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ABSTRACT

Context. Young and embedded stellar populations are important probes of the star formation process. Their properties and the
environments they create have the potential to affect the formation of new planets. Paradoxically, we have a better census of nearby
embedded young populations than of the slightly more evolved optically visible young populations. The high accuracy measurements
and all-sky coverage of Gaia data are about to change this situation.
Aims. This work aims to construct the most complete sample to date of young stellar objects (YSOs) in the ρ Oph region.
Methods. We compile a catalog of 1114 Ophiuchus YSOs from the literature and cross-match it with the Gaia EDR3, Gaia-ESO, and
APOGEE-2 surveys. We apply a multivariate classification algorithm to this catalog to identify new, co-moving population candidates.
Results. We find 191 new high-fidelity YSO candidates in the Gaia EDR3 catalog belonging to the ρ Oph region. The new sources
appear to be mainly Class III M stars and substellar objects and are less extincted than the known members, while we find that 28
of the previously unknown sources are YSOs with circumstellar disks (Class I or Class II). The analysis of the proper motion distri-
bution of the entire sample reveals a well-defined bimodality, implying two distinct populations sharing a similar 3D volume. The
first population comprises young stars’ clusters around the ρ Ophiuchi star and the main Ophiuchus clouds (L1688, L1689, L1709).
In contrast, the second population is slightly older (∼10 Myr), more dispersed, has a distinct proper motion, and is possibly from the
Upper Sco group. The two populations are moving away from each other at about 4.1 km s−1 and will no longer overlap in about
4 Myr. Finally, we flag 17 sources in the literature sample as likely impostors, which are sources that exhibit large deviations from
the average properties of the ρ Oph population. Our results show the importance of accurate 3D space and motion information for
improved stellar population analysis.
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1. Introduction

Since the development of millimeter-wave receivers and infrared
(IR) detectors in the 1970s, local star formation studies have
mostly concentrated on the densest star-forming structures in
molecular clouds. Successive generations of instruments have
opened a fundamental window into molecular cloud structure,
cloud fragmentation, and collapse and have unveiled the dust-
enshrouded young stellar object (YSO) populations in nearby
clouds. This approach has generated an almost paradoxical situ-
ation where we currently know more about the very young dust-
obscured populations than we know about the more evolved and
optically revealed population in nearby star-forming regions.

More evolved YSOs show less IR excess emission and
escape detection in IR surveys but are critical to reconstructing

? Interactive 3D version of Figures 6 and 7 are available online at
https://www.aanda.org/10.1051/0004-6361/202140438/olm
?? The final catalog i s only available a t the CDS via anonymous ftp 
to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.
u-strasbg.fr/viz-bin/cat/J/A+A/652/A2

a region’s star formation history. Therefore, identifying the
young optically visible population is essential for reconstruct-
ing a star formation event. Moreover, sources in the unobscured
environments of nearby star-forming gas include some of the
lowest-mass objects (brown dwarfs and planetary-mass objects)
and some of the closest proto-planetary disks we can study, the
latter becoming important targets for resolved ALMA studies
(e.g., ALMA Partnership 2015) in the submillimeter wavelength
range.

Optical data from the Gaia mission (Gaia Collaboration
2016), with its exquisite sensitivity and all-sky coverage, have
changed this situation. With its latest data release, the mission
has made a breakthrough in terms of studies of gas shape and
motion (Großschedl et al. 2018, 2021) and previously unknown
young stellar structures (Meingast et al. 2019, 2021), signif-
icantly improving upon its second data release, Gaia DR2
(Gaia Collaboration 2018). In this work, we revisit one of the
nearest star-forming regions, the ρ Ophiuchi region, by using
the newly available Gaia Early Data Release 3 (EDR3) data
(Gaia Collaboration 2021).
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The ρ Ophiuchi (ρ Oph) star-forming region (Wilking et al.
2008) is one of the nearest active star-forming regions, at
a distance of approximately 139 pc (Lombardi et al. 2008;
Zucker et al. 2020). It comprises the cluster of young stars
around the ρOphiuchi star (Pillitteri et al. 2016) and the young
stars associated with the dense gas in the Ophiuchus cloud
complex, mainly the L1688, L1689, and L1709 clouds (Loren
1989a,b). Due to its youth and proximity to Earth, it has played
an essential role in many star formation studies, in particular
in the definition of the YSO classes (Wilking & Lada 1983;
Lada & Wilking 1984; Andre et al. 1993; Greene et al. 1994).
The ρOph region is located in the foreground of the southeastern
edge of Upper Scorpius, which is a subgroup of the Scorpius-
Centaurus OB association, and has a distance of around 145 pc
(Wilkinson et al. 2018). It has long been suspected that star for-
mation in the ρ Oph region was triggered by feedback from mas-
sive stars from Upper Sco (Vrba 1977; Loren & Wootten 1986;
Loren 1989a,b; de Geus 1992).

The youngest stars in the region are associated with the
densest gas in the Ophiuchus cloud complex, mostly L1688,
with an average age of about 0.3 Myr (Greene & Meyer 1995;
Luhman & Rieke 1999), while the stellar population on the
lower column density surface has an average estimated age of
2–5 Myr (Wilking et al. 2008; Erickson et al. 2011). There are
three main dark clouds in the ρ Oph complex, the mentioned
Lynds dark clouds L1688, L1689 and L1709 (Lynds 1962; Loren
1989a,b). The large column density toward particular regions in
these clouds, where the optical extinction can reach values of up
to AV above 40–50 mag (Wilking & Lada 1983; Wilking et al.
1989; Lombardi et al. 2008), make IR observations essential for
studying the embedded young stellar population in the cloud.
There is a rich embedded cluster of YSOs in L1688, which is
mostly invisible at optical wavelengths, whose stars have not yet
dispersed (Ducourant et al. 2017).

In this paper, we apply the recently developed method from
Ratzenböck et al. (2020) to Gaia EDR3 data, to unveil the most
complete sample to date of YSOs toward the ρ Oph region.
The method uses the astrometric properties of known YSOs
in combination with a bagging classifier of one-class support
vector machines (OCSVMs) on Gaia EDR3 data to perform a
5D search (3D positions and 2D proper motions) for possible
new population members. The algorithm creates a hyper-surface
around the positional and proper motion distribution of the input
samples in a 5D space to find new sources with similar proper-
ties. Radial velocities of the input population are also necessary
for constraining the models. We remove models that identify
stars with significantly different 3D velocities than the those of
training set.

In Sect. 2 we present the data used in this work; this includes
known sources from the literature, which we cross-matched with
further astronomical surveys. In Sect. 3 we summarize how
the classification algorithm operates to identify new sources.
We present the results of the algorithm in Sect. 4, including a
detailed analysis. In Sect. 5 we discuss some implications of our
findings.

2. Data

2.1. Literature catalog

In this section, we summarize how we compiled our literature
catalog of ρOph sources. This work is based on studies of ρOph
and L1688 from 11 papers, which are summarized in Table 1,
including the number of sources utilized from each work, which

results in a total of 1114 sources. We note that the same source
can be presented in more than one work. We assign each paper
a digit for citation purposes in our final catalog. Some papers
also include sources from IR observations, which are essential
for a complete sample due to the high optical extinction in the
region and for identifying Class II and earlier Class YSOs. The
highest number of sources are provided by Wilking et al. (2008),
Cánovas et al. (2019), and Esplin & Luhman (2020). Duplicates
were removed with an internal match within a 1.0 arcsec match
radius and an internal match on the Gaia source IDs. Our result
is a final literature table of 1114 unique sources.

Sullivan et al. (2019) provide radial velocities on their
sources, while Ducourant et al. (2017) provide proper motions
on their sources. Astrometric data (proper motions, parallaxes,
and radial velocities) for the remaining sources were obtained
by selecting three surveys for cross-matching with our liter-
ature sample, which is essential for identifying new sources
with the algorithm. The Gaia survey provides us with unprece-
dented astrometry with improved quality and statistics com-
pared to any previous comparable survey, such as Hipparcos
(Perryman et al. 1997). Therefore, proper motions and par-
allaxes were obtained from Gaia EDR3 (Gaia Collaboration
2021). To complement Gaia astrometry and constrain the mod-
els of the algorithm, we combined it with radial velocities
from APOGEE-2 (Majewski et al. 2017), a large-scale spectro-
scopic survey conducted in the near-infrared, and Gaia-ESO
(Gilmore et al. 2012), a spectroscopic survey by the European
Southern Observatory (ESO) combined with the Gaia astrome-
try catalog. Radial velocities from these surveys deliver superior
resolution and statistics compared to radial velocities from Gaia.

A cross-match of the literature sources with data from Gaia
EDR3 yielded a total of 675 matches, which is 60.5% of the
entire literature sample, leaving many sources without Gaia
equivalents. One explanation for this is that Gaia is only sensi-
tive to optical wavelengths, while many of the obtained literature
sources are too embedded in the cloud and can only be observed
at IR wavelengths. Additionally, several sources, such as from
Esplin & Luhman (2020), are brown dwarfs, which are often too
faint to be seen by Gaia. A cross-match of the total literature
sources with APOGEE-2 resulted in 188 matches, while a cross-
match with Gaia-ESO data yielded 61 matches in our literature
catalog. For sources with multiple measurements, higher prior-
ity was given to surveys with higher accuracy. Therefore we use
Gaia proper motions and parallaxes over those obtained from the
literature. For sources with multiple radial velocity values, data
from Gaia-ESO has the highest priority, followed by APOGEE-
2 and then Gaia.

