arXiv:1009.2082v1 [astro-ph.GA] 10 Sep 2010

Preprint typeset usingTgX style emulateapj v. ¥10/09

YOUNG STARLESS CORES EMBEDDED IN THE MAGNETICALLY DOMINATB PIPE NEBULA

P. RRaut, J. M. Grart?, M. T. BELTRAN 2, O. Morata >4, J. M. MasquE 5,
G. Busquer °, F. O. Awves 1, A. Sinchez-MonGe 2, R. BstaLeLra ® anp G. A. P. RRanco ©
1 Institut de Ciéncies de I'Espai (CSIC-IEEC), Campus UABc#tat de Ciéncies, Torre C-5p, 08193 Bellaterra, CagauSpain
2 INAF-Osservatorio Astrofisico di Arcetri, Largo Enrico Feir5, 50125 Firenze, ltaly
3 Institute of Astronomy and Astrophysics, Academia SinR&. Box 23-141, Taipei 106, Taiwan
4 Department of Earth Sciences, National Taiwan Normal Usitg 88, Section 4, Ting-Chou Road, Taipei 11677, Taiwan.

5 Departament d’Astronomia i Meteorologia and Institut der@ies del Cosmos (IEEC-UB), Universitat de Barcelonarthi&ranqués 1, 08028 Barcelona,
Catalunya, Spain and

6 Departamento de Fisica - ICEx - UFMG, Caixa Postal 702,284970, Belo Horizonte, Brazil

ABSTRACT

The Pipe Nebula is a massive, nearby dark molecular cloudanitw star-formationf&ciency which makes
it a good laboratory to study the very early stages of thefstanation process. The Pipe Nebula is largely
filamentary, and appears to be threaded by a uniform magdiedticat scales of few parsecs, perpendicular to
its main axis. The field is only locally perturbed in a few @, such as the only active cluster forming core
B59. The aim of this study is to investigate primordial cdimis in low-mass pre-stellar cores and how they
relate to the local magnetic field in the cloud. We used theNR39-m telescope to carry out a continuum and
molecular survey at 3 and 1 mm of early- and late-time moksctdward four selected starless cores inside the
Pipe Nebula. We found that the dust continuum emission nraps better the densest regions than previous
2MASS extinction maps, while 2MASS extinction maps tracdrehe difuse gas. The properties of the cores
derived from dust emission show average radi-6f09 pc, densities 0f1.3x10° cm3, and core masses of
~2.5Mg. Our results confirm that the Pipe Nebula starless coregestade in a very early evolutionary stage,
and present a very young chemistry witlfefent properties that allow us to propose an evolutionagyeece.
All of the cores present early-time molecular emissionhw@t detections toward all the sample. Two of them,
Cores 40 and 109, present strong late-time molecular esnis3ihere seems to be a correlation between the
chemical evolutionary stage of the cores and the local ntagm®perties that suggests that the evolution of the
cores is ruled by a local competition between the magnegeggrand other mechanisms, such as turbulence.

Subject headingstSM: individual objects: Pipe Nebula — ISM: lines and bandSM — stars: formation

1. INTRODUCTION they identify a large number of high extinction cores witp-ty

The Pipe Nebula is a massive (101, [Onishi et al[ 1999) ical masses between 0.2 andvk,. Molecular line observa-
filamentary €15 pc long and~3 pc ?/\'/ide) dark cloud lo-  tions reveal that they are starless cores in a very early evo-

cated in the southern sky5° apart from the Galactic Cen- lutionary stage, associated with dense*(2612), relatively

ter. lIts short distance to the Sun (145 pc. Alves & Franco €01d (95 < Tk < 17 K), and fairly quiescent gas (typical line
2007) places this complex in the group of nearby molecu- Widths of 0.4 km s, [Muench et all 2007; Rathborne et al.

lar clouds which serve as good laboratories for star forma-2008). Non-thermal gas motions inside the cores are sub-

tion surveys. Despite the large reservoir of mass, the PipeSONic and mass independent. Therefore, thermal pressure ap
pears to be the dominant source of internal pressure. Irn addi

Nebula molecular cloud is characterized by being apparent! E . .
quiescent, with a very low star-formatioffieiency (~0.06% tion, these cores appear to be pressure confined, but gravita
for the entire cloud, Forbrich etlal. 2009). Barnard 59 (B59) t|o|gally urllboxlnd (Ladell etzmo . 08)+ q al polar
located at the northwestern end of the cloud, has formed a_Recently. Alves etall (2008) performed an optical polari-
small cluster of low-mass stafs (Brooke ef al. 2007). The low Metric survey toward the fluse gas in the Pipe Nebula. They
global star forming giciency of the cloud contrasts with that  Ind & large scale magnetic field that appears to be mostly per-
of other nearby molecular clouds such as Ophiuchus or TayPendicular to the cloud main axis. The magnetic field ex-
rus, where an important star-formation activity is obsdrve ©rts a pressure~(l0° Kcm™) that is likely responsible for
The Pipe Nebula is, hence, an excellent place to study the ini driving the collapse of the gas and dust cloud along the field
tial conditions of star formation at scales of a few parsecs.  lines. The polarization properties significantly changmgl
done by[Onishi et al.[ (1999) through single dish observa- three regions in the cloud: B59, tiseem and thebowl (see
tions of CO isotopologues.  These authors were the firstFig-[). B59 shows low polarization levels but high disper-

to suggest a clumpy distribution for the dense gas by Sion of the polarization position angles. Moving througa th
detecting compact %yo cores in the main body of the stemtoward thebowl, the polarization level increases and the

cloud. It was not until the last few years that several sur- dispersion decreases. These authors propose that these thr
veys [Lombardi et al. 2006; Muench ef[al. 2007; Brooke et al. fegions might be in dierent evolutionary stages. B59 is the

2007; [Rathborne et Al 2008; Lada etal. 2008) were car-Only magnetically supercritical region and the most evdive
ried out to explore the physical properties of the cloud. ©f the Pipe Nebula, thstemwould be at an earlier evolution-

Lombardi et al. [(2006) use 2MASS data to construct a high ary stage, with material still collapsing, and finally, thewl
resolution extinction map of the Pipe Nebula through which would be at the earliest stage, with cloud fragmentatioh jus
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Fie. 1.— Position of the observed cores plotted over the 2MASB@&ion map of the Pipe Nebula (Lombardi et al, 2006). Theheal lines separate the three
different magnetically defined regioms (Alves éfal. 2008). Bkt visual extinctionAy) corresponds to 0.5 magnitudes. The highfasis observed toward

the bowl of the Pipe and the B59 region, where it reaches approxignatemagnitudes (]

the Pipe bowl, stem and B59).

