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Die fr ihesten Phasen der Entstehung von Sternen niedriger
Masse

Ein Schlussel zum Verstandnis des Sternentstehungsgseg liegt in der Kenntnis der
genauen Anfangsbedingungen des protostellaren Kollagseoktorarbeit konzentriert
sich dabei gezielt auf Sterne mit niedriger Masse, die itatsmm entstehen, und deckt
dabei drei raumliche GrofRenordnungen ab: AngefangerdeorAnalyse eines Filaments
mit einer Lange von mehreren Parsec, bis hin zur Untersygivon Strukturen von der
GrofR3e von nur einigen hundert AE in einem isolierten, jeféeen Kern.

Der erste Teil der Doktorarbeit befasst sich mit der Studig Eilaments L 1495, wo mit
Hilfe einer NIR Extinktionskarte die fragmentartige Subktur aufgelost wird. Einige
Bereiche des Filaments befinden sich noch in der Phase dgmErdgation, wohingegen
in anderen Bereichen schon dichte Kerne, die Ublicheevgisch etwa eine Jeans-Lange
voneinander getrennt sind, aus dem Filament auskondesgidr Eine Analyse zeigt, dass
diese Kerne dicht genug sind, um zu kollabieren und Sterrizlden.

Im zweiten Teil dieser Arbeit, wende ich mich gezielt demlieten Globul CB 17 zu.
Interessanterweise beherbergt es neben einem Klasseoktrot noch einen prastellaren
Kern, der sich in nur etwa 5000 AE befindet. Fern-infrarot (swb)mm Beobachtungen
der Staubemission erlauben Rickschlisse auf die Dichig:-Temperaturestruktur, sowie
die Staubeigenschaften. In hochauflosenden Interfemrdetfnahmen zeigt sich eine
komplexe Geschwindigkeitsstruktur des prastellarennierdie wahrscheinlich durch
Wechselwirkung mit dem Protostern zustande kommt.

The Earliest Stages of Isolated Low-Mass Star Formation

The knowledge of the initial conditions of low-mass stamfation is a key to understand
the process of protostellar collapse and protostar foomatiThis thesis focuses on the
earliest stages of isolated low-mass star formation andrsaspatial scales which spread
over three orders of magnitude. It includes the study of anflat with a length of a few
parsecs, down to the in-depth analysis of an isolated plestere, where structures of the
order of a few hundred AU are resolved.

In the first part, a NIR extinction map of the filament L 1495aals its small scale, highly

fragmented structure, and a high star-forming potentialliits parts. In some regions, the
initial filament collapse and fragmentation is still takipce and star formation is yet to
occur, whereas in other parts, | identify a population ofsdgecores with separations of the
order of the locals Jeans length, which are likely to cokagsd form stars.

The second part of the thesis focuses on the isolated core GBhlch hosts two sources at
very different evolutionary stages (Class | vs. prestellar corepatjacted distance of only
5500 AU. With the aid of FIR and (sub)mm observations of thst@mission, | determine
its density and temperature structure and draw conclusidimit the dust properties.
Interferometric observations at high angular resolutieveal a complex velocity structure
in the prestellar core, which might be result of interactidth the protostar.
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Low-Mass Star Formation in a Nutshell

We choose to go to the moon in this decade and do the otheisthingbecause they are easy, but
because they are hard, because that goal will serve to @asgand measure the best of our energies
and skills, because that challenge is one that we are wiltirgcept, one we are unwilling to
postpone, [...].

— John F. Kennedy

In contrast to low-mass star formation, which is well untsyd, many questions in high-
mass star formation still remain unanswered. Many puldtinatin the field of high-mass
star formation begin with sentences similar to this one. hédgh the authors simply
attempt to emphasise the fact that high-mass star formdtiea show an increased level of
complexity, some certainly do underestimate the amounpehayuestions which are still
to be answered in the field of low-mass star formation.

Although most stars form in clustets (Lada and llada, 200B)chvare embedded in Giant
Molecular Clouds, these are certainly not the best placesudy the detailed physical
processes that accompany the protostellar collapse ofcolalecloud cores. Stellar
feedback, tidal interaction, and competitive accretiono-name a few #ects — will
influence the evolution of the molecular cloud, and, thuay rmation can be most
comprehensively viewed in the global context of the entteg-forming region. In this
context, the netféect of the myriad of forces acting to form stars and disrupirthascent
molecular clouds can become hard to disentangle. The probéEomes more tractable in
simpler, smaller regions of isolated star formation, altjio one has to keep in mind that
star formation in clustered environments may be governediffigrent physical processes
than those that dominate in isolated regions.

The goal of this thesis is to study the initial conditions ofvimass star formation in
isolation by observations at near and far infrared, at sab-and mm wavelengths, with
ground based and space-borne observatories. The spatid fitat are covered range from
a few parsecs in the study of the filamentary structure of gheus Molecular Cloud, down
to a few hundred AU in search for a First Hydrostatic Core inlZBFigure 1.1).



Chapter 1. Low-Mass Star Formation in a Nutshell

Star Formation in the Taurus Filament L1495

CB 17 - Al Herschel View

CB 17 - Molecular Abundances and Freeze-out

CB 17 - Zooming into the Dense Core

Figure 1.1.: The spatial scales, which are covered in thfgedént chapters of this thesis. In
total, they span over three orders of magnitude.

In this chapter | will give a brief introduction to the genkiiald of star-formation, with an
emphasis on subjects particularly relevant to this theSksaptef 2 will focus on the tools
which are necessary to study star formation. This incluaeis the introduction of physics
(e.g., radiative transfer, molecular line emission) andeotational tools (e.g., telescope
types, data reduction). In Chapfdr 3 follows a study of thesdecore population in the
Taurus Filament L 1495, which was obtained with the aid of arnefrared extinction
map. ChapterEl@}6 focus on the isolated globule CB 17, whiak @bserved at various
wavelengths and at various spatial resolutions to chaisetis structure.

1.1. Stars Form in Filaments

“Hier ist wahrhaftig ein Loch im HimmBl” This quote is attributed to Sir William
Herschel, as he observed an apparently starless spot owadconstellation Scorpius
Houghtoh| 1942). Large scale photographic surveys at éginhing of the 20th century
(e.g., .19 7) revealed a plethora of suchfzots and lanes all over the sky,
and provided evidence that these are indeed not empty padchthe sky, but rather caused
by dense foreground material, which obscures the light okfpaund stars (Figuie1.2).
The connection of these dark clouds and star formation whsmade by
d@). Later, optical surveys like the Palomar Obseryagky Survey (POSS) and the
ESQSERC Southern Sky Survey proved to be an excellent tool taffiese dark clouds in

the sky (e.gJ, Lyndiwbé; Hartley el al., 1|986).

Almost two hundred years after his death, Sir William Heedshimpact on the area
of star formation is larger than ever. Observations of Hterschel Space Observatory
(Pilbratt et al., 2010), which was named after him in rectigniof his discovery of infrared
light MI@O), reveal a plethora of filamentaryatires in various low-mass star-
forming regions (e.g!, André etlal., 2010, and referenbesein). Although astronomers
since long know of their existence, the question of how tHiaments form is still under
debate. However, filament formation poses not the only bigstion, but also the origin
of the observed low star formatiotfieiency is not understood. In the simple picture of a

TEnglish: “Here is truly a hole in the heavens!”
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Figure 1.2.: Nebulous Region in Tau- ¥
rus (Barnard etal.] 1927, Copy- g
right:  Carnegie Institution of
Washington, Carnegie Observato
ries, Pasadena California). The
dark patch in the centre right with
the dark lane emanating toward:
the south east is L1495 (Lynds N
1962), which will be investigated §
in more detail in Chaptéd 3.

gravity-only dominated regime, one would expect a considigrhigher star formation rate.
The two basic hypotheses to explain these problems amguths-staticthe dynamiccloud
evolution.

The first mode explains lifetimes of the order of 10 Myr by sgeclouds as quasi-
static objects close to equilibrium_(Shu, 1977). Suppodireg} gravitational instability
is provided by magnetic fields. Magnetically subcriticauads, i.e., the magnetic fields are
strong enough to resist the gravitational pull, collapse @aly happen via the so-called
“ambipolar difusion”. This term describes the slow drift of neutral padetsc which are
not frozen to the magnetic field. Star formation can now qcedren enough mass is
accumulated to make the cloud supercritical. However, ghigess is ficient, but very
slow.

A second, opposing mode of star formation is the so calledahyon mode, which is
also known aggravoturbulent fragmentatiorfKlessen et al., 2000; Heitsch et al., 2001;
Klessen et al., 2004). In this scenario, molecular cloudsnférom convergent flows
without ever reaching an equilibrium state. In these flovedf-gravity can become the
dominant force when the Jeans critical mass is reached al Bensity enhancements,
which then leads to a quick formation of stars. However, @vifly is not powerful enough,
these local density enhancements are dispersed by thdeeby and makes the star
formation indficient.

Recently] Myers|(2009) pointed out that all nearby stardiog regions exhibit a so-called
hub-filament structurewhich consists of a central hub with low aspect ratio anc hig
column density, from which several filaments with high aspatios and lower column
densities emanate. It was pointed out that many of thesedilésnexhibit very regular
spacings, which other models do not explain, and introdtitesdea of self-gravitating
layers being responsible for the observed phenomenolagiyndt without mentioning
that this model also possesses caveats, and should ratlseebeas a starting point for
further investigation. One of the hub-filament structuneshis sample is the filament
L 1495 (Lynds, 1962), which is part of the Taurus Moleculanw@l (Figurd 1.2) and will be
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investigated in more detail in Chapfér 3.

Filamentary structure in general can be explained as eair(z&:’g.l_S_tuIzki_e_t_élL_lQQS). The
self-similarity is likely to be caused in a spatial range gnénturbulence dominates. Column
density distributions of molecular clouds very often exhibg-normal character, which

is often believed to be a result of supersonic turbulent omsti However, only recently

Tassis et al. (2010) reported, that supersonic turbulememt the only agent, which can
cause log-normal distributions._Kainulainen et b_l._(iOGI9$erved a break from this log-
normal behaviour in regions with star-forming activity,daattributed the column density
excess towards high densities to the influence of self-tyravi

A different approach to characterise a filament is hierarchiaghientation. The largest
scales, i.e, the scale of the complete star-forming regiarailedcloud Smaller regions
inside this cloud (e.g., filaments) are callddmps and even smaller, gravitationally bound
entities are denotedores(Table[1.1). The approach to classify molecular clouds is th
hierarchical scheme, and the previous approach of assumsugle-free fractal is only a
contradiction at first sight. Clurjipore mass spectra exhibit a power-law behaviour, which
essentially represents the scale-free character of tk:eafranalysis.LM.olIe_el_bll_ﬂQQS)
observed a clump mass spectrum in the star-forming regph, which can be fitted with
a power-law, and a slope ®f = 1.5. Recalling, that the stellar initial mass (IMF) is best
described by a slope @f = 1.35 (e.g.IMeSS), these authors therefore itiegbr
these cores to be the direct precursors of stars. Alves (2a07) and_Rathborne etlal.
) report to have found a break-point in the dense corgsrfaction, which they
directly relate to a similar break-point in the IM@J@). They establish a
direct relation between the mass functions by introducingfhciency factor ofe ~ 0.3.
Recent observations with Herschel exhibit similar shapethe dense core mass functions,

therefore giving this theory some more weight (André &t2010).

Table 1.1.: Hierarchical structure of clouds, clumps, and cores (Beagid Tafalla, 2007)

Clouds Clumps Cores

Mass Mg] 10°-10* 50-500 05-5
Size [pc] 2-15 03-3 003-02
Mean density [cm®] 50-500 16 -10* 10°-10°
Gas temperature [K] ~ 10 10- 20 8-12

1.2. Stars Form in Dense Cores

In the domain of the cores with densities of the ordemgf ~ 10°cm3, self-gravity
dominates. Collapse starts, when at temperatures of tlee ofdlO K thermal energy (in
conjunction with magnetic fields afat turbulence) cannot balance the gravitational pull.
As long as the envelope is optically thin, the released tatiwhal energy is ficiently
radiated away, and the core will develop a power-law dengitfile p o r=2, which
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flattens towards the centre. The collapse ends with the tiwmaf an opaque, hydrostatic
core with a temperature of a few 100K a size of a few AU, whichintyaconsists of

hydrogen molecules_(Larsoh, 1969; Boss and Yorke, |1995)e ®uits short lifetime,

its deeply embedded nature, and its small size it was so fapaossible to confirm the
tentative detections (Enoch et al., 2010; Chen ket al.,|2618)ch afirst hydrostatic core
(FHSC). However, with the capability of contemporary (Héesl) and upcoming (ALMA)
observing facilities, the confirmed detection of a FHSC setnie only a question of time.
Theoretical simulations also already predict the launcla tdw-velocity outflow at this
early stagel_(Macﬂd_a_e_tJal., 2d)08). Upon further heating, RRISC loses its hydrostatic
support due to thermal dispersion of hydrogen molecules¢ciwthen leads to a second
collapse. This is then stopped by the formation of the ptato&ll this happens within the
order of a few so-calleftee-fall imes(Stahler and Palla, 2005)

3r
= |— 1.1
t 326, (1.1)

whereG is the gravitational constant, and conforms to the time,esqure-free sphere of
uniform densityp would need to collapse to zero radius. For a molecular clawd with
Ny, = 10° cm3 it is therefore of the order dfy ~ 10° yr.

However, the initial conditions of this core collapse ar#l sinly poorly understood.
A detailed study ofDense Cores in Dark Cloud#as initiated by{ Myers et JaIL(L9|83),
who identified 90 small, visually opaque regions from theoRelr Sky Atlas prints. In
subsequent papers, these were systematically analyseeé.fpy velocity structure and
shapes (e.gl, Myers, 1983; Myers et al., 1991: Fuller andr#V&992; Goodman et al.,

), and chemical composition (e.g.. Myers etal., 198%end and Bensor, 1983;
[B_ensgn_and_M;Lelrﬁ._lQBB;_B_ensgn_dt 51?_9_&_C_a.s_elhjélmi)2 They find evidence for
complex motions (i.e., infall, rotation, outflow) aroundepiand protostellar cores, and a
rich chemistry, which strongly éfiers from the interstellar medium. Some of these cores
were part of a larger star-forming complex (e.g., Taurusgj,dome could be found with
no immediate connection to a star-forming regions. Thesescare the ideal testbed to
understand the physics behind the star formation.

1.3. The Role of Dust

Although molecular clouds consist of 99% gas, the 1% of dastctually found to play
a key role in the formation of stars. Interstellar dust gsaiwhich are mainly formed
in the envelopes of evolved AGB stars (elg . Woitke & _a_ngO have typical sizes of
a = 0.005...1um and consists mainly of silicates and graphite (MRN..M&M&J]

Dust grains are responsible for both the emission at FIR and)(hm wavelengths, and
the dark appearance of molecular clouds at optical waviienghe key to quantify the
dust properties is the so-callellist opacityk,, which is the absorption cross section per
dust mass, and has contributions by both scattering andlwso of electromagnetic
waves. Opacity curves are calculated from assumed chemdcaposition and optical
material properties and size distributions, and constdaioy lab measurements as well as
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observations of interstellar dust. Figlre]1.3 shows sonseapacity curves for protostellar
cores [(Ossenkopf and Henrling, 1994), where dust can be letedandor coated with
ice mantles. Knowing the dust temperature then allows ter d@nclusions about the dust
column density, and under the assumption of a constant abgedatio between gas and
dust, also about the gas.

Due to the relatively higher dust opacity at shorter wavgtles, dust grainsficiently
shield interiors of molecular clouds from the UV radiatidrfwe interstellar radiation field,
and prohibit heating of the dense core interiors. Additi@matribution to the cooling of
molecular cloud cores is provided by collisions of moleswath dust grains, which heat up
and re-radiate the energy, which was gained from the aafijsas thermal emission. These
processes cause a net cooling, that lead inevitably to treeamlapse due to insicient
thermal support, and a core becomes supercritical.

Furthermore, the only fecient way to form the main constituent in molecular
clouds, namely molecular 4l is that the dust grain surface catalyses this reaction
e|L._l£i63). The gas phase reaction

H+H — Hy+y (1.2)

poses a very small recombination cross-section, as theeshphotony must result from
a forbidden transition. But not only molecular hydrogent &lso many other molecules
form on dust grains, and form the field of grain-surface clstmyi In the dense cores with
low temperatures and lack of UV radiation, certain molecsfgecies cannot desorb from
the grain surface, which leads to a selective freeze-outs &tect is particularly strong
in the case of carbonaceous molecules. Nitrogen-bearifgcules, e.g., BH*, which
are destroyed by CO can therefore exist in this environmenf. tﬁe_rgml_dl ,_2001).
However]Qb_el;g_el_dl |_(20_¢5) found thatNwhich is the parent molecule of)N* should
freeze-out at the same temperature as CO, which then stileseopen the question of
why nitrogen-bearing molecules are so enhanced in the dmrsecentres. fects like
this have to be included in sophisticated chemical netwaxkéch are constantly updated
(e.g., the UMIST database of astrochemistry contains aktleousand possible reactions
among 420 species, Woodall ef al. 2007). Astronomers usee the model chemical
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abundances at various stages of the early phases of stedltien (e.g.,m&.,
2003] Semenov et al., 2004), including gas-phase and gtaface reactions.

Emphasising the importance of dust for the formation ofsstabviously gives rise to the
question of how stars were formed in the early universe. &ahsence of dust (and
also other metals, which provide a non-negligible contidsuto the cooling in present
star formation), cooling is mostly provided by an fiigient, ro-vibrational transition of
small traces of K, which provides cooling only down to temperaturesTof~ 200K
(Tan and McKee, 2008). This is by an order of magnitude higtenpared to temperatures
in galactic star formation today, and therefore leads toptetaly diferent processes which
are involved. However, | leave the study of these primordéedd certainly interesting
objects for another PhD student, and will focus in this wamlkstar formation in the current-
day universe and in solar neighbourhood.







The Tools to Study Star Formation

Thats one small step for a man
One giant leap for mankind.

— Neil A. Armstrong, Apollo 11, 1st man on the Moon

OUTLINE:

This chapter focuses not so much on the science, but moreson th
physics behind the science. This is done in a rather extensiv
way, to serve as a sort of reference book. Most concepts are,
if not stated otherwise, taken froi:n_RQhJis_a.ndJMISbn_dZDOM

hler and Palla [ (2005), and_Carroll and Ostlie (2006). In
§2.1 and §2.2 | will give a quick introduction into light and
the propagation of light through non-empty mediuntHow
astronomers observe the light coming from outer space is the
described in§Z.3, before | will focus on the physics, and explain
why it is possible to observe dugfd.4) and molecules§2.5).

2.1. A Few Words on Light

Until man will be able to directly travel to other star-fommgi regions, the only way to obtain
information is incorporated into the electromagnetic infation we receive from them.
Although astronomers do also enjoy a beautiful night skgythave since the very early
days also tried to understand the physics behind it. It issknahat the Greek astronomer
and philosopher Hipparchus already compiled one of thedisstcatalogues in the Western
world by separating stars into six groups according to thgparent brightness. Of course,
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4Dy Figure 2.1.: lllustration of thein-
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2D, L ] distance D, the energy, which

Q Do 1 is emitted into the solid angle
—~——_| Q, is distributed over a larger
[ area. Therefore, the flux density is

source —T——| related to the energy via D2.
§§_\\

today astronomers use more sophisticated and less subjémbis than Hipparchus’ eyes,
and with the aid of photometric plates, CCD chips or hetenedseceivers — just to name
a few — they can now objectively quantify the amount of lighbich reaches us here on
earth (if the photons do not end up on a dead pixel, which woeldjuite disappointing
after travelling tens or even millions of light years).

Brightness of a source is in astronomy generally measurefiukydensity F, which is
defined as the energy per unit wavelength, unit area andiongt 1t is more convenient to
express the brightness on a magnitude scale, which is defined

m, = -25 Iog( Fv ) (2.1)
FV,O

whereF, o is a conveniently defined zero-point, which is in general fthg density of
the star Vedﬁ The flux depends on the distance of the source from the cisera an
inverse square law (Figute 2.1). Therefore, stars appégintbr or dimmer at smaller or
larger distance, and Equatidn_(2.1) defines the so-calbgdrent magnitudeA distance-
independent scale is the so-calladsolute magnitudewhich conforms to the apparent
magnitude of a source at a distance of 10 pc, and is thus given b

F-40pc)

= 2.2)

M, = -25 Iog(

The connection between the apparent and absolute magsitsidgven by the distance
modulusu, which is the same for all frequencies, and defined as

p=m,—M,. (2.3)

A colour in the astronomical sense is defined as tiedince of magnitudes at twdidirent
wavelengths. Its big advantage is, that it is independedisténce, as the distance modulus
u cancels out, and we obtain

mvl - mv2 = MV]_ - MV2 (24)

2.2. A Radiative Transfer 101

The previous section only dealt with the light that reachaghe and how astronomers
defined their magnitude scale. This section focuses moteuarthe light travels through

TConsequently, by definition Vega has a magnitage- 0 mag at all wavelengths

10
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line of sight towards observer

Figure 2.2.: Light passing through
a slab of thickness glinside a e 8+d8
molecular cloud of sizesy can \ / :
be altered by various processes. l
The incident brightneds changes

due to absorption, emission and, Scatteﬂng , _
bsorpti L (s0)

scattering caused by dust gralnw GDEOrPUOL emlSSlOH: hraaaanad | avannp
andor molecules. It should be e st
not_ed tha’F the directions _of the ; 0 D ——p
optical thicknesst and linear \_ \ ‘, J
distances are opposing each other. i |
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0 ' ds ' 50

space, before it reaches earth. It is convenient to exphessatliative transfer in terms
of specific mtens@lv, which expresses the amount of energy per unit frequencsinas
through a unit area per unit time from a region of unit soliglaron the sky, and is therefore
independent of distance. Simply speaking, the indeperdehite specific intensity on the
distance is reflected by the fact, that the energy within il sangle remains constant
(Figure[Z.1).

The connection between the flux density and specific intgisigiven by integration over
the source size

szf I, cosy dQ (2.5)
Qs

where cog} is the cosine of the angle with respect to the normal of tha.drbe solid angle
of a cone with apex angkis given by

Q=2n [1— cos(g)] (2.6)

For a circular source, this then yields in the small angle@gdmation the simple relation

rer

%

2.7
wherer and D are the radius and the distance of the source, respectivédyvever, in
non-empty space there exist variodeets, which provide attenuation or amplification of
the light rays along the line of sight, and therefore alscsihecific intensity is not constant.
Such dfects are depicted in Figure 2.2, and will be discussed in mhetal in the following
paragraphs.

The intensity can be reduced by absorption, or by scatterfitight away from the line of
sight. Scattering is of considerable importance only fovelengthss 1 um, and therefore
will be neglected in the course of this work. The absorpt®muantified by thepacity

k,, Which is usually measured in units of ég1! and strongly depends on the properties of

Tstrictly speaking], is spectral radianceand not an intensity. However, it is nevertheless commosgdtin
astronomy.
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the absorbing material. In a slab of thicknesght opacity provides an attenuation of the
specific intensity of

dl,- = —«k,pl,ds (2.8)

wherep is the mass density. It is convenient to define the paramagter p «,, which can

be interpreted as the inverse of the mean free path of a phBtothermore, one can define
theoptical deptﬁ dr, = —a, ds, which is a dimensionless parameter. Under the assumption
of constant absorption cigientx, along the line of sight, the optical depth is given by

S
TV:f K, pds
0
S
:Kvmof Np ds
0

= Kk, My Np, (2.9)

wherem, is the massn, the number density, anid, the column density of the particles,
which are responsible for the absorption.

If the optical depthr, < 1, one can say that the photon can escape the medium unscathed
whereasr, > 1 means that it most likely gets absorbed.

Alongside absorption, there are aldbeets which increase the specific intensity. This can
be thermal emission of dust grains, line emission of mokssudngbr scattering of light
into the line of sight (which will again be neglected for mysea but can also play an
important role, e.d. Pagani etlal. 2010). These positivéritorions are then given by

di,. = j,ds (2.10)

wherej, is the so calle@missivity

Positive and negative contributions yield the total chaofybrightness 4, = dl,- + dl -,
which can then be rewritten into the form of the so-cakegiation of radiative transfer

dl, .
=l (2.11)
which can be reformed in terms of optical depth to
dy v 2.12)
dr a,

In the case of thermal equilibrium, but also already at Idlsatmal equilibrium, emission
and absorption balance each other, i.é¢,/dr = 0. Then the specific intensity can be
derived from Equatiorf(2.12) to be

Iy =B, (2.13)

@y

"Due to convenience the direction of & towards the observer, whereas the optical deptfs diefined to
rise with rising distance from the observer. One has to thieinto account when defining the integration
boundaries.
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B,(T)) (1 —e &™) B,(Tp) (1 — e=A™2) B,(T,) (1 — e=A7vn)
l l l
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IV?O (1 — e_AT”'l) Iu,l (1 — e‘ATV’Z) L,Ynfl (1 — e_AT”'")

Figure 2.3.:lllustrative principle of raytracing. Under the assumptiof constant
conditionsT; andn; in an arbitrarily small region (indicated by the grey cells) one
can derive the specific intensity; along a ray (black arrows) by considering both
positive and negative contributions. Positive contribng (blue arrows) arise from the
thermal emission, which is described by the Planck BT ), negative contributions
(red arrows) originate from the exponential attenuatioradfation.

whereB, is the so-calledPlanck function It describes the specific intensity of a blackbody
in thermal equilibrium, and is defined as

3 2hv3/c?
" exp(hv/kgT) -1

(2.14)

The remarkable feature of the Planck function is that it€spen is completely described
by a single parameter only, the temperatlire

Multiplication of Equation [[Z.IR) by exp{r,) and integration by parts then yields the
specific intensityl,(S), which is emitted by the molecular cloud

(o) = hoe™ + B, (1—e™). (2.15)

This relation only holds in case of constant conditions gltre line-of-sight, which will
in most cases not be true. In this case, one can approximatatdmsity by applying a
simple raytracing algorithm. The principle of this procedure is depicted igufe[Z.3.
Although the conditions might not be the same throughoutithele molecular cloud, one
can assume that within an arbitrarily small regipthe temperatur&; and number density
n; are constant. The molecular cloud can therefore be separdten cells, and iterative
application of Equation(Z2.15) for all cells along the rayijtg accurately reproduces the
true specific intensity, which then eventually reaches thseover.

For astronomers, two limiting cases are of particular gger The first one is, that all
emission originates from the molecular cloud, ilgg = 0. Equation[(Z15) can then be
approximated for two cases of optically thick and thin mediu

B, 7, > 1
l,(s0) ~ (2.16)
B 1«1

Another very common case is, when a medium does not emitfisignily (B, = 0), but
one rather studies the attenuation of background light

lv(so) =o€ ™. (2.17)

13




Chapter 2. The Tools to Study Star Formation

Recalling Equationd(2.1) and (2.5) this furthermore mehas the received flux density
also gets attenuated by'e and thus the apparent magnitude is given by

F,e™
m,. =-25 Iog( )
FV,O

Fy
=-25 Iog(F ) + A,
v,0

=m,+A, 2.18)
(

where theextinction A describes the attenuation due to an intervening medium,isand
given by

A, =-25log(e™)
~ 1.0867, (2.19)

2.3. Observational Techniques

After a first introduction into radiative transfer, the nesdction focuses more omow
astronomers actually measure things. During my PhD thedisdrved at both near infrared
and radio wavelengths, and therefore will quickly introeltice general principles.

2.3.1. Near Infrared
Detectors

The advent of charge-coupled devices (CCDs) and infraréelcttes in the 1980s has
revolutionised the way astronomers obtain their images pgical and near infrared
wavelengths. Such semi-conductor based detectors arigiveetwslight due to a relatively
small bandgap of only a few electron volts, which allows dteeit photons to lift electrons
from the valence into the conduction band. In the early d#ys,standard material for
was silicon. Its bandgap ofE = 1.1eV restricts the sensitivity to light to wavelengths
A < 1lum. The sensitivity at NIR wavelengths was achieved by deietp other
semiconductors, and nowadays the most commonly used omeBlencury-cadmium-
telluride (MgCdTe AE ~ 0.5eV, A < 25um), Indium-antimonide (INSbAE = 0.23 eV,

A < 5.4um) or silicon doped with arsenic (Si:A4E ~ 0.05eV,1 < 27um), but many

more exist/(Fasshender, 2003).

The relatively narrow bandgap of these materials does Hgtadlow light to lift electrons

into the conduction band, but also the thermal energy of thetrens is sfiicient to
overcome this barrier. Thisflect can be suppressed by cooling down the detector to
temperatures of liquid nitrogen (77 K), or even below. Eaidyectors were semiconductor
elements with only a few pixels, but today commonly usedyari@fer 1kx1k or 2kx2k
pixel elements.