The distances to the sources were calculated through the
inverse of the parallax, which is a good approximation for the
relatively close distance to the region of about 130–140 pc (e.g.,
Luri et al. 2018). Furthermore, the tangential velocities vα and
vδ, as well as their errors, were calculated through the proper
motions and parallaxes, as shown in Eqs. (A.1)–(A.4). For a bet-
ter overview, we list the symbols and abbreviations of frequent
parameters used throughout this paper:

– α, δ (deg): right ascension and declination
– l, b (deg): galactic longitude and latitude
– $ (mas): parallax of the sources
– d (pc): distance to the sources, inverse of parallax
– µ∗α (mas yr−1): µαcos(δ), proper motion along α
– µδ (mas yr−1): proper motion along δ
– vr (km s−1): heliocentric radial velocity
– vα, vδ (km s−1): tangential velocities along α and δ
– vl, vb (km s−1): tangential velocities along l and b
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Table 1. Overview of the literature that was used to collect young stellar members of the ρ Oph region.

Paper Method Sources used Ref

Greene et al. (1994) Mid-IR photometric study 56 1
Haisch et al. (2002) Near- and mid-IR observations 13 2
Padgett et al. (2008) Multiband Imaging Photometer for Spitzer (MIPS) point-sources 46 3
Wilking et al. (2008) X-ray and IR photometric and spectroscopic surveys 316 4
Evans et al. (2009) Spitzer c2d Legacy survey 292 5
Dunham et al. (2015) Spitzer c2d and GB Legacy surveys 292 6
Rigliaco et al. (2016) Dynamical analysis with Gaia-ESO survey 45 7
Ducourant et al. (2017) Near-IR observations to determine proper motions 82 8
Cánovas et al. (2019) Density-based clustering algorithms with Gaia DR2 831 9
Sullivan et al. (2019) Radial velocity survey with data from IR spectrographs 34 10
Esplin & Luhman (2020) Astrometry from Gaia DR2, proper motions from Spitzer 373 11

Notes. The table lists the used methods and the number of sources we obtained from each paper, resulting in a total of 1114 literature sources. We
note that the same source can be presented in more than one work.

– X,Y,Z (pc): positions in Galactic Cartesian coordinates,
where X, Y , and Z point toward the Galactic center, the direc-
tion of the Galactic rotation, and the north Galactic pole,
respectively

– U,V,W (km s−1): velocities in Galactic Cartesian coordinates

2.2. Impostors

We have discovered several sources within the literature cata-
log that have properties that do not fit very well to the region’s
average astrometric values. In Appendix A we list the interval
ranges in which most of the distance, radial velocity, and tan-
gential velocity values in ρ Oph are found, which were used to
create a training set (Sect. 3.1). There are 28 sources that have at
least one of these values outside our defined intervals and smaller
errors than the upper limits listed in Appendix A. However, some
of them have values that are still close to the interval limits and
could therefore still be a part of ρ Oph, since deviating motions
can be caused by interactions in the cluster or by multiple stellar
systems. There are, nonetheless, several sources with very large
radial velocity deviations from the average. Therefore, we iden-
tified all sources with radial velocities vr < −30 and vr > 20 and
errors <3 as uncertain members and labeled them as impostor
candidates in our catalog. We found 17 of such impostor can-
didates among the literature sources. However, it is important
to note that these deviating radial velocities could be caused by
multiplicity, such as binary star systems, and could therefore still
be members. Due to this uncertainty, and since our intervals are
more or less arbitrarily defined, we chose not to remove these
impostors from our catalog. Instead, we created a separate col-
umn named “Impostors,” where they are labeled with a “1” and
all others are labeled with a “0”.

3. Methods

In our work, we applied the classification strategy described
in Ratzenböck et al. (2020) for identifying new members of
the ρ Oph region in the Gaia EDR3 catalog. The goal of
Ratzenböck et al. (2020) was to model the extent of the Mein-
gast 1 stellar stream (Meingast et al. 2019) in the combined
space of proper motions and positions and subsequently use it to
identify new members in Gaia DR2, while we use the latest data
release EDR3. The model consists of multiple OCSVM classi-
fiers in a bagging ensemble. In the following we refer to sources

classified by the OCSVM as members of a stellar population as
“predicted” members. Based on the model quality, the prediction
set contains known and potentially new candidate sources. In the
following we discuss means of selecting high quality models via
prior assumption filters.

3.1. Training set selection

To provide reliable sources for the classification algorithm, we
created a training set by removing outliers and applying quality
cuts. The quality cuts are described in Appendix A, where we
also present the training set. To guarantee a high-fidelity training
set, we limited our selection to sources with radial velocity mea-
surements. Since the hypersurface created by the OCSVM algo-
rithm depends heavily on the distribution of peripheral sources,
it is susceptible to outliers. The use of a soft-margin SVM some-
what mitigates this, but to further reduce the effect of potential
contaminants on the final model shape, we removed the most
extreme outliers from the training set as well. To do so, we
estimated the local outlier factor (Breunig et al. 2000) of each
source in 5D and removed 5% of the training set with the high-
est outlier factor. This removal lead to a final training set of 150
sources, which corresponds to 13.5% of the literature sample.

3.2. Model selection and prior assumptions

Due to the high model flexibility of OCSVMs, choosing ade-
quate model parameters is critical to guarantee a suitable
description of the stellar system. Instead of directly selecting
models in the OCSVM hyperparameter space, Ratzenböck et al.
(2020) have suggested to constrain the models via prior assump-
tions they have to adhere to, implicitly tuning the model param-
eters. In addition, as summary statistics, prior assumptions
are usually much easier to interpret compared to the original
OCSVM parameters. Each set of prior beliefs corresponds to
a distribution of allowed models in the input parameter space,
such that there is a mapping from a prior assumption tuple to
regions in the OCSVM parameter space that contain models that
adhere to the given rule set. Instead of explicitly characteriz-
ing this map, we sampled uniformly from the OCSVM hyper-
parameter space and removed unfit models. To determine a set
of prior assumptions for identifying new high-fidelity ρ Oph
members, we considered their application in Ratzenböck et al.
(2020). The prior assumptions were motivated by the training
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set selection process. Since only sources with radial velocities
were previously identified to be part of the Meingast 1 stream,
the authors formulated prior assumptions based on completeness
arguments regarding radial velocities. Specifically, the goal was
to find still unknown members without radial velocity measure-
ments, which were confined to the training set extent. However,
the ρ Oph training set selection function is much more complex
as we combined radial velocity information across multiple data
surveys. This also means we have much less information about
potentially concealed ρ Oph members. Therefore, we adjusted
the previous assumptions to the ρ Oph population. In the follow-
ing, we briefly discuss the selection of the six prior assumptions
constraining models via the number and distribution of predicted
sources.

3.2.1. Population size

Firstly, we aim to restrict the number of sources a model identi-
fies. Because the ρ Oph population has been studied extensively
– with some studies using Gaia data as well – we do not expect
to find a dramatic increase in overall population size. Based on
the number of Gaia EDR3 sources in the literature catalog, we
estimated a very conservative upper limit of a maximum pop-
ulation size of about twice the number of sources from the lit-
erature catalog that have Gaia source IDs to be predicted by a
single model, setting it to 1400 maximal members. We note here
that the prior assumption restrictions only apply to single mod-
els, meaning the model ensemble, as a final classifier can exceed
individual or multiple prior assumption limits.

3.2.2. Contamination fraction

Secondly, we constrained the contamination fraction of pre-
dicted sources across models. The contamination fraction is
determined via the 3D velocity distribution of ρ Oph candidate
sources. Precisely, we first modeled the 3D velocity distribution
of the training samples as a single Gaussian distribution. The
mean and covariance matrix were determined by maximizing
the likelihood of the training data. Subsequently, we defined the
contamination as the fraction of sources outside the 3σ (99.7%)
range of the training set. In practice, we observe very few radial
velocities in the predicted set for a single model, and, therefore,
the contamination fraction assumption has a minor effect for
removing single models. This effect is highlighted in Fig. C.1,
where we see an almost constant and maximal number of models
adhering to the contamination rule for various maximal values.
Since the influence is small across such a large range, we set it
to a value of 15%.

3.2.3. Estimated extent and systematic shift

Lastly, we want to constrain the extent of predicted ρ Oph mem-
bers in position and proper motion space. This was done by mea-
suring the dispersion and systematic shift between training and
predicted member distributions. We characterize the dispersion
in position and proper motion space by the mean deviation of
its member stars to their centroid. The prior assumption cor-
responds to a constraint on the ratio between the average pre-
dicted deviation to the average training deviation. For further
details, we refer to Appendix B in Ratzenböck et al. (2020). In
the case of ρ Oph, we cannot give a concrete estimate on the
expected extent of unknown members in position and proper
motion space. Instead, we motivate a range of maximal values.
We postulated a constraint on the parameter to be within 1, which

constrains the predicted extent to the training set extent, and 2,
where models can have twice the dispersion of the training set.
We explicitly separated the positional from the proper motion
axes since both dispersion measures have physically different
meanings, and we might want to restrict one more than the other.

