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ABSTRACT

Context. Determining a complete census of young stars in any star forming region is a challenge even for the nearest and best-observed
molecular clouds, such as Taurus-Auriga (TAMC). Deep surveys at infrared (IR) and X-ray wavelengths and astrometric surveys using
Gaia DR2 and DR3 have been carried out to detect the sparse population and constrain the low-mass end of the initial mass function.
These compilations have resulted in lists of more than 500 sources, including reliable members of the association and candidates. The
astrometric information provided by the Gaia mission has proven to be of fundamental importance in evaluating these candidates.
Aims. In the present work, we examine the list of 63 candidate T Tauri star (TTS) in the TAMC identified by their ultraviolet (UV)
and IR colours measured from data obtained by the Galaxy Evolution Explorer all sky survey (GALEX-AIS) and the Two Microns
All Sky Survey (2MASS), respectively. These sources have not been included in previous studies and the objectives of this work are
twofold: to evaluate whether or not they are pre-main sequence (PMS) stars and to evaluate the true potentials of the UV-IR colour–
colour diagram to detect PMS stars in wide fields.
Methods. We retrieved the kinematic properties and the parallax of these sources from the Gaia DR3 catalogue and used them to
evaluate their membership probability. We tested several classification algorithms to search for the kinematical groups, but made the
final classification with k-means++ algorithms. We evaluated membership probability by applying logistic regression. In addition, we
used spectroscopic information available in the archive of the Large Sky Area Multi Object Fiber Spectroscopic Telescope (LAMOST)
to ascertain their PMS nature when available.
Results. About 20% of the candidates share the kinematics of the TAMC members. Among them, HD 281691 is a G8-type field
star located in front of the cloud and HO Aur is likely a halo star given the very low metallicity provided by Gaia. The remaining
sources included three known PMS stars (HD 30171, V600 Aur and J04590305+3003004), two previously unknown accreting M-type
stars (J04510713+1708468 and J05240794+2542438), and five additional sources that are very likely PMS stars. Most of these new
sources are concentrated at low galactic latitudes over the Auriga-Perseus region.
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1. Introduction

Accurate determination of the low-mass end of the initial mass
function (IMF) is challenging but is required in order to under-
stand the efficiency of star formation and to constrain the sig-
nificance of the low-mass leftovers in the evolution of galaxies
over cosmic scales. There have been systematic attempts to pro-
duce a complete census of this “hidden” population in the solar
neighborhood, where the sensitivity for this investigation is opti-
mal (see e.g., Luhman 2018, and references therein). The nearest
stellar nurseries are located within 200 pc, in a rim of molec-
ular clouds that includes prominent star forming regions, such
as Taurus-Auriga, Lupus, Chamaleon, Ophiuchus, and Sco-Cen.
As a result, the Solar System is in a favorable location within the
Galaxy to investigate the formation of loose stellar associations
and determine the low-mass end of their IMF.

? Full Table 2 is available at the CDS via anonymous ftp
to cdsarc.cds.unistra.fr (130.79.128.5) or via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/681/A72

The Taurus-Auriga molecular complex (TAMC) is the best-
studied region in the area. The TAMC is part of the promi-
nent ridge of molecular gas observed toward the anticenter of
the Galaxy; large-scale maps of the region date back to the
CO survey carried with the Columbia millimeter-wave telescope
by Ungerechts & Thaddeus (1987). The TAMC roughly extends
over 20◦ × 20◦ in the sky (see Fig. 1) and is composed of several
filaments and cores (Goldsmith et al. 2008; Garufi et al. 2021;
Roccatagliata et al. 2020; Long et al. 2019). There are more than
500 sources sparsely distributed over the complex that could
be pre-main sequence (PMS) stars (see Luhman 2023 for a
recent accounting). The very young population (age≤ 1 Myr)
is well identified by its significant near-infrared (NIR) excess,
its proximity to the parent molecular gas, and the presence of
jets of molecular outflows; however, the census of the most
evolved sources, in particular, the so-called weak-line T Tauri
stars (WTTSs), remains to be completed, especially at the very
low-mass end towards the brown dwarf frontier.

The release of the Gaia data release 2 (DR2) catalog
(Gaia Collaboration 2018) enabled for the first time an unbiased
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Fig. 1. Map of the dust distribution in the Taurus,
Auriga, Perseus star forming complexes obtained
by the Far Infrared Surveyor on board the AKARI
satellite. The location of the main young associ-
ations is indicated as well as that of T Tau and
AB Aur, two prominent pre-main sequence stars in
the region. The yellow frame marks the area sur-
veyed by GALEX and searched for young stars by
GdC2015.

search for WTTSs in the region based on the kinematical prop-
erties of the stars. The Gaia survey is magnitude limited to
G ' 21 and is therefore sensitive to the low-mass stellar
population (late M types) in the TAMC, which is located at
∼140 pc. Galli et al. (2019) generated a compilation of all the
possible T Tauri stars (TTSs) in the region including both con-
firmed spectroscopic sources and possible candidates, which
were identified by the surveys carried out with the Spitzer
infrared telescope (Luhman et al. 2010), the Sloan Digital Sky
Survey, and the 2-Microns All Sky Survey (Luhman et al. 2017).
Using a Hierarchical Mode Association Clustering (HMAC)
algorithm, these authors classified these sources into 21 dis-
tinct kinematical groups. A recent re-evaluation based on Gaia
DR3 (Gaia Collaboration 2023) data resulted in a grand total of
532 adopted members distributed over 13 kinematical groups
(Luhman 2023). This kinematical search does not provide a com-
plete census of the young stars in the region because young
stars with peculiar proper motions, such as stars ejected in close
encounters or stars in multiple systems, will be rejected as out-
liers by the classification algorithms. Also, no information on
their youth or evolutionary state can be obtained in this man-
ner. An additional problem is the scarce and uncertain informa-
tion provided by Gaia DR3 on the radial velocity of these stars,
which makes accurate determination of the three components of
the LSR velocity (U,V,W) difficult for a large fraction of the
sources.

