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Preface

Chapters of this thesis contain work presented in the follawg jointly

authored publication:

High angular resolution millimetre continuum observatios and mod-
elling of S140-IRS1L. T. Maud , M. G. Hoare, A. G. Gibb, D. Shep-
erd, R. Indebetouw, 2013, MNRAS, 428, 609.

Chapter 21 contains the observational material from the paper. The
main author (L. T. Maud) was responsible for the reduction ofhe data
(except that from OVRO) that was obtained via successful pq@osals by
the main author (CARMA A) and by the co-authors (CARMA B and
OVRO). The SMA data was recovered from the data archives. The
imaging, analysis and interpretation of the data was undeaken by
the main author. The primary author wrote the paper for publcation
and incorporated comments from the co-authors in the nal damitted

version.

Chapter d1 contains the modelling aspect of presented in the paper.
Modelling the environment of the massive young stellar obje S140
IRS1 was undertaken by the primary author (L. T. Maud) using &-
isting models developed by Barbara A. Whitney et al. (MC code

and Remy Indebetouw (Ray tracing code). The resulting idelaimages



and output data were compared with those from the observatins and
from the literature. The comparisons were undertaken withite help of
custom programs developed by the main author and those comnip
available in the reduction software. As above, the primary w@hor
wrote the paper for publication and incorporated commentsrém the

co-authors in the nal submitted version.



Abstract

This thesis contains a study of millimetre wavelength obseations of
massive young stellar objects (MYSOs) both via interferontiec and
single dish observations. First, the high angular resoluin observations
(up to 0.1") from a variety of interferometers of the MYSO, S140
IRS1, are presented. This source is one of only two prototypéhat
have ionised equatorial emission from a radiatively drivedisc wind.
The observations con rm that IRS1 has a dusty disc at a positin angle
compatible with that of the disc wind emission, and con rms ke disc

wind nature for the rst time.

Secondly, the observations of S140 IRS1 are modelled using[a axi-
symmetric radiative transfer code. Extensive models proding syn-
thetic data at millimetre wavelengths were developed. Thesmodels
show that on the largest scales, typically accessible withngle dish
observations or compact interferometric con gurations, lte spectral
energy distribution is relatively unchanged by the additio of a com-
pact dust disc. However, a disc is required to match the intlerometric
visibilities at the smaller scales. The position angle of thdisc is well
constrained via a newly developed 2D visibility tting method. The
models however, are degenerate and there are a range of stialibest

tting discs.



The third section presents the single dish observations dfi¢ core ma-
terial traced by C*0O around 99 MYSOs and compact Hll regions from
the RMS survey. A method to calculate the core masses and velly
extent is reported. The method is accurate and robust, and nabe
applied to any molecular line emission. An updated distanciémited
sample contains 87 sources and is complete to*10 . It is a represen-
tative sample of MYSOs and HII regions. All of the cores harlw at

least one massive protostar.

Finally, methodologies to establish out ow parameters vid?CO (3-2)
and 13CO (3-2) data are investigated. Multiple techniques are tadled
for a well studied test source, IRAS 20126+4104, and a repehte
out ow analysis pathway is described. In more complex regis us-
ing the 2CO emission to identify out ows and determine the mass is
more di cult and an alternative method is suggested. Moreoegr, the
dynamical timescale of the out ows and the dynamical paranters are
estimated in a spatial sense rather than using a simple avge Such

analysis will aid in categorising di erent out ows from the full sample.
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Chapter 1

Introduction

1.1 High Mass Star Formation

Over the last few decades observations have unearthed th&esiof star formation,

namely dusty, dense molecular clouds in the interstellar rdaim (Shu et all, [1987).

The giant molecular clouds (GMCSs) rival globular clusters sithe largest and most
massive objects in the galaxy with spatial scales of the ond&00 pc, masses some-

times exceeding 10M and mean H densities around 100 - 300 molecules cfn

(Lada & Shu, [199D). The intrinsically cold (10 - 20 K), dusty,dense clouds are
opaque to visual and shorter wavelengths of light and can gnbe probed at in-
frared, sub-millimetre/millimetre and radio wavelengths Early investigations of

these regions discovered that stars are likely to form in cdansed cores within the

much larger scale clouds (Myerst all, [1983). The dust in these star forming clouds
can e ectively absorb visual and UV radiation emitted by obsured young stellar
objects (YSOSs) in their infancy. The radiation subsequengl heats the cloud which

then re-radiates over infrared and longer wavelengths. This to technological



advancements the regions of star formation can now be probedsome detail at
these wavelengths. Figuré&Ill shows the complex distriboti of material in the
Cygnus X star formation region as traced by an isotope of canb monoxide,'3CO
(2-0). Cygnus X is one of the richest and most massive regiookstar formation
nearby, at a distance of less than 3 kpc, and is known to contamany OB stars,

HII regions and high mass star formation sites.

Essentially YSOs form from the gravitational collapse of a ehse core in a

molecular cloud. This formation scenario is generally aqued for low mass stars

(0.3-8M ) (Shu.et all, 11987). A core within an isothermal spherical cloud loses

magnetic and thermal support and ultimately undergoes graational collapse.
The collapsing core produces a protostar and disc. An aca@t disc is the natural
result of angular momentum conservation for the rotating d@apsing cloud. While
the protostar is accreting material from the disc, jets anduat ows are driven in the
direction parallel to the axis of rotation. When the infall/accretion terminates, the
surrounding disc begins to disperse and provide conditioms which a planetary
system may form. The nal remnants of material from the forméon process
are driven away as the star ignites and begins life on the masequence burning
hydrogen.

Massive stars (M 8 M ) are very important in the grand scheme of star and
galaxy formation. They disrupt the interstellar medium (1SVI) during formation
and evolution, be it from large expanding HII regions or in daclysmic supernova
explosions. Massive stars inject ionising UV photons and kched elements into
the environment throughout the majority of their lives. They have been thought

to halt local formation of stars due to energetic winds, outows and explosions

(Herbig, 11962), but can also stimulate and trigger successi formation deeper in
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Figure 1.1: Intensity map of 12CO in the Cygnus X region. White crosses mark
the position of thermal HIl regions and the massive star formation sites DR21 and
S106 are labelled. Taken from_Schneideet all (2011)
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the cloud ELm_e_g_Le_e_n_&_l_a_dLl 1977). Despite new technologiand intensive re-

search, their formation mechanisms are poorly understoodde the detailed review

by iZinnecker & Yorke, 200i7)

1.1.1 The Problem in Context

Unlike low mass stars, high mass stars are rare objects. Duethe intrinsic rarity
and requirement of a large mass reservoir, massive youngllsteobjects are at
much greater distances than their low mass siblings. Massiwstars are born in
cluters, where any single formation region could contain rftiple stars at varying
stages of evolution. Most observations therefore cannotgiye the formation sites
with su cient resolution to disentangle the evolutionary stages and the energetic
processes that are ongoing.

Moreover, high mass protostellar phases do not lend themges to observations
at short wavelengths, where current telescopes have highasipl resolution abilities.
Massive YSOs are still deeply embedded in the natal cloud whbaydrogen burning
begins as their evolution is much more rapid. This is best exgpli ed with a simple
comparison of the dynamical, free fall time of the dense cldwore and the Kelvin-
Helmholtz timescale for contraction. The timescale for thgravitational collapse

of a dense core is given by,

i = ( 32925 C)1:2 (1.1)

where G is the gravitational constant and . is the cloud density. For a typi-
cal number density of a GMC 300 cm 2 the upper limit for the conversion of

molecular material into stars would be around 2 1 years. Molecular clouds



are known to be hierarchically clumpy on all scales which eatively decreases the
free fall time for denser gas on smaller lengthscales. Fuettmore, the collapse of
clouds can also be a ected by stellar feedback from HIl regis, winds, out ows
and supernova. However, such details are not required for inple comparison of
timescales presented here.

During gravitational collapse, the molecular clouds heatpto the point where
a protostar core is massive and luminous enough to begin hpdien burning on
the main sequence. The Kelvin-Helmholtz timescale for thisontraction is given
by,

GM?2

= : 1.2
TR, (1.2)

where M», R, and L, represent the protostellar mass, radius and luminosity re-
spectively. Using parameters for a solar mass star the timeade is quite long,

of the order 3 10’ years in comparison to that of a 20 M star where ¢y

2 10* years. High mass starsNl, 8 M ) have xy < 4, and hence are
still deeply embedded while being highly luminous and actly accreting in a col-

lapsing cloud. MYSOs therefore do not have well de ned, obs@ble, pre-main

sequence formation stages, unlike low mass sources (seemdglat all, 11987; Lada

& Shu, 11990).

1.1.2 A Theoretical Picture

One major question arises for massive star formation as MYSQ@chieve a high
luminosity, according to the luminosity mass relationshigL / M?33), in a very

short time, given by the Kelvin-Helmholtz timescale. The gastion is, "how can ac-



cretion continue and produce massive stars in the face of Buan intense outwards

radiation pressure from the protostar on the surrounding d&t envelope?' An ini-

tial numerical analysis of the radiation problem by_KahL (194) established that

a star of approximately 20 M could be formed by invoking an idealised spherical

infall. However, this mass is much lower than the most massivstars observed.

Using interstellar dust opacities| Wol re & Cassinelli (187) nd that infall cannot

occur and produce massive stars. Only when the dust is modddo be of a lower
opacity or the accretion rate is increased to 10 M yr ! (orders of magnitude
larger than expected at the time) can massive star formatiotake place. Early

evidence for massive star formation via a disc-like structe was seen by Yorke &

Sonnhalter (2002). Here the collapse of a slowly rotatingpiserical, massive cloud
was followed. For all cloud masses investigated a deviati@way from spherical
symmetry is observed as the protostar evolves. Radiationrt@s on the dust act to
remove material in the polar directions while accretion cdimues in the equatorial
plane via a dense, attened, disc-like structure. For the m&t massive molecular

cloud ( 120 M ) a star of 40 M was formed.

Subsequently, some theories nd that high stellar densitse(> 10 star pc 2)

can form high mass stars via coalescence of low mass corehiwitypical formation

times (Bonnell & Bate, 2002). The stellar densities requickare 16 times greater

than in the Orion Nebula Cloud. [Bonnell & Baté (2002) found that for a cluster

of 1000 low mass stars, 19 mergers occur while material is thaunally accreted
from the surrounding gas. The mergers of lower mass stars ihet denser, clus-
tered regions produce the most massive stars in the simulatis. These massive
stars are generally formed in binary systems or small subegmps. Interestingly

a circumbinary disc structure is observed around the most rsaive binary in the



system and could be linked with an out ow, although discs areot found around

the other massive sources.

In competitive accretion models, stars accrete material ia highly non-uniform

manner dependent upon their location with a cluster (Bonnkkt all, [1997). In this

scenario the most massive stars are formed in the deepestviational potential
well at the centre of the cluster. Stars that spend less timeear the deep potential
well on the outskirts of the cluster are much less massive thahose located cen-
trally. The nal stellar masses in the cluster are dependentainly on the accretion
process and independent of the seed stars' initial massesowever, di erent initial
masses have a noticeable e ect on the masses of stars in biesr These stars are
su ciently close such that they will accrete from the same rgion of the cluster
and any initial mass di erence will be ampli ed by competitive accretion of the

gas. Otherwise initially equal mass stars will accrete at amsilar rate.

Within models by|M_g|$e_e_&1a.[ 2003) the cores are not supporteby thermal

pressure as in low mass isothermal cores, but by the turbulemin the region. Ob-

served turbulent velocities are seen to increase with in@&ng core radiusl(Larsaon,

1981). The turbulent support leads to denser cores which haghort free fall times
when they begin to collapse. Consequently, the accretiontes for massive stars
produced from the collapse of a small and very dense core arghh The turbulent

core model overcomes the accretion rate problem by incora¢ing turbulence and

high pressures in the region. (McKee & Tan, 2003). The time t@fm massive stars

is many times the free fall time of the very dense core but isughly the free fall
time of the of the region or clump the core is embedded in. Aséke regions are
denser than for an isothermal solution the characteristicofmation time is  10°

years. The corresponding accretion rate is therefore naally high at 10 3 M



yr 1.
More recently, high resolution modelling in 2D and 3D indid& that accretion

onto the central protostar is moderated by a disc and can ovame the extreme

radiation pressures opposing collapse_(Krumhobt all, [2009;| Kuiperet all, 2010,

011). In all models attened disc structures similar to thee seen by Yorke &

Sonnhalter (2002) emerge but are much longer lived. The désare responsible

for the highly anisotropic density distribution and the themal radiation pressure
escapes much easier in the less dense polar directions. Oaneout ow (and
cavity) forms it can evolve as the star continues to accrete awerial. Currently
these models are the most promising for an up scaled versiohl@ev mass star
formation applied to massive stars that can also reproducemme observables.

To some extent each scenario may play a role in massive stamfation, however
there is no present consensus as to the most important or domant pathway and

how the models may combine.

1.2 An Evolutionary Sequence

Due to the hierarchical structure of molecular clouds it is di cult task to separate
sub-structures and investigate the changing environmenf smassive star formation
in detail. Such issues are compounded by ongoing formatiooooirring in complex
regions on di ering timescales. The current consensus isahstars form within

dark cloud complexes and GMCs. The formation stages for mass stars within

GMCs have been described by many authors (e. , 12005;

Beuther et all, [2007; Evanset all, [2002; Hoare & Franco| 2007). Notably, there

is no consensus to the nomenclature of these smaller scakegss. Tabld_T1l lists



the names and parameters of the stages adopted here. Thedwaihg subsections

review each formation stage in chronological order.

Table 1.1: Physical properties for star forming structures. Adapted from Beuther
et a1, (o [Kiasech [ooan) Rotzet all OOy,

Size Mean Density Mass  Temperature
(pc) (cm ®) (M) (K)
GMC complex 50 100 - 300 1P 10-15
Local cloud region/clumps| 5-20 16 - 1¢0¢ 10 - 10 10 - 30
Cold Core <05 10 - 10° 10° - 10 10 - 50
Hot Core 0.1 16 - 10 1? - 166 100 - 300
UCHII region < 0.1 > 10 - 10

1.2.1 Clumps, Cold Cores, IR-dark Clouds

The precursor to all star formation are cold, dense conderigms of material within
large irregular complexes. These dense cores are the regithiat collapse and even-
tually heat up to create stars. GMCs, as mentioned, are hugéoads complexes
(100 pc) with a large mass reservoir and above average numbensities com-
pared to the ISM. They are highly clumpy in nature and harboudenser cores and
condensates. The locally dense>(10* cm 3) regions or cores are cold 10-30 K

and many molecules can be frozen out in the form of ices on dugtins making

observations to probe their parameters di cult (see Klesse, 2011). In some re-

gions the densities may reach up to £&m 2 and are regarded as cold, pre-stellar
cores. Note, some authors name such regions high-mass st&#lcores, if the mass

reservoir is large enough such that massive stars can potatiy form (Beuther

et al., 2007). These very early regions of star formation are priéo the formation
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of any heating source and are strong cold dust and gas emitgiN,H* , CO, NHs,

HCN, HCO") at millimetre_and sub-millimetre Wavelenjths (e.q. Mauesberger
) and|Evans |(1999) for

et al. (1992);|Schneideret all (2011);ISimpsonet all (
review). Consequently there are no characteristics of ae#i star formation, such

as complex chemistry or bipolar out ows. For a historical reiew on the evolution

molecular clouds see Larsbn (1994), ar, Klessen (2011) famare recent account.

Infrared-dark clouds (IRDCs) (e.g..Eganet all, 11998) are a classi cation of

objects that has recently emerged. These objects are seenlage dark lamen-
tary complexes (extinction features) against the bright ifrared background of the
galaxy and are a substructure within GMCs. Confusingly, somIRDCs have on-
going star formation and have hierarchical regions or clunspwithin them that

can harbour dense, cold cores and hot cores (see next suliigse}; and protostars

(e.g.IRathbarneet all, 2011). IRDCs themselves cannot be classi ed as an actual

evolutionary stage, however they are important targets in hich to investigate

star formation. IRDCs are much more massive analogues of iBglobules' (Bok &

Reilly, 1947) which are known sites of relatively isolatecblv mass star formation

(e.g.lLaunhardtet all, 2010). "Bok globules' also have a hierarchical structuretv

small dense, cold cores within larger, less dense clumps.eythave similar param-
eters to IRDCs, however they are simply much less massive andl only form one
or two low mass star in comparison to multiple massive starsd clusters of low
mass stars in IRDCs. IRDCs without active star formation argherefore excellent
candidate sites for studying cold cores and the very earltestages of massive star
formation.

Observations of these initial stages of star formation areniportant for under-

standing the processes by which stars form. Star formatiohéories must correctly
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represent the initial mass function (IMF). This is the distribution of stellar masses
at "birth'. The IMF itself maybe set at an early stage and intinsically related to

the mass distribution of the cold pre-stellar cores, the cermass function (CMF).

The IMF originally investigated by |Salpeter (1955) indicaés that the mass distri-

bution follows a power law, dN/dm/ m  where 2.3, for masses m, above
about 1 M . Now it can be considered a 2 part power law for masses 0.08
M (Figure [2). 1.3 for masses between 0.08 and 0.5 Mind follows the

Salpeter power law for masses 0.5 M up to a maximum mass of 150 M (see

Kroupd, 2002). Works by many authors (e.g. lkeda & Kitamura2011) L adaet all,

008; Simpsoret all, 2008, and references therein) present CMFs that are veryrsi

ilar in shape to the IMF (also see Figur€Il2). Although scailg e ciency factors
are required for a complete overlap in di erent regions, it ppears that the mass
of the cold cores alone could set the birth mass of the starqydathat subsequent
evolution may follow very speci ¢ pathways. It may not be neessary to have a
one to one ratio of core to star mass, simply that the CMF shapis maintained
throughout various star formation models and feedback presses such that the

IMF closely matches what is currently observed (e.g. Chateni & Hennebellz| 2010;

Smith et all, 2009;| Swift & Williams, [2008). Such results are still the dject of

great debate.

1.2.2 Hot Cores

Hot cores are de ned as such due to their temperaturd (> 100 K). Initially inves-

tigated in detail by ICesaroniet all (1992,11994) they are dense, hot and compact

regions within the larger molecular cloud complex. With hilg angular resolution

observations (1") probing the optically thick, high brightness temperature molec-
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Figure 1.2: Left: Initial mass function (IMF) of nearby star clusters, t aken
from m (@) Right: (Top) Core mass function (CMF) of the Lynds 1204

molecular cloud as traced with C80 (1-0), taken from llkeda & Kitamural(2011).
(Bottom) CMF of Orion molecular cloud 1 region traced with C 80 (1-0), taken

from lkeda & Kitamura!(2009). Note the striking similarity b etween the slopes.

ular lines, they are seen to have densities 10’ cm 2 and physical diameters<

0.1 pc (Kurtz et all, 2000). Hot cores are the immediate site for massive star

formation, and may contain a single source or a cluster of gastars at a range of

evolutionary stages. Due to the central heating by high magwotostars they are

chemically rich in organic molecules and are observable imgh excitation molec-

ular lines (e.g.lCesaronet all, 11994 Plumeet all, 11992). However, some hot cores

may not be internally heated, but are in the close proximi

© an external HIl

region acting as the heating agent (e.tJJ_M.Q_O.keLim_al,

2007

7).
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The hot core, G31.41+0.31, mapped bL/_C_eﬁamaLa.l ‘]39_43) has a tempera-

ture increase towards the central region, providing evidee for a central heating
candidate. The strong centimetre continuum emission on stdrcsecond scales

suggests the presence of deeply embedded MYSOs that arelyikgowering radio

jets (Cesaroniet all, 2010). Even at the high resolution of these observations ig

di cult to disentangle the velocity structure of the distant (8 kpc) hot core. The
velocity gradient seen in the CHCN molecular tracer can be attributed to both
a large scale, rotating, infalling toroid structure (Beltan et all, 2004,_20_(JS) or a

bipolar out ow (Araya_et all, [2008). There could be a complex interplay between

rotation and out ow, and the infalling material that would b e expected if material
is being channelled to a central massive protostar. Subseml observations of

out ow and rotation tracers, CO and CHz;CN still cannot distinguish the source

of the velocity gradient (Cesaroniet all, 2011).

Recent high angular resolution observations by Jineneze$a et all (2012) of

the hot core AFGL2591-VLA3 reveal a temperature gradient,rad a clear chemical
segregation. The chemical species are distributed in threencentric shells about
the hot core on scales 3000 au. HS is peaked at the source location, whereas
HC3N shows a double peaked structure about the continuum peakdation and
CH3;OH forms a larger ring like structure surrounding the contioum emission.
Such segregation likely relates to the physical structuref the hot core. The more
centrally located tracers have higher gas temperatures cpared with the lower
temperatures of tracers in the more distant shells. The tengpature gradient
on these scales are indicative of internal heating of the habre by a high mass
protostar. Interestingly the global kinematics of the moleular envelope are tted

well with a Keplerian like rotation, suggesting a single ptsically bound entity.
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Clearly there is evidence of out ow activity and large scal&eplerian rotations,
suggestive of infall and accretion. It is however unclear these are caused by a
single source or multiple sources given the typical distaado the hot cores (d 2
kpc). Is the internal heating source at an early evolutionar stage, such that it is
simply a gravitationally collapsed core, hot enough to retse the molecules from

ices, or is there a more developed luminous source heating tsurrounding clump

and causing the complex chemistry (e.g. G10.47+0.03 Cesare@t all, 2010)? Is

the large scale rotation an extension of a much smaller actom disc on the scale
of 100 au? Similarly, are the large scale out ows only driven ba single massive

protostar within the hot core or a cluster of low or high massairces?

1.23 MYSOs

Here one single internal heating source of a hot core is redad as a massive young

stellar object (MYSO). MYSOs are also known as a high mass postellar object

(HMPO) (e.g. Beuther et all, 2007). These are luminous ( 10* L ) mid-infrared

bright point sources that have not yet ionised their surroudings (e.g/ Davieset all,

011). Their thermal emission peaks at 100 m. They are known to drive large

,12002C _Ridge_&_MQ_oJe,

,2001/2005) (see Secti@n1.5 for details) and have compaeak,

scale out ows, analogous to low mass YSOs (Beuthet al

001]Zhanget al

ionised stellar winds (e.gl_Tofanet all, [1995) and/or radio jets (Marti et all, 11993).

MYSOs are distinguishable from Ultra Compact HIl regions (@HIIs) where the

ionised material originates from the surrounding medium ther than material from

the star/disc itself in the ionised wind phasel(Hoare & Frang, 2007). However,

there are only a few examples of circumstellar discs arounielse objects (e.g.

Cesaroniet all, 11999; Patelet all, 2005; Shepherd & Kurtz, 1999) (see Secti@nll.3




15

for more details).

Figure[I:3 presents a collection of literature gures deplimg the emission from
the exemplary source IRAS 20126+4104. IRAS 20126+4104 islase source (k
2 kpc) and has been observed at a wide range of wavelengthgudag the infrared,
X-ray, millimetre and radio. It is one of the best known discjet-out ow systems.

Rotation signatures are seen in transitions of the CY#€N molecule and large, high

velocity out ows have been traced using the CO molecule (Caxoni et all, 1997,

199

;L.Shepherdet_all, 2000). Interestingly the MYSO is embedded in a core of

around 230 M and diameter of roughly 0.4 pc, slightly larger than the usua

hot core description (Estalellaet all, |11993). The large scale bipolar CO out ow

appears to have a north-south geometry, whereas the, HHCO* and SiO tracing
the out ow closer to the source have a more southeast-nortl@st orientation. The

di erence of direction could be caused by the precession dfet out ow axis. Ce-

saroni et al. (2013) use sub-arcesecond near-IR observations to detecatsered

light from the innermost region of the disc/jet and trace thejet itself (see Section
[CH). The H, emission delineates the jet, however it appears very asymime and
brighter at the location of the red-shifted out ow lobe. This is the opposite to
what is expected given the orientation of the out ow as the Ibe pointing toward
the observer should be brightest. Although this source is afYSO, there are still
contributions to the tracers observed from other sources thin the system which
could complicate the interpretation. Overall, a general gture is emerging of a
few MYSOs forming in a similar scenario to their low mass sibigs, however, it is

not clear whether these MYSOs are representative of the geakpopulation.

MYSOs are rare due to the IMF slope and their short formationitnescales, as

previously mentioned, hence obtaining evidence for disetrout ow systems is dif-
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Figure 1.3: lllustration of the disc and bipolar out ow source IRAS 20126+4104.

Top: Colour scale indicating the Hy (2.2 m) emission line tracing the jet path

overlaid by the bipolar molecular out ow traced by HCO * (1-0) line. The blue and

red contour colours indicating blue and red shifted out ow lobes. The triangles are
H>O maser spots. Bottom: The 3.6 cm continuum map in contours oerlaid on a

velocity map measured by the G*S(5-4) line, where blue and red now indicate blue
and red shifted rotation. Note the rotation axis is almost perfectly perpendicular

to the out ow axis, as expected in a disc/jet-out ow system.

cult. Initial surveys using the IRAS point source catalogte (Molinari et all, 11996;

Sridharan et all, 2002) are biased to objects away from the bright galactic ghe

and su ered source confusion due to the poor angular resaiom (2-5 arcmin) at

100 m (where the source emission peaks). The Red Mgﬁource (RMS) survey

(Lumsden et all, 2002,/ 2013) is an unbiased survey of MYSOs drawn from the

Ihttp://www.ast.leeds.ac.uk/RMS/
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much higher angular resolution (18 arcseconds) MSX mid-nafred survey of the

Galactic plane (Eganet all, 2003). Extensive multi-wavelength follow-up obser-

vations with resolutions of 1-2 arcseconds have been conthecto identify source

properties, contaminant sources and to attempt to resolvehe distance ambiguity

(seel Coaopetrt all, [2013; Mottram et all, 12010; Urquhart et all, 2007,/ 2008|2009,

012). The result is a sample of around 500 candidate MYSOsntdrestingly,

there appears to be a genuine lack of MYSOs above®10 as shown in Mot-

tram et al. 1). The authors suggest that the progenitors to the mbmassive

UCHII regions could be mid-IR faint or dark. Furthermore, the lack of very lumi-
nous sources is consistent with the fact that the MYSO lifeine is comparable or
less than the Kelvin-Helmholtz timescale where the star wddi become luminous
enough to ionise its surrounding. Hence very luminous soeswould not have an

MYSO phase as they would already be ionising the region.

1.2.4 UCHII regions

UCHII regions are produced when massive stars are hot and lumaus enough to
generate copious amounts of Lyman continuum radiation andmise their environ-
ment. As these sources are ionising the surrounding mediulinely represent more
evolved sources at the later stages of star formation. Hovesy due to the com-
pact nature of the UCHII region, the powering source must beetatively young in

terms of a massive star's lifetime, i.e. a newly born massigar. These regions

characteristically have diameters< 0.1 pc and electron densities upwards of 40

cm 3 (Wood & Churchwell, [19893).

The characteristic size of a spherical UCHII region formedhia uniform, neu-

tral medium is given by the Stromgren radiusl(Stmmgren,, _139). The volume of
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the ionised material is such that the rate which the star prodces ionising photons
equals the rate at which hydrogen recombines. Typically th&I/CHII front will

progress in an irregular fashion as the density of the surrnding medium varies.

Surveys (e.gL.Wood & Churchwell, 1989b) nd a variety of di @ent morphologies,

deviating from the idea spherical case, such as cometaryredalo, shell and irreg-

ular. Inside UCHII regions the temperatures are of the ordet(* K and destroy

the complex chemistry (e.gL_Cyganowskeét all, 2012). However, UCHII regions

clearly provide a heating source for the surrounding matex, liberating molecules
and developing a rich organic chemistry as depicted by stueti of some hot cores
outside the ionisation front. The pressure gradient betweethe hot ionised gas
and surrounding medium causes the UCHII region to further gzand, and develop

into a larger HIl region.

Amongst other problems surrounding UCHII regions, one pulezis why MYSOs

do not ionise their surroundings (and become UCHII regionsyhen they are lu-

minous enough.| Hoare & Franc¢ol (2007) argue that the suggestquenching of

ionised regions|(Walmsley, 1995), causing them to be smalidadense, is unreal-

istic as this would require perfectly spherical infall. Olervationally, the density
environment surrounding MYSOs is not uniform and is likely ected by bipolar
out ows from the source itself in earlier evolutionary phass. One solution is the
removal of the ionising radiation in the MYSO phase. Recent adelling, with
accretion rates up to 102 M yr 1, indicate that the radius of a protostar with a
mass of 6 M will swell up and exceed 100 R The swelling causes a decrease
in the e ective temperature of the MYSO and reduces the amourof Lyman con-
tinuum photons that would ionise the medium. It is the redistibution of entropy

that causes the outer layers to pu up as the inner regions beme less opaque and
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heat is transported to the outer layers|(Hosokawa & Omukal,@9). Deuterium

burning occurs in these models but is not a major contributoto the swelling as

was previously thought (Palla_ & Stahler, 1992). With such lgh accretion rates,

the e ective temperatures will not be great enough to produg ionising photons

until the contraction phase. In the models contraction begis when the energy ux

reaches the surface of the protostar and escapes without migiabsorbed, causing
the star to lose heat and contract. During the contraction phse the tempera-

ture increases until hydrogen burning begins. For high acstion rates (10 2 M

yr 1) the protostar must grow to 20 M before it joins the main sequence and
becomes hot and luminous enough to power a UCHII region. At ése accretion

rates the stellar temperature is lower for a given mass and imasequence burning

is postponed (Hosokawa & Omukai, 2009). At lower accretiorates contraction

begins at a lower stellar mass. Realistically, the contraicin phase may be occur

earlier as the accretion rate decreases in time as the massemoir runs out.

1.2.5 Overview

The evolutionary stages presented for massive stars are qaax and overlapping.
Although di erent stages are evident, it is not fully undersood how they combine
and how the observables change. Due to the hierarchical stture in the star

forming environment, one cloud may harbour a wide variety oformation stages
making the isolation and observation of each dicult given te distances and
angular resolutions involved. Furthermore, the stages ddpsically overlap as star
formation is a continual process. Each stage cannot be connppaentalised start to

nish. Finally, there is also an issue with the loose use of neenclature, to describe,

what is to all intents and purposes the same source/regiordenplex/cloud/clump.
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The schematic shown in Figuréd~Il4 is presented in an attempb tsummarise the

structures discussed.

HOT CORES
ﬁ- MYSOs

OB stars
HIl region »

i ;;-F’Local clumps

A

Large GMC ; UCHII
HOT CORES

Dense cold cores

Figure 1.4: Schematic summarising the various star formation evolutimary
stages observed within a GMC. Hot cores can be associated witMYSO or UCHII
heating sources, as text. Out ows can be driven from MYSO regons. Dense cold
cores are located within the local clump over densities in cmparison with the
larger scale GMC. A cluster of main sequence OB stars drivingin expanding Hll
regions is the end result of star formation process.
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1.3 Discs

Discs surround stars throughout their formation stages anth some cases well
into their main sequence lives. Accretion discs are the natal consequence of a
collapsing, rotating structure where angular momentum isanserved. They are
viscous and allow the accretion of matter on to the YSO as angu momentum
can be removed from the system. Discs may also provide the tehing platform
for jets and out ows. Discs around low mass YSOs can be obsedvdirectly over a
range of wavelengths. While protostars are still embedded a dusty environment

their discs can be detected at sub-millimetre and millime& wavelengths (e.g. Eis-

ner et al., 2008;l.J rgensen) 2011). However, once the surrounding efope has

dispersed and the protostar is no longer deeply embedded,osler wavelength

observations can be undertaken to image discs (elg. Burrows all, 11996). Fur-

thermore, these low mass sources are plentiful and nearby0{300 pc) such that
scales of 10 au are easily accessible. In the context of massive starnfiation,

accretion discs are a promising scenario for building up ignass stars (as pre-

viously mentioned, Krumholz et all, 2009;| Kuiper et all, 2010,/2011), however,

observational evidence is currently lacking.

Despite the fact that MYSOs are still deeply embedded in thenatal envelopes
and are much more distant, observations using similar teclques to those used
in low mass YSO studies have been employed. Utilising interbmetry at sub-
millimetre and millimetre wavelengths the dust and molecar emission from discs
on scales of 500-1000 au can be probed for typical source distances of kpc,
and on slightly smaller scales for the few closer MYSOs. Onech example of a

nearby source is that of IRAS 20126+4104 where molecular @pgations detect a
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rotating structure perpendicular to a bipolar out ow (see ction[I.ZB). Another

disc source is Cep A HW2. Observations of molecular lines addst continuum

indicate a rotating disc (Patel et _all, 2005;| Torrelleset all, 2007) which is in a

perpendicular orientation to 600 km s proper motion jets observed at radio

(centimetre) wavelengths I(Curielet all, 2006). The left panel of Figurd_Il5 shows

the disc emission perpendicular to the jet emission while ¢hright hand panels
shows how the radio jet "knots' evolve overtime.

One major problem with dust continuum observations at millnetre wave-
lengths is that of disentangling the envelope dust emissiamith that emanating
from a compact dust disc. As massive protostars are still delg embedded in their
natal clumps it is hard to decouple the disc and surroundingwelope, even at sub-
arcsecond resolutions. The most reliable method of disc detion is via molecular

line observations where velocity gradients can be attribed to rotation (Cesaroni

et al., 7). With the full commissioning of the Atacama Large Miimetre/sub-

millimetre Array (ALMA), unprecedented resolutions will be achieved and allow
much smaller structures to be probed around MYSOs, focusimg dust and molec-
ular emission from compact accretion discs. Furthermorehé image quality will
be revolutionary given the signi cant increase, by a factoof 20, in the number
of baselines compared to current millimetre facilities. Té ability to probe both
small and large scales simultaneously could nd a distinan between clump, core,
envelope and disc scales.

Currently there is more evidence for large scale, disc-lik&eplerian rotating
structures known as toroids (as brie y mentioned in sectioff.Z2) than for small
scale 100 au rotating discs. Toroids are associated with hot cores they

are chemically complex. It is the velocity gradients of the amplex molecular
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Left: The dust continuum image of Cep A HW2 overlaid with the

integrated CH3CN in dark contours and 3.6 and 1.3 cm radio jet emission in the
light grey and white contours respectively. The CH;CN emission is consistent
with a rotating disc and is perpendicular to the radio (jet) emission. Right: The

evolution of the 3.6 cm radio jet emission is depicted. The jes have

600 kms 1

proper_motions after correction for the system inclination. Taken from Hoare &

Franco m).

tracers which imply rotation.

Beltan et al

(2011

) detail CHCN and 3CO

observations of 3 hot cores. One has an embedded UCHII regighile the others

are in close proximity to UCHII regions and likely contain MYSOs. All of the hot

cores show evidence of rotation in the CHCN tracer, however, the emission is not
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fully perpendicular to the out ows as traced by the'*CO emission. On the physical
length scales probed, out ow, and possibly infall could céaminate the observed
CH3CN line emission assumed to be tracing pure rotation. Howayehe resolution

at present is currently insu cient to understand the degreeof contamination. The

model by |Wang et all (2012) including both Keplerian rotation (perpendicular

to the out ow) and radial expansion suitably matches the obarvations of HDO
and H,*0 for the previously discussed hot core AFGL2591-VLA 3. Intestingly,
these tracers are not reported to be signi cantly in uencedoy the out ow and it
is the outwards radial motion that causes the peculiar velitg maps where the
orientation between the rotational and out ow tracers are ot perpendicular.
There appears to be a divide between disc and toroid sourceghe latter are
usually associated with more distance sources that cannoe lprobed on small

physical scales but appear to have large scale rotation. Ehis exemplied in

a table of sources presented i (2011a), where the most distance

sources are more massive and have much larger rotational ilacCesaroni et al

(2007) note that toroids typically have masses comparable greater than that of
the embedded massive star compared to "true' discs which lkamasses less than
the protostellar mass. The detection of rotation in toroidsould suggest some form
of underlying disc. However, without high resolution obseations of a particular
embedded source or sources within the hot core it remains Uear whether the

large scale rotation is related to a much smaller protostelt disc.

Observations are not constrained solely to the sub-millinke/millimetre regimes.

Recentlyllleeet all (2013) presented high spectral resolution observations thfe

CO 2.3 m band-head emission from 20 MYSOs selected from the RMS seyv

This is the largest study to date for MYSOs and is analogous tearly observations
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of low mass YSOs (e.c Car_J_QlBQ). The band-head can be ttesuming emis-

sion from a disc and can o er insights into the structure and entation of the
inner disc region a few au from the MYSO itself. Infrared intéerometric obser-
vations can now probe scales of tens of au around MYSOs andetitly resolve the

emission from hot disc material. 2.4 mas (milli arcsecondgsolution observations

at near infrared wavelengths by Krauset all (2010) resolve a 13 18 au disc

around the source IRAS 13481-6124, while their complementaobservations at
other wavelengths indicate the presence of an out ow perpdicular to the disc via
local CO emission and distant faint bow shocks. However, IRA13481-6124 is a

particular case where observations of the source in the naafrared are possible,

likely due to its slightly more evolved nature i(Krauset all, 2010). Due to the
surrounding large molecular envelope and unfavourable wigg angles, typically,

most MYSOs cannot be observed directly in the near infrarednd only scattered

light can be used to investigate the source (e.g. GGDZJ_ASL 1994).

Davies et al. (2010) nd that IR emission from the southern nebula around

the MYSO, W33A, is from scattered light as a ratio between COrad Br emis-

sion is constant with position, i.e. both trace the same stature. This would

not be expected were the regions emitting directly. Compan of the emission
directly from the source and that scattered from the souther nebula allows the
investigation of line pro les with source inclination. The CO band-head emission
is interpreted as arising from a disc as emission from the soca has a broader
velocity pro le than the scattered emission from the southe nebula where the
path of light to the disc is at lower inclinations. Less rotaibnal broadening of the
scattered emission is consistent with the disc being orieted perpendicular to

the out ow.
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A noteworthy disc detection technique using IR and optical avelength emis-

sion is that of spectro-astrometry l(OQudmaijeret all, 2011;| Wheelwright et all,

012). Here, the photo-centre position of emission can beufa as a function of

velocity. Position-velocity plots of the emission are welltted by that of a Ke-
plerian rotating disc. This technique can be applied to eméson from Be type
stars. Due to the larger optical depths it might not be possie to detect the same

spectral lines towards massive protostars and the technigumay not be applicable.

Davies et all (2010) however, use this technique to investigate the Bremission

from the MYSO, W33A, and attribute it to a fast out ow (see Sedion [LH).

1.4 lonised Winds

Interferometric observations at centimetre wavelengthsra typically employed to
study the emission from UCHII regions or the strong ionisedtedlar winds and

jets from MYSOs. Evidence for winds can also come from infeat observations

of the HI emission lines (e.g. Bunret all, [1995). The width of the Br , Br and

Pf indicate sources with out owing material at velocities of 00-200 km s!. The
ionised wind phase can take the form of a jet that is aligned th the bipolar
out ow such as the MYSO, Cep A HW2. These ionised jets could bariven by
magnetohydrodynamical forces as for low mass YSOs (see #ecilH). On the

contrary there are a couple of sources that exhibit the oppibs morphology. S106

IR (Hoare et all,1994) and S140 IRS1 (Hoare & Muxlav: 6) have radio emasi

elongated perpendicular to the out ow axis, i.e. aligned wh the inferred axis of a

disc. These observations suggest the emission is from anisexd disc wind. Multi-

epoch observations of S140 IRS1 by Hoate (2006) are consisteith the emission
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arising from a disc wind, as proper motions do not support a tjenterpretation.

Figure [LB shows no evidence of jet like motion for S140 IRSdgmpared to the

clear jet evolution for the MYSO, Cep A HW?2 [Curielet all, [2006). Hoare [(2002)

suggest that disc winds could be part of the evolutionary segqnce as other more

deeply embedded MYSOs such as Cep A HWR2_ (de W&t all, 2009) and GGD27

have well resolved radio jets. Furthermore, in the very eaést stages MYSO discs
could be magnetically active and form well collimated jetsyhereas more evolved
sources become radiatively dominated and equatorial disands develop. More

observational evidence is required.

A promisini model for disc wind emission in MYSOs has been adoped by

Drew et all ( ). They suggest that radiation from the disc and protaar in a

near main sequence con guration can act upon matter in the siace of an accretion
disc. The radiation pressure acting on the spectral lines pduces a slow, dense,
equatorial wind and can have a faster, low density, bipolaloenponent. This model
could explain the equatorial disc wind from S140 IRS1 as welt the velocities of
the infrared HI lines.

Disc wind emission is also though to be present in other disystems. A
radiation driven disc wind from an accretion disc around Adte Galactic Nuclei
(AGN) consists of a slow, dense, vertical ow of material lted from the disc,

that is then blown radially from the strong UV radiation of the central source

(Proga, 12004; Progaet all, 2000). However, these disc winds dier due to the

addition of ionising X-rays that e ect the line driving force. Disc out ows are
also seen in cataclysmic variables (CVs) via P Cygni pro lesf strong UV lines.
The updated radiation driven wind models indicate the agreeent of the bulk

wind properties and a qualitative consistency of the line jrles with observations
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for CVs, i.e. the disc wind scenario is responsible for thesdi out ows observed

(see 2003: Proqgat all, 11998, and references therein). Furthermore, Proga

et al. ) suggest that one of their models can be crudely apglieo an MYSO
with an accretion disc. In this case, the mass loss would be ansteady state and
equatorial. Notably, these cases all consider purely radiiely driven disc winds
and do not include magnetic elds. Magnetically driven wind do not require

radiation pressure and can be important in low luminosity sstems, like low mass

YSOs and in highly over-ionised systems, in AGN_(Proga, 200 ). In the

context of star formation the magnetic elds are thought to k& responsible for

collimating the out owing material into a jet (see Section[I5).
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Figure 1.6: 5 GHz MERLIN observations of the disc wind source S140 IRS1
taken 5 years apart. The 0.11" resolution clearly resolveshe disc shape of the
emission. Taken fromlHoark MZ).
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1.5 Jets and Out ows

Much like discs, jets and out ows are also a ubiquitous pheneena. Jets and

out ows are present on a multitude of scales, black holes ahé¢ centre of AGN

power relativistic jets (seel Listeret all, 2009), young stars, both low and high

mass _have jets and out ows (e.gl, Arceet a|J200'7: Ballv et _all, 2007: Richer

et al. ) and even brown dwarfs, failed stars, can have weak aws (\Whelan

et al., 5). It is not surprising then, that these jet/out ow sources are ones
with discs, as discs and jets are intrinsically related. Outwing material can
provide a means to remove angular momentum from the system careven aid
accretion by punching holes in the surrounding envelope arallowing radiation

pressure to escape (e.L_Eud_Lilm_ai, 009). The study of molecular out ows

from protostars therefore gives some insight into the forntian of these objects at

more easily accessible resolutions compared to discs, aemillimetre wavelengths
out ows can be investigated in large samples with single distelescopes, whereas
discs require much more time intensive interferometric obsvations. For more
distant sources interferometric observations are still grired, but the resolution
constraints are generally within the limitations of currem observatories. Jets and
out ows from protostars can be probed by a variety of di ereh wavelengths, from
X-rays to radio, and emit both continuum radiation and speatal lines and are

associated with masers. Thus a wide range of observationsidze undertaken.

1.5.1 Low Mass Protostars

Jets from low mass star forming sites can sometimes extend parsec scales in

length and shock excite H and forbidden lines such as [SIl], [Ol], [Oll] and [Fell]
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(e.g.lAgra-Amboageet all, 2011; Reipurthet all, [1997). Optical and near-infrared

observations are possible for some more evolved lower massrees that are not
as deeply embedded as their higher mass counterparts. Obsdions of molecular
tracers such as CO and SiO at sub-millimetre and millimetre avelengths can

probe younger, more deeply embedded low mass YSOs, (and dgegmbedded

MYSOs) (see reviews by Arcet all, 2007;/ Richeret all, 2000). FigureCLV shows

the striking CO out ow of HH211 observed byl Gueth & Guillote \19_9419). Here

the fast CO out ow is more highly collimated and lies within acavity of slower
moving material. The low mass source itself is thought to beoyng due as it is not
detected in the optical/infrared and has a low dynamical tinescale for the out ow.
Infrared H, emission is detected and traces the shocked material cogtemt with

the head of the CO out ow well away from the source. This sugges a jet driven
origin for the molecular ow. Furthermore, millimetre continuum emission at the
base of the out ow is well resolved into an elongated structe and is likely emission
from the compact accretion disc. Such results depict the ideformation scenario

of low mass YSOs with an accretion disc and a large scale bigojet/out ow.

For low mass YSOs there appears to be an evolutionary devetopnt of CO

out ows. Richer et all (2000) andlArceet all (2007) indicate that younger, more

embedded sources (e.g. HH211) have jet driven, collimatedolacular out ows

not seen in the optical, whereas less embedded sources (B%5.IRS1 Velusamy &
Langer, ) have wide angle, hollow cavities reminisceot re ection nebula in

similar systems. Here the CO must be owing down the cavity wis driven by a

much wider angle wind. The two most successful out ow drivig models describe

fast jets that produce highly collimated out ows and winds hat generate poorly

collimated, wide opening angle out ows (see_Cabrit all, [1997). In both of these
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Figure 1.7: Image of the HH211 out ow. In the main panel the greyscale lled
contours depicts the fast CO out ow while the low velocity CO out ow is overlaid

as un lled contours. The black contours show the 1.3 mm dust enission, likely
arising from a disc. The top left and bottom right panels show the H, shocked
emission overlaid with contours of the fast and slow molecwr out ow components

respectively. Image taken from_ Richeret all (2000).

models the molecular material is swept up from the local, arémt environment.
Neither the jet driven or wind driven models can explain theull range of mor-

phologies and a superposition of both driving forces, weigld according to the

evolutionary stage of the source, maybe required (Arct all, 12007).

The models discussed in the review hy Caburit all (1997) detail the observables

after injecting the jet or wind individually into the surrounding medium, they do
not however, detail how such driving forces are actually caged. Therefore, the
bigger question is how is the driving force itself generatednd how does it evolve?

Two prominent models are those of magnetically collimatedist winds (Pudritz

et al.,, 2009) and magnetically generated X-winds_(Shet all, 1988, 0).
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In the X-wind model, at the x point the e ective gravity is reversed allowing
a centrifugally blown wind to be pushed away from the centraprotostar. In
a simpli ed sense the x point is the region where the disc andas meet. In

circumstances without a magnetic eld the infalling materal would not be rotating

fast e_nOUjh to orbit at the larger radii and would be redire@d onto the star. Shu

et al. ( ) discuss that if the magnetic eld is su ciently strong the material will
co-rotate with the star (and disc) and be accelerated parall with the magnetic
eld lines and away from the protostar. The focusing of the Xwind would be

enough to create bipolar out ows, but they would not be colihated enough to

produce the pencil beam like collimated ows. However, Shet all (2000) report

that as the X-wind expands into a less dense ambient mediumhe local low

collimation will produce highly collimated jets on parseccales, as are observed.

The collimated disc wind model, in contrast to the X-wind moél, drives and

collimates material from the magnetised disc itself at radaround 0.5 au (Pudritz

et al., 12009). dependent upon the amount of mass in the disc wind tliegree of

collimation can change and reproduce the wide range of coilited ows observed.

In both cases the magnetic eld lines would become wound andaterial should

ow up parallel to them. Recent observations by Klaasseet all (2013) suggests
such a geometry. Her ALMA science veri cation observationsf the CO out ow
indicate a corkscrew morphology, similar to the winding of agnetic eld lines.
Such observations are very promising for the study of disc drout ow systems

around YSOs.
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1.5.2 High Mass Protostars

Massive molecular out ows and radio jets are observed in rems of high mass star
formation. The previously mentioned MYSOs, Cep A HW2 and IRS 20126+4104,

have proper motion radio jets and, a K jet and molecular out ow, respectively.

IR observations of W33A byl Daviest all (2010) nd evidence that Br emission

is from the out ow using spectro-astrometry. The position agle of the very high
velocity small scale emission is coincident with that of thenuch larger scale CO

molecular out ow.