To avoid systematic shifts of the predicted to the training
set distribution, we constrained the distance between the cen-
troids of the training and predicted sources. We measured the
centroid distance in terms of the mean deviation of the training
set sources. A value of one would correspond to a centroid shift
with a distance of one mean deviation from the training centroid.
Again, finding a precise value is not straightforward, as the value
cannot be properly inferred for the unknown ρ Oph population.
Therefore, we limited the maximum shift parameter to a range
between 0.1 and 0.7, which we consider already a quite large
systematic deviation from the training set.

3.3. Building the ρ Oph classifier

We subsequently searched for model ensembles within these
three parameters, the mean deviation in position, proper motions,
and the maximal systematic shift, while keeping the other two
prior assumptions, the maximum number of predicted sources,
and the maximum contamination fraction, fixed. As stated in
Sect. 3.2.1, a prior assumption tuple corresponds to a model
ensemble that adheres to the respective beliefs. For each of these
ensembles, we determined a stability threshold by minimiz-
ing the Kullback–Leibler (KL) divergence (Kullback & Leibler
1951) between the 3D velocity distributions of training and
predicted ρ Oph members (see Appendix E for more details).
We randomly selected 100 prior assumption tuples within their
respective range, resulting in 100 model ensembles with a corre-
sponding stability threshold.

To select single or multiple suitable classifiers from this
space of model ensembles, we considered the following. We
aimed to maximize the number of predicted ρOph sources while
minimizing the number of contaminants in our final prediction
set. Thus, we studied the distribution of the number of predicted
sources over the contamination fraction across the 100 model
ensembles. The contamination fraction is determined via the
ratio of predicted sources outside the 3σ range of the training
velocity distribution. The distribution of the 100 randomly sam-
pled model ensembles can be seen in Fig. D.1. We observed a
clear trend for high-contamination models, which tend to have
larger velocity dispersion and interestingly a rather low system-
atic shift to “good” models. This sample of low-contamination
models were identifying possibly new ρ Oph members in a
nonsymmetric region around the training set. To construct the
final classifier, we combined the predictions of the 90 models
with the lowest contamination fraction of <28%1, correspond-
ing to the two left-most columns of models in the top row of
Fig. D.1. Finally, we determined a stability threshold for the
final ensemble following the procedure outlined in Appendix E.
Doing so, we obtained a stability threshold of 4%. To prop-
erly validate the final classifier, we had to consider the previ-
ously untouched information, the distribution of sources in the
Hertzsprung-Russell Diagram (HRD). In order for the predicted
sources to be actual members of the ρ Oph population, they
must follow the same isochrone as the training set. Therefore,
we determined the residuals of predicted sources to the best
fitting isochrone on the training set, where we obtained an age of

1 The contamination fraction is determined without any quality filters
applied.
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Fig. 1. Venn diagram depicting the amount of sources in the literature
sample, the predicted sample, and the amount of sources both of them
have in common. In total, 791 sources were predicted by the algorithm.
Of these, 229 are new sources, with 191 having a stability >4. 562 of the
total predicted sources are already among the 1114 literature sources,
413 of those having a stability >4. 552 literature sources were not pre-
dicted by the algorithm.

about 5 Myr, and compared them to the training set residuals. In
Fig. F.1, the standard deviation of the training set residuals and
predicted residuals can be seen, highlighting an almost perfect
agreement with the training data across the full stability range.

4. Results

In this section we present the results of the algorithm. Sources
from the literature are labeled as “Known” while the new sources
are labeled as “New.” The following plots in this section show
the known sources in blue, the new sources in red, and a control
sample in gray, labeled as “Control,” which serves as a compar-
ison. The control sample was selected in a relatively dust-free
region to the Galactic west of ρ Oph at the same galactic lati-
tude, within 346◦ ≤ l ≤ 349◦ and 15◦ ≤ b ≤ 18◦.

4.1. Predicted sources

A total of 791 sources in the Gaia EDR3 catalog were predicted
by the algorithm as belonging to the ρ Oph region, based on
the properties of the training set. The predicted sources include
a total of 229 new sources that are not in the ρ Oph literature
catalog. A total of 562 of the predicted sources are already part
of the literature sample of 1114 known sources, meaning that
50.4% of the literature sources were recovered by the algorithm.

Only the sources with stability >4%, namely 191 of the
new sources, are considered in the following results. These new
sources together with the known ones result in 1305 total sources
in the ρ Oph region, while when excluding impostor sources we
end up with 1288 high probability members. In our final cata-
log, we also include the new sources predicted by the algorithm
with a stability <4%, resulting in a table of 1343 total sources.
Figure 1 visualizes the amount of shared sources in the literature
and the prediction set in a Venn diagram, showing sources with
a prediction stability >4% and all stabilities. More information
on the stability can be found in Appendix E. An overview of the
final numbers of sources per (sub)sample is given in Table 3. A
column overview of the final master catalog of the ρ Oph young
stellar members is presented in Appendix H.
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Fig. 2. Distribution of ρOph sources in galactic coordinates. The known
sources from the literature are in blue, while new sources are in red.
Sources from the training set are represented by black squares. The
approximate location of the extinction peak is marked by a yellow cross.

A probable reason for the relatively small overlap in Fig. 1
(the algorithm only predicts 50.4% of the known sources from
the literature) is the fact that many of the literature sources were
obtained through IR surveys since embedded stars in ρ Oph
cannot be detected at optical wavelengths. Furthermore, some
sources in the literature are impostors, as described in Sect. 2.2.
It is also important to note that only 675 literature sources
(60.6%) have Gaia EDR3 IDs. Therefore, the algorithm has
effectively recovered 83.3% of literature sources that are in Gaia
EDR3. Gaia is an optical telescope, hence it is insensitive to high
extinction sources in the L1688 dense clump, where the peak of
the surface density of YSOs in the cloud complex is located (e.g.,
Ortiz-León et al. 2017; Ducourant et al. 2017). Sources not visi-
ble at optical wavelengths cannot be predicted by the algorithm.

4.2. Astrometric properties

Figure 2 shows the distribution of the ρ Oph sources in galactic
coordinates with the known sources in blue and the new ones
in red. The 150 sources in the training set, labeled as “Train,”
are included as unfilled black squares for comparison. As can be
seen in the figure, the new sources are more dispersed, with many
of them being shifted toward the Galactic north, west, and south
of the known sources. Hardly any new sources were found near
the core of the cloud and toward the Galactic east. The extinction
peak of the L1688 cloud, marked by a yellow cross in the figure,
lies at around l ≈ 353.0◦ and b ≈ 16.7◦ (Alves et al., in prep.). It
is most likely responsible for the lack of new sources in the core
since sources with a high optical extinction cannot be detected
by Gaia. Furthermore, the core region is the most thoroughly
studied part of ρ Oph by previous surveys, thus it is unsurprising
that few new sources were found near the core region.

Figure 3 shows a histogram of the distances to the ρ Oph
sources, which were determined through the inverse of their
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Fig. 3. Histogram of distances to the ρ Oph sources. The distribution of
the known sources from the literature is in blue, and the new sources are
in red.

parallaxes. Most of the sources are clustered around a mean dis-
tance of approximately 140 pc (see Table G.1), which agrees
well with the literature value of around 139 pc (Zucker et al.
2020). In general, the average astrometric properties of the
known and new sources are very similar and overlap within ±1σ
(see Table G.1), further confirming that they belong to the same
region.

Figure 4 shows the tangential velocity distribution of the
ρ Oph sources. The impostor sources (see Sect. 2.2) from the lit-
erature are not included in the diagram, to avoid the influence of
outliers. Although the distribution of the new sources shows an
overlap with the bulk of the known sources around −6 < vα < −3
and −19 < vδ < −16, a large part of the population is shifted
toward more negative values of vα and less negative vδ, hinting
at more than a single population. These two separate dynami-
cal populations can already be recognized in the known sources
alone, while the new sources further add to the second dynamical
subgroup around −10 < vα < −6 and −14 < vδ < −18.

For further analysis of this distinct kinematic subgroup, we
determined the proper motions in Galactic coordinates and the
angles between the Galactic proper motion vectors (µl,b) and
the l-axis (θl,HEL) in the heliocentric reference frame, and added
these values to our table in a new column for all the sources
with proper motion measurements. Analyzing these angles in
a histogram reveals the two dynamically different populations
as two distinct peaks, as can be seen in the histogram in Fig. 5
in the bottom left image. To disentangle these two populations,
we use the angle distribution as a visual aid and apply a cut of
θl,HEL < 200◦, resulting in a subgroup of 304 sources for the sec-
ond population when excluding 2 impostor sources. Using the
proper motion angles relative to the local standard of rest (θl,LSR)
produces a similar result, as shown in the bottom right image of
Fig. 5. However, using this method, the separation between the
two populations is not as evident, indicating that there might be
more than two dynamical populations. For simplicity, we consid-
ered only two populations in our work and refer to future stud-
ies on Sco-Cen (Ratzenböck et al., in prep.) for a more detailed
analysis.
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Fig. 4. Tangential velocities of the ρ Oph sources. The known sources
are shown in blue, and the new sources are shown in red.

