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ABSTRACT

Context. Most stars are born in clusters, and recent results suggest that star formation (SF) preferentially occurs in subclusters.
Studying the morphology and SF history of young clusters is crucial for understanding early cluster formation processes.
Aims. We aim to identify the embedded population of young stellar objects (YSOs) down to the low-mass stars in the M-type regime
in the three H II regions RCW 33, RCW 32, and RCW 27, which are located in the northwestern region of the Vela Molecular Ridge.
Our aim is to characterize their properties, such as morphology and extent of the clusters in the three H II regions, derive stellar ages,
and determine the connection of the SF history with the environment.
Methods. Through public photometric surveys such as Gaia, VPHAS+, 2MASS, and Spitzer/GLIMPSE, we identify YSOs with
classical techniques aimed at detecting IR, Hα, and UV excesses as signatures of circumstellar disks and accretion. In addition, we
implement a method for distinguishing main-sequence (MS) stars and giants in the M-type regime by comparing the reddening derived
in several optical/IR color-color diagrams, assuming suitable theoretical models. Since this diagnostic is sensitive to stellar gravity,
the procedure allows us to also identify pre-MS (PMS) stars.
Results. Using the classical membership criteria, we find that a large population of YSOs shows signatures of circumstellar disks
with or without accretion. In addition, with the new technique of M-type star selection, we find a rich population of young M-type
stars whose spatial distribution strongly correlates with the more massive population. We find evidence of three young clusters, with
different morphology, for which we estimate the individual distances using TGAS Gaia data of the brighter subsample. In addition,
we identify field stars falling in the same region by securely classifying them as giants and foreground MS stars.
Conclusions. We identify the embedded population of YSOs down to about 0.1 M� that is associated with the three H II regions RCW
33, RCW 32, and RCW 27 and the three clusters Vela T2, Cr 197, and Vela T1, respectively. All the three clusters are located at a
similar distance, but they have very different morphologies. Our results suggest a decreasing SF rate in Vela T2 and triggered SF in
Cr 197 and Vela T1.

Key words. techniques: photometric – stars: low-mass – stars: pre-main sequence – stars: formation – H II regions –
open clusters and associations: general

1. Introduction

The Vela Molecular Ridge (VMR) is a large molecular cloud
complex revealed by four strong emission peaks observed in the
1→0 transition of 12CO (Murphy & May 1991), indicating that
active SF is taking place (Pettersson 2008). It is located in the
constellations of Puppis and Vela, and it is part of a complex
region including the very large H II Gum Nebula, the Vela super-
nova remnant, and also a remarkable annular system of cometary
globules (Pettersson 2008).

Murphy & May (1991) identified four main clouds within
the VMR, called A, B, C, and D. Clouds A, C, and D are located
at 0.7± 0.2 kpc, and cloud B is located at 2 kpc. Several small
H II regions have also been found in this region. Liseau et al.
(1992) and Lorenzetti et al. (1993) have found 33 Class I objects
in the VMR based on JHKL near-infrared (NIR) photometry, of
? Full Tables 2 and 3 are only available at the CDS via anony-

mous ftp to http://cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/617/A63

which 25 lie in clouds A, C, and D and 8 in cloud B. Other sur-
veys based on NIR and CO observations have been conducted in
the whole VMR region with the aim of finding signs of embed-
ded young stellar objects (YSOs). A detailed review is given in
Pettersson (2008).

The northwestern region of the VMR, which lies in cloud D,
has been the subject of an Hα survey covering a 5◦.5× 5◦.5 field,
centered on RA (1950) = 8h43m.2, Dec (1950) =−40◦57′, as re-
ported by Pettersson & Reipurth (1994). The three H II regions,
RCW 27, 32, and 33, where signatures of recent low-mass star
formation (SF) have been found by these authors, is one of the
peculiarities of this field. The authors identified 278 Hα emis-
sion objects (with a completeness limit V = 19) associated with
dark clouds and the three H II regions. In particular, they found
two main concentrations, called Vela T1 and Vela T2 T Tauri as-
sociations, toward the H II regions RCW 27 and RCW 33, respec-
tively. They also took slit spectra of 24 of the emission-line stars
and found that the majority have a spectral appearance similar to
T Tauri stars.
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Yamaguchi et al. (1999a) attempted to assign a possible age
sequence, suggesting that the sparse Vela T1 association in
RCW 27 is more evolved than the tighter Vela T2 association
in RCW 33. They explained this sequential SF as an effect of the
influence of the exciting OB stars on the molecular clouds.

Massi et al. (1999, 2003) have carried out deep JHK imaging
and 1.3 mm continuum photometry of 15 of the Class I sources
found in the VMR D, while Testi et al. (2001) and Massi et al.
(2006) have obtained deep JHKs images of six of the most lumi-
nous IRAS sources in the VMR D cloud. They found evidence
of embedded clusters younger than 1 Myr for which they derived
initial mass functions that are consistent with those derived for
field stars and clusters.

RCW 32 is likely excited by HD 74804, the brightest star of
Collinder 197 (Cr 197). The Hα emission stars in this region are
very concentrated. It has been the target of a deeper objective
prism image and of a ROSAT HRI observation, which identi-
fied 70 and 30 YSOs, respectively. Several embedded sources
were found in the region, which suggests an age of 1 Myr. The
young galactic cluster Cr 197 has been the subject of a dynam-
ical study by Bonatto & Bica (2010), who found it in a super-
virial state, with evidence of some deviation from dynamical
equilibrium.

Several studies, dedicated to individual sources lying in the
northern region of the VMR, provide significantly different dis-
tances in the range 0.70–1.15 kpc (see Pettersson & Reipurth
1994, for a review). More recently, a distance of 0.85 kpc has
been attributed to the cluster, called ASCC 50, that was de-
tected in RCW 33 by Kharchenko et al. (2005) and confirmed
by Kharchenko et al. (2013).

In this work, we wish to study the northern region of the
VMR that was covered by Pettersson & Reipurth (1994) to un-
derstand the connection between the star-forming sites found
in it and the SF history. In particular, we aim at character-
izing and comparing the properties of the three embedded
young clusters Vela T2 (corresponding to ASCC 50), Cr 197,
and Vela T1, associated with RCW 33, RCW 32, and RCW 27,
respectively.

To this aim, we exploit the potential of recently public data
such as the deep optical-Hα VPHAS+ survey and the avail-
able NIR and X-ray data complemented by the new Gaia as-
trometric and kinematic data. This will allow us to perform a
global analysis of the region by assessing the properties of the
three subclusters, from which we hope to derive hints on the SF
process.

The paper is organized as follows. Section 2 describes the
photometric catalog we assembled and used for this study. In
Sect. 3 we describe the selection of accreting YSOs, and in
Sect. 4 we describe the selection of YSOs with a circumstellar
disk. In Sect. 5 we describe the kinematic analysis of the TGAS
Gaia data, while in Sect. 6 we summarize the properties of the
members we selected with classical methods. In Sect. 7 we illus-
trate the procedure we adopted to identify M-type stars, derive
their reddening, and identify M-type giants, MS stars, and cluster
members. In Sect. 8 we discuss our results on the spatial distri-
bution and the SF history, while our conclusions are summarized
in Sect. 9.

2. Catalog compilation

Figure 1 shows an Hα image of 6◦ × 6◦centered at (RA, Dec) =
(131◦, −41◦) taken from the Southern H-Alpha Sky Survey
Atlas (Gaustad et al. 2001). It includes the northwestern region
of the VMR we study here that we label as NW-VMR region.

The three areas in the three H II regions RCW 33, RCW 32 and
RCW 27, respectively, centered on RA (J2000) = [132◦.73,
131◦.2,129◦.5] deg and Dec (J2000) = [−42◦.13,−41◦.3,−40◦.6] are
the subject of this work.

The NW-VMR is included in the VST Photometric Hα Sur-
vey of the Southern Galactic Plane (VPHAS+ Drew et al. 2014).
We used photometry of Data Release 2 (Date: 2015-07-30) from
the ESO Catalog Facility within a radius of 3◦around (RA,
Dec) = (131◦, −41◦). This multiband source catalog has been
obtained from observations of the OmegaCAM CCD imager
mounted on the 2.6 m VLT Survey Telescope (VST) on Cerro
Paranal, Chile. Imaging is performed with the IMAGE/OFFSET
technique using the bands u_SDSS, g_SDSS, r_SDSS, i_SDSS,
and NB_659, corresponding to the five filters u, g, r, i, and Hα,
down to r∼ 21.

From this catalog, we selected objects tagged as the best
available detections per unique object, with a signal-to-noise
ratio (S/N)> 10 and a DAOPHOT (Stetson 1987) point spread
function fitting score of CHI <1.5 in the r, i, and Hα bands.
With this selection, the VPHAS+ catalog in NW-VMR includes
499 664 objects with photometric errors smaller than 0.1 mag.
Since the observations with the u and g filters cover only the
northwestern part of RCW 27, we did not consider the u and g
magnitudes.

VPHAS+ magnitudes are given both in the Vega and AB
system (Oke & Gunn 1983). A detailed description of the sur-
vey strategy, photometric offsets, photometric quality, exposure
times, and pipeline used to derive the magnitudes can be found
in Drew et al. (2014).

