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ABSTRACT

Context. Thanks to their extensive and homogeneous sky coverage, deep, large-scale, multiwavelength surveys are uniquely suited to
statistically identify and map young star clusters in our Galaxy. Such studies are crucial to address issues like the initial mass function,
or the modes and dynamics of star cluster formation and evolution.

Aims. We aim to test a purely photometric approach to statistically identify a young clustered population embedded in a large popu-
lation of field stars, with no prior knowledge of the nature of stars in the field. We conducted our blind test study on the NGC 2264
region, which hosts a well-known, richly populated young cluster (~3 Myr-old) and several active star-forming sites.

Methods. We selected a large (4 deg2) area around the NGC 2264 cluster, and assembled an extensive r, i, J catalog of the field from
pre-existing large-scale surveys, notably Pan-STARRS1 and UKIDSS. We then mapped the stellar color locus on the (i — J, r — i) dia-
gram to select M-type stars, which offer the following observational advantages with respect to more massive stars: (i) they comprise
a significant fraction of the Galactic stellar population; (ii) their pre-main sequence phase lasts significantly longer than for higher
mass stars; (iii) they exhibit the strongest luminosity evolution from the pre-main sequence to the main sequence; (iv) their observed
r, i, J colors provide a direct and empirical estimate of Ay. A comparative analysis of the photometric and spatial properties of M-type
stars as a function of Ay enabled us to probe the structure and stellar content of our field.

Results. Using only r, i, J photometry, we could identify two distinct populations in our field: a diffuse field population and a clustered
population in the center of the field. The presence of a concentration of occulting material, spatially associated with the clustered pop-
ulation, allowed us to derive an estimate of its distance (800-900 pc) and age (~0.5-5 Myr); these values are overall consistent with
the literature parameters for the NGC 2264 star-forming region. The extracted clustered population exhibits a hierarchical structure,
with two main clumps and peaks in number density of objects around the most reddened locations within the field. An excellent
agreement is found between the observed substructures for the clustered population and a map of the NGC 2264 subregions reported
in the literature. Our selection of clustered members is coherent with the literature census of the NGC 2264 cluster for about 95% of
the objects located in the inner regions of the field, where the estimated contamination rate by field stars in our sample is only 2%.
In addition, the availability of a uniform dataset for a large area around the NGC 2264 region enabled us to discover a population of
about a hundred stars with indications of statistical membership to the cluster, therefore extending the low-mass population census of
NGC 2264 to distances of 10-15 pc from the cluster cores.

Conclusions. By making use solely of deep, multiband (r, i, J) photometry, without assuming any further knowledge of the stellar
population of our field, we were able to statistically identify and reconstruct the structure of a very young cluster that has been a
prime target for star formation studies over several decades. The method tested here can be readily applied to surveys such as Pan-
STARRS and the future LSST to undertake a first complete census of low-mass, young stellar populations down to distances of several
kiloparsecs across the Galactic plane.

Key words. methods: observational — techniques: photometric — methods: statistical — surveys — stars: low-mass —
open clusters and associations: individual: NGC 2264

1. Introduction

Over the past two decades, significant advancement in tomo-
graphic studies of our Galaxy has been prompted by the advent
of large-area, multiband sky surveys (see Ivezi¢ et al. 2012 for
areview). To name a few, the Sloan Digital Sky Survey (SDSS;
York et al. 2000) mapped an area of ~7500deg? in the North
Galactic Cap, using five broadband filters designed for the
survey (more specifically, u,g,r,i,z, which together cover the

* Full Table 4 is only available at the CDS via anonymous ftp
to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.
u-strasbg.fr/viz-bin/qcat?J/A+A/621/A14
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spectral range from 3000 to ~10000 A; Fukugita et al. 1996),
to a depth of ~22.2mag in the r-band (d.f=6261 A). The
INT Photometric Ha Survey (IPHAS; Drew et al. 2005) mapped
1800 deg2 in the Northern Galactic Plane, down to r ~ 21 mag,
using the SDSS r-band and i-band (A =7672 A) filters, plus
a narrow-band He filter; IPHAS was later complemented by
the VST Photometric Ha Survey (VPHAS+; Drew et al. 2014)
in the Southern Galactic Plane. In the near-infrared (NIR), the
Two Micron All Sky Survey (2MASS; Skrutskie et al. 2006)
mapped the entire celestial sphere in J (deg=1.25um), H
(Aef =1.65um), and Kg (A =2.16 um), reaching a depth of
14.3 mag in Kj; similar filters were employed for the UKIRT
Infrared Deep Sky Survey (UKIDSS; Lawrence et al. 2007) to
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map an area of 7000 deg? to a depth of K ~ 18.3 mag. The wide,
deep, and uniform spatial coverage brought in by such surveys
dramatically enhanced our ability to resolve stellar populations
across the Milky Way, hence bringing in the first detailed maps
of the structure of our Galaxy

In the field of young star clusters, extensive, dedicated IR
campaigns performed notably with Spitzer, together with more
general surveys such as 2MASS, revealed the variety of cluster
morphologies that bear the imprints of the dynamics of cluster
formation in the molecular clouds (see Allen et al. 2007 for a
review). However, investigations of young, embedded clusters,
especially in the optical, have so far been limited to distances
of <lkpc (e.g., Messineo et al. 2009; Luhman 2012), and are
often incomplete in the lower stellar mass regimes. And yet,
low-mass, M-type stars (M, ~ 0.1-0.5 M) are estimated to
account for over 50% of the total stellar population in the Galac-
tic field and its young embedded clusters (e.g., Offner et al.
2014). Complete censuses of young (<10 Myr), low-mass stel-
lar populations in different environments are therefore crucial
to address key issues in star formation and early evolution, like
the modes and duration of star cluster formation, the initial
mass function, or the timescales of protoplanetary disk evolution
and dispersal (e.g., Bricefio et al. 2007). Remarkable progress in
this respect has recently been warranted by the first set of sur-
veys conducted with the Panoramic Survey Telescope and Rapid
Response System (Pan-STARRS1; Chambers et al. 2016). Pan-
STARRSI1 imaged the entire Northern Sky, above a declination
of 6 ~ —30°, in five broadband filters (gp1,7p1,ip1,2p1,Yp1), Which
encompass the spectral window from ~4000 to 10500 A. The
survey, which included multiple pointings per observed field per
filter over a span of four years, reached a depth of gp; ~ 23.3,
rpi ~ 23.2, and ip; ~ 23.1 in the stacked images; these val-
ues theoretically allow simultaneous gpi,rp;,ip; detection of very
young (~1Myr), low-reddening stars at distances of 1-2kpc
down to masses of ~0.05-0.1 M.

In the next decade, a whole new scenario will be opened with
the Large Synoptic Survey Telescope (LSST; Ivezic et al. 2008).
Starting from the early 2020s, LSST will survey the South-
ern Sky (0 < +10°) in six filters (u, g, 1,1,2,y), modeled after
the SDSS system, which extend from ~3200 to 11 000 A. Each
portion of sky will be imaged repeatedly over the scheduled
ten-year duration of the LSST campaign, with an expected
single-epoch depth of r ~ 24.5 and a coadded depth of r ~ 27.5
at the end of the project. The wealth and homogeneity of pho-
tometric data that is being assembled and that will emerge over
the next years will enable the first detailed census of pre-main
sequence (PMS) stellar populations across the Galactic plane.
A crucial point, so far largely overlooked, is that photomet-
ric searches for young, distant clusters find a most favorable
domain in the M-type stellar regime. Indeed, while early-type
stars exhibit little luminosity evolution in the transition from
the PMS to the zero-age main sequence (ZAMS), M-type PMS
stars are significantly brighter than their early-main sequence
(MS) counterparts (e.g., Siess et al. 2000). As a consequence, if
M-type PMS stars and field dwarfs are mingled in a region of
sky, the MS population will fall below the detection threshold
at much closer distances than the PMS population; M-type PMS
stars will therefore stand out with respect to M-type MS stars in
deep photometric surveys (Damiani 2018).

Estimating the extinction Ay suffered by individual objects
is a major issue in spatial analyses of resolved stellar pop-
ulations, since Ay is a crucial parameter to determine the
stellar properties (Tef, Lyol, and derived parameters), and also
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provides an indirect indicator of the distance to the observed
source. A classic photometric approach to determining Ay con-
sists in comparing the observed stellar colors to a reference
intrinsic spectral type—color scale, assuming that the spectral
types of the objects are known from independent (spectroscopic)
measurements. However, this approach is subject to two lim-
itations: 1) spectroscopic surveys are significantly more time-
consuming than wide-field photometric surveys, and can only
be performed on small and/or nearby samples of stars; ii) the
derived Ay measurements are somewhat dependent on the spe-
cific reference scale used, as different models and calibrations
can exhibit considerable offsets with respect to each other (see,
e.g., Sect. 4.1 of Venuti et al. 2018). As shown in Fig. 1, map-
ping the stellar color locus in SDSS filters, possibly coupled
with the J-band, offers a direct and empirical solution to this
issue for low-mass stars: while early-type (<K7) stars exhibit
intrinsic g, r, i, J colors that progress with spectral type almost
parallel to the reddening vector, the photospheric color sequence
traced by M-type stars distinctly diverges from the reddening
direction. This peculiar photometric behavior renders the (r — i,
g — r) and the (i — J, r — i) color-color diagrams a powerful
diagnostic tool to: i) identify and extract M-type stars from the
bulk of sources detected in a given field; ii) infer a straightfor-
ward estimate of their individual A, by measuring the distance
between their observed colors and the non-reddened envelope
of the M-type color locus on the diagram along the reddening
direction. Assuming a uniform reddening law along the cone of
view, a stratification in Ay across a given stellar population is a
direct proxy to the range of distances within which stars belong-
ing to the population under examination are distributed'. There-
fore, deep g, r, i, J photometry of M-type stars in a given field
provides a direct means of probing the spatial structure of dust
of the imaged region.

