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Abstract

This work presents studies of nearky300 pc) dense molecular cloud cores, the sites of low-masfsmation.
The sample includes starless and protostellar cores awisatib compare their properties in a homogenous manner.
All of the projects presented here are related to an extertkigt thermal continuum emission imaging survey at
1.2 mm wavelength that probes the mass distribution of denssctany of them are also related to the Spitzer
Legacy Project “From Molecular Cores to Planet Forming Bidlk2d) that stimulated the dust emission survey
and provided a general framework for my thesis. The main lwddlyis work discusses the dust emission survey
and the properties and nature of an unusually fainO(l L) source apparently embedded in one of the dense
cores surveyed.

The data from the dust emission survey is used to study thseigdiystate and evolution of starless cores,
“normal” protostars, and of the recently discovered Veryliouminosity Objects (VeLLOs). This is the first
study probing VeLLO dense core properties homogeneouslg farger sample of 4 sources. Given that this
survey covers both starless and protostellar cores, it isswited to perform comparative studies. The aim is to
understand how the mass distribution in dense cores csntrelpresence or absence of active star formation. As
part of this éfort | infer conditions that are necessary (but ndfisient) for active star formation to be possible.
These can be understood as a consequence of the quasietdtiioa of a dense core, but do not conclusively
imply the latter. Most VeLLO cores fulfil these conditionsiggtioning the notion that some VeLLOs form in cores
that are not sfiiciently evolved to form stars. | suggest a revision of théecid used to identify “evolved” cores.
Class 0 and class | protostars covered by my survey cannatifjgely discriminated, suggesting also a revision
of criteria used to assign infrared classes.

Furthermore, | report the discovery of L1148-IRS, a can@idéery Low Luminosity Object (VeLLOL <
0.1Ly) in the nearby £ 325 pc) L1148 dense core. The global spectral energy disimiln, the morphology of
nebulosity detected at 1 um wavelength, the inferred density profile of the dense aord the tentative detection
of inward motions towards L1148-IRS are consistent withgberce being an embedded protostar. It is unlikely
that L1148-IRS is a galaxy by chance projected onto the Lbtse core. | do, however, not detect hallmarks of
active star formation like molecular outflows or clear bgratebulosity proving a protostellar nature of L1148-IRS.
This is consistent with our present view of VeLLOs.

If L1148-IRS is a VeLLO, then it is a very interesting one. pesent mass would be substellar, and its
immediate envelope has a mass of onl§.15M,. Thus, L1148-IRS would be the first protostar to definitelyéha
a significantly sub-solar final mass. The collapse of thel migtase core could not be understood in the framework
of quasistatically evolving cores. This would make L1148 tinst dense core in which non-quasistatic evolution
plays a significant role.
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Chapter 1

Introduction

| here present an introduction to my thesis. Starting withrarmary of the present state of star formation research
(Sec. 1.1), followed by an overview of the immediate aim arethrads of this work. An introduction would,
however, be incomplete without having discussed the lapbumy thesis project, which would not have been
possible without an intensive collaboration within a larggernational research project (Sec. 1.3). The structure
of this document is summarised in Sec. 1.4.

1.1 An Introduction to contemporary Star Formation Researd

1.1.1 Molecular Cloud Structure and Star Formation

In the first decades of the 2@entury photographs of star fields revealed “dark markirBsirnard 1919) in the
sky, where no or fewer stars were seen compared with an avesition in the sky. Although early on it was
thought that these dark markings could be due to clouds ok"dmatter that screen the stars, this was not always
the commonly accepted explanation (Barnard 1919). Fudbservations substantiated evidence for the existence
of an interstellar gaseous medium (Trumpler 1930a,b) aedteally the dark markings were considered a compact
component of this interstellar gas.

In the following decades further investigations of the delduds were limited by the fact that their internal
structure could not be studied at optical wavelength. Hwdht line emission from molecules was discovered
and became the major probe of their interior structure amaposition. At this point “molecular cloud” became
a synonym for what was earlier called dark cloud. The sizesmasses of molecular clouds known today span
across many orders of magnitude, ranging from tiny solarsretisctures to over 2®, massive and up to 100 pc
large giant molecular cloud complexes (e.g. Clemens & Baivd 988, Blitz 1993).

A leap forward in our understanding of giant molecular clwdmplexes were the first complete maps at
millimetre wavelength (Kutner et al. 1977, Blitz & Thaddel880). First it appeared that the observed structure
was best interpreted as an ensemble of discrete clumpg @®&tark 1986), some of which harbour dense cores
(Myers et al. 1983), which appeared to be the sites of standtion in a molecular cloud. Later it was argued that
this hierarchy from clumps to cores might also be explaingHiwa fractal (i.e., self-similar scale free) picture
for the morphology of the dense gas (Bazell & Desert 1988l05t890, Falgarone et al. 1991). However, star
formation is commonly observed in discrete and isolatedbregwithin giant molecular clouds, indicating that
gas here has become unstable and collapses at a size-sedlle@mpared with the overall cloud size. Thus,
qualitative diterences must exist between regions that form stars andsdtiardo not.

Bertoldi & McKee (1992; see also Williams et al. 2000) argtieat the existence of such a characteristic scale
of dense structures in GMCs implies a departure from saiflaiity. This characteristic scale is given by the
growing importance of self-gravity relative to other enedgnsity (pressure) components. Structures for which
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self-gravity is strong have an “individual identity”, thagithey contain is no longer part of the continuous flow of
matter between all scales. Self-gravitating structurespartially decoupled from their parental cloud, and their
characteristics are determined by the physical state ajalsesuch as its temperature, turbulence, magnetic field,
heating or ionisation. They are not unstructured lumps &f dpait evolve into objects with density increasing
inwards in which gravitational forces are approximateliabaed by pressure gradients. The pressure in molecular
clouds is due to thermal motions, bulk “turbulent” gas miesicand due to thefiect of magnetic fields.

Williams et al. (2000) defined clumps as “coherent regioribwspace” (i.e., in spatial coordinates and radial
velocity), star-forming clumps as “the massive clumps dutbich stellar clusters form”, and cores as “regions
out of which single stars (or multiple systems) form”. | dlaalopt these definitions. Some dense cores are starless,
i.e. they do not actively form stars at present. Others ¢onqeotostars, i.e. young stars that have not grown to
their final mass yet, which accrete from the surrounding éense. Those cores that are not forming stars yet, but
are expected to do so in future, are sometimes said to be préiséellar phase.

Dense cores are believed to start forming protostars wheniltecome unstable to gravitational collapse (e.g.,
Larson 1969). The core is thought to collapse approximatefyee-fall (Shu 1977) while the infalling matter
accretes onto the central protostar, thereby increasngdiss. | shall further detail protostellar evolution in Sec
1.1.3.

Small clouds in relative isolation comparable to those @sthmple of Clemens & Barvainis (1988, mass(® M)

can be regions of isolated star formation, where stars déonwtas part of larger groups. Among such clouds we
find the Bok globules discovered as dark patches in earlgaigthotographs (Bok & Reilly 1947). If such clouds
form part of larger cloud complexes (massl0*M,; e.g., Taurus) one also speaks of a distributed mode of star
formation. In recent years it was, however, found that soalel mass molecular clouds do not contribute much to
the overall star formation activity in the Galaxy (Magnanhaé 1995). Most stars form via some clustered mode
of star formation (for recent reviews see Pudritz [2002] Watd-Thompson [2002]), in which most stars are born
as part of larger clusters. This mode occurs almost ex@lysim the massive giant molecular clouds.

On smaller scales theseflgirences in the star formation modes are due fi@dinces in the properties of the
star-forming dense cores. These stand in relative isol@&ioegions of isolated or distributed star formation, whil
they form part of tight groups in regions of clustered stamfation. This is illustrated in Fig. 1.1 by a direct
comparison of isolated and clustered dense cores imagegl ti& same instrument.

It has become custom also to distinguish between low-mas$msmation (Ward-Thompson 2002) and high-
mass star formation (Walmsley 2003). While low-mass stppear to form via both the isolated and the clustered
mode of star formation, massive stars (i.e. massesMy) seem to form only in massive clusters along with
hundreds or thousands of low-mass stars (Ward-Thompsd B@ritz 2002). One suspects that high-mass stars
might form via processes ratherfidirent from those responsible for the formation of low-madasss | will not
expand this issue, and in the following | shall only be conedrwith the isolated formation of low-mass stars in
low-mass isolated molecular cores.

1.1.2 Isolated Dense Starless Cores: Ideal Laboratoriesrf&tar Formation Studies

Dense starless cores are objects where low-mass stars grectd to form in the future. The physical and
chemical properties of such cores describe the necessadjtioms for star formation. We need to study such
objects to gain insights to the conditions of star formatidtowever, two issues make itficult to study the
fundamental physics of star formation in cluster-formingieonments (for both see, e.g., Motte et al. 1998). First,
cores can be confused in crowded regions; it becom@sudt to identify and study individual cores. Second,
cores might interact in crowded regions; more parametarsithlevant in isolated cores influence the evolution of
dense cores. These problems can be avoided if studying densgin relative isolation instead of cores hosted
in larger (up to> 100 pc) complexes of dense and massive molecular cloudbisimespect isolated dense cores
are “ideal” laboratories for star formation studies: th@mple structure and evolution allows to acquire a basic
understanding of the physics shaping dense cores. Onedsthawever, also keep in mind that their structure and
evolution is probably too simple to reflect the propertied@fise cores in crowded regions dominating the galactic
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Figure 1.1: Comparison of clusteregbénel g clump ‘E’ in thep Ophiuchi star-forming complex) and isolatezh(el h L1544

in the Taurus molecular cloud) dense cor€sosses and starm panel a) mark starless and protostellar cores, respégtiv
Both 12 mm dust continuum images are taken at the same resoluttbrtive IRAM 30m-telescope, and both regions are at
approximately the same distance to the sun. The clusterifigro Ophiuchi clump shows far more substructure than the more
isolated Taurus core at the same linear scale. Clusteres eme thus likely to be more perturbed and harder to disgietan
than isolated ones. (Reproduction of Fig. 5 of Ward-Thompsbal. [2007], which is based on Motte et al. [1998] and

Ward-Thompson et al. [1999].)
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star formation activity.

For these reasons, in the past years isolated dense moleovds have become a prime target for detailed
studies of the initial conditions of star formation. In pewtar, such studies focused on nearky500 pc) cores,
which are, again, probably not typical for the average dalatar formation sites, but can be easily studied in
detail. Their receivable radiation intensity is stronged ¢he spatial resolution is finer than for their more distant
counterparts. Cores with and without ongoing star fornmaliave been studied in order to learn how dense cores
evolve towards the onset of star formation, and finally ma#ess

Two sets of dense core properties are investigated. Hisi; physical state — e.g., velocity dispersions,
rotation speeds, densities, density gradients, total mmaagnetic field strengths, and size — is derived from
analysis of molecular emission lines and thermal continamission from the dust mixed with a dense cores’ gas,
and by analysing the dimming of background stars by thewetgng dust. Second, their chemical state — i.e.,
relative abundances of molecules — is probed by spectrgsaiomolecules and a combination of such analysis
with information on the mass distribution.

An early observational result was that the density increaseard the core center but becomes constant near
the center (Ward-Thompson et al. 1994). Typical hydrogetigia densities of the observed cores a(kl,) ~

10° to 1P cm3, and their masses are50to 2 M, depending also on the observers’ definition of the boundary
Their typical sizes are of orderDpc and the dust temperatures are around 10 K. There is eddeat the dust
temperature decreases toward the core center (Shirley28Q@0, Langer & Willacy 2001). The hydrogen column
densities on the central line-of-sight can reach upl¢sl,) ~ 107 cm2, corresponding to about 100 magnitudes
of visual extinction.

Studies of the velocity fields of dense cores revealed thatitlewidth-size correlation, as first inferred by
Larson (1981) for large molecular clouds, also holds for a@maller cores (Barranco & Goodman 1998). In
some cores the observed velocity dispersions approachéh@al velocity dispersion in the densest parts (Hotzel
et al. 2002), in other cases no clear trend between the adaserlocity dispersion and the observed scale could
be found (Caselli et al. 2002a). Thus the role of such “tuiebak” in cores seems to be a complicated, not yet
well understood process. Goodman et al. (1998) found, hervévat the non-thermal line width in cores (i.e.,
after removal of the thermal linewidth) is smaller than thermal hydrogen velocity dispersion. Thus turbulent
pressure in dense cores does not appear to be larger thamatigessure. For typical gas temperatures of the
order of 10 K this limits the total linewidth at half maximumav = 0.6 km s,

Other studies searched for evidence of inward motions iresta cores. Motions with an amplitude of
0.1 km st were first seen in the core L1544 (Tafalla et al. 1998), whiey prevail across an area aRQpc
diameter. These motions are thought not to be related todtualegravitational collapse of a dense core into a
star, but to the evolution of a core towards the onset of thaway gravitational collapse. They are thought to be
a hallmark of cores in late stages of their evolution (Crapsil. 2005a). Nowadays a handful of good candidate
cores with inward motions are known (Lee et al. 1999, 2000420).

Recent studies of the dense core chemistry provide a newagattge the evolutionary state of dense cores.
At high densities carbon-bearing molecules appear to éreeit onto dust grains with increasing core age (e.g.,
Tafalla et al. 2002). To give examples, dense core maps inadlytthin lines of the ¢80 molecule sometimes
exhibit a “hole” in the intensity distribution at the positi where the total gas column density peaks. At the
same time the deuterium fractionation of the molecules neimgiin the gas phase increases (Crapsi et al. 2005a).
Despite the galactic deuterium abundance of ordet (I0eufeld et al. 2006) the ND*-to-N,H* abundance ratio is
found to be of order 0.2 in some cores (Crapsi et al. 2005ah 8ltows to derive “chemical ages” from observed
molecular abundances. In this respect most known coresaappde chemically evolved. Only very recently
cores without significant CO-depletion by freeze-out weentified (Tafalla & Santiago 2004; see Sec. 4.2.2 for
my identification of a second such core).

The measurement of magnetic field strengths in cores prasdifitcult observational challenge. In a recent
review Crutcher (1999) analysed 27 observations of the ZAeedfiect to measure magnetic field strengths. Only
for 13 regions of high-mass star formation or large molectileud complexes and for 2 regions of low-mass star
formation the Zeemanfiect was detected; towards 11 regions of low-mass star fiwmanly upper limits were
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reported. This is in part due to the lack of suitable molectrizcers. In a recent#rt Uchida et al. (2001) and
Levin et al. (2001) tried CCS as a new probe of the Zeenfi@egtowards low-mass star forming cores. They failed
to detect it but derived limits for the average magnetic fegténgth parallel to the line of sight & o5 < 100uG.

A suitable alternative approach to estimate magnetic fiedthgths may be polarised emission from dust grains
that align with the magnetic field, which yield a determinatof the field geometry. First results show that for
some cores the magnetic field is well ordered across the fageore (Ward-Thompson et al. 2000), while for
other cores the situation remains ambiguous (Henning 208ll). For three sources one can infer field strengths
below 100uG (Henning et al. 2001).

1.1.3 Early Stellar Evolution

Early stellar evolution can be roughly divided into two maimases. Young stars first enter the obscured phase
of star formation, in which the star is deeply embedded in alostured by its natal dense core from which it
accretes mass. The conservation of angular momentum ftirisegccretion to proceed via a disk. Such sources
are called protostars. This phase is believed to last fouiab@® years (Barsony & Kenyon 1992, Greene et al.
1994, Kenyon & Hartmann 1995). From then on the part of thalriEnse core immediately surrounding the star
is often called the envelope. Young stars then enter thaledghase of star formation, in which the natal dense
core disperses and the young star is left with a disk thatedsers in mass with time. From this phase on there is
only weak accretion onto the star from the remaining disichSources are called pre main sequence stars. Once
accretion ceases completely the star adjusts its intetmettsre and finally enters the main sequence phase; it is
now a mature star.

Research during the past 20 years has lead to subdivisiothe afbove evolutionary scheme. Very young
stars in the obscured phase are called class 0 sources (Analel 993). They are conceptually defined to have
yet accreted less than half of their final mass. They are vagenally identified by comparing the stellar mass
estimated from the stellar luminosity to the fraction of thass of the natal dense core that still can be accreted.
Later stages were initially assigned based on the obsepeadral index between about 2 and 2@ wavelength,

a = d(vF,)/ dv, wherev andF, are frequency and flux density. This spectral index meaghesamount of mass

in the protostellar envelope and disk; it generally de@sagth decreasing circumstellar mass. One thus defined
the infrared classes | to lll in order of decreasing speatidgx, respectively circumstellar mass (Lada 198%;®

for class I,-1.5 < @ < O for class I, andr < —1.5 for class Ill). Class 0 sources are thus thought evolve into
class | sources, which are still part of the obscured standtion phase. Later on the stars become class Il and
Il sources, which were found to be largely identical witle ttisk-dominated T Tauri variable stars known from
previous research. This scheme of protostellar evolui@ummarised in Fig. 1.2.

It was later shown that this sequence can also be paranggtéysthe bolometric temperature, which measures
the mean frequency of the spectral energy distribution (§EIhen et al. 1995, 1997). This employs the fact that
the SEDs of very young protostars are dominated by the loagelgngth£ 100um, low bolometric temperatures)
emission of their envelope, while in evolved protostarsghert-wavelengthg 10 um, high temperatures) stellar
photospheric emission dominates. Both class assignmehbatgeare, however, not fully consistent. | discuss my
research on this issue in Sec. 2.6.4.

Envelopes of class 0 and class | sources are found to havéydprefiles similar too « r=2, wherer is the
radial distance from the protostar (Motte & André 2001)islit consistent with theoretical predictions (Shu 1977).
Infall related to the protostellar collapse is observediohsenvelopes (Mardones et al. 1997). Class 0 and class
| sources do, however, also drive molecular outflows withidgipvelocities of order 5 km$ (Bontemps et al.
1996). In these a fraction of the infalling matter is ejedi®an the protostar-core system. Outflows are therefore
hallmarks of ongoing star formation. Before our researcWery Low Luminosity Objec®/eLLOs; Kautmann
et al. 2005), which are unusually faint sources of appayethtostellar nature, it was actually thought that all
class 0 and class | sources drive such outflows (see Secf@:8ldtails).
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Figure 1.2: Summary of star formation stages in order of advancing &ge to botton). The left panelssummarise the
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panelssketch the physical structure (not drawn to a common scat&),theright labelsgive a descriptive type of the core-
star system (not adopted for this thesis) and an approxiagaewith respect to the onset of gravitational collapsei{jpes
time after collapse). The amount of circumstellar mattereases with time, while the SED maximum wavelength deeseas
The latter implies that the spectral index between aboutd228r:m wavelength decreases with time, while the bolometric
temperature increases. (Adopted from N. Grosso, Laboeatidhstrophysique de Grenoble. Based on Lada [1987] andé\nd
etal. [1993].)
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1.2 Aim and Methods of the Thesis

1.2.1 Scientific Aim

Though the above summary might read as if most questionaiificgimation research are settled, this is by far not
the case. Even very basic questions are still unanswerede 8bthem are addressed in my thesis. An incomplete
list of such questions is given below.

One of the fundamental riddles of star formation researahigsome dense cores do actively form stars while
others do not. This problem could be resolved partially &y bsearch presented here. Section 2.6.3.2 derives
necessary conditions for active star formation to be it@tiadense core properties need to exceed certain critical
values. These conditions are, however, ndfisient for star formation to occur; starless and protostelense
cores have similar properties. This indicates that the rdessbution probed by our observations is not the only
parameter controlling the star formation ability of deneees. The critical values for active star formation to be
possible are about identical to the critical values for logtitic equilibria supported by pure thermal pressure that
are on the verge of gravitational instability. If starlesmge cores evolve quasistatically, it is possible to unaeds
— and actually derive — the existence of such necessary lgufizient conditions for active star formation to
occur: the critical values for gravitational collapse degp@n the turbulent and magnetic pressure prevailing in
a particular core. This results in a spectrum of criticalesl for a sample of dense cores. The assumption of
guasistatic evolution is, however, not needed to derivaboye conditions observationally. We do not claim that
dense cores are hydrostatic equilibria.

A new puzzle is the nature afery Low Luminosity Objectapparent protostars of a new kind that we dis-
covered in some nearby dense cores (VeLLOs; Young et al.,20@4fmann et al. 2005). Their unusually low
internal luminosities (i.e., after subtraction of the pofrem interstellar heating) of ordet 0.1 L suggests that
they are class 0 sources of substellar present sa8908 My; see Sec. 3.6.1 for a critical discussion of VeLLO
mass estimates). It is, however, not clear what their finaswaill be. If they continue to accrete strongly they
grow to stellar final masses. Still, some VeLLOs might be tret §iandidate proto-brown-dwarfs known.

A larger VeLLO sample is needed to study their general prigserMy main role in this part of our VeLLO
research was to establish the infrared star L1148-IRS asndidate VeLLO (Chapter 3). It is not possible to
fully rule out that L1148-IRS actually is a background galadlxat is by chance projected onto a dense core. No
hallmark of ongoing star formation, like a molecular outflowclear bipolar nebulosity, was found. However,
the probability for L1148-IRS to be a galaxy is low and the rallegproperties of L1148-IRS are consistent with a
VelLLO.

The actual formation of some VeLLOs might pose a challengktast to star formation theories. Some of
them form in dense cores previously thought not to be dendearived enough to be able to actively form stars.
Most of the cores studied by us, however, do fulfil the cood#ifor ongoing star formation introduced above (Sec.
2.6.5). It appears that most VeLLO cores are dense and aljohgepredicted by star formation theory, but that
existing criteria to identify such cores are biased suchttiey select only a fraction of such cores (Sec. 2.6.6).

Finally, there is an ongoing debate on whether dense comdgeeguasistatically, or significantly depart from
hydrostatic equilibrium (e.g., Alves et al. 2001, BalleeeParedes et al. 2003). The important underlying questio
is whether the dense core structure is entirely determigeldédequations of state relating pressure and density, as
required for quasistatic evolution. This debate will betlier fueled if L1148-IRS turns out to be a VeLLO. The
overall structure of its natal core then implies that gratiginal collapse is possible for a dense core in which only
~ 0.1 M, is concentrated in the central 4 000 AU radius area; thisccoat be understood in the framework of the
hydrostatic evolution of dense cores (Sec. 3.6.2.1). Naasigtatic evolution appears to play a significant role in
some cores.

1.2.2 Dust Emission: A reliable Probe of Mass Distributions

A large fraction of the work presented here is based on thysisaf maps of thermal dust continuum emission.
It is appropriate to briefly introduce dust emission as agraf the mass distribution of dense cores.
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Figure 1.3: Thermal continuum emission from dust-atl10 K (right panel 1.2 mm MAMBO map from our sample) is a
reliable tracer of the interstellar matter in TMC-2, whichdlso detected via its screening of background stefsgane]
image from the Digitized Sky Survey). Tto®ntour in panel ajnarks the dust emission map boundaBlack contours in
panel b)indicate the intensity levels. Thehite contoursand thecrossedndicate the boundaries and positions of “subcores”
and “peaks” identified in the map; see Fig. 2.2 for more detail the dust emission map. The dust continuum emissiorstrace
the distribution of interstellar matter intuitively deeie from the distribution of the “dark clouds” at visual wasedjths. This
demonstrates the use of dust emission as a probe of denseassalistributions.

Assuming the far-infrared to mm dust emission to be optydaiin and that the dust is well mixed with the gas,
the dust emission intensitl,, traces the hydrogen column densiiH-):

Iy oc N(H2) ky B(v, Tausd » (1.1)

whereB, «, v, and Tyt are the Planck function, the opacity (i.e., the absorpties€ section), the frequency, and
the dust temperature, respectively. At about 1 mm wavelengiere most of the present bolometers operate, and
temperatures: 10 K, which are observed to prevail in dense cores and areonotdfto have significant spatial
gradients, the Planck function has an approximate linepenigence on the temperature. Also, the dust opacity is
commonly assumed to be spatially constant, though thistigvath constrained. Dust emission intensity gradients
across cores are thus dominated by gradients in the colunsitdeAppendix A provides a detailed discussion of
dust emission properties. Figure 1.3 shows an example ofthusivcontinuum emission traces interstellar matter.

To probe the cloud density structure through the dust cantimemission has two advantages compared with
molecular line observations:

e Most dense molecular gas is optically thin to thermal dusitiooum emission, which is not the case for
most molecular tracers.

e The specific thermal dust emission is nearly independeiteofais density. (The dust absorptionftioeent
depends weakly on the particle density, due to enhance gpaigulation at high densities [e.g., André et al.
2000].) The excitation of molecular tracers on the otheidhiamensity-dependent, and so are the molecular
abundances, due to chemistry and depletion onto dust grains

Dust emission observations are today performed with boleraeperated at the IRAM 30m-telescope (the MAMBO
bolometers), the James Clerk Maxwell Telescope (JCMT; @IGBA bolometer), the CSO (SHARC and SHARE
the HHT, and until recently at the SEST (SIMBA).
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1.3 Thesis Background

1.3.1 Course of the Thesis

My involvement in the field of dense core structure and evotubegan with my diploma thesis. During its course

| developed a model of hydrostatic dense starless cores ichvgelf-gravity is balanced by a mix of thermal,
turbulent, and magnetic pressure components. Comparfdtie onodel predictions with published observations
of dense cores suggested that a significant fraction of tmest either be supported by significant non-thermal
pressure or must be in a state of collapse. A detailed asatysi dense core sample in the framework of these
models was a logical continuation of this research — a wodlke@ud presented in Sec. 2.6.3.

Fortunately the supervisor of my diploma thesis, Frank &dit had just embarked on such a study, which
then was handed over to me and became the foundation of this fireject presented here. This dust continuum
emission imaging study at2 mm wavelength using the Max-Planck Bolometer (MAMBO) gsrat the IRAM
30m-telescope near Granada (Spain) is the c2d MAMBO surigeyisised in Chapter 2.

This survey is actually just one element of a larger intéama collaboration4£ 50 members), a so-called
legacy program on the Spitzer Space Telescope (SST). Itngaeted by the recent launch of the SST in 2003.
This observatory provides imaging capabilities in the 380 gm wavelength range. The unprecedented com-
bination of high spatial resolution and sensitivity at ¢n@gvelengths promised new insights into star formation
research, if used in a systematic fashion. To guaranteetter the Spitzer Legacy Program “From Molecular
Cores to Planet Forming Disks” (AKA. “Cores to Disks” or “c2dEvans et al. 2003) was initiated years before
the actual launch of the telescope. It imaged about 90 n€arB@0 pc) isolated dense cores and 5 nearby clouds
as part of its agenda. The demand for complementary datdraig this project is a main driver of our survey.
Such data is needed to, e.g., put the properties of thersteltaent probed by Spitzer in context with dense core
properties like density and mass; the latter can usuallypaaterived from Spitzer data. Our dense core survey is
one of 4 new dust continuum emission surveys carried outdrc#a framework (Table 2.1).

The c2d collaboration allowed me to play a role in a discoymgsented as one of Spitzers highlights: the
discovery of the VeLLO L1014-IRS (Young et al. 2004). Theadfmom the c2d MAMBO survey allowed a quick
and reliable check of the association between the L1014edame and the embedded VeLLO. The MAMBO data
was crucial to gauge the mass distribution of the dense core.

This collaboration also granted me preferred access tgulathicts derived from the c2d Spitzer observations.
On 2004 August 25 this allowed me to discover another VelLL@daate in one of the c2d MAMBO cores,
L1148-IRS. From then on | was increasingly drawn into VeLlegSegarch. This lead to the research on L1148-IRS
presented in Chapter 3, but also to collaboration on soulik@k1521F-IRS (Bourke et al., in prep.).

| also conducted a dedicated dust emission study of the Gélaprall cloud for the c2d collaboration. Because
of exceptionally bad raw data, this project produced onlyyvaeager results that were not suited to warrant a
separate publication or thesis chapter (Young et al. 2085hrief summary of the results is presented in Sec.
4.1.1.

To fully exploit the dust emission data from the c2d MAMBO &y we launched several extensive com-
plementary surveys of molecular line emission from c2d MAMBores. As part of these surveys we found a
chemically unevolved dense core without significant COletggn. This is only the second such core known.
Cores like this one are thought to represent the earliegéstan the formation of dense cores. We also found a
chemically strongly evolved starless core with an unuseddaity field. This core appears to be similar to the
prototypical evolved cores L1544 and L1521F and can thusesas a testbed for further studies of dense core
chemistry. We hope that this core might also be a test casgtdoformation studies: despite its extreme chem-
ical and physical state (high densities) this core does citedy form stars. We finally conducted an extensive
CCS mapping study of several c2d MAMBO cores. Some coredibdyistematic intensity gradients across their
face, possibly hinting an interaction of the cores with tieeirrounding. These projects are still ongoing and are
summarised in Secs. 4.2.2,4.2.3,and 4.2.4.

| finally had the pleasure to getinvolved in a study using éuasission maps derived between 450 and 1,260
wavelength to infer the dust temperature distribution imithdense core covered also by the c2d MAMBO survey.
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Though | did not perform the final analysis, | contributedhe tlata and with expertise on problems of bolometer
imaging; for completeness | provide a summary of this worgée. 4.1.2.

1.3.2 Collaboration within c2d: Who are “We”"?

This thesis is a collaborativefert in the sense that at every point there was intensive camuation about and
coordination of all ongoing c2d research projects. To gkaneples, essentially all observing proposals submitted
during the course of my thesis were written in collaboratidth c2d and other authors. The practical work
necessary was, however, always executed by me alone.

With the exception of the datasets listed below, all datagqmeed in this thesis has been collected, reduced,
analysed, and written down in this text by myself without amynediate contributions from others. This only
excludes the images and source catalogues based on dait@degth Spitzer (provided by the c2d collaboration)
and FLAMINGOS (provided by Tracy Huard, Harvard-SmithsonCenter for Astrophysics), where | skipped the
first step of data reduction. All other outside input to tiiedis was only via the usual feedback received during
scientific discussions, but never, e.g., in the form of phdi complete data analysis by others, nor in the form of
complete texts or text fragments.

This thesis was conducted by myself and reflects work doneyseth The “we” is used to formally indicate
that my research was carried out in a framework designed aecuied by a group that includes me. It also
indicates that input from discussions with colleaguesrofieanged the way | analysed or finally interpreted the
data. The help of these people is acknowledged at the enisdh#sis.

1.4 The Structure of this Thesis

Chapters 2 and 3 are extended versions of two papers in ptapafor publication in scientific journals. They
were designed to be independent, and they might thus notdmageas much as possible if directly written to be
part of a larger research thesis. Such formal inconsisgsiwere mitigated as much as possible.

Chapter 2 discusses a dust emission survey of nearby idalatese cores. The introduction to this particular
project (Sec. 2.1) is followed by several sections on datmia@tion and reduction, and details of the numerical
data analysis (Secs. 2.2 through 2.5); the latter secti@nsfa rather technical nature. In Sec. 2.6 the results are
interpreted in the framework of our present knowledge af fetamation, which brings new insights to some of its
aspects. Section 2.7 summarises this chapter.

Chapter 3 presents research on the VeLLO candidate L11887IRe related introduction (Sec. 3.1) is followed
by a short section on data acquisition (Sec. 3.2). SectiaghshBough 3.5 address thefldirent aspects of this
VeLLO: the general properties of the infrared star (Sec),3t8 spectral energy distribution (Sec. 3.4), and the
properties of the natal dense core (Sec. 3.5). These elsrasntombined in Sec. 3.6 in order to infer the nature
of L1148-IRS and to derive implications for star formatitieory. Sections of rather technical or scientific nature
cannot be separated in this chapter: conclusions are dramfitom the data at every point. Section 3.7 provides
a summary of the work on L1148-IRS.

Chapter 4 summarises the thesis and gives an outlook tceftégearch. It first outlines two projects finished
during my thesis that were, however, not suited to be inadudere in detail (Sec. 4.1). Ongoing projects that were
not finished during my thesis are presented in Sec. 4.2. Tregects also sketch the steps for future research
after the end of my thesis project. Section 4.3 provides dsumamary of the whole thesis project and tries to put
its results into a broader context.

Appendix A details aspects of the treatment of dust emigsioperties. It is followed by Acknowledgements.



Chapter 2

A MAMBO Dust Emission Survey for the
c2d Spitzer Legacy Programme

We present results from a comprehensive imaging study ofmdledust emission from 38 nearby (500 pc)
isolated dense molecular cores & fnm wavelength. An innovative data reduction strategyadlas to reliably
trace also faint{¢ 10 mJy beamt) extended} 5') emission from the starless and protostellar cores propedib
study. The survey is designed to complement Spitzer imaglisgrvations by the c2d Spitzer Legacy Project, but
it also constitutes an independent dataset well worth araepstudy.

The datais used to study the physical state and evoluticaéss cores, “usual” protostars, and of the recently
discovered Very Low Luminosity Objects (VeLLOs). This ieftfirst study probing VeLLO dense core properties
homogeneously for a larger sample of 4 sources. Given tisastinvey covers both starless and protostellar cores,
it is well suited to perform comparative studies. The aimoisuhderstand how the mass distribution in dense
cores controls the presence or absence of active star iormas part of this &ort we infer conditions that are
necessary (but not fiicient) for ongoing star formation to be possible. These @nrtderstood as a consequence
of the quasistatic evolution of a dense core, but do not irttpdylatter. Most VeLLO cores fulfil these conditions,
guestioning the notion that some VeLLOs form in cores thatret suficiently evolved to form stars. We suggest
a revision of criteria used to identify “evolved” cores. €30 and class | protostars covered by our survey cannot
be uniquely discriminated, suggesting also a revisionitéica to assign infrared classes.

2.1 Introduction

2.1.1 The Need for a new Dust Emission Survey

Stars form from dense gas. Such gas is, e.g., found in désoesirby £ 500 pc) cold £ 10 K) small-scale
(s 0.1 pc) condensations referred to as dense cores (Myers €2&8).1These are thought to be the sites were
low-mass stars form (Myers & Benson 1983). Their propegieside the initial conditions for star formation. It
is thus necessary to understand the physical state of deresein order to be able to understand the star formation
process in detail.

Some of the many physical parameters of dense cores arsithestr masses, and densities. Given that thermal
dust continuum emission a1 mm wavelength is a better mass tracer than molecular emises (e.g., Tafalla
et al. 2002), and that modern bolometer cameras allow toigcqomplete maps of the dust emission from dense
cores within a short time, dust emission maps are a primettostudy the above parameters. Dust emission
surveys thus allow to systematically acquire overviewsesfs® core properties.

In recent years several surveys studied dense cores in(lapge several 10 pc) and massive (up to several
10° M,) complexes of molecular clouds (Motte et al. 1998, Johrestdral. 2000, 2001, 2004, 2006, Hatchell et al.

11
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Table 2.1: Major dust emission imaging surveys towards isolated deoses atr 1 mm wavelength. For every survey the
instrument used is listed (bracketed telescope is givenrdoamed facility receivers) together with the adopted nlsgi®nal
strategy (‘scan’ if the map is reconstructed combining @aass several chop throws, ‘jiggle’ otherwise). We findity
the types of cores covered (‘pr.’ for protostellar cored, ‘dor starless ones) and their number. Only 5 cores atedigor
Ward-Thompson et al. (1994) as the remaining ones in theipkawere not imaged.

Objects
Reference Instrument Strategy Type Number
focused on isolated protostellar cores:
Walker et al. (1990) (NRAO 12m) jiggle pr. 12
Ladd et al. (1991a,b) UKT14 scan pr. 10
Chandler et al. (1998) UKT14 jiggle pr. 3
Shirley et al. (2000) SCUBA jiggle pr,s.l. 21
Motte & André (2001) (IRAM 30m) scan pr,s.l. 49
focused on isolated starless cores:
Ward-Thompson et al. (1994) UKT14 jiggle s.l. 5
Ward-Thompson et al. (1999) (IRAM 30m) scan s.l. 8
Visser et al. (2001, 2002) SCUBA jiggle, scan pr.,s.l. 42
Tafalla et al. (2002) MAMBO scan s.l. 5
Kirk et al. (2005) SCUBA jiggle s.l. 52
c2d surveys:
Brede et al. (in prep.) SIMBA scan pr.,s.l. 149
Wu et al. (in prep.) SHARG scan pr.,s.l. 53
Young et al. (in press) SCUBA scan pr.,s.l. 38
present work MAMBO scan pr.,s.l. 38

2005, Enoch et al. 2006, Young et al. 2006, Stanke et al. 2@06)ough it is believed that most stars in the galaxy
form in such environments (Magnani et al. 1995), two issuakenit dificult to study the fundamental physics
of star formation in such environments (see, e.g., Mottd. 6i998; see also Sec. 1.1.2 for illustrative examples).
First, cores can be confused in crowded regions; it beconfiesudt to identify and study individual cores. Second,
cores might interact in crowded regions; more parametens thlevant in isolated cores influence the evolution
of dense cores. These problems can be avoided if studyirgpdiEmes in relative isolation (Clemens & Barvainis
1988) instead of cores hosted in larger (uptd00 pc) complexes of giant molecular clouds (Blitz 1993).

Several surveys of cores with and without active star foiomabhave been conducted in the pastl5 years.
The major dust emission imaging surveyssal mm wavelength from this period are summarised in Table 2.1.
They have covered a large number of dense cores in a broagtyafi physical states. While these surveys
in principle should yield a comprehensive database on thpesties of dense cores, this is in fact true only to
a limited extent. Instruments for dust emission studiey eetently became sensitive and stable (w.r.t. time)
enough to allow to detect faint and extended emission; -sifatke-art dust emission cameras allow to reliably
image faint large-scalex(5’) extensions of sources initially — if at all — only detectedfeir brightest intensity
peaks. To be more precise, many maps from the studies listédhile 2.1 sfier from extended artifacts due
to instrumental instabilities. They arise from if combigidifferential “chopped” intensity measurements across
several chop throws (i.e., length for thefdrential intensity measurement) into ‘scan maps’. Otheffeisfrom
incomplete mapping of scales larger than one or a few chawthi %), if only using diferential intensity
measurements between two positions separated by one ctop tih derive ‘jiggle maps’ or employing small
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scan maps, respectively. A few arffegted by both. (See Sec. 2.3.1 for a comprehensive discussimap
reconstruction problems.)

Today, state-of-the-art bolometer cameras allow to imhgedtist emission of dense cores with lesser instru-
mental biases than thosffecting previous studies. This urged us to conduct a new oengmisive dust emission
survey towards isolated dense coresvall mm wavelength. In particular, the research presented ibettee
first such census covering 10 starless dense cores that uses the Max-Planck MillinBettemeter (MAMBO)
bolometer arrays (Kreysa et al. 1999) at the IRAM 30m-telpsc

A further motivation of our survey is the demand for complataey data on dense cores for the recent Spitzer
Space Telescope imaging surveys of dense cores. Such deadsd to, e.g., put the properties of the stellar
content probed by Spitzer in context with dense core pragselike density and mass; the latter can usually not
be derived from the Spitzer data. In particular the Spitzegdcy Program “From Molecular Cores to Planet
Forming Disks” (AKA. “Cores to Disks” or “c2d”; Evans et al0R3), which imaged about 90 nearlky $00 pc)
isolated dense cores as part of its agenda, stimulated aarwhboordinated core surveys covering many spectral
windows. Our core survey — the c2d MAMBO survey — is one of faaw dust continuum emission surveys
carried out in the c2d framework (Table 2.1).

2.1.2 Aim of the c2d MAMBO Survey

Dust emission data can be used to address a number of opes issstar formation research. In general, stars
are thought to aggregate from very dense molecular corgsli¢Hsitiess> 10° cm™3). In particular, the spatial
mass distribution is thought to govern the stability of deneres against gravitational collapse (e.g., McKee &
Holliman 1999). One might thus hope to derive criteria to biélfed to allow star formation in dense cores by
comparing the mass distributions of starless cores withetod cores actively forming stars. This could lead to a
better understanding of the underlying star formation fisysThe c2d MAMBO survey is ideally suited for such
comparative studies as it probes the mass distribution riescaith and without ongoing star formation at high
sensitivity (see Sec. 2.6.3 for details).

Also, the evolution of protostars, i.e., stars that are@urded by significant amounts of the matter from
which they did or do form, can be studied with dust continuumssion data. They allow to investigate the
relation between the broadband spectral properties anstitheture of the circumstellar envelope (see Sec. 2.6.4
for details).

Our sample includes four candidatery Low Luminosity Objec{®eLLOs; Kautmann et al. 2005), enigmatic
objects of apparent protostellar nature that were recaisiyovered by c2d (Young et al. 2004; cf. André et al.
1999). They are defined as objects with internal luminasiti®., not including the dense core luminosity from
interstellar heating due to, e.g., the interstellar raalafield) < 0.1 L that are embedded in dense cores. Some
of these objects have been interpreted as very yogntf years; André et al. 1999) protostars of stellar final
mass (i.e.> 0.08Mg). Based on their low accretion rates, others are thoughé tpoing objects in the process
of growing to substellar final mass (Young et al. 2004; Bowrkal. 2005). The c2d MAMBO survey is the first
study with a sensitive and homogenous dataset on sevetlakstgrotostellar, and VeLLO natal cores. This allows
comparative studies between these core types to bettersiadeé how VeLLO natal coresfir from others (see
Sec. 2.6.5 for details).

2.1.3 Structure of the present Study

In Sec. 2.2 we begin with an introduction to our sample anchasary of the observations. Section 2.3 details our
data reduction. This includes a description of a new iteeadata reduction scheme designed to mitigate problems
affecting the reconstruction of maps of weak extended emiss8sttion 2.4 provides a first discussion of the
source properties and an overview of the source identifinatnd quantification strategies. Protostellar properties
from supplemental data are derived in Sec. 2.5. The maintsadediscussion of the data follows in Sec. 2.6. We
summarise our findings in Sec. 2.7. Appendix A defines thedstahdust emission properties adopted by the c2d
collaboration to derive the mass distribution from obsdmest emission maps.
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2.2 Sample and Observations

2.2.1 Sample Selection

Our sample of 38 cores is drawn from the initial target listhaf c2d Spitzer survey of isolated dense cores (Evans
et al. 2003). This list contains dense cores within aboutpi®ffom the sun that are smaller tharb’ and were
mapped in dense gas tracers before the start of the c2d survbgse cores are nearby enough to allow for the
detection of intrinsically faint embedded sources. Theial apparent size allows to map them in a reasonable
time. This sample was drawn from the compilations and suwedéyijina et al. (1999, for Nkimaps), Lee et al.
(2001, for CS and bH* maps), and Caselli et al. (2002a, fog maps), and completed by adding individual
cores. Due to time constraints not all sources of the ini2al target list were observed by Spitzer.

