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ABSTRACT

Context. The ' Fornacis cluster (Alessi 13) is one of a few open clusters of its age and distance in the Solar neighbourhood that
ought to benefit from more attention as it can serve as a cornerstone for numerous future studies related to star and planet formation.
Aims. We take advantage of the early installment of the third data release of the Gaia space mission in combination with archival data
and our own observations, to expand the census of cluster members and revisit some properties of the cluster.

Methods. We applied a probabilistic method to infer membership probabilities over a field of more than 1000 deg? to select the most
likely cluster members and derive the distances, spatial velocities, and physical properties of the stars in this sample.

Results. We identify 164 high-probability cluster members (including 61 new members) covering the magnitude range from 5.1 to
19.6 mag in the G-band. Our sample of cluster members is complete down to 0.04 M. We derive the distance of 108.4 + 0.3 pc
from Bayesian inference and confirm that the cluster is comoving with the Tucana-Horologium, Columba, and Carina young stellar
associations. We investigate the kinematics of the cluster from a subsample of stars with measured radial velocities and we do not
detect any significant expansion or rotation effects in the cluster. Our results suggest that the cluster is somewhat younger (about
30 Myr) than previously thought. Based on spectroscopic observations, we argue that the cluster is mass-segregated and that the
distribution of spectral types shows little variation compared to other young stellar groups.

Conclusions. In this study, we deliver the most complete census of cluster members that can be done with Gaia data alone and we

use this new sample to provide an updated picture on the 6D structure of the cluster.

Key words. open clusters and associations: individual: Alessi 13 — stars: formation — stars: distances — methods: statistical —

parallaxes — proper motions

1. Introduction

The young stellar clusters of the Solar neighbourhood consti-
tute a primary laboratory for the investigation of the early stages
of star and planet formation, as well as to connect models to
observations and visualise the local structure of the Galaxy.
Significant progress has been made in recent years to dis-
cover and characterise nearby young stellar clusters thanks to
the precise astrometry delivered by the Gaia satellite (see e.g.
Cantat-Gaudin et al. 2018; Sim et al. 2019; Meingast et al. 2019;
Castro-Ginard et al. 2020). One important contribution to the
field has been the recognition of the y' Fornacis cluster (also
known as Alessi 13) as one of a few open clusters of its dis-
tance (~100 pc) and age (~40 Myr), with more than a hundred
members, making it a major constituent of the Solar neighbour-
hood (Zuckerman et al. 2019). In the following, we refer to the
x! Fornacis cluster (XFOR) using the same terminology that is
also used to name the young stellar groups in the Solar neigh-

* Full Tables A.1-A.4 are only available at the CDS via anony-
mous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http:
//cdsarc.u-strasbg. fr/viz-bin/cat/J/A+A/654/A122
** Based on observations collected at the European Southern Obser-
vatory under ESO programmes 0106.D-0429(A) and 0106.D-0429(B).

bourhood after either a constellation or the most prominent clus-
ter member; we emphasise that both names used in the literature
refer to the same cluster.

The XFOR cluster is listed in the catalogue of open clusters
compiled by Dias et al. (2002), with only a few cluster members,
as it was poorly studied in the pre-Gaia era. The cluster was
reanalysed by Yen et al. (2018) based on data from the first data
release of the Gaia catalogue (Gaia-DR1, Gaia Collaboration
2016) where the authors confirmed nine members. The sub-
sequent study conducted by Cantat-Gaudin et al. (2018), using
the second data release of the Gaia catalogue (Gaia-DR2,
Gaia Collaboration 2018), identified 48 cluster members.

More recently, Zuckerman et al. (2019, hereafter ZKK2019)
revisited the cluster using different selection criteria to search
for cluster members based on Gaia-DR2 data and increased the
sample of cluster members to 108 stars. The authors argue that
the cluster is coeval and co-moving with the Tucana-Horologium
(THA) and Columba (COL) young stellar associations by com-
paring their positions in the colour-magnitude diagram and
assigned the age of about 40 Myr to the cluster. Thus, the clus-
ter appears to be significantly younger than 525 Myr as reported
previously by Kharchenko et al. (2013), but still in good agree-
ment with the age of about 30 Myr estimated by Mamajek (2016)
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from the saturated X-ray emission of the stars. Another interest-
ing finding reported by ZKK?2019 is the abundance of M-dwarfs
in the cluster with mid-infrared excess emission indicative of
debris discs with warm dust that could be associated with rocky
planet formation, making the XFOR cluster a promising target
in the search for exoplanets.

The early installment of the third data release of the Gaia
space mission (Gaia-EDR3, Gaia Collaboration 2021) repre-
sents a significant advance with respect to its predecessor
delivering more precise astrometry and photometry, along with
reduced systematic errors that allow for more precise studies.
Given the close proximity and young age of the XFOR clus-
ter, we believe that it will become an important cornerstone to
many studies related to star formation from models to the phys-
ical properties of the stars (e.g. as done for the Pleiades). In
this paper, we revisit the census of cluster members using Gaia-
EDR3 data and combine our results with spectroscopic obser-
vations to revisit the cluster properties. This study is conducted
as part of the Dynamical Analysis of Nearby Clusters (DANCe,
Bouy et al. 2013) project and follows a similar methodology
applied to other stellar clusters in this series (Olivares et al.
2019; Miret-Roig et al. 2019; Galli et al. 2020a,b, 2021).

The paper is organised as follows. In Sect. 2, we perform a
new membership analysis of the cluster based on the methodol-
ogy developed by our team for the DANCe project, which allows
us to identify 164 cluster members and confirming most of the
members previously identified by ZKK2019 as well as adding
new ones to the list. Section 3 describes the results obtained from
our observations to determine the spectral type of the stars from
low-resolution spectroscopy. Then, in Sect. 4, we use our new
sample of cluster members to revisit several properties of the
cluster (distance, kinematics, age, spatial distribution, and initial
mass function). Finally, we present our conclusions in Sect. 5.

2. Membership analysis

We selected the most likely members of the XFOR cluster based
on Gaia-EDR3 data using the same methodology applied by our
team to other young stellar groups (see e.g. Miret-Roig et al.
2019; Galli et al. 2020a,b, 2021). We summarise the main steps
of our membership analysis in this section and refer the reader
to the original papers (Sarro et al. 2014; Olivares et al. 2019) for
further details on the methodology.

Tobegin with, we downloaded the Gaia-EDR3 catalogueinthe
region defined by 215° <7<260° and —68° < b < —45° in Galactic
coordinates. This input catalogue contains 2 057 639 sources and
includes all cluster members previously identified by ZKK2019.
The representation space (i.e. the set of observables) we use in
the membership analysis includes both the astrometric and pho-
tometric features of the Gaia-EDR3 catalogue. It is defined by
o COS 0, Us, @, Grp, and G—GRrp, and it also includes 1 633 156
sources of the input catalogue with complete data. We do not
use the Ggp magnitude in our analysis because the flux in this
band is likely to be overestimated for red sources (see e.g.
Fabricius et al. 2021). In addition, we corrected the published G-
band photometry of the sources with a six-parameter astrometric
solution in the Gaia-EDR3 catalogue fainter than G = 13 mag,
using the formula presented in Riello et al. (2021), as explained
in Appendix A of Gaia Collaboration (2021).