Observations at millimetre wavelengths are similar to thas of young low mass

star forming regions (e. ,12002c] Ridae & Moovle 2001; Shepherd

& Churchwell, 5; , ). Molecular out ows are ubiquitous to
MYSOs. However, the detection of the out ow phenomena itskls not enough to
simply link low mass and high mass star formation scenariose. to con rm discs
as the accretion source in MYSOs and the driver of out ows (sebelow). A sim-
ilar formation picture maybe plausible if there were a uni € out ow generation
mechanism related to accretion discs. If out ow parametersf MYSOs are similar
(scaled up) to low mass sources they could imply a similar oatv driving mecha-
nism and a similar formation scenario. The key evidence of aated up formation

scenario is provided b_C_a.bJ_iJ_&_B_aLLmJt 1992) anJLS.h.eo.h.EL&_C.huLchwel 996)

who report a correlation spanning ve orders of magnitude, étween the out ow

force, power and the mass ow rate with the bolometric luminsity (L) of the

source.

One problem is that MYSOs sources are typically drawn from lerogeneous

samples that may be subject to Malmquist type biases, i.e. ighter sources are
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preferentially detected. | Beutheret all (2002€) study 26 MYSOs and young HII

regions, from a sample subject to a rather strong luminoskHgtistance bias, and
nd some evidence of out ow parameter correlations with lurmosity, similar to

lower mass sources. The small sample size and possible lsiasrild be a major

v

factor driving the trends seen. A counter example is the stydof IRidge & Moor

(2001) who investigate 11 out ows from MYSOs at the same dighce of 2 kpc in

an attempt to minimise biasing. The correlation in out ow dynamics and source

luminosity is weak, but again, the sample is small._Wiet all (2004) compiled

an up to date sample of 391 high velocity out ows at the time ofpublishing.
Although this sample is heterogeneous and observations weaken with a range
of di erent telescopes it is believed that the statistical esults from a large number
of sources will prevail. However, the surveys used to selddgher mass sources
will still be biased towards more luminous targets. Overallhere appears to be a
correlation of out ow mass, luminosity and force with the béometric luminosity of
the source. The relationship suggests a general trend beemelow and high mass
star formation and is shown in Figurd_LI8. Although they diagss uncertainties it
is unclear whether all out ow parameters are calculated camstently between the
compiled samples. To date no such investigation has been foemed. The results
are promising, but a study of a well selected sample of souscaesing a consistent

analysis methodology is still required.

A particularly hard parameter to establish for MYSO out ows is the collima-
tion. Single dish surveys typically lack the spatial resolion to resolve the out ows

and disentangle them from other confusing ows from other swces (this can also

be the case for some low mass out ows (e.q. HHJ88 Guethal |mQL))_ Beuther

& Shepherd [2005) detail 15 interferometric observationd out ows from MYSOs
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Figure 1.8: Out ow force vs. the bolometric luminosity of the source for the up

to date sample from/Wu et all (2004) (left) and from the distance limited sample
from Ridge & Moord (2001) (right). Both have similar trends scaling with source
luminosity, however either the samples could have selectio biases or are simply
too small to draw rm conclusions.

and suggest a possible evolutionary trend analogous to that low mass YSO out-
ows (see Figure[I®). In a simplistic fashion, younger obgs have well collimated
out ows, supporting a similar out ow driving mechanism, ard hence similar for-
mation scenario as low mass objects. When older sources $eniheir surroundings
and UCHII regions develop they drive less collimated windsd therefore produce
less collimated out ows. There are caveats with such a picta. It is not clear

whether the dynamical timescale is representative of a sam&’'s evolutionary sta-

tus (e.g.[Curtis et all, 2010) or whether out ow collimation is a function of source
mass or luminosity. The collimated ows from early B type stas could be similar

to those of low mass objects, whereas the wide angle out owom O type stars

(e.g.lSallinset all, 2004) could be intrinsically di erent and not related to ewlu-

tion. Beuther & Shepher ,ZOA5) report that the lack of colihated ows in O
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stars could actually be due to the rapid source evolution. kvould be extremely

rare to detect O stars very early in their MYSO phase and they ay already have

developed strong ionising winds and wide angle CO out ows wh they are de-

tected. A much more intensive investigation at high spatiatesolutions is required.

Such a study will be possible with ALMA.

HMPO HC HII UC HII
® [
B5-B2 B1-08 Early O
Figure 1.9: The evolutionary picture presented by |Beuther & Shepherd (D05)

indicate a change of collimation with source evolution fromMYSOs (HMPOS) to
compact HII region. Furthermore, the suggestion is also mad that stellar type
may have a role.

One model presented that supports the out ow evolution scemio is that of

Vaidya et al

(201

). Here out ows are launched from the massive protos&in
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the same manner as low mass sources via magnetocentrifugadederation. Obser-
vations support this argument as magnetic elds are estimad from the emission

in the HH80-81 jet, assuming the emission is non-thermal artie to synchrotron

electrons (GGD27/ Carrasco-Gonaleet all, 2010). The model investigates a va-

riety of parameter space to give a comprehensive view of ootv evolution with
respect to stellar mass, magnetic ux and radiation drivingstrength. In a simplis-
tic sense the addition of the radiation force acts to decatfiate the ow when it is
turned on. This has a more profound e ect when the magnetic ld strengths are

weak. As the MYSOs evolve to larger masses the radiation feracreases accord-

ing to the stellar evolution models of Hosokawa & Omul«a,.ﬁZ@l). The relatively

stronger radiation pressure acts to increase the decolliti@n with increasing mass.

One caveat as noted by Vaidyat all (2011) is the lack of true knowledge regarding

the exact jet launching radius. The launch radius could in @nce how the radia-
tion forces e ect the geometry of the out ow. Neverthelessthe model provides the
rst detailed investigations on the e ect of the radiation pressure from MYSOs on
magnetically collimated out ows. Extremely high resoluton observations to probe
the jet launching scales are ideally required. Unfortunalg such observations are

even beyond the capabilities of ALMA.

1.6 Aims and motivation of this thesis

There are two approaches to understanding massive star foation that are pre-
sented in this thesis. They are the very high spatial resolign studies of one
particular source and a large observational sample of manypjects at lower spa-

tial resolutions.
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The high resolution work is focused on the prototype equat@l ionised disc
wind source S140 IRS1, introduced in Secti@n1.3. The aim kas to detect a dusty
disc around the source to either con rm or oppose the suggesitradiatively driven
equatorial disc wind nature of the radio emission. A followroto the observational

work is the modelling of the source environment using the Wedstablished models

of Whitney et all (2003&,b) as applied to low mass sources. The aim here is to

establish whether a scaled up disc and out ow environment pareproduce the
observations at high resolution and the multi-wavelengthnformation presented in
the literature.

The lower spatial resolution work focuses on a sample of 99 I8® and UCHII
sources extracted from the RMS sample. These objects are etved in the CO
(3-2) molecular line transition. In addition to the usual*>CO molecular out ow
tracer, both isotopologuesCO and C!®O are observed. One aim is to establish
whether the observed core properties of the regions vary sigantly with typical
source properties or evolutionary status. The second is tatablish a systematic
method to calculate out ow parameters in a consistent and groducible manner
with the view to compare and contrast out ow properties for he large number of
sources.

The high resolution observations will help understand wherS140 IRS1 ts in
the massive star formation scenario, while the low resoloth sample will investigate

possible trends in source parameters.



Chapter 2

High resolution millimetre
continuum observations of S140

IRS1

High spatial resolution observations of only a few sourcesurt aid in piecing to-
gether a comprehensive massive star formation scenario. eltietailed observations
can probe much smaller structures than are accessible withuoh larger surveys,
especially at millimetre wavelengths. At these wavelengshsingle dish telescopes
can at best reach single gure arcsecond resolutions, whaseusing combinations
of dishes, or antennae in an interferometric array can acle sub-arcsecond resolu-
tions. At these scales and wavelengths the colder emissioarh dust discs around
YSOs can be investigated.

This Chapter presents, analyses and discusses the high saltesolution inter-
ferometric observations at millimetre wavelengths of the 1310 region. Each set of
observations are taken with di erent interferometric arras in a range of con gura-

tions, each sensitive to di erent spatial scales. These ofawations, in conjunction
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with literature data at other wavelengths, are used to prowe new insights into

the S140 region and the MYSO, S140 IRS1.

2.1 Introduction

The Sharpless 140 (S140) star forming region_(Sharpless59p associated with

the Lynds 1204 dark dust cloud (L1204 Lyn 5_1_432) is at a dastce of 764 27

pc (Hi , 12008). An embedded source, S140 IR, was originally discaa

by Blair & Vanden Boutl (1974) as the brightest new infrared sarce associated

with a CO peak in their observations. Later observations of 1810 by Beichman
et al. (E; ;i) resolve the infrared emission into three distinct soces, IRS1, 2

and 3. S140 IRS1 (here after IRS1, formerly S140 IR) is the fhtest with an

estimated luminosity of 8.5 10° L (see ChaptedB). Plot a) in FigureZZIl
shows the embedded infrared source in the dense moleculasud core within
the extended Lynds 1204 dark cloud while the sub plots are the taken from
subsequent observations presented in this section that pgre the S140 region in
more detail at higher resolutions and over a range of wavelgths.

At millimetre wavelengths a large bipolar CO molecular outow was discovered

by 97&) and investigated further by Havashet all (1987) and Minchin

et al. (@) They nd the out ow to be extended along a southeastiorthwest

axis. The blue and red shifted ows are at position angles of 160 and

340 respectively and IRS1 appears to be the driving source. Fimer studies in
the 80's and 90's began to uncover the complexity of the regicaround IRS1.
|M.'Ln.chin_e.t_al (1995a) detected three dust emission peaks at 450 and 85@.
The peak corresponding to the source SMML1 is roughly coineiat with the NH3
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Figure 2.1: a) Schematic of the Lynds 1204 / S140 dark molecular cloud and
the nearby exciting stars as would be viewed from the Earth. The dense core is
where IRS1 is located. Taken from Blairet all (1978). b) High resolution radio
observations bylSchwartz (1989) at wavelengths of 6 cm and 26m (inset). The
crosses indicate the IR emission sources IRS1, IRS2 and IRS3The elongated
emission around IRS1 is is perpendicular to the large scaleubow in plot c). c)
CO(1-0) image of the out ow from IRS1 (black dot). The integr ated blue and red
shifted emission are shown by the dashed and solid lines resgtively. Adapted
from Hayashi et all (1987). d) 450 m image of the region fromm

). The IR sources (crosses) and sub-millimetre dust gaks are labelled.
Note that the o sets in some of the gures are not referenced fom the same
central location.
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peak observed by Zhowet all (1993) to the south west of IRS1. None of the sub-

millimetre dust peaks are coincident with the IR sources andre probably younger

cores. Forrest & Shurel(1986) detect IRS1 and IRS3 in their 2n infrared image.

The IR source locations are consistent with two of the nebuls objects previously

seen at near infrared wavelengths (0.9m) by Dinerstein et al \19143). They also
see a faint arc like structure to the south of IRS1 and a sepdgastructure to the
north. These are possibly due to scattered light from IRS1 @hocks created by

jets or out ows.

Early radio observations at 6 cm by Beichmaret al ‘1£LE4)) detect two compo-

nents coincident with IRS1, one resolved and one unresolvethey also detect an
extended source around IRS2. IRS3 is not detected but a soeno the north west

of IRS3 is detected. This NW source aligns directly with a nelbous region seen

at 0.9 m. Subsequent 1.3 cm observations hy Simat all (1983) detect IRS1,

IRS2, NW and an additional source to the southwest of IRS1, naed VLA4. Radio

and infrared observations by Evanst al ‘12&4)) detect all three infrared sources

and the NW and VLA4 sources at 2 and 6 cm radio wavelengths andl aources
except IRS2 are detected at 1.6 and 2m. The authors come to the conclusion
that IRS1, 2 and 3 are embedded B type stars in their formatiostages and that
the sources NW and VLA4 are caused by scattered light escagifrom IRS1. To

facilitate such emission there must be an evacuated cavityhweh could have been
created by a stellar wind. The coincidence of the radio emiea at NW and VLA4

could be due to shocks of the wind impacting the denser cloudgions. Why cav-
ities would be cleared perpendicular to the molecular outw and the proposed
collimated stellar wind is unclear in their picture. Higherangular resolution radio

observations made b,ﬁ.chwa.r]tz_(l.?LQ) at 1.5, 4.9 and 15 GHA(&, 2 cm with
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corresponding resolutions of 1, 0.3 and 0.1 arcseconds)igade an elongation of
the radio emission associated with IRS1 in the southwest-rtbeast direction, at a
position angle of 44 . The orientation of the radio emission from IRS1 is almost
perpendicular to that of the large scale CO out ow. The usuajet interpretation
of such an elongated radio source was therefore highly prefatic as it would be
perpendicular rather than parallel to the bipolar moleculaout ow.

The region around S140 IRS1 is very complex, however, much maecent,
multi-wavelength, higher resolution observations have le@ able to shed more light
on the environment. FigureZP shows a collection of these reorecent observa-

tions. Near-infrared speckle imaging detect a bright monpelar re ection nebula

ataPA 154 (Alvarez et all, 2004a] Hoareet all, [1996; Schertlet all, 2000) cen-
tred upon the location of IRS1. The centro-symmetric pattar of high polarisation

in the nebula is consistent with light from the central soure being re ected from

the clumpy inner surface of an evacuated cavity (Scherét all, 2000). Their very

high resolution observations, at 76 milli-arcsecond, comm IRS1 at the centre of

the bipolar molecular out ow and delineate the cavity excaated by it. de Wit

et al. ( ) detect the IR sources and NW and VLA4 at 24.5m. For NW and
VLAA4 this is the rst time the radio sources have been detect at these wave-
lengths. The authors note the complexity of the emission atiese resolutions and

separate faint structures are consistent with shocked regis.

VLA radio observations by| Tofaniet all (199%) report the elongated structure

of IRS1 in 8 GHz maps, while MERLIN radio observations LJL( HoAr 2006); Hoare

& Muxlow ( ) show the very elongated structure of IRS1 whta 7:1 axis ratio at

5 GHz. The latter observations presented b are (2006) ataken at multiple

epochs. As detailed in Chaptef]l, the elongated nature of thedio emission
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a) 20 SMM2

VLA4

SMM1

-10

b)

500 mas

Figure 2.2: a) The 24.5 m map taken from lde Wit et all (2009) showing de-
tections of all IR sources and the arc like structures NW and MLA4. b) 76 mas
resolution near-IR speckle images of the K-band emission éwsing in on IRS1.
VLA4 appears more complex than in plot a). The proposed secotary out ow
trajectory that intersects with the bow shocks near the NW saurce is over plotted.
Image from [Weigelt et all (2002). c) The same k-band image shown in plot b)
but overlaid with polarisation vectors. The centro-symmetric pattern of high po-
larisation is consistent with scattered light from the central source mq_&_al%]
M). d) Pseudo-colour image of pure brightness (red) and glarisation bright-
ness Ebluei as presented bf.lia.qm%] ) overlaid with the 5 GHz emission
from ). The polarisation and ionised disc wind enssion are aligned
and both perpendicular to the re ected light from the out ow cavity. Note that
the polarisation brightness correlates with the structures seen in plot c). The grey
boxes roughly link the regions observed.
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is consistent with the emission arising from a disc wind, asrgper motions do

not support a jet interpretation. S140 IRS1 is one of only twsources known to

have disc wind emission, the other being S106 IR _(Hoaet all, 11994). However,

S106IR is unusual in already powering a bipolar HIl region veteas IRS1 is a

genuine_MYSO with disc wind emission but no surrounding UCHiIregion. Gibb

& Hoare (200V) also indicate the elongated disc wind naturd 6RS1 in their high

frequency observations, where IRS1 is clearly resolved arakes down to 40 au

at 43 GHz revealing a point symmetry previously noted in the 5Hz MERLIN

images. Further support of the disc wind scenario is preseuat by (Jiang et all,

008) who observe a polarisation disc (an elongated low-posation structure)

aligned with the radio emission at a position angle of 45.

Contrary to the disc wind picture there have also been sugdams of IRS1 ac-

tually driving out ows in di erent directions. \i{eiaelt et all (2002) and Preibisch

& Smith (2002) analyse more near-IR speckle images of the Kid and H, line
emission and conclude that IRS1 is driving bow shocks at a thece of 10 arcsec
away at aPA of 20 and is responsible for more distant knot features. The sec-
ondary out ow is misaligned with the elongated radio emissn from IRS1, however
they still suggest a jet interpretation of the radio emissin. Such an arrangement
with mis-aligned bipolar molecular out ow and radio jet maybe possible if IRS1

is part of a close, non-coplanar binary system with a precé&sg circumstellar disc,

as suggested for the similar object, IRAS 20126+4104 (eg.ldmn et all, [2006;

Shepherdet all, 2000). In the case of IRS1, a binary is not detected in the 76

milli-arcsec resolution observations by Weigelet all (2002). The authors note a
slight extension in the FWHM diameter of IRS1 could indicatea possible com-

panion at 20 au, but these are beyond the resolutions attainable withucrent
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observations. | Weigeltet all (2002) also detect two infrared point sources associ-

ated with the NW and VLA4 regions which could have previouslconfused the

lower resolution studies and conclusions (e.g. Evaret all, 11989;| Harkeret all,

1997). The VLA4 region is very complex and not simply an arc sicture driven

by a jet from IRS1 (as they appear at 24.5 m, (de Wit et all, 12009)). Conversely,

there are sets of well de ned bow shocks in the NW region. Thedead the au-
thors to believe IRS1 is powering a jet/out ow in this direction. Given that the
perfectly centro-symmetric polarisation vectors and the garisation disc/out ow

con guration of the system is explained by a single powerinsource, IRS1, Jiang

et al. ( ) suggest another source, such as IRS4, could be resiuda for the
bow shocks.

To draw rm conclusions regarding the disc wind nature of theadio emission
and the multiple out ow nature of IRS1 millimetre continuum observations are
presented. These are centred upon IRS1 and have an angulasal@tion up to

0.12 arcsec. Additional observations of the CO moleculamg tracer are also
presented. The aim of the observations is to disentangle tlmmplex regions at
scales down to 100 au and to detect a dust disc at the location of IRS1 to
con rm the disc wind scenario. The observations and reduadns are discussed in
the following sections. Subsequently, the results, dis@isn and a conclusion are

given.

2.2 Observations

The observations as listed here are presented in chronolkgjiorder and coinciden-

tally with increasing angular resolution. The reduction ofall data and imaging
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was conducted utilising the MIRIAD reduction packagel(Saulet all, [1995), except

where noted.

Owens Valley Radio Observatory (OVRO) 3 mm wavelength observations
were made using all 6 10.4 m antennas in the compact array con guration.
The observations took place on 1998 May 26 and May 30 with onusoe times of
7.25 hours and 8.17 hours respectively. The former obseleats were at central
frequencies of 86.4 GHz for the LSB and 89.8 in the USB whileethatter were at
112.4 GHz for the LSB and 115.3 GHz in the USB, corresponding wavelengths
of approximately 3.5 and 2.7 mm and maximal resolutions of 6 and 4.5 arcsec
respectively. The correlator setup provided a single 1 GHzide bandwidth for
all continuum observations. During the rst epoch, the corelator was con gured
to observe SiO(2-1) in the LSB and FCO* in the USB. The bandwidths for
the lines were 32 MHz and 8 MHz, resulting in velocity resoligns of 1.3 km s?
and 0.33 km s? respectively. The chosen correlator frequencies for thecsed
epoch observations encompass ttéCO (1-0) line in the USB and the GO line
in the LSB. The bandwidths were also 32 MHz and 8 MHz, resultinin a velocity
resolution of 1.3 km s? for ?CO(1-0) and 0.33 km s? for the C''O line. The
phase calibrator BL Lac was observed throughout both trackshile the amplitude
correction was performed via comparison with observationsf Neptune. 3C345
was targeted at the start of the runs as the bandpass calibrat The data were
calibrated and reduced by D. Shepherd and A. G. Gibb, howevenages and maps

presented here were solely produced by L. T. Maud.

1.3 mm wavelength observations taken with the Sub-Millimee Array (SMA)

(Ho_ et _all, 2004) were retrieved from the data archive. The array was r@anged

in the compact con guration and observations were taken ove 14 hour track on
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2007 July 23 (Pl Franco-Herrandez). The aim of the proposakas to investigate
the out ow nature of S140 IRS1. The baseline range of the 8 ay telescopes (6
m each) was 6.5to 115 m, resulting in a potential resolution of 3.0 arcsec.
The continuum frequencies were centred upon 220.52 GHz ar?D52 GHz for the
LSB and USB, both with a bandwidth of 2.0 GHz, therefore encaulating many
possible emission lines including?CO(2-1) and 3CO(2-1) to trace the out ow
material. The e ective velocity resolution was 1.05 km s, su cient to detect any
out ow velocity structure. Observations were frequently nade of the bright phase
calibrator BL Lac over a total of 13 hours. Amplitude corredon was accomplished
via scaling of the visibilities to a model for Callisto while3C273 was targeted
for bandpass corrections. Due to the nature of the SMA, dataexe corrected
for system temperature variation, small frequency correicns and baseline based
calibrations. These calibration steps are very simple muitine commands issued
in the reduction software package. The subsequent reduatidollowed the standard

procedure.

The rst sub-arcsecond resolution observations of S140-8R were made us-

ing two 3 hour tracks with the Combined Array for Research in Mlimetre-wave

Astronomy (CARMA) (Bock et all, 2006) in the B con guration. The array is
composed of 15 telescopes (6 10.4 m and 9 6.1 m) and observations were
undertaken on 2008 January 19 and February 9 after the receadbmmissioning of
the instrument. The central continuum frequencies were 2286 GHz and 226.96
GHz for the LSB and USB respectively, each with a bandwidth 00 MHz. The
correlator was also con gured to observe 3 emission linéddCO(2-1), CH;CN(12-
11) and HGN(25-24), with a resolution about 0.67 km st. The baseline range

of the B-array con guration from 50 mto 1000 m o ers a maximal potential
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resolution of 0.3 arcsec. Observations were made of the closest phasebcadi
tor 2038+513 (J2000), 18 away, with additional observations of a brighter phase
calibrator BL Lac, 22 away, as a back up calibrator. Amplitude calibrations were
performed via comparison with MWC349 assumed as an absolwtalibrator with
ux density of 1.91 Jy and the planet Neptune. The data were m@uced in the stan-
dard manner with bandpass, phase and amplitude calibrationrThe CARMA raw
data additionally required a small correction of baselineistances due to phys-
ical pad shifts that occurred during the previous winter paod. The nal data
were calibrated with BL Lac as the phase calibrator as the nezx phase calibrator
2038+513 required signi cant agging due to poor phase trddng of the weaker
source. Antenna 2 data were also agged due to increased ®ysttemperatures

throughout the observations.

The highest resolution observation currently accessiblet 4.3 mm (to date)
were made using CARMA in the A con guration throughout 2011 Mdvember and
December. The maximal baseline of 2000 m results in a nominal resolution of

0.12 arcsec (dependent on the imaging weighting scheme). eTbbservations
were purely continuum based and the receivers were tuned tol@cal oscillator
frequency (LO) of 220.0 GHz. The total calculated bandwidthor the continuum
was slightly less than 7.8 GHz after accounting for slight @vlaps in each correlator
sub-band. The requested observation time was 8 hours to aete high sensitivity
and obtain good visibility coverage. However, due to weatheonstraints a single
8 hour track was unfeasible and multiple observing runs frord011 November 29,
December 8,9,10 and 11, were combined to meet the time quot@bservations
were made of the source 3C454.3 to correct the frequency degent bandbass,

while frequent observations of BL Lac were used to correctrfthe time dependent
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atmospheric phase gains and instrumental e ects. During @lervations the Paired
Antenna Calibration System (PACS) was employed. Here smah 3.5 m diameter
antennas observe a nearby quasar at 1 cm wavelengths in ordercorrect for
atmospheric uctuations of the millimetre data on timescaés shorter than the cycle
time. Neptune, Uranus and MWC349 were targeted for absolutex calibration.

As the planets are resolved in the A array the ux scaling wasrdy calculated
using visibilities with projected baselines 500 m. Consistency checks were made
with the scaled data and observatory ux calibration servies to corroborate the

ux values.

2.3 Data reduction

This section is not intended as a comprehensive review onenterometry and data
reduction, but rather a basic understanding of the theory ashprocesses involved in
producing high resolution synthesis images with direct refence to the actual data

presented in this thesis. Detailed information on the vastdpic of interferometry

is available in|Taylor et al \]_99:4)) andl . Thompsonet all (2001) for example. The

underlying basis of interferometry is the ability to combie data signals from an
array of telescopes and produce synthesis images with a tedon according to
/B. In this case B' corresponds to the maximal baseline (separation) of
a pair of antennas in the array rather than the conventional se of the antenna
diameter in single dish observations. Clearly, the largethe baseline, the higher

the resolution attained.
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2.3.1 Synthesis Imaging

Interferometers do not directly measure the brightness dribution of a source

on the sky, i.e. they do not directly map the source. Insteadnierferometers

measure the the spatial coherence functioh (Taylat all, 11999), also known as the

interferometric "complex’ visibilities, between antenne. It is useful to write the
spatial coherence function in terms of sky coordinates;y) and antenna baseline
coordinates (1; V),

Z Z
V (u;v) = I (x;y)e 21 (W) gxdy (2.1)

which can be inverted via a Fourier transform,

Z Z
| (x;y) = V (u;v)e?t W) dudy (2.2)
to obtain the intensity distribution and map the source.
There are two parts to the complex visibilities, the amplitule and the phase.
In a crude sense the amplitude is simply the magnitude of themession, while the
phase is related to the position or focusing of that emissioThe (ux + vy) in the
exponent of the above equations is the geometric phase diegrce. This is the phase
di erence between path lengths of emission from the sourcetd each antenna of
the baseline pair referenced to a known phase tracking soercConceptually if a
source is directly overhead on a parallel plane to the telegme baseline(s) then
the phase delay is zero. The path length to each antenna is tlsame. As the
Earth rotates the source does not remain overhead and the @eadelay is non-zero
and must be corrected for such that the positions of the amplides are mapped

correctly and the intensity distribution 1 (x;y) can be estimated. These phase
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delays are calculated and applied while observing takes p& however the true
complex visibilities are not the nal result. The observed isibilities are e ected

by complex gains which must also be corrected for. These gaigan be from
drifts in the equipment and instrumentation, e.g. unstableelectronics, or due to
atmospheric uctuations. The atmosphere causes the emiggsifrom a source to be
refracted and errors in transmission strength or phase dgldéo the antennas can
occur. SectiorZ:313 onwards details the calibration withesspect to the millimetre

wavelength observations presented here.

2.3.2 Deconvolution

Once the complex gains have been deduced they can be appliedhte source data
and the imaging process can begin. In the ideal case, whersihility space (u; V)
is fully sampled the intensity distribution, i.e. image or nap, would be represented
directly by Equation Z2. However, the intensity distribution recovered is actually
the corrected visibilities at discrete samples ofi v) visibility space. These discrete
samples are described by the sampling functid®(u; v). The sampling function is
related to the antenna positions and the coverage of visiltyl space over the time of
the observations. Figurd—Zl3 shows thei(v) coverage of the CARMA observations
of S140 IRSL1. It is clear that visibility space (; V) is sparsely sampled. The data
recorded by the interferometer are actually the complex \lslities multiplied by
the sampling function. The Fourier transform of these, aftegain corrections

actually produces what is known as a dirty image or dirty map:

Z Z
1P(x;y) = V (u;v)S(u; v)e?' (W) dudv (2.3)
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Figure 2.3: The visibility ( u;v) coverage of the target source IRS1 observed
with CARMA A on multiple nights. The images shows concentric curves where
di erent regions of (u;Vv) space are sampled, i.e. where data are recorded on the
target source.

The sampling function itself can independently be Fourierransformed to give

the dirty beam:

ZZ
B(xy) = S(u; v)e?' W) dudy (2.4)

Deconvolution of the dirty image with the dirty beam is undetaken to generate

the ideal intensity distribution as:

IP=1 B (2.5)

This process is undertaken by the CLEAN command within the huction software

and is detailed Tayloret all (1999) oriThompsonet all (2001). The ideal intensity
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distribution is then re-convolved with a clean beam which ishe representation
of the beam of the interferometric array assuming it was a gijte extremely large
antennae rather an a sparse array. The result is the nal cle®d image ready for
analysis.

The (u;Vv) coverage or sampling of visibilities space is very impont&in in-
terferometry as this determines the quality and accuracy adhe nal image. An
easy way to visualise this is by considering a single antendéh, which recovers
all the emission within its beam, as an array of smaller diskeall next to each
other. The single antenna diameter is now the baseline of treray and as the
“smaller antennas' are touching the visibility space is fiy sampled out to the
maximal baseline. For a real interferometric array with a f& antennas at dif-
ferent physical locations the visibilities are not fully senpled and the nal image
must be reconstructed from incomplete data. One problem heiis that the total
source ux can be underestimated as the very shortest spatiftequencies or small
baselines corresponding to large scale structures are nmgs The ux from all
material on a larger scale than that sampled by the smallestlseline is simply not
detected. Another problem is that the Fourier transformingprocess producing the
nal image from poorly sampled/missing (1;v) space can contain artifacts such as
large negative bowls or "holes' around peaks of emission.€Bk artifacts can make
accurate conclusions of source structure very di cult.

Missing (u; v) spacings, particularly at shorter spacial frequenciesan be lled
using single dish or more compact interferometric array obs/ations. Spacings
from zero to the smallest array baselines can be recovered ¢ynverting single
dish data into visibilities and merging them with interferaneter data. Ideally,

the more antennas in the array, together with the addition ofsingle dish short
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spacings, the more accurate the image reconstruction wikkb Realistically, this can
be accomplished by merging data from interferometric arrayin di erent antenna
con gurations.

During the deconvolution/imaging process the sampled visilities are weighted.
The weightings can be changed to account for under/over samheg regions of (; v)
space to improve either the resolution or sensitivity. Thewo extremes are natural
weighting, where all sampled points are treated equally, dnuniform weighting,
where data are weighted according to the inverse of the numbef samples within
a symmetric region of the (; v) plane. Natural weighting improves the sensitivity
at the expense of resolution, whereas uniform weighting etmgsises the longer, less
sampled baselines to increase the resolution at the expemdeensitivity. Between
these extremes, the Brigg's robust parameter (a number beden -2 and +2 corre-
sponding to uniform and natural weighting respectively) ca be used as a middle

ground weighting scheme to optimise resolution and sensity of the data.

2.3.3 Gain Calibration

Prior to imaging, the observed visibility data must be correted for the aforemen-
tioned instrumental and atmospheric e ects. The complex gas encompass both
these e ects and they cannot be intrinsically separated. Taalibrate source visi-
bilities a reference target must be observed at regular imt&als. The gain source,
or phase reference source, is a bright source in the vicinity the sky local to the
target source. Moreover, the reference source must be a pgaaurce at the resolu-
tion of the observations and not variable over the time exterof the observations.
The rational behind these reference observations is that éhvisibilities of a point

source are very easily modelled as the amplitudes at all béises are constant and



56

the phase delays (after sky position corrections) are zerblence, a solution can be
calculated for the reference source and applied to the tatgsource to correct its
visibilities. Note, one caveat is that some objects can belkealibrated directly if
they are bright and the visibilities are known or have been gwiously modelled.
Self-calibration negates observations of a calibrator same and maximises on tar-
get time. It can also be employed to improve calibration aftean initial solution
with a calibrator source has been established.

Typically over the duration of the observations the generahstrumental drifts
are smooth and therefore it is more important to consider thatmospheric e ects

in order to establish an observing strategy prior to obsertians.

2.3.4 Atmospheric Fluctuations

For millimetre wavelength observations the troposphere Isaadverse e ects on the
observed amplitudes and phases. The troposphere is the Isiviayer of the atmo-
sphere and extends to an elevation around 10 km. Variations the water vapour
column density can dramatically e ect the path length, i.e. phase delay, of the
emission from a source to each antenna in a baseline pair. $hian cause a loss
of amplitude (de-coherence) over the integration time, poiing errors and loss of
resolution. The incorrect path lengths are seen as phase swiby the interferom-
eter. Figure[Z3 depicts the nature of the atmosphere accand to the Taylor
hypothesis'. The hypothesis details the variation of watewvapour in a turbulent
layer of the troposphere. The turbulent layer has a thicknesless than its height
above the array (few km maximum). Sometimes called the frozescreen approxi-
mation, the hypothesis states that if turbulence is of low itensity and is roughly

stationary and homogeneous, then the turbulent region isgely unchanged over
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Figure 2.4: A schematic of the structure of the Troposphere above an inteer-

ometric array taken from Lecture 28 of [ Taylor et all (1999) (Carilli et all, 1999).

The circles represent di erent size scales of excess (sojidnd de cit (dotted) water
vapour that cause phase uctuations.

the timescales of interest and only advected by the mean wir(deel Tayloret all,

1999). Thus temporal and spatial uctuation scales can be l&ed to baseline

length, weather conditions, wind speed and time.

Essentially large phase uctuations can occur over long timperiods and are
partially correlated between antennas, whereas small uagtions occur over short
time scales and can be uncorrelated between antennas, degieg on the baseline
length. The turbulence of the layer follows Kolmogorov thay which predicts a
power law distribution of the spatial uctuations from smal (mm) to large scales
(km), linking baseline length to phase error. Fluctuationson scales smaller than
the antenna dish are averaged together and do not contribute phase error, while

structures on scales larger than the array baselines are aman to the antennas

in the array and cancel out (Rerezet all, 2010). The phase error, or phase noise

actually scales with baseline length. This makes accurateng baseline, high res-
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olution observations more di cult to conduct than shorter baseline observations
where more of the turbulent variations are common to the anteas. Furthermore,
the atmospheric variations also change with varying weatheconditions. Obser-
vations at high and dry sites at night would provide optimal onditions, whereas
observations during a storm, at sea level during the day walilrepresent the op-

posite and observations would be futile.

2.3.5 Observing Strategy

In consideration of the spatial and temporal uctuations dierent observing strate-
gies can be employed for di erent array con gurations depetent upon weather
conditions. Conceptually, in order to correct for the variions in the atmosphere,
data must be sampled on a timescale smaller than the uctuain timescales. If
the turbulent layer conforming to the Taylor hypothesis is noving across the sky
at a given speed then sampling at a fast rate would minimise ¢hlayer's physical
motion during the observations. Fast switching is one solitin and is the switching
between the target source and the calibrator source on tinesdes of minutes or
tens of seconds. Due to baseline dependent phase uctuatirgiven the same
weather conditions, uctuations will be smaller for compatcarray con gurations
compared with extended con gurations over the same cyclenties. In these cases
cycle times can be relaxed, i.e. increased, for compact grreon gurations and
attain more on source time while phase errors are kept to ana@ptable level. The
top sub plot of FigurelZ® shows the phase tracking of the chfator BL Lac over

11 hours of the SMA observations. On the short baseline betaethe antennas the
phase does not uctuate largely on small timescales and vas quite smoothly on

long timescales. It would appear that more time could be speon source rather
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than the calibrator when viewing the smooth phase trackingroshort baselines.

Unfortunately optimal weather conditions are not always aailable and cycle
times must be adjusted to account for an increased level ofrabspheric uctua-
tion, while the uctuations still scale with baseline lengh. The cycle time can be
decreased such that the more rapid uctuations are traced ancan be corrected
for. The lower sub plot of Figure[Zb shows the phase trackimaf BL Lac for the
SMA observation on one of the longest baselines. Here thetfawitching, of the
order 4 minute cycle times, is required to track how the atmgere varies on short
timescales and to allow corrections in the calibration prass. At early and late
times (before 10h and 14h on the plots) the phase uctuatiorere noticeably larger
where the atmospheric conditions are worse. These large tuations cannot be
seen as signi cantly in the upper sub plot on much shorter batnes. Weather
constraints are even more stringent for baselines over 1 kior imillimetre observa-
tions as phase variations are intrinsically larger given t same cycle time as the
above, for example. One caveat to fast cycle times is that thealibrator source
itself must be su ciently bright such that the phase error incurred by the signal to
noise ratio (SNR) is less than that incurred from atmospheti uctuations. This
is not usually a problem as there are numerous extragalacsources that are both
bright and point sources for the current interferometric arays.

Ideally due to fast switching the variations in phase are nowon timescales
larger than the switching, i.e. shorter than the crossing me of the turbulent
tropospheric layer, such that solutions can be established correct the phase at
the times when the calibrator source is observed. The phasagions can be re-
liably interpolated and applied to the target source as thetanosphere should not

be varying signi cantly on the timescales between obseniains of the calibrator
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Figure 2.5. Top: The plot shows the phase tracking of BL Lac on one of the
shorter baselines of the SMA. There is no signi cant phase vaation on short
timescales and the large timescale phase variation is smawot Bottom: The phase
tracking of BL Lac on one of the longest baselines in the arrayThe short timescale
phase variations are intrinsically larger than on shorter baselines when the weather
conditions are good, between 10 and 14 h. Where weather coriins are worse
(before 10 h and after 14h) there is considerably more phasecatter on short
timescales in comparison to the short baseline in the top plo On large timescales
the (average) phase variation is relatively smooth.
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source. At certain times adverse weather conditions may ad and data can be
agged such that it is no longer included in the nal data set & it may degrade
the result due to the uncertainty of the solutions. Fast cyd times of around 4
minutes were employed for the SMA observations to counteragtmospheric varia-
tions in average weather conditions although data still ragred agging in regions
where the weather degraded and phase uctuations were sigrantly elevated, as
previously indicated in Figure[Zb. Interpolation of the plase solutions from the
agged regions to the target source are not reliable due to éhuncertainty of the
phase when the target source is being observed assuming isimilar to the very

scattered phases while the calibrator was being observed.

The weather conditions for the CARMA B array observations we good for
the most part with only the poorer conditions a ecting the last 30-40 minutes of
the observations. Figurd—Zl6 indicates the phase trackingndypical short and long
baselines on the upper and lower sub plots respectively. Theect of poor weather
is clearly evident by the signi cant increase in phase scat on the long baseline
at shorter timescales. There is some scatter within the pha®ver the scan time on
the calibrator source which is intrinsic to the cycle time, wather conditions and
baseline length. Clearly variations on the timescales of ¢hcycle times are solved
but variations shorter than this are not probed. Similar to he SMA observations
the long timescale variations in the phase are relatively ssoth and the shorter
baseline phase variations are noticeably less than those tbé longer baselines.
The weather for these kilometre baseline observations mus¢ better than average

due to the larger uctuations at longer baselines.
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Figure 2.6: Top: The phase tracking of BL Lac on a short baseline ( 75 m)
of the CARMA B array over 4 hours of observations. The phase variation is
not traced on timescales shorter than the cycle time but the ariations on longer
timescales are traced. In the last 30 minutes when the weathreconditions worsen
the phase variation increases slightly. Bottom: As top but for one of the longest
baselines ( 800 m) in the array. Again the the phases are tracked on timesales
longer than the cycle time but there is still variation on shorter times. Note that on
the longer baselines the phase tracking is poor for last 30 mutes of observations
in worse weather conditions. This data was subsequently aged and no solutions
were attempted.
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2.3.6 Kilometre Baselines with CARMA

The most recent CARMA A array observations were undertakenni excellent
weather conditions. Weather condition constraints are a prequisite to obser-
vations at these long baselines, where the largest baselise 2 km, to maximise
atmospheric stability. Cycle times were set to 4 minutes torack atmospheric uc-
tuations. ldeal cycle times would have been reduced for fastswitching, however
the chosen cycle time was a compromise between on source tiamel feasibility
given the calibrator source at 20 degrees sky separation. Furthermore, observa-
tions on long baselines with CARMA employ an additional cdtiration technique
using a paired antenna calibration system (PACS). Here 3.5 antennas observing
at centimetre wavelengths are paired with the longer baseks antennas observing
at millimetre wavelengths. Essentially the small antennasnonitor a calibrator
source throughout the entire observations. Long and shorinhescales solutions
can then be created which attempt to solve for the instrumeal slow o sets and
drifts and the small timescale atmospheric uctuations inépendently. Assuming
the atmosphere uctuates in a common way at both the centimeé and millimetre
wavelengths the short timescale PACS solutions can be apgli to the millimetre

observations with a simple scaling applied. More details tfie technique speci c

to CARMA observations are presented by Rerezt all (2010).

Figure [Z1 shows the phases for a baseline employing PACS.eThillimetre
phase is tracked well for the calibrator source BL Lac on verghort timescales,
although it is clear to see variation thought the scan cycleirne. The paired
antennas observing at 35 GHz track the calibrator source 2230+697 ( 0.7

Jy) and the phases are clearly tracked and uctuate much lessue to the longer
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Figure 2.7: Top: Phase tracking of BL Lac with the CARMA A array on one of
the paired baselines (1-7 antenna baseline, 1100 m length) before agging. At
3h the phase scatter is larger than at other times. Middle: Plase tracking of the
source 2230+697 at 1 cm wavelengths with the paired antennaystem baseline 18-
19. At the longer wavelengths the phase variation is much smiéer. The tracking
of the phase of the two sources at millimetre (top) and centinetre are similar. At
1h 30m and 3h there are very large phase jumps on small timeskes. Bottom: As
top but after agging and including phases for the source S18 IRS1 (Red). The
source has been agged in regions where there is no suitabletérpolation solution.
The blue line represents a crude linear interpolation of thephases between the
calibrator observations.
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wavelength of these observations. Due to the scaling valuetiveen the centimetre
and millimetre observations and a weak centimetre calibrat the application of
the PACS solution actually increases the phase noise for t@ARMA A data. In
the case of the nal reduction of the CARMA A data PACS was not enployed.
Notably, as is clear in Figurd2l7, the phases at both the miithetre and centimetre
follow a similar pattern (Top and Middle). The phase variatons on long baselines
of the paired antennas were investigated to check the varigity at the times when
the millimetre array was observing the target source. Suchhecking allowed a
con dent application of the interpolated solutions obtaired from BL Lac to the
target source as the phase variations were not signi cant ahe times o calibrator,
and were varying smoothly. Similar to the previously mentioed reduction, data
were agged where the phases were noticeably varying for thallimetre calibrator
prior to and after a scan cycle on the target source in the stdard millimetre data.
Additionally, data were also agged where the phases were timeably variable for
the centimetre calibrator at the corresponding times whenhie millimetre target
was being observed in the main array. Flagged data are not inded where the
phases are very unstable and thus solutions are not createdapplied to the target
source where the interpolation of these solutions are unt&in. The missing data

in the bottom plot of Figure Z4 is a result of agging.

2.3.7 Other Calibrations

Two other important calibration stages that have not been dicussed so far are
bandpass and ux corrections. Very simply, ux calibrationis a straight forward
scaling of visibility amplitudes to those of a known target \wich is routinely ob-

served. Usually, ux calibrators are planets, meaning thegre often resolved with



66

high resolution interferometers. Planetary visibilitiescan be modelled and com-
pared with actual observations in order to scale the obsemevisibilities correctly.
Typically due to uncertainties in the calibration or modelsthe accuracy of the ux
scaling is reported to be of the order 10-20 percent.

Bandpass calibration corrects for the response of the antem electronics with
frequency. Observations of a bright, unresolved source Wit featureless spectrum
must be conducted for this step. Over the frequency range, bandwidth covered
by the electronics most millimetre calibrators have a at spctrum, i.e. the ux of
the calibrator is constant over frequency. The response dfé electronics at a given
frequency can thereby be corrected such that it is now constiawith frequency via
a solution derived from the bandpass calibrator. Figure2.8hows the bandpass of
the CARMA A observations of the calibrator source 3C454.3 oa single baseline
over the entire bandwidth before and after calibration. It § evident that the
response of the antennas have been scaled such that the uxtbk calibrator
source is how constant over the entire bandpass.

Once all calibration steps have been undertaken and cleanediages have been

made the analysis can begin.
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Figure 2.8: Top: The bandpass of 3C454.3 between 215 and 219 GHz for
the LSB and 221 and 225 GHz for the USB as observed on the 1-7 baseline
and averaged over the on source time. 3C454.3 is a point sowcand should
have a constant amplitude with frequency but clearly the reponse of the antenna
electronics is not uniform for every frequency channel ( 12.5 MHz wide). Each
sideband is split into 8 windows and the response for each islearly dierent.
Bottom: As top but after bandpass correction has been applid. The ux for
3C454.3 is now constant at 2.2 Jy.
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2.4 Results and Discussion

In all data sets the corrections from the phase and amplitudealibrators were
applied to the target source where the solution could be intgolated with con -

dence. The continuum emission was extracted and mapped segialy for all sets
of observations. Continuum maps were made be combining ahe-free channels
onto a single plane except for OVRO which used only one widetxh channel for
the continuum during observations. The CARMA B and A array dada used only
15 and 39 channels to cover each 500 MHz wide continuum windogspectively

and were combined after calibration during the imaging prass.

All images were produced using a Briggs Robust parameter obQvhich yielded
the optimum sensitivity and resolution trade o, except theCARMA A array im-
ages which used a Robust parameter of 0. The slight decreas&bbust parameter
weights the image slightly towards longer baselines comat with a robust of 0.5.
This weighting showed a slight improvement in resolution whout a signi cant
decrease in sensitivity (see SectidnZ.B.2). Due to the comdtion of observations
on multiple nights and a very large total continuum bandwidh ( 8 GHz) the sen-
sitivity is higher than all previous observations. TabldZ lists the observations,
dates and frequencies along with the nal beam parameters tife continuum im-
ages in reverse chronological order. All maps are primarydra corrected excluding
the CARMA maps. As CARMA is a heterogeneous array combined ofixed an-
tenna sizes (6 and 10 metres) the primary beam correction isallt. The uxes
of sources near the pointing centre will not be a ected wherthe correction factor
for the primary beam is unity. The 1 RMS noise levels reported in Table=2.1 are

an average of emission free regions in each of the maps respely.
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Table 2.1: Continuum observation parameters for the various antenna arays.

Observation  Freq. Date Beam Size BealRA Noise(1)
(GHz) @) () (mJy/beam)
CARMA A 220 2011 Nov-Dec 0.13 0.11 52.4 0.5
CARMA B 225 2008 Jan 19 0.37 0.30 78.2 2.2
SMA 225 2007 July 23 3.05 2.00 72.5 4.8
OVRO 112 112 1998 May 30 4.41 3.56 61.2 1.6
OVRO 86 86 1998 May 26 6.13 4.66 33.0 2.3

The resulting continuum images were su ciently strong to peform self cal-
ibration of the phase for the CARMA data based upon the maps pduced via
the normal calibration process. Importantly during self cibration the solution
timescale is that of the scan time. Shorter solution timestes such as the integra-
tion timescale, of the order a few seconds, cannot be used las phase uctuations
for the source are not accurately tracked and solutions maytacially over correct
the data. In both data sets the e ect of the self calibration pocess was to increase
the source ux as the phase solutions improved. On short bdsees where IRS1
would appear as a point source, the phases on IRS1 itself wemrelated enough
to show a general phase tracking after the solution from BL lcawas applied.
However, before self calibration at a few time scans the pleaverage was slightly
o set from the general trend. Due to the (1;v) coverage of the CARMA array,
snapshot type images of IRS1 were generated over a singlensiiae to investigate
any variations in the maps. At times where the phase solutioaverages were o set
the images showed a slightly di erent source position tharhie full integrated map
and the other snapshot images at time scans following the gaal phase trend.

Hence the application of the BL Lac phase solution did not fly correct for the at-
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mospheric phase variations. After phase self calibratiorabed upon the integrated
image as a model, the phase solutions for IRS1, where phasacking could be
seen, were now aligned and followed the general trend. Inspen of the snapshot
type images also indicated the source centre was shifted toet correct location.
With all snapshot type images aligned and correlated the wof IRS1 in the nal
integrated image over the entire observation time was sligh increased. There
was no change in the morphology of the source.

To image the line emission, the continuum was subtracted fno the data. No
lines were detected towards IRS1 in the higher resolution G8A B data and
none were targeted in the pure continuum observations with ARMA A. No hot
core tracers were found in any observations even though th&18 and CARMA
B observations covered the CECN transition. The continuum ux uncertainty is
estimated to be of the order 10-20 percent after comparisoritivthe observatory
data archives for the respective calibrators.

The results are present below in the chronological order dii¢ observations as

were described in Sectioi 2.2.

