
MNRAS 546, 1–14 (2026) ht tps://doi.org/10.1093/mnr as/stag305 
A dvance A ccess publication 2026 February 13 

On the origin of kinematic structure in the young association 

Serpens OB2 

Michael A. Kuhn , 1 ‹ Robert A. Benjamin 

2 and Simran S. Singh 

1 

1 Centre for Astrophysics Research, Department of Physics, Astronomy, and Mathematics, University of Hertfordshire, Hatfield AL10 9UW, UK 

2 Department of Physics, University of Wisconsin–Whitewater, 800 W Main St, Whitewater, WI 53190, USA 

Accepted 2026 February 8. Received 2026 February 8; in original form 2025 December 18 

A B S T R A C T 

The Serpens OB2 association ( � ∼ 18 . ◦5 , b ∼ 1 . ◦9 , 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-t o-int ermediat e-mass y oung st ellar objects (YSOs) from the Spitzer /IRAC 

Candidate YSO (SPICY) catalogue. We use 13 CO Milk y Wa y 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 ± 0 . 02 km s −1 pc −1 . 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 H ii 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 wor ds: astr ometry – stars: kinematics and dynamics – stars: massive – stars: pre-main-sequence – open clusters and 

associations: individual: Ser OB2 – galaxies: star formation. 
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 INTRODUCTION  

arge OB associations – often containing multiple young clusters 
e xhibit comple x kinematic sub - structures (N. J. Wright 2020 ;
. J. Wright et al. 2023 ). Their kinematics may reflect turbulent
r collapsing natal clouds (C. F. McKee & E. C. Ostriker 2007 ; E.
ázquez-Semadeni et al. 2019 ), gas removal by OB-star feedback 

winds, e xpanding H ii r egions, supernovae) that can drive cluster
xpansion or dispersal (R. D. Mathieu 1983 ; F. C. Adams 2000 ; C.
. Lada & E. A. Lada 2003 ; H. Baumg ar dt & P. Kr oupa 2007 ), tidal
isruption (J. M. D. Kruijssen 2012 ; J. M. D. Kruijssen et al. 2012 ),
equential star formation in expanding shells (B. G. Elmegreen & 

. J. Lada 1977 ; J. E. Dale, I. A. Bonnell & A. P. Whitworth 2007 ),
nd acceleration of clouds by the rocket effect (J. H. Oort & L.
pitzer 1955 ; K. V. Getman et al. 2019 ; L. Posch et al. 2023 ). Gaia
tudies of young star clusters in massive star-forming regions 
how that, once the natal gas has dispersed sufficiently for the
tars to become optically visible, most individual clusters are ex- 
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anding (M. A. Kuhn et al. 2019 ; B. Lim et al. 2020 ; C. Swiggum
t al. 2021 ; K. Muži ́c et al. 2022 ; J. J. Armstrong & J. C. Tan 2024 ;
. J. Wright et al. 2024 ). 
The local expansion of clusters or sub - clust ers, how ev er, need

ot imply coherent expansion of the parent OB association (e.g. 
. J. Wright & E. E. Mamajek 2018 ). In large comple x es contain-

ng multiple expanding groups, the groups’ motions relative to 
ne another can appear largely uncorrelated (M. A. Kuhn et al.
019 , 2020 ). Analysing 109 OB associations, J. L. Ward, J . M. D .
ruijssen & H.-W. Rix ( 2020 ) found highly substructured velocity
elds with only localized expansion, and concluded that the ob- 
erved kinematics are inconsistent with simple expansion from 

ne or more centres. In contrast, careful examination of stellar 
lustering in Sco–Cen, a nearby 3–19 Myr old OB association, 
uggests that its present-day morphology arises from multiple 
on- coeval sub -populations that have e xpanded fr om their birth
ites (S. Ratzenböck et al. 2023 ), which has given rise to an
v erall div ergent v elocity field (S. Hutschenreut er et al. 2026 ).
o inv estigat e the origin of these multiscale kinematic patt erns,
e examine the young er, less -studied OB association Serpens 
B2. 
 This is an Open Access article distributed under the terms of the 
/by/4.0/ ), which permits unrestricted reuse, distribution, and 
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M

Figure 1. Spitzer /IRAC mosaic of the Ser OB2 region in the 3.6 μ (blue), 5.8 μm (green), and 8.0 μm (red) bands. The y ellow cont ours indicat e the 
surface–density distribution of cluster members (Section 4 ), with the 60 × 60 pc box used for this analysis indicated (green rectangle). Several sub-regions 
are labelled. 
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Ser OB2 is a prominent OB association with active star for-
ation located ∼ 2 ◦ ( ≈65 pc) above the Galactic mid-plane (B.
eipurth 2008 ). This association contains the y oung clust er NGC
604 and the giant H ii region Sh 2-54, which launches a ∼200 pc
ong ‘thermal chimney’ above the Galactic plane (K. Reif, P. Stef-
en & W. Reich 1984 ; P. Mueller, K. Reif & W. Reich 1987 ). The
istance to Ser OB2 is 1950 ± 30 pc, placing this association at the
ar end of the Sagittarius Spur – a kpc-long chain of star-forming
egions that also includes the massive star-forming regions NGC
530, M16, and M17 (M. A. Kuhn et al. 2021c ). A significant
raction of nearby star-formation activity appears to arise from
iant filamentary structures like this (C. Zucker et al. 2023 ), so it is
mportant to understand how such configurations of int erst ellar
as affect the kinematics and clustering of the stars they form. 

Owing to its distance, previous analysis of the stellar content
as mostly focused on the association’s early-type members (B.
eipurth 2008 , and r efer ences ther ein). How ev er, with infrared

urveys, it has become possible to identify low- and int ermediat e-
ass young stellar objects (YSOs), extending the sample of mem-

ers across most of the stellar mass range. We have combined
hese catalogues with Gaia astrometry (Gaia Collaboration 2016 )
 o inv estigat e st ellar kinematics in this r egion. The paper is org a-
ized as follows. Section 2 describes the survey data. Section 3
resents the OB and YSO members. Sections 4 and 5 examine
he st ellar clust ering and kinematics. Section 6 inv estigat es the

olecular cloud. Section 7 interprets the kinematic results in
NRAS 546, 1–14 (2026) 
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 erms of st ellar feedback and turbulence in the natal cloud. And,
ection 8 provides our conclusions. 

