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ABSTRACT

Context. The earliest phases of clustered star formation and thénasfghe stellar initial mass function (IMF) are currentlyuoh
debated. In one school of thought the IMF of embedded claisteentirely determined by turbulent fragmentation at thestellar
stage of star formation, while in a major alternative vieweisults from dynamical interactions and competitive aamneat the
protostellar stage.

Aims. In an dfort to discriminate between these two pictures for the origfi the IMF, we investigated the internal and relative
motions of starless condensations and protostars prdyidetected by us in the dust continuum at 1.2 mm in the L1688gtuster

of the Ophiuchus molecular cloud complex. The starless easations have a mass spectrum resembling the IMF and aeéattee
likely representative of the initial stages of star forroatin the protocluster.

Methods. We carried out detailed molecular line observations, idicig some NMH*(1-0) mapping, of the Ophiuchus protocluster
condensations using the IRAM 30m telescope.

Results. We measured subsonic or at most transonic levels of intéunalilence within the condensations, implying virial messs
which generally agree within a factor ef2 with the masses derived from the 1.2 mm dust continuum. Supgorts the notion that
most of the L1688 starless condensations are gravitatljohalind and prestellar in nature. We detected the classpeattroscopic
signature of infall motions in CS(2-1), CS(3-2»&0D(2,—- 1,;), andor HCO"(3-2) toward six condensations, and obtained tentative
infall signatures toward 10 other condensations. In aolditive measured a global one-dimensional velocity dispersi less than
0.4 km st (or twice the sound speed) between condensations. The ssfative velocity dispersion implies that, in general, the
condensations do not have time to interact with one anotferd evolving into pre-main sequence objects.

Conclusions. Our observations support the view that the IMF is partly deteed by cloud fragmentation at the prestellar stage.
Competitive accretion is unlikely to be the dominant med$ranat the protostellar stage in the Ophiuchus protoclubtérit may
possibly govern the growth of starless, self-gravitatingdensations initially produced by gravoturbulent fragtagon toward an
IMF, Salpeter-like mass spectrum.

Key words. stars: formation — stars: circumstellar matter — ISM: cla#dSM: structure — ISM : kinematics and dynamics — ISM:
individual objects (L1688)

1. Introduction clouds such as the L1688 clump in Ophiuchus (also known as
_ _ _ the p Ophiuchi main cloudd ~ 150 pc), the Serpens central
While most stars are believed to form in clusters (e.g. Ad&rnsc|ump @ ~ 300 pc), or the NGC 2068071 clumps in Orion B
Myers 2001; Lada & Lada 2003), our present theoretical uUndeg " 400 pc) have uncovered ‘complete’ samples of prestel-
standing of the star formation process is essentially §thto |5 condensations whose associated mass distributiopsnres
|solate_d dense cores and proto;tars (e.g. S_hu et al. 198%4).20p|e the stellar IMF (e.g. Motte, André, & Neri 1998 — MAN9S:
Studying the formation and detailed properties of presteibn- Teg;j & Sargent 1998; Johnstone et al. 2000; Motte et al. 2001
densations in cluster-forming clouds is thus of prime it@oce - gontemps et al. 2001; and references therein). In particthia
if we are to explain the origin of the stellar initial mass €n s the case for the population of 57 starless condensatitms i
tion (IMF). Some progress has recently been made in this afgq py MAN9S in their 1.2 mm continuum mosaic of L1688
(cf. André, Ward-Thompson, & Barsony 2000; Motte & Andr&ith the MPIfR bolometer array (MAMBO) on the IRAM 30m
2001; Ward-Thompson et al. 2007 for reviews). telescope. These Ophiuchus condensations, which weré-iden
_On the observational side, recent ground-based (subi¥d using a multi-resolution analysis equivalent to a wetel
millimeter continuum surveys of a few nearby cluster-fargii decomposition (cf. Starck et al. 1998; Motte et al. 2003}, ar
seenon the same spatial scales as protostellar envelopes (i.e.,
Send offprint requests to: pandre@cea.fr ~2300-4500 AU or 15”—30”in L1688). Their mass spectrum
* Based on observations carried out with the IRAM 30-metes-telis consistent with the Salpeter (1955) power-law IMF at tiglh

scope. IRAM is supported by INJONRS (France), MPG (Germany), mass end and shows a tentative break &4 M, (see Fig. 1).
and IGN (Spain).




2 André et al.: Kinematics of the Ophiuchus protoclusterdemsations

This break is reminiscent of the flattening observed in thE 1 the masses of individual stars. Surprisingly, the shapesfon-
field stars below ® M, (e.g. Kroupa 2001; Chabrier 2003), alsalensation mass spectrum agrees better with the IMF of igdivi
presentin the mass function of L1688 pre-main sequencetsbjeual field stars (solid curve in Fig. 1) than with the IMF of mul-
(Luhman et al. 2000; Bontemps et al. 2001). If real, the bogak tiple systems (dashed curve in Fig. 1). Clearly, the linkusen
curs at a mass comparable to the typical Jeans mass in the déims condensation mass spectrum and the IMF is less robigt at t
(nH2 ~ 10°cm™3) DCO* cores of the central Ophiuchus moleciow-mass end than at the high-mass end.
ular cloud (cf. Loren, Wootten & Wilking 1990). The results o On the theoretical side, two main scenarios have been pro-
MAN98 in L1688 were essentially confirmed by independeipiosed for clustered star formation in turbulent moleculawds.
(sub)-millimeter dust continuum surveys of the same regiitih  In the first scenario, the distribution of stellar massesris p
SCUBA on JCMT (Johnstone et al. 2000) and SIMBA on SESmarily determined bygravoturbulent cloud fragmentation at
(Stanke et al. 2006). the prestellar stage. Briefly, self-gravitating condensations form
as turbulence-generated density fluctuations (e.g. Kiegse
. . Burkert 2000; Padoan & Nordlund 2002), then decouple from
# | L1688 CMD ] their turbulent environment through the dissipation of MHD
~  (MAN98) ] waves on small scales (e.g. Nakano 1998; Myers 1998), and
1 eventually collapse with little interaction with their saund-
Co Cly ] ings. Such protocluster condensations are local minimarbtit
Aps (Buy, lence (traced by narrow linewidths) and have small relatiee
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= o (B60s) 93) tions with respect to one another and to the surroundingAyas.
I | given star is entirely formed from (a fraction of) the gad tvas
o | — initially present in the corresponding prestellar condgios.
< Incompldte|  Kroupa (2001) . ] Thus, in this scenario, the IMF derives directly from the -con
5 sampling \ T ] densation mass distribution (CMD) (Padoan & Nordlund 2002)
Pa—_— #| N | which provides a simple explanation for the observed siityla
z ] between the CMD and the IMF (e.g. MAN98 and Fig. 1).

‘ ] By contrast, in the second scenario, the distribution dfeste

1 masses results entirely from tlgnamics of the parent proto-

Mass, M (M) cluster (e.g. Bonnell et al. 1998, 2001b). Here, a protocluster is

Fig. 1. Cumulative mass distribution of the 57 starless condemssti initially made up of gas and protostellar seeds. These pteito

identified by MAN9S in the L1688 protocluster (histogram lwiarror a7 Seeds result from turbulence-generated cloud streidike
bars). For Comparison’ the solid curve shows the Shape difeddestar 1N the first scenario, but their initial masses are unreltidihal
IMF (e.g. Kroupa 2001), while the dashed curve correspontisetIMF ~ Stellar masses. The seeds travel in the gravitational faterell
of multiple systems (e.g. Chabrier 2003, 2005). The stakerarepre- of the system and are characterized by a large, essentialy v
sent the mass function of (primary) pre-main sequence tbjet. 1688  velocity dispersion. They accrete mass competitively ag &x-
as derived from the ISOCAM mid-IR survey of Bontemps et 200B).  ecute several orbits through the protocluster. The segettea
The c(ithtecti htnhe S;ho‘_"’slu(> M) oc Mt ' p?Wer(;'?W (él(s)tnkl)utlon ggze' ries within the protocluster are highly stochastic in natand
sponding o the typical mass Spectrum found for L% clumps feature close encounters, merging Amddynamical ejections.
1993; Kramer et al. 1998). Note the flattening of the massididions —\, s 5iternative scenario, competitive accretion andadyi-
below~ 0.4 M, and the apparent excess of starless condensations over int fi betw individual toclust
stellar systems at the low-mass end. cal interactions between individual protocluster memipday
a dominant role in shaping the resulting IMF at the protdestel
(Class (Class 1) stage (e.g. Bate et al. 2003). Furthermore, most

Such a close resemblance of their mass spectrum to the INFthe final mass of a given star comes from gas that was ini-
in both shape and mass scale, suggests that the starless #a#y not gravitationally bound to the corresponding pstellar
densations identified by MAN98 are about to form stars onsged(s) (cf. Bonnell, Vine, & Bate 2004). _
one-to-one or perhaps one-to-two basis, with a high loffial e In an dfort to discriminate between these two broad pictures
Ciency, i-e-yM*/Mpre > 50%. This Strong|y supports Scenarioéor the origin of the IMF and further constrain the naturelod t
according to which the bulk of the IMF is at least partly detestarless condensations identified by MAN98, we carried eut d
mined by pre-collapse cloud fragmentation (e.g. Larsors198ailed molecular line observations of the central Ophitscpro-
2005; EImegreen 1997; Padoan & Nordlund 2002). The protgcluster with the IRAM 30m telescope. The present paper de-
lem of the origin of the IMF may thus partly reduce to a goo8cribes the results of these line observations and disstissen
understanding of the processes responsible for the fosmatin the context of the above-mentioned theoretical sceadan
and evolution of prestellar condensations. Additionakpsses clustered star formation.
are likely to be required, however, to account for the formdhe layout of the paper is as follows. Section 2 provides ebse
tion of binarymultiple systems and fully explain the low-mas&ational details. Section 3 presents the results of ourria@-

(M < 0.3M,) end of the IMF. Indeed, while most young star®ing observations. Section 4 analyzes the constraintysbebe

are observed to be in close multiple systems (e.g. DuchgnedBservations on the kinematics of the L1688 protocluster. W
al. 2004), the 1.2mm continuum survey of MAN98 did not haveéiscuss the implications of our results for our understagdif
enough spatial resolution to probe multiplicity within th#688  cluster-forming clouds in Sect. 5. Our conclusions are samm
condensations. Furthermore, multiple systems are beliéve fized in Sect. 6.