We modelled the field population using Gaussian mixture
models (GMM)! with a random sample of 10° sources from the

' A Gaussian Mixture Model is a model that describes the probability
distribution of data points as a linear combination of a finite number of
Gaussian distributions.
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Table 1. Comparison of results for the membership analysis using dif-
ferent probability thresholds.

Pin Popt N* TPR CR

05 074 160 0.932+0.025 0.093+0.035
0.6 062 161 0.947+0.033 0.087+0.017
0.7 074 156 0.934+0.026 0.087+0.046
0.8 043 162 0.940+0.029 0.068+0.017
0.9 020 155 0.960+0.033 0.061=+0.019

Notes. We provide the optimum probability poy, number of cluster
members, true positive rate (TPR), and contamination rate (CR) for each
solution using different probability thresholds pi,.

input catalogue. We tested the field model with different numbers
of GMM components (i.e. 120, 140, 160, 180, 200, 220, and 240)
and took the model with 160 components that returns the mini-
mum Bayesian information criterion (BIC, Schwarz 1978) value.
The cluster was modelled using GMM in the space of proper
motions and a principal curve in the photometric space, with a
spread at any point given by a multivariate Gaussian to define the
cluster sequence. Both the cluster locus in the space of proper
motions and the principal curve in the photometric space are ini-
tialised based on an initial list of members. We use the sample
of cluster members identified by ZKK2019 as initial list for the
first iteration of our membership analysis. The method computes
membership probabilities for all sources in the catalogue and
classifies them into members and non-members based on a prob-
ability threshold, pi,, which is predefined by the user. The cluster
members that result from this process serve as input for the next
iteration of the algorithm and this procedure is repeated until
the list of cluster members remains fixed after successive itera-
tions. Then we use the field and cluster models inferred by our
method to generate synthetic data and define the optimum prob-
ability threshold pgp for our membership analysis based on the
performance of our classifier (see Olivares et al. 2019). Finally,
we classify the sources in our catalogue as members (p > popt)
and non-members.

In Table 1, we compare the results of our membership analy-
sis using different values for the user-defined probability thresh-
old pi,. The true positive rate (TPR, i.e. the fraction of cluster
members recovered by the method) and contamination rate (CR,
i.e. the fraction of field stars classified as cluster member by the
method) given for each solution are derived from the synthetic
data (based on the cluster and field models inferred in the pre-
vious steps) and, therefore, these represent only estimates of the
indicators that remain useful in the absence of the true distri-
butions. We see little variation in the number of cluster mem-
bers among the solutions obtained from different p;, thresholds.
However, we note that high p;, values (pi, = 0.8 and pi, = 0.9)
lead to low values of the optimum probability threshold, pop,
and, consequently, to the inclusion of stars with lower member-
ship probabilities in our solution, while the least conservative
threshold of p;, = 0.5 yields the highest poy value. The solu-
tion obtained with p;, = 0.6 offers the best compromise between
the two probability thresholds. We therefore use this solution to
define the list of XFOR cluster members derived in this study
(see more comments below).

We note that only one component of three binary sys-
tems in that sample was directly identified by our method-
ology, so we add the missing components of these systems,
namely: Gaia EDR3 5053156704532702720 (032317-343547),
Gaia EDR3 4854879573671981056 (032215-354719), and
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Fig. 1. Proper motions and parallaxes of the 164 cluster members identified in our membership analysis. The stars are colour-coded based on their
membership probability that is scaled from zero to one. The three sources marked with green triangles denote the components of binary systems

that we added manually to the sample, as explained in the text of Sect. 2.

Gaia EDR3 4854540344270707200 (032513-370909) to the
list. These sources have proper motions and parallax that are
consistent with membership in the cluster (see Fig. 1) and they
were rejected by our method due to their photometry. Gaia
EDR3 5053156704532702720 (032317-343547) is the faintest
cluster member and it is located in a region of the colour-
magnitude diagram where our model is less efficient because
it is trained on only a few sources in this colour regime (i.e.
candidate members from the literature). On the other hand, we
see that Gaia EDR3 4854879573671981056 (032215-354719)
and Gaia EDR3 4854540344270707200 (032513-370909) are
significantly above the empirical isochrone of the cluster (see
Fig. 2), which results from a less reliable photometry. Indeed,
we verified that all transits in the Ggrp band for these two
sources are affected by blending effects (as indicated by the fields
phot_rp_n_obs and phot_rp_n_blended_transits in the
Gaia-EDR3 catalogue).

We also searched for other astronomical objects (among
the rejected sources) that exhibit astrometric features con-
sistent with membership in the cluster but are automatically
discarded by our method due to their relative position with
respect to the cluster isochrone in the colour-magnitude dia-
gram. We find one white dwarf candidate, namely, Gaia
EDR3 4856170984438879232 (see Gentile Fusillo et al. 2019),
that has proper motion (u,cosd = 30.218 + 1.099 masyr~!,
s = —5.781 + 1.339masyr™!) and parallax (@ = 8.270 +
0.979 mas yr~!) consistent with the other cluster members in the
sample. However, based on the Bergeron et al. (1995) evolution-
ary sequences for white dwarfs?, we conclude that this source is
much older (about 9 Gyr) than the XFOR cluster (see discussion
in Sect. 4.4) and it is unlikely to be a cluster member.

Our final list of cluster members consists of 164 stars (see
Table A.1). We also provide in Table A.2 the membership
probability for all sources in the input catalogue used for the
membership analysis derived from the different p;, values inves-
tigated in our study. This offers subsequent studies the oppor-
tunity to select cluster members with criteria that are more
specific to their scientific objectives than the ones used in this
paper. Our new sample of cluster members includes stars in the
magnitude range from G = 5.1 to G = 19.6 mag. The abso-

2 The evolutionary cooling sequences for white dwarfs used in
this study were downloaded from http://www.astro.umontreal.
ca/ bergeron/CoolingModels.
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Fig. 2. Colour-magnitude diagram of the cluster members selected in
our membership analysis. The stars are colour-coded based on their
membership probability that is scaled from zero to one. The black solid
line shows the empirical isochrone of the cluster (see Table A.3). The
arrow indicates the extinction vector of Ay = 1mag converted to the
Gaia bands using the relative extinction values given by Wang & Chen
(2019). The three sources marked with green triangles denote the com-
ponents of binary systems that we added manually to the sample, as
explained in the text of Sect. 2.

