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ABSTRACT

Context. In a previous paper using Gaia DR2 data, we demonstrated that the two closely situated open clusters Collinder 135 and
UBC 7 might have formed together about 50 Myr ago.
Aims. In this work, we performed star-by-star dynamical modelling of the evolution of the open clusters Collinder 135 and UBC 7
from their supposed initial state to their present-day state, reproducing observational distributions of members.
Methods. Modelling of the Collinder 135 and UBC 7 dynamical evolution was done using the high-order parallel N-body code
φ−GPU with up-to-date stellar evolution. Membership and characteristics of the clusters were acquired based on Gaia DR3 data.
Results. The comparison of the present-day radial cumulative star count obtained from the N-body simulations with the current
observational data gave us full consistency of the model with observational data, especially in the central 8 pc, where 80% of the stars
reside. The proper motion velocity components obtained from the N-body simulations of the stars are also quite consistent with the
observed distributions and error bars.
Conclusions. These results show that our numerical modelling is able to reproduce the open clusters’ current complex 6D observed
phase-space distributions with a high level of confidence. Thus, the model demonstrates that the hypothesis of a common origin of
Collinder 135 and UBC 7 complies with present-day observational data.

Key words. open clusters and associations: individual – numerical integration in Galactic potential: open cluster orbits – binary open
star cluster evolution: initial conditions for open clusters

1. Introduction

The data of the space mission Gaia (Gaia Collaboration et al.
2016) have stimulated investigations into open clusters (here-
after OCs) in the Galaxy. One of the areas of research that has
significantly benefited is related to the binarity of OCs. While a
lack of observational data of binary star clusters in our Galaxy
in comparison with the Magellanic Clouds has been discussed
previously (e.g. Vázquez et al. 2010; de La Fuente Marcos &
de La Fuente Marcos 2009), recent investigations have provided
a number of examples of pairs of OCs in our Galaxy that sug-
gest a common origin (see, e.g. Qin et al. 2023; Angelo et al.
2022; Ye et al. 2022; Casado 2022a; Bisht et al. 2021; Zhong
et al. 2019). Some clusters that were previously considered sin-
gle have shown a binary signature upon detailed examination
(Alejo et al. 2020; Dias et al. 2018), including clusters with signs
of merging by tidal capture (Camargo 2021), according to Gaia
data.

There is observational evidence that indicates binary star
clusters are usually coeval and form as a result of hierarchical
clustering in parental molecular clouds (Casado 2022b; Angelo

⋆ marina@mao.kiev.ua

et al. 2022). These pairs may or may not be bound and physically
interacting. Notably, Angelo et al. (2022) found four bound and
two interacting but unbound pairs of star clusters. Alternatively,
coeval clusters may be located relatively close to each other due
to being born in the same star forming complex but may never
interact (Casado 2022b,a; Casado & Hendy 2023), and even-
tually they may become disaggregated while maintaining sim-
ilar Galactic orbits (Coronado et al. 2022). On the other hand,
pairs of closely located OCs with significantly different ages,
which represent bona fide events of an occasional encounter,
have been found (Camargo 2021; Piatti & Malhan 2022; Oli-
vares et al. 2023). Dynamical simulation of such encounters has
so far been limited to the publicly available orbit integration code
galpy (Bovy 2015). The dynamical simulations of the evolution
of initially bound primordial OCs in the Galactic tidal field by
de la Fuente Marcos & de la Fuente Marcos (2010) have demon-
strated that very close pairs, if formed, are merged in a short
timescale, and in other pairs, either the smaller component is
disrupted or a pair is decoupled in the background tidal field due
to mass loss, making open star cluster binarity a transient phe-
nomenon. Priyatikanto et al. (2016) used N-body simulations to
explore the evolution of binary open star clusters in the Galactic
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tidal field with different initial orbital orientations with respect
to the Galactic plane, which proved to be another important fac-
tor influencing the dynamical fate of such clusters. Darma et al.
(2021) carried out N-body simulations to investigate the forma-
tion and evolution of binary star clusters in the Milky Way and
in the Large Magellanic Cloud and found that binary open star
clusters can form from stellar aggregates with a variety of initial
conditions.

In Kovaleva et al. (2020), hereafter Paper I, we discussed
possible scenarios of origin and dynamical evolution in a sim-
plified approach and constrained parameters, within the limits of
observational values, that suggest a common origin of the open
star clusters Collinder 135 (hereafter Cr 135) and UBC 7 (see
also discussion in Pang et al. 2021). As one of the results of that
work, we identified, using backward orbital integration, a pre-
sumable grouping of initial states in 6D space that corresponds to
a common origin of these clusters. Our previous work was lim-
ited only by the investigation of motion of OC dynamical centres
(centre of masses). So, we completely neglected the OC internal
dynamical and stellar evolution, including the mass loss of the
clusters. By overcoming such restrictions in our current investi-
gation, we make our previous results more robust and reliable.

In this article, our purpose is to reproduce the dynamical evo-
lution of the system of Cr 135 and UBC 7 using star-by-star sim-
ulations. During our investigation, we especially paid attention
to the complex dynamical co-evolution and cross-penetration of
the clusters’ stellar populations. This behaviour of the modelled
stellar systems made our attempts of system modelling quite
challenging.

In comparison with Paper I, we have updated the numeri-
cal implementation of the φ−GPU with a new stellar evolution
block (Banerjee et al. 2020; Kamlah et al. 2022) combined with
our high-order dynamical N-body code. This new implementa-
tion allowed us to predict with a good degree of confidence the
evolved clusters’ internal stellar structure and cumulative mass
distribution.

After the publication of Paper I, the Gaia DR3 catalogue
(Gaia Collaboration et al. 2021, 2023) was published. With re-
spect to the previously used Gaia DR2 catalogue (Gaia Collab-
oration et al. 2018b), Gaia DR3 provides enhanced astrometric
and photometric data for an enlarged sample of the stars as well
as a significantly larger number of sources with mean radial ve-
locities. Some systematic effects have been resolved or mitigated
regarding Gaia DR2, which is also beneficial for the study of the
population of OCs. These improvements allowed us to obtain
refined characteristics of the system composed of the two clus-
ters based on the deep census of the probable members of this
system.

Our goal is to reproduce the present-day state of OCs and
compare it with the most up-to-date information about their stel-
lar population from Gaia DR3 data. Such an ambitious inves-
tigation has only been possible since last few years thanks to
the Gaia’s unprecedented position and proper motion measure-
ments. As a possible physical pair of OCs, Cr 135 and UBC 7
give us a unique laboratory to also study the common processes
of the ongoing star formation on larger scales in our Milky Way
disc.

