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ABSTRACT

The Serpens OB2 association (£ ~ 1825, b ~ 129, d = 1950 &£ 30 pc) is a large star-forming complex ~65 pc above the
Galactic mid-plane, with a clumpy, elongated structure extending ~50 pc parallel to the plane. We analyse probable as-
sociation members, including OB stars and low-to-intermediate-mass young stellar objects (YSOs) from the Spitzer/IRAC
Candidate YSO (SPICY) catalogue. We use *CO Milky Way Imaging Scroll Painting Survey (MWISP) data to trace the
molecular clouds. The OB stars are concentrated towards the centre of the association, coincident with a gap in the
molecular clouds, and towards the side nearest the Galactic plane. The YSOs are distributed throughout the association, but
cluster around molecular-cloud clumps. Using Gaia DR3 proper motions to probe the association’s internal kinematics,
we find aligned stellar velocities on length scales <2 pc, two-point statistics that show increasing velocity differences
and predominantly divergent motions at larger separations, and distinct velocities for star clusters within the association.
Finally, the association exhibits gradual but statistically significant global expansion perpendicular to the Galactic plane,
with a spatial gradient of 0.10 4- 0.02 km s~! pc™!. The clumpy stellar distribution, correlated velocities on small scales,
and increasingly divergent motions on larger scales are consistent with an initial velocity field inherited from a turbulent
molecular cloud modified by stellar feedback. The global vertical expansion may arise from large-scale turbulence or
feedback-driven shell expansion, with the H1I region Sh 2-54 preferentially pushing the molecular gas away from the
Galactic plane. Ser OB2 demonstrates that the multiscale expansion of an OB association can begin even while star
formation is still ongoing throughout the complex.

Key words: astrometry - stars: kinematics and dynamics - stars: massive — stars: pre-main-sequence — open clusters and
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1 INTRODUCTION

Large OB associations - often containing multiple young clusters
- exhibit complex kinematic sub-structures (N. J. Wright 2020;
N. J. Wright et al. 2023). Their kinematics may reflect turbulent
or collapsing natal clouds (C. F. McKee & E. C. Ostriker 2007; E.
Vazquez-Semadeni et al. 2019), gas removal by OB-star feedback
(winds, expanding H 11 regions, supernovae) that can drive cluster
expansion or dispersal (R. D. Mathieu 1983; F. C. Adams 2000; C.
J. Lada & E. A. Lada 2003; H. Baumgardt & P. Kroupa 2007), tidal
disruption (J. M. D. Kruijssen 2012; J. M. D. Kruijssen et al. 2012),
sequential star formation in expanding shells (B. G. Elmegreen &
C.J.Lada 1977;J. E. Dale, 1. A. Bonnell & A. P. Whitworth 2007),
and acceleration of clouds by the rocket effect (J. H. Oort & L.
Spitzer 1955; K. V. Getman et al. 2019; L. Posch et al. 2023). Gaia
studies of young star clusters in massive star-forming regions
show that, once the natal gas has dispersed sufficiently for the
stars to become optically visible, most individual clusters are ex-
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panding (M. A. Kuhn et al. 2019; B. Lim et al. 2020; C. Swiggum
et al. 2021; K. Muzic¢ et al. 2022; J. J. Armstrong & J. C. Tan 2024;
N. J. Wright et al. 2024).

The local expansion of clusters or sub-clusters, however, need
not imply coherent expansion of the parent OB association (e.g.
N. J. Wright & E. E. Mamajek 2018). In large complexes contain-
ing multiple expanding groups, the groups’ motions relative to
one another can appear largely uncorrelated (M. A. Kuhn et al.
2019, 2020). Analysing 109 OB associations, J. L. Ward, J. M. D.
Kruijssen & H.-W. Rix (2020) found highly substructured velocity
fields with only localized expansion, and concluded that the ob-
served kinematics are inconsistent with simple expansion from
one or more centres. In contrast, careful examination of stellar
clustering in Sco-Cen, a nearby 3-19 Myr old OB association,
suggests that its present-day morphology arises from multiple
non-coeval sub-populations that have expanded from their birth
sites (S. Ratzenbock et al. 2023), which has given rise to an
overall divergent velocity field (S. Hutschenreuter et al. 2026).
To investigate the origin of these multiscale kinematic patterns,
we examine the younger, less-studied OB association Serpens
OB2.
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Figure 1. Spitzer/IRAC mosaic of the Ser OB2 region in the 3.6 p (blue), 5.8 pum (green), and 8.0 pum (red) bands. The yellow contours indicate the
surface-density distribution of cluster members (Section 4), with the 60 x 60 pc box used for this analysis indicated (green rectangle). Several sub-regions

are labelled.

Ser OB2 is a prominent OB association with active star for-
mation located ~ 2° (=65 pc) above the Galactic mid-plane (B.
Reipurth 2008). This association contains the young cluster NGC
6604 and the giant H 11 region Sh 2-54, which launches a ~200 pc
long ‘thermal chimney’ above the Galactic plane (K. Reif, P. Stef-
fen & W. Reich 1984; P. Mueller, K. Reif & W. Reich 1987). The
distance to Ser OB2 is 1950 =+ 30 pc, placing this association at the
far end of the Sagittarius Spur - a kpc-long chain of star-forming
regions that also includes the massive star-forming regions NGC
6530, M16, and M17 (M. A. Kuhn et al. 2021c). A significant
fraction of nearby star-formation activity appears to arise from
giant filamentary structures like this (C. Zucker et al. 2023), so it is
important to understand how such configurations of interstellar
gas affect the kinematics and clustering of the stars they form.

Owing to its distance, previous analysis of the stellar content
has mostly focused on the association’s early-type members (B.
Reipurth 2008, and references therein). However, with infrared
surveys, it has become possible to identify low- and intermediate-
mass young stellar objects (YSOs), extending the sample of mem-
bers across most of the stellar mass range. We have combined
these catalogues with Gaia astrometry (Gaia Collaboration 2016)
to investigate stellar kinematics in this region. The paper is orga-
nized as follows. Section 2 describes the survey data. Section 3
presents the OB and YSO members. Sections 4 and 5 examine
the stellar clustering and kinematics. Section 6 investigates the
molecular cloud. Section 7 interprets the kinematic results in
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terms of stellar feedback and turbulence in the natal cloud. And,
Section 8 provides our conclusions.

