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ABSTRACT

Most work on high-mass star formation has focused on ob8engof young massive stars in protoclusters. Very liglkriown about
the preceding stage. Here, we present a new high-resokittidy of pre-protocluster regions in tracers exclusivetbmg the coldest
and dense gas (NM). The two target regions G29.96.02 and G35.201.74 (W48) are drawn from the SCAMPS project, which
searches for pre-protoclusters near known ultracompactgions. We used our data to constrain the chemical, thekimgmatic,
and physical conditions (i.e., densities) in G29.96e anfl.&Bv. NH;, NH,D, and continuum emission were mapped using the VLA,
and PdBI. In particular, NED is a unique tracer of cold, precluster gas at high densitibde NH; traces both the cold and warm
gas of modest-to-high densities. In G29.96e, Spitzer imageeal two massive filaments, one of them in extinctiorrdirefd dark
cloud). Dust and line observations reveal fragmentatitmrinultiple massive cores strung along filamentary strestuvost of these
are cold & 20 K), dense ¥ 10° cm®) and highly deuterated ([N#D/NHs]> 6%). In particular, we observe very low line widths in
NH,D (FWHM < 1 kms?). These are very narrow lines that are unexpected towamtgi@rforming massive stars. Only one core in
the center of each filament appears to be forming massive (&ti@ntified by the presence of masers and massive outflbawsgver,

it appears that only a few such stars are currently formirg, (just a single Spitzer source per region). These mutielength,
high-resolution observations of high-mass pre-protdelusegions show that the target regions are characterige@) turbulent
Jeans fragmentation of massive clumps into cores (from msJa@alysis);i{) cores and clumps that are “over-boygsubvirial”, i.e.
turbulence is too weak to support them against collapsenimgéhat {ii) some models of monolithic cloud collapse are quantititive
inconsistent with dataj\{) accretion from the core onto a massive star, which can @sewed core sizes and velocities) be sustained
by accretion of envelope material onto the core, suggestiag(similar to competitive accretion scenarios) the nraservoir for
star formation is not necessarily limited to the natal c@wg;high deuteration ratios ([NJMD/NH3]> 6%), which make the above
discoveries possibleyi) and the destruction of NiD toward embedded stars.

Key words. ISM: molecules —chemistry — deuteration — Stars: formationdividual: G29.96-0.02 and G35.20-1.74 — techniques:
interferometric — line: formation — line: profiles — turbotze

1. Introduction ground-based mmubmm bolometer observations the potential
) ) ) early phases in the formation of high-mass gtdusters have
High-mass stars are known to form in clusters and, giver th@een identified.
rarity, most suph cIust(_ars han typical d|stanc<_as of a fewdp Combining these results with higher angular resolution
greater. In spite of being few in number relative to solassayg|o\.up observations with radio interferometers yietdsug-
stars, high-mass stars play a large role in shaping the §alax gegted evolutionary sequence that separates the activeigta
each of their evolutlonary. stages, with energetic Ste"m ing high-luminosity protostars in clusters with no cm caonti
powerful outflows, UV radiation, expandingiHegions, and fi- ,;m (high-mass protostars hot molecular cores in protoclus-

nally supernova explosions. Observations until perha@sast o) from those with cm continuum (hypercompact and ultra-
decade were hindered by a lack of sensitivity and resolutionr oo mpact 1 regions: sek Beuther et al, 2007 for a review).
cial for such regions, which are more crowded and fartheyawa The earliest stage in this scenario would be a “pre-

than typlcal low-mass star-fo_rmlng regions. ) _protocluster stage”, which is harder to find. The properties
With the development of infrared sky surveys (starting ‘{V_'tﬁﬂs precluster stage sets the initial conditions for thenation
IRAS, then ISO, MSX, and recently Spitzer) and sensitivgs high-mass stars. Observers have attempted to identify ca
didate pre-protocluster cores in manytdient ways|(Hill et al.
Send offprint requests to: tpillai@astro.caltech.edu 2005, Sridharan et al. 2005, Rathborne et al. 2006, Pillai et
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2007). Follow ups with outflow tracers combined with sensifable 1. Reference Position for PdBI Interferometer
tive Spitzer observations have however revealed activé@ta Observations

mation in many of these cores (for e.g. Rathborne et al.|2005,

Pillai et al. |2006b, Beuther & Steinacker 2007). A frequentl

used way of identifying the precluster phase has been totkean nguégi ?8'6;1((5‘]%20708) _(I)nggéglzlogO) VLSng(? A/,s]

infrared data for dark absorption features against thénbmgd- 535500 19:01:42.11 +01-13:33.4 42.4

infrared background. Several thousand such dark cloudg, no
commonly known as infrared dark clouds (IRDCs: Egan et al.

1996, Simon et al. 2006, Peretto & Fuller 2009) have been.idefhis region has been studied in dust polarization by Curtati e
tified along the Galactic Plane. One of the filaments studied 5004 where our G35.20w is referred to as WASW. ‘

this paper is such an IRDC' , . By determining the properties of these massive secondary
To our knowledge, interferometer observations on the higRores from our high angular resolution observations, we wil
mass precluster phase (as opposed to protocluster phas&)oifstrain the initial conditions of high-mass star forroati
dense gas tracers have been few (Swift 2009, Zhang et alb2008e, presenting the observations (Sectidn 2), we will dés
Busqguet et al. 2010). The few interferometer observatibas t 5, main results (Sectidd 3), then analyze these resultgi¢®e
have been done focused on the dust continuum structure Or[ﬁ)‘,eand finally discuss the relevance of these results indhe c
chemistry. The dust continuum is expected to be weak at thggg; of current theories on initial fragmentation and godle in

scales (as opposed to the strong dust continuum from the Byn-mass star-forming regions (Sectidn 5).
velope as observed by single dishes). This is because preclu

ter phase is colder and less concentrated than the protecius

phase, and therefore such observations often detect anpyrth 2. Opservations

toclusters. Therefore, until the commissioning of ALMA, we

have to rely on molecular observations that trace the demse &lere we describe the radio interferometer observatiortswait-
cold gas. Ammonia and M* has proven to be an importantious telescopes, in line and continuum, as well as the Spitze
tool in measuring the physical conditions in the prestaitages archival data. All the figures shown in the paper (exceptlier t
(Tafalla et al[ 2002). These molecules do not deplete froen tfirst reference figure, figure 1) are with respect to the phase ¢
gas phase for the high densities10° cm=3) and cold tempera- ter of the Plateau de Bure Interferometer (PdBI) obseraatio
tures & 20 K) expected in the prestellar stages. Emission frofdable[1). A summary of line and continuum frequencies rele-
deuterated analogues (MBI, and ND*) of these two molecules vant to this paper is given in Talilé 2. The final synthesizeuihe

is sensitive not only to dense, but also very cold gas. Warne§ Well as the root mean square (RMS) noise level for each set
temperaturesx 20 K) usually inhibit deuterium enhancemen@f observations is given in Tadlé 3.

(see Bergin & Tafalla 2007 for a review of chemistry in dark The SCUBA observations have been reported in
clouds). Thompson et al!_2005, and will be detailed in a separate

We embarked on a project to identify this very early stagd®Per (Thompson etal. in preparation).
in the formation of a high-mass star. We identified secondary

high-mass cold cores in the close vicinity of UZkegions in a ; o
SCUBA wide-field mapping survey of 2010’ (SCAMPS: the Table 2. Relevant observed rotational transitions.

SQUBA Massive Pe/Protocluster coreBvey; Thompson et al.

2005). Recently, we reported on a single dish study of; NH Species Transition Array v (MHz)
deuteration ([NHD/NH3]) and depletion (of CO) toward a sub- NH.D 111—1os PdBI 85926.3
sample of these new massive fam@tocluster cores. More than “Hs 83 x::ﬁ gggggggg
half of the sources exhibit a high degree of deuteratioh{0.7). 3 ' :

g 9 ar{0.7) HCO* 1-0 BIMA  89188.5230

The enhancement in deuteration coincides with moderate CO
depletion onto dust grains (Pillai et/ al. 2007). Here, wespré
interferometer observations of Nkind NH.D using the VLA,
BIMA and PdBI for two sources from the SCAMPS project.

The SCAMPS source which we denote G29.96e in this p%— PdBI ob .
per, is an IRDC about two arcmin east of the ultracompa tl- observations

Hu region G29.96-0.02. The cometaryitegion itself is one G29.96e and G35.20w were observed with the PdBlI in its C and
of the brightest radio and infrared sources in our Galaxyg, am configurations on Mar 228th and Apr 2f21st 2004. The
has been studied in detail at infrared and radio wavelengts mm receivers were tuned to the NBiline at 86.086 GHz
(Wood & Churchwell 1989, Pratap et'al. 1999; Kirk et.al. 2010} single sideband mode. The 1.3mm receivers were tuned to
We adopt the kinematic distance of 7.4 kpc to the cloud esti19.560 GHz in DSB mode. The 3.5mm lines were observed
mated from the NbD LSR velocity. with a resolution of 80 kHz. At both wavelengths two 320 MHz
The other SCAMPS source which we denote G35.20w li#gde correlator windows were used to probe the continuum
about one arcmin west of the W48iHegion (G35.261.74). emission. The spectral resolution for the NHobservations is
We adopt a distance of 3.27 kpc based on recent trigononetd.27 kms™.
ric parallax measurements by Zhang etlal. (2009a). Thisevalu Hexagonal mosaics with a spacing of 10 arcsec were used to
is very close to our kinematic distance estimate of 3.4 kpc focrease the field of view. This kept the sensitivity at thesaio
the region. The position of the high-mass cloud we found witenter very high for the 3.5mm observations and led to fully
SCUBA roughly coincides with that of a molecular cloud adsampled mosaics at 1.3 mm.
jacent to W48 region mapped at coarse resolution in CO, and Using natural weighting, the synthesized beam sizes, and
its isotopomerd (Vallee & MaclLebd 1990, Zeilik & Lada 1978)sensitivities at 3 and 1.3mm are as given in Table 3.
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G29.96 complex G29.96e
colorscale: SCUBA 850um; contours: BIMA NH,D colorscale: VLA NHs(1,1); contours: PdBI NH,D (white)
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Fig. 1. Overview of the SCAMPS regions, G29.96eq) and G35.20wlfottom). Panel (Al): SCUBA 85Q:m dust continuum (color
scale) and BIMA NHD at 85.9 GHz (contourdjanel (A2): VLA NH 3 (1,1) (color scale) starting ab3and PdB NHD at 85.9 GHz
(white contours)Panel (B1): SCUBA 85Qum dust continuum (color scale) and BIMA NB at 85.9 GHz (contours). The white
dash circle indicates the BIMA coveradranel (B2): VLA NH 3 (1,1) integrated intensity (color scale) starting atégxd PdB NHD

at 85.9 GHz integrated intensity (white contours). The oantevels for PdBI maps start aBo, 30 in steps of 3-. The primary
beam at 3.5 mm is indicated by white dashed circles in the fghels. The nominal positions of theiFegions are marked as stars
(Wood & Churchwell 1989).

