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ABSTRACT

Aims. We identify the possible dynamical connection between individual r-process-enhanced stars and the ultra-faint dwarf galaxy
Reticulum II based on the current phase-space information for these stars and the dynamical mass-loss model of Reticulum II during its
orbital motion for 11.5 Gyr of lookback time. The dynamical orbital modelling together with the chemical abundance analysis proved
to be useful tools for the progenitor identification of the peculiar stars in our Galaxy.

Methods. To reproduce the Reticulum II orbital mass loss, we used our high-precision N-body ¢—GPU code to integrate almost
1 million stars into the system evolution inside a external Galactic potential. We also investigated the orbits of r-process-enhanced stars

using the same code.

Results. We present our Reticulum II dynamical modelling results in the context of the stars’ energies — angular momentum phase-
space and phase-space overlapping of the currently observed r-process-enhanced stars with Reticulum II stellar tidal tails. Of the 530
r stars known today, at least 93 are former members of the Reticulum II dynamical progenitor system.

Key words. methods: numerical — stars: chemically peculiar — Galaxy: formation — Galaxy: structure — galaxies: dwarf —

galaxies: individual: Reticulum II

1. Introduction

Dwarf galaxies serve as cosmic time capsules, revealing secrets
about the Universe’s early days and the formation of larger galax-
ies, such as the Milky Way (e.g. Frebel et al. 2010a). Their
interactions and mergers help us understand how our Galaxy
grows and evolves over time (e.g. Martin et al. 2007; Geha et al.
2009; Chiti et al. 2024). They also offer a unique window into
star formation and the spread of elements throughout the cosmos
(e.g. Chiti et al. 2023; Ou et al. 2024). Dwarf galaxies appear to
have formed all their stars in their first ~1 Gyr, before star for-
mation is cut off by reionisation (Benson et al. 2002; Brown et al.
2014; Ji et al. 2023). In particular, ultra-faint dwarf (UFD) galax-
ies are at the extreme low-mass end of galaxy formation, where
star formation is inefficient and massive stars form sporadically;
this results in intermittent feedback and incomplete sampling of
nucleosynthetic sources (Koch et al. 2013; Frebel et al. 2010b;
Frebel & Norris 2015; Ji et al. 2019). They are key pieces of
the puzzle and help us unravel the story of our Universe, pro-
viding a unique window into the first stars and galaxies in the
pre-reionisation Universe (van Donkelaar et al. 2023, 2024).
One example is Reticulum II (hereafter Ret-II), discovered
by the Dark Energy Survey (Bechtol et al. 2015; Koposov et al.
2015). It is located at a distance of approximately 30-32 kpc
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from the Galactic Center and has an age of around 11.5-12.5 Gy,
which is typical for a UFD galaxy (Simon et al. 2023). Ret-
II is one of the prototypical UFD satellites of the Milky Way.
It has a metallicity range of —3.5 < [Fe/H] < —2. Interestingly,
about ~70% of Ret-II stars exhibit an enhanced r-process (r-
PE) signature (Roederer et al. 2016; Frebel 2019; Simon et al.
2023), which suggests that it may have experienced a unique
nucleosynthetic event, such as a neutron star merger or a rare
supernova. Therefore, it is crucial to understand this UFD’s
star formation conditions to interpret the properties of the most
metal-poor stars.

In addition, exploring the motion and morphology of
Ret-II will help us understand the complex formation and evolu-
tion history of our Galaxy (Brauer et al. 2021, 2022). Therefore,
linking the observed chemical signatures in Ret-II with orbital
histories of the halo -PE can be a powerful tool for placing cru-
cial constraints on the merger tree (hierarchical structure) of the
Milky Way. Various efforts have been made to build compre-
hensive astronomical catalogs, such as the ESA/Gaia astrometric
mission (Gaia Collaboration 2016). The 6D astrometric data pro-
vided in Gaia Data Release 3 (DR3; Gaia Collaboration 2023)
allow us to accurately reconstruct the orbital history of the
known r-PE stars in our Galaxy over the past billion years.

