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RHEINISCHE FRIEDRICH-WILHELMS-UNIVERSITAT BONN

Abstract

by Anastasia Eleni Tsitali
for the degree of
Doctor rerum naturalium

The nearby molecular clouds Chamaeleon | and Ill (Cha I, Gphadnstitute ex-
cellent targets for low-mass star formation studies. Tlaegre starless core population
presents the opportunity to explore the earliest phasemof@amation, prior to the
formation of the protostellar object. The prestellar phasedter valuable constraints
for the initial conditions necessary for star formation taar. The apparent similarity
between the stellar initial mass function and the core mesdshition suggests that
the prestellar core fragmentation plays a determiningirotee subsequent evolution
of the self-gravitating dense cores to stars. A deep uralaisig of the physical pro-
cesses taking place during the prestellar phase and thenilyadeevolution of these
objects is therefore essential in order to constrain theiptelcore collapse models
and obtain a complete picture of star formation.

The first part of the thesis focusses on an object in the Chddeular cloud, Cha-
MMS1. Cha-MMSL1 is very likely to be in the theoretically pretgd intermediate
evolutionary phase between the prestellar and protosf#ises, the first hydrostatic
core. The dynamical state of this object is examined thrauglecular line obser-
vations obtained with the APEX and Mopra telescopes. Thesoubhr emission is
modelled using a radiative transfer code in order to derrestraints on the kinemat-
ics of the envelope, which are then compared to MHD simutatior the first core
phase. Both the derived internal luminosity of Cha-MMS1 #relconstrained infall
velocity structure of the envelope are consistent with jotexhs of MHD simulations
for the first core phase. Excess emission in high-densitgtsaadditionally suggests
the possible presence of a compact, slow outflow driven byMRES 1, which is the
main predicted observational signature of first cores. @lje€ha-MMS1 does not
belong to the prestellar phase. The kinematics of its epeclre consistent with a
first hydrostatic core candidate, but it cannot be ruled loat this object might also
be a Class 0 protostar. A future detection of a slow, compatftov with ALMA
would serve as definite proof that Cha-MMSL1 is indeed a firdtrbstatic core.

The second part of the thesis presents a molecular lineystimagéwas conducted
with the APEX and Mopra telescopes toward the starless agpalptions of the Cha
| and Il molecular clouds. Cha | is an actively star-formiclgud, whereas Cha Il
shows no sign of ongoing star formation. The main goal ofwosk is to determine
the driving factors that have led to the strikinglyffdrent star formation activities
in Cha | and Ill and to deduce the future dynamical evolutiérihe clouds. The



kinematics of the starless cores are examined through @& amalysis and a search
for infall motions. The chemical éferences between Cha | and Il are investigated
through the observed fractional molecular abundanceseofdhes and by a compar-
ison to predictions of chemical models. It is observatibndérived that 15-30 % of
the Cha | cores and 10-25 % of the Cha lll cores will likely beeoprestellar and
therefore form stars in the future. Interactions betweenstiarless cores will not be
dynamically significant in either cloud, thus eliminatingnepetitive accretion as a
likely process in these clouds. The analysis of the kineraati the cores shows that
turbulence has likely notfiected the dferent star formation activities in Cha | and
lll. Nevertheless, a dierence in chemistry between Cha | and Ill is seen in the frac-
tional abundances of*80 and CHOH. The HGN to N,H* abundance ratio is then
examined as an evolutionary indicator in the prestellasphithrough comparison to
predictions of collapse and static chemical models. Inithméwork of these models,
this abundance ratio is proven to be a good evolutionargtramn evolutionary “gra-
dient” was thus seen within Cha I, with the cores in its southgart being younger
than the cores in the central region of Cha I. The suggestetpiretation is that the
southern Cha | cores will undertake the same evolutionaity @s the central Cha |
cores, given that they belong to the same cloud. Interdgtitige Cha Ill cores have
similar HGN to N,H*™ abundance ratios as the southern Cha | cores. Therefote, bot
the measured H{ to N,H* abundance ratio and the detected infall signatures indi-
cate that Cha Il is younger than Cha I, and therefore on tingevef forming stars.
This conclusion points to the existence of an evolutionagugnce in the Chamaeleon
complex, with the youngest Cha 11l cloud to the eldest Chaud| and with Cha Il
likely at an intermediate evolutionary state. The dynamstate of Cha ll is therefore
worth investigating in the future through both an unbiasetinuum survey as well
as molecular line observations.



To Annie, Anastasié& Zisis






Words are flowing out like endless rain into a paper cup
They slither wildly as they slip away across the universe.
Thoughts meander like a restless wind inside a letter box

They tumble blindly as they make their way
across the universe.

John Lennon, 'Across the Universe’
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CHAPTER 1

From molecular clouds to star
forming cores

There is no matter as such — mind is the matrix of all matter.

Max Planck
Contents
1.1 Molecularcloudsanddensecores. . . . .. ... ... ... ... ... .. 5
1.1.1 Theroleofdustgrainsinclouds. . . . . ... ... ......... 6
1.2 Thestabilityofclouds. . . . ... ... ... ... . .. ... 8
1.2.1 Jeanstheorem. . . . . . . . . . .. .. .. 8
1.2.2 \Virialtheorem . . . . . . .. 10
1.3 Fromdense corescorestoprotostars. . . . . . . ... .. .. ... ... 14
1.3.1 Ambipolardifusion . . . . . .. ... o 14
1.3.2 Angularmomentumproblem. . . . . ... ... L 15
1.3.3 Starlessand prestellarcores. . . . . .. .. ... ... ... 17
1.3.4 First hydrostatic cores: the missinglink. . . . . ... ... ... .. 18
1.3.5 Youngstellarobjects . . . . . . ... 18

1.1 Molecular clouds and dense cores

Stars are born within the overdense, gaseous, and dustneemi molecular clouds, mostly
in clusters Lada & Lada 2003. Molecular clouds are found in the dense environment of
the galactic disc (e.gSolomon et a].1985, orbiting around the galactic centre. Their main
characteristic is that their gaseous content is mostly iteoubar form as opposed to other
regions in the galaxy consisting of atomic, neutral gas at@bnised HIl gas. The transition
from atomic to molecular phase occurs by compression ofemaithin the spiral arms (e.g.,
Solomon & Rivolg 1989 Heyer & Terebey1998. Hll regions are found close to massive OB
stars or supernova remnants, which heat up and ionise tha tasr vicinity through strong
stellar winds (e.g.Diaz-Miller et al, 1998.

The factor that plays the critical role in determining thatstof galactic gas (ionised,
atomic, molecular) is the density of the material itselfeTas density can be altered by many
processes, for example by shock waves produced by supesrpi@sions, propagating in the
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neighbouring regions and compressing the matter on theitlwaugh the Interstellar Medium
(ISM) (e.g.,Mac Low & Klessen 2004a Mac Low, 2003. As the ISM is predominantly
composed of hydrogen with most of the remaining matter beirtbe form of helium (mass
fractions Xy ~ 0.72 and Y4e ~ 0.27; Przybilla et al, 2008, it follows that clouds within the
ISM also have hydrogen as their main constituent. The dessif atomic regions range from
~ 0.6 cnm3 (warm HI gas,~ 5000 K) to~ 30 cnt2 (cool HI gas,~ 100 K), whereas molecular
gas can have densities ©f100 cnt2 (diffuse H, ~ 50 K) to ~ 10° — 1¢° cm3 (dense H,

~ 10 — 50 K}. In general, the more fluse and the less dense the matter is, the easier it can
be penetrated by UV radiation and cosmic rays, which heat@gas to higher temperatures.
The high density of molecular clouds acts as a shield meshmanihich prevents UV radiation
from penetrating and ionising the gas within the deepeoregof the cloud (e.gkrumholz
2012. A molecular region is usually surrounded by less densmiatgas (HI) envelopes, both
on small and large scales (e.Bohlin et al, 1978 Elmegreen & Elmegreeri987 Nguyen
Luong et al, 2011). There is, therefore, a progression from atomic to mokacghs that is
driven by the external pressure and density gradient Elgegreen1993.

Molecular clouds (e.g., Fidl.1) vary in size and matter content, but the largest ones are
known as Giant Molecular Clouds (GMCs). GMCs, such as therOor Taurus molecular
clouds within the Gould BeltHerschel 1847 Gould, 1879 2 in our galaxy have typical
masses and diameters-fl0°>~10° M, and~ 50 pc, respectively (e.gBlitz, 1993 Williams
et al, 2000. Regions of overdensity with respect to their surrounglimgthe molecular clouds
are usually referred to as dense cores (see Witiams et al, 200Q Ward-Thompson et al.
2007). Dense cores contain the necessary material for star famm@ occur and are therefore
the precursors of stars, while molecular clouds are thooglass stellar nurseries. A dense
core may form a single star or a binary, while regions coirigimultiple dense cores (which
might therefore form multiple stars) are called clustaryfimg cores (se&Vard-Thompson
et al, 2007 or star-forming clumpsWilliams et al, 2000. There are two main theories
regarding how dense cores are formed: the first is in favoar 6w, quasi-static formation
with an evolution governed by ambipolarfidision (e.g.Mouschovias 1991 Mouschovias
et al, 2006 or the local dissipation of turbulence (e.Mlyers & Lazarian 1998. The second
theory comprises of a fast, dynamic core evolution wherednsity enhancements are caused
by supersonic turbulencddértmann et a).2001, Ballesteros-Paredes et,&2003. Recent
studies performed with thiderchelSpace Telescope indicate that the formation of filaments
precedes core formation, and the cores form once filameotsiee gravitationally unstable
and fragment into cores (see egndré et al, 2019 Fiege & Pudritz 2000.

1.1.1 The role of dust grains in clouds

Even though molecular clouds are primarily made of gas, dribedr important, albeit less
abundant, constituents that defines many of their progeigielust. Dust grains have sizes
of ~ 0.1 um and within the dense environment of the cores, they arellydioand in the
form of silicates and carbon compounds. Their property afodiing optical starlight and

values for densities and temperatures were obtained Baaine (2011).
2A“ring” (as seen in projection) in our galaxy, at an incliiwat of ~ 20° to the galactic plane containing several
molecular clouds within a distance of 500 pc.
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Figure 1.1: The Chamaeleon | molecular clo@iedit: G. Rhemann & uhman(2008.

therefore obscuring embedded young stellar objects arkbbmund stars, is the reason why
molecular clouds are often referred to as 'dark clouds’ §gel.2). This light attenuation, or
“extinction”, provides a useful measure of the dust conterdiouds, and corrections for the
extinction are significant to unveil “hidden” star popubmts. Dust acts as a “coolant” of the
dense gas by re-emitting the absorbed starlight in thergdravithin the dense regions, but it
can also operate as a heating mechanism in mdigsei gas when UV radiation is present and
photoelectrons are ejected from the grains’ surface.

Dust grains greatly influence the chemical composition ofidk, as their surfaces serve
as catalysts for chemical reactions (e\yatson & Salpeterl972. As gas molecules and
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Figure 1.2: The 'dark cloud’ Barnard 68 (d160 pc) in Ophiuchus. The cloudfsers from
extinction at short wavelengths making it opaque to stat]igzhile it gradually becomes more
transparent towards longer wavelentgths in the nearredr&Credit: ESQ

atoms “stick” to the grains’ surface in the cold inner partshe dense cores (“freezing-out”
process, “depletion” of molecules), they are able to redti each other by moving across
their surface, thus forming new molecules. For instanaefdimation of b from H is thought
to be primarily catalysed by dust grains (e@quld & Salpeter1963. These new molecules
are then desorbed into the gas phase once the temperatoiretvit dense core hasfBaiently
increased from shock waves or once a protostellar objats gianducing energy (see Seti?)
so that it allows evaporation from the grain surface. Fipdheir feature of polarising light
by attenuating starlight along the grain’s long axis, ad aglkhe property to align their short
axis to the magnetic field lines, allows us to use them as and#&ig tool to determine the
orientation of the magnetic field in molecular cloudsiliner, 1949 Hall, 1949 Lazarian
2007).

1.2 The stability of clouds

The formation of stars is, in principle, a battle betweenitiveard force of self-gravity and
the outward force exerted by the internal pressure withiem condensation, in which battle
self-gravity must be the winning force for a star to everiyudrm. In the case of a stronger
outward pressure, the matter within a condensation sloidgedses, with self-gravity not
being able to hinder the destructive forces of pressurehdrstenario of a dense core with its
self-gravity dominating over the thermal pressure, the lgagomegyravitationally unstable
and starts collapsing towards its centre of mass. It thudsléaa core of gradually increasing
density from which one or more stars may form. An easy way tntjfy this process is using
the so-called Jeans mass and Jeans radius.
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1.2.1 Jeans theorem

The Jeans theorem is a simple way to examine the stabilityoofls and is valid under the
assumptions of an isothermal, spherical and initiallyistbud with a uniform density. As
clouds can, in reality, have a very irregular morphology amter turbulence (condition of
an initially static cloud is unrealistic), this analysisncat provide an accurate description of
instabilities within the clouds. Nevertheless, it can seag a first and simple step towards
assessing a cloud’s dynamical state.

We assume that a spherical cloud of radiuslescribed by an initial densityp, is per-
turbed by a random fluctuation that creates a density enh@tte If the motion of the gas is
approximated as a fluid, then the forée,acting on its surface is (following equations from
Ward-Thompson & Whitworth2011):

_9§PdA :—fVPdV, (1.1)
A \Y

whereA is the surface area of the fluid,its volume, andP the pressure. Since the force per
unit volume is-VP, the accelerationy = % due to pressure becomes

F m dvn -VP
F:m —_ = — —VP: _—= — 12
as V-V a s pas it 5 (1.2)

The vector quantities are shown in bold. The pressure of phergal cloud can then be

analytically described as

P=c2
spo}:)VP_cg o é’ 1.3)

—_— = — =
P~VPR| po R dt

wherecs = ,/% is the isothermal speed of sound amgl is the mean molecular mass of

the gas. On the other hand, thragnitudeof the inward gravitational acceleratiog, can be
described as

_ GM
TSR Lo g~—GpR (1.4)
M~p0R3

The magnitude of the net acceleration of the medium in thearddection therefore is

dv 2

—==-GpoR 15

G- R Cro (1.5)
A positive net acceleration indicates that the internabguee exceeds self-gravity, therefore
hindering the matter to collapse inwards. If, however, tbeatceleration is negative, that sig-
nifies that self-gravity overpowers the internal pressmethe cloud becomegravitationally
unstable It therefore collapses under its own gravity. Hence, tlggirement for gravitational
collapse is

cs Cs
= <GpoR=R> . (1.6)
R VG po
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The radius of the cloud must therefore be larger than theakrifeans radiusy;, in order
for gravitational collapse to occur. The equivalent (Jg¢anass, M, is the minimum mass
required for a cloud to become gravitationally unstable

47TR§PO 47rC§
3 3G
If a core were to collapse in the absence of an opposing mitgmessure, then the time it

would need to freely collapse under its own gravity is catteel free-fall time Epitzer 1978
and is given by

(1.7)

M,

3n
32Gp’
There are many physical processes that can support a corestagelf-gravity and either

merely delay or halt core collapse. Some of those are thepnealsure generated by parti-
cle collisions, turbulent motions (which can both help aimdibr infall), and magnetic fields.

tir = (1.8)

1.2.2 Virial theorem

The virial theorem gives the condition for dynamical edrilim of spherical systems. Its
general form includes the kinetic, gravitational, rotaih external pressure, internal pressure,
and magnetic energy terms. It can be derived by the equatimotion, which is expressed as

(McKeeg, 1999:
dv

p—

dt

A full derivation of the virial theorem can be found Ward-Thompson & Whitwortt{2011)
andDraine(2011). The virial theorem finally readdcKee, 1999

1
=-VP+ 4—(V>< B) x B + pg. (1.9)
TU

1.
El = 2Eg thtot + Emag+ Egs (1.10)

wherel is the cloud moment inertia,

I:frzdm, (1.11)

andEy i 1ot iS the sum of the internal and external kinetic energiessthesctriptth is used to
emphasize that pressurffexts are also taken into account):

Ekthtot = Exthint — Ek thext. (1.12)

If the ambient external pressure on the cloBgg, is constant, then

3
Ek,th,ext = EPeXtV- (1-13)
The sum of the internal thermal and kinetic energies is giye(seeMcKee, 1999:
3 1
Ex th, :f(—P +—v2)dV 3 1
kinint = Jy\27 T 2P = Exthint = f (EP(Cg + 502)) av, (1.14)
v

P = pcg
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where [(cZ + $v?)dM is thevelocity dispersiorsquared of the cloudcKee, 1999

1 1 P;
o? = v f(cg + §v2)d|v| =02 = %‘*‘”. (1.15)
We can re-write equatioh.14as
3
Ek,th,int = Epint,meanv (1-16)
We therefore obtain, 3
Ek,th,int - Ek,th,ext = E(Pint,mean— I:)ext)V- (1-17)
The potential energy from self-gravity alorig,, can be estimated as
3 (GM?
E,=——a|— 1.18
95 ( R ) (1.18)

for a spherical cloud, where the valueaofiepends on the cloud’s density distribution. Substi-
tuting these terms into equatidnlOwe get
1 3 (G M?2

EI = S(Pint,mean— F)ext)V - ga R

The term due to the magnetic field is analysed in Se2t2.3 For a state of equilibrium
(steady-state), it is required thiat: 0. Therefore, the equation for viriabuilibriumis
3_(GM?
3(Pintmean— Pex)V — ga(T) + Emag= 0. (1.20)

) + Emag (1.19)

1.2.2.1 Virial mass

We first consider the case of a nonrotating, unmagnetiBggdg(= 0) spherical cloud with
no external pressureéPfy: = 0). The virial theorem states that for such a system to be in
equilibrium the following condition must apply:

E, + 2Ekthint = 0, (1.21)
where the gravitational energy for a spherical cloud is
3aGM?
E, = —, 1.22
g 5R (1.22)

wherea depends on the density distribution of the cloud. For a umifepherea = 1. The
internal kinetic energy can be expressed in terms of theglasity \Ward-Thompson & Whit-

worth, 2011):

3 3 1
Ek,th,int = Epint,mean\/ = Ek,th,int = EMO'Z ~ EMUZ (1-23)

The variable® ando are the rms velocity (square root of average velocitiesss(l) and the
observed velocity dispersion, respectively. Combiningsthequations we obtain the critical
mass for equilibrium, called the virial mass:
5Ro?  BRi?

aG  3aG
A core with a mass greater than its virial mass will collapsdar its own gravity.

Myir = (1-24)
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1.2.2.2 Bonnor-Ebert mass

For a spherical, unmagnetiseBn{zg = 0), isothermal core in hydrostatic equilibrium ¢
0), bounded by a constant external pressig;, and having an internal pressuf@y, the
condition for virial equilibrium becomes

Ey + 3(Pintmean— Pex)V = 0 (1.25)

Sincev = 0, the mean internal pressure is only a function of the dgmsit the isothermal
sound speed. If the sound speeg) (s constant then

Pintmean= pC> (from equationl.14). (1.26)

If the gravitational energy can be expressed—éﬁaﬂz, with a being a constant that depends
on the density distribution of the cloud, then the virial BiQuum equation is Draing 2011):

3aGM?
- == + 3MCZ — 47R%Pey; = 0O (1.27)
Solving for the external pressure we obtaDrdine 2011):
1 3aGM?
Pext = —— |3McZ - : 1.28
e 471R3( ST BR ) (1.28)

The gas can remain in equilibrium as long as the externakpresioes not exceed a certain

value. This maximum pressure can be found by maximisingtequa.28 For any external

pressure not exceeding the critical value, there is a atititass above which the gas is no

longer in equilibrium. This is the Bonnor-Ebert (BE) maBgfinor, 1956 Ebert 1957 and it

is given by

C4
S

e

Mge = 1.18 (1.29)

1.2.2.3 Collapse of a magnetised core

Magnetic fields are present throughout the ISM and play arpitapt role in supporting
molecular clouds against self-gravity. In the simple casene the magnetic energy domi-
nates over the kinetic energy, i&mnag > Ex ot the kinetic energy term can then be omitted.
In this case, the condition for virial equilibrium becomé&¥afd-Thompson & Whitworth
2011):
3G M?

5R -
with the gravitational energy being that of a uniform dgnsiphere. The magnetic energy is
given by Ward-Thompson & Whitworth2011):

2
Emag ~ % (1.32)

whereBmeanis the combination of the magnetic field threading the clondi that acting on its
surface. The magnetic flux within the cloul, can be computed as

Emag= —Ej = Emag= (1.30)

R
d):f 2nrBdr (1.32)
0
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Therefore, the magnetic energy term becomes,

@2
6m2R

1 4
Emag = %B%ea _ﬂRs = Emw =

(1.33)
The magnetic fluxd within the cloud remains constant, as it is a conserved gyalturing
a small contraction or expansion of the cloud, the rati€pto Eng, then remains constant,
as both terms are proportional 1. There is a critical mass above which the gravitational
energy overcomes the magnetic energy and collapse begins.

We follow a slight contraction of the cloud to derive thisticédl value (equations from
Ward-Thompson & Whitworth2011). A contraction leads to a compression of the magnetic
field lines, and hence, a higher magnetic field strength.eStine magnetic flux is conserved

2
g = ®; = RSBy = R{B; = B = (?) Bo (1.34)
1

whereB; is the value of the magnetic field after the compressionnatj. This corresponds
to a magnetic field energy of

Emay1 = S—isiv = ig:l ; (1.35)
There is an extra and equal term for the magnetic field enedgigh finally gives
RoBY
Emagl = R (1.36)

For virial equilibrium to hold at time; it is required that

RiBZ  3GM2 5
0
Emagt = —E,1 = = = Mqr = RSB e (1.37)

where M, is the critical mass above which the cloud becomes unstablerefore, there
exists a critical mass-to-flux ratio (e.dlouschovias1976 Crutcher 1999 such that above
this value the gravitational energy overcomes the mags#tisses and the cloud succumbs
to its collapse and eventually forms a star. If the masstbo4tio is below the critical value,
then the magnetic field support is too strong for gravitatiarollapse to occur. The critical
ratio reads\\Vard-Thompson & Whitworth2011):

(M) N Mer N Mer N i (1.38)
Do REBy RZB; G’ '

A cloud with a mass-to-flux ratio larger than the criticaluals called magneticallsupercrit-
ical, while in the opposite case it is referred to as magneticallycriticat
M

M .. .
(—) > (—) = supercritical= unstableagainst collapse
D /el D Jer

M M . :
(—) < (—) = subcritical= stableagainst collapse
D /el D Jer
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1.3 From dense cores cores to protostars

1.3.1 Ambipolar diffusion

So far, estimates of the mass-to-flux ratio in molecular @foand dense cores indicate values
of approximately a factor 2 higher than the critical ratio for collapse (e.Grutcher 1999
Crutcher et al.2004 Kirk et al., 2006 Troland & Crutcher 2008, or roughly critical to
four times supercriticalRalgarone et al2008. These studies confirm the importance of the
magnetic fields during the star formation process, espg@tore densities 10°-10* cm™3
(Troland & Crutcher2008, and indicate that ambipolarfflision should be accounted for in
star formation models. Finally, the observations are wtilie of equipartition of the kinetic
and magnetic energies, suggesting that turbulence als@psosupport against core collapse
(e.g.,Zweibel & McKeg 1995 Crutcher 1999 Falgarone et al2008.

The ionisation degree within the dense cores plays a maginaletermining the core’s
subsequent evolution (e.@Cjolek & Mouschovias1995. It is difficult to accurately deter-
mine observationally, as it is largely dependent on the @osay ionization rate (e.gHerbst
& Klemperer 1973. Studies have indicated values around e.g-2400° (Caselli et al.
1998 and 107°-10"%5 (Williams et al, 1998 in dense cores, and an even lower value for
a core near dynamic collapse, i.e. 10°° (Caselli et al, 20029. The ions, free electrons,
and charged dust grains gyrate around the magnetic field, lared additionally couple the
neutral gas to the magnetic field through frequent collsidnis therefore expected that dur-
ing the contraction of a core, both gas and field lines movenasamd the mass-to-flux ratio
remains constant (flux freezing; e.lpuschovias1976. This has two direct implications.
First, as the gas can mostly only move parallel to the magffiefid thus providing support
along the opposite direction (e.gi & Shu, 1996, the core acquires a flattened shape with
the elongated direction perpendicular to the magnetic fiets. Secondly, any collapse mo-
tions perpendicular to the field lines proceed in a very slanner and tend to compress the
magnetic field lines at the centre of the core. The magnett, fieerefore, acquires an “hour-
glass” shape. This is usually referred to as “hour-glasshing”, an example of which can
be seen in the observed magnetic field vectors of the embguidesstellar system NGC1333
- IRAS4A (Figure1.3) (Girart et al, 2009. Hints of magnetic pinching are also found in
source-averaged maps of Class O protostars @hg@pman et al2013, in other dense cores
(e.g.,Lai et al, 2002 Sugitani et al.2010, hot molecular cores (e.g3irart et al, 2009, or
other young star-forming regions (e.Rao et al.2009.

Flux-freezing is expected to be verffieient in regions with a high fractional ionisation.
This is especially the case infflise gas, where cosmic ray and UV ionisation is a frequent
process. The cosmic ray ionisation rate is found to be areud®'6-107'8 s7! in dense
cores (e.g.Caselli et al. 1998, while it reaches- 10~1° in diffuse clouds (e.gMcCall et al,
2003. Within these regions the ion-gas collision rate is higflustensuring that the magnetic
field is coupled to the neutral gas through the ions. Nevisssesince dense coras { 10*

— 10 cm3) are mostly shielded from UV and cosmic ray ionisation, itifigictional ionisa-
tion is very low. In such dense environments the flux-fregapproximation may fail. This
allows the neutral gas to drift through the ions and colldpserds parallel to the magnetic
field lines. This drifting mechanism is callesnbipolar dffusion(e.g.,Mouschovias1977).
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Figure 1.3: Magnetic field line vectors plotted in red, dedvfrom dust polarisation measure-
ments in the embedded protobinary NGC1333 - IRASGA4rt et al, 200§. The 877um
dust continuum map (angular resolution 1756).996 obtained with the Submillimeter Array
(SMA) is shown in the background. The x-axis of the box cqroesls to a size of 1700 AU.

In general, an increase of the degree of ionisation seemgdrease the ambipolarffii-

sion rate and as a result, increase the magnetic suppore afdabd Fiedler & Mouschovias
1993. Through ambipolar diusion, the decoupled neutral gas contracts towards theecent
and the mass-to-flux ratio gradually increases until it finekceeds the critical value and the
core becomes magnetically supercritical, while still lgpegngulfed by the subcritical, mag-
netically supported cloud (e.dMouschovias1977 Fiedler & Mouschovias1993 Ciolek &
Mouschovias19944. Through ambipolar diusion cores that are initially magnetically sub-
critical can therefore become magnetically supercriti€Cablek & Mouschovias19943. The
time required for ambipolar ffusion to take place and alter the state of a core from sub- to
supercritical, is called thampibolar djfusion time-scalde.g., Spitzer 1968 Mouschovias
1979:

(ou)
nGrmX’

TAD & (139)
wherey = n;/ny is the fractional ionisation antd-u) the average of the thermal velocity and
collision cross-section. In conclusion, the ambipoldfudion time-scale can be dynamically
important for cores of high density and low fractional iatien (e.g.Zweibel 2002, which

are initially magnetically subcritical. The predicted &atales for such clouds can last up to
~ 10 times the local free-fall time in the absence of turbutefe.g.,Mouschovias 1987).
Observationally, lifetimes of 2-5 times the free-fall tirhave been estimated for dense cores
(Ward-Thompson et al2007). In the case of a low density, subcritical core, with a higicf
tional ionisation, flux-freezing might never let ambipotiffusion take place, thus hindering
star formation.
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1.3.2 Angular momentum problem

In the last sections the support of a cloud core by its intgeressure and magnetic field was
examined but the role of its rotational kinetic energy hasyeb been discussed. All objects
in the galaxy are “born” with inherent rotational motionssarg from their orbit around the
galactic centre as well as from turbulent motions within ¢igects themselves. As angular
momentum is conserved, is expected that the rotationaggnéthin a collapsing core keeps
increasing as its radius decreases:

1 1
Erot = E|w2 = g|\/|F22a)2, (1.40)

where spherical symmetry is assumed anid the angular velocity of the core. Since angular
momentum is conserved, the initial rotational energy of ¢bee, E;oto, and its rotational
energy at a later timeg,o 1, should be equal:

woRS = wiRE. (1.41)

At this later time, the ratio of the rotational to gravitata energies should be equal in order

for equilibrium to ensue. Assuming a gravitational potainénergy of|E,| « G—Q{"Z and a

rotational energy oE;ot « Mw?R? (seeWard-Thompson & Whitworth2011),
Eon  MwiRE M‘”(Z)RS/R% - Eroto Ro

~

[Eg1l  GM?/Ry GM?/Ry |Egol Ry (1.42)

The rotational and gravitational potential energies bexenual at the critical radius:

Erot,O
|Eg,0|

Goodman et al(1993 use the following analytical expression for the ratio o tiotational
to gravitational energy for a sphere with a uniform densitigich makes use of the observed
velocity gradientGr, of a source:

Rrot,cr ~ RO (1-43)

B 1 Gr
 4nGp sir?i’

with i being the inclination of the rotation axis to the line-offsi. The critical radius is the
smallest radius the core can contract to before the cor&dion halts the collapse, and it
is dependent on the initial ratio & to Eg only. Observations of dense cores show that
the rotational-to-gravitational energy ratj) has a value much less than10.01-0.1; e.g.,
Goodman et al1993 Barranco & Goodmaril998 Caselli et al.2002a Pirogov et al.2003.
Similar results are also found in theoretical studies (dappsen & Klesser2004. These
ratios imply radii far greater than the observed radii ofstéhus posing the problem that
cores seem to have an excess of angular momentum that mushbeed before being able
to contract to the observed stellar radii {0° m). For instance, a value gf ~ 0.006 — 002
was found for the Chamaeleon | dense core Cha-MMEiltdli et al, 2013. Cha-MMS1
has a radius o 7130 AU, or~ 10' m (Belloche et al.20113. The maximum value
of B ~ 0.02 for Cha-MMS1 therefore gives a critical radius o&2L0*3 m, which is still

B (1.44)
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~ 10° times greater than a typical stellar radius. Thereforesetimeust be a mechanism in
place that is responsible for removing angular momentum filte system so that a star can
be formed (angular momentum problem; e$pitzer 1978 Bodenheimerl995 Belloche
2013 Hennebelle2013.

One solution to this issue is provided by the magnetic fidddsading the cores. As a core
contracts and rotates simultaneously, the magnetic fieés lexperience both a strengthening
effect due to compression and a twistirf§eet due to rotation. Due to the coupling of gas and
the magnetic field, the inner core is iffect connected to material outside the “boundaries”
of the core itself through the magnetic field lines that edtemthe ISM. The twisting of the
lines into helical shapes creates magnetic torques, weshltrin magnetorotational instabil-
ities within the core. These instabilities can travel frdme tnner core to the region outside
the core along the field lines, thus transfering angular nmiome outwards. The propagating
instabilities are known as torsionalfvén wavesand this process of removing excess angular
momentum is callechagnetic brakinde.g.,Meste| 1985 Mouschovias1987. When a frac-
tion of the core’s mass is also expelled outwards along vkighAlfvén waves, it acquires the
form of abipolar outflowwith matter ejected from either magnetic pole of the coregcivine-
leases more angular momentum from the system. Aft@icgant angular momentum has been
removed, the rotational support forces the core to a flattemerphology, which eventually
leads to the formation of aaccretion disc(e.g., Yorke et al, 1993 1995 Yorke & Boden-
heimer 1999 around the central source (or protostar). Interactionthefstellar object with
the accretion disk also lead to subsequent loss of angularemtum (see reviewBelloche
2013.

1.3.3 Starless and prestellar cores

The prestellar cores are a subcategory of the starless @teartess cores are dense cores with-
out evidence for an embedded object (eBgichman et a).1986 di Francesco et gl2007).

A prestellar core is a starless core that is gravitationatiynd and thus likely to form stars
(Ward-Thompson et al1994 André et al, 200Q di Francesco et al2007 Ward-Thompson

et al, 2007). Prestellar cores are characterised by flat inner densitjlgs that become pro-
portional tor~2 after a few thousand AU (e.gWard-Thompson et al1994 Andre et al,
1996 Ward-Thompson et gl1999. Steeper density profiles have been observed towards the
“edges” of dense coregc(r‘3, r—#; Bacmann et al.200Q Alves et al, 2001). The density
profiles of starless and prestellar cores are often consigtigh a pressure bounded Bonnor-
Ebert sphere (e.gAlves et al, 2002; Kirk et al., 2005 Ballesteros-Paredes et,&007). The
flat inner profiles are also consistent with predictions obgolar difusion driven collapse
models Mouschovias 1991 Ward-Thompson et al1994 Ciolek & Mouschovias19941).

As prestellar cores are very cold ¢ 10 K), they mostly emit in the far-infrared and submil-
limeter wavelengths. Ground radio telescopes and spa@eaf observatories are, therefore,
the most convenient tools for observing this initial phakstar formation.

As cores are usually optically thin in submillimeter dustigsion, their mass can be de-
rived from dust continuum observations. Assuming isottadity) their mass can be estimated
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as @André et al, 2000:
S,(6)d?
Ky Bv(Tdust) ’

where< X >gris the average mass column dens8y(d) the dust continuum flux densitgthe
distance to the source, the dust opacityB,(Tqus) the Planck function, and the projected
angular radiusR/d.

One way to judge if a core is prestellar is by comparing the'safust mass to iteirial
mass, which takes both thermal and non-thermal motionsaotount through the observed
velocity dispersion. A core is gravitationally bound if digst mass exceeds half its virial mass.
In this case, the core will not disperse under tiiecas of its inner turbulence and gravitational
forces will likely lead to the subsequent collapse of thee@md the formation of a star. When
the core’s mass is equal to its virial mass it is referred teigalised, while if it exceeds this
value it is said to be collapsing:

M(R) = 7R% < = >g= (1.45)

M oL

—2® > 05 = gravitationally bound
vir

M -

MCO'e =1 = virialised = prestellar (1.46)
vir

Mcore

——>1 = collapsing

When the velocity information of a source is not availableent a Bonnor-Ebert or Jeans
analysis can be performed to assess the dynamical state obths, assuming that the non-
thermal kinetic energy is negligible.

1.3.4 First hydrostatic cores: the missing link

The theoretical predictions afarson(1969 introduced for the first time an evolutionary stage
intermediate that of the prestellar core phase and thegisdiar phase. It was found that in the
course of the gravitational collapse of a dense core, aratddfie formation of a protostar, a
hydrostatic object forms called a first hydrostatic core $&H. The first core formation occurs
after the isothermal phase of the collapse, when radiatidirg is no longer an fécient
process within the core. An adiabatic core then forms atatgre in which thermal pressure
and gravitational forces are at a balance. It has an inigiatral temperature of 170 K and a
density of~ 2 x 10719 g cn3.

The FHSC is a short-lived phase, with typical lifetimes oéa f100 to a few 1000 yr, de-
pending on the magnetisation level of the core. These ab@getcharacterised by luminosities
of less than- 0.25 L, and by slow, compact outflows with typical velocities~o8 km st and
with an extent of~ 200 — 800 AU Commercon et al2012. Detecting these slow, compact
outflows is currently one of the main FHSC diagnostic sigrestu

Due to their faint, and short-lived nature, detecting FH®&Can observational challenge
and only a handful of candidates have been detected so fathefksepresent the first stage
towards forming a protostar, gaining a deeper knowledgdeif formation, evolution, and
properties canfder significant constraints on the initial conditions of gamation.
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1.3.5 Young stellar object$

After the formation of the first core, the central temperatcontinues to rise. Once it exceeds
~ 2000 K, the dissociation of Hbegins. This process is very energy demanding and as a
result the thermal pressure becomes unable to balance dhigagjonal forces and collapse
once again ensues. This so-called “second collapse” leatte tformation of a central pro-
tostar, or “second core’'Larson 1969. The evolution of a newly formed protostar towards a
main-sequence star is usually split in four distinct phagSéw objects in each of these four
evolutionary phases are called Young Stellar Objects (YStBs first two of which describe
the protostellar system and the last two the pre-main seguelject that has formed.

A common way to identify YSOs is through their spectral egedgstributions (SEDS).
Due to the significant amount of gas and dust surrounding a, Y183t of the star’s radiation
is absorbed and reprocessed to longer wavelengths. Thisekdrared emission which stems
from the star’s disk and envelope results in SEDs thi@dirom a simple stellar photosphere
spectrum. The shape of the SED can be used to categorize Y&®Ogroups of dterent
evolutionary stages. The most commonly used classificatigstem was introduced hyada
(1987, which divides YSOs into three classes depending on thetrspeslope of their SED,
a, computed for the range from@n to 24um, and is given by

_ diog[AF ()]

Siogd (1.47)

According to this system, Class | objects have @ < 3, Class Il YSOs have2 < @ < 0,
and finally Class Il objects correspond +@ < a < —2. André et al.(1993 suggested the
use of Class 0 objects for YSOs more deeply embedded and gotimgn Class | objects,
whose envelope mass is greater than the stellar mass. Ghégsafs cannot be distinguished
from Class | objects through their values, but they can be distinguished empirically with
submillimeter data. As they are deeply embedded, theictetss in the infrared are often due
to scattered light from their envelope while in several sdbey are not detected at the shorter
infrared wavelengthsi(< 2 um). Greene et al(1994 updated this classification, adding the
“Flat Spectrum Sources” in the original system that can baght of as an intermediate stage
between the Class | and Class Il phases. This final additidBregne et al(1994) led to the
modification of thew value boundaries ta > 0.3 (Class 1),-0.3 < @ < 0.3 (Flat Sources),
-1.6 <a < -0.3(Class ll), andr < —1.6 (Class IlI).

This system is regularly thought of as an evolutionary segeefrom the youngest deeply
embedded Class 0 protostars, to the oldest Class Il YS®@athanly left with the remains of
an accretion disk. The spectral slapé¢herefore decreases as a YSO evolves, directly reflect-
ing the decrease of the excess infrared emission due to titengous envelope dissipation
(Greene & Ladal996. The shape of the SED and the resulting spectral slope, eware
greatly dfected by the inclination of the source, as they are purelgmsional properties,
and one particular YSO could move from one Class to anothgerd#ng on the viewing an-
gle (Whitney et al, 2003 Dunham et al.2006 Crapsi et al.2008. For instance, a Class |
source would exhibit a much flatter SED if it were viewed polesince its radiation would

3As summarised i sitali et al.(2010.
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travel through a less opaque medium, whereas edge-onatiolis would result in consider-
able dust and envelope emission in the far-infrared and sliineter wavelengths. Therefore
a classification system of physical “Stages” was introduogdRobitaille et al.(200§ that
directly corresponds to an evolutionary sequence basethemwhject's physical properties
obtained by modeling the SEDs. A Stage 0 object has more talfhits total mass in the
envelope and the transition from Stage 0 to | is marked whesyhktem is no longer “envelope
dominated”. The distinctions between stages can be deatednising the system’s envelope
accretion rate, disk mass, and stellar mass.
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The Chamaeleon | and Il molecular
clouds

Of all the things visible, the highest is the heaven of thedfiggrs.

Nicolaus Copernicus
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2.1 Recent advances in low-mass star formation

Star formation within our Galaxy has been extensively sddiith numerous submillimeter
studies of nearby molecular clouds. The Gould BEkrschel 1847 Gould 1879 consists
of a ring of molecular clouds as seen in projection at roughB0O® to the galactic plane that
lie within a distance of 500 pc from our solar system, which are great targets forrttass
star formation studies. Numerous infrared to millimetevalangth surveys were conducted
to map portions of the Gould Belt clouds. Studies with SCUBB(Q — 850um) at the JCMT
(e.g.,Johnstone et al2000, MAMBO (1.2 mm) at the IRAM-30m telescope (e.@otte

et al, 1998, Bolocam (1.1 mm, 2.1 mm) at the CSO (efgnoch et al.2006, as well as the
Herschel(55 — 672um; Pilbratt et al, 201Q André et al, 2010 andSpitzer Space Telescopes
(Spitzer IRAC; 3.6 — &m, MIPS; 20 — 16Qum; eg., Evans et a].2009 gave a census of star
formation from mid-IR to millimeter wavelengths. Variouspects of star formation could
thus be probed, from the protostellar phase and the formafiprotoplanetary disks that are
seen more prominently in the IR to the deeply embedded staaled prestellar cores traced out
by their (sub)millimeter emission. A great number of youtajlar objects were detected and
studied via Spitzer imaging of Gould Belt clouds throughltkgacy project “From molecular
clouds to star-forming disks” (c2d Evans et a].2003 2009.

The HerchelGould Belt @ndré et al, 2010 surveys probed the very early phase of star
formation (prior the protostellar phase) and provided &hla information regarding the ori-
gin of the stellar IMF, the structure of the ISM, and the fotima of dense cores. Some of
the nearby clouds mapped blerschelin search for prestellar and the deeply embedded Class
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0 protostars are for instance Taurus, Perseus, SerpendaAgqupus, Chamaeleon, Ophi-
uchus, and Orion. Herschel revealed a pronounced filanmyestiarcture of the cold ISM in all
molecular clouds observed, regardless of their star foomaictivity (e.g,André et al, 2010
Molinari et al, 2010 Bontemps et al201Q Men’'shchikov et al.201Q Ward-Thompson et al.
201Q Arzoumanian et al2011;, Palmeirim et al.2013 Kirk et al., 2013 and a characteristic
width of ~ 0.1 pc for the filamentsAndré et al, 201Q Arzoumanian et a|2011 Hennebelle
2013. This characteristic width is likely associated with MHIDthulence dissipation at these
lengths (e.g.Padoan et al2001), and more specifically, it has been suggested that is celate
to dissipation of accretion-driven turbulence by ion-malufriction (Hennebelle2013 Hen-
nebelle & André 2013. Most dense cores are found to be formed in filaments (Argdré

et al, 2010 Men’shchikov et al.2010 and an extinction threshold of Av 5-7 for prestel-
lar cores is seen (e.gQnishi et al, 1998 Johnstone et al2004 Enoch et al. 2006 Kirk

et al, 2008 André et al, 201Q Belloche et al.20113. No such extinction threshold is seen
for starless (non-prestellar) cores (eBelloche et al.2011h. The non-star forming Polaris
cloud does indeed have visual extinctions less than 8, stipgahe evidence for a ubiquitous
extinction threshold for prestellar cores. Based on thesent studies, theficiency of core
mass to stellar mass conversioni80 % (e.g.André 2013.

It has been suggested that dense cores arise from the freagioerof supercritical fila-
ments satisfying the observed extinction threshold (eayson 1985 Fiege & Pudritz 200Q
Padoan & Nordlund2002 Myers 2009 Inutsuka & Miyama 1997. The presence of fila-
ments even in non-star forming clouds, as in Polavs/ile-Deschénes et 312010 Ward-
Thompson et al2010, is an indication that filaments precede prestellar cama#&bion @André
et al, 201Q André 2013. The emmerging formation mechanism is that first, filaméots
as an €ect of the dissipation of large-scale of MHD turbulence (eR@adoan et al.200%
Hennebelle2013. Those filaments whose mass per unit length exceeds tieaktrialue for
nearly isothermal filamentWine crit = 2c§/G; supercritical, or &tzot/G; virialised, oqt; to-
tal velocity dispersiongs; isothermal sound speed), become locally gravitationafigtable
and fragment into several prestellar corEgf¢e & Pudritz 200Q Inutsuka & Miyama 1992
1997 Pon et al. 2011). The critical mass per unit length for a magnetised, neadithermal
filament only deviates from the unmagnetised value by a faufttess than~ 2 (see Fiege
& Pudritz, 2000 André 2013. Such fragmentation has been resolved observationatly wi
Herschelin the Vela C molecular cloud, which does not belong to thel@Belt, but harbours
both low-mass and high-mass star forming regions (klif].et al., 2012.

Prestellar cores thus originate from the fragmentationupiescritical filaments André
et al, 2010 André 2013. This early stage fragmentation might be the process defitiie
shape of the prestellar CMF, and ultimately, that of thdat&MF (André et al, 2010. Indeed,
links between the two are seen in various clouds in bothezatlibmillimeter studies and the
recentHerschelstudies (e.g.Motte et al, 1998 Testi & Sargent1998 Johnstone et al200Q
Motte et al, 2001, Enoch et al.2006 Alves et al, 2007 Nutter & Ward-Thompson2007,
Enoch et al.2008 André et al, 201Q Kényves et al.2010a Sadavoy et al.201Q Belloche
etal, 20113.
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2.2 The Chamaeleon cloud complex

The proximity of the Gould Belt clouds (d 500 pc) makes them an excellent laboratory not
only for star formation in general, but in particular for lonass star formation studies. The
Chamaeleon cloud complex is one of the nearest clouds witieirGould Belt, located at a
distance of just- 150 pc Knude & Hgg 1998 Whittet et al, 1997 and consisting of three
clouds, Chamaeleon I, II, and Ill. At such distances deeggations can reveal very faint
starless cores, thus extending imaging studies to very lagsrimits.

A deep, unbiased dust continuum survey at gif0performed with LABOCA at APEX,
revealed a large number of starless cores in Cha | and Il 1§6(2Q cores, respectivelizel-
loche et al,2011ab). Starless cores were found at extinctions larger than 5im@ga | Bel-
loche et al. 20113, thus supporting the existence of a star formation thiesfur prestellar
cores. This threshold does not hold in Cha Ill for the statlesostlygravitationally unbound
cores ¢ 93 %) that are located at regions with extinctions as low 49 mag Belloche et al.
20118. As Herschelrevealed for most Gould Belt clouds, a filamentary strucisiadso seen
in Cha | and Il in the dust continuum (e.delloche et al.2011ab; Winston et al, 2012 as
well as in G0 1-0 for Cha | Haikala et al, 2005 and Cha Ill Gahm et al.2002.