2.2. VLA observations 0.33 kms?. The primary beam at 23 GHz4€2 arcmin. The ob-
. servations were carried out in a three pointing mosaic éoger

The 23 GHz NH observations are reported for two sourceg,e scAMPS source G29.96e as well :fs the c%metan;eljilﬁ
G35.20w and G29.96e. We retrieved the data fI%@N&I'l) G29.96-0.02. The standard interferometer mode was used with
and (2,2) tr?]r)lsn]lons at 1.3cm from the VLA arc "‘@Wafd @'total integration time of 20 minutes on source split inte-se
G35.20w, while for G29.96e, we report new observations Witliys ' phase calibration was done using J1733-130 and e flu
the VLA. . .. calibrator was 3C286. The archival data retrieved for GO®&.2

The 23 GHz G29.96e Nilobservations were done with\yere optained in D array on 03 August 2000, covering the (1,1)
the Very Large Array (VL.A) on 24 August 2004 inits D CON-and (2,2) lines with 64 49 kHz channels. The phase center was
figuration and in 2 polarizations with a spectral resolutadn ¢ @32000 =19:01:45.5 532000 =+01:13:28.00. The total integra-
tion time on source was approximately 50 minutes. The phase
calibrator J1824107 was observed every 10 minutes and the
flux calibrator was 3C286.

1 The National Radio Astronomy Observatory is a facility oé th
National Science Foundation operated under cooperatieeagnt by
Associated Universities, Inc.
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2.3. BIMA observations a factor 5 and with sizes larger than a beam. We assigned snasse

to them according to the following scheme. For a given core

?SS'ZQW E.in% G29-962%(‘;V§Fe ohbserved I‘:VithTE’IMA in. its D corg.e_, peak), we identify the 8 contour that contains this core.
iguration in JulAug. In three tracks. The receivers Werg s «ontour contains a single peak, then all of the area co

tuned to the NHED frequency. Simultaneously, HGO(1-0) tained within the 3 contour is assigned to that core. If several
was observed in the upper sideband. The frequency resolu res are present within the contour, then the core bousslarée

was 0.1 MHz. More details on the observations are as givend - ;
: : wn at the saddle points separating these cores, resggcti
Table[3. Towards G29.96e, a 5 point mosaic was observedt 2 30 contour enveloping the peaks. The dust continuum mass

cover both the hot core and the SCAMPS source in the ear§tth : :

. . ) ] en computed over alffective area of radiusdg after a beam
Phase calibration with 1743-038 was performed every 15 m'@éconvolutilgn Results are presented in TEIbIeJRG
utes, and Uranus was observed as flux calibrator. ’ ’

2.4. Spitzer archival data 3.1.3. Analysis of NH3z and NH,D spectra

The Spitzer MIR data collected from the Spitzer data arctsive,

—— 0 determine the gas temperature and column density, we fol-
part of the GLIMPSE[(Benjamin etal. 2003, Churchwell €t aj, e the analysis routine described_in Pillai et al. (200He

2009, and MIPSGAL Legacy survey (Carey et al. 2009) in 4 9L+io of the brightness temperatures of the 1) and (2.2
the Infrared Array Camera (IRAC) bands fron630 &m, and (-5gitions, alo?]g with the opptical depth, canj\kg,u)sed iu(lefiae)
two of the Multiband Imaging Photometer (MIPS) bands at 24yq rotational temperature. For temperatue20 K, which are
and 7Qim, respectively, These two Galactic Plane surveys COghica| of cold dark clouds, the rotational temperatureselg
themnerGaIactlt_: P'b.‘”e-a”d_ thusmclqdethe_ G29‘968m@b follows the gas kinetic temperature (Walmsley & Ungerechts
not G35.20w which lies outside the latitude limits of GLIMPS 1983). Like NH(1,1) and (2,2), its isotopologue NB 111—1o;

X ) Iso has h fines. This all th timati f opticattu
24um data for G35.20w from a dedicated survey of UCHII r:o‘ S0 Nas NYPeriines. 1 1is alows mhe ssimation oF opticp e

. . and hence the column density of hBL We estimate the N
gions by Carey etal (Spitzer Program ID 20778). Our mol&culgy|,mn density assuming that the level populations arerther
cloud happened to be just within the 24 field of view of their

; ; . ized, i.e.,Tex = Tror. A similar assumption holds for our estima-
target, but the 7@m image did not cover this cloud. NP P

. . tion of NH,D column densities. i.e., Assuming that dBand
We discuss G29.96e, followed by G35.20w in each subsqgr, reside in the same volume, the excitation of AlHcan be

tion below. gauged using the gas temperatures derived from theaidly-
sis. This permits to derive NdD column densities. The expres-

3. Results sions used to estimate the MBI column density from the ra-
diative transfer equation is given in Appendix Alof Pillaiett

3.1. Methods (2007). We derive the NyD column density solely based on the

ortho transition. For this, we assume that the ortho andtpamna
sitions are in LTE. The NED partition function is determined by
We used CLUMPFIND, a 3-dimensional clump finding aleonsidering the contribution of theftirent energy levels from
gorithm, to identify the NHD cores [((Willams etall 1994). J = 0toJ = 2. Then, the NHD and NH; fractionation ratio
The threshold for NBD was set to @ Jybeam! for both can be calculated from ratios of column densities. We cateul
sources. The step size wa®® Jy beam!, where the RMS noise the line parameters (line width, peak brightness, LSR vglpc
level (measured in regions free of emission) is 35 mJy béamfor both tracers for the same beam size, averaged over aesquar
For NH; observations of G29.96e, the threshold was set &perture of size equal to the beam major axis. We then egtimat
0.005 Jy beamt, and we used an increment aD01 Jy beamt. the deuteration ratio [NED/NH3] wherever both tracers are de-
For G35.20w in this line, a higher threshold ab2 Jy beam!  tected with a signal that exceeds the noise level by a factor 3
was used, while the step size was lowered to an unusually Ve require that the uncertainties in their ratios are bel6®65
value (a fraction of the threshold value), in order to sefgetneio  TablelB lists our results.

equal intensity peaks. The observed transition with sixenyp

fines can be grouped into three pairs: a main paipdfishich

are blended), an inner pair hfsand an outer pair hfg. We 3.1.4. Mass determination

ignored the outer hyperfines and considered the whole \gloci

range within the inner hyperfines in CLUMPFIND, since in LTENe derive the gas mass from the 1.3 mm and 3.5 mm dust con-
hfsourare only 30% as bright as the main group. We identified ihuum emission for the éfierent clumps identified at both wave-
clumps in G29.96e and 13 in G35.20w. The clumps are referreggths followind Kafmann et al.[(2008), using dust opacities
to as P1...P'n’ (a1l for G29.96e, and+13 for G35.20w) in at 1.3 mm (0.009 cAyg) and 3.5 mm opacities (0.002 éfg)
Tablel4. Similarly, we identified 5 and 3 Nilumps in G29.96e for dust grains with thick ice mantles and gas density néH)
and G35.20w respectively. The line parameters fogldmps  10f cm3as in Ossenkopf & Hennifig 1994, and gas to dust ratio
are listed in TablEl5. of 100. A dust opacity index of 1.61 is obtained by interpiolgt
between two nearest wavelengths 1.075 mm and 1.300 mm from
Ossenkopf & Henning (1994). Here, we adopt dust tempersiture
identical to the NH-derived ones (Tablgl5). If no such mea-
A modified version of CLUMPFIND for 2-dimensional data issurement exists, a temperature of 16 K is used. This is the cas
available. However, on manually checking the results, wefb for e.g. when the Nkltemperature measurements have a large
that the structures were not intuitively meaningful in sarases. (>30%) error. We adopt 16 K since it is the average temperature
Therefore, we chose to identify dust emission cores as duiste of the cores (TablEl5). For a temperature of 16 K, the 1.3 mm
sion peaks of an intensity that exceeds the noise level lyaat | continuum sensitivity limit quoted in Tabld 3 correspondato

3.1.1. Identification of NH3 and NH»D clumps

3.1.2. Identification of PdBI dust continuum cores
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mass limit of~ 4 and 1IMg beant? for G29.96e and G35.20w, we present integrated intensity maps for the blueshifteid- (9

respectively. 96.0 kms?t) and the redshifted (from 108-112 kntsoutflow

emission. Both velocity-integrated signals peak at opgpasiles

. _ of G29.96e mm1, which suggests that the outflow source reside

3.2. Overall cloud structure and associated star formation in this core. Broad line wings are also observed with the SKA i

3.2.1. G29.96e the CO (3-2) transition. A detailed characterization of -
flows and the massive protocluster in G29.96e mm1 will be pre-

We discovered the molecular clump G29.96e in our SCAMPsgnted in a future paper.

10 x 10 wide-field mapping survey of the G29.96-0.02 region

as the brightest dust clump that has no associatean8in-

frared emission (as seen with MSX). The SCUBA map expos%g'z' G35.20w

G29.96e as an elongated feature that is dominated by a singi: clump G35.20w was found in our SCAMPS SCUBA sur-
bright peak (Figl1L). The estimated total mass of this reg#sA vey map of the W48 H, where it manifests as a dust filament
timated from SCUBA data, is 7000 (Sect[4.4). The PdBI yjth east-west orientation that points away from the té-
map at 3 mm wavelength shows a filament of abdut12 pc) gion (Fig[1). Another filament with north-south orientatis de-
length that runs north-south. CLUMPFIND breaks this enissi tected closer to W48; this structure is not further examimere.
up into 3 cores. At even higher spatial resolution, the 1 mBIPdThe G35.20w filament has a physical size~of2 pc, slightly
map reveals seven cores with a mass of 58 toNg(and a ra- shorter than the length of the filament in G29.96e as observed
dius~ 0.1 pc (Sectf 4}4). We denote these cores as mm1 to mifh SCUBA. The SCUBA map reveals a filamentary structure
(the cores from the 3 mm remain unnamed), in order of decregsG35.20w: the field studied here contains four peaks. The to
ing peak intensity (Tablel 6). tal mass of the filament from the SCUBA data~is5000Mg

