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ABSTRACT

277

] Aims. The earliest phases of massive star formation in clusterstir poorly understood. Here, we test the hypothesis fghdmass star
«— formation proposed in our earlier paper (Peretto et al. p8G&ing that a massive, ultra-dense core may be curreoiyifig at the center of
€O the collapsing NGC 2264-C protocluster via the gravitalamalescence of several intermediate-mass Class 0 sbject
Methods. In order to confirm the physical validity of this hypothesige carried out IRAM Plateau de Bure interferometer obse@matof
~~ NGC 2264-C and performed SPH numerical simulations of tHagse of a Jeans-unstable, prolate dense clump. A detedlsgbarison
between these hydrodynamic simulations and both our ediRiEM 30m observations and the new interferometer obsamatis presented.
; esults. Our Plateau de Bure observations provide evidence for dig&ston in three of the six Class 0-like objects identifiedieawith the
30m in the NGC 2264-C clump. Furthermore, they reveal thegiree of a new compact source (C-MM13) located enl0000 AU away,
. but separated by 1.1 km.s? in (projected) velocity, from the most massive Class 0 dif€eMM3) lying at the very center of NGC 2264-C.
*+= Detailed comparison with our numerical SPH simulationspsuts the view that NGC 2264-C is an elongated cluster-fognulump in the
process of collapsing and fragmenting along its long agadling to a strong dynamical interaction and possible ptatanerger in the central
. =« region of the clump. The marked velocityfidirence observed between the two central objects C-MM3 alidAd3, which can be reproduced
=> in the simulations, is interpreted as an observationalagige of this dynamical interaction. The present study atts several quantitative
.~ constraints on the initial conditions of large-scale quiain NGC 2264-C. Our hydrodynamic simulations indicast the observed velocity
«_ pattern characterizes an early phase of protoclusterps@lahich survives for an only short period of time (i€.1 x 1 yr). To provide
(D a good match to the observations the simulations requiraitialiratio of turbulent to gravitational energy of only 5%, which strongly
suggests that the NGC 2264-C clump is structured primayilgravity rather than turbulence. The required “cold” ialttonditions may result
from rapid compression by an external trigger.
Conclusions. We speculate that NGC 2264-C is not an isolated case but may taokey features of the initial phases of high-mass star
formation in protocluster.

Key words. stars: formation — stars: circumstellar matter — starsrkiatics — ISM: clouds — ISM: kinematics and dynamics — Hygnaanics
— ISM: individual object: NGC 2264-C

1. Introduction protoclusters at (sub)millimeter wavelengths (e.g. Mettal.
1998, André 2002).

Two main scenarios have been proposed to explain the
Most stars are believed to form in clusters (e.g. Lada & Lad@armation of high-mass stars in clusters. In the first sdenar
2003) and high-mass stars may form exclusively in clustdrigh-mass stars form essentially in the same way as low-mass
forming clouds. For a comprehensive understanding of clugars, via an enhanced accretion-ejection phase. In tine sta
tered star formation, a good knowledge of the initial caods dard model of low-mass star formation, the mass accretten ra
and earliest phases of the process is crucial which, inipectis governed by the thermal sound speed and does not exceed
can only be inferred from detailed studies of deeply embedde 10> My.yr™! (e.g. Shu 1977; Stahler et al. 2000) in cold
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cores. To form high-mass stars by accretion, a significanfly Interferometer observations of NGC 2264-C
higher accretion rate 102 M.yr ! is required to overcome _
the radiation pressure generated by the luminous centjat'obz'l' Observations

(e.g. Wolfire & Cassinelli 1987). In order to solve this prein, e performed 3.2 mm and 1.2 mm observations of the cen-
McKee & Tan (2003) proposed a model in which high-masgg| part of NGC 2264-C with the IRAM Plateau de Bure in-
star formation takes place in ultra-dense cores suppoytedd terferometer (PdBI) in December 2003 and April 2004. We
bulence within virialized cluster-forming clumps. This d&@ (sed the C and D configurations with 6 antennas. We used
produces high-mass accretion rates such as those reqairegogth 1 mm and 3 mm receivers with 244.935620 GHz<
form high-mass stars by accretion. 1.2 mm) and 93.176258 GHzl(= 3.2 mm) as central rest

. . frequencies. We observed at four positions which were cho-
In the second scenario, high-mass stars form by coalgg

: . n so as to obtain a fully sampled mosaic at 3.2 mm (pri-
cence of lower-mass stars in the dense inner core of a contrac ’) -
) . . . mary beam FWHM-~ 54”) and to encompass the millimeter
ing protocluster (Bonnell et al. 1998). This scenario reegii

high stellar densities (i.ev 10° stars.pc®) in order to render sources C-MM1, C-MM2, C-MMS3, C-MM4, CMM5, and C-

- - . MM9 (see Fig. 2b of PAB06) identified by PAB06 with the
Itz:re r?wrgrbz?ls“% ?Lﬁfn?;cfg l“I?IZC(S)ig:sgrt]hinglcjgrisgr? alrliﬁle-m I(§A M 30m telescope. Because the corresponding 1.2 mm mo-
: 9 place. 11 a T P saic is undersampled (primary beam FWHNM20O”), only two
high-mass star formation by directly combining the masges o : .
) . ) of these sources (C-MM3 and C-MM4) wer&estively im-
lower, intermediate-mass stars. However, no detailed heode

. ! . . aﬁ;ed at 1.2mm. We obtained a 3.2 mm dust continuum mo-
ists yet to describe how this coalescence mechanism actuaff. .
oCCUrS Saic and two separate 1.2 mm continuum maps, as well as a

N2H*(1-0) mosaic. The spectral resolution for theHN(1-0)

On the observational side, studying the earliest stagesdgf@ was 20 kHz, which corresponds to a velocity resolutfon o
high-mass star formation is particularlyfiigult due to the 0-06 _km.s;l at 93.2 GHz. _The_sources used for the bandpass,
tight packing, deeply embedded nature, and relativelyelar§mPlitude and phase calibrations were 0420-014, 8328,
distances of massive protoclusters. Based on IRAM 30m dty.36+017, CRL618, 0928392, and 3C273 (only the first three
servations of the massive cluster-forming clump NGC 226¥€re used for the second run in April). We calibrated the
C (d~ 800 pc), Peretto, André, Belloche (2006 — hereaftdgta and produced images using the CLIC and MAPPING
PABOSG) recently proposed a picture of high-mass star formgRftwares (Lucas 1999, Guilloteau et al. 2002), part of the
tion combining features of the two above-mentioned scen&tlLDAS |0_"j“3k""9B (Pety 2005). The deconvolution was per-
ios. They showed that NGC 2264-C harbored a dozen Clas§@med using the natural weighting option of the Clark (1980
like objects (cf. André, Ward-Thompson, Barsony 2000) arfe-EAN algorithm (GU|IIoteau_2001). The final synthesized
was characterized by large-scale collapse motions (see d1§2M was 5.3x3.8” (HPBW) with P.A=+63" at 3.2 mm, and
Williams & Garland 2002). They suggested that a massivel %15 (HPBW) with P.A=+74" at 1.2 mm. We also com-
ultra-dense protostellar core was in the making in the cépined our PdBI NH(1-0) observations with the single-dish
tral part of the NGC 2264-C clump as a result of the graj¥2H" data cube of PABOG in order to recover short-spacing
itational merger of two or more lower-mass Class 0 objec{§formation. The resulting synthesized beam of the conbine
The total mass inflow rate associated with the collapse of theH"(1-0) mosaic is 6.1x4.0" (HPBW) with P.A=+65".
clump toward the central protostellar core was estimatdato
3% 107 M,.yr 1. PABO6 argued that the combination of larges > pust continuum results: Evidence for disk
scale collapse and protostellar mergers may be the key to pro  omission
duce the conditions required for high-mass star formation i
the center of NGC 2264-C. Our PdBI 3.2 mm dust continuum mosaic is shown in Elg. 1.