The initial c2d target list contains about 150 cores. MAMBQtie most ficient bolometer camera available
for sensitive mapping of large fields. Therefore, those £@rehis list that were expected or known to have faint
or extended dust continuum emission, or both, were mapp&dABO. The other cores were observed in other
surveys with SCUBA (Young et al., in press) on the JCMT, SHAR@Vu et al., in prep.) on the CSO, and with
SIMBA on the SEST (Brede et al., in prep.). We obtained usdAéMBO data for 38 cores, which are listed in
Table 2.2. Of these cores 21 are starless to our present &dgeyl 4 contain VeLLOs, and 13 contain protostars
(see Sec. 2.5.1 for a discussion of the association betwetospars and dense cores.) Spitzer data is or will be
available for 26 cores (i.e./2) of the MAMBO sample. The MAMBO sample thus covers roughl df thex~ 90
c2d cores probed by Spitzer. However, only 6 out of the 13gstetlar cores were so far targeted by Spitzer.

The observed cores reside in veryfdient environments, ranging from regions of isolated loassstar for-
mation, like Taurus, over more turbulent regions, like theg©B7 molecular cloud complex and the Cepheus
Flare, to the high-mass star-forming site of Orion. In tlaspect the c2d MAMBO sample does not constitute a
homogenous sample, but a cross section of tierint star-forming clouds in the solar neighbourhood. €orr
spondingly our sample includes cores from neaf Q0 pc) to intermediate{ 400 pc) distances.

2.2.2 Observations

Continuum observations of the 1.2 mm thermal dust emissierewone with the IRAM 30m-telescope on Pico
Veleta (Spain) using the 37-channel MAMBO-1 and 117-chaM&MBO-2 bolometer cameras of the MPIfR
(Kreysa et al. 1999). A total of 122 usable maps was taken dmivthe summer of 2002 and the winter of
20032004 in the framework of a flexible observing pool (Table 2.&)nly 6 maps were acquired using the
MAMBO-1 array. The weather conditions were good, with Zemiptical depths between 0.1 and 0.3 for most
of the time, and above this fer 20% of the time. Some of the maps wefBeated by clouds. All but 13 maps (i.e.,
11%) were taken at an elevation abové.40his yields typical line-of-sight optical depths muchdel0.5. Two
maps are fiected by strong anomalous refraction (Altefitet al. 1987; one map on the southern part of L1041-2,
one map on L1148).

The beam size on the sky was”1 And the &ective frequency 250 GHz with half sensitivity limits at 240d
290 GHz. Pointing and focus position were usually checkddrbeand after each map. The pointing and focus
corrections were usually below Z2nd 03 mm, respectively. The zenith optical depth was typicalbasured with
a skydip at least once within an hour from start or end of a nTpe sources were observed with the standard
on-the-fly technique, where the telescope secondary waspatgp by~ 40” to ~ 70” at a rate of 2 Hz parallel
to the scanning direction of the telescope. The telescomesmanning in azimuth at a speed of 6 to 8%,
except for one map of L1521B-2 for which the telescope momezimuth and elevation (then using the “rotated”
chopping secondary). Where possible, each source was thapihevarying scanning directions (in equatorial
coordinates) and chop throws. Several times per week Marsleanus were observed for absolute flux calibration.
“Secondary” calibrators of constant but not a priori knowxftiensity were observed every few hours.

Part of the data were already presented by Crapsi et al. (20001521F), Crapsi et al. (2005a, for TMC-2
and L492), and Young et al. (2004, for L1014). The raw datatliese sources are included in this thesis and are
partially complemented by additional maps.
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Table 2.2: Dense cores covered by the c2d MAMBO survey. The table fisig) left to right, the core name adopted within
the c2d collaboration, names of the core adopted by othéroejtthe core distance, the type of the core (i.e., stadess

protostellar), the approximate galactic environment efdiense core, and whether Spitzer data is available for tiee dde
last column gives a rough description of the morphology efshbcores (i.e., extended substructures; see Sec. 2i#hi) w
each core using the c2d standard morphology keywords (Yetial, in press; see Sec. 2.4.3 for a description).

c2d Name Other Names  Distafice Type® Regiorf Spitzer Datd  Morphology Keyword8
pc

L1355 200+ 50 s.l. Cepheus Flare c2d elongated, extended
L1521B-2 140+ 10 s.l. Taurus c2d multiple, elongated, extended
L1521F 140+ 10 Ve. Taurus c2d elongated, extended
L1521-2 140+ 10 s.l. Taurus c2d round, extended
L1524-4 140+ 10 s.l. Taurus c2d multiple, round to elongated, extended
B18-1 TMC-2A 140+ 10 s.l. Taurus c2d multiple, round to elongated, extended
TMC-2 L1529 140+ 10 s.l. Taurus c2d multiple, elongated, extended
B18-2 140+ 10 s.l. Taurus c2d multiple, elongated, extended
B18-4 140+ 10 pr. Taurus GO 3584 multiple, elongated, extended
B18-5 140+ 10 s.l. Taurus c2d multiple, elongated, extended
TMC-1C 140+ 10 s.l. Taurus c2d multiple, elongated, extended
TMC-1 L1534 140+ 10 s.l. Taurus c2d multiple, elongated, extended
L1507A 140+ 10 s.l. Taurus c2d multiple, round to elongated, extended
L1582A 400+ 40 s.l. A Orionis multiple, elongated, extended
IRAS05413  HH212-mm 45@ 50 pr. Orion B multiple, round to elongated, extended
L1622A 450+ 50 s.l. Orion East multiple, elongated, extended
L183 L134N 110+ 10 s.l. north of Ophiuchus multiple, round to elongatedeesed
L438 270+ 50 s.l. Aquila Rift c2d round, extended
L492 270+ 50 s.l. Aquila Rift c2d elongated, extended
CB188 L673-1 30@-100 pr. Aquila Rift, Cloud B c2d elongated, extended
L673-7 300+ 100 Ve. Aquila Rift, Cloud B c2d multiple, round to elongatedtended
L675 300+ 100 s.l. Aquila Rift, Cloud B c2d elongated, weak
L1100 CB224 40@ 50 pr. northern Cyg OB7 elongated, extended
L1041-2 400+ 50 pr. northern Cyg OB7 multiple, round to elongated, ex¢éehd
L1148 325+ 25 Ve. Cepheus Flare c2d multiple, elongated, extended
L1155E 325+ 25 s.l. Cepheus Flare c2d multiple, elongated, extended
L1082C-2 400: 50 s.l. Cyg OB7 elongated, extended
L1082C 400+ 50 pr. Cyg OB7 elongated, extended
L1082A 400+ 50 pr. Cyg OB7 multiple, round to elongated, extended
L1228 200+ 50 pr. Cepheus Flare c2d round, extended
Bern48 200: 50 pr. Cepheus Flare c2d round, extended
L1172A 288+ 25 pr. Cepheus Flare multiple, round, extended
L1177 CB230 28& 25 pr. Cepheus Flare round, extended
L1021 250+ 50 s.l. Cyg OB7 c2d elongated, extended
L1014 250+ 50 Ve. Cyg OB7 c2d elongated, extended
L1103-2 250+ 50 s.l. Cyg OB7 elongated, extended
L1251A 300+ 50 pr. Cepheus Flare c2d multiple, round to elongated, detén
L1197 300+ 50 s.l. Cepheus Flare c2d elongated, extended

Notes:

a) Standard c2d distances collected from the literatureifgo priv. comm.). These are mostly derived through stamts. In some cases the
probable association to a nearby core (e.g., inferred fiomies radial velocities) with know distance is used.

b) The abbreviations mark starless cores (‘s.l.’; these mavknown star within the core boundaries defined in Sec2R.grotostellar cores
(‘pr’; protostars within the core boundaries), and VelLL@es (‘Ve.’; VeLLOs within the core boundaries). The cord$R1-2, B18-1, TMC-

1, and L1622A were excluded from the protostellar categasythe protostars aréfd¢he main core body. See Sec. 2.5.1 for a discussion of the
association between protostars and dense cores.

¢) The designation of regions roughly follows Dame et al8@)9 Maddalena et al. (1986), Yonekura et al. (1997), andaBbbet al. (1994).
d) Cores with Spitzer data from the c2d project are label@d’:d~or B18-4 data is only available from the general obseprogram 3584.
e) The s2d standard keywords are adopted from the c2d SCUBAyshy Young et al. (in press). See Sec. 2.4.3 for a desonipti
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Table 2.3: MAMBO map details. For each core the products ‘number of map&rray type’ list how often a core was
observed with which array (‘37' for MAMBO-1 and ‘117’ for MARO-2). Several products are given if a dense core was
observed with both arrays. The last column lists the mininmaise level in a map after smoothing to’2@solution.

c2d Name

MAMBO Maps

Minimum Noise Level
mJy per 17 beam

L1355
L1521B-2
L1521F
L1521-2
L1524-4
B18-1
TMC-2
B18-2
B18-4
B18-5
TMC-1C
TMC-1
L1507A
L1582A
IRAS05413
L1622A
L183
L438
L492
CB188
L673-7
L675
L1100
L1041-2
L1148
L1155E
L1082C-2
L1082C
L1082A
L1228
Bern48
L1172A
L1177
L1021
L1014
L1103-2
L1251A
L1197

2x 117

5x 117

2x 117

4x 117

2x 117

4x 117

4x 117

2x 117

3x 117”

3x 117”

6x 117

6x 117

5x 117

3x 117

3x 117

7x 117

4x 117

2x 117

3x 117

1x 37,2x 117
2x 117

1x 37,2x 117
1x 37,2x 117
4x 117

5x 117

2x 117

2x 117

2x 117

4x 117

3x 117

1x 37, 1x 117
2x 117

1x 117

3x 117

2x 37

3x 117

3x 117

6x 117

1.6
11
2.0
13
1.4
11
0.9
1.3
11
11
1.2
1.7
1.6
1.3
1.2
11
1.4
1.2
0.8
0.8
13
0.9
1.3
1.4
11
15
1.8
15
11
1.3
1.0
15
13
1.0
1.3
1.4
1.2
0.9

Notes: a) B18-4 and B18-5 were observed together in one field.
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2.3 Data Reduction

For the data reduction of bolometer maps of weak and extesiohézsion we face severalfficulties.

e Skynoise, i.e., the rapid fluctuation of the sky brightnesast be subtracted to reveal the faint emission
of our sources. The skynoise signal is estimated as a weigivierage of the signals within the bolometer
array. Thereby one tends to filter out the source itsgtien the emission scale is comparable to or larger
than the array diameter.

¢ Restoration algorithms for chopped on-the-fly maps asstateinn scanning direction map boundaries are
free of emissiormoo small maps lead to artifac{gitensity dfsets) if this is not the case.

We developed an iterative scheme to overcome both limitatigartially. Using source models derived from
smoothed maps of previous iterations, sources significdanttier than the array pattern for which the intensity
does not vanish at one boundary in scanning direction caadmnstructed.

2.3.1 Limitations of Chopped Bolometer Maps

Bolometer mapping with a chopping secondary mirror (subcgdlr) yields maps of intensity fiierences between
positions spaced by one chop throw. Spatially constantgitgbackgrounds are removed by a high-pass filtering
of the data in the time domain. The measured signals thuslynagfiect the spatial intensity variation in the
celestial background and the spatial and temporal intewaitations in the atmospheric foreground. It is important
to keep this dterential nature of chopped bolometer data in mind when rieduand interpreting the data. The
series of measurements can be represented in the spatialrd@®yg., to make maps) and in the temporal domain
(e.g., to analyse noise properties).

The following discussion is general to all bolometer arralyserving with a chopping secondary. This includes
MAMBO and SCUBA. Arrays like SIMBA, SCUBA1, SHARC i, and Bolocam employ fierent observing
techniques. For them the following discussion of skynogmaval applies partially, while the one on source
reconstruction does not apply. The bolometers for the AR&E&stope will be able to operate with and without
chopping.

2.3.1.1 Skynoise Subtraction

The temporal atmospheric intensity variations are knowskgaoise. Variations on timescales shorter than about
the chopping period are fully transmitted by the high-pdtesiing through the bolometer electronics. They thereby
constitute a source of noise.

For every array receiver the atmospheric intensity vamntican be divided into a correlated part, which pro-
duces similar signals for several or all pixels of the ar@yd an uncorrelated part. The correlated intensity
fluctuations for a given receiver and time can be estimatad the signals in the neighbouring receivers by calcu-
lating their weighted average signal. The weights are deterd by quantifying the correlation between the array
pixels. The weighted average is then subtracted from theakig the receiver considered.

This subtracted average can be “contaminated” by the sfgmal spatial intensity variations in the celestial
background. To give an example, if the source intensity isaéfetween two neighbouring receivers, then here
the signal of the celestial background cannot be distifgraidrom correlated atmospheric intensity fluctuations.
If this neighbourhood is used to estimate the correlateshsity fluctuations, then the signal due to the celestial
background — which is actually to be measured — is completatyoved.

To mitigate this problem one can for the correlated noisienegé of a given pixel signal exclude all receivers
within some sky-projected radiu$/2, from the neighbourhood used to estimate the correlatedsity fluctu-
ations. In the following we refer td/2 as the correlation exclusion radius. Then, for circularrees with a
diameters < f/2 the neighbourhood of on-source pixels is free of sourcaginn. Fors < f this neighbourhood
contains at least somdfesource pixels, but fogs > f all neighbourhood pixels are on-source too.
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Therefore, the straight-forward skynoise subtractiorhmébutlined above will not properly reproduce sources
with s> f/2, wheresis the maximum extent of the source along any axis.

2.3.1.2 Reconstruction of Extended Sources

The potential problems in the reconstruction of bolometaepswith emission at the beginning or end of a map
(seen in scanning direction) can be understood by conasigl@ridetail the reconstruction of intensity maps from
chopped on-the-fly mapping data.

LetCbe the direction and amplitude of the chop thréilve the telescope scanning velocity, attak a position
on the sky. Then for every receiver an ideal chopped on-thekitervation yields a map of intensityfidirences
between two positions spaced &y

AR E) = 1(R+0) — 1(R). 2.1)

If the telescope scanning and chopping directions are lparél|| v, and the spatial sampling of the intensity
differences is diicient, then the intensity fierence between two positions spaced by an integer multidean
be calculated as

I(X+ nC)—I(>?)=Zn:AI(>?+(i—1)6,C), (2.2)
i=1

wheren € Z. If the intensity at some positioRy in the map is known, Eg. (2.2) can be used to calculate the
intensity at the positiong, + n¢:

(% +1n6) = (%) + > Al(% + (i — 1)8.©).. (2.3)
i=1

From this Emerson et al. (1979) concluded that when the siteis zero at the start and stop position of a
restorated telescope scan |&ga: andXsiop, respectively, and if furthermoté- Xsiop = NstoC @aNAX — Xstart = NstarC
With Nstar, Nstop € Z, then

Nstart

IR0 = > Al(Ran+ (- 1)6,¢)  and (2.4)
i=1
'fzﬁ?ﬂ(i) = Z Al (Xstop+ (I — 1)C, €) (2.5)
i=1

give the intensity at the positiok If the spatial sampling of the data is fine enough, the intgifer any position
along the scan path of an individual receiver can be foundbyging the start and end positions for the restoration.
In practice
lekn(%) = [IZRA() + 15 (9] /2 (2.6)

is adopted to derive independent intensity maps from mapsefsity diferences for each receiver of an array.
The start and end positions are placed as close as possitile tnap boundaries, i.:{a?stan— Xstop| is made as
large as possible. The intensity distribution can thus bivelé from the observed intensityftérences, as long as
| (Xstar) = 1(Xstop) = O for every receiver. This approach to map reconstructiémésvn as EKH restoration.

More generally, however,

IEKH(X) = |()?) - [l ()?start) + I()?stop)]/z- (2-7)

Thus the intensity distribution reconstructed using Eds)Y2an difer from the actual one if there is emission at the
start or end position of the restoration. To avoid this thieexof the source in scan directias),must be smaller
than|>?stan— Xstop| for all paths along which the data is reconstructed. The mari possible length of such a path

is ~ £ + ¢, where is the length of the telescope scan path (the “scan lengtiRAM terminology), andc = |€|
the relationXsart — Xstop|,, = ¢ + ¢ only holds if¢/c € N. The minimum length of an independent reconstruction
path islistan— Xstop| ~ { — ¢, as only reconstructions along the telescope scan pathstethpositions (same for
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stop positions) spaced ¢ are independent, wheree R and 0< |r| < 1. Therefores < ¢ — cis a necessary
condition for Eq. (2.6) to give the actual intensity.

These considerations holds for the reconstruction of ttemsity distribution for a single receiver of a bolome-
ter camera. Yet present bolometer arrays have severakpiseth are roughly grouped in a hexagonal pattern of
diametera. The reconstruction paths for the individual receiversthus displaced by up ta. All reconstruction
start and stop positions for all receivers of an array candedf emission only if

s<{-c-a, (2.8)

which is, thus, the necessary requirement for Eq. (2.6)dta\the true intensity. This is a ficient condition only
if the map is centered on the source. More generally, thessomsnust be confined to the centre of each scan lag
to obtain correct reconstructions, i.e.,

|(X— Reentrd - €/¢| < (€ - c—a)/2 (2.9)

for all positions of non-vanishing intensity, whereX.enreis the map centre.

Yet it is possible to reconstruct the intensity distribatfor sources witts > £ — ¢ — a. If some receiver moves
off the emission during the observation, this receiver’s digaa be used as reference for all other receivers. Then
the reconstruction is not possible using EKH restorati@hodw we will devise an alternative method for this case.
However, if no receiver movediithe source, then restoration is not possible. This is the wagn

s>{+cCc+a. (2.10)

2.3.1.3 Summary of Reconstruction Problems

Figure 2.1 summarises the problems with the reconstructipand skynoise subtraction in, bolometer maps of
extended sources. The main parameters of this problemearediiced mapsizégq = £ — ¢, the source diameter,

s, the array diameter, and the diameter of the region excluded from the neighlmadhused to estimate the
correlated intensity variationd,. In practice latter is usually chosen to be as large as pessibnd therefore

f ~ ais assumed for Fig. 2.1. The mapping restrictions becauskyfoise removal hold for all bolometer
arrays, independent of the specific observing mode; caectksignals always have to be estimated by averaging
the signals across the array. The restrictions because pfrecanstruction hold for chopped observations, but
similar constraints hold for all bolometer array obsemwasi; independent of the observing mode (e.g., chopped
observations or total power) a position in the mapped arest bmiassumed to have a zero intensity.

The limitations for bolometer mapping are not fundameritat,hard to overcome. The mapping restrictions
for extended emission because of skynoise removal are foreaddiven bolometer camera. One way to overcome
these limitations is to not subtract skynoise in the dataicgdn, but to reduce the noise level by observing the
source for a longer time. The mapping restrictions from megonstruction can be overcome by making the
maps large enough. Both approaches would, however, makenetér observations very iffesient under usual
observing conditions. Skipping skynoise removal requirésnger integration time. Dropping small maps from
the data analysis also increases the total integration aintk given the limited prior knowledge on the source
extent, it is not always possible to choose an optimum mamuiiayl he maximum possible map size is furthermore
limited by instabilities of the receivers or amplifiers, whioccur on longer timescales. It is thus desirable to be
able to remove skynoise and use small maps for observatiedended sources.

Many dfects not discussed here can further deteriorate the quilitye reconstructed maps. One example
are drifts in the signals with time, e.g. from the electrami¢se, which can be removed by subtracting polynomial
fits to the time sequence data. Artifacts from such noiseramnfdata correction to remove such drifts, can veil
signals from the celestial emission. A discussion of thekexts, which are not immediately related to the map
reconstruction, is beyond the scope of this paper.
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Figure 2.1: Summary of data reconstruction problems. The basic pasmef the problem are the source and bolometer
array diameters, and the reduced mapsize, given by fferelice between the length of the scan path and the chop thoow.
sources large compared with the array diameter skynoiseastion is dificult: source flux might be removed from the data
when subtracting the weighted mean of the signals acrosarthg thought to measure the skynoise. Thoeizontal dashed
line (labeled byhorizontal tex} separates sources smaller than the array (for which skgmeimoval is less problematic) from
those larger (for which the removal is problematic). Forrees large compared to the map size the map reconstruction is
problematic: it is dificult to define the zero intensity level in a map from th@atientially measured bolometer data if only few
or no array receivers (i.e., pixels) mov# the emission. For simplicity we here assume maps centeredomeular sources

of diameters. When increasing the source-to-map size ratio all recgiderthen move fd the emission whes < £ —c—a
(reconstruction simple), only a few dodf- c — a < s < ¢ + ¢ + a (reconstruction possible when combining several recg)yer

and finally none do fos > ¢ + ¢ + a (nho reconstruction possible; all indicated \mrtical lines and labels
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2.3.2 lterative Restoration and Skynoise Removal

The mentioned problems with the restoration of bolometgpsran be mitigated. A significant fraction of ex-
tended celestial emission can be preserved even with ssym@inoval when subtracting an estimate of its signals
from the data before estimating the correlated signalsthEumore, information from receivers that mové the
source during mapping can be used to reconstruct maps afeeséhat do not movefbthe emission.

These techniques are implemented using iterative methimitsally the data are reduced without skynoise
removal and by using classical EKH restoration. From thisstimate of the the celestial emission is derived and
used for the second iteration. The estimate of the celestigdsion, the source model, is then improved in further
iterations.

2.3.2.1 Iterative Skynoise Removal

The subtraction of the simulated celestial emission si¢irel the intensity dference map calculated for a given
source model) from the raw data reduces the bias by celestiesion in the correlation across the array. After
skynoise subtraction the reconstruction of this data \ilistideally be the dierence between the source model
and the actual celestial intensity distribution. Howebegause the bias in the skynoise subtraction decreases with
decreasing dierence between the actual and model source emission (therfaght also stier from reconstruc-

tion artifacts that are reduced when iterating), seveeahttons are usually required to reach convergence. Since
the bias in the correlation decreases when increasing tinelation exclusion radius, a large correlation exclusion
radius is still desirable for iterative skynoise removate price of a less accurate skynoise removal.

2.3.2.2 lterative Map Reconstruction

As shown above, EKH restoration does not yield the actuahsity received from a given position on the sky if
the start or stop positions used for the reconstruction aréree of emission (Eq. 2.7). It is, however, possible to
remove the intensityfésets partially, or even completely.

Consider a single receiver. Let

lair = || (Retard — | (Rstop)| (2.11)
and
Lot = [1(Xstar) + | (Xstop) — lair] /2, (2.12)
with lgig > 0 andlyg > O (as negative intensities are not physical). Then the re§&KH restoration reads
lexkn(X) = 1(X) — logr — lairr/2. (2.13)

In an iterative reconstruction scheme this can be taken astadconstruction of the actual intensity distribution,
Ir(é% These results can be used to create a model of the actuaiiytdistribution to be used in the second iteration,
1% . As negative intensities are unphysical, they are trunate
1)
@ _J 10— log = lair/2  wherelg(X) > 0
Ioae®) = { 0 otherwise (2.14)

For the further steps let: be the operator that yields the intensityfdience map for the chop throgyi.e.
(AcH(X) = AI(X, ©) (see Eq. 2.1), and let []exn be the operator to perform EKH restoration on a given intgnsi
difference map, i.e Al Jexkn(X) = lexn(X). We also define that fariterations

1R = 1040 + [Acll = 10 40) |y P (2.15)
with

(n-1) (n-1)
() _J lec”(X)  wherelrec(X) = 0
'moae() = { 0 otherwise (2.16)
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Then
1843 = 1(R) = Lo — lainr/2", 2.17)
as is now shown by induction. In other words, th&eatience between the actual intensity and the reconstructed
one,[1() — 19X(R)| = lor + lain/2", decreases with every iterationl i > 0.
The casen = 1 treated above forms the base of our proof. For langée induction hypothesis implies

| (0+1) [(X) — logr — laig/2"  wherel,(X) >0
'moef) = { 0 otherwise (2.18)
for the source model. Then
|Acl Sl s O = 1502000 — lain(1/2 - 172, (2.19)

where we have made use of Eq. (2.7), while substitution $iId? (Retar) + 1D (Rstop) = lair(1— 1/2"). Further-

mode

more, as only sums are involvedg)(X) + (Ab)(X) = (Ae[a+ b])(X) and B]ekn(X) + [blexkn(X) = [a+ blekn(X).
wherea andb are arbitrary functions. Thus,
1
[A (- Ir(:;dé ]EKH ()
1
[A I]EKH [Aélf(:;ngEKH *
= 1 = 17D(R) — o — lgir /22, (2.20)

which is the reconstruction of theftérence in the intensity fierence maps for the observed actual intensity dis-

tribution and the model intensity distribution. This restmction is a biased residual between the actual intensity
and the source model. The sum of this residual and the sowrdelrthus gives an improved estimate of the actual

intensity distribution:

P00 = 1fnccal® + [Acll = 1ii] ey, 0
1(%) = log — lair /2™ (2.21)

The induction hypothesis is thus proven, as Eq. (2.21)vdlrom Eq. (2.17).

In summary, for a single receiver theffdrence between the actual and the reconstructed interegignds on the
number of iterations and the intensitffset,

1(%) = 124X = o + lainr/2". (2.22)

For a stfficiently large number of iterations the actual and recoegtdiintensity dfer only by the intensity fiset:
|I (X) - I(”)C(X)| — log for n — oo. In practice usually the start or the stop position is freerafssion| (Xstar) = O or
| (Xstar) = 0, as — at least for our sample — problems with sources notceellered in a map are more common
than source sizes exceeding the length of a map. Thes 0 and thus|,(2)c(>z) — I(X) for n —» oo. Therefore,
in practice it is possible to obtain a bias-free reconsiomodf the intensity distribution from the data of a single
receiver, even if condition (2.9) is violated.

When co-adding intensity maps, e.g., fronftelient receivers or scans, the convergence of the recotistruc
depends on the average intensifisets(l o), and diferences(l i), respectively, of the dlierent map reconstruc-
tions:

1R~ 1E4R)| = o) + lain) /2" (2.23)

Again, in practice usuallyl,s) = 0, and thuil(x) - I,(Q)C(>?)| = (lgir) /2". As the average intensity ftierence is
smaller than or equal to the maximum intensity in the &) < Imax the maximum signal-to-artifact intensity
ratio in the map|max/ |I (X - I(Q)c(x)l is larger than 2 The ratio is, e.g., larger than 100 foe 7, and larger than
1000 forn > 10.
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2.3.2.3 Discussion of the Iterative Reconstruction Scheme

The scheme outlined above allows to derive correct sourmenstructions for map and source parameters for
which this was previously impossible. With the old schemby @ources that are smaller than the array and a
limited source size comparable to the map size can be recotedt (lower left corner in Fig. 2.1). lIterative
skynoise removal now allows the reconstruction maps ofcaumore extended than the array (area above the
horizontal line in Fig. 2.1). The iterative map reconstioictallows an unbiased source reconstruction as long
as a small fraction of the receivers movié source (all area except for the upper right corner in Fig).2lt
summary, the parameter space for which an unbiased sowaesteuction is possible is largely increased when
using iterative methods.

2.3.3 Implementation

The iterative data reduction scheme discussed above i®eimgited using the MOPSI and MOPSIC software
packages, which were developed and are maintained by RaZytese packages provide subroutines to estimate
and remove the correlated skynoise, to calculate EKH ratgdrmaps, to calculate chopped intensit§edence
maps for given source models, and many other tools. Thesmesiare combined to carry out our iterative data
reduction scheme.

During the first iteration no skynoise is removed. The initgneaps derived for each observation using EKH
restoration are co-added. In the resulting map the areaenitission is then marked by hand. The intensity for
the area outside the area with emission is set to zero, ams foo all pixels with negative intensity inside the
area with emission. The modified intensity map is then smexbth an &ective resolution of 20, except for
hand-marked area with strong emission, where the data isthiet to 14 resolution. This smoothing increases
the signal-to-noise ratio for emission more extended tharbeam. This “cleaned” intensity map is then taken as
the source model for the second iteration.

In the further iterations the chopped intensityfelience map for the source model is first subtracted from
the raw data for every single observation. Then the coedlakynoise is estimated and subtracted. We use a
correlation exclusion radius of 8dor all sources with data from the 37 receiver MAMBO-1 camarad 100 for
MAMBO-2. A constant is then subtracted from each receivgnai for every scan lag (i.e., a subscan in IRAM
terminology). A co-added intensity map including all oh&gions is then derived using EKH restoration. This
map is then added to the source model, and a source modeé&foeit iteration is derived as done above. In total
10 iterations are performed, increasing the signal-tifaattintensity ratio to more than 1000 in ideal cases.

The use of smoothed source models does to first orderffeattahe &ective resolution reached in the final
map derived using the above scheme. A too extended sourt¢e isource model would yield non-vanishing
residuals between the reconstruction of the observedsityatifferences and those calculated for the source model,
|Ac(l - I,(T:‘())dep]E ., (%), which are the negative artifacts due to smoothing, pluia (Eq. 2.20). When summing
the source moéel and the residuals these artifacts aree¢msved from the reconstruction, provided the bias is

Zero.

The final maps presented here are usually smoothed tffestiee resolution of 20, though they are available
for resolutions down to 1 This smoothing improves the signal-to-noise level forssitin more extended than
the beam. In order to facilitate comparison with maps @kedéent resolutions the data is calibrated in mJy pér 11
beam. Further weight maps give the variation of tifeaive integration time per pixel across the map. They are
calculated during the data reduction and used to calculzsemaps. Due to a decreasing exposure towards the
map boundaries the noise increases with increasing disfamm the map center.



2.4. RESULTS 24

2.4 Results
2.4.1 Maps

Figure 2.2 presents the intensity maps of the moleculasameered by our MAMBO observations. The minimum
noise level in the maps ranges fron8@o 20 mJy per 1% beam and is listed for each source in Table 2.3. To
facilitate comparison, all maps are drawn with the sameagirig levels and to the same angular scale.

In most sources the maps reveal extended emission on sc¢aegeasal arc-minutes, and in many fields the
presence of compact emission with a full width at half maximaf only a few beams. Compared with many other
bolometer surveys that often detect only the most promimeansity peaks, our MAMBO maps are very rich in
structure.

In spite of our careful data reduction, some maps are diiceed by artifacts such as stripes in scanning
direction and extended areas of negative intensities. ceésigignificantly fiected by this are given lesser weight
in our analysis (see below).

2.4.2 Source ldentification and Quantification

The MAMBO maps reveal extended emission and compact emigmaks with no direct correspondence be-
tween these. We therefore separately identify and quaetignded features (‘subcores’), emission peaks in these
subcores, and additional ‘significant peaks’ that fulfil gosignificance criterion and are not necessarily located
within the subcore boundaries.

For some properties it is not possible to derive their uradeties by Gaussian error propagation. In these
cases we compute Monte-Carlo simulations with artificidbedo estimate the uncertainties. For this we take
the observed map, add artificial Gaussian noise with a dlyaterying amplitude (i.e., root of the mean squared
intensity) identical to the one in the observed noise mapd,then extract source properties from the resulting
maps in the same way as done for the observed maps. This ablagsimate, e.g., how much the position of an
intensity peak can vary due to noise. The uncertainty fovargproperty is estimated as the standard deviation
derived from several Monte-Carlo experiments witffetient seeds for the artificial noise. These estimates are
biased, because the noise is not removed from the input roafiseefMonte-Carlo experiments, but they reflect the
order of uncertainty to be expected.

To reduce the noise level for the extended emission, all tifiesderived for the cores and peaks are derived
from maps smoothed to 2ZGesolution.

2.4.2.1 Extended Structures

Identification  Our source identification method aims at a formal definitibwiat a human investigator would
intuitively identify as a source. Our criteria are thergfoot mathematically exact, but adopted from a series of
trial-and-error experiments.

To identify sources we generate signal-to-noise (SNR) nmapa beamsize of 2Q which are then smoothed
to a spatial resolution of 60 Regions above an SNR of 2 in these maps are taken as soudidatas. Obvious
artifacts at the rim of the maps are excluded. The remainiag above an SNR of 2 is then hand-divided into
‘subcores’. For this we search the maps for saddle pointsleawd core boundaries by following the gradient. This
scheme is conceptually similar to, but not identical wittg tClumpfind” algorithm by Williams et al. (1994). Our
scheme thus assigns all emission above an SNR of 2 to sonei®ib

Quantification Table 2.4 lists general information on the identified subsor For each subcore we list the
centroid position. It is derived by finding the “center of gitg” of the geometrical shape. Our calculation does
not take the intensity distribution into account, i.e. tloeecelements are not weighted by their intensity. For each
field mapped the subcores are labeled by a ‘C’, followed byraber in order of increasing right ascension. A
star marks those cores associated with a protostar (se&)b€lores with uncertain properties due to an unreliable
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Figure 2.2: Maps of the sources in the c2d MAMBO survey after smoothin@Q6 resolution. Coordinatesare given for
J2000.0. The sources are roughly ordered in sequence egsiag right ascensiosolid and dotted black contouese drawn

for positive intensities and intensitiesO mJy beam', respectively. Contours start at zero intensity and areespay+3 mJy

per 11’ beam; this corresponds to the noise level in the map centesta factor 2 to 3 (Table 2.3). Above 15 mJy beahm
indicated by ahick solid contouythe contour spacing is 5 mJy bedmGray shadingalso reflects these intensity variations.
White contourdndicate subcore boundaries, whdmssesndicate dust emission peak positiorSircles and squaresnark

the positions of IRAS and Spitzer detected infrared staspectively. If detected by several missions, IRAS Poinir&®
Catalogue (PSC) positions are used instead of those frordim: Source Catalogue (FSC), and Spitzer positions am@ use
instead of those listed from IRAS. The IRAS PSC source 284¥00 in L1148 is not marked, as missing Spitzer counterparts
indicate that this source is an artifact.
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Figure 2.2: continued.



27 CHAPTER 2. A MAMBO DUST EMISSION SURVEY FOR THE C2D SPITZER LEGACY PROGRAMME

26°15'00" B

26°10'00"

26°05'00"

26°00'00"

25°55'00"

25°50'00"

25°45'00"

25°40'00"

25°35'00"

25°30'00"

4"42™30° 4h42™00" 4ha1m30° 4"41™00° 4"40™30°

Figure 2.2: continued.



2.4. RESULTS 28
—-00°55'00" | ' T . .
2°05'00"
—1°00'00"
2°00'00"
—1°05'00"
1°55'00"
—1°10'00"
1°50'00"

—2°40'00" |

—2°45'00" |

—2°50'00" |

—2°55'00" |

~3°00'00" -

5"44™p0°

5P'43™40°

5M43M20°

15"54™40° 15"54M20° 15"54M00° 15"53M40°

s"55M20°  5"55M00°  5M54M40°  5"54M20°

—7°05'00"

~7°10'00"

—-3°40'00"

—3°45'00"

—3°50'00" -

Figure 2.2: continued.

18"16™00% 18"15740°




29 CHAPTER 2. A MAMBO DUST EMISSION SURVEY FOR THE C2D SPITZER LEGACY PROGRAMME

' ' 11°30'00" F . : _
11°40'00" | §
11°25:00" .
11°35'00" | §
11°20'00" §
11°30'00" | ‘ A , §
19"20™30° 19"20™00°
11°15:00" §
' ' 19"22™00° 19"21™30°
11°10'00" | § '
64°00'00" | g
11°05'00" F g
63°55'00" - g
1 1
h m s h m s
19"24™00 19"23™M30
63°50'00" | g
T
57°55'00" |- g
63°45'00" | , ‘ 1
20"37™00° 20"36™00°
57°50'00" |- g
57°45'00" |- 1 67°92500" -
57°40'00" |- 1 67990:00" -
57°35'00" |- g 67°1500" -
¢l 1 1 1
20"38™00° 20"37™00° 20"42M00°  20"41M00°  20"40™00°

Figure 2.2: continued.



2.4. RESULTS

60°20'00"

67°45'00" F 1
60°15'00"

67°40'00" R
60°10'00"

67°3500" F 1
‘ : ' 60°05'00"

20"45™p0°  20"44™00°  20"4300°

20"54™00° 20"53™00°

60°25'00"

60°20'00" -

60°15'00" -

60°10'00"

20"52™00° 20"51™00° 20"50™00° 20"49™00°

77°40'00" |- ' ' '
703500" L 78°25'00" |- .
77°30'00" - 78720:00" 1 l

21"00™00°  20"58™00°

Figure 2.2: continued.



31 CHAPTER 2. A MAMBO DUST EMISSION SURVEY FOR THE C2D SPITZER LEGACY PROGRAMME

—
68°00'00" - §
56°50'00"
67°55'00" - % §
56°45'00" | ¥
67°50'00" - §
56°40'00" |-
1 1
21"03™00°  21"02™00°
6872500" ' ' ] 21"43™00° 21"42™00°
68°20'00" - g
75°20'00" |
68°15'00" §
PSP PR 75°15'00" |-
21"8m00° 21717700
75°10'00" |
51°00'00" |- . o . |
22"32™00° 22"30™00° 22"28M00°
50°55'00" |-
59°00'00" §
50°00'00" |- 58°55'00" |- |
49°55'00" |- 58°50'00" | ]
1 1
21"24™30° 21"24™00° 22"38™00° 22"37™00°

Figure 2.2: continued.



2.4. RESULTS 32

reconstruction are marked by square brackets. These arergstwith obvious scanning stripes in their boundaries
(i.e., L183 C4), i.e., series of intensity peaks in scanmingction separated by the chop throw, those located at
map boundaries (e.g., L183 C6), or with a low intensity casitto the surrounding at the subcore boundary (e.g.,
L1082C-2 C1).

We then list the area assigned to the subcArend the correspondingdfective radius,

reg = (A/m)Y2. (2.24)

Furthermore, we derive the flux densiti€s,and the corresponding massbk, for the total subcore’s area (sub-
scripts ‘tot’) and for the area above 50% of the peak intgrfsit the respective subcore (subscripts '50%’). The
masses are derived from the flux densities as described ire3e2.3. Finally, Table 2.4 lists the maximum SNR
for each subcorésﬁg(m. The uncertainties df,; and My are derived by Gaussian error propagation of the mea-
sured noise level. Fdfsgy and Msgg, the uncertainties are estimated by the Monte-Carlo exerisndescribed
above.

Table 2.5 lists geometrical information on the identifiedeso On one hand this is done by fitting ellipsoids
to the area above 50% of the peak intensity for the respective (no weighting by intensity is applied)We
give the major and minor axig andb, their ratio, and the position angle (east of north). Thafllifactor, f,
gives the fraction of the fitted ellipse filled with emissidmoae 50% peak intensity. Low filling factors for a few
sources indicate that sometimes ellipses provide are a biadtlfie observed intensity distributions. We also list
the dfective diameter for the area above 70% of the peak intemsity,

2.4.2.2 Peaks

Identification In order to quantify all intensity peaks in our maps we studypeak position of every identified
subcore. In addition we search each map manually for ‘sicarifipeaks’. These have an SNR of at least 4 and can
be spatially separated from already identified peaks. Tatifyethem we search the map for local intensity peaks
with an SNR> 4 and find the surrounding contour at an SNR smaller than tak’pegalue by a number 3. Such

a peak is taken to be significant if no brighter peak is sitli&tehis contour. In the area outside identified cores
we also require that there is also no fainter local peak withe contour. This additional restriction excludes most
artifacts.

Quantification Peak properties are listed in Table 2.6. For each mappedfelkis are labeled by a ‘P’, followed
by a number in order of increasing right ascension. Unaepeaaks, which are not well reconstructed, are marked
by square brackets. These were identified by searching tips foa peaks close to map boundaries, and those
affected by scanning stripes.

Besides the peak position we give the subcore to which thk pelangs, if applicable. The peak intensity,
FPeam is listed besides the corresponding peakaddlum density and visual extinctiotN(H,) and Ay. These
are derived using the c2d standard assumptions on dustrpespes outlined in Appendix A, but only listed
for starless cores for which there is no radiative heatimgprbtostellar cores the dust temperature exceeds 10 K
and needs to be calculated separately for each source (3e2.32. Also given are the flux density and the
corresponding mass within an aperture of 4200 AU radtggoau and Mazgoau, as derived in Sec. 2.4.2.3. We
finally list the flux density for the c2d standard aperture@@f, 40”7, 807, 120" diameter. In deviation to most
other parts of the thesis the flux densities for the apertaresierived from unsmoothed maps, as the smoothed
maps sometimes have a resolution comparable to the apsizere

1This is implemented by using the IDL routine FitEllipse byMaFanning.



Table 2.4: General data on subcores. Bracketed and starred subcagaatems indicate subcores with uncertain properties tduartifacts and subcores with
associated protostars or VeLLOs, respectively. For evebgare the table lists the position of its “center of gravithe subcore area andfective radius, and the

integrated flux density and mass for the whole subcore araaéts above 50% of its peak intensity.

Core @ 6 A leff Fiot Mot Fso% Mso Speam
J2000.0 J2000.0 arcnfin arcsec AU Jy Mo Jy Mo
L1355 [C1] 025243.2 +685654.0 0.2 14.6 2929 .m=+0.01 008+ 0.02 004+0.00 007+0.01 4
[C2] 025302.8 +685354.7 5.0 76.1 15214 .98+ 0.05 184+ 0.09 070+ 0.11 132+0.20 7
[C3] 0253149 +685703.4 13.1 122.4 24473 45+ 0.07 460+0.13 150+ 019 282+0.37 8
[C4] 0253355 +685446.5 4.4 71.3 14261 1B+ 0.04 138+ 0.08 049+ 0.07 092+0.14 5
L1521B-2 C1 042328.0 +263827.0 17.6 142.1 19897 .0®+ 0.07 285+ 0.06 142+ 021 131+0.19 11
Cc2 0423355 +264019.5 5.5 79.3 11100 . +0.03 068+ 0.02 052+ 0.08 048=+0.08 8
[C3] 0423424 +264138.8 0.6 26.0 3647 .@/+=0.01 007+ 0.01 006+ 0.01 006=+0.01 5
L1521F Cr 042839.3 +265138.2 17.1 140.1 19609 .78+0.09 460+ 0.07 092+ 0.09 073+0.07 33
L1521-2 Cr 042927.7 +270042.2 3.9 66.8 9346 .®0+0.03 046+ 0.03 038+ 0.05 035+0.05 5
C2 042936.7 +265806.0 18.4 145.0 20304 .43+ 0.06 319+ 0.05 135+ 016 125+0.15 14
L1524-4 C1 043007.9 +2425445 135 1245 17430 .13+ 0.05 287+ 0.05 160+019 147+0.18 13
[C2] 043017.3 +242434.1 4.7 73.4 10281 .89+0.04 082+0.03 072+ 0.06 067=+0.05 7
[C3] 043020.1 +242649.4 3.6 64.1 8975 .%8+0.04 054+0.03 045+ 0.06 041=+0.05 5
B18-1 C1l 0431554 +243233.7 25.2 170.0 23797 .44+ 0.06 596+ 0.06 129+ 004 118+0.04 40
[C2*] 0432155 +2428595 15 40.9 5719 .%5+0.05 027+0.03 015+ 0.01 006=+0.00 13
B18-2 C1 0432298 +245011.4 1.4 40.0 5605 .17r+0.02 016+ 0.02 011+ 0.03 010+0.03 5
C2 043236.9 +245205.1 11.1 112.9 15804 .95+ 0.05 181+ 0.04 114+ 0.13 105+0.12 10
TMC-2 C1 0432459 +242408.0 46.4 230.6 32291 #B+0.08 1611+007 844+019 777+0.18 43
B18-4 Cr 043536.7 +240905.0 24.1 166.1 23260 52+011 710+049 403+0.22 228+0.16 42
B18-5 C1 0435504 +240920.6 11.1 112.6 15768 .92+ 0.04 269+ 0.04 163+ 009 151+0.08 22
TMC-1C C1 0441215 +260255.2 14.3 128.0 17921 .18+ 0.05 386+ 0.04 238+ 0.07 219+0.07 22
Cc2 0441317 +260406.5 16.9 139.4 19511 .33+ 0.06 584+ 0.05 306+0.16 282+0.15 28
C3 0441359 +260054.1 26.7 175.0 24505 ®BB+0.07 1071+0.07 700+020 645+0.19 28
TMC-1 C1 044059.6 +255346.7 5.9 82.0 11479 .64+ 0.05 151+ 0.05 095+ 0.08 088=+0.07 10
Cc2* 044113.3 +254631.7 145 128.9 18046 .05+ 0.09 277+0.05 051+ 0.09 028+0.05 25
C3 044116.0 +254911.6 32.7 193.5 27092 82+011 1273+010 777+0.61 716=+0.57 21
C4 0441349 +254420.7 17.2 140.2 19634 .4®+ 0.09 590+ 0.09 385+ 0.36 355+0.33 13
C5 0441423 +254117.4 13.3 123.6 17302 .72+0.10 527+0.09 383+ 0.35 353+0.32 12
C6 044152.6 +253800.2 19.6 149.8 20976 .88+ 0.09 535+ 0.09 326+ 0.27 300=+0.25 12
L1507A C1 04 42 39.3 +294356.6 16.0 135.2 18933 .86+ 0.07 355+ 0.06 224+0.20 207+0.18 12
C2 044239.6 +294106.2 14.3 128.0 17916 .83+ 0.06 260+ 0.06 128+0.16 118+0.15 11
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Table 2.4: continued.