The Spitzer 8«m image of G29.96e, shown in Figl 3, re{see Sedt.4l4 for aperture and core masses). The 3.5 mm PdBlI
veals this region as an Infrared Dark Cloud (IRDC); it is s&en dust emission map essentially recovers the filamentarytsire
extinction against the Galactic background. The extimci@n-  already seen with SCUBA, but shows it at higher spatial tesol
tures correlate strongly with the PdBI continuum emiss&uch  tion. The 1.3 mm dust map from the PdBI, however, only reveals
extinction structures are still visible in Spitzer imageé24um 4 compact peaks in the map, i.e. the global filamentary stract
wavelength (also shown in Figl 4). The latter images also ex-ost because of interferometer filtering. Compared to.G@8,
pose a point source in this region, coincident with the dost ¢ this filtering is stronger in G35.20w, since the latter seuix
G29.96e mm1. This source drives an outflow at a velocity sirstoser and thus larger when projected onto the sky. The compa
ilar to one of the G29.96e clumps (see below). This kinematic3 mm dust emission cores, numbered mm1 to mm4, have a ra-
information suggests that the 24n point source is physically dius~ 0.02 pc and a mass of 8 to M. This is much denser
associated with the G29.96e region (i.e., does not resitleein and the radii and masses smaller than in G29.96&eRint
foreground or background). The core G29.96e mml is thejgnysical domains are thus probed in G29.96e and G35.20w.
fore apparently actively forming stars or clusters. ThetZgpi Unfortunately, neither GLIMPSE nor MIPSGAL data are
8 um images arguably show an elongated bright structure turrently available for G35.20w, being at a Galactic latéu
wards G29.96e mm1; this may be due to emission from an odbove the range covered by either surveys. As mentioned in
flow (e.g/Shepherd etial. 2007). No star-formation actigitye-  Sect[Z4, we were able to download the MIPSuB#%data for
tected in other parts of the cloud. Walsh et al. (1998) have r€35.20w from a dedicated survey of UGlregions by Carey et
ported a Class Il methanol maser detection at 6.7 GHz towaklgSpitzer Program 1D 20778). Our molecular cloud happened
G29.96e { 4 "north dfset from G29.96e mm1). These maser® be just within the 24m field of view of their target, but
are exclusive signposts of the earliest stages of high-stass the 7qum image did not cover this cloud. The SCUBA clump
formation (Pestalozzi et al. 2007). (which is resolved into “streamers” at higher resolutioppears

The wide-field map from BIMA shows that Ni® is only to originate right at the edge of the strong MIR emission ef th
detected towards the G29.96e region, and not towards tghneiw48 Hu region. Our brightest mm continuum source, G35.20w
boring G29.96-0.02 H region (see Fifll). This is consisteninmil, is associated with bright point-like emission at24 A
with the picture of G29.96e being colder than clump that $iostomparison of Spitzer and N in Sect[4.3.2 shows no MIR
the Hu region: high temperatures are expected to yield low abugmission associated with NB in G35.20w. 6.7 GHz Class Il
dances of NHD (Sect[4.311). The PdBI maps probe the IH methanol masers have been detected significaffégtirom the
distribution at higher spatial resolution. Segmentatithe map streamer, closer to thenHegion (Goedhart, Wyrowski & Gibb
with CLUMPFIND yields 11 cores. There is a very good corin preparation). These masers are exclusive signposte &fah
relation between the PdBl-observed NHand dust emission liest stages of high-mass star formation (Pestalozzil 204l7).
distribution, as well as the Spitzer/8n extinction structures. However unlike in G29.96e, the gas streamer seen inNH
Details of this spatial correlation are examined in $€8t.¥e and dust continuum is not seen in absorption (nor in emigsion
also smooth the PdBI N4#D maps to the resolution of the VLA against the MIR background. This is likely because the star-
NHz data, in order to compare their distribution. This reveaferming region itself is slightly below the Galactic Plandish
a strong correlation between NMBl and NH; however, we do usually provides the bright MIR background which the coldidu
also find two NH cores without NHD emission (for e.g. those would absorb, and be seen as IRDCs.
at [+5, —29] and 16, +28]). The NH:D emission is well within In the BIMA wide-field mapping, NED is clearly detected
the VLA primary beam (2) at 23 GHz. Such details are alsdn G35.20w, but only a weak detection is found towards the
further examined in SeCi.4.3. The NHnalysis yields rotational north-south dust filament closer to W48 (Eig.1). Given our
temperatures (which serve as an estimate of the kinematic tgpresent understanding of deuteration fractionation @&t
peratures) of 13 to 23 K. G35.20w is thus supposedly less evolved than the other filame

BIMA maps in the HCO (1-0) line reveal emission The PdBI data reveal several NB filaments. CLUMPFIND
from one or several outflows. This is shown in Eig.2, whergegments these into 12 cores. The J®Hemission is strongly
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correlated with the filamentary dust emission, as probed Hte line wings extend te —10(+11) km sifor G29.96e, and
3.5 mm wavelength. This correlation is, however, weakentha —17(+11) km s*for G35.20w relative to the systemic veloc-
in G29.96e: it is actually rather poor in the eastern part @k of the gas. The velocity range for the blueshifted (reftsH)
G35.20w. In that region, a weak correlation is also obsebeed emission is~ 5(4) km sifor G29.96e, and- 10(7) km sfor
tween NHBD and the VLA-probed NK emission. Conversely, G35.20w. We then derive the total gas mass contained in the
the western part of G35.20w hosts hPicores not seen in NiH  outflow. The HCO abundance is expected to be enhanced in
map. This is not surprising because these are the onlyCNHoutflows (Rawlings et al. 2004). Zinchenko etlal. 2009 find al-
cores that lie outside the primary beam of the VLA. Such ¢ietamost a constant HCOabundance in their sample of four high-
of the NH,D data are also examined in SEcfl4.3. ThesMkhis- mass star-forming regions. We derive an average ok H5
sion, in contrast, correlates well with the 3.5mm dust eimiss from their estimates, and adopt this value to calculate tite o
We derive rotational temperatures of 15 to 21 K from analgkis flow mass. We calculate the HCQolumn density following
the NH; emission. Caselli et al.[(2002) for an excitation temperature of 40 KeT
BIMA HCO* (1-0) maps reveal an outflow in G35.20wjotal outflow mass is then 5.1 Mfor G35.20w and 16.1 M
just as observed in G29.96e. The distribution of the vejecitfor G29.96e. A lower excitation temperature, e.g. 20 K, woul
integrated blueshifted (25.5 — 35.0 kmsand redshifted (46.6 lower the mass by 40%, however the outflow would still be
—53.6 km s') emission is presented in Hig.2. The core G35.20eharacterized as massive. Such massive outflows are tygical
mm1 is located in between the intensity maxima of these two veigh-mass protostellar objeclts (Beuther et al. 2002). Thelm
locity maxima, and so it is likely the source of the outflowi§h sources in these two dark clouds are therefore harboring eve
core is thus actively forming a star or cluster. Detailedigs of younger deeply embedded massive protostars or clusters.
this object are not the focus of the present paper, thouginsSi  The same argument holds for Spitzer data, where we detect
for active star formation are detected nowhere else in the figorotostars at 24im towards the center cores in both filaments
studied here. (see Figurgl4). Similarly, the detection of relatively tti@4um
sources in the target clouds suggests the presence of massiv
minous stars. In G29.96e, an aperture of t&dius to measure
4. Analysis and discussion a flux density of 013 Jy; we subtract backgrounds, which are
. . C measured in an annulus inner and outer radii of €)13’, re-
4.1 é\cg%vg:vlgh-mass star Formation in G29.96e and spectively. For G35.20w, radii of 3nd 20 are used to derive
’ 2.0 Jy. In both cases, an aperture correction of 1.167 is used to
As shown in Sedf.312, only the brightest mm cores at the cdppost the flux densitidsGiven extended backgrounds, the mea-
ter of both regions are actively forming stars (i.e., in thein surements dter from significant uncertainties. These observa-
cores of both G29.96e and G35.20w). The present paper dtiess can be compared to the luminosity-dependept4nodel
not attempt to characterize the forming stars comprehelysiv flux densities of Dunham et al. (2008), see Parsons et alS{200
this shall be the subject of forthcoming publications. Heve for details. We assume a 24n foreground extinction corre-
limit ourselves to a presentation of evidence that thesmiftg sponding to 18 cm?, as suggested by the peak column den-
stars are likely to be massive (i.e.8 Mg). sities of our target clouds; much lower luminosities apptyes-
First, both star-forming sites are located in the brightiest  wise. In this framework, the observed flux densities implyitu
cores found in the respective map. They are massive; at 1.3 masities of 688x 10° L (G29.96€) and 5x 10 L (G35.20w).
wavelength, with the highest resolution available, we \deri This is in the range of luminosities expected for massivengpu
masses of 18 and 2%, for the mm1 cores of G35.20w andaccreting stars (Sridharan etlal. 2002).
G29.96e, respectively, within radii of 0.03 andL6 pc. Cores Finally, Class Il methanol masers at 6.7 GHz are detected to-
with such masses are not found in solar-neighborhood clouigrds one of the targets (i.e., G29.96e; $eci.B.2.1). Thasers
only forming low-mass stars (K#éfimann & Pillai 2010). These are exclusive signposts of the earliest stages of high-istass
clouds are typically associated with smaller mass coresid3 dormation (Pestalozzi et al. 2007).
76 Mg for the aforementioned radii (based on Taurus, Perseus,
Ophiuchus, and the Pipe Nebula; Kamann et al. 2010). This , .
suggests that the stars that are forming within the mm cmres4|'2' Line widths
G29.96e and G35.20w are potentially massive. A fit to the resolved hyperfine structure of MBI allows for
Second, we detect outflows in both targets. As these oah accurate estimate of the line width corrected for any-opti
flows are detected at a distanse 2 kpc, the outflows must cal depth &ects. The observed line width is the sum of the
be massive, likely only from high mass protostars. In Figuteermal and turbulent components, i.e. FWHM width, is
[2, we show the blue and redshifted HC®mission from our given by Av> = Avi + AV2. For gas temperatures 20 K,
BIMA observations. This tracer is Clearly associated whb t Avy, < 0.22 kms?t. The observed line widthy, is in the range

brightest mm cores in both objects (mm1). We find that thegg 0.68 — 1.42 kmsifor G29.96e, and 0.5 — 1.69 kmi$or

is significant HCO emission from the cores and for clarity weg35.20w. The mean and median line width representativéf th
show only the high-velocity outflow contribution, rathemth sample isg 1 kms™. Therefore, the line width is only mildly
include the bright systemic velocity emission from the soresypersonic 4vn/Avin ~ 4) unlike usually those expected from
There is a clear, collimated redshifted and blueshifted@mm high-mass star-forming regions McKee & Tan (2002). Recent
nent in both objects. Excluding the strong contributiomrthe  high resolution observations by Olmi ef al. (2010) have aéso
core (or larger envelope) from the outflow is tricky. To dosthi ported such low line widths in massive dense cores. This line
we compared the outflow spectra (around mm1) to thiged idth is also smaller than the single dish line width measure
from mm1. Since outflows have extended line wings, the VE|0ﬁq'entS reported towards high-mass IRDCs (for e.g. Pillallet a

ity ranges that have outflow contribution have been chosen[pyo6a/ Pillai et 8l 2007). Therefore, we are able (to some ex
including only the broad line wings on either sides of the LSR

velocity of the cloud (constrained by our NB observations). 2 See MIPS Data Handbook Version 3 for details.




