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Resumen

Estudios recientes en longitudes de onda subratlita han mostrado que las estructuras fil-
amentarias se ubican por todo el Plano&gtto, estando en muchos casos asociadas a zonas de
formacbn estelar. El estudio de las propiedades de los filamentogpgsible reladén con con la
formacibn estelar es clave para el entendimiento global de estenfemo. En este trabajo lleva-
mos a cabo un estudio cuidadoso de nubes moleculares filanaspara determinar el link entre
estas estructuras y el proceso de forroaale estrellas de alta masa. Usamos datos idtiphes
longitudes de onda para derivar las propiedag@sds de estas estructuras y compararlas con los
modelos téricos que describen la estabilidad y fragmeritadie las nubes moleculares filamen-
tarias.

Hemos encontrado que no todos las estructuras filamentietastadas en la emisi sub-
milimétrica del polvo en el continuo representan una estrudnica coherente. Las observaciones
de las lineas moleculares fueron cruciales para evaluaraes$terenciaisica. La densidad de
columna de los filamentos es similar a la de los valores oadessen otras nubes moleculares
tipicas. La densidad de columna, masa virial y gnesnterna y externa encontrada para los fil-
amentos es similar a la de los valores predecidos por mode®xplican la estabilidad de las
nubes moleculares filamentarias debido a la presencia dempacmagatico toroidal dominante.

El espaciamiento observado entre lésnulos inmersos en los filamentos 2 pc) es consis-
tente con la teda de fluido-inestabilidad (tsausage”) que podra explicar la fragmentagn de
filamentos isatrmicos dominados por turbulencias. Algunos de los@los detectados dentro de
los filamentos tienen altas masa200 M,), altas densidades- (10° cm™3) y bajas temperaturas
(< 20K), sugiriendo que estosimulos pueden ser los precursores de las estrellas de gsan ma



Abstract

Recent surveys at sub-millimeter wavelengths have showrfildi@entary structures are ubiqg-
uitous along the Galactic Plane and many of them seems tsbeiated with star forming regions.
The study of the properties of filaments and their possilik to star formation is key to the
global understanding of this phenomena. In this work weycamnt a careful study of filamentary
molecular clouds to determine the link between these strestand the process of high mass star
formation. We used multi wavelength data to derive the plafgoroperties of these filamentary
structures and compare them with theoretical models tredries the stability and fragmentation
of filamentary molecular clouds.

We have found that not all the filamentary structures deddiatesub-millimeter dust continuum
emission represent single coherent structures. Moledinkrobservations were crucial to asses
their physical coherence. The column density of filamergsanilar to the values observed toward
other typical molecular clouds. The column density, viri@ss, internal and external pressure
found for the filaments are similar to the values predictedrimgels that explain the stability of
filamentary molecular clouds by the presence of a toroidalidated magnetic field.

The spacing observed between the clumps embedded in thesfitarg 2 pc) is consistent
with the theory that a fluid, disausage” instability can explain the fragmentation of isothermal,
turbulent dominated filaments. Some of the clumps deteciihahe filaments have high masses
(>200 M,), high densities* 10° cm™3) and cold temperatures: (20 K), suggesting that these
clumps may be the precursors to high mass stars.
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Introduction

This thesis investigates the physical and kinematical gntogs of filamentary molecular clouds.
Dust continuum surveys have shown that filaments are ubigsidlong the Galactic Plane and that
most of them harbor regions of low and high mass star formatikinowing how filaments are
formed, their physical properties, how are they stable ahithvare the processes that lead to the
formation of stars within them will help us to understand #mvironment where high mass stars
are born, which is key to the global understanding of the ggses of high mass star formation.

Stars are the building blocks of our universe. The processdsnergy involved in the forma-
tion of a stars determines on large scales the structure\angtion of Galaxies, while on smaller
scales it is strongly linked to the formation of other stard planetary systems. Moreover, all the
chemical elements in our universe are formed within stdmss,tthey are responsible for every-
thing we know. Therefore, understanding how stars are fdriméey to the understanding other
processes in Galaxies and in our universe.

While for low mass stars great advances have been made wartirgf how they are formed,
for high mass stars this is still far from being understoodghHmass stars interact with their
environment injecting great amount of energy which chamgasatically their surrounding for the
next generation of stars and are responsible to trigger gileeesses in their parental molecular
cloud, such as star formation. The study of the earliesestafjhigh mass star formation and their



INTRODUCTION

environmental conditions is key to understand how high rsteas are formed.

In the following sections we overview the general propsrtitmolecular clouds and discuss the
current knowledge of the formation of low and high mass stéfs outline the current knowledge
on filamentary molecular clouds and review the theoriesdbatribe the processes that lead to the
fragmentation of filaments and the formation of stars chgstathin them. We also summarizes the
techniques and definitions used to derived the physical arahiatical properties for the filaments
and clumps studied as part of this work.

1.1 Molecular clouds

Many years after the discovery of the first "optically dark3wd by| Hersghéi_@%) these obscured
regions in the sky were treated as curiosities. It was debatesther if they were holes in the
interstellar medium left by stars or whether they represgobscured matt@le) was
the first to suggest that these objects were obscuring bludiated in front of more distant stars. It
was not until 1946 when Bok discovered that in fact stars ctarith within these dark objects.

Observations with radio telescopes at sub-millimeter ailtinmeter wavelength have shown
that stars and planets are formed within these dark clowisgable to detect the embedded proto
starts within them. Moreover, the discovery of moleculespace showed that most of the mass in
these dark clouds is in the form of molecules, hence theyedeered to as molecular clouds.

1.1.1 Formation

To form stars from condensations in the interstellar matftest it is needed to have molecular
clouds massive and dense enough to be gravitationally bdurelexact mechanism related to how
a molecular cloud is formed from the interstellar mediuniM)Semains unclear. If the interstellar
mediums is partially supported by magnetic fields, then gusceptible to instabilities that can
concentrate the gas into large condensations or cIuM@). If the ISM is heated (by
cosmic rays of X-rays) it also becomes unstable separatioga dense cool phase (clouds) and a
hot tenuous mediuntﬁ@m).

To form molecular clouds which are massive and dense to gerdndher collapse and form

stars, three main mechanism are proposed: coIIisionahaghIionsLLKmdh.lQ_'}’Q;_SﬁmﬂLe_and_H_érsh
1979 Stark 1979; Cowlie 1980; Kwan and Valtes 1983), on whichlisclouds collide forming a

high mass gravitationally bound cloud; gravithermal ibgity (ELKQHL%H Mouschovias etlal.
éj Shlﬂ ‘Sﬂ Elmegréén 1@82); pressurized accumulayishocks of supernov 53;

2



1.1 MOLECULAR CLOUDS

(a) Cloud collision (b) Supernova shock

~N . 5 %
.
} /}
A
(c) Young star winds (d) Galactic shock

Ficure 1.1: Scheme of the formation of a molecular cloud. In this figure are shome 86 the mecha-
nisms that could explain how molecular clouds are formed.

[H_ethsl_a.nd_Assg_uli&lQW), Galactic shol;ks_(jALo_o_d%La_r_d 19746inals from newly formed stars,

on which the material is compressed by shocks (Figude 1.dmeSof these mechanisms also can
form filamentary molecular clouds as the ones seen in thecG@aRlane.

1.1.2 Composition of molecular clouds

The majority of the mass of a cloud is molecular, howeverntiagority of their volume is atomic.
The most abundant molecule in molecular clouds is, but atf@ecules have been also detected,
such as CO, CS, N H,O, HCN, NbH*, CH3;CN, etc. Also, about one percent of the mass of
molecular clouds is in the form of dust, typically composédilicates and graphites.

3
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Ficure 1.2: Scheme with the relation between the density and molecular and atomic abemuaolec-
ular clouds. At higher density the composition is mostly in the form of moleculdrdgen and CO, while

at the external part the gas is in atomic form. (Snow and McCall 2006)

Observations toward molecular clouds have shown that 8feipes and sizes cover a wide
range, however in general it is observed that most clouds megular borders and often present
filamentary structures. Giant molecular clouds have sikat tanges from 2 to 15 pc, masses
between 18to 1° M, and densities from 50 to 500 ch

Extended cloud complex have in their interior dense regwinsre most of their content will
be molecular hydrogen, created by catalysis in the dushgsurface. These dense regions are
surrounded by a layer of atomic gas with typical column déssiof Ny ~ 2 x 10?°%cnT? and
A, = 0.1 mag [LB_Qhﬂn_el_dlLIQjS). This layer is able to shield therinteof the molecular cloud

from the interstellar UV radiation. Since CO needs a highersdg to form, there is a layer of
H, and atomic carbon ("dark gas”), however, this layer is vaifiallt to observe@@al.

). Figuré_1]2 shows an scheme of the composition of aaulalecloud.

Because of the dust grains that they contain some molecoladsbhppear dark, at optical wave-
length, against the bright extended background. The ligithfthe background stars is scattered
and absorbed by the dust and this absorption will dependseomaterial that the dust is madg.o

4



1.1 MOLECULAR CLOUDS

To derive the physical properties of molecular clouds weeoles their emission arising from
the excitation of the molecules within them. Although id the main component of molecular
clouds, due to its symmetry has no dipole momentum, thugniission due to a rotating dipole
Is forbidden. This, added to the low temperatures at moéatlbuds, makes Hemission very
difficult to detect toward them. Thus, to derive the physical eriigs of molecular clouds, other
less abundant molecules but easier to detect (e.g. CO, CRrtaised as tracers ofHAlthough
these molecules are less abundant, they have severaltiries far infrared to millimeter range
making them easy to detect toward molecular clouds.

Another method to study molecular clouds is via the thermaission from the dust within
them. Dust is heated by cosmic rays and stellar radiatiortaald by emitting blackbody radiation.
Temperatures derived from this blackbody radiation revleal dust can be very cold-(10 K)
because this blackbody peak from far infrared to millimeterelengths. Observations at these
wavelengths can reveal the structure and properties ofaulalieclouds.

Identifying the regions where high mass stars are formee baen improved since recent in-
frared Galactic plane surveys (i.e. IRAS, ISO, MSX and SpjizZieoth in molecular lines and
dust thermal emission, carried out to search and study mialeclouds. A major finding of
these surveys have been the identification of IRDCs, first byntiinered Space ObservatoySO)
Perault et alu&éégﬁemeb_ele_eﬂﬂoon and then byiideourse Space Experime(SX)
(Egan et a|||49_§8). It has been found that most of the sitegybfrinass star formation and cluster
formation corresponds to dark clouds at infrared Waveha@mh_b_ome_el_ﬂl._ZQbB) and that most
of these IRDC correspond to filamentary structures. Thesedis have been observed in many

sites of high mass star formation (e.qg. Oribn_Llthlenﬂlid |_’I.9_9_Sb)).

Moreover, recent dust continuum surveys such as ATLASdAdhLﬂQLel_aJLZO_dQ) aims to
have a complete census of the sites of high mass star form&iace the regions where stars are
formed have typical temperatures of 10 - 20 K their emissidhpgak at millimeter wavelength,
therefore, mapping the continuum at this wavelength rasge iexcellent way to perform an unbi-
ased survey of the dust content in the Galactic plane, iiy&mgithe places were star formation is
taken place.

1.1.3 Structure

Molecular clouds are very inhomogeneous having regionsmihem with higher densities. These
dense regions can be divided into two groups: clumps andscatdumps have typical masses
ranging from 50 to 500 M, sizes of 0.3 - 3 pc and densities 0f2Q.0* cm~3. Clumps are defined

as the sites where star clusters will be fornk_d_(BJIiz_aad_iMjﬁﬁQQb). On small scales clumps

5



INTRODUCTION

TasLe 1.1: Typical properties of GMC, molecular clouds, clumps and cores {m;iGaray and Lizaho
11999; Bergin and Tafalla 2007; Beuther et al. 2007)

\ GMC Clouds Clumps Low mass cores High mass cores
Mass (M) 1-2x10° 10°-10* 50-500 0.5-5 ~10?
Size (pc) 40 2-15 0.3-3 0.03-0.2 <0.1
Mean density (cr) ~50 50-500 1610 10%-10° 10°-10°
Velocity extent (km st) 2-5 2-5 0.3-3 0.1-0.3 ~0.3
Gas temperature (K) ~ 10 ~ 10 10-20 8-12 10-50

also fragment into smaller denser objects defined as "cokesfes are the sites were single stars
or complex systems, such as binaries, will be formed. ComswHl give rise to a low-mass star
have typical masses of 0.5 - 5JVisizes of 0.03 - 0.2 pc and densities of 1A0° cm3. Cores that
will give rise to high-mass cores have masses dfo? M., typical sizes ok 0.1 pc and densities
of 10° to 1C® cm3. Table[1.1 summarizes the properties of molecular clouds)ms and cores.

The temperatures of cores, clumps and molecular cloudssafigm 8 to 20 K. The dust
and gas inside the molecular cloud have a kinetic temperalat is regulated by the equilibrium
between the heating and cooling. The heating of the gas islyndue to cosmic ray while the
cooling is mainly due to the CO emission. The dust is in gerfegated by the absorption of UV
and visible radiation and cools by thermal emission. At dissgreater than fxm— the gas and
the dust will be coupled thermally by collisions.

1.2 Star formation

The formation of stars can be divided in two categories: loassstar formation and high-mass
star formation, with the division at 8 M While low mass star formation has been widely studied
and nowadays we have a clear picture of how low mass star arefh the processes involved in
high-mass star formation are far from being understoods iBinainly because high-mass are rare
and evolve very rapidly making the processes that lead tofthrenation very dificult to observe.

Both, low and high-mass stars, are formed from clumps withahecular cloud. The theories
that explain how clumps are formed inside molecular clougsozerviewed in Section 1.3.3. In
this section we begin our review with the processes thatér@ppnce the clump has already been
formed. Sectioh 1.2.0.1 reviews the current knowledge anlbw mass stars are formed. Section

6



1.2 SIAR FORMATION

[1.2.0.2 describe the current theories involving high-nsias formation (For further detail please

refer to McKee and Ostriker (2007) and Shu etlal. (1987)).dct®nI34 we discuss which is the

role between filamentary structure and star formation.

1.2.0.1 Low-mass star formation

Low-mass star are formed from gravitationally bound cofidg processes from the fragmentation
of clumps forming cores to the appearance of a newly formeatcsin be summarized by four stages
dSﬂJ_el_dl_N_QY). The first stage corresponds to the formatithe core from the fragmentation
of a clump inside a molecular cloud (Figlrel1.3 (a)).

Once the cores are formed within the clumps, cores which agnetically supercritical will
collapse from "inside-out”, becoming very centrally conded with a density profile that falls of
asp ~ r2 dB_O_d_th_eLmﬂr_and_SMLelg rt 19 di_&;_La.dé_Qn_i%Q). This will leathe formation of a
central protostar and a disk (Figurel1.3 (b)). This protedisk system will be embedded in an
envelope of dust and gas from which it will accrete mateaaly if the turbulence in the envelope
is low.

The collapse of a rotating core will lead to the formation pfatostar with a rotating disk. The
accretion, eventually, will increase the mass of the ptatasnough to start the deuterium ignition
at its center. If the mass of the starsi@M,, the star will be completely convective. Eventually the
accreting material will fall mostly onto the disk, giving w#o the stellar wind to escape from the
weakest part of the system which corresponds to the axigatioa. The escape of wind, through
the rotation axis, will produce collimated jets and bipatatflow. This corresponds to the third
stage (Figuré_ 113 (c)). As times goes on, the opening andgleeobutflow increases sweeping out
the envelope of the protostar completely. At this stage wese a newly formed star (Figurell.3

(d)).

1.2.0.2 High-mass star formation

Unlike the low mass scenario, the processes involved inaimedtion of high mass stars are still not
well understood. This is mainly because high-mass starsaagecompared with low-mass stars.
Moreover, most sites of high-mass star formation are furdéweay from Earth, for example, one
of the closest region of high-mass star formation is Oriarated 400 pc from Earth. High mass
stars are usually formed in clusters, needing high spasallution to avoid confusion to study how
individual high-mass are formed, which makefidult to study in detail the processes inside their
parental molecular clouds. Only now we begin to be able tdtbostith next-generation telescopes
such as ALMA. Moreover, the radiation from newly formed higiass stars destroy their parental
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Ficure 1.3: Four stages of low mass star formation. (a) When the magnetic and turbufgort is lost,
cores can form within molecular clouds. (b) The core collapse from insidléorming a protostar with a
surrounding disk. (c) Bipolar flow is formed from the stellar wind along thtational axis of the system.
(d) The star is formed| (Shu et/al. 1987)

environment very rapidly. Thus, we only can study the foiorabf high-mass star while they still
are deeply embedded in its parental molecular cloud, whigkes even diicult to observe them.

The main diference between the formation of a high-mass star and a lesg-stars, is that
high-mass stars form first than their Kelvin-Helmholtz tiryg;, which correspond to the timescale
where the gravitational potential energy from the conto&cbf a mass of gas under gravity is
converted to heat. Therefore they reach the main sequentestiti accreting material from their
surroundings. To try to describe how high-mass stars araddrthree main theories have been
proposed: competitive accretion, monolithic collapse stetlar mergers.

In the competitive accretion model (Bonnell et al. 2004)ygetional collapse form small stars
(~ 0.1 M) within molecular clumps. These small stars grow from gedional accretion of gas,

8
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initially unbound to the them, until they reach a high-ma3sis results in the segregation of
high-mass stars to be formed at the center of a cluster, awaas A drawback of this model
is that for stars with masses higher than 19 Nhe radiation pressure will disrupt the accretion
(tEdgaLand_QLa.l:IJ(b_ZQM), thus the competitive accretion incaldd not be applicable for stars
with masses above 10 M

The second theory is that high-mass stars are formed frogr#witational collapse of individ-
ual cores[(McLe_e_&d_THQdOB), as an scaled-up version dbwhrenass star formation. In this
scenario the mass from which the star will be formed is gattheefore the star formation process
begins. The proto-stellar core is formed by gravitatiordlapse and accretion of material is via a
disc. To overcome theffects of the radiation pressure a massive outflow is develeady during
the accretion phase. Observationally this theory impls we should be able to find high-mass

pre-stellar cores that live for a long time (Zinnecker and@&g)gﬂ?).

Stellar mergers represent the most radical scenario. dnithory high-mass stars are formed via
stellar collisions, which is only possible during a brief ment when the density of stars+s10°
stars pc? (Bonnell et a|lMé‘, Bonnéll ZQbZ). While this theory predatsinitial Mass Function
in agreement with observations, its main drawback is thel slensities have not been observed
in any Galactic star cluster. A plausible scenario is thatdbmpetitive accretion of forming stars,
inside a Galactic cluster, increases the stellar densithencluster creating a density where the
collisions are possible.

A proposed evolution from a high mass core into a high masssstnown in figuré 1l4. The
earliest evolutionary stage is a high-mass starless caviS(E). This stage is the least observation-
ally studied due to the fliculties of detecting them, so far none have been detectesy, dite cold
(~10 K), with masses ranging from 100JVto few 1000 M,, sizes of 0.25-0.5 pc and densities of
10° cm3 (MI 7). Observationally, they are charamtdrby strong cold dust emis-
sion, molecular lines at sub-millimeter to millimeter wiemgth (e.gt*CO, NbH* and HNC) and
non detection in the mid-infrared.

Once the high mass star is turned on, the central star UVtradikeats its surrounding gas and
dust. This phase is usually denominatedta® molecular core” phase. Hot cores are internally
heated (50-250 K), have masses of 100 to 3QQ $izes< 0.1 pc and densities of 26- 10 cm3.

It is expected to exhibit considerable flux in the infraredeen fuzzies (enhancement at 4r8),
24 ympoint source emission. The emission at sub-millimeter #dimeter continuum is from
thermal radiation of the hot dust. Hot cores are usually@ased with molecular outflows and,B

and Class Il CHOH maser emissiorﬁ (Walsh eﬂ bl. 1bb8: Kyvlafis and Pa\Ha&ﬁ:llB_Qutﬂer_elﬁll.
|29.Qi;|_Ell'Lng§_eH_29_¢6), both signature of an accretion cﬁt(amnd_uZﬂdb_l&bwz_&dal.

). They also exhibit a rich chemistry, showing emisdr@m complex molecules such as
large organic carbon chains (e. g. §3N, HGCN, HC*CCN and HNCO)|(Blake et al. 1987;
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Ficure 1.4: Proposed evolutionary sequence for a high-mass proto star. tmagesy of Cormac Purcell.

LS_thlke_eLajLZD_dl) and shock tracers, such as SiO.

Once the high-mass star is formed, its radiation will iortizeir surrounding forming an ex-
panding bubble of ionized gas, a ultra-compact HIl regio@Kll). The temperature in the ionized
gas is~ 10* with typical sizes ok 0.1 pc. Hyper compact HIl regions (HCHII, sizes0.01 pc)
may be an intermediate stage between an a hot core and a UGh#llyRhe we see OB associa-
tions at the center of a HIl region.
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1.3 Filamentary Molecular clouds

Recent surveys of dust thermal continuum emission (i.e. ASGAL {.S_Qhull_QLel_dLZQ_d)Q), BOLO-
CAM (IN_Qthaus_el_alLZDﬂ)S), HiGALLLMQIinar:i_eLHLZQiOa)) leashown that filamentary struc-
tures are ubiquitous along the Galactic Plane and withries$ similar to that of molecular clouds
). Since most of these regions harbor sites tfinigss star the study of such structures
may help us to a better characterization of the initial cbodiof star formation and to understand
how high mass stars are formed.

Because these filaments have been identified from recentysumeir study has gained mo-
mentum recently. Much work is under way to attempt to stuégéclouds and their connection to
star formation.

While several observational individual studies on indiabfilamentary regions have been

done, such as Orioh_(J_thsmne_a.ndﬂaM%Q), Tahr_us_@ﬂhdsl_aﬂ_ZD_QIS), Lupum al.
), Ophiucusl (de Geus eﬂ@b%), only few studies olaga sample of filaments have been
performed|(Schneider and Elmegﬂé_en_iél%_l\/lﬁsJZOOQ). Befsoin simulations of high mass
star forming regions also show that filaments are a natu@lBon of molecular clouds. These
results have helped to understand the physics of filament®dservational constrains are needed
to corroborate these theories.

In the following section we describe the current knowled§&lamentary molecular clouds,
about their origin, stability, fragmentation and star fatian within them.

1.3.1 Formation

The origin of filamentary structures is still unclear. Sevéneoretical models have been suggested
to explain the formation of filamentary structures from th@ecular cloud material. These models
can be categorized in three classes: global turbulencenetapydrodynamics and global gravita-
tion.

Models invoking global turbulence suggest that filamentseairom compression associated
with flows. Simulations show that filaments can be formed dayiyurbulence, and once the inho-
mogeneities are formed if turbulence is shut down gravity daminate and inhomogeneities will
collapse giving birth to stars within theran_KLe_Sien_étLaQQi) ancm 05) suggest
that filaments are formed as the result of compression aéllyituniform gas through the colli-
sion of randomly convergent turbulent parsec-scale flowshik, flow-drivenscenario, turbulence
will generate interacting shocks which will converge ciagtregions of higher densities. These
turbulent flows will be responsible for forming the filamemtatructures and the inhomogeneities
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within them. If turbulence is shut down the inhomogeneiéiesgravitational dominated and, once
the shock that formed them have passed, they will collapgao clumps that will produce stars.
These simulations show that irregular filaments can be fdrras seen for example in the Taurus
region. Although the global turbulence theory can form figms with a characteristic width as
those observed by Hershel in the Galactic : JLOjO), they do not predict a regular
spacing and direction observed in filame

Models including magnetic fields, shows that once turbwdaadissipated, magnetized clouds
collapse along the magnetic field lines creating dense say&mbipolar ditusion then allows
gravitational instabilities to create filamentary struesipresenting hubs and filaments, as seen
toward filamentary molecular clouds_(,Li_and_NaKadﬂLLa_tOOG).

Filaments can also arise from the compression of parsde-8oa winds from expanding Hll
regions or supernova remnants. Observational evidendardbsming regions near OB association
supports the idea that filaments can be form from stellar sv 2009). Winds sweep up low
density medium creating self gravitating sheet like stiteet. These layers can go under further
fragmentation due to periodic perturbations (symmetricsBEsInction or sinusoid m 942).

If the self gravitating layer posses magnetic field, fluidahdity models predicts its fragmentation
into filaments that are parallel or perpendicular to the ne#igrfield depending if the external

pressure of the layer is high or low respective o1 :lJInutguka and Miyar_‘hb 1Q92;
Nakamura et al. 1993; Tomisaka 1995).

Since observations show that most of filaments present aaiustructure MQ), cor-
responding to an elongated clump associated with one or fitaneentary tails, such as the one
observed in Serpens south clusth_(Q_ulﬂmuthél_aLJ 200)rgf1.5). To account for the hub-tail
structurm 9) suggest a scenario where a layeefibby stellar wind bubbles is vertically
self-gravitating and density modulated in one horizontedation and uniform in the perpendicu-
lar direction. This modulated layer can develop and maifitamentary structures with hub tail
morphology as observed.

1.3.2 Stability

Filaments can be approximated as self gravitating cylind@ibus, we can apply the knowledge of
these structures to filaments. The stability of self grawitacylinder have been widely studied.
Ostriker k19_6|4) studied the stability of isothermal selagtating cylinders, finding an analyti-
cal expression for the distribution of pressure, density gravitational energy of an isothermal
cylinder in equilibrium. They found that the density dibtriion, p, of an isothermal cylinder in

12
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Ficure 1.5: Example of a hub-tail configuration in the Serpens south Cllljs_te_l’_(lﬁjnb_le_t_a”_ZD_dS). Two
color image of IRAC 3.um and 4.5um bands north to the right of the image and east to the top. Here
we see the hub-tail configuration with two thin filaments to the south and sostlofthe hub and a broad
structure to the north-we09).

equilibrium is given by:

1

b o

P =Po

wherepg is the central density andis the radius of the filament. The mass per unit length is given
by:

KT [ 1
M(r) = ,umoG(1+8/r2)’ (1.2)

wherek is the Boltzmann constant, is the temperature of the filamenpt,is the mean molecular
weight,my is the hydrogen mass aflis the gravitational constant. As r tends to infinity the mass
per unit length can be approximated as:

2kT
M=——o. (1.3)
umeG
This is the simple case without magnetic field, however, bee@bservations showed the pres-
ence of large scale magnetic fields towards giant molecltards, it was necessary to develop
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more complicated theories that explain the stability offidantary molecular clouds in the presence

of large scale ordered magnetic fields (Fiege and Pﬂdritd;@ﬁge_el_dlio_d)h; Tilley and Pudritz

Observationally, there is ample evidence of magnetic fialsisociated with in filamentary
molecular clouds[_AhLes_eLbL(ZdOS) undertook opticalapiohetry toward the diuse gas in the
Pipe nebula and found a large scale magnetic field perpdadittuthe main axis of the cloud.
Chapman et alill_(;O_tLl) also found a magnetic field perpendituthe long axis of the filamentary
region B213 in Taurus. These results are interpret as eveddiat the gas and dust collapsed along
the field lines forming this filamentary structure. In Ori@idﬂdn_el_dl.L(ZQiO) measured the
polarimetry of stars which led to a representation of thephology of the magnetic field which is
found to be a two-component or helical magnetic field wragpire filament.

[Eiﬁge_and_EudLﬂtzl_(ZQbO) developed a new model of filamentarecular clouds, truncated

by external pressure and presenting a rather general hedagnetic field. To do this they used
a version of the tensor equation of virial equilibrium toluae the presence of magnetic field
and external pressure in long filamentary clouds. The v&gglilibrium is given by the following
equation (see AppendixD.1 for full derivation of this eqaaj:

Ps g M- M
P my (1 |W|)’ (4

wheremis the mass per unit length; B the surface pressuré?) is the average internal pressure
given by:

P) = —f Pav 1.5
whereV is the volume per unit lengthmy; is the virial mass per unit length given by:
2 2

whereo is the velocity dispersion and is the gravitational constanti’| and M are the gravita-
tional and total magnetic energies respectively given by:

W = —n'G, (1.7)
B2. + B?
M= 4—1f|3§d(v- (%](V, (1.8)
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1.3 HLAMENTARY M OLECULAR CLOUDS

whereB, is the magnetic field component along the axis of the filamedtBs, B,s are the com-
ponent z an@ of the magnetic field at the surface of the filament.

The value determined foM can be positive or negative, depending on whether or not the
poloidal or toroidal component of the magnetic field is doamtn If M > 0 then the magnetic
field is poloidal dominates, iM < O is toroidal dominated and iM = 0 then the magnetic
field could not exist and the non-magnetic form of the virigliation is recovered. The value of
M/|'W| can be constrained by measuring the valuemgh,, and(P)/Ps from observations.
Fiege and P;gdrikzl_(;QbO) derived the valuesMf|'W/| for seven filamentary molecular clouds,
using values of mass and pressure known from the literafinding that almost all of the sample
have values oM/|'W|< 0, which corresponds to a dominant toroidal magnetic field.

[Ei_egﬁ_and_BudLﬂtzl_(ZQ_bO) constructed theoretical modefgashents, finding that the density

profile falls af asr~18 to r 2. These results are shallower than the profile found in ptsnodels,
however, they agree with observations of filamentary madécciouds (e.qg. L97I.

) and IC514M98)). This density profile is in agrent with the presence of a toroidal
magnetic field wrapping the filament in its outer region. Ttbi®idal magnetic field would prevent
the filament from expansion. This model also suggest thalheifdominant part of the magnetic
field had a poloidal shape, then the density profile obsenaddvwbe much stepper which is not
the case for most of the filamentary molecular clouds observéhe Galaxy.

The stability of filamentary molecular clouds can be clasdifh two categories: non-magnetic,
hereafter Ostriker case, and magnetic. In the former nogretec case the radial density profile
will fall o ff asr=* and M/|'W|= 0 in the extended form of the virial equation. In the magnetic
case, the radial density profile has a shallower shapedadfiras~ r~1€ — r=2, The magnetic field
can be either poloidal or toroidal depending on wheth&i'W|is positive or negative respectively.
The presence or absence of a magnetic field can be inferneddbservations. Summarizing, the
presence of a magnetic field as a support for a filamentaryaulalecloud can be inferred from:

e The column density profile. Perpendicular to the length effiament the density profile,
have a distinct shape if the filament is supported only byitaaon or by a magnetic field,
which is described by (see Section 1.4.2.2):

,DchIat
p - .
[1+ (r/Raa)?]Z

(1) = A (1.9)

The shape of the density profile can be characterized by thenextp. If p = 4, then the
non-magnetic solution of a pure gravitational supporteahfént is valid, valuep ~ 2 - 3
correspond to the presence of a magnetic field.
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e The lineal mass, virial mass and pressure. With these digantve can determine, using
an extended version of the virial theorem to include magrfedids, if the flament needs a
magnetic support. With these values, it is also possiblesterchine whether the magnetic
field is poloidal or toroidal.

<P> Myir

PS m M
( IWI)' (1.10)

1.3.3 Fragmentation of filaments

Filaments aren’t smooth but contain fragments typicallgesled along their length. These re-
gions of high densities (clumps) are where the stars areddriihe spacing between the clumps
formed within filaments are the result of a fragmentationcpss. Recent work suggest that this
fragmentation might occur due to the "sausage” instabd]]g@&s_on_el_MhO)

In the "sausage” instability (Chandrasekhar and ﬁbmlﬂ&'é@as_am}hﬁéh Inutsuka and Miyéma
|L9_9j!; Nakamura et 4. 1Q9|3; Tomisaka 1|995) perturbatiotis @@rtain wavenumber grow faster
than others, unlike the case of three-dimensional Jeatepsel where all the perturbations grow
at the same rate. The clumps (over-densities) will be predat a wavenumber that grows faster,
corresponding to the most unstable wavenumber. Theref@ehould expect several clumps to
be formed within a filament with a regular spacing given bywaselength of the fastest growing
unstable mode.

In the case of an incompressible fluid the spacing betweenpdus given byln.x = 11R

thandms&KhaLaniEe}MSS), withis the radius of the filament. For a infinite isothermal
cylinder the spacing would b&,ay = 22H @mﬁ&wtﬁwﬁﬁwmwm, where

the isothermal scale heigit, is given by:

H = cy(4nGpc) V2, (1.11)

wherecs is the sound spee@ is the gravitational constant; is the central gas mass density at the
center of the filament. This equation is only valid in the d&se the dominant pressure is the ther-
mal pressure, however, in most molecular clouds the lingvagceed the thermal linewidth, imply-
ing the presence of a turbulent component. To account fetdnibulent pressurb (Fiege and Pu]jritz

) the sound speec, should be changed by the velocity dispersionresulting in an fective
scale height given by:

Hets = o(4nGpe) V2. (1.12)
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If we treat the filament as an isothermal cylinder with finiégelius, then the spacing will be
given by the ratio betweeR andH. In the case wher& > H the spacing will be given by
Amax = 22H and if R <« H then the spacing will be similar tdy,.x = 11R. This theory also predicts
a maximum critical lineal mass density for a self gravitgtaylinder in equilibrium, given by:

M 202
(Tha= 5 (1.13)

wherev corresponds to the sound speegljn the case of thermal suppo|rt (Ostr1964) or to the
velocity dispersiong, if we considerer the turbulent suppdrt (Fiege and PLllb_ﬂ_fﬂz

1.3.4 Star formation within filaments

Filamentary molecular clouds appears to be associatedrtfostnation, they may enhance the ac-
cretion rates into cores, thus making possible the formatihigh mass starE_(B_a.n_QLje_e_a.nd_Bubritz
|ZD_0_$;|_M;LeLH_ZQ_d9). Moreover, high mass star forming regit@nohave filamentary shapes such
as Orion.

IRDC, are examples of flamentary molecular clouds that agpe@sdark at infrared. Some of
the IRDC shows star formation activity, and they high colunemsities (1& - 10°®* cm?) sug-
gest that within them cluster of stars and high mass starsbhedgrmed [(R&h_b_ome_e_dw%).

kson IL(;QIlO) studied the fragmentation of Nessiextieme case of a filamentary molec-
ular cloud, into clumps. This work shows that instabilitoes be the responsible of the fragmenta-
tion of filaments into clumps and within these clump clustdrstars may be formed.

The formation of star forming clumps within IRDCs and the rebkmce of high mass star
forming complexes to filament IeMtMOlO) tp@se an evolutionary sequence
(Figure[1.6) where filamentary IRDCs fragment into clumps. sehelumps eventually will col-
lapse giving birth to stars clusters and high mass starsmiltiem. The radiation from the newly
formed stars create bubbles disrupting the filament. Theddibns will grow and overlap, and the
filament will contain one or more bright cluster.
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Ficure 1.6: Evolution of filamentary molecular clouds. Time increases downward ifiglie. Filamen-
tary molecular clouds are formed; this filaments go under collapse forming sluhtq@se clumps will col-
lapse forming massive stars and Hll regions and finally stars clustergeinem the filament (Jackson et al.
2010).
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1.4 Identification and characterization of filaments

To better understand the initial conditions of high mass fetanation it is necessary to study the
places were high mass stars are born. Star formation ocdilnis @ense regions of giant molecular
clouds that are often filamentary in shape. Some molecuaids| are so cold and dense that they
appear as dark patches in the sky at visible and even infreaedlength (e.g. IRDCS).

Giant molecular clouds have cold temperatures (10-30 K)tae@ emission arises mainly
from molecular lines and thermal dust continuum. At the terafures and densities inside giant
molecular clouds molecules will emit in rotational trargsis that occur in the millimeter to sub-
millimeter regime. Continuum emission from molecular clsadise from the dust grains that are
heated and re-emitted as a black body of equivalent temperah black body with a temperature
between 10-30 K will have its peak emission at (sub)millienevavelengths. Therefore, to study
the emission coming from either the dust or molecules it & beobserve at these wavelengths.

To identify regions of star formation in our Galaxy, sevesaiveys have recently been carried
out to trace dust thermal emission at (sub)millimeter wewgths (e.g. Bolocam Galactic Plane
Survey (BGPS|; Nordhaus et LZ‘)OS), ATLASG), The Herschel Infrared
Galactic Plane Survey (Hi-GAlLMoIi_nLie_t_lél._ZOJOb)). Beesurveys have shown that filamen-
tary molecular clouds are ubiquitous along the Galactio®la

To study filaments we follow the same approach as in the stiidpadecular clouds. We
analyze both their molecular line and dust continuum emissBecause dust emission is the sum
of everything emitting along the line of sight a filamentamusture determined visually from the
dust thermal emission does not necessary corresponds tgla,sphysically distinct molecular
cloud. It is possible that what we observe from the dust tlaémemission is the superposition
of several molecular clouds along the line of sight. To duatee if it is a physically coherent
structure we need to have information on its velocity whiah only be obtained from molecular
line observations.

In this section we describe the types of emission from mdéeatiouds and the information
we can gather from its analysi§I.4.1 overview the definitions and techniques used in filamen
§1.4.2 describe the mechanism of emission and parametevediérom the dust thermal contin-
uum emission§I.4.3 describe the mechanism of emission and parametévedi&om molecular
line emission.
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1.4.1 Defining the filament

In this sub-section we describe the method used to idefhighpbtential filamentary structure from
the dust thermal emission, describe the importance of rataetine observations in the study of
filamentary molecular clouds and Section 1.4.1.3 desctibederminology used to characterize
the filaments.

1.4.1.1 Following the dust emission

ATLASGAL images, tracing the dust thermal emission at g were used to identify possible
filaments. We selected by eye the structures that appearetcied at 87@&m. Each of these
"filaments” contained both extended emission and smaller peaks thaaeggbconnected.

To enhance the filamentary structures we performed a medi@ndn the images. This filter
smears out the isolated single peak of emission in regiatstie not part of connected structures.
Then, we used a Python algorithm to follows the peaks at;/870in these filtered sub-regions.
The algorithm select the peaks in emission ovesdt8eshold and interpolate these peaks using a
polynomial of high order (between 7 to 10). The path was iosgzkvisually making sure that the
path followed each peak observed at &ro.

The path defines the center of the filament and the width ofdg®n containing the filament
was chosen individually for each filament in order to conthimwhole emission observed at 870
um. This width usually correspond to 15-20 pixels to each sididne defined path and represent
the region where we detect significant emission at@70

1.4.1.2 Physical coherence

While images from ATLASGAL show filamentary structures aggpdly connected at 874m, the
observed emission arises from all emitting objects alorditte of sight. Therefore, what appears
connected may simply be the superposition of two or more cutde clouds along the line of sight.

To differentiate between a single coherent structure or sevenad€lsuperposed we need ad-
ditional information about the distance to each point ofb&ential filament. The determination
of distances to astronomical objects is usually a com@atdask. For molecular clouds their
kinematic distance is estimated using the observed vgldeitermined from molecular line obser-
vations and a model of the Galaxy rotation (see Se€fion P 408 further details).

In this work we usé3CO(3-2) molecular line observations to determine the vétdciward
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Ficure 1.7: Scheme of a filament. This figure shows how the lendthand radius are defineddx
correspond to the unit on which all thieeal properties (density, mass etc) of the filament were calculated.

each point in the filament. From the measurggk at the emission line we determine the kinetic
distance toward each point of the filament (see setfion. 2 foBfurther details).

If the velocity toward each point within the filament is siarilthen the filament is considered
as a single coherent structure. However, if we detdtgint velocities along the filament or if we
detect more than one line atfiirent velocities, we consider the regions witkfelient velocities
physically distinct clouds. In this way we distinguish beem single structures and the superpo-
sition of clouds along the line of sight. To visualize thisg wreated position-velocity maps of
the molecular line emission toward each filament. These rslapss the velocity of the emission
along the galactic longitude and latitude, if we see a cotmakestructure in the position-velocity
maps this suggest that the molecular cloud is single cohstercture and if we detect more than
one structure in these maps, this will indicate the presehseveral molecular clouds
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1.4.1.3 Filament terminology

In this section we describe the specific terminology usedis work to describe the filament
parameters. We assume, for simplicity, that filamentarycstires are cylinders. To avoid oversam-
pling, we divided the filament in subsections of lendth(Figure[1.7), which corresponds to the
ATLASGAL beam (18" at 87Qum).

The’length” of the filament is given by the extent of the longest sectiotheffilamentary
structure. To calculate tHeadius” a Gaussian was fitted to the profile of the dust emission across
the filament. The FWHM resulting from this fit was set as the @itan Figuré_1]7 illustrates the
length (upper figure) and radius (lower-right figure) in arfient. The radius of the filament was
calculated at each of the subsections of lerttlalong the filament. Thus, along the filament the
measured radius is not constant. The average value of thesnads used to describe the radius of
the filament as a global property.

The’lineal mass” of the filament (from the dust or virial), was defined as theswiesived from
the emission of each subsectidr along the filament. Where the mass per unit length/dd, is
obtained by integrating the density of the filament overatnaeter.

Linewidth along the filament

In this work we made molecular lines observations towardh gaint of the filament. To study how
the linewidth changes along the length of the filament we agmfhe average spectra across the
radius of the filament at each point along the filament. Thilbustrated in Figuré_1]8.

1.4.2 Dust thermal emission

Emission from small grains of dust in molecular clouds gigdraportant information about their
physical properties such as: density and temperature. Uiketemperature is physically deter-
mined by the balance between the heating and cooling. Dastgabsorb the UV radiation from
its surrounding and re-emit them as thermal radiation. Cabdeoular clouds, which appear as
dark patches in the sky at infrared wavelengths, have tifaogperatures of 10 to 30 K. With these
temperatures their black body emission peaks at sub-neiténto millimeter wavelengths.

The intensity of the radiation of a black body with temperafl at frequencyy, is given by:

2hv3/c?

B = exwAm -1

(1.14)
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Ficure 1.8: Scheme of the linewidth along a filament. This figure shows how the linewidt#idalated.
The molecular line observations at each section defined by the beam 8iz@&ath are averaged obtaining

a single spectrum at each point.

wherehis the plank constank is the Boltzmann constant ands the speed of light. lfiv < KT, we
can approximate the exponential term as‘¢Xp= 1 + hy/kT obtaining the following expression,

called the Rayleigh-Jeans law:

2v?
BRY = FkT. (1.15)

In a idealized model, the flux density from a cool cloud canXy@essed as the product of the
black body intensityB,, and a emissivity v# by the following expressiorh (Hildebrdllld_ﬂ)%):

F, = N—[;TBV(T)W. (1.16)

where,N is the column densityy is the velocity dispersiorD is the distance to the objeat,
is the frequencyg is the spectral index anB,(T) is the black body intensity at frequeneyand

temperaturd .
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1.4.2.1 Observations : flux density

When we observe a radio source, we receive the electromagaeiation that is intercepted by
the antenna. Assuming, for simplicity, that the radiaticonf the source travels through empty
space, the infinitesimal poweatP, defined as the energy per unit time received by an antenhain t
frequency range, v + év is given by:

dP =1, cosgdQdody, (1.17)

whereo is the area collecting the emissionis the frequencyd is the angle between the normal to
the surfacer and the direction t62, which is the source solid anglk;is the brightness or specific
intensity defined ag, = dP/ cosddQdody. For discrete sources with an angular sie€l radian,
the flux density, S, of an astronomical source is defined amthreochromatic intensity integrated
over a solid angle subtended by the source and is given by:

S= f 1()d€. (1.18)

I, is independent of the distance and will only change if theatazh is absorbed or emitted.
The change in, is described by the equation of radiative transfer:

dl,

gs = -k, 1, +&,. (1.19)

In this equation the term, |, will account for the absorption of the radiation, whetas the
absorption coicient ande, represents the emissivity. If there is only emissipnr= O; if there is
only absorptiore, = 0. In the case of thermodynamic equilibrium (TE), where praand radiation
are in equilibrium at the same temperatt%!g,: 0 and the brightness distributioh,is equal to the
Planck function), = B,(T). Since,% = 0 we can write Equation 1.119 as:

di,

s =0=-xB(T) +4, (1.20)

obtaining,
I, = B,(T) = &,/x,. (1.212)

This equation is called thkirchgff law. This law also applies even if the emittfiagsorbing
material is in local thermal equilibrium (LTE), i.e. it is bim equilibrium with the radiation field.
Defining the optical depth as:

dr, = —«,ds (1.22)
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and assuming local thermodynamical equilibrium, LTE, ¢igudd.I9 can be expressed as:

1dl, _dl,

ds  dr, =1, - B,(T), (1.23)

integrating this equation we have:

_Tv(s)
1,(s) = 1,(0) exp ™ + f B,(T)exp ™ dr. (1.24)
0

For large optical depth, i.er, — oo and no background source, then= B,(T). In the
Rayleigh-Jeans limiB,(T) = ZC—kaT, in this regime the brightness temperaturg, is defined as
the temperature of the blackbody that would give the sanengity as the celestial source. This
temperature can be measured when observing at millimetes@nmillimeter wavelengths.

2y?
IRJ(V,T) = FKTB (125)

In this regime, the flux density is given by the brightnessgerature,Tg, integrated over the
source solid angle:

2 2
S= f les(, T)dQ = f ZKIZBV dQ = % TedQ, (1.26)

in the case of a Gaussian source, the above expression b&come
3| aeer, |2 [ 4] 1.27)
Jyl 777 ] lem '

Therefore by measuring the flux of an astronomical source avedetermine its brightness
temperature by either measuring or assuming a solid angle.