 DA  T  A  

er OB2 was observed by the Spitzer Spac e Telesc ope (M. W.
erner et al. 2004 ) during the Galactic Legacy Infrared Mid-plane

urvey Extraor dinair e (GLIMPSE; R. A. Benjamin et al. 2003 ; E.
hurchwell et al. 2009 ), as part of the GLIMPSE 3D programme

PI R. Benjamin; Program ID 30570). The GLIMPSE 3D field
ontaining Serpens OB2 (Fig. 1 ) sits above the Galactic mid-plane
ith dimensions ∼ 2 . ◦75 × 2 . ◦25 centred at (�, b) ≈ (18 . ◦6 , 2 . ◦0) .
his strip was observed between 2007 May 13 and 14 in the

nfr ared Arr ay Camer a (IRAC; G . G . Fazio et al. 2004 ) 3.6, 4.6,
.8, and 8.0 μm channels, with 2 s integration times at each po-
ition. The GLIMPSE data reduction and catalogue construction,
sing point spread function photometry, are described by R. A.
enjamin et al. ( 2003 ) and online N ASA/IPAC Infr ared Science
rchive (IRSA) documents. 1 
The analysis is also based on the third Gaia Data Release ( Gaia

R3; Gaia Collaboration 2016 , 2021 , 2023 ), including astrometry
L. Lindegren et al. 2021a ) and photometry (M. Riello et al. 2021 ).
or Ser OB2 sources with G ∼ 17 mag, Gaia ’s typical precisions
 https://irsa.ipac.calt ech.edu/data/SPITZER/GLIMPSE/ov erview.html 

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

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 4 153 880 717 006 159 872 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

N ote. RA and Dec. ar e equino x 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. 
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re ∼0.08 mas for parallaxes and ∼0.09 mas yr −1 for proper mo-
ions. How ev er, spatially correlat ed syst ematic errors of up t o
.026 mas and 0.023 mas yr −1 in parallax and proper motion,
espectively, limit the precision of absolute astrometry (L. Lin- 
egren et al. 2021a , their section 5.6). We apply the L. Lindegren
t al. ( 2021b ) astrometric zero-point corrections and omit anal- 
sis of sources with renormalized unit weight error RUWE > 

 . 4 . Furthermore, we only examine astrometry for sources with
strometric _ sigma5d _ max ≤ 1 mas to ensure that the measure- 
ents are sufficiently precise to be informative. 

 M E M B E R S H I P  

ources whose photometry showed mid-infrar ed e x cesses con- 
istent with circumstellar discs or envelopes were included in 

he Spitzer /IRAC Candidate YSO (SPICY) catalogue (M. A. Kuhn 

t al. 2021b ), following a multi-step classification strategy. Start- 
ng with the GLIMPSE high-quality ‘ Catalog,’ cuts wer e applied 

ased on IRAC colours and uncertainties to remove sources 
hose photometry is incapable of providing a reliable detec- 

ion of infrared excess (M. S. Povich et al. 2013 ). N e xt, sour ces
hat could be explained by reddened stellar atmosphere models 
e.g. F. Castelli & R. L. Kurucz 2003 ; R. Indebetouw et al. 2005 )
er e r ejected using spectral energy distribution fitting. Finally, 
 random-forest-based classifier was used to separate YSOs from 

ntrinsically r ed objects, e.g . active g alactic nuclei, star-forming
alaxies, (post)-asymptotic giant branch stars, dusty red giant 
tars, cataclysmic variables, classical Be stars, and symbiotic stars. 
his classifier was trained on probable cluster members from 

assive star-forming regions (P. S. Broos et al. 2013 ; E. D. Feigel-
on et al. 2013 ; M. S. Povich et al. 2013 ), while contaminants
dentified in these studies and sources from multiple Galactic 
ightlines with little-to-no star-formation activity comprised the 
non-YSO’ training set. The full SPICY catalogue contains ∼120 
00 objects, of which ∼860 lie in the GLIMPSE 3D Ser OB2
eld. While quantitative contamination rates are challenging to 
stimate, preliminary follow-up studies suggest that it is low (e.g. 
. A. Kuhn et al. 2023 ). 2 
 M. A. Kuhn et al. ( 2023 ) estimated a contamination rate < 10 per cent 
or spatially isolated, optically visible SPICY members. Nevertheless, it 
as y et t o be demonstrat ed that this contamination rat e applies t o the full 
ample. 

a  

o
u
u  

s
(

Candidate OB members ( M > 8 M �) were compiled from
he Alma Luminous Star (ALS) III catalogue (M. Pantaleoni 
onzález et al. 2025 ), an updat e t o the ALS catalogue where

ources have been vetted using distance-corrected Gaia colour–
agnitude diagrams. We include ALS III stars consistent with 

eing massive stars, including those in their massive catalogue 
labelled ‘M’) along with ALS candidates with bad Gaia astrome- 
ry (labelled ‘A’) or colours (labelled ‘C’). Out of ∼90 potential

assiv e members, three-quart ers are in the ‘M’ cat egory, but
everal important sources, including MY Ser, the O supergiant 
ultiple-star system at the centre of NGC 6604, have flagged Gaia 

ssues. One source, ALS 17 499 ( = SPICY 79715), appears in both
atalogues. 

We examined 11 Infrared Astronomical Sat ellit e (IRAS) candi- 
ate YSOs from D. Forbes ( 2000 ), but only IRAS 18166–1128 has
 Gaia parallax consistent with Ser OB2 membership, so we have
ot added these sources to our sample. In addition, J. Vasquez et
l. ( 2012 ) proposed ∼60 candidate YSOs in a small region on the
astern side of Ser OB2, based on similar data sets to those used by
PICY, but with different selection criteria. To preserve spatially 
niform selection across the full Ser OB2 field, we decided not to

nclude additional sources from this list. 
While our list of potential members is the largest assembled 

or Ser OB2 (Table 1 ), our selection criteria are insensitiv e t o disc-
r ee pr e-main-sequence stars. N evertheless, the SPICY and ALS
II selections apply spatially uniform criteria across the GLIMPSE
D field and provide a homogeneous set of probable members 
ith which to compare the spatial and kinematic properties of 

he high- and low-mass populations. 