The deep VPHAS+ photometric catalog ranges from g = 13
down to g∼ 21. Magnitudes g< 13 are affected by saturation
(Drew et al. 2014). For this reason, we compiled the photomet-
ric catalog of the NW-VMR region using the VPHAS+ cat-
alog for r≥ 13 and the AAVSO1 Photometric All-Sky Survey
(APASS) DR9 (Henden et al. 2016) catalog for r< 13. To check
the VPHAS+ calibration, we cross-matched the APASS magni-
tudes, calibrated in the SDSS2 AB system, with the VPHAS+
catalog by considering objects with 14< r< 17, both in the
VPHAS+ and APASS catalog. These limits have been cho-
sen to avoid saturated objects in the VPHAS+ catalog and
large errors in the APASS catalog whose limiting magnitude
is about r = 17.8 mag. Using a matching radius of 1′′, we com-
puted the systematic shift between the astrometric systems of the
two catalogs corresponding to RAVPHAS−RAAPASS = 0′′.07 and
DecVPHAS+−DecAPASS = 0′′.05. We corrected the APASS coordi-
nates for this shift and again cross-correlated the two catalogs by
adopting a matching radius of 0′′.5. The 5 982 objects common
to the VPHAS+ and APASS catalogs were used to check the
VPHAS+ photometry. By considering the range 0.2< r−i< 1.5,
comprising the bulk of objects of our interest, we find that the
r and i magnitude differences between VPHAS+ and APASS
catalogs do not show any dependence on the relevant colors,
while the median offsets are 0.009 and −0.020 mag in the i and
r bands, respectively. Since these are negligible with respect to
the photometric errors, we do not apply any correction to the
magnitudes. The final optical catalog includes 568 811 entries in
NW-VMR.

The NIR counterparts of the objects included in our op-
tical catalog were found in the 2MASS Point Sources cata-
log (Cutri et al. 2003), from which we selected only objects
with photometric quality flag “A” in at least one of the three

1 American Association of Variable Star Observers.
2 Sloan Digital Sky Survey.
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Fig. 1. 6◦ × 6◦ Hα image centered on (RA,
Dec) = (131, −41), taken from the Southern H-
Alpha Sky Survey Atlas (Gaustad et al. 2001).
The positions of Trumpler 10 and of the three
H II regions are indicated. The FOVs of the
ROSAT HRI and Chandra ACIS-I observations
are indicated by solid and dashed boxes, respec-
tively.

magnitudes JHK. The cross-match between the two catalogs was
performed using the match service available at the CDS. By
adopting a matching radius of 1′′, we found that 431 860 of the
568 811 entries in our catalog have at least one counterpart in the
2MASS catalog.

The field we studied has been also included in the
Vela-Carina Spitzer IRAC program, an extension program of
the Galactic Legacy Infrared Midplane Survey Extraordinaire
(GLIMPSE, Benjamin et al. 2003; Churchwell et al. 2009). We
used the Vela-Carina Catalog (Zasowski et al. 2009), which in
NW-VMR includes 170 206 objects with IRAC/Spitzer mag-
nitudes. We cross-matched the list of IRAC sources with our
catalog by adopting a matching radius of 0′′.5 and found
that 89 263 IRAC sources have a counterpart in our optical
catalog3.

In addition, we used the TGAS subset of the Gaia DR1 cata-
log (Gaia Collaboration 2016a, 2016b), limited to the objects in-
cluded in the HIPPARCOS and Tycho-2 catalogs, for which we have
positions, proper motions (PM), and parallaxes. The TGAS cat-
alog was cross-matched4 with the APASS catalog in NW-VMR,
finding 3 065 matches within 1′′.

In NW-VMR, several X-ray sources were also found from
the ROSAT High Resolution Imager (HRI, 1RXH, third Release)
and from the Chandra ACIS observations taken from the Chan-
dra Data Archive (Wang et al. 2016). The field of view (FOV)
of these observations are shown in Fig. 1. We cross-matched
the two X-ray catalogs, including 25 Chandra and 75 ROSAT
sources (with 3 sources in common to the two catalogs), with
our optical catalog using the match service provided by the CDS,
and adopting a radius of 5′′. Within the NW-VMR area consid-

3 The GLIMPSE point source accuracy is typically 0.3 arcsec.
4 Using the match service provided by CDS.

ered here, we considered the optical counterparts closest to the
97 X-ray sources as YSOs.

In particular, we have 8 and 34 X-ray sources from the
ROSAT catalog that fall in RCW 33 and RCW 32, respectively
and 40 X-ray sources in RCW 27, 36 of which are from the
ROSAT catalog and 7 from the Chandra ACIS catalog, with 3
objects detected with both Chandra and ROSAT. The very small
number of X-ray detections is due to the limited ROSAT sen-
sitivity and to the short exposure times (from 1 to 46 ks) and
coverage of the Chandra observations in this region.

3. Candidate young stars with ongoing accretion
from Hα excesses

CTTS stars are YSOs with ages younger than few Myr, char-
acterized by a circumstellar disk that transfers its matter onto
the central star. This process involves high velocities of the gas
that impacts on the star with a subsequent formation of a surface
shock emitting predominantly in the UV, while Hα emission is
produced in the accretion funnel. The first gives rise to the UV
flux excess distinctive of CTTS, while the second can be photo-
metrically detected through the (r−Hα) color, which is a mea-
surement of the strength of the Hα emission line relative to the
photospheric continuum in the r band.

Figure 2 shows the r−Hα versus r−i color-color diagram
(CCD), for all 473 998 VPHAS+ objects in the NW-VMR region
with color errors <0.1 mag. The synthetic unreddened main se-
quence for stars with spectral type from O6V to M2V and the gi-
ant locus for stars with spectral type from K0III to M5III, com-
puted by Drew et al. (2014), are also shown. Since the NW-VMR
region includes a very large area with patterns of dark obscuring
matter, spatially variable reddening is expected. This explains the
large spread in colors around the synthetic loci. Neverthless, the

A63, page 3 of 20

https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201833172&pdf_id=1


A&A 617, A63 (2018)

Fig. 2. VST r−Hα vs. r−i diagram plotted as a two-dimensional stellar-
density histogram using a binning of 0.005× 0.005 and an eight-level
color-coded scale such that high source densities (130 per bin) are dark
green and the lowest densities (one per bin) are violet. The magenta solid
and dashed lines are the synthetic unreddened main sequence and giant
loci, respectively, given by Drew et al. (2014), and the black solid line is
the limit adopted to select objects with Hα excesses, drawn as magenta
circles.

bulk of main sequence and giant stars is enclosed within the blue
region, while objects with larger r−Hα are stars with Hα emis-
sion lines. We thus consider as stars with Hα excesses those with
r−Hα color higher (with at least 5σ confidence) than the limit
r − Hα= 0.3 + 0.4× (r − i). In this way, we select 329 CTTS
candidates.

Figure 3 shows the spatial distribution of VPHAS+ objects in
the NW-VMR region. Even though not the whole region is cov-
ered by VPHAS+ observations, the three H II regions we study
are completely covered, except for the northern part of RCW 27.
The 329 objects selected as Hα emission line stars are overplot-
ted and clearly show a peculiar pattern with a tight concentra-
tion in RCW 32, a round but quite sparse distribution in RCW 27,
and an elongated concentration in the RCW 33 region. This dis-
tribution is very similar to that found for the Hα-emitting stars by
Pettersson & Reipurth (1994).

In order to understand the nature of the selected objects, we
plot them in the r versus r−i diagram shown in Fig. 4. Most of the
selected objects are on the red side of the diagram and are consis-
tent with a low-mass population of PMS stars, with ages younger
than10 Myr,asderivedfromthecomparisonwith thePISA10 Myr
isochrone (Tognelli et al. 2011; Randich et al. 2018), assuming
a distance of 750 pc and reddening E(B−V) = 0.2 (see Sect. 5).
These results strongly suggest the presence of three young clus-
terswithdifferentspatialdistributionsassociatedtotheH II regions
RCW 33, RCW 32, and RCW 27, respectively.

4. Candidate disk-bearing young stars from NIR
excesses

Near-infrared excesses with respect to photospheric stellar
colors are a very efficient tool for selecting YSOs. Several

Fig. 3. Spatial distribution of the VPHAS+ stars in the NW-VMR region,
plotted as a two-dimensional stellar-density histogram using a binning
of 0◦.02× 0◦.02 and a seven-level color-coded scale such that high source
densities (45 per bin) are dark green and the lowest densities (one per bin)
are blue. Objects with Hα excesses are drawn as magenta circles.

optical/NIR colors can be used to select objects with evident
NIR excesses due to the presence of a circumstellar dusty disk
in YSOs. Spitzer/IRAC CCDs are a powerful method for distin-
guishing YSOs with disk from old stars, since IR excesses in these
colors do not follow the reddening direction and can therefore
easily be separated from reddened objects. The [3.6]–[4.5] vs.
[5.8]–[8.0] diagram in Fig. 5 includes all the objects with errors
smaller than 0.2 mag and with S/N> 10 in all four bands, as done
in Zasowski et al. (2009) for data from the same survey. Using
the conditions given in Gutermuth et al. (2009), which involve all
IRAC/Spitzer magnitudes, weselected461 candidateClass II, that
is, disk-bearing objects, and 20 Class I YSOs, that is, YSOs still
surrounded by the infalling material from which they form.

We also searched for possible contaminants (AGN or PAH
galaxies) by following the definitions given in Gutermuth et al.
(2009). We found that our sample of Class II YSOs includes 15
sources that are likely PAH contaminants, and we removed them
from our sample.

Warm disks can show IR excesses in the K and H bands, but
also in the J band, and the J−H versus H−K diagram is usually
considered to select Class II stars (Meyer et al. 1997; Cieza et al.
2005). However, in this diagram it is very difficult to distinguish
reddened objects from NIR excesses, since the region consistent
with Class II stars overlaps with that of reddened objects, and
therefore only objects with very strong NIR excesses can be se-
lected from this diagram. Conversely, objects with excesses in the
H or K bands can be very well distinguished from reddened ob-
jects if the diagram involves an optical color, dominated by photo-
spheric emission even in Class II stars. For example, as discussed
in Damiani et al. (2017), in the r−i versus J−H and/or r−i versus
H−K diagrams, objects with excesses in the H−K or J−H colors
canbeconfidently foundontheredsideof themain locusofnormal
reddened stars.
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Fig. 4. SDSS r vs. r−i diagram plotted as a two-dimensional stellar-
density histogram using a binning of 0.01× 0.01 and a 7 level color-
coded scale such that high source densities (70 per bin) are dark-
green and the lowest densities (one per bin) are blue. The magenta
solid line is the 10 Myr PISA isochrone, assuming a distance of 750 pc
and E(B−V) = 0.2. Objects with Hα excesses are drawn as magenta
circles.