The most common and successful ways to search for WTTSs
in molecular clouds are based on their strong magnetic activity,
which results in an enhancement of the atmospheric flux: coronal
emission at X-ray wavelengths, the radiation from the transition
region at ultraviolet (UV) wavelengths, and the chromospheric
radiation measurable at UV but also at optical wavelengths.
The first catalogs of TTSs were built from stars displaying
enhanced chromospheric emission at the Hα line (see e.g.,
Herbig & Kameswara Rao 1972). Many WTTS candidates were
identified in the TAMC from the ROSAT all-sky X-ray survey
(Neuhaeuser et al. 1995), and subsequent observations (espe-
cially of the Li I absorption) proved that many were indeed
WTTSs. The release of the “all sky UV survey” carried out

by the Galaxy Evolution Explorer (GALEX) enabled the search
for TTSs by their UV excess; a list of 63 new TTS candidates
was elaborated by comparing the UV color and the IR color
excesses in the TAMC (Gómez de Castro et al. 2015, hereafter
GdC2015). Gaia was launched in December 2013 and its sub-
sequent data releases came much later than the publication of
this list; therefore, neither parallax nor kinematical information
was available at the time to narrow down this large list of can-
didates. The purpose of the present research is to carry out such
an analysis in order to identify the bona fide TTSs in the sample.
For this purpose, we use the Gaia DR3 parallax and kinematical
information as well as spectra from the spectroscopic survey car-
ried out by the Large Sky Area Multi-Object Fiber Spectroscopic
Telescope (LAMOST) when available in order to determine the
spectral type and the Li I equivalent width.

This article is structured as follows. In Sect. 2, the character-
istics of the GdC2015 sources are described. Sources with Gaia
DR3 parallaxes incompatible with TAMC membership are dis-
regarded, reducing the working sample of viable candidates to
13 sources. In Sect. 3, the membership probability of these can-
didates is evaluated using Gaia DR3 data. In the process, a list of
trusted TTSs in the TAMC for kinematical studies is produced;
this compilation is significantly shorter than that produced by
Luhman (2023). In Sect. 4, we present an analysis of LAMOST
spectra; two new accreting late M-type stars are identified in the
GdC2015 sample. Finally, a short discussion (Sect. 5) on the
radial velocity distribution of the TTSs and the coupling with
the molecular gas is included. We provide a short summary of
our findings in Sect. 6. Technicalities concerning the error anal-
ysis of the samples are compiled in the appendix to facilitate a
comprehensive reading of the work.

2. UV candidates to T Tauri stars
in the Taurus-Auriga region

The GALEX All Sky Survey (AIS; Martin et al. 2005) provided
the first unbiased view of the TAMC at UV wavelengths. Though
the area was not mapped completely, because of GALEX
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Fig. 2. Candidate TTSs in the TAMC from GdC2015. Top panel: loca-
tion of the TTSs and candidates on the sky overlaid on the density
of GALEX NUV sources, in galactic coordinates; stellar densities are
color coded. The density of molecular gas is outlined from the 2MASS
extinction map by Lombardi et al. (2010). Bottom panel: color–color
diagram used for the selection of the TTSs candidates in GdC2015. Can-
didates are marked with black crosses, and known CTTSs and WTTSs
from the qualification sample are represented by blue squares and red
circles, respectively. The regression line marking the location of the
WTTSs in the diagram is plotted (solid green line) as well as the uncer-
tainty band from the fit (dashed green lines); most of the TTS candidates
to be analyzed in this work are within this strip.

sensitivity constraints, 380 sq. deg. in the sky (equivalent to
197 GALEX fields) were imaged and as many as ∼163 000 UV
sources were detected in the near ultraviolet (NUV) band (see
GdC2015). Through a comparison of UV and IR colours, 63 new
candidate TTSs were identified; their location is shown in the top
panel of Fig. 2 and their UV-IR colours in the bottom panel.

These 63 sources were selected using a qualification sam-
ple of TTSs that was generated from two sets of sources: [1]
the 31 known TTSs detected in the GALEX AIS survey of the
TAMC and [2] the 21 TTSs observed with the International
Ultraviolet Explorer (IUE) in the low dispersion mode with high-
signal-to-noise ratio spectra (see Table 1 in GdC2015); synthetic
GALEX photometry was calculated from the IUE spectra for

these sources using the conversion proposed by Morrissey et al.
(2007). 2MASS photometry was available for all the sources
in the qualification sample. All these stars are marked with
blue squares (if classical TTSs (CTTSs) and red circles (if
weak-line TTSs (WTTSs)) in the bottom panel of Fig. 2. The
63 candidates to be evaluated in this work appear as crosses
in the plot.

We note that the WTTSs define a clear regression line with
the hardest UV colours being observed in the sources display-
ing the smallest J−K color. However, CTTSs are scattered in
the diagram. Most of the candidates studied in this work were
identified in the WTTSs strip (see Fig. 2, bottom panel) close to
the location of reddened massive cool stars and many are located
close to the Galactic plane (see Fig. 2, top panel). Therefore, fur-
ther observables, such as distance or kinematics, are needed to
confirm the PMS nature of these sources. We searched for and
found Gaia DR3 counterparts for all candidates using a 2 arcsec
search radius, employing the cross match services provided by
the Centre de Données Stellaires (CDS).

In Fig. 3, we display the projected location on the plane
of the sky of all sources within 1200 pc. Only 13 among them
have parallaxes compatible with TAMC membership; that is,
5 mas−9 mas, according to Roccatagliata et al. (2020). Seven
among them are concentrated in the north of the region, close
to the Galactic plane, but are separated in two distance groups at
∼110 pc and ∼160 pc.

3. Kinematical properties of the candidates

In addition to distance, stellar kinematics needs to be analyzed.
This was done in two steps. First, we studied the kinematics of
known and trusted TTSs in the TAMC with high-quality Gaia
measurements1. We identified kinematical groups within this
sample using the k-means++ algorithm and then evaluated the
probability for each of the 13 candidates to be a kinematical
member. Only trusted PMS sources with high-quality astromet-
ric data are considered for this qualification sample. The Gaia
Data Processing and Analysis Consortium states that a value of
the renormalized unit weight error (RUWE)≤ 1.4 is indicative
of a good astrometric solution. Therefore, only Gaia observa-
tions with RUWE≤ 1.4 were considered for the qualification of
the kinematics of the TTSs in the TAMC. As an aside, we note
that, according to Stassun & Torres (2021), RUWE values even
slightly above 1.0 may signal unresolved binaries in Gaia data.