lute magnitude of the stars range from about G,,s = —0.3 to
Gaps = 14.7 mag. Figures 1 and 2 show the proper motions, par-
allaxes, and colour-magnitude diagram of the selected sources.
The empirical isochrone of the cluster derived in our member-
ship analysis is given in Table A.3. The observed correlation
between p, cos ¢ and @ illustrated in Fig. 1 can be explained by
projection effects. Cluster members located at different sky posi-
tions (but with similar space velocities) display proper motions
and parallaxes that vary in proportion to each other.
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The XFOR cluster is located in a sky region that over-
laps with the nearby THA and COL young stellar associations.
We compiled the lists of known members given in the litera-
ture for THA and COL (Kraus et al. 2014; Gagné et al. 2018a,b;
Gagné & Faherty 2018), cross-matched them with the list of
stars identified in our membership analysis, and confirmed that
our sample of XFOR cluster members is not contaminated by
known members of these two stellar groups. The published lists
of stars in THA and COL suggest that these stellar groups are
closer to Earth than the XFOR cluster by about 50 pc. In a recent
study, Gagné et al. (2021) proposed that many of the nearby
moving groups in the Solar neighbourhood are more extended
than previously thought and may be fragments of dissolving
open clusters. In particular, the authors associate THA and COL
with the IC 2602 and Platais 8 open clusters, respectively. Thus,
if this scenario is correct, then future studies may reveal the exis-
tence of additional THA and COL members in the vicinity of the
XFOR cluster.

Our membership analysis confirms 103 stars (out of
107 sources, see Fig. 3) that were previously identified as
cluster members by ZKK20193. Only four stars (Gaia EDR3
4860808316464009856, Gaia EDR3 5046516311431900160,
Gaia EDR3 4852758100345682816, and Gaia EDR3
5048052294816437120) from that study cannot be recov-
ered by our methodology. One of them, namely, Gaia
EDR3 4860808316464009856 (CD-361289), was clas-
sified as a “core-member” of the cluster by ZKK2019
based on its proper motion (i, cosd = 34.6 + 1.0masyr™!
and us = —1.8 + 1.0masyr™!), given in the UCAC4 cat-
alogue (Zachariasetal. 2013). Indeed, the Gaia-EDR3
proper motion (yycosd =  25.255 + 0.054masyr!,
us = —1.366 + 0.080mas yr~!) is not consistent with member-
ship in the cluster, which explains the reason it was rejected
by our method. The same conclusion holds if we use the
Gaia-DR2 measurements in the membership analysis. Thus, we
discard this star from our study for consistency with the rest of
our membership analysis where we use for all stars the same
source of astrometric data (i.e. Gaia-EDR3) for both proper
motion and parallax. The other three sources rejected in this
study are classified as “potential members” by ZKK2019. Our
membership analysis shows that they exhibit low membership
probabilities (p < 0.13) that are below the adopted probability
threshold (see Table 1).

In this study, we identified 61 new cluster members, which
represents an increase of about 60% in the census of XFOR stars
with respect to the number of confirmed cluster members from
the literature. In the following, we use this new sample of stars
to re-visit some properties of the cluster.

3. Spectroscopic observations

We conducted a low-resolution spectroscopy study of our new
sample of cluster members with the EFOSC2 spectrograph
(Buzzoni et al. 1984) mounted at the ESO/NTT telescope, oper-
ating at La Silla (ESO, Chile). The observations were taken
with the 1.0” slit, grism Gr#16, and filter OG530, yielding a
spectral coverage from 6015 A to 10320 A and resolution of
about 16 A. The exposure times ranged from a few seconds up

3 ZKK2019 identified 107 candidate members with Gaia-DR2 data,
but one of them, Gaia EDR3 4860808041586101632 (032559—
355730), is not resolved by the Gaia satellite, so they refer to 108 clus-
ter members throughout that study. Here, we count this system as one
single entry in our tables.
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Fig. 3. Venn diagram comparing the sample of cluster members identi-
fied in our membership analysis with the results obtained by ZKK2019.
The area of each circle is proportional to the number of stars in the
samples.

to 55min depending on the magnitude of the target, so that
the signal-to-noise ratio (S/N) is often better than 50 for most
spectra collected in our campaign. We performed our obser-
vations in designated visitor mode (i.e. remote observations)
during the nights of November 23 to November 30, 2020 (pro-
gramme: 106.D-0429, PI: Galli). We observed 91 stars from
our sample of cluster members identified in this study. Two
of the new cluster members identified in this paper, namely
Gaia EDR3 4755198025592857088 (025251-435842) and Gaia
EDR3 4755198025592857216 (025251-435845), form a close
binary system and we observed both components in our
campaign.

The spectra were reduced with the EFOSC2 pipeline using
the EsoRex command line tool, which performs a bias subtrac-
tion, flat-fielding, along with wavelength and flux calibration.
We observed five spectrophotometric standards (Feigel10, CD-
34241, LTT1020, LTT2415, and LTT3218) during the nights
allocated to our programme and took the closest one (in time
and airmass) to each science frame to flux calibrate the spec-
trum. The reduced spectra were then used to derive the spectral
type of the stars as explained below.

We take advantage of the PyHammer v2.0 facility
(Roulston et al. 2020) to perform the spectral classification of
the stars in our sample. This code is based on the IDL spec-
tral typing suite called ‘The Hammer’ developed by Covey et al.
(2007) and recently re-written in Python programming lan-
guage. PyHammer automatically assigns spectral types to
the input spectra by measuring spectral indices of atomic
and molecular lines and comparing them to templates of an
empirical stellar library (see Kesseli et al. 2017). The input
spectrum is compared to each template by computing the
chi-squared value between the two spectra. The best matching
spectral type is defined as the one that minimises the chi-squared
value between the spectral indices from the template and input
spectrum.

To investigate the robustness of our spectral classification,
we implemented a chi-squared minimisation routine that uses the
entire spectrum (instead of spectral indices). We ran this compar-
ison between input spectrum and templates using the same spec-
tral library of the PyHammer code. The spectral types derived
from the two methods are consistent among themselves within
one subclass for M stars and two subclasses for the other stars
in our sample. We adopted these numbers as uncertainties of
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Table 2. Properties of the data downloaded from public archives.

Star identifier Other name

Gaia EDR3 4755745925980823296
Gaia EDR3 4854308003720230528
Gaia EDR3 4860643905115917312
Gaia EDR3 5056560315790459776

031603-372522
032807-355444

N
025903-423245 1
1
1
033121-303059 5

FEROS (Kaufer et al. 1999)

Instrument Programme identifier
UVES (Dekker et al. 2000)  097.C-0444
FEROS (Kaufer et al. 1999)  090.C-0815
FEROS (Kaufer et al. 1999)  090.C-0815

082.A-9011, 084.A-9004, 086.A-9006

Notes. We provide for each star the number of spectra downloaded from the archives, spectrograph, and the ESO programme identification of the

corresponding observation.

