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The formation of stars begins with the fragmentation of roolar clouds and the for-
mation of dense cores. This fragmentation process carr éighhe result of classical
gravitational instabilities or triggered by some extereaént. The gas and dust of
young protoclusters often hold the imprints of the initiahditions and triggers of that
specific star forming episode.

In this context, my thesis work is a study of the gas propgxieyoung protoclus-
ters within the Gould Belt. The first part of my work consistaaletailed study of the
young Serpens star forming region with CO isotopologuess $tudy has revealed
a complex temperature, column density and velocity strectuproposed a scenario
where a collision between two filamentary clouds or flows gpomsible for the ob-
served complex structure and the most recent burst of stawatton in Serpens. This
hypothesis was tested with SPH simulations and provideasitlle scenario.

I am currently extending this work to other regions with ai@grof star formation
efficiencies, in search of the particular physical propertresdynamics of a molecular
cloud that allow or prevent clouds to be in the verge of fogrstars. As such, | have
included in this manuscript my study of the gas in the B59fsiianing region, the only
active clump in the Pipe Nebula. The results from this stualyehshown it to be very
different from Serpens, even though further studies are needad\ide a complete
picture of the region. B59 was taken as the starting poirdfarger study of the entire
Pipe Nebula, driven by the peculiarly low star formatidfiagency in the cloud and a

test to the physical properties of cores prior to star foromat
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Chapter 1

Overview

1.1 Molecular clouds

Molecular clouds (MCs) are the stellar nurseries as theyigeothe conditions for
the fragmentation and collapse of smaller and denser subtstes which will later
give birth to stars. The early stages of star formation in M@s highly obscured,
not due to the molecular component of the cloud, but due toofitecal star light
absorption by the dust component, the dust grains. Not alpthe external radiation
to pass through, these clouds maintain low temperaturashieg~ 10K in the most
obscured inner regions. Even though it is obscured in thieaptve can access the
physical properties of MCs by observing them from infra-tedadio wavelengths,
where the dust becomes optically thin. fierent environments within a cloud can
be probed when observing the continuum emission that titheedust component or
different molecules and transitions that trace the gas emisSiarh observations have
been the drivers of our current understanding of star faonan the Galaxy.

In this section | will present the major observational cletgeastics and theories
behind the formation and evolution of MCs, before movingitite process of star
formation itself. | will summarise the current ideas abdw formation of these large

structures, their morphology, properties, chemistryjrtequilibrium state and what
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1: OVERVIEW

Figure 1.1:Image of the Carina Nebula, a high mass star forming regibawig dark
filaments of cool dust against the glowing gas of the nebulais g§low is mainly from hot
hydrogen heated by the strong radiation from massive yotarg.sThis picture was created
from images taken through red, green and blue filters in thiblei with the Wide Field Imager
on the MPGESO 2.2-metre telescope at ESO'’s La Silla Observatory ifeC@iredit: ESO.

can bring them to collapse into the progenitors of stars élthsclusters.

1.1.1 Formation of molecular clouds

Molecular clouds are the densest and coolest regions irelaetge interstellar medium
(ISM). How these clouds form is, however, not clear. One jilgy is that a MC re-
sults from converging large scale flows of théfase warm neutral medium, where
mass is gradually gathered to form a cloud with denser regwimere the material
quickly cools down to 50 K at densities around 30¢émand 10 K when densities reach
10* cm~3(Ballesteros-Paredes et al. 1999b; Hennebelle et al. 2B8uez-Semadeni
2010, and references therein). Thermal instabilitiesrgelacale gravitational instabil-
ities are thought to play an important role for this tramsitbetween the warm medium
into a cold-dense molecular phase (Hennebelle et al. 2008jact, at the densities
needed for molecular hydrogen fHand carbon monoxide (CO) molecules to start

being formed, the conditions are such that the cloud alsorhes magnetically su-
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1.1: MOLECULAR CLOUDS

280§

Dec. {J200D)
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R.A, {J2000)

Figure 1.2: Colour-coded image of the integrated intensities in threleaity intervals of
FCRAOCO J1-0 in Taurus, with emission at velocities of 3-5 khtoded blue, 5-7 kit
coded green, and 7-9 krhcoded red (Goldsmith et al. 2008).

percritical (definition in section 1.1.6) and self-gratiitg (Vazquez-Semadeni 2010).
In this scenario of convergent flows, MCs are continuousthgang mass and are
not necessarily in equilibrium with the gravitational egyyebalanced against overall

collapse with turbulence aym magnetic fields, as is often thought.

1.1.2 Filamentary structure of molecular clouds

MCs are highly structured, with irregular edges, an ovditalinentary and often wind-
blown appearance (e.g. Fig. 1.1 and 1.2). They compriseaeslemps which are
velocity coherent parsec-scale structures with a meanitgtesfs10® cm3.  Within
a clump, there are several dense cores, i.e. sub-parsecstoattures, with mean
densities higher than 1@m2 which are typically gravitationally bound single peaked
regions from which simple stellar systems will form (e.gitBIL991; Williams et al.
2000; Bergin and Tafalla 2007).

The origin of the filamentary structure (some of which carche®Opc of length)
has been subject of debate over the past years. Not only dd@sechave their mass

distributed over a main filamentary structure, as they gigear to “radiate” smaller
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1: OVERVIEW

filaments perpendicular to the main structure. Several tingses have been suggested
as possibly responsible for such a morphology. For instatheecavities produced
by outflows could contribute to the formation of perpendicifilaments that radiate
from the main structure (e.g. Li and Nakamura 2006), but #hisnlikely to be the
case in all star forming regions, given that we see theseepdipular flaments in
guiescent clouds such as the Pipe Nebula. Then, turbuleinbtlynamic simulations
(e.g. Klessen et al. 2004; Vazquez-Semadeni et al. 20@)est that the collision
between flows or clouds is also capable of producing such diteamy structures. In
addition, the magnetic field observed in highly filamentaiuds is also thought to
have an important role in shaping the MCs. In such obsemsti®.g. Goldsmith et al.
(2008) for Taurus, Alves et al. (2008) for the Pipe Nebula,sse that the magnetic
field lines run perpendicular to the main filamentary street{Fig. 1.3). This idea
is supported by Magneto-hydrodynamics (MHD) simulatiogig ( Nakamura and Li
2008) which show that such a magnetic field allows the mdtersettle along the field
lines and then converge onto the perpendicularly aligneid s@ndensation. Finally,
when in the vicinity of an OB association, the winds and sisatlat arise from the
association could compress the material of the cloud antglibate for shaping a more
dispersed material into an elongated structure, often shtrp edges (e.g. Lupus |
Molecular Cloud, Tothill et al. 2009). Myers (2009) propdse model, where such
compressions turn a given clump into a self-gravitating olaigd layer, producing a
hub-filamentary structure.

Independently of how molecular clouds form and become fitgarg, it is well
known that star formation takes place in the denser clumpadd within those thin
and long filaments. Most of the material of a MC resides in #éngédr structures as low
density gas at densities between 100 and 100G.c@®nly a small fraction of the total
mass ¢ 10%) is associated with these dense star forming cores sesiibmillimetre

emission, at densities higher tharf O3 (e.g. Enoch et al. 2007).
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Figure 1.3:Left: Magnetic field direction superimposed on the distiitnu of **CO integrated
intensity from 5 - 8 kms! with units of K kms™ indicated on the bar of the right (image from
Goldsmith et al. 2008). Right: Mean polarization vectorgmlotted on the dust extinction
map of the Pipe nebula obtained by Lombardi et al. (2006)dafeom Alves et al. 2008).

1.1.3 Mass distribution in molecular clouds

During the last two decades a lot df@t has been made to understand the link be-
tween the mass distribution of stars, i.e. the IMF (Salp&8&5; Chabrier 2003) and
the gagdust mass repartition in molecular clouds. One approackiwiias been ex-
tensively used consists in segmenting molecular cloud @sagto individual entities
for which we measure masses. Then the mass distributioreséténtities can be con-
structed and compared to the IMF. This has been performed@oclumps for which
the mass distribution follows a power-law and turns to be imiletter than the high-
mass end of the IMF, the so-called Salpeter slope (e.g. Kratrad. 1998). A similar
approach can be used for prestellar cores, preferentingroed in dust continuum.
These core mass functions (CMF) appear to follow a similapsfas the IMF, down to
very low masses and with a power law steeper than that for G@us$, similar to the
Salpeter slope, at the high-mass end (e.g. Motte et al. 18198s et al. 2007; Nutter
and Ward-Thompson 2007; Rathborne et al. 2009; Konyvds2080, Fig. 1.4). Such
a similarity between the IMF and CMF suggests that stellagses are determined by
the processes that fragment molecular clouds at the smstlaes, and that prestellar

cores are indeed the direct progenitors of stars. Howdvergcompleteness limit and
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small statistics of the current studies does not allow tderaccurately neither low-
nor high-mass ends of the CMF. Other studies also suggdstesl inay not be a one-
to-one relation from CMF and IMF if cores offtierent masses havefiirent lifetimes
(e.g. Hatchell and Fuller 2008; Smith et al. 2009), or if soteuld merge together to
form more massive objects. On the other end, a massive cmeoivhecessarily form
a high mass star, as it can fragment into several smalles @@ evolves. Therefore,
the origin of such a shape of the IMF and CMF, and the link betwshem, if any, is
not clear.

Other aspects of the the mass repatrtition in molecular sl@at be observed by
studying their column density distributions. Such studiase been performed in a
number of regions, using a number offdrent techniques. Log-normal column density
distributions are observed for column density measuresngsing near-IR extinction
maps, at low extinction (A< 0.2 mag, Lombardi et al. 2010). A significant devia-
tion is observed at larger extinction values in regions ¢ivacstar formation, where
gravity dominates, with an excess of high column densityoreg (Kainulainen et al.
2009; Lombardi et al. 2010). These behaviours in the colusmsitly distributions
were predicted in a number of numerical models (e.g. Vaz«emadeni and Garcia
2001), as well as a log-normal probability density funct{®®F) of volume density
(e.g. Vazquez-Semadeni 1994; Scalo et al. 1998; Klesse®) 2@bservationally, by
assuming a certain depth, Peretto and Fuller (2010) mahsleevolume density of
fragments within infrared dark clouds (IRDCs) with the atfiee to constrain the ex-
istence of such a log-normal PDF. They found fietence in the volume distribution
between bound and unbound fragments. Unbound fragments slvery steep dis-
tribution (possibly log-normal) and nearly independenthef mass range considered,
whereas the bound fragments have a less steep distribi@brevolves with mass
range. Their interpretation suggests that the unboundfeags have a common origin
(perhaps turbulence generated), and that the physics othanes is dominated by an
interplay of several processes (likely both gravity andbtlgnce). Such a result can

be used as a test of models or simulation, which have not yet dasimilar study for
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Figure 1.4: Figure from Konyves et al. (2010) showing theffeiential mass function
(dN/dlogM) of 452 starless cores (left) and of 314 candidatetplas cores (right) in the
Aquila main subfield, approximated with a log-normal fit (reatve). The dash-dotted line
shows the single-star IMF (e.g. Kroupa 2001) and the dastea: corresponds to the unre-
solved system IMF by Chabrier (2005). The high mass end isribesi by the Salpeter IMF
(dN/dlogMecM~135) and the dotted line on the top-right corner shows typicassrdistribution

of low-density CO clumps (as ¢gllogMc<M %6, e.g. Kramer et al. 1998). For both samples,
the high-mass end of the CMF are well fitted by a power law/@idgMocM~1-5+0-2) consistent
with the Salpeter. The starless cores sample, howeveruellggvell fitted by a log-normal
distribution.

comparison.

1.1.4 Stability of molecular clouds

A molecular cloud in an overall state of free fall collapsewbbe very dicient turn-
ing gas into stars by constantly forming high density regidrhis would lead to a high
star formation rate (SFR), around 0.1, Mr~* for an individual giant molecular cloud
of 10° M, equivalent to 1®M,, yr~* for the entire Galaxy. However the observed SFR
of only ~2 M, yr-1 in the Galaxy, suggests that star formatidficgency is very low,
around a few %. Hence, molecular clouds are supported aggoisal collapse by
some mechanism, but they are too cold QK) to be supported by thermal pressure.
The cloud’s magnetic field or macroscopic motions may bexesiple for this support
mechanism. In this section, | will present the virial theorand the physical processes

likely to take part in the energy balance of molecular clouds
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Virial theorem

The virial theorem (Clausius 1870) is often used as a meadareloud’s stability and

binding energies. It is derived from the momentum equatitm (.1):

Dv 1
Por = —VP — pV¢ — VPrag+ ETB'VB (1.2)

where the first term represents the kinetic term, includirggrhacroscopic (or turbu-
lent) velocitiesp is the densityy is the gas velocity field; the terrivP, represents the
pressure gradient, witR being the sum of external pressuf,() and mean internal
thermal pressurePema)); ¢ is the gravitational potential; and finalB,.g introduces
the efect of the magnetic pressurByq = B?/87 whereB is the magnetic field) and
the last term represents the magnetic tension.

For simplicity and motivated by observational limitatiarsconstraining the mag-
netic field, I will present the virial analysis in the absemtanagnetic fields in the
cloud. By taking the scalar product with the position ve@nod integrate in volume,

@

a2 — 2Exin, wherel is the inertia and,;, is the

the first term becomef, pr 24dV = 3
kinetic energy per unit volume correspondent to macroscopations (including the
turbulence). The pressure term becorﬁpsv PdV = 3V(Piherma— Pext) @nd the poten-
tial energy term simply becomggerﬁdV = —Epot, WhereE, is the gravitational

potential energy.

Internal Energy

Defining the internal energy of the systely,, as the sum of the kinetic energy (from

macroscopic motions) and the thermal energy (from micnoisamotions), we have

3 3 MKT, 3
Ein'c = Ekin + EV I:)thermal = E ,umt:rb + ENkain- (1-2)

whereM is the total masg; is the mean molecular weighty, is the mass of Hydrogen,
N is the number of particleS,,, is the temperature equivalent to the non-thermal (or

turbulent) motions andi, is the thermal kinetic temperature. These two temperatures
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can be grouped into one singlffextive temperaturé.; and equation 1.2 becomes

MKT,
E,. - § eff

1.3
2 (1.3)

We can also express this by the equivalent velocity disperddeingE = (1/2)Mo?,
then Ej,; can be written as a function of the velocity dispersiorEas = 3Mo?2, ¢

Note thatoops is the observed velocity dispersion in a cloud and it conggrisoth the

. - . 2 _ 2 2
thermal and non-thermal contributions, i@, = 0§, + Thonther-

Gravitational Potential Energy

On the other hand, the gravitational potential energy ofkystem is described by

Epot:—fmGM(r)dm (1.4)

r

Assuming a spherical symmetry and a density profile&s

dm= p(r)dV (1.5)
p(r) = por ® (1.6)
M(r) = f drpor®adr = 4np0%, a#3 (1.7)

Equation 1.4 becomes

GM?>  (3-a) GM?
R  (5-2a) R

Epot = —a ,a#3&a#25 (1.8)

whereG is the universal constant of gravitatidv, is the mass of the structurig|s the
radius andr is a constant dependent on the density profile assum&d & is 3/5 for

a uniform density profile,/3 whenp o« r=1, 3/4 whenp « r->and 1 wherp o« r=2.
Virial Equilibrium
Equation 1.1 in the absence of magnetic field can be written as

d?l

@ = 2Eint + Epot - 3V Pext. (1.9)
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When in equilibrium, the second derivate of inertia is zefberefore, the virial
equation (1.9) becomes:

which, in the particular case of absence of external presssisimply Ejy; = —Epot

or, in terms of observables,
G Myiri
30e= am. (1.11)

This can be used observationally to calculate a virial md&gia, for a given

structure for which we know the radius and velocity dispmrsunder the conditions of
no magnetic field or external pressure. It can give an estiofdhe mass that the cloud
would need to be gravitationally stable. However, as pdiftg Ballesteros-Paredes
(2006), the use of this equation to judge the stability of\egicloud can not be used
without criticism, given the number of assumptions usedamzkrtainties associated
with this calculation. It is best used as a tool for comparisb stability conditions

within a given cloud, rather than an absolute measure of lmwnth a structure is.

1.1.5 |Instabilities: the ingredient for gravitational collapse

To form stars within a molecular cloud in equilibrium, theeegy balance has to be
perturbed by instabilities that can trigger a gravitatiac@lapse. Depending on the
instabilities, perturbations may grow or decay. If decagyitie cloud will remain (or
return) to a state of equilibrium. If growing, then they wslicceed in providing the
necessary ingredients for the gravitational collapse s&laee the instabilities we need
for star formation to occur in any given cloud. In this seetlowill describe some of
the most common gravitational stability parameters, aridonefly introduce some of

the instabilities that can play a role in the fragmentatiba molecular cloud.

Jeans length

Implemented by Jeans (1961), the Jeans length is a paratoeterdy the scale at

which an instability grows to provoke gravitational colkspof a given cloud.
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Starting from a static hydrodynamical equilibrium stated avithout inclusion of
magnetic fields or external pressure, the momentum equ@tipri.1) can be re-written
as:

—-VP-pV¢p =0 (1.12)

which yields that a molecular cloud is supported againstigray the internal pressure

gradient. The Poisson equation gives
V2 = 4npG (1.13)
and the equation of state for an isothermal gas is defined as
P=clp (1.14)

wherecs is the sound speed of the medium

ﬁ:ﬁzfl. (1.15)
dp  pmy

The analysis of Jeans included other simplifications sucanamfinite, isother-
mal and homogeneous medium (wheres constant). As soon as any perturbation is
inflicted in such a system, the gravity will attempt to coepghe medium at a free-
fall timescalet;s, whereas the thermal pressure will attempt to restore balanh a
timescalets necessary for the gas traveling at the sound speed to cstotid. The
free fall time is defined, for a uniform spherical cloud witbnsitypg, and in the ab-
sence of any pressure or magnetic fields, as (Spitzer 1978):

3 \Y?
tss = . 1.16
y (3zepo) (1.16)

If t¢+ is shorter thans then the gravity will win against the thermal pressure. dean
calculations lead to a typical length scale, the Jeanshehgihs €9. 1.17). Any pertur-
bations with a longer wavelength would grow exponentiatigt aause the gravitational
energy to win over the pressure support. Perturbationsanstiorter wavelength would

decay and the cloud would remain in equilibrium.
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7Tka 12
lieans = 1.17
- (117

The Jeans mas#)jeans is the amount of mass contained in a sphere with a Jeans

length diameter,

2
Any structure with a dimension dfsans and with a mass abowd jeans is unstable

A7 (lieans\
Mjeans: %Tp (&ns) Ocp_l/zTS/z. (1.18)

to gravitational collapse under the conditions assumedHhsranalysis. Evidently
the interstellar medium is not as ideal as drawn here, andéfjan of aljeans and
M > MieansiS Not collapsing, then it suggests that some other physieghanism is

providing the support against gravity.

Instabilities

In a complex medium such as the ISM, a number of instabilitiag be responsible for
unbalancing the equilibrium state and provoke the graeital collapse of a molec-
ular cloud. Among the most known instabilities are the Rayieraylor and Kelvin-
Helmholtz instabilities. When the magnetic field is not ngiple, other instabilities
such as hydromagnetic instabilities may also occur.

The Rayleigh-Taylor instability occurs when two fluids witiferent densities are
interacting and the lighter fluid is pushifagcelerating into the heavier one. In this
scenario, the lighter material will not be able to push thevier material smoothly. In
fact, the heavier material willfer resistance to the motion and will create “Rayleigh-
Taylor fingers” of material left behind, whereas the lighteaterial will attempt to
penetrate and will inflict a “mushroom-like” shape on thelpegsheavier material.

The Kelvin-Helmholtz instability is related to shear matsobetween two fluids
with different densities and traveling atBciently different velocities. These instabil-

ities generate waves at the interface between the two fluids.
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1.1.6 Magnetic fields of molecular clouds

A cloud’s magnetic field is another property that is beconmrgge and more important
to understand, since its impact on the cloud’s star formiffigiency and evolution
seems to be quite significant. However, this is a hard prggerineasure. The line
of sight strength of the field can be determined by measuhagZzeeman splitting of
line transitions (e.g. Heiles and Robishaw 2009) and thegotd the sky component of
the field is usually estimated by polarization measuremehib@ckground stars, dust
emission or spectral lines (e.g. Tang et al. 2010). The poesef the magnetic field
in a cloud is felt not only by charged particles, but also butred material, through
ion-neutral coupling. The strength measurements of thenetagfield are important to
help understand its role in the dynamics and balance of thedqMcKee et al. 1993;
McKee and Ostriker 2007, reviews).

A cloud is said to be magnetically subcritical when the maigrterm dominates
over the gravitational term. As suggested by Shu et al. (; 38@loud that is magnet-
ically subcritical can form stars through ambipolaffdasion that can slowly remove
magnetic flux and allow the gravitational forces to “win” otbe magnetic field that
was supporting the cloud, in long timescales ot 100° yr. When a cloud is magneti-
cally supercritical, then it will much more quickly anéieiently form stars and clus-
ters. However, a great number of MCs seem to have a field $treafue just around
the critical one, leaving a persistent doubt as to whethentagnetic field is relevant

in their large scale dynamics and stability (Hartmann 2@@les and Crutcher 2005).

1.1.7 Dynamical properties of molecular clouds

Molecular line studies toward molecular clouds show thesg@nee of supersonic mo-
tions, where the molecular lines have a typical full widthf maximum (FWHM)
around 1 - 2 kms' (sound speed in Eq. 1.19 assuming a mean molecular weight
u = 2.33). These are the predicted line widths in the virial equilim for such clouds

(eq. 1.11, assuming a density distributiorr 2% a typical mass of 100 Mand radii of
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0.2 pc). However, they are greater than expected for theemadsion at 10 K. There-
fore, the observed line widths are usually explained by tlesgnce of supersonic,
compressible, non-thermal bulk motions (Lada 1999). Thesgons may be consid-
ered turbulent, due to the lack of any systematic patternaifon and the existence of
a systematic power-law between the velocity dispersioid@&a cloud and its physical
size (e.g. Larson 1981, estimaiego L%38, o, being the velocity dispersion amdhe
maximum linear dimension of the cloud).

KT -
£ T2 02kmst, (1.19)

=" My
However, on small scales, in dense regions about to forns gar thermal mo-
tions dominate over the turbulent ones, and the line widgmsn by the thermal line
width (e.g. Myers 1983; Padoan et al. 2001). Itis inside tageradius (the coherence
radius) on the densest cores, that the line width reachesstart level correspond-
ing to the thermal value. This sharp transition from turbuke thermally dominated

line width is often referred to as the transition to coheee(Myers and Fuller 1992;

Barranco and Goodman 1998; Pineda et al. 2010).

1.1.8 Chemistry within Molecular Clouds

The chemistry in molecular clouds is not static. It evolviemgside the evolution of
the structures within the clouds and changes with the physmnditions. Observ-
ing molecular tracers of fferent environments ayat evolutionary stages can give us
an insight into the overall picture of a given molecular cpproviding measures of
masses, temperatures and dynamics at both large and salal.sc

Before star formation occurs, low-temperature gas-phasenolecule chemistry
dominates. This allows the formation of small radicals andaturated molecules
(van Dishoeck and Hogerheijde 1999). If the gas is carbdnm tics possible that long
carbon-chains are formed at this point. At this stage, weotaerve several molecules,
isotopes antbr ions, such as £, HGN, HCsN, N,H*, NH3 and CO isotopes, for
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example.

In the cold prestellar and collapse phases, many molectdezd out onto the
grains and form an icy mantle. The chemistry is then domthate surface chem-
istry and processing by ultraviolet photons, X-rays andwiogays. There are some
molecules and ions, however, that probably do not freezeabthis point, such as
H,, He, Hs* and N, (see van Dishoeck and Hogerheijde 1999, féfedent models of
the chemistry of YSOs envelopes). The ions HGId NH* are thought to be good
tracers of these cold envelopes, because their abundaraease as molecules such
as CO or O, which destroy them, start to deplete by freezutgsoto the grains (e.qg.
Hogerheijde et al. 1997, 1998).

When a new born star begins to heat the dust and gas to tem@=srgreater than
90K, the ices of the envelope (such agH CH;OH and CO isotopes) begin to evap-
orate back to the gas phase, integrating the gas-phasestheniihese inner regions
are best studied by observing lines that trace high tempes{more than 100K), such
as3CO(6-5). Outflows from the young sources also penetraterthel@pe, creating
high temperature shocks and lower temperature turbulgmdans, detectable with SiO
or SO molecular line observations. The study efrt¢ar-infrared emission, HCN and
CO isotopes line wing profiles also provide further inforroatabout the outflows (van
Dishoeck and Hogerheijde 1999, and references therein).

When the envelope is dispersed by winds/andltraviolet photons, there is still
a circumstellar disc where species like HCO, CN and HCN haenbiound. Photon

dominated regions (PDRSs) appear, in which the stellar U\fshiee cloud.

1.2 Star Formation

In this section | will introduce the current theories for foemation of stars in isolated
and clustered (dynamical) form, and describe the propogaldteonary sequence for

the formation of a single star: from a prestellar core to amegn sequence star.
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1.2.1 Star formation theories

The formation of prestellar cores by the fragmentation efplarental clumps can be
explained by two main diierent scenarios: the quasi-static individual and indepenhd
core formation, based on the Jeans or Kernel model, and $hetéa formation mode,
where both the dynamical competitive accretion and gratotant theories fall in.
These theories vary in the way a clump fragments to form ¢oreghe time it takes to

do so, and on what defines the final mass of a star.

Quasi-static star formation

This first set of theories assumes that a protocluster caadiem comes from the frag-
mentation of one local Jeans mass (a clump) in the parend g. Larson 1985;
Myers 1998). The collapse of this clump will provide an irage in the density al-
lowing the formation of more local Jean masses within thenglcores), since the
Mieans o p~ /2.

These models can explain the low star formatidiiceency in molecular clouds
and the large stellar ages spreads found within a molecldad¢10-15 Myr). They
follow the idea that the forces in the ISM should be balaneed,as such, the magnetic
support of the overall cloud should have to decrease sorigefféll collapse can occur
(Spitzer 1978; Mestel and Spitzer 1956). Therefore, thigld/be a slow, quasi-static
contraction of a cloud to form protostars, that could takéoup 10° yrs, corresponding
to the ambipolar-diusion timescale, necessary to remove enough magnetic flux to
allow free-fall collapse (Shu et al. 1987; Mouschovias 199During the dynamic
contraction of the cores (although not free-fall collapsbg envelope of the cloud
would continue being magnetically supported against peta

In these models the IMF is determined prior to the individialapse of the cores,

at the time of the fragmentation of the cloud, and it wouldeetfthe core mass distri-

bution (e.g. EImegreen 1999; André 2002).
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Fast star formation

In the other set of models, the turbulence of the cloud is t@énrmechanism that
induces fragmentation. This mode of star formation wouldalrapid and dynamic
process with a timescale ef10° yrs (e.g. Redfield and Linsky 2004; Gazol et al. 2005;
Galvan-Madrid et al. 2007), invoking that magnetic fields megligible. Furthermore,
the fact that we do not observe many molecular clouds prigtaoformation, brings
the idea that the éierence between the cloud formation and star formation tales

is small. This can be explained by the ISM not being in a stat®rce balance as
suggested by the models of converging flows as the origin décatar clouds and
supported by the strong pressure fluctuations of the ISM tagtmann et al. 2001,
Vazquez-Semadeni 2010).

The big spread in stellar ages detected within molecularddaan be explained
by different triggering times for collapse, rather than a slow &ianation process
(Ballesteros-Paredes and Hartmann 2007). This is consisith the fact the molec-
ular clouds gas is confined to a smaller area, in which thergbdeage spread of the
actually forming stars is lower.

Within this fast star formation mode, there are two main sétsodels, those
based on competitive accretion and the gravoturbulent motiethe first, the formed
young protostars travel in the gas-dominated gravitatipogential of the protocluster,
gathering mass as they do so. In such a scenario, it is theetdivg accretion and
dynamical interactions among protostars that fundamigrdafine the final spectrum
of stellar masses. Furthermore, it predicts a mass segyagdthin protoclusters, as in
the cluster potential centre, cores will rapidly accretessnand become more massive
than the low-density outer regions cores (e.g. Bonnell.et@37, 2001). On the other
hand, in gravoturbulent models turbulence not only setikial fragmentation of the
cloud as it will dictate the ability of a core to accrete itsafimass (e.g. Padoan et al.
1997; Hennebelle and Chabrier 2008). In this set of mod&s,fermation is a fast

process but the final mass of a star is predefined by the turtduégymentation of the
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cloud and not by a dynamical accretion of mass, favouringdéa that the CMF is the

precursor of the IMF.

1.2.2 The evolution of a core - towards a newborn solar type at

When a pre-stellar core becomes gravitationally unstakdeliapses to form a pro-
tostellar object and the main protostellar accretion or esdled phase begins. The
central protostar will accrete most of its final mass, Mom the infalling surrounding
envelope (with M,,) which, in the presence of angular momentum, will form arr@cc
tion disc around the protostar. In this stage, the youndpstebject (YSO) is heavily
obscured at optical wavelengths by the surrounding duse ybungest sources are
classified as Class 0 sources and are usually associatethigitly collimated bipo-
lar outflows. Class 0 sources are characterized by low teatyoes around 20-30K, a
spectral energy distribution (SED) peak at submillimetae@lengths (Shu and Adams
1987; André et al. 1993) and ad\ greater than the M(Figure 1.5, top left panel).
Class | sources, more evolved than Class 0, have a SED whalts @ far-infrared
or submillimetre wavelengths (Lada 1987) with an “excedshfvared emission com-
pared to a black body curve, due to the dust which is stillaurding the central
protostar (Figure 1.5 top right panel). Here, the YSO’s,Ms lower than the M,
and the sources exhibit less collimated bipolar outflowgh&tend of this protostellar
phase, the removal of the circumstellar material of thdlinfaenvelope has occurred.