The relatively simple but very efficient conceptual approach
outlined above was formalized and explored for the first time in
Damiani (2018). This method has enormous implications for the
science of young star clusters in an era when extremely accurate
photometric maps of the entire sky are taking shape. By com-
bining the appropriate spatial and color diagrams of stars in a
given field, without any additional information on their nature,
this approach enables the revelation of young distant clusters by
extracting their M-type population, more numerous with respect
to earlier-type cluster members and favored for detection in deep
surveys with respect to older field stars in the same spectral class.
To test the performance and predictive capability of the method,
we conducted a blind photometric study of the region around
the ~3-5Myr-old cluster NGC 2264 (e.g., Dahm et al. 2008).
Our investigation, reported in this paper, focused on a wide,
2°x2° field centered on the NGC 2264 cluster (RA =06:41:00.0;
Dec = +09:38:20.0). An image of the field, produced with the
Aladin Sky Atlas (Bonnarel et al. 2000), making use of data
products from the Digitized Sky Survey (Lasker et al. 1996), is
presented in Fig. 2. We made use of the available, large-scale
optical (r,i) and NIR (J) surveys to build an extensive photomet-
ric catalog for M-type stars detected in this area, and analyzed
the gathered photometry to derive a reddening map of the region
and to probe the nature of its stellar population. Other than the
definition of the central pointing for our field, we carried out our

! This reasoning does not apply across a molecular cloud or an embed-
ded star-forming site, characterized by more conspicuous and more
rapidly spatially varying extinction than the surrounding areas.
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Fig. 1. Upper panel: g—r versus r—i color locus of stars extracted from a
1°x1° field around the NGC 2264 cluster (photometry from Venuti et al.
2014). The expected color properties of MS dwarfs as a function of their
spectral type, and the associated uncertainties, are traced and labeled
following Covey et al. (2007) to guide the eye. Lower panel: r —i versus
i — J color locus for the same population of stars shown in the upper
panel. The J-band photometry is extracted from 2MASS.

study without assuming any prior knowledge of the presence of
a young clustered population in the region, until the final assess-
ment of our results.

The paper is organized as follows. Section 2 describes the
photometric catalog we assembled and used for the current
study. In Sect. 3, we illustrate the procedure adopted to iden-
tify M-type stars in the field, derive their reddening properties,
and characterize the spatial structure of the region and the nature
of its stellar population. In Sect. 4, we discuss the impact of field
contamination on our analysis, and compare our results to the
information available in the literature for the NGC 2264 region,
in order to assess the robustness of our selection method. Our
conclusions are summarized in Sect. 5.

g \ " -
Fig. 2. Digitized Sky Survey (POSS-II) view of the field investigated in
this study, from data collected in the red passband. North is up and east
to the left.

2. Data selection
2.1. Optical r, i catalog

The r,i point source catalog of the 4 deg? field investigated in
this work was assembled with the goal of ensuring a photometric
coverage as robust, uniform, complete, and unbiased as possible
across the entire area. We selected four deep photometric surveys
as input sources for our catalog, as detailed below.

CSI 2264. The Coordinated Synoptic Investigation of
NGC 2264 (Cody et al. 2014) provided the most extensive, mul-
tiwavelength characterization of the NGC 2264 region available
to date. The campaign included deep u, g, r, i mapping performed
at the Canada—France-Hawaii Telescope (CFHT) with the
wide-field imager MegaCam (Venuti et al. 2014). Simultaneous
r-band and i-band detection was achieved for 20646 point
sources in the magnitude range r ~ 13.5-21.2, distributed over a
1° x 1° area centered on (RA, Dec) = (06:41:00.0, +09:38:20.0).

Pan-STARRS1. The stack photometry from the first data
release (DR) of Pan-STARRSI1 (Flewelling et al. 2016) covers,
without gaps, the entire area investigated in this study. From
the Pan-STARRS|1 database we extracted all source detections
located in our field of interest, subject to the conditions of i)
possessing at least rpj-band and ip;-band photometry, and ii)
being brighter than the mean 50 point source limiting sensitiv-
ities defined in Chambers et al. (2016; rp; = 23.2, ip; = 23.1).
These criteria allowed us to retrieve 200 602 sources with Pan-
STARRS1 photometry in our field.

IPHAS. From the second and most recent DR of IPHAS
(Barentsen et al. 2014; r ~ 13-21.2, i ~ 12-20) we retrieved
138 506 sources with r-band and i-band photometry in our field
of interest. These sources are distributed across the entire region,
except for two small patches not mapped within IPHAS, located
respectively in the north-west and in the south of our field; the
total area of these two gaps is about 6.5% of the 4 deg?.
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SDSS. SDSS photometric data for the region of interest
to this study were released as part of DR7 (Abazajian et al.
2009). From the SDSS archive we extracted a photometric cat-
alog of objects located within a radius of 60’ around the coor-
dinates defined earlier, and retained those entries that satisfied
the following conditions: i) being flagged as “point sources”, as
opposed to “extended sources”; ii) being a detection in both r and
i; iii) being brighter than the magnitude limits for 95% detection
repeatability for point sources defined for the survey (r = 22.2,
i = 21.3). This procedure allowed us to select 118 823 sources,
distributed effectively across 75% of our field, due to discontin-
uous area coverage.

The final optical catalog of the region was built by cross-
matching the four catalogs listed above. The cross-correlation
was performed with the Tool for OPerations on Catalogues And
Tables (TOPCAT; Taylor et al. 2005), using a matching radius of
I arcsec and a Join Type “2 not 17, in order to avoid duplicates.
Sources were retained preferentially from the input catalogs in
the order shown in the above list. Prior to merging the individual
catalogs, a cleaning procedure was performed on each of them in
order to reject spurious or problematic detections, as described
in the following.

Regarding the CFHT/MegaCam catalog obtained as part of
the CSI 2264 campaign, a description of the photometry extrac-
tion and validation procedure was presented in Venuti et al.
(2014). Readers are referred to that paper for further details.

For the Pan-STARRSI catalog, the rejection of bad sources
was performed in four steps, taking into account several param-
eters and quality flags associated with each object in the
Pan-STARRSI1 database (see Flewelling et al. 2016), in partic-
ular the number of valid single-epoch rpi-band (nr) and ip-
band (ni) detections, the individual flag values embedded in
the objlnfoFlag bitmask, and the photometric errors asso-
ciated with the measurements (rMeanPS FMagErr = err,,
iMeanPS FMagErr = err;). At first, all catalog entries with
nr = 0 or ni = 0 (i.e., sources without any good single-epoch
detections in rp; or ip;, despite having an associated photometry
measurement from the stacked images) were rejected. Then, all
sources flagged upon being affected by astrometric or parallax
issues, or extended, or with poor-quality photometry, as coded in
the ob jInfoFlag value, were rejected. Afterwards, we computed
the difference between the listed point spread function (PSF)
photometry (mpgr) and Kron photometry? (mg,.,) for each
object, and rejected all sources with mpgs p —mg,,, larger by more
than 30 than the average difference computed across the entire
sample. Finally, we sorted the remaining sources into groups
based on the values of the nr and ni parameters; for each nr-
and ni-group, we built the cumulative distribution respectively
in err; and err;, and discarded objects with “anomalous” photo-
metric uncertainty, defined as lying below the 0.15th percentile
or above the 99.85th percentile. This selection was performed
individually for each nr- and ni-group, rather than collectively
on the full sample, because the uncertainty associated with the
photometric measurements naturally decreases with increasing
number of detections.

For the IPHAS catalog, we applied a cut on the pS tar param-
eter (i.e., the probability that the extracted source is a star)
to select bona fide point sources and discard likely extended
sources. Namely, all objects with pStar < 0.05 were rejected.

2 The methodology to derive Kron magnitudes was introduced in Kron
(1980) to characterize the photometry of extended sources (galaxies).
Large discrepancies between the PSF and Kron magnitudes derived
for a given source are therefore indicative of extended objects (see
Farrow et al. 2014).
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Fig. 3. Number density map of the population of our catalog across the
2° x 2° region investigated in this study (see text). Spatial coordinates
(RA and Dec) are expressed in degrees (°) in this and all subsequent
diagrams. Object densities are mapped according to a “rainbow” color
scale, where purple and blue correspond to the highest number density,
green indicates intermediate densities, and red corresponds to the lowest
number density. North is up and east is left on the diagram.

No further selection on the photometric error was performed
in this case as all retained sources had associated uncertainties
within the allowed range for Pan-STARRS] data.

SDSS sources were filtered based on the associated photo-
metric errors. The full sample of Pan-STARRS1 sources retained
was used as a reference to define the allowed uncertainty ranges
in r and in i; all objects with photometric errors in 7 or in i out-
side the allowed ranges were rejected.

The final optical catalog encompasses 185 754 sources, rang-
ing in magnitude from ~12 to 22.5 (with a completeness limit
of ~21.5 in r and 21 in 7). The majority of stars in the catalog
(83.4%) were retrieved from Pan-STARRS]1 observations, fol-
lowed by CSI 2264-CFHT/MegaCam (11.1%), IPHAS (3.2%),
and SDSS (2.3%). Figure 3 illustrates the spatial distribution of
the population of the assembled catalog across our 4 deg? field. As
can be seen, the number of sources detected is not uniform across
the field: the outer regions of the area investigated exhibit the high-
est number densities of objects, while the concentration of stars in
our catalog is lower in the central regions of our field, where some
nebulosity can be observed on the field picture in Fig. 2.

2.2. J-band catalog

To provide a J-band counterpart to targets in our optical cata-
log, we used the UKIDSS catalog and the 2MASS catalog, as
detailed below.

1. UKIDSS. The NGC 2264 region was surveyed during the
UKIDSS campaign as part of its Galactic Plane Survey
(GPS) component (depth J ~ 19.9). From the UKIDSS/GPS
database we extracted all sources matching our field, sub-
ject to the condition of being flagged as “O” (O.K.) or “V”
(variable) in the classification of King et al. (2013)*, when
available.

3 Other flag values in the classification scheme of King et al. (2013)
indicate non-stellar objects or issues with the photometry extraction
from UKIRT images.
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Table 1. Photometric ranges (0.5th—99.5th percentiles) and complete-
ness limits for the 7,7, J and g, r, i catalogs of our field.

ri,J g, 1,1
g-band range (mag) - 14.0-22.6
r-band range (mag) 13.7-22.3 13.3-21.7
i-band range (mag) 13.3-21.5 13.0-21.0
J-band range (mag) 11.9-19.6 -
g-band completeness (mag) - 22.0
r-band completeness (mag) 21.5 20.5
i-band completeness (mag) 20.5 19.5
J-band completeness (mag) 18.5 -

2. 2MASS. Sources were extracted from the 2MASS database
(sensitivity J ~ 15.8) upon the condition of being assigned a
quality flag “A” at least for the J-band photometry.

Using the two input catalogs listed above, we could assign a J-
band magnitude to 99.3% of targets in our optical catalog, built
as described in Sect. 2.1. Following the same approach used to
clean the optical catalog, we built the cumulative distribution in
J-band photometric uncertainties (erry) across our sample, and
rejected sources with erry outside the —3o-level to +30-level
range. The final r, i, J catalog assembled for this study therefore
comprises 185205 objects.