3.1. Kinematics of known TTSs in the TAMC

The initial sample of trustworthy TTSs in the TAMC was taken
from Joncour et al. (2017); more recent catalogs are available,
such as Galli et al. (2019) and Luhman (2023), but together with
bona fide TTSs these catalogs include candidate TTSs from
various surveys. The Joncour et al. (2017) compilation includes
338 sources and is mainly based on the mid-infrared (MIR) sur-
vey of the TAMC that was carried out with the Spitzer tele-
scope to perform a census of the disc population in the region.
This census was completed with Hα data for the few TTSs that
were not detected (Luhman et al. 2010). Only 274 sources of the

1 https://gea.esac.esa.int/archive/documentation/GDR2/
Gaia_archive/chap_datamodel/sec_dm_main_tables/ssec_
dm_ruwe.html
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Fig. 3. Density of Gaia sources in the TAMC. The densities are color coded in stars per 6 arcmin2 (see lateral bar). The shadow produced by the
TAMC filaments over the stellar background is readily identified. The two over-dense regions are: the open cluster NGC 1747 located at 550 pc
and the asterism or apparent concentration of stars (Cantat-Gaudin & Anders 2020) named NGC 1746. The locations of the GdC2015 candidates
with Gaia counterparts within 1200 pc are marked with circles and asterisks, and are color coded by distance. Asterisks represent sources with
high-quality Gaia measurements (RUWE≤ 1.4) and circles denote sources with RUWE larger than this threshold.

Joncour et al. (2017) catalogue have a Gaia DR3 counterpart and
only 170 have measurements with RUWE≤ 1.4.

Thus, our initial qualification sample consisted of these 170
TTS with high-quality astrometric measurements; however, after
cross-checking Gaia parallaxes, three sources were found to
not belong to the TAMC and were therefore discarded (see
Table 1). The final qualification sample consists of 92 CTTSs
and 75 WTTSs (see Table 2).

We converted Gaia proper motions in the ICRS system into
the Galactic system using the procedure described in the Gaia
EDR3 documentation2. In Fig. 4, these proper motions are over-
laid on the map obtained by the Plank mission of the area where
the distribution of the warm dust and the orientation of the mag-
netic field are shown (Planck Collaboration XLII 2016). The
motion of the TTSs is very coherent, as expected in a young
association that still keeps memory of the motion of the parent
molecular cloud; the young gravitationally bound open cluster
contains hundreds of members of similar age and composition;
however, the kinematical memory of this common origin will be
lost over time due to the interaction with the large-scale gravita-
tional field of the Galaxy. As pointed out back in the early 1990s
(Gomez de Castro & Pudritz 1992) the TTSs move roughly per-
pendicularly to the direction of the magnetic field traced by the
polarization of the dust.

2 https://gea.esac.esa.int/archive/documentation/
GEDR3/Data_processing/chap_cu3ast/sec_cu3ast_intro/
ssec_cu3ast_intro_tansforms.html

There are mild differences between WTTSs and CTTSs.
This is best shown by the µb/µl ratio (see Figs. 4 and 5);
while CTTSs have a single-peak distribution with a smooth
tail to small ratios, the WTTSs display a double-peaked dis-
tribution. As CTTSs are younger stars, it is expected that
they are better coupled to the gas and retain a common
kinematics. This effect is also observed in the spatial dis-
tribution of the accreting TTSs and the WTTSs; CTTSs are
located close to the molecular cloud, while WTTSs are more
sparsely distributed (Luhman et al. 2010). Two outliers are
detected: the CTTS, LkHα 332 (2MASS J04420777+2523118)
and the WTTS 2MASS J04555288+3006523; LkHα 332 is
located 11.3 arcsec from V1000 Tau, another TTS.

k-cluster analysis

The TAMC occupies a large area in the sky and several kine-
matic groups have been identified within the association (see
e.g., Galli et al. 2019; Luhman 2023). In the present work, we
used the k-means++ clustering algorithm to determine which
groups of stars in our qualification sample could be kinemat-
ically related. Given their young age, kinematically coherent
sources may have been born out of the same gas cloudlet within
the TAMC. k-means++ is an unsupervised machine-learning
algorithm that performs a centroid-based analysis using itera-
tive refinement (Lloyd 2006; Arthur & Vassilvitskii 2007). In
our case, we carried out a multiparametric analysis that included
both positional information (parallax) and kinematic information
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Table 1. Sources misclassified as TTSs in the TAMC.

Name RUWE Parallax (mas) Distance

2MASS J04375670+2546229 1.056 0.9734 ± 0.0877 ∼1030 pc
2MASS J04163048+3037053 1.003 3.0552 ± 0.094 317−338 pc
2MASS J04080782+2807280 1.201 4.3569 ± 0.0543 227−232 pc

Table 2. Qualification sample for the kinematics of the TTSs in the TAMC.

Name lgal bgal Parallax Parallax Err. PM (RA) Err. PM (RA) PM (Dec) Err. PM (Dec) RUWE
(deg) (deg) (mas) (mas) (mas yr−1) (mas yr−1) (mas yr−1) (mas yr−1)

2MASS J04161210+2756385 168.728127 −16.2045517 7.426 0.0989 8.735 0.139 −24.99 0.089 0.88
2MASS J04202555+2700355 170.105104 −16.1639581 6.0362 0.1102 11.175 0.132 −17.696 0.09 0.921

Notes. Full table is available at the CDS.

Fig. 4. Proper motions (velocity projected in the plane of the sky) of the
known TTSs in the TAMC with high-quality astrometric measurements
(RUWE< 1.4). CTTSs and WTTSs are represented with blue and red
arrows, respectively. We note that the motion of the stars is not parallel
to the filaments and is approximately perpendicular to the direction of
the magnetic field.

(the projections of the proper motion along the Galactic coordi-
nates); that is, our data set has three parameters. The k-means++
algorithm is not based on density, as in DBSCAN or OPTICS,
but is partitional, and so every object in the sample is assigned
to one cluster only. This algorithm implicitly assumes that clus-
ters are convex and isotropic and it performs best when applied
to a mixture of Gaussian distributions with the same variances
but perhaps different means. This mathematical precondition is
a good match to the physical context of the TAMC sample when
parallaxes and proper motions are considered. As our analysis
does not include the coordinates of the sources, but parallaxes
and proper motions instead, the actual distributions of the data
are rather isotropic and normally distributed.

We generated a three-dimensional vector for each of the 167
TTSs (92 CTTSs and 75 WTTSs). An initial set of k points (cen-
troids) was defined in this three-dimensional space and k clusters
were created by associating every vector with the nearest cen-

Fig. 5. Histogram of the distribution of the ratio µb/µl cos(b) obtained
for the known CTTSs (blue) and WTTSs (red) in the TMC.

troid. In a second step, a new centroid was computed for each
cluster by calculating the mean among the vectors. Later, the
association of each vector to a given cluster was re-evaluated for
the new centroid. The process was repeated until convergence
was reached.