Cha | is the most active star forming cloud within the thresyihg produced more than
200 protostars, while Cha Ill contains no known protostaxghtnan 2008. Mizuno et al.
(1999 derived a star formationfigciency of 13 % and 0 % for Cha | and I, respectively. The
highest dense gas fraction is found in Cha [24 %), with the lowest one being4 % in Cha
lll, as traced by the €0 1-0 emissionNlizuno et al, 1999 2001). There are no observed
outflows or Herbig-Haro objects in Cha IlB¢hwartz 1977), whereas there have been several
such detections in Cha | (e.dMattila et al, 1989 Gémez et a].2004 Belloche et al.2006.
Boulanger et al(1998 obtained a mass of 1400 M, for Cha Il and~ 1000 M, for Cha |
from CO observations.

Despite the dferences between Cha | and lll, the LABOCA continuum surveynsu
that the properties of the starless core population ardagitm both clouds Belloche et al.
2011ab). This remarkable dlierence in star formation activity in two clouds, despitenthe
belonging to the same complex, as well as their large pdpulatf low-mass starless cores
makes them excellent targets for studies of low-mass standtion and in particular, prestellar
core formation. Belloche et al.2011ab) suggested that Cha | is reaching the end of its star
formation activity, while two scenarios were unfolding foha lll: if it is younger than Cha I,
then star formation might not have commenced yet, while derdCha Il would signify its
inability to form stars, with its starless cores likely tepérse under thefféect of their inner
turbulence.

2.3 Goals of PhD project

The Chamaeleon clouds are seen from the southern hemisphigrédeclination~ —80°),

and thus the single-dish telescopes APEX (Chile) and Mofisstfalia) are excellent tools
to study these regions. The unbiased, dust continuum satv@y0um was conducted with
the same sensitivity in both Cha | and IB€lloche et al.2011ab) thus making comparisons
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between the starless core population in the two clouds nudnest. However, the ffierence
in star formation activity in Cha | and 1ll remained uncleaven the starless cores’ similar
properties and the fact that they belong to the same clougblexnA molecular line survey
of the starless core population of Cha | and Il with APEX andgvla was therefore launched
to complement the dust continuum study. The central goahisfdurvey was to search for
distinct diferences in Cha | and Il that could account for thating star formation activities.
Through the line survey the kinematics of the cores in Chadl ldncould be probed and
analyzed in order to obtain an overall picture of the dynatrewolution the starless cores will
likely follow. The question about whether Cha Il is youngkan Cha | and will therefore
form stars in the future, or if its cores will disperse withewer forming stars is explored in
Chapter 5.

While studying the core population of Cha I, the very intifgg object in Cha I, Cha-
MMS1, could not be overlooked. Cha-MMS1 was suggested toithereat the very early
stage of a Class 0 protostar or at the phase of the first hyti®sbre (e.g.Belloche et al.
2006 Reipurth et al.1996. With the first hydrostatic cores being the missing linkvizetn
the prestellar and protostellar phases, studying first canelidates in detail can reveal valu-
able information about the very first stage of protostar fation. This is not a straightforward
process, given the short-lived and deeply embedded natihese objects. Cha-MMS1 was
found to have a very low internal luminosity ef 0.015 L, (Belloche et al.20113, no ex-
tended outflow in CO 3-2Belloche et al.2006, and no mid-IR £ 8um) Spitzer detection
(Belloche et al.2006), therefore satisfying the criteria for first core objectie unclear and
promising nature of Cha-MMS1 prompted molecular line obséons with APEX and Mopra
in various transitions for an in-depth analysis of its kiragics and likely nature. Chapter 4
presents the analysis and results of this study: the kiresnaft Cha-MMS1 are explored and
its envelope’s velocity structure is constrained throuagliative transfer modelling. The infall
velocity profile of Cha-MMSL1 is then compared to predictiafisViHD collapse models as a
final step in assessing Cha-MMS1's dynamical state.

These two projects present a detailed picture of the stamdtion in Cha | and Il by
focussing on their starless and prestellar core populatioraddition, they provide greater
insight into the the phase preceding the protostar formdiipperforming an in-depth study
of the first core candidate Cha-MMS1. Before the results e$¢htwo projects are outlined
in Chapters 4 and 5, the tools used to analyse and intergrasinfle-dish molecular line data
are first presented in Chapter 3.



CHAPTER 3

Probing star-forming regions with
molecular transitions

You see, wire telegraph is a kind of a very, very long cat. Yollilpis tail in New York and
his head is meowing in Los Angeles. Do you understand this®?rAdio operates exactly the
same way: you send signals here, they receive them thereoriydifference is that there is

no cat.

Albert Einstein
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3.1 Chemistry in dense cores

With the detection of the first interstellar molecules in ldite thirties and early fourtieder-
rill, 1934 Swings 1937 Swings & Rosenfeld1937 Adams 1941), the field of observational
astrochemistry began. The first line detections came indhma f absorption dips in the
optical spectra of stars, arising from light absorption bfuge clouds. Despite the early ob-
servational proof that interstellar molecules can indegohfin space despite the UV fields of
stars, molecular studies were not given much focus (Bates & Spitzer1951 Townes &
Schawlow 1955 until the detection of OH byVeinreb et al(1963 and OH maser emission
by Weaver et al(1965. Ammonia (NH) and HO were eventually observed in the galaxy
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(Cheung et a).1968 Knowles et al. 1969. Since then more than 170 molecules have been
discovered in physically diverse regions such as intéestelouds, planetary and stellar at-
mospheres, gaseous envelopes of giant stars, comets aatfidrsting regionsNldller et al,
2005. Molecules are invaluable tracers of the interstellaragasits physical propertiesfter

a cooling mechanism for energy to be radiated away duringdhe collapse, and play a role
in the core’s ionisation fraction through dissociative aadiative recombination. Interpreting
the observed molecular emission, however, requires a dedgrstanding of the way radiation

is transferred through the ISM as well as the chemical psmetaking place within the cores
(see e.g.Turner & Ziurys 1988.

During the initial phase of star formation, the chemistryhivi dense cores is dominated by
low-energy gas-phase reactions and grain surface reagdtidhe cold core interiors. The high
density and dust content of dense cores act affactive shield to the destructive UV radiation
from nearby stars (e.gBergin et al, 2004. While molecules in the outer core regions can be
photodissociated into their constituent atoms, UV radiatiannot penetrate the inner regions
of the cores. Simple and complex molecules are thus ablerto &md survive for a longer
period of time, dfering clues about the conditions within the cores and wiglr thbundances
acting as 'evolutionary clocks’.

H, and CO are highly abundant molecules in dense cores, withaviddpa typical abun-
dance of~ 107 relative to H (e.g.,Aikawa et al, 2005 Garrod et al.2008 Furuya et al.
2012. Their self-shielding property means that thg &hd CO molecules at the outer layers
absorb all incident UV photons and thus protect the inneremdes from photodissociation
(e.g.,Solomon & Wickramasinghel969 Hollenbach et a).197J). In the denser regions of
the cloud, this role is taken over by dust grains. CO is foriiedugh gas-phase collisions
alone, while the formation of tis catalysed on dust grain surfaces, which absorb the ezleas
energy of the reaction (e.gGould & Salpeter1963. Despite H being the primary con-
stituent of molecular clouds, the lack of a permanent dipotenent and the wide spacing of
its energy levels makes the symmetrig lolecule nearly impossible to detect in rotational
emission lines at such temperatures. One of the populanatiee probes of molecular clouds
is the abundant CO molecule. CO is usually collisionallyitext; with its first rotational en-
ergy level being elevated from the ground state by only 5.6®'s first two energy levels are
easily populated, but as this molecule is highly abundathiwithe cores, the 2—1 and 1-0
rotational transitions quickly become optically thick ertbe density reaches its critical value
for excitation ¢ 10° cm3). Rarer isotopes of molecules having a lower abundance ean b
used as optically thin probes when their most abundantpsit@mission is saturated.

Organic molecules are formed during the first stages of dem&eevolution through both
gas-phase and gas-grain collisions when atomic carboill igtatndant in the core (e.gGar-
rod et al, 2008 Hasegawa et gl1992 Herbst & Leung1989. The available carbon becomes
“trapped” in molecules as CO, HCN, or CS, depending on thialrsulphur, oxygen, and
nitrogen abundances, as well as other more complex orgaolecmes such as H®I or
CH3OH (methanol) (e.g.Aikawa et al, 2005 Garrod et al.2008. The complex inorganic
molecules NH (ammonia) and BH* trace high-density regions of 10* — 16° cm™ and
are good probes of the inner parts of molecular cores @emson et al.1998 Tafalla et al,
2002 2004. At the high inner densities and low temperatures chariatiteof the inner core,
CO is depleted onto the icy mantles of dust grains (€gselli et al, 2002¢ Bacmann et a|.
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2002 Bergin et al, 2002 Pagani et a).2005. Even though CO freezes-out at high densi-
ties (0 ~ 10 cm3), an anticorrelation is both predicted and observed withs ldRd NoH™,
which increase in abundance at these densities @lgwa et al, 2001; Tafalla et al, 2004).
That is likely due to a combination of them being excited ghhiensities, a slower formation
than CO through neutral-neutral reactions (resulting irtd\ire still being abundant when CO
absorption is occuring), and the fact that CO is not presen¢dct with NH* and produce
N> (di Francesco et al2007). High abundances of Nd-and NoH™ is therefore often used as
an indication of a more evolved, “late” core chemical phasen though they still deplete at
higher densities (e.gCGrapsi et al.2004 Belloche & André 2004).

Cosmic rays also play a major role in the chemistry of darkidtoby creating a shicient
amount of ions that can trigger ion-molecule reactions. dd&mic ray ionisation of blis
an important step towards forming the; bn (e.g., Solomon & Werner 1971, which is
at the origin of many of the most important ion-molecule tems Herbst & Klemperer
1973. H and its deuterated forms are believed to be good probes dfitieemost parts of
dense cores where most heavier molecules, including ananaodi NH* have likely depleted
onto the dust grains (e.dalmsley et al.2004 Sipila et al, 2010. Reactions of H with
oxygen are more frequent than with Hue to the lower energy barrier. These reactions lead
to the formation of HO"™ and OH, which are both very important molecules for the cloud’s
chemistry (e.g.Herbst & Klemperer1973 Gerin et al, 2010. Hydrogen also reacts with
carbon to form hydrocarbons such as CH and @3g.,Herbst & Klempererl973. Heavier,
more complex molecules are formed though successive idaemle reactions that eventually
form neutral species through dissociative recombination.

The surfaces of dust grains are the catalysts for the foomattf new molecules. Apart
from catalysing the formation of }jlcarbon, oxygen, and hydrogen atoms “stick” to the grain’s
surface and diiuse to dfferent positions around the grain until reactions betweemtbccur.
Water ice and CO, therefore, form on the grains, as well asspsuch as Clj CO,, CH30H,
H,CO, and other long carbon chains (e@illett & Forrest 1973 Gibb et al, 2004 Bergin
et al, 2005 Oberg et al.2011). The molecules can be desorbed into the gas phase when the
released energy of the reactions heats the grain’s surfamggh to “free” the newly formed
species. Incident UV photons, electrons, and cosmic raye thie dust grain surfaces also
supply the energy required to surpass the energy barrierreieion and therefore make
surface reactions a mordheient process (e.gHartquist & Williams 199Q Bergin et al,
1995 Oberg et al.2009.

During the formation of a protostar within the dense core,hifyher central temperatures
result in the evaporation from the grain surfaces of thetinfsirmed organic molecules (e.g.,
Bacmann et al.2003 Whittet et al, 2011 Bacmann et al.2012. The gas-phase abundance
of the carbonated species thus increases and the chenfistiy gaseous envelope is largely
dependent on the evolution of the young stellar object ircéistre. The high temperatures
close to the newly formed star, or within the shock regionsegeted from the “collision” of
protostellar outflows with the envelope gas are then ablgdibesthe higher energy vibrational
molecular transitions.



30 Chapter 3. Probing star-forming regions with molecular ransitions

3.2 Radiative processes

3.2.1 Radiative transfer

The term radiative transfer is used to describe the phygicalesses that govern the propa-
gation of radiation through a certain medium. The propgsriedense cores through spectral
emission are examined in the subsequent chapters, so iptiamt to understand not only
how this emission is generated, but also how itffeeted and altered by its immediate sur-
roundings during its propagation.

As radiation travels through a medium it can undergo abswrotr scattering, which result
in a decrease of the incident light's intensity, or a proagdked stimulated emission, which
can enhance its intensity. In order to describe these pgesdn a mathematical manner, we
define the following parameters: We assume that the (frexyudependent) specific intensity
of the radiation field of a given sourck, passes through a medium of lengty normal to
an areadA. The medium is described by densityand opacityk,. The latter quantity varies
depending on the intrinsic dust grain properties and thguieacy of the incident radiation.
Depending on the frequency of the propagating radiation; gfait will be absorbed as it
travels through the distanaks by the grains in a manner that is linearly proportional to the
length and the opacity of the medium:

d(absorption = —«,l,ds (3.1)

Scattering can act both ways in attenuating or increasiagnitident radiation, by either re-
emitting it in different directions or by “adding” scattered photons (fromeothcoming light)
to the direction of propagation. When it acts in an attemgathanner, its fect is also pro-
portional tol,, and it is included in the absorption term shown above. Sp@mtdus emission
acts as a positive contribution to the propagating radiadi®

d(emission = j,ds (3.2

wherej, denotes the emissivity of the medium, a property indepenafdr. The total change
in intensity is the cumulativefiect of the two processes described, hence givBtghler &
Pallg 2005:

dl, = d(absorptior) + d(emissiof, (3.3)
dl, = -k l,ds+ j,ds (3.4)

dl, :
E = —Kyly + Jy. (35)

If the photon mean free path is larger than the length of théimne that it is passing through,
then it can in principle travel through it without part of trediation being absorbed. In this
case, we say that the mediunojgtically thinin the respective frequency, with its optical depth

dr, = k,ds (3.6)

beingr, < 1. In the opposite scenario, wherg> 1, the medium ioptically thickand the
radiation we observe comes from a limited region in the foyegd of the medium. We can
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shift the dependence of the intensity from the frequencyéoadptical depthr,, by dividing
equation3.7 with the opacity,x,. The emissivity over the opacity is the source function,
S, = }(— We therefore obtain:
|
a, _ -1, +5S,. (3.7)
dr,

Under the assumption of a uniform medium, the emissiyjtyand the source functios,
are uniform. After integrating the above equation the follmy solution is derived\Ward-
Thompson & Whitworth2011):

I, = 1,(B)e™ + S,(B)(L— &™), (3.8)

wherel, (B) andS, (B) are the background intensity and source function, res@dygt In the
case of negligible background intensity, the radiatiorppgating through a medium of optical
depthr, changes as

l, =S,(B)(1-e™). (3.9)

As mentioned earlier, the medium can be either optically drithick in a specific frequency,
thereby givingl, = S, (B)r, for r, much smaller than unity, and = S, (B) for r, much larger
than unity. When the medium is in thermodynamic equilibriuts source function is given
by the temperature dependent Planck funct®n,

2hy3 1

2 o
¢ efeT — 1

BV(T) =

(3.10)

whereB, describes the intensity emitted by the surface of a blackbbds the dust temper-
ature of the mediumg is the speed of lightkg is the Boltzmann constant, afidthe Planck
constant. For continuum emission studies, when the baakgrotensity is negligible and if
the dust temperature is uniform, we can substi®y€B) by the Planck function to obtain the
grey body equationWard-Thompson & Whitworth2011)

1,(T) = ﬁf@ (3.11)

ekBTdust — 1

This equation is useful in estimating the dust temperatateapacity for a given frequency.
Another useful approximation for radio frequencies is ttag/Righ-Jeans approximation. It
states that for very low frequencies or long wavelengthsfoehy < kgT

B,(T) ~

2v2ksT
2, (3.12)

as the fraction of the exponential approaches zero and fTaypmansion can be applied.

3.2.2 Critical density

The total energy of a molecule is the sum of its rotationdbrational, and electronic ener-
gies. Emission from molecular transitions arises from xigtation from a certain state to a
lower rotational, vibrational, or electronic energy stafiéhe excitation of a specific energy
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state mostly arises from collisions of the respective maiewvith H,. Electronic transitions
produce emission or absorption in the optical or UV regimeidsion from vibrational tran-
sitions can be seen in the infrared, and spectral emission fotational transitions is in the
submillimeter to millimeter range. Due to the low temperasuwithin dense cores-(10 K),
only the rotational energy levels within the ground viboatl state can usually be excited.
The (quantised) rotational energy of a particular rotatidavel J (quantum number) for a
linear molecule is given by

2
Erot = Z—IJ(J +1)=BhJJ + 1) (3.13)

whereB is the “rotational constant’l, the molecule’s moment of inertia,the Dirac constant
(or reduced Planck constant), ahdhe Planck constant. The rotational constBritecreases
the higher the inertia of the molecule is, and as a resultfiheisg between the energy levels
decreases for heavier molecules.

There exists a critical density for every molecular traositat which the collisional de-
excitation of a particular state equals its deexcitationulgh spontaneous decay. The critical

density is expressed as

Nerit = M, (3.14)

ul

wherey, = ovis the molecular collision rate arfl, the Einstein coficient for spontaneous
emission from a levell down to a level. When the gas density is much higher the critical
density of a particular transition, the system is in locarthodynamic equilibrium (LTE)
with its surroundings and gas kinetic temperature becorgeal ¢o the molecule’s excitation
temperature. For such a system, the population of the enevgls can be approximated by

Boltzmann'’s distribution: AE
Nu _ gu -

no g eXp(kBTexc)’ (319
wheren, andn; are the densities of molecules in the upper and lower level,ga and g
are the upper and lower level degeneracies (given byl 23r a linear molecule), where J is
the rotational quantum number of the transitiavk is the energy dierence between the two
states and ¢y the excitation temperature. The Boltzmann distribution akso be written in
terms of the partition functio as

ny 9u eXp(k;E:Jot)

F - Z(Trot) ’ (3. 16)

wheren is the total density of the species ang; is the rotation temperature; in LTHo; =
Texc @nd both are equal to the kinetic temperaturg, The molecular partition function is
a statistical measure of the energy contributions (ratatiovibrational, electronic) from all
available energy levels of the molecule. In LTE it is given by

2T == {or expf | 317

where the sum of the bracket is calculated for all levels.
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The molecule emits most strongly when the density is grélgarthe critical value and on
the other hand, emission is negligible for densities mugretahan the critical value. Given
that every molecular transition has a unique critical dgneach will therefore trace filerent
physical conditions and regions within a core.

3.2.3 Spectra from radio observations

It is common in radio astronomy for a spectrum to be plottec &snction of the antenna
temperatureT ,, and the line-of-sight velocity instead of its intensityand frequency. The
brightness temperatu®,, is the temperature that a black body in thermal equilibrimould
have to have in order to reproduce the observed intensityragjgencyy:

I, = B,(Tp). (3.18)
The dfective radiation temperaturd,(Ty), is defined as

Bv(Tb)C2

J,(Tp) = 2%kg

(3.19)
In the Rayleigh-Jeans approximatidy(T,) = Tp. For sources smaller than the beam size, the
source brightness temperature is givenWjigon et al, 2009

2
To = Tve =, (3.20)
05

whereTyg is the main-beam temperatui, and s are the observed and actual sizes of the
source, Withs% =62+ eg (6p; beam size). The brightness temperature is thereforerlérga
the main-beam temperature. Tberrectedantenna temperature is given By = Ta/Fes,
whereT, is the antenna temperaturg; andTyg are related as
Tve = FﬁTZ (3.21)
Berr

for sources smaller than the beam, whEgg and B are the telescope forward and beam
efficiencies, and the ratiéjf is the main-beamf&ciencynus.

Another important aspect of the observed transitions it alang to the Doppler shift
effect (i.e.,Av/vrest = Av/C), they are shifted to either lower or higher frequencieshiwdspect
to their rest frequency

v
Vobs ~ Vrest(l + E) (3.22)

wherev is the radial velocity of the source (velocity along the lwfesight) andvops andvyest

are the observed and the emitting frequencies, respectivdie observed spectrum is also
usually broadened by bulk motions due to the relative velocity of the molecules that absorb
and re-emit the radiation. The broadenifgis given by

A
AV = ?UVrest. (323)
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Figure 3.1: Schematic of the energy levels and the populdtiothe two level atom.

3.2.4 Energy level populations and the two-level system

This section presents the simple case of an atom with onlyetvargy levels. The population
of each level depends on collisional, radiative, and spwaas processes that are described
by the Einstein ca@cients. Excitation to the upper level,can occur either through collisions
with other molecules or radiatively with the absorption ofiacident photon. The collisional
excitation rate ca@cient and the Einstein absorption €deent are denoted ag, and By,
respectively. In the case of deexcitation from the uppehnédawer statey,) andBy, represent
the collisional deexcitation rate and the Einstein stirredeemission cdécients. Stimulated
emission occurs when an incident photon from the ambiern&tiad field of intensityl (av-
eraged over all frequencies) causes deexcitation and rindtaneous emission of a photon
of the same energy. An additional process contributing ecdiiexcitation rate is the Einstein
spontaneous emission. Spontaneous emission results detlay of an electron to a lower
energy state without any influence by external factors.

Assuming a total densitg of the main collision partner( ny,) and upper and lower
level populationsn, andn;, the populations of both levels in equilibrium are desafitiy
(equations fromStahler & Palla20095:

YiuNkotN + Biunil = yuineotny + Buingl + Auing. (3.24)

At the limit of high-density, as is the case in the dense cateiors, the collisional transitions
greatly exceed radiative transitions. With collisionaktiéation and deexcitation being the
main driving source of the observed transitions, the previequation can be rewritten as

| n
Yl = yully = % = Fllj (3.25)
u

In these high densities where LTE holds, the ratio of the uppéhe lower level populations
can be expressed through the Boltzmann distribution (emuatl5

Yu _ 9u exp(iE). (3.26)
Yu g ke Tk

On the other hand, in the limit of low densities, the oppositeurs. Collisional processes
are negligible and only radiative transitions are significaThe system is now in thermal
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equilibrium with the radiation field, which has a temperatii,g. Equation3.24then becomes

Aun & B
LT ul ul
= = =1 = (3.27)
— Bu u
Bun —Buu g -1 gen(gi) -
The radiation intensity is given by the Planck function iaral equilibrium:
2hy3 1
1, = C; . : (3.28)
exp(its) - 1

A direct comparison of the two previous equations givesulsefations for the Einstein coef-
ficients:

2hVS’| B
Ad =5 Bu (3.29)
Bugi = Bugu.

To derive a relation between the total dengity, the populationsy, and n;, and the tem-
peraturesTy and Teye, €quation3.24is divided byy,, and the Boltzmann distribution and
equations3.29are taken into account to obtain:

Ju —-AE  ngitc?l ) Ny ( NeritC2| Nerit )

— |ex J—
p n

[ +
gl keTk  Nior2hy3

3.30
Not2hv®  Nyot ( )

whereng; is defined in equatioB.14 The ratio of the upper to lower state populations are
described by the Boltzmann distribution for an excitatiemperaturel gyc.

The integrated intensities of molecular spectra are conynased to derive the column
densities of the respective molecules along the lineglftsiHowever, an important aspect to
consider when deriving column densities is the opacity efdhserved molecular transition.
An optically thick transition is not a good tracer of the tateolecular column density as part
of the core acts as a black-body in this frequency. On the bided, in the case of an optically
thin spectrum the observed emission is produced colldgtiweall molecules along the line-
of-sight and its column density is therefore directly pndgjpmal to the observed integrated
intensity. The column density at the lower energy stat8&l¢che 2002

V3 1
N T R f £, (3.31)
¢ guAul 1 - expird

wherer, is the optical depth at the respective frequency. In thegmas of a background
radiation field, the observed intensity,ps With respect to the continnum becomes

Iv,obs = (Bv(Texc) - Bv(Tbg))(l - e_TV)’ (3-32)

with B, (Texc) andB,(Tpg) being the Planck law at the excitation and background teatipees,
respectively. We have assumed that the background inyesesitbe described well b8, (Ty,)
(e.g., when describing the CMB). The Planck function istezlato the &ective radiation
temperature through

c2

J,(T) = 2

B,(T), (3.33)
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1inthe Rayleigh-Jeans approximation. Therefore, thenanldensity at the lower energy level
as a function of the integatedfective radiation temperature over all velocities (ie.egrated
intensity) and for optically thin transitions becom&glloche 2002,

8 gi uI 1 f
N = =24 ,(T) d 3.34
T B guA1- exp‘hV“' Jv(Texc) Jy(Thg) (). (3.3

To obtain thetotal column density of the molecule we have to use the partitioction in the
following manner:

Niot = — Z(T) exp(k $ ) (3.35)

Be is the rotational constant of the molecule in units of fregye From equatiord.17, the
partition function under LTE for our system and for a lineasletule is

Z(Tk) =% {(ZI +1) exp(ﬂ)}, (3.36)
ks Tk
Expanding equatioB.35the total molecular column density becomBgl{oche 2002

8nv3 ol AE  Z(Ty) 1

J,(Tp) d 3.37
Fouba “PleTe w3 - 3Ty J MDY (337

Niot =

3.3 Kinematics of dense cores

3.3.1 Systemic velocity

The systemic (centroid) velocity of the source is the averagiocity along the line-of-sight of
all emitting molecules. The method that was used to deriggegyic velocities in the following
chapters is through a least-square fitting procedure udimga-parameter function for spectra
that have a Gaussian shape. The three-parameter functeeeBelloche 2013

( sys)
T, X 4In(2 3.38
peal@Xp| (—4In( ))FWHN|2 (3.38)
whereT peak is the peak temperature of the spectrufy HM is the full width at half maxi-
mum, andbsys is the source systemic velocity.

3.3.2 Turbulence

Turbulent motions are present on both small and large seaib® molecular clouds and they
observationally manifest themselves as a broadertiiegtdan the spectral emission. The non-
thermal and thermal motions along with the magnetic fielgpsupthe cloud against gravita-
tional collapse (e.gArons & Max, 1975 Gammie & Ostriker1996 Nakamura & Lj 2005.
Turbulence is found to be subsonic or transonic on smalesacalthin dense, prestellar cores
(e.g.,Larson 1981 Myers, 1983 Goodman et al.1998 Belloche et al.2001 Di Francesco
et al, 2004 André et al, 2007 Ward-Thompson et al2007 Miettinen et al, 201Q Pineda
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et al, 2010. The non-thermal velocity dispersiot,h, is found to be uniform and no larger
than the thermal dispersion at scales belovd.1 pc (“coherence” scale:Goodman et al.
1998 Barranco & Goodmanl1998 Caselli et al. 2002a Tafalla et al, 2004 Pineda et aJ.
2010, while it starts increasing at larger radii in a manner fbiows the Larson scaling law
(Larson 1981). The dispersion-size relation barson(1981) (Av ~ R3, a ~ 0.38) was found
to be similar to the Kolmogorov-Obhukov law, o« L3, whereL is the size over which the
dispersion is measured. The latter describes the cascaaigaify highly energetic turbulent
eddies down to smaller scales where they dissipate withiecuatar clouds. Turbulence dis-
sipation is higher in the core interiors, with the outer “nietded” layers being more exposed
to ambient non-thermal motions. For a sample of cloud cofelfiering masses, it appears
that non-thermal motions increase as a function of the sadlonass.

The total observed velocity dispersion is given by the gagadrsum of its thermal and
non-thermal constituents:

2 _ 2 2
Oops = Tih + Thipe (3.39)

and the thermal dispersion (gas rms velocity) by

Oth = ) (340)

wherem = umy, with ¢ being the molecular weight of the tracer used, emdthe hydrogen
mass. To compute the mean thermal dispersion, the molewsgight of the mean particle is
used [t ~ 2.37). The observe&WH M is related to the total observed dispersion through

FWHM = 0ps V8 IN2. (3.41)

3.3.3 Infall

Proving unambiguously that a part of an interstellar claaéithe process of infall has not
been straightforward. Within the context of free-fall egise of isothermal spheres, the mass
enclosed within a certain radius of the free-falling enpelscales abl o« r¥?2 (p « r=3/2), and
the infall velocity asv o 195 (see e.g.Shu 1977). The infall velocity, therefore, increases
as smaller radii are approached. Combining the two relatiare obtain a proportionality
of M « v~3, which states that in the simple scenario of spherical pséiathere is less and
less mass enclosed within progressively smaller radii e/kiee material is infalling at higher
velocities Hartmann 2001).

The combination of an asymmetric, blueshifted, opticdiigk line and emission from an
optically thin line peaking in-between the blue and red gedk widely used as a signature
of infall under the assumption that the excitation tempegincreases towards the centre
of the core Leung & Brown 1977 Walker et al, 1986 Zhou 1992 Myers et al, 1995
1996. Optically thin lines cannot be used alone to detect in&adltheir emission is symmetric
and centrally peaked, and it does not distinguish betwefatliig, outflowing, or turbulent
motions. The emission from the optically thin transitioneigpected to peak at a velocity
characterized by the maximum excitation temperature, lwisiche centre of the core in the
spherically symmetric case. As it probes the central veladithe core, it is expected to peak
somewhere in-between the red and blue peaks of the optitédly spectrum, thus indicating
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that the asymmetry of the optically thick line is indeed proeld by the object itself and not
by meterial lying along the line-of-sight due to projectigffects.

Static
Envelope

Infall Region

3 -V + +V
> — - -
i i ) ;

To Observer

i Observed Spectrum
'

Intansity

static envelope

g v oY
Veloeity

Figure 3.2: Infall signature schematid.eft the spherically symmetric collapsing core of
radiusrint is surrounded by a static envelope. The ovals signify lodafstant line-of-sight
velocity for free-fall (i.e.,0 o« r~2%), with the blueshifted and redshifted halves of the core
containing the solid and dashed ovals, respectively. Trs#tipns By, By, Ry, andR, are
the intersection positions along the line-of-sigRight a direct correspondence between the
features of an optically thick, double-peaked spectruni wite regions of the infalling core
and static envelope that produce them. The line wings atisgafaster collapse close to the
centre. FronkEvans(2003.

The schematics in Fig3.2 taken fromEvans(2003, illustate the physical mechanism
giving rise to this signature. The left panel shows an iirfgllienvelope with radiusi,s that
is enclosed by a static envelope. When we observe the cdneawioptically thick transition,
we cross oval-shaped loci of constant line-of-sight veilesi Fig.3.2 shows two such loci,
one in the redshifted and one in the blueshifted part of the.dé the excitation temperature
increases towards the centre, then pétaithas a higher excitation temperature than and
similarly, the excitation temperature Bs is higher tharB,. However, due to the optical depth
of the transitionR, andB; are obscured from the observer and only emission from p&ints
andB; are observed. AR; has a lower excitation temperature tHa#) the resulting emission
from the redshifted part of the core will be weaker than thebhifted emission, thus creating
an asymmetric spectrum that cannot be described by a siagiperature Gaussian profile.
Absorption from the outer envelope layers might also gige to a self-absorption dip. An
absoprtion dip would result in the spectrum having two djedefined peaks (blue and red),
thus emphasising the observed asymmetry in intensity. FRyshows which parts of the
infalling and static envelope correspond to each of thetsaldeatures.
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A simple way to quantify the observed asymmetry is by comnmgathe blue to the red
peak brightness (or antenna) temperatligg,e/ Treqd (Myers et al, 1995. However, this ratio
does not account for the velocity shift of the optically thime with respect to the blue peak
of the optically thick spectrum. The velocity shift can beagtified by the nondimensional
parametergV, thatMardones et al(1997 introduced to “measure” the observed asymmetry.

This parameter is estimated as v v
thick — Vthin
oV = XV (3.42)
whereVyick andViin are the velocities of the brightest optically thick peak #mel optically
thin peak, and\Vy is the linewidth of the optically thin transition.
A different approach to quantifying the infall asymmetry is thecaled skewness
(Gregersen et al1997). The skewness is a convenient method for spectra witholitiefned

peaks, for which a peak brightness ratio is not relevant.

[T - vsR360] / (E[T;(U — o sR60] )3/ 2

Skevness=
2(T;60) (T 560)

(3.43)

This parameter is the ratio of the third moment to §1power of the second moment dis-
tribution, with v_sg andév being the centroid velocity of the source and the channethyid
respectively. Both equatiorz42and 3.43 give negative values for the infall profiles (blue
peak stronger than red) and values for the opposite profittfeak stronger than blue). The
latter, “inverse signature” is often interpreted as intaa for expanding motionsEvans
2003, but it is generally not as well understood as the infalhaigire.

3.3.4 Rotation

Determining the rotational velocity structure of presteltores and protostellar envelopes is
not a straightforward undertaking. One needs to be ablesentiingle rotation from other
motions likely to be present, such as turbulence and inflije at the same time using a
tracer that is notfdected by depletion or optical deptffects.

Observations in an optically thin molecular tracer can kbelue derive the core’s average
velocities along the line-of-sight. The first step to inigste rotation within a core is to
search for a velocity gradient perpendicular to the rotatigis. A planar least squares fit of
the centroid velocity measurements can reveal whethersgoresent within the core. A linear
velocity gradient corresponds to solid-body rotation witihe envelope and it has a magnitude
of Qsini, wherei is the inclination of the rotation axis to the line-of-sighthe function used
for the planar fitting is of the formacen = vp + ada + pdb (Goodman et al.1993, whereda
anddb are expressed in radians and correspond to the right asoessil declination fésets,
vg is the cloud systemic velocity, andandg are the projections of the velocity gradient (per
radian) on the right ascension and declination a@so@dman et al.1993.

Position velocity (hereafter, P-V) diagrams are a usefdl simple tool in visualising the
velocity gradients within a core. A uniform, linear gradiémexpected for a core rotating as a
solid-body, with the angular velocity being independenthef distance along the line-of-sight
(Goodman et al.1993 Belloche 2013. On the other hand, a non-uniform, “S-shaped” P-V
diagram is thought to arise fromftirential motions, whereby the gradient becomes steeper
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Figure 3.3: Position-velocity diagrams (parametric mpfiala protostellar envelope undergo-
ing (a) solid-body @ = 4.2 km s1) and (b) diferential Q = 12(R/35000U)~1° km st pc™t)
rotation. The solid curve and the dots show the centroidoi®i@t each position, while the
contours correspond to*S emission lPBW = 3600 AU). The dashed curve shows how the
velocity gradient would appear in the limit of infinite reston. Plots from Belloche et al.
2002 Belloche 2013.

at smaller scales (see e.Belloche et al.2002. This implies the spinning up of the core
towards the centre and the overall dependence of the angiaity with the radius.

An example of solid-body and fiierential rotation as manifested on a P-V diagram is
shown in Fig.3.3. The central part of the characteristic “S shape” dfadential rotation is
due to the finite resolution of the observations. If we codsoive the velocity structure of
the inner core we would then observe velocity curves thaesse in magnitude in opposite
directions on either side of the central position. Howetleg, finite angular resolution makes
the transition of the observed velocities seem smoother.

3.4 MAPYSO Radiative Transfer Code

MAPYSO is a 2D Monte-Carlo radiative transfer codiider, 1997 Belloche et al.2002
that is used in the work presented about the first core cated{@aa-MMS1 in the following
chapter. It operates in two successive steps. Initiallgpiputes the one dimensional pop-
ulation of the diferent energy levels at non-LTE through a Monte-Carlo codegsed from
Bernes 1979. The MAPYSO code then computes the radiative transfergatbe line-of-
sight in either one or two-dimensional geometries, corimglwith the antenna beam. Details
about the model input parameters and output spectra ane igivehapterd and Sectior.3.
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The dynamical state of the first
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Cha-MMS1

Absence of evidence is not evidence of absence.
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Abstract

Context:First hydrostatic cores represent a theoretically prediattermediate evolution-
ary link between the prestellar and protostellar phasesly8tg the observational characteris-
tics of first core candidates is therefore vital for probimgl @anderstanding the earliest phases
of star formation.

Aims: We aim to determine the dynamical state of the first hydrizstaire candidate
Cha-MMS1.

Methods: We observed Cha-MMS1 in various molecular transitions whth APEX and
Mopra telescopes. Continuum data retrieved fromS3p#zer Heritage Archivavere used to
estimate the internal luminosity of the source. The mokeceimission was modelled with
a radiative transfer code to derive constraints on the kats of the envelope, which were
then compared to predictions of magneto-hydrodynamic Isitions.

Results:We derive an internal luminosity of 0.08,l-—- 0.18 L, for Cha-MMS1. An av-
erage velocity gradient of. B+ 0.1 km s pct over~ 0.08 pc is found perpendicular to
the filament in which Cha-MMS1 is embedded. The gradient tteflan the outer parts and,
surprisingly, also at the innermost2000 AU to 4000 AU. The former features are consistent
with solid-body rotation beyond 4000 AU and slowerfeliiential rotation beyond 8000 AU,
but the origin of the flatter gradient in the innermost pastsriclear. The classical infall signa-
ture is detected in HCO3-2 and CS 2-1. The radiative transfer modelling indicatgsifarm
infall velocity in the outer parts of the envelope. In thegénparts (at most 9000 AU), an infall
velocity field scaling withr=%° is consistent with the data, but the shape of the profile & les
well constrained and the velocity could also decrease wwa centre. The infall velocities
are subsonic to transonic, 0.1 kmts-0.2 km st atr > 3300 AU, and subsonic to supersonic,
0.04 kms! —0.6 km st atr < 3300 AU. Both the internal luminosity of Cha-MMS1 and
the infall velocity field in its envelope are consistent wittedictions of MHD simulations
for the first core phase. There is no evidence of a fast, lstgée outflow stemming from
Cha-MMS1, but excess emission from the high-density tea€8 5-4, CO 6-5, and CO 7-6
suggests the presence of higher velocity material at ther icore.

Conclusions:Its internal luminosity excludes Cha-MMSL1 being a preatetiore. The
kinematical properties of its envelope are consistent ®@th-MMS1 being a first hydrostatic
core candidate or a very young Class O protostar.

The content of this Chapter has been published in the jouksatbnomyé Astrophysics.
A. E. Tsitali, A. Belloche, B. Commercon, and K. M. MentehAA557, A98.
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4.1 Introduction

Many advances have recently been made in the field of earlynags star formation, span-
ning from the prestellar phase to the formation and evatubioYoung Stellar Objects (YSOs),
e.g., with theSpitzerc2d Legacy Project (“From Molecular Cores to Planet-Fogridisks”,
Evans et al.2003 and theHerschelGould Belt Survey André et al, 2010. In particular,
Herschel(Pilbratt et al, 2010 has provided valuable insight into the early star formapoo-
cesses. Most dense starless cores in molecular cloudsrappea located along a complex
network of long, thin filaments, suggesting that filamentfation precedes the core forma-
tion process Arzoumanian et al.201% Hill et al., 2011 André et al, 201Q Men’shchikov

et al, 201Q Molinari et al, 2010. The study of these early stages is necessary in order to
address open questions such as the origin of the stell&lIhiass Function (IMF), its rela-
tionship with the prestellar phase and the Core Mass Fun(@®F; e.g.,André et al, 2009,
and the initial conditions needed for star formation to ac&ecent results from thiderschel
survey confirm the resemblance of the prestellar CMF to tekastiIMF in the Aquila and
Polaris clouds Kdnyves et al.2010h André et al, 2010. Such a resemblance has already
been seen in various molecular clouds with ground-basefesiish telescopes, such as in the
Ophiuchus molecular cloudMotte et al, 1998 or in the Pipe nebulaRathborne et al2009.

It has recently become common to split the population ofestarcores in molecular clouds
into two categories, the gravitationally bound and unbocoies. Prestellar cores represent
the subset of starless cores that are self-gravitating alh¢hws very likely form stars (e.g.,

di Francesco et gl2007, André et al, 2009, while the gravitationally unbound starless cores
may be transient objects (“failed” cores) or objects on theyg of becoming prestellar (e.g.
Belloche et al.20110. The gravitational collapse of a prestellar core leadaéddrmation of

a stellar embryo, the protostar. This marks the beginninge€lass 0 phase, during which the
central object accretes mass from its protostellar eneefépdré et al, 2000. Theoretically,

the early work ofLarson (1969 already showed that the formation of the central protostar
must be preceded by the formation of a larger, less dense hfidsostatic core (hereafter
FHSC). The FHSC thus represents an intermediate evoluistiage between the prestellar
and protostellar phases. The detection of FHSCs is obgamadly very challenging because
of their very short expected lifetime.

4.1.1 FHSC: atheoretical background

The formation of the first hydrostatic core emerged from thdor the first time withLarson
(1969, but only a handful of objects have recently been obsermedsaggested as likely can-
didates.Larson(1969 describes the process of forming a protostar from a paretecular
core using a spherical collapse model that ignores magfietits and rotation. The initial
phase is characterised by an isothermal contraction of thleaular core. When the central
density exceeds 1&° g cnt3 the radiative cooling ceases to b@@ent and an opaque, adi-
abatic core forms at the centre. The rise in temperaturdtseisuan increase in the thermal
pressure, and finally, when the pressure balances theajiamil force the collapse ceases and
the first hydrostatic core is formed. The initial central parature of the FHSC is estimated
to be around 170 K with an initial central density of 0% g cn3. The so-called second,
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more compact (protostellar) core is formed after the dission of H, and subsequent col-
lapse, when the central temperature reached@ K and the density reaches1072 g cnr3
(Larson 1969.

Various theoretical studies predict observational charestics of the first core phase. In-
ternal luminosities of up te- 0.1 L, (Masunaga et gl1998 Saigo & Tomisaka2011) or
~ 0.25 L, (Commercon et al.2012 have been predicted. First cores are characterised by
radii and masses in the ranges~0b6 AU — 10 AU and 0.05Vl; — 0.1 M, respectively a-
sunaga et gl.1998 Saigo et al.2008. Their lifetimes range from a few 100 yr to a few
1000 yr, increasing with the rate of rotaticdommercon et a{2012 derive lifetimes ranging
from ~ 1000 yr to> 4000 yr for rotating, magnetised M, cores with 3D radiation-MHD
simulations. The FHSC lifetime is shorter for higher levefsnagnetisation owing to the
stronger magnetic braking that increases the mass actretie. These short lifetimes imply
that first cores are rare and thuhidult to observe, although we note tifamida et al(2010
predict much longer lifetimes>( 10 yr) for first cores formed in very low-mass cloud cores
(0.1 Mp).

Outflows at the first core phase are thought to be a signifidzsdgreational signature char-
acterising this evolutionary stag®achida et al(2008 used 3D resistive MHD simulations
to study the driving mechanisms of outflows in the star foramaprocess. Their predictions
distinguish between an extended, slow molecular outflowedrby the first core and a highly
collimated, fast jet later driven by the protostellar cdnattexhibit typical velocities ot 3
km st and 30 km s, respectively. The outflow driven by the first core is pregticto be
extremely compact, spanning200 AU — 800 AU in extent just before the start of the second
collapse Commercon et al.2012 2010 Machida et al.2008. The first core outflows are
thought to result from the twisting of the magnetic field 8rngue to the rotation of the col-
lapsing core, whose amplified toroidal component leadseatisequent transfer of angular
momentum to the gas outside of the coferfiisaka & Tomida2011).

4.1.2 Cha-MMSL1 and its evolutionary stage

Chamaeleon-MMS1 (hereafter Cha-MMSL for short) is a dense embedded in a filament
(~ 0.5 pc in length) within the Chamaeleon | molecular clo@#®l{oche et al.20113 at a
distance of 150 pcWhittet et al, 1997 Knude & Hgg 1999. Several previous studies of
Cha-MMS1 suggest that it is an object at a very early evahatip stage.

Reipurth et al(1996 discovered Cha-MMS1 in dust continuum emission at 1.3 mheyT
suggested that Cha-MMS1 is the driving source of the neatdyBI50 objects and identi-
fied it as a Class 0 protostar based on that association. dtivinClass 0 protostellar phase,
the central object is deeply embedded within its collapgingelope, which comprises more
than half of the system’s masAr{dré et al, 1993. Lehtinen et al(200]) confirms this clas-
sification based on #entativefar-infrared detection, butehtinen et al.(2003 argues that
Cha-MMS1 possibly represents an evolutionary stage edinen Class 0 based on its lack of
thermal free-free emission at cm wavelengths. Cha-MMSisezlded in a gravitationally-
bound G280 core Haikala et al, 2005. High deuterium fractionations of HCCand NeH*
were derived, consistent with Cha-MMS1 being an evolvedtptiar core or a young proto-
stellar envelopeRelloche et al.2006.
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A faint Spitzer24 um and 7Qum detection indicates the presence of a central object in Cha
MMS1, either a FHSC or a protostaBélloche et al.2006. Belloche et al(20113 derived a
very low internal luminosity of 0.015 L, for this object based on the correlation between the
70um flux density and internal luminosity establishediynham et al(2008 for protostellar
objects. As most Class 0 protostars feature an outflamd(é et al, 2000, a search for a
large-scale outflow driven by Cha-MMS1 was performed in CQ @4th APEX but none
was found Belloche et al.200§. The non-detection of an outflow around Cha-MMS1 on
scales of~ 10* AU suggests that the central object may be less evolved ti&iass 0 object.

