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ABSTRACT

We present a non-parametric reconstruction of the three-dimensional velocity field of the Scorpius-Centaurus OB association (Sco-
Cen). Using Gaia DR3 astrometry and radial velocities, we infer the velocity field using information field theory on a 70 x 70 x 50
grid at 3 pc resolution. Our model suggests the existence of a primary stellar velocity field with a secondary field that accounts for
an additional young kinematic component in Upper Scorpius and Lupus. We find clear tracers of a feedback-driven expansion of the
association, while Galactic rotation appears to play a subordinate role. The results confirm the existence of cluster chains and reveal
coherent large-scale expansion with characteristic speeds of 1-2 km s~ and local maxima of about 10 kms~!. Power spectra indicate
an excess of small-scale structure and slopes shallower than Kolmogorov, consistent with energy injection from stellar feedback.
Maps of the divergence reveal net positive values, implying an approximate dispersal timescale of 10—15 Myr. A comparison with
molecular gas in Lupus and Ophiuchus shows broadly consistent patterns but systematic velocity offsets of several kms~!, suggesting
partial decoupling for optically visible young stars and gas. The framework presented provides a physically motivated description of
the Sco-Cen velocity field and a basis for quantifying the dynamical state and feedback history of OB associations in the local Galaxy.
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1. Introduction

The three-dimensional (3D) velocity structure of the interstellar
medium (ISM) is a crucial element in understanding the Milky
Way’s dynamics. Its importance stems from its tight coupling
to both the gravitational (via the Boltzmann equation) and mag-
netic forces (via the MHD equations, cf. flux freezing). Hence,

O the velocity field(s) of gas, dust, and plasma encode the history

and future development of the ISM. Furthermore, these inter-

1 actions, along with cooling and heating mechanisms, determine

S

the typical lifetimes of structures in the ISM in the order of
107 years (McKee & Ostriker 2007; Chevance et al. 2023) and
hence provide a natural limit to the inference of the history of
the ISM from its own dynamics. Observationally, determining
the 3D velocities of any component of the ISM is notoriously
difficult, as tangential velocities are mostly inaccessible to di-
rect measurement (with notable exceptions (Piecka et al. 2025)),
whereas radial velocities (RVs) are only available for cooler ISM
components via Doppler shifts of spectral lines. Thus, the dy-
namical state and history of the ISM remain largely inaccessible
directly due to theoretical and observational limits, apart from
special short-lived scenarios such as supernova remnants (e.g.,
Truelove & McKee 1999).

Young stars offer a promising solution to this problem for
two reasons. Firstly, their 3D motion can be measured reliably
with spectroscopic and astrometric methods. Furthermore, their
initial movement through space depends largely on the condi-

tions of the interstellar medium (ISM) in which they formed,
and they only slowly disperse via gravitational interactions (e.g.,
Zucker et al. 2023). In the case of very young stellar populations,
this may allow for the inference of the present-day cloud mo-
tions, as demonstrated, for example, in GroB3schedl et al. (2021).
But even as they age, the relatively slow spatial dispersion allows
inference of the past location of molecular clouds up to several
hundreds of Myr (Swiggum et al. 2024) with a theoretical lower
limit at 100 Myr (Arunima et al. 2025).

To connect the dynamics of stars and the ISM, it is neces-
sary to develop a representation of the stellar kinematics that ef-
ficiently encodes its spatial distribution and temporal evolution.
Traditionally, such analysis is often performed on the cluster
level (e.g., Hunt & Reffert 2023), i.e. stellar positions and mo-
tions are used to identify distinct groups in the position-velocity
phase diagram and then averaged for these clusters, with the idea
that these bulk motions capture the original motion of the clus-
ters at their formation, and hence can be used reliably for trace-
back calculations and isochronal age determination.

In this work, we will take a different point of view and
work on the (vector) field level!, meaning that we view the
stars as ‘particles’ constituting a flow which can be treated
in the context of fluid dynamics. This has the advantage that
we can relate this field directly to ISM-related quantities such

! We note that this refers to the physical field concept, and not to the
common term ‘field stars’
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as energy and momentum densities, and thereby contextu-
alize our results in the picture of the ISM life-cycle in our
ever-evolving Galaxy. Furthermore, the field picture allows
for an efficient representation of spatial correlations also on
small scales, which might get lost in the cluster representation.
The value of velocity fields has already been exemplified in
cosmology, where the field serves as an important tracer of
forces and structure formation processes (e.g., Stiskalek et al.
2025). We make use of Information Field Theory (IFT) (Enf3lin
2019), a statistical framework that has yielded results on
many ISM-related quantities and is especially suited for large
non-parametric inference problems and noisy data, as, for
example, demonstrated in Leike & Enflin (2019); Leike et al.
(2020); Hutschenreuter et al. (2022); Edenhofer et al. (2023);
Scheel-Platz et al.  (2023);  Hutschenreuter et al.  (2024);
Westerkamp et al. (2024); Soding et al. (2025).

Of particular interest for the dynamics of the ISM are large
complexes of star-forming regions, which can dominate the ISM
structure destruction/formation in their immediate surroundings
via feedback from supernovae, stellar radiation, and stellar winds
(de Geus 1992; Krause et al. 2018; Alves et al. 2025). By map-
ping the stellar velocity field, we aim to establish a connection
between young stars and their surrounding interstellar medium
and to place tighter constraints on the history and future of a
large star-forming region.

In this study, we investigate the velocity field of young stars
within the Scorpius—Centaurus OB association (Sco-Cen). This
nearby and massive star-forming complex provides an important
laboratory for studying the interaction between stellar popula-
tions and the interstellar medium (ISM). Sco-Cen is currently in
an advanced stage of its evolution. Most of its original molec-
ular gas has been consumed or dispersed, with ongoing star
formation limited to a few residual regions (Alves et al. 2025).
Over the past ~ 20 Myr, the region has experienced multiple
episodes of star formation and supernova activity, events that
likely contributed to the formation and shaping of the Local Bub-
ble (Fuchs et al. 2006; Breitschwerdt et al. 2016; Zucker et al.
2022). The influence of Sco-Cen extends well beyond its im-
mediate environment, with flows of material reaching as far as
the Solar System and beyond (Frisch 1995; Redfield & Linsky
2008; Piecka et al. 2024).

Given its proximity and richness in young stars, Sco-Cen
has been extensively studied (Kapteyn 1914; Blaauw 1946,
1964; de Geusetal. 1989; de Geus 1992; de Bruijne 1999;
Makarov 2007b,a; Poppel et al. 2010; Pecaut & Mamajek 2016;
Krause et al. 2018; Wright & Mamajek 2018; Damiani et al.
2019; Forbes et al. 2021; Luhman 2022; Armstrong et al. 2025).
Its stellar population exhibits clear evidence of sequential
star formation. The oldest subgroups, particularly in the Up-
per Centaurus-Lupus (UCL) region, have ages of approx-
imately 20 Myr (Ratzenbock et al. 2023b, hereafter R23Db).
From UCL, stellar age gradients suggest that star formation
propagated outward along several filamentary structures or
“cluster chains”. These are extending toward the regions of
Corona Australis (CrA) (Posch et al. 2023, hereafter P23), Up-
per Scorpius (USco), Ophiuchus, Lower Centaurus Crux (LCC)
(Posch et al. 2025, hereafter P25), and the TW Hydrae Associ-
ation (TWA) (Miret-Roig et al. 2025, hereafter MR25); see also
Miret-Roig et al. (2022) and Grof3schedl et al. (subm., hereafter
G25).

The ISM structure of Sco-Cen has also been the sub-
ject of extensive investigation, covering the cold and dense
phases (Loren 1989; Harjuetal. 1993; Zuckeretal. 2021;
Edenhofer et al. 2024), diffuse atomic and ionized components
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(Nehmé et al. 2008; Krause et al. 2018), and magnetic field mor-
phology (Robitaille et al. 2018). These studies point to a dy-
namic and possibly turbulent past, but the sequence of events
leading to the present-day configuration remains uncertain.