Table 3. Comparison of the radial velocities derived in this paper with the literature results.

This paper  Literature
Star identifier Other name V., V., Reference
(kms™h) (kms™h)
Gaia EDR3 4860643905115917312  032807-355444 2242 +0.74 20.2+2.0 ZKK2019

Gaia EDR3 5056560315790459776  033121-303059

1899 +0.37 164 +2.0 Kordopatis et al. (2013)

Notes. See note added in proof in ZKK2019 for the radial velocity of Gaia EDR3 4860643905115917312 (032807-355444).

our spectral classification and report the spectral types derived
directly with PyHammer as our final results.

We complemented the spectral classification of cluster mem-
bers with additional measurements that are available in the
literature, mostly for the stars of spectral types A and F of our
sample. Table A.1 lists the spectral classification of the stars
and the references from the literature. By combining the spec-
tral types derived in this study from EFOSC2 observations and
literature results, we were able to provide the spectral classifica-
tion for 100 stars that we use in the forthcoming analysis (see
Sect. 4). The spectral type of the stars ranges from B6.5 to M8.

4. Properties of the cluster
4.1. Radial velocities

The scarcity of radial velocities for the stars in our sample is
the main limitation to access the 3D space of motion of the
XFOR cluster. We proceed as follows to complement the Gaia-
EDR3 astrometry with radial velocity data. Firstly, we searched
the CDS databases for published radial velocities in the litera-
ture for the stars in our sample. We found radial velocity infor-
mation for 24 stars that have been collected from Gontcharov
(2006), Kordopatis et al. (2013), Shkolnik et al. (2017), and the
Gaia-EDR3 catalogue itself*. Secondly, we searched for high-
resolution spectra in public archives and derived the radial veloc-
ities ourselves (see below). We found spectroscopic data for
four stars in our sample (one of them with multiple spectra).
The results of our search in public archives are summarised in
Table 2.

We use the reduced spectra downloaded from the archives to
derive the radial velocity of the stars with available data. We
use the iSpec facility (Blanco-Cuaresma et al. 2014) to cross-
correlate the spectrum of each star with masks of different spec-
tral types (AO, FO, G2, KO, K5, and M5). The iSpec routines
implement the cross-correlation algorithm to generate the veloc-
ity profile of the star (see e.g. Baranne et al. 1996), and fit a
Gaussian/Voigt to the cross-correlation function (CCF) to derive

* The Gaia-EDR3 catalogue does not contain new radial velocity mea-
surements. The radial velocities of Gaia-DR2 have been added to the
Gaia-EDR3 catalogue for user convenience.

its radial velocity with the associated uncertainty. We inspected
the CCFs individually and discarded the radial velocity measure-
ments that result from a poor fit to the CCF that can arise, for
instance, due to the low S/N of the collected spectra or a mis-
match between the spectral type of the stars and the adopted
mask. We compute the radial velocity for each star from the clos-
est mask available in iSpec to its spectral type. The scatter in the
radial velocities that results from using masks of different spec-
tral types ranges from 0.1 to 0.3kms™! for the stars with avail-
able spectra in our sample. We add the radial velocity scatter
obtained from different masks in quadrature to the formal uncer-
tainty on the radial velocity given by iSpec for each star. This
procedure is likely to overestimate the uncertainties derived in
this study, but it accounts for the observed fluctuation on radial
velocity results obtained with masks of different spectral types
(which often do not precisely match the spectral type of the star).

We note that two stars for which we derived the radial veloc-
ities ourselves, namely Gaia EDR3 4860643905115917312
(032807-355444) and Gaia EDR3 5056560315790459776
(033121-303059), have known radial velocities (see compari-
son in Table 3). The published radial velocities for these two
sources are less precise than the ones obtained in this study, so
we use the results derived by us in the upcoming analysis. The
median precision of the radial velocities derived in this paper
from high-resolution spectra in public archives is 0.4kms™,
while the radial velocities published in the literature (including
those from the Gaia-EDR3 catalogue) have a median precision
of .9kms™!,

By combining the radial velocities from the literature with
the ones derived in this paper we end up with a sample of 28 stars
with available radial velocity information. Two sources in this
sample, namely Gaia EDR3 5056578663891978880 (033036—
302006) and Gaia EDR3 5058417459651237504 (031426~
300700), have poor radial velocities (V, = 30.5 + 6.2km s
and V, = —4.6 + 17.5kms™!) with uncertainties that greatly
exceed the observed velocity dispersion of a few km s~! in young
stellar groups. We have therefore discarded these measurements
from our analysis. We also note the existence of discrepant radial
velocity measurements in this sample as illustrated in Fig. 4.
We applied the interquartile range (IQR) criterion to identify the
outliers in the distribution of radial velocities by rejecting the
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Fig. 4. Kernel density estimate of the distribution of radial velocities
using a kernel bandwidth of 2kms™! that roughly corresponds to the
median precision of the radial velocities in our sample. The tick marks
in the horizontal axis indicate the individual radial velocity measure-
ments of the stars.

measurements that lie 1.5 X IQR below the first quartile or above
the third quartile. We discard the radial velocity of two stars
based on this method. However, we do not remove these sources
from our list of cluster members because their proper motions,
parallaxes, and photometry are consistent with membership in
the cluster (p > 0.9). The discrepant radial velocity is more
likely to be affected by other reasons (e.g. undetected binarity)
and this requires further investigation with a greater store of data.
In addition, we verified that three stars (with radial velocity data)
are binary systems and we decided to also discard these measure-
ments from the forthcoming analysis (see Sect. 4.2). Altogether,
this reduces the sample of cluster members with radial velocity
information to 21 stars. The radial velocities used in this paper
are given in Table A.1.

4.2. Distance and spatial velocity

We converted the proper motion and parallax of the stars in
our sample into distance and 2D tangential velocities using
Bayesian inference following the online tutorials available in the
Gaia archive (Luri et al. 2018). We used the Kalkayotl package
(Olivares et al. 2020) to investigate the dependency of our results
on the choice of the prior for the distance. The Kalkayotl code
implements two families of priors for the distance that are either
based on statistical probability density distributions (hereafter,
statistical priors) or astrophysical assumptions (hereafter, astro-
physical priors). We performed our calculations with two statisti-
cal priors that implement the Uniform and Gaussian probability
density distributions, and another two astrophysical priors that
are based on the surface brightness profile of young star clus-
ters in the Large Magellanic Clouds (Elson et al. 1987) and the
profile distribution of globular clusters observed by King (1962).
Our analysis confirms that our distance results are independent
of our choice of priors for the distance thanks to the good preci-
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sion of the Gaia-EDR3 parallaxes. Thus, the individual distances
listed in Table A.1 refer to the solution obtained with the Uni-
form prior, which is the least informative (i.e. most simple) prior
investigated in our analysis.