1.4.2.2 Physical parameters derived from observations

In this section we overview the fiierent physical parameters derived from observations of the
thermal dust emission. We describe how the dust temperatdetermined and the flierent mass
measurement and their uncertainties. The mass is particaeey parameter to characterize
molecular clouds. We need accurate measurement of the rhassaecular cloud to determine
the stability and the amount of material available for therfation of stars within them.
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Temperature

Through observations of the thermal emission from dusingraiis possible to estimate the tem-
perature of molecular clouds. If observations at two wawgiles are available a color temperature
can be computed using the ratio of the emissibns_(_S_th_e_e_and@}LZQ_dS). The flux density

from the dust at an optically thin frequency it is given b;L(MielLel_a.“_ZD_dl):

S, = QBV(Td)KV/lmH Ny, (128)

where,B,(T) is the black body emission of the dust at temperafu(Equatior L.IK)S, is the flux
per beam{ is the solid angle of the beanmy is the mass of the hydrogen atom= 2.33 is the
mean molecular weight of interstellar material in molecd®uds; Ny is the column density of
hydrogen and, is the emissivity of the dust, given by:

v s
Ky = kzso(m) ) (1.29)

With k39 = 0.005 cnt g~ (Andre et all 1996: Preibisch et al. 1?98)5 the frequency and is the

emission spectral index. The dust color temperature isrddarom the ratio of the dust thermal
emission at two dferent frequencies, via:

i . (2)3#7’ exphc/vaKTgus) — 1 (1.30)

S, \v2) exphc/vikTaus) — 1
wherey; andv, are the two frequencies at which the dust thermal emissiome&suredg is the
emissivity spectral index; antl,s; is the dust temperature.

Two assumptions are required for this method to be valid. fireeis that the temperature of
the molecular cloud is low. At low temperatures (10 K) usingftlerived from sub-millimeter
wavelengths (e.g. 35@m and 87Qum), deviations from the Rayleigh Jeans law are considerable,
implying that the ratioSgzq,m/Sssq.m, IS @ strong function of both the dust temperature and the-spe
tral indexg Kramer et a ,ES). Therefore, the second assumptiomw, chdose an appropriate
value forg, which can range from 0.5 to b_(_S_th_e_e_a.nd_G_o_o_amad 2005)ndk n the material
of which the dust grains are made of (carbonaceous, silamater metallic %3» Obser-
vations toward molecular clouds have shown that assugisdl.5 is valid for observation in the
millimeter regime |(Paradis et MO%, but so far a robatue of the spectral index still remains
elusive.
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Column density and mass

The column density and mass of a molecular cloud can be @at&iom its dust thermal emission.
One needs to assume that the ratio between dust and gastigefglaonstant in the ISM. Not
directly measured, but a value of 100 is commonly used. Timescolumn density of gas, which
in molecular cloud is mostly in the form of molecular hydragean be estimated through the
measurement of the dust column density.

Dust is assumed to emit as a modified blackbody, and its flusiteat an optically thin fre-
quency is given by EquatidE:lﬂB_(M_itcLeLeﬂMbM). Thassivity indexs can have dferent
values according to the nature of the dust grajpis: 0 correspond to a true blackbogy,~ 1
corresponds to amorphous layer-lattice materials and &ahand crystalline dielectrics a value
of B ~ 2 is commonly used_LH_euning_e_ﬂ hL_lb%). If we assume thaditisé thermal emission at
sub-millimeter wavelengths is optically thin, then thewouh density and the mass of the molecular
cloud are given by:

N(H2) = R mBAT) (1.31)
2
5D (1.32)

dust = —K/l B/I(Td) s

where,S,; is the flux per beant is the solid angle of the beam; is the emissivity of the dust and

D is the distance to the source. The main uncertainties inctidulation are the distance to the
molecular cloud, the flux error, which is 15% due to calibrations, the dust temperature and the
assumed value if the dust to gas ratio which is included iretpgession for the dust emissivity
(Equatiori1.20).

Radial density profile and lineal mass of filaments:

When characterizing filaments it is useful to calculate thedl mass, which is the mass per unit
length (M,/pc) at each point along the filament’s length. The dust limeats is obtained by
integrating over the width of the filament the radial colunemsity, obtained from the observation
of dust thermal emission.

To analyze the shape of the dust thermal emission in filamémsobserved radial profile is
compared to an idealized model of a cylindrical filament vtk following radial density and
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column density profilesle (Arzoumanian etlal. 2k)11):

_ pe
o) = R (1.33)

pcRilat

2,(r) = A =
’ p[l + (r/Raa)? 7

(1.34)

where %, (r) = umyNy,(r), 1 is the mean molecular mads; is given byA, = —= f_O:O du/(1 + u?)P/?,

wherei in the inclination angleA, is a finite constant for values @ > 1; p. is the density at the
center of the filament angy 5 is the radius corresponding to the inner flat part of the dgpsofile;

u = 2.33 is the mean molecular weightyy is the hydrogen mass amdl,, is the column density.

As shown b)& Arzoumanian et fal, (2£b11) thiéeet of choosing # 0 does not fiect the shape of the

radial density profile, thus in this work we will assume a eatidii = O.

This column density profileZ,(r), is compared to the observed column density,s, which
is obtained directly from the dust thermal emission usingdigpn[1.3] at each point along the
filament. By fittingX to £,,s We obtainp which reveal the level of stability of the filaments (see
Sectiof1.3DP)

The lineal mass of the filament is obtained by integratingabservedradial density profile
across the width of the filament at each pouht)(along the filament.

Miineal = fzobs(r)dr- (1.35)

Lineal Density

The lineal density of the filament is defined as the ratio betwie lineal mass and tlikneal
volume”, as shown in Equatidn 1.B6. The "lineal volume” is definednesdross sectional area of
the filament, for simplicity we assume the filament as a c@maf radiusRs with cross sectional
arearR2. Thus, the lineal density can be written as,

(1.36)
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1.4.3 Molecular line emission

Emission from molecules can arise due to thre®edent processes: rotational transitions, caused
by rotation of the nuclei around an orthogonal axis; vilmadil transitions, produced by oscillations
of the relative positions of the nuclei to its equilibriumgitton and electronic transitions.

The main source of molecular emission in the millimeter megiarises due to rotational tran-
sitions. To produce this kind of emission, molecules needrazero dipole momentum. Since
guantum mechanics allows molecules to have discrete valfubgir angular momentum, the en-
ergy associated with the rotation is specific for each tteomsand each molecule. The amount of
rotational energy of a molecule is given by:

I+ 1

rot — W’ (137)

wherel is the molecule’s moment of inertia adds the angular momentum quantum number. A
molecule going from the rotational staldo J — 1, will release an amount of energy given by:

2
AE=[JJ+1)-(J- 1)J]%, (1.38)
The frequency of the photon emitted by this transition wal b
_ AErot _ h\]
V= = o (1.39)

Although molecular hydrogen is the most abundant molecutke interstellar medium it does
not posses an electric moment dipole, therefore it prodnoesservable emission in the millime-
ter regime. For this reason, other less abundant molectgessad as a tracer of;Ho study the
properties of molecular clouds. The second most abundaletoue is CO and it is the most com-
monly used to study molecular clouds. CO produces severtiontl transitions in the millimeter
regime making it easy to observe at these wavelengths.

In order to be able to detect a molecular line transition, rtitecule must be excited into
E.ot > 0, which can happen through ambient radiation or collisibesveen molecules. Thus,
molecules located deep inside molecular clouds will beteddy collisions while molecules at the
edges of the cloud will typically be excited by the ambiemtiation.

Each molecular transition is sensitive to the density andtki temperature of the gas. Molecules
won’'t emit until they reach a certain temperature and thesiigneaches a critical value, which is
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called”critical density”. This value corresponds to the density of the cloud at whiehttansition

is thermalized, and is given bLL(SLeLeiLaI._1|984),

3 A
ncrit - C(l _ e_hV/kain)’

(1.40)

where A is the inverse radiative lifetime, C is the colliskbde-excitation ca@cient, andTl, is the
temperature of the radiation field. If the kinetic temperatincreases more levels higher energies
will be populated. The population in each level is given by:

Nj Ntot _Ei
= O _gEifkeTex (1.41)
9gj U(Tex)

where,N; is the number of molecules in the levelbd,is the degeneraciy is the total number of
moleculesksg is the Boltzmann constanit] (Te,) is the partition function and.y is the excitation
temperature. In the case of local thermodynamic equilibfiuTE, Tey = Tyin.

Therefore, since each molecule will need a specific densilytemperature to be excited and
emit radiation, observations of CO, and other molecules dbssmdant such as CS, SiO;H\,
HCO', etc. allow us to determine the distribution and the physiaeameters of the molecular gas.
Hence, by studying the strength, shape, velocity and, faresmolecules, their hyperfine structure
(due to the interaction of the magnetic dipole or electriadupole with electrons or other nuclei)
we can reveal the conditions within molecular clouds.

1.4.3.1 Observations: Peak intensity, line width and veloty

From the molecular line emission of an astronomical soureecan derive the properties of the
emitting source through the analysis of the spectra obderMae three principal characteristics of
a spectral line are: central velocity, the linewidth ancbisity. The linewidth and velocity give

information about the kinematics of the molecular cloud] #re intensity gives information about
the density and temperature of the cloud.

The quantity measured with a radio telescope is calledititenna temperatureThe antenna
temperature is the temperature of a black body that would gmiequivalent power received by
the radio telescope and can be related to the brightnessetatmpe,Tg. If the source is small
compared to the telescope beam, the antenna temperativensy:

Tpa=—nTg, 1.42
A QbT]B ( )
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where, Qs is the source solid angl€), is the antenna beam solid angle ant the main beam
efficiency. This temperature corresponds to the intensity @sfiectral line detected by the radio
telescope. When we detect a spectral line the antenna tetmgera related to the excitation
temperature, at which the line is produced, by the follonergression:

Ta=n¢(Tex— Tee)(L—exp ™), (1.43)

whereTey is the excitation temperatur&pg is the background temperaturg;is the main beam
filling factor; 7 is the opacity of the molecular cloud ands the dficiency factor of the antenna.
Usually the antenna temperature is expressed as the mamtbegeraturel g, that is equivalent
to the antenna temperature multiplied by the antertiie@ency factor;,.

TMB = TA/T] (144)
The width of a spectral line is the result of thre&elient mechanisms of broadening:

e Natural line width , produced because the energy levels are not infinitely skarfne emit-
ted photons have a range of frequencies given by:

L1
T 2nAt

, where At is the lifetime of the excited state.

Ay

e Thermal Dopper width, due to the random motions of the individual atoms and maddscu
in the gas and is defined as:
2kT,
Uit = ?" (1.45)

where m is the mass of the atom or molecule @&pd the kinetic temperature of the gas.

e Turbulent width , due to bulk motions of the gas or turbulent motions or to tresence of
outflows or inflows.

Typically, the mechanism that dominates the width of the igiturbulence due to motions of small
clumps inside the molecular cloud. Therefore, the analysibe width of a detected molecular
line gives information about the global kinematics inside tloud.

The Doppler shift in velocityy, sr, at what the line is observed tell us the radial velocity &f th
cloud in the Galaxy. Comparing this radial velocity and thsifpon on the sky (Galactic longitude
and latitude) to a model for Galactic rotation, we can obthm distance toward the molecular
cloud (see Sectidn 1.4.3.2 for further details).
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Moment maps

A useful tool to help analyze molecular line data is to createnents maps of the emission. Mo-
ment maps give us an easy way to visualize and interpret teeredtions. The three principal
moment maps used are the Oth, 1st and 2nd. The Zeroth momenbmtheintegrated intensity
map, is defined as:

Mo:fl(v)dv. (1.46)

This integrated intensity map reveals where the molecularémission arises within the ob-
served source. The first moment map, orititensity-weighted velocity magefined as:

My = 1 [(v)vdy, (1.47)
Mo

reveals the mean velocity within the source and providegsaldé information about the overall
kinematics. Generating these maps are especially crucitié study filamentary molecular cloud,
because they show whether the structure is a single cohgcertt or the superposition of two or
more clouds along the line of sight.

The second moment map, or the intensity-weighted line witlth defined as:

M, = \/Miofl(v)(v— M,)2dy, (1.48)

and reveals the variation of the linewidth within the sourltés useful to identify regions where
the line width is high and, therefore, where turbulence ghhi

1.4.3.2 Kinematic distances to molecular clouds

Knowing the distance to a molecular cloud allows us to deit@rtheir physical properties, such
as the mass and density. These quantities are importanteiordee reliably as these quantities are
used to define and characterize molecular clouds. To c#édcthia distance to a molecular cloud
we use the observed velocity of its molecular line emissipgg, its position in the sky, and use
a model of the rotation of the Galaxy. Galactic rotationaldels predict the Doppler velocity of
molecular clouds in the Galaxy as a function of the galadigitude. In this work we use the
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model described iﬂand_e_ddl._@%), where the rotatiomalecof the Milky Way is given by:

(210969- 150); + 150 for r < 2kpc
V(r) = vo((%)o'oggﬂ 0.007@ for 2<r < 17kpc (1.49)
229 for r > 17kpc

where r is the Galactocentric distan€g;is the Galactocentric distance of the Sun, estimated to be
8.5 kpc andV, is the circular rotation velocity at the position of the Sassumed to be 220 km
s, The radial velocity of a molecular cloud in the Galacticngas given by:

Vi) = Ro 2 - 22)sing (150

where,V(r) is the velocity given by the rotational curve model (Eqoafl.49); r is the Galacto-
centric distance anbis the Galactic longitude of the cloud. To obtain Mgy, it is necessary to
observe a molecular line transition toward the moleculaudland obtain it$, sg, which corre-
spond toV,qq(l) in Equation”1.5D. With this value and replaciNgr) in Equation1.50 with the
corresponding value of Equatign 1149 we can obtain the Gadaatric distance to the object. The
distance to the molecular cloud will be given by the quadratjuation:

R = (d*cosb? + RS — 2Ryd cosb cosl)*?, (1.51)

where R is the Galactocentric distance to the obgkd,the distance to the objedtjn the galactic
latitude and is the galactic longitude. Since this equation is quadthtce are two distances as
possible solution for object located within the solar @rchear and far distance. It is impossible
to distinguish between them based only on this calculatibm.resolve this ambiguity we need
additional information. A simple way to resolve this ambtgus with information for molecular
clouds that appear dark (like IRDCs) is to assume that theytlibeanear kinematic distance
because they are obscuring the extended background prielsuroaning from the Galaxy.

However, if the molecular cloud does not appear dark we damsthis argument. To disen-
tangle the kinematic distance several approach have been @@mbining measurement of H10
recombination line and $¥CO absorption lines Downes et il._(lb80) b.nd_ALa)LaJeLalJ)Zdé\lel-
oped a method to distinguish between near and far kinemiatargte. In this method, if thed@O
absorption occurs at higher velocity than the HiI@combination line then the far kinematic
distance is chosen, otherwise the near distance is selected
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Paladini et a||.|_(;0_d4) used the luminosity-physical disanebrrelation of HIl regions to distin-
guish between near and far kinematic distance. This methbased on the fact that the luminosity
is proportional to the product of the lineal diameter (obéai from the emission measurement) and
the square of the angular size.

Burton et al.[(1978) and Liszt etlal. (1981) used HI self-apon to disentangle the kinematic

distance. If a molecular cloud shows HI self-absorptiomnplies that cold HI in the molecular
cloud is absorbing warmer HI emission from the Galactic lgaocknd. If this is the case, it is
likely that the molecular cloud is at the near kinematicahse. However, in order for this to be
observable the molecular cloud must contaifiisient cold atomic hydrogen.

1.4.3.3 Derivation of physical parameters
Mass from virial equilibrium analysis

The mass of a molecular cloud can be estimated from the Wmgdrem, assuming that the cloud
Is in virial equilibrium, i.e. that there is equilibrium leten the potential energy and the kinetic
energy inside the molecular cloud. The mass obtained fresmmbthod is calledirial mass

If the motions of small clumps inside the cloud are balanadg by gravity, since the broad-
ening of the spectral lines is due mainly to the bulk motiarsde the cloud, then it is possible
to relate the width observed in a molecular line transitiortifis work we usé*CO(3-2)) with its
underlying mass. If we consider a filamentary molecular @lmstead of the classical spherical
model and we take into account th@eets of the internal and external pressure over the cloed, th

virial equation is given by Equatidm.li(F_iegs_&d_Pquﬁﬁﬁ) and theineal virial massis given
by:
2(0?
My = <G ) (1.52)

The lineal virial masscan be obtained directly from the molecular line observetiand is
independent of the width of the filament. In this equatiois the velocity dispersion given by:

Av
o ={(c?)Y? = ¢, 1.53
() ghe) (1.53)
where,Au is related to the observed line-widihy,,s, by the Fuller and M i(LQ_bZ) formula:
1 1
AvZ, = Av3 .+ 8 |n(2)kT(ﬁ -~ E)' (1.54)
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Ficure 1.9: NbH* and HCN hyperfine structure

This equation accounts for the fact that the emitting mdkdn our casé®CO(3-2), is much
more massive than the average molecule within the cloudhigrequatiorm = 2.33my is the mean
molecular mass of the gas. We usgco = 28my as the mass of thECO(3-2) molecule.

Column density and mass from hyperfine structure

By measuring the relative intensities of the hyperfine conepts of molecules with hyperfine
structure we can derive the column density and mass of mialeclouds. Several molecules ob-
served toward molecular clouds posses hyperfine structuod, as MH*, HCN, HNC and GH.
Figure[1.9, shows an example of the hyperfine structure,bfind HNC observed toward one of
the clumps studied in this work. In this figure we can distisguclearly the three main components
of the hyperfine structure.

The opacity of the line can be obtained by fitting the hyperioemponents simultaneously,
assuming that: all the components have the same excitatioperature; the lines have a Gaussian
profile; and all the lines are distinct and have the same widtider these assumptions, the opacity
for each hyperfine component is computed via the expression:

Ti() = 7 exp(—4 In z(” ‘A;"“ )2) (1.55)
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where,Av is the common FWHM of all componenis, = v; + v sriS the central velocity of thgh
componenty, sris the velocity of the reference line. The total opacity @& thultiplet will be the
sum of the opacity of each component (Equalion]1.55).

Knowing the opacity, it is possible to compute the columnsitgn This is calculated using the
following expression:

Ntot =

8krv? | oty Q(Tey) olEu/KT) (L) (1.56)
Ayhc Ju 1-em .

where Av is the line width;2 andy are the wavelength and frequency of the observed transjtipn
is the main beam temperatui;, is the Einstein ca@cient; g, is the statistical weight of the upper
level; T is the total optical depth; h is the Planck constdny; is the excitation temperatur€) is
the partition functionf, is the energy of the lower level afkds Boltzmann constant.

For linear molecules, the partition function is given by:

Q(Tey) = i(ZJ + 1) eXpEE;/KTey), (1.57)
J=0
where,
E; =J(J+ 1)hB, (1.58)

where, J is the rotational quantum number and B is the rotaticonstant. If the line is optically
thin, then the expression for the column density is:

Ne = 8krv? [ Todv Q(Tey) o(Eu/KT)
b Ayhc Ju

(1.59)

In this work we use the PH*(1-0) molecular line to derive the column density. The valoé
Ay andB for N,H*(1-0)used to determinis; are given il B.R, in the optically thin cas€lg, = 5
K it is assumed. Using the appropriate values fgHN(1-0), the column density in the optically

thick case isL(B_ensgn_e_tJM 98):

_ TAVT
N(Cm 2) =3.3x% 1011?4487);1-&8 (160)
and in the optically thin case:
N(cm?) = 8 x 10" AvTg (1.61)

whereTg is the brightness temperature of theHN(1-0) line in K. Once the hH*column density
has been obtained, the total mass of the cloud can be ca&duw the expression:

Mnzts = N(N2H) peak X Mizrs X D? X Qrwhm, (1.62)
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where, D is the distance aifgk\ v is the area of the clump. To obtain the total mass of the cloud
it is assumed a typical #*/H, abundance ratio of 8 10-1° (Caselli et al. 2002). Secti¢nB.1 list
the frequencies and relatives intensities of the hyperfimeponents for all the molecules observed
in this thesis.

Pressure

In this section we describe the method utilized to estimlageinternal and external pressure of
filamentary molecular cloud from the observations.

Internal pressure The average internal pressure inside filamentary molecldads is given
by the expression:

(1.63)

where,V is the volume per unit length, which in the case of filamengdryctures corresponds to
the cross sectional araﬁ% whereRy is the radius of the filament and P is thi@eetive pressure

inside the cloud. Thefective pressure can be expresse® aso?p, where the velocity dispersion,
o, takes into account the thermal and non-thermal comporantse line width. The average
square velocity dispersion can be expressed as:

o _ (P _ JyoipdV
== 1.64
=1 [odv (1.64)

wherep) is the lineal density. Thus, the average internal pressuszis of observables becomes:

Av 'm
P) = (62){p) = o ) , 1.
(P) =<(c"Xp) ( 5he) R (1.65)

where,Auvy is the corrected line width (given by Equation 1.54)andR; are the lineal mass and
radius of the filament.

External pressure Molecular clouds and filaments are surrounded by atomidgagonfines
the molecular cloud. This gas, like the gas inside molecciland, will be dominated by non-
thermal motions. To determine the pressure exerted by tieerat gas over the filament we assume
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that the pressure at the surface of the filamsumtface pressurewill be equal to the pressure of the
gas at the outer boundary of the filamentary structure.

To calculate this surface pressure, we compute the averaustyl of the gas outside the fil-
ament. We use both the molecular line observation and thetldeisnal observations, obtaining
an average value for the density of the gas through tiferdint methods. The velocity dispersion
is obtained from the average in line width of the moleculae lemission outside the filament, via
(0?) = (Avyr/ V81In(2)). The external pressure is given by Equafion 1.5.

1.5 Identification and characterization of star-forming clumps
within filaments

Filament like molecular clouds have structure. The smaligther density regions within them,
referred as’clumps”, are the sites where star formation is occurring or may ocdginus, it is
important to identify and characterize these sites.

1.5.1 Properties of the clumps

The properties of each clump were derived from both theitinaom and molecular line emis-
sion. The color temperature was obtained in the same waysxsided for the filaments, using
the emission at 350mand 87Qumon the clumps presenting low emission at infrared sugugsti
low temperatures. For those clumps exhibit considerablsstom at infrared we assumed a dust
temperature similar to temperatures observed toward dwexpibit similar properties (see section

1.4.2.2).

The sizes of the clumps were defined as the diameter of theadgni circle with an area
enclosing the 50% of the peak emission. The column densidynaass derived from the dust
continuum emission were calculate directly from the dugssion is a similar manner to the overall
filament. The only exception was made in the derivation ofvin@l mass for each clump, since
the geometry of clumps is fllerent to the filament.

Mass of the clumps from virial equilibrium analysis

For clumps, unlike for filaments, we can assume that theinggy is spherical. For this reason
we use a dterent expression for tharial mass Thevirial massof the clumps is estimated from
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the virial theorem, assuming that the clump is in virial éiquum (there is equilibrium between
the potential energy and the kinetic energy inside clumpsuining that the clump has uniform
density, we use the following relationship to estimate ti@lvmass of a clump of radiuR and
linewidth Av:

M Av V(R
M ZSO(W) (ﬁs) (1.66)

The above expression @ly valid for molecular clouds with spherical geometries. Fibreo
types of geometries it is necessary to change the value abth&tant.

Relative spacing

Theories that explain the mechanism of fragmentation ofnilatary molecular clouds predict a
characteristic spacing between the clumps formed withinfilaments. Thus, determining the
spacing between the clumps is important to test these #seori

The spacing between the clumps was obtained from theiriposiobtained from the ATLAS-
GAL catalog (see Sectidd 3). The spacing was defined as thdaargeparation between two
consecutive clumps, starting with the clump with more niggatalue in galactic longitude. The
angular separation was expressed in unit of pc, derived thendistance determined for each fila-
ment.

1.5.2 Evolutionary sequence

To asses a connection between star formation and filamem@lgcular clouds, we need to char-
acterize the emission of clumps to asses they evolutiortages The clumps are divided in four
categories depending on their emission at infrared and culale lines: quiescenttlumps, proto
stellar, HIl or photo dissociation region (PDR). We classify the chetbased on the following star
formation indicators at their infrared and millimeter ess:

e Green fuzzies or extended green objects (EGOs): This qamels to enhancement at 4u® that
may be due to shock excited lines such agF S(9) and CG=1-0.

e 8 umemission: This emission arises from polycyclic aromayidrbcarbons (PAHS), usually
interpreted as signatures of star formation.
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e 24 um point source: The presence of point like emission at thigeleamgth suggest that
star formation has already started. This emission traces\wlast that is heated as material
accrete into a central proto star.

e Complex chemistry lines: The detection of complex molecturkrsitions toward the clumps
suggest that this is a hot core.

Clumps that do not contain an accreting protostar will havepteratures to low to emit a de-
tectable 24um emissionL(Bath_Ql:n_e_eﬂ 10) will be treatedyagescent The detection of a
green fuzzy and a 24m point source will be indicative of star formation, thus, wd classify the
clumps agroto stellar If significant emission is observed au81 and 24um, presenting a bubble-
like shape, we will classify the clump as HIl region. If theiesion at GLIMPSE and MIPSGAL
is significant and the morphology is extended then the clunligpes classified as PDR.

The presence and absence of certain molecular speciesscepealised to help define an evolu-
tionary sequence (e.d._(_S_uzLLlsLe_kLaL_]JQQEJ)J_S_aKajJ I_QH.Lprropose an evolutionary sequence
based on observations of SiO, gPH, HN'*C and H3CO*. These studies are possible because
molecules are tracers specific conditions of density angbéeature. For instance,,N*, HNC,
HCO" and HCN are good tracers of dense gas. HNC is usually found-dogedd gas. HCO is
good as a tracer of infall or outflow signatures. Thereforembieexpect to detect these molecules
toward cold dense molecular clouds.

Complex organic molecules such as £HN, HG;CN, HC'*CCN, HNCOtraces hot molecular
cores. These molecules are typically found around high rpeste stars where they have been
liberated by radiation or shock. GBN is commonly observed toward masers regionsd S pro-
duced in photodissociation regi0009). SiOdsashocked regions, such as outflows.
It is known to be absent in cold quiescent clouds, because &irost always depleted onto dust
grains. SiO is released into the gas phase with a disrupkeralgrain-grain collision.
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1.6 Thesis aims

How high mass stars are formed is still an open question is@sgsics. To understand the pro-
cesses involved in high mass star formation we need to shelydry earliest stages of star for-
mation, thus characterizing the places where high massatafformed. Recent observations have
shown that high mass stars may form within IRDCs (Rathbgrnd E(M). IRDCs are typically
filamentary and show clumps in all stages of evolution.

This thesis aims to better understand the connection batfilamentary molecular clouds and
the formation of a high-mass star. Specifically we will adgdrthe following questions:

Are the extended structures that are seen along the gatdatie really coherent filamentary
molecular clouds?

What are the characteristics of the filaments and their cl@mps

Are the filaments stable against gravitational collapse?

How are filaments related to high-mass star formation? Age ttlumps forming high-mass
stars and clusters?

To provide answers to these questions we have embarked stearstic characterization of
these structures. Using multi wavelength data we aim toacearize filaments and their embedded
clumps, to determine the connection between filaments agidriass star formation.
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To study filamentary structures, we utilized combinationrafiti-wavelength datasets. The sec-
tions below outline the various datasets used, the telescapstruments and observing parame-
ters. Sectiof 211 describes the data from various GalalkgitePsurveys while sectidn 2.2 and]2.3
describe the continuum and molecular line observationsindgd across the filaments and toward
the clumps.

2.1 Galactic Plane Surveys

2.1.1 ATLASGAL: 870 um continuum survey

The APEX Telescope Large Area Survey of the Galaxy (ATLASG@.QhulLQLe_LdLZD_@) mapped
dust thermal emission at 876n at high sensitivity (50 mJigeam) with the aim of having a com-
plete census of the regions of high mass star formation iGtilactic Plane.

The survey was carried out from 2007 to 2010 using the LABOCAlneiter receive aI.
) mounted at the 12 m sub-millimeter APEX (Atacama Padlefi EXperiment) anten a(Gten et al.
), located in Llano de Chajnantor, Chile. During 2007 sinevey covered from -3Qto +21°
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in galactic longitude and from 21to +1° in galactic latitude. From 2008 to 2010, the survey was
extended to covering60° in galactic longitude, andt1.5° in galactic latitude. In 2010 the Carina
arm was included, extending this survey to cover galactigiknde -80to -60’and galactic latitude
-2°to +1°.

LABOCA is a 295 element bolometer array centered at 345 GHz avithndwidth of 60 GHz,
at this frequency the beam size is”1®. The survey was conducted by observing 2 degrees
slices along the Galactic Plane, using on the fly (OTF) secaywelocity of 3/s. To avoid artifacts
inherent to the observing technique, each position in tgensls covered twice, the two maps were
observed with dferent scanning angles. Flux calibrations were made usiagepd as primary
calibrators (Mars, Neptune and Uranus), and bright Galacturces with known fluxes from the
commissioning of LABOCA as secondary calibrators. The enrofikix are estimated to be lower

than 15%I(Schuller et al. 2d09) and pointiR¢1S error is~ 4”.

The data reduction was conducted using the BOlometer array Ataalysis packaie iBoA;
Shuller etal. in prep.). The steps involved in the data redo@re explained in detail in Schuller et al.

), and can be summarized as: flagging bad pixels, remdiie correlated noise, flagging
noisy pixels, despiking, low frequency filtering, and sabtng a first order baseline. The maps
are then built by co-adding the signals from all bolometassng a weighted mean with natural
weighting. A weight map is also constructed, containingshen of all the weights that contribute
to each pixel. Armsmap can then be computed gsdrt(weight).

A problem inherent to the reduction of ground-based bolemgdta is the loss of the extended
emission, which is filtered out when the correlated noisaldracted. As a result, uniform emission
at angular scales larger thah2cannot be recovered. For this survey, the steps involvedd
reduction of the data were optimized to recover compactcgsur The final maps are generated
with a pixel size of 6 arc sec, corresponding tg/a df the telescope beam. TRMS of the maps
is typically 50 mJybeam.

The full survey data will be made available to the commdﬂ*n’nyce the data quality checks are
completed.

2.1.2 GLIMPSE: 3.6um -8um continuum survey

Galactic Legacy Infrared Mid-Plane Survey Extraordiné@&IMPSE) tB_enlamin_el_éJLZQbS) was
carried out with theSpitzerspace telescope and observed the inner part of the Galaxyuat f

different wavelengths: 3.6, 4.5, 5.8 an@u®, using theSpitzerinfrared Array Camera (IRAC).
The aim of this survey was to study the structure of the inraa&y, the physics and statistics of

httpy/www.mpifr-bonn.mpg.diliv/atlasgaidata. html
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star formation regions and the interstellar medium.

Observations were carried out from March to November 200w Survey covered 240 square
degrees ranging from 10 to 70 degrees on both sides of theti@a@enter and spanning from
-1°to I°in Galactic Latitude. This survey includes some of the bylgeulation, the central bar, the
molecular ring, the Sagittarius spiral arm tangent, and\itbilema spiral arm tangent.

The Galactic Plane was observed in segments, each regitre giidne was covered at least
twice by stepping array by /2 of a detector width. All reduction was done by tBpitzerScience
Center (SSC) pipeline. The GLIMPSE team also contributedd@tbcessing of the data. The final
data released to the public are fully reduced. The FITS heamtain relevant information from
both the SSC pipeline and the GLIMPSE processing. The firmdymts of this survey, including
flux calibrated fits files of each of the 4 channels observatimmd the point source catalog are
public available through NEHDwebsite. Survey coverage, beam size and pixel size of thgama
are summarized in Table 2.1.

We used available GLIMPSE images to make mosaics with a Rydlgorithm. A three color
image (Fig[A.1) was generated using® (red), 4.5um (blue) and 3.eem (green). GLIMPSE
8 um (red) wavelengths shows emission from Polycyclic Aromatydrocarbons (PAHS), green
ionized and shocked gas are visible at grb (green) while at 3.eem (blue) the emission is
dominated by stars.

2.1.3 MIPSGAL: 24 um continuum survey

MIPS Inner Galactic Plane Survey (MIPSGAIJ.)_(Q_aLe;LéLaL_bO@Bserved the inner Galactic
plane with the Multiband Imaging Photometer (MIPS) on bo&patzer It obtained both images

and photometry at 24, 70 and 1. The 24um camera has a field of view of 5. The main goal
of this survey was to find regions of star formation and ingasgé the distribution and energetics
of the dust and interstellar material in our Galaxy.

The data obtained with this survey is complementary to th&MBISE legacy project. MIPS-
GAL covered the same region as GLIMPSE and obtained a fulpagifrom —-68° < | < 69° in
Galactic longitude antb| < 3°.

The observations were reduced and calibrated by the SSGamiPSGAL team and mosaics
of 1.1 by 1.1 degrees were created as FITS files with standard &G 8nits of surface brightness
(MJy/sr). Tabld 2.l summarizes the details of the data. The n®sagcpublicly available from
NED.

2httpy/irsa.ipac.caltech.egdidatgNED/
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TasLe 2.1: Details of the Galactic Plane surveys.

Coverage Wavelength Beam size Pixel size
[um] [] [1
ATLASGAL | || =10 - 65, |b| < 1.5° 870 19.2 6
GLIMPSE Il < 60C,b <1° 3.6-8 1.4-1.7 1.2
MIPSGAL -68 <1 <69,|b<1° 24 6 1.2

2.2 Mapping the filamentary structures

This section describes the follow up observations towaeditte filamentary structures selected to
perform detailed studies. The filamentary structures ctedefrom the ATLASGAL survey, were
mapped in both continuum and molecular line emission. 8efiZ.1 describe the continuum
observation performed at 330n and in sectioh 2.212 we describe the details of the moletin&
observations.

2.2.1 35Qum continuum emission

In this section we describe the acquisition of the contindata at 35«m and the steps involved
in the data reduction of these observations.

2.2.1.1 Data acquisition

The 35Qum continuum observations were made using the Submillinfd?&X Bolometer Camera
(SABOCA) JSiringQ et all|loj0), which consists of a bolometeayof 39 detectors, mounted on
the APEX telescope, located in Chajnantor, Chile. The beasnd@iAPEX at this wavelength is
7” and the field of view is-90”. The observations were made using the on-the-fly mode. Tid avo
artifacts due to the scan mode each map was observed twiddagjonal scanning angles.

The observations were carried out during June 2010, AudBd 2and October 2011. Data
toward each filamentary structure was obtained by the ccatibimof small maps that covered the
entire filament, with average sizes of 3’ by 3'. Details of #maller individual maps that covered
each filamentary structure: center position of the maps;sibe of the region covered by these
observations; and the time were the observations were nradeimmarized in/All.
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Pointing and focus checks were made using planets (Mars aptlNe where available). The
calibration was made using planets and secondary calisratith known fluxes, the sources uti-
lized in this observations were, B13134, IRAS 16293, G5.8%{3eof these source are summa-
rized infA.B). Each calibration source was observed eveuy,siydips were also performed every
hour to estimate the atmospheric opacity.

2.2.1.2 Datareduction

The data were reduced using BoA (BOlometer Array Analysisv@&ot) software designed to read,
handle, and analyze bolometer array data.

Each small orthogonal map observed towards each positisrreduced and calibrated inde-
pendently. Each map was initially flat field subtracted, d@yamrrected, the base line was fitted,
and any point sources extracted. Then, the noise in the mapedaced with a median correlated
noise filter and any spikes removed. After this step the psootce were re added back and the
fluxes were corrected. The individual maps were then conabine

Once both orthogonal maps were added together, we conatsigral to noise map and a mask
with the emission over a threshold o5 with o ther.m.sof the map. Once we obtained this mask,
each map was re-reduced following the steps mentioned albisigg the mask as input for the
emission.

All the small maps that covered the filamentary structuregondividually reduced, were added
together in BoA to produce the larger map that covered theesfitament. Since the individual
maps overlapped, the large map had a higher sensitivityghaln individual map. Thus, we created
a new mask for each filament and all the individual maps weredeaced using this larger, more
sensitive mask to remove the extended emission in the riedymtocess.

This reduction process was needed to extract the complexésad filamentary structure ob-
served toward these filaments. However, the removal of thesleded noise in the maps make
it impossible to recover all the extendedfdse emission. Nevertheless, the densest parts of the
filaments are recovered well.q

2.2.2 13CO molecular line emission

In this section we describe the data acquisition and thectamuprocedure for th€CO(3-2) molec-
ular line observations.

a7



THE DATA

2.2.2.1 Data acquisition

13CO(3-2) maps across the filaments were obtained using the AREX¥perconductor-insulator-
superconductor (SIS) heterodyne receiver at APEX durimg 2010, August 2010, October 2010
and October 2011. The beam size is of 18.2" at this frequeRuy.backend used during the 2010
observations was the Fast Fourier Transform Spectromiear) and the eXtended Fast Fourier
Transform Spectrometer (XFFTS) was used during the obsernvan October 2011. The velocity
resolution of the spectra is@ km s?.

Observations were obtained by mapping small regionx(3’) across the filament using the
OTF mode. Sincé3CO is commonly found in the Galactic Plane, for tH& mosition we used an
absolute position below the Galactic plane to avoid comation in the spectra. Table A.2 gives
the center coordinates, the size of the mapped regionsptakitegration time and date of the
observations.

The system temperature was calibrated prior to each olismrwesing the chopper mode. Point-
ing and focus were made on IRAS15194 every hour, the pointingracy was 2”-3". The average
value of the water vapor column density ranged from 0.6 mm4ayim and the system tempera-
tures were typically 300 K. fwere converted to \ig using a mean beantteiency,nyg = 0.73.

2.2.2.2 Datareduction

We used Continuum and Line Analysis Single-dish Software (§8Ato reduce each of the indi-
vidual maps. The steps involved are the following: First wiested the source, line, backend and
offsets to get a list of observations for the OTF map. For eactigpe baseline were subtracted
using the BASE command, using a 3 degree polynomial. Eaattrspeere written to a new out-
put file and the spectra were then gridded using the algor@itD command, which produces
two files, a .gtf and a .Imv file. The .gtf (Gildas Data Formagdicontain the spectra as binary
tables. The .Imv files contain the gridded cube in Gildas Patanat. These cubes have position
dimensions on two axis (I,b) and spectral information onhisl axis ().

Finally the .Imv files were converted to fits cubes, usingds& GILDAS FITS. Using MIRIAD
we created the larger maps that covered the filaments by oamgkihe reduced individual maps.
The maps were combined by using the standard deviation ddigmal free channels (using the
MIRIAD imstattask) to weight the final maps.
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2.3 Observing the clumps

This section describes the data obtained towards the clidapsfied within the filamentary struc-
tures. Section sectidn 2.8.1 describes the MALT90 obsenatowards selected clumps &nd2.3.2
describes the PH*(3-2) point observations.

2.3.1 MALT90

Toward each clump, within the selected filaments, maps adelgas tracers were obtained as part
of the recent MALT90 surve)l (Foster et hl._2b11). MALT90, THdlimeter Astronomy Legacy
Team 90 GHz survey, aims to characterize the physical amdichéevolution of high mass dense
clumps by obtaining small maps towards a large sample ofgsima range of evolutionary stages.

The survey was conducted using the Mopra 22-m radio telesaond the 8 GHz wide Mopra
Spectrometer (MOPS), taking advantage of the fast mapmpglility of Mopra. The selected
lines at 90GHz fier a unique combination of optically thin and thick tracensl @over a broad
range in critical excitation densities and temperaturebi@2.2). The combination of data from
the diferent molecules and transitions allow us to determine phi/giroperties of the filaments
and their clumps.

The observations used in this work were obtained during tinewof 2010. The coordinates
of the regions observed are listed in TablelA.4, these obhtens were made using OTF mapping
mode of Mopra with a scan rate was 3.92” per seconds, covargpgtial region of 3k 3'. Signal
free reference positions were chosentdl degree in Galactic latitude away from the plane. All
maps are combination of scanning strips in both galactigitade and galactic latitude.

Pointing was checked using nearby SiO masers. The data haistang accuracy ok 10”.
System temperatures were measured by paddle scans everpdtesfinding typical values of
150 K - 250 K. The angular resolution of Mopra at 90 GHz is 36 seconds. The full 8 GHz
bandwidth of MOPS was split into 16 zoom bands that were cedten the lines of interest giving
a spectral resolution of 0.11 km's The typical - rmsin the spectra is 0.2 K per channel.

The maps were fully reduced by the MALT90 team using an autedn@duction pipeline. The
reduced and calibrated data products are available to thencmity via ATOA.

For each clump observed we produced moments maps (Oth, dtBthrmoments) from the
MALT90 data. We also fitted a Gaussian profile to the spectrutheapeak position at each data

3httpy/atoa.atnf.csiro.gmalt90
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cube and a 2D Gaussian to the integrated intensity mapstemadee the size of the clumps emis-
sion at each transition. For the;N*(1-0) data we also fit their hyperfine component to measure
the opacityy.

2.3.2 Deep NH™* spectra

This section describes the data acquisition and reducfitimeocdeep pointed observations carried
out towards selected clumps embedded in the filamentargtstas.

2.3.2.1 Data acquisition

The NbH*(3-2) observations were made using the APEX-2 heterodycesver on the APEX tele-
scope during June and August of 2010.

We obtained deep single position switched observationardthe brightest clumps embedded
within the filaments. These positions were selected basedednhigh 870um emission from the
ATLASGAL compact source catalog. Talile A.3 list the ATLASGAame, coordinates, integra-
tion time per position and date for the observations.

For the point observations we selected a signal free reterpasition below the Galactic plane
to avoid contamination with emission from other moleculauds. System temperatures was cali-
brate prior to each observations using the chopper modelahl@planets and sources with knows
flux were used for flux calibrators. Pointing and focus wereenan IRAS15194 every hour, the
pointing accuracy was of 2-3 arc seconds. The water vapanuolensity was in average 2.5 mm
and 0.8 mm and the system temperatures were typically 200KL.80 K during June and August
respectively.

2.3.2.2 Datareduction

We utilized CLASS to reduce the data. A one degree polynomaal fiv using signal free channels
to remove the baseline for each spectra. All spectra fronsdinge position were then averaged to
obtain the final spectrum for each clump.

While N,H* has hyperfine structure, for the majority of the cases owtspéid not resolve the
individuals component due to large width in velocity of eacmponent. When it was possible, we
fit the hyperfine component with the CLASS tasks HFS and MINIElZhe input file given to this
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TasLE 2.2: List of the molecular lines observed with Mopra (MALT90) and with AREXIumn 1 indicate
the molecule, column 2 the transition, column 3 the rest frequency, columnasghe critical density and
in column 5 is indicated which kind of object traces the corresponding molecule

Line Transition Frequency Nerit Tracer
MHz cm3
13C0O(3-2) E3-2 330587.97 2.19610* Column density
NoH* J=3-2 279511.701 1.35210° Density
NoH* J=1-0 93173.480 9.43210* Density, chemically robust
13Cs FE2-1 92494.303 1.4x10° Column density
H 41 92034.475 lonized gas
CH5CN X =51-4, 91985.316 5.78010° Hot core
HC3N J=10-9 91199.796 5.73a0° Hot core
13¢C34g E2-1 90926.036 1.18a10° Column density
HNC JE1-0 90663.572 2.68810° Density; cold chemistry
HCCCN JE10-9, =9-8 90593.059 1.89410° Hot core
HCO* J=1-0 89188.526 4.18610° Density
HCN FE1-0 88631.847 8.02410* Density
HNCO Kok, =413-312 88239.027 3.5661C°F Hot core
HNCO K.k, =%04-303 87925.238 6.18710° Hot core
C2H N=1-0,3%3/2-1/2, F=2-1 87316.925 2.20710" Photodissociation tracer
HNC JE1-0 87090.735 4.83410* Column density
SiO JE2-1 86847.010 2.908L0° Shockoutflow tracer
H3CO* J31-0 86754.330 7.15210 Column density

task had only the three main component of the hyperfine streictvith their respectively frequen-

cies and relative strengths. The outputs of this task arethie opacity, the excitation temperature
and the line width. When it was not possible to fit the hyperfingcture, we computed a multiple

Gaussian to fit the hyperfine components. From these fits vaenaat the peak temperatures, line
widths, integrated intensity and line velocities. In thgoni#y of the cases the values obtained for
the line width are not representatives of the true valueb®tpectral lines due to the blending of
their hyperfine structure.
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The formation of a high-mass star is veryfatiult to observe due to their short time scales compared
with their lower masses analogs. Recently, many surveys lbeee carried out to study the envi-
ronments of high-mass star-forming regions. The drawbdckamy of these surveys is that they
target samples which fulfill certain criteria (e.g. maseiission , or peculiar far-infrared colors).
As such, they are biased towards particular evolutionagyest (seleAAALLOAALékLZQb&. For example,
methanol masers have been found to be exclusively assoeidgtte the very early stages of high-
mass star formation and were the subject of the recent mathaulti-beam (MMB;@%L
M) survey. The Red MSX Source survey (RM&&LquhaLdMS)Zﬂargets the slightly later
high-mass young stellar objects (MYSOs) that are known tmiokinfrared bright, while th&o-
OrdinatedRadio ad I nfraredSource forHigh-Mass Star Formation (CORNISH; Hoare et a&h (
prep), Purcell et al. iy prep)) targets ultra-compact HII region stage at which pointybang
embedded star has already begun to ionize its surroundings.