Figures 6–8 show the r−i versus H−K, the r−i versus J−H,
and the J−H versus H−K diagrams of all objects with errors in
r−i, H−K, and J−H smaller than 0.1. It is evident that the bulk
of the objects, mostly including giants and MS stars, follows the
reddening vector. In this work we adopted the relations of the ex-
tinction curve with RV = 3.1 given in Table 1.

Thecomparisonof thedatawith the10and100 Myrisochrones
suggests that the tail of objects in Fig. 7 with J−H around 0.6 and
r−i& 1 is the locus of M-type stars, while objects on the right of
the dashed lines in the first two diagrams can be considered can-
didate YSOs. In total, 221 YSOs show excesses in both the J−H
and H−K colors. Of these, 111 were selected as YSOs with a disk
also using the IRAC data, while the remaining 110 lie outside the
region covered by the IRAC/Spitzer observations. This finding is
fully consistent with the observation coverage.

To also include the objects that lack detections in the less sen-
sitive 5.8 and 8.0 µm bands, or with low excess in the J band, we
selected 296 additional YSOs by taking objects with excess in
the H−K color that fulfill at least one of the previous three con-
ditions involving the IRAC colors [3.6]–[4.5], [3.6]–[5.8], and
[4.5]–[8.0]. Finally, to include possible YSOs with a low excess
in the K band, we selected another 125 YSOs with excess in J−H
and in at least one of the IRAC colors. We finally assembled a
total of 559 Class II YSOs that are included in at least one of
the samples selected as described above, plus 20 Class I YSOs
that are shown in Fig. 9, where the area covered by IRAC/Spitzer
observations is also shown. The spatial distribution of the
Class II and I stars is very similar to that found in the previous
section for CTTS, and it again confirms the presence of three
embedded young clusters in NW-VMR. The circular boundaries
shown in the figure trace the locations of the dusty shells or
bubbles that surround the three H II regions, as is shown in the
WISE image of the region (see Fig. 22).

Fig. 5. [3.6]−[4.5] vs. [5.8]−[8.0] diagram plotted as a two-dimensional
stellar-density histogram using a binning of 0.01× 0.01 and a seven-level
color-coded scale such that high source densities (29 per bin) are dark
green and the lowest densities (one per bin) are blue. Class II stars are
drawn as magenta diamonds, and Class I objects are indicated by black
points. The reddening vector for AK = 1 based on the extinction law in
the direction of RCW 49 of Indebetouw et al. (2005) is shown as a filled
arrow.

Table 1. Relations for a G2V star using the Cardelli et al. (1989) and
O’Donnell (1994) extinction curve with RV = 3.1 in the SDSS ugriz and
2MASS photometric systems (Marigo et al. 2017).

A(u)
A(V)

A(g)
A(V)

A(r)
A(V)

A(i)
A(V)

A(z)
A(V)

A(J)
A(V)

A(H)
A(V)

A(Ks)
A(V)

1.569 1.206 0.871 0.683 0.492 0.294 0.181 0.118

5. Kinematic populations

5.1. Trumpler 10 association

Even if limited to very bright stars, Gaia TGAS data give us the op-
portunity to study the kinematics across large fields. In order to un-
derstand whether the three young populations belong to the same
molecular cloud and share a similar motion, we compared their
PMs and parallaxes. As has been described in the literature, the
VMR is behind the intermediate-age OB association Trumpler 10
(RA = 131◦.872, Dec =−42◦.40), of which 23 members, 22 B-type
and1A0Vstarareknown(de Zeeuw et al.1999;Kharchenko et al.
2013).

The distance of Trumpler 10 has been estimated by sev-
eral authors to be 417 pc (Kharchenko et al. 2013), 424 pc
(Dias et al. 2002), and 366± 23 pc (de Zeeuw et al. 1999).
Located at a galactocentric distance of RGC = 8.1 kpc, it shows
a relatively low reddening, E(B−V) = 0.029 (Kharchenko et al.
2013). The most recent values for the cluster age are 24 Myr
(Kharchenko et al. 2013),∼35 Myr (Dias et al. 2002), and 15 Myr
(de Zeeuw et al. 1999).

Sinceourfieldincludesthisassociation,wefirststudiedthePM
and parallax distributions around its center, as shown in Fig. 10.
To detect a population sharing the same motion and a common
parallax, we adopted the following procedure: we computed the

A63, page 5 of 20

https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201833172&pdf_id=4
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201833172&pdf_id=5


A&A 617, A63 (2018)

Fig. 6. r−i vs. H−K diagram plotted as a two-dimensional stellar-density
histogram using a binning of 0.01× 0.01 and a seven-level color-coded
scale such that high source densities (54 per bin) are dark green and
the lowest densities (one per bin) are blue. The symbols are the same
as in Fig. 5. The black and red solid lines are the 100 and 10 Myr PISA
isochrones. The reddening vector is also shown.

Fig. 7. r−i vs. J−H diagram plotted as a two-dimensional stellar-density
histogram using a binning of 0.01× 0.01 and a seven-level color-coded
scale such that high source densities (39 per bin) are dark green and the
lowest densities (one per bin) are blue. The symbols are the same as in
Fig. 5.

maximum of a bidimensional array of PMs in RA and Dec, as-
suming a PM bin of 1 mas yr−1 both in µα and µδ in the range
−20<µα/mas yr−1 < 20 and −20<µδ/mas yr−1 < 20 and in par-
allax steps of ∆π= 1 mas. This large π step was chosen to account
for the large errors on the parallax values of the TGAS Gaia data.
To avoid a binning dependence, we repeated the computation by

Fig. 8. J−H vs. H−K diagram plotted as a two-dimensional stellar-
density histogram using a binning of 0.01× 0.01 and a seven-level color-
coded scale such that high source densities (56 per bin) are dark green and
the lowest densities (one per bin) are blue. The symbols are the same as
in Fig. 5. The black solid line shows the MS locus (Kenyon & Hartmann
1995).

Fig. 9. Spatial distribution as in Fig. 3, where all the Spitzer/IRAC sources
are overplotted with gray symbols. YOSs with IR excesses are indicated
as in Fig. 5. The three circular boundaries delimit the regions of the three
clusters.

shifting by 0.1 mas the parallax bin while exploring the paral-
lax range 0<π/mas< 4 (corresponding to distances larger than
250 pc), where most of the objects are distributed. The maxi-
mum value of each array represents the tridimensional condition
to detect clusters of objects at the same distance sharing the same
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Fig. 10. µα vs. µδ (upper panel), π vs. µδ (middle panel) and spatial dis-
tribution (lower panel) of the TGAS catalog in the region of the VMR
studied here. Blue diamonds are associated with the Trumpler 10 cluster,
red pluses are associated with YSOs in the RCW 33 region, green crosses
are associated with YSOs in the RCW 27 region, and black squares are
associated with YSOs in the RCW 32 region.

motion. For each parallax bin, we considered the µα and µδ corre-
sponding to the maximum of the array, and therefore we selected
all the objects with

√
( µα)2 + ( µδ)2 < 2 mas. If the number of ob-

jects within this tridimensional region is larger than 10, then the
corresponding µα, µδ, and π are associated with a population5. As
expected, we obtained similar values for close parallax ranges, and
therefore we considered the median values associated with the se-
lected maxima as the final parameters for a population.

To detect the population of Trumpler 10, we considered the
whole TGAS catalog in the entire region we studied because this
association is known to be highly dispersed on the sky. In this
region, our procedure enabled us to detect a main population at
π= 2.37 mas, corresponding to 422± 32 pc (1σ uncertainty). We
conclude that this latter population is the one associated with
Trumpler 10, and it includes 63 objects.

Figure 10 also shows the spatial distribution of the TGAS stars
found in this region, where the population of Trumpler 10 (blue
symbols) is clearly distinct from the others (see below) for its kine-
matic parameters, while its spatial distribution is highly dispersed
throughout the region, confirming the results of de Zeeuw et al.
(1999). The color-magnitude diagram (CMD) of these objects
is shown in Fig. 11 and is compared with the PISA isochrone
with the parameters indicated in the figure. The sequence shows
a spread around the isochrone. A thorough assessment of the na-
ture of this spread, which would require detailed investigation of
the entire population of the association, is beyond the aim of this
work.

5.2. Cluster Cr 197 and RCW 32

The analysis of PMs and parallaxes in the region of RCW 32,
corresponding to the cluster Cr 197, has been performed in the
same way as for Trumpler 10. This last association is spread
across a large region overlapping that of Cr 197. For the kine-
matic analysis of Cr 197, we used only the TGAS data within
a radius of 45′ from its center. This radius has been chosen to
avoid the two neighboring regions RCW 33 and RCW 27, which
show a more dispersed spatial distribution. In addition, we dis-
carded objects with µα <−10 mas yr−1 and π> 2 mas, since they
are associated with Trumpler 10. Our procedure enabled us to
detect two groups of objects in the PM plane that lie in the
same parallax range. The two populations do not show a pe-
culiar spatial distribution, being both quite sparsely distributed,
but their distribution in the CMD suggests that the group of ob-
jects corresponding to ( µα, µδ) = (−8.3, 5.8) mas yr−1 in the par-
allax range 1.0<π< 2.0 (indicated with black squares in Fig. 10)
can be associated with the cluster Cr 197. The mean parallax
of these objects is 1.44 mas, which corresponds to a distance
of 692± 128 pc. The nine selected objects (black squares in
Figs. 10 and 11) follow the 10 Myr PISA isochrone at a distance
of 692± 80 pc (π= 1.45) quite well, assuming E(B−V) = 0.02,
as shown in Fig. 11. Our analysis therefore suggests a cluster
distance significantly smaller than that found by Bonatto & Bica
(2010), namely 1050± 200 pc, based on NIR photometry and a
statistical field star decontamination. Our value is, instead, con-
sistent with the distance of '700 pc derived by Georgelin et al.
(1973) and Crampton & Fisher (1974). In addition, the r ver-
sus r−i diagram suggests that the cluster is less reddened than
the value reported in the literature, equal to E(B−V) = 0.34
(Bonatto & Bica 2010).