form after the prestellar stage by subsequent dynamical frag-

mentation during the collapse phase, close to the time dbpro ;

star formation (e.g. Goodwin et al. 2007). One would thus e>2<-' Observations

pect the masses of the Ophiuchus prestellar condensatidres tWe used the IRAM 30m telescope at Pico Veleta, Spain, in June
more directly related to the masses of multiple systems than1998, July 2000, and June 2005 to carry out millimeter line ob
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Fig.2. Maps of the NH*(1-0) intensity, integrated over the seven components efhiyperfine multiplet, taken in the OTF mode with the
IRAM 30 m telescope toward the DCCcores Oph B2 (a), Oph B1 (b), Oph A (c), Oph F (d), Oph E (e), amth @-S (f). The (0,0)
offsets correspond to the J2000 equatorial position82AR796,-24°2706.9"), (168'27"1241,-242958.0"), (16'26M26:45,-24°2430.8"),
(16272425 -24°40'35.2"), (16'27"0£70,-24°39125"), and (1627m0191,-24°3440.7"), respectively. The contours go from 2to 10, 1 to 7,
21016, 1.5t0 6, 0.75 to 3, and 1 to 6 K kmtsy steps of 2, 1, 2, 1.5, 0.75, and 1 K kit srespectively (in T scale). The angular resolution
(HPBW) is shown as a black filled circle. The crosses mark titions of the starless condensations identified by MANG®I@ dust continuum
at 1.2 mm, the plus symbol the position of theHN peak N6 discussed by Di Francesco et al. (2004), and the\stavads the positions of
Class 0 or Class | protostars. The ellipses show the locatdrthe clumps identified witkBaussclumps in the corresponding M*(101-012)
background-subtracted data cubes (see Sect. 3.1 and Jable 3
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Fig. 3. H1®*CO*(1-0) or DCO (2-1) integrated intensity maps taken in the OTF mode with|RAM 30 m telescope toward the DCQores
Oph B2 (a), Oph F (b), and Oph E (c and d). The contours go fr@rd0.9, 0.5 to 1.5, 0.25 to 1, and 0.6 to 2.4 K km by steps of 0.3,
0.5, 0.25, 0.6 K km &, respectively (in T scale). In (a), the negative contours are -0.6 and -0.3 K mT® emphasize small-scale structure,
large-scalex 40”) emission was subtracted from thé*80* (1-0) map of Oph B2 shown in (a) (see Sect. 3.1). The angusatugon (HPBW) is
shown as a black filled circle. The crosses mark the positibtise starless condensations identified by MAN98 in the dastinuum at 1.2 mm,
and the star symbols the positions of Class 0 or Class | peosThe ellipses show the locations of the clumps idedtifieh Gaussclumps in
the corresponding background-subtracted data cubes éste33l).

servations of the DCOcores and 1.2 mm continuum condensaNRAO 530 every~ 2 hours on average. Single-point line obser-
tions of L1688 in the following molecular transitions: vations were performed in the position switching mode, &hil
N,H*(1-0), H'3CO"(1-0), CS(2-1), *S(2-1) at 3 mm, CS(3-2), extensive mapping was performed in the “on-the-fly” (OTF)
H,CO(22-111), DCO*(2-1) at 2 mm, and HCQ3-2) at 1.1 mm. mode. All of the data were reduced with the CLASS software
Our adopted set of rest line frequencies is given in Tablehk. Tpackagé.

half-power beamwidth of the telescope was26 ", ~ 17",

and~ 9" at 3 mm, 2 mm, and 1.1 mm, respectively. We used

four SIS heterodyne receivers simultaneously and an autocg, Molecular line mapping results and analysis

relation spectrometer as backend, with a spectral resolutd

20-40 kHz at 3 mm and 2 mm, and 40 kHz at 1.1 mm. The ca?-1. Detections of protocluster condensations in NoH* (1-0)
responding velocity resolution ranged from 0.04 to 0.07 kin s and other tracers

per channel, depending on the observed transition. All baen

vations were performed in single sideband mode, with sidebal '& NeH"(1-0) integrated intensity mapsve took toward the

rejections of 0.01, 0.1 and 0.05 at 3 mm, 2 mm and 1.1 mm, (&% Main DCO cores of the Ophiuchus central cloud are shown
spectively. The resulting calibration uncertainty~isl0%. The N Fig. 2. The positions of the starless 1.2 mm continuum con-
forward and beamféciencies of the telescope used to Conveq)ensa_tlops found by MAN98 are marked by crossegd1-
antenna temperaturds, into main beam temperaturd@,, are 0) emission was found to be present toward most of thgse con-
listed in Table 1. The telescope pointing was checked evezy densations. Altogether, we performedHN (1-0) observations
hours on NRAO 530 anidr 1514-241 and found to be accurate

to ~ 4” (rms). The telescope focus was optimized on 3C273 and see http/www.iram.f/IRAMFR/GILDAS.
2 Our N;H*(1-0) data cubes are available in FITS format at the CDS.
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Table 1. Adopted line rest frequencies and telescoffiencies.

Transition Frequenéy ob Ref¢ HPBW!  FE, B, Ber
(MHz) (km S'l) ) (2000)  (1998)
H&CO™ (1-0) 86754.204(30) 0.10 (D 284 092 077
NoH*(101-012)  93176.265(7)  0.023  (2) 264 092 077 073
cHs(2-1) 96412.952(1)  0.003  (3) 255 092 077 073
CS(2-1) 97980.953(1) 0003  (3) 251 092 080  0.73
H,CO(2»-L1)  140839.518(7)  0.015 (1) 175 090 065 054
DCO*(2-1) 144077.319(50)  0.10  (4) 171 090 065
CS(3-2) 146969.026(1)  0.002  (3) 167 090 065
HCO*(3-2) 267557.625(17)  0.019 (1) 92 085 049

(a) The frequency uncertainty in units of the last digit is give parentheses.
(b) Frequency uncertainty converted to velocity units.
(o) Reference for the frequency: (1) Lovas (1992), (2) Casebil. (1995), (3) Gottlieb et al. (2003), (4) Pickett et 4098).
(d) Half-power beamwidth (HPBW) of the IRAM 30m telescope.
(e) The forward diciency was 0.95 for pH*(1-0) in 2005 (OTF map in Oph B1).
(f) The main-beamféciency was 0.77 for pH*(1-0) in 2005.
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Fig. 4. Examples of NH*(1-0) spectra and Gaussian HFS fits obtaine
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toward the condensations B2-MM8 (left) and E-MM2d (righithe

spectra shown in the top row are those observed toward B2-#)18
and E-MM2d (b)prior to background subtraction, while the spectra
shown in the bottom row are those obtained toward the sameesad- ! ¢ Y PETHTIE ! \
ter subtracting the local background emission estimated using a multi-Yields an estimate of the intrinsic linewidth (i.e., proiyegor-
resolution wavelet decomposition (see text).

emission from the condensations was provided by the “small-
scale” view. Such a multi-resolution decomposition is &mio

the analysis performed by MAN98 to separate compact conden-
sations and protostellar envelopes seen on angular scales-

60” from more extended{ 1’) cloud structure in their 1.2 mm
dust continuum image. The fact that most of the condensation
detected in OTF maps remained positively detected aftet-bac
ground subtraction demonstrates that owHN observations
successfully probed the condensations themselves anchhot o
the dense environment of the parent clyB@O* cores.

Additional H*CO*(1-0) and DCO(2-1) OTF maps were
obtained toward some of the cores (cf. Fig. 3), which were
background-subtracted and analyzed in a similar fashion.

At the position of each target condensatfmotostar, the
seven hyperfine components of theHN (1-0) multiplet were
flited simultaneously using the Gaussian HFS (HyperFine
Structure) fitting routine of the CLASS software packagesTh
routine derives the line optical depth by assuming the sate e
citation temperature for all hyperfine components, ancetioee

rected for optical depthfiects provided that the assumption is
correct). The results of these HFS fits, both before and after
background subtraction, are given in Table 2 for all the ctisje

toward 48 of the 57 compact starless condensatimentified detected in NH*(1-0). (Note that, in some cases, the signal-to-
by MAN98 and detected line emission for 41 of them, eithd}QiS€ ratio was not good enough to perform a significant HFS

through position-switch integrations (rm<0.1 K in T units) or
in OTF maps (rms- 0.1-0.2 K, depending on core). Howeve

the ~ 26” angular resolution of our fH* observations is not OO A Har
always stiicient to clearly distinguish between line emissio@'€ Shown in Fig. 4. A single-component HFS fit failed and a
from the condensations themselves and emission from the g4fo-component HFS fit was required for three condensations
ent clougDCO* core. In order to estimate the backgroundH\
emission from the parent core, we used our OTF maps to prod&¥@h . as well as the protostar CRBR 85.

a smoothed PH*(1-0) image of the local background toward

fit after background subtraction.) The quoted error barsecor

rspond to standard deviationssx{jlas estimated by the HFS rou-

tine of CLASS. Examples of M*(1-0) spectra and HFS fits

in Oph B1, four condensations in Oph B2, one condensation in

In addition, we also used th@aussclumps fitting procedure

each object. In practice, we used the multi-resolution weveOf Stutzki & Gusten (1990) (see also Kramer et al. 1998) to
analysis software of Starck et al. (1998) to decompose ot Offecompose each of our background-subtracted OFHF {101-
N,H*(1-0) data cubes into two wavelet “views”, corresponding12), H*CO*(1-0), and DCO(2-1) data cubes into a series of
to small ¢ 20-40’) and large & 40”) spatial scales, respec-Gaussian-shaped “clumps”. The significan{c) clumps iden-
tively. The background emission was estimated from theyéar tified with Gaussclumpsin the various DCO cores of L1688 are
scale” view, while an estimate of the background-subtchctehown as ellipses in Fig. 2 and Fig. 3. Their main charadtesis

are given in Table 3. In this way, a total of 17 starless 1.2 mm

* MAN98 counted 58 compact starless condensations but one Ggndensations and 3 ClasgClass | protostars (VLA 1623,
these — E-MM3 — was subsequently shown to be an edge-on T TduRAM 26, GY 210) were found to have well-defined N,
disk as opposed to a prestellar object (e.g. Brandner ed@)2

H3CO*, or DCO' counterparts in position-velocity{Vv) space.
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Table 2. Results of Gaussian hyperfine fits to thgHN(1-0) multiplet.