Then we computed the 3D position of the stars from their dis-
tances in a XYZ reference system that has its origin at the Sun
where X points to the Galactic centre, Y points to the direction
of Galactic rotation, and Z points to the Galactic North pole. We
converted the 2D tangential velocities and radial velocities of the
stars into the UVW components of the Galactic velocity in the
same reference system as before using the transformation out-
lined by Johnson & Soderblom (1987). The individual distances
and spatial velocity of the stars are given in Table A.1.

The distance to the XFOR cluster determined from Bayesian
inference in this study is 108.4 + 0.3 pc and the distances of indi-
vidual stars in the cluster range from 91.1 + 0.2 pc to 125.7 +
0.6 pc. To gain confidence in our results, we recomputed the dis-
tances (as previously explained) after correcting the Gaia-EDR3
parallaxes for the colour-dependent bias (i.e. zero-point correc-
tion) following the recipe outlined by Lindegren et al. (2021a),
and we confirmed that our results are not significantly affected by
this correction. The proposed functions to correct for the parallax
bias are only indicative (as explained by the authors themselves
in their study) and they do not bring about significant changes
in our case due to the close proximity of the cluster. We there-
fore report our distance results based on the original parallaxes
given in the Gaia-EDR3 catalogue (i.e. without applying any
correction).

We derived the cluster space motion from the procedure
described in Sect. 7.2 of Perryman et al. (1998) to account for
the existence of correlated errors in the velocity components
that result from the transformation of proper motions, paral-
laxes, and radial velocities into 3D velocities. The mean space
motion is obtained by averaging the measured velocities and
the uncertainty is computed from the mean of the covariance
matrices of individual stars. This yields a mean space motion
of U = —12.8 + 0.6kms™!, V = =21.6 + 0.8kms™', W =
—4.9 + 1.4kms™!, and a standard deviation of oy = 1.6kms™!,
ov = 1.7kms™!, oy = 2.6kms™'. The median uncertainties
in the UVW velocity components are 0.3, 0.5, and 1.1km s7h
implying that the internal velocity dispersion of the cluster is
resolved.

The space motion of the XFOR cluster can now be compared
with the space motion of the COL and THA associations. The
relative motion of XFOR with respect to the space motions of
COL and THA given by Gagné et al. (2018a) in the sense XFOR
‘minus’ COL or THA are (AU,AV,AW) = (-0.9,-0.3,0.8) =
(1.2,1.5,1.6)kms~! and (AU,AV,AW) = (-3.0,-0.7,-3.9) +
(1.1,1.1,1.6) kms™!, respectively. This comparison shows that
the space motion of XFOR is consistent with COL and THA
within 30 of the reported uncertainties in the spatial velocities
when the correlations are taken into account. We therefore con-
firm the previous finding of ZKK?2019 based on the space motion
of only four core members that the XFOR cluster is comoving
with the COL and THA young stellar associations.

Finally, we performed a simplified traceback analysis by
integrating the orbit of the XFOR cluster back in time and com-
paring its location in the past with the other young stellar groups
of the Solar neighbourhood. Here, we follow a similar proce-
dure as described in Miret-Roig et al. (2018) which consists of
integrating the centroid of each stellar group. Thus, we use the
UVW velocity derived in this section and the mean XYZ posi-
tion of the stars to define the space motion and present-day loca-
tion of the XFOR cluster. For the other young stellar groups,
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Fig. 5. Orbits of the young stellar groups integrated back in time in a curvilinear coordinate system using a 3D axisymmetric galactic potential. The
orbits are colour-coded based on the integration time used in our calculations. The thicker lines roughly indicate the assumed age (~30-40 Myr)

of these young stellar groups given in the literature (see also Sect. 4.4).

we use the values given in Table 9 of Gagné et al. (2018a).
Our calculations use the heliocentric curvilinear coordinate sys-
tem (£¢',7',") defined by Asiain et al. (1999) and the same 3D
axisymmetric Milky Way potential as in Miret-Roig et al. (2020)
to integrate the equations of motion. This model is based on the
Allen & Santillan (1991) potential which consists of a spheri-
cal central bulge, a disc, and a massive spherical halo, but with
updated parameters taken from Table 1 of Irrgang et al. (2013).
As illustrated in Fig. 5, the minimum distance of the XFOR clus-
ter to the THA and COL stellar groups occurred at t = —10.6 Myr
(~24pc) and ¢+ = —-19.1 Myr (~18pc), respectively. Interest-
ingly, the closest approach of the XFOR cluster occurred with
the Carina (CAR) young stellar group at + = —18.6 Myr with a
separation of only ~7 pc. The relative space motion of the XFOR
cluster and CAR (see Gagné et al. 2018a) is (AU, AV,AW) =
(-2.1,0.3,0.6) = (0.9,1.3,1.7) kms™! indicating that these two
young stellar groups are also comoving. Altogether, this suggests
that XFOR, THA, COL, and CAR may have a common origin
and that they could be the remnant of a much larger association.

4.3. Internal motions

The 3D velocity vectors of the cluster members with useful
radial velocity measurements (see Sect. 4.1) are mostly parallel
to each other. The non-trivial question that arises at this stage is
whether the observed velocities result from random or organised
motions within the cluster and their quantitative importance. In
this section, we investigate the existence of potential expansion
and rotation effects in the XFOR cluster following the procedure
applied by Rivera et al. (2015) and Galli et al. (2019) in the Tau-
rus star-forming region.

First, we computed the unit position vector 7, = r,/|r.| of
each star that represents its distance to the centre of the clus-
ter. Then we computed the relative velocity ov, of each star with
respect to the mean velocity of the cluster (see Sect. 4.2). The dot
product (7, - 6v,) is large and positive (negative) if the cluster is
undergoing expansion (contraction). Similarly, the cross product
(74 Xdv,), which is related to angular momentum, is large (small)
when the cluster has significant (negligible) rotation. It is impor-
tant to mention that the dot and cross products are not exactly
the expansion and rotation velocities of the cluster, but they can
be used as a proxy for these quantities to access the existence (or
absence) of these motions within the cluster.

We computed #, - 0v, and 7, X v, for each star in our sample
individually and then we took the average and standard error of
the mean of the resulting values to characterise the cluster as a
whole. In doing so, we find that 7, - 6v, = 0.5 = 0.4 km s~ and

. X 6v, = (0.1,-0.1,0.4) + (0.3,0.4,0.3) kms~!, showing that
both quantities are consistent with zero within 10 of the reported
uncertainties. Thus, we conclude that the effects of a potential
expansion and rotation of the cluster are negligible and that the
observed velocity dispersion is most likely to be dominated by
random motions within the cluster. However, we should note that
we reached the present conclusion based on a small fraction of
cluster members with complete data for this analysis (3D posi-
tions and 3D velocities); thus, it is clear that more study is clearly
warranted when the radial velocity of a more significant number
of cluster members becomes available in the future.

