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Abstract
We introduce ROCKETS (Rocket-driven Cluster Kinematics & Triggered Star-formation), a Gaia-based programme investigating kinematic
fingerprints of stellar feedback or rocket effect in young star-forming regions. We analyse two young clusters with O-type stars enclosed
by mid-infrared bubbles, Collinder 69 and IC 1396 as a methodological demonstration on two nearby benchmark regions. Co-moving
candidates are selected within an astrometric ellipse defined by the median and median absolute deviation of Class I/II YSOs with Gaia data.
For each star, we compute a relative proper-motion angle (RPMA) relative to the ionising source. In both regions the RPMA distribution
shows a strong excess at RPMA < 15◦, corresponding to sources moving away from the respective ionising sources. We quantify this using
the rocket effect index (REI), finding REI� 1.1 for Collinder 69 and REI� 1.7 for IC 1396. When considering only Class I/II YSOs, the REI
of both regions increases to REI� 10. Velocity-structure analysis of the sample shows that the RPMA < 15◦ subset has stronger positive
pairwise expansion than the full co-moving population, providing additional support for the rocket effect. The outward-moving stars are not
uniformly distributed; instead, their position angles are strongly anisotropic and preferentially aligned towards the bright-rimmed clouds.
Gaia colour–magnitude diagrams show no strong age offset between sources moving outward and literature cluster members. The observed
kinematic signatures support feedback-driven acceleration of gas and triggered star formation preferentially towards higher density regions
of expanding bubbles due to the rocket effect.
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1. Introduction

Stellar feedback from massive stars plays a central role in reg-
ulating star formation and shaping the evolution of galaxies
(McKee & Ostriker 2007; Kennicutt & Evans 2012). As massive
(�8 M�) stars are born within giant molecular clouds (GMCs),
they simultaneously influence their natal environment through
various feedback processes such as stellar winds, ionising radia-
tion, radiation pressure, and supernova explosions (Weaver et al.
1977; Girichidis et al. 2020). These processes can either trigger
further star formation (positive feedback) or inhibit it (negative
feedback), depending on the local and global conditions (Dale
et al. 2015; Hopkins et al. 2014).

Young star clusters represent dynamic environments where
the interplay of stellar feedback mechanisms shapes both the
morphology and kinematics of their parent molecular clouds.
Among these processes, the influence of massive O-type stars is
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particularly significant. Through intense ultraviolet (UV) radia-
tion and stellar winds, these stars ionise surrounding gas, creating
HII regions and driving the formation of infrared (IR) bub-
bles, detectable at mid-IR wavelengths (Churchwell et al. 2006).
These feedback processes can trigger secondary star forma-
tion through mechanisms like Radiation-Driven Implosion (RDI;
Bertoldi 1989; Sugitani et al. 1989, 1991), and formation by col-
lect and collapse in the peripheries of the expanding IR bubbles
(Elmegreen & Lada 1977; Dale et al. 2007).

The rocket effect (RE), conceptualised by Oort & Spitzer (1955)
and Kahn (1954), occurs when the ionisation front associated with
massive stars expands and interacts with the surface of a dense
molecular clump. The intense UV radiation ionises the gas, driv-
ing a photoevaporative flow off the illuminated face. By conserva-
tion of momentum, the clump recoils and accelerates away from
the ionising source, often producing bright rims and cometary
morphologies pointing towards the ionising source (Lefloch &
Lazareff 1994). The resulting compression at the ionisation front
can also promote collapse, so newly formed stars may inherit the
motion same as the clumps (Dale et al. 2015). This effect is par-
ticularly relevant in regions near bright-rimmed clouds (BRCs),
where dense gas clumps at the edges of HII regions are com-
pressed, potentially initiating gravitational collapse and triggering
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star formation (Sugitani & Ogura 1994). Observational studies
have documented this effect in individual BRCs within larger IR
bubbles (e.g. Arun et al. 2021; Saha et al. 2022a,b). However, a sys-
tematic exploration of the RE’s role in shaping stellar kinematics
and cluster morphology across multiple photon directions from
ionising stars remains underexplored. Determining the RE can
offer a means to estimate how efficiently stellar feedback triggers
star formation and to trace the extent of positive feedback within
evolving HII regions (Dale et al. 2007; Walch et al. 2015).

Gaia, a cornerstone mission of the European Space Agency
(ESA), aims to create the most precise 3D map of our galaxy
by surveying over a billion stars (Gaia Collaboration et al. 2016).
The precise astrometric data from the subsequent data releases
of Gaia mission (Gaia Collaboration et al. 2016, 2023) has rev-
olutionised our ability to study the dynamics of young stellar
populations. By leveraging Gaia Early Data Release 3 (EDR3), and
subsequent Data Release 3 (DR3), it is now possible to investi-
gate the proper motions and spatial distributions of stars with
unprecedented accuracy. These data provide a unique opportu-
nity to investigate the kinematics of stars in and around young
open clusters containing central O-type stars, where the RE can
propel clouds radially away from the ionising source. If star for-
mation is triggered by this effect, newly formed young stellar
objects (YSOs) should generally share the motion of the cloud as
it accelerates away from the ionising source (Dale et al. 2015; Saha
et al. 2022a). In this study, ROcket-driven Cluster Kinematics &
Triggered Star-formation (ROCKETS), we examine the kinematic
signatures of the RE in two nearby young open clusters, Collinder
69 and IC 1396. These clusters were selected for their prominent
IR bubble morphologies and central O-type stars, which are the
primary drivers of stellar feedback. We used Gaia EDR3 astromet-
ric data to identify stellar populations that are co-moving (share
similar distance and proper motions) with the known members of
the two open clusters. These populations extend up to the bound-
aries of the associated IR bubbles. We then analysed their proper
motion distributions relative to the ionising sources. By calculat-
ing relative proper motion angles (RPMAs; Saha et al. 2022a) and
with various statistical analysis, we quantify the extent to which
the RE shapes the dynamics of stars in these clusters.

This paper is structured as follows: in Section 2, we describe
the data selection and astrometric analysis. Section 3 presents the
results and in Section 4, we discuss the implications of our findings
for star formation processes, followed by a summary in Section 5.

2. Data and analysis

In this section, we describe the identification of the young clusters
for ROCKETS, the selection of the two clusters analysed in this
study, and the astrometric analysis using Gaia data.