Prior to background subtraction

After background subtraction

Source Coordinates  o®  S/NP PS Vig FWHM 7 o?  S/NP PS Vig FWHM 73,
@000 62000 (MK) K) (kms?)  (kms?) (mK) K) (kms™) (kms?)
60 o
) (2 (3) 4 ©®) (6) (1) (8) ©) (109 @11 12) (13) (14) (15)
A3-MM1 26:09.7 23:06 79 7 1.6(2) 3243(26) 0.877(59) 0.3(24
A-MM4 26:24.1 2152 65 45  15.8(1) 3.243(2)  0.445(2) 26(1) 76 17  4505) 3.324(8)  0.378(18) 1.5(13)
A-MM5 26:25.9 22:27 62 53  15.3(5) 3.171(2)  0.381(6) 193) 46 15 9.8(16)  3.146(5)  0.183(10)  10.6(29)
SM1N 26:27.3 23:28 60 98  52.2(8) 3.573(1)  0.487(3) 8.6(2) 5747  29.009)  3.587(3) 0.436(6) 11.4(5)
SM1 26:27.5 23:56 43 125  35.9(0) 3.645(1)  0.597(1) 5.7(0) 4356  15.2(4)  3.682(3) 0.640(7) 6.1(3)
A-MM6 26:27.9 2253 64 20 5.0(3) 3.353(6)  0.694(16)  1.4(5)
SM2 26:29.5 24:27 52 68  19.8(3) 3.509(1)  0.485(3) 3.6(2) 51 9 1 5.8(5) 3.519(6)  0.386(13) 4.9(12)
A-MM8 26:33.4 25.01 65 51  17.3(4) 3.505(1)  0.384(4) 273) 46 16  3.9Q) 3.571(6)  0.332(12) 0.1(6)
A-S 26:43.1 25:42 81 7 2.9(6) 3.710(7)  0.236(20)  2.2(22)
VLA1623 26:26.5 24:31 37 75 1712 3.685(1)  0.561(3) 441 37 30  6.9() 3.749(4) 0.532(8) 4.2(5)
BI-MM1 27.08.7 2750 91 10 3.1(1) 4.069(8) 0.383(21) 0.1(2)
B1-MM2 27:11.8 29119 101 26 5.4(5) 3.387(19) 0.826(39) B2( 100 11  1.9(2)  3.430(42) 0.981(88)  0.1(203)
10.2(8)  4.050(4)  0.287(11)  3.2(9) 4.8(10)  4.060(8)  0.26J(  5.1(28)
B1-MM3 27:12.4 29:58 67 38 9.7(8) 3.287(4) 0.280(11) 115)(1
14.6(4)  3.821(2)  0.340(5) 3.3(4) 70 19  16.9(22)  3.780(3) 188(7) 13.7(27)
B1-MM4 27:15.7 30142 216 15 34.8(68)  3.551(5) 0.158(11) 5¢3) 221 8  14.8(14) 3.762(27)  0.451(37)  29.8(37)
14.6(12)  3.956(5)  0.341(14)  2.2(10) 4.3(7)  3.967(11)  B(29) 0.3(13)
BIB2-MM1 27:11.3 27:39 130 16 7.6(7) 4.070(6) 0.384(16) (2 128 5  3.011) 4.065(12) 0.217(39) 1.5(37)
B1B2-MM2® 27:18.0 2848 126 6 2.7(6) 3.957(25) 0.556(63)  2.4(25)
B2-MM1 27:17.0 27:32 147 16  12.6(11)  4.049(6) 0.380(14) (@p 144 4  6.2(37) 3.984(15) 0.184(42) 15.1(114)
B2-MM2 27:20.3 27:08 99 18 7.5(2) 3.947(19) 0.757(34)  37(4
6.7(7) 4.344(7)  0.238(18)  10.3(0)
B2-MM3 27:23.7 28:05 130 14 8.4(2) 3.785(9)  0.531(11)  30(1
4.2(9) 4.376(4)  0.305(30)  2.1(23)
B2-MM4 27243 2745 262 14 21.7(19)  3.718(7)  0.393(17) (B} 259 5  14.9(46) 3.678(12) 0.262(25)  16.3(66)
4.6(7)  4.358(15) 0.345(38)  0.1(22)
B2-MM5 27:24.9 27:26 246 13 15.8(4) 3.693(1) 0.497(19) @9( 238 5  7.9(21)  3.644(15)  0.305(28) 7.7(42)
4.7(15)  4.388(62) 0.597(97)  8.0(45)
B2-MM6 27:253 27:00 240 12  15.6(13)  3.763(10)  0.699(26) O(8). 248 4 10.1(28) 3.680(22)  0.424(39)  14.3(56)
B2-MM7 27279 27:39 261 10  9.2(13)  4.214(21) 0.789(60) (2L
B2-MM8 27:28.0 27:07 206 19  19.2(11)  4.144(6) 0.584(14) (B0 208 8 6.3(3)  4.186(10)  0.419(17) 0.1(5)
B2-MM9 27:28.8 26:37 240 13 11.3(12)  4.093(12) 0.650(33) 9(1D)
B2-MM10  27:29.6 27:42 162 15 8.9(8) 4.334(9) 0.569(22)  8)5(
B2-MM11  27:29.8 2549 145 12 4.2(2) 4.040(16) 1.018(51) (91 146 4  4.4(26) 4.070(54) 0.633(134)  15.4(104)
B2-MM12  27:29.9 26:33 244 14  16.4(12)  4.093(8)  0.549(20) 5(%B. 255 4 85(24) 4.097(12)  0.238(26) 7.7(44)
B2-MM13  27:32.7 26:07 263 12  14.1(14) 3.967(12)  0.637(29) .1(W)
B2-MM14  27:32.8 26:29 258 11  14.9(14) 4.162(12) 0.771(32) .8(B
B2-MM15  27:32.8 27:03 267 15 31.6(24)  4.413(5) 0.356(11) 1(TL) 272 6  14.9(36)  4.445(8)  0.221(17) 9.3(41)
B2-MM16  27:345 26:12 55 54  15.7(2) 4.041(2)  0.626(4) 352 54 23 9.2(7) 4.074(7)  0.426(15) 6.8(10)
B2-MM17  27:352 26:21 250 12  13.1(14) 4.079(12) 0.622(28) .4(Bl) 257 5  4.2(14)  4.110(19)  0.320(45) 1.4(33)
CW° 26:550.0 3249 154 12  14.6(17)  3.578(4) 0.192(9)  7.2(18)
C-Ne 26:57.2 31:39 93 33 36.3(16) 3.811(1) 0.211(3)  12.5(8)
C-MM2 26:58.4 33:53 263 8  18.2(27) 3.879(12) 0.429(24) (@6h
C-MM3 26:58.9 3422 281 9  352(46)  3.910(7)  0.307(15) 130K
C-MM4 26:59.4 34:02 287 9  28.6(49)  3.852(9) 0.334(18)  1mBJ(
C-MM5 27:00.1 34:27 62 38 385(12)  3.809(1) 0.314(3)  196(7 62 16 22.1(7)  3.803(5) 0.238(6) 30.0(25)
C-MM6 27:01.6 34:37 61 38 37.1(22)  3.710(1)  0.327(6) 1BK1 61 18  24.8(26)  3.667(4) 0.249(7) 26.3(33)
C-MM7 27:03.3 3422 294 6  34.1(15) 3.691(10) 0.294(11) @B
E-MMI® 26:;57.7 3656 153 5 21(2) 4.434(21) 0.360(39)  0.1(195)
E-MM2d 27:04.9 39:15 61 39  13.5(4) 4.496(1)  0.287(4) 36(4) 62 21 9.0(7) 4.482(3) 0.253(8) 5.5(10)
E-MM4 27:10.6  39:30 41 26 5.1(3) 4.232(3)  0.331(7) 1.7(6) 4116  4.8(6) 4.219(6)  0.254(13) 6.7(19)
F-MM1 27:22.1 40:02 59 26 8.9(5) 4726(5) 0.476(11) 46(7) 2 6 15  3.4(Q) 4789(6)  0.329(13) 0.1(9)
F-MM2 27:24.3 40:35 43 53 18.2(2) 4.133(0) 0.229(4)  10.8(0) 44 22 6.4(8) 4.148(4)  0.188(11) 9.6(23)
7.7(2) 4592(2)  0.354(6) 0.6(3) 4.6(4)  4.584(1)  0.304(11) 2.0(10)
CRBRS5 27:24.7 41:03 215 13  254(26)  4.067(4) 0.230(10) 2(16) 213 6  12.3(28) 4.032(8) = 0.200(19)  11.1(41)
3.3(3)  4.649(20) 0.402(44)  0.1(4)
YLW15 27:27.0 40:50 37 94  29.5(4) 4.162(1)  0.258(2) 81(2) 6 3 54 19.0(10) 4.172(2) 0.212(4) 10.1(9)

Notes: the numbers in parentheses indicate the uncerfainotyits of the last digit.
(a) o isthe rms noise in J scale.

(b) S/N is the signal-to-noise ratio.

(c) The fitting function isT}(v) = %(1 — (). In the optically thick caseP; = T2 P x 1.
(d) Tt is the total optical depth of theJN*(1-0) multiplet. The optical depth of the isolated compdrid1-012 is7*.
(e) Composite starless clump (cf. MAN98) not included in thaaensation mass distributions shown in Fig. 1 and Fig. 8.

The relevance of such Gaussclumps decomposition is that it ponents, theGaussclumps decomposition allowed us to reject
further helped us discriminate between the line emissimingr one of the two components and to identify the component most
from the compact condensations themselves (with well-ddfinlikely associated with the compact 1.2 mm continuum object.
“positions” in| — v space) and the line emission from the su©ph B1, for instance, two HFS components were detected to-
rounding, more extended dense gas (with less-well-defiped “ ward B1-MM2, B1-MM3, and B1-MM4 prior to background
sitions” in | — v space). In particular, for six of the abovesubtraction (cf. Table 2), but only one of these two compo-
mentioned eight condensations with doublgHN HFS com- nents was found to be associated with each condensatian afte
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runningGaussclumps on the background-subtractedii (101- age one-dimensional nonthermal velocity dispersion ottre
012) data cubes (cf. Table 3). In the following, we will condensations ranges from 0.%20.02 km s in Oph E, 0.13+
sider the multiple components detected toward the remgini®.02 km st in Oph C, 0.15+ 0.04 km s in Oph BYB1B2,
two condensations with double HFS components (B2-MM2 arid17 + 0.04 km s in Oph F, to 0.20+ 0.08 km s' in Oph A,
B2-MM4) as representative of independent objects when g« dand 0.24+ 0.08 km s in Oph B2. For comparison, the isother-
cuss the statistics of linewidths (Sect. 3.2) and relatistioms mal sound speed or one-dimensional thermal velocity désper
(Sect. 4.3) between condensations. is o1 ~ 0.21-0.27 km s for gas temperatures of 12-20 K.
Therefore, the condensations of Oph A, Oph B1, Oph C, Oph E,
and Oph F are characterized by orslybsonic levels of inter-
3.2. Linewidths and virial masses of the protocluster nal turbulence withont/0r ~ 0.6-0.8 on average, while the
condensations condensations of Oph B2 have at most “transonic” internal tu
) ) bulence withoyt /o1 ~ 1.1 < 2 on average. This is especially
Based on the measuredii(1-0) linewidths (Table 2), we can trye since the measured nonthermal component of e {i.-
calculate the nonthermal component of the line-of-sigivae () jinewidth may overestimate the intrinsic level of intatiur-
ity dispersion (cf. Myers 1999) and estimate a virial mass fgyjence in the presence of infall motions zordrotation (see
each condensation. Table 4 gives the deconvolved (FWHM) djact. 4.1 and 4.2).
ameter (col. [2], MAN98) and gas dust mass derived from |y conrast, the line-of-sight velocity dispersions meast
the 1.2 mm continuum (col. [4], MAN98), the assumed/dast o the scale of the parent DCQores are significantly larger
temperature (col. [3], cf. MAN98), the thermal velocity B~ (f, Taple 2 of Loren et al. 1990), with corresponding valogs
sion o7 (i) for a particle of mean molecular weight= 2.33 ;. - ranging from~ 0.17 km s in Oph E, 0.2-0.3 km¥ in
(col. [3]), the one-dimensional nonthermal velocity dispen  oph ¢ and Oph F, to 0.35-0.5 km'sn Oph A, Oph B1, and
ot obtained from the bH"(1-0) linewidth (col. [6]), the non- opp B2, Furthermore, the values@fr derived from NH ob-
thermal to thermal velocity dispersion ratair /or (Col. [7]), servations of the cores tend to be larger, by up to a factor of 2
the estimated virial maddy; (col. [8]), and the virial mass ratio than those inferred from DCQ(Loren et al. 1990; A. Wootten,
avir = Myir /M1.20m (col. [9]) for each observed object. COIumnSp_rivate communication). For instanegyr = 0.5+0.1kms?is
[10] to [13] list the values of the same parameters when eslistimated in Oph B1 from Ni(Zeng, Batrla & Wilson 1984),
mated from the background-subtracted spectra. For some cghimpared taryr = 0.4 km st from DCO*. Thus, the internal
densations, the dust temperatures (col. [3]) adopted ma&&t ¢|qity dispersions derived here for the compact condérsa
M 2mm (col. [4]) from the measured 1.2mm fluxfiér slightly  gre typically a factor ot 2 smaller than the nonthermal veloc-
from those assumed by MAN98. Here, we udgd= 12 K for iy gispersions of their parent dense cores. We concludttea
all condensations except SM1N, SM1, A-MM6, SM2, A-MM8gy¢| of turbulence decreases from marginally supersomitie
in Oph A, which are likely warmerTy = 20 K) due to their gcaje of the DCO cores to transonic or marginally subsonic on
proximity to the B3 star S1 (cf. André et al. 1993). Our a@upt {he scale of the prestellar condensations.
defaultTq = 12 K is consistent with the typical mass-averaged g ghove results are reminiscent of the transition to “co-
temperature found by dust radiative transfer models ofe®8r o rance” observed by Goodman et al. (1998) in isolated star-
cores (cf. Andr'e_ et al. 2003; Sta_matellos & Whitworth 200355 cores. They suggest that, at least in nearby clusteirig
In agreement with the radial profiles measured by MANS8, the, ,qs  the initial conditions for individual protostelleollapse
values quoted foMyir andayir assume that the density structure, g «conerent” and largely free of turbulence. They are also
of the sources approaches that of centrally-condensedesph@ sistent with scenarios, such as the “kernel” model of felye

with outer profiles such gs e r=2, for which My, ~ 3reong Z2.  (1998), according to which protocluster condensationsifoy
dissipation of MHD turbulence on small scales within massiv