Together, stellar and ISM studies emphasize the importance
of Sco-Cen in understanding star formation and feedback pro-
cesses in the Galactic environment. By mapping the velocity
field of its young stellar population, we aim to constrain the dy-
namical evolution of the association and its interaction with the
surrounding ISM. This analysis provides new insight into the star
formation history of Sco-Cen and its broader role in shaping the
local ISM structure.

Given the range of topics addressed and the novelty of our
approach to stellar population analysis, we present this work in
three parts: (1) a description of the methodology and general
properties of the reconstructed velocity field (Paper I, this pa-
per); (2) an analysis of energy densities and momentum maps
(Paper II); and (3) a study of the internal rotation of stellar clus-
ters (Paper III).

2. Data
2.1. Stellar selection, proper motions & distances

A key requirement for our method is a reliable selection of
Sco-Cen members. Since field stars are not expected to share
the association’s motion, strong contamination would bias re-
sults and compromise post-processing. Membership classifica-
tion was provided by the machine-learning clustering algorithm
Significant Mode Analysis (SigMA, Ratzenbdck et al. 2023a,
hereafter R23a), which detects stellar populations as significant
over-densities in 5D phase space (x,y, z, Vo, Vs). It applies hier-
archical, density-based clustering with a modality test to decide
whether density peaks should be merged or retained.

SigMA uses a non-parametric density estimator without ex-
plicitly treating heteroscedastic errors. Instead, low-S/N astrom-
etry is removed before clustering, including a strict parallax
S/N cut (@w/o 5 > 4.5). Systematically unreliable parallaxes are
filtered with the fidelity_v2 parameter from Rybizki et al.
(2022), reducing the sample from ~ 5.5 million to ~ 980000
Gaia DR3 sources in the Sco-Cen volume. From this cleaned
set, SigMA identifies 13 103 candidates.

SigMA des not work on the full phase space since it excludes
RVs in its analysis and depends on user-defined parameters (e.g.,
smoothing scale, significance threshold), making some degree of
contamination from field stars likely. R23a estimate 5-8%, sup-
ported by color-magnitude analysis, but this level is low enough
to robustly recover Sco-Cen’s structure and kinematics.

For this sample, we adopt Gaia DR3 proper motions and
parallaxes (Gaia Collaboration et al. 2023). No further cuts were
applied, as strict criteria are already part of SigMA. Distances are
obtained by inverting parallaxes, with distance uncertainties ac-
counted for in our modeling (see Sect.3.3 and AppendixE). We
have not used alternative distance estimators (e.g Queiroz et al.
2018), as this would lead to inconsistencies with the SigMA re-
sults, which were derived from Gaia parallaxes.

2.2. Radial velocities

We complement the Gaia-based sample with RVs from the com-
pilation of G25, which merges 22 surveys and literature catalogs
(see. Appendix A). In contrast to G25, we use an earlier ver-
sion of SDSS (Majewski et al. (2017), DR17 instead of DR19)
and we have additionally added the RV’s of Frasca et al. (2017)
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Fig. 1: Illustration of the different categories within our stellar selection.

in the same manner as outlined in G25. The used line-of-sight
velocities (spectroscopic RVs) have generally larger uncertain-
ties than the proper motions and may suffer from systematics
between surveys or from binarity, which can affect RVs more
strongly than astrometry. Appendix A compares the S/N of tan-
gential and radial velocity tracers, highlighting the consistently
higher quality of Gaia proper motions.

We filtered RVs using the Gaia re-normalized unit weight er-
ror (RUWE; Castro-Ginard et al. 2024), an indicator of binarity
and other systematics. Even after this cut, some RVs may remain
affected, which is addressed in our statistical model. The final
sample contains 4090 stars with acceptable RVs. Proper motions
were not RUWE-filtered, as binarity affects them to a lesser ex-
tent.

Based on RV availability and distance reliability, we classify
the data into four subsets, summarized in Fig. 1, each requiring
specific treatment in the modeling.

3. Method
3.1. Coordinate system and reference frames

In the following, all model components and priors are defined in
the heliocentric Cartesian velocity frame, the reference frame of
the Gaia velocity data. Changing the frame in the model offers
no statistical benefit but adds computational cost, while trans-
forming the data into a Sco-Cen frame would alter the error
statistics non-trivially.

For our analysis, however, a Sco-Cen-centered frame is re-
quired, since quantities like energy and momentum densities
are only meaningful there. We therefore converted all poste-
rior field samples in post-processing into the Sco-Cen frame
of G25, defined in the barycentric frame by (Vi s, Vy scs Vose) =
(=6.2,-20.0, —5.4) kms~!. This frame reflects the mean velocity
of the oldest Sco-Cen clusters, assumed to trace the association’s
bulk Galactic motion and be least affected by recent feedback.

Unless noted otherwise, all quantities are expressed in he-
liocentric Galactic Cartesian coordinates x,y,z on a 70 X 70 X
50 grid with voxel size 33 pc3, anchored at (x,,Y,,2,) =
(—5,-190, —65) pc. Fields on this grid are denoted in boldface,
in contrast to stellar models with subscript x. The cube’s extent
ensures inclusion of all SigMA stars, and the voxel size reflects
typical distance errors in our sample (Sect. 2), which set the spa-
tial scale down to which the data can be expected to be informa-
tive. Inferring smaller scales would be possible, but these would
likely be constrained mostly by the prior.

We define Pyoxel as the probability that a star lies inside the
voxel implied by its parallax and errors, detailed in Appendix A.

A position is flagged as ill-determined if Pyoxe; < 0.682 (the 1-0
bound). This threshold balances computational cost from model-
ing parallax errors with improved accuracy. Under this criterion,
~ 40% of the sources have reliable distances. In the likelihood
description below, we explain how we incorporate uncertainties
from the remaining ‘bad’ sources.

3.2. The age structure of Sco-Cen

The ideal picture of OB associations as expanding structures
(Blaauw 1964; Quintana 2024) may lead to the expectation of a
‘simple’ (i.e., non-overlapping) corresponding stellar flow field.
Complications can arise due to the presence of field stars or the
relative acceleration of sub-selections leading to, e.g., velocity
caustics. We give a more detailed discussion on the physical field
assumption in Appendix B.

Figure 2 shows an orientation plot over the clusters in Sco-
Cen as found by SigMA (R23a). The plot clearly reveals the
inside-out pattern of star formation in Sco-Cen, with the oldest
clusters centered in the middle (around the cluster e-Lup) and
clusters becoming progressively younger in all directions from
there on. As detailed in Sect. 1, in the specific case of Sco-Cen,
the literature gives solid evidence for an accelerated outward ex-
pansion of the stellar population for a large volume fraction of
the association. The only sub-region that a-priori calls for spe-
cial attention in this regard is the area towards USco, as the men-
tioned simple expansion pattern fails here (P25; G25). The re-
sults of R23b indicate a more complex age pattern with old and
young clusters spatially overlapping. This is a potential problem
for our modeling, as this may be indicative of dynamical mech-
anisms that have accelerated groups of stars towards each other,
leading to overlapping flows. A distinction of clusters older and
younger than 12 Myr leads to a recovery of spatially distinct
age patterns in this region (P25). We have hence flagged eight
younger clusters in this part of Sco-Cen (as annotated in Fig. 2)
as the ‘secondary’ selection containing 2487 stars, while we re-
fer to the rest of the stars as the ‘main’ selection. We note that the
analysis of isochronal cluster ages is a general (non-kinematic)
recipe for the pre-analysis of stellar associations with field-based
methods to mitigate the intricacies of collisionless flows (see dis-
cussion in Appendix B).

These clusters were also selected as outliers based on their
peculiar motions in G25, with the sole exception of the cluster
L134/L.138. The fact that selections based on age and peculiar
motion in the region of USco give almost the same result further
hints at a source of additional momentum that has impacted this
younger selection of stars. It should further be noted that the low
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Fig. 2: Orientation plot. This image shows the location and ages of the Sco-Cen clusters (R23a; R23b; MR25). The clusters that
contain the stars that we refer to as the main sub-selection are shown as spheres, while the secondary clusters are shown as
diamonds. We shade the volume where the secondary selection was performed in gray. The black square indicates the geometric
center of Sco-Cen (G25). Additionally, we show three cluster chains as lines. A 3D interactive version of this plot is available online.
We note that not all features mentioned are visible in this projection; we refer the reader to the online version for best visibility.
Furthermore, individual clusters are identifiable in the online version.

mass cluster L134/L.138 is spatially disconnected from USco,
and both its age and motion determination rely on a small num-
ber of data points, making even this discrepancy of low signifi-
cance. We would like to emphasize that we have not performed
the 12 Myr age cut in the rest of Sco-Cen, as there is no a-priori
indication of overlaying velocity structures there. We give details
on the clusters within the secondary selection in Table A.2.