All of these surveys provide useful statistics on the paléic stage they targeted and are an
evolutionary snapshot, but do not provide a complete oeeraf the evolution of a high-mass core
into a high-mass star. What is needed is a Galaxy wide suniag as unbiased tracer that will
identify all the stages in the formation and evolution of glhmass star. The ideal tracer to do
probe all stages is the sub-millimeter emission from dust igoptically thin, traces the material
across the galaxy, and is associated with all stages ofriggs star formation. However, up until
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now limitations in mapping speeds have resulted in limitedecage of the Galactic plane. For
example, during SCUBAs 9-year lifetime it only surveyed alof 29.3 ded at 85Qum.

The need for unbiased surveys to get a complete census oigiertass star forming regions
has recently led to several projects to map the Galacticep&n(sub-)millimeter wavelengths,
including the APEﬂ Telescope Large Area Survey of the Galaxy (ATLASGM?&].

), the Bolocam Galactic Plane Survey (BGES._NQthaLEHéﬂaé) and The Herschel In-
frared Galactic Plane Survey (Hi-GAL; Molinari et al. ZQbOtSub-mm surveys, as opposed to
other surveys at shorter wavelengths such as GLIMESL(&mmmLO_Qb) or MIPSGAL@&U.

), are sensitive to dust in a broad range of temperata@gding the coldest dust. Therefore,
such surveys have the potential to trace the earliest stagies formation of high-mass star.

This chapter focuses on ATLASGAL and describes the sourtaaion method, the catalogue
and how the filaments were selected. ATLASGAL is an unbiaseeky of the Galactic plane per-
formed at 87Q:m with LABOCA (Large APEX Bolometer Camera). The catalogue presghere
is extracted from the data collected from 2007 to 2010, whkimvered 153 deg These data will
provide details of the dierent stages in the formation of high-mass stars and willdoeptemen-
tary to the other Galactic plane surveys at sub-millimetehsas UKIDSSLLLQWLQng_e_eﬂMO7)
andVISTA Variables in theVia Lactea (VVV; LSallQ_el_a{L_ZQJLZ) at the near-infrared, GBISE
and MIPSGAL at the mid- to far- mfrareb_(&eﬂLme_H_MOML@_@Le_d'_Oiw resectlvely)
H|GAL which spans the far-infrared and sub-millimeter waveyths (70-50@m;
) between MIPSGAL and ATLASGAL, and finally the 5GHz CONISurvey Comblned
these surveys provide complete wavelength coverage ofdhethe near-infrared to the radio, and
will also form a unique database for follow-up observations

ATLASGAL data has already been used in a variety of stu&M@MIMZ) per-
formed a identification of starless cores, using indicabdstar formation in GLIMPSE and MIPS-

GAL images; Wienen et al.sgbmitted performed a follow up study of ammonia toward 000
clumps identified from the ATLASGAL images and currently enday is the MALT90 project

I|._2Qil), which aims is to observe simultangal&imolecular transitions with Mopra
toward selected clumps from the ATLASGAL catalogue.
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Ficure 3.1: Noise map of a3 field centered o = 19.5° andb = 0 showing how the noise varies as
a function of Galactic longitude and latitude.

3.0.3 Source extraction

We used the extraction algorithm SExtractor (Bertin and Atf.HQQQ}S) to extract compact sources.
Although SExtractor was originally created as a method of@® extraction for visible and in-

frared images, it has been used with good results for thaeidn of sub-mm sources as well with
SCUBA (Thompson et al. 2006) and more recently by Rtenckteam to produce the higher fre-

uency components of their compact source catalogue (B11G8iz;| Planck Collaboration etlal.

Most source extraction algorithms assume that the noisd ie\constant across the emission
map supplied. However, in most surveys this is unlikely tathee cases as variations in survey
coverage, weather, elevation and instrumenti@ots result in the real noise level varying: this is
indeed the case for the ATLASGAL survey. In Figlrel3.1 we enéshe noise map for & % 3°
field centered o = 19.5° andb = 0. The fact that most source extraction algorithms assume a
constant noise can lead to real sources being missed bebayde in the region of higher noise,
and conversely there is a danger that spurious noise spilldsenmistakenly interpreted as real
sources.

In order to reduce the number of spurious sources and avaisimgi genuine sources we have

1This publication is based on data acquired with the Atacaathfidder Experiment (APEX). APEX is a collabora-
tion between the Max-Planck-Indiitfiir Radioastronomie, the European Southern ObservatafyhaenOnsala Space
Observatory.
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Ficure 3.2: Example of an ATLASGAL emission map (left panel) and the correspgridtered signal-
to-noise ratio map right panel (see text for details). The region outlinegdndicates the field presented

in Fig.[3.3.

created signal-to-noise ratio map by dividing the emissi@ap by the noise map. These signal-to-
noise maps also contain a large fraction of low surface bmiggs difuse and filamentary emission,
particularly towards the Galactic center, the tangent WighNorma spiral arm, and other prominent
star forming regions. This not only complicates the idecdtiion of compact source but can also
lead to the identification of a large number of spurious sesirdo limit these issues we have used
the progranFINDBACK, which is part of the:UPIlﬂ clump identification and analysis package, to
remove the large scaleftlise emission. Removal of the large scale background is bexdfes
cause it produces maps with a higher contrast between casgaces and their local background.
In Fig.[3.2 we present an emission map to show tfeceof the varying noise level in the left panel,
while in the right panel we show the same map after smoottiagariations by dividing through
by the noise map and then spatially filtering to remove tlfuse background. These two images
nicely illustrate the advantages of using this method.

SExtractor can work on two images simultaneously, one for the sourcectien and one for
measuring the physical parameters of each source. We hereddle use the filtered signal-to-noise
map for source detection, however, we use the original éomssaps to extract the corresponding
source parameters. In this way, the flux and size of the sswae not &ected by the filtering
process performed for the source detection. These stepédshiasure that only genuine sources

2CUPID is part of theSTARLINK software suite.
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Ficure 3.3: Example of the sources identified from the ATLASGAL image. The fielwshin grey
scale is the region outlined in red in the left panel of Eigl 3.2. The positiomsiaas of sources identified by
SExtractor are shown as red and yellow ellipses (see discussion ifSect. 3.0.5 fits)ddiae ATLASGAL
beam size is shown in green in the lower left corner of the map.

make it into the final catalogue. In Fig. B.3 we present a gibre taken from the emission map
presented in the left panel of Fig. B.2, showing the positiand sizes of typical sources identified
by SExtractor.

The ATLASGAL maps were searched for emission above a thtedsii®.20 s, Whereo s is
the local noise level determined from a user defined bogExytractoraround each source. The
value of the threshold used was determined empirically bying its value for a number of test
regions so as to optimize the number of genuine sourcestddtetile avoiding the inclusion of
the more dubious sources. In addition to the threshold weraject any sources with fewer pixels
than the FWHM beam (9 pixels).

To separate possible blended sour&xtractor divided the emission into 40 sub-levels of
flux. In each of these 40 levels, the ratio of the integratéehisities of adjacent pixels is computed.
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Ficure 3.4: Separation of blended sources. (@) initial separation in brangh)eke branches correspond-
ing to the first level are analyzed, since neither of them has a flux grtbater30 percent of the total flux,
they are considered as ONE source; (c) the same analysis is carriedtibtiis level where each branch
has a flux greater that 30 percent of the total flux and therefore astdared TWO separate sources; (d) the
following branches founded (yellow) are assigned to the nearest neiclnrin this case B
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If this ratio is greater than 0.001 those pixel are consdi@art of a diferent source, if not they

are considered to be part of the same source. This compasisieme for each pixel in each level.
To illustrate this process we present a schematic diagrafigifB.4. For each level the branch is
considered to be an individual source if the two followingnditions are satisfied:

e The integrated flux in the branch is greater that a certaictitm of the total flux of the
blended sources (without any subdivision). For exampkeptianch B in Figure_314

e There is at least one other branch whose integrated flux esgaksater this fraction. For
example, the branch A in Figuie 8.4

3.0.4 Compact source catalogue

3.0.5 Catalogue description

SExtractor was run separately on each of the seventéeq33 fields that make up the inner most
portion of the ATLASGAL survey (i.e.-30° < ¢ < 21°,153 degre®. The results obtained for
each field were subsequently combined in order to compilergtzie catalogue of sources, taking
care to eliminate duplicated sources located in the oveégions between adjoining fields. In total
we have identified 6814 in the 153 de@®nly 30% of these are associated WiIsX point sources
and 10% with IRAS sources, which would suggest the majorityaafrces are devoid of any star
formation (see Sedi. 3.0.6 for a detailed discussion ofthssociations).

In TablelC.1 we present a sample of the catalogue (for themggiesented in Fig.3.3) as an
example of its form and content. The full and up-to-datelogtze and ATLASGAL emission maps
will be hosted by the ATLASGAL project paE,ethe ES@. The table we present the source name,
the peak flux and source barycentric position, the size ofémei-major and minor axis and their
position angle, the deconvolved radius, the peak and iatedrfluxes and their associated errors
and any warning flags generated by the algorithm.

The source names are based on the Galactic coordinates pédkeflux position, which are
given in columns 2 and 3. The barycentric coordinates aeraéted from the first order moments
of the longitude and latitude profiles. The barycentric posigenerally defines the center position
of a source, however, if the emission profile of a source mngfly skewed or is associated with
substructure, the peak position can be a more accurate reezfsaisource’s position. The source
sizes describe the detected source as an elliptical sheggetni-major and semi-minor axis lengths

Swww.mpifr-bonn.mpg.de/div/atlasgal/
‘TBA
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represent the maximum and minimum spatial r.m.s. dispersibandb of the source profile along
any direction. The position angle is given as clockwise froonth. The angular radiugy) is

calculated from the geometric mean of the deconvolved najdrminor axes and multiplied by a
factorn which relates the r.m.s. size of the emission distributibthe source to its angular radius

(Egn.6 oi| Rosolowsky et HI. 2d10):

br =17 [(O-%aj - O-ﬁm)(o-ﬁﬂn - O-gm)]l/4 > (31)
whereoy, is the size of the beam (i.erpm = Grwnm/ V81N 2 ~ 8”). The value of; depends of the
size of the source with respect to the beam and the emissimibd'tionJﬂO_S_OLOﬂs&Let_blL(;le)
adopted a value of 2.4, which is the median of the values eléifrom a range of models, however
they note that the value @fcan vary by a factor of 2 in their simulations. For consisyeaied to
facilitate comparisons between the BGPS and ATLASGAL cagtads we also adopt this value.

The peak flux is directly obtained fro8Extractor. However, since the algorithm treats each
pixel in the given emission map in a statistically indeperntawanner and the ATLASGAL maps are
gridded with~3 pixels per beam, it is necessary to account for the beanm@uoetermine the final
measured fluxes and their associated uncertainties. TBisiwmgly done by dividing the flux values
given bySExtractor in the FLUX_AUTO andFLUX_AUTO_ERR keywords by the beam integral. The
errors given for the peak and integrated fluxes include tiselate calibration uncertainty of 15%
(seé_S_QhuJJﬂLel_illL_(Zng) for details) combined in quadeatvith the intrinsic measurement error.
In the case of the integrated flux the error is providedsBytractor, however, the error in the
peak flux is derived from the local r.m.s. noise in the image.

In the final column of the table we present the quality flag gilsg SExtractor which gathers
all the information about possible problems or artifadte@ing the source (Bertin and Arnduts
). For each source, this flag is either zero (no partiqriablem), or is equal to the sum of
one or more number(s) with the following meanings: (1) thgotthas neighbors, bright and close
enough to significantly bias the photometry, or bad pixelsr@rthan 10% of the integrated area
affected); (2) the object was originally blended with anothes;q4) at least one pixel of the object
is saturated (or very close to); (8) the object is truncated ¢lose to an image boundary); (16)
object’s aperture data are incomplete or corrupted; (3abk isophotal data are incomplete or
corrupted; (64) a memory overflow occurred during deblegidih28) a memory overflow occurred
during extraction. For example, a flag value of 10 means kigabbject was originally blended with
another sourcandthat it is truncated because too close to the edge of the map.

In Figure[3.8 we overplot the positions of sources detectefHxtractor towards an small
region to demonstrate its performance. To check the rétiabf sources with high flag values we
plot sources with flag values less than 4 (which are the mbabte) in red while those with higher
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Ficure 3.5: Histograms of the Galactic longitude (left) and latitude (rigth) distributiomAfdtASGAL
sources (grey filled histogram) and the BGPS (blue histogram). In bothtp®fseak of the BGPS distribu-
tion has been normalized to the peak of the ATLASGAL distribution. The birssised for the longitude
(left panel) and latitude (right panel) distributions tsalhd 0. respectively. The peaks in galactic longitude
shows clearly the location of the galactic center and the spiral arms.

flag values shown in yellow. In this example it is clear th& slources with the higher flag values
are associated with genuine emission. However, the emissiweaker, more diuse, than those
with lower flag values. A similar situation is seen in othegiom examined and so we conclude
that these high flag detections do identify genuine sourtesission, but with the caveat that their
associated parameters are somewhat less reliable.

3.0.5.1 Global source properties

In this section we will look at the Galactic distribution afigces detected and the overall dis-
tribution of their derived parameters. As a check on theabdity of the ATLASGAL catalogue
we will compare our results to those obtained from the Bolo€zatactic Pane Survey (BGPS;

|Agyﬂe_e_t_a” 201|1) that were recently presenteb_b;LRO_ssﬁpﬂs_aﬂ 2010.

The BGPS covers 150 degf the Galactic plane, including the majority of the first drent
with a latitude range ofo] < 0.5°. Although the overlap between the BGPS and ATLASGAL
region presented here is relatively modes3@ ded) when compared to the total area covered by
the two surveys, the overlapping region does contain sontkeohighest density regions in the
plane, and thus, provides a large number of source in commaoth surveys. Another thing
to bear in mind when comparing the two catalogues is thatwlesurveys were preformed at
different wavelengths and havefdrent resolutions and sensitivities and so we do not expect a
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Ficure 3.6: Flux density number distribution for ATLASGAL sources (grey filledtbggam) and the
BGPS (blue histogram) of the peak (left) and integrated flux density (rightlpoth plots the peak of the
BGPS distribution has been normalized to the peak of the ATLASGAL distribufi¢re red line on each
plot shows the result of a linear least-squares fit to flux densities largethie peak of each distribution.

one to one correlation between individual sources or theriameters. However, we do expect the
overall distribution of source parameters to be correlafeal facilitate the comparisons between
the two catalogues we have followed the structure and présesame parameters in Table]C.1 as

are given in the BGPS catalogue (cf. Table 1; Rosolowsky M)Z

Galactic distribution

In Fig.[3.3 we present histograms showing the Galactic tongi and latitude distribution of the
ATLASGAL catalogue (left and right panels respectivelynspection of longitude distribution
reveals a number of peaks in the source counts; these atedataapproximately27°, —22°, —8°,
0° with a weaker peak at 24The positions of the peaks in source counts coincide wélptsitions
of the tangent of the Norma arm, the farside of the Near 3-kpt the NGC633MNGC6357 star
forming regions, the Galactic center region, and finally M@ M17 regions, respectively.

Comparing the longitude distribution of ATLASGAL sourcesthvthe BGPS distribution we
see they are broadly similar, both showing the same peaksvss, we note that the ratio of the
Galactic center peak to the other peaks is quifiedgnt. This is likely to be a result of theffirent
resolution of the two surveys. In the case of the ATLASGALad#ie higher resolution has allowed
the complex emission seen towards the Galactic center todse easily deblended resulting in
a higher number of sources being detected in this region. €sealy, the lower resolution of the
BGPS observations results in a higher sensitivity to loweiase brightness structures resulting in
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a higher proportion of sources being found away from the Galaenter.

The latitude distribution shown in the right panel of Fid eaks significantly below°0as
also notes b huller ai._@09) and more recentli/_b_)@;ﬁmj. [(;OJZ). Comparing the
latitude distribution to that of the BGPS we find them to agadrsbmilar. Both ATLASGAL and
BGPS distributions have the same FWHM. We note than the tatlseoflistributions appear to be
significantly diferent, however, the BGPS latitude rangfjs< 0.5° with only a few excursions to
larger value ofb| and so the distributions are not really comparable forudas|b| > 0.5.

Flux distribution

In Fig.[3.6 we present plots of the peak and integrated flutxidigions for ATLASGAL sources
(grey filled histogram) and BGPS sources located in the gueegion (blue histogram). These dis-
tributions show the dilerential flux density spectrum (i.e., #$v ~ AN/ASy « S™¢; [BD_S_QI_OAALSK)Lel_dI.

). Comparing the distributions of the peak and integréltexes for the two catalogues they
can be seen to be very similar, however, with the higher f#aqu (ATLASGAL) measurements
being shifted to higher values.

The flux distributions above the turnover can be approxithbtea power-law that extends over
three orders of magnitude. Fitting these parts of the 8istions with a linear least-squares fit
we find the peak and integrated distributions can be repredday the values ok = 2.4 and 2.1
respectively. The results of these fits are indicated bydhdines overplotted on the left and right
panels of Fig.3J6. Both of these values are in excellent ageeée with the values obtained from
the same fit to the BGPS peak and integrated flux distributish&h are 2.4 and 1.9 respectively.

The diference in the slope between the peak and integrated fluxtigsnssults from the fact
that point sources dominate the peak distribution towdrdsompleteness limit, whereas brighter
sources tend to be larger and thus have larger total flux tilesmishan for the smaller sources.

As pointed out b)LRQSﬂDAALS.K)LQIJGL_(Z!blO), this make the iategl flux density top-heavy and

effectively lowers the magnitude of the exponent.

Another interesting feature of the peak distribution istttitee main shape of the distribu-
tion drops o¢f completely at~70Jybeamt, however, there are several sources with fluxes of
~150Jy beam'. The bright sources that contribute to this flux density watae brightest 876m
sources in the catalogue and form part of a dust ridge agedomth the Sgr B2 high-mass star
forming region.
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Angular size distribution

In Fig.[3.7 we present plots showing the size distributiohthe catalogued sources. In the up-
per left panel of this figure we show histograms of the sempm@ ., ) and semi-minor ¢ min)
distributions and the ATLASGAL beam size (red dotted ling,, ~ 8”’). We note that there is
a significant number of sources with sizes smaller than tlaenb@articularly with regards to the
semi-minor axis. This anomaly is due to the fact that thesseme derived from moment mea-
surements of the emission distribution above the threstallge 30-) and therefore do not take
account of all of the emission associated with each soureendo the zero-intensity level. As

previously noted biLRQ_s_QIQAALSK)LeJJ A_L_(2b10) this has a dprtonate &ect on weaker sources

and often results in their sizes being underestimated.

In the upper right panel of Fig._3.7 we present a histogramvsimpthe elongation distribution,
that is the ratio of semi-major to semi-minor axes. The tigtion has a peak and median value
of 1.3 and 1.6 respectively, which indicates that the saircéhe catalogue are significantly elon-
gated. The elongation distribution closely matches thahdébfor the BGPS sources with the only
noticeable dference being that the ATLASGAL catalogue tends to have atyfidnigher degree
of elongation, possibly a result of the higher resolutiomPA@LASGAL survey. However, both
catalogues appear to contain a significant number of vengaled sources.

In the lower panel of Fig:317 we present theeetive radii of the ATLASGAL and BGPS detec-
tions. The two distributions again appear to be broadlylamhowever, the whole BGPS source
distribution appears to have been shifted 10-15 arcseetadht of the ATLASGAL distribution,
which is clearly a result of the fierent survey resolutions.

3.0.6 Cross correlation with existing catalogues

We performed a cross correlation of our catalogue with thenfaared IRASPoint Source Cata-
logue L]Qint Iras SgienH;g 1994), and with the mid-infravkgXPoint Source Catalo u al.

). In addition, we looked for detection of the CS(2-1¢ by Bronfman et al 6) towards
sources associated witRASpoint sources. We used a search radius of 30 ares@ctélescope
beams) around the peak flux position from our catalogue fdhalcatalogues mentioned above.
We want to stress that MSX and LABOCA have the same spatialugso] which makes the
correlation between both wavelengths relatively strdayiastard. Further associations with other
catalogues (e.g. those extracted from 8ptzerGLIMPSE and MIPSGAL surveys) will be ad-
dressed elsewhere.

Infrared emission detected by tHRASandMSXsurveys generally implies that star formation
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Ficure 3.7: Histograms of the angular size distribution of detected ATLASGAL sesurdn the upper
panel we plots of the semi-major (filled grey histogram) and semi-minor (blue loigeogram) size distri-
butions of detected ATLASGAL sources. The bin size used for bothnpetexs is 4 arcsec. In the middle
and lower panels we present histograms of the elongation and geomeiiraf FALASGAL sources (grey
filled histogram) and the BGPS (blue histogram). In both cases the peak BGRS distribution has been
normalised to the peak of the ATLASGAL distribution. The bin sizes used ferelbngation and radii
distributions is 0.1 and 4 arcsec respectively.
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has already started within the sources, therefore tracietptively evolved stage of star formation.
From the 6814 compact sources in this Catalogue, we found78thiare associated witRAS
sources, 2531 are associated wiBXemission, and only 190RASsources have been observed
and detected in the CS(2-1) transitibn_(B_r_QnIman_HLalJlg%): number of sources witlRAS
MSXand CS association are 190 and a total number of 5371 soureesibassociation in any of
the catalogues mentioned above. This implies that thesee®gould be cold, and they could be
in a very early stage of star formation, prior to the birth mfthmass protostars. Follow up studies
of the sources with no association in tiRRASandMSXcatalogues will tell us valuable information
about the nature of these sources, and could give a betterstadding of the processes involved
in the formation of a high-mass star.

3.1 Finding filaments

One of the major discoveries made by recent surveys at slibtaeriwavelengths is the ubiquitous
presence of filamentary structures along the Galactic Pilhef which contain multiple smaller,
denser clumps. These kinds of structures are observedrbothjions where current star formation
is observable and in regions where there is no evidence ioEastar formation (Figure Al1).

The sensitivity of the ATLASGAL survey, allows us to identifilaments that may be related
to high-mass star formation. To identify filaments for dietghistudy we selected a region of the
Galactic Plane covered by the ATLASGAL survey that showedent amount of infrared emis-
sion. This is important because we wanted to select filantbatscontained clumps in a range of
evolutionary stages.

To enhance the filaments, we applied a Fourier tampering bitethe maps. This method
consisted of applying a Fourier transform to the maps anttenRourier space, masking all the
emission longer than a given wavelength and then apply ansewourier transform to the masked
images. With this method compact sources will be deleteah fitte images, which will result in a
map with an enhancement of the extended features such asrfilaum

Over this filtered map, we then created a mask for all the eomszbove a threshold of 1a5
In this way, we can clearly identify the filamentary struesipresent in the maps (Figlre]3.8 top
panel). We then selected by eye the structures that appelesadonnected; these regions possible
contain filaments (Figurle_3.8 lower panel). With this metmarecovered Nessid@t al.
), a unique filamentary structure recently identifiedrmaiRDC fromSpitzerimages.
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3.2 OVERVIEW OF THE SELECTED FILAMENTARY STRUCTURES

3.2 Overview of the selected filamentary structures

We identify five filaments for further study (Fig_3.9). Sin¢etaim of this thesis is to characterize
filaments in diterent stages of evolution, to establish a connection bettesse structures and the
formation of stars within them, the five filamentary struetiselected show a broad range in their
infrared emission.

Filaments A and C, were selected because they are associétealmost no infrared emission,
suggesting that they have no current star formation oguyisithin them. These are likely exam-
ples of filaments in an early evolutionary stage where thefstenation process has not begun or
it is just starting.

Toward filament B we see both dark and bright infrared emissithis filamentary structure
Is an example of a filament with clumps potentially iffelient evolutionary stages. Filaments D
and E show considerable more star formation activity. Tlikes®ent will reveal the properties of
filaments where the star formation has already begun and akoto compare their properties to
those that are more "quiescent’ (flament A and C).

In the following chapters, we describe the observed andrel@mproperties from the multi-
wavelength study carried out to better characterize andnstahd these filaments.
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Ficure 3.8: Extended structure detected in the ATLASGAL images. Top panel: meaated from the emission above &.6n the filtered
images. Lower panel: Regions containing possible filaments, each regi@ntgigtl by a diferent color.
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Fieure 3.9: Color image of the 20 square region containing the five filamentary stescéelected for this work. Red: ATLASGAL
850 um, Green: MIPS 24:/m, Blue: IRAC 8um. Boxes correspond to the sub-regions containing the filaments selectadytmat a
detailed study.
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Filament A: Nessie

This filamentary structure, known as the "Nessie” Nebﬂaks_en_et_allmox corresponds to an
extreme case of a filament with an aspect ratio of 1584ditzerGLIMPSE/MIPSGAL images at
3.6 um, 4.5um, 5.8um, 8 um and 24um show this filamentary structure as a very long IRDC.
At these wavelengths there is also some evidence of staaf@m given by the presence of green
fuzzies (emission enhancement at gib) and point sources at 24n. Panels (a) and (b) of Figure
4.7 show a three color image made from the 81§ 4.5um and 8um SpitzefGLIMPSE data and
an image of the emission at 24n respectively. Clearly seen is the filamentary structurenas a
IRDC against the diuse bright background, with two very bright regions a.24.

Dust thermal emission at 870n shows a similar morphology with a length-e80 arc minutes
and several clumps distributed along it (Figuré 4.1, paneliee small region covered by SABOCA
at 350um shows that the emission at this wavelength is well cordlatith the emission at 87om.
Figure[4.2 shows a 35@m image toward the small region covered of this filament.
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Ficure 4.1: Multi-wavelength continuum images of Nessie. This Figure shows tietated wavelength
this structure appears as an infrared dark cloud irfsghiezerimages, while in the ATLASGAL and SABOCA
images the dust continuum emission appears bright, showing clearly the filasnetmucture.
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4.1 DEeFINING THE FILAMENT
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Ficure 4.2: Color image of the region covered by the observation ag@0O0verlaid in black contours
is the emission from ATLASGAL at 870m. At 350umonly the brightest clumps are noticeable.

4.1 Defining the filament

To identify the potential filament we defined a path that fedhe peaks in the emission at 8.
The path was created with a Python algorithm that interpsltiie emission between the peaks (for
a more detailed explanation see Secfion 1.4.1). Once tteipdefined, the width of the region
containing the filamentary structure was set to 15 pixel thesgde of the path in order to cover the
full extend of the emission, giving a width of3 arc minutes (Figurie4.3).

Figure[4.4 shows a plot of the flux density at §#@ and 35Qum along the defined filamentary
path. Clearly distinguished are the position of the clumpbesided in this filament. The mean
rmsin the maps is- 4.7 mJy and 0.18 Jy at 870n and 35Qum respectively, thus the emission of
the entire structure is significantly higher that the avenagise at both wavelengths.

From the emission at 87@Am we estimated the projected diameter of the filamentargstre.
This was obtained by measuring the radial dispersion of thisson across the filament at each
point along the defined path and fitting a Gaussian to thistatispersion (see section 1.4]1.3).
The projected radius was defined as the FWBRMbtained from the Gaussian fit. For this filament
the radius has a mean value~82 arc seconds.
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Ficure 4.3: Path defined for Nessie. Color scale shows the®7@mission (in Jpeam). The black line
shows the path defined for the filament using the Python algorithm that fotlmvgeaks in the emission.
The region containing the filament is defined to be 15 pixels to each side oftthis p
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Ficure 4.4: Distribution of dust continuum emission along the filament. Top panel: Fanrgahe path
defined for this filament for both 87@m (black line) and 35@m (blue line) continuum emission, the red
dotted line shows the mean noise in the maps (4.7 mJy auB8v@nd 0.18 Jy at 350m). Lower panels:
Color image of the emission at 87@n and 35Qum along the path defined for this filament using a width of
15 pixel to each side.
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4.2 B1YSICAL COHERENCE OF THE OBSERVED FILAMENTARY STRUCTURE

S
-40.0 -37.5-35.0
vpep [km s71]

3387 49’ 338° 41

Ficure 4.5: 13CO(3-2) emission toward filament A. Top panel: Contours of the integratedsity emis-
sion over the 870um observations from 3 to 36, with ¢ = 8 K km s'. Middle panel shows the
13CO(3-2) velocity integrated intensity map. This image shows that the morphofabg :*CO(3-2) emis-
sion follows well the dust emission at 87@n. Lower and right panels: Position velocity map, this plots
show that the emission occurs at the same velocity, thus, indicating that thenfilaarae single coherent
structure.

4.2 Physical coherence of the observed filamentary structure

Although the dust continuum emission appears to trace adi@nit is not possible to determine
whether the observed structure is physically coherenedine observed emission arises from all
objects along the line of sight. Therefore, to asses theiphlysoherence of this structure it is
necessary to get information about its velocity. This watioled through the measurement of
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Ficure 4.6: Observation of HCN(1-0) toward filament A. Top panel: Contoutek®HCN(1-0) integrated
intensity map overlaid on th&pitzer3 color image (blue 3.6m, green &m and red 24:m). Middle panel:
HCN(1-0) integrated intensity maps, crosses indicate the position of the clietgded at this wavelength.
Lower panel: velocity-field map of the HCN(1-0) observations. Imagmtﬁﬁgksgn_el_élL(ZQllO)

the central velocityp sg, of 3CO(3-2) molecular line emission. THECO(3-2) observations do
not cover the whole filament, but only a small portion. Theoinfation about the velocity was
complemented with observations of other molecular lineseoked toward the clumps embedded
in this structure.

Figurel4.5 (top panel) shows the emission at g#0overlaid with contours of thCO(3-2) ve-
locity integrated emission. Clearly seen is that the momdmplof the'3CO(3-2) emission traces
well the morphology of its dust thermal emission. Bottom aigtitrpanels of this figure presents
the position-velocity map of th€CO(3-2) emission showing that the emission along the filament
is almost at the same velocity-37 km s?, indicating that this part of the molecular cloud is
physically coherent. Observations of the HCN(1-0) line mhyll%lagksgn_el_éll_(ZQHO) show that
Nessie has the same range in velocity which indicates tisalothg filamentary structure is actually
physically connected (Figute 4.6). Thus, it appears thasthucture seen in the dust continuum is
actually a physically coherent filamentary molecular cloud
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4.3 RROPERTIES OF THE EMBEDDED CLUMPS WITHIN THE FILAMENT
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Ficure 4.7: Color image of the 870m dust continuum emission toward filament A. Arrows indicated
the positions of the clumps identified from the ATLASGAL catalog. We can saelie clumps are evenly
distributed along the filament. Contours shows the emissi@or.

From thet*CO(3-2) central velocity we calculate the distance to thasifiknt assuming a model
of the Galaxy’s rotation (see sectibn 1.413.2). The distastatained for this filament is 3 kpc.
We assumed the near kinematic distance since we obserfdahmsnt as dark against the bright
extended background. This implies that the physical lenfithe filament is 80 pc and its radius is
0.44 pc.

4.3 Properties of the embedded clumps within the filament

Using the ATLASGAL point source catalog (Contreras et al. iam), we identify 41 clumps
embedded in this filament. Figure 4.7 shows a gif0image and the position of the clumps along
the filament. The ATLASGAL catalog names of these clumps ased on their peak position
in Galactic coordinates, however, for simplicity we use e Al, A2, A3 etc. for each clump
ordered by Galactic longitude along the filament. ATLASGAdnmes are included in Taldle 4.1.

A comparison of the 87@&m image with GLIMPSE and MIPSGAL infrared images allows
to investigate the star formation activity within each clumThe star formation activity can be
traced via an excess emission at 4rh (green fuzzies which traces shocked gas) or emission
at 24 um(suggesting the presence of a central protostar). Somepslalon’t show any infrared
emission suggesting that they might be in an early evolatipstage. We found a wide range of
evolutionary stages within the clumps embedded in this BiamClumps Al, A2, A15, A16, Al7,
A27, A28, A29 and A30 show no emission at both GLIMPSE and MBRE images, being possi-
ble starless clumps in an early evolutionary stage. Clum@gsta®A41 are all immersed in the IR
bubble in the edge of this filament showing significant eroissit both &«m and 24um. The re-
maining clumps show some indication of star formation agteither a green fuzzy, a 24m point
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source or both. Table'4.1 summarizes the properties of theps from their emission at infrared
and millimeter wavelengths and their association with IRASrees.

From the 87Qum and 350um observations we measured the peak flux, size and integrated
flux for each clumps. These values were computed from thesemigibove the @ noise level at
both wavelengths, the values obtained are summarized ie[@@h The maximum emission in the
filament,~24 Jybeam, is at the position that corresponds to the brightriaff®ubble. Using the
position of the clumps from the ATLASGAL point source catplave derived their relative spacing
along the filament. The spacing was defined as the distanbe teetarest clump found to the right
of each clump, starting with the clump located at the fardefd of the filament (Al).

The properties of clumps A20, A21, A22, A24 and A25 deriveahfrthe'3CO(3-2) molecular
line observations were also determined. This was done bygie the'3CO(3-2) emission- 30
at each clump and fitting a Gaussian profile to the averagedrspec From this fit we derived
the peak antenna temperature,&l), line central velocity § sg), line width (Av) and integrated
intensity (I1). The values obtained are summarized in Tde

Four clumps were also observed in theHN(3-2) line (A17, A20, A22 and A25). These
clumps correspond to those with the strongest emission@uB8vwithin the region covered by
the 350um observations. pH*(3-2) possess hyperfine structure, however, as seen ongheap
obtained (Figuré_418) the components of the hyperfine straare blended due to the large line
width of each component. For clumps A17, A20 and A25 it wassjiibs to fit the hyperfine com-
ponents with CLASS, however, due to the large width of eachpmorant the fit was not good. For
this reason we did not use the value of the opacity obtaired these fits to derive the mass of the
clumps. For clump A22 we perform a three component Gausdgianifh fixed position for each
component. From this fit we derived: the peak antenna teripetacentral velocity, line width
and integrated intensity. The values obtained from the Hiyfgecomponent fit and Gaussian fit are
listed in Tabld 4.P.

4.4 Chemistry, evolutionary stage and kinematics of the bright-
est clumps

The chemical state of these clumps was assessed by alsdeamgidata from the MALT90 survey,
which observed 16 molecular lines near 90 GHz toward the ptunThe MALT90 observations
were performed toward two regions in the filament that cavetemps A24, A25, A37, A38 and
A39.

Figure[4.9 shows maps of the velocity integrated emissidimamolecular lines detected toward
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4.4 (HEMISTRY, EVOLUTIONARY STAGE AND KINEMATICS OF THE BRIGHTEST CLUMPS

—=35 -30 —50 —45

=30 —25

-5

—40 —40 -35
Velocity (km,/s) Velacity (km/s)

(a) Al7 (b) A20

-40 -35
Velocity (km/s) Velacity (km/s)

(c) A22 (d) A25

Ficure 4.8: Spectra of the pH*observations toward clumps A17, A20, A22, A25. Each plot shows the
position of the individual hyperfine component. The numbers indicate thtveeintensity of the lines. The
green line is the fit tho the spectra.

clumps A24 and A25. These moment Oth maps were produced egrating the emission over
the velocity range from -39 knt$to -36 km st for all the transitions, except HCQvhere the
velocity range used for the integration ranged from -42 kits -36 km s®. The morphology
of the NbH* emission traces well the dust continuum &#@0(3-2) molecular line emission. The
emission at HCOis concentrated only toward the clump A25 being barely dat#e toward clump
A24. Figurd 4.1D shows maps of the integrated intensity ifemdar lines detected toward clumps
A37, A38 and A39. This figure we can see that the dense gastvacg well the bubble observed
at 870um and at infrared wavelengths. Clump A37 shows emission infiéime sixteen molecular
lines.

Gaussian fits to the observed line profiles at the peak positiceach core were made in all
the detected molecular lines. From these fits we derived ¢ak pntenna temperatureply,
the central velocity of the linev(sg), line width (Av) and integrated intensityf(l’bdv, Il in the
table). We also obtained the (I,b) position of the peak spetexpressed as théeset with respect
to the position of the peak spectrum ofH (1-0) (Al and Ab) and the total integrated intensity
(IT). These values are summarized in Tdblé 4.3. We also fittelygperfine structure observed in
the NbH*(1-0) emission. From these fits we obtained the excitatiompggature, line widths and
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opacity toward each clump. These values are summarizecie[Eal.

Figure[4.T1[4.12, 418,414 ahd 4.15 show the spectra ahthecular emission detected to-
ward clumps A24, A25, A37, A38 and A39 respectively. Of thditiés observed toward A24, only
two were detected with significant emission (integratednsity emission- 30): N,H*(1-0) and
HNC. Both of those molecular lines are tracers of dense gasr déeection and the lack of emis-
sion of hot chemistry tracers such as HNCO, 488, CH;CN suggest that this core is dense and
cold. Observing the emission of this clump in tBpitzefGLIMPSE images we detect emission at
24 um and a green fuzzy towards it, thus, it appears to harbor dyrfewned star within it that
heats the dust.

Toward clump A25 we detected emission in four of the sixteeasl observed: MH*(1-0),
HNC, HCO" and HCN. The HCO spectrum peaks at a significanthfférent velocity than that of
the NboH*. The'3CO(3-2) spectrum shows broad wings. From th#iNspectra we see that the
relative intensities of the hyperfine components corredporthe optically thin case. Figufe .1
shows the channel maps ofN*(1-0) for the region covering clumps A24 and A25.

Ten of the sixteen lines were detected toward clump A37: HGG3CO*, N,H*, HCN, HNC,
HC5CN, CH;CN, GH, *CS and SiO. The spectra of HECHNC and HCN have their peak blue-
shifted with respect to the central velocity obi", there is also asymmetry in the HC@nd
HC3CN spectra, both showing a skewed red profile suggesting thmations.

Toward A38 we also detected 10 of the sixteen molecular liflee emission at HNC, HCCand
H'3CO*shows a broad wings to the blue side of the spectra suggestifigws. The SiO emission
Is very broad also possibly coming from the outflow emissidhe GH emission is very bright
corresponding to the PDR observed at infrared in GLIMPSEard clump A39 we detected the
same 10 molecular lines. The spectra are narrow presentikgveed red profile at HCQ sug-
gesting inward motions. The,&8 emission is bright corresponding to the PDR. However, ti@ Si
emission is weak suggesting that there is no many shocked kjgsre[E.2 and_El3 shows the
channel maps offCO(3-2) and NH*(1-0) for the region covering clumps A37, A38 and A39.
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4.4 (HEMISTRY, EVOLUTIONARY STAGE AND KINEMATICS OF THE BRIGHTEST CLUMPS

Tasie 4.1: Filament A, IR sub-millimeter classification of the observed clumps.

ID ATLASGAL Name GLIMPSE MIPSGAL ATLASGAL P IRAS
3.6 -8um 24um
Al  AGAL339.401-0.414 Green Fuzzy Point source Weak -
A2  AGAL339.364-0.406 Dark Dark Weak -
A3  AGAL339.261-0.372 Dark Dark Weak -
A4 AGAL339.176-0.391 Bright 3.6-8m Bright Bright 16419-4602
A5  AGAL339.124-0.422 Bright 3.6-8m Bright Weak -
A6  AGAL339.101-0.407 Bright &m Bright Weak -
A7  AGAL339.089-0.412 Bright &m Bright Weak -
A8  AGAL339.054-0.412 Dark Dfuse emission Weak -
A9  AGAL339.043-0.396 Dark Dfuse emission Weak -
A10 AGAL339.027-0.401 Bright @m Bright Weak -
All AGAL339.026-0.401 Dark Bright Weak -
Al12  AGAL338.939-0.424 Green Fuzzy Point source Weak -
A13  AGAL338.867-0.479 Green Fuzzy Dark Weak -
Al4  AGAL338.779-0.459 Green Fuzzy Dark Weak -
Al5 AGAL338.751-0.466 Dark Dark Weak -
A16  AGAL338.732-0.469 Dark Dark Weak -
Al7 AGAL338.616-0.441 Dark Dark Weak -
A18 AGAL338.599-0.441 Green Fuzzy Point source Weak -
A19 AGAL338.582-0.442 Green Fuzzy Dark Weak -
A20 AGAL338.551-0.419 Green Fuzzy Point source Weak -
A21  AGAL338.506-0.419 Green Fuzzy Dark Weak -
A22  AGAL338.476-0.429 Green Fuzzy Dark Weak 16396-4631
A23  AGAL338.452-0.426  Near bright 3.6-4un Near emission Weak -
A24  AGAL338.422-0.409 Green Fuzzfes Point source Weak -
A25 AGAL338.394-0.406 Green Fuzzfes Point source Bright 16390-4637
A26  AGAL338.327-0.409 Green Fuzzy Point source Bright -
A27  AGAL338.199-0.464 Dark Dark Weak -
A28  AGAL338.182-0.464 Dark Dark Weak -
A29  AGAL338.112-0.464 Dark Dark Weak -
A30 AGAL338.089-0.447 Dark Dark Weak -
A31 AGAL338.027-0.476 Bright @m® Bright Weak -
A32 AGAL338.011-0.494 Bright @m® Bright Weak -
A33  AGAL337.994-0.514 Bright @m® Bright Weak -
A34  AGAL337.974-0.519 Bright @m® Bright Weak -
A35 AGAL337.937-0.532 Bright @m°® Bright Bright -
A36  AGAL337.909-0.541 Bright gm® Bright Weak -
A37  AGAL337.932-0.506 Bright @m® Bright Bright -
A38 AGAL337.916-0.477 Bright @m® Bright Bright -
A39 AGAL337.922-0.456 Bright @m® Bright Bright -
A40  AGAL337.934-0.419 Bright @m® Bright Weak -
A4l  AGAL337.974-0.437 Bright gm® Bright Weak -

a Green fuzzy: Enhancement at 4.8.

b Bright emission: Peak emission1 Jybeam; weak emission: Peakl
Jy/beam
¢ This emission corresponds to the bubble observed to theafghe fil-
ament
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TasLe 4.2: Parameters of the clumps in filament A, from their continuum and moleauiasien.