2.4.1 Low Resolution Continuum Maps

The OVRO observations produce the lowest resolution image&igure Z9 shows
the 2.7 mm (112 GHz) continuum emission overlaid with contas of both the 2.7
and 3.5 mm (86 GHz) observations. The longest wavelength 31m observations
strongly detect two sources, IRS1 and SMML1. In the shorter walength 2.7 mm
observations peaks of emission are also detected at bothdtens of IRS1 and
SMML1. Furthermore, emission above the 3level is detected at positions north-

east of SMM1 and in the vicinity of SMM2 as well as a peak at theotation of
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Figure 2.9: Cleaned 2.7 mm OVRO continuum map of S140. The plus symbols
mark the positions of IRS1, 2 and 3 (Evanset all, [1989), with the sub-millimetre
peaks SMM1, 2 and 3 from_Minchinet al| (1995a) indicated by the crosses. White
contours show the 2.7 mm emission from 3 noise to peak value in steps of 10 mJy.
The overlaid black contours are of the lower resolution OVRO3.5 mm continuum
image from 3 noise to peak value in steps of 5 mJy. IRS3 is only detected at
2.7 mm. The synthesised beams for both the 2.7 and 3.5 mm obsations are
indicated in the bottom left corner, the larger beam is that of the lower resolution
3.5 mm observations. The primary beam FWHM for the 2.7 and 3.5mm OVRO
observations are 67 and 87" respectively and lie outside the imaged region.

IRSS.

Table [Z2 indicates the uxes from the Gaussian ts to the sorces. The in-
tegrated and peak uxes for IRS1 are comparable at both obse&d OVRO wave-
lengths. Additionally, the source sizes are that of the syhesised beams (within
errors) and obviously at these wavelengths the emission molRS1 is unresolved
down to the sensitivity limit. Note the OVRO 86 and OVRO 112 inages were
generated from the combination of the LSB and USB data at 86 d89 GHz and
112 and 115 GHz respectively.

Figure[ZI0 presents the SMA 1.3 mm continuum map comprisefitbe merger
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of both the LSB and USB visibilities after the removal of lineemission. The cores
of IRS1 and SMML1 are clearly detected. The fainter infra redosirce IRS3 is also
detected with a 5 level peak. Diuse emission northeast and west of IRS1
is evident. This di use emission splits into distinct strudures, the main central
one joining with IRS1 and SMML1 at the 3 level and the other approximately
15-20" to the NE of IRS1 encompassing the region of IRS2 and M. The dust

forms a linear ridge appearing to point from SMM1 in the dirdton of SMM2

inchin et all, 11995a). A clear emission peak is not detected directly at ¢h
locations of the infra-red source IRS2 or the sub-millime¢r sources SMM2 and
SMM3; however there is residual 3level emission surrounding SMM3. SMM1 is
actually the dominant source in this map with a peak ux rougly double that

of IRS1. It is likely that SMM1 is a much younger source that ignore deeply
embedded than IRS1, which is already heating its natal enmgde as indicated by

the bright infra red emission it emits. Interestingly the enmssion at 1.3 mm is

reminiscent of the 450 and 850 m emission presented by _Minchiret all (1995a)

except that the distinctive structures are now resolved wit the interferometric
observations. Furthermore, there is a clear de cit in dustmission in the direction

of the CO molecular out ow originating from IRS1 to the NW and SE. Such a

de cit is also evident in the maps ol Minchinet all (1995a).

The 1.3 mm wavelength SMA data shows a higher integrated uxhan peak
ux per beam for both IRS1 and SMM1 suggesting there is a conbution to
the ux on scales larger than the beam (e.g. for a modelled paisource of 1 Jy
integrated ux, the peak uxis 1 Jy beam ). The envelope emission around IRS1
and SMML1 is resolved. The di use emission from IRS1 appearslatively isolated

and likely associated with the source envelope only. Howeyeven at the higher
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Figure 2.10: Cleaned 1.3 mm SMA continuum map of S140. The plus symbols
mark the positions of IRS1, 2 and 3 (Evanset all, |;|3_8_9), with the sub-millimetre
peaks SMM1, 2 and 3 from Minchinet all (1995a) indicated by the crosses. All
sources are labelled. The bow shock curves are adapted framaigelt et all (2002)
while the heavy dashed line depicts the possible jet origining from SMML1 as
traced by proper motion masers (Asanoket all, 2010). The faint dashed lines
indicate a 15 (3 ) range of the jet trajectory. See SectioniZZ}6. Contours &
from 5 noise to peak value in steps of 30 mJy. The SMA beam is indicatkin
the lower left of the image. Note the faint emission as deschied in the text to
the north east of SMM1 and to the north and east of IRS1. The primary beam
FWHM is 55", and hence lies outside the eld imaged.

resolution of the SMA observations compared to those of theMRO observations,
it is clear to see the di culties in disentangling the substucture of this complex
star forming region as the di use emission to the west of IRSjbins both IRS1

and SMM1 at the 3 level.

The gas masses for all observations can be derived, under #ssumption that
the millimetre emission is optically thin and the gas to dustratio is constant

throughout the region, using the equation:
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Table 2.2: Fitted images parameters for IRS1, SMM1 and IRS3 observed aktach frequency with various array
con gurations.

Array Source  Freq. Peak Flux Int. Flux Mass?2 Ty P Size (Major  Minor) Pos. Angle ©

(GHz) (mJy/beam) (mJy) M (K) @) ()
CARMA A IRS1 220 60 0.5 74 1 0.37 119 0.150.001 0.12 0.001 41 1
CARMA B IRS1 225 83 2 95 4 0.42 17.2 0.380.01 0.32 0.01 90 6
SMA IRS1 225 95 12 145 29 0.68 04 371049 252 0.33 75 13
OVRO IRS1 112 47 3 46 5 2.4 0.3 454028 3.37 0.21 112 8
OVRO IRS1 86 32 2 31 4 4.0 0.2 6.26 0.46 4.34 0.32 122 8
CARMA A ¢ SMM1 220 25 0.5 72 1 0.36 59 0.220.004 0.18 0.003 28 4
CARMA B ¢ SMM1 225 38 2 42 6 0.2 7.9 0.51 0.03 0.48 0.02 176 10
SMA SMM1 225 261 12 531 35 25 1.0 4.120.19 3.00 0.14 63 6
OVRO SMM1 112 50 3 66 6 35 0.3 4.850.27 4.20 0.34 115 16
OVRO SMM1 86 21 2 21 4 2.8 0.1 6.01 0.68 4.74 0.54 144 19
CARMA A ¢ IRS3(E) 220 5.4 05 511 0.03 10.4 0.150.01 0.09 0.01 50 7
CARMA A ¢ |RS3(W) 220 6.3 0.5 7.2 2 0.04 124 0.150.01 0.11 0.01 58 13
SMA IRS3 225 30 12 61 34 0.29 0.1 4992.00 2.46 0.98 83 21
OVRO IRS3 112 6.6 29 52 43 0.27 < 0.1 4.16 1.83 2.94 1.29 80 50

a@Masses calculated directly from integrated uxes as obsestt (see Sectioi Z4.1).

bTemperatures calculated assuming the Rayleigh-Jeans apgimation.

€Sizes and position angles are as measured directly from ireagand are not deconvolved.

dCARMA SMM1 and IRS3 parameters to be used with caution as priary beam correction has not been undertaken.
CARMA is a heterogeneous array combined of 6 and 10 metre ant®s and thus absolute primary beam corrections
are di cult.
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(2.6)

whereS is the source ux, g is the gas-to-dust ratio = 100,B (Ty) is the Planck

function for a black-body at dust temperatureTy, d is the distance to the source

and is the dust opacity coe cient (Beltan et all, 2006). The dust opacity
coe cient is dependent upon both the frequency of the obseation and the dust
opacity index . SectionCZZP will discuss the observed spectral indicesmMards
IRS1 specically. A value of 1.5 is adopted for the mass estimates of all sources
presented here. The corresponding dust opacity coe cient6 = o (= o) ) are

therefore 0.20, 0.29, 0.82 and 0.85 émg ! at 86, 112, 220 and 225 GHz respectively

after adopting o = 1.0 cm? g * at 250 GHz (Ossenkopf & Henning, 1994). The

dust temperature T4 = 50 K is taken from the far-IR observations of Lestelet al

(1986) and used for IRS1, SMM1 and IRS3. Table2.2 lists all mses calculated
directly from Gaussian ts of the observed integrated soue uxes. The masses

for IRS1 are likely too high as they include a contribution fom free-free emission

(Gibb_& Hoare, 12007). The choice of temperature and dust op# coe cient

at the wavelengths and resolutions probed can also causensicant variations
in calculated masses of the other sources. Interpretatiorf these mass values
is dicult as they could be severely a ected by the amount of d use emission
resolved out by the interferometer and the incorrect assation of the emission

from the di use surroundings with a source and its envelope.

The SMA and OVRO (2.7 mm) data both detect the third reported $srong
infra red source IRS3 east of IRS1. IRS3 has a luminosity of 1.4 10°L and

is part of a multiple system as seen in high resolution imag%’_mlb.isnh_et_al,
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001). IRS3 is detected as a single weak point source in botlaps, slightly above

the 3 at 2.7 mmbutat 8 inthe SMA map.

2.4.2 Spectral Energy Distribution

Using the SMA 1.3 mm continuum emission, the OVRO 2.7 and 3.5memission

and the centimetre uxes of_ Gibb & Hoare (2007), a spectral emgy distribution

(in the mm and cm regime) for IRS1 can be produced to investit@mthe dust con-
tinuum emission. Notably, comparing uxes from interferonetric arrays, where
the synthesised beams are up to a factor of 5 di erent in are& not valid for ex-
tended emission regions. At lower resolutions more extertlemission is recovered
compared to the higher resolution observations, as shortbaselines, sensitive to
larger scale emission, are sampled. Furthermore, the lowesolution images may
not be able to separate di erent structures that may or may nbbe associated with
the source in question. In order to compare the uxes in a cois$ent manner, and
more speci cally to establish sub-mm/mm wavelength specal indices, the images

must have the same \; v) coverage and hence same resolution probing the same

physical scales (for example, see_Gahan-Madriet all (2010) section 3.1.2). As a

rst order correction the resolution of the SMA data can be Inited to that of the
OVRO data. Here the arrays themselves sample thei;(v) plane di erently and
so the fraction of un-recovered ux will still dier, although this should not be
as signi cant as the initial resolution di erence. Using a imited (u;v) range with
baseline lengths of 5 to 35 k concordant coverage images from OVRO 86, OVRO
112 and SMA observations are produced.

After re-imaging the S140 region with the restricted (; v) range all images

are re- tted. Table 3 presents all observations for whiclthe (u;v) range could
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Table 2.3: IRS1 restricted (u;Vv) range uxes and free-free subtracted integrated
uxes.

Array Freq. S5 as« St Sk S

(GHz) (mJy)  (mJy) (mJy)
SMA 225 183 57 29 3 154 57
OVRO 112 112 47 3 19 2 28 4
OVRO 86 86 26 2 16 2 10 3

be limited and hence does not include CARMA data as the smatiebaseline is
below the upper (;v) limit. Note the increase in ux of the (u;v) range limited
lower resolution SMA observations in Tabld—2l3 compared tché full resolution
SMA data in Table[Z2. The ux increase is due to emission frorthe surrounding
envelope now being associated with the source. The ux chamge-emphasises
the di culty with lower resolution images in separating the emission attributed
to compact core emission lling the beam, the source envelepand any di use

emission either associated with the source envelope or not.

Column 4 of Table[Z3B shows the extrapolated free-free uxe® millimetre
wavelengths. The cm wave observations would appear as poswurces in the
comparatively large synthesised beams of the SMA and OVRO sdrvations. The
major axis sizes extrapolated from the 43 GHz size observed |B_Lb.b_&_l:lg_a.Le
(2007) using / % for stellar winds (Wright & Barlow} 1975) are 0.053, 0.046

and 0.030" at 86, 112 and 225 GHz respectively, i.e. unresadvby OVRO and

SMA. The spectral index of ionised emission from IRS1 is welbnstrained ( =0.62

0.03,.Gibb & Hoare,| 2007) and can be directly extrapolated t86, 112 and
225 GHz in order to establish the free-free ux contributionat the millimetre

wavelengths. The ionised emission component at 1.3 mm is 1&rgent, however
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Figure 2.11: Integrated ux density SED for the source IRS1. This combines
(u; v) range limited data from the 1.3 mm SMA data with 2.7 and 3.5 mm OVRO

observations and those fron_Gibb & Hoare [(2007). The line initates the summa-
tion of the independently established least squares poweglv ts to free-free radio

data and dust only (free-free subtracted) data. The slopes bthese best tting

lines are indicated in the upper left corner of the gure.

at 3.5 mm the ionised wind emission makes up a signi cant frdon of the ux,

60 percent.| Gibbet all (2004) noted in their investigation of MYSOs that 3 mm
wavelengths are heavily contaminated by the free-free i@@d emission. Figure
[ZT13 shows the observed mm/cm wavelength SED for IRS1. Thedbetting line

indicated is the summation of the independently establisldefree-free emission best

v

t( =0.62 0.03,,Gibb & Hoare,2007) and the dust only best t lines (=2.7

0.3, this work). The dust only best tting line was calculated after the removal of
the free-free ux contribution at those wavelengths, i.e.rbm the uxes presented
in Table [Z3.

In the Rayleigh-Jeans (R-J) approximation the spectral indx is =2 +
where , the dust opacity index is intrinsic to the dust around the enssion source.

If the dust surrounding MYSOs was both optically thin and siniar to interstellar
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dust the expected spectral index would be have anvalue of 3.8 0.2 using

the average measured value of ISM dust with avalue of 1.8 0.2 (Drain ZODL)

For massive star forming regions and hot cores the typical kees are 1-2 (e.q.

Cesaroniet all, 11999;| Gahan-Madrid et all, 2010;| Zhanget all, 2007). The SED

for the dust only emission from IRS1 after removal of the fregee emission yields

a spectral index of =2.7 0.3, resulting in a value of 0.7. |Draine zopjs)

discussed studies of discs and material around low mass pnain-sequence stars
where typical values of 0.5-0.7 are found both direct from observations and
model tting. At the distance of IRS1 the interferometric observations are probing
scales down to 6000 au where emission is much more likely dominated by the
central core or possibly a compact disc.

Such low spectral indices could be explained if the materigkobed does not

follow the optically thin regime. Low values are replicated in models with >

1 where the input dust opacity index is 1.5 (Hoareet all, 11991). In the case of

IRS1, if the dust emission at 1 mm was optically thick (i.e. nioall the emission is
detected by the observer) but that at 3 mm was optically thin he spectral index
would be arti cially lower than in the regime where all dust enission is optically
thin. The T, values in TablelZ2 for both SMA and OVRO observations appear
to follow the optically thin assumption, with values much lever than the likely

dust temperature.

The alternative interpretation of opacity indices<1 is the concept of grain

growth in the proto-stellar discs. | Draink (2006) shows thafollowing the stan-

dard dust particle power law distribution with an increasednaximum particle size
amax 3 mm, the dust opacity index will be (1 mm) < 1. This assumes proto-

planetary discs are simply comprised of a similar materialotinterstellar grains
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with physical particle sizes extending to 3 mm due to grain growth (Calvet
et al., 2002 Nattaet all, |20Q

combined with the spatial scales probed would suggest theagm growth is occur-

Testiet al

-—

,12003). The low opacity index for IRS1

ring and could be mediated by a compact disc. The typically tger dust opacity

indices found in more distant hot cores could be an e ect of gular resolution.

The change of dust opacity with resolution is depicted by Beher et all (2004)

where they select interferometric baselines measuring dgr and small scales. The
smaller scales indicate 0.5 suggesting grain growth in a disc for the more
compact emission, compared to the larger scale value of 1.2 where dusty enve-
lope emission provides a large in uence. On the very largestales probed, when
incorporating emission from the surrounding envelope, théust opacity index is
larger than when probing smaller scales with less in uenceoim the surrounding

material.

2.4.3 Molecular Out ow from IRS1

For completeness, the molecular gas emission detected i tlower resolution im-
ages is presented. The OVRO and SMA data trace théCO(1-0) and 12CO(2-1)
molecular emission respectively. The channel maps for batbhservations are shown
in FiguresZI2 and=Z1l3. It is clear to see the blue shifted taaw lobe situated
to the south-east of IRS1 while the red shifted out ow lobe isn the north-west.
The high velocity blue and red shifted out ow wings integraéd between 32 and
18 km s ! and 2 to 10 km s?! respectively are shown more clearly in Figure
[ZT4. Due to the nature of interferometry and the visibilitycoverage some of the
extended emission is resolved out and there are "holes' iretmaps at certain ve-

locities. The missing large scale emission is clearly euitievhen comparing with
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single dish observations where the out ow lobes cover 60 60 arcsec or larger

regions (e.gl_Hayashet all, [1987) compared to these interferometric observations.

This is expected as the OVRO and SMA arrays are not sensitive scales 5 k
corresponding to emission regions larger than 50". The problem is more evident
in the SMA channel map where emission on scales larger thanetlsynthesised
beam is clumpy, making it di cult to identify precisely the c entre of the high ve-
locity components of the blue and red shifted lobes. A line noecting the out ow

lobes yields a position angle of 150-16ih agreement with the single dish data of

Hayashi et all (1987) and/Minchinet all (1993). Both out ow lobes are spatially

separated here which supports the interpretation of an intenediate out ow axis
inclination. This is contrary to the much lower resolution sngle dish studies where
the blue and red shifted out ows overlap, leading to a conckion of a more pole-on

out ow axis inclination.

Following Scovilleet all (1986) the out ow lobe masses associated with the CO

line emission can be calculated. A conservative approachdsosen as a low value

for the excitation temperature T, 15 K is used along with a simple average for

the >CO optical depth, 4 (Minchi ,11993). Given that interferometers

are insensitive to the largest scale emission the mass of thet ow lobes and
subsequent parameters based on the masses are likely sigaint underestimates,
although not strictly lower limits. Table EZ4] summarises tle physical properties

of the out ow lobes. Momentum and energy parameters followhe de nitions

outlined by IBeuther et all (2002¢). The systemic velocity for IRS1 is taken as

Visk = 8 km s ! as noted byl Minchinet all (1993). Hence the ranges of the

blue and red shifted out ow velocities with respect to the sarce velocity are 24

to 10 km s ! and 10 to 18 km s? respectively.
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Figure 2.12: Channel map for OVRO CO(1-0) emission. The plus symbol marks
the location of IRS1. The velocity is indicated in the top left of each sub-plot
and is in km s 1. The OVRO beam for the line observations is indicated in the
lower left of each sub-plot and is 4.3 3.5 arcsec with a position angle of 60.7 .

The grey scale images show all emission from 5 where 1 is 97 mJy/beam as
measured in line free channels. Contour levels are from 5to the peak in steps of
1 Jy. The distinct o set of the blue shifted out ow lobe in the south-east and the
red shifted lobe in the north-west is evident.

The higher resolution SMA observations indicate a smallerhgsical size of
the out ow lobes compared to the OVRO data, because more extded, large
scale emission is resolved out. This results in a further reded mass estimate
for the out ow lobes. The reduction by a factor of three is cared to subsequent
parameters calculated from SMA data when compared with thesfrom OVRO
data. Both the interferometric observations do however sko similar masses for

both the blue and red shifted lobes, contrary to previous sgte dish data where

a clear asymmetry was notedl(Minchinet all, [1993). This is possibly due to

the di erent velocity range selected to integrate over, butthe di erent range of

detected spatial scales could also play a role. The blue aneédrshifted out ow
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Figure 2.13: Channel map for SMA CO(2-1) emission. Velocities and IRS1
position as Figure[ZTI2. The beam size of 3.2 2.9 at PA of 72.4 is indicated
in the lower left of each sub-plot. The grey scale images shoemission from 10,
where 1 is 86 mJy/beam as measured from line free channels. Contourare from
10 to the peak in steps of 2 Jy. As Figure[ZTIP the shift from blue dbe in the SE
to red lobe in the NW is evident. Note how the di use emission i broken up into
many peaks due to the interferometer sampling and use of thelean algorithm.

Table 2.4: IRS1 out ow parameters calculated from OVRO and SMA observa
tions

Parameter Value (OVRO) Value (SMA)
Out ow mass (assuming 4):

Redshifted(M ) 0.16 0.06
Blueshifted(M ) 0.25 0.07
Total(M ) 0.41 0.13
Momentum (M km s 1) 8.9 2.8
Kinetic energy (ergs) 1.9 10 0.6 10®

lobes in previous work have been integrated betweerB0to 11 and 4 to 10 km
s 1 which includes more low velocity out ow/core material. Thevelocity ranges

here are selected to be symmetric about thd s and extend out to the maximal
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Figure 2.14:
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Integrated OVRO CO(1-0) out ow emission image. Solid contours
correspond to the blue out ow wing between 32 km s ! to

18 km s 1 with

dashed contours representing the red wing from 2 km s* to 10 km s 1, note the
Visr is 8 kms 1. The RMS noise levels are 0.87 and 0.51 Jy/beam km $ for
the blue and red out ow lobe images respectively. Contour leels are from 5 to
peak emission in 2 Jy/beam km s ! steps for both lobes. The synthesised beam is
indicated in the lower left corner and is 4.3 3.5 arcsec. IRS1 is marked by a plus
symbol and located at the centre of the massive out ow while tie sub-millimetre
source SMML1 indicated by the cross is positioned to the soutiwest.

velocities of each lobe. FigurdsZI12 afd 2113 indicate mbgbogically distinct red

and blue shifted material at velocities 10 km s ! from the V. sg Which sets the

limits of the velocity ranges. The noticeable mass asymmagtiis evident if the

velocity ranges used by

Minchiret al

(1.99:

) are applied and more core material,

or low velocity out ow emission is included. For the crude d@snation using a

xed optical depth, which is clearly not realistic, less tha 10 percent of the mass

calculated bylHayashiet

all (1981

/) is recovered. Both the reduced velocity range

and the missing large scale material are signi cant contriltors.
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2.4.4 CARMA Continuum Maps
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Figure 2.15:
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Right Ascension (J2000)

Image of IRS1 (Left) and SMM1 (Right) at 1.3 mm produced with

Robust parameter 0.5. Contours levels are from 5 noise to peak value in steps of
10 mJy. The beam is indicated in the lower left of each image foclarity. IRS1
appears to be marginally resolved and exhibits a slight elogation in the NE-SW

direction.

The high resolution CARMA B continuum observations detect smpact emis-

sion from both IRS1 and SMM1 (FigurelZ5). The di use emissh previously

detected by the SMA and OVRO observations is resolved out byhé interferom-

eter. The left panel of FigureCZIb shows a modest elongatiaf the emission

surrounding IRS1. Although the deconvolved size for IRS1de Table[Zb) has

large errors and is consistent with being unresolved, the gition angle is signi -

cantly di erent from the beam P A and is in the direction of the small extension

to the NE. If the compact dust emission originates from a aténed envelope, or

indeed the accretion disc itself, then it is amongst the snlal scale of millimetre

discs observed

(Fermandez-lopezt al

,120114a] Torrelleset al

2007

7).

Figure 216 shows the full CARMA A map of the S140 region withi approx-

imately 15" of IRS1. For reference the infrared sources andls millimetre peaks
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Table 2.5: Fitted source size and position angle parameters for IRS1 cderved in
CARMA A and B con gurations after free-free ux subtraction . The image and
deconvolved parameters are indicated. Sizes in au are calated to nearest 10 au
using the distance from|Hirota et all (2008) of 764 27 pc. Note the slightly
di erent position angles after free-free removal comparedo Table E2.

Array Con g. Size Size PA
(Image/decon.) @) (au) ()
A Image 0.17 0.12 130 90 351
B Image 0.41 0.35 310 270 72 12
A Decon. 0.116 0.003 0.031 0.005 90 20 30 2
B Decon. 0.16%%% 0.06%3 120 50 37 15

detected are labelled. IRSL1 is the strongest source at theghiest resolution, ow-
ing to the emission from a small compact object, likely a disdHowever, primary
beam corrections have not been applied. Interestingly SMM#& resolved and has
a similar appearance to the previous CARMA B image. Given thkigh sensitivity

nature of the observations, where a noise level of 0.48 mJgam was achieved,
there are 10 unresolved sources detected above Jhese were not detected in the

previous observations CARMA B con guration maps.

The binary source IRS3 |(Preibischet all, 2001) is resolved with a separation
of 0.68", corresponding to 520 au and a point source is detected east of the
location of SMM2 and is consistent with the peak emission ne&MM2 in the
3" resolution SMA map. The high resolution detection could mark the position of
SMM2 as a core. Furthermore, another point source is coineidt with the location
of IRS2 as detected with the SMA and at other wavelengths. Tke four sources
are all above the 15 level. There are 6 other unresolved peaks of emission
in the region which do not appear to have strong counterpartetections at other

wavelengths. If the map noise follows a Gaussian distriboth and these sources
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Figure 2.16: Map of the S140 region at 1.3 mm observed with CARMA A. As
described in the text, IRS1 and IRS2 are detected as is the biry source IRS3.
SMML1 is also detected as is a peak of emission near SMM2. Thengie black
contour corresponds to the 5 level, while the solid line in the bottom left corner
corresponds to a 5000 au scale.

are at the 5 ux limit then they correspond noise uctuations. One of these

detections could be real as it is detected at the 10level, although there is no

indication of a source in the IR map by Weigeliet all (2002).

Figure [ZIT shows the zoomed in map of IRS1 (left) after theeke-free ux
contribution has been subtracted and SMM1 (right) taken diectly from the main
image (Figure[Z1B). As noted in SectiofiZ2.4.2 the physicaizs of the free-free

emission is 0.03 arcsec at 225 GHz after extrapolation frorhe resolved 40 GHz
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observations, and hence a point source is removed from the RMA A data of
IRS1. The elongated morphology of IRS1 is not a ected by thede-free correction.
IRS1 appears resolved with an image position angle of 35.41.5 and major and
minor axes of 0.17 and 0.12" respectively, from Gaussian ittg in the image plane.
The deconvolved source parameters reported are 0.12  0.03" for the major
and minor axes with a position angle of 30 . Table [Z3 indicates the image and
deconvolved sizes and position angles. The synthesised mdtself has a position
angle of 51.5 and is not signi cantly elongated, with major and minor axef 0.13
and 0.11" respectively, and hence supports the conclusionat the dust emission
around IRS1 is resolved along the major axis. Analysis of thasibilities with the
uv t task also reports a deconvolved source size of 0.13  0.05" with a position

angle of 31, assuming a Gaussian source.

Accordingly the deconvolvedP A is interpreted as indicating that a dust disc
structure is orientated approximately perpendicular to bth the larger scale CO

bipolar out ow and sub-arcsec speckle image of the re ectionebula attributed

to the blue shifted out ow lobe at PA 154 (Schertl et all, 2000; Weigeltet all,

002). The deconvolved position angles of the 1.3 mm CARMA And CARMA

B continuum maps of IRS1 are coincident with that of the very lengated 5 GHz

ionised emission at 45(Hoare,|2006). The agreement with the dust disc parame-

ters further supports the disc wind interpretation of the ralio emission. Moreover,

the alternative jet interpretation of the 5GHz ionised emision (Preibisch & Smith,

002) would imply a dust disc at aPA 135 if the disc were perpendicular to

the jet. Due to the continuum nature of the observations it canot be established

whether the structure is rotating as is observed in other dissources (e.g. Cesaroni

et al.,[1999] Gahan-Madrid et all, 2010; Qiuet all, [2012). However, given the high
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Figure 2.17. Left: Image of IRS1 after the subtraction of the free-free ux

contribution. IRS1 is clearly resolved and the dust continnum emission traces a
disc with an image PA of 35, almost perpendicular to the large scale bipolar
out ow the source drives. The contour levels are from 5 to peak in 5 mJy steps
while the dashed lines indicate the out ow direction. The beam is indicated in the

left hand bottom corner. Right: Image of SMM1 taken from Figure [Z18. SMM1

is resolved and has a similar structure to that seen on the gjhtly larger scales in

CARMA B maps. The contours are also from 5 to peak in 5 mJy steps and the
beam is indicated in the bottom left corner.

resolution and high sensitivity the very compact emissionrmthese scales must
come from a compact object such as a disc.

The integrated ux of IRS1 has decreased slightly in compason to the esti-
mate from the CARMA B observations, see TablEZ2.6. The scalé the decrease is
well within the expected 10-20 percent uncertainties in thealibration processes.
In addition, the A array con guration is less sensitive to lager structures in com-
parison with the B con guration as more antennas are at longebaselines. For
both sets of CARMA observations the estimated,,, are much greater than the

low resolution observations. Crudely, the CARMA B observabns are less than

the assumed source temperature from IR tting by Lesteet all (1986) of 50 K

and the emission is likely optically thin. However, the CARM A data has a Ty,

of 119 K. If the observations are optically thick the calculaté temperature will
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Table 2.6: Fluxes for IRS1 observations in CARMA A and B con gurations after
free-free ux subtraction.

Array Con g. Peak Flux Integrated Flux

(mJy/beam) (mJy)
CARMA A 35.2 05 495 1.0
CARMA B 521 2.2 68.3 4.6

tend to the source temperature (see Sectidi3P.1). Gahavadrid et all (2010)

nd that temperature of the material surrounding MYSOs can each to 300
K which would suggest that the CARMA A observations are tendig towards

1. The temperature is also consistent with the modelling of BBA by de Wit

et al. (2010) who indicate the temperature of the dust i 300 K at a radius of

250 au (see Chaptell3). Note, as shown in TalHIeR.6 the intetged ux decreases
noticeably after the removal of the free-free emission ancehce theT,,, estimate
will also decrease. The optically depth is becoming impontaas the CARMA A

observations are probing regions much closer to the MYSO

Data merging of the CARMA A and B array observations was undésken and
proved to be challenging due to slightly di erent referencig coordinates for the
calibrators and therefore the source itself. Once the contepositions were estab-
lished the images were merged. However, during the imagingopess to produce
a single continuum map there is less weighting applied to theost noisy observa-
tions, hence the superior sensitivity CARMA A data were muchmore favourably
weighted and the nal image did not change noticeably. Ideb), each observational
setup would have the same (or a more similar) bandwidth and osource time to
produce fully compatible data sets. Here this is not possiblas CARMA had been

signi cantly upgraded between the early 2008 and late 201Ibservations.
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2.4.5 Nature of the Disc Wind

A compact dust disc around the prototype disc wind source cams its disc
wind nature. This has the implication that radiation pressuie is important during

the formation of massive stars, where the unigue source IR&lLone piece of the

complex puzzle. In the models of Drewet al: \1.9.9.43) radiation pressure, from the
star and disc, on the surface of the disc can drive an equatairdisc wind from the
source, given typical main sequence source parameters. ldoer, massive stars

are thought to be very swollen and cooler in the very early sggs when they

are accreting (Hosokawa & Omukai, 2009; Hosokaved all, 2010). Furthermore,

the modelling by|Hosokawa & Omukai [(2009) and _Hosokawet all (2010) show

that the outer layers of the protostar are convective duringhe swelling stages

which could be important in generating magnetic elds whicthelp drive collimated

MHD jets and out ows (e.g.Vaidya et all, [2011). Radiative pressure is only likely

to become important when the protostar begins to contract ah heat up after
accretion has slowed or stopped. When the source has becomeisntly hot,

it will generate copious amounts of Lyman continuum radiatin and ionise the
surrounding medium to form a Hll region. In the case of IRS1 #hionised emission
is consistent with a disc wind, i.e. the ionised material issdm the source itself
and not the surrounding medium. In order to produce a disc wi) IRS1 must
have contracted or be undergoing contraction to provide theadiation pressure
required, but not be so hot that it begins to ionise the surroading environment.

The contraction would mean IRS1 would have near main sequenparameters,

such as mass, luminosity and radius, much like the source nmediéd by|Drewet al

).
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The picture of IRS1 as a contracted/contracting MYSO with nar main se-
guence parameters ts with the models available and suggesthat an ionised disc
wind could be part of the evolutionary process in massive stéormation after the
mayjor accretion and swelling episode. The disc wind scerais supported by the
radio and millimetre interferometric observations. Compmx molecules are not de-
tected around IRS1, possibly due to high temperatures clogethe source and the
dust disc. The disc mass is no more than 0.4 M (as Table[Z2) using typical hot
core parameters and is likely much less assuming a hotter dimperature and
correcting for the observed dust opacity index. The protofye disc wind source
IRS1 is thereby suggested to be a pre-UCHII region essertiyain a late stage of
evolution where accretion is slowing or has stopped, the diss beginning to dis-
perse and decrease in mass and before the source is so hot thédrms a large
HIl region. IRS1 is only one of two distinct disc wind source§S106 IR the other)
and more investigation is required at both millimetre and aatimetre wavelengths

to provide a statistical study of MYSO disc wind or radio jet surces.

2.4.6 SMM1 and associated out ow phenomena

An alternative driving source of the bow shock structures s@ at 20 north

east of IRS1 is the source SMM1. #D masers detected by Asanokt all (2010)

are directly positioned over the new, precise location of WL from the CARMA

observations (in comparison with the low resolution obseations offMinchin et al

(1995a)). The direction of the maser proper motions are dicdy opposed about

the centre of SMM1 and are likely tracing a jet emanating fronthe source. The
position angle of the proposed jet projects adjacent to thergviously discussed

di use emission in the SMA image. A linear regression of alhe maser locations
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in the region of SMML1 (se¢ ,12010, Table 4) results in a position angle

of 50 5 forthe jet trajectory. The bow shock region is directly in the path of the

SMM1 jet, hence suggesting that the collision of the jet witlthe ambient medium

results in the H, bow shock emission ibi ith, 2002; Trinidaet all,

007; Weigeltet all, 2002). Furthermore, the weighted position angle of the two

identi ed proper motion maser pairs (see_Asanokt all,[2010, Table 4, maser groups

e and f') agrees within 1 of the more basic linear regression value. Interestingly,
the PA of SMM1 ( 28) from the CARMA A observations is not perpendicular
to the proposed jet. The tting appears to follow the more nothern extension
seen in the right hand plot of FiguredZZTl7. However, the imaggearly shows that
SMM1 is extended in south-east direction at the 5level. This extension is roughly
perpendicular to the proposed jet. It is unclear whether theesolved morphology
is also e ected by the location of SMML1 at the edge of the primtg beam for the
10 m antennas in the CARMA array. Further observations targeng SMM1 are

required.

As discussed by Hoare (2006), the weaker bow shocks, in conmgzn to the

main northwest-southeast out ow tracers for IRS1, are proébly produced by a
jet from a di erent source impacting the surroundings. It apears that SMM1 is
in fact a protostar in the early stages of jet production and ecretion. It is still

deeply embedded and not detected in the IR (e.L_BLa.EEI_a.l, 1989) and has
no evidence of ionised emission at centimetre wavelengtl|!§ih$b & Hoare, [2007).
The luminosity estimate for SMM1 of 10° L by|Min.chin_eLa.L (1995a) and the

estimated mass of the central object 10 M by Zhou et all (1993) is suggestive

of an MYSO in the process of formation. In conclusion it is pposed that the

maser traced jet from SMML1 is the likely source of the Hoow shock emission NE
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of IRS1 and that IRS1 is not responsible itself for multiple at ows. Figure P18

shows a schematic of the region in light of these new obselizais.

5MM2+ IRS2

RED LOBE

+
SMM3

IRS3

h Y
MERLIN 5 GHz =~ ™,
CARMA A L

BLUE LOBE

Figure 2.18: Schematic of the S140 region as it is currently viewed. The @l
shape around IRS1 indicated the CARMA A dusty disc and the MERLIN 5 GHz
disc wind emission. The out ow lobes as traced by the CO bipcar out ow from

IRS1 are labelled. The other IRS and SMM sources are also indated in correct
positions relative to IRS1. The dashed line represents the mser traced jet origi-
nating from SMM1 (Asanok et all, 2010) with a position angle of 50 (seex ZZ8)
that intercepts the bow shocks seen byl(Weigeltet all, [2002) north of IRS1. The
shorter dashed lines indicate a 3 spread in the jet trajectory ( 15).
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2.5 Conclusions

Images have been presented from high resolution interferetric observations of
the S140 region taken with the CARMA A and B arrays and with OVRO and
SMA in the compact con gurations. The lower resolution imags indicate a dense
ridge stretching across the S140 regions extending from teeurce SMM1, past
IRS1 and up to SMM2. The ridge could provide a reservoir for ber YSOs to form
in the region. There is also a notable de cit of dust emissiom the regions of the
CO molecular out ow lobes. Fitting of the millimetre spectral energy distribution
of the IRS1 by combining the OVRO and SMA data at comparable s®lutions
results in a dust opacity index of 0.7 and may point to dust gra growth in a
disc. The detection and updated position of the more embeddie/oung source,
SMM1, identi es it as an alternative source for the H bow shock emission to the
NE of IRS1 as indicated by the trajectory of the proposed jetraiced by the proper

motions of O masers.

The very highest resolution observations with the CARMA A aray detect all
IRS sources and SMM1 along with multiple possible low massusoes. The high
resolution map of IRS1 after the removal of free-free ux cdaamination indicates
the detection of a compact dust disc structure associated thithe MYSO. The
orientation of the dust structure is consistent with the elagated radio emission
from an ionised disc wind. The dust emission is perpendiculéo both the CO
emission and near-IR speckle image tracing the out ow. Theata disagree with
previous interpretations of IRS1 as being the driving souecof a radio jet. More-
over, the detection of the compact disc around S140 IRS1 isethrst con rmation

of a small scale disc, of the order 100 au, in a disc wind system. Con rming
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the disc wind nature of the source has the implication that rdiation pressure on
the disc surface is an important feedback process in the latt stages of massive
star formation. IRS1 is suggested as a pre-UCHII region saer that is possibly
contracting towards having main sequence parameters andatieg up such that
radiative pressure is important. Further studies of other andidate MYSOs are

required to build a more comprehensive picture of these presses.



Chapter 3

Radiative Transfer modelling of
S140 IRS1 at millimetre

wavelengths

Interpretations of the structures, morphologies and geortrees of astrophysical
sources, such as MYSOs, are often based directly on the olveér radiation re-
ceived at the Earth. In some cases, after observations, theigin of the source
emission cannot be deduced with rm conclusion and more infoation is re-
quired. Modelling of the source structure and environmensiuseful in providing a
means to con rm or disprove conclusions drawn from observahs and could pro-
vide alternative interpretations for the emission. Undersnding the models can
help with understanding observations and in the context of mssive star formation,
can help piece together an evolutionary sequence.

Radiative transfer is used as it describes the propagatior light, electromag-
netic radiation, through a medium. Radiation is a ected by dsorption, emission

and scattering processes as it travels through a medium befaeaching the Earth.
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Radiative transfer modelling is required in order to undetand the observed emis-
sion from embedded MYSOs.
This chapter details the models generated to reproduce théserved millimetre

emission from the MYSO, S140 IRS1, using the publicly avabée radiative trans-

fer code by Barbara A. Whitney [(Whitney & Hartmann, 11992;| Whiney et all,

003b) and unpublished ray tracing code by Remy IndebetouwThe results from

model testing, investigation and comparison with observains are presented and

discussed.

3.1 Introduction

In the context of star formation, observations alone do notlaways provide a clear
cut conclusion regarding the source of emission. Generalhultiple observations
at a range of wavelengths are required in order to piece toper a picture of the
environments around embedded stars in the early stages ofrf@tion (as is the
case for the MYSO, S140 IRS1, as detailed in Chaptér 2). Obsgations of multi-
ple sources can then be used to piece an evolutionary pictucgether. Radiative
transfer (RT) modelling can be undertaken as a standalone @cess, separate from
observations, to investigate theoretical environments dtar formation and out-
put data that could be similar to observations. Moreover, tk e ects of di erent
physical structures, such as discs, dense envelopes and-spherical or clumpy

structures can be investigated along with how they might ewee with time (e.g

Dullemond et all, 2001; Whitneyet all, 2003a/ 2005). Typically the output of such

models are spectral energy distributions describing how e¢hstrength of emission

at a range of wavelengths varies with di erent parameters, iccrent geometries
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and viewing angles, and evolution. Notably, some models quit images of the
regions at particular wavelengths that are accessible witbhurrent telescopes for
direct comparison with observations.

The combination of RT models and observations can provided@owerful tool
in describing the source environment and understanding gjle or multiple sources

and how they compare. The most comprehensive study of massistar forming

regions was undertaken by van der Takt all ( ,12000). Here both continuum

and spectral line emission taken with single dish telescapand interferometric
arrays of 14 sources are compared with one dimensional sptar RT models in
order to understand the density and temperature structure fathe source environ-
ments. Comparisons of their observed and modelled SEDs (tonum emission)

with di erent dust grain models (only in La.n_d.eLIa.k_el_a.L 1999) indicate a match

at wavelengths longwards of 50 m (Figure[31). The models however, underes-

timate the ux at the near-IR wavelengths, even for di erent density distributions,

and the interferometric visibilities|lvan der Taket all (in both 1999,12000) are not

matched. The incompatible near-IR uxes are likely due to a eviation from non-

spherical geometry where less opaque cavities would alldve transmission of more

ux at these shorter wavelengths. Overall van der Talet all (2000) nd that the

density distribution is atter than those of low mass sourcs, suggesting MYSOs
and their envelopes are supported by a di erent means to low ass sources where
the density distribution exponent is 2.

To better understand the formation sequence of lower massusoes & 8 M )

and motivated by the unsatisfactory tting of previous modds to the infrared

emission (as found in the 1D models of van der Takt all (2000))Whitney et al

(2003 2004) produce more realistic two dimensional ayimmetric model envi-
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Figure 3.1: Observed spectral energy distributions of 8 sources compad with
models of di ering density distributions. Note the variati on and bad ts of the
models at IR wavelengths in comparison to the agreement at loger, sub-mm and

mm wavelengths. Taken fromlvan der Taket all )-

ronments. The envelope geometry follows a rotationally d@ened infalling solution

as prescribed by Ulrich ((1976) and_Terebegt all (1984). A dense central disc and

excavated bipolar cavities are also included, based uponsalovations of embedded
sources with out ows and discs. In the series of papers di ent e ects are inves-
tigated, i.e. di erent geometries, inclination e ects, ewlution of the envelope and

variation of the stellar temperature.

Whitney et al. (2003b) show that the deviation from a simple envelope to the

inclusion of a disc and cavities can have a profound e ect orhé output images
and SED (Figure[32). Much more IR ux is present for models wh cavities, but

the range of uxes varies much more with the inclination angl compared to 1D
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models. In edge on geometries the addition of a disc causes @cmbroader and
deeper silicate feature at 10 m, as is often seen in observed SEDs. In colour-colour
plots the sources with cavities appear bluer than those wittlut. The implication
here is that previous 1D models would require less envelopesa to provide the
same colours and hence underestimate the envelope mass ammbirectly imply
an older source based upon sources becoming bluer and brgghds the envelope
disperses. The second paper of the series details the evolnary scenario and

presents SEDs and images of each stage as the low mass pratsstvolve (Whitney

et al., ). Here the envelopes and discs disperse overtime aaotlow cavities
increase in opening angle as material is thought to be blownvay. A key result is
that the SEDs and colour-colour plots show considerable alap between di erent

evolutionary stages depending on the source inclinationn ltheir last instalment

Whitney et all (2004) explore the e ects of stellar temperature and for thest time

apply their model environment to more massive stars. One mdsis that although
the thermal SEDs from all sources are very similar in shapehe hotter, more
massive sources have more thermal emission overall and lesstribution from the
direct and scattered emission. Colour-magnitude diagrandearly separate the
di erent temperature sources and indicate a trend of soursebecoming bluer as
they evolve, something which can be used as a proxy for age ibnservations of

MYSOs.

An application of 2D RT models to observations of an MYSO wasngertaken

by de Wit et all (2010). They modelled the mid-IR visibilities probing scas of

100 au as well as near-infrared images of the W33A using theoab Whitney
prescription applied to an O type star. With multiple interferometric baselines

at di erent position angles the 2D models can be used to nd deations away
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Figure 3.2: The SEDs for 4 geometries, 1) Flattened envelope, 2) as 1 witla
disc, 3) as 2 with conical cavity, and 4) as 3 with polynomial $iaped cavity. The
various grey shade line show the SED at 10 dierent inclinaton angles. Both
models without cavities have a distinct lack of optical/IR ux in comparison to
the models with cavities. Note the more noticeable variation in the SEDs with
inclination for models with cavities where the optical depth signi cantly changes
when viewing pole on down a cavity or edge on through a disc. Tkeen from

Whitney et all (2003b).

from a spherical structure. Models with and without discs we compared with
the observations, including the SED, the IR interferometa visibilities and a 350
m image. Due to the many free parameters of the models, obsations and lit-

erature values are used to constrain initial estimates algnwith less time intensive

scattering models to establish the cavity opening angle. _d&it et all (2010) nd

a trade o between increased mass infall and inclination are in replicating the
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silicate feature and IR visibilities. The dominant emissio regions at the wave-
lengths sampled by the visibilities are the cavity walls. Th cavity is hotter than
the surrounding material but of such low density that it doesnot contribute a

signi cant fraction of the emission. The 2D geometry is requed over a simple

1D prescription (de Wit et all, 2007) to correctly match the IR visibilities and the
SED simultaneously.
Modelling of MYSOs with 2D geometries for comparison with fiimetre inter-

ferometric observations have so far not been undertakentt@ugh some progress

has been made for closer, low mass sources (e.g. Hugdes!, 2009). This Chapter

presents unique work modelling the source S140 IRS1 follagiin a similar vein

to de Wit et all (2010), but for comparison to very high angular resolutionlzser-
vations in the millimetre regime (presented in Chaptef]2). Fst, radiative transfer

is discussed brie y and then the speci ¢ modelling of S140 L is detailed.

3.2 Radiative Transfer

The change in the intensity of the radiation from any sourcef@mission as it passes

through a medium is described by the radiative transfer (RTequation:

dl .

- = | + A

s j (3.1)
where | is the specic intensity of the radiation at the frequency |, is the

absorption coe cient and | is the emissivity (emission coe cient). Both the
absorption and emission coe cients are functions of distaze through the medium,
s. Assuming emission through a uniform slab, integrating andubstituting d =

ds (where s the optical depth, the amount of absorption su ered throgh
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the path length, ds) results in the solution to the RT equation:

=1.0e +j—(1 e ) (3.2)

The general solution for radiative transfer in a homogenesumedium presented in
Equation 32 shows that the intensity of the detected radiabn is the sum of that
attenuated from the emission source (a star or background éssion), | .o, and
that emitted from the medium that the radiation is propagating through. With
increasing optical depth more radiation from the source idte@nuated and a larger
contribution to the observed radiation is from the surrounthg medium. At low
optical depths the source radiation is dominant. The absotipn and emission
coe cients fully describe the properties of the dust grainsn the medium as a
function of frequency and describe how radiation is absorthereprocessed and

re-emitted.

3.2.1 Brightness Temperature

In thermodynamic equilibrium the emission and absorption r@ not independent

and are linked by Kircho 's Law:

j = B(T) (3.3)

whereB (T) is the Planck function. Hence,j = = B (T) and the medium re-
emits as a blackbody governed only by the temperaturd;. It is also useful to
relate the intensity of a source to the brightness temperata, Ty, which is the

temperature a source would have if emitting as a blackbody:
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2h 3 1
I = B (Tb;O) = 02 eh:kT b:0 1
2
%; whereh =kTpo 1 (3.4)

where h is Planck's constant,k is the Boltzmann constant andc is the speed of
light. The Rayleigh Jeans Lawh =kT,o 1, is suitable for long wavelength/small
frequency emission (millimetre and centimetre regimes).rém the above relation-

ships the radiative transfer solution can be represented:as

Tp = Tb;oe + T(l e ) (35)

where Ty, is the brightness temperature measuredl, is the source temperature
and T is the temperature de ning the medium. For the millimetre enmssion pre-
sented in Chapter[P the case was made that the emission fromethegion was
optically thin based upon the estimated brightness tempetares of the observed
emission. This can be understood by using a special case ou&ipn 3. Al-
though the embedded MYSO does not provide emission in milletre regime the
sky itself does due to the cosmic microwave background (CMBJith an e ective
temperature of 2.73 K. Provided the emitting medium is warmer than thisTyo
0. Hence the millimetre emission comes from the surroundingedium, the

envelope and disc around the MYSO. There are two cases fiy= T(1 e ):

T,= T ; where 1 (3.6)
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and

T, = T; where 1 (3.7)

So for optically thin millimetre emission, as assumed in Clmer [, the estimated
brightness temperature would be low as is the only variable given the temperature
of the medium is known. Conversely, the uncorrected CARMA Aata is becoming

optically thick as the temperature is approaching values tmd for discs around

other MYSOs (Gahan-Madrid et all, [2010).