14




2.3. Observational Techniques
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Figure 2.4.:NIR reduction scheme (based on Fassbender,|2003). Seeotextdre
descriptions.

Observations and Calibration

Observations at NIR wavelengths always consist of a set liffradon and the actual
science observations. The calibrations are necessanattityuthe following things:

e Dark Current: Although the low temperature suppresses the release ah#ther
electrons into the conduction band, thieet cannot completely be avoided. A Dark
Current calibration is generally a set of observations \itharly varying exposure
time, which then allows to estimate the thermal signal fociargific observation at
a given exposure time. An additionafect is the so-called bias, which is the signal
caused by the electronics during a read-out out of the detect

e Flatfield: An infrared detector does show quanturficency and pixel-to-pixel
sensitivity variations, i.e., the probability of detegfian incoming photon varies in
dependence on the position on the chip. Flatfields are odiseng of a uniformly
illuminated object (twilight sky, dome screen), which trgives a good estimate of
the relative pixel response.

e Bad Pixel: Pixels, which do not show a linear relation with exposureetamne known
as bad pixels. Astronomers distinguish two types of badlgixeamely thedead
pixels which show no signal at all, arftbt pixels which do show a signal, but do not
exhibit the expected linear relation.

The general image reduction scheme, which is based on theg&2®e0 pipeline
(Fassbender, 2003), is illustrated in Figlrel 2.4. Firsg, dlark current (which already
includes the bias) is subtracted from the raw image, befaseniormalised by the flatfield.
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Figure 2.5.: Atmospheric transmis-
sion at mm and sub-mm wave-
lengths at the IRAM-30m tele-
scope. The dierent curves rep-
resent the transition in dependence
on the atmospheric water content
(precipitable water vapou pwv).
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The next step is to remove the sky signal, which can be adhibyeeither observing a
nearby, empty region on the sky, or by the more convenient efaysing the scientific
observations to get an estimate of the signal. The genesalraing strategy is to induce
little offsets (lithering between two subsequent, short exposures. The latter aigsav
saturation of bright stars, whereas the first one ensuresetige, a star does not always end
up on a dead pixel. Due to the dithering a pixel will, therefdn most cases only receive
the signal of empty sky. A median filter applied on typicalljré@mes, which were taken
before and after the frame in question, thus accuratelywezsdhe sky emission, which can
then be subtracted from the reduced image.

This loop is repeated for every image in the raw image stadle réduced single images
are then aligned, searched for traces of cosmic radiatibicfware removed, if necessary),
and summed up to yield the final image.

2.3.2. Radio Astronomy — Single Dish Antenna

Earth’s atmosphere is not only transparent at optical veaaggh, but it also has some more
spectral regions with no or low opacity. Among these is theated radio window. Its
big advantage is that at this wavelength range many objetibie considerable thermal
emission, plus it also shows many molecular transitiorsliriene atmospheric transmission
at the site of the IRAM-30m telescope is shown in Fiduré 2rfl ane can clearly see the
bands of high atmospheric transmission. The IRAM-30m telps dfers receivers, which
operate in the 3, 2, 1 and®mm atmospheric windows. Operations at shorter wavelength
are not feasible, as the access to these atmospheric wiridawsstly restricted by the
atmospheric water content. At other sites (e.g., Mauna Kddawai'i, the ALMA-site

in Chile, or DOME-C at Concordia-Statighntarctica) it is possible to observe also at
wavelengths as low as 5@@n, but only for a limited time of the year. Complete access

to the wavelength rangg 500um can only be given by space-borne observatories like
HerscheII 0) or Spitzer (Werner el 4048).

Radio telescopes are most commonly built as Cassegrain @goBan systems. The
electromagnetic radiation of the source reaches the tglesavhere it is reflected by the
primary and secondary mirror, before it reaches the receive
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Ag x AP 9
- (=) Airy pattern ©)
o O
CE
AR
E —
o “g(l) ; AP(Q) o
Figure 2.6.: Power pattern for single & _ —
dish telescopes with flerentgrad- g -2
. . . = O
ing functions. For a step function, g g -
the resulting power response is theZ
so-called Airy pattern For the g 0
tapered grading functions, the Airy _ 29(2) 2P0
pattern is plotted as a reference? .
(grey line).  The size of the £ & -
sidelobes is exaggerated. o
grading T power pattern 9

In a bolometey incoming photons are absorbed, which then in turn proviaesmall
temperature increase. This can be measured, as the mateeislhave a temperature
dependent ohmic resistance. Commonly used bolometersaaiay SCUBASCUBA-2
(at the JCMT in Hawai'i), MAMBOMAMBO?2 (at the IRAM-30m telescope in Spain),
and LABOCA'SABOCA (at the APEX in Chile). However, bolometers are noteab
to retain any spectral information, which can on the otherdhbe preserved by using
heterodyne receiversin this case, the incoming signal from the sky with frequengy

is superposed with a signal of the local oscillator with treacyv o, which difers only
by a few GHz from the sky frequency. Thisfectively leads to a downsampling of the
signal to an intermediate frequeney:- = vsy — vio, @ frequency which can easily be
amplified by contemporary low-noise electronics. The digm#éhen sent to the backend,
e.g., spectrometers, which further process the data,défisrdelivered to the user.

Beam Characteristics

Due to its finite spatial extent, a telescope never observeigle point, but it is
rather sensitive to a larger area on the sky. This directidependence is described by
the telescope power pattef(0, ¢), which is the received power in dependence on the
direction of the sky. Very often, astronomers also use thhenatised beam power pattern
Pn(0, ¢) = P(0, ¢)/Pmaxto characterise a telescope. Theam solid angl€, of the antenna

is given by

Qp = f PndQ, (2.20)
4

which should be more seen as a theoretical quantity, as focos to a beam pattern of
P, = 1 within Qa, andP,, = 0 outside.

The true beam pattern, i.e., the instrumental response ¢inagpurce (commonly known
aspoint spread functioh is given by difraction theory. A simple approach to get the beam
power pattern is to define the aperture illumination by a imdunction g(x), which is
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related to the power pattern via
P(0) = FT[g(x)] x FT'[g(X)] (2.21)

where FT and FTare the Fourier transform, and the complex conjugate of theiér
transform ofg(x), respectively. A few simple examples are shown in Fijui@ ZFor a
circular aperture, the grading would simply be a step fumgtivhich then results in the
well-known Airy function as the beam power pattern. The hatson, i.e., the position of
the first null, is given by

A
0=122— 2.22
. (2.22)

whereD is the aperture diameter andhe wavelength. Another measure for the resolution
is also the FWHM of the central maximum, which is in the casthefAiry pattern given

by

OFWHM = 102% (223)
Notable for the power pattern is the presence of secondarynmaa which are certainly
not a desired ffect. One can reduce thiffect by tapering the edges of the aperture, i.e.,
lowering down their relative sensitivity (Figute 2.6, sedarow). One can see that their
relative intensity goes down, but also that the beam braatiesaome extent, which in turn
means a lower resolution. In the case of a Gaussian taparhughilepicted in the third row,
the power pattern is also a Gaussian, and the sidelobespdaapompletely. In general,
one has to find a compromise between sidelobe suppressibigsnof resolving power.

To get an estimate of the resolution power of a telescops,dbnvenient to approximate
the central maximum with a normalised Gaussian power pattethe form

0
Pn = exp(—2.77 > ] (2.24)
FWHM

The beamsize is then given, according to Equafion {2.20) by
Qa = 11336214 (2.25)

Due to the presence of the sidelobes, a telescope does rmay sieaeive signal from the
pointing direction, but also from other parts of the sky (F&J2.T). Generally one describes
the central maximum as main lobe, and secondary maxima etokés and rear lobes
(depending on their orientation on the sky). Most of the inemkpower is received by the
main beam with an angular size of

Qmp = f PndQ, (2.26)
Omb

where we now only integrate between the first nulls of the pquegtern. The fractional
power in the main lobe gives thmam @iciency

_ Qmb

Ber = . 2.27
o = o 2.27)
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Figure 2.7.: Polar plot of a simpli-
fied beam pattern of a radio tele-
scope. Thdorward gficiency kg
is the fractional power received  sidelobe
from forward direction, themain
beam giciency By accordingly
the fractional power between the
first null atfmp.

.. main-beam *

rear lobe ~

In analogy, one can also define the fraction of power whichefrom forward direction,
the so-calledorward gficiency

B fzﬂ P, dQ

F
eff On

(2.28)

As an example for true telescope characteristics, TablkirAthe Appendix gives some
values for the IRAM-30m telescope. In general, the FWHM oélagcope beam cannot
be simply given by Equation (2.23), but must be measured emndsaally provided on the
telescope webpages. For the IRAM-30m telescope, the beantan approximated by

A
g2 1 = 11667, (2.29)

which closely resembles Equatidn (2.22).

Observational parameters

From a point source with flux densi§;, a telescope will receive the monochromatic power

Py = %Aeﬁ Sy (2.30)

whereAgy is the dfective antenna aperturg, is the observed flux density of the source,
and the factor of 0.5 is due to the fact that only one polddeatan be measured at a time.

The dfective antenna apertufy is given by the relation
Aet = na A (2.31)

whereA is the geometric size of the telescope, gads the antennaf@ciency factor with
many diferent contributions (e.g., surface inaccuracies, shabjngtructure, etc.), with
na < 1.
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The observed flux densit$, depends both on the intensity of the source and the beam
pattern, and is given by

Sv=f 1, P dQ. (2.32)
4

In radio astronomy it is very common to express the intersityg terms of temperature. In
case of thermal processes, this temperature then conforthe source temperature, and is
directly related to the Planck function (Equatlon 2.14)weéwger, this scheme turned out to
be so useful, that even nonthermal processes are descyilzecooresponding temperature.
This so calledbrightness temperaturepTthen conforms to the theoretical temperature,
which a blackbody would have to yield the same specific irtgnd he effective source
temperature (v, T) is given by

To

Jv, Tp) = , 2.33
0T = e To/To) - 1 239
with Tg = hv/kg, and the Planck function is then
2
B, = ZK;V IO, T). (2.34)

In the case ofiv < kg T, the exponential function can be Taylor expanded, Xndl') — T.
This is the so calle@Rayleigh-Jeans law

2v2 kg
Buri= —5— Try, (2.35)

where the temperature is now denoted as the Rayleigh-Jeanpetaturelr;. From the
condition to express the Planck function as the Rayleigimdéaw we see, that
v[GHZ]

20

must be fulfilled for Equation(2.35) to be true. Therefora, dbjects aff = 10K, the
observing frequency must be way below 200 GRz 1.5 mm).

T[K] > (2.36)

Observation and Calibration

However, one has to bear in mind that at (sub)mm wavelengthsignal from the source
of interest is almost negligibly small compared to othertesrs, e.g., the atmosphere, the
ground, and the telescope structure. The total signal,iwikiceceived by the antenna, is
calledantenna temperaturd-or a pointing at the source it is given by

whereTy is the brightness temperature of the sourtgy, is the temperature antd the
optical depth of the atmospherg, the temperature of the ground and telescope structure,
and T,x an additional contribution by the receiver. The unit of iet is the brightness
temperaturely,, which can be extracted by varioudfdrent methods. A commonly used
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strategy is the so-calleposition switching where in an alternating sequence the source
(the on position) and a nearby, empty region of the sky (tdfeposition) are observed.
Subtraction will then immediately give the antenna tempeeaof the source. Other
methods (e.g., frequency switching) exist, but will not hscdssed any further in this
context.

For spectrometers, the relative spectral response of thetrgmeters are obtained by
observing sources which are known to have a flat spectruneidakired wavelength range.
For this purpose, quasars have turned out to be very useaidladist of good calibration
sources can be found online at the webpages of respectsetgles.

In most cases, heterodyne instruments ardfemdintly from bolometer arrays — single pixel
instruments. Maps were until recently obtained by pointing telescope at the féitrent
positions on the sky. This was a tedious task, as one had te thevtelescope to every
single grid point. Nowadays, large-scale maps can easitybbaned via the so-calleah-
the-fly (OTF) mapping scheme. With this method the telescope scatrpaon the sky at
a speed of a few arcseconds per second, with a typical reaaf auspectrum in intervals
of a few seconds. A map is then built up by subsequent scarofistrips in both right
ascension and declination direction, with repeated measemts at theff position between
the scans. Every single spectrum has a low signal-to-nbigeyith this technique easily a
few thousand spectra are obtained. These are then averagedegular grid, which then
allows astronomers to obtain a decent signal-to-noise.rati

Sensitivity

The sensitivity of a radio telescope is directly linked tauauntity calledsystem temperature

Tsys = 2 Ti, which summarises all noise contributions from the soutbe, sky, the

atmosphere, the receiver, the ground, etc. fEldgometer formulahen gives the noise
VAVt’

whereK is a sensitivity constant and of the order of unity; is the observed bandwidth
andt the integration time.

o (2.38)

Temperature Scales

In the previous parts of this section, we already got a holthefantenna temperature of

a source. The antenna temperatligecan be seen as a radiation resistance. If a resistor
would replace the antenna feedhorn, then it would have te tie/temperaturéa to emit

the same monochromatic powgy as the radio source. However, the antenna temperature
does not take into account the attenuation of the atmosghérel herefore, we introduce
the

T, =Ta€, (2.39)

which conforms to the antenna temperature, which a teleseamuld measure outside the
atmosphere. The source brightness and antenna tempercatube related with the aid of
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Equation [[Z.3D), which then yields

% S, Aer = kg Ty (2.40)

It is, however, not convenient to express the temperatuneterims of the antenna
temperaturd’,, as it is not a measure, which depends solely on the source.

Taking into account only emission from forward directiorlgdis a new quantity, the so-
calledcorrected antenna temperature

Ta

TA = For’

(2.41)

Considering only emission from inside the main beam givesrthin beam temperature

T/
Tmb = =2
mb Ber

F
= (2.42)
Besr
To determine, which temperature scale is an accurate egeg®on of the true brightness
temperaturdlp,, one has to know the size of the source (Figuré 2.8):

e Qs =2n If a source spans the whole hemisphere, thgmepresents the brightness
temperaturelp. The rear lobes are not taken into account] ass already corrected
by the forward fficiency. The main beam temperature exceeds the brightness
temperature Tmp > Tp), as erroneously the energy, which is spread out over the
whole hemisphere, is assumed to come only from the area ofidlie beanmp,.

e Q. < Qs < 21 If the source size is somewhat inbetween the main beam Bize a
2rr, we consequently gétn, > Ty > T,.

e Q. =Qu,: In this case, the main beam temperature scale correcthgsepts the
brightness temperatuiig,, = Ty, as the sidelobes are devoid of any emission.
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Figure 2.9.: Power pattern for a g(z)
two element interferometer with
a baselineb, and a single dish
telescope. The grey line represents
the Airy pattern of a single dish
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e Q. < Q. For sources smaller than the beam size the main beam bkegghtn
temperature underestimates the true brightness temperaithis dfect is called
beam dilution as the beamfciency Ber “undercorrects” the antenna temperature.
The relation between the temperature scales is then given by

Qs
Qmb

Tmb=Tp (2.43)

2.3.3. Radio Astronomy — Interferometry

Recalling Equation[{2.22), the resolution of an imagingicevs given by~ 1/D. To
achieve the resolution of a 10 m class telescopeuat,la telescope, which observes at mm-
wavelengths, needs to have a size-af0 km. To build a single dish telescope of this size
is technologically impossible. However, by combining tignal of two (or more) smaller
telescopes, which are placed far away from each other andisD, one can achieve the
same resolution. The principles of this so-calietbrferometrywill be discussed in more
detail in the following section.

Angular Resolution

To a simple extent, the angular resolution of an interferti@mean be obtained by applying
the same formalism as was made for single dish telescopegigime[Z.9 the grading
function g(x) and the power pattern of a simple two-element interferemetith two

telescopes of diametdd;,; placed at distanceé (the so-calledbaseling are shown and
compared to a single dish telescope. The envelope of thergmatiern follows the beam
pattern of a single dish telescope with the diamédgg. The resolution, i.e., the size
of the main beam, on the other hand is the same as for a teeseitp diameterDgg,

which resembles the longest extent of the two-elementfertamneter. This shows in a very
simple way that it is possible to achieve high resolutionthauit the need of filled aperture
telescopes, at the cost of stronger sidelobes. Enlargmdpdiseline will further increase
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the resolution by fectively decreasing the extent of the central maximum. Hewehe
envelope function will always resemble the Airy patterntad single dish telescopes.

It should be noted, that an interferometer is, however, ndassical imaging device, but
does rather recover the Fourier components (amplituded phase) by cross-correlating
the incident radiation of two telescopes. Its mode of opamais essentially analogous
to the double-slit experiment, and the distance betweetethscopes conforms to the slit
separation. In the case of a two-element interferometgu(gi2.1D), thefective telescope
separation is given by

b* = b cosg), (2.44)

whereb is the baseline length, armds the zenith angle of the pointing centie(dp). For
various reasons, the light from the source reaches the ti@sctpes at a ferent time,
which causes a phase shift. This is on one hand caused by dheetric delayy,, and on
the other hand by wavefront distortions in the atmosphgfg Using a proper calibration
strategy, these phase shifts have to be compensated to diedntrinsic phase. A point
source at the pointing centreq, 6g) would have a phase @f = 0. However, a source
with an angular fiset would cause an optical pathffdrence and thus a phage= O.
The fact, that the spatial information is stored in the phiasiemonstrated in Figute 2]11
by a simple experiment using two arbitrary images, which @maverted via a Fourier
transform. Exchanging amplitud®; » and phasep; 2 information, and performing the
backward transformation will result in two images, where oan still recognise the image
with retained phase information, whereas the amplitudarimétion does have surprisingly
low influence.

To be applicable for real observations, the simple formalisf the two-element
interferometer in Figur€ 2.10 has to be extended (althobghfarmalism itself is still
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Figure 2.11.: The spatial information in the Fourier transform lies withthe phaser.
This is demonstrated for two images, where after the Fotna@isform the amplitudes
are swapped, and the images are restored. One can stilycdearthe image, of which
the phase information has been retained.

valid), as the source will generally not be aligned with theeanas. To derive the projected
baselineb* for this case, a new coordinate system is needed, namely tiaan)-system.
This coordinate system has its origin in the observed @osifio, 5o), with &, in right
ascension directiorg, pointing towards the celestial pole (in declination dii@a} andg,
radially out of the celestial sphere. The projected basdbrthen given by projecting the
baselineb of the local coordinate systerg,(to the Southg, to the East, and, towards the
zenith) into the so-calledv-plane (i.e., the plane of the sky) of the new coordinateesyst
and we obtairb* = (u, V).

From the double-slit experiment it is known, that the slppa®tion and the resolution are
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inversely related (which is obvious, as they are directlatesl via a Fourier transform).
Long baselines resolve the small spatial scales, and sasdlibes recover the large-scale
structure. However, a double-slit is not capable of redageother spatial scales than
the one, which is governed by the slit separation. Furtheemthe sampling of only
a few spatial scales causes sidelobes of considerablegtr@Rigure[2.D). Therefore,
astronomers are interested to get a good sampling ofith@ane, and several strategies
exist to achieve this goal:

e Building more telescopes will increase the number of siemdbusly sampled
baselines manifold. Cross-correlating the light N, single dish antennas will
increase the number of baselines to

Nant(Nant — 1
Nbase: —ant( ;nt ) (2-45)

e During the diurnal motion of the source across the sky, acsowill exhibit different
projected baselineau(v). Therefore, over the course of a celestial passage of the
source, one can sample manyfeient baselines from the same pair of telescopes.
The principle of this so-calledperture synthesis illustrated in Figur€ 212, where
the uv-coverage and the resulting beam power pattern of the six-aftenna array
(Npase= 15) of CARMA is shown, which is achieved after a simple snapsh and
12 hours of observations. As the source moves across ththekyrojected baselines
start to fill theuv-plane (panels in the top row), which then gradually impsottee
shape of the beam (bottom row). Due to the nature of the Fouerasform, every
baseline conforms to two points, namely\{) and (u, —v) in the uv-plane, which
are indicated as blue and red dots, respectively.

e Interferometers with many telescopes, and aperture ssistherovide a good
sampling of theuv-plane. However, as the source always follows the same path
across the sky, an interferometer would repeatedly sarhpleame baselines. Thus,
interferometers typically switch between a fedfeient antenna configurations every
few months, to change their sensitivity tdfdrent spatial scales.

Observations and Calibration

In interferometry, a considerable amount of time is spentalibration. The absolute
flux scale is determined by observations of either unresofpgasars with well known flux
density, or preferentially planets, where the flux densdn be modelled by taking into
account their distance and illumination by the sun. For gpawtric observations, it is
furthermore necessary to observe a source with a flat spedwsually quasars), which
then allows to derive the relative spectral response of ehahnel.

As mentioned earlier, the phagefor two baselines will change with both the position of
the source on the sky{), and the atmosphere4). The geometric phase delay can be
derived by simple trigonometry, whereas the determinatfapy:y, involves observations of
a so-called gain calibrator, which is conveniently an uairesd quasar close to the observed
source. Itis necessary, that the calibrator is unresoladdatithe pointing centre to ensure,
that the measured phase (after correction for the geonddiay ¢,) can be completely
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Figure 2.12.: Improvement of the shape of the beam due to aperture syath@&siese
simulations show the beam for observations with the 10rayasf CARMA for a simple
snhapshot (left column), after 2 hours (centre column) andhdis (right column) of
observations. One can see the reduction of the sidelobdgibdam power pattern
(lower row, peak values normalised to unity) with incregsin-coverage (upper row).

attributed to the atmosphere= ¢am. Furthermore, the gain calibrator is used to correct
for the varying attenuation of the incoming radiation in éegence on the airmass. As the
phase-shifts, which are induced by the atmosphere, attivedyastable on timescales of a
few 10 minutes, the scientific observations are usuallyringged for the observations of
the calibrator in intervals of the order of 15 minutes.

For an interferometer it is not as easy as for a single digis¢ebe to cover large regions on
the sky with an OTF mapping scheme. Interferometers can dmlgointed observations,
with the advantage of getting more than only one resolutiement per pointing. As it can
be seen in Figure 2.9 the interferometer is most sensitiegrtigsion from a region, which
is defined by the primary beam of the single dish telescoptsdiamete;,;. Therefore,
the field-of-view (FOV) of an interferometer is usually defihas the FWHM of the single
dish primary beam. Larger areas can be mapped by pointingrtsadiferent regions on
the sky, which are usually are separated by half a primargnbea
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Image Analysis

In order to obtain an astronomical image, offee&tively has to perform a Fourier transform
of the amplitudeA(u, v) and phasep(u,Vv). Generally this so-calledirty image will not
allow a clear look on what is going on in your science objestjtas dfectively the true
brightness distribution convolved with the interferoneelream (ordirty bean). Due to the
incomplete sampling of thev-plane, strong sidelobes lead to a distorted image, whish fir
has to be deconvolved to allow a good data analysis.

Several deconvolution techniques have been developediohwthe most commonly used
is called CLEAN. It is an iterative procedure with the follog steps:

1. Search for the emission peak §) in the dirty map.

2. Subtract a dirty beam (which is usually scaled to 10% oftinéssion peak) centred
at (a, 8) from the dirty map (which then gives thmesidual map.

3. Mark the positiond, ¢) in a separate map, the so-callddan component map

4. Repeat steps 1-3 on the residual map, until all emisséarbielow a threshold, which
is generally dictated by the noise.

The clean-component map, which now féeetively a map withy-functions at the positions
of emission is in the next step convolved with tblean beam which is a Gaussian fit
to the central maximum of the dirty beam. By doing this, thatigh resolution of the

interferometric image is retained, but the sidelobes &iextively removed. The residual
dirty map is then added to the convolved image, which theagjiieclean mapas the final

result.

Short Spacings

As mentioned earlier, an interferometer cross-correldbes incident radiation of two
different antennas atftiérent separations. It cannot sample baselbies Djy, as in this
case the background antenna is shaded by the one standirgnirof it. This limits the
recovery of large-scale structure by interferometers.t €fiact is illustrated in Figurie 2,13,
which shows how a complex, artificial brightness distribati(left panel) is seen by an
interferometer (central panel) and a single dish teles€dghbt panel). The latter one is
able to recover the total flux and the large-scale structinereas the small scale structure
is completely smoothed out by the large beam size. The @rrfeter, on the other hand, is
capable of recovering the small scales, whereas the laaje-gariation of the background
is completely lost. Furthermore, the absolute flux scaleisowii.

Therefore, if one has to deal with extended objects, the rgesérategy is to get both
single dish and interferometric data, and merge these tiases to fill the central gap
in the uv-plane. The magic is then, to first convert the single diska @b Fourier space
and downweight it (due to the relatively higher samplinglobe the combination. As an
interferometer measures flux density and not temperatores,has to convert from the
Kelvin to Jansky per beam scale with the aid of Equation {2.Bde to the dependence on

"The total flux is given by the Fourier componentaty) = 0, which is not sampled by interferometers. Only
if the source is not resolved, the total flux is also recovetddnger baselines.
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Figure 2.13.: Schematic sketch how a source with a complex brightnesshdison (left
panel) is recovered by an interferometer (central panelpagingle dish telescope (right
panel). The resolution of the respective instrument isdatgid in the upper right corner
by the scale bar.

effective aperture, this conversion factor iffelient for diferent telescopes and frequencies.
Values for the IRAM-30m telescope are listed in Tdble]A.4rtkermore, as the Jansky is
not a measure of surface brightness, one has to divide byehm Isize. One generally
uses the approximation of a Gaussian beam, whi€lis- 1.13362,,,,.,- The merged data
set can then be converted an cleaned following the procedtraduced in the previous
paragraph. Due to the lower level of the sidelobes the CLERjdrghm will work more

accurately, compared to interferometry data only.

2.4. Cosmic Dust

After giving a short introduction into radiative transfeadics, andhow astronomers
measure the light coming from outer space, | will now explhi@ basics ofvhy we can
observe both dust and molecules (of which the latter onebittxplained in more detail in
the subsequent section).

To talk about the observability of dust grains, let us retadit the optical thickness is
defined as d = —p«, ds. Integration along the line of sight then yields

0
T,,:—f ok, ds
S

Maust Ndustky

My NH
Roa Ky. (2.46)
In Equation[(2.46) the dust mass, which is givemipyisNguss iS expressed via the hydrogen
massmy. The ratioRy/q is the so-calledydrogen gas-to-dust mass ratighich is not easy
to determine. A commonly used valueRgq = 110 (Sodroski et al., 1997), which will also
be used throughout this work. It is convenient to incorpotaeRy,q directly into the dust
opacity, which then gives the corrected value

* KV
K

" Ryd’

(2.47)
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Figure 2.14.: Modified blackbody curves fg8 = 2.0 with temperature¥ = 4...20K
(left panel), andl = 12 K with dust opacitieg = 0.0...4.0 (right panel). All curves
assume a hydrogen column densityMyf = 10??cm2, and a fixed dust opacity of
k = 1.0cnPg! at 1=850um. The thick red lines in both panels conform to the curve
with T = 12K andg = 2.0. For all configurations we obtain< 1, and therefore the
curves are notféected by optical depthfkects.

and Equation[{2.46) turns into

7, = My NK K:i. (2.48)

Not only Ry/q is hard to constrain, but also the dust opagjtis part of many investigations,
and it varies from dust model to dust model. At millimetre auth-mm wavelengths, the
dust opacity is usually parametrised by a power law of thefor

Ky oC /l_ﬁ, (249)

whereg is the so-called dust opacity index. However, for a largeveldength range this
simplification breaks down, and one has to make a more el@baralysis of the dust
and its properties. A commonly used dust model for pre- aotbptellar cores is that of
Ossenkopf and Henning (1994). These authors computed pasitiesk, for grains with
an initial grain size distribution from MRN, and consideratious dfects like coagulation
andor ice coatings of dferent thickness. Opacity curves for some configurationstaren
in Figure[IB (Chaptdr 1).

2.4.1. FIR/Millimetre Wavelengths

As mentioned earlier molecular clouds are one of the coldiestes in the universe with
temperatures of only a few 10K above absolute zero. At thempératures, the peak of
the thermal emission, which is described by the Planck fond8,(T), lies well at FIR

and millimetre wavelengths. In the optically thick cases position of the maximum can
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be calculated from Wien’s displacement law, which also sgm@&s a good approximation
for the optically thin cage For typical column densities of the order i ~ 1072 cm-2
the emission is seldomly optically thick, but is of the ordér, ~ 1072...107°. In fact,
7, < lis a great advantage, as it allowed scientists to get anastion the column density
andor other parameters. Recalling Equatibn (2.16),

I, =7, B,(T)
=my Ny Kt B,(T). (2.50)

The estimate of the column density, therefore, relies oncanrate knowledge of the dust
opacity and temperature. With the advent of Herschel Space Observatorgbservers

are now able to obtain measurements not from a single waytebut from multiple ones
following the shape of the SED. As the shape of the curve malapends on the opacity
&y, and therefore the opacity ind@x one can then get also better constraints on the dust
model.