Here, we used the k-means++ algorithm as implemented by
the Python library Scikit-learn (Pedregosa et al. 2011). Before
applying the k-means++ algorithm, we scaled the data set using
Z-score normalization: we found the mean and standard devia-
tion for each set of variables used in the analysis, subtracted the
relevant mean from each value, and then divided by its corre-
sponding standard deviation. Although the variables may orig-
inally have different variances, Z-score normalization standard-
izes variances and avoids placing more weight on variables with
smaller variance when applying k-means++. Distance assign-
ment between the data points in our sample assumed a Euclidean
metric (other metrics gave consistent results) and we used the
elbow method to determine the optimal value of clusters, k, that
minimized the sum of the distances of all data points to their
respective cluster centres. Test analyses using OPTICS on the
same data set led to similar results.

This procedure was applied to the list of bona fide TTSs
(Table 2); but in order to take into account the associated
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Fig. 6. Location of the two groups identified by the decision tree algo-
rithm. Top: source locations. Middle: proper motions of the sources
in Galactic coordinates. Bottom: inclination of the proper motion with
respect to the Galactic plane versus distance. The two groups are iden-
tified by orange squares (group 0) and violet circles (group 1).

uncertainties and their correlations, we generated 104 instances
of the sample as explained in Appendix A and for each synthetic
instance, we determined the clusters through the k-means++
algorithm. In almost all the cases, our clustering analysis pro-
duced two statistically significant clusters, which are represented
in Fig. 6. Sources in the first group are located at an aver-
age distance of 160 pc, while those in the second group are
found at 130 pc. This clean classification in two groups differs
from the results of the previous works by Galli et al. (2019) and

Luhman (2023). Galli et al. (2019) used Hierarchical Associa-
tion Clustering Mode (HACM), which is a nonparametric sta-
tistical approach used for clustering analysis. HACM finds the
modes of a kernel-based estimate of the density of points in
the working space and groups the data points associated with
the same modes into one cluster with arbitrary shape. Cluster-
ing by mode identification requires only the space and the band-
width of the kernel to be defined. In particular, Galli et al. (2019)
made use of a five-dimensional space consisting in the equato-
rial coordinates of the sources, their proper motions in equatorial
coordinates, and the parallax (α, δ, µδ, µα cos δ, π). The algorithm
identifies 21 clusters hierarchically linked in the dendrogram,
with only 4 of them having more than ten sources. This result
is natural, because the coordinates are taken into account and
the stellar population is sparsely distributed in the TAMC; there-
fore, stars with similar proper motions and parallaxes located
in different areas are identified as independent groups. Luhman
(2023) followed a different approach. These authors analyzed
Gaia astrometry in terms of proper-motion offsets, which are
defined as the differences between the observed proper motion of
the star and the motion expected at the celestial coordinates and
parallactic distance of the star for a specified space velocity. This
procedure is set to minimize the projection effects given the large
extent of the TAMC and the offsets are calculated with respect to
the expected LSR velocity given in terms of the velocity vector
(U,V,W) = (−16,−12,−9) km s−1, which according to Luhman
(2018) approximates the median velocity of Taurus members.
Luhman (2023) identified nine groups in this manner (see their
Fig. 1 and Table 6). These groups do not coincide with those
found by Galli et al. (2019), but some of the levels in the hierar-
chy defined by Galli et al. (2019) contain some of these groups.
In our work, the classification is made with a k-means++ cluster-
ing algorithm, which does not provide a hierarchical classifica-
tion, or a dendrogram suitable for comparison with Galli et al.
(2019). Moreover, the analysis in Sect. 3.1, as well as previ-
ous works (Gomez de Castro & Pudritz 1992), show that galac-
tic coordinates are better suited for the kinematical analysis of
the region (see Fig. 4). Proper motions are converted from equa-
torial to galactic coordinates and the cluster analysis is carried in
a three-dimensional space, including these proper motions and
the parallax (µb, µl cos b, π). The number of groups identified by
the algorithm is reduced to two (groups 0 and 1), with a clear dif-
ference between them in both proper-motion space and distance.
Groups L1544 and L1517 in Luhman (2023) belong to group
0 and 1 in this work, respectively. However, the many groups
identified by Luhman (2023) in the center of the TAMC belong
to one of the two underlying groups identified in this work. Our
method does not assume a common LSR velocity for the full
TAMC, as in Luhman (2023), and does not require knowledge of
the radial velocity of the stars in order to evaluate the differences
in the (U,V,W), because there are very few sources with accurate
determinations of the radial velocity (see Galli et al. 2019). We
simply use high-quality data from Gaia DR3 and the properties
of the TAMC analyzed in this work, in order to choose optimal
dynamical tracers for the classification. This strategy has proven
to be very efficient in the description of the region.

3.2. Kinematics of the TTS candidates and membership
probability

Above, we discuss the kinematics in the TAMC based on the
sample of 167 “bona fide” TTSs. In this section, we use the
kinematic classification – performed in Sect. 3.1 – to assign a
membership probability (to each of the two groups) to each of
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Table 3. Classification of the 13 TTS candidates after applying the logistic regression model with variables (π, µlgal cos bgal, µlgal ).

No. Name RA Dec P (Group 0) P (Group 1) RUWE
2MASS

1 J04090973+2901306 62.29073244819 29.0249285705 0.9974 0.0026 1.011
2 J04290082+3152597 67.25351322368 31.88312957994 0.9919 0.0081 1.413
3 J04423721+3401492 70.65496319697 34.03025801994 0.1347 0.8653 1.482
4 J04455129+1555496 71.46378376348 15.93038180969 0.0026 0.9974 4.685
5 J04510713+1708468 72.77977787635 17.14620505952 0.6846 0.3154 1.122
6 J04590305+3003004 74.76271085992 30.04998394972 0.8744 0.1256 1.242
7 J04595003+3049082 74.958677841 30.81864271002 1.0 0.0 23.043
8 J05000310+3001074 75.01300900515 30.01899690108 0.9288 0.0712 1.615
9 J05005485+3229168 75.22852314723 32.48790302855 0.7567 0.2433 1.773
10 J05050770+2923477 76.28212032867 29.39648322479 0.9993 0.0007 1.04
11 J05074697+3120186 76.94572807385 31.33837744853 0.8431 0.1569 1.211
12 J05102234+3126402 77.59293165054 31.44435544281 1.0 0.0 3.529
13 J05240794+2542438 81.03309628183 25.71205212925 0.8749 0.1251 1.368

the 13 TTS candidates. To this end, we built a logistic regres-
sion model using the Scikit-learn package (Pedregosa et al.
2011). A detailed explanation of this method, with an applica-
tion to astrophysics, is provided in Beitia-Antero et al. (2018);
in the present work, we only provide a simple explana-
tion of the methodology as a guide to the reader for our
particular case.