FiLamenT A: NESSIE

870um 350.m BCO(3-2) N2H*(3-2)
ID Peak Flux  Diameter Int. Flux | Peak Flux  Diameter Int. Flux| Tpeak ULSR Av 1l Diameter | Tpeak ULSR Av T
Jy/Beam ' pc Jy Jy/Beam " pc Jy kms!l kmst K K kms™ pc kms! kmst K

Al 068 05 04 7.79(0.15

A2 047 04 04 2.38(0.15

A3 033 02 0.2 0.52(0.15

A4 1.02 03 0.3 2.79(0.15

A5 041 03 03 1.66(0.15

A6 034 01 01 0.49(0.15

A7 030 0.2 0.2 0.54(0.15

A8 050 04 04 4.78(0.15

A9 032 0.2 0.2 0.49(0.15

Al10 040 03 03 0.78(0.15

All 037 02 0.2 0.87(0.15

Al2 048 04 04 3.22(0.15

Al3 0.66 04 04 3.95(0.15

Al4 040 03 0.3 2.16(0.15

Al5 027 0.1 0.1 0.35(0.15

Al6 038 03 0.3 1.33(0.15

Al7 031 0.7 0.6 0.83(0.36 271 04 03 7.8 (4.3) 0.1 -38.99 1.35(0.13) 3.79(1.71)

Al18 025 0.7 0.6 0.47(0.27 288 05 04 11.7(4.3

Al9 017 02 02 0.200.15 S

A20 0.38 0.8 0.7 0.99(0.37 422 04 03 11.2(5.3 4.96 -38.55 1.12(0.21) 5.95(1.11) 0.65 0.32 -38.51  0.97 (0.05) 13.1(0.9)

A21 034 09 0.8 0.75(0.42 506 05 04 14.8(5.0 3.04 -38.15  1.25(0.51) 4.04(1.60) 0.43

A22 031 08 0.7 0.68(0.33 224 04 03 <1 3.79 -38.15  0.54(0.09) 2.17(0.34) 0.38 0.23 -40.56  0.26 (0.94) -
0.33 -37.71  1.21(0.13) -
012 -3594 0.26(0.14) -

A23 0.25 0.7 0.6 0.56(0.39 522 05 04 17.7(6.1)1

A24 0.82 1 0.9 2.85(0.51 148 05 04 42.9(2.9 291 -37.15  2.36(0.23) 7.32(0.71) 0.65

A25 104 1 09 6.31(0.63 149 06 05 649@8.1) 7.98 -37.15 1250.16) 10.64(1.36) 122 095 -37.38 1.41(0.08) 12.3(2.7)

A26 1.00 0.2 0.2 2.26(0.15

A27 052 02 0.2 1.37(0.15

A28 036 02 0.2 0.98(0.15

A29 042 03 03 2.24(0.15

A30 040 03 0.3 1.29(0.15

A31 044 0.2 0.2 0.67(0.15

A32 049 03 03 2.20(0.15

A33 053 04 04 4.00(0.15

A34 0.62 03 03 3.69(0.15

A35 1.07 0.2 0.2 3.61(0.15

A36 041 03 03 1.16(0.15

A37 374 06 05 21.7(0.15

A38 2473 0.2 0.2 81.42(0.15

A39 740 05 04 77.12(0.15

A40 0.68 0.7 0.6 14.53(0.15

A4l 054 04 04 3.06(0.15




4.4 (HEMISTRY, EVOLUTIONARY STAGE AND KINEMATICS OF THE BRIGHTEST CLUMPS

TasLe 4.3: Filament A: Parameters derived from Gaussian fits to the MALT9Qispec

Source Molecule Al* Ab? Tpeak Visr  Av [1° [+¢ rms
K K K kms® kms! Kkms?! Kkmstaseé Kj/channel
A24 AGAL338.422-0.409 DPH* 0O O 071 -3742 2723 2.64 1099 0.23
HNC 0O 7 072 -38.08 1.80 2.47 1377 0.23
A25 AGAL338.394-0.406 DPH* 0O O 095 -3752 207 2.09 1680 0.23
HCO* 72 18 0.42 -40.44 2.07 0.92 22 0.23
HNC 0O 9 092 -37.16 183 1.79 295 0.23
A37 AGAL337.932-0.506 BH"* 0 0 213 -38.72 277 14.4 758 0.23
HCO* 14 4 0.36 -39.86 1.69 2.16 274 0.23
HCN 14 14 059 -40.15 2.04 3.75 794 0.23
HNC 14 4 1.01 -39.54 2.79 3.46 1957 0.23
HC3N 14 4 059 -38.74 1.62 2.42 753 0.23
C2H 14 4 0.82 -38.8 2.18 2.86 1001 0.24
A38 AGAL337.916-0.477 BH"* 0O O 246 -39.21 2.23 12.32 1507 0.23
HCO* 18 6 181 -40.33 2.74 7.93 1256 0.23
H3¥CO* |18 10 0.78 -39.60 1.64 3.44 1673 0.23
13Cs 18 18 0.74 -38.58 2.15 4,01 200 0.23
HCN 18 6 1.37 -40.17 2.77 11.9 1365 0.24
HNC 7 7 2.83 -40.22 2.6 11.92 1197 0.23
HC3N 18 0 096 -40.36 1.22 5.41 1986 0.24
CoH 7 7 090 -39.26 2.73 453 1399 0.24
A39 AGAL337.922-0.456 BH" 0 O 367 -40.10 2.46 22.34 428 0.23
HCO* 3 7 286 -40.86 1.65 9.16 412 0.23
HCN 3 18 2.8 -39.92 1.76 13.2 550 0.24
HNC 3 15 3,58 -39.88 1.90 1.83 647 0.23
HC3N 3 18 1.00 -41.04 1.22 4.07 690 0.24
CoH 14 7 1.06 -40.04 1.97 4.65 686 0.23

& Offset of the peak emission from thei (1-0)peak.

b |ntegrated intensity
¢ Total integrated intensity
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Ficure 4.9: Integrated intensity maps toward clumps A24 and A25. Top panel: IRAg@ ttolor image
of the region covered by the MALT90 data (Red: 2%, blue: 8um, green: 4.5:m), blue contours show
the emission at 87Qm, while the white contours M*(1-0) emission. Panels (a)- (d): Maps of integrated
intensity of the detected molecular line transitionsXIBc). Contours represent the emission from 90%
of the peak to 3 noise emission (blue contour) in steps of 10%. The crosses indicate tiienmsf the
clumps and the blue circle shows the beam size. The color bar shows teeof#he peak in the integrated
intensity for each molecular line.
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Ficure 4.10: Integrated intensity maps toward clumps A35, A37, A38 and A39. Upaeel: Color
image of the region covered by the MALT90 observation toward clump AZt(R4um, blue: 8um,
green: 4.5:m) blue contours emission at 84én, black contours pH*(1-0)emission. Panels (a)-(k) : Maps
of integrated intensity of the detected molecular line transitions. Contoursseprthe emission from 90%
of the peak to 3 noise emission (blue contour) in steps of 10%. The cross shows the paditlmmclumps
and the blue circle shows the beam size. The color bar shows the valuepdak at each molecule.
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Ficure 4.11: Spectra toward clump A24. Each spectrum are at the (I,v) positioespanding to the peak
emission at NH™. Dotted line shows the central velocity of theHi (1-0) emission.
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Ficure 4.12: Spectra toward clump A25. Each spectrum are at the (l,v) positioaspanding to the
peak emission at M*. Dotted line shows the central velocity of theH\ (1-0) emission. We can observe
asymmetric profiles &fCO(3-2) and HCO.
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Ficure 4.13: Spectra toward clump A37. Each spectrum are at the (I,v) positioespanding to the peak
emission at NH*. Dotted line shows the central velocity of thel" (1-0) emission. We see in this plot the
asymmetry in the HCO HCN, HGCN and HNCprofiles.
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Ficure 4.14: Spectra toward clump A38. Each spectrum are at the (I,v) positioespanding to the peak
emission at NH*. Dotted line shows the central velocity of theHi (1-0) emission.
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Ficure 4.15: Spectra toward clump A39. Each spectrum are at the (I,v) positioespanding to the peak
emission at NH™. Dotted line shows the central velocity of theH (1-0) emission.
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4.5 Physical properties

In this section we combine the continuum and molecular lingeovations to derive the physical
properties of filament A, such as temperature, density profilass and pressure, for both the
filament and the embedded clumps.

4.5.1 Colortemperature

We calculate theolor temperatureof this filament from the 87@m and 35Qum continuum data
using Equatiof 1.30. Since the beam size at@®50s smaller that the one at 87@&n we smoothed
the 350um images to match the beam of the §#0 data (18”). The color temperature, using these
wavelengths, is only valid toward the regions of the filantbat have cold temperaturesZ0 K).
Since the majority of this filament appears as an infrare# dbrud with little evidence of star
formation, its dust temperature should probably be low. sThiie temperature obtained with this
method is probably a good approximation to the temperatitrenithis filament.

The color temperature obtained via this method relies oRitlogvledge of the emission spectral
index, 8. Sinceg is not know we calculated the color temperature using fofiedint values for
B 1, 1.5, 2 and 2.5. The maps of color temperatures using floesesalues fors are shown in
Figure[4.16. We found that the derived color temperaturdHisr filament has an average values
that ranges from 18 K to 9 K, using a valuebetween 1 and 2.5.

For the clumps we find, assuming a spectral indeg ef1.5, that the average value for the de-
rived color temperature ranges between 18 K and 40 K. Forptu&i8 and A22 the 350m con-
tinuum emission is noisy, therefore, the derived color terafure in these clumps might not be a
good estimation to the actual temperature. For this reasomilvassume a dust temperature based
on other properties of these clumps. Clump Al18 shows greeziefsizn the GLIMPSE images
and a point source emission at 2vh, indicating that the dust is presumably heated from an em-
bedded protostar. This mid infrared emission is indicativetar formation activity, therefore, we
will assume a dust temperature-a85 K which is representative of temperatures observed thwar
clumps with similar star formation trace{’_s_(RaI.hb_Qtne_HZQﬂ.d)). Based on the presence of green
fuzzies and the absence of both emission airddand molecular lines representatives of hot clump
chemistry, for clump A22 we assume a temperature3® K, which corresponds to the temper-
ature observed towards cores with similar characteristiasfrared wavelengthJs_(Rth_b_ome_dt al.

2010).

For the remaining clumps, located outside the region cavesethe 350um emission, we
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assumed a temperature based on their emission at infrakeding the clumps into three cate-
gories: Clumps with no emission at infrared wavelengths KDGLIMPSE and MIPSGAL), for
which we assume a temperature of 20 K; Clumps with either anghezzies or a 24:m point
source emission, for which we assume a temperature of 30 &rlumps with both emission at
GLIMPSE wavelengths and 24n emission, for which we assumed a temperature of 35 K. Table
4.5 summarize the derived and assumed color temperatueadbrclump.

4.5.2 Column density and mass

In this section we describe how we determined the columnityeaisd mass of filament A. From
the continuum emission at 870n we obtained the column density, from which we calculated th
total and lineal mass of the filament and the masses for eantpclFrom the3CO(3-2) molecular
line emission we calculated the virial mass and lineal Vimass.

4.5.2.1 Column density and total mass of the filament

The radial column density was computed from the dust thecoatinuum emission at 87@m us-
ing equatiof 1.28. In this calculation we used the color teratures profile obtained with a spectral
indexp = 1.5 (see Sectioh 4.5.1) and a dust opacityflioentks;g = 0.012 cnfgrl. From the
derived value of the radial column density along filament Acsenpute the total mass of this fil-
ament by integrating the radial column density over the @t@mand length of the filament. The
mean column density obtained is<2L0??> cm? reaching values of #dcm2 toward the clumps
while the total mass derived for filament A was found to b&x310* M,..

The virial mass is obtained from tA&CO(3-2) molecular line emission. Unfortunately, because
the coverage of the observation only covers the centrabp&ithment A, we only have information
of the virial mass in this part of the filament. Because of thani#gntary shape of this molecular
cloud, the virial mass was computed at each point of the filmmging Equatiof 1]16. Then, to cal-
culate the total virial mass we integrated the values forvthal mass along the filament obtaining
a total virial mass of 4 10° M,,. The total dust mass along this part of the filamentis1D® M.

4.5.2.2 Mass of the clumps

From the observations of the 87 continuum and3CO(3-2) molecular line emission toward
the clumps embedded in this filament, we computed their gotdlvirial masses. To compute the
mass from the dust continuum emission we used the color texiyve derived (or assumed) and a
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Ficure 4.16: Derived color temperature for filament A. The panels show the taigperatures obtained
by assuming dierent values of the emission spectral ing&xNote that overall the filament have a similar
temperature, while in the clumps we observe localized regions with slightly highmreratures.
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dust opacity cofficientks;o = 0.012 cntgr-!. The mass derived for the clumps range fres0 to
~3000 M,, with mean value 0200 M.

For each clump with observations in th&O(3-2) line, we calculated the virial mass from
the average emission 30~ enclosing the clumps. In all the clumps we assumed that theg h
spherical shape and are in virial equilibrium. Clumps A201AR22, A24 and A25 have a virial
masses of 101 M 83 M,, 14 M,, 452 M, and 238 M, respectively.

Using the opacity, excitation temperature and line widtesved from the fit to the hyperfine
components observed in thei(1-0) emission, we derived the mass of the clumps observed in
MALT90. The masses were obtained using equdfion 1}4.3.8.values of the mass obtained for
these clumps are summarized in Tdblé 4.5.

The ratio between the mass obtained from the dust emissipand virial massm,,, ranges
between 0.3 and 4 for the clumps observed@O(3-2). A ratio~ 1 suggests that there is virial
equilibrium for a clump and if their are gravitationally bmly which is observed toward clumps
A20, A21 and A25. Clump A24 have a virial mass higher thadugt massnd clumps A22 have a
virial mass much lower that itdust massmplying that these clumps are not in virial equilibrium.
Table[4.5 summarizes the dust masses and virial massesebfar the clumps.

4.5.2.3 Lineal mass along the filament

The lineal mass was computed by integrating the observeal maumn density over the diameter
of the filament, at each point along the filament. We used tmpéeatures previously computed,
which have a varying temperature increasing locally toviilaedclumps. The lineal masses obtained
from this method have a mean value of 142.M he lineal mass distribution is shown in Figure

4.17.

To calculate the "lineal virial mass” we averaged the mal@cline emission over the diameter
of the filament and perform an automatic Gaussian fit to theage®l spectra obtained. From this
fit we obtained the central velocity, antenna temperatuddiaewidth at each point along the path
of the filament. We then use Equation]1.6 to compute the livieal mass using the values found
for the linewidth at each point. For this flament we found aamgalue of 260 M, the lineal virial
mass distribution along the filament is show in Figure ¥.h#hls figure it is also shown the lineal
mass distribution derived from the dust continuum emissiesee that the virial mass is higher
than the dust mass on the region were the emission overlap.
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Ficure 4.17: Lineal dust and virial mass distribution along the filament. Green, lingal mass; black,
lineal dust mass from 87@nobservations. Maximum in2x 10° My, , which is out of the scale of this plot

4.5.3 External and internal pressure

To calculate the internal and surface pressure we congidaegion of the flament were we have
13C0O(3-2) molecular line observations. The external preS@&_e_a.nd_Budtﬂdz_ZQbO):

(P) = (c?Xp), 4.1)

was computed from the mean density obtained from the dusincmm emission and the velocity
dispersion obtained from tHéCO(3-2) molecular line emission. The velocity dispersiors wam-
puted from the linewidth observed toward regions that wézarty outside the boundaries of the
filament. The average value for the velocity dispersionig km s*. The mean density was com-
puted from the region outside the filament, obtaining a ayeralue of(p) = 1 x 1072 gr cnt3,
From these values we estimate an external pressure on émefit ofPs/k = 10° K cm™.

The internal pressure was computed using*8@0O(3-2) line width and the density obtained
for each point along the filament, using Equation 4.1. Thesiigrat each point of the filament
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was obtained by dividing the lineal mass over the volume méfr length (see Section 1.4.2.2),
the mean lineal density was found to bé % 10-%° gr cn73. The average velocity dispersion is
(o) =0.75 km s*. Thus, the mean internal pressure in the filamexPjgk = 4.5 x 10° K cm™3,
with kthe Boltzmann constant. Along the filament’s path the intggressure ranges fron®)/k = 10°
to 10’ Kcm=3,

4.6 Stability of the filament: magnetic field support

In this section we compare the properties derived for filanfemvith prediction from theories
that describe the stability of filamentary molecular clgudsparticular whether the existence of
a magnetic field contributes to their overall support. Thespnce of a magnetic field is analyzed
by two methods: its influence over the radial column densitfile and by a virial equilibrium
analysis.

4.6.1 Radial density profile analysis

In this section we analyze how the presence of a magneticdaidoe inferred by analyzing the
profile of the radial intensity of the emission observed & &m. The radial intensity emission was
fitted assuming a column density profile given by:

pchIat
[1+ (f/Ra)?] =

() =Ap (4.2)

The fit was done at each point along the filament. For the fit veeassfree parameters: the
central densityp., the inner flat regionRy4;, and the parametgr. The parametep represents
the shape of the column density profile, which gives an itlineeasurement of the magnetic field
support over the filament. For a pure gravitationally bouhfilament, without a magnetic field,
the radial column density is best fitted by a profile witk 4 dOstrike@). If the radial column
density is best fit by a profile with < 3 then, as shown d;LEisge_and_Bushﬂjlz_dOOO), the filament
likely has a magnetic field to support it.

To compare our observations to these models, we first dividedilament into two groups: a
group containing thelumpsand group containing thater-clumpmaterial. Since the shape of the
filament’s radial intensity is only characterized by theueabf p, we averaged and normalized the
radial intensity for each group. Thus, we obtained for bb#hd¢lumps and inter-clump material a
mean value for the radial intensity from the 8@ emission.
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Ficure 4.18: Density profile of the normalized mean density of the clumps in filament Angatdrom
the 870um emission. The left panel shows lineal plot of the profiles and the righ¢lpghe profiles in
logarithmic scales. The red solid lines represents the best fit to the dertditg,the beam profile is shown
with the solid yellow line, the hydrostatic solutior=$ (green dashed line) and magnetized solutief p
(green dotted line) are also shown. We can see that in general the ;fhtygeradial density follows the
shape of a profile witlp = 4.
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Ficure 4.19: Density profile of the normalized mean radial density of the inter-clugipmen filament A.
The left panels show lineal plot of the profiles obtained from the8vi@mission and right panels shown the
profiles in logarithmic scales. The beam profile is shown with the solid yellow lieehydrostatic solution
(green dashed line) and magnetized solution (green dotted line) are algon.3Ne can see that the shape of
the radial density diers from the observed at the clump looking more similar to a solution pvitt2.

For the clumps, we found that the radial intensity at @i® has a profile that is best fit by a
column density profile wittp = 5 (Figure[4.IB). This implies that for the clumps their sigpi
can be explained by hydrostatic equilibrium only, withdut heed for a magnetic field to support
them. For the inter-clump material the 8ifh emission is very weak, thus, the mean normalized
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radial intensity profile is not very well defined. The wingstloé column density profile are more
prominent and the best fit is given by a profile wiph= 3 (Figure[4.IDP). This suggests that a
magnetic field is needed to explain the stability of the hademp material.

To determine how the shape of the column density, and hpndeanges along the filament we
performed a fit to the radial intensity at each point alondfitaenent. This fit was performed using
ay? minimization between the observed column density and thgetgiven by Equation4l2. This
fitting was only obtained for regions along the filament wheeemission at 870m had a signal
to noise higher than®. The values o obtained from a fit with/?> < 2 are shown in Figurie 4.20.
In this plot the black dots correspond to the fits made to therHdclump material and the red dots
correspond to the fits made to the clumps, error bars showg’tik@lue from these fits. We have
found that for the inter-clump material the valuespofange between 1 and 2.5. For the clumps
(red dots) the fit gives values pfthat typically range between 2.5 and 4.5. Most of the poiatseh
a value ofp < 4 implying that, in general, the shape of the density profiledst fit by a model that
includes magnetic field support.

These results show that for the filament, a non magnetizecehwathnot explain the shape
observed in the column density profile and nor describe atisilgty. However, the mean values of
the column density for the clumps and inter-clump mateudggest that while the clumps stability
can be described by hydrostatic equilibrium the inter-g@umaterial cannot. Thus, it appears that
the filament requires the presence of a magnetic field todughpport it (against expansion or
collapse).

4.6.2 Virial equilibrium analysis

We now analyze the stability of filament A by studying the tielaship between their lineal mass,
lineal virial mass, internal pressure, external pressgrayitational energy and magnetic field.
We followed the work of_Eiﬁge_a.nd_P_ud}i 00) which usesstiended version of the virial
equilibrium equation for filamentary molecular clouds timiudes magnetic field support.

Equation 1% was used to describe the relationship betweanasses of the filament (from dust
and virial), its internal and external pressure and thegmres of a magnetic field. A plot (Figure
4.21) was made using lines of constant values of the ratwdmat the total magnetic energy per
unit length,M, and lineal gravitational energgy¥’|. In the models the total magnetic energy can be
positive or negative depending of the shape of the magnetitthhat supports the filament. In the
plot the region delimited by negative values/of/|'W| implies that a toroidal dominated magnetic
field is needed to support the flament against expansiorevgusitive values oM/|'W| implies
the need of a poloidal dominated magnetic field to avoid tlaeitational collapse of the filament.
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Ficure 4.20: Plot ofp, the parameter that defines the shape of the density profile, vs pealoffithef
clump (red point) and inter-clump (black points) material. The error bans #iey? between the fit and the
observed radial density. We can see that, in general, the inter-clump rhiagéeavalues op lower than the
clumps, suggesting that they need a magnetic field as support.

A value of M/|'W/| = 0 represents the non magnetic solution for virial equilibri

In this plot the average value of the ratio between the lidaat mass and lineal virial masgmy;,
and the ratio between the mean internal pressure and synfassure{P)/P, are 0.75 and 0.05
respectively, which gived1/|'W|=-0.25. This suggests that the existence of a toroidal damiha
magnetic field is needed to prevent the filament from expan@tmure[4.21l). The clumps have
typical values ok P)/Ps=0.004 andn/m,,=0.24, implyingM/|'W|=-3.0. This corresponds to the
region of this plot indicating that a toroidal dominated metc field is needed. For the inter-clump
region({P)/Ps=0.18 andn/m,; =0.05 givingM/|'W|=-13.4 also corresponding to the toroidal part.

The virial equilibrium analysis suggests that if we treas filament as a whole coherent struc-
ture, its stability can be explained by the presence of adatanagnetic field that prevents the
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Ficure 4.21: Plot of the(P)/Psvs m/myfor the clumps and inter-clumps material for filament A. Blue
dashed lines: toroidal magnetic fields, blue solid line: unmagnetized soluteen gdashed lines: poloidal

magnetic field. Yellow dots: values found for the inter-clump material; black: datkies found for the
clumps and the red star: average value for the entire filament.

filament from expansion. However this analysis correspamdg to a small fraction of the fila-
ment, therefore, to obtain a more reliable result it wouldhbeessary to extend this analysis to
the full extent of the filament. Nevertheless this resultassistent with the analysis of the radial
intensity emission, suggesting that the filament needs anetagsupport.

4.7 Fragmentation

In this section we discuss the fragmentation of the filam&nto this we assume that the filament is
a cylinder and analyze the fragmentation due to fluidsausage”, instabilities in a self-gravitating
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cylinder. This instability produces several clumps (orradensities) with a spacing given by the

wavelength of the fastest growing unstable mode of fluidaiitity m 0). The

spacing between the clumps depends whether the filamergatett as an incompressible fluid
|mj_1§53) or as an isothermal gas eylind

For Nessie, we find that the typical clump radius is 0.44 pceBam the location of the clumps
we derived a mean separation between theri2o8 pc. Treating Nessie as an incompressible fluid,
the separation between the clumps is expected tgpe= 11+ 0.44 pc = 4.8 pc. This value is
greater than the observed separation of the clumps withgside

Treating Nessie as a isothermal cylinder, then the expesgipdration will depend on its scale
of heigh. The averag&CO(3-2) line width along the filament is 1.3 km s. Based on the
observations at 870m, we derived a central density of52x 1071° gr cnt3, similar to the value
assumed bLLJ_aQ_KS_QD_e_{ MlO). Using these values, we $icaleof heigh oH ~ 0.09. Since
the radiuR > H, the expected spacing between the clumps is givel gy = 22H =~2 pc. This
is similar to the average spacing of 2.3 pc found for the filaime

Jackson et él]_(;QhO) using HNC(1-0) emission found that plaeiag between the clumps in
also similar to the expected spacing for an infinite isotlaraylinder, however the separation
observed at this emission is larger matching the clumps 24tpm point source emission. We
found that the separation observed'#0(3-2) matches well the separation between the cores
observed at 87@m . Since, the continuum emission not only takes into accthentlumps with
emission at 24:m but all the clumps regarding their evolutionary stages thakes*CO(3-2) a
better molecular transition to study the fragmentationestafilaments.
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TasLe 4.4: Filament A: derived properties of the filament.

Distance Length Radius Ncores Av Temperature Total mass Lineal mass B/k (PY/k~y
o
Bco m Myir — M/Myjr m My M/Myjr —
pc pc pc km st K Mo Mg Mo Mo 10°Kem=3 10°Kcm™3
3020 80 0.44 8 1.76 15 33600 4000 - 262 447 1.71 10 188
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TasLe 4.5: Filament A, properties of the clumps

Temperature Mdust ~ Myir MN2H:  Mdust/Myir Spacing
Color Assumed
K Mo Mg Mo pc

Al - 35 110 - - - 2.09
A2 - 20 163 - - - 5.56
A3 - 20 114 - - - 4.43
A4 - 40 140 - - - 3.04
A5 - 40 56 - - - 1.26
A6 - 40 47 - - - 0.63
A7 - 40 41 - - - 1.57
A8 - 30 99 - - - 0.93
A9 - 30 63 - - - 0.87
Al10 - 40 55 - - - 0.60
All - 30 73 - - - 4.24
Al2 - 35 78 - - - 4.75
Al13 - 30 130 - - - 4.66
Al4 - 30 79 - - - 1.50
Al15 - 20 93 - - - 1.06
Al6 - 20 131 - - - 6.03
Al7 18 - 126 - - - 1.02
Al18 - 35 40 - - - 0.89
Al19 - 30 33 - - - 2.01
A20 20 - 130 101 - 1.3 2.37
A21 20 - 118 83 - 1.4 1.84
A22 - 30 61 14 - 4.3 0.95
A23 25 - 63 - - - 1.54
A24 40 - 113 452 - 0.3 1.60
A25 28 - 225 238 352 0.9 3.44
A26 - 35 162 - - - 7.23
A27 - 20 180 - - - 0.72
A28 - 20 124 - - - 3.67
A29 - 20 145 - - - 1.64
A30 - 20 138 - - - 3.05
A3l - 40 60 - - - 1.51
A32 - 40 67 - - - 1.21
A33 - 40 73 - - - 0.98
A34 - 40 85 - - - 1.81
A35 - 40 147 - - - 1.67
A36 - 40 56 - - - 2.19
A37 - 40 516 - - - 1.84
A38 - 40 3400 - 1079 - 1.16
A39 - 40 1020 - - - 2.24
A40 - 40 93 - - - 1.64
A4l - 40 74 - - - -

2 Distance to the nearest core along the filament

b Lineal values
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Filament B: AGAL337.406-0.402

Filament B, AGAL337.406-0.402, was identified from ATLASGAmages and extend more than
26’ in the dust continuum images. Figurel]5.1 panels (a) ahaibwsSpitzefGLIMPSE and
MIPSGAL images respectively. These images show that thenmhapf the filament is infrared
dark, only presenting considerable infrared emission tdvweme side of it. There are clearly lo-
calized regions of star formation occurring along its léngtentified via bright green fuzzies
(enhancement at 4/4m), bright extended gm emission and 24m point sources. Because these
are tracers of star formation, these regions clearly ajreadtains embedded protostars. Thus, this
filament contains both cold pre-stellar clumps and thoseaitemore evolved and associated with
HIl regions.

Figure[5.1 panels (c) and (d) show the dust continuum emmssibserved with LABOCA
at 870um and SABOCA at 35im respectively. We see that the continuum emission at both
wavelengths, traces well both the infrared dark and theuatt bright regions along this filament.
At 350 um the emission is more concentrated and the clumps embedeletbae evident.
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Ficure 5.1: Multi wavelength continuum images of filament 8pitzerimages show that most of the
filament can be seen as an infrared dark cloud. However, is cleanyssseral regions with active star
formation occurring (e.g. green fuzzies, bright® , 24um emission). The dust continuum emission at
870 um matches well both the infrared dark an@®R bright regions. At 330 we can identify several
clumps embedded in this filament.
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Ficure 5.2: Path defined for filament B. Color scale showing the B#0emission (scale in Jyeam)
toward filament B. The black line shows the path defining the filament, bas#wd?ython algorithm that
follows the 87Qum peaks. The region containing the filament was set to 15 pixel to eachfsiue path.
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Ficure 5.3: Distribution of dust continuum emission along the filament. Top panel: Fungdilament
B, at the each point of the path defined for both &n® ( black line) and 35@m (blue line) continuum
emission, the red dotted line shows the mean noise in the map (4.7 mJyan8add 0.75 Jy at 350m).
Lower panels: Color images of the filament at %ﬁnd 35Qum.



Fieament B: AGAL337.406-0.402

5.1 Defining the filament

The filament was named after the brightest clump within ingishe ATLASGAL catalog denom-
ination. To define the potential filament we use a Python &lguorthat follows the peaks in the
emission at 87@m (for a detailed explanation see secfion1.4.1). Figulsoivs the path defined
for this filament, the black line marks this path as it follothhe 870um peaks. Once the path was
obtained, the width of the filament either side of this patls gt to be 15 pixels (1807). This width
was chosen to cover the full extent of the emission at@@%0 The same region was used to define
the filament from the 350m continuum emission.

Figure[5.B shows the peak flux density at §#@ and 350um along filament B. This plot
clearly shows the well defined clumps within the filament. Bter, the overall emission along
the filamentary structure is higher than the average noistfleund in the maps (red dashed line),
which is~4.7 mJy for the 87(xm image and 0.75 Jy for the 3N image.

Using the 87Qum dust continuum emission we also determined the radiakedispn of the
emission along the filament to estimate its projected widée (section 1.4.1.3). This was done by
fitting a Gaussian profile to the emission at §#0 across the filament. From this fit we obtained
the FWHM of the emission at each point along the filament. Wetfiatithe mean projected radius
of this filament is~30 arc seconds.

5.2 Physical coherence of the observed filamentary structure

To determine whether the observed filamentary structurdysipally coherent we made obser-
vations of *CO(3-2) molecular line emission. Because the observed eamtiremission arises
from all the clouds along a line of sight, it alone cannotidigiish between a single molecular
cloud or the superposition of two or more molecular clouds@lthe line of sight. By measuring
the velocity of the3CO(3-2) molecular line emission toward it and morpholodicalatching the
13CO(3-2) emission to the filaments, we can distinguish betwieese scenarios.

Figurd5.4 (top panel) shows th#€O(3-2) integrated intensity image overlaid on the gitOcon-
tinuum emission. Th&CO(3-2) emission traces closely the continuum emissionae&r0um to-
wards this filament. However, tHéCO(3-2) position-velocity maps, Figure .4 (bottom and righ
panels), show that thECO(3-2) emission is actually a superposition of three dtscneolecular
clouds along the line of sight; one background cloud at -48 skinthe main cloud at -41 km
st and a foreground cloud at -18 kmts The main component has a central velocity of -41 km
st and extends along length of the observed filamentary steiatdicating that the majority of
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5.3 RROPERTIES OF THE EMBEDDED CLUMPS WITHIN THE FILAMENT

this structure is physically connected. Moreover, the rholpgy of this cloud matches the mor-
phology of the filamentary structure observed at @i Because it has a single velocity, extend
along the length of the filament and matches the filamentarphaogy at 87Qum , we select the
cloud at -41 km s' to be associated with the observed continuum filamentangtsire.

The foreground cloud with a mean velocity of -18 kmnt & located toward the right side of
the filament. Because the 84fh emission is the sum of the emission of both of these clotis, t
molecular cloud will contaminate the emission at 8. Therefore, the emission at 8zén to-
ward this part of the filament will be the result of the comlirenission from the main filament
and this secondary molecular cloud.

The background cloud, with mean velocity of -48 km,scorrespond to a distinct clump at
870 um located slightly above the observed filamenrt337.323, b-0.372). Thus, for further
analysis we will mask out this clump from the emission at gii©and have redefined the path of
the filament excluding this background clump.

With the measured velocity we estimated the distance to ld@éint using the model for the
rotational curve outlined in Sectién 1.4.13.2. Since thisatire appears as dark against the extended
Galactic background emission we assumed that this clos@tithe near kinematic distance. Under
these assumptions we find its distance to be 3.2 kpc. Usieglittiance, the average radius of the
filament is 0.45 pc and the length is 24 pc.

5.3 Properties of the embedded clumps within the filament

The ATLASGAL 870um continuum emission point source catalog (see setCtionrgputs seven
clumps along this filament. The clumps are evenly distrithationg the filament, their locations
are shown in Figure 5.5. The ATLASGAL catalog names thesaphibased on their peak position
in Galactic coordinates (e.g AGAL337.437-0.399), howefarsimplicity, we use the ID B1, B2,
B3 etc. for each clump, ordered by decreasing Galactic ladgialong the filament.

Clumps B1 and B2 are bright at both& and 24um suggesting that star formation has already
begun within them. Clump B3, which is not part of this filamestalso dark infSpitzerimages.
SpitzefGLIMPSE images reveal that clump B6 located at the right sideedfilament, is associated
with three green fuzzies (enhancement atidh§ and bright emission at 24m(suggesting heated
dust from protostellar object), both indicators of stamfation activity. The rest of the clumps
(B4,B5 and B7) appear dark, even ata#, which suggest that these clumps are at an early stage
of evolution. Tablé 5]1 summarizes the observed sub-ngliénand infrared emission toward each
clump, which reflects their star formation activity. We atdmw the association of the clumps with
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Ficure 5.4: 13CO(3-2)emission toward filament B. Top panel: dust emission at/@7@®verlaid with
contours of thé®CO(3-2) integrated intensity . Middle panéfCO(3-2) integrated intensity. Lower and
right panels: position velocity maps (l,v) and (b,v) integrated over both Galkditude and longitude
respectively. These images reveal that ¥@0(3-2) emission toward this filament reveals three discrete
molecular clouds along the line of sight ((I,v) lower panel).

IRAS sources, which typically correspond to the clumps whezesee bright emission in the mid
infrared.

From the images at 870m and 350um we measured the peak flux, diameter and integrated
flux toward the clumps. These values were computed from theseon above the 3 noise of
each clump. The size of the emission at half the peak givedi#meter of the clump. The values
obtained for each clump, at 876n and 350um , are listed in Table’ 5l2. The spacing between
the clumps were computed using the position (from the ATLARGatalog) and their angular
separation. These was measured between two consecutmps;latarting with the clump B1. The
derived relative separations are listed in Tdblé 5.5. Tleeame separations observed between two
consecutive clumps is2 pc. In this average separation we did not considered B3jsslthmp is
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Ficure 5.5: Color image of the 840n continuum emission toward filament B, contours fromt8 peak
emission in logarithmic scale. Arrows indicate the position of the clumps embedttd the filament and
blue boxes shows the area covered by the MALT90 observations. keemathat the clumps are evenly
distributed along the filament.

TasLe 5.1: Filament B, IR and sub-millimeter classification of the observed clumps.

ID ATLASGAL Name  GLIMPSE MIPSGAL ATLASGAL P IRAS

3.6 - 8um 24um

B1 AGAL337.437-0.399 Bright @m Bright Bright -

B2 AGAL337.406-0.402 Green FuzzfedPoint source Bright 16340-4732
B3 AGAL337.323-0.372 Dark Dark Weak -

B4 AGAL337.271-0.389 Dark Dark Weak -

B5 AGAL337.238-0.391 Dark Dark Weak -

B6 AGAL337.153-0.394 Green Fuzzfesoint Source Bright 16351-4722
B7 AGAL337.094-0.371 Green Fuzzfes Dark Weak 16352-4721

2 Green fuzzies: Enhancement at 4r8.
b Bright emission: Peak emissionl Jybeam; weak emission: Peakl Jybeam

not part of the filament.

From the®*CO(3-2) molecular line emission we obtained the velocitypinfation for each
clump. In order to improve the signal to noise of each spettwe average all the emission3o
around each clump. On this averaged spectrum we perform ss@@atfit, obtaining the velocity
(v.sR), peak antenna temperature,gJy, line width (Av) and integrated intensityf (Tpdo, 1l'in the
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Ficure 5.6: NpH*emission. Each plot show toward B2 (left) and B6 (right) the expected positibthe
individual hyperfine component for each spectra. The numbers tedike relative intensity of the lines.
The green line is the fit tho the spectra. Clearly seen is that the hyperfimgoo@nts is blended.

table). The values obtained from these fits are summarizédbie[5.2.

N,H*(3-2) observations were carried out toward two clumps: B2B&d These clumps cor-
respond to those with strongest emission at gif0and bright IR emission. M* has hyperfine
components, but due to the large line widths of each comgdhey appear blended in the spec-
tra (Figure 5.6). Toward clumps B2, we perform a three compb@aussian fit to its spectrum
to determine the peak antenna temperatugg,(l line width (Av), velocity (. sg) and integrated
intensity (I1). Because the fit was done to the blended commsnef NbH*(3-2), the line width
obtained is likely to be overestimated, being dominatechieyiend of the four central component
of the hyperfine structure. Toward B6 we could fit the hyperfiomponent using CLASS, how-
ever the spectrum of this clump appears noisy making theitypalotained from this fit not very
accurate. The results of these fits are summarized in TaBle 5.

5.4 Chemistry, evolutionary stage and kinematics of the bright-
est clumps

To asses the chemical state of these clumps we also includdérden the MALT90 survey. These

observations mapped regions covering clumps B1, B2 and B6 (geesf5.%). Towards B1 we

detect 8 of the sixteen observed molecular lines (Intedratiensity> 30~ noise). Emission was

detected in dense gas tracers (HCN, HNGHNand HCQO), and their optically thin isotopomers

(H3CO* and HNC), as well as in HGCN and GH which are usually found in hot cores and
photo dissociation regions. The detected lines indicaae tis clump is dense and the lack of
significant emission from the other hot core chemistry mdies (i.,e. CHCN, HCCCN, SiO)
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5.4 (HEMISTRY, EVOLUTIONARY STAGE AND KINEMATICS OF THE BRIGHTEST CLUMPS

suggest that this clumps is either cold or in an early evohary stage. This clump shows bright
infrared emission in the GLIMPSMIPSGAL images, however the peak of the IR emission is not
coincident with the peak emission of either the dust contmwr the NH*(1-0). This implies that
the IR emission may not arise from this clump but instead fedimreground or background region

(Figurel5.7).

Towards clump B2, we detect 11 of the sixteen molecular litseoved (with integrated inten-
sity > 30 noise). In addition to the dense gas tracers and their digtiban isotopomers (HCN,
HNC, N,H*, HCO", H*CO" and HNC), we also detected emission from several molecular tran-
sitions indicative of hot core chemistry such as{CiN. We also detected SiO, indicative of shocked
gas and gH which is detected towards photodissociation regions.ti#dl evidence indicate that
clump B2 is associated with star formation, shocks, outflahexefore is likely that this clump is
hot and in a evolve stage.

Clump B6 shows emission (Integrated intensit@o- noise) only from the following molecules:
HNC, HCOfand NH*(1-0). The presence of these lines and the lack of emissmn the other
molecules are usually observed in dense molecular cloutidow temperatures.

Velocity integrated intensity maps were created for eactnefdetected molecular transitions
towards the clumps (B1 and B2), using a velocity range of -48 #Mos37 km s!(Figure[5.8).
These maps shows that the integrated intensity for clump Bt2asger than that for clump Bl in all
molecular transitions except in,N*(1-0) where is weaker at clump B2 compared with clump B1.
Chemical models of star formation evolution suggest thattfference in NH*abundance reveals
different stages of evolution in clumps. These models showstlbaabundance of ™ will
decrease as cores evolve from the pre-stellar phase to the-giellar phase{_(Le_e_eﬂé.L_ZLbM).
Based on this chemistry we speculate that clump B2 is in a moteexystage than B1, approaching
a proto-stellar phase.

Figure[5.9 shows the integrated intensity maps of the m&detine detected toward clump B6,
the range used to create these maps was -44 &k 38 km s'which contains the emission
of the main filament at -41 km & The integrated intensity maps shows that the emission of
N,H* and HCN follow the morphology observed at the &0 dust continuum emissign 5.9 (top
panel), while the HCOemission is weaker than the others two and is not as extersibe athers
molecules.

For all the molecular lines detected towards each clump, evéopned a Gaussian fit to the
peak spectrum obtaining: the velocity of the emissiggd), peak antenna temperature,{dy), line
width (Av) and integrated intensity (l). We also obtained the (I,b¥ipon of the peak spectrum
expressed as thefeet with respect to the position of the peak spectrum #11-0) (Al andAb)
and the total integrated intensity fI For all the clumps the detections were defined as the emnissi
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Ficure 5.7: Zoom in around the clumps B1 and B2 (left, right). Top panel: Thréer ¢dRAC image:
3.6um (blue) 4.5um (green) and &m (red), yellow contours shows the 8xfh continuum emission and
blue contours showing theJN*(1-0) integrated intensity. Lower panel: Color image of MIPS.24 with
yellow contours of 87Qum continuum emission and blue contours gHN (1-0) integrated intensity.

of Il > 30-. The list of the parameters derived, for each of the detettgldcules, are summarized
in Tablel5.8. To the peakdKi*(1-0) emission, we fit the hyperfine structure obtaining tketation
temperature, line width and opacity. The values obtainedhfthese fits are summarized in Table
B.1.

Figures 5.10[ 5.11,5.12 shows the spectra of the detectéetules toward B1, B2 and B6
respectively. The spectra correspond to thelN1-0) peak position The spectra toward clump B1
do not show a "2 peak” auto absorption in any transition,@altih, the emission at HCOpresent a
red skewed profile suggesting inward motions. Toward clumplBarly is seen the self absorption
in $3CO and HCO. Clump B6 is the weaker of the three clumps observed. &8© emission
shows a blue asymmetry suggesting inward motions. Thestra@dso show the second molecular
cloud detected toward this filament, clearly seen at H@ad**CO.
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TasLe 5.2: Parameters of the clumps in filament B from their continuum and moleculasiemis

i
=

870um 350um Bco(3-2) NoH*(3-2)
ID Peak Flux  Diameter Int. Flux | Peak Flux  Diameter Int. Flux Tpeak ULSR Av I Diameter | Tpeak VLSR Av T
Jy/Beam ’ pc Jy Jy/Beam ' pc Jy kms?! kmst K K kms™ pc kms?! kms? K

B1 314 09 0.8 9.53(0.87 2315 06 0.6 79.27(1.78) 14.05 -41.9  2.84(0.13) 42.65(1.90) 05 - - -

B2 18.34 1.3 1.2 49.31(0.87 176.22 1.0 0.9 876.45(2.67) 14.07 -41.9 5.19(0.21) 78.09(3.08) 0/9 1.01 -42.74 3.54(0.12) -
2.72 -40.07  2.83(0.06) -
0.91 -37.99 3.42(0.13) -

B3 055 05 05 0.64(0.22 324 04 04 7.20(0.83 2.25 -54.7  2.73(0.77) 6.59(1.87) 03 - - -

B4 037 05 05 0.54(0.22 1.06 03 0.3 1.41(0.61 2.16 -41.9 1.66(0.54) 3.82(1.24) 0,7 - - -

B5 032 04 04 0.31(0.22 1.79 03 0.3 2.30(0.50 1.14 -40.5 1.66(0.54) 2.02(0.66) 0.8 - - -

B6 1.70 0.7 0.6 4.68(0.76 713 04 04 19.97(1.16 4.02 -41.9  1.66(0.54) 7.12(2.32) 0.8 0.64 -41.36  2.84(0.29) 3.22

B7 051 03 03 0.66(0.33 195 03 03 3.22(0.66 0.79 -39.6  2.15(0.21) 1.81(0.18) 0B - - -

SdANNTO L§HLAEOIEY HL 40 SOLLYNANIY (INV HOVLS AYVNOLLNTOAH ‘AH.LSIWEII—O 'S



Fieament B: AGAL337.406-0.402

TasLe 5.3: Filament B: Parameters derived from Gaussian fits to the MALT9Grspec

Source Molecule] AlI* Ab?* Tpeak Visr Av 1o I+€ rms
” ” K kms kms! K kms?! Kkmslased Kj/channel
B1 AGAL337.437-0.399 BH* 0 0 225 -41.78 2.75 6.60 1180 0.24
HCO" 18 9 1.39 -41.13 2.21 3.27 17 0.24
H3co* 27 0 0.44 -41.40 2.26 1.06 186 0.25
HCN 63 18 0.76 -40.57 2.23 1.80 892 0.24
H3CN 9 -9 037 -41.33 1.46 0.57 1100 0.24
HNC 0 0 1.93 -41.78 2.66 5.47 1214 0.24
HC3N 18 0 0.40 -41.99 1.53 0.65 35 0.23
CH 18 0 0.57 -42.04 1.81 1.10 89 0.24
B2 AGAL337.406-0.402 BMH* 0 0 1.35 -41.52 3.29 4.37 13 0.18
HCO" 0 0 1.28 -39.36 2.37 3.23 765 0.28
H33co* 18 0 0.62 -39.96 3.39 2.24 110 0.18
13cs 9 0 0.51 -40.97 2.82 1.53 93 0.17
HCN 0 0 0.94 -48.99 3.72 3.73 1225 0.18
HN13C 0 7 0.43 -40.20 1.24 0.56 225 0.18
HNC 18 9 1.75 -40.16 3.29 6.14 1707 0.18
CH3CN 9 0 0.33 -46.86 1.76 0.62 64 0.17
HC3N 9 9 0.90 -40.57 3.03 2.90 205 0.17
CoH 0 9 0.77 -40.72 2.82 2.31 227 0.18
Sio 9 9 040 -39.54 2.89 1.23 103 0.18
B6 AGAL337.153-0.394 N2H 0 0 0.91 -39.01 1.98 1.92 72 0.38
HCO*" -89 63 0.68 -41.72 1.76 1.27 179 0.36
HNC -63 27 1.09 -41.61 1.55 1.80 131 0.38

a Offset of the peak emission from the(1-0) peak.
b Integrated intensity at the peak.

¢ Total integrated intensity, from the MALT90 catalog.
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Ficure 5.8: Maps of the velocity integrated intensity in the molecular lines detected tddashd B2
from the MALT9O0 data. Top panel: Three colSpitzefIRAC (Red: 24um, blue: 8um, green: 4.5um, blue
contours: 87Q:m, white contours: BH*(1-0)). Panels (a)-(k): Maps of integrated intensity from each of the
detected lines (I 30). Contours represent the iﬁ?sion from 90% of the peakrtodse emission (blue
contour) in steps of 10%. Crosses shows the position of the clumps antlighefiele shows the beam size.
The color bar shows the value of the peak at each molecule.
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(@) NpH* (b) HCO (c) HNC

Ficure 5.9: Maps of the velocity integrated intensity in the molecular lines detected t@®@&hdm the
MALT90 data. Top panel: Three col@pitzefIRAC image (Red: 24:m, blue: 8um, green: 4.5um, blue
contours: 87Qum, white contours: BH"(1-0)). Panels (a)-(k): Maps of integrated intensity from each of the
detected lines (I 307). Contours represent the emission from 90% of the peakrtodse emission (blue
contour) in steps of 10%. Crosses shows the position of the clumps anlliéheificle shows the beam size.
The color bar shows the value of the peak at each molecule.
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Ficure 5.10: Spectra toward clump B1. Each spectrum are at the (I,v) positioespamding to the peak
emission at NH*. Dotted line shows the central velocity of thel(1-0) emission. In this figure we can
see that all the molecules except HCN have their peak at the same veloci@' stlows an asymmetric
profile and we do not see self absorption in any j_)i@e lines.
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Ficure 5.11: Spectra toward clump B2. Each spectrum are from the (l,v) positimespmnding to
the peak emission atJM*. Dotted line shows the central velocity of thel (1-0) emission. We see
asymmetric profile in several molecular lines ($@N, :3CO(3-2), HNC) and self absorption at HCO
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Ficure 5.12: Spectra toward clump B6. Each spectrum are from the (l,v) positiwaspmnding to the
peak emission at MH*. Dotted line shows the central velocity of thel(1-0) emission. This clumps
shows only emission in three of the 16 lines observed in MALT90. The emigsasymmetric in HCN and
HCO"having wings to the left and right respectively.
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5.5 Physical properties of the filament and its clumps

In this section we discuss the derivation of the physicapprties of the filament B and its clumps
(temperature, masses and pressure) using the multi watkldata described in the previous sec-
tion.