4.4. Isochronal ages

The first step of our analysis to revisit the age of the clus-
ter consists of constructing the Hertzsprung-Russell (HR) dia-
gram of the cluster. Thus, we fit the spectral energy distribution
(SED) of the stars with the Virtual Observatory SED Analyzer
(VOSA, Bayo et al. 2008) to derive the effective temperatures
and bolometric luminosities. We used the BT-Settl grid of mod-
els (Allard et al. 2012) to fit the SEDs and leave the extinc-
tion Ay as a free parameter in the fit varying in the range of
0 to 10mag. We provide the input photometry to the VOSA
facility to avoid erroneous cross-matches with the system inter-
face. We cross-matched our list of cluster members with the
2MASS (Cutri et al. 2003), AIWISE (Wright et al. 2010), Pan-
STARRS (Chambers et al. 2016), APASS (Henden et al. 2015),
and Tycho2 (Hgg et al. 2000) catalogues to retrieve the photo-
metric data for our stars using the precomputed cross-matched
tables available in the Gaia archive. In doing so, we derived
effective temperatures and bolometric luminosities for 154 stars
in our sample with available photometry for the SED analysis
with VOSA.

We compared the effective temperatures obtained from the
SED fit with the ones inferred from the spectral type of the
sample of 100 stars with available spectral classification (see
Sect. 3). We used the tabulated values from Pecaut & Mamajek
(2013) to convert the spectral type of the stars to effective tem-
peratures. The mean difference between the effective tempera-
tures in the two data sets is 136 = 19 K, which is consistent with
the uncertainty obtained in our spectral classification. Similarly,
we compared the bolometric luminosities derived from VOSA
with the results we computed, using the J-band photometry from
the 2MASS catalogue and the bolometric corrections given by
Pecaut & Mamajek (2013) for a sample of 96 stars with avail-
able spectral classification and 2MASS photometry. The results
of this comparison confirm the robustness of our results obtained
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Fig. 6. HR diagram of the XFOR cluster compared to the grid of isochrones and tracks computed from different models. The solid red lines and
black dashed lines indicate the isochrones and tracks for each model, with the age (in Myr) and mass (in M) values indicated in the panels.

with different methods. In the following, we restrict our dis-
cussion to the results obtained directly from the VOSA service
because this method allows us to construct the HR diagram with
a much more significant number of cluster members.

Figure 6 presents the resulting HR diagram. We compare the
position of the stars in the HR diagram with four grids of pre-
main sequence star models: Baraffe et al. (2015, BHAC1)Y),
Siess et al. (2000, SDFO00), PARSEC v1.2S (Bressan et al.
2012), and MIST (Choi et al. 2016), with stellar rotation (v =
0.4v¢yi). Our sample covers the mass range from about 0.02 to
4 M, but we show in Fig. 6 only the mass domain that includes
most cluster members and where the models overlap for a bet-
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ter comparison. The lower mass limit is consistent with a brown
dwarf of spectral type ~ M8 and magnitude of G ~ 18 mag. We
note from the HR diagram that many cluster members appear
above the 10 Myr isochrone given by the BHAC15, SDF00 and
MIST models. This suggests that the cluster can be somewhat
younger than previously thought. However, the fraction of young
disc-bearing stars in the cluster is rather low to support the
hypothesis of the cluster being only a few Myr old (see Sect. 4.5)
and some of these sources are probably binary or high-order
multiple systems that will require further investigation in future
studies. The observed spread in the HR diagram for the least
massive stars in the sample (<0.3 M) indeed translates into a
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Fig. 7. Absolute colour-magnitude diagram of the cluster members
identified in our membership analysis (see Sect. 2). The lines indicate
the empirical isochrone of the cluster and the 30 Myr isochrones com-
puted from the BHAC1S5 and PARSEC models. The three stars located
above the cluster sequence are Gaia EDR3 5056560315790459776
(033121-303059), Gaia EDR3 4854540344270707200 (032513-
370909), and Gaia EDR3 4854879573671981056 (032215-354719).

broad range of ages, but the stars with higher masses give a much
tighter constrain and clearly discard an age younger than 10 Myr
for the cluster.

From a visual inspection in the colour-magnitude diagram
(see Fig. 7), it is apparent that the empirical isochrone of the
cluster — derived in our analysis and converted to absolute
magnitudes at the distance of the cluster (108.4 +0.3 pc, see
Sect. 4.2) — is more consistent with an age of about 30 Myr
when compared to the isochrones of the BHAC15 and PARSEC
models. This age is consistent with the median age of 35 Myr
inferred from the PARSEC models based on interpolating the
stars in the HR diagram between the isochrones. It is also in
good agreement with the age estimate given by Mamajek (2016)
based on the X-ray emission of a few cluster members. As illus-
trated in Fig. 8 the age of 30 Myr is also still consistent with
the assumed age for the COL (42:? Myr, Bell et al. 2015), THA
(45 £4 Myr, Bell et al. 2015), and CAR (45*}! Myr, Bell et al.
2015) stellar groups, supporting the idea that they are all coeval
(see also ZKK?2019).

At this stage it seems premature to assign a definitive and
unambiguous age for the cluster given the important age vari-
ation that we observe from the HR diagram depending on our
choice of evolutionary model (see Fig. 6). In the remainder of
this paper, we assume an age of 30 Myr for the cluster, but
we believe that more study using alternative methods, such as
the traceback (see Miret-Roig et al. 2020) and lithium depletion
boundary (see Binks & Jeffries 2014) methods, is required to
provide a more robust result for the age.

4.5. Spatial distribution

Figure 9 shows the spatial distribution of the stars from our
sample of cluster members with available spectral classifica-
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Fig. 8. Absolute colour-magnitude diagram derived from Gaia-EDR3

photometry. The different colours and symbols indicate the XFOR clus-

ter members identified in this study and known members of the COL,

THA, and CAR stellar groups published in the literature (Gagné et al.

2018a,b; Gagné & Faherty 2018). The solid lines mark the 10 Myr and

40 Myr isochrones from the PARSEC models.

tion (see Sect. 3). Using the spectral type of the stars as a
proxy for the stellar mass, we can confirm from our obser-
vations that the cluster is mass segregated with the more
massive stars located preferentially in the central portions of
the cluster and the M dwarfs spread across multiple loca-
tions (see also ZKK2019). For example, we note that nine
stars among the 15 cluster members with spectral types B,
A, and F in our sample are located within 10pc of the 3D
median position of the cluster (X,Y,Z) = (-32,-49,-87)pc.
The three most dispersed early-type cluster members are Gaia
EDR3 4843613397714473088 (035629-385744), Gaia EDR3
4949081572411575552 (025352-401139), and Gaia EDR3
4949158198924394496 (025048-395556) which are located far-
ther than 15 pc from the cluster centre. The scatter of XYZ posi-
tions is (ox, oy,0z) = (5.6,3.8,3.0) pc for the B, A, and F stars
in our sample (excluding the three most dispersed stars beyond
15 pc of the centre), and (ox, oy, 0z) = (10.0,5.3,4.1) pc for the
remaining cluster members of spectral types G, K, and M.