Figure 5 highlights the influence of the Sun’s reflex motion
on the heliocentric proper motions. The top panels show the
direction of motion using the heliocentric velocities (left) and the
direction of motion when correcting for the Sun’s motion (right),
showing velocities relative to the local standard of rest (LSR).
The latter show a less clear separation between the two popula-
tions. To separate the two populations, we used the heliocentric
proper motion to avoid injecting in the final selection uncertain-
ties related to the Sun’s motion (Schönrich et al. 2010). In any
case, making a selection of the populations in θl,LSR would not
change the result significantly.

For further discussion, this second dynamically distinct pop-
ulation shall be referred to as “Pop 2,” while the remaining shall
be referred as “Pop 1” sources, after excluding impostors (see
Sect. 2.2). We define the sources in Pop 1 to be all sources
from our ρ Oph catalog excluding impostors and Pop 2 sources.
This population comprises the clusters of young stars around the
ρ Ophiuchi star and the main Ophiuchus clouds (L1688, L1689,
L1709). Concluding, we identify 304 sources in Pop 2 and 1022
in Pop 1 when including sources of all stabilities. When apply-
ing a cut at stability >4% for the new sources, we are left with
296 sources in Pop 2 and 993 sources in Pop 1 (see Table 3).

The 304 sources in Pop 2 coincide with the sources whose
tangential velocities create the second dynamical structure in
Fig. 4. In other words, the two subpopulations seen in this figure
and the bimodal angle distribution consist of the same stars.
115 of these 304 sources (37.8%) are new sources identified by
the algorithm. Further examination of this subgroup reveals that
unlike Pop 1, Pop 2 sources are mostly dispersed and are dis-
tributed relatively evenly all around the core of the cloud (see
Fig. 11). Their distances exhibit a similar distribution to the other
ρ Oph sources, which shows that the two populations occupy
approximately the same 3D volume.

Table 2 shows the average values of the distances, proper
motions, radial velocities, Galactic Cartesian positions X,Y,Z
and Galactic Cartesian velocities U,V,W, and the standard devi-
ations of these parameters for the two populations (Pop 1 and
Pop 2) in the ρ Oph region. The average 3D positions of the two
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Fig. 5. Analysis of the two populations in ρOph based on their proper motion. Top row: galactic distribution of the known and new ρOph members,
including all new sources (without stability cut), while impostors are excluded. Arrows represent the tangential velocity vectors, color-coded for
the angle between the vectors and the l-axis (θl,HEL and θl,LSR in left and right panel, respectively). Left panel: heliocentric tangential velocity
vectors (uHEL), as derived from Gaia EDR3 parameters (vl, vb), right panel: tangential velocity vectors relative to the local standard of rest (uLSR
based on vl,LSR, vb,LSR). The black arrows in the bottom right corners indicate the vector length for velocities of 20 km s−1 and 5 km s−1 for uHEL and
uLSR, respectively. These reference vectors have an angle of 180◦ relative to the l-axis. Bottom row: histograms showing the distributions of angles
θl,HEL and θl,LSR for the sources as in the top panels. The bins in the left histogram have a width of 1◦ and in the right histogram of 2.5◦ since θl,LSR
covers a larger range of angles. The histograms are color-coded for the angles as in the top panels.

populations only exhibit small deviations, showing that they are
not merely a 2D overlap, but mixed in all three spatial dimen-
sions. As can be seen from the proper motions and tangential
velocities in Table 2, the Pop 2 sources exhibit slightly different
dynamical properties, which set them apart. Although the U and
V velocities of the two populations hardly differ from each other,
they occupy different regions in the UVW velocity space because
of the larger differences in W. The bimodality seen in Fig. 4
can also be seen in the UVW space; however, only 55 sources
(18.1%) from the second population have UVW velocities. By
computing the difference between the UVW vectors of the two
populations, we find that they are moving away from each other
at about 4.1 km s−1 and will no longer overlap in about 4 Myr.

Figure 6 shows the Galactic Cartesian coordinates of the
known and new ρ Oph sources for a visualization of their 3D
distribution. The literature sources exhibit a more elongated

distribution. Previously labeled impostors in Sect. 2.2 are marked
with black crosses in Fig. 6. The elongation is most prominent
along the line-of-sight, which is mostly caused by the larger errors
in the parallax measurements compared to celestial coordinates,
while some of the elongation could be caused by outliers. It can
be seen in Fig. 6 that the new sources are rather distributed at
the outskirts of the main cluster, indicating that they have been
missed previously because they are more dispersed in space.

In Fig. 7 we show the same Galactic Cartesian representa-
tion as in Fig. 6, this time highlighting the 3D distribution of the
Pop 1 and Pop 2 sources. It can be seen that the two populations
largely occupy the same space, while there is a lack of Pop 2
sources at very high Z when compared to Pop 1, best visible in
the X versus Z panel. This distribution is consistent with the pro-
jected Galactic distribution in Fig. 11, where a similar lack of
Pop 2 sources to the Galactic north can be seen.
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Table 2. Average astrometric properties, including their standard devi-
ations (1σ), for the two populations (Pop 1 and Pop 2) in the ρ Oph
region.

Dimension Pop 1 Pop 2

α (deg) 246.4 ± 1.3 246.0 ± 1.2
δ (deg) −24.2 ± 0.8 −23.9 ± 1.4
$ (mas) 7.1 ± 0.4 7.1 ± 0.4
d (pc) 140.4 ± 8.0 141.3 ± 7.9
µ∗α (mas yr−1) −7.2 ± 2.1 −11.4 ± 1.9
µδ (mas yr−1) −25.3 ± 2.3 −23.4 ± 2.1
vα (km s−1) −4.7 ± 1.1 −7.6 ± 1.2
vδ (km s−1) −17.0 ± 1.4 −15.7 ± 1.2
vr (km s−1) −6.2 ± 4.5 −3.9 ± 3.3
X (pc) 132.8 ± 7.7 133.5 ± 7.5
Y (pc) −16.2 ± 2.0 −16.3 ± 2.9
Z (pc) 42.3 ± 3.8 42.8 ± 3.9
U (km s−1) −5.5 ± 3.4 −4.1 ± 3.0
V (km s−1) −15.1 ± 1.3 −16.2 ± 1.5
W (km s−1) −9.4 ± 1.4 −5.7 ± 1.5

4.3. Observational HRD

Figure 8 (left) shows an observational Hertzsprung–Russel
Diagram (HRD) of the ρ Oph sources with the known sources
in blue and the new ones in red. To create the diagram we use
the Gaia EDR3 passbands G and GRP, for both the ρ Oph and
the control sample. Since Gaia EDR3 photometry is affected
by systematic errors, corrections were applied to the G band as
described in Riello et al. (2021). Using the observed magnitudes
mG in the G band and the individual distances d of the sources,
we computed the absolute magnitudes MG in the G band with
MG = mG +5−5 log10 d. Quality cuts as described in Appendix B
were applied to the Gaia data of the ρ Oph and control sample to
include only high quality photometry and astrometry. Isochrones
from the PARSEC models (Marigo et al. 2017) for Gaia EDR3
photometry are over-plotted in Fig. 8 for 1, 5, and 10 Myr. An
extinction vector in the V passband, labeled as AV , is shown to
visualize the direction and magnitude of extinction in this color–
magnitude space using the reddening law from Cardelli et al.
(1989) and O’Donnell (1994) provided by PARSEC. Two equal-
mass-curves for sources with 0.09 M� and 1 M� are over-plotted.

The distribution of the known and new sources in the left
panel of Fig. 8 overlap, indicating similar ages and luminosities,
as also described in Sect. 3.3 and shown in Fig. F.1. This further
confirms that they belong to the same region. Their distribution
is consistent with earlier work of Luhman & Rieke (1999) and
Esplin & Luhman (2020), who find ages of 0.3–6 Myr for ρ Oph
sources. Most of the new sources are low-mass stars, similar to
the known sources, probably consisting mainly of M-type spec-
tral classes or substellar objects.

In the right panel of Fig. 8 we show a similar observational
HRD as in the left panel, showing the two dynamical popula-
tions in the ρ Oph region. The first population (Pop 1), which
comprises the clusters of young stars around the ρ Ophiuchi
star and the main Ophiuchus clouds (L1688, L1689, L1709),
is shown in red, and the second dynamically distinct popula-
tion (Pop 2) is shown in yellow. One can see that the sec-
ond population appears to be slightly older than the first and
aligns better with older isochrones. To determine the approxi-
mate age of the second population, we compute a least mean
square fit to the data, as similarly done in Sect. 3.3, using the

G, BP and RP passbands, to isochrones with solar metallicity
from the PARSEC models (Bressan et al. 2012). We use only
high-fidelity sources with stability >4, and quality cuts of ruwe
<1.4 and astrometric_sigma5d_max <0.5 (for definitions of used
Gaia parameters, see Table H.1). With this we obtain an approx-
imate age of 10 Myr for the second population, which is older
than the average age of about 5 Myr of the whole sample.