TABLE 1
SOURCE LIST.

a(J2000)  §(J2000) VLSR
Sourcé hms orn (kms1) Regior?
Core14 1712340 -272116.2 +3.6 B59
Core40 172116.4 -265256.7 +3.3 Stem
Core48 172559.0 -264411.8 +3.6 Stem
Core 109 173548.5 -253305.8 +5.8 Bowl

(a) According to Lombardi et al. (2006) numbering.
(b) According td_Alves et al[ (2008) filuse gas polarimetric properties.

started.

al.2006). We selected coregeaddn all three regions of

time molecules. These species are expected to be abun-
dant in chemically young or low density cores, and most of
them seem to beffected earlier by depletionffects (see
e.g. Taylor et al. 1998; Ohashi etlal. 1999; Bergin &t al1200
Tafalla et al! 2006). Other species, such as nitrogen-hgari
molecules and deuterated species, require a longer time to
form. Thus, they are formed later in the chemical evolution
and are known as late-time molecules. They are not expected
to be depleted until densities of 4@m are reached (see
e.g. Caselli et al. 2002; Flower et al. 2006; Bergin & Tafalla

L Aikawa et al. 2008). The qualitative comparison of the
relative abundances of féierent types of molecules in each

Based orl_Alves et al[ (2008) results, we selected a sam-core can provide us with some clues about their possible evo-

ple of cores distributed in the fiiérent regions of the Pipe

lutionary stage. From the observational point of view, ¢her

Nebula. We started an extensive molecular survey of thesehave been several authors that have studied the evoluionar
cores using the IRAM 30-m telescope. The aim of this study stage of pre- and protostellar cores through molecular sur-
is to probe their chemical evolutionary stage, which could veys. For instance, Kontinen et al. (2000) have used a large
be related with the dynamical age according to chemical sample of molecules in a prestellar and a protostellar core.

modeling of starless cores (Taylor etlal. 1998; Moratalet al. They find very diferent chemical compositions, specially in
[2003;[Tafalla et dl_2006). These models predict that someN2H" and long carbon-chain molecule abundances. The for-
molecules, such as carbon-containing molecules, are fbrme mer is typical of a pure gas-phase chemistry, while the lat-
very early in the chemical evolution, and are known as early- ter require an evolved chemistry to form. According to time-
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dependent chemistry models they interpret théedénces as TABLE 2
dlﬂ:ere;nt stdages (I‘)]f Cherrlncal lGVQ'UU?ﬂ. La%ﬁt ald MOLECULAR TRANSITIONS OBSERVED TOWARD THE PIPE NEBULA CORES WITH THE
(2004) made a chemical analysis of L1521E, which helpe IRAM 30-M ANTENNA.
to determine the extreme youth of this prestellar core. From TR T
k ; ; ; . v

the theoretical point of view, Aikawa et all._(;QOS)_have SIMU  \oecule Transion  (GHz) /) efficiency (kms?) Type
lated the evolution of a prestellar core and identified tfe di CoHo  (210-Lio) 853389 200  0.78.81 0.07 E
ferent molecular abundances affeient evolutionary stages HCN (1-0) 88.6318 28.0 0.78 0.07 E
to finally compare the results with the samplé of Tafallaetal N+ (1-0) 931762 265 0.70.81 0.6 L

). [Morata et al| (2003, 2005) have used the modeling CCSS g—g gg-;gg‘; égg 0;&21 g-gg E
results of Taylor et al. (1998) to compare with observations - (1.0) 1134909 215  07m8L 0.05 E
toward the L673 molecular cloud. N,D* (>-1) 1542170 150 0.70.74 0.04 L

Based on this, we observed a set of early- and late-time bcor (3-2) 216.1126 105  0.A7.63 0.03 L
molecules (see Taklé 2) toward the selected cores for asubse CN (2-1)  226.8747 100  0.ER63 0.03 E
quent comparison. In addition, we mapped the 1.2 mm dust NP (8-2) 2313216 100 0.@63  0.03 L
continuum emission of the cores to obtain a complete descrip o= (32 2602554 90 09363 0.02 L
f . . p p (a) ABCD and EMIR receiver, respectively
tion of the structure, chemistry and evolutionary stageneft  (v) spectral resolution.
four selected Pipe Nebula cores. (c) E= Early-time. L= Late-time. Se¢{lland§4.3 for details.
2. OBSERVATIONS AND DATA REDUCTION 2.2. Line observations
2.1. MAMBO-II observations We made several pointed observations within the regions

; of the Cores 14, 40, 48, and 109 with the heterodyne re-
the%ﬁa%gsnaﬁbi?{ng? étalng rlnon? V(\I?t(f;](:%rg I?E]?t_oceivers of the 30-m IRAM telescope (ABCD and EMIR re-

receiver MAMBO-1I bolometer (array diameter of 240of ceivers). The observations were carried out in three epochs
the 30-m IRAM telescope in Granada (Spain). The positions | N€ first epoch was August and September 2008. We used

and velocity of the local standard of rest &g) for each core the capability of the telescope to perform simultaneous ob-

are listed in Tablg]l. The observations were carried out in SErvations at dierent frequencies to observe the emission
April and May 2009 and in January and March 2010, in the cc):fthe %HZ (212_2110)’ Hcc:;g(lgoz)’ %H+2(1_0)’ CS (32_21)'
framework of a flexible observing pool. A total of 13 usable Nd(l%igczbtw; g _1)’|D I (3-2), CN (2-1), MD;.( 3 )d'f
maps were selected for analysis: 3 for Cores 14, 40, and 1092" (3-2) molecular transitions arranged in 3 dif-

P - ferent frequency setups covering the 3, 2, 1.3 and 1.1 mm
and 4 for Core 48. The weather conditions were good, with 4 :
zenith optical depths between 0.1 and 0.3 for most of the. time Pands. To do this, we combined the AIBO0GA230/B230

The maps were taken at an elevations@® due to the decli- ~ and A10JD1SGA23(/D270 SIS heterodyne receivers. The

nation of the sources. observational strategy was first to observe several pasitio
The beam size of the telescope-isl” at the dfective fre-  With @ 20" spacing centered on the"®D pointing center re-

quency of 250 GHz. The sources were observed with thePOrted by.Muench etal. (2007) (depicted by star symbols in

; ; ; Fig.[2), which is very close to the visual extinction peak po-
on-the-fly technique, with the secondary chopping between’ 't . , .
46" andy72’ pargllel to the scanning di?/ectior?pof %he tele- Sition of each core (Lombardi etlal. 2006). The visual extinc

; i k is assumed to be the densest region of the core, and
scope. The telescope was constantly scanning at a speed §fo" Peak i ;
8” s for up to 65 s. This resulted in typical integration times 't Was defined as core center by Muench etal. (2007). The
for each map of-1 hour. When possible, each source was S€cond and third epochs were August 2009 and June 2010,
mapped with dierent scanning directions (in equatorial co- '€SPectively, both using the new EMIR HV/E2 receivers.

ordinates) or rotating the secondary mirror of the telestop /& observed deeper toward the position of the grid of first
epoch closer to the dust continuum peak (see circle symbols

avoid scanning artifacts in the final maps. We measured the>F-. .
zenith optical depth with a skydip and checked pointing and " Flg'i'lzt))idv:\z{e (r)]bservEd also the'ts (Zalf) molecular tr%gsp

focus before and after each map. The average corrections fo Og'usg d the SVEVSVS At\ guttrggc?rlpeﬁgfo?gs {ﬁg%%régszlobaglzgﬁ q
pointing and focus stayed below and 0.2 mm, respectively. selecting a channel resolution of 20 kHz, which provided a '

Flux density calibrators were observed every few hours. . ! X
The dataywere reduced using MOPSIC \)//vith the iterative total bandwidth of 40 MHz. The corresponding velocity res-

reduction strategy developedlby KEmann et al [(2008). The olutions, main-beamfciencies and half-power beam widths

main advantages of the new scheme are ihab{irces much at all the observed frequencies are also listed in Table 2. We
larger than in the classical approach can be recoveiipthé used the frequency-switching mode with a frequency throw

signal-to-noise ratio (SNR) of the final map increases, and ts)etween 3.83 and 22.98 M"r']z' depe.r:jdingdq‘n thgntransitign.
(iil) they sufer from less artifacts. The figures were created SYStEM temperatures in nignts considered "good” were be-
using the GREG package, from the GIL fware. tween 200 to 275 K at 3 mm, and between 440 and 960 K at
All the maps have been convolved with a’BlGaussian, tl mlm) (ll;sy% rﬁached 45?? Kkar(wjd 32002Khm bad nights, respec-

: : ively). Pointing was checked every 2 hours.
larger than the telescope beam, in order to improve the SNR, We reduced the data using the CLASS package of the

and to smooth the appearance of the maps. The size of th 1 . - X
Gaussian was chosen to be the one of the CN (1-0) molecula%”-DAS software. \We obtained the line parameters either
rom a Gaussian fit or from calculating their statistical mo-

transition (see Tablg 2) which provides good spatial ret&oiu ) .
and large SNR for the four maps. ments when the profile was not Gaussian.