.1 Parallax membership refinement 

. A. Kuhn et al. ( 2021c ) used a Bayesian model to infer a
ean Gaia parallax of 0 . 512 ± 0 . 007 mas ( 1950 ± 30 pc) for Ser
B2. This is consistent with an earlier very long-baseline in- 

erfer ometry measur ement of 0 . 500 ± 0 . 019 mas for the maser
018.34 + 01.76, associated with IRAS 18151–1208 (M. J. Reid et

l. 2019 ). Her e, we r etain YSOs and OB stars as probable members
nly if the measurements are consistent with 0.512 mas within 

ncertainties. The brighter OB stars have smaller astrometric 
ncertainties and lie close to this value, whereas the fainter YSOs
how larger scatter but remain concentrated around this mean 

Fig. 2 ). 
MNRAS 546, 1–14 (2026) 
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Figur e 2. Parallax es for OB stars (blue asterisks) and YSOs (r ed cir cles) in the Ser OB2 field. Left: Corrected Gaia parallax ( � ) versus formal parallax 
uncertainty ( σ� 

). The diagonal lines show the ±2 σ envelope around the association mean � 0 = 0 . 512 mas, using the quadrature sum of statistical 
and systematic uncertainties. Sources whose parallaxes differ fr om � 0 by mor e than 2 σ ar e indicated by open circles (YSOs) or fainter symbols (OB 

stars). Right: Parallax versus Galactic longitude ( � ) using the same symbols as the left panel. The 1 σ error bars are indicated for YSOs (OB-star parallax 
uncertainties are smaller than their symbols). The horizontal black line marks � 0 . The larger parallax spread of the YSOs reflects their larger formal 
uncertainties. 
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(A. Bressan et al. 2012 ) are shown at the Ser OB2 distance, reddened to 
extinctions typical of members. 
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Using two standard deviations as a cut-off, and accounting for
oth the formal parallax uncertainties and the systematic error,
e reject the membership of 13 per cent of the YSOs and 10
er cent of the OB stars in the field. The r emaining sour ces that
ave good Gaia astrometry include 60 OB stars and 284 YSOs.
he 21 OB stars and 534 YSOs lacking good Gaia astrometry are
etained as possible members; how ev er, they cannot be used for
inematic analysis. 
Six OB stars were rejected because their parallaxes are too large

or association membership. All lie on the low- � side of the field
 17 . 8 ◦ � � � 18 . 2 ◦) and are ∼350–650 pc closer than the mean
ssociation distance. Given that Ser OB2 spans only ∼50 pc in
he plane of the sky, their inclusion would r equir e an e xtr eme
longation of the association towards the Sun. It is more likely
hat these OB stars are associated with for egr ound star-forming
egions such as M17 or the Eagle Nebula, which are projected on
he same side of the field. One OB star was rejected because its
arallax places it ∼800 pc behind Ser OB2. After e x cluding these
ev en OB stars, w e find no significant � –par allax gr adient across
er OB2 based on a Kendall’s τ correlation test ( p > 0 . 05 ). 

.2 Member properties 

revious studies of Ser OB2’s OB content estimated stellar ages
f 4–5 Myr (D. Forbes & D. L. DuPuy 1978 ; R. Barbon et al. 2000 ;
. V. Kharchenko et al. 2005 ; B. Reipurth 2008 ). These ages are

onsistent with the presence of the Wolf–Ray et syst em, WR 113
WC8d + O8–9 IV; K. A. der Hucht 2001 ), given that the evolution
f a WC8 star r equir es � 3 Myr (G. Meynet & A. Maeder 2005 ; P.
. Crowther 2007 ). 
The J versus J − H colour–magnitude diagram is shown in

ig. 3 . Using PARSEC st ellar ev olution models (A. Bressan et al.
012 ) with an age of 4.4 Myr (N. V. Kharchenko et al. 2005 ),
n extinction of A V ∼ 4 mag r epr oduces the OB locus but lies
ignificantly bluer than most YSOs. For the 4.4 Myr isochrone
o pass through the middle of the YSO distribution on the dia-
ram, it would need to be reddened by A V ∼ 10 mag. Such an
xtinction is implausibly high given that many of these stars
ave Gaia astrometry. For example, a 2 M � star with this age
NRAS 546, 1–14 (2026) 
nd extinction would have a Gaia magnitude of G = 20 . 6 mag,
hich is too faint for r eliable astr ometry, yet der eddening on

he near-infrared diagram suggests that some YSOs are in this
ass rang e. A young er isochrone alleviates this tension. With
 1 Myr isochr one, an e xtinction of A V ∼ 6 mag is sufficient
o explain the YSO colours, and a 2 M � star would then have
 = 18 . 4 mag, within the range where Gaia provides astrometry.
wing to differential extinction in massive star-forming regions

nd degeneracies between effective temperature and extinction in
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asterisks), e x cluding those with inconsistent parallax es. Right: Mixtur e-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. 
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pectral energy distribution fitting, it is difficult to obtain precise 
asses and ages for individual stars. Nevertheless, the constraints 

rovided by the colour–magnitude diagram suggest that the YSOs 
re consistent with an age of ∼1 Myr and they are likely to be, on
v erage, y ounger and more extincted than the OB population. 

.3 Extrapolat ed t otal st ellar membership 

ssuming our OB member list is complete and finding no ev- 
dence of past supernovae, we can extrapolate the total stellar 
opulation of the association by scaling from the initial mass 
unction (IMF). The T. Maschberger ( 2013 ) IMF predicts that OB
tars ( M > 8 M �) comprise ∼0.7 per cent of all newly formed
tellar-mass objects ( M > 0 . 08 M �). Given ∼80 probable OB stars
n Ser OB2 after removing those with inconsistent parallaxes, the 
ssociation is likely to have a total population of ∼10 4 stellar-
ass members. For comparison, K. L. Luhman ( 2022 ) estimates

300 stellar-mass members in Sco–Cen, meaning that these two 
ssociations have similar stellar population numbers. 

 C LU ST E R I N G  

he OB stars and YSOs in our sample are concentrated around
alactic latitude b ∼ 2 ◦, roughly co-located with the mid-infrared 

ebulocity in the Spitzer /IRAC images. Although the OB stars 
nd YSOs are mixed together, there appears to be some dif-
erences in their spatial distributions, which we compare with 

he Kolmogorov–Smirnov (K–S) test. This test shows a moder- 
tely statistically significant difference in the distribution of their 
alactic longitudes ( p = 0 . 03 ), which can be attribut ed t o the OB

tars being slightly more concentrated towards the centre of the 
B association. How ev er, the discrepancy is stronger in Galactic 
atitude ( p < 10 −5 ), indicating that the OB stars pr efer entially
av e low er b. The massiv e clust er NGC 6604, containing sev eral
B stars, is at the edge of the cloud, closer to the mid-plane than
ost of the rest of the association. Meanwhile, the YSOs are more

trongly concentrated towards the middle of the cloud. 
To examine the spatial distribution of these sources, we con- 