2 DATA

Ser OB2 was observed by the Spitzer Space Telescope (M. W.
Werner et al. 2004) during the Galactic Legacy Infrared Mid-plane
Survey Extraordinaire (GLIMPSE; R. A. Benjamin et al. 2003; E.
Churchwell et al. 2009), as part of the GLIMPSE 3D programme
(PI R. Benjamin; Program ID 30570). The GLIMPSE 3D field
containing Serpens OB2 (Fig. 1) sits above the Galactic mid-plane
with dimensions ~ 2075 x 2225 centred at (¢, b) ~ (1896, 220).
This strip was observed between 2007 May 13 and 14 in the
Infrared Array Camera (IRAC; G. G. Fazio et al. 2004) 3.6, 4.6,
5.8, and 8.0 um channels, with 2 s integration times at each po-
sition. The GLIMPSE data reduction and catalogue construction,
using point spread function photometry, are described by R. A.
Benjamin et al. (2003) and online NASA/IPAC Infrared Science
Archive (IRSA) documents.!

The analysis is also based on the third Gaia Data Release (Gaia
DR3; Gaia Collaboration 2016, 2021, 2023), including astrometry
(L. Lindegren et al. 2021a) and photometry (M. Riello et al. 2021).
For Ser OB2 sources with G ~ 17 mag, Gaia’s typical precisions

Thttps://irsa.ipac.caltech.edu/data/SPITZER/GLIMPSE/overview.html
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Table 1. Probable association members (OB Stars and YSOs).

Serpens OB2 3

Star name RA Dec. Gaia DR3 Group
(deg) (deg)

SPICY 79382 274.345989 —12.194012 Ser OB2 ridge W
SPICY 79385 274.346755 —11.986258 Ser OB2 ridge W
SPICY 79387 274.347122 —12.153139 4153579966233449600 Ser OB2 ridge W
BD —11° 4581 274.347245 —11.749321 4153880717006 159 872 Ser OB2 ridge W
SPICY 79391 274.347603 —12.361940 4153564057674463616 Ser OB2 ridge W
SPICY 79392 274.347701 —11.985276 4153679678221028480 Ser OB2 ridge W
SPICY 79393 274.348619 —12.031330 Ser OB2 ridge W
SPICY 79394 274.349002 —12.086487 4153674966596672128 Ser OB2 ridge W
SPICY 79395 274.349055 —12.324524 Ser OB2 ridge W
SPICY 79397 274.349322 —12.169315 4153579858837645056 Ser OB2 ridge W

Note. RA and Dec. are equinox J2000. Gaia matches are only indicated for sources meeting our astrometric quality criteria. Stars with parallaxes
inconsistent with membership are not included. This table is available in its entirety (899 rows) in the supplementary online material. A portion is

shown here for guidance regarding its form and content.

are ~0.08 mas for parallaxes and ~0.09 mas yr—! for proper mo-
tions. However, spatially correlated systematic errors of up to
0.026 mas and 0.023 mas yr—! in parallax and proper motion,
respectively, limit the precision of absolute astrometry (L. Lin-
degren et al. 2021a, their section 5.6). We apply the L. Lindegren
et al. (2021b) astrometric zero-point corrections and omit anal-
ysis of sources with renormalized unit weight error RUWE >
1.4. Furthermore, we only examine astrometry for sources with
astrometric_sigma5d_max < 1 mas to ensure that the measure-
ments are sufficiently precise to be informative.

3 MEMBERSHIP

Sources whose photometry showed mid-infrared excesses con-
sistent with circumstellar discs or envelopes were included in
the Spitzer/IRAC Candidate YSO (SPICY) catalogue (M. A. Kuhn
et al. 2021b), following a multi-step classification strategy. Start-
ing with the GLIMPSE high-quality ‘Catalog,” cuts were applied
based on IRAC colours and uncertainties to remove sources
whose photometry is incapable of providing a reliable detec-
tion of infrared excess (M. S. Povich et al. 2013). Next, sources
that could be explained by reddened stellar atmosphere models
(e.g. F. Castelli & R. L. Kurucz 2003; R. Indebetouw et al. 2005)
were rejected using spectral energy distribution fitting. Finally,
a random-forest-based classifier was used to separate YSOs from
intrinsically red objects, e.g. active galactic nuclei, star-forming
galaxies, (post)-asymptotic giant branch stars, dusty red giant
stars, cataclysmic variables, classical Be stars, and symbiotic stars.
This classifier was trained on probable cluster members from
massive star-forming regions (P. S. Broos et al. 2013; E. D. Feigel-
son et al. 2013; M. S. Povich et al. 2013), while contaminants
identified in these studies and sources from multiple Galactic
sightlines with little-to-no star-formation activity comprised the
‘non-YSO’ training set. The full SPICY catalogue contains ~120
000 objects, of which ~860 lie in the GLIMPSE 3D Ser OB2
field. While quantitative contamination rates are challenging to
estimate, preliminary follow-up studies suggest that it is low (e.g.
M. A. Kuhn et al. 2023).2

2M. A. Kuhn et al. (2023) estimated a contamination rate <10 per cent
for spatially isolated, optically visible SPICY members. Nevertheless, it
has yet to be demonstrated that this contamination rate applies to the full
sample.

Candidate OB members (M > 8 M) were compiled from
the Alma Luminous Star (ALS) III catalogue (M. Pantaleoni
Gonzilez et al. 2025), an update to the ALS catalogue where
sources have been vetted using distance-corrected Gaia colour—
magnitude diagrams. We include ALS III stars consistent with
being massive stars, including those in their massive catalogue
(labelled ‘M’) along with ALS candidates with bad Gaia astrome-
try (labelled ‘A’) or colours (labelled ‘C’). Out of ~90 potential
massive members, three-quarters are in the ‘M’ category, but
several important sources, including MY Ser, the O supergiant
multiple-star system at the centre of NGC 6604, have flagged Gaia
issues. One source, ALS 17499 (= SPICY 79715), appears in both
catalogues.

We examined 11 Infrared Astronomical Satellite (IRAS) candi-
date YSOs from D. Forbes (2000), but only IRAS 18166-1128 has
a Gaia parallax consistent with Ser OB2 membership, so we have
not added these sources to our sample. In addition, J. Vasquez et
al. (2012) proposed ~60 candidate YSOs in a small region on the
eastern side of Ser OB2, based on similar data sets to those used by
SPICY, but with different selection criteria. To preserve spatially
uniform selection across the full Ser OB2 field, we decided not to
include additional sources from this list.