3. RESULTS AND ANALYSIS
1 MOPSIC and GILDAS data reduction packages are available at . ..
hitp//www.iram. ffl RAMFR/GILDAS 3.1. Dust continuum emission
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Fic. 2.— IRAM 30-m MAMBO-II maps of the dust continuum emissianla2 mm toward four cores of the Pipe Nebula. The greyscatdddor all the maps
are 3 to 18 times 5.75 mJy beah The contour levels are 3 to 11 timesin steps of 1e-, for Cores 14, 40 and 48, and 3 to &1in steps of 3¢ for Core 109.
1-0is 4.5, 5.0, 3.5, and 4.5 mJy beahfor Core 14, 40, 48, and 109, respectively. The red thick@aninark the half maximum emission level of the source
(see Tabl€I3). Black or white stars indicate tH&@ pointing center reported by Muench et Al (2007), whicheig/\close to the visual extinction peak position
of each corel (Combardi etlal. 2006). Black or white filled igcindicate the position where line observations have peeiormed, close to the dust continuum
emission maximum which falls into the beam area. The blu¢ovedepict the magnetic field vector found[by Franco ef @I1(2. Note that for Core 40 there
are no optical polarimetry measurements on the east sidodbe high visual extinction. In the bottom left corner of thottom right panel the convolved beam
and the spatial scale for the maps is shown.

TABLE 3
1.2MM CONTINUUM EMISSION PARAMETERS.
(J20002  §(J2000)F  Tqust RMS S, | Peak Diameter Ny, P Ny, P MassP
Source hms o (K)  (mIybeam?) (@Jy) (mJybeam?t) (pc) (1F*em?) (10%em3) (Mo)
Core 14 (filament) 2.56 0.106 12.21 5.59 2.87
1712315 -272141.0 129 45 51.6
Core 14 (core) 1.24 0.071 13.27 9.09 1.40
Core 40 1721147 -265247.8 108 5.0 1.73 42.0 0.104 11.05 5.16 2,51
Core 48 172557.3 -264422.3 109 35 1.44 27.9 0.127 6.4 2.39 2.09
Core 109 173547.7 -253252.9 95 45 2.76 105.3 0.063 47.60 36.57 4.00

(a) Pointing position of the chemical observations whiels inside the same beam area of the dust continuum emiss&n pe

(b) AssumingkasogH,=0.0066 cm g1 as a medium value between dust grains with thin and thick iaetles [([Ossenkopf & Hennirig 1994). See Appelidix A
for details on the calculation.

(c) Adopted to be equal to the kinetic temperature derived\td; (Rathborne et & 8).

(d) No kinetic temperature estimate, therefore we assur@édldased on the temperatures of the other c

res (Rathbogde

).
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Source 105 1570 21’5 270
Core 14 175x10%2 1.38x 1072 1.21x10%2 1.11x10%?
Core 40 132x 1072 1.28x 1072 112x10%2 1.07x 10?2
Core 48 109x 10?2 8.88x 1071 7.38x 10?1 6.99x 107!
Core 109 419x 10?2 373x10%2 323x 10?22 3.08x 10?2

Core 14
R R RN RN

Core 48 Core 109
AR LA LA LA AN RRA ARSI ARARRRR N
Early-time i ]

(a) Average column densities are calculated within one baeea toward
the dust continuum emission peak. The valuesygf g, and Tqyst are the
same as for Tablgl 3. These values are combined with the ntalezmlumn
densities to find the molecular abundances in the same beamHrne corre-
spondence is: 206 with DCO*, 15”0 with NoD™*, 21”5 with CN (1-0) and,
finally, 2770 with CgHz, HCN, NoH*, CS and é*S.

In Fig.[2 we present the MAMBO-II maps of the dust con-
tinuum emission at 1.2 mm toward the four selected cores of
the Pipe Nebula, convolved to a”23 beam. TablE]3 gives the
peak position of the 1.2 mm emission after convolution with A UL S : b
a Gaussian, the dust temperatlire (Rathborné et all 20@8), th ~ '[ f T oo 7T
RMS noise of the emission, the flux density and the value ] 3 1 T
of the emission peak. Additionally, we also give the derived
FWHM equivalent diameter, which is the diameter of the cir-
cular area equal to the area within the FWHM level, depicted
by a red contour in Fig.]2. Tablg 3 also lists the ¢blumn I
and volume density, as well as the mass for each core. These °
parameters are derived from the emission within thel8vel ; T ;
anddlSCUSSGd IM- ]HlHHHEHHHH}[ i uu‘ui‘.uu

The flux density of the cores ranges betweeh24 and [ : [ e retentime
~2.76 Jy. Note, however, that the extinction maps show that ;|
the studied cores are surrounded by fiude medium (see :
Fig.[d and_Lombardi et al. 2006). The on-the-fly reduction i
algorithms assume that the map limits have a zero emission ﬂJ ,
level. Due to the presence of thefdise material, this could
not be true for the observed cores, and, therefore, the mea-
sured flux density of the maps might be lower than the actual R
value. We derived averageldolumn densitiesNy,, see Ap- L L A -
pendix[A) toward the dust continuum emission peak for the 1 1 3
different resolutions (listed in Tallg¢ 4) of the detected molec-  °°f

Early~time

0.5

Late~time

ular transitions (see Tablé 5). We derived their abundance&

with respect to K. The results are discussedgil. S0 % 1SS
The maps of Figl]2 show the ftkrent morphology of the  * i

cores. Following the results bf Alves et al. (2008), it issint -05H

esting to compare the shape of the cores with their location 7 ; i
along the Pipe Nebula. Core 14, located in B59, belongstoa _,t..oio,ld
clumpy and filamentary structure 600’ (~0.35 pc) elon- 2ty tarla)
gated along the NE-SW direction. This is in perfect agree- ’

: : g : . F.6. 3.— IRAM 30-m line spectra of the molecular transitions hwito
ment with previous extinction maps_(Lombardi al._2006; hyperfine components toward the four selected cores of {reébula (see

Romén'ZUﬁi aetal. 2009). On the other hand, Core 1G9, 10 Tapje[). The name of the core is indicated above the top paneach
cated in thebowl, shows a compact and circular morphology column. Rows correspond to a single molecular transiticeci§ied on the

with a FWHM of~90” (~0.063 pc). Cores 40 and 48, both lo- second column. The velocity range is 5 kit sand it is centered on the

i inti i H vy sr Of each core is marked with a vertical dotted line. Verticakahow

g-al;%ed n th‘-ist?m have elliptical morphologies with extended the Tyyg of the emission, and the zero level is marked by a horizoratied

Ifruse emission. line. Some of the Core 109 spectra, with the highest meashygd have
been divided by 2 to fit to the common scale.

3.2. Molecular survey of high density tracers

[Muench et al.[(2007) reported'® pointed observations of the extinction maps. We decided to present only molec-
toward the Pipe Nebula cores measured with a resolution ofular line data of the observed positions closer to the dust
56”. As seen in their Fig. 1, the position of the%O is continuum emission peak (circles in Fig. 2) , defined as the
very close to the visual extinction peak position of eaclecor core center and supposed to exhibit brighter emission from
(Lombardi et all 2006). Our higher resolution maps show a molecular transitions. The typical core size-80" or larger
peak position fiset for all the cores. As listed in Tables 1 (see Tablé13). The beam size of the detected lines, except
and[3, and as shown in Figl. 2, the dust continuum peak doegor N,D* (2—1) and DCO (3-2), range from 215 to 29'0,
not coincide exactly with théy peak (stars in Fig.J2). How-  while the initial grid of pointed position had a separatidn o
ever, the diference is compatible with the angular resolution 2070, thus the emission peak stays within the beam area for
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Early—time .