2.1. Young cluster identification

To study the effect of ionising stars on IR bubbles, we selected a
sample of young open clusters (OCs) exhibiting clear IR-bubble
morphology and containing central hot ionising O-type stars.
The restriction to clusters with O-type stars is motivated by two
considerations: the physics of the rocket effect itself and the astro-
metric requirements of our method. Since the RPMA is defined
relative to the ionising source, the presence of a dominant cen-
tral O-type star is essential. We started from the catalogue of
1222 open clusters compiled by Cantat-Gaudin et al. (2018). Using
the cluster radius containing 50% of the listed members (r50)
and the central coordinates, we cross-matched with the SIMBAD

Figure 1. A schematic illustration of the selection criteria applied to the initial open
cluster catalogue to identify the final two targets in this study.

database and identified 95 clusters hosting at least one O-type star
within r50.

The presence of an IR bubble was then assessed by visual
inspection of the 12 µm W3 band images from the Wide-field
Infrared Survey Explorer (WISE; Wright et al. 2010), which traces
polycyclic aromatic hydrocarbon (PAH) emission at the bubble
rims. This step yielded 24 clusters with well-defined IR bubble
structures; these 24 systems form the parent sample of the full
ROCKETS programme.

This first paper (ROCKETS I) is a pilot study that focuses on the
two nearest clusters (Collinder 69 and IC 1396, both at distances
�1 kpc) with highly symmetric bubble morphologies. These two
systems were selected as benchmark systems because their prox-
imity ensures the highest Gaia astrometric precision, while their
geometric symmetry provides a clean reference frame for mea-
suring radial motions relative to the central ionising source. A
flow-chart summarising the complete selection process is shown
in Figure 1. Details of both clusters are given below.

2.1.1. Collinder 69

Collinder 69 is a part of the λ Orionis star forming region. The
cluster has a relatively low extinction value AV ∼ 0.36 mag (Duerr
et al. 1982; Bayo et al. 2008). The brightest star in the cluster is
the O-type binary star, λ Orionis with spectral type O8IIIf+B0.5V
(Conti & Alschuler 1971; Sota et al. 2011). The cluster also hosts
at least a dozen B type stars (Murdin & Penston 1977; Duerr et al.
1982). The age of the cluster is estimated to be ∼5 Myr (Barrado
y Navascués et al. 2004; Bayo et al. 2011; Healy et al. 2023) and
the distance to the cluster is ∼400 pc (Murdin & Penston 1977;
Bayo et al. 2011; Healy et al. 2023). Recently, two studies have
demonstrated the RE towards BRC 17 and 18 (Saha et al. 2022a,b),
which are at the boundaries of the bubble morphology seen near
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Collinder 69. Unfortunately, λ Orionis has a high RUWE value of
4.8, which makes it unreliable for the calculation of RPMA. Thus,
we will use the weighted median (WM) of proper motion in Right
Ascension (μα∗) and proper motion in Declination (μδ) of the
known cluster members for the calculation. Considering the mass
segregation in clusters, using weights according to the brightness
as prescribed by Arun et al. (2021) makes it a better proxy to the
central O-type star.

The radius of the cluster given by Cantat-Gaudin et al. (2018)
is 0.99◦. We intend to study stars that are formed in the expanding
IR bubble. To determine these outer boundaries, WISE W3 band
image, which traces PAHs was used, and a new radius was esti-
mated. The estimate shows that the IR bubble extends up to 5.8◦.
The BRCs SFO 17 and 18 have a separation of 2.8◦ from the clus-
ter centre. Therefore, in all subsequent analyses, we consider only
sources located within a 5.8◦ radius from the cluster centre.

2.1.2. IC 1396

The IC 1396 region is part of the large, star-forming Cepheus bub-
ble (Patel et al. 1998), ionised by the multiple system (O5+O9)
HD 206267 (Peter et al. 2012; Maíz Apellániz & Barbá 2020).
The central cluster of IC 1396, also known as Trumpler 37 (Patel
et al. 1995, 1998), has a distance of 945 pc based on Gaia DR2
(Sicilia-Aguilar et al. 2019). The region is estimated to have an age
of∼4Myrs and an AV = 1.40 mag (Pelayo-Baldárrago et al. 2023).
The region contains the well-known BRCs SFO 36, 37, 38, and 39,
with the central ionising source HD 206267 believed to be respon-
sible for their ionisation (Sugitani et al. 1991). Similar to Collinder
69, the central star of IC 1396, HD 206267 also has a high RUWE
value of 5.074. Thus, we use WM values of the cluster members
for the calculation of RPMA. The radius of the IC 1396 cluster
given by Cantat-Gaudin et al. (2018) is 0.3◦. But the WISE 12 µm
W3 image shows that the IR bubble extends up to 1.4◦. Our anal-
ysis includes sources within the bubble and near the surrounding
BRCs, providing a more complete picture of the RE.

2.2. Gaia astrometric data

Gaia DR3 includes comprehensive data on stellar positions, dis-
tances, proper motions, and various stellar parameters, signifi-
cantly enhancing our understanding of stellar and galactic evo-
lution. For our analysis of young open clusters, we use the Gaia
EDR3 astrometric data. The current study does not use radial
velocities, thus all the astrometric data taken are from Gaia Early
Data Release 3 (EDR3).

We note that direct conversion of Gaia parallax values may
lead to inherent issues (Bailer-Jones et al. 2018, 2021). Therefore,
in this work we do not estimate distances directly from the paral-
laxes. Instead, we use the distances tabulated by Bailer-Jones et al.
(2021), who provide both geometric and photogeometric distance
estimates for Gaia EDR3 sources. Since the clusters analysed here
are located within ∼1 kpc, we adopted the geometric distances
from that catalogue for all sources in our sample.

2.3. Cross-matching cluster and YSO data

The astrometric data for cluster members from Cantat-Gaudin
et al. (2018) is based on Gaia DR2. To update these values to
Gaia EDR3, we cross-matched the Gaia DR2 cluster data from
Cantat-Gaudin et al. (2018) with Gaia EDR3 data using a 1 arc-
sec search radius. Distance estimates were taken from Bailer-Jones
et al. (2021). We then selected stars with high-quality astrom-
etry using the re-normalised unit weight error (RUWE < 1.4)

parameter and applied an uncertainty cut based on parallax values
(parallax/error in parallax > 3) (Arun et al. 2021).

To analyse the RE, we needed to find YSOs formed in the
expanding IR bubbles surrounding the clusters, as these sources
are expected to be kinematically coherent with the expansion.
In both cases, the cluster radius defined by Cantat-Gaudin et al.
(2018) did not encompass the outer boundaries of the IR bubbles.
The extended radius is estimated in the previous section. Within
this estimated radius, all Gaia EDR3 sources were extracted and
assessed based on the previously defined quality criteria. The
newly adopted radius for Collinder 69 is 5.8◦ and for IC 1396 it
is 1.4◦.