Some examples of theoretical curves are shown in Figuré 2vhére the temperatures
vary fromT = 4...20K, and dust opacity indices from= 0.0...4.0. Not surprisingly, a
rise in temperature shifts the maximum of the emission td&/ahorter wavelength. More
interestingly, however, is the change of the dust opacitiexnat constant temperature,
which not only shifts the maximum towards shorter wavelandiut also considerably
narrows down the overall curve.

2.4.2. Optical/NIR Wavelengths

In contrast to millimetre wavelengths, where we can diyenteasure the dust emission,
there is not much to see — in the literal sense — at optical diRdvivelengths. Cold
material does not emit considerably at wavelengths of teroof 106 m. However, as
the optical depths rise considerably above unity, one carthes obscuring nature of dust
to constrain its amount in the molecular cloud. This techaigepends on the presence of
background stars, which shine through the molecular cldudording to Equation(2.18),
these stars appear systematically dimmer by a factor, whidkscribed by the extinction
A,. If the extinction is considerably strong, molecular clswppear as dark(er) patches
on the sky, which also lead to their detection. First, s@&nbelieved to observeoles in
the sky but now it is known that the light of background stars waspdynoo dim to be
observed by these ancient observers. Figurel 2.15 showartimif example of the dense
core B68. In the left panel one can clearly see the cloud aacklarea, because the light
of background stars cannot pass through.

One could measure the extinction of a molecular cloud, framaon [2.18)

m,. =m, +A,. (2.51)

However, this needs the knowledge of the true apparent ruagnof the stam,, which
in the general case is not known as for most of the backgrotarg & is impossible to

fIn the optically thin case, the maximum of the dust emissiam e calculated from Wien's displacement
law only in the case g6 = 0. Forg # 0 the peak position will slightly change (Figure 2.14)
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Figure 2.15.:Observations of the
Barnard Dark Cloud B68 at
optical and NIR wavelengths
reveal the dependency of
extinction on wavelength,
which leads to the “reddening” of
background stars (Image Credits:
ESO)

B,V,I B.I,K

determine its absolute magnitude and the distance. Thisniv#tion, however, would be
necessary to compute the apparent magnitude with the aiteldirsevolution models.
Therefore, dferent methods were developed to constrain the extincti@ugfn molecular
clouds.

Background Star Counts

One way to derive the amount of dust is from counting the nurableackground stars. This
technique, however, strongly depends on an accurate atisangp the stellar luminosity
function, and the distribution of background stars. Obsigithe latter strongly varies both
with galactic latitude and longitude. Nevertheless, tkishhique allowed Dobashi etlal.
(2005) to compile an all-sky extinction map from optical gea of the Digital All-Sky
Survey (DSS) with a resolution of the order of a few arcmiaute

However, the relatively high opacity at optical wavelersgets an obvious limit to this
technique. In the absence of background stars, one can amyag upper limit to the
extinction, which emphasises the need for deep obsergtimthese are time-consuming
and, thus, not feasible, observations at NIR wavelengtisi ge be more promising, where
the extinction is by an order of magnitude lower, and morekgeaund stars can shine
through the molecular cloud and still be detected.

NIR Colour Excess

Having again a look at B 68 in Figute 2]15, one can see in the pgnel, how many more
stars shine through the dark cloud, when one replaceg-thend (055um) with aK-band
image (22um). Furthermore, the stars behind the cloud appear comrsilyeredder (which

of course in this case is caused by the choice of filters fofalse-colour image, but is in
general seen as the trend of dominance of longer wavelendthss so-callededdening

is quantified by the NIR extinction law. Table .1 lists théatiee extinctions of some
commonly filters with respect t§ andKg from|Rieke and L ebofsky (1985), and one sees
that at 22 um we have only about 10% of the extinction compared to wagthenvisible to
the human eye, thus giving the stars in Fidure 2.15, whiahethrougha molecular cloud

a redder colour in comparison to nearby stars, which areffettad by the dust.
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Table 2.1.: Extinction conversion factors (Rieke and Lebofsky, 1985)

Band Wavelength pm] A /Ay Ay/Ak,

U 0.36 1.53 13.7
B 0.44 1.32 11.8
\% 0.55 1.0 8.93
J 1.2 0.282 2.52
H 1.6 0.175 1.56
Ks 2.2 0.112 1.0

Because of its independence on distance, it is convenieatrnsider the colour of an object.
The reddening of an object can be quantified by the so-catimir excess &1—v>), which
is defined as the ffierence between the observed and the true intrinsic colcam object

E(Vl - VZ) = [(mv1 + Av1) - (mvz + sz)] - (mv1 - mvz)
=A,-A,, (2.52)

Further substitution then leads to
E(vi—v2)=A, - A, (2.53)
= 1.086 (), — Ty,)
~ My Ny (k;, — K5, (2.54)

Therefore, the colour excess allows, under the assumpfidmawn dust opacities, to
estimate the hydrogen column density. However, to meaheecolour excess, it is
necessary to know the true intrinsic colour of a backgrourjeat.

Lad_a_e_t_ai.L(LQ%) were the first ones that derived extinati@aps by using the fact, that
the colours of Main Sequence stars spread over a very naaogerin colodi (H-K)

of < 0.1mag. Plotting the colourH — K) already gives a very good estimate of the
spatial distribution of dust, as it is — apart from a constaffdet — éfectively the colour
excess. Such a map is shown in Figlre P.16, which depicts ldmadint L 1495 of the
Taurus Molecular Cloud. Not by chance, this plot is of thaarmdhat will be investigated
further in Chaptelrl3. One can clearly see the filamentargsire with pronounced regions
of relatively high values of i — K). In the colour-magnitude diagram in the left panel
of Figure[Z2.16, the background stars (which make up most efstiars) can be found
at relatively low values offl — K) ~ 0.15mag (with an increased scatter towards lower
magnitudes due to higher photometric errors). But one cemdaekarly see a considerable
amount of stars with strong reddening. These are mainlytédchehind the filamentary
structure, where the relatively high dust content thenesitisese red colours.

TFor reasons of brevityd andK depict not only the filters, but also correspond to their eetipe magnitudes.
Ho andKy then correspond to the true magnitude, without any extincti
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Figure 2.16.: left panel: 2MASS H — Kg) colour map of the Filament L 1495 in the
Taurus Molecular Cloud. #ght panel: The colour-magnitude diagram with stars from
the same region exhibits a very narrow distribution in ittoao (H — Kg). The colour
coding in the background corresponds to the map on the laélpa

An extinction map is then obtained averaging angularlyelstars. Under the assumption
of the reddening law of Rieke and Lebofs 85), the awwemginctionAy towards a
region on the sky can be estimated by

1 N
Ay = 15.87 lﬁ ,Z{(H —Koi — (H = Koo/, (2.55)

where the intrinsic colouH{ — Kg)g is usually estimated from stars in nearby empty regions
on the sky. This technigue was simply called NICE, which mrsfor Neard nfraredColour
Excess.

The tool of|Lada et l.| (1994) was later refined by LombardiAhes (2001), who

developed a tool called NICER (NICEevisited). They further take into account a third
filter, namely thel band at 12 um, to derive a more accurate estimate of the extinction with
the aid of a maximum likelihood technique, which is illusécin Figuré 2. 1I7. Observations
of an unreddened control field provide an estimate of thénsitr colour and scatter of the
population of Main Sequence stars. The covariance for th&ss is indicated as a blue
ellipse. Note, that the almost vertical alignment of th@se#, i.e., the small dependence on
colour H — Ky) for unreddened stars was the basis of NICE. The NICER dhgorthen
searches for the most likely reddening of a star by taking &ttcount both the covariance
of the control field, and the covariance of the star, whichivemby its photometric errors.

The extinction map is then again obtained by spatially simnogtthe individual extinctions
on a regular grid. This can be again done by giving each daitat poweight of unity
(Equatiorf 2.5b), or by assigning a suitable weighti.e.,

N

Ay = Zi=1NWI Av ’ (2.56)

iz Wi
The weight term generally consists of a spatial term (itee distance of a star with respect
to the centre of the regular grid cell) and an error term, xel/Var(Ay). Stars with
intrinsically different colours (e.g., YSOs, evolved stars, etc.), canflieeterely removed
via o-clipping. In doing so, extinction estimates from all stasmhich are considered for
the smoothing on a certain grid point, are compared, andaidn outliers are chopped.
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Figure 2.17.: Schematic sketch of
the principle of NICER. A star
under the influence of extinction® "
will exhibit a displacement in the =
colour-colour diagram. Shiftingﬁf
the control field, which represents> ¢ 5
the locus of intrinsic colours of
Main Sequence stars, along the
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A tool like NICER is ideal for the Two-Micron All-Sky Survey2MASS, Skrutskie et al.,

). It has an excellent spatial coverage, but is on therdthnd still quite shallow.
Deep observations of 4m size telescope towards selectéibpeson the sky easily have
limiting magnitudes of up to 5mag deeper. Of course, the rarnob background stars
rises, but one then also recovers a considerable amountkfiwand galaxies. These do
have intrinsically diferent colours { — H) and H - Kg), and galaxies found in 2MASS
are usually removed from the analysis by thelipping method introduced in the previous
paragraph. However, with the recovery of a significant nunobbackground galaxies, one
can also obtain information about their reddening, as g so tend to group at a certain
position in the colour-colour diagram@t ﬁ(ﬁeyeloped a method named
GNICER Galaxy NICER), which has to deal with several new problemsr dxample,
as bright galaxies tend to have blue colours, a relativalgelafraction of blue galaxies
is recovered, whichfeectively would then result in an underestimation of the restion.
Appropriate consideration oftfects like this, then leads to a considerable noise reduction
in low- and intermediate extinction regions. Towards thas#st regions, the number of
detected galaxies willfeectively be zero, and therefore these regions will remasih §$
dark as before.

2.5. Molecules in Space

In the previous section | gave a quick introduction into aatons of dust. Although they
are very powerful, there are still some disadvantages, @g.unability of dust to recover
the velocity structure, or temperature). One also has tsiden that only 1% of the total
mass is made up by dust, whereas the other 99% consist ofrghm(@st of it in molecular
form). By now more than 150 interstellar molecules are alyeidentified, and most of
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their properties can be looked up online in databases likg, i@ theCologne Database
for Molecular Spectroscopy (CDl\/ﬁs)However, one does not have to know all of these
molecules to fully understand star formation, but it is esttmportant to pick a few with
the right properties.

2.5.1. Molecular Structure

A molecule is, in general, a group of at least two atoms, wtlidoh held together by
chemical bonds. The molecule as a quantum-mechanicalnsysa® be described by
the Schrodinger equation. Due to the complexity of molesutompared to a simple
hydrogen atom, this equation will also reach a certain lef’ebmplexity, but nevertheless
a transition from one state into another is only possibldsardte energy levels. However,
one does not have to treat all terms of the equation simwitesig but can analyseftierent
processes independently. This so calBmin-Oppenheimer approximatidhen allows us
to distinguish between three cases of molecular transitimliferent energiesVv:

e electronic transitionswith transition lines in the optical and UV,
e vibrational transitionsof nuclei with transition lines in the infrared,

o rotational transitionsof nuclei with transition lines in the millimetre and cengtre
wavelength.

The total energy is then simply the sum of all these contidimst
Wiot = Wel + Woip + Wiot (2.57)

and the resulting wavefunction is then a product of the edeat, vibrational and rotational
wavefunctions.

The molecular line transitions | was working on during my PthiBsis were exclusively
rotational transitions, which is why | will restrict mysedf a quick introduction of this type
of transition only.

Rotational Transition

The rotational energy of a quantum-mechanical system isritbes! by its Hamiltonian
operator

0 w? J?
Hrot = 5

= — 2.58
2 20 ( )

where@ is the molecular moment of inertia, the angular frequency, andlis the angular
momentum. In the simple case of a linear molecule, apptinatif this operator to the
wavefunction gives the eigenvalues of the rotational gnerg

2

h

http://www.astro.uni-koeln.de/cdms
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whereJ is now the quantum number of the angular momentum, whichdas & natural
number 0 = 0,1,2...). For reasons of convenience one can definedtational constant
B = /47 ®, and rewrite Equation (2.59)

E;=hBJJ+1). (2.60)

These energies can of course also be expressed in terms péregore T = Ej/kg) or
frequency ¢ = Ej/h). Rotational energies of a small selection of moleculesclvivere
used in this thesis, are shown in Figlire 2.18.

Transitions between two such energy levels are subjectni@ gxclusion rules. In the case
of dipolar transitions this means that only transitionsweetn two neighbouring energy
levels are possibleAg = +1), as the parity of the initial and final state must be opposit
This allows us to calculate the energies, if one assumedtisahe quantum number of the
lower state

AE = Eg1 - By
=hBJ+1)J+2)-hBJJ+1)
=2hB(J +1). (2.61)
From Equation[(2.61) it is obvious, why one often speaks efrtitational ladder as the
energy scales linearly with the quantum number.

Knowing the energies of theftierent levels and the energies involved in transitions betwe
them, however, does not answer the question of how stronfiyrent levels are populated.

2.5.2. Level Population

The relative occupancy of the uppey and lower leveln in a two-level system can be
described by the Boltzmann relation

N Ou AE )
U _ 2Y aypl— 2.62
n a p( Kg Tex ( )
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E,
VY.V SRR VVVVE 2
- s - Figure 2.19.:A two-level system
with  radiative (yellow) and
collisional transitions (blue).
E
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whereg,, are the relative weights of theftiérent levelsAE is the energy separatiokg

is the Boltzmann constant, aridy is the so callecexcitation temperatutewhich is not
necessarily a temperature in the physical sense, but rath@ameter to quantify the level
population. For all molecules which were used in this wokle, telative weights are given
by the simple relation

93=2J+1 (2.63)

Figure[2.19 illustrates the processes, that lead to papolaind de-population of one or
the other level. One can distinguish between twiéedent types of transitions, namely the
radiative and the collisional transitions.

Radiative transitions are characterised by the Einstegfficeents By, and Ay. By
describes the transition from the lower level to the uppeellby absorptionof an incident
photon withv = AE/h. By describes the case sfimulated emissigrnwhere an incident
photon causes a downward transition, and a subsequenti@mixsa second photon.
However, this stimulated emission is not the onffeet that leads to a depopulation of
the upper level. This can also happen dusgontaneous emissipwhich is described by
Ayl

On the other hand, collisions can also trigger transitioesvben two levels. These are
described by cdécientsyyy. They can be calculated by taking into account the cross
sections of the collisional partners, and also the velatiggribution (and thus they depend
also on the temperature of the system).

All the aforementioned féects, of course, depend on the number density of the upper
and lower level respectively. However, the rates for stated emission and absorption
obviously depend also on the the average intensity of thiéént radiation . For collisional
transitions, the total number density has to be taken intowd, as all present particles can
serve as collisional partners.

In a steady state system the rate of depopulation and papukequal each other, and one
gets the rate equation

n (B | + YiuNtot) = Ny (Buyl |+ Aul + Yul Mot ). (2.64)

Collisional Transitions

In a first approach we will only take a look at the regime, whesasitions are completely
dominated by collisions. We can therefore neglect the tadidransitions, and from
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Equations[(2.62) and (2.64) we then obtain

Yu Nu Qu AE )
pATIL T TR , 2.65
Ya  Ng p( kg Tkin (2.65)

whereTe is in this case given by the kinetic temperatiig, of the molecules. From the
collisional codficientsyy, and the number of collisional partnexg; one can calculate the
collisional rateCy;, from

Cullu = Not Yullu

= Mot{oullu V) (2.66)

whereo, is the collisional cross-section for up- and downward titsorss respectively,
andyv is the velocity of the collisional partner. Hereby, the fewt the colliding particles
follow a velocity distribution is reflected by the average.) of the product of the cross-
section and the velocity. The temperature dependence ektbeity distribution then also
contributes to the collisional rate, which is therefore ooty dependent on the number
density of collisional partners.

The determination of the collisional ddeients y, for different molecules is not a
simple thing, and many fierent working groups try to constrain these parameters. A
comprehensive list of many commonly used molecular pararsetan be, e.g., found in
the Leiden Atomic and Molecular DatabaﬁeAMDAﬁl).

Radiative Transitions

However, in the opposite case of dominating radiation oneneglect collisional transitions
and, again with the aid of Equatidn (2]162), one thereforaiobt

Bulni = Bylny+Ayn, (2.67)
AuI/BuI
0uBul/01Biu exp(-AE/kg Trag) — 1

where in this case the excitation temperaflisggconforms to the radiation temperatirgg
of the system. In the case of LTE, the average specific irtteirsicase of an isotropic
illumination is given by the Planck function

(2.68)

- 2hv3/c?
~ exp(-AE/Kg Trag) — 1°

Comparison of Equationd (2)68) and (2.69) yields the mmtatbetween the Einstein
codficients, which is

(2.69)

2hv8
Au = —5= Bu (2.70)
9u Bul = 91 Bw (2.71)

http://www.strw.leidenuniv.nl/~-moldata/
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Figure 2.20.: Excitation tempera-
ture Tex Of a molecule in depen-
dence on the ratio of collisional
to radiative downward transitions

| | | | | Cu/Au.

log(Cul/Aul)

excitation temperature Ty

Both Types of Transitions

In the intermediate regime with a mix of both collisional aradliative transitions, the
excitation temperatur@.y is also given by a mix of the radiation temperatdrgy and
kinetic temperaturd;,. For its calculation, we can use the Equatibn (2.64) andséleri
after some tedious calculations, and the use of Equafia68)42.69),[(Z2.70), and (Z.J71)

% _ % expTo/Trad) Ay + Cy expTo/Tkin) [exp(To/Trad) — 1] (2.72)
| |

Ay +Cull-exp-To/Trad) ]

whereTy = AE/kg. Comparing this result with the definition of the excitati@mperature
Tex in Equation [[2.6R) then gives us, together with the asswmpthat T;aq, Tkin and
Tex > TO

TradAul/Cu + To
Tkin Au/Cul + To

This equation is shown in Figure_2]20, which shows the smdahsition in this
intermediate regime fronT,5q towards Tyjn. For dominance of radiative transitions
Au/Cu > 1 itis Tex — Trag, Whereas in the case of dominating collisions we have the
case ofA;/Cy < 1 andTeyx — Tkin. It should be noted, however, that Figlre 2.20 has the
ratio Cy /Ay on the abscissa, as it then scales directly with the numbwsitgedue to the
proportionalityC, « nyt, and is therefore more intuitive.

Tex = Tkin (2.73)

As the collisional transition rat€, exhibits a dependence on the number density of the
collisional partners, one can derive the so-calietical densityfor the case oy = Ay,
that separates the radiative and the collisional regiméhik then simply given by

Nerit = ﬂ (2.74)
ul

The critical density plays a crucial role for the quantitatanalysis of the molecular line
radiative transfer, which will be described in more detaithie following section.
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Nerit
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Figure 2.21.: Emissivity
for CO(1-0) as obtainedzs
from  numerical  simulations % Tian = 20K
(Stahler and Pallal_2005).  The? [
CO(1-0) critical density of
Neriit ~ 3% 103cm2 is indicated as

dashed vertical line.
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2.5.3. Molecular Line Emission

Recalling Equation[(2.13), the intensity of the Planck fiowtis given byB, = j,/a,.
In the case of molecular line transitions, the emissiyitys directly related to the rate of
spontaneous emissi@y,, and is given by

. h
i = 22 Nu Al 4(0). (2.75)
Tt

¢(v) is the line profile function with the condition

Lw o(v)dv =1, (2.76)

which is most conveniently defined by a Normal distribution.

As it was shown in FigureEZ.20, the excitation temperatusesriwith increasing density.
This then directly causes a higher population of the uppeells,, and thus a higher
emissivity. ForCy /Ay > 1 the emissivity then levelsfband reaches a constant value,
according toTex = Tin-

This is, however, only true in the simple two-level approatian. In the case of a real
molecule, e.g., CO, the whole rotational ladder will be dafad according to the excitation
temperature. This then leads to a substantial depopulatidre upper level into even higher
states ahy, > Nneir. The emissivity for such a real system is shown in Figurel2A21ow
densities n, < Ncrit) every collisionally excited molecule will emit a photonfoee the
next collision, as the relatio@, <« Ay holds. The excitation temperatureTigy, < Tkin,
and therefore the line is said to be subthermally excitede @missivity will rise with
increasing number densityy,, before it then reaches its maximum and drofig@vards
lower emissivity due to the depopulation of the upper leVélis peak, as a rule of thumb,
occurs approximately at the critical density;;.
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2.5.4. Column Density Derivation

The optical depthr,, which is directly proportional to the column density, canderived
from the absorption cdgcient«,, which in the case of line radiative transfer is given by

h
@, = 7 (0 By = Ny Bu) 40v)
7T

Ny Bul
N By

h
= By, (1—

ym ) o). (2.77)

Using Equationd(2.62), (2.70) arid (2.71) we can furtheritevthis, and then obtain

T
a, = n —
8t v% g

hy
Au [1 _ exp(— kBTOeX)] o0) (2.78)

from which we can derive the optical depth by integratiomglthe line of sight, which
then yields

_ c? Ju hvg Y
o= 2 a Ayl [1 - exp(— kBTex)] #(v) fo n ds (2.79)

where the integral is the column density of molecules in thweel stateN;. Rewriting
Equation [[2.7D) then gives

8rTAV V] g [ ( hvo )]_1
N = — — |1—exp|- , 2.80
= A @ p (2.80)

where we now focus on the line centrewgt and the profile function is substituted by
o(vg) ~ 1/Av = c/(voAv). From the column density in one state, as it is given in
Equation[(2.8D), one can now derive the total column demsiéjl states by acknowledging
that only a fraction of all molecules is found in this lowevéé This fraction of molecules
is given by

N _9 expEy/ksTex)
Niot Z

(2.81)

whereE; is the energy level of this state, which is given by Equat@®Q), andZ is the
partition function of this system, which is simply the sunepull states, and therefore is

(o] EJ
Z= g exp(— ) (2.82)
JZ::; ’ ke Tex

From Equation[{Z2.81) one can then derive the total colummsitdenf a molecule, which is
then

(2.83)

3 -1
Nt = BrTAV Yy O [l—exp(— hvo )] z . (hBJ(J+l)).

Aul 03 Qu kBTex
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Although Equation[{2.83) looks intriguingly simple, it Istcontains a lot of unknown
gquantities, namely the optical depthand the excitation temperatufiek, which cannot
be obtained from single line observations.

However, one can utilise simultaneous observations of setopic molecules, and the
textbook example is in many casg€€0 and'3CO, of which the first one is usually optically
thick in molecular clouds, whereas the latter one is in mases optically thin. If this
second condition is not met, one can extend this analysithtr,aeven rarer isotopes of CO
(Ct®o, Ct'o, ...).

In order to derive the column density of a molecular spe@esje conditions have to be
met:

1. All molecules from both isotopes along the line-of-sigah be described by the same
excitation temperatur@ey.

2. The optically thick component is > 1, and the optical thin component must have
T 1.

3. The two isotopes have a constant abundance ratio.

Of course, the conditions are not always met. In these c#sedollowing analysis then
should be seen as a low-order estimate of the column density.

Before starting the analysis, the equation of radiativesier has to be modified. For
analysis of molecular lines, in the first step the baselinesubtracted. Therefore,
Equation [[Z.1b) has to be expanded, and when it is rewritielerims of temperature it
reads

T = To| f(Tex) - f(Tog)| (L—€7), (2.84)

where Ty is the background temperature (which is generally set.7&K2o match the
temperature of the cosmic microwave backgrou@)= hv/kg, and we have introduced
the abbreviationf (T) = [exp(To/T) — 1]7L. It immediately becomes obvious that from the
optical thick line (i.e., 2- €™ ~ 1) one can directly derive the excitation temperaflsg
by rewriting Equation[(Z.84)

T
TeX = 0 1’ (285)

In(2+ [T/ To + f(Tog)] )
whereTyick is the peak temperature of the optically thick componeninggassumption (1),
we can then derive the optical depth of the optically thie from Equation[{2.84)

B Tihin )
To[f(Tex) - f(Tbg)] .

Knowledge of both the optical deptiin and the excitation temperatufgy, alongside with
the molecular constants then can be fed into Equafion](2a888¢rive the column density
of the optically thin line. In case the abundance ratio isvimothis can then further be
converted into the column density of the optically thick gmnent.

Tthin = — 1IN (1 (2.86)
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Star Formation in the Taurus Filament
L 1495: From Dense Cores to Stars

Star formation in the Taurus filament L 1495

CB 17 - A Herschel View

CB 17 - Molecular Abundances and Freeze-out

CB 17 - Zooming into the Dense Core

Whoopee! Man, that may have been a small one for Neil, busthdbng one for me.

— Pete Conrad, Apollo 12, 3rd man on the Moon

OUTLINE:

This chapter is based on a paper, which is published in the
Astrophysical Journal (Schmalzl et/al., 201§8.7 gives a quick
introduction into the scientific field, and i§3.2 we give an
overview of the observations and data reduction. §§3 we
present our NIR extinction map of unprecedented depth and
resolution, and derive the dense core population, which is
discussed in sectiofi3.4. Finally, the conclusions and summary

follow in §3.5.



Chapter 3. Star Formation in the Taurus Filament L 1495: Abemse Cores to Stars
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Figure 3.1.: Extinction map of the Taurus Molecular Cloud (Kainulaing¢ile, [2009)
derived from 2MASS data. The circle marks the centre offthb-filamentsystem in
L 1495 (Myers| 2009) with three filaments emanating towaheésdast, south-west and
west. The solid blue line marks the region of our Omega20@@iations in L 1495,
and the green line indicates the position of the control fielithe south of it.

3.1. Introduction

Filaments appear to be common structural features in boibscent and star-forming
molecular clouds. In particular, recent observations ofemar clouds withHerschel
(Pilbratt et al.,| 2010) have signified the role of filaments aasnomentous, perhaps
even dominant mode of star formation (elg., Henning et &102 Molinari et al.| 2010;
Men’'shchikov et al.; 2010). However, their formation anda#inscale structure is still
not well understood and under debate (see, e.g., Myers), 2009 references therein).
Schneider and Elmegreen (1979) noted that filaments tendgoknt into equally spaced
condensations of sizes 1(° pc. These clumps, in turn, consist of even smaller,
gravitationally bound entities, namely cores, of size40* pc, which is of the order of
the local Jeans length. These cores are then believed te lirétt precursors of stars and
binary systems (see review by Bergin and Tafalla, 2007).

Such a hierarchical structure can also be found in the Tadalscular Cloud (Figure3]1),
which is one of the closest star-forming regions at a digtaat only 137+ 10pc
(Torres et al., 2007), and therefore an excellent testbesdduidy the small scale structure
of filaments. Large scale surveys in CO_(Mizuno et al., 199%iski et al.,| 1998;
Narayanan et all, 2008) and mid-infrared dust emission Reball, 2010), alongside
with dust extinction maps _(Dobashi et al., 2005; Kainulaiegal., 2009; L ombardi et al.,
2010) have built a detailed view of a complex network of filatsein Taurus, which
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are known to be the birth sites of stars (see reviews aboutfatmation in Taurus
by, e.g., Palla and Stahler, 2002; Kenyon etlal., 2008). &tiémment are composed of
clumps KB_a_ma.Ld_eﬂalL_lQZE; L;Ln\ds._lbdiz_LEE_and_M)Jﬂst@th sizes of~ 1pc,
which host a plethora of cores with typical sizes~0o0.1pc. These have been detected,
e.g., via molecular line observations tracing cold and degas with volume densities
of ny, > 10°cm3, such as NH (Jijina et al.,. 1999) and HCO* (Onishi et al., 2002,
hereaftel-Z) Further down in this hierarchical stunet from dust continuum
observatlonsl_Sa.dasLo;Leﬁ al._(2b10) found a population of prel protostellar cores,
supposedly representing the scale of direct core-praotostanection. The Taurus
Molecular Cloud is known to host 250 Young Stellar Objects (YSOs, Rebull etlal., 2010),
and their distribution shows a strong correlation to therfdatary structures, i.e., their birth
sites [(Hartmann, 2002; Kenyon et 08).