ert positions in (�, b) to a Cartesian (ξ, η) coordinate system
sing the orthographic pr ojection, wher e our ξ -axis is parallel

o the direction of decreasing � and our η-axis is parallel to the
ir ection of incr easing b at the tangent point (Fig. 4 ). 3 In pro-

ection, the stars’ spatial distribution is elongated in a direction 

arallel to the Galactic plane, with an aspect ratio of 2.7:1. The
otal length of this structure (encompasing 95 per cent of the
robable members) is ∼53 pc. The clumpy spatial distribution of 
tars in the association is apparent from the adaptively smoothed 

urface–density map (Fig. 4 , left). This map was generated with
he densityVoronoi function in the R ‘ spa tsta t ’ package (A.
addeley, E. Rubak & R. Turner 2015 ; A. Baddeley, R. Turner & E.
ubak 2025 ), which estimates density from a Voronoi tessellation 

uilt on a randomly selected fraction of the points ( f = 0 . 1 ), uses
he remaining points to estimate counts in each cell, and com-
utes the mean surface density over 1000 repetitions (Y. Ogata, K.
atsura & M. Tanemura 2003 ; Y. Ogata 2004 ; A. Baddeley 2007 ). 
To identify clusters in the spatial distribution of Ser OB2 associ-

tion members, we used the mixture-model algorithm and R code 
rom M. A. Kuhn et al. ( 2014 ). The projected spatial distribution
f cluster members is r epr esented as a sum of multiple com-
onent distributions that capture the cluster structure. Young 
MNRAS 546, 1–14 (2026) 
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M

Table 2. Mean astrometric motions of Ser OB2 sub - clusters. 

Sub-region � 0 b 0 n samp μ̄� � μ̄b v LSR,K 
(deg) (deg) (mas yr −1 ) (mas yr −1 ) (km s −1 ) 

(1) (2) (3) (4) (5) (6) (7) 

Dobashi 782 18.15 1.94 11 −2.33 ±0.08 −0.60 ±0.10 29.7 
NGC 6604 18.23 1.68 7 −2.49 ±0.09 −0.81 ±0.06 ... 
Ser OB2 ridge W 18.33 1.87 144 −2.15 ±0.03 −0.56 ±0.03 ... 
Ser OB2 ridge E 18.55 1.85 45 −2.03 ±0.06 −0.71 ±0.05 ... 
Gum 85 18.65 1.97 11 −2.02 ±0.08 −0.48 ±0.06 27.9 
Ser OB2 G18.7 + 1.8 18.77 1.83 14 −2.29 ±0.09 −0.48 ±0.07 27.9 
Dobashi 815 18.80 2.09 5 −2.19 ±0.16 −0.51 ±0.22 27.7 
Dobashi 822 19.01 1.55 4 −2.41 ±0.21 −1.01 ±0.16 25.5 

N ote. Column 1: sub-r egion 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 13 CO J = 1 –0 
emission in the associated molecular clump (Section 6 ). 

s  

b  

w  

u  

a  

o  

d

	

w  

c  

e  

t  

w  

o  

l
 

i  

t  

S  

b
±  

t  

m  

s  

t  

e  

r  

a  

1  

c
 

t  

c  

f  

a  

p  

c  

1  

8  

o  

A  

p  

e  

(  

c  

W
 

d  

p  

N  

c  

m

5

P  

t
4  

c  

o  

e  

H  

v  

a  

e
 

a  

T  

a  

s
d
w  

f  

t
1  

f  

a  

t
 

t  

�  

2

4 The kinematic Local Standard of Rest (LSRK) is defined by a fixed ve- 
locity of 20 km s −1 towards α = 18 h , δ = +30 ◦ (B1900.0) relative to the 
Solar system barycentre. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/546/4/stag305/8482779 by guest on 20 M
arch 2026
t ellar clust ers t end t o be fairly ext ended and are best described
y profiles with heavy wings. Thus, each component is modelled
ith a two - dimensional profile whose surface density is nearly
niform in a central core, has elliptical isodensity contours, and,
t large distances from the centre, falls off as the inverse square
f the elliptical radius. In sky coordinates r = (ξ, η) , the surface
ensity of a single component is 

(r) = 	0 

[
1 + 

1 
r 2 c 

( r − r 0 ) � A ( r − r 0 ) 
]−1 

, (1) 

her e r 0 is the centr e, 	0 is the central surface density, r c is a
ore radius, and A is a positiv e-definit e 2 × 2 matrix that sets the
llipticity and position angle. The final model is the sum of mul-
iple such components, fit by maximum-likelihood estimation,
ith the number of components determined by minimization

f the Akaike Information Criterion (AIC; H. Akaike 1974 ), a
ikelihood-based statistic penalised by model complexity. 

We find that a model with eight clusters, roughly correspond-
ng to the peaks in the smoothed surface–density map, provides
he best fit ( AIC ≈ 2366 ) to the projected stellar distribution for
er OB2 (Fig. 4 , right). The residual map (not shown) contains
oth positive and negative residuals with typical amplitudes of 
0 . 1 pc −2 . The most significant residual of +0 . 3 pc −2 lies be-

ween the east and west components of the central ridge, and
ay indicate that the model components do not fully describe this

tructur e. N evertheless, this r esidual is r elatively small compar ed
 o the t otal st ellar density > 2 stars pc −2 in the same region. To
valuate the statistical evidence for each model component, we
emoved each component from the model in turn, refit the model,
nd recalculated the AIC. The 
AIC changes range from 4 to
00, indicating that the additional complexity introduced by each
omponent is justified by the improvement in fit. 

The resulting model implies a centr ally concentr ated associa-
ion, with a ridge-like overdensity in the cor e, r epr esent ed by tw o
omponents (Ser OB2 ridge W and E), embedded in a more dif-
use halo (Ser OB2 halo). Superposed on this large-scale structure
r e several discr ete clusters, each corresponding to a single com-
onent (Table 2 ). These include NGC 6604 (W. Herschel 1786 ), a
lust er associat ed with the bright Gum 85 nebulosity (C. S. Gum
955 ), and clust ers associat ed with the dark clouds Dobashi 782,
22, and 815 (K. Dobashi 2011 ), with Dobashi 782 also standing
ut as a bright patch of mid-infrared nebulosity in Spitzer images.
n additional clust er, designat ed Ser OB2 G18.7 + 1.8, lacks a
reviously catalogued counterpart, and is associated with a weak
 xtinction featur e visible in the Digitized Sky Survey 2 images
NRAS 546, 1–14 (2026) 
B. M. Lasker et al. 1990 ). Optical and infrared images reveal a
ompact sub - cluster around HD 167 834 within the Ser OB2 ridge
 that our algorithm did not separate as a distinct component. 
This sub - structure in Ser OB2 is driven primarily by the YSO

istribution rather than the OB stars. In our mixture-model com-
onents, OB stars are associated mainly with the central ridge,
GC 6604, and G18.7 + 1.8, while the other four clust ers hav e

ores devoid of OB stars. In contrast, the OB stars are distributed
ore smoothly across the association centre. 