It could possess an outflow that is too compact to have beearctdet with the resolution
of the previous studies, which would agree with the pregiitgiof the FHSC observational
signatures. Furthermore, Cha-MMS1, the Class 0 protoRAM 04191+1522 (hereatfter,
IRAM 04191) and the Very Low Luminosity Object (VeLLO) L15B1(Crapsi et al. 2004
Bourke et al. 2006 are located at approximately the same distance, and & dagparison
of their Spitzerfluxes supports the idea that Cha-MMSL1 is less evolBadlgche et al.2006.
Bearing all this in mind, Cha-MMS1 could be at the stage offRkSC between the prestellar
and Class 0 phases. However, its classification as such ysdifficult to observationally
confirm until a compact (200 AU — 800 AlGommerc¢on et al.201Q 2012, slow outflow
with velocities in the range of 2 knt$— 4 km s (Tomisaka 2002 Machida et al.2008
Commercon et gl.201Q Hennebelle & Fromang2008 is detected. We therefore merely
consider it as a FHSC candidate.

4.1.3 FHSC candidates

The detection of seven candidate first cores has been claméar: Cha-MMS1 Belloche
et al, 2006 20113, L1448-IRS2E Chen et al.2010, Per-Bolo 58 Enoch et al.201Q Dun-
ham et al. 2011, L1451-mm Pineda et a.2011), CB17-MMS (Chen et al. 2012, B1-
bS, and B1-bN Pezzuto et al.2012. All but one (B1-bS) are VeLLOs (internal luminos-
ity Lint < 0.1 Ly), in agreement with the range of luminosities predictedABISCs. With
Lbol ~ 0.49 L, B1-bS might be too luminous for a FHSC. L1448-IRS2E, PelcBs8, and
L1451-mm drive outflows that have been interferometricaigtected. L1448-IRS2E drives
an outflow with velocities of~ 25 km s, one order of magnitude higher than predicted
for a first core by MHD simulationsMachida et al.2008. This suggests that it is at the
more evolved second core stage so is likely ruled out as acbirst candidate. Per-Bolo 58,
L1451-mm, and CB17-MMS all have outflow velocities in agreatnwith theoretical predic-
tions (see Sec#.1.]). However, the outflows of Per-Bolo 58 and CB17-MMS extendrov
6000 AU — 8000 AU, with dynamical times 10* yr, about one order of magnitude longer
than the expected first core lifetime imaagnetisectollapsing dense core. Lifetimes in the
range~ 4000 yr — 10000 yr are produced by non- or very-weakly magedtisimulations,
but no outflow is produced at the FHSC stage in these caseJengmercon et al2012.
L1451-mm is therefore the only candidate driving an outfloithyproperties (maximum ve-
locity 2.3 km s, dynamical time 1.6« 10° yr) consistent with current theoretical predictions
at the first-core stage. There has been no outflow detectichddB1-bS and B1-bN conden-
sations in Perseus, but the SED fitting of thdarscheland Spitzer(where applicable) fluxes
seems to be consistent with the presence of a central ohjgousded by a dusty envelope
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Table 4.1: Parameters of 2010 APEX CHAM®bservations.

Transition f o,® HPBW 6f9 V8 Npod Fer? Ber? — Toyd' rms

MHz)  (kHz) () (kH) (kms?) %) ®%) (K) (MK)
18CO6-5 661067.2766 0.5 9.2 183 0.083 7 95 36 1000-1200 76-85
CO6-5 691473.0763 0.5 88 183 0.079 14 95 36 900-1900 108-185
CO7-6 806651.8060 50 7.5 183 0.068 14 95 36 2200-6900 287-60

Notes. @ Rest frequency taken from the Cologne Database for Mole@eectroscopy (CDMS,
httpy/www.astro.uni-koeln.gedms). ® Frequency uncertainty taken from the CDMS catalogue.
© Angular resolution® Channel spacing in frequend§) Channel spacing in velocity? Number

of observed positions? Forward and main-beanfficiencies from CHAMP webpage™ System
temperature? rms sensitivity inT* scale.

that is younger than the Class 0 phaBeZzuto et al2012).

The goal of this study is to set constraints on the kinemaifcthe envelope of Cha-
MMS1 to test if it is consistent with Cha-MMS1 being in the FEIStage. The structure
of this Chapter is as follows. In Sed.2 we summarise the observational details, we then
present our results in Sedt.3and in Sect4.4we perform radiative transfer modelling of the
spectra towards Cha-MMS1. The discussion and concluswimnfin Sects.5.5and 5.6,
respectively.

4.2 Observations

We performed observations towards the dense core Cha-MMSihog=11"06M335.13,
82000=-77°2335.7’1 with the APEX and Mopra telescopes on the central core posiis
well as on dfset positions close to the core along directions paralldl @erpendicular to
the filament in which it is embedded (see Hgl). The data were reduced with the CLASS
softwaré.

4.2.1 2010 APEX observations

Observations with APEXusing the CHAMP*# heterodyne SSB receiver were carried out in
2010 July, in the following molecular transitionsCO 6-5, CO 6-5, and CO 7-6. CHAMP
is a 2x 7 pixel array receiver connected to a Fast-Fourier-Trans&pectrometer backend ar-
ray (FFTS). It operates in two frequency bands simultangoasund 690 GHz and 810 GHz.
The channel spacing is 183 kHz. The corresponding veloe#yplution for each transition is
given in Table4.1 All three transitions were observed with the central CHAMbel pointed

on the central core position atoe=11"06"33%.13, 6 30000=-77°2335.1”. In addition to the
central position, CO 6-5 and CO 7-6 were also observed watleentral CHAMP pixel be-

1Position fromSpitzerobservationsBelloche et al.20113.

2see http/www.iram.ffIRAMFR/GILDAS.

3The Atacama Pathfinder Experiment telescope (APEX) is alsotation between the Max-Planck Institut fiir
Radioastronomie, the European Southern Observatoryhen@rnsala Space Observatory.

“see httpywww3.mpifr-bonn.mpg.deliv/submmtectheterodynechampplughampmain.html.
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Figure 4.1:(a) 870um map of the filament in which Cha-MMS1 is embedded, obtainikd WABOCA as part of an unbiased survey of Chamaeleon |
(Belloche et al.20113. The contour levels correspond+@, a, 2a, 4a, 6a, 8a, 12a, 16a, 24a, 32a, with a = 36 mJy21”’-beam (3r). The white cross at
@32000=11"06M335.13, 5 30000=-77°2335.1" is theSpitzerposition of Cha-MMS1. The position of the nearby Class | objRAS 11051-7706 is also shown
with a black cross. (b)-(f) Zoom-in of the positions (P, v@tilack crossetriangles) observed with APEX and Mopra; B the central position. Panel (b)
refers to CO 6-5 (white crosse$JCO 6-5 (white crosses), and CO 7—6 (black crosses), (c) to'H83Q and H*CO* 3-2, (d) to CS 5-4, HCO* 4-3, and
CO 4-3, (e) to €0 2—-1 and ¢80 2-1 (all with APEX), and (f) to the Mopra observations (sebl€4.3). The spacing between adjacent positions is’11.4
in panels (c) and (d), and 14n panel (e). In panel (f), it is 17/5for the positions perpendicular to the filament and &% the positions along the filament.
For panel (b) the pixel spacing of the CHANMRrray is 20 for the white and 15 for the black crosses relative to P1. The black (CO 7-6) anitewW{8O
6-5) open triangles mark the positions observed with CHAMENtred on the fiset position at (5.3 8.3”) relative to Cha-MMS1 (filled triangle).
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Table 4.2: Parameters of 2011 APEX observations.

Transition f o, HPBWF Receiver Backendsfd  6V® Npod Fer? Betd — Toyd rms
(MHz) (kHz) ) (kHz) (kms™) (%) (%) (K) (mK)
C%0 2-1 219560.3541 1.5 27.7 APEX-1SSB XFFTS2 76 0.104 13 95 7582-220 136-195
cl0 2-1 224714.1870 80 27.1 APEX-1SSB XFFTS2 76 0.101 13 95 75 0-220 87-99
CS54 244935.5565 2.8 24.9 APEX-1SSB XFFTS2 76 0.093 5 95 78.5-420 23-25
H13CO* 3-2 260255.3390 9.7 23.4 APEX-1SSB XFFTS2 76 0.088 13 95 74 0-282 63-75
HCO* 3-2 267557.6259 1.1 22.8 APEX-2 SSB FFTS1 122 0.137 13 95 740-326 120-152
H3CO* 4-3 346998.3440 11.9 17.5 FLASH3452SB XFFTS 76 0.066 5 95 7380-3P5 48-53
CO4-3 461040.7682 0.5 13.2 FLASH460DSB AFFTS 183 0.119 5 950 ©083-1288 234-360

Notes. ® Rest frequency taken from the CDMS catalogue. The freqesrgiven here for the HCO" 3-2 and 4-3 transitions do not account for their
hyperfine structure. See the CDMS catalogue for the speagfimiEncies corresponding to each hyperfine structure coempof the transition$? Frequency
uncertainty taken from the CDMS catalog{féAngular resolution® Channel spacing in frequendé§. Channel spacing in velocit{)y. Number of observed
positions @ Forward and main-beantfficiencies ™ System temperatur®. rms sensitivity inT* scale.
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Table 4.3: Parameters of Mopra observations

Transition f o® HPBWE 69 6V® Npod Bep? Tsyd' rms

(MHz)  (kHz) (") (kH2) (kms?) %) (K (mK)
c-CaHz 322-313 84727.6909 3.4 406 34 012 1 34 185 18
HC®0* 1-0 85162.2231 48 404 34 012 1 34 185 18
H3CO" 1,,-0;; ) 86754.3004 39 39.7 34 012 1 34 165 17
HNC 1,550,221 87090.8297 3.8 395 34 012 1 34 165 14
HNCO 445-3034) 87925.2178 0.3 39.2 34 011 1 34 164 16
HCO* 1-0 89188.5247 4.1 386 34 011 1 34 147 17
HC3N 101—910)  90979.0024 1.0 37.9 34 011 9 34 208-230 17-32
13cs 2-1 92494.3080 50.0 37.2 34 011 9 34 208-230 17-29
NoH* 1530y, | 93173.7642 2.4 370 34 011 9 34 213-23319-31
C34s 2-1 06412.9495 2.2 357 34 010 9 34 216-23519-35

CH3OH-E215-1;7 96739.362 50 356 34 010 9 34 229-251 20-33
CH3OH-A2p-191 96741.375 50 356 34 010 9 34 229-251 20-33
CH3OH-E 2p5-197 96744550 5.0 356 34 010 9 34 229-251 20-33
C3s2-1 97172.0639 0.2 354 34 010 9 34 229-251 20-34
CS2-1 97980.9533 2.3 352 34 010 9 34 229-251 20-32

Notes.® Rest frequency taken from the CDMS catalogblé=requency uncertaint{?) Angular resolu-
tion. @ Channel spacing in frequené§.Channel spacing in velocit{). Number of observed positions.
@ Main beam éiciency.(" Range of system temperatuferms sensitivity inT* scale.?)) Transition
with hyperfine structure.

ing centred on anfset position A, Ad) = (5.37, 8.3’) relative to the centre of Cha-MMS1
(see Fig4.1b). The observations were done in position-switching modé the reference
position at Aa, Ad) = (-6007, 4”). The reference position was checked to be free of emission
with an rms sensitivity of 0.06 K and 0.24 K for the centralgiin CO 6-5 and CO 7-6,
respectively, and for the spectral resolution given in &dbL

The observations were carried out on foufelient days, in the last two of whidCO 6-
5 was observed in parallel to CO 7-6. A comparison to the COspegtra of the first two
days of observation suggests that there is a pointifgebin the south-west direction parallel
to the filament of up to- 5” between the CO 6460 7-6 and3CO 6-3CO 7-6 datasets.
The forward and beamfliciencies used to convert antenna temperatliggsnto main-beam
temperatures can be found in Taldlel along with further information on line frequencies,
system temperatures, and noise levels. The focus was eptinoin Saturn and Mars and the
pointing in CO 6-5 emission on the star IRAS 07454-7112.

4.2.2 2011 APEX Observations

We carried out observations with the APEX telescope in 20fdilAJune, and December in
the following molecular transitions: CS 5-413€0* 3-2, HCO 3-2, H*CO* 4-3, CO 4-
3, C!80 2-1, and &’0 2—-1. The observations were done in position-switching enwidh
the reference position atjqoe=11"05"23%.7, 632000=-77°1102.2’. The reference position
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is free of emission with an rms of 0.12 K in HC@-2 and 0.33 K in CO 4-3 for the spec-
tral resolution given in Tabld.2 The corresponding beamwidth, forward, and main beam
efficiencies are listed in Tabk.2 The positions observed for each transition are shown in
Figs.4.1c to e, overlaid on the 870m map of the filament seen in Fig.1a. All positions

lie either perpendicular (position angi5° east from north) or parallel to the filament. The
transitions CS 5-4, HCO* 4-3, CO 4-3, %0 21, and &’0O 2—1 were only observed per-
pendicular to the filament, while¥3CO* 3—-2 and HCO 3-2 were also observed parallel to
it. Table4.2gives information about the frontend and backend used fdn &ansition, their
respective spectral resolutions, the resulting systenpéeatures, and rms noise levels. The
telescope pointing was checked every 1 h to 1.5 h and wasrpetbon IRAS 07454-7112.
The pointing accuracy is2” (rms). The focus was optimised on either Saturn, Jupiter, or
Mars, and repeated approximately every 3 h.

4.2.3 Mopra observations

We observed with the Mopra telescope towards the centraigroef Cha-MMS1 along with
eight other @fset positions perpendicular and parallel to the filamerd {&g.4.1f) in 2011
May in several molecular transitions using the zoom mode®high-resolution spectrometer
MOPS. The receiver was tuned at twdfdient frequencies, 94554 MHz and 87190 MHz.
Only the central position was observed for the latter. Rwosiswitching observations were
done with the reference position@gog=11"05"23°.7, 6 10000=-77°12'02.2". It was checked
that is was free of emission with an rms sensitivity rangingr 46 mK — 52 mK in all
transitions for the spectral resolution given in Tabl8 The transitions that are used for the
analysis in this Chapter are listed here: CS 2-¥32-1,13CS 2-1, &3S 2—-1, HGN 10-9,
HNC 1-0, NH* 1-0, HCO 1-0, H3CO* 1-0, HG®O* 1-0, HNCO 4-3, c-gH, 3;5-
313, CH3OH-A 2y 2151, and CHOH-E 2; ,-1; ;. The final reduced dataset was obtained
after averaging both polarisations. We did, however, eotiome dierences in integrated
intensity for the two polarisations of up t010% (see AppendiA for more details about this
discrepancy). The channel spacing was 34 kHz. The rangestéraytemperatureBsys for
each transition is given in Tab#e3. The beam fiiciency used to convert antenna temperatures
To* into main-beam temperatures is 0.34. This value was defiesd a detailed calibration
analysis (see AppendiX). The telescope pointing was checked approximately evewy on

U Men for Cha-MMS1, and AH Sc and IK Tau for the calibration s@s Oph A SM1N and
IRAM 04191, respectively. The transitions, their rest freqcies, and the number of observed
positions are listed in Tabi.3.

4.2.4 Spitzer archive data

We used MIPS1 24m and MIPS2 7Qum continuum data taken from tH&pitzer Heritage
Archive (AORkeys: 19978496, 3962112, 19979264).

Ssee http/irsa.ipac.caltech.eduataSPITZERdocg spitzerdataarchivés
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425 CO 3-2data

Cha-MMS1 was observed in CO 3-2 in 2005 with the APEX telescemd the data were
presented iBelloche et al(2006§. We used the CO 3-2 data along the direction perpendicular
to the filament in conjuction with the other CO transitionsl @&otopologues when modelling
the spectra in Secd.4.

4.3 Results

4.3.1 Internal luminosity derivation

We performed aperture photometry on MIPS1@4 and MIPS2 7Qum Spitzerdata, and
derived flux densities for the dense core Cha-MMS1. We usedDh procedure aper.pfo
with the following aperture and background inner and ouaeliir 16’ (18" - 39”) and 1%
(207 - 32”) for the 70um and 24um data, respectively. Fine-scale aperture correctionsl@f 2
for MIPS1 and 1.17 for MIPS2 were taken from th#PS Instrument Handbodk The flux
densities derived before and after correction are giveabied.4. In the following, we use the
average value of the two independent, aperture-corre@ean#lux density measurements to
estimate the internal luminosity of Cha-MMS1. We deterntlminternal luminosity of Cha-
MMS1 with two methods.

4.3.1.1 Method 1

Dunham et al(2008 calculated the internal luminosity of low-luminosity postars based on
a parametric model consisting of a protostellar envelomtslg and an outflow cone, coupled
to a 2D radiative transfer code. They derived the followimgp&ical relation between the
internal luminosity of a protostar and its observedun®flux:

Lint = 3.3 % 10°F L, (4.1)

where Fqis normalised to 140 pc and is in cgs units (&e™1). With this equation, we derive
an internal luminosity of 0.02& 0.003L,, after correction for the distance of Cha-MMS1.

4.3.1.2 Method 2

Commercon et ak2012 have recently presented the evolution of theu®d and 70um flux
densities in the course of the first core lifetime, as welllastime evolution of the FHSC
internal luminosity via 3D radiation-magnetohydrodynargtiereafter, RMHD) simulations of
a 1M, dense core collapse. A 3D RMHD simulation for the case of,%lense core collapse
was also computed (see Setis.4.3. Both models have a strong initial magnetisation level
(MU2 model;Commercon et al2012).

We looked for a correspondence between Cha-MMS1'ar2dand 70um flux densities
and the model flux density predictions of FHSC obtained ferliv, and 5M. dense cores.

5From the IDL Astronomy User’s Library (httfiidlastro.gsfc.nasa.ggontents.html).
"see httg/irsa.ipac.caltech.eduataSPITZERdocgmipg mipsinstrumenthandbogik.
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Table 4.4: Flux densities of Cha-MMS1 from aperture photioyne

Instrument 22 AORkey’  F,° Feord
(um) (mJy) (mJy)
MIPS2 70 19978496 13932 300+ 70
3962112 18425 397+54
average 349+ 44
MIPS1 24 19978496 2.820.64 3.3+ 0.7
3962112 2.320.60 2.7+ 0.8
19979264 2.5@- 0.63 2.9+ 0.7
average 3.0+04

Notes.® Wavelength® AORkey of Spitzerobservations® Flux density from aperture photometry.
@ Flux density after fine-scale correction.

In the case of the My model, we find consistent flux densities within a factor~of for
inclinations to the line-of-sight 45< i < 60°, and a first core age of 850 yr. In this case,
the internal luminosity prediction is 0.08 Ly — 0.13L,, at least three times higher than the
internal luminosity derived using the relation Byunham et al(2008.

In the 5Mg, case at inclinations 30< i < 45° and for a first core age of 2680 yr, the
observed and predicted 24n flux densities are consistent within a factor~o2.5, and we
thus obtain an internal luminosity estimate~00.13 L, — 0.18L.

In the framework of this MHD model, the overall range~is0.08 L, — 0.18 L, for in-
clinations of 30 < i < 60°. The internal luminosity derived from the empirical redatiof
Dunham et al(2008 is therefore lower by a factor of 3 — 7 compared to the predictions of
3D RMHD simulations.

We adopt an internal luminosity of 0.1 Ly as an approximation, which is within the
luminosity range we derived based on the RMHD simulationse W&k this value for the
radiative transfer modelling that follows in Sedtd4. Even if we were to adopt the upper
limit of 0.18 L, the temperature profile of the inner envelope would notiigamtly change
(Equation4.7, Sect.4.4.7).

4.3.2 Spectra towards Cha-MMS1

Figures 4.2 and 4.3 show the spectra of the transitions observed with APEX angrisio
towards the central position of Cha-MMS1. Apart fréACS 2—1 and €S 2—1 for which we
can only draw upper limits, most transitions are detectethlés4.5to0 4.9 give the centroid
velocities derived for these transitions after perform@aussian or hyperfine-structure fits in
CLASS to the observed spectra (“GAUSS” and “HFS” method9)ly@he spectra that have
either a Gaussian shape or a well-defined hyperfine struandeno self-absorption features
can be fitted in this way. Table4.5to 4.9list the systemic velocities of groups of transitions
observed at the saméfset positions (see Fid.1). The centroid velocities of transitions that
were only observed at the central position of the core arengin Table4.6.
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4.3.2.1 Issues with the systemic velocity

It is apparent from Figd.3that all the APEX spectra are redshifted by 0.1 krth@mpared to
the systemic velocity derived from a hyperfine-structurefthe NNH* 1-0 multiplet observed
with Mopra. There is therefore a problem with one of the twtadats. As the shift is seen for
both the high and low-density APEX tracers (e.g:3E60" 4-3 and G0 2-1), it is not likely
to be an intrinsic characteristic of the source, but rathanatrumental ect.

We compared the spectra of the calibration source IRAM 04b®%erved with APEX,
Mopra, and with the IRAM 30-m telescope, to pinpoint the seuof the systemic velocity
inconsistency. In addition, because we have Mopra obsengabf the central position of Cha-
MMS1 from both 2010 and 2012 (as part of a survey targetindgesmcores in Cha | and Il,
Tsitali et al. in prep.), we compared them to the 2011 datavilegoresent in this Chapter. The
NoH* 1-0 IRAM 04191 spectra are consistent with each other, andexuently, we cannot
draw any conclusions about the velocity shift. However, ket 1-0 central spectrum of
Cha-MMS1 observed with Mopra in 2010 and 2012 gives a vela@stimate consistent with
the APEX data, i.e. 4.4 kms, but inconsistent with the 2011 Mopra data, i.e. 4.3 Kn§Ve
therefore assume that the Mopra 2010, 2012, and APEX 20Hhketatare correct and apply
a correction of 0.1 knmis to the systemic velocity derived from the 2011 MopraHN 1-0
transition whenever we use it along with the 2011 APEX spedtve explicitly mention it in
the text whenever this correction is applied.

4.3.3 Rotation

We constructed position-velocity (P-V) diagrams for thepvinCG*S 2—1, HGN 10-9, NH*
1-0, CHOH-A 2,15 1, and CHOH-E 2; -1, 1 transitions and the APEX CS 5-4{€CO*
3-2, H3CO* 4-3, G70 2-1, and &80 2-1 transitions (Figs4.4 and 4.5) based on the
centroid velocities measured in Se4t3.2 We performed linear fits to these P-V diagrams
to search for velocity gradients. The results are listedahl@4.10 and shown in Figs4.4
and4.5. After combining all tracers, there is no clear velocitydjeat parallel to the filament
(< 2kms?tpct, see Figs4.4o and4.5d).

The P-V diagrams for the direction perpendicular to the fdatrare given in Figs4.da
and4.5a—c. There is a clear velocity gradient along this directigth an amplitude of~
2 km st — 4.5 km st pc! up to~ 8000 AU. The average velocity gradient+s3.1 +
0.1 km st pct. However, the €0 2—1 and %0 2—-1 curves are significantly flatter at the
inner,r < 4000 AU radii, compared to the range 4000 AU — 8000 AU (Bigc), with velocity
gradients< 2 km s pct. The H3CO* 4-3 and H3CO* 3-2 P-V curves are also consistent
with no gradient for the inner 4000 AU.

The P-V curves of €0 2—-1 and &0 2-1 depart from a straight line for radii larger than
~ 8000 AU. The weighted average velocity gradient for the tramgitions between the two
outermost positions (at 12500 AU) is~ 1.5+ 0.2 km s pc?, i.e. smaller by a factor of
~ 2 than within 8000 AU. Such an "S” shape was reportedBlejloche et al(2002 for the
Class 0 protostar IRAM 04191 and was interpreted as an itidicaf differential rotation in
the envelope beyond a certain radius. If the velocity gradi Cha-MMS1 perpendicular to
the filament is due to rotation, then the bulk of the envelgp®ughly in solid-body rotation
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Figure 4.2:Transitions observed with Mopra towards the central pmsitif Cha-MMS1, in main-beam brightness temperature s@4le dotted line shows
the systemic velocity of Cha-MMS1, derived from a seven congmt hyperfine fit to the M* 1-0 multiplet.
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Table 4.5: Mopra centroid velocities at positions perpeuldir and parallel to the filament.

Positio® Aa® As®  Spacing Visr? (kms?)
(@) (@) (@) C34S 2-1 HQ;N 10-¢ N2H+ 1-¢ CH30H—A 20’2—10’1 CH3OH—E 21,2—11,1
P1 0 0 0 4.330.02 4.240.004 4.2990.002 4.290.01 4.29 0.01
Pq2 -10.0 143 17.5 4.30.02 4.230.004 4.2730.002 4.290.01 4.2 0.01
P43 -20.1  28.7 35.0 4.260.02 4.230.004 4.3320.002 4.250.01 4.25 0.01
Pq4 -30.1 43.0 52.5 4.240.02 4.120.004 4.16&0.002 4.2%0.01 4.2% 0.01
P45 10.0 -14.3 17.5 4.35).02 4.340.004 4.3460.003 4.330.01 4.34-0.01
P46 20.1 -28.7 35.0 4.390.02 4.43%0.004 4.40%0.004 4.3#0.01 4.36- 0.01
Pq7 30.1 -43.0 52.5 4.420.02 4.440.006 4.4350.005 4.4%0.01 4.3 0.01
P48 20.1  28.7 35.0 4.390.02 4.330.006 4.2940.004 4.290.02 4.35% 0.02
P49 -20.1  -28.7 35.0 4.35.02 4.360.001 4.2860.004 4.36:0.01 4.35% 0.01

Notes.® These positions are shown in Fg1f. ®) J2000 equatorialffset relative to the central position F2.Angular distance to P19 The correction of
0.1 km s discussed in Sec#.3.2.1has not been applietf) HC3N 10-9 and NH* 1-0 both have a hyperfine structure and were therefore fittid)uhe

method “HFS” with CLASS.



4.3. Results 57

Table 4.6: Mopra centroid velocities toward the centralitmms, P1.

Transitior? Vi sr?
(kmsh
HN13C 1-0 4.3%0.01

HNCO 44-33 4.36:0.02
C—C3H2 32,2-31’3 4.35+0.03
HC®0o* 1-0 4.39-0.03
H¥CO" 1-0 4.320.01

Notes. @ Only the central position was observed for each of thesesitians.®) The correction of
0.1 km s* discussed in Sect.3.2.1has not been applied.

Table 4.7: CS 5-4 and'3CO* 4-3 centroid velocities (APEX) at positions perpendictitar
the filament.

Positio® Ae® AP Spacing V| SR (kms?)
"y ) CS5-4 H3CO*4-3
P1 0 0 0 4.5@0.02 4.430.02

Py2 -6.5 93 114  4.490.02 4.4%0.02
Po3 -13.1 18.7 228 4.40.01 4.440.06
Pp4 6.5 -93 114 4.480.02 4.420.04
Py5 13.1 -18.7 22.8 4.30.02 4.65%0.31

Notes. @ These positions are shown in Fig.1d. ®) J2000 equatorial féset relative to the central
position.© Angular distance to the central position.

between~ 4000 AU and 8000 AU, and the outermost parts of the filamentateging more
slowly. After correcting for an inclination of 60— 30° (Sect.4.3.1), the average angular
velocity for radii between 4000 AU and 8000 AUGs~ 3.6 km s pct — 6.2 km st pct.
At 12500 AU, and for the same inclinations, we obt@in- 1.8 km s pct - 3.0 km s pct.

The P-V diagram of CS 54 (Fig.5a) shows a centrally peaked shape. The profile is not
well resolved, but the centroid velocity at the central posiis significantly higher than at
one beam spacing on each side. This velocity shift is bedéwese is an excess of redshifted
emission toward the central position that is not reprodumedur radiative transfer modelling
(see Sectd.4and Fig.4.10. This issue is discussed in Se4t5.2

4.3.4 Turbulence

The spatial variation of the non-thermal velocity dispensis shown in Fig4.6 for several
transitions. TheRWH M) linewidths were estimated using the “GAUSS” and “HFS” fitfi
methods in CLASS (see Tabtell), as mentioned in Secd.3.2 We computed the thermal
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Table 4.8: H3CO* 3-2 centroid velocities (APEX) at positions parallel andoeadicular to
the filament.

Positio® Aa® As® Spacing Vi srkms?

") @ ) H3CO" 3-2
P1 0 0 0 4.410.02
perpendicular to the filament
P2 -6.5 93 11.4 4.460.01

P.3 -13.1  18.7 22.8 4.440.02
P4 -19.6  28.0 34.2 4.380.02
P25 6.5 -9.3 11.4 4.360.04
P,6 13.1 -18.7 22.8 4.440.03
parallel to the filament
P.8 9.3 6.5 11.4 4.380.02
P9 18.7 13.1 22.8 4.320.04
P,10 28.0 19.6 34.2 4.440.03
P11 9.3 -6.5 11.4 4.440.02
Pa12 -18.7 -13.1 22.8 4.44).02
P13 -28.0 -19.6 34.2 4.43.02

Notes.® These positions are shown in Figglc. ®©) Same as Tabl4.7.

Table 4.9: ¢70 2-1 and ¢80 2-1 centroid velocities (APEX) at positions perpendictita
the filament.

Positio Aa® As° Spacing Vi sR (kms?)
) () ) cl’02-1 (d%02-1
P1 0 0 0 4.450.01 4.4%0.01
P.2 -8 115 14.0  4.420.02 4.450.01
P.3 -16 23 28.0  4.3¥0.02 4.4@0.01
P4 24 345 42.0  4.300.03 4.320.01
P.5 32 46 56.0  4.280.02 4.280.01
P.6 40 575 70.0  4.290.02 4.2%0.01
P.7 -48 69 84.1  4.380.03 4.320.02
P.8 8 -115 14.0  4.440.02 4.480.01

P9 16 -23 28.0 4.4¥0.03 4.5%0.01
P:10 24  -345 42.0 4.580.03 4.52:0.01
P11 32 -46 56.0 4.560.03 4.550.01
P12 40 -57.5 70.0 4.580.03 4.510.01
P:13 48 -69 84.1 4.500.04 4.52:0.02

Notes.® These positions are shown in Figgle.®©) Same as Tabl4.7.
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Table 4.10: Velocity gradients perpendicular and paradi¢he filament.

Perpendicular Parallel
to filament to filament
Transition e ExtenP vv@ ExtenP
(kmstpc?) (AU) (kmstpcl) (AU)
C3s2-1 2.60.1 15750 0.61.0 5250
HCsN 10-9 4.60.5 15750 -1.61.5 5250
NoH* 1-0 3.40.2 15750 0.20.1 5250

CH3OH-A2p-1p1 2.4+0.2 15750 -2.@0.7 5250
CH3OH-E2:5,-1;1 2.2¢0.2 15750 -1.51.4 5250

H13CO* 3-2 0.6:0.6 8550 -1.20.8 10260
H3CO* 4-3 0.6:1.1 5130 - -
cl’0 2-1 3.60.5 16800 - -
Ccl’0 2-r 1.3t0.7 6300 - -
C%0 2-1 3.20.5 16800 - -
Cc80 2-r 1.7+0.2 6300 - -

Notes. @ The velocity gradients were estimated from linear fits to position-velocity curves in
Figs. 4.4 and 4.5. ® Total extent over which a linear fit to the data was perform@dGradients
corresponding to the fits limited to the inner parts in Bidc.

velocity dispersion of each molecule as

keT
UMMy

(4.2)

Oth =

whereuy is the molecular weight of the moleculles the Boltzmann’s constaniny the hy-
drogen mass, and the kinetic temperature that we assume to be 9 K (see 8&it. The
non-thermal linewidths are computed as

Onth = \IU'Obs2 - U'thz, (4-3)

while their respective uncertainties, denoteda@asare calculated using

2 2
0 0
5o = A =2} S0 + [ M) o2, (4.4)
00 observe doih

If we assume thaio, = 0, the above relation gives

O obs X 00 obs

00nth = (4.5)

Onth

We compare the non-thermal velocity dispersion to the taédispersion of the mean particle,

with u = 2.37:
f kgT
Jth,mean= yBWH (4-6)
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Figure 4.4:Position-velocity diagrams of the Mopra{s 2—1 (black), HGN 10-9 (blue), NH* 1-0
(red), CHHOH-A2p—151 (green), and CEDH-E 2; »—1; 1 (pink) transitions, (a) perpendicular and (b)
parallel to the filament. The error bars represent standewthtions (I). Linear fits to the velocities
for each transition are shown with the same colour as in pajel

For T = 9 K, 0thmean ~ 0.18 km s, or FWHMgpmean ~ 042 km s1. Table4.11 lists
the observed linewidths and the derived thermal and namrtlevelocity dispersions for all
transitions that have a low optical depth.

From Table4.11we infer that the non-thermal velocity dispersion is corapé to the
mean thermal velocity dispersion. Therefore, there is atran equipartition between thermal
and non-thermal motions, provided that our asumptiom ef 9 K is valid.

The non-thermal dispersion does not vary significantly gl@n across the filament
(Figs.4.6 and 4.7). One exception is, however, CS 5-4. Its non-thermal liddwpeaks
at the centre and decreases at the outer parts. This is due éadess redshifted emission ob-
served at the central position (see Sdc3.3 and Sects4.4and 4.5.2for further discussion).

Average values for the linewidths and non-thermal velodigpersions over all positions
are given in Tabl&.12 The non-thermal dispersions,, have typical values of 0.2 knt
comparable to the mean thermal dispersion. Uniform nomthkdispersions on scales0.1
pc of the same order as the thermal dispersions have alsopbegnusly observed in other
dense cores (e.glafalla et al, 2004 Barranco & Goodmarii998.
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Table 4.11: Observed linewidth, thermal, and non-therneddaity dispersions toward the
central position.

Line FWHM? ol o Fonh_d

(km s (kms1) (kms?) ’
C34s 2-1 0.540.05 0.04 0.240.02 1.330.11
HC3N 10-& 0.50:0.009 0.04 0.240.006 1.1%0.03
NoH* 1-C° 0.48:0.002 0.05 0.280.001 1.110.006

CH30H-A2p2-1p1 0.48:0.01 0.05 0.2680.007 1.1%0.04
CH3;OH-E2;,-1;1 0.47£0.02 0.05 0.120.01 1.060.06

H13Cco+ 3-2 0.550.03 0.05 0.220.02 1.280.11
H13CO* 4-3 0.480.04 0.05 0.280.03 1.1%0.17
cl’o 2-1 0.5@0.04 0.05 0.280.02 1.1%0.11
Cc180 2-1 0.620.02 0.05 0.260.008 1.440.04
CS5-4 0.880.04 0.04 0.360.03 2.0@0.17
HN13C 1-0 0.420.03 0.05 0.120.01 0.940.06
HNCO 44-33  0.54:0.03 0.04 0.220.01 1.22:0.06
HC80* 1-0 0.5@0.06 0.05 0.240.03 1.1%0.17

Cc-CgH2 322-313 0.52:0.08 0.04 0.220.03 1.220.17

Notes.® Observed linewidth deduced from Gaussian or hyperfine fitsgdspectra® Thermal disper-
sion computed with Equatich2. © Non-thermal dispersion computed using Equatidh @ Ratio of
non-thermal taneanthermal dispersion, witp=2.37.®) These transitions have a hyperfine structure
and were fitted with the “HFS” fitting method in CLASS. The atli@nsitions were fitted using the
“GAUSS” method.

4.3.5 Infall signature

Cha-MMS1 exhibits the classical signature of infall in wa$ transitions (Figd.8). The infall
signature manifests itself as a self-absorbed asymmepiizally thick line with the blue peak
stronger than the red one, and an optically thin line peakirmptween these two peaks. This
profile is indicative of inward motions as long as the ex@tatemperature increases towards
the centre (e.g\Walker et al, 1986 Zhou, 1992.

Figure 4.8 shows that the absorption dips of CS 2—-1 and H@32 are redshifted with
respect to the systemic velocity. The systemic velocity esténated by a seven-component
hyperfine-structure fit to the ™ 1-0 multiplet, using the HFS method in CLASS, giving
a value of 4.299+ 0.002 km s!. As discussed in Sect.3.2.1 we apply a correction of
0.1 km s to this systemic velocity to compare it to the APEX spectrae Self-absorption
dip of the optically thick CS 2—1 transition has a velocity4o50+ 0.05 km s, which gives
a velocity shift of 0.20+ 0.05 km s*. Using the corrected value of the systemic velocity we
derive a velocity shift of 0.18& 0.05 km s? for the optically thick HCO 3-2 line, whose ab-
sorption dip has a velocity of 4.580.06 km s?. Since the self-absorption dips are produced
by the outer parts of the envelope where the opacity of ther@d3H#CO' lines becomes unity,
this observed redshift points to the fact that the outerrapé Cha-MMS1 undergo inward



64 Chapter 4. The dynamical state of the first hydrostatic coe candidate Cha-MMS1

Table 4.12: Linewidths and non-thermal velocity dispansiaveraged over all positions.

Onth

Line FWHM Onth o
(kms (km s '

C3s 2-1 0.520.009 0.240.002 1.330.17
HC3N 10-9 0.4%40.003 0.2@0.001 1.09:0.05
NoH* 1-0 0.420.005 0.130.003 1.080.02
CH3OH-A25>-19; 0.51+0.003 0.2%0.001 1.180.06
CH3OH-E2;,-1;; 0.49:0.004 0.280.001 1.130.08
H3CO* 3-2 0.5%0.01 0.2%0.004 1.180.27
H13CO* 4-3 0.5@0.02 0.2@0.005 1.140.28
cl’o2-1 0.530.01 0.220.002 1.2%0.17
cl80 2-1 0.520.005 0.240.001 1.350.08
CS5-4 0.61+0.02  0.26:0.004 1.420.17

Notes.® The linewidth and non-thermal velocity dispersion of tentral CS 5—4 position was not
taken into account for computing the average value, owinthéospectrum’s broadened shape. See
Sect.4.5.2for further discussion.

motions with velocities of the order of 0.2 kmls

4.3.6 Overview of CHAMP' data

We probed Cha-MMS1 in the CO 6-5, CO 7-6, &A@0 6-5 molecular transitions with the
APEX CHAMP* 2x7-pixel heterodyne receiver array in order to search foission indica-
tive of outflowing material. Figurd.9 shows position maps of all spectra obtained for each
transition. The CO 6-5 and 7—6 spectra along the filament bigktly higher intensities
toward the north-east as opposed to the south-west. Thid bewdue to contamination from
the outflow of the Class | object IRAS 11051-7706 lying clas€ha-MMS1 at the north-east
direction Belloche et al.2006, and it is further discussed in Sedt5.2

4.4 Radiative transfer modelling

We used the Monte Carlo radiative transfer code MAPY 8in¢ler, 1997 Belloche et al.
20032, which assumes spherical symmetry, to derive kinematistraints on the dense core
Cha-MMS1 by modelling the observed spectra. We modellecethission of three sets of
molecules, namely CS, HCQand CO with their respective isotopologues.

We model all molecular transitions with tsamedensity, temperature, and turbulence dis-
tributions, as described below. These distributions aosvehin Figs.4.11a, ¢, and e, respec-
tively. Given the shape of the continuum emission, we asdiateCha-MMS1 is embedded
in a filament and that the physical structure perpendicadhé filament in the plane of the
sky is similar to the structure along the line-of-sight. \Wag model the spectra taken along
the direction perpendicular to the filament in addition te ¢entral spectra. We perform the fit
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Figure 4.7:Non-thermal velocity dispersiom;,,, versus position parallel to the filament for (a6
2-1 (black), HGN 10-9 (green), bH* 1-0 (dark blue), CHOH-E 2; -1, ; (light blue), and CHOH-

A 20-101 (pink) observed with Mopra, and (b)*FCO" 3-2 observed with the APEX telescope. The
errorbars are standard deviations. The thermal dispevgasncalculated assuming a temperature of
T=9K.

optimisation by eye, by focussing on three main featureh®bpectra: the peak temperature,
the position of the self-absorption dip (when there is oarll the linewidth of each spectrum.

4.4.1 Input parameters
4.4.1.1 Temperature profile

Using the internal luminosity derived in Se4t3.1we can constrain the inner dust temperature
profile of the source, which we assume is dominated by thealdrgating. Followindrerebey
et al.(1993 andMotte & André (2001, we assume that in the inner part the dust temperature
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Figure 4.8:Spectra obtained toward the central position of Cha-MMShénoptically thick CS 2-1,
HCO" 3-2, HCO 1-0, and HNC 1-0 transitions and the low optical depthS2-1, H3CO* 1-0,
H3CO*" 3-2, H3CO* 4-3, HC®O* 1-0, and HN®C 1-0 transitions. The dashed line corresponds
to the systemic velocity derived from a seven-componeneHime fit to the NH* 1-0 multiplet (4.3

km s?). Itis corrected to 4.4 km$ for the APEX transitions HCO3-2, H3CO* 3-2, and H3CO*

4-3 (see Sect.3.2.)).

behaves as
Teusdr) = 38 Kx ( f )_q e 4.7)
dust®) = 100 AU 1L, ° '
with 5

The constanp depends on the dust properties and the values 2, 1.5, and dftareused
for molecular clouds, protostellar envelopes, and pretiastdisks, respectively. Because this
source is possibly at a very early evolutionary stage, perhbeafore the protostellar phase, we
adopt an intermediate value between the first two, 1.85, whiesq ~ 0.34.

We assume that the gas and dust are coupled well for dersitee~ 10° cm2 (Lesaf-
fre et al, 2005, and we use Equatiof.7 to define the kinetic temperature in the inner part.
We assume a uniform temperature in the outer parts. We fima fhe@ modelling that a uni-
form kinetic temperature of 9 K produces spectra in agre¢méh the observations. More
specifically, the optically thick CS 2—1 line sets the majonstraints on the outer kinetic tem-
perature, since this transition shows a strong asymmetheiflue-red peak strengths (infall
signature) with the blue peak stronger by about a facter 2f Its absorption dip and asymme-
try require uniform outer temperatures to be well fitted. Tadius at which the temperature
drops to 9 K is fixed by the central heating (Equatibn).



Top (K)

20 J L o i PR
Co(6-5) " cor
20 4 v L 20 N E r - F
) ) V]WJI'WH " F
10 + \ = < L
N r-w'/‘l\‘vw N b N é“’.:
o N 10 4 N WW’% N 2oL
: I VS ﬂf :
§ M, “ » g JMW I s, . E
~ \ 2 N T I S O EI RS T |
s ) ° : 5 M 8
0 - F7 = L
: M “’N\\* e £ Wﬁw Ty W\F“!L"ﬂﬂfg S Wf B
= —-10 <+ [ (6—2)
~o [ ]
WJ\’\W WN\\« —10 = SN
PN 3
Ty FEoj_|_rr|_|_‘—‘_|—|—r—l—LLf_:J“ljﬂ_Lr
—20 ~ tdrtL ey = 3
20 0 -20 20 10 0 -10 20 10 0 —10 -20 2 4 6 8

Position (arcsec) Position (arcsec) Position (arcsec) Velocity (km sq)

Figure 4.9:CO 6-5, CO 7-6, antfCO 6-5 spectra observed with the APEX telescope. The cemusition of Cha-MMS1 is at (0,0). The directions parallel
and perpendicular to the filament are shown as dashed aretidotbws, respectively. The central spectra of the theaesiions are plotted in the rightmost
panel on the scale of the main-beam brightness temperakheedotted line shows the systemic velocity of Cha-MMS1\atifrom a seven-component
hyperfine fit to the NH* 1-0 multiplet and corrected for the 0.1 kmt selocity shift (see Sec#.3.2.).

Buljjopow Jajsuel) saneIpey ‘v’

L9



68 Chapter 4. The dynamical state of the first hydrostatic coe candidate Cha-MMS1

4.4.1.2 Density profile

We use a power-law density profile with an external radiusGif0® AU. We adopt a spher-
ically symmetricr =2 density profile for the envelope, as is expected from modespberi-
cal gravitational collapse of non-singular isothermalepls during the core formation either
without the défect of magnetic fields (e.gMasunaga et al1998 Foster & Chevalier1993
Bodenheimer & Sweigartl968 Larson 1969 Penston1969 or from models of axisym-
metric, isothermal cloud contraction with magnetic fieldgy(, Tassis & Mouschovig2007,
Fiedler & Mouschoviasl1993. Very recently, a 3D radiation hydrodynamic simulatiortiod
collapse of an axisymmetric cloud core towards the fornmatia first core led to a2 density
distribution for the first core for > 100 AU (Furuya et al.2012. Since we do not resolve
the innerr < 700 AU of Cha-MMS1, a simple;~2 density profile is probably adequate for
describing the envelope of Cha-MMS1.

Such density profiles have also been observed in dense daeesity distributions close
to ar 2 profile were derived for the starless cores L1498 and L15h7Baurus Tafalla et al,
2004). Bacmann et al2000 andAlves et al.(200]) also concluded that low-mass prestellar
cores are described well by a density profile followingrahdependence, but excluding the
sharp edges and flattened centre. Sharp density edges havelbserved at the edges of
starless cores, with exponents as steep &3 (Nielbock et al, 2012. For simplicity, we do
not account for steep outer density slopes.

The mass of Cha-MMS1 was derived from the LABOCA §#f continuum map of the
Chamaeleon | cloud. The flux density measured within a raafit8750 AU gives a mass of
~1.44 M, for the Cha-MMS1 coreRelloche et al.20113. We use this value to scale our
input density profile.

4.4.1.3 Inner turbulent broadening and isotopic ratios

In Sect.5.3.2 we found that the non-thermal dispersion for all the obsgtvansitions shows
no significant spatial variations for radii up 012500 AU  0.06 pc). We adopt aniform
turbulent broadening up to this radius and keep the shapeeobuter profile for 12500 AU
< r < 60000 AU ¢ 0.3 pc) as a free parameter. The non-thermal dispersion appede
uniform on scales- 0.1 pc within the interiors of dense cores (eBarranco & Goodman
1998 Goodman et a].1998 with increasing dispersion on larger scales (€amodman et a).
1998 that follows the Larson scaling lavicérson 1981).