-2°38'40"

—2°39'00"

Dec. (J2000)

—2°39'20"

—2°39'40"

Pillai et al. 2010a: Fragmentation, Structure & Chemistridigh Mass Clumps

0.005

Jy/beam

18"a6™14®

Intensity (Jy/beam)

N
T T T T [ T T T [ T

90

100
Visg (km/s)

Intensity (Jy/beam)

1°14'00" - 0.03

1°13'40"

Dec. (J2000)
Jy/beam

1°13'20"

1°13'00"

19"01M44® 4
RA (J2000)

OUTFLOW

27

[ TR I I T
20 30 40 50 60

Visg (km/s)

Fig. 2. Top Left: G29.96e PdBI 3.5 mm continuum plotted in gray-scales withOH@utflow overlaid in contours. Blue (red)
contours represent the blueshifted (redshifted) shiftetssion between velocities (LSR) of 91 — 96 km(@08 — 112 kms'.)
Top Right: G35.20w PdBI 3.5 mm continuum plotted in gray-scales withii@utflow overlaid in contours. Blue (red) contours
represent the blueshifted (redshifted) shifted emissaiwben velocities (LSR) of 25.5 — 35.0 km§16.6 — 53.6 kmst.) Bottom
Panels: The HCO spectra towards the brightest mm position mm1 (i.e. outflowree) and an OFF position for the respective
sources in the top panel. The BIMA and PdBI beams are showitewand black respectively.

tent) resolve the velocity dispersion within the beam, ared worted high deuteration ratios (0.1-0.8) in cores with remeis
can ascertain that the high-mass precluster cores are oes-neated young stellar objects in a high-mass star-formingregi

sarily characterized by large velocity dispersionsl(kms™). Beyond the value of this abundance ratio, it is interesting t

The implication of this property on the core stability andrent see how the abundance of MBlvaries across the clouds studied

theories on high-mass star formation will be discussed @.5e here. Because of its particular formation chemistry,,RHtan
effectively be used as a tracer of certain physical conditidhs.
remainder of this section is dedicated to such studies.

4.3. Deuteration: NH>D vs. NH3z and dust

. . ) 4.3.1. NH2D chemistry
The importance of deuteration in our target clouds can

be assessed by deriving relative NMHto-NH; abundances, Let us first examine how deuterated Ammonia—i.e J0H—is
[NH2D/NHj3]. These are given in Tablg 5, calculated using theupposedly produced. Two aspects warrant particulartaiten
scheme described in SeCi._3]1.3. Towards the positionsawitlfFirst, as laid out in_Pillai et all (2007), the deuterium fraa-
signal strong enough to permit a reliable abundance measuren initiates with the formation of kD" through a reaction that
ment, we derive [NHD/NH3] > 6%. As an average, we findplays a role only at low temperatures @0 K). The enhanced
(INH2D/NH3]) = 15%. The maximum relative abundance i$1,D* fractionation is then transferred to other molecules idelu
37%+ 11%. This is high compared to the values reported in litng NH;. Second, CO depletion by freeze-out onto dust grains
erature, for e.g. [BD*/N2,H*], observed in low mass and inter-(Tafalla et al. 2002) aids the formation of MB, since gas-phase
mediate mass prestellar cores (Crapsi gt al. 12005, Fortahi e CO “destroys” HD* and therefore NgED (Caselli et all 2008).
2008) as well as [NBED/NHj3] ratios observed in low mass coredn addition, NH; does not deplete considerably relative to other
(Crapsi et al. 2007). More recently, Busquet et al. 2010 heve molecules. Given similar volatility of the N(parent molecule



Pillai et al. 2010a: Fragmentation, Structure & Chemistridigh Mass Clumps

for NH3; and NH,D) and CO, it is yet unclear why. The deu-NH,D coincide with the dark Spitzer extinction features. In sum
terium fractionation however is sensitive to temperaturehs mary, the spatial trends observed in piHemission are thus
that at temperatures higher than 20 K (close to protostas), in broad agreement with the theoretical picture drawn int.Sec
lease of CO to gas phase together with lower fractionatiamavo [4.3.].

lead to a decrease in the NBI deuteration. In summary, NAD

is thus expected to be abundant in cold regions with sigmifica )
CO depletion. 4.4. Mass estimates

We derive the gas mass from the 1.3 mm and 3.5 mm dust con-
tinuum emission as detailed in Selct._311.4). In principlesth
masses, which were obtained from the flux integrated over a
Dust emission and infrared extinction are good probes,afdtt  certain area might be influenced by foreground and backgroun
umn density. The coldest cloud regions, and the regions wiimission along the line of sight to the observer. Estimates f
strongest CO depletion,are usually strongly correlateti Wi  density gradients typical of clouds (Kéinann et al., in prep.)
column density. Therefore, a basic prediction of the foiamat suggest that the mass of embedded cores is usually overesti-
theory of deuterated analogues of dense gas tracers Jliké N mated by up to a factor 2. However, in our maps, any large scale
and NH; is that they should correlate well with dust emissioinformation is lost in the 1.3 mm data because structurggtar
intensity and extinction features. As seen in figs.3, thisna than~ 19’ are dfectively filtered out by the interferometer. In
global sense, the case in G29.96e and G35.20w. There are, hpmctice, both biases cancel each other to some extenthand t
ever, some interesting exceptions to this general trend. derived masses and densities are likely to be correct wahin
When examining the correlation of emission from dustzNHfactor~ 2 (when setting uncertainties due to opacities and tem-
and NHD in more detail we see in FId.1 that the velocityperatures aside).
integrated NH emission correlates very well with the PdBl dust  We can quantify the extent of missing flux by comparing
emission map at 3.5 mm (the map at 1.3 mm wavelength is nbé total mass within an aperture for SCUBA and PdBI con-
useful for this because of spatial filtering). This corrielatiolds tinuum data. For an aperture with a diameter of’38wvhich
in terms of spatial distribution (i.e., dust and lre present corresponds to the greatest extent of the N-S structureiseen
in the same regions), as well as in terms of intensity (i.eryv SCUBA data for G29.96e, we estimate the total mass within the
bright regions in dust are also bright in NHand vice versa). filaments to be 230 (G29.96€), and 1058l (G35.20w)
This situation is entirely dierent for NBD; the dust emission from the 3.5 mm data. The single-dish SCUBA continuum mass
peak is not the brightest Ni® peak in both filaments, thus theis derived to be 35581 (G29.96¢e), and 22501 (G35.20w).
brightest dust emission locations do not dominate thesINH Therefore, we conclude that the observation$esufrom 50 —
maps. To give an example, the MBtidentified P1 position in 65% missing flux on the shortest baselines of the interferome
G29.96¢ is free of PdBI 3.5 mm dust emission, while P2 coirter at 3.5 mm. For G35.20w SCUBA measurements, we used
cides with the mm1 dust emission peak; still, both positiares archival SCUBA data because of significant artifacts in atad
similar in NH,D brightness. Also, many major NB peak lo- We can also compare the masses derived from the
cations (e.g., P1, P2—P4, and P8 in G35.20w) are not unysuall3mm and 3.5mm data. In G29.96e, clumps of masses
brightin 3.5 mm dust emission; sometimes (e.g., P1in G29,96200 to 100(M, are identified in the 3.5 mm dust continuum im-
no dust emission at all is detected. Correspondingly (beealages. Our 1.3 mm observations, however, reveal twice as many
dust and NH have a similar distribution), the detailed correlaclumps as have been identified at 3.5 mm. This might be be-
tion of NH,D and NH; is not perfect. cause G29.96¢ is at a distance of 7.4 kpc, so that substeuctur
To understand these trends, first consider the dust emiiseasily confused in the 3.5 mm beam. As shown in Thble 6,
sion peak positions. These are heated by the embedded forte-total mass in 1.3 mm clumps of G29.96e exceeds the total
ing stars; NH observations (Tablel4) yield gas temperaturgaass in 3.5 mm clumps by a factor 1.3. In G35.20w, however,
~ 22 K for the mm1 positions in G29.96e and G35.20w. Athis ratio is 0.1;g much lesser mass is detected at 1.3 mrh; pro
discussed in Sedi. 4.3.1, at these temperatures, deutd@gm ably because of filtering. This may not be surprising, giveat t
tionation is expected to drop. Also, the heating can leadape G35.20w is closer by a factor 2.
oration of CO from dust grains, which will further reduce the . ]
NH,D abundance. The dust emission peaks are thus actually {2l masses, derived from the NB data, provide an
expected to be particularly rich in NB, in case they contain Ndependent mass estimate. Following the framework  of
stars [(Emprechtinger etlal. 2009). The PdBI fTHpeak inten- Bertoldi & McKee (1992), we define the virial mass as
sity map overlaid on the Spitzer 2 image in Fig.4 shows a 5,2R
clear dfset in the peak position towards the protostar seen fip,;, = 22~ (1)
emission at 24m in both filaments. G

Next, we consider the case of the relatively faid (\yhereo is the 1-dimensional velocity dispersioR,is the ra-
90) NH:D peak positions free of detected dust emissiogiys of the clump, an is the constant of gravity. The velocity
Towards those positions, dark extinction features in the@ agispersion is calculated a8 = o2 + o2, to include thermal
24um Spitzer images indicate significant dust column densitieg,q non-thermal contributions to the supporting motiorex(S
However, the dust emission sgnS|t|V|t|es reported in ;I'R)haz- .8). Velocity dispersionss, derive from FWHM widthsAv, as
ply 1 o column density detection thr_esholdsS X 102 CM® - — (8In[2]) Y2 Av. We stress thalvly; is a characteristic prop-
for a temperature of 15 K. Thus, it is not surprising that thgy of a cloud, but is not a strict estimator of the actual snas

dust emission towards relatively faint NB cores goes unde- |ngeed, virial and dust masses can be compared using ti viri
tected. Infact, a recent 45t image of G35.20w taken as part Ofparameter,

SCUBA-2 commissioning clearly show the MBI streamers that
go undetected with PdBI dust continuum (Jenness etal. 2010) M,  502R
Similarly, For G29.96e, the filamentary structure obserired @ = == = = - (2)

4.3.2. Spatial abundance patterns
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* 4.6. Fragmentation
A When trying to understand the initial conditions of (higlasa)
200 - H : star-formation, cloud fragmentation is one of the most irgoat

properties to be studied (Field eilal. 2008). Indeed, owriat-
ometer observations show that each SCUBA clump fragments
into several cores. The initial mass function, star forovaef-

Mass (Mg)

100 | 1 ficiency, and star formation rate all depend on cloud fragaen
a tion. To this end, we looked at the fragmentation in our sampl
. from the core separation and their masses|[(Fig.6).
* ¥ o«
>
o - - . 4.6.1. Theory
Tgas (K)

_ ) ) This data on cloud fragmentation can be directly com-
Fig.5. Gas temperature derived from VLA Nhbbservations pared to predictions from Jeans-type cloud fragmentation
versus the dust mass for the two filaments. Triangles a[lippenhahn & Weigert (1990); their Sect. 26.3). In this rabd
stars mark G29.96e and G35.20w respectively. The gray cugfinitially homogeneous state of given characteristigkirti-
is shown to indicate the parameter space avoided in Magks density and velocity dispersiomya ando-ghar, will fragment
temperature space. into features of mass

3 n -1/2
M — 53 — 1578M ( O char ) ( char ) , 3
T ©\o188kmst/ \105 cm3 3

which are separated by a distance

As we see in Tablel6 (and discussed further below in §edt. 5.1) /12 o n ~1/2
« < 1 for all cores which means that these cores are gravitatidy= (—) O char = 0.06 pc( char 1) ( Cha'_s) (4)
ally over-bound. The virial masses do thus provide a lownsitli Ge 0.188 kms*/110° cm
to the estimated dust masses. We provide the temperatzee, §) is the mass density implied bygna). By comparing the ob-
(after deconvolution), column density, volume density,sma served masses of cores, and separations between them, to the
virial parameter, and aperture mass of the identified clumpspredicted Jeans-values, we can thus assess whether ypans-t
Table[®. fragmentation governs the structure formation in our targe
gions. This is shown in Fif]6.
) The densities and velocity dispersions substituted in &js.
4.5. Correlations between mass and temperature M) have to be chosen carefully. For a given core, the density w
lie between the one of the actual dense core, and the one of the