Our main goal in this work is to identify the possible dynam-
ical connection between observed r-PE stars and the Ret-1I UFD
galaxy based on the current phase-space information for these
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Fig. 1. Evolution of halo and disk masses, and their characteristic scales, for TNG-TVP 441327. The halo mass (M), disk mass (M,), halo-scale
parameter (by,), and disk-scale parameters (aq and by) are presented from left to right. Solid green lines with dots show the parameters derived from
the IlustrisTNG-100 data. Dotted and dash-dotted blue lines correspond to the values after interpolation and smoothing with a 1 Myr timestep.

stars and the dynamical mass-loss model of the Ret-II object
during its orbital motion relative to our Galaxy (11.5 Gyr of look-
back time). To reproduce the Ret-II orbital mass loss, we used
our high-precision N-body ¢—GPU(graphics processing unit)
code to integrate the dynamical evolution of the Ret-II system
with almost 1 million stars inside the external Galactic potential.
We also integrated the orbits of observed r-PE stars using the
same code inside the same external Galactic potential. To get a
physical understanding, we placed Ret-II and the selected stars
in a time-varying Milky Way-like potential where the mass and
scale parameters of the Galactic external potential dynamically
change over time (Ishchenko et al. 2023).

Our paper organised as follow. In Sect. 2, we describe the
time-variable external potential, initial conditions, and orbital
reconstruction of Ret-II and the r-PE stars. In Sect. 3, we
show the star-by-star dynamical orbital evolution for Ret-II over
the whole 11.5 billion years. In Sect. 4, we present our Ret-II
dynamical modelling results in the context of the stars’ energy
— the angular momentum phase-space and phase-space over-
lapping of the known r-PE stars with the Ret-II stellar tidal
tails.

2. Initial data and integration procedure
2.1. Time variable potential

We decided to model the Ret-II dynamical system starting from
11.5 Gyr of lookback time based on the current age estimation
for this system (Simon et al. 2023). For such a long dynamical
modelling of the orbital evolution of Ret-1I in our Galactic field,
we clearly need a realistic description of the Galactic potential.
For this reason, we used our standard N-body code and the time-
dependent external potential described in Mardini et al. (2020).
This potential was derived from the IllustrisTNG-100 cosmo-
logical simulation database (Nelson et al. 2018, 2019b,a). The
procedures for sampling and fitting these potentials are described
in detail in Mardini et al. (2020, 2022b) and Ishchenko et al.
(2023). The numerical code and accompanying routines are also
publicly available on GitHub'. For our task we selected the
441327 time variable potential (TNG-TVP), which (at redshift
z = 0) has parameters quite similar to those of our present-day
Galaxy, for example halo and disc masses and their characteristic
scales (see Table 1 and Fig. 1).

I The ORIENT:
https://github.com/Mohammad-Mardini/The-ORIENT
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Table 1. Parameters of the TNG-TVP at redshift zero.

Parameter Unit 441327 Milky Way
Disc mass, My 10°M, 797 6.79
Halo mass, M, 102 M, 1.02 1.00
Disc scale length, aq 1 kpc 2.63 341
Disc scale height, by 1 kpc 1.36 0.32
Halo scale height, b, 10 kpc 1.98 2,77

Notes. The last column shows the parameters of the correspond-
ing Milky Way components according to Bennett et al. (2022) and
Bland-Hawthorn & Gerhard (2016).

Table 2. Ret-II positions in the equatorial coordinate system at the
present day.

Parameter  Value Unit
a 53.9256  deg
0 -54.0492  deg
Dqg 30.0 kpc
RV 62.8 km s™!
l 266.2957

b —49.7357

Mo 2.34 mas/yr
Us —1.31  mas/yr

2.2. Orbital reconstruction in ORIENT for Ret-1/

We used the positions and velocities for Ret-II in the equatorial
coordinate system at present day from Koposov et al. (2015) and
Walker et al. (2015, see our Table 2). To find the dynamical inte-
gration of the Ret-II orbit using our N-body code, we needed
to convert these quantities to the Cartesian galactocentric frame.
We assumed the distance to the Sun from the Galactic Centre
at the plane to be Xy = —8.178 kpc (GRAVITY Collaboration
2019) with an above-plane height of Z; = 20.8 pc (Bennett &
Bovy 2019). The velocity transformation is described in Johnson
& Soderblom (1987). For the equatorial position of the north
galactic pole (NGP), we used the updated values from Karim
& Mamajek (2017): RAngp = 19227278, Decngp = 2628630,
and Ongp = 12229280. For the local standard of rest (LSR)
velocity, we used 234.737 km s~! (Reid & Brunthaler 2004),
and for the peculiar velocity of the Sun with respect to the
LSR, we used Uy = 11.1 km s7!, Vo = 12.24 km s~!, and
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Fig. 2. Ret-1I orbital reconstruction with 11.5 Gyr of lookback time integration with different n parameters. The magenta square shows the past

position and the circle the present-day position.

