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ABSTRACT

Context. The mass segregation of stellar clusters could be primordial rather than dynamical. Despite the abundance of studies of mass
segregation for stellar clusters, those for stellar progenitors are still scarce, so the question concerning the origin and evolution of mass
segregation is still open.

Aims. Our goal is to characterize the structure of the NGC 2264 molecular cloud and compare the populations of clumps and young
stellar objects (YSOs) in this region whose rich YSO population has shown evidence of sequential star formation.

Methods. We separated the Herschel column density map of NGC 2264 into three subregions and compared their cloud power spectra
using a multiscale segmentation technique. We extracted compact cloud fragments from the column density image, measured their
basic properties, and studied their spatial and mass distributions.

Results. In the whole NGC 2264 cloud, we identified a population of 256 clumps with typical sizes of ~0.1 pc and masses ranging
from 0.08 M, to 53 M. Although clumps have been detected all over the cloud, most of the massive, bound clumps are concentrated
in the central subregion of NGC 2264. The local surface density and the mass segregation ratio indicate a strong degree of mass
segregation for the 15 most massive clumps, with a median X4 three times that of the whole clumps population and Apsr =~ 8. We
show that this cluster of massive clumps is forming within a high-density cloud ridge, which is formed and probably still fed by the
high concentration of gas observed on larger scales in the central subregion. The time sequence obtained from the combined study of
the clump and YSO populations in NGC 2264 suggests that the star formation started in the northern subregion, that it is now actively
developing at the center, and will soon start in the southern subregion.

Conclusions. Taken together, the cloud structure and the clump and YSO populations in NGC 2264 argue for a dynamical scenario of
star formation. The cloud could first undergo global collapse, driving most clumps to centrally concentrated ridges. After their main
accretion phase, some YSOs, and probably the most massive, would stay clustered while others would be dispersed from their birth
sites. We propose that the mass segregation observed in some star clusters is inherited from that of clumps, originating from the mass
assembly phase of molecular clouds.

Key words. ISM: structure — stars: formation — methods: statistical — open clusters and associations: individual: NGC 2264 —
ISM: clouds

1. Introduction

Among the major open questions in the field of stellar cluster
formation today is defining whether stellar properties, and espe-
cially their clustering characteristics and dynamical state, could
be inherited from the properties of the clouds themselves. Mass

*Table A.l 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/cat/J/A+A/645/A94

** Herschel is an ESA space observatory with science instruments
provided by European-led Principal Investigator consortia and with
important participation from NASA.

Article published by EDP Sciences

segregation has been studied extensively in stellar clusters for
decades to investigate if the energy equipartition associated with
two-body relaxation (Spitzer 1969) causes high-mass stars to
fall toward the center of mass of clusters. As a matter of fact,
mass segregation has been observed, as expected, in dynamically
old globular and open clusters, but also in very young regions,
suggesting it was not due to dynamical evolution (see, e.g the
review by Meylan 2000, and references therein). Primordial mass
segregation prompts the question of whether there are preferen-
tial sites for high-mass star formation (Murray & Lin 1996) or
whether the observed segregation is related to energy equipar-
tition at all (e.g., Parker et al. 2016). Simulations indicate that
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primordial structure, if present, can be rapidly erased through
dynamical interactions of the stars and expulsion of the gas
(Parker & Meyer 2012; Fujii & Portegies Zwart 2016). Observa-
tional studies, however, show a weak, if any, correlation between
the substructure and the age of the stellar clusters (Sdnchez &
Alfaro 2009; Dib et al. 2018). Hetem & Gregorio-Hetem (2019)
indicate that stellar clusters did not significantly change in terms
of structure within their first 10 Myr, and corroborate the absence
of correlation between mass segregation and the age of clusters,
as initially reported by Dib et al. (2018). Specifically, measur-
ing the spatial distribution and mass segregation of molecular
cloud fragments and comparing these properties to that of young
stellar objects (YSOs) is essential to study this link. A hand-
ful of studies have started investigating the mass segregation
of molecular cores (Plunkett et al. 2018; Dib & Henning 2019;
Roman-Zuiiiga et al. 2019), mostly focusing, first, on low-mass
star-forming regions.

The Herschel observatory imaged, with an unprecedented
sensitivity and angular resolution, the low- to high-mass star-
forming clouds located at 100-500 pc and 0.7-3 kpc from the
Sun (André et al. 2010; Motte et al. 2010). These surveys pro-
vide the opportunity to build large, if not complete, catalogs of
cloud fragments with sizes of 0.01-0.1 pc (qualified of cores) to
0.1-1 pc (called clumps). At these scales, clumps likely fragment
into cores, which could themselves be the direct progenitors of
stars or small stellar systems. The Herschel imaging survey of
OB young stellar objects (HOBYS'; Motte et al. 2010) is the
first systematic survey of a complete sample of nearby molec-
ular cloud complexes forming high-mass stars. The wide-field
photometric imaging, performed with both the SPIRE and PACS
cameras of Herschel, aims to complete the census of high-mass
star progenitors at 0.1 pc scales in essentially all the molecu-
lar cloud complexes at less than 3 kpc. The HOBYS sample
contains seven massive (3 X 10° to 3 x 10® M) molecular com-
plexes at 1.4-3 kpc from the Sun, including Cygnus X and
NGC 6334, and two intermediate-mass, a few 10° M, cloud
complexes at 0.7-0.8 kpc, Vela C and Monoceros (Mon RI,
Mon R2, NGC 2264).

Notably, HOBYS revealed a tight link between the density,
dynamics, and clump population of the so-called ridges (Motte
et al. 2018). The latter are high-density filaments (n > 10° cm™>
over ~5 pc?) forming clusters of high-mass stars (e.g., Schneider
et al. 2010; Hill et al. 2011; Nguyen Luong et al. 2011, 2013;
Hennemann et al. 2012; Tigé et al. 2017), whereas hubs are
more spherical smaller structures forming at most a couple
of high-mass stars (e.g., Schneider et al. 2012; Peretto et al.
2013; Rivera-Ingraham et al. 2013; Didelon et al. 2015; Rayner
et al. 2017). The existence of ridges and hubs is predicted by
dynamical models of cloud formation such as colliding flow or
gravitationally driven gas inflows simulations (e.g., Heitsch et al.
2008; Smith et al. 2009; Hartmann et al. 2012) and some ana-
lytical theories of filament collapse/conveyor belt (Myers 2009;
Krumholz & McKee 2020).

The Monoceros OB1 (Mon OB1) cloud complex is located
at a Gaia DR2 determined distance of 723*3¢ pc (Cantat-Gaudin
et al. 2018). In the mid-infrared, this cloud complex displays
a 2.5° (~30 pc) diameter half loop (Schwartz 1987), of which
three 10 pc clouds have been imaged by Herschel as part of the
HOBYS and Galactic Cold Cores key programs (Motte et al.
2010; Juvela et al. 2012). NGC 2264 and G202.3 + 2.5 lie at the
eastern extremity of Mon OB1; Monoceros R1 is in the west.
NGC 2264 is the best-studied cloud of the Mon OB1 complex

I See http://hobys-herschel.cea. fr
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(see the review by Dahm 2008). Over the past decade, a popula-
tion of more than 1000 YSOs at various evolutionary stages has
been revealed (Teixeira et al. 2012; Povich et al. 2013; Rapson
et al. 2014; Venuti et al. 2018). The NGC 2264 cloud is elon-
gated in the NW-SE direction, with a gradient of star formation
observed for YSOs from north to south (Sung & Bessell 2010;
Venuti et al. 2018). NGC 2264 hosts the massive O7-type binary
star S Monocerotis (S Mon), in the north, and the famous Cone
Nebula, a triangular projection of molecular gas lying ~8 pc
south of S Mon. The YSO population of NGC 2264 is mainly
distributed in three subclusters: a cluster of pre-main sequence
stars in the north, in the vicinity of S Mon (Sung et al. 2009),
and two clusters in the center. The central subclusters are often
labeled according to their dominant objects, NGC 2264-IRS1, a
B2-type star also known as Allen’s source and -IRS2, a Class I
protostar. IRS1 and IRS2 areas are also referred as NGC 2264-
C and -D, or the Spokes cluster for NGC 2264-IRS2 region
(Teixeira et al. 2006). These regions are still active sites of star
formation, with many embedded Class 0/I protostars observed
in millimeter continuum and lines (Williams & Garland 2002;
Peretto et al. 2006; Young et al. 2006; Cunningham et al. 2016).
Gas motions have also been reported from large scales, like the
global collapse of NGC 2264-C (Williams & Garland 2002;
Peretto et al. 2006), to small scales like protostellar outflows
(Maury et al. 2009; Cunningham et al. 2016).

The paper is organized as follows. We introduce, in Sect. 2,
the Herschel column density map and clump catalog of the
NGC 2264 cloud. In Sect. 3, we analyze the cloud structure using
a multiscale decomposition tool and divide the NGC 2264 cloud
into three subregions. We then compare, in Sect. 4, the physi-
cal properties of clumps in these subregions and discuss their
spatial distribution and mass segregation. In Sect. 5, we com-
pare the YSO and clump populations, in Sect. 6 we discuss mass
segregation and propose a revised history for star formation in
the NGC 2264 cloud. Finally, we summarize our conclusions in
Sect. 7.