5.5.1 Color temperature

The color temperature along this filament was determineaguie dust continuum observations
at 870um and 35Qum, following the method described in Sectlon 1.4.2.2. THerde@mperature,
using these wavelengths, is only valid toward the part offilaenent that has low temperatures.
Because most of the filament is seen as an IRDC, its temperatlikelisto be low. Therefore,
we feel that the assumptions made to calculate the colordeatyre in the IR-dark regions are
adequate.

The average color temperature determined for this filansemged from 13 K to 6 K assuming
spectral indexeg of 1 to 2.5. Figurd 5.13 shows the temperatures obtained tvéhdiferent
spectral indexes used. Clearly seen is that the mean temapeeddng the filament remains fairly
constant at-10 K, while the temperature increases locally towards thenpk, reaching-100 K
toward some clumps.

Observations of dust continuum emission towards cold demslecular clouds, made with
Hershel, indicate that these clouds have typical temperaitof ~10 K dBeLejlp_el_ﬂiOJLO). The
temperatures obtained using an spectral index of 2 and @ lowaer (6 K - 8 K) than these typical
temperatures, therefore, in the following analysis we agume = 1.5 which is typical for most
star formation regions}s_LS_the_e_e_H_aL_jom).

The peak temperature derived for clump B2 is 100 K (assurfirg 1.5). Since we detect
emission from the hot core molecules (i.e. LN, SiO, GH) toward B2 and observations of other
hot clumps indicate that they have typical dust temperatafe-100 K. The temperature derived
for this clump may be a good estimation.

Towards the remaining clumps (B1, B2, B4, B5 and B6) the peak teatyress range between
14 K to 30 K. Because these clumps display a range in their@taaition activity from cold dense
clumps to warm clumps, these values are consistent withubetemperature found for other typi-

cal cold and warm clumps respectivdJ;LLRalhb_QLne_lé_t_aLJZGH@)clump B7, due to its significant
emission at infrared, we assume a temperature of 30 K whigiegmond to a typical temperature

observed toward warm clumps. Tablel5.5 summarizes the tatope obtaine@ssumed for each
clump.
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Ficure 5.13: Derived color temperature for filament B. The panels show theetkdolor temperature
using diferent values for the spectral indgx The temperature along the filament decreases with higher
values of3, the average temperature+440 K and in all cases the temperature peaks locally toward the

clumps.
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5.5.2 Column density and mass

In this section we describe how we determined the columnigeasd mass of filament B. The
column density and masses were obtained from both the doshaam and*CO(3-2) molecular
line emission. We calculated the total mass of the filaméetctumps masses, and the filament's
lineal mass.

5.5.2.1 Column density and total mass of the filament

The radial density was computed from the dust thermal cantimemission at 870m using Equa-
tion[I.34. In this calculation we used the color temperatdescribed in sectidn 5.5.1, assuming
a spectral inde = 1.5 and a dust opacity ciicientkgzo = 0.012 cnfgr-t. The column density
have an average value ofx310°? cm 2. The total dust mass of the filament was computed by
integrating the radial column density over the diameterlandths of the filament. The total dust
mass derived for this filament isx110* M.

We use the*CO(3-2) line width along the filament to compute the linealalimass at each
point along the filament. The total virial mass was deterihibg integrating these individual
masses along the filament. Using this method we obtainedbvidal mass of 12 x 10* M.

We found that there is a good agreement between the totahthss and the total virial mass.
The ratio between the dust mass) @nd the virial massn,;), m/m,;, is 0.81. This implies that
the filament on global scales is close to virial equilibrium.

5.5.2.2 Mass of the clumps

To calculate the clump masses from the dust thermal emisgieruse their total flux and the
derived color temperature toward each individual clump. a&sumed an spectral indgx= 1.5
and a dust opacity dfg7o = 0.012 cnfgrl. Clumps B4, B5 and B7 have dust masses of 71 M
20 M, and 32 M, respectively. Clump B1 has a dust mass of 462 Klump B2 has the highest
mass, with a derived mass of 196Q, ldnd clump B6 has a mass of 69§ M

The virial mass, obtained from tH&CO(3-2) line width, assumes that the clumps are in virial
equilibrium and have spherical geometry. For each clump &@terchine the line width from the
average3CO(3-2) spectra. We found that clump B1 has a virial mass of 590B2 has a virial
mass of 3000 |, B6 have a virial masses of 225Mind the clumps B5 and B7 have the lowest
virial masses of 100 and 125Mespectively.

124



5.5 BiYSICAL PROPERTIES OF THE FILAMENT AND ITS CLUMPS

Using the opacity, excitation temperature and line widtegved from the fit to the hyperfine
components observed in theMI(1-0) emission, we derived the mass of clumps B1, B2 and B6.
The masses were obtained using equafion 1]4.3.3. The \@fltlesmass obtained for these clumps
are summarized in Table.5.

The ratio between the dust mass and the virial mags;, ) for most clumps i< 1, suggesting
that most of the clumps are not gravitationally bound. We fimat clump B1 is close to virial
equilibrium. For clump B6, the dust mass excess the virialsrsggesting that this clump is
unstable against gravitational collapse.

5.5.2.3 Lineal mass along the filament

At each point along the filament we obtained a total flux penfpdiy integrating the 87m con-
tinuum emission across the radius of the filament. Lineal chasses were obtained, at each point,
using Equatioi 1.34. For this calculation we used the teatpes profile obtained from the color
temperature analysis and assume a dust opadiiy @£ 0.012 cntgr®. The lineal masses obtained
with this method ranges from a fewMbc? in the inter-clump region to 6000 Mpc* toward the
brightest clumps in the filament. The average value of thealimass for this filament is 410 M
pct. The lineal mass distribution along the filament is showniguFe[5.14.

The lineal virial mass was computed from th€0(3-2) line width at each point along the
filament. To determine th&CO(3-2) line width along the radius of filament, we computed by
fitting a Gaussian profile to the mean spectrum across thedilaat each point along the filament
(see Sectioh 1.4.1.3). We found that the mean linewidttvis 2.4 km s®. Using this linewidth
we find the lineal virial with a mean value of 552 \d¢™*. Figure[5.1# also shows the distribution
of the lineal virial mass for filament B. Overall, both the lahelust mass and lineal virial mass have
a similar distribution, but we see a great discrepancy betvimth masses at the position of one of
the clumps. This dierence can be associated to the under estimation of the tetapeassociated
with this part of the filament.

From the'*CO(3-2) observations we know that some portion of the filaniemictually the
superposition of two discrete molecular clouds, thus thedi dust mass derived in these regions
is the combination of both molecular clouds. Since we camesé the fraction of the total virial
mass (foreground cloud filament) that corresponds to the foreground moleculard;lave can
attempt to correct for this. The foreground molecular cloatd18 km st, has a mean linewidth
of Av = 1.3 km s?, this gives a mean lineal virial mass of the background miéecloud of 258
M, pct. Figure[5.1b shows the lineal virial mass along the filameorhfthe!*CO(3-2) emission
toward both molecular clouds. The total virial mass of theefwound cloud corresponds +@5%
of the total mass (foregrounsdfilament). Thus, for further analysis, we take this conttitnu into
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Ficure 5.14: Lineal dust and virial mass distribution along the filament. Top panektkBiae, lineal
mass from 87@m dust continuum emission; green line, virial mass f/d@O(3-2) emission. Overall both
masses have a similar morphology.

consideration deriving a "corrected” mean lineal dust naass$total dust mass for the filament of
308 M, and 75 x 10° M, respectively.

5.5.3 External and internal pressure

The external pressure acting on the filament was estimabed thhe molecular emission detected
outside the region delimiting the filament. We estimatedntigan density of the gas surrounding
the filament from the intensity of the dust thermal emissadotaining a mean density ofx 102!

gr cnm3. From the®*CO(3-2) emission, detected outside the boundaries of thadité, we found
that the mean velocity dispersion(s)=1.45 km s'. These values give an external pressure of
Ps = 53x 10° K cm™. This value is comparable to the values obtained for thereatg@ressure

in other filamentary molecular clouds (e.b_Hﬂnandﬁz_amﬂizmi)

The internal pressure was computed at each point alonganesfiit from Equation 1.5 using the
measured®CO(3-2) line width and lineal density obtained from the dustttmuum emission (for
a detailed explanation see Section 1.4.2.2). The valuesnaut for the internal pressure within the
filament and clumps range frot®) ~ 10° — 10° K cm=3. The mean internal pressure of the entire
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Ficure 5.15: Lineal virial mass distribution along the filament from both emission dete¢téCO(3-2).
Black line, virial mass fromt3CO(3-2) molecular line emission at -41 kmtsBlue line, virial mass from
13CO(3-2) emission at -18 knT$

filament, was calculated from the me&€O(3-2) line width and the mean lineal mass, giving a
value of(P) = 1.189x 10’ K cm™.

5.6 Stability of the filament: magnetic field support

In this section we compare the properties of flament B withoties that describe the stability
of filamentary molecular clouds. We analyze the magnetid felpport in this filament via two
different methods. Firstly we analyze the shape of the radiaitygorofile using the 87@m and
350um dust emission data. Secondly, we use a virial equilibrinadysis.
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5.6.1 Radial density profile analysis

In this section we characterize the observed radial intgpsofile obtained from the dust thermal
emission. The observed intensity is compared with a mo@deidéscribe the radial column density
in the presence of a magnetic field. The shape of the radensity is determined by the value of
p in Equation’I.34. Th value gb = 4 for the non-magnetic hydrostatic soluti i64
andp ~ 2 for the magnetic casb_(Ei_eg_e_and_BuHLilz_jZOOO) (see s€cah for further details)

To do this we separate the filament into two groups: a grougagaing the clumps and a group
containing inter-clump material. We calculated the noineal mean radial intensity at 874n and
350um, obtaining a mean radial intensity profile for the clumpd #re inter-clump material. We
found that the normalized radial mean intensity for the @ams best fitted with profiles witp
index of~ 4 for both the 87Qum and 35Qum dust continuum emission (Figure 5.16). This implies
that the radial profile of the clumps at large radii goes Jike r=, which based on theoretical
arguments suggest that clumps are isothermal and in hatietjuilibrium M@@. We
find that there is no need for an external magnetic field toaxhe clump stability.

Towards the inter-clump material of this filament, the meahal intensity profile has afiierent
shape than that observed towards the clumps, having in @dmeader wings (Figure 5.117). At
870um the emission is noisier toward one side of the filament ngakidifficult to perform a good
fit to this emission. However, we see that, in general, thélpneesembles more closely a column
density profile witho ~ r=2 (see Figur€5.17 top panels). At 3at the emission is fitted well by
a profile withp = 2 (Figure[5.1l7 bottom panels). From the theory, a columnitlepsofile with
p = 2 implies that the filament is most likely to be isothermalhwitagnetic support. This suggest
that while the clumps appear to be in hydrostatic equilimsioverall the filament needs a magnetic
field to explain its stability.

To analyze how the column density profile changes along taenéht, we performed the same
fit using Equatiori 1.34 to the radial intensity at each polaoh@ the filament, obtaining a value
of the inner radius, central density, peak position gndVe defined a "good fit”, as the fit with
ay? < 2 between the model and the observations. The derived vafuggor the good fits are
shown in Figuré 5.18, where the error-bar correspond tgthelue from the fit. In this plot we
see that most of the points corresponding to the inter-cloraterial (black points) are best fitted
with a value ofp < 4, while the clumps (red points) have typically larger valwé p (~ 3.5 in
average). Since the shape of the radial density profile,laurjt reflects the presence of magnetic
field support in the filament, values pf~ 2 imply that, in general, hydrostatic equilibrium is not
enough to explain the stability of this filament it is themefdikely that a magnetic field is needed
to explain the observed radial density profile.
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Ficure 5.16: Density profile of the normalized mean density of the clumps in filamentBpanels show
the 870um emission, bottom panels show the 3o emission. The left panels show lineal plot of the
profiles and right panels shown the profiles in logarithmic scales. Thetiedises represents the best fit to
the density profile, the beam profile is shown with the solid yellow line, the Isjdtic solution p4 (green
dashed line) and magnetized solutios2a(green dotted line) are also shown. We can see that in general the
shape of the radial density follows the shape of a profile with4.

5.6.2 Virial equilibrium analysis

To test whether magnetic fields are important in the stgtilitfilaments, we use a virial analysis
that includes pressure and magnetic field support, desbtibﬁege_aﬂd_Pu_dﬂtL(;QbO). In this
analysis we use the lineal dust mass €orrected for the contamination of the second molecular
cloud observed toward this filament), lineal virial mass;(, internal pressurgP)) and external
pressureRs), calculated in the previous sections. Following the WdrEiﬁge_a.nd_Eudl:iH_(ZQbO)
we plot the values ofP)/Ps againstm/m,; (Fig[5.19). Included on this plot are lines of constant
values of M/|'W)|, the ratio between the total magnetic energy per unit lergtland the lineal
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Ficure 5.17: Density profile of the normalized mean radial density of the inter-clugipmen filament
B. Top panels show the 870m emission, bottom panels show the 368 emission. The left panels show
lineal plot of the profiles and right panels shown the profiles in logarithnaitesc The beam profile is shown
with the solid yellow line, the hydrostatic solution (green dashed line) and niagdeolution (green dotted
line) are also shown. We can see that the shape of the radial derfiitg diom the observed toward the
clump looking more similar to a solution with ~ 2 at both wavelengths.

gravitational energyW. This plot allows one to visualize the magnitude and shaph®inag-
netic field needed to provide stability to this filament. N@gavalues ofM/|'W| suggest that the
support is given by a magnetic field dominated by a toroidahponent while positive values of
M/|'W| suggest that the support is due to a poloidal dominated ntiadgiedd, i.e. along the length
of the filament. A value oM/|'W|= 0 suggest the absence of a magnetic field.

We find that the mean value oP)/Ps for the entire flament is 044 and the mean ratio of the
masses isn/m,; = 0.74. The values calculated foP)/Ps andm/my; for the entire filament imply
M/|W| =-0.28. This result suggests that a toroidal dominated ntagfeld is needed to provide
stability to this filament.
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Ficure 5.18: Plot ofp, the parameter that define the shape of the density profile, vs peakiflirefdump
(red points) and inter-clump (black points) region in filament B. The eraos Bhow the? between the fit
and the observed radial intensity. We can see that in general the intep-chgions have values gflower
than the clumps.

For the inter-clump material we find an average valugd©iW| =-2. This result implies that
we need a toroidal magnetic field for the stability, this tdab magnetic field would confine the
filament preventing its expansion. For the clumps we find @&nayed valueM/|'W| of 0.04, closer
to 0 which represent the unmagnetized solution.

This result is consistent with the analysis of the radialsitgrprofile which suggest that the
filament needs a magnetic field to explain its stability. Hesvelocally the clumps are closer to
the solution withM/|'W|= 0 which represent the non-magnetic solution of the virialigyium.
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Ficure 5.19: Plot of the(P)/Ps vs m/m,; for the clumps and inter-clumps regions for filament B. Blue
dashed lines: toroidal models for magnetic fields, blue solid line: unmagnstihgtibn, green dashed lines:
poloidal magnetic field models. Yellow dots: values found for the inter-clurgjpreof the filament; black
dots: values found for the regions were clumps are located and the rechetn value for the filament

5.7 Fragmentation

In this section we study the fragmentation of filament B. Tolds tve assumed that the filaments
can be approximated to cylinders. We based our analysisdiuidl or’sausage”instability model
that predict a typical separation between the clumps, giwethe wavelength of the instability
(see Sectioh 1.3.3 for more details). This expected saparalso depends on the nature of the
filaments, whether if they can be treated as incompressibtisfor isothermal cylinders.

For filament B, we have found that the average observed sepatatween the clumps em-
bedded in this filament is 2.9 pc. The average radius of theaditd is 0.45 pc. If this filament is
modeled as an incompressible fluid, then, the expectedat@paisi.x = 11x0.45pc = 4.95pc
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which is larger than the average separation observed betiveelumps.

If we model this filament as an infinite isothermal cylindeg tentral density derived from the
870 um continuum observations js ~ 5 x 107° gr cn® and the mean value of the line width
observed at’CO(3-2) is 2.5 km ', then, its scale height id ~ 0.12. Comparing this scale heigh
with the radius (R) of this filament, we find that the charasteriscale of fragmentation when
R> His Anax = 22H = 2.6 pc, similar to the observed separation between the clutrgpdam.

This suggest that if we treat filament B as an isothermal tartiudominated filament, the
separation observed between the clumps is in agreementhvattheory of fluid instability that
explain the fragmentation of filamentary molecular clouds clumps.

133



FramenT B; AGAL337.406-0.402

TasLe 5.4: Filament B: derived properties of the filament.
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Distance Length Radius Nclumps Av Temperature Total mass Lineal mass Bk (P)/k
3co m Myir m/ My m Myir M/ Myiy
pc pc pc km st K Mg Mo Ms Mg 10*Kem=2 10*Kem™2
3160 24 0.45 7 2.37 11 1ot 1.23«10° 0.81 410 552 0.74 53 1189




5.7 RRAGMENTATION

TasLe 5.5: Filament B, properties of the clumps

Temperature Maust ~ Myir MN2H-+ mdust/mvir SpaCing
Color Assumed

K Mo Mg Mo pc
Bl 30 - 462 500 2149 0.92 1.9
B2 | 35 - 1960 3000 1215 0.64 5.3
B4 | 15 - 71 240 - 0.28 1.7
B5| 24 - 20 100 - 0.20 4.5
B6 | 14 - 698 225 197 2.53 1.0
B7 | - 30 32 125 - 0.18 -
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Filament C: AGAL335.061-0.427

Filament C, AGAL335.061-0.427, is immersed in a region thdilgt little emission at infrared
wavelengthsSpitzefGLIMPSE image shows the filament as an Infrared Dark Cloud (IRP(@)
senting a very irregular morphology, exhibiting some ragatiions (or arms) that are perpendicular
to the main axis of the filament (Figure 6.1, panel a). Somaliped infrared emission suggesting
star formation, such as green fuzzieg8 emission, are observed but not many along the filament.

The 24um SpitzefMIPSGAL image shows this filamentary structure as a darkachgainst the
diffuse bright background, presenting a few.2d point sources within the filament, also indicative
of star formation activity (panel b of Figute 6.1). The ladkconsiderable emission at infrared
wavelengths suggests that this filamentary structure is i@aaly evolutionary stage making it an
ideal object to study filaments at earliest stages of standtion.

The 870Qum the continuum emission correlates very well the IRDC sedresGLIMPSEMIPSGAL
images, tracing the main branch and the arms observed ifiltment. The dust continuum emis-
sion at 87Qum is rather smooth, having a length 82 arc minutes along the main branch. The
observed morphology is an example of a hub-tail fila), with a big molecular cloud
at one end, two other clumps along the main branch and ratfsato the side. At 35@m the
fragmentation of this filament is more evident, distinginghclearly the clumps embedded in it.
The emission at this frequency follows very well the emissitserved at 87@m (Figure[6.1
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panels c and d).

6.1 Defining the Filament

The filament was named after the brightest clump within tiggorein the ATLASGAL catalog.
We define the filamentary structure by following the peak&i;&70um emission, along the main
branch. To follow these peaks we used a Python algorithmitkerpolate the emission between
them, obtaining the path shown in Figlrel6.2. The width of thgion was set to be 15 pixels (90")
to each side of the path, which encloses all the emission fhenmain branch.

Figure[6.8 shows the flux density at 87 and 35Q:m along the previously defined path. The
shape distribution of the emission is very similar at botlvel@ngths and higher than the average
noise of the images (4.7 mJy at 8t and 0.2 Jy at 35Qm). Clearly distinguished are the the
sub structures within the filament, identifying the regiovizere the clumps are located, even the
clumps embedded in the more extended emission. .

From the 87Q:m emission, we derived the projected diameter of filament @G Whas done by
fitting a Gaussian to the radial dispersion of the detect&&V@jum at each point along the path
of the filament. The FWHM obtained from this fit was used to eatarihe projected radius of the
filament, defined as FWHJ. This filament has a mean radius~82 arc seconds.

6.2 Physical coherence of the observed filamentary
structure

To establish whether the filament observed at 870s a single coherent structure, we mapped the
13C0O(3-2) molecular line emission toward it. Figlirel6.4 (topgdashows the velocity integrated
intensity maps of thé*CO(3-2) emission, overlaid to the continuum emission. Tlgjaré shows

a high correlation in the morphology of the main branch o$ tlement observed between the
continuum and molecular line emission.

Figure[6.4 (right and lower panels) shows the positionsigfanap (I,v) and (b,v) integrated
over both Galactic latitude and longitude respectivelyhef*CO(3-2) emission. This figure shows
two different central velocities along this filament: the upper $&fe has a mean velocity of -
43 km st while the lower left part of this filament has a mean centrabei¢y of -40 km s* .

In the middle part of the filament we observe emission at bethaities. Since th&*CO(3-2) line
widths are relatively wide, ranging from 2 km'sto 4 km s?, the diference in velocities are
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6.2 BI1YSICAL COHERENCE OF THE OBSERVED FILAMENTARY
STRUCTURE
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Ficure 6.1: Multi wavelength continuum images of region C. We can se8pitzerimages that this
filamentary structure appears as an infrared dark cloud evenamh 2hdicating an early evolutionary stage.
However, we can see localized regions with point sources gt2zhd other star formation indicators (e.g.
green fuzzies, bright 8m ). The emission at millimeter wavelength from LABOCA and SABOCA traces
very well the IRDC seen and the clumps embedfgg.
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Ficure 6.2: Path defined for filament C. Color scale show the g#0emission (scale in Jyeam), in
black is the path defined for this filament. The width of the region that contadmdust continuum emission
was defined as 15 pixel along each side of this path.
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Ficure 6.3: Distribution of dust continuum emission along the filament. Top panel: Ftected both
870um (' black line) and 35@m (blue line) continuum emission along the path defined for filament C, red
dotted line represents the mean noise in the map (4.7 mJy atr878nd 0.2 Jy at 35Qm). Lower panels:
Color image of the emission at 87 and 35Qumobserved toward the filament.
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6.3 RROPERTIES OF THE EMBEDDED CLUMPS WITHIN THE FILAMENT

TasLE 6.1: Filament C, star formation activity

ID ATLASGAL Name GLIMPSE MIPSGAL ATLASGAL P IRAS

3.6-8um 24um
Cl AGAL335.461-0.237 Dark Dark Bright -
C2 AGAL335.441-0.237 Dark Dark Bright 16264-4841

C3 AGAL335.427-0.241 Green fuzzfedPoint source Bright -
C4 AGAL335.221-0.344 Green fuzzfesPoint source Bright -
C5 AGAL335.061-0.427 Green fuzziedPoint source Bright 16256-4905

a Green fuzzies: Enhancement at 4r8.
b Bright emission: Peak emissionl Jybeam; weak emission: Peakl Jybeam

within the width of the lines, suggesting that this filamenphysically connected representing a
single coherent structure.

The3CO(3-2) central line velocityy sg, Was used to derive the distance to the filament, using
the model for the rotational curve of the Galaxy outlined ec®n[1.4.32. Since this structure
appears as dark against the extended Galactic backgrousdiem we assume that it lies at the
near kinematic distance. Under these assumptions thendesta this filament is 3.6 kpc. Using
this distance, the radius of the filament is 0.56 pc and thgtleis 33 pc.

6.3 Properties of the embedded clumps within the filament

From the ATLASGAL point source catalog we identified five cjpgrembedded in filament C.
Figurel6.5 shows the position of the clumps along the filariEimé names of the clumps are taken
from their denomination in the ATLASGAL catalog, but for gifitity we assign them an ID of
C1, C2 etc. Three of these clumps are embedded in the moledolat located to the upper left
end of this filament and the rest are evenly distributed aitsngain branch.

Clumps C1 and C2 appear dark in both GLIMPSE and MIPSGAL imagggesiing that these
clumps are in early stage of evolution. Clump C3 shows greeridazenhancement at 4uén)
and point like emission at 24m, both indicators of star formation activity. Clumps C4 and C5
show bright emission at all infrared wavelengths, suggggtiat both clumps are in a more evolve
evolutionary stage. Table 6.1 summarizes the star formatitivity based on their emission at IR
and continuum. Column 6 gives the name y IRAS association toltimaps.

141



Fieament C: AGAL335.061-0.427

-0° 26’
=-0° 34’

-0° 42/

-0° 26’

~-0°34"'

oo 5 aren o1

! ] S TP S —50 —45 —40 -35
: o 0 : ) vieg [km s7!]

| W e
335° 50" 335° 32" 335° 16’
l

Ficure 6.4: 13CO(3-2) emission toward filament C. Top panel shows the integrated intensipyas
contours over the dust thermal emission at @@ The contours levels are from 3 tobn steps of 3~
with o = 3.3 K km s1. Lower and right panels shows the position velocity map (I,v) and (b,v) iatedr
over both Galactic latitude and longitude respectively of filament C. We sethtbdilament corresponds to
a single coherent structure since the dispersion in velocity along it is similag tméhwidth observed.
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Ficure 6.5: Color image 87@m continuum emission toward filament C, contours framt8 peak emis-
sion in logarithmic scale. Arrows indicate the position of the clumps embedded whikifilament and blue
boxes shows the area covered by the MALT90 observations. Corgbovss the emission 3o noise.

For each clump we derive the peak flux, diameter of the halk ggaission and integrated
intensity at both 87@xm and 35Qum. These values are given in Tablel6.2. The spacings between
the clumps were computed from their relative position (friiv@ ATLASGAL catalog) and their
angular separation. The spacing was measured between tvgeadive clumps, starting with
clump C1. The derived separations are listed in TRblke 6.5.clumaps embedded in this filament
have a mean separation-ofL0 pc, with the exception of clumps C1, C2 and C3 which are located
very close together within a giant molecular cloud, thusingra mean separation ef1 pc.

We also obtained their properties of th€O(3-2) line emission, by fitting a Gaussian to the
mean value of the® *CO(3-2) emission covered by each clump, increasing in thisthea signal
to noise in each spectrum. From these fits we obtained thetpegderature (Jeay, central velocity
(vLsR), line width (Av) and integrated intensit;f(deu, II'in the table) of each spectrum. The values
obtained, from the continuum and molecular line emissiomJiated in Tabl€ 6]2.

The clumps with higher fluxes at 87am, clumps C3, C4 and C5, were also observed in
N,H*(3-2). Figurd 6.6 shows the,N*(3-2) spectra toward the clumps. Only in one of these three
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Ficure 6.6: Spectra of the pH*observations toward clumps C1, C2 and C3. Each plot shows the Gaussian
fit (green line) and the position of the individual hyperfine component fftimbers indicate the relative
intensity of the lines. Here is clearly seen that due to the large linewidth of therfiye components the
hyperfine components appear blended.

clumps itis possible to distinguish theMN" (3-2) hyperfine structure. For the other two clumps the
large width in velocity of the hyperfine components makemjpassible to distinguish the hyper-
fine structure within the spectra. For all thgHN (3-2) spectra we performed a three component
Gaussian fit, with the position of each component fixed tolieeretical position of each hyperfine
component. Table 8.2 shows the peak temperaturggy;Tcentral velocitiesy sg) and line widths
(Av) of the fits performed to each spectrum.
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TasLE 6.2: Parameters of the clumps in filament C from their continuum and moleculasiemis

870um 350um 13Cco(3-2) NoH*(3-2)
ID | Peak Flux Diameter Int. Flux| Peak Flux  Diameter Int. Flux| Tpeak ULSR Av 1] Diameter | Tpeak ULSR Av
Jy/Beam ’ pc Jy Jy/Beam ’ pc Jy kms?! kms? K K kms™ pc kms! kms? K
C1l 115 04 04 1.2(0.1) 13.70 04 04 35.3(1.9 3.72 -42.10  2.99(0.58) 11.88(2.32) 0/6
C2 1.30 05 05 2.4(0.1) 9.09 03 03 21.9(1.4 3.72 -42.40 2.55(0.42) 10.22(1.71) 0{3
C3 253 07 07 5.5(0.3) 43.04 05 05 143.8(2.6 3.71 -42.32 2.07(0.33) 8.18(1.30) 11 0.12 -46.69  2.65 (0.56)
0.90 -44.09  1.29 (0.06)
062 -42.01 1.79(0.14)
C4 177 05 05 2.5(0.3) 21.08 05 05 80.8(1.4 4.13 -39.55  2.21(0.33) 9.73(1.46) 07 0.22 -42.00 2.83(0.34)
1.36 -39.35  2.39(0.06)
0.32 -37.26  2.57(0.20)
C5 518 08 0.8 12.1(05 84.20 0.7 0.7 340.6(2.8 4.90 -39.25 4.20(1.04) 21.95(5.45) 0/9 0.95 -42.157 3.09(0.37)
2.80 -39.50 2.48(0.15)
0.80 -37.44  4.95 (0.56)

INHWVTIA HHL NIHLIM SdNNTO d4AddIdNd dHL 40 SHILYEdOY £°9
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6.4 Chemistry, evolutionary stage and kinematics of the bright-
est clumps

To asses the chemistry and evolutionary stage of the clumps@ded in flament C, we performed
MALT90 observations covering the five clumps detected is thament. For clumps C1 and C2
we detected only pH* and HCN, both molecular transitions that traces dense gaslidié detect
any hot chemistry molecules (e.g. @EN, HNCO) which suggest that these clumps are in a early
stage of evolution. These results agree with the lack of @omnsobserved in both the GLIMPSE
and MIPSGAL images toward these clumps.

Toward clump C3 we detected the largest number of molecidasitions, detecting emission
(integrated intensity- 30~ noise) in seven of the sixteen molecular lines observed. &Yected:
N,H*(1-0), HCO", H3CO" and HCN which are molecular lines that trace dense gas. We also
detected HGCN, observed typically toward hot cores;HCand SiO observed toward photodisso-
ciation region and shocked gas respectively. The moledinkes detected agree with the presence
of the green fuzzies detected at infrared wavelength, sigggethat this clump is hot with signs of
current star formation.

Toward clump C4, located at the center of the filament, we tiesdesmission in five molecular
lines, four of them correspond to high density tracerstHiN1-0), HNC, H3CO* and HCO. In
addition, we detected emission ik and typicaly observed toward photodisociation regions.
These detections and the g point source detected toward this clump suggest that btishd
in an evolved evolutionary stage.

Clump C5 presents emission in five of the sixteen moleculas lwteserved. The only den-
sity tracer detected toward this clump argHN and HCN. We also detected emission in 001,
C,H and SiO typically observed toward hot cores. The infraragsion and hot chemistry molecules
detected toward this clump suggest that it is hot with sigruarent star formation.

For each clump we made velocity integrated intensity maghemMmolecules detected. Figure
shows the integrated intensity maps toward clumps C1, @Z8n The range of velocities was
set from -52 km st to -38 km s?, which include all the emission detected. This figure shdwas t
clumps C1 and C2, which are dark at infrared wavelengths, aggmt some extended emission
at HNC and NH*. The emission toward clump C3 is the dominant in these mapshing very
well the position of the point source observed ap2d (Figure[6.¥ upper panel)

Figure[6.8 shows the integrated intensity maps toward cl@ehpThe range in velocity used for
all the transitions ranges from -45 km'® -35 km st. Only N,H* and HNC shows significant
emission. Their morphology traces very well the emissiceded at 87@m. Integrated intensity
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6.4 G—IEMISTRY, EVOLUTIONARY STAGE AND KINEMATICS OF THE BRIGHTEST CLUMPS

maps of the detected molecular transitions toward clump €Slwwn in FigurE 619. In these maps
we see that the morphology of the gas correlates with theatustsion. The molecular emission
from the hot chemistry molecules also matches very welldkation of the 24:m point source.

For each clump we fit a Gaussian to the peak position of theaulalelines detected, obtaining
for each transition its central velocity ¢gr), peak antenna temperaturep{dy), line width (Av)
and integrated intensity (I1). We also obtained the (I,3ipon of the peak spectrum expressed as
offsets with respect to the position of the peak spectrum,&t*f1-0) (Al and Ab) and the total
integrated intensity ¢l). The parameters derived from these observations are stiratign Table
[6.3. We also fitted the hyperfine structure observed in té*KL-0) emission. From these fits we
obtained the excitation temperature, line widths and dpaoward each clump. These values are
summarized in Table Bl.1.

The spectra of all the molecules detected at the positiohe@N:H*(1-0) peak emission for
clumps C1, C2, C3, C4 and C5 are shown in Figlresl6.10] 6.11,[6 712 a6d 6.1 respectively.
For clumps C1 and C2 we see that the peaks of the HCN moleculahdwe a blue shifted ve-
locity to that observed at M*(1-0). For both clumps we also noticed a second componegt blu
shifted with respect to the main line in th%&O(3-2) spectra. For clump C2 we see self absorption
in the 13CO(3-2) spectrum, which is also noticeable in thgHX(1-0) spectrum. For clump C3
there is a dference in velocities between theHi (1-0) and HCO lines and auto absorption at
13CO(3-2)with a double peaked red asymmetry, suggesting odtmations.

The spectra of clump C4 shows the HCeak at a lower velocity compared to theHN peak.
The rest of the transitions have their peaks at the sameiselo€he profiles of the lines are
symmetric. For clump C5 the spectra are also symmetric witihhalpeaks at the same velocity.
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Ficure 6.7: Integrated intensity maps toward clumps C1, C2 and C3. Top panel: tRA€ color image
of the region covered by the MALT90 data (Red: 2%, blue: 8um, green: 4.5:m), blue contours show
the emission at 87Qm, while the white contours M*(1-0) emission. Panels (a)- (h): Maps of integrated
intensity of the detected molecular line transitionsx{13c"). Contours represent the emission from 90%
of the peak to 3 noise emission (blue contour) in steps of 10%. The crosses indicate tiienmsf the
clumps and the blue circle shows the beam size. The color bar shows teeof#he peak in the integrated
intensity for each molecular line.
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(e) HBCO* (f) HN13C (9) GH

Ficure 6.8: Integrated intensity maps toward clumps C4. Top panel: IRAC threeiowdgre of the region
covered by the MALT90 data (Red: 24n, blue: 8um, green: 4.5um), blue contours show the emission at
870um, while the white contours M*(1-0) emission. Panels (a)- (g): Maps of integrated intensity of the
detected molecular line transitions §#1307). Contours represent the emission from 90% of the peakrto 3
noise emission (blue contour) in steps of 10%. The crosses indicate ttieqmsf the clumps and the blue
circle shows the beam size. The color bar shows the value of the peakiimébeated intensity for each
molecular line.
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Ficure 6.9: Integrated intensity maps toward clumps C5. Top panel: IRAC threeiotdge of the region
covered by the MALT90 data (Red: 24n, blue: 8um, green: 4.5um), blue contours show the emission at
870um, while the white contours fH*(1-0) emission. Panels (a)- (f): Maps of integrated intensity of the
detected molecular line transitions f1307). Contours represent the emission from 90% of the peakrto 3
noise emission (blue contour) in steps of 10%. The crosses indicate ttieqmef the clumps and the blue
circle shows the beam size. The color bar shows the value of the peakimtébeated intensity for each
molecular line.
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Ficure 6.10: Spectra toward clump C1. Each spectrum are at the (l,v) positioespomding to the peak
emission at NH™. Dotted line shows the central velocity of thel\ (1-0) emission.
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Ficure 6.11: Spectra toward clump C2. Each spectrum are at the (l,v) positioespomding to the peak
emission at NH™. Dotted line shows the central velocity of theH\ (1-0) emission.
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Ficure 6.12: Spectra toward clump C3. Each spectrum are at the (l,v) positiosspomding to the peak
emission at MNH*. Dotted line shows the central velocity of theH (1-0) emission.
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Ficure 6.13: Spectra toward clump C4. Each spectrum are at the (l,v) positioespomding to the peak
emission at NH*. Dotted line shows the central velocity of theli (1-0) emission.
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TascLe 6.3: Filament C: Parameters derived from Gaussian fits to the MALT9Qrspec

Source Molecule Al Ab* Tpeak  Visr Av 1o I+¢ rms
” ” K kms? kms! Kkms?! Kkmslasee Kj/channel
C1 AGAL335.461-0.237 N2H 0 0 0.27 -42 .94 2.7 1.52 140 0.23
HNC 0 0 0.33 -44.01 1.70 0.82 406 0.24
C2 AGAL335.441-0.237 N2H 0 0 0.38 -42 .94 2.8 3.62 587 0.23
HNC 18 18 0.42 -44.00 1.73 1.52 386 0.22
C3 AGAL335.427-0.241 N2H 0 0 0.94 -43.92 3.26 3.26 538 0.23
HCO" -190 -7 0.36 -43.91 1.05 0.40 19 0.23
H13co* -18 -9 0.40 -43.98 1.40 0.59 730 0.23
HNC -54 -9 0.63 -44.49 1.97 1.32 1950 0.22
HCsN -18 0 0.17 -43.98 1.93 0.35 760 0.22
CoH -18 -18 0.36 -43.55 2.06 0.79 690 0.23
SiO -18 -36 0.15 -44.87 3.97 0.63 600 0.23
C4 AGAL335.221-0.344 N2H 0 0 0.84 -39.06 2.35 2.10 312 0.24
HCO" 12 -124 0.35 -40.30 1.24 0.46 21 0.23
H13co* -30 -88 0.34 -39.67 1.15 0.42 1300 0.24
HNC -39 -97 0.83 -40.41 2.09 1.85 131 0.23
CoH 0 36 0.33 -39.79 0.87 0.31 650 0.24
C5 AGAL335.061-0.427 N2H 0 0 1.33 -39.34 2.06 2.92 416 0.21
HNC -18 0 0.95 -39.04 1.99 2.01 111 0.20
HC3N 9 18 0.52 -39.63 1.38 0.76 440 0.38
CH 54 18 0.51 -40.18 0.7 0.38 295 0.20
SiO -18 18 0.25 -37.75 1.29 0.34 890 0.37

a Offset of the peak emission from thelf(1-0) peak.
b Integrated intensity at the peak.
¢ Total integrated intensity, from the MALT90 catalog.
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Ficure 6.14: Spectra toward clump C5. Each spectrum are at the (l,v) positiogspomding to the peak
emission at NH™. Dotted line shows the central velocity of thel\ (1-0) emission.
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6.5 Physical properties of the filament and its clumps

In this section we derive the physical properties (tempeeatmass, internal and external pres-
sure) of filament C and the clumps embedded in it using thergasens, of both continuum and
molecular line, described in the previous section.

6.5.1 Color temperature

From the observations at 3 and 87Qum we derived theolor temperaturef filament C. This
was done from the ratio between the continuum emission atwatelengths (see Section 1.412.2
for further details). Because the color temperature dependise value of the spectral indgxwe
calculated the color temperature usinffelient values oB. The average color temperature found
toward this filament was 15 K, 12 K, 10 K and 8 K using a spectidekg =1, 1.5, 2 and 2.5
respectively, presenting higher temperatures locallyatavthe clumps. Figufe 6.115 shows the map
of temperatures obtained usingfdrent values o8. The temperature map obtained with= 1.5
have a mean temperature similar to those observed towaddroalkecular clouds, thus for the rest
of the computations we use the color temperature derivddtis spectral index.

The mean color temperatures derived uging 1.5 toward clumps C3 and C4 40 K, toward
clumps C1 and C5 is27 K and~15 K toward clump C2 (Table_8.5). These temperatures are
consistent with the temperature observed toward clumpepting the same characteristics in their
infrared emission detected in the GLIMPSE and MIPSGAL in&a@lhb_Qme_e_t_iHL_Zdw). We
compared the derived color temperature, for each clumpis tiae presence or absence of molecular
emission. Clumps C3 and C5 presents SiO andECtypically observed toward hot cores, this
emission and the infrared emission observed suggestshibse tlumps might be considerer as
active clumps and thus the mean color temperature derivatidse clumps (27 K and 42 K) agree
with their expected dust temperatures.

Clump C4 presents £ observed toward photodissociation regions. We also tktex point
source emission at 24m and at &:m suggesting that this clump corresponds to a hot core which
Is in agreement with its derived average color temperattidé &. Clumps C1 and C2 have mean
temperatures of 29 K and 14 K, both clumps appear dark in tinared images, suggesting that
this clumps are quiescent, with low temperatures.
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Ficure 6.15: Derived color temperature for filament C. The panels show theedecolor temperature
using diferent values for the spectral indgx The temperature along the filament decreases with higher
values ofs, the average temperature ranges frehd to 8 K and in all cases the temperature peaks locally
toward the clumps.
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6.5.2 Column density and mass

In this section we describe the methods used to compute thmonalensity and mass for filaments
C. From the 87Qum continuum and®*CO(3-2) molecular line emission we compute the mass and
virial mass of the filament and the clumps embedded in it.

6.5.2.1 Column density and total mass of the filament

The radial column density was obtained from the @m0 emission (see Sectidn 1.412.2 for fur-
ther details). The calculus was done over perpendiculassan along the path obtained for this
filament (Figurd 612). The temperature used is describe@@i@[6.5.11, which varies along the
filament having an average temperature of 12 K and highereeatyres locally toward the clumps,
using this temperature we attempt to avoid over estimatidimeomass toward the clumps. The dust
opacity used have a value kfzo = 0.012 cnfgr-®. Filament C has an average column density of
2 x 10?2 cm2. The mass of the filament was obtained by integrating tharadlumn density over
the diameter and length of the filament. The total mass d#fieoefilament C was found to be
1.2 x 10* M,

The virial mass was obtained from th8CO(3-2) line width along the filament. Since this
molecular cloud has a filamentary shape we compute the widesls at each point along the path
defined for this filament using Equatién1.6. The total virress was determined by adding the
individual virial masses determined for each point along filament, obtaining a value of 9
10° M.

There is agreement between the mass derived from the duth@ndial mass is this filament.
The ratio between the total dust mass and total virial mags\;, is 1.2. This ratio implies that on
global scale filament C is found to be in virial equilibrium.

6.5.2.2 Mass of the clumps

For each clumps we derived their mass from the gF0dust continuum emission using Equation
[1.32. The temperature used for each clump was the averageteoiperature derived in Section
and listed in Table8.5. For all the clumps we assumesaahacity ofkg;o = 0.012 cnfgr?.
Using these values, for clumps C1 and C4 we derived a mas8®M,, and~90 M, respectively,
clumps C2, C3 and C5 have higher masses obtaining a value of 4639 M, and 500 M, re-
spectively.

The virial mass was derived from tHéCO(3-2) molecular line observations using Equation
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[1.66. This equation assumes that the clumps have sphedoaigiry and that they are in virial
equilibrium. The virial mass obtained for clump C1 is 67@,Mlump C2 have a virial mass of
243 M., clump C3 589 M, clump C4 426 M and clump C5 2000 M Theses values and the dust
mass obtained for each clump are shown in Tablk 6.5.

Using the opacity, excitation temperature and line widtesved from the fit to the hyperfine
components observed in thel(1-0) emission, we derived the mass of the clumps. The masses
were obtained using equatibn 1.4]3.3. The values of the piatasned for these clumps are sum-
marized in Tabl€ 615

In general the ratio between the dust mass and the virial,me8s;;io , IS low, suggesting that
clumps C1, C4 and C5 are not in virial equilibrium. Clump C2 havevweelovirial mass than the
dust mass indicating that this clump also has not reachéal emuilibrium. The only clump that
appears to be near virial equilibrium is clump C3 with a ration,iy of ~ 0.7

6.5.2.3 Lineal mass along the filament

We use the radial column density obtained from the dust soatn emission at 870m to derive
the lineal mass of the filament. This was done by integratmegrédial column density over the
diameter of the filament at each point along the path prelyadesfined. The mean lineal mass
derived is~360 M, pct, having higher values at the position of the clumps (Figui€b

The lineal virial mass was derived from Equation 1.6 usimgtiean line width of th€CO(3-2) emis-
sion at each point along the path previously determineds iftaiss has an average value of 615 M
pct and in general follows the same morphology distributionenbsd at the lineal dust mass,
having higher values than the lineal mass (from the dustpmespoints along the filament. This
can be due to an under estimation of the lineal dust mass dae twer estimation of the color
temperature. To analyze what would be tlffieet in the lineal dust mass of a lower temperature we
re-compute the lineal dust mass using a lower temperatdr&)1The lineal dust mass obtained
with this temperature raised from a mean value-860 M, pc! to ~450 M, pc !, however, this
value is still lower than the mean value of the lineal virighss. Therefore, theffect of an over
estimation in the temperature does not explains the diaopobserved between the lineal virial
mass and the dust mass considering that the temperatueeduthps cannot lower than 10 K.