4.4. Analysis of infrared colors: Infrared-excess sources

The evolutionary stages of young stars can be estimated by using
IR measurements, which reveal the presence of protoplanetary
disks and envelopes around the pre-main-sequence stars. Disks
and envelopes emit light in IR wavelengths due to their warm
dust emission. Cross-matching our complete ρ Oph catalog with
data from WISE (Wright et al. 2010), in our case the AllWISE
catalog, provides stars with the required IR photometry to ana-
lyze IR excesses. We note that not all sources are represented by
WISE. The cross-match yielded 1110 sources with WISE data,
which is 82.7% of our ρOph sources. The W1, W2, and W3 pass-
bands correspond to wavelengths of 3.4 µm, 4.6 µm, and 13 µm,
respectively. To use only high quality measurements in our dia-
gram, we only included sources above a specific signal-to-noise
ratio (S/N). Sources had to fulfill w1snr > 10, w2snr > 10, and
w3snr > 7 for the W1, W2, and W3 passbands. This cut was
applied to the ρ Oph and the control sample, leaving 750 sources
for the diagram, which is 55.8% of the total ρ Oph sample.

Figure 9 shows a color-color diagram for W1 − W2 versus
W2 − W3, with the known sources in blue and the new ones
in red. The control sample is included in gray, and the sources
of the second population (Pop 2) are marked by black sym-
bols. The extinction vector in the KS passband, labeled as AK ,
was determined using the reddening law for the W1, W2, and
W3 passbands as in Meingast et al. (2018). A dashed line, serv-
ing as a rough estimate, separates two regions in the diagram,
namely those with and without IR excess, as similarly done in
Koenig & Leisawitz (2014). The functional form of the dashed
line is given by W1 −W2 = 1.05−0.8 · (W2 −W3). Sources fur-
ther to the top and right in the diagram exhibit an IR excess and
are therefore most likely YSOs with envelopes or circumstellar
disks, Class I or Class II, while Class II are similar to Classical T
Tauri stars (Greene et al. 1994).

Most of the new sources have little or no IR excess, which
could be the reason why they have not been identified in any
previous IR surveys. Sources below and to the left of the dashed
line in Fig. 9 are either Class III YSOs or main sequence stars.
As Fig. 8 confirms that ρ Oph consists mainly of young stars,
this implies that the ρ Oph sources below the line can only be
Class III YSOs, which are associated with tenuous disks or bare
photospheres, therefore creating no detectable infrared excess
(Cánovas et al. 2019).

As can be seen from the red sources above and to the right
of the dashed line in Fig. 9, we have found 28 new sources
with IR excess, which are likely Class II candidates. This cor-
responds to a disk fraction of about 19.9% in the new sources,
considering the displayed 141 new sources in the diagram. The
known sources contain both Class I and Class II candidates. The
fraction of sources with IR excess in the known population is
roughly 48.6%, considering the 609 known sources within our
WISE quality criteria, with 313 Class III YSOs and 296 YSOs
with IR excess. Further analysis of the 28 new YSOs with IR
excess reveals that they are located further away from the core
of the cloud, which might explain why they have not been found
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Fig. 6. Heliocentric Galactic Cartesian coordinates of the ρ Oph sources. The known sources from the literature are marked with blue dots, the new
sources with red dots, and impostor sources (Sect. 2.2) with black crosses (see legend). No quality or stability criteria were applied to the displayed
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in any previous IR study of ρ Oph, which focused mainly on
the core region. 19 of the 28 new disk sources are from Pop 1,
while 9 of them belong to Pop 2. The positions of the new IR
excess sources in the HRD align well with most of the other new
sources, showing very little scatter.

The distribution of Pop 2 members in Fig. 9 shows deviations
from the average, with only 30 YSOs with IR excess and 154
Class III sources in the diagram, corresponding to a disk frac-
tion of 16.3%, while Pop 1 has 293 YSOs with IR excess and
260 Class III sources in the diagram, resulting in a larger frac-
tion of sources with IR excess of 53.0%. We conclude that Pop 2
contains overall more evolved stellar members and is likely at
a later evolutionary stage compared to Pop 1 since the major-
ity do not show any IR excess. This is consistent with the older
age of Pop 2 seen in the optical HRD (Fig. 8, right panel). We
note that the fraction of sources with IR excess could be over-
estimated for Pop 1 since even sources without proper motion
values were counted to Pop 1, as defined in Sect. 4.2. Therefore,
sources without measured astrometry are highly uncertain Pop 1
members since some could belong to Pop 2 or could even be
galaxies, which could contaminate an IR-selected YSO sample.

We note that there are two known sources from Pop 2 that
show untypically red colors compared to most other Pop 2
sources. The source with the largest W1 −W2 value has a Gaia
source ID of 6049129800518036992, and it is located near the
core of the molecular cloud. Based on its color, it could be a
flat-spectrum source or Class I (protostar). The proper motion

direction indeed seems to fit to the Pop 2 sample; however,
after checking the source in more detail, we find that the source
has overall larger errors, indicating that its proper motion and
distance, hence the tangential velocity, could be dominated by
errors. Therefore, the Pop 2 membership of this source is uncer-
tain, and it could be part of the younger Pop 1. This would reduce
the disk percentage of Pop 2 down to 14.8%. The other Pop 2
source with a very significant IR excess, namely the one with
the largest W2 − W3 value at the right of the diagram, has a
Gaia source ID of 6050279163829546112. The IR excess in
W3 could indicate that the source is a transition disk.

We conclude that we have found 28 new YSOs with IR
excess and 113 new Class III YSOs in Ophiuchus. The fraction
of IR excess sources to Class III YSOs is around 0.25 in the new
sources, 0.95 in the known sources, and around 0.76 in the entire
population. Again, the fraction of known sources with IR excess
could be slightly overestimated due to above mentioned reasons.
An overview of the final numbers is given in Table 3. All sources
with IR excess (Class I or Class II) according to Fig. 9, in total
324, are marked in our final catalog in the column “IR_excess”
with a “1”, while the remaining sources (Class III) are marked
with a “0”. Sources not included in Fig. 9 are not classified in
this work.

Cross-matching our complete ρ Oph sample with data from
2MASS (Skrutskie et al. 2006) provides us with further IR
measurements in the J, H, and KS passbands, which correspond
to wavelengths of 1.25 µm, 1.65 µm, and 2.17 µm, respectively.
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Table 3. Final numbers of sources resulting from our ρOph stellar member analysis.

(Sub)sample N

Known literature selected sources 1114
Literature selected sources with measured Gaia EDR3 parallax 682
Literature selected sources without impostors 1097
Impostor sources in the literature 17
All new sources without stability cut 229
New sources with stability cut 191
New sources with circumstellar disks (Class II) 28
New Class III sources 113
Total number of ρOph sources without stability cut 1343
Total number of ρOph sources with stability cut for new sources 1305
Total number of ρOph sources without impostors 1326
Total number of ρOph sources with stability cut for new sources and without impostors 1288
Pop 1 sources without stability cut 1022
Pop 1 sources with stability cut for new sources 993
Pop 2 sources without stability cut 304
Pop 2 sources with stability cut for new sources 296
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Fig. 9. Mid-infrared color-color diagram of the known ρ Oph sources in
blue and the new ones in red, including the control sample in gray, using
the W1, W2, and W3 passbands from the WISE catalog. The sources
comprising the second population (Pop 2) are marked by black symbols.
An extinction vector in the KS passband, labeled as AK , is also included.
The sources above the dashed line with W1−W2 > 1.05−0.8·(W2−W3),
are YSOs with IR excess due to a circumstellar disk (Class I or Class II),
while those below the line are Class III YSOs.

Figure 10 shows a color–color diagram of H − KS versus J − H.
In order to show only high quality measurements, we use the
quality cuts j_cmsig, h_cmsig, k_cmsig < 0.1. The known, new,
and control sources are in blue, red, and gray, respectively, while
the sources from the second population (Pop 2) are marked by
black symbols. The main sequence (MS) and giant branches
are included in the diagram, as determined by Bessell & Brett
(1988). The extinction vector in the KS passband, labeled as AK ,
was determined using the reddening law for the J, H and KS
passbands by Meingast et al. (2018). Two parallel lines with the
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Fig. 10. Near-infrared color–color diagram of the know (blue) and new
(red) ρ Oph sources, including the control sample in gray and the
sources from the second population (Pop 2) as black symbols, using
the J, H and KS passbands from 2MASS. The main sequence and the
giant branches from Bessell & Brett (1988) are included in the diagram,
as well as an extinction vector in the KS passband, labeled as AK . The
two parallel lines with the slope of the extinction vector enclose sources
that are reddened mainly due to extinction in this color space.

slope of the extinction vector were added to enclose reddened
sources above the main sequence.