2. NGC 2264 data set

2.1. Herschel images, derived column density, and
temperature maps

NGC 2264 was observed by the Herschel space observatory
with the PACS (Poglitsch et al. 2010) and SPIRE (Griffin et al.
2010) instruments as part of the HOBYS (Motte et al. 2010) Key
Program (OBSIDs: 1342205056 and 1342205057). Data were
taken in five bands: 70 and 160 um for PACS and 250, 350, and
500 pum for SPIRE with full width at half maximum (FWHM)
resolutions of 5.9”, 11.7”, 18.2"”, 24.9”, and 36.3"”, respec-
tively. Observations were performed in parallel mode, using both
instruments simultaneously, with a scanning speed of 20”s™!.
This results in a common PACS and SPIRE area of 1.0° x 1.2°,
which corresponds to 10 pc X 13 pc at a distance of 723 pc.

The data were reduced using the Herschel Interactive
Processing Environment (HIPE; Ott 2010) software, version
10.0.2751. The SPIRE nominal and orthogonal maps were sep-
arately processed and subsequently combined and reduced for
de-stripping, relative gains, and color correction with HIPE.
The PACS maps were reduced with HIPE up to Level 1 and,
from there up to their final version (Level 3), using Scanamor-
phos v21.0 (Roussel 2013). The composite three-color (RGB =
250 um/160 pm/70 um) Herschel image of the NGC 2264 cloud
is presented in Fig. 1.
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High-resolution column density and temperature images, at
the 18.2" resolution of the 250 um image, were built using the
methods presented in Palmeirim et al. (2013) and Men’shchikov
(2020). In short, we fitted pixel-by-pixel spectral energy distri-
butions of the Herschel images with modified blackbody mod-
els to four, three, and two wavelengths (160/250/350/500 ym,
160/250/350 pm, and 160/250 um) that were convolved to the
lowest resolution of the images available in the three sets of
wavebands. The higher-resolution information contained in the
resulting density images, obtained with the smaller number of
wavelengths, was transferred differentially to the 36" resolution
density image derived by fitting four wavebands, thereby increas-
ing its resolution by a factor of two. We adopted a power-law
approximation to the dust opacity law per unit of mass at submil-
limeter wavelengths, k, = 0.1 x (1/300 um)™ cm? g~!, assuming
a dust emissivity index 8 = 2 and a gas-to-dust ratio of 100. The
resulting column density and dust temperature images are pre-
sented in Figs. 2 and A.1. The column density map traces cloud
structures from ~2 x 10*' cm™ to 2.7 x 10?* cm™2. The main
cloud structure above ~4x10%! cm™2 displays a “Y” shape and
consists of a hub of three filaments connecting toward a NW-SE
ridge. The highest column densities, Ny, = 2 — 30 x 10*2 cm~2,
are reached at the center of NGC 2264, toward the two protostel-
lar clusters NGC 2264-IRS1 and IRS2. Most of the gas at low
to medium column density has a dust temperature of ~14.5 K,

Fig. 1. Composite three-color Herschel image
of NGC 2264: PACS 70 and 160 pm in
blue and green; SPIRE 250 ym in red. The
massive star S Mon, the central protoclusters
NGC 2264 IRS1 and IRS2 and the Cone Nebula
are labeled. The blue component traces heated
regions while earlier stage star-forming sites,
such as clumps and filaments, are traced by
the red component. The image has been rotated
from the RA-Dec grid.

1 parsec

41111

decreasing down to 11-12 K within some high-density filaments
and increasing up to 20-24 K toward IRS1 and IRS2. In the
north, a large bubble of low-density, heated gas, with 18-27 K
over ~4 pc, is associated with a rosette-shaped nebula observed
in infrared and a couple of OB stars including the Herbig Ae/Be
star called W90 (Dahm 2008).

Since Mon OBI lies above the Galactic plane, the con-
tamination of Herschel column density and temperature images
by other clouds along the same line of sight is minimal (see
Schneider et al., in prep. for a complete discussion of contami-
nation effects). Absolute uncertainties on Ny, (a factor of 2) and
Tqust (a few degrees) depend mostly on the assumption taken for
the dust mass opacity.

2.2. Clump catalog

Compact sources were extracted from the column density
map at 18.2” resolution (see Sect. 2.1) using getsf (v200124,
Men’shchikov 2020), a new multi-scale, multi-wavelength
source and filament extraction algorithm based on the separation
of structural components. The method is a major improvement
over its predecessors getsources, getfilaments, and getimages
(Men’shchikov et al. 2012; Men’shchikov 2013, 2017). Original
images are spatially decomposed into a set of 99 single-scale
images, from two pixels to a maximum scale of four times the
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Fig. 2. NGC 2264 cloud traced by its Herschel column density. The clumps extracted by getsf are indicated by hatched ellipses for gravitationally
bound clumps and open ellipses empty for unbound clumps. The contour at 2 X 102 cm™ highlights the brightest parts. The resolution of the map,
18.2”, is shown in the lower right corner and a scale bar is given in the upper left corner. The outline and labels of the three subregions defined in
Sect. 3.1 and used in the analysis are shown in red. The location of the zoom of Fig. 3 is shown with a white box.

maximum size of sources of interest, 5.6”-232" (or 0.8 pc)
for the NGC 2264 HOBYS field. The decomposed images are
processed and analyzed by getsf to separate three structural
components — sources, filaments, and background. The method
flattens the sources and filament components to equalize their
noise and background fluctuations to reliably detect sources and
filaments using intensity (here, column density) thresholds.

A94, page 4 of 20

Detection of sources and filaments is done in the single-
scale flattened images, whereas their measurements are done in
the background-subtracted original image. The resulting catalog
contains, for each extracted source, its peak and integrated col-

umn densities, Nféak and Ni}‘l‘;, with uncertainties; its major and
minor axis sizes at FWHM, A and B; and the position angle of
its elliptical footprint (PA). Also given is the source detection
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Fig. 3. Zoom toward the central part of
NGC 2264 imaged through its Herschel col-
umn density. Same caption as Fig. 2. The white
and black crosses show the location of the
NGC 2264 IRS1 and IRS2 sources, respec-
tively. The associated IRS1 and IRS2 protoclus-
ters contain most of the gravitationally bound
clumps of this NGC 2264 subregion. The 15
most massive clumps (M > 9.3 M) are pin-
pointed with their number, the 16th clump is
located outside this zoom.

Table 1. Sample catalog of clumps identified in NGC 2264 using the Herschel column density map.

# RA Dec AXB PA  Sig Ngza" N FWHM\" Ty M B Nk
[J2000] [J2000]  [” x"] ] [x102em™2] [x10*' ecm™2]  [pc] K] [Mo] [x10% cm™2]
1 1005263 9.1742 182x182 183 805 18+2 18+2 0.03 20+£2 18+02 03 115+02
21002023 9.5775 36.6x32.4 1522 1744 80+ 6 286 + 10 0.1 11.8+03 301 0.03 17.4+06
31002944 99336 27.4x262 245 1048 19£2 41£2 007 157+0.7 43+02 021 8802
4 99.8894 9.5995 33.6x232 443 948 30£3 68 +4 007 115+04 7.0+04 01 13.0+03
5 100.2081 9.0423 30.1x234 168.7 762 112+08  21.0+0.9 007 123+02 22+01 031 65£0.1
6 100.2997 9.4868 26.5x23.8 93.5 644  209%12 400 + 15 006 173+07 41x2 002  61=x1
7 1002741 95998 313%x263 72 565 82+ 11 195 + 14 008 150+04 20+1 005  46+3
8 100272 9.5686 22.8x22.8 22.6 477 77 £11 90 + 13 005 154+07 9+1 007 52+2
9 1003104 9.4536 29.5x20.2 484 50. 44 +8 77£9 006 133+04 80x09 008 226=0.6
10 100.5549 9.0945 31.8x22.5 1155 423 11+2 22+3 007 12.6+04 23+03 031 97+05
11 99.9603 9.6866 40.8x24.9 932 458 131 35+1 009 122+02 3.6+01 026 64+02
12999953 9779 382x254 567 469 5902 17.0+0.3 009 135+03 1.7+00 0.58 2900
13 100.2838 9.4998 41.0x323 1533 48.6 138+ 13 514 +21 0.11 162  53+2 003  41+3
14 10025 9.7985 31.9x27.8 129.0 405 59+09 151 008 151+03 1.6+01 0.65 7.1+02
15 100224 8.9245 38.6x28.0 1742 446 53+04 16.0+0.6 0.1 13.0£02 1.7+£01 061 39x£0.1
16 1002746 9.5619 46.7x26.6 1742 322 6711 204 + 15 0.11 13707 21+2 006  45+3
17 1002961 9.5946 37.4x259 1662 312  46+13 100 + 13 009 140+09 10x1 0.1 35+3
18 100.1488 9.9097 23.8x22.8 113.5 318 5+1 912 005 158+04 09+02 074 52+£03
19 100.1259 9.8254 37.1x24.9 1553 394 6+1 16+2 009 165+03 1.7£02 069 59+0.2
20 100.3121 9.4895 57.4x27.1 252 365  105+13 382+ 19 012 14304 40+2 004  55+3

Notes. @Source deconvolved size at FWHM, FWHMj.. = (A X B — 18.22)"/2, minimized at half the beam size. The full table is available in

electronic form through CDS.

significance, S, which is a single-scale analog of the signal-
to-noise ratio (S/N) and the column density of the subtracted
background, N“. To measure this background column den-
sity, we averaged the background map provided by getsf over the
source FWHM. A subset of this catalog is given in Table 1 and
the complete table is available in electronic form through CDS.