6.5.3 External and internal pressure

The surface pressure exerted on this filament was derivadtfre external pressure of this filament,
by assuming that the external pressure should be the sarhe boundary of the filament. The
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Ficure 6.16: Lineal dust and virial mass distribution along the filament. Top panetkHilze, lineal mass
from thermal dust emission at 8§7; Green line, virial mass forf?CO(3-2). This figure show how both
masses have the same morphology along the filament.

external pressure was estimated from ¥@0O(3-2) molecular line and dust continuum emission
observed toward the region clearly located outside the taues defined for this filament. The
mean velocity dispersion observed3¥0O(3-2) isc = 0.9 km st and the average density(s)=
5.86 x 10722 gr cnt® giving a external pressure of &K = 3.5x 10* K cm3. This value is similar

to the values found on filamentary molecular clouds surredray atomic ga§ (Fiege and Pudritz

2000).

The internal pressure was obtained from the molecular Ivedast continuum emission. The
velocity dispersion{c), was derived from thé3CO(3-2) line width at each point along the path
defined. For this filamenrr) has a mean value of 1.15 km‘sThe density at each point along the
filament was derived from the lineal dust mass. At each pbtineal mass was divided by the
volume per unit length, obtaining a mean density 6 10-2°gr cnt!. With these values we de-
rived at each point the internal pressure, which has an geer@ue of P)/k = 1.4 x 1¢° K cm™3.
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6.6 Stability of the filament: magnetic field support

In this section we discuss the stability of the filament tigtotwo diferent methods. First, we study
the stability of flament C by analyzing its radial intenspyofile obtained from the continuum
observations at 870m and 35Qumand second we study its virial equilibrium. To analyze itgaV
equilibrium, we used the values of the lineal dust massalingial mass, internal pressure and
external pressure and compared them with the expectedsvalpeesence of elierent scenarios of

magnetic field suppor|L(Eieg9_and_Budl||:iIz_jOOO).

6.6.1 Radial density profile analysis

This study is based on the assumption that the shape obsartteeiradial intensity from the dust

continuum emission, is determined by the presence of a niadiedd that contribute to the support

of the filament. To analyze the behavior the radial intensitfile we divided the the filament into

two groups: the emission containing the clumps and the gconpaining the inter-clump material.

Since we only are interested in the shape of the radial ift}etisis was averaged and normalized
for both regions at both wavelengths.

The normalized mean radial intensity of the clumps and {ai@mps material was fitted by a
column density profile given by Equatién 1134. In this fit we @s free parameters: the central
density,oc, inner flat radiusRy ;s and the parameteqy. This parameterfd) depends on the shape of
the column density profile and is indicative of the preserfce magnetic field. A value op = 4,
represents a filament in hydrostatic equilibrium and a valup ~ 2 represent a filament with

magnetic support, described by Fiege and Pudritz d2009)$9€ti0|ﬂ3]2).

The radial intensity profile toward the clumps is best fittg@lzolumn density profile witlp ~
3.9 and 5 for the 87@xm and 35Qum emission respectively (Figure 6117), the fit at 380 is not
a very good fit, but we see that the intensity profile at thiselewgth is very similar to the profile
with p = 4. This suggests that on the clumps the shape in the radgsity can be explained by
models that only include hydrostatic equilibrium, withdlé presence of an additional magnetic
field support. On the inter-clump material the normalizecamentensity, although the profiles
are not very well defined, shows wings more opened than thgsmbserved toward the clumps,
looking more similar to a profile witlp = 2. The radial intensity profile from the 876n emission
present bumps which make it impossible to perform a god fihi® profile, however, we see that
the emission is more flattened compared to a column densfiewith p = 4 being the best fit
to this emission the one correspondingpe= 3.1. The radial intensity profile obtained from the
350 um emission is more defined and it is best fitted by a column depsofile with p = 2.1,
which corresponds to a profile expected for a filamentary outée clouds with magnetic support.
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The same procedure was done to the emission at each poigtthempath defined for this fil-
ament. At each point the radial intensity was fitted by a celutensity profile given by Equation
[1.34 obtaining the central density, internal radius, pn@he values op that best fitted the radial
column density along the filament are shown in Figure]6.19s Pplot shows only the point with
a y? between the fit and the observed radial intensity lower thamm2Zyeneral the points corre-
sponding to the inter-clumps material (black dots) havaesthat range from 2.5 to 1. The points
corresponding to the clumps (red diamonds) have, in gerteghler values fop. This results and
the fits made to the averaged column density suggest thas Wiglshape of the radial intensity to-
ward the clumps are well characterized by hydrostatic dayitin toward the inter-clumps material
the shape observed suggest the presence of a magnetic fedplain its stability.

6.6.2 Virial equilibrium analysis

Following the analysis described by Fiege and PUdritz (2009 study the ffect of a magnetic
field by evaluating the relationship betweé?)/Ps and m/m,; at each point along the filament.

We plot(P)/Ps againstm/m,; in a diagram with constant values #/|'W|. This plot allow us
to estimate the value o#/|'W| which, depending of its sign, represents a magnetic fielteeit
toroidal or poloidal in the virial equilibrium equation g by Equation 114. In this diagram values
of M/|'W| negatives represent a toroidal dominated magnetic fielslitipes values represent a
poloidal dominated magnetic field ard/|'W|=0 corresponds to the non-magnetic solution.

Figure[6.20 shows the distribution @)/Ps andm/m,;, derived for each point along filament
C. The mean value @P)/Ps andm/m,;, are 0.025 and 0.5 respectively which giv¢/|'W|= —0.8,
suggesting that the virial equilibrium for this filamentgigen by the presence of a magnetic field
that is dominated by a toroidal component, similar to thelltesobtained for filaments A and B.
The clumps have values oP)/Ps andm/m,, of 0.001 and 1.06, thus1/|'W|=0.06 very close to
the solution that represents the non magnetic stabilitg VEtiues obtained from the emission of the
inter-clump material are distributed preferentially te tioroidal dominated magnetic field region
of this diagram, for this regiofP)/Ps=0.004 andn/m,,=0.33 which giveM/|'W|=-2.01.

The global values afn/m,, and(P)/Pg obtained for this flament suggest that for its stability it
Is needed a toroidal dominated magnetic field that prevéetélament from expansion. It is also
shown that locally, at the clumps region, the presence ofrthgnetic field is not very important
and the stability in this regions can be explained only byrthedrostatic equilibrium.
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6.7 Fragmentation

In this section we discuss the fragmentation on filament C.dlthé we considered the filament

as a cylinder. Theory predicts that the fragmentation casfuieeto fluid, or’'sausage”, instabilities

in a self-gravitating cylinder. The spacing between theesppredicted by this theory, is given by

the wavelength of the fastest growing unstable mode of fhatability LLaQLSQLeI_HL_Zd10). This

spacing depends whether the filament is treated as an inessipie quid[(Q_ha.ngiLas_lehALa.nd_Eérmi
) or as an isothermal gas cylinder.

On filament C, the mean radius and the central density deneed the 87Qum are 0.56 pc and
pe ~ 1.2x1071% gr cnt 2 respectively. The average value of #8€0(3-2) line width is 2.69 kmS.
From the 87Qum we derived that the average spacing observed between tvgecative clumps is
6.8 pc. If we considerer that this filament is an incomprdsdihid, then, the expected separation
between the clumps ifnax = 11 0.56 pc = 6.16 pcwhich is close to the value observed toward
the clumps embedded in this filament.

If we considerer this filament as a infinite isothermal tueldldominated cylinder (as Nessie),
observations of the molecular line width and central dgngite an estimated value of the scale
heighH = 0.27 (« R = 0.5pc¢). Using this value for the scale height, the expected sépara
between the clumps is5.9 pc, also in agreement with the typical separation olesebetween
the embedded clumps. This suggests that for filament C wessamee that it is either an incom-
pressible fluid or an isothermal cylinder. In both cases'saeisage” instabilities gives a plausible
scenario of the fragmentation of this filament.
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Ficure 6.17: Column density profile of the normalized mean column density of the clumpanrefit C.
Top panels show the 8706n emission, bottom panels show the 360 emission. The left panels show lineal
plot of the profiles and right panels shown the profiles in logarithmic scdlles.red solid lines represents
the best fit to the radial intensity, the beam profile is shown with the solid yell@ytlre hydrostatic solution
p=4 (green dashed line) and magnetized solutief (green dotted line) are also shown. We can see that in
general the shape of the radial intensity follows the shape of a columitydprwfile with p = 4.
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Ficure 6.18: Column density profile of the normalized mean radial column density of taedlump
material in filament C. Top panels show the &#fi emission, bottom panels show the 3G@ emission.
The left panels show lineal plot of the profiles and right panels showpritifédes in logarithmic scales. The
beam profile is shown with the solid yellow line, the hydrostatic solution (greshet! line) and magnetized
solution (green dotted line) are also shown. We can see that the shageadihl intensity dfers from the
observed at the clump looking more similar to a column density profile ith2 at both wavelengths.
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Ficure 6.19: Plot ofp, the parameter that define the shape of the density profile, vs peak fltixefo
clump (red point) and inter-clump (black points) material. The error bans #fey? between the fit and the
observed radial density. We can see that in general the inter-clummsdgive values gb lower than the
clumps.
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Ficure 6.20: Plot of the(P)/Psvs m/my; for the clumps and inter-clumps material for filament C. Blue
dashed lines: toroidal models for magnetic fields, blue solid line: unmagnstihgtibn, green dashed lines:
poloidal magnetic field models. Yellow dots: values found for the inter-clurgjpreof the filament; black
dots: values found for the regions were clumps are located and the rechetan value for the filament.
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TasLe 6.4: Filament C: derived properties of the filament.

Distance Length Radius Nclumps Av Temperature Total mass Lineal mass BP/k (P)/k
13co m  omy m/Mg M My m/my
pc pc pc km st K Mo Mg Ms Mg 10*Kem=2  10*Kcem™3
3600 33 0.56 5 2.69 11 11700 9400 1.2 366 615 0.46 35 137
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TasLe 6.5: Filament C, properties of the clumps

Temperature Maust ~ Myir MN2H-+ mdust/mvir SpaCing
Color Assumed
K Mo Mo Mo pc

Cl,| 29 - 79 670 106 0.1 14
Cc2| 14 - 464 243 - 1.9 0.9
C3| 27 - 398 589 1100 0.66 14
C4| 46 - 92 426 437 0.20 11
C5| 42 - 500 1984 209 0.24 -
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Filament D: AGAL332.294-0.094

Filament D, AGAL332.294-0.094, shows a clear filamentarycttire at 87Qum, with a length
of ~28 arc minutes. However, such structure is not evident inGhBMPSE or MIPSGAL im-
ages. Figuré 711 (panel a) shows a three color image oSgizefGLIMPSE observations at
3.6 um (blue), 4.5um (green) and &m (red). In this figure we see significant amount of infrared
emission at &m along this structure. At this wavelength the filamentaryrphology seen at
870um is not evident due to the extended:i® emission, particularly toward the left part of the
filament. The high levels of infrared emission are also olestin theSpitzefMIPSGAL image

at 24um (Figure[Z.1 panel b), where we observe a bright zone thathmatthe bright emission
seen at the IRAC bands. The IR features indicates the presésegeral regions with current star
formation, which provides an opportunity to investigate tonnection between this filament and
the star formation occurring within it.

At 870 um the filament appears as a continuous structure harbonmgatelumps. Near its
central part we observe a bifurcation of the main stream &swlseveral clumps at the side of this
complex. The dust continuum emission at 358, observed with SABOCA, follows the same
morphology seen at 87@m identifying clearly the clumps embedded in this filamerd #wus its
fragmentation (Figure7.1 panels c and d).
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Ficure 7.1: Multi wavelength continuum images of filament &pitzercolor image of filament D (Blue:
3.6um, green: 4.5.um and red: §&m) shows considerable emission atrfé. MIPSGAL 24umimages shows
this structure as a collection of bright clouds emb&@ded iffas# extended emission at 2. However at
870um and 35Qum we can see how this structure appears as connected.



7.1 DEFINING THE FILAMENT

7.1 Defining the Filament

The name of this filament corresponds to the ATLASGAL denatiam of the the brightest clump
observed at 87pm. To define this filament, we followed peaks in the & emission. This was
done using a Python algorithm that interpolates the emmds@tween the peaks (see Seclion 1.4.1.1
for further details). The width of the region was set to 20etgxo each side to the path obtained,
this width was chosen to enclose all the emission observ8d®tm. The same region was used
to define the filament at 356m. The path defined for this region is shown in Figurd 7.2, ia th
figure the black line marks the path as it follow the i peaks.

Figurel 7.8 also shows the flux density at #0 and 35Qum along the path previously defined.
In this figure we clearly identify the location of the clumpslgedded, which corresponds to the
sectors with the highest flux density, even seen when embeddextended emission. The flux
density distribution at both wavelengths present the samhology and the overall emission is
higher than the typically noise in these images showed byeitheotted line (4.7 mJy at 8706n and
0.29 Jy at 35@m)

From the 87Qum dust continuum emission we determined the mean projecéadeder of the
filament. This was obtained from the radial dispersion ofdhst emission observed along the
path, by fitting a Gaussian. The FWHM of the fit, correspond&i¢éodiameter of the filament. The
mean radius of the filament (FWH®) has a value o032 arc seconds.

7.2 Physical coherence of the observed filamentary
structure

Although at 870um this structure seem to be connected. Since the dust themmasion takes
into account all the emission along the line of sight, whatsge can be only the projection of
two or more molecular clouds in the same line of sight. Theeefto determine if this structure is
physically coherent we performed observation$’@0(3-2). Figuré 7}4 (upper panel) shows the
integrated intensity map overlayed to the dust continuunssion at 87Q:m, we see that there is an
agreement between the morphology of the gas tracéd@®(3-2) and the dust thermal emission
toward this filamentary structure.

Position-velocity map (l,v) and (b,v) integrated over ital&ctic longitude and latitude respec-
tively are shown in Figure_71.4 (lower and right panels). lesta maps we observe that the central
velocity, v, s at3CO(3-2) is similar along all the filamentary structure sudiggsthat this struc-
ture is physically connected and thus from now on we can talfilament.
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Ficure 7.2: Path defined for filament D. Color scale show the @T0emission (scale in Jyeam) toward
filament D in black is shown the path used to define the filament, which followsethlkespat 87Qum. The
region containing the filament was set to 20 pixel to each side of this path.
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Ficure 7.3: Distribution of dust continuum emission along the filament. Upper panet:dfung the path
defined for filament D for both 870m ( black line) and 35@m (blue line) dust continuum emission, red
dotted line represents the mean noise in the map (4.7 mJy atr8&hd 0.29 Jy at 350m).Lower panels:

Color images of the filament at 870n and 35Qum.
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7.2 R1YSICAL COHERENCE OF THE OBSERVED FILAMENTARY STRUCTURE
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Ficure 7.4: 13CO(3-2)emission toward filament D. Top panel: dust emission at8@@®verlaid with
contours of thé3CO(3-2) integrated intensity from 3 to 30with o = 3.3. Middle panel:13CO(3-2) inte-
grated intensity. Lower and right panels: position velocity maps (I,v) and ifitggrated over both Galactic
latitude and longitude respectively. These images reveal thaf@@(3-2) emission toward this filament
reveals that this filament is a single coherent structure.

From the molecular line observations we determined theuwist to the filament, using the mean
central velocity of the line and a model for the rotationaleuin the Galaxy (see sectibn 1.413.2 for
further details). Some part of this structure that are veigh at sub millimeter but dark at infrared
(at the ends of this filament), which can be interpret as thafitament is obscuring foreground
emission, because of this we choose the near kinematiadestar this flament. We find a mean
distance of 3.3 Kpc to filament D. This implies that the lengtid diameter of this filament are
26.6 pc and 0.52 pc respectively. Tablel 7.4 summarizes tmabproperties found for filament D.
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Ficure 7.5: Color image 87@m emission toward filament D. Arrows indicate the position of the clumps
embedded within the filament and boxes shows observations with MALT90toGs shows the emission
from > 30 to the peak in logarithmic scale. We can see that the clumps are evenly distréboibedthe
filament.

7.3 Properties of the embedded clumps within the filament

From the ATLASGAL point source catalog we identified 8 clumpsve of them are located in
the region of the filament that show significant emission fiained wavelengths and the rest are
evenly distributed along the filament. The name of the cluosgrsespond to their ATLASGAL
denomination in the catalog, but for simplicity we assige&ch core an ID (i.e. D1, D2, D3 etc).
Figure[Zb shows a color image of the 87h emission with the location of the clumps along the
filament and their respective IDs. This figure also shows éiggon of the filament covered by the
MALT90 observations.

Figure 7.6 (upper panel) shows a three color image compd$BAQG 4.5um (blue), &«m (green)
and MIPS 24um (red) bands. In contours it is overlaid the §#@ dust continuum emission. This
figure shows that clumps D1, D2, D3, D4 and D5 are immersed ixtended region with high
emission at &m and 24um, from these clumps only clump D1 (Figurel7.6 lower panethes
one with the least emission at 24n identifying this clump with a green fuzzy (enhancement at
4.5 um). Clumps D6, D7, D8 and D9 are embedded in a dark moleculardclbowever, they
also show emission at infrared (8n emission, 24/m point sources, etc.) suggesting current star
formation. Therefore in this filament most of the clumps ara iate stage of evolution with star
formation currently taken place. Talle17.1 summarizes tbbaj star formation activity of the
clumps based on their emission at infrared and sub-milemetvelengths and their association
with IRAS sources.

For each clump we derive their properties from the dust comtin emission, at both 870n and
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Figure 7.6: Color image filament D. Red: 2dnMIPSGAL, green: IRAC &m and blue IRAC 4.5um.
The white boxes shows the region showed in the lower panels. Middle pam@l into the region containing
clumps D1, D2, D3, D4 and D5, we see the high levels of emission toward thesgs which is saturated
at 24um. Lower panel zoom into the region containing clumps D6, D7, D8 and D®sé ltlumps are
embedded in a dark region but they show localized infrared emission.
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Taste 7.1: Filament D, star formation activity of the observed clumps

ID ATLASGAL Name GLIMPSE MIPSGAL ATLASGAL " IRAS

3.6-8um 24um

D1 AGAL332.604-0.167 Green fuzzifesPoint Source Bright 16136-5038
D2 AGAL332.559-0.147 Bright @m Bright Bright -

D3 AGAL332.544-0.124 Bright &m Bright Bright 16132-5039
D4 AGAL332.529-0.157 Bright @m Bright Bright -

D5 AGAL332.469-0.131 Bright @m Bright Bright -

D6 AGAL332.352-0.116 Bright @m Bright Bright -

D7 AGAL332.294-0.094 Bright &m Bright Bright 16119-5048

D8 AGAL332.277-0.072 Green fuzzfesPoint source Weak -
D9 AGAL332.241-0.044 Green fuzzfesPoint source Bright -

a Green fuzzies: Enhancement at 4r8.
b Bright emission: Peak emission1 Jybeam; weak emission: Peakl Jybeam

350 um. From these emissions we calculate the peak flux, the denoétthe clump and in-
tegrated intensity for each clump. The parameters obtaamedisted in Tablé 712. From the
13C0O(3-2) molecular line observations we obtained the meantspe over the region contain-
ing the 3r emission toward each clump. To these spectrum we fit a Gawsbiaining: the peak
antenna temperaturé (.o, central velocity § sg), line width (Av) and integrated intensinf (Tpdo,
II'in the table). We also obtained the diameter of each sodet@ed by the region containing the
emission at half of the peak. Talile]7.2 gives the values obiafrom these observations. For
clumps D6 and D8 we don’t have observations at @&0or 1*CO(3-2).

We performed NH*(3-2) observations toward five of the eight clumps that presskthe highest
emission at 87@m. The hyperfine components of this transition appear bieode to the large
width in velocity in each component. Only for two clumps, D®I&D5, it is possible to distinguish
more than one component in theHi(1-0) emission. Figure_7.7 shows the spectra obtained for
each clump embedded in the filament D. In these spectra we #teowosition of the hyperfine
components. We try to fit the hyperfine component to each cltipCLASS but this was only
possible for clump D9, however even this fit is not very gobdistwe did not use the obtained
from this fit to derive the mass of this clump. For the rest efcthumps we fitted a three component
Gaussian to each spectrum using a fixed position for each @woemp. From these fits we derived
the peak temperaturd (.., central velocity § sg), line width (Av) for each spectrum. Table 7.2
shows the parameter obtained at each position, we have itteribait due to the blending of the
hyperfine components the width of the line is likely to be egtimated.
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7.4 Chemistry, evolutionary stage and kinematics of the bright-
est clumps

To asses the chemistry and evolutionary stage of the clumpséded in filament D, we performed
observations of sixteen molecular lines as part of the MAL®oject. The observations from
MALT90 covered four of the eight clumps identified along thiament: D1, D5, D7, D8 and D9.
For clump D1 we detected (integrated intensityo) six of the sixteen molecular lines observed.
Most of the molecules detected toward this clump correspdodiensity tracers such as HCO
N,H*,HCN, HNC and H3CO*. We also detected £& usually found toward photodissociation
regions. The molecular transition with the highest peakpemature is HCO, 1.22 K followed by
N,H*. For clump D5 we detected the same six molecular lines obdeiaward clump D1, this
agrees with the fact that both clumps are the ones with lowesson at §m and 24um.

Clump D7 is the only clump that shows HCN molecular line emission which is usually
detected toward hot cores. This suggests that this clump @asmore evolve evolutionary stage
which agrees with the significant amount of emission obskateghe GLIMPSE and MIPSGAL
images. The molecular line transitions detected towarsl ¢thimp are HCO®, H*CO*, N,H*,
HCN, HNC, HGCN and GH. For clump D8 and D9 we detected HEN,H*, HCN, HNC and
C,H. The molecular transitions detected indicate that thegegs are warm and dense which also
coincide with their emission at 24m observed at mid-IR.

For all the clumps we made velocity integrated intensity snafpthe molecular lines detected.
Figure[7.8 (panels a to f) shows the integrated intensity afdpe molecular transitions detected
towards clump D1. The range in velocity used ranges from -41 skto -36 km s®. In this
figure we see that at HCQN,H*(1-0) and HNC the emission matches well the morphology ob-
served at the dust thermal emission (see Figure 7.8 uppet)paiCN is the more extended of
all the molecules and the emission a@f80" and GH is concentrated toward the position of the
24 um point source.

Figure 7.9 (panela to f) shows the integrated intensity maps toward clump D5 usiragge in
velocity from -55 km s'to -45 km s®. These maps show the molecular line emission at HCO
HNC and HCN quite extended increasing towards the part of taméint with higher infrared
emission (Figur&7]9 upper panel). The emission’dC@*, N,H* and GH seem localized to the
24 um point source detected toward this clump.

Velocity integrated intensity maps of the detected molesubward clumps D7, D8 and D9
are shown in FigurB_7.10. The range in velocity used for tmeaps ranges from -55 km'sto
-45 km s'. These maps show the emission detected at HGIEH* and HNC is continuous form
clump to clump tracing very well the morphology of the filarhebserved at 87@m. H2®CO*,
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HCN, C,H and HGCN have their emission localized toward each clump witheliginission visible
in the inter-clump region.

For each clump we fit a Gaussian to the peak position of all tbiecnles detected. From this
fit we obtained the central velocity of the emissiofsg), its peak antenna temperaturgdl), line
width (Av) and integrated intensityf(l’ pdo, Il in the table). We also obtained the (l,b) position
of the peak spectrum expressed as ttieed with respect to the position of the peak spectrum of
N,H*(1-0) (Al andAb) and the total integrated intensityJI For all the clumps the detections were
defined as the emission of H 3o0~. The list of the parameters derived are summarized in TaBle 7
We also fitted the hyperfine structure observed in thel'™1-0) emission. From these fits we
obtained the excitation temperature, line widths and dpaoward each clump. These values are
summarized in Table Bl.1.

The spectra of the molecules detected toward clumps D1, 05,08 and D9 are shown in
Figures Z.IN[ 714 7187114 and 7.14 respectively. Rongs D1 we see that in general the
molecular line emission is symmetric with the exception &@®t. In this molecule we see that
the peak is slightly blue shifted respect to the peak @#ti™1-0) and the spectrum also shows
a blue asymmetry with some auto absorption, suggesting rémepce of infall motions in this
clump. For clump D5 we see some asymmetry in the profiles of HGIN'3CO(3-2). In this last
one (*3CO(3-2)) we also observe some auto absorption with a red asymynvhich is commonly
observed toward molecular clouds with outward motions. Ghannel maps of HCOtoward
clumps D1 and D5 are show in Figufes B.11 Bnd E.13 respectavadl NH*(1-0) in Figure$ E.12
andE. T4 respectively.

For clumps D7 the spectrum at HCN shows its peak blues shiétsgect to BH*. We also
see in the*CO(3-2) spectrum a blue asymmetry with broad wings sugggstiward turbulent
motions. The profiles in the spectra of the molecules deddci®ard clumps D8 and D9 are very
symmetric, with the peak at HCQalso blue shifted respect to,N*, in both cases. The skewed
red profile observed toward both clumps suggests inwardomatiFigures E.15 and E]16 show the
channel maps of HCOand N.H*(1-0) respectively toward clumps D7, D8 and D?9.

180



181

TaBLE 7.2: Parameters of the clumps in filament D from their continuum and moleculasiemis

V' GONLS AYVNOILNTOAT ‘AMLSINAH)) §7° )

870um 350m BCO(3-2) NaH* (3-2)
ID Peak Flux Diameter Int. Flux | Peak Flux  Diameter Int. Flux Tpeak ULSR Av 1l Diameter | Tpeak ULSR Av
Jy/Beam ' pc Jy Jy/Beam ' pc Jy kms?! kms? K K kms™ pc kms?! kmst K 2
D1 1.80 0.7 0.7 4.21(0.27 571 03 03 7.28(0.45 4.54 -47.05 3.25(0.40) 15.74(1.94) 114 1.42 -46.47 4.26(0.12) D@(O.ZS)
D2 133 07 07 3.38(0.26 568 0.2 02 533041 1003 -47.45 2.38(0.73) 25.45(7.83) 1o - - . z -
D3 202 0.8 0.8 5.85(0.28 681 04 04 22.71(0.46) 15.53 -47.45  2.33(0.45) 38.81(7.54) 0[6 0.70 -49.88 1.21(0.04) =< -
1.99 4717 169004 |§ -
0.83 -45.14  1.41(0.07) a .
D4 1.05 0.6 0.6 2.61(0.26 339 02 0.2 2.78(0.52 6.89 -47.65 2.30(0.98) 16.93(7.25) 0)8 - - - o -
D5 097 0.6 0.6 1.66(0.45 449 0.2 0.2 5.09(0.58 8.30 -50.20 2.94(0.27) 20.01(2.36) 1/0 0.55 -51.32 3.01(0.23) 3 -
1.77  -48.67  2.72(0.09) z -
0.67 -46.61 2.52(0.19) w -
D6 148 04 04  1.73(0.24 - - - - - - - - - - 2 -
D7 7.02 1.0 0.9 19.69(0.56 104.86 0.5 0.5 334.86(2.56) 10.96 -49.35 3.52(0.15) 41.21(1.72) 0[8 0.55 -51.32  3.008(0.22) % -
1.77 -48.67 2.72(0.10) E -
0.67 -46.61  2.52(0.19) gz -
D8 0.71 03 034 8.09(0.90 - - - - - - - - - - - f_" -
D9 263 07 07 592(0.38 2091 04 04 67.61(245) 534 -4800 4.11(0.28) 23.45(1.59) 07 199 -47.66  4.35(0.03) 4,G3(0.05)
o
2]
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Ficure 7.7: Spectra of the MH*observations toward clumps D1, D3, D5, D7 and D9. Each plot show the
fit (green line) and position of the hyperfine structure component fdr spectra. The numbers indicate the

relative intensity of the lines. Here is clearly seen that due to the large linewfittile hyperfine components
is not possible to distinguish them.
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T offset (degree

(d) HCN (e) HBCO* (f) CH

Ficure 7.8: Il images of the molecules detected toward D1 from the MALT90 suriiey.panel: Three
color SpitzefIRAC (Red: 24um, blue: 8um, green: 4.5um, blue contours: 87@m, white contours:
N>H*(1-0)). Lower panels (a)-(f): Maps of integrated intensity from eatthe detected lines (¢ 30).
Contours represent the emission from 90% of the peakrtodse emission (blue contour) in steps of 10%.
The cross shows the position of the clumps and the blue circle shows thestzsarmhe color bar shows the
value of the peak at each molecule.
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(b) HCO*

" -il'r

egrec

(d) HCN (e) HBCO* (f) CH

Ficure 7.9: Il images of the molecules detected toward D5 from the MALT90 surfiey.panel: Three
color SpitzefIRAC (Red: 24um, blue: 8um, green: 4.5um, blue contours: 87@m, white contours:
N>H*(1-0)). Lower panels (a)-(f): Maps of integrated intensity from eatthe detected lines (¢ 30).
Contours represent the emission from 90% of the peakrtodse emission (blue contour) in steps of 10%.
The cross shows the position of the clumps and the blue circle shows thestzsarmhe color bar shows the
value of the peak at each molecule.
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() NpH* (b) HCO (c) HNC
P 3 . : R
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1@ 31 @
(d) HCN (f) CoH

(9) HGCN

Ficure 7.10: 1l images of the molecules detected toward D7 and D9 from the MALUIB@g. Top panel:
Three colorSpitzefIRAC (Red: 24um, blue: 8um, green: 4.5um, blue contours: 870m, white contours:
N>H*(1-0)). Lower panels (a)-(f): Maps of integrated intensity from eatthe detected lines (¢ 30).
Contours represent the emission from 90% of t akrtodse emission (blue contour) in steps of 10%.
The cross shows the position of the clumps and the blue circle shows thestzarmhe color bar shows the
value of the peak at each molecule.
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TasiLe 7.3: Filament D: Parameters derived from Gaussian fits to the MALT9Grspec

Source Molecule| Al Ab? Tpea  Visr Av 1P e rms
” " K kms kms! K kms?! Kkmstased Kj/channel
D1 AGAL332.604-0.167 N2H 0 0 0.85 -46.55 2.79 2.52 244 0.23
HCO* -9 -9 1.22 -48.27 2.13 2.77 928 0.23
H3Cco* 0 9 0.16 -45.85 1.64 0.27 118 0.23
HCN 0 -9 0.46 -46.77 1.29 0.63 510 0.23
HNC 0 -9 0.65 -47.35 3.94 2.73 246 0.22
CoH -27 0 0.21 -46.22 2.20 0.49 400 0.23
D5 AGAL332.469-0.131 N2H 0 0 0.52 -50.08 2.89 1.60 75 0.18
HCO" -9 9 1.12 -51.19 2.04 2.43 1589 0.19
H3cot 9 0 1.12 -50.33 2.04 2.43 249 0.19
HCN 0 0 0.65 -50.90 2.27 1.57 950 0.19
HNC 0 0 0.74 -50.78 1.59 1.25 522 0.20
CoH 0 -9 0.21 -50.45 1.38 0.31 650 0.19
D7 AGAL332.294-0.094 N2H 0 0 1.37 -48.71 2.63 2.84 947 0.18
HCO" 72 -27 111 -49.58 1.88 2.08 111 0.34
H3cot -18 0 0.38 -48.95 1.19 0.48 1300 0.18
HCN -9 0 0.76 -49.75 2.84 2.30 1118 0.56
HNC 0 0 1.09 -49.31 2.79 3.24 981 0.10
HC3N 0 0 0.39 -49.06 1.69 0.70 29 0.09
CoH -9 0 0.58 -49.48 2.74 1.69 163 0.10
D8 AGAL332.277-0.072 N2H 0 0 1.12 -48.7 2.6 6.6 1082 0.21
HCO* 10 10 1.03 -50.5 4.7 5.4 1551 0.22
HCN 10 10 0.1 -53.2 10.2 11 1045 0.21
HNC 10 10 1.17 -49.3 3.9 4.9 1185 0.23
CoH 10 20 0.1 -49.3 3.3 14.4 124 0.23
D9 AGAL332.241-0.044 N2H 0 0 1.76 -47.61 2.04 3.83 1481 0.25
HCO" 45 -18 1.63 -48.08 2.81 4.88 1748 0.25
HCN 0 9 0.59 -47.11 2.15 1.35 1311 0.24
HNC 45 -36 182 -47.41 2.35 4.56 1372 0.24
CoH 9 9 0.47 -48.94 2.93 1.47 730 0.24

a Offset of the peak emission from thelf (1-0) peak.
b Integrated intensity at the peak.
¢ Total integrated intensity.
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Ficure 7.11: Spectra toward clump D1. Each spectrum are at the (I,v) positioespanmding to the peak
emission at NH*. Dotted line shows the central velocity of theli (1-0) emission.
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Ficure 7.12: Spectra toward clump D5. Each spectrum are at the (I,v) positioespanmding to the peak
emission at NH*. Dotted line shows the central velocity of theli (1-0) emission.
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Ficure 7.13: Spectra toward clump D7. Each spectrum are at the (1,v) positioespanmding to the peak
emission at MNH*. Dotted line shows the central velocity of thet (1-0) emission.
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Ficure 7.14: Spectra toward clump D8. Each spectrum are at the (I,v) positioespanmding to the peak
emission at MNH*. Dotted line shows the central velocity of thet (1-0) emission.
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Ficure 7.15: Spectra toward clump D9. Each spectrum are at the (I,v) positioespanmding to the peak
emission at MNH*. Dotted line shows the central velocity of thet (1-0) emission.
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7.5 Physical properties

In this section we derive the physical properties (tempeeatmasses, internal and external pres-
sure) of filament D and the clumps embedded within it, usimgntiulti wavelength data described
in the previous section.

7.5.1 Color temperature

Thecolor temperaturavas derived from the 870m and 35Qum dust thermal continuum emission
detected toward filament D, using the method described isdBEE4.2.2. This color temperature
represents a good estimation of the dust temperature onbrtbthe regions of the filament were
there is no considerable emission at the GLIMPSE and MIPS@#dges. On the regions of this
filament where the infrared emission is significant, the ctdmperatures derived are not represen-
tatives to the true temperature of the dust, because thenpatisms made for this calculus are not
longer valid in this regime. This explains why the color tergiures derived in these regions are
too cold (6 K to 8 K).

Since the color temperature depends on the value of therapeuatex,3. We computed the
color temperature using fierent values oB. At the infrared dark regions of filament D, the mean
color temperature derived are 14 K, 12 K, 10 K and 9 K using atspeindexs of 1, 1.5, 2
and 2.5 respectively. The mean temperatures obtained éocltimps D6, D7 and D9, locate in
this infrared dark part of the filament, are 30 K j®r= 1.5. This temperature is similar to the
dust temperatures observed toward warm and hot cldmps_(ﬁﬂmbl_ajLZQJJO), thus we used the
temperatures obtained with an spectral index 1.5 for further calculations. Figufe 716 shows
the temperature maps derived for thé&elient values o8.

Based on the molecular lines detected from the observatidhAdfT90, the lack of detection
of hot chemistry molecules and the emission observed.ah 8ve can infer that clumps D1, D5
and D9 are proto-stellar objects having temperatures 30HGHwis in agreement with the color
temperatures derived from the dust thermal continuum. @mplD6 we detect HECN and con-
siderable more emission atn and 24um indicating a more evolved stage, however we don'’t
detect many hot chemistry molecules thus we assumed a tatupeof 35 K usually observed to-
ward hot cIumsz (Rathborne eﬂlal._2blO). Toward the regiorey@vthere is significant emission at
infrared, we use-50 K which is a dust temperature typically observed towagiomes with similar
characteristics.
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Ficure 7.16: Derived color temperature for filament B. The panels show thgededolor temperature
using diferent values for the spectral indgx The temperature along the filament decreases with higher
values off3, the average temperature+442 K and in all cases the temperature peaks locally toward the
clumps.
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7.5.2 Column density and mass

In this section we describe the methods used to obtain tla @od lineal dust mass from the
870 um continuum emission and the lineal and virial mass fromi@0(3-2) molecular line
observations. We also describe how we obtained the totalvaiad masses for all the clumps
embedded in this filament.

7.5.2.1 Column density and total mass of the filament

From the 87Qum dust continuum emission we calculated the radial colunmsitieat each point
along the path defined for this filament, using Equalion]1.Bar this calculus we used a dust
opacity codficient ofkg7o = 0.012 cnfgrtand the temperature profile obtained in Seclion 7.5.1,
which have a mean temperature of 12 K over all the filament agioeh temperatures toward the
clumps. The mean column density has a value sf B?! cm? reaching to 18 locally toward

the clumps. The total dust mass was obtained by integratiegadial column density along the
diameter and length of the filament. We found that the totasas a value of 7 x 10° M.

The virial mass was computed from th0(3-2) molecular line observation using Equation
[1.8 at each point along the filament, taking into account thenfntary shape of this molecular
cloud. The total virial mass was obtained by adding all tHees of the virial mass calculated at
each point along the filament. For filament D, the total vinass has a value 6f7 x 10° M,,.

Using the opacity, excitation temperature and line widtegved from the fit to the hyperfine
components observed in the(1-0) emission, we derived the mass of the clumps observed in
MALT90. The masses were obtained using equdfion 1]4.3.8.values of the mass obtained for
these clumps are summarized in Tdhlé 7.5.

Both virial and total mass are in agreement. The ratio betwleetotal dust and virial mass is
~ 1. This value suggest that this filament is in virial equilion. However, due to the shape of this
filament is better to analyze the virial equilibrium througle lineal total and virial mass.

7.5.2.2 Mass of the clumps

For each clump we calculated their total mass from their giomsat continuum and molecular lines.
The dust mass, from their emission at 80, was computed using the integrated flux observed to-
ward each clump using a dust opacity fiméent ofkg;o = 0.012 cnfgr-t. The temperature used for
each clumps was obtained from the map of temperatures ebtairSection 7.5]1 using a spectral
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indexB = 1.5, when this temperature was not representative we useghohifte assumed tempera-
ture for those clumps immersed in bright infrared emissidre clumps have masses ranging from
~ 70 M, to ~ 1200 M,. TableZ.b summarizes the total masses obtained for eactpclu

The virial mass was derived from tR#CO(3-2) molecular line emission, using Equation 1.66.
This equation assumes that the clumps have a spherical ggomieich is a good approximation
for the clumps embedded in this filament and are in virial Hguim. We found that the virial
masses range from 400 M, to ~1200 M,, having in general higher values than the dust mass.

The ratio between the dust mass and virial mas®9i4 for clumps D1, D2 and D4. For clumps
D3 and D9 this ratio is-0.4. These values suggest that these clumps are not inegualibrium.
For clump D7 we found that the dust and virial mass have alrtfestsame value, suggesting
that this clump is in virial equilibrium being the only clungmbedded in this filament with this
characteristic.

7.5.2.3 Lineal mass along the filament

At each point of the filament we obtained the total flux from dst thermal emission at 876n.
From this flux we obtained the radial column density. Thedlmeass was computed by integrating
the observed radial column density across the diameteediltment, at each point along the path
defined. We found that filament D has a mean lineal dust masglof/R.

Using the'3CO(3-2) molecular line emission we derived the lineal viri@ss. To do this we
used the path defined for this filament to calculate lineaMmnass from thé3CO(3-2) line width
at each point. The mean line width of this observationsuis- 2.12 km s* which gives a mean
lineal virial mass of 380 M pct. The overall distribution of the lineal virial mass is sianilto
the one observed for the lineal dust mass. Figurel 7.17 shmwdistribution of both lineal masses
along the filament, we see in this figure that overall both es#sllow the same distribution.

7.5.3 External and internal pressure

The external pressure was computed from #@0(3-2) molecular line and 876m continuum
emission detected toward the regions located clearly deitsie boundaries defined for filament
D. The mean density in this external regionis= 3.7 x 10?2 gr cnT2 and the mean velocity dis-
persion of the3CO(3-2) molecular line i is 1.35 km s'. We assume that the external pressure
Is equal to the pressure at the surface of the filament, tresetiialues give a mean value for the
surface pressure ofdk = 4.9x10* K cm~3, which is similar to values obtained toward filaments
surrounded by atomic gals_(F_iege_aad_PdthLitz_bOOO).
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Ficure 7.17: Lineal dust and virial mass distribution along the filament. Top panelckBlae, lin-
eal mass obtained from the 870n thermal dust emission; Green, lineal virial mass derived from the
13CO(3-2) molecular line emission. Overall both lineal masses have a similar mogyho

The internal pressure was calculated at each point alonfjidngent using the line width, ob-
tained from thé*CO(3-2) emission, and the density per unit length deriveahfiioe 87Qum emis-
sion. We fit a Gaussian to the averagé@0(3-2) spectrum obtained at each point along the
filament and retrieve from this fit the line width of each spect. Then, the lineal density, at each
point, was obtained by dividing the lineal mass over the n@per unit length (see Section 1.412.2
for further details). For filament D, the internal pressuaseha mean value @P)/k = 510x 10
Kcm3,

7.6 Stability of the filament: magnetic field support

In this section we study the stability of the filament in a taldfway. Firstly we study the influence
of the presence of a magnetic field over the radial profile meskat 87Qum and 35Qum. Sec-
ondly, we analyze the extended form of the virial equilibriuwhich include magnetic support, to
determine if it is needed a magnetic field to explain the tglaf this filament.
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Ficure 7.18: Density profile of the normalized mean density of the clumps in filamentppanels show
the 870um emission, bottom panels show the 3@ emission. The left panels show lineal plot of the
profiles and right panels shown the profiles in logarithmic scales. Theliediaes represents the best fit to
the density profile, the beam profile is shown with the solid yellow line, the Isydtic solution p4 (green
dashed line) and magnetized solutice2p(green dotted line) are also shown. We can see that in general the
shape of the radial density follows the shape of a profile with4.

7.6.1 Radial density profile analysis

To analyze the radial intensity profile we separate the dems$son into two groups: emission
coming from the clumps embedded in the filament and emissam the inter-clumps material.
Because we are only interested on the overall shape of thal natensity, the dust continuum
emission on both groups (clumps and inter-clumps) was geérand normalized.

To the normalized radial intensity, at both 8@t and 350um, we fit a density profile that
satisfy Equatiof 1.34. For this fit we use as free paramegecéhtral density,., inner flat radius,
Rfiat @nd p. In this equationp varies according to the shape of the filamemt= 4 represents
the radial density profile for a non-magnetic filament (Gstricase) angp ~ 2 corresponds to a

197



Fieament D: AGAL332.294-0.094

Beam Beam
— Emission Profile — Emission Profile
— p=20 10° ~ — p=20

p=2 p=2

10 870um

-- p=d

- p=4

Normalized flux

Offset [arcsec]

Beam Beam
— Emission Profile — Emission Profile

Normalized flux
Normalized flux

Offset [arcsec]

Ficure 7.19: Density profile of the normalized mean radial density of the inter-clugipman filament
D. Top panels show the 876m emission, bottom panels show the 358 emission. The left panels show
lineal plot of the profiles and right panels shown the profiles in logarithnailesc The beam profile is shown
with the solid yellow line, the hydrostatic solution (green dashed line) and niagdeolution (green dotted
line) are also shown. We can see that the shape of the radial derfiitg diom the observed at the clump
looking more similar to a solution witp ~ 2 at both wavelengths.

filamentary molecular cloud with magnetic field suppbﬂ.@and.&udLﬂLZDbO).

On the clumps, the best fit to the radial intensity for both @ergths is shown in Figufe 7]118.
The value ofp obtained from the best fits are 4.5 and 4 at @iA®and 35Qum respectively. This
suggests that the shape of the radial intensity observeattitive clumps can be explained only by
hydrostatic equilibrium, which corresponds to the non nedigrsolution of a radial density profile
with p = 4. Figure[Z.IP shows the mean normalized column density laid ¢orresponding fit
toward the inter-clump material. In general the radial omtudensity have wider wings that the
one obtained for the clumps region. The non magnetic prgfite 4, doesn’t seems to fit the radial
density profile at either wavelengths whereas the solutibim o= 2 corresponding to a filament
with magnetic support looks more similar to the shape ondldet density profile obtained for this
region. The best fit to the radial column densitypis= 2.1 and 2 for the emission at 8706n and
350um respectively.
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Ficure 7.20: Plot ofp, parameter that define the shape of the density profile, vs peak fluxefatump
(red point) and inter-clump (black points) region. The error bars shewtbetween the fit and the observed
radial density. We can see that in general the inter-clump regions hles\afp lower than the clumps.

To analyze how the shape of the radial intensity changegalatfilament we fit the 870m emis-
sion at each point along the path defined for this filament. Wesidered dgood fit” if the y?
between the observations and the fit is lower than 2. The saltip obtained from these good fits
are shown in Figure“7.20. For this filament is not so clear flffier@nce in the distribution gb
between the region corresponding to the emission at clunepsdots) and the inter-clump mate-
rial (yellow dots). However, in general the valuespfor the clumps are well distributed having
many points in the range 2 p < 4.5, while for the inter-clump region they spread umik 1.5.
This result together with the previous analysis suggestgludally for the filament is needed an
additional support explain its stability (magnetic fieldhile toward the clumps the stability can
be explained only by hydrostatic equilibrium (non magnsatution).
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7.6.1.1 Virial equilibrium analysis

We analyze the stability of the filament following the WorkdEiege_a_nd_BudLin_ZQbO) who uses
an extended version of the virial equilibrium which inclgdexternal pressure and magnetic field

support. With the values obtained from the lineal dust missal virial mass, internal pressure
and surface pressure we compyk/Ps andm/m,; for this filament. We plokP)/Ps against
m/my;, over a diagram with constants values/®ff/|'W)| to visualize the values of1/|'W| needed
for the stability of this filament. Values a¥1/|'W|;0 implies that the support of the filament is given
by a toroidal dominated magnetic field while valuesMf/|'W|¢;0 implies a poloidal dominated
magnetic field as the additional support for the filament. mbe-magnetic solution is given by
M/I'W|=0.