_ 2. 2 .
Here, oo = Jor(u)* + oy is the total (thermak- nonther turbulent cores (see also Nakano 1998).

mal) line-of-sight velocity dispersion ang,ng is the conden-

sation outer radius, which we take to be twice the geométrica

mean of the deconvolved major and minor HWHM radii meat Systematic motions within the DCO* cores of

sured in the 1.2 mm dust continuum (i.¢/FWHM, x FWHM} L1688

— cf. col. [2] of Table 4 and Table 2 of MAN98). For unre-

solved condensations, the quoteld, anda,;, values are only 4.1. Evidence of gravitational infall motions

upper limits obtained under the assumption that the dedeedo _ . )

FWHM diameter is 400 AU (i.e~ one fourth of the HPBW spa- Our data show the classical spectroscopic signature df méa _
tial resolution of the 1.2 mm continuum observations). Noge  tions (cf. Evans 1999; Myers et al. 2000) toward at least six
that our N H*(1-0) observations provide the Iine-of-sightveloc1-2 mm continuum condensations, where optically thickdine
ity dispersion averaged over-a 26" beam, while the FWHM Such as CS(2-1), CS(3-2),@0(22 - 111), andor HCO(3-2)
angular size of the dust condensations ranges from5” to are double-peaked with a stronger blue peak, while loweapti

~ 30”. However, since bott,;, and Mo are derived for a depth lines such asM*(101-012) and @’,“8(2—_1) peak in the
diameter~ twice the FWHM size, our method of estimating,  diP between the blue and red peaks of the optically thiclensc
should be reasonably accurate. Some of the secondary conff§b-Fig: 5. Such asymmetric line profiles skewed to the blue

nents listed in Table 2 were ignored in Table 4, based on tieoPtically thick tracers are produced when a gradient titex
Gaussclumps identifications summarized in Table 3. tion temperature toward source center is combined with idwa

The r_neasured N'If(l'o.) Ilnewldths are narrow, indicative 4 The optically thick spectra observed toward C-MM5 and C-MM6
of small internal velocity dispersions. Prior to backgrdwsub- 6\ two fainter, additional peaks at velocitie€.8 and~ 4.9 km s*.
traction, the average one-dimensional nonthermal velati#- These additional velocity components are also observedi9@-1)
persion,ot, is estimated to be 0.20+ 0.08 km s* among  but are not seen in #*(1-0). They likely arise from the ambient cloud
the 43 components listed in Table 4. More precisely, the-aveather than from C-MM5 et C-MM6 themselves.
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Table 3. Compact objects identified witBaussclumps in the background-subtracted,N* (101-012) data cubes.

Object A« AS Vo Q AX Ay ) FWHM Av Identification
name () ¢) (kms™) (K ) ) (") ) (kms™)

@ 2 B 4 ) (6 (7 ()] ) (10) (11

A-1 6.0 63.6 352 216 27.00 7250 81.2 35.8 0.49 A-SMIN
A-2 67.1 -16.6 342 185 2840 4470 46.6 33.9 0.37 AN6

A-3 -26 1441 314 101 27.00 6090 615 34.9 0.34~ A-MM5

A-6 109 397 390 065 27.00 3870 1121 31.3 0.22 A-SM1
A-15 0.4 8.9 389 035 2700 2730 25.1 27.1 0.13 VLA 1623
B1-1 389 -33.0 400 0.73 31.80 32.20 50.6 32.0 0.37 B1-MM4
B1-4 -0.8 0.0 3.75 060 27.00 2740 86.3 27.2 0.25 B1-MM3
B1-20 -22.3 53.8 424 045 27.00 58.10 4138 34.6 0.15 Bl1l-MM2
B2-1 67.8 9.3 443 109 30.80 4820 104.2 36.7 0.29 B2-MM15
B2-2 56.5 50.5 391 092 46.40 2730 -6.3 33.2 0.35 B2-MM13
B2-3 16.6 1.0 417 0.78 34.40 50.20 109.2 40.1 0.31~ B2-MM8
B2-4 723 -39.3 4.02 0.77 3020 4320 1347 35.0 0.36

B2-5 -30.0 -10.2 376 066 5170 2860 -36.5 35.4 0.37 B2-MM5
B2-6 494 -333 353 054 2710 3580 121.9 30.6 0.46

B2-7 -20.9 19.9 341 049 27.00 46.40 94.9 33.0 0.24

B2-8 83.7 454 416 051 27.00 3390 17.7 29.9 0.28~ B2-MM16,17
B2-10 -70.5 -49.9 379 045 27.00 4840 1714 334 0.22 B23VM
B2-11 101 -369 441 045 27.00 27.30 787 27.1 0.23- B2-MM7,10
C-1 2.4 -6.2 3.67 093 6370 3210 151 40.5 0.32 C-MM6
C-2 -39.1 214 392 0.76 5050 39.80 11.7 44.2 0.31 C-MM3, &M
C-3 -215 72.0 3.78 042 27.00 60.70 140.6 34.9 0.19

E-1 7.7 3.3 452 061 5030 3400 55 39.8 0.25 E-MM2d
E-4 806 -109 428 037 27.00 2730 247 27.2 0.28 E-MM4
F-1 337 -225 415 0.82 66.10 30.60 6.0 39.3 0.24~ YLW 15

F-2 -8.1 299 454 051 27.00 4210 60.3 32.1 0.26~ F-MM1

F-4 52 -129 466 041 27.00 3530 62.0 30.3 0.31~ F-MM2

Notes: In col [1], the first part of the object name indicatesDCO" core in which the object is embedded. Columns [2] and [3]laeaffsets
of the object with respect to the core position given in thetiom of Fig. 2. Columns [4] and [5] are the center velocityl gpeak intensity,
respectively. Columns [6] and [7] give the major and minay#ar diameters of the two-dimensional Gaussian fittedewtject, and col. [8]
is the position angle of the minor axis. Columns [9] and [11@] the typical FWHM size and FWHM line width, respectively.

(a) N,H* peak N6 discussed by Di Francesco et al. (2004).

motions (e.g. Leung & Brown 1977). Here, among a total of 26ph A, Oph B1, Oph B2, Oph C-S, Oph E, and Oph F in Fig. 6a—
starless condensations observed in at least one optibalkyin- f. These centroid velocity maps were derived from the origi-
fall tracer and one optically thin transition, blue infaligfiles nal N;H*(1-0) data cubes before background subtraction. No
are clearly observed in 6 condensations (A-SM2, B2-MM16, Clear, large-scale velocity gradient can be seen in thecitglo
MM5, C-MM6, E-MM2d, and E-MM4, see Fig. 5), tentativelymaps of Oph A, Oph B1, and Oph B2, and the underlying kine-
observed in 10 other condensations (A-MM4, A-MM5, A-SM1matic structure cannot be described as a simple supexpositi
A-MM8, C-N, B2-MM12, B2-MM13, B2-MM14, B2-MM15, of a small number of velocity gradients. In Oph A, which re-
B2-MM17), and not seen in the remaining 9 sources (A-MM&embles a curved filament in the integrated intensity map, th
A-SMIN, F-MM1, F-MM2, B1-MM4, B2-MM2, B2-MM6, B2- two ends of the filament are characterized by lower systemic
MM8, B2-MM10). velocities ¥ ~ 3.2 and~ 3.5 km s) than the central re-

In the case of A-SM2 and C-MMS6, the absorption dip obgion Mis ~ 3.7 km s1), dominated by the objects A-SM1 and
served in the optically thick line profiles is slightly redised VLA 1623. In Oph B2, the two condensations B2-MM10 and
with respect to the LSR velocity traced by the optically thif82-MM15 stand out with significantly higher systemic veloci
lines, by~ 0.1 and~ 0.1-0.2 km s, respectively. This sug- ties (Vjs ~ 4.4 km s%) than the bulk of the corefg ~ 3.7-4.1
gests that the outer gas layers responsible for the absomtip km s*). In Oph B1, two velocity components are detected on
in these two condensations are characterized by signifinant the lines of sightto B1-MM2, B1-MM3, and B1-MM4. Based on
ward velocities- 0.1 km st (see, e.qg., discussion in Sect. 3.3 ofhe results of ouGaussclumpsanalysis (see Table 3), we believe
Belloche et al. 2002). By contrast, the absorption dip isradt that only the~ 4.0 km s™* component, connected to Oph B2, is
shifted (nor blueshifted) toward E-MM2d, E-MM4, B2-MM16, physically associated with the compact condensations R12M
and C-MM5, suggesting that only comparatively deeper gyedB1-MM3, and B1-MM4.
undergo infall motions in the latter sources.