3.3. Model
3.3.1. Velocity field

The aim is to fit velocity fields Vsecondary and Vpain to the
proper motions and RVs of stars conditional on their 3D posi-
tions py (X%, Y%»>Zx). As the motion of the secondary se-
lection is likely the result of more recent events (see discussion
on ages in Sect. 3.2), we model the velocity field of these stars
via a sum of the main velocity field and an additional field V
that models the difference between the main field Vy,i, and the
secondary field Vsecondary, 1.€.:

Vsecondary = Vd + Vmain-

ey
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In case there is no second flow present in the true velocity
field, the model above would still fit the data, but the Vs com-
ponent would get as small as the noise level. For both fields
f € (6,main) we write

|

on a Cartesian grid in Galactic coordinates and in the barycen-
tric velocity frame (see discussion in Sect. 3.1). The components
Vs, Vy s, and v, p are each modeled as independent Gaussian
random fields with unknown correlation structure. We model this
correlation structure via independent power-spectra for all three
components for both the Vy,in and Vs vector fields. We make
use of the field model presented in Arras et al. (2022) and we
have for each scalar field component v; s with i € (x,y,2):

\Z%i
Vy.f
v, f

Vi(xy,2) = [ (@)

vi=mip+F (A (0E (K)). 3)

Here, m; s denotes the mean over the full volume, while A; (k)
is the amplitude of the scalar component-field in Fourier space
(indicated by the wavenumber k), which is directly related to the
square root of the power-spectrum. For each component field,
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this amplitude field is multiplied with the excitation field §; ((k),
which encodes the specific realization of the component, and this
product is then Fourier transformed via . The power-spectrum
itself is modeled via the model presented in Arras et al. (2022),
which parametrizes the log-spectrum via the sum of a power-
law and a stochastic process. We chose the priors of this model
such that the dynamical range both in the means m; ; and the
fluctuations around this mean easily encompasses several tens of
kms~!. Additionally, we assume a Gaussian prior on the slope
of the power-spectrum of the correlation structure of —7 + 3. We
give further details of the field model prior, as well as choices on
hyperparameters, in Appendix D.

3.3.2. From fields to stars

The heliocentric Galactic Cartesian velocity vector of a star be-
longing to a sub-selection s can be extracted from the respective
velocity field via

V*,Gal,cart = S*Vs’ (4)

where S, is a simple selection operator that returns the value of
the field at the position of the star. This is akin to a piece-wise
constant interpolation of the voxels. In accordance with our dis-
cussion on the effective spatial resolution set by the parallax data
(see Sect. 2), we have refrained from employing more complex
interpolation techniques, as these would only have an impact be-
low the 3 pc scale. To be comparable to observations, this vector
is converted into the spherical celestial coordinate system (i.e.,
the International Celestial Reference System, ICRS) via

V% RA
V% ,DEC

) = Reart—sph RGal»IcRS Vi Gal-cart- (5)
VxR

Vi ICRS.sph = (

The two rotation matrices denote the coordinate transforma-
tion from Cartesian to spherical (Rcasph) coordinates and
the rotation between the ICRS and Galactic reference frames
(Rgai—icrs)- The proper motion model of the star can then be
derived from the two tangential components of V 1crs sph via

Hx LS. ( Q)

4.74047

The RV model of a star RV, is the third component of
Vi icrs-sph- With models for the three stellar velocity observ-
ables at hand, the last remaining step is the description of the
likelihood, incorporating the fact that the position of some stars
is not known with sufficient certainty.

V% RA
V%,DEC

3.3.3. Likelihood

We connect the u, and RV, models to the data in the likelihood,
where we have to consider the different cases in our data set out-
lined in Sect. 2 and Fig. 1, namely whether the stars belong to the
secondary sub-selection, whether they have RV measurements,
and whether they have a precisely determined distance w.r.t. our
computational grid (see Sect. 3.1). The simplest cases arise for
the stars where we have precise distance data, and can replace
the model for the distance of the star p, with the observed po-
sition p determined from parallaxes, |p| = 1/w, and sky posi-
tions (RA, DEC). In particular, for the cases where we have only
proper motion data and under the assumption of Gaussian noise,
the likelihood is

Poi Vs, @) = G (1= 1V, p), ). (7)

The symbol G(x — m,, C,) denotes a multivariate Gaussian dis-
tribution in quantity x, with mean m, and covariance C,. In the
equation above, C,, specifically is the noise covariance matrix re-
ported by Gaia. If an RV is observed for a star, we can exploit
the independence of proper motion and RV measurements and
write:

P2 (1, RVIV ,, 1iry, @) = P (DlV,, @) P (Dry |V vy, @) =
=G (Ve p). C)) G(RV =RV (V,, plmrvogy)  (8)

For the observational errors of the RVs, we have introduced an
additional model parameter nry per RV measurement to modify
the noise term of the RV likelihood:

©))

This factor has an inverse-gamma prior chosen such that the most
likely value is unity. This implies that we a-priori trust the obser-
vational errors, but the heavy tail of the inverse-gamma distribu-
tion allows for an effective down-weighting of outliers caused,
for instance, by binarity (see discussion in Sect. 2), if neces-
sary. We discuss hyperparameters of this part of the model in
Appendix D and refer the reader to Oppermann et al. (2012) for
the motivation of the inverse-gamma prior.

For the subset of stars with large distance errors compared
to the voxel size (see Sect. 3.1), we need to incorporate the un-
certainty stemming from the parallax measurements. We then
include the parallax uncertainty by marginalizing over the po-
sitions of the stars conditional on the parallax data. The de-
pendence of the velocity field estimate on the uncertainty of
the stellar position is generally not analytically tractable, as its
impact depends on the structure of the velocity field itself. To
tackle this, we follow the prescription of Leike & EnfBlin (2019);
Edenhofer et al. (2023) to derive an additional noise term in the
likelihood; we give a derivation specific to our setup in the Ap-
pendix E. This works under the assumption that we can approxi-
mate the additional parallax error term via sampling the model at
different distances according to the respective parallax error and
estimating a (Gaussian) error term from that, leading to the fol-
lowing expressions for the likelihood, again for the cases without
measured RV

Pos UV, @) ~ G (1= Wadar Cu +(C)or)

and for stars with measured RV

— 2
ORv = IIRVORy-

(10)

px,4 (,u, RV|VSs ‘(U) ~ g ((I{lv) - (<I<QH\;21>HW) s Cy,RV + <C/J,RV>‘IU) .
(1D

The notation (x, )5 and (C, rv)s indicates mean and covariance
estimated from the model realization for a quantity x evaluated at
different stellar distances; we give their definition in Appendix E.
The error estimate from the parallax uncertainties couples the
RV and proper motion likelihoods, hence making (Cy, rv) a full
3 X 3 matrix per star. We note that the asymmetry of the dis-
tance distribution induced by inverting the parallax sample is
fully accounted for in our model. The only strong assumption
is the Gaussianity of the additional error term, which is a first
order approximation. The statistics of this term depend on the
distance sampling relative to the typical scales of the velocity
field, which is a-priori unknown.

Gaia does not only report cross-correlations between the
proper motion components of the stars, but also between proper
motion and parallax. The latter term can be ignored in our setup,
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as we are not fitting the parallaxes but marginalizing over them,
which implicitly incorporates any model cross-correlation be-
tween these quantities, while the data cross-correlation is not
informative due to the marginalization.

Given all the above considerations, the full likelihood is then
the product of all eight sub-selection likelihoods:

4
Pia (1, RVIV, @) = [ || [ Pss @ RVIV,, @) (12)

i=1

The subscript s runs over the main and secondary selection of
stars. We give the details of the derivation in Appendix E.