While our list of potential members is the largest assembled
for Ser OB2 (Table 1), our selection criteria are insensitive to disc-
free pre-main-sequence stars. Nevertheless, the SPICY and ALS
III selections apply spatially uniform criteria across the GLIMPSE
3D field and provide a homogeneous set of probable members
with which to compare the spatial and kinematic properties of
the high- and low-mass populations.

3.1 Parallax membership refinement

M. A. Kuhn et al. (2021c) used a Bayesian model to infer a
mean Gaia parallax of 0.512 + 0.007 mas (1950 + 30 pc) for Ser
OB2. This is consistent with an earlier very long-baseline in-
terferometry measurement of 0.500 £ 0.019 mas for the maser
G018.34+-01.76, associated with IRAS 18151-1208 (M. J. Reid et
al. 2019). Here, we retain YSOs and OB stars as probable members
only if the measurements are consistent with 0.512 mas within
uncertainties. The brighter OB stars have smaller astrometric
uncertainties and lie close to this value, whereas the fainter YSOs
show larger scatter but remain concentrated around this mean

(Fig. 2).

MNRAS 546, 1-14 (2026)
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Figure 2. Parallaxes for OB stars (blue asterisks) and YSOs (red circles) in the Ser OB2 field. Left: Corrected Gaia parallax (z ) versus formal parallax
uncertainty (o4 ). The diagonal lines show the +20 envelope around the association mean @ = 0.512 mas, using the quadrature sum of statistical
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uncertainties are smaller than their symbols). The horizontal black line marks @. The larger parallax spread of the YSOs reflects their larger formal

uncertainties.

Using two standard deviations as a cut-off, and accounting for
both the formal parallax uncertainties and the systematic error,
we reject the membership of 13 percent of the YSOs and 10
per cent of the OB stars in the field. The remaining sources that
have good Gaia astrometry include 60 OB stars and 284 YSOs.
The 21 OB stars and 534 YSOs lacking good Gaia astrometry are
retained as possible members; however, they cannot be used for
kinematic analysis.

Six OB stars were rejected because their parallaxes are too large
for association membership. All lie on the low-¢ side of the field
(17.8° < £ < 18.2°) and are ~350-650 pc closer than the mean
association distance. Given that Ser OB2 spans only ~50 pc in
the plane of the sky, their inclusion would require an extreme
elongation of the association towards the Sun. It is more likely
that these OB stars are associated with foreground star-forming
regions such as M17 or the Eagle Nebula, which are projected on
the same side of the field. One OB star was rejected because its
parallax places it ~800 pc behind Ser OB2. After excluding these
seven OB stars, we find no significant /—parallax gradient across
Ser OB2 based on a Kendall’s 7 correlation test (p > 0.05).

3.2 Member properties

Previous studies of Ser OB2’s OB content estimated stellar ages
of 4-5 Myr (D. Forbes & D. L. DuPuy 1978; R. Barbon et al. 2000;
N. V. Kharchenko et al. 2005; B. Reipurth 2008). These ages are
consistent with the presence of the Wolf-Rayet system, WR 113
(WC8d+08-91V; K. A. der Hucht 2001), given that the evolution
of a WCS star requires =3 Myr (G. Meynet & A. Maeder 2005; P.
A. Crowther 2007).

The J versus J — H colour-magnitude diagram is shown in
Fig. 3. Using PARSEC stellar evolution models (A. Bressan et al.
2012) with an age of 4.4 Myr (N. V. Kharchenko et al. 2005),
an extinction of Ay ~ 4 mag reproduces the OB locus but lies
significantly bluer than most YSOs. For the 4.4 Myr isochrone
to pass through the middle of the YSO distribution on the dia-
gram, it would need to be reddened by Ay ~ 10 mag. Such an
extinction is implausibly high given that many of these stars
have Gaia astrometry. For example, a 2 My star with this age

MNRAS 546, 1-14 (2026)
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Figure 3. Near-infrared colour-magnitude diagram of probable Ser OB2
members (OB stars and YSOs). Stars are colour-coded by the availability
of high-quality Gaia astrometry. The YSO sample reaches ~0.4 Mg, but
the sub-set with Gaia astrometry is sensitive only above ~1 M. Stars with
discrepant parallaxes are excluded from the diagram. PARSEC isochrones
(A. Bressan et al. 2012) are shown at the Ser OB2 distance, reddened to
extinctions typical of members.

and extinction would have a Gaia magnitude of G = 20.6 mag,
which is too faint for reliable astrometry, yet dereddening on
the near-infrared diagram suggests that some YSOs are in this
mass range. A younger isochrone alleviates this tension. With
a 1 Myr isochrone, an extinction of Ay ~ 6 mag is sufficient
to explain the YSO colours, and a 2 M, star would then have
G = 18.4 mag, within the range where Gaia provides astrometry.
Owing to differential extinction in massive star-forming regions
and degeneracies between effective temperature and extinction in
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Figure 4. Left: Smoothed surface density distribution for members of Ser OB2, in units of sample members per square parsec (greyscale image and
yellow contour lines). The membership list is comprised of YSOs from the SPICY catalogue (red circles) and OB stars from the ALS III catalogue (blue
asterisks), excluding those with inconsistent parallaxes. Right: Mixture-model cluster solution with eight cluster components. The black ellipses trace
the isodensity contours of each component at 2 times the core radius. The assignments of stars to groups are indicated by the symbol shapes and colours.
Distinct clusters are labelled. The two larger ellipses near the centre of the region identify the core (stellar members of the Ser OB2 ridge W and E
indicated by asterisks and diamonds, respectively). Ser OB2 halo members are indicated by the open circles.

spectral energy distribution fitting, it is difficult to obtain precise
masses and ages for individual stars. Nevertheless, the constraints
provided by the colour-magnitude diagram suggest that the YSOs
are consistent with an age of ~1 Myr and they are likely to be, on
average, younger and more extincted than the OB population.

3.3 Extrapolated total stellar membership

Assuming our OB member list is complete and finding no ev-
idence of past supernovae, we can extrapolate the total stellar
population of the association by scaling from the initial mass
function (IMF). The T. Maschberger (2013) IMF predicts that OB
stars (M > 8 M) comprise ~0.7 per cent of all newly formed
stellar-mass objects (M > 0.08 M,). Given ~80 probable OB stars
in Ser OB2 after removing those with inconsistent parallaxes, the
association is likely to have a total population of ~10* stellar-
mass members. For comparison, K. L. Luhman (2022) estimates
8300 stellar-mass members in Sco-Cen, meaning that these two
associations have similar stellar population numbers.