Late—time

T (K)

Early—time
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Fic. 4— IRAM 30-m line spectra of the molecular transitionshnlityperfine components toward the four selected cores ofiffeeNrebula (see Tabld 1). The
name of the core is indicated above the top panel of each colRows correspond to a single molecular transition speaifiethe second column. The velocity
range is 16.5, 20 and 12 km’sfor HCN (1-0), NH* (1-0) and CN (1-0) respectively. Thesg of each core is marked with a vertical dotted line. Vertioasa
show theTyg of the emission, and the zero level is marked by a horizortied line. Core 109 spectra, with the highest measilifgg have been divided by
2 to fit to the common scale.

molecular transitions at 3 mm ¢8, (21,-1;), HCN (1-0),

SUMMARY OF DETECTIONS AND UPIII?IIBI;EEES IN K TowarDp THE PrpE NEBULA NoH* (1—0), é%s (2—1), CS (2—1), and CN (1—0)), although
corEs®. their intensities are lower than for Core 109. Core 14 shows

Molecular Core emission in all the 3 mm transitions except in HCN (1-0). Fi-
wransitions 0 a8 109 nally, Core 48 only shows emission in CS (2-1}/&€ (2-1),

Gz io1ie) VY <007 Y andHCN (1°0). .

HCN (1-0) 021 v v v In addition to the line parameters, we denved the moIequar
NoH* (1-0) v Vv <007 v column densities for all the detected species (see App@idix
C34s (2-1) Vv N N v for details) which are listed in Tablg 7. For the transitions

CS (2-1) N N N v with detected hyperfine components (HCN;HN, and CN)

CN (1-0) N v <017 we derived the opacity using the hyperfine components fitting
N,D* (2-1) <012 + <008 method of the CLASS package. For the CS artSmolec-
DCO* (3-2) <1.71 <0.61 <0.76  + ular transitions we derived numerically the opacity using

CN (2-1) <0.97 <1.70 <0.76 <0.90
N,D* (3-2 <1.01 <0.93 <194 <0.91 34 _ 2

00" (3—)2) <152 <140 <238 <134 Twe(C7S) 1= exp(to) 1)

(a) The transitions marked wit{ have been detected toward the correspond-

ing core. Otherwise, thes3upper limit is shown.

these molecular transitions.

Therefore, the molecula lin

properties that we obtain are representative of the chgmist
of the core center.

Tms(CS)  1-explrr)’

wherer is the CS to &*S abundance ratio, assumed to be
equal to the terrestrial value (2215, Kim & Koo 2003). We
found a high opacity toward Cores 14 and 48 for CS (2-1),
10.8 and 6.0 respectively, whose spectra show self-absorpt

Tabld® summarizes the detections or theupper limits of (see Fig[B). For Cores 40 and 109 we found lower opaci-
the non detections toward each core. Table 6 give the parameties, 7=3.1 and 4.2 for CS (2-1) respectively. We assumed
ters of the detected lines. In Fig$. 3 &d 4 we show the spectraptically thin emission in gH,, DCO* , and ND* (2-1), the
of the diferent molecular transitions observed toward the dustlatter with only the main hyperfine component detected. This
continuum emission peak of each core. Core 109 shows theconservative assumption could not be true, so the column den
stronger emission in all the detected transitions in our-sam sities should be taken as lower limits. We also derived the
ple. This is the core with the most compact and circular mor- molecular abundances with respect tp (dee Tabl€1g), tak-
phology (see Fid.]2). Core 40 shows also emission in the sixing into account the resolution for each molecular traositi
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TABLE 6
LINE PARAMETERS?.
Molecular Tve b Axt¢© fTMB dv P VLSR AVLSR
transition Source (K) (K) (K kms)  (kms?) (kms1) rd Profile®
CaHz (212-110)  Core14  0.37(6) - 0.086(11)  3.502(14) 0.22(3) - G
Core40  1.19(5) - 0.347(9) 3.420(4)  0.273(9) - G
Core 109 2.74(6) - 0.799(13)  5.8340(20) 0.274(5) - G
CS (2-1) Core 14 0.69(10) - 0.41(3) 3.439(21)  0.45(4) 1018(1  SA
Core40  1.94(7) - 0.560(17)  3.369(4)  0.415(14)  3.1(3) NS
Core48  0.79(7) - 0.402(18)  3.684(11) 0.477(22)  6.0(6) SA
Core 109  1.93(8) - 0.743(17)  5.836(4)  0.361(9) 4.2(4) G
C34s (2-1) Core 14 0.267(25) - 0.068(5) 3.545(8) 0.241(20)  10.5( G
Core40  0.268(16) - 0.069(3) 3.381(5)  0.241(13)  0.14(1) G
Core48  0.187(23) - 0.041(4) 3.729(11)  0.20(3) 0.26(3) G
Core 109  0.34(3) - 0.083(5) 5.825(7)  0.233(17)  0.19(2) G
NoD* (2-1) Core40  0.084(20) - 0.019(3) 3.280(15)  0.21(3) - G
Core 109  0.31(4) - 0.109(7) 5.673(11)  0.331(22) - G
DCO" (3-2) Core 109 0.70(11) - 0.151(18)  5.828(13)  0.202(21) - G
HCN (1-0) Core 40 - 1.55(11) - 3.410(16) 0.334(22) _ 6.0(5) NS
Core 48 - 0.33(10) - 3.54(5) 0.90(11) 2.4(1.2) G
Core 109 (1) - 2.53(3) - 5.93(7) 0.16(22) 0.25(10) NS
Core 109 (2) - 6.10(3) - 5.72(7) 0.25(22)  10.20(10) NS
N2H* (1-0) Core 14 - 0.0341(16) - 11.500(5)  0.206(10)  0.10(9) G
Core 40 - 0.219(12) - 11.4000(19)  0.249(5) 0.17125) G
Core 109 - 0.904(14) - 13.8000(5) 0.2150(11) 0.467(11) G
CN (1-0) Core 14 - 0.051(9) - 3.64(8) 0.81(15) 0.1(7) G
Core 40 - 0.65(22) - 3.430(21)  0.36(5) 3.9(1.3) G
Core 109 (1) - 1.41(22) - 5.930(5)  0.162(11)  1.13(23) G
Core 109 (2) - 2.3(1.3) - 5.670(7)  0.101(16)  4.(3) G

(a) Line parameters of the detected lines. The former fiveeoutér transitions have no hyperfine components. The paeasnfor the transitions labeled as
G (see last column) have been derived from a Gaussian fit lidleparameters of NS and SA profiles have been derived frenintiensity peakTvg), and
zero (integrated intensity), first (line velocity) and sedqline width) order moments of the emission. The lattee¢hmolecular transitions have hyperfine
components. The parameters have been derived using thefihgpeomponent fitting method of the CLASS package. The valugarenthesis shows the
uncertainty of the last digi. If the two first significative digits of the error are smaliean 25, two digits are given to better constrain it.

(b) Only for molecular transitions with no hyperfine compotse

(c) Only for molecular transitions with hyperfine comporgent

(d) Derived from a CLASS hyperfine fit for molecular transigowith hyperfine components. Derived numerically for CS @#t5 using EqJL. A value of 0.3
is assumed when no measurement is available.

(e) G: Gaussian profile. NS: Non-symmetric profile. SA: Sddsorption profile.

(f) Only the main component is detected.

(see Tabl€l).