In this diagram we see that most of the valuegR)f/ Ps andm/m,;, obtained for this filament
lay into the region of the diagram representing the solutbsupport via a toroidal dominated
magnetic field. The mean value @)/Ps andm/m,; are 0.015 and 0.7 respectively for the entire
filament givingM/|'W|=-0.3, which represents a solution to the virial equilibriunth a toroidal
dominated magnetic field. For the clumps the values derivedR)/Ps=0.01 andm/m,;=1.0
giving M/|'W|=0.09 which is close to the non magnetic solution of the viequilibrium. For
the inter-clump regioP)/Ps=0.02 andm/m,;=0.4 which givesM/|'W|=-1.3 suggesting that the
inter-clump region of the filament is best represented aysihié toroidal dominated magnetic field
solution of the virial equilibrium.

This result is similar to the one obtained from the analy$ithe mean radial column density,
suggesting that while at the clump the magnetic field is gdgé if we considerer the entire fil-
ament its stability is given by the presence of a magnetid,fiel this case a toroidal dominated
magnetic field.
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Ficure 7.21: Plot of the(P)/Psvs m/my for the clumps and inter-clumps regions for filament D. Blue
dashed lines: toroidal models for magnetic fields, blue solid line: unmagnsthgiibn, green dashed lines:
poloidal magnetic field models. Yellow dots: values found for the inter-clurgjpreof the filament; black
dots: values found for the regions were clumps are located and the rechetn value for the filament
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TasLe 7.4: Filament D: derived properties of the filament.

Distance Length Radius Nclumps Av Temperature Total mass Lineal mass Pk (P)/k
13CO m Myir m/mvir m Myir m/mvir
pc pc pc km st K Mo Mg Mo Mg 10°Kem=3 10*Kcem™3

3270 26.6 0.52 9 2.11 12 6800 6900 0.98 291 380 0.76 4.9 510
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7.6 SABILITY OF THE FILAMENT. MAGNETIC FIELD SUPPORT

TasLe 7.5: Filament D, derived properties

Temperature Maust ~ Myir MN2H+ mdust/mvir SpaCing
Color Assumed
K Mg Mg Mg pc

D1 7 30 218 1848 183 0.12 2.98
D2 | 8 50 94 708 - 0.13 1.53
D3| 9 50 162 407 - 0.39 0.77
D4 7 50 72 528 - 0.14 2.06
D5 | 12 - 349 1080 455 0.32 3.64
D6 - 35 180 - 246 - -
D7 | 26 - 1238 1239 304 1.00 15
D8 | 15 - 15 - 40 - 1.6
D9 | 19 - 581 1478 2000 0.39 -
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Filament E: AGAL332.094-0.421

Filament E, AGAL332.094-0.421, shows considerable midairgfd emission suggesting that it is
an active region of star formation and could be an exampldateastage for filamentary molecular
clouds where the fragmentation processes are over. Ar@ufraavelengths the structure studied
doesn’t appear as an infrared dark clo&gitzefGLIMPSE images shows two sign spots of high
emission at &m and an extended region surrounded by considerable emessfo5um and 8um.

At 4.5 um we see a diuse sheet like structure (green color in the images) in tipeuieft corner
that matches the bright emission seen au@% The brightest part observed at tBpitzefIRAC
bands correlates well with the bright 2 cloud observed in th8pitzefMIPSGAL maps (Figure
panel b). In general at 24n the emission is very extended covering almost entirelyrémion.

The dust continuum emission at 8 traces well the bright infrared regions. The morphology
at 870um is complex, showing a filament that could be connected tdidpenolecular cloud ob-
served to the upper right side and a string of clumps runnamgljel, but above, the main filament.
At 350 um the emission follows the morphology seen at @f. The continuum emission sug-
gests that the string of clumps observed cloud be a final sitpe fragmentation of a filamentary
molecular cloud.
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Ficure 8.1: Multi-wavelength image of region Bpitzerimages show high levels of emission at infrared
corresponding to bright structures at dust continuum with severnainmegith active star formation occurring
(e.g. green fuzzies, bright/8n , 24um emission). We also can observe a small filamentary structure that
does not to seem connected when we look at itsz'@gared counterpértoes at 87Q:m.



8.1 DeriNING THE FILAMENT

8.1 Defining the Filament

This region was named after the brightest clump within iilngshe ATLASGAL catalog denomi-
nation. Due to the complex structure observed in this regienvill focus on a small portion of it
where we see clearly at 87®n an apparently connected filamentary structure. The patiego-
tential filament was determined by following the peaks in8@8um emission. To do this we use
a Python algorithm that interpolates the emission betwkerpeaks obtaining the path shown in
Figure[8.2 (for further details see Section 11.4.1). Oncetth was defined the width of the region
containing the filament was set to 15 pixels (180 arc secawdsach side of this path, enclosing
all the continuum emission detected toward this filamenis Tégion was also used to define the
filament at 35Qum.

Figure[8.8 shows the flux density of the 8éfh and 350um dust continuum emission along
the path defined for this filament. In this figure we can cleatgntify the position of the clumps
embedded. This is even more evident at the @30emission where the clumps are more evident
because the extended emission of this filament is not vety. hig this figure we also see that
overall the filament have a intensity much higher than thernesobserved in this maps (4.7 mJy
at 870um and 0.09 Jy at 350m, red dotted line).

From the 87Qum emission we derived the projected radius of this filamehis Was done by
fitting a Gaussian to the radial dispersion of the emissiogaah point along the filament. This
filament has an average projected radius of 14”.

8.2 Physical coherence of the observed filamentary
structure

Although the small filament observed in this region appeatsetconnected, since the dust contin-
uum emission traces all clouds along the line of sight we aelelitional molecular line information
to determined its physical coherence. To determine if ttagent is a single coherent structure and
if the string of clumps detected are related to this filamest performed>CO(3-2) observations
covering this region almost entirely.

Figure[8.% (middle panel) shows the velocity integratedristty map of thé*CO(3-2) emis-
sion. This map was made using a range in velocity from -65 ¥ms-40 km st. The upper
panel in this figure shows the velocity integrated intensagitours overploted to the 870n con-
tinuum emission. We see that th&€O(3-2) emission traces well the morphology observed in the
continuum. Figuré_8l4 (lower and right panels) shows thatiposvelocity (I,v) and (b,v) maps
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Ficure 8.2: Path defined for filament E. Color scale showing the @T0emission (scale in Jyeam)
toward filament E. The black line shows the path defining the filament, bastéx dtython algorithm that
follows the 87Qum peaks. The region containing the filament was set to 15 pixel to eachfglds path.
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Ficure 8.3: Distribution of dust continuum emission along the filament. Top panel: Fanrgahe path
defined for filament E for both 870m (black line) and 35@m (blue line), red dotted line represents the
mean noise in the map (4.7 mJy at 87 and 0.09 Jy at 35Am). Lower panels: Color scale of the

emission at 87@m and 35Q:m. We see how the clumps are well defined in the @g0emission.
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8.2 R1YSICAL COHERENCE OF THE OBSERVED FILAMENTARY STRUCTURE
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Ficure 8.4: 13CO(3-2)emission toward filament E. Top panel: dust emission ay®7®verlaid with
contours of the®*CO(3-2) integrated intensity from 3 to 36, with o = 3.4 K km s%. Middle panel:
13CO(3-2) integrated intensity. Lower and right panels: position velocity nfiapsand (b,v) integrated
over both Galactic latitude and longitude respectively. These images teadahe'3CO(3-2) emission
toward this filament reveals three discrete molecular clouds along the linenv{@jg) lower panel).

of the 3CO(3-2) emission integrated along the Galactic latitudelanditude respectively. These
position-velocity maps show how the central velocity onshréng of clumps varies from -48 km
s1to-56 km s!. The small filament has the same velocity indicating that & Bingle coherent
structure. The molecular cloud observed to the upper rigletaf the image, has a similar velocity
to the small filament. Thus, this cloud might have been iilyteonnected to the filament.

From the'*CO molecular line emission we also derived the distance terttal filament, using
the model of the rotation of the Galaxy described in Se¢fida312. This filament does not appear
dark at infrared, thus, we cannot disentangle between itame@far kinematic distance using this
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Ficure 8.5: Color image of the emission at 846, contours from & to peak emission in logarithmic
scale. Arrows indicated the position of the clumps identified within this filamente8ekows the region of
the filament covered by the MALT90 observations. Contours shows thesiemis 3o

method. In the catalog dL(ﬁLaSAALelLand_HaJhQS_JL%?) of Hllmegihe molecular cloud observed

in this region (upper right side of the image) correspond tdllacataloged with a distance of 4
kpc, which correspond to the near kinematic distance. kdhtalog the near kinematic distance
was chosen based on 21 cm absorption line data toward thegldrr. Thus, for the filament we
will use its near kinematic distance. This distance to thalkfiement is~3.7 Kpc which gives it

a length of 36.6 pc and a radius of 0.23 pc.

8.3 Properties of the embedded clumps within the filament

From the ATLASGAL point source catalog we identify eightips. The location of these clumps
are shown in Figure 8.5. The names of the clumps are takentfreimATLASGAL denomination,
but for simplicity, in this work we assign them the IDs E1, E3, etc ordered by Galactic longitude.
In the small filament we detected three embedded clumps E3n# E5). Clumps E1 and E2 are
located in the molecular cloud observed toward the uppéit sgle of the image, and the rest of
the clumps corresponds to the string of clumps above andigldamathe small filament.
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8.3 RROPERTIES OF THE EMBEDDED CLUMPS WITHIN THE FILAMENT

Tasce 8.1: Filament E, star formation activity of the observed clumps.

ID ATLASGAL Name GLIMPSE MIPSGAL ATLASGAL ° IRAS

3.6-8um 24um
E1 AGAL332.094-0.421 Bright @m Bright Bright 16124-5110
E2 AGAL332.156-0.449 Bright @m Bright Bright 16128-5109

E3 AGAL332.226-0.536 Green fuzziedoint source Bright -
E4 AGAL332.279-0.547 Green fuzzifesPoint source Bright -

E5 AGAL332.312-0.556 Diuse 8um Diffuse Bright 16141-5107
E6 AGAL332.351-0.436 Bright @m Bright Bright 16137-5100
E7 AGAL332.411-0.502 Bright @m Bright Bright 16143-5101

E8 AGAL332.469-0.522 Green fuzzifesPoint source Bright 16147-5100

2 Green fuzzies: Enhancement at 4rf.
b Bright emission: Peak emissionl Jybeam; weak emission: Peakl Jybeam

Clumps E1, E2, E5, E6 and E7 show extended emission at infreeselengths. Toward
clumps E3, E4 and E8 the infrared emission is localized tewémer of each clump (green fuzzies
and 24umpoint sources), suggesting a less evolved stage of evnluliable 8.1l summarizes the
observational properties based on the level of infraredsafdmillimeter emission found in the
GLIMPSE, MIPSGAL and ATLASGAL images. In this tabEright at infrared means that the
emission found is extended around the region containingltiap. Column 6 of this table show
the association of the clumps with IRAS sources. Almost alldinmps in this region are associates
with an IRAS source.

From the 87Qum and 35Qum continuum emission we derive the properties of the eighihpls
identified obtaining: the peak flux, integrated flux and tiee ®nclosing the emission at the half
peak. The values obtained are listed in Tablé 8.2.

For the clumps observed &CO(3-2) we derive the average spectrum of $h8r noise emis-
sion. To the mean spectra we fit a Gaussian obtaining: pegket@ture (pea, CeNtral velocity
(visR), line width (Av) and integrated intensityf(l'bdv, Il in the table). The values gathered from
these fits are summarized in Table]8.2.

Toward the eight clumps identified at 8Zénwe performed BH* observations. Due to the
large width in velocity observed in these sources the hypertructure is not always resolved
and in most of the clumps observed we only see a single broagsiem. Only for clump E7 it
was possible to fit the hyperfine structure using CLASS, obitgifrom this fit the opacity toward
this clump, however, the fit is not very good, thus, we will mge this opacity to calculate the
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Ficure 8.6: Infrared emission toward filament E. Top panel: Color image of filamefie& 24um,
green: 8um and blue: 4.5m); blue contours dust thermal emission at &nd. Lower panels: Zoom into
the regions indicated by white boxes at the top panel image. We can sekhbagh at infrared wavelength
the filament does not appear as a connected structure their couns®a0u:m does, we also can see how
this filament is in a late evolutionary stage due to the high emissiomt &d 24um characteristic of star

formation regions.

mass of this clump. For the remaining clumps, we fit a threepmrant Gaussian centered in the
theoretical position of the hyperfine component. From tligseve obtained the peak temperature
(Tpeaw, central velocity § sg), line width (Av) and integrated intensity (Il). Table 8.2 listed the
values obtained from these fits. Figlrel8.7 shows the spettree N;H*(3-2) observations with
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8.4 G—IEMISTRY, EVOLUTIONARY STAGE AND KINEMATICS OF THE BRIGHTEST CLUMPS

their fit (green line) and the position of the hyperfine congrus.

8.4 Chemistry, evolutionary stage and kinematics of the bright-
est clumps

To assess the chemistry and evolutionary stage of the clemiedded in this region, we per-
formed molecular line observation of sixteen moleculagdias part of the MALT90 survey. These
observations were carried out toward the eight clumps tkxen this region and covered entirely
the small filament. For all the clumps we detected (veloaitggrated intensity 30 noise) HCO,
N,H*, HCN, HNC which are transitions typically found toward denselecular clouds. We also
detected GH observed toward photodissociation regions.

Toward clumps E1 and E8 we detected eight of the sixteen mlaletines observed: N*,
HNC, HNYC, HCOf, H3CO*, HCN, HGCN and GH. HC;CN is usually detected toward hot
cores and ¢H is a photodissociation tracer, boths detection are ineagest with the infrared
emission observed toward these clumps. Toward E2, E5 andektetected molecular transitions
that traces dense gas ", HNC, HCO", H**CO" and HCN) and @H also in agreement with
their infrared emission. Toward clumps E3, E4 and E7 we dededbe density tracer: JM*, HNC,
HCO" and HCN, and ¢H.

Integrated intensity maps were made for all the transitdetected toward each clump. Figure
[B.8 shows the integrated intensity maps of HCEICN, HNC, GH, HC;CN and NH* toward
clumps E6, E7 and E8 using a velocity range of -62 kits-36 km s'. We see that the emission
is localized toward the clumps with no visible emission kestw them. From these three clumps,
E6 is the one with higher emission at all the transitions.

Figure[8.1D shows the velocity integrated intensity mapstd the filament containing clumps
E3, E4 and E5. The molecules detected toward this region @@"HN,H*, HCN, HNC and
C,H which have a range in velocity from -58 km'do -48 km s!. This figure shows that the
emission of HCO, HNC and HCN covers the entire filament while afHN we the emission in
localized towards the clumps. From the six molecular ttéorss showed in these mapskin the
one with lower intensity. This €4 emission matches well the morphology observed at the dhaist a
others molecules. Toward the region containing clumps ElLEEhwe made integrated intensity
maps of HCO, HCN, HNC, NH*, C,H and HGCN using a range in velocity from -67 km'sto
-45 km st (Figure[8.11). We see that the emission of HGd HCN is more extended while at
the rest of the molecular lines show localized emission tda/ghe central part of the clumps.

The spectra of the molecular lines detected toward clumpsEhown in Figur@ 8.12. In this
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figure we see a red asymmetry in tH€0O(3-2), HCO and HNC lines. In these line we also see
self-absorption. These profile suggest outward movemethieirclump. The spectra also suggest
turbulent motions due to the large line widthsZ-3 km s1).

Toward clump E2 the line width of the lines is also large swstigg turbulent motions in
the clump. The spectra toward this clump are also more compled most of them show self-
absorption. For this clump the,N*(1-0) emission is very weak compared with the emission
observed toward the other clumps. Figure E.17[and|E.18 shewtannel map of M*(1-0) and
HCO* for clumps E1 and E2.

For clump E3 the spectra are more symmetric are narrow digshing clearly the hyperfine
components at pH*(1-0) and HCN. The spectra toward clump E4 are also very synureatd
narrow. For clump E5 the line width of the spectra are wideg, sge some auto absorption at
13CO(3-2) which presents a red asymmetry suggesting outwattmnso Figure E.19 and E.RO
show the channel map of,N*(1-0) and HCO for clumps E3, E4 and E5.

The spectra toward clumps E6 and E7 are rather symmetrice $ine signal to noise in this
emission is not very high, the hyperfine components atNand HCN are not very clear. Toward
clump ES8 the spectra are asymmetric with a clear wing to the bide of the spectra, suggesting
outflows. We can also distinguish some self absorption inHNE line. Figurd E22Il and E.22
show the channel map of,N*(1-0) and HCO for clumps E6, E7 and ES8.

For each clump, we perform a Gaussian fit to the peak positiail the molecular lines de-
tected. From these fits we obtained the central velocity efaimission { sg), its peak antenna
temperature (Jeay, line width (Av) and integrated intensity (). We also obtained the (I, &gipon
of the peak spectrum expressed as ttieed with respect to the position of the peak spectrum of
NoH*(1-0) (Al and Ab) and the total integrated intensityrjl For all the clumps, the detections
were defined as the emission oflI30~. The results of these fits for each of the detected molecules
are summarized in Table 8.3. We also fitted the hyperfine coemts of the NH* emission. From
these fits we obtained the excitation temperature, linehnaditd opacity of the line. These values
are listed in Table B]1.
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TasLe 8.2: Parameters of the clumps in filament E from their continuum and moleculasiemis

870um 350um B3COo(3-2) NoH*(3-2)
ID Peak Flux  Diameter Int. Flux| Peak Flux  Diameter Int. Flux | Tpeak VLSR Av 1] Diameter | Tpeak ULSR Av T
Jy/Beam ’ pc Jy Jy/Beam ' pc Jy kms?! kms? K K kms™? pc kms! kms? K
El 699 14 15 239(0.7 1868 0.6 0.6 85.77(3.68 9.13 -56.20 5.87(0.33) 57.14(3.25) 15 1.34 -53.80 2.99(0.26)
3.69 -50.92 3.04(0.26)
1.35 -48.84  2.75(0.26)
E2 523 20 21 47.8(0.9 922 05 0.5 3582(225) 1451 -56.00 4.82(0.17) 74.54(2.59) 11 018 -56.62 1.29(0.17)
0.62 -53.98 1.56(0.12)
0.22 -51.91  1.42(0.42)
E3 149 19 20 10.1(0.9 438 04 04 13.84(0.84 8.30 -52.23 2.25(0.19) 19.90(1.69) 0/8 0.15 -50.89 0.79(0.03)
0.67 -48.24  2.06(0.03)
0.08 -46.17 2.06(0.03)
E4 198 12 13 7.9 (0.5) 495 05 05 18.99(0.98 6.59 -53.11 3.08(0.28) 21.65(1.99) 0/9 0.82 -55.08 3.47(0.15)
2.43 -52.45  2.59(0.04)
1.05 -50.32 2.24(0.07)
E5 1.36 13 14 8.3 (0.6) 515 0.3 0.3 9.53(0.55 10.27 -53.50 3.51(0.19) 38.45(2.17) 0[8 0.13 -57.80  2.63(0.74)
0.32 -55.13 2.91(0.26)
0.08 -52.99 7.66(1.99)
E6 165 16 1.7 10.8(0.7 290 04 04 6.01(0.96 7.94 -48.01 2.33(0.20) 19.69(1.71) 13 1.36 -59.13  2.76(0.05)
3.15 -56.49 2.55(0.03)
1.18 -54.41 2.53(0.08)
E7 168 1.7 138 7.9 (0.8) 462 04 04 9.17(0.89 3.84 -54.68 2.75(0.46) 11.25(1.88) 09 0.21 -53.30 0.87(0.08) 11.0(1
E8 311 15 16 17.4(0.8 - - - - - - - - - 0.37 -55.15 1.45(0.20)
1.16 -52.51  1.98(0.69)
0.52 -50.43 1.66(0.11)
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Ficure 8.7: Spectra of the pH* observations. Each plot show the Gaussian fit (green line) and position o
the individual hyperfine component for each spectra. The numbdcaiedhe relative intensity of the lines.
The fit is shown in green. Here is clearly seen that due to the large linewfidiie typerfine components
they are blended in almost all the spectra.
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Ficure 8.8: Il images of the molecules detected toward E6, E7 and E8 from the MAET8vey. Top
panel: Three coloSpitzefIRAC (Red: 24um, blue: 8um, green: 4.5um, blue contours: 87Qm, white
contours: NH*(1-0)). Lower panels (a)-(h): Maps of integrated intensity from ezfche detected lines (I
> 307). Contours represent the emission from 90% of the peakrtod@se emission (blue contour) in steps
of 10%. The crosses shows the position of the cRilps and the blue cirgks gi@beam size. The color bar
shows the value of the peak at each molecule.



Freament E: AGAL332.094-0.421

Ficure 8.9: Zoom of filament toward the region covered by clumps E3, E4 and &br thage composed
of blue: IRAC 4.6um, green IRAC 8um and red MIPS 24im. Blue contours integrated intensity of
C,H molecular line emission and black contours integrated intensity,bIffiL-0) molecular line emission.
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Ficure 8.10: Il images of the molecules detected toward E3, E4 and E5 from the BIAkTirvey. Top
panel: Three coloBpitzefIRAC (Red: 24um, blue: 8um, green: 4.5um, blue contours: 87@m, white
contours: NH*(1-0)). Lower panels (a)-(f): Maps of integrated intensity from eafctihe detected lines (I
> 30). Contours represent the emission from 90% of the peakrto@se emission (blue contour) in steps
of 10%. The crosses shows the position of the CM@OS and the blue cirgls #®beam size. The color bar
shows the value of the peak at each molecule.
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Ficure 8.11: Il images of the molecules detected toward E1 and E2 from the MALTS@y Top panel:
Three colorSpitzefIRAC (Red: 24um, blue: 8um, green: 4.5um, blue contours: 870m, white contours:
N2oH*(1-0)). Lower panels (a)-(h): Maps of integrated intensity from egictne detected lines (& 30).
Contours represent the emission from 90% of the peakrtod@se emission (blue contour) in steps of 10%.
The crosses shows the position of the clumps and the blue circle showsathestze. The color bar shows
the value of the peak at each molecule. 220



8.4 G—IEMISTRY, EVOLUTIONARY STAGE AND KINEMATICS OF THE BRIGHTEST CLUMPS

TasLe 8.3: Properties of the MALT90 observations

3

Source Moleculgl AI'  Ab' Peak Width  Velocity b2 It rms
” ” K kms?t kms! Kkms?! Kkmslased kmst
E1 AGAL332.094-0.421 N2H 0 0 1.33 3.52 -56.42 4.99 87 0.19
HCO* 9 0 0.71 2.56 -54.94 1.93 432 2.69
Hsco* 0 0 0.43 3.57 -56.88 1.63 20 0.19
HCN 0 0 0.43 2.37 -55.77 1.08 2514 8.17
HNC 0 0 0.34 2.30 -57.00 0.83 29 0.18
HNC 18 0 0.75 2.96 -55.63 2.36 306 0.18
HC3N 9 0 0.47 2.89 -56.88 1.45 22 0.18
CyH 0 0 0.54 2.28 -56.83 1.31 218 0.19
E2 AGAL332.156-0.449 N2H 0 0 0.65 3.21 -57.80 2.22 489 0.20
HCO* -45 18 1.19 3.47 -55.95 4.40 1683 0.49
H3Co* -18 27 0.19 2.18 -55.41 0.44 944 0.20
HCN -45 27 117 3.34 -56.12 4.16 2226 0.22
HNC 0 0 0.81 1.95 -58.61 1.68 1057 0.20
CoH -18 9 0.47 2.67 -57.76 1.33 246 0.20
E3 AGAL332.226-0.536 N2H 0 0 0.57 2.93 -51.89 1.78 78 0.11
HCO* 0 -9 1.42 2.96 -52.33 4.48 747 0.11
HCN 0 -9 0.70 2.47 -52.26 1.84 546 0.11
HNC 0 0 0.84 2.49 -52.35 2.23 133 0.11
CyH 0 0 0.36 1.40 -52.44 0.53 156 0.12
E4 AGAL332.279-0.547 N2H 0 0 0.96 2.96 -52.80 3.03 227 0.29
HCO* 0 0 1.87 3.69 -52.78 7.36 979 0.27
HCN 0 9 0.71 2.37 -53.46 1.79 931 0.27
HNC 9 0 1.18 5.19 -52.58 6.53 126 0.26
CyH 9 0 0.31 2.44 -53.21 0.80 114 0.27
E5 AGAL332.312-0.556 N2H 0 0 0.59 1.73 -53.75 1.08 41 0.11
HCO* 0 -9 1.46 3.03 -53.38 4.71 1704 0.12
H3COo* -18 9 0.33 1.19 -53.78 0.41 457 0.12
HCN 0 -9 0.86 3.54 -53.44 3.24 1592 0.21
HNC -9 0 0.69 3.40 -53.87 2.50 184 0.11
CyH -18 -18 0.36 1.66 -53.48 0.63 14 0.21
E6 AGAL332.351-0.436 N2H 0 0 0.80 2.12 -48.25 1.80 172 0.21
HCO* -9 0 1.57 2.02 -48.66 3.38 851 0.21
H3Cco* 36 27 034 1.41 -48.24 0.51 682 0.22
HCN 0 -9 0.66 1.83 -47.75 1.28 168 0.22
HNC 0 0 1.18 2.16 -48.46 2.71 424 0.21
CyH -18 0 0.36 1.65 -48.40 0.63 250 0.22
E7 AGAL332.411-0.502 N2H 0 0 0.51 1.65 -54.23 0.89 50 0.21

Continued on next page

10ffset of the peak emission from the M (1-0)peak.

2Integrated intensity

3Total integrated intensity, from the MALT90 catalog
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Table 8.3 -Continued from previous page

Source Molecule Al Ab  Peak Width \elocity ) It rms
HCO* 9 18 0.58 2.87 -53.33 1.77 15 0.21
HCN 18 26 0.32 3.94 -53.59 1.34 182 0.21
HNC 0 0 0.41 1.74 -54.32 0.76 975 0.20
C,H 0 0 0.15 1.67 -94.58 0.27 400 0.21

E8 AGAL332.469-0.522 N2H 0 0 1.29 3.94 -51.18 5.42 443 0.19
HCO* 0 0 1.36 2.70 -50.37 3.91 1166 0.19
H3Cco* 0 0 0.43 2.63 -51.58 1.21 15 0.20
HCN 9 0 0.67 3.29 -46.67 2.35 866 0.20
HN13C -9 9 0.34 2.47 -51.15 0.89 522 0.20
HNC 0 0 1.12 2.75 -50.74 3.28 464 0.19
HC3N 9 0 0.49 2.77 -51.42 1.44 43 0.19
C,H 9 0 0.49 2.35 -51.45 1.22 63 0.20
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Ficure 8.12: Spectra toward clump E1. Each spectrum are at the (l,v) positiosspomding to the peak
emission at NH*.
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Ficure 8.13: Spectra toward clump E2. Each spectrum are at the (l,v) positiogspomding to the peak
emission at NMH".
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Ficure 8.14: Spectra toward clump E3. Each spectrum are at the (l,v) positiogspomding to the peak
emission at NH™. Dotted line shows the central velocity of theH\ (1-0) emission.
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Ficure 8.15: Spectra toward clump E4. Each spectrum are at the (l,v) positiogspomding to the peak
emission at NH™. Dotted line shows the central velocity of theH\ (1-0) emission.
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Ficure 8.16: Spectra toward clump E5. Each spectrum are at the (l,v) positiosspomding to the peak
emission at NH*. Dotted line shows the central velocity of theli (1-0) emission.
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Ficure 8.17: Spectra toward clump E6. Each spectrum are at the (l,v) positiosspomding to the peak
emission at NH*. Dotted line shows the central velocity of theli (1-0) emission.

228



8.4 G—IEMISTRY, EVOLUTIONARY STAGE AND KINEMATICS OF THE BRIGHTEST CLUMPS

OO0 00O 0000000 O000O R WA
orWw ORrRrW ONPOORLRW OOOHO U1 O Ul
ouU10o OUITO OOOOOUIO 00000 O O O

Ty K]

—70 —60 —-50 —-40 -30

sk [kms ']

Ficure 8.18: Spectra toward clump E7. Each spectrum are at the (l,v) positiogspomding to the peak
emission at NH™. Dotted line shows the central velocity of theH\ (1-0) emission.
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Ficure 8.19: Spectra toward clump E8. Each spectrum are at the (l,v) positiogspomding to the peak
emission at NH*. Dotted line shows the central velocity of theH (1-0) emission.
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8.5 BiYSICAL PROPERTIES OF THE FILAMENT AND ITS CLUMPS

8.5 Physical properties of the filament and its clumps

In this section we derive the physical properties (tempeeatmasses, external and internal pres-
sure) of filament E and the clumps embedded within it, usiegntiulti wavelength data described
in the previous section.

8.5.1 Color temperature

The color temperature was obtained from the gi#0and 35Q:m continuum emission. GLIMPSE
and MIPSGAL show that the majority of this region exhibit saerable infrared emission. The
assumptions made for the calculus of the color temperatasenmot be valid in a vast part of this
region. Thus, we only use the color temperature determined the region where the infrared
emission is low, which corresponds to most of the region cméy the small filament.

The color temperature depends on the spectral ides$inceg is unknown, we calculated
the color temperature using fourfidirent values of the spectral indgx The mean temperatures
derived for the filament are 13 K, 11 K, 9 K and 8 K usifg= 1, 1.5, 2 and 2.5 respectively,
having a gradient of temperatures that increases locallgrids the clumps. For consistency with
the results obtained for the other filaments we use a spéutiefs = 1.5, which give temperatures
similar to those observed in other typical molecular clouds the clumps the peak temperatures
are ~20 K using this spectral index, which is low compared to thetdemperature~ 35— 60
K) typically observed toward clumps with star formation icators, such as green fuzzies and

24 um point sourcesL(Ra.thb_Qme_eﬂaL_zbm).

Most of the clumps exhibit considerable infrared emisstbas, we assume a dust temperature
based on this emission. Toward clumps E1, E2, E7 and E8 wetddtbright extended infrared
emission at 24m, suggesting high temperatures. For these clumps we adsuteenperature of
60 K, typically found toward clumps exhibiting similar iafred emissior{_(Ramb_ome_eﬂal._wa).
Toward clump E3, E4 and E5 the infrared emission is in the fofigreen fuzzies and 24m point
sources. For these clumps we assume a temperature of 35 &h wghusually observed toward
clumps with similar characteristics (Rathborne élha_l.tOlEGB) exhibit low levels of infrared emis-
sion, thus for this clump we use it derived color temperafliBeK).

8.5.2 Column density and mass

In this section we derive the column density, total and limeass for filament E (the small filament
observed in this region), using both their continuum andemalar line emission. We also calculate
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Ficure 8.20: Derived color temperature for flament E. The panels show theedecolor temperature

using diferent values for th

e spectral indgx The temperature along the filament decreases with higher

values ofp3, the average temperature440 K and in all cases the temperature peaks locally toward the

clumps.
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8.5 BiYSICAL PROPERTIES OF THE FILAMENT AND ITS CLUMPS

the mass for each individual clump embedded within thisaregi

8.5.2.1 Column density and total mass of the filament

The radial column density of the filament was computed froememission at 87@m along the
small filament, using Equatidn 1]31 .The temperature usedcatzulated in the previous section,
assuming an spectral indgx= 1.5. This temperature has an average value of 13 K and higher
values locally toward the clumps. The mean column densitpddor this filament is 10?2 cm2.

The total mass was obtained by integrating the radial coldemsity along the diameter and length
of the filament. We found that filament E has a total dust madssof 10° M.

Since this filament has a filamentary shape to estimate thewvioal mass we calculated the
lineal virial mass(Equatior 1.b) at each point along the filament. This was dgnmeasuring the
line width of the'3CO(3-2) emission along it. The total virial mass of this filathe/as obtained
by integrating all the values obtained along the filamente Tdtal virial mass is  x 10° M.
The ratio between the total mass and total virial mass@s%5. This value implies that globally the
filament is close to the virial equilibrium. However, sinbe tshape of this filament is filamentary
is better to do stablish its stability via the analisys ofiitgeal dust mass and lineal virial mass.

8.5.2.2 Mass of the clumps

For each clump we calculate their total and virial mass. Tust thass was obtained from the inte-
grated flux over the @ emission toward each clump and their distance. The intedifhixes used
for each clump are listed in Takdle B.2. The temperatures fssezhch clump are the temperature
assumed (or derived) based on their characteristics aredr(see Table_8.5). The mass of the
clumps ranges from 200 M, to ~ 1400 M,.

The virial mass was computed by assuming that the clumpsnaxérial equilibrium and
that their geometry is spherical. We calculate the averagewidth at each clump from the
13CO(3-2) molecular line emission within the region that eselb their emission aboverdoise.
The virial masses found for the cores ranges froB00 M, to ~ 6000 M,.

Using the opacity, excitation temperature and line widteeved from the fit to the hyper-
fine components observed in thgH\ (1-0) emission, we derived the mass of clumps observed in
MALT90. The masses were obtained using equdfion 1}4.3.8.values of the mass obtained for
these clumps are summarized in Tdblg 8.5
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Table[8.5 summarizes the values of dust and virial mass féemeach clump. The ratio be-
tween the dust mass and virial mass for clumps E1, E2, E4, BEE&nrange from 0.1 to 0.3.
These values suggest that these clumps are not in viridileguin. For clump E3 and E6 the ratio
between th total mass and virial mass is close to 1 suggesi@ighese clumps are gravitationally
bound.

8.5.2.3 Lineal mass along the filament

The lineal dust mass was obtained by integrating the radiahen density over the projected diam-
eter of the filament at each point along it, using the 8@0dust continuum emission. Figure 8.21
shows the lineal mass distribution along the filament whigsents higher values at the position
of the clumps. The average lineal dust mass480 M, pc™.

From the'3CO(3-2) molecular line emission we estimate the lineal Miriass. Thé*CO(3-2) line
width was obtained from a Gaussian fit to the average emissimss the diameter of the filament,
to increase the signal to noise of the spectra. The lineall\itass was obtained using Equation
[1.G at each point along the filament. The mean value of thallividal mass is 942 M pc . The
distribution of lineal virial mass along the filament is aldwwn in Figuré 8.21, in this figure we
see that the overall distribution of both masses is similar.

8.5.3 External and internal pressure

The external pressure was calculated from*i@0(3-2) molecular and 870m continuum emis-
sion detected toward the region defined outside the bowexlafithe filament. The mean velocity
dispersiong, obtained is 2.28 km$ which is higher than the values found for the other filaments
(A, B, C and D) suggesting that the environment surroundiragriént E is more turbulent. The
mean density obtained from this region(ig = 7.27 x 1022 gr cnT3. These values give a surface
pressure of Pk = 2.8 x 10° K cm™.

The internal pressure was computed at each point along #mdiit using the corresponding
value ofco from the3CO(3-2) molecular line emission and the lineal mass obtafreed the dust
continuum emission. The mean value along the filame(®jigk = 2.5 x 10’ K cm3, also larger
than the averaged value found toward the other filaments.
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Ficure 8.21: Lineal dust and virial mass distribution along the filament. Top panetkBlmeal mass
derived from the 87@m dust thermal emission; Green, virial mass derived form #®0(3-2) molecular
line emission detected toward this filament.

8.6 Stability of the filament: magnetic field support

In this section we compare the properties derived for filantenvith prediction from theories
that describe the stability of filamentary molecular clgudsparticular whether the existence of
a magnetic field contributes to their overall support. Thespnce of a magnetic field is analyzed
by two methods: its influence over the radial column densitfile and by a virial equilibrium
analysis.

8.6.1 Radial density profile analysis

To analyze the influence of the magnetic field over the raditdnsity profile of the filament,

we separated its emission into two groups: the clumps amd-alimp material. Since we are
only interested in the analysis of the shape of the radiahnsity profile, this was averaged and
normalized in both groups. The average radial intensityesmonding to the clumps, at both 870
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um and 35Qum, are shown in Figurle 8.P2. For the 87 emission the best fit was a profile with
p = 3.4 and for the 35@:m emission the radial intensity was best fitted by a profildit= 3.9.

In both cases the emission out of the clumps is close to a @nefth p ~ 4, which is the value
obtained by Ostriker for the hydrostatic equilibrium in th@n magnetic scenario.

On the inter-clump material of this filament we found thatitean normalized radial intensity
have wings that are more opened than that toward the clumiisough the fit to the emission at
870um is not perfect due to the bumps seen on the radial profildyekefit to the radial intensity is
given by a column density profile with = 2.6. At 350um the radial intensity is more defined and
the best fit is density profile with = 3, which is closer to the values found for filaments supported
by magnetic fields.

The same fit was done to the radial intensity at each poingditament. Figuré 8.24 shows
the values ofp corresponding to the best fits, we only use in this plot thenafith a¢? < 2. Here
we see that since this filament is very small, using this caitee have only 5 point with a good
fit. In general the values are uniformly distributed betwé&eénand 3. The point corresponding to
the clumps (red diamonds) are clearly separated havinghigtiues, but the low number of points
obtained for this filament makesfiicult to interpret this result.

The analysis to the mean radial intensity shows that, likbeprevious filaments (A, B, C and
D), the stability toward the clumps can be explained only fgirbstatic support but inter-clump
material of the filament the radial column density observagests that we need an additional
mechanism of support that could be a magnetic field.

8.6.2 Virial equilibrium analysis

The stability of this filament was also studied via an analysiits virial equilibrium. To ana-
lyze the virial equilibrium we plotP)/Ps againstm/m,; in a diagram with constant values of the
ratio between the total magnetic energy per unit length,and lineal gravitational energyW|
(M/I'W)), following the same analysis ,Dmege_md_PuHﬂz_(iOOOQ.ﬂMnd that, in general, the
mean values ofP)/Ps andm/m,, for the whole filament lies in the sector of the diagram thpt re
resents the presence of a toroidal dominated magnetic kejde[8.25). The values ¢P)/Ps and
m/m,; obtained for the inter-clump region of the filament are 0.@808 0.6 respectively which
gives M/|'W|=-2.0. This value corresponds to a toroidal dominated magheld. For the clumps
we found(P)/Ps=0.003 andn/m,;;=0.3, these values implies th&d/|'W|=-0.5 which also suggest
the presence of a toroidal dominated magnetic field, howewersee that, in general, the points
corresponding to the clump tend to be closer to the non-ntegs@ution (green dotted line).

The average values obtained for the entire filamentBy¢Ps=0.009 andn/m,;,=0.58 giving
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Ficure 8.22: Density profile of the normalized mean density of the clumps in filamentgpdoels show
the 870um emission, bottom panels show the 3@t emission. The left panels show lineal plot of the
profiles and right panels shown the profiles in logarithmic scales. Theliedises represents the best fit to
the density profile, the beam profile is shown with the solid yellow line, the Isydtic solution g4 (green
dashed line) and magnetized soluticeZp(green dotted line) are also shown. We can see that in general the
shape of the radial density follows the shape of a profile with4.

M/I'W|=-0.7. This result suggest that if we considerer the filamera @hole, the stability is due
to the presence of a toroidal dominated magnetic field treatgmt the filament to expand.
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Ficure 8.23: Density profile of the normalized mean radial density of the inter-clugipman filament
E. Top panels show the 870n emission, bottom panels show the 356 emission. The left panels show
lineal plot of the profiles and right panels shown the profiles in logarithnailesc The beam profile is shown
with the solid yellow line, the hydrostatic solution (green dashed line) and niagdeolution (green dotted
line) are also shown. We can see that the shape of the radial derfigtg dliom the observed at the clumps.
At 870 um the emission has several bumps making the fit not perfect, we see thatthefihe emission is
more similar to a profile wittp = 2 but to the lower part the shape is more similapte 4. At 350um the
column density is very well traced by a profile wiph= 3.
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Ficure 8.24: Plot ofp, the parameter that define the shape of the density profile, vs peakifinefcdump
(red points) and inter-clump (black points) material in filament E. The eas show the? between the fit
and the observed radial density. We can see that in general the intgp-obgions have values @flower
than the clumps.
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Ficure 8.25: Plot of the(P)/Ps vs m/my; for the clumps and inter-clumps regions for filament E. Blue
dashed lines: toroidal models for magnetic fields, blue solid line: unmagnstihgtiibn, green dashed lines:
poloidal magnetic field models. Yellow dots: values found for the inter-clurgjpreof the filament; black
dots: values found for the regions were clumps are located and the rechetan value for the filament.
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TasLe 8.4: Filament E: derived properties of the filament.

Distance Radius Width N clumps Av Temperature Total mass Lineal mass BP/k (P)/k
13CO m Myir m/mvir m Myir m/mvir
pc pc pc km st K Mo Mg Mo Mg 10*Kem= 10°Kcem™3
3690 36.6 0.23 8 3.33 12 4600 8200 0.6 489 942 0.52 28 2515
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TasLe 8.5: Filament E, properties of the clumps

Temperature Maust ~ Myir MN2H+ mdust/mvir SpaCing
Color Assumed

K Mo Mg Mo pc
E1l| 10 60 650 6029 649 0.1 15
E2| 8 60 1300 3194 2150 0.4 11
E3| 9 35 522 506 1270 1.0 0.8
E4| 10 60 214 1067 600 0.2 0.9
ES| 9 35 429 1232 454 0.3 0.8
E6| 18 - 1394 882 - 15 1.3
E7| - 60 214 850 460 0.3 0.9
E8| - 35 900 - 890 - -
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Discussion & Conclusions

In this chapter | discuss the main results obtained in myishés§9.1, | discuss the global proper-
ties of the observed filamentary molecular clouds: theirseasnd temperatures. §8.2 | discuss
the stability of the filamentary molecular clouds in the esmtof theories that include magnetic
field support. In§9.3 | analyze the fragmentation of the filaments based onriteethat predict the
typical observed separation between individual clumpsselction 9.4 | discuss the properties of
the clumps embedded within the filaments and their propotsepe ©f evolution, with the aim of
addressing the question of whether these clumps will foigh Ihass stars and clusters.

9.1 Filamentary molecular clouds

From the ATLASGAL survey, which observed the dust continuemission at sub-millimeter
wavelengths, | found that filamentary structures are ubogsi along the Galactic Plane. Within
the~150 degrees square region observed in the first years of AGAMS | found ~7000 compact
sources, with~80% of them having no association with eittd6X or IRASsources. Because
they are compact and devoid of infrared emission, that isnconly associated with active star
formation, they may represent clumps that are in a very eadjutionary phase. This makes them
excellent candidates for starless clumps, thus, theiilddtatudy with next generation facilities
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like ALMA, will shed light on the star formation process.

The ATLASGAL images revealed that most of the detected chuapd compact regions are
usually embedded in a more extended molecular cloud witméfgary shapes. To determine
the physical and kinematical properties of these filamgrgauctures | analyzed five filamentary
molecular clouds located in the inner region of the Galaetane. These filamentary structures
exhibit a wide range in the properties of their infrared amo-millimeter emission, from filaments
showing little or no infrared emission to filaments that argltt at 8um and 24um. The infrared
emission in this wavelength range can be interpreted assemifrom protostellar objects or Hll
regions, where the dust has been heated by UV radiation fesmyrformed stars. Hence, the lack
of infrared emission suggest that the clumps embedded ifilédments are in a very early evo-
lutionary stage. Thus, the chosen filaments allow us to tigese the characteristics of filaments
in different stages of evolution. Having a sample of filaments than & range in star formation
activity is important to determine whether or not filaments @onnected with star formation.

Although it is clear that filamentary structures are ubioustin Galactic Plane surveys, the dust
continuum emission producing theggaments” may not arise from a single coherent molecular
cloud, but instead may be the superposition of two or moremér clouds along the same line of
sight. Therefore, it is not possible to establish their ptalgproperties until we determine whether
or not the emission arises from a single physical entity. W by measuring the velocities along
the filament observing the emission in molecular line (8g0O(3-2)). In four of the five filaments
studied in this work the velocities along the filaments areilar, suggesting that the emission
arises from a single molecular cloud. For filament B we foumat the observed structure is in
fact the superposition of three discrete molecular clolmisgathe line of sight. Thus, although the
emission appears connected in the sub-millimeter image&lamentsn this case is not a coherent
structure. Thus, molecular line observations are key terdehe if filaments are single coherent
structures.

The color temperatures of the filaments which show littleardd emission (A, B and C), thus
potentially in an early stage of evolution, are similar te tamperatures of cold molecular clouds.
In all the filaments, the average temperature in the int@mpl regions range from 10 to 15 K,
increasing locally toward the clumps.

The column density of the filaments, derived from the dustioonm emission, ranges from
~ 1072 — 10?4 cm? with the higher values derived toward the clumps. Thesensoldensities are
similar to values found toward dense star forming molecalauds, and toward other filaments

such as IC514d_(ALO_uman_ian_e_{ al. 2b11), IRDCs (Simon é_t_aﬁé(dﬁ the high star formation
2

region of Orion, which has peak column densities of abodt aer ).