3.2.2 Basics of the Radiative Transfer Code

This subsection provides a brief description on radiativer@ansfer code by Whitney

et al. (IZOD_& 2004) that is used here to model the environment thfe massive

young stellar object, S140 IRS1.
Radiative transfer is solved in three dimensions, althougtine actual structure
of the environment around protostars is modelled in a two diensional axisym-

metric sense. The density of the environment is described lifie rotationally

attened infalling solution prescribed byUlrich (1976) ard Terebey et all (1984)

|

and parabolic cavities and a dusty disc are included (s (2003b)).

The density distribution is gridded on a spherical grid thathas variable spacings.
The radial spacing is logarithmically for the disc, to resok the smaller inner re-
gions and then follows a power law spacing for the envelopehd density within

each grid element is constant. The parameters for the dustibughout the model
are known and are tabulated. These dust parameters are thebado, the ratio of
scattered to extincted (scattered and absorbed) ux and thelust opacities, both

as a function of frequency (note the polarisation can also Imeodelled but is not the
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subject of the study of S140 IRS1). Simplistically, the codases a Monte Carlo
technique of propagating photons from the luminous centradource based upon
sampling of a probability functions for position, propagabn direction and . The
photons paths are followed and parameters of ux, wavelengtand temperature
of the environment are calculated along the way, hence buitd) up information

for the SED, images and temperature structure.

A photon is output from the central region with a value of (describing how

far it can travel), sampled from an e probability distribution, and a direction of

propagation (Whitney, 12011). Each grid cell corresponds tan optical depth at

the photon frequency. The photon and grid cell optical depth are compared to
see whether the photon propagates into the next cell or intacts in the current
one. This process is ongoing until the speci ed number of tral photons are
followed and leave the de ned environment. Upon interactio the albedo function
is sampled to de ne a scattering or absorption event. If scedred, the optical depth
and direction functions are re-sampled and the photon comiies with the new
values but at the same frequency. Absorbed photons are momplex to calculate
parameters for as they generate new photons based upon thatremission.

The frequency of the photon emitted is di erent to that absobed based upon
the dust temperature of the region. At the start of the modelhg process the
temperature is unknown and is initially set at a low value ( 3 K). The re-emitted
photons are assigned a new frequency when they are emittecc@ucling to the
temperature of the environment and the opacity function. Haever, due to the
erroneous start temperature the environment is not in equidrium as more energy
is absorbed than re-emitted. The temperature of the cell isherefore increased

and when the next photon interacts the input and output enerigs are re-checked.
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This continues as many photons interact and the temperatureonverges as the

heating (absorption) and cooling (re-emission) become laaiced. In the Whitney

code, the radiative equilibrium method ot Bjorkman & Wood I(R01) is modi ed

to establish the temperatures (see_Whitnewt all, 2003b, for details).

The user of the code speci es the number of starting photons tun. The more
photons followed the less noisy the output but the longer copatational time.
Photons are not lost or destroyed anywhere and they are tragauntil they leave
the environment. The Whitney code produces SEDs at ten di @t inclination
angles as well as allowing the option to peel o photons at a p@cular angle
and produce a unique SED and images covering the IR bands atghnclination
for a more speci c comparison. The more details known abouhé source to be
modelled, then the more constraints that can be employed. Ehfollowing sections
describe the modelling processes, followed by the outpustdts and the conclusions

after modelling S140 IRS1 using the Whitney prescription.

3.3 Modelling S140 IRS1

In this section the modelling procedure for the dust continum emission from the

source S140 IRS1 (hereafter IRS1) is described. The moawliprocess follows the

approach undertaken by de Witet all (2010). Scattering models are used initially

followed by a comprehensive analysis using the thermal RT @e by|\Whitney et al

(2003b). The scattering only modell(Whitney & Hartmann, 199, 11993) is used

to establish the cavity shape, inclination and opening angs by matching near-
IR observations. The much more computationally intensiveutl thermal radiative

transfer code is then utilised to constrain the remaining pameters, i.e. the in-
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fall rate, envelope size and disc parameters, for examplehd scattering model is
speci cally used to reduce computation time and nd a basatie set of geometric
parameters rather than running an intensive grid of all podsle scenarios with the
thermal code. In the nal steps the code outputs are process@nd model images
are produced at millimetre wavelengths along with simulatevisibilities for direct

comparison with the observations presented in Chapté&l 2. Ehaim, however, is
not to produce an exhaustive list of models that match obseations, but rather

to use data presented here (from literature) and in Chaptel] 20 constrain as
many variables as possible. The modelling work undertakenillbe presented in
a chronological fashion as the most intensive modelling wdsne prior to obtain-

ing the highest resolution interferometric data. The inital comparisons between
thermal code models and observations will detail the CARMA Blata. A separate
section will then speci cally detail modelling with referece to the more recent,

highest resolution CARMA A observations.

3.3.1 Central Source Parameters

The luminosity estimates of IRS1 range from 4.2 10°L at25 m (Beichman
et al., 1979) up to an IRAS luminosity of 2.4 10° L (B;;u[;;;; ;I ;I

1986). Here the multi-wavelength SED tting approach follaving IMottram et al

(2011b) is adopted. The_Raobhitailleet all (2007) SED tter is used with uxes

from the literature (listed in table B1), while xing the distance to IRS1 as 764

pc. From the top ten models for IRS1 the mean bolometric lumosity of (8.5
2.7) 1CG° L is calculated. The estimate is reasonable considering it lswer

than the earlier IRAS luminosity that includes both IRS2 andIRS3 in the beam

and is larger than the 25 m only estimate which is not where the SED peaks.



110

There are no un-saturated Spitzer data available for IRS1 dhe S140 region. The

e ective temperature of 25000 K is adopted for IRS1 given the luminosity, using

the main sequence properties for massive starslin Mottrast all (2011a). Hence

the model assumes IRS1 is a zero age main sequence (ZAMS) Bietgtar. The
self-consistent estimates of radius and mass then follow 492 R and 11.1 M .
The mass, temperature and radius are properties of the ceatrsource and remain

xed. They have little e ect on the emergent SED (sed"3:314).

3.3.2 Initial Environment Parameters

The three main elements contributing to the environment arg¢he protostellar en-
velope, the evacuated bipolar cavities and an optional dystdisc. The envelope
density follows the Terebey, Shu and Cassen solution of aslg rotating col-
lapsing structure, the "empty' cavities can either be desbred by a parabolic "U
shaped' or streamline "V-shaped' geometry and the optiondlusty disc follows a
standard ared accretion disc density distribution where he scale height increases
with increasing radius according to a power law. The accrein energy can also

be included as an additional source of radiation, although has minimal e ects

(Whitney et all,[2004). MYSOs that generate wide-angle winds produce "U'agted

cavities and can be easily represented by a polynomi ; , 12009). As

noted byWhitney et all (2003b), the parabolic, curved shape produced the most

realistic IR images of cavities when compared with recent sbrvations. This cavity
shape is adopted throughout the modelling process for IRSThe cavity material

consisting of dust and gas has a number density typical of MY3Bout ows between

5 10 and a few times 106 cm 2 (Beuther et all, 2002c) and is xed.

The envelope approaches an h r ° radial density power law for pure infall
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Table 3.1: Photometric uxes for IRS1 taken from literature.
Wavelength Flux Reference

(m) (Jy)

1.255 0.06 a
1.65 0.45 a
2.10 1.74 a
2.86 5.88 a
3.39 11.4 a
4.07 33.0 a
7.07 136.5 a
8.19 143.5 a
8.99 67.5 a
9.44 54.4 a
10.97 134.4 a
12.69 377.4 a
24.5 1170 b
31 1585 c
37 2624 c
50.0 3840 d
100.0 3320 d
450.0 < 20.0 e
800.0 < 5.50 e
1300.0 < 134 f

(a) Representative sample taken from the spectra of Willnﬂr; %II 5%982), (b) de
Wit et al. (2009), (c) Harveyet all (2012), (d) [Lesteret al| ), (e) Upper
limits from Minchin_et all (19954), (f) Upper limit from |Guertler et all (1991).

Flux uncertainties are 30, 10, 20 and 50 percent for each ofethreferences (a),
(b), (c) and (d) respectively.
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outside the centrifugal radius,R.. A transition occurs below this radius where
the envelope follows a atter n/ r °° radial density power law. For consistency

with previous works the centrifugal radius is initially setat R. = 50 au (Alvarez

et al., 2004b). The infall rate parametrises the density of the eelope, which is

also related to the central source mass. It should be notedahit is simply a
parameter of the density distribution and not a true measureof the infall rate
as no measurements of velocity have been made. The outer raafithe envelope
is initially estimated to be at a radial distance of 30" based upon the extent

of the bipolar molecular out ow as observed in single dish @ervations (Minchin

et al., ). The interferometric out ow data presented in Chater P are not
used as these are insensitive to the large scale di use enuss The angular size
corresponds to 23000 au (0.11 pc) at the distance of IRS1. The ambient number

density is set to a typical value of molecular clouds 10* cm 2 as used in previous

modelling (Whitney et all, 2003a). Only where the envelope density as described

by the radial power laws drops below the speci ed ambient dsity is it set to that
value, i.e. where the density distribution no longer follow that prescribed by the
infall rate. These initial parameter estimates are xed thoughout the scattering
model (except for the infall rate) but are varied in the thernal modelling detailed

in section[(3-34.

3.3.3 Scattering Modelling

The near-IR nebula around IRS1 is modelled with the less comationally inten-

sive scattering model of Whitney & Hartmanh (1992, 1993). Td scattering of a

single frequency of photons is considered only, no tempeaset structure or ther-

mal reprocessing of photons is undertaken. When comparingodel images with
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the observed IR imagel(Weigelkt all, 12002) it is assumed to be free of signi cant

thermal emission. The goal of this modelling step is to esthgh a suitable cavity
opening angle, shape and range of inclination angles only. disc is not included
in these models. Although the details of the dust type are ndtnportant for this

modelling process it is noted that the dust has a coating of wer ice. Comparisons
of dust types are detailed in Sectioh"3.3.4 during the thernhanodelling. Below,
checks are undertaken to ensure that for this dust type the fall rate, and hence

optical depth are consistent with observations.

The polynomial shape of the cavity is described by:

R
Rmax

Z = Zmax (3.8)

where is the cavity shape exponentZ is the height of the cavity at a cavity
radius R measured from the polar axis (cylindrical radius)Zmax is the point where
the cavity intersects the spherical outer boundary of the emlope (i.e. = Royter)

and Rnax is the radius of the cavity at that intersection. In cylindrical coordinates
(R,! ,Z) the cavity is azimuthally symmetric. Ryax IS de ned by the model inputs,

Zmax and the speci ed cavity angle (which is the half cavity opening angle):

Rmax = Zmax tan (3.9)

Note, where the outer envelope radius is varied (i.&nax ) fOr a given cavity angle,
the physical shape of the cavity will di er due to the polynonmal nature. For the
same opening angle but with a variable outer radii, the meased opening angle
will be the same (as speci ed) when measured from the outerdiais to the central

source but the polynomial shape will be di erent between twanodels. In order to
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ensure the cavity shap&=R is constant,Zl_ . /(tan ) must be xed. The value

=1.5is also xed here as this best replicates the polynomiahape of the cavity.
As the cavity shape is described by the cavity angle and outeadius, the outer
envelope radius is xed to ensure that the cavity angle can bgarametrised in the
scattering models.

Initially the cavity angle and infall rate are set at 10 and 7.5 10 4 M
yr ! respectively, according to the model for the MYSO, W33A. It s assumed
that these starting parameters are closer to those for IRShan those for low
mass protostars provided with the Whitney code. A range of alinations are
investigated for all cavity angles and infall combinationsThe initial infall rate was
too large as no or little emission was present at any inclin@n and a reduction by
almost an order of magnitude was required before variationgere seen at di erent
inclinations.

The model images indicate that for inclination angles: 30 (where 0 is pole
on), more envelope density is required (larger infall ratep reduce the dominance
of the central star as the line of sight passes through lessvefope material. How-
ever, for more edge-on geometries less infall is requiredngared to low inclina-
tions as this allows more ux from the central region and prodes a more suitable
match to the observed image. Simple comparisons were madehad ux contour
levels to establish whether the central source is too dominia if the red-shifted
lobe is visible in model images, and if the cavity shape is cpatible.

The observed IR speckle image used to compare with the mod&as not
received with ux calibrated units. The initial comparisons with model images
were done based upon the percentage ux contours referendedhe peak emission

of the central source. In order to provide a more accurate cqarison between the
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models and the observed image attempts were made to match tkeband optical

depth ( k). IRS1 has 5;(9:7 m) = 3:97 (Willner et all, 1982) and a total visual

extinction Ay 72 from modelling (Guertleret all, [1991). These are consistent

following IDraine & Leé (1984). Using the reddening law of Rie & | ebofsk

(198%) a K-band attenuation Ax of 8 mag is calculated. This results in the

nal K-band optical depth ¢ of 7.4. The infall rate is varied accordingly to
attain suitable values of ¢ at each inclination and then the corresponding ux
contour levels can be checked. Due to the degenerate natumetting three model

parameters (cavity angle, inclination and infall rate), mni grids of models were

generated at various inclination angles with di erent infdl rates and cavity angles.

At low inclination angles (30 ) the contours are generally more circular/ellipsoidal
in appearance and are not extended away from the source aslsacy evident in
the observations. This sets the rough lower inclination lith The upper incli-
nation limit is constrained when the reverse lobe becomegsi cantly extended
from the central source at the 0.01 percent level, typicallgvident at inclinations
> 70. The range of inclinations, although not well constrainedare compatible
with the CO observations presented in Chaptel2. A value of 45s adopted in
subsequent modelling as the intermediate value (note the BEcan be used in the
subsequent thermal modelling as a consistency check). Bdtie infall rate and
inclination are degenerate in setting the line of sight optal depth. An inclination
of 45 and an infall rate of 0.4 104M yr lresultsin ¢ 7.4.

The cavity shape does not vary for a xed inclination and vable infall rate,
only the contour levels are e ected. The cavity shape if besteplicated with a
cavity angle of 7. However, with an infall rate of 0.4 10 *M yr ! the contour

levels are slightly too distant when compared with the obseed image. As the
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shape of the cavity remains unchanged with infall rate the Is¢ tting scatter
model with a 7 cavity angle has an infall rate of 0.3 10 *M yr 1. Here ¢

6, lower than assumed. Alternatively the inclination anglean be slightly increased
to provide a better match to ¢ for this infall rate (more edge on). However, the
increase changes the contour levels again such that they are longer an optimal
match. The nal adopted parameters are an infall rate of 0.3 10 *M yr *and
cavity and inclination angles of 7 and 45.

Figure[33 compares the K-band image of the S140-IRS1 nebwih the best
scattering model run. The model image has been rotated by 160 in the plane
of the sky such that the modelled emission aligns with the obssation. The
raw output image is sampled at three times the resolution ohe K-band speckle
image while the comparison image (as shown) is convolved i Gaussian point
spread function to achieve the same resolution. The contolevels at the adopted
inclination and infall rate are reasonably matched. From aigual inspection of
the 8000 au size observed image the cavity half angle appetrdbe 20 when
estimated from the polar axis to a line drawn from the centrasource to the lowest
contour level at the edge of the cavity wall. However, in terms of the cavity

geometry adopted, the half angle is only 7for an outer radius of 23000 au.

3.3.4 Envelope only Thermal Models

Using the constrained cavity geometry from the scattering odels the more com-
putationally intensive thermal model is utilised to estalkh the e ects of the re-
maining parameters and to investigate the presence of a disModels without a
disc are explored before a disc is included in order to invegite whether a at-

tened, large scale rotating envelope with "empty' bipolarawvities can reproduce
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Figure 3.3: Left: K-band speckle image of IRS1 (centred) from (Meigeltet all,
2002), the 500 milli-arcsecond scale is indicated in the logr left corner. Right:
Best tting scatter model image with 6, a cavity angle of 7 and an inclination
angle of 45. The pixel scale for both images is 27 milli-arcseconds. The contour
levels are at percentages levels of the peak at 0.05, 0.1, 0.2.5, 1.0, 2.0. A
logarithmic intensity policy is used to highlight the faint emission as all emission
above the 5 percent level is centralised on IRS1.

the observables. Although not observed in IRS1, large torbistructures are seen
in some hot cores and MYSOs which could be represented by thattening of the

envelope around the source, rather than requiring a sepaeatlisc.

The dust type used throughout the envelope and cavities is aixof interstellar
‘warm silicates' and amorphous carbon which provides the &tet to the observable
silicate absorption feature l(de Witet all, [2010). A comparison with other dust
types are undertaken in the following sections. At this stagonly CARMA B array
observations were available and the subsequent modellingtdiled is with reference

to these data only. At this stage the dust disc around IRS1 wasot con rmed.

The output model SEDs are compared with the literature valug as listed in
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Table [37. The near and mid-IR uxes are a representative sgme taken from

the spectrum of_ Willner et all (1982) and cover the silicate feature while the 24.5

m value is from SUBARU observations by de Witet al \ZO_O:&) and the SOFIA

mid-IR 31 and 37 m uxes are the deconvolved values listed b

(2012). The far-IR uxes are taken from the super resolutiorestimates by Lester

et al. (1986). The ux ratio between the three far-IR sources, fromwhich the

ux values are deduced, appears quite uncertain given therge beam size and
small separation of the targets. A generous 50 percent err included here as

not to over weight the tting to these uxes. IRS1 is not deteded in the sub-

mm directly by Minchin et all (1995a). From their Figure 1 the ux measured at

the contour corresponding to the location of IRS1 within ondeam is used to set
an upper limit to the sub-mm ux value. This is a ux within a 9" beam and
emission is likely to be more extended than this if it follows similar structure
as indicated by the interferometric data presented in Chagptr[d. These values are

very uncertain and are regarded as upper limits to account fdhe inclusion of

extended, di use emission. The 1300m ux from Guertler et all (1991) is also

regarded as an upper limit as the 11" beam includes emissianrh SMM1 and the

di use emission between SMM1 and IRS1 as seen with the interbmetric data.

To determine the goodness of t the reduced chi-squared vadus calculated for

each model following van der Talet all (2000),

1 X Fops Fmod °
se0 T == T (3.10)

where Fo,s are the observed uxes from literature and their associated errors,

Fmoa are the uxes from the model SED and the sum is made over aN ux



119

values measured. The sub-mm and mm uxes are not included ihé¢ goodness of
t calculation as they are upper limits. The model outputs ae checked visually
and numerically to ensure a reasonable match to the obseri@ts. Due to the
importance of checking the sub-mm and mm uxes, more photorare required
in the models initially, such that a larger number are absorbed and re-emitted at
these wavelengths. The number of photons required for a salite SED was found
to be 10’. The envelope only models take around 2.5-3.0 hours to run one

2 GHz processor of a desktop machine.

Fitting the SED is important and suggests that these 2D modetnvironments

are suitable for describing MYSOs, as hinted at in_Whitneyet all (2004). How-

ever, the main aim here is to establish whether the interfencetric data can be
reproduced by such models and what implications that may havon the obser-
vations. One limitation of the thermal code is that it cannottrace a su cient
number of photons to produce images in the millimetre regimenstead the grid
of dust density and temperature parameters at each spatiabnt produced by the
thermal code are used as inputs into a radiative transfer ragracing code. By
integrating the uxes at the same wavelength as the interf@metric observations
model images of the source environment can be generated. Teak consistency
between the codes the entire image ux is calculated and comed to the ux
in the SED generated from the thermal code. All model imageseyd the same
integrated ux as that indicated in the thermal model SED.

Subsequently, processing the 1300m model images using the MIRIAD re-
duction software results in images and visibilities as wadilbe observed with the
CARMA B con guration (note the distinction that the model im ages are from the

ray tracing code and the simulated images are after procasgiwith MIRIAD and
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are directly comparable with the observations). The simutad images and visi-
bilities are compared with the free-free corrected obsed/@mage and visibilities.
For each model, much like the goodness of ts tests for the S corresponding
goodness of t is undertaken for the visibilities. The visibities are averaged in
time and baseline and the reduced chi-squared %) is calculated between each
model and the observations following equatidn=3110. Althgin not strictly correct,
a simple one-dimensional analysis in the Fourier plane is sient at this stage,
i.e. azimuthally averaged inu;v space. IRS1 is not su ciently elongated in the

CARMA B array data to warrant a two-dimensional analysis.

As the visibility amplitudes are, by de nition, positive values the noise will

be non-Gaussian for low signal to noise data. A Rice distrition (see Thompson

et al., 1) should be used to calculate the most probable locati@f a model

given the spread of data when the signal to noise ratio (SNR) 1, as the reduced
chi-squared is only valid when the noise is Gaussian. In suchses a tted model

will lie below the mean amplitude value of the data as the nags according to the

Rice distribution follows a Rayleigh distribution (e.g.La et all, 11994). Where the
SNR > 2 the noise distribution becomes Gaussian and a reduced shared test

iS su cient to establish the most probable model given the d& (see Figure 6.8

Thompson et all, 2001). The SNR is> 2 for all CARMA B visibilities and thus

2. is a reasonable estimator of good tting models.

The rst thermal model (baseline model) was run with the paraneters copied
directly from the scattering model to ensure the cavity geogiry was correctly
represented and to investigate whether the previous scatieg only hypothesis for
the near IR emission was correct. The SED (Figule=3.4) at thénosen inclination

angle clearly overestimates the near and mid IR uxes whilengerestimating the
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Figure 3.4: SED for rst thermal model run with parameters copied directly
from those found during scattering modelling as describedn the text. The model
(solid line) overestimates the observed (solid circles) rer/mid IR uxes and un-
derestimates the sub-mm/mm uxes (upper limit arrows). The envelope is not
dense enough to absorb the required amount of IR photons anderemit them at
sub-mm/mm wavelengths to match the observations.

sub-mm and mm uxes. 2., is 11 when using the scattering model param-
eters. The thermal model K-band images showed that the ux isnore centrally
dominated and increased by a factor of 2 in relationship to the faint emission.
The cavity shape, as expected is unchanged. The increasedission is due to
the addition of thermal emission from hot dust close to the atr. Clearly a larger
infall rate is required to attenuate the central source moreFor IRS1 it does not
appear that the entire K-band ux can be assumed to be due to attered light
only. Each subsequent model run builds from the base modebsging from the
scattering parameters. The infall rate, outer radius, cenifugal radius and the
cavity and ambient dust densities are varied and are the onliyee parameters in
the envelope only models.

Prior to the variation of the above parameters, the source teperature and

radius were adjusted with a xed luminosity to ensure the SEB are insensitive
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to these. The extremities tested were a source temperaturé 80000 K with a
corresponding radius of 3.4 R and a lower source temperature of 15000 K with a
radius of 13.7 R . The reported output luminosities are the same within 1 peent
and the SED variation is negligible. The luminosity is the dving parameter and
the nal emission (SED) is the result of re-processed lightdm the envelope, which
remains unchanged. The central mass of the source was notigdr The mass is
only used to parametrise the envelope density distributioand any variation can

be counteracted by a suitable adjustment of the infall rate.

E ect of Infall Rate

The shape of the SED and silicate feature are primarily detatined by the infall
rate. A range of infall rates increased over that of the baseé model were run.
Too little infall produces a lower density, less opaque ere@e which produces
an excess of short wavelength infrared photons. A larger aif rate, results in
a higher density, more opaque envelope which excessivelyeatiates the shorter
wavelength photons and subsequently re-processes them toguce more ux at
longer sub-mm and mm wavelengths. Having such a major e echdhe shape of
the SED and because the inclination and cavity angle are xed minimal 3gp

2.3) was achieved quickly. Variation of the infall by more tan 0.3 10 4 M
yr ! from the optimal value of 1.2 10 * M yr ! increases %c, signicantly

and a clear deviation in the quality of the SED t is observed.The uxes in the

millimetre regime are consistent with the upper limit ol Guetler et all (1991).

Investigation of the SEDs for the same model runs but at a dieent inclination
(as these are produced anyway) indicates that other inclitians t the observed

SED reasonably well with di erent infall rates. Essentialy provided the line of
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sight optical depths are similar the output uxes will also ke similar. Conceptually,
as the mid plane is slightly denser due to the attened struatre, a view in this edge-
on direction requires less infall than one that is more polenadirection (but not

directly down the cavity). Although such variations are aleady well documented

(e.g.\Whitney et all,20038) it is important to reiterate that without having a prior

estimate of the inclination angle from near IR images a rang# infall rates and
inclination angles would suitably t the observed SED of IR&. Even though edge
on and pole on SEDs can be made to t the observed SED with vatians of the

infall rate the K-band image is no longer matched.

Interestingly, after varying only the infall rate it is surprising that the model
SED ts so well after establishing the other parameters bagesolely on a near IR
image and sensible estimates of the environment from milletre out ow obser-
vations. On the one hand it appears that these models with ssible estimates
describe the environment of MYSOs reasonably well. This wioube a sensible ar-
gument assuming MYSOs form in a similar up-scaled environmieas lower mass
protostars which the models are based upon. However, it mag lcoincidental that
the SED is such a good t for IRS1. Clearly other sources need e modelled
in a similar fashion where as many parameters are sensiblynstrained from ob-
servables rather than allowing “free reign'. In cases usiegtirely free parameters
SED ts will be possible but the environment parameters willikely be unrealistic
and unconstrained.

When comparing the simulated 1300 m images and visibilities with the inter-
ferometric observations it is quickly evident that the ux on the small scales probed
by the CARMA B observations are totally underestimated. Forthe model with

aninfallrate of 1.2 10 4M yr *and %, 2.3 the corresponding goodness
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Figure 3.5: Left: SED for the envelope only model (solid line) with all parameters
xed as described in the text but with an infall rate of 1.2 10 *M yr 1. The
model well represents the observed uxes indicated by the lack circles and upper
limit arrows. Right: Comparison of the free-free subtracted CARMA B visibilities
and the envelope only model that produces the SED in the leftmage. The open
circles indicate the observed data and have associated dasti error bars from
baseline and time averaging. The observed data are of a muchigher amplitude
than the model visibilities shown in solid circles. This enwelope only model cannot
match the interferometric uxes at small spatial scales.

of t to the visibilities is 2,  23.3 and the image ux is only 8.7 mJy. This is a
factor of 8 less than observed. To match the visibilities and images rtlu more
ux is required in the millimetre regime. At this stage with only the infall rate as
a variable parameter an increase of an order of magnitude wamsde in attempt
to reproduce the uxes in the millimetre regime. The left had side of Figure
3.8 shows the SEDs of the model where the infall is increasemi1.2 10 M
yr 1. As previously noted, the larger infall attenuates the shorwavelength ux
and increases the uxes at longer mm wavelengths. The SED witan increased
infall is a very bad t to the literature values and %., 10’. The increased
infall rate did have the positive e ect of increasing the miimetre uxes such that
the simulated visibilities are a better match to the CARMA B data. Although,

2. is  15.3 and only the ux on the largest scales probed by the intearometer
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Figure 3.6: Left: SED for the envelope only model (solid line) with all parameters
xed as described in the text but with an infall rate of 1.2 10 M yr 1. An
order of magnitude larger than the previous optimal model. The model does
not represents the observed uxes indicated by the black cicles and upper limit
arrows. Right: Comparison of the free-free subtracted CARMA B visibilities and
the envelope only model that produces the SED in the left imag. The open circles
indicate the observed data and have associated dashed errdwars from baseline
and time averaging. The model visibilities match the obserations on the largest
spatial scales probed by the interferometer but do not replicate the very smallest
spatial scales. The visibilities and SED are not simultaneasly tted.

are matched and there is still a considerable de cit of ux orthe smallest scales
probed. The right hand side of Figurd_316 shows how the vislibies cannot be

matched with large infall envelope only models.

Con rming the Dust Type

The dust type [Whitney et all (2003a) uses for class | and Il low mass sources

includes a coating of ice in the envelope. This dust has slighdi erent opacities
and albedos which will cause nite changes to the uxes at gen wavelengths
as the dust will scatter, absorb and re-emit radiation sligy di erently. Figure
B4 shows the opacities and albedos for the ice coated dustdahe mix of warm
silicates and amorphous carbon previously used. The ice teddust type is tested

to investigate the whether the emission from the region chaes signi cantly.
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Figure 3.7. Dust opacities (Left) and albedos (Right) of ice covered grans as
Whitney et all (2003a), and the mix of warm silicates and amorphous carbon s
used here and in_de Witet all (2010). The dust type key is shown in the top
right of the opacity plot. The opacities at 1 mm, 1000m are 1.0 cn? g 1 and
are consistent with the values used for mass estimates in Clmder The clear
di erence in opacity and albedo of the dust in the near/mid IR regime lead to the
changes seen in the SEDs at these wavelengths as the dust tieally absorbs/re-
emits and scatters light di erently.

The %, forIRSlis 17 using the optimal infall rate and the ice coated dust.
Figure[338 shows that the sub-mm/mm uxes are consistent wit observations but
the uxes at wavelengths< 50 m are underestimated. Note the very jagged shape

of the silicate feature at 10 m which is not evident in the observations (Willner

et al., 11982). However, the ice coated dust does replicate the spakfeature at

3 m usually attributed to water ice particles (Willner et all, [1982). Less infall is

required with this dust as it does not scatter as much at shoer wavelengths and
is slightly more opaque than the mix of interstellar warm sitates and amorphous
carbon dust previously used. The new dust is actually moremsilar to that used in
the scattering models and if the infall rate is lowered towais that originally found

in the scattering models a much more agreeable SED t is attaed. 2%, 4
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for an infall rate of 0.8 10 * M yr ! (Figure 38). The infall rate is still larger
than that found from the scatting models alone and con rms that the observed
K-band ux is comprised of both scattered and thermal light. Furthermore, the
sub-mm/mm ux is beginning to decline and is visually a worset than with
higher infall rates or when using the warm silicates and ampious carbon dust
type. The dust opacity index for the ice coated dust is 2 in the sub-mm/mm
regime. For the warm silicates and amorphous carbon dustis 2 between 200
and 900 m but then becomes shallower (  1.3) at longer wavelengths. The
decline if ux at longer wavelengths for the ice coated dustsiconsistent with the
lower infall used in order to t the IR emission and the steepredust opacity index
in the sub-mm/mm regime. Note, the emission after 20 m is purely thermal
for both dust types as the albedo tends to zero. With the ice ated dust the
interferometric model visibilities remain similar to the pevious models and still

do not match the observations.

Altering the dust type noticeably changes the model SEDs, haver these
changes are primarily at much shorter wavelengths than theittimetre wavelengths
of the interferometric observations. The dust type and infarate are degenerate
parameters when altered together. With all other parametsr xed a suitable

infall rate can be found for a chosen dust type. Following theational of de Wit

et al. (2010) the mix of silicates and amorphous carbon dust is used further

modelling as this better replicates the smooth silicate diplt is noted that the
dust may not be the most optimal for the very short wavelengttportion of the
SED as it does not reproduce the 3 m feature, however, the simultaneous t
to the near/mid IR and sub-mm/mm uxes is much better than for the ice coated

dust type. Regardless of the dust type used, these envelopgyomodels presented



128

o fw)
o o
T

fe]
=

"

)
T
T

<
B e e e

Flux Density (mdy)

O
T

i

1.0 10.0 1000 10008 0.1 1.0 10.0 1000 1000.0
Aum) Aum)

Figure 3.8: Left: SED of IRS1 with the previously found optimal infall ra te but
a change of envelope dust type from warm silicate and amorphe carbon to dust
with a coating of water ice (seeWhitney et all, 20032). The water ice feature at
3.1 m as observed by Willneret all (1982) is reproduced as is the silicate feature
at 9.7 m. The silicate feature is notably jagged in appearance comgred with the
previous dust type and SED presented in Figurd-3b. Note howhe IR uxes are
a poor match to the observations. Right: SED of IRS1 with the dternative dust
type and a modi ed infall rate. Here the infall rate is 0.8 10 4 M yr 1. This
SED is a much better t than the one where only the dust type was changed.

so far cannot replicate the small scale visibilities at 1.3 m wavelengths.

Variation of the Envelope Outer Radius

The initial envelope outer radius was established based upthe extent of single
dish out ow observations. The outer radius was therefore veed to establish its
e ect and to investigate whether more small scale millime& ux could be obtained
to provide a better match to the visibilities. A larger outerenvelope should provide
more colder material which could re-emit photons prefereiaily at sub-mm and
mm wavelengths. However, the emission is likely to be prodest on a larger
scale and may not provide the added millimetre emission on ehsmallest scales
where it is lacking. An upper limit was placed upon the outeradius of 50000 au

corresponding to the edge of the dark cloud IRS1 is embeddeihin. The distance
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is set by the shortest path to the photon-dominated region 70 arcsec to the SE

of IRS1. The minimum envelope radius investigated is 8000 acorresponding to

the 11 arcsec beam of the 1300m observations byl Guertleret all (1991).

While increasing the envelope outer radius an optimum2., of 2.08 is found
using a model with a 45000 au outer radius with the xed infallrate of 1.2
10 4*M yr 1. The SEDs and visibilities ts however do not di er noticealdy from
those in previous models while the outer radius is steadilpdreasing, 2 is still
around  23. For smaller radii %¢, increases slightly to 3.6. Although the
t does not change signi cantly the uxes > 100 m, which do not contribute to
the goodness of t, are noticeably underestimated. Shorteravelength emission
emitted closer to the source are largely unchanged. The outedius itself is not
a sensitive model parameter given that a factor of 6 change mdius does not
signi cantly alter the SED shortwards of 50 m. The density distribution is not
changed as the outer radius is increased, it is extended. Thater regions are of
lower density/opacity and cause little e ect of the SED t and shape € 50 m) as
most of the photons emitted from the source have already beee-processed and
emitted at longer wavelengths which the envelope is less ape or optically thin
to. Although not investigated, it is likely that for a given outer radius, much ner
adjustments of the infall rate (the incremental changes wer0.1 10 4 M yr !
when testing the e ects of the infall rate) would have the sam e ect as the large
changes in the outer radius. Adjustments of both the infallate and outer radius
alter the density distribution. However, the infall rate isa much more sensitive
parameter compared with the outer radius. As noted previols for dust types
and infall rates, one parameter must be xed, or reasonablyoastrained otherwise

the models becomes degenerate between the two free paramsete
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Ambient and Cavity Densities

The ambient density essentially parametrises the lower dsity limit for the en-

velope structure. It is the infall rate which parametrises tie density structure of
the envelope according to the TSC (Tereby, Shu, and Cassemepcription. At a
certain radius, if the envelope density based upon the infalate is less than the
ambient density then the ambient density value is used. In der to test the e ects
of di erent ambient densities, the best envelope only modekas re-run with an

increase and decrease of the ambient density by an order of gnaude.

The decreased ambient density had no e ect on the results. Bause the am-
bient density is a lower limit, provided the infall rate is lage enough for a given
envelope outer radius, the infall rate will fully specify tle envelope densities out to
the outer radius. The ambient density is never considered &lse envelope densi-
ties never fall to small enough values. On the contrary, an anease in the ambient
density does have a signi cant e ect on the SED. Due to the ineased ambient
density, the envelope density speci ed by the infall rate, ps below the ambient
density value before the outer radius. Here, the turn over cars at 8000 au and
the envelope becomes a constant density after this radius.o@sequently 2., is

10 as the density is larger than speci ed by the infall rate &kr 8000 au and
the envelope absorbs more short wavelength photons and meies them at longer
wavelengths. The visibilities were not checked here as th&B does not t well.

It is crucial when undertaking such models that the ambient énsity is set su -
ciently low such that the infall rate exclusively parametrses the envelope density

as a function of radius, unless a constant density envelopeto be modelled.

The cavity density is not well constrained and is based uporbservations and
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previous works (Beutheret all, 2002c;| Whitney et all, 2003a). | Whitney et al

(2003a) assume that the cavities become less dense and wiaerthe central low

mass protostars evolve (also see Chapter_115.1). Here thevitadensities are

increased and decreased by an order of magnitude to investig the e ects for

IRS1 and roughly cover the parameter space used by Whitney all (2003a). The

increase of cavity density by a factor of ten to a number derngiof 10° cm 3
marginally improves 2 whereas the decrease provides no change. The visibilities
are insigni cantly e ected. Given the inclination angle of45 the path of photons
being emitted or scattered in the direction of the observerhtough the cavity
will likely be low. Hence the change of density by an order of agnitude is not
signi cant. With a larger cavity density the infrared uxes change marginally to
produce a slightly better t to the observed SED. As with the dher parameters,
the same, marginal improvement in the t could be achieved bynely adjusting
the infall rate to change the envelope density distribution Interestingly, if viewing
the SEDs at the smallest angle produced in the thermal code&2, the change in
cavity density by an order of magnitude only has a small e ectThere is a marginal
ux increase at wavelengths< 5 m when the cavity density is at a minimum. The
small e ect is likely due to the same hypothesis as above, tlensity in the line of
sight to the observer through the cavity is small, given thathe opening half angle
is< 18 . If viewing directly pole on down the cavity itself the chang in the SED
would be signi cant, although this is not investigated. Thecavity density is not a
sensitive parameter given the inclination angle of the emanment is constrained

and well away from pole on orientations.
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Figure 3.9: Logarithmically scaled slice through the spatial density dstribution
for the optimal envelope only model with R = 50 (left) and R = 1500 (right).
The contours levels are at 1016, 10 7 and 10 '8 g cm 3, although the 10 16 is
not visible in the R = 1500 model. Due to the degeneracy between infall rate
and R¢, the infall rate was increased to 2.6 10 * M yr 1 in order to obtain a
similar or better %., for the R, = 1500 model. There is a clear attening of the
density distribution away from a more spherical shape disphyed by the R, = 50
model. Note, for the R = 1500 model there is a slight peak of density close to the
mid plane of the envelope at a radius of 1500 au, as shown by theghter colours.

E ect of Centrifugal Radius

The remaining parameter to adjust in an attempt to improve tle model visibilities
is the centrifugal radius. This value speci es where the dsity distribution changes
from a attern / r ®®ton/ r ¥ distribution. Increasing R. could mimic a
disc-like structure or a rotating toroid as the envelope desity distribution is more
concentrated to the mid-plane. Figurd—319 indicates how thdensity structure of
the envelope changes within a 4000 au radius of the sourceRasis increased.
For Rc below 150 au, %;, is relatively unchanged. The e ects on the shape

of the SED with increasingR. (> 150 au) while the infall rate remains xed are
as follows: 1) The SED is atter, i.e. more horizontal, betwen 2 and 10 m, 2)

The silicate absorption feature becomes shallower and etgally changes into an
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emission peak, 3) The mid-IR ux is reduced around 25-35m, and 4) The peak

of the SED at far-IR wavelengths shifts longwards.

Fitting the near-IR and mid/far-IR uxes independently ind icates that the
longer wavelengths are tted marginally better for largerR. models than for the
R. = 50 au model. However, at near-IR wavelengths the t is much warse and
overall 2. increases. Increasin®. has a similar e ect on the near-IR uxes and
silicate feature as decreasing the infall rate but has miniah e ect on the longer
wavelength sub-mm and mm tail of the SED. The geometry and dsity distribu-
tion of the hotter inner regions close to the central sourcera clearly important to
the ux distribution at near and mid-IR wavelengths. At larger radii than R, the
cooler more spherical envelope, with an h r *° density distribution, produces
the longer wavelength emission which is relatively una eed by the smaller scale
changes. There is a noticeable change in ux is observed afrered wavelengths
with increasingR. and the silicate absorption feature changes to a prominentres-
sion peak wherR, 1000 au. The silicate emission feature is due to the exposure
of the hot dust emission at certain inclination angles. Theraount of cool dust
in the envelope decreases in the line of sight at the inclinah angle of IRS1 (
45 ) when R; is increased and the infall rate remains xed. This is a resubf the
material in the envelope being positioned at larger radii ober to the mid plane
(see Figurd-3D).

A set of models were run for eacR. with di erent infall rates after recognising
that an increase in the centrifugal radius has the e ect of aetreasing infall rate on
the near-IR uxes. Both the infall and R, were increased in attempt to produce
models with a better visibility t while still tting the SED . These models are

degenerate and numerous pairings of infall rate an&. produce good ts with
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Figure 3.10: As Figure[33 exceptR. = 2500 au and the infall rate =3.5 10 4

M yr 1. The %, is 1.57, better than the Rc = 50 au model but 2,  23.9

is marginally worse. After a (u;v) distance of 250 k , corresponding to 1
arcsecond or 760 au the visibility amplitudes drop to zero. There is no ux on
the very smallest scales.

the observed SED. The measured2., values range from 1.6 to 2.7 before a
clear deviation in the SED is seen. Notably, there is no means independently
constrain the centrifugal radius based upon current obsations. The visibilities
for the best tting large R. model according to the SED t (R, = 2500 au, infall
=35 104M yr 1 2., =157)still do not match those observed and are
marginally worse, 2,  23.9, than the lowR. models (Figure[37ID). The increase
of the centrifugal radius and correspondingly the infall ree does not produce an

increase of the millimetre ux on the smallest scales probday the interferometer.

Envelope Only Summary

There is a range of envelope-only models that t the SED equglas well. The
mayjority have the same infall rate but with a range of the othefree parameters.
The infall rate is the most sensitive parameter. Generallythe variation of the
outer envelope and the cavity and ambient densities have tlié impact upon the

SED tsand 2%c, remains largely unchanged as do the ts to the interferomeit
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visibilities. Adjusting the centrifugal radius has a notieable e ect on the shape of
the SED. Consequently, the infall rate andR. must be increased together in order
to retain a good t to the observed SED. Increasing these panaeters together
is degenerate. Provided the free parameters investigateerie are reasonably well
constrained, and the environment geometry is already knowme adjustments of
the infall rate are all that is required to provide an adequa¢ t to the observed
SED.

It is evident that an envelope only model cannot reproduce thobserved SED
and interferometric visibilities simultaneously even a#r variations of free model
parameters. Although the millimetre ux summed over the moel envelope is
consistent with the observed single dish ux upper limits, he emission is more
di use and not focused to the smaller spatial scales. A compidusty disc is the

natural source of smaller scale millimetre emission.

3.3.5 Including a Dust Disc

A ared accretion disc is included in the best tting R. = 50 au, envelope only

model. All other envelope parameters are unchanged in order investigate the

e ect of the disc only. The disc prescription is detailed i ' (2003M)
and follows a standard ared accretion disc density solutm The scale height of
the disc increases following a power law function of the radi, h = hg rgisc(R )
while the density distribution decreases following a powdaw as a function of the
radius, ngisc / Ty4.. Considering the tentatively resolved CARMA B observatios,
possibly probing the dust disc, and other literature data asilable there is no way
to constrain either the scale height or density functions. ferefore, =2.25 and

= 1.25 while hg = 0.01 based upon previous observations and models of low mas
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protostars (see_Whitneyet all, 2003a). Note, the power law here is not to be

confused with the dust opacity index and is used only for a ceistent reference to
the Whitney code. The SEDs and visibilities are compared witthe observations
as previously undertaken with the envelope only models. Due the averaging
of the visibilities, any model visibilities within the uncetainties (one standard
deviation) of the observations are chosen to represent a gba to the CARMA

B observations (i.e. where 2, < 1).

Disc Dust Grains

There are two dust types for the disc. For the denser disc midlgne where
NaiscH, > 10° cm 2 a large dust grain model is used that ts the SED of the
HH 30 disc, while the disc surface uses slightly smaller gnaithat were used to
model the HH 30 near-IR scattered light images. The disc sade grains have
similar properties to the grains used in the envelope. The dhiplane grains have

noticeablj di erent opacity coe cients and larger e ective grain sizes (see Whit-

ney et al., 1). FigurdC3 111 shows how the dust opacities are simié infrared

wavelengths but at optical and sub-mm/mm wavelengths the axities are de-
creased and increased respectively when changing from éope to surface disc
and mid plane disc dust types. Furthermore, the albedo of thiarger mid plane
dust grains is increased considerably as scattering e cieg at a given wavelength
is related to grain size. The overall consequence is that asgn mass of mid plane

dust will produce more sub-mm and mm emission compared to thexact same

mass of envelope type dust.
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Figure 3.11: Dust opacities (Left) and albedos (Right) of the envelope dst

(mix of warm silicates and amorphous carbon), the mid plane ad surface disc
dust. The dust type key is shown in the top right of the opacity plot. Di erences

in the opacity and albedo of the dust types are evident over tlke entire wavelength
range. The larger mid plane grains emit and scatter considexbly more at longer
wavelengths. Note, the albedo after 2 mm for the mid plane dust is constant at
the last recorded value, this does not e ect the results at 13 mm here.

Disc Parameters

The disc mass can be estimated using the free-free correc®RMA B ux. The
mass range calculated uses temperatures from 30 K typicalroblecular clouds and

cores up to 350 K assuming coupling between dust and gas in disc structsr

(< 1" from the peak) as found in other MYSOs [(Gahan-Madrid et _all, 12010).

Dust opacity coe cients ( ) have values from 0.35to 7.15cm?g 'at 1.3
mm as taken from the model envelope and disc mid-plane dustpigs respectively
(see Figure:31). The resulting disc masses are in the range0.005 - 1.3 M.
The smaller masses are for the highest temperature and usitigg mid plane dust
opacity. This calculation indicates the extent to which themass can vary when

sensible and justi ed estimates of temperature and dust opéty coe cients are
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Figure 3.12: Logarithmically scaled slice through the spatial density dstribution
for two disc models with outer radii of 40 au (Left) and 140 au (Right). Both
models have a disc mass of 0.016 M The colour scale indicates the densities of
the regions. The outer disc radii in both models represent awat o in the extent
of the disc as can be seen by the sharp change in density. For ¢hsame mass the
140 au disc is noticeably less dense than the 40 au radius disc

used. Assuming the emission is entirely from a compact disthere is clearly a

variation up to a factor of a hundred when using reasonable pat parameters.

The disc radius is not well constrained. A grid of models aréérefore run with
the disc outer radius ranging from 20 - 500 au for disc massesthe calculated
range (0.005 - 1.3 M). The disc inner radius is set at the dust sublimation
radius while the upper limit for the outer disc radius is douke the resolution of
the CARMA B observations. It is not clear whether the disc sie estimated in the
millimetre regime is the correct input for the models. Figue[3I2 shows the density
distribution for two models with dusty discs of mass 0.016 Mand outer radii of 40
and 140 au respectively. It is clear that the disc outer radaiis a sharp cut-o to
the extent of the disc. The disc radius estimated from the miimetre observations

may be e ected by the interferometric sensitivities and mayot detect the fainter
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outer disc.

Variation of Disc Mass and Radius

All model SEDs are relatively unchanged by the inclusion ofists with di erent
masses and radii when compared with envelope-only model SEDAII 4., values
are 2. There is a slight increase of ux at longer wavelengths 500 m. The
increase is greater for the large radii, more massive disc§hese uxes are still
compatible with the millimetre single dish observations.

A general trend observed is that as the disc mass increase® th.3 mm ux
increases for a given disc radius. However, all discs with anter radius of 60 au,
corresponding to the deconvolved CARMA B disc size of 120 au, and masses
> 0.2 M have similar uxes. For this radius the discs become optidgl thick
(at millimetre wavelengths) with increasing mass and the eitted ux is seen to
decrease slightly and then plateau. Interestingly, at the.@ M mass limit the
uxes of these models already surpass that of the observati® by a factor of 2.
The trend of increasing ux with radius is not found in discs &the lower radius
limit, with an outer radii of 20 au. These small discs are alely at the optically
thick limit with masses as low as 0.008 M and the ux stays constant thereafter.
These uxes are less than required to match the CARMA B visiliities.

For discs well within the optically thick regime, with a massof 0.5 M for
example, an increase in disc radius from 40 au up to 300 au pictes an increase
in disc ux. This is as expected as the disc is still in the optially thick regime and
the larger disc area provides a larger = 1 emitting surface. Above this radius
upto the maximum radius of 500 au the disc ux decreases. It wtd appear that

the disc starts to become optically thin, and due to a decread density the ux in
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the millimetre regime is decrease. As discussed in Chapi&rte compact emission
is still in the optically thin regime as indicated by the lowT,,, of the CARMA B

observations. A much less massive disc is required to matdietobserved ux and
visibilities while in the optically thin regime. Typically in all disc models the dust

temperature is> 300 K at radii of 100 au consistent with the models of W33A

by ide Wit et all (2010).