Core @ 5 A lefe Frot Mot Fs0% Mso Speam
J2000.0 J2000.0 arcnfin arcsec AU Jy Mg Jy Mg
C3 044303.1 +2943354 8.7 99.6 13944 75+0.06 161+005 088+011 081+0.10 8
L1582A C1 053155.3 +123224.2 5.1 76.7 30683 .16+0.04 871+030 074+0.08 559+0.61 11
Cc2 053203.1 +123043.2 15.1 131.4 52554 9F+0.05 2986+040 148+0.12 1116+092 22
IRAS05413 C1 054332.7-010727.6 4.0 67.3 30278 .B+005 723+049 039+0.05 372+049 6
c2 054346.4 -0104494 17.2 140.2 63097 .08+0.07 1809+6.47 027+0.04 124+0.37 32
c3 0543516 -010251.2 10.6 1104 49690 .13+0.04 1221+0.17 039+001 074+0.01 94
C4 054400.1 -010500.3 3.5 63.7 28656 .49+0.03 564+028 043+0.05 409+051 8
L1622A [C1] 055421.3 +015034.0 1.8 45.4 20418 852+004 490+036 037+0.05 351+0.50 6
[C2*] 055429.8 +0147295 2.0 48.2 21694 .1B+007 746+063 007+0.02 062+0.16 6
C3 0554426 +0154314 213 156.0 70222 49+0.06 5227+059 143+0.11 1362+104 28
C4 0554526 +015749.3 15.1 131.3 59097 .05+0.05 2900+0.46 119+0.15 1132+146 17
C5 0555029 +020024.6 4.7 73.2 32926 .r+003 730+030 043+0.06 409+0.54 8
L183 C1 1554 00.5 -025228.6 8.1 96.3 10597 .0+0.05 119+003 085+0.12 048+0.07 16
Cc2 155408.6 -025203.3 17.0 139.7 15362 ./%+0.06 384+0.03 192+0.14 109+0.08 38
C3 155409.1 -024917.8 19.0 147.7 16252 8®+0.08 392+0.05 343+0.24 195+0.14 18
[C4] 1554122 -025822.1 13.1 122.3 13458 .@+0.07 173+0.04 177+031 100+0.17 8
C5 1554135 -0255255 6.1 83.6 9195 .2A7+004 072+002 075+0.09 043+0.05 10
[C6] 155425.2 -025428.4 45 72.0 7922 .10+004 040+002 042+0.06 024+0.04 6
L438 C1 181404.7 -070822.8 15.6 1339 36145 .22+0.05 756+0.17 132+0.15 453+0.51 9
L492 C1 181548.1 -034511.6 22.6 161.1 43494 3B+0.05 1835+0.17 213+0.07 731+0.23 34
CB188 Cr 192015.1 +113550.3 8.7 99.9 29956 .33+003 261+009 020+0.02 038+0.01 40
L673-7 Cr 1921355 +112119.7 14.0 126.8 38029 .32+0.05 881+0.63 020+0.04 076+0.05 17
[C2] 1921440 +111758.1 8.7 100.0 29991 .0B+0.05 462+020 046+0.10 196+0.44 7
[C3] 192153.7 +1120059 2.7 55.4 16629 .3p+0.02 125+0.11 015+002 063+0.10 7
L675 C1 192353.0 +110743.0 15 42.1 12622 .1»+0.01 051+005 010+0.01 042+0.06 5
L1100 cr 203619.6 +635312.6 18.3 1446 57849 53+0.06 1294+104 031+003 112+0.09 32
L1041-2 [C1] 2037023 +574121.7 1.7 44.1 17644 Zb+0.02 193+015 016+002 117+0.17 6
[C2] 203708.3 +573927.6 6.9 88.7 35491 .112+004 844+030 054+012 407+0.87 8
C3 203713.5 +574750.5 8.5 98.9 39564 .42+005 1823+0.35 115+0.08 867+0.57 17
C4* 203721.0 +574408.3 221 159.0 63612 .2+0.07 2234+122 095+0.02 275+-0.03 72
[C5] 203722.0 +575032.1 4.6 72.8 29118 .1m19+005 891+036 079+010 591+0.71 9
L1148 cr 204048.0 +672207.6 7.2 90.6 29430 .r+003 312+013 034+0.08 136+0.33 7
Cc2 204108.7 +672001.4 129 121.6 39514 .74+0.04 865+0.21 087+009 432+043 10
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Table 2.4: continued.

Core o’ 0 A left Frot Mot Fso% Mso0s Speam
J2000.0 J2000.0 arcnfin arcsec AU Jy Mo Jy Mo
L1155E [C1] 204354.7 +6737 315 4.8 74.3 24132 T +0.04 382+0.18 040+ 0.08 197+0.42 7
[C2] 2044019 +673949.6 3.9 66.5 21602 .51+ 0.03 255+ 0.15 040+ 0.05 196=+0.25 5
[C3] 2044 09.4 +674138.0 0.8 30.5 9901 .10+0.01 051+ 0.07 005+ 0.02 023+0.08 6
L1082C-2 [C1] 204955.0 +601549.7 26.0 172.7 69072 43+0.11 4835+0.80 198+0.31 1490+233 13
L1082C Cr 205128.3 +601834.7 10.0 107.2 42893 .34+ 0.06 1019+192 041+0.04 179+0.34 21
L1082A Crr 205313.7 +601445.0 4.4 71.0 28402 .99+ 0.03 367+ 0.46 024+ 0.01 089+0.11 26
Cc2 2053279 +601433.8 10.2 108.3 43328 .4Z+0.04 1856+ 0.29 028+0.00 209+0.03 63
C3* 2053504 +600945.1 16.7 138.2 55279 .13+ 0.05 1270+ 083 018+0.01 075+0.05 29
C4 2053519 +601717.9 8.2 97.0 38808 .23+0.04 924+0.28 040+ 0.04 305+0.29 13
L1228 Cr 2057 13.2 +773544.0 43.3 222.7 44545 2P3+010 1095+0.08 056+0.01 039+001 107
Bern48 Cr 2059139 +782304.4 155 133.4 26689 .14+ 0.05 232+0.03 043+ 0.01 010=+0.00 159
L1172A C1 2102205 +675108.8 3.8 65.6 18905 .82+ 0.05 321+0.18 051+0.09 201+0.33 7
c2* 2102228 +675403.1 124 119.0 34269 .08+ 0.06 757+ 0.38 077+0.10 192+0.10 21
L1177 Cr 211739.0 +681730.3 115 114.8 33063 .93+ 0.05 470+0.26 047+0.01 068=+0.08 104
L1021 C1 2121445 +505751.5 8.8 100.5 25114 .R+0.03 298+ 0.09 064+ 0.08 187+0.22 8
L1014 Cr 212407.2 +495905.0 4.7 73.3 18326 .85+ 0.03 193+ 0.07 029+ 0.03 066=+0.08 16
L1103-2 C1 214214.2 +564334.1 8.9 101.0 25254 5B+0.04 448+ 0.13 092+ 0.10 270+0.29 8
L1251A [C1] 2228535 +751456.6 7.2 90.9 27270 .66+ 0.06 703+ 0.26 077+0.15 327+0.63 8
c2* 2229427 +751332.2 18.0 143.7 43099 .85+ 0.06 1498+ 131 096+0.11 296+0.26 30
C3* 223032.1 +751407.9 13.0 122.2 36667 .62+ 0.05 1320+ 142 036+001 132+0.14 52
C4r 223111.7 +751306.8 19.0 147.7 44319 .96+ 0.07 1840+ 150 098+0.08 365+0.30 34
L1197 C1 2237029 +585720.8 20.8 154.4 46325 .58+ 0.05 1093+ 0.20 038+0.10 160+0.42 17
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Table 2.5: Geometry data of subcores. See Table 2.4 for an explandtitve subcore designations. For every subcore the tabtettistmajor and minor axis at the

50% peak intensity level and their ratio, the position amflthe major axis (east of north), and theetive radius at the 70% peak intensity level.

Core a b a/b P.A. f r70%
arcsec AU arcsec AU deg arcsec AU
L1355 [C1] 30+1 5942+ 297 23+ 4 4615+ 709 13+03 63+35 098+0.05 110+15 2199+292
[C2] 157+11 31456£2140 1218  24211+1543 13+01 138+28 067+0.11 320+7.1 63931417
[C3] 267+11 534952275 16315 32665-2968 16+0.2 14+5 057+0.09 358+75 7153+1500
[C4] 140+15 28097 2946  111+14 22116+2895 13+02 6+75 064+0.09 245+58 4901+ 1161
L1521B-2 C1 30425 42574+ 3452  148:12 20669+ 1655 21+0.2 131+5 047+006 365+54 5113+753
Cc2 151+ 13 21160+ 1821  105+12 146491689 14+0.2 124+7 079+007 341+58 4772+816
[C3] 61+11 8493+ 1493 34+ 5 4769+ 696 18+05 45+14 090+0.13 171+3.0 2394+424
L1521F Cr 69+ 8 9715+ 1058 51+ 3 7186+ 477 14+02 172+50 091+0.03 171+0.7 2394+103
L1521-2 Cr 130+9 18267+ 1307 117+15 163222161 11+0.2 95+47 066+0.08 365+54 5113+ 750
Cc2 152+ 14 21276+1913 127415 178172035 12+01 8+59 087+0.04 341+76 4772+1062
L1524-4 C1 176: 11 24656+ 1603  129+16 1812742254 14+01 45+11 079+004 423+8.7 5916+ 1214
[C2] 139+6 19441+ 814 123+8 17275+1144 11+01 81+35 081+007 408+4.1 5713+568
[C3] 154+17 21623:2404 97+6 13585+ 818 16+0.2 157+30 064+0.11 287+47 4016+654
B18-1 C1 1092 15321+ 300 60+ 2 8362+ 287 18+01 8=+2 092+0.02 243+10 3408+136
[C2*] 24+5 3412+ 660 22+1 3016+ 163 11+03 180+60 100+0.04 84+03 1173+40
B18-2 C1 87+ 20 12197+2849 39+10 5512+1331 22+0.3 61+24 082+012 181+4.2 2534+587
Cc2 243+ 13 34010+ 1855 96+9 13484+ 1267 25+0.1 124+3 079+0.06 425+58 5955+ 808
TMC-2 C1 309+4 43306+ 630 155+3 21764+485 20+0.0 10+1 084+0.01 756+23 10581+ 327
B18-4 Cr 147+4 20536+ 629 1024 14268609 14+01 37+4 091+0.03 317+18 4432+259
B18-5 C1 1527 21256+ 922 101+4  14074+625 15+0.21 180+87 092+0.02 448+28 6268+ 390
TMC-1C C1 174+3 24379+ 457 122+4  17116+585 14+0.1 148+4 090+002 506+27 7081+ 384
C2 211+9 29494+ 1221  112+6 15654+ 817 19+0.1 158+2 080+0.03 436+27 6107+374
C3 335+ 6 46903+ 820 144+ 4  20221+528 23+0.1 143+1 080+002 641+28 8971+ 397
TMC-1 C1 134+9 18765+ 1322 92+ 10 12926+1438 15+02 158+15 076+0.08 348+30 4875+426
czr 58+9 8144+ 1304 44+ 9 6120+ 1201 13+02 94+22 091+0.07 134+06 1875+86
C3 475+ 15 66492+2117 134+10 18734-1391 35+0.2 133+1 076+003 664+7.1 9297+996
C4 284+ 6 39699+ 859 120+ 14 16804+1983 24+0.3 149+1 082+003 559+94 7829+ 1313
C5 244+ 10 34105+1405 127+12 177281622 19+0.2 135+3 087+0.04 571+6.9 7988+959
C6 270+ 10 37819+1389 126+12 17662+1617 21+0.2 147+3 085+0.04 639+7.6 8950+ 1066
L1507A C1 221+ 15 30936+ 2122 1347 18783+984 16+0.1 153+5 081+0.04 525+59 7356+ 832
C2 160+ 12 22420+ 1672 14517 20248-2432 11+0.1 166+56 071+0.06 398+7.7 5577+1081
C3 158+ 12 22079+1690 106+14 14891+1993 15+0.2 55+34 069+006 279+4.6 3910+646
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Table 2.5: continued.

Core a b a/b P.A. f r70%
arcsec AU arcsec AU deg arcsec AU

L1582A C1 139+ 14 55663+ 5515 84+8 336373343 17+02 144+7 076+006 347+4.7 13885+1871
Cc2 170+9 67871+3470 85+6 33838+2478 20+02 73+4 081+004 264+35 10568+ 1398
IRAS05413 C1 16211 730424916  95+10 42641+4293 17+0.2 114+10 041+006 185+39 8336+1773
c2 67+19 30110+ 8642 36+2 16175+929 19+05 13+67 066+0.18 117+03 5257+150
C3* 28+0 12508+ 113 26+ 1 11595+ 265 11+0.0 119+25 098+0.01 93+01 4168+41
C4 119+8 53594+ 3587 103+t 10 46547+4339 12+0.1 170+68 067+0.09 308+54 13852+2428
L1622A [C1] 82+7 37112+ 3135 73+10 32685:4597 11+0.3 121+23 071+009 201+34 9062+1516
[C2*] 18+8 8323+ 3632 7+ 2 3179+ 1024 26+05 122+8 100+0.12 39+02 1777+73
C3 269+ 12 121133:5582 40+2 18114+ 963 67+0.3 53=x1 087+003 219+20 9855+879
C4 177+11 79819+ 5046  97+14  43660+6231 18+0.2 17+7 074+ 0.05 297+51 13359+ 2285
C5 158+ 16 71105+7025 65+11  29159+5133 24+04 66+5 071+ 0.07 298+4.2 13388+1881
L183 C1 112+ 11 12294+ 1188  84+12 9187+1330 13+0.1 177+72 082+006 257+35 2832+386
Cc2 151+ 9 16650+ 1007 60+ 3 6603+ 378 25+0.2 180+89 092+003 228+11 2505+120
C3 177+10 19468:1099 143t9  15775+1003 12+0.1 50+13 087+0.04 515+4.7 5664+521
[C4] 238+13 26193:1395 177+17 19499+1890 13+01 11+70 054+0.09 385+95 4240+1045
C5 140+ 7 15415+ 812 90+13 9932+1435 16+0.2 144+13 085+006 318+56 3502+612
[C6] 205+19 22556+2125 85+7 9362+ 765 24+03 167+4 049+0.08 252+42 2773+461

L438 C1 221+ 10 59549+ 2827 18816 50816:4339 12+01 5+78 069+0.05 519+9.2 14025+2493
L492 C1 198t 8 53555+ 2220 94+ 3 25379+ 858 21+01 179+79 089+0.02 415+23 11196+624
CB188 Cr 51+5 15441+ 1486  28+1 8456+ 334 18+0.2 16+6 088+004 110+03 3298+94
L673-7 Cr 56+53 16829+ 15837 36+10 10784:£3015 16+12 90+23 088+0.25 120+08 3603+233

[C2] 188+19 56491+5636 166+19 49780+5808 11+01 50+56 033+0.08 227+55 6806+ 1660
[C3] 110+18 32885:5323 52+8 15454+ 2332 21+04 56+15 055+009 177+31 5299+917

L675 C1 131+ 9 39235+ 2645 60+6 18001+ 1706 22+0.3 1257 062+0.11 248+38 7446+1153
L1100 Cr 64+10 25760+ 4157 34+ 2 13414+ 756 19+0.3 31+6 071+009 115+03 4606+ 106
L1041-2 [C1] 88+7 35159+ 2693 51+ 9 20267+ 3664 17+03 8+60 072+011 178+3.3 7109+ 1320

[C2] 166+19 66259+7743  134+18 53597+7243 12+02 166+34 040+0.07 258+6.3 10329+ 2539
C3 164+ 6 65597+ 2552  69+7 27482+ 2934 24+02 177+89 078+0.06 279+29 11170+1170
c4 49+ 1 19422+ 508 41+ 1 16585+ 391 12+0.0 57+7 098+001 142+02 5696+ 90

[C5] 188+10 75020+3837 69+10 27555-4084 27+04 175+39 072+0.07 329+55 13170+2204

L1148 Cr 334+ 25 108709:8181 71+9 23023+ 2989 47+06 45+2 039+0.09 152+7.7 4930+2516
C2 291+ 33 94458+ 10791 82+7 26700+ 2432 35+04 50+2 070+ 0.08 380+4.6 12345+1509
L1155E [C1] 158:19 513756150 97+10 31363:3167 16+0.2 47+12 045+009 215+48 6971+1575
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Table 2.5: continued.

Core a b a/b P.A. f r70%
arcsec AU arcsec AU deg arcsec AU

[C2] 172+18 55813:5812 86+12 27996+3932 20+05 80+4 067+0.09 335+4.6 10891+ 1505
[C3] 80+10 26095:3262 38+10 12208+-3183 21+06 33+11 033+015 84+34 2723+x1121
L1082C-2 [C1] 23827 95163:10900 120:12 48085:4824 20+0.2 84+5 059+ 0.06 360+50 14414+ 1995
L1082C Cr 58+ 6 23283+ 2327 42+3 16778+ 1263 14+0.1 167+50 095+0.03 160+10 6417+417
L1082A Ccr 48+ 4 19277+ 1528 30+ 2 12141+ 693 16+0.2 122+4 098+002 117+04 4673+150
Cc2 30+ 0 12066+ 176 25+ 1 10070+ 207 12+00 32+5 099+001 97+02 3870+88
C3* 33+2 13355+ 695 28+ 1 11360+ 363 12+01 37+15 100+0.02 97+03 3870+113
C4 182+ 19 72704+ 7587 32+22 12831+8607 57+1.3 46+5 085+0.20 216+29 8653+1155
L1228 Cr 32+0 6350+ 99 27+ 1 5497+ 139 12+ 00 13+5 100+ 001 101+0.0 2014+9
Bern48 Ct 25+ 0 4961+ 55 231 4500+ 119 11+00 180+68 100+0.01 84+0.0 16760
L1172A C1 10/+9 30875+ 2696  100t15 28762:4438 11+0.2 119+43 070+009 213+46 6125+1313
c2 90+ 9 25969+ 2469 74+ 9 21361+ 2486 12+01 70+32 082+0.06 218+27 6282+776

L1177 Cr 28+0 8142+ 131 26+ 1 7457+ 160 11+00 105+8 096+0.01 97+0.1 2786+35
L1021 C1 216+ 14 54043t 3562 11510 28869+2564 19+0.2 42+8 069+ 0.07 356+54 8900+ 1338
L1014 Cr 62+19  15519+4737 49+3 12255+ 787 13+04 160+13 092+0.12 182+12 4551+304
L1103-2 C1 2739 68328+2239 81l+11  20275:2872 34+05 56+2 069+ 006 360+58 8995+ 1456
L1251A [C1] 173+16 51784:4885 98+16  29293:4857 18+0.3 103+11 054+0.10 267+7.2 8014+2149

(o 147+ 13 44246+ 4007 56+ 3 16868+ 869 26+03 81+2 059+0.05 197+14 5924+416

C3* 37+1 10998+ 355 35+ 1 10459+ 356 11+01 71+22 100+0.01 118+02 3554+71

c4 158+9 47291+ 2804 41+2 12350+ 638 38+0.2 135+1 080+0.04 181+12 5429+ 349
L1197 C1 200t 63 59945+ 18875 59+12  17669+3683 34+09 127+5 048+0.05 250+25 7493+ 748
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Table 2.6: Data on dust emission peaks. Bracketed and starred peandgens indicate peaks with uncertain properties duetifaets and peaks with associated
protostars or VeLLOs, respectively. For every peak theetdibts the peak position, the associated subcore, if adgbc the peak flux density per’1beam (after
smoothing to 20 resolution) and the related column density and extinctibe,flux density and radius for an aperture of 4 200 AU radind, the flux densities for
the c2d standard apertures betweeti 20d 120 diameter.

Core a ) Asso0. F%eaa){n N(Hz) Ay F4200aU Ma200aU F20// F40// FBO” FlZ(f’
J2000.0 J2000.0 mJybealn 10%2cm?  mag mJy Mo mJy mJy mJy mJy
L1355 [P1] 0252412 +685701.0 [C1] 12 072+016 76+17 83+ 14 016+ 0.03 31+7 79+ 14 198+ 28 337+ 44
[P2] 025258.1 +685317.0 [C2] 132 087+0.16 93+17 102+ 14 019+ 0.03 36+ 7 91+13 241+ 27 528+ 42
[P3] 025318.9 +6857255 [C3] 142 095+0.12 101+13 115+11 022+ 0.02 40+ 5 110+ 10 334+ 21 695+ 31
[P4] 025340.3 +685355.5 [C4] 1k 2 076+016 81+17 84+ 15 016+ 0.03 28+7 84+ 14 246+ 29 449+ 45
L1521B-2 P1 042330.8 +263807.0 C1 151 100+0.09 106+09 259+11 024+ 0.01 38+4 120+ 8 438+ 16 832+ 23
P2 0423371 +264023.5 C2 a1 062+0.07 66+0.8 153+ 10 014+ 0.01 24+ 3 73+ 6 256+ 13 473+ 19
[P3] 0423423 +264126.5 [C3] 61 043+0.09 46+10 78+ 12 007+ 0.01 17+ 4 46+ 8 113+ 16 249+ 25
L1521F Pr 0428394 +2651340 Ct 66+ 2 442+013 470+14 97217 Q77+ 0.01 173+ 6 537+ 11 1476+ 23 2471+ 34
L1521-2 P1 042926.9 +2700535 Ct 8+1 051+010 54=+10 135+ 12 012+ 0.01 21+ 4 59+ 8 216+ 17 416+ 25
P2 0429374 +265805.5 C2 191 126+£009 134+09 331+11 030+ 0.01 50+ 4 161+ 7 556+ 15 1124+ 22
L1524-4 P1 0430075 +242548.0 C1 191 130+0.09 139+10 343+12 032+ 0.01 50+ 4 164+ 8 605+ 16 1190+ 25
[P2] 043015.9 +2424205 [C2] 12 076+010 81=+11 204+ 13 019+ 0.01 30+ 4 98+ 9 324+ 18 634+ 27
[P3] 043022.3 +242726.0 [C3] 162 070+016 74+17 115+ 21 011+ 0.02 31+7 61+ 14 206+ 29 468+ 45
B18-1 P1 0431454 +2432445 C1 131 089+0.07 95+08 219+ 9 0.20+0.01 37+3 104+ 6 349+ 12 704+ 19
P2 0431474 +2431555 C1 151 101+007 107+08 274+9 025+0.01 41+ 3 128+ 6 446+ 13 945+ 19
P3 043155.6 +2432550 C1 491 330+0.08 351+08 808+10 074+ 0.01 124+ 3 421+ 7 1200+ 13 1992+ 20
P4 043208.9 +243021.0 92 059+012 63+13 61+ 16 006+ 0.01 23+5 53+ 10 90+ 21 210+ 32
[P5*] 0432154 +2429005 [C2] 65+5 >360+50 >0.18+000 204+14 >293+30 >480+85 >584+473
B18-2 P1 043230.0 +245017.0 C1 Q2 058+0.11 62+12 116+ 15 011+ 001 26+5 56+ 10 172+ 20 334+ 30
[P2] 043241.3 +245130.5 C2 141 091+0.09 97+10 223+ 12 021+ 0.01 35+ 4 112+ 8 369+ 16 641+ 24
TMC-2 P1 0432438 +2423145 C1 451 298+ 0.07 317+0.7 835+9 0.77+0.01 111+ 3 402+ 6 1388+ 11 2694+ 17
P2 0432453 +2424315 C1 41 273+0.07 291+0.7 849+9 078+ 0.01 101+ 3 379+ 6 1488+ 11 3130+ 17
B18-4 PI 0435352 +2408175 Ct 71+2 974+ 19 055+ 0.04 195+ 6 524+ 13 1557+ 27 3126+ 41
P2 043537.7 +240917.0 Ct 71+2 475+011 505+12 1282+14 118+ 0.01 172+ 5 643+ 9 2068+ 19 3841+ 29
B18-5 P1 043551.0 +2409275 C1 251 168+0.08 179+08 462+10 043+ 0.01 64+ 3 217+ 6 809+ 13 1566=+ 19
TMC-1C P1 0441218 +2602325 C1 2&1 178+ 0.08 189+09 525+10 048+ 0.01 63+ 3 245+ 7 885+ 14 1740+ 21
P2 0441322 +2603425 C2 361 242+0.09 258+09 705+11 065+ 0.01 89+ 4 328+ 7 1197+ 15 2306+ 22
P3* 04 4138.7 +255625.0 122 71+ 17 004+ 0.00 38+ 5 58+ 11 58+ 23 76+ 35
P4 044139.2 +2600125 C3 3¢1 263+0.09 280+10 794+12 073+ 0.01 97+ 4 356+ 8 1350+ 16 2659+ 24
TMC-1 P1 0440595 +2553545 C1 2% 2 140+015 149+16 406+19 037+ 0.02 55+ 6 174+ 12 613+ 25 1164+ 38
p2 0441128 +2546335 C2 52+2 684+ 18 037+ 0.01 143+ 6 366+ 12 1053+ 25 1900+ 37
P3 044113.8 +2549495 C3 362 239+011 254+12 668+15 062+ 0.01 91+5 307+ 10 1147+ 20 2246+ 29
P4 0441372 +2543385 C4 3@2 200+0.16 213+17 569+20 052+ 0.02 80+ 7 256+ 13 999+ 27 1960+ 41
P5 0441439 +2541220 C5 3%3 208+0.18 222+19 605+ 23 056+ 0.02 83+ 7 277+ 15 986+ 30 1997+ 45
P6 0441519 +253809.5 C6 242 163+0.14 173+15 460+18 042+ 0.02 65+ 6 199+ 12 766+ 24 1553+ 36
L1507A P1 0442305 +2939225 C2 162 069+012 74+13 116+ 15 011+ 0.01 31+5 66+ 10 143+ 21 256+ 31
P2 044238.3 +2943485 C1 2@:2 135+011 144+11 369+14 034+ 0.01 50+ 5 168+ 9 653+ 19 1335+ 28
P3 044238.9 +2945545 C1 152 103+0.13 110+14 173+17 016+ 0.02 43+ 5 111+ 11 296+ 23 576+ 34
P4 0442410 +2941075 C2 182 120+0.11 128+11 308+14 028+ 0.01 48+ 4 140+ 9 507+ 18 1030+ 27
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Table 2.6: continued.

Core a 0 Asso. Frt;]eaaxm N(Hz) Ay Fa200 AU Ma200 AU F20// F4d' ng/ FlZd,
J2000.0 J2000.0 mJy beatn 10%2cm?  mag mJly Mo mJy mJy mJy mJy
P5 044302.0 +2943415 C3 1%2 114+ 013 122+14 289+17 027+ 0.02 47+6 146+ 11 470+ 23 863+ 34
L1582A P1 053149.1 +123200.0 14 2 092+014 97+15 43+6 0.32+0.05 40+ 6 61+ 12 125+ 25 302+ 40
P2 053156.1 +1232245 C1 1%2 116+011 123+11 48+5 0.36+0.03 44+ 4 141+ 9 493+ 18 904+ 28
P3 053201.1 +1230325 C2 @1 201+0.09 213+09 82+4 061+ 0.03 76+ 4 260+ 7 837+ 15 1477+ 23
P4 0532054 +1231145 C2 221 144+009 153+09 58+4 044+ 0.03 54+ 4 188+ 7 632+ 15 1283+ 23
IRAS05413 P1 054332.4 -0107285 C1 153 098+0.17 105+18 37+6 0.36+0.06 38+ 7 108+ 14 289+ 29 597+ 44
p2* 054346.4 -0104405 C2 39+1 99+ 3 037+0.23 109+3  263+7 704+ 14 1288+ 22
P3* 054351.6 -010252.0 C3 124+ 1 337+3 039+ 0.00 369+4  694+7 1242+ 15 1734+ 23
P4 054360.0 -010501.5 C4 1% 1 073+010 77+11 25+4 0.24+0.04 30+ 4 90+ 8 297+ 18 575+ 27
L1622A [P1]] 0554202 +015042.0 [C1] 193 128+019 136+21 45+7 042+ 0.07 50+ 8 139+ 16 376+ 35 654+ 57
[P2] 055431.0 +014904.0 [C2] 15+3 102+017 109+18 31+7 030+ 0.06 35+ 7 133+ 14 308+ 31 536+ 48
P3 055440.3 +015408.5 C3 321 245+0.08 261+09 81+3 0.77+0.03 96+ 4 299+ 7 865+ 15 1464+ 22
P4 055452.0 +015731.5 C4 191 128+0.08 137+08 42+3 040+ 0.03 48+ 3 172+ 7 564+ 13 1119+ 20
P5 055453.4 +015845.0 C4 221 145+ 008 155+09 47+3 045+ 0.03 54+ 4 187+ 7 498+ 14 889+ 22
P6 055504.3 +020040.5 C5 121 083+010 88+10 26+4 0.25=+ 0.04 31+ 4 105+ 8 291+ 17 524+ 26
L183 P1 155400.8 -0252245 C1 252 169+0.10 180+11 637+17 036+ 0.01 64+ 4 207+ 9 705+ 18 1376+ 27
[P2] 1554 06.4 -025949.0 [C4] 142 095+0.14 1Q1+15 154+24 009+ 0.01 45+ 6 66+ 12 177+ 25 460+ 38
P3 155408.7 -0252385 C2 5& 1 376+0.09 4Q1+10 1316+15 Q75+001 142+ 4  483+8 1426+ 16 2419+ 24
P4 155409.4 -024858.0 C3 342 229+012 243+13 1021+20 058+0.01 85+ 5 310+ 10 1133+21 2217+ 32
[P5] 1554104 -025935.0 [C4]  1&2 119+014 127+15 337+23 019+ 0.01 49+ 6 124+ 12 371+ 25 809+ 37
P6 155413.6 -025544.0 C5 162 108+0.10 115+11 394+17 022+ 0.01 42+ 4 124+ 9 432+ 18 854+ 27
[P7] 1554258 -025430.5 [C6] 1k2 076+013 81+14  194x21 011+ 0.01 33+5 64+ 11 219+ 23 471+ 35
L438 P1 181406.8 -0708435 C1 1e1 069+0.08 74+08 57+5 020+ 0.02 28+ 3 82+7 323+ 13 644+ 20
L492 P1 181548.4 -0345485 C1 291 194+ 006 207+06 164+4 056+ 0.01 72+ 2 263+5 949+ 10 1723+ 15
[P2] 181551.4 -035000.5 162 069+0.15 74+15 47+10 016+ 0.03 31+6 53+ 13 118+ 28 179+ 51
CB188 Pt 192015.1 +1135425 Ct 35+1 142+ 3 021+ 0.02 100£2  218+5 540+ 10 842+ 15
L673-7 P* 1921346 +1121195 Ct 26+2 1724010 183+11 106+6 041+ 0.03 73+ 4 174+ 9 374+ 18 482+ 26
P2 192139.9 +1120235 Ct 12+1 080+0.09 85+10 52+5 0.22+0.02 34+ 4 80+ 8 252+ 16 563+ 24
[P3] 1921420 +111849.0 [C2] 11 072+010 77+11 39+6 016+ 0.02 30+ 4 65+ 8 205+ 17 428+ 26
[P4] 1921534 +112006.0 [C3] 1G:2 068+010 73+11 43+6 018+ 0.02 30+ 4 76+9 186+ 18 343+ 27
L675 P1 192356.0 +110720.5 C1 51 030+0.07 32+07 19+4 008+ 0.02 13+ 3 35+ 6 92+ 11 154+ 17
L1100 P* 203619.2 +6353165 Ct 44+1 130+ 4 042+0.10 125+ 4  294+7 761+ 15 1265+ 22
L1041-2 [P1] 2037027 +574132.0 |[C1] 1k2 072+010 77+11 34+4 0.26+0.03 33+ 4 76+9 223+ 18 407+ 26
[P2] 203708.9 +5739365 [C2] 132 090+010 96+11 41+4 031+0.03 38+ 4 100+ 9 327+ 17 616+ 26
P3 203712.3 +574750.0 C3 292 197+011 209+11 84+5 0.63+0.04 79+ 4 235+ 9 751+ 18 1337+ 27
P4 2037211 +5744130 C& 114+ 1 334+ 4 052+ 0.05 309+4  850+8 2086+ 17 3364+ 25
[P5] 2037220 +575017.0 [C5] 1&2 122+013 130+14 47+6 035+ 0.04 45+ 5 149+ 11 494+ 23 867+ 35
L1148 P 204056.2 +6722585 Ct1 9+1 059+0.08 63+08 35+4 014+ 0.02 26+ 3 59+ 7 172+ 14 296+ 20
P2 2041144 +6720455 C2 121 079+0.08 84+08 48+4 0.24+0.02 30+ 3 93+ 6 335+ 13 543+ 20
L1155E [P1] 2044005 +6737335 |[C1] 122 083+011 88+11 49+6 0.24+0.03 37+ 4 79+ 9 285+ 18 466+ 27
[P2] 204409.1 +674159.5 |[C2] 1G2 067+010 72+11 42+6 021+ 0.03 29+ 4 60+ 9 144+ 18 242+ 27
[P3] 2044116 +674000.5 [C3] @2 058+0.10 62+11 38+6 019+ 0.03 26+ 4 57+9 187+ 17 363+ 26
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Table 2.6: continued.

Core a ) Asso. Fll?n%a)(m N(H2) Ay F4200 AU Ma200 AU Fogr Fag Feg Fiog7
J2000.0 J2000.0 mJybealn 10%2cm?  mag mJy Mo mJy mJy mJy mJy
L1082C-2 [P1] 204949.7 +601556.0 [C1] 2% 2 180+013 191+14 74+6 056+ 0.04 69+ 5 226+ 11 813+ 22 1477+ 33
L1082C Pr 2051285 +601837.0 Ct 40+ 2 111+5 044+0.14 105+ 5 317+ 10 795+ 21 1264+ 32
L1082A PT* 205313.7 +601446.0 C1t 40+ 1 118+ 4 038+0.11 111+ 4 270+ 8 607+ 17 921+ 25
[P2] 205325.9 +601950.5 14 3 097+0.18 103+19 49+8 0.37+ 0.06 45+ 8 93+ 16 157+ 33 320+ 52
P3 205327.8 +6014355 C2 831 558+0.08 594+09 256+4 193+0.03 246+ 3 474+ 7 933+ 14 1420+ 21
P4 2053405 +6012225 C3 13+1 088+0.07 93+0.8 38+3 029+ 0.02 35+ 3 108+ 6 326+ 13 590+ 19
pP5* 205350.3 +600945.0 C3 46+ 1 140+ 4 053+ 0.07 134+ 4 284+ 8 593+ 17 995+ 26
P6 205351.8 +601041.0 C3 16+1 108+0.09 115+09 47+4 035+ 0.03 45+ 4 131+ 7 456+ 15 997+ 23
P7 205353.7 +601730.5 C4 191 124+009 132+09 53+4 040+ 0.03 51+ 4 132+ 7 325+ 15 498+ 23
L1228 PI 205712.7 +7735449 C1t 151+1 931+ 8 054+ 0.00 444+ 4 889+ 8 1834+ 16 2925+ 24
Bern48 Pr 205914.4 +782305.0 Ct 170+ 1 877+ 6 0.20+ 0.00 523+ 3 851+ 6 1445+ 12 2153+ 18
[P2] 2059423 +7824255 Ct 6+1 041+0.07 44+08 41+ 6 0.08+0.01 18+ 3 40+ 6 94+ 12 219+ 19
L1172A P1 210216.9 +675101.5 C1 162 105+016 112+17 73+10 029+ 0.04 43+ 7 116+ 13 375+ 28 727+ 43
p2x 210221.8 +675414.0 C2 32+2 154+ 6 0.38+ 0.02 86+ 4 237+9 791+ 18 1403+ 26
P3 2102416 +6754105 C2 10+ 2 068+0.10 72+11 48+ 6 019+ 0.03 29+ 4 69+ 9 139+ 18 251+ 27
L1177 [P1] 2117 14.7 +68 20 15.0 106-2 068+0.14 73+15 50+ 9 0.20+ 0.04 31+ 6 66+ 12 89+ 25 216+ 39
p2* 211738.8 +681730.5 Ct 146+ 1 657+ 6 069+ 0.08 433+ 4 837+ 8 1377+ 16 1796+ 24
L1021 PI 2121275 +505946.0 1k 2 42+ 8 0.01+0.00 35+ 5 39+ 9 89+ 19 137+ 29
P2 212146.4 +505733.0 C1 &1 057+0.07 60+0.7 48+ 5 014+ 0.01 22+ 3 64+ 6 219+ 12 385+ 17
L1014 PI 212407.4 +495906.0 C1t 23+1 156+009 165+1.0 141+6 032+ 0.01 59+ 4 199+ 8 487+ 16 623+ 23
L1103-2 P1 2142159 +5643455 C1 141 091+010 97+10 86+ 7 0.25+ 0.02 34+ 4 111+ 8 321+ 17 593+ 25
L1251A [P1] 2228514 +751509.0 [C1] 1%2 117+016 124+17 78+9 033+ 0.04 49+ 7 131+ 13 470+ 28 846+ 43
P2 2229446 +751324.0 C2 43+ 1 288+0.09 306+10 190+5 0.80+ 0.02 110+ 4 353+ 8 996+ 16 1715+ 24
pP3* 223000.1 +7513555 C2 26+ 1 114+ 5 035+ 0.03 66+ 4 214+ 8 713+ 15 1413+ 23
P4* 223032.2 47514095 C3 67+1 282+ 5 103+0.11 185+ 3 456+ 7 1020+ 14 1636+ 22
p5* 223106.0 +7513345 Ca 45+ 1 198+ 5 0.73+ 0.06 117+ 4 359+ 7 925+ 15 1490+ 22
L1197 P1 2237027 +5857315 C1 151 102+006 109+06 68+3 029+ 0.01 39+ 2 133+5 386+ 10 637+ 15
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2.4.2.3 Mass Estimates

Mass and column density estimates are derived from the wdddux densities assuming the c2d standard dust
emission properties, i.e., a dust temperature of 10 K andpagity of 00102 cnt g~* (per gram of ISM) at
MAMBO's effective observing wavelength. Appendix A presents a detaiiscussion of the conversion between
mass and dust emission. Dust near protostars is, howewechby the protostellar radiation, and for later proto-
stellar stages likely to be more coagulated than inteesteilist. Therefore, we adopted higher dust temperatures
and opacities when deriving masses for protostellar cores.

The dust temperature near protostars can be estimated fralytia models of temperature profiles for pro-
tostellar envelopes cooling by dust emission. For opacitigth power-law dependence on wavelengthg 175,
whereg is the emissivity spectral index, the dust temperature lproffia protostellar envelope only heated radia-
tively by the star is

TE) = 384K (o5 L) (2.25)
d VST 100 AU/ \Lo/) '

whereq = 2/(4 + B), L is the luminosity, and is the distance from the star (Terebey et al. 1993). Reaerargt
allows to estimate the radius with a particular dust tentpega

T, vVay Y2
rad _ d =
r (Td)_289OAU(1O K) (LQ) . (2.26)

However, the interstellar dust and gas is also heated byicasiys and by the interstellar radiation field, which
produces a typical equilibrium temperature of order 10 k§.(65oldsmith 2001). The dust temperature can not
drop below this value, so that

Ta(r) = max(10 K TR9r]) . (2.27)

For this temperature profile Belloche et al. (2006) deriwerttass-averaged dust temperature. For this we assume
the density profile in a column density peak to be roughly dieed by a power-law, i.e0 x r=P, whereg is the
density and is the distance from peak center. Then the mass-averagedetiyserature within an aperture of
radiusRis

L TEYR), if TPYR) > 10K,
(Ta) = q rad(10 K) 3-p . (228)
(—3_p_q [—R ] + 1) 10K, otherwise

For protostellar peaks and subcores we use this averagetatape to derive masses from the flux densities of the
whole subcore, of the area above 50% peak intensity, and aparture of 4200 AU radius. In these cases the
aperture radiuR is set to be theféective core radius of the whole core, or the geometric medheofmajor and
minor axis at 50% peak intensity, or 4 200 AU, respectivelg &¥sume power-law exponentgiof 0.4 (Belloche

et al. 2006) anth = 2 (i.e., profile for a singular isothermal sphere; Shu 197If)e mean dust temperatures
are thus overestimated for density profiles shallower thanr—2. The protostellar luminosities are taken to be
identical to the bolometric luminosities derived in Se&.2. For the VeLLO candidates associated with L1521F
P1, L1148 P1, and L1014 P1, however, we use the better coreddranternal luminosities” derived by Bourke et
al. (in prep.), Katfmann et al. (in prep.) and Young et al. (2004).

For the dust in the envelopes of class Il protostars we adoppacity of 002 cn? gt because of an expected
enhanced coagulation (Motte & André 2001, Ossenkopf & Hemnt994). For the other protostellar and starless
cores we adopt the c2d opacities.