2.3. g,r,i catalog

As mentioned in Sect. 1, M-type stars exhibit distinctive prop-
erties with respect to earlier-type stars both in #,i,J and g, r,i
colors. We therefore adopted the same procedure outlined in
Sect. 2.1 to assemble a g,r,i catalog of the region from
CFHT/MegaCam, Pan-STARRSI1, and SDSS data (whereas
IPHAS does not include the g-band). We decided to consider
the r,i,J and g, r,i sets separately, rather than their intersec-
tion, because different bands are affected by different depths and
completeness limits, as summarized in Table 1. In particular, the
catalog involving the g-band is significantly more shallow, and
encompasses about one-third fewer sources (123 370), than the
r,i,J catalog. In addition, the sequence of M-type stars on the
(r — i, g — r) diagram only emerges for spectral types of M2
and later; instead, M-type stars can be identified over earlier-type
stars on the (i —J, r—1i) diagram already at the MO-M1 subclass.
To ensure homogeneity and increase the statistical robustness of
our study, in the following we will refer to the r, i, J photometry
as our primary tool of investigation, and will use the g, r, i cata-
log, analyzed in a similar but independent fashion, to corroborate
our results.

2.4. Photometric calibration

To remove small systematic effects between the various SDSS-
based photometric systems adopted for the surveys listed in
Sect. 2.1, we recalibrated the individual photometric datasets
to the SDSS system. The photometric calibration was per-
formed statistically, taking as reference the optical catalog
from the CSI 2264 CFHT/MegaCam survey, which had been
previously recalibrated to the SDSS system, as reported in
Venuti et al. (2014). To derive the recalibration equations for
Pan-STARRS1 and IPHAS photometry, we selected the sam-
ple of objects common to the CFHT/MegaCam catalog and,
in turn, the Pan-STARRS1 and IPHAS catalogs; we then built

(Mcatalog — M) versus (m’ —m’’) diagrams for the samples of

common objects, where mcaiog 1S the photometry to be recal-
ibrated, m is the corresponding SDSS filter, and m’ —m" is
the SDSS color of the objects used as reference for the cal-
ibration in the m filter. Calibration equations, accounting for
both magnitude offsets and color effects, were derived from
these diagrams via error-weighted linear least-squares fitting
(Bevington & Robinson 2003). Pearson’s and Kendall’s correla-
tion test routines, implemented in R with the cor.test() function,
were applied to the data to ascertain that a significant correla-
tion is detected. At the end of the procedure, we derived the
following calibration equations for Pan-STARRS1 and IPHAS
photometry:

gm —g =—0.0027 = 0.1821 - (g — 1)

P —r = 0.01155 — 0.0328 - (r — i) (1
im —i=0.02776 +0.00419 - (r — i)
Fiomas — 1 = —0.10320 — 0.0253 - (r — i) o
fipns — i = —0.33614 — 0.04607 - (r — i)

No correction was applied to the J-band photometry, because
the 2MASS and UKIDSS photometry sets for common targets in
our field appear well correlated with negligible offset for J > 11.
The Jomass versus Jyukipss sequence deviates from the equality
line at the bright magnitude end. This effect could be due to satu-
ration effects; however, it does not impact our analysis, since the
focus of this work is on the fainter part of the stellar population.

2.5. Properties of the final catalog

The photometric ranges covered by the bulk of objects in our
final r,i,J (185205 sources) and g,r,i (123370 sources) cat-
alogs, assembled as described in the previous sections, are
reported in Table 1. The boundary values of these ranges were
defined as the 0.5th and the 99.5th percentile levels in magnitude
in each filter for each catalog; the associated completeness lim-
its were estimated by plotting the logarithmic density number of
objects as a function of magnitude, and locating the point where
the trend starts to deviate from a straight line at the faint magni-
tude end. These values indicate the typical depth achieved with
the assembled catalog across the field, although the estimated
completeness limits can exhibit local variations of the order of
0.5 mag, as a result of differential crowding and nebulosity.

In Fig. 4, we illustrate the limiting distances within which we
expect to be able to detect stars of different mass, age, and red-
dening in our field, considering the limiting magnitudes of our
r, 1, J catalog in the three filters simultaneously. As discussed in
Sect. 1 and shown in the diagram, very young stars are expected
to be predominant among sources detected at large distances.
This is especially true for M-type stars (T < 4000 K, corre-
sponding to M, <0.6-0.7 M at an age of 1-10 Myr, and to
M, 50.5-0.6 M at ages ~100—-1000 Myr): as depicted in Fig. 4,
our limiting magnitudes enable simultaneous 7,i,J detection
of ~1 Myr-old, late-M stars suffering little to moderate extinc-
tion down to distances of 1-5kpc, while early-M stars in the
same age and extinction group will be detected down to dis-
tances of 5 to 10-15kpc. Limiting distances two to ten times
smaller are instead expected for simultaneous r,i,J detection
of M-type stars older than 100 Myr. As already discussed ear-
lier, the PMS/MS contrast for source detection at large distances
becomes progressively less favorable for spectral types earlier
than M, and the various sets of curves for stars of different ages
in Fig. 4 tend to converge to similar values of limiting distances
for M, > 1.4 M, (spectral type ~ K3 at an age of a few Myr).

Al4, page 5 of 19



A&A 621, A14 (2019)

Detection limits in r+i+J
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Fig. 4. Maximum distance at which simultaneous r,i,J detection in
our catalog is expected for stars aged 1 Myr (solid line), 10 Myr (dash-
dotted line), 100 Myr (dashed line), or 1 Gyr (dotted line), as a func-
tion of their Ay (red =0, blue = 1, green = 2) and mass. The curves were
built by taking the absolute r, 7, / magnitudes predicted for stars of dif-
ferent mass and age in Marigo et al.’s (2017) isochrones, and using
them as calibration to convert the limiting magnitudes of our cata-
log (see Table 1) into limiting distances as a function of stellar mass,
age, and Ay. A thicker stroke marks the mass range of M-type stars
(Ter < 4000 K) predicted by the models at the various ages, shown for
illustration purposes on the Ay =0 curves.
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Fig. 5. Same diagram as in Fig. 4, but for our g, r, i catalog (Sect. 2.3).

Our r, i, J catalog enables the measuring of Ay up to ~7 mag for
early-M, ~1 Myr-old stars (M, ~ 0.5 M) at a distance of 1 kpc;
the limiting Ay is about 4-5 mag for ~M3 stars (M, ~ 0.35 M)
at the same age and distance, and reduces to ~1.5 mag for late-M
stars (M, ~ 0.1 My). At the same distance, the largest Ay that
could be measured for a 1 Gyr-old, early-M star, according to the
limiting magnitudes of our optical catalog, amounts to ~4 mag;
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Fig. 6. Distribution of r — i versus i — J colors for objects in the cata-
log built as in Sect. 2. The reddening vector is traced using the A,/Ay
reported in Sect. 3.1.1. The black dashed line corresponds to the empir-
ical threshold traced by hand, parallel to the reddening vector, to sepa-
rate the color locus of earlier type stars (nearly parallel to the reddening
vector) from that of M-type stars. The color sequence traced in blue,
adapted from Covey et al. (2007), is shown as a guidance to locate stars
of different spectral types on the diagram. The red line, traced as a poly-
nomial fit to the blue curve on the diagram, corresponds to the reference
sequence adopted in this study to measure Ay for M-type stars (see text).

a ~M3 star could be detected until Ay ~ 1.5 mag, whereas late
M-type stars could not be detected.

A similar analysis of expected limiting distances for simul-
taneous g, r,i detection of stars in our catalog, depending on
their mass, age, and reddening, is illustrated in Fig. 5. Here,
the effects of extinction are more conspicuous, resulting in a
more shallow sky coverage compared to that achievable with
the 7, i, J catalog. At a distance of 1 kpc, our g, 7, i limiting mag-
nitudes would enable the detection of 1 Myr-old, MO-M1 stars
down to Ay ~ 4-5mag, M3 stars down to Ay ~ 3 mag, and
MS stars down to Ay ~ 1mag. Assuming the same distance
of 1kpc, 1Gyr-old, early M-type stars could be detected down
to Ay ~ 2mag, and no M-type stars later than ~M3 could be
detected.

3. Results
3.1. Selection of M-type stars and derivation of Ay
3.1.1. The r —i versus i — J diagram

Figure 6 depicts the color properties of stars in our catalog on the
r—iversus i —J diagram. To trace the effects of extinction on the
colors in Fig. 6, we made use of the Spanish Virtual Observa-
tory (SVO) Filter Profile Service* (Rodrigo et al. 2012), where
the A /Ay coefficients for an extensive collection of photomet-
ric systems, surveys, and instrument filters are reported. These
are calculated using the extinction law by Fitzpatrick (1999),
modified following Indebetouw et al. (2005) in the infrared. The
A,/Ay coeflicients relevant to this study are reported in Table 2.

4 http://svo2.cab.inta-csic.es/svo/theory/fps/.
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The final A,/Ay used for the analysis for a given filter were
computed as the mean of the corresponding values listed in
Table 2. These average coefficients, reported in Eq. (3), describe
well the trend traced by the bulk of objects below the black
dashed line in Fig. 6:

Ay /Ay = 1.207
olAv Ay_r/Ay = 0.324
AJAv=0883 A = 0215 3)
Ai/Ay = 0.668 oty

A /Ay = 0.363
A; /Ay = 0.305 114y

Two main stellar loci can be distinguished on the color dia-
gram in Fig. 6. The first, populated by stars of spectral type
earlier than K7, develops almost parallel to the reddening vec-
tor shown in the upper left part of the diagram. Low-extinction
K-type stars populate the lower-left part of the color distribu-
tion, starting at (i — J, r — i)~(0, 0.8); more reddened sources in
the same spectral range extend the intrinsic K-type color locus,
along the reddening direction, beyond the knee that marks the
transition between K-type stars and M-type stars on the empiri-
cal color sequence dashed in blue. The second stellar color locus,
populated by M-type stars, develops above the color locus of
earlier-type stars, and is tilted with respect to the reddening vec-
tor. To separate the two loci, we traced a boundary line running
parallel to the reddening vector above the bulk of K-type and
earlier stars, as shown in Fig. 6; we then selected as M-type stars
all objects located above this threshold line.