It reveals only pointlike sources, since most of the extende

In this paper, we follow up on the detailed single-dish studnission seen in the single-dish 1.2 mm dust continuum map
of NGC 2264-C by PAB06 and present higher-resolution olcf Fig. 2 of PAB06) was filtered out by the interferometereTh
servations of the same cluster-forming clump taken with thigal rms noise level was ~ 0.8 mJybeam. We extracted mil-
IRAM Plateau de Bure interferometer. We compare our obs@meter sources from this map using the Gaussclump algurith
vations with a set of SPH hydrodynamic numerical simulatioStutzki & Guisten 1990). We detected seven peaks lying@bov
which attempt to specifically model NGC 2264-C. As the kingsy-. All of these peaks were previously detected with the 30m
matical and density patterns of NGC 2264-C appear to be rgltescope, except one object, here called C-MM13 (cf. Big. 1
atively simple, comparison between millimeter observatiof which is a new detection. Several other peaks lie between 3
this region and numerical modelfers a unique opportunity to and 5, but, by lack of confidence in these marginal detections,
make progress in our understanding of clustered star famat we did not consider them. The present 3.2 mm continuum map
onfirms and improves the positions of the compact millimete

.Secuon 2 pr.esents our PdBl opservano_ns. Sgcﬂon 3 Bntinuum sources detected by PABO6. Interestingly ourlPdB
scribes the dedicated hydrodynamic SPH simulations that ye, . - continuum observations of C-MM3 and C-MM4 (not
performed to model NGC 2264-C. We compare the observa-

tions with the numerical simulations in Sect. 4 and drawssve ! Seehttp://www.iram.fr/IRAMFR/GILDAS for more informa-
conclusions in Sect. 5. tion about thesiLpas softwares.
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Table 1. Measured source properties

Source Coordinates Undec.FWHM  P.A. o) Som S‘;gfz S22, S22
(2000 2000) (arcsecond) (deg) (miyeam) (mJypeam) (mJpeam) (mJIgpbeam) (mJy)
[1] (2] 3] [4] [5] (6] (71 8l [9]
C-MM1 06:41:17.95 +09:29:03 5.84.1 63 — 255 6 18 21
C-MM2 06:41:15.15 +09:29:10 5.64.3 50 - 183 4 7 8
C-MM3 06:41:12.30 +09:29:12 5.%4.4 58 224 573 14 37 45
C-MM4 06:41:09.95 +09:29:22 7.6&5.0 87 77 426 10 14 24
C-MM5 06:41:10.15 +09:29:36 6.24.5 83 - 261 6 5 7
C-MM9 06:41:15.30 +09:29:33 7.%4.3 51 — 94 2 6 9
C-MM13 06:41:11.45+09:29:17 7.%6.1 87 - — - 5 11

[1]: The C-MM numbers are the same as in PAB06. The new sosredélled C-MM13.

[2]: 32000 source coordinates, accurate to better tHaderived from a Gaussian fit to the PdBI 3.2mm dust continutap.m
[3]: Undeconvolved FWHM sizes derived from fitting an eligatl Gaussian to the PdBI 3.2mm dust continuum map.

[4]: Position angle (from North to East) of the major axis loé fitted Gaussian ellipse from the 3.2 mm dust continuum map.
[5]: PdBI 1.2mm peak flux density at the best-fit source posifHPBW=3.1"x1.5")

[6]: 30m 1.2mm peak flux density at the source position (HREMY; from PABO6)

[7]: 3.2mm peak flux density expected at PdBI angular regoigstimated from col.[6] (HPBWA4.5")

[8]: PdBI 3.2mm peak flux density at the best-fit source posifHPBW=5.3"x3.8")

[9]: PdBI 3.2mm integrated flux density inside the fitted Gaas ellipse

shown here) do not reveal any further sub-fragmentatiok
source properties as derived from our PdBI and 30m ob:
tions are summarized in Takle 1.

The millimeter dust continuum emission from a (Cla

or Class ) protostar a priori originates from two compos 3.2mm dust continuum (PdBI)

an extended envelope (a few thousand AU in size) and i 2 _ '0_25 oe ' . - vt

(up to a few hundred AU). At a distance of 800 pc, the N CMMS it 'y ==
ear resolution of the 30m telescope~i9000 AU (HPBW) & sl e oMM RS g
A = 1.2 mm. On this spatial scale, the 1.2mm continuum ¢ - _ o €@ 0028
sion observed toward a young protostar (Table 1 col.[6]xi § o[ © cwui & S+ Q’/f\ N &
pected to be dominated by the envelope ratherthanby th 5 @ /' 4 Of otz M Woors
(e.g. André, Ward-Thompson, Barsony 2000; Looney, Mt & CMM2 oMM3 g
Welch 2000). Conversely, we expect the disk compone o
dominate on compact, interferometric scales (e.g. Terel 9 g

al. 1993). Assuming an isothermal, centrally-condensee: ] : : -

lope, i.e. with a density o« r=2, the flux density is expect

-50
Ao (arcsec)

to scale linearly with beam size; Sc 6. We thus expect tl
envelope contribution to the PdBI flux density at 1.2 mm 1
given by:
Fig.1. 3.2 mm dust continuum mosaic of the central part of
1 NGC 2264-C obtained with the PdBI. The”(00”) position
corresponds too = 06"13M0C%; § = 09°29'10”) in J2000 co-
dordinates. The pyprotostellar sources detected in this map are
ked with white crosses and labelled C-MM, keeping the
Lame numbering scheme as in PAB06. The two black crosses
tnark the positions of C-MM10 and C-MM12 (cf. PABOS),
which are located at the very edge of our mosaic. The black
open star shows the position of the lumindl®AS source
(2) IRS1. The rms of the mosaic is ~ 0.8 mJybeam. The
contours are 2.4 mJyeam (i.e. 3), 4 mJybeam (i.e. &),
, 6, 8 mJybeam and then go from 10 to 35 nidgam by
mJybeam.