 K I N E M AT I C S  

roper motions μ� � and μb are conv ert ed t o plane- of- sky veloci-
ies v ξ and v η following M. A. Kuhn et al. ( 2019 , their equations 1–
), including first-order corrections for perspective expansion and
oordinate effects (F. Leeuwen 2009 ). The systemic radial velocity
f Ser OB2 was estimat ed t o be v LSR ,K = 27 . 3 km s −1 (M. A. Kuhn
t al. 2021c ) based on the 12 CO J = 1 –0 map of T. M. Dame, D.
artmann & P. Thaddeus ( 2001 ), corresponding to a heliocentric

elocity of RV helio = 12 . 5 km s −1 . 4 The maser G018.34 + 01.76 has
 consistent radial velocity, v LSR ,K = 28 ± 3 km s −1 (M. J. Reid
t al. 2019 ). 

The velocity distributions of v ξ and v η have heavy tails and
re better described by Student- t distributions than by Gaussians.
o estimate the location, scale s , and degrees of freedom ν, we
ccounted for individual Gaia measurement uncertainties (as-
umed to be Gaussian) by convolving them with the intrinsic t 
istribution and maximixing the observed-data likelihood. For v ξ
e obtained a velocity spread s = 3 . 5 ± 0 . 6 km s −1 with ν = 6 ± 5

or the OB stars and s = 3 . 1 ± 0 . 2 km s −1 with ν = 1 . 2 ± 0 . 2 for
he YSOs. For v η we obtained s = 2 . 6 ± 0 . 5 km s −1 with ν = 3 . 2 ±
 . 7 for the OB stars and s = 2 . 4 ± 0 . 2 km s −1 with ν = 1 . 6 ± 0 . 3
or the YSOs. These results indicate similar spreads for the high-
nd low-mass populations, with slightly larger spreads parallel to
he Galactic mid-plane than perpendicular to it. 

Fig. 5 (left) shows the 2D velocity distribution for Ser OB2. A
ypical threshold for a w alkaw ay star in a star-forming region is
 10 km s −1 (C. Schoettler et al. 2020 ; R. J. P ark er & C. Schoettler

022 ). We find that 23 per cent of the YSOs and 7 per cent of 
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he OB stars e x ceed this thr eshold. While these could be high-
 elocity members, pot entially eject ed by dynamical int eractions,
tars with discrepant velocities are also more likely to be field-
tar contaminants in the sample. Thus, these thresholds should 

e considered to be upper limits on the number of w alkaw ays
rom Ser OB2 within the field of view. The remaining kinematic 
nalysis focuses on the low er-v elocity ( < 10 km s −1 ) members. 

Fig. 5 (right) shows v elocity v ect ors for the OB stars and YSOs,
 evealing comple x v elocity patt erns. Although ther e ar e stars

oving in all dir ections acr oss the entir e association, the pattern
uggests common motions in subregions of the association. 

.1 Global expansion 

orrelations between position and stellar velocity will be present 
f Ser OB2 is undergoing global expansion or contraction (Fig. 6 ).
endall’s τ rank correlation test indicates statistically significant 
ositive correlations between ξ and v ξ ( p = 0 . 005 ) and between η

nd v η ( p < 10 −6 ). Linear fits using ordinary least-squares (OLS)
 egr ession yield mean velocity gradients of 0 . 03 ± 0 . 02 km s −1 

c −1 along the ξ axis 5 and 0 . 10 ± 0 . 02 km s −1 pc −1 along the η
xis. 

Although the association is more spatially extended parallel 
o the Galactic plane than in the vertical direction, the velocity 
radient is at least ∼3 times larger in η (perpendicular to the mid-
lane) than in ξ (parallel to the plane). The detected v η–η velocity 
radient accounts for only a small fraction of the total velocity 
ispersion (i.e. 6 per cent of the variance), but becomes apparent
 Given that the fitted slope of the v ξ –ξ relation is consistent with zero, it 
hould be treated as a constraint on the expansion gr adient r ather than a 
etection. In this case, Kendall’s τ test may be capturing velocity structure 
oorly fit by the linear model. 

c
t
b  

t  

i
u

hen the velocity field is examined across the full extent of the
ssociation. 

.2 Correlat ed st ellar v elocities 

o characterise the kinematic structure of Ser OB2 over a range
f spatial scales, we use pairwise velocity statistics in a structure–
unction–style analysis. 

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

i j = arccos 
v i · v j 
| v i || v j | , (2) 

her e v i and v j ar e the velocity vectors of the two stars as seen
n projection in the rest frame of the association. Fig. 7 shows
istograms of these angles for pairs of points over a range of 
eparations. We consider pairs of YSOs, pairs of OB stars, and
airs of the joint sample containing both YSOs and OB stars.
hen pairs are separated by a projected distance less than or

qual to 2 pc, there is a clear preference for nearly parallel velocity
 ect ors ( θi j near 0 ◦) and a deficit of nearly antiparallel velocity
 ect ors ( θi j near 180 ◦). This is apparent for the YSO, the OB stars,
nd the joint sample. The pr efer ence is strongest for the OB stars,
hich may be explained by smaller velocity uncertainties for this 

ub - set. The pr efer ence for parallel v elocity v ect ors is w eaker
hen considering stars with projected separations between 2 and 

 pc, and is only clearly present for the OB star sample. When
onsidering pairs with projected separations greater than 5 pc, 
here is no significant correlation in velocities. This effect cannot 
e an artefact of the correlated uncertainties in Gaia proper mo-
ions because the velocity dispersion of the sample ( ∼3 km s −1 )
s much larger than the maximum amplitude of the correlated 

ncertainties ( ±0.2 km s −1 ). 
MNRAS 546, 1–14 (2026) 
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B. Arnold & S. P. Goodwin ( 2019 ) proposed two velocity–
tructure–analysis-tool (VSAT) statistics for OB associations, 

v i j,M 

= | v i − v j | (3) 

nd 

v i j,D = 

( r i − r j ) · ( v i − v j ) 
| r i − r j | , (4) 

her e v i is the pr oject ed 2D v elocity of the i th star as abov e,
nd r i is its 2D projected position vector. The first of these statis-
ics provides the difference in velocities, while the second is the
omponent of the velocity difference parallel to the separation
etween the stars. 