The paper is organised as follows. In Sec. 2, we describe dy-
namical N-body modelling of evolution of the pair of clusters.
In Section 3, we discuss the data filtering process that resulted
in the following view onto the system of the two OCs, Cr 135
and UBC 7, with Gaia DR3 data. Section 4 is focused on char-
acterisation of the system based on the obtained characteristics
of its members. In Section 5, we describe results obtained in our

Table 1. Comparison of the main parameters of the OCs based on two
Gaia data releases.

DR OC l, b, ϖ, µ∗l , µb, Vr,

deg deg mas mas/yr mas/yr km/s

3 Cr 135 248.75 −11.10 3.38 −9.99 −6.40 15.2

±0.06 ±0.04 ±0.03 ±0.03 ±0.03 ±1.5

2 Cr 135 248.98 −11.10 3.31 −9.92 −6.47 17.4

±0.06 ±0.05 ± 0.02 ± 0.05 ± 0.06 ± 1.3

3 UBC 7 248.62 −13.45 3.61 −10.38 −5.90 15.8

±0.04 ±0.05 ±0.03 ± 0.03 ± 0.03 ± 2.8

2 UBC 7 248.62 −13.37 3.56 −10.25 −5.98 16.7

±0.04 ± 0.05 ± 0.02 ±0.05 ± 0.05 ± 1.5
∗ – here and further µl ≡ µ

0
l · cos b

N-body simulations in comparison with the observational data
presented in Sections 3 and 4. In Section 5, we also discuss kine-
matics of the surrounding extended halo. In Section 6, we sum
up the main results of the work.

2. Cr 135 and UBC 7: Star-by-star N-body modelling

2.1. Initial conditions and integration procedure

In Paper I we found that it is highly probable that Cr 135
and UBC 7 form a physical pair. This conclusion is based on
backward-in-time numerical simulations and 6D observations
from the Gaia DR2 catalogue. The resulting initial positions and
velocities for cluster centres of mass (initial separation and ve-
locity: 10 pc and 0.95 km/s) showed that the probability of a mu-
tual formation scenario is about 98% (see the numerical model
#[53,61], and Fig. 2 of Paper I). In order to estimate the im-
pact of Gaia DR3 data on new simulations, we used newly de-
termined present-day cluster observed parameters determined as
described in detail in Sec. 3. We found that there is good agree-
ment in the newly determined Galactic coordinates, proper mo-
tions, and radial velocities (see Table 1) with the Gaia DR2 pa-
rameters derived in Paper I).

To evaluate the possible distinction (DR2 vs. DR3) in the dis-
tances between the two OC centres, we carried out a new look-
back integration using the new DR3 initial data from Table 1
and compared it to our earlier selected best numerical model
#[53,61] (see Fig. 1). As can be seen in the figure, the agree-
ment is good, and the effect of the different data releases is small.

For the OCs’ dynamical orbital integration including the
stellar evolution, we used the high-order parallel N-body code
φ−GPU ,1 which is based on the fourth-order Hermite inte-
gration scheme with individual hierarchical block time steps
(Berczik et al. 2011, 2013). The current version of the φ−GPU
code uses a native GPU support and a direct code access to the
GPU using the NVIDIA native CUDA library. The present code
is well tested and was used to obtain important results in our ear-

1 N-body code φ−GPU :
https://github.com/berczik/phi-GPU-mole.
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Fig. 1. Evolution of the distance between the centres of Cr 135 and
UBC 7 for the DR2 (red) and DR3 (blue) initial conditions.

lier OC simulations Just et al. (2009); Shukirgaliyev et al. (2017,
2018, 2021a).

Because of the relatively short evolutionary timescale of
our system, we used the so-called fixed external potential
with parameters independent of time. Similar to Kharchenko
et al. (2009); Ishchenko et al. (2023), we used the three-
component (bulge-disc-halo) axisymmetric Plummer-Kuzmin
model (Miyamoto & Nagai 1975a).

The current code also takes into account up-to-date stellar
evolution models. The most important updates were made to
components of stellar evolution and include updated metallic-
ity dependent stellar winds; updated metallicity dependent core-
collapse supernovae, along with a new fallback prescription and
their remnant masses; updated electron-capture supernovae ac-
cretion induced collapse and merger-induced collapse; remnant
masses and natal kicks; and black hole natal spins, among other
updates. (For more details about the new stellar evolution library,
see Kamlah et al. (2022)).

To carry out the star-by-star N-body modelling together with
the stellar evolution for both OCs, we assumed the clusters to be
in initial dynamical equilibrium. For the star particles, we used
the King model distribution function King (1966) with three free
parameters: the initial total mass, the initial half-mass radius rhm,
and the dimensionless central potential W0. Using the Kroupa
(Kroupa 2001) initial mass function with the lower and upper
mass limits equal to 0.1 – 10 M⊙, and the classical solar value for
the initial stellar metallicity, Z = Z⊙ = 0.02 (Grevesse & Sauval
1998), for both clusters. For the centres of the clusters, we used
the initial coordinates and velocities at the 50 Myr lookback time
integration (see Table 2).

We tested more than 50 runs with various combinations of
M, rhm, and W0 separately for each cluster using the full N-body
model calculations up to the present time. For the initial posi-
tions and orbital velocities in Cartesian Galactic coordinates of
the star clusters (SC) centre at the -50 Myr lookback in time, we
used the values obtained during our own set of lookback integra-
tion of the SC centre of mass. The initial masses, radii, and King
profiles were found during the fitting test runs, with the aim of
matching the theoretical and observed parameters. The basic ini-
tial parameters of the model are given in Table 2 separately for
each SC.

Figure 2 shows the observed stars of the OCs (light green for
Cr 135 and light blue for UBC 7) overplotted with the present-
day positions of all particles from our basic model according to
the initial data in Table 2 (dark green for Cr 135 and dark blue
for UBC 7). The mutual orientation of the OCs is correct, al-

Fig. 2. Comparison of observed positions of probable cluster members
and of model stars of basic N-body simulations. The light green and
light blue dots are the members of Cr 135 and UBC 7, respectively. The
coordinate frame was obtained by parallel translation of the standard
Galactic coordinate system.

though both sets of particles (representing Cr 135 and UBC 7)
are slightly misaligned with their prototype clusters (see Table
3). In Table 3, we present the positions and velocities for the cur-
rent centres of mass for both OCs. The identifier Sim indicates
the cluster’s centre of mass as obtained from our basic model,
and Obs indicates the centre of mass as obtained from observa-
tions (see Section 3). The small disagreement between the 3D
coordinates and velocities inside the table most probably arises
from the different mutual interactions of the clusters in the back-
ward integration of the orbit compared to the forward integra-
tion of the full OCs. The backward integration was performed
with the present-day masses of the OCs. The forward integration
started with the larger initial cluster masses and includes mass
loss by stellar evolution and the tidal field. The present-day shift
of the cluster centres demonstrates that Cr 135 and UBC 7 inter-
act gravitationally with each other.