We now compare the spatial distribution of the stars with
different SED subclasses in our sample. We use the classifica-
tion scheme proposed by Koenig & Leisawitz (2014) to iden-
tify Class I and Class II sources based on infrared colours from
the ALIWISE catalogue. We classified 142 stars in our sam-
ple of cluster members with available photometric data for this
analysis (see Fig. 10) and we found only eight Class II stars
(i.e. 5% of the sample) which are listed in Table A.l. These
sources are late-type stars as confirmed from our observations
and results derived from the SED fit. Five of them are listed
in Tables 2 and 3 of ZKK2019. The remaining three sources,
namely Gaia EDR3 4755745925980823680 (025902-423220),
Gaia EDR3 5060663418310359424 (032443-273323), and
Gaia EDR3 5081640790199917696 (033852-264615), are new
members identified in this study. The remaining cluster mem-
bers are likely to be Class III stars, given the young ages that we
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Fig. 10. Colour-colour diagram of cluster members using infrared pho-
tometry from the AIIWISE catalogue. This is one of the diagrams used
in the classification scheme developed by Koenig & Leisawitz (2014)
to distinguish the SED subclasses based on infrared excess emission.

observe from the HR diagram and they are the dominant popu-
lation in our sample (as expected for a 30 Myr old cluster). As
illustrated in Fig. 11, the Class II stars are mostly concentrated
in the central portions of the cluster.

4.6. Initial mass function

In this section, we use our new sample of XFOR stars to
discuss the initial mass function of the cluster. The stellar
masses inferred from evolutionary models can vary significantly
depending on the grid of models that is used in the analysis and
some models do not cover the entire mass domain of our sample
(see Fig. 6). So, to overcome this difficulty, we used the distri-
bution of spectral types in the sample derived from our observa-
tions (see Sect. 3) as a proxy for the initial mass function.
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We estimate the completeness limits of our sample of XFOR
stars from the completeness limits of the Gaia-EDR3 catalogue,
which is the only source of data used in the membership anal-
ysis. The Gaia-EDR3 catalogue has a high completeness at
G = 19 mag (see Sect. 2.2 of Fabricius et al. 2021) and provides
proper motion and parallax (i.e. five and six-parameter solutions)
for about 98.3% of the detected sources up to this magnitude (see
Tables 4 and 5 of Lindegren et al. 2021b). We therefore con-
sider our sample to be complete up to G = 19mag. We used
the 3D dust maps produced by Lallement et al. (2019) to esti-
mate the extinction at the position of the stars in our sample. We
verified that the maximum observed interstellar extinction for
our sample (within the 1o uncertainty of the reddening values
delivered by the 3D maps) is Ag = 0.04 mag. Thus, the com-
pleteness limit corrected for the maximum observed extinction
at the distance of the cluster (d = 108.4 + 0.3 pc, see Sect. 4.2)
yields the absolute magnitude of G,,s = 13.79 mag. Now, if we
assume that the cluster has an age of 30 Myr and we use the
BHACI15 grid models to convert the absolute magnitude into
mass, we may conclude that our sample is complete down to
0.04 M.

In Fig. 12, we illustrate the distribution of spectral types
of the XFOR cluster and compare it to the samples of stars in
IC 348 (Muench et al. 2007), Taurus (Esplin & Luhman 2019),
and Upper Scorpius (Luhman et al. 2018). We show that both
the XFOR cluster and the Upper Scorpius associations exhibit a
surplus of early-type stars as compared to Taurus and IC 348.
However, it is apparent that the distribution of the late-type
stars in the XFOR cluster down to the completeness limit of
our sample resembles the other young stellar groups. The sim-
ilar distribution of spectral types that we observe among these
young stellar groups suggests that the initial mass function most
likely shows little variation. The Taurus and Upper Scorpius
samples of stars include a more significant number of substel-
lar objects, which are still missing in our sample of XFOR clus-
ter members. These samples have been obtained from ancillary
observations in the optical and infrared, in addition to the Gaia
data. We therefore argue that future studies in the XFOR clus-
ter using additional material to complement the Gaia catalogue
will facilitate the detection of additional cluster members and
potentially reveal a population of substellar objects in the cluster,
extending the initial mass function down to the planetary-mass
regime.
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5. Conclusions

In this study, we performed a new membership analysis of the
XFOR cluster based on the astrometric and photometric data of
the Gaia-EDR3 catalogue. We applied a probabilistic method to
infer membership probabilities of the stars over a field of more
than 1000 deg® and selected 164 cluster members. We confirmed
most of the cluster members that have been previously identified
in the literature based on Gaia-DR2 data and discovered new
ones increasing the list of cluster members by about 60%. We
conducted low-resolution spectroscopy of the cluster members,
derive the spectral type of the stars and use our new sample of
members to revisit some properties of the cluster.

Our results obtained in this study show that the XFOR clus-
ter is located at 108.4 + 0.3 pc and it is comoving with the THA,
COL, and CAR young stellar associations. A dynamical trace-
back reveals that the cluster was significantly closer to these
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young stellar groups in the past, which suggests a common ori-
gin. We do not detect important expansion or rotation effects in
the cluster and we argue that the observed velocity dispersion is
most likely associated with random motions. The spatial distri-
bution of the stars shows that the cluster is mass segregated and
that the few disc-bearing stars in our sample are mostly located
in the central portions of the cluster. The empirical isochrone of
the cluster that we derive from our membership analysis is con-
sistent with the age of 30 Myr. However, the observed scatter in
the HR diagram, in particular for the least massive cluster mem-
bers, along with the age differences among the various models,
call for a revision using other age-dating techniques. We estimate
our sample of cluster members to be complete down to about
0.04 M and argue that the initial mass function of the cluster
(inferred from the distribution of the spectral types of the stars)
shows little variation compared to other young stellar groups.

In this paper, we use the most recent data release deliv-
ered by the Gaia space mission combined with archival spectra
and our own observations to deliver a complete picture of the
stellar population and properties of the cluster. We believe that
future studies using ancillary material to complement the Gaia
catalogue have the potential to detect more substellar cluster
members as done in other young stellar groups. The main limita-
tion to the present study was the lack of high-resolution spectra.
We therefore encourage astronomers to conduct high-resolution
spectroscopy of the cluster that will allow us to investigate the
kinematics of the stars in more detail, refine the age of the clus-
ter, and prepare for exoplanet programmes. This will make the
XFOR cluster a cornerstone for many studies related to star and
planet formation at this young stage of stellar evolution.
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Table A.2. Membership probability of all sources in the field investigated in our membership analysis using different p;, values. This table will be
available in its entirety in machine-readable form at the CDS.