Se);g_;(l'z — Sgg.;]k % (HPBWBure)
P P

HPBW;om

If we assume the Rayleigh-Jeans regime and adopt a
opacity scaling a8, « # (e.g. Hildebrand 1983), then we cal
also estimate the expected contribution of the envelopkedo
PdBI flux density at 3.2 mm:

exp:3.2 _ qexp:l2
S = Speak X (

1.2\#*2
s ]

32

In order to estimate a lower limit to the disk componen
we choose8 = 1 which maximizes the contribution of the en-
velope. Avalue o = 1.5 s likely to be more representative of
protostellar corgenvelopes (e.g. Ossenkopf & Henning 1994)
and would yield a lower estimate for the expected envelofablel col.[7] for each detected source. It can be seenttbapt t
contribution. The expected envelope flux densities aredigt are a factor o~ 2 — 3 lower than the observed flux densities
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(Table1 col.[8]) for C-MM1, C-MM3 and C-MM9. The excess YH"(1-6) Intugrated inanelty map (PaBl) _
flux density observed on small spatial scales can be atdbut <[ cumiz?t 4 &
to unresolved disk emission (e.g. Terebey et a. 1993). Our | @ ‘g
sults thus suggest the presence of a disk in C-MM1, C-MM: &  CuM9 & CM“Q) Ouhs” N z
C-MM9 and confirm the protostellar nature of these candida; @@ ’, @ N z
Class 0 sources. Given the uncertainties on the dust erityssixg °r - t \ o \ cums - B2 &
indexp (e.g. Dent et al. 1998), we cannot conlude on the preg of \ s, >, 3 g
ence or absence of a disk in C-MM2 and C-MM4. Finally, itis CMM1 5
very likely that C-MM5 does not have a disk since its observe ol el 8
3.2 mm flux density is consistent with pure envelope emissio ! ‘ , , beam
For the three sources showing evidence of disk emissic =0 55 Laressc) =

..e. C-MM1, C-MM3 and C-MMS, we can estimate both theg 5 N,H+(1-0) integrated intensity map of the central part
disk and envelope masses as follows. First, we estimate bf NGC 2264-C obtained with the PdBI. The(00") posi-
flux arising from the disk by subtracting the expected erpelo;, | corresponds tao( = 06"13"00%; § = 0°29'10”) in J2000
peak flux density given in Tabld 1 col.[7] from the observeyq, ginates. The crosses with labels show the positioniseof t

peak flux density of col.[8] (here, we assume that our 3.2 My gtostellar cores detected in our PABI dust continuum mo-

PdBI observations do not spatially resolve the disk given tEaic (Fig[L), while the black cross without label mark the po

distance of NGC 2264). Then, the flux arising from the enveiqn of c-MM10 (cf. PABO6). The white open star shows the

lope is considered to be given by the integrated flux of Cpl'[%osition of thel RAS source IRS1. The contours go from1to 5
minus the disk contribution. These flux estimates are IimedJ%/beam.ker by 1 Jybeam.kiys.

Table[2. For the envelope mass estimates, we follow PABO

and assume a dust temperatugeT 15 K, 5 = 1.5, as well Table 2. Estimated PdBI 3.2 mm flux densities of the disk and

as a dust opacity;omm = 0.005 cnf.g™! corresponding to : . )
kaomm = 1.3x 102 cR.g-L. Concerning the disk mass esti_envelope components for the three objects showing evidance

mates, we assume a dust temperaturegof B0 K and a dust disk emission

opacity k1 omm = 0.02 cn?.g™! (Beckwith et al. 1990) corre- Source . Sa@ SV b SV Myl
sponding tokzomm = 5.2 x 1072 cn?.g™! (see TabléR). The (mdy) (mjﬁke;m) (}?;jy) M)
dust temperature is higher for the disk because it is supltose C-MM1 12 6 9 06
be warmer, closer to the star, while the dust opacity is #iigh C-MM3 23 14 22 1.1
different from the one adopted in PABO6 because of the en- C-MM9 4 2 5 0.2

hanced dust emissivity expected in the dense central parts o _ _ _

protostellar disks (e.g. Ossenkopf & Henning 1994). We Ca_uf 3.2 mm flux denS|t_y of the disk component estimated by subtrac
tion that the disk masses calculated in this way are onlyloulj9 the peak flux density expected for the envelope (col {Thblel1)
estimates. A more proper analysis of the density structéire' g the observed peak flux density (col.[8] of Talle 1)

these sources, especially C-MM3, through sub-arcsecohd rme
limeter observations would be of great interest. By dechAvo 3.2 mm integrated flux density of the envelope component esti

ing the FWHM sizes of Tablel1 from the synthesized beam,eq by subtracting the disk contribution given in colffam the to-

we deri\{e the geometrical mean diameter of each source. Efintegrated flux density measured with PdBI (cf. col.[9Table)
each object, we can then estimate the mean column density antbjsk mass seen with the PdBI and estimated fropg Svith Ty =

mean volume density of the envelope component. All of these K andx = 5.2 x 107 cn?.g%). Typical uncertainty is a factar 2

derived source parameters are listed in Table 3. It can be s@m either side) due to uncertain dust opacity and dust temtyre.

that C-MM3 and C-MM4 have the most massive envelopes

by far, with Mg,y > 15Mg in both cases. The densest enve-

lopg/core is associated with the central source C-MM3, whigbservations could only detect dust continuum sources with

reaches a mean volume densitgtx10® cm=3 on a~ 3200 AU 3.2 mm peak flux densities larger than 4 fobam (i.e. 5).

(2xFWHM) scale. Assuming the same temperature and dust properties as above
The new source identified with the interferometer, Gor the envelope mass estimates, this corresponds to a mass

MM13, could not be separated from C-MM3 at the angul@etection threshold- 3 M,. Therefore, we could not have

resolution of the IRAM 30m telescope. The projected digtetected low-mass pigotostellar cores possibly lying in the

tance between C-MM3 and C-MM13 is only 10000 AU. vicinity of the main sources listed in Talile 1. This pointtis-f

Surprisingly, C-MM13 is the only new compact millimetether discussed in the next section.

continuum source detected with the PdBI abowe Bhe fact

that there is almost no sub-fragmentation despite a factor 2

4 improvement in angular resolution between the partiatly r2-3- N2H" (1-0) results

solved 30m sources and their P_dBI counterparts suggests 5;%1_ PdBI observations only

most of the compact dust continuum sources detected at the

30m represent individual Class O objects rather than sm@ur PdBI NH*(1-0) integrated intensity map is shown in

groups of protostellar cores. However, we stress that oBit Pd-ig.[2. As for the dust continuum mosaic, most of the extended

Estimated 3.2 mm peak flux density of the envelope comporient a
PdBI resolution (cf. col.[7] of Tabld 1)
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Table 3. Derived source parameters

Source  FWHM Np,? MenS M30md Ny, ViR
(AV) (10%cm?)  (Mo) (M)  (em®)  (km.s*)
C-MM1 1400 7 6.2 13.1 82310 -
C-MM2 1400 9 5.5 16.0 7810 6.2
C-MM3 1600 17 15.2 409 140 7.1
C-MM4 3000 17 165 351 220 8.9
C-MM5 2200 6 4.8 18.4 1610 -
C-MM9 2400 2 35 6.6  9810° -
C-MM13 4000 6 7.6 - 4.810° 8.2

a Geometrical mean of the deconvolved, major and minor FWHaMditers measured on the PdBI 3.2mm continuum mosaic

b Column density of the envelope seen with the PdBI and estigniaom %ezak for the sources without a disk (col.[8] of Taljle 1) and from
Sg"e‘ék for the sources with a disk (col.[3] of Talilé 2). The used gusperties are J= 15 K andk = 1.3 x 102 cn?.g 2. Typical uncertainty is
a factor> 2 (on either side) due to uncertain dust opacity and dusteeatyre.