We also list in Table 1 the source FWHM sizes deconvolved
from the beam, FWHMy,., which provide an estimation of the
physical sizes and range from 0.03 to 0.2 pc with a median
value of 0.11 pc. The source average dust temperatures, 7y, are
listed with their associated uncertainties. These parameters are
defined as the mean and dispersion, respectively, measured over

A94, page 5 of 20
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the source FWHM areas on the temperature map of Fig. A.l.
The measured temperature are averaged along the line of sight
of each clump and generally overestimate by a few degrees the
mean dust temperature of cold, shielded clumps (Hill et al. 2012).
The Tgys ranges from 11.5 to 22.7 K with a median of 13.9 K.
The temperature distribution in Fig. A.4 show little variations, as
85% of the clumps have a temperature between 12 and 16 K.

A total of 256 sources have been extracted in NGC 2264
using getsf; these are plotted over the column density map in
Figs. 2, 3. The mass of the clumps is calculated from the
integrated column density given by getsf, NI‘;‘Z‘ (see Table 1),
following the equation:

M = py, my d* Qy Njj! (D
2 int
® N,
=0.10 M, [—1PEW H ,
18.2” 1021 H, cm™2

where pp, = 2.8 the molecular weight per hydrogen molecule,
my the hydrogen mass, d = 723 pc the distance to NGC 2264,
and Qy the beam solid angle. Masses range from 0.08 M, to
53 Mg with a median of 0.9 M. The relative uncertainty of
clump masses is estimated to be less than 50%, but the absolute
uncertainty could be of a factor of 2.

2.3. YSO catalog

We selected the YSOs from the 2MASS/Spitzer catalog estab-
lished by Rapson et al. (2014) on the eastern part of the Mon OB
molecular complex. The Spitzer map used by Rapson et al.
(2014) covers most of the Herschel field, except for small areas
in the south, east, and west, within which ten clumps have been
detected. Other YSO catalogs built over smaller areas (like that
of, e.g., Kuhn et al. 2014) or combining spectroscopic and pho-
tometric data (Venuti et al. 2018) are not used in this work so as
to maintain the homogeneity of the YSO catalog. Rapson et al.
(2014) used Spitzer IRAC (3.6-8 um) and MIPS 24 um data to
select YSOs based on their IR excess. This sample thus includes
class 0/1 sources, while that of Cody et al. (2014) does not since
they use only IRAC data.

Among the 6381 YSOs within the field of view of the
Herschel column density map, there are 87 Class (/I protostars
and 398 Class II pre-main sequence stars. Class III sources have
been excluded from the studied sample because being evolved
YSOs, they are less relevant for comparison with the gas dis-
tribution. Besides, the Class III population in the catalog of
Rapson et al. (2014) is significantly contaminated with field stars.
The classification of YSOs was carried out by Rapson et al.
(2014) using a color-based method developed by Gutermuth et al.
(2009). Our sample also does not include the ~20 intermediate-
and high-mass sources that started forming a few 10° yr ago, that
is, at the same time as the Class IIs of Rapson et al. (2014).

3. Analysis of the cloud structure in NGC 2264

Based on the YSO spatial distribution, the NGC 2264 star-
forming region separates into two main subregions (Sung et al.
2008, 2009): the S Mon area and the region that encloses the two
clusters associated with IRS1 and IRS2 (see Sect. 1). In line with
these studies, the analysis of the three-color, column-density,
and temperature Herschel images of Figs. 1, 2 and A.l argue
for separating the intermediate-column density, hotter northern
subregion from the high-column density central subregion host-
ing the IRS1 and IRS2 protoclusters. The remaining part of the

A94, page 6 of 20

Size (pc)

10t 10 1071

10 16

Total Fourier
Fourier corrected
0 Wavelet

Wavelet corrected
10%0 Noise level
Fit

107! 10
k (arcmin™!)

Fig. 4. Fourier (solid lines) and wavelet (symbols) power spectra of the
NGC 2264 region. Before fitting a P(k) = A k” relation (dashed curve),
the corrected power spectra are subtracted by the noise level (plateau
at the end of the original power spectrum, dotted horizontal green line)
and divided by the empirical SPIRE 250 um beam. The power spectra
present two bumps, located at 1.4 and 0.1 pc (dot-dashed vertical blue
lines). The intermediate scale chosen to separate the three NGC 2264
subregions is indicated by a dot-dashed vertical red line.

NGC 2264 cloud, which has intermediate column density and
colder temperatures, is then labeled the southern subregion.

3.1. Splitting the NGC 2264 cloud into three subregions

In order to refine the outlines of the three NGC 2264 subregions,
we performed a multiscale analysis of the NGC 2264 cloud. We
used complex wavelet transforms described by Robitaille et al.
(2014, 2019) to first calculate the power spectrum of the complete
NGC 2264 region. While corresponding very well to the classic
Fourier power spectrum, this method goes further by making it
possible to visualize the spatial distribution of density fluctua-
tions for any scale of the power spectrum. The decomposition is
done with the directional and complex Morlet wavelet defined in
the Fourier space as

,,Z(k) — e—lk—kolz/2
> ineR @)
— e—[(u—lkglcos@) +(v—|ko| sin ) ]/2’
where k = [u, v] is the wavenumber, 6 is the wavelet azimuthal
direction, and the constant |kg| is set to 7V2/In2 ~ 5.336 to
ensure that the admissibility condition is almost met (Kirby
2005). From this decomposition, the amount of power for the
density fluctuations as a function of spatial scales is calculated
following the relation

PY = ((If.x.0P),) 3)

X
where () represents the averaging operation. The spatial scale
¢ is then converted to the Fourier wavenumber k following the
relation k = |ko|/<.

Figure 4 shows the wavelet power spectrum of NGC 2264,
corrected for the noise level and the 18.2” beam. It can be
fitted by a power-law relation P(k) = Ak” (see fit parameters
in Table 2), except for excess of power located at ~0.15 and
~1.5 arcmin™! corresponding to scales of ~1.4 pc and ~0.1 pc,
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Table 2. Global characteristics and cloud structure of NGC 2264 and its three subregions and fit values for the total wavelet power spectrum of
NGC 2264 and for the Gaussian and coherent power spectra of the northern, southern, and central regions.

) (a)

Region Area N_Hz(a Nﬁ‘;‘:k @ Tyt MnGSeg y A Py Noise
name [°2], [pc?]  [x10*'em™]  [K] components  power-law [ x10*? (H, cm™2)? ]

NGC 2264 1.16,~185 3.9 4.7 14.7 All -23+0.1 35+7 - 5.0+0.5) % 1073
Northern  0.38, ~61 2.9 4.0 154 Gaussian —-48+01 0.06+0.01 0.10+0.02 (3.3+0.5)%x 1073
Coherent -231+0.09 9.0+0.5 - 3.3+0.5) % 1073
Central 0.26, ~41 6.6 7.3 14.9 Gaussian -3.6+0.1 0.08+0.02 0.09=+0.02 (33+0.5)%x 1073
Coherent -23+0.1 299.0+0.6 - (3.3+0.5)x1073
Southern  0.52,~83 3.3 4.3 14.1 Gaussian -4.02 +£0.07 0.09+0.01 0.13+0.01 (33+0.5)%x 1073
Coherent -243+0.09 34+05 - (3.3+0.5)x1073

Notes. Typical column density and temperature, calculated as the average of the map in this area. ’ Typical background column density, calculated

as the median background of clumps located in this area.
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Fig. 5. Power density fluctuations of NGC 2264 measured by MnGSeg and averaged over @ for three scales: 0.15 arcmin™' (or 1.4 pc, left panel),
0.47 arcmin™! (or 0.4 pc, middle panel), and 1.5 arcmin™! (or 0.1 pc, right panel). Images are rotated from the RA-Dec grid (gray lines) to facilitate
the wavelet decomposition. The yellow lines in the middle panel separate the three subregions of NGC 2264.

respectively. Figure 5 shows the spatial distribution of the power
density fluctuations averaged over 6, |f(¢,x)?, for these two
scales as well as the 0.47 arcmin™! (or 0.4 pc) scale located
between the two power excess. The first excess at 1.4 pc corre-
sponds to the large-scale mass reservoir associated with the cen-
tral part of the NGC 2264 cloud. This mass reservoir dominates
in terms of density fluctuation at this spatial scale (see Fig. 5,
left panel) as do massive hubs or ridges in, for example, the
Cygnus X, Vela C, and NGC 6334 cloud complexes (Schneider
et al. 2010; Hill et al. 2011; Tigé et al. 2017). This excess is also
measured on NGC 2264 using the A-variance method (Schneider
et al., in prep.). The 0.1 pc-scale image (see Fig. 5, right panel)
displays smaller-scale structures associated with clumps.

The intermediate scale of 0.4 pc, which separates the scales
associated with the mass reservoir of the central ridge and the
mass reservoir of small-scale clumps, was chosen to refine the
division of the NGC 2264 cloud into three subregions. The out-
line of the northern, central, and southern subregions are set to
go through saddle points (see Fig. 5, middle panel). The global
characteristics of these subregions observed on the Herschel
column density and temperature images are listed in Table 2.