3.4. Inference

The model described above has 5027299 degrees of freedom,
entailing 4 800006 field parameters, 222 600 power spectrum
parameters, and 4 634 noise estimation parameters. We note that
the number of field and power spectrum parameters mostly de-
pend on the spatial and spectral resolution chosen in our model.
The number of noise estimation parameters is the number of
stars with reliable RV measurement; see discussion in Sect. 2.

A full evaluation of such a high-dimensional and non-
Gaussian posterior probability distribution is computationally
extremely challenging. We hence employ a variational inference
scheme, which means we infer a simpler and more tractable dis-
tribution to approximate the high-dimensional and likely very
complex structure of the posterior. Specifically, we employ geo-
metric variational inference (GeoVI, Frank et al. 2021), in which
the posterior is approximated by a multivariate Gaussian distri-
bution augmented with a coordinate transformation constructed
from Riemannian geometry and the Fisher information metric,
which captures non-Gaussian aspects of the true posterior. For
a detailed discussion of the method and comparison to other
ways to evaluate posterior distributions, we refer the reader to
Frank et al. (2021).

4. Results

In the following, we present the results of the inference setup
laid out in the sections above. We evaluate the resulting approxi-
mated posterior via drawing samples from it and report the corre-
sponding empirical mean and standard deviations for the model
and some of its components online”. Additionally, we publish the
latent space samples as well as the computational model online,
for full reproducibility of our results. The full statistical uncer-
tainty is only captured in the latent space samples. For example,
cross-voxel correlations are lost if only the statistical standard
deviation on the field level is considered. We hence recommend
the usage of the latent samples if the full statistical information
is needed for further analysis.

Results on the velocity fields, the power spectra and the di-
vergence of the main field are shown in the following sections,
while results on the noise estimation factors are given in Ap-
pendix F, on the component fields in Appendix G, and on some
of the derivative fields in Appendix H. All two and 3D plots de-
pict the posterior mean; we have refrained from visualizing the
statistical uncertainties in these cases. These can be derived from
the latent samples and the model®. Interactive versions of the
plots are available online®. For one-dimensional plots and nu-
merical values, we show the propagated statistical uncertainties.

2 https://zenodo.org/records/17107581
3 https://shutsch.github.io/sco_cen_data.html
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4.1. Velocity Field

We show a projection of the main result, the posterior mean of
the main and secondary velocity fields, in Fig. 3a in the refer-
ence frame defined by G25. Additionally, we show the secondary
velocity field associated with the secondary sub-selection in
Fig. 3b and the difference of this field to the main field in
Fig. 3c. In these plots and all following plots, we define the bor-
der of the main and secondary volume via a mass-weighted
kernel density estimate using the SigMA selection of stars at
px = 0.005 pc‘3. For reference, we show a contour plot of the
stellar density in Appendix C. Quantitatively, we summarize the
minimum and maximum values, their position in the grid, and
the root-mean-square (rms) values of the main, secondary, and
the ¢ fields in Table 1.

Visually, the plot in Fig. 3a confirms the expanding veloc-
ity pattern of the flow already found in P23; G25. In combina-
tion with the age of the clusters found by R23b, this visual pat-
tern alone already paints a convincing picture of Sco-Cen as an
aging star-forming complex that experienced "inside-out" star-
formation, where the star-forming gas reservoir was constantly
accelerated, a process that has left its imprints in the stellar kine-
matics. The main body of Sco-Cen seems to expand from a flow
origin at (x,y,z) = (106 + 38, —70 = 27,27 + 15) pc, (G25). This
expansion manifests itself as a bulk motion towards the known
secondary centers of star formation in USco and o-Cen (R23b;
G25) and via relatively narrow chains of stars accelerated away
from the older parts of Sco-Cen (c.f., Fig. 2 and P25; MR25).

The secondary velocity field depicted in Fig. 3b has a
higher maximum value than the main field, which, moreover,
is placed in the youngest member cluster, the B59 cluster. This
is consistent with the ongoing feedback-driven momentum input
to star-forming clouds.

The difference between the main and secondary velocity
field, Vs (see Eq. 1), is illustrated in Fig. 3¢ and is dominated
by two distinct features. One is a systematic shift in the nega-
tive v, direction and a positive direction in the bulk of USco,
which was already noted in G25; P25. The second notable fea-
ture is the location maximum of the flow (see Table 1), which
is centered right within the Lupus 1-4 cluster, and almost fully
explains the respective field values in the secondary field. This
means that this relatively young stellar cluster has a motion com-
pletely distinct from the rest of the bulk motion of Sco-Cen,
which, given the age, must indicate a strong momentum im-
pact to the progenitor cloud of Lupus 1-4 or it being an unre-
lated structure within the Sco-Cen volume. We note that USco
and specifically the interface between the Lupus and Ophiuchus
molecular clouds have been under the influence of recent super-
novae events (Breitschwerdt et al. 2016; Neuhiuser et al. 2020;
Bricefio-Morales & Chanamé 2023) and ongoing radiative feed-
back (Alves et al. 2025). A connection of the morphology and
energy density of the flow to these recent events will be pursued
in Paper II.

4.2. Power spectra and divergence

We furthermore calculate several secondary quantities, namely
power spectra and derivatives. We depict the posterior samples
and means of the power spectra of each component of the main
and ¢ flows in Fig. 4, and report the posterior values of the slope
parameters in Table 1.

In case of the main flow power spectra shown in Fig. 4a,
we report that the slopes are consistently higher than the Kol-
mogorov value of —11/3, implying that small scales have sig-
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(b) (©

Fig. 3: Posterior mean of the flow fields in the velocity reference frame of G25. For each plot, we have defined a mask using the
density of stars to highlight only parts of the volume that were directly informed by data as described in Sect. 4.1. Fig. 3a depicts
the main field, while Figs. 3b and 3c depict the secondary and ¢ field. These projections of the vector fields can naturally only
provide a first impression and might locally be misleading; for a better depiction, we refer to the 3D interactive version of these
plots available online.
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Fig. 4: The power spectra of the main and ¢ velocity field components, which are part of the forward model. The black line indicates
the Kolmogorov slope —11/3, while the posterior samples are indicated as thin colored lines. We have scaled the line indicating the

Kolmogorov spectrum to the average of the three component spectra at k = 0.005 pc

nificant structure. We note that the Kolmogorov slope implies
scale invariance, but is not a clear-cut indicator for any phys-
ical process, be it random or ordered. Interestingly, the Kol-
mogorov value is found often in ISM-related fields, for in-
stance, as the ‘Big power law in the sky’ (Armstrong et al. 1995;
Chepurnov & Lazarian 2010; Hutschenreuter et al. 2024) in the
diffuse plasma as measured over more than 12 orders of mag-
nitude (Ferriere 2020) or Larson’s relation (Larson 1981), the
dependence of the internal velocity dispersion of clouds on their
size.

For the ¢ field fitting the systematic difference between the
main and secondary fields, we find a very different picture,
as shown in Fig. 4b. The z-component is completely consistent
with a self-similar Kolmogorov spectrum, while the x- and y-
fields are completely dominated by the lowest wavenumbers.
This means that all additional small structure in the difference
between the motions of the secondary and main is driven by a
process that accelerates the younger stars downwards, consistent
with our discussion in Sect. 4.1.

A 3D vector field also allows the calculation of two first-
order differential fields, namely the divergence and the vorticity.
The divergence of the main field is shown in Fig. 5, while the
vorticity of the main field and both quantities for the secondary
field are shown in Appendix H and online, all calculated via fi-
nite differences. The divergence indicates the tendency of the
flow to contract (if it is negative) or expand (if it is positive). The
vorticity gives the rate of rotation at a voxel, with positive values
indicating right-handed rotation. Both quantities have the units
of one over time, and can be interpreted as local measures of
expansion rate and rotational frequency, respectively. The diver-
gence plot in Fig. 5 shows strong small-scale fluctuations, which
are a consequence of the derivatives boosting smaller scales. On
average, it demonstrates the expanding nature of the Sco-Cen
flow field as it is mostly positive throughout the volume. The
contracting parts are mostly located within and in the direction
of USco. The expansion rates per voxel have values up to a max-
imum of about 0.9 Myr~', with the more typical values being
around 0.2 Myr™!.