3.1.2. Measuring Ay for M-type stars in the field

The empirical expectation from the color distribution of M-type
stars in Fig. 6 is that non-reddened (foreground) stars should
be located along the left-hand envelope of the locus, the shape
of which can be well reproduced with the SDSS stellar color
sequence tabulated in Covey et al. (2007). The positions of stars
rightward of this envelope can be described as the combination
of their intrinsic colors on the zero-reddening sequence plus a
displacement along the reddening direction, the extent of which
provides a measurement of their Ay.

If the colors of non-reddened stars were known without
uncertainties, we would expect them to define a narrow sequence
that would fall exactly on the left-hand edge of the observed
color locus. In practice, the photometric uncertainties associ-
ated with the measured stellar colors, if unrelated and randomly
distributed, will determine a symmetric widening of the empiri-
cal zero-reddening color sequence, both toward bluer and redder
colors, by an amount corresponding to the typical uncertainty on
i — J for M-type stars on the diagram (o;—; ~ 0.04 mag). As a
consequence, if (i — J)o are the intrinsic colors of the sources in
the absence of extinction, the leftmost edge of the color distri-
bution will statistically correspond to the (i — J)y — 07— color
sequence.

To take the above consideration into account, we first derived
an analytical description for the left-hand envelope of the M-
stars color locus on Fig. 6 by fitting a polynomial curve to
Covey et al. (2007) color sequence, positioned onto the left edge
of the main datapoint distribution above the threshold line on the
diagram. We then shifted the curve by 0.04 mag toward larger
i — J, to statistically remove the effect of photometric uncertain-
ties on the location of the zero-reddening color sequence. The
final analytic curve to describe the sequence of intrinsic colors
of M-type stars, which we adopted as reference to measure their
Ay, is shown in red on the diagram in Fig. 6.

Table 2. Extinction coefficients A, /Ay for the filters and surveys listed
in Sect. 2.

Ay/Ay A JAy  Aj[Ay  Aj/Ay
CFHT/MegaCam 1.20 0.87 0.67
Pan-STARRS 1.19 0.89 0.67
IPHAS (INT) 0.88 0.65
SDSS 1.23 0.89 0.68
2MASS 0.31
UKIRT 0.30

The final sample of objects for which we could derive an esti-
mate of Ay comprises 24 089 sources, located above the black
dashed line and to the right of the red curve in Fig. 6. For these
stars, Ay was computed by solving numerically the following set
of equations:

(r—1io = —0Dos —0.215- Ay
(i—=Do=0—Tops —0.363-Ay
(i—Jo = flr—1i

where (r — i)ops and (i — J)ops are the observed colors for a given
object, (r—i)o and (i—J)o are its intrinsic colors, f is the function
that relates (i — J)o to (r — 7)o for M-type stars, and the factors
before Ay are the coefficients that relate Ay to A,_; or A;_; fol-
lowing Eq. 3.

A similar procedure was adopted to select the sample of M-
type stars and derive their Ay from the r —i versus g — r diagram.
A total of 4277 sources were extracted for the analysis of Ay
from g, r, i photometry. The Ay estimates were then derived by
solving a similar set of equations as in Eq. (4), but with g — r
replacing i — J, and the A, /Ay coeflicients changed accordingly.

“

3.1.3. A reddening map of the NGC 2264 region

The Ay distribution derived for our sample of M-type stars from
Fig. 6, selected as described in Sects. 3.1.1 and 3.1.2, is centered
on Ay ~ 1.2 mag; about 25% of sources have Ay <0.7 mag, and
about 25% have Ay > 1.7mag. Figure 7 shows an average Ay
map of our field.

While the computation of the average Ay can be locally
affected by differential population density across the field or by
classification outliers, some interesting global indications can be
deduced from the map. The Ay distribution is not uniform across
the region: typical extinction values tend to be lower in the outer
parts of the field, whereas typically higher values of Ay are reg-
istered toward the center of the field. Also, many of the points
with the lowest concentrations of sources or with the strongest
local variations in Ay, marked in white on the map in Fig. 7, are
projected onto the central regions of the field.

Since the number density of M-type stars selected from the
(r — i, g — r) diagram is about six times smaller than that of our
r,i, J sample, we did not build an averaged extinction map from
the g,r, i, Ay estimates. Instead, we examined the spatial distri-
bution of the M-stars from the g, r, i sample as a function of their
Ay, as illustrated in Fig. 8. A comparison between Figs. 7 and
8 shows that the two diagnostics yield a very similar picture of
reddening across the field. While the two sets of Ay measure-
ments exhibit a tendency for estimates from r, i, J colors to be
larger than those from g, r,i colors, and a scatter of ~0.5 mag
among individual common sources (similar to that found in
earlier studies that compared different Ay diagnostics, e.g.,
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Fig. 7. Map of the average Ay measured for M-type stars across the
region. Each of the 2500 2.4’ x 2.4’ boxes that constitute the map is
colored according to the mean Ay computed across the population of
M-type stars projected onto that box. The reference color-Ay scale used
is shown in the side axis. Colors are assigned only to boxes containing at
least two M-stars in our sample, and with an internal spread in Ay that
is no more than 30 larger than the typical dispersion in Ay measured
among boxes containing the same number of sources within the map.
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Fig. 8. Spatial map of M-type stars selected from the (r — i, g — r) dia-
gram as a function of their measured Ay. The color of the symbols
varies with Ay as shown on the side axis of the diagram. The size of
the symbols is scaled with Ay in five groups: Ay < 0.1 (smallest dots);
0.1<Ay<02;02<Ay<05;05 <Ay <1; Ay > 1 (largest dots).

Cauley et al. 2012, Venuti et al. 2018), the relative Ay scale indi-
cates in both cases higher extinction toward the central part
of the field, and lower extinction in the outer regions. A very
close match in morphology can be observed between the higher-
extinction area (colored in yellow) in the averaged Ay map in
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Fig. 9. Magnitudes r versus colors r — i for the 185205 sources in our
catalog (see Sect. 2). M-type stars in the field for which we could derive
an Ay estimate (see Sect. 3.1.2) are highlighted as colored points; colors
are scaled according to the Ay measurements, as shown to the right of
the diagram.

Fig. 7, and the distribution of point sources with the largest Ay
values (colored in red) in Fig. 8.

3.2. The Ay structure of the NGC 2264 field

Figure 9 illustrates the distribution of sources in our sample on
the r versus r — i diagram. The main field locus is clearly delin-
eated as a densely populated region between r — i ~ 0.1 and 2.
However, a separate sequence of objects, spanning most of the
magnitude range and running along the redder side of the main
field locus, can also be observed on the diagram. Another fea-
ture of the datapoint distribution in Fig. 9 is the tail of objects
that develops on the bluer side of the main field locus at the faint
magnitude end. This is likely a residue of the catalog cleaning
procedure on the r-band filter; at any rate, it does not impact our
analysis, since this small group of outliers is clearly distinct from
the locus of M-type stars, highlighted on the diagram, which are
the focus of our study.

To better investigate the nature of the M-type population of
the region and identify potential subpopulations, we performed
a detailed analysis of the Ay structure of the region. We sorted
our sample of objects, extracted from the (i — J, r — i) diagram in
Fig. 6, into four Ay groups, selected in such a way as to ensure
that each group contains about one fourth (~6020) of the total
M-type population of the field: Ay < 0.7mag; 0.7< Ay < 1.2;
1.2< Ay <1.7; Ay >1.7mag. We then examined the distribu-
tion of each of these four groups of objects on the (r — i, r) dia-
gram, together with their spatial distribution across the region.
Results are illustrated in Fig. 10 and discussed in the following
sections.

3.2.1. Nature of the low-reddening population (Ay < 0.7)

Figure 10a illustrates the color properties of objects from the first
quartile in Ay (Ay < 0.7) on the r versus r—i diagram. The points
do not form a continuous distribution on the diagram; rather,
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low-Ay M-type stars appear to split into three distinct loci. About
40% of the sources in this group populate a compact, triangular
locus in the lower left corner of the diagram; a small strip with
a clear dearth of points separates this locus from an intermediate
sequence of objects, which contains another 45% of the sources
in this Ay group. A smaller fraction of objects (~15%) defines
instead a third locus, running above the intermediate sequence
of objects on the diagram, and well distinct from the latter at the
faint magnitude end, although partially merging with the inter-
mediate population locus at the bright magnitude end.

To investigate the nature of the distinct stellar loci, we traced
two boundary lines, parallel to the reddening vector on the dia-
gram and crossing the gaps between two neighboring loci; we
then extracted the population of each of the three resulting
areas on Fig. 10a separately, and examined their spatial distri-
bution. A visual inspection suggests that the three subpopula-
tions extracted from Fig. 10a are associated with different spatial
properties. Objects from the lower locus on the (r — i, r) diagram
populate the outer areas of our field, whereas the central part
of the region is devoid of such sources (Fig. 10b); conversely,
objects from the upper locus on the (r — i, r) diagram in Fig. 10a
are predominantly concentrated toward the center of the field,
albeit with some dispersion of objects across the outer field areas
(Fig. 10c). Interestingly, objects from the intermediate locus in
Fig. 10a exhibit a rather uniform spatial distribution across the
whole field, as illustrated in Fig. 11.

To provide some quantitative support to the visual analysis
outlined in the above paragraph, we divided our field (Fig. 3)
into a grid of 3 X 3 equal squares; we then computed what frac-
tion of each of the three populations extracted from Fig. 10a falls
within each of the nine subfields. The results of this test are illus-
trated in Fig. 12. If the three subpopulations were distributed
uniformly across the field, we would expect to find about 11%
of objects belonging to each of them in each of the nine sub-
fields that we defined in our region, with only small variations in
number from one subfield to the other. As shown in Fig. 12, the
average distribution across the field of the lower and the inter-
mediate populations from Fig. 10a is consistent overall with the
expected fraction per subfield in the case of a uniform distribu-
tion. However, while for the intermediate population the indi-
vidual percentages measured in each subfield (red dots) exhibit
little fluctuation around this typical value (indicated by the ver-
tical double arrow), the behavior of the lower population is sig-
nificantly more spatially variable across the region (blue dots).
The strongest departure from the typical trend occurs in the
central subfield, where hardly any objects from this subpop-
ulation are found. The upper population in Fig. 10a exhibits
the most non-uniform spatial distribution: a dearth of objects
from this group is observed at any location within the region
except in the central subfield, which contains alone 40% of the
subpopulation members. This strongly spatially varying behav-
ior is illustrated by the yellow double arrow in Fig. 12, which
marks the dispersion in value of single-subfield percentages with
respect to the median percentage measured for the upper popu-
lation across the whole field. To summarize this analysis more
quantitatively, each of the nine subfields defined in our region
contains typically 10% of objects from the intermediate pop-
ulation in Fig. 10a, with an rms scatter of 3% among indi-
vidual subfields (i.e., 10% + 3%). These percentages become
(10 £ 7)% for the lower population, and (7 + 10)% for the upper
population.