Ws = 7.25 km s~! (Schénrich et al. 2010). Since the integra-
tion was performed backwards in time, the sign of the velocity
components for Ret-II was changed to the opposite value:

X =-94, kpc V,=-309,kms!
Y =-19.3, kpc V, =859, kms!
Z=-22.8,kpc V. =-205,kms!.

For the orbital integration of Ret-II, we used our own high-order
parallel N-body code ¢—GPU?, which is based on the fourth-
order Hermite integration with a hierarchical individual block
timestep scheme (Berczik et al. 2011, 2013). This code is well
tested and has already been used to obtain important results in
our previous globular cluster simulations (Ishchenko et al. 2024).
For the orbital reconstruction, we described Ret-II as a point
mass with 10° M, (Walker et al. 2009; Wolf et al. 2010; Minor
et al. 2019) and used the same TNG-TVP.

For an accurate orbital integration, the value of the timestep
parameter, 77, can be quite significant (Makino & Aarseth 1992).
In the particular case of the fourth-order Hermite integration
scheme, the timestep can be written as

AD

At = N, (M)
@)
Ai

AY = a4 1aP, @)

where a® is the k-th derivative of the i-th particle acceler-
ation. Thus, the timesteps are directly proportional to the n
parameter, which is responsible for the total integration accu-
racy. For the higher-order Hermite integration schemes (sixth or
eighth order), the generalised Aarseth criterion can be found in
Nitadori & Makino (2008). We carried out the orbital integra-
tion for three different 1 parameters: 0.01, 0.02, and 0.005. For
all three runs, we get very consistent coordinates and velocity
results for the 11.5 Gyr lookback integration. The maximum
discrepancy after this 11.5 Gyr integration was around ~0.1%;
this was for the Z component of the coordinate and velocity. In
Fig. 2 we present the Ret-II orbital reconstruction from 11.5 Gyr
of lookback time integration with different 5 parameters. As we
see, despite different 7, we have almost identical orbits. We used
the 7 = 0.01 value as the basic parameter for all the subsequent
integrations.

2 N-body code ¢—GPU:
https://github.com/berczik/phi-GPU-mole

2.3. Initial conditions for r-PE

We selected our sample of metal-poor stars from JINAbase (a
database for metal-poor stars) (Abohalima & Frebel 2018°), a
comprehensive database that compiles a wide array of atmo-
spheric abundance measurements for metal-poor stars from
various literature sources. We chose JINAbase over other avail-
able databases due to its extensive coverage, accuracy, and the
detailed information it provides on a range of elements.

From JINAbase, we selected 1069 stars with available mea-
surements for the elements europium (Eu), barium (Ba), and
strontium (Sr), as these elements are crucial for identifying r-PE
stars (see Mardini et al. 2024a,b, for more details). After apply-
ing these criteria, we further refined our sample to include only
stars classified as r-I1 (336 stars), r-II (146 stars), and r-limited
(r-lim; 46 stars). These classifications are based on the relative
abundance criteria described in Frebel (2018). The groups r-I,
r-11, and r-lim are identified as follows:

r-I: 0.3 < [Eu/Fe] < +1.0 and [Ba/Eu] < 0.0;

r-1I: [Eu/Fe] > +1.0 and [Ba/Eu] < 0.0;

r-lim: [Eu/Fe] < 0.3, [St/Ba] > 0.5, and [St/Eu] > 0.0.

We then retrieved the astrometric solutions and their associ-
ated uncertainties from Gaia DR3 (Gaia Collaboration 2023)
and corrected the parallaxes for the known bias as suggested
by Lindegren et al. (2021). We then calculated distances using
a decreasing space density prior as described in Mardini et al.
(2022a). We also took the observational errors into account
when estimating the values of the relative errors for the com-
ponents heliocentric distance (eD,,), radial velocity (eRV) and
proper motions (eu, with eus). We finally investigated the pos-
sible influence of these relative errors on the integrated stellar
orbits.

In Fig. 3, we present the relative error distribution in percent
for D and relative to the 3D velocity in the galactocentric ref-
erence frame (i.e. including RV, w,, and y;s). Comparing the two
panels, we see that the eDy, errors are distributed in a much wider
range compared to the 3D velocity errors. At the same time, for
both observations, we have few stars with relative errors greater
than 100%.