5 The adopted threshold corresponds to about 3σ of the distribution of
objects where no hint of clustering is found.
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Fig. 11. r vs. r−i diagrams of the cluster Trumpler 10 and of the three regions centered on RCW 33, RCW 27, and RCW 32. The colored symbols are
the same as in Fig. 10 and indicate the candidate members for each region, selected kinematically using Gaia data.

5.3. Cluster Vela T2 and RCW 33

As in the previous sections, we performed the PM and parallax
analysis also in the RCW 33 region. Even in this case, there is a
strong contamination from the Trumpler 10 members, and there-
fore we discarded objects with µα < −10 mas yr−1 and π> 2 mas.
After this, the diagram ( µα, µδ) shows a group of objects with
a quite elongated distribution in the µα axis. This includes two
groups that are distinguishable in the parallax diagram, in the
range 0.5<π/mas< 1.0 and 1.0<π/mas< 1.5. The second sub-
group, corresponding to a distance of about 800 pc, is centered on
(µα,µδ) = (−5.57, 4.10) mas yr−1 (red symbols in Figs. 10 and 11).
This population includes 19 objects with an elongated spatial dis-
tribution similar to the YSOs selected above. In the CMD, these
objects lie in a region compatible with both MS and PMS stars
(Fig. 11). We associate this group of stars with the cluster Vela T2.

5.4. Cluster Vela T1 and RCW 27

The PM analysis of the objects in RCW 27 shows a clearly distinct
clumpin the ( µα, µδ)diagramforπ> 1.0 mas at ( µα,µδ) = (−5.48,

3.39) mas yr−1. The population, corresponding to RCW 27, was
selected by taking objects with PMs within 2 mas yr−1 from this
peak and with 1.0<π< 1.5 mas. This population includes 25 ob-
jects that mainly lie in the northwestern part of RCW 27 (green
symbols in Figs. 10 and 11). The CMD of the selected objects is
consistent with a PMS population located at about 750 pc, with
ages younger than 10 Myr.

6. Summary of the classical YSO selection

We summarize here the properties of candidate YSOs found in
the NW-VMR including all the objects with Hα or NIR excesses,
selected as described in Sects. 3 and 4, with an X-ray detection,
or with PMs and parallaxes consistent with the populations in
RCW 33, RCW 32, or RCW 27, selected as described in Sect. 5.

We selected a total of 907 candidate YSOs in the whole area.
Included in the circular regions with radius 1 deg in RCW 33,
RCW 32, and RCW 27 are 210, 177, and 288 candidates, re-
spectively. We note that the YSOs falling in the overlapping
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Table 2. Optical/NIR photometry and membership criteria of YSOs selected with classical methods.

CNAME RA Dec u g r i Hα J H K M1 M2 M3 M4
(J2000) (J2000)

08442605-4105159 131.10853 −41.08775 ... ... 11.43 11.22 ... 10.19 9.80 9.69 0 0 0 1
08435467-4114538 130.97779 −41.24827 ... ... 9.46 9.71 ... 9.33 9.35 9.30 0 0 1 0
08441101-4116189 131.04588 −41.27192 ... ... 11.65 11.20 ... 10.22 ... ... 0 0 0 1
08443774-4115371 131.15724 −41.26032 ... ... 14.75 14.11 ... ... ... ... 0 0 0 1
08444029-4116378 131.16788 −41.27716 ... ... 7.24 7.23 ... 6.39 6.25 6.24 0 0 0 1
08451790-4112462 131.32456 −41.21283 ... ... 14.90 14.27 ... ... ... ... 0 0 0 1
08444546-4117322 131.18942 −41.29228 ... ... 14.57 13.94 ... ... ... ... 0 0 0 1
08451500-4117349 131.31251 −41.29301 ... ... 12.19 12.05 ... 11.20 10.93 10.87 0 0 0 1
08445256-4124287 131.21902 −41.40797 ... ... 8.78 8.71 ... 7.83 7.55 7.48 0 0 0 1
08411684-4050026 130.32015 −40.83406 ... ... 11.22 11.09 ... 10.11 9.69 9.37 0 1 0 0
08450201-4130582 131.25836 −41.51617 ... ... 8.77 9.06 ... 8.80 8.82 8.88 0 0 1 0

Notes. M1, M2, M3, and M4 stand for membership from Hα, IR excesses, kinematics and X-ray detection, respectively; 1 indicates member while
0 indicates non-member. The full table is available at the CDS.

Fig. 12. Spatial distribution of all candidate YSOs, selected with different
membership classical criteria, plotted with different symbols. Cyan dia-
monds show the 141 submillimeter cores found with the BLAST survey
by Olmi et al. (2009). The three circles of 1′in radius delimit the regions
around the three clusters.

areas were associated with the external areas, that is, RCW 33
and RCW 27. We refer to these 907 objects as members se-
lected with classical methods. The optical/NIR photometry and
the membership information of the selected YSOs are given in
Table 2.

We note that the list is not complete since the spatial coverage
of data used to select them is incomplete. The spatial distribution
of all the objects selected as YSOs is shown in Fig. 12. We omitted
from Fig. 12 the 63 kinematic objects that are candidate members
of Trumpler 10 since they are not related to the young populations
we investigate here.

As discussed above, many of the selected YSOs define three
young clusters associated with the three H II regions. However, an
additional stellar subcluster is located immediately to the south
of RCW 33, corresponding to Vela-D. It is composed of mainly

Hα and IR-excess YSO candidates. This region has been the sub-
ject of a Balloon-borne Large-Aperture Submillimeter Telescope
(BLAST) survey by Olmi et al. (2009), where 141 pre-stellar and
protostellar sources have been found. The presence of YSOs de-
tected also in the optical and NIR bands and the strong spatial
correlation of these YSOs with the cores found in Olmi et al.
(2009) is further confirmation of the ongoing star formation in
this region, which is characterized by the lack of massive O-type
stars.

We note that an additional group of X-ray sources is located to
the east of RCW 33. These objects are located in a region devoid
of YSOs selected in this work that lies at the boundary of the field,
and thus we are not able to assert whether this group of objects is
associated with a young subcluster.

The three circular areas in the H II regions have the best cov-
erage, but the northern region of RCW 27, for example, lacks
VPHAS+ data and the northern regions of RCW 33 and RCW 32
lack Spitzer/IRAC data. For this reason, we avoid any analysis re-
quiring completeness of the samples. We found 136 YSOs with
evidence of accretion from Hα and of a circumstellar disk from
the IR. Three objects have NIR excess, selected also with PMs and
parallax, while no objects, selected kinematically, show evidence
of accretion or X-ray emission. Most of the candidate YSOs have
only one youth indicator, and this suggests that the methods are
complementary.

We find that members selected as YSOs with NIR, Hα
excess, and X-rays show a similar spatial distribution in each of
the three H II regions, even though the X-ray sample is very limited
in both spatial coverage and duration of observations. The mem-
bers selected using Gaia data, expected to be the more massive
ones, show a spatial distribution similar to that of the other mem-
bers in Vela T2 and T1, while in Cr 197, they are poorly corre-
lated with the other member positions. This could be due to the
lower performance of Gaia data in very crowded regions, such
as the cluster Cr 197 in RCW 32, or it might be due to source
extinction. The TGAS sample mainly includes lightly absorbed
stars. Since the region harbors a large number of spatially clus-
tered disk-bearing YSOs, clouds, and a nebular background, a
spatially varying source extinction is expected, which could ex-
plain the poor correlation with Gaia members.

In conclusion, we find that the whole region includes different
sites of ongoing or recent SF. We concentrate our attention on the
three areas of the H II regions, whose properties we study in the
following sections.
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7. Features of M-type stars

The region studied in this work lies on the galactic plane and
therefore includes a large number of field stars. Because of the
molecular clouds, the background objects are expected to be very
reddened, while those in front of the nebula are likely affected
by low reddening. In general, in the optical and NIR CCD and
CMD, foreground and background field stars cannot be distin-
guished from YSOs, since the color distribution of all these objects
follows the direction of the reddening vector. Nevertheless, using
appropriatecombinationsofopticalandNIRmagnitudes, thecolor
distribution of M-type stars does not follow the reddening vector,
and this property can be used to select M-type stars, as recently
discussed in Damiani (2018) and Venuti (in prep.).

This is clearly visible in the r−i versus i−J, i−H, and i−K dia-
grams shown in Fig. 13, where the comparison with the theore-
tical loci of PMS, MS, and giant stars shows that the region of
M-type stars (r−i& 0.75) is clearly distinguishable from that of
hotter, reddened stars. In particular, the bulk of our data in the
M-type range is compatible with stars affected by very low red-
dening, while all objects on the red side of the diagram are very
reddened stars.