¢ Envelope mass seen with the PdBI and estimated frifin(Bable[2; with T = 15 K andk = 1.3 x 10°® cn?.g™*). The uncertainty is the
same as for the column density.

d Core mass seen with the 30m telescope (from PABOG). This imémger than M,, because, contrary to the PdBI, the 30m does not filter
out most of the large scale emission

¢ Envelope volume density estimated in a radius equal to thelM\Estimated in a radius twice smaller, the density incesdsy a factor
of 4. The uncertainty is the same as for the column density

f LSR velocity estimated from the combined ¥ (1-0) spectra

emission is filtered out. On this map, it can be seen that ( N2H+(1*0)’iﬂtegr0ted intensity map (30m+PdBI)_
MM5 and possibly C-MM12 are not closely associated witl
a NoH*(1-0) peak. We also note that the strongegtiN1-0)
peak is associated with the new C-MM13 object which is one
the weakest dust continuum sources. The morphologiffarei
ences between the dust continuum sources and thEeit (4-0)
counterparts may possibly reflectférences in chemical evo-
lutionary stage (cf. Aikawa et al. 2005). It is also notewlgrt
that several BH*(1-0) peaks are not associated with any of th
bona fide dust continuum sources listed in Table 3. On the ott
hand, most of these Ml *(1-0) peaks have faint dust continuum 50 0 -50

counterparts with flux levels betweesr and 5 in the 3.2 mm Fig. 3. NaH*(1-0) integ/:;éoerseic;tensity map of the central part
continuum map (compare Fig. 1 and Fig. 2). i : o
p (comp ) . of NGC 2264-C resulting from the combination of our 30m
The NpH*(1-0) spectra observed at PdBI (prior to combiyng pdBI data. The (Q 0”) position corresponds tax( =

nation with 30m data) provide an estimate of the velocity dig)6h13moos; § = 09°29'10”) in J2000 coordinates. The crosses
persion within the sources on-a3500 AU (FWHM) spatial mark the positions of the pierotostellar 3.2 mm dust contin-
scale. The mean I|ne-of-1S|ght velocity dispersion is fotad ,ym sources detected in Fig. 1. For the sake of readabitity, o

be < 005 >~ 0.34 km.s™. Assuming a kinetic temperature, fey sources are labeled. The white open star symbol shows

Tk = 15 K, the non-thermal contribution to this velocity disihe position of thé RAS source IRS1. The contours go from 3
persion is< ol >= 0.33 km.s*. Comparing this value with 4 13 Jyheam.knys by 2 Jybeam.kiys.

the isothermal sound speed = 0.23 km.s?, we conclude that
the sources are still marginally dominated by non-thernma m
tions (due to, e.g, turbulence, collapse or, outflow) onescaf

a few thousand AUs.

A6 (arcsec)
(s/w'woaq/Ap) Ayisusyu| paypibajul

combined mosaic, but the compact sources detected in thie PdB
map are still clearly visible.

In order to constrain the kinematical pattern of these
2.3.2. Combined PdBI and 30m observations sources within the NGC 2264-C clump, we constructed a

position-velocity (PV) diagram along an East-West axis go-

As mentioned ir§ 2.1, we added short-spacing 30m informaing through the four central sources, C-MM2, C-MM3, CMM4,
tion to our interferometric data in order to obtain gH\ map and C-MM13 (see Fid.]14). This PV diagram shows an overall
sensitive to a wide range of angular scales frodi’ upto~ 4’.  velocity gradient of 8.4 km=3.pc! from East to West between
This combination was performed using the MAPPING packageMM2 and C-MM4. The LSR velocities of each of the four
developed by IRAM (Guilloteau et al. 2002). The combinesources C-MM2, C-MM3, C-MM4, and C-MM13 are listed
PdBI/30m map of NH*(1-0) integrated intensity is shown inin Table[3. Figuré 4 helps to clarify the origin of the veloc-
Fig[3. As expected, more extended emission is present in ityediscontinuity identified by PAB06 with the 30m telescope
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o NoH'(101-012) PV diagram (30m-+PdBI) 3. SPH numerical simulations
e I T = T U g

3.1. Numerical method and initial conditions

In order to test the physical validity of the scenario pro-
posed by PABO6 (see algal), we performed Smooth Particle
Hydrodynamics (SPH) simulations (Monaghan 1992, Bate et
al. 2003) using the DRAGON SPH code from the CHridisti-

tute (see Goodwin et al. 2004). We simulated the time euartuti

of an isothermal (I = 20 K), Jeans-unstable elongated clump
of mass 1000 M, comparable to the estimated total mass of
NGC 2264-C ¢ 1600M, — PAB06). The model clump was
initially ellipsoidal (finite boundary conditions) with aaspect
ratio of 2. The initial density profile was such as:

Velocity (km.s_1)

] n
CMM2 CMM3 CMM4 ] Ny, = c 3
5 L1 oo il I ol W Hz (L+(r/ro) + (z/2rg)?) (3)
50 0 =50
Position offset (arcsec) corresponding to a flat inner (< ro) region and ay, o r=2

: — I . . _quter f > ro) region. The total mass of the flat inner region was
Fig. 4. Position-velocity diagram derived from the comblnea 200 M,. Highly concentrated clouds (with, e.g,nec 172)

PdBI+ 30m) N;H*(101-012) data cube by taking a cut alon ; :
'Ehe East—We)stN;xis(going th)rough C-MM}ZI C-M?\/IS C-MM%re known to ha_rdly fragment during co_IIapse_ (cf. Myhill &
and C-MM13. The positions of these sources are plotted on aula 1992; Whitworth et al. 1996), while uniform or mod-

he ; 1 .
position axis. The white contours go from 0.5 to 1.1b&am erately concentrated clouds (witiynec " or flatter) typi-
by 0.2 Jybeam.

cally fragment into as many Jeans-mass fragments as they con
tain initially (cf. Burkert et al. 1997). The expected numbé
fragments produced by the collapse of our model clump thus
corresponds to the number of Jeans masses estimated in the
in the center of NGC 2264-C (see Fig. 6 of PAB06). At thflat inner core. At the mean density calculated withjr(ire.
30m resolution, the pH*(101-012) spectrum observed towargh,, ~ 1 x 10° cm3) and for T, = 20 K, the Jeans mass is
the central source C-MM3 was double-peaked. The higher r¢g; ~ 20 M, (see Bonnell et al. 1996 for a precise defini-
olution of the PdBI interferometer now allows us to identifyion of M), which yields a Jeans mass numid&r ~ 10 for
a distinct component, C-MM13, separated by’ 18 position the flat inner core. In these simulations we also included tur
and~ 1.1 km.s™ in velocity from C-MM3. With the 30m tele- bulent fluctuations. Since the exact nature and properfies o
scope, C-MM13 could not be separated from C-MM3. We alsaterstellar turbulence are not fully understood yet, wa-co
observe in the western part of the PV diagram (at fised of sidered two types of energy spectrum: 1) a spectrum scaling
—70" and velocity of 7.4 km:¥") a velocity feature which is as Kolmogorov turbulence, i.eE(k) « k™*/3, and 2) a white
associated with the strong;N*(1-0) peak lying in this part spectrum, i.eE(k) « k°. The phases of these turbulence fluc-
of the clump (cf Fig[B). This velocity feature clearly desar tuations were chosen randomly. Initially, three energy pom
from the rest of the diagram. We attribute it to a peculianeel nents controlled the evolution of the model filament: the-the
ity field around the luminous young star IRS1, whose wind hagal energy7y,, which remained constant in time throughout
likely perturbed the ambient velocity field and triggeredrst the simulations (i.e., isothermal assumption); the gadizihal
formation in the immediate vicinity~ 10” in radius around energy, W, whose initial value depended on the clump den-
IRS1), as suggested by the observations of Nakano et aBJ208ity profile and thus om. andr, (larger values of, andorrq
and Schreyer et al. (2003). correspond to lower gravitational energy; cf. ER.(3)); dne