Circumstellar disks might also contribute to the millireetontinuum emission. Their contribution to apertures
with radii > 4 200 AU is estimated to be 10% (Motte & André 2001). The emission from the disks doesdfore
not significantly bias our envelope mass estimates.
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2.4.3 Overview of Source Properties

In order to compare the dense core morphologies revealedhyaps with those shown by other c2d bolometer
surveys we use the morphology keywords adopted by Enoch @Q4l6) to describe our maps, as summarised in
Table 2.2.

All dense cores that were observed are also detected in qus,ha., the maximum SNR in the map is at least
4. Only for one source ‘weak’ emission is detected, meanipgek SNR equal to or below 5; all other sources are
brighter. In total 21 cores (55% of all cores) have at leastpie@aks separated by less thare®d we consider them
to be ‘multiple’. All cores are ‘extended’, as they contatresst one subcore with an equivalent radius exceeding
30”. We take all subcores with a major-to-minor axis ratio exieg 1.2 to be ‘elongated’, and the others to be
‘round’. Then 6 cores (16%) only contain round subcores,&&<(55%) only contain elongated subcores, and 9
cores (24%) contain both round and elongated subcores.

Figure 2.3 gives an overview over the sizes, masses, colwnsities, and ellipticities of well reconstructed
subcores. These have typical values in the range (1 td6) AU = 0.05 to Q30 pc for the &ective radius,
0.5 to 20M,, for the subcore masses, 1o 1.0 M, for the mass within 4 200 AU from the peak, and major-to-
minor axes ratios at 50% peak intensity ranging from 1 to adoulmplications from these properties for the
physical state and evolution of dense cores are discussgetir?.6.1.

2.5 Supplemental Protostellar Data

For the c2d MAMBO survey to be fully exploited, it needs to lmenplemented with information on the protostars
covered by the maps. All embedded sources need to be iddntfeéstinguish between starless cores, protostellar
cores, and those containing VeLLOs. Furthermore, the ptellar properties are a prerequisite to derive masses
for dense cores heated from within by embedded stars, aradaie the state of the dense cores to the embedded
protostars.

Since less than half of the protostellar cores in the c2d MAMEamMple are targeted by Spitzer (i.e., 6 out of
13), most of our analysis is based on data from IRAS and 2MA&8iever, we use Spitzer data where available.

2.5.1 Associated IRAS, 2MASS, and Spitzer Sources

Table 2.7 lists sources from the IRAS Point Source Catald®8£C) and IRAS Faint Source Catalogue (FSC)
not associated with intensity peaks in the MAMBO maps, anolel2.8 lists those that are associated. The
sources are considered to be associated with subcores aksl geetected by MAMBO if the separation between
an IRAS source and a MAMBO source is lesser than the uncértafrthe separation at theo2level (i.e., the
IRAS uncertainty ellipse plus the MAMBO pointing error). 8%e sources are most likely physically associated
with the dense cores and are assumed to be young stars.

The criterion of association is relaxed for three sourcesr LIHL100 and L1082C the FSC lists one source
each that appears to be the counterpart of a PSC source, thakthe flux densities are identical within the
uncertainties. The positions of the PSC and FSC sourceshavwever, discrepant at more than the @vel.
This suggests an erroneous pointing reconstruction. Wllystompact £ 15” at 70% peak intensity) and bright
(> 40 mJy beam') dust emission peaks, which are usually associated wittogtars, are separated by less than
1’ from these IRAS sources. Given the apparent IRAS pointingyemwe thus consider these IRAS and MAMBO
sources to be associated. For IRAS05413 the PSC and FS@pssind flux densities are consistent for one
IRAS source pair near IRAS05413 P2, but the FSC position isawosistent with the one of the MAMBO peak.
Because the MAMBO peak is unusually compact €& 70% peak intensity) and bright (39 mJy bedmnand
IRAS pointing errors are known from other sources, we térgbtassociate the IRAS and MAMBO sources.

For IRAS 2041086710, which is projected onto L1148 C2, our more sensitiviz8pmaps show no corre-
sponding source in the MIPS bands. We therefore consideRIAS source to be an artifact.
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Table 2.7: IRAS sources not detected as MAMBO emission peaks. For esagyin the c2d MAMBO survey the table lists
sources from the IRAS Point Source Catalogue and the IRA® Baiurce Catalogue (preceeded by an ‘F’), and the subcores
in which the IRAS sources are located, if applicable. Olsjéaim the IRAS Point Source and Faint Source cataloguegmpres

in both catalogues are connected. The last column givegptwral index between 12 and 2B wavelength.

Core IRAS Source  Asso. a’y o
L1521-2 F042622654 C1 027+ 0.43
L1524-4 042742420 -0.85+0.27
| FO4274-2420 -0.83+0.19
B18-1 042922427 <-15
| FO42914-2427 <-19
TMC-2 04294-2413 -09+0.15
| FO4294-2413 -0.89+0.11
B18-4 04326-2405 C1 < -1.68
| FO4326-2405 < -0.75
TMC-1C 043806-2553 -0.51+0.15
| FO4380-2553 -0.76+0.12
TMC-1 F04383-2549 <-112
04392+2529
L1582A F0529@-1229 -051+0.17
L1622A 0551740151 -2.14+0.16
| FO55140151 -2.25+0.15
05519-0148  [C2]
05519+0157
L438 18116-0707 <-1.33
L492 18136-0341
18132-0350 -1.82+0.15
CB188 191861127 <-131
L675 1921741103 -1.81+0.25
L1148 203956714
20410-671C¢ Cc2
L1228 F20598 7728 -0.26+0.34
L1103-2 213995632 > -1.47
L1251A F22282 7454 < =254

Notes: a) Probably an artifact as no corresponding Spitagce exists.



Table 2.8: Properties of MAMBO-detected IRAS sources. For every cotthé c2d MAMBO survey the table lists dust emission peaks idagplicable, the related
subcore associated with an IRAS source ( Sec. 2.5.1 disstissalentification of associated sources; FSC sourceseveged by an ‘F’). Associated 2MASS sources
are listed too. The table further lists the spectral indewben 12 and 2am wavelength, the bolometric temperature and luminogigysubmillimetre-to-bolometric
luminosity ratio, the mass within a peak-centered apefire200 AU radius, and the infrared SED class.

Core AsS0. IRAS Source 2MASS Source af?ﬂ TIRAS  LRAS LIRAS JLRAS  MY20. Class
K Lo Mo

B18-1 [C2],[P5] 042922422 043215462428597 ®B4+0.13 <588 >111 > 0.016 > 0.179 |
& F04292+2422

B18-4 Ci1,P1 043262402 043535392408194 > 3.76 <78 042t0 Q85 0057to0115 (0513to 0589 |
& F04325+2402

TMC-1C P3 043852550 044138822556267 M1+0.13 >585 023t0Q48 0008to0018 Q042 to Q047 |
& F04385+2550

TMC-1 C2,P2 043812540 0441126¥2546354 152+0.14 125 071+0.21 0047+ 0.014 Q375+ 0.01 |
& F04381+2540

IRAS05413 C2, P2 05412-0105 05434630-0104439> 0.25 > 64 052t0 779 001toQl5 0142to 0597 |
& F05411-0106

C3,P3 05413-0104 none > -07 <53 > 1121 < 0.02 <0.393 0

CB188 C1,P1 191701129 192014941135400 > 0.88 <236 174t0226 0018to0023 Q193to0229 |

L1100 C1,P1 203586343 none ¥ +0.18 <98 122t0225 0026t00049 Q316to0515 |
& F20355+6343

L1041-2 C4, P4 203645733 none > 312 <57 391to544 0029 to 004 0468t0 0571 O
& F20361+5733

L1148 Ci1,P1 F204046712 204056646723047 > -0.07 >103 Q06toQ43 0027to0203 Q114to0Q146 |

L1082C Cl1,P1 20506006 none > 1.05 > 59 032t0 189 0029to 0174 Q303to0576 |
& F20503+6007

L1082A C1,P1 205266003 205313466014425 B9+ 0.2 191 100to 260 002 to Q053 Q262t0 0491 |

C3,P5 205265958 none <112 Q084to146 0041to0072 Q452t00602 O

L1228 C1,P1 205827724 205712947735437 (B5+0.11 293 239+ 0.39 0039+ 0.006 Q543+ 0.005 |
& F20582+7724

Bern48 C1,P1 210047811 205914087823040 -0.17+0.1 615 113+ 0.6 0.009+ 0.001 Q201+ 0.001 |
& F21004+7811

L1172A C2,P2 2101¥6742 210221226754202 > -0.13 <94 037to 064 (0052 to 009 0364 to 0403 |
& F21017#6742

L1177 C1, P2 211606804 211738626817340 126+ 0.27 <118 25to 361 0042 to 006 0613 to Q772 |
& F21168+6804

L1021 P1 2119¥5046 212127545059475 -082+0.13 >980 409t0o698 0001toQ003 QO01to Q014 1l

L1251A C2,P3 222907458 223000047513578 > 0.68 > 82 012t0o Q82 0037to0262 (Q279to 038 |
& F22290+7458

Notes: a) there are several 2MASS sources withit ftm the peak position; b) 2MASS photometry might ifieeted by confusion
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For those IRAS sources associated with dust emission peigksassible to significantly improve the accuracy
of their position by adopting the position of the MAMBO peakhis then also allows to search for 2MASS
counterparts of these sources. We do so by searching for Bva8rces less than 1@way from the MAMBO
peak. If several 2MASS sources are found we assume the osestho the MAMBO peak to be the counterpart.
The identified counterparts are listed in Table 2.8. If nordetpart is found, 2MASS upper limits are taken to be
similar to those of nearby 2MASS sources with upper limitsame bands.

This combined data yields a spectral coverage with datalnearwavelength (from 2MASS), a well sampled
range from 12 to 10@m (from IRAS), and information at 1 200m (from MAMBO). For consistency with
previous work (e.g., André et al. 1999), and to avoid protd@f distance bias, we use dust emission flux densities
for the 4 200 AU aperture to study the spectral energy distiobs.

In Table 2.9 we also present a preliminary list of assoditioetween MAMBO dust emission peaks and Spitzer
point sources. This is only a fraction of the list of candé&&pitzer protostars within the dense cores covered
by the c2d MAMBO survey. The contaminating extragalactickggound sources have not been fully removed
from the source catalogue, and not all stars likely to be goane identified by present selection algorithms. We
therefore abstain from using the Spitzer catalogue of gtetiar objects in the present work.

We search for Spitzer sources that are detected as poirdesoat 7Qum wavelength with an fset of less
than 1 from a dust emission peak. The restriction to sources witisgon at 70um constrains the selected
Spitzer sources to those apparently having emission argdrwavelength in excess of the photospheric emission.
(This criterion actually makes use of the low source lumities and detection thresholds involved.) The spatial
proximity criterion selects sources that have a high prditako be physically associated with the studied dense
cores.

The data on the selected sources is complemented by 2MA&SMiiare possible. Given the nominal posi-
tional uncertainties, 2MASS sources withifi Bom Spitzer sources are assumed to be counterparts of these
Spitzer sources without 2MASS counterparts upper limithéir flux densities in the 2MASS bands are derived
from upper limits for nearby 2MASS sources not detectedlifiledrs. The source emission is thus probed in the
1 to 24um wavelength range (by 2MASS and IRAS; Spitzer source etitraat 70um wavelength is pending
and no Spitzer data is available at 160) and at 1 20@m (from MAMBO for the 4 200 AU aperture).

2.5.2 Protostar Properties

Below we characterise the sources associated with dussiemigeaks. All our target cores were covered by the
extensive but insensitive IRAS and 2MASS surveys. This ttaia allows a homogenous quantification of all
sources in our survey that are brighter than a few timg¢&£ Fainter sources could only be detected by Spitzer,
from which data exists only for a fraction of our dense cores.

Given the diferences in the spectral bands probed by these instrumigistditficult to compare a source only
detected by 2MASS and IRAS to one only detected by 2MASS ariize3p In order to explore and suppress
related biases in estimates of source properties, we threrahalyse the Spitzer and IRAS data separately. To
better distinguish results from thefidirent approaches, in the following properties are labejethé data source
used to derive them (superscripts ‘IRAS’ and ‘SST’, thedlator Spitzer Space Telescope).

2.5.2.1 Estimates from IRAS and 2MASS Data

Following Lada (1987), the spectral properties of youngsstan be characterised by the spectral index between
12 and 25um wavelength,
25um _ log(lzlum . F25/Jm/[25 :um b FlZ pm])
12 pm = log(25um/12 um) :

(2.29)

Spectral indices are listed in Tables 2.7 and 2.8 for all IR&8rces in the MAMBO maps, if detected in these
bands. They roughly probe whether the spectral energyliisittn (SED) is dominated by photospheric or enve-



Table 2.9: Properties of MAMBO detected Spitzer sources. Like Tabie But now listing sources from Spitzer point source cataésgand giving the spectral index
between I and 24um wavelength. VeLLO candidates bear a mark in the class cietsam.

Field AssO0. Spitzer Source 2MASS Source agfg’:ﬁ]‘q TSSTOLSST LSSt JLEST  MZOa0 Class
K Lo Mo

L1521F Cl,P1 SSTc2d J042839255135 none 56+ 0.08 <34 0002 to 0112 > 0.506 Q708to 0867 O, VeLLO
B18-1 [C2],[P5] SSTc2d J043215.242859 043215482428597 -0.25+0.06 no IRAC data available
B18-4 C1,P1 no Spitzer source catalogue available
TMC1-1C P3 SSTc2d J044138&:855627  044138822556267 -0.04+0.05 692 0361+ 0.054 Q014+0.002 Q022+0.001 I
TMC-1 C2, P2 SSTc2d J044112.754635  0441126#72546354 06+ 0.06 no IRAC data available
CB188 C1,P1 SSTc2d J192014X13540 192014941135400 @5+ 0.05 417 1142+ 0.171 Q041+ 0.006 Q0211+0.018 |
L673-7 C1,P1 SSTc2d J192134B12123  none 07+0.08 <52 0002 to Q059 > 0.486 0378t0 0435 0, VeLLO
L1148 C1,P1 SSTc2d J204056672305  204056646723047 073+ 0.05 <140 Q026t00094 > 0.135 Q139to0 0154 |, VelLLO
L1228 C1,P1 SSTc2d J205712873544  205712947735437 Q14+ 0.05 376 1832+ 0.275 Q071+0.011 Q542+0.004 |
Bern48 Cl,P1 SSTc2d J205914782304 205914087823040 -0.42+0.10 741 8273+ 1.241 0016+ 0.002 Q100+ 0.001 1l
L1014 C1,P1 SSTc2d J2124074P5909 none 33+0.07 <150 Q020to 0156 > 0.187 0315t0 0374 |, VelLLO
L1251A C2,P3 SSTc2d J222959861404  222959587514044  (B1+0.05 <225 0108t0 0390 > 0.092 0321t0 0383 |

C3,P4 SSTc2d J22303%851409  none B7+0.08 <47 0004 to 0143 > 0.525 0918t0 1140 O

C4, P5 SSTc2d J223105%:851337  none -0.23+0.07 <46 0005 to 0093 > 0.556 0673t0 0793 O
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lope emission and are sometimes used to classify obseresuspellar SEDs within evolutionary schemes (Lada
1987).

For the IRAS sources associated with MAMBO peaks and for WBNIASS data is available, we calculate
the bolometric temperature defined by Myers & Ladd (1993),

{(4) h(v
b= 7 ke (2.30)
where{y) = fom vadv/me F, dv is the flux-weighted mean frequenceyjs the Riemann zeta function, aid
andkg are Planck’s and Boltzmann’s constant. We integrate adhesSED by interpolation between observed
2MASS and IRAS bands. For this we use piecewise power lawshimgt the flux densities. At 5Q@m wavelength
these connect to a flux density distributieni=* extending to infinite wavelength and matching the MAMBO
observation, assuming a modified blackbody of opagity?> and more than 10 K temperature. The integration
extends from the 2MASS bands=atl um to infinity. Unlike Myers & Ladd we treat all flux density uppl@nits
like actual detections. Therefore, the derived bolomégnicperatures must be interpreted with some caution, if a
source is not detected in some of the bands. In these casesdod upper limits are assigned to the bolometric
temperature, depending on whether adopting flux densiéksthe upper limits would increase or decrease the
calculated mean frequency, respectively.

Based on the derived bolometric temperature the protoatarseparated into four infrared classes. Following
Chen et al. (1995, 1997) all stars with an inferred tempeeaturO K are considered to be class 0 sources. Those
with temperatures 7& Tpo/K < 650 belong to class I, for 658 Tyo/K < 2880 they belong to class I, and
class Ill sources havé,, > 2880 K. Sources in a given class are believed to be in a simialutionary stage
(Chen et al. 1995, 1997). In their evolution from a deeply edded object to a star surrounded by a remnant
dust disk, protostars are though to pass through these phmatiwat order. Thus class 0 objects would represent
the youngest protostars and class Il objects would be imgesfust prior to the main sequence. Almost all of
the MAMBO-detected stars covered by the present surveynaskasses 0 and I; only one class Il and no class llI
object are among them.

When upper and lower limits to the bolometric temperatur@adiindicate the infrared SED class we assign
the class through an individual inspection of the SED. Classurces have single-peaked SEDs steeply dropping
for wavelengths shortwards of 1én (i.e., by several orders of magnitude per magnitude in leaggh; Andre
et al. 2000). Given the detection thresholds of 2MASS and3RAd the luminosities of the objects in our sample,
none the stars detected by 2MASS can thus be class 0 soutrdserimore, the star associated with L1100 P1 can
not be a class 0 source @B, drops by less than a factor 10 from 10 to 108. The SED for the star associated
with L1082A P5 is, however, consistent with a class o source.

From the interpolated SED we derive an estimate for the betamluminosity,

Lpol = 47Tdf F,dv, (2.31)
0

for IRAS sources associated with MAMBO dust emission pe#fkhie source is detected in a few bands only an
upper limit to the bolometric luminosity is calculated bydgrating across the flux density upper limits, while a
lower limit is given by the sum of the maximum 2MASS and IRASdnochromatic luminosities’yF,, in the
bands with a detection. In a similar fashion we derive theitasity in the submillimetre wavelength range,

/350 um
Lsubmm = 4rd f F,dv, (2.32)
0

wherec is the speed of light. The luminosities are also used to dexstimates of the mass within 4 200 AU from
the dust emission peak, which need to be corrected for gadimsheating (Sec. 2.4.2.3).

The derived bolometric luminosities are dominated by thevgyoof the embedded source, and not by the
heating processes in the interstellar medium (like inteayaovith cosmic rays or absorption of the interstellar
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radiation field). The latter contribution can be estimatmdiie material within 4 200 AU from the density peak. A
heating power A 6L - (M4200a0/ M) is required to heat the matter to a temperature of 10 K thigpisal in the
dense interstellar medium. Fd&fs200au = 0.4 Mg, Which is typical for the protostellar cores in our sampledS
2.6.1.3), this power is.06 L. This is much smaller than the bolometric luminositiesdst| with the exception
of the limits for the protostars associated with L1148 P11al2b1A P3. We turn to these again in the next section.

2.5.2.2 Estimates from Spitzer and 2MASS Data

The protostellar properties derived from Spitzer and 2MAIS& (Table 2.9) are calculated using methods similar
to those adopted for the combined IRAS and 2MASS data. Thetrgppeampling is, however, much worse than
for the combined 2MASS and IRAS dataset, resulting in moeettain estimates.

The spectral index for the Spitzer ban _‘;‘:l”;q, is derived by fitting the monochromatic luminosities in the
3.6 to 24um wavelength range by a power law. It is, thus, not directijnparable to the spectral index derived
from IRAS data.

We estimate the bolometric luminosity by integrating ovex SED. Where necessary, we interpolate across
Spitzer bands without detected emission. A lower limit ® llminosity is given by the maximum monochromatic
luminosity in the 2MASS and Spitzer bands with a detectiolsoAthe bolometric temperature is calculated using
these interpolations of the SED.

In some sources the derived bolometric luminosity is doteitidy the power due to interstellar heating pro-
cesses. For dust temperatures of at least 10 K this poweedsdbe inferred bolometric luminosities of the
protostars in L1521F P1, L673-7 P1, and L1251A P4 and P5,ddswonstrating that our method to derivg,
can miss part of the actual radiative power. This is alsoctftein these sources’ unusually large submillimetre-
to-bolometric luminosity ratios. In such cases the bolgiaéiminosity is not a good measure of the power input
by the young star. This leads to uncertain heating cornegtianass estimates of protostellar envelopes (Sec.
2.4.2.3). The related uncertainties in the mass estimatefiawever, not significant, given that the low derived
luminosities imply small corrections.

Some stars are detected by IRAS and Spitzer. These are &xtitoebe significantly hotter and fainter when
relying on Spitzer data instead of IRAS data. This is bec#luseSpitzer long wavelength cdfon the spectral
sampling significantly falls short of the one for IRAS (g vs. 100um with the present Spitzer source cata-
logues). In the present sample this results in that the &pégtimates for luminosities at wavelengtt?4 um
are smaller than those derived using IRAS fluxes. Therefagher temperatures and lower total luminosities are
found when relying on Spitzer.

Four stars in our sample might qualify as VeLLOs, given thaytappear to be embedded in dense cores and
have luminosities likely below.Q L. This group includes the sources associated with L1521EP48 P1, and
L1014 P1, which have been subject to detailed studies (Eoefrlal., in prep.; Kaimann et al., in prep.; Young
et al. 2004, see also Chapter 3). These studies confirm tloérapgroperties found here. Given the evidence for
protostellar outflows from scattered light nebulosity andflows seen in CO, the stars in L1521F P1, L1014 P1,
and L673-7 P1 are indeed proven VeLLOs (Dunham et al., in.pfepL673-7). The stars in L1251A P4 and P5,
for which our above analysis suggests low luminosities,aggarently not VeLLOs. Preliminary photometry at
70um indicates monochromatic luminosities 01BL, and Q09 L, respectively, and, thus, luminosities in excess
of the set limit for VeLLOs.

2.5.2.3 Properties chosen for the Analysis

The above analysis yields twoftérent sets of properties, one based on Spitzer data, ond bas®RAS. For

the bright sources of a few. DL, the temperatures and luminosities estimated from IRAS ded¢ used for the
further protostar analysis. This is the preferred optictelose IRAS data is available for all our cores, and because
— as shown above — Spitzer fails to detect a significant foactif the protostellar emission, leading to biased
estimates.
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Fainter sources are usually only detected by Spitzer. TBpizer data is used for the study of the sources
in L673-7 P1, and L1251A P4 and P5. For L1521F P1, L1148 P1)46d4 P1 results from the more involved
Spitzer data analysis by Bourke et al. (in prep.), Kauann et al. (in prep.) and Young et al. (2004) are used.

2.6 Analysis

In this section we exploit the survey data in order to betredarstand the state and evolution of starless and
protostellar dense cores. We discuss the general corertiezpeefore we turn to the discussion of specific issues.
Throughout the following discussion we exclude starlessswith uncertain properties, unless noted otherwise.

2.6.1 General Core Properties

Figure 2.3 shows the frequency distributions of some pitgggeof well reconstructed dense cores. Some con-
clusions about the physical state of individual cores andesfse cores in general, can be derived from these
distributions.

2.6.1.1 Radius

The sizes of protostellar cores are on average larger thee thf starless and VeLLO cores. This could to some
extend be an observational bias. Only one protostellar@elin our sample is at a distance below 200 pc, while
two dozen starless cores are within this distance. Becaurdasion increases with distance, the subcores identified
in the more distant protostellar cores are thus likely lidewvards larger sizes.

At small radii the size distribution of starless cores isited by the beam size; their number steeply drops to
zero at the resolution limit. We might miss a population obdiraubcores.

2.6.1.2 Total Mass

The mass of the subcore L1622A C3 exceeds the mass of allsibeores by a factor 1.8 and more. Given that
L1622Ais one out of only 3 dense cores located in the Oriarfgtaning complex, in which special environmental
conditions prevail, it might be that L1622A C3 has, e.g., asmauch larger than for the other cores in our sample.
However, the extreme mass contrast to all other cores deesaae doubt on this.

It might be that L1622A is warmer than most other cores. Bypdidg a dust temperature of 10 K one
would then overestimate the true mass. Furthermore, sudbste easily disentangled in more nearby cores may
be confused in L1622A, the core with the largest distanceumsample (450 pc). Then the subcore area, and
therefore the mass, would be biased towards higher valugs.igsupported by the fact that L1622A C3 has the
largest &ective radius of all subcores. Also, L1582A C2 and L1622A @Hich are second to L1622A C3 in
mass and are also located in Orion, are second to L1622A C@idfective radius. This may hint that mass and
size estimates of cores are indeed biased for larger detanc

Thus data on distant cores must be interpreted with soméacawRroperties of nearby and distant cores are
not necessarily directly comparable.

2.6.1.3 Mass within 4200 AU

For L1082A P3 the masMl,200au €xceeds those of all other peaks by a factor 1.7 and more.largis aperture
mass contrast may hint on a biased mass estimate. The du2&2A P3 might be significantly warmer than 10 K,
if this core is heated by an undetected embedded star. Fotidvyers et al. (1987), the failure of IRAS to detect
a point source in this peak implies (for a distance of 400 pyglies an upper limit to the bolometric luminosity
of ~ 0.8, to any embedded source. In this case the average dust teanmearauld be underestimated and, thus,
the mass be overestimated by us by up to a factor of 2. Mggoau Would not be unusual for a protostellar core.
Though this evidence is not conclusive, we, thus, suspeqgbtbsence of a heating protostellar source in L1082A
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P3 that is too faint to be detected by IRAS. UnfortunatelySpitzer data is available for this region to confirm
this.

In the My2g0au distribution the peak B18-4 P2 is separated from the otlaelesis subcores. As Spitzer images
show no point sources associated with this peak internairtgeeannot explain the unusual valueMfi2p0au. A
protostar of~ 0.5L resides in B18-4 P1, which is separated from B18-4 P2 by 1@00G= 0.05 pc. At this
distance a protostar of this low luminosity is unlikely t@pide significant external heating to the peak P2. Thus
the high value oMyz00au in B18-4 P2 is likely to be real.

The Mgz00au distributions for all types of subcores peak at a mass 0135M,. The median aperture mass is
of the same order. As this is typical value for all kinds of coites, the underlying physical process shaping the
distributions must be fundamental. Interestingly, thisaia similar to the mass within 4 200 AU for a (truncated)
singular hydrostatic equilibrium isothermal sphere (R18)0 K gas temperature,

Mazooau = 0.34 M, & (Tg/10 K). (2.33)

HereTy is the gas temperature and the factalepends on the density distribution outside a radius of 4200t

is 1 if the density drops to zero outside 4 200 AU and becomi2s: 1.57 if it continues out to infinity. The mass
for a singular equilibrium constitutes a critical value fiense cores: no hydrostatic equilibrium solutions exist
for higher values oMy200au. Cores exceeding this limit can, thus, not be supportechaggravitational collapse

by isothermal pressure. (Note, however, that equilibri@wehis limit can be gravitationally unstable against
perturbations.) The aperture mass for singular isothehyddostatic equilibrium spheres therefore appearsto be a
characteristic value of the aperture mass distributiothus appears that a critical state manifests in charatiteris
values of dense core properties.

If this is true it has two interesting implications. Firsgrse cores appear to preferentially exist in a close-
to-critical physical state. We speculate that this mightbleeause subcritical cores can easily disperse while
supercritical ones will collapse to form stars. Only caticores could then exist for a longer period. Second, the
total pressure in the cor®, appears to be comparable to the thermal pressure. Cdidribdo the total pressure
from the dfect of turbulent gas motions or magnetic fields can not mucked the thermal pressure. Otherwise
the critical mass in the 4 200 AU aperture would be much la@geone would need to replace the gas temperature
with some higherfective oneTy — Ter = 2.33Pmy/(0ks) > T4, wheremy is the hydrogen mass and the factor
2.33 holds for a gas mixture at cosmic abundance with mosoigysh in molecular form.

Densities can be derived from the aperture masses when egsapecific density profiles. For spherically
symmetric density distributions with a constant dengity within a radiusrqy (i.e., a “flat” density profile), a
continuously connecting density profitecc r=2 for radii rea; < r < rou, Whererq is the outer core radius, and
o = 0forr > rqy, the H, particle density and aperture mass are related by

Niat(H2) = (0.7 to 51) - 10° cm 3 (Ma2g0au/Mo) ; (2.34)

the conversion factor decreases when increasigdrom 2 000 AU to 10000 AU (as adopted here; see below).
To derive this we adopt the c2d standargtd-gas mass conversion factors documented in AppendixdXanz
15000 AU (from observedfiective subcore radii). The value ofy can, e.g., be roughly estimated from the
effective radius at the 70% peak intensity level. For peaks withidth comparable to that of pure power law
density profiles the observed width is approximately givgrihe geometric sum afyy; and the half width of a
purep « r~2 density profile (107 at 70% of the peak after smoothing to & 2am). Thusg, can be as small as
~ 2000 AU (e.g., for L1521F C1), as also seen in Fig. 2.6. Foemtores it can be of order of several 1 000 AU;
we thus adopt the range my; given above. Similar figures were derived by Tafalla et €00@), Crapsi et al.
(2004), and Kirk et al. (2005). For typical inner radii 4080rg,/AU < 10000 the typical mass in a peak-
centered aperture of 4 200 AU radius0.35M, corresponds to a centrablparticle density of 3 to 610* cm3.
Adoptingrqa < 2000 AU for L1521F C1 we, however, also derive central déssif up to> 4 - 10° cm 3 in our
sample.
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2.6.1.4 Elongation

Only 14% and 44% our of all starless and protostellar sulscaespectively, have major-to-minor axis ratios
< 1.2 and can be considered round; most subcores are not routelsd these subcores are shaped by magnetic
fields, which provide a non-isotropic supporting presstirey can hardly on the whole be in a state of hydrostatic
equilibrium.

The axis ratio distribution is continuous up to ratios of arfid 2.5 for protostellar and starless subcores,
respectively. Several subcores have much larger axisstaBiabcores with larger axis ratios might be physically
elongated to an unusual extent. However, they might als#xdmaller and less elongated substructure, which
is not disentangled into subcores because offfitsent resolution or signal-to-noise level, or both. Ingtiregly,
two of the most distant subcores have the largest elongafidr082A C4 and L1622A C3 at distanceg00 pc).
This suggests that some cores appear elongated due to ioomfasconfusion on average increases with distance.

The median axis ratio of protostellar subcores is smallen tthat of starless and VeLLO cores. This could
be because the protostellar heating leads to an intensity gfesmall physical size, which is blurred into a close-
to-round structure because of beam smearing. On the otherdtars are expected to form in close-to-spherical
density enhancements, which in projection show a low elbogdShu 1977). Then, protostellar cores would
be less elongated than the starless cores with their corsplses at lower intensity contours. A more detailed
analysis is needed to separate thefects.

The protostellar subcores CB188 C1, IRAS05413 C2, L1100L.C251A C2, and L1251A C4 are well sepa-
rated from the other protostellar cores in the elongatistriution. For IRAS05413 C2, however, the axis ratio
and the orientation of the major axis are very uncertai £10.5 and 13 + 58°, respectively). The observed
elongation is likely to be an observational artifact. In B12, where the major axis exceeds the beam size by
a factor of several, this elongation likely reflects the ninmpgy of the dense core from that the embedded star
formed. For CB188 and L1100, however, where the major axiseas the beam size by a factor 3.2 and less, this
elongation should reflect the morphology of the immediatasitg peak from that the young star accretes. This
region could be shaped by the interaction with outflows frbendentral star. An outflow has indeed been detected
toward CB188 (Yun & Clemens 1994) and for L1100 there is sondemce for an outflow from broad line wings
(De Vries et al. 2002). For CB188 the position of the outflousaerived by Yun & Clemens (1994) and the major
axis of the dust emission intensity distribution are neitidgned nor perpendicular (position angleswf5® and
16° + 5°, respectively). If the elongated structure towards CBI&shsn the MAMBO maps is indeed related to
the outflows, then the dust emission feature is likely toere wall of an outflow cavity. If it would trace the jet
or a protostellar disk, the axes are expected to be paralpggpendicular. While these observations do not prove
the interaction between jets and the dense core, they nwiiledicated studies on this issue. A more detailed
analysis of the dust emission maps might yield more canelédat jet-core interactions.

2.6.2 Relations between Core Properties

Figure 2.4 shows the relations between masses, radii, dothnalensities for the subcores within our sample.
While some interesting trends appear biases in our soulegtio®m and quantification must be noted.

There is a clear correlation between the mass and the sizeswba@re. Mass andfective radius are roughly
related byM o rgﬁ, as indicated by the line drawn in Fig. 2.4. The mean colummsities across the dense cores
are proportional td)/l/rgff and appear constant across the sample. This is at leastliyattie to a selection bias: for

a given total mass thefective radius can not be above a certain value. Else the Ho®seiwould be too faint to be
detected. To see this, consider that because of the selectieria given in Sec. 2.4.2 the dust emission intensity
within a subcorel,, must be larger than about twice the local RMgys. Using the relations from Appendix A this
noise level can be converted into a column dendiiys(Hz). Integration of the column density across a subcore
of effective radiug ¢ then yields a lower limit to the mass of the subcore, and tus nNRMS(Hz)rgﬁ. This
readser < {M/[7nNrms(H2)]}Y2 after rearrangement and thus shows that for given noisétleme is a maximum
radius for a subcore of given mass. The limit shown in FigiRchlculated adopting a noise level of 2 mJy beam
typical for our survey.
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Figure 2.4: Necessary conditions for active star formation from reladi between dense core properti€lled and empty
circlesgive the properties of subcores with well determined ancttam properties due to artifacts, respectiv@iue and red
starsare used for subcores hosting protostars and VeLLOs, risgglgc Theblack diagonal dashed line in panel eidicates a
selection limit; for given total mass all subcores largartihis limit would be too faint to be identified in our maps efitack
diagonal dashed lines in panel m)ark whereM = 0.1 Myz00au @andM = 0.01 Myo00au: ONly a fraction of the dense core mass
is available to form stars from a column density peak. Bhes dashed lineshow the critical stability limits for hydrostatic
equilibria with pure thermal pressure. For given total massnass within the half intensity contour, all subcoreshvatire
thermal pressure and with radii smaller than the critica en respectively column density or aperture mass exceetimg t
critical one — are unstable. These stability limits manifeghe data as necessary conditions for active star foomathost
dense cores presently forming stars exceed these limitsetts, these limits do not give flicient conditions for ongoing star
formation. Many starless cores have properties exceetlimgritical values.
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It is thus not likely that the correlation between mass awilsaapparent in our data reflects actual properties
of dense cores.

A correlation is also apparent between the peak column tyeasd the total mass. It is not possible to place
protostellar cores in this diagram because it is techrnyjichfficult to correct the observed intensities for the heating
by the embedded protostar. Observational biases are apkadiglly responsible for the apparent correlation.

The limited size of our maps sets upper limits to the totalsrafsa subcore of given peak column density,
Nmax(H2). For given déective radius of the mapyap, it follows thatM < nNmaX(Hz)r,%ap Our survey thus can not
detect massive subcored (> 10 M,) of low peak column densityN(H>) < 10?2 cm2).

Beam smearing does not allow to infer accurate peak columasitiles for peaks smaller than the’”2Beam,
i.e., a radius of 1000 to 4 500 AU for distances of 100 to 4503uece the &ective radius is observed to increase
with mass we can not exclude that the observed increase ohd#xénum peak column density with increasing
total mass is partially an observational artifact.

The apparent deficiency of subcores with peak column dessdilows 5 - 10°* cm is a direct result of the
limited sensitivity of our observations. Cores with lowetunn density are usually too faint to be detected.

An increase of the mass within a 4 200 AU radius aperture is &@encreasing total mass, and the mass above
half peak intensity. This again results from the limitecesiz the maps; the mass within a 4 200 AU radius aperture
can be interpreted as an aperture-averaged column dendityhais, the argument given above applies. Similarly,
the apparent deficiency of subcores with aperture massew Bel M, results from the limited sensitivity.

The deficiency of cores with aperture masses exceeding thlenbass, or the mass above the half intensity
contour, is a combinediect of the source properties and the source identificatibarse. To give an example, a
very particular, though possible, source morphology isiregl in order to derive an aperture mass larger than the
total mass.

For a given aperture mass, protostellar cores appear toshlaweer mass within the half intensity contour than
starless cores do. This is because for a given density gteuatprotostellar core with internal heating has a steeper
intensity profile than a starless one (e.g., Motte & Andr@D0 Thus, for a given density structure the area above
the half peak intensity contour and, thus, the derived massnaller for protostellar cores.

Some 2% to 20% of the total mass of a dense core is conceninatedrightest peak, which is quantified by the
mass within an aperture of 4 200 AU radius. This is about thesnaaailable for a star to accrete if the column
density peak forms a star: the radius of the infalling par pfotostellar envelope increases at about the thermal
sound speed during the collapse (Shu 1977) and thus becoP@€sAl) for a gas temperature of 10 K at the end
of the main accretion phase thought to last for abottyr@Barsony & Kenyon 1992; Greene et al. 1994; Kenyon
& Hartmann 1995). This scenario has several implications.

The observed aperture-to-total mass ratio can be taken@sgh estimate of the star formatioffieiency of
dense cores, i.e., the ratio of the stellar mass producedlbyse core to the total core mass. Then every star finally
only contains a small fraction of the mass of the parentad.cdhis would mean that dense cores contain enough
mass to be able to form several stars. This would then questeofundamental rule “one dense core produces one
star” often adopted when discussing the evolution of densesde.g., Motte et al. 1998).

Finally, such a low star formatiorfiiciency would suggest that the final mass of a star does natljireflect
the mass of the dense core from that it formed. Then the limitess function of newborn stars would not be
directly related to the mass function of the dense cores fiftahthese stars form. This would question some
current ideas on the origin of the initial stellar mass fimc{Motte et al. 1998).

2.6.3 Star Formation Ability

The masses, radii, and column densities presented in Bigrévide insights on the densities and pressures within
the dense cores. These in turn determine whether a denséscieble against gravitational collapse. Thus a
detailed analysis of the observed properties of dense ati®ss to study their stability — and therefore their
ability to form stars through gravitational collapse. Wesddor our sample by interpreting the observations in the
framework of a model of the structure and stability of derses.
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2.6.3.1 Structure and Stability of Starless Dense Cores

Kauffmann & Bertoldi (in prep.) develop a theoretical model far gtructure and stability of isolated dense cores.
They assume them to be in hydrostatic equilibrium, i.e. teslgported against self-gravity by gradients of an
isotropic pressure. These equilibria are idealized to begal. The total pressur®, is calculated as the sum

of thermal, Py, turbulent waveP,,, and magnetic pressure componemg, The thermal pressure is derived
through a detailed thermal equilibrium calculation, whihe turbulent and magnetic pressures are assumed to
obey a polytropic equation of state. The equilibria are m&zlito be embedded in some extended envelope that
attenuates the interstellar radiation field.

Whether a given hydrostatic equilibrium is gravitatiogatable depends on its response to perturbations in
pressure or density. To evaluate the pressure responskettmeal equilibrium calculation is solved for the per-
turbed state and polytropic relations are adopted to itfepressure perturbations for the turbulent and magnetic
pressure. A hydrostatic equilibrium is stable against sgmgpus contraction or expansion when at every point in
the cloud the pressure increases during a compression @ades during an expansion, §@/6r < 0, wherer is
the radius from the equilibrium center.

This analysis yields critical properties for dense coresgive an example, when keeping the total mass and
the central values d?,, /Py, andPr, /Py, fixed, there is a critical value for the column density on theteal line of
sight such that all dense cores with higher than criticaliewl densities are unstable, while those with lower are
stable. Furthermore, cores with thermal pressure onlgese¢rallimits for several properties of stable cores. For
example, for given mass the critical column density for saw@h additional non-thermal pressure exceeds that of
cores with pure thermal pressure.

Critical values for equilibria with pure thermal pressuae thus be used to limit ranges in observable properties
for which stable equilibria exist for any boundary conditi@.e., ratio between non-thermal and thermal pressure
components), from those where they exist only for speciatitmns, or not at all. However, many processes not
taken into account in the above model might influence a cdatds. For example starless cores may not evolve
guasistatically and it is not clear how a cores’ densitydtrte evolves after the onset of collapse. The fundamental
nature of this limit does, however, suggest thabinehownanifests in the properties of dense cores.

2.6.3.2 Necessary Conditions for Star Formation

The limits for the parameters of stable hydrostatic corek piire thermal pressure are shown in Fig. 2.4. Some-
what diferent from the observational definition, the mass above #ifepeak intensity contour for the model is
approximated by the mass within the half peak column degsityour. The boundaries can only be calculated for
total masses 5 Mo, as gas cooling rates are not available ferdénsities< 1 000 cnT? that occur in more massive
cores with pure thermal support. For given total mass, osmaéthin the half intensity contour, all subcores with
pure thermal pressure and with radii smaller than the afiboe — respectively column density or aperture mass
exceeding the critical one — are unstable.

Comparison with the properties of protostellar cores andeitontaining VeLLOs reveals that most protostars
in our sample do not fall within the zone containing stableildgria with pure thermal pressure. Their envelopes
are gravitationally unstable, unless supported by sigmifinon-thermal pressure.

A careful analysis requires to take the limited spatial hetson and the significant deviations of core shapes from
spherical symmetry into account. We therefore study thetiosl between the peak column density and the mass
of a core through three slightlyfierent approaches.

One way is to analyse the relation between the peak columsitgleand the total mass (Fig. 2.4 b)). This has
the advantage that the derived column densities are freaistance bias, as the core distance does not enter in
their calculation. They are, however, biased by the telesaesolution; only a lower limit to the peak column
density can be derived for peaks smaller than the beam. Isdstachnically challenging to take thé&ect of
protostellar heating into account when calculating theieol densities of protostellar cores.

It is therefore helpful to substitute the peak column dgrisjtthe mass within an aperture of 4 200 AU radius
(Fig. 2.4 c¢)). This quantity is not biased by irfBdient resolution, as we use the”ldesolution data, for which
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the aperture is resolved for all our target cores, to caleulae aperture masses. Also, protostellar heating can
be easily taken into account when deriving this mass (Sdc2.3). The subcore masses can, however, include
contributions from an extended envelope. It is questiomaliiether an extended envelope of some 10000 AU
radius can be considered to be the outer part of a smallex soalmn density peak of some 1000 AU radius, or
is physically decoupled. Thus the total mass might not beoal garameter to compare models with observations.

One might therefore use the mass within the half peak intesintour instead of the total mass, as this
excludes some possibly unrelated emission. Combinatitnthve mass within an 4 200 AU radius aperture yields
a diagnostic diagram of core properties that is free of maayds (Fig. 2.4 d)).

Most protostellar and VeLLO subcores avoid the zone whexrelstequilibria with pure thermal pressure reside.
Given typical uncertainties in the derived properties otetdr two, only for four such subcores their location
within this zone is significant.