Fig. 8 shows the median values of 
v i j,M 

and 
v i j,D in bins of 
air separation for the OB, YSO, and combined samples. In all
amples, for separations � 2 pc, both statistics t end t o increase
ith separation. The OB sample shows larger departures from a

trictly monotonic increase, likely due to its smaller size and cor-
espondingly larger stochastic fluctuations. At separations � 2 pc
he trend appears to break down. In particular, Gaia measure-

ent uncertainties may impose a floor on the median 
v i j,M 

,
lausibly explaining why this statistic does not continue to de-
r ease towar ds the smallest separations. 

The increasing median values of 
v i j,M 

and 
v i j,D between 2
nd 20 pc show that more widely separated stars t end t o hav e
arger velocity differences. Since 
v i j,D is defined such that pos-
tive values correspond to velocities that increase the separation
etween stars, its behaviour further indicates that these motions
r e pr efer entially divergent. This pattern is consistent with an
xpanding association in which the expansion velocity grows
ith distance. At larger separations, the median 
v i j,D tends to
e higher for OB stars than for the YSOs, suggesting a slightly
or e pr onounced e xpansion signatur e among the OB stars. 
NRAS 546, 1–14 (2026) 
The standard error of each binned median (Fig. 8 ) was esti-
ated as 0 . 93 IQR / 

√ 

n , derived for appr o ximately normally dis-
ributed data, where IQR is the interquartile range and n is the
umber of data points per bin. Because the VSAT statistics are
ased on pairs of points, values are not strictly independent,
o these standard errors should be int erpret ed with caution. To
igorously assess the statistical significance of the trends, we
sed simulation-based hypothesis testing. For this test, the null
ypothesis is that stellar position and velocity are independent,
hich we simulate by randomly permuting the stellar velocity
 ect ors among the stars. For the test statistic, we used the slope
f the linear OLS fit to the median VSAT–log d i, j relation over the
ange 0 . 4 ≤ d i, j ≤ 23 pc (as shown in Fig. 8 ). For each t est, w e ran
0 000 simulations, and computed the one-sided p-value as the
raction of simulated slopes at least as e xtr eme as the observed
lope in the observed direction. For the YSO sample and the
oint sample, we obtained p < 0 . 001 (high significance) for the
rends in both VSAT statistics. For the OB sample, we obtained

p ≈ 0 . 002 and p ≈ 0 . 01 (moderate significance) for the trends in
v i j,M 

and 
v i j,D , respectively. 

.3 Sub - cluster kinematics 

o inv estigat e the relativ e motions of the clust ers within Ser OB2
Table 2 ), w e comput ed the mean v elocity of the stars in each
r oup. The r esulting sub - clust er v elocities, measur ed r elativ e t o
he mean syst emic v elocity, range from ∼0 to ∼5 km s −1 , and the
ifferences between groups are statistically significant. How ev er,
hey do not form a simple pattern of global coalescence or diver-
ence (Fig. 9 ). In the central region, the two groups comprising
he ridge (Ser OB2 ridge E and W) are moving apart, and sev-
ral surrounding sub - clusters (NGC 6604, Dobashi 782, and Gum
5) are also moving away from the centre of the association. In
ontrast, G18.7 + 1.8 is moving inwards, while Dobashi 815 and
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22 move in orthogonal directions. Taken together, these motions 
oint to a complex internal velocity field rather than a single
oherent pattern. 

 M O L EC U L A R  C LO U D  

he Milky Way Imaging Scroll Painting Survey (MWISP) Data Re- 
ease 1 (Y. Su et al. 2019 ; J. Yang et al. 2025 ) provides molecular–
 as maps fr om the Purple Mountain Observatory 13.7-m tele- 
cope covering the Ser OB2 region. In the 13 CO J = 1 –0 map
Fig. 10 ), dense molecular clumps are distributed across the 
hole association. 
Distinct cloud clumps are associated with Ser OB2 subclusters 

n five regions: Gum 85, Dobashi 782, 815, 822, and G18.7 + 1.8.
or each clump, we r ecor d the v LSR,K corr esponding to the
elocity channel of peak 

13 CO emission (Table 2 ). In several cases
e.g. Dobashi 782, 815, and G18.7 + 1.8), the clumps show shar
er centre-facing edges in the 13 CO image and more diffuse emis-
ion extending away from the centre, with the sub - clusters on
he centre-facing side. These morphologies resemble molecular 
lumps exposed to external irradiation at the edges of expanding 
 ii regions, and are commonly attributed to externally driven 

urface erosion (e.g. M. E. Ortega et al. 2013 ). The cluster NGC
604, rich with OB stars, has a larger projected separation from
he nearest dense core. 

In the centre of the association, a molecular-gas-free channel 
xt ends v ertically (in Galactic coordinat es) through the cloud.
he channel is also visible as a vertical gap in the nebulosity in

he Spitzer /IRAC images (Fig. 1 ), with w alls tr aced by poly cy clic
r omatic hydr ocarbon (PAH) emission. Several OB stars lie in
MNRAS 546, 1–14 (2026) 
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rojection within this channel, suggesting they helped ionize the
 ii region and clear a passage through the cloud. Because many

f the OB stars (including those in NGC 6604) lie below the cloud
n Galactic latitude while the thermal chimney e xtends upwar d,
his channel may hav e serv ed as the pathway where the H ii
 egion br oke thr ough the cloud and inflated the chimney. 
NRAS 546, 1–14 (2026) 
 DISCUSSION  

s one of the youngest and richest OB associations within 2
pc of the Sun, Ser OB2 has provided a unique opportunity to
xamine the kinematics of an OB association at a very early stage.
n contrast, other systems like Sco–Cen, Sco OB1, and Vela OB2
av e st ellar populations ranging from � 5–20 Myr in age and may
nly contain isolated pockets of ongoing star formation (e.g. R.
. Jeffries et al. 2009 ; M. J. Pecaut & E. E. Mamajek 2016 ; F.
amiani 2018 ; T. Cantat-Gaudin et al. 2019 ; N. J. Wright 2020 ;
. Ratzenböck et al. 2023 ). Like these other OB associations, the
elatively large internal velocity dispersions (2.4–3.5 km s −1 ) and
iameter ( ∼50 pc) of Ser OB2 means that it is unlikely to contain
ufficient mass to be globally gravitationally bound, which would
 equir e a cloud mass e x ceeding 10 5 M � (S. F. Portegies Zwart, S.
. W. McMillan & M. Gieles 2010 , their equation 4). Individual
lusters within Ser OB2 may be gravitationally bound, but our
ample is insufficient to test this. 