3.2. Segmentation of the coherent and gaussian components
of the cloud structure

We applied the multiscale non-Gaussian segmentation
(MnGSeg) technique to investigate the hierarchical proper-
ties of the cloud structure in the three subregions of NGC 2264.
This technique allows us to separate the random spatial density
fluctuations of a cloud from the dense, coherent structures,
usually associated with star formation activities. While we
expect the Gaussian component of a cloud to only consist of
evanescent structures of the interstellar medium, its coherent
component contains cores, clumps, hubs, ridges, and other
filamentary structures that correspond to the gas mass reservoir
of present star formation. The non-Gaussian segmentation is
done on wavelet coefficients as a function of orientations 6
and scales ¢ (see Robitaille et al. 2019 for more details on the
technique). The amount of power for the density fluctuations as a
function of spatial scales, | f (¢, x)|*, can be calculated according
to the spatial coverage of areas of interest following the relation

1 ~ ~
P = 5 Z (LAf&.x 0Nl x.0F),, @)
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Fig. 6. Random Gaussian (panel a) and coherent (panel b) wavelet power spectra calculated by MnGseg for the three NGC 2264 subregions. The
dotted black and red curve represents the fitted power law relations to the northern and central subregions. The coherent power spectrum of the
central subregion stands out with ~100 times more power and bumps located at 1.4 and 0.1 pc (vertical blue dashed lines).

where
x 1 if x is inside the area of interest
LAl fio(0)) = { 0 if x is outside the area of interest, ®)
and
(6)

N = )" Ll fig)D.

Figure 6 presents the Gaussian (random) and coherent
wavelet power spectra for the three subregions of NGC 2264
and Table 2 lists the parameters of their fitted relation P(k) =
Ak” + Py for the Gaussian component and P(k) = Ak” for
the coherent part. For all subregions, the coherent component
dominates in terms of power over the Gaussian components.
Moreover, the central subregion presents a Gaussian component
which resembles, in terms of both power level and power-law
index, those fitted for the northern and southern subregions. In
contrast, the coherent component of the central subregion pos-
sesses a power level that is several hundred times higher than
that of the northern and southern subregions. The coherent spec-
trum of the central subregion also displays more irregularities
compared to the coherent spectra of the northern and southern
parts (see Fig. 6b). We notably recover the two power excess
observed in Fig. 4. As shown by Robitaille et al. (2019), the
small-scale spectra flattening modeled by the variable Py for the
Gaussian components only is associated with the cosmic infrared
background signal.

Recently, Robitaille et al. (2020) discussed and proved,
using statistical models, that the non-Gaussian segmentation
performed by MnGSeg can also be interpreted as the separa-
tion of a component of multifractal nature, the coherent part,
from a monofractal component, the random Gaussian part. The
multifractal nature of the coherent component means that its
hierarchical structures are defined by a collection of power-
law indexes rather than by a single one, as is the case for the
monofractal geometry of the Gaussian component. These dif-
ferent fractal properties explain why the power spectra of the
coherent components in Fig. 6b are more diverse and complex
than those of the Gaussian components shown in Fig. 6a. It also
suggests that the coherent component of a cloud (see Fig. 6b and
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Table 2) could reveal the complexity level of cloud structures,
which increases with the creation of large gravity potentials such
as hubs and ridges. A more detailed analysis of the multifractal
properties of the NGC 2264 cloud, its subregions, and the local
environment of clumps will be done by Robitaille et al. (in prep.).

4. Analysis of the population of clumps
in NGC 2264

After estimating the completeness level of the catalogs of clumps
identified in the three subregions of NGC 2264 (see Sect. 4.1),
we characterize the main physical properties of clumps (see
Sect. 4.2) and evaluate their boundedness (see Sect. 4.3). We
then investigate the spatial distribution of clumps (see Sect. 4.4)
and their mass segregation (see Sect. 4.5). Table 3 lists the
main statistical parameters of the NGC 2264 cloud and its three
subregions.

4.1. Completeness of the clump catalogs

To accurately compare the properties of the clumps between sub-
regions, we estimated the completeness level and how it varies
across the map. For this purpose, we injected a synthetic popu-
lation of 1170 sources over the background image of NGC 2264,
which is produced by getsf during the clump extraction process
(see Sect. 2.2). Synthetic sources were split into nine bins loga-
rithmically spaced between 0.25 M, and 4.0 M, with a constant
number of 130 sources per bin. Their chosen density profile is
that of Bonnor-Ebert spheres with a central density increasing
with the clump mass, in agreement with the profile observed for
clumps. These synthetic clumps, once convolved by our 18.2”
angular resolution, display FWHM sizes of about 0.12 pc (or
35") corresponding to the median size of extracted sources. We
ran the extraction algorithm getsf on the synthetic image with
the same parameters as for the observations. In total, 695 out of
1170 (59%) sources have been recovered.

Figures A.2a,b show the detection rate of synthetic sources
injected on the NGC 2264 background image. From the detec-
tion rate versus mass curve of Fig. A.2a, we estimated a global
90% completeness level of ~1.7 M. 74 (29%) clumps of Table 1
lie above this completeness level.
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Fig. 7. Distribution of clump size (panel a) and clump mass (panel b) for the three subregions of NGC 2264: central (hatched black histograms),
northern (red histograms), and southern (blue histograms) subregions. The central subregion has an excess of high-mass clumps compared the
northern and southern subregions. The angular resolution of our observations, 18.2”, is given in panel a. The completeness levels, ~2.7 My, in the
central subregion and ~1.5 M,, in the northern and southern subregions, are indicated in panel b with dotted lines.

The completeness level of any source extraction procedure
does however depend on the intensity of the source background.
We therefore computed, for each identified source, its contrast,
defined as C = Ng;ak /N}_’ffk and plot the detection rate against
source contrast in Fig. A.2b. A minimum contrast of 0.4 is
required to detect a source, while all sources with C > 1.7 are
detected. The 90% completeness level is reached for a source
contrast of C = 1.1, that is, for clumps with Np ek — 1.1 % NbaCk
As shown in Fig. 2 and Table 1 and 2, the background level
varies strongly from the northern or southern subregions and
central part of NGC 2264. We therefore used the median value
of the background of the clumps to characterize each subregion:

Nb’ile 4% 10%",4.3x10%" and 7.3 x 10?! cm™2 in the northern,
southern and central subregions, respectively. Using the rela-
tion of mass versus peak column density found for both synthetic
and observed clumps (M o« (Ngzak)("%, see Fig. A.3a), we com-
puted the associated mass threshold for clumps. We obtained a
90% completeness level of ~1.5 M, for both the northern and
southern subregions and a completeness level about two times
larger, 2.7 My, for the central subregion of NGC 2264. As a
consequence, some low-mass clumps in the center may be over-
looked by the extraction algorithm. The number of clumps with
masses above these 90% completeness levels are 19, 22, and 33
in the northern, southern, and central subregions, respectively.

4.2. Main physical properties of clumps

The size and mass distributions of clumps in the northern, cen-
tral, and southern subregions are presented in Figs. 7a,b. As for
the clumps sizes no significant variations have been observed
between subregions (see Fig. 7a). The size distributions are all
centered around a median value of ~35”, corresponding to a
deconvolved size of FWHMp. ~0.1 pc at 723 pc. The three
subregions also host a couple of clumps with FWHM sizes close
to the beam, 18.2”, and nine clumps with sizes larger than 57"
(or 0.2 pc). At a scale of ~0.1 pc, clumps likely fragment into
smaller and denser cores, which could be the main mass reser-
voirs of individual protostars. Such cores have been observed in
the two central protoclusters, IRS1 and IRS2 by Peretto et al.
(2006) and Cunningham et al. (2016).

As for the mass distribution of clumps, it strongly varies
between subregions (see Fig. 7b). While they are similar in the
northern and southern subregions, the mass distribution in the
central subregion is strongly shifted toward higher masses. Out
of the 29 clumps with masses above 4 M, 24 are located in the
central subregion.

4.3. Gravitational stability of clumps

In Herschel studies, the self-gravitating status of clumps is usu-
ally assessed using the Bonnor-Ebert ratio, agg = Rpec/RBE,
where Rpe. is the deconvolved clump radius (here FWHMge)
and Rgg the radius of a critical Bonnor-Ebert sphere of the same
mass, M, and same temperature, T4y, as the source,

M HMH, MYy G

Roe = kT’ 2
where G and k are the gravitational and Boltzman constants.
This parameter estimates the ratio of the thermal support to
gravitational force and clumps with agg < 2 are considered as
gravitationally bound. The Bonnor-Ebert ratio should however
be considered as a rough estimator of the gravitational bound-
edness of the clump, since it does not include the effects of
turbulence, magnetic fields, or external pressure.

Although agg parameter theoretically depends on the mass,
size, and temperature of the clump, the latter, which varies little
within the sample (13.9f? K, see Fig. A.4), has little influence
here. As illustrated by the mass versus size diagram shown in
Fig. 8a, the separation between bound and unbound clumps
appears close to horizontal in this logarithmic representation.
This implies that a threshold on the Bonnor-Ebert parameter
approximately corresponds to a threshold in mass, apg < 2 &
M > 1-2 M. This appears more clearly on the mass distribu-
tions shown in Fig. 8b. Bound clumps are significantly more
massive than unbound clumps, with a median mass of 2.6 M
versus 0.5 M, respectively.

In the whole NGC 2264 cloud and following the Bonnor-
Ebert criterium, 36% of the clumps are gravitationally bound.
In more detail, half the clumps of the central subregion are
bound while they are only ~30% in the northern and south-
ern subregions (see Table 3). This result is in line with the
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Table 3. Distribution of clumps and YSOs in NGC 2264 and its subregions.

