.54±0.16
	120.60±2.00
	(4)



	Gaia DR3 4096398244806369792
	18 17 23.6627
	-18 14 14.8172
	0.71±0.11
	1.00±0.13
	-0.71±0.10
	221.33±26.69
	(1)



	Gaia DR3 4111239113458529152
	17 26 57.8761
	-24 15 12.7072
	0.61±0.04
	2.24±0.05
	-1.61±0.03
	635.55±8.26
	(1)





      

      
Notes. For all three stars, coordinates α and δ, parallaxes π as well as proper motions [image: Mathematical equation: $ \mu_{\alpha}^{*} $] and μδ were taken from Gaia DR3. References for the presented radial velocities vrad are indicated by the following indices: (1): Gaia DR3; (4): Jönsson et al. (2020).



    

  
    
      Table G.1. 

      Galactocentric coordinates (X, Y, Z) and velocities (U, V, W) of the subgroups of Sco-Cen-Lup.

      
        


	SigMA
	X [pc]
	Y [pc]
	Z [pc]
	U [km/s]
	V [km/s]
	W [km/s]





	1
	-8167.90
	-15.73
	67.42
	3.19
	217.29
	-2.87



	2
	-8172.30
	-12.37
	80.58
	6.05
	216.96
	-1.55



	3
	-8170.19
	-22.27
	80.19
	4.94
	215.81
	-0.01



	4
	-8159.55
	-16.69
	88.03
	7.39
	216.34
	0.08



	5
	-8150.28
	-23.33
	75.30
	6.28
	215.26
	1.04



	6
	-8168.10
	-16.66
	67.72
	5.76
	216.49
	1.22



	7
	-8170.13
	-24.48
	70.20
	5.90
	214.14
	2.98



	8
	-8162.45
	-25.82
	44.52
	6.36
	215.57
	-0.23



	9
	-8199.11
	-19.92
	66.16
	4.45
	214.33
	1.50



	10
	-8131.11
	-51.25
	40.92
	6.12
	212.81
	3.16



	11
	-8140.06
	-39.29
	37.70
	3.03
	214.13
	2.94



	12
	-8166.97
	-43.72
	100.26
	4.92
	214.92
	0.66



	13
	-8152.02
	-55.25
	52.76
	6.05
	214.95
	-0.11



	14
	-8174.44
	-46.08
	51.87
	5.66
	212.37
	2.00



	15
	-8187.49
	-54.38
	66.44
	4.99
	213.22
	2.25



	16
	-8207.68
	-50.88
	38.50
	2.10
	209.46
	-0.78



	17
	-8180.15
	-76.56
	55.47
	6.27
	211.64
	3.26



	18
	-8174.06
	-105.53
	66.67
	5.29
	210.97
	2.74



	19
	-8214.01
	-85.52
	47.72
	4.66
	212.35
	0.51



	20
	-8200.51
	-87.87
	68.36
	4.70
	212.67
	1.87



	21
	-8240.35
	-96.95
	43.51
	2.63
	211.94
	0.97



	22
	-8246.57
	-91.49
	23.16
	1.50
	212.31
	-0.67



	23
	-8248.86
	-86.35
	8.65
	1.06
	213.14
	-1.68



	24
	-8250.51
	-84.63
	-1.22
	0.84
	212.24
	-3.37



	25
	-8264.86
	-85.05
	-9.56
	-0.64
	212.89
	-3.66





      

    

  
    
      Table G.2. 

      Galactocentric coordinates (X, Y, Z) and velocities (U, V, W) of the runaway candidates.

      
        


	Star
	X [pc]
	Y [pc]
	Z [pc]
	U [km/s]
	V [km/s]
	W [km/s]





	λ CMa
	-8362.77
	-111.41
	-16.20
	-23.60
	208.10
	-8.16



	HD 160093
	-7837.24
	-28.11
	20.65
	49.45
	217.79
	1.69



	66 Eri
	-8376.57
	-35.30
	-12.67
	-16.16
	217.33
	-3.43



	γ Gru
	-8082.02
	4.29
	-29.94
	-9.80
	237.95
	-10.87



	γ Crv
	-8286.93
	-33.67
	62.39
	-25.45
	219.83
	2.90



	α2 CVn
	-8302.97
	5.79
	60.15
	-24.51
	218.12
	2.30



	β Lib
	-8078.35
	-6.10
	56.58
	-26.46
	227.98
	-3.70



	ζ Oph
	-8019.62
	11.25
	65.45
	21.87
	262.12
	13.72





      

    

  
    
      Table G.3. 