We show the divergence plot of the secondary and ¢ fields
in Appendix H. Both show interesting features that can likely be
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~!'in each case, for illustrational purposes.

linked to recent feedback events; we again defer this analysis to
future work.

Table 1: Marginal Posterior means of several characteristic val-
ues of the flow component fields and the absolute value fields,
for Viyain, Vsecondarya and V.

max min r.m.s. p-s. slope
kms™! kms™! kms™! unitless
Vimain,x 33+02 -82+0.1 197+0.03 -3.1+02
Vmainy 84+01 -34+01 1.68+0.03 -25+0.1
Vimain g 26+0.1 -62+0.1 1.05+0.01 -25+03
[Vimain|  10.1£0.1 02+0.1 1.68+0.02 N.A.
Vsec.x 73+0.7 -24+04 1.71+0.12 N.A.
Vsec,y 94+02 -13+£02 1.64+0.03 N.A.
Vsec.z 14+£03 -60+02 1.04+0.03 N.A.
[Vsecl 10.2+0.2 1.0+0.2 1.42+0.06 N.A.
Vx 58+07 -18+0.7 131+0.18 -103=x14
Voy 25+02 -1.1+£02 065+0.05 -140+1.8
Vs 12+02 -44+02 0.83+0.05 -3.7+0.3
Vsl 63+04 04+02 1.26+0.14 N.A.

Notes. r.m.s. denotes the root mean square and p.s. the (unitless) power
spectrum slope. The p.s. values are only shown if they are part of the
forward model, otherwise no value (N.A.) is given.

5. Discussion
5.1. The driver of expansion

Inspecting the power spectra of the main field components
in Fig. 4, we observe that the lines almost coincide at large
wavenumbers k (i.e., small scales), with the x-component be-
ing somewhat damped, but significantly deviating at the largest
scales, and with the z-component having almost a magnitude less
power than the other two, especially compared to x. This reflects
the fact that the large-scale expansion of Sco-Cen is mainly in the
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Fig. 5: Posterior mean of the divergence of the main flow field.
A 3D interactive version of this plot is available online.

Galactic plane, and also hints at Galactic rotation likely not be-
ing the main driver of the large-scale structure. In this case, one
would expect a spherical structure to evolve in a slightly rotated
ellipse (Palous et al. 1990), which implies that the y-spectrum
should dominate over x and z at low & as it points towards Galac-
tic rotation. This could be explained with initial conditions, but
would require that the proto-Sco-Cen cloud was extremely strat-
ified in the x-direction.

Inspecting the 3D scalar component fields (shown in Ap-
pendix G) corresponding to the spectra reveals a possible rea-
son for the difference in power. The expected pattern from
Palous et al. (1990) can be clearly seen in a top-down view of
the field, which shows a clear large-scale gradient in velocities
that could be readily fit with large £ modes. In 3D, however, it
becomes clear that the y-component has a structure that destroys
this large-scale pattern to some degree, namely the LCC chain,
which has a y-velocity opposite to its likely parent structure, the
o-Cen cluster. This indicates that feedback processes can domi-
nate over Galactic rotation even at ages of 20 Myr and scales of
up to 100 pc.

At small scales, the observed similarity in power may in-
dicate that the additional power needed to depart from self-
similarity stems from a small-scale process, which we conjecture
to be stellar feedback. Here, we lack a good explanation for the
somewhat damped spectrum in the x-component, as feedback is
certainly isotropic on average. Since the x-direction is the one
where RV-data matters the most due to the location of Sco-Cen
with respect to the Sun, this might hint at missing small-scale
structure in the data due to bad spatial RV sampling and rela-
tively high noise in the RV data (see also the S/N analysis in
Appendix A), but we cannot corroborate this conjecture.

If we take the picture of the evolution of Sco-Cen in the lit-
erature (R23a; R23b; P25; G25) at face value, we can connect
the time domain with the phenomenology of the power spectra.
Each feedback process injects energy at small scales, and the
corresponding structure expands out as it ages, which is equiv-
alent to moving to lower k in the power spectrum. We note that
this proposed explanation is purely a memory effect reflecting
the small-scale and localized energy injection, not a true inverse
cascade which is observed numerically in, for example, ISM and
cosmological magnetic fields (Brandenburg & Ntormousi 2023).
This explains the lack of power at larger scales, which are diluted
as there is no additional momentum input to offset spreading. We

have to mention that the amplification of smaller scales could, in
principle, also be a consequence of an unresolved systematic ef-
fect in data, which, in case it is uncorrelated with the flow, would
act as white noise in the spectrum and hence amplify smaller
scales. The most likely culprit for this would be unresolved bi-
narity in the RV data. While we cannot disprove this, we deem it
unlikely to dominate the spectra, as this should affect the x and y
components more, as these are more often aligned with the radial
direction due to the relative location of the Sun to Sco-Cen.

In contrast, the fact that vs; has a Kolmogorov spectrum
may indicate that this is the result of a singular event that
has injected momentum relatively recently, and that the afore-
mentioned spreading effect of feedback-induced structures has
not happened yet significantly. But we note that given the rela-
tively small size of this sub-region compared to the resolution, it
is unclear if this is a general result or a consequence of limited
resolution.

We reiterate that the prior on the power spectrum is the same
for all components, and specifically, the slope has a Gaussian
prior centered on 7.3 with a standard deviation of 3.0. Since the
slope is a log-log quantity, this prior is relatively constrained,
hence indicating that this is a data-driven result. A caveat in the
above discussion is that power spectra are averaged quantities.
The fact that the secondary field has such a distinct correlation
structure and the clear signature of feedback structures overlay-
ing parts that might be driven by Galactic rotation might point
towards the need to treat parts of Sco-Cen statistically separately
depending on their substructure. This will be pursued in future
work.

5.2. Flow substructure and origin

Figure 3 illustrates that the data harbors velocity structure that is
not captured by cluster averages. Evidence for small scale kine-
matic structure was already given by Wright & Mamajek (2018),
who interpreted this as indication that the OB association has not
gone through a phase of dynamical relaxation. With reference
to the SigMA clustering results, examples for this are significant
sub-structure in the (rather extended) location of the o-Cen clus-
ter, velocity patterns within the isolated Cham 1 and 2 clusters,
and a notable motion at the side of Sco-Cen facing the Galac-
tic center, mostly traced by stars constituting the V1062-Sco,
UPK 606, and Centaurus-far clusters. In general, the visual im-
pression appears to indicate that these structures have originated
from a similar feedback-driven mechanism as the cluster chains.
The spatial arrangement of the acceleration patterns seen in the
stellar flow field potentially indicates the evolution in structure,
ranging from bulk motion in proto Sco-Cen, to radial expand-
ing bulk flow, for instance, in USco, to clearly defined cluster
chains to smaller low mass extensions, as, for example, traced
by stars constituting the L134/183 cluster. This might indicate
that the morphology of the flow largely depends on the mass of
the material that has to be moved by the feedback sources.

A tentative but notable result is the location of the absolute
minimum of the velocity field magnitude of the main field at
(x,y,2) = (85pc, =70 pc, 19 pc), as this may indicate the origin
of the flow. The position is very close but not coinciding (even
when considering the error bars) with the geometric center of
Sco-Cen as calculated by G25. We note that the location of this
minimum depends on the choice of reference frame, and is hence
far from settled. It is very difficult to reconcile the velocity cen-
ter with any geometrically derived reference frame, as the flow
center is located at the edge of stellar density that constitutes the
plotting mask. It is, moreover, consistent with the on-sky loca-
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tion of the origin of flow of diffuse matter in the ISM, which is
very close to the Sun (i.e., several dozens of pc), as inferred by
Piecka et al. (2024). This phenomenon may trace the oldest evo-
lution history of Sco-Cen and may hint at anisotropic expansion
of the proto-Sco-Cen cloud. We defer the quantitative analysis
of this phenomenon to Paper II.