As can be seen from their positions in Fig. 10, most of the
known and new sources are M stars. However, there are also
several higher-mass stars among the new sources, as seen in the
bottom left of the diagram. We find that these stars are located
relatively far from the core of the cloud, which could explain
why they have not been added as members in previous studies.
Furthermore, the new sources are, on average, less extincted than
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the known ones, as would be expected, since they were selected
based on the Gaia catalog.

5. Discussion

In this work we applied the classification strategy developed by
Ratzenböck et al. (2020) to identify new members of the ρ Oph
region in Gaia EDR3. This method yielded 191 new high sta-
bility members with similar properties in position and motion to
the 1114 known sources from the literature. From these results,
we were able to create a master catalog of all known sources in
ρ Oph, including our new sources from Gaia EDR3. This so far
most complete sample of ρ Oph contains 1305 sources (or 1343
when also including the new sources with a stability <4).

5.1. The ρ Oph region is a mixture of two young populations

The tangential velocity distribution of the final sample, presented
in Fig. 4, reveals structure hinting at the presence of more than
one population. The bimodal distribution of the proper motion
angles presented in Fig. 5 further asserts the existence of two
main populations in the surveyed area, which we call Pop 1
and Pop 2. What is discussed in the literature as the “ρ Oph
star-forming region” or “ρ Oph core” is in fact a mixture of
at least two populations, with similar but distinct dynamical
properties and ages, occupying approximately the same 3D vol-
ume. The first (Pop 1), with ages 0.3–6 Myr (Luhman & Rieke
1999; Erickson et al. 2011; Esplin & Luhman 2020), as con-
firmed in Fig. 8, comprises clusters of young stars around the
ρ Ophiuchi star and the main Ophiuchus clouds, namely L1688,
L1689, L1709 (see Fig. 11). The second population (Pop 2)
appears more dispersed in comparison and has an older age
up to ∼10 Myr, a disk fraction of ∼16.3%, and 3D motions of
U,V,W = −5.5,−16.2,−5.7 km s−1. Given that the age, disk
fraction, and 3D motion are similar to those of Upper Sco
(U,V,W = −5.1,−16.0,−7.2 km s−1, disk fraction ∼20%, age
∼10 Myr, Pecaut & Mamajek 2016; Luhman & Esplin 2020), it
is possible that the 304 Pop 2 sources in the dispersed pop-
ulation originate from the much larger Upper Sco population
toward the Galactic north. However, we note that the sources
from Pop 2 appear to be cut off toward the Galactic north, as can
be seen in Figs. 7 and 11. Considering that Upper Sco lies in the
north of ρ Oph, it seems unclear if Pop 2 really originates from
there. Still, the proper motion of Pop 2 is essentially the same as
the proper motion of Upper Sco (Luhman & Esplin 2020), mak-
ing it highly unlikely that Pop 2 is not associated with Upper
Sco (same age, distance, and motions). More likely, because the
training set consists of 77.3% Pop 1 sources, it is possible that
this bias caused the algorithm to find fewer Pop 2 sources, caus-
ing the apparent cutoff. This will be further examined in future
work (Ratzenböck et al., in prep.).

The clear kinematic difference between these two popula-
tions, only detectable because of the unprecedented accuracy of
Gaia EDR3, is the main finding of our study as it sheds light on
the genesis of the ρ Oph star-forming region. The proper motion
distribution found in Fig. 5, in combination with RVs, translates
into a 3D space motion difference between the two populations
of about 4.1 km s−1. This relative space motion indicates that the
regions are moving away from each other and could imply that
the origin of the ρ Oph star-forming region is connected to that
of the Upper Sco population. A study of the space motion of the
two populations is called for as it will give insights on the origin
of the different motions.

The closest active star formation region to Earth, the ρ Oph
region, remains a natural laboratory for star formation studies,
from core formation and collapse to disk formation and evolu-
tion into planets. Our work demonstrates how the unprecedented
astrometric precision of Gaia is revealing the fine dynamical
structure of this nearest star-forming regions.

5.2. Multiple young populations in star-forming regions

Our finding in this paper of a mixed population in ρ Oph is
similar to the discovery of the foreground population in front
of the Orion Nebula (Alves & Bouy 2012; Bouy et al. 2014;
Chen et al. 2020). Unfortunately, two of the closest benchmark
star formation regions to Earth, the ρ Oph region and the Orion
Nebula Cluster, are now known to contain multiple young pop-
ulations, either in projection or intermingled, which complicates
the extraction of star formation observables. These two cases are
unlikely the exception. Mixed populations are to be expected,
for example, in triggered star formation as a previous generation
compresses interstellar gas into a new generation of stars. Char-
acterizing the existence of multiple populations in nearby star
formation regions is critical because it directly affects the funda-
mental star formation observables, such as star formation history,
rate, efficiency, and the initial mass function (IMF). Looking for-
ward, multiple populations should be looked for in other nearby
star-forming regions, and for at least ρOph and the Orion Nebula
Cluster, they need to be disentangled for a precise description of
the basic star formation observables.

5.3. Caveats

Some of the literature sources are located off from the center
of the cloud, in particular the ones that seem to trace the B44
filament (L1689, L1712, L1759), away from the center of the
distribution and toward the lower Galactic east in Fig. 2. These
sources might be too far from the cluster center to be considered
by the algorithm, since the training set is only located near the
center of the distribution (Fig. 2). Still, the sources seen in pro-
jection onto B44 are also located at the edge of the proper motion
distribution, making them even less likely to be predicted. How-
ever, since there are only a handful of sources located so far off,
this suggests that the algorithm is not missing a significant num-
ber of sources toward the filaments B44 and B45.

5.4. Comparison with previous work using Gaia data

Cánovas et al. (2019) applied several clustering algorithms
(DBSCAN,OPTICS,HDBSCAN) to identify new sources in the
ρ Oph region using the Gaia DR2 catalog. We have found
sources that were not identified as potential members by
Cánovas et al. (2019), despite also running our search algorithm
on the Gaia DR2 catalog before the availability of Gaia EDR3.
Our search in only Gaia DR2 yielded around 150 new members,
depending on how strictly we set our prior assumptions. Find-
ing so many new YSOs in the same data set suggest that our
approach is an effective tool for searching for new members of
co-moving stellar structures.

Esplin & Luhman (2020) used Gaia DR2 data and derived
proper motions with multi-epoch data from the Spitzer Space
Telescope to find 155 new young stars, 102 of these associated
with the Ophiuchus clouds and 47 with Upper Sco. Unlike our
study, Esplin & Luhman (2020) did not use multivariate classi-
fication techniques to identify new sources, so we attribute the
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L1688

ρ Oph cluster

5 pc

Fig. 11. Spatial distribution of the two dynamical populations in ρ Oph in red and yellow circles. The ρ Oph cluster, centered on the ρ Ophiuchi
star, is marked by a white open circle. The actively star-forming clouds, L1688, L1689, and L1709, are also marked. Impostors (see Sect. 2.2)
are not included in this figure, whereas low stability sources are. The background grayscale is a column density map of Ophiuchus made with
Herschel, Planck, and 2MASS data (Alves et al., in prep.).

discovery of the 191 new YSOs over their search to tailored clas-
sification techniques as the one described in this paper, which
are powerful tools to disentangle stellar populations in the high-
precision Gaia-era data.

Concluding, the algorithm from Ratzenböck et al. (2020) has
shown to be an effective method for identifying stars belonging
to a particular population, based on the properties of a subsam-
ple of known sources. The method was able to identify 191 new
optically visible sources in ρ Oph, providing more information
on the optically revealed population of the region. Therefore, we
conclude that our method is a useful tool suitable for similar
research in the future.

6. Conclusions
The main results from this work can be summarized as follows:
1. We searched the literature to construct a catalog of 1114

known YSOs toward the ρ Ophiuchi region. We cross-
match this catalog with the Gaia EDR3, Gaia-ESO, and
APOGEE-2 surveys and use it to feed a classification algo-

rithm designed to find new, co-moving population candidates
in Gaia EDR3 using a training set of 150 sources.

2. We found 191 new YSO candidates in Gaia EDR3 belong-
ing to the ρ Ophiuchi region (229 new YSOs including low-
fidelity members). The distribution of the new sources in an
HR-diagram is very similar to previously known young stars
in the region, validating our selection.

3. The new sources appear to be mainly Class III M stars and
substellar objects, and they are generally less extincted than
the known members.

4. We found 28 new sources with excess IR emission suggest-
ing the presence of disks.

5. A proper motion analysis of the ρ Ophiuchi region reveals
the presence of two main populations: the first population
(Pop 1) of 1022 sources comprises clusters of young stars
around the ρ Ophiuchi star and the main Ophiuchus clouds
(L1688, L1689, L1709), while the second population (Pop
2) of 304 sources is slightly older and more dispersed, with a
similar but distinct proper motion from the first. Both pop-
ulations occupy approximately the same 3D volume. The
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second population’s age and proper motion suggest that it
may have originated from the Upper Sco population.

6. The two populations are moving away from each other at
about 4.1 km s−1, and will no longer be overlapping in about
4 Myr.

7. Future studies of this benchmark region should treat these
two populations separately or risk biasing the star formation
observables, such as star formation history, rate, efficiency,
or the IMF.