Well-defined NH*(1-0) velocity gradients were identified

4.2. Large-scale velocity structure

In order to investigate the presence of systematic velapity
dients, such as rotational gradients, within the DGfres of

toward Oph C-S, Oph E, and Oph F, and their amplitudes es-
timated using the least-squares fitting method of Goodman et
al. (1993). In particular, Oph C-S is characterized by a sys-
tematic projected velocity gradient of mean vajW®V|| ~ 4.4

L1688, we plot maps of the M*(1-0) centroid velocity across km s pc™t, with velocities increasing along the direction of



Table 4. Line-of-sight velocity dispersions and virial mass estiesdfor the 41 starless 1.2 mm condensations positivel\ctiatén NoH*.
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Prior to background subtraction

Myir

After background subipact

Myir

Source FWHM Ty Ml_anb o) ONT % Mir My o ONT % Myir Y-
(AU x AU) ) Mo)  (kmsh)  (kms? Mo) ‘ (kms?) (Mo) ‘
1) 2 (3) 4) (5) (6) (7) (8) 9) (100 (11) (12 (13)
A3-MM1 < 400 2 021 0.21 0.37 18 <024 <12
A-MM4 4000x 1400 12  0.29 0.21 018 09 0.60 2.1 015 0.7 052 1.8
A-MM5 3700x 2900 12  0.48 0.21 015 07 072 15 005 02 050 1.1
SM1IN 3000x 1800 20 1.30 0.27 019 07 085 0.7 017 0.6 0.78 0.6
SM1 6100x 2100 20  3.20 0.27 024 09 157 0.5 026 10 1.68 0.5
A-MM6 3200x2700 20  0.40 0.27 028 11 151 3.8
SM2 6200x 3400 20 1.30 0.27 019 07 167 1.3 015 05 143 1.1
A-MM8 2900x 2100 20  0.13 0.27 014 05 0.77 5.9 012 04 071 5.5
A-S < 400 12 017 0.21 008 04 <007 <04
BI-MM1 <400 12 0.10 0.21 0.15 0.7 <0.09 <09
B1-MM22  3000x 2100 12  0.17 0.21 011 05 046 2.7 0.07 0.3 040 2.4
B1-MM32  1800x 1300 12  0.16 0.21 013 06 031 1.9 005 03 0.23 15
B1-MM42  4600x 3200 12  0.21 0.21 013 06 0.78 3.7 0.06 0.3 061 2.9
BIB2-MM1 2700x 1800 12 _ 0.10 0.21 0.15 0.7 049 49 0.07 0.3 035 35
B2-MM1 <400 12 014 0.21 0.15 07 <009 <06 005 03 <006 <04
B2-MM2 4500x 2400 12  0.47 0.21 032 15 158 3.4
0.21 008 04 055 1.2
B2-MM32 < 400 12 0.12 0.21 022 1.1<012 <10
B2-MM4 2100x 960 12  0.27 0.21 016 08 0.32 1.2 009 05 0.25 0.9
0.21 013 07 0.29 1.1
B2-MM52 2200960 12  0.26 0.21 020 1.0 041 1.6 012 06 027 1.1
B2-MM6 4300x 2700 12  0.78 0.21 029 1.4 147 1.9 017 0.8 0.82 1.1
B2-MM7 <400 12 0.23 0.21 033 1.6 <020 <0.9
B2-MM8 4000x 4000 12 1.50 0.21 024 12 1.36 0.9 017 0.8 0.96 0.6
B2-MM9 1600x 960 12  0.31 0.21 027 13 048 1.6
B2-MM10  3400x 2200 12  0.60 0.21 023 1.1 0.90 15
B2-MM11 <400 12 0.5 0.21 043 21<031 <20 026 13 <015 <10
B2-MM12  2100x 1300 12  0.39 0.21 023 1.1 052 1.3 0.08 04 028 0.7
B2-MM13 <400 12 0.19 0.21 026 1.3 <015 <0.8
B2-MM14  2100x 1800 12  0.43 0.21 032 16 096 2.2
B2-MM15 <400 12 0.17 0.21 0.14 07 <008 <05 007 04 <006 <04
B2-MM16  2700x 1300 12  0.35 0.21 026 1.3 0.70 2.0 017 0.8 045 1.3
B2-MM17 <400 12 0.23 0.21 026 12 <015 <06 012 06 <0.08 <0.3
C-MM2 <400 2 012 0.21 0.17 08 <010 <038
C-MM3 5400x 640 12  0.23 0.21 012 06 0.35 15
C-MM4 2400x 1400 12  0.16 0.21 013 06 0.37 2.3
C-MM5 < 400 12 0.10 0.21 012 06 <008 <08 008 04 <007 <07
C-MM6 4000x 3700 12  0.33 0.21 013 06 0.76 2.3 0.09 04 065 2.0
C-MM7 < 400 12 0.3 0.21 0.11 05 <007 <0.6
E-MM2d 4200x 2700 12 063 0.21 0.11 05 061 1.0 0.09 04 058 0.9
E-MM4 6900x 5300 12  0.61 0.21 013 06 1.20 2.0 0.09 04 1.04 1.7
F-MM1 4800x 2600 12 0.35 0.21 019 09 005 2.7 0.13 06 0.70 2.0
F-MM22 2700x 1600 12  0.17 0.21 014 07 043 2.6 012 0.6 0.39 2.3

(a) Condensation with two velocity components igHN (see Table 2). Only the velocity component identified viddussclumps (see Table 3)
is considered here.

(b) For some condensations, the dust temperatures adopteddhestimateM; .y from the measured 1.2mm fluxftér slightly from those
assumed by MAN98. For simplicity, we usé&d = 12 K for all condensations except SM1N, SM1, A-MM6, SM2, A-N8Nh Oph A, which
are likely warmer Tyq = 20 K — cf. André et al. 1993). The mass spectra shown in FigudlRig. 8 were obtained using the dust temperatures
quoted here.

position anglePA. ~ —77° in the plane of the sky (see Table Sracers indicate a mean velocity gradier? 5 0.3 km s* pc?!
and Fig. 6f). atPA = -108 + 4°, in fairly good agreement with the gradient
suggested by the J#*(1-0) data (cf. Fig. 6e).

In Oph E, our NH*(1-0) data suggest the presence of a ve-
locity gradient||[VV|| ~ 3.0 km s pct atPA ~ —101° (cf. In Oph F, our NH*(1-0) data indicate the presence of two
Fig. 6e). The signal-to-noise ratio in oupN*(1-0) map is how- distinct velocity components, overlapping near the posibf
ever instficient to constrain the nature of the velocity fieldF-MM2 in the plane of the sky (see Fig. 6d). Oph F may thus
Fortunately, we can also use our higher signal-to-noisesmagrtually consist of two independent dense cores, Oph F1 and
taken in H3CO"(1-0), DCO(2-1), and DCO(3-2) to further Oph F2, with difering line-of-sight velocities< 4.2 and~ 4.6
constrain the velocity structure. For Oph E as a whole, theeth km s1). Figure 6d shows the direction of the mean velocity gra-
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Fig. 6. Centroid velocity maps of Oph B2 (a), Oph B1 (b), Oph A (c), Gpfd), Oph E (e), and Oph C-S (f) as derived from HFS fits with one
two velocity components to the,N*(1-0) spectra with a signal-to-noise ratio larger thah (filled squares of varying sizes and colors). The (0,0)
positions are given in the caption of Fig. 2. The linear siizéhe squares increases, and their color changes from bheelt@sv,s increases. The
underlying contours represent the samgiN1-0) integrated intensity maps as shown in Fig. 2a—f. Thectibn of the fitted velocity gradients
in Oph F, Oph C-S, and Oph E are shown by arrows in panels (d)arie (f) (see Table 5). In Oph F, the two velocity componevise fitted
separately and the arrows show the two corresponding ¥glgaidients associated with components Oph Rl at4.2 km s and Oph F2 at

v ~ 4.6 km s, respectively. Crosses mark the 1.2 mm continuum positibsgarless condensations (MAN98), while stars mark thétipos of
protostars (VLA 1623, YLW 18RS 43, CRBR 85, and WL 19).

Table 5. Results of velocity gradient fitting

Source Transition Size VE vV PAC rms?
(" x") (kms?)  (kmsipct) ) (kmst)

€) @) ®3) (4) ®) (6) @) (8)
OphC-S NH*(1-0) 120x70 14 3.72 4.4 =77 0.042
OphF1 NH*(1-0) 150x50 16 4.17 3.8 17 0.026
OphF2  NH*(1-0) 50x80 5  4.60 6.3 119 0.028
Oph E H3CO*(1-0) 18080 19 4.47 5.0 -106 0.052

DCO*(2-1)  170x70 43 453 5.1 -104  0.051

DCO*(3-2) 160x 60 68 4.48 5.6 -113 0.044

Average 5.2(3) -108(4)

Notes: the numbers in parentheses indicate the uncerfaintyit of the last digit.
(a) Approximate diameter of the region over which a velocitgdjent was fitted
(b) Number of fully independent points used in the gradienfitt
(c) The centroid velocity maps were fitted with the functidn+ VV.AX, with AX the position vector measured from the (0,0) position.
(d) Position angle of the direction of the velocity gradi&hy.
(e) rms residual of the fit.

dient derived in each of these two cores (see Table 5 forelgrivthe view that Oph F is made up of two independent cores, partly
parameters). The fact that the velocity gradient found ih®p overlapping in projection, and not a single core with a mean v
(~ 3.8kms?!pctatPA ~ 17°)is nearly opposite to the gra-locity gradient~ 1.8 km s pct at PA. ~ -50° as suggested
dientin Oph F2{ 6.3 km st pctatPA ~ -119) 5 supports by Loren et al. (1990) based on lower-resolution DE®1) ob-
servations.

5 The direction of the velocity gradient is however more utaiarin
Oph F2 since it was derived using only 5 independent points.
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OphE-MM2d OphE-MM4 OphA—SM2 Both the velocity diferences between neighboring conden-
sl s Jab oy mews 48l @ ] sations and the overall velocity dispersion of the condiiorsa
i 1 F 1 | within the L1688 protocluster are small. Table 6 gives the-on
dimensional velocity dispersioop, derived from our NH*(1-
0) observations for various samples of condensationsdtfG]
and col. [7]). This velocity dispersion was estimated in two
ways, first around the mean LSR velocity of the condensations

cs(3-2)

T, (K)

L Mfaee 4k NHT0-012) (estimate given in col. [6]), and second around the mearnaieint
3 4 5 6 3 4 5 6 N>H*(101-012) velocity measured in the maps of Fig. 6 (esti-
OphB2_MM16 mate given in col. [7]). For the ensemble of 41 compact pkeste

lar condensations and 3 protostars detecteg i Nwe estimate
a global velocity dispersioor;p ~ 0.36 km s? about the mean
systemic velocity<V s>~ 3.95 km s®. Assuming isotropic ran-
dom motions, this corresponds to a three-dimensional itgloc
dispersionosp = V3 oip ~ 0.62 km st (cf. col. [8] and [9]
of Table 6). If the velocity distribution is Maxwellian, threean

R R SERERRRRR
r(d) HCO*(3-2)

OphC—MM5
PP b

81 (e)

NH'(101-012) |
N NN FE
0 t) 7] 2 3 4 5 condensation speed relative to the center of mass of thersyst

OphC—MM6

iS Vinean = V8/7 o1p ~ 0.57 km s and the mean relative speed
between condensationsVg = V2 Viean = (4/ \/7_1) o1 ~

0.81 km s?. Adopting a diameteD ~ 1.1 pc (e.g. Wilking &
Lada 1983) for the L1688 cloud, such a velocity dispersion im
plies a typical crossing timegoss = D/osp ~ 1.8 x10° yr (cf.
I 1 1 Il 1 | col. [10] and col. [11] of Table 6), for the condensationshivit
| 3 i | | the L1688 protocluster. After subtracting the global, egstic
M w i c*se-0')  velocity gradient of~ 1.1 km s pc! seen across L1688 (cf.
2 ‘ 2 ‘ ? ; Sect. 4.2 above), the resulting 1D velocity dispersion efdbn-
i 11 ‘ 11 ‘ | densations is even lower;p ~ 0.25 km s, suggesting that the
crossing time associated with purely random condensatimn m
tions is largereoss ~ 2.5 x 10° yr. The crossing times estimated
g separately within the individual DCCcores with a statistically

cs(2-1) :

N,H'(101-012)
N SN N

N,H'(101-012)
NS TR R
B8 45 623 45 62 3 45 6 gignificant number of condensations (i.e., Oph A, B2, C) afg o

N;H(101-012)
v b b

Velocity (km,sil) Velocity (km,sﬂ) Velocity (km,sﬂ)

a factor of~ 2 shorterfeoss ~ 0.6-1.0x10° yr.