As a further check on the respective spatial distributions of
the three subpopulations with Ay < 0.7, we applied the mini-
mum spanning tree (MST) test, as formulated by Prim (1957). To

ensure a uniform sampling of the three populations and account
for the different number of objects contained in each of them,
we randomly picked 100 stars from each subpopulation, and
computed the minimum path length required to spatially con-
nect each of the 100 points in a network without closed loops.
We then iterated this procedure 100 000 times, in order to build
an MST distribution for each subpopulation from Fig. 10a. An
MST of 13.4 + 0.4 was derived when sampling the intermedi-
ate population, of which the spatial distribution is illustrated in
Fig. 11; this value is very similar to the one (13.3 + 0.4) found
when applying the same procedure to the entire group of objects
with Ay < 0.7, irrespective of their location on Fig. 10a. Notice-
ably lower values were derived for the lower (12.1 +0.5) and for
the upper (11.9 + 0.5) populations in Fig. 10a; this difference,
while not conclusive, supports the view of a more wide-spread
spatial distribution for the intermediate population than for the
other groups of objects, although it does not enable us to distin-
guish between the spatial properties of the lower population and
the upper population (Figs. 10b and 10c, respectively).

3.2.2. Nature of the reddened population (Ay > 0.7)

Figures 10d, 10g, and 10j illustrate the photometric properties of
progressively more reddened M-stars in the field (0.7 < Ay <
12,12 < Ay < 1.7, and Ay > 1.7, respectively). A clear sep-
aration can be observed, on each panel, between the bulk of the
field population, grouped into a triangular locus in the lower-left
quarter of the r versus r —i diagram, and a more sparse sequence
of objects that develops above the main population locus, nearly
parallel to its right-hand edge and to the reddening vector on
the diagram. A straight line, parallel to the reddening vector
and delimiting the transition between the densely populated field
locus and the upper sequence of objects, was applied uniformly
in every Ay group to extract the two subpopulations and investi-
gate their spatial properties. This line is the same as that shown
in red in Fig. 10a.

As already observed for the upper versus lower populations
in Fig. 10a (see Sect. 3.2.1), objects located below the red line in
Figs. 10d, 10g, and 10j exhibit statistically distinct spatial prop-
erties from the sequence of objects located above the red line
on the same diagrams. The former are predominantly distributed
across the outer areas of our field, and are substantially absent
in the innermost regions (see Figs. 10e, 10h, and 10k); on the
contrary, sources that form the upper sequence of objects on the
r versus r — i diagram tend to be spatially concentrated in the
center of the field. The same behavior is observed irrespective of
the Ay group we are considering, albeit with slight variations in
number between the fractions of objects in the main population
locus and in the upper sequence locus.

The analysis illustrated in this and in the previous section
indicates that two distinct stellar populations are present in our
field. A diffuse field population comprises about 94% of the
objects in our catalog; the remaining 6% form a clustered, pre-
sumably young population, which stands out clearly as a sepa-
rate sequence above the main field locus on the r versus r — i
diagram (i.e., above the red line on the diagrams in Fig. 10), and
is spatially gathered in the inner regions of the field. The clus-
tered population appears to be associated with a concentration of
obscuring material, clearly seen in Fig. 2, and silhouetted on the
spatial maps in Figs. 3 and 10. This region is characterized by a
higher average extinction than the surrounding areas (see Fig. 7),
and the nebulosity presumably filters out background stars. This
explains the underdensity of objects observed in Fig. 3 at the
location of our clustered population, and the corresponding lack
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Fig. 10. Spatial distribution of the different Ay subgroups extracted from the (r — i, r) diagram, overplotted onto the map of the entire population
of our catalog (in gray on the various RA, Dec diagrams).
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Fig. 11. Spatial distribution of objects from the intermediate color-
magnitude locus in Fig. 10a (red points), projected onto a map of the
entire population of our catalog (gray dots).

of detected field stars with moderate extinction and spatially pro-
jected onto the center of the field, as shown in the middle panels
of Fig. 10.

In the first Ay quartile (Ay < 0.7 mag) a somewhat different
behavior is observed for field stars, which split into two pho-
tometric loci on the r versus r — i diagram, with correspond-
ingly different spatial properties (see Sect. 3.2.1). The nature of
these two subgroups of objects can be interpreted in the light of
the above considerations: objects located below the blue line in
Fig. 10a are low-extinction background stars, and are therefore
detected only in the outer regions of our field, not blocked by the
central obscuring material; objects between the blue and the red
lines in Fig. 10a are instead foreground stars, uniformly detected
throughout the field.

At the time of the analysis, no parallax and proper motion
information is available from Gaia DR1 for any of the M-stars in
our sample. Further tests on the astrometric properties of the var-
ious populations identified in the NGC 2264 region are deferred
to a future work, making use of the wealth of information from
the newest Gaia DR2.

3.3. A clustered population in the NGC 2264 region
3.3.1. Distance and age

The peculiar features of the r versus r — i diagram for lower-
extinction stars in our sample (Ay < 0.7; Fig. 10a) allow us
to provide some constraints on the distance and age of the
clustered population. In particular, the clear separation between
foreground stars and background stars on the diagram enables
a direct estimation of the distance to the obscuring mate-
rial spatially associated with the clustered population. Such an
estimate of distance can be obtained by fitting the lower enve-
lope of the foreground (intermediate) population onto the dia-
gram with an MS track; a similar approach was adopted by,
for example, Knude & Nielsen (2001) to determine the distance
to Lupus 2, or by Prisinzano et al. (2005) to determine the dis-
tance to NGC 6530. For the purposes of this analysis, we adopted
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Fig. 12. Percentage of objects from each of the three subpopulations
extracted from Fig. 10a that falls into each of the nine subfields defined
within our region (see text). Following the color convention in Figs. 10
and 11, blue symbols refer to the lower population from Fig. 10a (below
the blue dashed line), red symbols refer to the intermediate popula-
tion from Fig. 10a (between the blue dashed line and the red dotted
line), and yellow symbols refer to the upper population from Fig. 10a
(above the red dotted line). The x-axis coordinates correspond to the
mean RA position of the subfield from which the corresponding per-
centages were extracted. The shape of the symbols identifies the Dec
coordinate of the subfield from where the corresponding percentages
were extracted: circle for subfields in the northern part of the region
(mean Dec =10.3056°), triangle for subfields in the central part of the
region (mean Dec =9.6389°), and square for subfields in the southern
part of the region (mean Dec = 8.9722°). Error bars associated with the
percentage values take into account the photometric uncertainties on
datapoints in Fig. 10a, which may determine individual objects to shift
from one area to the neighboring one on the diagram. Horizontal lines
mark the median percentage of objects from each of the three subpop-
ulations in Fig. 10a across the nine subfields; the double arrows mark
the dispersion of values around the typical percentage (i.e., the extent of
the spatial variation in the distribution of objects from the correspond-
ing subpopulation across the field).

the SDSS absolute magnitude sequence for dwarfs tabulated in
Kraus & Hillenbrand (2007), and shifted it to tentative distances
until we obtained a satisfactory match between the photomet-
ric sequence and the lower envelope of the upper part of the
foreground stars locus on Fig. 10a, where the foreground-to-
background gap is more marked. The results are illustrated in
Fig. 13, and are substantially unaffected by extinction, since the
color-magnitude M-dwarf sequence on the diagram runs almost
parallel to the reddening vector. The concentration of obscuring
material, which determines the discontinuity between the distri-
butions of foreground stars and background stars in Fig. 10a,
appears to begin at a distance of roughly 800-900 pc.

Assuming that the distance derived above is a good approx-
imation of the distance of the clustered population, we can use
this estimate to tentatively constrain the age of the clustered pop-
ulation. To do so, we selected all objects located above the main
field locus in the various r versus r — i diagrams in Fig. 10 (left
panels), and built a dereddened r( versus (r — i)y diagram for
the clustered population in the field. We then adopted the grid
of PARSEC-COLIBRI stellar isochrones (Marigo et al. 2017)
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Fig. 13. Same diagram as in Fig. 10a, with a superimposed color-
magnitude sequence for dwarfs extracted from Kraus & Hillenbrand
(2007), brought to a distance of 800 pc (black) and 900 pc (red), assum-
ing Ay = 0 (solid line) or Ay = 0.7 (dash-dotted line), to reproduce the
lower envelope of the foreground stars locus on the diagram.

in the SDSS system, brought to a distance of 800-900 pc, to
identify the range in ages covered by the sequence of clus-
tered objects on the color-magnitude diagram. This comparison
is illustrated in Fig. 14; the analysis suggests that the clustered
population identified within our field may span an age range
between ~0.5 and 5 Myr.

The clustered population does not define a sequence of its
own, parallel to the main field locus, on the (g — r, r) diagram,
but a nearly vertical sequence on g — r, reflecting the color prop-
erties for M-type stars observed in Fig. 1. The r versus g — r
location of clustered objects (selected from the r versus r —i dia-
gram) is in broad agreement with the predicted loci traced by
~1 Myr-5 Myr isochrones from Marigo et al.’s (2017) compila-
tion, brought to a distance of 800 pc (as inferred from the analy-
sis in Fig. 13), and reddened by an amount corresponding to the
typical Ay (~0.5) measured across the clustered population from
r,i, J photometry.