8. The algorithm used in this paper (OCSVM, Ratzenböck et al.
2020) has proven to be an effective method for identifying
stars belonging to a particular population, based on the prop-
erties of a subsample of known sources.
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Appendix A: Training set criteria

In this appendix, we describe the quality cuts determined for the
training set, which were used in the classification algorithm to
identify new members. We used the tangential velocities vα and
vδ and their errors for determining the cuts of the training set.
The tangential velocities were calculated through the parallaxes
$ and proper motions µ∗α and µδ using the following formulas:

vα = 4.74047 · µ∗α/$, (A.1)

vα_err = 4.74047 ·
√
µ∗2α_err/$2 + µ∗2α ·$

2
err/$4, (A.2)

vδ = 4.74047 · µδ/$, (A.3)

vδ_err = 4.74047 ·
√
µ∗2δ_err/$

2 + µ∗2δ ·$
2
err/$4. (A.4)

The cuts for the training set were determined by using plots as
a visual aid. Figure A.1 shows plots of various properties of the
complete literature sample in blue and sources that satisfy our
chosen quality cuts in orange. We applied the following quality
cuts for constructing the training set:

100 pc < d < 180 pc, (A.5)
$err/$ < 0.2, (A.6)

− 15 km s−1 < vr < 5 km s−1, (A.7)

vr_err < 3 km s−1, (A.8)

− 12 km s−1 < vα < 2 km s−1, (A.9)

vα_err < 3 km s−1, (A.10)

− 22 km s−1 < vδ < −11 km s−1, (A.11)

vδ_err < 3 km s−1. (A.12)

As the sources are located around a distance d of 140 pc, we
applied a symmetrical distance range of 100 to 180 pc for the
training set. A relative error-to-value cut was also applied for
the parallax $. Radial velocities vr are mostly around a value of
−5 km s−1, so we applied a symmetrical range of −15 to 5 km s−1.
A relative error cut is not sensible for the radial velocities since
many of them are close to zero, which could lead to losing
sources that actually belong to ρ Oph. Therefore, we applied an
absolute radial velocity error cut. Since the errors of the tangen-
tial velocities vα and vδ are comparable to the radial velocity
errors, similar cuts can be made in all three velocity directions.
We applied the same absolute error cut to the tangential veloci-
ties, since several vα values are also close to zero. These condi-
tions select sources that do not deviate much from the average
values of the chosen properties, creating a suitable selection for
finding new sources with similar properties.
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Fig. A.1. Various properties of the ρ Oph literature sample shown in blue, while the sources that fulfill all of the quality cuts are shown in orange.
These plots were used as a visual aid to determine the cuts for the training set.

Appendix B: Gaia quality criteria

For the observational HRD in Fig. 8, we applied quality cuts
to Gaia sources in order to reduce contamination by inferior
data, similar to the cuts used in Großschedl et al. (2021). Further
details on the Gaia parameters can be found on the official web-
site of the mission:2. We applied the following quality criteria to
Gaia sources:

2 https://gea.esac.esa.int/archive/documentation/
index.html

$err/$ < 0.2, (B.1)
ruwe < 1.4, (B.2)
Gerr < 0.05 mag, (B.3)
visibility_periods_used > 6, (B.4)
astrometric_sigma5d_max < 1.4. (B.5)

The Gerr value is defined as:

Gerr = 1.0857 · phot_g_mean_flux_error/phot_g_mean_flux.
(B.6)
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Appendix C: Contamination fraction constraint

Following Ratzenböck et al. (2020), we seek to constrain the
contamination fraction of predicted sources across models. As
discussed in Sect. 3, the contamination fraction is determined via
the 3D velocity distribution of ρ Oph candidate sources. How-
ever, for single models, we observed few sources that feature
radial velocity measurements in the prediction set, which leads
to a marginal effect of the contamination fraction prior assump-
tion on the number of rejected models. This effect is highlighted
in Fig. C.1, where we see that over 99% of models adhere to
the contamination rule across various maximal threshold values.
For each contamination threshold value we sampled 20 models
where we have set the maximal number of samples to 800 and
sampled the remaining prior assumptions within their respec-
tive ranges (see Sect. 3 for more details). The reported accepted
model fraction constitutes a mean value across the 20 sampled
prior assumption tuples. The standard deviation is negligibly
small.
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Fig. C.1. Accepted model fraction according to various maximal
contamination requirements. The prior assumption value was varied
between 5% and 30%. We found no significant impact of the contamina-
tion fraction restriction for individual models on the number of accepted
models.

Appendix D: Sampling in prior assumption space

Following the discussion in Sect. 3, we randomly sampled 100
prior assumption tuples within their respective range, which
resulted in 100 model ensembles. In Fig. D.1 the distribution
of the number of predicted sources and contamination fraction
space of these ensemble classifiers is shown. The prior assump-
tion space of the maximal positional extent (left column), the
maximal velocity extent (middle column) and the maximal sys-
tematic shift (right column) was uniformly sampled within their
respective ranges. We use color to encode the maximal prior
assumption value in this space. On the bottom, the sampled prior
assumption distributions for models showing minimal contami-
nation (in purple) and the remaining models (in gray) can be
seen. In models with high contamination, we observe a ten-
dency to higher velocity dispersion but low systematic shifts.
We observe that “good” models with lower contamination expe-
rience sometimes even a drastic systematic shit. This shift is due
to the second population we uncovered.
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Fig. D.1. Distribution of the number of predicted sources and contamination fraction space of these ensemble classifiers. Top: distribution of 100
ensemble classifiers trained using various prior assumption constraints in the number of predicted sources and contamination fraction space. We
have randomly sampled the prior assumption of the maximal positional extent (left column), the maximal velocity extent (middle column) and the
maximal systematic shift (right column) within their respective ranges. The color highlights the maximal prior assumption value. Bottom: sampled
prior assumption distributions for models showing a contamination of less than 0.28 (in purple) and remaining models (in gray). For models with
a higher contamination fraction we observe a tendency to higher velocity dispersion and a small systematic shift.

Appendix E: Stability
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Fig. E.1. Stability (in percent) of the known and new sources, as deter-
mined by the OCSVM method.

We discuss the stability of the predicted sources as well as the
stability cut we chose. Although the model selection process
via a set of prior assumptions (see Sect. 3) removed a major-
ity of unsuitable models, the lack of a clear objective function
still leaves some contamination in our final prediction sample.
To find a set of high-fidelity members, we studied the prediction
frequency, or stability, of the predicted sources across the model
ensemble. Figure E.1 shows a histogram of the stability of the
known and new sources. Both of them show a relatively similar
stability distribution. Many of the known sources from the liter-
ature are predicted with a stability of 0 because they are not in
the Gaia EDR3 catalog.

As discussed in Ratzenböck et al. (2020), an appropriate sta-
bility threshold should reduce spurious sources while maximiz-
ing the number of legitimate cluster members. For this purpose,
the authors studied the impact of the stability criterion on the
Cartesian velocity dispersion and selected an optimal value by
eye. Now we aimed to train multiple model ensembles under
different prior assumptions and jointly attempt to characterize
each model ensemble corresponding to a single prior belief
tuple in terms of a contamination estimate and the number of
identified points at their respective optimal stability thresholds
(see Sect. 3). Therefore, we intend to automatically determine a
threshold value for each model ensemble. To do so we consid-
ered the following. The distribution of predicted members and
training members in 5D is by design very close and adheres to
our prior assumptions, so we cannot infer an independent quality
criterion from the prediction in 5D. However, since stars that are
born together move together (Kamdar et al. 2019), we can, sim-
ilarly to Ratzenböck et al. (2020), use the, albeit sparsely avail-
able, full 3D velocity information for determining the stability
criterion.

To be co-moving, we postulate that the predicted sources
with radial velocity information should be distributed as simi-
larly as possible to the training set 3D velocities. To test this
similarity, we modeled the 3D velocity data using a multivari-
ate normal distribution. We determined the mean and covari-
ance by maximizing the likelihood of the training data under the
model. To estimate the difference between the trained and pre-
dicted sources, we used the Kullback–Leibler (KL) divergence
(Kullback & Leibler 1951) DKL(p ‖ q) where q and p both con-
stitute probability distribution functions. The KL divergence of
p(x) from q(x) of the continuous variable x is defined via
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Fig. E.2. KL divergence between Cartesian velocity distributions of
training and predicted source populations determined across various
stability threshold values. We found an optimal threshold criterion of
stability >4% for the final ensemble across various prior assumptions
that produce minimal contamination (see Sect. 3 for a more detailed
discussion).

DKL(p ‖ q) =

∫ ∞

−∞

p(x) log
(

p(x)
q(x)

)
. (E.1)

It can be interpreted as the information content that is lost
when the true distribution p is substituted by an approximate
distribution q (Burnham & Anderson 2002). Here, p represents
our training set distribution, while the approximate distribution
q describes the distribution of predicted sources. To evaluate
DKL(p ‖ q), we modeled q, the velocity distribution of the derived
members, assuming a single Gaussian. For two multivariate nor-
mal distributions, the KL divergence can be written analytically
in the following form (Petersen & Pedersen 2012):

DKL =
1
2

[
log
|Σq|

|Σp|
− d + tr(Σ−1

q Σp) + (µq − µp)T Σ−1
q (µq − µp)

]
.