To summarize, our interferometric observations confirm therbulent energyf . In all the simulations shown in this arti-
(Class 0) protostellar nature of C-MM1, C-MM3, C-MM9, andatle, n. andrg have the same value, namely(H,) = 2000 cnt3
set new constraints on the kinematics of NGC 2264-C. Theadry = 0.7 pc, corresponding to an initial thermal to gravita-
PdBI observations can help us to confirm or refute the scenatibnal energy ratiox?h ~ 8%. The initial value of the ratio of
proposed by PABO6 of an axial collapse of NGC 2264-C alorigrbulent to gravitational energiy?urb, was varied from 0% to
its long axis leading to the merging of dense cores in theetenb0%. We have also explored other initial conditions. Whgn n
In the context of this scenario, the protostellar natur@efnil-  is too large (. > 5000 cnT3), we find that too many fragments
limeter continuum cores sets strong timescale constratms form, when g is too small . < 500 cnT3), we find that only
individual collapse of the cores must occur on a signifigantbne central fragment will generally form. We have also \drie
shorter timescale than the larger-scale collapse of thaglas the initial aspect ratio and conclude that if it is too closemne,
a whole. The presence of two central sources, C-MM3 and tBen the cloud is not shiciently filamentary whereas it is too
MM13, adjacent to one another (i.e. 10000 AU) and with a veauch filamentary if it is initially too large. Finally, we haalso
locity difference of 1.1 km.s?, must also be accounted for. Inexplored the possibility that NGC 2264-C could be the result
the next two sections, we attempt to match these obseratioof a collision between two preexisting clouds rather thanla c
constraints with hydrodynamic simulations. lapsing elongated clump. However, it was not possible tooep
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Fig. 5. Time evolution of a simulation with an initial turbulent toayitational energy rati@?urb = 5%. The first column displays
the velocity field of the particles taken along the long axisis) of the model filament, as traced by individual SPHiplas.
The second column similarly displays the evolution of thadiy cut along the z-axis of the model filament. The thircuooh
shows synthetic column density maps in the (z,x) plane. €ference time, labelled , is taken to be one global free-fall time
of the initial clump after the start of the simulation, igs, = 9.5 x 10° yr. The first row is taken at a time steg t- 4 x 10° yr,

while the second, third, and fourth rows are for time stgps-2x 10° yr, ;s — 1.0x 10° yr, and &1 — 0.4 x 10P yr, respectively.

duce the various features of this cloud within the scope isf thspread over the long axis of the clump at, e.g., positions-com
scenario. The most important disagreements are i) a asilisparable to C-MM1 and C-MM5. All our simulations were per-
quickly tends to create a sheet rather than a filamentargfbjdormed with a total of 5 million SPH particles. When the local
ii) we find it very difficult to produce a well defined third objectdensity exceededy = 1.3 x 108 cm3, standard SPH particles
like C-MM3 by interaction of two colliding clouds; iii) a sim were replaced by sink particles. The radiugyx = 500 AU,

ple collision is unable to create a series of young cond@rsat of the sink particles defines the highest resolution readyed
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our simulation. All particles falling withimg. of a sink parti- (see also Jappsen & Klessen 2004). At the other extreme, the
cle and being bound to it were removed from the simulationsase with no initial turbulence at a,, = 0%, does not
and their mass, linear and angular momentum were addedigd any fragmentation due to the lack of initial fragmeitta
the corresponding sink particle values. Using sink pasiel- seeds, which is not realistic.
lowed us to avoid artificial fragmentation (Truelove et #8197, Therefore, based on the results of our simulations, several
Bate & Burkert 1997). The relatively low density threshotd ayeneral conclusions can be drawn. In particular, the inéieel
which sink particles were introduced implies that we cowt! nof turbulence appears to play a key role for the global aspect
model advanced phases of gtéuster formation but only the of the model clump. The higher the turbulence, the more dis-
first stages of clump fragmentation. Indeed, the limited e:m persed and less filamentary the model clump is. For low levels
ical resolution of our simulations prevented us from désog of initial turbulence, i.e., low values ef . the structure and
small spatial scale processes such as disk formation. kinematics of the clump are dominated by gravity, while for
high levels of turbulence the clump is primarily structutad

turbulence.
3.2. General Pattern

Figure[® displays the density and velocity fields along the z-
axis (i.e., long axis), as well as the column density maps i
the (z,x) plane, at four time steps for a model filament with an

initial level of turbulenceqf,, = 5%. The reference time was\ye performed a wide set of SPH simulations witffefient ini-
chosen to be at one global free-fall timey,tafter the start of {ja| parameters, e.g., fiierent values of the initial level of tur-
the 3|mulgt|on. Given the initial central density of the_erd bUIenceﬂ?urb’ and of the thermal to gravitational energy ratio,
clump, this corresponds tgst = 9.5 x 10° yr. The four time 8. We did not find it necessary to usefferent initial turbu-
steps shown in Fidl]5 were taken at 4 x 10° yr, ty —2X |ent velocity fields since the time evolution of the modekju
10°yr, tyr —1.0x 10°yr, and §; — 0.4 x 10° yr, respectively.  gepends only weakly on this. When calculating synthetic ob-

We can describe the evolution of the model clump as fadervations, we varied the inclination angle of the long ais
lows (see also Bonnell et al. 1996; Inutsuka & Miyama 1997%he model clump with respect to the line of sight. An inclina-
Since the ellipsoidal clump initially contains severalrthal tion angle of 45 degrees was adopted to produce the synthetic
Jeans masses (i.eyN~ 10, cf. Sect. 3.1) and has a shorteimages and diagrams shown in Hig). 6 and Elg. 7. For each set
dynamical timescale perpendicular to its major axis, itid-  of simulations, we seeked a particular time step at which the
lapses along its minor axis when seen projected onto the plagnthetic data, when convolved to the resolution of the Bbse
of the sky (see first and second panels of Elg. 5), amplifyingtions, best matched the existing 30m and PdBI constraints
the initial anisotropy and leading to the formation of a verghe next subsection, we present our “best-fit” simulatioms a
elongated and filamentary structure (cf. Lin et al. 1965)sThdiscuss the consequences of changing the best-fit parameter
fast contraction proceeds until thermal and turbulent gares

gradients can stop the collapse along the minor axis, erguri ] i
an approximate hydrostatic equilibrium in the (xy) plané (¢-1- Overall morphology: A fragmented filament

Bonnell et al. 1996). The first important feature which must be reproduced by the
Since the dynamical timescale is longer along the majsimulations is the elongated shape of NGC 2264-C and the

axis, the clump keeps collapsing along its long axis, i.e.zh presence of several protostellar sources, lining up albeg t

direction, after a transverse equilibrium has been estadli. |ong (East-West) axis of the clump.