There are also flat-spectrum sources which correspond ttrahsition between
Class | and Class Il sources, as their SED has an intermddratebetween the two.
They are often visible stars (as Class Il sources), but a@\ailed at infrared wave-
lengths, like Class I, though not as strongly.

After this, the star enters the pre-main sequence (PMSyaragvealed phase. At
this stage, the star has alread®0% of its final mass and it continues to contract until
thermonuclear reactions start to take place in the centiteeastar. The infall rate into

the stellar core is lower in this phase, as the surroundifigiseocentral object have
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Figure 1.5: Evolution of the SED of a young stellar object, from a proaosvith a dusty
envelope (Class 0 and I, top panels) to a PMS star with a csteltar disc (Class Il and I,
lower panels). Sketch adapted from Lada (1987) and Andrk €GDO0).

been disrupted (Lada 1999; André 2002). The YSOs are noWl@iat optical and
near-infrared wavelengths, becoming Class Il and Classolifces (Lada 1987). The
Class Il SED is broader than a single blackbody and it peakisiéle or near-infrared
wavelengths. It shows an infrared excess, but significasitialler than for Class |
sources, indicating that there is less dust surroundingtdre(Figure 1.5, lower left
panel). This dust is probably in a circumstellar disc. Clissources also have SEDs
which peak between optical and infrared wavelengths, tig to no infrared excess
is found in this case as the circumstellar disc is being elkaf gas and dust (Figure
1.5, lower right panel). The dominant mechanism involvettis removal process and

leading onto a dust-free environment is still not fully kmaw
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Figure 1.6: Velocity-coded three colour image of tRéCO J=3—-2 emission (Graves et al.
2010) observed towards the Serpens star forming regiowisgahe many outflows from
the young population of protostars. Confusion is an issugich a crowded region, and the
identification of the driving source for each flow is nearlypossible. Blue is the integrated
intensity from -42.2 to 3.8 km3, green is from 4.8 to 10.8 km$ and red is from 11.8 to
57.8 kms?.

1.2.3 Gas and dust removal - Outflows

Throughout the evolution of a core to form a star, the mat#vat primarily surrounds
the star isremoved. Since not all the material that surreartestellar core is accreted
by the star, there must be a disruption mechanism that resremrae material from the
protostellar envelope. Among other possibilities, thedption may be caused by the
interaction of the material with other forming stars in Highopulated regions of star
formation, by stellar winds or by the bipolar outflow genethby the forming star
itself.

All stars have stellar winds throughout their lives. Theseds are hot ionized gas
ejected from the stellar photosphere, due to radiationspres An outflow, however,
is associated with the early stages of star formation, witieent origins and proper-
ties than the common stellar winds. Throughout the infallhef gas and dust of the
envelope onto the central YSO, angular momentum is accuetuta the central core
and is released by an ejection of matter and injection ofggnento the gas around

through a bipolar jet along the rotation axis of the star.sTihjection dects the gas
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from short distances up to a few pc from the source (Arce &Qfl7). The gas in the
jet can reach high velocities (up to 100 kiiisand swept ufaccelerate the impacted
material of the cloud, clearly distinguishing the outflowrfr the surrounding gas at
lower velocities (Fig. 1.6).

By its energetic release, an outflow can induce chemicalgdgsmon the cloud. It
decreases the gas infall rate onto the protostar and camatiétly be one of the main
responsible mechanisms for the envelope’s disruptionhdfdollimation factor (i.e.
lengthwidth) of the outflow is high enough that the opening anglehaf dutflow is
less than a few degrees, they can be described as “moleetdafg.g. Gueth and Guil-
loteau 1999). Most YSOs outflows are not jet-like and CO olzg@rns have revealed
complex outflow structures, when observing at high resohstj suggesting both spa-
tial and temporal variations of the outflow. Observationpmftostellar outflows (e.g.
Fuller and Ladd 2002; Arce and Sargent 2006) seem to sudusbatflows evolve
with time and age of the driving source (Fig. 1.7). The yowtg®urces (Class 0)
present a high collimation factor, which will decline witime and evolution of the
source. At the Class | stage the outflow becomes a wide-angléAxce et al. 2007).
Furthermore, several shocked regions may appear assbeidkea single outflow, in-
dicating that episodic ejection events may take place. Jgéwien phenomenon occurs
in most of the YSOs (see e.g. Lee et al. 2000, 2002), but wh#tkg are intrinsically
episodic, or continuous but with frequent bursts, is notcyesr (see Arce et al. 2007).

Several models have attempted to address the origin andterolof outflows
(Arce et al. 2007, and references therein). J@tdow shock modelwimic the highly
collimated outflows, thought to be magneto-centrifugatiyeh close to the protostar.
These jets would impact the material forming thin shellsaumding the outflow cone
and bow shocks at the head of the outflow (e.g. Ostriker etC8l1R These models
are good at reproducing the observed young and highly caléchoutflows with bow
shocks and Herbig-Haro (HH) objects (e.g. HH212 and M46 Lee et al. 2007;
Velusamy et al. 2007, respectively). On the other handwiine-driven shell models

suggest that the observed outflow shells are formed by a andée radial wind that

Ana Duarte Cabral 45



1: OVERVIEW

outflowimpacted core material
(broad component)

quiescent dense core
(narrow component)

Figure 1.7: Schematic picture, by Fuller and Ladd (2002), of the hypithe outflow-
envelope interaction evolution: darker grey regions regmeé the dense envelope gas traced
by C'80, and the light grey regions are the molecular outflow shakgions traced by the
broader*?CO and'3CO emission.

blows into the material infalling onto the protostar andtpstellar disc. These models
are good at explaining the older outflows with a wide openingle (e.g. Velusamy
and Langer 1998; Cunningham et al. 2005). In fact, a unifiedehwhich includes
both a primary jet-like flow and a more tenuous wide-angleddws best capable of
describing the overall morphology and evolution of a prtethar outflow (e.g. Shang
et al. 2006).

In addition, there are also tharbulent jet modelsvhere Kelvin-Helmholtz insta-
bilities along the boundary between the jet and the enviemtrform a turbulent layer,
which can propagate into the flow and surroundings (e.g. Micgt al. 2000). Finally,
the circulation modelsuggest that the outflow is formed by deflected infalling mate
rial, thought to occur in a high MHD pressured central tovisere some material may

be accelerated to speeds greater than the escape speé&b(almet et al. 2006).
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Chapter 2

Observing molecular clouds

Molecular line and dust continuum observations are funddat¢o understand the
physical conditions of the early stages of star formatiormialecular clouds. At
(sub)millimetre wavelengths, the continuum emission saildormation on the dust
particles that surround the young protostars or prestethaes, tracing the column
density and temperature of the clouds. The molecular lidepgnding on their op-
tical depth and chemical history, are useful tracers of heachics and properties of
different parts of the cloud. Moreover, to understand the eamidsom a molecular
line transition toward a MC we need an understanding of that&e transfer in such
environments. This chapter will introduce the radiatiansfer theory (based on Ry-
bicki and Lightman 1986; Lequeux 2005, adopting the forsmaliof the first) and
some approximations often used to extract information freatecular transitions and

continuum emission in the environments we observe.

2.1 Notions of Radiative Transfer

Considering an isotropic radiation from a source, the tamzhaenergydE within a
solid angledQ that crosses an arebf over a timedt at a frequency intervaly can be
described in terms of

dE =1,dAdtd2dy (2.1)
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wherel, is the specific intensity of the radiation at a frequen@long a line of sight,
in units of erg stcm2Hz ! ster?.

As the radiation passes through matter, photons can betsus@cattered or emit-
ted by the material along the path length. Therefore, thmtiad transfer is ruled by

the variations of the specific intensitli,, over the path length.

2.1.1 Emission

The spontaneous emission fio@ent at a frequency, j,, is defined as the amount of

energy that is emitted per unit time, volume and solid angle:
dE = j,dVdtddy, (2.2)

with j, in units of erg slcm3Hz ! ster?.
The total amount of intensity added to the radiatidl},, as it crosses matter over

a path-lengthdS and a beam cross sectid becomes:

dlf = j,dS (2.3)

2.1.2 Absorption

The amount of radiation we will see depends also on how muttheoémission is able
to pass through the cloud. Therefore, a chande afong a distancdS is also related
to how much of the original emission has been absorbed alwaigogith. The ability
of the material to absorb radiation is related to its absonptodtficienta, in units of

cmt. The amount of intensity being absorbéd;, is then defined as:
dl, = -«,1,dS (2.4)

The absorption cd&cienta,, can also be written as a function of the mass absorption

codficient,k, (in units of cnt2g1), asa, = pk,.
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2.1.3 Radiative transfer

The observed radiation, coming from the balance of the ethahd absorbed emission

along the line of sight, is summarised in the radiative tr@nsquation:

=l +, (25)
The source functior,, is defined ag, = «,S, and it is generally assumed to hold
for the path length. Furthermore, the absorptionfiiccient can be seen as a function
of the optical depth at a frequeney(r,) with dr, = «,dS. For clarity purposes only,
for the remainder of this chapter | will simplify the notatiof 7, to 7.
If the source function is constant over the path length, #megal solution of the
radiative transfer equation (2.5) can be derived by digdire equation by the absorp-

tion codficient

di, 1 dl,
Ea—y = - = lv + Sv (26)
multiplying by €
dl, . .die) o
dTe +1,e = . S,e (2.7)
integrating between 0 and
I,(r)e" = 1,(0)=S,(e" - 1) (2.8)
and finally dividing bye”
L,(r)=1,00e"+S,(1-¢e7). (2.9)

Equation 2.9 is the general solution for the radiative tiansquation.

2.1.4 Approximations

Either because the background radiation is too weak in casgrawith the cloud’s
radiation, or because we are observing one of the two extoases of optical depth,
it is usual to use some approximations that simplify the Usih@ radiative transfer

equation. Specific physical conditions such as local theeapailibrium, allow further
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simplifications, useful in the context of studying molecutdouds. Some of these
cases, in particular the ones | have considered as mosarglr the calculations in

this thesis, are here briefly explained.

No background radiation

The approximation to no background radiation is made whei#tkground emission
is negligible when compared to the emission from the clousd.séch, the ternh,(0)
is discarded as all the emission detected is coming from lthedoonly and eq. 2.9
becomes

l,(r) =S,(1-¢€7). (2.10)

In the case of molecular clouds, this approximation is reabte, as it assumes that
the radiation we detect is originated within the cloud, amak the only background
radiation is the cosmic microwave background (CMB) at a terature of 2.73 K.
This approximation would not be valid for a region which isrigeexternally heated,
as is the case of e.g. photon dominated regions (PDRs) wihend\ radiation from
young and nearby OB stars is capable of heating up the gastemperatures of more
than 100 K. This is not the case for the embedded stages dbstaation observed in

submillimetre, as the dust grains shield the inner denggoms from these UV fields.

Low optical depth

When a molecular transition is optically thin, i.e.< 1 it means that its emission is
capable of probing the entire cloud, even its deep and degsens. This limit allows

the expansion of the ™ to be simplified to:
e ' ~x1l-71 (2.11)
which, in the case of no background radiation, turns eq.r&® i

l,(7) = S,(T)r (2.12)
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High optical depth

On the other extreme of optical thickening, whers> 1, it means that we can only
observe the emission originated from the cloud at its sarfdtie numerical approxi-
mation becomes:

e ~0 (2.13)

which means that
I, =S,(T) (2.14)

2.2 The LTE regime and molecular emission lines

When in local thermodynamic equilibrium (LTE), the souraadtionS,, is described

by the black body functiol, (i.e. the Planck function)

2 1

c? e%—]_

B,(T) = (2.15)

whereh is the Planck constant,is the speed of lighk is the Boltzmann constant and
T is the temperature of the source.

When the collisions completely control the excitationsd(@®e-excitations) of a
molecular transition, that transition is said to be theisgal (or in LTE conditions).
The emission from thermalised transitions have an excita@mperaturelg,., which
corresponds to the kinetic temperature of the gas. Thatiagiar temperature is related

to the population of the energy levels, as described by thiziBann distribution:

N _ Qi) (2.16)
n g

wheren, andn, represent the number densities of molecules which are in thpper)
andl (lower) energy levels ang, andg, are the degenerafstatistical weight of those
levels (estimated ag= 2J + 1 wherelJ is the rotational quantum number), ant the

frequency of the transition between the leuandl.
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2.2.1 Column Densities with optically thin emission in LTE

In LTE, the Einstein probabilities (or ciients) of emission and absorption are re-
lated through the Einstein relation (Eq. 2.17), whaggeis the Einstein probability for
spontaneous emission between the leualad|, andB, is the Einstein ca@cient for

stimulated emission.

8rhy®
Ay = < Bu (2.17)
The codficient of absorptiom,, can be written as a function of the Einstein coef-
ficientA, as
c?ni(v)gy giny
= 1- 2.1
= ol 1= O ) 2.18)

whereg (v) is the normalised spectral distribution of the radiatiod @, (v) ~ 1/Av =
¢/(vAv). Using equation 2.16, and assuming that the distributian,@) andn,(v) are

identical to the total distributiong, andn,, we get

_ &®ng,
~ 8mv2g

@y

Au| 1= €| () (2.19)
To estimater, we use the relation = fa,,dS. The integration in length o,
becomes a column density, (in particles per unit surface):

_ _CNgy _ _)]
TR grAg [1 elx (2.20)

In the optically thin plus LTE regime we can use these refetio calculate column

densities an@r temperatures. From eq. 2.12, 2.15 and 2.20 we have

hvNig, e (Ffee)

I, = B(TexgT = ang, Ay AV (2.21)

Using the equivalent of the Boltzmann equation (2.16) &upio the total number

of particlesN (Of the specific molecule in study) we have

Eyl
Ny gue‘(m)
Ntotal B Q

(2.22)
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whereE, is the energy dference between the levalsandl, andQ is the partition

function defined as the sum over all the energy levels
Q= Z gie‘(%xc) (2.23)

What we measure, however, is a radiation ftlk,, defined as a measure of the
amount of energylE at a frequency that passes through a given atbaover a time
dt, in units of erg stcm™2Hz1. From Eq. 2.5, we can relate the flux with the specific
intensity through
dF, = 1,dQ (2.24)

which, for a source of angular siZ&,,ce becomes
F, = 1,Qsource (2.25)

In observations, the antenna temperaflixg(in K) is typically measured and is
proportional to the amount of flux that we detect within a besire, Qpeam This an-
tenna temperature, however, ffezted by the atmospheric opacity, and once thiexe
is corrected we have &,. To calculate the column densities of a given source, it is
useful to convert thig, into a Ty, which is the main beam antenna temperature cor-
rected for the telescope coupling to the source. For a sdhatdills the main beam
of the telescop€lm, = T,/7mb, Whereny, is the telescopeficiency. For example, at
112 GHz for the IRAM-30m telescopg,, ~ 0.7. Converting flux to temperature in-
troduces a constant?/2k, wherea is the wavelength anklis the Boltzmann constant.

Therefore, we have the following relation:

/12
Tob = —1,, 2.26
mb 2k ( )
for a source that fills the main beam of the telescope.
Therefore, from equations 2.21, 2.22 and 2.26 we have:
hc® (Eu
TrpAV = ﬁgNwmA{“ e#) (2.27)
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The termT LAV is the observed average integrated intensity over the saaweered
by the main beam of the telescope, and therefdig, is the average column density
of the molecule in the source.

Equation 2.27 is useful to estimate column densities angbéeatures when ob-
serving a molecular transition. To convert from the totduomn density of a given
molecule to the total gas column density, we need to assunaetoinal abundance of
the molecule we are observing with relation tg. MVhen there is more than one ther-
malised transition of the same molecule, this equatiomali@fit of both the excitation
temperature and the column density, independently of teemhoperties. If only one
molecular transition of a given molecule is available, thiem excitation temperature
has to be assumed a priori to be able to calculate the regpees column densities.
When there is a dust temperature estimate it can be used esdit&ion temperature
of the gas. However, this assumes that the gas and dust dreonpled and that the
dust temperatures correspond to the gas excitation tetopesaEven if the molecular
transitions are in LTE, this may not be the case as the gashendust may not be
tracing the same structures - as is the case, for examplee idenser cores where CO
is depleted and frozen onto dust grains.

In this thesis, | have used the relations presented in tltisoseand some of the
approximations of the previous sectioh 2.1 and 2.2) in the study of the Serpens
star forming region (Chapter 3) and the B59 star formingaegn the Pipe Nebula
(Chapter 5).

2.3 The LTE regime and continuum emission

Most of the mass in a molecular cloud is in the form of tdolecules. The second
biggest contribution is from He and there is only a veryditdbundance of other
molecular gas species. There is, however, a small percemfithe mass~ 1%)

stored in heavier and bigger particles, small (nanometraitbometre, Mathis et al.

1977) agglomerations of fierent materials, referred to as interstellar dust. The con-
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tinuum emission seen toward molecular clouds at far-ieftgfar-IR), submillimetre

and millimetre wavelengths originates from these dustngpairticles that are seen in
the optical as the obscuring element in MCs. In fact, thesictes absorb all the radi-
ation in the UV, visible and near-IR wavelengths and re-enmi far-IR to millimetre

wavelengths at an equilibrium temperaturg,s. The dust opacity is described by

Taus(v) = Np, 1 My Kaust() (2.28)

where Ny, is the column density oH, moleculesyu is the mean molecular weight
of species in the molecular cloudy, is the atomic hydrogen mass akg is the
mass absorption céiicient (opacity) of the dust in units of éhg2, representing how
efficiently a dust grain emits or absorbs radiation at a padrowavelength. At sub-
millimetre wavelengths, the relation ki, with the frequencjwvavelength is a power
law such thakg,s; < A7 or, in terms of frequencykqyust < V2. The spectral indeg
varies with the properties of the grains. For molecular dkat submillimetre and
millimetre wavelengths, it has been measured to be betweand 2 (e.g., Li 2005,
and references therein).

The (sub)millimetre dust continuum emission, generalltiagtly thin, comes as

eq. 2.12 with the source function as the black-body funcBgT).

laus{v) = By(Taus) Taus(v) (2.29)

lqust being a flux per steradian (Eq. 2.25), it is useful to re-witie previous equa-

tion in terms of the observed flux within a beaRy,<

Faust(v) = By(Tdus) Tdus{V) QLbeam (2.30)

Using the definition ofg,s(v) (€. 2.28), we can write

Faus(v) = By(Tausd NHz 1 My Kyus{v) Qoeam (2.31)

whereNy, 4 my is the average column density of fih g cn? and, therefore, multi-

plying by the size of the source gives the total mass assatwith it. The size of the
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source iNsource X 02, WhereQsourceis the solid angle covered by the source anid
the distance to the source. Therefore, we have

M = Np,umMy Qsource 02 (2.32)

which can be used to directly investigate the mass from a cuginuum emission

image as
qusldzgsource
M = , 2.33
kdustB(Tdust)Qbeam ( )
or even, if measuring the total flux integrated over the erstrurce=i; = FqusQsource/ Lbeam
we can use
I:intdz
= 2.34
kdustB(Tdust) ( )

Through this relation (Eq. 2.33), it is straight forward timate the mass of a
source from the dust continuum emission. Equation 2.31hemther hand, is used to
derive the N, column densities along a line of sight, at each given pasitica dust
continuum map.

The dust temperaturéy,s; used throughout these calculations may be well con-
strained where there are observations at several wavbakagt where the SED can
be well reconstructed, but this is not always the case. FKirnthle values okg,; be-
come the most critical for these estimates as they are depénd frequency and on

the grain properties, which are still poorly constrainedémse star forming clouds.
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The Serpens Star Forming Region
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Chapter 3

Serpens Molecular Cloud

Based on the article Duarte-Cabral et al. (20170)e physical and dynamical structure

of Serpens. Two verygkrent sub-(proto)clusters

3.1 Overview

Despite the importance of understanding the processesgltive formation of stars
in the Galaxy, little is known about the role played by moleceloud kinematics in
triggering or suppressing star formation. Since most $tars in clusters (Lada and
Lada 2003), studying the kinematics of young stellar chsstan provide important
insights into the dominant mode of star formation, paraciyl if the initial conditions
of clustered star formation are still imprinted in the gad dast emission properties
(e.g. Peretto et al. 2006).

One such young and nearby cluster is in the Serpens MoleCigad (MC). Lo-
cated at~260 pc (Straizys et al. 1996), the optical extinction maghefcloud covers
more than 10 deg(Cambrésy 1999). However, the majority of the star foromais
occuring in three clusters covering approximately 1.5°d&yoch et al. 2007). The
most active region is the Serpens Main Cluster (hereaftgre®s) which has a sur-
face density of YSOs of 222 pt compared to 10.1 pé in the rest of the Serpens

cloud (Harvey et al. 2007a). In this main cluster, the avergas density is around
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10* cm2 (Enoch et al. 2007) with FHcolumn densities greater than2@m in the
cores. The high density of protostars in this main clustenseto indicate an early
stage of evolution where the cluster gas may still be infglinto the cores (Williams
and Myers 1999;2000;Hurt et al. 1996). The star formatid@ irathis main cluster is
56 MyMyr—1pc?, ~ 20 times higher than in the rest of the cloud (Harvey et al 7200

1°18'00" ———————— 71— 600

My /str

1°16'00" |-

400

°14'00" -

Dec (J2000)

1°12'00" -

SE
sub—cluster

18"30™00°
RA (J2000)

Figure 3.1:Map of the SCUBA 85@m continuum emission in contours showing the position
of the submillimetre sources (labeled). Contours at 40@, D00, 1400, 1800, 2400 and
5000 mJy beartt. In grey scale are the Spitzer MIPS 2¢h sources (Harvey et al. 2007b). All
the sources seen on this figure are classified as being yootwstars, mostly between Class
0 and Class | sources, with a minority of flat spectrum sources

Figure 3.1 shows the Spitzer MIPS ath emission in grey scale and the SCUBA
850 um emission in contours, tracing the young protostars diadsas Class 0 or I,
with the oldest objects in the image being a few flat spectraorces (Harvey et al.
2007a; Kaas et al. 2004). Amongst the youngest YSOs founéripeBs there are the
ten sources detected in the 85 dust continuum emission (e.g. Hurt and Barsony
1996; Davis et al. 1999), Class 0 and | protostars, hereadferred to as submillime-
tre sources (labeled on Fig. 3.1, positions shown on Taldlg Ihese protostars are
distributed within~ 0.2 p& and divided between two sub-clusters, one to the north-
west (NW) and one to the southeast (SE). They power a numbautbdws, which

have been studied using severdfelient approaches (e.g. Eiroa et al. 1992; Davis et al.
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1999; Hodapp 1999; Davis et al. 2000; Graves et al. 2010). pfégence of Class Il

and Class Il objects (not shown in Figure 3.1) dispersed aVarger area suggests
that the region has undergone two episodes of star formafioa first responsible for

these dispersed pre-main sequence stars occurring aboyt Pé¥bre the more re-

cent burst which formed the current submillimetre angdr@4rotostars (Harvey et al.

2007a; Kaas et al. 2004), 19r ago.

3.2 Observations

3.2.1 IRAM 30m data

The Serpens region was observed @ J=1—0 and &#2—1 transitions and €0
J=1-0 transition with the IRAM 30m telescope, using the faciligceivers, in May
2001. The observations consisted of on-the-fly maps of theme centered at RA
18'29"57.91° and Dec= 1°1225.2” over an area of approximately 10.5 arcfjia 3’
in Right Ascension and.8' in Declination.

The C’0 J=1-0 data, at 112.359 GHz, have a spatial resolution 6f aelocity
resolution of~ 0.052 kms* and a noise level of 0.45 K (in T,) in the raw map —
low enough to allow the detection and identification of itpésfine components. The
C'80 was observed with a spectral resolution~00.053 kms? at 109.782 GHz and
219.816 GHz and with spatial resolution of2&nd 11’ for the :1—0 and ¥#2—1
transitions, respectively. Both emission lines are detéatith a good signal to noise,
both with a one sigma noise level 8f0.45 K, in T,.

The beam and forwardfiéciencies of the IRAM 30m telescope {Band Ry re-
spectively) are given on the telescope welsiterom these | estimate for the!®©
and G0 J1-0 transitions §=0.95 and By=0.72, and for the 32—1 transition
Fer=0.91 and By=0.54.

The main data reduction was performed using the GILDAS s (CLASS90

thttpy/www.iram.egRAMES/telescopgelescope Summaftglescopesummary.html
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Table 3.1:Submillimetre sources in Serpens Main Cluster
Source name RA (J2000) Dec (J2000)ftfset RA (") offset Dec()

SMM 1 18:29:49.87  1:15:16.0 0.3 2.6
SMM 2 18:30:00.25  1:12:51.7 0.8 5.7
SMM 3 18:29:59.26  1:13:56.3 0.3 2.0
SMM 4 18:29:56.77  1:13:08.0 2.7 2.1
SMM 5 18:29:51.35 1:16:34.9 3.3 0.9
SMM 6 18:29:57.99  1:13:59.2 4.7 3.0
SMM 8 18:30:01.88  1:15:08.4 0.5 0.9
SMM 9 18:29:48.34  1:16:42.0 3.3 0.5
SMM 10 18:29:52.04  1:15:44.4 15 3.4
SMM 11 18:30:00.41  1:11:41.6 14 0.8

and GREG). This included the baseline corrections, hypggaussian fitting of the
data, and construction of the datacubes. Given the goodtyjoathe data, the base-

lines were well fitted by a simple first degree polynomial fuor.

3.2.2 JCMT data

The dynamical study and excitation temperature analysisti@&s 3.4 and 3.5) make
use of HARP data from the Gould Belt Survey (GBS) at JCMT (WBhdmpson
et al. 2007; Graves et al. 2010). The data | used were tf® E-3—2 observations,
at 329.330 GHz, with 0.055 kmsspectral resolution, and 14patial resolution. The
telescope main beantfeiency at this frequency g, = 0.66 (Curtis et al. 2010a),
and the rms level achieved is of the order of 0.2 KXTA full description of these
data is given in the GBS Serpens First Look paper (Graves 2040).

The submillimetre continuum data at 8pth was observed with SCUBA at the
JCMT, with a beam size of 4 The initial reduction, analysis and discussion of
these data was presented by Davis et al. (1999), where thaya#s the overall dust

properties and characteristics of the cloud. | have usegithedine reduced SCUBA
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data from the Canadian Astronomy Data Centre (CADC) architeeinvestigate the
structure of the dust continuum emission and for companigitmthe IRAM 30m G’O
and G280 data.

An initial inspection of the SCUBA data indicated good agne@at in the posi-
tion of SMM3 and those of the sources determined by Davis.€18D9, SMM8 and
SMM11). However, as shown with interferometric continuubservations (Hoger-
heijde et al. 1999), the positions of the remaining SMM sesngeeded to be revised
compared to those listed in Davis et al. (1999). In Table Jtekent redetermined
positions for all sources, extracted from the 80 map of Serpens, which now agree
within 1” of the positions in the SCUBA cores catalogue published b¥#fancesco
et al. (2008). These positions are accurate within th8QUBA pointing errors (Davis
et al. 1999). Thefbsets in RA and Dec between the revised positions and those pre

ously published (listed in Davis et al. 1999) are also showitable 3.1.

3.3 The gas structure of Serpens

The structure of Serpens was studied using th®©G=1—0 emission, after fitting its
hyperfine structure, by decomposing the space-velocityciire of the datacube to
find the G’O clumps, and to try to correlate the gas structures with thengdlimetre
dust continuum emission in Serpens. Such a clump decongogiés also performed

on the G%0 J=1—-0 datacube for comparison.

3.3.1 Hyperfine structure fitting of C1’O J=1—-0

The C’O J1-0 line comprises three, partially blended, hyperfine festurunder
the assumptions that all the components have the same teocitamperature, the
opacity as a function of frequency has a Gaussian profiletr@domponents all have

the same width and they do not overlap, we can fit the hypertmetsre (HFS) of

2httpy//www.cadc.hia.nrc.gc.gamt/
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a spectrum to extract the line width, central velocity antiaag depth ¢). The line

shape in the presence of hyperfine structure can be destiybed

T(V) =Ts(1-e™Y), (3.1)
where . ,
7(V) = 19 ; ri ex ——(V ;;/g’i) ) (3.2)

T(v) is the line brightness temperature as a function of velogitTs is the source
temperature and is the optical depth. The optical depth is the sum over theethr
hyperfine components of the transition wherendv,; are the relative weight and
the central velocity for each hyperfine component respelgtiv the velocity,o the
velocity dispersion andy the total optical depth of the three components (Fuller and
Myers 1993). The spacing and weight of the hyperfine compisneare adopted from
Ladd et al. (1998). Further details about the hyperfine gireditting procedure within
the GILDAS software can be found on the IRAM webgite

| extracted the spectrum from each pixel of thE@ J=1—0 datacube after con-
volving spatially the raw datacube with a 20” Gaussian, caayithe r.m.s. noise levels
to ~0.2 K. | then fitted the hyperfine structure of the spectraeaiide assumption of
a single velocity component contributing to the emissiomddel Gaussian spectrum
for each pixel was then reconstructed using the derived paaksity, line width and
central velocity. Only pixels where both the line width amntklpeak intensity were
determined with a signal to noise ratio of 5 or greater wereiered.

The initial fitting showed that within the uncertainties|, thle emission was con-
sistent with being optically thin (Fig. 3.2). Therefore,rexuce the uncertainties on
the fitted quantities, the HFS fitting was redone fixing theg 0.1 for the whole map,

consistent with optically thin emission.