As discussed in SeCl4.8.2, the brightest dust cores artheot scpa-detected envelope. To bracket the reasonable pagame
brightest in NHBD. Are these bright dust continuum cores (SeF“ange, we adopt eith@Tnar — Neore OF Nehar — Neny iN the cal-

Table[6) exceptional? Figuie 5 explores the relation betvkee  ,jations below. We derive the envelope and core densities f

NHz-derived gas temperatures and the dense core masses (T ga 850um and PdBI data respectively agpar = - Mass
PdBI dust continuum observations) for these cores. To remaov § rradius

biases due to dierent source distances, the masses are all caimilarly, we use either the thmeegrr?al velocity dispersiorttas
culated for an aperture of 37000 AU diameter. Here, 37000 AT)€an free particlegchar — O-ﬁh (using @ mean molecular
corresponds to the PdBI 3.5 mm beam-c§ arcsec for the more Weight of 2.33/ Kaé#mann et al. 2008), or we also include the

distant source G29.96e. impact of non-thermal motions;cnar — [(he®)? + (ont)?] 2.
Depending on whether the core or envelope density is used, we

_As we see, the maximum core mass that we derive increaggfyst the non-thermal velocity dispersien, to the value for
with increasing gas temperature; cores of low mass, for exafRe core or its envelope.

ple (i.e.,< 40Mg) are found in all temperature domains, but

all massive cores (i.ez 150Mg) have high temperatures (i.e.,

> 18 K). Most likely, the heating needed to raise the temper4-6.2. Analysis
tures comes from heating by embedded stars. Heating to tem
atures> 10K can be provided by either)(@ single star luminous
(and thus massive) enough to provide the heatingi)aa Cluster
of low-mass stars that is populous enough to have a high lu
nosity. The luminosity required for the heating is not hifgi:
lowing Egs. (5, 8) of Kaffimann et al.|(2008), 100 are, e.g.,
enough to raise the mean dust temperature within a 37000
diameter aperture to 20 K.

FI’—‘?agmentation is best studied at the highest possibleutisol
Here, we rely on our 1.3 mm PdBI maps. Ideally, we would base
our analysis on dust emission data, which provides a fadlly r
"Ble probe of mass reservoirs. This is shown in panel A of@ig.
However, only few cores are detected in dust emission at in3 m
velength. Therefore, we use the separations and virissesa
H,D cores in the following. Here, core separation is defined
as the distance to the nearest neighbor as seen in projection
Regardless of the nature of the sources might be, the deaktl sky. Since we find that virial masses are always much emall
of cold (e.g.< 15 K) high-mass coresg(100Mg) suggests that than the dust masses, we scaled the virial mass by the mésin vir
all cores of such high-mass might form stars. These are not @arameter (0.3) to reflect the actual core masses. They ere pr
tirely devoid of stars and do not exactly represent the damdi  sented in Fid.J6B. To guide the reader through the followiisg d
before the onset of active star formation. Rather, it is thight cussion, the mean observed core size, mass, and densiteis gi
NH,D coresthat are on average colder which represent the ini- by Rer = 0.14(0.04) parsecsicore = 1.3(8.3) x 10° cm™ and
tial conditions of high-mass star formation. Myir = 110(33) M, for G29.96e(G35.20w).
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First consider the case of thermal fragmentation at eneelop
i density Qichar — Nenv, Tchar — oo, indicated by pentagons in
panel C of Fig[b. In G29.96¢, the predicted mass for this case
falls short of observed values by more than a factor 10. larsep
*, * E tion, the discrepancy is up to a factor 10. Similar maximus di

o crepancies are seen in G35.20w. Thus, the structure of 629.9
oL * 03 % and G35.20w is not well described by thermal fragmentation o
mas&sensitivity G29e the envelope. A very similar discrepancy prevails even ifase
sume core densiti€$dhar — Neores Tchar — Toos triangles in

G‘*)* mass sensitivity G35w | F|gmc)

* % f * Turbulent Jeans fragmentation at envelope densiis{—

‘ Nenvs Tchar = [(e™)? + (8™ %2, pentagons in Fig.]6D)
predicts masses and separations that is inconsistent r-o
vations as seen for thermal fragmentation. The observed val
LB . ues are always lower than the model values. Finally, turtiule
Jeans fragmentation at core densityn{r — Ncorey Ochar —

c29e [(chea)? + (&™)?]Y3; triangles in Fig[BD) yields masses and
WE x  xX * A A E separation predictions that are on average within a facobitse

* ¥ observations. Among the models explored here, this is tlse be
1 * G fit to the data.

* Thus, the observed masses and separations of the cores
are best understood if they result from turbulent Jeans- frag
1E > 5 mentation. An observable predicted by turbulent fragntenra
* 5 models is that clump separation scales should scale witls mas
‘ OppB2 (pndre et o) (Padoan & Nordlund 2002). We also note that gravitatiorsd fr
‘ ‘ mentation models also claim to make a similar predictior (se
1wl © thermal envelope froam. . Sect.5.2 of Bpnne_ll et al. 2007 for a dispussion). Inte_rgstyi,

our observations lie closer to those predicted for coreitleas
Thus, it seems plausible that fragmentation occurred climse
z * E core than envelope densities and velocity dispersions.

10° b (A)

spatial sensitivity G35w
spatial sensitivity G29e
*

Mass [Mg]

EOph—B2 (Andre et

Mass [Mg]

Mass [Mg]
%
»

10 L @ E 4.6.3. Previous results

N AN / o 100 i Numerous papers have addressed cloud fragmentation aver th
VAL last decade. Figurés 6A ahd 6B present, for example, data tha
are representative of low to intermediate to higher mas®pro
‘ ‘ clusters. Oph-B2 is a well studied low mass protoclusteioreg
in the Ophiuchus molecular cloud complex with a total mass
O- of 42 Mg, (Motte et all 1998). BH* observation imply subsonic
o * to transonic turbulence (André et al. 2007). Beuther & Hegn
102 L « * Ox * | (2009) study the fragmentation of two clumps of low to in-
o X m; * termediate mass, IRAS 19175-4 and 5 (combined single-dish
< \ PAs* @l mass of 8Mg). The velocity dispersions are transonic to su-

Mass [Mg]
<)

N . personic in these sources, just as seen in our targetsidZRct.
TAN 4 Also the massive clumps mapped by Zhang et al. (2009b) belong
= to this latter velocity domain. Ideally, one would want torpe
form a fragmentation study such as ours on entire massive sta
forming complexes like Cygnus-X (Motte et/al. 2007). Reggnt
= 5 1 Bontemps et al.| (2010) have studied six individual massive
Separation [parsec] dense cores within this complex in dust continuum at high an-
Fig 6. S i E I Is. st Lklar resolution. Bontemps et al. note that the core siztsap-
th'g' b eparta lon verstus core maisfh ora {)ane S, S ardsi Mat&tion suggest densities much higher than in a turbulewe r

€ observalions, pentagons mark the envelope propeares Liqq star formation scenario proposed by McKee & Tan (2002)
thermalturbulent Jeans fragmentation while triangles mark ”]?would be interesting to combine the continuum data witjhhi

core propertiesPanel (A): We used 1.3 mm PdBI data foran : - :
vy gular resolution spectral line data and compare thetsagith

G35.20w(red) and 629-958('0'30'.0- The mass sensitivityeeor | study. Since this information is not yet available, we\dsd

sponds to a 3 rms noise in the final 1.3 mm continuum ma%%

. e minimum separation for one of their massive dense cores
for a temperature of 20 K. Data for a high-mass Cygnus P

X-53. X- h heir 1.
N53 (Bontemps et al. 20110) and low mass protocluster Oph- gnusX-53. CygnusX-53 was chosen because their 1.3 mm

André et all 2007) is sh f X Th Bl continuum observations shows the highest fragmemtati
(André et al. ) is shown for comparison. The massesare faq this core. Comparison with our results is shown inufég
rived from dust continuum for all the coreBanel (B): virial

- X . Clearly, for the same spatial scales, a few cores in Au
mass (scaled by mean virial parameter 0.3) derived frongul:D\IH[HA y P Cy¥

data versus separation. Data from two low mass clumps, Gbh 53 have an order of magnitude higher mass than in Oph-B2,
(André et al 2007), and IRAS 1917384{Beuther & Henning e low mass protocluster, in agreement with our naive erpec
2009) is also shown for comparison. The masses correspond to

ygial masses derived from M* 1-0 observationdanel (C):

Same as panel B with the corresponding thermal Jeans mass and

length for the respective core density, and temperatiiasel

(D): Same as panel B with the corresponding turbulent Jeans

mass and length for the respective core density, and lintawid
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tion. Whether fragmentation is turbulence regulated isgdte Beyond this, we derive estimates of various key properfies o
answered. out target clouds. This includes their stability againdtagse,
Motte et al.(1998) and Beuther & Henning (2009) both cormagnetic fields, and rates for mass accretioio the cores.

clude that their separation data are consistent with thlerma
core fragmentationnghar — Neore Ochar — o). In con-
trast,[Zhang et al! (2000b) find that thermal envelope fragme
tation (char — Nenv, Ochar — o) fails to explain their Random motions in excess of the thermal ones can contribute t
mass and separation observations. They suggest thaténdeyl the support of an object against self-gravity (Bertoldi & fée
magnetic fields, or both, may influence fragmentation. Thuis992). The impact of such turbulent motions is captured by th
our conclusions are more comparable with the observatigns\arial mass and ratio (EqE] @] 2). In these, the adopted itgloc
Zhang et al.|(2009b). This is not necessarily a surpriseergivdispersions reflect thermal as well as further random metian
that our study and Zhang et &l. (2009b) explore similar regjio cloud fulfilling the stability criteria of Ebérf (1955) ancbBnor
while [Motte et al. (1998) and Beuther & Henning (2009) studfi956), for example, has > 2.06 (Bertoldi & McKeé& 1992).
clumps of much lower mass and turbulence. The exact stability threshold with respect to collapse depe
on the nature of the adopted equation of state. For reasonabl
assumptionsg < 1 implies a lack of pressure support against
collapse, hence subvirial.
Intriguingly, all of the fragmentation data plotted in Figlie As shown in tableEl4 arld @, < 1 holds for all cores and
along a common sequence, independent of the nature of thealamps identified in our target regions. Table 6 givesilvalues
gion studied. Mass-separation data for clouds formingsstér for dust and virial mass computed from the 3.5 mm PdBI contin-
lower mass fall at the end with small masses and separatiomstn and line (NHD) data corresponding to the dust cores. The
while observations for turbulent regions forming higherssna mean (mediang for the cores is 0.3 (0.2). Similarly, the NE
stars constitute the opposite end of the sequence. Herecke leores identified with CLUMPFIND and listed in Tallé 4 have
the space to discuss the nature of this sequence compredignsialso a mean alpha of& We do the same estimate for the clump
resolution and intensity detection thresholds may wellspine scale for G29.96e and G35.20w since we have the SCUBA data.
to yield such an apparent correlation. It may be instructive Comparing the virial mass derived based on average linehwidt
explore this finding in future studies. from C'®0 2-1 IRAM 30m observations to that of the clump