4 CLUSTERING

The OB stars and YSOs in our sample are concentrated around
Galactic latitude b ~ 2°, roughly co-located with the mid-infrared
nebulocity in the Spitzer/TRAC images. Although the OB stars
and YSOs are mixed together, there appears to be some dif-
ferences in their spatial distributions, which we compare with
the Kolmogorov-Smirnov (K-S) test. This test shows a moder-
ately statistically significant difference in the distribution of their
Galactic longitudes (p = 0.03), which can be attributed to the OB
stars being slightly more concentrated towards the centre of the
OB association. However, the discrepancy is stronger in Galactic

latitude (p < 107°), indicating that the OB stars preferentially
have lower b. The massive cluster NGC 6604, containing several
OB stars, is at the edge of the cloud, closer to the mid-plane than
most of the rest of the association. Meanwhile, the YSOs are more
strongly concentrated towards the middle of the cloud.

To examine the spatial distribution of these sources, we con-
vert positions in (¢, b) to a Cartesian (&, ) coordinate system
using the orthographic projection, where our &-axis is parallel
to the direction of decreasing ¢ and our n-axis is parallel to the
direction of increasing b at the tangent point (Fig. 4).> In pro-
jection, the stars’ spatial distribution is elongated in a direction
parallel to the Galactic plane, with an aspect ratio of 2.7:1. The
total length of this structure (encompasing 95 per cent of the
probable members) is ~53 pc. The clumpy spatial distribution of
stars in the association is apparent from the adaptively smoothed
surface-density map (Fig. 4, left). This map was generated with
the densityVoronoi function in the R ‘SPATSTAT’ package (A.
Baddeley, E. Rubak & R. Turner 2015; A. Baddeley, R. Turner & E.
Rubak 2025), which estimates density from a Voronoi tessellation
built on a randomly selected fraction of the points (f = 0.1), uses
the remaining points to estimate counts in each cell, and com-
putes the mean surface density over 1000 repetitions (Y. Ogata, K.
Katsura & M. Tanemura 2003; Y. Ogata 2004; A. Baddeley 2007).

To identify clusters in the spatial distribution of Ser OB2 associ-
ation members, we used the mixture-model algorithm and R code
from M. A. Kuhn et al. (2014). The projected spatial distribution
of cluster members is represented as a sum of multiple com-
ponent distributions that capture the cluster structure. Young

30ur 7 coordinate is approximately aligned with the Galactic Z-axis, in-
creasing with height above the Galactic mid-plane.

MNRAS 546, 1-14 (2026)
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Table 2. Mean astrometric motions of Ser OB2 sub-clusters.

Sub-region Lo bo Msamp fLx iy VLSR K
(deg) (deg) (masyr1) (masyr~1) (kms~1)
1 (2) (3) 4) ©)] (6) @)
Dobashi 782 18.15 1.94 11 —2.3340.08 —0.6040.10 29.7
NGC 6604 18.23 1.68 7 —2.4940.09 —0.8140.06
Ser OB2 ridge W 18.33 1.87 144 —2.1540.03 —0.5640.03
Ser OB2 ridge E 18.55 1.85 45 —2.0340.06 —0.7140.05
Gum 85 18.65 1.97 11 —2.0240.08 —0.484+0.06 27.9
Ser OB2 G18.7+1.8 18.77 1.83 14 —2.2940.09 —0.4840.07 27.9
Dobashi 815 18.80 2.09 5 —2.1940.16 —0.514+0.22 27.7
Dobashi 822 19.01 1.55 4 —2.4140.21 —1.0140.16 25.5

Note. Column 1: sub-region designation. Column 2-3: central location defined as the mid-range for £ and b in each group. Column 4: number of stars
used in the astrometric analysis. Columns 5-6: mean proper motions and standard errors for each group. Column 7: LSR velocity of peak 3CO J = 1-0

emission in the associated molecular clump (Section 6).

stellar clusters tend to be fairly extended and are best described
by profiles with heavy wings. Thus, each component is modelled
with a two-dimensional profile whose surface density is nearly
uniform in a central core, has elliptical isodensity contours, and,
at large distances from the centre, falls off as the inverse square
of the elliptical radius. In sky coordinates r = (&, n), the surface
density of a single component is
1 -1
2) =% [14 0= r) AG =10 8
c
where ry is the centre, ¥, is the central surface density, r. is a
core radius, and A is a positive-definite 2 x 2 matrix that sets the
ellipticity and position angle. The final model is the sum of mul-
tiple such components, fit by maximum-likelihood estimation,
with the number of components determined by minimization
of the Akaike Information Criterion (AIC; H. Akaike 1974), a
likelihood-based statistic penalised by model complexity.

We find that a model with eight clusters, roughly correspond-
ing to the peaks in the smoothed surface-density map, provides
the best fit (AIC ~ 2366) to the projected stellar distribution for
Ser OB2 (Fig. 4, right). The residual map (not shown) contains
both positive and negative residuals with typical amplitudes of
+0.1 pc—2. The most significant residual of +0.3 pc~2 lies be-
tween the east and west components of the central ridge, and
may indicate that the model components do not fully describe this
structure. Nevertheless, this residual is relatively small compared
to the total stellar density >2 stars pc~2 in the same region. To
evaluate the statistical evidence for each model component, we
removed each component from the model in turn, refit the model,
and recalculated the AIC. The AAIC changes range from 4 to
100, indicating that the additional complexity introduced by each
component is justified by the improvement in fit.

The resulting model implies a centrally concentrated associa-
tion, with a ridge-like overdensity in the core, represented by two
components (Ser OB2 ridge W and E), embedded in a more dif-
fuse halo (Ser OB2 halo). Superposed on this large-scale structure
are several discrete clusters, each corresponding to a single com-
ponent (Table 2). These include NGC 6604 (W. Herschel 1786), a
cluster associated with the bright Gum 85 nebulosity (C. S. Gum
1955), and clusters associated with the dark clouds Dobashi 782,
822, and 815 (K. Dobashi 2011), with Dobashi 782 also standing
out as a bright patch of mid-infrared nebulosity in Spitzer images.
An additional cluster, designated Ser OB2 G18.7+1.8, lacks a
previously catalogued counterpart, and is associated with a weak
extinction feature visible in the Digitized Sky Survey 2 images

MNRAS 546, 1-14 (2026)

(B. M. Lasker et al. 1990). Optical and infrared images reveal a
compact sub-cluster around HD 167 834 within the Ser OB2 ridge
W that our algorithm did not separate as a distinct component.