Figure 3.3 shows the final’*@ J=1—0 datacube, modelled with a single velocity

component equivalent Gaussian, as integrated intensipgmeer 1 kms! intervals,

Shttp;mww.iram.fARAMFRGILDASdoghtm)class-htmhode8.html

64 Kinematics and physical properties of young proto-cluster



3.3: THE GAS STRUCTURE OF SERPENS
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Figure 3.2:Left: map of the ¢’O J=1—-0 optical depths, from the initial hyperfine fit in
colour scale. Right: map of uncertainties in th€@ J=1—0 r from the initial hyperfine fit, in
colour scale. Both images are overplotted on SCUBA®@5@mission in white contour (same
as in Fig. 3.1).

from 6 to 10 kms!. Here we are able to identify clear peaks afatient velocities and
positions in the region. Note that in the North, the strorgges emission is coincident
with the two stronger submillimetre sources (SMM1 and SMM@)ereas in the South
the peaks of the gas emission do not coincide with any of thenglimetre protostars.
A detailed study of these peaks is presented in Section,38&re | performed a 2D

and 3DcLumprinp analysis of the region.

3.3.2 Clump extraction methods

To determine the structure of the molecular gas | have choug a clumping analysis
in 2D and 3D. Using the velocity information from the gas esios it is possible to

identify the individual clumps within the cloud, whereas targer structures (the NW
and SE sub-clusters) are recovered when using the totgratezl intensity of the gas
emission. The aim for the extraction of the smaller scaleeawdhr structures is the
comparison with the structure visible in the dust continuuhuse this analysis to
guantify the sizes and masses of molecular gas associategreitostars, and carry

out a virial analysis to determine the clump stability.
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Figure 3.3:Contour maps of €0 J=1—0 modelled emission from the hyperfine fit, overplot-
ted on SCUBA 850m emission in gray scale. The submillimetre sources ardifdahon the
left figure with labels and triangles. These symbols will Bedifrom this point forward. Each
figure represents a mean intensity map over 1 Rngtervals, from 6 to 10 kmig. Contours
range from 0.4 K kms' increasing by steps of 0.1 Kkms(in T} scale).

The C’0O J1-0 channel maps show a significant number of emission features
which are not directly associated with the SCUBA cores (Big). For this reason |
call these molecular structures “clumps” from here aftéhcaugh this term is often

used to describe parsec-scale structures (Blitz 1993).

The 2D analysis was based on Figure 3.3. From here, | idahttiree main peaks
in the SE sub-cluster: one north of SMM11, one between SMMRIMM6, and one
west of SMM4 (Fig. 3.3). In the NW sub-cluster, | have alsonitifeed at least four
other peaks: one on SMM1, one close to SMM9, one south-wetdfi1 and finally
another weaker peak east of the sub-cluster. The propeftiesch of the identified
clumps (Fig. 3.4), was subsequently extracted using theADlversion of the source
extractioncLumperinp algorithm code by Williams et al. (1994) on the maps integptat
over the velocity range in which each clump appeared.

With the size of each clump and their respective integratezhsity corrected for
telescope ficiency, | estimated the clumps’ LTE column density and m&kg)(as-
suming a temperature of 10 K, a mean molecular weight of 208332C 'O fractional

abundance with respect to,Hf 4.7 x 108 (Frerking et al. 1982; Jargensen et al.
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2002). 1 also calculated the clumps virial masses using BgvéhereM,; is the virial
Mmass o ops IS the observed velocity dispersida,is the gravitational constant amdis
a cosficient dependent on the adopted density protidés 3/5 for a uniform density,
2/3 for a profilep « r=1, 3/4 whenp o« r=1° and 1 wherp « r=? (Spitzer 1978, and
Section 1.1.4),

3Ro2

obs
= (3.3)

The listed virial mass of each clump adopts a density profilp o« r=2. The

Mvir =

velocity FWHM of each clump was estimated by averaging algpectra assigned to
that clump and has an estimated uncertainty@fL kms?®. The clumps identified by
this method will be referred to as 2D-clumps hereafter.

The virial mass (Myia) and the gas mass @M were also calculated for the two
sub-clusters, NW and SE. The method used was the same as fduthps except the
density profile for the sub-cluster gas was assumed toobe 1, which is expected to
be more appropriate for these larger size regions. If theegarr =2 as for the clumps
had been adopted, the derived sub-cluster mass would b&oa &@@5% smaller.

Observational sources of uncertainty in these massesd@che distance to Ser-
pens and the line width. Uncertainties on the line width irtipalar might be a special
issue in the SE region where two velocity components arerebden C80 (Sec-
tion 3.4.2) and may become important in broadening tH©dine. Systematic uncer-
tainties in My include the uncertainty in the adopted gas temperature ractidnal
abundance of £0. Finally, the systematic uncertainties on thg,M include source
geometry fects and neglecting additional terms (due to external pressnagnetic
pressure, etc.) in the virial equation. Amongst all the fmssources of uncertainty,
the greatest is likely to be the factional abundance 6OC given that our non-LTE
study of G0 at 8 positions (Sec. 3.5.2) shows a mean depletion factdr5ofGiven
the observational and possible systematic uncertaintidb® calculations, the virial
ratio is perhaps best seen as a useful tool to compare fileeeshit structures within a

cloud rather than absolute measure of the gravitationalilequm of any given clump.

Ana Duarte Cabral 67



3: SERPENS MOLECULAR CLOUD

Although the 2D clump-finding is valuable for comparisoniwibe dust contin-
uum, it is limited in its ability to represent the true stnuiet of the cloud. The 3D
cLumpFIND analyzes the datacube in all three dimensions of space-smdacity. In
particular, 3DcLumprinp Should provide a better understanding of the cloud’s stinect
where clumps may overlap along a line of sight but ha¥edent velocities, or where
the emission is narrow in velocity making it weak in integaintensity maps and un-
detected in a 2D search for structures. Therefore | have mongmted the 2D study of
the C’O structure using the 3D version of tbesmprnp within the Starlink package.

In agreement with Pineda et al. (2009), | also found the tesul the 3DcLumPFIND
analysis to be very sensitive to the parameters used, @flgdai characterising the
weaker emitting regions. Stronger clumps were unequilypckgtected with a wide
range of parameters, but changing the step sizgoatite number of pixels per clump
allowed to be adjacent to a bad pixel would result in the nmgygif several clumps into
one, or unrealistic extensive splitting of clumps into salemall structures, or even
non-detection of some structures expected to be detectadthis reason, the initial
2D study is essential as a reference point to understanddiresimucture of the cloud,
which could be significantly misrepresented by relying,ntimally and exclusively on
the 3DcLumprinD analysis. The best configuration parameters | found forahaysis
were: the first contour level,d,, of 0.6 K; the global noise level of the data, r.m.s., of
0.2 K (equivalent to the r.m.s. of the fitted data); and thesgabetween the contour
levels,AT, of 0.05 K.

Due to the dificulty in interpreting partial spectra split keyumprino between mul-
tiple spatially coincident clumps, the mean line width a# 8D-clumps was recovered
using a diterent approach to the one used for the 2D-clumps. The vgldisipersion,
o, of each clump was estimated by determining the velocitgeamhere the emission
of that clump was above /2 of its peak intensity. This was done by visually inspect-
ing these thresholded channel maps of each clump. The qEW#®tM is 2.35 o and
has an estimated uncertainty of 0.1 kingwice the uncertainty of the peak velocity,
0.05 kms?.

68 Kinematics and physical properties of young proto-cluster



3.3.3

Dec (J2000)

3.3: THE GAS STRUCTURE OF SERPENS

Results from the clump extraction
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Figure 3.4:SCUBA map of the 85@m continuum emission (colour scale) overplotted with
the positions of the submillimetre sources (trianglesy, YO J=1-0 2D-clumps (solid white
contours and letters) and the NW and SE sub-clusters (blasked contours). The solid
white contours are the intensity integrated over the cpoeding velocity range for each
clump. These are stepped by 0.2 K kihsexcept for weaker 2D-clumps G and D, stepped
by 0.1 Kkms? (in T,)- The lower level of each clump is the same as the specifiedaen T
ble 3.2. The NW and SE sub-cluster contours are integratedsity over the entire velocity
range. Contours are stepped by 0.25 K kinsvith the lower contour set at 1.25 K krrs(in
T3)- The blue dotted line represents the edges of tHo@nap.

Table 3.2:Properties of the 2D-clumps

2D-clump

RAveak Degeak Vpeak Area FWHM Met Muirial Ratio llow Ipeak

ID (J2000) (J2000) (kmd) (arcmirt) (kms1l)  (Mo)  (Mo)  (Muiia/Mef)  (Kkms™)

A 18:29:49.89 01:15:15 8.61 2.30 11 9.0 9.3 1.0 115 242

B 18:29:48.43  01:17:04 8.55 1.83 11 5.4 8.3 15 0.90 1.90

C 18:29:46.97 01:14:31 8.65 1.33 14 4.7 12.9 2.7 110 217
D 18:29:55.43  01:16:25 7.73 0.98 1.3 1.9 11.8 6.2 0.50 0.74

E 18:29:59.40 01:13:04 7.43 1.00 2.2 2.0 25.2 12.6 0.60 1.99

F 18:30:00.87  01:11:58 8.29 1.63 18 7.1 234 33 1.35 2.89
G 18:29:55.75  01:12:53 8.36 0.70 1.4 1.6 8.5 5.3 0.90 1.33
NW 18:29:49.89 01:15:15 8.61 9.06 1.2 31.3 33.2 11 1.00 242
SE 18:30:00.87 01:11:58 8.29 7.49 1.9 26.0 70.3 2.7 1.00 2.89
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The identified 2D-clumps are shown on Fig.3.4, and the plyp@arameters sum-
marized on Table 3.2, where: B&xand Dege, are the position where the emission
peaks within each clump; Max is the velocity at the peak position, with an uncer-
tainty of 0.05 kmst; area is the surface in the map occupied by each clumpishthe
mass of the clump calculated fronumprinp outputs; Mgy IS the virial mass; Ratio
Muiia/M¢t IS @ measurement of how bound each clump is - a gravitatpballind
structure should have a ratio around unity, but given theettamties of these cal-
culations, | consider a structure to be unbound if the ratiadove 2;},, is the lower
contouring level assumed when running the @Dmrrinp for each diferent clump (in-
creasing with steps of 0.10 K km, also shown on Fig. 3.4; and, finallyed shows
the integrated intensity in Kkms&in T; units as measured at the peak position.

The NW and SE sub-clusters are extended regions, and theréfie peak posi-
tions and velocities correspond to one of the smaller idiedticlumps lying within
the sub-cluster. The NW sub-cluster peaks at the positi@uofip A (& SMM1) and
the SE sub-cluster peaks at the position of clump F (nortiMi¥1&1). Similarly, the
presented velocities of the peak for the sub-clusters ar¢heamean velocity of the

sub-clusters, but the velocity at the peak of the strongenpk.

The 3DcLumprinp analysis identified a total of 16 clumps which will be callbé t
3D-clumps hereafter. These clumps are shown on Figure 3itegrated intensity
maps in Kkms! (in T;) plotted over the continuum 856n data from SCUBA. Table
3.3 shows the properties of the 3D clumps as numbered anéglan Figure 3.5. The
nine first columns are as in Table 3.2 the last column beingrttemsity at the peak
position in T,. Once again, masses were calculated after correctingddRAM 30m
telescope ficiency for the ¢’0 J=1-0.

Since the velocity structure in the region, in particula éxistence of two veloc-
ity components in some parts of the cloud, cdiee the deduced clump structure,
| also experimented with 3BLumprinp on the G0 J1—-0 data. The results from

this differed from those of €0 only in that two clumps (3D-clumps 3 and 10) were
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Table 3.3:Properties of the 3D-clumps

3D-clump RApeak DeGeak Vpeak Area FWHM Mt Myirial Ratio Tpeak

ID (J2000) (J2000) (km@) (aremi?) (kms1)  (Me)  (Mo)  (Muiia/Mer)  (K)

1 18:29:51.0 1:15:04 8.64 3.93 1.0 9.0 10.5 1.2 2.0
2 18:29:49.2  1:16:09 8.56 3.46 14 7.3 20.0 2.7 1.6
3 18:30:01.6  1:11:47 8.67 2.30 2.0 6.3 31.2 4.9 13
4 18:29:49.2  1:09:57 8.20 1.43 0.3 0.6 0.4 0.7 11
5 18:29:47.0  1:13:58 8.80 1.53 1.2 2.5 9.1 3.6 1.0
6 18:29:55.0 1:12:41 8.51 1.13 1.1 1.3 6.4 4.9 0.9
7 18:30:10.3  1:13:25 8.09 1.00 0.4 0.6 1.0 1.7 1.1
8 18:29:44.8 1:17:04 8.80 1.77 0.9 1.2 5.3 4.4 1.1
9 18:29:47.0  1:09:24 8.41 0.73 0.4 0.3 0.6 2.0 1.0
10 18:30:00.1  1:12:52 7.68 1.13 15 1.6 13.7 8.6 0.8
11 18:29:58.7  1:15:04 8.23 0.73 0.9 0.8 4.0 5.0 0.8
12 18:30:06.0  1:11:58 7.36 1.07 1.2 0.8 8.4 10.5 0.7
13 18:29:57.9  1:15:48 7.88 1.67 0.6 0.7 2.6 3.7 0.7
14 18:29:57.2  1:11:47 8.67 0.90 0.8 0.4 3.0 7.5 0.7
15 18:29:55.7  1:16:20 7.73 1.37 0.8 0.6 3.9 6.5 0.8
16 18:29:47.0  1:11:48 8.80 0.93 0.3 0.2 0.3 15 0.7

subdivided into 2 and 3 sub-clumps respectively. Colletyivthese sub-clumps had
properties very similar to their respectivé’O clumps. The presence of these possible
sub-clumps does not significantly alter the interpretatibthe region for the purpose

of this analysis, indicating that the'@© clumps adequately describe Serpens.

3.3.4 Discussion

The north region has two clear clumps unequivocally idesdiin both 2D and 3D
methods: 2D-clumps A and B, which correspond to 3D-clumped. Z&respectively.
Both peak close to the position of the strongest submilliengburces in this region
(SMM1 and SMM9), and trace the gas around them in good agneetonghe cold
dense dust traced by the 8bth emission.

A region with higher velocity gas was detected with the 2Dlgsia as 2D-clump
C which corresponds to 3D-clump 5. This region has quitengtintegrated emission

making it detectable in the 2D search. However, due to itgipriy, similar velocities
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Figure 3.5:SCUBA map of the 85@m continuum emission (colour scale) overplotted with
all the 'O J=1-0 3D-clumps integrated intensity maps (contours and mug)bin K kms?

(in T3). The numbering of the cores is based on their peak inten$ite diferent contour
style and colours identify clumps starting atfdrent contour levels. The white solid contours
are the clumps with the stronger integrated emission, vatitaurs starting at 1 K kms, the
dashed yellow contours start at 0.3 K krhsand the solid red contours start at 0.1 K ks
For all clumps, the contour step is 0.1 K kmhs The blue dotted line represents the edges of
the C’O map.

and weaker relative peak with respect to clunip,the 3D search failed to separate
these two in some of our trial runs of the 3D analysis, sessit the input parameters,
in particular the step size. This clump is associated witty Wtle submillimetre
continuum emission but quite strond’© (and G80) emission. The fact that it is
also seen in BH* (Olmi and Testi 2002) and not it*CO tracing outflows (Graves
et al. 2010), is consistent with the possibility of this lgem denser region directly
associated with the NW sub-cluster and close to being bolirmbuld, for example,
be a very young prestellar core about to become gravitdijonastable and collapse
(e.g. Walsh et al. 2007).

A region detected with the 3D analysis which was not seenar2fh search was
3D-clump 8. This clump is detected at high velocities (8.8tK) and seems to sur-

round the clump /B associated with SMM9, perhaps as a shell. Although apggren
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a somewhat super-virial clump, iffacted by a depletion of 80 by a factor of 2-3
(Section 3.5.2), this clump could represent gas underggiagtational collapse.

Finally, there is also a low velocity region situated easthef main clumps of the
NW sub-cluster, detected as a single clump with the 2D meftiodhp D, on Fig. 3.4)
and as three separate clumps with the @bvierino (11, 13 and 15 on Figure 3.5).
This region has a very small total massX( - 2 M,) and is a factor ot 6 super-virial.
It seems to represent a quiescent region at lower velod¢heas the main cloud and
connecting to the main cloud very close to the edge of the NiWctusster as seen on
dust emission.

The bulk of emission on this NW sub-cluster presents a vengent structure in
space and velocity throughout. It does not appear to be asdiitary as the SE sub-

cluster and the emission appears confined to relativelyejeo®| compact regions.

The SE sub-cluster is quiteftkrent from the NW cluster, both in spatial structure
and velocity, even though this is not obvious from the dusission. A comparison
of the 2D and 3D results shows thé’O emission to be more complex with none of
the gas emission peaks coincident with the compact sulbmeilie sources. The main
peaks of the €0 emission in this region lie in the filament seen in dust cantim
emission, between the compact sources. The 2D-clumps E aededetected as 3D-
clumps 10 and 3 respectively. The edges of these two clumgdagpvspatially with
each other, with another morefidise clump found by the 3D search peaking east of
the filament, 3D-clump 12, and also another clump west of tamént, 3D-clump 6
(equivalent to 2D-clump G). 3D-clump 12 is the one furthesteend has the lowest
velocity of the four, 7.36 kmis. Despite being adjacent, 3D-clump 10 and 3 have
7.68 kms?! and 8.67 kms' respectively, representing afidirence of 1 kmis between
their peak velocities. There is another similar velocitffetence between clump 10
and clump 6, west of the filament: 3D-clump 6 has a peak velaxfi8.51 kms?,
~0.8 kms? higher than its neighbour. These four 3D-clumps (3, 6, 10H2)d with

two sets of diferent peak velocities (around@.5 kms* and~8.5 kms?), overlap with
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each other at low intensities mainly throughout this filataen structure of the SE
sub-cluster, even though their emission peaks are spyati@flet. This shows that the
double velocity structure in the SE sub-cluster (as detaiieSection 3.4) is, to some
extent, recoverable from a single line fit using a @DmprinD analysis.

The remaining clumps detected in the SE sub-clusters ttaedess dense gas
around this main filament. These were not detected in the 2ckkemainly due to
their very narrow line widths, between 0.3 and 0.5 kinsnaking them faint in in-
tegrated intensity maps. Note that the dominant emissimm fiegions detected east
of the filament has lower velocities (3D-clump 7 has a peakaig} of 8.09 kms?),
whereas the regions detected west (3D-clumps 4, 9 and 1@) ligher velocities,
from 8.20 kms? to 8.80 kms.

Globally, there appears to be a velocity gradient from easst of nearly 1 kns
over slightly more than 0.1 pc. However, this is not a smoe#degnt throughout, as
in the filamentary structure we have spatially-overlapghgnps with very diferent
velocities. This velocity structure is further investigatusing the €0 lines, which

are not split by hyperfine structure, in Section 3.4.

With both methods (the 2D and 3D clump extraction), about @%he mass in
the NW region and 40% of the mass in the SE region is found todbepdsed in
the clumps. Even though both sub-clusters, SE and NW, hawdasitotal masses
(M), they have a dierent equilibrium status, with a factor of 3fidéirence between
their respective virial ratio. This translates into a higki@etic support in the SE sub-
cluster when compared to the NW. Interestingly, even whasidering the possibility
of depletion (Section 3.5.2), the SE region is still likelypgr-virial whereas the NW,
due to its smaller line width, is marginally sub-virial. Nadlso the higher virial ratios
for the individual smaller (both 2D or 3D) clumps within th& Sub-cluster when
compared to the ones in the NW. This supports the idea of mioeti& support in
the south, independently of a 2D or 3D approach to revealltimepy structure of the

region.
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Figure 3.6: Ratio of the total integrated intensities of% and G’O J=1-0 transitions
in Serpens. The blank regions within map are either orityinabn-observed areas (top and
bottom-left corners) or regions where the hyperfine fittiidcd’O was not well constrained
and therefore not considered.

3.4 The kinematics of Serpens

The Serpens velocity structure was then comprehensivadyest by imaging position-
velocity (PV) diagrams of €0 J31-0 and #3—2 and by fitting the €0 J31-0

emission at each position with a choice of a single or doulalesSian fitting to further
study each component of the spectra separately. A detatsetigtion of all the meth-
ods used as well as the results from the dynamical study otiien are presented in

the subsequent subsections.

3.4.1 Optical depth and outflow influence

When studying a region with a given molecular transitioss immportant to understand
the dtect of optical depth on the emission that we are observing.l@l optical depth

of C170 suggests that the'®D is also reasonably optically thin. One way to constrain
the optical depth of the 0 is through the ratio of the integrated intensities of the
C'80 and CG’0 J=1-0 transitions. If these species are both reasonably olytittah
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Figure 3.7: Observed ¢0 J=1-0 spectra (black solid line), smoothed in velocity to
0.1 kms! width channels, at two €fierent positions: on SMM1 (left) and on SMM11 (right);

with the respective Gaussian fit (red line). These are exeengfl a single peaked spectrum as
seen in the NW sub-cluster and a double peaked profile, asrsé®en SE sub-cluster.

and tracing the same gas, the ratio of their integrated sities is expected to approach
the ratio of their abundances3.5 (e.g. Penzias 1980; Frerking et al. 1982). Over the
mapped region the observed ratio (Fig. 3.6) is constant3, consistent with having
optically thin emission from both species, with very litdpatial structure even in the
denser regions. The greatest variations seen in the ratioand toward the less dense
parts around the sub-clusters, where the ratio ranges froitmw 2.5. No peaks or dips

in the ratio were found toward any submillimetre source,chivould be where we

might expect higher optical depth.

Another important issue when studying gas dynamics in regad active star for-
mation is the extent to which the line widths of molecular@ee are influenced by
outflows. Using the available data, | looked for the influenteutflows on the size
scale of the cores by investigating the spectra associaitdal the submillimetre
sources, looking for possible wing emission.

Although wings on &80 lines have proven to be able to trace outflow interaction
(Fuller and Ladd 2002), in Serpens and with the 0.45 K r.masenof our original
dataset (Section 3.2.1) no wings were found, and the linesunces with known out-
flows are well fitted by a single Gaussian. For example, Fig(l&ff panel) shows
that the G20 J=1—-0 spectra towards SMM1 is well represented by a single Gaus-

sian component, when this source is known to have an outfl@yviirt and Barsony
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Figure 3.8:In grey scale is the blue and red maximum emission {0C}=3—2: the top
two panels correspond to the red®0 emission (above 8 km¥) and the two lower panels
correspond to the blue’0 emission (below 8 km3). The blue and red contours represent
the1?CO blue and red integrated emission respectively, with the being from -4 to 4 kg
and the red from 14 to 22 km& The contour levels are from 0.25 K kmswith steps of
0.4 Kkms?

1996). | have also searched for evidence of the influencetéibas in the G0 emis-
sion by comparing the 0 J=3—2 maximum emission to thH€CO J=3—2 from the
HARP Gould Belt Survey at JCMT (Fig. 3.8). | chose to show theximum emis-
sion for G20 instead of integrated, to be able to see the narrow linehvildimentary
structures transversal to the main filament, otherwiseeadigsthe integrated intensity
maps. No obvious correlation nor anti-correlation betwienC-80 emission and the

outflows is found in the region (also investigated in Grauesd.€2010).

As such, the Serpens® emission is not influenced by outflows nor it is optically

thick and therefore the velocity structure we detectifG0s associated with the globall
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Figure 3.9: Velocity coded 3 colour plot of the GBS20 J=3—2. Each colour rep-
resents the maximum value in the following velocity intdésveblue: 5— 7.7 kms't;
green: 77— 8.3 kms?; and red: 8 - 11 kms*

cloud dynamics.

3.4.2 Position-velocity diagrams

As revealed by the £0 (Section 3.3.3), the NW region is mostly traced by higher
velocity emission, the exception being the regidiset to the east of the sub-cluster.
On the other hand, the SE is not so homogeneous, containthghigher and lower
velocity components, which overlap approximately wheeefttamentary structure is
seen in the continuum observations.

In Fig. 3.7 | present two examples of the typical spectra irpp&es, showing an
evident double peaked emission towards SMM11. In this @ecti will show that
this double peaked emission is present throughout the Skelester (e.g. Fig. 3.12)
and | will further investigate the nature of this emission. particular, the existence
of a double-peaked spectrum in other optically thin traseich as NH* (Olmi and

Testi 2002) rules out self absorption as an explanationefitie profile of the €60
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emission.

On the basis of a study of the line centroid velocity, desghiéepresence of double
peaked lines, Olmi and Testi (2002) argued that the regiomdgrgoing global rota-
tion. Figure 3.9 illustrates the overall velocity trendslandeed, a velocity gradient
that could mimic rotation is present.

However, position-velocity diagrams of the data show th&lwion of the veloci-
ties along the map to be inconsistent with simple rotatich r@veal a more complex
dynamics. Moving from north to south, and slicing horizdigtat the declination of
each SMM source (Fig. 3.10), we can see the evolution of th#iegigas (Fig. 3.11
and 3.12). We can see that in the north the emission is contiinede single velocity
(Fig. 3.11) and that moving to the south we gradually stagigtnguish two velocities
from two separate clouds, which are very well separatecedoSMM11 (Fig. 3.12).
For simple rotation, one would expect to see a smooth gradieng the velocity axis
as the RA changes. Instead we observe two velocity compsndaarly separated in
the southern part of Serpens (see e.g. PV10) and merginthesgehen moving to
the north of the SE sub-cluster (see e.g. PV7). At this ptirettwo components are
barely distinct lines, producing broad, non-gaussian lefi

| also looked at the velocity structure using both horizbatad vertical PV dia-
grams on the GBS ¥0 J=3—2 dataset (Graves et al. 2010, vertical PV diagrams also
shown here in Fig. 3.13). The information we get from heresatdthe horizontal
diagrams, in the sense that we can confirm the complex velstiicture, including
the double velocity component towards the south sub-alfbtst seen on Fig. 3.13
top right panel). We can also see velocities below 8 Krtmwvards the northern region,
in the first two panels. Because this corresponds to highep&sitions, these lower
velocities in the north are only seen in regiorfset to east from the sub-cluster seen
in 850um emission. The two last panels of this Fig. 3.13 (bottom mtre and right
panels) show the bulk of emission towards the NW sub-clusgtieich traces well the
850um continuum emission, showing us the velocities all coneged between 8 and
8.5 kms?,
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Figure 3.10:SCUBA 850um map of Serpens in colour scale and contours (contours as in
Fig.3.1), showing the cuts made along the map for the positeocity diagrams of &0
J=1-0 emission (Fig. 3.11 and 3.12). The cuts made crossing thd Sdlirces are denoted

as PV#, where the # is the number of the cut, starting from tréhn There are two cuts
which are denoted as “dust” which do not intercept any squsaewere made to understand
the velocity structure around the dust filament.

3.4.3 Decomposition of the €0 spectral components

To investigate the complex velocity structure of th#@ J=1—-0 emission seen on
the PV diagrams | have decomposed the datacube, by fittingéeaity components
to the CG80 spectra and creating one model datacube for each compdrantthe
Gaussian fits. This procedure allowed to study each of thetowals independently.
The data were first rebinned to 0.1 krhselocity channels. From the binned data,
| created a script in CLASS to fit each spectrum with a single<san and a double
Gaussian, and select the best of the two fits to proceed watimtidelling according
to a selection criteria. The two Gaussian fit was selectedhasriodel for the line
only if i) the diference between the central velocities of the two GaussiéaMi¥was
greater than 0.35 kmbor i) both lines were relatively strong with the peak intensity
ratio of the stronger to the weaker line less than 2.4. Theevaf 2.4 was determined
by a careful analysis of various line fits which showed thahé ratio was more than

2.4, the weaker line was poorly fit. The remaining spectraewitted with a single
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Figure 3.11:Position-velocity diagrams of the'®0 J=1—0 emission in the NW sub-cluster.
The cuts are horizontal slices of the map, as plotted andddha Fig. 3.10. The sources
name and RA position are indicated in each figure (dashedimell IThe dotted black lines
delineate the region of strong dust emission in @@ The declinations of each PV diagram
are presented in Table 3.1 and the RA varies froR80810° to 18'29™453 (from 180 to -195’
offset respectively). The colour scale and contours represeetine intensity in units of T.

Gaussian.

The higher velocity component (hereafter, HVC) of the deubéaked lines, as
well as the single lines with central velocity greater tha®kins!, were included in
the HVC datacube; lower-velocity lines and single linesqisgbelow 7.8 kms! were
incorporated in the lower velocity component (hereafteC)\\nodel datacube. The

two separate datacubes from the modelled emission are shdwign. 3.14 and 3.15.