There are a range of masses and radii that t the visibility déa equally well and
are in the optically thin regime (where increasing mass dtiprovides an increased
ux). It appears that a roughly constant density distributi on is achieved when both
the disc mass and radius are increased in a steady fashion. Tthe observations
a minimum disc radius of 40 au is required. A 40 au radius disc with mass of

0.013 M has a minimum 2. which is < 1. At the upper mass limit of 1.3
M , a disc at the upper 500 au outer radius limit does not provida good match
to the observations, as it is optically thick and has an excesux. A radius of at
least 4600 au is actually required beforeZ s < 1. Figure[ZZIB shows both the 40
au radius low mass disc and a 4600 au radius high mass disc maaeges before
converting to the simulated observation images. In the topgures with a linear
scale both images are very similar. In the bottom gures theolgarithmic scaling
highlights fainter features. Here a halo of emission can been away from the
bright central disc region in the bottom right image for the 400 au radius disc.
The halo is absent for the 40 au radius disc. This extended faidisc emission is

not detected by the interferometer and subsequently the stmesised images are

very similar and hence the output uxes are coincident.

The mass and radius parameters are degenerate (given the dkdust type) as

both the 40 au, 0.013 M and the 4600 au, 1.3 M discs provide equally good ts,
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Figure 3.13: Model images of a low mass (0.013 M) 40 au radius disc (Left) and
a high mass (1.3 M) 4600 au radius disc (Right) within the best tting model
envelope. The discs are viewed at a 45nclination angle and have been rotated to
a position angle of 45. The linear scale of the top images ranges from 0.0 to 2.0
mJy/pixel for both disc models. Clearly on linear scales it is hard to di erentiate
between the models. The logarithmic scale of the bottom imags highlights the
faint emission from the much larger more massive disc model kich is absent in the
small disc model. After processing the images with the intefierometric coverage the
synthesised images behave like the linearly scaled imagesdthe faint extended
emission of the larger disc model is not detected. The pixelize is 10 au and a 100
au bar is indicated in the bottom left.


Chapter3/Chapter3Figs/EPS/disc_modelimages.eps

142

Table 3.2: Summary of envelope-only and disc-envelope models.

Model Description Infall rate R, Disc Mass Disc Rad. 3%;, Best 2
(M yr ') (au) M) (au)

Envelope-only:

R. =50 1.2 104 50 0 0 2.08 23.3
Large R¢ 3.4 104 2500 0 0 157 23.9
Large infall 1.2 10% 50 0 0 > 10 15.3
Disc-envelope:

Disc Radius =60 au 1.2 10 4 50 0.016 60 2.04 0.43
Minimum mass disc  1.210“4 50 0.013 40 2.05 0.67
Most massive disc 1.210 ¢ 50 1.3 4600 2.45 0.98

as do discs with mass and radius parameters between these wremes. Table
32 list the parameters for various best tting envelope ol and envelope and disc
models discussed. With the CARMA B observations there is ctently no way to
distinguish which disc mass and radius combination is pretntial. Furthermore,
these masses are related only to the current dust types usemt the disc. If less
opaque dust types are used, such as those used for the enve)dben more mass is
required for a given radius to provide the same visibilitieand uxes. Essentially,
there are three unknown parameters, dust type, mass and radi which can all be

varied to suitably t the observables.

Fixing the Outer Radius

As the disc mass and radius are responsible for setting thenddy distribution,
a model with a disc radius of 60 au, as given by half the decoitwed source size
from the CARMA B observations, is adopted. As discussed prmwsly it is not

necessarily the correct radius to use, however the aim heseto investigate how
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Figure 3.14: Left: SED for the xed 60 au radius best disc model (solid ling. The
dots and error bars indicate the observed uxes. The SED is riatively unchanged
from the envelope only model in Figure[Zb. Right: Comparisa of the free-free
subtracted CARMA B visibilities and the envelope only model that produces the
SED in the left image. The open circles indicate the observeddata and have

associated dashed error bars from baseline and time averagj. The model disc
and envelope visibilities (solid dots) provide a good t to the observe data. 2

is 0.43 for this model.

variable the mass is given a xed radius, i.e. to examine theigst mass param-
eter with a ner resolution. For the 60 au radius disc the masgan vary from
0.012 and 0.020 M while simultaneously tting the visibilities and the SED. An
optimal match of the visibilities is found for a disc mass of 0.016 M . Figure
[BT2 indicates the good t of both the SED and the visibilitis. The simulated
image yields a peak ux of 71 mJy/beam with an integrated ux of 79 mJy in
reasonable agreement with the free-free corrected ux oféhCARMA B data (68
5 mJy). Based upon the visibilities this model is the best t &hough the less
massive discs have a more agreeable ux. The simulated imadmes not show any
elongation when viewed with the CARMA B {; v) coverage and is consistent with

the disc being unresolved.
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Disc Model Summary

Although a few hundred models were investigated to nd a matcwith CARMA B
observables, there is not a unique solution other than stay a best t model via
a minimal 2 after constraining certain parameters (e.g. xing the disaadius).
The ranges of model parameters here are not rigid limits andejust an illustra-
tion of the models that conform to the visibility tting limi t. The overwhelming
result is that regardless of disc parameters the inclusiorf a disc is required to
t the SED and interferometric visibilities simultaneously. A compact source in
the form of a disc is required in addition to the large scale gelope. Disc struc-
tures can reproduce the small scale uxes in the millimetreegime as observed
with high resolution interferometers. Models based solelypon “pseudo-discs' or
toroid structures in the form of a large & 1000 au) attened dust envelope cannot
properly account for the compact structures observed at 0&csec resolution €
500 au) with CARMA B. Within the parameter space investigate, no envelope-
only models could be found to match the observed visibilitee A large range of
disc models can reproduce the observed visibilities and SEDnultaneously. Prior
to obtaining the CARMA A array data the requirement of a disc n the models

supports the dusty disc interpretation of the CARMA B obserations.

3.3.6 Dust Opacity Index

Using the best tting disc model parameters for a xed 60 au oter disc radius,
simulated images were produced and examined at the lower akgion and longer
wavelengths of the SMA and OVRO observations. The ux valuefr all simulated

images are listed in Tabl€=3]13. The integrated uxes at 1.3 mrare consistent with
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observations for the CARMA B and SMA convolved models, wheas the 2.7 and
3.5 mm uxes are slight underestimates of the observed OVRales. Note that
the limited (u;v) range integrated uxes for SMA and OVRO 112 are greater
than those from the total (u; v) range, this is the same as with the observed data
in SectionZZP. Although appearing counter intuitive, agnore (u;v) coverage
should appear to recover more ux, the resolution di erence between the total
and limited (u; v) ranges has the opposite e ect. As the limitedy; v) range images
are of lower resolution, more surrounding material from thenvelope is attributed
to the source during tting procedures. This in e ect means he source is physically

larger, has more material and hence more ux is associatedthwit.

Using the restricted {; v) range data, such that the resolution is matched, the
dust opacity index of the model uxes is found to be 1.2. This is steeper
than observed. It is likely that the model dust opacity indexmay not be perfectly
suited to IRS1, as previously noted in Section=3.3.4. The values for the input
dust models are 1.3, 1.6 and 1.3 for the mid plane, disc suréaand envelope dust
respectively (calculated using wavelengths 900 m). As a crude comparison the
model output dust opacity index has become shallower by abb0.2 (on average)
due to the integration over the distribution of density and emperature. Applying
such a scaling to the observed dust opacity index of 0.7 0.3 implies that a dust
with an opacity index, ,0f0.9 0.3 isrequired to explain the observed data. This
suggests the input dust model requires larger grains thanmantly used to provide
more opacity at the longer wavelengths probed and to more agately match the
observations. Here, the current dust models provide a reasble agreement with
the 1.3 mm CARMA B continuum observations and adequately t lmth SMA and

OVRO observations, of di ering wavelengths and resolutios
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Table 3.3: Integrated uxes of the free-free subtracted observationsand best
tting disc model with full and restricted ( u;v) coverage.

Array Freq. Free-free subtracted Model Flux Model Flux zs¢
(GHz) Flux (mJy) (mJy) (mJy)
CARMA 225 68 5 79 2
SMA 225 117 29 143 174
OVRO 112 112 275 21 22
OVRO 86 86 15 4 9 8

aThere are no baselines within 5-35 kfor the CARMA data and hence a model
image is not produced and no ux measurements are available.

3.3.7 Modelling the CARMA A observations

The highest resolution, high sensitivity CARMA A data preseted in Chapter
@ shows that the dusty disc around IRS1 is resolved. With thesobservations
comes the opportunity to investigate the disc models for a me compatible match
between visibilities in two dimensions and in the image plan The previous models
tted the 1D azimuthially averaged visibilities reasonaby, however, the images
were mostly unresolved. A more focused grid of models has been with various
mass and radii to investigate how the 2D visibilities vary bveen each model
and the observations, and how the images at a higher resolmi are changed.
Furthermore, the e ect of changing the disc density distrilntion and aring power

laws are tested.

Two Dimensional Visibilities

The MIRIAD reduction software allows the visibilities to beplotted at a projected
position angle. Rather than the 1D approach, azimuthally araging all angles, the

visibilities can be examined projected down any position gte. Figure[3Ib shows
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an example of how the visibilities are projected and extraet for the major and
minor axes of an ideal disc. Sub plot a) is the image of the idedisc. The major
and minor axes are 0.6 and 0.2 arcsec respectively and theipos angle is 45. Sub
plot b) shows the Fourier transform of the image in sub plot a)In interferometry
large spatial scales in the image, i.e. the major axis, cosond to small visibility
distances (spatial frequencies) while small spatial scalén the image, i.e. the
minor axis, correspond to large visibility distances (spé&l frequencies). In this
example sub plot ¢) shows the CARMA A visibility coverage wike sub plot d)
shows the visibility coverage orientated in the major and mior axis for detections
above the 5 level. The coverage of the source 5 has a smaller visibility distance
extent than the total coverage and the ideal disc is fully redved. Sub plot e) is
a 3D surface plot of the visibility amplitudes from sub plot B combined with the
sampled positions in sub plot d). The positions of the sampevisibilities and their
amplitudes are all known. Here, sub plot €) has been orientesich that the x,y
coordinates are the major and minor visibility axes. The blek arrows in sub plot
e) are the projection for the major and minor axes which prodie the visibility
images shown in sub plots f) and g). The projection of any pdsin angle (here
corresponding to the major and minor position angles) inctles all visibilities in
that direction, i.e. in the line of sight. The black and blue ats in sub plots f) and

g) represent all the projected visibilities.

The sub plots f) and g) show ideal data with 2D Gaussian shapeikibilities. In
real observational data the noise produces a more scattengldt (see Figure[31b).
These projected visibilities are therefore not ideal for coparison with models.
Baseline averaging can be used to reduce the scatter, howevkie to the nature

of the projection all visibilities in the line of sight are aeraged. This averaging is
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Figure 3.15: Figures to show how ideal data look and how the visibilities ae
extracted. a) Image of an ideal disc 0.6 0.2" in size at aP A of 45 . b) Fourier
transform of the ‘real' image in a). c) Visibility coverage o the CARMA A array.
d) Visibility coverage where amplitude is > 5 , where the disc is detected. e) 3D
surface plot of the ideal disc visibilities. The black arrows represent the projections
of the visibilities to create sub plots f) and g). The blue lines indicate the useful
visibilities as detailed in the text. f) and g) are the minor and major projected
visibilities. The black and blue dots represent the all the vsibilities in the line
of siaht (direction of black arrows in el The blue dots alone are the extracted
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with respect to the projection axis only and irrespective ofhe physical location
of the visibilities in the line of sight. This means the projeted baseline averaged
values are not the visibilities of the major and minor axes, Wi those averaged
in the direction/line of sight of those axes. For comparisomith models it is the
visibilities of only the major and minor axes only that are usful. The blue lines in
sub plot e) are the lines of the major and minor axes visibilgs that are useful and
need to be extracted. The blue dots in sub plots f) and g) indite the extracted
visibilities for the minor and major axes respectively. Astte locations of all the
visibilities are known the extracted visibility slice is 250 k wide in the projected
direction centred about 0 k, where the major and minor axes intersect. These
extracted visibilities can then be averaged with baselineotimprove noise (in the
observed data) if there are more than two data points in the sibility distance
bin. The major and minor axes extracted visibilities from tke observations can
be recorded and used in conjunction with models to indepenu#y constrain the
position angle of the observed dusty disc around IRS1 and tatablish the best
tting model. A consistency check for this method is to t the extracted visibilities
from the input 2D Gaussian disc (as above). The visibility ditance where the
amplitudes approach the 3 level are 390 and 1170 k for the major and minor
axes respectively according to Gaussian tting. The corre®nding angular sizes
are 0.22 and 0.65 arcsec at 1.3 mm wavelengths, coincident withet original

input disc size.

Independent Position Angle

Visibilities between the position angles of 20-50are extracted from the observa-

tions to compare with the major axis model visibilities. Thecorresponding position
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angles of 110-140are extracted for comparison with the minor axis model visib
ities. Hence, the major and minor axes visibilities of the naels are compared to
visibilities at a range of position angles from the observains in order to establish
the best tting position angle. The extracted visibilities from both observations
and models are taken from a 250 k slice, centred about O k, in the projection
direction (as above) and are binned into 140 kwide bins (e.g. Figure 3.16). The
observations and models are analysed in exactly the same man A grid of 121
models are run and compared with the observations and; is calculated for each
comparison with the observed visibilities. Given the high ISR of the CARMA A
data 2 is suitable for establishing good tting models, see Sectio3.3.4. The
models are divided into 11 groups, each with di erent radii cs. For each radius
group there are 11 models which have di erent masses. Due thet previously
noted mass/radius degeneracy, the smaller radius discs bregith a less massive
disc while the larger radius discs begin with a slighter lagy start mass to minimise
the number of unnecessary model runs. The maximum disc radiis set at slightly
more than double the measured disc size around IRS1 from ingadting. All discs
with a radius 40 and 50 au start with a mass of 0.010 M 60 and 70 au discs start
with 0.011 M , 80 and 90 au discs start with 0.012 M, 100 and 110 au discs
start with 0.013 M and 120, 130 and 140 au discs all start with 0.014 M For
each of the 11 models in each radius group the mass is incretadiy increased by
0.001 M . Chi-square tting is undertaken for the major and minor mocl axes
independently and the results are subsequently combinedr fthe correct major

. . . - 2 — 2 2
and minor axis pairs, i.€. Jsqum = Jismaj t vismin -

Figure 3.17 shows the 2 maps for each model minor axis (top), major axis

(centre) and combined major and minor axis paired (bottom) igibilities with the
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Figure 3.16: The left and right gures plot the visibilities for IRS1 from position
angles of 30 and 120 respectively as these are the major and minor position
angles according to image tting. The black dots are the projected visibilities for
the axes and the green dots are the slice extracted visibilies in analogy to those
from the blue slice in Figure 3.15. Note for the major axis theextracted visibilities
(green) have much more scatter and closely match the entire pjected visibilities.
This is because the line of sight is down the minor axis whichs unresolved, as
shown in the right hand side plot. Essentially the visibilities in the line of sight
cannot be distinguished like in the ideal model in Figure 3.5 as the line of sight is
unresolved. In the right hand plot the green dots, although gattered, are tracing
the higher amplitude edge of the entire projected visibilies. This is because
the projection line of sight is the major axis which is resohed so the minor axis
extracted visibilities in the slice trace the higher amplitudes. In both plots the
blue dots indicate the binned data with associated errors.

visibilities at a range of position angles extracted from th observations. Model
numbers 1-11 are for the 40 au radius disc with increasing nsgser model number,
likewise models 12-22 are 50 au radius disc models with ireseng mass per model
number. The changing disc radius and mass create the verticariping e ect (11

stripes for 11 radius groups). The darkest blue regions arhdse of lowest 2 and

represent better ts while the red are larger 2 values and represent worse tting
models. In order to investigate the position angle dependey for all models the
horizontal trends are important. Considering only the tting of the minor model

axis there are two darker horizontal bands centred roughlytgosition angles of
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117 and 133 where 2., is clearly lower than the other position angles
for the other models in the group. These two position angleseareported to have
the minimal 2., for > 70 percent of the models. These minor position angles
correspond to major axi? A of 27 and 43 . Now looking at the vertical stripes
the goodness of t can be discussed in terms of changing rasliand mass. In a
general sense the larger radius disc appear to provide a lettt to the observables
for the range of masses probed. For smaller radius discs tlwsvér masses of the

groups provide a better t whereas the opposite is found forhe larger radius discs

where higher masses provide a better t.

The 2 map for the model major axis ts shows three wider horizontabands
of low 2. . values for position angles> 40, 27 and < 21 and a narrow
band of low 2., Vvalues at 34. Here < 40 percent of the models have
a minimum 2. at a position angle of> 40. All the other models have a
minimum at exactly 21 . However, this majority is not a real trend and is actually
a consequence of the extracted visibilities. For observatis at position angles<
25 there are a lack of observed visibilities at larger visibtly distances (bins are
empty > 1000 k) due to the visibility coverage. Therefore at observed pdsin
angles> 25 the extra visibility coverage, corresponding to another to bins of
data in some cases, means a wors@.., as the observed uxes at these farthest
visibility distances deviate from the models. Recalculaty 2., for all position
angles using only those bins that have ux ak 25 results in horizontal bands of

low 2. .. atsimilar position angles as before (Figure 3.18,centreowever, all

models now have a minimal 2., at position angles between 44 and 50

2ssum IS dominated mainly by variations in 2., as 2., follows a similar

trend for all models. Prior to the major axis 2., recalculation 50 percent
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Figure 3.17: 2 maps for each model minor axis (top), major axis (centre) and
combined major and minor axis paired (bottom) visibilities vs the visibilities of
the observations extracted at a variety of position angles.The x and y axis are the
model numbers and position angles of the observed visibiliés respectively. The
colour bars at the top of each plot indicate the 2 value. See the text for a more
detailed description of the minimal points and the striping e ects.
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Figure 3.18: As Figure 3.17 but there 2 is only calculated for the visibility

distance bins that are lled at angles < 25, i.e. to ensure the number of bins in
the calculation is constant as the larger number of bins usedor 2 calculations >

25 resulted in a worse t due to the extra data point/s. For a deta iled explanation
see the text.
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of the models had a minimum 2., at major position angles between 42 and
50, corresponding to minor position angles of 132 and 140 The other 50
percent of models have a minimum 2., at the major position angle of 21 due
to the limited visibility distances. After the recalculation of 2 ... more than 85
percent of the models have a minimal 2, at major position angles between 42
and 50. These position angles are more agreeable with the major gms angle
of the ionised disc wind emission at 45 (Hoare, 2006) than the deconvolved
parameters from Gaussian tting using the UVFIT routine of 31 (see Section
2.4.4). A Gaussian t to the source emission may not be the cact ux pro le

to use. The position angles of the remaining models are 2JAlthough the beam
position angle is 51 from the observations there should be no preference for this
angle in the visibility analysis. Both observations and moels are binned in the
same manner regardless of position angle and the recalceltht 2., considers

only bins that are lled at the lower position angles. Positon angles at 50 are

not preferred over any other angle.

Mass and Radius

It is evident that the variation of mass and radius produce aange of equally well
tting models. Extracting the best 2., for all the models, a goodness of t
map of mass versus radius can be plotted. Note, each mass aadius model will
have di erent position angles. Figure 3.19 clearly shows aend of similar 2.,
values as both mass and radius are steadily increased. Thésea larger trough
of low 2 values starting at discs with a radius of 70 au and masses 0.012

M and extends o the plot to higher masses and radii. As noted priously, very

large and massive discs>( 4000 au and>1 M ) can still produce adequate ts



156

Figure 3.19: 2 map of model mass vs. radius in comparison with the observed
visibilities. 2, plotted is the lowest value from ts at di erent position ang les
for all model masses and radii. The colour bar of goodness oft is plotted to the
right hand side. More than 85 percent of models have a minimal 2, value
corresponding to major position angles between 42 and 50 80 percent of the
best tting models with 2., < 2 have aPA of 44 . The white areas of the
plot are for model mass and radius values that have not been irestigated as the
mass of the models was selected to increase incrementally tiviradius due to the
known mass-radius degeneracy. It is clear to see the massedias degeneracy in
this plot as small radius low mass models t equally as well adarger radius more
higher mass models. The black contours indicate 2 of 2,3,4,5,6,7,8,9,10 from

vissum
smallest to largest to guide the eye. The red box are models vdre the lowest

\2/issum corresponds to aP A of 21 .
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Table 3.4: Best tting disc model parameters

Parameter Value
Mass of Star 11.1 M
Stellar Radius 492 R
Blackbody Temp. 25000 K
Envelope Outer Radius 45000 au
Centrifugal Radius 50 au
Infall Rate 1.2 104M yr!t
Cavity Opening Anglét 5.2
Cavity Shape Exponent 15
Cavity Density 10* cm 3
Ambient Density 10° cm 3
Disc Mass 0.02 M
Disc Outer Radius 120 au
Disk Density Exponent 2.25
Disc Flaring Exponent 1.25

Disc Accretion Rate 75 10°M yrt

(a) Opening angle corresponds to 7or an outer radius of 23000 au.

to the observations. The best tting model matches the obsged visibilities at a
major position angle of 44 and has a disc radius of 120 au, a mass of 0.02 M
anda 2., of 1.2. Table 3.4 lists all major parameters inputs to the Whitey
code for this model. There are 25 models wheré,, < 2. 20 have aP A of 44 ,
4 have aP A of 45 and the remaining model has & A of 47 . The position angle
of the dusty disc is well constrained to 44 , although the mass and radius have

a broader parameter range.

The variation of the mass and radius slightly changes the pile of the model
ux as a function of visibility distance, as shown in Figure 30, although all

of the models have an excess ux on the very smallest scalesnpared to all
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major positions angles of the observations. For all minor ggion angles of the
observations it is clear that the disc is unresolved given #t the visibility uxes
are approximately equal on all baselines. For models withriger uxes overall, the
minor axis visibility uxes are slightly greater on large sales compared to the very
smallest scales and appear more resolved than the observati. The bottom plots
of Figure 3.20 show the visibilities of the observations owplotted with those of
the best tting model. Here it is much clearer to see the slighdi erence in the
ux pro le of the model and the observations on both the majorand minor axes.
The major axis ux pro le di ers most signi cantly on the sma ller disc scales after
800 k (0.3 arcsec), corresponding to a physical size of240 au.

It would be natural to progress and check the image plane foasations in an
attempt to narrow down the range of ‘good' models. Howeven reality the image
plane is just the Fourier transform of the visibilities and @es not yield any further
information. The images of all models with 2, < 2 are very similar. Moreover,
the best tting model image does not appear elongated enough the major axis

but is consistent with being unresolved in the minor axis ashe observations.

Disc Density Distribution and Flaring

The disc density distribution and aring extent are the only other free parameters
concerning the disc and can e ect the small scale visibilgs. It is not clear at
this stage with only one wavelength observed at high resolah whether these
parameters can be constrained in any detail. In the followghmodelling steps the
mass and radius will remain xed in order to constrain the e et of the density
distribution and aring on both the visibilities and the images.

Starting with the best tting model so far the disc aring exponent is reduced
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Figure 3.20: Top: The binned visibilities for all models run (red) over-plotted
with the visibilities from the observations at various position angles (blue). The
left and right plots indicate the visibilities for the major and minor axes respec-
tively. The models run span a reasonably large range of ux baithe radial visibility
distance pro le do not change slope signi cantly between eah one. The models
overestimate the small scale ux when compared with the obsevations on the ma-
jor axis and the models appear more resolved than the obsertians on the minor
axis. Bottom: The binned visibilities for the best tting mo del (red) over-plotted
with the visibilities from the observations (blue) where 2 .. are a minimum at
44 for the major axis and 134 for the minor axis. Note the slight discrepancies
between the radial visibility distance pro les of the observations and model.
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Figure 3.21. As the bottom plots in Figure 3.20 but with the addition of di er-
ent disc models with reduced aring power law exponents. Thecircles represent
the previous best tting model where the aring exponent was 1.25, the squares
represent the model with a 1.15 aring exponent and the triangles are for the
model with a 1.10 aring exponent. Note the increasing ux o set between the
observations and models on larger spatial scales of both theajor and minor axes
as the aring exponent is decreased.

(as current models are over-resolved on the minor axis) uht better match to
the radial visibility pro le is attained. Reduction of the disc aring power has
the e ect of increasing the ux of the disc overall. Upon invstigation of the
density distribution, the discs with a lower height exponein( aring) become denser
further out in the disc as the same amount of material is conead to a smaller
volume. Consequently this has the e ect of increasing the tipal depth at shorter
wavelengths meaning more light is absorbed and then re-eteil at millimetre
wavelengths.

Figure 3.21 compares the di erent aring power laws with theobservations.
The relative increase of ux at larger radii means that theras more ux at shorter
visibility distances, and less on the small scales. Henceetlvisibilities appear
more resolved on the major axis. The comparison of the simtga images to the

observations also indicate the disc is better resolved with smaller disc aring
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exponent (Figure 3.22). The redistribution of ux has alteed the radial ux
pro le of the models. They get steeper for a decreasing arghexponent and more
emission comes from the larger scales. However, for the mragaxis the uxes of
all models decrease in a linear fashion (larger to smallerages) and do not match
the pro le of the observations where the ux reduces noticdaly after 800 k
corresponding to 240 au scales. On the minor axis the modesibilities have an
excess ux on larger spatial scales than the unresolved obsgsions, although the
images are still consistent with the model disc being unrdsed on the minor axis.
Furthermore, due to the increase in overall ux a decrease idisc mass is required
to improve the 2, value, which have degraded. If the disc mass was reduced
the best tting model would have a aring exponent of 1.15. Havever, on the very
smallest scales the ux of the modelled disc is larger than éhobservations. This
discrepancy is also seen in the residual images in FigureBds the central regions
are negative where the model ux has excess small scale ux.h& reduced mass
disc with decrease aring exponent would have the correcttiegrated ux although
the ux distribution is not ideal to t all the observed visib ilities. The Whitney
code only describes a simple ared disc which may not be ergly realistic for IRS1.
More complex discs with di erent density distributions, where more material is at
larger disc radii, could provide a possible explanation.

Geometrically at discs were also tested to ensure the minadisc axis was
unresolved. However, it appears that a limit was reached iatnally with the ray
tracing code where the aring power law = 1 and model images ald not be
produced.

Starting back at the best tting model (before the variation of the aring ex-

ponent) the density distribution exponent is adjusted. Ths is varied to determine
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Figure 3.22: Residual images after model images are subtracted from thebe
served image as presented in the left plot of Figure 2.17. Theontours are as
those from the observed image of IRS1 as presented in left glof Figure 2.17.
Left: Observations minus the best tting model with radius of 120 au and mass
0.02 M . The two black patches represent ux left over as the model isnot as
resolved as the observations. Right: As the left model disc bt with the aring
exponent reduced to 1.15. There are no black patches of exaesux. Note the
white patches representing negative ux where the models hee more ux than the
observations. The excess model ux on the minor axis does na¢ ect the overall
image and is still consistent with it the model disc being uniesolved.

whether the distribution of the material in the disc has a sigi cant e ect on the
ux pro le of the visibilities. Figure 3.23 shows that there is little change in the
visibility ux pro les for each of the models where the dendy exponent has been
varied from 1.75 to 2.75 in steps of 0.25. Note the exponentllfovs a negative
power law to the exponent so the ux decreases according todfradius, ngisc /
yisc (S€€ Section 3.3.5). Linear tting of the visibility pro les for the most extreme
models results in negative slopes of 2.710 ®and 2.3 10 ° for values of 2.75
and 1.75. Linear ts are a good representation of the modelsyhich is not the
case for the observations at larger visibility distances sgreviously discussed. The

slopes of the ux pro les are counter intuitive as the steepedensity distribution
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Figure 3.23: As Figure 3.21 but models have di erent disc density distributions.
The blue circles are the observed visibilities, the triangés correspond to an in-
creased density exponent of 2.75 and 2.5 from the upper to lav line and the
squares correspond to a reduction in the density exponent t®.0 and 1.75 from
the upper to lower of the two lines. The slope does not changeaticeably by eye.

model should have more small scale ux compared with the laggscale ux and
therefore have a shallower ux prole when plotting againstvisibility distance,
not a steeper one as measured. However, the modelled discange on scales of
50 au, much smaller than probed by the interferometer. It isqpbable that the
shallower density distributions have a shallower visibtly ux pro le as the outer
disc regions, which the interferometer is sensitive to, havmore ux comparable
to the larger scale emission than the models with steep detysilistributions where

ux in the inner disc is larger but the outer disc ux is decreaed.

An added e ect of the altered dust distributions is the chang in overall inte-
grated ux. The model with the steepest distribution has 50 prcent more ux
than the shallowest distribution disc model. The e ect is kely cause by opacity
changes, as noted above with di erent disc aring exponentsThe steeper density
distribution has a higher density close to the source and hea produces more mil-

limetre emission from reprocessed light. Thus the disc ité@rovides slightly more
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ux. Again, for a xed radius, the mass would need to be adjustd to achieve
better 2., values. For all models, a reduction in ux starting at physial scales
of 200 au (disc radii of 100 au) and continuing to smaller sizes is required
to match the observed ux pro le of the observations, while he entire disc itself

must still provide the same total ux.

CARMA A Modelling Summary

The newly developed 2D visibility analysis allows the posdn angle of the obser-
vations to be independently constrained without assuming @aussian ux pro le.
Regardless of the speci ¢ model disc mass and radius the piosi angle is well
tted at 44 provided that the same number of visibility ux bins are compred.
Due to the deviations of the models and observations on snellspatial scales the
best resolved axes initially appeared to be a worse t.

Using a ne grid of mass and radius models it is clear that a degeracy ex-
ists between these parameters than cannot be solved with prihigh resolution
interferometric observations at a single wavelength. Wittmany mass and radius
permutations a constant density distribution is achieved Wwich the interferometer
is sensitive to although fainter emission may exist on largecales, for larger ra-
dius discs. There is no way to constrain either the disc radsuor mass unless one
parameter is xed. Variation of the disc aring exponent leals to a slightly more
resolved image that provides a better t to the observationsalthough the changes
are very subtle when comparing the visibilities directly. Ajustment of the disc
density pro le exponent does not lead to major changes of thasibilities with only
a minor change in the slope of the visibility ux pro le. In both cases (aring and

density changes) the ux pro le of the visibilities does notmatch the decline of the
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observed visibilities after 800 k and the integrated uxes also vary based upon
the previous best tting mass and radius model. All 4 paramedrs are degenerate.
Discs with di erent density distributions where more materal is at larger radii
could provided a means to match the visibility pro le of the doservations, however
at this stage such investigation is not possible using thesti model in the Whitney
code.

Extracting the visibilities in 2D facilitates the investigation of more model
parameters. At this stage it is still very di cult to constra in all of these parameters
as the increase in variables under investigation makes theohels more degenerate.
Overall, a disc and envelope are required to provide the goaddto the observed

visibilities, the output simulated image and the SED.

3.4 Conclusions

Radiative transfer modelling is an exceptionally useful @ when multiple obser-
vations are available to reduce the degeneracy of tens of pareters, all of which
can be nely tuned to o er a good t to just one set of observatons. Multiple
wavelength observations are drawn upon to constrain the Ige scale envelope pa-
rameters using less computationally intensive scatteringiodels prior to detailed
thermal modelling. Using sensible estimates of the envel®padius and develop-
ing models based upon the scattering model parameters a gobtb the spectral
energy distribution is achieved relatively quickly. Otherenvelope parameters are
varied but are found to be relatively insensitive. Essentlly ne variations of the
infall rate (specifying the density distribution) in all situations could replicate the

e ects of the other parameters even when they are changed arde amounts. The
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models are greatly a ected by the type of dust used as thesetdamine the strength
and wavelength of the scattered and re-emitted radiation. Aarge degeneracy is
found between the infall rate and centrifugal radius, both fowhich determine the
density distribution. Provided one parameter is xed the oher can be varied to
nd a best tting model. Currently there are no observations to constrain R,
accurately. Modelling of the envelope only will replicateite SED of the source
but cannot simultaneously match the visibilities at millimetre wavelengths and at
high angular resolutions even when investigating an extreanrange of parameter
space.

Inclusion of a compact disc in the models is required to booste ux on the
very smallest scales. Using sensible estimates of the dugtoity and temperature
a wide range of masses can provide the detected ux. High mas®all discs are
seen to become optically thick and the ux does not increaseitlv an increase in
mass past a given limit. From the observables the dust disctisought to be in the
optically thin regime although is approaching 1. Such a disc can be modelled
using a small mass and small radius disc or a large mass andyradius disc.

A new method is developed to extract the projected observedé model vis-
ibilities and use those only corresponding to the major and imor axes. This 2D
approach has allowed the position angle of the dusty disc toebindependently
constrained to 44, corresponding to the ionised equatorial disc wind emissio
at 5 GHz. Model visibility pro les are not limited by choosing only a Gaussian
distribution, which does not necessarily match the disc vitsility ux prole. The
best tting model is a 120 au radius disc with a mass of 0.020 M although there
are a number of models that t equally as well that are distriluted about this best

tting model. None of the models accurately t the visibility ux pro le of the
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observations after 800 k where the ux reduces more rapidly than the linear
trend. A less ared disc better matches the nal image and vibilities although the
di erences are small. Similarly, changes of the density drbution provide little
change to the visibility ux pro le other than a general scaing of ux which can
be combated with a change of mass given a xed disc radius. Atlur parameters,
mass, radius aring and density distribution are degenera& and changes of these
do not provide the reduction in ux on the very smallest scalg of 100 au while
keeping the total disc ux on scales of 240 au ( 800 k ) the same as observed.
The inclusion of a disc into the previously best tting modelenvelope provides
an excellent t to the SED and the visibilities simultaneou$y. Furthermore, mod-
elling of the SMA and OVRO interferometric data, probing lager scales, nds that
the overall underlying dust opacity index is closer to 0.9 ther than the 0.7 as
measured directly from the observations. For optically ti sources the low dust

opacity index is indicative of grain growth in discs.

With the current large grain dust type used the best tting model has a very
small disc mass. Even with a more ISM-like dust the disc mass of the order 1-2
percent of the stellar mass of S140 IRS1. The dust disc masssisall regardless
of dust type. Although other high angular resolution obsetions at other wave-
lengths would be bene cial in constraining the disc outer m@ius and therefore the
mass via modelling, simple estimates of the dust mass usingaig opacities and
temperatures result in the same conclusion of a low mass digs the disc around
IRS1 is not very massive it is likely at a stage where it is acally being eroded
away, rather than being replenished by the envelope to prale an accretion reser-
voir for the central MYSO. Such a small size and mass disc tshe picture that

IRS1 is a late stage MYSO, pre-UCHII region source that is appaching main se-
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guence parameters and is able to power a radiatively drivensd wind. This is the
rst detailed radiative transfer modelling in 2D visibility space for such an MYSO
with an equatorial disc wind. The conclusions of this modétig is complementary
to the observations in placing IRS1 as an ionised disc windwsae with an eroding

dusty disc.



Chapter 4

Core Masses Towards 99 RMS

Out ow Sources

Observations of a sample of high mass protostellar sourcdsotight to be at a

similar evolutionary stage can provide a means to investita similarities and

di erence from lower mass sources. Furthermore, di erensebetween the high
mass sources themselves may provide an insight into the exadnary sequence
on smaller timescales. Given observational time constras) observations in the
millimetre regime of large samples are undertaken with silegdish telescopes. Al-
though these do not provide the resolution to detect discsike the observations
presented in Chapter 2, they can probe larger scale charagstics such as cores,
clumps and out ows. This Chapter presents ¢0(3-2) molecular line data from
99 MYSOs and HIl regions, targeted as out ow candidates, tan with the James

Clerk Maxwell Telescope (JCMT).
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4.1 Introduction

Dense molecular cores are the formation sites of massiverstésee Chapter 1).
To study the densest regions closer to the core the'®O(3-2) can be used as it is
an optically thin tracer (Zhang & Gao, 2009). Tachiharaet al. (2002) investigate
179 very nearby € 200 pc) dense &0 cores in low mass star forming regions
for di erences in properties that would provide insight inb star formation in the
9 dierent regions. They do not nd any evidence for the empiical (Larson)
relationship between radius and core line widths, even in ¢hcase of starless cores
that should not have been disturbed by star formation withinthem. It is possible,
however, that the dynamical range of the &0 tracer and/or the range of core
sizes sampled are too small to see a rm trend. The authors nthat cores with
stars have smaller line widths than starless cores. This sgpts that turbulent
decay leads to star formation within cores. The molecular @lids that harbour
the clustered star formation regions all have a head/tail mphology suggesting
external shock events triggered the formation. Core line dths do not appear
enhanced by this possible formation mechanism, althoughei are by the injection
of energy from the clusters themselves. Interestingly theverall CMF is very
similar in pro le to the IMF, and assuming a star formation e ciency of 10 percent
in all clouds, the estimated mass function matches the IMF v well, except at

the higher mass end where the sample is very limited.

More recently large e orts have been made to map speci c remis in order
to understand the molecular gas properties throughout spiec regions of star
formation (e.g. Orion A, Buckle et al.,, 2012). They nd evidence to support

active massive star formation in the region OMC 1 from highegxcitation temper-
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atures and stronger molecular emission of the entire regioRurthermore, organic
molecules are detected towards OMC 1 and are also indicativgémassive star for-
mation. These lines are not observed elsewhere in the Oridowd. When dividing
up the cloud into cores on the 0.1 pc scale the authors nd theris more di erence
between the di erent regions than there is between starlessd protostellar cores.
There is no correlation of velocity dispersion with star fonation although there is
an increase towards the massive star forming region OMC 1. &n nd a correla-
tion between continuum and G20 emission for both starless and protostellar cores
and the same material is traced by both type of observationsThere is no signif-
icant di erence between the type of cores. The authors alsond that the cores
do not follow the Larson line width and size relationship anduggest that gravity
dominates over turbulent motions on the spatial scales of &se cores. Based on
these properties a possible scenario is that the most abumiiaand massive star
formation has occurred in OMC 1 due to the higher turbulencenithis region of
the Orion cloud. Consequently, less turbulent regions hatess massive cores and

lower mass stars, and the lowest number of star forming cor@uckle et al., 2012).

Here, C*®0(3-2) molecular line data of 99 MYSO and HIl sources are aryaied
to characterise source environments and the sources theitass for comparison
with out ow parameters that are to be calculated from*?CO(3-2) and *3CO(3-2)
data (see Chapter 5). In the context of previous studies, tlse cores are all star
forming and probably clustered sites given the distancesviolved for massive star
forming regions. Understanding the core properties is of mbst importance in
the case of out ow sources where previously observed trenlstween out ow and
source properties are biased due to heterogeneous souraapag (see Section

1.5.2). In order to investigate a scaled up version of low mastar formation, via



172

a scaling of out ow properties, the observations of MYSOs dm a large, represen-
tative sample are required.

This Chapter presents a method to establish core masses analshmass esti-
mates of sources with complex geometries and using otherditracers can also be
undertaken. Speci cally, the method applies to the calcutzon of out ow masses.
The core masses are compared to a range of other source proggrto investigate
the completeness of the sample and any observed evolutionéirends for the tar-
gets. Furthermore, the velocity ranges of the ambient coreaterial can be adopted
in order to di erentiate between ambient core and out ow maerial in subsequent

out ow analysis.

4.2 Observations

A selected sample of 99 MYSOs and HlII regions taken from the RMSX Survey
(RMS) were observed with the James Clerk Maxwell TelescopdGMT) located
near the summit of Mauna Kea, Hawaii, as part of projects 07B16 and 08BU18
throughout 2007 and 2008. The 15 m dish yields a 15.3" beamIfwidth half-
maximum (FWHM) at 329 GHz for the G®O (3-2) line. Throughout the ob-
servations the typical median system temperatures werkys 350-550 K. In a
few cases system temperatures reached as high as 900 K, altfiothis is re ected
in a higher spectral noise level. The observations were takavith Heterodyne
Array Receiver Program (HARP) 16 pixel SSB SIS receiver (Bute et al., 2009).
The backend ACSIS correlator (Auto-Correlation Spectralrhaging System) was
con gured with an operational bandwidth of 250 MHz for the G20 transitions.

13CO was simultaneously observed with ¥0. The resulting velocity resolution
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was 0.0555 km st. The C'¥O data was smoothed to the resolution of thé?CO
data (see Chapter 5) to the match velocity bins for later outow analysis and to

improve the signal to noise ratio.

The maps were taken in raster-scan mode with continuous sahmg observa-
tions (on-the- y) and position switching to observe a \clea" reference position at
the end of each scan row. The majority of the baselines on eaghthe working
receivers were at, suitable for detecting the weak ¥O emission. Some receivers
did exhibit sinusoidal modulations and were agged out fronthe nal maps ac-
cordingly. Data reduction and viewing was undertaken with acustom pipeline
which utilised the KAPPA, SMURF, GAIA and SPLAT packages whch are part
of the STARLINK software that are now maintained by the Joint Astronomy
Centre (JAC). Linear baselines were tted to the source spé&@ over emission free
channels and subtracted from the data cubes. The nal ¥O cubes used in all
analysis were made with a 7" spatial pixel scale, and a veltcresolution of 0.423
km s 1. The maps and spectra are presented on the original antenneniperature
scale {T,; Kutner & Ulich (1981)). In subsequent calculations conveions are
made to the main beam brightness temperatur&n,, = T,= mp Where , = 0.66
as measured by JAC during the commissioning of HARP and via etnual planet

observations.

The sample sources were initially chosen to be located at a nvaal distance of
6 kpc, however subsequent works and updates to the RMS dataeahave found
12 sources to be located at a far kinematic distance beyondigh The original
distance cut would have ensured that the sample of sourcessa@mplete down to

luminosities of 1 L .
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4.3 Mass Determination

Initially IRAS 20126+4104 (G078.1224+03.6320) is analydeas it is an ideal
MYSO test source with a disc and out ow, as previously discsed in Chapter 1.
In higher resolution interferometric observations by Shdyerd et al. (2000) there
are two cores, possible part of a binary system which are boémitting jets. The
more northerly of the two sources is regarded as the primaryider of the out ow.

This source is the MYSO, IRAS 20126+4104. Given the JCMT rekdion and
previous single dish observations of the core emission, \WH3; (1,1) (Estalella
et al., 1993), IRAS 20126+4104 is an isolated core with a circulaegmetry and

is ideal for testing di erent mass calculation methods.

The C¥O observations con rm that IRAS 20126+4104 is a roughly cingar,
isolated region. The right hand plot in Figure 4.1 shows the 0 emission spectra
within a three pixel aperture centred on the RMS position of he source. The
Gaussian pro le centred at the source systemic velocity of3.5 km s * (Shepherd
et al., 2000) suggests the emission is from a single core with nansicant velocity

substructure.

Total mass of gas can be calculated assuming that®D (3-2) is optically thin
and in local thermodynamic equilibrium (LTE) with an excitation temperature Ty
= 40 K. As shown in Ginsburget al. (2011), a temperatureT., = 40 K provides a
minimal estimate of the column density, and hence mass, whésllowing the LTE
assumption. Furthermore, the di erence in the conversionaictor when the Tcyp
term is removed is negligible for the CO(3-2) transition whe higher excitations
temperatures & 35 K) are used. As such, all parameters returned are a minimum

when using the LTE approximation for the CO(3-2) transitionwith the Tcypg term



175

Figure 4.1: Left: Integrated intensity map of the C180 emission from IRAS
20126+4104 within the -5.7 to -1.1 km s * velocity range. The solid black line in-
dicates the 3 yap contour and the white cross indicates the RMS source locatio.
Emission is summed within the polygon aperture, shown by thedashed line, and
traces the 3 yap contour level. Right: C!80 line spectra for IRAS 20126+4104
averaged within a 3 pixel diameter aperture centralised on he RMS source loca-
tion. The spectra is representative of a Gaussian pro le, irdicated by the dot-dash
line. The vertical short dashed lines show the velocity rangs encompassing 68, 95
and 99 percent of the emission (1,2,and 3 standard deviatia( sp)) according to
the Gaussian t, whereas the long dashed line shows the veldy range matching
the absolute velocity bins values where emission is integtad within.

removed. The mass is calculated following:

Mgas = 1:84 10 1 (% DZz(kpc) (H,=C*®0)

TA: mb d (M ) (4-1)

where is the beam FWHM in arcsecondsD is the distance to the source in kpc
and (H,/C '80) is the H, to C'80 abundance ratio taken as 5.1 10° (H,/*?CO =
10* and 180/ 180 = 513.4 (Wilson & Rood, 1994), at the galactocentric distace of
8.1 kpc reported by Shepheret al. (2000) for IRAS 20126+4104). A more detailed

explanation and derivation is given in the Appendix A. The mas calculation relies
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R
on the accurate determination of T,= n,d . The following subsections present

numerous methods undertaken to establish the core mass ofAR 20126+4104.

4.3.1 Individual Spectra analysis

Gaussian ts are made to all spectra in which emission was dasited above three
times the 1 1, spectral noise and where the peak is within 1 km $§ of the system
Visr in order to establish a baseline mass estimate. The noise i8 average
of the line free spectral noise at each pointing. For IRAS 206+4104 the 11,
spectral noise is 0.41 K for the 0.423 km & resolution data. Summing the ux
from all the Gaussian ts results in a calculated core gas maof 101 29 M .
The uncertainty is the propagation of the uncertainties fron the Gaussian tting
process. For the spatial positions where the emission is juEbove the ux limit
the ts are quite uncertain. Gaussian tting would have lesserror if using a single
summed spectrum taking all emission from the source rathelnan extracting each
individual spectrum. Here the signal to noise would be sigoantly improved.
However, at present the spatial extent of the source is unknm.

When this technique is automated for all sources Gaussianstwill be under-
taken for all spectra above the ux cuto. This causes a majoiproblem as these
regions of emission may not correspond to the source itsghiasially and could be
due to di use emission well away from the source. It would beetessary to man-
ually check the positions of all spectra for an associationit the source. This is
unfeasible for hundreds of spectra per source. Secondlye thource emission must
have a Gaussian pro le to be tted well. For the C*®O core emission this is a
reasonable assumption after viewing the spectra from mangwces, however the

technique cannot be applied to nd the masses of out ows, foexample, that do
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not have a Gaussian spectral pro les.

4.3.2 Core Velocity Extent

To solve the problem of spectral pro les that deviate from a @ussian shape a
simpler integration over velocity can be done at all positioss conforming to the
previous ux and velocity limits. This is similar to the method Fontani et al. (2012)
use. The simple integration analysis is directly relevanta the mass calculation
from other line tracers where simple Gaussian tting cannobe accomplished.
First however, a method must be generated to establish the leeity extent of the
C180 core.

To set the velocity limits of the core a spectrum is extracteavithin a 3 pixel
( 1.5 FWHM beamwidths) diameter circular aperture centred upn the RMS
source location at the systemV sg. The emission is strong and has a Gaussian
pro le in this case, as shown in Figure 4.1, and can be tted @above). Larger
apertures are not used as some sources in the sample have ns&on outside a 3
pixel diameter aperture and background emission could carhinate the spectra
in these cases. Furthermore, some sources are in complexaeg with multiple
velocity components that are spatially nearby. In these cas incorrect velocity
ranges may be inferred by including emission from other ndsr cores/sources.

The Gaussian tting of the central spectrum from IRAS 201264104 indicates
aVisr of -3.4 km s ! and an intrinsic velocity width of 1.0 km s *. The velocity
limits for 1, 2, and 3 standard deviations (sp) are -4.4 to -2.4, -5.4 to -1.4 and
-6.4 to -0.4 km s respectively (i.e. encompassing 68, 95 and 99 percent of the
emission). Although the spectrum is smoothed to velocity selution of 0.423 km

s 1, the e ect upon the intrinsic velocity width is relatively small, of the order
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10 per cent. The measured width was 1.1 km s . A problem arises during
the integration step. Due to the velocity resolution of the dta, the 3 sp velocity
limits do not match the velocity bins that can be chosen for itegration. To avoid
including noise, or background emission in the case of moremplex regions, the
velocity range chosen for integration was smaller than theange given by the
3 sp values from the Gaussian tting. For IRAS 20126+4104, the Jecity limits

corresponding to the spectral bins are -5.7 and -1.1 kmsand would roughly
correspond to 2.5sp according to the Gaussian tting. The velocity limits from
the Gaussian tting method and the bin velocities selectedd integrate within are

shown on the right hand plot of Figure 4.1.