This sub-structure in Ser OB2 is driven primarily by the YSO
distribution rather than the OB stars. In our mixture-model com-
ponents, OB stars are associated mainly with the central ridge,
NGC 6604, and G18.7+1.8, while the other four clusters have
cores devoid of OB stars. In contrast, the OB stars are distributed
more smoothly across the association centre.

5 KINEMATICS

Proper motions p,« and w; are converted to plane-of-sky veloci-
ties v¢ and v, following M. A. Kuhn et al. (2019, their equations 1-
4), including first-order corrections for perspective expansion and
coordinate effects (F. Leeuwen 2009). The systemic radial velocity
of Ser OB2 was estimated to be visg ¢ = 27.3 km s~ (M. A. Kuhn
et al. 2021c) based on the 2CO J = 1-0 map of T. M. Dame, D.
Hartmann & P. Thaddeus (2001), corresponding to a heliocentric
velocity of RVpelio = 12.5 km s~1.# The maser G018.344-01.76 has
a consistent radial velocity, visg x = 28 £3 km s™' (M. I. Reid
et al. 2019).

The velocity distributions of v; and v, have heavy tails and
are better described by Student-t distributions than by Gaussians.
To estimate the location, scale s, and degrees of freedom v, we
accounted for individual Gaia measurement uncertainties (as-
sumed to be Gaussian) by convolving them with the intrinsic ¢
distribution and maximixing the observed-data likelihood. For v¢
we obtained a velocity spreads = 3.5+ 0.6kms ! withv =6 £ 5
for the OB stars and s = 3.1 £ 0.2 km s™! with v = 1.2 + 0.2 for
the YSOs. For v, we obtained s = 2.6 £ 0.5kms™ ! withv = 3.2+
1.7 for the OB stars and s = 2.4 £ 0.2 km s~! with v = 1.6 0.3
for the YSOs. These results indicate similar spreads for the high-
and low-mass populations, with slightly larger spreads parallel to
the Galactic mid-plane than perpendicular to it.

Fig.5 (left) shows the 2D velocity distribution for Ser OB2. A
typical threshold for a walkaway star in a star-forming region is
>10 km s~! (C. Schoettler et al. 2020; R. J. Parker & C. Schoettler
2022). We find that 23 per cent of the YSOs and 7 percent of

4The kinematic Local Standard of Rest (LSRK) is defined by a fixed ve-
locity of 20 km s~! towards o = 18", § = +30° (B1900.0) relative to the
Solar system barycentre.
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Figure 5. Left: The 2D projected velocity distribution for Ser OB2, plotted with the same symbols as Fig. 2 and including only stars whose parallaxes
are consistent with membership. We use |v| < 10 km s~! (dashed circle) as an approximate cut-off to separate the slow-moving cluster members from
higher velocity stars, including walkaway and runaway association members and contaminants. Right: Positions and velocities of OB stars (blue) and
YSOs (red) from the |v| < 10 km s~! sample. The arrow lengths and directions indicate the projected velocities of these stars in the (&, ) plane.

the OB stars exceed this threshold. While these could be high-
velocity members, potentially ejected by dynamical interactions,
stars with discrepant velocities are also more likely to be field-
star contaminants in the sample. Thus, these thresholds should
be considered to be upper limits on the number of walkaways
from Ser OB2 within the field of view. The remaining kinematic
analysis focuses on the lower-velocity (<10 km s~1) members.
Fig.5 (right) shows velocity vectors for the OB stars and YSOs,
revealing complex velocity patterns. Although there are stars
moving in all directions across the entire association, the pattern
suggests common motions in subregions of the association.

5.1 Global expansion

Correlations between position and stellar velocity will be present
if Ser OB2 is undergoing global expansion or contraction (Fig. 6).
Kendall’s t rank correlation test indicates statistically significant
positive correlations between & and v; (p = 0.005) and between 7
and v, (p < 1079). Linear fits using ordinary least-squares (OLS)
regression yield mean velocity gradients of 0.03 £ 0.02 km s™*

! along the & axis® and 0.10 4 0.02 km s~! pc™! along the n
axis.

Although the association is more spatially extended parallel
to the Galactic plane than in the vertical direction, the velocity
gradient is at least ~3 times larger in n (perpendicular to the mid-
plane) than in £ (parallel to the plane). The detected v, - velocity
gradient accounts for only a small fraction of the total velocity
dispersion (i.e. 6 per cent of the variance), but becomes apparent

SGiven that the fitted slope of the v¢—¢ relation is consistent with zero, it
should be treated as a constraint on the expansion gradient rather than a
detection. In this case, Kendall’s T test may be capturing velocity structure
poorly fit by the linear model.

when the velocity field is examined across the full extent of the
association.

5.2 Correlated stellar velocities

To characterise the kinematic structure of Ser OB2 over a range
of spatial scales, we use pairwise velocity statistics in a structure-
function-style analysis.

To test the alignment of velocities, we examined pairs of stars
and calculated the angle between their velocity vectors. This an-
gle is defined

v
6;; = arccos J )
|v1| [v; |

where v; and v; are the velocity vectors of the two stars as seen
in projection in the rest frame of the association. Fig. 7 shows
histograms of these angles for pairs of points over a range of
separations. We consider pairs of YSOs, pairs of OB stars, and
pairs of the joint sample containing both YSOs and OB stars.
When pairs are separated by a projected distance less than or
equal to 2 pc, there is a clear preference for nearly parallel velocity
vectors (f;; near 0°) and a deficit of nearly antiparallel velocity
vectors (6;; near 180°). This is apparent for the YSO, the OB stars,
and the joint sample. The preference is strongest for the OB stars,
which may be explained by smaller velocity uncertainties for this
sub-set. The preference for parallel velocity vectors is weaker
when considering stars with projected separations between 2 and
5 pc, and is only clearly present for the OB star sample. When
considering pairs with projected separations greater than 5 pc,
there is no significant correlation in velocities. This effect cannot
be an artefact of the correlated uncertainties in Gaia proper mo-
tions because the velocity dispersion of the sample (~3 km s71)
is much larger than the maximum amplitude of the correlated
uncertainties (+0.2 km s71).