For one of the protostellar subcores in this region, L15Z112the protostellar nature is highly questionable.
The association is only based on the fact that an IRAS sosrpeojected onto the core. This source does not
manifest as a dust emission peak, which makes the associato®rtain. One further protostellar subcore, B18-
1 C2, is not well mapped and has very uncertain propertiesth€umore, this protostar has a high bolometric
temperature of 636 K, suggesting an evolutionary state mante advanced than the initial states of star-forming
cores contemplated in the K@iomann & Bertoldi model. In the case of the VeLLO candidate subt. 1148 C1 the
nature of the object is not ultimately clarified. If it is a yayprotostar, then it must have formed by non-quasistatic
evolution, as it would otherwise not have become unstalsléhio low column densities observed (Kimann et
al., in prep.). Thus L1148 C1 might be a true exception froertile that protostars in early evolutionary stages
do not reside in the zone where stable equilibria with pueerttal pressure exist. As this is a VeLLO, this source
might however not reflect the evolution of most protostars.

The subcore CB188 C1 is definitely such an exception. Itsrhetdc temperature is below about 250 K, and
it can thus not be much evolved. However, as discussed in23&d..4, it does drive an outflow that is possibly
interacting with the parental dense core. In this case ongdwxpect that the parental dense core is disrupted and
reduced in mass via this interaction. It might thus be that&BC1 is an unusual case, not suited to study general
properties of star-forming cores.

Thus, all protostars of our sample that are in an early eiwiaty stage (i.e.Twor < 300 K), which furthermore
from their general properties appear to reflect the majaritprotostars (i.e., no core-outflow interactions, not
a VeLLO), do not reside in the parameter space where stahidite@ exist for pure thermal pressure. Thus
physical properties (e.g., masses and column densitie®eding those for stable hydrostatic cores with pure
thermal pressure appear to be a necessary condition fofostaation to occur in a given dense core. This is
not a sufficient condition, as also the properties of many starlesascaithout active star formation exceed the
hydrostatic stability limits for pure thermal pressuren$arly, it is not possible to separate starless and preliast
cores using the properties analysed above.

If dense cores evolve quasistatically, and feature levielwa-thermal pressure varying between cores, the
nature of this necessary condition can be understood irrdinesivork of the model of hydrostatic cores introduced
above. Cores not exceeding the limits for stable hydrastaties with pure thermal pressure support are then stable
against collapse. They are therefore starless. Cores neadat¢ed these limits in order to be able to form stars.
Thus, protostars form only beyond the limits and stay thereaflonger time as their envelope evolves slowly
while collapsing. For sfiiciently high non-thermal pressure the same parameter smattains, however, also
stable hydrostatic cores that stay starless. This wouldignnterpretation be the reason why there is nificent
condition for star formation to occur; no general stablliyit exists as stability depends on the amplitude of non-
thermal pressure in a given dense core. Protostellar coaly/fevolve by reducing their masses and their column
density. In these later stages they can then also appeas patlameter space where hydrostatic cores with pure
thermal pressure reside.

Quasistatic evolution of dense cores would explain the ssarg condition for stars to form. Though it helps
to interprete the data, we cannot conclude that our obsengtiniquely show that dense cores are in hydrostatic
equilibria.
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Figure 2.5: The relation between the internal luminosity and the maskimva peak-centered 4 200 AU radius aperture for
protostellar cores. The internal luminosity is the radiatilue to the embedded star, i.e., the bolometric luminosihus the
power from interstellar heatingStars of djferent coloursgive properties for protostars belonging tdfdient infrared SED
classes assigned on basis of their bolometric temperatdriiminosity (see legend). Thiashed lineindicate the conceptual
boundary between class 0 sources and objects in later Bruy stages for a spectrum of stellar mass-luminosigtiats,
Maz00au = 0.1 My, (L/L)%8 © 10, Interestingly, class 0 and class | sources covered by th&@@VIBO survey are not separated
by the conceptual class boundaries.

2.6.4 Evolution of Protostars

Protostars are expected to evolve in luminosity and enegopperties during the star formation process. Three
basic properties to characterise a protostar are its ageughly measured by the bolometric temperature or the
infrared class, the luminosity, and the amount of matterosurding the star. The two latter should depend on the
age, as the accretion of envelope mass onto the formingf$¢atsathe amount of matter near the protostar, while
the stellar luminosity from accretion, e.g., depends orstear mass and radius, which evolve with time. Figure
2.5 shows the relation between luminosities and envelogsesa

To better characterise the central star we use the intarmahbsity, Ly, that is due to the protostar instead of
the bolometric luminosity, i.e., the total radiative poweinus that due to interstellar heating. This luminosity is
taken to be identical to the bolometric one, except for soelel \Ds for which detailed estimates exist from other
studies (Bourke et al., in prep.; K&imann et al., in prep.; Young et al. 2004).

Except for the significant decreaseMuy,goau towards the class Il phase, no clear evolutionary trends axbur
data; the crowding of VeLLO candidates at low luminositgdile to their definition. In particular it is not possible
to identify an evolutionary sequence that has young clasaifces at one end and old class Il or 11l sources at its
other. This is surprising, considering that previous staddentify such sequences in thg—Majz00au parameter
space (e.g., Motte & André 2001).

Motte & André (2001) analyse the luminosities and envelowesses for protostars in Taurus and gh@phi-
uchi region. Their data is consistent with protostars béion as class 0 sources with low luminosities and high
envelope masses that then evolve towards the class | stagerbgsing their luminosity and reducing their enve-
lope mass via accretion. Once the envelope fB@antly dispersed and accretion ceases, the stars becasslLl
or Il sources with luminosities and envelope masses smiléa what they had in the class | stage.

Motte & André also give a limit in thé,—Ma200au Space that separates class 0 sources from the later stages.
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This boundary is thought to reflect the conceptual definitibelass 0 sources, i.e., they have accreted less than half
of their final mass (Andre et al. 1993). This requires thatetheeclope mass approximated Bl o0au €XCeeds the
stellar mass. Depending on the exact form of the protostekess-luminosity relation, Motte & André suggest this
boundary to be afl4200au 0.1 M, (L/Ls)%8 © 10 (see Andre & Montmerle 1994 and Andre et al. 2000 for further
details). More massive objects should be in their class@kstee. their main accretion phase. For accretion rates
proportional to the envelope malskooau, Which decreases in mass via accretion Magooau = 0.1 Mg (L/Lo)%8
limit is furthermore the position of maximum luminosity alp protostellar evolutionary tracks (Motte & André
2001). Protostars first evolve at about constant envelos fnam the start of the collapse, where the luminosity
is zero, to this curve. Then they evolve towards lower luraities and envelope masses (with masses being below
the limit for class 0 sources). In particular models withtswe similar accretion rates provide a good fit to the
protostar data of Motte & Andreé.

Our data is not fully consistent with such scenarios. Owsxhand class | sources have similar properties, i.e.,
they occupy the same parameter range inlthe-Ma200au Space. This is dierent for the stars studied by Motte
& André: for given aperture mass, or luminosity, their sl@sobjects have lower luminosities, respectively higher
aperture masses, than all their class | sources. Second]lrotiss 0 sources in our sample are well above the
luminosity-dependent theoretical mass limit thought tpasate class 0 from class | sources. No such behaviour
is seen in the samples of Motte & André. Third, essentidllglass | objects in our sample are in the parameter
range thought to be only occupied by sources having envel@sses exceeding their stellar mass, i.e., occupied
by class 0 sources. This is also the case for the Taurus ckmsdes studied by Motte & André. Their class |
objects in the Ophiuchiregion, however, do all fall short of the lumingsitependent limiting aperture mass, i.e.,
these have masses and luminosities expected for starsdyonlass 0 stage.

The discrepancies betweenexpectations and observatiang isample can, in principle, be caused bfjedtent
biases in the aperture mass estimates for class 0 and ctassés. These biases would needffeet both classes

of sources, as not all class 0 and | sources would satisfydheeptual class definition. The biases would need
to be diferent for each class, as otherwise class 0 and class | apenasses would still be similar for given
luminosity. This would, however, require errors in the mas8mates of order of a factor 5 for both classes of
objects, and a systematical bias between mass estimat&ssfcand class | sources of order of a factor 2 (see
Fig. 2.5). However, systematic biases of this order, andhitiqular a diferential bias of such a large magnitude
between two similar types of sources, are not consistett thi¢ expected uncertainties of our mass estimates.
We thus discard biases in our mass estimates as an explafatithe above deviations between observations
and expectations. Systematic errors in the luminosityregts can be excluded, given that they can be observed
directly.

If the placement of the protostellar cores in thg—Ma2p0au SPace are correct, then the class assignments for
our sample are incorrect. Otherwise class 0 sources andstages are not separated by the conceptual limit. As
the classification is based on the bolometric temperatuisewiould imply that the derived temperatures are wrong.
Such wrong assignments are, however, unlikely: for theetbtass 0 sources with internal luminositied L, the
IRAS data alone indicates that the SED maximum, and therebfux-weighted mean wavelength, lies longwards
of 100um wavelength, so that,, < 70 K, implying a class 0 sources. Given the good 2MASS-to-$Rfpectral
coverage of bolometric temperatures of hotter sourceseyeria doubt.

It thus appears that either the concept of infrared classspgctively their assignment via the bolometric tem-
perature, or our general understanding of protostellaluéon as a linear sequence of states in thg-Mazo0au
parameter space, needs some modifications. That simildiestof diferent regions find dlierent relations be-
tween protostellar and envelope properties suggestdthativironment influences these relations. The resolution
of these issues is beyond the scope of our work. It might ktehleaanalysis of additional stellar properties, such as
outflow energetics (Bontemps et al. 1996), can help to betiderstand the relation between evolutionary trends
and class assignment. It has been speculated that actssll daurces have SEDs like class 0 sources if the cir-
cumstellar disk-envelope structure is seen edge-on Whjtney et al. 2003b for an overview). This could explain
why we find class 0 sources that have envelope propertiestiyqficlass | objects. Interestingly, the class 0 source
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in IRAS05413 P3 appears to have such a particular geometrg the outflow has an estimated inclination of
> 85° with respect to the line of sight, suggesting that a protiastdisk, is seen nearly edge-on (Claussen et al.
1998). No information on outflow inclinations is availabte the stars in L1082A P5 and L1041-2 P4.

The submillimetre-to-bolometric luminosity ratio (Fig.72 is also not well suited to separate class 0 sources
from class | objects. We caution that the large luminositiosa> 0.1 for some sources are likely not real, but
due to an insficient spectral coverage of our photometry. The origindidhobservational criterion to identify
class 0 sources given by Andre et al. (1993) is a luminositip r&= 0.005. Following this criterion, all but
one star in our sample would then be regarded as class 0 sbj&tten there would also not be any class |
source with an envelope mass exceeding that expected &g kkources based on conceptual class definitions.
This is because the submillimetre-to-bolometric lumibosatio roughly measures the envelope-to-stellar mass
ratio (Andre et al. 1993). A class definition through lumitypsatios might thus be better suited to derive a
self-consistent source classification scheme than onellmasbolometric temperatures. The class definition via
bolometric temperatures was initially tuned to yield classignments consistent with those determined from
submillimetre data. If bolometric temperatures turn outtecalways provide class assignments consistent with
new dust emission observations they should not be used teedgefrared classes.

The observational properties and the apparent evolutipnaibstellar envelopes seems to depend on the environ-
ment and is not fully consistent with theoretical expectasi The c2d MAMBO survey extends previous work on
this subject by showing that class 0 sources have envelgpegies similar to those of class | sources. When com-
pared to the.i,—Ma200au relations for the Taurus ardOphiuchi star-forming regions the protostars in our sample
are more similar to the stars in Taurus. To be precise, inraetito the class | sources in th®phiuchi complex
those in our survey do, like those in Taurus, not generallysfeort of the conceptual luminosity-dependent mass
limit for class 0 sources. This suggests that the stars isample reside in regions that are more similar to regions
of distributed star formation, like Taurus, than to regiofslustered star formation, like Ophiuchi.

Independent of the detailed evolution protostellar erpesomust evolve from large aperture masses to lower
masses while the envelope is accreted onto the star. Evphatdstars within remnant envelopes not detected
in our dust emission maps should have SEDs dominated by gbinéoic emission at wavelengths of a fem
and therefore negative spectral indices at wavelengthsidi to 20um. This is consistent with our observations
(Table 2.7): All IRAS sources that are undetected with MAMB(®@ consistent with a negative spectral index.
Although some of these IRAS sources may be background gslattiis observation does support our general
view of protostellar evolution.

The protostar associated with L1251A P3 shows a margingjhjificant dfset from its dust emission peak (see
Sec. 2.6.5 for details). Present evolutionary scenariasod@xplain such fisets. However, anftset could &ect

the course of protostellar evolution if it grows so largetttine protostar is finally left without an envelope from
that it could accrete. Higher resolution column density syapg. from extinction observations, would be needed
to reliably establish suchfisets.

2.6.5 Formation and Evolution of VeLLOs

The c2d MAMBO survey provides an opportunity to investigade VeLLO natal cores are flierent from starless
and protostellar cores. For the first time it allows a diregnhparison of the dust emission properties of all three
kinds of objects. We here discuss how VeLLO cordfedifrom starless and protostellar cores.

Figures 2.3 and 2.4 show that VeLLO cores can not be distangai from starless cores in terms of mass, column
density, and totalféective radius. This is even more surprising than our faitardistinguish starless cores from
protostellar cores in these diagrams since the latter rhige significantly evolved since their formation. VeLLOs
are, however, thought to be too young (Sec. 2.1.2) and to toavkow internal luminosity and accretion rates to
have envelopes significantly modified by, e.g., energetifiaws or radiation pressure. The structure of their
envelopes should be similar to that at the onset of the pdtascollapse which forms the embedded VeLLOs.
Given the small internal luminosities, a comparison of VELANd starless cores is also leskeeted by any
systematic biases in the mass estimate, making the anaigsesreliable.
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Figure 2.6: Relation between the intrinsic radius at 70% peak intersiiy the mass within 4 200 AU radius from the peak
for VeLLO and starless cores. The plottefieetive radii deviate from the ones listed in Table 2.7 in thatbeam smearing is
removed (72 at 70% peak). See Fig. 2.4 for an explanation of the symbtiedashed lineéndicates the upper radius limit for
evolved dense cores, 4 800 AU, after Crapsi et al. (2005a). The VeLLOs observefadibelow this limit and are, for given
aperture mass, smaller than most starless cores. VelLL@ apecthus possibly physically more evolved than starlesssco
This appears to distinguish them from starless cores.

We thus find with L1014 C1, L673-7 C1, and L1148 C1 VeLLO sulesdhat are, at least on the scales probed
by our observations, less dense and massive than somesstaulecores, like e.g. the dust emission peaks B18-1
P3 and B18-4 P2. This can, e.g., be quantified by column desigihasses with the 4 200 AU aperture, and masses
within the 50% intensity contour for the starless cores eragg those of the above VeLLO cores. Given that a
certain density and mass reservoir is required for star &tion to be initiated, this observation is in conflict with
naive expectations for properties of starless and prdtast®res.

This apparent conflict is a manifestation of the existenceeafessary, but not ficient conditions for active
star formation. The properties of the VeLLO and starlesesquoted above are all (with the important exception
of the VeLLO in L1148 P1) consistent with being in excess @&f ¢hitical values from Sec. 2.6.3.2 for active star
formation to be possible. The cores thus can, but do not reefledh stars. As outlined in Sec. 2.6.3.2, the presence
of significant non-thermal pressure in cores like B18-1 ah8-B might prevent these from actively forming stars.

The VeLLO in L1148 P1 — if confirmed to be a protostar — posesad ¢hallenge to present star formation
scenarios. This core does not exceed the stability limithyorostatic cores with pure thermal pressure. It is not
possible to render this core gravitationally unstable iagistatic evolutionary schemes. The apparent gravitation
collapse onto an embedded star must then be a consequengerefmasistatic evolution of this core (Kgmann
etal., in prep., and Sec. 3.6.2.1). If true, this would be @itie first known cases for such evolution to occur.

VelLLO natal cores do, however, have unusually steep dusistoni intensity profiles, as e.g. probed by the ef-
fective radius of a dust emission peak at its 70% intensitglleFor given aperture mass, VeLLO cores do have
smaller éfective radii than most starless cores (Fig. 2.6). Since #pparent ffective radius is (with the exception
of the VeLLO in L673-7 P1) significantly larger than the oneagf « r=2 density profile smeared by a2@eam,
i.e. 17, their density profile must be flatter thanc r=2. Then the beam averaged actual mean dust temperatures
will be < 14 K, as derived fop < 2,d > 140 pc, and- < 0.1L,, and thus heating does not have a significant
impact on the appearance of VeLLO dust intensity profiles.

The unusually steep dust intensity profiles of VeLLO nataésare thus due to unusually steep column density
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profiles. This distinguishes them from most starless cor@sir sample. Steep radial profiles in the density, and
therefore also in the column density, are indeed expecteddnse cores temporally near or after the onset of
gravitational collapse. This is apparently the case forlM@lnatal cores. Dense cores that become unstable to
gravitational collapse evolve by increasing their cembesurface density contrast until the onset of collapsg (e.
McKee & Holliman 1999). After the onset of collapse their digyprofile turns into a power-law (see Larson 2003
for a review). Density gradients in VeLLO cores are consistdgth this theoretical picture.

The steeper density profiles of VeLLO natal cores suggestttiey are temporally closer to the onset of
gravitational collapse than most starless codéshus appears that VeLLO cores are structurallyfelient from
most starless cores in that their density structure is memhed. This was first suggested by Huard et al. (2006),
who used infrared extinction maps to derive surface-taaratensity contrasts for that L1014 P1 exceed those of
previously studied starless cores. Similarly, Crapsi ef2805a) suggested that for starless dense cdfestige
radii at the 70% dust emission peak intensity level below@A0 indicate an advanced evolutionary state. All our
VeLLO cores do indeed conform to this criterion. Our sungethus the first study to reveal systematietiences
between VeLLO and starless cores for a comprehensive sahgé.LO cores.

Huard et al. (2006) found that the VeLLO in L1014 i§s®et by 10 to 15’ from the apparent natal column density
peak, L1014 P1. If L1014-IRS does indeed drift away from isah core, and therefore away from the mass
reservoir available for accretion, this might explain tbe Irate of accretion onto L1014-IRS inferred by Bourke
et al. (2005). Low accretion rates could in turn explain the luminosities of VeLLOs. They would also suggest
low, and possibly substellar, final masses for VeLLOs with &ccretion rates (Bourke et al. 2005). Given typical
pointing uncertainties of’3for our observations, our data should be sensitive to preitas offsets of the order
observed for L1014-IRS, and we thus search for sutsets in our data. For completeness we extend this analysis
to all protostars in our sample.

The protostar positions are taken to be those of Spitzerteguarts listed in Table 2.9. Otherwise the positions
of the 2MASS counterparts given in Table 2.8 are used. ForBR8 the protostar position is derived by fitting a
Gaussian curve to the Spitzer counterpart in the IRAC imables dust intensity peak positions are derived as the
intensity-weighted mean position of the pixels above 90%kpetensity. The fisets are given in Table 2.10. The
uncertainty in the dust emission peak position due to ngideifived from Monte-Carlo experiments with artificial
noise, as explained in Sec. 2.4.2. The typical pointing tiacey of 3’ is added to the observedfsets to derive
the total dust emission position uncertainty. Thksets and their total uncertainties are shown in Fig. 2.7.

Only four sources have significanffsets (i.e.,> 2" after subtraction of the uncertainty). These are two
VelLLOs (associated with L1521F P1 and L1148 P1), and two deeesd sources (associated with L1172A P1
and L1251A P3). The pointing corrections before and afteseolmations of L1148 and L1251A were4’3 and
< 5’9, respectively, and thus thdfsets appear to be significant in these cases. For L1521F thextions were
between 37 and 88; the separation of protostar and dust peak is not signtfigigan the pointing uncertainties.
For L1172A the protostar position is taken to be the positiba 2MASS source which is the likely counterpart of
the IRAS protostar. As this association is not well estéiglis the positionfiiset of L1172A is very uncertain. In
summary only the VeLLO in L1148 P1 and the class | protostated to L1251A P3 have marginally significant
offsets from their respective dust emission peaks. Thisetse might influence the future stellar evolution, but the
significance of theseftsets is too low to ultimately establish them beyond doubt.

Given the low precision of theffset measurements, the MAMBO data is thus only partiallyesuio test
whether VeLLOs, and more generally protostars, dfsed from their associated dust peaks. Note that, however,
the MAMBO data would be sensitive enough to detect thé tt015” offset of the VeLLO in L1014 from the
related column density peak inferred from extinction maisard et al. 2006). Our failure to detect thigset in
our MAMBO maps of L1014 thus suggests that dust emission raepgerhaps generally not suited to map the
density structure near a VeLLO in detail. This might be duthtoinfluence of stellar heating, as already concluded
by Huard et al. (2006).
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Table 2.10: Protostar fsets from dust emission peaks. For each dust emission pedkekated subcore, associated with a
protostar listed in Tables 2.8 and 2.9 we give the chosemarde source (preferentially seen by Spitzer) and the ebder
offset and position angle (i.e., position of star w.r.t. thet @nsission peak). The data is plotted in Fig. 2.7.

Field Asso. Position Reference fiSet Position Angle
arcsec AU deg
L1521F C1,P1 SSTc2d J042839265135 50+06 701+84 289+ 8
B18-1 [C2],[P5] SSTc2d J043215:242859 11+0.6 149+80 310+ 41
B18-4 C1,P1 SST GO 3584 .2+ 06 303+80 38+ 11
TMC1-1C P3 SSTc2d J044138.855627 PB+25 457+347 36+18
TMC-1 C2,P2 SSTc2d J044112.254635 31+06 429+80 288+ 22
IRAS05413 C2, P2 2MASS J05434630-0104439.120.5 837+209 214+15
CB188 C1,P1 SSTc2d J192014213540 23+0.7 695+203  185+148
L673-7 C1,P1 SSTc2d J192134812123 21+09 643+259 16+23
L1148 Cl,P1 SSTc2d J204056472305 ©+27 2461+877 20+51
L1082A Cl,P1 2MASS J20531346014425 27 +0.9 1195+375 212+22
L1228 C1,P1 SSTc2d J205712B73544 B+01 151+12 50+ 29
Bern48 C1,P1 SSTc2d J205914782304 B+03 165+53 134+ 30
L1172A C2, P2 2MASS J21022128754202 D +1.4 2592+414 322+10
L1177 C1,P2 2MASS J21173868817340 40 +0.0 1582+2 332+ 0
L1021 P1 2MASS J21212755059475 5+0.8 490+168 338+ 28
L1014 Cl,P1 SSTc2d J21240%405909 2+13 440+254 10+57
L1251A C2, P3 SSTc2d J222959. 851404 8+13 2635+394 339+17
C3, P4 SSTc2d J22303%851409 12+02 373+70 290+ 29
C4, P5 SSTc2d J223105.851337 43+0.8 1295+ 250 353+20
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Figure 2.7: Offsets of protostars from the related dust emission peakavéne submillimetre-to-bolometric luminosity ratio.
See Fig. 2.5 for an explanation of the symbols. The plottddegare dierent from those in Table 2.10 in that the typical
pointing error of 3 is added. For completeneagows on the luminosity ratio aximdicate the submillimetre-to-bolometric
luminosity ratios for class 0 sources with unknown protisteoffset. Given the individual actual pointing uncertainties es
timated from pointing observations marginally significpnotostellar éfset are found for two sources only (L1148 P1 and
L1172A P2).

2.6.6 Expected Conditions for Active Star Formation

Crapsi et al. (2005a) give a set of criteria to identify ewnl\starless dense cores temporally close to the onset
of active star formation. Dense cores should bcently massive, dense, and chemically evolved to be able to
form stars. As Crapsi et al. (2005b) and Kiaoann et al. (2005) note, the VeLLOs in L1014 and L1148 do not
conform to these criteria. Although they are known to adyiferm stars and have dense cores similar to those at
the onset of gravitational collapse (Sec. 2.6.5), they ateemolved according on the Crapsi et al. criteria. This
discrepancy between observed and expected initial condifor star formation means that either the Crapsi et al.
criteria miss a significant fraction of cores with physicahditions in favour of gravitational collapse, or that some
VeLLOs do form in cores that should not be able to collapsehénatter case, some VeLLOs pose a challenge to
star formation scenarios.

As discussed in Sec. 2.6.5, almost all VeLLO natal coresexktiee stability limits for hydrostatic cores with
pure thermal pressure. They thus fulfil a necessary comditidorm stars. For given mass within an aperture
of 4200 AU radius, VeLLO natal cores havfextive radii at the 70% peak intensity level smaller tharséhof
most starless cores (Sec. 2.6.5). This indicates that medt®s form in dense cores that are evolved enough to
collapse.

The Crapsi et al. criteria miss some physically evolvedgdre. cores conforming to the necessary conditions
for active star formation from Sec. 2.6.3.2. Crapsi et allO&a) tuned their criteria to identify starless cores
with properties similar to those of the prototypical evaleores L1544 and L1521F. The latter were shown to be
unusually dense (Tafalla et al. 2002 for L1544; for all pndigs of L1521F see Crapsi et al. 2004), to exhibit inward
motions thought to precede the protostellar collapse pfitfalla et al. 1998), and to be strongly chemically
evolved (Caselli et al. 2002c). These two cores were thezefggarded to be among the best known candidates of
starless dense cores just before the onset of active staafion (Crapsi et al. 2004). This reasoning is crowned
by the recent discovery of a VeLLO in L1521F (Bourke et al.piep.). There is, however, no reason to assume
that all starless cores just before the onset of active stardtion should have properties similar to those of L1544
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and L1521F. In particular, there is no obvious need thatsalde to actively form stars have sizes and masses
comparable to those of L1544 and L1521F. A comparison of tiopgrties of protostar envelopes to those of
L1521F actually reveals the contrary (e.g., Fig. 2.#he Crapsi et al. criteria should thus not be expected to
identify all chemically and physically evolved cores.

It is therefore desirable to complement the criteria forlesd cores forwarded by Crapsi et al. (2005a) by less
biased additional criteria. The necessary condition ftivastar formation derived in Sec. 2.6.3.2 might serve as
an example for such a rule.

2.7 Summary

We present a dust continuum emission imaging study of a cehgmsive sample of isolated starless and proto-
stellar dense molecular cores, the c2d MAMBO survey. Thigesuis less fiected by instrumental biases than
previous similar studies. This is made possible by the thgeldield-of-view of the 117-channel Max-Planck
Bolometer (MAMBO-2) array on the IRAM 30m-telescope and leywniterative map reconstruction techniques
developed for this survey. Its potential is enhanced byigeaSpitzer imaging for 2 of the cores mapped. The
c2d MAMBO sample covers about4lof the isolated dense cores imaged by the Spitzer Legagr&“From
Molecular Cores to Planet Forming Disks” (AKA. “Cores to k88 or “c2d”).

The main result of our study is the identification of necegsamditions for star formation in dense cores
(see Sec. 2.6.3.2 and Fig. 2.4): dense cores need to exceaih azitical values for active star formation to
be possible. These conditions are, however, néicsent for star formation to occur; starless and protostella
dense cores have similar properties. The mass distribptiobed by our dust emission survey is not the only
characteristic controlling the star formation ability afribe cores. The critical values for active star formation to
be possible are identical to the critical values for stalyldrbstatic equilibria supported by pure thermal pressure.
If starless dense cores evolve quasistatically it is ptssibunderstand the existence of such necessary conditions
for active star formation: the critical values for graviteial collapse to be initiated depend on the turbulent and
magnetic pressure in a particular core, which results inegtspm of critical values fora sample of dense cores.
The assumption of quasistatic evolution is not needed tbbsh the above conditions observationally. We do not
claim that dense cores are indeed hydrostatic equilibria.

We study the relation between the spectral properties abptars and their envelope characteristics (Sec. 2.6.4
and Fig. 2.5). In our sample the identification of class 0 dasscl sources through their bolometric temperature is
inconsistent with the conceptual definition of class O sesi&s protostars that accreted less than half of their final
stellar mass. This is in disagreement with protostar stuidieegions of clustered star formation likgdphiuchi,
where both methods of class assignment agree. The envirdapr®bed by our survey are more similar to regions
of distributed star formation like Taurus, for which it isehdy known that dierent class assignment methods
led to inconsistent results. Either the assignment of iefialasses on basis of bolometric temperatures, or the
methods to evaluate the conceptual class definition on bésigllar and dense core masses, or both, need to be
revised.

Our VeLLO studies reveal that most VeLLOs form in cores théfilfthe necessary conditions for active star
formation derived in Sec. 2.6.3.2 (Sec. 2.6.5 and Fig. ZT4us, it is not surprising that VeLLO natal cores do
form stars. Furthermore, they appear to have steeper caliemsity profiles than most starless cores (Fig. 2.6).
In this sense they appear to be more physically evolved ttatess cores, which distinguishes them from their
starless counterparts. VeLLO cores were suggested toffieeatdit from usual protostellar cores in that the star is
significantly dfset from the parental cores’ column density peak, which migbult in low accretion rates. We
can not confirm this finding with our data, but our data may reosiited to establish suclffsets.

Based on their dust continuum emission one would classiby.XZenatal cores as physically evolved and suited
to form stars. Given that they do form stars, this casts doanlgresent criteria to identify “evolved” dense cores
that imply that many VeLLO cores are actually not evolved(2e6.6). Such criteria apparently need to be revised
and extended. In this respect studies like the c2d MAMBO esphave the potential to significantly extent our
understanding of the dense core evolution toward the oristaioformation.



Chapter 3

The Candidate Very Low Luminosity
Protostar L1148-IRS

We report the discovery of L1148-IRS, a candidate Very Lowninosity Object (VeLLO;L < 0.1L,) in the
nearby & 325 pc) L1148 dense core. The global spectral energy disiit, the morphology of nebulosity
detected at 1 um wavelength, the inferred density profile of the dense @md,the tentative detection of inward
motions towards L1148-IRS are consistent with those exofiar embedded protostars. It is unlikely that L1148-
IRS is a galaxy by chance projected onto the L1148 dense &@eedo, however, not detect hallmarks of active
star formation like molecular outflows or clear bipolar nielsity conclusively proving a protostellar nature of
L1148-IRS. Their lack is consistent with our present vieWweELOs.

If L1148-IRS is a VeLLO, then it is a very interesting one. it@ss would be presently substellar, and its
immediate envelope has a mass of onl§.15M,. Thus L1148-IRS would be the first protostar to definitelyéav
a significantly sub-solar final mass. The collapse of thel migtase core could not be understood in the framework
of quasistatically evolving cores. This would make L1148 finst dense core in which non-quasistatic evolution
plays a significant role.

3.1 Introduction

The sensitivity of the Spitzer Space Telescope allows tackeand probe young forming stars that are much less
luminous than those studied before. While surveys of steming regions on basis of the IRAS satellite data were
sensitive to sources with luminosities0.1 L, (d/140 pc¥ (whered is the distance; Myers et al. 1987), Spitzer
would even detect objects with luminosities as low as’1Q at a distance of 350 pc (Evans et al. 2003). Recently
Spitzer imaged a large number of isolated dense cores thoulgé starless, the majority of them (about 60) as
part of our Spitzer Legacy Project “From Molecular Cores f@net Forming Disks”, or c2d (Evans et al. 2003).
These observations lead to a series of discoveries of Vewy lLiuminosity Objects (VeLLOs; Kaftimann et al.
2005, Huard et al. 2006, Di Francesco et al. 2006), infratas ©f luminosity< 0.1 L, which are embedded in
dense cores. The c2d survey revealed about a dozen candédat®s (Huard et al., in prep.).

VeLLO colours and envelope properties are consistent wibisé of class O or class | protostars (Lada 1987,
Andre et al. 1993), young stars in their main accretion pliaatare deeply embedded in the dense core from
which they form. The first such source was L1014-IRS (Youra).€2004; Crapsi et al. 2005b; Huard et al. 2006;
Bourke et al. 2005). A further discovery discussed in detais L1521F-IRS (Bourke et al., in prep.). Spitzer
recently also detected the VeLLO IRAM04191 (Dunham et alpriep.), which had been discovered on basis of
millimetre radio observations (André et al. 1999). For difar VeLLO candidate in the L1148 dense core we here
present a detailed discussion.

66
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The evolutionary status and fate of VeLLOs is presently eaichnd likely to be diverse. Given the diversity of
accretion rates implied by the CO outflow properties, anit toe present mass of order 0.1 M, some VelLLOs
have been interpreted as very young (age of ordéyf)protostars of stellar final mass (e.g., IRAM04191, which
has a prominent outflow; André et al. 1999; Belloche et ab20Qwhile others might be the first proto brown
dwarfs identified (e.g., L1014-IRS, which hasva3” outflow only detected with interferometers; Young et al.
2004; Crapsi et al. 2005b; Bourke et al. 2005; Huard et al6208ome VeLLOs might thus shed light on the not
well understood formation of field brown dwarfs (i.e., notdrbit around a stellar mass primary; Whitworth &
Goodwin 2005).

The fate of VeLLOs is likely to be controlled by the envirormhén which they form. While some form
in dense and chemically evolved cores (e.g., IRAM04191 ahsPl F-IRS; André et al. 1999, Bourke et al., in
prep.), others do form in cores previously thought not to &esé and evolved enough to make stars (e.g., L1014-
IRS; Crapsi et al. 2005b). For the latter ones it is temptingugh not proven, to make the unusual star formation
environment (e.g., low densities) responsible for the ualg low luminosity, accretion rate, and mass.

The above discussion shows that for a comprehensive uaddisg of a VeLLO its protostellar properties (e.g.,
luminosity and outflow activity), as well as the propertiéshe natal dense core (e.g., density, kinematics, and
chemistry) need to be studied in detail. We here present awsthdy for a candidate VeLLO in the dense core
L1148.

The dense core L1148 is located in the Cepheus Flare, a largplex of molecular clouds at distances of
200 to 900 pc (Lebrun 1986; Kun 1998). The distance of theddaoughly increases with decreasing galactic
latitude. Those &b > 11° are closer than 450100 pc. For these nearby clouds Lebrun derived velocitas fris
CO spectra spanning across a range a6 km s, and linewidths of up to 2 km'$. Given the clouds proximity
this velocity structure is unlikely to arise from motionsdifferent clouds at dierent distances, but is likely to
reflect the internal motions in the region. The Cepheus Flg®n is thus more turbulent than, e.g., the Taurus
complex (Ungerechts & Thaddeus 1987). This might have baesed by recent supernovae in this cloud complex
(Grenier et al. 1989).

The presence of a low luminosity (0.15L, for the distance adopted then) IRAS Faint Source Catalogue
source in L1148 was first noticed by Kun (1998), but this seuras never been studied in detail. The core was
included in the surveys for inward motions by Lee et al. (19881, 2004a). No signs of such motions were
found, but the observed lines were weak and the positioneofRIAS source was not probed. Recently Kirk et al.
(2005) observed a small fiele: 2’ diameter) in the L1148 dense core with SCUBA, but agdithe IRAS source.

While Kun (1998) gives a distance of 450 pc to L1148, Stragtyal. (1992) derive a distance of 3225 pc
for the same field. We here adopt the distance estimate dgirat al., as this study in particular concentrates on
the L1148 field £ 1° x 1°), while Kun studies a large field«(2° x 10°) in which L1148 lies only at the edge.

3.2 Observations and Data Reduction

3.2.1 Spitzer Space Telescope

L1148 was observed by the Spitzer Space Telescope on 20948 Jwith the Infrared Array Camera (IRAC;
AORKEY 5158144), and on 2004 June 23 with the Multiband Imgdthotometer for Spitzer (MIPS; AORKEY
9440768) as part of the c2d Legacy program (Evans et al. 20D8}ails of the observations, post-processing
and source extraction are presented in an upcoming papéeonttole c2d dense core sample (Huard et al., in
prep.; see also Young et al. 2005 and Harvey et al. 2006), rsovieefocus on the specific details for L1148. The
field-of-view (FOV) covered by the IRAC observations was 960610” with the long axis at a position angle
(P.A.) of 120 (east of north). The IRAC 3.6 and&um arrays covered a slightly fiierent area than the 4.5 and
8.0 um arrays. At each position 4 dithers of 12 s each were takenltieg in a 48 s exposure time for most of
the area mapped. With MIPS at g/ a field of 1 080 x 450 with the long axis at a P.A. of 13@vas observed
with a total exposure time 48 s, and at/if a field of 150 x 95” with the long axis at a P.A. of 13@vith a total
exposure time of 126 s was observed. The data were procegsied 8pitzer Science Center using their standard
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pipeline (version S11.4.0) to produce Basic Calibratechliaages. The c2d team further processed the images to
improve their quality (correcting “bad” pixels and otherayr artifacts) and performed photometry.

3.2.2 IRAM 30m-telescope & Hfelsberg

Continuum observations of the 1.2 mm thermal dust emissitimtine IRAM 30m-telescope on Pico Veleta (Spain)
were done using the 117-channel MAMBO 2 bolometer cameraeoMPIfR (Kreysa et al. 1999). A total of five
maps was taken on 2002 November 10, 2003 March 16 and Noveimbad 2004 March 11; the zenith optical
depths were between 0.2 and 0.4. The beam size on the sky WaRdihting and focus were checked before and
after each map; the pointing corrections in azimuth andatien were 4 and below, and the focus corrections
below Q3 mm. The zenith optical depth was measured with a skydipaat nce within an hour from start or end
of a map. The source was observed on-the-fly, with the tefessecondary chopping in azimuth by’4® 70’

at a rate of 2 Hz. The data were co-added and reconstructegl srative methods (Kdtmann et al., in prep.;
see also Sec. 2.3) within the MOPSlboftware. Our analysis in the following, if not explicitlyased diferently,

is based on the map smoothed td’ 28solution, which significantly reduces the noise levele Tritensities given
below are always calibrated in mJy per’tieam, independent of additional smoothing. Weight map&;wgive
the dfective observing time at each position, were used to crease maps, which give the estimated noise level
at each position (Kdtmann et al., in prep.). The calibration uncertainty is beR®#6.

Spectroscopic observations with the IRAM 30m-telescopeevd®ne 2004 December 19 (mapstCO [2-1],
C'80 [2-1] and NH* [1-0] with frequency switching) and 2005 July 19 to 21 (peihtobservations towards
selected positions and HERA map I#CO [2-1] with position switching). We in all cases used the SFRA
autocorrelator as the backend. Except for'f@O (2-1) observations with HERA on 2005 July/20 the single-
pixel facility receivers were used. The pointing correctidn azimuth and elevation were belot, &nd the focus
corrections below @5 mm, as checked by regular pointing and focus checks dtdeas in 3 hours (except for
the HERA observations, which ran for 5 hours during stabfgnihconditions without check). Further details on
the observational setup and observing conditions arallistdable 3.1. The intensity scale was converted to the
main beam brightness temperature according to fiiGiencies reported on the IRAM website

Spectroscopic observations with thifdtsberg 100m-telescope were done 2005 April 13 and Aprib2ddy
2. We observed with the facility.2 cm primary focus spectral line receiver and used the AK30aurelator
as the backend. All data was taken in the frequency switchinde. The pointing corrections in azimuth and
elevation were mostly below’s but corrections of @ for HC3N and of 1% for CCS each occurred once. The
focus corrections were below@®mm. Pointing was checked at least once in 4 hours and the fomuected at
least once in 6 hours. The data is calibrated inThg-scale using continuum cross-scans on the quasars 3C48
(.21 Jy), 3C123 (34 Jy), 3C147 (77 Jy), and 3C286 (23 Jy), as well as NGC7027 .68 Jy). The fluxes
are calculated for the respective observing frequencygusieradiocal . pl program provided by the telescope
team. The elevation dependent gain correctisttaken into account. Further details are listed in Table 3.

The spectroscopic observations were reduced using the Slsd8ware packade We removed low-order
baselines and partially used Fourier (FFT) filtering totiertimprove the baseline quality. Further details of the
data reduction are given in the respective sections below.

3.2.3 KPNO 4m-telescope

As part of a larger program to survey the c2d cores in the imdared, we obtained deep H, andKs obser-
vations of L1148 during September of 2004 using FLAMINGO®(ida Multi-object Imaging Near-IR Grism
Observational Spectrometer; Elston 1998) on the 4m-tefesat Kitt Peak National Observatory (KPNO). The

IMOPSI is a software package developed by R. Zylka.

2ht‘cp://www. iram.es/IRAMES/

SCalibration parameters for the.3l cm receiver are listed ahttp://www.mpifr-bonn.mpg.de/div/effelsberg/calibra-
tion/1.3cmpf.html.

“http://www.iram. fr/IRAMFR/GILDAS
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Table 3.1: Summary of the spectroscopic observations at the IRAM 38lestope and thefelsberg 100m-telescope. For
every probed transition of a molecule the adopted line feagy and its uncertainty in frequency and velocity, the beie the
frequency trow used for frequency-switched observatitressystem temperature in tiig,-scale, and the velocity resolution
in the spectra (in part including smoothing) are given. Refees to the adopted line frequencies are listed below.

Molecule  Transition Frequency Freqg. Uncert.  Vel. Uncert. eadh Size  Freq. Throw Tgys Vel. Resol.
GHz kHz km st arcsec MHz K km st
Effelsberg:
Cccs JF=21-10 22.3440308 1 0.013 39 2.5 271 0.033
IRAM 30m-telescope:
NoH* JF1,F= 93.1762608 6 0.019 26 7.0 142  0.063
1,0,1-0,1,2 196  0.02F
N2D* JFq,F = 77.1121180 6 0.023 31 7.8 267  0.076
1,0,1-01,2
Cs J=2-1 97.980958 2 0.006 25 7.0 145  0.020
J=32 146.969029 1 0.002 16 5.0 363  0.040
12co J=2-1 230.538000 1 0.001 10 15 377  0.051
- 908 051*
cl8o J=2-1 219.560358 1 0.001 11 15 291  0.053
HCco* J=1-0 89.188495%7 11 0.037 27 7.0 132 0.023
H13co+ J =1-0“primary”  86.754298% 4 0.014 28 7.0 111 0.045
HCN JF=11-01 88.6304157 1 0.003 27 7.0 131 0.066
JF=1201 88.6318478 ... 11 (o S
JF=10-01 88.6339360 ... 11 T

References: a, Muller et al. (2005); b, Dore et al. (2004)Gottlieb et al. (2003); d, F.J. Lovakttp://physics.nist.gov/cgi-bin/
micro/table5/start.pl; e, Cazzoli et al. (2003); f, Schmid-Burgk et al. (2004)

+ for mapping observations in December 2094or pointed observations in July 200k;for HERA mapping observations in in July 2005
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data acquisition and reduction of our c2d FLAMINGOS obstoves has already been described in Huard et al.
(2006) and we here focus on the specific details for our obsiens of L1148.