Fig.5. Spectroscopic signatures of infall motions observed tdwéar

Ophiuchus starless condensations: (a) OphE-MM2d, (b) N2, 5 Discussion

(c) OphA-SM2, (d) OphB2-MM16, (e) OphC-MM5, and (f) OphC-

MM6. On each panel, the vertical dotted line marks the sosystemic  5.1. Dynamical state and fate of the L1688 condensations

velocity as derived from a Gaussian HFS fit to the observgd*KL-0 . . g .
Spectﬂ)jm_ d{1-0) The starless condensations identified by MAN98 in L1688 are

highly centrally concentrated and feature large densihtrests
over the local background medium, strongly suggesting #ney
self-gravitating. More specifically, the estimated meansitées
. : f the condensations exceed the mean densities of the parent
For L1688 considered as a whole (cf. Fig. 7), a global ves ' .
iy gracentof* 11k <™ i seen rom Norn-ies OO, COTSE DY e facor 1020, whle e mean ok
gaghLﬁ‘Zetr? Stoglt hlgg%t i(nOF[))hC(F)) gl_sﬁg (?ilrseoctli_:r:egf %ﬁgéfgoe_ column densities by a factor 2-4. For comparison, agcritical

: ) g self-gravitating Bonnor-Ebert isothermal spheroid haseam

scale gradient i$.A. ~ 120 (cf. notea of Table 6), as deter- 4 = . :
mined by a least-squares fit to the observed distributiomef gdensity contraspge/peq ~ 2.4 (€.9. Lombardi & Bertin 2001)
and a mean column density contragf/Xex: ~ 1.5 over the

line-of-sight systemic velocities of the condensationteded @xternal medium.

X byt . .
in NoH"(1-0). The observed velocity pattern is however clear The line observations reported in this paper provide more

more complex than that expected from simple large-scate rot,. . ,
tion (see also Loren 1989). For instance, the direction ef tt irect evidence that most of the L1688 condensations are gra

- - : itationally bound. Indeed, the narrow linewidths measured
mean velocity gradient changesRa\. ~ 18C if the condensa- T - .
; ; N2H*(1-0) (see Sect. 3.2) imply virial masses which generally
tions of Oph B1 and Oph B2 are ignored. agree within a factor of 2 with the mass estimates derived by

MAN98 from the 1.2 mm dust continuum. This can be consid-

4.3. Relative motions of the protocluster condensations ered a good agreement since bt and My zmy are them-
within the DCO* cores selves uncertain by a factor ef2. On the theoretical side, self-

gravitating condensations are expected to have virial mass
Our estimates of the centroid line-of-sight velocities aogithe  tios ayir = Myir/M1.2mm < 2, While objects in gravitational virial
prestellar condensations of L1688 (cf. col. 7 of Table 2yjte equilibrium should have,;, ~ 1 (e.g. Bertoldi & McKee 1992).
interesting constraints on the relative motions betweeren- Here, among the 43 velocity components measured toward the
sations. Figure 7 shows the distribution of systemic véilegi 41 compact condensations positively detected jRiN1-0), 15
as derived from our pH*(1-0) HFS fits, overlaid on the lowesthave an estimated virial mass rati¢: < 1 and another 23 have
contours of the 1.2 mm continuum map of MAN98. avir < 2.5. Altogether, 38 components hawg, < 2.5andonly 5



12 André et al.: Kinematics of the Ophiuchus protoclusterdensations
. F I I ‘ I PCTd T I - ‘ 7
g B2—MM9 "%/%sio A—-MM4 ‘ |
£ B2-MM11 e E %\ A—MM5 \ oo .
S B2-MM12 B2-MM6 A N\, e 7
52 B2-MM13 * A-MM6 A 9% : |
i B2 -MM5 Zﬁ TA3-MM1 |
B2-MM16 ) o o SMIN | — A ,
L BR-MM17 \ ooV [ Ko B2-MM2 SM2 L, < ]
B2-MM14 ?4s B / o o A-MME' > ﬁ? _
| ) . 4., B2-MM1 °, ‘ i
B2—MM15 qf/g? S Az? s ¢ (VLA 1623)
B2 MM S L BIBR-MML.o. ° . .
g’ ) .. ) i" o %a«
S [ B2-MM10 “} y ; ® B1-MML S %‘ 7
e o < BI-MM2s /& 8
S8 B2-MM7 — o> gt fad ) v (N H+) _
S % 'B2-MM4 LSR 2 |
Qo N B2-MM3
N— = 71 .
“ o 3.17 km.s |
| ° i
. —
O [ ] -1
F o, ° 3.69 km s ]
LO -
) : °
F—MM1 .
. L (@) \ ) |
o
o . [ } -1 4
s _ 4.21 km.s
3L F-MM2  — PS B
S : ,
I (YLW 15) |
—1
. E—MM4
\'2 . .(CRBR 85) 4.73 km.s
! ! P ! ! ! ! 1
16"28™00° 40° 20° 00° 40° 20° 00° 40°
a (2000)

Fig. 7. Line-of-sight systemic velocities of the 41 prestellar densations L1688 detected ini(1-0), overlaid on the lowest contours of the
1.2 mm continuum mosaic of MAN98. These velocities correspio those listed in col. [7] of Table 2. Each condensatioresesented by a

filled circle whose size increases withsg. The color coding varies from black to yellow with increagiDoppler shift. The systemic velocities
of the protostars VLA 1623, YLW JARS 43 and CRBR 85 are also shown. A few condensations haveawkers, reflecting the presence of two

velocity components in their spectra.

havea,ir 2 3. Among the latter 5 components, only 2 are assoddentified by MAN98 below~ 0.35M,, are indeed unbound and

ated with condensations more massive tMipmm ~ 0.35Mg,

not truly prestellar in nature, then the apparent excessanf s

of which one is associated with a condensation (B2-MM2) haless condensations at the low-mass end of the mass spectrum

ing another velocity component with,, < 2. Therefore, 37 of
the 41 compact 1.2 mm condensations detectedid*KL-0)
have at least one velocity component witfy < 2.5.

We conclude that a large majority (/5-90%) of the L1688
condensations detected it (1-0), including~ 90% of those
more massive thar 0.35M,, are likely gravitationally bourfd
Coupled with the detection of sighatures of infall motiomsard
some of them (see Sect. 4.1), this supports the notionti&o
of the starless condensations identified by MAN98 at 1.2 mem

prestellar in nature and on the verge of forming protostars (cf; _ ! .
r“(_)nary timescales. First, based on the measured mean-densi

André et al. 2000 and Ward-Thompson et al. 2007 for a defi
tion of the prestellar stage). A fractior (30%) of the conden-
sations withM1 mm < 0.35Mg may be only marginally bound.
The status of the condensations less massive thérl M, is

less clear since these are weaker and often undetecteddh. N

compared to the IMF of field systems (cf. Fig. 1) may find a nat-
ural explanation in the context of a one-to-one mapping betw
prestellar condensations and stellar systems.

5.2. Lifetime of the L1688 condensations

The lifetime of the L1688 prestellar condensations is natime

ertain but several lines of reasoning suggest a typicalevaf

10° yr. Table 7 provides estimates of some relevant evolu-

ties gy = p/umy ~ 10° — 107 cmi3, the free-fall dynamical
timescales of the condensatiots, = (37/32Gp)Y/?, range from
tir ~ 10* yrto tss ~ 10° yr. While some of the condensations
show evidence of infall motions, most of them are unlikelp&

Some of them may possibly correspond to unbound transiénfree-fall collapse. We may conservatively estimatertegb-
objects generated by supersonic turbulence (cf. Klesse. etlutionary timescale to be 3t¢¢, which is appropriate for mag-

2005). Interestingly, if a significant fraction of the comdations

6 Note that the surface pressure term of the virial theorenighuve
neglect here, tends to reduce the mass required for virialilegum,
i.e., to increase the value of;, expected in virial equilibrium — see
Bertoldi & McKee (1992).

netically supercritical dense cores (e.g. Ciolek & Mousca®
1994) and typical of isolated prestellar cores detecteldrstib-
millimeter continuum (Kirk et al. 2005). This leads to tincate
values ranging from 2 x 10* yr to ~ 3.5x 10° yr (cf. col. [6] of
Table 7). Second, assuming that the L1688 condensatiohgevo
into stellar systems at a constant rate, we may derive a rough
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Table 6. Velocity dispersion of the L1688 protocluster condensetio

Samplé n° D¢ <V|d§> <V&.> O':le o3 c O'QD ol D/osp  Djospe

1D, 3D,c

(pc)  (kmsYH  (kmsl  (kmsl (kmsd (kmsbH (kmsl) @Ffy) (@@AFyr)
(1) 2 @ (4) (5) (6) (7) (8) 9) (10) (11)
Oph A 9 028 344 348 019(5) 02005 0338 0349 08 08
OphBIB2 24 033 405 396 0203 0223) 0355 0386) 10 0.9
OphCLEF 10 044 409 405 0399 0399 067(16) 0.68(160.7 06
[1688 27 110 395 300 0364 036(4) 062(7) 063(7) 18 71
L1688-VV 47 110 - ~ 0.25(3) ) 0.43(4) ) 26 -

Notes: the numbers in parentheses indicate the unceriaintyit of the last digit.

(a) The first three samples contain the velocity componentsabfer4 only. The last two samples include the protostarsditiad. For the
"L1688 —VV” sample, the velocity dispersion is computed after remgtite large scale velocity gradient measured with the medleedribed
in notec of Table 5 using C-N as the (0,0) positiovy = 3.87 km s?, |[VV| = 1.1 km s'pc?, PA = 117°.

(b) Number of velocity components used for the calculations.

(c) Diameter of the region containing each sample.

(d) Mean LSR velocity of the components, computed with the siéikss listed in col. [5] of Table 2.

(e) Mean centroid velocity computed on thgHi' (101-012) spectra shown in Fig. 6.

(f) Standard deviation of the distribution of component LSRoeiies around<V,g> given in col. [4]. The error bar was estimated as
o1p/ V2(n = 1), assuming that the sample is drawn from a larger populatinose velocity distribution follows Gaussian statistics

(g) Same as in col. [6] but computed aroutd..s> given in col. [5].

(h) 3D velocity dispersion calculated froomp assuming isotropic motions. The error bar was scaled frandstimated foo;p.