The above method to establish the velocity range is again k& upon a Gaus-
sian t. Alternatively, the data cube directly can be analysed directly. The spatial
position of the source is located at the systeri,sg and the data cube is inves-
tigated channel by channel (i.e. velocity bin by velocity ) outwardly from the
Visr. When emission drops below the noise limit (J;A or 3 TA) the velocity
of the channel/bin is recorded as the integration limit. Gien the low signal to
noise of the data cubes, using only the velocity width of theixel at the source
location may not fully represent all emission from the ent& core. Therefore, as
before with the spectra extraction, the emission within a 3igel diameter circular
aperture centred upon the RMS source position is used. Fluxithin the aperture
must drop below the ux limits to set the integration velocities. Atthe 1 1, cuto
the velocity limits are  -11.2 to 1.1 km s, much larger than from the Gaussian
t of the spectrum. In this case a 1 1, limit is unsuitable in identifying a sensible
velocity extent as noise is clearly selected as represexgtithe core. The velocities

are much further from the Vi sg than 3 sp established from the Gaussian tting.
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On the other hand at a 3, cuto the velocity limits are 57t0 1.1kms!?
and well matched to the previously established limits. Thignethod removes the
requirement of tting the spectra as the data cubes can be efsinvestigated.
Summing emission integrated between5.7 and 1.1 km s ! results in a mass
of 102 3 M . The uncertainty is determined via an adjustment of the intgration
velocity range by 0.9 km s tin total, i.e. one bin width increase or decrease in
the velocity extent. Such a range is chosen as it corresponasighly to the 2 sp
and 3 sp velocity ranges from Gaussian tting of the 3 pixel spectrum Although
the integration ranges are well selected, spatially the spiea are integrated as
long as there is emission above the 3 spectral noise level and where the peak is
within 1 km s ! of the systemV,sg (as previously discussed). Hence there is still
a problem of including emission from other spatial regionsohassociated with the

source. The next step is to de ne a summation aperture.

4.3.3 Aperture De nition

For a single source the above procedures can easily be cormegaand either in-
dividually tting each spectra with a Gaussian pro le or integrating each within
a velocity range results in comparable masses. However, tolarge sample the
individual selection and checking of spectra for Gaussiariting or integration is
ine cient. Instead of extracting each individual spectra the entire data cube can
be integrated within the selected velocity limit to producean integrated intensity
map. A spatial mask to sum over the extent of the €0 emission associated with
the core can then be established. This negates having to matiy sieve through
all the spectra in order to check that emission is associatedth the source prior to

the integration or tting of the spectra. The map shown in theleft plot of Figure
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Figure 4.2: Mass plotted against radius for apertures ranging from 2 to 2 pixels
in size for IRAS 20126+4104. The solid line indicates the masat a given aperture
radius from the integrated map. A break in the slope is apparat around a 7 pixel
radius.

4.1 is integrated between the established velocity limits (5.7 to 1.1 km s ).

Emission free regions are investigated to nd the map nois&or IRAS 20126+4104
the noise level 1yap is 0.6 Kkm s 1. The 3 yap level contour is used to de ne
the edge of emission and create an aperture mask. Note, thesdjpre mask is not
circular in shape, it is a polygon tracing the 3yap contour level. This means
that the mass can be calculated for any geometry. The mass son@d within the
aperture is 108 3 M , in agreement with both previous estimates from Gaussian
tting and spectral integration methods. The slightly larger mass recovered is due
to pixels/spectra that did not previously meet the cuto limits. Here no cut o
limits are imposed before integration. This aperture integtion method gives an
equally reliable result and signi cantly reduces analysiand checking time. This

method is the easiest to conduct on a large sample.
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As a consistency check, because IRAS 20126+4104 is a roughigular core,
the mass in a circular aperture that touches the the 3,p level contour is esti-
mated. This mass is 106 5 M . The slight reduction in mass is attributed to
missing the extended material to the south of the image. As a@&sond check the
mass is calculated in increasing radii circular aperturegotred about the brightest
pixel. The simple circular shape of the IRAS 20126+4104 cofacilitates the aper-
ture analysis. A turnover (decrease) in the mass increaseteas found at around
a 7 pixel aperture radius. This is interpreted as the edge of éhcore. There is
no immediate edge visually apparent in the integrated map,dwever, the aperture
radius found closely matches the size of the gap contour level. At 1.7 kpc this
would make the core radius 0.4 pc in size. The break in the slope of mass versus
radius is shown in Figure 4.2. The mass calculated within a 7xel radius circular
aperture is 103 11 M . The associated uncertainty here is that propagated from
the uncertainty in the aperture radius if varied by 1 pixel (ie. 7" in radius).
Aperture radii of 6 and 8 pixels are the two extreme sizes thatan be considered
to mark the position of the break in the slope in Figure 4.2. Té uncertainty due
to the noise in the integrated map is 2-3 M . The nal consistency check is to
ensure the velocity de nition does not miss any mass. As theparture is de ned,
a summed spectra can be extracted from the data cube (as inthaced in Section
4.3.1). The high signal to noise spectra is clearly Gaussianpro le and can easily
be tted (Figure 4.3). The resulting mass is 103 4 which is consistent with all

other estimates.

Table 4.1 indicates the masses calculated between the varsomethods. These
are all consistent within the typical few percent uncertaities. The largest uncer-

tainty from the aperture methods is from the variable annuls apertures. The nal
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Table 4.1: Masses for IRAS 20126+4104 calculated via the di erent metlods as
detailed in the text.

Method Mass

M)
Gaussian Fitting 101 29
Integrated Spectra 102 3
Circular Aperture 106 5
Polygon Aperture 108 3
Variable Aperture 103 11
Summed Spectra 1034

Figure 4.3: The summed C0O spectra of IRAS 20126+4104 created by the sum-
mation of all spectra extracted from within the polygon aperture. The resultant
spectra has a high signal to noise and is clearly Gaussian irhape.
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adopted polygon aperture method is easily repeatable and @able to multiple
sources. Furthermore, such analysis can be applied to varomorphologies of any
line tracers, e.g. *?CO emission tracing out ows. Although source radii can be
assumed these are dependent upon the sensitivity limits dfi¢ observations and
are relevant to the core size of €0 emission at the ux cuto level only (see
Section 4.4.6).

For IRAS 20126+4104 Shepheret al. (2000) calculate a molecular core mass
associated with their interferometric G20 1-0 observations of 104 M. The esti-
mate from the polygon aperture is in excellent agreement vithis value, indicating
that the optically thin and LTE assumptions used in both works are applicable
to both (3-2) and (1-0) line transitions of C8O. Interestingly, at a few arcsec-
onds resolution the interferometer does not resolve out agsi cant amount of
the emission (if any). The mass is below that calculated frorthe NH; (1,1) and
(2,2) observations of Estalelleet al. (1993). They nd a larger mass of 230 M,
but the variations could be due to molecular abundances usethterestingly, the
C'80 mass found here is in agreement with their virial mass, altugh they nd a

smaller line width and use a di erent ux level to identify the core size.

4.4 C180 Masses

The polygon aperture method is now applied to the other 98 smes, and is also
re-applied to IRAS 20126+4104 (G078.1224+03.6320) wherget revised distance
from the RMS database is used. Table 4.2 lists all the sourggmositions and im-

portant parameters extracted from the RMS database. For aBources the masses

are calculated as per Equation 4.1 but note that®O/ *80 is varied according to the
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relationship 58.8 Dgc(kpc) + 37.1 (Wilson & Rood, 1994). A summed spectra
is also taken from each source once the polygon aperture haeb de ned and a

mass is also estimated from Gaussian tting.

Upon investigation of the data cubes all but 5 sources havershg C?O
emission above three times the % spectral noise level. 4 of these 5 sources
(G023.6566-00.1273, G094.3228-00.1671, G108.47171@8.8nd G125.7795+01.7285)
are YSOs and have emission above the spectral noise level whereas the other
source (G049.5531-00.3302) is a Hll region and does not havs obvious G20
emission. It is quite possible that an evolved HII region wdd have no emission
as winds and out ows may have blown away any remaining core raial. This
could be the case for G049.5531-00.3302. For the 4 sourcegh wo emission above
the 3 1, spectral noise level the velocity width is de ned at the 1 level. In
any further analysis mass and velocity parameters will be ed with caution as the
integration range may be over estimated. 3 of these 4 sourdesve spectral noise
levels around 1.0 K and are the largest noise values found &dfrobservations. This
explains why emission is not above 3, . Furthermore, these 4 sources show some
evidence for out ow activity which could be dispersing the ares. Re-binning of the
C!80 data could be undertaken to approximately 1 km s* to improve the signal
to noise, however, this resolution does not match that of theut ow observations
(see Chapter 5) and could lead to uncertainties in the out ownmass estimates at
later stages.

The intrinsic spectral noise of the 0.423 km ¢ resolution data, integration
velocity limits, map noise, aperture masses and the centcband FWHM from the
Gaussian tting of the summed spectra are listed in Table 4.3 A column ag

indicates whether the source masses are the ones used inHartanalysis of if they



Table 4.2:

survey online archive. Luminosities rounded to nearest 10Q

Table of source parameters for all sources in the sample. Pameters are taken directly from the RMS

RMS Source Name RA. DEC. Type sk Distance Luminosity IRAS source Other

(J2000) (J2000) (kms 1) (kpc) (L ) (oset) Associations
G010.8411-02.5919  18:19:12.09 -20:47:30.90 YSO 11.4 1.9 370 18162-2048 (4") GGD27
G012.0260-00.0317 18:12:01.88 -18:31:55.70 YSO 110.6 111. 23600 18090-1832 (3")
G012.9090-00.2607  18:14:39.56 -17:52:02.30 YSO 35.8 2.4 170 18117-1753 (11") W33A
G013.6562-00.5997  18:17:24.38 -17:22:14.80 YSO 48.0 4.1 00® 18144-1723 (2"
G017.6380+00.1566 18:22:26.37 -13:30:12.00 YSO 22.5 2.2 3260 18196-1331 (11")
G018.3412+01.7681 18:17:58.11 -12:07:24.80 YSO 32.8 2.9 18@0 18151-1208 (16")
G020.7438-00.0952  18:29:17.00 -10:52:21.40 HII 59.5 11.8 91600 GRS G020.79-00.06
G020.7491-00.0898  18:29:16.39 -10:52:01.20 HII 59.5 11.8 90400 GRS G020.79-00.06
G020.7617-00.0638  18:29:12.25 -10:50:34.00 YSO 57.8 11.8 17600 ... GRS G020.79-00.06
G023.3891+00.1851 18:33:14.32 -08:23:57.40 YSO 75.4 4.5 20@0 18305-0826 (6") GRS G023.64+00.14
G023.6566-00.1273  18:34:51.56 -08:18:21.60 YSO 81.1 3.2 20® 18321-0820 (6") GRS G023.34-00.21
G023.7097+00.1701 18:33:53.40 -08:07:20.60 HIl 112.6 7.7 128800 1831-0909 (8") GRS G024.24+00.24 /

WC89 G23.71

G025.4118+00.1052 18:37:16.92 -06:38:29.80 YSO 95.6 5.2 100 18345-0641 (8") GRS G025.44-00.16
G025.7161+00.0486 18:38:02.80 -06:23:47.30 HIl 100.7 9.8 77800 ... GRS G025.74+00.19
G028.2007-00.0494  18:42:58.11 -04:13:57.90 HII 98.1 9.5 14@00 18403-0417 (4") GRS G028.19-00.06
G028.2875-00.3639  18:44:15.09 -04:17:55.20 HII 47.7 11.6 2612400 GRS G027.99-00.46
G028.3046-00.3871  18:44:21.96 -04:17:39.50 YSO 84.9 10.0 38500
G030.1981-00.1691  18:47:03.06 -02:30:36.10 YSO 103.0 7.3 33300 GRS G030.29-00.21
G030.5942-00.1273  18:47:37.53 -02:08:19.60 YSO 84.4 4.9 4000 GRS G030.14-00.06
G030.6877-00.0729  18:47:36.15 -02:01:50.70 HII 93.4 4.9 93d@0 GRS G030.54-00.06
G030.7206-00.0826  18:47:41.79 -02:00:23.60 HII 93.4 4.9 8120 ... GRS G030.54-00.06
G030.8185+00.2729 18:46:36.58 -01:45:22.40 YSO 97.7 4.9 800 18440-0148 (4") GRS G031.04+00.29
(G033.3891+00.1989 18:51:33.82 00.29:51.0 YSO 85.8 5.0 a2 18490+0026 (5") GGD30 IRS3
G037.5536+00.2008 18:59:09.94 04:12:15.60 YSO 84.9 6.7 138 18566+0408 (2") GRS G037.54+00.19
G043.9956-00.0111  19:11:51.64 09:49:40.40 YSO 65.0 6.0 406 19094+0944 (8") GRS G044.34-00.21

G8T
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Table 4.2: Table of source parameters for all sources in the sample. Pameters are taken directly from the RMS
survey online archive. Luminosities rounded to nearest 10Q. - continued
RMS Source Name  RA. DEC. Type W sr Distance Luminosity IRAS source Other
(J2000) (J2000) (kms 1) (kpc) (L ) (oset) Associations
G045.0711+00.1325 19:13:22.10 10:50:53.40 HII 59.0 4.4 9850 19110+1045 (1") GRS G045.14+00.14
G048.9897-00.2992  19:22:26.66 14:06:46.20 YSO 68.8 5.4 500 19201+1400 (6") GRS G048.94-00.26 /
W51 complex
G049.5531-00.3302  19:23:38.85 14:35:33.00 HiIl 62.0 5.4 9aau GRS G049.44-00.06 /
W51 complex
G050.2213-00.6063  19:25:57.77 15:02:59.60 YSO 41.2 3.3 0045 19236+1456 (3") GRS G050.24-00.61
G053.5343-00.7943  19:33:16.40 17:52:04.80 YSO 58.3 5.0 0071 19310+1745 (6") GRS G053.14-00.66
G053.9584+00.0317 19:31:05.22 18:38:16.80 HIl 41.6 4.9 90D 19288+1831 (8")
G073.0633+01.7958 20:08:10.08 35:59:24.00 YSO 0.7 1.4 @6020062+3550 (7")
G075.7666+00.3424 20:21:40.84 37:25:35.90 YSO 0.0 1.4 @9020198+3716 (4")
G077.9550+00.0058 20:29:31.76 39:01:20.70 HII -4.2 1.4 ons ...
G077.9637-00.0075  20:29:36.72 39:01:21.90 HiIl -2.9 1.4 2@ ..
G078.1224+03.6320 20:14:26.30 41:13:31.40 YSO -3.6 1.4 0d0 20126+4104 (3")
G078.8867+00.7087 20:29:24.86 40:11:19.40 YSO -5.7 3.3 5480 20275+4001 (10") GL2591
G079.1272+02.2782 20:23:23.83 41:17:39.30 YSO -2.0 1.4 008 20216+4107 (1)
G079.8749+01.1821 20:30:27.47 41:15:59.00 HII -3.8 1.4 006 20286+4106 (13"
G080.8624+00.3827 20:37:00.93 41:34:55.80 YSO -1.6 1.4 002 20352+4124 (7")
G080.8645+00.4197 20:36:52.16 41:36:24.00 HIl -3.1 1.4 306 20350+4126 (10") DR20
G080.9383-00.1268  20:39:25.91 41:20:01.60 HII -1.2 1.4 oo ..
G081.7131+00.5792 20:38:57.19 42:22:40.90 YSO -3.6 1.4 0a6 ...
G081.7133+00.5589 20:39:02.54 42:21:58.30 HIl -3.8 1.4 008 ...
G081.7220+00.5699 20:39:01.01 42:22:50.20 HiIl -4.7 1.4 040... DR21 OH
G081.7522+00.5906 20:39:01.98 42:24:59.10 YSO -4.1 1.4 oa7 ..
G081.7624+00.5916 20:39:03.72 42.25:29.6 YSO -4.4 1.4 700.
G081.8652+00.7800 20:38:35.36 42:37:13.70 YSO 10.1 1.4 034 ...
G081.8789+00.7822 20:38:37.71 42:37:58.60 HIl 9.8 1.4 P00 ...




Table 4.2:

Table of source parameters for all sources in the sample. Pameters are taken directly from the RMS

survey online archive. Luminosities rounded to nearest 10. - continued

RMS Source Name RA. DEC. Type sk Distance Luminosity IRAS source Other
(J2000) (J2000) (kms 1) (kpc) (L ) (oset) Associations

G083.0936+03.2724 20:31:35.44 45:05:45.80 HII -3.0 1.4 30D ..
G083.7071+03.2817 20:33:36.51 45:35:44.00 YSO -3.2 1.4 039 ...
G083.7962+03.3058 20:33:48.02 45:40:54.50 HII -3.7 14 0g8 ...
G085.4102+00.0032 20:54:14.36 44:54:04.50 YSO -36.5 5.5 05Q0
G094.3228-00.1671  21:31:45.11 51:15:35.30 YSO -38.5 4.4 706 2130045102 (2") CPM15
G094.4637-00.8043  21:35:09.11 50:53:09.60 YSO -44.5 5.0 080D 2133445039 (3")
G094.6028-01.7966  21:39:58.25 50:14:20.90 YSO -43.9 4.9 336D 21381+5000 (5") V645Cyg
G100.3779-03.5784  22:16:10.35 52:21:34.70 YSO -37.5 3.7 7300 22142+5206 (9") CPM37
G103.8744+01.8558 22:15:09.08 58:49:07.80 YSO -18.3 1.6 60@ 22134+5834 (4") ..
G105.5072+00.2294 22:32:23.99 58:18:58.30 YSO -52.3 4.6 600 22305+5803 (4") S138 complex
G105.6270+00.3388 22:32:45.57 58:28:18.30 HIlI -52.1 4.5 8500 22308+5812 (3") S138 complex
G107.6823-02.2423  22:55:29.82 57:09:24.90 YSO -55.1 4.7 100t 22534+5653 (3")
G108.4714-02.8176  23:02:32.07 56:57:51.30 YSO -53.9 4.5 106 ..
G108.7575-00.9863  22:58:47.25 58:45:01.60 YSO -50.8 4.3 2900 22566+5828 (14")
G109.0775-00.3524  22:58:58.08 59:27:36.40 YSO -48.3 4.0 20@ ...
G109.0974-00.3458  22:59:05.52 59:28:23.20 HIl -46.7 3.8 34Q0 2257045912 (3")
G109.8715+02.1156 22:56:17.97 62:01:54.40 YSO -11.1 0.7 408 22543+6145 (9") Cep A2
G110.0931-00.0641  23:05:24.16 60:08:15.40 YSO -53.1 4.4 18a0 23033+5951 (5")  S156 complex
G110.1082+00.0473 23:05:10.16 60:14:47.70 HII -50.2 4.3 5680 23030+5958 (6") S156 complex
G111.2348-01.2385 23:17:21.01 59:28:48.00 YSO -54.4 4.4 190D 23151+5912 (4")
G111.2552-00.7702  23:16:10.39 59:55:28.20 YSO -44.7 3.6 90® 23139+5939 (8") ...
G111.5234+00.8004 23:13:32.39 61:29:06.20 YSO -58.0 2.7 1500 NGC7538 IRS4
G111.5320+00.7593 23:13:43.91 61:26:57.70 YSO -57.4 2.7 90@ .. NGC7538S IRS11
G111.5423+00.7776 23:13:45.36 61:28:10.30 HII -57.2 2.7 52200 23116+6111 (5") NGC7538 IRS1
G111.5671+00.7517 23:14:01.75 61:27:19.80 YSO -57.2 2.7 46@0 23118+6110 (4") NGC7538 IRS9

.81



188

Table 4.2:

Table of source parameters for all sources in the sample. Pameters are taken directly from the RMS

survey online archive. Luminosities rounded to nearest 10Q. - continued
RMS Source Name  RA. DEC. Type W sr Distance Luminosity IRAS source Other
(J2000) (J2000) (kms 1) (kpc) (L ) (oset) Associations
G111.5851+00.7976 23:14:01.71 61:30:17.80 YSO -56.5 2.7 306 ..
G114.0835+02.8568 23:28:27.76 64:17:38.40 YSO -53.2 4.2 100 23262+6401 (5"
G125.6045+02.1038 01:16:36.21 64:50:38.40 YSO -53.7 4.1 700 01133+6434 (5")
G125.7795+01.7285 01:17:53.03 64:27:14.30 YSO -64.5 5.2 506 01145+6411 (14") CPM4
G132.1570-00.7241  02:08:05.02 60:46:02.80 HIl -55.6 4.5 02Q0 02044+6031 (6")
G133.6945+01.2166 02:25:30.99 62:06:20.90 YSO -44.2 2.0 85Q0 ... W3IRS4
G133.7150+01.2155 02:25:40.77 62:05:.52.40 YSO -38.7 2.0 06200 02219+6152 (19") W3 complex
G133.9476+01.0648 02:27:03.85 61:52:24.60 HII -48.1 2.0 2680 02232+6138 (25") W3 complex
G134.2792+00.8561 02:29:01.93 61:33:30.50 YSO -51.5 2.0 008 02252+6120(2") W3 complex
G136.3833+02.2666 02:50:08.57 61:59:52.10 YSO -42.4 3.3 606 02461+6147 (5"
G138.2957+01.5552 03:01:31.32 60:29:13.20 YSO -38.0 2.9 4200 02575+6017 (5") AFGL4029
G139.9091+00.1969 03:07:24.52 58:30:43.30 YSO -39.5 3.2 0900 03035+5819 (13") GL437S
G141.9996+01.8202 03:27:38.76 58:47:00.10 YSO -13.9 0.8 300 03236+5836 (4") GL490
G142.2446+01.4299 03:27:31.37 58:19:21.80 HII -46.7 4.2 5600 03235+5808 (2")
G148.1201+00.2928 03:56:15.36 53:52:13.00 YSO -34.0 3.2 90@ 03523+5343 (1)
(G192.5843-00.0417 06:12:53.57 +18:00.26.3 HII 8.8 2.0 »0... S255N
G192.6005-00.0479  06:12:54.01 17:59:23.10 YSO 7.4 2.0 (866 06099+1800 (10")  S255IR
G194.9259-01.1946  06:13:21.11 15:23:57.10 HII 16.3 2.0 0@5 06104+1524A (3"
G194.9349-01.2224  06:13:16.14 15:22:43.30 YSO 15.9 2.0 0®6 06103+1523 (16") ...
G196.4542-01.6777 06:14:37.06 13:49:36.40 YSO 18.0 5.3 0® 06117+1350 (6") S269 IRS2
G203.3166+02.0564 06:41:10.12 09:29:33.70 YSO 7.4 0.6 (11006384+0932 (13") GL989
G207.2654-01.8080 06:34:37.74 04:12:44.20 HII/YSO 12.6 .01 2300 06319+0415 (2") GL961
G212.0641-00.7395 06:47:13.36 00:26:06.50 YSO 45.0 4.7 80IB 06446+0029 (7")
(G233.8306-00.1803 07:30:16.72 -18:35:49.10 YSO 44.6 3.3 0400 07280-1829 (2")
G234.6358+00.8281 07:35:38.97 -18:48:51.40 HII 46.8 35 0500 07334-1842 (29")
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are estimates due to confused or merged sources. The ags described below.
The integrated images, polygon apertures and summed Gawssispectra of all the
99 sources are presented in Appendix B.

Following the integration, 3 sources (G049.5531-00.3302108.4714-02.8176,
G125.7795+01.7285) have no emission above three times thg,4» noise level
and no apertures for mass calculation are de ned. The sous@are a sub set of
the 5 sources with weak spectral emission and are agged ag.(nThe HIl re-
gions G077.9637-00.0075 and G080.9383-00.1268 are algged as (n). Although
masses are calculated for these two sources the emissioruirsoginding the RMS
source and is not considered to be associated with it. The npdrology suggests
the material located at the source position has been blown awor eroded.

There are strange morphologies of the integrated*®D emission for a number
of sources. Some maps indicate extended faint/weak lamearty emission far from
the RMS source location. In the extreme cases the size of thelygon aperture
is restricted to exclude the contribution from these regiamto the mass estimate
and impose a roughly circular aperture. Upon investigatiothe mass contribution
from these extended regions are typically within the unceainties of the mass
estimates themselves. This is exempli ed by the slight magh erence calculated
for IRAS 20126+4104 within the circular aperture compared ith the polygon
aperture. The sources with masses calculated directly frowithin an aperture are
agged as (0) and those where lamentary extensions have beeemoved from the
aperture are agged as (1). All these source masses are usethie analysis stages.

Four MYSO sources have a least two peaks of emission very eldsgether
within a single core. The masses for each cannot be isolateddathe entire

core mass is measured in these cases. These sources are dagge(2) and
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Figure 4.4: Left and Centre: Integrated intensity maps of the sources
G111.5320+00.7593 and G111.5423+00.7776. The solid bladke indicates the
3 wap contour and the white cross indicates the RMS source locatio. Emission
is summed within the polygon aperture tracing the 3 yap contour level, as Figure
4.1, however the aperture is divided to split the sources in &h case. The aper-
tures summed within are indicated by the dashed black line. Rght: Integrated
intensity map of G048.9897-00.2992. The lines and symbolsr@the same as the
left and centre gures, however here the aperture is a circlavith a radius set where
the aperture intersects the 3 yap hoise level.

the masses are not used in comparisons as they are overesteésa The sources
G081.7131+00.5792, G081.7133+00.5589, G081.7220+09%6&081.7522+00.5906
and G081.7624+00.5916 are all part of the same large lamemy cloud complex
where the emission is always above the g,p noise limit. Their masses are arbi-
trarily summed within a 3 pixel diameter (slightly over 1 bean FWHM) and are
lower limits. The masses calculated within these aperturese not used in future

analysis.

There are also a number of sources that are not isolated andegoined to other
regions of signi cant emission, not faint lamentary regios as the above sources
agged as (1). In these cases the emission is arbitrarily $pimidway between the
sources in clear cut cases. Figure 4.4 depicts such a casembre complex cases
the aperture mask is de ned as a circle centred upon the soaicThe radius is set

as the shortest distance between the RMS source location atite 3 yap hoise
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level. An example is also shown in Figure 4.4. In total therera 12 sources with
masses de ned in this manner and agged as (4). Although mosif the mass
is likely associated with the most massive star in the core auwtious approach
is taken and the masses are not used primarily in the analyss$ages. In Table
4.3 there are also 7 sources agged as (5). These sources ifdath a range of
the other ag categories dependant upon their mass estimaghowever, they all
have luminosity estimates that are not from multi-wavelenth SED tting. These

sources are not used in mass and luminosity comparisons (S&xtion 4.4.4).

Overall there are 66 sources that are regarded as having goomdss and lumi-
nosity estimates and are agged as (0) or (1) sources.

Figure 4.5 plots the aperture method mass against the masgesm a Gaussian
t of the spectra summed within the aperture masks. Note thatfor the partic-
ularly weak emission from G094.3228-00.1671 a suitable Gaman t cannot be
attained and the mass is not estimated via this method for tlsi source. The ma-
jority of masses from the two methods agree within uncertaiies and supports
the de nition of the integrated velocity range. For a few sotces the Gaussian t-
ting recovers signi cantly more mass than the summation witin an aperture, the
most prominent case being source G020.7438-00.0952. Therape mask for this
source overlaps with that of G020.7491-00.0898. Althouglhé integration and
summation method nds a narrow velocity width for G020.74380.0952, which
acts to minimise the in uence of the second source, the massef each source are
probably overestimates as there is still a spatial overlap ¢hese velocities. Includ-
ing G020.7438-00.0952 there are 8 sources in which the Garssnass is 50 per
cent larger than that from the integration and summation mehod. The masses

for G081.8652+00.7800 and G081.8789+00.7822 are regar@sdupper limits in
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Table 4.3: Table of spectral noise intrinsic to the 0.423 km s*! resolution data, the integration limits and the map
noise for all sources. The masses are listed from the polygamperture method and the Gaussian summation tting
where applicable. These include uncertainties by variatio of the integrated range for the map by one velocity bin
at each the lower and upper velocity limits for the aperture method and those returned from the Gaussian tting
procedure respectively.

RMS Source Name  Type Spectral Vel. Range  Map Noise FWHM  Cenuid Aperture Gaussian Flag
(K) (kms 1) (Kkms 1) (kms Y (kms 1) Mass (M ) Mass (M )
G010.8411-02.5919 YSO 0.56 (9.95,14.61) 0.9 1.89 12.16 B263.2 219.7 5.6 1
G012.0260-00.0317 YSO 0.9 (110.39,112.09) 0.98 3.16 1209 80.6 215 141.4 27.7 0
G012.9090-00.2607  YSO 0.42 (32.60,40.22) 111 4.41 36.35 603 9.0 3741 8.8 4
G013.6562-00.5997 YSO 0.96 (46.40,48.94) 1.07 3.06 47.81 6.13 6.6 486 7.4 0
G017.6380+00.1566 YSO 0.42 (19.94,25.86) 0.77 2.58 2231 592 54 2516 8.1 1
G018.3412+01.7681 YSO 0.47 (31.15,35.80) 0.85 2.32 32.76 523% 10.9 3574 114 1
G020.7438-00.0952  HiIl 0.67 (59.99,60.80) 0.54 3.29 59.1 43 1435 13389 815 5
G020.7491-00.0898  HiIl 0.52 (56.14,62.07) 1.21 3.79 58.82318.1 138.0 3483.7 207.7 5
G020.7617-00.0638 YSO 0.67 (55.30,58.26) 0.86 3.57 56.38 913 50.9 421.6 47.6 0
G023.3891+00.1851 YSO 0.52 (73.75,76.71) 0.67 2.02 75.31 9.8 6.9 935 7.6 0
G023.6566-00.1273  YSO 0.73  (79.59,82.13)* 0.87 2.02 80.49 28 0.5 41 15 0
G023.7097+00.1701 HiIl 0.91 (110.64,114.87) 1.34 3.9 112.8 705.0 55.3 831.4 59.9 1
G025.4118+00.1052 YSO 0.65 (94.28,96.82) 0.84 2.22 95.53 1.5 3.9 473 6.3 0
G025.7161+00.0486 HiIl 0.36  (98.51,102.75) 0.66 4.42 100.2 685.6 63.8 876.4 455 0
G028.2007-00.0494  HiIl 0.36  (90.05,101.05) 1.03 4.78 95.842332.3 38.0 2253.7 65.1 1
G028.2875-00.3639  HiIl 0.6 (45.13,50.63) 0.98 2.69 47.84 8474 162.6 4749.2 1743 0
G028.3046-00.3871  YSO 0.34 (81.65,88.00) 0.66 3.45 85.0 0B2 588 3257.1 86.6 0
G030.1981-00.1691  YSO 0.38 (100.89,105.55) 0.82 2.23 033. 250.1 7.4 2472 11.0 4
G030.5942-00.1273  YSO 0.6 (84.00,85.27) 0.57 1.67 84.69 .9165.6 228 4.0 0
G030.6877-00.0729  HiIl 0.86 (90.92,93.88) 1.07 3.45 92.19 645 40.8 351.1 27.0 4
G030.7206-00.0826  HiIl 0.86 (90.50,96.00) 1.48 5.15 93.27 885 44.8 7156 324 4
G030.8185+00.2729 YSO 0.56 (97.25,99.36) 0.59 3.09 97.96 3.2 5.2 357 53 0




Table 4.3: Table of spectral noise intrinsic to the 0.423 km s? resolution data, the integration limits and the map
noise for all sources. The masses are listed from the polygaperture method and the Gaussian summation tting
where applicable. These include uncertainties by variatioo of the integrated range for the map by one velocity bin
at each the lower and upper velocity limits for the aperture method and those returned from the Gaussian tting

procedure respectively - continued.

RMS Source Name  Type Spectral Vel. Range  Map Noise FWHM  Centid Aperture Gaussian Flag
(K) (kms ) (Kkms ') (kms ) (ms 1) Mass(M ) Mass (M )

G033.3891+00.1989 YSO 0.71 (83.96,86.08) 0.91 2.06 85.37 55 94 67.2 8.8 0
G037.5536+00.2008 YSO 0.79 (84.14,85.41) 0.76 3.45 8491 0.4 21.7 1352 220 0
G043.9956-00.0111 YSO 0.57 (64.17,66.71) 0.67 2.05 65.2364.4 20.1 183.7 16.8 0
G045.0711+00.1325 HiIl 0.64 (53.46,63.19) 1.57 5.39 58.95 471 8.8 464.3 21.0 0
G048.9897-00.2992 YSO 0.50 (64.72,70.65) 0.85 4.36 67.65184 23.9 463.6 20.2 4
G049.5531-00.3302  HiIl 0.59

G050.2213-00.6063 YSO 0.64 (38.44,42.68) 0.88 3.68 40.72421 11.0 160.5 11.8 0
G053.5343-00.7943 YSO 0.49 (57.47,59.59) 0.55 2.05 58.38 5.62 4.2 30.3 6.2 0
G053.9584+00.0317 HiIl 0.72 (40.06,43.44) 0.94 3.18 41.61 3217 15.0 154.1 153 0
G073.0633+01.7958 YSO 0.48 (-0.21,1.91) 0.56 1.63 0.75 5.9.6 6.5 0.7 0
G075.7666+00.3424 YSO 0.49 (-4.87,1.48) 1.02 3.56 -1.21 .B11.8 635 2.2 4
G077.9550+00.0058 Hil 0.62 (-4.87,-2.76) 0.75 1.71 -3.76 64 2.1 17.7 1.6 0
G077.9637-00.0075  HiIl 0.62 (-4.03,-2.76) 0.57 1.9 -3.15 .21 4.0 170 21 n
G078.1224+03.6320 YSO 0.40 (-5.72,-1.07) 0.67 2.57 -3.73 53 1.8 752 2.7 0
G078.8867+00.7087 YSO 0.39 (-10.38,-1.91) 0.84 3.4 -5.94 187 86 688.2 182 0
G079.1272+02.2782 YSO 0.36 (-3.60,0.21) 0.55 1.69 -1.57 B11.0 311 14 0
G079.8749+01.1821 HiIl 0.46  (-6.41,-0.91) 0.79 2.74 -4.08 125 1.8 1203 4.1 0
G080.8624+00.3827 YSO 0.44 (-4.86,1.06) 0.8 2.18 -1.56 78.0.8 76.0 2.9 1
G080.8645+00.4197 HiIl 0.44 (-5.29,0.22) 0.76 2.29 -2.86 29 1.3 89.5 3.0 1
G080.9383-00.1268  HiIl 0.42 (-2.11,-1.27) 0.3 1.53 -2.35 .24 10.0 529 2.0 n
G081.7131+00.5792 YSO 0.42 (-6.13,0.22) 0.81 3.06 -355 1304 13.0 0.6 3
G081.7133+00.5589 HiIl 0.42 (-6.13,-1.48) 0.75 2.62 -3.32 18 05 11.8 0.5 3
G081.7220+00.5699 HiIl 0.42 (-7.83,1.91) 1.05 4.69 -34 83.0.3 334 0.7 3

€6T
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Table 4.3: Table of spectral noise intrinsic to the 0.423 km s*! resolution data, the integration limits and the map
noise for all sources. The masses are listed from the polygaperture method and the Gaussian summation tting
where applicable. These include uncertainties by variatio of the integrated range for the map by one velocity bin
at each the lower and upper velocity limits for the aperture method and those returned from the Gaussian tting

procedure respectively - continued.

RMS Source Name  Type Spectral Vel. Range  Map Noise FWHM  Cenuid Aperture Gaussian Flag
(K) (kms ) (Kkms ') (kms Y (kms 1) Mass(M ) Mass (M )
G081.7522+00.5906 YSO 0.38 (-6.55,-1.05) 0.66 2.43 -4.06 53 0.3 153 04 3
G081.7624+00.5916 YSO 0.38 (-6.98,-2.32) 0.63 2.23 -442 1.4 0.2 116 04 3
G081.8652+00.7800 YSO 0.73 (7.26,13.61) 1.45 3.29 9.84 36104 3475 10.3 5
G081.8789+00.7822 HII 0.73 (6.84,11.92) 1.31 3.3 9.88 391.159 355.7 10.9 5
G083.0936+03.2724 HII 0.48 (-4.65,-1.27) 0.66 1.76 -3.25 73 15 375 1.7 0
G083.7071+03.2817 YSO 0.46 (-5.22,-1.83) 0.71 2.68 -2.98 0714 11.0 1235 4.3 2
G083.7962+03.3058 HII 0.37 (-6.69,-0.76) 0.68 4.09 -3.4 59 2.6 64.8 2.7 1
G085.4102+00.0032 YSO 0.49  (-39.33,-33.41) 0.91 3.66 B86. 446.1 140 466.6 45.1 0
G094.3228-00.1671  YSO 0.85 (-40.72,-33.94)* 1.68 3.66 Pz 171 1.1 22 18 0
G094.4637-00.8043 YSO 0.56 (-46.33,-43.36) 0.74 2.57 oM. 173.7 19.6 1974 19.0 0
G094.6028-01.7966  YSO 0.45 (-45.51,-41.70) 0.7 2.34 -43.9 212.7 10.3 226.7 175 0
G100.3779-03.5784 YSO 0.41  (-38.60,-36.06) 0.48 1.61 7. 76.3 5.4 78.7 6.3 0
G103.8744+01.8558 YSO 0.82 (-19.86,-16.89) 1.06 1.71 38. 41.3 2.4 42.3 3.7 0
G105.5072+00.2294 YSO 0.51 (-54.80,-50.57) 0.79 2.42 -52. 1153 04 1209 20.1 0
G105.6270+00.3388 HII 0.46  (-54.65,-49.57) 0.84 3.44 -§1. 358.6 16.1 3939 25.3 0
G107.6823-02.2423 YSO 0.41  (-56.48,-54.37) 0.4 1.4 -55.33 84.6 8.0 89.8 8.9 0
G108.4714-02.8176  YSO 0.94 (-56.55,-52.31)* 1.19 . n
G108.7575-00.9863 YSO 0.41  (-52.96,-48.31) 0.71 2.43 9. 2133.8 55.0 2139.1 56.5 2
G109.0775-00.3524 YSO 0.42  (-49.02,-46.48) 0.56 2.59 é17. 117.7 20.8 153.4 16.8 1
G109.0974-00.3458  HII 0.42  (-47.75,-43.94) 0.73 1.94 45, 2589 6.9 261.3 14.0 0
G109.8715+02.1156 YSO 0.42 (-16.57,-4.29) 1.43 3.61 -10.6 157.6 0.9 152.8 2.7 2
G110.0931-00.0641 YSO 0.41  (-55.29,-51.09) 0.62 2.68 @B, 409.5 23.3 429.1 224 1
G110.1082+00.0473 HII 0.69 (-50.63,-49.36) 0.65 2.1 -50.2 227.7 73.2 3447 27.7 0




Table 4.3: Table of spectral noise intrinsic to the 0.423 km s? resolution data, the integration limits and the map
noise for all sources. The masses are listed from the polygaperture method and the Gaussian summation tting
where applicable. These include uncertainties by variatioo of the integrated range for the map by one velocity bin
at each the lower and upper velocity limits for the aperture method and those returned from the Gaussian tting
procedure respectively - continued.

RMS Source Name  Type Spectral Vel. Range  Map Noise FWHM  Centid Aperture Gaussian Flag
(K) (kms ) (Kkms 1) (kms 1) (kms 1) Mass(M ) Mass (M )
G111.2348-01.2385 YSO 0.49 (-56.48,-52.67) 0.87 2.48 54, 189.7 13.8 200.8 16.5 0
G111.2552-00.7702 YSO 0.41  (-47.11,-42.03) 0.68 2.29 3. 206.8 58 200.1 12.4 0
G111.5234+00.8004 YSO 0.62  (-59.93,-56.12) 0.81 3.02 89. 3545 265 400.1 19.8 4
G111.5320+00.7593 YSO 0.81 (-59.64,-53.72) 2.0 4.35 -56.3 3539 16.6 389.6 21.4 4
G111.5423+00.7776 HII 0.96 (-61.05,-53.43) 1.93 4.4 -5@9 1079.9 30.1 1133.7 43.9 4
G111.5671+00.7517 YSO 1.03 (-57.45,-56.18) 1.25 4.4 -52.3 106 4.4 23.6 5.3 0
G111.5851+00.7976 YSO 0.40 (-57.74,-55.63) 0.46 1.54 -£9. 178 1.9 18.7 2.0 4
G114.0835+02.8568 YSO 0.46  (-54.46,-52.35) 0.48 151 £3. 52.0 4.0 528 7.8 0
G125.6045+02.1038 YSO 0.52  (-54.44,-53.17) 0.48 1.74 63. 27.1 7.7 372 5.7 0
G125.7795+01.7285 YSO 0.55 (-64.64,-62.95)* 0.57 - n
G132.1570-00.7241  HII 0.52  (-57.10,-53.71) 0.61 3.0 -55.2 1335 133 152.0 19.3 0
G133.6945+01.2166 YSO 0.54  (-48.89,-40.00) 1.42 6.95 @42. 1253.4 735 1698.8 37.1 5
G133.7150+01.2155 YSO 0.54 (-42.97,-33.23) 15 5.57 -38.7 758.8 16.6 801.6 215 5
G133.9476+01.0648 HIll 93  (-50.21,-44.29) 1.89 4.31 -42.3 497.7 21.4 549.6 23.7 0
G134.2792+00.8561 YSO 0.57 (-52.75,-49.78) 0.84 151 34, 354 1.8 352 29 0
G136.3833+02.2666 YSO 0.41  (-44.24,-40.43) 0.58 2.8 -42.1 51.7 3.0 58.8 5.3 0
G138.2957+01.5552 YSO 0.41  (-41.28,-36.20) 0.73 1.98 -BB. 4959 10.3 490.8 14.8 0
G139.9091+00.1969 YSO 0.41  (-40.86,-37.89) 0.52 2.26 89. 653.1 72.0 744.0 26.7 0
G141.9996+01.8202 YSO 0.38 (-16.15,-11.07) 0.7 2.32 -13.0 323 1.0 33.1 1.0 0
G142.2446+01.4299 HIl 0.38  (-48.09,-45.13) 0.51 1.9 -486 1135 7.3 117.3 10.9 0
(G148.1201+00.2928 YSO 0.37 (-35.85,-33.31) 0.45 1.68 -3¢. 160.4 135 170.8 9.9 0
G192.5843-00.0417  HII 0.37 (5.85,11.35) 0.68 3.0 8.56 209.4.2 2269 6.7 4
G192.6005-00.0479  YSO 0.37 (4.58,11.35) 0.74 2.46 7.3 3362.8 3259 6.2 4

G6T
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Table 4.3: Table of spectral noise intrinsic to the 0.423 km s*! resolution data, the integration limits and the map
noise for all sources. The masses are listed from the polygamperture method and the Gaussian summation tting
where applicable. These include uncertainties by variatio of the integrated range for the map by one velocity bin
at each the lower and upper velocity limits for the aperture method and those returned from the Gaussian tting
procedure respectively - continued.

RMS Source Name  Type Spectral Vel. Range  Map Noise FWHM  Cenuid Aperture Gaussian Flag
(K) kms ) (Kkms ) (kms 1) (kms 1) Mass(M ) Mass(M )
G194.9259-01.1946  HiIl 0.47 (15.43,17.12) 0.47 1.34 16.38 5.8 5.2 375 35 0
G194.9349-01.2224 YSO 0.47 (14.16,17.97) 0.65 2.9 1597 .8412.9 448 3.6 0
G196.4542-01.6777 YSO 0.41 (16.82,20.63) 0.6 3.38 18.18 887 46.1 589.0 37.7 0
G203.3166+02.0564 YSO 0.57 (5.84,10.50) 0.8 2.97 7.86 82.3.2 86.6 2.7 2
G207.2654-01.8080  HII/YSO 0.51 (11.07,14.88) 0.68 2.52 T2 20.0 1.3 219 16 0
G212.0641-00.7395 YSO 0.48 (43.32,45.86) 0.58 2.96 44,87 9.66 11.8 96.5 12.6 0
G233.8306-00.1803 YSO 0.47 (43.44,46.40) 0.65 2.2 44.85 8.23 10.7 151.2 115 0
G234.6358+00.8281 HiIl 0.51 (45.98,48.10) 0.56 1.71 46.68 7.8 6.3 435 6.7 5

* - Integration velocity limits are from the 1 1, level.

Mass ags follow the scheme:

0 - Masses calculated directly from within aperture tracingthe 3 yap level.

1 - Faint lamentary structures are not included in mass calculation and are outside the aperture.
2 - More than 2 cores very close within the aperture.

3 - Source mass estimated within a 3 pixel diameter aperture.

4 - Complex/multiple source regions and individual masses & not isolated.

5 - Luminosities are not from SED tting.

n - No mass estimated or mass not associated directly with RMSource.
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Figure 4.5. Comparison of the masses estimated from the integration angum-
mation within a polygon aperture vs the mass calculated via tting a Gaussian to
the spectra summed within the same polygon aperture. In the mjority of cases
the masses are directly comparable. The dashed line is thenke of equal mass.

both cases as the aperture masks overlap spatially and bothet integration and

summation masses and the Gaussian tting masses will be oestimated.

4.4.1 Sample Completeness

The sample, as previously noted, was chosen to be a represging, distance lim-
ited sample of all MYSOs and HIl regions from the RMS survey talate as of
2007. Figure 4.6 shows the distance versus luminosity fol 89 sources. Note,
these values are taken from the RMS database and are listedTiable 4.2. There

is a clear bias towards higher luminosities for the more dett sources ¥ 6 kpc)



198

that were subsequently found to be further away than the inial criterion of the
sample. These distant sources conform to the RMS survey lumisity complete-
ness of 1& L out to a distance of 14 kpc (Urquhart et al., 2011a). However,
to have the same luminosity completeness limit for the sows here would reduce
the sample by more than a half. Instead, the distance is agalmited to 6 kpc
where the RMS survey is complete to 10° L CITEUrquhart2011. This leaves
87 sources in the sample for further analysis (depending orass ags) for trends
involving luminosity and to calculate out ow parameters ata later stage. There
are no Malmquist biases for the sample as a broad range of lumosities and dis-
tances are probed and there is no emerging trend at this statgeindicate the more
distant sources are the most luminous. The 87 source at distzes< 6 kpc are a

representative sample of MYSOs and HlIl regions for luminadigs > 10° L .

4.4.2 Continuum Masses

For comparison with the G20 core masses literature sub-millimetre continuum
uxes have been used and converted to dust masses. These &&dl in Table 4.4.

For dust emission that is optically thin the mass is calculad via:

gsS o

NP

(4.2)

whereS is the source ux, g is the gas-to-dust ratio = 100,B (Ty) is the Planck
function for a black-body at dust temperatureTy, d is the distance to the source
and s the dust opacity coe cient. The dust opacity coe cients are calculated
via = o(= o) ,adopting o=1.0cm?g ! at 250 GHz (Ossenkopf & Henning,
1994) and = 2, as Beuther et al. (2002b). Although the dust temperatures
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Figure 4.6: Comparison of the RMS distance and luminosities of the 99 saees.
A clear divide is evident at 6 kpc where all sources under 0L are below the
completeness limit of the RMS survey. 87 sources have distaes< 6 kpc.

likely varies from source to source, for the purposes of a gila comparison the
temperature is xed at 40 K here for consistency with the temprature used to

calculate the ¢80 masses.

The C¥0O masses are compared with those calculated from the 85t inte-
grated uxes from the SCUBA legacy survey (Di Francescet al., 2008), Bolocam
1.1 mm (http://irsa.ipac.caltech.edu/data/Bolocam _GPS/) integrated uxes and
other 1.2 mm observations from Beutheet al. (2002b); Faundezet al. (2004); Hill
et al. (2005). Figure 4.7 shows that the 850m SCUBA, 1.1 mm Bolocam and var-
ious 1.2 mm observations correlate with the 0O masses. There are slight o sets

in some of the mass values themselves, as can be seen in Taldle Bhe Bolocam
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masses are typically smaller than the €0 and SCUBA masses from the shorter
wavelength observations. This is likely caused by the asseohtemperature of the
continuum emission. The continuum masses are dependent mptbe temperature
and dust opacity chosen and can easily vary by a factor of 6 for a temperature
change to 10 from 40 K (Hillet al., 2005) for example. A temperature of 20 K may
be more appropriate for the 1.1 mm dust that Bolocam detectsThere are also
a number of outlier sources where all the dust continuum maes are noticeably
larger than the C¥O masses. This could be due to di erent integration areas for
the continuum and C0O emission as well as variations in temperature or dust
opacity. As discussed in Section 3.3.5, the dust opacity wséo model disc obser-
vations can vary by a factor of 20 depending upon the adoptedain types and
sizes. On the larger scales probed here the overall grain peoties should not have
such an extreme range as they do for S140 IRS1 on scales prgkandisc. How-
ever, when considering temperature variations, grain opi&c changes and possibly
di erent gas-to-dust ratios a mass discrepancy of a factorfd 0 could easily be
explained between the continuum masses andf masses before concluding that

these cores are depleted of*€D.