Region Clumps YSOs
name Total @®  Bound ®©  Unbound ©© ctump QW Apt @ Total @ Class 01 Class II
NGC 2264  256/100% 92/36% 164 ~14 p072 ~0.7 7.8 485/100% 87 398
Northern 74/29% 21/28% 53 ~1.2 pC_2 ~0.8 ~] 156/32% 10 146
Central 97(96)/38% 48/50% 49(48) ~24pc? =08 3.7 302/62% 69 233
Southern  85(76)/33%  23(22)/27% 62(54) ~09pc2 ~06  ~I 27/6% 8 19

Notes. ““Number of clumps in each subregions and their corresponding fraction of the total population. ®’The number of clumps in the area where
YSOs have been detected is given in parentheses. )Gravitationally bound clumps have a apg < 2 parameter in Table 1. The fraction of bound
clumps in the subregion population is indicated. “The clustering Q parameter is calculated from Eq. (8). The median mass segregation ratios,
Ag}fst, measured for the Nyt = 415 most massive clumps are estimated from Fig. 11. YTotal number of Class 0/ and Class I YSOs in each
subregions and their corresponding fraction of the total population.
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Fig. 8. Mass vs. size diagram (panel a) and mass distribution (panel b) for the 256 clumps detected in the NGC 2264 cloud. Gravitationally bound
and unbound clumps, with agg < 2 and agg > 2, respectively are located with red (resp. blue) markers (panel a) and sum up in a red (resp. blue)
histogram (panel b). Panel a: the critical Bonnor-Ebert sphere model (agg = 2) at the median clump temperature, T4, = 13.9 K, is plotted as a
black solid line. The physical size of the beam at a distance of 723 pc is plotted as a vertical doted line. Panel b: the global 90% completeness level
is indicated with a doted line.

variation of column density background in the central subregion
when compared with the southern and northern subregions (see
Table 2). ®

20
|

4.4. Spatial distribution of clumps

15
|

Despite the different completeness limits of the three NGC 2264
subregions (see Sect. 4.1), clumps appear rather homogeneously
distributed. There are 74, 97, and 85 clumps in the northern,
central, and southern subregions, respectively (see Table 3), of
which ~30% lie above their 90% completeness limit. We note,
however, that the density of clumps Z¢jymp, defined as the ratio of 7]
the number of clumps to the subregion area, is about twice in the
central subregion that in the northern and southern subregions v /]
|
T
2

Frequency

N

N
7]
|

(see Table 3). ° |
To further investigate the spatial distribution of clumps, T T T T
we first applied nearest neighbor statistics, using the distance 0.1 0.2 0.5 1
from the center of each clump to the peak position of its near-
est neighbor. The resulting distributions of nearest-neighbor
clump separation are plotted in Fig. 9 for the three subre- g 9. Distribution of the distance to the first nearest neighbor for
gions of NGC 2264. In the northern and southern subregions,  clumps in the central (black hatched histogram), northern (red his-
clumps have similar median distances of 0.34 pc and 0.36 pc, togram), and southern (blue histogram) subregions of NGC 2264.
respectively, and cannot be statistically distinguished, accord-  Clumps are 1.6 times more closely packed in the central subregion than
ing to a Kolmogorov-Smirnov (KS) test. The nearest neighbor  in the two others.

Distance to the first nearest neighbor, [pc]
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Fig. 10. Local surface density X¢ as a function of the mass of the clump for the central subregion of NGC 2264 (pane! a, black markers) and in
the northern and southern subregions (panel b, red and blue markers, respectively). The potential correlation between Z¢ and M in a, s oc M%7 is
represented by a dashed blue line in both panels a and b. Completeness levels are indicated by dotted vertical lines.

distribution of the central subregion stands out with a large
excess of clumps at short distance, ~0.1-0.2 pc, and a median
clump separation of ~0.22 pc, which is 1.6 times lower than in
the northern and southern subregions. A KS test rejects, with a
p-value below 107#, the hypothesis that the central and northern
+ southern subregions might have a common distance distribu-
tion. Interestingly, the clumps at the center of NGC 2264 are
closely packed, with separations of about twice their median
FWHM size, ~0.11 pc (see Sect. 4.2), and thus once their outer
diameter. These clumps are mostly located in the two IRS1 and
IRS2 protoclusters of NGC 2264 (see Fig. 3).

We also computed the (@ parameter (Cartwright &
Whitworth 2004) for the NGC 2264 cloud and its three
subregions (see Table 3). The Q parameter method is based on
the minimum spanning tree (MST), which is the set of straight
lines (the edges) connecting a given set of points (here the
center of the clumps) without closed loops, such that the sum
of all edges lengths is minimal. The Q parameter is defined as
the ratio of the normalized mean edge length calculated by the

MST, le4ge, to the mean clump separation, 's:

ledge

Q=—. ®)

N

The Q values above 0.8 are associated with centrally con-
centrated spatial distribution, while lower Q values indicate
subclustering. With Q ~ 0.7, the NGC 2264 cloud overall dis-
plays only a moderate amount of subclustering for its clump
population. Locally, the southern subregion appears to be more
subclustered compared to the central and northern subregions
(Q ~ 0.6 versus Q ~0.8). On the column density map (see
Fig. 2), we observed that its clumps are distributed either in
a north-south filament joining the central subregion or in the
southwestern part of NGC 2264.

4.5. Mass segregation of clumps

Mass segregation refers to a difference between the spatial
distribution of massive objects compared to that of their
lower-mass counterparts. The methods used to quantify mass
segregation have evolved with our current view on the subject

and are associated with slightly different definitions, but in
general, all of these methods compare the distribution of high-
and low-mass stars. Amongst them, the local surface density Z;
(Maschberger & Clarke 2011), and mass segregation ratio Aysg
(Allison et al. 2009) do not require a specific definition of a
cluster center and are the most widely used. They most probably
also give the most robust results when combined (e.g., Parker
& Goodwin 2015). We applied both methods to measure the
mass segregation of clumps in NGC 2264 and its subregions,
again using the peak position of the clumps as a reference. The
impact of the clumps spatial extent in these statistics will be
investigated in future studies (Thomasson et al., in prep.).

The first method calculates the local surface density of
source, X, within an area encompassing the jth nearest neighbor,
at a distance of r; as follows:

3 = : )

As proposed by Maschberger & Clarke (2011), we took j = 6,
as it constitutes a good compromise between estimating the
local density and reducing low-number fluctuations (see also
Casertano & Hut 1985).

Figures 10a,b present the X¢ versus M diagrams that inves-
tigate if high-mass clumps are in denser groups than their
lower-mass counterparts. Since the clump populations of the
northern and southern subregions exhibited similar behaviors
in Sects. 4.2-4.4, we assembled their clump samples. In con-
trast, we kept the central subregion alone since its clump sample
had rather different characteristics. In the central subregion, the
local surface density correlates with the mass of the clumps,
with a Pearson correlation coefficient of 0.75 (see Fig. 10a).
However, when accounting for the 90% completeness level of
2.7 M, (see Sect. 4.1), we cannot exclude low-mass clumps in
high-density groups have not been detected. Therefore, the most
robust result of this g analysis is that high-mass clumps in the
central subregions are only found in high-density groups. The 15
most massive, >9.3 Mg, clumps in NGC 2264, closely packed
in the IRS1 and IRS2 protoclusters (see Fig. 3 and Sect. 4.4),
have a median X4 density about three times that of all clumps
in NGC 2264 center. Conversely, the lower-mass clumps in the
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Fig. 11. Mass segregation ratio, Aysg, as a function of the numbers of clumps, Nysr, in the NGC 2264 cloud (panel a) and in its three subregions
(panel b). Error bars represent the +2¢0- uncertainties. Values above Aysg = 1 (black solid line) suggest mass segregation. Completeness levels are
indicated with vertical dashed lines. Panel a: median segregation ratio for the 15 most massive clumps of NGC 2264, calculated over Nyst = 4 to
15, is AWS‘; = 7.8 (red segment). Panel b: the Aysr function of clumps in the central subregion (black symbols) is three to two times higher than
that in the northern and southern subregions (in red and blue, respectively) over the range of Nyst = 4-33.

northern and southern subregions do not present a privileged
location in high- or low-density groups according to their mass
(see Fig. 10b).

The second method to quantify mass segregation compares
the MST of the most massive objects (here clumps) of a sam-
ple with the MST of randoms subsets of objects in this sample
(see Allison et al. 2009). The mass segregation ratio, Apmsg, iS
calculated as

Liandom  Orandom
Amsr(Nvst) = T T
massive lmassive

10)

where /assive 1S the length of MST for the Nyist most massive

clumps and /updgom 18 the average length of MST for Nyst ran-
dom clumps. It was computed for 500 sets of Nyst random
clumps along with the associated standard deviation, 0 andom. A
value of Aysg & 1 indicates that the spatial distribution of mas-
sive clumps is comparable to that of other clumps and therefore
that there is no mass segregation. Higher Aysg values suggest
that massive clumps are more concentrated than their lower-mass
counterparts.

Figures 11a,b show Apsg, for an increasing number, Nyist,
of the most massive clumps for the NGC 2264 cloud and its
subregions. The clump population of NGC 2264 appears to be
strongly mass segregated, with values of Aysr around 7.8 for
Numst < 15. If we consider only the central subregion, which
contains the most massive clumps, segregation is still present,
but the Apsr value decreases to ~3.7. This decrease is explained
by lower Langom values for clumps distributed in the central sub-
region than over the whole NGC 2264 cloud. In Fig. 11a, Apsr
drops to 4 for Nyst = 16, because the 16th most massive clump
is the first located outside the IRS1 and IRS2 protoclusters. Mass
segregation remains significant, with Aysr values above 1 with
more than 2 sigma uncertainty, up to Nyst = 30. In contrast,
for the clump samples of the northern and southern subregions,
Fig. 11b do not reveal any mass segregation. The Aysg plateau
observed are listed in Table 3.
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5. Combined analysis of the YSO and clump
populations in NGC 2264

In this section, we analyze the YSO content of the NGC 2264
subregions (Sect. 5.1) and quantify the link between the YSO
and clump populations (Sect. 5.2).