To further understand the connection between filamentaungtsires and star formation, itis
essential to characterize the filament in high spatial vtswl over a wide dynamic range.
Molecular line species can be used as probes for column taEndsbut typically rather
exhibit a narrow dynamical range. Larger dynamical rangebeaachieved by thermal dust
emission observations, which are used to trace intermethatigh column densities, and
dust extinction mapping, which is more sensitive at low timediate column density
range (see, e.d., Pineda elthl_.jdo_&,ﬁ_o_o_dmad é_t_al_l Ma_e_t_él.L_Zng, for a
comparison of dferent methods). The aforementioned observations allowtirihine the
structure of the low density clumps on one hand, and the agpalption detected by dense
gas tracers on the other hand. However, to make a direct cimnédetween the euse
envelope structure and the denser cores, one preferalig aesingle tracer with a uniform
calibration, which covers both these regimes.

Therefore, the aim of this work is to create a column densigprof L 1495 Ms,

) with unprecedented dynamical range and resolutigh thie aid of near-infrared
(NIR) dust extinction mapping. NIR colors of stars in the kground of clouds provide
hundreds to thousands of pencil beam measurements of iagdermich can be smoothed
out to construct maps of column density along a moleculanctloThis is the basis of

NIR excess technigue NICE and its derlvatlvbs_(La.daJeLﬁB.éﬁl_LmeaLdLand_AhLé
2001; | Foster et all, 2008; Lombardi, 2009), which obtaininexbn measurements by

correlating the observations from the science field with arloe control field. The color
excess with respect to this control field is then completéiybated to be caused by the
molecular cloud. These methods typically probe extin&igg ~ 0.5...50mag (e.g.,
Lombardi and Alves, 2001; Kainulainen et al., 2006, 2007 mAn-Zufiga et al.
allowing us to examine both the detailed fragmentation effitament into dense cores,
and the envelopes surrounding them. Thus, the observairesented in this chapter will
provide the most complete census of the small scale stegtarthe Taurus filament so far,
and shed more light on the link between filaments and stanifa cores.

3.2. Observations and Data Reduction

We carried out NIR observations of the Taurus filament L 149t vihe Omega2000
camera at the Calar Alto 3.5m telescope. The camera is esplippth a HAWAII2
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Figure 3.2.: Our star-galaxy separa-
tion is based on the stellarity index
C, elongatiorE and its normalized
FWHM Fo. The hatched areas
indicate the regions populated by
stars. Due to illustrative reasons,
only a small part of our final

o .. . . catalog is shown.
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HgCdTe detector thatffiers 204&2048 pixels with a pixel scale of46” and a field of
view of 154 x 154’. Observations were carried out during two observing periodm
October 2004 to December 20¢_5_(Q_uanz;éLaL4_|2010) and Jatmltarch 2009. In total,
21 science fields and 1 control field were observed, A, andKg bands (12um, 16um,
and 22um, respectively). The locations of the observed frameslawes in Figurd 3.11.

The observations of a single Omega2000 field consisted ofitRérdd exposures, each
having an integration time of 60s. This resulted in totalesyre times of 30 minutes per
filter per field. We performed a standard NIR data reductiath tfie Omega2000 pipeline
(Fassbender, 2003), including flatfield, dark, and bad miastections, sky subtraction, and
image registering. The world coordinate system (WCS) wasiaged to the frames with
koords m 6) by matching the positions of at least 10 starérame to matching
stars from the corresponding 2MASS image. This resultedearns accuracy of.0 px (or
0.045”) in all frames.

In addition to stars, a significant amount of background gatawas expected to be
detected in the frames. In order to disentangle these twestgpsources from each other,
we performed photometry using Sextractor (Bertin and Amou996), which provides
an automatic source classification via the so-caBéellarity index (CLASS_STAR). In
particular, photometry was run in a fully automated twospasode. First, Sextractor
was run for the brightest stars only, in order to get an ateueatimate of the seeing,
which is a crucial input parameter to get reliable measufethe stellarity index, and
furthermore determined our choice of aperture size. Secibredactual photometry was
performed, resulting in instrumental magnitude and uadait, position, the stellarity
index C, elongationE (the inverse of the aspect ratio) and the paramEtgrwhich is a
source's FWHM normalized by the seeing.

Each source was classified as either star or galaxy follotiaeglassification scheme from
Cantiello et al.|(2005). In this scheme, a source is regaaseabtar if it fulfills two out of
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Figure 3.3.: Photometric uncertain- H
ties for our sources in thefiierent — *2 T
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photometric zero-point. This fig- o} R
ure clearly shows the contributions | K
from different frames, which éier
in terms of sensitivity due to
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part of our final catalog is shown. o Lo
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the three following conditions:
e C>05
e E>08
e 0.75< Fp <125

which are indicated as hatched regions in in Figuré 3.2.

The photometric calibration was done for each frame seggrdty matching sources
within the frame with stars from the 2MASS catalog, and dateing photometric zero-
points and color corrections using those stars. Theseogatah J, H and K were then
merged, and sources with a detection in only one filter wgeeted. Saturated stars were
replaced by their 2MASS counterparts. The final catalog ofi251 contains~33,000
sources, of which 63% are classified as stars, according itcclassification scheme.
Photometric uncertainties for an excerpt from this catalog shown in Figure_3.3. The
median magnitudes for whicbr = 0.1mag are atl = 206 mag,H = 19.4mag and
Ks = 188 mag, which is on average 4 mag deeper than 2MASS, and ermpidke depth
of our observations.

3.3. Results

3.3.1. Dust Extinction in the Taurus Filament

We used thelHKs photometry of the detected sources to derive dust extim¢timugh the
Taurus filament L 1495. In the following, we first shortly deke the adopted technique
and then present the results.
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control field

1 Figure 3.4.: NIR color-color dia-
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] control field ¢ight). A shift caused
by an extinction of Ay = 5mag
(assuming the reddening law of
] Rieke and Lebofsky, 1985) is in-
) dicated by the arrow in the left
o panel. The continuous line shows
= an unreddened Zero-Age Main-
.1 sequencel(Siess efal., 2b00) for
L comparison.
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As mentioned earlier, in addition to stars there is a sigaificnumber of background
galaxies among detected sources. The intrinsic colors lekigs are very dierent from
those of stars, and therefore theses two classes need tedbedtrseparately in deriving
extinction towards them. This filerence is illustrated in Figufe_3.4, which shows color-
color diagrams of our reference (right panel) and one seiéetd (left panel). Especially in
the reference field, one can clearly see thedent color distribution of stars and galaxies,
as it is un#fected by the dust extinction from the molecular cloud. Wesribat there is a
concentration of stars aH[- Ks, J — H] = [0.7, 1.0] that is clearly outside the Zero-Age
Main-Sequence (ZAMS) of stars. These sources could be YB©#&n dwarfs, or even
point like distant galaxies and or quasars.

Recently,LEosler_eLbll_(Zd08) presented a NIR color-exoesggping technique tailored
specifically for inclusion of galaxies. In this techniqulee tolors of starsbehind the cloud
are compared to the intrinsic colors of stars in the refardigtd. In addition, thenagnitude
dependent colorsf galaxiesare compared to those in the reference field. This comparison
yields a pencil-beam-like extinction value towards eadlrse (for further details we refer
to|£o_sler_el_dlLLOJ)8). From these values we then generatdaamly gridded extinction
map by smoothing the data using a Gaussian kernel. Sigipitli removes sources with
outliers in extinction, which might be caused by intrindlicali fferent colors (e.g., YSOs,
brown dwarfs, etc). For our map, we chose a resolution.®f 8s a compromise between
resolving the small scale structures in the filament andigglaw noise over the dynamical
range covering most of the map. In this resolution, the maprea the dynamical range of
Ay = 1.5...35mag. The noise of the final map depends on extinction, heigd.5 mag
atAy = Omag andr = 2 mag atAy = 35 mag.

Figure[35 shows the resulting extinction map, with blovewgd diferent regions of it
shown in Figuré_3]6. The map reveals, on one hand, a remgrkagtl defined, high aspect
ratio filamentary structure, and on the other hand complexpl substructures within this
filament. We note that within the mapped region we find six Betdrobjects, namely the
clumps B211, B213, B216, B217, and B 218 (which represenfitamen), and B 10
(which forms thehub).

Within the filament, the lowest completely mapped iso-cantis at Ay = 5mag.
The total mass within this region is 28019 M, yielding a mass surface density of
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Figure 3.5.: Extinction map of the Filament L 1495 with a resolution dd Oderived from
deep NIR observations with Omega2000. Contours are plottstps ofA, = 5mag.
We separate the filament intofiirent subregions, which conform to Barnard’s Dark
Objects |((Barnard, 1927). The boxes indicate the positidrttedzoom-ins shown in

Figure[3.6.
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Figure 3.6.: Zoom-ins into the extinction map. The scale bar indicatetiégrbottom panel
is common to all sub-plots. Contours are plotted in stepssoéach. The positions of
dense cores mapped in NKijina et al.| 1999), and HCO*" (OMKO02) are overplotted
alongside YSOs (Rebull etlal., 2010).
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Table 3.1.: Barnard Objects in the L 1495 filament

Region Mass Area M
[Mo] [pc?] [Mo pc?]

B211 84+5 040+0.06 2107=+148
B213 87+6 048+0.07 1803+126
B216 57+4 034+005 1698+119
B217 29+2 019+0.03 1548+ 108
B218 22+1 013+0.02 1748+122
Total 280+ 19 154+0.22 1823+128

Twm = 182+ 13 M, pc2. Table3.1 lists these parameters also separately for tregions.
The mass was estimated from the extinction map by assumiify@logen in molecular
form and the standard conversion factomgf,/Ay = 0.94 1! cm2mag? (Bohlin et al.,

11978; Rieke and Lebofsky, 1985), which then yields the toyalrogen mass

M s D \? ( 0 )2 Avi
— =48910 ;
Mo (137 pc) 0.45’ Z 1 ma

(3.1)

where D is the distance to the cloud), is the pixel scale of the map, arAl,; are the
extinction values of the individual pixels. Using a stamtlatoud composition of 63%
hydrogen, 36% helium and 1% dust (Lombardi et al., 2006) ameassume the total mass
from Equation[(3.11) to be

Miot = 1.37 My. (3.2)

The blow-ups shown in Figufe_3.6 reveal numerous dense fagnwith peak extinction
values ofAy > 15mag. This population afense cor@bwill be investigated in more detalil
in the following section. The main filament is strongly meariag along almost its entire
length of 8 pc, and sometimes forms even ring-like strustieeg., B 216, B 10). However,
B 211 is diferent in that it exhibits a linear, narrdvar with a length of 15 pc and a median
FWHM of only 0.11 pc. The inter-core regions also show considerably higktnction
values ofAy > 10 mag in contrast to the other parts of the filament, wherescseem to be
rather isolated.

3.3.2. The Dense Core Population

Identification and characterization of small-scale stieesd, such as cores, from 2D data
(e.g., extinction maps or continuum observations) is a-dasgng, non-trivial problem,

and several methods exist (e.g., Stutzki and Guesten, M@Bams et al.,[ 1994). We

adopted a two-step approach, which consisted of backgnamdval and 2D thresholding.

fOur analysis{3.4.2) shows that these are indeed dense cores, i.e. gi@viidy bound entities with densities
of ny, ~ 10* cmr3. Therefore, we already introduce this term here, for remedionsistency.
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In the first step, we performed a subtraction of large-scalectaires from the map using
wavelet filtering. This resulted in a map describing streesionly at spatial scales smaller
than 014 pc (“cores-only” map, ¢ E@dbm). In the sett@tep, we used the
2-dimensional thresholding algorithm CIumpfinddD (Witiia et a|.,|_19_94) to identify a
population of dense cores from the cores-only map. Theigtgomworks by first contouring
the data (usually these levels are defined by a detectioshtbiek and subsequent contours
with separations of multiples of the rms noise of the obgeyma), and then searches for
peaks of emission, which mark the cores. It then followsdhd®snn to lower intensities,
assigning every pixel to a certain core (if any). Obvioustych an algorithm works best for
isolated cores, Pineda et é_L_CZbOQ) pointed out that foemfsions, where one has to deal
with blending of cores, Clumpfind2D is very sensitive to tl@ice of input parameters.
Therefore, we ran a set of calculations witlifelient values of detection thresholds and
level separations. We performed various tests, which deduvisual verification of the
positions, sizes and shapes of the cores. A detection thicksind a level separation of
30 was chosen to yield a representative core distribution.s Tin agreement with the

simulations bﬂz Kainulainen et al. (2(109), in which such paggers resulted in an acceptable
core identification.

However, the narrovbar in B 211 was not removed by the wavelet filter, eventually not
allowing a look at the “naked cores”. This prohibited a relégarecovery of the dense cores
and their properties in B 211. We believe that this is causeitstifferent structure, which

is discussed in more detail §3.4.1. Therefore, we did not consider this region in the
following investigation. Furthermore, we also did not takt account B 10 because of
its cluster-like nature and very high extinction, that does allow to break the structure
into separate coreé_(Kaumlamﬂn_dt éL._ZtOOQ) Follow-oplysis usingdendrograms

(Rosolowsky et all, 2008) on 3D position-position-velgaitolecular line data might allow
us to also disentangle the dense core population in theseegions in the western part

(L 1495-W). In this chapter, however, due to the limitati@is2D data we restrict our
analysis to the dense core population in the eastern pad9&JE), which consists of
regions B213, B216, B217, and B 218.

In total 39 cores were detected in L1495-E (Figurd 3.7, Tallg We calculated the
core orientation together with the zeroth, first and secowdnent, which after suitable
conversions conformed to the core mass, position and FWHkigathe minor and major
axis. Furthermore, we defined thfeztive radius ases = (A/7)Y2, assuming spherical
symmetry. We note that the mass is quite insensitive for tizéce of the threshold level,
changing on average only 15% when going fromt8 60-. A few cores (#23, #29 and #35)
extended beyond our mapped region. We used data from the 3\Aflog to extend the
map to cover these cores completely.

The nearest neighbor separation of the cores exhibits agfpeak at A3 pc with a
dispersion of M4 pc, and all cores had at least one neighbor with2bfc. Another
approach to quantify the “clustering” is to measure the peaat correlation function (e.g.,
., 2000; Hartma 002), where the numlnarefpairdN with separations
in the interval [log(), log(r) + dlog(r)] is compared to the numb&y in a sample, where
cores were randomly distributed over the whole region. TWeepoint correlation function
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Figure 3.7.: The distribution of cores in L 1495—E. The core-IDs can bentbin Tablé 3.P.
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Applying this to our sample of cores, strong correlations,, w(r) > 0, on separations of

r ~ 0.15pc and ~ 5pc are evident (Figufe_3.7). The latter, large separatasives from
small clusters of dense cores at both ends of L 1495-E, whénedirst one represents the
separation between the individual cores inside theseetkisét our pixel scale of the map,
a separation of Q5 pc corresponds te 7 px, and is, therefore, well above the resolution
limit.

Core masses range froflleore = 0.4...10M,. The total mass found in cores is
104 + 16 My, which makes up~50% of the total mass in L 1495-E (as defined by the
Ay = 5mag contour). We derived mean core densjties 3 M¢qre/ (4 rgﬁ), and hydrogen
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Figure 3.9.:The Dense Core Mass
Function (DCMF) of L1495-E,
which was obtained by smoothing _
the core masses (indicated as verti-
cal dashes along the abscissa) with
a Gaussian kernel with FWHM: 3

0.3dex. Points with error bars2

are plotted in separations of 50%; ©
of the FWHM. The dashed line =
shows the power law fit with slope

I'=12+02forM > 20M,. The o

hatched area indicates the region

of incompleteness. N N N AN NN 1 e 1
0.5 1 2 5 10

M [Mg]

number densities, = p/(umy), wheremy is the proton mass and = 2.34 the
mean molecular weight per hydrogen molecule, assuming aculalr cloud with standard
composition [(La.da_el_iaL_ZQOS). The frequency distributtbthe derived number densities
closely follows a Gaussian distribution withy, = 14.3 10 cm™2 and a dispersion of
4110 cm 3.

Table 3.2.: Dense Cores in L 1495-E

ID [ b Mcore  Teft NH, Aspect
# [deg] [deg] Mol [pc] [10*cm™®] RatioR
B 213
1 170.26 -16.02 94 0.14 14 1.6
2 169.78 -16.14 53 0.11 1.8 1.2
3 170.16 -16.05 5.1 0.10 2.3 1.5
4 170.39 -1599 5.0 0.12 1.2 1.7
5 170.47 -1596 3.1 0.10 1.2 1.1
6 170.01 -16.14 2.7 0.09 1.6 1.2
7 169.94 -16.11 2.6 0.08 1.8 1.1
8 169.89 -16.12 2.4 0.08 1.9 1.2
9 169.93 -16.22 2.3 0.10 0.9 2.1
10 170.13 -16.10 1.8 0.08 1.8 1.3
11 170.08 -16.14 1.7 0.07 1.8 1.7
12 169.83 -16.14 15 0.07 1.8 2.1
13 170.23 -16.07 1.4 0.08 1.1 2.6
14 170.08 -16.05 0.9 0.07 1.1 1.2
B216
15 171.00 -15.80 9.8 0.13 1.7 1.3
16 170.90 -1580 3.3 0.11 1.0 1.7
17 170.85 -1586 2.8 0.10 1.2 1.6
18 170.85 -1592 2.3 0.09 1.2 1.6
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Table3.2.: Dense Cores in L 1495—-E

ID I b Mcore  Teft NH, Aspect
# [deg] [deg] Mo] [pc] [10*cm™@] RatioR
19 17129 -1566 1.7 0.08 1.3 1.2
20 171.22 -1565 1.7 0.07 1.9 1.2
21 17124 -1568 1.4 0.06 2.1 1.3
22 170.78 -1593 0.9 0.07 11 1.6
23 171.24 -1561 0.8 0.06 1.4 1.3
24 17097 -1586 0.7 0.06 1.6 14
25 17119 -1571 0.4 0.05 15 2.1
B217
26 17189 -1566 4.2 0.11 1.3 1.2
27 17181 -1566 3.6 0.10 1.7 2.4
28 17185 -15.69 2.6 0.08 2.0 1.3
29 17179 -15.75 22 0.09 1.1 15
30 17166 -15.64 1.7 0.09 1.0 1.8
31 17177 -1561 14 0.08 1.1 2.0
32 171.75 -1564 1.2 0.07 14 1.7
33 17168 -1561 1.1 0.07 1.3 2.5
B218
34 17180 -1532 6.6 0.13 1.3 1.6
35 17189 -1529 35 0.12 0.8 2.1
36 171.80 -1543 24 0.08 2.2 1.1
37 17180 -1539 2.1 0.08 1.9 1.3
38 171.75 -1542 15 0.07 15 14
39 17175 -1547 1.4 0.07 15 1.3

In Fig.[338, we show the mass-size relation of the cores insaumple. For reference, the
figure also shows the sensitivity limit @, = 1.5mag for an isolated, flat and spherical
core. |Lad_a_e_t_dll.|_(;Qb8) derived a slope ofMf « réf for the dense cores of the Pipe
Nebula. Due to the low number of cores and the strong influehtiee completeness limit
on the fit, we rather show representative relations with @oriolumn densnyM o r2 )
which would be predlcted for clouds obeying Larson’s Ia@h 1), and constant
volume density i1 o« r3 <), Which would be expected in case of constant thermal pressu
and kinetic temperature However, with the data at hand weataule out one or the other
model.

The Dense Core Mass Function (DCMF), which is the number cdper logarithmic
mass interval B/dlog(m) « mT, exhibits its maximum at 2.0 M, and falls df to both
the low-mass and high-mass ends (Fidqurée 3.9). This peakl teukither true, or simply be
caused due to incompleteness. However, estimating thelenpss and accuracy of the

DCMF is not a trivial task (see e. éH_KaLnulaLDﬂn_dt (P®eda et all, 2009). This is
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partly due to the inability of the adopted algorithm to détares from the variable, more
extended column density component. Partly it is also dubddabise in the map, which
makes mass determination of low-mass cores significarg/decurate than for high-mass
cores. In an analysis similar to this paﬁ_e[._lsainula.lnﬂdk(ﬂﬂo_d}) analyzed the accuracy
derived for the cores in the Pipe Nebula, and concluded thIB@ be accurate above
about 12 My. By comparing the noise levels within these two maps we riyugstimate
the DCMF to be accurate fd¥leore > 1.5Mg. A power-law fit to the DCMF above this
completeness limit yields an expondnt= 1.2 + 0.2. This slope agrees with the results
of , which foundI’ = 1.5 + 0.3 for 3 < M/Mg < 20. Slopes of" ~ 1.2 are also

commonly observed in other star-forming regions (le.g._MﬂltaIl_lQ_dd._Bathb_Qme_eJl al.,

12009; André et dIL_O_iO).

The distribution of aspect ratid?, which is defined as the ratio of the major vs. the minor
axisa/b, is strongly skewed. The mode of the distribution is founthédr = 1.3, whereas
the mean aspect ratio is found to Be= 1.5, with a dispersion of @ (Figure[3.1DJeft
pane). Within the region of our observations, we find five coresnfrthe sample of
optically selected cores frohJ_Le_e_and_M;l'é_Ls_(iggg). Threthe$e cores were classified
as round R = 1), and the remaining two had only moderate aspect ratid? ef 1.8.
Compared to the all-sky sample of 406 cores ftQm_Le_e_a.nd_ﬂ/(LlQ@) withR=2.4+0.1,

the cores in Taurus are therefore only moderately elongated

We also considered the orientation of the cores with resjpetite filament. Due to its
meandering nature, this is not a trivial task. Therefore fivge defined the baseline of the
filament by setting points along its path, and then intefjgoldetween these points using
a cubic spline function. The orientation angle of the corthwéspect to this baseline was
then obtained, and we find that the 39 cores seem to have & &igfency to align with
the filament. However, a KS-test results in a probabilitypef 0.46 that this distribution is
drawn from a uniform distribution. Given the large errordan the individual orientations,
which come along with the small aspect ratios, we can thezefimt draw any secure
conclusions about preferential or random core alignmetttigfilament.
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3.3.3. Reddening Law

Algorithms like GNICER obtain the excess extinction of ameuby comparing its position
in the color-color diagram with respect to a control field. idtcrucial for a proper

estimation of extinction values to assume a reddening Iagv,kEigke and Lebgfsk{(, 1985;
andﬁb_eIQUMLel_élL_ZQbS). For observationsIHKs the ratio of the colour excesses

E(J - H)

YT EH-KY (33)

is constant, and defines the direction of the displacemerat sfurce in the color-color
diagram when it is subject to extinction. Therefore, theoIlJ — H) and H — K¢) are
connected by the linear relation

(J-H)=a(H-Kg)+8. (3.4)

As unreddened ZAMS stars occupy only a small region of theremblor-diagram, the
slopea could be simply obtained by fitting Equatidn(3.4) for allrstaimultaneously. This,
however, would give the high number of low-extinction stemgs much weight compared
to the low number of high-extinction stars. Therefore, wiofoed a procedure similar to

Lombardi et aH_(;O_dG).

The first step was to obtain visual extinctiofsg of every star by converting color excesses
E(J - H) andE(H — Kg) assuming the reddening law|of Indebetouw ¢ 005)sSie
then binned in the color-color diagram according to thetimetion Ay. These data points
are then fitted according to Equatién(3.4) to obtain a ctectslope. With the aid of this
new slope, corrected extinction valuag are then computed. This procedure is repeated
until the slopea converges, which generally happened after 3-6 iteratidnsorder to
decrease dependence on the bin size, we repeated this pr@dedbin sizes ranging from
AAy = 0.5mag...1.5mag in steps of @ mag. The best fit slope was then the variance
weighted mean from all runs withftierent bin sizes.

For this analysis we considered only sources classifiedaais stithout any photometry
flags. The best fit slope was found to be = 1.82 + 0.08. This value is in very
good agreement to the reddening laws_of Lombardilet al. (2606 1.82 + 0.03) and
Indebetouw et al! (200% = 1.78 + 0.15).

3.4. Discussion

3.4.1. Star Formation in the Filament

Due to its proximity, the Taurus Molecular Cloud is an exeell target to study the
connection between filamentary structure and star formatla this chapter we present
a new, high-resolution view of the L 1495 filament, allowirtacacterization of its density
structure down to tenth-of-a-parsec scales. Indeed,ussréited in Figures 3[5-3.7, L 1495
shows a highly fragmented small-scale structure and in ggates extinctions, which are
higher than can be traced by the chosen technique Aiyez 35 mag).
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B213

Figure 3.11.: Column density distri-
bution of B213 and B211. Our=
observations do not completely®
cover regions withAy < 5mag a
(hatched area). The dashed line is
the log-normal fit to B213, which -
is shown as a scaled-down version
in the right panel.
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To estimate the star-forming potential of the filament, wiewated the mass-per-length
Miine. For an undisturbed filament, filaments with a mass exceetliegritical value of
MSt = 15M, pct are prone to filamentary fragmentation and collam ;

i 7). In presence of magnetic fields, dritical value can be
increased by a factor of 2 (Fiege and Pudritz, ZbOOa). Dubkda@tesence of dense cores,
L 1495 does not really fulfill the requirement of being an whalibed filament. However,
considering only the large-scale structure, which wasréitteout in the wavelet transform,
we derived a value oMjine = 16.8 + 0.2 M, pc! for the whole filament. As this must be
seen as a lower limit, as some of the mass is already boune idethse cores, this value
underlines the star-forming potential of the filament.

In Figure[3.6 we show the previously known Y%slnterestingly, while YSOs are
generally found close to dense cores in the filament, théikeB 211 is completely devoid
of them (Goldsmith et all, 2008). Given that the mass-pegtie value in this particular
region is also highNMijne = 15My pct), and that it also harbors several3gO* cores
signifying the presence of high density gas{ = 10° cm™3), it can be argued to be well
underway towards star formation.

More insight into the assembly of material in the non-starding part of the filament can
be gained by examining the distribution of column densitiEserefore, in Figure 311 we
compare the quiescent B 211 with B 213, in which star fornmatias already occurred.
The column density distribution of B213 shows a continuoeslide towards higher
extinctions. In contrast, B211 shows a flat plateau at ingeliate extinctions, falling
steeply at extinctions higher thaiy, ~ 13mag. This excess with respect to the column
density distribution of B213 can be related particularlyinter-core regions. This is
illustrated in Figurd_3.12, which shows the contourfef = 11 mag for both B211 and
B 213. Clearly, in B 213 such extinction range is related taespwhile in B 211 it is more
continuous and related to the matesalrroundingthe cores. Therefore, we suggest that
B 211 is not at all devoid of star-forming capability, but in aarly stage of its evolution
where the filament is fragmenting and the inter-core regi@mve not yet been cleared from
material by accretion towards the cores. Given the high messsvoir in the filament, such

Rebull et al.[(2010) separate YSOs into Class I, Flat-SpettClass Il and Class Ill. We include all YSOs,
which were classified asonfirmed probable andpossibleTaurus members in their paper.
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Figure 3.12.: Zoom-ins into the re-
gions B211 and B 213 with con-
tours atAy = 5mag (dotted lines)
andAy = 11 mag (solid).

fragmentation is inevitably leading to star formation in Bl2

In L 1495—-E, the star-forming part of the filament, we invgsted the spatial distribution
of YSOs with respect to the filament. Class | and Flat-Spettsources are found at
extinctions of Ay = 8.2 + 3.0mag, which is higher compared to the extinctions at the
positions of Class Il and Ill4y = 5.2 + 2.6 mag). The mean spatial separation of Class |
and Flat-Spectrum sources from the filament was found to beG@6 pc, whereas older
sources showed considerably larger mean distances. Ty vdnether this could be a
pure evolutionary #ect, we performed a simple Monte Carlo simulation to modeltiime
dependence of the spatial distribution of sources. Weildig&rd 10,000 test sources with
a 3D velocity dispersion of. @kms?® ~ 0.2pcMyr?! along the baseline of the filament
(defined in§3.3.2). The mean distance of sources from the filament wasrttemasured as

a function of time. The test sources started to show largeanniistances than Class |
and Flat-Spectrum sources after1 Myr. A mean distance similar to that of Class Il
and Class Il objects was reached after3.5 Myr, which is in good agreement with the

evolutionary timescale of these sourd&s_(LuhmaanLalﬁ MIOD_)).