We assume the local ISM abundance isotopic ratif€/13C ~ 77 (Wilson & Rood
1994, 325/34s ~ 22 (Frerking et al, 1980, 1%0/180 ~ 560 Wilson & Rood 1994, and
180/Y0 ~ 4.11 Wouterloot et al.2009.

4.4.2 CS Modelling

The following transitions of CS and its isotopologues weredeiled: CS 2-1 (Mopra),
C3S 2-1 (Mopra), and CS 5-4 (APEXY3CS 2-1 and €8S 2—1 were only used as upper
limits due to their non-detections and are not presented. héafe perform the modelling of
the spectra for the direction perpendicular to the filamalotg which five positions were ob-
served for CS 5—4 and seven for the other transitions. Figu@shows one of the “best fit”
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Figure 4.10:Best fit model 'MCS’ for the CS and¥S molecular transitions. The black lines repre-
sent the observed spectra, while the red spectra are gedéathe MAPYSO radiative transfer code.
The dotted line shows the systemic velocity of Cha-MMS1\@=tifrom a seven-component hyper-
fine fit to the NH* 1-0 multiplet. For the APEX spectra, a correction of 0.1 krhwas added (see
Sect.4.3.2.). The angular separation of thefl@irent positions with respect to the central spectrum is
shown on top of the respective spectra. The model assumessglsymmetry, so the model spectra
at symmetric positions are identical. The telescope useddnducting the obervations is shown at
the leftmost box of each row. The spectra from left to rightespond to the south-east to north-west
direction perpendicular to the filament.

models (hereafter ‘MCS’ model) for the CS molecular traasi. The distributions of den-

sity, abundance, kinetic temperature, radial velocityl ambulent broadening characterising
'MCS'’ can be seen in Figt.11

4.4.2.1 Abundance

The outer and inner abundances are constrained by the C®8efpton dip and the CS 5-4
intensity, respectively. In between, the abundance Higion is constrained by the3¢s 2—1
spectra, which require a CS abundance o2®° at a radius of 8000 AU. The depth of
the CS 2-1 self-absorption is mostly determined by the calbendance distribution of the
low-excitation material at radi- 10000 AU< r < 30000 AU. We do not constrain the CS
abundance at radii larger than 30000 AU. CS 5—4 probes therimost parts of the core and
sets constraints on the abundance at radi2000 AU. As a result, the CS abundance increases
up to 8000 AU and drops by a factor of 4 in the outer parts. Ag lanthe temperature is low
enough, CS and other sulphur-bearing molecules are expiche strongly depleted towards
the centre of dense cores where the density is high (Eafglla et al, 2004 Bergin et al,
2001). Depletion occurs due to the freezing-out process ontadtist grains (e.g.Jafalla

et al, 2002 Stahler & Yen 2010 and observations of starless cores, such as L1544, or Class
0 protostars, such as IRAM 04191, also showed CS depletivartts the centre by a factor of

~ 20 (Tafalla et al, 2002 Belloche et al.2002.
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Figure 4.13:Kinetic (black) and excitation temperature (colour) fdrtak transitions of the best fit
model 'MCS'.
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4.4.2.2 Turbulence

We keep the turbulent broadening uniform at 0.3 krh W HM) up to~ 12600 AU as we
see no clear variations in our diagrams of turbulent linéwigersus position up to this radius
(see Fig.4.6). We then let the turbulent linewidth double its value fro@600 AU to the
outermost envelope radius at 60000 AU. This is a constragndi@vive from both the width of
the CS 2-1 absorption dip and the CO 3-2 modelling (see &dct).

4.4.2.3 Opacities and excitation temperatures

All transitions of CS and its isotopologue are opticallyntbin all positions apart from CS 2-1
(see Fig4.12. The model excitation temperatures are shown in &3 CS 2-1, %S 21,
and CS 54 are thermalised up{t@®500 AU,~ 1500 AU, and~ 400 AU, respectively.

4.4.2.4 Discrepancies between model and observations

The model reproduces the absorption dip of CS 2—-1 well fgp@ditions, however, the inten-
sity of the blue peak at the central position, and&7.5” is higher compared to the observa-
tions. The discrepancy is not that strong+df7.5”, and the model fits the peak temperature
well at the outer positions, i.e35” and+525”. A peculiarity of the observed CS 2-1 spec-
tra is the existence of velocity wings at all positions. Tleéoeity wings are not reproduced
by the model and may partly arise from extended emissionmstegifrom the outflow of the
nearby Class | object (see Fig.1). It is, however, unclear whether this can explboth the
redshifted and blueshifted wing emissions. ThéSC2—1 model is weaker at the outermost
+525” positions while matching the intensity of the spectra atdtier positions well. CS
5-4, on the other hand, shows one more peculiar feature: dlkelndoes not account for the
excess of redshifted emission that is prominent toward ¢éméral position.

4.4.2.5 Testing the infall velocity field

Despite the discrepancies, the 'MCS’ model provides a stersi overall fit to the data. As
we are interested in the infall velocity structure of theecare input dfferent infall velocity
profiles to 'MCS’ in order to test and constrain its value. Tinewidths of the low optical
depth lines and the position of the absorption dip of thecoafiti thick lines can be used to
place relatively tight constraints on the velocity struetof the source. We first testftBrent
uniforminfall velocity profiles and then velocity profiles with a é&<all, power-law ¢ oc r=9-°)
dependence in the inner parts.

In the case of uniform velocities, the best agreement isddon velocities in the range
0.1 km st — 0.2 km st. For velocities less than 0.1 kntisthe peak asymmetry of the
CS 2-1 spectra reduces considerably with the red peak begdoo strong in comparison to
the observations. In addition, the linewidths of both theZ5% and &*S 21 lines become
narrower than the observed linewidths. In contrast, whenrfall velocities exceed 0.2 km
s71, the blue peak of CS 2—1 becomes much broader and the ceAtBPC1 spectrum starts
showing a double-peaked structure (also seen in the ogaaifye), which is inconsistent with
the observations.
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We then apply a power law with an exponent of -0.5 for the irpeats at gradually in-
creasing radii while keeping the velocity constant at th&eioparts in order to test whether
higher inner velocities are consistent with the obserwstid=rom now on, we refer to the ra-
dius at which the velocity profile changes from a power-lava tmiformr dependence as the
'breakpoint’. Our tests suggest that such a power law vlalistribution matches the obser-
vations for radii up to 9000 AU for velocities in the rangevgkak= 0.1 km s — 0.2 km s?,
after which we let the velocity remain uniform. For breakgaiadii exceeding 9000 AU, the
wide spatial range of high infall velocities produces biera@S 2—1 linewidths and stronger
red peak intensities than the observed spectra. The CS $-&%8 2—1 models also start
showing a double-peaked structure, which disagrees watloliservations.

Therefore, the CS modelling suggests that the core’s epgakinfalling with subsonic
to transonicouter velocities of 0.1 km st — 0.2 km s*. Inner free-fall power-law velocity
distributions are possible with breakpointsrak 9000 AU, with infall velocities reaching
supersonic values at< 3500 AU in this case. We do not constrain the infall velocttysture
of the envelope for radii greater than 30000 AU. The infgllmotions at the outer parts of
the envelope< 30000 AU) contradict th&hu (1977 assumption of a static envelope in the
inside-out collapse model.

The radial velocity structure of the ’'MCS’ model shown in Fgl1corresponds to arr%->
dependence for radi 3000 AU, and a uniform infall velocity of 0.15 kntsfor 3000 AU <
r < 60000 AU (see Figd.11d).

4.4.3 HCO" Modelling

The following molecular transitions of HCGand its isotopologues were modelled: HCO
1-0, HCO 3-2, H3*CO* 1-0, H3CO* 3-2, H3CO* 4-3, and HE®O* 1-0. The 1-0 transi-
tions were observed with Mopra, the other ones with APEX. Aleeltentral position spectra
for HCO*, H*CO*, and HG80O* 1-0, while HCO and H3CO* 3-2 were also observed at
seven and FCO* 4-3 at five positions along the direction perpendicular &flament (see
Fig.4.1). One of the models that provides a good fit to the data is shiowig. 4.14 and here-
after we refer to it as 'MHCOP'. The distributions of densipundance, kinetic temperature,
radial velocity, and turbulent broadening characterisMblCOP’ can be seen in Figl.11

4.4.3.1 Abundance

We take the following observational constraints into actdo define the input abundance
profile (Fig.4.11b). The inner profile is constrained by the intensities of dpé&cally thin
H13CO* 3-2, H3CO* 4-3, and HEBO* 1-0 spectra.

A decrease in the HCCabundance by a factor ef 20 from a radius of 20000 AU down to
the centre fits the intensities of the optically thin linedlwas a test, we extended the plateau
of uniform outer abundance towards the centre to radi 20000 AU, and found that this
produced model intensities that were too high for the ofyidhin spectra. By varying the
abundance profile between 20000 AU and 60000 AU, we conchatevte do not constrain
the outery > 20000 AU, abundance profile with our current HC@ansitions. We therefore
use a uniform outer abundance for 20000 AU as an approximation.
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Figure 4.14:Same as Fig4.10but for the best fit model MHCOP.
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Figure 4.15:Transition opacities for the best fit model ’'MHCOP'. The @oltine shows the systemic
velocity of Cha-MMS1. For the APEX spectra, a correction dfkm s was added (see Sedt3.2.).
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Figure 4.16:Same as Fig.13for the best fit model '"MHCOP'.

4.4.3.2 Opacities and excitation temperatures

Figures 4.15and 4.16 show the resulting opacity and excitation temperature lpofif the
model for each transition. HCGB8—2, HCO 1-0, and H3CO* 1-0 are optically thick, while
H13CO* 4-3, HCO* 3-2, and H&®O* 1-0 are in the optically thin range. HCA-O0 is
thermalised up te 10000 AU and HCO 3-2, H3CO* 1-0, and HE®O* 1-0 are thermalised
up to~ 3000 AU. H3CO* 4-3 and H3CO* 3-2 cease to be thermalised for radii larger than
~ 500 AU. HCO' 1-0 is thermalised up to a much larger radius thdAQ®* and HG8O*
1-0 because of its much higher optical depth.

4.4.3.3 Discrepancies between model and observations

One of the major discrepancies between model and obsargaahe failure of the model
to reproduce the emission of the red peak of the @32 transition. Raising the outer
temperature of the core does not have a significBiateon the red peak of the model spectrum
since this transition is not thermally excited at radii Erghan 3000 AU. This disagreement
might then be a densityffect instead, if the true density profile deviates from theesighlly
symmetric,r 2 dependence. The observed®80* 3-2 spectra show higher intensities in the
north-west £11.4”, —-22.8”, —34.2”) direction than in the south-east direction380* 3-2
is not the only transition that does not peak at the centrsitipa. Higher intensities toward
the north-west are also seen in ousHN 1-0 spectra. The M* 1-0 emission in the maps
presented byadd et al.(201]) is similarly not peaked at Cha-MMS1. 'MHCOP’ fits the
spectra on the north-west side well, but it does not fit theegsgx@mission on the south-east
side. We cannot yet pinpoint the reason for this intensiffetence on each side of the central
spectrum. H3CO* 4-3 and the central spectrum of HO* 1-0 are reproduced rather well, as
is H3CO* 1-0, even though the exact lineshape of the observed speigruot reproduced.
The observed MCO* 1-0 is broader than the model at the redshifted part of thetspe,
like CS 54 (see Sedt.4.2.

The model strongly overestimates the peak temperatureeaiticerved HCO1-0 transi-
tion which is even weaker thantfCO* 1-0. HCO 1-0 is very optically thick and thermalised
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up to large radii. Itis certainlyféected by significant absorption from the low-density materi
in the ambient cloud at > 60000 AU, which is not included in the modelling.

4.4.3.4 Testing the infall velocity field

There is a range of infall velocity profiles that give coresigtfits to the data. In the case of
uniform, constant velocities up to 60000 AU the range 0.1 kha-9.2 km s* agrees well with
the observations. For values higher than 0.2 kitse HCO" 3-2, H3CO* 3-2, H3CO* 4-
3, and HG8O* 1-0 spectra become too broad while for velocities lower thdarkm s the
absorption dip is not redshifted enough. We then testedairglprofile described by a power
law following anr~%° dependence in the inner part of the core up to a certain ragftes
which the infall velocity remains uniform, as we did for CSrFa breakpoint at 3000 AU
infall velocities Ofuvpreak = 0.1 km st — 0.2 km s? give consistent fits. When we increase
the breakpoint radius, the range of consistent infall viekx decreases. At 6000 AU the
breakpoint velocities still consistent with the data arekn s — 0.15 km s* and at 9000
AU, 0.1 km s*. Overall, inner power-law profiles at radii larger than 9@¢Q0produce spectra
with too broad linewidths for all transitions, apart from3g0O* 1-0, and inconsistent double-
peaked spectra for HCO* 3-2, H3CO* 4-3, and HG®O* 1-0. We also varied the outer
infall velocity profile to check whether it is constrained dayr data. To accomplish this we let
the infall velocity drop sharply to zero at gradually insim radii and found that the model
does not constrain the velocities for radii greater thar085@U. Even though the dip in the
HCO*3-2 model spectrum in Figl.14is not as redshifted as in the observed spectrum, a
velocity drop to zero at radii smaller than 35000 AU makes thiscrepancy even stronger by
producing model spectra with almost no apparent redshifioHCO 3-2 absorption dip. We
therefore cannot accurately constrain the infall velositycture of the core far> 35000 AU
from the HCO modelling.

The velocity distribution corresponding to model 'MHCOR' the same as the one of
'MCS’ (see Fig.4.11d).

4.4.4 CO Modelling

We modelled the following molecular transitions of CO anatdpologues: CO 3-2, CO 4—
3, CO 6-5, CO 7-63CO 6-5, and €0 2-1. Figure4.17 shows one of the models that
fits the data relatively well, hereafter 'MCO’. The distrilmns of density, abundance, kinetic
temperature, radial velocity, and turbulent broadeningratterising 'MCQO’ can be seen in
Fig.4.11

4.4.4.1 Abundance

The abundance profile of CO down to a radius~0fl000 AU is mainly constrained by the
intensity variations of the 0 and GO 2-1 transitions. The ratio of the!@ and G0 2—

1 integrated intensities yields'® 2—1 opacities ranging from 1.6 toward the centre to
less than~ 0.5 toward the outer parts (see Appendixl). We take these opacity values
into account to further constrain our model. Finally, thei@ly thin 23CO 6-5 transition,
which traces higher densities and is spatially better veshlsets strong constraints on the
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Figure 4.17:Same as Fig4.10but for the best fit model 'MCO’ of the CO transitions.
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Figure 4.19:Same as Figd.13for the best-fit model 'MCO'.

abundance in the inner parts of the envelape (500 AU). Overall, we obtain the abundance
profile shown in Fig4.11b, with a maximum of 5 107> at 9000 AU, depletion by a factor of
~ 10 from~ 9000 AU to~ 700 AU, and also a decrease in the abundance by a factdrom

~ 9000 AU to~ 20000 AU, in order to match the lower outet®O opacity. We constrain the
CO abundance up to 20000 AU. CO depletion has previously tleserved towards the inner
parts of various prestellar cores (e Bacmann et al2002 Christie et al, 2012.

Furuya et al(2012 coupled a gas-grain chemical network to 3D radiation hgignamic
simulations to derive molecular abundances at the firststaige. In their model, CO desorbs
to the gas phase at a temperature of 25 K, somewhat higheithibasommonly used 20 K
value, due to the high density of the first-core envelope. ddmesity at which their simulation
reaches 25 K is 10° cm~3, which is similar in our model. We tested thezt of an inner CO
desorption region at < 54 AU (from Equatior4.?), at which radius the temperature reaches
25 K in our model. We used an inner CO abundance sf1D* for the desorption region,
which is consistent with the predicted abundance for thedose stageRKuruya et al.2012).

At radii larger than 54 AU, and therefore at temperatures25 K, CO depletion takes place.
We found that the model is not sensitive to the abundanceimtte inner 54 AU and the
presence or the absence of a desorption region on thesesstdles has no appareffifeet
on the spectra. Therefore, we do not account for inner désarp

4.4.4.2 Turbulence

The self-absorption of the CO 3-2 spectra is very broad, estgg a large turbulent broad-
ening in the outer parts (radii > 12500 AU). We therefore raise it by a factor of2 from
12500 AU to 60000 AU. In this way, the blueshifted side of tel-absorption is reproduced
well, but the redshifted side of the model is still too narrde turbulent broadening is kept
uniform for radiir < 12500 AU (see Figd.11), as derived in Secb.3.2
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4.4.4.3 Model opacities and excitation temperatures

Figures4.18and 4.19show the model opacities and excitation temperatures ffthetransi-
tions. CO 3-2, CO 4-3, and®D 2-1 remain thermalised out t020000 AU,~ 13000 AU,
and~ 9000 AU, respectively, while CO 6-5 and CO 7—6 cease to bethiezed at- 2000 AU.
Moreover, all the transitions are optically thick with theception of'3CO 6-5 at all positions,
CO 7-6 at @Fset positions, and ¥0 2—1 at the outermost position (see FdlL9.

4.4.4.4 Discrepancies between model and observations

The spectra of CO 3-2 at 1530”, 45”7, and 60 show strong emission in the blueshifted part
of the spectrum, while the spectra at“1530”, -45”, and -60' show much weaker blueshifted
emission. Excess emission in the redshifted part of thetispiscalso seen at all positions. We
expect the outflow of the neighbouring Class | protostar (Sge4.1) to contaminate the
low-density tracers such as CO 3-2, especially at ffeebpositions, thereby broadening the
observed emissionBelloche et al.(2006 presented a CO 3-2 intensity map of the region
toward Cha-MMSL1 (see Fig. 1 of their paper). The blueshi@iadssion they show reaches
our dfset positions, and especiallffects the spectra towards the south-east of Cha-MMS1.
They also discuss the possible presence of two separatevesiifh this region. The highly
broadened blue and red peaks of CO 3—2 myggntly result due to these outflows if they have
a wide opening angle and lie close to the plane of the skyQCsd=it & Bertouf 1990.

The model reproduces thé® 2—1 emission and its opacity well, as well asf@0 6-5
emission. However, the model fails to reproduce the stredghifted emission of the CO 6-5
and 7-6 transitions, similar to the CS 5—4 emission. Becthese transitions probe regions
of high densities, this extra emission may be an indicaticadditional warmer, high-velocity
material in the inner core (see Fig.10. This emission may stem from a very compact
outflow. To address this question, however, we would neeédgolve the very inner part of
the core on small scales of a few hundred AU (see Zettl).

4.4.45 Testing the infall velocity field

From the CO modelling we draw the following conclusions oa thfall velocity structure
across the envelope. We find that uniform infall velocitiesmto 0.2 km s? give fits relatively
consistent with the data. Velocities above 0.2 krh sroduce G80 2-1 linewidths that are
too broad compared to observed values. We test an inner gawerelocity dependence
(v o« r=09), with uniform outer velocities. We find that the power-lavofile is consistent with
the observations up te 6000 AU if the infall velocity is in the range @feax= 0.1 km s —
0.15 km s? at this radius, after which it remains constant. A radius @® AU is also
consistent whenyrea = 0.1 km st at this breakpoint and onwards. For larger radii the model
spectra are much broader than the observed spectra duedrtémeled spatial range of high
inner infall velocities. However, the opacity of the optigahick transition CO 3-2 does not
allow us to set constraints on the lower limit of the infalloty.

The velocity profile that coresponds to the 'MCO’ model iswhadn Fig.4.11, and it is
identical to the ones used for ' MHCOP’ and 'MCS'.
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Figure 4.20:Infall velocity field of the envelope of Cha-MMS1 based on thdiative transfer mod-
elling with MAPYSO. The solid black line corresponds to ttetocity profile of the 'MCS’, 'MHCOP”,
and 'MCO’ models. The dashed lines show the range of veldigilgs that are still consistent with the
observations. The red solid and dashed curves correspdhd tverage radial velocity at the equato-
rial plane of a magnetised FHSC with core masses Mf,Jand 5My, and ages of 850 yr and 2684 yr,
respectively. Commercon et 812012 , see details in Sect.5.4.9.

4.4.5 Infall velocity distribution of Cha-MMS1: combining modelling results

We obtain slightly diferent constraints on the infall velocity structure of ChMBIL from
the radiative transfer modelling of the CS, HE@nd CO molecular transitions. We take the
envelopeof the infall velocity profiles that are consistent with ditée datasets as the overall
range of possible infall velocities for Cha-MMS1. The caisit velocities are shown as the
area enclosed in Fig..20

The infall velocity is relatively well constrained over tlmange of radii 3300 AU to
30000 AU, with subsonjtransonic velocities in the range 0.1 kmtdo 0.2 km s. Our
data do not constrain the velocity field beyon@0000 AU. Below 3300 AU, there are more
degeneracies, and the spectra are consistent with ans$edrethe infall velocity as~%°, but
also with a flat velocity profile, or even a decrease below aisaof ~ 3000 AU.
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4.5 Discussion

4.5.1 Far-infrared emission and luminosity

Recent radiation-MHD simulations predict that stronglyvaeakly magnetised FHSCs are
expected not only to emit at 7@m but also to produce detectable emission at wavelengths
down to 20um, especially during the latest phase of their evolutidorimercon et al2012).
Previous simulations that found no significant first-coréssion below 3Q:m — 50um were
either spherical (e.gMasunaga et 311998 Omukai 2007 or did not take the magnetic field
into account and used a barotropic equation of statégo & Tomisaka2011). A first core
can therefore also be identified by a Spitzeri24 (and 70um) detection at late phases if
its inclination is less than 60and there is no detection at wavelengths smaller thapr20
(Commercon et al.2012. As seen in Sec4.3.1 the 24um and 70um Spitzerfluxes of
Cha-MMS1 are consistent with the predictions of the RMHDwgation of Commercgon et al.
(2012 for a magnetised FHSC with a normalised mass-to-magflatic-atio of 2 seen at an
inclination lower than 60 The SED of Cha-MMSL1 is therefore consistent with Cha-MMS1
being at the FHSC stage. However, if its actual inclinat®higher than 60then Cha-MMS1
would have to be in a more advanced stage (Class 0).

45.2 Outflows

Class 0 protostars usually drive fast, extended, and edsictable outflows, whereas FHSCs
are predicted to drive very compact, slow outflows (see Settl). This is a major observa-
tional signature that can be used to distinguish betweemibeand break the degeneracies
that remain in their SEDs when their inclination is not known

A search for a fast, large-scale outflow driven by Cha-MMSC@ 3-2 with APEX was
negative Belloche et al.2006. We observed the CO 6-5, CO 7—6, &A@0 6-5 transitions in
order to search for signs of a compact, unresolved outflow.fbdelling of these transitions
gave ambiguous, but maybe promising results (see &dct). Our model does not reproduce
the redshifted part of the CO 6-5 and 7—6 emission, whilesitfi¢ &80 2-1 transition well.
This excess emission might point to the presence of unredphigher-velocity material at
the inner core (seS€hinnaga et g/.2009 for a similar case of excess emission in CO 6-5
and 7-6 toward the more evolved protostar L1521F). In aniditd this, the CS 5-4 model
in Sect.4.4.2shows a similar discrepancy. Its observed spectrum hasaasexf redshifted
emission that the model fails to reproduce, while it fits thedrJ CS and G*S transitions
well. CS 5-4 probes material at higher densities, so thdirdad spectrum indicates higher
velocity, dense material close to the centre of the coreclivbannot be seen with the other,
lower density transitions.

Despite hints of the presence of dense, higher velocity maat®nfined to the centre of the
core, there is also an alternative explanation. Figued compares the CO 6-5 spectra at the
centre and in the north-east direction of the filament (héowerd the nearby Class | outflow)
to the central spectrum of CS 5-4. The CO 6-5 red peak emibgioomes stronger as we
move up along the filament. It peaks at a velocity where CS &sdsome wing emission.
This suggests that at least part of the excess emission @$he-4 spectrum is not confined
to the inner parts of Cha-MMS1 but instead extends towarelsigarby Class | outflow lobe.
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The bulk of the CS 54 excess emission, however, peaks atex i@locity, and it is unclear
whether it represents a similar extended component. Highegular resolution observations
are certainly needed to make any reliable conclusions abeypresence of a compact, slow
outflow driven by Cha-MMS1.
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Figure 4.21:Comparison of the CS 5-4 spectrum (solid) toward the ceptrsition of Cha-MMS1
and CO 6-5 spectra (dotted) taken at the central positionratite north-east direction toward the
nearby Class | protostar. Thetset position of each spectrum is given in arcseconds relaivthe
central position. The CO 6-5 spectra are shifted vertidaylya step of 1 K for clarity. The solid
vertical line roughly corresponds to the velocity of the C&8ed peak, while the dashed line marks
the velocity of the peak of the CS 5—-4 excess emission.

As mentioned in Sec#.4.2.4 all CS 2-1 spectra in Figt.10show blueshifted and red-
shifted wing emissions that are not accounted for by our o8ech wing emissions are
even more pronounced in CO 3-2 (F#l17), the blueshifted one being clearly associated
with emission from the outflow driven by the nearby Class kgstar Belloche et al.2006.
Hiramatsu et al(2007) andLadd et al.(2011) propose that the curved shape of the blue lobe
of this outflow is due to its partial interaction with the CRBMS1 dense core. This would
explain the presence of the extended blueshifted CS 2-1semisround Cha-MMS1. As
recalled byLadd et al.(2011), the HH objects 49 and 50, which are thought to be associated
with this outflow, areedshifted This suggests that the outflow axis lies close to the plane of
the sky and, provided its opening angle is large enough,uildcalso explain the presence of
extended, redshifted, wing emission in CS 2—1 in the viginitCha-MMS1. This emission
is, however, diicult to disentangle from the ambient cloud emission in CO, 2«2l it was
excluded from the range of velocities usedBwsiloche et al(2006 to produce their map of
the redshifted outflow lobe.
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4.5.3 Interpretation of the P-V diagrams

Determining the nature of the velocity gradients in posii@locity diagrams is not straight-
forward because many processes such as rotation, infilpwuand turbulence can influence
their shape (e.gTobin et al, 2012 Burkert & Bodenheimer2000. Tobin et al.(2012 suggest
that projected infall in filamentary protostellar envelsman dominate the velocity gradients
for scales larger than 1000 ABurkert & Bodenheime(2000 show that turbulence can pro-
duce velocity gradients that can be mistaken for rotatinrgdct4.3.3we found no significant
velocity gradient in the direction parallel to the filamentwhich Cha-MMS1 is embedded,
but a significant one in the perpendicular direction. If we e@proximate the filamentary
geometry of the continuum emission as axisymmetric, andféflli plays a significant role in
producing these velocity shifts, we would expect to seeadt#ribution in the P-V diagrams
in the filament direction. That this is not the case enhantegtobability that the velocity
gradients we observe perpendicular to the filament are drgaton.

The P-V diagrams of &0 2—-1 and 'O 2-1 cover almost the same extent as the width
of the filament £ 0.1 pc). As the outermost positions of%0 2—1 and 'O 2—1 reach the
edges of the filament (see Fig11d), we cannot exclude the possibility that turbulent mation
influence the shape of the velocity gradients on these schlewever, the “S” shape of the
C'80 2-1 and &’0 2-1 P-V curve at the outermost positions on either side @fcéntral
position is relatively symmetric (see Fig.5c) and therefore, probably indicative of rotation
rather than random turbulent motions. If the interpretaiinterms of rotation is valid, then
the “S” shape of the P-V curve indicates that the filamenttatiog in a diferential manner,
the outer partsr(> 8000 AU) rotating more slowly than the inner parts. The tover of
the C80 and G70 P-V curves occurs very close to the edge of the filament asdraith
LABOCA. We speculate that this behaviour is related to thengttion process of the filament,
but the physics of this process would have to be investigated

We obtained a velocity gradient of13-0.1 km s pc* overr < 8000 AU for Cha-MMS1.
This is similar to the velocity gradients often found in dem®res and attributed to rotation,
with magnitude typically ranging from 0.3 km st pc ! to ~ 6 km st pc! on typical scales
of ~ 0.1 pc (e.g.,Goodman et al.1993 Caselli et al. 2002a Belloche et al.2002 Tafalla
et al, 2004. The “S” shape of the €0 2—1 and ¢%0 2-1 P-V diagrams of Cha-MMS1 is
very reminiscent of the P-V diagrams of the young Class Oggtat IRAM 04191 located
in Taurus. Belloche et al (2002 derive a rotational angular velocity of93 km st pct
at a radius of 2800 AU and.9 + 0.2 km st pc? at 7000 AU. They conclude that IRAM
04191 shows clear signs offfiirential rotation in the envelope. On scales~0f.000 AU,
the envelope rotates even fast&elloche & André 2004. As mentioned in the previous
paragraph, the P-V diagram of Cha-MMSL1 is also consistetit ditfferential rotation, but
a major diterence compared to IRAM 04191 is that this concerns only thiergarts of the
envelope( > 8000 AU). At smaller radii down te 4000 AU, the velocity profile is consistent
with solid-body rotation. However, a puzzling feature of -V diagrams of Cha-MMS1 is
the even flatter velocity gradient in the inner parts of theetope below 4000 AU, with an
amplitude lower than 2 knt$ pc.

If the velocity gradients really trace rotation, then theedope of Cha-MMS1 has a very
peculiar rotational structure: the inner parts rotate nstwe/ly than the bulk of the envelope,
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and the outer parts also rotate more slowly. A collapsinggmetised core is expected to
have an angular velocity increasing toward the cerBas( & Mouschoviasl995, the exact
shape of the profile depending on the initial angular monrandistribution. Since we see
evidence of infall motions in the envelope of Cha-MMSL1, iecpliar rotational structure
suggests that anfficient mechanism removing angular momentum during the psdias at
work over the range of radii 2000 AU to 8000 AU. It would be im#sting to investigate
whether magnetic braking idtecient enough to account for this angular momentum removal
in Cha-MMS1. Measuring the magnetic field structures andsaiion levels of the Cha-
MMS1 and IRAM 04191 envelopes would then be necessary to aogrihe two sources and
understand why they behave sdfeiently in terms of rotation.

45.3.1 Centrifugal acceleration and rotational energy

If we interpret the velocity gradients in the P-V diagramga@isition, then we can estimate
the dynamical importance of rotation for Cha-MMS1. We asswsolid-body rotation for the
inner envelope at < 8000 AU and an inclination of the rotation axis in the rangé 45
60°, as derived in Sec#.3.1 The angular velocity then ranges from 4.4 knt c™* to
3.6+ 0.1 km st pct. We compute the centrifugal acceleration and the localigigonal
field as

Acen = % = er, (4.9)
Menv + Mopi
g=Gx —e”vrz ol (4.10)

whereacen, rot, 2, 9, G, Menvsw Mopj, andr are the centrifugal acceleration, the rotational
velocity, the angular velocity, the gravitational accatemn, the gravitational constant, the
envelope mass, the mass of the central object, and the radspectively. We assume that
the envelope mass is proportional to the radius (densitygstional tor~2) and that a mass of
1.44 Mg, is enclosed within a radius of 3750 AU, as derived from the IGBA 870um dust
continuum mapBelloche et al.20113.

Figure4.22 shows the variation aficen/g as a function of radius. Within the framework
of our assumptions, the centrifugal acceleration reptesgnmost 20% of the gravitational
acceleration. Thus rotation does not provide significappstt to the envelope on scales of
a few thousand AU. A similar conclusion was drawn by, sagselli et al.(2002h for their
sample of dense cores, whiRelloche et al.(2002 found that the centrifugal acceleration
was a sizeable fraction of the gravitational acceleratioisuch scales in IRAM 04191 (up to
~ 40%).

The ratio of rotational kinetic energy to the core’s grawitaal energy for a centrally
peaked 2 density profile o, is given by Goodman et a].1993:

Q2R3
9GM’

Brot = (4-11)

We obtain values gt ~ 0.02 and~ 0.006 at 8000 AU for inclinations of 3@&nd 60 degrees,
respectively.
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Figure 4.22:Ratio of centrifugal to gravitational accelerations foe thner part of Cha-MMS1 that
may be undergoing solid-body rotation. The upper and loweves are for an inclination of 3G&nd
60°, respectively.

4.5.4 Implications of the infall velocity structure of Cha-MMS1

In this section we compare the infall velocity distributioh Cha-MMS1 with predictions

from theory and observations of other collapsing cores. itdmber of uncertainties involved
is large, both in constraining the velocity profile of Cha-i8W from the radiative transfer
modelling, as well as in the various existent theoreticdlapge models in terms of initial

and boundary conditions, and the inclusion or omission thieeimagnetic fields or rotation.
Therefore, a comparison of our source with theoretical Hsodenot straightforward and we
only aim to qualitatively discuss which collapse modelsvite better agreement with the
infall profile we derived for Cha-MMS1.

45.4.1 |Infallin Cha-MMS1 and in other observed cores

Figure4.20shows the infall velocities consistent with the envelop€b&-MMS1 as derived
from the radiative transfer modelling in Se4t4. We can discern two distinct regimes in terms
of the envelope motions of Cha-MMS1, one below 3300 AU andwitlein 3300 AU< r <
30000 AU. At radii larger than 3300 AU we constrain the veipgirofile of Cha-MMS1 better
(more tightly). The velocities are sub- to transonic wittiie range of 0.1 km$ — 0.2 km s?.
At radii below 3300 AU, where the model degeneracies aretgre@ha-MMS1 is consistent
both with increasingand decreasing central velocities, ranging from 0.04 krhte 0.6 km
s7L. Therefore, the inner (< 3300 AU) envelope is characterised by velocities that cantre
supersonic values compared to the outer 3300 AU), more quiescent regions.

We also found that an inner, free-fall velocity distributiproportional ta=%® is consistent
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with the envelope of Cha-MMS1 with an upper limitiof~ 9000 AU. If we assume that the
latter radius signifies the distance that the reflected esiparwave has so far covered while
travelling outwards at the speed of sound, as describea iimgide-out collapse scenar®hu
1977, then we can estimate an upper limit to the age of Cha-M M81~a§ = 2x10P years or
0.2 Myr. The sound speeds ~ 0.2 km s, is computed for a temperature of 9 K and assumes
isothermality. In our models we have an isothermal tempegabf 9 K only forr > 2000
AU, so this condition does not hold for the very inner radioviever, we only use the derived
value as a crude estimate. Since this lifetime is an uppé, linis consistent with both a first
core (see Sectl.1.1for FHSC lifetimes) or a Class 0O protostar. The prestellasghifetime

is estimated to be 0.5 Myr (Evans et al.2009, and Class 0 objects have estimated lifetimes
ranging from~ 4 — 9x10* yr (Maury et al, 2011) to ~ 1.6x10° yr (Evans et al.2009).

Belloche et al(2002 similarly performed radiative transfer modelling of thaeiolecular
transitions towards the young Class 0 IRAM 04191 protossarguithe MAPYSO code. They
obtained an infall velocity of 0.15 kn$ at a radius of 1500 AU and 0.1 knTisup to ~
11000 AU for their “best” fit. Their range of consistent infaklocities is similar to ours,
albeit better constrained at small radii. Foe 2000 AU they find infall velocities in the
range of~ 0.07 and~ 0.15 km s, similar to the range 0.1 knt§— 0.2 km s? that we
obtain for Cha-MMS1 at > 3300 AU. Nevertheless, they constrain the inner 3000 AU
velocity profile to that of a power law, whereas in the case led-®MS1 power law, uniform
and decreasing velocity distributions are consistent withaata below 3300 AU. Therefore,
the infall velocity structures of both Cha-MMS1 and IRAM ®1cover a similar range of
velocities forr > 3000 AU, with Cha-MMS1 being additionally consistent witlveder range
of velocity profiles at small radii. The flat, or decreasingpegy distributions at the inner core
of Cha-MMS1 could represent a younger evolutionary phaae tihat of a protostar, if central
free-fall has not yet taken place on these scales. The adeA 104191 was estimated to
be < 3x10* yr, assuming 2000 AU is the radius below which there is a fadlerelocity field
structure, while we previously estimated an age @ 10° yr for Cha-MMS1.

The infall velocities we derive are mostly within the subtrt@ansonic range for > 3300
AU (> 0.02 pc). Lee et al.(1999 found subsonic inward velocities of 0.04 km's- 0.1 km
s71 for a sample of 17 starless cores showing evidence of infations. L1544 is one of
the starless cores that has been extensively studied Tafglla et al, 1998 Williams et al,
1999. These studies have shown that L1544 is undergoing inwartibrs with velocities
up to~ 0.1 km s over~ 0.1 pc. Such extended inward velocities imply that the vejocit
fields of Cha-MMS1, like that of L1544, are consistent witlcleather but inconsistent with
the static SISShu(1977 model.

4.5.4.2 Comparison to theoretical models

In this section, we compare the infall velocity field derifed Cha-MMS1 with the velocities
predicted by theoretical models. We resolve radiz 700 AU from our observations and
find an infall velocity range ok 0.05 km s — 0.5 km s? for this radius ( ~ 700 AU).
We used 3D radiation-magneto-hydrodynamic models to eixthe radial velocity structure
for a 1 Mgy (MU2 model; Commercon et gl.2012 and 5Mg dense core (Figd.20. The
mass estimate of Cha-MMS1 from continuum observationslyi#l44M. within a radius of
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3750 AU Belloche et al.20113.

Both models have a normalised mass-to-magnetic-flux rdt@ oThey employ an az-
imuthal density perpurbation to assist fragmentation. i@ of thermal to gravitational
energy is 0.37 for the My model and 0.35 for the B, model, the ratio of rotational to
gravitational energies 0.045 and 0.03 2 and~ 1.5 times greater than the upper limit of
Cha-MMS1'sB,t, respectively), and the initial temperatures are 11 K an# i@spectively.
Their corresponding initial radii are 3300 AU and 20000 AlheTdensity profile of the M,
case is initially uniform, whereas it scalesra$ at the outer radii in the ®,, case. The M
and 5M, models are denser at the equatorial plane of the cores bya fi#fc~ 3 and~ 4,
respectively, compared to the density profile we used forK@MS1 in Sect4.4.

The models predict the evolution of the gt and 70um flux densities during the first
core phase. The 3D radiative transfer code RADMC-3D by Dutled® is used for the post-
processing of the RMHD calculations (s€emmercon et al2012 for more details). The
flux densities of Cha-MMS1 are, within a factor ef2, consistent with a first core age of
~850 yr based on the M, model, and 2680 yr based on thévk, model (see Sectl.3.1.2.
The average radial velocity distribution of both first coredals close to the equatorial plane
(to avoid outflow contamination) are shown in Fi§20 We can only explore the velocity
profile of the 1My model forr < 2500 AU due to its smaller initial radius (3300 AU). The
radial velocities it predicts up te 2000 AU are within the range of velocities we constrain for
Cha-MMS1. For > 2000 AU the velocities decrease to zero as we approach thedaou
of the core. The average velocity extracted from thiglS model exhibits a velocity profile
that follows theupper limit of Cha-MMS1'’s velocity range up te 8000 AU, and iswithin
this range for 8000 Alk r < 12000 AU. The slightly higher velocities predicted by the
model compared to our upper limit for Cha-MMS1 may be due étigher densities of the
model.The velocity dip that peaks at18000 AU in Fig.4.20is a remnant of a small initial
expansion at the initial core radius ©f20000 AU that preceded the first core collapse, and
therefore is of no physical importance for interpretatifighe collapse process in the model
compared to the observational constraints.

We now compare our results with other first core models thatvaieasonable agreement
with the properties of Cha-MMSIMasunaga et a(1998 explored the protostellar collapse
of a cloud core via radiation hydrodynamic simulations assg spherical symmetry, and
specifically focussed on the formation of the first hydrastedre. For the typical case ofM,
and 10 K they find a homogeneous density structure insidergtectire and an outer density
distribution proportional t@~2. The velocity field structure after the first core formatipn(
10713 g cn3) does not change for scales larger thah000 AU for the diferent evolutionary
times they present. They find supersonic velocities outdi od ~ 3000 AU, in very good
agreement with the radius 63300 AU below which supersonic motions are compatible with
the envelope of Cha-MMS1. The infall velocities at 1000 AOOB AU, and 9000 AU they
predict are~ 0.25 km s, ~ 0.2 km s, and~ 0.1 km s. At the same radii we obtain
velocity ranges of 0.06 — 0.5 knts 0.1 — 0.25 km 3!, and 0.1 — 0.2 km3. The velocity
structure of Cha-MMS1 is therefore also consistent withgtedictions ofMasunaga et al.
(1999 for a first core resulting from the collapse of aM; non-rotating, non-magnetised

8httpy/www.ita.uni-heidelberg.dedullemondsoftwargradmec-3d
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cloud.

Saigo et al (2008 investigated the féect of diferent initial rotation speeds during pro-
tostellar collapse and the formation of the first and secotdstatic cores by performing
3D hydrodynamical simulations of cores with slow, moderated fast initial rotation. For a
slowly rotating cloud ot ~ 0.015 — 009, i.e., consistent with the respective ratio of Cha-
MMS1), the infall velocity structure during the first coregse is described by supersonic
motions below a radius of 3000 AU, and infall velocities of 0.4 km s, ~ 0.3 km s, and
~ 0.15 km s at radii of 1000 AU, 3000 AU, and 9000 AU. The infall velocityeglictions
of Saigo et al(2008 for the model with slow initial rotation is therefore cost&nt with the
velocity ranges of 0.06 — 0.5 knts 0.1 — 0.25 km 3%, and 0.1 — 0.2 km that we obtain
for Cha-MMSL1 at the same radial distances.

Finally, Ciolek & Basu(2000 presented an ambipolarfilision model incorporating the
observational constraints and physical parameters prslyiaerived for the protostellar core
L1544. They presented a non-rotating, ambipoldfudion model with a lower background
magnetic field strength (initial mass-to-flux ratio 0.8 iritarf the critical value), which could
reproduce the extended observed infall velocities of L1544l concluded that L1544 might
be a supercritical core undergoing magnetically dilutekbpse. Their model predicts infall
velocities of~ 0.2 km st and~ 0.15 km s at late times (approaching the first core densities),
at 3000 AU and 9000 AU from the supercritical core, respebtjwvhich are consistent with
the infall velocity field structure we derive for Cha-MMS1i@gF4.20. The spatial scale for
supersonic infall velocities they predict at late times iB000 AU. The agreement between the
velocities of the two cores, especially for the late-timeletion models (approaching first core
densities), might be indicating that the initial conditoaf the model for L1544 adequately
describes the initial conditions of Cha-MMS1. Cha-MMS1 htigherefore be undergoing
collapse that is physically similar to that of the prestetlanse core L1544.

In general, the velocities of the RMHD model agree with theeinenveloper( < 2000
AU) of Cha-MMSL1 for a 1M, collapsing dense core and fox 12000 AU for a 5M, dense
core at the FHSC stage. In the innermost 2000 AU, the velgeiglictions of both models
“bracket” the upper limit of the observationally constmihvelocities for Cha-MMS1, and for
larger radii the 9Vl predictions closely follow this upper limit. Non-magnetis rotating, as
well as non-rotating models for the first core phaSaigo et al.2008 Masunaga et 311998
also produce infall velocity structures that are constsiéth the infall motions of Cha-MMS1
on scales of 10000 AU ¢ 0.05 pc). Consequently, the collapse motions in the envelbpe o
Cha-MMS1 are consistent with first core predictions.

Since our observations are not sensitive to the very inngmgp&ha-MMS1, where rapid
infall velocity changes are expected, we cannot distinghé&tween an evolved prestellar core,
a first core, and a young Class 0 object based on the kinenadtics. The 24m and 7Qum
detections of Cha-MMS1 rule out its prestellar nature, dnd tshifts the dilemma between
a first core and a young Class 0 protostar. This dilemma camwlidedsby detecting a slow,
compact outflow stemming from Cha-MMSL1 via interferomestiedies, which would diier-
entiate between the two evolutionary phases. In any casdjrmematic and dynamical study
has so far shown that its properties ot contradict the first core predictions, and it is an
interesting target for exploring the early protostellagsts of star-formation.
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4.6

Summary and conclusions

We performed observations of the dense core Cha-MMS1 iowsirinolecular transitions and
conducted an analysis of the kinematics within the core @eto investigate its physical
properties and dynamical state. We utilised a 1D radiatamester code to constrain the infall
velocity structure of the core. Our conclusions can be surisedas follows.

1.

The internal luminosity of Cha-MMS1 is estimated from gmedicted inclination-
dependent time evolution of SEDs for the first core phase farM, (Commercon
et al, 2012 and a 5M; model. The 24:m and 70um flux densities imply inclinations
within the range of 30< i < 60° and an internal luminosity range of 0.08 — 0.18L,.

. The classical infall signature is detected in opticallick transitions, suggesting that

the envelope of Cha-MMSL1 is undergoing inward motions.

. The position-velocity diagrams of optically thin trathmns show velocity gradients per-

pendicular to the filament in which Cha-MMS1 is embedded. @herage gradient
over an extent ok 16000 AU in diameter is.3 + 0.1 km s pc?t, while we found
no significant gradient along the filament. Interpreted im&eof rotation, these veloc-
ity variations imply solid-body rotation in the envelope tgpa radius of~ 8000 AU,
and slower, dterential rotation from- 8000 AU to~ 12500 AU. The average velocity
gradient in the range 2000 AU — 4000 AU is surprisingly flattehich is dificult to
understand in terms of rotation.

. The turbulent velocity dispersion in the core is uniforithin a radius ofr ~ 5000 AU

parallel to the filament and 12500 AU perpendicular to the filament. The non-thermal
dispersion is of the same order as the mean thermal dispeasi temperature of 9 K,
therefore implying an equipartition between thermal anad-tieermal motions.