The field of view of our observations was’2010 and the seeing was 1”3. The L1148 core was observed
for a total of 6 minutes al, 168 minutes aH, and 33 minutes &s. Our final L1148 catalogue contairs1000
sources detected at bathandKs, with most of these sources havirgandKs photometric uncertainties of less
than 015 mag. The seeing was 1’0. We estimate our 90% completeness limits toxb&85, ~ 19.0, and
18.0 mag atJ, H, andKg, respectively. Uncertainties in the positions of indiatlsources are less thafi.1

3.3 Properties of L1148-IRS

3.3.1 Association of a Spitzer source with a Dust Emission Bk

Figure 3.1 presents the dust emission of the L1148 denseasoimaged by MAMBO. It reveals two parallel
filaments, running northeast to southwest. These have siassgeak equivalent visual extinctions & Bl, and

6 mag (northwestern filament), and’/81, and 9 mag (southeastern filament), respectively (Sec. 8dsdribes
the analysis of our MAMBO maps in detail). Spitzer obserwasi of L1148 reveal an unusually bright source in
the 24um (59 mJy) and 7@m (271 mJy) bands, which dominates the images at these waibleThis infrared
source lies only76 away from the dust emission peak of the northwestern filanidrns small separation suggests
that the infrared source is physically associated with th&48 dense core. In the following we refer to this object
as L1148-IRS.

Infrared Counterparts  Spitzer images in the IRAC bands each show one infrared sauithin the error ellipse

of the position of L1148-IRS, SSTc2d J204056672305, as inferred from the Spitzer 2 image. We identify
these sources as mid-infrared counterparts of L1148-IRticfwwas identified in the far-infrared). The positions
from the IRAC bands are more accurate than those from the M#P8s. We therefore take the average position
of the counterparts seen by Spitzer,

a =2040"566, o=+67°2304’9  (J20000),

(this corresponds to the galactic coordindtes1022, b = 15.3) as the position of L1148-IRS. Furthermore, our
FLAMINGOS source catalogue, the 2MASS point source catsqgvith 2MASS 204056646723047), and the
IRAS faint source catalogue (with F20408712; see Moshir & et al. 1990) contain each one source densis
with the position of L1148-IRS. For all counterparts in thémnds the deviations from the position of L1148-IRS
are less than’land consistent with those expected from measurement errors

Separation between L1148-IRS and the Dust Emission PeakThe dust emission peak position is taken to be the
intensity-weighted mean position of the pixels above 90%hefpeak intensity. We quantify the significance of the
separation between the dense cores dust emission peak &48-IRS by analysis of Monte-Carlo experiments.
In these we first superpose the observed map with artificisdlenof an amplitude identical to the one in the
observations, and then measure the separation betweed 1#481RS and the dust emission peak in these maps.
The uncertainty of the separation due to noise is then takdre tthe standard deviation of the derived figures,
which is 2’7. An additional uncertainty in the position of the dust esitia peak comes from pointing errors
of the telescope. These are estimated togbd” for the present observations, as estimated from the regular
pointing corrections. The combined uncertainty in the s&jp@n from noise and pointing errors is thu$4 The
observed fiset of 76 between L1148-IRS and the dust emission peak is thus nadisgsignificant and has no
clear interpretation.

Excluding Fore- and Background Sources The source L1148-IRS is either physically associated with t
L1148 dense core, or a galactic background protostar orgvagkd galaxy that are by chance projected onto
the dense core.
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Figure 3.1: Association of a dust emission peak position in the MAMBO r(tap) with the unusually bright source L1148-
IRS seen in the 24m Spitzer map of L1148hptton). The dust emission map is overlayedcontours while thegreyscale
presents the intensities in negative scale. §taemarks the position of L1148-IRS in the MAMBO mapfi€ets are in seconds
of arc.
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The source L1148-IRS can not be a foreground protostar.eadehse core, in which such a source would be
embedded, would have been easily detected in optical im{ages extincting dust core) and by radio observations;
no evidence for such a core exists. We can not rule out tha48-1RS is a galactic background source. However,
our'2CO spectra show no evidence for molecular gas behind theg dddse core (Sec. 3.3.4), in which a protostar
could be harboured. Furthermore, L1148 has a galactiadeth = 15° and is thus about ~ 80 pc above the
galactic plane. Most of the galactic star-forming sitesglthe line of sight towards L1148 thus lie in front of it,
in particular as at an galactic longitudelct 102 one looks into the outer galaxy.

Source counts for galaxies in the Spitzer MIPS bands werbgheol by Papovich et al. (2004, for 24n) and
Dole et al. (2004, for 70 and 166n). We derive at 24m a number ok 2 730 sr! sources and at 7@m a number
of ~ 10* sr! sources brighter or equally bright as L1148-IRS. The prditalo find one source of a brightness
comparable or larger than the one of L1148-IRS within a rmditR0” around the dust core is thus about 1:12 402
at 24um and 1:3 386 at 7@m. Given thex 110 detected dust emission peaks in our c2d MAMBO survey the
probability for one chance alignment in our whole surveyhisst1:113 at 24m and 1:31 at 7@m. These low
probabilities strongly suggests that L1148-IRS is not &bemund galaxy.

We summarise that out of three options for the nature of LARS the option of L1148-IRS being either an
unrelated protostar or background galaxy can be excludétanigh confidence level. Thus L1148-IRS is most
probably physically associated with the L1148 dense core.

3.3.2 Spectral Energy Distribution

The overall features of the spectral energy distributioh bf48-IRS are consistent with those of protostars be-
longing to the classes 0 or I. Assuming a nature of this kinel,dsrive internal and bolometric luminosities of
~ 0.06L; and Q1 to 02L,. These luminosities would be unusually low for a protost@ombined with the
evidence for being embedded in the dense core L1148-IRSqtnalffies as a candidate VeLLO. Inconsistencies
between observations fromfférent instruments might hint at intrinsic variability of 148-IRS.

Observations We have compiled the spectral energy distribution (SEDheflt1148-IRS dense core from our
Spitzer, FLAMINGOS, and MAMBO data, as well as the 2MASS peurce catalogue and the IRAS faint source
catalogue (Table 3.2). For consistency with previous wémdé et al. 1999; Motte & André 2001) the MAMBO
flux is derived by integration across a circular aperture 0@ AU radius (i.e. 1’29 at 325 pc distance). Note
that at wavelengthgs 100um the compact infrared source L1148-IRS dominates the SHilewat wavelengths
> 100um (where only MAMBO data is available) the extended dense does; dierent spatial scales are probed
in different wavelength regimes.

The IRAS fluxes listed in Table 3.2 include colour correctiorThese correct for the fiierences between
the spectrum assumed for the instrument calibration an@d¢heal one. They are derived from those liStbgt
Beichman et al. (1988) by approximating the SED in the IRABdsaby the one of opacity-modified blackbodies
matching the Spitzer MIPS observations. This yields caivas of up to 20%. The similarly derived corrections
for the Spitzer MIPS observations, e.g. calculated withBkiagalactic Performance Estimation Talre below
5%. They are neglected as they are much smaller than theatadi uncertainty. No correction is necessary in
the other bands.

There are inconsistencies between some datasets. The fisitiee derived fronkKs band FLAMINGOS and
2MASS observations ffer by a factor 1.4, while at 24m wavelength the flux densities from IRAS and Spitzer
are diferent by a factor 2.7. For th€s band this diference might be due toftierent data reduction strategies,
i.e., point-source fitting for 2MASS and aperture photomtgr FLAMINGOS. Point-source fitting has an unclear
sensitivity to extended emission that is furthermoi@edent from the one of aperture photometry. Flux density
differences are thus not surprising. At 2@ wavelength the uncertainty due to noise might be undenastid
for IRAS. This is suggested by visual inspection of the IRA§ Survey Atlas images, which reveals no source

SWe used the updated and corrected version of the documesgsibte fromhttp: //irsa.ipac.caltech.edu/IRASdocs/exp.sup/
Bhttpy/ssc.spitzer.caltech.etioolgexpetindex.html
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Figure 3.2: The spectral energy distribution of L1148-IRS. For evergahation the filter width and the uncertainty in the
flux density measurement including calibration uncertaits indicated by bars. Note that the observed flux dessitie
wavelengths shorter than 1@én relate to the compact emission from the infrared sourcdevidr larger wavelengths, where
only MAMBO data is available, they refer to the extended eainis of the dense core. The model curves for aperture$ of 2
(solid line) and 4 200 AU radiusdptted ling hold for an embedded source with affieetive temperature of 3250 K and an
internal luminosity of M875L,. They are described in Sec. 3.4.

Table 3.2: The spectral energy distribution of L1148-IRS. For evermdéhe central wavelength and width of the filter,
the telescope resolution, the apertures used for photgmee measured flux density including colour correctionbeie
necessary) and its uncertainty due to noise, and the cédibrancertainty are given. For most bands photometry isdnn
point-source fitting. Then the aperture to that the flux dgneifers is given by the point spread function (PSF) and wekma
these bands by listing “PSF” as the used aperture. For tlee bnds, where we perform aperture photometry, the firsbeam
given for the aperture is the diameter across that the iityeissntegrated, while the given range indicates the di@mef the
inner and outer circle enclosing the area used to obtaintamags for the background intensity (does not apply to MAMBO

Band Wavelength ~ Bandwidth ~ Resolution  Apertures Flux Dgnsi Calibration Uncertainty
um um arcsec arcsec mJy

2MASSJ 1.24 0.16 2.8 PSF <01 2%
FLAMINGOS J 1.24 0.16 1.3 2.56,6.4-12.8 <0.1 2%
2MASSH 1.66 0.25 2.8 PSF <06 2%
FLAMINGOSH  1.66 0.25 1.3 256,6.4-12.8 .421+0.021 2%
2MASSKs 2.16 0.26 2.8 PSF 9+01 2%
FLAMINGOSKs 2.16 0.26 1.3 2.56,6.4—-12.8 .304+0.065 2%
IRAC 1 3.6 0.8 1.7 PSF .25+ 0.01 15%
IRAC 2 45 1.0 1.7 PSF .40+ 0.02 15%
IRAC 3 5.7 14 1.9 PSF .86+ 0.02 15%
IRAC 4 7.9 2.9 2.0 PSF .15+ 0.02 15%
IRAS 12 12 7 25 PSF <77 3%
MIPS 1 24 5 6 PSF 58+ 04 15%
IRAS 25 25 11 25 PSF 15617 6%
IRAS 60 60 33 60 PSF 28841 6%
MIPS 2 71 19 18 80, 80 — 160 2#4 20%
IRAS 100 100 315 100 PSF < 3955 10%
MAMBO 1200 210 11 25.8 334 20%
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and is not consistent with the nominal SNR of 9. For theseorem®/e neglect the 2MASS and IRAS data in the
remainder of the analysis.

Itis, however, not clear whetherftBring observational methods alone can explain the flux dedsferences.
Additional intrinsic variability of the source might be néged to explain the observations. While the study of
variability would be very important for studies of the natwf L1148-IRS, a comprehensive discussion of its
presence is not possible on basis of the present data.

SED Analysis The SED is shown in Fig. 3.2. While we defer a detailed disomssf the SED to Sec. 3.4, we
note that radiative transfer calculations indicate tha&fprotostellar nature of L1148-IRS the detected emission
can be understood as the superposition of extincted phHotoisgemission{ < 10um), emission from warm dust
(s 100 K) in the inner envelope (L < A < 100um), and emission from cold dust (10 K) in the extended
envelope { = 100um). If L1148-IRS is a protostar, then it can be characterisethe bolometric luminosity,

Lpol = 47Tdf F,dv, (3.2)
0
and the bolometric temperature,
{4) h(v
=22 7 3.2
bol 4{(5) kB ( )

where(v) = fom vadv/wa F, dv is the flux-weighted mean frequencyjs the Riemann zeta functiod,is the
distance, anth andkg are Planck’s and Boltzmann’s constant. The bolometric tratpre is thus the temperature
of a blackbody having the same flux-weighted mean frequesitieobserved SED (Myers & Ladd 1993).

To interpolate the flux between the sampled wavelengths weagna modified version of the method used by
Myers & Ladd (1993). We assume the SED to be dominated by d&gsyof temperature 10 to 15 K and opacity
k, o v? at wavelengtht > 100um. This is taken to represent the emission from the cold eeeérenvelope
seen in the MAMBO maps. We additionally superpose piecepiseer-laws on the greybodf, o v*, which
each hold between two wavelengths with a detection. We oetiie emission for wavelengths shorter than the
shortest detected wavelength and ass#ne v? for wavelengths longer than 70n (the detection with longest
wavelength except for MAMBO).

For the distance of L1148 this method yields, = 0.09 to Q21L, andTyg = 72 to 142 K, respectively.
For protostars these quantities reflect properties of eeitme embedded compact source, nor of the extended
envelope, but a combination of these. To give an examplegringbody thought to reflect the extended emission
seen by MAMBO has a bolometric bolometric Iuminosit)zgfe”de‘,’ of 0.03 to Q16L, for the adopted range in
greybody temperatures. This emission is due to heatingeofitist by the interstellar radiation field and cosmic
rays (Goldsmith 2001); for protostars of luminosiy 1L it is not related to the properties of the embedded
object (Eg. 3 of Motte & André 2001). Then theffdirence between the total bolometric luminosity and that of
the extended emissiohyg — Lgﬁ}e”de‘? is an approximate measure of the internal luminosity dutadéoinfrared
source alone. For this we findd® L, in the case of L1148-IRS, independent of the used greybadpédeatures
in the adopted temperature range. The submillimetre-torbetric luminosity ratio, wherégysmmis derived by
integration of the SED at wavelengths350um, is a rough measure of the star-to-envelope mass ratiotogiars.
For L1148-IRS we find a figure of 0.05 to 0.07 for the adopted thraperatures.

Nature of L1148-IRS The bolometric temperatures derived above would implytiau¥8-IRS is a class O (i.e.,
Thot < 70 K) or class | (70 K< Tpo < 650 K) protostar (Chen et al. 1995, 1997), i.e., a young sithr an age of
order~ 10° yr (Barsony & Kenyon 1992; Greene et al. 1994; Kenyon & Harima995) and ongoing accretion
that is embedded in a dense core. This agrees well with tHatewwary state and physical nature derived below
from our FLAMINGOS images (Sec. 3.3.3). Also the high sulimiétre-to-bolometric luminosity ratis> 0.005
hints at such an early stage (Andre et al. 1993). Infrared stéh a bolometric luminosity as low as the one of
L1148-IRS are unusual. To give examples, the cataloguesdfetet al. (2000) and Froebrich (2005) each contain
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only one such source, IRAM04191. Given the suggested iatéuminosity< 0.1L, and the evidence for being
embedded in dense gas, L1148-IRS thus qualifies as a camdidaLO. We shall return to this issue in a later
section.

3.3.3 Nebulosity near L1148-IRS

The FLAMINGOSH andKs band images reveal the presence of extended nebulositpatdii 48-IRS. It man-
ifests in an arc-like structure about %o the west of L1148-IRS (Fig. 3.3), and in a broadening ofithensity
profile of L1148-IRS compared to neighbouring stars (Fig).3The extent and spatial distribution of this nebu-
losity suggests that scattering of light in an outflow caistyesponsible for it. This indicates that L1148-IRS is of
protostellar nature and embedded in an envelope denseletmefjciently scatter radiation. This embeddedness,
combined with the low internal luminosity, renders L11485la candidate VeLLO.

Evidence for Nebulosity The non-symmetric nature of the emission of L1148-IRS inkhandKg bands is
already obvious then inspecting the images presented ir8R3g Given the clearer signature of the asymmetry in
theH band, we quantify the orientation of the asymmetry by fiti@mgelongated Gaussian profile to tHeband
image of L1148-IRS. This yields a position angle (east otmoof 133 for the major axis. Figure 3.4 presents
cuts through L1148-IRS along the major and minor axis thhoilg H band image. Also shown for comparison
are profiles for 7 stars in our image. The selected stars hhaviglatness reaching from fainter than to brighter as
L1148-IRS and do not have intensity profile®ezted by close neighbours. Along each cut the peak pos#ion i
taken to be the center of gravity of the pixels above 30% petansity.

The observed width of the profile for L1148-IRS in theband exceeds the stellar point spread functions by
several arc-seconds. At 10% peak intensity L1148-IRS elstérom—17/8 to 2’3 (-1’7 to 2’0 in the Ks band)
along the major axis, and froml’’ 7 to 1’8 (—1/5 to ¥’5) along the minor axis. For comparison, the stellar profiles
have a width of only 25 (2’7 for theKg band) along the major and minor axis, respectively, at theesatensity
level. This suggests an intrinsic extension of ord&Z 8 2’4, as revealed when removing the contribution from
the telescope resolution. For the adopted distance thiesjmonds to an intrinsic size of 1040780 A2, A
neighbouring star can not be the cause of the extended ésafas these are seen at any position angle.

Comparison with Protostars The structure of L1148-IRS along the major axis is not synmiméd the peak
position. While the maximum extension from the peak at th¥ 1€vel is 23 for positive dtsets along the major
axis, itis~ 1’8 in all other directions. Detailed radiative transfer cédtions for an embedded protostar dfil,
which evolves from the onset of accretion to later stagese\peesented by Whitney et al. (2003a). They predict
intensity distributions in thél andKg bands similar to the one seen for L1148-IRS — i.e., aboutiarextended
emission, but a slightly larger extension into one dirattie for their class | and class || models and lines of sight
moderately inclined to the axis of an assumed outflswB(°), which is perpendicular to an assumed disk. For
all other stages the predicted emission is either cirgusyimmetric or very elongated. For lines of sight much
closer to the plane of the assumed disk the emission is eeghéxte very elongated along the jet axis, while it is
circularly symmetric for views along the outflow axis. In ttlass [l model the extended emission is dominated by
radiation scattered by the disk, while in the class | modgiatéon from the outflow cavity also contributes.

The models thus suggest that L1148-IRS could be a protostar & moderate inclination. The extent of the
emission from L1148-IRS is, however, not consistent with pinedictions of the class Il model of Whitney et al.
The latter predicts emission on scales smaller than ab®@ABGnN radius, corresponding to 1” at the distance of
L1148. One can speculate that for the estimated mass of LIH8&<« 1 M, derived in Sec. 3.6.1) the expected
size of the nebulosity is even smaller. The observed maxirextent of of 1040 AU is significantly larger than
these predictions. Itis consistent with the more than 1000aial extent of class | models though. If L1148-IRS
is a protostar, models, thus, suggest that it has an outthapes] envelope dense and extended enough to reprocess
radiation on scales of 1000 AU radius. For the class | modekthngation is predicted to be maximum along the
axis of the approaching jet, i.e., for L1148-IRS one wouldent an approaching jet at a position angle:&13".
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Figure 3.3: Images of L1148-IRS in thél (bottom panéglandKg bands {0 pane) as seen by FLAMINGOS, shown as their
negative. The overlayedashed contourgive the dust intensity distribution as probed by MAMBO (gapontours as in
Fig. 3.1), while thearrows give the position and direction of the cuts through the isigndistribution shown in Fig. 3.4.
The images reveal that L1148-IRS is elongated, with the mejs at position angle: 133. In addition there is an arc-like

extended feature about 5o the west of 1148-IRS4bel “arc” ). To facilitate comparison between both images its appnaxe
location is indicated by aolid line
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Figure 3.4: Cuts through théd band emission of L1148-IRS along the major and minor axeR@fisymmetrygolid lineg.
Crossesshow the intensity profiles for 7 comparison stars in our ima@he observed width of the profile for L1148-IRS
significantly exceeds the stellar point spread functionsippyo an arc-second. This implies that L1148-IRS has amsitri
extension of comparable order.
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Similarly, the arc-like structure at about ®r 1600 AU radius seen in ot andKg band images can not be
explained by disks of much smaller expected radius. It coudavever, be related to outflows from L1148-IRS.
Given its large azimuthal extent of about°d0is not likely to be related to the bow shock of such a flow;ste
are seen atftsets from protostars much larger than their extent. Thesancare likely to be an inner part of an
outflow cavity that, e.g., is illuminated by the central star

Nebulosity of a similar kind was also observed for the VeLLDOIL4-IRS (Huard et al. 2006). However, here
the infrared star is not seen in theband. A fan-shaped nebulosity extending north with an mitgrpeak dfset
by 57 to 7’ from L1014-IRS, corresponding to 1200 AU, is seen in thél andKs band. Huard et al. (2006)
interprete this as the illuminated wall of an outflow cavitgiven the similar morphology the arc seen towards
L1148-IRS could be of a nature similar to the one of the faapsidl nebulosity in L1014. The infrared star L1014-
IRS has a minimum intrinsic diameter at the 10% intensitgl®f order 25 or > 500 AU in theKg band, while
L1148-IRS has a maximum extent of 1040 AU. While theffeatiin details, the nebulosities around L1014-IRS
and L1148-IRS are thus similar in their general structure.

3.3.4 Outflow Search

We implemented two dierent strategies to search for an outflow in maps of the CQ {&adsition obtained with
the IRAM 30m-telescope. Because of the lack of a referensgipo free of CO emission we first used the single
pixel heterodyne receivers in frequency switching modestrah for an outflow at about systemic velocity. We
then used the HERA array in position switching mode to sefocfaint outflow emission at higher velocities.

These observations show that L1148-IRS is not driving a jpment outflow detectable by single-dish tele-
scopes. This is surprising, given that, in case of a pratasteature, L1148-IRS would be in the main accretion
phase in which most, if not all, protostars do drive outflosadre et al. 2000). We however can not exclude the
presence of a small-scale flow like the one seen in L1014-BR81ke et al. 2005).

The frequency switched observations, taken onxeb5point grid with 30" spacing, are presented in Fig. 3.5. The
baseline quality is improved by Fourier filtering of the sppaand subtraction of polynomials of second order.
This filters out faint broad (some km'§ line features; our observations are only sensitive to mareow features

at about systemic velocity. The spectra are contaminatedtbjuric CO line at: 7 km st velocity’ with respect

to the local standard of rest (LSR). There are clear spatiaghtions in the line profiles observed. However, there
is no classical signature of an outflow in our spectra; noesyatic trend of redshifted emission on one side of
L1148-IRS and blueshifted emission on the opposite sideés.s Such structures are also not seen in channel
maps (not shown).

The position switched observations (thset position iss 14’ to the north-west), taken on a ¥212 point grid
with 24" spacing, are summarised in Fig. 3.6. They are sensitiveiid dad broad emission features, as only
baselines of first order need to be subtracted. The détrsdrom platforming though (i.e., discontinuous jumps
in the spectra); we exclude scans obviousfeeted by this. The typical RMS noise leveli$T,,) = 0.15 K for
smoothing to G kms* spectral resolution. Emission at about systemic velogity ot be studied because of
artifacts due to emission in the reference position.

Among the approximately 24 000 channels in our spectra ofuihele region (they cover the LSR velocity
range—42 to + 48 kms?) there are 8 isolated ones (i.e., no neighbours wilr[ T] exist) with an SNR larger
than 3 (taking the individual integration time per spectinho account) at & km st spectral resolution. About
70 channels with an SNR larger 3 are expected for Gaussiae.ndhe derived number of 8 channels with such
SNR is thus not significant. (This however suggests that theerlevel is overestimated by the RMS.) We thus
can set an upper limit of&Tmp) ~ 0.45 K in theTy,-scale to outflow CO emission from L1148-IRS. In order to
search for outflow emission with very high sensitivity in thenediate vicinity of L1148-IRS we furtherimproved

"The LSR velocity of the telescope can, e.g., be found fronceieulator provided on the homepage of fa Ultraviolet Spectroscopic
Explorer (switched to topocentric coordinate$)ttp://fuse.pha. jhu.edu/support/tools/vlsr.html, and using the “source” com-
mand within the ASTRO program of the GILDAS software packégetp: //www.iram. fr/IRAMFR/GILDAS). The LSR velocity of telluric
lines is the negative of the telescope’s LSR velocity.
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Figure 3.5: Spectra in the CQ = 2—1 transition towards L1148-IRS as observed with frequemdtching on a &5 point grid
with 30” spacing. Gfsets are given relative to the approximate dust emissiok pesition ¢ = 20"40"565, § = +67°2258/0
[J2000.0]). The LSR velocity and intensity in thgy-scale are shown for one spectrum. The spectra are contizthibg a
telluric CO line at~ 7 km s LSR velocity. No obvious signature of an outflow is seen ingpectra.

the sensitivity by averaging spectra from all 4 positiong@unding it. This again did not reveal any significant
emission.

The integrated CO intensity ifipp-Scale is shown in Fig. 3.6. We separately integrated the-lalnd redshifted
emission across two velocity intervals of each 5 kingidth offset by+5.5 km s from the systemic LSR velocity
of 2.6 kms™, as inferred from BH* (Sec. 3.5.4). This choice of this velocity range was inspby the range for
which an outflow is seen in IRAM04191 (André et al. 1999), 4 M® with an internal luminosity comparable to
the one suggested for L1148-IRS (Dunham et al., in prep.i RAMS noise level is about® K kms? in both
windows. Emission with a significant SNR larger than 3 is aldyected towards one position (which has a short
total integration time though) and no systematic spatidédéntiation of red- and blueshifted emission is seen at
lower intensity levels. Therefore no CO outflow with an inteed intensity exceeding 0.9 Kkm s is driven by
L1148-IRS.

The lack of an outflow from L1148-IRS is surprising, given thadence for a protostellar nature from the SED
and nebulosity. An outflow like the one driven by IRAM04191In@ké et al. 1999), a VeLLO of internal luminosity
similar to the one of L1148-IRS (Dunham et al., in prep.), lddwave been easily detected by our observations.
The latter has, at a distance of 140 pc, extended outflow emniss scales of about ¥ 3’ at a level o> 5 K km™

for windows of 5 km s* width, corresponding te 1 K per channel. This significantly exceeds our detectioitsim
The candidate VeLLO L1148-IRS would, however, not be the firetostar without a prominent outflow detected
by single-dish telescopes. The small-scale outflof) (¥ the VeLLO L1014-IRS detected by interferometric
observations (Bourke et al. 2005) is not seen in single-dlidervations (Crapsi et al. 2005b). A similar situation
holds for the VeLLO L1521F-IRS (Bourke et al., in prep.). BHuL148-IRS might still drive an outflow, but on
scales smaller than probed by our observations.
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Figure 3.6: Integrated intensity map in the CO (2-1) transition for esiais blueshifted ¢ontinuous linesand redshifted
(dashed linesfrom the L1148 systemic velocity as observed with positaitching on a 1 12 point grid with 24 spacing.
The integration intervals of each 5 kit svidth are spaced by5.5 km s from the systemic velocity. The contours are spaced
by the typical RMS noise level of. 8 Kkms™. The position of L1148-IRS is indicated bystar. Emission at a significant
level is not detected and the spatial distribution of eroissit lower intensity levels is not indicating any outflow.
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3.4 SED Modelling of L1148-IRS

Fitting the SED of L1148-IRS by self-consistent radiatikanisfer models of protostars embedded in a dense core
is desirable for several reasons. First, this yields furédvedence for L1148-IRS being deeply embedded in, and
not only associated with, the L1148 dense core. Second|atbtaodelling allows to infer the internal luminosity
more reliably then was done heuristically in Sec. 3.3.2rdhive can learn something about the density structure
of the dense core on scales smaller than the beam.

In Sec. 3.4.1 we describe the general layout of our physicalehand introduce its free parameters. Details of
the numerical scheme are given in Sec. 3.5.1. Results ofdlcalations are reported in Sec. 3.4.3. Section 3.4.4
discusses processes not well included in our model, th@agnon model SEDs, and their influence on parameter
estimates. We summarise our modelling of L1148-IRS in S&c53

As discussed in Sec. 3.3.2, the IRAS and 2MASSband flux densities are not consistent with the higher
quality MIPS and FLAMINGOS data, respectively. They araéfiere excluded from the present analysis.

3.4.1 Boundary Conditions & Model Parameters

We model the observed SED by a spherical dense core withvpiseg@ower-law density profile containing a
central point source emitting like a black body of lumingdit,; and temperaturé;. The dense core is externally
heated by the interstellar radiation field (ISRF); we asstime SRF to be identical to the solar neighbourhood
ISRF inferred by Pérault (1987). We referltg; as the internal luminosity, to distinguish it from the boketnic
luminosity of the star-core system. Tgg we refer to as the stellaffective temperature.

The model density drops to zero within the inner radiws,and outside of the outer radius,.. Three power-law
density distributions of the form oc r=*, which connect continuously at the inner and outer tramsitadiusy

andrd2t o are assumed to hold in betwegpandroy:. In between st -andro, we adoplr = 2, as derived in Sec.

3.5.1 from the dust emission. The density is assumed to bet@arin between, . andré% - no good SED fits
exist without a region with a flat density (see below). In betwri, andri", -we adopte = 2, as the embedded
source should form in dense gas. The absolute value of thetgean be parameterised by normalisation to the
density at the outer radiugey. We setroy,: = 32500 AU ~ 0.16 pc, which corresponds to 170@h L1148 and

is about the distance out to that the core emission can bketlacThis leavesoy, i, roets andoou as free
parameters of the model density structure.

Our model for the density structure is thus complementathdge adopted for other VeLLO models (Young
etal. 2004, Bourke et al., in prep., Dunham et al., in préfhise adopt density profiles with an inwards increasing
density in which a star with a circumstellar disk is embeddad the disk has intrinsic luminosity the internal
luminosity in these models is given by the sum of the steltat e disk luminosity.

The model dust opacity is taken from the “case B” calculaiohWeingartner & Draine (2001) for a total-
to-selective extinction rati®®, = 5.5. These provide an excellent description to observed eidim curves at
wavelengths between 1 and Afh, which are crucial for the modelling below (Indebetouw e2805). These
deviate from the Ossenkopf & Henning opacities used for tredyasis of the dust emission maps in Sec. 3.5.1,
which are believed to hold for longer wavelengths.

3.4.2 Model Calculations

Model SEDs are calculated by iteratively improving estiesafor the radiation field in the dense core. In each
iteration we first calculate the temperature distributiorthe dense core resulting from the absorption of the
estimated radiation field. A new estimate for the latter entbalculated from the dust emission for the improved
estimate of the temperature distribution. (See AppendiX Riltai et al. 2006 for the computational details.) This
procedure is repeated until convergence is reached. Thegurhiss are assumed to be all of the same size.

The flux densities observed for a wavelength-df um are comparable to those expected from the integration
of the ISRF across the apertures used: for an aperturé@@dus the integrated ISRF intensity girh is 0.5 mJy,
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while L1148-IRS has: 2 mJy. In real observation the background from the ISRF ioresd by subtraction of an
intensity estimated from positionsfdhe investigated source. SED models of VeLLOs must takestiiiraction
into account. This is a crucialfiiérence to previous studies of much brighter protostarsteunedel flux densities
are much lesseriected by an ISRF contamination.

We calculate model flux densities for a small aperture’ofé@lius, corresponding to the apertures used for
observations at wavelengtks20 um, and for a larger aperture of 4200 AU, corresponding to petares used
for the longer wavelength data. At wavelength®20 um the optical depth is so high that the background ISRF
varies spatially across the model core because of extimclibus the background intensity close to the source is
estimated in an annulus with an inner and outer radius of' &frid 1@, respectively. For longer wavelengths the
ISRF is not #&ected by extinction and it can be removed by subtractingripatilSRF. The 4200 AU radius of
the large aperture are matched to the MAMBO observationsth&€mission probed by MIPS is not extended,
and the method for background subtraction is identical ftP®and MAMBO, the large aperture can be used to
model the data from both instruments.

We quantify the quality of a fit by several criteria. First, veguire that a model matches the MAMBO flux
density. Then, we require that the model flux densities fah IPS detections is within the range allowed by
the calibration uncertainty. Also, the model flux densitiasst be below thd band upper limit from 2MASS and
FLAMINGOS. Finally, the deviation of model and observation the other FLAMINGOS bands and the IRAC
bands is quantified by the mean squared relatiffeidince between model and observation,

Ko = ([ (For- Frooe)/ Fove) (3.3)
_ %bs ’ [(Fsbsi_FLnodeli)/Fsbsi]z’ (3.4)
I

in which FoPSandFMo%!gre the observed and modeled flux density, respectivelynttieesi refer to the dferent
observed bands, amgys is the number of observations, respectively observed badsalso calculate for every
fit the mean squared uncertainty-normalisetkdence between model and observation usually adopted tdifyua
a fit,

XZ — <[(FSbS—FTOde Fobs 2> (3.5)
— % ' [(F3b5| Fmodell)/ (ngsi)]z’ (3.6)

whereo-(FSbSi) is the uncertainty. However, as we discuss below, ourraila match the observations within their
uncertainties makes this a bad quantity to judge the quafliffit.

3.4.3 Results
3.4.3.1 Failure of Pure Power-Law Density Profiles

It is not possible to match the MIPS observations with modielging a pureo o r=2 density profile for any
combination of the free parameters internal luminosifig@ive temperature;,, andooy:. This would require the
presence of warm dust of some dozen K in order to flatten the [8&#Been both MIPS bands. This in turn would
demand that dust exists close in to the central source. Foreopx r~2 density profile this, however, implies an
extinction of several hundred magnitudes towards the eddgkdource. Then the radiation emitted by hot dust is
too much attenuated to match the flux densities in the MIP8%an

We conclude that no pure power-law density profile can fit theeoved SED. However, models with constant
density in between’, _andr do, as we show below. As the inclusion of this region imprdkedits, we choose
to makergil as large as allowed by the dust emission intensity profileusised in Sec. 3.5.1. To be conservative

we setro4 to 2- 10'* m ~ 1340 AU for the further modelling, corresponding to an aagdiameter ok 8”. This

trans
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Figure 3.7: Quality of SED fits in dependence on the mod@¢etive temperature and internal luminosiBmall numbergive
the minimum mean squared relativefdrence between model and observations for a given comtmefiTe; and L. For
accepted fits, for whicbzz,zel < 0.3, this figure is also indicated by the diameter of fitled circles Empty circlesare drawn
for not accepted fits, for whick?, > 0.3. Crossesare drawn if no solution exists. The modelling thus conatrdhe internal

rel

luminosity to 006 < Li/Ls < 0.11 and the fective temperature to 2069 Tr/K < 4500.

affects the dust intensity profile on scales much smaller traiMiMBO beam and is therefore in agreement with
the profiles in Sec. 3.5.1 from which the density profile is\st.

3.4.3.2 Success of Piecewise Power-Law Density Profiles

For given inner and inner transition radiug,andr!", . respectively, the density at the outer radius is fixed by the
requirement that the model matches the dust emission piop&AMBO. This leavesi, andrih, as the only
remaining free parameters, which we thus vary to minir)afgle

Figure 3.2 shows the best model fit to the observations. Tiiereihces between the large and small model
apertures are apparentfléirent strategies to remove the ISRF intensity can resuétrigely diferent model flux
densities. The apertures used in observations need to &e itaio account when calculating model SEDs. In our
model SEDs the three peaks seen, e.g., in Fig. 3.2 are, in ofdecreasing wavelength, dominated by emission
from cold dust £ 10 K) in the extended envelope, emission from warm dgsiiQ0 K) in the inner envelope
that is predominantly radiatively heated by the centrarseuand by extincted stellar photospheric emission.
The latter two make up the bulk of the reprocessed stellaatiad. For good fits the emission from the warm
inner envelope must dominate this reprocessed radiatibis réquires significant extinction of the photospheric
emission. Therefore, if L1148-IRS is associated with th&48 dense core, it must be deeply embedded in the
core.

The minimum values gffel for different internal luminosities andfective temperatures are shown in Fig. 3.7.
Solutions to the radiative transfer problem do, howevet,axist if Li; < 0.06L¢, as then it is not possible to
match the both MIPS observations at the same time, and hgt if 0.11L., as then is not possible to match both
MIPS observations and theband upper limit at the same time. In other words then thenosity injected by the
central source is dierent from the power radiated away in the observed bands.

The minimum mean squared uncertainty-normaliseince between model and observatigefis: 67. For
6 observations and 2 free parameters this gives a redifcety?/4 ~ 17. This is much larger than one and thus
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no model is consistent with the short wavelengthlQ um) observations within the observational uncertainties.
This is a known problem for SED fits to some Spitzer VeLLOs (g:f= 121 for IRAM04191; Dunham et al., in
prep.). We defer a discussion of our failure to obtain dethiits to the next section.

As observational uncertainties alone can not be resp@fiblthe observed departures between model and
observations, we Usﬁf@ to quantify the fit quality. Its minimum is 0.08, implying thiZne mean relative étierence
between model and observation is of the orgé /2 ~ 28%. We only accept fits with about twice this mean
relative diference, i.e. we demar,\del < 0.3. This constrains the internal luminosity to b&®to Q11 L, and
the dfective temperature to be 2000 to 4500 K. The best-fit modelLRas 0.0875L; andTer = 3250 K; the
column density corresponds to a visual extinction towandscentral source of 3®mag. The acceptable range of
luminosities is more determined by the existence of sahgtibhan by the quality of fits.

The best-fit inner radii of ordey, = 102 m ~ 7 AU imply the absence of hos{ 100 K) dust in the protostellar
envelope. Thus the SED at wavelengths shortward @b um is dominated by extincted photospheric emission
of the central source, as the dust temperatures are verydowared to the stellarffective temperature.

All our models reasonably fitting the data exhibit a deegaik absorption feature at a wavelength of about
10um, not in agreement with the observations. We discuss tbisliem in the next section.

3.4.4 Physical Interpretation
3.4.4.1 Non-Spherical Models, Internal Luminosity, and Eective Temperature

Our failure to achieve fits to the observed SED within the olagt@nal uncertainties implies that our model fails to
capture some important aspects of the radiative transfiseienvelope of L1148-IRS. Deviations from spherical
symmetry, like the presence of outflow cavities suggestealibid andKs band images, are one likely candidate for
important é€fects not included in our present model. Such deviationspsitiominantly &ect the predictions for
wavelengths shorter than10um (Whitney et al. 2003a,b), where the deviations betweenaientt observations
are presently largest. Also, not well included are spefdatiures of ices, which can have a significant impact on
the SED ford < 10um (e.g., Natta et al. 2002). We speculate that the inclusidhese &ects into SED models
would allow to match the data within the observational utaiaties.

Still, the internal luminosity derived from a sphericaliynsmetric model fit,Li?f;S, is usually a good estimate of
the actual one. The error in the luminosity estimate madewneglecting the non-spherical protostellar radiation
field was gauged by Whitney et al. (2003b). They calculateetsoaf a protostar of a luminosity ofll, surrounded
by an envelope with central flattening, to that for some meddlared disk and outflow cavities are added. These
models are tuned to reflect the properties of class | pratdtm lines-of-sight forming an angle of1® 87 with
the outflow axis the luminosity correction factu,:/ Lﬁf;s, which increases with angular distance from the outflow
axis, is between 0.5 and 2.1. Models with outflow cavitiesiciisupposedly hold for L1148-IRS because of its
nebulosity, have correction factors between 0.5 and 1.6tHeosuspected inclination of order°3@ith respect to
the outflow axis (Sec. 3.3.3), our model fit for L1148-IRS wbtlien overestimate the actual internal luminosity

by a factor 1.1 to 1.4.

Similarly, estimates of the stellaffective temperature from fits of spherically symmetric medelemission
from non-spherical envelopes do constrain the actual testye. If the SED close to the peak of the intrinsic SED
of the central object is dominated by extincted photosghemission, as it is apparently the case for L1148-IRS,
then the SED to first order depends only on the extinctingroaldensity and on theffective temperature, but
not on details of the density distribution. Thus, models thyiedd the same fective temperature and extinction
independent from the adopted geometry. If extinction dagsdominate, temperature estimates from spherical
model fits do set a lower limit to the actudfective temperature: much lower temperatures are usuaknsistent
with emission detected at short wavelengths.
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3.4.4.2 Lack of Hot Dust and Silicate Absorption

The inferred absence of hot dust (L00 K) in protostellar models of L1148-IRS would be a sumpfig a protostar
expected to be accreting. The inflowing dust is supposed tadiatively heated to temperaturesl 00 K while
approaching the central source, and eventually to evapatad temperature of about 1500 K, which marks the
upper limit of expected dust temperatures. The actual latlobdust in L1148-IRS, and the corresponding lack
of inflowing matter, would be a problem for the interpretated this source as a young and accreting protostar.

Within our model the absence of such dust is very robust. Atgmgpt to create hot dust by decreasing the
inner radius leads to an SED in the IRAC bands too steep anirigbt to be consistent with observations, if we
require that the model still matches the observations inMieS bands. However, spectral slopes in the IRAC
bands comparable to those for L1148-IRS are also found &8#D models of Whitney et al. (2003a,b), although
dust with temperatures of up to 1600 K exists in these. Ttggests that hot dust might be present in L1148-IRS
in spite of our model results. Furthermore, the SEDs of L1IR8 and the VeLLO L1521F-IRS (Bourke et al.,
in prep.) difer by only a scaling factor in the IRAC and MIPS 1 bands; theloars in these bands are identical
within the uncertainties. Given the clear protostellaunatof L1521F-IRS (Bourke et al., in prep.), the SED of
L1148-IRS in the IRAC bands is thus consistent with thosesitdes for protostars.

In summary, while the exact implications of the suggestestabe of hot dust are not clear yet, it is clear that
it would not challenge the protostellar nature of L1148-IRS

Emission of warm to hot dustf 10 K) in the silicate features (e.g., Chiang & Goldreich 1983uld compensate
the silicate absorption feature predicted by our model.sTwould help to explain the discrepancy between the
actual and model SED at8n wavelength. If additional emission in the silicate banaistdbutes to the observed
flux density, such emission is likely to reach us on lines ghshot screened by the cold foregrounds causing
the predicted absorption. The emission would otherwiseeenth the observer, given the magnitude of predicted
extinction in this band. This would supposedly require déwis from spherical symmetry.

3.4.5 Modelling Summary

Assuming a protostellar nature for L1148-IRS, the selfsistient radiative transfer modelling in spherical sym-
metry constrains the internal luminosity anteetive temperature to

0.06 < Lint/Lo £0.11 and 20005 Tex/K < 4500,

respectively (Fig. 3.7). If L1148-IRS is associated witk tt1148 dense core, then it must be deeply embedded
(= 30 mag) in order to match the flux density ratio between theGR#d MIPS bands.

The derived luminosity is not likely to f@ier from the actual one by more than a factor 1.5 in case tha48-11
IRS is a protostar with an envelope deviating from sphesgaimetry. The presence of such deviations might
in part be responsible for our failure to exactly match theestations. We have no ultimate interpretation for
the lack of hot dust indicated by our modelling, a feature exgected for an accreting protostar. This possible
absence, however, does not challenge the protostellarenatl1148-IRS, as the related spectral feature is also
seen in clear-cut protostars.

The luminosity derived for L1148-IRS is comparable to thdseived for other VeLLOs (Table 3.6). These
were modeled as stars with circumstellar disks that are dddézkin envelopes, while our model lacks a disk.
L1148-IRS would thus be the third-faintest embedded ptatdsiown (Andre et al. 2000; Froebrich 2005).