5.3. The evolution of stellar density

The typical divergence value of 0.2 Myr~! can be taken as a char-
acteristic rate of expansion, and we can use it to predict both the
future and past density evolution of Sco-Cen to first order ap-
proximation using p, = ppe”""’. The typical stellar density of
Sco-Cen is at about 0.1-0.2 stars per pc3, hence, about 3—6 stars
per voxel (see Appendix C and Fig. A.3), while the background
field is at about 0.1 stars per pc’. This implies that Sco-Cen will
have largely diffused as an over-dense structure to the 10% level
in about 11.5-15 Myr and to the 1% level in about 23-26.5 Myr.
We note that clusters are typically identified as phase space over-
densities (e.g., Ratzenbock et al. 2023a; Hunt & Reffert 2023),
and that the kinematic structure of Sco-Cen might, in principle,
allow for tracing it for longer (e.g., Swiggum et al. 2024).

Going back in time to the likely birth of the Sco-Cen as-
sociation, 20 Myr ago, we arrive at initial density values of
about 5-10 stars per pc® for the values above. We note that in
this regime, the projected density values are highly uncertain
due to the exponential nature of the approximation; just dou-
bling the divergence value already gives values between 300 and
600 stars per pc’, which interestingly lies in the same order of
magnitude as the number of stars per pc® currently observed,
e.g., in the Orion molecular cloud (Herbig & Terndrup 1986;
Hillenbrand & Hartmann 1998). These numbers are first-order
approximations and neither include models for the historical and
ongoing star formation nor appreciate the much more compli-
cated spatial structure of the flow. A detailed analysis of the his-
tory of Sco-Cen will be pursued in follow-up work.

5.4. Comparison to Cluster Chains

Cluster chains in Sco-Cen have been recently discovered and are
linear alignments of young star clusters with gradients in age,
velocity, and mass. They are interpreted as signatures of trig-
gered star formation via stellar feedback and thought to represent
a major component of Sco-Cen and its star formation history
(P23; P25; MR25). We make use of these objects to study the
systematic differences between clustering and field-based meth-
ods. Specifically, we analyze the CrA (P23; P25), LCC (P25),
and TWA chains (MR25). In Fig. 6, we compare our analysis
of the motion along the cluster chains with recently reported
cluster velocities from the mentioned literature. We show both
the projected and absolute values of the velocity field along the
line segments that define the chains. All values, including the
projections, are reported in the velocity frame of the respective
reference publication. The comparison of the absolute values of
the endpoints of our projections to the literature is not straight-
forward, as these values derived from clusters are averages over
stellar populations, while we only plot the lines until the cen-
ter of the respective clusters. Furthermore, the projection along
a single line is an approximation, and the true chains are likely
better described by chains of line segments. Smaller inconsisten-
cies could also stem from the fact that we have used a slightly
more extended RV-data set than P23; P25; MR25.

Article number, page 10

In all cases, we confirm a positive velocity gradient of the
component projected on the chain for most of the respective line
segments. In the case of the CrA chain, the projection reveals
that in the first part of the chain, which traverses the main body
of Sco-Cen, the velocity field does not align with the linear pro-
jection. At about 25 pc from the start of the chain, the projected
field is accelerated and up to about 80 pc is completely aligned
with the full vector field, but experiences almost no accelera-
tion. In the last 20 pc, the field is strongly accelerated. All in
all, the CrA chain seems to have been boosted by two singular
events, which seem to mirror the clustering results of P23. The
LCC chain, on the other hand, seems to be more continuously
accelerated, with only a small plateau in its central part. Interest-
ingly, the projected velocity component seems to have an almost
constant offset to the absolute magnitude of the field, indicating
that the full structure is moving relative to Sco-Cen independent
of the internal acceleration. At last, the TWA chain, similarly to
CrA, seems to experience acceleration in the beginning, where it
is dominated by the internal structure of the o-Cen cluster. After
the projection leaves the cluster, the chain sees constant accel-
eration, interestingly again with an almost constant offset to the
absolute magnitude. This is similar to the LCC chain, which is
almost co-located in x and y position. There is a small decelera-
tion happening at the end of the chain, which is not reported in
MR?25, as it likely was lost in the cluster average. We note that
this chain is much less sampled than the CrA and LCC chains,
making the results more prone to outliers. We will defer a more
detailed acceleration analysis to future work, not only along the
chains but for the general flow field.

5.5. Comparison to CO

Only small parts of Sco-Cen are still harboring enough dense
gas to produce significant, observable CO emission. Tobin et al.
(2009); Hacar et al. (2016); and GrofBschedl et al. (2021) find
that young stars that were recently born and which are still lo-
cated close to their parent molecular cloud, as traced by CO,
have not yet dynamically decoupled from the gas. The line-of-
sight motions of these young stars (the RVs) are very similar
to the gas RVs, at least in the first several 10° to a few million
years after star-formation. We used the Dame et al. (2001) com-
posite survey for the Ophiuchus and Lupus molecular clouds to
derive first moment maps. To compare the stellar line of sight
motions to CO, we used the Edenhofer et al. (2023) dust map to
weight and integrate the radial component of the secondary ve-
locity field, as this is the field constrained by the p-Oph, B59, and
Lupus clusters, respectively. We converted the velocities to the
local standard of rest frame (LSR) using the standard solar mo-
tion reported in Ando et al. (2011), and the procedure outlined in
Grofischedl et al. (2021) and P23. This comparison relies on the
idea that the dust in the Edenhofer et al. (2023) map traces the
same quantity as the CO, which is likely only true to first order
approximation.

We show a scatter plot between the first moment of the CO
map and the dust-weighted integral of the secondary velocity
field in the LSR frame in Fig. 7. The plot shows that the CO
and velocity field moments show the same large-scale pattern;
hence, more negative CO velocities correspond to more negative
averaged field moments, albeit with significant scatter. But there
is a clear offset between the two quantities, amounting to several
kms~!, with the CO almost consistently moving to more nega-
tive values, i.e., moving slower away from the LSR observer. We
interpret this offset as ongoing decoupling between the stars and
the gas, likely due to ongoing stellar feedback. We note that since



S. Hutschenreuter® et al.: The velocity field of the Scorpius-Centaurus OB association

N
Ogeo oCen

Cr;—\r Main

v [

—
o
=}
o

10 20

(a) CrA-Chain
= V]

(b) LCC-Chain

eCham 5 oCen

20
pc pe

40 0 40 60 80

(¢) TWA-chain

. f-"pm i

Fig. 6: Projected velocity profiles of the main velocity field in the reference frame of Posch et al. (2025) along the CrA, LCC, and
TWA chains analyzed in P23; P25 and MR25. We note that in the case of the CrA chain, the starting point is the geometric center
of Sco-Cen as defined in G25, while for the other two, it is the center of the o-Cen cluster. The projection of the field onto the chain
is shown in blue, while the absolute 3D magnitude is depicted in red. All quantities are accompanied by the respective posterior
samples in lower opacity to illustrate uncertainties. We have included the values derived in the literature for the respective clusters
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Fig. 7: Correlation between the first moment map (i.e., the mean)
over all velocity channels and the dust-weighted line-of-sight in-
tegral of the RV field of the secondary field in the LSR frame,
with integrated CO intensity color coded.

we lack stars embedded within the molecular clouds (which can-
not be observed in Gaia due to high extinction), we lack the very
young stars in our sample that might bridge this kinematic gap.
Interestingly, the direction of the velocity offset indicates that the
source of acceleration cannot come from the young clusters as-
sociated with the molecular clouds, as these are located mostly in
front of the dense gas, relative to the LSR observer, and should
hence accelerate the gas away from us. To account for the gas
moving more slowly away from the LSR observer than the stars,
it would take clusters located behind the gas as seen from the ob-
server. We note that this is in line with the general trend in this
part of Sco-Cen, already discussed in Sect. 4.1 and 4.2, which
similarly sees a general downward motion compared to the main
velocity field. We hence speculate that the source of feedback
that causes this downward acceleration is still ongoing and is
located above the secondary population and USco.