3.4.4 Results of the 0 velocity structure

Figure 3.14 shows the spatial distribution of the LVC and Hy€ing the integrated

intensity from the model datacubes. It shows the HVC tradimegspacial distribution
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Figure 3.12:Same type of position-velocity diagrams as Fig.3.11 forSkesub-cluster. The
RA also varies from 180™10° to 18'29M45° (from 180 to -195” offset respectively). PV
diagrams displayed in descending declination, as theyaappeFig. 3.10.
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Figure 3.13: Vertical position-velocity diagrams in greake and contours represent-
ing the G®0 J3—2. Declination ranging for ©¥’'24.1” to 1°25'0.8” (offset from
-515" to 720" respectively) on all diagrams. The NW sub-tdudies in Dec @sets
of +90” to +270” and the SE sub-cluster between -180" aw80”. Panels are dis-
played with decreasing Right Ascension (i.e. from East tst)Vavith upper row
being mostly representative of the SE sub-cluster whehegl®twver row represents the
NW sub-cluster. From top-left to lower-right diagrams, tuts are at constant RA of
18"'30M8.4°, 18'30M4.4°, 18'30M0.4°, 18'29"56.4, 18'29"50.4 and 1829"44.4.

of the 85Qum submillimetre continuum emission much better than the LY@ HVC
emission is stronger in the north, but it lies along the filab@ntaining both sub-
clusters, extending in a SE-NW direction. The LVC is roughligned along the S-N
direction and is stronger in the south, where it meets the HM@s region where the
two clouds meet, i.e. where we detect two velocity companaldng a line of sight,
will be hereafter referred to as the interface of the two dbu

Figure 3.15 shows the integrated intensity of the modelidalibes for each com-

ponent as in Fig.3.14, along with the velocity structure athkecloud. In the NW
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Figure 3.141ntegrated intensity maps as a result of the separatioredftth line components
of the C*80 J=1-0 transition, under the assumption of twéfeient clouds seen along the line
of sight. The LVC is shown on the left and HVC on the right. Tlaekground grey scale shows
the 850um emission tracing the cold dust, with its respective sulimmitre sources plotted as
triangles. The contours represent the integrated inteasthe modelled Gaussians (fitting the
data in T,). Contour key: left (LVC) at 0.2 K kns" (dashed) and 1.5, 2.5, 3.2 and 4.0 K krns
(solid); right (HVC) at 2.5 and 3.0 K km$ (dashed) and 3.2, 4.0, 5.0, 5.5 and 6.0 Kkins
(solid).

sub-cluster, the HVC appears at velocities around 8.4 kmgth the exception of a
few regions at the edges of the cloud reaching velocitiesgts és 8.8 kms'. The
region which stands out from the bulk of this sub-clusterna HVC is the region
SW of SMM1, by reaching the highest velocities of the entloaid towards its edges
(9 kms1). This region was also detected as an individual clump inGH® analysis
and it does not have a strong 8@ dust emission, in contrast to its gas emission. The
LVC in the NW sub-cluster is spatiallyfiset to east, with velocities of 7.5 - 7.8 kms
similar to most of the emission in the south. For both the HW@ BVC, the typical
line widths in the NW are around 1 ks

The region between the two sub-clusters, mainly repreddit¢he emission from
the HVC, has the systemic velocity of Serpens (around 8.0 Rrpsssibly due to the
merging of the two components. Note that the emission herather weak, and the
presence of SVS2, a more evolved (flat spectrum) near-IRceqitaas et al. 2004),

suggests this region to be already relatively deprived sfayal dust content.
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Figure 3.15:Maps of the velocity structure of Serpens from the separatiothe two line
components of the ¥0 J=1-0 transition. As in Fig. 3.14, the LVC is represented onléie
and HVC on the right. The submillimetre sources are plottedriangles, and the contours
represent the integrated intensity as in Fig. 3.14. Theuwraoale is now the centroid velocity
of the same modelled Gaussians, where the light pink cokpnesents the lack of a fit to that
velocity component.

In the SE sub-cluster, the HVC velocities range between 8&hdkms?, being
higher towards the southern end of the filament. On the otaed hthe LVC shows
a velocity gradient contrary to the HVC, increasing from teseast. The material
west of the filament has velocities of about 6.8 - 7 kshilst at the filament axis
velocities are around 7.5 kmis This translates into a gradient of5 kms*pc?t. To
the east of the filament the velocities are approximatelgtzon at around 7.5 kms
Therefore, the clouds seem to have a greaffsebin velocities in the far-south end
of the filament, converging into one velocity as one movesmai/hen two lines can
no longer be separated, the emission becomes a single biosglecentered at the
intermediate velocities of 8 kms. The line width in the SE sub-cluster, specially

where the two components merge, is around 2Rms
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3.4.5 Discussion

The study of the dynamical properties of Serpens has shome stear diferences
between the two sub-protoclusters of Serpens.

From the clump decomposition of theé-© emission (Sec. 3.3), after modelling
the hyperfine structure assuming a single velocity compprensee that in the NW
sub-cluster there is a good correlation between the gaspdamd dust structures. The
stronger clumps detected in the gas correspond to the miamilimneter sources and
are likely to be tracing their respective envelopes andsmaings. In contrast, the SE
sub-cluster presents a more complex structure, with thdiga#ution tracing clumps
in-between the submillimeter sources. The virial analgéiall the Serpens clumps
showed that the NW sub-cluster is more bound than the SE, resequence of the
broader line emission in the SE sub-cluster.

The analysis of the line profiles of'®®D and PV diagrams in the entire region
showed the existence of two velocity components, comingn ft@wo different clouds
in the line of sight towards the SE sub-cluster. | have sepdridne emission coming
from these two clouds in the line of sight to understand thpatial distribution and
dynamical properties separately. With this study we carttsehe overlap of the two
clouds corresponds to the dust lane seen in theud®@@ontinuum emission in the SE
sub-cluster. The velocities of the clumps detectedifOGshow that they correspond
either to one cloud or another, explaining the existingiapaterlap of some of the
clumps in the SE. The line width increases between the nodtttee south, reflecting
four times greater kinetic support in the SE region, in conspa to the NW region,
consistent with the €0 J=1—-0 analysis. The SE is therefore much more complex
and much more dynamic than the NW.

As a final remark, note from Fig. 3.12 that the SMM sources @3k sub-cluster
appear at the edges of the interface between the two cloudtstuhe filamentary
structure seen in dust follows the interface region itsste(the PV diagrams labeled

as “dust”). Itis, therefore, not surprising that at thisenfiace there is an interaction be-
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tween the LVC and the HVC, provoking the enhanced dust eandsttween SMM2,
SMM3, SMM4 and SMM6, as well as the elongated filament tha¢mos$ south to-
wards SMM11 and beyond. A dynamical interaction betweendwaods, as indicated
by this space-velocity structure and the turbulent motifmusd towards the south,
could be at the origin of this episode of star formation altmgfilament. However,
the dynamics are not fiicient to understand if this is the case and the physical prope
ties of the cloud need to be understood. The study | perfotmedravel the physical

properties of Serpens is presented in the following section

3.5 Study of the physical properties

Given the low optical optical depth of*D, estimated from the ratio of the integrated
intensities of the €0 and G’0O J=1-0 transitions (Sec. 3.4), one can reliably study
the physical properties of the gas around the protostamsuginsurely sfiering from
some depletion at the inner parts of the envelopes, the lbwmes transitions of €0
are a valuable tool to investigate the dense regions, prayid measure of the gas
column densities and excitation temperatures.

| have studied the physical properties of Serpens using tfierdnt methods. One
assuming local thermodynamical equilibrium conditioregdtional diagram) and an-
other using a non-LTE radiative transfer code (RADEX) faggicting the conditions
for which Ct%O would have the observed intensities. Each method is desthiriefly

in the following section§3.5.1), with the results presented and compared later.

3.5.1 Considerations on the methods used
LTE: rotational diagram

When in the local thermodynamic equilibrium (LTE) regimemalecule’s population
distribution in the energy levels is entirely determineddojlisional excitations and

de-excitations and described by the Boltzmann distriloutfeor each transition, there
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is a critical density where the collisional and radiativeigations have equal rates.
Therefore, for collisions to be dominant in populating aegivenergy level, the densi-
ties need to be higher than the critical density for thatditeon. In Table 3.4, | present

the critical densities for the three lower transitions éf@that | used for this study.

Table 3.4: Critical densities {fica) at 10K and 20K for ¢80
ct®o Ay Ky Neritical
transition (s (10 emPs ) (103 cmd)

10K/ 20K 10K/ 20K

J=1-0 6.266¢<10°° 3.3/3.3 1.9/1.9
J=2-1 6.01x1077 7.2/6.5 8.3/9.3
J=3-2 2.17X%10° 7.9/7.1 27/ 30

These values were derived using the information providethéy.eiden Atomic and
Molecular Database (Schoeier et al. 2005),:b&ing the Einstein Cdgcient for the upper

level, and K, the respective collision rate at both 10 K and 20 K.

In LTE the particles are well mixed and their kinetic tempera corresponds to a
single excitation temperaturd@d,;). When several transitions of a same molecule are
thermalised, we can use them to calculate the gas propersieg a rotation diagram

analysis. From chapter 2.1 (Eg. 2.27) we know that

chg.Au

TmpAV = ———
mbAY 4rkv2Q

NtOte_ Eul/kTexc. (34)

For each transitionbetween the levelsandl of energyE; = E, we can introduce

a variabléW, as being the observed average integrated intensity ofdhsitioni (W, =

TmpAV) and the variable; as beingy; = C::sz%'

and is constant for each transition. By

doing so, we can re-write the previous relation as:

W = 3N 5/ Tee (3.5)
which is equivalent to:
W E
In — = In(Nop) — —. 3.6
= InNo) = (36)
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Using equation (3.6) | performed a linear fit of the observedmities W, for
all the three transitions) and extracted the total colummsie (N,;) and excitation
temperature ey from the constant and the slope of the fit, respectively.owshn
example of this fit at eight positions in Serpens in Fig. 3.Tgéis method is called the
population or rotation diagram method and has been exiegarged in the literature
(e.g. Goldsmith and Langer 1999) and has shown to be reliabén the transitions
are in LTE. The temperature fit from this method is robust deés not depend on the
absolute values of the intensities of the lines, but ratimetheir relative strength. On
the other hand, the absolute value of column densitiesewett from this method is
very sensitive to fluctuations of the absolute values of the=oved intensities. Despite
its uncertainties, the rotation diagram method is robuseineving the structure and
trends of the column density throughout the region, as vgetha approximate abso-

lute column densities.

Non-LTE: RADEX

The radiative transfer equations ardfidult to solve due to the non-linear behaviour
of the interdependence of the level populations and thetiadi field, i.e., the local
level populations depend on the radiation field and the tadfidield depends on the
overall level populations. Therefore, the statisticaligiopgjum and radiative transfer
equations are coupled and have to be solved simultaneaudligd entire cloud. The
escape probability formulation allows a simplification leése calculations when only
the global properties of a medium are of interest. It useateeaged probability for
a photon created at a given optical depth in a cloud to es@agkjt assumes that a
photon created locally can only be absorbed locally, alhgathe decoupling of the
statistical and radiative transfer equations.

RADEX is a statistical equilibrium radiative transfer codqeart of the Leiden

Atomic and Molecular Databa$@_AMDA), that uses the escape probability formula-

“httpy/www.strw.leidenuniv.nmoldata

Ana Duarte Cabral 89



3: SERPENS MOLECULAR CLOUD

Population Diagram method
7 L

37

38 NG

In(Wi/Yi)

35; N\

34l v b

30 40

Figure 3.16:Example of fits using the LTE approach, i.e., the rotationajchm method,
for eight positions. These positions are the same as thewhere | have studied using the
non-LTE approach (Section 3.5.2; Fig. 3.17 and 3.18). Therdhree triangles per position,
corresponding to the three transitions considered, whielt@nnected by their respective line
fit (dashed lines). The blue and the green distinguish théi@os in the north and the south
respectively.

tion to calculate expected line intensities for a given roole (van der Tak et al. 2007).
It is a one-dimensional radiative transfer code that doésssume LTE nor optically
thin lines and considers an isothermal and homogeneousumaslithout large-scale
velocity fields. For the escape probability formulatiorrgguires the choice between
three given geometries: an expanding spherical shell,te sggherically symmetric
homogeneous medium or a plane-parallel slab. It also regjaichoice of the collision
partners and the input of a molecular data file with the dolfial rate co#icients for
the molecule under study. The other inputs, mainly retdevem observations, in-
clude the volume density, background temperature, kinetnperature, gas line width
and gas column density. With this, RADEX quickly estimatesintensities for the re-
qguested molecular line transitions. It does not make anymagson as to beam filling
factors, so if justified, this needs to be corrected for betmmparing these intensities

with the observed ones. The way it estimates the intensdileg starting to solve the
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statistical equilibrium in the optically thin case and &gvely find a consistent solution

for the level populations and the radiation field.

For this non-LTE study | have used the RADEX source code asas¢he example
python scripts made available from LAMDA for more robustocdétions. | adapted
the python code to provide a fit of the column densities H3C as well as the kinetic
temperature. | have assumed a static spherically symnmetmmgeneous medium and
the collision partners to be only,H The molecular data file with the collisional rate
codficients for G80 was retrieved from LAMDA. Finally, | chose eight positioims
Serpens as a sample offérent conditions to proceed with this study, four in the NW
and four in the SE sub-cluster.

For each position modelled, the input volume density wasrdahed from the
submillimetre dust continuum emission, assuming a cloystidef 0.2 pc (based on
the projected size of the dust emission), a dust absorptieficient of 0.02 crig™ at
850um (van der Tak et al. 1999; Johnstone and Bally 2006) and aelungterature of
10 K for all but three positions. The three exceptions aresitgm NA (=SMM1)
where 38 K was adopted from the SED fit by Davis et al. (1999) positions
NB(=SMM9) and SAESMM4), where we adopted a temperature of 25 K, consistent
with the > 20 K determined by Davis et al. (1999). Where two velocity poments
existed (in the SE positions) | assumed thevidlume density to be the same for both
C!80 velocity components. Changing the dust temperature assemed cloud depth
changes the estimated, Molume densities, but this change only becomes important
if the volume densities becomes lower than the critical diessfor the considered
transitions. | tested theséects using RADEX, and the resulting gas column densities
and kinetic temperatures remain tiiegted by changes in the assumed dust tempera-
ture between 10 K and 40 K, or in the assumed depth between arip0.3pc. If the
transitions are thermalised, only the fractional abundafcCt®O will be affected by
changing the assumed ldolumn density.

The central velocity, line widths and integrated intensityeach transition were
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retrieved from the data by fitting the average spectrum witniS’ radius of each
position. The central velocity and line widths shown in EaBI5 are the average over
the three transitions, and have an uncertainty of the orflélokms?®. For the 4
positions in the NW sub-cluster, this procedure is strafghwvard as the lines of all
three transitions are well represented by single Gaussitmsever, the spectra of the
SE sub-cluster positions, having two velocity componesiés separately fitted with 2
Gaussians in order to investigate any possilie@nces between the two components.
For each of the eight positions, | created a %0800 grid of gas column densities
(ranging from 16? to 10'° cm2) and temperatures (ranging from 5 K to 40 K). For
each grid point, | used RADEX to calculate thé®Q integrated intensities for all
three transitions (denoted dex )) | used ay? comparison to find the best fit of
the RADEX models to the observed ratiQs o)/l 2-1y andlg_g)/lz-2) as well as the
absolute value of;_q). They? has been calculated using Eq. (3.7), whk?ji%_ 3o 1S
the observed integrated intensity of the transition betwlgandJy,,, andA(X) is the

uncertainty on the quantity.

|ob /lobs radeX/lradex 2 |obs /lobs radeX/lradex 2 |obs |radex 2
2:( -0)/ "(2-1) (1-0)" " (2- 1)] +[ -0)/ "(8-2) (1-0)" " (3- 2)) +( (1-0) (1- 0))

A(| obs O)/I obsl)) A(| obso)/l obs 2)) A(| obs O))

In calculating they?, | assumed that the relative errors of the input integrated i

tensities are independent, and therefore the uncertainheir ratio is described by

2 2 2
A1 /155) AN (A0ES)
— L e o + (3.8)
(|obs /|obs ) |obs |obs
(1-0)/ "(2-1) (1-0) (2-1)

| have estimated the relative errors of the input integratéehsities as approxi-
mately the relative errors in the intensifiy, (EQ. 3.9), i.e, not including the error
in velocity. This assumption will overestimate the valuég®for each position, but
changes on the best-fit result are only of the order of 1%eggesthen assuming an
overestimated uncertainty in the line widths of 20%). Themin T, is given by the

r.m.s. of the line fit given byrass.

92 Kinematics and physical properties of young proto-cluster



3.5: STUDY OF THE PHYSICAL PROPERTIES

AN DN %) = AT mia-0)/ Tmiz-o) (3.9)

The results from the RADEX models are presented in TableRbbeach position
it shows the input parameters, the best fit integrated irtteador the three lines, the
best fit temperature and column densities as well as theeachplbundances from the
non-LTE analysis. For comparison, the table also includegeémperatures retrieved
using the rotation diagram method. Thesurfaces in the temperature versus column
density domain for each position studied with the non-LTprapch are shown in

Sec. 3.5.2.

3.5.2 Results on the physical properties

To understand the correlation between the dust and gas snregion, | show, in
Fig. 3.17, a pixel-by-pixel comparison of the 8@t flux density against the inte-
grated intensity of the three transitions 0O, all convolved to a common resolution
of 24”. For the purpose of these scatter plots, | oversampled tiagtaa pixel size of
2.5”,in order to better distinguish the trends.

Overall, the distribution of points is similar for the threansitions. There is a gen-
eral correlation between dust and gas, especially for trekareemission (Fig. 3.17).
However, the distributions also show structure which cstesitly appears across all
three transitions. The very prominent peaks of dust emmss@responding to the
stronger submillimetre sources are obvious, and althoogleneral there is an in-
crease in the €0 emission at these positions, the dust peaks do not comgspo
global peaks in the ¥O emission. In fact, the nature of the relationship betwéen t
C'80 emission and the dust appear§atient in the NW and SE sub-clusters.

Focusing on the NW region (blue in Fig. 3.17), the plots armidated by two
dust peaks, each of which is associated with a well definetdsdparate, increase in
C'80 emission. Comparing the'®D intensity, the emission becomes weaker moving

to higher energy transitions. On the other hand, the SE huigter (green in the figure)
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Figure 3.17:Scatter plots of the SCUBA 85@m dust emission against thé®0 integrated
intensity over the whole range of velocities (top left=130, top right: F2—1, bottom:
J=3-2). Blue points show the NW sub-cluster and green points thesi-cluster. The
four positions chosen in each sub-cluster to investigate mon-LTE modelling shown on the
middle panel for the NW region and the lower panel for the $fiore These positions are also
indicated on Fig. 3.18.

shows a dierent trend from transition to transition, becoming stemat higher tran-
sitions. In addition, there appears to be a more pronouneedrgl correlation in this
region between the dust and line emission. Neverthelesss #ire clearly structures
departing from this trend: several 8afh peaks corresponding to SMM sources; and
C'80 peaks, which do not have significant submillimetre emissio

The four positions in the NW and another four in the SE marketié scatter plots
(Fig. 3.17) are the positions selected for a detailed stutty RADEX. Their position

in the map is indicated on Fig. 3.18. These positions wers@mdrom the scatter
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Figure 3.18:Map showing the positions of the selected regions for theliddh RADEX
study indicated by blue and green circles (for the positionthe NW and SE sub-clusters,
respectively) and labeled as in Fig. 3.17. The contours atalic scale show the SCUBA
850um emission as in Fig. 3.10.

plots as corresponding to interesting features in the [airoas between the dust and

gas emission, selected to span the range of the correlation.

LTE results

In the LTE approach, | applied the rotation diagram methotheaentire map, as a
pixel-by-pixel comparison of the emission from the thremsitions, after convolving
the integrated intensity maps of the three transitions thiérssame resolution (23and
pixel re-sampling for an exact match’(pixels, as in the original IRAM data). From
these, and using the linear relation as described in Sed., 3.6onstructed the map

of the excitation temperature across the region (Fig. 3eff), This shows the NW
and SE sub-clusters to havefdrent temperature structures. The NW appears very
homogeneous with no significant temperature peaks and estipératures ranging
from 9 to 10 K. This can also be seen in Fig. 3.16, where thelbies, corresponding

to the four positions in the NW (shown in Fig. 3.18), are apprately parallel. Since
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Figure 3.19:Left: LTE excitation temperature map in colour scale. Righolumn density
map (colour scale) derived from the rotation diagram metfd dotted black contours show
the dust 85Qum emission at 0.6, 1.2 and 1.8 Jy beam

the slope of this curve is related to the temperature, tlog/shthat the temperatures in
the North are all very similar. In contrast, the SE regionihath higher temperatures,
ranging from~ 10 to 14 K, and a much more peaked distribution. In Fig. 3.1§ th
is shown by a range of flerent slopes in green. Interestingly, Fig. 3.19 shows that
this enhanced temperature in the south does not peak on the@dostars but rather
between them, along the dust filament which correspondstmtbrface region seen
on the PV diagrams (Fig. 3.12).

The C8O column density map (Fig. 3.19, right) calculated from tb&ation di-
agram follows more of the dust structure than the tempezanap. Both the south
and north sub-clusters are evident as denser regions, leveglt the dust and gas col-
umn densities peaks are not always coincident, especiatlyei SE. The mean*€O
column densities are very similar in the north and the sottte regions with higher
gas column density (the entire NW sub-cluster and the filarietween SMM11 and
SMM2 in the SE sub-cluster) have a lower temperature. Ceslethe regions with
slightly lower gas column density (between SMM2, SMM4, SM&t8 SMM6 in the
SE sub-cluster) have higher temperature. The region seegt-of the NW sub-cluster

which appears to have a relatively high gas column denségnseo have very similar
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properties to the rest of the NW sub-cluster and yet it is mbécted in dust emission.

Non-LTE results
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Figure 3.20:Left: y? surface for the integrated intensity ratios at position Night: y?
surface for the integrated intensity ratios at position NB.
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Figure 3.21:Left: y? surface for the integrated intensity ratios at position R@yht: y?
surface for the integrated intensity ratios at position lDBntour at 25.

In Figures 3.20 to 3.25 | present thé surfaces from the non-LTE analysis of
the line integrated intensity ratios for each of the eighsipons studied. For each

position, they? is plotted as a function of the RADEX output temperature aas g
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column density. Given the use of three quantities in the &igrisider the reducegd?
(i.e. x?/3) to be a good fit when it is smaller than unity. All figures haeatours at

x? =1, 2 and 3 with the exception of ND (Fig. 3.21) and SD (Fig. .25
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Figure 3.22;y? surfaces for the integrated intensity ratios at position SA1 (LVC) on the
left, and SA2 (HVC) on the right.
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Figure 3.23:y? surface for the integrated intensity ratios at position SB1 (LVC) on the
left, and SB2 (HVC) on the right.

In Table 3.5, from the second to the fourth column | presemesobserved pa-
rameters at each position, identified in the first column. hWiite exception of the
central velocity, these parameters were used as an inpltAPEX. Columns five to
seven are the observed integrated intensities of the thaiasitions, used to find the

best fit through a? comparison. The following three columns (entitled RADEXbe
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Figure 3.24:y? surface for the integrated intensity ratios at position SC1 (LVC) on the
left and SC2 (HVC) on the right.
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Figure 3.25:y? surface for the integrated intensity ratio at position SD1SLVC) on the
left, and SD2 (HVC) on the right. Note theffiirent colour scale for SC2. Contours are 6 for
SD1 and 18 for SD2

fit) present the integrated intensities from the RADEX mobdglwhich achieved the
minimumy?. | present the values efimplied by the conditions at the best fit situation,
with the associated uncertainties, estimated by retriethe variations ot within the
contoured regions in Fig. 3.20 through to 3.25. The colummsidies of H derived
from the dust emission for each position are presented faidywed by the column
densities of ¢80 from the best fit (columns twelve and thirteen) and by theligalp
C'80 abundances. Finally, | present the best fit fgs fom the RADEX (non-LTE),

side-by-side with the excitation temperaturegg,Tretrieved for those positions, from
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the LTE method.

For positions ND, SB, SC and SD, the Eblumn densities derived from the dust
and used to estimate the abundance $0Cwere calculated using a dust temperature
of 10K. Assuming a temperature of 15K for all 4 positions (\EB, SC and SD) would
reduce the K column densities by a factor of 2.1, representing an ecgiinaise of
the fractal abundance of®D by the same amount.

The derived ¢80 fractional abundance (which is averaged along the lindgbit)s
implies a depletion of €0 of between a factor of 1.4 (for NC) and 4.3 (for SC), with
an average of 2.5 compared to the abundance?&1.0~’ in dark clouds (Frerking
et al. 1982). Given that the ratio betweet/@ and G80 has shown these two species
to be reasonably optically thin with an integrated intgnsdtio of ~3.5, a factor 2.5

depletion of G20 implies the same depletion factor fot’O.

3.5.3 Discussion

Table 3.5 shows thatin the NW region the LTE (rotation diagrand non-LTE (RADEX)
analysis are in good agreement. Both the rotation diagraR&DEX show varia-
tions in T, of only 1 K. They produce absolute values of temperature witer by

at most 10%, and the trend in temperature between posis@isilar. Comparison of
the C80 column densities and the,ldolumn density calculated from the dust contin-
uum emission at the same positions, impA?@ abundances a factor 2.5 smaller
than typical values (Sec. 3.5.2). Given the low optical Hepftthe C80 emission
(Sec. 3.4), the low €0 column density, and hence abundance, implies that tf@ C
is depleted with respect to the molecular hydrogen, evehemnwtarmer envelope of

SMM1, consistent with the results of Hogerheijde et al. @)99
The RADEX results also showed that®O may only be marginally optically thin

in some regions, with opacity values approaching the urlgmewhat surprisingly

given the low optical depth of the®D (below 1) and despite its depletion, neither
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the LTE nor the non-LTE analysis finds evidence of increasatperatures towards
the apparently warmer inner regions of the embedded parytosiAlthough the dust
emission indicates the presence of warm dust towards thegtaos (Davis et al. 1999),
the CG80 emission implies low and uniform temperatures. Althougttidn of the
warm inner region within the 24beam may contribute to thefficulty in detecting the
warmest gas, it is surprising that no evidence of any tentperancrease is seen. CO
is predicted to freeze-out on to grain surfaces at tempestielow~ 18K, consistent
with the low C80 excitation temperature, but not at dust temperaturespinétance,
~ 30K seen towards SMM1. Since this is above the sublimatioyp&ature of pure
CO ice it is possible the CO could be trapped in a water richwdgch would only
sublime and return CO to the gas phase at temperature$Qff K (e.g. Visser et al.
2009).

The southern region is more complex. In terms of column dgnfar all four
positions the non-LTE results show the LVC to have slighilyher column density
than the HVC. The LTE and non-LTE approaches agree in theegbasthe northern
positions and SD have higher values df@ total column density (summed over both
velocity components where necessary). These are followdddecreasing column
density by SB, then SA and finally SC.

SAis at the position of SMM4, where there are two componefiiseoC20 emis-
sion, a strong low velocity component (SA1) plus a weakeh Mglocity component
(SA2). In the 33—2 transition, the high velocity component becomes faint difith
cult to separate from the lower velocity component (see€ld@t8). This weak33—2
emission constrains the temperature to 6.6 K for the higbakercity component (SA2).
At SC the two cloud components are also significantly blenddae temperature of
the LVC at this position (SC1) is1l K, constrained withinl K, with the weaker
HVC warmer, but somewhat less well constrained.

In general, in the south, the lower velocity component hagghdn temperature
toward the most central positions studied (SA and SD). The®Baand SC, at the

edges of the dust emission, the temperatures are similarbeith components still
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higher than the temperatures generally found to the neftR K and 14 K in the south
versus~11 K in the north). Overall, and with the exception of SA, thé®has higher
temperatures than in the north, arount¥ K. On the other hand, the LVC traces the
temperature trend as identified by the LTE study (Fig. 3. %) than the HVC, but
the absolute LTE temperatures are between the non-LTEv&uéVC and HVC.
Therefore, | conclude the temperature rise toward the goutb real. Such arise is
consistent with a scenario where this region is tracingriteractioricollision between
two clouds, with a shock layer with higher temperatures asmdpgex motions at the

interface.

3.6 Summary and discussion

My study of the Serpens Main Cluster has shown that two apgistreery similar pro-
toclusters as seen in submillimetre dust continuum emmssam reveal very dierent
dynamical and physical properties in molecular lines. Mesall the outflows seen
in 12CO in the region, the denser gas around the cores seef® &d C’O does
not seem to be perturbed and is able to provide details ofulesgent material in the
cloud.

In the NW sub-cluster the bulk of emission has a velocity atb8.5 kms*. How-
ever, there is a lower velocity component of the gas easteo$tib-cluster (Fig. 3.11)
with the transition between these component being rathep#m The velocity dter-
ence between the submillimetre sources in this sub-clistanall, ranging from 0.1
to 0.3 kms?.

The physical conditions in this NW sub-cluster are alsogatioherent. Temper-
atures and column densities derived from both LTE and ndB-&halysis are con-
sistent and show little variation within the sub-clusteheTC:2O emission peaks are
mostly consistent with the dust peaks. Clump-finding st diethis region retrieved
two main peaks which are directly related to the two strorsgdgamillimetre sources

in the NW sub-cluster: SMM1 and SMM9. However there are ndewi temperature
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peaks associated with the submillimetre sources. The rengagas emission in the
sub-cluster is either associated with these main peaksakaevstructures surrounding
the main bulk of the dust emission. The gas column density sl@sely follows the
clumpgintegrated intensity distribution of the gas, particufanlthe lower J transitions
tracing the colder gas.

The SE sub-cluster on the other hand is a much richer regiga dynamics and
properties. There are two velocity compongeitauds along the line of sight, clearly
identified using both clump-finding and position-velocitagrams. These two clouds
appear to be interacting. They are mofEset in velocity in the south and start to mix
moving to the north within the sub-cluster. Most of the seuthsubmillimetre sources
appear to have a stronger association with the HVC, despiten¢p some emission
from the LVC along the same line of sight. A counterexamplevdacer is SMM2
which, as can be seen in the PV diagrams, has a strori§@rE1—0 lower velocity
component. The overall dust filament, as seen in@&&0coincides with the N-S lane
where the two components overlap, suggesting it is tratiagnterface region between
the components, the region where they are interacting.midtely, this interaction
might have been responsible for triggering the star foromag¢ipisode in the SE sub-
cluster.

In contrast to the NW sub-cluster, the LTE temperature in3&esub-cluster is
both higher and more structured, peaking close to the ridgist continuum emis-
sion. Unlike the north, the two velocity components in thetkoare dificult to fit
with a single well defined temperature. The general trendielrer, points to higher
temperatures in the southern sub-cluster than in the norub-cluster.

The modelled column density map (Fig. 3.19) closely tratesemission from
the lower transitions &1—0). The high G0 column density regions in the SE are
not associated with any of the submillimetre sources, liherahe southern filament.
The region with enhanced temperature, however, does notidei with the highest
column density regions. The uniform dust emission over 8tisregion results from

the southern filament having lower temperature but high&rmao density whereas
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the northern part of the SE sub-cluster is slightly less dehst warmer, resulting in

equivalent 85@:m dust emission.

3.6.1 Proposed Scenario

The velocity, temperature and density structure of Serpeggest a more complex
picture than simple rotation which has previously been kenbto explain the velocity
structure (e.g. Olmi and Testi 2002).