Following the position of the theoretical loci in the three
diagrams compared to the bulk of objects that lie along the
reddening vectors, we select as M-type stars all the objects with
r−i larger than the limits indicated by the solid green lines in all
the three diagrams, and with i − K > 2.2. The simultaneous use of
the three diagrams allows us to select a sample of M-type stars that
is as clean as possible. In the three diagrams, YSOs selected with
classical methods mainly lie in the region of reddened stars, and
only a small fraction of them fall in the region of M-type stars. As
expected, the spread of the selected YSOs in the r−i versus i−K
diagram is larger than that in the r−i versus i−J diagram, since
this sample includes stars with IR excesses, mainly in the K band.
Therefore, it could includealsoM-typestarswithdiskoraccretion,
that, due to the presence of IR excesses, fall outside of the region
of M-type stars.

A further feature of the M-type stars is that in the r−i versus
i−J diagram the theoretical loci of PMS, MS, and giant stars al-
most overlap, while in the r−i versus i−H and r−i versus i−K di-
agrams they are quite separated. This occurs because the i−H and
i−K colors of giant M stars of a given temperature are redder than
those of MS stars, as is clearly evident in Fig. 14, where the stellar
gravities for a set of theoretical PISA isochrones at solar metallic-
ity are shown as a function of the i−J and i−K colors. This fea-
ture implies that the i−H and i−K colors of the PMS isochrones
of ages &10 Myr are similar to MS star colors, while for the very
young PMS stars (0.5 Myr in the case of our models), the i−H and
i−K colors are more similar to those of the giant locus, as shown
in Fig. 15.

In the r−i versus i−H and i−K diagrams, PMS isochrones with
ages from 0.5 to 5 Myr are located between the giant and the MS
loci. Therefore the PISA models predict that the i−H and i−K
colors are sensitive to the stellar ages and gravities, at least for
Log g> 3.0. The i−H and i−K colors of M-type giants, which are
very low gravity objects (Log g< 3.0), are more similar to those
of YSOs (<1 Myr) rather than to objects with ages >5−10 Myr.
Within the limits of the photometric errors, at a given tempera-
ture (or analogously at a given r−i color), the i−H and i−K colors
can therefore be exploited to also constrain the luminosity class of
M-type stars, as described below.

For each individual M star,we computed a reddening value
from each of the three r−i versus i−J, i−H, and i−K diagrams
by projecting back the observed colors along the corresponding

Fig. 13. r−i vs. i−J, i−H, and i−K diagrams plotted as a two-dimensional
stellar density histogram on a gray scale, compared with the MS locus
(dashed red line), the 10 Myr and 0.5 Myr isochrones (orange and purple
lines), and the giant locus (black line) predicted by PISA models. YSOs
selected with classical methods and objects selected as M-type stars are
indicated with magenta and cyan symbols, respectively. The reddening
vectors and the limits used for the selection of M-type stars are indicated
as red arrows and green lines, respectively.
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Fig. 14. Log g values vs. i−J (upper panel) and i−K colors (bottom panel)
for a set of solar metallicity PISA isochrones with ages from 0.5 Myr to
15 Gyr. Different colors indicate different effective temperature values of
M-type stars from 3000 K (violet lines) up to 4000 K (red lines) with a
step of 50 k.

Fig. 15. Zoom of the r−i vs. i−K diagram showing isochrones of different
ages. The dotted green line is the limit used to select M-type stars.

reddening vector onto one of the possible unreddened theoretical
loci6. For the objects located blueward of the related model
isochrone,wecomputed theAV onlywhen thecolorwasbluer than
the related model isochrone by less than the maximum photomet-
ric error, that is, 0.1414 mag. In these cases, the AV is negative but
compatible with AV = 0.

As discussed before,in the r−i versus i−J diagram, the
theoretical loci of giants, MS, and PMS stars almost overlap, and
therefore the derived absorption values AV will be almost inde-
pendent of the gravity. In contrast, in the r−i versus i−H or i−K
diagrams, the derived AV will depend on the gravity, since in these
diagrams the loci are quite separated. For each star, we therefore
derived the AV sets (AJ

V, AH
V, AK

V)l from the three diagrams and
each adopted evolutionary status l (with l = MS or G, indicating

6 The reddening value is converted into absorption by following the re-
lations given in Table 1.

the loci of MS stars and giants, or PMS indicating any isochrone
with age.10 Myr). For each given evolutionary status, we derived
the means 〈AV〉l, that is, 〈AV〉MS, 〈AV〉PMS, and 〈AV〉G and the
standard deviations σ(AV)l, that is, σ(AV)MS, σ(AV)PMS, and
σ(AV)G from the three diagrams. For the case of the PMS state,
the AV calculation includes the multiple age-dependent sets of
(AJ

V, AH
V, and AK

V), corresponding to the isochrones of 0.5, 1.0, 2.0,
3.0, 5.0, and 10.0 Myr ages.

Clearly, theσwill be large if the adopted evolutionary stage is
not the correct one. Thus, we defined the best AV estimate of each
star as the mean 〈AV〉l corresponding to the minimumσ(AV)l.

7.1. Bright M-type population

Figure 16a shows the r versus r−i diagram of the M-type stars. We
note that they appear to be grouped into two distinct populations,
separated by the dashed line shown in the diagram. We first con-
sidered the brightest group, to which we refer to as bright M-type
(BM) population, and in particular, we examined the spatial dis-
tribution of this sample, that, as shown in the figure (panel b), does
not show any significant clustering. From this distribution, we in-
fer that these objects are not correlated with the young population
studied above, but, on the contrary, they are consistent with field
M-type MS or giant stars, homogeneously distributed over the re-
gion. In order to constrain the luminosity class of these objects, we
consider thevaluesofσ(AV)MS andσ(AV)G definedin theprevious
section. The results are shown in Fig. 16, where we show the scat-
ter plots of dispersion versus average value for 〈AV〉G and 〈AV〉MS
in panels c and d, respectively.

The σ(AV)G data show a tail of outliers at high values (red
squares). We estimated the statistical parameters of the σ(AV)G
distribution while minimizing the effect of outliers by com-
puting the median and the pseudo-sigma as the difference be-
tween median and the 16th percentile, corresponding to 1σ of a
Gaussian distribution (0.50−(0.68/2.0) = 0.16). The median of the
distribution is 0.17 mag and the pseudo-sigma is 0.06 mag. In con-
trast, the median of the σ(AV)MS is 0.35 and the pseudo-sigma of
0.13. The first conclusion is that the values obtained assuming the
two models show very different shapes. The σ(AV)G distribution
of most of the objects (black points) shows a very narrow peak,
while theσ(AV)MS distribution is much larger. For most of the ob-
jects, σ(AV)G�σ(AV)MS. This allows us to deduce that for this
sample i) the AV values obtained in each of the CCD using the gi-
ant model are more accurate than those obtained using the model
of MS stars; ii) by computing the mean of the three values associa-
ted with the giant model, we obtain not only more accurate, but
also more precise photometric AV values; iii) the very narrow peak
of theσ(AV)G distribution of these objects suggests that all of them
are consistent with a population of giants rather than MS stars.
This latter result is consistent with their position in the r vs. r−i
diagram, since it is more likely that very reddened and relatively
bright objects like these are M-type giants rather than M-type MS
stars.

Finally, we selected 76 objects withσ(AV)G > 0.35 (i.e., larger
than 3 pseudo-σ from the median of the distribution) for which
σ(AV)MS <σ(AV)G. For these objects, the quite large spread of
the σ(AV)MS values does definitely suggest that they are not MS
stars.We suspect that the AV estimates obtained for these objects
might not be reliable because we used only solar metallicity mod-
els, which are not appropriate if they are M-type stars with non-
solar metallicities. As a consequence, with the models adopted in
this analysis, we are not able to classify these 76 objects.

In conclusion, from the statistical values, indicated in Fig. 16,
we deduce that most of the bright M-type stars (551/627) are giants
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Fig. 16. Panel a: r vs. r−i diagram of all the objects selected as M-type stars (gray symbols). Black dots show those whose r magnitude is brighter
than the limit indicated by the dashed line, while red squares indicate the subsample including M-type for which the AV values are not consistent
with solar metallicity giants. The reddening vector is also indicated. Spatial distribution (panel b) and σ(AV)l vs. the 〈AV〉l values of bright M-stars,
obtained assuming the giant locus (panel c) and the MS locus (panel d).The median and the median ± the pseudo-sigma are indicated by the solid
and dashed lines, respectively, in panels c and d.

affected by absorption AV ranging from '1.5 to 10, with an error
on AV of about 0.17 (corresponding to the median of the σ(AV)
values).

7.2. Faint M-type population

The faint M-type (FM) population includes all objects selected as
M-type stars with r magnitudes fainter than the limit indicated by
the dashed line in panel (a) of Fig. 16, shown in the figure with
gray symbols.

Weexpect thispopulation to includefield stars aswell asYSOs
belonging to theclusterswestudyhere.Wethereforecomputed for
each star the triplets (AJ

V, AH
V, AK

V)MS, (AJ
V, AH

V, AK
V)G and (AJ

V, AH
V,

AK
V)PMS(t),with t indicatingtheisochroneages0.5,1.0,2.0,3.0,5.0,

and 10.0 Myr.
As for the BM population, we computed the mean 〈AV〉l and

σ(AV)l for each triplet. We also considered the best AV estimate
for a given star the 〈AV〉l for which theσ(AV)l is smallest.

This condition allows us to derive an AV that is more accu-
rate than the one obtained using only one diagram that could be
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affected by the possible presence of circumstellar disk, with ex-
cesses in one or more of the three J, H, or K bands (Cieza et al.
2005). We note that if the M-type stars are affected by strong IR
excesses, their colors are redder than the limit adopted to select
M-type stars, and therefore they are not included in the sample of
M-type stars. Nevertheless, young M-type stars with small IR ex-
cesses can fall in the region of M-type stars. In these cases, the AV
can be affected by the IR excesses and the σ(AV) could be larger
than the one derived for disk-less M-type stars. These cases can be
considered as candidate M-type young stars with a circumstellar
disk.