6. Conclusion

In this work, we present a method to infer the 3D flow field of
stellar OB associations, and illustrate its capabilities by applying
it to one of the closest young stellar associations, Sco-Cen. We
reliably recover both qualitatively and quantitatively several fea-
tures of the association already identified in the literature, such
as the general inside-out acceleration pattern of the association
and the cluster-chains connected to it. We demonstrate that the
velocity field harbors significantly coherent structure below the
scale of clusters.

One strength of a field-level picture is the easy accessibil-
ity of statistical descriptors, most importantly, the power spec-
trum. We demonstrate that the correlation structure of Sco-Cen
has an excess in small-scale structure relative to a scale-invariant
structure. This indicates that the observed expansion structure
is likely driven at these small scales, which must be feedback
processes. A stretching and acceleration due to Galactic rota-
tion seems to be present, but is likely subdominant. Apart from
structural insights, the field representation allows us to calculate
derivative fields such as divergence and vorticity. These encode
temporal expansion and rotation rates, and we have connected
these to the history of Sco-Cen.

In this work, we mainly focus on the description of the
method and a high-level description of the resulting maps, but
only scratched the surface of what is possible in the analysis. In
follow-up work, we will more deeply analyze the connection to
ISM by deriving energy and momentum maps for the gas and
dust fields in the region. We will furthermore analyze the ac-
celeration structure of Sco-Cen in more detail, and deepen the
analysis of the fluid characteristics of the field by calculating,
e.g., the helicity density. Moreover, we aim to apply the method
to further nearby star-forming regions such as Taurus, Perseus,
Orion, and Vela OB2.

The largest limitation of our work stems from the RV data,
both to the higher observational noise level as well as due
to the higher likelihood of systematic biases stemming from,
e.g., binaries. Both future data releases of ongoing surveys as
well as newly developed instruments (e.g. Majewski et al. 2017,
de Jong et al. 2012; Jin et al. 2024; Brown 2025) will help rem-
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edy these issues, and potentially allow for a more detailed and
better resolved reconstruction.
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Table A.1: Overview of the clusters in the main selection.

SigMA name Ngas  age [Myr]
Antares 502 12,7494
p Sco 240 137413
Scorpio-Body 373 147108
US-foreground 276 19.1724
V1062-Sco 1029 15.0%%9
ft Sco 54 17.2099
Libra-South 71 200°%
n Lup 769 153704
¢ Lup 114 16902
e Lup 516 20.9*97
UPK606 131 134719
p Lup 246 14.4%04
y Cen 1737 15.7%93
o Cen 1805 15.570¢
Acrux 394 112010
Musca-foreground 95 10.2439
€ Cham 39 8840
7 Cham 30 9.47)4
Pipe-North 42 15.9*1¢
¢ Oph 98 15.449%
CrA-Main 96 8.5729
CrA-North 351 11603
Scorpio-Sting 132 14.5%0¢
Centaurus-Far 99 8.5
Chamaeleon-1 192 3.8%0
Chamaeleon-2 54 2.8707
L134/L183 24 9.6t17

Appendix A: Further details on the data

Table A.2: Overview of the clusters in the secondary selection.

SigMA name Ny,  age [Myr]
B59 32 34755
B-Sco 285 7.6%03
5-Sco 691 9.8+12
v-Sco 150 5.8t(l):§
o-Sco 544 10.0%49
p-Oph/L1688 535 3.8104
Lupus-1-4 226 6.0%0%
L134/L138 24 9.6,7

We use the RV compilation from G25, who collected
the data from the following 23 spectral surveys or literature
catalogs: Wichmann et al. (1999); Joergens & Guenther (2001);
Torres et al. (2006); Gontcharov (2006); Jilinski et al. (2006);
James et al. (2006); Guenther et al. (2007); Chen et al. (2011);
Biazzo et al. (2012); Dahm et al. (2012); Nguyen et al. (2012);
Gilmore et al. (2012); Galli et al. (2013); De Silva et al. (2015);

Table A.3: The prior hyper-parameters for the correlation struc-
ture model of the v,, vy, v, components of main and ¢ vector
fields.

Parameter Name Unit main &
offset mean x kms! -67 0
offset mean y kms' -197 0
offset mean z kms! -55 0
offset std* (x, y, z) kms™! 15+15
fluctuations* (x,y,z) kms™! 25+25
loglogavgslope (x,y, z) -73+3.0
asperity™ (x,y,2) 05+0.5
flexibility* (x,y, z) 0.5+0.5

Notes. The parameters marked with a * have log-normal priors, with
the given mean and standard deviations moment matched to the log-
normal distribution. Units are given if the prior is applicable; otherwise,
the quantities are unitless. The prior is the same for both fields, apart
from the three offset mean parameters.

Murphy et al. (2013); Majewski etal. (2017); Sacco et al.
(2017); Kunder et al. (2017); Frasca et al. (2017); Buder et al.
(2021); Santanaetal. (2021); Steinmetzetal. (2020a);
Miret-Roig et al. (2022); Abdurro’uf et al. (2022); Jackson et al.
(2022); Katz et al. (2023); Fang et al. (2023); Miret-Roig et al.
(2025).

In Fig. A.1 we show the S/N of the used proper motion and
RV data. This illustrates the high quality of the proper motion
data compared to the radial velocities.

Figure A.2 illustrates the likelihood Pyxel (as color-scale) for
each star, highlighting the probability of the star being the voxel
it falls into if using the inverted parallax as a distance estima-
tor. The strong heterogeneity of the parallax uncertainty leads
to Pyoxel Values of almost O to almost 1 (i.e., the star is almost
certainly in the respective voxel).

We do not include the clusters labeled ‘Norma-North®,
‘Ophiuchus-North-Far‘, and ‘Ophiuchus-South-East* from
R23a, as they are likely not connected to the Sco-Cen OB
association, but interlopers from adjacent regions based on their
kinematic and age properties, following also the analyses of
R23b and G25. The clusters in the main and secondary selec-
tion are summarized in Table A.1 and Table A.2, respectively,
including their ages and the number of stars contained in each
cluster.

Appendix B: Physical field assumption

In fitting a flow field to the observed 3D space motion of stars,
we take an analogy to fluid dynamics where continuous fields de-
scribe the discrete motion of particles with dynamics governed
by the continuity equation. This comes with several implied as-
sumptions, which we try to make explicit in this section.

The first is the continuum hypothesis and the associated no-
tion of smoothness, i.e., the idea that neighboring volume ele-
ments will have similar field values, which is an important in-
gredient to our prior model. While the degree of smoothness is
uncertain and a global free parameter of the model, it can never
be absent, as this is the only way to regularize the many parame-
ters. Since we work on a discretized grid, we assume that typical
structures of the field will have dimensions larger than the voxel
size of 3 pc.

Furthermore, the stellar flow is likely inviscid (since star-star
interactions are negligible). The lack of viscosity implies that
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Fig. A.1: Illustrating the quality of the used data sets, as traced
by the S/N, i.e., the ratio of data value over observational errors.

1.0
0.8

0.6

Pu

0.4

0.2

0.0

Fig. A.3: Stellar density of the SigMA selection of stars in Sco-
Cen. A 3D interactive version of this plot is available online.

stellar flows can overlap easily, in which case a single flow field
would at best describe the net flow between volume elements.
In this case, the field would lose much of its descriptive value
as derived quantities such as energy or momentum densities be-
come meaningless, as they only make sense in the absence of
co-spatiality of flows. This can be remedied by introducing more
flow components to the model.

Appendix C: Stellar density

We show a kernel density estimation of the stellar number den-
sity field in Fig. A.3. This field was calculated using the mean
Cartesian positions as input to scipy.stats.gaussian_kde
function in python, with the bw_method parameter set to 0.1.
The main purpose of this field is the definition of the boundaries
of Sco-Cen for visualization; we have refrained from incorporat-
ing parallax uncertainties in the estimation. In future work, the

Article number, page 14

1.0
3.0
. 0.8
~-35 :
T
é. 0.6 3
"
8 —4.0 =
Y &
o 0.4
€0
2 45
0.2
—5.0 *‘
50 100 150 200 250 00

Fig. A.2: Scatter plot of observed distance as derived from 1/@
vs. the errors on @. Color-coded is the likelihood of the stars to
actually be in the voxel where they are found, according to our
grid definition and the @ noise statistics.

calculation of, e.g., a stellar momentum field will require dealing
with this source of uncertainty.