A Spearman correlation coe cient is undertaken for the G830 masses and
both the SCUBA 850 m and Bolocam masses where they have been calculated
(regardless of €20 mass ag). As the sample size changes the reported corredat
coe cients  will change while still representing a correlation at a givesigni cance
level. For example, a value of 0.79 is required to reject the null hypothesis (no
correlation) at the 0.01 signi cance level (also refereedtas P-value) for a sample
of 10, whereas a value of 0.36 rejects the null hypothesis at the same signaace

level for a sample of 50 (see Table A2.5, Wall & Jenkins, 2003), the P-value
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Table 4.4: Table of continuum masses for a number of sources in the samsl
Not all sources have a measured continuum mass and are not iluded.

RMS Source Name  Type Bolocam Scuba Other 1.2
Mass(M ) Mass(M ) Mass (M )
G010.8411-02.5919 YSO 86.46 134.65
G012.0260-00.0317 YSO 183.77 801.78 540.06
G012.9090-00.2607 YSO 95.68 470.18 660.65
G013.6562-00.5997 YSO 331.47 343.85
G017.6380+00.1566 YSO 53.2 161.64
G018.3412+01.7681 YSO 152.18 213.62
G020.7491-00.0898  HiIl 655.33
G020.7617-00.0638 YSO 280.25
G023.3891+00.1851 YSO 67.21
G023.7097+00.1701 HiIl 339.19 1296.05
G025.4118+00.1052 YSO 57.04 211.6 278.69
G025.7161+00.0486 HII 342.97
G028.2007-00.0494  HiIl 1193.46 5533.37 4644.43
G028.2875-00.3639  HiIl 921.26 3551.0 5022.07
G028.3046-00.3871  YSO 383.13 797.19
G030.1981-00.1691  YSO 308.8
G030.6877-00.0729  HiIl 438.51
G030.7206-00.0826  HiIl 394.92 719.16
G030.8185+00.2729 YSO 33.42 91.1 99.98
G033.3891+00.1989 YSO 31.66
G037.5536+00.2008 YSO 240.95 475.26 518.46
G043.9956-00.0111 YSO 53.06 245.38
G045.0711+00.1325 HiIl 199.59 175.46
G048.9897-00.2992 YSO 304.59 1230.84
G049.5531-00.3302  HiIl 39.22
G050.2213-00.6063 YSO 110.76
G053.9584+00.0317 HiIl 51.72
G073.0633+01.7958 YSO 17.53
G075.7666+00.3424 YSO 30.79 73.02
G077.9550+00.0058 HiIl 2.9
G078.1224+03.6320 YSO 51.94 83.05
G078.8867+00.7087 YSO 137.01 584.91
G079.1272+02.2782 YSO 10.83 22.91
G079.8749+01.1821 HII 12.53
G080.8624+00.3827 YSO 11.22 60.04
G080.8645+00.4197 HiIl 15.58 78.42
G080.9383-00.1268  HiIl 12.47 29.71
G081.7133+00.5589 HiIl 197.98

G081.7220+00.5699 HII 104.35 247.96
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Table 4.4: Table of continuum masses for a number of sources in the samgl Not
all sources have a measured continuum mass and are not inclad - continued.

RMS Source Name  Type Bolocam Scuba Other 1.2
Mass(M ) Mass(M ) Mass (M )
G081.7522+00.5906 YSO 37.15 140.84
G081.8789+00.7822 HiIl 75.1
G085.4102+00.0032 YSO 122.29 584.13
G094.6028-01.7966  YSO 280.7
G103.8744+01.8558 YSO 33.15 46.17
G105.6270+00.3388 HIl 382.12
G109.0775-00.3524 YSO 56.73
G109.0974-00.3458  HiIl 131.03 226.22
G109.8715+02.1156 YSO 80.2
G110.0931-00.0641 YSO 344.11 483.83
G110.1082+00.0473 HII 336.09
G111.2348-01.2385 YSO 167.09 284.16
G111.2552-00.7702 YSO 31.86 153.86 211.75
G111.5234+00.8004 YSO 40.39 136.82
G111.5320+00.7593 YSO 658.83
G111.5423+00.7776 HiIl 283.27 830.58
G111.5671+00.7517 YSO 248.93
G111.5851+00.7976 YSO 5.8
G133.6945+01.2166 YSO 126.36 725.44
G133.7150+01.2155 YSO 172.69 821.95
G133.9476+01.0648 HiIl 157.45 751.76
G134.2792+00.8561 YSO 8.74 32.0
G136.3833+02.2666 YSO 13.32 94.48
G138.2957+01.5552 YSO 50.66 202.79
G139.9091+00.1969 YSO 199.85
G141.9996+01.8202 YSO 24.47
G192.5843-00.0417  HII 52.33 163.41 128.58
G192.6005-00.0479  YSO 46.93 173.09 116.89
G196.4542-01.6777 YSO 388.97
G203.3166+02.0564 YSO 20.33

G207.2654-01.8080  HII/YSO 38.99
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and the sample number will be given for every correlation iestigated.

There are strong correlations between the SCUBA 850m masses and the
C'80 masses where = 0.68 and P 0.01 and for the Bolocam masses with the
C'80 masses where = 0.76 and P 0.01. The samples comprise of 56 and 42
source for the SCUBA and Bolocam comparisons respectivelghe correlations of
the independently calculated masses suggest that the samatarial is being traced
by both the continuum and the C*O (3-2) emission. This is also con rmed by
the correlation between the SCUBA and Bolocam masses where 0.95 and the
P-value is  0.01 for the 30 sources with both mass estimates. When chamgi
the samples to include only good mass ags of (0) and (1) the rwelations are
still present. = 0.66, P  0.01 for the SCUBA correlations and = 0.74, P
0.01 for the Bolocam correlations while the sample sizes asgluced to 39 and 28

respectively.

When considering the MYSOs with good €0 mass estimates the coe cients
change to 0.55 and 0.56, the sample sizes are now 30 and 18,thed-values are
0.001 and 0.01 for the SCUBA and Bolocam correlations. Acading to Table A2.5
of Wall & Jenkins (2003) the MYSO G20 and Bolocam masses are not correlated
at the 0.01 signi cance level as the critical value is 0.6. Furthermore, the corre-
lation between MYSO CG80 and SCUBA masses is weaker than the correlation for
all sources as is only just above the critical value for the sample of 30 soces at
the 0.002 signi cance level. At the P-value of 0.001, the MY® C*0O and SCUBA
masses are uncorrelated according to thevalue. For HIl regions only, = 0.86
and 0.95, the sample sizes are 8 and 10, and the P-values af06.and 0.01
for the SCUBA and Bolocam correlations. The €0 and SCUBA masses are only

weakly correlated at a 0.01 signi cance level, and not coleded at the reported
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signi cance level. However, the correlation is stronger #n that for the MYSOs.
The C'®0 and Bolocam masses are quite strongly correlated given thigh value
at the very low signi cance level.

There appears to be a discrepancy in the correlations for MBand Hll region
sources. The discrepancy occurs because there are lo®Gmass MYSOs € 100
M ) with larger continuum masses compared to no HIl regions witC*®0O masses
< 100 M . These low G®0O mass MYSOs are typically lower luminosity sources L
< 10* L and could have larger di erences from the assumed tempera&s, dust
opacities or gas-to-dust ratios. The regions forming thewer mass range of stars
could be intrinsically di erent and may have more di use, wide spread continuum
emission, leading to a much larger continuum integration @a and much larger
continuum masses. It does not appear to be down to evolutiors #he sources have
a broad spread in 21/8 m uxes which is a rough tracer of evolution (see Lumsden
et al., 2002). Buckleet al. (2012) nd that the continuum and C*80 do not always
have exactly the same distributions. This could also be thease here. Depletion
of C'80 could explain why these sources hawd .oni/ Mcisg 1. Overall there is
still a correlation between the masses traced by the continm emission and the
C'80 emission. At the resolution of the JCMT the G80O and SCUBA 850 m
emission should trace the same regions and the longer wangl continuum data

should probe roughly the same structures on a slightly largscale.

4.4.3 C80 Mass and Distance

Figure 4.8 shows that a wide range of masses are sampled pegdive of distance
out to around 6 kpc. There are no biases towards more massivares being the

most distant ones. After 6 kpc however, there is a de cit of lwer mass objects
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Figure 4.7: Comparison of the C**0 masses estimated from the integration
and summation within a polygon aperture vs the 850 m SCUBA masses (plus
symbols), the 1.1 mm Bolocam masses (triangle symbols) and2 mm observations
of various other surveys (diamond symbols). Upper limit and 3 pixel aperture
masses are not plotted even if there is a continuum counterp& Note the o set in
the Bolocam masses as they are consistently smaller than atither mass estimates.
The dashed line is the line of equal mass.

and, as previously discussed, the sample is not representatof lower luminosity
sources which could also be the least massive. Although soes> 6 kpc do have a
range of masses from a few hundred Mo thousands, the very lowest mass sources
are absent. Itis possible in some cases that the most massif¢hese sources have
been assigned a far distance rather than the respective nefistance in resolving
the kinematic distance ambiguities and these source massssuld be reduced
accordingly. At the resolution of the observations the coseare not fully resolved

at distances< 6 kpc and sources> 6 kpc likely contain more than one massive
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source (see Bontempst al., 2010, for an example of a close region). Some distant
sources are part of much more complex regions where there atearly multiple
peaks of emission present (agged 2 and 4). When excludingusces more distant
than 6 kpc there are no core masses above2000 M where there is a single peak
in the C*®0 emission. The three cores with masses1000 M (G108.7575-00.9863,
G111.5423+00.7776 and G133.6945+01.2166) are part of cdexpstructures and
the masses are potentially a combination of multiple massvstar forming cores.
The likely upper mass limit for the core mass associated wita single massive

source is< 1000 M (see Section 4.4.5).

4.4.4 C180 Mass and Luminosity

Any relationship between mass and luminosity can provide @ights into star for-
mation e ciency, evolution or clustering in the cores. A linear relationship is
observed for both MYSOs and HIl regions when plotting €0 mass versus lu-
minosity for sources with distances< 6 kpc and where the masses are not upper
limits or calculated within the 3 pixel diameter apertures $8 sources in total).
The luminosities are estimated from multi-wavelength SEDts and are not crude
IRAS upper limits ( ag (5) sources), for details see Mottramet al. (2011b). These
luminosities are likely dominated by the massive source tgeted. Figure 4.9 shows
the linear log-log trend in mass and luminosity for MYSOs andHll regions (plus
and triangle symbols respectively). For all sources the lunmosity-mass relation-
shipis L / M98, This is much shallower than the expected relationship for
main sequence stars (L/ M33). The Spearman's correlation coe cient () for
this tis 0.67 and the P-value is  0.01 which is interpreted as a strong correlation

between the core mass and luminosity down to a very small sigrance level.
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Figure 4.8: Plot of mass vs. distance for all sources agged as (0) and (1are
plotted as plus symbols. The sources from complex regions vene there maybe a
mass overestimate are represented by the upper mass limit eows (ags (2) and
(4)). The distant sources, > 6 kpc are boxed by a diamond symbol. It is clear
that a wide range of masses below 6 kpc but are biased to more resive sources
above 6 kpc.

The solid line in Figure 4.9 represents the luminosity expted if Mcore = Mgtar
and L =M 33, This is the max luminosity attainable if the core mass is dectly
converted into a star up to a maximum mass of 150 M . Cesaroni (2005) divide
their sample of hot cores into light and heavy sources depend on whether they
are to the left or right side of the line. Light sources are in aegion where their
stellar masses exceed their core mass as their stellar luoigites exceeded the
luminosity limit set if their core and stellar masses are e@l. The core emission

measured in this case is likely to be associated only with theost massive star in
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the cluster. Heavy sources are interpreted as cores that ¢am multiple massive

stars that have formed in a clustered region. Here the core s®of the entire cluster
is measured. All but 3 sources here are classied as heavy sms. Evolution

could provide an alternative explanation for lighter soures. The light sources
would simply be in more evolved clusters where material frotme natal core has
been dispersed/expelled due to winds or out ows. This woul@ ectively move

sources leftwards in Figure 4.9 assuming that the protostaihave reached their zero
age main sequence (ZAMS) luminosity. Positioning the sows on the pre-main
sequence tracks from Molinaret al. (2008) indicates that they have all reached
their ZAMS luminosities. Most sources should be in the cordction phase of their
stellar evolution (see Section 1.2.4). It is unclear then wtthe light sources are not
HIl regions as at least one is very luminous. Cesaroni (2008t IRAS20126+4104
as a light source when they calculate a low mass of7 M assuming the Keplerian
rotation of a molecular disc. Here IRAS 21026+4104 it is a hey source. This

supports the rst explanation as a source is classi ed as aglt source when the
mass of the core is associated with the single massive prédémsather than the

mass of the cluster of stars. The majority of sources in the s@le are in clusters

at the resolution of the observations.

In Figure 4.9 the long dashed line represents the luminoss expected from
the most massive star in the core following the relationshin = M 3, Here the
total mass of starsM s = Mcore @and the masses are distributed according to the
Salpeter power law IMF. The core luminosity should be domined by the most
massive star and the line should be a good representation dfat expected from
the cores. In all but 3 cases the sources all conform to the lumsity limit. One

possible explanation (assuming the luminosity is accurgtdor the over-massive
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Figure 4.9: Mass-luminosity plots for all sources where the mass is caltated
well. The plot excludes all upper mass limits and estimates bmasses within 3
pixel diameter apertures. Sources further than 6 kpc away a not plotted or
considered in the analysis although they do follow the genet trend shown. The
solid line is the expected luminosity if a single star has a mesM = Mg and
L =M 33, the long dashed line is the luminosity expected from the masmassive
star in the core when the stellar masses are distributed aceding to the Salpeter
IMF. The best t line for MYSOs and HIl regions are plotted as t he short dashed
lines with slopes of 0.49 and 1.16 respectively.

and under-luminous cores is that they are much less evolveldan the rest of the
sample. However, the 21/8 m ux ratios are only large (redder) in two sources. A
second, more simple explanation is that the sources do comfoto the limit given

the uncertainties. All other sources appear over luminouslhis extra luminosity

can in part be accounted for by the other stars in the clustersaonly the most
massive star's luminosity has been used, but it is insu ciento match the observed
values. The discrepancy between the luminosity line and th&ource luminosities
can provide insight into the mass locked up in stars. The lumosity line of the

most massive stars is calculated based upon the current canass which has been
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reduced as star formation has already occurred. Thereforket mass of the most
massive star in the core would be larger if the pre-star forrtian core mass was
larger. Increasing the core mass has the e ect of lifting théong dashed line
to higher luminosities more centrally positioned betweenhe source luminosities.
Such scaling crudely suggests a high star formation e ciegc If the initial core

mass is that now locked up in stars added to the core mass measl) and none
has been lost from the region, the low core masses measured saggests a large

fraction has been used to form the stars.

For MYSOs and HII regions the relationships between mass ardminosity
follow L / M%Pand L / MY respectively. The Spearman's correlation co-
e cients () for MYSOs (43 sources) and HIl (14 sources) are 0.60 and 0.@4
spectively. Both have P-values 0.01. Although a major di erence in is caused
by the sample size there is divide of correlation strengtherf MYSOs and HIl re-
gions. The P-value for HII regions is a factor of 100 smalleh&n that for MYSOs.
MYSOs core masses could be said to have a medium correlatiothwsource lu-
minosity, whereas HIl regions have a strong correlation bgeen core mass and
luminosity when considering the same signi cance level. Ehslope for HIl regions
is coincident with the IR-primary sources from Molinariet al. (2008) which are
suggested as high mass analogues to low mass class | soutdese the HIl regions
appear to be generally more evolved due to the di erence inogles between the two
source types. Notably, this may not always be the case as largsources are much
more luminous and would generate HIl regions much earlier their lifetimes (i.e.
HII regions are not more evolved in terms of age but are in tesnof observable
characteristics). However, the shallower slope for MYSO®uld be in uenced by

a larger spread in the evolution of these sources. There is aticeable overlap
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between many MYSOs and HIl regions but there are also MYSOsdhwould be
less evolved given the location on PMS tracks. MYSOs have adsirange of pa-
rameters given their evolutionary classi cation as MYSOsThe di erences could

represent sub classes of the same overall source type.

4.45 C180 Mass and Stellar Mass

An estimate of the stellar mass of the most massive star can lb@ade using the
source luminosity. Here the stellar masses are estimatedcaading to the ZAMS
source properties listed in Daviegt al. (2011). Figure 4.10 plots the stellar mass
calculated from the source luminosities against the mass thie cores. The dashed
line represents the stellar mass of the most massive star a§ M giars = More and
distributing the stellar masses according to the SalpeteMF, as Section 4.4.4.
Essentially this is an alternative way of showing that the mst massive star in the
core is compatible with the distribution of mass following lhe IMF provided the
core mass now is that locked within stars (as was done in Sexti4.4.4 using source
luminosities directly). There is no di erence between theaurce types suggesting
that all sources have reached or are very close to their ZAM8nhinosities.

The calculation of the most massive star according to the IMFlistribution
is done under the assumption that the core gas mass can be adted from the
remaining C80 in the core and that an equal amount of gas has been locked
up within stars (i.e. 50 percent of the initial core mass befe star formation
began). It is questionable whether this is a reasonable assption to make. As
the calculated stellar masses are generally larger than th® of the most massive
star in the core following the Salpeter IMF the original coranass must have been

greater than currently calculated from the G280 emission. The o set between the
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Figure 4.10: C'0 core mass plotted against the stellar mass calculated frorthe

source luminosity. The dashed line corresponds to the t of he most massive star
in the core assumingMgiars = Mcore With stellar masses distributed according to
the Salpeter power law IMF.

most massive star from the IMF distribution of the core massral the calculated
stellar mass from luminosity is roughly constant for the fulrange of core masses.
The constant o set could be interpreted as a constant star fonation e ciency for
the range of stellar masses investigated, i.e. a constanabng between initial core

mass and core mass now.

4.4.6 Larson relationships

Larson (1981) found a relationship between the radius of nemular clouds and
their velocity dispersion. The turbulent velocity dispergon for a cloud structure
is related to the size of the structure via a power law (/ R ). Their data
probe cloud sizes from 0.1 to 100 pc, whereas the cores presented here are

of a much tighter size range. However, the trend is still seen Larson (1981)
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on similar size scales as presented here. The one dimensiefoaity dispersion
calculated from the FWHM of the summed spectra Gaussian tssiused as an
analog to the full three dimensional velocity dispersion. fie e ective radius for
all cores is calculated usin@qRess = P area= , where the area is that within the
aperture used to calculate the core masses. Figure 4.11 shdat there is no
relationship between line width and core radius for the soaes with good masses
and at distances< 6 kpc. is only 0.23 for these sources and the P-value is 0.08.
Thus the null hypothesis of a random distribution is not rejeted at a signi cance
level of 0.01 or lower. As other authors found (e.g. Bucklet al., 2012; Tachihara
et al., 2002), the small range of physical scales probed and the tseaof the data
points, compared to the range investigated by Larson (198Xpuld prevent any
relationship from being detected. The cores all have similgroperties and there

is no di erence between MYSOs or HII regions.

Including sources more distant than 6 kpc (Square symbols), improves to
0.37 and the P-value = 0.002. For the 66 sources thevalue indicates there is a
signi cant correlation. Furthermore, some sources have rige velocity dispersion
although they are very small ( 0.15 pc). These sources are removed to check
their in uence on the correlation as the more distant ones arunresolved. For the
remaining 62 sources is 0.44 and the P-value is 0.0002. The correlation can be
considered stronger than it previously was. On these largscales the cores likely
contain many more sources with di ering properties which add act to increase
turbulence (winds, infall, out ows, rotation etc.). Howeer, as discussed, the sam-
ple could be biased with only larger sources being detected larger distances
and an arti cial correlation would result. The sources withradii > 1 pc are the

most massive, distant cores in the sample and t the trend, veever, some distant
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sources are coincident with the closer sources in terms of $8aand radius values.
If sources were in virial equilibrium the velocity dispersin would be expected to
increase with mass (Larson, 1981) (Bottom, Figure 4.11). T&is con rmed by the
and P-values for a mass/velocity dispersion correlation €44 and 0.0002 for the
66 sources and the tentative correlation for the 58 close soas as = 0.36 and
the P-value = 0.006. Virialised cores could be the underlygnreason for the cor-
relation between radius and velocity dispersion as the sa# size is very strongly
correlated with mass ( = 0.93, P-value  0.0001) which in turn is correlated
with the velocity dispersion for sources more distant thar 6 kpc. On the scales
probed the velocity dispersions measured do not vary greathnd turbulence may

not be the dominant source.

The line width size relationship can also be investigated th an alternative
dense gas tracer. In the RMS survey there are 86 sources outlod original 99
sources here that have ammonia emission from dense gasi@* cm 2) (Urquhart
et al.,, 2011b). There is a strong correlation of the ¥0 line widths and those of
the thermally excited NH;(1,1) and (2,2) lines as = 0.75 and 0.76 and both P
values are  0.0001 for NH(1,1) and (2,2) respectively. The correlations suggest
the same motions are being detected by both the'®D and the NH;. Again
a correlation is found between the Nk(1,1) and (2,2) line widths and the sizes
associated with the GO cores for the sources when including those at distances
> 6 kpc. The same conclusion is reached that the underlying agionship could
be in uenced by the mass and velocity dispersion correlatio

Larson (1981) also found that all their clouds appear to be gvitationally
bound and in virial equilibrium. Provided that the mass of tke cloud is greater

than the virial mass, the cloud will be gravitationally bourd. Otherwise, clouds
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Figure 4.11: Top: The 1D velocity dispersion calculated from the FWHM of
the C*80 emission from Gaussian tting plotted against the e ectiv e radius of the
core assuming that it is spherical. There is no correlation ér sources with good
mass estimates and at distances 6 kpc. But a strong correlation when distance
sources are included* 6 kpc). Bottom: Plot of the 1D velocity dispersion against
the mass of the core. Correlations are present for sources distances< 6 kpc and
when including those at distance> 6 kpc.
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with masses less than the virial mass must be pressure condhiey the surrounding
medium or they would be free to dissipate. Following MacLareet al. (1988) the

virial masses of the cores are calculated via:

Myir (M ) =126R(pc) V?(kms 1); (4.3)

whereR is the e ective radius, as calculated from the area, V is the FWHM of
the C'®0O emission and the core is spherical, not magnetised and has & r 2
density distribution. Figure 4.12 shows the relation betwen the virial and core
masses. The correlation is strong asis 0.81 and P 0.001 for all sources where
the core mass is calculated well (ags (0) and (1)). The majdy of sources have
virial masses greater than their core masses. This would &gt that all the cores
are not gravitationally bound/dominated, which is counterintuitive given that the
cores have collapsed and harbour at least one massive stahelvirial masses are

on average a factor of 4 larger than the core masses.

There are a number of possible explanations. Molecular owws or HIl region
energetics could arti cially increase the velocity dispeion or the e ective core
radius calculated for a spherical cloud could simply be an esestimate. As shown
above, the velocity dispersions do not vary greatly betweecores and follow a
relationship with mass. A systematic reduction in radius wald lead to a direct
agreement between the virial and core masses given the seatin each parameter.
The virial mass of IRAS 20126+4104 at 1.7 kpc was 100 M from Estalella
et al. (1993) using the contour at half the peak brightness to caltate the radius.
This agrees with the core mass when calculated at the sametdige (see Section

4.3.3). Alternatively, the core masses at the observed sigeales are expected to
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be lower than the virial masses for cores that have ongoingastformation. As

mentioned in Section 4.4.5, the core masses measured arelyikeduced from the
initial mass due to star formation. This is consistent with he fact that the core
masses must have been larger than the virial masses for theecto collapse and
stars to form initially. This conclusion however would impy that the size and

velocity dispersion have remained largely unchanged frorhd initial conditions.

At the resolution of the observations the source is a singl®e, however this will
be a combination of smaller cores and di use material at hig resolutions. The
core mass measured may not be dominated by the most massivarse. Under the
assumption that the mass is dominated by the most massive soa the radius here
is going to be an over estimate for the core associated withahsource. Therefore
the de nition of the radius is the most probable source of theliscrepancy between
the calculated virial masses and the core masses. Higherale§on observations
are required to probe these regions in more detail and reviseth the mass and

radius estimates.
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Figure 4.12: The core mass calculated from the ¢80 emission plotted against
the calculated virial mass from the core size and line width. The solid line rep-
resentsMcore = Myir . Most cores have larger virial masses than core masses and
appear gravitationally unbound. A systematic reduction in radius would position
all sources about the solid line.

4.5 Conclusions

The core masses of a sample of MYSOs and HIl regions have bestaldished
via the summation of the integrated source emission in a pagn shaped aperture
closely following the 3 yap noise level. The integration of the source emission
was done over the velocity range in which the emission from tvin 1 beam
pointing centred upon the source was above 3of the spectral noise limit. The
methodology was tested by establishing the mass of a test soel with a circular
core morphology via circular aperture integration. The apéure analysis method
is valid for integrating all the emission from any moleculatine tracer and will
be the methodology adopted to calculate the masses of out ewWrom this sample

of sources. Furthermore, the velocity ranges of the ambienbres will be used to
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remove low velocity core material from the'?CO and *CO emission that traces
the out ows and reduce confusion with core material.

The sample of out ow sources presented is reduced from 99 té &hen consid-
ering a luminosity limit of 10 L . The velocity limits have been established for all
but 5 sources from the total sample above the 3spectral noise level, and at the
1 spectral noise level for 4 of the remaining sources. One soeihas no detected
C'0 emission although the spectral noise level was typical ofi¢ observations.
The masses are established for all but 3 sources overall buthyo66 of these are
used in the analysis as upper limits or masses of cores witliamplex lamentary
regions are not included due to their uncertainty. There is distribution of dif-
ferent mass cores at a variety of distances and there are na&es in the sample
towards more massive cores being the most distant.

A correlation is found between the dust continuum masses arle core masses
established for the G20 emission. There is a noticeable o set in the absolute mass
value between Bolocam masses and theé®® core masses presented here. Such a
systematic o set can be accounted for with variations in asgned dust tempera-
tures or opacities, or could be due to the di erent area the eission is integrated
within. In a number of sources the core mass derived from the'® emission
emission is many factors less than the continuum mass. In gecases depletion of
CO could explain the discrepancy of the mass values althougtdetailed investiga-
tion of these sources for other possible factors has not baemdertaken. Overall,
at the resolution of the observations both the dust continuon emission and GO
emission trace the same material and structures in both MYS@nd HIl regions.

A clear relationship is present between mass and luminositgr the sample of

sources with good mass estimates and conforming to the distz limit. All but 3
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sources lie to the heavy side of a line wheM oe = Mgy and L = M 33, The

mayjority of sources in the sample are clustered at the spatiacales investigated.
Most sources conform to the luminosity limit set by assuminiyl core = Mgtars Where
the masses are distributed according to the Salpeter IMF anithe luminosity is

calculated from the mass of the most massive star via L= M >3, The luminosity

from the majority of cores are dominated by the most massiveas in the cluster.

The sources below the limit could be at a dierent evolutionsy stage but do
agree with the limit given the uncertainties in their mass ad luminosity values.
If the luminosity is dominated by the most massive star then lathe cores are
over luminous. However, the initial core mass would have bedarger than the

core mass measured now, after star formation has taken plac&he correlation

between mass and luminosity is stronger for HIl regions wliiicspan a narrower
range in parameter space than MYSOs. The position of the sam@s on PMS tracks
is consistent with HIl regions being more evolved than MYSQslthough there is
considerable overlap. All sources appear to have reached ewolutionary stage
where the luminosity is close to that at birth on the main segence. This positions
them in the contraction phase of their PMS lives.

The estimated mass of the most massive stars derived from tlkkere masses
distributed according to the Salpeter IMF is less than thosealculated directly
from the source luminosities. This reiterates that the inial core mass (before star
formation began) must have been much greater in order for a entage of it to
be distributed according to the IMF and form the most massivstar currently seen
in the core. The constant o set between the stellar massesavthe range probed

suggests that star formation e ciency is constant for a widerange of masses.

The Larson line width and size relationship is not seen for thsample of sources
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< 6 kpc. The linear size scale probed is very narrow and only ges from 0.1
to 0.8 pc and may not be su ciently di erent to see the observe relationship
given the scatter between sources. A strong correlation isund when sources
6 kpc are included. It is unclear whether this is due to the l@a width and mass
relationship for virialised cores via the underlying relabnship between mass and
size. On the scales probed it is likely that the turbulent mabns are dominated by
similar processes for all sources and may not vary signi céyn A strong correlation
is found between the @80 line width and ammonia line widths that trace similar
densities and there is still no correlation with core size fsources< 6 kpc. The
virial mass is strongly correlated with the core masses afthgh these are a factor
of 4 smaller. The discrepancy is most likely due to the de nibn of the source
radius. Higher resolution observations are required to pb@ the material directly
associated with the most massive cores.

The overall properties of the sampled sources are globallyndar and there
are no discrepancies between MYSOs and Hll regions and nod@a towards more
distant, luminous or massive sources (when distance 6 kpc). MYSOs span a
broader range in mass-luminosity diagrams compared to Hllegions which are
positioned as the most evolved sources. The sample is gerlyrrepresentative of
MYSOs and HIl regions and will provide an excellent footingd investigate out ow
parameters and how they may change between the two source égand di ering

evolutionary stages.
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Chapter 5

Testing Out ow Analysis

Methodology

This Chapter presents a methodology to analyse th&CO(3-2) and *CO(3-2)
molecular line data from 99 MYSOs and HIl regions targeted asut ow can-
didates and observed with the James Clerk Maxwell Telescog@CMT). These
observations are similar to those undertaken towards muclower mass sources,
where out ows are a ubiquitous phenomena. A link between owtw parameters
of both low and high mass stars would be key evidence for a dianiformation
scenario. Chapter 4 concluded that the sample of out ow soces here is a repre-
sentative sample to investigate such links. Once a compretsé&ve out ow analysis
methodology is established comparisons can be made betwsenrce and out ow

parameters, and with the studies of low mass out ow sources.
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5.1 Introduction

There are many inherent problems when analysing moleculautoow data, even

if the source sample is homogeneous and does not su er fronades (see Section
1.5.2). It is dicult to identify out ows in the complex back ground of the star
formation region. In the blind out ow survey by Ginsburg et al. (2011) it is very
hard to distinguish the velocity components of the out ow fom those of the molec-
ular cloud itself. In some sources there may be velocity compents reminiscent of
Doppler shifted lines wings but not created by a molecular dow. Observations
by Beuther et al. (2002c) for example, show large velocity ranges for at leaktree
regions that have confusing morphologies and consequenéye not classi ed as
out ows. Typically, observations are spatially limited (low resolution maps) or
single pointing measurements (e.g. Shepherd & Churchwell996; Wilking et al.,
1990; Wuet al., 2005) when using single dish telescopes compared to inéeoime-
ters, indicating just how confusing some out ow regions cabe (e.g. Beltan et al.,
2011b; Beutheret al., 2002a; Wanget al., 2011). Some single dish maps by Ridge
& Moore (2001) appear to be entirely lled by emission and its unclear what
constitutes the out ow in such cases. In addition, the main ot ow tracer, *2CO,
requires a correction as it is usually optically thick and sers from self-absorption

in some cases (e.g. Cheait al., 1993).

A source of error in the calculated out ow parameters is intnduced through the
chosen out ow velocity range. As out ows from MYSOs have a nth larger mass
fraction at low velocities (Ridge & Moore, 2001) the divide etween the ambient
core and out ow material can signi cantly a ect the calculated out ow mass, and

subsequent parameters. Secondly, the maximal velocity extt that is used in
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calculating momentum, energy and other dynamic parameters dependant upon
the sensitivity of the observations. The choice of the outw line wing velocity
ranges are usually rather subjective. Speci cally, theresino justi ed measurement
of the lower velocity limits. Often, using channel maps, thepatial separation of the
blue and red shifted out ow wings at certain velocities allws such an estimate.
However with line of sight out ows only a velocity shift exit and makes such

methods redundant.

This Chapter details the various methods commonly used to kalate the out-
ow parameters, such as mass and momentum as well as dynantiparameters
such as timescales and ow rates. Furthermore, three di erg calculations of the
optical depth from *2CO and *3CO line ratios are made. The higher line transition
CO(3-2) is favourable as an out ow tracer than lower transibns (e.g. Takahashi
et al.,, 2008) as warmer temperatures are required and should bettgace out-
ow regions. A useful consequence of a higher temperatureater is that there
is less confusion with line of sight material which could aieh de ning a lower
velocity limit. However, Ginsburg et al. (2011) caution that CO(3-2) may be
sub-thermally excited and following assumptions of locahermodynamic equilib-
rium (LTE) could lead to incorrectly calculated masses. The do not correct for
optical depth however, which could also cause the mass desocy reported. A
unique method for identifying the lower velocity limits of he out ow lobes is also

undertaken using the previously analysed 0 emission (see Chapter 4).



226

5.2 Observations

The observations and reduction are as detailed in Section24.Here however the
operational bandwidth was 1000 MHz and resulted in a velogitesolution of 0.423
km s ! for the 2)CO data. The spatial resolution at the slightly shorter wavkength

of the 2CO emission is 14". The nal data cubes are identical to those of the

C'®0 data and have a spatial pixel scale of 7".

5.3 Calculating the Out ow Mass

Chapter 4 describes how the mass of any emission line tracemcbe found by
integrating over a suitable velocity range and then summinghe emission within
an aperture de ned by the 3 yap noise level from the map. This method is
adopted here to nd the mass of the bipolar out ow from the tes source, IRAS
20126+4104 (G078.1224+03.6320). The line free regions betspectra from all
positions of the?CO data cube have an average spectral noise offl =0.51 K.
After investigation of emission above the 3r, level the maximal velocity extent
of the blue and red shifted out ow lobes is found to be -40 to 40 km s!. The
limiting low velocity boundary of the out ow is de ned from t he maximal velocity
range of the G®O core emission, i.e. 5.7 to 1.1 km s? for the blue and red
shifted lobes respectively.

Using the 3 1, threshold to de ne the integrated velocity range may miss soe
very high velocity emission below the cuto . Lebonet al. (2006) show very high
velocity emission extending out to 50 and -50 km s?, for the blue and red
wings respectively, in their very sensitive observationsHere the observed data

clearly detects the very high velocity material out to this &tent although it is
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below 3 7, . It is likely that the mass associated with the out ow wings,in total,
is underestimated due to the reduced integration range. Théi erence in mass
however, is probably not signi cant as the mass is dominatelly the high intensity,
low velocity material and not the faint, high velocity emisgn. The mass would
be underestimated by only 0.005 M per 7" pixel within the out ow over the

10 km s ! velocity extent assuming the emission is optically thin anat the 3 T,
spectra noise level (as expected at high velocities). Howeeyas both momentum
and energy are a product of velocity a more signi cant de citcould be evident
in those parameters for IRAS 20126+4104 when limiting the \@city range, see
Section 5.4.

The integrated map noise 1yap €evaluated in emission free regions of the blue
and red shifted out ow maps is 2.5 K km s for both. An aperture mask region
is de ned based upon emission at the 3;ap contour level from the integrated
maps. Figure 5.1 shows the blue and red out ow lobe integradeintensity maps,

the 3 yap contour and the aperture masks used to sum emission within.

There is a faint emission shell around the bright, spatially set out ow lobes
in both the blue and red shifted maps. The more chaotic struate is due to the
lower velocity material. At higher velocities a clear bipar structure is evident
with the blue shifted out ow lobe extending to the north-we$ and the red shifted
emission to the south-east (see Figure 5.2). Even at lowerleeities it is the
spatially o set material that provides the majority of the mass, not the chaotic
regions. Shepherdt al. (2000) integrate emission from 2.7 km s ! of the V sr
to the maximal extent of the out ow seen in their!2CO data. The mass calculated
within this range is attributed entirely to the out ow and th e following kinematic

and dynamic parameters. They also note the chaotic morphag of the very lowest
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Figure 5.1: Left: Blue shifted out ow lobe integrated intensity map fro m source
IRAS 20126+4104 overlaid with the dashed black polygon repesenting the aper-
ture mask. The integrated velocity range is -40.0 to -5.7 km s'. The thin black
line indicates the 3 yap contour level. Right: As left, but for red shifted out ow
lobe where the integrated velocity range is -1.1 to 40.0 km s'.

Figure 5.2: Left and right images as Figure 5.1 except the integrated veicity
ranges are -40.0 to -8.0 km st and 2.5 to 40.0 km s * for the blue and red shifted
out ows respectively.
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velocity out ow material which is clearly seen in their Figue 3. However, in their
Figure 1 they indicate only the highest velocity material tdllustrate the bi-polarity

of the out ow lobes, as in Figure 5.2 here. This however leads some ambiguity
regarding the actual spatial ranges the emission is summedthin in Shepherd
et al. (2000). For example, does a noise level of the integrated megeated from
the limited high velocity range set the spatial aperture to sm within? Or is a
spatial aperture de ned from the noise level of maps creatday integrating between
the full velocity ranges stated? Notably, the spatial aperires are not speci cally
de ned in most out ow papers (e.g. Beutheret al.,, 2002c; Zhanget al., 2001)
and it is not made clear which material constitutes to the oubw mass and if
the core ambient emission is spatially excluded. Ciriticall the spatial areas of
out ow lobes in the integrated maps are shown here and unantuiously indicate

the regions regarded as out ow emission.

The gas mass of the out ow lobes can be calculated from théCO data, after

the emission has been summed within the de ned apertureslfmking the equation:

Mgas =1:79 10 1 (% DZz(kpc) (H,="%C0)

251 e 2) Tp=md (M) (5.1)

where all parameters are as equation 4.1 and, is the 2CO optical depth. As

with Chapter 4, the detailed derivation is given in AppendixA.
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5.3.1 Optically Thin Assumption

First the mass is calculated assuming the emission is optilyathin for comparison
with the various opacity corrected methods. The optical dep term =1 e 2)
is unity here. The sum of the integrated emission in the aparte masks are 1.2
0.2 and 2.6 0.2 M for the blue and red shifted out ow lobes respectively.
The uncertainty is calculated by creating maps integrated\er larger and smaller
velocity ranges. The range of integration is altered by 0.9 km s ! as discussed
in Chapter 4. The main variation in mass is due to the change afut ow range
by one velocity bin at low out ow velocities where the emissin is greatest. This
associates more core material, up to 17 percent, to the optically thin out ow
masses. Assuming that the mass is underestimated at the vemghest velocities
by 0.005 M per pixel and using the approximate area of the high velocity
emission as 45 pixels in each out ow lobe, then the calculated undereshate is
of the order 0.2 M for each out ow lobe in the optically thin regime. Although
within the quoted uncertainties the optically thin mass catulate underestimated

by 10 percent overall.

5.3.2 Optical Depth Correction

The intensity ratio of two lines of the same transition, but d erent isotopologues,
is the same as the ratio of their respective optical depths. drce the'?’CO out ow
masses can be correct for optical depth e ects by comparingtiv the 3CO emis-
sion. Under the assumption that the'3CO transition is optically thin, the optical
depth 1, can be calculated directly from the observed?’CO and *CO antenna

temperatures via:
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T,(**CO), 1 e 2 1 e =
T,(3CO) 1 e = 1 ¢l 2689

(5.2)

Where 1, and 13 denote the optical depths of the*?CO and *3CO lines respec-
tively. The abundance ratio of [?CO]/[*°CO] = 3= 1, = 1/68.4 (at the galacto-
centric distance of 8.1 kpc (Wilson & Rood, 1994)). For IRAS ®@26+4104 the
distance of 1.7 Kpc (Shephercet al., 2000) is used during these tests for ease of
comparisons with literature work. i, is calculated numerically and thus the cor-
rection in equation 5.1, (1,=(1 e 2)), can be applied to the?CO intensities in
order to corrected the out ow masses. Chaet al. (1993) nd an average line ratio
T,(*2CO)=T,(**CO) of 10, which yields an optical depth 1, 7.2, for their
seven high mass sources. For IRAS 20126+4104 an averagegfblue) = 10.5
and 1»(red) = 6.5 is found by Wilking et al. (1990) averaged over the entire line
wings and all spatial position. These estimates are compda within the factor
of 2 accuracy associated with mass determination includirgjobal optical depth

corrections (Cabrit & Bertout, 1990).

Multiple techniques for calculation of the line ratios arenvestigated:

Method 1 - Velocity Averaged

Integrated maps are created within the velocity range whereoth 2CO and 3CO

exist. These are simply divided to nd the velocity averageaptical depth values
for the blue and red shifted out ow lobes respectively. Thé*CO emission is the
driver in determining the velocity range as the?CO emission is more abundant
and is detected out to higher velocities. Due to the low sigh@o noise of the

13CO observations a 17, threshold (0.33 K) is employed to de ne the velocity
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extent of the 3CO wings. The maximal velocity extents are -16 to 8 km ¢ for
the blue and red out ow lobes respectively. The lower limitsire set by the G0
core emission as previously detailed. Optical depth coritéans are not calculated

or applied beyond these limits.

After applying the optical depth correction and adding the nass contribution
from the optically thin higher velocity regions the massesra 10.1 3.7 and 14.6

3.8 M for the blue and red shifted out ow lobes respectively. Theigh velocity
optically thin regions of both the blue and red shifted out avs contribute to only
0.2 and 0.8 M of these nal masses. 98 percent of the blue out ow mass and
95 percent of the red out ow mass is provided by the low veldyi optical depth
corrected emission. The mass de cit due to the limited veldty ranges of 40 km
s 1 is now negligible given the corrected low velocity masses.h@ uncertainties

are established as previously described.

The velocity averaged optical depths,(blue) and 1»(red) range from 1 to 36
for the blue shifted out ow lobe and 1 to 53 for the red shiftedobe for di erent
spatial regions within the aperture mask. Figure 5.3 show$e¢ optical depth maps
of the blue and red shifted lobes within the apertures. Note&in Figure 5.3 that
for both out ow lobes there are larger optical depth valuesdwards the edge of the
lobes as de ned by the apertures. High optical depths are as@lt of smaller line
ratios, where the integrated*>CO value is similar to, or in some cases larger than,
the CO value. This primarily occurs in regions where the detea of either
2CO or 13CO is weak or close to the map noise. For example, wherg(blue) =
36, the line ratio is 2.4%., according to the noise of each map as tHéCO value
is only slightly above the 2 13comap level. 15(blue) can therefore range from

17 to 100. There is clearly a large uncertainty associated with #se correction
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Figure 5.3: Left: Map showing the velocity averaged optical depth for the blue
out ow lobe of IRAS 20126+4104 within the aperture mask. The velocity range
integrated over is -16 to -5.7 km s!. The image scales are set to be linear from
0 to 25 and all pixels above = 25 are saturated. Pixels with no correction and
outside the aperture have an optical depth of zero and are blaked out. Right:
As left, but map showing red out ow lobe optical depths integrated within the
velocity range -1.1 to 8 km s 1.

values. Overall the e ect of large correction factors on thenal masses should be
minimal as the original?CO emission they correspond to at the edges of the map

are typically small.

A simple clipping method was used to investigate the in uere of the higher
correction factors due to the noisy edge regions. Any valuabove a1 ;, deviation
from the mean were set to unity. The mean and were calculated including the
higher correction factors. The resulting values are;»(blue) = 10.7, (blue) = 6.4,

1»(red) =7.5and (red)=6.0. The revised masses after clipping are 8.52.8 and
12.9 2.5M respectively. The clipping, although reducing the masseserall, is
unnecessary as both mass estimates are comparable given uheertainties after
optical depth correction. Table 5.1 lists masses from this ethod and methods 2

and 3.
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Method 2 - Velocity and Spatially Averaged

Method 2 spatially averages the previously calculated vedity averaged optical
depths from method 1. The mean and median values within the spatial aperture
masks are then used to correct th&CO only within the optically thick velocity
ranges. Method 2 assumes that a single value ofepresents the correction for all
emission within the out ow lobe apertures. The mean and medn values are
also recalculated after the clipping performed in method IThe uncertainties are
carried from the variation of the mean and median optical de¢hs when calculated
using di erent velocity ranges as was done previously ratheéhan from the statis-
tical uncertainties used to calculate . For IRAS 20126+4104, method 2 provides
similar masses to method 1. The masses range from 8.8 to 10.9 &hd 12.1 to
14.3 M for the blue and red shifted out ow lobes respectively (seeable 5.1).

Given the uncertainties, both methods 1 and 2 result in compable estimates.

It is important that the correction for optical depth is robust if using the
averaging methods. There is a deviation up to 2.5 M when using the same
data for methods 1 and 2. Although the variation is within theuncertainties a
uni ed method is required in order to minimise calculation derences between
studies and source samples. The velocity averaged opticapth method will
underestimate the corrections applied at the very lowest i@cities which dominate
the emission and overestimates the higher velocity compansg' contribution. The
mass distribution will be the same as the observed ux distbiution using a spatially
averaged optical depth, and therefore does not correct foegions that are either
more or less optically thick. Such over and under correctisnwill propagate into

other out ow parameters. For example, when calculating moentum or energy
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Figure 5.4. Plot of optical depth throughout the blue out ow lobe. The op tical
depths are larger at lower velocities and decrease towardsidgher velocities. The
velocity averaged optical depth from method 1 is 9.4 and is idicated by the solid
horizontal line while the spatial mean from method 2 (10.7) & indicated by the
dashed line.

using the mass and velocity of each data cube pixel the use aofeeage optical
depth corrections will overestimate the totals of these pameters. Figure 5.4
shows the variation of the optical depth at each velocity imrement throughout the
blue shifted out ow lobe at the position with the largest**CO velocity extent. For
this particular position the optical depth calculated at eery velocity bin is within a
factor of 2 of the velocity averaged value from method 1, but égarger velocities the
average 1, value a clear overestimate. The step of averaging spatialiy method
2 and assuming a single value of for the entire region does not represent the
optical depth of the emission which varies at all positionsThe averaging methods
are not representative of the optical depth corrections regred at every position

and in each velocity bin.
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Method 3 - Full Cube Analysis

In order to fully describe the optical depth at every spatialpointing and every
velocity, a division of the data cubes is made (method 3). Asiimethod 1,a 1+,
threshold is used for the'*CO velocity range. The optical depth is not calculated
for any pixel element outside of the maximal velocity extendf the **CO emission.
The correction factor for pixels outside the limiting veloities are set to unity. For
every velocity slice 1, is not calculated outside the polygon aperture mask de ned
by the 3 1, level of the 12CO emission. In e ect the optical depth is calculated
within a variable aperture region for each velocity slice ofhe data cube. By
applying these velocity and spatial limits to the data cubeshe computational
time required to analytically solve for the optical depths s signi cantly reduced

(compared to dividing and analysing all pixels).

Correcting the >CO data for optical depths calculated in this manner results
in masses of 9.6 3.9 and 14.9 4.0 M for the blue and red shifted out ow lobes
respectively. The uncertainties are estimated as previdysnoted. Histograms of
the calculated optical depth values for the velocities coesponding to the blue and
red shifted lobes are shown in Figure 5.5. Tests were done atit the aperture
limits for each cube slice and resulted in outlier correctiovalues up to  100.
There are no such outliers evident in Figure 5.5. The mean veds are 10.0 and 7.7
for the blue and red shifted lobes and are similar to those fmthe earlier methods
and in the literature. The masses calculated from these meaalues are within the
uncertainties of those from the full cube analysis method,ub are not exactly the
same. The mean values actually over corrects the blue shdtemission and under

corrects the red shifted emission overall. Furthermore, #re is still the problem
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Figure 5.5: Histograms of the optical depth for blue and red shifted out ow lobes
within the velocities -16 to -5.7 and 1.1 to 8.0 km s ! respectively.

that averages would over or under correct each pixel and cdutause signi cant
variations in other mass based parameters. The full corresch method is found to
be as easily implemented as the crude averaging methods. ki 3 will therefore
be implemented in subsequent analysis as it fully represarthe variation in optical

depth throughout all velocities and at all spatial positiors.
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Table 5.1: Masses calculated via all methods. The uncertainties are cded from
the mass di erence when altering the integration velocities by one velocity bin at
the upper and lower velocity limits of each out ow lobe.