2.2. Stellar evolution and lifetime

In Fig. 3, we present the evolution of the tidal radius and bound
particle numbers according to our basic N-body model. The radii
of both clusters show a slight increase during the first several
tens of million years, after which the radius of Cr 135 starts to
sharply decrease, and after approximately 110 million years of
evolution, the core falls apart (technically, the number of bound
particles decreases to zero). At this time, the separation between
the two OCs is about 50 pc. UBC 7 has a more gradual decrease
in tidal radius in contrast to Cr 135, and it falls apart approxi-
mately 50 million years after the dissolution of Cr 135. The dif-
ferences between the dynamical behaviour of our clusters can
be explained as being a result of the concentration parameters
W0 = 3 and W0 = 11 of the different initial King profiles. Thus,
for Cr 135 the profile indicates a looser and more unstable core.
In UBC 7, the core is more concentrated, and therefore, despite
the smaller number of stars, it demonstrates a greater ability to
survive.

In Fig. 4, we show the orbital evolution up to ∼150 Myr from
the formation of the OCs. As can be seen from Fig. 4, during the
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Table 2. Initial positions, velocities, and parameters for OCs at 50 Myr lookback time.

SC X, pc Y , pc Z, pc Vx, km/s Vy, km/s Vz, km/s M, M⊙ N rhm, pc W0

Cr 135 –1073.5 –8415.3 –20.4 –230.17 34.14 –5.38 230 442 10 3

UBC 7 –1076.0 –8417.7 –12.0 –230.31 34.96 –5.76 200 384 7 11

Table 3. Comparison of the observed and numerical centre-of-mass po-
sitions and velocities for Cr 135 and UBC 7 in Cartesian Galactic coor-
dinates for the present day.

SC X, pc Y , pc Z, pc Vx, km/s Vy, km/s Vz, km/s

Cr 135 Sim –8281.3 –277.0 –36.2 –7.63 237.35 –5.11

Obs –8282.1 –271.0 –36.2 –7.38 237.94 –4.85

UBC 7 Sim –8283.1 –239.5 –45.2 –7.10 237.71 –4.72

Obs –8276.2 –250.8 –43.6 –7.00 238.13 –4.27

Fig. 3. Evolution of the tidal radius (upper panel) and bound particle
number (bottom panel). The green line represents Cr 135, and the blue
line indicates UBC 7.

time of evolution, the clusters follow mildly eccentric clockwise
orbits around the Galactic centre, as seen from the Galactic north
pole, and simultaneously rotate around each other. The orbits
have considerable vertical oscillations in the z-direction between
±80 pc.

In Fig. 5, we present the Hertzsprung-Russell diagram
(HRD) for three moments of evolution (50, 100, and 150 Myr in
forward integration) for each OC starting from 0 Myr. Due to the
low number of available stars and the short period of the OCs’
lifetime, we mainly have main-sequence stars. When analysing
the type of stars for the present day (which have an age of 50 Myr
according to the N-body simulation), ∼ 84% of them are low-
mass stars (m < 0.8 M⊙), and only ∼ 16% of them are higher-
mass main-sequence stars for both OCs. At the end of the for-
ward integration, low-mass stars were still dominant, and there
were only a few carbon/oxygen and oxygen/neon white dwarf
stars.

Fig. 4. Orbital evolution of Cr 135 and UBC 7. The colour-coding rep-
resents the time of integration. The filled and open black circles indicate
the present positions of the clusters. Th black crosses indicate the posi-
tions where the clusters dissolve.

Fig. 5. Hertzsprung-Russell diagrams of Cr 135 and UBC 7 (including
all unbound stars). Red dots correspond to an age of 0 Myr, light blue
to 50 Myr, green to 100 Myr, and black to 150 Myr. The crosses and the
stars show two types of white dwarfs from the N-body simulation.

3. Cluster membership with Gaia DR3 data

Our work in Paper I is based on Gaia DR2 data and aimed at
selecting the most probable members of Cr 135 and UBC 7 in
order to obtain their global space and kinematic parameters. We
incidentally discovered an extended corona of stars with an al-
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most constant projected density inside a 20-pc radius around the
centre of mass of both clusters. In the present investigation, our
aim is to use the wealth of the Gaia DR3 data to explore stellar
membership and the structure of the whole system in detail.

Recent investigations have proved the existence of extended
features connected with groups of OC (see, for example, Bec-
cari et al. (2020); Zhong et al. (2019); Pang et al. (2020)).
On the other hand, the discussed Cr 135 and UBC 7 are situ-
ated in the Vela-Puppis star-formation region (Galactic longitude
245◦ ≲ l ≲ 265◦ and latitude −15◦ ≲ b ≲ −5◦), which hosts
several young OCs with ages between approximately 15 and 50
Myr (Cantat-Gaudin et al. 2019b,a; Beccari et al. 2020). Of these
clusters, Cr 140, NGC 2451B, and NGC 2547 are situated at
about 100 pc from the investigated pair. The nearest neighbour
to Cr 135 and UBC 7 is the evolved open cluster Alessi 3 (625
Myr, Hunt & Reffert 2023). Thus, in order to reveal the size and
characteristics of the coronae and check whether it is due to con-
tamination from neighbouring stellar groups, we considered a
very wide region surrounding Cr 135 and UBC 7. This required
refining of the data selection principles used in Paper I.

We performed an intensive search for members related to
OCs Cr 135 and UBC 7 among all Gaia DR3 sources satisfy-
ing the following conditions:

2.5 < ϖ [mas] < 5,
220◦ < l < 280◦,
−25◦ < b < 1◦,

1.2 < µ∗α [mas/yr] < 11.8, and
−15 < µδ [mas/yr] < −5.

The linear size of a region was determined based on previous
research in order to include regions that are most probably free
of members of central clusters. These external regions are useful
for the estimation of random background contamination from the
procedure. We applied parallax zero-point correction (Lindegren
et al. 2021) with the algorithm provided by Gaia.2

Figure 6 presents the primary selection containing 116 975
sources. Their colour-coded parallax ranges from yellow, for the
most distant stars of the sample at about 400 pc from the ob-
server, to dark violet, for foreground stars at 250 pc from the
Sun. Even with this rough selection, some of the OCs of a region
became noticeable, Cr 135 and UBC 7 being the nearest two. At
a distance of about 280 to 300 pc from the Sun where they are
situated, 1 deg ≈ 5 pc, so the linear size of the rectangle in the
frontal plane is about 300 pc in l and about 75 pc in b (Fig.6, left
panel). One can see an enhanced density of sources towards the
Galactic plane in b and towards the Vela Molecular Ridge and
the Galactic centre in l. As we applied no filter to the quality of
astrometric and photometric solutions, part of the faint stars may
belong to the background and may reflect the stellar density of
distant regions (Lindegren et al. 2018).