It is known that cloud-cloud or flow collisions happen in thal&xy as molecular
clouds move within the spiral arms. Furthermore, simutetiof cloud-cloud collisions
(e.g. Kitsionas and Whitworth 2007) have shown that dersitlyancements in the
collision layers can be high enough to trigger star formmatidAdditionally, clouds
are commonly seen as filamentary structures, not only dubngalso prior, to star
formation. We suggest that the two velocity components ge&erpens are tracing
two clouds along the line of sight and that the interactiorithafse clouds is a key
ingredient in the star formation in Serpens.

We propose that we are seeing two somewhat filamentary cloansing toward
each other and colliding where the southern sub-clusteeiisgbformed. The cloud
coming toward us is to the east while the cloud moving awagnfus is to the west,
and represents the main cloud. An inclination angle betweerwo filaments could
explain why the two velocity components are spatialfiset in the north but over-
lapping in the south. This scenario explains both the dopblked profiles of the
optically thin lines and their distribution along what has\pously been identified as
the ‘rotation axis’ of this region.

If the north region was initially close to collapse, the direollision of the clouds
in the south could indirectly trigger or speed up this cdkapn the north without
significantly enhancing the temperature or perturbing tiwenisic, ‘well behaved’ ve-
locity and column density structure. In the south, howesech a collision makes it

easy to understand why the density and temperature enhanteare not necessarily
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associated with the sources, as they are being generated &yternal trigger: the
collision.

Note in addition, that in the south, unlike the majority of thources in the north,
there is a poor correlation between the submillimetre smi(Davis et al. 1999) and
24 um sources (Harvey et al. 2007b), as shown in Fig. 3.1, suiggestwider spread
of ages of the protostars in the south than in the north. Soncge spread would be
consistent with a collision in the sense that a collisiorosan instantaneous event but
rather an ongoing process.

A first test to this collision scenario is the timescale foriethsuch clouds would
cross each other, their interaction time. If we assume thel €loud is a filament
of radius of 0.1 pc (similar to the size of the dust 868 emission), and we adopt a
collision velocity of 1 km st (approximately the mean observed velocitffelience,
along the line of sight, between the two components), thedgale from when the
clouds start colliding until they are completely separatesguming a head on collision,
is 4 x 10 years, consistent with the estimatedL0 year age of the region (Harvey
et al. 2007a; Kaas et al. 2004).

Several simulations of cloud collisions such as proposeel éest in the literature.
For example, SPH simulations of clump-clump collisionsrir&itsionas and Whit-
worth (2007), have shown that two approaching clumps witlow sollision velocity
of 1 kms* (Mach number of 5), can indeed trigger star formation in iision layer.
Specific simulations of the proposed collision in Serperikhei presented in the next

chapter.
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Table 3.5: Modelling results for the 8 positions selectedrfithe scatter plots

Ho Line Central Observed RADEX best fit Column density Abundance Non-LTE LTE
Position density width  velocity | l-g) l(2-1) la-2) | la-o0) l(2-1) l(3-2) 7(1-0) Ha C¥0ragex  CfO/M, Tiin Texc
x1® ecm3)  (kms1)  (kms? (K kms™1) (K kms™1) (10%cm2)  (10%%cm2) (x1078) (K) (K)
NA 2.60 1.6 8.5 9.15 10.65 6.94| 9.23 10.42 7.28| 1.0+0.2 1.60 154 9.6 11.7 10.3
NB 2.25 15 8.4 7.47 8.87 476 | 7.44 8.15 5.20| 1.0+0.2 1.39 11.9 8.6 10.6 9.5
NC 1.62 1.9 8.5 8.14 10.35 4.90| 8.13 9.29 557| 0.8+0.2 1.00 11.9 12.0 10.5 9.5
ND 6.50 14 8.5 7.90 10.09 4.82| 7.99 8.88 6.20| 1.0+0.2 4.01 13.5 34 114 9.5
SAl 2.98 2.2 7.8 4.69 10.57 8.46| 4.75 9.84 9.01| 0.13+0.01 1.84 6.4 5.8 18.2 134
SA2 2.98 1.0 8.3 242 1.98 0.50| 2.50 2.02 064 1.1+03 4.2 6.6
SB1 3.99 15 6.9 4.63 6.66 4.20| 4.74 6.72 437| 04x0.1 2.46 6.0 4.2 11.9 12.7
SB2 3.99 1.1 8.5 3.32 5.99 431| 3.35 5.73 450 0.3+0.1 4.4 14.8
SC1 6.28 1.7 7.7 461 7.37 3.87| 4.72 6.82 4.37| 0.37+0.05 3.87 5.8 1.9 11.7 10.2
SC2 6.28 1.2 8.7 1.17 2.58 145| 1.21 2.23 1.71| 0.09+ 0.05 1.4 14.2
SD1 7.81 1.1 6.9 481 7.44 7.31| 5.01 8.53 7.34| 0.38+0.02 4.82 7.3 2.7 16.6 12.8
SD2 7.81 1.4 8.2 441 8.66 466 | 4.45 7.42 5.74| 0.31+0.02 5.8 14.4

Positions of the NW sub-cluster are identified as startirth Wi, while the south positions start with S. For the posgionthe SE, the labels 1 and 2 identify

the lower (LVC) and higher velocity (HVC) components redpety. Where there are two velocity component lines, thevblume density was assumed to

be the same for both components. For this cad®a@ractional abundance was calculated using the total coldemsity of ¢80, summing both

components, to be compared with the total column density,oHihally, the LTE Texc Was calculated assuming the total integrated intensitytlaarefore,

no distinguishing was made between the two velocity comptmneghere these existed.
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Chapter 4

Numerical tests of the trigger of star

formation in Serpens

Based on the article Duarte-Cabral et al. (20M/fs a cloud-cloud collision the trig-

ger of the recent star formation in Serpens?

4.1 Overview on simulating Star Formation

Observations indicate that stars form in dense, clumpy &lasin molecular clouds.
However what controls how gas evolves into these structareswhere and when star
formation occurs, is widely debated. Some clouds may sirbplyndergoing global
gravitational collapse (Goldreich and Kwan 1974; LarsoB811Bate 1998; Klessen
et al. 2005; Glover and Mac Low 2007; Heitsch et al. 2008n€ér et al. 2009; Gao
and Lou 2010). On the other hand, external triggers such rasation and shock
fronts around OB stars (EImegreen and Lada 1977; Klein é8&3; Dale et al. 2007;
Gritschneder et al. 2009) or large scale colliding flows @ugtbulence or supernovae
(Clark and Bonnell 2005; Heitsch et al. 2008) may induce llsed star formation
in a molecular cloud. An additional mechanism for triggeséal formation is cloud
collisions, long thought to be important in inducing stanfiation in molecular clouds,

both from observations of individual regions (e.g. Scevét al. 1986) and numerical
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simulations (e.g. Gittins et al. 2003).

In the strive to reproduce the observations and test theigsdeehind the formation
of molecular clouds and stars, numerous simulations haee peeformed to date.
Many have been able to reproduce the collapse of an isol&ted with subsequent
formation of a filamentary structure and successfully rdpog many of the observed
characteristics, just by using self-gravity and hydrodyits (e.g. Klessen et al. 1998;
Bate et al. 2003). However, the star formatidhogency on these simulations was too
high. The absence of stellar feedback, turbulence and nmiadiedds meant that no
mechanism was stopping the material from being accretemaostiar. The most recent
simulations (e.g. Price and Bate 2009; Bate 2009b) in thid fiave been able to
start incorporating these mechanisms into the codes ardghés are becoming more
consistent with what is observed in MCs. Neverthelessaingbnditions, assumptions
and simplificationmpproximations of the models have proven to play an importan
role on the final results in terms of star formatidfi@ency and the dynamics of the
overall environment.

Simulations of cloud collisions and flow driven star fornoathave been performed
to test the importance andfieiency of these processes to trigger star formation (e.g.
Gittins et al. 2003; Kitsionas and Whitworth 2007; Anathgika 2009b, 2009a). Sim-
ulations of other types of triggered star formation, suclstascks from supernovae,
have also been conducted (e.g. Leado et al. 2009). Howexersimulations have di-
rectly tried to model a specific observed cloud. For instaBedlesteros-Paredes et al.
(1999a) modelled turbulent flows and use their results toariat Taurus-Auriga
formed from colliding flow; Peretto et al. (2007) used hydnea@mic simulations to
model NGC 2264 with the collapse and fragmentation of angdted cloud along its
major axis; and Heitsch et al. (2009) compare models of flowed formation of an
isolated molecular cloud with the Pipe Nebula.

Any model of star formation needs to account for the filamemntature of the star-
forming regions. For turbulent regimes, filamentary stoes can arise from shocks

(e.g. Klessen et al. 2005). If magnetic fields are domin&etmaterial starts by being
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preferentially aligned with the field lines and then infaita a perpendicular main
filamentary structure (Nakamura and Li 2008). Myers (20G8ppsed a model based
on self-gravitating and density-modulated layers formang preserving filamentary
structures.

Generally we can only hypothesise about the relevancefiardnt star formation
scenarios for clouds in the Milky Way. However for some loclaluds, we are be-
ginning to acquire enough details on the density and vel@tiucture to generate a
more informed picture of how star formation has progressettiose clouds. In this
chapter, | present the numerical simulations we have peddrto test the validity of

the proposed scenario for the triggering event in Serpens.

4.2 Attempting to reproduce a specific region: Serpens

4.2.1 Motivation

Following the study on Serpens presented on Chapter 3, we &ié@mpted to test
the scenario proposed as a possible trigger for the staratoymin the region using
numerical simulations.

As a quick summary, the motivation for this study came from ititeresting dif-
ferences between the two sub-clusters of Serpens. Fromdfaag2004) and Harvey
et al. (2006) it is suspected that there were twibedent episodes of star formation
separated by 2 Myr, responsible for the YSOs found in theoregihe older sources
found in the field (Class Il and IIl) appear dispersed, withatbwious connection to
the current protostars, and no longer embedded nor sureoumyglany cold dust seen
at submillimetre wavelengths. The younger sources, witivanage age of 2Gr, are
the Class 0 protostars found embedded in the cold dust and seen ineé8@itz:m and
850um (Fig. 3.1 on Chapter 3).

Despite the similarities of the dust emission throughoet rigion, the velocity

structure and molecular emission from each sub-clustestailengly different. The
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NW is a “well behaved” sub-cluster with a very uniform temgtere around 10K and
one main velocity throughout with only a smooth velocityfstowards its edges. This
is shown in the PV diagrams of'®D in Fig. 3.11 on Chapter 3 and in the top panel
of Fig. 4.2. In this NW sub-cluster, not only is the Spitzer 4 emission in good
agreement with the 850m emission, but also the gas emission follows the 860
dust distribution closely.

In contrast, in the SE sub-cluster the velocity structureosiplex: optically thin
tracers show some locations with one component along teeolirsight, others with
two clearly separated components, plus some locationsositiponents at intermedi-
ate velocities (Fig. 3.12, 4.1 and two lower panels of Fig).4Iin terms of temperature,
this sub-cluster has both higher and more varied tempesthan the NW, ranging be-
tween 10 and 20K, with the temperature peaks between tha@5ust peaks, in the
region where the two velocity components begin to merge alyinnot only is the
gas emission not very well correlated with the §56 emission, but also the 24n
and 850um dust continuum emission are poorly correlated (Fig. 3.he overall
picture of the SE sub-cluster resembles that of a region eve&r formation is an
on-going process, with some younger sources (the purelpslihetre sources) and
others older (the purely 24m sources), unlike the NW sub-cluster where the sources
appear to be all at the same evolutionary stage.

Thus the diferences between the two sub-clusters indicate that theg bathpli-
cated history. A scenario capable of explaining the triggfeé8erpens star formation
has to reproduce the inhomogeneities in the sources’ agmityestructure and tem-
perature distribution. Inspired by the spatial distribatdf the two clouds in Serpens
as shown in Fig. 4.1, a collision of two filament-like clouds|liding only over a

portion of their length could provide such a trigger.
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Figure 4.1:C'80 J=1-0 emission separated into blue and red components, usinnée
fitting and splitting described in Chapter 3 and Duarte-@bér al. (2010). The blue emission
corresponds to the total integrated intensity of the lowoeiy cloud and the red emission
corresponds to the high velocity cloud. The submillimeterses from the 85am emission
(Davis et al. 1999) are marked with white triangles to sewa guide to the location of the
dust emission.

4.2.2 Method

To test the proposal that the structure and star formati@enpens may have been the
result of a triggering by a cloud-cloud collision, we havefpemed a set of smoothed
particle hydrodynamics simulations (SPH) which are coragan detail with the ob-
servations of the Serpens cluster as presented in Chaptdih8. collision of two
filament-like clouds was numerically reproduced by a cilhsof two cylindrical
clouds. We have changed the geometry and initial conditodrie simulations ac-
cording to the results from the comparison with the obsemat The description of
the code and the choice of initial conditions are providedare detail in the following
Section § 4.3).

4.3 Smoothed Particle Hydrodynamics (SPH)

Smoothed particle hydrodynamics is a computational mettsaed for modelling flu-
ids. This method is a gridless, Lagrangian particle methbithvdivides the fluid into

a discrete number of particles, and instead of dividing fheecs into a grid of points

Ana Duarte Cabral 111



4: NUMERICAL TESTS OF THE TRIGGER OF STAR FORMATION IN SERPEN

E 1.5
£ 8
=
Z 1
9
b 05
10 a o}
T (K)
6 2.5
2
.
E 1.5
£ 8
=
Z 1
9
0.5
10 1o
T (K)
6 L L 25

v (km/s)
o™
: . ° g -
B

200 0 —-200 —400
RA offset (arcsec)

Figure 4.2: Position-velocity diagrams of ¥0 J=3—2 emission in Serpens (Graves et al.
2010). These are similar to the PV diagrams of Chapter 3 &gl and 3.12), but given
the spatial coverage of this data, these allow a compari$dheoevolution of the velocity
structure to a greater extent. The diagrams are displayéddecreasing Declination, i.e. from
north to south, and at constant Declinations df@24” (top), 1°12'24” (middle) and 108'24”
(bottom). Right Ascension varies from "®M18.5 to 18'29"32.5 (offset of+277” to -412”
respectively) on all the diagrams.

and calculating the solutions for each grid point (as ageptiesh refinement codes
do), it follows each particle and calculates its properinevidually. To be able to do
so, each particle is described by a “smoothing length”, ke properties at a given
point are calculated using the weighted properties of allgarticles within a smooth-

ing length radius, using a kernel function. The resolutibam SPH simulation can
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be adapted by increasing the number of particles and adgiptensmoothing length
with space and time. The SPH method allows the inclusion fémint mechanisms
that can &ect a given fluid. Fluid viscosity, gravity, turbulence, i@t/e transfer and
magnetic fields are some of the physical processes that madeally been incorpo-
rated into SPH simulations in the field of star formation. @tiger addition to this
code is a sink particle. The purpose of a sink particle isngo$ify the computational
effort to calculate the evolution of a system when densitieshr@ary high levels. In
the context of star formation, this is the case of, for exanah accreting protostellar
core. Bate (1995) introduced a method where all the pastildnigh densities which
are part of a self-gravitating object can be replaced by glsitsink’ particle. While
this avoids modelling the internal dynamics of the densedabjthemselves, interac-
tions with the surrounding gas continue to be calculatecuding, for example the

accretion of more particles into the sink particle.

4.3.1 The code

The calculations in this chapter were performed using a Sitt¢.cThe code is based
on a version by Benz et al. (1990), modified to include sinkiplas (Bate 1995),
variable smoothing lengths (Price and Monaghan 2005) amphete fields (Price and
Bate 2007). The code has been frequently used for simutatibstar formation (e.g.
Dobbs et al. 2006; Bate 2009a).

We perform calculations including the hydrodynamics arltiggavity, but do not
include magnetic fields. We use sink particles, which areriesl in regions of high
density & 10712 g cnt®) that are undergoing collapse, to represent protostars- Ho
ever for all the analysis in this chapter we use the framees$timulation when the first
sink particle appears, i.e. before stellar feedback idylit@have an &ect. Therefore
our results are not dependent on the details, or dynamidgedink particles. Finally,
for all the calculations we adopt an isothermal equationtates Again, we are only

interested in the evolution of the clouds until star formattakes place, so this sim-
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plification is reasonable given that we consider the straotdi the gas prior to stellar
feedback.

4.3.2 Initial conditions

Given the elongated appearance of both high and low velottyds in Serpens, we
hypothesised the velocity structure of the Serpens clustee due to the collision of
two filament-like clouds. A filamentary nature of moleculéouzs has been seen to-
wards most of the known star forming regions and dark clowds! (summarised in
Myers 2009). It is not surprising that within the Galaxy, tetech filamentary clouds or
flows could collide as predicted by galactic-scale simatzi(e.g. Dobbs 2008; Tasker
and Tan 2009). Cloud collisions are thought by many authmostur and be impor-
tant for star formation, even though there is only limited@tyational evidence of
collisions (presumably they would happen on relativelyrstimescales). Numerical
simulations of a single giant molecular cloud (GMC), as ¢g.simulation performed
by Bate (2009a), show that an initial supersonic turbulemtee cloud can form shock
waves and flow collisions that slowly damp the supersonidganstand provoke local
density enhancements where gravity prevails over turloel@md protostars begin to
form. Most simulations of molecular clouds, however, stdth very artificial condi-
tions such as a uniform sphere (e.g. Bate 2009a), by nege@&iviously there are no
uniform, spherical GMCs. For our purpose of individual daollisions, the alterna-
tive from producing our own initial conditions would be tkéaclouds from a larger
scale simulation but this is far beyond the scope of the ptetady. Given that we are
not starting from a large scale simulation, we required dmalrcondition that could
mimic possible already existing filamentary structureg thauld later collide. Ob-
servations of molecular clouds (Koda et al. 2006) show tk#&idution of the ratio of
major and minor axis to peak at around 2. If we assume thati@dollisions do occur,
then it is likely that the clouds could actually have dimensisimilar to those we use.

We have used an initial cylindrical shape for each cloud, agathematical approx-
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imation of a filament. This approximation has been invegtidan the literature by
e.g. Bastien (1983) driven by the observational evidencelémgated and filamentary
clouds. Though we do not believe the clouds would be exagtipaers, departures
from cylindrical shapes, and uniform densities would preshly have secondary ef-
fects on the dynamics and comparisons we make. In our spewfiels, the runs with
turbulence quickly depart from a cylindrical shape, an@ngésle much more realistic
molecular clouds.

For our calculations, we based the properties of the cyfsnda the observations
of Serpens, but with the requirement that the cylinders atéao far from virial equi-
librium. We required the star formation to be primarily dnmvby the collision, and
preferably the cylinders should retain their elongategshes much as possible prior
to the collision. Based on the observed spatial distributibSerpens’ high and low
velocity clouds, all the simulations we run involved twoiogrical clouds with radii
of 0.25 pc. We have kept one of the cylinders vertical with igleof 0.75 pc and the
second tilted with an angle of 3With respect to the horizontal plane (i.e.°3&tween
the axis of the two cylinders), with a height of 1 pc.

To ensure the stability of the cylinders prior to the codlisi we used the formula
for stability of finite cylinders given in Bastien (1983) tstanate the masses of the

cylinders,
_ GMf(L/D)
LRy T/
whereRy is the gas constanG is the gravitational constani/ is the mass of the

(4.1)

cylinder, L the length,T the temperature angd the mean molecular weight (we as-
sumedu = 2.0 for these calculations).(L/D) is a function measuring the shape of the
cloud, but is of order unity for the dimensions of our cylingleThe cylinder is stable
providingJ < 0.8, a condition which reduces to approximat®&yM,)/T(K) < 0.8

for a 1 pc cylinder. In addition to ensuring that the cylirgldo not collapse, we also
use constant pressure boundaries to place the cylindetswndensity medium, which
minimises ditusion of the outer parts of the cylinders, particularly ia tbhns including

turbulence.
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To mimic the supra-thermal line widths observed in Serpach enodel was also
run for the same initial configuration adopting a turbuleakoeity field for the par-
ticles. The turbulent field was set up using the method of Batel. (2002), and
described in depth in Dubinski et al. (1995). The energy efttirbulent fieldE(k)
is chosen to follow a power law df(k) o« k™, with k being the wavenumber. This
gives, for a given scaler), a velocity dispersiond,) aso, o« r®. This is similar
to the observed Larson relations for clouds, although we atcaim to capture the
precise details of the internal motion, but rather to corapasults with and without
turbulence.

We performed several calculations withffdrent geometries, masses, initial tem-
peratures and turbulence levels. These properties weeel ccording to the results
from the comparison of each model with the observationsl wetreached a final set
of simulations that we consider to be relevant for the comparwith Serpens. | will
briefly describe these initial runs before moving onto thplaxation of the relevant

simulations.

Preliminary models and evolution onto the relevant simulaions

For the very initial run we performed, we assumed the dioectf motion to be co-
incident with the axes of the two cylinders, and we chose apgestive such that the
lower half of the cylinders would collide first. The relativelocity of the cylinders
prior to the collision is of 1.4 kms. We ran a non-turbulent model where the particles
have no initial dispersion, and a turbulent model with atiahturbulent field with an
amplitude of~1 kms. We originally envisioned to gather a mass of around 150 M
and 250 M in the cylinders, so that the region which wouldfsu from gravitational
collapse would account for the total mass observed in Serfiandust continuum
emission). We also required a low temperature of about Hcal of a star forming
region and similar to the values retrieved in Chapter 3. Bumg Equation 4.1, to
obtain stability with a 1 pc lengh cylinder with 200JMvould require a temperature
of about 200 K. We therefore considered the two cylinders Wwg0 M, and 250 M,
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Figure 4.3:This show the column density of three time frames of the firstfation we have
run. The two cylinders are moving towards each other unjgaleing the x axis. The top three
panels show the non-turbulent run, whereas the three lomrezlp show the turbulent run.

at a temperature of 200 K. Though unrealistic for a star fagmegion, these were the
inital conditions adopted for the first run. A three timepspgot of this simulation is
shown on Fig. 4.3.

Encouraged by these initial results we tried to bring theddmms closer to a star
forming region. For that, we kept the same geometrical cardigon but decreased
the temperature and the masses by a factor of 10. This meanhg/i¢hhad 15 M
and 25 M, cylinders with a gas temperature of 20K. The maiffatences of these
results from the previous are the column densities and hitrecémescales by which
the region becomes gravitationally unstable after thedsoeollide. On the spatial
configuration of these two runs, however, the two cylindeesparely aligned with the
direction of the collision. With this configuration, theseno portion of the cylinders
that does not eventually collide. Given that in Serpenswtedouds do not seem to
overlap in the north, for the following simulations, | prgsal a geometry that would
allow the two cylinders to have a portion that does not cellidhis was achieved by
changing the direction of the axis of the tilted cylindertwiespect to the direction of
motion. Furthermore, from an observer point of view we knbattwhat we observe

in reality are only the line of sight velocities and therefowe have also usedftirent
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line of sights for some of the runs. These runs started torheamore realistic, not
only because the initial conditions approached possildesied ones, but also because
their analysis has proved fruitful in helping our undersiiag of Serpens. Their initial

conditions and configurations are described in detail ifaHewing section.

Relevant models for Serpens

Bearing in mind the previous simulation where we had adoatesnperature of 20 K,
we found that this required unrealistically low masses oheoifor the cylinders to be
relatively stable before the collision. Hence we used 30 Kictvis not too inconsistent
with the observations and allowed the cylinders not to pakebefore the collision. We
chose masses of 30 and 45 br the two cylinders, and verified that the cylinders did
not collapse prior to the collision.

We have assumed two sets oftdrent geometries, assuming either &aentered
or direct collision. Each of the calculations were run witidawithout a turbulent
velocity field. The diferences between the four runs, sketched in Figures 4.4 to 4.8
are summarised in Table 4.1 where “Collision” specifieséf ¢bllision is df-centered
or head-on with respect to the centre of the cylinders; “LOB represents the angle
between the line of sight and the direction of the cylindenstion ); “Tilted axis
< Vv ” is the angle between the axis of the tilted cylinder withpes to the motion
of the cylinders, as projected in the xy plane; “Length” ig tieight of the longer
(i.e. the tilted) cylinder in each run; “Velocities” spegithe initial distribution of
velocities: “Non-Turb”, indicates a zero velocity dispersin the initial conditions,
Turb stands for a turbulent-generated velocity dispersimplitude of 0.5 kms (in
each dimension), and Med-Turb stands for a turbulent-geee@intermediate velocity
dispersion amplitude of 0.3 km's Note that in simulation D the cylinders were made
longer by extending both the top and bottom of the cylindacdstae cylinders’ centres
are dfset from one another by 0.25 pc.

All other properties of the cylinders, e.g. temperatures)dities, are fixed and

described below. In the “short-cylinder” runs (A, B and C) used 500,000 particles
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Table 4.1: Configuration of the filerent simulations

Run Collision | LOS < v | Tilted axis< Vv | Length| Velocities
AnonT Direct 45° 135 1pc | Non-Turb
At Direct 45° 135 lpc | Turb
Bhon- Offset 45° 135 1pc | Non-Turb
Bt Offset 45° 137 lpc | Turb
Bmedgiumt | Offset 45° 137 1pc | Med-Turb
Cr Offset Qe 9 lpc | Turb
Botated Offset 0° 135 1pc | Turb
Dron-1 Offset Qe 137 1.5pc | Non-Turb
Dt Offset 0° 135 1.5pc | Turb

Figure 4.4:Diagram showing the configuration of the two cylinders fog #h models: the
centres of the cylinders collide directly, and the motios ba angle of 45with the line of
sight.

in total, with 250,000 particles in each cylinder. The paets are initially randomly
distributed, to provide a roughly uniform density disttilotmn within each cylinder.
Note that turbulence is set-up initially and not maintaittedughout the runs.

We tried various dterent configurations for the cylinders, and in each case com-
pared the resulting column density and velocity distrimsi with the observations.
Initially, we set the cylinders to collide at an angle oP4Blative to the line of sight.

In addition, we chose to position the cylinders so that eithey collide centergtiead
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Figure 4.5:Diagram showing the configuration of the two cylinders for Bdals: the centres
of the cylinders areféiset when they collide and the motion has an angle &f¥#h the line of
sight.

on (run A), or their major axis centres arfset by 0.25 pc (run B). In the direct col-
lision, model A, we centre one cylinder at Cartesian coattis (0,0,0) pc and the
second (longer) cylinder at (0.8,0.8,0) pc (Fig. 4.4). Hur tfset collision, model

B, the second cylinder is instead placed at (0.8,1.05,0)hats half of the cylinders

intersect when they collide. We illustrate thset configuration in Fig. 4.5.

To match the simulations with our line of sight perspectitres higher velocity
component corresponds to the longest and tilted cylinderS5@, parallel to the y
direction) moving away from us on the right-hand side, whsrthe lower velocity
component corresponds to the vertical cylinder which isiogntoward us from the
left-hand side (see Fig. 4.4 and 4.5). In this case, the airglen between the axis of
the tilted cylinder and the direction of motion projectedtba xy plane is of 135 We
have also experimented a configuration where this angle &fad#. 4.6).

The velocities of the cylinders are chosen to agree with #iecity difference of
the gas in the Serpens cluster (see two lower panels on Big.08.Fig. 4.2, middle),
which would correspond to the velocities of the clouds dythe collision. The initial
velocities of each cylinder arel kms?, i.e. +0.77 kms? in the x andy direction
in Fig. 4.4 and 4.5. The cylinders have no initial net velpait the z direction (and
without turbulence the particles have zero velocity inzlokrection).

The results from the runs A and B are summarised in Sectiod.4#hese runs,
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Figure 4.6:Diagram showing the configuration of the two cylinders ford®loC: Of-centered
collision with the motion along the line of sight, but withetlxis of the tilted cylinder perpen-
dicular to the motion.

Figure 4.7:Diagram showing the configuration of the two cylinders fordeloB®® same
as model B, but now with line of sight is parallel to the direntof motion.

however, show that by the time sink particles are formedwloeclinders fully overlap
along the line of sight, even though they did not interactgwlere. This means that
we can see two velocity components co-existing in most regfe.g. Fig. 4.14 top left
panel), inconsistent with the observations where the tocity components overlap
only where the collision takes place.

Therefore, we changed the perspective so that the motidreailinders is purely
along the line of sight, model C andB* (Fig. 4.6), to restrict the region where

the two-components overlap to where the cylinders intetamettly. Finally model D
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Figure 4.8:Diagram showing the configuration of the two cylinders for Ddals: Same as
B put with longer cylinders.

(Fig. 4.8), is similar to model B, except the cylinders were one and half times as
long to aim to reproduce the whole extent of the observeddcémd both clusters. The

number of particles was correspondingly increased in thisutation.

4.3.3 Comparison with observations: what and how

In the present study, | am predominantly focused on studyiedriggering of the more
recent star forming burst in Serpens. Given the nature dilsitions, we cannot repro-
duce the observed line emission of Serpens and, as sucle blaged this comparison
on the velocity and column density distributions.

The comparison of the simulations with the observationgimarily focused on
observational characteristics of the Serpens SE subeclgsten that this is the region
which appears to be directly influenced by the collision. Ideer, even in the short-
cylinder runs which do not form the NW sub-cluster, some efitblocity characteris-
tics of the entire cloud are also taken into account. Thuesfalowing characteristics

are the main focus points for comparison:

e Column density structure: an elongagffiddmentary shape aligned in a NW-SE

direction, sub-clumped (Fig. 3.1).

e The mass and size of the southern clump compared with thake dénser parts
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of the SE sub-cluste~30 M, within ~0.025 pé, measured using the 830n
emission above 190 mJy beaimwhich corresponds to column densities above

0.1 g cn? at a temperature of 10K).

e Overall velocity structure: a single red-shifted compdnarthe north, with a
fainter blue component spatiallyfeet to east (top panel of Fig. 4.2 and Fig. 4.1).
Double (overlapping) components on the south, where thecesuare being
formed (Fig. 4.2 lower panel and Fig. 4.1) with a gradiennfreast to west
of increasing velocities, up to 1.5 kmis(Fig. 3.9). Moving further south, this
velocity structure should evolve back into one componem@ithe less dense
gas of the filament (Fig. 3.9, and lower PV diagram of Fig. 1Godves et al.
(2010)).