The areas for both IR bubbles are large, thus we adopt the
catalogue from Marton et al. (2016), which is an all sky cover-
age of YSOs identified from ALLWISE data. The catalogue has
separate tables for class I/II and class III sources. We note that
this catalogue is used here as a homogeneous all-sky YSO refer-
ence catalogue, not as a complete membership census of the two
regions. Since the catalogue of Marton et al. (2016) is based on
WISE infrared colours, it is naturally biased towards IR-excess
and disc-bearing sources, and may miss discless members and
weak-excess sources, especially in distant or bright star-forming
regions. Therefore, the Class I/II sample is used only to define a
young-star astrometric reference population. We extracted all the
YSOs inside the updated bubble radius for both clusters. The YSOs
are cross-matched with Gaia EDR3 in 1 arcsec search radius. The
same astrometric quality criteria are applied to the YSOs as to
the cluster members. Finally, we have 151 class I/class II sources
and 121 class III sources in the case of Collinder 69. In the case
of IC 1396, we have 142 and 264 class I/II and class III sources,
respectively.

2.4. Membership analysis

We found the cluster members and YSOs with good quality astro-
metric data for the two clusters. In previous studies by Saha et al.
(2022a) and Arun et al. (2021), it is noticed that there are a num-
ber of co-moving sources with similar astrometric parameters as
the YSOs in star forming regions. As we want to study the com-
plete regions in the IR bubbles, we aim to find all co-moving
sources inside the IR bubbles around Collinder 69 and IC 1396.
We extracted all Gaia sources inside the updated radius for both
regions. The astrometric parameters of the class I/II YSOs from
Marton et al. (2016) were used to identify potential new members
extending into the immediate surroundings of the clusters. The
class III sources are not used because they have very high disper-
sion in astrometric space in both regions compared to the cluster
members.

Using the prescription from Saha et al. (2022a), we employed
the median and median absolute deviations (MAD) of astromet-
ric parameters such as proper motions and distances to estimate
the cluster parameters. By using the median and MAD val-
ues calculated from the class I/II YSOs, we identified stars with
similar astrometric data in the extended region around the clus-
ters. The astrometric ellipse selection is intended to identify a
high-confidence co-moving population, rather than a complete
census of all members. This approach can exclude kinematic out-
liers and may under-recover distinct subclusters, especially in
complex regions such as IC 1396. As an external check, we com-
pared our IC 1396 selection with the Gaia-based membership and
substructure sample of Pelayo-Baldárrago et al. (2023). The two
selections have similar central astrometric values, although their
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Table 1. Properties of the two young open clusters analysed in this study. The columns list the cluster name, equatorial coordinates, the
number of member stars identified, the median proper motions with uncertainties, the adopted cluster distance with uncertainties in
parsecs, the radius in degrees, and the primary ionising source responsible for the surrounding IR bubble morphology.

R.A. Dec. No of μα∗ μδ d Radius Ionising

Cluster (deg) (deg) stars (mas yr−1) (mas yr−1) (pc) (deg) source

Collinder 69 83.792 9.813 669 0.55± 0.37 −2.118± 0.24 402± 6 5.8 λ Ori

IC 1396 324.745 57.514 460 0.398± 0.46 −4.495± 0.38 914± 25 1.4 HD 206267

ellipse is narrower and selects fewer sources. We therefore inter-
pret our sample as a conservative co-moving population and not
as a complete representation of all IC 1396 kinematic populations.

For Collinder 69, we used 5 × MAD of astrometric parame-
ters to find the extended members, and 3 × MAD for IC 1396. In
the case of Collinder 69, the median and MAD values of distance
(d), proper motion in Right Ascension (μα∗) and proper motion
in Declination (μδ) are 394.07 ± 8.91 pc, 1.5± 0.72 mas/yr, and
−2.11± 0.62 mas/yr, respectively. The radius of the IR bubble is
∼40 pc, with respect to the median distance for Collinder 69. To
get a similar depth of 40 pc we chose 5 × MAD for astrometric
parameters.We found 2 544 co-moving sources that satisfy the 5×
MAD criteria for Collinder 69. They include 738 cluster members,
127 class I/II sources and 19 class III sources.

In the case of IC 1396, d, μα∗ and μδ are 920.72 ± 52.23 pc,
−2.36± 0.50 mas/yr, and −4.53± 0.58 mas/yr, respectively. Also,
the radius of the IR bubble is ∼25 pc, with respect to the median
distance for IC 1396. With the increase in distance the dispersion
in astrometry also increases, thus we adopted a 3 × MAD for the
parameters. We found 2 150 co-moving sources that satisfy the
3 × MAD criteria for IC 1396. They include 1 196 cluster mem-
bers, 82 class I/II sources and 15 class III sources.

We note that the co-moving sample is not a contamination-free
membership list. It includes all known cluster members from
Cantat-Gaudin et al. (2018) together with the extended co-moving
population selected by the astrometric ellipse, and a fraction of
foreground and background stars will inevitably satisfy the same
distance/proper-motion criteria and cannot be avoided. The clus-
ter radius, as stated in the literature and the adopted IR bubble
radius in this study, the total number of sources identified inside
the bubble radius, the median and MAD values of both regions
are provided in Table 1. The figures showing d vs. μα∗ and d vs. μδ

with the MAD ellipses are given in Figure 2.

2.5. Calculation of RPMA of stars in the open cluster

To calculate the internal relative propermotion of stars in the clus-
ter, we adopt themethod defined by Saha et al. (2022a). The proper
motion values of individual stars, subtracted by the mean proper
motion of the region, determine their internal relative motion
(Jones 1997). We can consider the proper motion of the ionis-
ing source as the proxy for the proper motion of its cluster, in
our case, the O-type stars at the centre of the cluster have higher
RUWE. Thus, we use the WM values of the cluster members for
the calculations. Figure 3 explains the measurement of RPMA
of stars in this work. The angles θip and θpm represent the angle
of ionising photons and the angle of the internal/relative motion
of YSOs with respect to the north, respectively. Both θip and θpm
are measured from north and increase eastward (anti-clockwise)
as shown in Figure 3. We note that RPMA is not the sky posi-
tion angle of the source itself, but the angular separation between
the projected radial direction from the ionising source and the

Figure 2. Distance versus proper motion diagrams for Collinder 69 (top) and IC 1396
(bottom). The dashed ellipses correspond to the WM ± 5×MAD (Collinder 69) and
3×MAD (IC 1396) using Class I/II sources as reference. Co-moving candidates within
the ellipses are shown as red points and the grey background sources are all sources
used in the study. Class I/II YSOs inside and outside the ellipses are marked with
blue and cyan stars, respectively; Class III YSOs are shown with yellow and grey tri-
angles. Prominent OB stars are highlighted: λOri (green star) and λOri B (white star) in
Collinder 69; HD 206267 (green star) and LS III+57 14 (white star) in IC 1396.