(i) Same as in col. [8] but computed aroud.>> given in col. [5].

statistical estimate of their lifetime (col. [7] of Table@y com- <
paring the number of observed prestellar condensatiohd8fo ~ 42
of Table 7) to the number of pre-main sequence (PMS) systems «
found in the same region (col. [2] of Table 7). The ISOCAM =
mid-IR survey of Bontemps et al. (2001) revealed a total & 10
Class Il PMS objects in L1688 with ages0.4 — 1 Myr. If all , |
of the 45 starless condensations identified by MAN98 above Brown |
0.1M,, are truly prestellar in nature, this points to a prestel-s 10" | Pverfs :
|

jects

system IMF

lar lifetime ~ 2 — 4 x 10 yr. A third timescale estimate may « Chabrier (2005 %03)

be obtained by dividing the typical condensation outeruadi é : .

reond ~ 4000 AU by a typical infall speedi,s ~ 0.1 — 0.3 kimys 5 | ) - - -

(cf. Belloche, André & Motte 2001). This approach yieldoac = lncomplate)  Kroupa (2001) “N

densation lifetime- 0.6—2x10° yr. We conclude thatthe 1.2mm & AN
continuum condensations of L1688 are likely characterined ijﬁ tr . N
range of lifetimes between 2 x 10 yr and~ 5x 10° yr (see & .

col. [6] and col. [7] of Table 7). Mass, M (M)

Fig. 8. Weighted cumulative mass spectrum of the 57 starless cenden
As pointed out by Clark et al. (2007), if the lifetime of thesations identified by MANS8 (histogram with error bars), @ared
condensations depends on their mass, then the observed rifade same mass distributions as shown in Fig. 1, as well @s th
spectrum is not necessarily representative of the intrinsh- Salpeter power-law IMF (solid line). Here, each condeosatas as-
densation mass distribution (CMD) (see also Elmegreen )200?12{‘;?] :S"C"gl'gTts"e”e"fer)s(g'y_rphrgF;Bg'é’:ﬁ}'g“;gg;i%?gg%ﬂm&d{g"’t‘{]“e‘
L . X ) R
i e o nefact at s obserser = more el 1o et i (i, s th e i o
-, . ' which is essentially consistent with a single, Salpetez-fiower law.
however, the mean densities of the L1688 condensationsare e
sentially uncorrelated with their masses, so that there isys-
tematic dependence of the dynamical timescale on the mass._T,

quantify the importance of the potential timescale biaspiot, 5.3. Likelihood of interactions between condensations

in Fig. 8, a weighted version of the central Ophiuchus CMBsing the velocity dispersions derived for the condensatia

in which each condensation was assigned a weight equalgéct. 4.3 and the lifetime estimates of Sect. 5.2 above, we ar
<H:> = % (instead of 1 as used for Fig. 1), whetd¢ >is now in a position to assess whether dynamical interactieas b
the average free-fall time of the condensations. Such am,eigtween condensations are a frequent or rare phenomenon in the
ing should allow us to recover the intrinsic shape of the CMb1688 protocluster. _ o
assuming that the lifetime of each condensation is propoati  ASsuming an isotropic, Maxwellian velocity distributidhe -

to its free-fall time. As can be seen in Fig. 8, this weightiigs time, tcai, required for a condensation to interact or collide with
not change the high-mass end of the CMD and offilgcas the another condensation can be estimated from the following fo
low-mass end. We conclude that the steep, Salpeter-lipesib Mula for the collision rate ftcoi :

the CMD at the high-mass end is robust, but that the presdnce o

a break at- 0.4 Mg, is less robust. 1/teoll = 4 VT X Neond 01D rgond x(1+0), (1)
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Table 7. Evolutionary timescales for various systems of protoelusbndensations.

Sub-cluster Nb of Nb of starless +1© ﬁ 3¢ Statistical  teoss teoll
Class Il condensations e lifetime
YSOs > 0.1M, (1Cyr) (ACyr) (ACyr) (AP yr)
L1688 109 45 2 35 0.2-3.5 2-4 18 170
Oph A 41 9 8 10 0.5-2 0.9-2 8 5.5
Oph B1B2 31 22 35 15 0.2-2.5 3-7 10 22
Oph QE/F 35 12 3 15 0.3-3.5 2-4 7 19

where neng is the number density of condensationg,g is general, therefore, the prestellar condensations do wettirae

the condensation outer radius (which we take to be twice tte orbit through their parent DCOcore and collide with one
measured HWHM radius at 1.2mm - cf. Sect. Sﬂ)gond is another before evolving into Class Il PMS objects. We no&t th
the collisional cross section of the condensation, ardel =ty is only slightly larger than &10° yr in the case of the Oph A
1+ GMcond/(aiDrcond) is the gravitational focusing factor (e.g.cluster-forming core, suggesting that a few interactioay wc-
Binney & Tremaine 1987). Further assuming that the condetur during the whole evolution of this sub-cluster. Int¢iregly,
sations are homogeneously distributed in a sphericalsysfe based on a recent detailed study of the NGC 2264-C cluster-

radiusR, so thatnggng = Ncond/(gnR3), the ratio oftey t0 teross  forming clump in the Mon OB1 complex, Peretto et al. (2006)

takes on the simple form: found direct evidence of a strong dynamical interactionhia t
dense inner region of that protocluster. However, the auton

teoll 1 |n R? 1 observed at the center of NGC 2264-C is purely gravitational

tross 2\ 3 x Noond 2, 170 (2) origin and results from large-scale, coherent collapseanstas

opposed to random turbulent motions (Peretto et al. 2007).
Using the above equation for the entire L1688 cluster-

H _ _ 1
forming clump R ~ 0.55 p¢,Neond = 57, 071p = 0.36 kM S7)  \ich resort to strong dynamical interactions to build upasa

and adopting typical condensation properties,{ ~ 2500 AU ¢ i ; :
1588 e 1688 L1688 pectrum comparable to the IMF (e.g. Price & Podsiadlowski
andMeong ~ 0.4 Mo), we findte,™/teoss” ~ 9 and thud ;7™ ~ 1995 _ see also Sect. 5.4 below).

Our present results in L1688 seem inconsistent with models

coll coll

16x 10° yr. The latter is two orders of magnitude larger than the

estimated lifetime of the condensations (Sect. 5.2) andtadre

order of magnitude longer than the age of the L1688 PMS clusy comparison with the competitive accretion picture
ter (Bontemps et al. 2001). For simplicity, our analysisoiggs
the dynamical impact of the ambient protocluster enviromine
In such a dense environment, gas drag is likely to havefacte
on the motions of individual condensations, which will méke
associated velocity field depart from a true Maxwellianritist
tion. A detailed assessment of thieets of gas drag is beyond
the scope of this paper, but qualitatively at least we exfrect
environment to make the interaction timescales even |othger
the above estimates. We conclude that the interaction psdse

much. tO(.).SIOW on the scale of the entire L1688 system to pl velopgcore masses of these protostars are essentially uncor-
any significant role in the evolution of the protocluster den- related with the corresponding final stellar masses, eafheai

saugns. ical int " h likelv t the high-mass end of the IMF (cf. Bonnell, Vine, & Bate 2004).
ynamical interactions are hNOWever more ik€ly 1o occur o, o protostars acquire most of their mass by moving around

smaller scales than the whole L1688 cluster-forming clump. . o : ;
S in the gravitational potential well of the parent clusterrhing
their mid-IR census of the PMS cluster, Bontemps et al. (zo%ﬁump and accreting background gas that initially did not be

identified three main sub-clusters associated with the DC . :
. ng to the corresponding protostellar envelgperes. This pro-
cores Oph A, Oph BB2, and Oph ¢E/F, respectively. The fact cess of competitive accretion of background gas is highlyno

thb"’.‘t sgb};clt:stermg IS otbserved In Ehe.SpiﬂaLd'st”P:uu?ng uniform and depends primarily on the initial stellar pasitR,
ObJECLS Turther Supports our conciusion that SIgniicarersic: -\ ipin the protocluster. The few protostars initially Ioed near

; 2orE . w
tions between |r_1d|V|duaI objects h?"e not yet occurred @n tn]e center of the cluster potential accrete rapidly fromstaet
scale of the entire protocluster. Using Eq. (2) for the conde, 4 hoome massive stars, while protostars in the low-gensi

sations associated with each of the three sub-clustermyst%uter regions accrete much more slowly and become low-mass

(R ~ 0.15 pc,Ngong = 10 — 20), we find shorter interaction o
. b stars (see Bonnell et al. 2001b for a quantitative toy modet ¢
timescales than for L1688 as a wholg) ~ 6 — 22x 10° yr sistent with the observed IMF).

(see col. [9] of Table 7). The derived collision timescalesy-n
ertheless remain significantly longer than the typical eorsé- In the context of this scenario, it isfiicult to explain why

tion lifetime ~ 10° yr, indicating that dynamical interactionsthe Ophiuchus prestellar condensations have a mass dtgirib
between condensations cannot be a dominant process evemesembling the IMF. Our present results on the kinematitisef

the scale of the sub-clusters and DC€oud cores. The colli- protocluster condensations allow us to further discuspdssi-

sion timescales are even longer than the combined lifetifme ke relevance of the competitive accretion picture in theeoaf

the prestellar and protostellar (Clag€lass 1) phases, which wethe L1688 embedded cluster. The rate at which a protostar ac-
estimate to be at most 5 x 10° yr (e.g. Greene et al. 1994). Incretes mass competitively as it travels through the backato

In a scenario of clustered star formation proposed by Bannel
Bate and collaborators (e.g. Bonnell et al. 2001a,b), thé IM
is primarily determined by competitive accretion and dynam
ical interactiongejections during the protostellar phase, corre-
sponding observationally to Class 0 and Class | objectdhifn t
picture, turbulence generates density fluctuations withdrbec-
ular clouds, some of which are gravitationally unstable eolel
lapse to interacting protostars or protostellar seeds.ifitial
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Table 8. Rates of competitive mass accretion for a range of objedtseih 1688 protocluster.

Object npack Vid Race Mace
(cm®) (kmsh) (AU) (Moyr™)
Class | in L1688 10 0.4 3500 4 1077
Class | in DCO core 5x 10* 0.3 3000 6x107
Class 0 ininner Oph A core 410 0.3 2500 3x10°
Class 0 from multiple system §0 0.2 2000 FHx10°

inside collapsing condensation
Condensation in inner Oph A core x410° 0.3 2500 3x10°

protocluster gas iMac ~ 7 ppack Vre Rec (Cf. Bonnell et al. picture (cf. Bonnell et al. 2001a; Bonnell, Vine, & Bate 2004
2001a), which gives: Note that the small value found here for the mean condensa-
beck ) tion veloc_ity relat_ive to the chal ga¥/fean ~ 0.3 k_m 3‘1). is
Moo ~ 1.2%10°6 Moyr-t Ny, Vrel ( Racc ) 3) also consistent with the prt_adlctlons of the competitiveretion
acc : oY 106 cmr3 J\ 0.3 km/s/ \ 3000 AU/ ° model during the gas-dominated phase of protocluster ggalu
(Bonnell et al. 2001a). However, when we estimate the mass ac
where puack is the background gas densityg is the relative cretion rate resulting from competitive accretion in vasaypi-
velocity between the protostar and the local ambient gas, atal situations, we find relatively low values (see Table 8)icl
Racc is the accretion radius. Bonnell et al. (2001a) have shovane smaller than the infall rate expected from the grawitet
that a good analytic approximation f&.. is provided by the collapse of individual condensations, i.8,; ~ 1 — 10c3/G
smaller of the Bondi-Hoyle radiuRey = 2GM,/ (\/rzeI + cé) (see Shu 1977 and Foster & Chevalier 1993 for model predic-
_ _ M, \1/3 tions, and Belloche, Hennebelle & André 2006 for an obsirve
and the local tidal-lobe radiu®ica ~ 0-5(M;c) R., where  axample). For a Class 0 protostar such as VLA 1623 embedded
Cs is the gas sound speed aMinc (R.) is the mass enclosedin the inner part of the Oph A DCQcore, we estimate the back-
within the protocluster at the protostar’s positRp The Bondi- ground gas density to be relatively higmf"zc" ~4x10°cm3,
'|[-|O)t/'|e| :jadluts,RtEH, is E[het radius Wgerteh thke_ gt;iwtanonal F;Ot'and the tidal radius to be at m _(Ij_:]\1623 ~ 2500 AU, giving
ential due to the protostar exceeds the kinetic energy ® 6 1 : .
gas. Here, we estimate the relative gas—protostar veltaripe acc ~ 3x 107 Mo yr™. For comparison, the infall rate due to

the derived mean condensation spdédn, = V8/x 7 gravitational collapse is significan}ly higher at this gastage
0.3 - 0.4 km s < 2¢,, assuming szaxweIIian \//7erlg;:li?y dis- Mint 2 10€3/G 2 10°° — 10 M yr* (Bontemps et al. 1996;