. L . mass from SCUBA data fora38” aperture around the brightest
Another result of the fragmentation analysis is that ali@s are ooy in G29.96e and G35.20w, we estimate alpha to be 0.3 and
CQnS|st(_entW_|th_fragmentat|on occurring at densities aldaity (5 » respectively. Here we have used the relatively low dggsis
dispersion similar to the present-day values for the cvest 180 |ine widths as opposed to NB as G20 is more represen-

likely, Nehar — Neore yields good matches because the telescopgye of envelope properties. We thus conclude that therves
resolution highlights a particular spatial scale. At thetle,n¢ore supersonic turbulent motions, in combination with the {igég

is a characteristic density, simply because of the way Caires p, ey thermal support, are notfiisient to prevent the cores from
extracted. Fragmentation probably occurred at a sliglatiger collapsing.

spatial scale of slightly lower density. If truBehar — Ncore in Our assessment that< 1 is robust with respect to obser-
fragmentation calculations will thus naturally yield a gode- | 2tional uncertainties. Equatidd (2) shows that o2R/M. The
scription for the emission that is just resolved. uncertainties on the velocity dispersian, are negligible. The

This argument only works if fragmentation continuously 0G4js R 'has no uncertainty, since it is a freely chosen param-
curs at any given spatial scale and density (perhaps withigdt o, (as long as- and M are measured for the chosB) The

small scales and high densities). For any given resoluippar-  aq5 is — because of our limited knowledge of dust opacities
ently monolithic objects would break up into smaller fragise 54 temperatures — probably uncertain by a faeta2. This

if studied with sifficient resolution. We can detect fragmentationnp"es a similar uncertainty for. Since our typical observa-
down to~ twice the beam size (0.02pc for G35.20w, or 0.078¢yn js ¢ < 0.3, this uncertainty still robustly implies < 1.

for G29.96e) but any fragmentation on scales smaller than th, thermore, the spatial filtering implies actual massesed-
would go undetected. In this situation, the fragment madees i, the ghserved ones, and thus virial parameters lowerttien
rived here (or in any other study) only presents a snapshotpliieq ones. Large distance errais, are needed to yield large
the fragmentation cascade taken at a particular scale, &0 o10rs ina- (a + 6a)/a = [(d + 6d)/d] L. Distance errors larger
bear no obvious relation to the mass of the star eventuaitgfo 21 4 factor 2 are thus needed to significantet a. This

ing from the cloud. This only breaks down at the bottom of thg,ems unlikely, in particular given the parallax-basedltésr
cascade, once fragments with a maddl; are resolved. G35w.

The observatiom < 1 does not imply that the cloud frag-
ments are collapsing. In particular, there might be addétisup-
port from magnetic fields, for which we did not account in the
In recent years, two models for the formation of massivesstabove calculation. Following the virial energy argumergdis
have proven particularly influentiali)(the monolithic collapse the initial definition ofM;, (see Bertoldi & McKee 1992 for de-
of massive cloud fragments supported by supersonic tunbuléails), we can define a magnetic virial mass,
pressure (McKee & Tan 2002; essentially like Shu 1977, with
scaled—u_p _v_elocity dispersions);_ anid) (rapi_d_ growth o_f many Mg = oR (02 + }0‘/24 ) , (5)
cores of initially very low mass via competitive accretioarh a ' G 6
common massive mass reservoir (Zinnecker 1982; Prediofion S .
the protostellar mass spectrum in the Orion near-infrakester; 2nd @ magnetic virial ratio,

Bonnell et all 2001, 2004, 2007). Some of our data are susted t Mg
test the one or the other of these two scenarios. @ = s (6)

.1. Turbulent and magnetic cloud support

4.6.4. Fragmentation sequences & cascades

5. Models of star formation: stability & accretion
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where A normalization of raeer t0 < 10° yr is implied by several
B lines of argument. Recent Spitzer surveys of solar neighbor
OA = W (7)  hood clouds yield accretion timescale$ - 10° yr for low-mass

stars [(Evans et al. 2009). Given the shorter free-fall tifioes

is the Alfvén velocity for given magnetic field (in SI; uo is  the more massive cores considered here, one may thus expect
the permeability of free space). This approach capturelsdbie  shorter timescales for massive stars. Furthermore, ttieaire
aspects of magnetic cloud support, and is well-suited temrdmodels of the collapse of massive dense cores imply dusation
of-magnitude estimates. Researchers requiring a highgrede ~ 10° yr (McKee & Tan 2002). Observational constraints from
of accuracy, though, may wish to employ more accurate schenggurce counts for éfierent evolutionary stages actually imply
(see Sect. 2.3 of Bertoldi & McKee 1992). 3.10* yr (Motte et al 2007, Parsons eilal. 2009). The duration of

The magnetic field necessary to support the fragments aa@ accretion phase thus robustly impli&™ > 10*Mg yr?
be estimated from Eqg.1(6, 7) by requirimg = 1. For the entire for stars more massive than Q.
clump, we get 67QG (G29.96e), and 1650G (G35.20w). For A particular constraint for spherical accretion on mas-
the cores in both filaments, we find that on averagé mG sive stars results from the “accretion luminosity problem”
field is needed to fulfillag = 1. Such field strengths maythe momentum of the accreting matter has to overcome the
seem high and unrealistic, in light of recent measurements &tar's radiation pressure (Wolfire & Cassinelli 1987). Baling

low mass dense cores. However, observations spanninge I@iina & Adams (1996), we estimate that a rate exceeding
range in densities have revealed a field-density relatiarh) that

-1/2 5/4
B o n'? (Troland & Heilesl 1986, Padoan & Nordlund 1999y umi _ 1 5 10-6m yrt My \ % Lo+ Lacer)” )
Vlemmings| 2008). With a lot of upper limits, particularly at ™ * ' © 10 M, 5-108 Ly

the cold core densities, this relation has a significant armHlS needed to overcome the radiation pressure. In this, the co

(r?rjasgcnaetiiir'figl\cljesndse?i,\/g dlsb;/nltjzrzsrgnr?o:()gPoost;;ri]r?ct:c;[ﬂgis“trgnmtswbmed luminosity of star and accretidn, + Laccr is normalized
to regular observed luminosities. Note tidi™ < MUme for

the proposed relation. Specifically, our results for fietersgths the case considered here. Thus, the accretion luminosity-pr

are not inconsistent with the compilationlby Padoan & Nandlu . : ; A
X ™ oy . .~ lem does not imply higher rates than required by basic fifeti
[¢ 3 - . L
(1999), examined at densities10° cm3. However, a prelimi arguments. Thugyl, ~ Mime.

[ olarization obsematio : p . . .
nary analysis of our own Zeeman and p el Direct observations of accretion flows inidegions actually

towards high-mass cores are inconsistent with a high m'agn(?ltn | - : 3 1
. . . e even higher accretion rates10—°M, yr— (Keto & Wood
field, which would be relatively easy to detect (Pillai et ®lork 20?)23/). This ig in line with observationseg; ne(arby young high

in progress). mass stars (e.@., Cesaroni €t al. 2005). Itis not cleargtindwow
Our observations ofr <« 1 render the McKee & Tan (2002) representative these values are.
model quantitatively not applicable to our target cloudssée
this, consider the basic assumptions of their model: cloag-f
ments are modeled as equilibria supported by turbulentomand
motions. Our targets do not bear any similarity with suchiléatu
ria, though: these would have> 1 (e.g./ McKee & Tan 2003),
while our observations show < 1. In detail, our observations
do thus not rule out monolithic collapse. However, the qitiant
tive description by McKee & Tan (2002) cannot apply here.
Global infall motions, as suggested by aur 1 observa- 5.2.1. Accretion of mass onto stars
tions, are a common feature in many models of competitive 6}_9— . .
cretion. In these models, the whole clump undergoes glaiial c Irst, let us consider the rate at which mass accretes osto th
lapse, and the gas accretion and the protocluster evolodicurs central star. A very basic accretion model is the mo_nohdmta
on the global dynamical timescale. Recently, Krumholz =t dppse of the entire ci)/rze of maMsdurlngthefree—fallltlmescale,
(2005) did actually use to rule out models with competitive ac-ff = (37/[32G(o)]) ¥~ (G is the constant of gravity, antb)

F ff _ H —
cretion. They assert an apparent lack of observationabegiel '€ Mean density), so thafl, = M/rq. In practice, 7y =

—3\-1/2 : B ;
for @ < 1—a gap now filled by our data. In fact, our obserg'8><104 yr ((m/10° cm%) +/2. We find mean free—fall accretion

vations are not the first to suggest a possible global irfalb  "ates of 06 x 10°° Mg yr_l and_3>_< 107 Mo Yr_l for 635'.20‘”
recent studies towards low a?\?j interrrr)1ediate r?wass star figrmfnd G29.96¢, respectively. This is well within the rangesnesgi
regions find evidence of such large-scale collapse (Andaé e or massive star formation.

2007, Peretto et al. 2007). Also, note that a preliminary nicKee & Tan (2002, 2003) present a more elaborate model of
merical model by Vazquez-Semadeni etlal. (2008) indidéi@s such a monolithic collapse. As an initial condition, the rabd
physical properties in high-mass star-forming regionstmarne- chooses an equilibrium core supported by non-thermal press
produced by starting with such a global infall. described by a velocity dispersian, and a polytropic exponent
vp. Then, the core undergoes the classical inside-out c@laps
resulting into accretion onto a star forming in the core’stee
Re-evaluation of the McKee & Tan calculations shows that the
The formation of massive stars inevitably requires highetion maximum accretion rate from a configuration that is iniyiafi
rates M. A fundamental constraint is that a star of missmust equilibrium is found foryp = 1.06,

Equations[(B.19) imply higlstellar accretion rates (i.e., onto the
stellar surface). These rates have to be supplied by tHarstal
vironment, such as the cores identified here. Thus, it iséste

ing to also considetore accretion rates, i.e., the rates by which
cores (or any other environment of a star) gains mass from its
surroundings. Both these rates are considered below.

5.2. Accretion rates onto cores and stars

accrete all of its mass in one accretion time scalg.- Then, 3

MUme = M, /Tacc, respectively M{? < 23x10* Mo (km 5_1) - (10)

Mme — 10-4M 1 My Tacer -t 8 Unfortunately, it is not clear what values are to be substitdior
x = oY \Tomg ) \Teyr) B) . If we use the greatest velocity dispersions, (8 In2RAv,

12
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resulting from the observations reported in TdBle 4, themle«e of the core-core relative motions;corecores gives the mean
rive implied accretion rates of up to.@x 10*Mgyr-t and core-environment relative motion along the line of sight.3+
1.1x 104 Mg yr-* for G29.96e and G35.20w, respectively. Thiglimension, the relative motion is larger by a factdf?3i.e.

is about consistent with the rate of TMg yr~* implied by Eq. v = 3%2 X 0¢ore_core- TAbIET presents some rate estimates calcu-
@@). Also, we find these high rates primarily towards the dukited for these assumptions. The environmental densitgtis e
emission peaks where massive stars are observed to Butm. mated based on SCUBA data (estimate from Curraniet al. 2004
this also suggests that the velocity dispersions are increased by  for G35.20w). The G29.96e is broken up into several partg-to
stellar feedback and are not representative of the initial condi- flect the variety of cloud conditions in this region. We find iy
tions to be substituted in Eq. (10). ) accretion rates in the ranget@o 5x 1074 Mg yr1.