To check the influence of the observational errors on the
stars’ orbital parameters, we ran ten simulations, varying the ini-
tial distances and velocity components of the stars within their
+0 error bar using the normal distribution. In Fig. 4, we illustrate
the impact of the initial condition uncertainties on the orbital

3 JINAbase:
https://github.com/Mohammad-Mardini/JINAbase
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Fig. 4. Orbital reconstruction for four stars and five different random realisations (colour-coded) with 11.5 Gyr of lookback integration evolution

in 411321 TNG-TVP external potential.

evolution of four selected r-PE stars for five random realisations
in the 441327 TNG-TVP external potential. All the stars in our
sample have a relative error of less than 30%.

3. Ret-ll star-by-star dynamical evolution

As a basic physical model for Ret-II at 11.5 Gyr ago, we chose
the equilibrium King model (King 1962) with concentration
parameter WO = 8. In our numerical modelling we tried to
reproduce an object that has nearly the same current physical
parameters as Ret-II (i.e. similar masses and half-mass radii).
As a basis for our physical parameters, we used the data pre-
sented in Simon et al. (2015, 2023). Here we see a maximum
mass estimation of ~8 - 103 My, and an estimated half light radius
of around ~50 pc (which gives us a resulting 3D half-mass radius
of ~35 pc). We chose a King concentration parameter of WO =
8 to initially have a maximally compact King object in terms of
the half-mass radius to tidal radius ratio; for this WO value, the
I'm/T4d 18 close to the theoretical minimum of ~0.1.
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With such a parameter, the set of normalised King models
has the minimum half-mass to King radius ratio and conse-
quently the smallest dynamical mass-loss rate compared to the
other concentration parameters. For the physical mass and radius
normalisation, we chose a mass Miy; = 10° and a half-mass
radius of 44 pc. Based on our early TNG-TVP Galaxy model
and the initial position of our UFD object, we estimate the proto-
Ret-1I Jacoby (tidal) radius (Just et al. 2009; Ernst et al. 2011)
to be =700 pc. The King radius (i.e. 100% of the Lagrange
radius of the model) for our model is =400 pc (i.e. our ini-
tial dynamical model is a significantly under-filled concentrated
model).

For this physical model, we generated a set of numerical
realisations, varying the initial total number of the particles
over a wide range: N = 10k, 20k, 40k, 80k, 160k, 320k, 640k, and
960k. We used this wide selection to find an appropriate range
in which the dynamical mass loss from the object is basi-
cally saturating (i.e. where we no longer see the significant
‘N dependence’ of the dynamical mass loss from the objects).
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The entire model integration was carried out from —11.5 Gyr
to today with the ¢—GPUN-body code, which is described in
Sect. 2.1.

Because our main interest in the modelling was a dynamical
study of the orbits of escaped sub-solar-mass, long-lived stars in
cosmologically motivated time and a variable external Galactic
gravitational field (IllustrisTNG-100, 441327), we neglected the
stellar mass evolution of the generated N-body system. It is clear
that for a deeper study of the internal evolution of Ret-1I's stellar
mass loss, the time evolution is also important. But in our case,

where we are mainly interested in escaped stars with long life-
times (of the order of 10 Gyr) on independent Galactic orbits, we
can neglect the stellar mass-loss time dependence.

In Fig. 5, we present the evolution of the tidal mass for dif-
ferent numerical models. As we expect, for a large enough N,
the models’ mass losses are saturated (i.e. the number of escaped
stars becomes almost N-independent and is on the level of ~18%;
see Fig. 5, left panel).

In Fig. 5, we also show the evolution of the mass and half-
mass radii for different numerical models. As we can see, for

A130, page 5 of 8
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probabilities.

large enough particle numbers, the internal structures of the
numerical models are quite similar; for example, the half-mass
radii of the systems are not dependent on the particle numbers of
the object.

We can conclude that the final models with 640k and 960k
are practically identical in terms of both the mass loss and the
internal mass distribution. As such, we find four to be the opti-
mal number for the Ret-II dynamical system modelling (i.e. the
960k case).

In Fig. 6, we show the density distribution for Ret-II at dif-
ferent moments of time for the N = 960k model. As we can see,
the system has massive (many-kiloparsec-scale) extended tails.
At a later stage, after 5 Gyr, the escaped stars from the cluster
fill almost the whole orbital volume of the UFD. Inside the tidal
tails we see the prominent mass clumps generated by the com-
plex Galactic orbital motion of Ret-II. The mass volume density
inside these clumps easily reaches the 10> My/pc? level. Based
on recent observations, the mass-to-light ratio of Ret-II inside
its half-light radius is ~470 My/Ly, demonstrating that it is a
strongly dark-matter-dominated UFD (Simon et al. 2015; Walker
et al. 2015; Mutlu-Pakdil et al. 2018).