7.2.1. Faint M-type MS stars

As described above, because the oldest PMS isochrones par-
tially overlap the MS locus and the youngest ones with the giant
locus,PMSstarscanbemisclassifiedasMSstarsorgiantsandvice
versa. In case of star forming regions, it is therefore not possible
to definitively assign the age to the objects. Nevertheless, the best
AV values obtained with this method, within the uncertainties due
to the photometric errors and the model accuracy, can be consid-
ered reliable to obtain intrinsic colors and magnitudes, since they
do not depend on the knowledge of the stellar evolutionary stage,
but only on the photometric indices.

Figure 17 shows the unreddened r0 versus (r−i)0 diagram,
derived from the best AV values for the faint M-type population,
compared with the 0.5, 5.0, and 10.0 Myr and the 1 Gyr isochrones
at the cluster distance. In this diagram, the only unknown
parameter is the distance, but when we assume that the young
population can be found only between the 0.5 and 10 Myr
isochrone at the distance of 750 pc (see Sect. 5), we can conclude
that all the objects with r0 larger than the 10.0 Myr isochrone at the
cluster distance (to which we added a delta r equal to 0.2 to take
into account the errors) are not compatible with YSOs belonging
to our clusters and therefore are expected to be field stars.Based
on the position of the 1 Gyr isochrone, at the cluster distance,
we deduce that they cannot be background M-type MS stars but
are instead are compatible with foreground M-type MS stars with
distancesmaller than theclusterdistanceandapproximately larger
thanabout300–400 pc.The1 GyrMSisochroneat300 pc(400 pc)
approximately corresponds to the late-M- (early-M) lower limit in
r0 that we adopted to delimit this sample of field stars. Our con-
clusion is confirmed by their spatial distribution, which is quite
uniform, as expected for field foreground stars7. We refer to this
population as the faint M-type MS (FM-MS) stars.

Figure 17 also shows the σ(AV)MS values as a function of the
〈AV〉MS.Asfor thegiantsof thebrightM-typepopulation,wecom-
puted the median and pseudo-σ of the σ(AV)MS values that are
found to be 0.18, equal to that of bright giants, and 0.1, larger than
the analogous value found for giants (0.06). The larger dispersion
derivedforMSstarsmaybedue to thevery lowvaluesofAV (.0.8)
found for most of these stars. In conclusion, we selected 1869 faint
M-type objects that we classify as MS foreground field stars with
distances between 300–400 and ∼750 pc.

7.2.2. Faint M-type PMS stars

In the following, we analyze the faint M-type population in the
PMS photometric region (FM-PMS), which is the region included
between the 0.5 and 10 Myr isochrones at the cluster distance. As

7 M-type MS stars at distance smaller than 300–400 pc, in contrast, are
expected to be brighter and therefore overlapping with the PMS region at
the cluster distance.

Fig.17. r0 vs. (r−i)0 diagramof the faintM-typepopulation (upperpanel).
Black dots show those selected as MS foreground field stars (see text).
The solid lines show the 0.5, 5.0, 10.0 Myr and the 1 Gyr isochrones at
the cluster distance. Dotted and dashed lines represent the 1 Gyr isocrone
at 300 and 400 pc, respectively. Spatial distribution (middle panel) and
σ(AV)MS (bottom panel) of the selected MS foreground field stars. The
median and the median ± pseudo-σ of this distribution are indicated as
the solid and dashed lines.
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described above, this FM-PMS population is expected to include
the M-type members of the clusters, but also a fraction of contam-
inating field stars at distance smaller than about 300–400 pc. The
spatial distribution of this sample, shown in Fig. 18, shows several
clumps of stars, with a pattern very similar to the one found for the
YSOs selected with classical methods (see Fig. 9), and this sug-
gests that the genuine M-type YSOs are mainly distributed within
the spatial strip drawn in the upper panel of Fig. 18 with red sym-
bols. In contrast, the spatial distribution of the objects outside the
strip is quite homogeneous. As a first approximation, we there-
fore assume that the FM-PMS within the strip is dominated by
the young cluster members, while the FM-PMS outside the strip
is dominated by the field star population. Figure 18 also shows the
histograms of the AV values for these two populations and for the
MS foreground field stars. It is evident that the population dom-
inated by the young cluster members shows two peaks, centered
at about AV ∼ 0.3 and AV ∼ 1.5, while the other two populations,
dominated by the field stars, are both very similar and show a sin-
gle peak at about AV = 0.3, with a rapid decrease for AV & 1. The
AV distribution of the young cluster members shows a minimum
at AV = 0.9, corresponding to a sharp drop in the two field dis-
tributions. This is the AV limit that clearly separates the young
population from the field population. We cannot exclude that a
small fraction of YSOs might be affected by reddening lower than
AV = 0.9 and vice versa, that a small fraction of MS field stars
might be affected by AV > 0.9, like the cluster stars. Nevertheless,
the inclusion of this very small fraction of contaminants and the
potential loss of a few reddened YSOs do not affect our results.

Based on this finding, we split the FM-PMS population into
two subsamples, one including objects with AV > 0.9, and the
other including the objects with AV ≤ 0.9, to which we refer as
red-FM-PMS and near-FM-MS populations.

Figure 19 shows the spatial distributions of the red-FM-PMS
and the near-FM-MS populations. The spatial pattern of the
red-FM-PMS population is very similar to that of members se-
lected with other membership criteria (see Fig. 12), and therefore
we deduce that the large majority of these objects are genuine
members of the three young clusters in RCW 33, RCW 32, and
RCW 27. As found with other methods, some candidate mem-
bers are still sparsely distributed in the regions outside. Even
though they could be less-likely members, we did not attempt
to discard them since the shape of the clumps with a high den-
sity of cluster members is very irregular, and we cannot discard
the hypothesis that many of them are true YSOs. Therefore, we
kept all objects of the red-FM-PMS sample as M-type candi-
date cluster members. We note that the sample of 907 cluster
members, previously selected with classical methods, includes
only 84 M-type stars. Of these, 72 (8) belong to the red-FM-PMS
(near-FM-MS) populations and are therefore confirmed cluster
members. Based on the AV distribution, we know that a small frac-
tion of cluster members is expected to also belong to the near-FM-
MSpopulation,mainlypopulatedbynon-members.Onlythreeob-
jects belong to the population of foreground stars, and one belongs
to the BM population.

A very different spatial distribution is found for the near-
FM-MS population instead. It is quite uniform, even though
there is a slightly higher stellar density around RA = 131◦.8 and
Dec =−42◦.4, which corresponds to the nominal center of the
Trumpler 10 association (Kharchenko et al. 2013). The result is
better visible when we restrict the analysis to objects within
a 0.5 mag strip around a 20 Myr isochrone at the distance of
Trumpler 10 (422 pc) found with the PM analysis. However, since
the spatial distribution of Trumpler 10 is very sparse, we did not
attempt to select its members. Therefore, we classified all the

Fig. 18. Upper panel: spatial distribution of the FM-PMS population, di-
vided into two samples, internal (red points) and external (blue point)
to the strip arbitrarily defined by the two solid lines. Bottom panel: his-
tograms of the AV distribution obtained using the FM-PMS population
within the strip (red histogram), FM-PMS population outside the strip
(blue histogram), and the MS foreground field stars (green histogram).

objects belonging to the near-FM-MS population as objects not
associated with the three young clusters.

In summary, we have selected 627 objects belonging to the
M-type bright population and 6462 objects of the M-type faint
population, for which we derived the individual interstellar red-
dening. The objects in the faint population include 1869 fore-
ground field MS stars with distances larger than 300–400 pc, 3393
near-FM-MS stars within the PMS photometric region that are af-
fected by low reddening that are not correlated to the young clus-
ters, and finally 1200 FM-PMS stars that we consider as M-type
candidate members of the young clusters.
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Fig. 19. Spatial distributions (left and middle panels) and σ(AV) vs. AV (right panel) associated with each star belonging to the red-FM-PMS (red
dots) and near-FM-MS (black dots) populations. Blue squares represent the objects with disks selected from IR and/or Hα excesses.

Figure 19 also shows the σ(AV) as a function of AV for the
red-FM-PMS and the near-FM-MS samples. In this figure, we
highlight the YSOs with IR and/or Hα excesses, which are also
selelcted as M-type stars. We find that very few of them show
a σ(AV) significantly larger than the other objects, while the re-
maining show aσ(AV) distribution very similar to that of the other
members. This result suggests that for the M-type members, the
effects due to the presence of circumstellar disk on the AV values
derived with this method can be considered negligible.

8. Discussion

8.1. Spatial distribution analysis

The large number of likely M-type PMS stars selected in
this work is consistent with results recently discussed in
Damiani (2018) and is related to the higher intrinsic brightness of
PMS M-type stars with respect to MS M-type stars. This implies
that at a given mass, a 1 Myr old M star can be detected at a distance
much larger than an MS M star (Damiani 2018). This is a very im-
portant property of M-type stars, which has been little exploited
up to now in the literature, and which can instead be used as a
very efficient tool for detecting the low-mass population of YSOs
in star-forming regions, which is dominated by M-type stars. In
addition, by deriving the individual reddening values using differ-
ent optical-IR color combinations and the model predictions for
different ages, we are able to separate MS and giant M-type stars,
which are mainly expected to be found at small and large distances
from us, respectively, and to recognize M-type YSOs.

This result is confirmed from the spatial distributions shown
in Fig. 20 for the M-type young cluster members and for the mem-
bers selected with classical methods. The colored maps are two-
dimensional histograms to which we applied a smoothing with a
Gaussian kernel.