The analysis illustrated in Fig. 14 may be affected by the
presence of unresolved binaries, mapped on the color-magnitude
diagram as a single object with magnitude m = Mprimary —
2.5log (1 + %) To test the possible effect on the age
range derived earlier, we simulated a population of unresolved
binaries, randomly selected across our clustered population,
assuming a binary fraction between 0.15 and 0.5, and secondary-
to-primary mass ratios between 0 and 1 and distributed fol-
lowing a power-law distribution with index between 0.2 and 1
(Kraus & Hillenbrand 2012; Duchéne & Kraus 2013). For each
object selected as an unresolved binary, we then artificially cor-
rected the apparent photometry, starting from the observed mag-
nitudes and the randomly assigned mass ratio, and assuming
that the magnitude difference between secondary and primary is
related to the mass ratio of the system following the predicted
mass—magnitude trend along the PMS theoretical isochrones.
Results from this test suggest that the presence of unresolved
binaries may impact the location of both the upper and lower
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Fig. 14. Dereddened r-band photometry and r — i colors for M-type
stars that fall into the clustered population locus (i.e., above the red line)
on the diagrams shown in Fig. 10 (left panels). Sources extracted from
the photometric clustered population locus and spatially projected onto
the central part of the field are highlighted further as black points. The
0.5Myr and 5 Myr PMS model isochrones from Marigo et al. (2017),
brought to a distance of 800-900 pc, are overplotted to the datapoint
distribution to mark a tentative age range for the clustered population.

envelopes of the photometric locus of our clustered population
in Fig. 14 with respect to the isochrone grid. At the upper end,
unresolved binaries interpreted as intrinsically brighter sources
may determine an artificial widening of the sequence of objects
toward lower ages by ~0.5—1 Myr. Similarly, unresolved binaries
may artificially lift the lower envelope of the datapoint distribu-
tion to younger apparent ages; the shift in age is of the order of a
few (1-2 to 4-5) Myr, and appears to depend on the actual binary
fraction in the population.

We also note that the age range inferred for the popula-
tion is somewhat dependent on the model tracks used for the
comparison with the photometric locus on Fig. 14. A different,
although overlapping, age range between ~3 and 20 Myr would
be deduced from the SDSS-calibrated PMS model isochrones
of Baraffe et al. (2015). We adopted here the grid of isochrones
from Marigo et al. (2017), rather than that from Baraffe et al.
(2015), because the latter fail to reproduce the clustered popu-
lation locus on the (g — r, r) diagram in Fig. 15. Stellar variabil-
ity may represent another source of uncertainty on the age range
spanned by the cluster population: as reported in Venuti et al.
(2015), a day-to-year r-band variability of up to ~0.4 mag may
be expected for ~3 Myr-old stars, translating to a vertical shift of
1-2 Myr with respect to the grid of PARSEC isochrones on the
(r — i, r) diagram.

3.3.2. Spatial structure

A spatial distribution and number density map of the clustered
population identified in our analysis is presented in Fig. 16 (left
panel). Objects are predominantly grouped in two main clumps,
distributed vertically in the innermost regions of our field. The
core of the northern clump, where the concentration of objects
from the clustered population is highest, occurs at (RA, Dec) ~
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(100.23, 9.865). The most populated locations in the southern
clump occur at (RA, Dec) ~ (100.29, 9.51), (100.23, 9.5), and
(100.315, 9.445). An additional, densely populated, elongated
structure is observed at (RA, Dec) ~ (100.26, 9.6), above the
main southern clump. A comparison of the density map with the
spatial Ay distribution of members of the clustered population,
shown in Fig. 16 (right panel), indicates that the areas where the
clustered population is most represented tend to be associated
with higher extinction than the surrounding areas. The median
Ay measured across the clustered population is ~0.5 mag, well
within the range of measurable Ay predicted from the analysis
in Fig. 4; conversely, the cutoff in Ay for detected sources with
large extinction (~5-8 mag) is likely affected by the limiting
magnitudes of our optical catalog. A fraction of objects from the
clustered population distribute around the two main clumps of
stars described earlier, forming a wide-spread halo that extends
across the entire field, as illustrated in Fig. 16 (left panel).

4. Discussion

4.1. Contamination by giants and field stars to the selected
clustered population

A certain degree of contamination by foreground field stars is
expected on the photometric selection of the clustered popu-
lation. This is evident from Fig. 10a, where a partial overlap
can be observed between the locus of the clustered population
(well determined from Figs. 10d, 10g, and 10j) and the locus
of foreground stars. An additional source of contamination to
the clustered population locus is represented by reddened giant
stars in the field, with photometric properties that would place
them in the brighter mag regime but at redder colors than the
range spanned by field stars (see, for instance, the trail of points
located at » < 16 and r—i > 1 in Fig. 9). Covey et al. (2008) sim-
ulated SDSS/2MASS observations to map the respective loci of
giant stars and field dwarfs on a J versus J — K diagram, and to
identify the region of the diagram where giants are predominant
over the dwarf population. Following their example, we com-
bined 2MASS and UKIDSS photometry to build the (J — Ky, J)
diagram of the population of our field, and discarded as likely
giant contaminants all sources brighter than J = 12 and red-
der than J — Ky = 0.5. This procedure allowed us to identify
27 probable giant contaminants in our selected clustered popu-
lation. The spatial distribution of these 27 sources with respect
to the clustered population is highlighted in Fig. 16 (left panel);
as can be seen, these are mostly dispersed in the outer regions
of the field. We note that this analysis only enables us to iden-
tify the brightest giants; a fraction of giant stars is expected to
be mingled with the field dwarf locus (see Fig. 5 of Covey et al.
2008).

To derive a statistical estimate of the number of field contam-
inants expected among our clustered population members, we
proceeded as follows. We used the SDSS spectral type-absolute
magnitude sequences tabulated in Kraus & Hillenbrand (2007),
already adopted to derive the distance to the obscuring material,
to infer an estimate of the minimum distance at which fore-
ground stars and members of the clustered population can be dis-
tinguished. This minimum distance was obtained by shifting the
theoretical color-magnitude sequence of dwarfs until it matched
the upper envelope of the foreground stars locus on the r versus
r — i diagram for objects with Ay < 0.7, as shown in Fig. 17.

The comparison between the observed field locus and the
color-magnitude sequence on the diagram indicates that clus-
tered stars are photometrically mixed with MS foreground stars
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Fig. 15. Field locus on the r versus g — r diagram (gray). The sequence
traced by the clustered population, extracted as described in Sect. 3.2,
is highlighted in green. The 1 Myr, 3 Myr, and 5 Myr model isochrones
from Marigo et al. (2017), brought to a distance of 800 pc and red-
dened by an amount corresponding to Ay = 0.5 (typical Ay measured
for sources in the clustered population), are overlaid on the diagram.

in the spatial volume between O pc and 350 pc along the line of
sight. On the other hand, MS foreground stars located between
350 pc and 900 pc define a distinct photometric locus from that
of the clustered population; they can therefore be used as a
reference to measure the spatial density of foreground stars.
We then counted the number of stars distributed between the
two sequences in Fig. 17 to evaluate the volume density py
of foreground stars geometrically located inside a square frus-
tum having our field of view as base and height between 350 pc
and 900 pc. On the assumption that foreground stars exhibit a
uniform spatial distribution, the number of field contaminants
expected among the extracted clustered population is then equal
to py times the volume of the section of the cone of view
between 0 and 350 pc. This statistical assessment suggests that
about 10% (~138) of the clustered population objects selected
may be field contaminants. If these contaminants are randomly
distributed across the field, this result implies that we expect
about 15 contaminants in each of the nine subfields defined
in Sect. 3.2.1 to evaluate the quantities in Fig. 12. This num-
ber amounts to about 20% of the objects dispersed in the outer
parts of the field in Fig. 16 (left panel); on the other hand,
the corresponding contamination rate in the innermost region
of the field, where the two main clumps of objects in Fig. 16
(left) are located, is only about 2%. We therefore conclude
that the contamination by foreground stars has no significant
impact on our results regarding the presence and structure of
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Fig. 16. Left panel: spatial density map of the clustered population extracted from Fig. 10, overplotted to the map of the complete catalog population
(gray dots). Colors progress with local number density of objects from red (lowest) to blue/purple (highest) following a rainbow scale. Points encircled
in black are possible giant contaminants (see Sect. 4.1). Right panel: Ay distribution of objects highlighted in the left panel, after removing the
giant contaminants. Colors are scaled according to Ay as shown in the side axis. The field population is shown in gray in the background. Fuchsia
triangles mark the locations with the highest density of objects from the clustered population (in blue on the left panel diagram).

— Kraus & Hillenbrand (2007), d = 900 pc
14 — Kraus & Hillenbrand (2007), d = 350 pc

25

Fig. 17. Magnitudes r versus colors r — i for M-type stars with Ay <
0.7 in our field, with the theoretical color-magnitude sequence from
Kraus & Hillenbrand (2007) brought to a distance of 350 pc (blue) and
900 pc (red) to delimit the range of distances within which foreground
stars can be distinguished from the clustered population along the line
of sight based on their photometric properties.

a young clustered population in the center of our field. The
radial dependence of the rate of field contaminants expected
among the selected clustered population, as a function of dis-
tance from the field center, is illustrated in Fig. 18. The very
low rate of contaminants, of merely a few percent, expected
in the innermost field regions (where the bulk of the clustered
population is located) increases to nearly 30% in the outermost
areas of the field.
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Fig. 18. Percentage of expected field contaminants among clustered
objects selected in annuli of increasing outer radius (reported on the
x-axis) and fixed difference of 0.1° between outer and inner radii. The
error bars follow from Poissonian error propagation on the number of
clustered objects selected in each annulus.

4.2. Blind versus informed survey: Assessment of the
method performance on the NGC 2264 cluster

In this section, we compare the results of our blind study to the
properties and census of the NGC 2264 cluster reported in the
literature.