We work with a qualification sample of N = 167 stars (the
“bona fide” TTS), which are classified into two groups based on
their values of (µl∗ , µb, π) as explained in the previous section.
This classification therefore depends on three features and is
binary (groups k = {1, 0}). In this case, the logistic regres-
sion model gives the probability that a given star xi belongs to
Group 1, and the probability of belonging to Group 0 is the com-
plement to this latter:

p(xi ∈ 1) =
1

1 + exp−(β0 + µl∗β1 + µbβ2 + πβ3)
, (1)

where βm are the logistic regression parameters fitted using the
qualification sample; these have a median value of β0 = 17.052,
β1 = −0.085, β2 = 0.616, β3 = −1.575 (see Appendix B for
more details on how these parameters were computed, taking
into account the associated errors on proper motions and paral-
lax). We analyzed the confusion matrix and only one star is mis-
classified. This choice of parameters (proper motions in galactic
coordinates and parallax) therefore leads to good separation of
the groups.

Having trained the logistic regression model, we applied
it to the sample of TTS candidates, and following the
methodology explained in Appendix B, we took into account
the errors in the measurements and computed a median
probability of belonging to each of the two groups; these
probabilities are shown in Table 3. The locations of the can-
didates in the proper motion–distance diagram are shown
in Fig. 7. Only sources No. 3 (J04423721+3401492) and
No. 12 (V600 Aur) display properties very different from
those of the qualification sample. We want to highlight that
we even computed membership probability for those sources
with astrometric measurements of moderate quality, namely
J04290082+3152597 (RUWE: 1.413), J05000310+3001074
(RUWE: 1.615), and J05005485+3229168 (RUWE: 1.773), and
poor quality: J04455129+1555496 (RUWE: 4.6815).

Fig. 7. As in the bottom panel of Fig. 6. The locations of the 13 can-
didate TTSs examined in this work are indicated and labeled accord-
ing to their entry in Table 3. The candidates are marked according to
their RUWE value: green diamonds (RUWE≤ 1.4) and black dartboards
(RUWE> 1.4).

4. Spectral information on the candidates

In addition to the kinematical information, Gaia DR3 provides
data on the effective temperature, surface gravity, and metallic-
ity for 7 of the 13 candidate sources (see Table 4). These data
are also indicated in the table and are compatible with the can-
didates being late-type stars, as expected for the TAMC stellar
population.

A peculiar source is HO Aur. The metallicity derived by Gaia
for this source is very low (−3.9707), and given the high quality
of the measurements (RUWE< 1.4), we feel inclined to rely on
the data provided by the mission and tentatively identify HO Aur
as a Population II field star.

LAMOST spectra are available for a few sources and
are compatible with the effective temperatures derived by
Gaia. In particular, the spectra of J04510713+1708468 and
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Table 4. Stellar properties.

Name Teff log(g) [Fe/H] ratio LAMOST spectrum Comments
2MASS (K) [cm2 s−1]

J04090973+2901306 5035 4.3171 −0.5184 Y HD 281691, Debris Disk
J04290082+3152597 4735.8 4.5392 −0.1402 N
J04423721+3401492 N
J04455129+1555496 N HD 30171
J04510713+1708468 3385.4 4.2684 0.1421 Y Late type dwarf with Emission Lines
J04590305+3003004 N
J04595003+3049082 N
J05000310+3001074 N GZ Aur
J05005485+3229168 N
J05050770+2923477 4133.7 4.4843 0.2099 N
J05074697+3120186 5718.9 4.1804 −3.9707 N HO Aur, Population II
J05102234+3126402 4899.5 4.3814 −0.5804 Y V600 Aur, LiI (Xing 2010)
J05240794+2542438 3529.2 4.044 0.1507 Y ate type dwarf with Emission Lines

J05240794+2542438 are compatible with late M spectral type
and display strong TiO bands. We downloaded the spec-
tra from the Vizier server and measured the TiO-5 index
(Cruz & Reid 2002) for these sources, obtaining values of 1.28
and 0.85, respectively, which confirms their M-type classifica-
tion. The spectra also display a strong Na I absorption feature at
8183/8199 Å (see Fig. 8), which is gravity sensitive (Martín et al.
2010). Unfortunately, the spectral resolution is too low to cross-
check the effective gravity determined by Gaia for these sources.
The spectra also show Li I absorption at 6708 Å but again, equiv-
alent widths are very uncertain and it is therefore difficult to pro-
vide an age estimate of the sources.

The most noticeable characteristics of the spectra of these
stars are the prominent emission lines, in particular the Balmer
series and the Ca II doublet (see Fig. 8). This indicates that
the two M dwarfs are young and possibly accreting (see
Basri 2000, and references therein). This is consistent with
the method used by GdC2015 to search for TTSs candi-
dates, where sources were selected based on their UV excess:
2MASS J04510713+1708468 has FUV−NUV = 1 and J−K =
0.9, and 2MASS J05240794+2542438 has FUV−NUV = 1.4
and J−K = 0.97.

HD 281691 is a G8 star located in front of the TAMC at a dis-
tance of 108.7 pc according to the Gaia parallax, and its proper
motions are significantly different from those of the TTSs in the
system. HD 281691 has a nearby companion located at a pro-
jected distance of 6.78 arcsec (738 AU; Janson et al. 2013) and is
often included in surveys for debris disk (Meshkat et al. 2017).
The IR excess from the disk and the UV emission from the active
star resulted in its detection by the GdC2015 survey.

HD 30171 (J04455129+1555496) was detected as a TTS
candidate in the GdC2015 survey and has been known to
be a WTTS since the early searches for Li I absorption of
the X-ray sources detected by the ROSAT satellite in TAMC
(Wichmann et al. 2000). As such, it is included in the catalogue
used for qualification of the TTS sample (Joncour et al. 2017)
and is a clear member of Group 2.

V600 Aur is an active X-ray source that was included in the
sample studied by Xing (2010) for the determination of the Li
I equivalent width (see Table 1 in the article, [LH98] 173). Its
rapid rotation period (2.201 days) and high Li I abundance sup-
port both its PMS nature and TAMC membership. We note that,
though its kinematics deviates apparently from that of the TAMC

members, this may be caused by the low quality of the Gaia mea-
surements (RUWE = 3.529).

J04590305+3003004 and J05000310+3001074 are included
in the Catalogue of Stars in the Northern Milky Way Hav-
ing Hα in Emission (Kohoutek & Wehmeyer 1999) and dis-
play infrared excess emission (Luhman 2023). Recently,
J04590305+3003004 was reported as a 8.8 Myr old dipper star,
a subgroup among the young stellar objects whose members
exhibit dimming variability in their light curves (drops in bright-
ness by 10%−50%), which is attributed to the occultation of the
star by the circumstellar disk material (Capistrant et al. 2022).