5.1. Distribution in the NGC 2264 subregions

The spatial distribution of the clump and YSO populations
is illustrated in Fig. 12. The clump population is rather
homogeneously distributed over the whole Herschel area (see
Sect. 4.4) even if it obviously follows the gas concentration
toward the two IRS1 and IRS2 protoclusters and the Y-shaped
filament. The YSOs themselves cluster in three places: strongly
around the IRS1 and IRS2 protoclusters and more distributed
around the S Mon massive star.

Table 3 lists the number of YSOs regardless of their class, the
number of Class 0/I protostars, and Class II pre-main sequence
stars found by Rapson et al. (2014) in NGC 2264. We dis-
tributed this YSO population among the three subregions of the
NGC 2264 cloud defined in Sect. 3.1. Unlike the spatial distri-
bution of clumps in subregions, a very uneven distribution is
observed for the YSOs. The central subregion, which accounts
for 22% of the whole NGC 2264 cloud area and contains 38%
of the detected clumps (see Tables 2, 3) gathers up to 62% (302
out of 485) of the YSO population. In contrast, the southern sub-
region, which covers 45% of the whole cloud, contains 33% of
the clumps but only 6% (27 out of 485) of the YSOs. This clear
lack of YSOs in this subregion cannot be explained by the small
area of the Herschel image not investigated for YSOs by Rapson
et al. (2014) (see Fig. 12). The northern subregion shows a more
balanced distribution with 33, 29, and 32% of the cloud area,
clump, and YSO populations.

Regarding the evolutionary class of YSOs, the northern sub-
region is almost exclusively populated by Class II sources (146
out of 156, 95%, see Table 3). On the other hand, the distribu-
tion is more balanced in the central and southern subregions:
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Fig. 12. Spatial distribution of the
clump (black ellipses) and YSO popu-
lations in the NGC 2264 cloud, as taken
from the catalogs of Table 1 and Rapson
et al. (2014). Bound clumps are rep-
resented with filled ellipses. Class 0/1
(blue star markers) and Class II (red
star markers) sources were identified in
the area outlined by dotted black lines.
The three subregions of NGC 2264 (see

100.6 100.4 100.2

R.A.

23-30% of the YSOs are Class 0/I protostars and the comple-
mentary 70-77% are Class II sources. Finally, we found that the
69 Class 0/1 in the central subregion represent a large majority
(79%, see Table 3) of this younger YSO population in the whole
NGC 2264 cloud.

5.2. Link between the clump and YSO populations

We investigated the spatial correlation between the clump and
YSO populations found in the different subregions of NGC 2264
using the nearest neighbor statistics. Figures 13a—d show the dis-
tributions of the distance to the first nearest neighbor (nnd) from
YSOs to clumps and vice versa, with YSO populations separated
into Class 0/I protostars and Class II pre-main sequence stars.
Class-0/1 and clumps are similarly distributed in the northern
and southern subregions (see Table 3 and Fig. 12); in addition
the nnd distributions between Class-0/ and clumps cannot be
statistically distinguished, according to a KS test. We therefore

Sect. 3.1) are outlined and labeled in
black. Clumps are much more homoge-
neously distributed over the NGC 2264
cloud than YSOs.

100.0 99.8

combined the northern and southern populations of Class 0/I
protostars to increase the sample size (18 objects). The ten
clumps detected in the Herschel area not covered by Spitzer (see
Fig. 12 and Table 3), and thus not surveyed for YSOs by Rapson
et al. (2014), were excluded from our analysis.

The nearest neighbor distance, nnd, distribution between
Class 0/I protostars and clumps first illustrates the strong link
between Class 0/1 protostars and their parental clump. The large
majority (80-95%) of the Class 0Os/Is of each of the NGC 2264
subregions lie at a distance smaller than the median outer radius
of clumps (i.e., below 0.25 pc; see Fig. 13a). Conversely, the
nnd distribution of clumps with respect to Class 0/I protostars
shows in Fig. 13b that ~40% of the clumps in the central sub-
region host, within their outer radius, at least one Class 0/I
protostar. This fraction increases to two-thirds when considering
only bound clumps in the central subregion. In addition to illus-
trating this parental link, the nnd distributions between clumps
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Fig. 13. Distribution of the distance to the first nearest neighbor, nnd, from YSOs to clumps (panels a and c) and from clumps to YSOs
(panels b and d). The YSOs are Class 0/I in the upper panels (a and b), Class 1I in the lower panels (c and d). Distributions are presented
for the central subregion (hatched black histograms) and for the northern and southern subregions, combined in the upper panel (purple histogram)
and separated in the lower panel (red and blue histograms, respectively). Distributions are normalized to facilitate the comparison involving small
populations of YSOs (Class 0/I from northern and southern subregions in panel a, Class Il from southern subregions in panel c). The dashed
vertical red line indicates the median outer radius of clumps, calculated as twice the median FWHM: R™ = 2 FWHM™ = (.25 pc.

and Class Os/Is presents, for both the central and northern +
southern samples, a peak around 1 pc (see Fig. 13b). This peak
shows that aside the population of clumps tightly linked to Class
0/1, mostly clustered in the central region, there exists a disperse
population of clumps that are not associated with Class 0/1 YSOs
all over NGC 2264. As a matter of fact, most of the clumps
that create this peak, that is, ~75% no matter which subregion,
are qualified as unbound. These unbound clumps could be more
than transient cloud fragments because the external gas pressure
associated with the global collapse is not taken into account in
the calculation of gravitational boundedness. Excluding clumps
presently qualified as unbound however, the nnd distribution
between clumps and Class Os/Is still displays a peak, which is
weaker and located at ~0.5 pc.
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Figures 13c,d show the nnd distributions between clumps
and Class II pre-main sequence stars. Given the proper motions
found by Buckner et al. (2020) for the weakly embedded Class 11
sources in the NGC 2264 cloud, ~1 mas yr", and their esti-
mated age, ~ X 100 yr found by Venuti et al. (2018), these sources
could have dispersed by ~6 pc from their original birth site. For
these Class II sources, we thus do not expect a direct parental
link between Class IIs and the presently observed clumps. Other
Class II pre-main sequence stars could remain more tightly
associated with their birth site, as is probably the case in the
NGC 2264 IRS1 and IRS2 protoclusters. The histograms of
Figs. 13c,d should thus reveal the parental link of a clustered
population of Class IIs plus the average spatial distributions
of a more extended population of Class IIs, with no direct
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parental link with clumps. If the small number, 19, of Class II
YSOs in the southern subregion makes any detailed characteri-
zation of the histogram shown in Fig. 13c not relevant, that of
Fig. 13d should be robust to interpret. While the nnd distribu-
tions between clumps and Class II sources are similar in the
central and northern subregions, the distribution in the south-
ern subregion clearly stands out as different (see Fig. 13d). The
former are both broadly distributed around ~0.2 pc.

In contrast, in the southern subregion, the nnd distribution
between clumps and Class IIs presents a strong peak at ~1 pc,
which means at much further distances than in the other parts
of the cloud. This definitively is a consequence of the low den-
sity of YSOs observed in the southern subregion (see Fig. 12).
We can question the association of Class IIs with the southern
subregion or even their membership in the NGC 2264 cloud.
Indeed, with proper motions such as those measured by Buckner
et al. (2020), the Class IIs observed in the southern subregion
could have formed in, and been ejected from, the central sub-
region of NGC 2264. As a guideline, Buckner et al. (2020)
also estimated that up to 30% of the YSOs observed in the
area covered by the NGC 2264 cloud may not be members of
this star-forming region. A detailed comparison of the star and
cloud velocities measured with ground-based radiotelescopes
and the Gaia observatory would be necessary to evaluate the
YSO membership in the southern subregion of NGC 2264.

The comparison of the nnd distributions of clumps with
respect to YSOs (see Figs. 13b and d), in the central and northern
subregions, leads to an apparent counterintuitive result. On aver-
age, clumps are closer to Class II pre-main sequence stars than
to Class O/I protostars: median nnd of 0.2 pc versus ~0.8 pc.
This reflects the differences in the spatial distribution visible in
Fig. 12. While the large majority of Class Os/Is are clustered in
the IRS1 and IRS2 protoclusters, Class IIs and clumps display a
more distributed population. This is totally inconsistent with sce-
narios of quiet cloud formation followed by a continuous process
of star formation (see, e.g., Shu et al. 1987; Krumholz 2014).

6. Discussion

We hereafter make the link between evidence for mass segrega-
tion observed for NGC 2264 clumps and the cloud structure (see
Sect. 6.1) and propose an updated scenario for the star and thus
cloud formation history in NGC 2264 (see Sect. 6.2).

6.1. Mass segregation of clumps and its relationship to cloud
structure

Mass segregation has been studied extensively in stellar clus-
ters for decades. More recently, mass segregation has been
investigated for cloud fragments with 0.002 pc to 0.1 pc sizes,
using tools developed for stellar clusters. In particular, Dib &
Henning (2019) calculated the mass segregation ratio of cores in
four star-forming regions: Taurus, Aquila, Corona Australis, and
W43-MMI. These authors found no mass segregation in Tau-
rus but a significant level of mass segregation in the three other
clouds: Apsg up to 4-9 for the 6-14 most massive cores. Plunkett
et al. (2018) also reported that Serpens South is mass segregated,
with a median Aysr = 4 for the Nyist < 18 most massive cores.
Parker (2018) and Konyves et al. (2020) in Orion B, Roman-
Zuiiiga et al. (2019) in Orion A, and Sadaghiani et al. (2020)
in NGC 6334 also claimed to find mass segregation, although
with lower values (Aysg =~ 2—3) and/or involving a smaller num-
ber of cores. Besides, no significant mass segregation was found
in 12 infrared-dark clouds by Sanhueza et al. (2019). As for the

surface density parameter, %;, sometimes used to quantify mass
segregation, it was up to now only computed for a couple of star-
forming regions. Lane et al. (2016), Parker (2018), and Dib &
Henning (2019) notably reported tentative trends for the most
massive cores in Orion-A, Orion B, and Corona Australis to sit
in areas of higher local surface density. In particular, Lane et al.
(2016) found in Orion B a median X, value two times larger for
the ten most massive cores than for the whole source samples.