We observe distinct velocity patterns on different spatial scales,
nd turbulence provides a natural framework for interpreting this
tructure. In a turbulent molecular cloud, velocity differences
ncrease with spatial scale (M.-M. Mac Low & R. S. Klessen 2004 ),
hich could be reflected in the velocity statistics of the stars they

orm (B. Arnold, S. P. Goodwin & N. J. Wright 2020 ). On the
mallest scales probed by our sample ( � 2 pc), the θi j statistic
ndicates that nearby stars have pr efer entially aligned velocity
irections. These scales encompass typical sizes of individual
 oung clust ers and subclust ers (C. J. Lada & E. A. Lada 2003 ; M.
. Kuhn et al. 2014 , 2017 ), whose stars may have formed in the

ame molecular clump with similar initial velocities. The VSAT
tatistics probe pairwise velocity differences over more than an
rder of magnitude in scale. For separations of ∼2–20 pc, both
tatistics show increasing velocity differences with separation,
eminiscent of the R. B. Larson ( 1981 ) relations where cloud
elocity dispersions increase with length scale. The VSAT 
v i j,D 
tatistic has a positive median for separations > 2 pc, indicating
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Figur e 10. The MWISP 13 C O J = 1 –0 zer oth moment map between 25 and 35 km s −1 . The greyscale image shows int egrat ed emission in units of K · km 

s −1 . OB stars are marked by blue crosses, Ser OB2 clusters (Table 2 ) are labelled, and the stellar surface density contours fr om Fig . 4 are drawn in yellow. 
The molecular-g as-fr ee channel thr ough the centr e of the association, also visible in the Spitzer image, is labelled. 
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et divergent motions, with divergence increasing with spatial 
eparation. On int ermediat e scales, sev eral clust ers are moving
utwards, but others deviate from this trend, implying a more 
omplex velocity field. On the largest scales, we detect gradual 
lobal expansion of the association along the axis perpendicular 
o the Galactic plane. 

It is plausible that the asymmetric velocity gradient could re- 
ult from stochastic turbulent fluctuations in a globally unbound 

yst em. Nev ertheless, it is notable that the gradient is oriented
erpendicular to the Galactic plane, where the relative placement 
f the OB stars, molecular gas, and the thermal chimney provides
 natural direction. This feedback geometry may induce an asym- 
etric expansion of the cloud which could be imprinted on the

tars via sequential star formation. 
Previous work has shown that the ∼4–5 Myr-old OB popula- 

ion in Ser OB2 is energetically capable of driving the large H ii
egion Sh 2-54 and the associated ‘Stockert chimney’ (W. Kundt & 

. Mueller 1987 ; D. Forbes 2000 ). 6 Although the int erface betw een
he Sh 2-54 H ii region and the molecular cloud is likely to be com-
lex (Section 6 ), the OB stars are preferentially nearer the Galactic
lane, so the net force of the expanding H ii region is likely to
e dir ected upwar d (i.e. in the + η dir ection). If the e xpansion of 
he Sh 2-54 H ii region has been pushing the cloud away from
he mid-plane, stars forming in this accelerated gas would inherit 
pward velocities, producing a vertical velocity gradient. 
If the H ii region is overpressurized with p ∼ 10 −10 . 5 dyn cm 

−2 

W. Kundt & P. Mueller 1987 ), and we assume a molecular-cloud
ass M cl ∼ 5 × 10 4 M � (for a star-formation efficiency ε = 0 . 1 )
 An expanding bubble model has been used to successfully describe an- 
ther thermal chimney in the W4 region, obtaining an expansion age of 
.5 Myr (S. Basu, D. Johnstone & P. G. Martin 1999 ). While both chimneys 
re of similar length, the Ser OB2 chimney is much narrower and its 
onizing source is less certain (M. Normandeau & S. Basu 1999 ). 

8

S  

i  

r  

s  

I

nd a ∼50 pc-diameter interface between H ii region and cloud,
he implied acceleration is a ≈ πR 

2 p/M cl ≈ 1 . 9 km s −1 Myr −1 . To
auge whether an accelerating cloud can imprint the observed 

patial v elocity gradient, w e built a simple t oy model in which
tars form at a constant rate in such an accelerating cloud. In the
odel, stars inherit the cloud’s instantaneous mean position and 

elocity plus Gaussian scatter of 5 pc and 1 km s −1 , respectively.
fter formation, stars move ballistically at fixed velocity. Fitting 
 elocity v ersus position with OLS yields a gradient of 0 . 10 ± 0 . 01
m s −1 pc −1 after 2.5 Myr, which is similar to the observed gra-
ient, although uncertainties in the acceler ation dur ation and 

nitial dispersions limit more quantitative modelling. 
Sev eral clust ers from the E. L. Hunt & S. Reffert ( 2023 ) cat-

logue lie in projection near Ser OB2, including CWNU 367, 
GC 6604, CWNU 493, Theia 1656, UBC 344, and UBC 1019,
ut only NGC 6604 and UBC 344 (the Ser OB2 ridge) overlap

n membership with our Ser OB2 sample. CWNU 367 ( d = 1368
c) and CWNU 493 ( d = 1613 pc) ar e for egr ound and have older
stimated ages. Theia 1656 ( d = 2070 pc) lies ∼ 0 . 5 ◦ closer to
he Galactic mid-plane and has an age of 13 Myr, while UBC
019 ( d = 1897 pc) is at a similar distance and just above Ser
B2 in Galactic coordinates but is much older ( ∼200 Myr). The
. L. Hunt & S. Reffert ( 2023 ) catalogue’s recovery of Ser OB2
embers was likely limited by the challenge of identifying distant
SO clusters using Gaia alone, given that YSOs tend to have

ower-quality Gaia astrometry and higher velocity dispersions 
han disc-free stars in older clusters. 