3.4.2. The Nature of the Dense Cores

In §3.3.2, we defined and examined the dense core population48%—E. To test whether
these cores are gravitationally bound entities, one camat& the Bonnor-Ebert critical
mass I‘ :308)

N 12, T \3/2
Meg ~ 1.82 ( 2 ) ( ) M.
BE 10%cm3 10K ©

Within this framework, in cores wittVore > Mg thermal motions do not provide enough
support against gravity, and in the absence of other fofmmsihevitably collapse and form
protostars. With a mean density of, = 1.5 10* cm™3 and a temperature af = 10K
I.L_ZQiO), we obtaMge = 1.5M,. Calculating the Bonnor-Ebert critical
mass for all cores allowed us to analyze the stability of earh separately (Figute_3]13).
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Figure 3.13.: Ratio of core masses
Mcore to the Bonnor-Ebert critical
mass Mgg plotted against core ¢
mass. Mgeg was calculated indi- ~
vidually for every core, assuming §H
its respective density and a tem-
perature ofT = 10K. Open

circles represent cores which have & |

a counterpart from the dense core
sample of )Q_QMEEIZ

=
M |

non—equilibrium

[ equilibrium

o without

o with OMKOR counterpart

2 5

10

Mcore [M(D]

As a result we find that in L 1495—-E, the majority of cores isnar@o collapse. Without
exception, all cores that coincide with a denséED* core @ exhibitMcore > MpgE.
Apparently, in these cores the collapse has already led ¢énsity enhancement, which can
be traced by FCO* with its critical density offgit ~ 10° cm™3.

Compared, e.g., to the starless core population in the Pgimild (n, = 7.310° cm 3,
@[;T_ai 8), the cores in the Taurus filament are clekhger by a factor of 2. For
the cores in the Pipe Nebula, the Bonnor-Ebert critical nsas® M, (assumingl = 10 K),
and only a few cores exceed this value and are prone to cell&@psres in Taurus are also
considerably more clustered than those in the Pipe Nebtilen€arest neighbor separation
and two-point correlation function (Figure B.7) show a clesak at separations of the order
of 0.13 pc, whereas cores in the Pipe Nebula show separation3&yp© ml.,
). Fragmentation in Taurus happens mainly only on adistinct spatial scale. In the
case of thermal fragmentation, such a preferential lencglesvould be determined by the

Jeans length
1/2
T
/lJ = CS (_) )

5 (3.5)

wherecs is the local sound spee the gravitational constant, andthe mass density.
Assumingcs = 0.19kms? (T = 10K) and the mean mass density of our sample of
cores p = 5.810%6gcni3) we derived; = 0.18 pc, which is only slightly larger than
the peak in the nearest neighbor distribution df3Jpc. This is in contrast to the Pipe
Nebula with a separation of®8 pc kRalthLnﬁﬁLbLJdOQ), which exceeds its local Jeans
length (1; ~ 0.25 pc).

We note that due to the unknown inclination anighee can only derive thprojectednearest
neighbor separation, but the true separation between pamegns unclear. For~ 45° the
true nearest neighbor separation would match the locakJeagth. VLBA observations
allow accurate distance measurements of selected stdws Tatirus Molecular Cloud exist

(Loinard et al. 2007 Torres etlal., 2007, 2009), but do Hiotwato estimate of the true

spatial orientation of the filament.

We note, that non-zero inclination angles would not otfifg@t the derived nearest neighbor
separation, but also the aspect ratio. Randomly orientegsomould yield the observed
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mean aspect ratio d® = 1.5, if the true aspect ratio Ry, ~ 1.7 in the case of prolate,
and Ryye ~ 2.2 for oblate cores, respectively (Myer él_..J991). Hmvedrom a
large set of dense cores and Bok globu y 1996) sathae cores are generally
rather prolate than oblate. This shape is furthermore stggbdy theoretical simulations
dFiege and PudrikLLO_be), where helical magnetic fieldsahite to produce a population
of prolate dense cores through filamentary fragmentatidie aspect ratios of these cores
are in good agreement with the sampledﬂlQ%), wha fivd= 2.0...25.
Therefore, under the assumption of prolate cores, we finés¢avhich are slightly more
spherical Ryue ~ 1.7). The same trend is visible, when comparing the Taurussdooen
the sample ok_Leﬁ_and_M;Lérb_(lﬂ)%) to their galactic averayether this is truly the
case, or simply a projectionaffect cannot be determined. Due to the core formation in the
filament, we do not expect our sample of cores to be orientedbraly, but rather inheriting
some preferential direction. However, the meanderingraaitithe filament does not allow
to determine a common inclination angle. Considering thiesiéations, the elongation of
our cores agrees reasonably well with theoretical prexistand other observations.

3.5. Summary

In this chapter, we study the star formation in the Taurusnidat L 1495. In particular
we present a NIR extinction map of this filament with unprecedd dynamical range
(Av ~ 1.5...35mag) and resolution @"). The main results of our paper are as follows:

1. The extinction map of L 1495 reveals the highly fragmematlre of the filament,
harboring a population of dense cores preferentially sapdrby the local Jeans
length. The mass-per-length in the filamentMg,e = 17 Mg pct, indicative of
its star-forming potential. We find, that the part of the filarh that harbors no
YSOs, namely B211, shows an internal structurgedént from that of the rest of
the filament. We argue, that B 211 is still younger than otteetspof the filament,
being still in process of filament fragmentation. Given itlghhmass reservoir, star
formation will inevitably ensue.

2. The dense core population in L 1495—E was investigatedtaild A total of 39 dense
cores with masses betwebhre = 0.4. .. 10 M, and densities afiy, = 1.5 10 cm™
were found. The majority of these cores exceeds the critizads for collaps®gg,
and is therefore prone to collapse. The high-mass tail obtBMF can be fitted with
a power-law with an exponeiit= 1.2+ 0.2, a form commonly observed also in other
star-forming regions.
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CB 17 — A Herschel View

Star formation in the Taurus filament L 1495

CB 17 - A Herschel View

CB 17 - Molecular Abundances and Freeze-out

CB 17 - Zooming into the Dense Core

Al is on the surface. And it's been a long way, but we're here.

— Alan Shepard, Apollo 14, 5th man on the Moon

OUTLINE:

After the general study of the dense core population in Tauru
in the previous chapter, | will now for the rest of the thesis
focus on a single, isolated prestellar core, namely CB17. In
this chapter, | will first give a quick overview of it i§4.1.
This chapter then focuses on the large-scale column deasdy
temperature distribution in CB 17. The NIR and FIR obsenrai
are described and presented $.2 and§4.3, respectively. The
results are then discussed§d.4, and a summary follows 3.
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Figure 4.1.: The isolated prestellar core CB 17 as seen.2uth (left pane) and 80um
(right pane). The symbols mark the sources CB 17-IR#&)( CB 17-SMM1 @) and
CB 17-SMM2 (1) from|Launhardt et al. (2010). An outflow of CB 17-IRS (X. Chen
private communication) causes the bright NIR reflectionuteelat 22 um. The right
panel shows as contours the IRAM-30n3 inm continuum, of which the beamsize is
indicated in the bottom right corner.

4.1. Introduction

CB 17 (Clemens and Barvaihls, 1988), also known as LDN 1@,@2), is a small

and slightly cometary-shaped globule (Figlrel 4.1). Laufhet al. (2010) found that it
hosts a prestellar core (CB 17-SMM2) and a Class | source (CB 17-IRS) at a projected

distance of 22. The original distance estimate of 600 pc fr
M), which was determined to be the mean distance to sheiple of 248 cores, was
revised by Launhardt and Hennlirig (1997). These author<iassd the globule with the
Lindblad ring (Lindblad et &ll, 1973), which towards CB 17aissumed to have a distance
of 300 pc [(Dame_el_élLJQlS?). HD 25347, a bright G5 Ill star distance of 21@ 40 pc
n, 2007), is located about {A.65 pc at 210 pc) south of CB 17 and could
be responsible for the cometary shape afidigé cloudshine from the rim and tail of CB 17.
Combining the possible associations of CB 17 with both thelbiad Ring and HD 25347,
we adopt a distance of 25950 pc for CB 17, which will be used throughout this work.
In this case, the projected distance between the CB 17-SMMIC8 17-IRS conforms to
~ 5500 AU.

The roundish cloud core of CB 17 is associated with an IRASntpaource
(IRAS 04005-5647) that is detected only at 60 and 100 (F10p = 5.78 Jy,Fgo = 0.91 Jy).

Recently, it was also detected by the AKARI Infrared Satlin all its four bands
(Fes = 0.28 Jy,Fgo = 0.96 Jy,F140 = 5.02 Jy,F160 = 1.37 Jy).

CB 17 has been studied extensively by various authors usifereht mm molecular line
transitions. The core CB17-SMM1 was found to have a meantikigas temperature

of Tin ~ 10K (Lemme et dl.| 1996). Pavlyuchenkov €t al. (2006, her )
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compared a number of fiierent molecular line maps of CB17 with chemodynamical
models. They derive a chemical age of 2 Myr, as well as thdivelaotational, thermal,
and turbulent energies, concluding that the core will mi&tly fragment. Indications
for such fragmentation into two sources (CB 17-SMM1 and CEBMM?2) was found by
Launhardt et dI.L(;O_iO) in admm continuum map, which is shown in the right panel of
Figure[4.1 as contours. CB17 is thus one of those globuldsctitdain two, or maybe
even more, sources offeérent evolutionary stage within a few thousand AU. Howetves,
nature of CB 17-SMM2 is more than unclear, as it is locatetiécentre of a NIR reflection
nebula, but also coincides with a NIR, and a faint SpitzerCR#int source.

However, there remains a plethora of open questions for CBuhilch we will try to
answer in the next three chapters. In this chapter we wikgmemaps of the temperature
and density distribution derived from dust emission mapsudimm) wavelengths, and
analyse the dust emission properties of CB 17. In the foligwdhapters we will present a
kinematic analysis, and an analysis of the variation of ke abundances (Chapkér 5) in
comparison to the dust emission maps. Chdgter 6 will theredecdted to the dense core
CB17-SMM1, where we analyse its nature and small scale ¥glstucture with the aid
of interferometric molecular line observations.

4.2. Observations and Data Reduction

4.2.1. Herschel Space Observatory

CB 17 was observed as part of the Herschel Guaranteed TiméPkKayramme “Earliest
Phases of Star Formation” (EPoS; P.I. O. Krause) with the?ﬂ?bgﬂls_chﬂ_élL_ZQhO)
and SPIRE|(Gfiin et al.,| 2010) instruments on board the Herschel Space @itegy
(Pilbratt et al., 2010).

PACS 100 and 160m observations were performed on 23 February, 2010. Wermatai
two orthogonal scan maps with scan leg length af’, using a scan speed of 21, with
30 repetitions each. The data were processed in a way sitoitutz et al.[(2010). The
data were processed using the HIPE software package anghsgffiltering, using a large
median filter filter window width of 104 samples (418 to remove theféects of bolometer
temperature drifts during the map acquisition. Furtheemare mask out the bright central
source before computing the high-pass mask. The SPIRRkr@%landard processing L2
image flux level of 5 Jy beam! was used for the PACS 100 and 16@ region mask,
ensuring that the highpass median subtraction minimizesswbtraction of source flux.

The SPIRE 250, 350 and 5@tn data were obtained on 13 February, 2010. A scan and
cross-scan were obtained, for a total for total scan legleof®” each, at the nominal scan
speed of 30 s™1. The data have been processed within HIPE with the standeridmeter
script up to level 1. During baseline removal, we masked loeithigh-emission area in the
centre of the field. We have used the Bendo &t al. (2010) gBrfrscheme to mitigate the
effect of striping in the data.

To account for the unknown background flux level all imagesawaeroed by subtracting a
constant é'set from the images. Thidlset was calculated from twoftirent control fields
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to the south and to the west of the globule. Both regions @eitihe same background
level in all images. Therefore, the final Herschel image @imetd only the excess emission
of the globule above the local interstellar radiation fidléach wavelength.

4.2.2. (Sub)mm Maps

In addition to the Herschel observations, we also includedable sub(mm) data into our
analysis. These are a SCUBA 8@ map (which was obtained from the SCUBA Data
archive), and a.B mm continuum map, obtained with the MPIfR 7-channel bol@mat
the IRAM-30m telescope. A more detailed description of ¢helsservations can be found

inlLaunhardt et 41/ (2010).

4.2.3. NIR observations

CB 17 was also observed with the Omega2000 camera at the A&daB.5m telescope,
which is equipped with a HAWAII2 HgCdTe detector, anlening 204&2048 pixels with

a pixel scale of @15” and a field of view of 13’ x 15.4’. The observations i, andKs
bands (16um, and 22um, respectively) were carried out on 31 January 2010, andalue
the large field of view, a single pointing wasfBcient.

In both filters the observations consisted of 60 ditheredoswpes, each having an
integration time of 60s. This resulted in total exposureesnof 60 minutes per filter

per field. A standard NIR data reduction was performed withdhd of the Omega2000

pipeline (Fassbender, 2003), which included dark, flatfietai bad pixel corrections, sky
subtraction, and image registering. The world coordingstesn (WCS) was appended to
the frames wittkoords (@1 6) by matching the positions of 10 stars per fraoame
matching stars from the corresponding 2MASS image. Thidtexsto the rms accuracy of
0.1 px (or Q045”) in all frames.

As CB 17 is located at galactic latitude of orily~ 3°, the stars are considerably crowded.
Therefore, source extraction and photometry were perfdrwith the IDL tool starfinder
(Diolaiti et all,|2000). The PSF was extracted by modelliag tsolated, non-saturated
point sources. The photometric zero-points were obtainethatching stars in our field
to their 2MASS counterparts. As thd and Ks filters of Omega2000 and 2MASS
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coincide, no colour-correction was applied. Only sourcé$ detections in both bands
were considered for the final catalogue, which contair&@,000 sources. The colour-
magnitude diagram and the photometric uncertainties avenrshn Figure[4.2. One can
see the almost vertical line of main sequence stars, whefoand at a relatively constant
intrinsic colour H — Kg)g ~ 0.15mag. The population of faint sources wih> 17 mag
and H — Ks) ~ 1 mag are most likely background galaxies, but could also 8©¥ or
evolved stars.

4.3. Results

4.3.1. NIR Extinction Map

From our deep NIR observations we obtained a dust extinatiam of the dense core CB 17.
Following LLada_eI_dI.LLlQ_SM), the extinction along pen@hkins towards the background
stars is directly estimated from the colour excéfld —K), which is calculated by assuming
a constant intrinsic colouH — K)q for Main Sequence stars. For the conversion of colour-
excess to extinctiom we used the extinction law of Rieke and Lebofsky (1985). €hes
pencil-beam extinctions were then smoothed into a contiguoap by convolving the data
with a Gaussian beam of FWHM 36.9”, which was chosen to match the beamsize of
Herschel at 50pm. However, one has to take into account that not all sounee$/ain
Sequence stars, and therefore might have intrinsicafigréint colour K — K), which is the
case for YSOs, evolved stars, or galaxies. In order to eerctbdse sources,@&clipping
was performed before averaging the extinction values tiveléne mean extinctiody .

The final dust extinction map is shown in the top right corneFigure[4.3. The dense
core is clearly visible and exhibits an almost sphericalpsha The peak extinction is
Ax = l4mag, which conforms to an optical extinction &f = 13mag. Extinction
measurements towards single stars at the column densityr@esal even higher extinction
values ofAy > 20 mag. CB 17-SMM1 can be clearly associated with the regibhgghest
column densities, whereas CB 17-IRS is slightfiset.

4.3.2. Dust Emission Maps

Herschel PACS and SPIRE bands nicely cover the peak of ttetrapenergy distribution
(SED) for objects at very low temperatures. Therefore, tteay be used to get accurate
maps of physical parameters like column densilty dust temperature, and dust properties
by fitting SEDs for each pixel individua|ﬂ1 In order to do this all Herschel maps were
convolved to a common resolution, which was set by the malp thié coarsest resolution.
This is in our case the Herschel 50 map with FWHM = 36.9”. For the Herschel
images, convolution kernels from Gordon et bl._(2008) wesedy which are also provided
onlindl. The SCUBA 85im and IRAM-30m 13 mm data, which were convolved with a

TStrictly speaking, the SED isS, vs. v, whereas we will generally fit, and also plot tBgvs. v.
"http://dirty.as.arizona.edu/~kgordon/mips/conv_psfs/conv_psfs.html
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Figure 4.3.: Herschel dust emission maps at 100, 160um, 250um, 350um, and
500um. The top right panel shows the NIR dust extinction map with contours in
steps of 3 = 0.15mag. The respective beam sizes are indicated in the bttt
corner. Zoom-ins into the areas indicated as black boxesremen in FiguréZl4.

Gaussian function of FWHM

6= V(36.9)2 = (finstr)> (4.1)

wherebinsy is the original instrumental FWHM of 18 for SCUBA, and 11’ for IRAM-
30m. The noise levels in the convolved maps were derived sandd as basis to define
emission thresholds. In total we had measurements frormsditferent wavelengths at
hand. Additional data from Spitzer IRAC bandsg3 8.0um) was not taken into account,
as for wavelengths considerably shorter thaB0 — 100um emission starts to be strongly
affected by non-thermal processes. Furthermore, Spitzer ¥B#S 160um) observations
with its resolution and artefacts pose significant obstafde this sort of spatially resolved
analysis of extended emission. For all Herschel wavelengthassumed the calibration to
be accurate to 15%, whereas SCUBA and IRAM-30m data was deighted by setting
the uncertainty to 50%.

In addition, the Herschel data at 10 and 16Q:m had to be colour corrected, as the
SED for temperatures of the order of 10K fall§ wery steeply in the PACS bands. Due to
their extended bandwidth, the measured intensity doesaratgpond to the true intensity
at the designated band centres of g60and 16Qum, respectively. However, with the
knowledge of the spectral response function of these fitirescan obtain a model for the
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colour-correction. This is given by

S,
Svcon = — (4.2)
v.corr a_’_(ZO—E[K] )C

where S, is the measured specific intensity, aag, c are filter-dependent correction
constants (Table4.1). As the temperature is unknown, oneleave it iteratively by first
fitting the temperature without colour-correction, befaeng this first estimate as input
for the colour-corrected subsequent fits.

Table4.1.: Colour-correction factors for the PACS filters.

Filter a b c

PACS 100 1.04 118 24
PACS 160 0.94 165 3.0

Modified Blackbody Fit

In a first approach every pixel in the map was fitted indepetigey a modified blackbody
(MBB), under the condition that at least7/osmaps had an emission above the emission
threshold. Due to our reduction scheme, i.e., the modetiimanly the excess emission of
the globule, the background emission had to be subtraatedEquation[(2.15). Therefore,

it corrects to
l, = [By(Tios) — By(Tug)] (1 —€7™), (4.3)

whereTqs is the average line-of-sight (LOS) temperature, diglis the temperature of
the background emission, which is assumed to be the the casimiowave background

(Thg = 2.7 K). The optical depth along the line-of-sight is given by

My Ny Ky
7, = — 1 4.4
= TRy (4.4)

wheremy is the proton masd\y is the hydrogen column density, is the dust opacity,
andRyq = 110 (Sodroski et all, 1997) is the hydrogen-to-dust mags. r@he drawback
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of this procedure is, that we cannot account for any temperatariations along the line-
of-sight, but rather derive an average line-of-sight terapueeT ;. One also has to bear in
mind thatT)ys is furthermore fected by optical depthfieects. This means that first of all,
regions of relatively higher density will contribute moFeurthermore, for > 1 the derived

temperature will be dominated by the near side of the cloweliektheless, the MBB fitting
allows us to get reasonable estimates of some cloud panantigtecolumn density or size.

In a first step, we searched for the best fit pairs of columnitlemMy and temperature
Tis. Throughout this chapter, we always use the dust model ofi@s®f and Henning

, OH94), unless notedftiirently. In particular, we used the configuration with a
classical particle size distribution of Mathis et al. (1J9KIRN), no coagulation and thin
ice mantles. We fitted the parameter space within the rahge: 10%°...10°*cm= and
Tios = 1...30K with resolutions oANy = 0.02 dex andATgs = 0.1 K.

The intensitied, for all possible combinations dy andTqs of the parameter space were
calculated from Equatiofi{4.3). The best fit parameters wetermined by minimising?,
which is given by

N . .
XZ(NH,TIos) — Z [Sv,l |v,|(';|H,TIos)]2’ (4.5)

i=1 T

where the index indicates all measurements, which are above the emissieshibld.

An example for g? map of a region close to the column density maximum is shown in
Figure[4.5, which is in its general shape similar to all otfegions. Important for the
interpretation of the results is the presence of a singlérmim. Therefore, we do not have
to deal with the possibility of multiple minima, which wouédld additional complexity to
this problem. Under the assumption of Gaussian error bigtdn, the & uncertainties for
the individual parameters are defined by the maximum exfaheaegion in the parameter
space, for which the relation

¥’ <min@? +1 (4.6)

holds. However, we find that in general we do figél values which are lower than
expected for Gaussian error distribution. This might hdaseréason in the fact that the
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Figure 4.6.: Changes of temperatur®p row) and column densitybpttom row between
subsequent iterations for the colour-correction.

15% calibration uncertainty for the Herschel data does niyt describe a Gaussian scatter
around the true value, but includes also systematic urintes (e.g., calibrationalftsets).
The derived uncertainties were generally of the order of I0fwolumn densities, and
oT ~ 0.2K for the temperatures.

Using thisy? minimisation procedure, we were then able to obtain a duspégature map
which served as input for the colour correction. The quickvesgence towards a constant
value with iterative colour corrections is shown in Figur@,4ind makes it clear that already
a single colour correction step is alreadyfsient.

The best fit results for the temperature and column densiyshaown in Figuré€ 4]7. One
can see that both the core, and the cometary tail towardstitte-east exhibit considerable
emission, and fulfil the criterion of 5 of 7 measurements akibe emission threshold. The
column density map shows an almost circular structure withspect ratio oR = 1.1. The
profile along the emission region, which is shown in the iné&igure[4.Y shows a column
density enhancement by a factorfl0 with respect to the cometary tail. The emission
profile also clearly shows that the peak is not centred, liberashifted towards the south-
western part of the globule. The general shape of the coluemsity distribution is also
reproduced by the temperature map. One can see the cleamamtiation, which only
brakes down around CB 17-IRS, where the central heatingeofCtlss | source strongly
influences the fit. Due to thetect of a large beam, the temperature minimum and maximum
do not correspond to to the locations of the cold core (CB W) and protostar (CB 17-
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Figure 4.7.: Temperatureléft pane) and hydrogen column densitsigdht pane) maps as
derived from themodified blackbody fits. The contours represent the hydrogen column
density from logy) = 2250 downwards in steps afNy = 0.25dex. The insets
represent the profiles between the open and the closed alorig the dashed line.

IRS). Conversion of the column density to hydrogen mass,a@sdmingM; = 1.37My
(Lombardi et al.l 2006) then yields a total massvbf; = 5.3 + 0.5 M, in regions beyond
Ny = 410" cm 2 (or Ay > 2mag| Bohlin et &l 1978).

Beta Fitting

In a more elaborate approach, we did not only fit column dgrsitl temperature, but we
furthermore also fitted the dust model by varying the dustitpandexg. In general, the

dust opacity is expressed by
(A (zY
Ko B Ao B vo)

where ko is a normalisation constant, which is set to match the modeDid94 at

Ao = 850um. The dust opacity indeg changes the overall shape of the spectral energy
distribution. In the Rayleigh-Jeans limit, the dust opagaitdex can be directly estimated
from the slope of the SED

4.7)

l, oc v TRy, (4.8)

In order to get an estimate on the best dust model, we extetgegarameter space by
fitting 8 = —1...5 in steps ofAB = 0.025. For the column density and temperatures, we
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Figure 4.8.: lllustrative sketch of the raytracing model, which finds best fit parameters
for the column densityNy = ands and the central temperatuig. Gaussian
distributions with a given FWHMASs, and Asr for both the volume densityy(s)
and temperatur@ (s) are assumed. The intensiky(sy) is calculated for all dierent
configurations of the parameter space (indicated as dasheds}. The best fit (solid
line) is determined by the minimug?(Ny, Te.

used the same specifications as for the previous fit. Agagnemhission at all wavelengths
was calculated for all possible combinations in the paramspace, and the best fit
parameters were determined by the minimginDue to the presence of a heating source at
CB 17-IRS, thes fit breaks down in regions which aréected by this source. In regions of
column densityNy > 107t cm™2, which are not fiected by CB 17-IRS, we derived a dust
opacity index of3 = 2.0 + 0.2.

Raytracing Fit

From Figure[4)7 we see that the average line-of-sight teatper drops towards the
hydrogen column density peak by 2.5K, which rejects the hypothesis of an isothermal
globule. In order to estimate the temperature in the core has to apply a more elaborate
model than the modified blackbody fit of the previous sectibgs only gives the average
temperature along the line-of-sight, which is stronglyueficed by warmer regions in front
and behind the core, and therefore does not allow an estwhéte central temperature.

In order to get an idea of the 3D temperature and number gedisitribution we ran a
simple raytracing code along the LOS for each individuakepixf the map. As we only
do have a minimum of 5 (and a maximum of 7) measurements aigilve had to make
some reasonable assumptions in order to keep the humbeg@fedeof freedom as small
as possible:

1. Both the temperaturd@(s) and number densitywy(s) distribution are Gaussian
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functions (Figur€ 4]8) of the form

T(S) = Tout + AT exp(—Z.??é] (4.9)
NH(S) = Ny e eX (—2 77i) (4.10)
H(S) = NH,c EXp| —<. AL .

Their respective FWHMAsr = 0.11pc andAs, = 0.08pc were estimated
by approximating the temperature and column density peofie the MBB fit
(Figure[4.7) with Gaussian curves, assuming a distance@p@5and that the extent
of the core along the line of sight coincides with the extenthie plane of the sky.
Gaussian curves are a very convenient way to define dengfilgst as they do
exhibit some advantages. Most notably, the FWHM of a Ganssianber density
distribution exhibits the same FWHM, when converting ibithie observable column
density. Secondly, cuts through a core with a Gaussiarilaigtsn at arbitrary radial
offset from the core centre will again yield a Gaussian shage tvi# same FWHM.
The use of other density profiles is discussed in more det&§d.4.

2. We also used the MBB temperature map for an estimate ofxteenal temperature,
which was set tdlo; = 145K. This value conformed to the temperature in the
cometary tail, which is a region of moderate to low columnditign

3. The central number density, ¢ is directly related to the column densiy via the
integral of the number density distribution along the lofesight, which is in the case
of Gaussian curves

Ny
NHe = ——— 4.11
He ™ 107As, (4.11)
= 28108 Ny. (4.12)

For the raytracing we separated each ray along the linggbf-sto 50 cells, and calculated
in the region+2As, around the peak of the Gaussian to ensure that the relatigtagion
at the core edges is negligible. For this configuration, aked tength of the ray was.82 pc,
and the extent of a single cell conformed to a size.4fl® > pc, or 13 10° AU. The choice
of 50 cells was the result of a compromise between coarséutesoand computational
tractability.

Again, the emission at each individual pixel was calculated all possible com-
binations of the parameter space. Column densities werén agaied between
log(Ny [cm™2]) = 19... 24 at a resolution oANy = 0.02 dex. The second parameter was
the central temperature, which was varied in the rahge: 2...30K at a resolution of
AT. = 0.1K. The position of the minimuny? again determined the best fit parameters.
Figure[4.9 shows the SEDs for the two positions of maximumramdmum temperature
T¢, alongside with the best fit curve. One can clearly see thageghan overall shape for
different temperatures.

The full temperature and column density maps are present&thure[4.ID. The overall
morphology of both maps closely resembles the results fimmiodified blackbody fit,
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and the extinction map. The column density maximuniNgf = 5.8 10?2 cm™2 translates

to a central number density of21° cm2, and it is reached at [20 0] slightly to the
east of CB 17-SMML1. In regions exceeding column densities,of 2 mag we find a total
mass ofM; = 5.5 + 0.5 M, which is in very good agreement with the estimate from the
modified blackbody fit fit = 5.3 + 0.5 My).

4.4. Discussion

4.4.1. Modified Blackbody vs. Raytracing

In §4.3 we presented temperature and column density maps, wiech derived by
applying a modified blackbody (MBB) and a raytracing (RT)iriit model. The latter
model shows slight variations in column density and termpeea Comparison of these
two models reveals that the largest changes can be seendtoter centre of the core
(Figure[4.11). In the envelope, i.e., along the cometalytta raytracing fit yields almost
no temperature variation along the LOS, i'B,,~ Tout ~ Tios. Therefore, the dierences
between the modified blackbody fit and the raytracing fit arellsrithe situation changes
when we have a look at the densest regions. The RT fit yieldsrmaim temperatures of the
order of 105K, whereas we findos = 12K. A similar, however less pronouncedfext
is observed for the column densities which are by up to a fasfte 1.1 higher in the case
of the RT fit. Therefore we conclude, that the average linsigifit temperaturdqs is not
a suitable parameter to describe the physics of the dereggsens.