. Our radiative transfer modelling yields subsonic tograric infall velocities in the range

0.1 km s? - 0.2 km s? for 3300 AU < r < 30000 AU. The velocity field is less well
constrained in the inner parts for< 3300 AU. A velocity increasing as%® toward
the centre is consistent with the data, but we cannot exdudkcrease either. We find
subsonic to supersonic velocities in the range 0.04 kin-s0.6 km s? for r < 3300
AU.

. Part of the redshifted emission of the high-density m¢eS 5-4, CO 7-6, and CO

6-5 is not reproduced by the radiative transfer model. Thiggs emission may indi-
cate the presence of unresolved, higher velocity matetitdeainner core originating
from a compact outflow driven by Cha-MMS1, or alternativatycould arise due to
contamination from the outflow of the nearby Class | protosta

. We find relatively good agreement between the infall viglgerofile derived for Cha-

MMS1 and predictions of 3D RMHD simulations for the first hgdtatic core phase.

Both the kinematic agreement with the predictions of RMHBwdations and the possible
presence of a compact outflow suggested above are consigtertha-MMSL1 being at the
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stage of the first hydrostatic core. However, we canritna the object’s nature without
high-resolution interferometric observations to seamrtahd image a compact, slow outflow.
With the early prestellar core phase ruled out due to thectbjg4 um and 70um detection,
Cha-MMSL1 is either a first core or a young Class 0 protostad, @ kinematical study
cannot exclude either possibility.






CHAPTER 5

Star formation in Chamaeleon | and
lll: a molecular line study of the
starless core population

There is a theory which states that if ever anyone discovexrstly what the Universe is for
and why it is here, it will instantly disappear and be repthbg something even more bizarre
and inexplicable. There is another theory which statestttimhas already happened.

Douglas Adams
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Abstract

Context: The Chamaeleon | and Il molecular clouds are excellenthyetargets for low-
mass star formation studies. Even though they belong toaime £loud complex (Cha |, I,
and IIl), Cha | and Il are actively forming stars while Chashows no sign of ongoing star
formation.

Aims: We aim to determine the driving factors that have led to thg déterent levels of
star formation activity in Cha | and Il and examine the dymeahstate and possible evolution
of the starless cores within them.

Methods: Observations were performed in various molecular trasrsstiwith the APEX
and Mopra telescopes. We examine the kinematics of thesgacbres in the clouds through
a virial analysis, a search for infall motions, and velogjtadients. The chemicalftiérences
in the two clouds are explored through their fractional molar abundances and comparison
to predictions of chemical models.

Results:Five cores are gravitationally bound in Cha | and one in Charlie infall sig-
nature is seen toward between 9 and 18 cores in Cha | and refaeed 5 cores in Cha lll,
which leads to a range of 15-30 % cores in Cha | and 10-25 % oofelsa Il that are con-
tracting and may become prestellar. There is no significefgrénce in the turbulence level
in the two clouds. Future dynamical interactions betweencitres will not be dynamically
significant in either Cha | or Ill. Turbulence dissipationtive cores of both clouds is seen in
the high-density tracers JM* 1-0 and HGN 10-9 which have lower non-thermal velocity
dispersions compared tot@ 2-1, G280 2-1, and &*S 2—-1. Evidence for depletion in the
Cha | core interiors is seen in the abundance distributidrieeolatter three molecules. The
average fractional abundances 3fQ and CHOH are lower in Cha lll than Cha | by a factor
of ~ 2.4 and 18, respectively, indicating afierence in chemistry. Chemical models suitable
for the Cha | and Ill cores are used to constrain tiieativeness of the H{N to N,H* abun-
dance ratio as an evolutionary indicator. Both collapse static chemical models indicate
that this ratio is a good evolutionary indicator in the pelat phase. In the framework of
these models, we find that the cores in Cha Il and the soutbestrof Cha | are in a similar
evolutionary stage, and might follow the path of the morewaa cores in the central region
of Cha l.

Conclusions: The measured H{N/N,H* abundance ratio and the infall signatures de-
tected toward the Cha | and Il starless cores suggest thatICis younger than Cha I, and
therefore on the verge of forming stars.

The content of this Chapter has been submitted for pubtinadit the journal Astronomy
& Astrophysics.

5.1 Introduction

The Chamaeleon cloud complex is a prime target for studylegearliest phases of low-
mass star formation. The molecular clouds Chamaeleon | mdritain a relatively large
population of starless condensations at nearby dista@dg.few of these starless cores show
signs of being gravitationally boun@élloche et al.2011ab). One of our aims is to explore
the dynamics and kinematics of these cores in more detalldatermine whether there is a
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larger core fraction that will in the future become prestelbr whether the majority are merely
transient structures that will disperse as a result of ferime. Throughout this Chapter, we use
the definition that a starless core is a core without an engzbgdbtostellar object. Prestellar
cores are defined as the subset of starless cores that aitatgaelly bound and will therefore
likely form stars André et al, 200Q di Francesco et al2007. The evolutionary path the
condensations will undertake is important in order to as#es dynamical state and the likely
future evolution of the clouds themselves.

Studying the initial phase of star formation can help esthlthe link between the stellar
initial mass function (IMF) and the core mass function (CN)p.,André et al, 2007, 2009
Motte et al, 1998 Johnstone et gl2000. Large and clustered core populations can also be
used to shed light into the dominant dynamical processésdattace at the prestellar phase.
On the one hand, in the competitive accretion scenario thardical interactions between the
condensations play an important role in the subsequentesotation and emergent IMF (e.g.,
Bate et al.2003 Bonnell et al, 2004 1998. On the other hand, the process of gravoturbulent
cloud fragmentation suggests that stellar masses arendetat at the prestellar phase and
dynamical interactions with other cores and the surrougglare not significant (e.Padoan
& Nordlund, 2002 Myers & Lazarian 1998 Nakang 1998.

Chamaeleon | (Cha I) is a nearby, low-mass star forming cloudted at a distance of
~150 pc Whittet et al, 1997 Knude & Hgg 1998. The Chamaeleon cloud complex con-
sists of Cha I, Il, and lll, that despite their close proxiyniliffer greatly in their level of star
formation activity. Cha | has the highest level of star fotima activity with more than 200
young stellar objects (YSOs) produced so fanl{man 2008. It also has the highest dense
gas fraction in the Chamaelon cloud compl&elloche et al.2011ab; Mizuno et al, 2001,
1999 Boulanger et a).1998. Belloche et al(20113 performed a deep, unbiased dust con-
tinuum survey of Cha | at 870m with the APEX telescope. They identified 59 starless cores,
21 YSOs, 1 first hydrostatic core (FHSC) candidate, and aar&tef five filaments where the
majority of the cores are located. They found that at modi7 % of the starless cores are
prestellar based on a simple thermal analysis and conclinda¢dhe rate of star formation in
Cha | is decreasingLuhman (2007 had similarly proposed that the star formation activity
in Cha | is continuing but gradually declining based on theOY{®pulation. On the other
hand,Palla & Stahle (2000 had reached the opposite conclusion that star formati&@hanl
is proceeding in an accelerating fashion. The CMF of thdestarcores in Cha | seems to be
in a good agreement with the shape of the IMF at the high-nad¢B=lloche et al.20113,
as was found for various other molecular clouds (Aquila, rliau Pipe nebula, Serpens &
Perseus, Ophiuchugndré et al, 201Q Sadavoy et al201Q Alves et al, 2007 Enoch et al.
2008 Motte et al, 1998 , respectively), but it ceases to be consistent at the lassnend of
the spectrum.

Chamaeleon 1l (Cha lll) is also located at a distance-af50 pc {Whittet et al, 1997
Knude & Hgg 1998. Although it belongs to the same cloud complex as Cha |, rita@ios a
lower fraction of dense gas (e.¢ljzuno et al, 1999 2007 and no YSO (e.gL.uhman 2008.
Belloche et al(2011h identified 29 starless condensations in Cha Il through r@iniased
870um dust continuum survey with LABOCA at APEX, performed witietsame sensitivity
as for Cha I. They found that only two sources out of the 29estarcores are prestellar based
on the Bonnor-Ebert critical mass criterion. A number of 88wps were previously detected
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in C180 1-0 with the Swedish-ESO Submillimeter Telescope (SESEBh(n et al. 2002.
Only 20 of them correspond to detected §#fd sources but as the'® 1 — 0 survey is
affected by depletion and is biased toward low-density gast@ome correspondence is not
seen. Unlike Cha I, no prominent filamentary structure isise¢he 870um dust continuum
(Belloche et al. 20118 but the core distribution within Cha Ill seems to be tracmg an
underlying filamentary structure. The level of turbulensei the same order in both Cha |
and 11l based on &0 1-0 Mizuno et al, 1999 and CO 1-0Mizuno et al, 2001; Boulanger
et al, 1998 data.

The striking diference in the number of YSOs in Cha | and Il is bewilderingegitheir
proximity and the similar densities of their starless coopydation. A scenario that could
explain why Cha lll contains no YSO, is the cloud being at angmr evolutionary stage than
Cha I and not having had enough time to produce protostartermtively, the dierence
in star formation activity could be the result of environrtareffects, such as turbulence,
hindering star formation. We have undertaken a spectrakguwf the starless core population
in Cha | and lll, which aims to complement the results obtadiffrem the dust continuum
surveys ofBelloche et al(2011ab). We start by presenting the observational details of our
data in Sect5.2 We then proceed to the analysis of the kinematics (velatigjribution,
infall, turbulence) of the cores in Seét3and their molecular abundances which we compare
to predictions of chemical models, in Sebt4. Finally, we discuss the implications of our
results in Sects.5and give a summary of the conclusions in S&d.

5.2 Observations

The observations were performed toward the starless ceatlens identified in the contin-
uum surveys oBelloche et al(2011ab). The data were reduced with the CLASS software

5.2.1 Chamaeleon | data

The 60 cores detected in continuum emission were obsentadive APE X telescope in May
and July 2010 in the following molecular lines¥ 2-1,13C0O 2-1, ¢’0 2-1, HCO 3 -
211, HCN 3-2, HCO 3-2, and NH* 3-2. Table5.1 outlines the transitions observed for
each core in our sample. The cores are numbered by decréxpg peak flux density (see
Belloche et al.20114. All 60 cores were observed int®0 2—1.13CO 2-1 was observed in
parallel to G280 2-1. G0 2—1 was observed toward the 32 cores with the strongé& -1
emission so that the transition pair can be used to deterlimeepacities. HCO 3;,-2; 1
was observed in parallel to'@ 2—1. Due to observing time constraints only the brightést 3
cores were targeted in HCC-2 and HCN 3-2, which were observed in paralle}HN 3-2
was observed only toward the cores Chal-C1 — C34 which h&tt -0 Mopra detections
(see below), excluding the core Chal-C29 (very weak entissio

Table 5.2 gives information about the frequencies, resolution,stee receivers, for-
wardmain beam, ficiencies, system temperatures, and rms for all observeditians. The

see httpwww.iram.ffIRAMFR/GILDAS.
2The Atacama Pathfinder Experiment telescope (APEX) is alootation between the Max-Planck Institut fiir
Radioastronomie, the European Southern Observatoryhan@rnsala Space Observatory.
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coordinates of the cores can be found in Table Belfoche et al(20113. The observations
were conducted in position-switching mode with a refergrastion for the CO isotopologues
ata00=11"24M335.5, 530005=-77°01'56.8’, which was free of emission ##CO 2—1 with an
rms of ~ 60 mK for the spectral resolution given in Talll€ A second reference position at
@3200=11"05M235.7, §30000=-77°1102.2” was used for all other transitions and was also free
of emission at all frequencies with an rms-060 mK in NobH* 3—-2 (spectral resolution listed
in Table5.2).

A subset of 57 cores from the continuum sample was observiidting Mopra telescope
in June 2010. The zoom mode of the high resolution spectemMd®PS was used, with the
receiver tuned at 94554 MHz with 12 zoom windows of 138 MH&es&ld within the 8 GHz
bandwidth. The subset consists of cores Chal-C1 to Chala@®b6ore Chal-C60. All cores
were observed in the various molecular transitions fromctvhihe following were detected:
HNC 1-0, HGN 10-9, NH* 1-0, GH 10101099, C%*S 2—-1, CHOH 2,—1; E, CHsOH 2o—

1o A*, and CS 2-1. Information about the parameters of the Mopsarehtions for each
transition (frequency, angular resolution, main bediitiencies, channel spacings, system
temperatures, rms) are given in Talll8. Position-switching observations were performed
with a reference position atjgo11"05"235.7, §30000=-77°11'02.2” (free of emission with
an rms of 40 — 53 mK for the transitions and spectral resaistigiven in Tablé.3). IRAM
041911522 and Oph A SM1N were used as calibration sources. Theipgpiwas checked
every~ 1 hour .Tsitali et al.(2013 calculated a value of 0.34 for the main beaffiicgency of
the telescope through a detailed calibration analysis.

The northern part of Cha | was mapped in CO 3-2 with APEX in RO®6 with the on-
the-fly mode. The mapped region has a size.®165.4 , centered on theftset position (66,

60 ) with respect to Cha-MMS2 atyp005=11"09"575.9, §12006=-76°3500.1 . The rms of the
cube at a region that is free of emission~i€.6 K at a spectral resolution of 122 kHz. The
reference positiona(;o00e=11"23"015.39, §30005=-76°08 53.4”) was also checked to be free
of CO 3-2 emission with an rms ef0.14 K at a spectral resolution of 122 kHz. The pointing
was checked every 1 h on 07454-7112 and the focus was optimised on Saturn. Bable
gives more information about the CO 3-2 observational setup

5.2.2 Chamaeleon Il data

Twenty starless cores in Cha Il were observed with the Moglescope in May 2012. The
sample was chosen by selecting the cores with the highektfjpsadensity in 870um con-
tinuum emissionBelloche et al.20110. The receiver was tuned at twdidirent frequencies,
94554 MHz and 87190 MHz. Single position observations weréopmed in various molec-
ular transitions from which we got detections in the follogi H3CO* 1-0, HN'*C 1-0,
HNCO 4 4—33, HCN 1-0, HCO 1-0, HNC 1-0, H@N 10-9, CHOH 2,-1; E, CH;OH 25—

1o A*, NoH' 1-0, CS 2-1. We list the observation parameters for all thectled transitions
and some of the non-detected transitions in T&e The coordinates of the observed cores
are given in Table 2 oBelloche et al(20118. The observations were performed in position-
switching mode with the reference position @bgog=13"00"005, §32005=-7F4000”. The
reference position was free of emission at all frequenciiéls asmaximum rms of 56 mK for
the spectral resolution given in Tabied IRAM 04191+1522 and Chal-C1 were used as
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Table 5.1: Molecular transitions observed with APEX for doees in Cha l.
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Table 5.1: continued.

Core Molecular Transition
C0 C0 HCO* NyH*
2-12 2-1 3-X* 32

Chal-C46
Chal-C47
Chal-C48
Chal-C49
Chal-C50
Chal-C51
Chal-C52
Chal-C53
Chal-C54
Chal-C55
Chal-C56
Chal-C57
Chal-C58
Chal-C59
Chal-C60
TotaFf

<< |
| I |
| I |

< <K K
|
|

y —_ j—
33 30 15

KKK KKK KKKKKKK KK

(o2}

Notes.All cores but Chal-C1 are starless. Chal-C1 correspondedaeMMS1, which is a candidate
first hydrostatic core (sedsitali et al, 2013. @ 13CO 2-1 was observed in parallel td%0 2-1.
®) H,CO 3,,-2,; was observed in parallel to'@ 2—1.© HCN 3-2 was observed in parallel to
HCO* 3-2.@ Core was (y) or was not (-) observed in the respective tiansi€) Total number of
cores observed.

calibration sources.

We observed all 29 continuum sources itfGQ 2—1 (and'*CO 2-1 in parallel) and two
sources (Cha3-C1 and Cha3-C4) ih’0O 2—1 with the APEX telescope in June 2013. Ta-
ble 5.5 gives the respective observational parameters of the amsitions. The observations
were done in position-switching mode with the same refergrusition atrj200=13"00"005,
812000=-79F4000” (free of emission in &0 2—1 andCO 2-1 with an rms of 100 mK).
The pointing was checked every 1 — 1.5 h on 07454-7112.

5.2.3 Complementary G®O 1-0 data

We used the &0 1-0 emission map of Cha | observed with SEST fidaikala et al(2005.
Details about the observational setup can be found in tlagiep
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Table 5.2: Parameters of Cha | observations with APEX.

Transition fa o, HPBW Receiver  Mixing Backendsfd Ve  Neored Fer9 Ber? Tsye" rms
(MHz) (kHz) () (kHz) (kms™) (%) (%) (K) (mK)
C180 2-1 219560.3541 15 27.7 APEX-1 SSB FFTS1 122 0.17 60 95 75 7-208 62-192
Bco2-1 220398.6842 0.1 27.6 APEX-1 SSB FFTS1 122 0.17 60 95 75 183-83-160
cl’0 2-1 224714.1870 80 27.1 APEX-1 SSB FFTS1 122 0.16 33 95 75 216659122
HoCO 31-211 225697.7750 10 27.0 APEX-1 SSB FFTS1 122 0.16 33 95 75 198-83495
HCN 3-2 265886.4339 0.4 229 APEX-2 SSB FFTS1 122 0.14 30 95 7841-269 28-81

HCO* 3-2 267557.6259 1.1 22.8 APEX-2 SSB FFTS1 122 0.14 30 95 74 3476 35-94

NoH* 3-2 279511.7843 6.3 21.8 APEX-2 SSB FFTS1 122 0.13 10 95 60 160-28-55

NoH* 3-2 279511.7843 6.3 21.8 FLASH345 2SB XFFTS 76 0.08 5 95 60 172-39-63
CO3-2 345795.9899 0.5 17.6 APEX-2A DSB  FFTS1 122 0.11k - 95 73 160-235 600

Notes.® Rest frequency taken from the Cologne Database for Mole@gactroscopy (CDM¥iilller et al, 2005. ®) Frequency uncertainty taken from
the CDMS catalog® Angular resolution® Channel spacing in frequenc§. Channel spacing in velocit{)? Number of observed core§) Forward and
main-beam giciencies™ System temperatur®. rms sensitivity inT* scale ! Transition with hyperfine structur& Map of part of Cha | North.
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Table 5.3: Parameters of Cha | observations with Mopra.

Transition fa o® HPBWE 69 6V Neored Ber9 Tgyd'  rms

(MH?2) (kHz) (") (kHz) (kms?) ©) (K (MK)
HNC 1-0 90663.5680 40.0 38.0 33.7 0.11 57 34  155-218 15-40
HC3N 1011—910j 90979.0024 1.0 37.9 33.7 0.11 57 34 155-218 15-39
CHsCN 54 91987.0876 0.1 37.4 33.7 0.11 57 34 155-218 15-39
13cs2-1 92494.3080 50.0 37.2 33.7 0.11 57 34 155-218 16-41

NoH* 1530y 5 93173.7642 2.4 37.0 33.7 0.11 57 34 160-228 27-50
C4H 10111191010 95150.3971 31.0 36.2 33.7 0.11 57 34 162-232 13-46
CH30OH 8-7; A*% 95169.4630 10.0 36.2 33.7 0.11 57 34 162-232 15-43
C4H 101010-%9  95188.9481 30.0 36.2 33.7 0.11 57 34 162-232 14-46
C34s2-1 96412.9495 2.2 35.7 33.7 0.11 57 34 162-232 17-45
CH3OH 2,-1; E  96739.3620 5.0 35.6 33.7 0.10 57 34  172-248 29-43
CH3OH 20-1p A* 96741.3750 5.0 35.6 33.7 0.10 57 34  172-248 29-47

C*s 2-f 97172.0639 0.2 354 33.7 0.10 57 34 172-248 16-47
OCS 8-F 97301.2085 0.1 35.4 33.7 0.10 57 34 172-248 17-49
CS2-1 97980.9533 2.3 35.2 33.7 0.10 57 34 172-248 15-45

Notes. @ Rest frequency taken from the CDMS catal@¥.Frequency uncertainty taken from the
CDMS catalog© Angular resolution® Channel spacing in frequené§.Channel spacing in velocity.
® Number of observed core¥) Main-beam €iciency derived byTsitali et al. (2013. ™ System
temperature?) rms sensitivity inT} scale.? Transition with hyperfine structuré& There were no
detections in these transitions.

5.3 Results: kinematics

5.3.1 Definitions

We use a detection threshold af 3n peak temperature for all spectra used in the analysis.
The core systemic velocities and the linewidths of the detktansitions were extracted from
Gaussian or hyperfine-structure fits to the spectra. Thedittias performed in CLASS using
the methods “GAUSS” or “HFS”, respectively. The transigdo which we applied Gaussian
or hyperfine structure fits are listed in Tabl®. For the transitions that do not have a hyperfine
structure we apply Gaussian fits as long as their shape is symcnand not self-absorbed
(Nsit). The number of cores with two velocity components in theieara is listed adlyyg.
We define a core with two velocity components as a core witletspéiaving two emission
peaks in both optically thicland optically thin transitions in order to exclude spectra that
might be self-absorbed. The results of the “GAUSS” and “HR&"in CLASS are given in
TablesC.1and C.2for Cha | and Ill, respectively. Transitions that are thoutghbe optically
thick and in particular those that are self-absorbed towaost cores (HNC 1-03CO 2—
1, and CS 2-1) are not shown in Tablgsl andC.2 and are not used to derive kinematical
properties or column densities (Seg).

In the following sections we also use a 'compositd®G and G’O sample when dis-
cussing average velocities and non-thermal velocity dispes in the clouds. The'®0 2-1



Chapter 5. Star formation in Chamaeleon | and Ill: a molecular line study of the

100 starless core population
Table 5.4: Parameters of Cha Il observations with Mopra.
Transition fa o® HPBWE 69 V8  Neored Be Teyd'  rms
(MHz) (kHz) () (kHz) (kms?) %) (K) (MK)

HCO" 1,,-0;, 86754.3004 3.9 39.7 33.7 0.12 20 34 177-200 35-55
HN3C 1533012, 87090.8298 3.8 39.5 33.7 0.12 20 34 177-200 35-56
HNCO 445-334 87925.2178 0.3 39.2 33.7 0.12 20 34 175-198 36-71
HCN 1-0 88631.6022 0.1 38.9 33.7 0.11 20 34 175-264 30-58
HCO*' 1-0 89188.5247 4.1 38.6 33.7 0.11 20 34 167-189 40-63
HNC 1-0 90663.5680 40.0 38.0 33.7 0.11 20 34 167-264 29-59
HC3N 10,190/ 90979.0024 1.0 37.9 33.7 0.11 20 34 167-264 28-53
13Cs 2% 92494.3080 50.0 37.2 33.7 0.11 20 34 200-264 28-42
NoH* 1530y 5 93173.7642 2.4 37.0 33.7 0.11 20 34 208-274 32-45
C4H 101111-91010¢ 95150.3971 31.0 36.2 33.7 0.11 20 34 210-279 30-47
C4H 101010-%0¢  95188.9481 30.0 36.2 33.7 0.11 20 34 210-279 30-47
C34s 2—% 96412.9495 2.2 35.7 33.7 0.11 20 34 209-280 33-47
CH3OH 2,-1; E 96739.3620 5.0 35.6 33.7 0.10 20 34 227-300 35-49
CH30H 20-1p A*  96741.3750 5.0 35.6 33.7 0.10 20 34 227-300 36-50
C33s 2K 97172.0639 0.2 35.4 33.7 0.10 20 34  225-300 32-47
Cs2-1 97980.9533 2.3 35.2 33.7 0.10 20 34  227-300 38-47

Notes. @ Rest frequency taken from the CDMS catal@¥.Frequency uncertainty taken from the
CDMS catalog® Angular resolution™ Channel spacing in frequené§.Channel spacing in velocity.
® Number of observed core®. Main-beam éiciency.!" System temperatur®. rms sensitivity inT *
scale) Transition with hyperfine structuré There were no detections in these transitions.

transition was observed and detected toward all sixty dor€ha | so it is a very convenient
starting point for a kinematic analysis. However, we calted the opacity of the 80 2—-1
line for the sample of 32 cores that also havé@2-1 detections and found that only 50 %
of the cores are optically thin with an opacity< 1 (see SeckE.1). There is therefore a large
fraction of cores that are somewhat optically thick itfQ 2—1. The 32 cores observed in
C70 2-1 were those with the strongesO 2—1 emission. Since'@0 2—1 is optically thin
toward these cores, the!{® spectra are more reliable in deriving velocities and liiihs
toward these 32 cores. For this reason, we create a compasifgle of the 32 cores observed
in C1’0 and the remaining 28 cores observed only G Using this composite sample, we
gain the advantage of having thdl set of cores, while reducing the biases introduced by the
higher optical depth of €&0.



Table 5.5;: Parameters of Cha lll observations with APEX.

Transition f2 o2 HPBWF Receiver Backendfd 6V®  Neored Fer9 Beg? Teys'  rms
(MHz) (kHz) (") (kHz) (kms?) %) % (K (mK)

Cl80 2-1 219560.3541 1.5 27.7 APEX-1SSB XFFTS2 76 0.10 29 95 755-Z@l 98-144

Cl’0 2-1 224714.1870 80 27.1 APEX-1SSB XFFTS2 76 0.10 2 95 75 2AB69-72

Notes.@® Rest frequency taken from the CDMS catal®yFrequency uncertainty taken from the CDMS cataf®gingular resolution® Channel spacing
in frequency® Channel spacing in velocit{, Number of observed core€) Forward and main-beantficiencies™ System temperatur®. rms sensitivity

in TZ scale?) Transition with hyperfine structure.

soljewaun| SYNsay ‘€'S

TOT
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Table 5.6: List of transitions to which Gaussian or hyper8treicture fits were applied.

Transition Nob? Nae® Novel® Ngod Nyir®
Chamaeleon |
HNC 1-0 57 46 - - -
HC3N 10-9 57 18 0 4 1
NoH* 1-(P 57 19 0 4 1
C4H 10;1-90 57 10 O 3 1
CsH1010100%9 57 8 O 3 1
C34s2-1 57 23 1 1 1
CHsOH2-,bE 57 31 O 5 1
CH3OH 20-1pA* 57 41 0 2 1
cs2-1 57 56 - - -
Cc'®0o 2-1 60 60 4 1 1
cl’0 2-8 33 32 1 3 1
HCO32>2; 33 8 0 2 0
NoH* 3-2 15 5 0 b 1
Chamaeleon Il

H13CO* 1-0 20 5 0 0 O
HNC 1-d 20 17 - - -
HC3N 10-9 20 3 0 1 0
NoH* 1-(P 20 2 0 1 0
Cc3s2-1 20 2 0 0 O
CHOH2-,bE 20 10 O 1 0
CH3OH 20-1pA* 20 15 O 1 0
cs2-1 20 20 - - -
Ccl80 2-1 29 29 0 1 0
cl’0 2-P9 2 2 0 1 0

Notes. ® Number of observed core®) Number of cores with @ detections in terms of the peak
temperature that were used for the fitting (hyperfine strecfitting or symmetric, Gaussian lines).
© Number of cores showing (and fitted by) two velocity compdaén their spectra® Number of
gravitationally bound cores assuming a temperature of 10 detive the non-thermal velocity disper-
sion.® Number of virialized cores? CS 2-1 is optically thick in both Cha | and Il toward all the
cores detected in¥S 2-1 (see SecE.2). The majority of cores detected in HNC 1-0 have asymmet-
ric, non-Gaussian like spectra which might be a sign of @ptitickness. We therefore do not fit these
two transitions. @ Hyperfine-structure fit™) Bound cores: Chal-C1, C2, C3, C%.Bound cores:
Chal-C1, C3, C49 Bound cores: Chal-C1, C2, C# Bound cores: Chal-C1, C2, ¢% Bound

cores: Chal-C1, C2.
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Figure 5.1:Mass derived from dust emission versus virial mass of thelGaac) and Cha Il (b, d)
cores computed for the transitions fNC10-9, NH* 1-0, G*S 2—1, CHOH 2,19 A*, CS 2—1 (only
in Cha Ill), C'%0 2—-1, and &0 2-1. Panels a and b show the total mass of the cores whiléspane
and d display the mass obtained for an aperture of diameter Be solid line defines the region in
which the cores are virialise% < 1), while the dotted line marks the border on the right of vahic

cores are considered to be gravitationally bouﬁﬁﬂ(s 2).

5.3.2 Turbulence
5.3.2.1 Virial analysis

The virial mass of a spherically symmetric core with a dgngistribution proportional to?
can be estimated through the following expression if theree pressure is negligible:

R 2
Muyir = 3 X Ué"t : (5.1)
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where the radiuf is given by the square root of the product of the major and M\ HM
axes as measured in the dust maallipche et al.20114ab), \/FWH Mmaj X FWH Mnin, and

Ttot = \/(O'obs2 - O’th,mo|2 + (Tth,meanz), (5.2)
with o-opsthe measured velocity dispersion computed as
FWH Mgps

V8In2

where FWH Mgps is the observed spectral linewidth. The outer gas kineticperature of
the densest core in Cha I, Chal-C1 (Chal-MMS1) was constidim9 K through radiative
transfer modelling Tsitali et al, 2013. Less dense cores may have a slightly higher kinetic
temperature, and we assuiie= 10 K as an approximation. The mean thermal velocity

dispersions are computed as
/kBT
Othmean= —_—, (5.4)
MMy

[ke T
Othmol = —— (5.5)

wherekg is the Boltzmann’'s constant and the kinetic temperature in K. The molecular
weight of the mean particle jgmy (u = 2.37), Mnol = umoiMy is the molecular mass of the
tracer, andny the proton mass. Equatidnl therefore becomes

keT ﬂ)
Mol UMy )’

A core is considered to be gravitationally bound if its massasponds to at least half its virial
mass and it is said to be virialised if its mass is higher ttenvirial mass. To calculate the
respective mass to virial mass ratios, we use the massesddryBelloche et al(2011ab)
through dust continuum observations at §i#. We calculate the mass ratios both for the
total dust mass derived from a Gaussian fit (Fj4a and 5.1b) and the dust mass derived
for an aperture of 30 (Figs.5.1c and 5.1d), which corresponds to typical mean densities of
~ 0.5 —1x 10° cm 2 (Belloche et al.2011ab). It is not straightforward to decide which dust
mass is the most appropriate to compare to the virial mass=mibe the lines trace material
along the line of sight the extent of which is not known withaudetailed radiative transfer
modelling.

Table5.6 and Fig5.1a show that at most five cores are gravitationally bound (81
C2, C3, C4, C5) and one is virialised in Cha | when takingttital dust mass into account.
The virialised core is Chal-C1 or else known as Cha-MMS1¢his a first hydrostatic core
candidate Belloche et al.2006 201143 Tsitali et al, 2013. On the other hand, we find that
no core is virialised in Cha Il in any transition and only Gh@1 is gravitationally bound
(see Table®.6and C.2 and Fig.5.1b). Repeating the calculations for the dust mass derived
from a 50’ aperture we find that only Chal-C1 is gravitationally boum&€ha | and no core
is gravitationally bound in Cha Ill (Fig®.1c and d). From now on, we will only use thetal
dust mass of the cores and consider the numbers of gramiédifidoound and virialised cores
as upper limits.

(5.3)

Oobs =

R
Myir = 3% G (U'obs2 - (5.6)
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5.3.2.2 Comparison between tracers

Table 5.7: Comparison of systemic velocities, linewidthsd non-thermal velocity disper-
sions for selected pairs of transitions for Cha | and Ill.

Transitions Neores' ULSR,meanb FWHMnean O'nth,meand [g:_I:;]meane [O.t?r:zan]meanf
(kms1 (kms1 (kms1 ’
Chamaeleon |
NoH* 1-0 14  4.720.36 0.380.11  0.140.05 0.75918 0.75:0.28
C3s 2-1 14  4.740.33 0.420.16  0.130.07 — 1.040.38
NoH* 1-0 12 4.680.35 0.380.11  0.1%0.05 0.85222  0.80:0.26
cl’02-1 12 4.630.30 0.460.12  0.19:0.05 — 0.99:0.29
NoH* 1-0 19  4.650.34 0.3%0.13  0.140.06 0.7733) 0.77:0.31
ctéo/ct’od 19  4.6%0.29 0.56:0.20  0.26-0.09 — 1.020.47
NoH* 1-0 19  4.650.34 0.320.13  0.140.06 0.8797; 0.77:0.31
CH3OH 2-10A* 19  4.66:0.32 0.4%0.13  0.16:0.06 — 0.880.31
HC3N 10-9 17 4.820.40 0.36:0.14  0.120.06 0.6335  0.64+0.32
C3s 2-1 17  4.830.35 0.4€0.15  0.180.07 — 1.0%0.35
HC3N 10-9 15  4.8%20.40 0.3%0.14  0.120.06 0.71323  0.66+0.33
C’02-1 15 4.730.33 0.43:0.12  0.120.05 — 0.93.0.29
HC3N 10-9 18  4.820.39 0.3%0.15  0.130.07 0.68337  0.68:0.35
Cc'8o/ct’oe 18  4.75:0.33 0.460.16  0.190.07 — 1.080.37
HC3N 10-9 18  4.8#0.39 0.320.15  0.13:0.07 0.753%  0.68:0.35
CH3OH 2-1pA* 18  4.780.36 0.4%0.11  0.16:0.05 — 0.880.26
HC3N 10-9 14  4.7%0.36 0.3%0.15  0.14:0.07 0.96%7) 0.76+0.36
NoH* 1-0 14  4.620.36 0.38:0.13  0.150.06 - 0.8a:0.31
ct’o2-1 24 4.680.37 0.4%0.11  0.120.05 1.0993.  0.89:0.27
CHsOH 2-1oA* 24  4.76:0.34 0.330.11  0.160.05 — 0.840.26
C3s2-1 18  4.860.35 0.450.15  0.120.06 1.1403! 1.00:0.34
Cc’02-1 18 4.780.32 0.420.12  0.120.05 — 0.9%0.28
CHsOH 20-19A* 28 4.720.31 0.4%0.13  0.120.06 1.11333  0.88:0.32
CHsOH2-1, E 28  4.720.32 0.4@0.16  0.16:0.07 — 0.86:0.39
C'8o/Ct’od 41  4.6%0.33 0.4%0.17  0.180.07 11853  0.98:0.40
CH3OH 2-1pA* 41 4.7G:0.32 0.4%0.18  0.120.08 — 0.82.0.42
C'8o/Cct’od 22 4.7%0.35 0.4%0.13  0.180.06 1.18%3>  0.97:0.32
C3s 2-1 22  4.840.36 0.430.15 0.180.06 — 0.940.34

We compare the non-thermal velocity dispersions derivedfpair of transitions by us-
ing only the cores for which they are both detected in. T&bists the average systemic
velocities, linewidths, non-thermal velocity dispersothe ratio of the non-thermal velocity
dispersions, and the mean ratio of the non-thermal to thertieaimal velocity dispersion for
selected pairs of transitions in Cha | and Il

N,H* 1-0 has systematically lower (by 20-30 %) non-thermal velocity dispersions
when compared to either'@ 2—1, G4S 2—-1, and the composite'%/C’0O sample in Cha
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Table 5.7: continued.

Transitions Neores' ULSR,meanb FWHMnean U'nth,meand [g.:_i:;]meane [O.:;::Zan]mear{
(km s2) (kms1) (km s?) ’
Chamaeleon Il
HC3N 10-9 3 1.5%0.04 0.230.04 0.090.02 0.54-0.04 0.48&0.10
cl80 2-1 3 1.4a80.13 0.42:0.08 0.140.04 — 0.9%0.19
HC3N 10-9 3 1.5%0.04 0.230.04 0.09-0.02 0.6@:0.19 0.480.10
CH3OH 21, A+ 3 1.43:0.13 0.4@-0.08 0.160.04 — 0.86:0.19
C'®0 2-1 15  1.430.16 0.430.10  0.180.05 1.15%3}  0.94:0.25

CH3OH 2p-1p A* 15 1.41:0.18 0.320.09  0.16:0.04 — 0.850.22
CH30H 25-1p A* 10 1.38-0.15 0.3&0.11  0.150.05 1.09%940  0.83:0.26

CH3OH2,-1, E 10 1.3%0.15 0.330.12  0.16:0.06 — o 0.85.0.30
Cl%0 2-1 5 1.380.07 0.46:0.07 0.190.03 1.040.16 1.0Q.0.17
H13COo* 1-0 5 1.330.07 0.460.10  0.13:0.05 — 0.990.25
H13COo* 1-0 5 1.330.07 0.460.10 0.13:0.05 1.350.36 0.920.25
CH3OH 20-1p A* 5 1.29:0.09 0.36:0.08  0.140.04 — 0.760.20

Notes.All uncertainties are dispersions around the mean of eathlalition apart from the uncertainty
of the ratio of the non-thermal velocity dispersions. Thtelas the dispersion above or below the mean
computed by taking the flerence between the largest value within 68 % of the populgabove

or below the mean) and the mean value itsélf. Number of cores with detections in both tracers.
®) Average systemic velocities.© AverageFWHM linewidths. @ Average non-thermal velocity
dispersion, calculated féF = 10 K. ©) Mean ratio of the non-thermal dispersions of each pair of
tracers. The transition listed first is denoted with the stips1 and the second one with the subscript
2. O Average ratio of the non-thermal to the mean thermal veJatigpersions'® Composite G20
and C’O sample (see Sed.3.1).

I. HC3N 10-9 has a similar behaviour to,N* 1-0, with non-thermal dispersions lower than
C’0 2-1, &S 2-1, and the composite!®/C’0 by ~ 30-40 %. The non-thermal dis-
persion ratio of the two latter transitions is around uniyCsN 10-9 similarly has a lower
non-thermal dispersion in Cha Ill compared t8°0 2—1 by~ 50 % and CHOH 2,—1g A*

by ~ 40 %. The methanol C#OH 2—1y A* and CHOH 2,—1; E transitions have consistent
non-thermal dispersions in both Cha I and lll.

5.3.3 Infall signature

The infall signature is an optical deptffect and is produced when the line excitation temper-
ature increases toward the centre of a collapsing ¢var(s et al.2003. Assuming spherical
symmetry, the infall signature of a core consists of two @ets. The first one is an asym-
metric profile of an optically thick line that is skewed to thiele and sometimes features a
self-absorption dip (due to absorption from the outer lowiation material). In order to
exclude the possibility that the observed spectral prddildue to two separate, overlapping
velocity components, an optically thin, symmetric (andykrpeaked) line is required to peak
at a velocity in between the red and blue portions of the affyi¢hick line (Leung & Brown
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Figure 5.2:Infall signature toward cores in Cha I. The optically thisklf-absorbed transitions are shown in black thick linessthe optically thin transitions
in red thin lines. The dashed red line shows the systemiccitglof each core derived from a gaussian or hyperfine-airedit to the optically thin line
shown in red. The name of the cores is given on the right-hmledaf each transition depicted. The factor by which eacletspan was multiplied is given
next to the name of the transitions and it corresponds to atipecified.
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Table 5.8: Infall and opposite signatures.

Source Lingick®  Linemin? Toue/ Tred” 5V©
Infall Signature - Chamaeleon |
Chal-C1 CS2-1 #¥s2-1 2.020.09 -0.41%0.10
Chal-C2 CS2-1 #¥s2-1 1.990.13 -0.220.12
Chal-C3 CS2-1 #s2-1 2.590.23 -0.4%0.28
Chal-C8 CS2-1 pH"1-0 2.1@0.35 -0.630.53
Chal-C9 CS2-1 #¥s2-1 1.580.26 -0.280.26
Chal-C10 Cs2-1 ¥s2-1 1.390.10 -0.250.17
Chal-C1l1 HNC1-0 BH*1-0 1.650.11 -0.8@0.58
Chal-C14 CS2-1 CiOH? 1.97+0.28 -0.5@-0.39
Chal-C18 HNC 1-0 HEN 10-9 1.640.28 -0.9%0.60
Chal-C19 HNC1-0 #s2-1 2.150.10 -0.720.19
Chal-C21 CS2-1 #¥s2-1 1.250.09 -0.64-0.35
Chal-C27 3cO2-1 CG8%02-1 3.0%0.08 -0.2%0.05
Chal-C29 CS2-1 ¥s2-1 2.6%0.29 -0.3&0.19
Chal-C33 HNC1-0 #s2-1 1.980.08 -0.7&0.31
Chal-C34 CS2-1 ¥s2-1 2.050.18 -0.420.22
Chal-C35 HNC1-0 &sS2-1 4.4%0.44 -0.62:0.27
Chal-C41 Cs2-1 ¥s2-1 1.520.13 -0.3a0.21
Chal-C46 3*co2-1 G®02-1 1.360.13 -0.360.19
Opposite Signature - Chamaeleon |
Chal-C6 3cO2-1 CG%02-1 0.850.04 0.730.12
Chal-C12 3cO2-1 G®%02-1 0.720.05 0.430.06
Chal-C17 CS2-1 #¥s2-1 0.840.07 0.290.16
Chal-C22 13CO 2-1 CHOHd 0.76:0.06 0.82-0.39
Chal-C24 3cO2-1 CG8%02-1 0.780.06 1.480.27
Chal-C30 CS2-1 COH 0.33:0.10 0.930.43
Chal-C31 CS2-1 COH 0.58+0.17 0.620.40
Infall Signature - Chamaeleon Il

Cha3-C1 HNC1-0 CgDHd 2.00:0.25 -0.4@-0.16
Cha3-C9 ¥co2-1 d®02-1 1.380.09 -0.3%0.12
Cha3-C10 ¥3*co2-1 G®02-1 1.330.09 -0.340.08
Cha3-C13 HNC1-0 &02-1 2.2%0.75 -0.550.28
Cha3-C20 ’c02-1 G802-1 1.220.06 -0.340.10

Notes.® Optically thick and thin transitions shown in Figs2, 5.3, and 5.4. ®) Ratio of the blue and
red peak temperatures of the optically thick spectra andiicertainty®) Dimensionless parameter
described in equatioB.7. The uncertainty corresponds to the 8rror. () CHzOH 25—19 A*.

1977, Walker et al, 1986 Zhou, 1992 Myers et al, 1995 1996.

The opposite signature, i.e., with the red peak emissioheself-absorbed transition be-
ing stronger than the blue peak, has also been seen in otlveysin the past (e.gGregersen
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Figure 5.3:Same as Figs.2, for the cores in Cha | showing the opposite signature.

et al, 1997 Mardones et al 1997 Gregersen & Evan200Q 200]). The red-skewed profiles
are generally not very well understood. They may arise asultref outflowing or expand-
ing material Evans et al.2003. In most of the aforementioned surveys, the “blue profiles”
outnumbered the “red profiles” which was taken as an indiodtr infall motions.

The infall signature and the opposite one could also equmlproduced by oscillations.
Such interpretation was proposed for the starless core B&8enboth blue-skewed and red-
skewed spectra were seen in CS 2kada & Lada 2003 and HCO 3-2 accross the core
(Redman et al.2006. This pattern was interpreted as an oscillation, or pideatf the outer
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Figure 5.4:Same as Figs.2but for the cores in Cha lll.

core layers about an equilibrium state due to external pregserturbationsl@da & Lada
2003 Redman et a]2006 Keto & Field, 2005.

Mardones et a1997 proposed a nondimentional parame&f, to quantify the observed
asymmetry both for blueskewed and redskewed profiles. Tdranpeter is

_ Vinick = Vihin

oV = 57
AVihin S

where Vihick and Viin are the peak velocities of the brightest optically thick kpead the
optically thin peak, respectively, amiVii, is the linewidth EWHM) of the optically thin
transition. This parameter is given in Tatlie8 along with the peak temperature ratio of the
blueshifted and redshifted peaks of the optically thick lifthis way we quantify both the peak
asymmetry in the optically thick spectrum and the amount hictvthe brightest peak of the
optically thick line is blueshifted or redshifted with resy to the peak of the optically thin line.
The peak velocities, linewidths, and respective unceitsrof the optically thin transitions
were derived by performing Gaussian fits in CLASS. The v&joof the strongest optically
thick peak Vinick) was determined by applying Gaussian fits to the spectruen mfasking the
channels of the weaker peak. We used the rms of the spectrine amcertainty oVick,
Thiue aNdTreg. Negative values afV correspond to blueskewed profiles (infall signature) and
positive values to redskewed profiles (opposite signature)

For Cha I, we look for the infall signature in pairs of optigathick/thin isotopologues,
as CS 2-1 and ¥S 2-1. In the case of a non-detection if*€ 2—1 we use other detected
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optically thin transitions. If CS 2-1 is not self-absorbaa search for the infall signature in
other optically thick tracers, as HNC 1-0 altCO 2—-1. CS 2—1 was detected toward all 20
cores in Cha lll, but no spectrum shows a significant selbgiign in this transition. Only 2
cores have detections irftS 2—1. We therefore use the HNC 1-0 &A@0 2—1 as optically
thick tracers for the infall signature.

A total of 18 cores have &V parameter greater than the- 8incertainty and thus appear
to be infalling based on their spectral profiles (Fg). All of them have a peak temperature
asymmetry deviating from unity withincland 16 of them have an asymmeTyye/ Treq > 1
within 3o, excluding Chal-C9 (Tablg.8). The total number of cores showing the infall sig-
nature is therefore 18, or 30 % of the Cha | cores. Their looatiithin the cloud is shown in
Fig. 5.5. The optically thick, self-absorbed transitions CS 2—1,GIN-0, andCO 2-1, and
the optically thin transitions, ¥S 2-1, HGN 10-9, G80 2-1, NH* 1101 » (isolated com-
ponent), and CEDH 2p—1y A* form this typical signature for the 18 cores in Cha | ().
The core Chal-C27 is optically thin inD 2—1. We do not have an estimate of thé@ 2—1
opacity for Chal-C46 (see Seéi.]) but the line looks symmetric and peaks in between the
blue and red peaks of tH€CO 2—1 spectrum. 83 % of the cores showing the infall sigeatur
(15 out of 18; excluding Chal-C1, C2, and C3) do not appearetgravitationally bound
based on the virial analysis (Sebt3.2.].