The comparison of the two spatial distributions shows a clear
spatial correlationbetween theYSOsselectedwithclassical meth-
ods and the M-type candidate members selected in Sect. 7.2.2,
confirming the peculiar patterns of the three regions, with a more
concentrated distribution of YSOs in Cr 197 (RCW 32). The spa-
tial distribution of objects in the cluster Vela T2 (RCW 33) is
slightly more sparse with an ellipsoidal shape, and that in Vela T1
(RCW 27) is very sparse with evidence of several clumps. We veri-
fied that the spatial distribution of the faint FM-MS population and
that of the objects selected as near-FM-MS and BM (background)
giants are not indicative of any significant stellar density clumps,

but rather are consistent with a uniform and homogeneous distri-
bution.

8.2. SF history of M-type stars

For the M-type YSOs, we computed stellar ages assuming the
distance d = 750 pc and using the individual reddening values
derived in Sect. 7. A minimum and a maximum value to stel-
lar ages was estimated by considering the photometric errors on
r and i and the error on AV. The AV and stellar ages of M-
type members together with their coordinates and optical/NIR
photometry are given in Table 3. Figure 21 shows the intrinsic
r0 versus (r−i)0 diagrams and the age distributions of the mem-
bers within the three regions with the highest density, defined in
Table 4. Objects were separated into three age ranges: t< 2 Myr,
2< t/Myr< 5, and t> 5 Myr. The age distributions of the three
clusters show a similar spread with ages from 0.5 to about 13 Myr,
but the population of RCW 27 seems to contain a double genera-
tionofYSOs,onewithamedianageofabout2–3 Myr, andanother
with a median age of about 5–6 Myr. Figure 22 shows the spatial
distributions of the YSOs selected with the classical methods and
the M-type YSOs distinguished in the same three age ranges as de-
fined above, compared with the dust distribution shown by the IR
WISEimagesat12 µminthe threeregionswith thehighestdensity.
The position of the ionizing stars and known clouds in the region
are given in Table 5. For each of the three clusters, Vela T2, Cr 197,
andVelaT1,andfollowingtheapproachofFasano & Franceschini
(1987) , we applied the Kolmogorov-Smirnov (K-S) test on two
samples and two dimensions to the spatial distributions of each
pair of subgroups of YSOs with different age. We determined the
probability of them being extracted from the same parent distribu-
tion, as reported in Table 6, where the p-values are given for each
region. We discuss these probabilities in the following sections.

8.2.1. Vela T2 and RCW 33

The WISE image shows two bright clouds, corresponding to the
C18O clouds 14 and 15 of Yamaguchi et al. (1999b) and several
bright rimmed clouds (BRC). The two ionizing stars HD 75759
and HD 75724 lie in the southern region. The first is a binary
with spectral type O9V+B0V, and the second is a B2III star.
The first generation of stars (t> 5Myr) are found along the di-
rection defined by clouds 14 and 15, with a higher concentration
of stars between the two ionizing stars and cloud 14. The second
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Fig. 20. Upper panel: spatial distribution of cluster members selected as
M-type PMS stars in Sect. 7.2.2, plotted as a two-dimensional histogram
smoothed with a Gaussian kernel. The density scale is the number of stars
per bin and per arcmin2. Overplotted black crosses are candidate mem-
bers selected with classical methods. Lower panel: spatial distribution of
cluster members selected with classical methods, plotted as a smoothed
two-dimensional histogram. Overplotted black crosses are cluster mem-
bers selected as M-type PMS stars.

generation of stars (2< t/Myr< 5) are mostly found in the same re-
gion following the same pattern, and the youngest stars (t< 2 Myr)
mostly formed two clumps around clouds 14 and 15, with a few
more stars in the middle region, which seems to follow the pat-
tern defined by the dust density enhancements. The difference
between the spatial distributions of the subgroups is not signifi-
cant or only marginally significant, with p-values of between 0.04
and 0.5.

8.2.2. RCW 32 and Cr 197

In the region of RCW 32, cluster members are found between the
SFO 58 and SFO 57 BRCs (Sugitani & Ogura 1994), associated
with the B0 V-B4 II ionizing star HD 74804 (Urquhart et al.
2009). Both SFO57 and SFO58 are included in the sample of

candidates for triggered SF (Urquhart et al. 2009), associated
with the formation of a photon-dominated region. Our results
show that the first generation of stars formed a clump around
HD 74804 and another group on the western side, along the di-
rection of SFO 58 and attached to it, while the second generation
formed in the middle region between the two BRCs. The few
stars formed in the last 2 Myr are concentrated around HD 74804
and in the proximity of the two BRCs. However, the difference
between the spatial distributions of the subgroups is not
significant, with p-values of between 0.06 and 0.2.

8.2.3. Vela T1 and RCW 27

In the region of RCW 27, the first generation of stars are found
in a clump around (RA, Dec) = (129.25, −40.25) deg, and other
stars, some of which are concentrated along the bow-shape pat-
tern formed by the dust, limited by the SFO 55 BRCs and the re-
flection nebula NGC 2626, and a second small group of stars, with
an elongated distribution, around (RA, Dec) = (129.87, −41.17).
The second generation of stars formed two other small clumps of
stars in the proximity of the O8.5IV star HD 73882, a prominent
clump around the reflection nebula NGC 2626 and a small clump
around SFO 55. More recent SF occurred around NGC 2626,
around (RA, Dec) = (129.87, −41.17), and again along the bow-
shape pattern formed by the dust around (RA, Dec) = (129.7,
−40.65), going up along the filament formed by the dust. In this
region, the difference between the spatial distributions of the first
and the second generation of stars is marginally significant (p-
value = 0.04), but the difference between the spatial distributions
of the youngest stars and the other groups is significant, with a
p-value = 0.00006 in both cases.

8.2.4. Concluding remarks

The spatial distribution of the M-type members suggests that sev-
eral clumps formed in correlation with stellar ages, revealing that
SF in young clusters occurs in small subclusters, as predicted by
models (Clarke et al. 2000).

For the YSOs selected with the classical methods we are not
able to derive accurate individual reddenings and therefore ages.
However, the spatial distribution of these objects is consistent with
a population formed as the M-type selected members. The spa-
tial distribution of most YSOs in RCW 33 is consistent with that
found for the first generation of M-type stars, while that of YSOs
in RCW 32 and RCW 27 is better consistent with the one found for
the second generation of M-type stars.

Our results suggest a significant age spread with evidence of a
continuousSFprocess that startedabout12–13 Myragoand lasted
until less than 1 Myr ago. The age distribution in the three regions
is consistent with a decreasing SF rate only in Vela T2 (RCW 33),
while the age distribution of YSOs in Cr 197 (RCW 32) might sug-
gest the presence of a triggering process likely due to the ionizing
star HD 74804, which is consistent with the scenario suggested by
Urquhart et al. (2009), in which the H II region radiation causes the
compression and the fragmentation of the material in the molecu-
lar cloud.

Strong evidence of triggered SF has also been found in Vela
T1 (RCW 27), where several clumps formed with time. The two
peaks in the age distribution suggest an SF acceleration that is
likely caused by the physical interaction between the radiation of
massive stars and the surrounding molecular cloud.

To estimate the total number of stars and the total mass
of the three populations, we assumed a universal initial mass

A63, page 16 of 20

https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201833172&pdf_id=20


L. Prisinzano et al.: Star formation in the Vela Molecular Ridge

Table 3. Optical/NIR photometry, AV, and ages of M-type members.

CNAME RA Dec r i J H K AV Log(t) Log(t)min Log(t)max

(J2000) (J2000) (mag) (yr) (yr) (yr)

08475118− 3928303 131.96325 −39.47508 14.90 13.87 11.73 10.99 10.72 1.13± 0.08 5.00 5.00 5.04
08572585− 4026000 134.35771 −40.43334 15.85 14.77 12.59 11.78 11.50 1.28± 0.04 5.62 5.52 5.67
08575042− 4032562 134.46010 −40.54893 15.06 14.00 11.86 11.06 10.81 1.16± 0.02 5.00 5.00 5.00
08472297− 3816088 131.84571 −38.26911 15.27 14.07 11.71 10.79 10.49 1.62± 0.05 5.00 5.00 5.00
08363711− 3824341 129.15461 −38.40948 15.58 14.51 12.41 11.58 11.36 0.91± 0.01 5.53 5.50 5.56
08372719− 4153363 129.36330 −41.89341 14.55 13.41 11.04 10.27 9.91 1.69± 0.12 5.02 5.00 5.15
08372719− 4153363 129.36330 −41.89341 14.55 13.41 11.04 10.27 9.91 1.69± 0.12 5.02 5.00 5.15
08372719− 4153363 129.36330 −41.89341 14.55 13.41 11.04 10.27 9.91 1.69± 0.12 5.02 5.00 5.15
08360090− 3941072 129.00376 −39.68533 15.40 14.05 11.28 10.35 9.95 2.74± 0.06 5.04 5.00 5.10
08384800− 4202113 129.69999 −42.03646 15.69 14.56 12.20 11.59 11.32 1.35± 0.36 5.19 5.06 6.27
08310898− 3926229 127.78741 −39.43969 16.06 14.82 12.35 11.49 11.17 1.93± 0.02 5.03 5.00 5.11

Notes. The full table is available at the CDS.