direction of the star’s relative proper-motion vector. Two cases
are explained in the figure. Case 1 is the ideal condition for the
RE. The orange arrows indicate the direction of ionising photons
directed radially outward. The red arrows indicate the direction
of the internal motion of the star, which is produced by subtract-
ing the proper motion of the central O-type star from the star. In
Case 1, θip and θpm are equal, thus |θip – θpm|, the RPMA is 0◦. As
the star is moving in a radially outward direction, it is the case
for the RE. In Case 2, RPMA= 45◦, and the value can vary from
0◦ to 180◦ for different stars based on their direction of observed
proper motion. Since RPMA is defined as the smallest angular
separation between the projected radial direction and the relative
proper-motion direction, it naturally ranges from 0◦ to 180◦.
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Figure 3. Schematic diagram showing a system of stars with an ionising star (yellow) at the centre. The diagram illustrates how the calculation of RPMA of stars in a cluster is
performed. The angles θip and θpm represent the angle of ionising photons and the angle of the internal relative motion of YSOs with respect to the north, respectively. The orange
arrows indicate the direction of ionising photons, and the red arrows indicate the direction of the internal motion of the star. In Case 1, θip and θpm are equal, which corresponds
to the RE, as the star is moving radially away from the ionising source. Case 2 can be any other random angle from 0◦ to 180◦.

We calculated RPMA values for all stars identified in the
region, using the astrometric parameters of the ionising star. For
Collinder 69 and IC 1396, the central stars have high RUWE val-
ues, making them unreliable for RPMA calculation (Saha et al.
2022b). In these cases, we used the WM values of μα∗, and μδ of
the cluster members.

The weights are assigned based on the magnitude of the star.
The WM criterion is adopted because the uncertainty in Gaia
astrometry increases with the decrease in the brightness of stars
(Lindegren et al. 2021), so a WM value relies on stars with bet-
ter astrometry. Also, due to mass segregation, massive stars are
located in the central regions of the cluster, making the esti-
mates approximately represent the central astrometric value of the
cluster.

With the above analysis, we have found sources that are astro-
metrically similar to the cluster-IR bubble system for Collinder
69, and IC 1396. We estimated the RPMA values of the stars with
respect to the central source in each cluster.

3. Results

3.1. RPMA distribution

RPMA is the kinematic angle measuring the alignment between
the projected radial direction from the ionising source and the
star’s relative proper-motion vector, and not the angular extent
of the cluster or the sky position angle of a source. We calcu-
lated the RPMAs which span from 0◦ to 180◦ for all stars that are
found to be associated with both clusters. The 0◦ angle means the
stars are moving radially away from the ionising source. The 180◦
angle corresponds to motion in the opposite direction, i.e. towards
the ionising source. The histogram distribution of the angles for
both clusters is shown in Figure 4. The histograms have 12 bins,
each representing a 15◦ interval. We observe an elevated number

of stars in the 0◦–15◦ bins in both clusters, indicating a signif-
icant fraction of sources moving away from the central source.
If the relative proper-motion directions were randomly oriented
with respect to the radial direction from the ionising source, the
RPMA distribution would be approximately uniform across the
0◦–180◦ range. Assuming a random distribution of angles for stars
in a cluster, the histogram distribution should be approximately
equal across all bins. For example, in the case of Collinder 69, the
median frequency of all bins excluding the first bin is 198. The
first bin, which contains 407 stars, is approximately 207% of that
median. Similarly, for IC 1396, the median excluding the first bin
is 124, while the first bin contains 349 stars, which is approxi-
mately 281% of the median. This clearly indicates an over-density
of sources moving radially away (RPMA < 15◦) from the centre in
both clusters.

To quantify the directional nature of the deviation, we define
and estimate the rocket effect index (REI). The REI is designed
to measure the prominence of outward-moving stars by com-
paring the number of stars in the first angular bin (0◦–15◦) to
the median frequency of stars in the other 11 bins. The first
bin is chosen because RPMA < 15◦ represents the most strongly
outward-moving population expected from the rocket effect, while
the median of the remaining bins provides a robust estimate of the
typical non-preferred angular population. The REI is defined as:

REI

= No. of stars in first bin−Median frequency of other 11 bins
Median frequency of other 11 bins

.

(1)

To assess the effect of proper-motion uncertainties on the REI
values, we performed a Monte Carlo propagation of the Gaia
proper-motion errors. In each realisation, the individual μα∗ and
μδ values were perturbed within their quoted uncertainties, the
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Figure 4. The figure shows the RPMA histogramdistribution (left) of Collinder 69 (top), and IC 1396 (bottom). The distribution is divided into 12 bins, eachwith a 15◦ interval. Green
shows all co-moving sources, red the Class I/II YSOs and cyan the Class III YSOs. All histograms show that the first bin (RPMA< 15◦) is significantly higher than themedian. The REI
values for the full co-moving sample and for the Class I/II sources are denoted in each histogram. The positive value of REI indicates the presence of a radially outward-moving
population within these young clusters. Additionally, the subsequent bins in each histogram show a gradual decrease in the number of stars, eventually plateauing. The top and
bottom panels on the right show the bin sensitivity analysis for Collinder 69 and IC 1396 respectively, giving the probability density of RPMA (deg−1) for bin widths from 6◦ to 30◦,
which shows the result does not deviate with different bin sizes.

RPMA values were recalculated, and the REI was recomputed.
This was repeated 1 000 times, and the median and 16th–84th per-
centile range of the resulting REI distribution were adopted as the
uncertainty on REI. For instance, in the case of Collinder 69, the
REI is calculated as 1.06+0.07

−0.06, indicating that the first bin contains
∼100% more stars than the expected number of stars. Similarly,
for IC 1396, the REI is 1.67+0.12

−0.13. We also estimated RPMA values
for the Class I/II sources in our sample. It is interesting to note
that the REI values for Class I/II sources alone are 10.2+0.6

−1.7 and
9.7+4.8

−1.0, respectively, for Collinder 69 and IC 1396. This is indica-
tive of triggered star formation through RE as disc-bearing sources
are predominantly moving away from the ionising O-type stars.

We also conducted a sensitivity analysis to evaluate the impact
of bin size on the RPMA histogram distributions and ensure the
robustness of our findings. By varying the bin size across 6◦, 9◦,
12◦, 15◦, 18◦, 20◦, and 30◦, the density of stars per bin was cal-
culated as the frequency of stars within each angular interval
normalised by the bin width. Specifically, for each bin size (e.g. 6◦,
9◦, 12◦, etc.), the number of stars falling within that angular range
was counted and divided by the bin width to ensure comparability
across different bin sizes. This density provides a consistent way to
compare the relative over-densities in the first bin (RPMA < 15◦)
across varying resolutions. IC 1396 and Collinder 69 consistently
exhibited a peak in the first bin, regardless of the bin size. This sta-
bility underscores the robustness of the observed over-density of
stars with RPMAs < 15◦.