We kept as a basis the procedure of probabilistic selection
of cluster members described by Kharchenko et al. (2012). Each
star of the considered dataset was assigned a probability P of
sharing age, space, and kinematics of a pair of clusters, namely
Cr 135 and UBC 7:

P = min(Pkin, Pϖ, Pph). (1)

where Pkin, Pϖ, Pph are the probabilities based on kinematics,
parallax, and photometric data. The procedure of calculating the
probabilities is described in detail in Appendix A.

2 Gaia EDR3 source code from
https://www.cosmos.esa.int/web/gaia/edr3-code.

After each source in our dataset was assigned a member-
ship probability (MP) according to Eq. (1), we selected stars
with P > 0.6 (so-called 60%-members) for further considera-
tion. In Fig. 6 (right panel), one can observe two dense central
groups (i.e. the cores of Cr 135 and UBC 7) and an extended
group of stars with a high MP resembling a halo surrounding the
cores. Also present are sparse, chaotically distributed sources of
lower probability that dominate the periphery, which presum-
ably are contaminating foreground and background stars, and
an elongated dense structure between 250◦ < l < 263◦ and
−11◦ < b < −7◦ formed by members with an intermediate MP.
After investigation, we found that this elongated stellar group
has a systematically different space motion and does not belong
to the system we are focused on. This group may in part be asso-
ciated with a group of stars identified as a loosely spread cluster
[BBJ2018] 6 in Beccari et al. (2018), but due to its spatial scale,
it might be referred to as a stream instead. For the purposes of
the present work, we identified and removed from consideration
sources with MPs to the [BBJ2018] 6 group larger than MPs to
the group of Cr 135 and UBC 7. The remaining dataset repre-
sented in Fig. 7 consists of 1714 stars. One may observe that the
probable members of the group composed of the two clusters
still form a distinct asymmetrical halo around the location of the
dense clusters.

Random contamination can be estimated based on the num-
ber of probable members in the outer parts of the field, which are
approximately at l > 270◦, l < 235◦, b > −4◦, b < −20◦. For
this purpose, as well as to set a distinction between the halo and
the background, we relied on the density distribution of the stars
in the tangential plane. For each source, we estimated its weight
over the background Wi as the residual:

Wi = ρ(li, bi) − ρr(li, bi), (2)

where ρ(l, b) is the stellar density distribution of the refined
dataset convolved by the 2D Gaussian kernel of the width of
2◦and ρr(l, b) is the similarly convolved random flat distribution
of the same number of stars over the same field. We considered
the 293 sources with Wi ≤ 0 to be background contamination
stars, and we treated the 1421 stars with a positive Wi as those
composing the clusters and the halo. From hereon, we refer to
this dataset as Sample I (available via CDS).

Our purpose was to recover the most probable distribution of
sources in Sample I between three substructures: Cr 135, UBC 7,
and their extended halo. In space, these groups appear to be sep-
arated, but there is no distinct border between them. Given that
the separation between the centres of the clusters is just 22 pc,
peripheral stars of the clusters are mixed and may only be con-
ditionally attributed to one of them. Due to the similarity of their
mean kinematic characteristics, we attributed each source to one
of these components based solely on its maximum likelihood lo-
cation in space with respect to the clusters as follows.

Using the mean position of the reliable members from Ta-
ble 1, we suggested for the clusters a Gaussian 3D PDF Psc

k over
a Cartesian distance to the centre with coordinates based on Gaia
DR3 (l0k , b

0
k , ϖ

0
k) from Table 1, where k = 1 refers to Cr 135 and

k = 2 is for UBC 7:

Π(dk) = exp


(
di

k

)2
2σ2

dk

 , (3)

where σdk is based on the distribution of the reliable cluster
members by Gaia DR3 (Table 1). We considered the distance d
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Fig. 6. A selection of Gaia DR3 data in the broad vicinity of the Cr 135 and UBC 7. Cr 135, UBC 7, and their closest neighbouring clusters
according to Cantat-Gaudin et al. (2020), left panel. Refined sample of 60% of the members of Cr 135 and UBC 7 over the same sky area, right
panel. The colour-coding indicates the MP according to Eq. 1. The circles in both panels represent the half-number radii of the clusters according
to Cantat-Gaudin et al. (2020). See discussion in the text.

between the centre of an OC (l0k , b
0
k , ϖ

0
k) and the ith source of

Sample I (li, bi, ϖi) to be a function ofϖi
m with a Gaussian PDF:

Π(ϖi) = exp

−
(
ϖi −ϖi

m

)2
2σ2
ϖi

 , (4)

where the standard deviation σi
ϖ ≡ ϵ

i
ϖ. We simulated numeri-

cally the resulting PDF for the distance of each source of Sam-
ple I to the cluster centre Π(dk, ϖ

i) = Π(dk) · Π(ϖi
k), and we

compared the maximum values of PDFs for k = 1, 2:
if max(Π(d1, ϖ

i)) ≥ max(Π(d2, ϖ
i)) ∧ di

1[max(Π(d1, ϖ
i))] ≤

15 pc, then
the source i ∈ Cr 135,

else
if max(Π(d2, ϖ

i)) ≥ max(Π(d1, ϖ
i)) ∧

di
2(max(Π(d2, ϖ

i))) ≤ 15 pc, then
the source i ∈ UBC 7,

else
the source i ∈ halo.

end if
end if
The border between the cluster and halo members was se-

lected to be equal to 15 pc, tentatively, based on the results of
the analysis of the spatial distribution of Sample I. As a result,
we related 294 stars to Cr 135, 243 stars to UBC 7, and 884 stars
to the extended halo (see Fig. 7).

4. Estimation of the parameters of the clusters

The system includes two quasi-ellipsoidal dense stellar groups
that we refer to as clusters, which have similar but distinct mean
space motions. They are surrounded by an extended stellar halo
of irregular form and have an approximately constant stellar den-
sity in projection onto the lb-plane (Fig. 7, upper panel). This
structure extends for more than 80 pc towards the Galactic anti-
centre and half as much in the opposite direction. The dimen-
sions towards and from the Galactic plane are comparable with
the size of the clusters. In space, the structure is aligned along
the direction joining the centres of Cr 135 and UBC 7, becom-
ing closer to the Galactic plane the farther away it is from the
Sun (see Fig. 7, bottom panel).