 CONCLUSION  

er OB2 is a large OB association notable for its youth ( � 5 Myr),
ts moderate height above the Galactic mid-plane (65 pc), and its
ole in launching a ∼200 pc thermal chimney. We have analysed a
ample of Ser OB2 members assembled from OB stars in the ALS
II catalogue and YSOs from the SPICY catalogue, with member- 
MNRAS 546, 1–14 (2026) 
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hip v ett ed using Gaia DR3 parallaxes. Owing to the inclusion of 
SOs, this is the first study of the region to incorporate a substan-

ial sample of low- and int ermediat e-mass members. Although
patial distributions differ moderately, the OB stars and YSOs
how similar kinematics, with increasingly divergent motions at
arger separations. 

The main results of this study are as follows: 

(i) We identified 60 OB-star and 284 YSO probable associa-
ion members, whose Gaia parallaxes are consistent with a sin-
le association distance of 1950 ± 30 pc. In addition, we re-
ained 21 OB-star and 534 YSO member candidates lacking re-
iable Gaia astrometry. Scaling the OB population to a stan-
ard IMF implies a total association membership of ∼ 10 4 stars
Section 3 ). 

(ii) While previous w ork indicat ed an age of 4–5 Myr for the
B population (e.g. D. Forbes 2000 ), the same age would imply

mplausibly large extinctions for the low-mass YSOs. The YSOs
r e mor e consistent with an age of ∼1 Myr, implying an overall
ge spread of a few Myr in the association (Section 3.2 ). 

(iii) The Ser OB2 members exhibit a clumpy spatial distri-
ution elongated parallel to the Galactic mid-plane. Although
he spatial distributions of OB stars and YSOs overlap, the OB
tars are preferentially closer to the Galactic mid-plane and more
oncentrat ed t oward the centre of the association in Galactic
ongitude (Section 4 ). In this central region, which contains

any of the O stars, we identify a gap in the molecular clouds
hat may serve as a channel for launching the thermal chimney
Section 6 ). 

(iv) We identified six discret e st ellar clust ers (NGC 6604, Gum
5, Dobashi 782, 815, 822, and G18.7 + 1.8) superimposed on a
elatively smooth, centrally concentrated stellar distribution (Sec-
ion 4 ). Five of these clusters are associated with distinct molec-
lar cloud clumps in 

13 CO J = 1 –0 MWISP data cubes. 
(v) Aft er conv erting Gaia proper motions t o plane- of- sky ve-

ocities, w e find charact eristic one-dimensional v elocity spreads
f 2.4–3.5 km s −1 (Section 5 ). For the remaining kinematic anal-
sis we e x cluded sour ces with | v | > 10 km s −1 , as velocity out-
iers are more likely to be ejected w alkaw ay/runaw ay stars or
ontaminants and are unlikely to trace the association’s bulk
otions. 
(vi) Pairwise velocity statistics show that st ellar v elocities are

orrelated on spatial scales � 2 pc, but velocity differences in-
rease for larger separations. Velocities become increasingly di-
ergent with increasing spatial separations (Section 5.2 ). Pro-
ect ed subclust er v elocities differ from the association mean by
p to 5 km s −1 and display a complex pattern of motions (Sec-

ion 5.3 ). 
(vii) The association exhibits a gradual but highly statistically

ignificant global expansion perpendicular to the Galactic mid-
lane, with a gradient of 0 . 10 ± 0 . 02 km s −1 pc −1 (Section 5.1 ).
his vertical expansion gradient may reflect sequential star for-
ation, if the cloud has been accelerated by the expanding Sh

-54 H ii region that also drives the Stockert chimney (Section 7 ).

Large OB associations are known to be expanding, with stellar
ensities too low for them to remain bound (A. Blaauw 1964 ; D. A.
ouliermis 2018 ). How ev er, the physical processes that set their
inematics remain debated. Gaia shows that most young clusters
including those nested within larger associations – expand once

hey become optically visible (M. A. Kuhn et al. 2019 ), consis-
ent with g as e xpulsion (R. D. Mathieu 1983 ; F. C. Adams 2000 ),
lthough alt ernativ e e xplanations e xist (Section 7 ). Whether the
NRAS 546, 1–14 (2026) 
ame mechanisms dominate on association scales is less clear.
etailed Gaia studies of older (tens of Myr) systems, including
co–Cen (S. Hutschenreuter et al. 2026 ) and Vela OB2 (T. Cantat-

Gaudin et al. 2019 ), link pr esent-day e xpansion to turbulence
nd feedback imprinted in natal clouds. Because many nearby
ssociations are in later evolutionary stages where progenitor
louds have largely dispersed (C. Briceño et al. 2007 ), it has been
hallenging to directly connect their current kinematics to the
tar-formation conditions. 

Our analysis of Ser OB2 reveals strong expansion signatures
hile star formation is ongoing (Section 5 ). Expansion dominates

he velocity field on scales > 2 pc up to the full ∼50 pc extent
f the system, but the flow departs from simple homologous
 xpansion. The e xpansion gradient is larger perpendicular to the
alactic mid-plane than parallel to it. Ser OB2 is also spatially

lumpy, with correlated motions within clusters and partially
andom relative motions between sub - clusters, likely reflecting
he kinematics of molecular clumps in a turbulent cloud (Section
 ). 

The disruption of clusters within Ser OB2 may contribute to
he region’s overall expansion. How ev er, clust er dispersal alone
s unlikely to explain expansion on association scales, because
t operates on a crossing timescale (S. P. Goodwin & N. Bastian
006 ). For a characteristic vertical size of ∼30 pc and a velocity
ispersion of ∼2.4 km s −1 in this direction, the crossing time is
 10 Myr, greater than the ages of most members. 
Alt ernativ ely, the large-scale expansion pattern may be an im-

rint of the velocity field in the molecular cloud from which the
tars formed. Large-scale velocity patterns in the gas may arise
rom turbulent fluctuations (M.-M. Mac Low & R. S. Klessen
004 ) or from the expansion of a molecular-cloud shell driven by
eedback (B. G. Elmegreen & C. J. Lada 1977 ). In Ser OB2, the con-
guration of the H ii region and molecular cloud would favour
xpansion away from the Galactic plane, in the same orientation
s the association-scale stellar velocity gradient. Furthermore, the
ifference in the mean ages of the OB stars and YSOs is consistent
ith the sequential star-formation scenario of B. G. Elmegreen &
. J. Lada ( 1977 ). These results suggest that the expansion and di-
 ergence patt erns seen in y oung st ellar populations need not arise
olely fr om g as e xpulsion, but may r eflect the initial kinematics
f stars upon formation. 
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aia Collaboration 2016 ). The ALS III catalogue is available 

rom the ALS portal ( https://als.cab.inta-csic.es ; M. Pantaleoni 
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