Little or no information is available for J04290082+
3152597, J04423721+3401492, J04595003+3049082,
J05005485+3229168, and J05050770+2923477. Accord-
ing to the work presented here, two of these are very good
candidate members of the sparse young stellar population of the
TAMC. However, the kinematics of J04423721+3401492 differs
significantly from that of the TAMC members and the quality of
the Gaia measurements is quite good (RUWE = 1.482).

In summary, 3 of the 13 candidates identified in the GdC2015
survey are known PMS stars, namely HD 30171, V600 Aur,
and J04590305+3003004. Another two are not TTSs associ-
ated with the TAMC; HD 281691 is a field G8-type star located
in front of the TAMC with a nearby companion at a pro-
jected distance of 738 AU, and HO Aur has too low a metal-
licity to belong to the TAMC. The remaining sources (excluding
J04423721+3401492) are very reliable candidates, and two of
them in particular have been confirmed as new late-type TTSs
based on their LAMOST spectrum: J04510713+1708468 and
J05240794+2542438.

5. Discussion: Dynamical coupling between
the TAMC and the TTSs in the region

The radial velocity of the TTSs also provides important infor-
mation that can be used to determine the coupling between the
molecular gas in the TAMC and the young stellar population
(see e.g., Gomez de Castro & Pudritz 1992). This determination
is relevant for two purposes. First, it indicates the degree of
dynamical relaxation of the young stellar association. Also, if the
coupling is strong, this information can be used to estimate the
motion of the molecular gas in the plane of the sky, which would
be unfeasible otherwise; if the dynamical coupling between the
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Fig. 8. LAMOST spectrum of the two newly identified accreting brown
dwarfs in the TAMC. Top: LAMOST spectrum; the Balmer series and
the TiO bands are readily identified. Bottom: zoom onto the Li I feature.

gas and the stars is strong (if the radial velocities are similar),
then the motion of the clouds in the plane of the sky can be
inferred from the stellar motion and the 3D velocity vector of
the molecular gas can be restored.

There have been several attempts to examine this coupling;
in particular by Galli et al. (2019) based on Gaia DR2 data.
These latter authors selected several TTSs (28) and compared
their radial velocity with that of the molecular gas in the near-
est area within the complex (see Fig. 15 in Galli et al. 2019).
There is a well-known velocity gradient in the TAMC that is
observed in the 12CO and 13CO maps (Goldsmith et al. 2008;
Narayanan et al. 2008); the radial (VLSR) velocity decreases
from 8.5 to 5.5 km s−1 roughly as Galactic longitude increases
(see Figs. 7–16 in Narayanan et al. 2008). Galli et al. (2019)
attempted to look for traces of this gradient in the stellar radial
velocity, with uncertain results. In their work, they selected the
TTSs with good radial velocity measurements from Gaia DR2
and extracted from the 13CO data cubes the velocity of the
nearby (in projection) molecular gas (the beam size of the radio
maps is 45′′ and the Nyquist-samplex pixel ∼20′′). They found
that stars near L1495, B213, and B216 (which are at lgal ∼ 170◦)
have larger VLSR than stars at L1536 (lgal ∼ 175◦), but the corre-
lation is not good beyond these two extreme groups. Moreover,
the uncertainties of the 13CO VLSR measurements are high given
the large broadening of the 13CO profiles and the extent of the
area within the beam. In summary, though the attempt is to be
commended, the results are inconclusive.

A simpler, statistical approach may help to examine the star–
gas coupling. There are about 6.2 million stars with galactic
coordinates (lgal ∈ [164◦, 185◦], bgal ∈ [−24◦,−4◦]) in the Gaia

Fig. 9. Histogram of the frequencies of the distribution of stars in the
TAMC field in terms of VLSR. The distribution of field stars is compared
with that of the bona fide TTSs.

Fig. 10. Histogram of the frequencies of the distribution of TTS stars in
terms of VLSR. The distribution of the CTTSs is compared with that of
the WTTSs.

DR3 survey. This number reduces to 697 990 if only sources
with accurate radial velocity (relative error <10%) are included.
Among them, only 20 806 are located at a distance compatible
with TAMC membership. We evaluated the radial velocity dis-
tribution (VLSR) for these field stars and compared it with that
obtained for the TTSs with high-quality Gaia DR3 radial veloc-
ity measurements (66 TTSs, of which 40 are WTTSs and 26
are CTTSs). The velocity distribution of the field stars in the
area is very broad with a slight asymmetry towards blueward-
shifted velocities; however, the velocity distribution of the TTSs
(both WTTSs and CTTSs) peaks at redward-shifted velocities of
∼2.5 km s−1 (see Fig. 9). The Kolmogorov–Smirnov test rejects
the null hypothesis (both distributions are the same); the p-value
is 1.32×10−12. Therefore, as expected, the TTSs also differ from
field stars in radial velocity. The relevant issue for the sake of
this discussion is that the peak frequency of the velocity of TTSs
is smaller than the VLSR of the TAMC, and therefore the TTSs
as a whole seem to be already dynamically decoupled from the
cloud.

Unfortunately, the statistics are too poor to look for differ-
ences between CTTSs and WTTSs. In spite of the apparent slight
bias of the CTTSs towards a higher VLSR as suggested by the
results shown in Fig. 10, the Kolmogorov–Smirnov test clearly
indicates that the CTTS and WTTS distributions are indepen-
dent samples of the same underlying distribution with a p-value
of 0.998.
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6. Summary

In this work, Gaia DR3 astrometric data were used to review
the list of candidate TTSs selected by GdC2015 on the basis
of their UV and IR colours. From the initial compilation of
63 sources, we find that only 10 (16%) are reliable mem-
bers (shared kinematics and location with well-known mem-
bers of the association). Most of these sources are located at
low galactic latitudes, in the Auriga-Perseus area. Gaia spec-
troscopic information shows that one of the candidates in the
GdC2015 list, HO Aur, is a very low-metallicity population II
star and cannot be a member of this young association. The
rest of the sources are very likely TTSs; in particular, we
identify two of them as accreting late-type dwarfs based
on their LAMOST spectra: 2MASS J04510713+1708468 and
2MASS J05240794+2542438.

This work also provided some additional results. First, it pro-
vides a clean, reliable list of TTSs for astrometric studies. In
addition, the analysis of the radial velocity (VLSR) of the TTSs
in comparison to those of the field stars and the molecular cloud
shows that the association has clearly distinct kinematics and
that the TTSs are no longer coupled to the molecular gas in the
TAMC. As the sample is dominated by WTTSs, this suggests
that the decoupling is already significant 10−100 Myr after star
formation begun.