4. Discussions and conclusions

Based on Fig. 6, we can conclude that in the energy angular
momentum phase-space we definitely have a cross section of
these escaped stars and the observed r-PE stars. To show this
more clearly, we plot the time evolution of the Ret-II members in
specific energy (E/m) versus the z-th component of the specific
angular momentum (L,/m) space in Fig. 7. Here we present the
specific energy and specific angular momentum of the stars for
Ret-1I. In the last gigayear of Ret-II's dynamical evolution, the
phase-space distributions of particles for the tidal tails are almost
in the same range. We also clearly see mixing in the phase-space
of the observed r-PE stars with our Ret-II escaped stars.
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As described in Sect. 2.3, for each type of star we carried
out ten initial data randomisations. Each of the observed r-PE
star positions and velocities was randomised and is shown in
Fig. 7. During our N-body simulation, the objects from the Ret-II
model spread across a large volume of phase-space. In the figure
we only show a limited volume around the central values of the
specific angular momentum L,/m ~ 150 000 km?/s>.

We divided our results into three blocks (see Table A.1 and
Fig. 7). Blocks (2) and (3) are united in one common region,
located to the left of the bold vertical line (at a specific energy
of ~—1000 kpc x km/s). Block (1) (-1800 kpc x km/s < E/m
< —1100 kpc x km/s and 80000 km?/s2 < L,/m < 190000
km?/s?) contains the main region of the Ret-II stars from the
numerical model.

Block (1) comprises the ‘most probable’ stars, that is, stars
positioned inside or near the Ret-II object distribution (solid
square in Fig.7). In this area we find only two type of stars, -1
and r-II, and both types overlap significantly with the Ret-II par-
ticle cloud. To determine the confidence level of our results, we
generated ten random realisations of each of the 530 r stars (i.e.
we have 5300 phase-space points). Depending on how many of
these ten realisations hit the phase-space area, we decided with
which block we associate our individual stars. We present these
probability values in Table A.1. In total, we find 14 stars, and 10
of these 14 stars have a 100% probability being former members
of Ret-II. We estimated the probability based on our randomisa-
tion; a 100% probability means that all ten random realisations
of this individual r-PE star hit the phase-space area of block (1).

Block (2), marked as ‘tentative’, comprises 54 stars and
includes all three types of r stars. All these selected r-PE
stars have from a 70% to a 100% probability of being within
the corresponding area of block (2)+(3). The phase-space
area was selected based on the Ret-II stars from the numer-
ical model, which are already beyond the main body of the
dwarf galaxy.
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In the last group, ‘in question’, are 25 stars that have a prob-
ability of ~40-60% of being located in the same area of the
phase-space region marked as block (2)+(3). This group of stars
includes objects whose probability of belonging to the Ret-II
progenitor is highly uncertain due to current measurement errors.

As a general conclusion, we can state that of the 530 known
r stars, at least 93 are former members of the Ret-II dynami-
cal progenitor system. Our simple dynamical orbital modelling
together with the chemical abundance analysis can in the future
be a powerful tool for such a peculiar star’s progenitor identifi-
cation in our Galaxy.

Our investigation highlights the presence of a possible asso-
ciation between ther-PE metal-poor stars in the Galactic halo
and Ret-II. Notably, several Milky Way satellites, including
Tucana III (Hansen et al. 2017), Grus II (Hansen et al. 2020), and
Umi (Cohen & Huang 2010), also host stars exhibiting r-process
enhancement. The recent discovery of an ultra-metal-poor star
([Fe/H] = —4.15) with [Eu/Fe] < 1.04 in the Large Magellanic
Cloud (Chiti et al. 2024) further complicates our understanding
of the origin of r-PE stars. While we do not explore the poten-
tial associations of these r-PE stars with the above-mentioned
galaxies in our current work, our findings lay the groundwork
for future research. In forthcoming publications, we plan to
broaden our analysis by utilising a larger and updated sample
that includes both Milky Way satellites and newly identified
r-PE stars.
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Appendix A: Various r-PE groups detected in our study along with Ret-ll membership likelihood.

Table A.1. Various r-PE groups detected in our study along with their Ret-II membership likelihood.