On average, the observations in Table 4 imph,) < Second, let us explore the situation of vanishing core-
3x10°° Mg yr~2. If representative of the initial state, this is toeenvironment motiony < ¢ This “turbulent” accretion is only
low for massive star formation. Also, recall that< 1, which due to random motion of particles towards the sphere. The rat
renders the_McKee & Tan (2002, 2003) model not applicableecome®Acren/2, in whichA is the core’s surface, or
This observation does, however, not challenge general imotle
monolithic collapse, which may well obey other accretionda MYP, = 4.4x 10° Mg yr?

than explored here. ( n )( _ ) R \2 13
10t cm3/ \kms1/10.1pc/ -

_ . . e gaugereny by setting it equal to the velocity dispersion in the
We may also consider the mass evolution of the reservoir (t 82_91 trearll\ési)'{ion, asgobs?arved with the IRXM S%m—telescope

“core”) from which a star forms. In our study, this reser\dxhes towards the phase center of the PdBI map. Values are given in
probably about correspond to the cores extracted from the in Tablel7. Rates 3x 104 My, are found.

ferometer maps. It depletes in mass via accretion onto #re st

But the reservoir may also gain mass by accretion onto itsefhis model of core accretion is very simplistic; for example
Here, we derive a new idealized model for this process. if collisions were truly inelastic, the inhibition of rebod af-

4 particle collisions would imply the strict absence afiddic
ressure. Still, our toy model shows that a dense core isaugt

5.2.2. Accretion of mass onto cores

A very basic model of accretion onto cores can be establish
when idealizing a core as a sphere with radRishat coasts contact with a large mass reservoir, from which it could aste
at speedv through a medium of density and velocity dis- in principle collect mass at a significant rate.

rsionoeny. Provi llisions with thi here are inelasti X ; I
'E)heeSsghgfg\-/env(i)ror?r?%r?fcosllic;,iosns (tjué t(?t?]% :pﬁe?e?wnep;:t “ Thus, the accretion rate onto the core might be similar to the
a{iccretion rate onto the massive stars, Mgere ~ MUMe, This

well as the drift of gas particles towards the sphere duene r ; . . .
: ; means thathe mass reservoir from which stars formis not lim-
dom motion, will collect mass at a rate : ] )
ited to the cores: the core mass received by the star can be replen-
T 1/2 _ ished by accretion onto the core. In other worlds, > Mcore iS
o+ SV f loo — v cos()| sin(?) dﬂ] . (11) entirely consistent with the rates. For core identificaionemes
0 as adopted here, a direct correlation of core and stellasesas

This equation can be derived by separately consideringaise §ot implied by our observations. This is similar to models of
particles facing the “front side” and the “back side” of thewa COMPpetitive accretion, where several stars accrete froona c

ing sphere. On the front side, for the first half of particldghw MON €nvironment, so that their growth is not limited by thessa
random motion towards the core, the mean core—gas relaive {eServoirimmediately surrounding them.

locity is Vel = V cos(?)+o-. For the other halfy,e) = v cos@)-o,

where is the position angle of a particle with respect to the

core’s direction of motion. Similar relations hold for thagy 6. Summary

on the back side. At every position on the sphere, mass C%t‘hough there have been many studies at high angular resolu

tained in one of the four populations of gas particles (he&q : : :

X L ; . tion towards evolved high-mass objects (protostarsydgions,
gas motion directions per hemisphere) hits the surface allea 1, iflows associated with protostars), those with the rigloiae
dMcore = (0/2) Vi1 A, as long as/e > 0 for the gas population

' i . . of line tracer (that trace the cold presteltdnster gas) with
considered. In this, &l = 2xR* sin() d# is the surface element. high spectral resolution and sensitivity towards preelusfas
Summation over the populations, and integration over ajlem

h 0 th ields E 1 has been few. We present high angular resolution obsengtio

w ?r(_av@ > U, then yields qECII )- in which of two cold,and high-mass filaments G29.96e, and G35.20w, in
tis convenient to exa_lmlr:eftwo eé'gremle cases, m_dw iIch Effre close vicinity of two well known UCHregions G29.96-0.02

(LT) assumes are more simple form. First, let us consideetbe 5, \yag respectively. To our knowledge, these are the first ob
of cores moving through th‘?'r environmentat a very high dpe%ervations that look at the massive cold cores with a lingetra
v > ¢. Then, the rate at which the core accretes mass that “f||m%_t uniquely traces cold, and dense gas {8H G29.96e is an
by” becomegAv, or IR dark cloud as seen with Spitzer atr8, while except for
MDY _ 225 10°5 M -2 the central object, G35.20w i; IR qu!et at Spitzep_ﬂn The

core = & oY clustered nature of star formation implies that such filatmare
( n ) ( % ) ( R )2 (12) ideal laboratories for determining the initial conditiasfshigh-

C 9

Mcore = ”RZQ

10t cm3/ \kms1/{01p mass star formation.
Our findings are based on observations obtained in line
where A is the cross section. To estimate the relative cor@®NH,D NH; HCO'), and continuum (3.5 mm, and 1.3 mm)
envelope motion, we may assume that the ensemble of congth PdBI, VLA, BIMA, SCUBA, and Spitzer. If the proper-
rests with respect to the environment. Then, the dispersities of the two filaments were to reflect the initial condisdor
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forming high-mass stars, then we make the following conclennell, I. A, Larson, R. B., & Zinnecker, H. 2007, in Pro@rs and Planets V,

sions that have to be taken into consideration in future risaufe
high-mass star formation;

ed. B. Reipurth, D. Jewitt, & K. Keil, 149-164
Bonnell, I. A., Vine, S. G., & Bate, M. R. 2004, MNRAS, 349, 735
Bonnor, W. B. 1956, MNRAS, 116, 351
Bontemps, S., Motte, F., Csengeri, T., & Schneider, N. 288, 524, A18+

— NH3D is a good tracer of the entire filament seen in dususquet, G., Palau, A, Estalella, R., et al. 2010, A&A, 516+

emission with single dish, and shows rich structure alo

both the filaments. Multiple objects were detected in,®H

@rey, S. J., Noriega-Crespo, A., Mizuno, D. R., et al. 268%P, 121, 76

selli, P., Vastel, C., Ceccarelli, C., et al. 2008, A&A24903
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SN were detected only towards few of these objects. On@hurchwell, E., Babler, B. L., Meade, M. R., et al. 2009, PABH, 213
the brightest mm continuum core shows several signs @@psi, A., Caselli, P., Walmsley, C. M., et al. 2005, ApB,6379

high-mass star formation, with their compact;2d emis-

Crapsi, A., Caselli, P., Walmsley, M. C., & Tafalla, M. 2006&A, 470, 221
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sion, high masses, densities, associated massive outflowsgos aga 421, 195
and methanol maser emission. Therefore, gas is predominham, M. M., Crapsi, A., Evans, I, N. J., et al. 2008, ApI®9, 249

nantly precluster.

NH3 observations.

The core temperature is always22 K as derived from our

Ebert, R. 1955, Zeitschrift fur Astrophysics, 37, 217

Egan, M. P., Shipman, R. F., Price, S. D., et al. 1998, ApJ, 4289+
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Table 3. The sensitivity and beam parameters for the interferonodtservations. Columns are the interferometer used, the-wav
length with the molecule in brackets for line observatidhs,gfective beam, its position angle and the RMS noise level itttz
image.

Instrument Wavelength(type)  Omaj X Omin PA RMS (type)
arcsec degrees nmbeam
G29.96e
PdBI 1.3mm 2% 1.6 44 2.3 (continuum)
3.5mm (NHD) 55x4.1 43 0.5 (continuum), 35 (line)
VLA 23.6 GHz (NHg) 8.0x 7.4 12 1.1 (line)
BIMA 89.2 GHz (HCO+ 1-0) 21.7x 17.6 14.3 420 (line)
G35.20w
PdBI 1.3mm 1.8 1.7 52 2.5 (continuum)
3.5mm (NH.D) 45%x4.2 45 0.5(continuum), 31 (line)
VLA 23.6 GHz (NHg) 8.7x 6.9 42 1.2 (line)
BIMA 89.2 GHz (HCO+ 1-0) 19.2x 18.2 -20.6 210 (line)
Table 4.Line parameters, and virial mass for bIPicores.
Core Qfsets VSR Av2 Tiot Ret  Mur® Mgt af 0°
arcsec kms kms? parsec M Mo 10°(cn®)
G29.96e
P1  (6.0,25.0) 103.67 (0.01) 0.94(0.02) 2.40(0.29) 0.24 44 55 2 0.2 1
P2 (0.0,8.0) 103.17 (0.01) 1.41(0.02) 3.81(0.2) 0.219 91 6811 0.1 4
P3  (23.0,-16.0) 102.77(0.02) 0.73(0.03) 2.69(0.59) 0.135 15 <56 — -
P4  (-2.0-33.0) 102.87(0.03) 1.11(0.04) 5.78(0.78) 0.145 37 <9 - -
P5  (10.0,-18.0) 101.57(0.01) 0.72(0.02) 3.26(0.48) 0.127 12 <73 - -
P6  (16.0,-11.0) 102.47(0.01) 0.68(0.03) 1.5(0.52) 0.117 11 <70 — -
P7  (-1.0,-26.0) 103.27(0.02) 0.98(0.04) 7.48(09) 0.125 25 <75 -— -
P8 (3.0,-13.0) 103.37 (0.03) 1.22(0.04) 5.0(0.56) 0.074 23132 0.2 11
P9 (3.0,6.0) 103.17 (0.01) 1.42(0.02) 3.74(0.2) 0.19 80 986.1 5
P10 (-6.0,-4.0)  102.37(0.27) 0.8(0.91) 0.95(0.1) 0.154 21289 0.1 3
P11  (-15.0,28.6) 101.87(0.03) 0.69 (0.05) 7.29 (1.95) - - <7 - -
G35.20w
kms? kms? parsec M M, 10°(cmd)
P1  (-13.0,-5.0) 41.70(0.01) 0.71(0.01) 358(0.22) 0.118 3 1 120 0.1 0.3
P2 (-3.0,4.0) 41.40(0.02) 0.98(0.05) 2.76(0.23) 0.067 - 163 - 2
42.60(0.02) 0.74(0.03) 3.82(0.32) 0.067 - 152 - 2
P3  (-5.0,7.0) 41.70 (0.04) 1.56(0.08) 3.56(0.29) 0.065 - 114 - 1
42.70(0.01) 0.68(0.02) 3.59(0.33) 0.065 - 106 - 1
P4  (-8.0,5.0) 42.00 (0.01) 1.22(0.02) 3.98(0.26) 0.043 13 6 4 0.3 2
P5 (7.0,4.0) 42.00(0.02) 1.37(0.03) 2.56(0.33) 0.056 22 4 180.1 4
P6  (13.0,-1.0)  42.70(0.03) 1.69(0.06) 2.89(0.41) 0.049 29148 0.2 4
pP7 (8.0, 0.0) 42.40(0.02) 1.33(0.04) 3.14(0.35) 0.058 21 2 250.1 4
P8  (-21.0,1.0)  42.40(0.01) 0.5(0.03) 5.56 (1.01) - - <22 - -
P9  (11.0,-6.0)  43.70(0.02) 0.9(0.04) 1.6(0.53) 0.036 6 5410 4
P10  (-15.0,10.0) 42.20(0.27) 1.25(0.91) 0.98(0.1) - - <16 - -
P11  (-15.0,13.0) 42.00(0.02) 0.6(0.04) 2.97(0.78) 0.023 219 01 5
P12 (6.0,-1.0) 42.50(0.02) 1.01(0.03) 3.32(0.43) - - 95 - -
P13 (-20.0,17.0) 42.30(0.02) 0.54(0.05) 1.83(1.18) - - <9 - -

a FWHM from the hyperfine fits over arffective area of radius g deduced from CLUMPFIND
b Total optical depth from the hyperfine fits over afeetive area of radius &f deduced from CLUMPFIND