MNRAS 546, 1-14 (2026)
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Kendall’s T test: p < 0.05

40 -30 20 -10 0 10 20
&[pc]

| |
Kendall’s t test: p < 0.001
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20 -10 0 10
n [pc]

Figure 6. Position versus velocity for Ser OB2 members along the £ and n axes. The relations show significant scatter, attributable to both astrometric
uncertainties and real velocity dispersions. Kendall’s 7 tests indicate positive correlations between positions and velocities, with p = 0.005 for & (moderate
statistical significance) and p < 1076 (high statistical significance) for 7. The OLS regression lines fit to the association’s expansion gradient are shown.

B. Arnold & S. P. Goodwin (2019) proposed two velocity—
structure-analysis-tool (VSAT) statistics for OB associations,

Avijy = [vi — v 3
and

(ri—r;) - (v —v;)
|ri — 1y

, C)

Avl-j,D S

where v; is the projected 2D velocity of the ith star as above,
and r; is its 2D projected position vector. The first of these statis-
tics provides the difference in velocities, while the second is the
component of the velocity difference parallel to the separation
between the stars.

Fig.8 shows the median values of Av;ja and Av;; p in bins of
pair separation for the OB, YSO, and combined samples. In all
samples, for separations > 2 pc, both statistics tend to increase
with separation. The OB sample shows larger departures from a
strictly monotonic increase, likely due to its smaller size and cor-
respondingly larger stochastic fluctuations. At separations <2 pc
the trend appears to break down. In particular, Gaia measure-
ment uncertainties may impose a floor on the median Avj y,
plausibly explaining why this statistic does not continue to de-
crease towards the smallest separations.

The increasing median values of Av;; and Av;;p between 2
and 20 pc show that more widely separated stars tend to have
larger velocity differences. Since Av;;p is defined such that pos-
itive values correspond to velocities that increase the separation
between stars, its behaviour further indicates that these motions
are preferentially divergent. This pattern is consistent with an
expanding association in which the expansion velocity grows
with distance. At larger separations, the median Av;; p tends to
be higher for OB stars than for the YSOs, suggesting a slightly
more pronounced expansion signature among the OB stars.

MNRAS 546, 1-14 (2026)

The standard error of each binned median (Fig. 8) was esti-
mated as 0.93IQR/+/n, derived for approximately normally dis-
tributed data, where IQR is the interquartile range and # is the
number of data points per bin. Because the VSAT statistics are
based on pairs of points, values are not strictly independent,
so these standard errors should be interpreted with caution. To
rigorously assess the statistical significance of the trends, we
used simulation-based hypothesis testing. For this test, the null
hypothesis is that stellar position and velocity are independent,
which we simulate by randomly permuting the stellar velocity
vectors among the stars. For the test statistic, we used the slope
of the linear OLS fit to the median VSAT-log d; ; relation over the
range 0.4 < d; ; < 23 pc(as shown in Fig. 8). For each test, we ran
10000 simulations, and computed the one-sided p-value as the
fraction of simulated slopes at least as extreme as the observed
slope in the observed direction. For the YSO sample and the
joint sample, we obtained p < 0.001 (high significance) for the
trends in both VSAT statistics. For the OB sample, we obtained
p ~ 0.002 and p ~ 0.01 (moderate significance) for the trends in
Avjj v and Av;; p, respectively.

5.3 Sub-cluster kinematics

To investigate the relative motions of the clusters within Ser OB2
(Table 2), we computed the mean velocity of the stars in each
group. The resulting sub-cluster velocities, measured relative to
the mean systemic velocity, range from ~0 to ~5 km s™!, and the
differences between groups are statistically significant. However,
they do not form a simple pattern of global coalescence or diver-
gence (Fig. 9). In the central region, the two groups comprising
the ridge (Ser OB2 ridge E and W) are moving apart, and sev-
eral surrounding sub-clusters (NGC 6604, Dobashi 782, and Gum
85) are also moving away from the centre of the association. In
contrast, G18.7+41.8 is moving inwards, while Dobashi 815 and
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Figure 7. Histograms of the pairwise angle 6; ; between stellar velocity vectors, defined as §; ; = cosL(v; - ¥ i), where ¥y is the projected unit velocity of
star k. Angles of 0°, 90°, and 180° correspond to parallel, orthogonal, and antiparallel motion, respectively. Columns (left to right) show the YSO, OB,
and joint samples. Rows (top to bottom) correspond to projected pair separations d; j <2,2 < d; j < 5,and d; ; > 5 pc. A pronounced excess near 0° is
evident in the d; ; < 2 pc bin for all samples, indicating aligned motions at small separations. At larger separations the distributions show no preferred

alignment.

822 move in orthogonal directions. Taken together, these motions
point to a complex internal velocity field rather than a single
coherent pattern.

6 MOLECULAR CLOUD

The Milky Way Imaging Scroll Painting Survey (MWISP) Data Re-
lease 1 (Y. Su et al. 2019; J. Yang et al. 2025) provides molecular—
gas maps from the Purple Mountain Observatory 13.7-m tele-
scope covering the Ser OB2 region. In the *CO J = 1-0 map
(Fig. 10), dense molecular clumps are distributed across the
whole association.

Distinct cloud clumps are associated with Ser OB2 subclusters
in five regions: Gum 85, Dobashi 782, 815, 822, and G18.7+1.8.
For each clump, we record the vy sgx corresponding to the

velocity channel of peak 3 CO emission (Table 2). In several cases
(e.g. Dobashi 782, 815, and G18.7+1.8), the clumps show shar
per centre-facing edges in the 3CO image and more diffuse emis-
sion extending away from the centre, with the sub-clusters on
the centre-facing side. These morphologies resemble molecular
clumps exposed to external irradiation at the edges of expanding
H1I regions, and are commonly attributed to externally driven
surface erosion (e.g. M. E. Ortega et al. 2013). The cluster NGC
6604, rich with OB stars, has a larger projected separation from
the nearest dense core.