~1x10%' cm? (Wagenblast & Hartquist 1989). A conserva-

tive estimation of the sensitivity limit of our maps, in themse
conditions, can be derived using ther®mission level of the
noisiest continuum map convolved to a’6Gaussian. The

gions of the Pipe Nebuldbowl, stem and B59), in diferent resulting begm averaged column density, fdiaof 10 K, is
molecular tracers and in dust continuum emission, to studyagﬁsligzescir: tHeTshaerLeej(():r:r’](?i?i gﬁgnoflz(r)r(;]attgigglr?g\?ggigg!cl:ymn
and compare their physical and chemical properties. The > » 4 A

cores were selected based on the results of the optical pot€' Sensitivity. Lada et al. (2008) defines the equivaledits
larimetric survey carried out by Alves eflal. (2008). In the Of the core using the region with emission brighter tham, 3-
following subsections, we discuss and compare the proper\VNile we use the region with emission brighter than half of
ties of each individual core, as well as an overall analygis o the Peak value. This ffierence prevents a direct comparison
such properties, and we try to relate our results with presio O the radii and densities. The core masses, however, depend
works. In particular, in the next subsection we compare the ©Nly on the integrated flux density and can be compared. Our

dust continuum emission with the visual extinction maps of ;‘na%ses aroegon av?ragcﬁA times smaller, ranging fror0.9
Rathborne et al[ (2008) and the trend found for tifeude gas o Core 109 to~7 for Core 14.

We estimated the fierence between the 2MASS extinc-
[Alves et al.[(2008). . .
bylAlves eta 8) tion maps|(Lombardi et al. 2006) and the 1.2 mm dust maps.

To do this we first transformed the original near-IR extinc-
tion maps to visual extinction maps using = A;/0.118
mﬁ.ma. Then, we convolved the 1.2 mm dust
maps with a Gaussian of 6o have the same resolution.
Gaussian of 215 in the maps shown (s¢B.1), while thatof ~ We transformed the 1.2 mm dust maps to column density
[Rathborne et all (2008) is60”. Hence, our maps fier from maps (see Append[x]A for details). We assumed a uniform
less beam dilution and we can resolve smaller structures. Th typical temperature of 10 K for all the cores. To estimate
sensitivity limit of the Ay observations is fixed at 1.2 mag the uncertainty caused by this assumption, we also made
[ 2008), which corresponds to a column density of

4. DISCUSSION
We observed four selected cores located in tifiedknt re-

4.1. Comparison of visual extinction and 1.2 mm continuum
emission maps

The beam size of our observations is’1tonvolved to a
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» IR extinction maps constructed from 2MASS catalogs do not
have enough sensitivity or sampling scale to resolve the cen
L ters of very dense cores. In such dense regions, the num-
A 0 ber of 2MASS catalog background stars is not high enough
/ to provide neither a large number of sources per pixel, nor
i — a large number of high extinction measurements, thus the
sel | C°“j 1991 -'° high extinction regions might be poorly resolved and under-
T 7 e estimated. These biases may explain, combined with the
T larger radius, the lower densities reported by Rathboraé et
“9 - 10 ). Extensive observations toward the Perseus cloud in
i visual extinction and in radio continuum provide similar re
sults [Kirk et al| 2006). Extinction maps with higher resolu
tion, made with deeper observations, are able to resolverbet
the high extinction levels. For example, Kandori et[al. &00
_1o Observed Core 109 (named FeSt 1-457Andeeper with a
resolution 0of~30”, and found a morphology in perfect agree-
ment with our continuum observations. Théiy intensity
peak at the core center 8f,~41.0 (the largest in their sam-
ple) is very close to our derivatiody~39.2, for a 30 beam.
Summarizing, our dust continuum maps seem to be better
0 at tracing the high extinction regions of the prestellaresor
at least at this spacial resolution. These results sughgast t
the dust continuum emission would trace the dense and cold
-0 cores better than the 2MASS derived visual extinction. On
the other hand, the visual extinction would be more sermsitiv
to the cloud dffuse extended emission.

3.7

O
-1.15 -1.2 —1.25 -1.15 -1.2 —1.25
FrT T T T

4.2. Discussion on the individual cores
0 4.2.1. Core 14

Core 14, located in B59, is a compact and dense core but the

-0 less massive in our sample. It is the only core that belongs to

a clumpy and filamentary structure, which is elongated along
Fic. 5.— Left panels Color image of the visual extinction map derived from the NE_SW direction with an ?XteI:It (-31500’ (~0.35 p, see
the near-IR observations (Lombardrelial. 2006) superpustathe contour F|g.|2i, with a mori hology quite su:mlar,tg_that shownAg
map of the extinction map derived from our 1.2 mm dust cominunaps in mapsi|(Rathborne et/ 08; Roman-Zuhiga kt al.l200%3. T
galactic coordinates. Contours are from 2.5 to 30 visualnitades by steps  location of Core 14 inside an elongated and clumpy filament,
fom map delved rom the near IR and the 1.2 mm observattan e Suggests that probably it is still undergoing fragmentatio
region OF; theAy converted dust continuum méps willy>2.5 magnitudes. Wh'Ch could I,ead to the formation of Sm"?‘”er Coresj In fact,
Contours are the same as in the left panels. Core numberigsiad in the it is resolved in several small clumps which have sizes com-
lower right corner of the panels. The color scale (in visuagmitudes) are  parable to the sizes of the other cores in the Pipe, with odidii
shown in the right side of the panels. about~0.04 pc.

Core 14 shows emission in all the early-time molecules at
the calculations for temperatures of 8 and 12 K, which re- 3 mm. CS (2-1) and €S (2-1) are clearly detected (see
sulted in an average maximum variation over the whole mapFig.[3), and the abundances are the largest of the sample (see
of ~2.4 extinction magnitudes. We also assumed for all the Table[8). On the other handzB> (21,2—110) and NeH* (1-
coreskosogH-=0.0066 cm g~! as average value between dust 0) show weak emission and, consequently, low abundances.
grains with thin and thick ice mantles for a volume density [Rathborne et al! (2008) detect weak Nemission, in good
of ~10° cm3 (Ossenkopf & Henning 1994) with an uncer- agreement with our pH™ measurements. Only the main com-
tainty of about a factor of 2. As a final step, we used the ponent of the CN (1-0) transitions is clearly detected. €hes
relationshipAy = 1.258x 1(y21NHZ (Wagenblast & Hartquist ~ are signatures of an object very young chemically.

[1989) to transform column density to visual extinction. The

resulting maps of the ffierence between the extinction maps 4.2.2. Core 40

derived from near-IR and mm data are shown in the right-  Core 40, located in thetem is another core with irregular
hand side panels of Fig] 5. For Core 40 we found an ex- morphology. This core shows emission in all the transit@ns
cess of extinction that could be due to the filtereffudie 3 mm, of both early- and late-time molecules, and in the late-
emission (seg3.1). However, in such a case, one would time N,H* transition at 3 mm. The molecular emission of
expect this excess to be present over the whole map. FolCore 40 is strong, and only the emission of Core 109 is more
Cores 14 and 48 we found a good agreement between botlintense, except for CS, which shows the safgg for both
tracers. On the other hand, at denser regions such as the cerores. These cores are the only ones that show strong late-
ter of Core 109 1y,>4x10° cm3), the Ay derived from the  time molecule emission. Core 40 presents the highest CN and
1.2 mm dust is significantly largex 10 mag, than that derived N,H* abundances (see Table 8). RegardingiN the intense
from the near-IR. This is the core with the highest column emission with all the hyperfine components detected is in per
density (4.8x10%? cm2), therefore this suggests that near- fect agreement with previous results of N{iRathborne et al.