Additionally, it is noteworthy that the RPMA distribution of
both clusters shows that the frequency in each bin gradually
decreases and normalises by the fifth bin (60◦–75◦). This also

indicates the presence of a radially outward-moving population
within these young clusters.

To confirm that the RPMA excess in the first bin is signifi-
cant independently of the REI definition, we applied three further
statistical tests. First, considering under an isotropic null, the
probability that a source falls in the first 15◦ bin is p0 = 15◦/180◦ =
1/12. A one-sided binomial test on the observed first-bin counts
(407/2 544 for Collinder 69, 349/2150 for IC 1396, i.e. 1.9× the
isotropic expectation in both) rejects isotropy at p= 2.4× 10−36

and 1.2× 10−32, respectively. Second, we tested the RPMA distri-
bution for departures from a Uniform[0, 180◦] distribution using
an Anderson–Darling test (Anderson & Darling 1952), which is
sensitive to excesses in the low-RPMA tail; this yields A2 = 72.9
(Collinder 69) and A2 = 179.9 (IC 1396), far above the 1% critical
value of 3.86. Third, because the rocket effect specifies the expected
direction a priori (radially outward), we applied a V-test, a varia-
tion of the Rayleigh test against a specified mean direction, to the
signed offset angle (Greenwood & Durand 1955; Batschelet 1981).
This is the most appropriate directional statistic when the target
direction is already known. The V-test gives V = 0.137 (u= 9.8,
p= 8× 10−23) for Collinder 69 and V = 0.278 (u= 18.2, p= 2×
10−74) for IC 1396, withmean relative proper-motion directions of
3.9◦ and 8.3◦ from the outward radial. Together, these tests estab-
lish that the outward-motion excess is statistically significant and
directionally aligned with the ionising source, independently of
the REI. In the case of the Class I/II population in both regions,
the directional signal is stronger. The V-test amplitude increases
to V = 0.58 for Collinder 69 and V = 0.65 for IC 1396, about two
to four times the values for the full co-moving samples, while
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the Anderson–Darling test remains a decisive rejection of uni-
formity (A2 = 72.5 and A2 = 53.2, respectively). This is indicative
of the disc-bearing YSOs being more coherently aligned with the
outward radial direction than the general co-moving population.

To compare the kinematic properties of the two young clusters
with a broader open-cluster reference sample, we used the cata-
logue by Hunt & Reffert (2023), restricted to clusters that are also
present in the Cantat-Gaudin et al. (2018) catalogue used in our
initial target selection. Cantat-Gaudin et al. (2018) provides the
original Gaia DR2 open-cluster basis for our ROCKETS selection,
while the catalogue of Hunt & Reffert (2023) provides updated
Gaia EDR3-based membership lists and structural parameters. In
particular, the Hunt & Reffert (2023) catalogue provides core radii,
which are required here to define the central reference astrometry
through the median position and proper motion of core mem-
bers. We selected common clusters with at least 100 members
and distances below 1.5 kpc, yielding 314 clusters for which the
RPMA calculation could be performed. For each reference cluster,
stars inside the catalogue core radius were used only to define the
central astrometric reference, and the RPMA and REI were then
computed using the cluster members.

As shown in the kernel density estimate (KDE) plot of REI
(autoreffig:kde of Appendix A), the external open-cluster refer-
ence sample exhibits distributions centred around low positive
values for REI, with a median REI of 0.150. These values provide a
reference level for the low-RPMA excess expected in nearby Gaia
open clusters, but this sample is not a physically matched con-
trol sample of young O-star-bearing IR bubbles. Additionally, the
majority of clusters in the reference sample show low-RPMA frac-
tions close to the isotropic expectation of 1/12, indicating little
preferential outward motion.

In contrast, Collinder 69 and IC 1396 exhibit higher REI values
than the median of the external reference sample. The REI values
indicate a pronounced over-density of stars with RPMAs in the 0◦–
15◦ range. The low-RPMA fraction is used only as a descriptive
comparison metric and not as evidence by itself for the physical
origin of the signal. Our results align closely with the findings of
Kuhn et al. (2019) andArmstrong&Tan (2024). Kuhn et al. (2019)
demonstrated that a majority of young clusters exhibit significant
expansion, driven by gas expulsion following feedback from mas-
sive stars. These results and previous studies consistently indicate a
kinematic signature of radially outward motion in the young clus-
ters, especially by the disc bearing sources, which could be due the
feedback driven process from massive O-type stars.

3.2. Comparison with VSAT

To compare the results from previous section with an independent
velocity-structure diagnostic, we performed a Velocity Structure
Analysis Tool (VSAT) analysis following Arnold & Goodwin
(2019). VSAT quantifies the velocity structure of a stellar popu-
lation by considering all possible pairs of stars. For each pair, the
projected separation �r and velocity difference �v are calculated.
The method defines two velocity statistics: the magnitude velocity
difference, �vM , and the directional velocity difference, �vD. The
latter measures the rate at which the separation between a pair of
stars is changing. Positive �vD indicates that the pair is moving
apart, while negative�vD indicates that the pair is moving towards
each other.

For Collinder 69 and IC 1396, we applied this analysis to the full
co-moving population used in the RPMA analysis and separately
to the subset of stars with RPMA < 15◦. The sky positions were

Figure 5. Velocity structure analysis for Collinder 69 and IC 1396. The mean pairwise
velocity difference,�v, is shown as a function of pairwise spatial separation,�r. Blue
curves show the full comoving-source samples, while red curves show the subsamples
with RPMA< 15◦. Shaded regions indicate the±3σ uncertainty band on the mean�v
in each separation bin.

converted into projected physical positions relative to the adopted
cluster centre, and the proper motions were converted into tan-
gential velocities using the Bailer-Jones geometric distances. We
then computed �r, �vM , and �vD for all stellar pairs and binned
the resulting values as a function of projected separation.

The comparison is shown in Figure 5. The full co-moving
population shows mostly positive 〈�vD〉 over a large range of pro-
jected separations, indicating an overall expansion-like velocity
structure. More importantly, the RPMA < 15◦ subset shows sys-
tematically higher positive 〈�vD〉 than the full co-moving sample
across most separations. This indicates that the stars selected as
radially outward-moving with respect to the ionising source are
also more strongly expanding in the pairwise VSAT sense.