ID % Type ID % Type ID % Type

Most probable — (block 1)

RAVEJ183013.5-455510 100 r-I 2MASSJ14232679-2834200 100 r-I MASSJ05241392-0336543 100 r-II
HE0420+0123a 100 r-II 2MASSJ04315411-0632100 60 r-I 2MASSJ03154102-7626329 100 r-I
2MASSJ07501424-4123454 50 r-I HD106373 100 r-I SMSSJ183647.89-274333.1 100 r-1I
2MASSJ00482431-1041309 100 r-I 2MASSJ08594093-1415151 100 r-I 2MASSJ02031860-7930291 70 r-1
2MASSJ13374885-0826176 100 r-II 2MASSJ12341308-3149577 80 r-I

Tentative — (block 2)

2MASSJ00452379-2112161 90 rI E0045-2430 90 rI 2MASSJ02070641-5009166 80 r-I
HD13979 90 r-lim 2MASSJ02462013-1518419 80 r-II BPSCS31078-018 100 r-1I
2MASSJ03210882-3944213 100 r-I CD-241782 80 r-lim 2MASSJ03550926-0637108 80 r-lim
MASSJ03563703-5838281 70 r-lim 2MASSJ04192966-0517491 70 r-I BPSCS22186-025 70 r-1
HIP22246 100 r-I HE0516-3820 10 rI HE0524-2055 70 rI
2MASSJ05311779-5810048 70 r-I 2MASSJ05384334-5147228 100 r-lim 2MASSJ06195001-5312114 100 r-II
2MASSJ06332771-3519240 100 r-I 2MASSJ07052028-3343242 100 r-I 2MASSJ08393460-2122069 90 r-I
2MASSJ10063414-7030212 80 r-I 2MASSJ10362687-3746174 100 r-II HE1131+0141 70 rII
2MASSJ11404944-1615396 70 r-II RAVEJ115941.7-382043 70 r-II HDI107752 80 rI
2MASSJ12255123-2351074 100 r-I 2MASSJ12292696-0442325 100 r-I 2MASSJ13261792-0945176 90 r-I
2MASSJ14101587-0343553 70 r-I HE1429-0347 100 r-I 2MASSJ14435196-2106283 80 r-lim
2MASSJ14592981-3852558 100 r-II 2MASSJ15002498-0613374 80 r-I 2MASSJ15062866-1428038 80 r-I
2MASSJ15211026-0607566 90 r-II 2MASSJ15582962-1224344 100 r-I SMSSJ160447.75-293146.7 80 r-I

HD149414 100 r-I HDI175305 90 r-I 2MASSJ18562774-7251331 100 r-I
2MASSJ20504869-3355289 70 r-I 2MASSJ21370807-0927347 70 r-lim 2MASSJ21462219-0512324 100 r-I
G214-1 80 rI BPSCS22875-029 70 rII HE2229-4153 70 rI
HE2242-1930 70 r-I 2MASSJ23060975-6107368 70 r-I 2MASSJ23242766-2728055 80 r-I

2MASSJ23265258-0159248 80 r-I MASSI23411581-6406440 10 r-I 2MASSJ23490902-2447176 90 r-1
In question — (block 3)

HD224930 40 rI BPSCS22957-036 60 r-I BPSCS22958-037 66 I
HE0240-0807 40 rII 2MASSJ02570028-3024374 50 rI 2MASSJ03133726-1020553 50 r-I
2MASSJ03422816-6500355 60 r-II 2MASSJ05381700-7516207 50 r-I HE(0538-4515 50 rII

SMSSJ062609.83-590503.2 60 r-II 2MASSJ08015897-5752032 50 r-I 2MASSJ09261133-1526232 50 r-I
2MASSJ09544277+5246414 50 r-II 2MASSJ10344785-4823544 40 r-lim SMSSJ105320.99-435300.1 50 r-I

HE1127-1143 60 r-II 2MASSJ11301705-1449325 40 r-I BPSBS16083-172 50 rII
PSCS30306-132 40 rII BPSCS22878-121 40 r-I 2MASSJ19552158-4613569 60 r-1
2MASSJ22163596+0246171 50 r-I BPSCS22888-047 40 rII MASSJ23362202-5607498 60 r-1I

2MASSJ19232518-5833410 40 r-II

Notes. This table is based on the associations that are visible in Fig. 7. The detailed properties of these groups are described in Sect. 4. The ‘ID’
column shows the original unique catalogue name of the stars; ‘%’ is the probability that the ten random realisations of the star hit the targeted
phase-space area; and ‘type’ indicates the type of the r-PE stars.
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