The relatively higher temperature towards the centre in ¢ase of MBB fitting is
compensated by a lower column density to reach the same flek leHowever, one
cannot oversimplify this picture. The strong non-lineanf the Planck function causes
that regions with relatively low column densities but magdly higher temperatures, are
the main contributors to the the measured signal. This igtipin Figurd 4. 12, where we
calculated the contribution function along the line of sifgr an isothermal core (dashed
line), and for a core with a Gaussian temperature profileiddole). We assumed a
wavelength of 10@m, a Gaussian density profile for the core, ang 1
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Figure 4.10.: Temperatureléft pane) and hydrogen column densitsight pane) maps as
derived from theraytracing fits. The contours represent the hydrogen column density
from log(Ny [cm™2]) = 225 downwards in steps 0iNy = 0.25dex. The insets
represent the profiles between the open and the closed alorig the dashed line. The
dotted lines in these insets are the results from the modifeackbody fit (Figur€417).

In the case of an isothermal core, the contribution funct@the total emission obviously
is directly related to the Gaussian density profile. In theecaf a Gaussian temperature
distribution, which is defined by the outsidi,: and the central temperaturg,, the
contribution function does not follow the Gaussian dendistribution, but the strongest
contribution emerges from the less dense envelope witkelédively higher temperature.
The two temperature profiles in Figure 4.12 are chosen tothweame specific intensity,
and are therefore not distinguishable for the outside obselAn outside temperature of
Tout = 145K and a central temperature Bf = 8.0 K would be reproduced by an average
line-of-sight temperature dfos = 10.3 K. Lowering the central temperature by 5K down
to Tc = 5.0K would result in a relative change @ios of less than 1K. This therefore
explains the relatively shallow curve @ios (Figure[4.7), and supports the idea that the
central temperaturek. are indeed lower than the isothermal estimBte.

Due to the strong non-linearity of the Planck function, a®1t a temperature change
from 10K to 11K results in 4 times stronger thermal emissids.longer wavelengths
towards the Rayleigh-Jeans (RJ) limit, thi¥eet decreases to a linear relatipnec T. At
850um, the two profiles withlT, = 8.0K andT. = 5.0K are reproduced byjes = 9.1K
andTps = 6.8 K, respectively. These values do come considerably clostire estimate

of the Gaussian temperature profile. However, as theses/@u@,qs differ from the ones,
which were derived for 100m it already becomes clear that the full spectrum cannot be
characterised by a single temperatiifg.
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Figure 4.11.: Temperature dierence and column density ratio of the modified blackbody
(MBB) and the raytracing (RT) model. The contours represeathydrogen column
density from the RT fit, and are drawn from ldg{[cm™2]) = 22.5 downwards in steps
of ANy = 0.25dex.

Therefore, we investigated the influence of temperatureignés on the general shape
of the SED by modelling diierent temperature distributions along the line-of-siglthw
constantTyy, but varying temperaturd.. All models were calculated with the same
Gaussian density distribution withs, = 0.1 pc, and a column density oy = 107 cm2.
The temperature distribution was also assumed to be Gausstia T,y = 145K and a
distribution width of As; = 1.4As,, which conformed to the finding i§4.3. We then
varied the central temperature in the rafige= 4.5...14.5K in steps of 1K. Figure 413
shows the synthetic SEDs, which were calculated by usingrthalgorithm, and These
spectra were then fitted with the modified blackbody routh8&.2), and the best fit lines
are indicated in Figure4.113 as the dashed lines. It immelgiiecomes obvious that the
general line shape can only poorly be approximated by a neodifiackbody curve in the
case of strong temperature variations along the line otsigh

The diterence between the central temperatiige which was put into the model, and
the recovered average LOS temperatligg is shown in the right panel of Figufe 4]13.
In the presence of strong temperature gradients, the batibms of the “luke-warm”
core envelope inhibit an accurate recovery of the true akt@mperature by the modified
blackbody fit. Figuré& 4.13 also shows the MBB best-fit colurengity Ny, which is in the
case of a temperature gradientf = 10K by a factor of 5 lower than the input value of
10?2cm2. The higher temperature, and therefore relatively strangggvity in the dense
regions have to be compensated by decreasing the columitydggaificantly.
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5 : : : — Figure 4.12.: Relative contributions
| Tout ] (blue) along the line of sight in
dependence on the temperature
(orange) for a Gaussian number
density distribution. The integral
of the relative contributions (i.e.,,
the observable intensitly) of the
two temperature profiles are the
same, but dferent parts of the
cloud contribute to it. The dashed
line representd s, the solid line
the raytracing model witf ¢ and
Te.
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Figure 4.13.: Left panel: Spectral energy distributions for models wittfdrent central
temperature§. = 4.5...145K in steps ofAT, = 1K (solid lines). The outside
temperature is constantBi, = 14.5 K, and the column density is sethy = 10??cm2
for all models. The dashed lines represent the best fits favdified blackbody model.
Right panel:Best fit parameters for the modified blackbody model in depend on the
central temperatur€;.. The blue dotted line represents the relaflgr= Tjgs.

As already mentioned above, the general line shape cannappgreximated by a single
temperature MBB model, as the SED significantly broadenkdrptesence of temperature
gradients. The reason can be found in what was just discudseee: Towards the RJ
limit, temperature and emissivity are related via a linedation, whereas towards shorter
wavelengths, this relation follows an exponential law (bidaw). Therefore, the spectrum
is strongly skewed towards shorter wavelengths due to tatvaly stronger contribution
of the envelopes at high frequencies.

However, it should be noted that most commonly a broadenfripeo SED is attributed
to a change of the dust opacity indéxowards lower values (Figufe 214 in Chagfér 2).
Therefore, temperature gradients along the LOS do not ahigpit an accurate recovery of
the true column density, but also mimic variationsBpfvhich could be misinterpreted as
a result of dust growth. To quantify the error in the estin@tg, we performed a second
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set of measurements where we also fitted the dust opacity.ifide general shape of the
SEDs was accurately reproduced by the artificial broadedugyto lowers-values. For
small temperature gradients of the ordekof K, the recovered dust opacities showed only
small deviations from the input value gf= 1.8. Larger temperature gradients then lead to
a considerable decreasedrdown to values o = 1.0 at T, = 6 K. In the case of CB 17,
however, we do not see evidence for strong variations of énwetl column density from
the modified blackbody and raytracing fits. Therefore, timeperature gradients seem to
be reasonably moderate, and we expect a quite accurateergathe dust opacity index,
which was found to bg = 2.0+ 0.2.

4.4.2. Temperature and Density Distribution

From the raytracing model we cannot only derive a column itleridy, but due to the
a-priori assumption of a density and temperature profile care derive the full 3D core
structure. For the densest regions we obtained valuas gf = 2.2 10 cm~3, which

is in good agreement for other cores of this evolutionary (&tamatellos et all, 2007).
Plotting the central density vs. the central temperafiyeeveals a clear anti-correlation
(Figure[4.14). The map regions, which ardeated by the heating of CB17-IRS (open
circles) do not follow the trend, but rather exhibit excesath The coldest regions are
clearly associated with the regions of highest centralitierss these regions ardficiently
shielded from heating through the interstellar radiatietdfby the envelope, they can cool
quite diiciently. As the linear trend can be followed even down to tighést densities and
coldest temperature, we see no evidence for a heating souteecentre of CB 17-SMM1.
However, the possibility of the presence of sudirst corewill be discussed in more detail
in Chaptef®.

The results of our RT model strongly depends on the choiceadfl@ shapes and profile
widths. In our model, we used Gaussian distributions fohldemperature and density
with Asr = 1.4As,, which was estimated from 2D temperature and column depgitfjles

(Figurd4.T) and assumed the same extent along the LOS aspiatte of the sky. Although
this seems to be a reasonable assumption, this remains iblpassurce of systematic
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errors. Therefore, we investigated the influence @edént model parameters on the best-
fit results.

Considering the relative contribution of fiirent regions along the line of sight
(Figure[4.1D), a narrower temperature distribution wAtly = As, would result in a larger
contribution from the envelope. Therefore, a lower ceneatperature would be needed
to compensate thisffect. Performing a RT fit with such a configuration would yield a
minimum temperature of; = 8.6 K, in contrast tdol . = 10.5K for the broader temperature
profile. However, in the presence of strong temperatureigmés] they? map exhibits a
strong degeneracy fdr. andNy, which makes the derived best fit parameters less reliable.

But not only the relative width of the distributions wouldatiye the general picture, but
also the density distribution itself. In our case, we choseissian curves because of the
various advantages theyfer. A more realistic approach, however, is to define a poawsr-|

density profile (e.gl, Tafalla etlal., 2(b02) of the form
_ NH,c
nq(r) = To e (T/ro) (4.13)

which exhibits a relatively flat region towards the centred dalls df with the slopea
at radiir > ro. Such a power-law exhibits considerably stronger wings thaaussian
function, and thus a relatively strong contribution of tmeedopes.

A Gaussian density profilefiers various advantages: The FWHM of the density profile
is also regained for density profiles along lines-of-siglithwonzero impact parameter,
and is also reproduced by the observable column densitypdWwer-law profile, however,
does not exhibit such a simple relation between all thesanpaters. For nonzero impact
parameters, the profiles broaden considerably, and alsmthenn density profile does not
show a simple one-to-one relation to the radial profile, bther broadens by a factgr2.
To test the case of a power-law profile, we performed a RT fihatpeak position of the
column density map, to ensure that the power-law profile islal \estimate of the LOS
density distribution. We used a Gaussian temperaturdhidiitbn, and a power-law density
distribution withrg = 0.02 pc ande = 2. The best fit density profile is shown in the left
panel of Figuré Z.15. With a central densityrgf. = 3.6 1P cm™3 it is by a factor of 1.5
denser than the Gaussian profile, and is also shown in the Pl column densityNy
values were higher in the case of a power-law profile by a fauft@.2, whereas the best fit
central temperaturé. remained essentially the same.

The central temperature of BXK is in reasonable agreement with estimates for other
prestellar cores|_Stamatellos et al. (2007) modelled cioréise pOph cloud using a 3D
radiative transfer model. Their model cores consist of @aranvelope of constant density
with pristine MRN particle size distribution, and an embeddore with coagulated grains
with thin ice mantles. Heating is provided by the interstelladiation field. The envelope
temperatures are of the order of 230K, and are therefore in reasonable agreement with
our finding for CB 17. Core temperatures, however, are iniggséightly lower, and of the
order of 7 K. Due to the relative uncertainty in the deterrtioraof the temperature profile
for our case, we cannot exclude such temperatures for CB 17.

We can get a rough estimate of the stability of both core cardigpns (power-law and
Gaussian) under the assumption of the Gaussian tempegtfile with To = 145K,
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Figure 4.15.: Left panel:Best fit density profiles for both the Gaussian (blue) and powe
law (orange) profile. Right panel: Jeans stability criterfor spherical regions inside
radiusr.

andT. = 105K by using the Jeans criterion for stability

We obtainedExin and Epor by numerical integration, and analysed the thermal stgbili
individually for regions inside a certain radiusin both configurations, the core appears to
be marginally stable, even without further support, e.@,magnetic fields or turbulence.
The fact to find CB17 in a marginally stable state is, howewert, surprising, as the
prestellar core is in a quasi-static phase, and does therefeither collapse due to
gravitational collapse, nor disperse thermally.

4.4.3. Dust Properties

With both the NIR dust extinction and the FIR dust emissiompsnat hand, we have two
independent measurements of the dust, and therefore thhedgeyd column density. Of
particular interest, however, is the question of the refatietween the dust opacities
of these two regimes, asftérent dust models predictftirent ratios of, €.g.x22/ks500.
Figure[Z.16 shows commonly used dust models of Draine an198e}, DL84), and OH94
(using diferent ice covers and coagulation).

Recalling that the optical depth is related to the dust opaciky via

. My Ny Ky

T, = , 4.15
= TRy (4.15)
wheremy is the proton mass, arig},q = 110 is the hydrogen-to-dust mass ratio, then gives
f22 _ 22 (4.16)
K500  T500

In order to be able to compare the dust models, we also pesfbranRT fit using the

model of DL84. Due to the dlierence of absolute valuegdk3* = 1.89 cnfg?, k21194 =
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2.9cn?g 1) the derived column densitiddy of the DL84 model were higher by factors
of 1.7, but the optical depths agreed reasonably well. Thiaaion A, is related to the
optical depth via

Asz = 1.086725. (4.17)

The k22/ksp0-ratio is then calculated for each pixel of the map. Takintg imccount only
regions withNy > 10?1 cm2, which are not fiected by CB 17-SMM1, we get a ratio of
Kk2.2/ks00 = (0.94 + 0.22) 16. Figure[Z.Ib puts this in context with some theoretical dust
models of DL84 and OH94 (included are the models with thinhickt ice mantles, no
coagulation or coagulation at16m~2). We see a reasonable agreement of the dust models
of OH94 with our data, whereas the ISM model of DL84 can bedrolgt. Therefore, CB 17
seems to be in a stage where dust grains already have undesgore processing by dust
coagulation.

4.5. Summary and Outlook

In this chapter we present a column density and temperatage ohthe prestellar core
CB 17, which were derived from dust emission maps obtainetth WMerschel Space
Observatory (106- 500um), SCUBA (85Qum), and IRAM-30m (13 mm). We applied
two models to derive the column density and temperature ehammodified blackbody
(MBB) and a raytracing (RT) algorithm.

The MBB fit allowed us to derive the average line-of-sight pematureT,,s and column
density Ny by using ay? minimisation technique. Tjos varied between 14 16K at
the core edges and 12K in the core centre. The column dersiged up to values of
Ny ~ 6 1072cm3, and dropped towards the core edges, following a Gaussgribdition
with FWHM = 0.08 pc. From this profile we approximated a density profile,chtserved
as the basis for a RT fit. As a temperature drop is expectedrdsvwthe core centre, we
also modelled the temperature distribution along the difisight with a Gaussian function.
From the MBB temperature map we estimated a temperaturdegpnofiich was a factor of
1.4 wider than the density distribution. These profiles egras input for the RT algorithm,
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which allowed us to derive a central density., and also get an estimate of the central
temperaturel.. The column density remained similar for the two fitting noeth. In the
dense core the best fit values gave central density;of 21 cm23, and a temperature
of Tc = 105K. The total mass of CB 17 was estimated toNdg; = 5.5 M. A stability
analysis using the Jeans criterion assuming both Gaussibpaaver-law radial density and
temperature distribution lead to the conclusion that CBslihian only marginally stable
phase.

Together with a NIR extinction map, which was derived froms@iyations with the
Omega2000 camera at the CAHA-3.5m telescope, we were atbasbrain the dust model.
Comparison of the NIR to FIR dust opacities, namelyshg/ ksoo-ratio, showed us that the
dust model of OH94 exhibits better agreement with the daa the ISM dust model of
DL84. Therefore, the dust already was processed and retbbméeeze-out of molecular
species on its surface giod coagulation.

Outlook

Further studies will involve the study of a sample of 14 lows®s cores, which were all
observed within the framework of the Herschel EPoS key ptojd@his will allow us to
get a broader overview on dust properties, column densitphber density and temperature
structure of these earliest stage of low-mass star formafltne RT fitting algorithms are
continuously improved, and the use of more realistic tewpee and density profiles will
further improve the quality of our results.

85







CB 17 — Molecular Abundances and
Freeze-out

Star Formation in the Taurus Filament L1495
CB 17 - A Herschel View
CB 17 - Molecular Abundances and Freeze-out

CB 17 - Zooming into the Dense Core

As | stand out here in the wonders of the unknown at Hadleyticfaealize there’s a fundamental
truth to our nature, Man must explore. .. and this is expioredt its greatest.

— Dave Scott, Apollo 15, 7th man on the moon

OUTLINE:

After the study of dust emission and extinction, | will focus
on the kinematics and molecular abundances gkudint types
of molecules. A general introduction about molecular line
observations is given if5.1. In §5.2 the observations are
presented. The derived molecular abundances and veloeipg m
are shown in§5.3. In§5.4 follows an analysis and discussion of
the radial structure of CB 17, the freeze-out and velociti€kis
chapter then concludes with a summary and outloo$G.



Chapter 5. CB 17 — Molecular Abundances and Freeze-out

5.1. Introduction

Observations of molecular line transitions are a powedal to obtain information about
various cloud parameters. Specifically, optically thiren e.g., allow estimates of the
velocity structure along the line of sight by modelling \@tg centroid and linewidth (e.g.,
I, 1983: Kane and Clenméns, 11997). On the othel; batically thick lines
can be used to trace infall motions, which can produce a skee#-absorption line profile

(e.g.l9). The general influence of infall oxatiangbr rotation on the shapes
of optically thick lines was recently modelled by Pavlyuckev et al. [(2008).

However, the velocity structure is not the only core propgmtobed by molecular line
emission, but they also allow to draw conclusions about idgnsass or temperature
distribution. Combined analysis of optically thin and thimolecular isotopes allows
to derive the optical depth, the excitation temperatur€ey, and with the aid of these
parameters also the molecular column denisigy along the line of sight.

Emission of molecular lines depends on various factors. ntited reactions provide
replenishment or depletion of certain molecules from the jgilaase, but also freeze-out
of certain molecular species onto dust grains in the cerftrdenase cores change the
relative molecular abundances (e.g., Bergin and Tafalla7p Furthermore, the emission
of molecular lines depends strongly on excitation condgio Because of the complex
interplay of these féects, there is not a single molecule which allows for a unique
characterisation of all the relevant physical parametemnee. It is rather the combined
analysis of a set of well chosen molecular line transitiomd species, which allows us to
form a more complete picture of the conditions in the globule

In this chapter, we present our analysis of the moleculgpgntaes of CO, CS, HCQ and
N>H* in CB17. The reason for the selection of these molecules ks dbility, to trace
different environments. CO(2-1), CS(2-1), HQ®-0), and NH*(1-0) trace gradually
denser material (in that order). This is on one hand causethdiy diferent critical
densities, on the other hand on the freeze-out and depletioarbonaceous molecules at
high densities, and the subsequent presenceBf Nnh the dense core (e.m al.,

). Therefore, with these molecules we can probe thedamoes and velocity structure
at all scales — from the envelope at low to intermediate diessiown to the dense core.

5.2. Observations and Data Reduction

5.2.1. IRAM-30m

Alongside the FIR and NIR observations, which were alreattpduced in Chaptéd 4, we
have obtained observations of various molecular tramsitites. In order to estimate the
column densities, and therefore quantify the freeze-o@®@fCS, and HCO, we observed
for each of these molecules an optically thick and thin Ira@sition. Furthermore, we also
observed NH*(1-0), which also allows to estimate its column density byraal analysis
of its seven hyperfine structure (HFS) components. For allareaceous species we used
pointed observations in a regular grid with a spacing ¢f Whereas for NH* an on-the-
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Table5.1.: Molecular line transitions, rest frequency, map size arskoling date.

Line Frequency [GHz] map size date
H13CO"(1-0) 86.754288 2x 2’ 30ct 1996
HCO"(1-0) 89.188526 2x 2’ 20ct 1996
N>H*(1-0) 93.171621 2x 2’ 12 Jul 2004
C34s(2-1) 96.412950 1x1”  4,50ct 1996
CS(2-1) 97.980953 2x 2’ 30ct 1996
cl®0(2-1) 219.560358 1x1” 4 0Oct 1996
13Cco(2-1) 220.398681 2x2’ 20ct 1996
CO(2-1) 230.538000 2x 2’ 20ct 1996

fly mapping scheme was used. The pointing centre for all @aiens was chosen to be
QJZOO(F04ZO4Z35.853200(F56156103.1.

All observations were carried out with the IRAM-30m telgsepand are listed in Tadle 5.1.
The data reduction was performed with t8#LDAS package. Rest Frequencies were
updated according to thHIST Recommended Rest FrequeﬁbieAII data cubes were
convolved to a final resolution of FWHM 36.9"”, to match the resolution of the hydrogen
column density map (Chaptéer 4), and regridded to a spaciag’of

5.3. Results

5.3.1. Molecular Column Density

To get an estimate of the column density of molecular speaies obtained maps of
size 2 x 2’ for CO(2-1),13CO(2-1), HCO (1-0), H'*CO*(1-0), CS(2-1), and BH*(1-0),
together with smaller maps of sizé & 1’ for C3*S(2-1), and ¢0(2-1). Figuré 5.1 shows
both the optically thin (black) and optically thick (blug)ectra towards CB 17-SMM1 of
CO, CS and HCO. The optically thin lines can be well represented by a Gansshape.
Optically thick lines show some considerable deviatiomsnfithis shape, which are most
apparent in the case of HC(1-0). The double peaked profile is caused by self-absarptio
due to excitation temperature gradients along the Iinegbfts{b.g.@ 9).

The approach to derive the column density is briefly intredlulsere, but described in more
detail in§2.5. The peak temperature of the optically thick line can $eduo estimate the
excitation temperatur€ex. Assuming the same excitation temperature for the opyithaih
and thick component, the optical deptbf the optically thin line can be derived. FopN*

it is possible to obtain the optical depttand excitation temperatuiigy from the fit of the
hyperfine structure. This was done with the standard fittogine provided by CLASS.

Thttpy/pml.nist.goycgi-birymicrg/tableFstart.pl
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The column density can then be estimated from Equafion](2.83

BrTAV S g [ hyg )]‘1 Z . (hBJ(J+l))
Aul 03 Qu kBTex a P kBTex '

whereAv is the linewidth,A is the Einstein cd@cient,vq is the molecular rest frequency,
cis the speed of lighty,, are the relative statistical weights of the upper and loweel|

Z is the partition functionB is the rotational constant, ardds the quantum number of the
lower state. The derived parameters for our sample of mds@re shown in Table 5.2.
Column density maps for the molecules with a coverage’of 2’ (133CO, HCO', NoH*)
are shown in Figure5.2.

Niot = 1- exp( (5.1)

Table 5.2.: Derived optical depth, excitation temperature and coluemsity ranges for the
molecules in our sample.

Molecule T Tex [K] Nmol [cm™2]

H3CO* 02...08 35...65 (19...109)10"1
NoH* 3...10 30...52 (14...84)10%
c3*s 01...02 41...52 (13...22)102

c®o 03...05 80...92 (34...7.2)10
Bco 09...1.7 74...92 (17...32)10®

The column density map dffCO does not show an strongly peaked nature, but rather
small variations by a factor of 2 from north-west to south. Furthermore, we do not
note a correlation with the hydrogen column density:3GD* is most abundant around
CB17-SMM1, but is slightly elongated towards CB 17-IRS.dTimight indicate a possible
connection between these two sources.

NoH* on the other hand, is only found around CB 17-SMM1, but showss$sociation
with CB 17-IRS. The 50% contour, which is usually used to defime dense core (e.g.,
|C_as_elli_el_a].,|_20_02), shows after deconvolution an extdnbrdy 38” x 28", which
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Figure 5.2.: Column density maps of HCO*, N,H*, and'3CO. Contours show hydrogen
column densities from lod\y [cm™2]) = 225 downwards in steps afNy = 0.25 dex.

The positions of CB 17-SMM14)) and CB 17-IRS &) are marked.
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Figure 5.3.: Fractional abundance fCO, H'3CO*, and NH* compared to the hydrogen
column density. Contours show hydrogen column densit@s fog(Ny [cm™?]) = 225
downwards in steps afNy = 0.25 dex. The positions of CB17-SMMAi)and CB 17-

IRS (%) are marked.

conforms to a size of 9500 Ald 7000 AU at a distance of 250 pc. Interestingly, the dense
core is slightly d¢fset from the peak of the dust column derﬁity&/arious authors (e.g.,
BBergin et al.| 2002; Friesen et al., 2010) observed simifizets of NH* column density
from continuum emission peaks. It is known that CO is one efkby players in the
destruction of NH*, and therefore one would expect a spatial coincidence dfight” and
CO depletion peaks. Possible explanations of this will lseused in more detail §5.4.

TFor reasons of clarity, the term “dense core” in this workale/ relates to the region of,N* emission
although the results from Chaplédr 4 indicate, that the demegion is located 20” further the East.
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Selective Freeze-Out

CO is known to freeze-out onto the surface of dust grains at temperatures (e.g.,
Redman et all, 2002), and can be even used as a tracer forala¢iavary stage of a core
dJaLgﬂns_en_eLbL_ZdOS). Freeze-out occurs in the cerftdenee cores, where collisions
are likely due to high dust particle densities, and the dagnr back into the gas phase is
inhibited by very low temperatures. Figurels.3 shows thetivaal abundance dfCO,
H3CO* and NoH* with respect to the hydrogen column density (derived in @évdg).
Towards the region of highest column densities, CO shows a factor of> 10 lower
fractional abundance with respect to the outer regionsreasefor HCO the situation is
less conclusive. Plotting the fractional abundances afalbonaceous species vieetive
radiug] re €xhibits systematic underabundances towards the coreeceRiowever, the
relative small molecular column density maps do not allowintonediately derive the

depletion factorf (Bacmann et all, 2002), which is defined by

f= (Nmol/NH)can
NmoI/NH '

where Nmoi/NH)can iS the canonical abundance, which is is most accurately umnedsn
the cloud regions, which are naffected by depletion.

(5.2)

It is interesting to note, that the CO column density raticiesbetween3CO/C0= 6
towards the centre and a value of 3 outside, which is in cetitoethe predicted ratio of 9
(Wilson and Rood, 1994; Schoier ef al., 2002). This couldduesed by the fact, thatCO

is marginally optically thick, which thus leads to an undgireation of the true column
density. The relatively better agreement with the thecaétbundance towards the centre
is likely due to the relatively lower optical depth~ 0.8. At larger radii we findr > 1, and
thus a stronger deviation.

5.3.2. Velocity Structure

From optically thin lines one can easily obtain informatiabout the general velocity

structure. By fitting Gaussian profiles to-¥€0*(1-0), 13CO(2-1), and applying the HFS

fitting analysis to NH*(1-0), we were able to derive maps of the central veloujtyr

(Figure[5.5) and linewidtmv (Figure[5.6). H3CO* and NoH*, show a well ordered

velocity pattern with clearly defined velocity gradients. e \itted these according to
1c‘,_(1997) with a solid body rotation model

VISR = Vo + QuAa + gsAd (53)

where\y is the rest velocity of the globuley, s are the right ascension and declination
components of the velocity gradient, and, A6 are the @fsets in right ascension and
declination. For H3CO*(1-0) we derived a gradient o = 1.6kmstpc?! and a
rotational axis with PA. = 82° east of north. NH*(1-0) exhibits a velocity gradient of

There; is defined as the distance from the peak of the column deniigh is corrected for the elliptical
shape of the column density distribution. For CB 17 the aseio of the column density distribution was
only R= 1.1, resulting in only a small correction.
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¢ =2.1kms!pc?, and arotational axis with.R. = 53°. Therefore, the envelope and the
dense core seem to be slightly decoupled. In their systersatdy of dense cores in dark
clouds l(M;LeLs_el_élL_lQ_%b._G_o_oﬂma.n_dt h.L_(i993) used Néata, and found significant
velocity gradients towards 29 out of 43 clouds witBRm st pc?t x> ¢4 » 25kmstpct.

In a more recent study, Caselli et é_L_LZbOZ) usetiNas a tracer and found similar results.
Following|Goodman et al| (1993) we can estimate the raticotdtional to gravitational
energy for a sphere with constant dengigy

= 1 92
~ 4nGpo sird(i)’

whereG is the gravitational constant, amdhe inclination angle. As the derived velocity
gradient appears to be very strong, we can assume for thetakeplicity to see the core
edge-oni(= 90°). Assuming a mean density of; ~ 510* cm™3, which was derived from
the density distribution in Chaptél 4 we obtg#in= 0.06. Rotational support is found to
be higher as in the sample lof Caselli et al. (2002), but neetsss shows no significant
support to stabilise CB 17. The specific angular momenjwitthe dense core in CB 17 is

(5.4)

j=04rQ, (5.5)

whereQ = ¢/sin() ~ ¢ is the angular velocity ¢ is the radius of the dense core, and
the factor of 0.4 originates from the assumption of a sphdte gonstant density (e.g.,

@b) Taking the 50% contour as an estimate forakllius ( = 4 16° AU), the
specific angular momentum of the dense core is found tpbé& 1% cn?s2.

The linewidth of H3CO*(1-0) of Av ~ 0.45kms*? remains relatively constant in the
regions of strongest abundance around CB 17-SMM1 and CR&74MH*(1-0) exhibits
typical linewidths ofAv ~ 0.3kms™, but it shows a non-linear variation from south-east
to north-west. An in-depth analysis of this pattern will begented in Chaptéd 6, where
interferometric observations provide a factor-0f10 higher resolution. The linewidth,
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Figure 5.5.: Velocity v .sg maps for optically thin lines*CO(2-1), H3CO*(1-0), and
The positions of CB17-SMM1aj and CB17-IRS ) are marked.