The similarity of the populations of two clusters and of the
population of the extended halo is illustrated by their distribu-
tion over the colour-magnitude diagram in Fig. 8. In the figure,
apparent magnitudes and reddened colours have been reduced
to the absolute scale using individual parallaxes of the stars and

mean reddening of the central probable members as in Paper I.
The Green line represents the Padova isochrone for 50 Myr for
single stars, and the magenta line is for the same isochrone for
the unresolved binary stars with identical components. The red
line is for the zero-age main sequence built in Paper I as a hot en-
velope of the related set of Padova isochrones of different ages.
The probable members of the components of the system are rep-
resented by the same colours as in Fig. 7. For reference, grey
dots represent each tenth background source of the same spatial
region (as in Fig. 6). One may notice not only the similar age of
the OCs and the halo but also the similar density distribution of
probable members along the isochrone, which suggests a com-
mon origin.

The characteristics of the components of a system composed
of the two OCs and their halo based on Sample I data selection
are listed in Table 4. This includes the number of probable mem-
bers as defined in Section 3, N, and the half-number radii of the
clusters and halo, RHN .

One may expect that the halo contains significant contamina-
tion and a random background. Its numerical estimate based on
the surface density of a random background in the neighbouring
regions led to 0.25± 0.05 contaminating stars per square degree.
This decreased the expected actual population of the halo by 60
to 120 stars, taking into account the vagueness of its borders.

4.1. Counted masses

The estimate of the present-day mass of the system may be
assessed based on masses of visible probable members as ≈
900M⊙ (see Table 4, MΣ). More than half of the mass lies in the
halo. There are a few probable causes of it being underestimated,
such as hidden mass in low-mass stars beyond the photometric
limit, members with an MP less than 60%, and unresolved bi-
narity. As well, there is likely random contamination that causes
present-day mass overestimation. The effect of random contam-
ination is mostly important for the halo due to its large extent.
We provide a numerical estimate for the expected contamination
based on the surface density of the random background in the
neighbouring regions as obtained in Sec. 4. Filtering out the ex-
pected background reduced the mass of the halo by 40 to 70M⊙.
For the clusters, the halo itself should be considered a contam-
inating background; the estimate of the mean density for it is
3.6±0.2 stars per square degree. This provides an upper estimate
for a contaminating mass of ≈ 27M⊙ for Cr 135 and ≈ 17M⊙ for
UBC 7.

A possible source of mass underestimation lies within the
unresolved stellar multiplicity and, primarily, binarity (see dis-
cussion in Borodina et al. 2019, 2021). The effect depends on
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Fig. 7. Components of the OC system. The probable members of Cr 135
are shown with red dots, probable members of UBC 7 are indicated with
blue dots, and extended halo members are shown with yellow dots. The
upper panel shows the lb Galactic coordinates sky plane; the bottom
panel shows the ϖ, b plane.
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Fig. 8. Components of the OC system at the colour-magnitude dia-
gram. Probable members of Cr 135 are shown with red dots, probable
members of UBC 7 are indicated with blue dots (left panel), and prob-
able members of the extended halo are shown with yellow dots (right
panel). Grey dots are for background stars. The green line represents
the isochrone for 50 Myr for single stars, and the magenta line is for the
same isochrone for unresolved binary stars with identical components.
The red line is for the zero-age main sequence.

the fraction of binary to multiple stars and their distribution over
the mass fraction q = mB/mA, where mA and mB are respec-
tively masses of the most massive and least massive compo-
nents of a binary star.We estimated the fraction of binary stars
α = Nbin/Ntot with mass ratio of components q > 0.4 for the
system directly from the colour-magnitude diagram (Borodina

1 10

r [pc]

10

100

N

Cr 135

1 10
r [pc]

UBC7

Fig. 9. Fits of the King profile according to Eq. 5 for the observed ra-
dial density profiles, based on the confident members of the clusters.
The curves present distributions including the residual background stars
(black dots on the yellow lines), the distributions corrected for the back-
ground (circles with statistical error bars), and the fitted King profiles
(solid red curves). The vertical dashed lines show the core and tidal radii
(rc and rt). The colour bands show errors in the radii.

et al. 2019; Borodina & Kovaleva 2020) as α = 23%±12%. The
result is consistent with the binary fraction estimates carried out
by Pang et al. (2023). The estimated fraction of binary stars leads
to the increase of the expected mass of the system by a factor of
1.1.

The complete mass of all stellar members of the system
includes low-mass stars beyond the photometric completeness
limit. We estimated the total hidden mass, including the un-
resolved components of binaries, based on the suggestion of
a Kroupa-like IMF (Kroupa 2001) of the system, with nor-
malisation to the number of stars with a visible G magnitude
phot_g_mean_mag_corr < 17.5. This provided an estimate
of the total mass, including unseen stars with masses down to
0.09M⊙, that is, 1.3 to 1.4 times larger than the straightforward
sum of masses of observed sources. These suggestions provide a
scale of reliability of counted mass and resulted in the asymmet-
rical uncertainties indicated in Table 4.

In Table 4, MΣ is the apparent counted masses of the 60%-
probability members. The indicated confidence limits in the ta-
ble represent an extreme possible increase and decrease of this
value due to taking into account hidden members or filtering out
a maximum possible random contamination. The mean mass of
a star is shown by Mi. The mean mass of the probable members
of Cr 135 Mi exceeds the mean mass of the probable members
of UBC 7 and that of the halo (which are similar; see Table 4).
This may be a result of mass segregation.

While the halo as a whole is more massive than both clus-
ters together, its density is much lower, below 0.001M⊙/pc3. The
mean stellar density within 15 pc from the centre of Cr 135 and
UBC 7 is 20 to 30 times larger, and in the centre of the cores of
the clusters, it is up to around 3.5M⊙/pc3.

4.2. Tidal parameters of substructures of the Cr 135 and
UBC 7

The spatial structure of an OC can be standardised with the help
of a well-known empirical model proposed by King (1962). The
model parameterises the radial surface density profile of a clus-
ter in terms of its core and tidal (total) radii rc and rt. In the in-
tegrated form, the profile can be represented with the following
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equation:

n(r) = π r2
c k

ln[1 + (r/rc)2] − 4

[
1 + (r/rc)2

]1/2
− 1[

1 + (rt/rc)2]1/2 +
+

(r/rc)2

1 + (rt/rc)2

}
, (5)

where n(r) is the number of stars projected onto the ideal (tan-
gential) plane within a circle with radius r and k is a normalising
coefficient.