Source identifier probability  probability probability probability probability
(pin = 05) (pin = 06) (pin = 07) (pin = 08) (pin = 09)

Gaia EDR3 4956996823477431680  2.0E-285 1.5E-286 1.2E-295 9.7E-296 9.7E-296
Gaia EDR3 4956997712534324480 2.0E-52 3.1E-52 6.5E-52 3.4E-59 6.4E-75
Gaia EDR3 4956996853540851456 1.3E-94 7.6E-95 4.7E-96 1.0E-100 6.2E-116
Gaia EDR3 4956998163507251584  6.2E-162 7.1E-163 3.6E-166 1.8E-173 6.1E-223
Gaia EDR3 4956998197866989824  1.5E-110 1.1E-111 2.3E-114 1.6E-120 1.4E-156
Gaia EDR3 4956996647382420864  3.4E-139 3.9E-140 1.6E-141 1.6E-149 4.2E-168
Gaia EDR3 4956996892196908544 1.3E-58 4.9E-60 1.7E-60 1.1E-66 2.1E-70
Gaia EDR3 4956996892196932352  8.0E-116 4.1E-116 1.8E-116 3.3E-125 9.8E-133
Gaia EDR3 4956998129146322816 2.2E-13 2.4E-13 2.1E-13 8.2E-16 7.1E-16
Gaia EDR3 4956998129145886208 5.0E-40 6.8E-40 6.7E-40 3.5E-44 2.9E-47
Gaia EDR3 4956997265857719168 6.6E-76 1.3E-76 2.0E-77 6.0E-82 5.2E-89
Gaia EDR3 4956997304513792640  1.4E-154 6.5E-155 5.2E-159 2.7E-168 2.8E-246
Gaia EDR3 4957021833070690048 5.9E-32 4.9E-32 3.0E-32 7.1E-35 1.1E-35
Gaia EDR3 4956997201434577408 2.8E-50 6.1E-50 1.1E-49 1.2E-56 2.3E-68
Gaia EDR3 4957022146604630784  2.1E-101 3.7E-101 1.4E-101 8.2E-113 3.5E-127
Gaia EDR3 4956997201433854720  4.5E-36 1.7E-36 2.1E-36 1.6E-41 6.6E-49
Gaia EDR3 4956997201434577792  4.4E-134 1.6E-134 2.6E-136 5.6E-144 9.2E-171
Gaia EDR3 4957021936149913216  7.8E-172 1.0E-172 1.8E-178 1.0E-183 7.9E-280
Gaia EDR3 4956997231497990272 1.0E-88 1.1E-88 1.2E-88 2.9E-97 2.0E-104
Gaia EDR3 4957021871726725120 3.3E-73 3.1E-73 1.1E-74 1.3E-83 4.7E-153

Table A.3. Empirical isochrone inferred from our membership analysis. This table will be available in its entirety in machine-readable form at the
CDsS.

Grp G —Gpp Gy ST
(mag)  (mag) (mag)

5.062  -0.144  -0.257 0O7.6
5.096 -0.139 -0.218 0O7.6
5129  -0.134  -0.180 0O7.6
5.162  -0.129  -0.142 0O7.6
5195  -0.124  -0.103 0O7.6
5229  -0.119 -0.065 0O7.6
5262 -0.114  -0.027 0O7.6
5295  -0.108 0.012 0O7.6
5.329  -0.103 0.050 07.6
5.362  -0.098 0.088 0O7.6
5.395  -0.093 0.127 07.7
5428  -0.088 0.165 0O7.7
5462  -0.083 0.203 07.7
5495  -0.078 0242 0738
5.528  -0.073 0.280 0O7.8
5.561  -0.068 0.319 079
5.595  -0.063 0.357 08.0
5.628  -0.058 0.395 08.0
5661  -0.052 0434 O08.1
5.695  -0.047 0472 08.2

Notes. We provide the apparent magnitude in the Ggp-band and colour used in the membership analysis (see Sect. 2), the absolute magnitude in
the G-band computed at the distance of the cluster (see Sect. 4.2), and the spectral type (ST). We converted the colours into spectral types (based
on our observations presented in Sect. 3) from a fourth-order polynomial fit with coefficients ¢) = 29.4 +3.8,¢; = -98.6 £ 11.4, ¢, = 86.7 £ 10.7,
c3 =253 +3.5,and ¢4 = 19.2 + 0.4. We explored different degrees of the polynomial to fit the data and chose the one with lowest BIC value.
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Table A.4. Physical properties of the cluster member derived from the SED fit with VOSA. This table will be available in its entirety in machine-
readable form at the CDS.

Source identifier a 0 Teff log(L/Le)
(h:m:s) “c'" XK)

Gaia EDR3 5062101682598708864 023851.45 -345728.9 3800+ 50 —1.203j8:88§

Gaia EDR3 5050023753524273792  023933.13 -3543 147 3000+50 —1.630*00%

Gaia EDR3 4953577617192474880 024133.12 -3721374 2800+50 —2.617+00!1

Gaia EDR3 4948563569292191104  024321.86 -415108.3 6500+50  0.138+0002

Gaia EDR3 5049075081147607936  024940.89 -360442.7 2800+50 —2.400+0008

Gaia EDR3 4949158198924394496 0250 47.86 -395556.2 9400+ 100  1.432*0003

Gaia EDR3 4949158198924393600 0250 50.51 -395610.9 290050  —1.897+0004
Gaia EDR3 4755198025592857088  025251.19 -435841.9 3100£50 —1.67370%0

Gaia EDR3 5048737565438297600 02 5254.94 -370822.2 2600 + 50 —2.218f858}§

Gaia EDR3 4754698091399430400 02525931 -460940.2 3700 + 50 —1.302f8:88§

Gaia EDR3 4949081572411575552  025351.88 -401138.7 670050  0.560%000

Gaia EDR3 4949081507988380800 02 5353.01 -401148.6 3000+50 —1.677+0004

Gaia EDR3 5051952743596712832  025518.06 -334444.6 2800+50 —1.541+0004

Gaia EDR3 4755745925980823680 0259 01.54 -423220.5 300050 —1.817+00%

Gaia EDR3 4755745925980823296 0259 03.31 -423245.0 3200 +50 —1.390f8'883

Gaia EDR3 5046046953109557504  025927.28 -371340.5 2600+50 —2.375*0010

Gaia EDR3 5044692977555851904 0304 15.71  -391912.9 300050  ~2.04170%0°

Gaia EDR3 5058672202751604480 03 0554.63 -311127.7 2900 + 50 —1.958f8:882

Gaia EDR3 5058788888423003648 03 06 02.00 -30 18 20.8 2800 + 50 —2.100j8:88§

Gaia EDR3 4754269934699753216 03 0927.16 -4517189 380050  —1.221+0003

Notes. We provide for each star the Gaia-EDR3 source identifier, position, effective temperature, and bolometric luminosity.
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