¢ Velocity structure of less dense material: thin eastermi@ats perpendicular to
the main filament of Serpens (seen in blue and green on thidefl side of the

main filament in Fig. 3.9).

In order to compare with the observations, we first constidiet datacube from
the simulated 3D cloud collisions. Using the direction sh@g dashed black lines in
Figures 4.4 to 4.8 as the line of sight and choosing the frantieecsimulations where
the first sink particle is formed, we created a datacube afroaldensity for a space-
space-velocity 3D grid. In the spatial planes | convolvesl itodels with a Gaussian
of FWHM of 10 pixels (0.02 pc) which corresponds to the 22"tggaesolution of
the IRAM 30m telescope observations 00 J=1—-0 at the distance of Serpens. To
reproduce the thermal velocity dispersion of Serpens, Valoed the velocity space
with a normalised Gaussian of 0.4 krhWHM (correspondent to the thermal line
width of H, at 10 K).

Gas temperature, density and abundance fédicathe relationship between the
true column density of a cloud and the emission seen in a miaetne. However
as discussed in Chapter 3 and Graves et al. (2010) in Serper@3%0 appears to

be a faithful tracer of the overall velocity structure of ttleud and not significantly
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affected by outflow or infall motions, while globally the 8@ emission traces the
mass distribution in the region. To assess the success sfrthéations in modelling
Serpens, | therefore compared the velocity structure ofrtbdels with the one from

C!80 and the overall column density distribution with the dusission.

4.4 Results of the models

4.4.1 Reproducing the Serpens SE sub-cluster

When attempting to reproduce the characteristics of theuUbEchister, where we see
the direct impact of the collision, we looked at the shoflirers simulations: runs
A, B and C. Comparing these to the observations then allovgei whose the best
fit, which provided the base for extending the cylinders yotdrreproduce the whole
cloud. In this section, we investigate the density and vgi@tructure resulting from

these short-cylinder calculations.

Non-Turbulent Runs: Aot and Bhon-1

The time evolution of the non-turbulent runs is shown on Ei@. with three time
snapshots: The top and lower panels are the direct fisetaollision respectively.

The mass distribution of the simulations we have performét no turbulence
generally produce a very well defined filamentary structurembich sink particles
quickly start to form (Fig. 4.10). For models,& t and B,,, 1 the portions of the
cylinders which do not gter from the direct collision maintain their initial velogit
and density structure.

For run Ant (direct collision) a filament is formed where the initial inders
collide. Since the cylinders merge almost totally, thera isrge enhancement in den-
sity only in this interface, preventing any sub-clump fangnelsewhere (Fig. 4.10, left
panel). The total mass above a column density of 0.1 §is186 M,, 48% of the total

mass of the cylinders, in an area of 0.032.pc
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Figure 4.9: Three time snapshots with the total column density alonditteeof sight, for
the non-turbulent runs: the centered collisionoAr, on the top; and fd-centered collision,
Bron-T, ON the bottom. The three frames correspond to the begirofitige simulation (first
frame), as soon as the cylinders start to collide (secomddyand when the first sink particle
is formed (third and last frame).

In model B,y 7 (Offset collision), given that only a smaller fraction of theingers
merge, it takes longer for the collapse to occur and densityaecements occurred in
regions not at the interface of the cylinders (Fig. 4.10trgggmnel). At the end of the
simulation, there is a filament connecting the interfacéregnd the major axes of the
two cylinders, along which several sink particles are ablé&tm. Even though this
is a very long and twisted filament, along the line of sightpears smaller, straight,
and tilted from SE to NW as is Serpens. By the time we have gsdan this run, the
total mass above a column density of 0.1 géms within an area of 0.027 pand is
39 My, 52% of the total mass of the cylinders.

In terms of dynamics, in the non-turbulent runs all parsalgthin a cylinder have
the same velocity with no initial velocity dispersion allog us to identify very sharp
velocity changes (Fig 4.11), which although unrealistrovides an important test of
the dfect of including turbulent motions in later simulations. dath the direct and
offset collisions, the portions of the cylinders which did nollide keep their original

line of sight velocities, at 0.77 kms!. Closer to the interface, however, the velocity
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Figure 4.10:Colour scale and contours of the total column density albedine of sight, for
the non-turbulent runs: the centered collisionoAr, on the left; and fi-centered collision,
Bron-T, ON the right. These are the datacubes, spatially smoothmeitch the observed spatial
resolution. The contours levels are 0.01, 0.03, 0.1, 0.30aBdy cnT? for both figures. The
white line shows the position of the PV diagram of Fig. 4.11.
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Figure 4.11Position-velocity diagram at¥ -0.02 pc (colour scale and contours) for the non-
turbulent direct and féiset runs, Aon-t and Byon_1, left and right respectively. The velocity
shown is only the velocity along the line of sight. Contoursl@™®, 104, 5x 104, 1073,
5x1073, 102 and 3x1072 g cnT?. The red crosses represent the column density weighted
velocities, and are plotted as an auxiliary tool to see thecity changes along the diagram.

dispersion of the lower density material increases (e.@Hid right panel), most likely
due to the gravitational interaction of the particles betw#he two cylinders.

The most significant diierence between the results of these simulations occurs at
the collision interface. In the direct collision {4\ 1), due to the larger fraction of the
cylinders merging, the interface region becomes largerraoce prominent, and the

velocities at the interface reach intermediate velochisveen the two initial cylinder
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Figure 4.12:Three time snapshots with the total column density alonditigeof sight, for
the turbulent runs: the centered collision;,An the top; andfd-centered collision, B, on the
bottom. The three frames correspond to the beginning ofithelation (first frame), as soon
as the cylinders start to collide (second frame) and whefintstesink particle is formed (third
and last frame).

velocities. Therefore, along the dense filament, threecitglcomponents are present:
the two velocities of the individual cylinders, plus the agty of the particles at the
interface (Fig. 4.11 left panel). In thefeet case (Bn.1), the cylinders merge on a
thinner surface, traced by a sharper change in velocity sflcantinuously connecting

the original velocities of the cylinders (Fig. 4.11 righted).

Turbulent Runs: A+ and Bt

The column density distribution resulting from the turmileuns, A and By, are sim-

ilar (Fig. 4.12 and Fig. 4.13). They show a less filamentauyng which is undergoing
collapse, even though the less dense material is distdkalteng a filamentary struc-
ture. These runs also show some “channels” of material perpelar to the main
filament, reminiscent of features sometimes observe in cotde lines or extinction
(e.g. Myers 2009). At first sight these look like materialnffrthe filaments which has

been “left” behind by the cloud as it moved in space, likelyriiall onto the filament
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Figure 4.13:Colour scale and contours representing the total columsityeslong the line of

sight, for the turbulent runs: the centered collisionr,, An the left; and fi-centered collision,

B, on the right. The contour levels are as in Fig. 4.10. Theanvivite shows the position of
the PV diagrams of Fig. 4.14.

later on. However, as later simulations show, this intdgti@en is too simplistic.

Before the first sink particles start to form, we see sevegibns where the density
is starting to grow, even though as soon as one of these egiants to be dense
enough, it will attract the remaining less dense sub-clutbasmajor single structure.

The material at a column density higher than 0.1 gicis distributed over similar
sized regions to the non-turbulent models, 0.0Z5gml 0.032 pg, for runs A; and B
respectively. However the total mass of gas above this coldemsity is less. For A
29 M,, are in these high column density regions (39% of the totalsnefshe cylin-
ders), while B has 34 M, (45% of the total mass).

The left column on Fig. 4.14 shows that modegl#as similar dynamical properties
to the non-turbulent run of the direct collision (modebAt) with a velocity structure
much more complex and “wavy” than observed (Fig. 4.2). Themo smooth trend
from north to south, nor east to west and we have lost almbstaks of the original
velocities of the cylinders except in the low density regiomwhich are not interacting
(Fig. 4.14 top left panel). The spatial distribution of nrégkwith respect to velocity
also does not agree greatly with the observations.

In model B, the collision volume is smaller than the direct collisicaase and as
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Figure 4.14:Position-velocity diagrams in colour scale and contouts; a 0.16 pc (top),
y =-0.06 pc (middle) and ¥y -0.30 pc (bottom) for the turbulent direct anfiset runs, A and
By, left and right respectively. The red crosses are the coldemsity weighted velocities and
the contour levels are as in Fig. 4.11.

such, more of the original velocity structure of the inittglinders survives (Fig. 4.14
right column). In the north we see mainly the tilted cylinded we begin to detect the
vertical cylinder on the left-hand side. The transitiorvizetn the two is not sharp nor
double peaked, but a rather broad smoother transition &igt top right panel). A
well defined double peak structure is only detected in thérakregion of the model
where sink particles have formed (Fig. 4.14 middle rightgdarSouth of this region,

the column density becomes again dominated by one comptoenthe tilted cylin-
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der traveling away from us (Fig. 4.14 bottom right panel)vasad also found towards
the south end of the Serpens filament (Fig. 4.2 and Graves 20HD). The results
from this run (B-) are now more consistent with the observations of the SEchugier
of Serpens (Fig. 4.2 and Chapter 3).

An Intermediate Turbulence Run: BediumT

This model adopted theflset collision configuration (run B), which have given the
best match to the observed velocity field so far. The goal wasgroduce the velocity
structure of the fiset turbulent run B, and recover the more filamentary shape of the
non-turbulent runs.

The resulting mass distribution for this model{Bun7) is between the turbulent
and non-turbulent models (Fig. 4.15 versus Fig. 4.10 and&I38) as might be ex-
pected. It reproduces a filamentary structure, but not alsdeéheated as in the non-
turbulent model. When dense regions form, they lay on thgirmal filamentary shape.
However, as before, whenever one of these enhanced regisesbtreted enough mass
to become dominant, theftierent clumps merge into a single clump. Both the area and
fractional mass of the high column density region(.1 g cnt?, are the same as for
the turbulent run B.

This model tests the importance of the level of turbulenceeproducing the ob-
served column density and velocity features of Serpenss mieidium turbulence run
shows a similar general velocity trend as the higher turiméeun, while the column
density is indeed a bit more filamentary. An example of a P\gm@im for this run
is shown in Fig. 4.16 which should be compared with the migdieels of Fig. 4.14.
Given that the B was the best run on reproducing the velocity fielge&mt Shows
us that the geometric configuration is the dominant factaletermining the main ve-
locity characteristics of the resulting cloud, while thensligy distribution is sensitive
to the level of turbulence. Lower levels of turbulence regutb a more filamentary
structure, with more sink particles forming along the defitment. Increased values

of initial turbulence tend to disrupt the distribution obald’s material, inhibiting the

130 Kinematics and physical properties of young proto-cluster



4.4: RESULTS OF THE MODELS

y (pc)

-0.6
0 0.2 04 06 0.8
x (pc)
Figure 4.15:Colour scale and contours of the total column density aldwgline of sight,
for the intermediate turbulenceffaentered collision, RedgiumT- The contour levels are as in
Fig. 4.10. The white line shows the position of the PV diagHrfig. 4.16.
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Figure 4.16:Position-velocity diagram at ¥ -0.09 pc, for the medium turbulencéset run,
Bmediumm The red crosses are the column density weighted and thewolatels are as in
Fig. 4.11.

formation of further clumps.

Line of sight, short cylinder Run: C+

The runs where the clouds move purely along the line of siggtevinotivated by the
fact that by the time the collision of the two clouds was abletm an initial protostar,

the two cylinders are already crossing each other. Evergththey have a portion of
their length (the top part) which does not interact, they still be overlapping as seen
through our previously chosen line of sight. Since in Sespsa have the NW sub-
cluster where the two clouds do not overlap, we attemptetiamge the geometry to

bring it closer to the observations.

Ana Duarte Cabral 131



4: NUMERICAL TESTS OF THE TRIGGER OF STAR FORMATION IN SERPEN

density [g/cm?]

Figure 4.17:Three time snapshots with the total column density alonditieeof sight for
Ct. The three frames are as before.
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Figure 4.18:The total column density for the purely along the line of siggibulent run, G.
Unlike runs A and B, we find a low density region in the norttghy), as with this orientation
we see regions which have not collided. The contour levelsarin Fig. 4.10. The white line
shows the position of the PV diagrams of Fig. 4.19.

The first line of sight run, C, was performed by merely chaggire initial position
of the tilted cylinder. The velocities were redirected tonocode with the x axis. We
kept everything else the same: the line of sight is along & aihsolute velocities are
the same, the cylinders collidegtfecentered by 0.25 pc and the tilting angle of the
cylinder is the same as before. However, such a change irogiggn of the cylinder
(and direction of the collision), without changing theitiy angle, means that now the
angle between the axis of the tilted cylinder and the colligiirection is reduced to
orr.

However, the results from this run (Fig. 4.17) showed a ldam&ntary structure
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Figure 4.19:Position-velocity diagram in colour scale and contoury,-a0.14 pc (top), y= -
0.07 pc (middle) and ¥ -0.30 pc (bottom), for the turbulent, line of sight, shorlilgters run
Cr. The red crosses are the column density weighted and thewdstels are as in Fig. 4.11.

in terms of column density (Fig. 4.18). In fact the upper éduthe clouds that do not
collide is clearly seen here as the clouds extend to the sidef more than what we
observe in Serpens, in particular to the right hand sideetkbud. In terms of velocity
structure (Fig. 4.19), the trends depart only slightly frimase of run B. However, it
seems to show more of the cloud moving away from us (the elgunvvaf the Serpens
HVC) throughout the map.

The less filamentary structure from this model resulted fh@aving a higher por-

tion of cylinders that did not collide. Therefore, we wentkdo run B where less
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density [g/cm?]

Figure 4.20:Three time snapshots with the total column density alonditteeof sight for
BFTOta‘eq The three frames are as before. Note that this is the exaet sedel as B, but viewed
from a diferent perspective

dispersed material exists, thanks to a greater portioneotlibuds that does end up by
merging. Run B was the best fit of Serpens so far, with the a@iarepf the spatial dis-
position of the two clouds. Therefore, we studied run B tigioa perspective parallel

to the motion of the cylinders (B*¢9.

Rotated line of sight, short cylinder Run: Bitated

The second line of sight run was achieved by simply changurdioe of sight with
respect to a previous model. ModePB®dis therefore simply a re-projection of model
Bt so that it is viewed along the axis of the relative motion @ ¢lglinders. The choice
of model B for a reprojection were the encouraging results from itdyamaof the ve-
locity and spacial structure. That said, we were not expgdb see great changes on
the structures seen, even though some velocity structusebaand to appear some-
what diferent, since we are looking at the component of the velocitickvis most
affected by the collision.

From this perspective (Fig. 4.20 and 4.21) the low densitien is less filamen-
tary and more spatially extended, as the parts of the cylgnaéich do not interact
do not overlap along the line of sight any longer. Thereftine,extent of the lower

density material is greater in the north, where the cyliadkr not merge, than in the
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Figure 4.21:The total column density for the purely along the line of sigirbulent run,
BFTOta‘e". Unlike runs A and B, we find a low density region in the nortigthy), as with this
orientation we see regions which have not collided. Theawgrievels are as in Fig. 4.10. The
white line shows the position of the PV diagrams of Fig. 4.22.

south. In this reprojected turbulent ruri®Be the material at column densities above
0.1 gcnt? covers a region of 0.02 pan area with a mass of 22 M

The general shape and trend of the velocity structure (F&)4although slightly
more complex, is similar to that seen ir,Band is still consistent with the velocity

trend seen on the observational PV diagrams.

4.4.2 Representation of both SE and NW Serpens sub-clusters
Line of sight, long cylinders, Runs: Dy, t and Dy

Overall model B satisfactorily reproduces the observations of the SE tuster.
However it does not have enough mass to form a second suterchemparable to
the NW sub-cluster in Serpens even though the velocity wtraof the simulation
is very similar to that observed. Therefore, we increasedeahgth and mass of the
cylinders to investigate the possible formation of a sejeastaucture in the north where
the cylinders do not interact. If the non-interacting nerthregion is massive enough
to be close to being gravitationally unstable, the colhsimthe south of the cylinders
may induce its rapid collapse without greatljegting its systemic velocity.

A non-turbulent model with-1.5 pc long cylinders, collidingfé-centre and along

the light of sight (model R},_1) does indeed form two sub-clusters (timesteps shown
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Figure 4.22:Position-velocity diagram in colour scale and contoursy at 0.14 pc (top),
y =-0.07 pc (middle) and ¥ -0.30 pc (bottom), for the turbulent, line of sight, shorlimglers

run B°@€d The red crosses are the column density weighted velociyttae contour levels
are as in Fig. 4.11.

on Fig. 4.23). The collision in the south leads to the foromabf a sink particle, equiv-
alent to the SE sub-cluster. Later on, a sink particle is éafim the north of the tilted
cylinder, along the cylinder axis. Finally, more sink pelgs are formed in the south,
as the vertical cylinder crosses through the tilted one. (#ig5). At the end of this
run, when sink particles are formed throughout the clouus column density distri-
bution is much more filamentary than for the short cylindécwation. There are two
visible sub-clusters: one in the NW and one in the SE. The toéss in these sub-

clusters amounts to 57 M52% of the total mass in this case, distributed over an area
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Figure 4.23:Three time snapshots with the total column density alonditieeof sight for
Dnon-1- The three frames are at the start of the simulation (lefiermwthe first sink particle
forms in the south (middle) and when a sink particle is fornmetthe north (right).

of 0.035 pé. However, the relative size and mass of each individualcuster is not
quite as similar as seen in Serpens. The simulated SE setechas a mass of about
30 M, in an area 0f0.015 pé, whereas the NW sub-cluster contains only 12iMa

similar area.

The formation of a sink particle in the north occurs at 80°yr and is mainly due
to the initial instability of the cylinder itself. As a testie ran a simulation with only
an isolated non-turbulent cylinder, with the same mass amdas the tilted one. This
simulation showed that it would form sink particles along ttylinder axis by 18r
(Fig. 4.24). Therefore, the collision in the south does ngger the formation of this
sink particle in the north, but only speeds up its collapse.

Several diferent turbulent runs with this configuration failed to inddke collapse
of any structure in the north. The collapse only occurs witieamely low levels of
turbulence (with amplitude of 0.05 kms?), almost indistinguishable from the non-
turbulent run. This is because the turbulent velocitiesedbe cloud to disperse from
its initial configuration and become less gravitationalhgtable.

From this, we can conclude that th##eet of the collision felt by the north region

is quite subtle, and would only have an influence on the ceélapere if the region is
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Figure 4.24:Total column density for the non-turbulent, isolated logtincler run to test the
timescale by which the cylinder will undergo self-gravidagl collapse without anyfiect from
a collision. This run showed that it takesc 1P yr to form sink particles without any collision,
longer than the time that it takes for the sink particles tonfevhen there is a collision.

almost gravitationally unstable prior to thffect any external perturbation.

The discrepancy in the relative masses of the two sub-ckigtethe simulation
compared to Serpens, and indeed the failure to form two Budiers in the turbulent
simulations, could both be addressed by relaxing the awgplstic uniform condi-
tions in our initial conditions. Both the density distriart and turbulent velocity
distributions are likely to be more inhomogeneous in redllding clouds than in our
models. However we refrained from adding such additionaigexity to the models
as the nature of the inhomogeneities is poorly constrainddualikely to provide any
further significant physical insight into the processesis tegion.

In terms of its spatial evolution, the velocity structureloé D, 1 iS Similar to the
observed one. Note that the two upper panels of Fig. 4.26 gtewmain velocity struc-
ture that we should see in the north sub-cluster. Also natetkie column densities are
higher at velocities corresponding to the tilted cylindemy increase in the density of
the tilted cylinder to produce a more massive NW sub-clustarld increase the con-
trast in column densities between the two velocity compts)enore closely matching
the observations where most of the gas emission comes frefmigher velocity cloud
(Fig. 4.2).

This simulation, Qon_1, Shows the formation of a south sub-cluster where particles
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Figure 4.25Total column density for the non-turbulent, purely along lihe of sight run with
longer cylinders, Ron-T. At this stage, sink particles have been formed where thesiool is
happening and in the north-west (within the tifledger cylinder). Given the geometry of the
collision, the two cylinders do not end up colliding in thetho Therefore, the only perspective
where we do not see the cylinders overlap is the one we todkiforun, where the line of sight
is aligned with the motion of the cylinders. The contour Isevae as in Fig. 4.10 and the white
line shows the position of the PV diagrams of Fig. 4.26.

are being formed at the interface of the two clouds, and atonglongated structure
which becomes more filamentary as one moves south. Agaith séthis southern
sub-cluster, the less dense and remnant gas velocity bhtgksinto a single component

(lower panel on Fig. 4.26), as seen in observations (Gravals 2010).

4.4.3 Timescales

One interesting question for the star formation historyaig@ns is to confirm whether
or not the older population of pre-main sequence star of 2dflge could be formed
in the same cloud-cloud collision event. For this we needstoreate a number of
characteristic timescales. First, all the simulationsespond to a total elapsed time
of ~ 8 — 9 x 10° years. However, it is only after about-23 x 10° years, about a
third of the total simulation time, that the two cylinderars$tto interact. This time
delay is needed, especially in the turbulent cases, to dieveylinders to relax their
initial density distributions. The time from the start oetimteraction between the
two clouds until they start forming sink particles is of theler of 6x 10° years. For

the 2 Myr stellar population to be able to form through thilismn, the duration of
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Figure 4.26Position-velocity diagrams of the non-turbulent, longrgér run Qyon1. Panels
of the PV cuts, starting on the left column, from top to bottatry = 0.16 pc, y= -0.02 pc,
y =-0.09 pc; and continuing on the right column from the top at¥¥.21 pc and y= -0.37 pc.
The red crosses are the column density weighted and thewdet@ls are as in Fig. 4.11.

the interaction time has to be at least 2 Myr. In fact, we woeed the cloud to be
an order of magnitude larger (i.e a few parsec wide) in ordetitl have an ongoing
collision 2 Myr after the formation of the first protostarsi3 seems unrealistic, rather
the cloud collision scenario we present for Serpens is sterd with the idea of two

separate bursts of star formation in the region.
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4.5 Discussion: Comparison with observations

All the simulations run, including a number not shown heeséhshown that the kine-
matics can be altered substantially with a simple geoméiange. For example, com-
paring the @'set with the direct collision runs (models A and B) where etresugh
the resulting column density structures are similar, thieorey distributions of the
particles is not.

Overall the simulation which best represents the SE sufteiiof Serpens star
forming region is the model B2*4 the dfset turbulent model with short cylinders,
reprojected so that the line of sight is coincident with tirection of motion. It has a
velocity structure similar to that observed, both compgiy diagrams and the gen-
eral trend on the velocity coded 3-colour plots (Fig. 3.9 &igl 4.27). Note that the
simulation (Fig. 4.27) is only representing the southerrt paSerpens, and there-
fore, should be compared to the lower-half of the 3-coloot pf the observations in
Fig. 3.9. This simulation shows higher column densitiesntibe two velocity com-
ponents overlap, with less dynamical complexity than médelModel BP****dshows
an overall velocity gradient of2 kms* over 0.2 pct, from blue in eastern regions to
red on the west (Fig. 4.27), similar to what is observed.

The 3-colour velocity figures show the resemblance of theikition B with
the observations in the way that the filament extending sisutiostly represented by
the redgreen velocities, while the blue part is mainly seen on thesdeparts where
the stars are being formed. The green-blue component isadsofurther east, forming
some less dense filaments perpendicular to the main filarNet¢. that we do not see
these type of filaments on the red side.

If these filaments had been caused by the initial turbulathes we would expect
these to exist on both directions. In Section 4.4.1, raigrto simulations A and B, it
was thought these filaments were due to some particles befinigehind, resembling
a tail, as the cylinder moves. However, in simulation C, tylexder’'s motion is along

the line of sight, so if these filaments resulted from a taihatterial left behind during

Ana Duarte Cabral 141



4: NUMERICAL TESTS OF THE TRIGGER OF STAR FORMATION IN SERPEN

the collision they would be behind the main structure. Tlagpearance therefore
indicates that these perpendicular flaments are causdetlyebmetry of the collision,
in particular, its asymmetric nature. These filaments pls&ong constraint to the
geometry of the collision. The geometry of simulation A (asllvas other tests not
referred here) do not reproduce them.

In terms of its total column density distribution, 22, 0.02 pé, model C closely
matches the SE sub-cluster. Even the projected distribofimaterial above a column

density of 0.1 gci? resembles the shape of the SE sub-cluster.

To start to reproduce the NW sub-cluster in addition to thes@=cluster requires
the longer non-turbulent clouds used in modgd 3. In this model a region close to
being gravitationally unstable can be perturbed and ittapsé hastened by the colli-
sion, even though it is not directly involved in the collisioThis second sub-cluster
forms with the velocity of its native cloud and collapses sithdy and independently
of the southern region. If this model is allowed to run furtiee NW sub-cluster falls
onto the SE sub-cluster. Intriguingly, recent observatiohthe magnetic field in Ser-
pens (Sugitani et al. 2010) appear to suggest the start bfsgollapse which could

result in the merging of the two sub-clusters.

4.6 Conclusions

Serpens is a very interesting star forming region, not ooyt§ youth, but also for the
striking differences between the two sub-clusters that compose the atdivforming
portion of the cloud. Even though they are at similar stagemvolution, with most
sources between Class 0 and Class | protostars and simgbcaitinuum properties,
the gas emission reveals that these have not offilgrdint velocity characteristics but
also dtterent temperature distributions (Chapter 3, Duarte-CGai. 2010).

Motivated by the two velocity components seen in the souteab-cluster of Ser-
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Figure 4.27:Velocity coded 3 colour plot of $‘ated. Each colour represents the total column
density summed over the following line of sight velocitigsue: 0.3— 2 kms!; green: -
0.3— 0.3 kms?; and red: -2 -0.3 kms®.

pens, and the higher temperatures detected there, we pedaeveral SPH calcu-
lations of cloud-cloud collisions. The configurations usedthese simulations were
based on the observational evidence, and were improvecathparison with ob-
servations would either rule out or support a determinedigoration.

The results from this study support the idea that Serpenséctistar formation
may, indeed, have been triggered by a collision of two filataenclouds or flows.
If this scenario is correct, then the SE sub-cluster of Sespe the direct result of
the collision, being exactly in the collision layer, whesg¢he NW sub-cluster is most
likely just marginally @ected by the collision, only feeling the remnant perturdoagi
it generated.

For the SE sub-cluster, a model of two colliding clouds ieablreproduce both
the column density structure, a centrally condensated défdraligned in a NW-SE
direction, and the two velocity components seen where thision is occurring. The
same simulations did not, however, produce a second ssteclsimilar to the NW

sub-cluster of Serpens. Therefore, this sub-cluster doteseem to be the direct result
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of the collision. This suggestion was already supportechbyNW sub-cluster’s “well

behaved” temperature profile and velocity structure, ad aslthe uniform age of
sources within the sub-cluster. However, the similar staga/olution of the sources
from the two sub-clusters and their proximity, suggest$ tha two events are not
totally independent.

A simulation with elongated cylinders and increased mapsaegdes a possible
explanation. The presence of a marginally stable regiohembrthern part of one of
the colliding filaments can have its collapse induced andlguned by perturbations
driven by the cloud-cloud collision.

We consider a cloud-cloud collision scenario to be the bestwdption of the driv-
ing of the star formation history in Serpens. Not only carefgroduce the observed
velocities and column densities, as ffers a plausible explanation for why the two
sub-clusters are so similar in some regards and yetf§ereint in others. Although
cloud rotation may produce similar general velocity gratseo those observed, the
complexity of the region is better explained with such aismh scenario, which is in
essence similar to a shear-motion also suggested by Olmiestd(2002).

Despite the successful scenario provided by a cloud-claliGsion model, we
failed to reproduce all of the Serpens characteristics sm%ngle run. An additional
support against gravity is required in order to sustain thistence of two dferent
sub-clusters as in Serpens. The existing magnetic fieldeofabion (Sugitani et al.

2010) could provide such a missing support.
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The Pipe Nebula
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Chapter 5

The Pipe Nebula

5.1 Overview of the region

The Pipe Nebula is a molecular cloud located~at30pc from the Sun (Lombardi
et al. 2006). Although the global features of the cloud appeuilar to other nearby
molecular clouds, with a total mass comparable to the fetd* M., of the Taurus-
Auriga complex and a filamentary structure (extending ovded) with a magnetic
field threading the cloud (Alves et al. 2008), little is knowrdetail about the molec-
ular gas in the region. The highest resolution molecula iimage of the region is the
4’ resolution map of thed = 1 — 0 transitions of?CO, *CO and C80 by Onishi
et al. (1999). Beyond this, molecular line observationshef Ripe Nebula consist of
single spectra of dense gas tracers {NEICS and HGN) by Rathborne et al. (2008)
and G80 J = 1 — 0 (Muench et al. 2007) towards the peaks of cores identifi¢den
1’ resolution extinction maps (Fig. 5.1; Lombardi et al. 20B&rardo Roman-Zufiga
et al. 2010). More recently, Frau et al. (2010) have obseceatinuum emission and
molecular lines at 3 and 1 mm of early- and late-time molexalso only toward four
selected starless cores inside the Pipe Nebula.
Interest in the Pipe Nebula is enhanced by its extremely kawfsrmation &i-

ciency (less than 0.1%) compared to other Gould Belt cloRd®000). In fact, only one
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Figure 5.1:Extinction map of the Pipe Nebula, courtesy of Marco Lomhbalodo Alves and
Charles Lada, showing the location of the star forming ne@89 and a number of extinction
cores throughout the Stem and Bowl of the Pipe.

active star forming clump (in B59) has been found so far inthele cloud (Fig. 5.2).
It contains a small group of protostars (Brooke et al. 2003yey et al. 2010) power-
ing possibly more than one molecular outflow (Onishi et aBERiaz et al. 2009).
Throughout the remainder of the cloud, a number $1aCJ = 1 — 0 “dense” cores
found in extinction (Alves et al. 2007) were observed by Meleet al. (2007) us-
ing single point spectra. These cores are thought to beyreessnfined cores (Lada
et al. 2008), and apparently have non-thermal subsoniom®and a mean density of
8x 10% cmi 3, slightly lower than the mean density of cores usually aissed with star
formation (Alves et al. 2007; Lada et al. 2008; Gerardo Reiféfiga et al. 2010). IR
and X-ray data studied by Forbrich et al. (2009, 2010) sughesmajority of the re-
maining extinction cores in the Pipe Nebula to be starlegs, anly 1 YSO candidate
outside B59.