6.95 —

Core 14
e v e e e e L
—2.65 -2.7 —2.75 —2.65 -2.7 —2.75
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[2008). The HCN emission for Core 40 is quite anomalous, be-find more complex and evolved molecules. However, note
cause the main hyperfine component is weaker than the satelthat this also depends on the time-scale needed to form the
lite components (see Figl 4). This suggests that the emissio core (Tafalla et &l. 2004; ietlal. 2005).

is not in LTE.[Gonzalez-Alfonso & Cernicharo (1993) inves-  We find that CS (see Tablé 8), an early-time molecule, is
tigated with Monte-Carlo techniques the variationin HCN (1  detected in all the cores with abundances with respectto H
0) profiles. According to their work, an infalling cloud with  of a few times 10'°, similar to the ones found in other dense

a dense central core (see FiYy. 2) surrounded by a laffysdi  cores [(Irvine et dl_1987) or the ones obtained in gas—phase
envelopel(Lombardi et 5l. 2006) may produce an HCN (1-0) chemical models (Taylor etlal. 1998; Garrod ef al. 2004¥ It i

spectrum as the observed toward Core 40. worth to mention that Cores 14 and 48 show high CS abun-
dance, one order of magnitude higher than Cores 109 and 40.
4.2.3. Core 48 A similar result is found for the €S abundances. The de-

Core 48, located in thetem has a quite elongated mor- rived abundances for the early-time molecule HCN toward the

phology. It is embedded in an environment with high polar- €Ores in our sample is very uniform, and seems to be inde-
ization angle dispersion (Alves et Al. 2008), which is the ex Pendentof their physical properties. The early-time malec
ception of this polarimetrically defined region. It is verij-d CN, a molecule thatis also detected commonly in dense cores,

fuse, this is the largest and the less dense core in the sampld!aS IS0 a significantly lower abundance (a fagiéy toward
It shows emission only in three early-time molecules: CS (2— Core 48 than toward the rest of the sample. Where detected,

1), C*S (2-1) and, marginally, HCN (1-0). The abundances the CN abundance varies only within a factor of five. On the
of CS and €S are among the largest in the sample, slightly Other hand, another early-time molecule such gs;Cshows
lower than those for Core 14. The;N* molecule was un- differences in abundances of at least a factor of five among

detected, in agreement with previous measurements af NH Cores 14 and 48 with respect to Cores 40 and 109. Late-time

(Rathborne et al. 2008). molecules, such asJNl* or deuterated molecules, are not
broadly detected in our sample:,N" is detected except in
4.2.4. Core 109 Core 48. On the contrary,J®* is only detected on Cores 40

. . . and 109, and DCOonly in Core 109. We found a higher
Core 109, located in theowl, is the most circular and com-  gpndance of pH* toward Core 40 than toward Core 109 by
pact core in the sample. The dust continuum emission of thisg 4ctor of~2 while[Rathborne et al._(2008) found an abun-
core is similar to that of the other cores. However, it is the j5nce of NH toward Core 109 higher than that of Core 40 by
densest one in our sample and the most massiveMo). afactor of~3.4. However, both Cores 40 and 109 show higher
[Kandori et al. [(2005) find, through a Bonnor-Ebert profile o NH ’ : g
abundances in pH* than Cores 14 and 48. Despite Cores 14

fit, that Core 109 is gravitationally unstable al. and 40 havin . i
e ; = g a similar average column density, the former
(2007) find, through observations of molecular transitjons ¢hows 5 times less abundance oHN than the latter. More-

that this core (designated also as FeSt 1-457) is gravi@io — gyer, Core 14 does not show emission in any other late-time
bound!| Kandori et all (2005) suggest other models, apart fro - 5jecyle while Core 40 is detected inIN* showing an abun-

a Bonnor-Ebert sphere, including extra supporting mecha-yance only a factor of 4 lower than that of Core 109. Briefly,
nisms that might fit the density profild._Agutief &l. (2007) e higher abundances in Cores 109 and 40 with respect to

a quasi-stable state near hydrodynamic elibrium. Téie ¢ these two late-time species are roughly an order of magaitud
is embedded in a magnetized medium ($g&4), thus, mag-  |oer than the prototypical starless cores L1517 and L1498
netic support could be a plausible source of external suppor (Tafalla et al| 2006), which suggests that Cores 109 and 40
This core SPOWS emission of all the detected earlyHC 4y pe in an earlier evolutionary stage than cores in Taurus.
HCN, CS, ¢S, and CN) and late-time molecules i, [Rathborne et al. [(2008) observed the emission of the
_NgD* and DCQO). The molecular emission of this core NHz (1,1), NH (2' 2), CCS (2-1), and HGN (9-8) tran-
is always the strongest. Core 109 shows a very stiongsitions towards 46 cores of the Pipe Nebula. Cores 14, 40,
NoH" emission, in agreement with the Niheasurements by 45 “and 109 were included in their observations. None of

at al[(2008). As seen in Table 8, Core 109 hasyg jines were detected in Core 48, which is shown to be
similar abundances for early-time molecules to those of theagain the more chemically poor core of our sample.sNC

other cores. Interestingly, the CS an@'€ abundances are  yas ot detected in core 14, which also has the weakest CCS
the lowest in our sample, which suggests CS depletion towardyn§ N, lines. The four transitions were detected in cores 40

the center (detected on'®,[Aguti et al )- and 109, but with some fierences. The Nillines are much
litati hemi vsi more intense in core 109, a factor o# for the (1,1) tran-
4.3. Qualitative chemistry analysis sition and~9 for the (2,2) line, while the CCS line is more

Table[4 shows a variation of about a factor-ef around intense in core 40, less than a factor~df, and the HGN
10?2 cm™? of the average bl column densities derived for lines are very similar in both cores, inside the RMS. All taes
each of the cores with a Z7beam, the one used to calcu- results are consistent with our observations: Core 48, lwhic
late the abundances for the molecular transitions at 3 mm.did not show emission of late-time molecules, is very poor
This represents, using the relationship= 6.289x 10-%°Ny chemically and shows a very young chemistry. Core 14, has
(Wagenblast & Hartquist 1989), average values ¢fA.4 to some very weak emission of late-time molecules gNblt
~19.4. The first case would represent a shallow core, moreonly weak emission of CCS, an early-time molecule. Core
affected by the external radiation field, which tends to have 40 is more evolved chemically and shows stronger emission
a younger chemistry. The other extreme probably indicatesof early-time molecules than of late-time molecules. Hipal
a denser and more shielded core, where one would expect t&€ore 109 is the one showing more diversity of molecules
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TABLE 7

MOLECULAR COLUMN DENSITIES OF THE CHEMICAL SPECIES OBSERVED TOWARD THE PIPE NEBULA CORES IN CM72.

Source GH, 2 CS cé4s CN HCN NoH* N,D* 2 DCO" @

Core 14 384 x 1011 3.07x 103 6.19x 101 116x 102 <5.42x 100 9.70x 10 <809x 107 <513x 101

Core 40 165 x 102 7.11x 102 2.94x 101 4.70% 1012 2.57x 102 4.89% 1011 217x 107  <4.93x 10

Core 48 < 7.93x 1010 1.53x 103 294x 10 < 1.64x 101 259% 102 <379x100 <6.88x10°° <7.82x10%

Core 109 636 x 1012 1.25x 103 3.68x 101t 2.76x 102 9.80x 10'2 6.79x 101 2.72x 100 1.41x 101
(a) Transition with no opacity mesurements available, tptgcally thin emission is assumed to obtain lower limitgted column densities.

TABLE 8
ABUNDANCES? OF THE CHEMICAL SPECIES WITH RESPECT TO Hp OBSERVED TOWARD THE PiPE NEBULA CORES.