The observed profiles were counted based on the sources of
Sample I with brightness limitation phot_g_mean_mag_corr <
18.0. In order to avoid mutual contamination, we evaluated the
residual background level produced by the neighbouring popu-
lation via estimation of the average surface density produced by
the sample stars in the neighbouring circular area outside the vi-
sual limit of the respective cluster. The fit and determination of
the parameters was carried out using the MPFIT procedure from
the Markwardt (2009) IDL library.

Figure 9 shows the empirical profile fits for our working sam-
ples. Figure 10 illustrates how reasonably computed tidal param-
eters outline the general structure of our pair of star clusters.
As one can see, the core radii clearly mark off the densest parts
of the star clusters. In 3D, both clusters are touching at their
tidal limits. We regard this as evidence of the physical relation
of both clusters residing in the common potential well. In fact it
is clear that the bodies that are currently recognised as separate
OCs themselves are rather double cluster cores immersed in the
common halo.

In Table 4 we show the derived profile parameters. The fit
procedure works well in our case, and the profile correction for
residual outer background plays a critical role for the correct de-
termination of the tidal radii.

Table 4. Global population characteristics and tidal parameters of the
system.

Parameter Cr 135 UBC 7 Halo

N 294 243 884

RHN , pc 6.4 ± 0.2 5.8 ± 0.2 42.8 ± 2.1

Mi, M⊙ 0.74 ± 0.04 0.60 ± 0.04 0.63 ± 0.02

MΣ, M⊙ 218+87
−27 146+58

−17 558+220
−70

rc, pc 4.21 ± 0.75 3.28 ± 0.72 –

rt, pc 15.6 ± 2.3 11.0 ± 1.9 –

mt, M⊙ 770 ± 340 270 ± 140 –

In order to understand whether one can observe a footprint
of cluster gravitational interaction in the observed structure of
the pair of star clusters, we tried to compare tidal parameters
for the component profiles counted in sectors opened at different
directions. As we found no systematic difference is observed, the
derived tidal parameters vary within the fit errors only.

Knowledge regarding cluster structure tidal parameters can
be used for independent mass estimates of an OC. To determine
the tidal mass mt, we followed King (1962), Ernst et al. (2010)
and Just et al. (2023) and used a condition for the balance of
gravitational forces between the Galaxy and the OC:
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Fig. 10. Open clusters Cr 135 and UBC 7 in the tangential plane con-
tacting the celestial sphere at the common centre of the mass of the
clusters. The red dots show probable members of Cr 135, and blue dots
show probable members of UBC 7. The circles show the core and tidal
radii. Black dots show the centres of the clusters. The “+” sign shows
the centre of mass, which is assumed to be at 292 pc from the Sun. Lin-
ear coordinates ξ and η are parallel to equatorial ones.

mt =
r3

J

G
(4 − β2)Ω2, (6)

where rJ is the Jacobi radius (distance from the cluster cen-
tre to Lagrange points L1, or L2, where its own gravity is equal
to the Galaxy field), Ω is the angular velocity of rotation of the
Galaxy at the cluster’s galactocentric distance R, β is the ratio
of epicyclic κ and rotational Ω frequencies, and G is the gravita-
tional constant.

The relation between Jacoby and tidal radii for realistic clus-
ters in the case of the three-component Plummer-Kuzmin model
of Galactic potential (Miyamoto & Nagai 1975b) was studied
using N-body calculations by Ernst et al. (2010). They showed
that the ratio rt/rJ depends on the cluster position on the sky
(mainly on Galactic latitude) and on their age. Its typical value
at low latitudes of |b| < 20◦ computed by Ernst et al. (2010) for
age of cluster model of 0.62 Gyr is lower than rt/rJ ≈ 1.19. For
the location of our clusters at R ≈ 8.29 kpc, the rotation param-
eters computed from the Plummer-Kuzmin model are equal to
β ≈ 1.45, Ω ≈ 28.20 km/s/kpc. The respective values of the tidal
masses are shown in Table 4, and the formal uncertainty was es-
timated via propagation of the error in rt. Since our clusters are
much younger than the lower age limit of the Ernst et al. (2010)
model and since we observed that the ratio tends to decrease at
younger ages, we believe that the found values manifest the up-
per limits of the respective tidal masses.

The mass estimate obtained for UBC 7 via correction of
counted mass for hidden mass (≈ 204M⊙; see Table 4) agrees
rather well with the tidal mass (270 ± 140M⊙). The tidal mass
for Cr 135 (770 ± 340M⊙) exceeds the estimate obtained from
the counted mass even after correcting for the expected hidden
mass (≈ 305M⊙) and taking into account the large uncertainty.
This may be related to difficulties with the treatment of a pop-
ulated halo. In addition, as noted previously, the found values
probably manifest the upper limits of respective tidal masses.

One may also compare present-day tidal radii with the results
of the dynamical evolution modelling (Fig. 3 for the present time
T = 50 Myr). The model predicts very similar tidal radii for the
two OCs, about 12 pc for Cr 135, which is slightly less than
for UBC 7. Taking into account the errors, the results match

Article number, page 8 of 13



Maryna Ishchenko et al.: Cr 135 and UBC 7: Simulations

0

5 0

1 0 0

1 5 0

2 0 0

2 5 0

3 0 0

N

C r  1 3 5

R a n d .  I M F

U B C 7

R a n d .  I M F

0 4 8 1 2 1 6 2 0

r [ p c ]

0

5 0

1 0 0

1 5 0

2 0 0

2 5 0

3 0 0

N

C r  1 3 5

R a n d .  c o o r d .  a n d  v e l .

0 4 8 1 2 1 6 2 0

r [ p c ]

U B C 7

R a n d .  c o o r d .  a n d  v e l .

Fig. 11. Cumulative number distribution of stars compared against the
projected radius for Cr 135 (left panels) and for UBC 7 (right panels).
The coloured lines represent different N-body randomisations. The up-
per panel presents the IMF sampling, and the bottom panels show the
PV sampling. The shaded grey regions show the observational data with
uncertainties.

the tidal radii obtained from observations quite satisfactorily,
especially for UBC 7. For Cr 135, the estimated tidal radius
(rt = 15.6 ± 2.6 pc; Table 4) is larger than what the dynamical
evolution model predicts.

5. Discussion

5.1. Cumulative star number and proper motion distributions
inside the modelled clusters

In this section, we present a comparison of the present-day radial
cumulative star count obtained from our basic model with initial
conditions presented in Table 2 with the current observational
data (see Section 4.2, Fig. 9 with Table 4). In Fig. 11, the total
cumulative number distribution (CND) of cluster stars excluding
the stellar background but including the observational errors in
number count are presented as a grey zone. For Cr 135 and UBC
7, we used the fit range within 0 < r < 20 pc. We set such a
large distance limit in order to exceed the OCs’ current Jacobi
radii (see Table 4). We present our basic model as a thick black
line in these plots, which was obtained directly from N-body
simulations. Because of the magnitude limit and incompleteness
of the faint sources in the observational data due to the Gaia
satellite specifications, we selected from the numerical models
only the stars that are within the specific observed stellar mass
range: from 0.28 to 4.0 M⊙. In this case, our model (black line)
has been adopted as an observed CND of stars for both clusters.