N2H*(1-0).
Contours show hydrogen column densities from Mgfcm=]) = 22.5 downwards in

steps ofANy = 0.25 dex.
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Figure 5.6.: Linewidth Av maps for optically thin lines3C0O(2-1), H3CO"(1-0), and
The positions of CB17-SMM1a( and CB17-IRS &) are marked.

N2H*(1-0).
Contours show hydrogen column densities from Mgfcm=]) = 22.5 downwards in

steps ofANy = 0.25 dex.

together with the size allow us to estimate the virial masghefdense core. Following
Caselli et al.[(2002), this is given by

r
Mvir = 210 (1_pC

wherer is the radius. Avy, is the linewidth of typical molecule of the dense core with
u = 2.34 (Lada et al., 2008), which is given by

AV = AJAVZ + AVZ

[

(5.7)

94




5.4. Discussion

wherevy yt are the thermal and nonthermal linewidths, respectivdie thermal linewidth

is given by
Avy = /8In(2)kBT’ (5.8)
MMy

where T is the gas temperature. The nonthermal component can beeddrom the
observations of bH*

In@2)kaT
AVt = \/AVZ - %, (5.9)

whereu = 29 is the atomic weight of the * molecule. Assuming = 4 10° AU and
an average linewidth ofv = 0.3 km s yields a virial mass ol;; = 0.4 M,. This result
differs from the finding of Caselli etlal. (2002), which estimaliég = 5.7 M, which was
determined under the assumption of a distand® ef600 pc, and a dierent linewidth.

In contrast to these well structured velocity gradients trelocity field of 3CO is
completely diferent, as it cannot be described with a simple solid bodtiootanodel.
Towards the north and east the linewidths exhibit velocigxima, whereas towards the
centre there is a velocity minimum. In a large-scA 0O map with a coverage of
5’x5’,IKane and Clemehs (1997) saw a continuation of this velgeittern with redshifted
velocities of up to 07 km/s with respect to the core centre. This was interpreted agbei
the result of some sheering motion, implying that the lowsitgrenvelope is blown away
from the observer. Interestingly, the velocity shows argirér- correlation with the column
density, and a moderater&orrelation with linewidth.

It is also noteworthy that the velocities f51CO (and also &80, of which the velocity map
is not shown here due to the relatively small spatial cov&rage shifted by-0.2 kms™
with respect to HCO, C34S (also not shown), andJ4M*. Therefore, one might expect
relative motions of the envelope, which is traced by CO(Zrt) ~ 10*cm3), and the
core with relatively higher densities, which is traced bg tither molecules with critical
densities ofgit ~ 10° cm3. The implications of this, and possible solutions, areutsed
in more detail in the subsequent section.

5.4. Discussion

5.4.1. Molecular Abundances
Carbonaceous Molecules

From our observations of optically thin and thick isotopésC®, CS, and HCO, we
are able to derive the respective molecular column dessitleigure[ 5.4 shows that the
molecular abundance with respect to hydrogen is not cohdiahstrongly correlates with
radius. This éect is most likely driven by freeze-out of molecules ontotdyrain, and
chemical reactions.
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Figure 5.7.:Radial abundance profilé§,q(r) from|PWLHO6 for CO, CS, HCOin the
case of strong UV field@ = 1), and no UV field G = 0) for cores at an age of DMyr
and 2 Myr.

Both of these fifects are taken into account in chemical netwotks_(lALiﬂbf.\J,dIZﬁD_ﬁ;
Semenov et al., 2004), which were used by PWLHO6 in theinstiithe dynamical history
of CB17. Using a radiative transfer code, these authorsdiduest agreement of the
molecular line profiles for a low UV field of @G, a sticking coéicient of S = 0.3, and a
chemical age of 2 Myr.

We derive the best fit parameters independently by quangjfyhe radial dependence of
the molecular freeze-out of carbonaceous molecules. Aatngt point we used the radial
molecular abundance profiles (Figure MHOG)

Nmol(r)
nHz(r) ’
which were calculated for various ages and UV field strengthsparticular we focused
on the cases of strong and no UV fiel@ (= 1 andG = 0, respectively), and ages of
to = 0.2 Myr andty = 2 Myr (Figure[5.7). For all models, we assumed a stickingfoment
of S =0.5.

We included three dierent hydrogen density profiles in our analysis:

Xmol(r) = (5.10)

e a Gaussian profile (G0) with a width @fs, = 0.08 pc and a central density of
Ny = 221 cm3,

e a power law profile (P0) witmyc = 3.6 1P cmi™3, ry = 0.02pc, and fixed slope of
a =20,

e and a power law profile from_PWLHO6 (PP), which is paramettisey
Nye = 1.11F cm3, rp = 0.016 pc, and a slope = 2.2.

The molecular radial densitias,g(r) were calculated, which was then converted into the
observable molecular column densiq(r) and normalised by the hydrogen column
density Ny4(r). To convert the abundances of CO, CS and HCitbm [gﬂALTH_Oﬁ
into the abundances for the isotopic molecules, we usediatdnconversion factors
of CO3CO=HCO*/H3CO*=60 (Schaier et all, 2002), GO'®0=560, and CE3*S=22

(Wilson and Rodo, 1994).
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Figure 5.8.:Column density ratios in comparison with the models_of PWEHith
sticking codficientS = 0.5 and evolutionary time¢y, = 2 Myr for different UV field
strengthG = 1 (orange) an@ = 0 (blue). The theoretical curves are calculated for the
Gaussian (GO, solid line) and power law (PO, dashed linegitledistributions from this
work (Chapte[}), and the power law distribution fr 6@, dotted line).

From the derived fractional abundances ot*€l0* and CG“S, we can obtain good
constraints the UV field (Figure_3.8). Both of these molesudee easily destroyed in
the envelope in the presence of UV radiation, whereas theypeasists towards the
centre, which is shielded from the interstellar radiati@idfi(Figure[5.l7). High fractional
abundances even at large radii therefore contradict theepoe of a strong UV field.
A constraint on the age is given by CS, which shows a gradwsdz&-out with time
(Figure[5.9). The relatively low fractional abundance éfiere suggests an age of 2 Myr.
Furthermore, CS also allows to draw conclusions about tapesbf the density distribution.
Power law profiles exhibit relatively strong line wings witbspect to Gaussian density
distributions, where most material is found relativelysddo the centre. As the molecular
abundancé{cs in the case ofy = 2 Myr, andG = 0 steeply drops by almost four orders of
magnitudes fronXcs ~ 108 atr = 210* AU to Xcs ~ 102 atr = 10* AU, most of the
CS in the case of a Gaussian line profile is predicted to beframt, whereas in the case
of a Power law profile a considerable amount can persist ieikielope. This explains the
strong deviation for the predicted fractional abundandes®in Figure$ 518 and 5.9, and
leads to the conclusion that the density profile cannot benasd to be a Gaussian.

The CO data, in contrast to CS and HGQ@loes not strongly constrain one or the other
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Figure 5.9.: Column density ratios in comparison with the models_of PWEH@ith
sticking codficientS = 0.5 and UV field strengtitG = 0.0 at evolutionary times
to = 0.2Myr (orange) andpy = 2 Myr (blue). The theoretical curves are calculated
for the Gaussian (GO, solid line) and power law (PO, dash:)[ tiiensi% distributions
from this work (Chaptell4), and the power law distributiool (PP, dotted
line).

models. This is on one hand caused by the fact, that CO qufobzes out, and is in
addition hardly influenced by the UV radiation rat< 2 10* AU, which is the maximum
size of our map. Furthermore, due to the presence of a seaumdes(CB 17-IRS), our
assumption of spherical symmetry breaks down, and pre@nascurate determination of
the true abundance.

Diazenulium

In the previous section, we discussed the molecular abeedah the carbonaceous
molecules. In this section we focus on the abundance of wiidizen, NbH*, the only
nitrogen bearing molecule in our dataset. It is known to b@adgracer for the densest
and coldest parts of a molecular cloud, as it can only exigténabsence of carbonaceous
species. Therefore, it is surprising to see a clear, distifiset of the NH* column density
peak relative to the centre of the hydrogen column densiigrgid et al. (2002) found a
similar ofset in B 68, anmv 10) for some corggdph, which was in both
cases interpreted it with freeze-out of evesHN.

98




5.4. Discussion

Another possibility for the observedfset between the hydrogen angHN column density
peak could be the fact, thabN* is a so-calledate-type moleculd.e., it needs considerable
time to form kB_eLgin_el_dlL_lQ_QS). If the dense and cold coreards the column density
peak only formed recently, CO could already be frozen outdits relatively quick freeze-
out time (Figuré_5]7), but pH* would still need time to form.

More light on the true structure of CB 17 could be shed by olziEms of HD*, which is
known to remain in the gas phase even in the most extremeoamvants. This molecule
was first observed in L 1544 by Caselli et al. (2003), land Vastal. (2006) found a strong
anticorrelation between the abundance ebH and the CO depletion factor. With the fact
that HbD* can only be present in the densest and coldest parts, witheyiossibility of
freeze-out, its observations would then allow us to find tinee” dense core in CB 17, as
the data at hand are inconclusive.

5.4.2. Velocity Structure

In §5.3, we presented maps of the velocity structure of CB 17. éi)eitation conditions,
together with the expected molecular abundances allow trade diferent regions of the
cloud with the aid of dferent molecules'3CO(2-1) and ¢80(2-1) with critical densities
of ngrit ~ 910°cm3 are excellent tracers for the low to intermediate densityiores.
C345(2-1) and HCO*(1-0) with ngit > 10° cm™2 trace the velocity field of denser gas,
but freeze-out towards the denser regions. The velocitictstre of these regions can then
be obtained by hH*, which freezes out only under very extreme conditions, berta not
see any evidence for such a freeze-out to occur.

Distribution of Angular Momentum

From our observations of #i* we found a size of the dense core of FWHMB 1G° AU,
and a velocity gradient of = 2.1km s pct. The rotational support against gravitational
collapse i3 = 0.06. These findings are in good agreement with findings forralkase
cores in NH* (e.glCaselli et a Iﬁgbm 007). The specifitian momentum
for the dense core i§ = 110F°cn?s L. [PWLHO6 findj = 1.6 10 cn? st for CB 17,
including the envelope with radii out to~ 2.5 10* AU by using optically thin and thick
lines of HCO', CS and CO. These two values fit reasonably well into theildigion of
specific angular momentum, which can be modelled for denss day the relation

jocrt, (5.11)
where Goodman et al. (1993) figid= 1.6 + 0.2, and Chen et all (2007) find= 1.7 + 0.1.

Comparison of the specific angular momentum of the envelapelerived by PWLHO06,
and the dense core yields- 1.5, which therefore follows the evolutionary trend.

Velocity Structure

As mentioned in§5.3, we observe considerablefdrences in the velocity centroidgssgr
for the diferent molecules (Figufe 5110). Tracers for dense regiohibia clear trend

99




Chapter 5. CB 17 — Molecular Abundances and Freeze-out
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Figure 5.10.:Optically thin line
spectra towards CB17-SMML1.
The NH*(1-0) is an ideal
representation of the best fit values
Visr and Av for the seven HFS
components.

towards higher velocities. We note, that it is possible thaglative shift of the centroid
velocity could be caused by the uncertainty in the rest feagy of molecules: at 100 GHz,
an assumed rest frequency which fiset from the intrinsic frequency by OMHz, would
cause the observed shift 0.2 ms. For higher frequencies the frequendyset has to
be even larger to result in the observed velocity shift. H@verest frequencies (especially
for optically thin lines) are accurate to a factor, which isgh smaller than the observed
offset.

This leads to the conclusion, that the dense core moves witpect to the less
dense envelope, and exhibits a relatively redshifted vgloc On the other hand,

$ (1997) found redshifted velocities alsatfe envelope, which they
interpreted as the less dense envelope further outwargj tbinvn away. This apparent
contradiction, that both the dense core and the envelopieitatrelative redshift to each
other, is only a contradiction at first sight, but could be aiomoof the dense core inside
the globule, which is simultaneously strippeff its low density envelope. This internal
motion could be caused by interaction of CB 17-SMM1 with CBR®, and be part of
some global rotation. However, the true nature cannot hedalith contemporary data. A
NIR spectrum of the Class | source CB 17-IRS would not onlyabits true velocity, and
therefore help to interpret the velocity structure. Beytrat, it could also allow to confirm
or disprove its nature as a Class | source, which is by now artgntative classification

(Launhardt et all, 2010).

The cometary shape of CB 17 could be caused by HD 25347, whiah@5 Il star at a
distance of 210 pd_azﬂuman_ei b_LJJ997). It is located abpepted distance of 0.65 pc
to the south (Figure’5.11). The fact that the cometary taibispointing towards the giant
star could be caused by a relative motion of of the globulé véspect to the star. A proper
motion of u, = 20masyr! andus = —31 masyr! was measured for HD 25347 from
Hipparcos [(P_eJr'_uma.n_e_tJa]L._;I.%?), whereas the proper mofigthe globule is unknown.
The position of the giant star 49r into the past is indicated in Figure 5111 by the white
star symbol. Proper motion considerations, therefore,al@ontradict the theory, that the
cometary tail is indeed caused by HD 25347, Duflot et al. (J9®8asured a radial velocity
of visr = 15km s, which conforms to a speed of 15 pc Myr As CB 17 exhibits a speed
of isr ~ —4.7kms?, these two sources are not gravitationally bound. Theeefibrey
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will be passing each other, leaving only a relatively shionetfor interaction.

5.5. Summary and Outlook

In this section we analysed the molecular abundances dftedlenolecular species with
respect to the hydrogen column density derived in Chaptdhé.column density peak of
N,H* was found to show a smalfiget from the hydrogen column density peak, which is
also coincident with the strongest CO freeze-out. Siméaults were found aI.

)in B68, oLELiES_en_QtJaJL_(ZMO)pﬁ)ph, who interpreted this as freeze-out gHN.
However, we do not see any indication, that this is also tiee ¢a CB17. A possible
solution could be, that the /™ in its nature as late-type molecule, could not yet form
in all parts of CB 17. Further observations with dense ga=tm e.g., HD*, could shed
more light on the true nature of the dense core. One can ewslspe, that the collapse
of the CB 17-SMM1 is triggered by the influence of CB 17-IRS] &B 17 might form the
simplest case of triggered star formation.

Molecular abundances for all carbonaceous species in caisetawere modelled by

. Comparison of the abundances along the line-dftsigowed good agreement
for the age {p = 2 Myr) and the UV field strength@ = 0.1) in their paper, which they
derived by comparing line shapes and line strength. Mo#edirle data was only available
for the central~ 10* AU, and within this limited area, the observations of CO donbt
give strong arguments for one or the other models. Howewgpi@Gved to be a very good
tracer for the age, and both CS and HC&rongly constrained the strength of the UV field.
Furthermore, the observations of CS do not support radia@ityeprofiles with a Gaussian
shape, but rather indicate that the density distributidiovics a power law.
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From optically thin lines we were able to derive the velogtsucture of CB 17. We found
a significant velocity dference between CO (which traces the envelope materialthand
dense gas tracers. We interpreted this as a motion of thes deme with respect to the
ambient globule. From pH* observations, we found that the dense core rotates around an
axis with PA. ~ 53 at a rate of 2Lkms™* pc?, whereas the envelope (which is traced
by H¥CO") rotates around an axis with#. = 82 at a rate of kms?tpc?l. This
is seen as an indicator, that the dense core is decoupledtfr®surrounding envelope.
The specific angular momentum of the dense core was found jie=H?° c? 571, which
was in good agreement with theoretical predictions (e.gadBnan et all, 1993; Chen et al.,
). Rotational support for CB 17 is negligible, as th@raf rotational to gravitational
energy was found to g = 0.06, which is similar to what is found for other prestellareor

at this stag LaLJﬂOQZn@h&i.LZQd?).

Outlook

The key to understand the structure of CB 17 could be to findnsistent model of the

complex velocity structure. The presence of the Class Ic®00B 17-IRS, which is known

to harbour a low-velocity outflow, and the possible preseoica third source (CB17-

SMM2) add a degree of complexity to this problem, which $&llves enough space for
speculations.

The analysis of CB 17, as one core of the EP0S sample, migh¢ ssra template for the
chemical analysis of other low-mass cores. Peculiar firgdinghe velocity structure might
not be solely the case for CB 17, but might also be found ingelasample. This could help
to find a consistent model for the origin of such structuregtttiermore, the influence of
multiple sources, which are embedded in the same globuleyrst be further investigated
by the joint analysis of other targets at similar evolutignstages. For CB 130, we already
have a similar dataset available, with a large set of opyi¢haln and thick molecular line
tracers, and FIR observations from Herschel. Analysis ifopmed as we speak, and will
also have possible influence on the interpretation of CB 17.
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Star Formation in the Taurus Filament L1495
CB 17 - A Herschel View
CB 17 - Molecular Abundances and Freeze-out

CB 17 - Zooming into the Dense Core

There you are, mysterious and unknown Descartes highlaiasplApollo 16 is gonna change your
image. ...I'm sure glad they got ol’ Brer Rabbit here, backhia briar patch where he belongs.

— John Young, Apollo 16, 9th man on the Moon

OUTLINE:

The analysis of CB17 in the previous chapters was performed
at the relatively low resolution of more than half an arcrtigu
which inhibits an individual analysis of the two sources GB 1
SMM1 and CB 17-IRS, which are separated by @&$§/. With the
interferometric observations, which are introduced§.1 and
§6.2 we achieve resolutions, which are high enough to do that.
The velocity structure around the two sources is presemg6.3.
In §6.4 we discuss various hypotheses which could explain the
various features we find. A summary of this chapter thenvallo

in §6.5.
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6.1. Introduction

In Chapter§ ¥ anfll5 we made an elaborate analysis of CB 17 ketlaitl of NIR, FIR
and sub(mm), and molecular line observations. Howevethalle investigations focused
on the large scale structure at a relatively moderate résolof 37”7, which was dictated

by the Herschel SPIRE 5@0n map. We accepted the fact, that we would not be able to
resolve the two sources CB17-SMML1 and CB 17-IRS, which abhg separated by only
22", Therefore, in this last chapter we will focus on the smalsstructure of CB 17 with
the aid of interferometric studies at resolutions of thecoiaf 5.

Our tracers, namely M*(1-0), HCO'(1-0), and CS(2-1), were selected because of their
ability to trace all diferent regions of CB 17 — from the outer envelope with CS(2rb) a
HCO*(1-0) down to the dense core withoN*(1-0). A higher resolution is obviously
necessary to derive the velocity structure in and aroundi¢imse core, as from the single
dish observations it is known to have a size~ofl0”’, and is therefore barely resolved by
the single dish observations from Chapbter 5.

6.2. Observations and Data Reduction

In order to obtain information about the structure of thes#eoore and its envelope, we
observed several molecular line transitions. The pointieigtre for all these observations
was chosen to bejo00=04:04:35.8 532000=56:56:03.1.

6.2.1. Formylium (HCO )

The HCO (1-0) transition line at 847 GHz was observed with th@wens Valley Radio
Observatory(OVRO). In total 3.5 tracks were observed in configurationZMay 2000,

1 track), L (4 October 1995, 1 track) and H (14 and 24 DecemB8b11.5 tracks). The
spectral band which contained the signal of the HGibservations had a bandwidth of
1.5MHz (50kms?) and 71 channels with a channel width of 20 kH2®km s 1) each.
Calibrators were 035808 for the gain, and 3C27 for the bandpass. Flux calibration
was performed with 035808 by using the flux-monitoring datablseThe calibration

of interferometric data was performed with MIRIAD.

In addition to the high resolution interferometric data, al&o obtained HCQ1-0) single
dish data with the IRAM-30m antenna, which has a resolutfdef¢’. A spectral map was
obtained by pointed observations in a regular grid with aspof 7. The single dish
data reduction was performed with the CLASS, which is parthef GILDAS software
package. The combination of the two datasets was done in ADRland included
spectral regridding, conversion inte-space, primary beam attenuation, and downsampling
of the single dish data to make the two datasets compatiblecoversion factor of
S,/Ta = 6.1JyK™ was used. Both the interferometric and the combined dateset

TQuasars like 0358608 were regularly flux-calibrated with the aid of planetsg #he results were written
into a database. This allowed then to interpolate the fluleseghich was more reliable than a single
calibration measurement.
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then reduced by using standard MIRIAD tasks INVERT, CLEANI &®ESTOR. For the
OVRO data we used a map size of twice the primary beam (FWAH81""), and a robust
value of 2 to decrease the weight of long baselines. For thebiowed data, a robust value
of 0.5 was used. Cleaning was performed down ¢oir2 the area of the FWHM of the
OVRO primary beam. The resulting image had synthesised kwzes of 58" x 5.5
(OVRO) and 86" x 7.2” (OVRO+IRAM-30m). All images were corrected for primary
beam attenuation, and regions outside the 50% level of iheapy beam were masked.

6.2.2. Dyazenulium (N ,H")

Observations of the MH*(1-0) hyperfine structure (HFS) complex at.PBL GHz were
obtained from thePlateau de Bure InterferometgPdBl) on 2 and 8 April 2009 in
configurations 6Cq and 6Dq, respectively. 3C84 served addaess and flux calibrator,
whereas 0444634 and 0355508 served as gain calibrators. The spectrometer was setup
to have a bandwidth of 20 MHz, with each of its 512 channelsrigga width of 39 kHz. At

the frequency of the pH*(1-0) transition of 9317 GHz the bandwidth then conforms to a
velocity of 64 km st at a channel separation afl@ kms*. Therefore, we were easily able

to capture the full extent of the HFS complex, which stresobet over 15 km's'.

In addition to the interferometric observations, we useglsi dish data to account for the
missing short spacings. This data was obtained with the IR38¢h antenna with the aid of
an On-the Fly (OTF) mapping scheme on 12 July 2004. The dasaevaapped to match
the pointing centre of the PdBI observations, and then naderGalibration, data reduction
and combination of single dish and interferometric data alagperformed by using the

tools CLIC and MAPPING, which are provided in the GILDAS pagk. The final map

had a synthesised beam size &"4x 3.7".

6.2.3. Carbon Monosulphide (CS)

The CS(2-1) transition line at 98 GHz was observed during one track with the
D-configuration of theCombined Array for Research in Millimeter-wave Astronomy
(CARMA) on 26 August 2009. The calibrators were Uranus far tlux, and 3C84 for
the bandpass. As a gain calibrator we used 8389, which was alternately observed with
CB 17 in 20 min intervals. The 3 spectral bands of the CARMA@ator were setup in
two different configurations. Observations of the science tardef, 7C were made at high
resolution with a bandwidth of 2 MHz, where each of its 63 ¢f&s then conformed to
a width of 31kHz. This translates to a bandwidth of Bm s, and a channel separation
of 0.09kms? at the frequency of the CS(2-1) transition. To improve tlghai-to-noise
ratio we observed the gain calibrator in wideband mode atnawalth of 500 MHz. To
account for the phaseffset, which is caused by the change of the observational ,setup
the bandpass calibrator at the beginning of the obsenadtiom was observed in both
configurations, which then allowed us to determine the pbfiset, and transfer it correctly
from the wideband gain calibrator to the narrowband obsiems of CB 17. All steps of
the calibration and data reduction were performed by MIRIAD
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Figure 6.1.: Spectral Maps of the HC{1-0) transition from OVROIgéft pane) and with
included short spacings from IRAM-30m telescopglft pane), with synthesised beam
sizes of 58" x 5.5” and 78” x 7.3”, which are indicated in the bottom-right corners.
The spectra are plotted in the velocity rang®0. . . — 3.4 km/s, and the intensity range
is—-0.3...0.7Jy/beam and-0.5...2.5 Jy/beam in the left and right panel, respectively.
The symbols mark CB 17-SMM1a) and CB17-IRS k). The colour-map in the
background represents the primary beam corrected inezhsaiectral line intensity.

For the inversion from thew-plane, several weighting schemes were used, and the noise
limit was generally at 0.14 Jy/beam. However, the CS(2-1) line could not be detected. As
the CS(2-1) is considerably strong in the single dish data,dan only be caused by a lack

of small-scale structure. 1§5.4 we see a strong CS freeze-out towards the centre, which
could lead to a flat density profile that is resolved out by ttierferometer. Therefore, we
will not further include CS(2-1) it in our analysis.

6.3. Results

6.3.1. Formylium

In §5.4 we saw, that HCQ(1-0) is depleted in the cold dense core, but with its critica
density of 16 cm™3 is, therefore, an excellent tracer for the dense core epeelm CB 17,

it is a textbook example for what it means to resolve out tiigelscale structure with
interferometers. The left panel in Figurel6.1 shows a spkeotap overplotted on a map
of the integrated intensity of the interferometric HGQM-0) observations. The strongest
emission at the small scales is found around CB 17-IRS, velsenther parts of the map
only show moderate or no emission. This picture changesiclig when inserting short
spacing information in the right panel. CB 17-IRS does stitibit a local maximum, but
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Figure 6.2.: Spectra of HCO(1-0) at the position of CB 17-SMM1€ft pane) and CB 17-
IRS (right pane). The three spectra represent the observations of IRAM-{&lescope
(top, shifted by+10 Jy/beam), and OVR®IRAM-30m (centrd, and OVRO bottom
shifted by—10 Jy/beam). The intensity of the spectra was normalised to thelstze
of the single dish data (29.

most of the emission now comes from a regioB0”’ to the east. Using fierent weighting

schemes in the INVERT task, and decreasing or increasinguimber of single dish points
in the combined dataset, showed a gradual evolution fronmintegferometry-only (with

basically only CB 17-IRS as a point source) to the singl&-aisly picture (with its large-

scale emission region).

Adding the short-spacing information, however, does ntt metover more flux, but is also
important when considering a more elaborate analysis bingavlook at the line shape.
HCO*(1-0) is in general optically thick, and in the presence ofi@tion temperature
gradients along the line-of-sight the line profile then éitkia typical double-peaked profile

with a self-absorption feature at the line centre (€.g.)yR@henkov et dl., 2008).

Figure[6.2 shows spectra towards CB17-IRS and CB 17-SMMisiiagle dish (top),
combined (centre) and interferometric (bottom) obseovesti All spectra were normalised
to the beam size of the single dish antenna (FWHM9""). The most obvious feature
in the CB 17-SMM1 spectra is the absence of line wings in thdRO\spectrum, and an
asymmetry of the intensities of the blue and red peak, réispgc This skewness in the
profile is already greatly reduced in the combined dataset,campletely vanishes in the
single dish data. Also the line wings are fully recoveredhie tase of included short
spacings.

The change in line shape is also very prominent in the spémtvards CB 17-IRS. In the
interferometric observations one can see a very stronegabstirption feature, which gets
smaller and smaller with increasing sensitivity to shogdpgs. One should also note that
in the OVRO spectrum, the intensity was dominated by thehiftidd peak, whereas in the
merged dataset the blue peak starts to grow in relativesityermnd more notably in width.
The strong dip in the interferometer-only spectrum coulcchesed by self-absorption in
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the large-scale envelope, which is itself resolved out lyitterferometer, and is therefore
only evident in the spectra with recovered short spacings. fact, that towards CB 17-IRS
the interferometric spectrum appears to be stronger carxfiaieed with the relatively
compact nature of the emission around the Class | sourcehardrge single dish beam is
affected by beam dilution. In CB 17-SMML1 the situation is notadent, as the emission
is rather extended.

6.3.2. Diazenulium

NoH*(1-0) with its hyperfine structure complexfers the big advantage of obtaining a
multitude of parameters like optical depthor excitation temperatur&ey with a single
observation, for which usually observations of opticalintand thick isotopes would be
necessary. Furthermore, the simultaneous fit of all HFSlisegeallows to determine the
systemic velocity sg and line FWHMAv with much higher precision than for a single
line, and also allows an accurate determination of the abwmtioned parameters for data
with moderate to low SNR.

The HFS complex was fitted with the according routine pradidg CLASS, which needs
the data to be present in units of antenna temperature. fbherave converted the data
according to the Rayleigh-Jeans relation

o210 s (4] (1
Sy =8210 Jy(lOOGHz) 1) \1x)’ (6.1)

wherev is the frequency, and the beam FWHM. Figure 8.3 shows as an example the
spectrum, the best fit and the residuals towards the posifi@B 17-SMM1. One can see
that the fitting routine is able to accurately reproduce tiksHnNe complex, although the
noise gets larger at the position of the HFS satellites. T¢sgdeement of the fit and the data
can be caused by, e.g, anomalous excitation condiﬂignszﬂmsaﬂll&%), but will not be
discussed any further in this context, as the deviationgemerally small. We only included
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Figure 6.4.: Integrated intensityi¢ft pane), velocityv sr (centre panéland linewidthAv
(right pane) of NoH*(1-0). Contours in all three panels show the integratechsitg,
and are plotted from 50% of the peak value upwards in step8%f I'he symbols mark
CB17-SMM1 @) and CB 17-IRS+). The synthesised beam with a size &4x3.7"”
is indicated in the bottom-right corners.

spectra, where the isolated HFS componénf = 01 — 12) exhibited SNR> 5. From
the example spectrum one can clearly see ffexeof optical depth. The small numbers on
top of HFS components indicate their theoretical relatitensities in the case of optically
thin lines. For optically thick lines, the line intensity m®t any more proportional to the
optical thickness, but converges towards the Planck fandtEquatio 2.16). In the case
of the spectrum towards CB 17-SMM1, the total optical degdthlloseven HFS ig = 25,
where each of the lines contributes according to its thealatelative intensity.