The opposite signature is seen in 7 cores in Cha | @&). Four of the cores showing the
opposite signature have an asymmetric profilé3 @0 2—1. It is likely that this transition is
sensitive to the ambient, low-density gas and might not Ipeagiate to trace motions within
the dense core themselves. In this case, the actual numbemreose signature spectra could
be reduced to 3 and the number of infall signature spectré.to 1

If the infall and opposite signatures do also trace osgijatotions, then given that we
see the opposite signature~n7 cores we would expect the sample of “infalling” cores to be
contaminated by 7 oscillating cores, which would reduce the number of iiriglicores to
~ 11 in Cha l. It is not straightforward to conclude if pulsatsoare truly taking place as no
source shows both signatures simultaneously ffedint tracers and we do not have spatial
information.

Five cores in Cha Ill show the classical infall signatureg(Bi.4). The spectrum of Cha3-
C1 in HNC 1-0 is not self-absorbed, but it is clearly skewedh® blue. CHOH 2,1,

A" is redshifted with respect to the blue peak of HNC 1-0, thukingaCha3-C1 a probable
collapsing core. The asymmetry is more pronounced for thesadBha3-C9, Cha3-C10, Cha3-
C13, and Cha3-C20 with optically thin lines peaking in betw¢he blue and red peaks of the
optically thick spectrum. Cha3-C1 is the only core that appears to be gravitationally
bound from our virial analysis (see SéxB.2.). All cores in Cha Ill have a significar®v
parameter at thedlevel. TheTye/ Treg @aSymmetry is larger than 1.2 in all cases. Three of
the contracting cores, however, show the infall signatnf€CO 2—1. If this transition is not
a good tracer of core motions, then only two cores are vafallicandidates.

Therefore, taking into account the observed line profiles,garametesV, and the am-
biguity of the3CO 2—1 profiles, the number of the infall candidates is: 9 —wligh(without
oscillations and withoytvith 13CO 2—-1) cores in Cha | and 2 — 5 (withoutwith 13CO 2-1)
in Cha lll. The inverse signature is seen toward 3—7 (withaith 23CO 2—1) cores in Cha I.
Using these ranges, 15-30 % of the core population in Cha 1&n#&5 % of the observed Cha
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Il sample (or~ 7—17 % of the overall Cha lll starless core population) afallicandidates.

11"10M00° 11"00™00° 10"50™00°
| ! | ! |
- e | e Infall signature
I C12 A Inverse signature
| ]
o
o C9 C34
oo - —
8 R ® e
o || ]
N
2
‘o e
1
| ]
-O alokp) - Z ..
:{) | L | - 1 |
| 11"10™00° 11"00™00° 10"50™00°
o (J2000)

Figure 5.5:The cores showing the infall signature in Cha | (correspogith Fig.5.2) are plotted as red
filled circles and the cores showing the inverse signatugresn triangles. The contours correspond
to the 87Qum dust continuum emission obtained with LABOCBg]loche et al.20118 with contour
levels of a, 2a, 4a, 8a, 16a, 32a, and 48 mJy21” beam (4).

5.3.4 Centroid velocities
5.3.4.1 Multiple velocity components

Spectra with two emission peaks affdrent velocities are seen in the transition$@ 2—
1, Ct0 2-1, and &*S 2—1 toward some dense structures in the northern and cpatta
of Cha | (Fig.5.7). Spectra with two velocity components that are not producem self-
absorption (see Seds.3.]) might arise as projectionfliects if two physically unconnected
regions coincide along the line-of-sight. Alternativelycould be an indication that flerent
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Figure 5.6:C'80 1-0 Haikala et al.2005 blueshifted and redshifted emissions in (a) Cha I North, (b
Chal Centre, and (c) Cha | South overlaid on the gi#0dust continuum magBglloche et al.20113.
The continuum contour levels (black) correspond,ta, 4a, 8a, 16a, 32a, with a = 48 mJy21’-beam
(40). The blueshifted (subscrif) and redshifted (subscripy C80 1-0 contours correspond to the
levels (a) 3 (307), 40, (407), 5o (50r) with o, = 0.17 K km st ando, = 0.3 K km s and (b)
30y, (307), 450 (507) with o, = 0.33 K km st ando, = 0.22 K km s. The velocity ranges for the
blueshifted and redshifted integrated intensity emissianev, = 3.5 — 4.3 km st andy, =4.3-5.5
km s for (a) andv, = 3.8 — 4.8 km st andy, = 4.8 — 6.0 km s! for (b). The white dots show the
location the cores in each region.

structures in the same region are interacting with one @anotWe used the ¥O 1-0 map
of Haikala et al.(2005 alongside our data to better understand the physicalrogfithese
features.

The spectrum of Chal-C7, located in Cha | North, peaks atdlaities~ 4.0 and~ 4.8
km stin C0 2-1, @70 2—1, and CS 2-1 (see FH&.7). The fact that we see the second ve-
locity peak in the optically thin transition@0 2—1 excludes that it is due to self-absorption. It
is located at the northern elongated structure as seen 8vyen dust continuum (Figh.6a).
Cores Chal-C12 and Chal-C15 lie on either side of Chal-C@rbythave one component
each, the former roughly corresponding to the redshiftedpmment of C7 and the latter to
the blueshifted one (Fidg.7). We produced integrated intensity maps for the velocihges
corresponding to each®0 2—-1 emission peak using the 1-0 mapHaiikala et al.(2005.
The intensity contours of both blueshifted and redshifteissions are overlaid on the 84t
continuum in Fig5.6a. The blueshifted and redshifted integrated intensityssimins peak at
different locations on the continuum map. The blueshifted éomsseems to follow the peak
of the dust continuum emission. The redshifted emissiowgeher, peaks close to the position
of Chal-C12. Both velocity components overlap along the-bfisight and Chal-C7 lies in
the overlap region which is the reason why its spectra shavwelocity components.
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Figure 5.7:Examples of spectra showing two emission peaks f&mdint velocities that are not due
to self-absorption. Chal-C7 and Chal-C52 have two velagityponents in both €0 2—1 (black
thick lines), and in the optically thin €0 2—1 and 'S 2—1 (red thin lines), respectively. Chal-C15
(dashed line) and Chal-C12 (dotted line) are located orresiide of Chal-C7 (see Fi§6a). They
both have only one emission peak that roughly coincides eitther the blueshifted or the redshifted
peak of Chal-C7.

A YSO, Cha-MMS2, is located very close to Chal-C7 and drivegalar outflow (see
e.g.,Bally et al, 2006 Reipurth et al. 1996 Mattila et al, 1989. We examined the pos-
sibility that the second, redshifted velocity componerat tve see in our spectra coincides
with the redshifted outflow component. We use our CO 3-2 mapeiCha-MMS2 region
(see Secth.2.]) and find that the outflow does not contribute to the redsthifaission in the
velocity range 6 < v < 55 km s,

Two velocity components are seen toward three cores logatém close to) the central
elongated structrure of Cha | Centre: Chal-C50, C52, and Cb41-C52 and C54 are located
at the northern edge of the filament as seen in the dust comtiriig.5.60) and C50 lies close
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to that part of the structure but is not embedded in it. Thedhifted velocity component peaks
close to~ 4.5 km s* for all three cores and the redshifted component peaks52-5.5 km
s, The integrated intensity contours of the blueshifted aushifted G20 1-0 emissions are
shown in Fig.5.60b overlaid on the dust continuum emission. The blueshiftagion closely
follows the dust continuum emission, while the redshiftednponent is less related to the
continuum structure. Its emission seems to trace a direg@wpendicular to the filamentary
structure traced by the dust continuum and tA83C1-0 blueshifted emission (see Sécb.5
for further discussion).

Two sources in Cha Ill have 80 2—-1 spectra with two emission peaks atatient ve-
locities, Cha3-C11 and Cha3-C21, which are located adjgceeach other (see Fig. 3b of
Belloche et al.20110. The brightest peak of Cha3-C11 isvat 2 km s and the weakest
peak is ab ~ 1.2 km s*. The two emission peaks are also seen at the same veloaities i
spectra of3CO 2—1 and CS 2-1. The'®D 2-1 and*CO 2-1 spectra of Cha3-C21 peak at
~ 2 km st and~ 0.9 km s, with the former being the strongest in emission @ 2—1
(the opposite is true for*CO 2-1).

In the spectra that have two emission peaks in either Cha lhar IG, we select the
strongest emission peak as the main velocity componentttendveakest peak as tlsec-
ondvelocity component. For the cores Chal-C52 and Chal-C54lsetghe redshifted peak
as the second velocity component since we have indicatianittlis not related to emission
arising from the central elongated structure seen in theaurginuum.

5.3.4.2 Core velocity distribution

We follow the analysis irAndré et al.(2007) to estimate if interactions between cores are
likely to be dynamically important for the evolution of Chamd Ill. This analysis assumes
spherical symmetry, which may not hold very well for the fikmtary structure of Cha | and
Ill. We perform the analysis for the whole sample of cores aCand Cha lll, and also for
the sub-samples of cores in Cha | North, Centre, South, aadICNorth, Centre, and South,
separately. We use the average velocity of all cores in eaatsition for our calculations
(Table5.9).

The global velocity dispersion of the cores in each tracgivien by

. 2
o1 = \/Zin:l(vcorel NUmear) ’ (5.8)

wherevmeanis the average systemic velocity of all cores in one trac&tpg,e the systemic ve-
locity of each individual core in the specific tracer. Thesthdimensional velocity dispersion
is

o3D = ‘/§><O'1D- (5.9)

We obtain the mean velocity relative to the centre of masefsystemyrecom Using the

following relation,
8
Urel,COM = [ — X 01D (5.10)



starless core population

Chapter 5. Star formation in Chamaeleon | and Ill: a molecular line study of the

116

Table 5.9: Average velocity dispersions, crossing time, @oilisional time for the Cha | and Il cores detected iffelient tracers.

Transition Dcla N fitb RmeanC Mmeand Umeane 0'1Df 0'3Dg UreI,COMh Urel,coresi tcrosg tcoIIk ttccr_(:lsl
(pc) (AU)  (Mo) (kms?h) (kms?) (kms?) (kms?) (kms?h) (My) (Myr)
Chal"

céo/ct’on 43 60 6462 035 462 034 058 054 0.77 7.1 203 284

CH30OH 251 A* 4.3 41 6783 0.42 4.70 0.32 0.56 0.51 0.73 7.5 264 35.0
Cha I Nortt

c'8o/Cct’o 1.0 7 7761 0.36 430 028 0.49 0.45 0.63 20 17 85

CH30H 25-1A* 1.0 4 7755 0.39 4.61 0.16 0.27 0.25 0.36 3.6 29 8.2
Chal Centré

Cl80o/C0 1.0 16 5640 0.52 4.43 0.24 0.42 0.39 0.55 2.3 10 4.5

CH30OH 25-1A* 1.0 15 5616 0.54 4.50 0.29 0.50 0.46 0.65 2.0 11 5.7
Chal South

c®o/Cct’o 1.4 29 6331 026 472 032 055 0.50 0.71 25 17 6.7

CH3OH 20-1p A" 1.4 18 6806 0.29 4.85 0.30 0.51 0.47 0.67 2.7 24 8.9

Challlm

C'80 2-1 49 29 5969 0.25 149 023 0.39 0.36 0.51 12.2 898 73.8

CH30OH 20-1p A" 4.9 15 6845 0.34 141 0.18 0.32 0.29 0.42 15.0 1224 81.6
Cha lll NorthP

C80 2-1 08 8 6317 0.38 1.36 0.09 0.15 0.14 0.19 53 7 1.3

CH3OH 25-1, A" 0.8 6 7276 0.48 1.32 0.09 0.15 0.14 0.20 5.2 7 1.3
Challl Centré

C180 2-1 1.0 9 5406 0.17 1.53 0.30 0.52 0.48 0.68 1.9 30 15.7

CH3OH 25-1, A" 1.0 4 6911 0.26 1.37 0.18 0.31 0.28 0.40 3.2 44 13.7
Cha lll Souti®

C180 2-1 1.5 11 6429 0.23 1.59 0.17 0.29 0.27 0.38 5.0 64 12.7

CH3OH 20-1p A* 15 5 6277 0.23 156 019 032 0.30 0.42 45 146 32.2

Notes.® Approximate diameter of the corresponding regiof. Number of spectra that were fitted, excluding second velagmponents® Mean radius of the cores.
@ Mean total dust mass of the coré&MeanV, sg. 1D velocity dispersion® 3D velocity dispersion Mean velocity relative to the centre of mass of the systéilean
relative speed between cordsTime needed for a core to cross the regi$hRatio of collisional-to-crossing time$. Time needed for cores to collide with one another.
(M Results for the whole cloud? Composite €20 and G’O sample. The cores with’@ detections are used instead of thelf@ counterparts to minimize optical depth
effects.®) The cores located in Cha | North, Centre, and South are showigs.5.8and 5.6, and the cores in Cha Ill North, Centre, and South are showigirs.9.
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Finally, the relative speed between cores is computed as

4
Urel,cores = V2 x UrelCOM = —=01D- (5.11)

\r
The velocity dispersions are given in Tabl®for both Cha | and 11l as a whole, as well as the
sub-regions of Cha | and .

Figure5.8shows the colour-coded (in terms of magnitude) systemimcitis of the cores
in Cha | for the molecular tracers'® 2-1, G’0O 2—-1, CHOH 2,-1y A*, and NNH* 1-0
overlaid on the 87@:m continuum LABOCA map. The majority of the cores are locdted
structures that appear to be filamentary in the dust continue define four regions, Cha |
North, Centre, South, and West, with the three former caoimgieach at least one of the three
distinct elongated structures in Cha |. The sub-region GNladt does not contain an elongated
structure, but rather two small clumps with three coresgaitioer. Figures.9 overlays the
systemic velocities that were derived for the Cha Ill core€%0 2—-1 and CHOH 2,-1y A*
on the 870um map of the cloud. We also define the sub-regions Cha Il N@#ntre, and
South, in which the cores appear more clustered.

We find a mean systemic velocity{eay) Of 4.62 + 0.34 km s for the composite &0
and C’O sample in Cha |. The uncertainty is the 1D velocity disgersiSecond velocity
components are excluded in this calculation. We believettieredshifted peak, or second
velocity component, is likely not associated with the miatén the region we are studying
and arises either due to projectioffieets or due to material interacting with those regions (see
Sect5.3.4.). The mean velocities for Cha | North, Centre, and Southiye30+0.28 km s,
443+ 0.24 km s, and 472 + 0.32 km s for the composite sample and for the number of
cores given byNs; in Table5.9.

All 29 cores in Cha Il were detected (3¢7) in C*0 2—1. We only observed @0 2-1

toward the two cores showing the stronge$t@emission in Cha lll, Cha3-C1 and Cha3-C4.
Since we estimated opacitiesfl in these two cores (SeEt1), we expect lower opacities for
cores with weaker €0 emission. We derive a mean velocity 049+0.23 km s in C'80 2—
1, with the uncertainty being the 1D velocity dispersioneTinean systemic velocities i€
2—1 for the sub-regions of Cha Il are36 + 0.09 km s (Cha Ill North), 153+ 0.30 km s*
(Cha lll Centre), and 59+ 0.17 km s (Cha Ill South) for the number of cores given Ry
in Table5.9.

5.3.4.3 Crossing and collisional times

Given the diameterD;, and radius R of the region over which the cores are distributed,
we can estimate the crossing timgess Of the cores, as well as the ratio of the collisional to
crossing timesttc"r—‘;'s'S (see André et al, 2007):

D
teross = - ) (5.12)
03D

teon 1 \/; Rei 1
_ = = — X X , 513
teross 2 V3 NRypean 1+0 ( )
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Figure 5.8:Systemic velocities of the cores in Cha | overplotted on tfi@ &n map obtained with
LABOCA (Belloche et al.20113 for the transitions: (a) €0 2-1, (b) G’O 2-1, (c) CHOH 21
A*, and (d) NH* 1-0. The contour levels correspond to a, 2a, 4a, 8a, 16ansd®ea = 48 mJy21”
beam (4r). The core velocities were derived from Gaussian or hyperdiinucture fits to the observed
spectra. The filled circles are colour-coded and increasizinto emphasize increasing velocities.
Cores with two velocity components are shown with the lowelpeity overplotted onto the higher
velocity component. The dashed arrow indicates the poséigle of the velocity gradient fit.

where

(5.14)
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Figure 5.9:Same as Fi¢.8 but for Cha Il and the transitions (a)'& 2—1 and (b) CHOH 2,—1,
A*. The contour levels correspond to the §# emission obtained with LABOCABelloche et al.
2011 at a, 2a, 4a, 6a, with-a 34.5 mJy21” beam ().

We take as the diameter of each sample the largest projeistizsthck between two sources.
The mean masMmean, mean radiusRmnean, NUMber of coresN) used in each tracer and the
resulting velocity dispersions and times are given in T&k$e We select the &0/C’0 2-1
composite sample and GBH 2, — 15 A" for Cha | as they are observed toward many cores,
and C80 2-1 and CHOH 2; — 15 A* for Cha lll.

We compute a cloud crossing tintgyss ~ 7—7.5 Myr for Cha | as a wholey 2—4 Myr
for Cha | North,~ 2 Myr for Cha | Centre, and 3 Myr for Cha | South. The resulting times
for core collisions are- 203—264 Myr for the whole Cha | cloud, but they are much lower i
its sub-regions. We find collision times ef 17-29 Myr for Cha | North~ 10-11 Myr for
Chal Centre, and 17—-24 for Cha | South. Interactions between cores in Cha tr€eould
therefore occur at a higher rate compared to the other region

We repeat the same calculations for the cores in Cha Il anslib-regions. The velocity
dispersions and timescales for every transition are ligtd@ble5.9. We find cloud crossing
times of~ 12 — 15 Myr for the cloud as a whole, ardb Myr, ~ 2—3 Myr, and~ 5 Myr for Cha
IIl North, Centre, and South, respectively. The collisiotimes are of the order 1000 Myr
for the whole cloud, and therefore significantly larger tia€ha |. They decrease, however,
by a large amount when focussing on the Cha Il sub-regiamsylich we find~ 7 Myr (Cha
IIl North), ~ 30-44 Myr (Cha Ill Centre), and 64—-146 Myr (Cha Ill South). The collisional
times therefore become gradually larger as we move fromdhté o the south.
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5.3.4.4 \Velocity gradients

Table 5.10: Velocity gradients in Cha | and 11l

Transition I N Gradient 6grag
(pc) (kmstpct) ()
Chamaeleon |
C80 2-1 43 65 0.360.06 -100
cl’0 2-1 43 33 0.340.08 -106
CH30H 20-1p A* 4.3 42 0.340.07 -114
NoH* 1-0 43 19 0.620.06 -141
Chamaeleon Il
C180 2-1 49 29 <0.24 -

CH3OH 20-1p A* 49 15 <0.2¢& -

Notes. @ Projected distance between most distant cofésNumber of Gaussian and hyperfine-

structure fits used to compute the velocity gradiefitsUpper limit as three times the uncertainty
obtained from EquatioB.16

To search for velocity gradients in Cha I, we performed a 2i3tesquare fit on the sys-
temic velocities of the cores detected in each tracer. Wiepetrthe fitting with the following
3-parameter functionGoodman et aJ.1993:

ULSR= g *+ aAa + bA,B, (5.15)

wherev sr Aa, andAg are the systemic velocity of the cores, thEset of the cores in right
ascension, and thefset in declination (radians). The magnitude of the linesargy gradient

(which assumes solid-body rotation) and its direction t(edsiorth) are given byGoodman
etal, 1993

[(a2 + b2
Grad:—(a +b)

5 (5.16)

a
Orad = tan™* 2 (5.17)

where D is the distance of the cloud. The derived velocitygnats and their position angles
are given in Tablé.1Q The higher velocities of the cores in the south-westerih gfaCha |
(Fig. 5.8) are mostly responsible for the velocity gradient in Chall.tracers give consistent
results, the significantly higher value derived fosHN 1-0 being due to its non-detection in
Cha | North. We find no significant velocity gradient in Chabit we list the CHOH 2p—1p
A* and C®0 2-1 upper limits in the same table.
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5.4 Results: Molecular abundances

5.4.1 Observed molecular abundances

To calculate the column densities of BT, C34S, CH;OH, C80, and G’O we use the Ein-
stein A-emission cd@cients and lower state energies from the LAMDA databastle as-
sume that LTE holds and that the kinetic temperatuiigis 10 K. Integrated intensities from
second velocity components are not used to calculate cotleansities. We have no sign that
HC3N 10-9, G*S 2—-1, CHOH 2,-15 A*, CH3OH 2,-1; E, and G’O 2—1 might be opti-
cally thick judging from the symmetric, Gaussian-like gpaeqsee SectE.1 and E.2 for
estimates of &0 and G“S opacities). %0 21 is slightly optically thick for some cores in
Cha |l (SectE.1). We do not expect the cores in Cha Ill to be optically thiclClfO 2—-1 as
the brightest core, Cha3-C1, is only at the limit of beingiagdly thick. Cha3-C4 is indeed
optically thin in Ct80 2—-1 (see SecE.1).

For the cores that have a measured opacity we apply a comdetitor to the observed
integrated intensity for any opacity greater tha®. ONe apply the correction to the cores for
which we derive opacities in*80 2—1, G’0 2-1, and %S 2—1 in SectsE.1and E.2 The
correction factor for the opacity reads

T

= Tee (5.18)

C
wherer is the line’s opacity.

We also apply an opacity correction fopN* 1-0 for the cores that haveall line opacity
greater than 4. The M* 1-0 opacity is derived from the hyperfine-structure fits. Na&l*
1-0 cores that we apply the opacity correction factoto, are: Chal-Clr( = 130+ 0.1,
with 7 the total opacity of the multiplet), Chal-C2 £ 4.6 + 0.3), Chal-C3{ = 4.7 = 0.4),
and Chal-C4+ = 4.9 + 0.4). To calculate the opacity correction factor for the isetaNH*
10.1—01 2 component we use the opacity of the full line divided by 9 in E48 For those
cores, instead of the total saturated integrated intemgityise the integrated intensity of the
NoH* 1,—0y 2 isolated component to compute column densities.

The column density of a molecule is computed as

83 L1
N =~ 7(Ty)e

1 1
= J,(Tp) d 5.19
Gguhu 1 o JV<Tk)—JV<Tbg)f (To) & (5.19)

with u andl denoting the upper and lower levels of the transitiothe transition’s frequency
andA the spontaneous emission iogent. The values for the partition function fog = 10

K, Z(10), were interpolated based on the values given in the Cod&og. The upper level
degeneracies and the ground state eneigiegere also taken from the CDMS catalog. The
partition function for CHOH was obtained from the JPL databaBéckett et al, 1998. The
effective brightness temperatudg(Ty) is defined as

c2

T)=="—

B,(T), (5.20)

3httpy/home.strw.leidenuniv.imoldata
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whereB,(T) is the Planck function:

hy3 1

2
B,(T) = .
M ¢ exp) -1

(5.21)

We compute the abundances relative tp a¥eraged along the line-of-sight using the dust
column densities of the cores froBelloche et al.(2011ab). We interpolate between the
peak dust column density and the column density computed fine flux contained in a 50
aperture to derive the dust column density of the cores ih gaasition within their individual
HPBW (listed in Tables.2, 5.3 and 5.4). We refer to the interpolated dust column density
asNinter- The average and median abundances relative;faitd the abundance dispersion
derived from G*S 2-1, CHOH 2p—19 A*, CH3OH 2,—1; E, NoH* 1-0, HGN 10-9, G80 2—

1, and G’O 2-1 are listed in Tablg.11for both Cha | and Ill. Figur&.10plots the individual
core abundances derived for each tracer against theipoigged dust column densities.

C80 and CHOH are on average more abundant in Cha | than in Cha Ill by arfact
of ~ 2.4 and 18, respectively. This dlierence in molecular abundances can also be seen in
Fig. 5.10 The majority of the aforementioned Cha Il molecular atamzes lie at théower
endof the range of abundances in Cha l.

Benedettini et al(2012 found that the ratio of HEN/N,H™ varies between the (prestellar
and protostellar) cores in the Lupus 1, 3, and 4 moleculardso They conclude that this
ratio decreases as a dense core or a protostar evolves Hdsaftvationally in their core sample
and in their chemical model predictions. The #NIN,H* ratio for the cores in Cha | and llI
is shown in Fig5.11a. Fig.5.11b overplots the observed HN/N,H* ratio in Cha | on the
870um continuum map. Two cores in Cha lll have detections in bottemdes and fourteen
in Cha I. We calculatéower limits for one additional core in Cha Ill (Cha3-C13) and four
cores in Cha | (Chal-C17, C18, C26, C38) that have aNH@etection and a pH* upper
limit. The cores located in Cha | South and West have on aeeadygher HGN/N,>H™* ratio
than the ones in Cha | Centre, while the cores in Cha Ill haleegasimilar to Cha | South
(Figs.5.11a,b).

5.4.2 Depletion

The distributions of the €0, CYO, CH;OH, and C*S abundances suggest that these
molecules areféected by depletion in the core interiors in Cha | (Bdl0. The abundances
of the aforementioned molecules appear to systematicattyedse for cores of higher column
density. G’0 and G*S in particular show this abundance decrease with a narmdisersion

at each column density compared t80 and CHOH that have a larger spread of abundances.
For instance, the abundances df'Q are of the order 5-20<1078 at a column density of

~ 5x 10?1 cm? and~ 2-5x10°8 at a column density of 15 x 10?1 cm2. There is also

a hint of HGN depletion at higher densities (Fi§.10), but the trend of HGN abundance
decrease as a function of increasing density is more unmcéntshis molecule than in &0,
C0, CH;OH, and &*S. The sample of cores in Cha Ill is not large enough to comclud
about depletion within the cores, but the detections aneulimits in HGN seem to follow
the same behaviour as in Chal .



Table 5.11: Average and median molecular abundances in @xnalll.

Line Chal Challl
Abundancg Dispersio  Ncores Abundancg DispersioR  Ncores

cl8o 2-1# Averagé 2.6x10°/ 1.6x10°7 60 1.1x10°/ 3.0x10°8 29
Median  2.&1077 1.1x10°/

cl’o 2-1 Average  6X410°8 3.1x10°8 32 2.1x10°8 3.1x107° 2
Median  6.410°8 2.1x10°8

CH3OH 20-1p A* Average  3.&107° 2.0x107° 41 2.0<107° 7.8x1010 15
Median  3.%10°° 2.2x107°

CH;OH2-1; E  Average 2.8107° 1.1x10° 32 2.3<107° 6.8x101% 10
Median  1.&10°° 2.1x107°

NoH* 1-0 Average 2.8101°  1.1x101° 19 6.%<1011 13«10t 2
Median  2.%10710 6.9x10°11

C34s 2-1 Average 2410710  1.2«1010 23 9.5¢1011  1.00x1011 2
Median  2.x10°10 9.5x10°11

HC3N 10-9 Average 5.%101°  56x101° 18 3.0<10° 28«10 3
Median  2.%10710 1.2x10°10

Notes.® Abundance relative to 1 ® Standard deviation of abundance values shown inF=itd. © Number of cores used when calculating the mean an
median abundance® Average abundancé®) C'80 2—-1 is slightly optically thick for some cores in Cha | arglabundance should therefore be considere

with caution.®). We have no sign that HBI 10-9 might be optically thick judging from the symmetri@sian-like spectra.
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Figure 5.10:Molecular abundances relative tg ldgainst dust column densities interpolated within
an aperture of diameter equal to tH&BW of each transition. The abundances of the Cha | and IlI
cores are shown in black squares and pink asterisks, régggctUpper limits (3r uncertainties) are
shown as downward triangles for Cha Ill. TheHN abundance of the four densest cores in panel
(9) was derived from the observed integrated intensity efisiolated component {1-012) only (see
Sect.5.4.1).



5.4. Results: Molecular abundances 125

5.4.3 Comparison to predictions of chemical models

New, physically-static models have been run for a seleatibgas densities. The models
adopt total hydrogen number densitiesnpf = 8.5 x 10%, 85 x 10°, and 85 x 10° cm3
corresponding to free-particle densities ok8L.0%, 5 x 1P, and 5x 10° cm3, assuming

a mean molecular weight of 2.37. These densities are cotvpat@ the peak densities of
the Cha | and Il cores (Cha hpeak ~ 3 x 10°— 5x 1P cm3, Cha lll; Npeak ~ 3 x 10°—

9 x 10° cm™3). Visual extinctions are sficient to render unimportant those processes that
depend on the external UV radiation field. The chemical m@&d&dGICKAL) and reaction
network are those presented Ggarrod(2013, which employ a fully-coupled gas-phase and
dust grain-surface chemistry. Due to the low dust tempezatassumed here (8 K), only
surface chemistry is considered; chemistry within the lictls is switched . All material
except hydrogen begins in atomianic form in the gas phase, as shown in Table Gafrod
(2013. A gas temperature of 9 K is assumed. We expect lower-deosies to have slightly
higher temperatures (e.g+, 10-12 K). Somewhat higher temperatures do not significantly
affect the model predictiondg (= 12 K has been testedyasyunina et al(2012 also present
abundance predictions from a static, gas-grain model adteom density and temperature. We
use their HGN and NbH* abundance predictions from the model with gas temperafure k&

and free-particle densities of8x 10* cm™2 and 84 x 10° cm™3 (total H, densities of 1®and

10° cmi3) in order to complement our static model results.

The evolution of the BNH* and HGN fractional abundances, and the ¥NZN,H* abun-
dance ratio for the static models are shown in Big2 The two static models show a similar
evolution of the HGN/N,H* abundance ratio. After an initial peak, the abundance dio
creases from values of 10°-~10* down to~ 1072 (Fig. 5.14), or from values of~ 5 x 10°—
5x 10% to 10%-103 (Fig. 5.19). After it reaches a minimum value it increases once more
by a factor of~ 10 toward the end of the core evolution. The range of obsevahaes
of the HGN/N,H* abundance ratio~( 0.2 — 10) is shown in Figh.12 For model free-
particle densities ok 5x 10° cm3 and 5x 10° cm™3 in Fig. 5.12, and 84 x 10* cm™3
and 84 x 10° cm™2 in Fig. 5.17 the observed values match the model predictions in a phase
during which the HGN/N,H* abundance ratio decreases with increasing time. At therlowe
density of 5x 10* cm3 the predicted abundance ratio is consistent with the medstaiues
at early timesg 2 x 10° yr and at~ 1C° yr, but the former is excluded based on the predicted
abundances of M* and HGN that are too low (Figss.12a, e).

The static models therefore appear to support the hypetliesi a greater H{N/NoH*
abundance ratio is associated with early-time chemistgwéVer, these models include no
treatment of the time-dependent condensation of a coreacwunt for the chemistry in re-
gions outside of the central density peak. Furthermoreinitial chemical abundances corre-
spond to difuse, atomic conditions that are not appropriate to the higbesities observed in
the cores. Since the early formation of fiCappears to be dependent on the availability of
atomic carbon, which is not fully locked up in CO at early tenéhe consideration of static
models alone is not $licient to support the interpretation of the observed trend.

To remedy these shortcomings, comparison is made with dadémiodels of cloud cores
investigated byGarrod et al(2005 and later publications. These models trace the chemical
evolution at 12 depth points arranged along a radius thrawgibud core, as it condenses from
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Figure 5.11:(a) Observed HEN/N,H™ abundance ratio as a function of ldolumn density for the

cores in Cha | Centre (filled squares), Cha | South (emptyreg)laCha | West (diamond), Cha |
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Observed HEN/N,H* abundance ratios for Cha | (circles) and lower limits (tgkes) overplotted on

the 870um dust continuum emission obtained with LABOCRBdlloche et al.20114. The contour

levels correspond to a, 2a, 4a, 8a, 16a, 32a, withd8& mJy21” beam (4r).
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diffuse to dense conditions over a period of 1 Myr. The core thgpedses back to the initial
physical profile over the same time period. Initial total rogen densities follow a Gaussian
profile; values range from 300 to 1000 chbetween the outermost point and the central core
position, with visual extinctions ranging from 0.65 to 1.Agn This profile is held steady
for an arbitrary period of time until a chemical steady-stt achieved (no freeze-out onto
dust grains is active during this time). This produces atiainchemical composition that is
appropriate to the physical conditions.

During the main period of physical evolution of the core, ithidal density profile follows
a Gaussian time-dependence. This process is describedaihlweGarrod et al(2005. A
total hydrogen peak central density of 50* cm™2 and visual extinction of 5 mag are achieved
after 1 Myr. The densities and visual extinctions at eachetemtidepth point vary with time.
As points achieve visual extinctions greater than 2.5 ntegfreeze-out of gas-phase material
begins. No surface chemistry is explicitly modeled in the&atment; accreted atoms are as-
sumed to be fully hydrogenated, and remain on the grain sféuntil the visual extinction
again falls below the threshold value of 2.5 mag). The céntsaial extinction achieved in
this model of 5 mag corresponds to an edge-to-edge value afdd(for comparison with
observations).

These models allow column densities to be calculated alorg bf sight passing through
each depth point. Values calculated in this way take acooiunbth the chemical abundances
and gas densities specific to each point. FigureGamrod et al.(2006ab) show column
densities calculated in this way, as a function of time duthre physical evolution of the core.
Species that are strongly dependent on carbon for theirdiom are found to peak prior to
the attainment of maximum core density, while other spesigsh as NH*, are found to trace
the density more closely. FiguréslZ, g show values for HEN and NbH*, normalized to the
total H, column density, to provide a comparison with the singleapiactional-abundance
results. The ratio of these values shown in the bottom péigl %.12) confirms the single-
point, static-model trend.

A similar model is also presented (previously unpublishibd} adopts the same density
profile and peak central density, except that a greaterlraxiant is assumed for the core, so
that the peak, central visual extinction achieved in the eh@&l10 mag, corresponding to an
edge-to-edge value of 20 mag. The initial central value &1 mag.

This model also shows the same trend in thesN@IoH* abundance ratio, although ex-
tended to a somewhat later time. The growth in each abundsmeears at the same point
in this model, but the values are higher over a broader pefdiine. The plots shown here
extend beyond the peak density and into the regime wheredieet@ms begun to disperse,
although the fall in density and visual extinction is slowbtgin with.

The maximum H column densities for the collapse models with final edgeege visual
extinctionsAy 10 and 20 mag are achieved at 1 Myr and they a2e<6L0?* cm~2 and 13 x
1072 cm 2, respectively. The observedsiolumn densities for the Mopra beam of 3gor
N>H* 1-0) are found after interpolating between the peakcblumn density (forHPBW
21.2", ~ 3200 AU) and the column density within an aperture of 5They are 3 x 1071
1.4x 10?2 cm for the cores in Cha lll and.8x 10?2~7.1x 10°? cm~2 in Cha | (or 36 x 10°1—
1.4 x 10?2 cm2 excluding the 3 densest core®efloche et al. 2011ab). The HPBW of
HC3N 10-9 is similar to NH* 1-0 (37.é’). The observed B column densities averaged
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Figure 5.12:Continued.

over the Mopra beam are therefore comparable to the modetsalThe visual extinctions
derived from 2MASS range from 5.1-19 mag for the Cha | cordh @ average extinction
of ~ 10 mag, and~ 2-9 mag for the Cha Ill cores, with an average~ob mag Belloche

et al, 2011ab). The cores in Cha lll and the lowy, cores in Cha | are therefore expected
to be better described by the collapse model with a final eéogmige extinction of 10 mag,
while the model with the finahy of 20 mag is better suited for the Cha | cores with visual
extinctions higher than 10 mag. Both collapse models reateth hydrogen iy + 2n42) peak
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Figure 5.12:Evolution of the NH* (a, b, ¢, d) and H¢N (e, f, g, h) abundances, and the §i\Cto
N,H* abundance ratio (i, j, k, and ) as a function of time for frticle densities of & 10* cm™
(dotted), 5x 10° cm2 (solid), and 5x 10° cm™3 (dashed line) and a kinetic temperature of 9 K. The
model predictions fronvasyunina et al(2012 (V12, panels b, f, j) are shown for free-particle densities
of 8.4x 10* cm™2 (solid) and 84 x 10° cmi~3 10° cmi~3 (dashed line) and@l = 10 K. Each column shows
predictions from one specific model ('static’, 'static V12tollapse (Ax=10)’, 'collapse (Av=20)").
Panels (a), (b), (e), (f), (i), and (j) correspond to pradits$ of static models, while panels (c), (d), (9),
(h), (k), and (I) show predictions froeollapsemodels. The horizontal dotted-dashed lines indicate the
rangeof observed values for theJNI* (top row), HGN abundances (middle row), and the $i\Cto
N2H* ratio (bottom row). The maximumtolumn densities for the collapse models with final visual
extinctions Av 10 and 20 mag are achieved at 1 Myr and they &re 50°* cm~2 and 13 x 107 cm2,
respectively.
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central densities of &% 10* cm2, with equivalent free-particle densities of3 x 10* cm™3.
The observed free-particle densities (forldRBW = 37 ) are~ 5x 10°~2.2 x 10° cm3 for
the cores in Cha | (excluding the 3 densest cores)-aB@® x 10°~2.0 x 10° cm3 for the Cha
Il cores. This diterence in density is small enough that it is unlikely fieet the quantitative
results.

While the hypothesized cause of the trend in the downwargNAR,H* abundance ratio
appears to agree with the models, i.e. that a lower ratiodiedtive of a greater degree of
physical evolution, it is unlikely that a more specific dataration of core age may be made
without a more specific model for individual cores in the clou

By interpreting the HGN/N,H* abundance ratio as an evolutionary indicator we deduce
from Fig.5.11that the cores in Cha | Centre are more evolved than the cor€ba | South
and West. The densest and most evolved core in Cha |, ChaCi@&tNIMS1; first hydrostatic
core candidate) is also located in Cha | centre and has aiNHNGH* ratio of ~ 0.3. The cores
in Cha | South and West may therefore follow the same evalatip path as the ones in Cha |
Centre given that they belong to the same cloud. Likewisectres in Cha Ill might evolve
in a similar manner owing to the similar abundance ratiosaerssities with the cores in Cha |
South and West. It is interesting to note that all the core@ha | Centre show infall motions
with cores showing the inverse signature mainly beingitisted in Cha | South (Figh.5).

5.4.4 Comparison to other clouds

Starting with the low-density tracers (in terms of criticnsity), the mean abundances of
C'80 and G’0 2-1 in Cha | relative to blare~ 2.6x 10~ and~ 6.4x 1078, respectively. We
derive lower abundances in Cha Il by a factor~oR.4 and~ 3, respectivelyFrerking et al.
(1982 estimated a €0 abundance of 1:710~7 within cloud interiors ino Ophiuchus and
Taurus.Miettinen et al.(2011) derived G’O abundances ranging fromx4108 to 1.6 x 10°7
toward seven clumps in massive infrared dark clouds (IRCBsberg et al(1988 observed
methanol toward three dark clouds. They found;OH abundances of 2 x 107° for TMC1

and L134N, and- 0.5 — 1x 1072 for the Class 0 object B335 and for a kinetic temperature of 10
K. The observed &0, C’0O, and CHOH abundances toward the aforementioned clouds are
all very similar to the mean abundances we derive for bothi@ma Cha Il (see Tabl8.11).

We now discuss the abundances of the high-density tra¢asyunina et al(2011) report
an average PH* abundance of .7 x 1071 for a sample of low-mass IRDCs. The average
N>H* abundances we derive dmver by a factor of~ 3 in Cha | and~ 11 in Cha lll. The
low-mass IRDC abundance average for4NiGs ~ 1.5 x 10°° (Vasyunina et a).2011), which
is higher than the mean abundance we find in Cha | and lll by @rfaaf ~ 3 and~ 5,
respectively. Molecular abundances~06.8 — 17x 10-* were found for €*S in the IC5146
dark cloud Bergin et al, 2001). Our reported €'S abundances in Cha | and Il are similar to
the high-end value. We therefore see a significant abundiiffeeence between Cha l, Ill and
other low-mass dark clouds only ib,N* and HGN. These molecules are bd#gssabundant
in Cha | and Ill than in other low-mass clouds.
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5.5 Discussion

5.5.1 Turbulence in Chal and Il

In order to directly compare the linewidths and non-theragddcity dispersions of the transi-
tions detected in both clouds, we choose to only comparesaomples of similar peak column
densities. This way we compare cores of similar physicapgriies. For this reason we ex-
clude the cores Chal-C1, Chal-C2, and Chal-C3, whose ebseeak column densities are
higher by a factor of 5—6 than the maximum peak column densities in Cha lll. We aifsih
the second velocity components (see definition in Ze8tJ) for this calculation. We assume
thesame kinetic temperatugd 10 K for both clouds, which is plausible since both cloudsén
similar dust temperatures (s€&éth et al, 2000 and mean densitieBélloche et al.2011ab).

A direct comparison of the non-thermal to thermal velocitgpérsion ratios of the tran-
sitions G4S 2-1, CHOH 2p-1y A*, CHzOH 2,-1; E, N;H* 1-0, ¢®0 2-1, G0 2-1, and
HC3N 10-9 shows that they are similar in both clouds (see Tadlg and Fig.5.13. This
ratio is larger in @80 2—1 in Cha |, but as the line iTacted by optical depthfects (see
Sect.E.1) the diference between the two clouds is most likely not significeleince, there is
no significant diference in the turbulence level within Cha | and Il that coatdount for the
difference in their star formation activities.

5.5.1.1 Turbulence dissipation

NoH* 1-0 and HGN 10-9 are both high-density tracers with critical densitiéd ~ 2.4 x
10° cm 3 and~ 6.0 x 10° cm 3, respectively (Tabl®.1). Both transitions have non-thermal



Table 5.12: Linewidths and non-thermal velocity dispetsian Cha | and 111

Line Chaf Challl
FWHMP  FWHMC [m"h::*;an]d [m:;:zan]e N FWHM FWHM [m‘;man] [ m‘;::zan]
average median aVerage median average median average " nmedia
(kms (kms1 (kmsh) (kms1
ct®o 2-1 0.570.07 0.52 1.260.07 1.15 57 0.480.03 0.44 0.9£0.06 0.96 29
cl’o 2-1 0.42+0.06 0.40 0.920.05 0.86 29 0.420.04 0.42 0.920.10 0.92 2
CH3OH 2,-1; E  0.36:0.06 0.36 0.760.06 0.74 28 0.380.04 0.40 0.880.09 0.86 10
CH3OH 2-1p A* 0.41+0.06 0.36 0.880.07 0.77 38 0.380.02 0.40 0.880.06 0.87 15
NoH* 1-0' 0.35:0.07 0.32 0.720.07 0.64 16 0.2¢0.05 0.27 0.580.12 0.55 2
Cc3s 2-1 0.460.07 0.37 0.820.07 0.81 20 0.340.07 0.34 0.740.17 0.74 2
HC3N 10-9" 0.30+0.06 0.27 0.680.09 0.55 15 0.280.02 0.23 0.480.06 0.48 3

Notes.® Average values exclude cores Chal-C1, C2, and C3 as we omlgare cores with the same range of peak column densitiesfinchmuds. The
errors are dispersions from the mean vaf¥leAverageFWHM linewidths over all cores in each transitidf.MedianFWH M linewidth in each transition,
@ Average ratio of the non-thermal-to-mean-thermal vejodispersions for the core sample in each transitiéh Median non-thermal-to-mean-therm
velocity dispersion ratio) Number of cores used for the calculatio®. A fraction of the G80 2—1 spectra in Cha | are marginally optically thick and m
therefore be slightly broadened (see SEct). ™ Intrinsic linewidths EWH M) derived from a seven-component hyperfine-structure fit.
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velocity dispersions comparable to each other in both ChadlIH (Sect.5.3.2.9. This is
expected if they both trace regions of similar density. Toe-thermal velocity dispersions of
these transitions are also found to be systematically smiddan the non-thermal dispersions
of C’0 2—1 and %0 2-1 in both Cha | and III.

C1’0 2-1 and &80 2-1 are excited at densities aboved x 10° cm™3, assuming they
have a high enough abundance in these regions. They aréotleci@®v-density tracers and in
addition, they are usually depleted in the cold starless taeriors. High-density transitions,
as NH* 1-0 and HGN 10-9, are expected to trace core interiors. The dense; pares of
the cores are expected to be regions of minimum turbulenceritrast to the less dense, outer
parts of the cores, which are less shielded from the amhienilent motionsGoodman et al.
1998 Larson 1981). The low-density transitions likely trace these outeq amore turbulent
core regions. The larger non-thermal dispersions that weifirC!’O 2—-1 and ¢80 2-1
compared to HEN and NbH* in both clouds are consistent with the picture of turbuledise
sipation in the core interiors in Cha |l and Ill. GBH 2—1p A* has a similar critical density to
C'0, Ct®0, within a factor of~ 3, as well as a similar abundance distribution (see Fit)).
Indeed, we also find that G®H 2—1y A*, C’O and G80 have similar non-thermal velocity
dispersions in both Cha | and Ill, therefore indicating tingse transitions likely trace similar
regions.

We obtain a NH* 1-0 to G*S 2—1 mean non-thermal velocity dispersion ratio.@60315
in Cha I. %S 2—1 is excited at densities similar toll" 1-0 and those two transitions would
therefore be expected to have similar non-thermal velaliigersions if they both have similar
abundance profiles. The highe?4S 2—1 non-thermal dispersions is a sign éf&depletion
in the core interiors, making this molecule sensitive todbter, more turbulent core regions.
Indeed, we also find evidence oftS depletion in the distribution of core abundances in Cha
| as a function of their column density (Fi§.10). The fact that 'S 2-1 and ¢’0 2-1
have a mean non-thermal dispersion ratio close to unityn isdalitional hint that &*s 2—1
traces similar lower-density regions a&’O 2—1 and that BH* 1-0 and HGN 10-9 trace the
quiescent inner core regions.