VSAT alone does not identify the rocket effect, because it mea-
sures pairwise expansion or contraction and is not tied to a specific
ionising source. In contrast, the REI from previous section is
explicitly referenced to the projected radial direction from the
central O-type star. The fact that the RPMA < 15◦ subset also
shows stronger pairwise expansion supports the interpretation
that the REI-selected population traces a genuine outward-moving
component associated with feedback from the ionising source.

3.3. Position angle distribution of RPMA stars

Both clusters, with feedback from O-type stars, show a signif-
icantly higher number of stars moving radially away (RPMA
< 15◦) from the cluster centre. However, it would be an
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Figure 6. The figure shows the PA polar histogram distributions of cluster members from the cluster centre of Collinder 69, and IC 1396, respectively. The PA histogram show that
most of the RPMA < 15◦ stars are predominantly directed towards known BRCs and not isotropically distributed. Unlike RPMA, the PA shown here represents the sky position
angle of the sources with respect to the cluster centre. The histograms show all sources satisfying astrometric ellipse (grey), all RPMA< 15◦ sources (blue) and Class I/II/III sources
with RPMA< 15◦. For visualisation, the histograms are normalised to 1 on the highest bin.

over-interpretation of the data to assume that all stars with a
RPMA < 15◦ are influenced by the RE. It is more realistic to
assume that cluster members also show random motion in the 2-
dimensional plane that we observe. Thus, a percentage of sources
in the first bin (RPMA < 15◦) could be random components from
the clustermembers. It is difficult to remove these random compo-
nents from our analysis with the present data. Also, Armstrong &
Tan (2024), who investigated the expansion of the Collinder 69 (λ
Ori) cluster found that the expansion of λ Ori is anisotropic, with
stellar motions showing a clear directional dependence rather than
isotropy. Armstrong & Tan (2024) attribute this anisotropy to the
feedback-driven expulsion of gas, which accelerates stars preferen-
tially along certain directions. Therefore, to analyse if anisotropy
can be found in our study, we created polar histogram distri-
butions of the position angle of stars with respect to the cluster
centre. The histograms are normalised to the highest frequency
bin for visual purposes.

3.3.1. Polar histograms

Figure 6 shows the polar histograms of Collinder 69 and IC
1396. The polar histograms display all stars used in the study
(pink) and stars with RPMA < 15◦ (blue) separately. In the case
of Collinder 69, the stars with RPMA < 15◦ are not uniformly
distributed in all directions but are highly inclined towards the
East and West, confirming the anisotropy found by Armstrong
& Tan (2024). In the eastern direction, most stars are directed
towards BRC 18. Similarly, a significant number of sources are
directed towards BRC 17. The populations directed towards these
BRCs have been individually studied and established by Saha et al.
(2022a) and (2022b). The polar histogram also shows this direc-
tional bias towards the BRCs. The position angles of SFO 17 and
18 are 105 and 338.5◦ respectively. We observe a high number of

sources, approximately 32%, directed towards SFO 18 and 9% of
stars directed towards SFO 17. The overall distribution of stars also
shows a high number of stars towards the BRCs.

For IC 1396, the sources with RPMA < 15◦ are found in
all directions of the cluster. Previous studies have also reported
non-random distributions of young stars associated with clouds,
globules, and ionisation fronts in IC 1396 (Reach et al. 2004;
Sicilia-Aguilar et al. 2006). Our result is consistent with these
studies, but adds the Gaia-based kinematic evidence for prefer-
ential outward motion. In the present analysis, there is a clear
over-density of sources pointing towards BRCs, SFO 36 (Elephant
Trunk) to the west, and SFO 38 to the north. These BRCs are also
studied individually by Saha et al. (2022b). The position angles of
SFO 36, 38, 39, and 40 are 261, 17.9, 93.7, and 109.5◦ respectively.
The polar histogram also shows a high number of sources angled
towards these BRCs, proving anisotropy.

3.3.2. Relative proper motion vectors

The same analysis is visualised on the colour–composite images of
the Collinder 69 and IC 1396 regions overlaid with stellar relative
proper–motion vectors (Figure 7). The background image is con-
structed from WISE bands (12 µm W3 band in turquoise and 24
µm W4 band in red), highlighting the IR bubble boundaries and
BRCs. Relative proper motions are shown as arrows, with yellow
arrows indicating all sources with RPMA < 15◦ and red arrows
representing Class I/II/III YSOs with RPMA < 15◦. To empha-
sise BRCs with enhanced source density, two inset panels (orange
boxes) provide zoomed–in views, revealing clear over–densities of
sources towards the BRCs in both clusters.

Our analysis shows that stars with RPMA < 15◦ have preferen-
tial distribution in both clusters and are not uniformly distributed
(anisotropic). We find that a major share of stars are directed
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Figure 7. WISE colour–composite (12µmW3band in turquoise and 24µmW4band in red) images of Collinder 69 and IC 1396 overlaid with stellar relative proper–motion vectors,
measured with respect to the weighted median proper motion of the cluster members. Yellow arrows indicate all sources with RPMA < 15◦, while red arrows mark Class I/II/III
YSOs with RPMA< 15◦. Orange boxes show zoomed views towards the BRCs.

towards known BRCs and bright rim sources and expanded away
regions, proving RE and gas expulsion through feedback as sug-
gested by Armstrong & Tan (2024). This suggests that the RE does
not uniformly act in all directions but rather in specific direc-
tions during the younger stages of star formation. The acceleration
process/shock fronts and density variation forms BRC structures
towards particular directions. Dale et al. (2015) argued that the
stars formed in these accelerating clouds exhibit radially outward
motion, consistent with the direction of the clouds’ accelera-
tion. Interestingly, we also observe sources with radially outward
motion between the BRCs and the ionising star, indicating that the
stars formed in these cloud trails are also being accelerated away.
The grouping of these sources near the globules is consistent with
the distinct kinematic populations and successive star-forming
episodes reported in IC 1396 by Pelayo-Baldárrago et al. (2023),
and by Sánchez-Sanjuán et al., (2024) for Collinder 69.

3.3.3. Radial distribution of sources

To further examine the spatial distribution of stars associated with
the RE, we computed the radial number density profiles of sources
with RPMA < 15◦ relative to the cluster centres (see Figure 8).
In both clusters, the number density declines smoothly towards
the outskirts, indicating that our adopted cluster radii are suffi-
cient and that no significant population was missed beyond these
boundaries.

In Collinder 69, the profile shows a clear enhancement in stellar
number density at a projected distance of ∼15 pc from the ionis-
ing source. This coincides with the locations of SFO 17 and SFO
18, which were already shown in the previous subsection to host
highly directional stellar density. Similarly, in IC 1396, elevated
stellar densities are found at projected distances of ∼6 pc and ∼13
pc, corresponding to BRCs SFO 36 and SFO 38. The alignment of
these density enhancements with known BRCs provides further

support for the RE as the driver of both stellar kinematics and
clustered star formation in these regions.