4.2.1. Cluster structure

The cluster is located at a distance of 760+90pc (Sung et al.
1997), and exhibits an average age of ~3-4Myr and an
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Fig. 19. Spatial density map of the clustered population identified in
this study (see Fig. 16 and Sect. 3.3.2), with contours indicating the
NGC 2264 subregions defined in Sung et al. (2008, 2009): the S Mon
subregion (dashed line), the Cone subregion (Cone (H), solid line), the
Spokes subcluster (upper contour inside the Cone subregion), and the
Cone core (Cone (C), lower contour inside the Cone subregion).

internal age spread of several Myr (e.g., Venuti et al. 2018).
These values are overall consistent with the estimates of dis-
tance and age reported in Sect. 3.3.1. Several studies have
shown that the NGC 2264 cluster has a hierarchical structure,
with multiple clumps. Based on optical and infrared observa-
tions, Teixeira et al. (2006) and Sung et al. (2008, 2009) identi-
fied multiple subclusters within the region: the S Mon region,
in the northern part of the cluster, which develops around the
O-type binary star S Mon, and the Cone Nebula region, in the
southern part of the cluster, which envelops the most embed-
ded parts of NGC 2264 (the Spokes subcluster and Cone (C), the
core of the Cone region). In a recent study (Venuti et al. 2018),
we investigated the nature of these multiple NGC 2264 popu-
lations, and showed that they may be the result of distinct star
formation episodes that occurred within a time lapse of several
Myr. In Fig. 19, we compare the location of the NGC 2264 sub-
regions defined in Sung et al. (2008, 2009) to the spatial density
map of the clustered population identified in this study, already
illustrated in Fig. 16 (left panel). The diagram exhibits an excel-
lent agreement between the clumps and number density peaks
outlined by the photometry-selected clustered population and
the cataloged substructures of the NGC 2264 cluster. The con-
tours delimiting the S Mon and the Cone subregions encom-
pass the two main clumps of objects in the center of our field;
the highest-density regions in the southern clump are part of the
Cone (C) subcluster, while the Spokes subcluster spatially cor-
responds to the elongated high-density structure observed in the
number density map of our clustered population in Fig. 16 (left).
The population ratios found between the various subclusters in
the center of the field are remarkably similar to those that can be
deduced from Table 1 of Venuti et al. (2018). The S Mon contour
in Fig. 19 encompasses about the same number of clustered stars
as the external Cone contour (including the Spokes and Cone (C)
subregions); moreover, the Cone (C) subregion contains about
1.6 times as many objects as the Spokes subregion.
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Fig. 20. Normalized cumulative distribution in isochronal age of
clustered stars from the various subregions highlighted in Fig. 19
(red = Spokes, black = Cone (C), blue = Cone (H), green =S Mon). The
number of stars included in each subregion is reported between square
brackets. The underlying cumulative distribution in fuchsia corre-
sponds to the population of M-type clustered stars located outside the
S Mon+Cone region. Marigo et al.’s (2017) PARSEC-COLIBRI stellar
isochrones were adopted to sort our clustered population of M-type stars
into age groups, using a binning of 0.25 Myr below 2 Myr, a binning of
0.5 Myr between 2 and 8 Myr, and a binning of 1 Myr for later ages.
The gray dotted line indicates the position of the median value in each
cumulative distribution.

4.2.2. Age distribution of cluster members

A detailed analysis of individual stellar ages for our clustered
population was not attempted here; however, we did explore
the respective statistical distributions in age of clustered stars
projected onto the various NGC?2264 subregions. Namely,
following Venuti et al. (2018), we selected all objects from our
clustered population that are spatially projected inside one of the
four subregions highlighted in Fig. 19: S Mon (upper contour),
Cone (H) (lower contour, excluding objects located within the
two inner contours), Spokes (upper contour inside the Cone (H)
subregion), and Cone (C) (lower contour inside the Cone (H)
subregion). We then examined the distribution of each group of
stars on the ry versus (r — i)y diagram (Fig. 14) with respect
to the grid of PMS theoretical isochrones from Marigo et al.
(2017), brought to a distance of 800 pc. For each subpopulation,
we counted the number of stars located between two succes-
sive isochrones; the results, normalized to the total number of
objects in each subpopulation, are illustrated in Fig. 20. A quan-
titative comparison with earlier studies is hampered by the dif-
ferent mass range probed here (see, for instance, Appendix A of
Venuti et al. 2018) and by the lack of additional information on
the nature (e.g., accreting versus non-accreting) of selected clus-
ter members; nevertheless, some qualitative inferences can be
extracted from Fig. 20. The Spokes and Cone (C) subpopulations
exhibit a distinct age trend from Cone (H) and S Mon, with a
lower median age than that extracted from the cumulative distri-
butions of the last two subregions. This suggests that the Spokes
and Cone (C) subclusters have hosted the most recent star for-
mation events within NGC 2264, while the Cone (H) and S Mon
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subregions comprise on average older cluster members. These
visual inferences are supported by a two-sample Kolmogorov-
Smirnov (K-S) test (Press et al. 1992), applied to each pair of
subregions. As summarized in Table 3, the cumulative distri-
butions in age calculated for the S Mon and Cone (H) sub-
regions are statistically indistinguishable from each other; the
same occurs for the age distributions pertaining to the Spokes
and Cone (C) subregions, in spite of the fact that the median
age associated with the former appears to fall in an earlier age
bin than that extracted from the latter. On the contrary, the K-
S test returns a very low probability that the age distribution
of the Spokes or Cone (C) subpopulations might be extracted
from the same parent distribution as that for the Cone (H) or
S Mon subpopulations. It is also interesting to note that the
normalized cumulative distribution (in fuchsia on Fig. 20) for
the more dispersed component of the M-type clustered popu-
lation, that is, stars located outside the S Mon and Cone con-
tours in Fig. 19, exhibits a markedly slower increase with age
than observed for any of the inner NGC 2264 subregions. This
indicates that the dispersed cluster population was formed ear-
lier than cluster members projected onto the innermost regions
of NGC 2264, and may have started to evolve away from the
cluster cores. While the absolute age coordinates are somewhat
dependent on the specific model grid adopted, as discussed ear-
lier, a very similar qualitative picture is derived when using the
isochrone grid from Baraffe et al.’s (2015) models to build the
relative age ladder across the field. Similarly, the statistical infer-
ences regarding the age ordering of the different cluster sub-
structures remain unchanged if a fraction of unresolved bina-
ries is assumed across the population (see Sect. 3.3.1), although
the individual cumulative distributions in age would exhibit a
lower starting level and a more slowly increasing trend along the
age domain. These results are consistent with previous studies
of the star formation history of NGC 2264 (e.g., Sung & Bessell
2010; Venuti et al. 2018); future studies of the dynamics of clus-
ter members may help to discriminate between the scenarios of
in situ formation or evaporation from the cluster center for the
dispersed cluster population. The presence of a significant frac-
tion of objects at older ages in the cumulative distributions for
Spokes and Cone (C) may indicate multiple generations of stars,
as well as mixing of different star populations along the line of
sight.

4.2.3. Membership census

To appraise the robustness of our object selection, we cross-
correlated our list of M-type stars in the clustered popula-
tion with the census of the NGC 2264 region provided by the
CSI 2264 collaboration® (Cody et al. 2014). The latter is the
result of a comprehensive effort aimed at gathering a complete
point source catalog of the field, with membership information
from the diverse studies on the region available in the litera-
ture and a final membership flag assigned to each catalog entry
(1 = “very likely NGC 2264 member”, 2 = “possible NGC 2264
member”, -1 = “likely field object”, 0 = “no membership infor-
mation”). Among the 1369 sources that comprise our clustered
population, 1203 have a counterpart in the CSI 2264 catalog
within a radius of 1arcsec®. The vast majority of them (95.5%)

5 https://irsa.ipac.caltech.edu/data/SPITZER/CSI2264/.
% For comparison, this value corresponds to the ~0.06th percentile in
the distribution of angular separations between each point source and
its closest neighbor in the CSI 2264 and r, i, J catalogs (the distribution
peaks in both cases around an intra-source separation of ~8 arcsecs).
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Table 3. Probabilities, resulting from a two-sample K-S test, that the
age distributions illustrated in Fig. 20 for each NGC 2264 subregion,
taken in pairs, are extracted from the same parent distribution.

Spokes Cone(C) Cone(H) S Mon
Spokes
Cone (C) 0.92
Cone (H) 0.018 0.05
S Mon 0.011 0.019 0.99

Notes. The table is symmetric with respect to its diagonal.

were assigned a CSI 2264 membership flag, which is consis-
tent with the photometric association with the clustered popu-
lation derived here (namely, 33.7% have membership flag “17,
27.9% have membership flag “2”, and 33.8% have membership
flag “0”). Only the remaining 4.5% (54 stars) have a contrast-
ing membership classification (i.e., field stars) in the CSI 2264
scheme. Sources matched between our clustered population cat-
alog and the CSI 2264 catalog are effectively distributed over
~3 deg? of the field in Fig. 16; based on the analysis in Sect. 4.1,
we would expect about 100 field contaminants in our selection of
clustered stars across this area. The number of objects with dis-
cordant classification in the CSI 2264 catalog is therefore con-
sistent with our statistical estimate of the rate of contaminants
(a few tens of additional field contaminants may be found in the
33.8% of objects with no membership status in the CSI 2264
catalog, or among those with more uncertain classification).

The 1369 sources contained in our clustered population also
include 166 objects with no counterpart in the CSI 2264 cata-
log. This group of objects are predominantly located in the most
external areas of the field shown in Fig. 16, a dozen parsecs away
from the NGC 2264 cluster core, and therefore lying outside the
region typically targeted in focused surveys. Based on the statis-
tical contamination rate estimated in Sect. 4.1, we expect about
35 field contaminants among the 166 sources; therefore, our
analysis suggests new statistical membership to the NGC 2264
cluster for about a hundred stars located at a distance of 10—15 pc
from the cluster cores. A complete list of the 1369 M-type stars
selected statistically as part of our clustered population, and of
the relevant literature information, is reported in Table 4.

4.3. Control field

Figure 21 illustrates a normalized two-dimensional density curve
of the clustered population across the field, created by comput-
ing a binned two-dimensional kernel density estimate map with
R’. As already noted in the discussion around Fig. 16, two main
peaks in population are observed, corresponding to the northern
(S Mon) and southern (Cone) clumps of the cluster. The number
density of objects decreases by half within a radius of ~0.15°;
this implies that a significant fraction of the cluster develops
within a radius of <2-2.5 pc from the cluster cores, while a tail of
objects spreads out until the edges of our spatial domain, where
the number density is about 50 times smaller than that in the
peak. If our mapping is accurate, then we would expect to not
find any evidence of the clustered population if we shifted our
field of investigation to a neighboring area outside of the region
depicted in Fig. 3.

7 The map was built using the R function bkde2D() with a bandwidth
of 0.08°, and plotted using the R function persp().
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Table 4. Photometry and literature classification for the M-type stars with statistical membership to the NGC 2264 clustered population identified
in this study.