The velocity field is initially nearly homologous (i.8/; o< z— Figurel® compares the observed column density maps (first

see first and second panels of Hi. 5) but becomes more a&g) with synthetic maps obtained from simulations withifou

more complex as the filament fragments into several corgggerent initial levels of turbulence, i.e2Q,, = 1% (second

each of them collapsing individually as can be seen on thé thoy), al,, = 5% (third row),e , = 20% (fourth row), and

and fourth panels of Fi§] 5. The individual collapse of theeso “?urb = 50% (fifth row), all assumed to be "observed” with a
leads to the formation of local protostellar accretion $is@nd  viewing angle of 45 degrees. The first column of Fiy. 6 dis-
associated protostars. Moreover, due to the global ca@laps pjays the synthetic data convolved to the 30m resolutiorevhi
the model clump toward its center, we can also see the forngge second column displays the data convolved with the PdB
tion of a central shock which separates the eastesn@) and interferometer beam. When convolving the simulated data to
western g < 0) sides of the clump. Altogether this dynamicaihe PdBI resolution, we included théfect of interferometric
evolution produces a complex density and velocity pattern. fiitering so as to allow more direct comparison with the ob-
When “?urb = 50%, the velocity field (not displayed hereservations. For this purpose, we used the M@ODEL task of

for conciseness) is much less organized. More shocks develoe GILDAS package. This task generated a set of visitdlitie
which lead to enhanced clump fragmentation through the piin-the UV plane by calculating the values of the Fourier trans
cess now widely referred to as “turbulent fragmentatiorth@ form of the simulated input image at the observed UV base-
literature (e.g. Padoan & Nordlund 2002, Klessen et al. 2008nes. The rest of the points in the UV plane was set to zero.
The number of shocks is larger and the model clump beconfé¢gs method had the consequence of filtering out all extended
more substructured as the initial level of turbulence iases structures presentin the numerical simulations.

Detailed comparison between the observations
and the SPH simulations
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The four simulations shown in Fif] 6 are compared whea gravitational energyx?h, and thus byn; and g (whose val-
the synthetic column density maps convolved to the 30m reges are 2000 cni and 0.7 pc, respectively) since the kinetic
olution match the observed map best, except for the case wigmperature and the mass of the model clump are fixed (cf
C’?urb = 50% (cf. fifth row) which does not exhibit a filamen-§ 3.1). If n; or ry are too small (i.e. the density structure ap-
tary shape at any time step in the simulation. The correspopgdoachesy, « r=2; cf Eq.(3)), the individual fragments do not
ing time steps all lie in the range betwegn £ 5 x 10° yr have enough time to collapse on their own before entering the
and s — 1.5 x 10 yr. The total mass accreted onto sink paeentral shock. Therefore only one, massive central coragor
ticles at these time steps ranges from 0% to 0.2% of the linit@onversely, ifn. and g are too large, many protostars (and
clump mass. As already mentioned, we are thus looking at #aeentually stars) form before any significant large-scalea
very first stages of the formation of a protocluster, i.e.ewh ity field is established along the clump long axis. Furthereno
the first prefproto-stellar cores with typical mean volume denin the latter case, the number of fragments produced in the
sities~ 10° cm3 appear. It can also be seen in Elg.6 that tremulations becomes larger than the observed number of frag
filamentary, elongated appearance of the NGC 2264-C cluments.

cannot be reproduced when the initial level of turbulendeds  Note that the collapse simulations shown in this paper were
high in the model. Based on this argument, we conclude thgrformed with model clumps of total mab4y = 1000M,,

o has a maximum value of 20%, although the 5% model afile the total mass of NGC 2264-C is estimated to be some-
ready provides a better match to the observations than #te 2@hat larger~ 1600 M, (cf. PABO6). With more massive model
model. Figuréb also shows that the large-scale morpholbgycumps, we did not manage to reproduce the overall morphol-
the clump observed at the resolution of the 30m telescope pigy of NGC 2264-C, in the sense that too much fragmentation
vides the strongest discriminator betweeffetent values of occurred. This suggests that our models lack some source of

“?urb- support against gravity compared to the actual NGC 2264-C
Our “best-fit” simulation is shown in the third row of FIg. 6.clump. This will be discuss further 5.

It corresponds to a flat energy spectrufk) « k° and an

initial value of a?urb = 5%, which is much lower compared

to other numerical SPH studies of cloud fragmentation (e4.2. The sharp central velocity discontinuity

Bate et al. 2003). Note that the case of Kolmogorov-liketurb . _ .
lence leads to results which are broadly similar to that sho ne of the most interesting features of NGC 2264-C is the cen-

in Fig.[8, except that the shape of the filament is more irmaguf"@! velocity discontinuity observed by PABOG in opticaliyin
and too distorted to match the observations well. We thegefd"acers toward C-MM3 (see Figl 7). This velocity disconiipu
restrict our attention to th&(k) « k° case. Although this en- Is believed to trace the axial (i.e., 1D) collapse of NGC 2264

ergy spectrum diers from the classical Kolmogorov one, Wé’ilong its long axis, as well as a possible dynamical interac-

argue in Sect. 5 that it is not unrealistic on the parsec agfalelion between protostellar sources at the center of the clump

the NGC 2264-C clump. Our new PdBI observations, which confirm the presence of a

Comparison between the observed dust continuum maps?gfmg velocl:|ty 91rad'e”t a!ong the long axis of the clump.(L
NGC 2264-C and the synthetic column density maps of theB'4 km_.s pc” —see FigL#), set additional constraints on
“best-fit” simulation (see FidL]6) shows that the number ajfr the velocity field in the central part of NGC 2264-C.
ments and their a”gnment are well reproduced_ By analogy When the |n|t|a| IeVeI Of turbulence was |OW€I‘ than 20%,
with the observations, we have labelled the three main fra@r SPH simulations convolved to the 30m resolution led to
ments of the synthetic 30m column density map SIM2, sivgcentral discontinuity resembling that observed. Furtioee,
and SIM4. The Corresponding Synthetic PdBI map Showstl'@ Shape of the PV diagram observed at the PdBI resolution
strong central source, SIM3, surrounded by weaker souasesalong the long axis of the clump appears to be a key tracer of
observed. Moreover an additional component, labelled SiM1he time evolution, as can be seen in FEig. 7. In addition to ob-
becomes visible next to SIM3 in the simulations when “ofierved PV diagrams (first row), Figl 7 shows the synthetic PV
served” at the PdBI angular resolution, which is strongipre diagrams of our “best-fit” simulatiomf, | = 5%) convolved
iniscent of the (C-MM3, C-MM13) system in the real interfert0 the 30m resolution (first column) and to the PdBI resolutio
ometric map. (second column) at the same four time steps as inJFig. 5 (rows

As described ir§ 3.2, the collapse of the filament proceed&vo to five). Note that simulations adopting a Kolmogordkeli
in two main phases: first, a global contraction velocity fisld turbulent energy spectrum and low valuesff, (< 20%) led
established a|ong the |0ng axis; Second, a strong shockis d@ VelOCity discontinuities which are similar to the distion-
erated at the center by the two interacting sides of the mod¥Ishown here for the “best-fit” simulation.
clump. At the same time, the clump fragments to form proto- The reference time in Fif 7 is the same as in[Hig. 5, namely
stars. Thus, there are at least two relevant dynamical tales one global free-fall time ¢ = 9.5 x 10° yr) after the start of
in the problem: a global dynamical timescale corresponttingsimulation. At the first time step shownt-4x 10° yr (second
the global evolution of the elongated clump, and a local dyew), no clear kinematical signature is apparent in thetsstitt
namical timescale corresponding to the dynamical evaiutio PV diagrams, either at the 30m or at the PdBI resolution. At
individual fragments. In other words, there is competiti@ t;; — 2 x 10° yr (third row), the synthetic PV diagrams start to
tween local collapse (i.e. fragmentation) and global @slta exhibit a velocity structure reminiscent of the observddeity
In our simulations, this is controlled by the ratio of thetmagradient and central discontinuity, but the amplitude @fk-
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locity structure is not large enough to match the obsermatio absorption. Although our PdBI observations show that time ce

At the best-fit time step, i.e.;t — 1 x 10° yr, the agreement tral velocity discontinuity seen with the 30m telescopegiri

between the simulated PV diagrams (fourth row) and the afates from two unresolved protostellar sources, the lqrgte

served PV diagrams (first row) is quite remarkable. The eéntextent of the region over which double-peaket?€0O"(1-0)

amplitude (i.e~ 2 km.s?), shape, and position of the velocspectra are observed in the 30m map suggests a global kine-

ity discontinuity are well reproduced. Moreover, the sttty matical origin for the double-peak profiles.