Appendix D: Prior

All three components of both the main and ¢ vector fields are
modeled as Gaussian random fields with unknown correlation
structure, using the model by Arras et al. (2022). The hyper-
parameters are listed in Table A.3. These describe the prior
assumptions for the correlation structure of Gaussian random
fields representing the three velocity components (vy, vy, v;) of
the main and add vector fields in the barycentric velocity frame.
The ‘offset’ parameters specify the expected value of the global
mean of the component fields, where the main field shows a
significant non-zero prior offset centered on the G25 reference
frame, while the add field is centered at zero. The ‘offset std’ re-
flects the prior uncertainty around the offset mean, and is set uni-
formly across components at 15 + 15 kms~!, implying a broad
and weakly informative prior that encompasses the frame dif-
ference between the barycenter and Sco-Cen. The ‘fluctuations’
term models the standard deviation of the variations around the
mean, also set with a wide uncertainty band of 25 + 25 kms™!,
capturing the magnitude of random local deviations, and easily
covering the expected velocity range of Sco-Cen (e.g., G25).

The remaining parameters shape the spectral behavior of the
Gaussian random fields. ‘loglogavgslope’ determines the slope
of the power spectrum in log-log space, with steeper slopes cor-
respond to smoother fields. We choose a rather smooth a-prior
value of 7.3, with a standard deviation of 3, chosen souchthat
a wide range of slope values is covered within the 1-o- bound.
‘asperity’ controls the degree of spikiness in deviations from the
power-law, while ‘flexibility’ regulates the amplitude of these
variations. Both are given non-informative priors centered at 0.5
with wide uncertainties of 0.5, reflecting agnosticism about how
structured or smooth the power spectra might be. Together, these
parameters define a flexible yet physically plausible model for
the underlying spatial structure in the vector fields, following the
hierarchical approach of Arras et al. (2022).
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Fig. A.5: Posterior mean y-component main flow field. A 3D interactive version of this plot is available online.
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Fig. A.6: Posterior mean z-component main flow field. A 3D interactive version of this plot is available online.
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Fig. A.7: Posterior mean vorticity of the main flow field. A 3D interactive version of this plot is available online.
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Fig. A.8: Posterior mean divergence vorticity of the secondary and ¢ flow fields. The colormaps in these plots are the same as in
the respective main field plots. 3D interactive versions of these plots are available online.

Appendix E: Details on the likelihood derivation

Here we explicitly outline several calculation steps that were
omitted in the description of the likelihood in Sect. 3.3.3. We
focus on a subset of stars with unobserved RVs and uncertain
distance estimates, since this case allows us to demonstrate the
necessary steps while still allowing for a more compact nota-
tion. The case including RVs is completely analogous. A large
part of this calculation follows roughly similar approaches as in
Leike & EnBlin (2019) and Edenhofer et al. (2023) and is quite
general.

Following the notation laid out in Sect. 3, we denote the like-
lihood variables, in this case the proper motion data set, as i, and
the observed parallaxes as @. To connect the velocity field and
data in the following calculation, we introduce the true proper
motions

1= px(V, @) (E.T)

i.e. the true velocity field V evaluated at the true distances 1/.
The true proper motions and parallaxes are related to the data via

(E2)
(E3)

with correlated noise terms n, and ng, with observational co-
variance C, . Expanding the likelihood in all of the (unknown)

u=pu+n, =pu(V, @) +n,

W =T+ Ny,

quantities introduced in Eqs. (E.1), (E.2), and (E.3) gives:
P UV, @, Cur) =

= fdz%dnﬂdnmﬂo(p,5,nﬂ,nw|V,w,Cﬂ,U):

We refactor the joint probability density function above piece by
piece using the product rule. We start by exploiting the fact that
the proper motion data are fully explained by Eq. (E.2)

= fd% dn, dng, P (/,tIV, @, nﬂ) P (5, ny, gV, @, Cy,w) =
and similarly using Eq. (E.3) for the parallaxes

= f 4@ dny, dng P (V. @.1,) P (@i, @) P (mus sl Craer)
(E.4)

Since the only information we have on the noise statistics is the
covariance, the appropriate noise prior distribution to choose is
a bi-variate zero-centered Gaussian. This distribution maximizes
the information entropy in case one only has information on the
first and second moments, i.e., it makes the least additional as-
sumptions (EnBlin 2019). The first two distributions are delta
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distributions, since they are completely determined by Eqgs. (E.2)
and (E.3). This allows us to perform the marginalization over the
noise terms analytically, giving us

P (ulV, @, Cur) = fd{ﬁg( M= px(V, @) Cos

= (E.5)
The final step, namely the marginalization over @, is not analyt-
ically tractable in general, since the variation of u, with distance
depends on the unknown structure of the velocity field along the
line of sight. We hence introduce the following numerical ap-
proximation

P (ulV, @, Curr) = f 47 P (1 BV, @, Cur)

~ Z P (ulz%[, V,w, CWU)

~ G (1 = (U)o Cu + (Cudo) (E.6)
with
1 N
e = 5 Zm(w» E7)
(7'2 0'2
<C#>w — ( ﬂ:AIW ﬂRé\»ﬂDEC'W) (E.8)
HpEC|@
2 N
Ty = m ((x*y*>m' - <-x*>m<y*>w) (E.9)

These sample estimates were calculated from 10 parallax sam-
ples per star. We note that this estimation needs to be evaluated
at each step of the optimization, making this the main computa-
tional bottleneck. The number of parallax samples was chosen to
strike a balance between computational feasibility and statistical
precision.

Appendix F: Noise estimation results

As discussed in Sect. 3.3.3, we have introduced a noise estima-
tion factor 7 to the observational noise to correct for the possible
systematic error introduced by binaries. In Fig. F.1, we relate the
inferred n factors with the observed RVs and the respective ob-
servational noise. The plot reveals several interesting patterns.
For most stars, the noise statistics do not change, i.e., they have
an 7 value of the order of 1. Data points with very to extremely
small uncertainties (from about 0.5 kms~! to 0.001 kms~!) are
almost always down-weighted, indicating that the RV values are
inconsistent with the surrounding RV field at the precision given
by the noise. However, these data points are still informative, as
the n factors only bring these error bars to the level of the bulk of
the RV measurements in Sco-Cen. Most stars have an observa-
tional noise between 0.5 kms~! to 10 kms~!. In this regime, we
see an increasing trend in that stars with high 7 values also have
very high absolute RV values, which likely indicates that they
are kinematic outliers. This gives good evidence that the auto-
matic down-weighting using the noise estimation works. In the
high noise regime, almost no stars are down-weighted with high
n values. These stars likely have almost no impact on the anal-
ysis due to the already small likelihood value, making further
outlier rejection unnecessary.
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Fig. F.1: Noise estimation results. The plot shows the inferred
noise estimation factors n7 per RV measurement versus the log-
scaled observed uncertainties. The observed RV data are shown
as a color scale. The scale is saturated at £50kms~!. The pos-
terior samples of 77 are in gray, thereby illustrating the statistical
uncertainties of the result.

Appendix G: Component fields

We show the component fields of the main vector field in
Figs. A4, A.5 and A.6. These plots give a supplementary view-
point to the power spectrum plots in Fig. 4 and the full vector
field plotted in Fig. 3a. The inside-out acceleration pattern of
Sco-Cen is again nicely visible in all components.

Appendix H: Additional vorticity and divergence
fields

Figure A.7 shows the vorticity of the main flow field of Sco-Cen.
This plot reveals many small-scale structures. In general, it can
be noted that many of the vorticity vectors seem to be parallel
or anti-parallel to the direction connecting negative x, y, z, with
the more positive values on the respective axes, which, at least
for x and y, is the direction of Galactic rotation. A more detailed
analysis of the vorticity will follow in Paper III. We furthermore
show the divergence and vorticity maps of the secondary and ¢
fields in Fig. A.8.
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