5.5.2 Core interactions in Cha |l and Il

The free-fall time for spherically symmetric gravitatidmallapse is given by,

f 3r
g = | ————, 5.22
i 32Gpmean ( )

whereomeanis the mean mass density of the cores. We estimate the cositidgas®p=nNmeanx
1My, with nmeantaken fromBelloche et al (20118 for Cha Ill, and computed using the total
mass and a radius oyFWH Mmaj X FWH Mnn for the cores in Cha | (total mass and radius
from Belloche et al.20113. We use a mean molecular weightiof 2.37. We findaverage
free-fall times of 0.18 Myr for both Cha | and Il1.

The expected lifetimes and evolution of dense cores lardelyend on the theoretical
model used to describe the gravitational collapse of thacclizeeWard-Thompson et al.
2007, for a review on core lifetimes). Collapse models governgdrbipolar difusion tend
to predict core lifetimes longer than the free-fall time jgthincreases the more the initial core
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conditions depart from the magnetically supercriticatest®hu et al. 1987 Mouschovias
1991 Myers & Khersonsky 1995. The collapse proceeds faster when the core is initially
nearly supercritical (e.gNakang 1998 and if turbulence is dynamically importar€iplek

& Basu, 2001 Fatuzzo & Adams2002 Vazquez-Semadeni et aR005. In models of ini-
tially magnetically subcritical, turbulent clouds the dercores produced have lifetimes that
range from~ 1.5 to ~ 10 times the free-fall time (e.gNakamura & Lj 2005. Models of
magnetically supercritical, turbulent cloud collapseogisedict core lifetimes of the order of
a few times the free-fall timeQalvan-Madrid et a).2007 Vazquez-Semadeni et aR005
compared to the turbulence dominated star formation sietiaat supports faster evolution
timescales of the order of one free-fall tintelthegreen200Q Ward-Thompson et al2007
Kirk et al., 2005 Ballesteros-Paredes et,d999 Vazquez-Semadeni et a200Q Mac Low

& Klessen 2004k Ballesteros-Paredes & Hartmar2007). Galvan-Madrid et al(2007) find
mean core lifetimes of the order ebtg in their numerical simulations of magnetically super-
critical, turbulent, and isothermal clouds.

Observationally, there are various estimates of the cfatinties, some of which are:0.5
Myr (Evans et al.2009, ~0.3-1.6 Myr (Lee & Myers 1999, ~0.4 Myr (Onishi et al, 1998
2002, ~0.3 Myr (Kirk et al., 2005. Ward-Thompson et a[2007 conclude that most ob-
servational estimates yield core lifetimes -5 free-fall times for densities 0f10*~10°
cm 3,

If we assume core lifetimes of the order of 3—6 times the fafletime as suggested by
both the observational evidence (eMyard-Thompson et al2007) and collapse models (e.g.,
Galvan-Madrid et a).2007), we obtain a dynamical lifetime of 0.5-1 Myr for Cha | and
lll. A direct comparison of these lifetime estimates to tledlisional times we obtained in
Table 5.9 for both Cha | and 1l as a whole and their sub-regions shows ttie collisional
times we obtain are much larger than the dynamical lifetinf@ésa | Centre has the lowest
collisional time in Cha | Centre~( 10 Myr) and in Cha lll we obtain the lowest collisional
time in Cha Il North, witht,oy ~ 7 Myr. These values are still higher by a factor~ofL0—20
and~ 7-14, respectively, than the average core lifetimes 6f5—1 Myr in Cha | and Ill. As
Cha | and lll as a whole are quite filamentary these estimates$ikely to deviate from the
true values. Nevertheless, the collision time estimathiwiéach substructure of Cha | and Il
offers us a better insight into the dynamical interactions betwthe neighbouring cores rather
than taking the whole clouds into account.

André et al(2007) estimated a collision time of 1 — 10 Myr between the 57 starless cores
in Ophiuchus and a dynamical core lifetime~00.02 — Q5 Myr (assuming X tg and using the
mean core densityAndré et al(2007) concluded that interactions between the condensations
in Ophiuchus cannot happen within their lifetime3adavoy et al(2012 studied nine dense
cores in Perseus B1-E and found that the cores have nedrboegigseparations less than one
Jeans length and interactions might occur on a timescaleldflyr, which makes competitive
accretion plausible for that region.

We conclude that, as is the case for Ophiuchus, dynamicafaictions between cores
are unlikely to be dynamically significant in either Cha I,aCii, or their sub-regions, and
competitive accretion will therefore probably ndfext the future dynamical state of the Cha
I and Cha lll cores.
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5.5.3 Dynamical state of starless cores

Our virial equilibrium analysis suggests that up to five samee gravitationally bound in Cha
I (Chal-C1, Chal-C2, Chal-C3, Chal-C4, Chal-C5) and omdyiwirialized (Chal-C1 or
'Cha-MMS1’). Chal-C1 is virialized in most detected trdinsis (see Tabl&.6). Therefore,
a total of five cores, or 8 % of the whole sample, show evidenceatrieadybeing gravita-
tionally bound in Cha I.

Nevertheless, we found that 15 % — 30 % of the total core ptipalare either already
prestellar or likely to become gravitationally bound anerdfore prestellar in the future based
on the infall signature (see Sebt3.3. The upper limit corresponds to the full sample of cores
showing the infall signature, while the lower limit refleetsnore conservative number after
considering the number of infall signatures that might netirfdicating pure infall motions
within the core.Anathpindika & Francesc(013 also stress that inward motions are not a
suficient criterion for gravitational boundedne$Belloche et al(20113 found that~ 17 %
of the starless cores atarrently prestellar based on their Bonnor-Ebert analysisBeitbche
et al. (2011 estimated that up te- 50 % might become unstable in the future based on
theoretical predictions. We therefore find that the fractas the cores that might become
prestellar based avbservational evidencand the infall signature~(15-30 %) is in agreement
with the ~ 50 % upper limit ofBelloche et al(20118.

The estimated fraction of prestellar cores in Aquila amsuot~ 60 % (André et al,
2010, while it is as high as- 70 % in Ophiuchus Nlotte et al, 1998. Curtis & Richer
(201) found that the majority of the dense cores in Perseus sedra tdose to the critical
virial ratio, thus implying that they are gravitationallpind, thus prestellar (alsenoch et al.
2008. Belloche et al(20118 suggested that Cha | is experiencing the end of its startom
activity. Overall, the data show that Cha | is experienciiggigicantly lower star formation
activity compared to other nearby clouds and our kinemiaticalysis so far suggests that only
up to~ 30 % of the Cha | starless cores might become prestellar ifuthee. Morales Ortiz
et al.(2012 also found that almost all the starless cores in the Veladlzoular cloud are not
virialized or gravitationally bound. Overall, they estited that approximately 30 % of the
whole core population in Vela-D is gravitationally boundjieh is comparable to the number
of cores in Cha | that will likely become unstable in the fetur

We find that no core is virialized in Cha Il and only one, CHaB- is gravitationally
bound based on our virial analysis. We also find that 2-5 camre$ikely to become prestellar
based on the infall signature, which corresponds to 10-25 %heoobserved sample (see
Sect.5.3.3. Belloche et al(20110 concluded that two cores in Cha Il are gravitationally
unstable (Cha3-C1 and Cha3-C2) from their Bonnor-Ebetyaisa

The virial analysis of Cha | and Cha Ill confirms the resultvorasly suggested that
Cha | is in general more active than Cha Beglloche et al.2011. When taking the infall
signature into account we find that the cores suggested toabvéagionally bound in Cha lll
from the dust continuum survey are, indeed, infalling arad three additional cores are likely
to become prestellar.

Smith et al(2012 modeled the line emission of irregular cores embeddedamghts via
radiative transfer and found that the number of collapsiorg€ are underestimated when only
taking the infall signature into account. The line profiles extremely variable depending on
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the viewing angle and otheffects, such as one-sided accretion onto filaments. These may
result in a line profile not showing the expected blue asymyneten if the core is indeed
collapsing. The fraction of infalling cores in Cha | and llight therefore be even larger than
what observational evidence has shown so far.

5.5.4 Core evolutionary state

Observationally, we find a significantftérence in the HgN/N,H* abundance ratio between
Chal Centre, and Cha | South and West (see %:itylb). The highest density cores belonging
to Cha | Centre have on average lower #M{IN,H* abundance ratios than the lower density
cores in Cha | South and West. In the framework of the statit @llapse models shown

in Figure5.12 the HGN/N,H™ abundance ratio appears to be a good evolutionary tracer.
Nevertheless, the use of abundance ratios as evolutiof@rsds strongly model dependent
and requires knowledge of the initial conditions of the oedbdeing studied in order to be used
as such.

The observed HEN to NoH* abundance ratios in Fig.11imply that the cores in the
central part of Cha | (Cha | Centre) are more evolved than dhescin the southern part of the
cloud (Cha | South). The cores in the latter region mightefee evolve in a similar manner
as the cores in Cha | Centre, given that they belong to the stond. The HGN to NoH™*
abundance ratio for the Cha lll cores is found to be similaCha | South, although with low
statistics for Cha lll. Since the cores in Cha | South and Thlaalve similar densities, they
might undertake the same evolutionary path as the moreedaeres of Cha | Centre.

5.5.5 Overlapping velocity components

TheHerschelimage of Cha | shown iWvinston et al(2012 (PACS 160um, SPIRE 25Qm,
and SPIRE 50@xm) reveals the dust structure of the cloud in great detaié dlbngated fila-
ment in Cha | Centre (Ficgh.6b) corresponds to the “Ced 110" cluster on Hherschelimage

of Winston et al.(2012. It similarly appears very bright and dense, while retainihe same
elongated structure as in the Cha | & LABOCA map Belloche et al.20113. The di-
rection as well as the location of the redshifted emissioounmaps seems to correspond to
fainter, more dispersed and lower density material seeh@Herschelimage that is “thread-
ing” the dense, elongated filament in the perpendiculacctiaoe. Alternatively, the redshifted
component could simply be a projectiofiext.

As the redshifted velocity component that we observe in CNarth (Fig.5.6a) is not
related to the bipolar outflow of Cha-MMS2 (see S&c3.4.] it might also be due to material
in the cloud interacting with this elongated structure oragztion dfect. The dust continuum
Herschelmap of Cha | North ('Ced 112'Winston et al. 2012 shows that there is some
fainter material close to the very northern part of the filahvehere the peak of the resdshifted
emission is located and it seems to be oriented perpenditula However, the material in
Cha | North as seen on thiderschelmap is not as dense and homogeneous in direction as it
appears in Cha | Centre.
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5.6

Summary and conclusions

We performed spectral line observations with the APEX anghiaelescopes toward 60 cores
in Cha |l and 29 cores in Cha lll. The aim of this study is to explihe kinematical state of the
cores, their future dynamical evolution, and to determimatthe main driver of the fferent
star formation activities in the two clouds is. Our conatunsi are the following:

1.

We find 5 prestellar cores @ %) in Cha | and one in Cha lll based on a virial analysis.
Between 9 to 18 cores show the infall signature in Cha I, limgpghe total percentage
of cores that might become, if not already, prestellar to305%. The infall signature
is seen toward between 2 to 5 cores in Cha lll, and thus 10-25ré6 of the observed
sample might become, if not already, prestellar in the &ytwhich corresponds to 7—
17 % of the whole core population.

. Multiple velocity components are observed in Cha | tonafdw cores in the northern

and central parts of the cloud. Thé%0 1-0 integrated emission of the redshifted veloc-
ity component in the central elongated structure in Cha b(OBentre) is orienteger-
pendicularto the dust continuum emission. The redshifted velocity ponent might
be caused by more disperse material “interacting” with floegated structure along
this direction, as suggested by tHerschelcontinuum data.

. We derive %0 and CHOH average abundances relative tp tHat are lower in Cha

[ll than in Cha | by a factor of~ 2.4 and 18, respectively. The distributions of the
individual core abundances in Cha lll in these moleculeatlihe lower end of the core
abundances in Chall.

. The abundance distribution of the Cha | cores #i@ C’O, CH;OH, and G*S de-

creases with increasing density, therefore suggestirtgthlbae molecules ardfacted
by depletion in the inner parts of the cores.

. The turbulence level is similar in both clouds in variotasitions. There is therefore

no indication of turbulence playing a role in theéfdrent star formation activities of Cha
l'and 1.

. Turbulence dissipation in the core interiors is seen ih lotbuds with the non-thermal

dispersions of the high-density tracersHN 1-0 and HGN 10-9 being smaller than the
non-thermal dispersions of'@ 2—-1 and ¢’0 2—1. &S 2—1 has a higher non-thermal
velocity dispersion compared to,N* 1-0 in Cha |, which is consistent with*¢S being
affected by depletion in the inner parts of the cores.

. The dynamical evolution of the cores in Cha | and 11l on aidlscale is not likely to be

affected by interactions between the cores and competitivet@ma.

. Both collapse and static chemical abundance modelsatedtbat the HGN to NoH*

abundance ratio is a good core evolutionary indicator. érftaimework of these models,
the observed HEN/N,H* abundance ratios in Cha | and Il suggest that the cores in
Cha | Centre are more evolved than in Cha | South, and thatattes ¢n Cha lll are in
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a similar evolutionary state as the cores in Cha | South. Tine I0 and Cha | South
cores might therefore evolve in a similar manner as the dor€ha | Centre.

The measured H§DN/NoH* abundance ratio and the infall signatures detected tovar€ha
I and Il starless cores suggest that Cha lll is younger thiaa ICand therefore on the verge
of forming stars.



CHAPTER 6

Conclusions and Outlook

If | were again beginning my studies, | would follow the adyiaf Plato
and start with mathematics.

Galileo Galilei
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Chapters 4 and 5 present a detailed study of star formatidimeitChamaeleon | and I
molecular clouds. The dynamical state of the first hydrastaire candidate Cha-MMS1 is
explored in Chapter 4, while Chapter 5 examines the ovestdttis” of star formation in both
clouds.

6.1 Cha-MMS1

Cha-MMS1 presents a great opportunity to study the very astabe of star formation, and es-
pecially the link between the prestellar and protostellagss. It is very faint, with an internal
luminsity of just~ 0.08-0.18L, thus agreeing with luminsity predictions of MHD numerical
simulations for the first core phase. The classical sigeatdirinfall is observed in various
molecular transitions and provides evidence for contngctnotions in its envelope. Veloc-
ity gradients accross Cha-MMS1'’s envelope are used to @eits rotational structure. The
position-velocity diagrams reveal an interesting imagesesting of the envelope undergoing
solid-body rotation up to a radius 6f8000 AU with a gradient 3.1+0.1 km s pct, while
“switching” to differential rotation for radii between 8000-12000 AU. Even more surprising
is the finding of an even “flatter” gradient for the inner2000—4000 AU, perhaps implying
the slowing down of rotation in the inner core. Such a slowxdaould perhaps be accounted
for if magnetic braking is veryfécient for Cha-MMSL1 at these scales. Regarding turbulent
motions within the core, an equipartition of thermal and -tleermal velocity dispersions is
seen at the scales that are probed (up @06 pc) and for a temperature of 9 K.

The infall velocity structure of Cha-MMS1'’s envelope is stnained through radiative
transfer modelling of several CS, HCOand CO isotopologues. The modelling yields sub-
sonic to transonic envelope infall velocities from a radifis- 3300 AU to 30000 AU, with
values of 0.1 km & — 0.2 km s’. The infall velocities for radii less than 3300 AU are
less strongly constrained and they are found to be subsongtigersonic with a range of
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0.04 km s — 0.6 km s'. The velocity field of the envelope up to a radius~09000 AU is
consistent with a velocity increase that follows a power-tf v o« r~%°. An interesting out-
come of the radiative transfer modeling, is that the modehoareproduce the CS 5-4, CO
7-6, and CO 6-5 emission. These transitions are high-gemaiters and likely probe mate-
rial at the innermost regions of the core. The excess emigsithese molecular transitions
might therefore be indicative of a compact outflow driven bya@IMS1, which we cannot
yet resolve. This would be in agreement with the main obsiemnal signature of first cores
(compact, slow outflow), but excess emission due to contatioim from an outflow driven by
a neighbouring Class | protostar cannot be ruled out.

3D MHD simulations for the first core phas€gmmercon et al.2012 are finally used
so that infall velocity predictions for this phase can besdlily compared with the velocity
structure that is constrained from the radiative transfedefiing of the observed data. The
3D MHD models of the first cores are chosen so that they areistens with the observed
mass of Cha-MMS1. The infall velocity structure of Cha-MMiSIfound to be consistent
with the first core stage predictions, thus further suppgrthe idea that it belongs to this
evolutionary phase. Nevertheless, it cannot be ruled attthiis object might also be a young
Class 0 protostar.

ALMA will be the first submillimeter interferometer able tesolve and detect a compact,
slow outflow in the first hydrostatic core candidate Cha-MMi8# to its low declination. The
detection of such an outflow would serve as a confirmationttiiatsource is indeed at the
phase of the first hydrostatic core.

We used predictions of one MHD simulatioBdmmercon et al2010 in order to deter-
mine the observational characteristics of a first core owtflvat one should expect from a
source like Cha-MMS1. The model follows the collapse of a netiged 1 M, dense core up
to the formation of the first core and the appearance of thg §ilev outflow Commergon
et al, 2010. The overall extent of the outflow that this model produseagproximately 400
AU at a “snapshot” just before the “second collapse” (iust pefore the protostar is formed),
while the density is about £am=3. The typical outflow velocities are 1.5 km s. Fig-
ure 6.1 shows the temperature and velocity distributions of theution at xy and xz-plane
cuts through the centre.

We used the 3D radiative transfer code LIME (Lime Modelingyige; Brinch & Hoger-
heijde 2010 to predict the observational characteristics of that fiste outflow, with the
assumption that its inclination to the line-of-sight is 4égcees. We modelled the CO 3-2
line assuming no depletion in the outflow, as a result of gesnr due to grain sputtering in
the outflow shock, and a typical depletion factor of 10 for ¢ieelope. Abundances of 10
and 10° were used for the outflowing material and the envelope, ctsedy. A turbulent
broadening of FWHM= 0.35 km st was added to account for the non-thermal linewidths
measured in our single-dish spectra. Infall and rotatictmiwithe core are predicted to have
similar velocities on these scales (Fégl) thus making it a priori dficult to disentangle these
different motions. Nevertheless, based on our simulations pecexo be able to distinguish
the outflow from these motions as we predict the core to havatterfled structure with the
outflow oriented perpendicularly (see F&2). As the mass of the Cha-MMS1 dense core is
~ 3 times higher than the one assumed in the MHD simulationgtitibow may well be more
massive and thus easier to detect. In addition, higher gutfedocities could be produced de-
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pending on the magnetic field configuration (e@iardi & Hennebelle2010, which would
also make the outflow more easily detectable.

Our simulations predict very compact, but distinct CO 3—#low wings with the peaks
of the outflow lobes at an angular distance of 0fdm one anther (Fig6.2). The intensity
of the outflow wings was integrated over the velocity rang2s3[ -1.6] and [1.6, 2.3] km3.
The CO 3-2 single-dish study Belloche et al(2006§ shows that contamination by cloud
emission in this range would be small, especially becauge aptically thin and spatially
extended, and hence it will be filtered out by the interferameCurrently, with the ALMA
Cycle 1 extended configurations C32-3,4,5,6 (i-443-1091 meters), angular resolutions
0.16-0.40 can be achieved in Band 7 (CO 3-2; 345.8 GHz) and a resolusonigh as
0.12” could be achieved with Cycle 2. These resolutions would Ifécgent to resolve such a
compact outflow.

To conclude, a future ALMA study that could detect of a sloempact outflow from Cha-
MMS1, would confirm the first core nature of Cha-MMSL1. In aidhif the dynamical age of
the outflow and hence an estimate of the age of the compadtatehject could be derived.
The detection of a first core outflow would also provide caists to MHD simulations that
predict the formation of a slow outflow before the onset ofteajed fast outflow. Finally, it
could also set indirect constraints on the magnetic fieldigoration from the measurement
of the spatial extent and velocities of the outflow.

6.2 Star formationin Chal and Il

The main goal of the spectral line survey conducted towdrelstarless core population of the
Chamaeleon | and 11l molecular clouds that was revealed &ydtist continuum survey with
LABOCA at APEX (Belloche et al.2011ab), was to determine the source of the significant
difference in their star formation activity. Cha | is already\wndo be actively forming stars
from previous studies, whereas no star formation in Chaad Ibeen observed.

As a first step, a search for virialised cores is conductece vitial analysis shows that
5 out of 60 & 8 %) of the Cha | core population is currently gravitatiopdbound, hence
prestellar, and will therefore form stars, while only oneecout of 20 is found to be prestellar
in Cha lll. The next step is to determine the number of corasrfight become prestellar in
the future. This is achieved with the aid of the infall sigmrat which we interpret as evidence
for contracting core motions. The infall signature is olisdrtoward between 9 and 18 cores
in Cha | and between 2 and 5 cores in Cha lll. The percentag®resdhat may become
prestellar and form stars in the future is therefore 15-3@ @hia | and 10-25 % in Cha lll.

No evidence is found for élierent levels of turbulence in the starless cores of Cha lhnd |
It is therefore unlikely that turbulence was the underlyiegson for producing the fiiérent
star formation activities in the two clouds. The likelihootifuture dynamical interactions
between the cores within Cha | and Il is also investigatedchSnteractions could possibly
alter the future dynamical evolution of the cores. It is fduhat core interactions are unlikely
to occur on cloud scales, thus ruling out competitive agmmeds a possible scenario for Cha
I and lll. The time for collisions is significantly reduced & focussing on separate cloud
regions where core “clumping” is observed, but it still ghg@xceeds the estimated lifetime
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Figure 6.1: XY-plane and XZ-plane cuts of the MHD simulateira snapshot just before the
second collapsedJommercon et al2010. The temperature distribution of the cuts is shown
at the two top figures while the velocity and density disttitnos at the bottom two. The slow
outflow can be seen at the bottom right panel with typical ciéikes of 1.5 km st.

of the cores.

Molecular abundances relative te ldre derived for the cores in Cha | and Il in order to
search for dferences in chemistry. Abundances are derived for the mielec®0, C’O,
CH3OH, C**s, NbH*, and HGN, which show optically thin emission. A fiierence in chem-
istry is first indicated by the distribution of core abundesas a function of density in Cha lll
compared to Cha | in these molecules. The majority of the Glute abundances are found
to lie at the lower end of the Cha | abundances distributiarttfe same densities. Compar-
isons between average values show th&0Cand CHOH have a lower fractional abundance
in Cha lll than in Cha | by a factor of 2.4 and~ 1.8. The origin of this abundanceftir-
ence remains unclear. The distributions of core fractiabaindances as a function of density
suggest that the molecules®, C’O, CHsOH, and G*S are #&fected by depletion in the
interiors of the Cha | cores, as the fractional abundancesttedecrease with increasing core
density.

Turbulence dissipation is seen in the high-density tralgk$t 1-0 and HGN 10-9. Their
non-thermal velocity dispersions are systematically n#han the non-thermal dispersions
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Figure 6.2: LIME CO 3-2 3D radiative transfer simulation lo¢ tMHD model shown in Fig.
1, with the z-axis inclined by 45 degrees along the lineights The full integrated intensity
map is shown on the background with the black contours asstep K knys from 8 to 10 K
kmy/s, emphasizing the flattened structure of the core due ttiontaThe outflow wings are
shown by the red (redshifted) and blue (blueshifted) castolihey represent the integrated
intensity for the velocity ranges [1.6, 2.3] and [-2.3, {k®@/s respectively, overlaid at steps of
2w, 4a, 60, 8a, 10x, with @ = 0.3 K km s, The outflow wings lie at a direction perpendicular
to the flattening of the core. The resolution of this image.&50 with a pixel size of 0.08
and the results are directly comparable to the ALMA Cycle d 2mchievable resolutions.

of C%0 2-1 and &’0 2—1 in both Cha | and IlI, which likely trace the less densetep
core regions. The fact that the high-density transitidfS2—-1 is found to have a higher non-
thermal velocity dispersion thar,N* 1-0 in Cha | also points to¥S depletion at the starless
core interiors, in agreement with the observed trend in bseved fractional abundances.

Static and collapse chemical models show that thgM@ NoH* abundance ratio is
a good evolutionary indicator for cores in the prestellaaggh (previously seen for starless
and protostellar cores in LupuBenedettini et aJ.2012. The cores in the central region of
Cha | have systematically smaller BI/N,H™ abundance ratios than the cores in the southern
region, thus suggesting that the latter are at a youngeiqaiytage. Abundance ratios similar
to the southern Cha | cores are found for the cores in Chautiwith low statistics. The
suggested interpretation of these results is that the soutiores in Cha | will likely undertake
the same evolutionary path as the central ones, given tegtliblong to the same cloud.
Additionally, the similar HGN to NoH* abundance ratios between the Cha lll and the southern
Cha | cores, as well as their similar core densities, inditiaat the cores in these two regions
may evolve in a similar manner. The measuredsNGo N,H* abundance ratios and the
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detected core infall signatures in Cha | and 11l suggest @&t |1l is younger than Cha | and
that star formation in Cha Il is about to begin.

As a final remark, particularly interesting was the fact thateral spectra towards cores
in the central and northern elongated structures in Chaw slmission peaks at twofiierent
velocities. After self-absorption was ruled out as the sewf this feature, €0 1-0 inte-
grated intensity maps were utilised to further understddnultiple velocity components.
The outcome is especially striking for the central part oACHThe map shows that the/®D
1-0 integrated intensity of the blueshifted velocity comgat follows the dust continuum
emission of the elongated structure well, whereas the @&migs the redshifted component
emission traces a region perpendicular to it. One explamasi the interaction of more dis-
perse material with the central “filamentary” structurenglahis direction, as is suggested by
the morphology oHerschelcontinuum data.

As an outlook, the evolutionary status of the Chamaeleonptexras a whole could be
explored. As it was previously suggested, Cha | is the mdatedyg star forming cloud in the
complex having produced more than 200 YSQshman 2008. ~ 15-30 % of its starless
core population is likely to form stars in the future (cf. @ter 5), but its star formation rate
continues at a declining ratéhman 2007 Belloche et al.2011ab). Cha Ill on the other
hand, contains n YSO (e.d.uhman 2008 and our analysis in Chapter 5 has indicated that it
may be younger than Cha | and about to form stars.

Determining the evolutionary state of the cloud Cha Il woloddworth investigating. The
results of our study in Chapter 5, as well those from earliediss hint a likely evolutionary
sequence from the youngest Cha lll cloud to the eldest ChaudcIMizuno et al.(1999
derived a star formationfigciency (SFE) of~7-13 % for Cha I, 1 % for Cha Il, and 0 %
for Cha lll. They observed the three clouds i®®0 1-0 and found that the'®0 cores are
almost in virial equilibrium in Cha I, having high column dgties, and high ratios of core to
cloud masses, with the opposite being the case for Cha tdrdatingly, they found that the
properties of the €0 cores in Cha Il arén betweerthose of the two other cloudsSpezzi
et al. (2008 andYoung et al.(2005 detected about 50 YSOs in Cha Il with tBpitzerSpace
Telescope as part of the c2d survey (E&@ans et al.2003 and the former obtained a SFE of
1-4 %. Therefore, Cha Il seems to be star forming but at a mlog¥es rate than Cha | and
it has so far produced a YSO population in between that of CiradlCha lll. Finally, Cha
Il was found to have the largest fraction of Class Il to Clds&50Os in all the c2d clouds
(Spezzi et al.2008. There are more Class Il objects by approximately a fadt@rino Cha I
(Spezzi et al.2008, while these numbers are equal in Cha 195 Class Il and lllLuhman
2008. The higher number of Class Il objects in Cha Il comparedha Oikely indicates that
the YSOs in Cha Il have not yet had time to reach the Class Bsph Therefore, the three
Chamaeleon clouds might indeed represent an evolutiomapyesice with Cha Il being at an
intermediate stage of evolution.

Since the goal of such a project would be a direct compari$dheostarless core prop-
erties and dynamical state between the three clouds, aasetbcensus of the starless core
population in Cha Il conducted in continuum emission witlheasst the same sensitivity as in
Cha | and Ill, would be necessaryoung et al.(2005 present a millimeter map of Cha Il
(at 1.2 mm), observed with the bolometer array SIMBA at thee@gh-ESO Submillimeter
Telescope (SEST). The map has an angular resolution 24’ (HPBW) and the rms noise
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level of the map is 32 mJgeam. Less sensitive dust continuum observations towanddIC
were performed in 2007-2008 at 1.1 mm with the AzZTEC camerthersubmillimiter ASTE
telescope lomose et al.2009. A point-source detection limit of 45 mJy with a beam
of 28” was reached for the Chamaeleon clouds. For comparisonugitedntinuum surveys
conducted towards Cha | and Cha Il at 87 with LABOCA at APEX achieved an rms
noise level of the maps were 12 mJy and 11.5 mJy for Cha | andeBpectively and with
an angular resolutionrHPBW) of 21.2’ (Belloche et al.2011ab). Assuming a dust temper-
ature for Cha | and Ill of 12 K (e.gT6th et al, 2000, a dust opacity of- 0.01 cnf g* at
870um, and a dust opacity indgx = 1.85 (seeBelloche et al.20113, the equivalent sensi-
tivities in column densities are 1.1 x 10°* cm2 for LABOCA (for an rms of 12 mJy) and
~ 2.4 x 10?1 cm2 for the maps with SIMBA at SEST and with AzZTEC at ASTE. The Cha
I and Il LABOCA dust continuum map therefore probes colunemsities lower by a factor
of ~ 2. A deep, unbiased dust continuum survey at 8i#0for Cha Il should therefore be
conducted with LABOCA at APEX to match the sensitivity actsié with the Cha | and IlI
surveys so that the core population of Cha Il can be extraciéeé A-MKID camera due to
be commissioned at the end of 2013 at APEX could also be usetpoCha Il with a high
sensitivity and less integration time, with the advantafjeprating at 35¢:m and 850um
simultaneously and with a total of 25000 pixels.

After having extracted the starless core population of tbectcfrom a deep dust continuum
survey, a molecular line survey similar to the one of Cha | Bhdould be performed. The
prestellar cores could thus be determined from a virialy@msland a search for the infall
signature would indicate the number of cores that might lkergoing contracting motions.
Given the analysis conducted in Chapter 5 and the resultseotliemical models presented
therein, the abundance ratio of the §Cto NoH* could be used to provide further insight
on the evolutionary state of the cloud’s starless core m@tjoui. Comparisons could then be
made with the ratios found for the cores in Cha | and Il to obthrect clues about the cores’
evolutionary stage relative to those of the other two cloiysobserving Cha Il with the same
molecular transitions as Cha | and Ill, the abundance Higions of the individual cores in
each molecule and as a function of density could be derivelddaectly compared to the
equivalent abundance distributions of Cha | and Ill. TH&edénces in chemistry between the
three clouds could thus be probed.






APPENDIX A

Mopra calibration and efficiency

A.1 Calibration ambiguities

Some of our Mopra data showffiirences in the peak temperatures of the two polarisations,
POLO and POLL1. The flierences are not systematic for all the transitions obseriviee two
polarisations in some casedfdr up to~ 10%. The CS 2-1 POL1 intensity for position P6 is
stronger by~ 5% within the uncertainties, while®S 2—1 has a stronger POLO intensity by
~ 9%. POLO also shows higher intensities for positions P1 a&@hdffhe NbH* 1-0 transition
by ~7% and~6%, respectively. Most of the other transitions (and posg) do not show any
significant diferences. As the observed discrepancies are not systemdtiara only seen
in very few cases, we use the average of both polarisationgrgesition for the analysis in
Chapter 4.

Pronounced diierences in intensity are seen when comparing a pair of speetonging
to the same transition that was observed witfiedent tuning frequencies. HN 10-9 and
HNC 1-0 are the two transitions observed in both setups aod $fitensity diferences of
~ 38% and~ 33%. Unfortunately, we have not yet found a satisfactorylamnation for these
discrepancies.

A.2 Efficiency

Even though the expected Mopra beafficeency at the 90 GHz band is 0.5, we derive a
value that is lower by 30% after performing independent calibration tests. IRAM DL in
Taurus and OPH A SM1N in Ophiuchus were observed with botivtbpra and the IRAM
30 m telescopeBEelloche et al.2002 André et al, 2007). IRAM 04191 was observed in the
molecular transitions CS 2—1,,N* 1-0, GS 2—1, and #CO* 1-0, while OPH A SM1N
in NoH* 1-0. After smoothing the 30 m data to the Mopra angular réisoluve directly
compared their integrated intensities with the equivaMapra intensities. We derived lower
efficiencies for most of the observed transitions (see Tablg with the overall weighted
average fiiciency being~ 0.34.

Table A.1: Mopra beamficiencie$

Source Line Mopraféciency
IRAM 04191 NH* 1-0 0.25+ 0.01
IRAM 04191 CsS2-1 0.35 0.02

IRAM 04191 c4s2-1 0.52+ 0.13
IRAM 04191 HS3CO" 1-0  0.36+ 0.03
OPHASMIN NH*1-0 0.36+ 0.003
Notes? Mopra dficiencies derived after comparing independent obsenafioam the IRAM 30 m and Mopra
telescopes. The IRAM 30 m spectra were smoothed to the Mogalar resolution.

1see httg/www.narrabri.atnf.csiro.amopraobsinfo.html.






APPENDIX B

Cha-MMS1 opacity

B.1 Opacity of the C80 2—1 line

We observed both ¥0 2-1 and ¢’0 2-1 at 13 positions perpendicular to the filament
(Fig. 4.1). An isotopic ratio of f80]/[1’O] ~ 4.11 was found for the nearby (140 pc) low-

mass clougb Ophiuchus \Wouterloot et al.2005. We use this value to derive the opacity of

C'80 2-1 using the following relation:

IclSO _ 1- e "cléo

|C17O h 1- e_TC”O
where kisg and ki7g are the intensities of the two transitiongssg andrci7g their opacities
andrcirg=tcisp/4.11. We find opacities that gradually increase frgm.5 at the outermost
position to~ 1.6 at the centre of the core for thé®D 2-1 transition.

(B.1)







AprPENDIX C

Detailed physical parameters of Cha |
and Il cores

TablesC.1and C.2provide a detailed list of the observationally derived ptgisparameters
of the cores for each transition separately. The methodxitaeting these values is described
in Sect.5.3. For the spectra that have two velocity components the elggiroperties based
on both components are listed. The integrated intensitelsted only for the transitions that
were used to derive column densities.
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Table C.1: Line parameters and physical parameters of coteka I.

Core Transition lint® Vi srP FWHM® M,;9 '\M"—tv‘i’r‘e ,\'\jl'—ji‘:f g Grh Vi
Kkmsl) kmsd)  (ms?l (M) \
Chal-C1
C4H 10101099 4.44+0.02 0.41%0.04 1.55 2.17 0.93 0.910.10 yes yes
C4H 11,199 4.49+0.02 0.64:0.05 2.61 1.29 0.55 1.440.11 yes yes
HoCO 312211 4.33+0.03 0.81%0.06 3.65 0.92 0.40 1.8D.13 yes no
C®0 2-1 3.140.05 4.55-0.01 0.590.01 2.28 1.47 0.63 1.300.02 yes yes
cl’02-1 1.050.07 4.4G:0.01 0.4240.03 1.73 1.94 0.83 1.820.07 yes yes
CH30H 25—15 A* 1.01+0.03 4.32-0.01 0.440.01 1.73 1.94 0.83 1.820.03 yes yes
CH;OH 2-1; E  0.80:0.02 4.43-:0.01 0.5G-:0.01 1.88 1.79 0.77 1.100.03 yes yes
NoH* 1-0 1.55-:0.02 4.4G:0.01 0.49-0.01 1.81 1.85 0.79 1.@70.01 yes yes
C3s2-1 0.350.02 4.44.0.01 0.560.04 2.17 1.55 0.66 1.250.08 yes yes
HCsN 10-9 1.26:0.02 4.45-0.01 0.440.01 1.77 1.90 0.81 1.040.02 yes yes
NoH* 3-2 4.4%0.01 0.530.01 1.98 1.70 0.73 1.160.03 yes yes
Chal-C2
CsH 11;1-9 4.49+0.04 0.46:0.08 2.28 0.71 0.26 1.8D.18 yes no
HoCO 312211 4.27+0.04 0.6@-0.10 3.10 0.52 0.19 1.30.22 yes no
C180 2-1 3.3@20.06 4.6%0.01 0.780.01 455 0.36 0.13 1.460.03 n0 no
cl’02-1 1.130.09 4.320.02 0.520.06 3.01 0.54 0.19 1.3D.13 yes no
CH30H 25—15 A* 1.56+0.05 4.4@-0.01 0.5%0.01 2.52 0.64 0.23 1.%:3.04 yes no
CH;OH 2-1; E  1.23:0.05 4.32-0.01 0.5@-:0.02 2.44 0.66 0.24 1.@9.05 yes no
NoH* 1-0 0.62:0.04 4.32-0.01 0.480.01 2.37 0.69 0.24 1.6®.03 yes no
C34s2-1 0.520.04 4.430.02 0.640.05 3.62 0.45 0.16 1.500.11 no no
HCsN 10-9 0.760.04 4.42-:0.01 0.5@-:0.07 2.51 0.65 0.23 1.XD.17 yes no
NoH* 3-2 4.320.01 0.5%0.04 2.53 0.64 0.23 1.13.09 yes no
Chal-C3
C4H 10101099 4.40+0.04 0.340.09 1.61 0.72 0.28 0.8D.21 yes no
C4H 11,1-99 4.52+0.05 0.54-0.11 2.37 0.49 0.19 1.200.25 no no
C®0 2-1 3.2%0.08 4.54-0.01 0.9%0.03 5.05 0.23 0.09 2.850.06 no no
cl’02-1 0.6%0.08 4.330.02 0.41:0.04 1.72 0.68 0.26 0.8®.11 yes no
CH30H 25—-19 A* 0.53+0.04 4.42:0.02 0.66-0.06 3.08 0.38 0.15 1.470.13 n0 no
CH3;OH 2,-1; E 0.44:0.04 4.44-0.04 0.9%0.14 5.06 0.23 0.09 2.850.33 nho no
NoH* 1-0 0.6%0.04 4.36:0.01 0.530.01 2.29 0.51 0.20 1.%D.04 yes no
C3s 2-1 0.320.05 4.330.04 0.540.10 2.58 0.45 0.18 1.290.22 no no
HCsN 10-9 0.320.04 4.330.03 0.32-0.01 1.69 0.69 0.27 0.8®.04 yes no
NoH* 3-2 4.380.03 0.31:0.05 1.36 0.85 0.33 0.64.13 yes no
Chal-C4
C4H 10101099 5.06£0.02 0.330.04 1.27 0.52 0.23 0.£D.09 yes no
CsH 11,19 5.10£0.01 0.24:0.03 1.06 0.62 0.28 0.5D.08 yes no
HoCO 312211 4.95+0.06 0.42.0.12 1.53 0.43 0.19 0.900.28 no no
C180 2-1 2.6&0.07 5.06-:0.01 0.7@¢0.02 2.89 0.23 0.10 1.560.04 no no
cl’02-1 0.8@0.08 4.92-0.03 0.63-0.08 2.35 0.28 0.12 1.340.18 no no
CH30H 25—-19 A* 0.54+0.04 5.06¢:0.01 0.36:0.02 1.34 0.49 0.22 0.%470.06 no0 no
CH30OH 2,-1; E  0.35:0.05 5.0%0.01 0.340.03 1.38 0.48 0.21 0.800.07 no no
NoH* 1-0 0.34:0.03 5.06:0.01 0.23:0.01 1.01 0.66 0.29 0.4%.02 yes no
C34s2-1 0.490.03 5.04:0.01 0.36:0.02 1.37 0.48 0.21 0.290.05 no no
HC3sN 10-9 1.230.04 5.1%0.01 0.26:0.01 1.10 0.60 0.27 0.5®.04 yes no
NoH* 3-2 5.030.02 0.22.0.03 0.98 0.67 0.30 0.4D.09 yes no
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Table C.1: continued.

Core Transition lint® Vi srP FWHM M,;9 M—tv‘i’r‘e ,\'\jl'—fi‘:f SIm g GrM Vir!
(Kkms?l) (kmsd)  (kms?l (M) 7
Chal-C5
C80 2-1 1.580.07 4.330.01 0.45-0.02 1.36 0.30 0.23 0.980.04 no no
Ccl0 2-1 0.32-0.06 4.1%0.03 0.340.05 1.04 0.39 0.30 0.#40.12 no no

CH;OH2-1, E 0.110.04 4.180.01 0.16:0.04 0.73 0.56 0.43 0.2®.16 yes no
Chal-C6

cto 2-1 1.450.05 4.41:0.02 1.0&0.04 2.98 0.07 0.11 2.440.10 no no
Chal-C7

ct®0 2-1 4.280.06 4.06:0.01 0.660.02 3.60 0.23 0.06 1.4/0.04 no no

. - 4.76:0.01 0.53:0.02 2.60 0.32 0.09 1.130.05 no no

ct’02-1 1.130.05 3.850.02 0.42-0.06 2.49 0.33 0.09 1.880.14 no no

- - 4.570.03 0.46:0.08 2.01 0.41 0.11 0.870.19 no no

CH3OH 2,—19 A* 0.12+0.02 4.65:0.04 0.3@0.08 1.83 0.45 0.12 0.480.19 no no
Chal-C8

Cc®0 2-1 2.66&0.08 4.5%0.01 0.9%0.03 1.70 0.09 0.13 2.G40.06 no no

CH3OH 25—19 A* 0.27+0.04 4.4@:-0.04 0.55%:0.10 0.83 0.18 0.27 1.230.24 no no

CH;OH 2,-1; E  0.20:0.03 4.340.02 0.410.06 0.59 0.25 0.38 0.890.14 no no

NoH* 1-0 1.5%0.07 4.46:0.02 0.580.04 0.87 0.17 0.26 1.280.09 no no
HC3N 10-9 0.16:0.03 4.53-0.05 0.610.12 0.94 0.15 0.24 1.360.28 no no
NoH* 3-2 4.650.02 0.440.09 0.63 0.23 0.35 0.960.22 no nho
Chal-C9
HCO 310-211 4.86+0.05 0.46:0.11 1.93 0.35 0.10 0.870.26 n0 no
C180 2-1 1.780.08 4.96:0.01 0.49-0.01 2.35 0.29 0.08 1.670.03 no no
cl’0 2-1 0.520.06 4.88:0.01 0.3%0.04 1.53 0.44 0.13 0.6840.09 no no
CH3OH 2—1p A* 0.93:0.04 4.86:0.01 0.410.01 1.97 0.34 0.10 0.890.03 no no
NoH* 1-0 0.5@:0.07 4.86-0.02 0.32-0.05 1.59 0.42 0.12 0.680.11 no no
Cc34s 2-1 0.180.04 4.86-:0.02 0.353:0.04 1.73 0.39 0.12 0.260.11 no no
Chal-C10
Cc80 2-1 2.290.06 4.6@:0.01 0.5%20.01 1.89 0.16 0.10 1.260.03 no no
Cl0 2-1 0.53:0.07 4.440.02 0.320.06 1.24 0.25 0.15 0.830.13 no no

CH3OH 2,—19 A* 0.70+0.04 4.44-0.01 0.380.02 1.18 0.26 0.16 0.480.04 no no
CH;OH 21-1; E  0.57%0.04 4.46:0.01 0.3%0.02 1.14 0.27 0.17 0.240.04 no no

NoH* 1-0 1.3@0.07 4.44:0.01 0.32:0.04 1.23 0.25 0.15 0.830.09 no no
C¥s2-1 0.340.03 4.480.04 0.740.09 2.94 0.10 0.06 1.2440.21 no no
HCsN 10-9 0.1%0.04 4.550.04 0.280.04 1.00 0.31 0.19 0.610.10 no no
Chal-C11
C4H 10101099 5.05:0.02 0.22:0.05 1.52 0.50 0.11 0.450.12 no no
Cs4H 1131910 5.09+0.01 0.16:0.03 1.38 0.55 0.12 0.3M.09 yes no
H,CO 310211 4.96:0.04 0.420.09 2.65 0.29 0.06 1.@40.21 no no
ct®o 2-1 1.6%0.07 5.150.01 0.3&0.01 2.12 0.36 0.08 0.820.03 no no
ct’02-1 0.3%0.06 4.96:0.02 0.240.03 1.65 0.46 0.10 0.550.07 no no

CH3OH 25—1p A* 0.49:0.04 5.080.01 0.36:0.03 2.04 0.37 0.08 0.280.06 no no
CH;OH 2,-1; E  0.33:0.07 5.06:0.01 0.2&0.02 1.70 0.45 0.10 0.580.06 no no
NoH*™ 1-0 1.2%0.07 5.06:0.01 0.22-0.02 1.74 0.44 0.09 0.610.05 no no
Cc¥s2-1 0.290.04 5.05:0.01 0.36:0.03 2.07 0.37 0.08 0.490.08 no no
HC3N 10-9 0.580.04 5.1¢:0.01 0.320.01 1.86 0.41 0.09 0.680.04 no no
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Table C.1: continued.