In the centre of the association, a molecular-gas-free channel
extends vertically (in Galactic coordinates) through the cloud.
The channel is also visible as a vertical gap in the nebulosity in
the Spitzer/IRAC images (Fig. 1), with walls traced by polycyclic
aromatic hydrocarbon (PAH) emission. Several OB stars lie in

MNRAS 546, 1-14 (2026)
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Figure 9. Positions and velocities of the sub-clusters within Ser OB2.
Arrows indicate the mean velocity vector of each sub-cluster, using the
scale shown in the upper right corner of the plot. The error bars indicate
standard errors on the mean velocities.

projection within this channel, suggesting they helped ionize the
H 11 region and clear a passage through the cloud. Because many
of the OB stars (including those in NGC 6604) lie below the cloud
in Galactic latitude while the thermal chimney extends upward,
this channel may have served as the pathway where the H1I
region broke through the cloud and inflated the chimney.

MNRAS 546, 1-14 (2026)

7 DISCUSSION

As one of the youngest and richest OB associations within 2
kpc of the Sun, Ser OB2 has provided a unique opportunity to
examine the kinematics of an OB association at a very early stage.
In contrast, other systems like Sco-Cen, Sco OB1, and Vela OB2
have stellar populations ranging from > 5-20 Myr in age and may
only contain isolated pockets of ongoing star formation (e.g. R.
D. Jeffries et al. 2009; M. J. Pecaut & E. E. Mamajek 2016; F.
Damiani 2018; T. Cantat-Gaudin et al. 2019; N. J. Wright 2020;
S. Ratzenbock et al. 2023). Like these other OB associations, the
relatively large internal velocity dispersions (2.4-3.5 km s~!) and
diameter (~50 pc) of Ser OB2 means that it is unlikely to contain
sufficient mass to be globally gravitationally bound, which would
require a cloud mass exceeding 10° Mg, (S. F. Portegies Zwart, S.
L. W. McMillan & M. Gieles 2010, their equation 4). Individual
clusters within Ser OB2 may be gravitationally bound, but our
sample is insufficient to test this.

We observe distinct velocity patterns on different spatial scales,
and turbulence provides a natural framework for interpreting this
structure. In a turbulent molecular cloud, velocity differences
increase with spatial scale (M.-M. Mac Low & R. S. Klessen 2004),
which could be reflected in the velocity statistics of the stars they
form (B. Arnold, S. P. Goodwin & N. J. Wright 2020). On the
smallest scales probed by our sample (< 2 pc), the 6;; statistic
indicates that nearby stars have preferentially aligned velocity
directions. These scales encompass typical sizes of individual
young clusters and subclusters (C. J. Lada & E. A. Lada 2003; M.
A. Kuhn et al. 2014, 2017), whose stars may have formed in the
same molecular clump with similar initial velocities. The VSAT
statistics probe pairwise velocity differences over more than an
order of magnitude in scale. For separations of ~2-20 pc, both
statistics show increasing velocity differences with separation,
reminiscent of the R. B. Larson (1981) relations where cloud
velocity dispersions increase with length scale. The VSAT Av;; p
statistic has a positive median for separations >2 pc, indicating
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net divergent motions, with divergence increasing with spatial
separation. On intermediate scales, several clusters are moving
outwards, but others deviate from this trend, implying a more
complex velocity field. On the largest scales, we detect gradual
global expansion of the association along the axis perpendicular
to the Galactic plane.

It is plausible that the asymmetric velocity gradient could re-
sult from stochastic turbulent fluctuations in a globally unbound
system. Nevertheless, it is notable that the gradient is oriented
perpendicular to the Galactic plane, where the relative placement
of the OB stars, molecular gas, and the thermal chimney provides
anatural direction. This feedback geometry may induce an asym-
metric expansion of the cloud which could be imprinted on the
stars via sequential star formation.

Previous work has shown that the ~4-5 Myr-old OB popula-
tion in Ser OB2 is energetically capable of driving the large H 11
region Sh 2-54 and the associated ‘Stockert chimney’ (W. Kundt &
P. Mueller 1987; D. Forbes 2000).° Although the interface between
the Sh 2-54 H 11 region and the molecular cloud is likely to be com-
plex (Section 6), the OB stars are preferentially nearer the Galactic
plane, so the net force of the expanding H1II region is likely to
be directed upward (i.e. in the +7 direction). If the expansion of
the Sh 2-54 H1I region has been pushing the cloud away from
the mid-plane, stars forming in this accelerated gas would inherit
upward velocities, producing a vertical velocity gradient.

If the H 11 region is overpressurized with p ~ 1071%° dyn cm~
(W. Kundt & P. Mueller 1987), and we assume a molecular-cloud
mass M, ~ 5 x 10* Mg, (for a star-formation efficiency € = 0.1)

2

6 An expanding bubble model has been used to successfully describe an-
other thermal chimney in the W4 region, obtaining an expansion age of
2.5 Myr (S. Basu, D. Johnstone & P. G. Martin 1999). While both chimneys
are of similar length, the Ser OB2 chimney is much narrower and its
ionizing source is less certain (M. Normandeau & S. Basu 1999).

and a ~50 pc-diameter interface between HII region and cloud,
the implied accelerationisa ~ 7R>p/Mq ~ 1.9 km s~! Myr~1. To
gauge whether an accelerating cloud can imprint the observed
spatial velocity gradient, we built a simple toy model in which
stars form at a constant rate in such an accelerating cloud. In the
model, stars inherit the cloud’s instantaneous mean position and
velocity plus Gaussian scatter of 5 pc and 1 km s}, respectively.
After formation, stars move ballistically at fixed velocity. Fitting
velocity versus position with OLS yields a gradient of 0.10 £ 0.01
km s7! pc™! after 2.5 Myr, which is similar to the observed gra-
dient, although uncertainties in the acceleration duration and
initial dispersions limit more quantitative modelling.

Several clusters from the E. L. Hunt & S. Reffert (2023) cat-
alogue lie in projection near Ser OB2, including CWNU 367,
NGC 6604, CWNU 493, Theia 1656, UBC 344, and UBC 1019,
but only NGC 6604 and UBC 344 (the Ser OB2 ridge) overlap
in membership with our Ser OB2 sample. CWNU 367 (d = 1368
pc) and CWNU 493 (d = 1613 pc) are foreground and have older
estimated ages. Theia 1656 (d = 2070 pc) lies ~ 0.5° closer to
the Galactic mid-plane and has an age of 13 Myr, while UBC
1019 (d = 1897 pc) is at a similar distance and just above Ser
OB2 in Galactic coordinates but is much older (~200 Myr). The
E. L. Hunt & S. Reffert (2023) catalogue’s recovery of Ser OB2
members was likely limited by the challenge of identifying distant
YSO clusters using Gaia alone, given that YSOs tend to have
lower-quality Gaia astrometry and higher velocity dispersions
than disc-free stars in older clusters.