Numerical simulations suggest that large scale flows plagn@ortant role in form-
ing molecular clouds and their cores (e.g. Heitsch and Hartm2008). The appar-
ent youth of the Pipe makes it an important region where sigaa of such flows

could be identified. Such signatures could include largéesezgocity coherence due
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Figure 5.2:Extinction map of B59 in colour scale and contours (Romaitiga et al. 2009),

showing the known YSOs in the region (from Brooke et al. 208atprich et al. 2009). Con-
tours are from an of A5 to 20 by steps of 5, and onwards by steps of 20. Note that Hrere
only four known protostars (between Class 0 and I). The knextinction cavity thought to

have been pierced by an outflow lies on the NE of the centrameg

to the converging flows and velocity discontinuities at tloeidaries of cores (e.g.
Ballesteros-Paredes et al. 1999a). Recently, Heitsch €2@09) have in fact com-
pared their numerical simulations directly with the Pipéolla, and conclude that the
Pipe is consistent with a large-scale infalling model, wiginy young cores capable of
accreting at high rates and potential to become an activéastaing cloud similar to

Taurus in 1 Myr.

5.2 Observations

5.2.1 Motivation and strategy

Even though no evidence for a chemical evolution of indigidtores has been found
so far (Frau et al. 2010), it has been suggested that the Ripel&lholds a variety of
very early star forming stages, from the dormant Bowl to thesibly eminent-star-
forming Stem, and the active B59 (e.g. Alves et al. 2008).h#ttis the case, then
the Pipe Nebula provides the opportunity to understand tysipal conditions that

provide the ingredients to star formation or the ones thaqmnt it.
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Figure 5.3:Extinction map of the Pipe Nebula in gray scale (same as in3:ip, showing
the regions that we have observed with HARP at JCMT. The bklenited areas show the
observed?CO J3—2 emission. The black boxes are the simultaneously obséP@@d and
C80 J=3-2. The red-dashed boxes represent cores in the Stem and Bawlé¢ also want
to observe if3CO and G80.

As such, we have undertaken the most complete high resolatmecular line
maps of the Pipe Nebula to date, by mappiigO in the entire cloud, an#CO
and C8O in the bulk of the dense cores of the cloud. The combinedrimétion
from 2CO, **CO and CG®0 observations aims to probe the cloud kinematics and the
physical conditions within the Pipe Nebula, plus for thetfirsie provide a complete,
sensitive survey for outflows from hitherto unidentified esdled sources. Being the
only clump in the cloud known to contain young stars and owslomapping B59
provides a benchmark for comparison with the more popultarsfsrming cores in
other nearby clouds and the starless cores in this cloud. tiNe $o reveal if the
apparent absence of star formation along most of the Pipengige and, that being
the case, understand whether the bulk of the Pipe Nebularesi¢nt feature never
destined to form stars, or if the local environmentis resjiae for the cloud’s apparent

sterility.
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5.2.2 Data

Using HARP at JCMT in May and June 2010, we have magpe® and G20 J=3—-2

(at 330.6 and 329.3 GHz respectively) in the entire B59 fetaning region ¢ 400
arcmirf) and areas surrounding the stronger extinction cores iSti@ and the Bowl

of the Pipe (another 400 arcmini; black boxes in Fig. 5.3). These data have an
original spatial resolution of 15” and a spectral resoluitad 0.05 kmst. The r.m.s.
noise level on the B59 dataset is of 0.22 K (i) with 0.25 kms* channels (example

of spectra in Fig. 5.7). Due to time constrains, the coreBerStem and the Bowl were
not observed as deep, currently reaching an r.m.s. nois¢déw0.3 K and 0.45 K

(in T3) in 0.25 kms? channels, respectively. With the narrow lines and very weak
emission found towards these cores, with emission peak®.8K in the Stem and
0.6K in the Bowl in G80 J=3—2, an analysis of these data at the moment is extremely
hard and further observations are needed to complete thssevations down to the
noise levels required. For this reason, here | will focusyam the B59 region for
which the dataset is complete.

For each area mapped, the data reduction was performed t&@n@RAC-DR
pipeline, using the packag@puce scIENCE NARROWLINE, Without applying the flatfield
algorithm, and with a pixel size of 7.4”. This reduction pedare automatically fits
and corrects the baselines and removes the bad detectesdrathe time-series data
and on the r.m.s. noise levels of the final maps. The final edlntaps of each area
were gridded together using the Starlink software. Fig.&nd 5.5 show the final
reduced maps of €0 and*3CO, convolved to a 20" resolution.

A complementary?CO J=3—2 (at 345.8 GHz) deep and high resolution (15”) map
of the entire cloud has been carried out with HARP using JCNDIT@Dime (available
to A. Chrysostomou), of which we have already mapped neadgdiees along the
length of the Pipe (blue areas in Fig. 5.3). These data relebe2 K-0.4 K noise level
(in T3) at 0.5 kms? velocity resolution (example of spectra in Fig. 5.7). Theafin

reduced B59 datacube HCO is shown on Fig. 5.6 and it reveals clearly and for the
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Figure 5.4:Left: integrated intensity map of*80 J=3—-2 in the entire B59, with contours at
0.25, 0.5, 1, 1.5 and 2 Kkm&. Right: zoom of the central region of B59 in®D integrated
intensity, with the young stellar objects as in Fig. 5.2. ©ans from 0.25 to 2 Kknig' by

steps of 0.25 K kntg.
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Figure 5.5:Channel maps of th&CO J=3—2 emission in B59, from 2 km$ to 5 kms'!
(from left to right). The colour scale ranges from 0 to 3 K krhs

first time a number of outflows bursting from the central car&859. The telescope
main beam ficiency isnyn, = 0.66 (Curtis et al. 2010a) for these three observed

molecular transitions.

5.3 Physical properties of the gas in B59

5.3.1 Optical depth of C-80 and *3CO

The variation of optical depth across a cloud can be exantigddoking at the ratio
of intensities of the dferent isotopologues. | used this approach only qualitigtive

Serpens with €0 and G’O (Chapter 3), given the ability of calculating the opasitie
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Figure 5.6:Channel maps of th?CO J=3—2 emission in B59, from 0 km3 to 8 kms'?
(from left to right). The colour scale ranges from 0 to 5 K krhs
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Figure 5.7:0verplot of a spectrum of 0 (light blue line),13CO (dark blue line) and’CO
(dark purple line) in B59, at the position with RA 17'11M32.5 and Dec= -27°28'20",
showing the outflow wings and self absorption dig$€0O and'?CO.

directly through the hyperfine structure fitting of’O.

For B59 however, this was the method | used to estimate thategsafor the three
isotopoloques. Assuming the same excitation temperaduigoth species, the relation
between the line intensity ratio and the optical depth,. @ahlfs and Wilson 2000) at
a specific velocity is given by:

T13co(V) _ 1- e_Tls(V)
Taeo(V)  1— e

(5.1)

whereT is the brightness temperature and the optical depth of each givenline. This
relation is valid for a channel-by-channel comparison,thatself absorption present
in both*2CO and*3CO (Fig. 5.7) limit the validity of this approach, because .

is different where the line is self absorbed. Therefore, | follothedmethod in Ladd
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Figure 5.8:Ratio map of the integrated intensities’8€0 and G20 in B59 in colour scale
and contours. The contours are at ratio values of 3 and 5.

et al. (1998) to study the ratio of the integrated intensitiith this method, the ratio
will still be underestimated but with a lower relative ertban if using the intensity
ratio at velocities close to the peak. This systematic wiegdémation will however
boost the 0O optical depth, particularly in the central regions whére'fCO self
absorption is strongest.

As such, | estimated the*D and'3CO peak opacitiesr{s and 3 respectively)
using the ratio of the integrated intensities and equatignveherer,3(v) = 11587V 12
o is the velocity dispersiong;g = 713/ and f is the fractional abundance 6iCO

with respect to €80.

j:'::’ T13co(V)dV j:::o 1 _ e—1'13(V)dV
j::o TclSO(V)dV B j;::o 1- e—Tlg(v)dV
Given that this method is quite insensitive to the line wialsumed, | have adopted

(5.2)

a velocity dispersion of 1 km$. | produced the ratio map between the integrated
intensities of the two molecules, after convolving bothadabes to a 20” resolution,
in order to suppress some of the high frequency noise, aadratisking the datacubes
to pixels where the signal to noise (estimated at each pa$) higher than 4. The
resulting map of3CO to C80 ratio is shown on Fig. 5.8, where values range from 2
to 4 in the denser regions, and approaching 9 towards thesedgee cloud. Adopting

a fractional abundance &fCO with respect to &0, f, of 8.4 (Frerking et al. 1982),

154 Kinematics and physical properties of young proto-cluster



5.3: PHYSICAL PROPERTIES OF THE GAS IN B59

T T T T T T Tt c180

—27°20'00" -

)

—27°30'00" -

J2000,

Dec (.

—27°40'00" -

Il
17"12"00° 00°
RA (J2000)

Figure 5.9:Colour scale and contours represent the B59 map of #© Gptical depth cal-
culated from the ratio o¥3CO to C®0 (Fig. 5.8). The contours are at opacities of 0.5 and 1,
showing G20 to be optically thin in most of the cloud and marginally optly thin towards
the central region, even though the self absorptiod*&fO could have boosted the opacity
values in these regions.

this translates into a;g ranging from 0.1 to 1.25 towards the central core (Fig. 5.9).
However, as referred before, the possible stronger setfirptien of 13CO towards
the central cores is likely to be responsible for boosting #alue. Therefore, | will
consider G®O to be optically thin throughout the cloud, and marginajpyically thick

only towards the central cores.

5.3.2 13CO excitation temperatures

Since3CO is mainly optically thick f13 > 1) in the bulk of the cloud, | have esti-
mated the excitation temperature’3€O assuming LTE conditions and optically thick
emission. From Chapter 2, equations 2.14, 2.15 and 2.26awethe relation:

15.87
IN[1 + 15.87/(Tmad:°CO) + 0.045)]

Texc(13CO3—2) = (53)

where 15.87 isw/k for the frequency of3CO (3-2) andT . is the peak main beam

temperature of the line. This is not accounting for the ske#aaption dip, and when

this occurs, the peak used will correspond to the absolut@men of the emission.
This excitation temperature map is shown in Fig. 5.10, wherean see that most

of the cloud is at 8 - 9 K, and the star forming core is at 11 - 1Z5en that the
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Figure 5.10: Colour scale and contours represent tA80 excitation temperature map of
B59. The contours are at 8 K through to 13 K, by steps of 1 K.

13CO picks up the outflow emission and this excitation tempeeatvas measured at
the peak of emission, when there is self absorption we withlbasuring the excitation
temperature of the denser gas which is already likely toffeced by the outflows.
As such, these outflow shocks can be seen in this image agémcperature maxima.
Outside the contoured region shown in Fig. 5.10 the tempesstreach as low as 5 K.
However, in thesé3CO diffuse emission regions where littlé¢%O is detected within

our noise levels, is it likely that thCO has lower optical depth, limiting the validity
of this approach to estimate the excitation temperatureesinis only for optically

thick emission.

5.3.3 Relation between Hand CO column densities

Even though for the previous calculations of the opticatdépave taken the standard
value for the relative abundances8€O to C8O, | have estimated a “conversion”
factor, Xmoecule t0 €stimate the gas masses and column densities in thenrégm

Pineda et al. 2008), as being:

Xmolecule = N(HZ)/ImoIecuIe (5-4)

whereN(H,) is the H column density andecue IS the integrated intensity of the

molecular transition. This conversion factor was estimdte both*CO and G20
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Figure 5.11:Scatter plots of the kicolumn density retrieved from the extinction map against
C180 (left) and*2CO (right) integrated intensities, where each point coess to a pixel

in the map. The blue and purple dashed-lines representrtbarlfit of the data points, with
and without an upper limit constraint (respectively) on twdumn densities and integrated
intensities.

and is later used for calculating the properties of the stines found within the region
using a hierarchical stratification of the emission (Set&al). This is a simplistic ap-
proach and it does not account for possible depletion ocaldtnickening. Therefore,
a linear relation betweenjtolumn density andfCO and G20 integrated intensities
is a reasonable assumption for intermediate densitied buaty provides a lower es-
timate of the H mass for higher densities. In fact, this method is equivélenising
Eqg. 2.27, but allowing a calculation &f(H,) without having to assume a temperature
or an abundance ratio of the studied molecule with relatat,t

The H, column density was derived from the extinction map of B59r(RRo-
Zliiga et al. 2009) assuming a relation between the visxiahction and the klcol-
umn density asN(H,)/A, = 9.4 x 10?° cm? mag™ (e.g. Bohlin et al. 1978; Pineda
et al. 2008). This was plotted against tH€O and G20 integrated intensities cor-
rected for the telescopdfeiency and masked for regions with-4letections or higher.
All maps had 20" resolution and were resampled to a commamamd pixel size, for
a pixel-by-pixel comparison. The resulting scatter plotsshown in Fig. 5.11.

It is clear that there is a correlation between thecHlumn densities and the inte-
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grated intensities of the two lines, even though, both |ste®sv some departure from
a linear correlation specially towards higher column déssiand integrated inten-
sities. As such, | have estimated the conversion factor f§0Qusing a linear fit
to all the data points (purple fit on left panel of Fig. 5.11)amnstraining the up-
per limit of H, column density to 4« 10?2 cm™2 and G20 integrated intensity to
1.5 Kkms? (blue fit on left panel of Fig. 5.11). The results are very smivith
aXcso = 1.82 x 10?2 cm2K~*km~'s when including all the data points. This little
difference in the fits shows that thé®O is tracing the bulk of the cloud as seen in
extinction, from low to high column densities.

However, given the high optical depth BCO towards the denser regions, depar-
tures from the linear trend seen at lower densities are ustéddly found. Therefore, to
estimate the relation between the éblumn density and th€CO integrated intensi-
ties | have only used the pixels where thgdélumn density was below» 10?2 cm2
and®*CO integrated intensity was below 4 K kms This will more reliably estimate
the relation for the bulk of the cloud than if consideringtak column density ranges,
but it will result in underestimating the total mass whensidaring higher densities.
This is not surprising and it is rather expected when the heeomes optically thick
and self absorbed. The two linear fits to fit either all the ghatiaats, or restricting the
upper limit are shown in the right panel of Fig. 5.11 as a paugl blue dashed-line
respectively. The slope | will use is from the restricted epjmit and corresponds to

aXisco = 3.12x 107 cm2K~tkms.

5.4 The hierarchical structure of B59

To understand the cloud structure of B59, | have used a dgratrotechnique, alter-
native to the clumpfind approach used in Serpens (Chap. 3¢hvwékes into account
the hierarchical structure of the cloud, rather than jusiapting to split the cloud into
several clumps. It provides a tree-like structure of thesd|and has been developed

and applied to star forming regions by Rosolowsky et al. 80To be able to interpret
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Figure 5.12: Diagram from Rosolowsky et al. (2008) illustrating the dexggtam process
of stratification of a one dimensional structure. The lefbglashows the one dimensional
profile (black curve) with the underlying dendrogram in bllidis same dendrogram is shown
again on the right panel, where the nomenclature used @eaeeles, branches and roots) are
identified. On the left panel we can also see three examplesrbur levels, in grey, and the
height of a leaf in red.

this hierarchical study of B59 however, | made use of theiptesly studied opacities
of the lines observed as well as the relation between thaaidn maps and the gas
emission, as it is important to understand the impact of {htecal depth on the gas

emission that we are detecting.

5.4.1 Dendrograms

The dendrogram technique reveals the structures and suditses of a given 1D,
2D or 3D image, by analysing the isosurfaces which recrdaartput image. This
method identifies the peaks of the emission (leaves) andectsirdiferent leaves
through nodes as soon as separate structures are compyiseddmmon contour.
These nodes are then followed down to lower levels as brancimdil they connect
through another node with another branch or leaf. An examwipdeich a stratification
is shown on Fig. 5.12. The height of a leaf (shown in red in bid2) is defined as
the diference from the peak of the emission to thg, Iwhich is the contour where
the dendrogram splits the emission into two sub-structamelsherefore represents the
“base” of the leaf.

The code | used to implement this dendrogram technique ig fdscribed in
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Rosolowsky et al. (2008), and consists of semi-publiclyilatsée oL routines that are
capable of finding the hierarchical structure of a cloud g€ or 3D datacubes. A
benefit of this method is that it does not split the cloud im@dependent clumps, but
it keeps the information as to how these clumps are interected, and what is the
underlying gas structure. The other benefit of such an apprisathat it is much less
sensitive to input parameters than other clump-findingrélyms. This code finds the
local maxima of a datacube that will comprise the top levehefdendrogram, and it
then contours the data down using a large number of levelsagl contour level, the
code will check for sub-structures that merged. When maae tivo sub-structures
merge at a same node, then the code will refine the contowaruriher levels, so that
only two structures are merged at a time. This is a robustoadgthfind structures, not
dependent on input contour levels or spacing, and the onlgitie input parameter is
the minimum height for which a leaf is considered to be a sepastructure.

This dendrogram code is also built such that it can calcudatesral properties
of the cloud at each contour level, such as the integrateshgity, the size of the
structure, the velocity dispersion, the mean velocity ama@mposition. To do so, the
user also needs to specify the distance to the cloud and thbthwhich it associates
the intensity onto a given structure. The three methoddabtaito assign emission to
a given structure are bijection, clipping or extrapolatias described in Rosolowsky
et al. (2008). A diagram of how each paradigm works is showRign5.13.

As soon as the characteristics of each structure are ctddulae can retrieve the
mass by considering the linear relation previously catealgSec. 5.3.3) between the
H, column density and the integrated intensity of the moladiri@ considered. The
masses are calculated within the code, following the proecedescribed in Rosolowsky
et al. (2008), where:

Mmolecule = 1.84 X 10_20xmolecule|—molecule (5.5)

whereMpoiecule IS the gas mass in Mderived from the CO molecule in consideration,

XmoleculelS the CO-to-H conversion factor described$rb.3.3 in units of crm?K~*km™1s,
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Figure 5.13:Diagram from Rosolowsky et al. (2008) illustrating the thigaradigms avail-
able for calculating the properties of the structures sblwe the dendrogram process at each
isosurface. The three panels show the same one-dimensimission profile with the contour
at which the properties are being calculated, and the shadedshows the emission used to
compute cloud properties for eachtdrent approach.

andLmolecule is the luminosity from the considered CO emission in K krips?. This
luminosity LmoecueiS calculated ag = Fd?, whered is the distance to the cloud and
F is the flux of the region, i.e. the sum of all the emission in itbgion, calculated
asF = Y T 6656, ov. The value of 184 x 10?° arises from the units conversion,
assuming a molecular weight of 2.33, similarly to that asstiin Serpens (Chapter 3).
Once the masses are calculated, the virial paramaeiteestimated from the virial
balance between the kinetic and gravitational potentiat@n i.e.a = 2Ei,/Epo (S€€
Sec. 1.1.4). Assuming a uniform density profile, this trates into:
502R
" Mnolecud3

whereo, is the velocity dispersion and is the size of the structure as estimated by

(5.6)

(01

the dendrogram code. Similarly to the mass, the virial patamis calculated for
each structure at each contour level. If in virial equilitbn, « = 1 and we retrieve
equation 1.11. However, given the uncertainties and sityita what was assumed
for Serpens (Chapter 3), | consider a structure to be gtamaly bound when the
virial parameter is less than 2. However, note that'f@O in particular, the optical
depth and self absorption in the denser regions will resulirderestimating the mass

Misco, and therefore, overestimating the virial parameter.
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Figure 5.14:Dendrogram of thé3CO emission in B59. Left: leaves labeled and grouped
according to the regions in the map where they belong to. tRibh virial parameter calculated
for each contour. The regions where no virial parameterasvah(e.g., the tips of the leaves)
are due to the lack of $licient quality data to calculate the properties, such adflicgnt
number of pixels.

5.4.2 Results from the dendrogram analysis

To study the structure of B59, | have performed a dendrognaatyais of the region
using the intermediate density tracéf€O and G2O. | convolved the maps to a res-
olution of 20” to help suppress the noise, trimmed the noisiap edges, and run the
dendrograms on these two 3D datacubes. For both, | conditleeminimum height
of a leaf to be one-sigma of the r.m.s. noise level, | chosdijeetion method when
calculating the cloud properties and, finally, | adoptedstatiice to the Pipe Nebula of
130 pc (Lombardi et al. 2006). Thé&-so and Xisco Used for the calculations of cloud

properties were the ones estimated 5.3.3.

13CO dendrogram

The resulting dendrogram f&tCO is shown on Fig. 5.14. The positions of each leaf in
the map are identified with labels in the left panel dendnogrand can be seen in the
channel maps of Fig. 5.15. This hierarchical stratificafiods the entire structure of

B59 to be interconnected and part of a same cloud. The onWpraich which diverts
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Figure 5.153CO integrated intensity maps ir Tover intervals of 0.5 kmg, from 2 kms*

to 5 kms?®. The contours are from 0.25 to 2 K ks by steps of 0.25 K kms, and from

2 K kms™ onwards with steps of 1 K km$. The gray scale in the first and last panels (from 2-
2.5 kms! and from 4.5-5 kmg!) is from 0.1 to 1 K kms? (lower-right colour bar), and in the
remaining panels is from 0.1 to 3 K kris(upper-left colour bar). The positions of the leaves
from Fig. 5.14 are shown as they appear in each of the mapsufeal circles and labels).

from the main branch is that of the western cores (as labelddg 5.14) which seem
to be a sub-structure on its own, connecting to the main cidver levels.

The right panel of Fig. 5.14 shows the virial parameter daled for each of the
structures at each contour level. From these figures, weemathat the central region
is divided into 6 leaves. Leaves 4, 6, 7, 8 and 18 have a viaedpeter just above
2. Taking into account that there is an optical deptiea which is not being taken
into account, these masses are likely underestimatedhandrtal parameter is likely
overestimated. The three leaves at the top of the dendrofieanves 4, 6 and 18) are
connected to the rest of the tree by a branch which has a mghbkihvirial parameter.
Leaves 7 and 8 have a virial parameter just above two and thregspond to the gas
which seems to be compressed by the NE directed outflow. LElé4 an even higher
virial parameter, likely to represent the initial part oétbutflow as it is making its way

out of the cloud. For the rest of the cloud, all the branches ¢onnect all the way
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Table 5.1:Properties of thé>CO dendrogram leaves

Leaf# Radius(pc) VY(kms?') oy (kms?) Mass(M) «

4 0.03 3.9 0.19 0.70 2.1
6 0.02 3.7 0.13 0.11 3.2
18 0.02 2.9 0.13 0.11 3.4
8 0.01 3.9 0.07 0.04 1.9
17 0.04 3.2 0.15 0.34 2.9
7 0.03 3.7 0.11 0.21 1.7
5 0.06 3.9 0.14 0.64 2.2
3 0.07 4.0 0.10 0.52 15
9 0.04 3.6 0.11 0.31 1.8
13 0.14 3.5 0.13 4.15 0.7
14 0.03 3.4 0.08 0.07 3.2
10 0.05 3.4 0.14 0.70 1.7
16 0.03 3.2 0.15 0.22 3.5
15 0.06 3.4 0.15 1.28 1.4
11 0.04 3.5 0.11 0.23 2.4
19 0.04 2.2 0.20 0.14 12.3
Total 0.44 - 0.41 81.7 1.08

until the root, seem to be reasonably bound. From all theske@ivat come out of it,
four have a high virial parameter (leaves 5, 14, 16 and 19)aaedikely to represent
lobes of outflows. The remaining leaves seem to be reasonaidyised, showing
virial parameter values around 2. Only leaf 13, which repmnés the entire NE ridge,
seems to be undoubtedly bound, with a virial parameter b&low

Table 5.1 summarises the characteristics of all’8@O leaves in B59. The first
column shows the identification number attributed by theddegram, as shown in
Fig. 5.14 and 5.15. These properties were derived for thedbwontour where each
leaf was detected. The “Radius” is equivalent to the radiasgojected circular cloud
which would comprise the number of pixels of each leaf i¥the mean velocity
(weighted by the intensity) of each leaf with an uncertaiofy.1 kms?, o is the

velocity dispersion of each leaf, “Mass” is the leaf mass ) and finally is the
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Figure 5.16:Dendrogram of the €0 emission in B59. Left: leaves labeled and grouped
according to the regions in the map where they belong to.tRigh virial parameter calculated
for each contour. The regions where no virial parameterasvah(e.g., the tips of the leaves)
are due to the lack of $ficient quality data to calculate the properties, such asflicgnt
number of pixels.

virial parameter as by eq. 5.6. The last line of the table sitbw total mass, equivalent
size and virial parameter of the cloud, measured on the rbdteodendrogram of
Fig. 5.14.

C*®0 dendrogram

The G80 dendrogram is shown on Fig. 5.16, with the positions of éaahin the map
identified with labels in the left panel dendrogram. Thesgtpms are also shown on
the channel maps of Fig. 5.17. In the case 8K, the entire cloud is no longer part of
a same sub-structure. However, this is only due to signabigenlimitations, that do
not allow the detection of the lower density%O.

The central region of B59 is described by two main cores, lgp#vitationally
bound. The NE ridge is found with the'® dendrogram as a whole structure (leaf
16) also with very low values of the virial parameter. Thedlegram also shows two
cores to the west of the central region (leaves 14 and 21) afhwdnly one seems to

be gravitationally bound. Finally, this method recoveredsolated leaf towards the
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Figure 5.17:C*80 integrated intensity maps irj,Tover intervals of 0.5 kmid, from 2.5 kms*

to 4.5 kms?. The contours are from 0.12 to 2 K knis by steps of 0.2 K knig, and from

2 K kms™t onwards with steps of 1 K km$. The positions of the leaves from Fig. 5.16 are
shown as they appear in each of the maps (coloured circlelnbals).

end of the SE ridge, again, with a low virial parameter.

Table 5.2:Properties of the €0 dendrogram leaves

Leaf# Radius(pc) VY(kms?') oy (kms?) Mass(M) «
15 0.02 34 0.14 0.29 1.2
18 0.03 35 0.21 0.91 1.7
17 0.05 35 0.17 0.52 3.3
16 0.15 35 0.15 5.82 0.7
14 0.07 34 0.15 151 1.2
21 0.07 3.3 0.21 1.15 2.9
13 0.06 34 0.13 0.91 1.50

Total 0.30 - 0.39 32.8 14

Table 5.2 is analogous to Table 5.1 and summarises the ¢biastics of all the

C'80 leaves in B59. The last line of this table shows the totalspaguivalent size

and virial parameter of the cloud, but measured by combithegnformation of the

three disconnected roots (see Fig. 5.14). The “Radius” shiswhe radius equivalent
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to a circle whose area equals the summed areasr tiethe square root of the sum
of the squared velocity dispersions of each three branchesMass” is the sum of
all three masses, and the shown virial parametsran average of the virial parameter
of the three branches. The optical depth éf@towards the central cores, wilffact
this estimate of the masses, as they do not account for bghickening of the line.

If we would correct for optical depth, the mass estimate Wontrease and the virial

parameter would become even smaller.

5.4.3 Discussion

Despite the non-interconnected structure found witQCits hierarchical stratification
has similarities with that found with*CO though with less branching. Even though
the emission in €0 still follows the NE outflow walls (i.e. th&CO leaves 7 and 8)
the dendrogram did not recover these as being individuagieathe G20 emission.
The only leaf that was not separatedi@O was the €20 leaf 17. This leaf has a very
high virial parameter, and could be a part of material swgpa Ipossible outflow to
the west side of the central core. In fact, it seems to layiaphaside-by-side with the
13CO leaf 16, also with a high virial parameter.

Both the'3CO and ¢80 dendrograms find the NE ridge to be a whole structure
with little sub-structure (no inner leaves), and with veswivalues of the virial param-
eter, supporting that it is a gravitationally bound struetu

The western cores are found with both molecules to be a soateseparate sub-
structure on its own. The'@D leaf 14 & 3CO leaf 15) is a relatively bound structure
whereas €0 leaf 21 € *CO leaves 10 and 16) seems to be quite more dynamic.

The SE ridge in €0 is also divided in two, similar to what is seentCO. The
lower-left half of the ridge is described by"®D leaf 13 &€ *CO leaf 3). The rest of
the ridge, even though it is found as a leatiGO, it is part of the underlying structure
of the central region, described by thé?0 node 46. In fact, this node also includes
the non-detected lobe SW of the centre #@O leaf 9).
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Finally, there are lobes which were not detected GG most likely due to the
noise. In fact, the dendrograms do find some of these stegagisolated leaves (such
as the'3CO leaves 11, 14 and 19), but since it fails to calculate aniglygarameter due
to the lack of sfficient information from the data, | did not present them hédete
that the G20 line widths are quite narrow outside the central region 5 Bmaking
those (also spatially small) structures described by venydata points.

A brief comparison of the masses derived fromH@O and G®0 emission shows
that the structures which are commonly found have similassrestimates. 0,
however, seems to recover more mass from the NE ridge and abthe cores. This
difference is likely to arise from the higher optical deptd3O which will underes-
timate the gas mass. Nevertheless, both lines show a total 8fM,, to be comprised
in the leaves. However, theyftir in the total mass of the cluster by a factor of 2.5,
mostly due to the gas mass present in a moffeisk state, traced only BYCO. This
said, the fraction of mass comprised in the leaves isf % using the*CO, and
~ 33% for the G80 estimate.