Source GH, P cs &s CN HCN NoH* N,D* @ DCO* 2

Core 14 AU5x 101 277x1099 558x 1011 958x 1071  <4.88x10712 873x 1012 <584x1018 <293x101
Core 40 155x 10710 664x1010 275%x1011 4.19% 10710 2.41x 10710 458x% 1011 169x 1018 <373x10°12
Core48 <1.13x101 219x109 421x1011 <222x1011 371x1010 <543%x1012 <775x1018 <717x1012
Core 109 6x1010 406x1010 119x1011 854x 10711 3.18x 10710 220x 1071t 7.30x 10718 3.37x10°12

(a) See Tabldg 4 ahd 7 for dust and line column densities.
(b) Transition with no opacity mesurements available, thptgcally thin emission is assumed to estimate a lower lohthe column densities and, consequently,

of the abundances.
(c) Due to the lack of 'S data we assume optically thin emission to obtain a loweit birthe column density and, as a result, also for the aburelan

TABLE 9
PiPE NEBULA CORE GENERAL PROPERTIES WITH RESPECT TO CORE 109.
Diameter Mass Nh, NH, pe @ O6PA2  X(N2H*) X(CN) X(CzHz) X(CS)
(pc) Mo) (10%em?) (10em™) (%) () @t @ty @othy ot
Core 109 0.063 4.00 47.60 36.57 11.0 3.9 2.20 8.54 20.6 40.6
Relative values Diameter Mass Ny, NH, Pos 6PA  X(N2H*) X(CN) X(CzHz) X(CS)
Core 109 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0
Core 40 16.5 6.3 2.3 14 4.2 22.2 20.8 49.1 7.5 16.4
Core 14 11.3 35 2.8 25 1.8 40.4 4.0 11.2 17 68.2
Core 48 20.2 5.2 1.3 0.6 1.8 83.8 <2.5 <2.6 <0.6 53.9
(a)[Eranco et al[(2010)

and the more intense emission, in particular of late-time (Alves et al[ 2008} Franco etlal. 2010): polarization frauwcti
molecules. Interestingly, the CCS abundance in core 109 is(ps) and dispersion of the polarization position angiEA).
probably lower than in core 40, which is consistent with the ~ As shown in Fig_R, the polarization vectors calculated from
view that the CCS molecule is destroyed soon after the forma-optical extinction cannot be derived at the more dense nsgio
tion of a dense core, probably as a result of the contracfion o where the visual extinction is higher. In Fid. 2, except foz t
the CoreL(_d_e_G_Leg_O_LID_MD_D_S_ahLO_eJ al. 2006; Millar & Herbst map of Core 48 with the lowest RMS, the polarization vectors
[1990] Suzuki et al. 1992). This would reinforce the view that lie in regions below the 3= noise level. However, the trend of
this core is in a very advanced evolutionary state. the polarization vectors is in general rather uniform ower t
In summary, Core 109 seems to be the more chemicallywhole map. Indeed, there are vectors up to very close to the
evolved core, probably because it is more dense and becausgense parts of the cores. Consequently, the derived magneti
it shows higher abundances of late-time molecules. Core 40field properties of the diuse surrounding medium are also
with three times lower column density, also shows largelN representative of those of the dense part of the cores.
abundances. It might be in an intermediate chemical evolu- A relationship between the magnetic and the chemical
tionary stage. These two cores probably are in an evolution-properties of each core seems to exist. The two more chem-
ary stage slightly younger than that of the prototypicaless ically evolved cores, 109 and 40, appear to be embedded in
coresl(Tafalla et al. 2004; Crapsi eflal. 2005). Cores 484nd 1 a strongly magnetized environment, &B8A values clearly
show similar physical properties in terms of size, mass and H reflect (see Tablg]9). The other two cores, 14 and 48, do
column density, to Cores 109 and 40. However, they appeamot show very dierent morphological properties with respect
to be very chemically poor and, therefore, they could be in anto the previous two (size and mass). However, their chem-
even younger stage of chemical evolution. ical properties are completely opposed, and they are likely
: - - . ounger cores in chemical time-scale. Interestingly, tlagm
4.4. Evolutionary trend and correlation with theflise gas xetlc%ropertles of Cores 14 and 48 are also opp%gem those
Table[9 shows the summary of the main properties of the of Cores 40 and 109. Cores 14 and 48 are surrounded by a
cores relative to Core 109, which is the one that shows themolecular dffuse medium that is much more turbulent than
strongest line emission. In this table we show the physiudla  that surrounding the two previous ones. Core 14 is possibly
chemical properties. Additionally, we added the averaged p  affected by the star formation undergoing in the nearby region
larimetric properties of the ffuse envelope around the cores
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B59. Core 48 appears to be dominated by turbulence and con-
stitutes an exception in thetem whose cores have uniform
magnetic properties among them, showing Ipyy and high
6PA (Franco et al. 2010).

In summary, these four cores of the Pipe Nebula have
similar masses and sizes, but they are iffedént stages
of chemical evolution: Cores 109 and 40 are much more
evolved chemically than Cores 48 and 14. Thigedent mag-
netic properties of the ffuse molecular environment suggest
that Cores 109 and 40 have grown in a more quiescent and
slowly way (probably through ambipolarftlision), whereas
the growth of Cores 14 and 48 has occurred much faster, an
indication that possibly a compression wave that generates
turbulence or the turbulence itself (Falle & Hartquist 2002
[Ballesteros-Paredes eflal. 2007). The longer time—scafeof
ambipolar dffusion process could explain the more evolved
chemistry found toward the cores surrounded by a magnetized
medium. These features suggest twihedent formation sce-
narios depending on the balance between turbulent and mag-
netic energy in the surrounding environment. The impomanc
of these results is worth of a more detailed study of the Pipe
Nebula cores in order to fully confirm these trends.

5. SUMMARY AND CONCLUSIONS

We carried out observations of continuum and line emis-
sion toward four starless cores of the Pipe Nebula spread out
along the whole cloud selected in base of their magnetic-prop
erties (Alves et al. 2008; Franco etlal. 2010). We studiei the
physical and chemical properties, and the correlation thi¢h
magnetic field properties of the surroundinase gas.

1. The dust continuum emission of the observed Pipe Neb-
ula cores shows quite fiierent morphologies. In the
sample there are filuse cores, such as Cores 40 and 48,
and compact and dense cores, such as Core 109. We
have also mapped a clumpy filament, which contains
the embedded Core 14. This filament is possibly under-
going fragmentation into smaller cores of sizes com-
parable to that of the others. We derived average radii
of ~0.09 pc 18600 AU), densities 0f1.3x10°cm™3,
and core masses e2.5 M.

2. The dust continuum peak coincides within the errors
with Ay peak derived from the 2MASS catalog. The
continuum emission is more sensitive toward the dense
regions, up taz10 magnitudes for the densest cores. On
the other hand, the fiuse emission is better traced by
the extinction maps. The masses are in averagid
times smaller.

4.

11

and seem to be more chemically evolved. Core 109
shows high abundances of late-time molecules and it
seems to be the more chemically evolved. Core 40
has three times lower Hcolumn density than that of
Core 109. It presents a largeN" abundance and the
largest CN abundance, thus it might be in an interme-
diate chemical evolutionary stage. Cores 48 and 14
show only early-time molecular emission, and Core 14
presents weak MH* emission, and seem to be chem-
ically younger than the other two cores. Core 14 has
a similar mass and size than Core 40, but th&lN
CsH,, and CS abundances are about one order of mag-
nitude lower than the Core 40 abundances. Our re-
sults and interpretation of the evolutionary stage of each
core are consistent with the previous observations of
Rathborne et all (2008) in these same cores.

There seems to be a relationship between the properties
of the magnetic field in the cloud medium of the cores
and the chemical evolutionary stage of the cores them-
selves. The two more chemically evolved cores, 109
and 40, appear to be embedded in a strongly magne-
tized environment, with a turbulent to magnetic energy
ratio of 0.05 and 0.27, respectively. The two chemi-
cally younger cores, 14 and 48, appear to be embed-
ded in a more turbulent medium. This suggests that
the magnetized cores probably grow in a more quies-
cent way, probably through ambipolarfidision, in a
time-scale large enough to develop the richer chemistry
found. On the other hand, the less magnetized cores
likely grow much faster, probably in a turbulence dom-
inated process, in a time-scale too short to develop late-
time chemistry.