      Galactocentric coordinates (X, Y, Z) and velocities (U, V, W) of the questionable runaway candidates.

      
        


	Star
	X [pc]
	Y [pc]
	Z [pc]
	U [km/s]
	V [km/s]
	W [km/s]





	Cl* NGC 2264 VAS 133
	-8822.54
	-225.56
	49.00
	-98.67
	181.57
	2.82



	Gaia DR3 4096398244806369792
	-6931.09
	313.33
	-2.18
	226.86
	280.59
	-5.44



	Gaia DR3 4111239113458529152
	-6665.20
	49.00
	194.39
	645.28
	250.34
	50.60





      

    

  
    
      Table H.1. 

      Photometric data of the runaway candidates.

      
        


	Star
	SpT
	π [mas]
	GBP − GRP
	mG [mag]
	AG [mag]
	Ref. AG
	MG [mag]





	λ CMa
	B4v
	7.41±0.11
	-0.2241
	4.4270
	0.0002±0.0002
	[1]
	[image: Mathematical equation: $ -1.2247_{-0.0319}^{+0.0314} $]



	HD 160093
	B9iii
	2.16±0.02
	0.2612
	9.3713
	0.7503±0.0025
	[1]
	[image: Mathematical equation: $ 0.2902_{-0.0246}^{+0.0245} $]



	66 Eri
	B9.5(v)
	10.73±0.11
	-0.0710
	5.0856
	0.0069±0.0037
	[1]
	[image: Mathematical equation: $ 0.2312_{-0.0282}^{+0.0257} $]



	γ Gru
	B7iv
	15.45±0.67
	-0.0613
	3.0000
	0.0100
	[2]
	[image: Mathematical equation: $ -1.0654_{-0.0962}^{+0.0922} $]



	γ Crv
	B5/7
	19.78±0.81
	-0.0953
	2.5800
	0.0400
	[2]
	[image: Mathematical equation: $ -0.9789_{-0.0908}^{+0.0872} $]



	α2 CVn
	B7v
	29.60±1.04
	-0.1072
	2.8900
	0.1150
	[3]
	[image: Mathematical equation: $ 0.1315_{-0.0777}^{+0.0750} $]



	β Lib
	B7.5iv
	17.62±0.16
	-0.0424
	2.6100
	0.0800
	[2]
	[image: Mathematical equation: $ -1.2400_{-0.0200}^{+0.0197} $]



	ζ Oph
	O9.2ivnn
	8.91±0.20
	0.1109
	2.5400
	0.8200
	[4]
	[image: Mathematical equation: $ -3.5306_{-0.0493}^{+0.0482} $]





      

      
Notes. All spectral types (SpT) are taken from Skiff (2014, see references therein). For the first three stars in this table, parallaxes π, color indices GBP − GRP, apparent magnitudes mG and extinction parameters AG were taken from Gaia DR3. For the rest of the stars, apparent magnitudes were retrieved from HIPPARCOS. For γ Crv and α2 CVn, parallaxes were taken from the HIPPARCOS catalog and in the cases of γ Gru, β Lib and ζ Oph, the parallax values from van Leeuwen (2007) were used. Their GBP − GRP colors were converted from their B − V indices from HIPPARCOS as described above. The references of the extinction parameters are: [1]: Gaia DR3; [2]: Gontcharov (2012); [3]: Ghazaryan et al. (2018); [4]: Maiz Apellaniz & Barba (2018).



    

  
    
      Table H.2. 

      Photometric data of the three questionable runaway candidates.