¢ Virial Mass, and 3.5 mm dust continuum mass computed overffacte area of radius & (deconvolved with the beam) deduced from

CLUMPFIND. Dust mass calculated for a temperature of 16 K.

d virial parameter defined in the text
€ average gas density ovegR

1 NH,D emission with associated very weak or no dust emissio8o).

2 Since there are two velocity components, no virial mass kas balculated.

3 point like NH,D emission with associated very weak or no dust emissioBof). Dust continuum mass is only ar3upper limit over the area

integrated flux.

4 point like NH,D emission with associated continuum emissisrs¢).
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P10 (-7.0,-4.0)
P8 (2.0,-17.0)
G29.96eNH; cores
(0.0, 6.0)
(2.0,-15.0)
(-15.0, 10.0)
(-16.0, 28.0)
(5.0,-29.0)
G35.20wNH,D cores
P1 (-13.0, -7.0)
P2 (-4.0, 6.0)
P2 (-4.0, 3.0)
P7 (8.0, 0.0)
P10 (-15.0, 14.0)
P8 (-22.0,-1.0)
G35.20wNH; cores
(34.0,0.0)
(20.0, 2.0)
(4.0, 0.0)
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+H++F+ A+t

+ +

+

4+ 4+ 4+

+ +
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103.57 (0.03)
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42.60 (0.02)
41.40 (0.02)
42.60 (0.03)
42.10 (0.02)
42.30 (0.03)

42.16 (0.05)
42.50 (0.02)

0.77 (0.04)
0.9 (0.06)

1.29 (0.02)
0.9 (0.06)

0.69 (0.01)
0.74 (0.02)
0.93 (0.05)
1.68 (0.06)
0.83 (0.04)
0.96 (0.06)

1.28 (0.09)
1.41 (0.05)

0.2 \V.1 ()
0.55 (0.46)
3.56 (0.86)

3.82(0.2)
3.56 (0.86)

3.59 (0.24)
3.68 (0.26)
2.4(0.21)
3.17 (0.37)
2.44 (0.61)
3.41 (0.87)

42.00 (0.02)
1.28 (0.83)
3.41 (0.39)

1UU.0 (U.UO)

101 (0.03)

101.1 (0.04)

101.8 (0.04)
101.1 (0.04)
101.4 (0.05)
94.7 (0.12)
101.0 (0.09)

41.8 (0.03)
41.9 (0.02)
41.9 (0.02)
425 (0.03)

42.2 (0.06)

1.00 (0.01)

42.00 (0.03)
42.30 (0.03)

1.48 (0.13)
2.51(0.27)
1.65 (0.19)

1.UZ2 (Y.0oxR.9 (£.UZg)
1.39 (0.08).83 (0.45)
1.81 (0.08.47 (0.56)

2.02 (0.12.67 (0.43)
1.81 (0.08.47 (0.56)

1.05 (0.06).96 (0.5)
1.57 (0.0%)55 (0.23)
1.59 (0.05).5920.24)
1.84 (0.063.4 (0.25)

1.26 (0.148.59 (0.89)
1.59 (0.33)

1.73 (0.08..91 (0.25)
1.89 (0.0@.75 (0.27)

2.33 (0.56)

3.27 (1.24)

20.9 (3.8)

1z2.0\4&.1)
14.9 (1.9)
15.7 (2.4)

22.1(5.2)

15.7 (2.4)
19.5 (5.0)
16.6 (7.2)
18.2 (8.7)

20.3 (4.9)
19.0 (2.1)
19.6 (2.2)
20.5 (2.6)
16 (5)
16 (5)

20.0 (2.4)
20.9 (2.9)

J.0\o.V)
0.7(0.6)
5.8(1.7)

13.6(4.4)
5.8(1.7)

6.1(1.9)
6.1(0.9)
5.2(0.9)
13.3(2.7)
3.5(1.5)
5.7(2.5)

2.0 (0.5)
3.9(2.6)
12.3(2.7)

2.0 (o.1)
4.4(0.7)
9.1(1.2)

7.2 (1.7)

9.1(1.2)
4.2 (1.2)
7.9(2.7)
6.4 (2.7)

3.9(0.9)
4.8 (0.5)
5.1(0.6)
5.6 (0.7)

4.1(0.6)
6.7 (0.9)

uvr)
0.06 (0.02)

0.18 (0.02)
0.06 (0.02)

0.15 (0.02)
0.12 (0.01)
0.10 (0.01)
0.22 (0.03)

[e 18 ejid

0.17 (0.02)

@ Core names from the original NB data (see Tabld 4) have been assigned to the cores in thehedddH,D data.

1 NH; (2,2) transition is not detected.
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Fig. 3. Line and Continuum emission towards G29.98#t) and G35.20wr(ght). Panel (A): Spitzer & (for G29.96e)24u (for
G35.20w) emission and 3.5 mm PdBI dust continuum emissiaoaturs.Panel (B): VLA NH 3 (1,1) integrated intensity map
and 1.3 mm PdBI dust continuum emission as contdeasel (C): PdBI NH,D integrated intensity map and 3.5 mm PdBI dust
continuum emission as contoufanel (D): PdBI NH,D integrated intensity map with the clumps identified fromWUPFIND
from P1. The PdBI primary beam at 3.5 mm is shown as dashelé @air¢he top most panel. The contour levels for all the maps
(line and continuum) start at30, 30 in steps of 3. The positions of the NkD cores (P1..) given in Tablg 4 are marked as filled
triangles, the 1.3mm cores (mm1..) are marked as stars argyttihesized beam of the background image shown as fille@ whi
ellipses. For G29.96e, we have also marked the methanokmpasitions identified by Walsh etlal. (1998) as red stars.
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Table 6.Cores identified from the 1.3 mm and 3.5 mm continuum emis€iofumns are the clump name (for 1.3mm cores only),
offset position relative to the map center, peak flux, total flue dfective radius after deconvolution with the beam of the mnecor
total gas mass for a temperaturg, estimated from Nl observations, peak4tolumn density, average gas density ovgy,Rotal

mass, virial mass from N§D observations, the alpha parameter as defined il Eq.2, angeature mass for an aperture size of
37000 AU. 37000 AU corresponds to the beam of the more distauntce G29.96e. The aperture mass is underestimated up to a
factor 2 when aperture size is very similar to the beam.

Core core fsets %eak Scotal Rer Tiin Nh, P Miotar  Myir (€2 Maperture
arcsec Jjpeam Jy parsecs (K) (1cm2) (1Pcm3® My, Mg Mo
G29.96e-1.3mm
mml (2,10) 0.052 0.293 0.16 23. 4. 2. 291. 90. 0.3 135.
mm?2 (-2, 0) 0.026 0.200 0.17 F6. 4. 2. 320. 55. 0.2 107.
mm3 (4, 16) 0.024 0.055 0.07 %6. 4. 9. 88. 19. 02  90.
mm4 (4, 20) 0.020 0.051 0.08 *6. 3. 6. 82. 13. 0.2 83.
mmb5 (2, -145 0.018 0.054 0.09 18. 2. 4. 74. - - 57.
mm6 (-1, 18§ 0.014 0.036 0.07 18&. 2. 6. 58. — - 45,
mm7 (-1, -24) 0.012 0.028 0.07 13. 2. 6. 60. 51. 0.8 32.
G29.96e-3.5mm
(2,10) 0.010 0.026 0.24 20. 5. 2. 836. 110. 0.1 225.
(-1, 2) 0.007 0.017 0.21 20. 3. 2. 547. 64. 0.1 161.
(2,-15) 0.003 0.005 0.14 17. 2. 2 193. 42. 0.2 77.
G35.20w-1.3mm
mm1l (4,-1) 0.044 0.090 0.03 22. 5. 24. 18. 7. 0.4 17.
mm2 (16, 3) 0.030 0.059 0.03 21. 3. 17. 3. 9. 07 22
mm3 (13, 2% 0.028 0.051 0.03 21. 3. 14. 11. — — 18.
mm4 (6, 12)5'd 0.013 0.012 0.01 10. 5. 265. 8. - - 6.
G35.20w-3.5mm
(4,-1) 0.017 0.078 0.15 20. 9. 5. 490. 107. 0.2 264.
(15, 2) 0.011 0.046 0.13 19. 6. 5. 306. 145. 0.5 206.
(-13,-11) 0.003 0.009 0.08 F6. 2. 5. 78. 8. 0.1 48.
(-15, 12) 0.003 0.005 0.06 18. 2. 6. 40. 13. 0.3 32.

Comments? Mass estimates based on an assumed temperature of 16 Kie#aserred value has a very high errer30%).

b NH,D spectra at theseffisets show clearly more than one velocity component. We did¢awsider these positions because of the following, (i)
poor two-component HFS fit in CLASS in one case, (itfidulty of associating a particular component to the dust.

¢ No NH,D detection® mm4 is barely resolved with peak emission just abave Given the biases in a typical interferometer image, thighmi
be spurious.

Table 7.Core accretion rates. The columns are, (i) the region of theént, (i) number of cores for that region, (iii) mean ali
of the cores, (iv) mean velocity dispersion from PdBI NIH(v) mean G20 envelope velocity dispersion, (vi) mean protocluster
density (SCUBA 850m), (vii) mean fly—by accretion rate, and (viii) mean turlmilaccretion rate.

Source Neoes R Ocorecore  Tenv n (M) (MLrb

pc kms® kms? 10fcm® 104 Mgyr! 107% Mgyr?
G29.96e
North filament 4 0.22 0.5 1.4 5 4.6 14.5
South filament 3 0.15 0.2 1.4 25 0.4 3.4
G35.20w
Whole filament 13 0.06 0.5 1.1 30 2.3 5.2
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