Core Transition lint® Vi srP FWHM® M,;9 '\M"—tv‘i’r‘e ,\'\jl'—ji‘:f g Grh Vi
Kkmsl) kmsd)  (ms?l (M) \
Chal-C12
C80 2-1 3.66:0.07 4.980.01 0.7%0.01 2.26 0.11 0.06 1.590.03 no no
cl’02-1 1.26:0.09 4.83:0.02 0.49:0.06 1.37 0.18 0.10 1.670.13 no no

CH3OH 2,—19 A* 0.31+0.04 4.84-0.04 0.55-0.10 1.60 0.15 0.09 1.220.22 no no

CH3OH 2,-1; E  0.36:0.04 4.9@-0.03 0.64:0.08 1.97 0.12 0.07 1.440.19 no no
Chal-C13

cto 2-1 1.46:0.07 4.850.01 0.480.03 2.38 0.23 0.07 1.860.06 no no

CH3OH 2,—19 A* 0.20+0.04 4.73:0.01 0.26:0.03 1.41 0.38 0.11 0.5310.06 no no
Chal-C14

ct®o 2-1 2.140.08 4.56:0.02 0.840.04 2.93 0.07 0.06 1.950.10 no no

CH3OH 2,-19 A* 0.44+0.04 4.4Q-0.03 0.540.12 1.57 0.14 0.11 1.260.29 no no

CH;OH 21-1; E  0.29:0.04 4.3%0.04 0.620.08 1.77 0.12 0.10 1.380.19 no no

NoH* 1-0 1.13:0.08 4.340.03 0.520.05 1.42 0.15 0.12 1.350.11 no no
Chal-C15

C®0 2-1 3.820.08 4.250.01 0.540.01 3.07 0.17 0.04 1.270.02 no no

ct’02-1 1.19:0.10 4.12:0.02 0.520.05 3.22 0.16 0.04 1.320.11 no no
Chal-C16

Cc®0 2-1 2.3&0.09 4.740.01 0.840.04 3.38 0.06 0.03 1.970.08 no no

C¥s2-1 0.090.04 4.630.04 0.3&0.11 1.18 0.18 0.09 0.830.26 no no
Chal-C17

Cc®0 2-1 2.0&0.07 5.22-0.01 0.5%0.01 1.93 0.15 0.06 1.220.04 no no

ct’02-1 0.580.07 5.11%0.02 0.41:0.06 1.52 0.19 0.07 0.880.13 no no

CH3OH 25—19 A* 0.46£0.04 5.1&0.01 0.44:0.03 1.66 0.18 0.07 0.960.07 no no
CH3OH 2,—-1; E  0.38:0.07 5.12:0.02 0.42:0.05 1.59 0.18 0.07 0.920.11 no no

C¥s2-1 0.4%0.04 5.32-0.01 0.4@0.04 1.52 0.19 0.07 0.&/0.09 no no
HC3N 10-9 0.1¢:0.04 5.450.02 0.18&0.07 0.97 0.30 0.12 0.360.20 no no
Chal-C18
C®0 2-1 2.0%0.08 5.020.01 0.440.02 2.37 0.21 0.05 1.620.04 no no
ct’02-1 0.6@:0.08 4.82-0.02 0.3¢:0.04 1.59 0.31 0.07 0.610.10 no no
CH3OH 2,—19 A* 0.29+0.04 4.910.02 0.38:0.04 1.87 0.26 0.06 0.280.10 no no
C¥s2-1 0.150.04 4.95:0.04 0.320.15 2.03 0.24 0.06 0.860.35 no no
HC3N 10-9 0.020.03 5.0%:0.02 0.18&0.02 1.31 0.37 0.09 0.360.06 no no
Chal-C19
C4H 10101099 4.93:0.01 0.25:0.03 1.08 0.26 0.09 0.530.07 no no
CsH 1131—90 4.96:0.01 0.22-0.03 1.18 0.24 0.08 0.620.07 no no
H,CO 310211 4.82+0.07 0.5@0.12 1.87 0.15 0.05 1.%00.28 no no
Cc®0 2-1 1.990.08 4.950.01 0.44:0.02 1.63 0.17 0.06 0.960.04 no no
ct’02-1 0.540.05 4.740.02 0.4@0.05 1.47 0.19 0.07 0.860.11 no no

CH3OH 2,—19 A* 0.47+0.04 4.86:0.01 0.34:0.03 1.30 0.22 0.08 0.430.06 no no
CH3OH 2,—-1; E  0.33:0.04 4.880.02 0.340.04 1.27 0.22 0.08 0.410.10 no no

NoH*™ 1-0 1.4@:0.10 4.910.01 0.3%0.02 1.19 0.23 0.08 0.640.05 no no

C¥s2-1 0.330.04 4.880.01 0.320.03 1.24 0.23 0.08 0.680.06 no no

HCsN 10-9 1.390.04 4.980.01 0.2%0.01 1.01 0.28 0.10 0.440.03 no no
Chal-C20

ct®o 2-1 1.180.08 4.35:0.01 0.52-0.03 2.03 0.13 0.05 1.#0.06 no no

CH3OH 2,—19 A* 0.24+0.05 4.29:0.02 0.34:0.05 1.31 0.20 0.07 0.220.12 no no
CH3OH 2,-1; E  0.14:0.04 4.36:0.04 0.5%0.07 1.96 0.14 0.05 1.#20.18 no no
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Table C.1: continued.

Core Transition lint® Vi srP FWHM® M,;9 '\M"—tv‘i’r‘e ,\'\jl'—ji‘:f g Grh Vi
Kkmsl) kmsd)  (ms?l (M) \
Chal-C21
H,CO 31221 4.90£0.05 0.45-0.13 0.86 0.12 0.13 0.980.32 no no
C80 2-1 1.96:0.08 5.03-0.01 0.62:0.03 1.28 0.08 0.09 1.380.06 no no
cl’02-1 0.66:0.05 4.84-0.04 0.520.09 1.01 0.10 0.11 1.#40.20 n0 no

CH3OH 2,—19 A* 0.28+0.05 5.0%0.02 0.33:0.04 0.65 0.16 0.17 0.890.09 no no
CH;OH 2,-1; E  0.32:0.05 4.96:0.02 0.320.05 0.75 0.14 0.15 0.840.11 no no

NoH* 1-0 1.430.08 5.05:0.01 0.25:0.01 0.54 0.19 0.21 0.480.04 no no

C¥s2-1 0.160.04 5.040.02 0.340.06 0.73 0.14 0.16 0.&810.13 no no

HC3N 10-9 0.430.04 5.080.01 0.180.01 0.50 0.21 0.23 0.360.00 no no
Chal-C22

C®0 2-1 0.9&0.09 4.920.01 0.35%0.02 2.00 0.27 0.06 0.430.05 no no

CH3OH 2,—19 A* 0.21+0.04 4.84:0.01 0.33:0.04 1.92 0.28 0.06 0.890.09 no no

CH;OH 2,-1; E  0.10:0.04 4.810.01 0.19-0.03 1.45 0.37 0.08 0.340.07 no no
Chal-C23

Cc®0 2-1 2.140.08 4.940.01 0.7&0.03 2.33 0.06 0.04 1.240.07 no no

CH3OH 2,—19 A* 0.25:0.04 4.8@-0.05 0.64:0.09 1.74 0.08 0.05 1.430.20 no no

CH3OH 2,—-1; E  0.24:0.05 4.86:0.04 0.540.11 1.49 0.09 0.06 1.260.26 no no

C34s2-1 0.190.04 5.120.02 0.2@0.06 0.67 0.21 0.13 0.410.15n0o no
Chal-C24
C180 2-1 1.440.07 4.520.01 0.450.03 1.26 0.13 0.06 0.980.06 no no

CH3OH 2—1p A* 0.18:0.04 4.39-0.03 0.3@.0.06 0.90 0.18 0.09 0.830.16 no no
Chal-C25

C'80 2-1 0.990.07 4.340.02 0.56:0.06 1.72 0.11 0.07 1.250.14 no no

CHsOH 2,-1; E  0.08:0.04 4.5@-0.03 0.29.0.07 0.91 0.20 0.14 0.390.18 no no
Chal-C26

CsH 1131—90 5.25t0.03 0.26:0.07 1.48 0.30 0.07 0.540.18 no no
C®0 2-1 1.6@0.10 5.220.01 0.32-0.01 1.94 0.23 0.05 0.830.04 no no
ct’02-1 0.840.10 5.06:0.02 0.320.05 1.70 0.26 0.06 0.690.12 no no

CH3OH 2,—19 A* 0.24+0.05 5.14:0.02 0.3@0.06 1.82 0.24 0.06 0.460.14 no no
CH3OH 2,-1; E  0.21+0.06 5.110.02 0.34:0.04 1.74 0.25 0.06 0.220.11 no no

C3s 2-1 0.230.05 5.1%0.03 0.36:0.06 1.85 0.24 0.06 0.280.14 no no

HC3N 10-9 0.180.04 5.3¢:0.02 0.2:0.02 1.35 0.32 0.07 0.420.06 no no
Chal-C27

C80 2-1 3.05-0.08 4.4G-0.01 0.8@-0.02 3.13 0.07 0.04 1.800.05 no no

Cl0 2-1 0.760.06 4.24:0.04 0.640.11 2.40 0.09 0.06 1.500.26 n0 no
Chal-C28

C80 2-1 1.340.09 4.76-:0.03 0.89-0.07 3.25 0.05 0.03 2.@¢00.17 no no
Chal-C29

H,CO 312211 4.43+0.03 0.5@-0.07 1.43 0.12 0.09 1.%00.16 no no

C180 2-1 2.880.12 4.680.02 0.8&0.04 3.14 0.05 0.04 1.970.09 no no

Ccl’0 2-1 0.56:0.06 4.450.04 0.69-0.10 2.16 0.08 0.06 1.540.24 no no

CH3OH 20—1p A* 0.79+0.05 4.52:0.01 0.6@0.04 1.79 0.10 0.07 1.330.09 no no
CHsOH 2,-1; E  0.50:0.05 4.54:0.02 0.520.04 1.69 0.10 0.08 1.280.10 no no
NoH* 1-0 1.080.09 4.42:0.01 0.520.05 1.67 0.10 0.08 1.260.11 no no
C3s 2-1 0.49.0.04 4.52-:0.03 0.76:0.09 2.54 0.07 0.05 1.220.21 no no
HCsN 10-9 0.3@0.04 4.46:0.04 0.680.13 2.13 0.08 0.06 1.520.30 no no




156 Appendix C. Detailed physical parameters of Cha | and llicores

Table C.1: continued.

Core Transition lint® Vi srP FWHM® M,;9 '\M"—tv‘i’r‘e ,\'\jl'—ji‘:f g Grh Vi
Kkmsl) kmsd)  (ms?l (M) \
Chal-C30
C80 2-1 0.740.13 4.780.01 0.2%0.07 1.41 0.32 0.07 0.380.21 no no

CH3OH 2,—19 A* 0.23:0.05 4.63:0.01 0.2@0.03 1.39 0.33 0.07 0.350.07 no no
CH3OH 2,-1; E  0.14:0.05 4.640.01 0.22:0.03 1.46 0.31 0.07 0.430.07 no no

NoH*™ 1-0 0.910.10 4.64:0.01 0.230.02 1.48 0.31 0.07 0.450.05 no no
Chal-C31
cto 2-1 0.620.10 4.75%0.01 0.280.03 1.22 0.23 0.08 0.570.07 no no

CH3OH 2,-19 A* 0.16+0.04 4.65-0.01 0.2@:0.03 1.04 0.27 0.10 0.360.07 no no
CH;OH 2,-1; E  0.04:0.04 4.62-0.01 0.1&0.05 0.97 0.29 0.10 0.240.16 no no

NoH* 1-0 1.08&0.09 4.64:0.01 0.12:0.02 1.02 0.27 0.10 0.330.05 no no
Chal-C32
cto 2-1 1.7%0.12 4.56:0.03 0.62-0.08 3.79 0.10 0.03 1.540.19 no no

CH3;OH 21-1; E  0.12:0.04 4.340.04 0.340.08 1.71 0.23 0.06 0.220.20 no no
Chal-C33

C4H 10101099 5.30+0.02 0.3@:0.05 0.99 0.18 0.10 0.640.11 no no
CsH 1131—90 5.38t0.02 0.26:0.04 0.93 0.20 0.11 0.560.10 no no
C®0 2-1 1.150.13 5.320.02 0.450.04 1.40 0.13 0.07 0.990.10 no no

CH3OH 2,—19 A* 0.34:0.04 5.22-0.02 0.38:0.04 1.12 0.16 0.09 0.270.10 no no
CH;OH 21-1; E  0.15:0.06 5.19-0.03 0.41%0.07 1.26 0.15 0.08 0.880.16 no no

NoH* 1-0 1.820.08 5.22:0.01 0.3%0.02 1.00 0.18 0.10 0.650.04 no no
C¥s2-1 0.3%0.05 5.22:0.01 0.3@¢:0.03 1.01 0.18 0.10 0.650.08 no no
HC3N 10-9 0.920.04 5.320.01 0.22-0.03 0.98 0.19 0.10 0.620.06 no no
Chal-C34
C4H 10101099 5.25:0.02 0.240.05 1.68 0.30 0.06 0.57/0.12 no no
CsH 1131—90 5.33t0.02 0.240.04 1.69 0.30 0.06 0.570.10 no no
ct0o 2-1 1.22:0.10 5.22:0.01 0.330.03 1.86 0.27 0.06 0.880.06 no no
ct’02-1 0.3%0.07 5.020.03 0.35%0.07 1.99 0.25 0.05 0.450.18 no no

CH3OH 2,—19 A* 0.34:0.05 5.180.01 0.380.03 2.01 0.25 0.05 0.260.07 no no
CH;OH 21-1; E  0.31+0.07 5.19-0.02 0.3%:0.04 1.97 0.26 0.05 0.240.11 no no

NoH* 1-0 0.7@:0.08 5.180.01 0.3@0.03 1.77 0.28 0.06 0.830.07 no no
C34s 2-1 0.280.04 5.2@-:0.01 0.29-0.03 1.77 0.28 0.06 0.830.08 no no
HC3N 10-9 0.380.05 5.280.01 0.23:0.03 1.54 0.33 0.07 0.460.08 no no
Chal-C35
C4H 10101099 4.21+0.04 0.490.08 1.12 0.11 0.07 1.290.18 no no
C180 2-1 1.940.13 4.310.01 0.54:0.04 1.24 0.10 0.06 1.190.09 no no
cl’02-1 0.39:0.06 4.13-:0.03 0.480.07 1.09 0.11 0.07 1.860.17 no no
CH3OH 2—1p A* 0.29:0.04 4.0%0.03 0.35:0.10 0.81 0.15 0.10 0.260.25 no nho
NoH* 1-0 0.52:0.08 4.13:0.02 0.340.03 0.78 0.16 0.10 0.220.08 no no
C3s 2-1 0.3%0.04 4.22-:0.02 0.4%0.05 1.07 0.12 0.07 1.040.12 no no
HC3N 10-9 0.6%0.04 4.23:0.01 0.33:0.03 0.77 0.16 0.10 0.220.07 no no
Chal-C36
C180 2-1 1.350.14 4.29:0.01 0.35:0.03 0.95 0.15 0.10 0.260.07 no no
cl’0 2-1 0.280.06 4.12-0.03 0.3%0.08 0.98 0.15 0.10 0.280.19 no no

CH3OH 2,—19 A* 0.30£0.05 4.180.01 0.320.03 0.87 0.17 0.11 0.6860.09 no no

CH;OH 2,-1; E  0.20:0.05 4.14:0.03 0.3&0.07 0.96 0.15 0.10 0.2460.16 no no
Chal-C37

Cc®0 2-1 1.520.10 3.880.02 0.530.04 1.67 0.12 0.05 1.%60.10 no no
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Table C.1: continued.

Core Transition lint® Vi srP FWHM® M,;9 '\M"—tv‘i’r‘e ,\'\jl'—ji‘:f g Grh Vi
Kkmsl) kmsd)  (ms?l (M) \
Chal-C38
CsH 11,199 5.32+0.03 0.250.05 1.26 0.25 0.08 0.5310.12 no no
C80 2-1 1.5%0.14 5.3%0.01 0.36:0.03 1.60 0.19 0.06 0.280.07 no no
Ccl'o0 2-1 0.480.09 5.150.02 0.240.03 1.30 0.24 0.07 0.550.08 no no
CH30H 25—-15 A* 0.31+0.05 5.190.01 0.240.03 1.30 0.24 0.07 0.550.07 no no
C3s2-1 0.280.04 5.21%0.03 0.3%40.07 1.67 0.19 0.06 0.820.17 no no
HCsN 10-9 0.16:0.04 5.320.02 0.1&0.08 1.13 0.28 0.09 0.360.22 no no
Chal-C39
C80 2-1 2.750.13 4.52-0.01 0.490.02 1.86 0.13 0.05 1.890.05 no no
cl’02-1 0.680.06 4.310.02 0.56:0.06 2.16 0.11 0.04 1.240.15n0 no
Chal-C40
C80 2-1 0.920.07 4.75-0.01 0.420.03 1.54 0.15 0.06 0.900.07 no no
CH30H 25—-19 A* 0.38:0.04 4.62:0.01 0.25:0.02 1.05 0.21 0.09 0.490.06 no0 no
CH3;OH 2,-1; E  0.29:0.04 4.63-0.01 0.220.02 0.99 0.23 0.10 0.420.06 n0 no
NoH* 1-0 0.640.08 4.61%+0.01 0.190.02 0.93 0.24 0.10 0.320.05no0 no
C3s2-1 0.0£0.03 4.6320.05 0.410.14 1.52 0.15 0.06 0.890.33 no no
HCsN 10-9 0.06:0.03 4.680.01 0.180.01 0.96 0.23 0.10 0.360.02 no no
Chal-C41
C80 2-1 1.830.16 5.230.01 0.42-0.03 1.04 0.12 0.08 0.200.07 no no
cl02-1 0.650.06 5.1%0.01 0.3%0.04 0.81 0.16 0.10 0.650.10 no no
CH30H 25—-19 A* 0.31+0.04 5.14-0.01 0.280.03 0.77 0.17 0.11 0.580.08 no no
CH3OH 2,-1; E 0.310.06 5.140.01 0.26:0.03 0.73 0.17 0.11 0.530.07 no no
C3s2-1 0.2#0.04 5.130.02 0.3%40.05 0.94 0.14 0.09 0.800.11 no no
Chal-C42
C0 2-1 1.220.07 4.52.0.02 0.850.06 2.11 0.05 0.03 1.200.13 no no
CH30H 2519 A* 0.15+0.04 4.42:0.05 0.530.09 1.08 0.09 0.06 1.%/0.22 n0 no
NoH* 1-0 0.530.08 4.140.03 0.41}+0.07 0.82 0.12 0.08 0.890.17 no no
Chal-C43
C80 2-1 1.3%0.12 4.7@¢0.01 0.340.02 1.70 0.19 0.05 0.280.05 no no
cl’02-1 0.49-0.06 4.440.01 0.240.04 1.37 0.23 0.06 0.550.10 no no
CH30H 25—-19 A* 0.27+0.04 4.5%0.02 0.320.04 1.57 0.20 0.05 0.200.09 no no
CH3OH 2,-1; E 0.13:t0.04 4.530.02 0.2@-0.04 1.20 0.26 0.07 0.370.11 no no
Chal-C44
Cl80 2-1 1.020.09 4.59-0.02 0.6&0.04 2.28 0.07 0.03 1.510.10 no no
Chal-C45
C80 2-1 0.820.08 4.34-0.01 0.36:0.03 0.89 0.14 0.08 0.280.06 n0 no
CH30H 25—-19 A* 0.22+0.04 4.22-0.03 0.420.07 1.02 0.12 0.07 0.920.16 no no
Chal-C46
C80 2-1 1.190.09 4.480.02 0.520.04 0.84 0.07 0.06 1.350.10 no no
Chal-C47
Cl80 2-1 1.26:0.10 4.6%0.02 0.62:0.05 2.57 0.09 0.04 1.370.12 no no
Chal-C48
C80 2-1 1.5@0.09 5.040.02 0.850.05 2.11 0.04 0.03 1.920.11 no no
Chal-C49
C80 2-1 1.7@&0.12 5.04-0.01 0.45-0.04 0.83 0.10 0.09 0.980.09 no no
cl’02-1 0.4%0.05 4.83:0.01 0.29:0.04 0.57 0.14 0.12 0.590.10 no no
CH30H 25—-19 A* 0.13+0.05 4.8&:0.03 0.2%0.07 0.49 0.17 0.15 0.400.19 no no




158 Appendix C. Detailed physical parameters of Cha | and llicores

Table C.1: continued.

Core Transition lint® Vi srP FWHM® M9 Mae Msof _gon g Gph jr

Muyir Myir Othmean

(Kkms?1) (kms?i)  (kms?) (M)

Chal-C50
ct®0 2-1 1.0@0.06 4.46:0.01 0.31:0.04 1.35 0.18 0.06 0.850.09 no no
- - 5.18:0.02 0.6%0.05 2.92 0.08 0.03 1.440.11 no no

CH30OH 25—15 A* 0.59+0.03 5.1%0.03 0.66-:0.07 2.98 0.08 0.03 1.460.17 no no

CH3OH 2;-1; E  0.43:0.05 5.140.03 0.480.06 2.00 0.12 0.04 1.850.14 no no
Chal-C51

C'80 2-1 3.050.12 4.86:0.03 1.150.06 3.56 0.02 0.02 2.600.13 n0 no

CH3OH 25—15 A* 0.59+0.05 4.83-0.06 1.23-0.11 4.01 0.02 0.02 2.480.26 n0 no
Chal-C52

C80 2-1 1.6%0.09 4.440.02 0.520.04 1.39 0.07 0.05 1.310.10 no no

- - 5.48:0.02 0.5@-:0.04 1.14 0.09 0.06 1.#10.09 no no

CH3OH 25—19 A* 0.33+0.05 4.52-0.03 0.4%0.06 1.05 0.10 0.06 1.830.15n0 no

CH3OH 2,-1; E  0.26:0.04 4.49:0.03 0.44:0.07 0.98 0.10 0.07 0.960.16 n0 no

C3s 2-1 0.150.02 4.29-0.03 0.33:0.07 0.77 0.13 0.08 0.#10.16 n0o no

- - 5.33:0.06 0.4%40.10 1.07 0.09 0.06 1.850.24 no no
Chal-C53

C80 2-1 2.0%0.12 4.54:0.01 0.440.03 1.49 0.10 0.06 1.830.06 no no

Ccl’0 2-1 0.480.06 4.4G-:0.03 0.45-0.05 1.42 0.11 0.06 0.980.12 no no
Chal-C54

C'80 2-1 0.730.06 4.52:0.03 0.5%0.09 1.02 0.07 0.06 1.%30.21 no no

- - 5.33:0.01 0.49-:0.03 0.97 0.08 0.06 1.680.06 no no

cl’02-1 0.44-0.04 5.130.03 0.5@:0.09 0.99 0.08 0.06 1.#10.21 no no

CH30H 2519 A* 0.27+0.05 5.16:0.05 0.55-0.12 1.10 0.07 0.06 1.210.28 no0 no

C34s 2-1 0.180.03 5.22-0.06 0.36:0.14 0.72 0.11 0.08 0.290.33 n0 no
Chal-C55

C'80 2-1 2.23%0.09 4.640.02 0.920.04 2.76 0.03 0.03 2.230.10 no no
Chal-C56

C80 2-1 0.9%40.10 4.580.01 0.320.03 0.62 0.12 0.09 0.670.08 no no

CH3OH 2,—19 A* 0.15+0.06 4.49-0.02 0.22:0.06 0.58 0.13 0.10 0.590.14 no no
CH3OH 2,-1; E  0.18t0.06 4.44:0.03 0.23:0.06 0.51 0.14 0.11 0.440.16 no no
Chal-C57

C180 2-1 1.16:0.12 5.080.01 0.3@:0.02 0.98 0.15 0.12 0.620.05 no nho

cl’0 2-1 0.380.06 4.92:0.02 0.27%0.00 0.92 0.16 0.13 0.550.01 no no
Chal-C58

C80 2-1 1.62:0.14 5.310.01 0.36:0.02 0.91 0.12 0.10 0.270.06 no no

cl’02-1 0.36:0.07 5.140.02 0.310.07 0.81 0.14 0.11 0.850.16 no no
Chal-C59

C80 2-1 2.120.14 5.24:0.02 0.63:0.04 1.18 0.05 0.04 1.410.09 no no

cl’0 2-1 0.61%0.06 5.02-0.03 0.69-0.07 1.32 0.05 0.04 1.530.16 no no
Chal-C60

C80 2-1 2.080.12 4.4%0.01 0.480.03 1.79 0.10 0.04 1.270.06 no no

cl’0 2-1 0.460.07 4.2%0.02 0.3%0.05 1.37 0.14 0.05 0.800.13 no no

CH3OH 2,—19 A* 0.03:0.05 4.42-0.03 0.26:0.09 1.07 0.17 0.07 0.530.22 no no

Notes.® Integrated intensities used to calculate the column dessit Sect5.4.1 The integrated
intensities are computed iRy, scale. ® Systemic velocities derived from Gaussian and hyperfine-
structure fits to the spectr& Linewidths derived from Gaussian and hyperfine-structusetdi the
spectra® Virial mass. (® Ratio of the total dust mass to the virial mass? Ratio of the dust
mass within a 50 aperture to the virial mas¥) Non-thermal to the mean thermal velocity dispersion
computed for a kinetic temperature of 10 ®. Gravitational boundedness of the coreMg,/M.ir >

0.5. ® Core is virialised ifMi;/Myir > 1.9 The dashed lines indicate the kinematic results of the same

transition as the previous one listed, but atféedent velocity. The integrated intensities are only listed
for the velocity components used in the analysis (i.e., tt@gest emission peak).
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Table C.2: Line parameters and physical parameters of aokeka Ill.

Core Transition lint® Vi srP FWHM M,;9 M—tv‘i’r‘e ,\'\jl'—fi‘:f SZm g GrM Vir!
(Kkms?l) (kmsd)  (kms?l (M) 7
Cha3-C1
C80 2-1 1.820.07 1.230.01 0.420.02 3.10 0.50 0.09 1.670.04 no no
cl02-1 0.490.04 1.21:0.01 0.36:0.03 2.32 0.67 0.13 0.£D.07 yes no
CH30H 25—15 A* 0.42+0.04 1.26:0.01 0.45-0.03 2.86 0.54 0.10 0.99.08 yes no
CH;OH 2-1; E 0.3%10.03 1.29-0.02 0.46:0.04 2.90 0.54 0.10 1.a®@.10 yes no
H13CO* 1-0 1.240.03 0.5%40.07 3.75 0.41 0.08 1.2®.16 no no
NoH* 1-0 0.612:0.09 1.24-0.03 0.34-0.07 2.21 0.70 0.13 0.2D.17 yes no
HC3sN 10-9 0.1%0.03 1.46:0.04 0.280.04 1.99 0.78 0.15 0.6D.10 yes no
Cha3-C2
Cl80 2-1 1.6%0.07 1.24:0.01 0.540.03 2.84 0.20 0.08 1.280.06 no no
CH30H 2515 A* 0.18+0.04 1.19-0.05 0.45-0.11 2.13 0.27 0.11 0.990.25 no no
H13CO* 1-0 1.3&¢:0.05 0.52-:0.10 2.50 0.23 0.09 1.#®.22 no no
Cha3-C3
Cl80 2-1 1.04-0.07 1.450.01 0.46:0.03 1.20 0.17 0.09 1.800.08 no no
CH30H 2519 A* 0.13+0.05 1.450.06 0.440.09 1.15 0.17 0.10 0.960.22 no no
Cha3-C4
Cl80 2-1 1.150.08 1.420.02 0.6@-0.05 2.84 0.15 0.05 1.340.11 no no
cl’02-1 0.220.03 1.43-0.04 0.49-0.08 2.18 0.20 0.07 1.670.19 no no
Cha3-C5
Cl80 2-1 1.140.07 1.690.01 0.440.03 1.96 0.19 0.07 1.820.07 no no
CH30H 2515 A* 0.19+0.04 1.690.03 0.4@0.09 1.70 0.22 0.08 0.870.21 no no
CH3;OH 2-1; E 0.22:0.04 1.730.06 0.580.13 2.58 0.14 0.05 1.300.31 no no
Cha3-C6
Cl80 2-1 1.06:0.06 1.49-0.01 0.44-0.03 1.66 0.18 0.08 0.960.07 no no
Cha3-C7
C¥0 2-1 0.640.06 1.620.01 0.320.04 1.26 0.18 0.08 0.840.09 no no
CH30H 25—-19 A* 0.09+0.04 1.640.05 0.36:0.10 1.18 0.20 0.09 0.%70.23 no no
Cha3-C8
C80 2-1 0.840.06 1.23-0.01 0.340.02 1.51 0.25 0.07 0.220.05 n0 no
CH30H 2519 A* 0.39+0.04 1.19-0.01 0.22-0.02 1.36 0.28 0.08 0.610.05 no no
CH3OH 2,-1; E 0.26:0.04 1.1%0.01 0.240.03 1.30 0.29 0.09 0.550.07 no no
Cha3-C9
Cl80 2-1 0.96-:0.06 1.340.01 0.250.01 1.13 0.28 0.10 0.500.04 no no
CH30H 25—-19 A* 0.26+0.03 1.36:0.02 0.280.05 1.19 0.27 0.09 0.570.12 no no
CH3;OH 2-1; E 0.22+0.03 1.38&0.02 0.350.05 1.40 0.23 0.08 0.7240.13 no no
Cha3-C10
Cl80 2-1 1.060.05 1.5%0.01 0.440.03 1.14 0.14 0.07 1.@30.06 no no
Cha3-C11
C80 2-1 — 1.160.06 0.630.12 2.15 0.09 0.05 1.410.28 no no
- 0.79:0.07 2.05-0.01 0.2%0.01 0.83 0.24 0.12 0.400.04 no no
Cha3-C12
C80 2-1 1.0%0.06 1.32-0.01 0.3%40.02 1.56 0.20 0.06 0.290.05 no no
CH30H 25—-19 A* 0.25+0.04 1.42-0.05 0.620.15 2.82 0.11 0.04 1.390.35 no0 no
CH3;OH 2,-1; E 0.13:0.04 1.3%0.05 0.420.11 1.80 0.17 0.06 0.940.26 no no
Cha3-C13
Cl80 2-1 0.8&0.05 1.55-0.01 0.3%0.02 1.10 0.20 0.09 0.650.05 no no
CH30H 25—-19 A* 0.26+0.03 1.540.03 0.46-0.08 1.57 0.14 0.06 1.810.19 no no
CH3OH 2,-1; E 0.16:0.03 1.5G:0.02 0.22-0.06 0.91 0.25 0.11 0.410.17 no no
C3s2-1 0.090.03 1.540.03 0.24-0.05 0.98 0.23 0.10 0.5310.12 no no
HCsN 10-9 0.0&0.03 1.550.03 0.180.34 0.88 0.25 0.11 0.360.90 no no
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Table C.2: continued.

Core Transition lint® Vi srP FWHM® M,;9 '\M"—tv‘i’r‘e ,\'\jl'—ji‘:f g Grh Vi
Kkmsl) kmsd)  (ms?l (M) \
Cha3-C14
C80 2-1 1.040.06 1.750.01 0.43-0.02 1.11 0.15 0.07 0.930.06 no no

CH3OH 2,—19 A* 0.26£0.05 1.8%0.03 0.430.07 1.12 0.15 0.07 0.930.17 no no
Cha3-C15

C®0 2-1 0.820.06 1.420.01 0.46:0.03 1.59 0.14 0.06 1.¢10.07 no no

CH3OH 25—19 A* 0.25:0.04 1.420.02 0.2&0.05 1.06 0.20 0.08 0.580.11 no no

CH3OH 2,-1; E  0.1740.03 1.42:0.03 0.380.07 1.27 0.17 0.07 0.280.18 no no

H3CO* 1-0 1.44:0.04 0.540.08 1.90 0.11 0.05 1.1®.18 no no

NoH* 1-0 0.3@:0.09 1.450.01 0.2%0.04 0.90 0.24 0.10 0.380.11 no no

HC3N 10-9 0.4%0.03 1.5%0.01 0.230.01 0.98 0.22 0.09 0.480.04 no no
Cha3-C16

cto 2-1 0.930.06 1.29-0.01 0.420.04 1.68 0.12 0.05 1.¢7/0.09 no no

CH3OH 2,—19 A* 0.13t0.04 1.240.05 0.3&0.12 1.27 0.16 0.07 0.490.29 no no
Cha3-C17

C®0 2-1 1.240.06 1.520.02 0.650.04 0.97 0.06 0.05 1.460.10 no no
Cha3-C18
C®0 2-1 1.630.06 1.32-0.01 0.62-0.03 1.50 0.06 0.08 1.540.07 no no

CH3OH 2,—19 A* 0.36:0.04 1.34-0.02 0.46:0.05 0.90 0.10 0.14 1.@00.11 no no
CH;OH 21-1; E  0.31+0.04 1.340.03 0.530.08 1.07 0.09 0.12 1.%90.19 no no

C¥s2-1 0.130.04 1.480.05 0.44:0.09 0.88 0.10 0.14 0.980.21 no no
Cha3-C19
ct0o 2-1 1.140.06 1.22:0.01 0.360.02 0.94 0.14 0.10 0.480.05 no no

CH3OH 2,—19 A* 0.31+0.04 1.24:0.01 0.260.04 0.73 0.17 0.12 0.510.11 no no
CH3OH 2,-1; E  0.16:0.04 1.24:0.01 0.23:0.02 0.69 0.18 0.13 0.440.06 no no

HCO" 1-0 1.280.04 0.320.09 0.84 0.15 0.11 0.6®.23 no no
Cha3-C20
C®0 2-1 1.26:0.06 1.35%0.01 0.4%0.02 0.90 0.12 0.09 0.880.05 no no

CH3OH 2,—19 A* 0.26:0.04 1.29-0.02 0.34-0.05 0.78 0.14 0.11 0.430.12no no
CH;OH 2-1; E  0.25:0.04 1.3@0.04 0.520.08 1.17 0.09 0.07 1.#40.20 no no

H3CO" 1-0 1.380.05 0.340.12 0.76 0.14 0.11 0.4D.31 no no
Cha3-C21

ct®o 2-1 - 0.86:0.08 0.730.27 1.96 0.06 0.03 1.650.62 no no

- 0.58:0.05 2.04:0.04 0.720.09 1.90 0.06 0.03 1.610.21 no no
Cha3-C22

ct0o 2-1 0.84:0.06 1.530.01 0.320.02 0.82 0.14 0.09 0.880.06 no no
Cha3-C23

C®0 2-1 0.4&0.06 1.82-0.01 0.240.03 1.14 0.23 0.06 0.550.07 no no
Cha3-C24

ct®o 2-1 0.920.06 1.76:0.02 0.54:0.03 2.20 0.10 0.04 1.200.08 no no
Cha3-C25

Cc®0 2-1 0.640.06 1.180.01 0.22-0.02 0.62 0.13 0.08 0.590.05 no no
Cha3-C26

cto 2-1 0.9@:0.06 1.35%0.01 0.340.02 0.40 0.10 0.14 0.220.05 no no
Cha3-C27

ct®0o 2-1 0.36:0.04 1.65:0.05 0.64:0.12 1.35 0.05 0.04 1.430.29 no no
Cha3-C28

C®0 2-1 0.740.06 1.250.01 0.320.03 0.56 0.10 0.07 0.200.06 no no
Cha3-C29

ct®o 2-1 0.750.06 1.550.02 0.480.04 1.00 0.08 0.06 1.@50.09 no no

Notes.Same as Tabl€.1



AprPENDIX D

Critical densities

For the calculation of critical densities we use the Eimsieicodlicients, the collisional rate
codficients, and energies from the Leiden Atomic and MoleculaaBase (LAMDA).
The critical density is the density at which the rate of spoebus emission is equal to the

emission arising from collisional excitation,

Ayl

ncr =, (Dl)

Yul
whereA, is the Einstein caicient for spontaneous emmision{} Cy = NH,Yul the collision
codficient (collision de-excitation rate;, andy, the collision rate (crhis™). The critical
densities we derive are listed in Talidel for various molecular transitions.

Table D.1: Critical densities.

Transition Aud Yul® T¢ ngd
(sh (cm3 sl K)  (cm?)

Cl%0 2-1 6.0k107 7.15¢<10 10 8.410°

cl’0 2-1 6.4%107 7.15¢<10% 10 9.0<1C°

CH3OH 2p-1p A*  3.41x10°% 1.10x101° 10 3.xx10*
CH3OH2,-1, E  2.4%10°% 750x10% 10 3.310

H13CO* 1-0 3.8%10° 2.60x101° 10 1.5<10°
NoH* 1-0 3.90x10° 1.60x101° 10 2.4<10°
HNC 1-0 2.6%10° 9.71x1011 10 2.810°
C3s 2-1 1.6610° 5.3x10 20 3.0<1C°
CS2-1 1.6810° 5.30x101 20 3.%10°
HC3N 10-9 58k10° 9.70x10 10 6.0<1C°

Notes.® Einstein coéficient for the molecular transition with quantum numbers I. ® Collision
rate.() Temperature corresponding to the listed collision ft€ritical density computed as, = %.

httpy/home.strw.leidenuniv.nimoldats






APPENDIX E

Optical depths of the Cha | and Il
cores

E.1 C!*0 2-1 opacity

C180 2—1 was observed toward all 60 cores in Cha | ahtD2—1 toward 32. We estimate the
optical depth of the €0 2—1 transition for this sample of 32 cores. We assume anggnt
ratio of [*80]/[1/0] ~ 4.11, as was found for the nearby (140 pc) low-mass ctoGghiuchus
(Wouterloot et al.20085 to derive the opacity of €0 2—1 with the following relation:

IclSO 1- e "ctéo
Icl7o B 1 - e_TCl7O

(E.1)

where Lisg and kirg are the integrated intensities of the two transitiaRssg andrcizg their
opacities andc17g=7c1sp/4.11. TableE.1lists the opacity estimates for the sample of 32 cores
in Cha . Approximately half of them are somewhat opticallick (4.2 > tcisg > 1) in Ct2O
2-1.

We can only calculate the®0 2—1 opacities for the two cores in Cha IlI that were also
observed in €0 2—1, Cha3-C1 and Cha3-C4. Cha3-C1 is borderline optitiailt/thin with
an opacity of~ 1, while Cha3-C4 is optically thin (Table.2). They are both optically thin in
Ccl’0 2-1.

E.2 CS 2-1 opacity

We assume an isotopic ratio 6fBJ/[34S] ~ 22 (Frerking et al. 1980 to calculate the opacity
of the CS 2-1 line in Cha I. All 57 CS 2-1 spectra feature detestand 23 out of the 57 are
detected in *S 2—1. We follow the same method as above to estimate the CBpaelties
toward the 23 cores that are detected in both transitions.r@$ults are given in TabEe.3

For the rest 34 spectra we calculate upper limits for the ClSapacity by using the ratio
of the CS 2-1 integrated intensity to the value ofnsof the G*S 2—1 spectra. The opacity
upper limits are listed in TablE.4. All 23 cores that have detections if4S 2—1 are optically
thick in CS 2—1, with opacities ranging from2 — 10.

Two cores in Cha lll are detected irf%S 2—1 and their CS 2—-1 opacity is listed in Ta-
ble E.5. Both have CS 2—1 opacities greater than one, while they @tieatly thin in C34S
2-1. CS 2-1 is detected toward all remaining cores, for whiettalculate upper limits (Ta-
ble E.6) in the same way as for the Cha | cores.
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Notes.® Integrated intensity ratio of the two isotopologu&sC'80 2—1 opacity® C1’O 2—1 opacity.

Table E.1: ¢80 2—1 and ¢’0 2—-1 opacities of the Cha | cores.

Core %&;Za Te1sd  Te17d
Chal-C1 2.3%0.12 1.76 0.43
Chal-C2 2.3%0.18 1.77 0.43
Chal-C3 3.260.27 0.66 0.16
Chal-C4 2.340.20 1.81 0.44
Chal-C5 3.290.48 0.63 0.15
Chal-C7 3.880.17 0.21 0.05
Chal-C9 3.080.47 0.89 0.22
Chal-C10 2.9%0.33 0.97 0.24
Chal-C11 3.9¥0.91 0.09 0.02
Chal-C12 2.480.17 1.73 0.42
Chal-C15 2.460.21 1.63 0.40
Chal-C17 2.120.24 2.26 0.55
Chal-C18 2.740.38 1.27 0.31
Chal-C19 3.140.40 0.77 0.19
Chal-C21 2.180.21 2.11 0.51
Chal-C26 1.760.25 3.24 0.79
Chal-C27 2.9¥0.24 0.96 0.23
Chal-C29 4.420.55 0.00 0.00
Chal-C35 4.1¥0.78 0.00 0.00
Chal-C36 2.740.47 1.27 0.31
Chal-C38 2.840.66 1.10 0.27
Chal-C39 4.080.64 0.01 0.00
Chal-C41 2.2680.29 2.09 0.51
Chal-C43 1.540.25 4.20 1.02
Chal-C49 2.640.40 1.36 0.33
Chal-C53 4.380.66 0.00 0.00
Chal-C54 4.790.93 0.00 0.00
Chal-C57 1.880.31 2.86 0.70
Chal-C58 2.740.51 1.23 0.30
Chal-C59 5.311.36 0.00 0.00
Chal-C60 3.090.41 0.81 0.20
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Table E.2: ¢80 2—1 and ¢70 2—-1 opacities of the Cha lll cores.

lc1g0a b c
Core ﬁgg Tc180  Tcl7o

Cha3-C1 2.820.21 1.11 0.27
Cha3-C4 3.820.54 0.17 0.04

Notes.® Integrated intensity ratio of the two isotopologu&sC'80 2—1 opacity® C1’O 2—1 opacity.

Table E.3: CS 2—1 and®S 21 opacities of the Cha | cores.

Core pea L
Chal-C1 6.620.55 3.49 0.16
Chal-C2 4.74045 5.17 0.24
Chal-C3 5.980.87 4.00 0.18
Chal-C4 2.740.27 10.11 0.46
Chal-C9 9.24591 223 0.10
Chal-C10 5.440.85 4.40 0.20
Chal-C11 6.481.13 3.60 0.16
Chal-C16 2.940.35 9.17 0.42
Chal-C17 2.940.35 9.17 0.42
Chal-C18 7.4¥3.04 3.00 0.14
Chal-C19 5.380.77 4.49 0.20
Chal-C21 6.8#1.93 3.31 0.15
Chal-C23 5.181.41 471 0.21
Chal-C26 4.2¥1.00 5.86 0.27
Chal-C29 4.780.54 520 0.24
Chal-C33 5.050.89 4.80 0.22
Chal-C34 3.080.52 8.66 0.39
Chal-C35 5.520.75 4.34 0.20
Chal-C38 5.0¥1.56 4.80 0.22
Chal-C40 5.123.22 4.74 0.22
Chal-C41 5.061.10 4.80 0.22
Chal-C52 8.7#2.39 240 0.11
Chal-C54 8.5¥3.38 249 0.11

Notes.® Integrated intensity ratio of the two isotopologu€sCS 2—1 opacity® C34S 2—1 opacity.
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Table E.4: CS 2—1 upper limit opacities of the Cha | cores.

les b
Core o C34Sa Tes
Chal-C5 3.560.29
Chal-C6 4.620.36

7
5
Chal-C7 7.720.39 3
2
4

Chal-C8 9.540.35
Chal-C12 6.430.34
Chal-C13 2.480.35 12
Chal-C14 9.580.43 2
Chal-C15 3.340.28 8
Chal-C16 1.7¥0.33 18
Chal-C20 1.760.42 18
Chal-C22 3.940.29 6
Chal-C24 0.920.37 > 1000
Chal-C25 2.060.35 15
Chal-C27 2.180.38 14
Chal-C28 2.260.36 13
Chal-C30 1.360.37 29
Chal-C31 3.580.36 7
Chal-C32 2.980.36 9
Chal-C36 3.480.34 8
Chal-C37 3.480.39 8
Chal-C39 6.180.37 4
Chal-C42 5.340.30 5
Chal-C43 1.180.38 41
Chal-C44 1.810.32 18
Chal-C45 2.040.30 15
Chal-C46 2.910.35 9
Chal-C47 2.2¥0.40 13
Chal-C48 3.980.37 6
Chal-C49 6.480.31 4
Chal-C50 8.820.34 2
Chal-C51 1.560.39 23
Chal-C53 4.310.34 6
Chal-C55 1.9#0.32 16
Chal-C56 2.4080.35 12

Notes.® Ratio of CS 2-1 integrated intensity to-®f the *S 2—1 non-detection®) CS 2—1 upper
limit opacity.© For integrated intensity ratios 1 the estimated upper limit opacitys1000.
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Table E.5: CS 2-1 and®¥S 2—1 opacities of the Cha Ill cores.

| b
Core T c;j Sa Tcs Tcaas

Cha3-C13 7.262.23 3.11 0.14
Cha3-C18 6.941.66 3.31 0.15

Notes.® Integrated intensity ratio of the two isotopologu&sCS 2—1 opacity® C34S 2—1 opacity.

Table E.6: CS 2—1 upper limit opacities of the Cha lll cores.

Core —3X;j5C34Sa 7es
Cha3-C1 13.760.36 1

Cha3-C2 7.260.32 3

Cha3-C3 2.720.36
Cha3-C4 4.380.33
Cha3-C5 5.280.38
Cha3-C6 2.940.34
Cha3-C7 4.220.49
Cha3-C8 4.080.30
Cha3-C9 4.640.37
Cha3-C10 4.190.44
Cha3-C11 4.240.59
Cha3-C12 5.540.48
Cha3-C14 7.480.66
Cha3-C15 6.5¥0.40
Cha3-C16 7.190.43
Cha3-C17 5.5¥0.43
Cha3-C19 5.980.36
Cha3-C20 6.920.33

Notes.® Ratio of CS 2-1 integrated intensity to-f the (*S 2—1 non-detection®) CS 2—1 upper
limit opacity.
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