Acknowledgements. This work has been partially financed by the Ministry
of Science and Innovation through grants: ESP2017-87813-R and PID2020-
116726RB-I00. This research has made use of the SIMBAD database, operated
at CDS, Strasbourg, France and the computational facilities of the Joint Cen-
ter for Ultraviolet Astronomy in the campus of the Universidad Complutense
de Madrid. L.B.-A. acknowledges the receipt of a Margarita Salas postdoctoral
fellowship from Universidad Complutense de Madrid (CT31/21), funded by
the “Ministerio de Universidades” with Next Generation EU funds. This work
has made use of data from the European Space Agency (ESA) mission Gaia
(https://www.cosmos.esa.int/gaia), processed by the Gaia Data Pro-
cessing and Analysis Consortium (DPAC, https://www.cosmos.esa.int/
web/gaia/dpac/consortium). Funding for the DPAC has been provided by
national institutions, in particular the institutions participating in the Gaia Mul-
tilateral Agreement.

References
Arthur, D., & Vassilvitskii, S. 2007, Proceedings of the Eighteenth Annual

ACM-SIAM Symposium on Discrete Algorithms (Philadelphia: Society for
Industrial and Applied Mathematics), 1027

Basri, G. 2000, ARA&A, 38, 485
Beitia-Antero, L., Yáñez, J., & de Castro, A. I. G. 2018, Exp. Astron., 45, 379
Cantat-Gaudin, T., & Anders, F. 2020, A&A, 633, A99
Capistrant, B. K., Soares-Furtado, M., Vanderburg, A., et al. 2022, ApJS, 263,

14
Cruz, K. L., & Reid, I. N. 2002, AJ, 123, 2828
Gaia Collaboration (Brown, A. G. A., et al.) 2018, A&A, 616, A1
Gaia Collaboration (Vallenari, A., et al.) 2023, A&A, 674, A1
Galli, P. A. B., Loinard, L., Bouy, H., et al. 2019, A&A, 630, A137
Garufi, A., Podio, L., Codella, C., et al. 2021, A&A, 645, A145
Goldsmith, P. F., Heyer, M., Narayanan, G., et al. 2008, ApJ, 680, 428
Gomez de Castro, A., & Pudritz, R. E. 1992, ApJ, 395, 501
Gómez de Castro, A. I., Lopez-Santiago, J., López-Martínez, F., et al. 2015,

ApJS, 216, 26
Herbig, G. H., & Kameswara Rao, N. 1972, ApJ, 174, 401
Janson, M., Brandt, T. D., Moro-Martín, A., et al. 2013, ApJ, 773, 73
Joncour, I., Duchêne, G., & Moraux, E. 2017, A&A, 599, A14
Kohoutek, L., & Wehmeyer, R. 1999, A&AS, 134, 255
Lloyd, S. 2006, IEEE Trans. Inf. Theor., 28, 129
Lombardi, M., Lada, C. J., & Alves, J. 2010, A&A, 512, A67
Long, F., Herczeg, G. J., Harsono, D., et al. 2019, ApJ, 882, 49
Luhman, K. L. 2018, AJ, 156, 271
Luhman, K. L. 2023, AJ, 165, 37
Luhman, K. L., Allen, P. R., Espaillat, C., Hartmann, L., & Calvet, N. 2010,

ApJS, 186, 111
Luhman, K. L., Mamajek, E. E., Shukla, S. J., & Loutrel, N. P. 2017, AJ, 153, 46
Martin, D. C., Fanson, J., Schiminovich, D., et al. 2005, ApJ, 619, L1
Martín, E. L., Phan-Bao, N., Bessell, M., et al. 2010, A&A, 517, A53
Meshkat, T., Mawet, D., Bryan, M. L., et al. 2017, AJ, 154, 245
Morrissey, P., Conrow, T., Barlow, T. A., et al. 2007, ApJS, 173, 682
Narayanan, G., Heyer, M. H., Brunt, C., et al. 2008, ApJS, 177, 341
Neuhaeuser, R., Sterzik, M. F., Schmitt, J. H. M. M., Wichmann, R., &

Krautter, J. 1995, A&A, 297, 391
Pedregosa, F., Varoquaux, G., Gramfort, A., et al. 2011, J. Mach. Learn. Res.,

12, 2825
Planck Collaboration XLII. 2016, A&A, 596, A103
Roccatagliata, V., Franciosini, E., Sacco, G. G., Randich, S., &

Sicilia-Aguilar, A. 2020, A&A, 638, A85
Stassun, K. G., & Torres, G. 2021, ApJ, 907, L33
Ungerechts, H., & Thaddeus, P. 1987, ApJS, 63, 645
Wichmann, R., Torres, G., Melo, C. H. F., et al. 2000, A&A, 359, 181
Xing, L. F. 2010, ApJ, 723, 1542

A72, page 10 of 12

https://www.cosmos.esa.int/gaia
https://www.cosmos.esa.int/web/gaia/dpac/consortium
https://www.cosmos.esa.int/web/gaia/dpac/consortium
http://linker.aanda.org/10.1051/0004-6361/202345871/1
http://linker.aanda.org/10.1051/0004-6361/202345871/1
http://linker.aanda.org/10.1051/0004-6361/202345871/2
http://linker.aanda.org/10.1051/0004-6361/202345871/3
http://linker.aanda.org/10.1051/0004-6361/202345871/4
http://linker.aanda.org/10.1051/0004-6361/202345871/5
http://linker.aanda.org/10.1051/0004-6361/202345871/5
http://linker.aanda.org/10.1051/0004-6361/202345871/6
http://linker.aanda.org/10.1051/0004-6361/202345871/7
http://linker.aanda.org/10.1051/0004-6361/202345871/8
http://linker.aanda.org/10.1051/0004-6361/202345871/9
http://linker.aanda.org/10.1051/0004-6361/202345871/10
http://linker.aanda.org/10.1051/0004-6361/202345871/11
http://linker.aanda.org/10.1051/0004-6361/202345871/12
http://linker.aanda.org/10.1051/0004-6361/202345871/13
http://linker.aanda.org/10.1051/0004-6361/202345871/14
http://linker.aanda.org/10.1051/0004-6361/202345871/15
http://linker.aanda.org/10.1051/0004-6361/202345871/16
http://linker.aanda.org/10.1051/0004-6361/202345871/17
http://linker.aanda.org/10.1051/0004-6361/202345871/18
http://linker.aanda.org/10.1051/0004-6361/202345871/19
http://linker.aanda.org/10.1051/0004-6361/202345871/20
http://linker.aanda.org/10.1051/0004-6361/202345871/21
http://linker.aanda.org/10.1051/0004-6361/202345871/22
http://linker.aanda.org/10.1051/0004-6361/202345871/23
http://linker.aanda.org/10.1051/0004-6361/202345871/24
http://linker.aanda.org/10.1051/0004-6361/202345871/25
http://linker.aanda.org/10.1051/0004-6361/202345871/26
http://linker.aanda.org/10.1051/0004-6361/202345871/27
http://linker.aanda.org/10.1051/0004-6361/202345871/28
http://linker.aanda.org/10.1051/0004-6361/202345871/29
http://linker.aanda.org/10.1051/0004-6361/202345871/30
http://linker.aanda.org/10.1051/0004-6361/202345871/31
http://linker.aanda.org/10.1051/0004-6361/202345871/31
http://linker.aanda.org/10.1051/0004-6361/202345871/32
http://linker.aanda.org/10.1051/0004-6361/202345871/33
http://linker.aanda.org/10.1051/0004-6361/202345871/34
http://linker.aanda.org/10.1051/0004-6361/202345871/35
http://linker.aanda.org/10.1051/0004-6361/202345871/36
http://linker.aanda.org/10.1051/0004-6361/202345871/37