After the physical parameters of the model clusters were
fixed, we carried out an additional set of 2 × 9 = 18 random
numerical realisations of the same physical model. In the first
nine realisations, we used different samples of the initial mass
function (IMF) of the clusters, while the initial positions and ve-
locities of the stars were fixed. In the second set of nine reali-
sations, we randomised the initial positions and velocities (PVs)
of the stars, while the IMF distribution was fixed. This enabled
us to estimate the possible uncertainties directly connected with
the randomisation of the initial individual stellar masses and PVs
phase-space distributions.

In Fig. 11, all the coloured lines are inside the grey area, es-
pecially in the central 8 pc, which is where 80% of the stars re-
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Fig. 12. Same as in Fig. 11 but compared against the residual magnitude
of the proper motion.

side. However, our plots show that half of the coloured lines are
on the edge of the grey area, around the 10-11 pc. We interpret
this as an indication of a somewhat smaller concentration of the
real initial OCs’ PV model distribution compared to our initially
selected numerical values. Taking into account the OCs’ centres
of mass uncertainties obtained from the 18 samples, we got the
next standard deviation in the three Cartesian Galactic coordi-
nates for Cr 135 (±2.70, ±2.50, and ±1.86 pc) and for UBC 7
(±1.85, ±1.41, and ±0.96 pc). As can be seen, we got slightly
larger deviations for Cr 135 as compared to UBC 7.

In Fig. 12, we present the same CNDs but compare them
against the residual proper motion magnitude inside the clusters.
As can be seen from the plots, the proper motion velocity com-
ponents of the stars are also quite consistent with the observed
distributions and error bars. Together with the distance CNDs,
these results show that our numerical modelling is able to repro-
duce the currently observed 6D phase-space distributions with a
high level of confidence.

5.2. Origin of the extended halo

In Section 3, we pointed out the presence of a halo surrounding
both clusters with a mean density of 3.6 ± 0.2 stars per square
degree. The halo stars are not in our current N-body simulations
because we started with two King spheres in virial equilibrium
that are accurate according to mutual attraction and the Galactic
tidal field.

An explanation for the halo can be found in the cluster for-
mation scenario with low star-formation efficiency (SFE; see
Shukirgaliyev et al. 2021b, and references therein). It suggests
that most of the gas is expelled abruptly from the star-forming
region due to stellar feedback from massive OB stars. A sudden
loss of approximate equilibrium in the gas-stars system leads to
so-called violent relaxation followed by star ejection.

To find evidence in favour of this scenario, we evaluated the
net residual velocities of the stars with respect to the centre of
the pair of star clusters in the line-of-sight and tangential di-
rections. The obtained net line-of-sight velocities of the reced-
ing and approaching stars are shown in Fig. 13. In the figure,
the mean residual radial and tangential velocities of the cluster
members (red, blue, and green lines) are compared with low-SFE
cluster values (grey line), which were obtained using data by
Shukirgaliyev et al. (2021b). In this paper, we used the Dehnen
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Fig. 13. Outwards motion of the corona stars with respect to the pair
of star clusters’ centre of mass. Smoothed magnitudes Vr of residual
line-of-sight velocities of receding (approaching) stars from Gaia DR3
are shown by red (blue) lines. The mean residual tangential veloci-
ties in the picture plane Vt are shown by the green line. The grey line
shows the mean tangential components of the runaway velocities ob-
tained in N-body simulations for the Dehnen γ = 0 initial stellar profile
with SFE= 0.05 after 50 Myr of evolution (Shukirgaliyev et al. 2021b),
where the shadow represents the uncertainty.

γ = 0 initial stellar profile with SFE= 0.05 after 50 Myr of evo-
lution, which is presented for the first time. This choice of the
model was determined by the bound mass of the numerical clus-
ter, which should be comparable to the mass of our pair of star
clusters. We calculated the runaway velocities of stars from the
centre of mass of the pair of clusters with the projection on the
sky plane. The mean value of the velocities is shown with the
grey line in Fig. 13, and the shadow represents its standard devi-
ation. The agreement between the net tangential observed veloc-
ity and the mean radial velocity in the simulations is excellent,
supporting the scenario of low-SFE formation of the pair of star
clusters.

6. Conclusions

We performed star-by-star dynamical modelling of the evolution
of the two OCs Collinder 135 and UBC 7 from their supposed
initial state (mean coordinates and velocities) to their present-
day state. The models were compared with the data obtained
based on the performed census of membership of the two clusters
with Gaia DR3 data. In particular, we used CNDs of the cluster
members over the distance from their centres from observations
to adjust the initial parameters of the clusters, such as the num-
ber of stars and their concentration parameter in the model. We
selected these parameters in order to reproduce well the present-
day state and distribution of the members of Cr 135 and UBC 7
in 6D space (coordinates, velocities).

Our research supports the potentially shared origin of the
Cr 135 and UBC 7 OCs. By integrating the dynamical co-
evolution of these clusters within an external Galactic poten-
tial, we obtained results that align closely with the internal
stellar density and velocity distributions of the clusters. In our
parameter-fitting procedure for the clusters, we focused solely on
the resulting stellar CNDs (Fig. 11) at 50 Myr post cluster forma-
tion. The model’s resulting profiles for the residual proper mo-
tions and the Gaia DR3 population of the clusters show a strong
agreement without the need for any additional fitting, Fig. 12.

The star-by-star dynamical evolution model shows the future
of the stellar populations of Cr 135 and UBC 7 (including the

existence of the stellar remnants, such as C/O and O/N white
dwarfs). Due to the limited number of stars (only a few hundred)
in both clusters, their 50 Myr-evolved stellar populations have a
lack of neutron stars and black holes.

Based on our comprehensive dynamical modelling with the
up-to-date stellar evolution prescription, we are able to predict
the future ∼100 Myr evolution of both clusters with a good de-
gree confidence. In our models, the UBC 7 cluster lives signifi-
cantly longer compared to the Cr 135 cluster, Fig. 3. This is not
surprising given the fact that, according to our numerical mod-
elling, UBC 7 is denser (see Table 2) than Cr 135.

During our investigation, we found strong evidence of the
presence of the common stellar halo in the Cr 135 and UBC 7
OC system, and we estimated its characteristics. The members of
the halo demonstrate net residual velocities of stars with respect
to the centre of the pair of star clusters that are compliant with
the mean radial velocity of particles of N-body simulations of a
low-SFE cluster stimulated by violent relaxation after gas loss.