The total mass of the filaments derived from the dust contimemission ranges from-14 x 10* M,
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9.2 THE STABILITY OF FILAMENTS. MAGNETIC SUPPORT

for filaments A, B, C and D and is § 10° M, for filament E, which is the smallest filament. The
virial masses are similar to the ones obtained from the dugtsion, and range from % 10° to
10* M, In general, for each filament, the mass derived from theemsgsion is close to the virial
mass, suggesting that the filaments are close to the vinglile@gum. However, due to the filamen-
tary shape of these structures it is more appropriate toya@ahe virial equilibrium through an
analysis of their lineal dust and lineal virial masses.

The lineal mass derived from the dust emission ranges frad\26pc to 500 M, pct. The
critical lineal mass of the filaments, below which the filasda unable to radially collapse, is given
bY Mineacrit = 20°/G, wherev corresponds to the sound speegdin the case of thermal support
m ) andr in the case of turbulent supdet_(Ei_ege_a.nd_EdHLilz_IZOOOQ. mblecular line
emission from the filaments exhibit large line widths Z — 3 km s1), suggesting that turbulent
motions dominate. Considering this, the critical lineal mesrresponds tWjnealcrit = 202/G. In
general, the lineal virial masses range from 400 to 10QQobt!, being larger than the linedust
mass by a factor of 2. This suggest that there is an additrneahanism that supports the filaments
against expansion, possibly external pressure or madgedts.

The pressure exerted at the surface of the filaments waslat@diufrom the emission of the
molecular gas located outside the boundaries of each filarfba derived surface pressure ranged
from Py/k = 4 x 10* Kem™to 5x 10° K cm™3. Boulares and Qd))L(LQbO) estimated that the total
pressure of atomic gas in the ISM surrounding molecularadasP/k ~ 10* K cm~3. However,
if a molecular cloud is associated with an HI complex thes tdlue can be higher by an order
of magnitude. The values we derived for the surface pressutbe filaments are comparable to
these. The internal pressure derived for the filaments safigen (P)/k=10° — 10° K cm~3, and
are also similar to values found for other filamentary malacalouds.

9.2 The stability of filaments: magnetic support

A comparison of the lineal dust mass and the lineal virial snafsall filaments, shows that the
former has lower values than the latter, suggesting thatlditianal mechanism is needed to make
these filaments stable against expansion. We investigdtether or not magnetic fields are needed
to support filamentary molecular clouds using twfietient approaches: via the shape of the radial
column density and the virial equilibrium. In this sectiodi$cuss the major findings from these
two analyses.

First, | found that the radial intensity profile of the dustission at both 87@m and 35Qum are
similar. Second, | found that the radial intensity towargioas where the clumps are located have
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Ficure 9.1: Plot of the averagé)/Ps vs m/my; for filaments. Blue dashed lines: toroidal models for
magnetic fields, blue solid line: unmagnetized solution, green dashed lineglgdanagnetic field models.

Black dots: valuegP)/Ps vs m/m,; from|Fiege and Pudriti;(;QbO) toward seven filaments and the red star:
values found for the filaments studied in this work

profiles that are well fit by a column density profile of the form

PcRilat
2,(r) = A <. (9.1)
’ "[1+ (r/Raa)?l?

This equation describes the classical model of an isothdilaraent in hydrostatic equilibrium
without magnetic field for their stabilit@@G@)Jggesting that clumps may not need a
magnetic field support. Third, | found that for all filamerttse radial profile of the emission from
the inter-clump regions exhibit a distinctive shapéetent from that observed toward the clumps.
In general, the column density of the inter-clump regionsed fit by a profile with the following
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shape:
R
5, (r) = Ay— Lot — (9.2)
[1 + (r/Rfiat)?] 2
This relation, first studied by Fi nd P rhz_(jOOO),cdbes an isothermal filament with

magnetic support. These results suggest that in order ttab&esthe inter-clump region of the
filaments need a magnetic field for support while for clumips,dresence of a magnetic field is not
required. If we don't distinguish between clump and intlemap regions and since the majority of
the filament corresponds to inter-clump region, we expeittttie mean shape of the radial density
at larger radii will have values similar 102, suggesting magnetic fields are needed for support.
This is the case for other filamentary molecular clouds regbin the literature such as 1IC5146

(Lada et all 1999) or L977 (Alves etlal. 1998).

| also analyzed the stability and magnetic field support effilaments via theiwirial equi-
librium. For this analysis | use an extended version of the viriab&qo including pressure and
magnetic support, given by the following equation (seeiseff®.] for further details):

® T m W

(9.3)

For all filaments, we calculated the valuegBj/Ps andm/m,; at each point along their major
symmetry axis and also determined their average value. Vérage values found for the filaments
ranged from:

052< m/m;, <076 (9.4)
0.009< Pg/(P) <0.34 (9.5)

These values imply a ratio between the lineal total magrestergy M) and the lineal grav-
itational energyW, of M/|W|< 0. This suggests that the equilibrium requires the presence
of a toroidal dominated magnetic field (see Figurd 9.1). Tasilt is similar to that found by
Fiege and Pudrikﬂ (20b0) toward tpeOph, Taurus, and Orion regions. Even though for the fila-
ments studied H;LEiﬁge_and_Budrhz_LjOOO), the presenceobidal dominated magnetic field was
implied, the values ofm/m,;, are slightly lower than the ones determined for the filamstidied
in this work.

In summary, the analysis of the radial column density andevirial equilibrium, suggest that
filaments are best modeled as isothermal (really constéotitiedispersion) filamentary molecular
clouds wrapped by an helical, toroidal dominated magnegid.fiT his magnetic field would support
the filamentary molecular cloud preventing its expansiahaso allow the formation of the clumps
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within it. One suggestion is that the clumps form along thenfiénts at the location where the
magnetic field crosses the filaments, however, direct measants of the magnetic field would be
useful to corroborate this hypothesis.

9.3 From filaments to clumps: Fragmentation scale

In this section | discuss the fragmentation of filamentarjenlar clouds. Since filaments are
ubiquitous along the Galactic plane and most of them havesdddxd clumps that may give rise
to stars, it is important to understand the processes thait tie the fragmentation of filaments
and the formation of clumps. Assuming that filaments can Ipeeseented as a self-gravitating
cylinders, theory predicts that fragmentation can occu ttua fluid, or’sausage”, instability.
This instability may produce several clumps with a chanmgstie spacing (which may be roughly
periodic) given by the wavelength of the fastest growingtaiole mode of the fluid instability

kson QQlLO). The actual value will depend on whebeefilament is an incompressible
fluid dc_handr_as_elshar_and_lz_e}hlubSB) or an isothermal gasasyi

LlacLs_on_el_z}tIJ_(LO_hO) used molecular line observations oc€£@M) to detect clumps within
the Nessie nebula, an extreme example of a filamentary maledoud. Assuming that Nessie is
an isothermal cylinder where the turbulent pressure daesnahen the spacing expected for this
filament due to thésausage”instability matches well the observed clump separatioris $hggest
that fluid instabilities may be the mechanism responsibiéi®fragmentation in the Nessie nebula.
To assess whether or not this result applies to our filamenetgjvestigated the clump separations in
them. Because the fragmentation of filaments may be relatselyl to the processes of formation
of the filamentary structure, it is best to study filamentsclhshow very little evidence of star
formation. Because of this, we focused our analysis on filasn&nB and C since they exhibit
little infrared emission and, therefore, are likely to bamearly stage of evolution.

| found that the observed spacing between clumpi$ pc in filaments A and B and6 pc in
filament C. If these filaments are treated as incompressibtsflanly for filament C the expected
separation between the clumps is in agreement with the wdismns. For the other two filaments,
the clumps appear more closely spaced than that predictdddaeory.

However, a more realistically assumption is that filamengésisothermal cylinders with turbu-
lent pressure as support, as in the case of Nessie. In thestb@sobserved molecular line widths
together with the central density can be used to predictgheisg of the clumps. For the filaments,
the dfective scale of height isle¢f ~ 0.1—0.2pc, smaller than the radius of the cylinder Q.5 pc),
giving an expected separation between the clumpg,ef = 22Hq¢¢. Assuming that the filaments
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are infinite isothermal cylinders with turbulent supporg fwund that forll the filamentghe spac-
ing observed between the clumps is in agreement with theesaddpected from thésausage”
instability fragmentation of filaments with a finite radiRss> H.

This result suggests that the fragmentation of filamentawleoular clouds can be due to this
fluid, or "sausage”, instability and that this fragmentation leads to the faioraof star forming
clumps. This is also supported by the roughly periodic sppabserved between the clumps
embedded in the filaments. This theory also predicts aatith@ss per unit length ol = 20?/G
and a maximum mass of the clumpsMf~ A,.xMcit. For our filaments, the critical mass (virial
mass) have values ranging from 400 to 1009 WMth A ~ 2 pc, which implies a maximum mass
for the clumps of 800 to 2000 M This values are in agreement with the masses derived for the
clumps in the filaments, suggesting that turbulence has goriient role in the physics of these
filamentary structures.

9.4 Characteristics of the embedded clumps

In this section | discuss the properties of the clumps embeddthin the filaments. All the fil-
aments harbor several clumps, many of which are reguladgesh Infrared images reveal that
some of these clumps already contain active star formati®eyidenced by their association with
star formation indicators such as green fuzzies (enhanteshd.5um indicative of shocked gas),
8 um emission or 2&«m emission (which reveal the presence of an embedded pratarobject).

The temperatures of the clumps, derived from the sub-neli@nemission or estimated based
on their infrared emission, reveal that the clumps are botid” and "hot” (temperatures of 10 to
50 K). The mass of the clumps range freti0 M, to ~4000 M,. M ) suggest that, in
order to form at least one star with a mas$8 My, a high mass protostellar clump should have
at least a mass of 200 /Mand show no evidence for active star formation . Thus, to gdae
sample of clumps in a very early stage of evolution, befogdhhmass star formation has begun,
we should look for cold clumps with masses of a few 100 to a f6@01M, d&e_mner_el_dlmz
Williams et aI.QO_Qléll Fandez et dlﬁoﬁm. Moreover, they need to be relatively aonp- 0.5
pc) reaching densities of $@m3. Some of the filaments contain clumps with masses higher than
200 M, and cold temperatures?0 K), likely to be the precursors of high mass stars. The &lais
also contain high-mass clumps exhibiting bright infraredssion, which due to the sensitivity of
Spitzer likely correspond to high mass protostars.

Since the clumps we detected display a wide range in thepearties, from low to high mass
cores with low and high temperatures, we can use them to le¢dprdine an evolutionary sequence
for high mass star formation. We divided the clumps found four broad categoriegjuiescent
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protostellar, HIl and PDR.

We have found 14 quiescent cores (with no infrared emissidmjo of them were observed
by MALT90 detecting only NH*and HNC (see Table_9.1). Once the clumps starts contraction,
they begin théprotostellar” phase. The central star will heat the surroundings and inatedy
produce shocked gas. This phase should be characterizbd dgteection of an enhancement at 4.5
um and point source emission at 24n. In this stage we also can detect molecules that are release
to the gas phase, via shocks, such as HGECN and GH. As the protostar evolves, more energy
is released to its surrounding and molecules are release tgats phase such as*80*, HN'3C,
HC3CN. At this stage, shocked gas can also be inferred by themres# SiO. About- 35% of
the clumps embedded in our filaments are classifiépasostellar” .

In the later stages of their evolution, we observe HIl regjarharacterized by bright emission
at 8 and 24um. In this phase, we also detect molecules like those obdeoveard hot cores (e.g
HN*3C, CH;CN or HGCN). We found that 23% of the clumps show these charactesistmwvard
the clumps associated with PDRs (about 23%) we found rich itgmdetecting most of the
molecules observed. Also, toward these clumps we foundhiedine profiles are broad indicative
of turbulent motions.

These result show that the molecular line information caradiwith infrared images, can be
used to asses the evolutionary stage of the clumps, idengigach stage with certain observed
characteristics. To obtain a clearer picture of how the @lsievolve, it is necessary to extend this
study to include more clumps. This is the aim of MALT90 surwethich will observe more than
2000 clumps, to determine an characterize the evolutioseguence of high mass star formation.

9.5 Evolution of filamentary molecular clouds

The characteristics of the clumps embedded in filamentsesighat these structures are closely
connected to high mass star formation. The evolution of thegs within the filament drive the
evolution of the filaments. "Young” filaments are often sesimdrared dark structures while more
evolved filaments have several bright HIl regions and OB@asions scattered along their lengths.
In these cases its oftenfiicult to see the original filamentary molecular cloud.

In filaments that are predominantly infrared dark (e.g. A @dmost of the clumps embed-
ded within them are either quiescent (dark at infrared wevgths) or protostellar (showing green
fuzzies and 24/m emission). Once the clumps evolve, they start to heat gugmoundings. As
a result, they are no longer infrared dark, however, thegroftill appear connected in the dust
continuum emission. This suggests that filaments clasagdi®RDCs may be similar to the other
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9.5 BVOLUTION OF FILAMENTARY MOLECULAR CLOUDS

filaments, but are simply in an earlier evolutionary stagehé more evolved filaments, the clumps
embedded are in either the protostellar or HIl regions phase

Once the clumps are in a late evolutionary stage, the filasrigaiy break up completely. In
these cases the clumps may no longer be connected at (diuhgter wavelengths. Filament E is
an example of this late evolutionary stage. Other star fognciomplexes with filamentary shape
such as Orion, or NGC6334 may be also examples of this stageouBding these regions it is
also possible to see some remnant of the initial filament.
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TasLe 9.1: Clump properties. Density tracers refer to molecu-
lar lines: NN H*(1-0) ,HCO", HCN and HNC. Density tracers iso-
topomers refer to: BCO*, HN3C and!3CS. Hot cores refers to
CH3CN, HGSCN, HCBCCN and HNCO. PDR shows the detec-

tion of G,Hand Schock shows the detection of SiO.

Source Spitzer IRAS, Masers Class. Mass T Radius  Density tracers Hotcore PDR  Shocks
C1l Dark - Qscent. 80 30 04 Y - -
Cc2 Dark 16264-4841 Qscent. 464 14 04 Y - -
D8 GF, 24umPS - Prst. - 15 0.3 Y Y -
E3 GF, 24umPS - Prst. 522 35 20 Y Y -
E4 GF, 24umPS - Prst. 214 60 1.3 Y Y -
D1 GF, 24umPS 16136-5038, Maser  Prst. 218 30 0.7 Y Y -
A24 GF, 24umPS - Prst.? 113 40 0.9 Y - -
C3 GF, 24umPS - Prst. 398 27 0.7 Y Y Y
D9 GF, 24umPS - Prst. 581 19 0.7 Y Y -
C5 GF, 24umPS 16256-4905, Maser  Prst. 500 42 0.8 Y - -
B6 GF, 24umPS 16351-4722 Prst. 698 14 0.6 Y - -
E8 GF, 24umPS 16147-5100 Prst. 900 3 16 Y Y -
Cc4 GF, 24umPS - Prst. 92 46 0.5 Y Y -
A25 GF, 24umPS 16390-4637 Prst. 225 25 0.9 Y - -
B2 GF, 24umPS 16340-4732, Maser  Prst. 1960 30 1.2 Y Y Y
E6 Bright 8,24um 16137-5100 HIl 1394 18 1.7 Y Y - Y

B1 Bright 8,24um - HIl 462 30 08 Y Y Y Y

D5 Bright 8,24um - HIl 349 12 0.6 Y Y - Y

D7 Bright 8,24um 16119-5048, Maser Hill 1238 26 0.9 Y Y Y Y

=il Bright 8,24um 16124-5110 HIl 650 60 1.5 Y Y Y Y

E7 Bright 8,24um 16143-5101 HIl 214 60 1.8 Y - - Y

A37 Bright 8,24um - PDR 516 40 0.5 Y Y Y Y

E2 Bright 8,24um 16128-5109 PDR 1300 60 2.1 Y Y Y Y

ES Diffuse 8,24um  16141-5107 PDR 214 60 1.4 Y Y - Y
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Summary

In this thesis | performed a multi wavelength study of filataey molecular clouds to determine
their physical characteristics and their connection to ftemation. This section highlights the
main results obtained in this thesis:

e ATLASGAL project is an unbiased survey of dust emission &1 8n in the Galactic Plane.
From these data | made a compact source catalog containing timen~7000 objects. |
found that more than half of the objects are not associatddIiRASor MSX sources, sug-
gesting that they might be clumps in an early evolutionaayest These are excellent candi-
dates for high mass starless clumps and their detailed stitbynext generation telescopes
like ALMA will help understand the initial stages of high nsastar formation.

e ATLASGAL, as well as other recent (sub)millimeter survelgew that filamentary molecular
clouds are ubiquitous along the Galactic Plane. These dthata that clumps are usually
embedded within the more extended emission associatedilaitients.

¢ Since the observed dust continuum emission corresponcetertiission from all sources
along the line of sight, a filament appearing connected maydduced by the superposition
of several molecular clouds atftérent depth. To establish the physical coherence of a fil-
aments we made molecular lines observations to determ@needocity along the filaments.
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SUMMARY

We found most, but not all, filamentary structures obsenadespond to single coherent
structures.

e The column densities derived for the filaments are similathitt of IRDCs and typical
cold molecular clouds. The column densities obtained agb Bhough to form high mass
stars [LM_QKe_e_a.nd_O_smliELZdW) and are similar to valueaioét toward other filamentary
molecular clouds.

e The column density profile of the flaments are consistertt wibdels that describe filamen-
tary molecular clouds supported by magnetic field. Moredhermass and pressures derived
from the continuum and molecular line emission suggestttieste structures are stables due
to the presence oftaroidal dominated magnetic fietlthat prevents the filament from expan-
sion. However, once the clumps are formed the magnetic Satdi needed to support them
as they appear stable as a result of hydrostatic equilibrium

e The observed characteristic separations between the slanegn agreement with the sepa-
ration predicted by theories that explain the fragmentatitisothermal filaments by fluid or
"sausage”instability. This theory can also explain the origin of tHarfentary structures.

e Some of the clumps embedded within the filaments have higlsesgs200 M,), high den-
sities (16 to 1¢° cm3) and cold temperatures 20 K), suggesting that they may be in a very
early evolutionary phase in the formation of a high massstar

The results of this thesis show that filaments are likely sujigal by toroidal dominated mag-
netic field that prevents the filaments from expansion aniflilnd instabilities may provoke local-
ized regions of the filaments to collapse, given rise to faming clumps. Many of these clumps
may give rise to high mass stars, as they evolve they wilugistheir environment and destroy
the original filament. Therefore, the characterization leinfients gives us information about the
earliest stages of high mass star formation, which is ingmdibecause high-mass stars are on of
the most important objects in the Galaxy and yet the leastratolod.
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Observations Detalls
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OBSERVATIONS DETAILS

S

i
- S

Ficure A.1: Color image of the region selected for this work, shown fiedent wavelegths. Upper panel:
SpitzefGLIMPSE three color image (Blue: 3/8m, green: 5.&im and red: §m). Middle panel: Color
image ofSpitzefMIPSGAL 24 um. Lower panel: Mosaic of ATLASGAL data at 870m. Boxes on all
images indicate the regions with follow up observations at continuum and neidioes.
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TasLE A.1: Observations made with SABOCAPEX

Source RA DEC Size X SizeY Date
J2000 J2000 arc min arc min
B1 16:37:36.239 -47:41:35.55 5.5 5.8 Aug 2010
B2 16:38:35.321 -47:30:15.21 5.4 5.8 Aug 2010
B3 16:38:16.645 -47:33:52.82 5.6 5.8 Aug 2010
B4 16:37:57.028 -47:37:47.75 54 5.7 Aug 2010
B5 16:38:54.673 -47:26:33.94 7.7 7.5 Aug 2010
C1 16:30:11.362 -48:48:02.33 9.3 7.9 Jul 2010
C2 16:29:52.647 -48:53:20.96 7.5 9.1 Jul 2010
C3 16:29:54.612 -48:57:25.34 5.3 5.8 Jul 2010
C4 16:29:35.924 -48:57:51.62 5.7 6.1 Jul 2010
C5 16:29:36.951 -49:01:39.07 5.7 6.2 Jul 2010
C7 16:29:06.652 -49:00:33.41 7.3 8.5 Jul 2010
C8 16:29:41.523 -49:05:42.80 5.7 6.4 Jul 2010
C9 16:29:35.917 -49:09:01.85 4 5.2 Jul 2010
D1 16:17:28.991 -50:46:18.41 4 4 Oct 2011
D2 16:17:01.467 -50:48:01.81 4.5 45 Oct 2011
D3 16:16:42.847 -50:50:16.61 4 4 Oct 2011
D4 16:15:45.126 -50:55:57.62 4 4 Oct 2011
D5 16:15:34.656 -50:55:42.83 4 4 Oct 2011
D6 16:15:16.842 -50:55:59.55 4 4 Oct 2011
El 16:16:26.205 -51:17:45.83 8.9 9.2 Aug 2010
E2 16:18:04.701 -51.08:27.65 4 4 Oct 2011
E3 16:17:56.116 -51:15:07.07 5.5 55 Oct 2011
E4 16:17:23.778 -51:17:10.16 5.5 55 Oct 2011
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OBSERVATIONS DETAILS

TasLE A.2: Observation at 13CO(3-2)

Source RA DEC Size X SizeY | Time Date
J2000 J2000 arc min arc min min
Al 16:43:18.07 -46:37:31.5 4.6 4.6 15 Jun 2010
A2 16:43:05.61 -46:39:50.5 5 5 15 Jun 2010
Bl 16:38:54.67 -47:26:33.9 7.7 7.5 43 Jun 2010
B2 16:38:35.32  -47:30:15.2 5.3 5.9 43 Aug 2010
B3 16:38:16.64 -47:33:52.8 5.7 5.9 23 Aug 2010
B4 16:37:57.03  -47:37:47.7 5.5 55 43 Aug 2010
B5 16:37:36.24  -47:41:35.5 54 5.8 42 Aug 2010
Ci1 16:30:02.80 -48:50:32.7 4.9 10.6 94 Jul 2010
C2 16:29:32.19  -49:01:07.2 10.4 11.5 198 Jul 2010
C3 16:29:33.10 -49:12:19.3 4.5 6.6 51 Jul 2010
D1 16:17:28.991 -50:46:18.41 4 4 30 Oct 2011
D2 16:17:01.467 -50:48:01.81 45 4.5 38 Oct 2011
D3 16:16:42.847 -50:50:16.61 4 4 15 Oct 2011
D4 | 16:15:45.126 -50:55:57.62 4 4 30 Oct 2011
D5 16:15:34.656 -50:55:42.83 4 4 30 Oct 2011
D6 16:15:16.842 -50:55:59.55 4 4 29 Oct 2011
E1l 16:17:56.11 -51:15:07.0 54 5.7 42 Oct 2010
E2 16:17:23.78 -51:17:10.2 5.9 5.3 21 Oct 2010
E3 16:16:26.20 -51:17:45.8 8.9 9.3 62 Oct 2010
E4 | 16:17:23.778 -51:17:10.16 55 5.5 42 Oct 2011
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TasLe A.3: List of point positions observed abN*

Source ATLASGAL RA DEC I. Time Date
Source J2000 J2000 min
AP1 | AGAL338.394-0.406 16:42:43.86 -46:43:35.0 4.4  Jul
A P2 | AGAL338.476-0.429 16:43:05.37 -46:41:02.6 57 Jul
A P3 | AGAL338.551-0.419 16:43:21.77 -46:37:20.6 8.2 Jul
A P4 | AGAL338.616-0.441 16:43:39.30 -46:35:25.0 16 Jul
B P2 | AGAL337.406-0.402 16:38:49.95 -47:28:02.5 6.2 Jul
B P6 | AGAL337.153-0.394 16:37:48.06 -47:38:46.1 5.6 Jul
CP1 | AGAL335.441-0.237 16:30:08.77 -48:48:11.6 31 Jul
C P2 | AGAL335.221-0.344 16:29:42.23 -49:01:54.9 26 Jul
C P3 | AGAL335.061-0.427 16:29:23.71 -49:12:18.2 17 Jul
D P1 | AGAL332.604-0.167 16:17:29.99 -50:46:20.5 5 Jul
D P3 | AGAL332.544-0.124 16:17:01.01 -50:46:41.8 5 Jul
D P5 | AGAL332.469-0.131 16:16:42.08 -50:50:17.5 5.6 Jul
D P7 | AGAL332.294-0.094 16:15:45.19 -50:56:07.2 5.7 Jul
D P8 | AGAL332.241-0.044 16:15:17.08 -50:56:01.4 5.6 Jul
E Pl | AGAL332.469-0.522 16:18:26.87 -51:07:07.3 5 Jul
E P2 | AGAL332.411-0.502 16:18:05.35 -51:08:26.2 4.4  Jul
E P3 | AGAL332.351-0.436 16:17:29.79 -51:08:30.0 5 Jul
E P4 | AGAL332.156-0.449 16:16:40.55 -51:17:05.2 4.8 Jul
E P5 | AGAL332.094-0.421 16:16:15.71 -51:18:26.6 5 Jul
E P6 | AGAL332.312-0.556 16:17:55.70 -51:14:59.4 5 Jul
E P7 | AGAL332.226-0.536 16:17:24.37 -51:17:46.5 5 Jul

259



OBSERVATIONS DETAILS

TasLe A.4: List of regions observed with MOPRA as part of the MALT90 project

Source RA DEC
J2000 J2000
AGAL332.094-0.421| 16:16:16.655 -51:18:25.24
AGAL332.156-0.449 16:16:39.330 -51:17:10.17
AGAL332.226-0.536| 16:17:23.225 -51:17:52.51
AGAL332.241-0.044] 16:15:16.842 -50:55:59.55
AGAL332.276-0.071] 16:15:34.656 -50:55:42.83
AGAL332.279-0.547 16:17:40.752 -51:16:07.97
AGAL332.294-0.094] 16:15:45.126 -50:55:57.62
AGAL332.312-0.556| 16:17:54.681 -51:15:01.02
AGAL332.351-0.436| 16:17:29.542 -51:08:23.13
AGAL332.411-0.502 16:18:04.701 -51:08:27.65
AGAL332.469-0.131 16:16:42.847 -50:50:16.61
AGAL332.469-0.522 16:18:26.978 -51:07:08.72
AGAL332.604-0.167 16:17:29.450 -50:46:14.18
AGAL335.061-0.427| 16:29:23.123 -49:12:19.77
AGAL335.221-0.344] 16:29:42.016 -49:02:01.39
AGAL335.232-0.314] 16:29:38.128 -49:00:20.52
AGAL335.427-0.241) 16:30:05.698 -48:48:40.71
AGAL335.461-0.237| 16:30:13.156 -48:47:01.93
AGAL337.139-0.382 16:37:39.422 -47:39:12.21
AGAL337.153-0.394] 16:37:49.858 -47:38:41.25
AGAL337.371-0.399 16:38:41.308 -47:29:23.12
AGAL337.406-0.402 16:38:50.893 -47:27:56.18
AGAL337.437-0.399 16:38:57.908 -47:26:20.44
AGAL338.394-0.406| 16:42:42.370 -46:43:38.44

260



TasLe A.5: Calibrators used for SABOCA observations

Source RA DEC Flux
J2000 J2000 [Jy]

B13134 | 13:16:43.15 -62:58:31.6 180
IRAS 16293| 16:32:22.9 -24:28:35.6 135
G34.3 18:53:18.5 01:14:58.6 430
G5.88 18:00:30.38 -24:04:00.5 230
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Additional parameters

B.1 Parameters used for computations
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ADDITIONAL PARAMETERS

TasLe B.1: Parameters used for calculus of mass from n2hp. Excitation temperite width and
opacity obtained from fitting to the hyperfine component with CLASS. Diameteivetd from gaussian
fitting to the integrated intensity maps.

Clump | Diameter Ty Av T
pc K kms?

A25 0.9 39 1504 4.40
A38 0.4 778 3.1+0.1 0.10
Bl 0.7 71.3 2.220.1 0.10
B2 1.7 537 2.80.1 0.10
B6 0.6 7.3 2.6:0.0 1.15
C1 0.6 45 3.9404 0.92
C3 0.7 249 3.50.2 0.10
C4 0.5 29.8 2.1+0.2 0.10
C5 0.8 51 2.30.1 0.10
D1 0.7 50 2.9+0.2 1.32
D5 0.6 266 1.74#0.1 0.10
D6 0.4 29.0 1.9-+0.2 0.10
D7 0.9 56 2.4:0.1 0.10
D8 0.3 6.6 2601 1.12
D9 0.7 47.8 3.20.1 0.10
E1l 15 4.3 2.40.1 0.10
E2 2.1 3.8 4601 0.10
E3 2.0 43 1802 23
E4 1.3 6.2 2.2:0.3 1.16
E5 1.4 56 2.5+0.3 0.79
E7 1.8 3.8 1.35:0.1 0.10
E8 0.5 441 2.9-0.1 0.10
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B.1 P\RAMETERS USED FOR COMPUTATIONS

TasLE B.2: Line parameters for molecules used to calculate N

Transition | Frequency B u
[MHZ] (MH2z) (D)
NoH*(1-0) | 93173.403% 46586.867 3.4
N,H*(3-2) | 279511.9375

a Caselli et. al. 1995
b Caselli et. al. 2002a

TasLe B.3: Frequencies of pH*(3-2) hyperfine structure

Frequency Relative Velocity Relative Intensity
F.F FF (MHz) (kms?)
34 34 279509.87880.0062 2.0120 0.0166
22 12 279511.13280.0064 0.6690 0.0154
22 11 279511.34480.0061 0.4424 0.0479
21 10 279511.384#0.0061 0.3993 0.0222
33 23 279511.43080.0063 0.3503 0.0140
23 12 279511.50890.0062 0.2663 0.0945
33 22 279511.68580.0061 0.0769 0.0885
32 21 279511.79740.0061 -0.0430 0.0610
43 32 279511.80970.0061 -0.0557 0.1005
44 33 279511.81140.0061 -0.0576 0.1356
34 23 279511.80830.0061 -0.0542 0.1249
21 11 279511.848680.0063 -0.0974 0.0187
45 34 279511.86240.0061 -0.1118 0.1746
43 33 279512.3140.0065 -0.5990 0.0102
22 22 279514.221£0.0063 -2.6385 0.0114
23 23 279514.342i0.0063 -2.7678 0.0141
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ADDITIONAL PARAMETERS

TasLe B.4: Frequencies of pH*(1-0) hyperfine structuré (Daniel et EI. 2b06)

Frequency Relative Intensity

F.F FiF (MH2)
10 11 93171.617 0.333
12 11 93171.913 0.417
12 12 93171.913 1.250
11 10 93172.048 0.333
11 11 93172.048 0.250
11 12 93172.048 0.417
22 11 93173.475 1.250
22 12 93173.475 0.417
23 12 93173.772 2.330
21 10 93173.963 0.556
21 11 93173.963 0.417
21 12 93173.963 0.028
01 10 93176.261 0.111
01 11 93176.261 0.333
01 12 93176.261 0.556

F.F FF (MHz)
10 11 88630.42 1.000
10 21 88631.85 1.667
10 01 88633.94 0.333

TasLE B.5: Frequencies of HCN hyperfine structLlLe_LBhatLa.Qhaua_a_nd;iﬁ@ﬁb)

Frequency Relative Intensity

TasLe B.6: Frequencies of HNC hyperfine structure

Frequency Relative Intensity

F.FP FF (MHZ)
10 01 90663.417 3
10 21 90663.556 5
10 11 90663.622 1

266



B.1 P\RAMETERS USED FOR COMPUTATIONS

TasLE B.7: Frequencies of £ hyperfine structuré (Padovani ei al. 2b09)

Frequency Relative Intensity

F.F FiF (MH2)

32,1 12,1 87284.105 0.042
32,2 12,1 87316.898 0.416
32,1 12,0 87328.585 0.207
12,1 12,1 87401.989 0.208
12,0 12,1 87407.165 0.084
12,1 12,0 87446.470 0.043

TasLE B.8: Molecular transition parameters

Line Transition Frequency A
MHz
13C0O(3-2) J=3-2 330587.97 -5.65776
NoH* J=3-2 279511.701 -2.86895
N2H* J=1-0 93173.480 -5.02536
13Cs J=2-1 92494.303 -4.84834
H 41 92034.475 -
CHsCN J=51-4 91985.316 -4.23806
HCsN J=10-9 91199.796 -4.238%0
13¢34s J=2-1 90926.036 -4.92479
HNC J=1-0 90663.572 -4.57032
HCCCN J=10-9,=9-8 90593.059 -4.723%12
HCO* J=1-0 89188.526 -4.378%2
HCN J=1-0 88631.847 -5.09559
HNCO Ik, =%13-312 88239.027 -4.447F0
HNCO ..k, =%0.4-303 87925.238 -4.20850
C2H N=1-0,33/2-1/2, F=2-1 87316.925 -5.65605
SiO J=2-1 86847.010 -4.53632
H3CO* J=1-0 86754.330 -5.14536
H3CN J=1-0 86340.167 -5.31589
a JPL
b SLAIM
¢ CDMS
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ATLASGAL compact source catalog
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ATLASGAL COMPACT SOURCE CATALOG

TasLe C.1: The ATLASGAL compact source catalogue. The columns are as ®ill¢ly name derived
from Galactic coordinates of the maximum intensity in the source; (2)-(3)dBalzoordinates of maximum
intensity in the catalogue source; (4)-(5) Galactic coordinates of emissigrod; (6)-(8) major and minor
axis 1/e widths and position angle of source; (Yextive radius of source; (10)-(13) peak and integrated
flux densities and their associated uncertainties; $£4xractor detection flag (see text for details).

Name {max Pmax t b Omaj  Omin PA Or Speak  ASpeak Sint ASiny  Flag
) ) ®) ) ™ o 0 O (Jy beam*) y)

(1) (2 3 4 (5) ® ™ 6 (9 (@0 (11) (12) (13) (14
AGAL019.486-00.199 19.486 -0.199 19.487 -0.198 27 17 163 20 0.80 0.13 310.61.90 2
AGAL019.508-00.447 19.508 -0.447 19.509 -0.447 22 13 71 14 0.48 0.10 46298 0 0
AGAL019.526-00.086 19.526 -0.086 19.526 -0.089 11 7 104--. 0.35 0.08 1.81 0.51 0
AGAL019.539-00.456 19.539 -0.456 19.538 -0.458 26 14 177 16 0.76 0.13 8.78.62 2
AGAL019.572-00.101 19.572 -0.101 19.574 -0.100 18 14 94 14 0.71 0.13 47099 0 2
AGAL019.581-00.069 19.581 -0.069 19.582 -0.068 13 8 86 5 0.48 0.10 444 5 093
AGAL019.582-00.091 19.582 -0.091 19.582 -0.091 12 6 52 0.59 0.13 2.06 0.55 3
AGAL019.589-00.079 19.589 -0.079 19.589 -0.079 18 12 60 12 0.73 0.14 10.55.89 3
AGAL019.601-00.092 19.601 -0.092 19.601 -0.094 8 6 114.- 0.40 0.11 1.69 0.49 0
AGAL019.606-00.072 19.606 -0.072 19.607 -0.074 17 12 112 12 0.46 0.11 7.22.38 3
AGAL019.609-00.137 19.609 -0.137 19.609 -0.138 15 11 79 10 2.79 0.43 8.6359 1 3
AGAL019.609-00.234 19.609 -0.234 19.609 -0.234 22 19 61 19 19.20 2.88 251.07.97 3
AGAL019.611-00.121 19.611 -0.121 19.611 -0.120 13 10 57 7 1.17 0.20 32575 0. 3
AGAL019.612-00.259 19.612 -0.259 19.612 -0.258 28 16 63 19 1.88 0.29 16.92.85 3
AGAL019.628-00.264 19.628 -0.264 19.626 -0.264 14 7 150-- 0.46 0.10 1.84 0.52 3
AGAL019.631:-00.162 19.631 -0.162 19.630 -0.162 12 9 85 6 0.70 0.14 6.60 8 1.23
AGAL019.641-00.172 19.641 -0.172 19.641 -0.172 19 13 122 13 0.53 0.12 812.52.20 2
AGAL019.686-00.127 19.686 -0.127 19.684 -0.129 25 14 13 17 0.70 0.14 8.56.59 1 2
AGAL019.694-00.174 19.694 -0.174 19.694 -0.175 10 8 152-. 0.44 0.10 1.16 0.39 0
AGAL019.699-00.266 19.699 -0.266 19.699 -0.262 26 21 48 22 1.97 0.30 14.42.48 3
AGAL019.706-00.239 19.706 -0.239 19.706 -0.239 27 14 46 17 0.88 0.15 10.88.94 3
AGAL019.716-00.171 19.716 -0.171 19.717 -0.172 12 8 148 4 0.44 0.10 29872 0. 0
AGAL019.726-00.114 19.726 -0.114 19.726 -0.114 14 11 100 10 1.09 0.18 8.66.60 0
AGAL019.746-00.171 19.746 -0.171 19.745 -0.172 18 14 178 14 0.40 0.09 4.40.95 2
AGAL019.754-00.129 19.754 -0.129 19.755 -0.128 22 11 26 13 1.87 0.29 12.72.22 2
AGAL019.771-00.114 19.771 -0.114 19.770 -0.113 22 7 135-- 0.54 0.10 3.17 0.74 2
AGAL019.811-00.342 19.811 -0.342 19.812 -0.340 16 9 5 6 0.37 0.08 3.72 0.839
AGAL019.817#00.516 19.817 -0.516 19.816 -0.515 8 6 158-- 0.33 0.08 1.36 0.43 0
AGAL019.829-00.329 19.829 -0.329 19.830 -0.331 22 18 110 18 1.15 0.19 611.22.00 2
AGAL019.874-00.092 19.874 -0.092 19.874 -0.092 10 6 103-- 0.32 0.08 1.23 0.40 0
AGAL019.882-00.534 19.882 -0.534 19.885 -0.534 30 17 88 21 7.43 1.12 31.1399 2
AGAL019.899-00.441 19.899 -0.441 19.896 -0.439 11 9 146 4 0.35 0.08 2.8669 0. 18
AGAL019.902-00.582 19.902 -0.582 19.902 -0.582 13 7 125-- 0.38 0.09 3.68 0.83 16
AGAL019.906-00.241 19.906 -0.241 19.906 -0.238 13 10 134 8 0.45 0.10 3.7884 0 0
AGAL019.911-00.206 19.911 -0.206 19.911 -0.205 11 10 135 6 0.33 0.08 261650 0
AGAL019.922-00.259 19.922 -0.259 19.926 -0.258 25 15 13 18 2.51 0.38 15.83.69 0
AGAL019.961-00.092 19.961 -0.092 19.961 -0.094 9 6 60 -- 0.35 0.08 1.61 0.48 0
AGAL019.96700.106 19.967 -0.106 19.970 -0.105 11 9 26 6 0.45 0.09 260 5 060
AGAL019.97700.214 19.977 -0.214 19976 -0.216 16 10 68 9 0.87 0.15 35480 0. 0
AGAL019.991-00.169 19.991 -0.169 19.991 -0.169 10 7 176-- 0.55 0.11 1.72 0.49 3
AGAL020.004-00.167 20.004 -0.167 20.002 -0.168 13 10 25 8 0.40 0.09 5.2708 1. 18
AGAL020.019-00.151 20.019 -0.151 20.018 -0.152 9 6 29 -- 0.37 0.09 2.23 0.58 16
AGAL020.022-00.169 20.022 -0.169 20.024 -0.170 18 7 170-- 0.38 0.09 6.60 1.29 19
AGAL020.081:-00.136 20.081 -0.136 20.080 -0.136 18 16 16 15 7.68 1.15 20.98.46 0

Notes: Only a small portion of the data is provided here, thigdble is only available in
electronic form at the CDS via anonymous ftp to cdsarc.usbgdr (130.79.125.5) or via
httpy/cdsweb.u-strasbg/agi-birygcat?JA+A/.

270



D.1 Derivation of the virial equation for filamentary molecular
clouds

Here we derive the general form of the virial equation inglgdnagnetic field support based on

the work ofLEiege_and_Eudﬂitf_(ZdOO). The general for of thesdee virial theorem in Cartesian
coordinatesy;, is given by [(Chandrasekiiar 1961):

BZ
—dSi)—fodei (D.1)
871' S

e
2 de

BiB;
:ZTi,k+6i,k +Vvi,k_2Mi,k+ka 4—de_
T

S

f PdV+ My
Vv

where the integration is done over the volumépf a cloud bounded by a surfa& P is the
total pressure antly, Tix, Wix and M; are the Cartesian tensors for moment of inertia, kinetic
energy, gravitational energy and magnetic energy resgdgtiThese are given by:
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wherep is density,P is pressurey; is the component of velocityg; is the component of the
magnetic field an@ is the gravitational potential. The magnetic tehty in equatiof D1 is the
bulk component of the magnetic energy given by:

M, = 1 B%dV (D.3)
8r

where B is the magnitude of the magnetic field. Filamentarjemdar clouds are treated as
idealized cylinder whose length is much larger that itswadiFor such objects the scalar virial
equation is given by the sum of the diagonal teso@ndy, ignoring thez component since we are
concerned in the radial equilibrium. Using equatibns D.@BM equatiof DJ1 becomes:

1d2|ii 2 1 2 6¢ 1 2
EW = fvpvldv+fvpdv+§f8dV-j\;pK&—ﬂj\;Bldv

1 1
T Js 81 IS IS

Since the velocity is everywhere is zero, thkm)uizdv = 0. Summing over x and y (11 and 22
component) and settinlg; = 15, = 0 for a filamentary molecular cloud in equilibrium, we obtain

0 = 2deV+ifBde—fpr-V¢—if(B§+BZ)dv
\Vi A \Vi A \Vi y

+if(r-B)(B-dS)—ifBZr-dS—fPr-ds
47T IS 87T IS S

where the vector anddS are defined by:
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D.1 DERIVATION OF THE VIRIAL EQUATION FOR FILAMENTARY MOLECULAR CLOUDS

r = XX+yy
dS = dSk+dSyy (D.4)

If the magnetic field is helical in cylindrical coordinatedlwnly have component iz and¢,

thenB - dS = 0. Simplifying equatioi DJ4 by using cylindrical coordieatand dividing by the
length, we obtain:

B2_+ B2
0 = 2de(V+4ifB§d(V—fpr@d(V—qu—ngv
Y, 4 v

or A
BZ,+ B2
2PV = prd(V—fpra—(pd(V+ ifsgdrv_ (Bs.*+Bs)) ),
\Y \Y; or 47 A
Defining the sum of all the magnetic teri, as:
BZ,+ B2
M= ivagd‘”V— M(V (D.5)
ar An

and given that the gravitational energy per unit legth,is given by W = fp dV, equation
[D.5 becomes:

2PsV = 2de(V+(W+M (D.6)
\Y

The mass per unit length of a filament is obtained by integgatine density over the cross-
sectional area:

m:2nfrp(r)dr (D.7)

In cylindrical coordinates the Poisson’s equation is gikign

d¢
rdr( dr) AnGp (D.8)

Using this equation, the mass of a filaments becomes:

mr) = 47rGf rdr( )r

2G' drl,

(D.9)
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And the gravitational energy per unit length becomes:

m
W = —zef mdm = —n?G (D.10)
0

For a filament we also have that, the average density andjpeasghin the cloud are given by:

©)

Py = (D.11)

In general is possible to write théfective pressure inside a molecular cloudPas o?p, whereo
Is the velocity dispersion. The average squared velocsiyeaision is defined by:

_ Py _ JyotpdV

(o=~ =" D.12
) fq,pd(V ( )
With these definitions:
1 1{ v mi] 1l
_ 2 = D.13
2 [PdV Z[fpdfv“(v]m 19
_1p1
= Sm (D.14)
1
Since, the virial mass per unit length is defined as:
2 2
Myir = <(03- ) (D.16)

Using equation D.15 arid D116, we can re write equdiion D.6 as:
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D.1 DERIVATION OF THE VIRIAL EQUATION FOR FILAMENTARY MOLECULAR CLOUDS

2PV 2 [PV + (W + M)
2 [PdV 2 [PdV
1
2 [PdV

1 G
+ —2<0'2>m6((w + M)

1

mz;irmG(w " M)
(=m)

My (=MMG

m
— m(—sz + M)

m M
= 1-—|1--"——
muir( sz)

m M
_ 1‘@(“%) (D.17)

= 1+ (W + M)

= 1+
= 1+ (-G + M)

=1

But, using the definition for the average internal presswergby Equatiof D.11, we have:

2PV Ps
= D.18
2[Pdv (P (19
Obtaining, the extended version of virial equation to ineumagnetic field support:
Ps m ( M )
= =1 —1-= D.19
(P) Myir W] (B-19)
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Ficure E.1: Channel map of pH*(1-0)molecular line emission toward clumps A24 and A25.
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Ficure E.6: Channel map of HCOat region covering clumps C1, C2 and C3. The crosses show the
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position of the clumps C1, C2 and C3 from left to right. Here we see that HE®Only observed toward

clump C3 and it very localized.
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Ficure E.8: Channel maps of HCGat region covering clump C4. The cross shows the position of the
clump.
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the clump.
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Ficure E.11: Channel maps of HC'Gat region covering clumps D1.
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Ficure E.12: Channel maps of M*(1-0) at region covering clumps D1.
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Fieure E.13: Channel maps of HC'Gat region covering clumps D5.
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Ficure E.14: Channel maps of M*(1-0) at region covering clumps D5.
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Ficure E.19: Channel maps of HC@t region covering clumps E3, E4 and E5.
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