3.4. Colour-magnitude diagram analysis

Small scale sequential star formation and age gradients have
been observed in HII regions and BRCs (Sugitani et al. 1995;
Maheswar et al. 2007; Ogura et al. 2007; Choudhury et al. 2010).
To examine potential age differences between the radially mov-
ing populations (RPMA < 15◦) and the general cluster mem-
bers from Cantat-Gaudin et al. (2018), we constructed Gaia
colour–magnitude diagrams (CMDs) and overlaid Modules for
Experiments in Stellar Astrophysics (MESA) isochrones and evo-
lutionary tracks (MIST)a isochrones at 0.1, 1, 5 and 10 Myr (Choi
et al. 2016). Figure 9 shows the Gaia MG vs. G–GRP CMDs for
Collinder 69, and IC 1396. The CMD shows all sources in the
astrometric ellipse, all radially moving away sources (RPMA <

15◦) and Class I/II/III sources with RPMA < 15◦ separately. Note
that the Cantat-Gaudin et al. (2018) sample has a magnitude limit,
which is visible in the y-axis histogram.

We corrected the young clusters for interstellar extinction
using the Bayestar19 3D dust map (Green et al. 2019) as imple-
mented in the dustmaps package. Using the coordinates and
distances of each stars from Gaia, we extract the reddening
value from the dust map. The reddening is converted to Gaia
passbands using the extinction law from Mathis (1990), with a
total-to-selective extinction ratio, Rv = 3.1.

Based on the Gaia CMDs alone, in both clusters, we find no
strong evidence for systematic age gradients. Both the radially
moving outward population and the broader cluster members
largely coincide along similar isochronal ages 4–5 Myrs, indi-
cating that stars currently exhibiting outward motions are not

ahttp://waps.cfa.harvard.edu/MIST.
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Figure 8. Radial number density profiles of stars with RPMA < 15◦. Top: Collinder 69,
showing an enhancement at∼15 pc that coincides with SFO 17 and SFO 18. Bottom: IC
1396, where elevated densities are seen at ∼6 pc and ∼13 pc corresponding to SFO
36 and SFO 38. In both clusters, the overall decline towards the outskirts indicates
that the adopted radii encompass themain stellar populations, while localised density
enhancements near bright-rimmed clouds provide additional evidence for the RE.

significantly younger than the typical cluster member. However,
we caution that optical CMD-based ages of young low-mass
pre-main-sequence stars are affected by variability, unresolved
multiplicity, accretion, photometric uncertainties, and differential
extinction. We also note that this comparison is between kine-
matically defined subsets of the co-moving population, and not
between triggered and non-triggered stars.

In the CMD of Collinder 69, there is a main sequence popu-
lation of stars inside the astrometric ellipse, which are below the
10 Myr isochrone. The cluster members, the sources with RPMA
< 15◦ including YSOs are occupying a similar region around 5
Myr isochrone which is the age of the cluster reported in liter-
ature (Barrado y Navascués et al. 2004; Bayo et al. 2011; Healy
et al. 2023) and show no gradient of age in different populations.
IC 1396 also shows the main sequence population, but they are
mixed with cluster members from Cantat-Gaudin et al. (2018).
The cluster members are positioned in main sequence population,
and near 5 Myr isochrone. We see a higher number of sources
with RPMA < 15◦ on the 5 Myr isochrone region than the main
sequence population. Interestingly, the YSOs are almost com-
pletely near 5 Myr isochrone, which is near to the cluster age of
4 Myr (Pelayo-Baldárrago et al. 2023).

It is possible that the cluster selected by Cantat-Gaudin et al.
(2018) for IC 1396 has multiple age populations, as reported
in previous studies (Sicilia-Aguilar et al. 2005, 2014). We also
note that evidence for younger or multiple populations in IC
1396/Tr 37 has not been established from isochrone fitting alone.
Previous studies have identified less evolved sources, including
flat-spectrum Class II sources, Class I objects, and Class 0 proto-
stars associated with dense clouds, globules, and ionisation fronts
(Reach et al. 2004; Sicilia-Aguilar et al. 2006, 2019). These embed-
ded and infrared-selected populations provide stronger evidence
for recent or ongoing star formation than optical CMD positions
alone. But it is interesting to note that the cluster population at
4–5 Myr in the isochrones, and the population with RPMA < 15◦
does not show much different ages. It is also noteworthy that the
small fraction of cluster members also show younger population of
around 1Myr, indicative of multiple age populations in the overall
region.

The absence of a clear age gradient for the population with
RPMA < 15◦ with cluster members in both clusters can also be
partly attributed to differential extinction, photometric uncer-
tainties, and unresolved multiplicity, and it should not be inter-
preted as evidence against feedback-driven dynamics. In hierar-
chical star-forming regions, the superposition of multiple sub-
structures and early-time dispersal can wash out simple spatial
age trends (Ward et al. 2020). Moreover, Gaia CMDs are less
sensitive to embedded protostellar populations, which are better
traced using infrared excess, spectral slopes, emission-line diag-
nostics, or X-ray emission. The REI estimated therefore traces
the present-day kinematics of feedback and gas removal, while
the CMDs reflect an age-mixed population assembled across a
structured medium. Applying more sophisticated extinction cor-
rections and incorporating additional youth indicators, such as
IR excess or emission-line features, x-ray emissions, could help
clarify whether any age bias exists among the radially moving
populations. Because of the above caveats, we use the CMD only
as a qualitative comparison to check whether the RPMA-selected
population shows a large systematic offset from the broader
co-moving population.

4. Discussion

The study fits into a broad context of work exploring the inter-
play of stellar feedback, cluster dynamics, and star formation
processes in massive star-forming regions. By leveraging the
high-precision astrometry of Gaia EDR3 (Gaia Collaboration
et al. 2016; Lindegren et al. 2021), our detection of a radially
outward-moving population of stars strongly supports the notion
that the RE is actively shaping the young stellar environment.
This effect, seen previously in individual BRCs (e.g. Arun et al.
2021; Saha et al. 2022a,b), now emerges as a general kinematic
signature in multiple clusters. Our results thus extend the observa-
tional evidence for feedback-driven gas dispersal, complementing
both theoretical models and simulations that emphasise how ion-
ising photons from massive stars can compress and accelerate
surrounding gas, influencing star formation and the subsequent
stellar kinematics (Dale et al. 2015).