PdBI PV diagram showsa 1 km.s velocity gap betweenthe ~ While the NNH*(101-012) PV diagram observed with PdBlI

two central fragments, SIM3 and SIM13, as observed betwegtig.[4) may be suggestive of rotation about an axis pergendi

C-MM3 and C-MM13. ular to the long axis of the clump, PABO6 showed that rotation
The fifth row of Fig[7 shows a later time, i.ej;t- 0.4 x  could not account for the shape of the observed 30m PV di-

10° yr, when the central shock is well developed. While th@gram based on a detailed comparison with radiative transfe
synthetic 30m PV diagram remains satisfactory, the syietheinodels (see Fig. 12 of PABO6). By contrast, we now proceed to
PdBI PV diagram diers markedly from the observationsShow that our scenario of large-scale, axial collapse do@s p
Note, however, that this late phase of evolution may not be c¥ides a good match to the symmetric pattern of double-peaked
rectly described by our numerical model. Indeed, our simuline profiles observed in low optical depth tracers.

tions do not include feedback from protostars which cleidy ~ TO this aim, synthetic spectra were constructed from our
fluences the late dynamical evolution of cluster-formirguds SPH simulations assuming strictly optically thin line tes:

(cf. Li & Nakamura 2006). Thus, it is not clear if, in reality,€ach SPH particle was given the same weight and the contri-
the central shock would have time to develop as much as in #&ions of all particles falling within a given velocity chiael

simulations to produce a PV diagram such as the one showMgf€ integrated. The synthetic data cube was then convived
the bottom right of Fig.17. the 30m angular resolution and normalized in such a way that

the peak intensity of the synthetic central spectrum matche
pthe peak intensity of the observed centraP@O* (1-0) spec-
trum. Figure_B compares the'#CO* (1-0) spectra observed in
the central part of NGC 2264-C (top) with the resulting syn-

lation, it can be seen the ratio of nonthermal kinetic en$tDgythetic spectra for the best-fit simulation at the best-fietistep
ravitational energy quickly increases uptg, = 27% at the _ - .
g 9y g y b > (bottom). (In this comparison, we use the observéio* (1-

“best-fit” time step andx,n = 33% at the last time step shown. )
This demonstrat(fs that the bulk of the “turbulent” engrgyljn 0) spectra rather than the observsLd. H l(l-p) spectra since the
simulations does not come from the large scale turbulentvel former have a better S|gnal-to-n0|se rat_lo.) It can be sbe_m t
ity field, but rather from the conversion of gravitationakegy the_oyera_ll agrgement_ is very good. Since the synth_etlc line
into kinetic energy through the global collapse of the clumc(ém'ss'on is optically thin, the double-p_eaked spectrateidd
The increase a#y,p With time contributes to produce syntheti y the model are clearly not due to radiative transfiats but

linewidths in reasonable agreement with observed Iineh/szidtr.eSUIt from the presence of two velocity components aloeg th

(see§ 4.3 and Fig[B below), despite the low level of kineti&me of sigh.t, corresponding to the two gnds of the elongated
energy at the beginning of the simulation. We also note th mp moving toward each other. Focusing on the central row

the value ofaqrp, achieved at the “best-fit” time step (27%) 0 spectra (marked in boldface), it can be seen that the blue-

within a factor of 2 of the kinetic to gravitational energy ratsk?ifted gompqgenltﬂof t_he doutt)le.;;]peakded ﬁrf)te <(:jtra dominat?sl;o
tio expected in virial equilibrium (50%), despite the falcat € eastern side. Iov;ng Wes I’t' ere I'S : 'et coms;;:: €
the model clump is globally collapsing and far from equilibgomes progressively stronger. LIS nearly as intense

rium at this stage. Clearly, the broad linewidths observed _§h|fted component at the central position and eventually-do

NGC 2264-C result at least partly from systematic inward mihates on the western side of the filament. This remarkable re

tions as opposed to random turbulence. In our “best-fit” rhod¥ersal of blugred spectra}l asymmetry as one moves f_r(_)m the
eastern to the western side of the central C-MM3 position can

most of the motions_are grav_itat.ionally focussed and do rot ebe seen in both the observations and simulations
ertany support against gravitational collapse- The synthetic spectra obtained from our SPH simulations
are mass weighted and are thus more representative of the
4.3. Large-scale kinematical pattern in optically-thin global kinematics of the clump than of the kinematics of com-
line tracers pact individual fragments. We conclude that the remarkable
pattern seen in the central row of spectra in Eig. 8 character
The H3CO*(1-0) spectra observed toward NGC 2264-C witlzes the collapse of the elongated clump along its long axis.
the 30m telescope show a remarkable East-West axial symMé&- note, however, that the synthetic spectra are somewhat na
try over the whole clump on either side of the central sourcewer than are the observed3€O* (1-0) spectra. Part of the
C-MM3 (see Fig[B). The low optical depth of thé3€O*(1- observed linewidths may result from outflowing gas generate
0) line r ~ 0.3 for the peak velocity channel of the centraby the protostars, anffiect which we did not treat in our simu-
spectrum) inferred from the Monte-Carlo radiative transf#- lations. It may also be partly due to another source of suppor
culations of PAB0O6 implies that the observed double-peakagdainst gravity, not included in our simulations ($€%).
line profiles (cf. Fig[B) result from the presence of two welo  In the context of our interpretation of the double-peaked
ity components along the line of sight rather than from selépectral pattern observed it3€O*(1-0), the extent of the re-