Maps of the fitted integrated line intensitythe mean velocity, sg and linewidthAv are
shown in Figurd_6l4. Clearly, #i*(1-0) emission is only coming from CB 17-SMML,
whereas CB 17-IRS is completely devoid of it. The dense cbosvs a slight elongation
with an aspect ratio oR = 1.4. The 50% intensity contour can be approximated by
an ellipse of 28 x 23” at PA. = 130 (north of east), which conforms to a size of
7.11C° AU x 5.2 1C° AU.

CB 17 exhibits a velocity gradient along the major axis of demse core. Therefore, the
rotation axis of CB 17 is perpendicular to the ellipse, whiglfines the 50% contour, and
thus bears a position angle ofA? = 40° (north of east). The global velocity gradient is
clearly visible, but the small-scale velocity structureuste complex, and will be discussed
in more detail in§6.4. Just like the velocity profile, the line width map alseveals
unexpected structure. Large parts of the dense core exhiblatively constant line width
of the order ofAv ~ 0.25 kmy/s. Interestingly, from CB 17-SMML1 a cone-like region with
Av ~ 0.45km/s emanates towards the north-east. The rise in linewidtlotispatially
coincident with any features from the velocity or intensitgp, and its possible origin will
be discussed in the following section.
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6.4. Discussion

CB 17 is one a few sources from the sample of EP0S cores, whidfaios two (or more)
sources at dierent evolutionary stages. The interferometric obsesuatof NbH*(1-0) and
HCO"(1-0), which were presented §6.3, allow to further constrain this picture.

On on hand, there is CB17-IRS, which is tentatively classifees a Class | source
(Launhardt et al), 2010), which hosts a low-velocity outflolv exhibits strong compact
emission of HCO(1-0), and a considerably broader line, which could be dhuse
increased velocities in a disk around the Class | source GIBR$7 The fact, that these
broad lines are also recovered in the small-scale intarfetty map support the idea of
rotational broadening.

On the other hand, CB 17-SMM1 shows a completelffedént morphology. Its most
prominent feature is a compacbN*(1-0) emission, indicative of the presence of a dense
core (its virial mass was determined to bgj; = 0.4 M, in Chapte’b). There was not
found evidence for a centrally embedded source, althougtethre some indicators of
early activity, which will be discussed in this section.

Although these findings were quite clear, there remainediplef open questions, which
will be discussed in more detail in the following paragraphs

6.4.1. Envelope Structure

Optically thick HCO (1-0) with its critical density ofi. ~ 10° cm™2 and depletion towards
the core centre is an excellent tracer to study core envelofie double-peaked profile,
which is caused by self-absorption along the line-of-sighbws to draw conclusions about
the velocity structure from the blue to red peak intensigypnametry. Infall causes a stronger
blue peak, whereas rotation is identified by a change in the td red asymmetry when
analysing spectra along the plane of the rotation. Rotadiuth infall are revealed by a

mixture of both thesefects (Pavlyuchenkov et al., 2([)08).

Figure[6.5 shows position-velocity cuts adP= 0...150 in steps of 30. One can see a
very prominent change in the red-blue asymmetry.At P 0°, and a velocity gradient of
¢ ~ 2km st pct along the profile cut. Towards the north, the red peak doresmathereas
in the south the spectrum is inverted. This pattern gragugianges, and completely
vanishes for A. = 90°, where the relative intensities remain constant along toéle
cut, and no obvious velocity gradient can be seen. All thimdscative of core rotation
around an axis with A. ~ 90°. This can also be seen in the channel map in Figure 6.6,
where the emission in the South appears at lower velocligsyanishes towards higher
velocities, when emission from the North is still clearlytetdable. In the case of infall, the
position-velocity cut at A. = 90°, which is thus not fiected by rotational motion, should
therefore exhibit a stronger blue peak. However, such atstrel is not seen, and therefore
infall motions in CB 17 are not evident.

To further constrain the velocity structure of CB17, we ughd hill5 model of
the analytic infall fitting routine of De Vries and Myers (Z)) which models the self-
absorption profile to search for infall motions. fizrently a the simple two-layer model,
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Figure 6.5.: Position-velocity diagrams at fiiérent angles (east of north) through CB 17-
SMML1. Contours are plotted from(. .. 2.0 mJy/beam in steps of.25 mJybeam.

where the emission is caused by a rear layer with an excitaémperaturel, and the
self-absorption dip by a front layer with excitation temgereT; < T,, thehill5 model
assumes a linear excitation temperature gradient towhealgdntre. The temperature at
the core boundaries is assumed to be the temperature ofsheamicrowave background
Thg = 2.7 K. Infall occurs from both sides of the core towards the i@eat a constant speed
Vin -

From this model, we obtained maps of the infall velogityand the systemic velocity sr

of CB 17. The latter one showed a clear velocity gradient@lmrth-south direction, which

was fitted by a solid body rotation model according to Kane Gleinens|(1997), where the
rotation at each position is determined by

VISR = Vo + QA + gsAS (62)

wherevy is the rest velocity of the globuley, s are the right ascension and declination
components of the velocity gradient, amdy, A5 are the d@fsets in right ascension
and declination.  According to this model, CB17 exhibits doegiy gradient of
¢ =19kmstpc?, and rotates around an axis withA? = 91° north of east. These
findings confirm the qualitative finding from above. The ihfealocity map, however,
exhibits a similar north-south gradient with infall speedithe order o/, = 0.05km s in
the south and;, = —0.10 km st in the north. The position-velocity cut along the rotatibna
axis, i.e., where the influence of the rotation on the spattvanishes, the deduced infall
velocity is small ¢in ~ 0.01kms?).

111




Chapter 6. CB 17 — Zooming into the Dense Core

30 f

-30 |

30 |

-30 |

A6 [arcsec]
@
IS) S

|
wW
o

EEEET ET] [Jy/beam]
0 1 2

30 0 -30 30 0 -30 30 0 -30 30 0 -30 30 0 -30
Aa [arcsec]

Figure 6.6.: Channel Maps of the HC@1-0) transition. The channel velocities are
indicated in the top left corner. The symbols mark CB17-SM{) and CB17-
IRS (). The synthesised beam with a size 87 x 7.3” is indicated in the bottom-

right corner.

The presence of inwardsf > 0) and outward\{, < 0) motion could be indicative of
a pulsation mode. Some authors claim to have found suchtmrisaodes in prestellar
cores (e.g.,_Lada etial., 2003; Aguti et al., 2007), but wiethis is truly the case for
CB 17 remains questionable. Spectra from the south of CBM¥AS exhibit blueshifted
Vi sr and infall motion, whereas spectra from the north have higher and outward
motion. This direct correlation is puzzling, but can be ekptd by the weakness of the
analytic infall model, which cannot correctly take into aant rotation. In order to support
this statement, one has to recall which velocity patterrseaa certain phenomenology
(Pavlyuchenkov et all, 2008). Spectra towards the side ofating core, which moves
towards the observer (for now simply called the “blue sidfibits the same profile shape
as a static core with infall — except for a small blueshift loé twhole line in the case of
rotation. Theéhill5 model therefore fits spectra from the blue side with a vejatiift and
infall. Accordingly, the red side is modelled by “outfall”ation to account for the stronger
red peak. Therefore, the analytic infall model can coryeoticover the global rotation
pattern, but the derived infall velocities (except for dpee@long the rotational axis) are
more than questionable. Therefore, we can reject the mddekaglobular pulsation in
CB 17, and question results for other sources, in whichiootavas not properly accounted

for.
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Figure 6.7.: N,H*(1-0) velocityv and linewidthAv maps with overplotted local velocity
and linewidth gradients, respectively. The length of threwas in the bottom left corners
conforms to gradients of 5km%spc? (velocity) and 005 km st/10°AU (linewidth).
The dashed line in the left panel indicates the profile cutciwis shown in Figurg6l8.

6.4.2. Structure of the Dense Core

HCO" is an excellent tracer to study the kinematics in the corelepe, but in the cold and
dense core centre is is depleted. On the other hand, nittoggring molecules like MH*
can remain in the gas phase, even in this extreme environuahtherefore serve as better
tracer to study the structure in the core centres.

Despite its simple structure in the integrated intensitypjribe velocity and linewidth of
N,H*(1-0) reveal an unexpected level of complexity (Fidure 6T4)is is made particularly
clear by maps of the local velocity and linewidth gradierfEsg@re[6.7), which were
calculated from Equation (8.2) by taking into account atigé within one beam size from
the local reference position. It is evident, that the loedbuity structure in the dense core
in general cannot be explained with only global rotation. XZBSMM1 is found to be at a
local maximum of the velocity, and exhibits particularlycstg velocity gradients towards
all directions of up to 15 km's pct over a region which corresponds to a beam size. This
sinusoidal shape of the velocity field can be even more glea in the position velocity
cut through CB17-SMM1 and CB 17-IRS (indicated as dasheslitinFigure 6.77), which
are interestingly almost aligned in the plane of the globgdtion (Figuré 6.8).

Similarly to the velocity, also the linewidth map exhibitense prominent features.
Figure[6.9 shows the linewidth vsffective radius (assuming an aspect ratidRof 1.4

and PA. = 130°). In general, the dense core exhibits small linewidths ef ahder of

Av = 0.25 - 0.30kms? at intermediate radii, and somewhat larger linewidths towa
the core boundaries. The open circles depict data pointschwspatially coincide
with the cone-like region of elevated linewidth towards tieth-east of CB 17-SMM1
(Figure[6.4). The origin of this will be discussed in moreaildater. For now, we will first
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Figure 6.8.: Position-velocity cut
through CB 17-SMM1 and CB 17-

° IRS along the dashed line in
Figure[6.T from SE to NW. The

g F) abscissa fiset is measured with
= °8 respect to CB 17-SMML1. The plot
z = shows only the main component
3 % (FiF = 23 — 12) of the HFS
° complex, with the fitted velocity
3 (solid line, shifted to match the
e HFS line) and line width (dashed
N line) overplotted.
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focus on the relatively constant linewidth at intermedidistances, which could be what

an (1998) and Goodmanlet al. (1998) éatbeition to coherence”,
i.e., the centres of dense cores are regions of constaniditte The nonthermal component
of the linewidth is given by

A = \/ _8In(keT 6.3

My

whereu = 29 amu is the atomic weight of the,N* molecule, and the temperature was
assumed to be 19K (Chaptef#). From Equatiof (6.3) we calculaté = 0.22kms?,
which is therefore of the order of the local sound speed &t tdamperature, which is
cs ~ 0.19km st for a molecular cloud with standard compositipn= 2.34 I.,

). However, the pH* emission is not very extended, and therefore we do not get a
good coverage of the transition region from the envelopeotterence in the centre like,
e.g.,LEineﬂa.ethL(Zle). These authors used, Nithich is less prone to destruction by
CO, and therefore allows to trace the velocity field at ladjstances.

Support against gravitational collapse can be given byrtaeand non-thermal processes.
Thermal pressure is given by (Tafalla et al., 2004)

Pr=nksT, (6.4)
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wheren is the gas densitykg is the Boltzmann constant, aridthe kinetic temperature.
Non-thermal pressure is given by

PNT = My NoR,s (6.5)

whereu = 2.34 is again the mean molecular weight, angr = AvnT/2.355 is the

non-thermal velocity dispersion. Assuming a temperattdiré e 10.5K throughout the

whole dense core, the ratio of non-thermal to thermal pressugenerally of the order of
Pnt/Pr ~ 0.3 in the regions of low linewidth, an&yt/Pt ~ 0.8 in the cone-like part
of elevated linewidth towards the north-east of CB 17-SMNii.general, however, non-
thermal support is small, but cannot be neglected completel

In the following, we will present dierent scenarios, which could explain both the velocity
and linewidth morphology, and discuss their pros, the apsioms which are necessary, and
the cons.

Optical Depth Effects

As mentioned earlier, the total optical depth towards CEBMML is found to ber = 25,
which is distributed among the 7 HFS components. The mairpooent £:F = 23 — 12)
with a theoretical relative intensity of/27 = 0.25 therefore exhibits an optical depth of
T = 6.5, whereas the smallest component does not even reach aalajgpth of unity.
Therefore, in regions of high optical depths, th&atient HFS components tracefdrent
regions along the line of sight. Optically thick lines onlpserve the near side of the
globule, whereas the full column density contributes toaaly thin components.

To investigate the influence of optical deptfieets on the velocity sg and linewidth
Av we masked the spectra, and performed a fit of only the smdi&& component
F1F = 10— 11. With a statistical weight of only/27, this line is never optically thick
in our observations. Apart from a larger noise, which is exp@, the best fit results for
intensity, velocity and linewidth represent exactly theliimgs of the HFS fit. Therefore, we
reject the hypothesis, that optical deptiffeets play any role in the complex velocity and
linewidth structure around CB 17-SMM1.

Decelerated Rotation

In the Deceleration Scenarijothe velocity minimum between CB 17-SMM1 and CB 17-
IRS is caused by the low-velocity outflow of CB 17-IRS, whichsadetected in CO(2-1)
emission (X. Chen, private communication) at the SMA. In lgfe panel of Figuré 6.10,
the red ¢=-1... - 3.7kms?) and blue lobev = -5.7...85kms™ are overplotted on
the Np,H*(1-0) velocity map. With CB 17-IRS locateblehindthe dense core, the blue
outflow lobe would blow into the red side of the rotating dewssee. The deceleration
scenario would therefore yield a simple explanation, wiaréhis only a small, almost
circular region which exhibits lower velocity than the swmnding regions. However, it is
particularly intriguing, that this velocity minimum coiittes with a region of low linewidth.
If the outflow causes a local deceleration of the global imtatotion, one would expect
that at least some level of turbulence in the velocity fieléhduced, which would lead
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Figure 6.10.: Comparison of MH*(1-0) velocity (eft pane), linewidth (central pane),
and Spitzer ®um. The blue and red lobe of the CO(2-1) emission (X. Chen apgiv
comm.) are overplotted on the;N* maps from 3 in steps of &r. In each panel, the
cone-like region of enhanced linewidth is indicated by th&etl line.

to an increased linewidth. Assuming, that the velocity gmatlof ~ 10kms!pct,
which is measured betweerfgets of—20” and 0”, continues towards CB 17-IRS, the
outflow would have to cause a deceleration B/Kin s, but leave the line width constant
(Figure[6.8), which is not a reasonable assumption.

Bullet

TheBullet Scenarias a catchphrase, which in general describes relative batioms of the
dense core in the centre with respect to the envelope. Hin®ith a scenario were already
found in Chaptef5. When the dense core traverses the emvetop outer layers would
be stripped & the core, and therefore would show systematicalffedént velocities. This
scenario is supported by the fact that the radial velogitigsch are found for NH*(1-0) in

the dense core are byl® km s higher than for the envelope (as traced by HG.GCB 17-
SMM1 is found at the maximum velocity, and affdrent impact parameters from the centre
of the dense core, the velocities (traced HN) are somewhat lower, and therefore closer
to the value found in the envelope.

In this scenario, the cone-like region of elevated linetvidiwards the north-east could be
caused by the motion of the dense core in the plane of the sky frorth-east towards
south-west. As it is impossible to get hold of the proper omtiwe assumed a velocity
equal to the radial velocity. Then, the dense core would cagistance of 3000 AU (which
is the minimum extent of the region of elevated linewidthPih Myr, which is shorter than
the presumed lifetime of such a core. The strongest velggadients are found towards
the “head side”, which would be expected in the bullet sdenas the relative velocities
between the ambient medium and the core are relatively hoghpered to the velocities,
which are expected in the wake.

Further support for this theory could be given by observetiwith Spitzer(AOR: 4912384,
Pl. C. Lawrence). At ®um, CB17-SMM1 shows a prominent absorption towards the
dense core, apart from a region which spatially coincideth wwhe region of elevated
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linewidth (right panel, Figure 6.10). In this region, thesalption is less prominent, which
might indicate a cavity, which is indicated by the dottec$inthat could be caused by the
dense core “ploughing” through the envelope.

The reason for such a bulk motion could be an induced motiateuuthe influence of
CB 17-IRS. However, due the unknown relative constellatinasses, and velocities of the
involved objects, the hypothesis of CB 17-IRS being resiitador this, remains in the
realm of speculations.

Front Side Infall - Scenario

In the Front Side Infall Scenariothe sinusoidal velocity variation, which is seen along the
profile cut through CB 17-SMM1 (Figute 6.8), is caused byahififall motion towards the
core centre at a speedwf ~ 0.1kms*, which is superposed on a larger velocity gradient
of 4 ~2kms?tpct.

However, infalling material from the backside would emitladshifted line and therefore
lead to line broadening instead of a line shift. Therefore, propose a scenario with
decreased abundance ofHi at the core backside, which could be for various reasons:

e the core exhibits a cavity towards the backside,
e there is considerable destruction ofH\ in that region,
e Or a mixture of both.

It is known that CO is a key player in the destruction giHN, and the CB 17-IRS outflow
could provide the necessary carbonaceous material forghetion.

However, it could also be CB17-SMML1 itself, which could haaleeady launched its
own, low-velocity outflow. Indicators for such an outflow ddbe a detection of a
red CO lobe towards the north-east of CB 17-SMM1. Whethex thitflow can also be
responsible for the elevated linewidth, and the cavity tolwdhe north-east with a length
of ~ 3000 AU remains more than questionable. Low-velocity ouiflare known to already
launch in such an early stage of evolution, but reach onlgssiaf a few hundred AU
(lMthida_el_dl.LZQQS). Although this scenario cannot @rpddl observational results, the
size of the tentative detection of a red outflow lobe wouldfeon to theoretical results
from simulations.

6.4.3. CB17-SMM1 — A First Core?

A driver for such an outflow would be a so-calléidst hydrostatic core(FHSC;n,
11969;| Boss and Yorke, 1995), which is the first, hydrostéjicstable phase during the
collapse phase of the molecular cloud. Due to their reltishort lifetimes of only a few
103 yr d&o_&s_aad_YOLleLLQ_QS), only a low number of FHSC is expkcfenother limiting
factor, apart from their rareness, is their small size of @anfew hundred solar radii. Due
to their high temperatures of 46 10° K they would be easily detectable at NIR and even
optical wavelengths, if not the dense envelope would abd@lemission and re-radiate it
at longer wavelengths. In Chaplér 4 we introduced a methobtain the dust temperature
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by fitting spectral energy distributions around the emisgieak at very low temperatures.
However, we could not reveal any evidence of central hedatmgrds the column density
maximum. This could be caused by the relatively low resotutif only 369" in that study,
which was dictated by the map with the lowest resolution (in case the SPIRE 5Q0n
map).

To get temperature estimates with higher resolution, omecadculate the flux ratios of
only the maps with the highest resolutions. From flux ratib$S® 170um and 20Qum

imagesl Ward-Thompson et al. (2b02) found evidence thatedeores are colder than their
environment. In the case of simple isothermal structure flihx ratios can be determined

from Planck law, and reduces in the optically thin case to

Su _ (k) (n % explva/keT) — 1 (6.6)
sz B Ky, V2 expmvl/kBT) -1 '

Interestingly, the column density cancels out in the isotfa case. Only upon introduction
of temperature gradients, the density profile does playea rol

In the left panel of Figure 6.11, the flux ratio map for PACS A@0and 16Q:m is shown.
The 10Qum map was convolved with the kernel provided by Gordon e28108) to match
the resolution at 160m. The diferences between CB 17-SMM1 and CB 17-IRS are clearly
visible in this map. Although the resolution in this map igher by a factor of 3 compared
to the dust emission map in Chapiér 4, the influence of CB 15 ifRstill evident. In the
right panel of Figur€ 6.11, theoretical flux ratios in depamck on the central temperatures
are calculated for the fierent configurations, which were found in Chapler 4. These we
the power law core profilerg = 0.02pc,nyc = 3.6 1 cm™3), and a Gaussian density
profile (As, = 0.08pc, Ny = 221Fcm™3). Both these models assumed Gaussian
temperature profile withthsr = 0.11pc, and an outside temperatureTef; = 14.5K.
Additionally, we calculated the flux ratio for an isotherncare.

The lowest flux ratios are found to be of the order of BgH/Sie0) = —0.95. This is
consistent with an average line-of-sight temperaturggf= 125 K. Assuming a density
gradient towards the core-centre, one would find centrapégatures offc = 105K. All
these values are consistent with the previous findings froap@£#, and are therefore not
indicative of central heating, even at higher spatial nesah.

118




6.4. Discussion

100

detection

Truse [AU]

Figure 6.12.: Detection thresholds
for 1 mm continuum (red), 3mm
continuum (black), 100m (blue)
and 16Qum (orange) for dierent
radii and temperatures of a possi-

ble first hydrostatic core. PR e ]
10 100 1000

no detection

Tyysc [K]

However, the influence of CB 17-IRS might still disguise aignal from the FHSC, and
from a simple model, we set upper limits to the detectabllinassuming a spherical FHSC
at distanceD, with a radiusrrysc and a constant temperatufeqsc. The flux from such a
source can be computed by integrating the Planck functien the source size

Fy = B\(TrHs0) Qs (6.7)
(2
= By(TrHsc) FBSZCﬂ- (6.8)

At 100um and 16Q:m we do see some non-zero, extended emission coming from the
position of CB 17-SMM1, which could also be attributed to CBIRS. However, we used
this emission value as the detection threshold, and cawedte surface brightness to
flux by integrating over the respective beamsizes. Furtbezmwe used the continuum
data available from the OVRO and PdBI observations of FIQ&) and NH*(1-0),
respectively, and combined the tracks to obtain a 3 mm camtmmap (CS observations at
CARMA did not contain any wideband observations of CB 17)alsis in theuv-plane did
not reveal any point source, but the Boise level served as the estimate of an upper limit
for temperature and size of the FHSC, in order to be still mdected. From these limits
we calculated the radius in dependence on the temperatuaeF6fSC at the respective
detection thresholds with

Fy

7B (Tensd e

rrHsc= D

wherergysc and Teysc are the radius and temperature of a possible FHSGs the flux
detection threshold, anB,(T) the Planck function. The detection limits are shown in
Figure[6.12. The PACS 1Q0n observations put the strongest constraint on a possible
finding (or non-finding) of a FHSC.

Theoretical work on the formation of FHSC vyields typicalesiofrrysc = 0.5...2.5AU
and temperatures of the order Bfysc ~ 10° K. Therefore, we are just slightly cutting
the edge of detectability, and especially the Afi0sets a strong limit on the temperature.
The possible outflow of CB 17-SMM1 appears as an almost fkénslource, which would
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conform to the general theory. Current outflow models pteslizes of a few 1DAU and
velocities of the order of 2 knT$.

6.5. Summary

With the aid of interferometric observations of HEQ@-0), NbH*(1-0) and CS(2-1) we
analysed the kinematic structure of CB17. CS(2-1) couldbeotdetected, as there is
apparently no small scale structure present, whereas tpe-¢&ale structure is resolved
out.

From HCO' (1-0), we could derive that the envelope rotates with a ri# e 2km st pct
ataPA. ~ 9C°. There is no evidence for strong infall motions, as from fhectra along the
rotational axis (which do not exhibit any influence from tbéational pattern) we deduced
Vin ~ 0.01km/s. Away from the rotational axis, line shapes indicatin@lindnd rotation
blend together, and cannot be disentangled by our analytiem

The structure of the dense core was analysed with the aigldf (1-0) observations. We
find a global rotation pattern around an axis with\P= 4(°, and therefore assume that
the core is decoupled from the rotation of the envelope ttrac However, the small scale
structure of the velocity field is rather complex, and theeraany assumptions necessary
to explain all the observations. The main issues — but tbezedlso the keys to get insight
into the structure of CB 17 — are the enhanced linewidth tde/étte north-east (Figuie 6.4),
and the sinusoidal velocity pattern (Figlirel6.7). We teseekral hypotheses, but could
not fully exclude all of them. Following the principle of Cam’s razor, thdullet scenari
i.e., bulk motion of the dense core with respect to the sumdng envelope, seems to be the
most plausible. However, we do not see the smoking gun, whiad prove this theory
correct.

Furthermore we investigated the presence of a first hydiostare. Continuum
observations at 1 mm and 3mm, and observations with Hersth&0Qum and 16Q:m
did not yield a detection, but we could put upper limits onpbssible temperature and size
of such a first core. Comparison to theoretical models thewst us that under certain
circumstances, a first core could have formed and wouldogtilindetected.

The observations of CB 17-SMML1 gave rise to more new questitan were answered
so far. Especially the observations of the dense core with*Nand its complex velocity
structure do not yet form a consistent picture. One has te talo account excitation,
depletioridestruction, bulk motion, and rotation, and furthermoresider the possible
influence of the already evolved, nearby source CB 17-IRS.

Obviously, there are still a lot of open questions to be amsd/éor CB 17. Observations
like the ones presented in this chapter, however, help uspiorase our questions, so that
we know what we are looking for.
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As we leave the Moon at Taurus-Littrow, we leave as we canekGod willing, as we shall return,
with peace and hope for all mankind. As | take these last stepsthe surface for some time to
come, I'd just like to record that America’s challenge ofagdas forged man’s destiny of

tomorrow.

— Gene Cernan, Apollo 17, Last man on the moon



Appendix A. Appendices

A.1l. Molecular Line Parameters

Molecule Transition Ayl f Ty Yul Nerit
[s ] [GHz] [K] [ecm3s?t  [ecm™d]
CcO 1-0 7.20E-08 115.27 5,53 2.80E-11 2.578

2-1 6.91E-07 230.54 16.60 7.00E-11 9.8718B
3-2 2.50E-06 345.80 33.19 8.20E-11 3.0%&

13co 1-0 6.29E-08 110.20 5.29 2.80E-11 2.268
2-1 6.04E-07 220.40 15.87 7.00E-11 8.63B
3-2 2.18E-06 330.59 31.73 8.20E-11 2.66E

ct8o 1-0 6.27E-08 109.78 5.27 2.80E-11 2.24B
2-1 6.01E-07 219.56 15.81 7.00E-11 8.598
3-2 2.17E-06 329.33 31.61 8.20E-11 2.6%8

CS 1-0 1.75E-06 48.99 235 3.70E-11 4.48&
2-1 1.68E-05 9798 7.05 5.30E-11 3.15
3-2 6.07E-05 146.97 14.11 4.80E-11 1.26B

C34s 1-0 1.67E-06 4821 231 3.70E-11 4.502
2-1 1.60E-05 96.41 6.94 5.30E-11 3.645
3-2 5.78E-05 144.62 13.88 4.80E-11 1.2116

HCO* 1-0 4.25E-05 89.19 428 2.60E-10 1.6415
2-1 4.08E-04 178.38 12.84 3.80E-10 1.01B
3-2 1.48E-03 267.56 25.68 4.30E-10 3.43B

H13co* 1-0 3.85E-05 86.75 4.16 2.60E-10 1.485
2-1 3.70E-04 17351 12.49 3.80E-10 9.7%5
3-2 1.34E-03 260.26 24.98 4.30E-10 3.:1B

NoH* 1-0 3.63E-05 93.17 4.47 2.60E-10 1.4015
2-1 3.48E-04 186.34 13.41 3.80E-10 9.35
3-2 1.26E-03 279.51 26.83 4.30E-10 2.93b

Table A.2.: Einstein coéficients Ay, rest frequencied, energies of the upper level
(expressed in units of temperaturg), collisional codficientsy at Tyin = 10K, and
critical densitieqg; for commonly used molecular species.
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A.2. IRAM-30m Telescope fciencies

A.2. IRAM-30m Telescope Efficiencies

f Orwim  Fer Bet 1A S)/T,
[GHz] ["]  [%] [%] [%] [Jy/K]

86 29 95 81 63 59
145 16 93 74 57 6.4
210 11 94 63 49 7.5
260 9 88 53 41 8.4

Table A.4.: IRAM-30m telescope féiciencies (beam FWHMEgwuv, forward dficiency

Fer, beam éiciency B, antenna ficiencyna, and flux conversion factds,/T,) as
measured with the new receiver system EMIR in 2009.
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