Fig. 21. Intrinsic CMDs and age distributions of the M-type candidate members falling in the three regions defined in Table 4 and grouped into three
age ranges, i.e., t< 2 Myr, 2< t/[Myr]< 5, and t> 5 Myr, indicated with green, blue, and red symbols, respectively. Several representative isochrones
are overplotted in the CMD.

function (IMF) and considered the completeness limits of the
magnitudes for M-type stars. These are r = 19.97, i = 19.09,
J = 15.87, H = 15.09, and K = 14.4250. These values were esti-
mated at the peak of the magnitude distribution. As described in
Damiani (2018), the minimum mass detected at a given distance
strongly depends on the age and the absorption AV (see Fig. 5
of Damiani 2018). To estimate the lowest mass above which our

sample is complete, we used two isochrones at two representa-
tive ages for the three regions, that is, 4 and 5 Myr, and the me-
dian AV of the three regions, which are Amed

V = [1.4,2.5,1.8] for
RCW 33, RCW 32, and RCW 27, respectively. Under these con-
ditions, we estimate that the mass ranges in which M-type stars
younger than 4 and 5 Myr with AV <Amed

V are all detected are
[0.22−0.94] M�, [0.34−0.94] M�, and [0.27−0.94] M� for 4 Myr
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Fig. 22. Different scale WISE images at 12 µm in RCW 33, 32, and 27 in the left, middle and right panels, respectively. YSOs selected with classical
methods (upper panels) and M-type YSOs in different age ranges (lower panels) are overplotted with yellow squares and red, blue, and green points,
respectively. Orange empty squares indicate the position of the ionizing stars, and red crosses and pluses correspond to C18O clouds 14 and 15 and
to SFO sources, respectively.

and [0.24−0.94] M�, [0.36−0.94] M�, and [0.28−0.94] M� for
5 Myr for RCW 33, RCW 32, and RCW 27, respectively. The up-
per bound of the mass ranges were derived from the 4 and 5 Myr
isochrones for i−K > 2.2, which is the color limit used for the se-
lection of M-type stars (see Fig. 13).

In these ranges, the oldest and more reddened objects can-
not be detected. For each of the three clusters, we counted the
number of stars within these mass ranges with AV lower than the
median value of each region and ages younger than 4 (5 Myr),
which are 30, 18, and 62 (42, 24, and 64) in RCW 33, RCW 32,
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Table 4. Galactic coordinates of the boxes around the three H II regions
with the highest star density.

H II Min. l Max. l Min. b Max. b

RCW33 262.0 263.2 1.2 1.8
RCW32 261.2 261.9 0.6 1.3
RCW27 259.5 261.1 −0.2 1.2

Table 5. Coordinates of the ionizing stars and of known clouds in the
region.

H II ID RA (deg) Dec (deg)

RCW33 HD 75759 132.58 −42.09
RCW33 HD 75724 132.52 −42.11
RCW32 HD 74804 131.17 −41.28
RCW27 HD 73882 129.79 −40.42
RCW33 Cloud 14 132.33 −41.52
RCW33 Cloud 15 133.29 −42.23
RCW32 SFO58 131.36 −41.27
RCW32 SFO57 131.03 −41.27
RCW27 SFO56 130.75 −40.00
RCW27 SFO55 130.30 −40.87
RCW27 NGC 2626 128.88 −40.67

Table 6. p-values resulting from applying a two-sample K-S test to the
spatial distributions of each pair of subgroups with different age.

H II Age range 1 Age range 2 p-values
(Myr) (Myr)

RCW 33 [0–2] [2–5] 0.05
RCW 33 [2–5] [5–13] 0.5
RCW 33 [0–2] [5–13] 0.04
RCW 32 [0–2] [2–5] 0.2
RCW 32 [2–5] [5–13] 0.15
RCW 32 [0–2] [5–13] 0.06
RCW 27 [0–2] [2–5] 0.00006
RCW 27 [2–5] [5–13] 0.04
RCW 27 [0–2] [5–13] 0.00006

and RCW 27, respectively. To account for the objects in the same
mass ranges, but with ages older than 4 and 5 Myr, we used the
fraction of M-type stars in these mass ranges and within the same
limits on AV, but with ages older than 4 (5 Myr), which are 0.70,
0.69, and 0.53 (0.58, 0.55, and 0.47). Finally, we extrapolated the
total number of stars of the three populations across the entire
mass spectrum by considering the fraction of stars predicted by
the Weidner et al. (2010) IMF in the same mass ranges, which are
0.34, 0.21, and 0.28 (0.32, 0.20, and 0.27). We thus estimate that
the total number of YSOs for the three populations is in the range
[124–224], [122–216], and [403–493] stars in RCW 33, RCW 32,
and RCW 27, respectively. When we consider the total mass of
M-type stars within the previous mass ranges and consider the
mass fraction predicted in the same ranges with the Weidner et al.
(2010) IMF, we estimate that the total mass of the three popula-
tions is [50−86] M�, [45−81] M�, and [141−174] M�. The large
uncertainties on these estimates are mainly due to the limited
depth of the 2MASS photometry, which will hopefully be over-
come by future deep IR surveys covering this region. We note
that using the limit of 4 Myr, the mass ranges are slightly larger
than using 5 Myr, and this allows us a slightly less uncertain

extrapolation of the IMF. At the same time, however, we include
a smaller fraction of objects in our computation, and a larger cor-
rection for older stars is therefore necessary. Thus, our choice to
consider the two isochrones of 4 and 5 Myr enables us to obtain an
estimate as reliable as possible, which should be considered with
caution, however, and it is likely a lower limit since we did not
apply a correction for YSOs with AV >Amed

V .

9. Summary and conclusions

We used optical and NIR photometric surveys to study the young
stellar population in the three H II regions RCW 33, 32, and 27,
where Pettersson & Reipurth (1994) found signatures of recent
SF from Hα observations. Using the deeper VPHAS+ survey,
which covers the region studied by Pettersson & Reipurth (1994),
we found 329 YSOs with Hα emission showing a spatial pattern
that confirms the presence of young clusters associated with the
threeH II regions.This resultprompted thesearchof theassociated
population of YSOs surrounded by a circumstellar disk through
NIR surveys such as Spitzer/GLIMPSE and 2MASS. Using the
known properties of YSOs with disks, we selected 559 Class II
and 20 Class I YSOs. We exploited the recent Gaia DR1 to study
the kinematic population of the three regions, and we found 10,
19, and 25 stars that share similar PMs and parallaxes in Cr 197,
Vela T2, and Vela T1, respectively, confirming the presence of the
three clusters, with a placement in the CMD consistent with PMS
stars at the distance of about 750 pc. The distance of the three re-
gions derived from the Gaia data is consistent with that derived
from the CMD of the low-mass population. Additional YSOs were
foundusingalsoarchiveROSATandChandraX-rayobservations.
We finally selected a total of 907 candidate YSOs in the whole
region, with different spatial distribution patterns in the three
H II regions.

We added to this sample another sample of 1 200 candidate
M-type members. These objects were selected by exploiting two
important features of M-type stars: the significantly higher lumi-
nosity in the PMS phase with respect to MS stars of the same spec-
tral type, and the sensitivity of their i−J, i−H, and i−K colors to
stellar gravity. This allowed us to derive the individual reddening
independently in three different CCDs, and to select the best AV
value for each M-type star. For the whole M-type population, in-
cluding the field star population, we therefore derived the unred-
dened CMD where the only unknown is the distance.

The comparison of the unreddened CMD with PMS
isochrones at the distance of the clusters allowed us to dis-
card the foreground population of M-type MS stars and the
background population of M-type giants. In addition, based
on the spatial analysis, we found that the populations of YSOs
in RCW 33, 32, and 27 are dominated by objects with AV > 1,
and this allowed us to also discard the low-reddening (AV > 1)
population of M-type MS stars that contaminated the photometric
PMS locus in the CMD of the clusters.

The spatial distribution of the M-type YSOs is strongly corre-
lated with that of the YSOs selected with classical methods. Since
we have a subsample of 72 M-type stars selected with both meth-
ods, we find a total population of 2 035 YSOs, mainly distributed
inside the three H II regions, presenting for the first time a stellar
censusofYSOsinNW-VMRdowntoM-typestars.For theM-type
YSO subsample, we also derived stellar masses down to 0.1 M�
and stellar ages in the range 0.5–13 Myr.

We performed a detailed spatial analysis of the M-type
members in the three H II regions and compared them with WISE
images at 12 µm, which highlights the regions with a high
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concentration of dust. By splitting the M-type YSOs into three dif-
ferent age ranges, we found indications on the SF rate. In particu-
lar, we found that the formation of YSOs in clumps or in elongated
features is connected to the ages and to BRCs, which are visible in
the WISE image.

The most likely scenario is that while the SF rate in RCW 33 is
decreasing with time, the SF process in RCW 32 and 27 has likely
been triggered by the interaction between the H II radiation associ-
ated with the ionizing stars and the molecular clouds from which
the low-mass star population formed. This scenario is consistent
with that suggested by Urquhart et al. (2009) based on CO and
mid-IR observations of a sample of H II regions, including
RCW 32 and RCW 27.

The criteria used in this work to select M-type stars can be ex-
ploited in future works in several contexts of stellar astrophysics.
In the context of SF, the intrinsic higher luminosity of M-type stars
in PMS phase with respect to MS stars is a new observational di-
agnostics that allows detection of the M-type young populations
of relatively distant regions (∼1−2 kpc) using recent photometric
surveys. The M-type population in these regions has up to now
been mainly revealed by deep and highly sensitive X-ray or spec-
troscopic observations, which are significantly more expensive in
terms of telescope time. In addition, the limited FOV makes it very
difficult, if not impossible, to study large fields of several square
degrees, which can be easily done with the current photometric
surveys.

The Gaia DR2 data will likely allow more refined selections
because the kinematic parameters will enable confirming M-type
candidate members. Moreover, other available and future very
deep photometric surveys, such as PanSTARRS, UKIDSS, WISE,
VVV, and LSST, will allow us to detect even more distant M-type
stars in even more distant star-forming regions.

Finally, the opportunity for deriving accurate individual red-
dening values of M-type stars is a new tool that can be exploited
to discard M-type contaminants, both MS or giants, and therefore
to select M-type members based on the known parameters of the
clusters we study. Moreover, this new diagnostic can be exploited
to distinguish M-type MS stars from giants in fields where YSOs
are not expected to be found.
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