5.5 Dynamics of B59

5.5.1 Ambient cloud

To study the dynamics of B59, | have used the information ftbenintermediate den-
sity tracers'3CO and G20, through position velocity diagrams along constant Decli
nation and Right Ascension. The position of each cut is shiowkig. 5.18, and the
PV diagrams are shown on Fig. 5.19 and 5.20.

As can be see from these diagrams, the emission fr§¥@ S very narrow through-
out the region, with the exception of the star forming cdmegion of B59. Further-
more, the G20 emission seems to be pretty well constrained to wheré*D® is
stronger3CO, on the other hand, seems not only to be able to trace tise degions,

but it also picks up a lot of the outflows, seen in the PV diagras spatially-narrow
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Figure 5.18:Integrated intensity maps of®0 (left) and*3CO (right) showing the position
of the PV diagrams of Fig. 5.19 and 5.20. Each cut is labelgd#or the horizontal cuts)
and V# (for vertical cuts). Contours are at 0.27, 0.5, 1, hé 2K kms™* for C*%0 and at 1,
1.5, 2, 3and 4 K kmig for 13CO (in T}).

but velocity-broad emission. Some of these outflows aretpdiout in the PV dia-
grams (Fig. 5.19 and 5.20).

Looking in detail to the diagrams, we can see that the NE rislgery well traced
by one single velocity (around 3.2 k¥, showing little broadening or internal struc-
ture (see PV diagrams V1 to V4 and H1 to H4). The SE ridge, ootiher hand, shows
a much more complex structure (PV diagrams V1 to V6 and H7 t®)HIhe eastern
end of the ridge itself seems to be better described by waeciround 3.2 ks,
whereas the western end of the ridge has stronger emissighlahs®. Even though
the3CO detects these two velocities throughout the cut¥ds only detected where
the emission is stronger. THECO also seems to pick up a possible outflow lobe at
the intersection of V3 and H11, which could maybe be resbas$or the diference
in the velocities at this steep edge, as well as perhapsrehépe edge itself.

The central region of B59 is seen in PV diagrams V7, V8 and HBI%0 The
lobes from two outflow edges are seen both in blue and red Emis# fact, even
C'80 seems to pick up some of the emission from this outflow gaseclm the cores.
There is a significant line broadening of the line emissiomfibboth molecules, nearly

a factor of 3, indicating that the gas in this central reg®heing significantly iected
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Figure 5.19:PV diagrams of B59 at constant declinations i@ (left-hand side on each
column) and*3CO (right-hand side on each column). Each cut is labelederdp-left corner
as in Fig. 5.18. The position of some of the possible outflond @avities are pointed and
labeled. Contours are from 0.5 K onwards with steps of 0.5rkb@ih molecules, plus a lower
contour of 0.3 K for G0 (in T}).
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by these outflows.
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Figure 5.20:PV diagrams of B59 at constant RA in'® (upper panel of each row) and
13CO (lower panel of each row). Each cut is labeled in the tdipelerner as in Fig. 5.18. The
position of some of the possible outflows and cavities are jpdsnted and labeled. Contours
are as in Fig. 5.19

Finally, when looking at the western cores (PV diagrams V&1@ and H2 to
H5), we can see that they are separated from the centralnréyia cavity in the
gas emission, best seen in V9. As moving westwards, thigycayviollowed by a
slight broadening of the line emission, and then by gas mgthtypical line widths and

velocities 3.4 kms?) of the cloud. The gas where the broadening is was found with
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Figure 5.21:Left: 12CO blue emission in blue contours. The emission was intedrixom
-5 to 2.7 kms?, and the contours are from 2 to 10 K kmsy steps of 1.5 Kkmg'. Right:
12CO red emission in red contours. The emission was integfedet4.2 to 15 kms?, and the
contours are from 3 to 20 Kkm& by steps of 2 Kkmst. Both panels are overlayed on the
extinction map of B59 as from Fig. 5.2 in gray scale, and whthY SOs positions plotted. The
colour change on the Class 0 objects is only for clarity.

the dendrograms as having a high virial parameter, comsistigh being an outflow

shocked region.

5.5.2 Outflows

These observations 6fCO and*?CO are the first high resolution molecular line map-
ping of the high velocity gas from the outflows in B59. Evenubb there were already
suspected outflows, this study not only confirms their eristeas it also shows a num-
ber of outflows bursting from the central core of B33CO already revealed some of
the outflow structure, but it also traces some of the densermahtTherefore, to under-
stand the impact of the outflows on the cloud, and see up tohahitent they may or
may not be sfiicient to disrupt or shape B59, | have studied the complemed&ta
set of'2CO, an excellent tracer of the high velocity gas in molecdlands (Fig. 5.21).
Figure 5.21 shows th&CO blue and red emission in B59, where we can see a

number of outflows and a couple of shells and knots. For igstaime more compact
outflow bursting to the NE of the central region falls in aniestion cavity, and this
image shows that is has a blue outflow arc, coincident withtherooutflow lobe in

red, indicating that this flow may be very close to the planthefsky. The emission
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from these two lobes seems to trace back to one of the yousgestes in the field.
Then, to the SE, we can see a few blue knots, and another redbaghly towards
the same direction. The blue knots in particular seem to beeleded with spots of
outflow impacting the lower velocitiiigher density material seen in extinction.

12CO is one of the most abundant species in molecular cloudsit lecomes
highly optically thick very quickly. Therefore, only whehere are high velocity out-
flows the wings of'?CO become visible, tracing lower density gaset from the
could’s ambient velocity. However, even in these wings, samtical thickening is
likely to occur, and to estimate the mass of gas which is aoethin the outflows,
the optical depth ot2CO has to be corrected for. One way to do so is to compare it
with another isotopic emission. Since we are only intecestéhe wing emission, the
isotopologue for comparison has to emit also in such ve&sitThat is the case of
13CO emission.

Similarly to the*CO and G8O case, under LTE conditions and assuming simi-
lar excitation temperatures for both isotopologues, thigcabdepth of'2CO can be

determined as:
T 1l-e™2
TlSCO - 1 - 6‘_713

(5.7)
for each given velocity. Assuming th&CO is optically thin in the wings antfCO is
optically thick (Cabrit and Bertout 1990), Eq. 5.7 becomes:

Ticg 1l-e™2
T13CO T13

(5.8)

andty3 = 71,/ f, wheref is the fractional abundance &CO relative to'*CO, taken
to be 62 (Langer and Penzias 1993).

Given that | am only interested in the properties of the out$las a whole and the
difficulty of identifying all the outflows separately, | have estied average properties
for the blue and the red emission’8€O. To attain an estimate of the,, | have used
the ratio of the integrated intensities over the wings oftth@isotopologues, similarly
to what | used forr;g. The velocity ranges for each wing were chosen to exclude the

cloud’s ambient velocity wher&CO is self absorbed. The blue emission includes
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the emission below 2.7 kmsand the red emission includes all the emission above
4.2 kms?,

With the ratio maps of the blue and red emissions betweemtbésbtopologues,
in pixels where thé3CO integrated emission was greater than the respective I(ine.
0.1 K kms?), we see that the ratio ranges betweéhin the core of B59 and46 in
some of the outflow lobes. That correspondstpvalues ranging from-35 to ~2,
respectively. To estimate the column densities for the blug red emission, | have
applied the correction factor af,/(1 — € ™2) (Curtis et al. 2010b; Cabrit and Bertout
1990) at each pixel. Assuming a kinetic temperature of thiéavws of 25 K, a CO
abundance with respect toldf 104 and for a distance of 130 pc, the gas masses can
be derived as:

M = 1.78 x 10 °Nix < f ToedV > (5.9)

whereM is the gas mass in Massuming a molecular weight of 2.3, is the number

of pixels included in the outflows (i.e. a measure of the ace@ied), anck mebdv >

is the average integrated intensity, after the opacityemion of theT,, at each pixel.
Similarly, | have estimated the average momentum and kiregtergy of the out-

flows. The momentunpousiow, 2lONg the jet axis is defined as,

Dout = f MV — Voldv (5.10)

wherev, is the velocity of the driving source ama{v) the mass corrected for the optical
depth as from equation 5.9. The outflow kinetic enelgy 0w, ON the other hand, is
defined as:
Eout = % f m(v)(V — Vp)?dv. (5.11)

Observationally, however, it is hard to infer these prapsnvith precision, due to
the inclination angle of the outflow jet. A correction of theacities for the inclination
angle (, defined as 0 if the outflow is along the line of sight) comes/a=%() for the
momentum, and /Icog(i) for the energy. For the outflows in B59, a comparison of the
blue and red emission can shed some light on the inclinafidredlows. In particular,

the main flows (Flow 1, 2 and 3 in Fig 5.22) show both blue andaradssion towards
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the same direction. This points to the possibility of theee/$l to be very close to the
plane of the sky. Therefore, | have estimated the openintgasfghe flows and used
this value to estimate the angle of each side of the outflove celative to the plane of
the sky. For the NE lobes (Flow 1) the opening angle is®@ and for the SE lobes
(Flow 2 and 3) it is closer te-30°. Therefore, the angle of each of the outflow cone
walls with respect to the plane of the sky would range betwE®and 15, and the

inclination angle against the line of sight would range lestw 73 and 80.

Table 5.3:0Outflow properties

M Pout Pout/ €OS(75) Eout Eout/ cO$(75)

(M) (Mg kms?)  (Mgkms?) (Mgkm?s?) (Mg km?s2)
Blue 0.59 0.83 3.19 0.81 12.0
Red 0.63 0.55 2.13 0.40 5.98

The results from this study are shown on Table 5.3, where Magas mass con-
tained in each of the outflow high velocity lobgs,; is the momentum anH,, is the
kinetic energy, both shown here without the correction foinelination angle and also
assuming an angle of 75

If studying independent flows, it is possible to calculate@mantum flux, which

is defined as:

Fout = Pout/td (5.12)

wherety is the dynamical time of the outflow, defined @s= L/vmnax L being the
length of the flow, and,.x the maximum velocity of that flow. The momentum flux is
often used to distinguish between Class 0 and Class | dradngces (e.g. Bontemps
et al. 1996; Curtis et al. 2010b). However, the dynamicaktisinot very precisely
calculated given the variability of the accretion rate, iess loss of the protostar and
the expansion rate of the outflow. Furthermore, inclinaptays an important role on
the measuredl andvy.x For instance, for outflows close to the plane of the sky, the
L appears at its maximum, whereas thg, is small, overestimating the trugof the

outflow. However, without accurate inclination angles sao dfect is hard to account
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Figure 5.22:12CO blue and red emission as in Fig 5.21 in blue and red contesgctively,
starting at 3 K kms' with steps of 2 K kms!, overlayed on the extinction map of B59 as from
Fig. 5.2 in gray scale. The boxes show the regions used taolatdcthe individual outflow
properties for the four flows: Flow 1 (blue and red), Flow 2jrand Flow 3 (blue).

Table 5.4:Momentum flux of individual outflows

L [ Vmax  Vmax/COS(i) tq Pout flow/ COK(i) Foutflow
(pc) degrees (kmd)  (kmsh)  (x1CPyr) (Mg kms?l) (Mg kmslyr?)
Flow 1 -Blue 0.19 80 -5.5 -31.7 5.8 1.44 510
Flow1-Red 0.11 80 5.0 28.8 3.9 0.97 5x 10
Flow2-Red 0.23 75 55 21.3 10.4 0.77 4% 10°
Flow 3 - Blue 0.45 75 -4.0 15.5 28.7 0.88 1% 10°

for.

Nevertheless, | have estimated the momentum flux for therf@in flows of B59
(Fig 5.22). The results are shown on Table 5.4, wheigthe projected length of the
outflow in the plane of the sky,is the assumed inclination angle of each fleWax
is the maximum velocity with respect to the cloud’s ambiegipeity of 3.5 kms?,
Vmax/ COS{) represents the “true” maximum velocity of the floy,is the dynamical
time, pout/ cosf) is the momentum of the flow corrected by the inclination, &nally,
Fout Is the momentum flux. From here, we can see that the momenturofflalow
1 is higher than the momentum flux for Flow 2&3. However, ifasing the same
inclination angle for both, though still existent, thetdrence would be less accentu-

ated. For instance, an inclination angle of & Flow 1 would result in a momentum
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flux of 1.1 x 10°* M, kmsyr-t. The values for momentum flux for the four main
outflows in B59 retrieved with this method are consistenhwtite expected values
for Class 0 sources. Flow 2, however, starts to approacte texysected for a Class |
driving source. When looking at the relation between théosg and the protostars
(Fig. 5.21), we can see that the two main blue outflows arentgadgack to the two
younger protostars in the region, consistent with the \satiexived from the momen-
tum flux. However, it is not clear which source is the drivimysce of the red Flow
2, and it may be that it is not the same as for Flow 3. Interfetoyndata would be

important to disentangle these outflows close to their dgw@ource.

5.5.3 Discussion

The study of the dynamics of B59 has shown that there are nergetmends or gra-
dients in the region. In general, the velocities are all acb8.4 kms! and narrow
line widths around 0.5 kmi$ (FWHM). All the motions that depart from these values
seem to be in close relation to regions where there are outibove and shocks. There
are a number of cavities close to these shocks and, in plartitiie shape of the cloud
seems to beftected by these flows.

The impact of the outflows in the cloud can be estimated by @img the kinetic
energy carried out by the outflows and the binding energy efitmser material. The
total kinetic energy of the outflows (Sec. 5.5.2) is-d8 M, km?s2, when assuming an
inclination angle of 75for the outflows. | have estimated the binding energy (i.e. th
potential energy) of the dense material using th#Xmasses. For 33 Mand a radius
of 0.30 pc (Sec. 5.4.2), and assuming a density profile asr—1°, the gravitational
potential energy is 12 Mkm?s 2, lower than the kinetic energy from the outflows. The
value of the outflow kinetic energy is comparable to the mgdenergy of the dense
material. And even though we have to account for the facttiekinetic energy of the
outflows is being deposited outside the cores, and therafagenot be disrupting the

dense cores themselves, the outflows seem to carry enougiyeoebe responsible
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for shaping the material around the central region.

5.6 Final Discussion of B59

B59 is a star forming region with a small and young proto4gusThe known proto-
stars are located only in the central core of B59, and theralgasity material that
surrounds this central region seems to bfesing from the impact of the outflows
from these young sources.

A hierarchical study of the region has shown that the entoedis interconnected
and mostly gravitationally bound. The only regions whichmeoout as a separate
sub-structure are the western cores. The PV diagrams esl/éat these cores are
separated from the main cloud by a gas cavity. The line broadeafter this cavity
may indicate that the gas has been pushed through and claatregt an outflow and
that the cores after the cavity are being compressed by ths fl

On the opposite side, in the SE ridge, two flows are seen asabldieed emission
in 12CO along the same direction (Flow 2 and 3). Such a coincidemcgd suggest
that the driving source is the same, and that the flow is clogkd plane of the sky.
However, the spatial extent of these two flows is not the sand,therefore, they
might not be part of the same outflow burst. Either they amnft@o different driving
sources or, if driven by the same source, they may representifferent outflow
bursts. Furthermore, the coincidence of the outflow knothk thie sharp edge seen in
the extinction map, in €0 and in3CO makes it possible that these two outflow bursts
are indeed responsible for pushing the gas as they makenthgiout of the cloud.

The other clear outflow in B59 is the one on a NE direction (FIDw The red
and blue coincidence in extent and direction show this istiiledy a single flow ex-
tremely close to the plane of the sky. This outflow in parécsleems to be responsible
for carving another cavity in the dust and gas. The loops effiitws trace down to
the walls of the cone-shaped swept-up material close torthtegtars, seen even in the

less abundant 0. The line broadening of ¥0 in this particular case, seems to in-
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dicate that the outflow is interacting closely with the demsgerial. This is in marked
contrast with Serpens, for instance, where no evidencenoutflows is seen on the
C!80 emission. No clear flow was found on the opposite directfoRlaw 1. It may
be that there is just not enough material on the oppositetibrefor it to be detected,
or that the flow is embedded in the denser material of the @lerggion, contributing
to the line broadening seen there.

The origin of the NE ridge is unclear. This is the structur@69 which appears to
be most gravitationally bound in botBCO and G20, but with very little substructure.
It does appears parallel to Flow 1 and it could represent soaterial that has also
been pushed sideways by the flow, though there is no eviddrstfeooks throughout
this quiescent structure. In fact, Frau et al. (2010) stlidieore in this NE ridge, and
found it to be chemically young, supporting that this stouetmay be in the verge of
fragmenting, but it is not very evolved.

Finally, there are some knots and blobs foun# @O to the south and to the north-
west of the central region. These could represent the crparts of the main flows of
the region, but since they do not present very large veexdisets from the systemic

velocity, it is not trivial to understand if that is the case.

Overall, B59 has shown to be veryfidirent from Serpens. Both velocity, outflow
and structure-wise, little is common between these twooregyi Perhaps thanks to a
very different initial trigger or conditions, B59 seems to be mucls idgnamic than
Serpens, except for the regions where there are major ostflbiae fact that thefBect
of these outflows is seen in the higher density tracé?@(, makes it hard to under-
stand the velocity structure of the underlying gas, whichasunder the #ect of the
outflows. Such an understanding of the underlying gas iséiasé reveal the phys-
ical properties of the cores from which the stars are beingéal. This is one of the

aspects of my future work, which I will describe in more detaiChapter 6.
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Chapter 6

Future work

6.1 A large study of the Pipe Nebula

6.1.1 B59

The study of the B59 star forming region within the Pipe Nel{@hapter 5) has shown
this region to have a more complex structure than anticipddespite the good quality
and varied molecular line data that we have, there are sowniearraspects that we are
not yet able to answer.

The first goes back to the higher density material. We expdctde able to pick
up the emission from the protostellar envelopes withG; and use that information
to derive the physical properties of the cores in B59. Eveugh this is true for
the intermediate density material in B59, in the centralaegvhere the protostars
are concentrated, the®® J=3—2 emission is not straight forward to analyse and
interpret, as it seems to be sensitive to the denser matdrniah is being swept up by
the outflows. Therefore, this study would benefit from obswVower transitions of
C!80, to constrain the temperatures and column densitiescitae €20, similarly to
what | have done with Serpens. Lower transitions 8iG&Cmay in fact trace the colder
dense gas that was missed by te83 2 transition. In addition, we intent to use an

optically thin high density tracer, such agHN or NHz, to map the central region of
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B59 and study the dense gas in the envelopes of the protoS@amgparing our current
data with the high density gas would allow us to better undadswhat material is
being traced by the 0 J=3—2. Observations of pH* or NH; with high spacial and
spectral resolution should also allow a study of the tramsib coherence in these B59
cores (e.g. Pineda et al. 2010).

From section 5.5.2, another aspect which is problematocdsstinguish the driving
source of each flow, and identification of other possible flow#is is due to the
confusion between fierent outflows close to their driving sources. As such, we aim
to observe?CO emission from the outflows with an interferometer. Thisileldikely
reveal the origin of each of the outflows and provide betterst@ins on inclination

angles, orientation, and disrupting power of the flow.

6.1.2 The Pipe Nebula beyond B59

As mentioned in section 5.2.1, the drive to study this regimmes from the variety of
environments that the Pipe Nebula comprises and its appstegility as an ideal place
to observe the early conditions for star formation. We hdxeady observed most of
the Pipe Nebula iA2CO which will be analysed in the near future, plus some cores i
the Stem and the Bowl of the #3CO and G280, though not as deep as ideal especially
given the very weak €0 emission detected there. We expect to be able to finish
these observations and bring the noise levels down to thereeglevel and observe
a few more cores throughout the Pipe Nebula, as shown in BgGhapter 5). The
12CO data and its potential to detect outflows, along with theonging SCUBA-2 and
Herschel continuum observations in the Pipe Nebula, wdhthllow us to search for
the very youngest sources that could have been missed meBpit

The aim of such a large scale mapping of the Pipe Nebula iy @nid understand
the physical conditions of these cores along the cloud, eacth for evidence of im-
minent or extremely recent star formation. We know these<tw be young, but we

aim to understand if there is something in the Pipe whichspaeasible for inhibiting
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Figure 6.1:Extinction map of the Lupus complex in colour scale, coyrtesSylvain Bon-
temps. The Lupus | cloud is shown with the white box and label.

star formation, if the bulk of the Pipe is deemed to remaimdont until an external

event changes the conditions in the cores, or if these coeesli@ady on their way to
fragment and form new stars. The properties and physicalitons of these cores and
their comparison to the B59 star forming region may give ugmaight into these ques-
tions. Furthermore, our large-scale mapping of the Pipmgae highest resolution
molecular mapping of this region, may help us understandtigen of the filamentary

structure of the Pipe. Either by infalling material alonggnatic field lines or due

to convergent flows, the high spatial and spectral resaiuimould provide velocity

information which will be able to contribute to our knowle=igf how the Pipe hés

being assembled.

6.2 Lupus | star forming region

Lupus | is a filamentary molecular cloud - the most massivenefltupus complex
(Fig. 6.1), with a mass 0f250 M,. At 150 pc from the Sun (Lombardi et al. 2008), it
extends for about°25 pc), parallel to the edge of the Upper-Sco HI shell. Somd-st
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ies of this region have been made, including a deep Herbig-Kt4H) object search
(Wang and Henning 2009), Spitzer observations (Chapmah 20@7; Merin et al.
2008) and observations of some molecular lines such'38®t and CO isotopes in-
cluding?CO, 3CO, C80 (e.g. Hara et al. 1999; Vilas-Boas et al. 2000; Tothill et al
2009). Given the low resolution (1.7’ or greater) of the ncolar line mapping of
Lupus | done so far, the velocity distribution is yet poorlyderstood as the filament
presents both smooth and steep velocity gradients (e.gillktal. 2009). The region
has a sharp delineated structure east of the filament, taWarcentre of the HI shell,
whereas the west of the ridge seems to be more extended @ttgll €t al. 2009).
Therefore, a direct influence from the HI shell on the stamifation in Lupus | is
suspected.

Lupus | currently has a moderate level of star formationvégti The YSOs de-
tected in Lupus | by Spitzer observations (Merin et al. 20)®w a high abundance
of Class | and flat sources relative to the Class Il and Il sesivhen compared with
the other Lupus clouds. This suggests that Lupus | is theyestrstar forming region
in the complex. The existence of several HH objects in Lupuxlicates the existence
of very young protostars powering further outflows, bothiye$een with the existing
observations. The apparent youth of the cloud is an advantagn trying to study the
effect or remnants of external triggers on its current epistatefermation and it may
help answering the question of how a cloud starts the prafessdlapsing into clumps
and cores. The future high resolution observations of Lu@sspart of submillime-
tre continuum surveys (with SCUBA2 and Herschel) will beeatd detect the very
young Class 0 sources directly and probe the low-mass el @aore Mass Function
(CMF).

In this context, in May 2010, we used the Mopra 22m telescopeap the Lupus
| filament at millimeter wavelengths, providing higher spltesolution than previous
observations of the region. These high resolution obsienawill be important for
future reference and comparison of the gas and the dustiemisghis young cluster.

They will also allow a study of the physical properties andeknatics of the region,
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Figure 6.2: Extinction map, same as in Fig. 6.1, zoomed in Lupus | (greafesand con-
tours), with the areas mapped shown in blue (for the shallewpimg) and in red (for the deep
mapping). The green crosses are the regions where we harettak spectra of high density

tracers.

which may help understand if the molecular gas on the shagp eflridge is being
compressed - resulting on the broadening of the line widtlisiacreased excitation
temperatures.

We have mapped the entire Lupus | filament (2308 arémiith 12CO J=1-0,
13CO E1-0 and G80 J=1-0 transitions, in a shallow survey with an r.m.s. of 0.5 K
in T}, at a spectral resolution of 0.09 kmgFig. 6.2, blue areas). We then increased
the sensitivity in the main regions of emission (567 ard@yito a r.m.s. noise level of
0.35Kin T, (Fig. 6.2, red areas). TH&CO data in particular will be used to detect the
higher velocity gas from the outflows. TR#O and G20 data (Fig. 6.3) will be used
to access the global dynamics of the cloud and search foatsiggs of the original

trigger of star formation in Lupus |, if still imprinted in &hgas. Furthermore, they will
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13C0J=1-0

Figure 6.3:Channel maps of th€CO and G0 J=1—0 emission in Lupus | (top and bottom
panels, respectively), from 3 kmisto 6 kms™. These are from a preliminary data reduction
using Livedat&Gridzilla during the observing run at CSRIO ATNF. Each magludes the
shallow and deep mapping mosaicked together using thangtadftware.

provide measures of the physical conditions in thféedent parts of the cloud, which
will be important in comparing with other star forming regso(such as Serpens and
B59).

To assess the infall rates on the densest cores in the cloaldweok pointed spec-
tra of several both optically thin and optically thick higbrity tracers (e.g. M,
HCN, HNC and HCO, and their raret>C isotopes), towards several®© peaks se-
lected during the observations (Fig. 6.2, green crossekg presence of infall will
be indicated by the detection blue asymmetric line profids( 1992) which will be
used to determine the infall velocity and hence, mass acoredte (e.g. Myers et al.
1996). The dense tracers will also be used to search formwedef chemical evolution

between dterent cores in the region.
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Conclusions

Our knowledge of how star formation occurs has been impgpuirer the years, but
there are still aspects of the process which are not yet cléarvery formation of the
molecular clouds and origin of their filamentary shapes piingsical processes which
prevent or trigger star formation in a given cloud, and atsodvolution from the cores
in the cloud to the final stars which are formed, are some o$ttgects of debate on
the past years.

By studying the earliest stages of star formation, my thesik contributes to our
understanding of the initial conditions and triggers of filwenation of stars. With the
current ability to pursue big surveys with high sensitiatyd high angular resolution
of star forming regions, both in continuum and moleculagdinit is in the large scale
phenomena that | have been most interested in, to undet$iasttucture and physical
conditions of the gas embedding young protoclusters.

| have started by studying a well known young and active staning region in
the Gould Belt, the Serpens star forming region. My studyha$ tegion using CO
isotopologues observed with IRAM 30m has revealed an ist&g velocity structure,
which had not yet been studied in detail mainly due to the tzckngular resolution
to do so. Its complex structure is due to two clouds in the dfisight that seem to
merge along the filamentary structure of one of the sub-etastf Serpens. Combining
the IRAM 30m data with JCMT Gould Belt Survey data, | have udedthree lower
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transitions of G20 to study the physical properties of the gas in this regiome T
temperature of the gas has then shown to be correlated vethellocity structure, in
such a way that we suspected those properties to trace baleck tagger of the star
formation in Serpens. Putting all the pieces together abtbus to construct a scenario
where the two velocity components are from twdf@lent clouds that are merging,
and that their merger is responsible for a temperature nddlge star formation in the
southern part of the region. This scenario has been testeg several SPH models
which investigated if the velocity structure that we deiackerpens could arise from
such a collision of two clouds or flows. These tests have shtvanfor the Serpens
observed velocity and filamentary structure to be well rdpoed, the geometry of the
collision is very important. These models also suggest tthatditerences between
the two sub-clusters of Serpens can be explained if one of iseunder the direct
influence of a such a triggering event, whereas the otherysmarginally dfected.

A second part of my thesis is part of an on-going project orPlpe Nebula. Start-
ing with the only active star forming region in the cloud, B3%ave started to study
the structure and dynamics of the gas using CO isotopologhesrved with HARP
at JCMT. One of the motivations for observing B59 was to mtevihe link between
the starless cores in the remaining Pipe Nebula, and otlige a&tar forming regions.
However, this study has shown that B59 is verffaetent from Serpens, in several
aspects. Firstly, there is emission fronfQ in parts of the cloud with no known em-
bedded protostars. Secondly, where there are embeddedtanst the emission from
C80 is much broader and seems to Iffeeted by the outflows in the densest material
surrounding the protostars. In fact, all the emissioni#Q0s tracing reliably the dust
extinction map, and the shape of this material seems to elated with the outflow
knots and shells seen 1ACO and'CO. This is in contrast with Serpens where, even
though it is a young region with a greater number of protessad outflows, the dust
continuum emission and the'®D emission were not tracing the outflows at all. For
some reason, while the emission from Serpens is showingev&for its possible

triggering event, the emission in B59 is dominated by tffieat of outflows in the ma-
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terial. Further observations, however, are required terdangle the true impact of the
outflows in the material, both by observing tracers of thélignsity material, and by
observing the outflows with interferometers to minimise¢bafusion problem.

The unfinished work on the Pipe, which involves also lookihgeveral other ex-
tinction cores in the cloud, will help understanding theditions in these cores and
understand their evolutionary stage, providing an ovegrature of what is behind the
star formation - or absence of it - in the Pipe Nebula. Theratbgion | will be study-
ing in the future, Lupus I, is againftierent from both Serpens and the Pipe. Lupus | is
undergoing star formation and an external trigger - a shoighmating from a nearby
OB association - may have been at the origin of its activityl also responsible for
its delineated and sharp-edged structure. Our molecukaolpservations will provide
high angular and spectral resolution to study the kinereatind physical properties or
the cloud, and hopefully understand if the cloud is indeeddewept up by a shock.

In our current view on star formation, the studies that | hameducted have mostly
shown that each region may have a veyatent story of how it started forming stars.
The study of the gas is essential to understand the lineswibiteach story, but it
is very hard to find the common points tdf@érent star forming regions. The idea of
converging flows as mechanisms to form molecular clouds aggetr star formation
may be the case for Serpens, but there is no evidence fohie¢iarhission from B59. It
may be that the Pipe Nebula is the other extreme case wheferstetion is regulated
by magnetic fields and ambipolarfiision, and B59 is the only portion of the cloud
where gravity has taken over. As such, the only dynamitfacein B59 lies in the
protostellar outflows. For a region which is not incredibgnde with the exception of
its central core, these outflows assume a great role as tleseg® enough power to

shape the material around it, and perhaps then trigger efligodes of star formation.
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