Gómez de Castro, A. I., et al.: A&A, 681, A72 (2024)

Appendix A: Impact of uncertainties on our
clusterings analysis

In order to account for the data uncertainties, we used a Monte
Carlo sampling technique to generate 104 synthetic datasets. For
each one, we applied the k-means++ algorithm, keeping track
of the number of groups generated and the positions of the
centroids (the nearest neighbor was used as a proxy to obtain
physical coordinates). Therefore, for each source in our list of
bona fide TTSs, we generated 104 realizations of its astrometric
parameters. Gaia DR3 provides the correlations between each
pair of astrometric parameters. Given two parameters, x and
y, with standard deviations σx and σy, their respective covari-
ance and correlation coefficients, σxy and ρxy, can be written as
σxy = ρxy σx σy. If C is the covariance matrix at a given epoch
associated with the astrometric solution that is symmetric and
positive-semidefinite, then C = AAT where A is a lower trian-
gular matrix with real and positive diagonal elements, and AT

is the transposition of A. In the particular case studied here,
these matrices are 5 × 5. If the elements of C are written as
cij = ρij σi σj and those of A as aij, where those are the entries
in the i-th row and j-th column, and if r is a vector made of uni-
variate Gaussian random numbers (components ri with i = 1, 5),
the required multivariate Gaussian random samples are given by
the expressions:

αc = α + a11 r1

δc = δ + a22 r2 + a21 r1

πc = π + a33 r3 + a32 r2 + a31 r1 (A.1)
µα c = µα + a44 r4 + a43 r3 + a42 r2 + a41 r1

µδ c = µδ + a55 r5 + a54 r4 + a53 r3 + a52 r2 + a51 r1,

where α, δ, π, µα, and µδ are the values of right ascension, dec-
lination, absolute stellar parallax, and proper motions in right
ascension and declination directions provided by Gaia DR3 and
the ai j coefficients are given by:

a11 = σα,

a21 = ρα δ σδ,

a31 = ρα π σπ,

a41 = ρα µα σµα ,

a51 = ρα µδ σµδ ,

a22 =

√
σ2
δ − a2

21,

a32 = (ρδ π σδ σπ − a21 a31)/a22,

a42 = (ρδ µα σδ σµα − a21 a41)/a22, (A.2)
a52 = (ρδ µδ σδ σµδ − a21 a51)/a22,

a33 =

√
σ2
π − a2

31 − a2
32,

a43 = (ρπ µα σπ σµα − a31 a41 − a32 a42)/a33,

a53 = (ρπ µδ σπ σµδ − a31 a51 − a32 a52)/a33,

a44 =

√
σ2
µα
− a2

41 − a2
42 − a2

43,

a54 = (ρµα µδ σµα σµδ − a41 a51 − a42 a52 − a43 a53)/a44,

a55 =

√
σ2
µδ
− a2

51 − a2
52 − a2

53 − a2
54,

where σα, σδ, σπ, σµα , and σµδ are the standard errors in right
ascension, declination, parallax, and proper motions from Gaia
DR3, and ρα δ, ρα π, ρα µα , ρα µδ , ρδ π, ρδ µα , ρδ µδ , ρπ µα , ρπ µδ , and
ρµα µδ their respective correlation coefficients, also from Gaia
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Fig. A.1. Effect of the uncertainties on the clustering analysis. Results
in physical parameters. In black we have the sources and in red the 104

centroids.

DR3. For each πc, we computed the value of the distance by
applying the usual relationship, dc = 1/πc.

For each set of synthetic sources statistically compatible with
the qualification sample, we computed the proper motions along
the Galactic coordinates as pointed out above and used their val-
ues together with the parallaxes to apply the k-means++ algo-
rithm. The resulting centroids are shown in Fig. A.1 in red.

Appendix B: Fitting the logistic regression model
with errors

From a mathematical point of view, the logistic regression model
is trained on a set of qualification sources with well-defined
groups, where all the values are considered to be free of errors.
However, the proper motions and parallax of our training sample
of bona fide TTSs have inherent errors and depend on each other
– the parameters are correlated. In order to take this constraint
into account, we produced a set of 104 mock realizations of the
sample using the covariance matrix for generating random sam-
ples of (µα∗ , µδ, π), which we then converted into proper motions
in Galactic coordinates as explained in the Gaia documentation3.
As a result, we obtained a distribution for each value of the logis-
tic regression model (βm, m = 0, 1, 2, 3) as shown in Fig. B.1. In
these plots we have included the median value for each coeffi-
cient in black, which is taken as the best-fit value, as well as the
results if we fit the original sample without taking the errors into
account.

For the classification of the TTS candidates, we performed
an analogous Monte Carlo analysis and again generated 104 sam-
ples, taking into account the errors, and for each realization we
assigned a membership probability. The values given in the main
text are the median values of the probabilities of the 104 random
samples.

3 https://gea.esac.esa.int/archive/documentation/
GEDR3/Data_processing/chap_cu3ast/sec_cu3ast_intro/
ssec_cu3ast_intro_tansforms.html
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Fig. B.1. Final distributions for the logistic regression coefficients after 104 Monte Carlo realizations. The solid black line corresponds to the
median value adopted as the best fit, while the red dashed line corresponds to the value obtained from the fit of the original variables without
taking errors into account.
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