The mass segregation found in NGC 2264 (see Sect. 4.5) is
among the strongest and affects the largest numbers of objects
when compared to these published results. The Aysg param-
eter is measured to be Aysr = 8 for the Nyst = 4-15 most
massive clumps (see Table 3 and Fig. 11a). Moreover, mass seg-
regation remains significant for the ~30 most massive clumps of
the NGC 2264 cloud. When the mass segregation is measured
by the local surface density, it has a median X4 value for the 15
most massive clumps four times higher than that of the whole
sample. We refrained from making more quantitative compar-
isons with published studies since the Aysg values are measured
with different methods (e.g., the sliding window in Romén-
Zuiiga et al. 2019; Konyves et al. 2020 instead of the cumulative
form in this work) and the datasets are inhomogeneous. Sources
were extracted with different extraction tools (e.g., clumpfind in
Roman-Zuiiiga et al. 2019, FellWalker in Parker 2018 vs. getsf
in this work) and thus have various definitions. The cloud frag-
ments considered also have different physical sizes, which range
from ~0.002 pc (or ~400 AU) in Plunkett et al. (2018), 0.01-
0.03 pc (or 2000-6000 AU) in Dib & Henning (2019), to ~0.1 pc
(or ~2x 10* AU) in the present study. Moreover, there are also
issues, generally not taken into account, related to the incom-
pleteness of samples and crowding of sources in measuring
the mass segregation in dense environments such as massive
(proto)clusters (Ascenso et al. 2009).

As shown in Fig. 11b, this strong mass segregation is entirely
due to the concentration of high-mass clumps in the NGC 2264-
IRS1 and IRS2 protoclusters in the central subregion. We
showed that these high-mass clumps all are gravitationally bound
and lie at short distance from each other (see Sects. 4.3 and
4.4 and Fig. 3), thus forming a cluster of star-forming clumps.
The overabundance of high-mass clumps in the central subregion
of NGC 2264 relative to the northern and southern subregions
is consistent with its greater gas concentration. After removing
clumps from the column density image of Fig. 2, the average
column density of this background, at the location of clumps,
is almost twice as high in the central subregion as in the other
NGC 2264 subregions (see Table 2). The relation between the
mass of cloud fragments and their surrounding gas has been
reported for several star-forming regions (e.g., Konyves et al.
2020) and in this work presents a linear correlation between the
mass of NGC 2264 clumps, M, and the column density of their
surrounding background, N}_’ffk (see Fig. A.5). The incomplete-
ness level of the clump sample could however partly explain this
linear correlation and especially the lack of low-mass clumps
over regions with high background level.

The overabundance of high-mass clumps in the central sub-
region is also in line with the fact that its hierarchical structure
is different from that of the northern and southern subregions
(see Sect. 3.2). The power spectrum of the central subregion,
which is hundred times stronger, consists of the sum of a power-
law function plus power excesses at the scales of cloud and
clump mass reservoirs (see Fig. 6b and Table 2). While diffuse
clouds and Gould Belt clouds generally have simple multifractal
power spectra (Robitaille et al. 2019, 2020), those of high-
mass star-forming regions are more complex and dominated, at
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given scales, by large gravity potentials such as hubs and ridges
(Robitaille et al., in prep.). Following the definition criteria set
in HOBYS articles (e.g., Hill et al. 2011; Hennemann et al. 2012;
Nguyen Luong et al. 2013) and precursor papers (Schneider et al.
2010), the central part of the central subregion of NGC 2264
qualifies as a ridge. In short, ridges are very dense, >10° cm™3,
~1 pc cloud structures actively forming clusters of intermediate-
to high-mass stars (Motte et al. 2018). The center of NGC 2264
hosts a dense north-south filament, which appears as a priv-
ileged site for intermediate- to high-mass star formation (see
Figs. 3 and 12). It contains a cluster of massive clumps host-
ing protostars, which could ultimately form a rich YSO cluster
with at least a handful of high-mass stars. The mass segregation
observed for the NGC 2264 clumps could thus be at the origin of
the mass segregation of future stars in, at least, the central stellar
cluster of NGC 2264.

We postulate that this mass segregation could come from
further afield, in the very way the mass of gas was assem-
bled to form the molecular cloud in the NGC 2264 region.
The large-scale kinematics observed throughout the Monoceros
cloud complex (Loren 1977; Montillaud et al. 2019) and the
global infall discovered toward the NGC 2264-IRS1 protoclus-
ter (Williams & Garland 2002; Peretto et al. 2006) suggest that
a hierarchical collapse of the NGC 2264 cloud could have led
to the formation of a ridge at its center. Further studies of the
cloud kinematics are necessary to investigate whether the three
filaments that appear converging toward the central ridge drive
material and therefore feed the ridge and its protoclusters. This
mode of cloud and thus star formation by competitive, inflow-
ing gas is advocated in theories of hierarchical global collapse
(e.g., Vazquez-Semadeni et al. 2019), gravitationally-driven gas
inflows (e.g., Smith et al. 2009; Hartmann et al. 2012), filament
or conveyor-belt collapse (Myers 2009; Krumholz & McKee
2020), and colliding flows (e.g., Heitsch et al. 2008).

6.2. Star formation history in NGC 2264

Evidence for sequential star formation in NGC 2264 has been
presented by several YSO studies (Sung & Bessell 2010; Teixeira
et al. 2012; Rapson et al. 2014; Venuti et al. 2018). Venuti et al.
(2018) proposed that star formation began ~5 Myr ago in the
northern subregion and, more precisely, in the S Mon area.
Then, less than 1 Myr ago, star formation could have developed
in the central subregion and especially in the NGC 2264-IRS1
and IRS2 protoclusters. In the present study, this age gradient
is qualitatively confirmed when comparing YSO distributions
of the northern and central subregions. The central subregion
concentrates about 80% of the total Class 0/ protostars of the
NGC 2264 cloud, while the northern subregion is mainly pop-
ulated by Class II pre-main sequence stars (see Table 3 and
Sect. 5.1). As for the southern subregion of the NGC 2264,
it has not been considered in YSO studies because it contains
very few YSOs, only 6% of the total population, suggesting that
star formation has not yet been active there. To more accurately
compare subregions, Fig. 14 shows, for each YSO (Class II and
Class 0/I) population, their surface density divided by their sta-
tistical lifetime. Surface densities, Zopject, are calculated using
the number of objects in each YSO class and the subregion sur-
faces listed in Tables 2 and 3. We assumed lifetimes, Topject, Of
2 x 10° and 2 x 10° yr for Class I protostars and Class II pre-
main sequence stars, respectively, in agreement with Evans et al.
(2009) and Venuti et al. (2018) and references therein. Error
bars on Zopject/Tobject take into account statistical uncertainties,
as well as an estimation of potentially undetected Class 0/Is in
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Fig. 14. Surface density per lifetime, Zopject/Tobject» Of Class II YSOs,
Class 0/I protostars, and clumps in the three NGC 2264 subregions.
Statistical lifetimes of 2, 0.2, and 0.3 Myr were assumed for Class IIs,
Class 0/Is, and clumps, respectively. Error bars take into account sta-
tistical uncertainties, contamination level of 30% for Class IIs, an
incompleteness level of 25% for the Class 0/ population in the cen-
tral subregion, and a factor of two of uncertainty for the clumps. While
the star formation activity of the northern subregion appears to be con-
stant, it displays a burst in the central subregion and shows a tentative
increase in the southern subregion.

the central region and field contamination of Class II population
(see Sect. 5.2 and Buckner et al. 2020). The surface densities
per lifetime of Class IIs and Class 0/Is are similar in the north-
ern subregion. This behavior is consistent with the idea that a
continuous star formation activity has developed in the northern
part of NGC 2264 over the past few 10° yr. In contrast, in the
central and southern subregions, the surface densities per life-
time are three to five times higher for Class 0/I protostars than
those measured for Class IlIs, suggesting an increase of the star
formation activity over the past few 10° yr.