The absence of a clear age gradient within the radially mov-
ing populations challenges the simplest models of sequential star
formation triggered by expanding HII regions (Elmegreen &
Lada 1977; Sugitani et al. 1991). While classical scenarios envision
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Figure 9. Gaia EDR3 CMDs of Collinder 69 and IC 1396. Grey points show all co-moving stars within the adopted radii, green points mark known cluster members, blue points
represent stars with RPMA< 15◦, and red points indicate YSOs (Class II/III) with RPMA< 15◦. The positions of the central ionising O-type stars (λ Ori, λ Ori B for Collinder 69; HD
206267 for IC 1396) are highlighted with star symbols. Isochrones from the MIST models at 0.1, 1, 5, and 10 Myr are overlaid for reference. The black arrow shows the extinction
vector corresponding to AV = 1 mag.

newly formed stars appearing systematically farther out along
expanding shells of swept-up material, we find that stars cur-
rently exhibiting outwardmotion are not necessarily younger than
the general cluster membership. This discrepancy may reflect the
complexities noted in recent hydrodynamical simulations, which
show that feedback can produce non-monolithic and anisotropic
structures of gas and stars (Dale et al. 2013; Girichidis et al. 2020).
Rather than generating a simple spatial age sequence, feedback
may drive a more chaotic rearrangement, accelerating stars that
have already formed in denser pockets without creating a neat
temporal progression. Our results resonate with the work of
Kuhn et al. (2019), who identified complex and anisotropic expan-
sion in young clusters, and with Armstrong & Tan (2024), who
highlighted direction-dependent dispersal patterns influenced by
feedback.

That these radially moving stars often align towards known
BRCs and IR bubble rims supports the view that feedback is
direction dependent and not uniformly isotropic. Observations
by Sugitani et al. (1991), Sugitani & Ogura (1994) and subse-
quent studies have shown that BRCs mark the edges of ionisation
fronts and can serve as potential sites of triggered star formation.
However, our RPMA-selected sample is defined kinematically and
physical associations with individual BRCs are not investigated.
Sources genuinely located at the rims cannot be separated from
those seen in projection against them, because the line-of-sight
depth of our astrometric selection is ∼90 pc for Collinder 69 and
∼310 pc for IC 1396,much larger than the thickness of a BRC. This
is a long standing difficulty in establishing triggered star formation
(Sugitani et al. 1991; Choudhury et al. 2010; Getman et al. 2012;
Mookerjea et al. 2012; Sicilia-Aguilar et al. 2019), and requires
independent tracers of association such as stellar and molecular
radial velocities or X-ray and IR youth indicators. We therefore do
not interpret the absence of an age offset in the CMDs as evidence

about the ages of any triggered population. The lack of a strong
age contrast may also stem from observational uncertainties such
as unresolved binaries or field star contamination (Bouvier et al.
2001; Da Rio et al. 2010; Kounkel et al. 2018). Where such infor-
mation is available, it supports the present picture. Sicilia-Aguilar
et al. (2019) combined IRAM molecular line velocities with Gaia
astrometry and found the three dimensional velocity of IC 1396A
(SFO 36) to be directed away from Trumpler 37, consistent with
the outward motion we infer for this direction.

Our finding that the radially moving subset (RPMA < 15◦)
does not exhibit a clear age offset relative to the general clus-
ter membership is consistent with Gaia-based studies showing
that many young, OB-dominated systems are not the remnants
of compact clusters expanding after gas expulsion, but instead
reflect hierarchical star formation with significant substructure
and subsequent rapid dispersal and possibly galactic shear (Ward
et al. 2020). In such a framework, anisotropic or preferentially
radial proper motions need not be accompanied by a monotonic
age sequence: stars form quasi-simultaneously across a clumpy
medium and any small age differences are rapidly mixed by the
ambient velocity field. This naturally explains the strong kinematic
signal we detect (RPMA excess and REI> 0) together with the lack
of a pronounced age gradient in the Gaia CMDs.

To obtain a more comprehensive understanding of the region’s
star formation history and feedback processes, more detailed and
targeted analyses are essential. Spectroscopic follow-up to deter-
mine radial velocities and confirm cluster membership will enable
the reconstruction of a refined three-dimensional velocity field,
facilitating the distinction between genuine members and field
interlopers. Near- and mid-IR observations can identify younger
protostars and reveal IR-excess sources, potentially establishing
whether younger star formation episodes indeed coincide with
these feedback-driven motions. Such complementary data may
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confirm or refute the presence of subtle age gradients currently
hidden by observational limitations.

Furthermore, future theoretical work could explore parameter
regimes where feedback imprints the kind of kinematic signatures
observed here without producing strong age gradients, shedding
light on the interplay between ionising radiation, stellar winds,
and the local density structure. Recent simulations by Grudić
et al. (2021) and Howard et al. (2017) have shown that the spatial
and temporal distribution of star formation in feedback-regulated
environments can be quite complex, emphasising that observa-
tional tests like ours can give good empirical sign posts.

5. Conclusions

In this study, we have examined the kinematic signatures of the
RE in two young open clusters, Collinder 69 and IC 1396, which
host O-type stars and are embedded inside IR bubbles, using Gaia
EDR3 data. The conclusions drawn in the studies are as follows:

• Using Gaia EDR3 astrometric data, we identified an
extended population of stars and YSOs with astrometric
similarity with the two young clusters.

• We identified a significant over-density of stars moving
radially outward (RPMA < 15◦), quantified using REI,
with its statistical significance confirmed by binomial,
Anderson–Darling, and V-tests.

• Directional analysis reveals that the sources with RPMA
< 15◦ have anisotropic distribution aligning with direc-
tions of BRCs, indicative of RE.

• A comparison of CMDs does not show a clear age gradient
between the radially moving stars and the overall cluster
membership.

• The analysis of both clusters suggests that the RE can
contribute to the present-day kinematic structure of
star-forming regions.

In summary, our study highlights how O-type stellar feedback
and IR bubbles shape cluster kinematics in complex, non-linear
ways. We confirm that feedback leaves detectable kinematic
traces without necessarily following orderly age sequences. The
ROCKETS project will continue this work through deeper analysis
and spectroscopic studies of other star-forming regions.
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Appendix A. KDE distribution

This appendix presents the distribution of REI values for the exter-
nal open-cluster reference sample described in Section 3.1. The
sample consists of the 314 clusters common to Cantat-Gaudin
et al. (2018) and Hunt & Reffert (2023) with at least 100 members
and distances below 1.5 kpc, for which the RPMA and REI were
computed in the same way as for Collinder 69 and IC 1396.

Figure A1. KDE distributions of REI for the external open-cluster reference sample of
314 clusters (purple). The vertical dashed lines correspond to the values for the two
young clusters analysed in this study. The REI values for the young clusters are higher
than the median value of the reference sample, indicating an enhanced over-density
of stars moving radially outward.
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