      
        


	Star
	SpT
	π [mas]
	GBP − GRP
	mG [mag]
	AG [mag]
	MG [mag]





	Cl* NGC 2264 VAS 133
	B9v
	1.76±0.20
	0.3563
	10.1584
	0.8743±0.0042
	
[image: Mathematical equation: $ 0.5062_{-0.2618}^{+0.2343} $]



	Gaia DR3 4096398244806369792
	-
	0.71±0.11
	1.2264
	12.8916
	2.4663±0.0111
	
[image: Mathematical equation: $ -0.3124_{-0.3887}^{+0.3331} $]



	Gaia DR3 4111239113458529152
	-
	0.61±0.04
	1.5315
	15.0641
	2.9180±0.0178
	
[image: Mathematical equation: $ 1.0666_{-0.1584}^{+0.1574} $]





      

      
Notes. Spectral types (SpT) are taken from Skiff (2014, see references therein). For all stars in this table, parallaxes π, color indices GBP − GRP, apparent magnitudes mG and extinction parameters AG were taken from Gaia DR3.



    

  
    
      Fig. I.1. 

      
        [image: Fig. I.1. Refer to the following caption and surrounding text.]
      

      
        Close approaches of PSR B1706-16 and ζ Oph (adapted from Fig. 2 of Neuhäuser et al. 2020). Lower panel: Flight paths (colored lines) for the closest approach of PSR B1706-16 and ζ Oph (best case) projected on the sky (Galactic longitude l versus Galactic latitude b at epoch of date). The paths start at their current positions (left) and are subsequently marked by small crosses after every 0.5 Myr of flight time. They end at the closest approach within 0.5 pc of each other 1.58 Myr before present (center). UCL’s position 1.58 Myr ago is shown as a full green circle and its current location is represented by the dotted green circle. The gray dots show the 117 closest approaches of PSR B1706-16 and ζ Oph (i.e., within 10 pc of each other) inside UCL. Upper panel: Distance, D, versus Galactic longitude, l, for the past flight paths. The lines from ζ Oph and the pulsar do not start directly at their nominal positions (dots) because here, we show the distances that were used as input in that particular run (best case among three million runs with varying input using the measurement uncertainties). All this was for UCL as a whole instead of its SigMA subgroups. See Neuhäuser et al. (2020) for further details. According to our new calculations, we have added the location of the subgroups SigMA 9, 15, and 21 – in each case both their current positions (dotted circles) and at the time of the closest encounter with ζ Oph (full circles). We can see that the flight path of ζ Oph traced back in time led it through SigMA 9 (US) first, then SigMa 15 in UCL, and then, if further extrapolated, also through SigMA 21 (as well as 19 and 20) in LCC. Next, we have also added the neutron star PSR B1706-16 in the traceback calculations; for the results, see Fig. 2 and Sect. 3.6 for more details.

      

    

  
    
      Fig. J.1. 

      
        [image: Fig. J.1. Refer to the following caption and surrounding text.]
      

      
        Color-magnitude diagrams for subgroups SigMA 5, 8, 9, 10, 13, and 14. The runaways (large red crosses) and questionable runaways (large blue dots; see Sect. 3.1) that encountered these subgroups are shown along with the member stars (gray dots) of each subgroup. For these plots, the membership lists of the subgroups provided by Ratzenboeck et al. (2023) were used to obtain parallaxes, apparent magnitudes, and extinction parameters from Gaia DR3, from which the absolute magnitudes were calculated using Eq. (1). The plotted data for the identified runaway candidates is listed in Appendix H.

      

    

  
    
      Fig. J.2. 

      
        [image: Fig. J.2. Refer to the following caption and surrounding text.]
      

      
        Color-magnitude diagrams for subgroups SigMA 15, 17, 19, 20, and 21. The runaways (large red crosses) and questionable runaways (large blue dots; see Sect. 3.1) that encountered these subgroups are shown along with the member stars (gray dots) of each subgroup. For these plots, the membership lists of the subgroups provided by Ratzenboeck et al. (2023) were used to obtain parallaxes, apparent magnitudes, and extinction parameters from Gaia DR3, from which the absolute magnitudes were calculated using Eq. (1). The plotted data for the identified runaway candidates is listed in Appendix H.
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