The time evolution of theyy,p, ratio in the “best-fit” simu-
lation is also given on the right-hand side of Hig. 7. While t
initial level of turbulence was onlw?urb = 5% in this simu-
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gion over which the red-shifted peak is observed on the past&urbulence” increases as the simulation proceeds andtgrav
side (and the blue-shifted peak observed on the westerh siilenal energy is converted into kinetic energy. At the “bitst
sets constraints on the diameter of the NGC 2264-C cylindéme step, the ratio of nonthermal kinetic energy to gravita
like clump (see Fig. 11 of PAB06). Double-peaketPE0*(1- tional energy approaches 30%. Most of the corresponding
0) spectra are observed up to”30n either side of the cen-“turbulence” is gravitationally generated as in the recdotd
tral object C-MM3. Given the distance of 800 pc and assumirgllapse simulations of Burkert & Hartmann (2006). In other
a viewing angle of 45 degrees between the line of sight anards, the cloud motions in our best-fit model are primarilg d
the long axis of the clump (as adopted in the radiative temsto collapse and gravitationally organized motions as opgts
model presented by PAB06), we estimate the diameter of therely random turbulence. Although we have not identified a
cylinder to be~ 0.65 pc. This is in good agreement with thespecific trigger, we believe that the “cold” or “subviriatiitial
apparent width of the NGC 2264-C clump as measured in tbenditions (cf. Adams et al. 2006) required by our model ctfle
plane of sky on our dust continuum and molecular line mapshe fact that the NGC 2264-C clump was suddenly compressed
andor assembled as a result of a strong external perturbation.
The fact that simulations starting from initial turbuler-v
locity fields with a Kolmogorov-like energy spectrum lead to
The good quantitative agreement obtained between our-“beabdel clumps that are much less organized than the observa-
fit” SPH simulations and our (30m and PdBI) millimeter obtions should not be overinterpreted. Indeed, since thegshas
servations confirms the physical plausibility of the scemarare chosen randomly and since in Kolmogorov-like turbuéenc
of large-scale axial collapse and fragmentation proposed fmost of the energy is on large scales, it is not surprisingthea
PABO6 for the NGC 2264-C clump. Observationally, such ahape of the filament is strongly distorted in this case. e r
axial collapse is traced by a central velocity discontiypiais- situation, the large-scale turbulent fluctuations shoeldioich
sociated with double-peaked profiles in optically thin lirec- more coherent since they may be responsible, at least in part
ers. The present study supports our earlier suggestiorathafor the formation of the filament in the first place (cf. Harta
ultra-dense protostellar core of mass up~t®0M, is in the et al. 2001).
process of forming at the center of NGC 2264-C through the Another point worth noting is that the total mass of gas with
dynamical merging of lower-mass Class 0 cores (cf. PABO@ensity above 10cm= is ~ 10 times lower in our best-fit sim-
Our interferometric PdB detection of a new object, C-MM13jlation than in the actual NGC 2264-C clump. Using higher
located only~ 10000 AU away (in projection) from the cen-densities by a factor of 10 in the numerical simulations wloul
tral source, C-MM3, but with a line-of-sight velocityftéring inevitably lead to fragmentation into a larger number ofesor
by ~ 1.1 km.s from that of C-MM3, provides an additionalsince the corresponding Jeans mass would be smaller by a fac-
observational manifestation of the merging process. Gllwen tor ~ 3 compared to the Jeans mass in the present simulations.
relatively large mass of C-MM13+( 8 M), such a large ve- |t seems therefore that some additional support againgitgra
locity difference would be dicult to explain by dynamical not included in the simulations presented here, plays ainole
fragmentation during the collapse of an individual pragiat NGC 2264-C. This extra support could arise from protostella
core, even if low-mass objects can easily be ejected from dgedback antr magnetic fields.
namically unstable protostellar systems (e.g. Bate etGfl32 Finally, we speculate that the evolution inferred and simu-
Goodwin et al. 2004). In our proposed scenario for NGC 226thted here for NGC 2264-C is not exceptional but represimtat
C, the local collapse of individual protostellar cores i®8gly  of many massive cluster-forming clumps in the Galaxy. In par
influenced by the high dynamical pressure resulting from tfigular, we note that evidence of large-scale, supersomiaid
global collapse of the clump, and proceeds in a manner thagistions has been recently found in several deeply embedded
qualitatively similar to the triggered protostellar cpit® mod- regions of high-mass star formation (Motte et al. 2005 — see
els discussed by Hennebelle et al. (2003, 2004). also Wu & Evans 2003 and Fuller et al. 2005). NGC 2264-C
Our detailed comparison between observations and Simbﬂﬁ?ay just be caught at a particularly early stage of protdetus
tions has also allowed us to set constraints on the evoltjonevolution and observed in a favorable configuration, legtin
state of the NGC 2264-C protocluster. It seems that the chara remarkably simple kinematical pattern. Similar detaitemti-
teristic shape of the observed position-velocity diagrams elling studies of other cluster-forming clumps will be neddo
vives for a relatively short period of time, i.€.1x 10° yr, and confirm this hypothesis.
occurs only very soon after the formation of the protocluser
while less than~ 1% of the gas has been accreted onto simdcknowledgements. We are grateful to the IRAM astronomers in
particles. Grenoble for their help with the Plateau de Bure interfersime
The low level of initial turbulent energy required to matclobservations. IRAM is supported by INGNRS (France), MPG
the observations implies that NGC 2264-C is structured mdféermany), and IGN (Spain).
by self-gravity than by turbulence. The maiffext of turbu-
lence is to create seeds for further gravitational fragietéon.
Turbulent fragmentation does not appear to play a signilficafﬁe
role in this clump. In our “best-fit” simulation, the initiélir-  Adams, F.C., Proszkow, E.M., Fatuzzo, M., & Myers, P.C. 2006,
bulent to gravitational energy ratio tit%rb = 5%, comparable 641, 504
to the ratio of thermal to gravitational energ&. The level of Aikawa, Y., Herbst, E., Roberts, H., Caselli, P., 2005, /420, 330

5. Concluding remarks
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Fig. 6. Observed column density distribution (first row) compam@agynthetic column density maps (second to fifth row) con-
volved to the 30m angular resolution (first column) and toRABI angular resolution (second column) for foutfeiient initial
levels of turbulencea?,, = 1% (second row)q?,, = 5% (third row),a?,, = 20% (fourth row)e? , = 50% (fifth row). The
best-fit simulation corresponds to the third row, i, = 5% (for which the displayed time step is the “best-fit” timemt
Note that the synthetic PdBI maps include tlieet of interferometric filtering (see text). In each map, toatour levels go
from 10 to 90% by step of 10% of the peak emission. The obse0etcolumn density distribution corresponds to the 1.2mm

dust continuum map of PABO6.
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NpH™(101—012) PV diagram {30m)  N,H'(101-012) PV dlogram (30m-+PdBI)
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Fig. 7. Observed position-velocity diagrams (first row) compar@dynthetic position-velocity diagrams (second to fifth yow
convolved to the 30m angular resolution (first column) anttheoPdBI angular resolution (second column) at fotiiedent time
steps of our best-fit SPH simulationd(,, = 5%): t;r — 400000 yr (second row);t — 200000 yr (third row); ¢; — 100000 yr
(fourth row); ¢ — 40000 yr (fifth row) (with §s = 9.5 x 10° yr). The best-fit time step corresponds to fourth row. Theeaf
the turbulent to gravitational energy ratiq,» at each time step is given on the right hand side. Notedfatincreases as time
proceeds in the simulation.
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NGC 2264—C: 30m observations
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Fig. 8. Comparison between the'#CO*(1-0) spectra observed at the 30m telescope (upper partetharsynthetic optically
thin spectra obtained in our best-fit simulation (lower gare the upper panel, the (0,0) corresponds to the pos@fd@MM3,
while in the lower panel the (0,-10) position correspondthto position of SIM3. Overlaid in grey scale are the 1.2 mmtdus
continuum image of PABO6 (top) and the synthetic column dgmsap of the best-fit simulation (bottom). The row of spactr
observed (top) and simulated (bottom) along the main axise€lump are marked in boldface.
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