(E.2)

Here, µ and Σ refer to the mean and covariance matrices of the
multivariate normal distributions, respectively. The variable d
describes the number of dimensions, which is in this case d = 3.
To find the optimal stability threshold we seek to minimize the
KL divergence between the Cartesian velocity distribution of
training and predicted sample populations, which is illustrated
in Fig. E.2. We found an optimal threshold criterion of stabil-
ity >4%. The stability is included in our final catalog shown in
Table H.1.

Appendix F: Validation of predicted sources in the
HRD

As a final validation step, we compare the predicted source dis-
tribution to the training set distribution in the HRD. Since both
populations should be coeval, we can characterize the HRD dis-
tribution by their deviation from the best fitting isochrone on
the training set. In Fig. F.1, the standard deviation of residuals
between the data and the 5 Myr isochronal curve is shown. We
found no significant difference between the training set members
and the predicted sources based on their HRD distributions.
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Fig. F.1. Comparison between the training and predicted (inferred)
sources across the full stability range. The y-axis shows the standard
deviation of residuals between the data and an isochrone of 5 Myr,
describing the best fit to the training data. We find no significant differ-
ence between the training set members and the predicted sources based
on their HRD distributions.

Appendix G: Astrometric properties of known and
new sources

Table G.1. Average astrometric properties of the known and new
sources in ρ Oph.

Dimension Known New All ∆

α (deg) 246.6 ± 1.0 245.2 ± 1.6 246.3 ± 1.3 1.4
δ (deg) −24.2 ± 0.8 −23.8 ± 1.5 −24.1 ± 0.9 −0.4
$ (mas) 7.2 ± 0.4 7.0 ± 0.3 7.1 ± 0.4 0.1
d (pc) 140.0 ± 8.5 142.5 ± 5.8 140.6 ± 7.9 −2.4
µ∗α (mas yr−1) −8.2 ± 3.0 −9.6 ± 1.9 −8.6 ± 2.8 1.4
µδ (mas yr−1) −24.9 ± 2.5 −23.9 ± 2.0 −24.7 ± 2.4 −1.0
vα (km s−1) −5.4 ± 1.9 −6.5 ± 1.3 −5.7 ± 1.8 1.1
vδ (km s−1) −16.7 ± 1.6 −16.1 ± 1.1 −16.5 ± 1.5 −0.6
vr (km s−1) −5.8 ± 4.3 −5.0 ± 5.1 −0.9 ± 68.5 −0.8
X (pc) 132.7 ± 8.1 134.1 ± 5.8 133.0 ± 7.6 −1.4
Y (pc) −15.8 ± 1.9 −17.4 ± 3.0 −16.2 ± 2.4 1.6
Z (pc) 41.8 ± 3.4 44.6 ± 4.2 42.5 ± 3.9 −2.9
U (km s−1) −5.2 ± 3.3 −4.9 ± 4.5 −5.9 ± 5.8 −0.2
V (km s−1) −15.3 ± 1.4 −15.9 ± 1.0 −15.3 ± 1.5 0.6
W (km s−1) −8.6 ± 2.1 −7.3 ± 2.5 −8.7 ± 2.5 −1.3

Notes. The average positional and dynamical values, including their
standard deviations (1σ), were determined for the known and new
sources separately, as well as for all of them together. The column ∆
contains the difference of the known and new mean values for compar-
ison of the two.

Table G.1 shows the average astrometric properties of the
sources in ρ Oph, such as the distances, proper motions, radial
and tangential velocities, Galactic Cartesian positions X,Y,Z and
Galactic Cartesian velocities U,V,W, as well as the standard
deviations (1σ) of these parameters. These average values were
determined for the known and new sources, as well as for all
of them together. To avoid the influence of outliers, impostors
defined in Sect. 2.2 were not included in the calculations. The
column ∆ contains the difference of the known and new mean
values for comparison.
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There appear to be only small deviations between the prop-
erties of the known and new sources, which are not signifi-
cant within 1σ. This further confirms that, on average, they
belong to the same region. The average values of ρ Oph for
$, µ∗α, µδ, X,Y,Z agree relatively well with those determined by
Cánovas et al. (2019) within 1σ.

Appendix H: ρ Oph catalog overview

In this appendix we present our final catalog of ρ Oph sources,
which is available at the CDS. It includes all known sources from
the literature and all sources identified by the OCSVM, even
those with a stability <4, resulting in a total of 1343 sources.
Table H.1 shows an overview of the column names, their units
and their descriptions. In total, our catalog contains 67 columns.

The column “Ref” serves as a reference for the literature sources,
where each paper is cited by their reference number given in
Table 1. Several sources were obtained from more than one
paper; therefore, some sources have more than one reference
number.

Since the known sources have proper motions and radial
velocities obtained from the literature, Gaia EDR3, APOGEE-
2, or Gaia-ESO, we provide the column “Ref_pm_rv” for the
reference of the proper motions and radial velocity values,
respectively. Each row contains two numbers for citation of
these values, where “1,” “2,” “3,” and “4” signify measure-
ments obtained from the literature, Gaia EDR3, APOGEE, and
Gaia-ESO, respectively. “0” implies that a source does not
have a corresponding proper motion, parallax or radial velocity
measurement.

Table H.1. Column overview of the final catalog containing known and new ρ Oph sources.

Column name Unit Description

source_id_edr3 – Gaia EDR3 ID
RA deg Right ascension (J2000)
Dec deg Declination (J2000)
l deg Galactic longitude
b deg Galactic latitude
parallax mas Parallax
parallax_error mas Parallax error
distance pc Distance, determined from the inverse of the parallax
pmra mas yr−1 Proper motion in ra direction
pmra_error mas yr−1 Error in pmra
pmdec mas yr−1 Proper motion in Dec direction
pmdec_error mas yr−1 Error in pmdec
radial_velocity km s−1 Heliocentric radial velocity
radial_velocity_error km s−1 Error in radial velocity
v_alpha km s−1 Tangential velocity in ra direction
v_alpha_error km s−1 Error in v_alpha
v_delta km s−1 Tangential velocity in dec direction
v_delta_error km s−1 Error in v_delta
X pc Galactic Cartesian X position component
Y pc Galactic Cartesian Y position component
Z pc Galactic Cartesian Z position component
U km s−1 Galactic Cartesian U velocity component
V km s−1 Galactic Cartesian V velocity component
W km s−1 Galactic Cartesian W velocity component
ruwe – Renormalized unit weight error
astrometric_sigma5d_max mas Longest principal axis in the 5D error ellipsoid
astrometric_params_solved – Which parameters have been solved for
visibility_periods_used – Number of visibility periods in the astrometric solution
phot_g_mean_flux e-/s G-band mean flux
phot_g_mean_flux_error e-/s Error on G-band mean flux
phot_g_mean_mag mag G-band mean magnitude
phot_bp_mean_mag mag Integrated BP mean magnitude
phot_rp_mean_mag mag Integrated RP mean magnitude
bp_rp mag BP–RP color
Train – =1 for sources in the training set
Predict – =1 for predicted sources in Gaia EDR3
New – =1 for new sources in Gaia EDR3
Stability – Stability of the sources, range: 0–100
Impostors – =1 for impostor sources

Notes. Column overview of the final catalog of ρ Oph sources, which includes the known sources from the literature as well as the new sources
identified by the algorithm. The complete table is available at the CDS.
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Table H.1. continued.

Column name Unit Description

pml mas yr−1 Proper motion in l direction
pmb mas yr−1 Proper motion in b direction
v_l km s−1 Velocity in l direction
v_b km s−1 Velocity in b direction
angle_l_hel deg Heliocentric proper motion angle to l-axis
pml_lsr mas yr−1 Proper motion in l direction (LSR)
pmb_lsr mas yr−1 Proper motion in b direction (LSR)
v_l_lsr km s−1 Velocity in l direction (LSR)
v_b_lsr km s−1 Velocity in b direction (LSR)
angle_l_lsr deg LSR proper motion angle to l-axis
Pop – =1 for Pop 1 sources, =2 for Pop 2 sources, =0 if neither
IR_excess – = 1 for YSOs with IR excess, = 0 for Class III sources
designation_2MASS – 2MASS ID
j_m mag J-band magnitude
j_cmsig mag Uncertainty in J-band magnitude
h_m mag H-band magnitude
h_cmsig mag Uncertainty in H-band magnitude
k_m mag K-band magnitude
k_cmsig mag Uncertainty in K-band magnitude
designation_WISE – WISE ID
w1mpro mag WISE W1 magnitude
w1snr – W1 S/N
w2mpro mag WISE W2 magnitude
w2snr – W2 S/N
w3mpro mag WISE W3 magnitude
w3snr – W3 S/N
Ref – Reference for literature sources, see Table 1, range: 1–11
Ref_pm_rv – Reference for proper motions and radial velocity: literature=1,

Gaia EDR3=2, APOGEE=3, Gaia-ESO=4
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