8 CONCLUSION

Ser OB2 is a large OB association notable for its youth (< 5 Myr),
its moderate height above the Galactic mid-plane (65 pc), and its
role in launching a ~200 pc thermal chimney. We have analysed a
sample of Ser OB2 members assembled from OB stars in the ALS
III catalogue and YSOs from the SPICY catalogue, with member-
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ship vetted using Gaia DR3 parallaxes. Owing to the inclusion of
YSOs, this is the first study of the region to incorporate a substan-
tial sample of low- and intermediate-mass members. Although
spatial distributions differ moderately, the OB stars and YSOs
show similar kinematics, with increasingly divergent motions at
larger separations.

The main results of this study are as follows:

(i) We identified 60 OB-star and 284 YSO probable associa-
tion members, whose Gaia parallaxes are consistent with a sin-
gle association distance of 1950 &+ 30 pc. In addition, we re-
tained 21 OB-star and 534 YSO member candidates lacking re-
liable Gaia astrometry. Scaling the OB population to a stan-
dard IMF implies a total association membership of ~ 10* stars
(Section 3).

(ii) While previous work indicated an age of 4-5 Myr for the
OB population (e.g. D. Forbes 2000), the same age would imply
implausibly large extinctions for the low-mass YSOs. The YSOs
are more consistent with an age of ~1 Myr, implying an overall
age spread of a few Myr in the association (Section 3.2).

(iii) The Ser OB2 members exhibit a clumpy spatial distri-
bution elongated parallel to the Galactic mid-plane. Although
the spatial distributions of OB stars and YSOs overlap, the OB
stars are preferentially closer to the Galactic mid-plane and more
concentrated toward the centre of the association in Galactic
longitude (Section 4). In this central region, which contains
many of the O stars, we identify a gap in the molecular clouds
that may serve as a channel for launching the thermal chimney
(Section 6).

(iv) We identified six discrete stellar clusters (NGC 6604, Gum
85, Dobashi 782, 815, 822, and G18.7+1.8) superimposed on a
relatively smooth, centrally concentrated stellar distribution (Sec-
tion 4). Five of these clusters are associated with distinct molec-
ular cloud clumps in 1*CO J = 1-0 MWISP data cubes.

(v) After converting Gaia proper motions to plane-of-sky ve-
locities, we find characteristic one-dimensional velocity spreads
of 2.4-3.5 km s~! (Section 5). For the remaining kinematic anal-
ysis we excluded sources with |v| > 10 km s™, as velocity out-
liers are more likely to be ejected walkaway/runaway stars or
contaminants and are unlikely to trace the association’s bulk
motions.

(vi) Pairwise velocity statistics show that stellar velocities are
correlated on spatial scales <2 pc, but velocity differences in-
crease for larger separations. Velocities become increasingly di-
vergent with increasing spatial separations (Section 5.2). Pro-
jected subcluster velocities differ from the association mean by
up to 5 km s~! and display a complex pattern of motions (Sec-
tion 5.3).

(vii) The association exhibits a gradual but highly statistically
significant global expansion perpendicular to the Galactic mid-
plane, with a gradient of 0.10 £ 0.02 km s™* pc~! (Section 5.1).
This vertical expansion gradient may reflect sequential star for-
mation, if the cloud has been accelerated by the expanding Sh
2-54 H 11 region that also drives the Stockert chimney (Section 7).

Large OB associations are known to be expanding, with stellar
densities too low for them to remain bound (A. Blaauw 1964; D. A.
Gouliermis 2018). However, the physical processes that set their
kinematics remain debated. Gaia shows that most young clusters
- including those nested within larger associations - expand once
they become optically visible (M. A. Kuhn et al. 2019), consis-
tent with gas expulsion (R. D. Mathieu 1983; F. C. Adams 2000),
although alternative explanations exist (Section 7). Whether the
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same mechanisms dominate on association scales is less clear.
Detailed Gaia studies of older (tens of Myr) systems, including
Sco-Cen (S. Hutschenreuter et al. 2026) and Vela OB2 (T. Cantat-
Gaudin et al. 2019), link present-day expansion to turbulence
and feedback imprinted in natal clouds. Because many nearby
associations are in later evolutionary stages where progenitor
clouds have largely dispersed (C. Bricefio et al. 2007), it has been
challenging to directly connect their current kinematics to the
star-formation conditions.

Our analysis of Ser OB2 reveals strong expansion signatures
while star formation is ongoing (Section 5). Expansion dominates
the velocity field on scales >2 pc up to the full ~50 pc extent
of the system, but the flow departs from simple homologous
expansion. The expansion gradient is larger perpendicular to the
Galactic mid-plane than parallel to it. Ser OB2 is also spatially
clumpy, with correlated motions within clusters and partially
random relative motions between sub-clusters, likely reflecting
the kinematics of molecular clumps in a turbulent cloud (Section
6).

The disruption of clusters within Ser OB2 may contribute to
the region’s overall expansion. However, cluster dispersal alone
is unlikely to explain expansion on association scales, because
it operates on a crossing timescale (S. P. Goodwin & N. Bastian
2006). For a characteristic vertical size of ~30 pc and a velocity
dispersion of ~2.4 km s7! in this direction, the crossing time is
210 Myr, greater than the ages of most members.

Alternatively, the large-scale expansion pattern may be an im-
print of the velocity field in the molecular cloud from which the
stars formed. Large-scale velocity patterns in the gas may arise
from turbulent fluctuations (M.-M. Mac Low & R. S. Klessen
2004) or from the expansion of a molecular-cloud shell driven by
feedback (B. G. Elmegreen & C.J. Lada 1977). In Ser OB2, the con-
figuration of the HII region and molecular cloud would favour
expansion away from the Galactic plane, in the same orientation
as the association-scale stellar velocity gradient. Furthermore, the
difference in the mean ages of the OB stars and YSOs is consistent
with the sequential star-formation scenario of B. G. Elmegreen &
C.J.Lada (1977). These results suggest that the expansion and di-
vergence patterns seen in young stellar populations need not arise
solely from gas expulsion, but may reflect the initial kinematics
of stars upon formation.
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