RA Dec r-mag i-mag J-mag r-err i-err J-err (r, i)_source J_source Ay CSIMon-# Memb
100.39517 9.83891 20.19 18.263 15.606 0.05 0.003 0.008 CSI 2264 UKIDSS  0.205 000002 2
100.32146 9.89437 17.574 16.331 14.192 0.006 0.004 0.005 Pan-STARRSI1 UKIDSS  0.933 000005 1
100.32758 9.90211 21.89 19.505 16.084 0.17 0.019 0.008 Pan-STARRS1 UKIDSS  2.301 000013 2
100.30493 9.91909 16.073 15.0328 129150 0.003  0.0006  0.0009 CSI 2264 UKIDSS 1.577 000018 1
100.26904  10.01185 17.798 16.2571 13.931 0.008  0.0010 0.007 CSI 2264 UKIDSS  0.527 000022 2
100.30178 9.91670 18212  16.8474 14.676 0.010 0.0014 0.007 CSI 2264 UKIDSS  0.565 000023 1
100.27161 10.00526  17.180  15.5069 13.052 0.005  0.0007 0.022 CSI 2264 2MASS 0.540 000026 2
100.36946 9.89951 19.95 18.098 15.328 0.03 0.008 0.004 Pan-STARRS1 UKIDSS 1.461 000032 1
100.35084 9.89526 19.26 17.318 14.594 0.04 0.008 0.005 Pan-STARRS1 UKIDSS  0.552 000039 2
100.43947 9.92845 18.314  16.7654 14.410 0.011  0.0013 0.007 CSI 2264 UKIDSS  0.666 000042 1

Notes. A full version of the table is available in electronic form at the CDS. A portion is shown here for guidance regarding its form and content. “r-
mag, i-mag” = photometry calibrated to the SDSS system as described in Sect. 2.4. “r-err, i-err, J-err” = photometric uncertainties computed taking
into account the instrumental errors and the calibration relationships. “(r, i)_source” = survey from which the original optical photometry for the
corresponding object was extracted. Possible values are: CSI 2264, Pan-STARRS1, IPHAS, SDSS (see Sect. 2.1). “J_source” = survey from which
the J-band photometry for the corresponding object was extracted. Possible values are: UKIDSS, 2MASS (see Sect. 2.2). “CSIMon-#" = object
identifier in the CSI 2264 master catalog, if present. “Memb” = membership flag associated with the corresponding source in the CSI 2264 catalog,

if present. Possible values are: 1, 2, 0, —1 (see Sect. 4.2).

To test this point and as a further validation of our method
of analysis, we selected a ~1.8deg? control field, adjacent to
our NGC 2264 field in Galactic (1, b) coordinate space. We then
built an extensive r, i, J point source catalog for the control field,
using the same databases employed for the science field with
the exception of the CSI12264 CFHT catalog (limited to the cen-
tral part of the science field), and following the same procedure
detailed in Sect. 2. The final catalog assembled for the con-
trol field encompasses 111410 sources; this corresponds to an
average surface density of objects of ~61 900 stars/deg?, slightly
larger than the average population density of ~46 300 stars/deg?
found in the science field, possibly ensuing from the lack of
nebulosity or molecular clouds, and less crowding. The photo-
metric ranges covered by the selected control field population
(r=13.4-23.6,i=13.1-22.1,J = 11.7 — 19.8) and the com-
pleteness limits estimated for the control field catalog (r ~ 22,
i ~20.5, J ~ 18.5) are comparable to, although slightly deeper
than, the properties of our science field catalog. About 14.3%
of the 111410 sources (15881) were selected as M-type stars
following the same analysis illustrated in Sect. 3.1.1 and Fig. 6.
This fraction is slightly larger than the fraction of stars extracted
above the M-type boundary line from the population of the
science field (13%). We applied the same numerical approach
described in Sect. 3.1.2 to measure the individual Ay of M-type
stars in the control field, and then investigated its Ay structure in
a similar way to that described in Sect. 3.2. The same Ay groups
were adopted to sort the M-type population of the control field,
and boundary lines at the same locations as shown in the left
panels of Fig. 10 were used to identify the “counterparts” of the
“field stars locus” and of the “upper sequence locus” on the r
versus r — i diagrams for the various Ay groups, and to inspect
the spatial distribution of the corresponding populations.

Results of this analysis for the control field are illustrated in
Fig. 22. The “upper sequence locus”, forced on the photomet-
ric diagrams for the control field in analogy to that found for
the population of the science field, contains 388 sources, mostly
belonging to the lowest Ay group. The spatial distribution of
field stars in the various Ay groups does not exhibit any remark-
able features, and no distinct behavior is observed between the
“foreground population” (middle panel of the uppermost row
in Fig. 22) and the “background population” (first panel of the
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Fig. 21. Smoothed two-dimensional density map of objects in the clus-
tered population across the field.

uppermost row, and middle row panels in Fig. 22). By extrapo-
lating the trend depicted in the density curve in Fig. 21 to our
control field, we would expect to find there no more than ~50
candidate cluster members. The 388 sources in the control field,
selected photometrically as if they were part of the clustered
population, are likely dominated by foreground stars. Indeed, as
mentioned earlier, the control field is more densely populated
than the science field, and an estimation of foreground contami-
nants similar to that performed in Sect. 4.1 indicates that at least
25% of the 388 sources in the control field are MS dwarfs located
between 0 and 350 pc. This estimate may actually be a lower
limit to the number of MS dwarfs in the area, as suggested by
the Besancon model of stellar population synthesis of the Galaxy
(Robin et al. 2003), which predicts a population of around 300
M-type dwarfs distributed between 0 and 350pc in the solid
angle subtended by our control field, with apparent magnitudes
comprised within the photometric ranges probed in our cata-
log, and assuming a diffuse extinction of 0.7 mag kpc~!. In addi-
tion, a comparison in dereddened J-band photometry between
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Fig. 22. Spatial distribution for M-type stars in the control field, sorted following the scheme in Fig. 10. The upper panels, from left to right,
depict Ay < 0.7 stars with the same photometric properties as the lower, middle, and upper populations in Fig. 10a. Middle and lower panels are
populated respectively by “field locus™ and “sequence locus” stars with Ay =0.7-1.2 (left), Ay = 1.2-1.7 (center), and Ay > 1.7 (right).

the complete source catalog of the control field and the sample
of 388 stars selected above the “upper sequence” photometric
locus shows that the latter are on average brighter, by about 3¢,
than the typical J-mag level measured across the entire M-type
population of the field. This suggest that giants may also con-
tribute significantly to the sample of 388 sources above the main
field locus on the (r — i, r) diagram. Therefore, we conclude that
the application of our investigation method to the control field
did not reveal any sign of clustered populations, consistent with
expectations.

5. Conclusions

We reported on a blind photometric study of a large (4 deg?) area
around the young cluster NGC 2264. This study follows on from
the new conceptual approach presented in Damiani (2018) to
investigate the structure and stellar content of a given field by
using deep multiwavelength photometry of its M-type popula-
tion. We gathered an extensive r, i, J catalog of the region, mak-
ing use of existing large-scale surveys, notably Pan-STARRS1
in the optical and UKIDSS in the near-infrared. We then mapped
the stellar color locus on the (i — J, r — i) diagram to identify and
extract M-type stars in the field, for which a direct and empir-
ical estimate of individual reddening (hence distance) can be
obtained from r,i,J data. We used the color-color diagram to
measure the Ay of individual M-type stars and built an averaged
reddening map of the region; we then combined the (» — i, r) and
(RA, Dec) diagrams to inspect the photometric and spatial prop-
erties of stars in our sample as a function of their Ay, in order
to reconstruct the structure of the NGC 2264 region and explore
the nature of its population.

Assuming no previous knowledge of the NGC 2264 region,
we were able to identify two distinct populations within the field:
a diffuse field population, and a clustered population. The latter
appears to be spatially associated with a concentration of obscur-
ing material, responsible for a gap between the photometric
loci of foreground stars and low-reddening background stars
on the color-magnitude diagram. This peculiar feature allowed
us to derive an estimate of the distance (800—900pc) and age
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(~0.5-5Myr) of the clustered population, by comparison with
reference color-magnitude sequences and PMS isochrones. Such
estimates are globally consistent with the literature parameters
for the NGC 2264 cluster (760 pc and ~3-5Myr). Our clus-
tered population exhibits a hierarchical structure, with two main
clumps along its vertical extension and several smaller scale sub-
structures. An a posteriori comparison with the NGC 2264 sub-
regions listed in Sung et al. (2008, 2009) revealed an excellent
agreement between the observed spatial features of the clustered
population and the locations of the known NGC 2264 subclus-
ters. Our data selection enables us to detect ~1 Myr—old stars at
the distance of the NGC 2264 cluster down to masses of 0.1 M
for Ay <2mag (Ay up to 4 mag for M, ~ 0.2 M, and up to
6 mag for M, ~ 0.35 My). Although very embedded Class 0/1
sources in the region are not accessible with our approach, we
could recover the spatial components of NGC 2264 down to the
Spokes cluster, previously identified as the star-forming site of
most recent formation within the region from mid-IR surveys.

About 84% of the sources in our clustered population are
known members or candidate members of the NGC 2264 clus-
ter, or are included in point source catalogs of the NGC 2264
region, albeit without membership information. Only about 4%
of objects in our clustered population were previously reported
to be field stars instead; this corroborates the strength of our
observational approach to statistically identify a young clustered
population amidst a diffuse population of field stars. Thanks to
the wide, deep, and homogeneous field coverage of our sample,
we were also able to identify a new population of about a hun-
dred M-type stars, with indications of statistical membership to
the cluster. This group of objects are located at a distance of
about 1015 pc from the cluster cores, that is, beyond the region
that is usually targeted in focused studies of NGC 2264. This
finding supports previous inferences that NGC 2264 members
are spread over a much larger radius than the 2-2.5 pc around
the active star-forming sites that constitute the bulk of the clus-
ter (e.g., Venuti et al. 2014).

The method of investigation examined in Damiani (2018)
and successfully tested here to rederive the NGC 2264
cluster has an enormous potential for studies of young star
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clusters in the era of large-scale, homogeneous photometric sur-
veys. Specifically, it can be readily implemented to statistically
identify and map young distant (>1-2kpc) clusters, which will
become accessible for the first time with campaigns such as Pan-
STARRS and LSST, and for which extensive spectroscopic sur-
veys and X-ray surveys would not be feasible due to prohibitive
integration times. In particular, based on the expected survey per-
formance, a single LSST frame will be able to capture young
(1-10 Myr), late M-type (=M3) stars with low-to-moderate red-
dening (Ay < 1) at distances from 200-300 pc to 2-5 kpc, and
their earlier-type counterparts at distances from 0.5-1kpc to
~10-20kpc and beyond. Synergies with proper motion surveys,
such as Gaia (see, for instance, the work by Prisinzano et al.
2018 on the Vela Molecular Ridge) and LSST itself, will enable
detailed characterization of the photometrically selected pop-
ulations, to probe the dynamics of star cluster formation and
evolution. Moreover, the specific focus on M-type stars, often
affected by selection biases even in well-known young clus-
ters, will enable a complete stellar census of many star-forming
regions over the entire mass spectrum. This is of direct interest
to a broad range of topics, from reconstructing the initial mass
function, to compiling catalogs of suitable targets to investigate
the earliest stages of planetary systems.
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