. ! . , Jayawardhana et al. 2001; André, Motte & Belloche 2001). Fo
tribution. Therefore, the typical value of the Bondi-Hoydalius .
is: Ray ~ 9900 AU (M, /0.5 M.) (Ve /0.3 km/9) 2. a more evolved Class | protostar such as YLWIRS 43 em

The tidal radiusR;qa, €xpresses the fact that the tidal forcegeddeOI in the Oph F_DCOcore, the background gas den-

f i back -3 H H H
exerted by the gravitational potential of the ambient pehitster Ity 1 IO\,’L%Z’?)”HZ ~ 5 X 1(_)4_cm > and the t|da7I rad'ui IS
limit the zone of influence of a given protostar. In gas-daatea &t MOStR;g;™ ~ 3000 AU, givingMaee ~ 6 x 107" Mo yr.
protoclusters such as L1688, one usually Rag < Ren and For comparison, the gravitational infall rateNgns ~ ¢3/G ~
thus R ~ Riga; conversely, in stellar-dominated cluster® x 106 Mg yr~! at this late protostellar stage (e.g. Adams et
Rey < Riga and thusRyc ~ Rgy (Bonnell et al. 2001a). al. 1987; Bontemps et al. 1996). For both Class 0 and Class |

To estimate the typical value oRigy in the central objects we thus findMac < Mins/3, implying that local gravi-
Ophiuchus case, we assume that the overall gas distribintioriational collapse dominates over competitive accretiee @so
the centrally-condensed L1688 protocluster and indiiduh- Krumholz et al. 2005). We conclude that competitive acoreti
clusters (e.g. Oph A) follows a « r~2 density profile on av- at the protostellar stage is unlikely to be the main mectmanés
erage. This assumption is consistent with the density gradi sponsible for determining the final masses of stellar system
derived by MAN9S8 for the outer parts of the DC@ores based the central Ophiuchus star-forming cloud. If each prestelbn-
on the circularly-averaged profiles observed at 1.2mm. Undiensation fragments into a small-N system during protiastel
this assumptionlec has a very simple expressidig (R,) = collapse (e.g. Goodwin et al. 2007), then competitive aimre
Mausx(Ry /Reius), and thusRiaa ~ O.S(ﬁ)m RY3 R where May possibly play a more important role in defining the final

clus ™ > 5 asses of the individual components.
Maus andRaus are the total (gas stars) mass and outer radius of" We also believe that competitive, Bondi-like accretion is

the protocluster, respectively. For the entire L1688 ptrlkggséter, more likely to operatet the prestellar stage and may possibly
we haveMays ~ 650Me, Raus ~ 0~2535 pc, and thuR; ™ ~ govern the growth of starless condensations within a aluste
3500 AU (M, /0.5 M)"3 (R, /0.3 pg™°. For the Oph A sub- forming cloud (cf. Bonnell et al. 2001b; Myers 2000). The
cluster, we adopMcus ~ 30Mo, Raus ~ 0.14 pc, and thus growth rate of a typicat 0.5 M, condensation embedded in the
OPfA 3000 AU (M, /0.5 Mo)*3 (R, /0.1 p9®2. As expected, inner part of a DCO core such as Oph A should be similar to the
we see thaRiga < Ren and thuR,ec = Rijga ~ 3000 AU. competitive accretion rate estimated above for VLA 1623, i.
Based on these simple estimates, we find that the typiddke. ~ 3x10°® Mg yrt. This is sifficient to approximately dou-
tidal-lobe radius of the L1688 condensatitprstostars is com- ble the mass of the condensation-i2x10° yr, a timescale com-
parable to the actual radius of the condensations and petitss parable to the condensation lifetime. However, once fasirig
envelopes as measured by MAN98 at 1.2 mm. This suggests thaé-fall collapse sets in, we expect the growth rate to bekdy
the overall gravitational potential of the L1688 prototkrgloes overwhelmed by the infall rate, so that a collapsing préstel
play an important role in limiting the condensatienvelope condensation should not have time to grow significantly issna

masses, in qualitative agreement with the competitiveedicer  before evolving into a PMS system.
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Another feature of the dynamics of a gas-dominated proto- of Oph A, Oph B1, Oph C, Oph E, and Oph F are character-

cluster is that the entire system is expected to undergaoaglob

ized bysubsonic levels of internal turbulence /ot < 1),

collapsécontraction, resulting in a centrally-condensed over- while the condensations of Oph B2 have at most “transonic”

all structure much like a self-gravitating isothermal sghéef.

internal turbulencednt /ot < 2).

Adams 2000; Bonnell et al. 2001b). In this view, both the gad. We detected the classical spectroscopic signature of in-

accretion and the protocluster evolution occur on the dldpa
namical timescale (see also Klessen & Burkert 2000).
Observationally, the velocity dispersiom;ip, estimated in

fall motions toward six 1.2 mm continuum condensations
(A-SM2, B2-MM16, C-MM5, C-MM6, E-MM2d, and E-
MM4). For these objects, the optically thick CS(2-1), CS(3—

Sect. 4.3 above for the L1688 condensations implies a bind- 2), H,CO(2, — 1;1), andor HCO*(3-2) lines are double-

ing virial massM,i; ~ 3 X Ro2,/G ~ 50M,, which is
much less than the total gas mass550M, of the associ-
ated G280 cloud (cf. Wilking & Lada 1983) and even less than

peaked with a stronger blue peak, while the low-optical-
depth NH*(101-012) line peaks in the dip of the optically
thick line. The same signature was tentatively observe@in 1

the total stellar mass of the present infrared embedded clus other condensations.
ter Mstars~ 100M,, Bontemps et al. 2001). In other words,5. The virial masses derived from ougM*(1-0) detections of

the observed condensation-to-condensation velocityedssmn
is a factor of~ 3 smaller than that expected in virial equilib-

the condensations generally agree within a facter 8fwith
the masses estimated from the 1.2 mm dust continuum. On

rium (see also Table 6 of Peretto et al. 2006), Since the mag- this basis, most{ 75-90%) of the L1688 condensations de-
netic field does not seem to be strong enough to support the tected in NH*(1-0), including essentially ally 90%) of

cloud (e.g. Troland et al. 1996), this comparison suggésts t
the L1688 system is indeed gravitationally unstable and possi-
bly in an early state of large-scale, magnetically supercritical
contraction. Interestingly, the CO antfCO lines observed to-

ward the L1688 cloud exhibit the classical spectroscogjnai 6.

ture of contraction motions (cf. Sect. 4.1 above) over mbti®
protocluster extent (see Encrenaz et al. 1975). We alsothate
L1688 is not the only protocluster for which both subvirial-r
ative speeds and evidence of large-scale contraction hese b

those more massive than 0.35M,, appear to be gravita-
tionally bound and prestellar in nature. The status of the st
less 1.2 mm condensations less massive th@rl M, is less
clear since these were often undetected ihiN

We estimate that the prestellar condensations of L1688 ar
characterized by a range of lifetimes betwee® x 10* yr
and~ 5 x 10 yr. There is however no systematic depen-
dence of lifetime on mass, so that the observed mass spec-
trum is not severelyféected by the timescale bias pointed out

found. Two other examples are NGC 2264 (Peretto et al. 2006, by Clark et al. (2007). In particular, the steep, Salpeater-|
2007) and NGC 1333 (Walsh et al. 2006, 2007). This suggests slope of the condensation mass distribution at the highsmas

that protoclusters often start their evolution from “cqldut-of-

equilibrium initial conditions (cf. Adams et al. 2006), pidy 7.

as a result of the influence of external triggers (cf. Nutteale
2006).

6. Summary and conclusions

We carried out a detailed observational study of the kine-

matics of the L1688 protocluster condensations in the aéntr
Ophiuchus molecular cloud usingN*(1-0) as a tracer of dense
gas. Additional observations were also taken in molecinas|
such as HCO*(1-0), DCO(2-1), HCO'(3-2), CS(2-1), and
C34S(2-1). Our main results and conclusions are as follows:

end appears to be robust.

Based on the observed distribution ofH\ (1-0) line cen-
troid velocities, a global velocity dispersiamp < 0.4

km s was estimated for the condensations of L1688. This
condensation-to-condensation velocity dispersion is- sub
virial. It implies a crossing timegss ~ 1 Myr for the con-
densations within the parent protocluster and a typicdi-col
sion timetyy ~ 1 — 10 Myr between condensations. Since
these timescales are longer than the estimated condemsatio
lifetime ~ 0.2-5x10° yr, we conclude that, in general, the
L1688 prestellar condensations do not have time to orbit
through their parent DCOcore and interact with one an-
other before evolving into PMS objects.

8. Using an estimated mean relative velocity of 0.3 —

1. The NH*(1-0) line was positively detected toward 41 of the

57 compact starless condensations identified by MAN98 at

1.2 mm, as well as 3 Clasg@ass | protostars (VLA 1623,
CRBR 85, YLW 153IRS 43). The same objects were also
detected in H*CO*(1-0) angdor DCO*(2-1) when observed
in these transitions. In addition, the Class | sources LFAM 2
and GY210 were detected in‘BCO*(1-0).

2. For 29 of the 44 condensatigpeotostars detected in

N2H*(1-0) we are confident that the line emission is at least
partly associated with the compact 1.2 mm continuum object

as opposed to the more extended parent ¢gDGO* core,
since the sources remained positively detected afteratr

0.4 km s between protostellar envelopes and the back-
ground ambient gas, the mass accretion rate expected from
competitive accretion was found to be significantly smaller
than that resulting from gravitational collapse at the €&s
stage. On the other hand, the typical tidal-lobe radius ef th
L1688 condensatioprotostars was estimated to be compa-
rable to the actual radius of the condensations and prdtoste
lar envelopes as measured in the dust continuum at 1.2 mm.
This suggests that the overall gravitational potentialhef t
protocluster does play an important role in limiting the €on
densatiofenvelope masses, but that competitive accretion at
the protostellar stage is not the dominant mechanism respon

tion of the local background line emission. Furthermore, at Sible for determining the final masses of stellar systernrtsen t
least 17 starless condensations and 3 protostars were foundcentral Ophiuchus star-forming cloud.

to have well-defined line counterparts in position-velpcit 9. We find that competitive, Bondi-like accretion is moreelik
space and could be identified in our background-subtracted t0 operate at the prestellar stage and propose that it may

N,H*(101-012), H3CO*(1-0), or DCO (2-1) data cubes us-
ing the Gaussclumps clump-finding algorithm of Stutzki &
Gusten (1990).

partly govern the growth of starless, self-gravitatingdem-
sations initially produced by gravoturbulent fragmentati
toward an IMF, Salpeter-like mass spectrum.

3. The measured M (1-0) ”neV\{idthS are narrow, indicativ? Acknowledgements. We would like to thank Bruce Elmegreen and lan Bonnell
of small nonthermal velocity dispersions. The condengatiofor enlightening discussions on protocluster dynamics. aie grateful to an



André et al.: Kinematics of the Ophiuchus protoclusterdmrsations

anonymous referee for constructive comments that helpadpreve the clarity
of the paper.
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