3.5 Properties of the Natal Dense Core

After the discussion of the properties of the compact imftlesource L1148-IRS we now turn to a study of the dense
core from that L1148-IRS appears to form. This on one handdéuarther evidence for a physical association of
L1148-IRS and the dense core: within L1148 the position df48-IRS stands out in its physical and kinematical
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Figure 3.8: Thermal dust emission atZmm wavelength, smoothed to’2@esolution, as seen by MAMB@lack contours
(dotted contourgor < 0 mJy beam') are drawn in steps of 3 mJy per”1beam. White contoursdelimit the two elongated

cores identified in the map. No emission at a significant Iesvéétected outside these cores. The position of L1148\WR&h
resides in the northwestern core, is marked Isyaa

properties. On the other hand our study of the dense coredtedi that L1148 is an unusual region for active star
formation, very diferent from all others studied to date. The inferred properiso set the stage for the general
discussion of L1148 as a star-forming region in Sec. 3.6.

We start with a discussion of the dust emission from L114840.8.5.1. This constrains the mass distribution
on large and small scales and reveals mass concentratigriewdor cores expected to form stars. We then use our
CCS spectra to quantify the velocity field across the wholeldf48 in Sec. 3.5.2. Our*®0 data, presented in Sec.
3.5.3, indicates a complex velocity field in the vicinity 01148-IRS and suggests a chemical state nidédint
to the one of unevolved starless cores. The subsequens@afjour NH* observations in Sec. 3.5.4 reveals a
dense core at the position of L1148-IRS with a low degree dfudence. Finally, in Sec. 3.5.5, the analysis of
deep spectra for several molecular transitions towar@s sl positions in L1148 suggests the existence of inward
motions.

3.5.1 Dust Emission: No Indication for very dense Gas

Maps of thermal dust emission allow to map the mass distabuif the dense core harbouring L1148-IRS. Its

density, column density, and mass concentration turnsambietlow when compared to those of dense cores
believed to be in the stage just prior to active star fornmatithe radial intensity profile of the dust emission peak
possibly harbouring L1148-IRS is consistent with the onarofravitationally unstable equilibrium.

Overview Figure 3.8 shows our complete MAMBO dust emission map of 1811Z7he RMS noise level is
1.1 mJy per 17 beam in the center of the map and increases outwards duesés tas/erage; it is.2 mJy beamt
at the position of L1148-IRS. Significant emission with adlhg evaluated SNR larger 3 is only detected in two
parallel dust filaments in the map center, of which the noettern one contains L1148-IRS.

We use SNR and intensity maps smoothed to@&3olution to break the emitting regions up into substnestu
For this boundaries of regions with a SNR larger 2 are idextifirst. Within these boundaries cores are identified
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by separating them (by eye) at the lowest intensity contwayr o not have in common. We find two very elongated
cores in our map, which are identical to the two filamentsiiiviely identified by eye. The peak intensities and the
total flux densities within the boundaries thus set for the fitaments are & 1 mJy beamn' and Q77 + 0.06 Jy

for the northwestern filament, and £2L mJy beam! and 174+ 0.10 Jy for the southeastern filament, where the
uncertainty comes from the noise in the map. Both have ahesfgabout 5 or 0.5 pc~ 100 000 AU.

To quantify the geometry of a filament we fit ellipses to theaaabove half of the peak flux of the respective
filament within the filament boundarfés This way we derive sizes, aspect ratios, and position angast of
north) of 334’ x 71”7, 4.7 + 0.8, and 45 + 3° for the northwestern filament, respectively 2%182”, 3.5+ 0.4, and
50° + 2° for the southeastern filament. The uncertainties are dgnivBlonte-Carlo experiments in which we first
superpose the observed map with artificial noise of an angditdentical to the one in the observations, and then
fitting ellipses to the data. The uncertainties are takeretthb standard deviation of the derived values.

Dust Emission Properties As the thermal dust emission is optically thin, the obserwveensities (i.e., flux
densities per beam$P®a™ can be converted into4tolumn densities,

beam
S

QbeanBv(Tdust)Kvﬂ '

hereQpeamis the area of the beam aBi(Tqys) is the Planck function. We assume a dust temperdiyre= 10 K,

a mean molecular weight of = 2.8 my per H, molecule (whereny is the mass of an hydrogen atom), and a dust
opacity of 00102 cnf per gram of interstellar matter (Ossenkopf & Henning 1994:1f0° yr of coagulation at
an H density of 16 cm, thin ice mantles, and a gas-to-dust mass ratio of 100). Viiblds estimated peak H
column densities and total masses & & 0.8 - 10? cm 2 and 38 + 0.3 M,, for the northwestern filament, and
7.9+ 0.8- 107 cm™ and 87 + 0.5 M, for the southeastern filament. For a conversion factoAgMN(H,) =
1.1-10?Y mag cn? (Bohlin et al. 1978; for a total-to-selective extinctioticeR, = 3.1) this corresponds to a peak
visual extinction ofA, = 6 mag and 9 mag, respectively. The mass within 4200 AU distfioe the dust emission
peak,Mas200au (S€E Motte & André 2001), is.05+ 0.01 M, for the northwestern filament and22 + 0.01 M, for

the southeastern one.

N(Hy) = (3.7)

Dust Emission Peak As discussed in Sec. 3.3.1, the dust emission peak of thewestern filament appears
to be physically associated with L1148-IRS. Thus, it isigttforward to assume that this dust emission peak
represents the immediate environment from which L1148dB§egates, and the structure of the peak should be
relevant for an understanding of L1148-IRS.

The dust filaments are not well enough resolved and deteai@itbtv for detailed modelling of the dust emis-
sion peak, but we can gauge the density gradients near LIRE®y analysing cuts through the surrounding dust
emission. The cuts are shown in Fig. 3.9. Inspection of thpsshows that the dust emission peak near L1148-
IRS is about circular, but we only consider cuts perpendictd the filament major axis in order to minimise the
impact of confusion of structures overlying along the filatn@n our analysis. Given the observational uncertain-
ties the cut through this dust emission peak is about camistith the beam-smeared intensity profile expected
for a spherically symmetric isothermal density profile r=2, wherep is the density and the radius (Fig. 3.9).

This profile is predicted for spherical equilibria suppdrby isothermal pressure having an infinite center-to-
surface density contrast (McKee & Holliman 1999). Such Eop@ are unstable to gravitational collapse and it is
hypothesised that they represent the density structurertdfadcores just before the central formation of a star (Shu
1977). The density structure of the dust emission peak nga48-IRS is thus consistent with the one expected
for environments actively forming stars. The width of the tuough the dust emission peak near L1148-IRS at
50% peak intensity is about 4®r 13000 AU. The flux density of 52 + 1.3 mJy encircled by an aperture of this
diameter corresponds to a mass &3+ 0.01 M.

The above analysis would not be much influenced by tempergtadients due to radiative heating by L1148-
IRS. As predicted by Eq. (3) of Motte & André (2001) heating@dsource of a luminosity similar to theld.

8This is implemented by using the IDL routine FitEllipse byvzaFanning.
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Figure 3.9: Cuts through the dust emission of the northwestern filanEm.solid line with crossefolds for the cut through
the dust emission peak near L1148-IRS, whiledfwsseshold for 4 parallel cuts displaced by abat20” and+40”. The cuts
have a position angle of 135.e. their orientation is perpendicular to the major aXishe filament. They run from southeast
(negative @fsets) to northwest (positiveitsets). For the cut cut through the dust emission peak neat8-IRS the uncertainty
in the normalised intensity is of orderl5%. Model cuts for beam-folded spherically symmetrichigomal density profiles

o « r~® are shown asolid (e = 2.0), dasheda@ = 1.75), anddotted linega = 1.5). The cut trough the dust emission peak is
one of the steepest ones. Its slope is about consistenthveth+ 2 expected for isothermal equilibria.

estimated for L1148-IRS would significantly heat the enpelonly in a region of 56 diameter, which is much
smaller than the profile width and the beam size.

Mass Concentration An estimate for the average density in the filaments can beetby dividing the observed
column density by the depth of the filament. For depths ranfyjom the minor axis length to the geometrical mean
of the major and minor axis length the thus derived densitie€8 to 17-10* cm2 for the northwestern filament,
and 11 to 20 - 10* cm2 for the southeastern one. Similarly, a dense core of mass\, within 4200 AU from
its peak (the mass inferred for the dust emission peak neb48-1RS) and a density profifec r=2 has a density
of order 13- 10* cm3 at 4200 AU radius. These figures are comparable to the slyndarived densitiesof the
starless submillimetre cores studied by Visser et al. (2002 which the densities areDto 20 - 10* cm3, but
much lesser than the®to 5- 10° cm~2 found by Kirk et al. (2005) for their cores with satellite et

The column density of the parental core of L1148-IRS is naltv when compared to starless cores. Only
2 starless cores in our c2d MAMBO survey (KBuoann et al., in prep.; see Chapter 2) have column densities
significantly smaller than L1148-IRS. Similarly, to have@NR larger than 3 the starless cores detected by Visser
et al. (2002) and Kirk et al. (2005) must have column dersiti® - 10°* cm 2. Thus, L1148 is among the dense
cores with lowest column density studied so far. The low goldensity might partly be an observational artifact
due to the low spatial resolution of 6400 At 0.03 pc after smoothing at 325 pc distance. The column density
distribution of the nearbyg 140 pc) 'bright’ cores of Kirk et al. have a full width at halfaximum (FWHM)
comparable to ouresolution it is likely that we underestimate the true peak column dgthecause of too poor
resolution.

Still, the mass concentrated in the dust emission peak iff.s®aly three starless cores in our c2d MAMBO

9We convert published results to our choice of dust opacitigstemperatures. While for Visser et al. the scaling faistof order unity,
we have to reduce the densities, column densities, and slstee by Kirk et al. by a factor 2.
10we exclude their results for L1521F from this analysis, &s t¢bre contains a VeLLO (Bourke et al., in prep.) and is natless.
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survey (Kadfmann et al., in prep.) have masses within 4200 AU radiusfogmitly smaller than L1148-IRS does;
this property is not fiected by our low resolution. For a beam size matched to tHeoi ¥isser et al. a mass of
0.12Mg, is contained in the beam centered on the dust peak. Thisysatmalut twice the lowest mass found by
Visser et al. for cores closer than L1148@.05 M, for detected cores at 160 pc distance). Given that for a given
core and fixed beam size the mass in the beam decreases wheasiteg the distance, the mass concentrated in
the dust peak of L1148 is probably comparable to the valutieidetected cores of Visser et al. and possibly even
smaller.

In particular, the dust emission properties of L1148 are \eifferent from those of the “evolved” cores of
Crapsi et al. (2005a). (See also Sec. 3.6.2.2 and Table B&dommarising discussion.) These are believed to
be representative of cores just before the onset of starditom The two prototypical evolved cores L1544 and
L1521F have column densities on the central line of sight7 - 1072 cm2 (we converted the values to our choice
of dust emission properties), while towards L1148-IRS thleimin density is lower by a factor 8. Similarly, the
average densities derived for L1148 fall short of th@.5 - 10° cm2 required for a core to be evolved by more
than a magnitude. However, the dust emission peak near LIRg®as an #ective intrinsic radius at the 70%
intensity level,r7q (i.€., the radius of a circle enclosing an area equal to tha above the 70% intensity level),
of 4350 AU, which meets the Crapsi et al. requirement for & tobe evolved, like all other VeLLOs covered by
MAMBO (Table 3.6). This radius criterion thus appears to lgad one to select cores close to the onset of star
formation.

We conclude that there are no indications from the dust eomider gas densities in L1148 that would be
unusual for starless cores. This is likely to some extentoargrical éfect, owing to the low spatial resolution at
the cores distance. Geometry alone fails to explain the lmmcentration of mass in the dust peak though. This
would be remarkable for an actively star-forming core inetlstars aggregate from dense gas.

3.5.2 CCS Map: Large-Scale Velocity Field

The Hfelsberg map in thé, F = 2,1-1 0 transition of CC& allows to trace the distribution and kinematics
of molecular gas on scales of several arc-minutes. Narno@slimply low levels of turbulence. The observed
radial velocities suggests that the northwestern dust éildran which L1148-IRS is projected is composed of two
overlying dense cores.

Figure 3.10 shows that the filaments seen by MAMBO are also Be€CS emission, though the intensities do
not correlate well. For example, there is significant CCSssian at the southwestern end of the northwestern
filament where there is no dust emission. However, CCS is krtovbe a molecule with a complex chemistry. It
usually does not correlate well with high density gas (Lai &t€her 2000).

The spectra reveal a complex velocity field, suggestive ofdawerlying velocity components in the northwest-
ern filament (Fig. 3.10). To show this this we fit Gaussian earo smoothed spectra aDB6 km s* resolution
with a peak SNR larger 4. We find a kinematical dichotomy inrnbethwestern filament: the LSR velocity of
the northeastern end of the filamentg2 km s from Gaussian fits to an unsmoothed average spectrum) is sig-
nificantly smaller than the velocity of the southwestern ¢€h@8 km s?). (The average spectra were calculated
from positions with a peak SNR larger 4 after smoothing. Tip@ditions near L1148-IRS, and the 7 positions in
the southeastern end of the filament are averaged, resgggtiVhe velocity jumps abruptly from the low to the
high velocity along the filament, and is about constant irr&spective filaments ends. Such sharp velocity jumps
can not exist in single dense cores, as they would soon smailt. Also rotation does not manifest in velocity
jumps, but smooth gradients. Thus the observed velocity feindicative of two physically distinct dense cores
along the filament, which haveftrent radial speeds. Both ends have a similar average lig (@17 km s*
and 018 km s, respectively).

The southeastern filament has a radial velocity similar éoathe of the northeastern end of the northwestern
filament (265 km s? for an average spectrum of 6 positions), which suggeststitfese both parts of L1148

we improve the baseline quality by subtracting polynomidisecond order.
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Figure 3.10: Effelsberg map of L1148 in thd F = 2, 1-1 0 transition of CCS. Théop panelshows the integrated intensity
in the T, scale for the B to 36 km s velocity range ingrey shade The shades are drawn in steps of the noise level of
0.085 K km s?, starting with twice the noise level. The MAMBO dust emissimap is overlayed iflack contours the
contours start for 4 mJy beafand are spaced by 2 mJy bedm Dots indicate positions observed withffElsberg. The
position of L1148-IRS is indicated bystar. The other panels show the LSR velocitgifidle panéland the line widthljottom
pane) for positions with a peak SNR larger 4, as derived from Giansfits to data smoothed to0B6 km s resolution. The
point diameters indicate the velocity and line width, resjpely.
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are physically associated. The average linewidth.20®&m s is slightly higher than those in the northwestern
filament.

3.5.3 C®0 Map: Velocity Components and CO Depletion

C'80 is a very valuable tracer for the study of dense cores, aslitgs the spatial distribution of moderately dense
gas, the velocity field, and the cloud chemistry. Analysitheke aspects reveals that dense gas traceddyi€
associated with L1148-IRS, and that several velocity camepts exist in the immediate surroundings of L1148-
IRS. The G80 abundances derived for L1148 are much higher than thosectegbto hold for starless cores just
before the onset of star formation. This would make L1148rarsual star-forming region.

Velocity Structure  Our C!80 data allows to probe the velocity field near L1148-IRS. FégB.11 presents the
spectra, overlayed with Gaussian fits to velocity componeritere their identification is obvious. Baselines
are improved by FFT filtering and subtraction of polynomiaidourth order. Simultaneous fitting of several
velocity components is performed where required. Two sechponents are present in the map. One at velocities
aroundvisg = 3.05 km s, which is detectable towards L1148-IRS and southeast dhie dominating velocity
component is at velocities of aboutsg = 2.6 km st and extends across the complete mapped area. The radial
velocity of the latter component s similar to the velocigrived from CCS for the northeastern end of the filament,
which is covered by our 0 map, and the systemic velocity derived froHN spectra for the same region (Sec.
3.5.4). This suggests that these velocity components th@cgame gas.

The lower velocity G20 emission is associated with L1148-IRS (Fig. 3.12); thusamty our MAMBO map
alone suggests the presence of dense gas near L1148-IRBowdlds, Gaussian fits to the higher velocity line
components are subtracted from the spectra at positiohgwitvelocity components; an integrated intensity map
is then calculated from the modified data for thé o 41 km s* velocity range. Two positions in the map are
excluded from this analysis, as the fits to the velocity congms are not reliable. The velocity components at
offsetAa = 307, A6 = —30” in Fig. 3.11 can not be uniquely separated; the integratieshgity of the higher
velocity line component is likely underestimated, as itgliidth is at the lower limit of observed values while the
LSR velocity of the fit to the lower velocity line componentisthe upper limit of observed values for this velocity
component. The integrated intensity plotted for this posiis an upper limit. As the &0 intensity peaks towards
L1148-IRS, dense gas traced by®O appears to be associated with L1148-IRS. Interestinkéyetis a further
C'80 intensity peak about 80south of L1148-IRS. This peak is similar in intensity to thEl48-IRS position and
is free of dust emission at a significant level.

CO Abundance The C80 J = 2—-1 intensity integrated across all velocity componentsi(the velocity interval
1.1 to 41 km s*; Fig. 3.13) does not correlate well with the thermal dustssion. Observed ¥0O-to-dust
intensity ratios imply moderate depletion of CO by freezsanmto dust. The latter property can be quantified by the
line-of-sight integrated CO depletion factdg, = [N(CO)/N(H2)]o/[N(CO)/N(H2)]obs, WhereN(CO) andN(H>)

are the column densities of CO and molecular hydrogen, ofisply. The subscripts indicate the “canonical”
CO abundanceN(CO)/N(H,)]o, and the observed one. For optically thitfO emission and constant excitation
temperature along the line of sight the column densitiesbeaderived from the observed integrated intensities
(Eq. A4 of Caselli et al. 2002c; we adopt their dipole momdiftdl D). Similarly, the H column density follows
from the dust emission intensity (Sec. 3.5.1). For consistevith previous work (in particular by Crapsi et al.) we
adopt N(CO)/N(H2)]o = 9.5-107° (Frerking et al. 1982), #0-to-*80 number ratio of 560 (Wilson & Rood 1994),
dust and CO excitation temperatures of 10 K, and — in dewiatioall other parts of the paper #+= 2.33my

and a opacity at.2 mm wavelength of ©05 cnt g~ to derive

beam 18, _ -1
S J[ [ Tmn(C1¥0O[2 - 1]) v | 38)

f - 42 1.2 mm
a=0 [mJy beam? Kkms?t
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Figure 3.11: Spectra in the €0 J = 2—1 transition towards L1148-IRS as observed with frequeswadtching on a 5¢< 5
point grid with 30" spacing. @fsets are given relative to the approximate dust emissiok pesition ¢ = 201401565,

§ = +6792258/0 [J2000.0]). The LSR velocity and intensity in tfig,-scale are shown for the spectrum in the lower left
corner. Gaussian fits to velocity components are drawn fosetpositions where the component identification is obvious
Small numbergjive for every component fitted the derived LSR velocitiegper line$ and linewidth {ower lines both in

km s,
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Figure 3.12: Integrated intensity map in tHE,-scale for the €0 J = 2-1 transition near L1148-IRS after removal of the
higher velocity line components. Observed positions arekethbydots The shadesare drawn in steps of twice the noise
level of 0036 K km s, starting with thrice the noise level. For this map Gauséiarto the higher velocity line components
are subtracted from the observed spectra shown in Fig. 3idd tp integration for positions with two velocity compants.
Two positions (at fisetsAa = 60” andAs = 07,30”) are excluded, as the fit quality is notfBdient to allow a separation of
velocity components. The MAMBO dust emission map is ovesthinblack contoursthe contours start for 4 mJy beahand
are spaced by 2 mJy bealn The position of L1148-IRS is marked bystar. As the G20 intensity peaks towards L1148-IRS
(the intensity for the position about 48outheast of L1148-IRS is an upper limit; see text for dg}ailense gas traced by%O
appears to be associated with L1148-IRS.
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Figure 3.13: As Fig. 3.12, but for all velocity components of thé0 J = 2—1 transition. This map traces all® along
the line of sight, while Fig. 3.12 reflects the distributiohtbe low velocity emission component only. The noise lewel i
0.036 K km s. Thedot diameters and attached numbérdicate the estimated CO depletion factfar(crosses forfy < 0).

Note that the beam of the*®D observations is only half of the resolution in the smoothB&8MBO map; both
observations probe slightlyfiérent volumes. This underlines the approximative charagteur method to infer
fg. The depletion factor is furthermoen average along the line of sighOur method is fiected by several
sources of uncertainty, like the uncertainty of the canan@O abundance and of the dust opacity; the actual value
of the CO depletion factor can be significantlyfdient from the inferred one. Thus the method it is best stiited
compare the properties of cores analysed in the same fashion

A comparison of depletion factors listed by Crapsi et alO@&4), which are derived from thle= 1-0 transition,
to those derived by us from publishdd- 2—1 data for a subsample of the Crapsi et al. cores (L183, U42-2,
L1498, L1517B, L1521F, and TMC-2; data from Crapsi et al. £00rapsi et al. 2005a, and Tafalla et al. 2004)
shows that estimates df from theJ = 2—1 transition are in general larger (for the adopted samplaverage by
a factor 1.6) than those from thle= 1-0 transition. This is most likely due to excitation tengiares below the
10 K adopted here; based on the RADEXnline molecular radiative transfer tool (Schoier et 808) the ¢80
J = 2—1 excitation temperature can be significantly below thepsetl gas temperature of 10 K for typical®O
column densities of 78 cm™2. TheJ = 1-0 transition is lessfiected by this problem and should be preferred to
estimatefy.

In summary we here, thusyerestimatehe CO depletion factors derived by the method employed laps§ir
et al. (2005a). The CO depletion factors near L1148-IRSedngm 0 to 11 (Fig. 3.13); negative values fyf
are due to negative artifacts in the MAMBO map. These valuesmall to moderate when compared to those
for the dust emission peak positions in the core sample bp<Cet al. (2005a), especially as we overestimate
fq as used by them. As for the dust emission péak 7.8 + 1.3, L1148 misses the CO depletion criterion for
“evolved” cores of Crapsi et al. (2005d), > 10. (The high depletion factor for the position about 4duthwest
of the dust emission peaky = 11.5 + 3.6, is very uncertain and should not be used to evaluate titésion.) The

nttp://www.strw.leidenuniv.nl/ moldata/radex.html
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Figure 3.14: As Fig. 3.12, but for the bH* J = 1-0 transition integrated over all satellites. The noiselless 0033 K km s
The intensity distribution peaks towards L1148-IRS. @bediameters and attached numbeérdicate radial velocities derived
from simultaneous fits to all hyperfine-satellites. AgHN traces dense gas, this again proves the association of HRI3!8
with dense gas.

apparently actively star-forming dense core L1148 thusesisanother criterion believed to select cores in a late
state of evolution.

3.5.4 NH* &N,D*: Association of L1148-IRS with dense Gas

The integrated intensity in the,N* J = 1-0 transition peaks towards L1148-IRS (Fig. 3.14), whicbves that
L1148-IRS is associated with dense gas. This independeatifirms our analysis of the dust emission map.
However, the derived column density would be low for a derme actively forming stars, as is the observed
linewidth.

The baseline quality of the JM* data is improved by FFT filtering and subtraction of polynalwiof first order.
The intensity is integrated over all 7 satellites of the $ition (over the-5.7 to — 5.1 km s, 1.7 to 40 km s,
and 79 to 98 km s! velocity intervals). As MNH* is a well-known dense gas tracer, the derived intensity map
reflects the spatial distribution of the dense gas.

The radial velocity of the gas traced bylI" increases from northeast to southwest along the dust filkmen
as derived from hyperfine structure (HFS) fits to the spectith aypeak SNR> 4.5 within CLASS (Fig. 3.14).
(The separation between the hyperfine satellites is tal@an €aselli et al. 1995, while the line intensities are
from Womack et al. 1992.) This trend is not seen in the CCS d8@ @ata presented before. Note however, that
the intrinsic beam size of the CCS observations is largé)(@ad that the Gaussian fits to the low velocit}?G
emission are likely corrupted by the high velocity emissidgH* is likely to be the best tracer of the velocity field
of the dense gas. Similar velocities suggest that the C@Byédocity C'80, and the NH* emission trace about
the same gas.

The high quality NH* spectra towards selected positions acquired in summer@@8&lines are improved by
subtraction of polynomials of 7th order) allow to infesNi* column densities (Table 3.3). These are derived using
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Table 3.3: Analysis of high quality NH* and N.D* spectra towards selected positions in the L1148 dense éaeeasy
reference, names are assigned to these positions. Thewaldiety, line-width, and total optical depth (i.e., surfitbe optical
depth of all 7 satellites) for MH* are directly derived from HFS-fits to th& = 1-0 transition within CLASS. The quoted
uncertainties give the uncertainty of the fit to the datanaKée excitation temperature and column density are catledfrom
the fit parameters. Ford®* 30~ upper limits to the column density is listed.

Name @ 5 VISR Avp Ttot Tex N(N2H*)  N(N2D*)
J2000.0 J2000.0 knTd kms? K 102 em?t  10ttcem?t

L1148-IRS 20:40:56.5 +67:22:58.0 21+0.003 0203+0.016 85+15 32+01 31x06 <4.8
offset position  20:41:01.7 +67:23:28.0 574+0.003 Q192+0.007 64+14 33+01 23x05 <41
southern peak  20:41:14.0 +67:20:31.5 603+0.002 0220+0.004 28+02 48+01 19x02 <34

Eqg. (A1) of Caselli et al. (2002c) for the optically thick &a. The column densities are low when compared to the
dense core samples by Crapsi et al. (2005a) and Caselli @082a). As towards L1148-IRS, where theHN
column density is maximum (Fig. 3.14)}(N,H*) < 8.5- 102 cm™2, L1148 misses another criterion of Crapsi
et al. (2005a) for “evolved” cores. Note that some of the fomss$ in L1148 have unusually smalbN* excitation
temperaturesTex < 4 K, which are not found in the surveys by Crapsi et al. (20@5a) Caselli et al. (2002a).
The L1148 dense core misses the line-width criterion fohagcores by Crapsi et alvo(NoH*) > 0.25 km st

for NoH* intrinsic line-width inferred from HFS-fits.

We do not detect BD* emission in the] = 1-0 transition towards any position above an SNR of 1 (intiess
integrated over all satellites, i.e. over thB.2 to — 4.4 km s%, 1.6 to 39 km s%, and 73 to 94 km s* velocity
intervals). Adopting three times the noise level as an ufipétrto the integrated intensities, we derive the column
densities listed in Table 3.3 (from Eqg. [A4] of Caselli et 2002c for optically thin lines). These are too high to
evaluate the deuteration criterion for evolved cores op6irat al. (2005a).

3.5.5 Inward Motions in L1148

Our deep (& to 1 h) spectra taken with the IRAM 30m-telescope in sumni&@005 show blue line shifts of
optically thick lines suggestive of inward motions in L1148e line shifts are largest towards L1148-IRS, where
they are of a speed unusual for starless dense cores, snggstt L1148 might be of a fferent nature. As
these motions are expected to be present in actively staniig regions, their presence in L1148 supports our
interpretation of L1148-IRS as an embedded protostar.

Inward motions manifest in blueshifts (i.e., shifts to lowelocities) of optically thick lines with respect to the
systemic velocity as inferred from optically thin lines.i$s because a cores’ foreground gas will usually appear
in absorption in optically thick lines. If inward motionsgwail, the receding foreground absorbing material will be
redshifted and self-absorption will preferentialljet the red side of a line, resulting in a profile with a bluéski
peak (e.g., Leung & Brown 1977). The line shifts, inferreddach transition from its peak radial velocity, are
usually quantified by comparison to the radial velocity af tisolated” J, F1, F = 1,0,1-0,1, 2) NoH* satellite

and normalisation by the linewidth of the same satellite,

Vi — VN,H+

oV =
I AVNgH*

(3.9)

The latter transition is usually of lowr (s 1) optical depth and well suited to infer systemic velositjeee et al.
1999). Line peak velocities, width, and normalised linéstdre listed in Tables 3.4 and 3.5, respectively. Figures
3.15 and 3.16 show the spectra.
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Table 3.4: Line velocities and widths for several transitions obsdri@vards the positions defined in Table 3.3. If more than
one line has to be fitted simultaneously to achieve a good titemarrow peak and the broad base of a line the parameters for
the component with the lower velocity are listed. No numlagesgiven for transitions not well detected enough to alldkwngj.

The lines believed to be optically thick all peak at vela@stbelow the systemic one derived frorpHN.

Line L1148-IRS dset position southern peak
visr/kms?®  Av/kms? visr/kms?®  Av/kms? visr/kms?®l  Av/kmst

NoH* (3, F1,F=1,0,1-01,2) 2602+0.015 Q244+0.030 2583+0.023 0232+0.048 2614+0.013 0243+0.029
CS@=2-1) 2418+ 0.005 Q149+0.017 2488+0.003 0118+0.010 2509+0.002 Q119+ 0.004
CS@=3-2) 2513+ 0.005 Q106+ 0.015
HCO*" (J = 1-0) 2218+ 0.001 Q204+0.013 2327+0.003 0119+0.008 2356+ 0.002 Q115+ 0.006
H13co* (J=1-0) 2681+ 0.016 Q420+0.038 2652+0.015 0314+0.028 2628+ 0.008 Q293+ 0.017
HCN (J F =1,2-01) 2360+ 0.013 Q197+0.048 2398+0.006 Q127+0.018 2424+0.008 Q125+0.021
HCN (JF =1,1-01) 2429+ 0.018 Q198+0.046 2438+0.012 Q113+0.032
HCN (J F =1,0-01) 2601+ 0.041 0566+0.086 2460+0.016 Q153+0.033 2469+0.010 Q124+0.034

Table 3.5: Dimensionless velocity shifts in several transitions taigathe positions defined in Table 3.3. No numbers are given
for transitions not well enough detected to allow fitting.eTimes believed to be optically thick all do have negatineshifts
indicative of inward motions.

Line oV = (Vi - VN2H+)/AVN2H+
L1148-IRS dfset position  southern peak

CSs

J=2-1 -0.75+0.09 -041+0.08 -0.43+0.05
J=3-2 —-0.42+0.05
HCO"

J=1-0 -157+019 -110+0.23 -1.06+0.13
H3CO*

J=1-0 032+ 0.04 030+0.06 006+ 0.01
HCN
JF=12-01 -099+0.12 -0.80+0.16 -0.78+0.09
JF=11-01 -0.66+0.14 -0.72+0.09

JF=10-01 000+£010 -053+0.11 -0.60+0.07
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Figure 3.15: Spectra towards the positions defined in Table &8 {o right) for the transitions listed in Table 3.406 to
bottom J F = 1,2-0 1 for HCN). Dashed linesndicate the systemic velocity derived from theHtN (J,F,;,F = 1,0,1-
0,1, 2) transition. All well detected lines believed to be goatars of infall have peaks blueshifted from the systemioaity,
indicating inward motions.
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Figure 3.16: HCN spectra towards the positions defined in Table & {0 botton). Labelsidentify the diferent transitions,
while dashed lineéndicate the systemic velocity of each satellite. The 2—1 andr = 1-1 satellites always peak at velocities
lower than the systemic one, indicating inward motions. Fhe 0-1 satellite peaks at velocities lower than the systemic
one towards the southern peak and tffset position, but at about systemic position towards L1IRIB; where it also has a
linewidth exceeding the one of N*. As this satellite has the lowest optical depth it probegpdedayers of the core than
the other both satellites. The increased linewidth thugcatds an increased linewidth in the cores’ center. Thiddcba a
manifestation of mechanical energy input from L1148-IRS.
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3.5.5.1 Observations and Results

We observed thd = 2—1 and 3-2 transitions of CS, and the= 1-0 transitions of HC®, H3CO*, and HCN

to study inward motions in L1148. CS was previously used by &kal. (1999, 2001) for such experiments. The
J = 3-2 transition is only detected towards the southern pe&i ®48, though. HCO has extensively been used
as a kinematic tracer (e.g., Walsh et al. 2005), but to ounketge no comprehensive survey of dense cores in this
molecule exists. The optically thinnef#CO line can be a good velocity reference, as both Fl@dtopologues
are expected to trace the same medium. A survey of velodiftg §ih HCN was presented by Sohn et al. (2004).

Accurate line frequencies are a prerequisite for kinerahsittidies of quiescent cores (Lee et al. 1999, 2001).
Our choice of frequencies is summarised in Table 3.1. ForJthe 1-0 transitions of BH*, CS, and HCN
the frequency deviations to previous work (Lee et al. 20GihrSet al. 2004) are 2.8 kHz, equivalent tog
0.01 km s, and our and their results can thus be compared.

The baseline quality is improved by FFT-filtering and suttitn of polynomials of up to 7th order. TheN*
spectra are smoothed tc083 km s? resolution for the analysis of the isolated satellite. L@k velocities are
derived from Gaussian fits to the data within CLASS. Up to timed were fitted simultaneously, where needed,
to obtain appropriate fits to the narrow peak and the broaales bf the line. The derived line peak velocities and
widths are listed in Table 3.4. Also given are the fit uncetias. The resulting normalised velocity shifts are
given in Table 3.5. Listed uncertainties only include thenfihating) contribution from uncertainties in linewidth.

3.5.5.2 Discussion

Figures 3.15 and 3.16 and Table 3.5 show that most lines pgeadtaxities blueshifted from the M* reference
velocity (when detected). The only exceptions are the afiyi¢hin H'3CO* lines and thee = 0-1 satellite of
HCN towards L1148-IRS. Furthermore, the shifts are largmsard L1148-IRS, suggesting that this position is
special within the area probed. The @S 2—1 spectra taken here also meet the criteria for stronlj @afadidates
by Lee et al. (1999, significantly blueshifted peak in CSgehbeak stronger than red shoulder in CS, but not in
NoH*). The present data are thus indicative of infall towards L11R& with evidence for extended inward
motions across the whole region. A better spatial coveratfeeaegion in more lines observed with high SNR is,
however, required to unambiguously prove the presencdalf.in

Some systematics of the observed line shifts suggest #naatie indeed due to optical deptiieets, as required
for manifestation of kinematics in line shapes. First, tine hsymmetry among the HCN satellites (in LTE the
optical depth ratio for satellites offiiérentF is 1:5:3 for [0-1]:[2—1]:[1—-1]) increases with optical dbgowards
every position. Second, several peaks have linewidth sm@l0.12 km s?1) than even the non-thermal linewidth
(i.e., with thermal broadening removed) inferred frorpHN (even when removing optical depth broadening in
HFS fits), G20, and CCS (for al 0.14 km s1). This could be caused by absorption of the red linewingcvhi
leaves a narrow blue linewing. Finally, although both litrese the same gas, the optically thicker HGEnission
is significantly blueshifted from the 3CO* emission. Only part of this shift, up ta@7 km s?, can be due to
the H3CO* hyperfine structure recently confirmed by Schmid-Burgk et2004).

The velocity diferences observed in CS and HCN towards L1148-IRS are unfustarless dense cores.
Only 18% of those probed in CSJ (= 2-1) by Lee et al. (1999, for the reanalysis with new velesitin Lee
et al. 2001), and 40% of those probed in HC)K = 1,2-0 1) by Sohn et al. (2004), have equal or smaller
velocity differences in the respective tracer. The line-shifts are tigméfisant and hint at a nature of the L1148
core diferent from other ones. Furthermore, the velocity disparseen in HCN towards L1148-IRS tentatively
increases with decreasing optical depth of the hyperfiradltes, respectively increasing geometrical depth; the
JF = 1,0-01 line is broad at an intensity level where no broad base is se¢theF = 2-1 andF = 1-1
lines. This is also suggested for thiéset position by visual inspection of the spectra, but hamlantify at the
present noise level. If true, this trend suggests an ineckaslocity dispersion in the cores’ center. This could be
a manifestation of mechanical energy input from L1148-IRS.

In summary, the L1148-IRS position stands out in its kinécahproperties among starless cores in general,
and among the positions probed within L1148 in particulawiver, the dominance of blueshifts in optically thick
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lines across L1148 makes infall claims dubious. These hiftezould mean that inward motions prevail on scales
of several QL pc. They could, however, also mean that the line asymnsedrie due to unrelated foregrounds.

While the present results strongly hint at inward motionsaals L1148-IRS, high SNR mapping of the whole

region, especially in higher level transitions insensitio foregrounds of low density, is needed to unequivocally
prove that the L1148-IRS position is indeed remarkable iwittL 148 and shows infall signatures in even the

densest gas.

3.6 Discussion

Given that the internal luminosity of L1148-IRS would be snally low for a protostar, we turn to a detailed

discussion of the nature of this source in Sec. 3.6.1. Thimnticular includes its age and its present and final
mass. As, e.g., the densities and column densities in L1det&ach lower than those believed to be required
for star formation to occur, we then analyse the star foromaibility of L1148 in Sec. 3.6.2, and discuss the
implications of this analysis for star formation theories.

3.6.1 The Mass and Nature of L1148-IRS

If L1148-IRS is a protostar, it would be very interesting terige an estimate of its mass. Two indirect mass
estimation techniques have already been applied to VeLN@sbriefly review and extend these methods before
we apply them to L1148-IRS.

Age estimates for L1148-IRS are a useful constraint on meisates. Estimates for the duration of the
protostellar class 0 and | phases, to that L1148-IRS apgedrslong, are of order 20yr (see above). The
observed fiset of less than 10between L1148-IRS and the apparent natal dust emissionqueggjests an age
< 1.5-10° yr, if L1148-IRS drifts away from its birthplace with a speefiorder 01 km s suggested by line-
widths and velocity variations seen across L1148, e.g.ifd*N\spectra. If L1148-IRS has a protostellar nature, it
must be young.

3.6.1.1 Mass Estimates from Evolutionary Tracks

Masses and ages of young stellar objects can be inferred foparing observed luminosities with the mass-
and age-dependent predictions by models of the pre mairesegtevolution of stars. Unfortunately, models for
the evolution of stars of very low mass(1 M) sufer severely from uncertainties in the opacities and in the
convective energy transport adopted for calculationsaBaet al. 2002). For ages 10° yr no reliable predictions

at all are possible due to uncertainties in the initial ctinds (Bardfe et al. 2002), unless these are modeled in
detail (Wuchterl & Tscharnuter 2003).

Models therefore need to be calibrated against obsenmtiRecently Reiners et al. (2005) calibrated the tracks
by Bardte et al. (1998) and Chabrier et al. (2000) against obsenatid a low-mass binary. The luminosity
predicted for the primary of mass32 to 040 M, and age 3 to 7- 10° yr exceeds the observed one by a factor of
up to 3. Young very low mass stars are dimmer than predictgutdsent models. To obtain upper limits to its mass
we thus compare the luminosity of L1148-IRS with the Big&t al. and Chabrier et al. model luminosities after
reducing these by a factor 3. For an age df i the youngest one for that the initial conditions do notterathe
observed luminosity is consistent with that predicted fonass ofs 0.35My. As L1148-IRS is supposed to be
much younger, and the luminosity increases with decreasieg\Wuchterl & Tscharnuter 2003), this comparison
in summary yields a very conservative mass estimate 635 M.

More appropriate might be a comparison with the tracks of Nert & Tscharnuter (2003). These models are
believed to also hold for stars much younger thah0® yr, as they model the initial conditions self-consistently
However, at present they are entirely uncalibrated. FosstB> 0.1 M, that are younger thas 3 - 10° yr they
predict luminosities of order 0.2L,. This implies a mass 0.1 My, for L1148-IRS. The predictedffective
temperatures for ages10° yr are of order 18° K ~ 3000 K, just as inferred for L1148-IRS.
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3.6.1.2 Mass Estimates from Accretion Luminosities

The observed internal luminosity of a protostar is the suthefluminosity inherent to the collapsed and opaque
central object, e.g. from nuclear fusion and contractiol, the luminosity due to infall of matter onto the central
object:Lint = Ly + Lacer. FOr accretion onto the stellar surface

GM, Maccr i

R (3.10)

Lacer=

hereG is the constant of gravityg, andM, are the stellar radius and mass, respectively,Mgg;is the accretion
rate. Equation (3.10) holds independent from whether theeion proceeds via a disk or not, as the total potential
energy released when transporting matter down onto thiarsgelrface needs to be emitted. Bg > Laccrit is
possible to derive an upper limit for the stellar mass, iftddius and accretion rate are known.

The radius is related to the internal luminosity afigetive temperature by

R, = 1.2R, (Lint/0.1 Lo)Y? (Ter/3000 K) 2, (3.11)

if most of the internal luminosity is emitted by the stellarface. Substitution of this into Eg. (3.10), application
of Lint > Lacer, @and subsequent rearrangement yields

M, < 0.002/@acerMo (Lint/0.1Lo)*? (Ter/3000 K)2
- (Min/2- 108 Mg yr )™ (3.12)

as an estimate for the stellar mass. Here we have substMuted= @aceMin, Wherewseeis the accretionféciency.
The mass infall rate from the envelopd;,, is normalised by the value for the collapse of a singulathisonal
sphere of 10 K temperature (Shu 1977), a typical figure falimétes.

For an accretionficiencyaaccr = 1 the above discussion yields a mass 602 M, for L1148-IRS, given that
Lint # 0.1L, andTes ~ 3000+ 1000 K. The uncertainty in the temperature results in an daicgy in the mass
estimate of the order of a factor 2. A mass df B, would imply an accretion luminosity of order4ll . This
exceeds the observed luminosity by more than a magnitudéoand..; = 1 we can set a very save upper mass
limit of < 0.1 Mg, to the mass of L1148-IRS.

However, accretionfciencies are known to be lesser than unity. Kenyon et al.31f®d that for their sample
of sources in Taurus-Auriga,ccr = 0.1. They suggest that for most sourddg..r < M, because for most of the
time the infalling mass is stored in an accretion disk; gigant accretion onto the central object, then at a rate
Macer > Min, OCCUrS only when the disk becomes unstable. Stars unagrgach accretion events might have
been identified in the FU Orionis variables. For this lowesration dficiency the implied mass of L1148-IRS is
0.02Ms.

It could also be that accretion already ceased in L1148-4&%®lering mass estimates from accretion luminosi-
ties irrelevant. This is suggested by the failure to deteabv@iflow heralding ongoing accretion. The likelihood
to see a very low mass star during its main accretion phassvigjiven the short timescale over that such a star
accretes to reach its final main:

o pifinal Min -1
=5.1 x . A
Tacer =3 10°y1 (O.lMO) (2-1crﬁlv|® yr—l) (313)

However, the observed nebulosity suggests that accrdtibprevails. Therefore, the above limits on the mass are
likely to be of relevance.

The masses estimated on basis of the Wuchterl & Tscharnutdelsiare not mass estimates from accretion
luminosities derived in a tlierent parameterisation. During accretion the luminositthese models is exceeding
its minimum along the track and is thus not relevant for matisnates.
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3.6.1.3 The Mass and Nature of L1148-IRS

It appears very safe to adopt 0.35M,, as inferred from the Bafie et al. and Chabrier et al. evolutionary tracks
after recalibration by Reiners et al., as a conservativeulpit to the mass of L1148-IRS. The tracks by Wuchterl
& Tscharnuter, the most appropriate ones presently avajlabggest a mass0.1 M. Given that for 0L Mg, the
predicted luminosity exceeds the one observed for L114BHR at least a factor 2 this mass estimate appears
to be save too, even when taking the lack of a calibration e$ehtracks into account. The estimates based on
accretion luminosities are of a more uncertain nature. iGikie uncertainties in the relevant parameters, it appears
to be bold to set an upper mass limit©f0.02 M, to the mass of L1148-IRS, as formally implied for reasonable
accretion éiciencies of 0.1 or higher. However, if accretion onto L11BR& bears similarities to the one observed
in other protostars, then only a mas$.1 My appears to be consistent with observations.