. The Pipe Nebula has revealed to be an excellent labo-

ratory for the study of the very early stages of the star
formation. The studied cores shovfférent morpholo-
gies, chemical evolutionary stages and magnetic prop-
erties. The physical and chemical properties are not di-
rectly linked as the competition between the magnetic
field and turbulence at small scales seems to have an
important influence in the core evolution. The impor-
tance of these results require a more detailed study of
the chemistry and magnetic field properties of the cores
to fully confirm these results.
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APPENDIX
A. CALCULATION OF COLUMN DENSITY AND MASS OF DUST EMISSION
Radiative transfer equation and Planck function
The intensity emitted by an assumed homogeneous mediummegtaturel o and optical depth, at frequency is given by

I, =B, (Tex) (1 —€7™), (AL)
whereB, is the Planck function,
2hy3 1
BT emor (A2

andc is the speed of lightk the Boltzmann’s constant arfdthe Planck’s constant. The Rayleigh-Jeans lifmit,< KT (in
practical units }/GHz] < 20.8[T/K]), does not hold for MAMBO-II observations (250GHz) of gtellar coresT =~ 10K),
preventing the use of this limit simplification.

Telescope measurements

The beam solid angle iQa = fb PdQ , whereP is the normalized power pattern of the telescope. Assuntiagthe

telescope has a gaussian beam proﬁ’leeadsP(e) = exp(4In 292/9HPBW), whered is the angular distance from the beam
center. The beam solid angle is

T 2

Qp = W(z)gHPBW' (A3)
For discrete sources we measure flux densiSgsinstead of intensities,. These two quantities are related by
S, =f l, P dQ. (A4)
source
This integration for a beam areg2®2™ allows us to calculate the beam-averaged intensity as
beam
= =5 (A5)

From Flux to Column Density and Mass

One can calculate the opacity of the emission measuredsimsiiams?¢2™ from equations Al and A5, relating it with the
measured flux by

Tbeam —Inf1 (

v

(A6)

Sbeam
QA BV(T)) .

On the other hand, the optical depth is defined as

T, = f Kk, pds (A7)
line of sight

wherex, is the absorption cdicient per unit density.
One can relate the column density with the optical depth #md, with the measured flux using

P Ty
N =fn ds:f ds= , A8
e e MMy HMa Ky (A8)

Tbe

which particularized to a beam mx,ﬂeam W wheremy is the hydrogen mass apds the mean molecular mass per hydrogen

atom In the case of optically thln emission the intensitprigportional to the column density as Eg.JA1 can be simplifeed
~ B,(T)r

V Ve
Then, the mass can be calculated as

M = umy D? f Ny, dQ, (A9)

which for a beam igvP®a™ = ;; my D? NﬂgamQA, whereD is the distance to the source. All these calculations carppéeal to
any solid angle bigger than a beam.
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B. CALCULATION OF COLUMN DENSITY OF LINE EMISSION
The column density for & — J — 1 transition of a molecule ('"Mol’) is

_ 3k Qo eFWTec 1 J, (Tex) T
830k g v Sk, (Te) - J, (Tbg) 1-€7 Jine

Nwmol Twmgs dv, (B1)

which translates into useful units as

-1
Do) 1 67 1004 Qe e L
cm Ok 91 | erg cn? statC < cm 2 D

]—1 J, (Tew T [ﬁne Tus dv}
GHz 3, (Ted = 3y (Tbg) l-e7| Kkmst?

(B2)
hv/k

Here,J, is the energy in units of temperature, and it reddd’) = #zr—. See next subsections for a detailed description of all
the terms involved.

Observational terms

Single transitions

In case of single transitions, we have performed a Gaussitmtfie spectrum or a statistical moment calculation, bathgi
tasks from the CLASS package. We obtain from either anatpsisnain beam temperaturgyg, the line velocity,v, and the
integrated emission Tyg dv.

The opacityy, is calculated numerically in those molecules with moretbae transition observed. In the other cases we have
assumed ~ 0.3. The excitation temperatur€ey, can be calculated from the radiative transfer equation as

-1
Teo= 2lin[—2_Lq (®3)
k T+ 3, (Tho)

l-e7

whereTyg is the background temperature.

Hyperfine transitions
In case of hyperfine transitions, we take into account alhgferfine components of the selected transition. We havenpeed

a hyperfine fit using CLASS, which provid@sx tr,, viserenceline Ay 1, whereAis

A= (3(Te) = 3(Thg). (B4)

beeingf is the filling factor assumed to bel.

To be able to use equatibnB2 as in the single transition easagedl«, T and | Tys dv. We can calculat&, as in equation
calculatingTyg asA X tm/Tm, andry, is given by CLASS. For the integrated emission, we can use

1 T0 f
v= | e Tws(v) dv, B5
0 flineT Jv(TeX) - Jv(Tbg) l-em line MB( ) ( )

leading to

l1-e™

[ Tue)d = roav (3T = 3.(Tio)

Making this transformations el B2 can be used for hyperfanesitions.

(B6)

Non-observational terms
Partition function (Qor)
The rotational partition functiorQ,(T), is defined as

Qu(T) = ) 9s gk g € BT, (B7)

where thegy factors are the degeneration of the respective quantic agnmbparticulaig; = 2J + 1.

Eq.[B7 can be approximated, in the limit of high temperatubgsan integral because generally the energy levels are clos
together. We are only interested in the high temperaturi¢ liecause is when the transition is activated, so this lisndiccurate
enough.
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e Linear molecules. The solution for the diatomic case is general for any linealaoule, so long as the molecular moment of
inertia is computed properly for more than 2 atoms.

For lineal moleculegk = 1,9, = 1 andg; = (2J + 1)/0. o (the symmetry number) is 1 for heteronuclear diatomic (C-O)
or asymmetric linear polyatomic (O-N-N) molecules, and 2 Homonuclear diatomic (H-H) or symmetric linear polyatomi
(O-C-0) molecules.

The partition function at high temperatures can be caledlas

l foo e—(Jer.])hB/de(‘]Z + J)) ~ lk_T (B8)

1 00
Qrot ~ = f (ZJ + 1)e—hBJ(.]+l)/deJ ~ ’
o Jo o Jo ochB

whereB is the rotational constant available at the catalogues. feraoccurate expression (Pickett et al., 2002) used in thik wo
is

1
Qrot ~ =

kT 1 10hB
=

— == 4+
hB 3 15 KT

e Non-linear molecules: Non-linear molecules have up to three moments of inertia wd, three rotational constants B, C).
In a similar way than before, but more complicated, the dattn of the rotational partition function at high tempenas is

Vr (E)S/2 L
o\ h VABC
Upper level energy (8

We can calculate the energy of the upper legg)) @s a function of the lower leveE() plus the energy of the photon emitted
(both available at catalogues). This is, in units of tempeesand using the units given in the catalogues,

[E] - 1.4388[i + 4.799x 1@5[
K cnmrl

(B9)

Qrot

(B10)

v
—. B11l
MHZ] (B11)
Intrinsic line strength times squared dipolar momentunu{s

We can calculate the product of thgrinsic line strength Sy, and the squared dipolar momentyrf, from theQ,q at 300 K
(Q299), the line strength (LogINT) at 300 K and the lower state gg€E,). All these parameters are available at the catalogues.
In a usable form,

Su?
ergcnd statC? cmr2 D2

MHz nn? Qot [MLZ]?l (exp{4.796>< 10™ [crilfl]}) (1 - exp{—l.G % 1077[MVHZ]})71'
(B12)

ogINT
]:24025>< 1¢ ] 290