Identifying and characterizing the ~0.1 pc clumps in
NGC 2264, using its Herschel column density image, for the
first time, allows us to study the gas mass reservoir for current
and future star formation in the NGC 2264 cloud. In particu-
lar, bound clumps represent structures that are forming or are
likely to form stars in the near future. The clump lifetime is not
as properly defined as the one of YSOs but, with a median den-
sity of ~8 x 10° cm™2, they could live for one free-fall time (i.e.,
~3 x 10° yr). With the goal to further characterize the relative
star formation activity in the NGC 2264 cloud, Fig. 14 shows
the surface density per lifetime of bound clumps, as measured
in the three subregions of NGC 2264. We estimate that the
Zclump/ Telump Values are uncertain by a factor of at least two. As
the median densities of clumps vary by a factor of 2 depending
on the subregions, the clump free-fall time is thus uncertain by
a factor of ~50 %. Other sources of uncertainty are the num-
ber of protostars that form in each clump, taken as one, and
the number of free-fall times, assumed to be one, required for
these clumps to form stars. With our current assumptions, the
surface density per lifetime of clumps is similar to that of YSOs
in the northern subregion, implying a continuous star formation
activity. In contrast in the southern subregion, Fig. 14 suggests
a tentative increase of the surface density per lifetime of clumps
compared to that of the YSOs and therefore a possible increase
of the star formation activity from 10° years ago to the next few
10° years. In the central subregion, uncertainties are too large to
conclude that there is any trend for future star formation activity
relative to the current star formation activity. All in one, the spa-
tial distribution of YSO and clump populations suggests that the
star formation activity will get more and more intense as we go
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through the NGC 2264 cloud, from north to south, in the coming
~3x10° yr. Star formation first developed mainly in the northern
subregion and continues today. Star formation is now extremely
active in the central subregion, while it was less so in the past.
Star formation now begins in the southern subregion and could
get more active while it was almost nonexistent in the past. This
time sequence, based on the study of clump and YSO popula-
tions, agrees and extends the evolutionary sequence proposed by,
for example, Venuti et al. (2018).

We propose that this sequence of star formation is related to
a prior sequence of cloud formation, first in the north, now in the
center, and in the future in the south of NGC 2264. With its large
mass reservoir at pc scale (see Table 2), the central subregion,
and especially its ridge, has a very large potential for new events
of star formation. The cloud power spectrum of the central subre-
gion, and especially its coherent component associated with star
formation, also implies that the cloud reservoir for star formation
will remain important or will even increase in the coming 10° yr
(see Fig. 6b). Indeed, the coherent component of the cloud con-
tains almost all the power and thus most of the gas mass reservoir
in the central subregion (see Figs. 6a,b, Fig. 14 and Table 2).
Interestingly, this fraction of coherent cloud structures suppos-
edly associated with star formation is orders of magnitude larger
in the central subregion of NGC 2264 than in the northern and
southern subregions. The southern subregion has similar prop-
erties with respect to its gas distribution (column density and
power spectrum) than the northern subregion (see Fig. 6b and
Table 3). These observations of the gas thus show that the north-
ern and southern subregions should have the same potential for
future star formation events, that is, a similar numbers of stars
that could form in the coming ~10° yr. This is also consistent
with the similarity observed in term of mass, boundedness, and
surface density (see Fig. 14 and Table. 3). We therefore propose
that the NGC 2264 cloud initially concentrated in the northern
region several Myrs ago. The cloud distribution in the central
subregion makes a strong case for extremely active cloud for-
mation activity now and possibly in the coming 10° yr. As for
the southern subregion, cloud is not yet highly concentrated but
it could be enhanced in the close future. Kinematical studies of
the NGC 2264 cloud are obviously necessary to confirm this last
assertion.

Over the past few Myr, the NGC 2264 cloud has thus
undergone several episodes of cloud and thus star formation.
We showed in Sect. 5.2 that a large fraction of clumps in the
NGC 2264-IRS1 and IRS2 protoclusters are the parental cloud
structures from which the Class 0/I protostars currently gather
their mass. In addition, a population of clumps is observed at
large, ~1 pc, distances from the current sites of star forma-
tion activity (see Figs. 12 and 13b). These clumps are smaller
in mass and mostly unbound. They thus need to gather more
mass and concentrate themselves before they could be consid-
ered as cloud structures that will form new protostars. Future
star formation episodes could develop either next to the cur-
rent star formation sites or clumps must first be driven toward
them. The population of clumps also appears to be spatially well
correlated with Class II pre-main sequence stars, surprisingly
better than with Class 0/I protostars. These elements argue for
a dynamical scenario of star formation in NGC 2264. We spec-
ulate that, first and simultaneously, the cloud undergoes global
collapse and clumps converge toward the central gravity poten-
tials, called ridges, reducing their distance to star-forming sites.
Protostellar collapse would then form a cluster of stars with a
definite mass segregation at birth. The last phase would then be,
for at least part of the population of pre-main sequence stars,

to disperse from their original birth sites and spread over the
entire extent of the NGC 2264 cloud, thus simulating a tight spa-
tial correlation with a new generation of clumps. Whether the
most massive and most clustered protostars, embedded within
cloud ridges will become closely packed main-sequence stars
will define whether mass segregation is determined at birth in
NGC 2264 and potentially in other dynamical clouds. This sce-
nario is consistent with the finding of Buckner et al. (2020)
that YSOs with increasing evolutionary stages tend to be less
clustered. It would also qualitatively agree with numerical simu-
lations of cloud formation through, for example, the hierarchical
global collapse (Vdzquez-Semadeni et al. 2019) and stellar clus-
ter evolution with the ejection of many YSOs members (Oh &
Kroupa 2016).

7. Conclusions

We used a Herschel column density image of the NGC 2264
cloud to identify and characterize its clumps, study their spa-
tial distribution, and make the link of these clumps with the
YSO population and cloud structure. Our main results can be
summarized as follows:

1. We applied getsf to the 18.2” angular resolution column
density image. We found a population of 256 clumps with
~0.1 pc sizes, ~14 K temperature, and masses ranging from
0.08 My to 53 M. Of the NGC 2264 clumps, 36% are
gravitationally bound following the Bonnor-Ebert criterium.

2. After analyzing the cloud structure, we divided the
NGC 2264 cloud into three subregions (northern, central,
and southern) of roughly similar areas. The MnGseg tech-
nique revealed that the coherent cloud component associated
with star formation dominates over the Gaussian compo-
nent, especially for the central subregion. We qualified the
cloud structure at the center of the central subregion of
NGC 2264 as a ridge because it is massive and hosts the
NGC 2264-IRS1 and IRS2 protoclusters.

3. We then applied the nnd statistics to characterize the spa-
tial distribution of clumps in the NGC 2264 cloud. The
majority of the clumps are low-mass, unbound structures dis-
tributed all over the cloud. In addition, we found within the
NGC 2264 ridge a cluster of higher-mass, bound clumps.
The typical distance between clumps in this second popu-
lation is half that found elsewhere.

4. We quantified the mass segregation of NGC 2264 clumps
using two complementary methods. The 15 most massive
clumps, which have M = 9.3-53 M., and are all located in
the central protoclusters, have a median local surface density,
X6, three times that of the entire clump population. This high
degree of mass segregation is also indicated by the strong
mass segregation ratio: Aysr = 8 for the Nyst < 15 most
massive clumps. We propose that this mass segregation is
due to the presence and therefore the formation of a ridge
by the global collapse of clouds in the central subregion of
NGC 2264.

5. Except for those in the ridge, most of the clumps in the
NGC 2264 cloud are not associated with Class 0/ protostars.
At odds with what a parental link would suggest, nnd distri-
butions notably show that the spatial distribution of clumps
better correlates with that of Class II pre-main sequence
stars. This argues for a dynamical scenario in which clumps
are driven to the central parts of the NGC 2264, protostars
are formed in situ, and some Class IIs are ejected from their
birth site.
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6. Our combined study of clump and YSO populations in
NGC 2264 agrees and extends the sequential star formation
sequence from north to south, which was initially proposed
by YSO studies. Star formation first developed in the north-
ern subregion. It is now extremely active in the central
subregion and should soon begin in the southern subregion.
We propose to explain this by a sequence of cloud formation
from north to south.

The strong mass segregation observed for the NGC 2264 clumps,
which is most likely due to the formation of a favorable cloud
structure, the ridge, could itself be at the origin of future mass
segregation in the NGC 2264 stellar cluster. Detailed studies of
the cloud and YSO kinematics are mandatory to confirm our
current interpretation and predictions.
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Appendix A: Additional figures
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Fig. A.1. Herschel dust temperature image of the NGC 2264 cloud, with 3.4 x 10?! H, cm™2 and 1.6 x 10?> H, cm™2 contours taken from the column
density image of Fig. 2. The resolution of the map, 18.2”, is shown in the lower right corner and a scale bar is given in the upper left corner. A
white star locates the OB star cluster, which heats its surrounding cloud over several parsecs. The IRS1 and IRS2 protoclusters are also indicated.
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Fig. A.2. Completeness level of the clumps extraction as a function of the clump mass (panel a) and of the contrast of the clump column density
over its local background (panel b). The 90% completeness level is indicated with a dashed horizontal line. Panel a: the clump sample is 90%
complete above 1.7 M. Panel b: the histogram has been constructed with a constant number of 80 synthetic sources in the 11 first bins, plus a bin
containing the remaining 290 sources that have all been detected. The red curve connects the median contrast value in each bin. Of the clumps,

90% are detected for a contrast larger than 1.1.
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Fig. A.3. Mass as a function of peak column density for synthetic sources (panel a) and for observed clumps (panel b). A simple regression gives

the relation M = B(NI*)*% with 8 = 0.37 in panel a over a [0.6 — 12 x 10*' cm™] range, 8 = 0.34 in panel b over a [0.5 — 200 x 10*' cm™2]. The
similarity in the fitted parameters confirms that the synthetic sources correctly represent the observed clumps.
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Fig. A.4. Temperature distribution of the 256 clumps detected in

NGC 2264. The temperature dispersion between clumps is small, 80%
of the clumps having a temperature between 12.7 and 16.9 K
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Fig. A.5. Correlation observed between the clump mass and its back-
ground column density. The color code highlighting the spatial location
of the clumps is the same as in Fig. 7. The completeness curve in dot-
ted line is calculated using a 90% completeness contrast of 1.1 and the

M—N]’flezak relation (see Figs. A.2 and A.3): M = 0.34 (1.1 x Npa*)0%,
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