The final mass might be higher though, as still matter fromsimeounding core can be accreted (see also
André et al. 1999 and Young et al. 2004). Given the estimatedtion of 18 yr for the main protostellar accretion
phase (see above), and that the radius of the infalling epeghcreases with about the sound speed (Shu 1977),
all mater closer thar 4200 AU to a forming star can be accreted. The observed dussiem of L1148 suggests
Ma200au = 0.15Mg. A mass of this order could in future be accreted onto L11R8:|

We thus conclude that the presently available models, aoedbivith our present knowledge of protostellar
evolution, suggest a present mass for L1148-IRS that ibthligbove the sub-stellar mass limit 008 M., or
even below. Up te: 0.15M, could in future be additionally accreted by L1148-IRS. Tyiedds an upper limit to
the final mass of ordeg 0.25M,. If accretion ceases earlier than afteP 19, proceeds with lessefficiency as
assumed above, or is governed by a combination of both, treefinal mass can be as low as the present one.

The uncertainties in the estimate for the final mass wouldatiotv to ultimately infer the nature of L1148-IRS.

It could be an object of sub-stellar final mass during or afterend of the main accretion phase. It could also
be of a final mass exceeding the sub-stellar limit and thenchesting and younger than a few“gr; given

the low implied present mass L1148-IRS would then be one®f/tiungest protostars known. In these respects
L1148-IRS is similar to the other well-studied VeLLOs, fohieh the final mass is unclear while the present mass
is supposedly sub-stellar (André et al. 1999; Young et @042 Bourke et al. 2005; Huard et al. 2006, Bourke at
al., in prep., Dunham et al., in prep.).

However, L1148-IRS is dlierent from these in that it is expected to definitely have aifgantly sub-solar
final mass. Except for L1148-IRS, which hig,00au = 0.15M,, all VeLLOs covered by MAMBO (see our c2d
MAMBO survey and André et al. 1999) hady00au > 0.3 Mg and thus possible final masses above this. The low
upper limit to the final mass makes L1148-IRS unique amongwitiestudied VeLLOs. Therefore, L1148-IRS is
a prime target for studies of the observationally largelgxpiored formation of very low mass stars.

3.6.2 Implications for Star Formation Theories
3.6.2.1 The Physics of Star Formation in L1148

The above discussion suggests that in the dust emissiompaak 1148-IRS a low mass star of presertl§.1 M,
aggregates via gravitational collapse from a mass of or@dvg, the mass encircled by the radius at 50% peak
dust intensity inferred in Sec. 3.5.1. However, the ovgradperties of the surrounding filament on large scales
are not consistent with those of unstable equilibria with @assnequal to the observedB3/,. Such are, e.g.,
characterised by masses within 4200 AU exceediBd B, (Kauffmann & Bertoldi, in prep.). This is much larger
than the 0L5M,, observed. Therefore, only a small fraction of mas8.5 Mg, located within the larger filament
appears to be unstable and involved in the formation of LUIR®R

In this respect the dust emission peak appears to have dedofupm the filament; the latter only sets the
boundary conditions for the matter concentrated in the eosgssion peak. Some process appears to have driven
a fraction of the northwestern filament of L1148 into grawitaal instability without doing the same with the
bulk of the filament. Such an evolution appears hardly coesisvith what is expected for quasistatic equilibria.
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These are predicted to evolve by gradually increasing ttegiter-to-surface density contrast until they become
gravitationally unstable as a whole (Shu 1977).

A pressure within L1148 higher than observed is requirecetaler the dust emission peak gravitationally
unstable. An isothermal equilibrium of mabs and gas temperatuig; only becomes unstable to collapse if
subjected to an external pressure exceeding the critibayva

Pextor/ks = 1.26- 10° K cm™ (Tg/10 K)* (M/Mg) 2. (3.14)

Additional turbulent or magnetic pressure, or a combimatb both, would increase this figure (Kidnann &
Bertoldi). The formation of the unstabie0.5 M, column density peak near L1148-IRS thus requires an externa
pressurez 5- 10° K cm2 if the gas temperature is 10 K. It would reduce by a factor Aaunlikely case of a
gas temperature as low as 7 K. This pressure exceeds theofalbeut 1 to 2 10° K cm~3 implied by our density
estimates (Sec. 3.5.1) for an estimated gas temperatufekof 1

The above two problems to explain the structure and evalutiothe northwestern filament of L1148 in the
framework of quasistatic models — i.e., the apparent delaogipf the dust emission peak from the filament,
and pressures in L1148 too low to trigger collapse — sugestlt1 148 did or does evolve non-quasistatically.
Turbulence is a likely cause for such evolution. The pres@fi@ non-thermal velocity dispersion, several velocity
components, and velocity gradients in our CC$Q and NH* spectra indicates the presence of chaotic bulk
motions usually referred to as “turbulence”.

However, even in non-quasistatic models it is not possiblereate gravitationally unstable equilibria of mass
~ 0.1 My, in cores like L1148, as this would require an external presetiorder 16 K cm~2 or equivalent forces
in non-quasistatic models. The latter could in principleebased within dense cores by the collision of gas flows,
but, as the observed non-thermal linewidths and spatiaigd®in the velocity in L1148 are below the thermal
velocity dispersion of @ km s for the mean particle and 10 K gas temperature, these gas @iisians will
not raise the pressure much above the thermal pressure=féresrthe minimum mass of an equilibrium required
for collapse to be triggered iss 0.1 My. Though L1148-IRS presently appears to have a rga8d Mg, it can
only attain a final mass of the same order if procesdts the formation of the unstable equilibrium forming
L1148-IRS prevent the accretion of most of the equilibriuitter onto the forming star.

3.6.2.2 Diversity in the Initial Conditions of Star Formation

Crapsi et al. (2005a) suggested criteria for propertiesariess cores just before the onset of star formation.
According to them, such cores must be exceptionally dendechemically evolved, e.g., they should show high
degrees of deuteration and depletion. This reflects oureptebeoretical understanding of the structure and
chemistry of dense cores (e.g., Shu 1977, Lee et al. 2004)le B.6 shows that several VeLLOs meet only a
fraction of these criteria. A protostellar core L1148 wquddy., miss 4 out of the 6 criteria which we can evaluate
with our data. The suggested criteria select just a fradfdhe cores with actual star formation.

In this respect some VeLLOs appear to form in environmerasiilere never expected to form stars (see also
Crapsi et al. 2005b). Since the Crapsi et al. criteria wetdgyward on the basis of single-dish observations, they
may simply be insfiicient to probe the VeLLO natal dense cores on scales reléwatfte star formation process.
Detailed studies of the L1014 and L1148 VeLLO natal cores maid et al. (2006) and us (Sec. 3.5.1) support
this picture. They do indeed reveal the presence of denseupmbsedly gravitationally unstable column density
peaks on scales 40” while both cores miss thedN™ column density criterion by Crapsi et al. (2005a).

The only partial success of the Crapsi et al. criteria suggést the initial conditions for star formation are
more diverse than reflected by these criteria; also corg=diferent from prototypical “evolved” cores like L1544
(e.g., Tafalla et al. 1998 Caselli et al. 2002b,c) and L15¢0f@apsi et al. 2004), two cores used by Crapsi et al. to
“tune” their criteria, can produce stars. It might, however that these criteria indeed do select most of the cores
capable of forming stars and therefore reflect their avepaggerties.

The broad spectrum in the physical properties of cores iheavriset of star formation indicated by the partial
failure of the Crapsi et al. criteria implies that there isammnmon evolutionary path of dense cores towards star



105 CHAPTER 3. THE CANDIDATE VERY LOW LUMINOSITY PROTOSTAR L1148-IRS

Table 3.6: Compilation of the properties of VeLLOs and their natal corEhe dense core properties are compared to the criteria
for “evolved” cores by Crapsi et al. (2005a) after convansibthe limiting density to our choice of dust emission pnojes. A

plus indicates that a criterion is met, a minus that it is aajuestion mark that the data is ifiscient to decide. In deviation to
Crapsi et al. inward motions are either inferred from theyamis of line shifts (L1521F, L1014, and L1148), or from dktd
modelling of line shapes (IRAM04191). For all sources theautainty in the internal luminosity is of ordef0.03L,. The
VeLLOs in L1014 and in L1148 have a physical and chemicaéstaty diterent from the one of “evolved” cores identified by
Crapsi et al. As star formation is ongoing in all cores lidteelinitial conditions for stars to form appear to be veryedse.

Property L1521F IRAMO04191 L1014 11148

protostar properties:

prominent outflow — + - -

Lint/Lo ~ 004 ~0.07 ~0.09 =~0.08

Ma200 au/Mo 0.87 0.60 0.36 0.15

dense core properties:

N(N,D*) + ? - -
>1.0-10% cm™

N(N2H*) + + — -
>85-10% cm™

N(NoD*)/N(NoHY)  + ? + ?
>0.1

fa(CO) > 10 + ? - -

n(Hy) + + — -
>25.-10°cm3

AV(NzH") + + + ?
> 0.25kms?

inward motions + + - +

700 < 4 800 AU + + + +

References: Data are from Lee et al. (1999); André et abg};Motte & André (2001); Belloche et al. (2002);
Young et al. (2004); Crapsi et al. (2005a,b), Bourke et alptep.), Dunham et al. (in prep.), our c2d MAMBO
survey (Kadtmann et al., in prep.), and this work.
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formation. This also hints that additional parameters mbicpnsidered might control the star formation ability of
a dense core. Details of the velocity field, which might cohtine star formation in L1148, are one candidate for
such parameters.

3.7 Summary

We have presented a detailed study of the protostellar ancbemental properties of the candidate VeLLO L1148-
IRS. It manifests as an unusually bright Spitzer source (39 and 271 mJy at 24m and 70um wavelengths,
respectively) that is associated with a dust emission p&ak. physical association between L1148-IRS and the
L1148 dense core is suggested by the low probability for aocdalignment between a background source and
a dense core seen in several tracers of dense gas (contimigsian from dust and line emission from, e.g.,
N,H* and C80; Secs. 3.3.1, 3.5.3, 3.5.4) which exhibits blue line asytni@s that are unusual for starless cores
and apparently increase towards L1148-IRS (Sec. 3.5.5adp of an association with L1148, L1148-IRS must
be a protostar deeply embedded in the dense core. This satedi by an extinction of order 30 mag required
to explain the flux density ratio between the Spitzer IRAC 8i8S bands (Sec. 3.4) and nebulosity on spatial
scales requiring scattering in a dense and extended emv@lagius> 1000 AU; Sec. 3.3.3). The presence of
an embedded protostar of low luminosity is thus the mostyikgplanation for the observations. However, this
evidence remains circumstantial.

If L1148-IRS is of protostellar nature, then its stellar pedties are unusual for a protostar. The luminosity
would be of order 0.1L, (Secs. 3.3.2, 3.4). Because of its embedded nature L1188vtRild thus qualify as a
Very Low Luminosity Object (VeLLO). L1148-IRS does not dgia prominent outflow detectable by single-dish
telescopes (Sec. 3.3.4), suggestive of a low accretion 1@tdy one embedded protostar without a prominent
outflow is presently studied well (i.e., L1014-IRS; Bourkeak 2005). The present and final mass of L1148-IRS
is estimated to be of ordey 0.1 M, ands 0.25M,, respectively (Sec. 3.6.1). L1148-IRS would thus be the firs
VeLLO to definitely have significantly sub-solar final mass.

Also, the environmental properties of L1148-IRS would bengifferent from those of “evolved” dense cores
believed to represent cores just before the onset of starafion (Sec. 3.6.2.2). The dense core properties of
L1148 do not challenge the protostellar nature of L1148;I§%en the detection of a dust emission intensity
profile in L1148 that is consistent with those of gravitattiy unstable equilibria (Sec. 3.5.1). However, active
star formation in L1148 appears not to be consistent witld#rese core evolution predicted by quasistatic models
(Sec. 3.6.2.1). The diversity in the properties of VeLLOahabres suggests that stars can form in environments
with properties not well reflected by present criteria fordlwed” cores. This hints that additional parameters not
considered yet might control the star formation ability afemse core (Sec. 3.6.2.2).



Chapter 4

Summary and Outlook

This chapter summarises work done for my thesis and thetffieronclusions reached during its course. | start
with summaries of finished projects that are not suited to tesgnted here in detail (Sec. 4.1). This section
completes the discussion of the other finished researchgsgpresented in Chapters 2 and 3. It is followed by an
outlook on projects that | shall pursue in future that is ldese unfinished projects (Sec. 4.2). | conclude with an
overall summary of the thesis.

4.1 Finished Projects not Detailed in this Thesis

One project carried out during the course of my thesis ledtoféw results to be suited for a separate thesis
chapter or publication. In one other project | carried ouy@fraction of the work needed to lead this project to
completion. | here summarise thestoets in order to give a complete overview of my thesis project

4.1.1 A Dust Emission Survey of the Chamaeleon Il Cloud

In fall of 2004 | started to reduce and analyse a dust emissiorey of the Chamaeleon Il molecular cloud, located
at a distance of 180 pc, which had already been acquired ih 26i6g the SIMBA bolometer array operated at the
SEST. This survey was designed to complement the c2d Spivservations of this cloud. Due to the exceptionally
bad data quality of the raw data this project was, howevdrsunibed to be published as a separate paper. It thus
became part of a Spitzer study of this molecular cloud (Yoetreg. 2005).

Our map of the Chamaeleon Il complex is shown in Fig. 4.1. Mb#te surveyed area is devoid of significant
emission. Dust emission is only detected towards the regagsociated with the IRAS sources 1249650 and
12553-7651. The total mass detected is of ordeVi) where previous?CO molecular line surveys derived
a total mass of order 125, for the whole cloud (Boulanger et al. 1998). A low dust-ttatanass recovery
fraction of only a few percent is not unusual for such dustssion surveys (e.g., Enoch et al. 2006). Most of the
dust emission is either too faint to be detected or so extétig it is filtered away by present bolometer observing
techniques. However, given the sensitivity of our obseovet, still only a small amount of matter in Chamaeleon
Il appears to be at fHcolumn densities exceeding2@m2. This might be the cause for the low star formation
efficiency in this cloud.

4.1.2 Dust Emission from TMC-1C

In summer of 2004 | began a collaboration with Scott Schnes\(&td-Smithsonian Center for Astrophysics).
He had just finished a multi-wavelength dust emission stUdyMC-1C (Schnee & Goodman 2005) when |
met him on a conference. We came up with the idea to combin8@I$BA observations acquired at 450 and
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Figure 4.1: SIMBA 1.2 mm dust emission map of the Chamaeleon |l molecular clonthtex. Thecontourdelimits the area
mapped with an r.m.s. noise level below 70 mJy pet Bdam. Thecirclesare centered on the positions of the Spitzer MIPS
sources discussed by (Young et al. 2005). Emission at afisigmi level is only detected in the regions associated ViRthS
12496 and IRAS 12553.
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850um wavelength with our MAMBO maps taken at 1 20 wavelength. The plan was to derive reliable dust
temperature and spectral index maps for the TMC-1C denseagditting the spectral energy distributions at each
point in the maps with modified blackbody emission specttis Tias lead to a paper soon to be published in the
Astrophysical Journal (see also Schnee & Kaiann 2005).

While Scott performed the actual calculations, | contiéoliteduced MAMBO data and in particular in-depth
knowledge on artifactsfBecting bolometer maps to this project. My role in this stugystwas only a minor one,
and | can not claim this to be a part of my thesis work; this wierksted here for the sake of completeness. Our
study reveals the dust temperature in this particular deoszto be of order 10 K, with temperatures as low as
7 Kin its densest parts.

4.2 Outlook: Ongoing and Upcoming Projects

There is also a set of ongoing projects that can not be preddrmre in detail. In addition some of my past and
present work will lead to new research initiatives, whichvraiart to take shape. This present and future research
is outlined below.

4.2.1 A systematic Molecular Line Screening of c2d MAMBO Coes

In the winter of 200405 we used the IRAM 30m-telescope to screen the molecukaelnission of several dense
cores covered by the c2d MAMBO survey. The aim was to compteémer MAMBO dust emission observations
with information on the velocity structure and chemicatetaf the dense cores. This was suggested by the lack of
appropriate emission line data for many cores covered bg2HeVIAMBO survey.

We finally acquired usable data towards 22 positions in 1&eaores. This survey has so far not been
exploited for its original purpose, i.e., to create a corhpresive database allowing to put dust emission properties
of dense cores into context with their line emission prapsriThis is yet a project to be realised soon (Sec. 4.2.6).
We did, however, use the survey to identify a couple of densescwith unusual chemical properties, which are
further described in Secs. 4.2.2 and 4.2.3.

4.2.2 The Chemically Unevolved Core L1521B-2: Clues on thedfmation of Dense Cores

Among the starless cores, it is interesting to understamsktthat are chemically least evolved, and thus represent
the earliest phases of core formation. Chemically unewbb@es show a high abundance of carbon bearing
molecules such as CO, CS, and CCS — that freeze out on dussgvdh time — and a low abundance of “late-
time” molecules such asJM* and NH; — that form only slowly with time. Recently Tafalla & Santiag2004)
showed that the core L1521E has a low CO depletion and is kablgrdeficient in NH*. This suggests that the
gas here is chemically pristine.

We have identified a starless core with properties simildhtse of L1521E. It was identified as such during
the systematic screening of our sample in pointed line absiens outlined in Sec. 4.2.1. Thé% (2-1) to NH*
(1-0) intensity ratio> 3.1 at 3r for L1521B-2 is exceptionally large (Fig. 4.2); most otheusces in our sample of
16 cores have corresponding intensity ratios. Clearly cores like L1521B-2 and L1521E only represent alsm
fraction of the known core population (10% or so, Fig. 4.2dded NH* (1-0) was initially not reliably detected
in L1521B-2. This suggests a high CO tgl\ abundance ratio, indicative of an unevolved core. In trspeet,
only L1521E (intensity ratio %) is comparable to L1521B-2.

In summer of 2005 we mapped the L1521B-2 dense core in se@&asotopologues in order to be able to
derive the CO and pH* abundances across the core. We will in future use this datarty out a detailed line
emission study including a full treatment of line excitatiand radiative transfer in molecular lines. This part
of the project will be carried out in close collaborationtwiario Tafalla (Observatorio Astronomico Nacional,
Madrid).
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Figure 4.2: The C®0 (2-1) to NH* (1-0) intensity ratio for starless cores in our c2d MAMBO saen(square$ and those
taken from published workifjangles. As CO depletes onto dust and theHN abundance increases with time, high intensity
ratios are indicative of chemically unevolved cores. Ma@sts have an intensity ratio 1, and two sources have ratios between
1 and 15. The cores L1521B-2 (our work) and L1521E (Tafalla & Sagi@004) are thus very exceptional.

4.2.3 The Chemically Evolved Core B18-1: Late Stages of Dem§€ore Evolution

The core B18-1 stands out among the starless cores in the ABW® survey given its high peak column density.

It furthermore shows substructure within the dust emispieak that | initially thought could be disentangled into
two close, but separated, dense cores. | proposed to testémario by trying to separate these hypothetical cores
in velocity chanel maps taken with the IRAM 30m-telescopleisEndeavour failed, but the data acquired revealed
that B18-1 has a velocity structure unusual for dense mtde@ores, and that B18-1 is strongly chemically
evolved.

As shown in Fig. 4.3 the 0 (2-1) and the MH* spectra along a cut through the dust emission peak in B18-1
have a very simple velocity structure; there appear to beotwree velocity components at velocities between 5.7
and 59 km s* that overlap in velocity space. The DEQ2-1) line, however, has a much more complex structure.
The line peaks at velocities between 5.6 arldn s1, with the peak intensities at the boundaries of this veyocit
range. Diferences in the line shapes of optically thin (i.e!8@ and the “isolated” BH* line in our case) and
optically thick lines (DCQ) are not unusual. They are, e.g., systematically used tatines with inward motions
(e.g., Lee et al. 1999, 2001, 2004a) or rotation (Bellochs.€2002). In these casedidirences in line velocities
do, however, have radial (for inward notions) or linear tte(for rotation) across cores, with about symmetry with
respect to the column density peak. This is not the case iRIBIBCO" mapping observations actually suggest
that one DCO velocity component might be associated with the dust eorigseak B18-1 P3 revealed by the c2d
MAMBO survey (see Chapter 2). The nature of the velocitycitrte of B18-1 is presently a riddle.

Observations with the IRAM 30m-telescope and &eEberg reveal that B18-1 is also a chemically unusual
core. We estimate the deuterium fractionation in th&lNmolecule to be 23%, implying that B18-1 is strongly
chemically evolved. Furthermore the peak Nlihe temperature in the (1, 1) hyperfine transition is 7 K ig th
main beam brightness scale, indicating anNElumn density of order.8- 10'5. Only very few dense cores have
such high column densities (Jijina et al. 1999).

In summary B18-1 is a prime target for future studies of egdleores and research on dense core chemistry.
B18-1 might once be regarded as a prototypical evolved dard 1544, once its nature is better understood.
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Figure 4.3: Spectral lines along a cut through the B18-1 dense core. bfdeketed numbergive the dfset from the dust
emission peak B18-1 P3 (see Chapter 2) in right ascensiomeeiohation. Thecolor codingis used to distinguish fierent

molecules. The transitions shown are the “isolated” staedf the NNH* (1-0) transition, the &0 (2-1) line, and the DCO

(2-1) line. The velocity structure of the DCQine is much more complex than the one of the other two tramsit
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Figure 4.4: CCS integrated intensity magreyscal¢ with MAMBO dust emission intensitgontoursoverlayed.Dotsindicate
the positions sampled by the’4&ffelsberg beam. Thaashed linéndicates the position of the shell-like dust emissiondeat
with that the CCS emission peak appears to be associated.

4.2.4 A CCS Mapping Survey of c2d MAMBO Cores

In spring of 2005 | started a mapping survey of several c2d MB&\tores in the 21, transition of CCS. | used
the Hfelsberg telescope. | in parallel acquired data o Hits (1, 1) and (2, 2) hyperfine transitions, and on
HC3N in its (2-1) transition towards selected positions. Themprpose of this project was to systematically
probe the evolutionary state of our c2d MAMBO cores by corgoer of CCS and Nkl column densities (e.g.,
Suzuki et al. 1992). We also planned to use ousMHservations to derive the gas temperatures prevailingeiset
cores.

Part of the NH data was finally used to stimulate further research on B18et.(4.2.3), while a fraction of
the CCS data is used in the study of L1148 (Sec. 3.5.2). Tisetwoivever, still much unexploited potential in
these observations. Figure 4.4 compares the spatialldisth of CCS line and dust continuum emission. Both
tracers do not correlate well. It is, however, surprisingttfhe CCS emission comes predominantly from a part
of the dense core of rather low dust emission intensity. Haunhore, the CCS emitting structure has a shell-like
appearance in dust emission, suggesting that the denssaoehow interacts with its surroundings. If this is true
the elevated intensity of the CCS emission in this regiorhefdore might be related to this interaction. It would
be very interesting to establish such an interaction betvasgense core and its surroundings, as this would be the
first such case known.
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4.2.5 Molecular Line Studies of Very Low Luminosity Objects

I am leading studies using molecular line emission to prbigestate of some candidate VeLLOs. This includes
searches for their outflows in CO lines, research on theimistey by studying the deuterium fractionation ini

and depletion in CO, and searches for inward motions in Velbla@l cores. The part of this project executed at
the IRAM 30m-telescope siered from technical problems during the past semestersisbdar not yielded many
results.

Still ongoing is a search for a small-scale outflow from LIARS. In Sec. 3.3.4 | demonstrated that L1148-
IRS does not drive a prominent outflow that than be detectesirimle-dish telescopes. This does, however, not
exclude the existence of a low velocitg ¢ km st) small-scale outflow like the’3flow detected towards the
VelLLO L1014-IRS (Bourke et al. 2005). The detection of suchoaitflow at the systemic velocity of L1148
would unambiguously prove that L1148-IRS is indeed phyisiassociated with the L1148 dense core. In that
case L1148 would probably become the most extreme stariigrdense core known; no other core with ongoing
star formation has densities and column densities as lohsetobserved for L1148 (Sec. 3.5.1).

This systematic study will once become a crucial elemenauming the state of VeLLO natal cores. No other
study has so far been launched to study their properties imagenous fashion for a large sample.

4.2.6 c2d Core Synthesis Papers

Several c2d dense core surveys in dust continuum and maldirid emission are presently being completed. Each
survey in itself brings new insights to star formation plegsiHowever, joint analysis of these surveys will yield
insights not possible to derive when analysing each dasasgle. To provide such joint analysis is the subject of
the future c2d “synthesis papers”. It is likely that thosetfee c2d dense core sample will involve me to some
extent, possibly in a leading position.

In particular, it is desirable to combine the c2d bolometesteémission surveys listed in Table 2.1 in order to
derive spectral energy distributions for the individuahske cores. This would allow to infer their dust temperature.
In some cases such data might also be complemented by Sglitzervations at 160m. Furthermore the infor-
mation on the mass distribution of the dense cores shouldiéined with our knowledge of their velocity fields.
This would in particular allow to gauge the turbulent pressurevailing in these. Such information would con-
strain the turbulent-to-thermal pressure ratio that asgmeis a free parameter in the models of core structure and
stability outlined in Sec. 2.6.3.1, and would thereby infloethe discussion of necessary conditions for active star
formation (Sec. 2.6.3.2). For these discussions it is asirable to combine information on inward motions in the
cores with data on their mass distribution: one would exfiesttgravitationally unstable cores feature contraction
motions.

4.3 Summary: Thesis Results in broad Context

This thesis summarises the results from an extensive theumtcontinuum emission survey of nearky300 pc)
dense molecular cores with and without ongoing star foronatihe c2d MAMBO survey, and from a focused
study of a remarkably faint{ 0.1 L) source (L1148-IRS) apparently associated with one of @reséd cores. The
c2d MAMBO survey has a significant impact on our understagdiinhow stars form in dense molecular cores.
The study of L1148-IRS is to be seen as one element on our watyderstand VeLLOs.

The necessary conditions for active star formation to bsiptesderived in Sec. 2.6.3.2 can turn out to be one
key element for a comprehensive understanding of star flmmaThe properties involved are easily calculated
from models of star-forming cores. This permits a direct panison of models and observations. At present, such
analysis often relies on molecular lines, which are muchend@hicult to interprete (Sec. 1.2.2). The criteria might
also turn out to be useful to identify interesting sourceb@widefield dust emission surveys at APEX and JCMT.
They are one step toward a simple and physical classificattheme of starless dense cores, which is presently
lacking.
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The constraints on protostar properties discussed in S&d.&e a contribution to the general understanding of
protostellar evolution. Combined with many other datasety are likely to help our understanding of the relation
between the age, spectrum, and envelope mass during theldetbphase of star formation. The constraints on
the steepness of the column density profiles of VeLLO nat@s(Sec. 2.6.5) does have an immediate impact on
this research field. One can, e.g., search the APEX and JCNfTedission surveys for candidate VeLLO cores
by looking for cores with steep column density profiles. Tteepness also indicates that some VeLLO cores are
more evolved than though, which might put constraints oir tbemation.

The study of L1148-IRS showed that the properties of thig@are consistent with those expected for a
protostar (Chapter 3). However, it was not possible to agsiekly prove the protostellar nature of L1148-IRS, as
no outflow or clear bipolar nebulosity was found. In this setie study presented here is only a step towards an
understanding of L1148-IRS. | could, however, demonstieéeresearch on such extreme VeLLOs is rewarding.
If L1148-IRS is indeed a VeLLO, this would have significanhsequences for our understanding of the evolution
of dense cores. The formation of a star in L1148 can not berstats in the framework of quasistatic evolution.
Thus, in at least some cores non-quasistatic evolutiondvoekd to play a significant role (Sec. 3.6.2).

There are obvious extensions of the work presented herelestgm of some projects that have already been
started are listed in Sec. 4.2. The research presentedithisis is the basis for most of these.



Appendix A

Dust Emission Properties

This appendix summarises formulas to convert the obserugdiginsity of dust emission into column densities
and masses. These are evaluated for the standard assusriptioiuist properties made by the c2d collaboration.
The discussion presented here is intended to serve as a feterence for the c2d project.

A.1 Molecular Weight

As one usually wishes to express column densities in terrpanticles per area, the molecular weight needs to be
introduced into the equations. The molecular weight perdgen moleculeuy,, is defined viguy,MuN (H2) =

M; here M is the total mass contained in a volume wit{H,) hydrogen molecules, andly is the H-atom
mass. It can be calculated from cosmic abundance ratioshyetiogen, helium, and metals the mass ratios are
MH)/ M =~ 0.71, M(He)/ M =~ 0.27, andM(Z2)/ M =~ 0.02, respectively, wheral = M(H) + M(He) + M(2)
(Cox 2000). AsN(H) = 2N (H2), M(H) = myuN(H),

M 2M 2M
T maN(H)  muN(H)  M(H)

i, 28. (A.1)

Note the diference to the mean molecular weight per free partpgle defined viau,mu N = M, whereN =
N(H2) + N(He) for gas with all H in molecules. As the helium contrilautis dominated byHe, and each b
molecule has a weight of two hydrogen atoiR&§H,) = M(H)/(2my) andN(He) = M(He)/(4my). Thus

M

= M) + N(He)] (A2)
- M (A3)

= MR @) + MHE) @] |

] MIMH) "
172+ M(He)/ (M) |

~ 237: (A.5)

the classical value qf, = 2.33 holds for an abundance rathé(H)/ N(He) = 10 and a negligible admixture of
metals.

Both molecular weights are applied infidirent contexts. The mean molecular weight per free parfiglds
e.g. used to evaluate the thermal gas pres$urepksT/up, WhereT, o, andkg are the gas temperature, density,
and Boltzmanns constant, respectively. The molecular pexsisydrogen moleculey, , is needed below to derive
particle column densities.
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A.2 Radiative Transfer

A.2.1 Equation of Radiative Transfer

The intensity emitted by a medium of temperattirand of optical depth, at the frequency is given by the
equation of radiative transfer, which reads

I, = BV(T) (1 - e_TV) (A6)

in the case of local thermal equilibrium. HdBe is the Planck function. For the optical depth,

T, = nyQdS, (A.7)

wherek, is the (specific) absorption cfieient (i.e., per mass) or dust opacity. If most hydrogen isglecules,
the optical depth can be related to the column density of cutde hydrogen,

Ny, = f My, ds = f ,UHzgm-l ds = ™ rin - f K0ds, (A.8)
and thus -
Nre = llel"fv1HKv ’ (A-9)
whereny, is the particle density of hydrogen molecules. This readsusable form
P -1
Nh, = 2.14- 10 cm 21, (m) , (A.10)

where the chosen numerical valuexpfs characteristic for wavelength~ 1 mm. As typical H column densities
are below 18° cn?, 7, is expected to be by far smaller that 1. Thermal dust emissitire (sub-)millimetre regime
is therefore optically thin.

For optically thin conditions the equation of radiativertséer can be simplified:

I, ~ B/(T)7,. (A.11)
As the optical depth is related to the column density (EqOA.Eq. (A.11) relates the observed intensity to the
column density.
A.2.2 The Planck Function
The Planck function reads

2hy3 1
C2 é1v/(kBT) — 1 ’

in whichcis the speed of light anldis Planck’s constant. In the Rayleigh-Jeans litmit< kg T, this simplifies to

B,(T) = (A.12)

2 2
B,(T) = C—VszT. (A.13)

However, the limiting condition, which reads

-1

1> 144 mm( T

W) (A.14)
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in useful units, is under typical dust temperatures of aldduK not fulfilled for observations at about 1 mm
wavelength. The exact value of the Planck function is

3
B(T) = 1475.102Wm™ Hz-lsr-l(L)

GHz
! Al
" g0.0048¢/GHz)(T/10 Ky * _ 1 (A.15)
in useful units.
A.3 Observed Quantities
The received flux per beam is related to the intensity by
Fream= f l, PdQ, (A.16)

whereP is the normalised power pattern of the telescope (i.e. Plax[1). Defining the beam solid angle as the
integral

On = f PdQ. (A17)
one can derive a beam-averaged intensity,
(l,y = FPeamqQ, . (A.18)

The beam solid angle can be conveniently approximated fesdepes with a beam profile similar to a Gaussian
function, Lo
P(6) = e /(%) (A.19)

(where the anglé gives the distance from the beam center). The paramgisrrelated to the half power beam
width of the telescop@npsw, Via

OrPaW
Op = . A.20
°” V8InER) (A.20)
For these idealisations the beam solid angle is
Qp = 21 f P(6) 6do = 21 f e /@) dg (A.21)
0 0
= 2163 (A.22)
T2
= —=0 . A.23
4|n(2) HPBW ( )
Using the conversion
1 arcsec= 4.85- 10 % rad, (A.24)
one obtains 5
0
Qa = 2.665. 10" sr (M . (A.25)
arcse

The parametefypgw does not need to be the real telescope beam, but depends oalitiration of the data.
To give an example, some software packages (e.g., MOPSH apaling factors to the data (i.d=2%3™ when
spatially smoothing a map, so that the beam width to thatakibration refers is equal to the spatial resolution of
the map after smoothing.

For the idealisations made here the average intensityetefiom Eq. (A.18) is a good approximation to the
actual intensity only if the source has an extension of thieoof the main lobe of the telescope. Otherwise
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radiation received via the side lobes may have a significantribution to F°%2™ and the idealisation of the
telescope beam by Gaussian functions is too simple. Iroiusi the side lobes increas€s, and thus reduces
(l,). The nature of the average intensity derived in Eq. (A.18hésefore comparable to the one of main beam
brightness temperatures used in spectroscopic radiovaiseTs.

A.4 Derivation of Conversion Laws

A.4.1 Flux per Beam and Column Density

Equations (A.9, A.11, A.18) relate optical depth, columnglty, intensity, and the observed flux per beam with
each other. Rearrangement yields

Fbeam
=— Y A.26
He QAMHzmﬂKvBV(T) ( )
which reads
3
Ny, = 202102 cm2 (e1A439Ql/mm)’1(T/10 Kyt 1) (L)
2 mm
1 beam -2
F
. Ky y ( OnpBW g (A.27)
0.01cn? g mJy beam! /\10 arcse
in useful units.
A.4.2 Flux and Mass
The mass is given by the integral of the column densitiessadite source,
M = up,My fNH2 dA. (A.28)
Substitution of Eqgs. (A.9, A.11) yields
1
M=—— | I,dA. A.2
mm ) (A-29)

The surface elementAdis related to the solid angle elemen® dy dA = d?dQ, whered is the distance of the
source. Thus

o &2,
M_mflydg_m’ (A.30)
whereF, = fIVdQ is the integrated flux. This reads
M = 012 MO (e1'439(/'/mm)’1(T/10 K)fl _ 1)
_l 2 3
(oot (50w (i) (A.31)
001cn?g®) \Jy){100pg \mm

in useful units.

A.5 Conversion Factors

A.5.1 Conversion from Dust Emission

Table A.1 summarises the c2d standard conversion factomadsses and column densities from dust emission.
The wavelength-dependent dust opacities are from Osségkblenning (1994) and hold for dust with thin ice
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Table A.1: Standard c2d conversion factors for masses and columntigsnsom dust emission. For each bolometer camera
employed by the c2d collaboration we list théeetive wavelength, the half power beam width, the dust apatithe €fective
wavelength (per gram of ISM), the conversion factors betwietensity and column density, and between integrated #umsity

and mass (this for a distance of 100 pc), respectively.

Camera A Oupew Ky Ny, /FPeam M/F,(d = 100 pc)
um arcsec craigt cm?(mJy beaml)l Mgyt

SHARCH 350 8.5 0.101 73-10%° 0.031

SCUBA 450 7 0.0619 #2.1019 0.041
850 15 0.0182 B4-10% 0.18

BOLOCAM 1120 31 0.0114 @7-10%° 0.39

MAMBO 1200 11 0.0102 ®9-102° 0.47

SIMBA 1200 24 0.0102 n1.10%0 0.47

mantles coagulating for 2@r at an H-density of 19cm. We adopt a dust temperature of 10 K. This choice for
the dust temperature and opacity are the standard assursptade by the c2d collaboration. The values listed in
Table A.1 are thus thought to serve as a standard referetigia e collaboration.

A.5.2 Conversion to Extinction

The c2d standard conversion factor between column dessitid visual extinction,
Nh, = 9.4- 10 cm 2 (Ay/mag), (A.32)

is taken from Bohlin et al. (1978). They combined measurdmehH, and H from the Copernicus satellite for
lightly reddened stars to get

{([Np1 + 2Ny,]/E(B—-V)) = 5.8- 107 cm™? mag ™. (A.33)

For a standard total-to-selective extinction rdip= Ay/E(B — V) = 3.1 this yields the above conversion factor.
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my supervisors in the beginning of my thesis. Unfortunatedymoved on to a fierent position during the course
of my thesis. | thank him a lot for his expert advice during stert of my thesis, which helped to better focus its
aim.

Prof. Dr. Herbert HubelHelmholtz-Institut fur Strahlen- und Kernphysik der Maisitat Bonn) andProf. Dr.
Jens Frehsélinstitut fir Angewandte Mathematik der Unversitat Bomrere further referees for the PhD exam. |
am very gracious to them for helping significantly in expiegjthe submission process and for taking tiert to
deal with an exam in a field of research fdF their usual tracks.

PD Dr. Endrik Krigel(MPIfR) was crucial in getting the radiative transfer cdétions for the modelling of
L1148-IRS running. He always had an open ear when | asked ddifioations in his radiative transfer code. We
had many interesting discussions about radiative traasféistar formation; | benefited a lot from them.

Prof. Dr. Johannes Schmid-BurdkPIfR) helped to better a theoretical paper not presentgd.hUnfortu-
nately, this did finally not help in expediting the publicatiof this work (which is my fault), though the paper itself
improved a lot. He also had a thorough look at the evidencenfeard motions towards L1148-IRS. Algrof.

Dr. Malcolm WalmsleyOsservatorio Astrofisico di Arcetri) tried his best in halpto speed up the submission of
the above theory paper. Itis also always an extraordin@auire to listen when he explains the universe in terms
understandable for the common man. | owe him the insighith#te stories behind research projects which make
the scientific life so interesting.

The MAMBO mapping results presented here would be of muceleguality hadr. Robert Zylka(IRAM
Grenoble) not dedicated a major fraction of his life to theelepment of data reduction tools for bolometer
observations (i.e., MOPSI and MOPSIC) that actually defireestate-of-the-art and were here used to reduce
the observations. During several stays at the IRAM 30nstelpe | enjoyed his company and his lectures on
principles of bolometer data reduction. Most of the bolagnebserving runs for my thesis were coordinated by
Dr. Axel Weisgnow MPIfR). Only his observation planning and organisatiools made possible the successful
completion of many projects presented here. Both gentlatsertook care that the bolometer arrays at the IRAM
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30m-telescope were in good shape. Théliors allowed me to take the first-ever science observatith thie
rotated secondary mirror of the IRAM 30m-telescope (a map.t621B-2). The MAMBO bolometers were
provided by theBolometer Group of the Max-Planck-Institut fur Radioastomie which is lead byDr. Ernst
Kreysa In particular the 117-channel incarnation of the MAMBO msamazing piece of work. To my personal
opinion, the combination of the MAMBO bolometers, the IRANI-telescope, and the MOPSI(C) software
yields the best bolometer facility presently existing.

My thesis would not have been possible without the help fioatld collaboration. This project is run Byof.

Dr. Neal J. Evans I(University of Texas at Austin). | have to thank him a lot feaving with the delays in the c2d
projects tied to me. He also quickly revised a significanttioan of the drafts which | produced during my thesis
and improved them a lot by contributing his expert knowledgéurther help was also the c2d Cores Team, lead
by Prof. Dr. Philip C. Myers(Harvard-Smithsonian Center for Astrophysics [CfA]). B@mments on a meeting
in spring of 2006 made me reconsider the relation betweeassecy conditions for ongoing star formation and
guasistatic evolution of dense cores. Also, the discussigth him andDr. Chang Won LeéKorea Astronomy
and Space Science Institute) during the c2d Leiden meatisgrinmer of 2005 assured me in my discussion of
contraction motions towards L1148-IRS, given that bothenderding in creating the field of such researth.
Tyler L. Bourkg/CfA) did a great job in keeping the c2d dense core projeatsdinated. He was essential in better
focusing the MAMBO observations while they were carried and helped me to better understand the nature of
VeLLOs. FromDr. Tracy L. Huard(CfA) | learned how near-infrared imaging observations barused to study
protostars. Our nice week in La Palma in summer of 2005 ledledadea of VeLLOs having low accretion rates
when drifting out of dense cores. He provided me with the FUNKBOS data for L1148-IRS analysed in my
thesis. In addition to these few named persons | have to timamy more c2d people who made it possible for me
to use Spitzer data.

Itis always a feeling of coming home when going to the IRAM 3tatescope in Granada. This is in particular
because of the hospitality of Esther Franzin, Nuria ManeelFrederic Damour, Stephane Leon, Enrique Lobato,
Sergio Martin, Santiago Navarro, Juan Penalver, Manola Rarid Albrecht Sievers. | also enjoyed the company
of several guest observers at this observatory. This ingodat includesDr. Philippe André(CEA Saclay) — |
learned from him a lot about star formation research; | alge bim the insight that apparently unevolved VeLLO
dense cores might be evolved on scales smaller that the lzesnggestion which he made during the La Palma
conference in summer of 2005 Br. Jean-Francois Lestrad@Observatoire de Paris-Meudon) — he trained me
not to consider debris disks as remnants of protostell&sdisnd was a good company while being locked in a
snowstorm at 3000 m altitude —, abd. Clemens ThurfiRAM Grenoble) — he can tell many interesting stories
about the history of IRAM, gave me an insight to France fromeantan perspective, and helped to keep the
entrance to the control room free of snow.

The people in (and near) the “Kinderzimmer” Fhushara 'Megaboss’ PillaiArnaud BellocheJan "Emp-
fangsdame’ ForbrichandHauke 'Sales Manager’ VoR- were a great company and | am pretty sure that | will
miss them a lot in the future years (though this probably dadshold for the frequent paper ball attacks!). In
general | enjoyed the climate in the MPIfR Submillimetre rdsiomy Division a lot; | would not have wanted to
make my PhD in any other group in Bonn. Thanks to all presedtp@ast members of this group who made it a
nice place to work at!

Und dann sind da noch meine Eltern. Ohne ihre jahrelangerstiiteung bei allen meinen Aktivitaten, ihre Liebe
und Aufopferung, hatte ich die letzten Jahre nie gemeister
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