Detailed common dynamical modelling of the OCs and the
extended halo system was beyond of the scope of our current pa-
per. Such modelling, however, will definitely be of interest and
valuable for future investigations. The presence of such an ex-
tended halo can also have an impact on the clusters’ cumulative
mass distributions and internal proper motions.
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Appendix A: Calculation of probabilities of
membership to the group of Cr 135 and UBC 7

We adjusted our approach to selecting probable members of a
system based on data obtained in our previous investigation. That
is, in Paper I, we found the number of stars in a close vicinity to
the considered pair of OCs with space parameters suitable to one
cluster and kinematic parameters of another cluster. These stars
were not included in the previous strict selection. However, we
interpreted these stars as being probable members of a system
and further computed their joint probability based on parallax
and their joint kinematic probability by taking into account the
parameters of both clusters.

Appendix A.1: Kinematic probability

As in Paper I, we found a halo of stars around the Cr 135 and
UBC 7 pair with a location and kinematics combination that can-
not be attributed to only one of the two clusters but rather to their
system. This is why for the selection of space of coordinates and
velocities, we did not distinguish between the two clusters but
rather chose stars with both velocities and parallaxes sufficiently
close to those of either of the two clusters: Cr 135 or UBC 7. We
describe the details of the selection process below.

Provided that our intention was to search for coeval stars
probably related to the pair of clusters in an extended region
of sky, the kinematical selection principles needed to be respec-
tively changed from 2D to 3D velocities to account for the pro-
jection effect. We used the modification of the convergent point
method described by Röser et al. (2011). Of the initial dataset
including 116975 stars, radial velocities were available only for
4575 sources. Thus, we selected probable members related to the
system based on the components of their tangential velocity.

We expected that the members related to Cr 135 and UBC 7
follow certain distributions with respect to the mean 6D phase-
space parameters cited in Table 1 (based on Gaia DR3). The re-
spective space velocities were obtained as


U i

V i

W i

 = V i
r ·


cos li cos bi

sin li cos bi

sin bi

+
κµi

l

ϖi ·


− sin li

cos li

0

+
κµi

b

ϖi ·


− cos li sin bi

− sin li sin bi

cos bi

 ,
(A.1)

where κ = 4.74047 is the transformation factor from 1 mas/yr
at 1 kpc to 1 km/s; the indices are i = 1 for Cr 135 and i = 2
for UBC 7; the mean values for coordinates, parallaxes, proper
motions, and radial velocities are from Table 1.

The kinematic probability Pk
kin for a kth star to belong to the

investigated system is defined as
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(A.2)

where

µ
expk

i
l =(− sin lk · Ui + cos lk · Vi)/(κ/ϖk);

µ
expk

i
b =(− cos lk sin bk · Ui − sin lk sin bk · Vi + cos bk ·Wi)/

(A.3)
(κ/ϖk)

are values of proper motion in (l, b) for given coordinates
lk, bk, and ϖk expected for the stars sharing space motion
(U,V,W)1, (U,V,W)2 of Cr 135 and UBC 7, respectively. Scat-
tering parameters of the proper motion εµl , εµb were set to
1.0 mas/yr (about 2 km/s in tangential velocity).

Appendix A.2: Parallax probability

In the tangential plane, we limited our search of members by the
coordinates selected in Sec. 3, but we did not discriminate be-
tween the stars by their position within this scope. The approach
for selection by parallaxes is as follows: We used the probability
distribution based on the mean parallaxes of Cr 135 and UBC 7
from Table 1 and the notion of mean dispersion of parallaxes
of their core members. We intentionally restricted this value to
avoid contamination with peripheral members of neighbouring
clusters (primarily NGC 2451B). The resulting formula for the
probability of membership based on parallax value and parallax
error is as follows:

Pk
ϖ =


1, 3.23 < ϖk < 3.66

exp
{
− 1

2

(
ϖk−3.23
εk
ϖ

)2}
, ϖk ≤ 3.23

exp
{
− 1

2

(
ϖk−3.66
εk
ϖ

)2}
, ϖk ≥ 3.66 .

(A.4)

The selected scheme assigns Pk
ϖ = 1 to all stars in the line-

of-sight between the centres of the pair of clusters and within
about 7.5 pc (in naive approach dk[pc] = 1000/ϖk) to and from
each centre. The wings of the probability distribution were de-
fined by

εk
ϖ =

√
σ2
ϖ + σ

2
ϖk
,

where σ2
ϖ = 0.25 mas is the approximate mean dispersion of

parallaxes of the joint ensemble of reliable members of Cr 135
and UBC 7, and σ2

ϖk
is the nominal Gaia EDR3 parallax error

for each source.

Appendix A.3: Photometric probability

Isochrones for 50 Myr (according to Paper I) for Gaia DR3 pass-
bands from Maíz Apellániz & Weiler (2018) were obtained from
the Padova webserver CMD3.7 3 based on the calculations by
Bressan et al. (2012) for solar metallicity Z = 0.0152. A re-
cent investigation by Spina et al. (2021) has confirmed close to
solar abundance for Cr 135 ([M/H] = −0.011). We took into ac-
count the relation between AG/E(BP − RP) and (BP − RP)0 of
a star and A0 (interstellar extinction at λ = 550 nm) from Gaia
Collaboration et al. (2018a) to adjust isochrones for photometric
probability calculation at a fixed value of A0 = 0.1m, Paper I.

The photometric probability Pk
ph was computed in the CMD

(G, BP − RP) as a maximum of probabilities and was calculated
3 http://stev.oapd.inaf.it/cmd
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separately for Cr 135 (cluster 1) and UBC 7 (cluster 2) as fol-
lows. The photometric probability was set as equal to one for the
stars occupying the CMD in an area between the isochrones for
single stars and for unresolved binaries of equal mass. For all the
other stars, the photometric probability depended on a difference
between magnitudes:

∆Gi = min
(
|Gi −Gb|, |Gi −G f |

)
, (A.5)

where Gb,G f are respectively brighter and fainter values of mag-
nitude limiting the domain between the isochrones for single
stars and for unresolved binaries of equal mass for a given colour
BP − RP:

Pk
ph = max

exp

−1
2

∆Gk
1

εk
G1

2
 , exp

−1
2

∆Gk
2

εk
G2

2

 . (A.6)

The value of εi
ph was defined from the mean dispersion of par-

allaxes of the joint ensemble of reliable members of Cr 135 and
UBC 7, which is equal to 0.25 mas, and the individual photomet-
ric error σi

G estimated by the flux and flux error in G.
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