Method Blue Shifted Mass (M) Red Shifted Mass (M)
Method 1:

Velocity Average 10.1 3.7 14.6 3.8
1 Clip from Mean 8.5 2.8 129 25
Method 2:

Spatial Mean 10.9 3.8 14.3 3.7
Spatial Median 10.0 3.8 12.9 3.3
1 Clipped Spatial Mean 8.8 3.3 12.1 3.1
1 Clipped Spatial Median 8.84.2 125 3.1
Method 3:

Full Cube Analysis 9.6 3.9 149 4.0

5.4 Out ow Kinematics

Estimates of the momentum P) and energy E) can now be made based upon
the corrected masses. Both parameters are dependant uporethelocity of the
out owing material with respect to the V sr. A number of methods presented by

di erent authors are investigated;

Gardenet al. (1991):

P=Mj]j (5.3)
E = }Mj j? (5.4)
2
Beuther et al. (2002c):
P=M]j ma] (5.5)

1 . .
E = é|\/|J max]z (56)
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and Cabrit & Bertout (1990):

X
P = Mi i (57)
1 X

In the former two methods the masses calculated in Section3% are directly
multiplied with a mean or maximum velocity value with respet to the Vi sgr.
The latter method calculates the momentum and energy for elagnassM; in the
velocity bin i at the velocity ; relative to the V sr. This method fully calculates
momentum and energies for each velocity bin and at each s@tpointing, akin
to how the optical depth was evaluated at every position andelocity. The V sr
of 3.5 km s ! for Shepherdet al. (2000) is used. The extent of the blue and
red out ow lobes are therefore -36.5 to -2.2 and 2.4 to 43.5 ke! with respect

to the Visr.

Table 5.2 indicates the momentum and energy parameters eklished from
the maximum velocity, mean velocity and summation velocitfGarden, Beuther
and Cabrit) methods. The uncertainties for the max/mean velcity methods are
carried from the original mass uncertainties as this is the ajor source of error
compared with a variation of the max/mean velocity of the oubw by one velocity
bin element. The summation method follows the same princigd as used when
establishing mass uncertainties, i.e. the velocity rangease varied by one velocity

bin when integrating.
The largest parameter values are obtained from the maximunelocity method,
as expected. The maximum velocity values potentially ovesémate the momen-

tum and energy as the calculation assumes the momentum andeegy are a result
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Table 5.2: Momentum and Energy values as calculated from the mean, maxrad summation methods. The use of
blue and red is with regards to the blue and red velocity shifed out ow lobes.

Method Blue mom. Red mom. Total mom. Blue energy Red energy & energy

M kmstH M kms?l (M kms? (ergs) (ergs) (ergs)
Vel. Mean 187.2 76.1 3427 924 5299 119.7 3.6 15 10* 7.8 21 10% 114 26 10%
Vel. Max 350.4 142.3 648.0 174.1 998.4 2249 13 05 10Y 28 0.8 10 41 09 107
Summation Vel. 40.3 8.2 775 83 1178 117 27 0.2 10® 7.4 0.2 10® 101 0.3 10°
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of all the mass in the out ow placed at the maximal velocity fom the Vi sg. The
overestimate would be even larger if the maximal velocityriits of Lebon et al.
(2006) are used. In the case of an out ow created by a jet bow &tk, the maxi-
mum momentum and energy is assumed to be deposited at the sapt&ce as the
maximum velocity emission (see Figure 2, Arcet al., 2007). However, calculating
the momentum and energy in this way assumes the underlying toaw forma-
tion method is known and hence an investigation of the vari@umodels cannot be
undertaken. Even for IRAS 20126+4104, where jets are thougto power the out-
ow, the mass is distributed at a wide range of velocities, nsily much lower than
the maximal value. The crude estimate of momentum and energ@gsuming all the
mass is at the maximal velocities is clearly incorrect and rsttly an upper limit.
When using a mean velocity between the minimal and maximum leities of the
out ow lobes, the momentum and energy parameters are reduwtén comparison
to the maximal velocity values. This method still does not amunt for the mass
distribution at di erent velocities, as now all material is simply placed at an av-
erage value. Both mean and maximum velocity calculated mom@&m and energy
values do not parametrise the out ow in a useful fashion andra based upon the
sensitivity of the observations and the highest velocitiewhere out ow emission is
detected. Using these velocities does not account for theysical matter distribu-
tion at all out ow velocities and does not allow the test of vaious out ow driving

methods.

To re-iterate, a source with a large maximal velocity extentvould have very
high momentum/energy values when calculated using the maxtean velocity meth-
ods even if the majority of the mass was at much lower velo@s. The mass is

theoretically positioned at velocities larger than it phygally observed at in these
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methods. The velocity extent of the out ow dominates the calulations. Take
another source of similar total mass but with majority of thematerial positioned
at larger velocities from theV, sg compared with the rst source. This source
however, has a smaller velocity extent than the rst sourceThe calculated mo-
mentum/energy parameters from the max/mean method would bkess than those
of the rst source, whereas the actual momentum/energy shddi be larger than
the rst source as there is physically more material obserdeat larger veloci-
ties. Consequently, any comparisons made between sourages isample using the
max/mean method values and parameters based on these, susim@echanical force
and mechanical luminosity, will be disproportionate and norepresent the sources
correctly. Low momentum sources are actually calculated &gh momentum ones
and vice versa. Using a summation method, the momentum andleeity estimates

are more representative as mass distribution at di erent Vecities is accounted for.

For IRAS 20126+4104 the summation momentum/energy is muclolwer than
that simply calculated from the max or mean velocity method®ven though the
out ow is thought to be jet driven. The momentum and energy eimates are an
order of magnitude less than the maximum velocity method. Tik is because the
majority of the mass is at lower velocities compared to the mxaand mean ve-
locities. The summation methods will allow the comparisonfdrue high momen-
tum/energy sources (where more material is detected at higlelocities) and their
parameters with low momentum/energy sources (with the majay of material ob-
served at relatively low velocities) for the full sample ofairces. Furthermore, the
momentum can be analysed in a spatial sense in order to invgstte the di erent
out ow generation models. This also exempli es why the optial depth correction

must be undertaken at all positions and velocities as the spte averages would
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not have the correct mass distributions to base the momentu@nd energy calcu-
lations on. With the summation method the momentum and enesgvalues are
no longer dependant upon the sensitivity of the observati@where weak emission
is detected out to larger velocities. Considering the highelocity emission missed
due to the velocity extent cuto the summation method may uncrestimate the
total momentum by 10 percent and energy by 40 percent. The momentum
is within the uncertainties of the summation method itself,however, the energy
missed is larger than the summation method uncertainties bus well below the

max and mean velocity estimates.

For all calculations however, the velocity is assumed to bately in the line of
sight. Therefore the true out ow velocity is underestimatel, unless the out ow is
actually directly in the line of sight. For IRAS 20126+4104 his is not the case as
a clear spatial o set is observed between the blue and red #bid out ow lobes. A
correction could be made via (1/cos()) under the assumption that the path of the
out ow is linear. For more complex geometries, if the out owfollows a parabolic
path, the inclination will vary at di erent spatial positio ns. Without correction
Cabrit & Bertout (1990) report that objects at an inclination of 70 (where 0 is
an out ow entirely in the line of sight) could have parametes an order of magnitude
too small. Assuming the summation method values are corredieing the closest
possible method to an ideal integral, then the maximal velay method results in
parameters nearly two orders of magnitude larger. Althougthe maximum (and
mean) velocity methods are extremely fast, they are not rolsti and they do not
result in representative source parameters. The summatianethod will be used

in all future analysis.
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5.5 Out ow Dynamics

The remaining parameters to establish are based upon the nsasnomentum and
energy. These are the dynamical timescalél{,,), the mass out ow rate (M.),

the mechanical force ) (also referred to as the momentum supply rate/ ux)
and the mechanical luminosity L,). The latter three parameters depend directly
upon the calculation of the dynamical timescale itself. Tisi is the time required

for the out ow to cross a specic ow dimension, R).

5.5.1 Calculating the Dynamical timescale

The dynamical timescale can be calculated in a number of way8euther et al.
(2002c) employ a simplistic method to estimatdyy,, using the maximal radius
of the outow Rpa divided by the maximum ow velocity Vmax. Snell et al.
(1984) use a di erent characteristic velocity, the intengy weighted velocity Wi =
Protal / Mot , Where the momentum for each spatial position has been cdiated via
P, = P M; i. The authors also use a di erent out ow extent,Rax /2. Dynamical
time estimation using Vimax Will always result in a shorter time than any other
methodology for the sameR value. Thus, the corresponding out ow rate, force
and luminosity would be maximal values. AnRe. distance parameter is also
introduced below for an alternative comparison. This is thaverage of the distances
from the central source to the location of peak mass in the uand red integrated
maps. Furthermore, a method similar to the one introduced byada & Fich
(1996) is applied to high mass out ows for the rst time. Hereboth R and hVi
are calculated at all spatial positions in the out ow lobes. From the integrated

maps Ry., is the out ow extent at a given pixel (x;y) o set from the source and
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hV,yi is the intensity weighted velocity calculated fromP,.,/ M., at each spatial
location. Therefore the dynamical timescale, mass out owate, mechanical force
and mechanical luminosity maps can be produced.

For IRAS 20126+4104Rmax = 81" (0.66 pc), Rpeak = 38" (0.31 pc), Vimax = 40
kms *and Wi = Py /Mo = 5.4 km s 1. The resulting dynamical timescales
(Tayn) span over one order of magnitude from 7.5 10° yrsto 1.2 1C°. Table
5.3 lists all average values ofyy, and indicated the method used to calculate each
estimate. The weighted mean ow velocities calculated at eh spatial position
vary between 2.4 and 9.6 km & for the blue shifted out ow lobe and 2.6 and 22.5
km s ! for the red shifted out ow lobe. The larger velocities are geerally located
at greater distances from the central source. The spatial erage for the entire
out ow lobes are Vip, 3.7 andhVig 6.2 km s'. The overall average is

5 km s 1, close to that calculated simply fromPio / Mg . Using the overall
average velocity as a lower velocity limitTgyn, = 1.3  1C° yrs is an upper limit
whenR = Rpyax .

The dynamical timescales calculated for each pixel elemefx;y) range from
8.1 10°to2.3 10 yrs and roughly coincide with the absolute values calculate
from the spatial averages. The larger timescales are locdtat the aforementioned
morphologically chaotic positions at lower velocities (8eSection 5.3). Lower dy-
namical timescales, of the order TOyrs are located in regions where the out ow
lobes are spatially separated and at higher velocities. kigg 5.6 clearly shows the
variation of the dynamical timescales for the blue and red #ted out ow lobes. A
gradient in Tgy, is seen when moving outwards from the centre to the north-wies
and south-east for the blue and red shifted out ow lobes resggtively. The largest

timescales estimated in the lobe regions are the furthest ayas the velocities de-



246

Figure 5.6: Left: Map showing the variation of the dynamical timescale alcu-
lated at all spatial positions within the blue shifted out o w lobe aperture mask.
The plus symbol indicates the central location of the source IRAS 20126+4104.
The dashed black line indicated the rough divide between theslower moving
“chaotic' structured material and the higher velocity, northerly o set blue shifted

out ow lobe. Note the shorter dynamical timescales of the oder 10* for the spa-
tially o set higher velocity material. Right: As left but ma p for the red shifted
out ow lobe. Plus symbol and dashed line have same meaning.

crease at the very furthest extents of the out ow lobes. Foramparison with the
previous Tgyn Values, the spatial average here By = hRyy=hV,yii =8.0 10
yrs (see Table 5.3). Shepherdt al. (2000) list a dynamical timescale of 6.4 10*
yrs whereas earlier work by Wilkinget al. (1990) provide a much lower estimate

of 2.1  10* yrs. Both are comparable with the estimates here.

Dynamical timescales are often used to represent the age betout ow and
the jet or wind driving source, however, this may not be the . Curtiset al.
(2010) nd no correlation betweenTgyy,, and the age of the central source (based
upon source bolometric temperature). Furthermore, methausing a single dis-
tance parameter do not represent the range of timescales theould be present
within the out ow due to di erent velocity components at di erent spatial loca-

tions (assuming that all material has owed out from the cental source position
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and the velocity is along the out ow axis). Generally the outow material is swept
up from the surrounding envelope due to a wind or jet (see Chgr 1, or Cabrit
et al. (1997)). Provided the molecular material is travelling at he velocity of the
jet/wind at the observed spatial location, then Tqy, will relate to the timescale
of the jet/wind propagating from the central source and the dllowing ow, force
and luminosity estimates will be related to the driving jet @ wind. Realistically,
the jet/wind and molecular material may not be at the same velicity dependent
on the interaction between them. In their models of low mas®{ driven out ows
Downes & Cabrit (2007) nd the spatial calculation is more reresentative of the
jet lifetime than that calculated from the overall weightedvelocity and Rpax . How-
ever, the authors also nd that V,,ax gives the best representation of the true jet
advance speed and consequently the best estimateTqf,. This may mean that
using the intensity weighted velocities, which representhe bulk mass of the out-
ow, actually overestimate Ty, at all spatial locations. Due to the ease of each
Tayn calculation all the methods will be undertaken for the full ample in order to
compare each method for the di erent sources. If the sourcés the sample span
a range of evolutionary stages there may be intrinsic di erece or trends in the

alternative Tgy, estimates.

5.5.2 Outow rate, force and luminosity

The mass out ow rate (M-) Myy/ Tayn: (xy), the mechanical force Km) Pyy/ Tayn: (xy)

and the mechanical luminosity Lm) Exy/ Tayn:(xy) Can be calculated at each spatial
position following the spatial calculation of the dynamichtimescale. Figure 5.7
shows the maps for the out ow rate, force and luminosity. Regns which had larger

timescales contribute less to the mass out ow, mechanicabrice and mechanical
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Table 5.3: Dynamical timescales estimates from various methods.
Method Ty, (yrs)

Ruac 16 10°
Boax 1.2 10
Rmax

R 1.3 10

= 75 108

Vm ax

Tex 56 10°

hVi

R g1 10

hooj 8.0 10
Xy

Note. The large angular brackets around thex{y) data represent the spatial av-
erage of all values the dynamical timescale at att y locations within the aperture
masks.

luminosity whereas regions with lower timescales contrilbeithe most. It is obvious
that spatial positions with larger mass, momentum and eneygprovide a larger
fraction of the dynamical parameters. For IRAS 20126+4104he spatial regions
that contribute most to the dynamic parameters are those wih are coincident
with the higher velocity out ow lobes (see Figure 5.2), lodgd away from the
central regions, to the north-west and south-east for the bé and red shifted lobes
respectively. The low velocity, chaotically structured meerial does not contribute

a signi cant fraction to the dynamical parameters, as expéeed.

The total mass outow rate isM.=6.2 10 *M yr 1, the mechanical force
iSFn =32 103M km s!yr ! and the mechanical luminosity is 2.5 L
when each map is summed within the de ned aperture masks. Uppand lower
limits for the out ow rate, force and luminosity are calculaed directly using the

lower and upper limits of Tqy, above and are 3.2 10 *M yr 1,157 103 M
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Figure 5.7: Plots of the mass out ow rate, mechanical force and mechanial
luminosity from top to bottom and as indicated in the top left of each plot on
the left hand side of the gure. The blue shifted out ow lobes are plotted on the
left hand side while the red shifted out ow lobes are plotted on the right. The
majority of the ow, force and luminosity are from regions with lower dynamical
timescales (Figure 5.6) and large velocities (Figure 5.2).There is emission right
up to the edge of the aperture masks however it is a factor of 100 less than
the peak value and dicult to see on the linear colour scale. The faint emission
only corresponds to 5 percent more emission compared to what can be clearly
de ned and corresponds directly to high velocity regions asFigure 5.2. The plus
symbol marks the RMS source location.



250

kms?tyr ! 193L and1.9 104M yr 1,91 104M kms?tlyr } 1.1L
respectively. Note, the upper limits from the lowesTyy, calculated viaRpeak/ Vinax
could be more representative of these parameters for a jetiven out ow. The
method of calculating the dynamical timescales at each spal position allows the
mass out ow rate, mechanical force and mechanical luminadgito be investigated
spatially and provides an extra means to compare out ows fro di erent sources.
As above, all methods are easy to implement for dynamical ganeters and will
be compared for the full source sample. Furthermore, compsons to models of
out ows from MYSOs and Hill, possibly scaled up from low massosirce, would be
very useful in establishing whether there is a uni ed out owdriving mechanism

and hence uni ed star formation scenario.

5.6 IRAS 21026+4104 Summary

The selected analysis pathway has lead to values comparaklgh other out ow
sources (Beutheret al., 2002c; Ridge & Moore, 2001; Shepherd & Churchwell,
1996, e.g.). For IRAS 21026+4104 a slight decrease of the dymic parameters
are found compared with Shepheret al. (2000). The lower mass is the driver
of the smaller momentum and energy values. It is likely that @ss previously
associated with the out ow in other works is not part of the otiow in following
the 3 1, spectral velocity limit and the 3 yap level contour aperture masks. This
cannot be con rmed without knowing the exact spatial mask usd in the literature.
Furthermore, the contribution of core material to the mass bthe out ow has been
removed here using the &0 line as a proxy for the core velocity range. This has

not been undertaken by Shepherdt al. (2000) and their calculated out ow masses
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Table 5.4: IRAS 20126+4104 out ow parameters

Parameter Value
Distance (kpc) 1.7
Out ow mass:

Redshifted (M ) 14.9
Blueshifted (M ) 9.6
Total (M ) 24.5
Momentum (M km s 1) 118
Kinetic energy (ergs) 1.1 10%
Average dynamical timescale (yr) 8.0 10
MM yr? 6.2 104
Mechanical force M kms tyr 1) 32 10 3
Mechanical Luminosity (L ) 2.5

may be contaminated by core material. Furthermore, the CO(2) transition is less
likely contaminated by core emission compared to the CO(1}-@ransition where
lower excitation temperatures means there is signi cantlynore ambient emission.
The parameters reported here also conform to the upper linsitas listed in Lebon
et al. (2006) whereViax Velocities are used in their calculations. Table 5.4 indites

the nal adopted source parameters.

5.7 Consistency Checks

Before applying the established methodology to the full sgote of 99 sources an-
other two well known out ow sources are investigated as a ceistency check. Be-
cause out ow regions are complex the methodology establesthfor the isolated test
source IRAS 21026+4104 may not be ideal in representing otteources. The two
consistency check sources are G010.8411-02.5919 and G0®P-00.2607. These
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are also known as GGD27 and W33A and were both introduced in @pter 1.
The methodology is undertaken in a step by step manner. Firshe velocity limits
are established, then the out ow lobe integrated maps are pduced and apertures
de ned. The mass, momentum, energy, kinematic and dynamicapameters are

then calculated.

The main out ow from G010.8411-02.5919 is close to the plaré the sky in
a north-south direction. Although the 12CO data indicates an overlap in the blue
and red shifted lobes suggesting the out ow is not perfectly the plane of the sky
assuming the velocity component is in the direction of the aww away from the
source. G012.9090-00.2607 has an out ow in the south-eastiorth-west direction
and is inclined to the line of sight. The blue shifted out ow bbe is coincident with
the near-infrared re ection nebula to the south-east of thd(RMS source location.
Similar to the source S140-IRS1 (Chapter 2 and 3), the nebuis created by light
re ected from the inner walls of the cavity carved out by the lue shifted out ow

material.

Using the 3 7, spectral noise threshold the velocities of the blue and retifted
material are easily de ned and integrated out ow lobe maps i@ generated. How-
ever, for GGD27 the 3yap Integrated map noise contour level does not clearly
de ne the out ow region due to the strength of the emission slkewhere in the map.
Instead a vast area of the map is selected as the out ow spaltiextent. There is
clearly emission not associated with the out ow within the gerture. For W33A
there is strong emission over the majority of the blue and reshifted out ow in-
tegrated maps and yap cannot be de ned as there are no emission free regions.
Using the empirical calculation, wmap = T, pﬁ V, map IS 1.2 Kkm s for

both the blue and red shifted out ow maps. All map emission isvell above 3 yap ,
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Figure 5.8. Left: Map of the blue shifted out ow lobe produced when integrating
between 7.0 and 32.6 km s! for the source W33A. The contour level corresponds
to 20 map Which does not de ne the out ow emission well. The dashed lire
indicates where the out ow emission would be selected if doa by eye. The plus
symbol corresponds to the RMS source location. Right: As leéfbut for the red
shifted out ow lobe where velocities were integrated betwen 40.2 and 73.0 km
s L.

and only at 30 yap does the contour level de ne the out ow edge as would be

de ned by eye (see Figure 5.8).

Variable limits from 3 yap and in excess of 1Q44p have recently been used
to analyse similar JCMT CO out ow data (Mark Thompson, private communi-
cation). However, such analysis diverts from a consistentethod for all sources.
There is no justi cation in selecting a particular noise leel for a given source.
The 3 wap limit would grossly overestimate the total mass of the out @v from
W33A and the directly dependant parameters of momentum andnergy. If the
ambient material is at a low velocity with respect to theV sg and distant from
the RMS source location the dynamical timescale will be sigoantly larger than
the material in the out ow itself. As can be seen in Figure 5.The mass out ow
rate, force and luminosity are dominated by the lower dynaral timescale, high

velocity regions which trace the out ow lobes in the case oRAS 20126+4104.
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Therefore these parameters should not be overestimated ev@ the case where

the mass apertures are ill de ned.

The established 3yap noise aperture mask method is not ideally suited to
other well known complex out ow regions. Furthermore, the ltoice of an aperture
mask at di erent noise levels will result in considerably derent out ow masses.
The mass variability exemplies why a consistent methodolgy is required. A
new summation aperture de nition is needed. A 3yap hoise aperture mask
could be de ned from the*CO emission which is used to correct for optical thick
regions. However, it is very likely that higher velocity enssion is more spatially
extended and would be missed with such an aperture de nitiorAn aperture mask
de ned from the optically thin **CO emission would have to be used in conjunction
with the ¥CO aperture mask. Alternatively, a di erent noise level denition be
employed. The aperture mask could be de ned as all emissiohave 3 \ap Of the
median map emission. Such a description allows a single astent methodology
to be followed that justi es why the absolute noise level vaes. For a source such as
IRAS 20126+4104, where the majority of the integrated map isoise, the median
will be close to zero. Hence the aperture mask de ned by emms above 3 yap Of
the median will be close to the actual 3yp noise level itself. For a source such as
Wa33A it is expected that the median will be a representativealue of the ambient
emission much larger than the 3yap noise level. The emission above Ggap Of
the median would then de ne the out ow spatial extent. Thesenew methods are
yet to be tested, however, they must result in values consestt with those from

the 3 wap Noise aperture mask for the initial test source IRAS 201264404.
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5.8 Conclusions

Multiple methods have been investigated for estimating soce out ow parame-
ters. A particular methodology has been identi ed to calcidte out ow masses,
kinematic and dynamic parameters from massive YSOs. From&h?CO out ow
data emission above a 3, spectral noise threshold is used to de ne the maximal
velocity extent of the out ow. Previously analysed G20 data is used to de ne
the lower velocity limits for the out ow. Spatial aperture masks are de ned based
upon the 3 yap integrated map noise contour level for the ideal, isolatedest
source IRAS 21026+4104. This noise level is a good represgiain of the inte-
grated out ow emission as would likely be selected by eye ihis case. In order to
establish out ow masses, the optical depth is accounted fdryy means of compar-
ison with **CO emission. Optical depths are only calculated for velogits where
the **CO emission is present above the }, spectral noise level and*CO emission
is present above the 3y, spectral noise level. The correction factors are calcu-
lated at every position and velocity rather than from simplevelocity or spatially

averaged intensity ratios.

Momentum and energy parameters are also calculated at evespatial position
and in every velocity bin where emission is detected. The aémentioned velocity
ranges and apertures are used as the integration and sumnuaatilimits. Average or
maximal velocities are not used in momentum or energy caleation as the resulting
parameters mis-represent the out ow sources and are typiba upper limits. For
IRAS 21026+4104 such crude estimates suggest the source @utenergy is nearly
two orders of magnitude larger than it ought to be. The full sptial and velocity

analysis method is much more robust in describing out ow s@ces as this process
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is closest to an ideal integral.

The average dynamic timescales reported are not used didgcexcept as up-
per and lower limits, although the lower limits could be moreepresentative of a
jet driven out ows. Calculation of the dynamical timescaleat di erent positions
allows any variations to be mapped. The mass out ow rate, thenechanical force
and the mechanical luminosity at every spatial position isasily calculated follow-
ing the spatial analysis of the dynamical timescale. Mass bow rate, mechanical
force and mechanical luminosity maps highlight which regins contribute most to
each parameter. In the case of IRAS 20126+4104 regions ctdasethe source with
lower velocities, or more distant but with larger velocitie are responsible for larger
percentages of the total ow, force and luminosity. A spatibsummation within
the previously de ned 3 yap integrated map apertures is used to attain the nal
source parameters. The various methods explored to calcidahe dynamical pa-
rameters will all be investigated for the full sample as thegre easy to implement.
Di erences may arise in the parameters for di erent sourceypes or evolutionary
stages.

IRAS 20126+4104 is an ideal and isolated test source whereetiPCO emis-
sion is solely associated with the source itself. Further gsistency checks have
discovered that for two more complex out ow sources, GGD27nd W33A, the
3 map contour level is not representative of the emission assoted with the out-
ow. Alternative methods have been suggested. Apertures glol be de ned by a
combination of the *3CO and optically thin *?*CO emission or by using a contour
level corresponding to emission above 3,, of the median emission. The median
value should represent the general ambient emission in thegion. Testing of these

new methods must conform to the parameters established fdRAS 20126+4104
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using the 3 yap contour level aperture mask.

Once the aperture mask is de ned the core and out ow paramets can be com-
pared in order to investigate variation with evolution, souce type, source stellar
type, and core and stellar masses. Furthermore, velocity dmomentum maps can
be compared and contrasted with those from models to estadiii whether a single
out ow driving method is predominant or whether multiple methods are required
to explain the full range of out ows observed. Similarly, mee detailed modelling
of MYSO out ows is required to fully understand the dynamicé parameters and
the interaction between the driving jet or wind and the molealar emission ob-
served. Finally, comparisons can be made between these masstar forming
regions and low mass out ow sources to investigate whetheutoow parameters

scale with stellar properties.
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Chapter 6
Conclusions

This thesis contains both high resolution millimetre contiuum observations and
detailed RT modelling of a unique archetypal ionised disc wil source as well as
lower resolution single dish sub-millimetre line observains of 99 MYSOs and Hll
regions. The high resolution observations have allowed SUKRS1 to be investiga-
tion in unprecedented detail at the smallest scales accdssi while the cores and
out ow work has con rmed that the sample is representative,unlike some previ-
ous samples, and can be used in a more statistical sense. Toko¥ing Sections
summarise each science Chapter in this thesis, provide aneoview on how the

work is related and also discusses possible avenues for fatwork.

6.1 Summary

The new, high resolution ( 0.1"), high sensitivity, CARMA A millimetre wave-
length continuum observations presented in Chapter 2 are ¢hrst to con rm that
S140 IRS1 is indeed an ionised disc wind source. A dust diséasnd to align with

the radio emission and is also perpendicular to both the bipar CO emission and
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near-IR speckle images tracing the out ow. Models by Drewt al. (1998) suggest
that ionised disc winds can arise in sources with near maincggeence parameters
when radiation pressure on the surface of the disc becomegportant. Con rming
the disc wind nature of S140 IRS1 suggests that radiation @gure is an important
feedback process for the later stages of MYSOs. The obseri@s mass of the disc
around S140 IRS1 supports such an evolutionary stage and aally positions the
protostar as a pre-UCHII region source that has nearly attaed main sequence

parameters.

Comparing S140 IRS1 and Cep A HW2, two sources of very similaminosity,
provides more evidence for the late evolutionary stage of 8LIRS1. Cep A HW2
is deeply embedded and not visible at 24.5m while S140 IRS1 is visible. The CO
molecular out ow from Cep A HW2 is much more collimated than hat from S140
IRS1 which is very di use, even when observed with interferneters (see Chapter
2). The outow from S140 IRS1 could have originally been jet riven and well
collimated (similar to Cep A HW2) but as envelope material ha been ejected and
dispersed over time the out ow opening angle could have beue wider. Cep A
HW?2 is still deeply embedded, probably swollen and accretinlarge amounts of
material and has a CO out ow powered by a collimated jet. It igorobably a much
younger source and is less evolved. Swollen protostellaragks are required in
population synthesis models in order to match observed lunosity distributions
of MYSOs (Davieset al., 2011). Similarly, GGD27 is an embedded MYSO with a
very collimated radio jet, a bipolar CO molecular out ow anda 500 au rotating
molecular structure surrounding compact millimetre contiuum emission (Aspin,

1994; Ferrandez-lopezet al., 2011b; Yamashitaet al., 1989).

Both GGD27 and Cep A HW2 appear to be much higher mass analogslowv
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mass protostars. S140 IRS1 however is di erent and is likelpore evolved. One
possible scenario is that it has began to contract towards 2AS parameters and
heat up (Hosokawa & Omukai, 2009). It is probably no longer &gely powering
the out ow via a jet as there is no evidence for radio jets or Hbig-Haro objects in
the out ow direction. Radiation pressure will have increased over time and S140
IRS1 become su ciently hot to ionise the surface of the surnanding dust disc to
produce the radio wavelength disc wind emission observedjtizrucially, has not
ionised the surrounding material. Following this scenarithe nal transition stage
for S140 IRS1, before producing a large scale Hll region, idbe the development
of a bipolar HIl region similar to the other known disc wind sarce S106 IR (Hoare
et al., 1994). There is no evidence of a smooth, large scale disc aus around
S106 IR (Richeret al., 1993) but there is a compact, hot disc disc as inferred
from strong CO band-head emission (Chandleat al., 1995). It is likely S106 IR is
contracted onto the main sequence and hence able to ionise tless dense bipolar
regions that could have been excavated by strong jets and omws earlier in its
evolution. There is no evidence for a larger scale or bipol&tll region around
S140 IRS1 at low resolutions (Evanst al., 1989) like that observed for S106 IR
(Bally et al., 1983).

Chapter 3 detailed the modelling of the prototype source SQ4RS1 with the
Whitney code adapted to massive star forming regions. This the rst time the
millimetre visibilities and images, IR image and SED of an M$O have been mod-
elled with a 2D axi-symmetric environment. Comparisons ofie models were made
with literature observations, alongside the presented CARA A and B interfero-
metric data, in order to constrain the cavity geometry, specal energy distribution

and millimetre visibilities simultaneously. Initial 1D azmuthally averaged visibili-
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ties of the CARMA B observations indicate that a low mass disis required in the
models as the envelope itself cannot provide ux on the smalit scales probed.
The small size and mass of the modelled disc strongly agreathwihe conclusion

that S140 IRS1 is a pre-UCHII region source with an eroding sti.

Using the highest resolution CARMA A data a new method was deloped to
extract the two dimensional major and minor axis visibilites in order to constrain
the position angle of the disc around S140 IRS1 using a repeatative model
rather than common Gaussian tting. The 2D method found theP A to be 44
which corresponds directly to theP A of the ionised equatorial disc wind emission
detected at 5 GHz. The result provides further support that $40 IRS1 is a
prototype equatorial ionised disc wind source. The best ithg disc radius and
mass were 120 au and 0.020 Malthough there is a distribution of parameters

that produce other well tting models.

The optically thin C*80 (3-2) emission associated with the cores of 99 MYSOs
and HIl regions is analysed in Chapter 4. The nal sample of 88ources are
complete to a luminosity limit of 1 L and distance limit of 6 kpc. This is
currently the largest homogeneous and representative salamf such sources to
be investigated. A consistent methodology for establishgnthe masses of the cores
is de ned via velocity integration and summation with an apeture. The reduced
sample of sources have a range of masses and luminositiegfrahdent of distance
and are representative of MYSOs and Hll regions. All the coseare consistent with
containing at least one massive protostar which has attaiddts ZAMS luminosity.
Although HII regions occupy a speci c region in mass-lumirgity diagrams there
is still a considerable overlap with MYSOs. Within the MYSO ategory there

are massive protostars at slightly di erent evolutionary sages according to their
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position on model PMS tracks (Molinariet al., 2008) and from their infrared

colours. Dependent on the sources evolutionary stage, \&ions may arise in
their out ow parameters. The majority of core masses meased are associated
with the cluster of sources in the region and not just that asxiated with the

massive protostar.

The line width and size relationship (Larson, 1981) is not aerved for the rep-
resentative sample of sources at distances6 kpc, but a correlation is found when
including source at distances> 6 kpc. Other authors report similar ndings and
arrive at the same conclusion that the spatial range tracedybC*20 is limited and
turbulence does not vary signi cantly and is not the main drver of the line widths
measured (Buckleet al., 2012). The velocity dispersions are correlated with the
core masses as expected for virialised cores. The strongelation between mass
and radius could be the underlying reason for the line widthral size relationship
when sources> 6 kpc are included. The core and virial masses are stronglyrics
lated although the virial masses are a factor of 4 lower. Thestrepancy initially
suggests the cores are not in virial equilibrium, howeverhé absolute di erence in
mass estimates can be reconciled by adjusting the core raglito better suit that

associated with the most massive source rather than that ofi¢ cluster.

Chapter 5 investigates numerous out ow analysis methods iarder to docu-
ment a consistent process and apply that to the representa& sample of out ow
candidates. Uniquely, the inner velocity limits separatig the out ow and core
material are set by the velocity extent of the core from the €0 (3-2) emission.
For an ideal, isolated test source the method used to estineathe core masses can
be used to estimate the out ow masses frorfCO (3-2) emission. Further out ow

parameters are found to be most representative when calctdd at all velocities
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and spatial positions where emission is mapped rather tharsing crude averages
or maximal velocity assumptions. The current mass aperturmethod is di cult

to undertake for more complex regions where signi caffCO emission is present
and the out ow spatial extent is unclear. An alternative de nition is required to

ful | the original criterion of a consistent, repeatable ot ow analysis method.

6.2 Overview

The large samples of source taken with the JCMT provides a distical overview
of the sources. However, it is imperative that these sourcese investigated in
detail with high resolution observations as was done for SA4RS1. To provide a
much more comprehensive picture the spatial scales betweitne single dish and
very highest resolution observations must also be probed.

The core emission for S140 IRS1 measured at lower resoluiagsa combination
of that from the IRS and SMM sources as well as the di use intecore material.
The single dish G80 observations by Minchinet al. (1995b) show how the core
associated with S140 IRS1 is of a similar size to those frometsample presented in
Chapter 4. The material observed even at the lower interfenaeter resolutions with
OVRO and SMA (Chapter 2) however, is de nitely dominated by hat associated
with the MYSO, S140 IRS1, alone. In mass luminosity diagran$140 IRS1 would
be classi ed as a light source given the small core mass frometinterferometric
observations. Scaling the ZAMS stellar mass to a core masgdgplotting again in
the mass luminosity diagram would position S140 IRS1 as a iwgasource along the
same best t line as the HIl regions from Chapter 4. When usinthe information

from both spatial scales the general consensus is that S1&SL is still positioned
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as a more evolved MYSO. The mass luminosity diagram presedten Chapter 4
using single dish observations is a useful tool in establisg the rough evolutionary
stage of a wide sample of sources.

Using the core mass and source luminosity as a rst estimatd source evolu-
tionary status the nal out ow parameters can also be invesgated for evolutionary
trends. The single dish out ow parameters for S140 IRS1 (Haghi et al., 1987)
are at least an order of magnitude less than those calculatéor the source IRAS
20126+4104 (Chapter 5). The result that S140 IRS1 is a lateagge MYSO, in con-
junction with its weakly collimated out ow suggests that ou ows do evolve with
time and become less collimated, less massive and less estargvhen radiative
feedback becomes important. S140 IRS1 may be at a very rarage in evolution
where the out ow is very weak and the ionised disc wind is obs@&ble before a full
HIl region develops. Similar sources may be found in the regmentative sample
of MYSOs and HIll regions from the RMS survey. These sourcesnche targeted
as disc wind candidates and be investigated at higher resttns to add further

pieces to the sparsely lled jigsaw that is massive star foration.

6.3 Future Work

It has been noted multiple times that large scale surveys arequired at high reso-
lutions. The Leeds led e-MERLIN legacy program has guarargd time to observe

75 MYSOs at sub-arcsecond resolutions at centimetre wavedghs. The distance
limited sample selected from the RMS survey will probe the imised emission from
these sources and be used in conjunction with the JCMT out owlata to establish

the likely source of the ionised emission, be it from jets orist winds. In order to
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con rm radio emission from jets or disc winds comparable rekition millimetre
observations, like those presented in Chapter 2, are reqed. For southern sources
such observations are possible with ALMA. The e-MERLIN soges however, are
too northern to be targeted and larger time allocations on c¢tent interferomet-
ric arrays (CARMA, SMA, PdBI) are required. Furthermore, Zeeman splitting
of maser emission will be used during the e-MERLIN survey tawestigate the
magnetic elds of MYSOs (e.g. Vlemmings, 2008). The magnetield direction
for the previously discussed source Cep A HW?2 is aligned withe jet and out ow
emission. The agreement could suggest that magnetic eldseaimportant in the
formation and collimation of jets in younger MYSOs and the rgulation of the
infall and out ow close to the source (Vlemmingset al., 2010). Maser emission is
present around S140 IRS1 and a similar investigation couldqvide insights into

the evolution or lack of magnetic elds for more evolved soues.

In the context of the millimetre/sub-millimetre wavelength observations pre-
sented in this thesis, sensitive observations at resolutis higher than 0.3" prob-
ing scales< 1000 au for sources out to 3 kpc are becoming easily accessible
and are required to probe the disc scales around MYSOs. CARMeéan already
achieve resolutions of 0.1 arcsec which is currently the highest resolution avaliée
in the northern hemisphere. The planned upgrade to PdBI, NOHA (Northern
Extended Millimetre Array), will yield similar resolutions to CARMA A but cover
a wider frequency range, have a much larger bandwidth and giter sensitivity
in comparison to both the current PdBI and CARMA arrays. ALMA is already
achieving resolutions of 0.4 arcsec at 350 GHz in cycle 0 observations and has
detected a candidate circumbinary disc around the source 620-0.74N (Sanchez-

Mongeet al., 2013). These observations detect the GEN molecular line typically
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used to trace disc rotation (see Chapter 1). When fully commssioned ALMA will
provide a resolution< 0.05 arcsec at millimetre wavelengths and produce images
of unprecedented detail and delity. Observations of the dst continuum emission
and molecular line known to trace rotation in discs, such asHzCN, HC;N, SO,
and CH;OH can also be used to investigate the temperature structusef sources,
while any di erences in chemistry between sources could bei@ evolution. The
increased bandwidth capabilities would permit the invesgiation of a variety of

di erent species beyond the typical hot core and disc rotabin tracers. Such data
used in conjunction with that available in the literature (as Chapters 2 and 3) will

provide a rm footing for understanding massive star formabn.

Although single wavelength observations themselves campide detailed infor-
mation about discs or jets, for example, it is the combinatio of multiple observa-
tions at di erent wavelengths and resolutions in conjuncton with models that will
help answer the remaining questions in massive star formaii. Near-infrared spec-
troscopy has found that commonly detected emission linesy B H, and the CO
band-head vary between di erent MYSOs and HIl regions (Coggr et al., 2013).
It would be interesting to investigate how these lines cortate with CO molecular
out ows observed in the millimetre regime as the current caensus is that the
strength of these lines and the out ow force are correlatedithh source luminosity.
Both Br and H, are produced in out ow sources and may provide a more di-
rect link to the powering jet or wind in comparison to parametrs calculated from
molecular out ow data. Do more luminous, more massive sows produce more
powerful jets/winds/out ows or are the line strengths relaed more to accretion
rates? If the sources are at their ZAMS luminosities a sub4sgle of similar lu-

minosity sources would allow source age to be investigate @diserences in some



268

parameters could be directly caused by di erent luminosigs and not necessarily
by age (Beuther & Shepherd, 2005). Furthermore, the di erere in chemistry in
the millimetre regime could be correlated with the di erenes at IR wavelengths
and provide further information on the chemical evolution bthe sources with age
or luminosity. Imaging and detections or non-detections afources at near and
mid-infrared wavelengths similar to those by Alvarezt al. (2004a); de Witet al.
(2009) could further constrain the collimation of out ows,via models (e.g. Chapter
3), and indicate how embedded and hence how old the sources.aMore embed-
ded sources may generate more;tdnd Herbig-Haro objects physically close to the
MYSO due to the amount of material available to interact within the immediate
vicinity while more evolved sources may have little evideecof such emission. This
is exempli ed by the di erences between Cep A HW2 and GGD27 wi S140 IRS1
as discussed above. Furthermore, the millimetre dust emiss may also be related
to the CO band-head emission, for example, and could sepagajenuine accretion
disc sources from toroids where the much larger scale enysdas rotating. This

emission in turn could also evolve with source age and lumsity.

The discrepancy between radio emission from an ionised jat disc wind has
been discussed above for Cep A HW2 and S140 IRS1. The youngef3®, Cep A
HW?2, is though to be bloated, and therefore cool, and cannabnise its surround-
ings even though it is luminous enough. Promising evidencer fbloated protostars
comes from the X-shooter spectra of the source B275 (Ochserfdet al., 2011)
where the de-reddened spectrum is tted with a large radius assive star consis-
tent with a B7 spectral type although it would be a Bl type starwhen on the
main sequence. Interestingly this source also has CO bandad emission with a

strong blue shoulder indicative of a near edge on disc. Howeyit is rare that such
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sources are observable in the visible spectrum and simildyservations may not be
possible for the deeply embedded MYSOs that are likely the sioswollen. Over-
all, multi-wavelength, variable resolution imaging and sectroscopic observations

are required to build a fully coherent picture.

6.4 Final Remarks

High resolution observations and large scale collaboratie between international
groups will provide a plethora of observational data of MYS& Furthermore,
the extraordinary capabilities of ALMA will provide unprecedented quality ob-
servations in the millimetre/sub-millimetre regime which in combination with
observations at other facilities that are due to be upgradedwill greatly help in

establishing a detailed picture of massive star formatiomithe coming decade.



270



Appendix A

CO column density and mass

calculation

In this appendix the average column density and mass equat® are derived fol-
lowing from the result of Gardenet al. (1991) but for the CO(3-2) transition.
The masses listed in both Chapters 4 and 5 are calculated failing the method

detailed.

The total column density of a linear, rigid rotor molecule uder conditions of
local thermodynamic equilibrium (LTE), with the populations of all levels char-
acterised by a single excitation temperatureJey, is obtained from the integral of

the optical depth over the line pro le:

%  exphBJ(J +1)=kTos]  Tee+ hB=3k %

Niot = g 3B 2 (J+1) [1 exp( h=KTe)l

d (Al

where B is the rotational constant, is the permanent dipole moment of the

molecule andJ is the rotational quantum number of the lower state, in this ase
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J=2 for the CO(3-2) transition. k and h are the Boltzmann and Planck constants
respectively. The temperatureTey is 40 K for all sources.

The brightness temperature T, which is the antenna temperature of the tele-
scope divided by the beam e ciency, T,/ mp, corresponds to the Rayleigh-Jeans
brightness of a source minus the brightness of the cosmic naiwave background

(CMB) averaged over the beam:

1 1
exp(h =kTe) 1 exp(h =kTp) 1

Ta

mb

1 exp( )f (A2)

_h
Tk

Using the above equation and rearranging to make the beamitlg factor the
subject cases where the molecular emission does not uniftynil the beam can

be accounted for. In the limit whereTex Ty (=2.75 K):

F= h=lexph=kTe) 1 @ expl )i

(A.3)

Combining equations A.1 and A.3 the beam averaged column dgty for an

optical thin tracer ( 1) such as G20 is:

3k exphBJ(J +1)=kTe] 1  Tex+ hB=3k
T~ 83B 2 (J+1) (h=k) [exp( h =KT o]

Tpo= mpd (A.4)

N

The permanent dipole moment fo2CO and C*®O are = 0.1098 and 0.1101
respectively (Chackerian & Tipping, 1983). Conforming togs units typically used
in such analysisB=58.14 GHz,k=1.381 10 ®ergK !, h=6.626 10 ?’erg s,
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(C*®0) =329.33055 GHz, velocity isinputincms !, (C*0)=0.1101 10 *®
StatC cm or (*?CO) = 0.1098 10 * StatC cm (where 1 statC = 1 ¢™? cm®3
st = 1 erg*™? cm'™) and the adopted excitation temperature,Tey, is 40 K. Hence
for the J=3 2 transition the beam averaged column densities féfCO and C#O

are calculated using:

Z

N(*C0)=4:51 10 T,= mp d (cm ?) (A.5)

and

Z
N(C®0)=4:62 10 T,=pd (cm ?) (A.6)

The mass of the core or out ow can be calculated from the beanveraged

column density by the following:

H>

Mgas = N (CO)[E] g

Mg,y (  ?=4)D? (A.7)

where ¢ = 1.36 is the atomic weight of the gas, the abundance ratio p#CO] is a
combination of H,=*?CO = 10* and °0='80 = 58.8 D¢ (kpc) + 37.1 (Wilson
& Rood, 1994), whereD ¢ is the galactocentric distance and is the distance of
the source to the sun, both in kpc. can be de ned in two ways dependent on the
methodology used to calculate the mass. As in Cabrit & Bertdy(1990) there are

two methods of calculation. One calculation simply assumeke column density
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in a single, central pointing of an out ow region adN and multiplies this with the
projected area of the source, hencein equation A.7 is the angular scale of the
out ow on the sky. Alternately, if the region has been well sapled, as is the case
for the core and out ow maps in Chapters 4 and 5, then the mass talculated via
the summation of the average column densities of each poimgi multiplied by the
telescope beam size. in this latter case is the FWHM beam size. The masses are

calculated following from equations A.8 and A.9 using:

z
M*?Cc0o)=1:79 107% 2(°3D2(kpc)[12|_(|:20] Ta= mb
R O R
and
Z

H,

M(C®0)=1:84 10 * 2% D?kpc)[ o)

1 Ta=md M) (A9)

where is measured in arcsec and the distance is given in kpc. Ass the beam
FWHM, the above equation is evaluated at each spatial posith and the total
mass of the source is the summation of these values. The masae summed only

over the aperture regions de ned.
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C1%0 integrated maps and

summed spectra

The following pages present the integrated 0 core emission maps and summed
spectra for each of the 99 out ow sources from Chapter 4. Eadub plot is the
integrated map between the selected velocity ranges of thé®0 core emission as
detailed in Chapter 4 and listed in Table 4.3. The black contar level is three
times the 1 yap noise level also listed in Table 4.3. Each spectra is that suned
within the integration aperture or from a limited aperture in the case of complex
source regions. The apertures closely follow the @ap noise level and are over
plotted on the integrated map as the black dashed line (as inigfures 4.1 and 4.4).

A Gaussian tis over plotted as the dashed line for each summdespectra.
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Figure B.1: Integrated C'®0 core emission and summed spectra from out ow
sources
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Figure B.1: Integrated C'®0 core emission and summed spectra from out ow
sources - continued
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Figure B.1: Integrated C'®0 core emission and summed spectra from out ow
sources - continued
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Figure B.1: Integrated C'®0 core emission and summed spectra from out ow
sources - continued
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Figure B.1: Integrated C'®0 core emission and summed spectra from out ow
sources - continued
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Figure B.1: Integrated C'®0 core emission and summed spectra from out ow
sources - continued
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Figure B.1: Integrated C'®0 core emission and summed spectra from out ow
sources - continued
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Figure B.1: Integrated C'®0 core emission and summed spectra from out ow
sources - continued
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Figure B.1: Integrated C'®0 core emission and summed spectra from out ow
sources - continued
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Figure B.1: Integrated C'®0 core emission and summed spectra from out ow
sources - continued
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